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Abstract

We prove a Filippov type existence theorem for fractional differential in-
clusions defined by Caputo fractional derivative with boundary conditions
by applying the contraction principle in the space of selections of the mul-
tifunction instead of the space of solutions. This approach allows to obtain
also the Lipschitz dependence on the boundary conditions of the solution
set of the problem considered.
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1. Introduction
In this note we study the following problem
D¢x(t) € F(t,z(t)) a.e. (]0,1]), (1.1)

z(0) = ap, (1) =ay, (1.2)

where a € (1,2), D¢ is the Caputo fractional derivative, F': I x R — P(R)
is a set-valued map and ag, a1 € R, ag,a; # 0.
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Differential equations with fractional order have recently proved to be
strong tools in the modeling of many physical phenomena. As a consequence
there was an intensive development of the theory of differential equations
of fractional order ([2, 14, 16, 18] etc.). The study of fractional differen-
tial inclusions was initiated by El-Sayed and Ibrahim ([10]). Very recently
several qualitative results for fractional differential inclusions were obtained
in [1, 3, 12, 17] etc.. For a consistent bibliography on this topic, historical
remarks and examples we refer to [1].

The present note is motivated by a recent paper of Chang and Nieto ([8])
where it is obtained an existence result for problem (1.1)-(1.2) using fixed
point techniques when F(.,.) has convex values. We note also that in [17]
it is studied a fractional differential inclusion defined by Riemann-Liouville
fractional derivative with Dirichlet boundary conditions. In contrast with
the Riemann-Liouville fractional derivative, Caputo’s fractional derivative
allows the utilization of physically interpretable boundary /initial conditions.

The aim of our paper is to provide an additional existence result for
problem (1.1)-(1.2) in the case when the values of F'(.,.) are not necessar-
ily convex. More exactly, we prove a Filippov type result concerning the
existence of solutions to the boundary value problem (1.1)-(1.2). We recall
that for a differential inclusion defined by a Lipschitzian set-valued map
with nonconvex values, Filippov’s theorem ([11]) consists in proving the
existence of a solution starting from a given ”quasi” or ”almost” solution.
Moreover, the result provides an estimation between the ”quasi” solution
and the solution obtained.

Our approach is different from the usual ones (e.g., [1]) and consists
in the application of the set-valued contraction principle in the space of
selections of the set-valued map instead of the space of solutions. At the
same time, our approach allows to prove that the map that associates to
a given boundary condition (ag,a;) € R? the set of solutions of problem
(1.1) starting from (ag, a1) depends Lipschitz-continuously on the boundary
condition.

We note that the idea of applying the set-valued contraction principle
due to Covitz and Nadler ([9]) in the space of derivatives of the solutions
belongs to Tallos ([13], [19]) and it was already used for similar results
obtained for other classes of differential inclusions ([5-7]).

The paper is organized as follows: in Section 2 we present the notations,
definitions and the preliminary results to be used in the sequel and in Section
3 we prove the main results.
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2. Preliminaries

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

Let (X, d) be a metric space and consider a set valued map T on X with
nonempty closed 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(z,y) Vz,ye X,

where dp(.,.) denotes the Pompeiu-Hausdorff distance. Recall that the
Pompeiu-Hausdorff distance of the closed subsets A, B C X is defined by

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

where d(z, B) = inf cp d(z, y).

If X is complete, then every set valued contraction has a fixed point,
i.e. a point z € X such that z € T'(2) ([9]).

We denote by Fiz(T') the set of all fixed points of the set-valued map
T. Obviously, Fiz(T) is closed.

PROPOSITION 2.1. ([15]) Let X be a complete metric space and suppose
that T, Ty are A-contractions with closed values in X. Then

dy(Fiz(Ty), Fix(Ty)) < sup d(T1(z), T2(2)).

— N zeX

Let I := [0,1], denote by C(I,R) the Banach space of all continuous
functions from I to R endowed with the norm ||z||c = sup,c;|z(t)| and
by L'(I,R) we denote the Banach space of Lebesgue integrable functions
u(.) : I — R endowed with the norm ||u||; = fol lu(t)|dt.

DEFINITION 2.2. (see [14]) a) The fractional integral of order a > 0 of
a Lebesgue integrable function f(.) : (0,00) — R is defined by

t — 3 a—1
i = | (tr(a))f(S)ds,

provided the right-hand side is pointwise defined on (0,00) and I'(.) is the
(Euler’s) Gamma function defined by I'(a) = [;° t* te~!dt.
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b) The Caputo fractional derivative of order o > 0 of a function f(.) :
[0,00) — R is defined by

DEFO) = s [ (0= s s,

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

We recall (e.g., [14]) that if & > 0 and f(.) € C(I,R) or f(.) € L*°(I,R)
then (DST*f)(t) = f(1).

