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1. Introduction

Differential systems of fractional-order have recently acquired a great reputation and abundant
superiority due to their large applications in numerous fields of science, engineering and the
utilization of real-world models; see, for example, the books [4,12, 15,16, 18,20,21].

Analogous to the expansion of the theory of fractional-order systems, fractional differential
inclusions were also extensively studied. =~ Numerous contributions concerning the existence,
uniqueness and stability results related to the fractional differential inclusions are available in the
literature. Benchohra et al. [5], studied the following differential inclusion:

ADy(1) € F(1,y(1)), for ae. re[l,o), 1<r<2,
y(1) =y €R,
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where g D" is the Caputo-Hadamard fractional derivative and F : [1,00) X R — PB(R) (P(R) is the
family of all nonempty subsets of R) is a multi-valued map. They investigated the existence results
when F has convex or non-convex values using suitable fixed point theorems and a diagonalization
method.

Nyamoradi et al. [17], discussed the existence results of a multi-point BVP for a fractional
differential inclusion of the form

D%u(t) + F(t,u(t),u’'(1)) 30, O0<t<+4o00, 2<a<3,
u@0) =uw'(©0)=0, D lu(+c0) = X177 Biu(E)),

where D¢ is the Riemann-Liouville fractional derivative, 0 < & < & < -+ < &,, < +oo, and
F : [0,+00) X R X R — P(R) is a set-valued map. For more recent papers related to fractional
differential inclusions, see [2, 19,22] and the references existing therein.

Motivated by the aforesaid papers and looking forward to considering generalized fractional
derivative that encompasses the classical derivatives as special cases, we shall study the following
fractional differential inclusions with generalized proportional fractional derivatives of Caputo type:
{CDg’Qu(I) € ®(r,u(t)), for ae. reJ :=[a,00), 0<5<1,

(1.1)
u(a) = u, € R,

where o € (0, 1], €% denotes the §-order generalized proportional fractional derivatives of Caputo
type, B(R) is the family of all nonempty subsets of R, and @ : X R — PB(R) is a multi-valued map.
In the main proofs we will use the ideas of [5] but with corrections of the subscripts and the used sets.

Very recently, Jarad et al. [10] introduced a new more general fractional derivative operator so-called
the generalized proportional fractional derivative. The new fractional derivative operator D¢ contains
two parameters and has features, including maintaining the semi-group property and convergence to
the initial function as ¢ tends to zero. Additionally, it is well behaved and has fundamental features over
the classical derivatives in the sense that it generalizes previously defined derivatives in the literature.
It is useful to note that the authors in [7] proposed an important equivalence between the tempered
and the generalized proportional fractional integrals and derivatives. For some recent papers which
have been detailed within the generalized proportional fractional derivative, see [3,9, 11, 13] and the
references existing therein. To the best of the authors’ knowledge, there are no studies that dealt with
the fractional differential inclusions with the generalized proportional fractional derivatives.

The main contributions of this note could be summarized as:

We shall give the concept of a mild solution to the inclusion problem (1.1).

With the aid of the nonlinear alternative of Leray-Schauder type for multivalued maps, the existence
result is established.

Due to the proposed inclusion problem is on an infinite interval, a diagonalization technique was
needed to complete the proofs.

An example is proposed to explain the suitability of the obtained findings.
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2. Preliminaries

We start this section with some definitions and lemmas of the generalized proportional fractional
derivatives and integrals.

Definition 2.1. ( [10,13]) Let o € (0,1], § > 0, and let g € L'[a, ). The generalized proportional
fractional integral of a function g of order ¢ is defined by

W) f T = 5y 1g<s>ds—15 (e )

where 3¢ denotes the Riemann-Liouville fractional integral of order §: (3°g)(¢) = ﬁ fa "(t—5)7"1g(s) ds.

(3e8)() =

Definition 2.2. ( [10, 13]) Let o € (0,1] and O < 6 < 1. The generalized proportional fractional
derivative of Caputo type of order ¢ of a function g € C'[a, ) is defined by

(CDg)1) = I} ‘59(5919 ) (@)
_ t%(r—s) — 0 (Pl
—Qém_ 5 f e's ™ (1= )7 (D 9g)(s) ds,

where (D'9g)(1) = (D)(1) = (1 — 0)g(t) + 08’ (2).

