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1. Introduction

It is recently seen that there is a wide-spread of fractional differential systems because
of their great relevance to reality and their dignified influence in describing several
real-world problems in physics, mechanics and engineering. For intance, we refer the
reader to the monographs of Baleanu et al.[7], Hilfer [21], Kilbas et al. [24], Mainardi
[26], Miller and Ross [27], Podlubny [30], Samko et al. [32] and the papers [17, 33].

Due to the importance of fractional differential inclusions in mathematical model-
ing of problems in game theory, stability, optimal control, and so on. For this reason,
many contributions have been investigated by some researchers [1, 4, 11, 12, 13, 18, 29].
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On the other hand, the theory of measure of non-compactness is an essential tool
in investigating the existence of solutions for nonlinear integral and differential equa-
tions, see, for example, the recent papers [5, 10, 15, 19, 31] and the references existing
therein.

In [14], Benchohra et al. studied the existence of solutions for the fractional
differential inclusions with boundary conditions

CDry(t) € G(t,y(t)), ae on[0,T], 1<r<2,
y(0) =vo, y(T)=yr,

where ©D" is the Caputo fractional derivative, G : [0, 7] x E — B(E) is a multi-valued
map, yo,yr € E and (E, |- |) is a Banach space.

Motivated by the above work, in this paper, we will extend the Caputo fractional
derivative with a broader and more general one, which can be written as a Riemann-
Liouville integral of a proportional derivative, or in some important special cases as
a linear combination of a Riemann-Liouville integral and a Caputo derivative. To
be more precise we will study the existence of solutions for the following nonlin-
ear fractional differential inclusions with the hybrid Caputo-proportional fractional
derivatives

{ PEDag(t) € F (¢ (), ae onJ:=[0b], 0<a<l,

2(0) = 70, (1.1)

where ¥ ng‘ denotes the hybrid proportional-Caputo fractional derivative of order
a, (E,|-|) is a Banach space, B(E) is the family of all nonempty subsets of E, z¢ € E
and F : J x E — P(E) is a given multi-valued map. We study the inclusion problem
(1.1) in the case where the right hand side is convex-valued by means of the set-valued
issue of Moénch fixed point theorem incorporated with the Kuratowski measure of non-
compactness.

It is worth noting that the relevant results of fractional differential inclusions
with the hybrid Caputo-proportional fractional derivatives are scarce. So the main
goal of the present work is to contribute to the development of this area. Further,
the topic of research has attracted lots of interests as a powerful tool for modeling
scientific phenomena. Therefore, we refer the reader to some recent results which can
be helpful for more related extensions or generalizations of the results in this paper
in the future research works, see [22, 23, 28].

2. Preliminaries

First, we recall from [6] the following definition of the proportional (conformable)
derivative of order a:

§D%g(t) = ki(a, t)g(t) + ko(a, t)g'(t),
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where ¢ is differentiable function and kg, k1 : [0,1] x R — [0,00) are continuous
functions of the variable ¢ and the parameter o € [0,1] which satisfy the following
conditions for all t € R:

lim ko(a,t) =0, lim ko(a,t) =1, ko(a,t) #0, a € (0,1], (2.1)
a—07t a—1—
lim ky(a,t) =1, lim ki(a,t) =0, ki(o,t) #0, a€[0,1). (2.2)
a—07t a—1—

Next, we explore the new definitions of the generalized hybrid proportional-Caputo
fractional derivative.

Definition 2.1. [8] The hybrid Caputo-proportional fractional derivative of order
a € (0,1) of a differentiable function g(t) is given by

1 i o

PEDRg(t) = 7/ (k1(a, m)g(t) + kola, 7)g'(t)) (t = 7)7% dr,  (2.3)
'l—a) /o

where the function space domain is given by requiring that ¢ is differentiable and

both g and ¢’ are locally L' functions on the positive reals.