DEFINITION 2.3. (see [8]) A function z(.) € C(I,R) is called a solution
of problem (1.1)-(1.2) if there exists a function v(.) € L'(I,R) such that
v(t) € F(t,z(t)), a.e. (I) and

t

t 1
x(t) :a0+(a1_a0)t+I‘(104)/() (t—S)a_lv(S)dS—F(a)/o (l—s)a_lv(s)ds,
(2.1)

REMARK 2.4. If we denote P,(t) = ag + (a1 — ag)t, a = (ag,a1) € R?
and

Glt,s) = —— —t(l—s)* T+ (t—s)*, i 0<s<t<I,
T T(a) | —t(l—e)*h i 0<t<s <1,

then the solution in (2.1) of problem (1.1)-(1.2) can be rewritten as

1
aw:a@+/cmﬁﬁ@@. (2.2)
0
Note that |G(t,s)| < % Vt,s € I and that if a = (ag, a1),b = (b, b1) €
R? and we set ||a|| = |ag| + |a1| then

|[Pa(t) = Py(t)] < la — bl].

In the sequel we assume the following conditions on F'.

HypoTHESIS 2.5. i) F(.,.) : I x R — P(R) has nonempty closed values

and for every x € R F(.,x) is measurable.
ii) There exists L(.) € L*(I,R) such that for almost allt € I, F(t,-) is
L(t)-Lipschitz in the sense that

dn(F(t,2), F(t,y)) < LHlc — 9] V .y € R
and d(0, F'(t,0)) < L(t) a.e. (I).
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3. The main results

We are able now to prove our main result.

THEOREM 3.1. Assume that Hypothesis 2.5 is satisfied and %Q)HL\ I <
1. Let y(.) € C(I,R) be such that there exists q(.) € L'(I,R) with
d(D&y(t), F(t,y(t))) < q(t), a.e. (I). Denote by = y(0), by = y(1). Then for
every € > 0 there exists x(.) a solution of (1.1)-(1.2) satisfying for all t € I

') 2
|lz(t) — y(t)] < W

1
a—bl| + / t)dt+e. (3.1
lla b+ gy At e. 3)
Proof. Foru(.) € LY(I,R) define the following set valued maps:
1
MO(t) = F(t, Pa(t) + / G(t, s)u(s)ds), tel, (3.2)
0

To(u) = {¢() € L'(I,R);  o(t) € M(t) a.e. (I)}. (3.3)

It follows from the definition and (2.2) that z(.) is a solution of (1.1)-
(1.2) if and only if D%x(.) is a fixed point of T,/(.).

We shall prove first that T,(u) is nonempty and closed for every u €
LY(I,R). The fact that the set valued map MZ2(.) is measurable is well
known. For example the map t — P,(t) + fol G(t, s)u(s)ds can be approx-
imated by step functions and we can apply Theorem III. 40 in [4]. Since
the values of F' are closed with the measurable selection theorem (Theorem
II1.6 in [4]) we infer that MZ(.) admits a measurable selection ¢. One has

|p(t)| < d(0, F(t,0)) +du (F(t,0), F(t, Py(t) + /01 G(t,s)u(s)ds)

< L()(1+ |Pa(t)] + 1“(204) /01 lu(s)|ds),

which shows that ¢ € L*(I,R) and T,(u) is nonempty.

On the other hand, the set T,(u) is also closed. Indeed, if ¢, € T,(u)
and ||¢, — ¢||1 — O then we can pass to a subsequence ¢,, such that
¢n, (t) — ¢(t) for a.e. t € I, and we find that ¢ € T'(u).

We show next that T,(.) is a contraction on L*(I,R).

Let u,v € LY(I,R) be given, ¢ € T,(u) and let § > 0. Consider the
following set-valued map:

H() = MO0 {2 € R 16) ~ 2] < L] [ Gt s)(us) — ofs))ds| +5).
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From Proposition I11.4 in [4], H(.) is measurable and from Hypothesis
2.5 ii) H(.) has nonempty closed values. Therefore, there exists ¥(.) a
measurable selection of H(.). It follows that ¢ € T,(v) and according with
the definition of the norm we have

1 1 1
o=l = [l = voldt < [ L] 160 5)]Juts) = v(s)lds)at

2

L — .
F(a)“ [ffu=vl1+6

1 1,1
+/ sdt :/ (/ L()|G(t, 5)|dt) [u(s)—v(s)|ds+6 <

0 0 0
Since § > 0 was chosen arbitrary, we deduce that

A6, Ta(v)) < Fé)uumru ol

Replacing u by v we obtain

A (Ta(u), Tu(v)) < Ffa)HLHlHu s,

thus 7T'(.) is a contraction on L!(I,R).
We consider next the following set-valued maps

Fi(t,x) = F(t,x) +q(t)[-1,1], (t,x) e I xR,
M}, (t) = Fu(t, Py(t) + /01 G(t,s)u(s)ds), tel, wu()eL'(I,R),

Ty(u) = {¢(.) € L'(I,R);  9(t) € MP,(t) ae. ()},

Obviously, Fi(.,.) satisfies Hypothesis 2.5.

