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1. Introduction

There has been a significant development in the area of the
theory of fractional calculus and fractional differential equa-
tions [27]. For some fundamental results in this subject, we
refer the reader to the monographs [4, 7, 8, 20, 25, 29], and the
papers [6, 14]. These fractional differential equations involve
Riemann-Liouville, Caputo, Hadamard and Hilfer fractional
differential operators. In recent times, a new fractional dif-
ferential operator having a kernel with exponential decay has
been introduced by Caputo and Fabrizio [15]. The approach
of with a fractional derivative is known as the Caputo-Fabrizio
operator which has attracted many research scholars due to the
fact that it has a non-singular kernel. Several mathematicians
are involved in development of Caputo-Fabrizio fractional

differential equations, see; [13, 16, 17, 21, 28], and the refer-
ences therein.

Coupled fractional differential equations have received
much attention and its research has developed very rapidly.
They are amongst the strongest tools of modern mathemat-
ics as they play a key role in developing differential models
for highly complex systems. Some of the latest studies on
initial and boundary value problems for coupled fractional
differential equations are presented in [5, 9-11, 18, 19, 24].

Recently, considerable attention has been given to the
existence of solutions of initial and boundary value problems
for fractional differential equations in generalized Banach
spaces [1-3, 23, 26]. In this paper we discuss the existence
and uniqueness of solutions for the coupled system of Caputo-
Fabrizio fractional differential equations,

{(CFDS‘M)(I) fi(e,u(t),v(t))
(CFDRv) (1) = folt,u(t),v(2))

with the initial conditions

u(0) = uy,
v(0) = vy,
where T > 0, ug,vo € R, fi: I XR" xR" - R"™ i=1,2,
are given continuous functions, R”, m € N* is the Euclidian

;1el:=100,T], (1.1)

(1.2)
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Banach space with a suitable norm || - ||, and “* Dy’ is the
Caputo—Fabrizio fractional derivative of order r; € (0,1).

As far as we know, this is the first paper considering the
existence of solutions for a coupled system of Caputo-Fabrizio
fractional differential equations on generalized Banach spaces.

2. Preliminaries

Let C be the Banach space of all continuous functions
from / into R™ with the supremum (uniform) norm || - ||, and
% = C x C be the product Banach space with the norm

1@, v)lle = llulleo + [Vl

By L!(I), we denote the space of Lebesgue-integrable func-
tions v : I — R™ with the norm

vl Z/OTHV(I)Hdt.

By AC(I) we denote the space of absolutely continuous func-
tions.

Definition 2.1. [15, 21] The Caputo-Fabrizio fractional in-
tegral of order 0 < r < 1 for a function h € L'(I) is defined
by

Frrp(t)= Mii)l(;i)r) h(T)+ M(r)z(; 3 /OT h(x)dx, ©>0

where M(r) is normalization constant depending on r.

Definition 2.2. [15, 21] The Caputo-Fabrizio fractional deriva-
tive for a function h € AC(I) of order 0 < r < 1, is defined by,

fortel,
/Orexp (-1’_r(r—x)> I (x)dx.

Note that (¥ D")(h) = 0 if and only if h is a constant function.

(2—=r)M(r)

CFDrh(T): z(l_r)

Definition 2.3. By a solution of the problem (1.1)-(1.2) we
mean a coupled ordered pair of continuous functions (u,v) €
€ that satisfy (1.1) and (1.2).

Lemma 2.4. Let h € L'(I). Then the linear problem

(P DLu)(t) =h(t); t €1:=[0,T)
Lo v @h
has a unique solution given by
t
u(t) = C +arh() + by / h(s)ds, 2.2)
0
where
o 2(1=r) _ 2r o
“= oM T ey €O
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Proof. Suppose that u satisfies (2.1). From [21, Proposition
1], the equation
("' Dgu) (1) = h(r)

implies that

u(t) — u(0) = a (h(r) — h(0)) + by /0 "h(s)ds.

Thus from the initial condition u(0) = ug, we obtain
!

u(t) = uo —a,h(0) +a,h(t) + b,/ h(s)ds.
0

Hence we get (2.2).
Coversely, if u satisfies (2.2), then u(0) = up, and for each
t €1:=10,T], we have

(“"Dlyu) (1) = h(1).
Hence, u satisfies (2.1). ]

From the above Lemma, we can conclude the following
Lemma.