Definition 2.2. [8] The inverse operator of the hybrid Caputo-proportional fractional
derivative of order is given by

PEIRg(t) = /0 exp (— L t Z;Ezz;ds> Riﬁijg(“) du, (2.4)

where ELD1=2 denotes the Riemann-Liouville fractional derivative of order 1 — «
and is given by

1 d

"D g() = e | (09 ale) s (25)

For more details, we refer the reader to the book of Kilbas et al. [24].

Proposition 2.3. [8] The following inversion relations:

PCryoa PCqa _ _ " 3 RL7o
D8 TGI00) = o(0) — oy i “TRa0) (2.6)
"k (a, s)
PCra PCopHa _ _ _ 1 ’
oL ToDrg(t) =g(t) exp( /O ko(a,s)d8> 9(0) (2.7)

are satisfied.

Proposition 2.4. [8] The hybrid Caputo-proportional fractional derivative operator
PEDS is non-local and singular.
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Remark 2.5. [8] In the limiting cases o — 0 and o — 1, we recover the following
special cases:

t
i T§Dpg0) = [ o) ar
lm  TEDYg(t) = g(t).

Denote by C(J, E) the Banach space of all continuous functions from J to E with
the norm ||z|| = sup,cy |z(t)]. By L'(J,E), we indicate the space of Bochner inte-

grable functions from J to E with the norm ||z||; = fob |z(t)] dt.

2.1. Multi-valued maps analysis

Let the Banach space be (E,|-|). The expressions we have used are P(E) = {Z €
BE) : Z # 0}, Pa(E) = {Z € B(E) : Z is closed}, Poa(E) = {Z € P(E) :
Z is bounded}, Pep(E) = {Z € P(E) : Z is compact}, Pevx(E) = {Z € P(E) :

Z is convex}.

e A multi-valued map i : E — PB(E) is convex (closed) valued, if 4(z) is convex
(closed) for all z € E.

e il is bounded on bounded sets if $(B) = Uzepi(x) is bounded in E for any
B € Poa(E), L.e. sup,ep{sup{llyll : y € Uz)}} < oo

$1is called upper semi-continuous on E if for each z* € E, the set $(x*) is nonempty,
closed subset of E, and if for each open set NV of E containing $((z*), there exists
an open neighborhood N* of z* such that L(N*) C N.

e il is completely continuous if ${(B) is relatively compact for each B € Ppa(E).

If 40 is a multi-valued map that is completely continuous with nonempty compact
values, then & is u.s.c. if and only if 4 has a closed graph (that is, if x,, —
20, Yn — Yo, and yp, € U(zy), then yo € U(zo).

For more details about multi-valued maps, we refer to the book of Deimling [16].

Definition 2.6. A multi-valued map F : J x E — P(E) is said to be Carathéodory
if

(i) t+— F(t, ) is measurable for each u € E;
(ii) =~ F(t,z) is upper semi-continuous for almost all ¢ € J.

We define the set of the selections of a multi-valued map F' by

Sk ={f € LY(J,E): f(t) € F(t,x(t)) for a.e. t € J}.
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Lemma 2.7. [25] Let J be a compact real interval and E be a Banach space. Let
F be a multi-valued map satisfying the Carathéodory conditions with the set of L'-
selections Sg,., nonempty, and let © : LY(J,E) — C(J,E) be a linear continuous
mapping. Then the operator

©0Sp, : C(J,E) = Pbd,clevx(CJE)), z— (00Sr,)(x):=0(Sry)
is a closed graph operator in C(J,E) x C(J, E).

2.2. Measure of non-compactness

We specify this part of the paper to explore some important details of the Kuratowski
measure of non-compactness.