Lemma 2.3. ([10,13]) Leto € (0,1]and 0 < 6 < 1 andy > 0. Then we have the following properties:

(302 37) (1) = (372 31%8) (1) = (357%) (1), with g € L'[a, o0); 2.1)
(Dl 35%) (1) = g(1), with g € L'[a, oo); 2.2)
(Si’g CDi’Qg) (1) =g - e'7 10 g(a),  with g € C'[a, ). (2.3)

2.1. Multi-valued maps analysis

Let X be a Banach space. We use the notations
PX) ={Z e P(X): Z # 0},
PaX) ={Z € B(X) : Z is closed},
Ppa(X) = {Z € B(X) : Z is bounded},
Bep(X) ={Z € P(X) : Z is compact},
Pox(X) = {Z € B(X) : Z is convex}.
We will use the following definitions:

- A multi-valued map U : X — B(X) is convex (closed) valued, if U(x) is convex (closed) for all
x e X.

- U is bounded on bounded sets if U(B) = U,.pt(x) is bounded in X for any B € Ppa(X), i.e.
sup,cp{supfllyll : y € W(x)}} < o0
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U is called upper semi-continuous (u.s.c.) on X if for each x? € X, the set U(x?) is nonempty, closed
subset of X, and if for each open set N of X containing !(x’), there exists an open neighborhood
N°? of x° such that U(N’) C N.

U is completely continuous if U(B) is relatively compact for each B € Pyq(X).

The graph of U will be defined as the set Gr() := {(x,y) € XX Y : y € U(x)}.

We say that x € X is a fixed point of 2 if x € U(x).

Consider the sequence {b;};”, suchthata < by < by <--- < by <--- and limy_,., by = 0.

For any k € N we denote J; := [a,bi] C .
Let C(J%,R) be a Banach space of continuous functions from J; into R with the norm |lu||; =
sup,cq, |u(?)|. Let L'(J, R) be the Banach space of Lebesgue integrable functions u : J; — R and

normed by [lull1 s = [ V(@) dt.
Suppose that u € C(J;, R). We define the set of the selections of ® by
ngu ={ve L' (J,R) : v(t) € O, u(?)) for ae. t € Ji).
Definition 2.4. A multi-valued map @ : J X R — P(R) is said to be Carathéodory if
(i) t+ D(t,u) is measurable for each u € R;
(ii) u — @(¢,u) is upper semi-continuous for almost all t € 7.

Remark 2.5. Note if the multi-valued map @ : J X R — B(R) is Carathéodory then the condition
(i1) is satisfied on g, kK = 1,2,... and the multi-valued map @ : J; X R — P(R) is Carathéodory on

ijR.

Lemma 2.6. [6] IfU : X — By(Y) is upper semi-continuous, then Gr(0) is a closed subset of X X Y;
i.e., for every sequence {x,},eny € X and {y,}pen € Y, if lim, e X, = Xs, lim, 00 y, = y. and y, € U(x,),
then y, € U(x,). Conversely, if U is completely continuous and has a closed graph, then W is upper
semi-continuous.

Lemma 2.7. [14] Let X be a Banach space. Let ® : I, XX — B(X) be a multi-valued map satisfying
the Carathéodory conditions with Sg" # 0, and let ® : L'(J;,X) = C(J, X) be a linear continuous
mapping. Then the multi-valued map ® o Sgk : C( T X) = P(C(Ir, X)) defined by

(© 0879w : C( T X) = Praeten(C(Ti X), 1> (0 0 S7)(u) = O(SY,),

is a closed graph operator in C(J, X) X C(Jy, X).

Lemma 2.8. [8] Let E be a Banach space and C a nonempty closed convex subset of E. Let U be a
nonempty open subset of C with 0 € U and T : U — Bp vx(C) be an upper semi-continuous compact
map. Then either

(i) T has a fixed points in U,

or

(ii) thereisau € U andv € (0, 1) with u € vT (u).
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3. Main results
Let us start with giving the concept of the mild solution of the inclusion problem (1.1).

Definition 3.1. A function u € C(J,R) is said to be a mild solution of the inclusion problem (1.1) if
there exists a function ¢ € L'(J,R) with ¢(f) € O(z, u(?)) for a.e. t € J such that CDu(r) = ¢(r) and
u(a) = u,.

The following lemma plays an essential role in the forthcoming discussions.

