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ABSTRACT. In this paper, we study the following hybrid Caputo-Fabrizio
fractional differential equation:
$TD% (@) = F(@,w(®)] = 8, w()), ¥ €J:=la,b],
w(a) = q €R,
The result is based on a Dhage fixed point theorem in Banach algebra.
Further, an example is provided for the justification of our main result.
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1. Introduction

Fractional differential equations appear in many applications of real world
problem, for example, in electromagnetic, in economy, in biology, etc ([3, 4, 19]).
In [7], Akhadkulov et al. discussed via a new version of Kransoselskii-type fixed-
point theorem under a nonlinear D-contraction condition (see, Dhage version
of Kransoselskii-type fixed-point theorem [9]) the following fractional hybrid
differential equation involving the Riemann-Liouville differential and integral
operators of orders 0 < A < 1 and v > 0:

{ DM (e) — ®(e, w(€))] = ¥ (g, w(e), IV (w(¢))), ae. e € I,y >0,

w (50) = Wy,

where J = [g9, 9 + £], for some fixed g € Rand £ > 0 and ® € C(JxR,R), ¥ €
C(J x R% R). In [15], the authors considered the functional integro-differential
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equations of fractional order

j—;[w(s) — B(e,m(e))] = (5/0 T (s,ws)) ds, c€Ry,

where 0 < p < 1, w. : Ry > R P(e,w) =P : Ry xR = R ¥U(e,w) = VU :
R4 xR — R. Dhage and Jadhav [14] studied the existence of solution for hybrid
differential equation:

{ %[w(e) — B, w(2))] = U(e, (o)), e € T,

w (50) = Wy € R,
where ®, ¥ € C(J x R,R\{0}). In [18], Lu et al. established, under the ¢
-Lipschitz contraction condition, the existence result for the following fractional

hybrid differential problems via the Riemann-Liouville derivative of order 0 <
E<1:

w(€0) =wp € R,

where &, ¥ € C(J x R, R).

On the other hand, fractional-order differential equations with the Caputo-
Fabrizio (in short €.F) derivative have been paid more and more attentions from
2015. (see [1, 2, 5, 6, 8, 16, 17]). In this article, we investigate the following
hybrid fractional differential equations (in short HFDE):

CF D0 [w(®) — F(,w(®))] = &0, w(®)), ¥€T:=la,b],
w(a) = ¢a,

{ Dé[w(e) — @(e,w(e))] = ¥(e,w(e)), ae. €€ J,

(1)

where b > a > 0, §,& : J xR — R are given functions and g}-Dg is the €.§
derivative of order 6 € (0,1).

We prove the existence of a solution for HFDE (1) using a Dhage fixed point
theorem in Banach algebra (see [11]). This article is orderly as follows: In
Section 2, we present some definitions and results are presented. In Section 3,
we develop the monotone iterative technique and prove the existence of solution
for the problem (1) by using Dhage fixed point theorem (Theorem 2.6). In the
fourth section, an example is constructed to illustrate the applicability of the
proved results.

2. Preliminaries

Let us introduce the Banach spaces C := {f : J — R, f is continuous}, with
the norm

[¢lloc = sup [¢(J)],
9EeY
and

L'(3,R) := {f : J = R, f is measurable and Lebesgue integrable},
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with the norm

b
ol = / |p(9)|d0).

2

Let us denote Y(0) := 2on0)

Definition 2.1 ([8, 2, 1, 17]). Let 0 < # < 1 and PR(f) be a normalization
function such that R(0) = R(1) = 1. We define the €.F fractional integral of
order 6 for a function y € L*(I) by

CFI% () = (1 — 0)Y(0)x(9) + Y () /19 x(s)ds, 9> 0.
0

Definition 2.2 ([8, 2, 1, 17]). Let 0 < 6 < 1 and x € C'(I). We define the €.F
fractional derivative for a function y of order 6 by

9
m/o exp(—%(ﬁ —38))X'(s)ds; ¥ € L.

Remark 2.1. (““D%)(y) =0 < x=C*"

TDx(0) =

Definition 2.3. A mapping K : £ — = is called:

(i) isotone or monotone nondecreasing if it preserves the order relation
j?

ie. if w<w=Kw<Kw foral wwcekz

(ii) monotone nonincreasing if w <Xw = Kw = Kw for all w,w € Z;

(iii) monotone if it is either monotone nondecreasing or monotone nonin-

creasing on =.

