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Abstract

In this paper, we study the existence of continuous solutions of a set-valued functional integral equation for the Volterra-
Stieltjes type. The asymptotic stability of the solutions will be studied. The continuous dependence of the solution on the set
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1. Introduction

The topic of fractional calculus is enjoying growing interest not only among mathematicians but also
among physicists and engineers (see [6, 10, 19, 26, 29, 30]). It turns out that a lot of results of the theory of
differential and integral equations of fractional order can be considered from a unified point of view with
help of the theory of the so-called Volterra-Stieltjes set-valued integral equation. A set-valued functional
equation has been extensively investigated by a number of authors and there are many interesting results
concerning this problem (see [15-18, 20, 23, 24, 27]). The interest in the study of Volterra-Stieltjes integral
equations was initiated mainly by the papers (see [4, 12, 13, 21]).

In this paper, we discuss the existence of continuous solutions for the set-value functional integral
equation of Volterra-Stiltjes type

t

x(t) € p(t) + F(t, L fa(s,x(@(s))dsg(t,s)), te€l[0,Tl, T<oo, (1.1)

where F; : [0, T] x Rt — P(R) is a set-valued mapping and P(R) denotes the family of nonempty subsets of
R. Our study depends on the selections of the set-valued function F; by reformulating the Volterra-Stiltjes
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integral inclusion (1.1) into a coupled system. The asymptotic stability of the solutions will be studied.
Also, the continuous dependence of the solution on the set of selections of the set-valued function F; and
function g(t,s) will be proved. As particular cases, the existence theorems concerning both nonlinear
integral inclusion of fractional orders

xX(t) € p(t) +Fi(t, I%f2(t, x(@(1)))), t€[0,T], T<oo
and the initial value problem of arbitrary (fractional) orders differential inclusion

dz(tt) € Fi(t,DPx(t)), te(0,T], T< oo, (1.2)

x(0) = xo, (1.3)

were studied where «, B € (0,1], and some further results will be discussed. Indeed, the tools and
methods associated with the theory of nonlinear Volterra-Stieltjes set-valued integral equations which
will be applied in this paper are more convenient and allow us to obtain more applicable results.

This paper is organized as follows. In Section 2, we recall some useful preliminaries. In Section 3,
we state sufficient conditions which guarantee the existence of at least one continuous solution to the
problem (1.1). In Section 4, we show that the solutions of the nonlinear Volterra-Stieltjes integral inclusion
are asymptotically stable. While Section 5, deals with the existence of continuous dependence of unique
solutions for inclusion (1.1) on the set of selections of the set-valued function and on the function g(t, s).
Also, we deduce the existence theorems of solutions for Volterra integral equation of fractional order and
differential inclusion in Section 6. In Section 7, we discuss some special cases of inclusion (1.1).

2. Preliminaries

This section is devoted to providing the notation, definitions, and other auxiliary facts that will be
needed in our further study. At the beginning assume that E is a Banach space with the norm ||.||¢. For
an interval, I = [0, T], where T < oo, denote by C = C(I, E) the space consisting of all continuous functions
defined on I and taking values in the space E. This space will be furnished with sup-norm

Ixllc = sup [x(t)].
tel

We will accept the following axiomatic definition and theorem of the concept of a set-valued map.

Definition 2.1. Let F be a set-valued map defined on a Banach space E, f is called a selection of F if
f(x) € F(x), for every x € E and we denote by

Sg={f:f(x) € F(x),x € E}
the set of all selections of F (for the properties of the selection of F see [9, 25, 27]).

Definition 2.2 ([23]). A set-valued map F from I x E to family of all nonempty closed subsets of E is called
Lipschitzian if there exists k > 0 such that for all t € I and all x4,x; € E, we have

h(F(t/ Xl)IF(SIX’Z)) < k(|t - S‘ + |X1 _X2|)/

where h(A, B) is the Hausdorff distance between the two subsets A, B € I x E (for the properties of the
Hausdorff distance see [3]).
The following Theorem [3, Sect.9, Chap.1, Th.1] assumes the existence of Lipschitzian selection.