Definition 2.8. [9] Let Ag be the family of bounded subsets of a Banach space E.
We define the Kuratowski measure of non-compactness x : Ag — [0,00] of B € Ag as

k(B)=inf{e >0:B C U B; and diam(B;) < €}.

j=1

Lemma 2.9. [9] Let C,D C E be bounded, the Kuratowski measure of non-
compactness possesses the next characteristics:

i. k(C)=0< C is relatively compact;

ii. CcCD = k(C) < k(D)

iii. k(C) = k(C), where C is the closure of C;

iv. k(C) = k(conv(C)), where conv(C) is the convex hull of C;

v. k(C+D)<k(C)+k(D), where C+D ={u+v:ueC, veD};

vi. k(vC) = |v|k(C), for any v € R.

Theorem 2.10. (Mdnch’s fized point theorem) Let Q be a closed and convex subset of

a Banach space E; U a relatively open subset of Q, and N : U — P(Q). Assume that

graph N is closed, N' maps compact sets into relatively compact sets and for some

xo € U, the following two conditions are satisfied:

(i) G c U, G C conv(zg UN(G)), G = C implies G is compact, where C is a
countable subset of G;

(i) = &€ (1 — pwxo + pN(z) YuelU\U, pe(0,1).

Then there exists x € U with x € N(z).

Theorem 2.11. [20] Let E be a Banach space and C C L'(J,E) countable with

lu(t)] < h(t) for a.e. t € J , and every u € C; where h € L*(J,Ry). Then the
function z(t) = k(C(t)) belongs to L*(J,R) and satisfies

b

b
H({/O u(T)dT:uEC’}) §2/0 k(C(7)) dT.
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3. Main results

We start this section with the definition of a solution of the inclusion problem (1.1).

Definition 3.1. A function z € C(J,E) is said to be a solution of the inclusion
problem (1.1) if there exist a function f € L'(J,E) with f(t) € F(t,z(t)) for a.e.
t € J, such that P§Dex(t) = f(t) on J, and the condition z(0) = z is satisfied.

Lemma 3.2. For 0 < a <1 and h € C(J,R) the solution x of the linear hybrid
Caputo-proportional fractional differential equation

PC g —
{x(o())l:)txo(t) ht), ted, 51)

s giwen by the following integral equation

t
k1 (o, )
t) = d
x(t) = exp< /0 Fo(.s) s)xo
t a—2
ki (o, s) (u—1)
d h(tT)drd teld.
T(a—1) / / P ( w Kola,s) S> ko(av,u) (7) dr du,

Proof. Applying the operator F'“If(-) on both sides of (3.1), we get

§ I O DR (t) = 5 ITh(L).
Using (2.4) and (2.5) together with Proposition 2.3, we get

-en(- [ H30) 0 (- 30) A
_ ﬁ /0 exp (— /u Z;Egg%) - (;u)i /0 (=) h(r)drdu  (3.3)

Using the following Leibniz’s rule:

az(u) az(u)
i iy VT ‘“:/m(u) () dr -+ w(a,a2(0))a 1) = (o, a1 (1)) 1),

where w(u,7) = (u—7)2 1 h(7), a1(u) = 0, and az(u) = u, we obtain that
4 4= ) dr = (a— 1) / (= 7)°=2h(r) dr. (3.4)
du Jg 0

Therefore, the substitution from (3.4) in (3.3), we get
¢
k1(a, s)
z(t) = exp ( /0 Fo (. s) ds) Zo
t a—2
ki1(a, s) (u—7)
d h(7) dr du.
T(a—1) / / P ( w Kko(a, s) 8) ko(cv, w) (r) dr du

This completes the proof. O
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Remark 3.3. The result of Lemma 3.2 is true not only for real valued functions
z € C(J,R) but also for a Banach space functions z € C(J, E).

Lemma 3.4. Assume that F : J x E — P(E) satisfies Carathéodory conditions, i.e.,
t — F(t,x) is measurable for every x € E and x — F(t,x) is continuous for every
te€J. A function x € C(J,E) is a solution of the inclusion problem (1.1) if and only
if it satisfies the integral equation

comen [ )

e ] oo (- Ree) S e s

where f € LY(J,E) with f(t) € F(t,x(t)) for a.e. t €J.