(1]

Definition 2.4 ([12]). Let = on a normed linear space. An operator K : £ —
is called:

(i) compact if K£(Z) is a relatively compact subset of =.
(ii) totally bounded if for any bounded subset S of Z, K(S) is a relatively
compact subset of =.
(iii) completely continuous on = if K is continuous and totally bounded.

Definition 2.5 (Partially nonlinear D-Lipschitz mapping [12]). Let (2, =<, |- ||)
be a partially ordered normed linear space. A mapping K : Z — = is called:

(i) partially nonlinear D-Lipschitz if there exists an upper semi-continuous
nondecreasing function T : Ry — R, such that Y(0) = 0 and

1K€ = K¢l < (€ =<l (2)

for all comparable elements &, ( € Z;
(ii) partially Lipschitz if Y(r) = ¢r where £ > 0, with a Lipschitz constant
&

(iii) partially contraction with contraction constant ¢ if ¢ < 1;
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(iv) nonlinear D-contraction if it is a nonlinear D-Lipschitz with Y(r) < r
for r > 0.

Theorem 2.6 ([11]). Let (2,=,| - ||) be a regular partially ordered complete
normed linear space such that the order relation < and the norm | - || are com-
patible in Z. Let ¥, ® : = — = be two nondecreasing operators such that

(i) W is partially bounded and partially nonlinear D-contraction,

(ii) @ is partially continuous and partially compact, and
(iii) there exists an element wy € Z such that wy = Ywy + Pwy or wy =

\I/w() + (I)WO.
Then, the operator equation Vw + Pw = w has a solution w* in = and the
sequence {w,} of successive iterations defined by wypy1 = Yw, + Pw,, n =
0,1,..., converges monotonically to w*.

3. Existence of Solutions

Definition 3.1. A function v € C(J,R) is said to be a lower solution of the
HFDE (1) if it satisfies

{%Dﬁ w(®¥) — §(0,w(¥))] < B, w(6)),
w(a) < @q,

for all 7 € J. Similarly, an upper solution v € C(J,R) for the HFDE (1) is
defined on J by reversing the order.

Definition 3.2. A function w € C(J,R) is said to be a solution of HFDE (1) if
it satisfies equation

3)

STDY [w(W) - F(0,w(0))] = 69, w(d)), (4)
on J, and the condition w(a) = ¢,.
Let us introduce the following assumptions:

(Cr) The functions §,® : J x R — R are continuous.
(Crx) The functions §, ® are nondecreasing in w, for all ¥ € J.
(Cimx) There exist constants Ag, Ve > 0 such that

|3(79’w)‘ < AS»
|®(197w)‘ < Ve,

for all ¥ € J and w € R.
(Crv) There exists a ©—contraction 2 such that

0<Fw)—Fw) < Uw — @),

for all ¥ € J and w,w € R, with w > w.
(Cv) There exists a lower solution v € C(J,R) of problem (1), that is

{Cfapf [v(?) = F(9,v(9))] < &, v(¥)),
v(a) < @q.
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Lemma 3.3 ([1]). Let o € (0,1]. For a given continuous function § : & — R,
a function w € C(J,R) is a solution of the Cauchy problem

CF . Diw(d) = H(v), Ve,
(7)
w(a) = v, € R,
if and only if it is a solution of the nonlinear integral equation
o
l9) = pu + (O) (9(0) ~ H(0) + B(O) [ H(s)ds, ®)

where

AG) = (1 — 0)Y(9), B(O) = Y ().

Theorem 3.4. Suppose that (Cr) — (Cvy) are satisfied. Then, the fractional
Cauchy problem (1) has a solution w* defined on J and the sequence {wy} -, of
successive approximations given by

wo = u(ﬂ)a

i1 (8) = F(0, 0 (9)) + 0u — Fla00) ®)

+A(0) [0, wn (9)) — B(a, 00)] + B(0) [ &(0,wn(0))do,

wn+1(19) = 3(197‘*%(19)) + Yo — S(a, Spa)
+(1 = 0)Y(0) [B(9,wa(9)) — B(a,02)] + Y (0) [ &(0,wn(0))do |
(10
converges monotonically to w*.