Theorem 2.3 ([24]). Let M be a metric space and F be Lipschitzian set-valued function from M into the nonempty
compact convex subsets of R™. Assume, moreover, that for some A > 0, F(x) C AB for all x € M, where B is the
unit ball on R™. Then there exists a constant ¢ and a single-valued function f : M — R™, f(x) € F(x) for x € M;
this function is Lipschitzian with constant k.
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In what follows, we discuss a few auxiliary facts concerning the functions of bounded variation [2].
To this end assume that x is a real function defined on a fixed interval [a, b]. By the symbol \/2 x we will
denote the variation of the function x on the interval [a, b]. In the case when \/® x is finite we say that x
is of bounded variation on [a, b]. In the case of a function u(t, s) =: [a, b] x [c, d] — R we can consider the
variation \/,?:p u(t, s) of the function t — u(t,s) (i.e., the variation of the function u(t, s) with respect to
the variable t) on the interval [p, q] C [a,b]. Similarly, we define the quantity \/g:1D u(t,s). We will not
discuss the properties of the variation of functions of bounded variation. We refer to [2] for the mentioned
properties. Furthermore, assume that x and ¢ are two real functions defined on the interval [a, b]. Then,
under some extra conditions (cf. [2]), we can define the Stieltjes integral (more precisely, the Riemann-
Stieltjes integral) of the function x with respect to the function ¢ on the interval [a, b] which is denoted
by the symbol IZ x(t)dg (t). In such a case, we say that x is Stieltjes integrable on the interval [a, b] with
respect to ¢.

In the relevant literature, we may encounter a lot of conditions guaranteeing the Stieltjes integrability
[2, 22, 27]. One of the most frequently exploited conditions requires that x is continuous and ¢ is of
bounded variation on [a, b].

Next, we recall a few properties of the Stieltjes integral which will be used in our considerations (cf.

[2]).

Lemma 2.4. Assume that x is Stieltjes integrable on the interval [a, b] with respect to a function ¢ of bounded

variation. Then
b t

b
| xtda (01 < | xiolacy/ o)

a a a

Lemma 2.5. Let x; and x; be Stieltjes integrable functions on the interval, [a, b] with respect to a nondecreasing
function ¢ such that x1(t) < x2(t) for t € [a, bl. Then the following inequality is satisfied:

b

b
J x1(8)dg (t) <J xa(t)dg (1).

a a

In the sequel, we will also consider the Stieltjes integrals of the form fz x(s)dsg(t,s), where g : [a, b] x
[a, b] — R and the symbol d; indicates the integration with respect to the variables. The details concerning
the integral of such a type will be given later.

3. Existence of at least one continuous solution

Consider now the set-valued integral equation (1.1) under the following assumptions
@i
(ii
(iii

p: I — Ris a continuous function on I, p* = sup, g p(t)l;

F1:1Ix R — P(R) is a Lipschitzian set-valued map with a nonempty compact convex subset of 28 ";
@ : I — I is a continuous function such that ¢(t) < t;

~— ~— ~— ~—

(iv) fp : I x R — R is continuous and there exist two constants a and b such that

If2(t,x)] < a+ blx|, Yt €land x € R;

(v) the function g(t,s) = g: A — Ris continuouson A ={(t,s): 0 <s <t < T}
(vi) the function s — g(t,s) is of bounded variation on [0, t] for each t € [;

(vii) for any e > 0, there exists > 0 such that, for all t;;t> € I with t; < t; and t; — t; < 9, the following
inequality holds:
t
\lg(tz,s) —g(ty,s)] < ¢
s=0
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(viii) g(t,0) =0forany t e L
It is clear that from Theorem 2.3 and assumption (ii), the set of Lipschitz selection of F; is non empty. So,
the solution of the single-valued integral equation

t

x(t) = p(t) +fi(t, L fa(s,x(@(s))dsg(t,s)), tel, (3.1)

where f1 € Sf,, is a solution to the inclusion (1.1). It must be noted that f; satisfied the Lipschitz selection
If1(t,x) —f1(s, y)I < k(It — s, Ix —yl).

Obviously, we will assume that g satisfies assumptions (v)-(viii).
For our purposes, we will only need the following lemmas.

Lemma 3.1 ([6]). The function z — \/5_, g(t,s) is continuous on [0, t] for any any t € 1.