Now, we are ready to present the main result of the current paper.

Theorem 3.5. Let 0 > 0, K={z € E: ||z < ¢}, U ={z € C(J,E) : ||z| < o},
and suppose that:

(H1) The multi-valued map F : J X E = Pop ovx (E) is Carathéodory,
(H2) For each o > 0, there exists a function ¢ € L*(J,R) such that
IE@ )l = {If]: f(t) € F(t,2)} < @),

for a.e. t €J and x € E with |z| < o, and

Jy lt)dt
0

lim inf =/ < 0.
Q_)OO

(H3) There is a Carathéodory function ¥ : J x [0,20] — Ry such that
K (F(t,G)) < 9(t K(Q)),

a.e. t € J and each G C K, and the unique solution 8 € C(J,[0,20]) of the
inequality

o(t) < 2{F(al_1) /(Jt/}xp (—/: 283 ds> (1;0—(;7)2)219(7,5(@(7))) deu},

teld,

is 0 =0.
Then the inclusion problem (1.1) possesses at least one solution, provided that

F(a)Mko

l< b ,

(3.6)

where My, = infiey |ko(a, t)| # 0.
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Proof. Define the multi-valued map N : C(J,E) — PB(C(J,E)) by
feCJ,E):
(Wa)(t) = { (1) = exp ( Jy 1235} ds) o
t k(o) (u=7)*2
+ F(ail) fo fo exp (—fu ko(z;) ds) Zo(a’u) w(r)dr du, w € Sp.
(3.7)
In accordance with Lemma 3.4, the fixed points of A/ are solutions to the inclusion

problem (1.1). We shall show in five steps that the multi-valued operator N satis-
fies all assumptions of Ménch’s fixed point theorem (Theorem 2.10) with &/ = C(J, K).

Step 1. N (z) is convex, for any z € C(J,K).

For fi, fo € N(x), there exist wy, ws € S, such that for each t € J, we have

fi(t)—exp< [ B 1)
a—l // eXP< t:;&zz;dcs’) (12()_(;’):)_2w¢(7)d7du,i:1,2.

Let 0 < p < 1. Then, for t € J,

(f1 + (1= ) 2)(t) = exp <_/0 ’;;Ezz; ds) o

+ﬁ /Ot /Ou oxXp (_ /ut Z;EZ:Z; ds) (1;0—(;-7)2)—2 (pwr + (1 = p)wsa)(7) d7 du.

Since Sp,, is convex (because F has convex values), then pfi + (1 — p)fo € N(z).

Step 2. N(G) is relatively compact for each compact G € U.

Let G € U be a compact set and let {f,} be any sequence of elements of N'(G).
We show that {f,} has a convergent subsequence by using the Arzela-Ascoli criterion
of non-compactness in C'(J,K). Since f,, € N(G), there exist z,, € G and w,, € Sp 4,
, such that

t
k1 (a, s)
n(t) = d
fa(t) = eXP( /O Fo(as) &) o
t a—2
k1 (a, s) (u—1)
d n(7) dT du,
T(a—1) / / exp( / ko(a, s) 8 ko(a,u) Wn(T) dr du
for n > 1. In view of Theorem 2.11 and the properties of the Kuratowski measure of
non-compactness, we have

K({fa(O)) < { L ({exp(/t:;gzzzids)(:;(;)’szn(r):nZl})dfdu}.