Lemma 2.5. A coupled pair of functions (u,v) is a solution
of the system (1.1)-(1.2), if and only if (u,v) satisfies the
following integral equations
{M(f) = c1+ap, fi(t,u(t),v(t)) +br fo fi(s,u(s),v(s))ds,
v(t) = c2+an, fot,u(t),v(t)) + by, fo f2(s,u(s),v(s))ds,
2.3)
where ¢i =up—ay, f1(0,u0,vo), and c2 =vo—ay, f>(0,ug, vo).

Letx,,y € R" withx = (x1,x2,...,%m), Y= (V1,¥2, - -, Ym)-

Byx<ywemeanx; <y; i=1,...,m. Also |x| = (Jx1], |x2],. ..,
|xm‘)7max(xay):(max(xlayl),max(XZayZ)a"'7max(xmaym))a
and R? = {xeR":x; e Ry, i=1,...,m}. If c € R, then
x<cmeansx; <c,i=1,...,m.

Definition 2.6. Let X be a nonempty set. By a vector-valued
metric on X we mean amap d : X X X — R™ with the following
properties:

(i) d(x,y) >0forallx,y € X,and ifd(x,y) =0, thenx =y,
(ii) d(x,y) =d(y,x) for all x,y € X;
(iii) d(x,z) <d(x,y)+d(y,z) for all x,y,z € X.

We call the pair (X,d) a generalized metric space with

dl (xvy)

d2 (xvy)
d(x,y) = .

dm (xvy)
Notice that d is a generalized metric space on X if and only if
di, i=1,...,m, are metrics on X.
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Definition 2.7. [12] A square matrix of real numbers is said
to be convergent to zero if and only if its spectral radius p(M)
is strictly less than 1. In other words, this means that all the
eigenvalues of M are in the open unit disc i.e. |A| < 1; for
every A € C with det(M — AI) = 0; where I denotes the unit
matrix of Myxm(R).

Example 2.8. The matrix A € My»(R) defined by

A= ( - )
converges to zero in the following cases:
(1) b=c=0, a,d >0 and max{a,d} < 1.
(2) c=0,a,d>0,a+d<1and —1<b<O.
(3) a+b=c+d=0,a>1,c>0and|a—c| < 1.
In the sequel we will make use of the following fixed point

theorems in Generalized Banach spaces.

Theorem 2.9. [23] Let (X,d) be a complete generalized met-
ric space and N : X — X a contractive operator with Lipschitz
matrix M. Then N has a unique fixed point xy and for each
x € X we have

d(N*(x),x0) < M*(M)~'d(x,N(x)), forall k € N.
For n = 1, we recover the classical Banach’s contraction

fixed point result.

Theorem 2.10. [22] Let X be a generalized Banach space
and N : X — X be a continuous and compact mapping. Then
either,

(a) The set
o :={xe€X :x=AN(x) for some A € (0,1)}
in unbounded, or

(b) The operator N has a fixed point.

3. Existence and Uniqueness Results

In this section, we are concerned with the existence and
uniqueness results of the system (1.1)-(1.2). The following
hypotheses will be used in the sequel.

(H)) There exist continuous functions p;,q; : I — (0,00); i =
1,2 such that

||fj(l,M1,V1) _fi(tau27V2)||
< pi(t)||lur — ua|[ 4 qi(2)[[vi —vall,

fora.e.t €1, and each u;,vi e R™, i=1,2.

(Hz) There exist continuous functions a;,b; : I — (0,00); i =
1,2 such that for a.e. t € I and each u,v € R™,

15t u, )| < aie) [[ull + bi(e) [[v]],
fora.e.t €1, and each u,v € R™,
(H3) For any bounded set B C ¢, the sets
{t = filt,u(t),v(t)) : (u,v) € B}; i=1,2,
are equicontinuous in €.