Lemma 3.2 ([6]). Let the assumptions (vi)-(vii) be satisfied. Then, For an arbitrary fixed number 0 < t, € I and
for any e > 0, there exists & > 0 such that if t1 € I; t1 < tp and t, —t; < b then \/22:tl g(ty,s) <e.

Lemma 3.3 ([6]). Under the the assumptions (vi)-(vii), the function t — \/J;:O g(t, s) is continuous on 1.

Further, let us observe that based on Lemma 3.3, we infer that there exists a finite positive constant K,

such that .
K:sup{\/ g(t,s): tel}.

s=0
Now, let
t
Yl = | fals xols)dsglts),  tel 62)
Then the nonlinear functional integral equation (3.1) can be written in the form

x(t) = p(t) + f1(t,y(t), tel (3.3)

Hence, the functional integral equation (3.1) is equivalent to the coupled system (3.2) and (3.3).

Now, we study the existence of a continuous solution of the functional integral equation (3.1), which
is a solution of the functional integral inclusion (1.1), by getting the continuous solution of the coupled
system (3.2) and (3.3).

Definition 3.4. By a solution of the coupled system (3.3) and (3.2) we mean the functions x,y € C[0, T]
satisfying (3.3) and (3.2).

Remark 3.5. From the Lipschitz condition of f;, we have:
[f1(t, x)| = [f1(t, 0) < [f1(t, x) — f1(t, 0)] < Kfx],

ie.,
[f1(t, %) < kx| + sup [f1(t,0) < kix[+f7,

te[0,T]

where
fi = sup Ifi(t,0)].
te(0,T]
Let X be the class of all ordered pair u = (x,y), x,y € C(I) and define the Banach space X = C(I) x C(I)

with the norm

106 Yllx = [Ixlle + l[ylle-

Now for the existence of at least one solution, u = (x,y), x,y € C(I) of the coupled system (3.3), (3.2) we
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have the following theorem.

Theorem 3.6. Let the assumptions (i)-(viii) be satisfied. Then there exists at least one continuous solution u =
(x,4), x,y € C(I) of the coupled system (3.3), (3.2).

Proof. Let the set Q. be defined as

Qr={u=Mxy):(xy) eX x| <m, [yl <72, ful| <T=m1+12}

where, r = p Hl + = be it is clear that the set Q, is nonempty, bounded, closed and convex. Let A be

an operator defmed by

Au(t) = A(x,y)(t) = (Ay(t), A2x(t))
Aly (t) = p(t) + fl (t/y(t))/ te I,

and
t

Aox(t) = L fa(s,x(@(s))dsglt,s), tel,

where for u = (x,y) € Qy, and from Remark (3.5) we have

[Ary(t)] = Ip(t) + f1(t, y(O) < Ip(t)] +If1(ty(O)) < "+ kix[+ ] =11,

then
1Ayl < p* ke =11, rlzpl_kl.
Also
Agx(t)] = | L fafs ))dsg(t,s)|
t
< JO ifa(s, x( ()] 1dsg(t, 5)]
t S
< J l[a+b x(¢ \/
0 :
S
1Az <J ads \/9tp Jb|x Nids [\ altp
p=0
t s t s
<aJ ds \/g(t,p) +br2J d |\ 9lt,p)
0 _ 0 _
— p=0
< (a+br) (\/ g(t,s )
t
<(atbr)sup [ \/ glts) ],
tel s=0
akK
< K=ty 1= :
HA2XH (a+br) Ty, To 1-bK
Now
o akK
IAUllx = |AYle + [ Asx]le < mi4m < L4 =

1-k 1-0bK
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Then AQ, C Q, and the class {Au}, u € Q, is uniformly bounded.

Now, for u = (x,y) € Qy, for all € > 0, 8 > 0 and for each ty,t; € [, t; < t; such that [t — t1| < b, we
have

A1y (t2) — Ary(ty)] t2

1%}

+ f1(t2, y(t2)) —p(t1) — f1(t1, y(ta))l

—p(t)l+[f1(t2, y(t2)) — f1(t1, y(t1))l

—p(t)l + f1(t2, y(t2)) — f1(ts, y(t2)) 1 (1, y(t2)) — f1(ts, y(t1))|
—p(t)| + klt2 — t1] + kly (t2) —y(t1)]

—p(t1)l+kd +kly(t2) —y(t1)|

P

o

o
—+
)

o+ (o
N )
- . . .