Proof. E = C(J,R) is a partially ordered Banach space. Then, consider the
equivalent operator equation

Tw(d) + dw() = w(¥),

where
Tw(¥) = F(9,w(?)), (11)

and
Pw(V) = o — F(a,pa) + (1 = 0)Y(0) [B(J, w(¥)) — &(a, pa)]

1
—|—0Y(9)/ &(o,w(0))do,

for ¥ € 3.
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Step I: ¥ and ® are nondecreasing operators on =.
Let w,w € E where w > w. Then, by hypothesis (Cyr) and for ¢ € J, we get

w(V) = w(d) = F(V,w(V)) = F(V, w(¥))
— Dw(9) > T (V).

Then, ¥ is a nondecreasing operator on Z into E. For ¢ € J and by (Cryx), we
get

Pw () — Pw (V) = (1 - 0)Y(0) [6(V,w(V)) — &(V, =w(¥))]
9
+OY(0) / [6(0,w(0)) — &(0, ()] do > 0.
Then, ® is nondecreasing operator on = into =.

Step II: ¥ is a partially bounded and partially nonlinear ®-contraction op-
erator on 2. Let w € Z, then for ¥ € J and by (Crrr) , we get

[Vw(@)| = [§(9,w(@))] < Ag.
Thus,
| Vo [|< Ag.
Then, ¥ is bounded on = and so partially bounded.
On the other hand, let w,w € = where w > w. Then, for ¥ € J, by hypothesis

(Crv), we get

[T (9) — Teo (V)|

50, w(¥)) = 30, =w(¥))|
Q|w(?) = =(9)])

<
< Q|| — =]).
Then, for each w, w € Z where w > w, we get
[Vw —¥aw| < Q|w—=|).

Thus, U is a partially nonlinear ®—contraction on = and, thus partially contin-
uous.

Step III: @ is a partially continuous on =.
Let {w,} be a sequence of elements of a chain C in = such that w, — w* for
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each n € N. Then, by (Cy) and the dominated convergence theorem, we get

lim (®w,)(¥) = lim [% —8(a,0a) + (1 = 0)Y(0) [6(9,wn(V)) — 6(a, a)]

+0Y(0) / ’ 8o, wn(o))do]

= ¢o = §(a,0a) + (L= O)Y(0) | lim 6(0,w.(9)) — &(a p0)

9
+0Y(0) / [nli_{rgo & (9, wn(r))} do
= o = F(a,pa) + (1 = 0)Y(0) [6(V,w"(V)) — &(a,¢a)]

9
+ HY(H)/ &(o,w*(0))do
= (D) (V)

for all ¥ € J. This shows that {®w, } converges to Pw* pointwise on J and and
the convergence is monotonic by the property of &.

Next, we will show that {®w,, } is an equicontinuous sequence of functions in Z.
Let ¥1,92 € J be arbitrary with ¢; < J5. Then, by (Cyyr) we have

|[Dwy, (V) — Pwy (V1)] < (1= 0)Y(0) [6(02, wn(V2)) = &(U1,wn (V1))

+0Y(6)

/{:92 & (0, wn(0))do — /jl & (0,wn(0)) do

< (1=0)Y(0) [&(V2,wy(92)) — &1, wn ()]
V2

+0Y(0) /9 |6 (0, wn(0))| do

< (1= 0)Y(0) |82, wn(V2)) — &1, wn(91))]
+ VedY(6)(0y — 91).

Then, we have
\fbwn (192) — dw, (’191)‘ — 0 as ’192 — 191

uniformly for all n € N. This shows that the convergence ®w,, — Pw™* is uni-
formly and hence @ is a partially continuous on Z=.

Step IV: ® is a partially compact on =.
Let C be a chain in Z. We shall show that ®(C) is uniformly bounded and
equicontinuous in Z. Let @ € ®(C) be arbitrary. We have @ = ®(w) for some
w € C, and by (Crr), we get
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w(¥) = |Pw (V)|
< “pa - S((]ﬂ <,0a)| + (1 - G)Y(e) |Q§(19,w(19)) - S(a, ‘pa)‘

9
+ e\z((e)/ 16(0,w(0))| do
< pa — (@, 0a)| +2(1 = O)Y(0)Ve + 0Y(0)Ve (b — a) := M,

for all ¥ € J. Taking the supremum over ¢, we obtain ||@|| = ||®w|| < M for each
w € ®(C). Hence, ®(C) is a uniformly bounded subset of E.