First, we prove an existence and uniqueness result for the
coupled system (1.1)- (1.2) by using a Banach’s fixed point
theorem type in generalized Banach spaces. Set

p; =supp;(t), q; :=supg;(t); i=1,2.
tel tel

Theorem 3.1. Assume that the hypothesis (Hy) holds. If the
matrix

M = ( (arl +Tbr1 )pT

(ar, +Thby,)q; )
(ar, + Thbr,)P3

(ar, +Tbr,)45

converges to 0, then the coupled system (1.1)-(1.2) has a
unique solution.

Proof. Define the operators N; : 4 — C; i = 1,2 by

(Nl (u’v))(t) = J’_ai’lfl (tau(t>7v(t>)+brl ./O.tfl (S,M(S),V(S))ds,
3.1

and

(N2 (u,v))(t) = ca+apr, fo(t,u(t),v(t)) +br, /Otfz(syu(s),v(s))ds.
(3.2)

Consider the operator N : € — € defined by
(N (u,v)) (1) = (N1 (u,v)) (1), (N2 (1, v)) (1))

Clearly, the fixed points of the operator N are solutions of the
system (1.1)-(1.2).

Forany i € {1,2} and each (u1,v1), (u2,v2) € € andt € I, we
have

(3.3)

[[(N1 (1, v1))(2) = (N1 (2, v2)) (1)
< ay ||f1(t7u1(t)7vl(t)) _fl(tﬂ”2(t)7v2(t))”

+ by /Ot||f1(s,u1(S)7VI(S))—fl(s,uz(S),w(S))Hds
<ar (pr(@)[Jur (1) = w2 ()] + g1 (1) [lvi () =2 (1)]])
|, (P1(8)lur(8) = (s)l| +qr(s)[va(s) = va(s) 1) ds

< ay, (pillur — w2l +gqil[vi —v2lfe)
+  Thy (pillur —ualeo +g7l[vi —v2l|)
< (ar, +Tby,))(Pillur — u2]|oe + G} [[V1 = V2 o).

+ by
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Thus, we get,

[Nt (ur,v1) = Ni(u2,v2) oo < (ar, +Thr, ) (pillur — 2|
41 [vi = vale).
Also, for each (u1,vy), (uz,v2) € € and t € I, we get
[N2(ur,v1) = Na(u2,v2) |0 < (ar, + Tby, ) (p3[[ur — uz o
+¢5[Ivi = v2le).

Hence,

d(N(u1,v1),N(uz,v2)) < Md((ur,v1), (u2,v2)),
where
(|1 — 2|
vi—vaflee )
Since the matrix M converges to zero, then Theorem 2.9
implies that the system (1.1)- (1.2) has a unique solution. [

d((u1,m), (u2,2)) = <

Now, we prove an existence result for the coupled sys-
tem (1.1)-(1.2) by using the nonlinear alternative of Leray—
Schauder type in generalized Banach space. Set

a; :=supa(t), bj :==supb(t): i=1,2,
tel tel

* * * *
A =max{a, aj +a,a5,a,b] +a,,b5},

and
B =max{b,,aj +b,,a5,b, b} +b,,b>}.

Theorem 3.2. Assume that the hypotheses (Hp) and (H3)
hold. If A < 1, then the coupled system (1.1)-(1.2) has at least
one solution.

Proof. . We show that the operator N : 4 — ¢ defined in
(3.3) satisfies all conditions of Theorem 2.10. The proof will
be given in four steps.

Step 1. N is continuous.
Let (u,,v,)n be a sequence such that (u,,v,) — (u,v) € € as
n— oo. For any i € {1,2} and each ¢ € I, we have

([(Ni(ttn; va)) (£) = (Ni(u,v)) (1)
< an || fit,un(t), va(t)) = filt,u(t),v(1))]|

b by [ G0 (5)30(5)) = lssu),v(5) s
< (afi+Tbri)||fi('7un(')7vn('))_fi('vu(')ﬂv('))‘l‘x"

Since f; is continuous, then by the Lebesgue dominated con-
vergence theorem, we get

IN: (4, vir) — Ni (14, v)||oo — 0 as n — oo,
Hence N is continuous.