S 8 8 B S

INCINCIN N

and

to t

fz(s,X(cp(S)))dsg(tz,S)—J fa(s, x(@(s)))dsg(ty, s)|

Aax(t2) — Agx(tr)] < |J
0

Otz t
<|j fz(s,x(cp(s)))dsg(tz,s)—j fas, x(@(s)))dsg(ta, s)
0 0

t t1
+|j0 fz(S,X((P(S)))dsQ(tz,S)—J fafs, x(@(s)))dsg(t1, s)

0

to 151
< |j fas,x(@(s)))dsg(t2, 5)] +|j fals, x(@(s)))[ds gltz, s) — dsg(t, 5]l

t

to S 1 S
<Ll [a+Dblx(¢ \Z glt2,p L [a+Dblx(¢ p\_/0 g(t2,p) — g(t1,p)])
to S t S
<t ey g(tz,p))+J (a-+br)ds(\/ lglta,p) — g(ts,p))
t1 p=0 0 p=0
to S t1
< (at bl " auV/ glta )+ | eV Gg(ta,p) — oty p))
6ol 0

(t2, ) —g(t1,8))]

W
Via

t2

< (a+br)[ \/gtzs \/gtzs +
s=0
1%)

<(a+br)l\/ glta,s) + N,

s=1t
where

Ne—Sup{\/ (ta,s) —g(ty,8)) st eIty <ty ty —tr < el

For the operator A and u € Q, we have

Au(tz) —Au(ty) = A(x,y)(t2) — Alx,y)(t1)
= (A1y(t2), Aox(t2)) — (Ay(tq), Aox(ty))
(

(
= (A1y(t2) — Ary(t1), Aax(t2) — Azx(t1)),

then

[Au(tz) — Aulty)||x = [[(A1y(t2) — Ary(tz), Aox(t2) — Axx(t1))]|x,
= [[A1y(t2) — Ary(t2) | c + [|[A2x(t2) — Axx(t1)||c
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ty
= [Ip(t2) = p(ta) || + k& + K[|y (t2) —y(t2) || + (a+br)[ \/ g(t2,5) + Nel.

s=t

This means that the class of functions {Au} is equi-continuous on Qr. Then by the Arzela-Ascoli Theorem
[11], the operator A is compact. It remains to prove the continuity of A : Qr — Qr. Let u, = (Xn,Yn)
be a sequence in Qr with x, — x, and yn, — y and since f»(t,x(t)) is continuous in C(I) x R. Then
fa(t, xn (t)) converges to fo(t,x(t)), thus f2(t,xn(¢@(t))) converges to f2(t,x(¢@(t))) (see assumption (ii)).
Using assumptions (iii) and applying Lebesgue dominated convergence theorem, we get

limJ fas, xn(@(s))) dsg(t,s) = J fa(s,x(@(s))) dsg(t, s),

then
Tim Apya(t) =p(t) + lim fi(tya(t) = p(t) + fi(ty(t)),

lim Azxn(t) —J lim (s, xn(@(s)))dsg(t, s) —J fas, x(@(s)))dsg(t,s) = Aax(t),

lim Aun(t) = lim (Aqyn(t), Aoxn(t)) = (lim Ajyn(t), im Axxn(t)) = (Aqy(t), Axx(t)) = Au(t).
n—oo n—oo n—oo n—oo

Since all conditions of the Schauder fixed-point theorem [28] hold then A has a fixed point u € Q, and
then the system (3.3), (3.2) has at least one continuous solutions u = (x,y) € Q, x,y € C(I). Consequently,
the functional integral equation (3.1) has at least one solution x € C(I). O

4. Asymptotic stability of Volterra-Stieltjes integral inclusion

We shall show that the solutions of the nonlinear Volterra-Stieltjes integral inclusion are asymptotically
stable. The concept of the asymptotic stability of a solution of (1.1) can be given by (as in Banasa and
Rzepka [5]).