Lemma 3.2. ( [13], Lemma 4.1) For any w € C([a, b],R) the solution u of the linear generalized
proportional fractional differential equation

CD%u(t) = w(t), for ae. t€lab], 0<s6<1, a1
u(a) = u, € R, '
is given by the following integral equation
o-1 1 ! o-1
_ —(t-a) =(1-s) o—1
1) = uge e + — ° r— ds, t€]la,b]. 3.2
u(t) = uqe oT©) j; e (1= )" w(s)ds [a, D] (3.2)

Theorem 3.3. Suppose that for every k € N:

(H1) A multi-valued map ® : J X R — Bep ovx(R) is Caratheéodory;

(H2) There exist p,q € C(J,R") such that the nonegative functions P(t) = fa ' eg@;l(t_s)(t — )" p(s)ds

and Q(s) = fa ' e%l(t_s)(t — $)°"Yq(s)ds are bounded on 7, i.e. there exist constants P > 0 and
0<Q <06+ 1) such that P(t) < P, Q(t) < Qfort € J and

Dz, u)llg := supf[v| : v € D(t,u)} < p(?) + q()|u| for (z,u) € T X R.

Then the inclusion problem (1.1) possesses at least one solution on .

Remark 3.4. Note that for a = 0 the function g(f) = e’ satisfies the condition (H2), i.e., for the

nonegative function Q(¢t) = fot e%l(’_”(t — 5)°!q(s)ds there exists a positive constant Q (depending on
o and 6) such that 0 < Q < 0°T'(6 + 1) and Q(f) < Q for ¢ € [0, o) ( see Figure 1 for the graphs of Q(¢)
and the corresponding bounds A = ¢°I'(§ + 1) for various values of § and o).
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Figure 1. Graphs of Q(t) and A for different values of ¢ and p.

Proof. We fix k € N and consider

{gbdeu(r) € O(t,u(r)), for ae. t€J, 0<o<1, 33)

u(a) = u,.

We shall prove that (3.3) has a solution u; € C(J%,R) with |u ()] < M for each t € J;, where M > 0
is an arbitrary constant.
Define the multi-valued map 7 : C(Ji, R) = P(C(J, R)) by

el

Tiw) = {f € CTR) 2 f1) = ue ™ + g [T =5y w(s) ds. we ST, |.

In the light of Lemma 3.2, one can easily know that the fixed points of 7} are solutions of the
problem (3.3). We shall show that 77 satisfies the assumptions of Lemma 2.8. The proof will be given
in following steps.

Step 1. 7;(u) is convex, for any u € C(Jy, R).
For fi, > € T«(u), there exist wy, w, € ng'u such that

o-1 1 ! o-1
(D) =uge @ )+ —— f e -5 wis)ds, i=1,2.
J 0°I'(0) J,
Let O < u < 1. Then, for € J;, one has
TP 1 =T 5-1
i+ (=0 = e ™ 4 s f ¢TIt = 55wy + (1 = wa)().

Since S‘gfu is convex (because ® has convex values), then uf; + (1 — u)f> € Ti(u). This implies that
T (u) is convex.
Step 2. 7 (u) maps bounded sets (balls) into bounded sets in C(J;,R).
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For a positive number r, let £, := {u € C(J,R) : ||ullx < r} be a bounded ball in C(J, R). For each
ue’z, feTi(u),there exists w € ng‘u such that

o 1 T e
£ = u,e'T 0 + TG) f ¢TIt = 5 w(s) ds.
% a

In view of (H2) and for each ¢ € J}, one has

(t s) o—1
5F(6)f (1 —9)" Iw(s)l ds

< Jug| + 6r(5)f Tt — 577 (p(s) + g()u())) ds

(t a)

IF(O] < lua| e

< lual + W(P +Qr).
Therefore, we get
P+Qr
Al < lata] + =
o’T'(6+1)

Step 3. 7 (u) maps bounded sets into equicontinuous sets in C(J, R).
Take t|,t, € Ji, t; < t,. Foreachu € E,, f € 7;(u), we obtain that

o () _ 5 (=a)

[T (u)(t2) = Ti(u)(t)] < |ul

1 f“
0°T'() J,

%) 1
“ligy-s) 6-1
ec (t, — )" w(s)| ds
@H@l: ’

e%(tz—a)

o=l _ _ ol _
e o @I — )0 —ea I — $)°7 |w(s)| ds

ozl _
_eg(tla)

UIpllx + llgller)
0°I'(0) a

(Ipll + ligller) e%]m—s)(b
0°I'(6) "

ol _
— ) —e T It — )7 ds

—5)° ! ds.

As t; — 1, the right-hand side of the above inequality tends to zero. As a consequence of Steps 1-3
together with the Arzela-Ascoli theorem, we infer that 7 is completely continuous.
Step 4. T has a closed graph.