Step 2. N maps bounded sets into bounded sets in € .
Let R > 0 and set

= {(u.v) €% : |lle <R V]w <R}

For each (u,v) € Bg and t € I, we have

[N ()OI < lerll+ar [ /i u(0), v(@D)]]

tn [ 135,09, v s

< lletll+an @ @]+ 510 O)])
[ an6) s+ n 9)v(5) s
< lletll+ (ar, +Tby)(ai +b7)R
= /.
Thus,
I¥: ()= < 1.

Also, for each (u,v) € Bg and ¢ € I, we get

N2 (W) ||loo < leall + (ar, + Thy, ) (a5 +b3)R
: ly.
Hence,
IN(u, )|l < (01,62) == L.

Step 3. N maps bounded sets into equicontinuous sets in
b
Let Br be the ball defined in Step 2. For each t,#, € I with
t1 <t and (u,v) € Bg, we have

(N1 (4, v)) (11) = (N1 (,0)) (22) |

< arlel(fz» (12),v(12)) = fi(tr,u(tr),v(00)) |
+hn | i (s.u(s).v(s)) s

= arlel(fz» u(ta),v(12)) = fi (e, u(tn), v(nr))|
+Rb,, (aj +by)(t2—11)

— Oast — 1.

Also, from (H3), we get

(N2, v)) (1) = (N2 (u,v)) (12)
ar, || fa(t2, u(t2),v(t2)) = fa(tr, u(tr), v(01)) |

Rbrz (a; + b;)(l‘z — t1)
Oasty — 1.

L+ A

Hence, the set N(Bg) is equicontinuous in €.

As a consequence of Steps 1 to 3, with the Arzela—Ascoli
theorem, we conclude that N maps By into a precompact set

in%.

Step 4. The set E consisting of (u,v) € € such that
(u,v) = AN(u,v) for some A € (0,1) is bounded in € .
Let (u,v) € € such that (u,v) = AN (u,v). Then u = AN, (u,v)
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and v = AN, (u,v). Thus, for each ¢ € I, we have

lu@)l| < llerll +anllfi (6u(),v(@)]
ot
by [ i 5.(5),0(5)) s
< lerll+an (afllu(e]| + 5 ()]
t
b, [ (ailluls]+ i) s
Also, we get
@ < lleall+an (@ llut)]+ 5 v()])
t
by, [ (@3llu(s)]|+b311v(s) s
Thus, we get
@)+ v < ller] +lleall + (ar,a} +arad) u(o)]
+ (anbi+anby) v
1
[ 1bnai+bna)u)]
+(byy b +byyb3) [V(sll)ds
< lerll+ lleall + ACfuel| + [[v(e1))
1
+ B /0 (lu(s)|| + [[v(s)1 .
Hence, we obtain
1]+ lles
)]+ vy < Tal*lel

A/H

By applying a classical Gronwall’s lemma, we get

)+ lv(s)[)ds

llerll+llell /

<

el + vl < 2 exp (2 [as

l[e1]] + lleal BT

<zt nmel it

= T1-a Pliza

= L.

This gives

[[tlleo 4 [V[]eo < L.

Hence
[ (u,v)

This shows that the set E is bounded.

¢ <L.

As a consequence of Steps 1 to 4, together with Theorem
2.10, we can conclude that N has at least one fixed point in
Bp which is a solution of the system (1.1)-(1.2). O

24

4. An Example

Consider the following coupled system of Caputo-Fabrizio
fractional differential equations,

(CFD2 (1) = f(t,u(t),v(1));
(CFD4 )(t) = g(t,u(t),v(t)); €0,1], .1
(0) 17
vn(0) =0,
where
B t%( (1) +v(t))sint
ftu,v)= 6a 1+ Vi)( )JG[OJL
(u(r)+v(r))cost
g(t’uvv) 64(1+|M|+7|VD te [0,1].
Setr; = % and r; = Z' The hypothesis (H)) is satisfied with
pT=p§=4T=QE=$

Also the matrix

=
3

(arl +Tby,)p]
(ar, +Tby,)p;

(arl +Tby, )q;
(ar, +Thbr,)q5

)

converges to 0. Hence, Theorem 3.1 implies that the system
(4.1) has a unique solution defined on [0, 1].

ar, + brl
ar, + brz

ar, + brl
ar, + brz
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