Definition 4.1. The solution x of (3.1) is said to be an asymptotically stable solution if for any e > 0 there
exists Te[0,T], T<oo, T=T(e)>0suchthat, ift>T and for every other solutions y of (3.3), (3.2),
then
x(t) —y(t) < e.
Let x1(t) and x;(t) be two solutions of (3.1). Then
t

Y1 (t) —ya(t)] < |J0 fa(s,x1((s))) dsg(t,s) —JO fa(s,xa((s))) deglt, s)]

t

< . If2(s, x1(@(s))) + [f2(s, x2(@(s)))[ |dsg(t, s)]
rt s
< . a+blxi(@(s))+ a+bxa(e(s))l ds(\/ g(t,p))
J p:0
t S
< | 2a+2b)r2 ds(\/ g(t,p))
JOo p=0
t t
< (2a+2brp) \/ g(t,s) < (2a+2bry)sup \/ g(t,s) < (2a+2bry)K.
s=0 tel s—0

Also
Ix1 —xall < sup If1(t,y1(t)) —f1(t, y2(t)) < Kkllyr —yall < kK(2a +2bry).

Then, we have proved the following theorem.
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Theorem 4.2. Let the assumptions of Theorem 3.6 be satisfied. If kK(2a +2bry) < ¢, t > T, then the solution x
of the functional integral inclusion (1.1) is asymptotically stable.

5. Existence of unique solution

In this section, we study the uniqueness of the solutions x € C(I) of the functional integral inclusion
(1.1).
Let us assume the following assumption:

(iv*) let fp : I x R — R be a continuous function satisfies Lipschitz condition for the second variable; that
is, there exists a constant b such that

[f2(t,x) — f2(t, y)|| < bllx —yl|,
where a = sup,  [f2(t, 0)].

Theorem 5.1. Consider the assumptions of Theorem 3.6 be satisfied with replacing condition (iv) by (iv*). If
(1 —bkK) < 1, then the functional integral inclusion (1.1) has a unique solution x € C(I).

Proof. Let x;(t) and x2(t) be two solutions of the functional integral equation (3.1). Then

t t

fz(s,xl(@(S)))dsg(t,S))—fl(t,J fa(s, x2(@(s)))dsg(t, s))l.

() —x2(1)] < |f1(t,j
0

0
Using Lipschitz condition for f;, we obtain

t t

fz(s,m((P(S))dsg(t,S))—J f2(s, x2(@(s))dsg(t, s))l

1 (1) — xa(t)] < k|j
0

0

t
< kL If2(s, x1(@(s))) — fa(s, x2(@(s)))llds g(t, s)I.

Using Lipschitz condition for f, we obtain

xa(t) —x2(t) < kb L x1(@(s)) —xa(@(s)lds(\/ g(t,p))
=0
t S ’ t t
< bklxg — x| L ds(\/ g(t,p)) < bkllx1 —x2| \/ g(t,s) < bk|x; — x| sup \ 9lt,s),
p=0 s=0 tel 59

X1 —x2]] < BKK []x1 —x2.
Then
(1—ka)”X1—X2” < 0.

This proves the uniqueness of the solution of functional integral equation (3.1). O

5.1. Continuous dependence of the solution

In this section we are going to study the continues dependence of the unique solution x € C[0, T] of the
functional integral the inclusion (1.1) on the Sf, the set of all Lipschitzian selection of F; and the function

g.

Theorem 5.2. Let the assumptions of Theorem 5.1 be satisfied. Then the solution of the inclusion (1.1) depends
continuously on the Sy, of all Lipschitzian selection of Fy.
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Proof. Let fi(t,x(t)) and fj(t,x(t)) be two different Lipschitzian selections of F;(t,x(t)) such that
If1(t, x(t)) —f(t,x(t))I <o, 6>0, tel

Then for the two corresponding solutions x(t) and x*(t) of inclusion (1.1) we have

t

x(t) =x*(t) = fl(t,L fa(s, x(@(s)))dsg(t, s)) —fT(t,JO fa(s,x"(9(s)))dsg(t, s))

t t

fz(&X((P(S)))dsg(t,S))—fik(t,J f2(s, x*(@(s)))dsg(t, )|

x(t) —x* (1) < fl(t,J
0

0

t t

fa(s, x(@(s)))dsg(t, s)) — fa(t, JO fa(s,x"(9(s)))dsg(t, s))]