Repeating the previous step of the proof we obtain that Tb1 is also a
ﬁHL\ |1-contraction on L'(I, R) with closed nonempty values.

We prove next the following estimate

1
dp (Ta(w), Ty (u)) < [la = bI|.[| L] +/O q(t)dt. (3-4)

Let ¢ € T,,(u),0 > 0 and define

Hi(t) = M7, (1) N{z € R; [6(t) — 2| < L(t)|Pa(t) — Py(t)] + () + 6}
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With the same arguments used for the set valued map H(.), we deduce
that H;(.) is measurable with nonempty closed values. Hence let (.) be a
measurable selection of Hy(.). It follows that ¢ € Tj} (u) and one has

1 1
o= vl = [ 16(0) —w(ldr < [ IL@IP(6) ~ Bit)] + a(0) + el

1 1
gua—bu/o L(t)+/0 o) + 6.

Since 0 is arbitrary, as above we obtain (3.4).
We apply Proposition 2.1 and we infer that

dp(Fiz(T,), Fiz(T))) < ———————
1= rimll Ll

1
lla =Bl + [ att)
T(a) 0

Since D2y(.) € Fiz(T}) it follows that there exists u(.) € Fiz(T,) such
that for any ¢ > 0

o 1 1 I'(a)e
108y~ uls < ;g lla = blLIZI + [ a(d) + 20,
1—@HLH1 0 2

We define z(t) = P,(t) + fol G(t,s)u(s)ds, t € I and we have

6) (6] < 1Palt) = B+ [ 160, 9)Juts) ~ Dy()lds

2 I'«) 2
< [la=bll+w—=llu=D2ylh < m—~—F—=lla=bll+ =—~——F—=llalli+e,
() ‘ () = 2Ly [(e) = 2[|L[|x
which completes the proof. ]

REMARK 3.2. The assumption in Theorem 3.1 is satisfied, in partic-
ular, for y(.) = 0 and therefore, via Hypothesis 2.5, with ¢(.) = L(.). In
this case, Theorem 3.1 provides an existence result for problem (1.1)-(1.2)
together with a priori bounds for the solution. More precisely, the estimate
(3.1) is in this case

r 2||L
(@)llall + 20| L1 |

2 (t)] < , Vtel.
L(a) = 2[|L][x

On the other hand, in our approach we obtain a ”pointwise” estimate from
a norm estimate. Therefore an estimate as in (3.1) is not comparable with
estimates obtained using the classical Filippov construction (e.g., [17]).
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Let us denote by S(a) the set of all solutions of problem (1.1)-(1.2),
where as above a = (ap,a1) € R?. As we already pointed out the idea in
the proof of Theorem 3.1 can be adapted in order to prove the Lipschitz
continuity of the solution map S(.).

PROPOSITION 3.3. Let Hypothesis 2.5 be satisfied and let | := %HLHI

< 1. Then the map a — S(a) is Lipschitz-continuous on R? with nonempty
closed values in C(I,R).

Proof. Leta,bec R2 Foru(.) € L'(I,R), let M%(.),T,(.) be defined
as in (3.2) and (3.3), respectively. As in the proof of Theorem 3.1, T5(.) is
a l-contraction on L!(I,R) with nonempty and closed values.

Consequently, T,(.) admits a fixed point u(.) € L'(I,R). By setting
x(t) = Pyu(t) + fol G(t, s)u(s)ds we have that z(.) € S(a).

Since Fixz(T,) is closed we also get that S(a) C C(I,R) is a closed set.
Moreover, as in the proof of Theorem 3.1,

dp (Ta(u), Ty(w)) < [la = 0[|.[[L]]x (3.5)

for any a,b € R? and u(.) € L'(I,R).
Using Proposition 2.1, from (3.3) it follows that

dn(Fi(T,), Fiz(Ty)) < |

Since u(.) € Fixz(1,), for any € > 0 there exists v(.) € Fix(1}) such that

IILH1

lu() =v()llh < T lla = bl +<.

Put y(t) = Py(t) + [) G(t, s)u(s)ds. Then y(.) € S(b) and

2e
— < —b t — < —|la—=25b .
|z —yllc < |la ||+tS;IGPI|G(aS)H|u vlh_l_llla HJFF(a)
Hence
(2, S(B) < ——[la—b|| 4+ —==, We>0
o) =gl @)’ '°77

which means d(z,S(b)) < t&||a — b||. By interchanging a and b we finally
obtain dg(S(a),S(b)) < 1%;|/a — b]|, that completes the proof. ]
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REMARK 3.4. Similar results as in Theorem 3.1 and Proposition 3.3
may be obtained for initial value problems associated to fractional differen-
tial inclusions of the form

D¢x(t) € F(t,z(t)), «a€(1,2),

z(0) = ap, 2'(0) = ay.
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