Next, we will show that ®(C) is an equicontinuous set in =. Let 91, 92 € J where
Y1 < Y. Then, by (Cryr) we get

|[Pw (92) — Dw ()| < (1 = O)Y(0) [6(I2,w(V2)) — B(I1, w(¥1))]

2 U1
+6Y(9) & (o,w(0)) do — & (o,w(o))do
< (1= 0)Y(0) |®(V2,w(V2)) — &(I1,w(®1))|
Yo
4 ewe)[9 16 (0, w(0))| do

< (1—0)Y(0) |82, wn(V2)) — & (D1, w,(91))]
+0Y(0)Vg (92 — V1).

Then, we have

|<I)w (192)—(1)(.4) (191)| —0 as 191 —)192
uniformly for all w € C. This shows that ®(C) is an equicontinuous set in E.
Hence ®(C') is compact subset of Z and consequently ® is a partially compact
operator on = into itself.

Step V: v satisfies the operator inequality v < ®wv. Since the hypothesis

(Cv) holds, w is a lower solution of (1) defined on J, i.e

DY [u(9) = F(0,v(¥9))] < B9, v(V))

v(a) < @a,
for all ¥ € J. By integrating of inequality

72Dy [o(9) = F(9,0(9))] < (9, v(9)), (13)
from a to ¥, we get

U(ﬂ) < 3(19,7}(19)) + Qo — S(G, Qoa) + (1 - G)Y(a) [6(193“}(19)) - ®(a7 SD(L)]

9
+9Y(9)/ &(o,w(0))do,

for all ¥ € J. This show that v is a lower solution of the operator inequality v <
Vu+®Pv. Thus ¥ and P satisfies all conditions in Theorem 2.6. We conclude that
the operator equation Yw + ®w = w has a solution. Furthermore, the sequence
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{wn} of successive approximations defined by (10) converges monotonically to
w*. O

4. An Example
Consider the following hybrid fractional Cauchy problem:

1 1 w(®) 1
CF 2 _— _— = — 9 N =
oD} {w(ﬂ) 5% (5+W(19) +2>} T+ 1€ arctanw(¥), 9 € J=[0,1],

w(0) = ¢ € R. (15)

1
§W,w) =52 (5O+Jw +2)’

1
(Y, w) =7+ ie_ﬂ arctan w,

Set

and

for all 9 € J, w € R. Clearly, the functions § and & are jointly continuous and
nondecreasing in w for all ¥ € J. Then conditions (Cy) and (Cyy) are satisfies.

Furthermore, the functions § and & satisfy the condition (Cyrr) with Az = 150

and Vg = 9% On the other hand, let w,w € R where w > w, and ¢ € J, then,

1 w - w
=
< %(W—w)
= 0w - =),

1
for all 9 € J, where Q : Rt — RT defined by Q(9) = 519 <9, 9 >0,is a

D —contraction. This shows that the function §F satisfies the condition (Crv).
Finally, v(¢) = 0, if ¢ € [0, 1], is a lower solution of the HFDE (14) defined
on J. Indeed,

0 = v(¥) < F(9,0) + g0 — F(0.¢0) + (1 - 1) Y (1) 6(0,0) — 6(0, 00)]

2 2
1. /1 v
vy (= 0)d
+2 (2)/O®(U,)U
2 1 @0 1 s 1
< _ = 2 Y (=) |2 = = arct
=95 25[5+<po+]+%+ <2) [2 8”6&““00}

®o 1 ™ 1
<pp——2 4 Y(=]) ]2 - = arct
< ¥o 2505 + o) + <2) [2 8arc an@oy
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for some ¢g € R. Then, the condition (Cv) is true. Thus, all conditions, (Cy) —
(Cv), are satisfied. It follows from Theorem 3.4 that the problem (14)-(15) as
a solution solution w* on J = [0, 1], which is a limit of the monotone sequence

(wn), n=0,1,..., defined by

wo(¥) = o, for ¥ € [0,1],

1 1
where g — % Ly () {ﬁ - = arctangoo] >0 and

9.

%G+ o \2) |27 8

Wn+1(19) = S(ﬁ,wn(ﬂ)) + Yo — %(07 LPO)
FIY (1) [B(9,wn(9)) — (0,00)] + 1Y () [V &(0,wn(0))do.
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