< fl(t,J
0

t t

fz(s,x*(cp(s)))dsg(t,s))—fi‘(t,JO fas,x*(9(s)))dsg(t, 8))]

+ |f1(t,J
0
t

t
< K| JO fa(s, x(@(s)))dsg(t, s) —L fa(s,x"(@(s)))dsg(t,s)|+ 0

t
< kJo 2, x(0(5))) — Fals,x*(@(s)))llds g(t, 8)] + 8
t

< bkL x((s)) —x*(@(s))lldsg(t, )]+ 5

t s
<ok x| | d\/ gltp)+s

t t
< bk ||x —x*| \/ g(t,s)+ 8 < bk ||x —x*|| sup \/ g(t,s) +d < bk |x —x"||K+59,
s=0 tel 5o
[x —x*|| < (1—bkK)" 15 =e.

Thus the above inequality gives that
x—=x"|| <e.

This mean that the solution of the of inclusion (1.1) depends continuously on the set S¢, of all Lipschitzian
selection of F;. This complete the proof. O

Theorem 5.3. Let the assumptions of Theorem 5.1 be satisfied. Then the solution of the inclusion (1.1) depends
continuously on the function g.

Proof. Let g(t,x(t)) and g*(t,x(t)) be two different functions, and let & > 0 be given such that
lg(t,x(t)) — g*(t,x(t) <5, tel

Then for the two corresponding solutions x(t) and x*(t) of inclusion (1.1) we have

X(t) — x*(t) = fl(t,jo fas, x(@(s)))dsg(t,5)) —f(t,JO fals,x* (0(s)))ds g* (1, 5))
fz(s,x(cp(smdsg(t,s))—f(t,jo fas, x* (0()))ds g™ (1, 5))

fa(s, x(@(s)))dsg(t,s)) —fl(t,L fas, x*((s)))dsg(t, s))|

t

x(t) —x* (8] < Ifa(t, L

< |f1(t,J

0
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t

t
+ fl(t,L fa(s,x*(@(s)))dsg(t, ) _f(t’L fa(s,x*(@(s)))ds g* (t, 8))]

t
< kL Ifa(s, x(@(s)) — Fas, x* (@(s))ldsg(t, s))

t
+kJO a5, %" (@ (s)))lds gt s) — g* (&, 5)

t
< kJO [f2(s, x(@(s))) — f2(s,x" (@(s)))llds g(t, )|

+kJO (If2(t, x"(@(s))) — f2(t, 0)] — If2(t, 0)1)dslg(t, s) — g™ (t, s

< bkL x(0(s)) —x*(@(s))llds g(t, 5)]

+kj0 (a4 blx* (o(s)))dslg(t, s) — g*(t, )|

t S t s
<o fx—x') | d Vgt p)+kla+on) | \/ lg(p) — gL p)
0 p=o 0 p=0

t

t
< bk x—x*||'\/ g(t,s) + k(a+br) \/ lg(t,s) — g*(t, )]
s=0 s=0

t
< bk ||x —x*|| sup \/ g(t,p) +k(a+br)g(t,t) —g*(t,t) —g(t,0) + g*(t,0)]
tel s
< bk [[x —x*[|[K+k(a+br)[g(t,t) — g"(t,t) — g(t,0) + g*(t,0)]
< bk [[x =x"|[K+k(a+br)llg(t, t) — g*(t, )]+ [g(t,0) — g™ (t, 0)[]
< bk [[x —x*[|[K+28k(a + br),
<2

Ix —x*|| dk(a+br)(1—bkK) 1 =¢e.

Then the above inequality gives that
Ix —x*|| <e.