Consider the sequence {u,} | with u, € C(J;,R), lim, o 4, = u., f, € Ti(u,), and lim,,_,o, f, = f..
We shall show that f,. € 7;(u.). Indeed, since f, € T;(u,), there exists w,, € e ST fun in way that for t € [},
one has

(.
Fuld) = 1T o) f ¢TI = s wa(s) ds, n=1,2,.....
o'T®) Ja

It must be proving that there exists w, € ngu* in ways that

o=l
£ = uge s "9+

!
2L(-s) 5-1
oTo) j; e (t—5)°" " w.(s) ds.
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Define the linear operator ® : L'(J;,R) — C(J R) by

1
0°’T'(0)

w i Ow)(7) = f ¢TIt — 5 w(s) ds.

The operator © is continuous. Indeed, let {W,}~_, be a sequence such that w,, € L'(J% R) with
lim,,, 0o W,, = W, € L'(Ji, R). Then for each t € [, we get

1

[OW,)(1) = OW.)(1)] < 2T0)

f(t — )" Wn(s) = Wa(s)] ds,

which implies that ®(W,,) —» ©(W,) as m — oo in C(J, R).
In the light of Lemma 2.7, we infer that ® o ngu is closed graph operator.

-1
Additionally, we have f,(t) — uae%“_“) € Sgku . Since lim,,_,, u, = u,, it follows that

1
0’T'(0)

o-1 ! o1
fi(t) —uge e = f e e Nt -5 w.(s) ds,
a
Tk
for some w, € Sq)’u*.

Hence, by virtue of Lemma 2.6, the multi-valued operator 77 is an upper semi-continuous operator

on C(Ji, R).
Step 5. We show there exists an open set U C C(J, R) withu ¢ T, (u) forany v € (0,1) and all u € oU.
Letv € (0,1) and u € v7(u). Thus, there exists w € ngu in ways that for each r € g, we have

4
0°T'(0)

— t —
u(t) = vuaeTl(’_a) + f eQTI(H)(t — )2 w(s) ds.
From (H2) and for each t € g}, one has

o=l .
(@) < lug| |e e

1 VS _
+ MI e It = ) w(s)| ds

1 t CL-)p _ y0-1
Slua|+Q—5r(5)Le (1= 5)°"(p(s) + g($)luls)]) ds

1
< ol + === (P(0) + QO)lul]) < || +

TG+ 1) (P + QllulD.

T + 1)

Therefore, we get
(o)
g + (P + Qllulle) ~

0°T(5+1)

Note the function A(u) = P + Qu : (0,, 00) — (0, ) is non-decreasing.

In view of assumption (H2) we have 1 — m > (0 and choose the constant L such that
P
;o 1l * grem
- =9
OT(O+1)
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Therefore,

L 1
P+QL > L

o°T(G+1)

|ual +

Then ||u||x # L. Let us define the set
U ={u € C(J,R) : [lully < L}.

The operator 7 : U, — B(CJ,R)) is upper semi-continuous and completely continuous. From
the definition of U, , there exists no u € AU, such that u € v7;(u) for some v € (0, 1). As a consequence
of Leray-Schauder nonlinear alternative (Lemma 2.8), it follows that 7 possesses a fixed point u;, € Uy,
which is a solution of the problem (3.3).

Step 6. A diagonalization process.
First, we set Ny, = N* — {k},i.e. Ny ={j=k+ 1,k+2,...}. Forany k € N, let

u(t); 1€ a, byl
X (1) =
up(br);  t € [by, ),

where u(t) is the fixed point of 7 , which is a solution of the problem (3.3) and which existence if
proved in Step 5.

Note that N;,; C N, for any k € N.

Consider N;. Then the sequence {x,,(1)},>_, is defined for ¢ € J;. There exists wy, € ngu such that

o— 1 ! —
Xn(t) = uaeTl(’_“) + mf eng(H)(t — 8w u(s) ds,
and |x,,(t)| < M fort € J = [a, by].
Thus, for £, 1, € J1, t; < 1, one has

ol () _ o n=a)

|xm(t2) - -xm(tl)l < |ua|

1] . o
N (”p”l ;’F!g)lllM) f 'eg?l(tz—s)(tz _ s)5—1 — e?l(n—S)(tl - s)5_1 ds
Y a

+lglhiM) (7 o
N (Ilplllgér!gh )f 5 91, — 5y ds.
t

1

Thanks to the Arzela-Ascoli theorem, the sequence {x,(#)} has an uniformly convergent
subsequence in J, so there is a subset N; = {2,3,...} of N and a function y; € C(J7,R) in ways that
{xn(1)} = y1(?) uniformly in J; as m — oo through N;. Additionally, the integral equality