(3.8)
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On the other hand, since G is compact, the set {w,(7) : n > 1} is compact. Con-
sequently, kK ({wn(7) : n > 1}) = 0 for a.e. 7 € J. Therefore, x ({f(t)}) = 0 which
implies that {f,(¢) : n > 1} is relatively compact in K for each ¢ € J. Furthermore,
For each t1,t5 € J, t; < to, one obtain that:

|fn(t2) - fn(t1)|

2 k(o 8) "k (ay8)
< exp(—  Folars) ds)xo—exp<— | Folars) ds)xo
L el (s N (s N[
*ram | leXp< ; ko<a,s>ds) p( o Fofas)" )1 oo D
L uex [ i) s (U_T)aﬁw 7)dr du
= p( / k0<a78>d> ol AT

By applying the mean value theorem to the function exp (— g z;gzz% ds) on (t1,1ts),

we obtain that

7t2 k1o, s) ) ox 7t1 ki(a, s) Al
ool e oo )|

€
k@8 ( fhas) ),
ko(a,g)exp<b/k0(a,3)d>(t2 tl)
kl(a,f)
kO(avg)

(ta —t1), V&€ (t1,t2).

Therefore, we get

|fn(t2) = fult1)] < Z;EZ’E; ‘ |zo|(t2 —t1)

! 1) - N uu—7a72w )| d7 du

o~ 1)y | kol €) |2 tl)/o /0 (= 7)* " wn(7)| dr d
1 " h a—2

+F(a1)]wko/tl /O(U—T) |wy, (7)] d7 du

]{?1(0(, )

= ko(a,ﬁ)‘|x0|(t2 —h)
1 k1(a7§) B t2 uu_T"_z N i du

o =00, Fo(a, ) |2 t1)/0 /0 (u—7)""p(r)drd

1 to u _
+7F(a )My, /t1 /0 (u— 1) p(r)dr du
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As t; — to, the right hand side of the above inequality tends to zero. Thus,
{wy(7) : n > 1} is equicontinuous. Hence, {w,(7) : n > 1} is relatively compact
in C(J,K).

Step 3. The graph of A is closed.

Let Ty, — T, fn € N(xy), and f,, — fi. It must be to show that f. € N(x.).
Now, f, € N(z,) means that there exists w,, € S, such that, for each t € J,

t
B k1 (a, s)
Falt) = exp ( [ e i)
t -2
k1 (o, ) (u—71)~
Ta—1) / / exp ( / Fo(.s) ds Fo(@. 1) wy(7) d7 du,
Consider the continuous linear operator © : L'(J, E) — C(J, E),

o)1) i fult) = exp( / B0 i)

ko(a, s)

t a—2
k1 (a, s) (u—7)
d dr du.
T(a—1) / / xp < / ko(a, s) S) ko(ov, w) wn(r) dr du
It is obvious that || f, — f«|| = 0 as n — oo. Therefore, in the light of Lemma 2.7, we

infer that © o Sg is a closed graph operator. Additionally, f,,(t) € O(SF, ). Since,
Tn — X4, Lemma 2.7 gives

fu(t) = exp ( / t i) ds) ”

i e (- e i) Y i) e,

for some w € Sp 4.

Step 4. G is relatively compact in C(J, K).

Assume that G C U, G C conv ({0} UN(G)), and G = C for some countable set
C C G. Using a similar approach as in Step 2, one can obtain that N'(G) is equicon-
tinuous. In accordance to G C conv ({0} UN(G)), it follows that G is equicontinuous.
In addition, since C' C G C conv ({0} UN(G)) and C is countable, then we can find
a countable set P = {f, : n > 1} € N(G) with C' C conv ({0} UP). Thus, there
exist x,, € G and w,, € S, such that

fnm_exp( e,

0 kO 04,8)

rramn e ([ i) Sy e e
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In the light of Theorem 2.11 and the fact that G C C C conw ({0} UP), we get

K(G(1) <k (C(1) < k(P) =K ({falt) :n > 1}).

By virtue of (3.8) and the fact that w,(7) € G(7), we get

ko(a,u)

o [ [ ([ )

ds> (=) Gy dr du}

(u—T)22
d$> ol 0) I (1, k (G(1))) dr du}

Also, the function 6 given by 0(t) = x (G(t)) belongs to C(J,[0,2¢]). Consequently
by (H3), § =0, that is x (G(t)) =0 for all t € J.