This mean that the solution of the of inclusion (1.1) depends continuously on the functional g. This
completes the proof. O

6. Volterra integral equation of fractional order

In this section, we will consider the fractional integral inclusion, which has the form

t (‘t o S) ax—1
Kt € plt)+Rilt, | Sk
where t € [ = [0, T] and « € (0,1). Moreover, I'(x) denotes the gamma function. Let us mention that (6.1)
represents the so-called nonlinear Volterra integral inclusion of fractional orders. Recently, the inclusion
of such a type was intensively investigated in some papers [1, 15]. Now, we show that the functional
integral inclusion of fractional orders (6.1) can be treated as a particular case of the set-valued functional
integral equation of Volterra-Stieltjes (1.1) studied in Section 3.
Indeed, we can consider the function g(t,s) = g : A — R defined by the formula

fa(s, x(@(s))ds)), tel, (6.1)

t*—(t—s)*

9t s) = 7
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Note that the function g satisfies assumptions (v)-(viii) in Theorem 3.6, see [6, 22]. Then, it can be easily
seen that (6.1) can be written in the form of (1.1). Now, we can formulate the following existence results
concerning the Volterra integral inclusion of fractional order (6.1).

Theorem 6.1. Under the assumptions (i)-(iv) of Theorem 3.6, the fractional integral inclusion (6.1) has at least one
continuous solution x € C(I).

Theorem 6.2. Under the assumptions of Theorem 5.1, the fractional integral inclusion (6.1) has exactly one unique
solution x € C(I).

6.1. Differential inclusion
Consider now the initial value problem of the differential inclusion (1.2) with the initial data (1.3).

Theorem 6.3. Let the assumptions of Theorem 6.1 be satisfied. Then the initial value problem (1.2)-(1.3) has at
least one solution x € C(I).

Proof. Let y(t) = d’é(tt]. Then the inclusion (1.2), will be

y(t) € Fi(t, ' Py(t). (6.2)

Letting f>(t,x) = x(t), @(t) =t, and « =1 — 3 applying Theorem 6.1 on the functional inclusion (6.2), we
deduce that there exists at least one continuous solution y € C(I) of the functional inclusion (6.2). This
implies that the existence of solution x € C(I),

of the initial-value problem (1.2)-(1.3). O

7. Further discussions

This section is devoted to discussing some special cases of the inclusion (1.1). First of all let us notice
that the classical nonlinear Volterra integral inclusion

x(t) € p(t) + Fu(t, L fa(s,x((s)) ds) 7.1)

is a special case of inclusion (1.1) if we put g(t,s) = s. Indeed, assumptions (v)-(viii) are trivially satisfied
for g. This implies that inclusion (7.1) can be investigated with help of Theorem 3.6 to observe that
assumptions of that theorem are automatically satisfied for inclusion (7.1).

Next, let us consider the integral inclusion of Volterra type having the form

t

t
X(0) € PO +Falt, | i als x(ols) ds), 7.2
o t+s
which represents the Chandrasekhar’s integral inclusion.
Now we show that (7.2) is a special case of inclusion (1.1), to do this let us consider the function
g: A — R, defined by the formula

t+s >
g(t,s):{ tIn*s, fort>0ands >0, 73)

0, fort=0and s > 0.

Using standard methods of mathematical analysis it can be seen that the function g(t, s) defined by (7.3)
satisfies assumptions (v)-(viii) of Theorem 3.6. Then we see that inclusion (1.1) can be written in the form
(7.2).
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Moreover, let us remember that if the function g(t, s) satisfies assumptions (v)-(viii) of Theorem 3.6,
then it represents the distribution function of a two dimensional random variable [7, 8]. The converse
implication is also “almost” valid [8, 14]. In particular, we may consider the function to be the distribution
function of the continuous type two-dimensional random variable. Such a function has the form

t

g(t,s) =J

(J p(z,y)dy) dz,
0 0

where p(z,y) is the so-called density function [7]. Obviously this function satisfies assumptions (v)-(viii).
Moreover, we have

t
dsg(t,s) = L p(s,y)dy,

and in this case integral inclusion of Volterra-Stiltjes type (1.1) has the form

t

t
x(t) € p(t) + Fy (t,J0 fafs, x((s)) ( JO pi(s,y)dy) ds), 7.4)

let us mention that this inclusion is the usual nonlinear Volterra integral equation. Thus, based on Theo-
rem 3.6 we deduce that (1.1) can be written in the form (7.4).
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