o—1

1 ! o-1
— —(t-a) , _ ~ (=8 o1
yi(0) = uge't o) f ¢TIt - wi(s)ds, 1€,

holds with wy € Sy, and |y ()| < M for t € ;.
Consider N,. Then the sequence {x,,(1)},,_; is defined for ¢ € J. There exists wy,, € ngu such that

o 1 s
Xm(t) = uaeTl(I_a) + m‘f; eg?l(t_S)(t - S)(S_IWZ,m(S) dS,

AIMS Mathematics Volume 6, Issue 11, 12832-12844.
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and |x,,(t)| £ M for t € J, = [a, b,]. Therefore, for t1,1, € I, t; < t,, one obtain that

ol () _ o n=a)

|-xm(t2) - -xm(tl)l < |ua|

(lpll2 + ligllod) (™

o=l _ _ o=l _ _
ee 7 — )0 —eTe I — )07 ds

0°T'(6) a
+llglhM) [ o
(HPHZ 6r!g|2 T
1

Again, by the Arzela-Ascoli theorem, the sequence {x,(#)} has an uniformly convergent
subsequence, so there is a subset N, = {3,4,...} of Ny and a function y, € C(9J,,R) in ways that
Xu(t) = y2(¢) uniformly on 9, as m — oo through N,. Additionally, the integral equality

g 1 =P _
Yo(t) = uges ¢ >+m f e It -5 wys)ds, teT,

holds with w, € 832, and |y2(t)| < M for t € .
Note that y,(#) = y,(¢) and w,(f) = w,(f) on 1, since N, C Nj.
Inductively, considering the set N; for k = 3,4,... and the sequence {x, (0} _, ., defined on J; we

obtain the limit function y,(¢) € C(J, R) such that x,,(#) — y,(¢) uniformly on J; as m — oo through
Ny. Also, yi(t) = yiy1(t)and wi(t) = wiy () on Ji, k = 1,2, . ... Additionally, the integral equality

. 1 r
(1) = Mae%l(t_a) + m[ 6%1(1_5)0 - )" 'wi(s)ds, te Ty,

holds with wy € S, and [y(1)] < M for t € Jy.

For any 7 € [a, o) we consider the smallest number j € N : ¢ < bj, i.e. t € ;. Then according the
above proved there exists a function y;(f) € C(J;, R) and the integral equality

_ 1 Lo
yj(t) = uae%(t_a) + m‘f 6%(l_s)(t - S)6_1Wj(s) ds, te jj,

holds with w; € Sy’ and |y,(1)| < M for 1 € .
For any ¢ € [a, ) we define the function y € C([a, >),R) by y(r) = y;(r) and w(s) = w;(s) for

s € [0, 7] where j is the smallest number such that r < b;. Then y(a) = u, and the equality

. 1 ro,
y(t) = uae%l(’_“) + T@f eTl(H)(t - ) 'w(s)ds, teJ,
Y a

holds.
Thus,
CDo%y (1) € D (1,y(t), for ae. teJ, 0<d<1,
for each k € N. This completes the proof of the theorem. O

Example: Consider the following fractional differential inclusions with generalized proportional
fractional derivatives of Caputo type:

{%g'g’gm €D (ru(1), for ae teJ :=[0,00), 0<5<I, (34)

u(0) = up € R,

AIMS Mathematics Volume 6, Issue 11, 12832-12844.



12842

where @ : [0, 00) X R — B(R) is Carathéodory and such that ||®(z, u)|ly < %! +e|u fort > 0, u € R.

In this case p(f) = +*! and g(t) = e’. The function p(¢) satisfies the condition (H2) (see Figure 2

for the the graph of the function P(7) = [ " T — 5157015 for 6 = 0.8 and different values of
0 ). According to Remark 3.4 the function ¢(¢) satisfies the condition (H2). Therefore, according to
Theorem 3.3 the inclusion problem (3.4) possesses at least one solution on [0, co) for any initial value
uy € Rand any ¢ € (0, 1).

—— 6=0.8,0=0.3
--- 6=0.8,0=05
— 6=0.8,=0.7
-—- 6=0.8,0=0.9

S S S S S S H S S
10 20 30 40 50

Figure 2. Graphs of P(¢) for 6 = 0.8 and different values of o.

4. Conclusions

Through the present work, we investigate the existence theorems of mild solutions for fractional
differential inclusions involving the generalized fractional derivatives of Caputo-type on unbounded
domain. By means of a suitable fixed point theorem for multi-valued maps together with a
diagonlization process, the desired result is obtained. Finally, an example is proposed to explain the
suitability of the obtained findings.
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