Now, by the Arzela-Ascoli theorem, G is relatively compact in C'(J, K).

Step 5. Let f € N(z) with 2 € U. Since x(7) < g and (H2), we have N'() C U,
because if it is not true, there exists a function z € U but |N(z)|| > ¢ and

F(t) = exp ( RACH) ds) 0

o ko(a,s)
t a—2
kl(avs) (’LL — T)
d drd
Oé - 1 / / exp( / kO(Oé,S) S) ko(a,u) U)(T) T du,
for some w € Sg. On the other hand we have
ka(a, s)
0 <IN (@) ||<]exp - [ e as)m)
0 s)
K a—2
k1o, s) (u—7)
P ( /u ko(a, s) ds) ‘ ko (a, w))| |w(T)| dT du
t pru
< |zo T 1\@0/ / (u — 7)2 Jw(7)| dr du

oc 2
= ol + o [ 0 )l duar

= |zo| + F(Oé)]\/fko/o (t — 1) w(r)|dr

a—l
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¢ t
<|x —&—7/ 7)dTr
ol (o) My, Jo #(7)

b b
< —_ .
— ‘JZO' + F(OZ)MkO /0 QO(T) dr

Dividing both sides by ¢ and taking the lower limit as ¢ — oo, we infer that

Wﬁ > 1 which contradicts (3.6). Hence N'(U) C U.

As a consequence of Steps 1-5 together with Theorem 2.10, we infer that A/ pos-
sesses a fixed point « € C'(J, K) which is a solution of the inclusion problem (1.1). O

4. Example
Consider the fractional differential inclusion

{Pﬁﬁﬂ@eF@wm% a.e. on [0,1], 1)

(O) = 07

where a = %, b=1,20=0,and F : [0,1] x R — PB(R) is a multi-valued map given by

x> F(t,z) = (el +sint,3 + 2 + 563 ).
1+ 22
For f € F, one has

Ed
14 22

| f| = max (e|w+sint,3+ +5t3> <9, zeR

Thus

1E(E @)l = {If] = f € F(t,2)}

= max (elx +sint, 3 + 2]

1422

+ 5t3> <9=(1),

for t € [0,1], « € R. Obviously, F' is compact and convex valued, and it is upper
semi-continuous.

Furthermore, for (¢,z) € [0,1]x € R with |z| < g, one has

lim inf
0—00

1
t)dt
heWdt__,
1%

Therefore, for a suitable My, , the condition (3.6) implies that

'(1/2) My,

b :Mk0ﬁ>0.
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Finally, we assume that there exists a Caratheodory function 9 : [0,1] x [0,2¢] — R
such that
k& (F(t,G)) < O(t k(G)),

ae. t € [0,1] and each G C K = {z € R : |z| < p}, and the unique solution
0 € C([0,1],[0,20]) of the inequality

O(t)SZ{F(O}_l)/Ot/OueXp (-/ut :;Ezgds) (ZO_(;);;Q@ (1.5 (G(T)))drdu}, ted,

is8=0.

Hence all the assumptions of Theorem 3.5 hold true and we infer that the inclusion
problem (4.1) possesses at least one solution on [0, 1].

5. Conclusions

In this paper, we extend the investigation of fractional differential inclusions to the
case of hybrid Caputo-proportional fractional derivatives in Banach space. Based on
the set-valued version of Monch fixed point theorem together with the Kuratowski
measure of non-compactness, the existence theorem of the solutions for the proposed
inclusion problem is founded. An clarified example is suggested to understand the
theoretical finding. Furthermore, the obtained results in this paper can be employed
in future work in the sense of the generalized fractional derivative (GFD) definition
which was recently proposed in [2, 3]. This new definition overcomes some issues
associated with some conformable derivative and some other fractional derivatives.
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