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Abstract. This article is concerned with a coupled system of linear fractional differential equa-
tions of Caputo-Fabrizio type conformable fractional derivation with boundary conditions. In
order to prove the existence and uniqueness of the solution, the problem is transformed into an
equivalent linear Volterra-Fredholm integral equations of the second kind, and by using the Ba-
nach’s fixed point theory the existence and uniqueness of solutions are obtained. Finally, the
analytical results are supported by numerical results to illustrate the obtained results.

1. Introduction

Fractional differential equations appear in many engineering and scientific disci-
plines because fractional derivatives are involved in mathematical modeling of systems
and processes in the fields such as physics, chemistry, biology, aerodynamics, electro-
dynamics of complex media, and more. Fractional differential equations are also ex-
cellent tools for describing the genetic properties of different materials and processes.
Therefore, the topic of fractional differential equations has received more attention,
see [3,4,8,9,2,21,24]. On the other hand, it is also important to study coupled systems
with fractional differential equations, since such systems appear in problems of vari-
ous applied nature, for instance, see [1, 6,7, 15, 18,20,26]. The purpose of this paper
is to provide a state of the art that can be easily used as a basis to familiarize oneself
with couple system of linear fractional order of Caputo-Fabrizio type. Solely, the most
recent advances, are included in this review.

The Adomian decomposition method (ADM) was first introduced by George Ado-
mian in the beginning of 1980’s and developed in [1]. The method is a kind of algorithm
and it is an advantageous method for solving a linear and nonlinear differential equa-
tions of fractional order, which gives the approximate solution and even exact solution.
This method has many advantages, such as: it’s quite straight forward to write computer
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codes, it also avoids the cumber some integration of the Picard method, and it can solve
some nonlinear problems which can not be solved by other numerical method (iterative,
etc).

Another interesting field of recent research is the coupled system of fractional
differential equations. It has been proven to be more accurate, realistic and has many
applications in real-world problems such as: [6,7].

In this paper, we study a coupled system of linear fractional differential equations,
as follows:

Z(p) u(x) = clu(x) + sz(x) +f()C), (1)
PP v(x) = c3u(x) + cqv(x) + g(x),

for x € I under condition u(s;) = v(s;) =0, i = 1,2 where 1 < p <2 is a real num-
ber, 2(P) is the new fractional derivative of Caputo-Fabrizio, f,g € C(I) and ¢;,
i=1,2,3,4 real constants. And we present some basic materials needed to prove our
main results, then, obtain the equivalent linear Volterra-Fredholm integral equation of
the second kind by using the fractional integral in problem (1). Finally, the existence
and uniqueness of solution is established by applying Banach’s contraction mapping
principle, Adomin method and algorithm are introduced to solve the numerical solution
of this class of problem.

2. Preliminaries

For the convenience of the reader, we give the necessary definitions and lemmas
from fractional calculus theory. These definitions can be found in the recent literature.

DEFINITION 1. [14] Let Q = [a,b] (—e> < a < b < =) be a finite interval on
the real axis R. The left-sided CF-FD “F 2% h of order o € [0, 1] of a function £ is
defined as follows:

2% h(x) = ]i#og /ax W (s)exp [— ocl(x_—as)} ds, )

where o € [0,1] and a € | —oo,x), h € H'(a,b), b > a, and M(c) is a normalization
function, such that M(0) =M (1) =1.

DEFINITION 2. [14] Let n> 1, and o € [0, 1]. The fractional derivative 2%}
of order (n+ o) is defined by

7= A9 (2n()) = YO [ (5)exp [— o _ﬂ ds.

Such that

@(oﬁn)h(t) _ ]i/li_aoz /xh(n+l)(s) exp [— al(x—_oj)] ds. 3)
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DEFINITION 3. [10] (A new fractional integral) Let n > 1, a € [0,1], and h €

%]a,b]. The formula:

1> il =) o) (1 = @)lh(s)ds,

) = ey,

where M(), is a normalization function such that M(0) = M(1) = 1, is a new frac-
tional integral of order (n+ o), and it’s as an inverse of the conformable fractional
derivative of Caputo of order (n+ o).

LEMMA 1. [10] Let p € (n,n+1), n=[p] > 0. Assume that h € €"|a,b], then,
those statements hold.:

1. if h(a) =0, then 2'P) (I°h(x)) = h(x).
2. 1y (@(p)h(x)> =h(x)+ Zaixi, aeRi=0,1,....n
i=0

LEMMA 2. Let (E,||.||) be Banach space, T : E — E be a contraction on E.
Then, T has a unique fixed point x € E (such that T (x) = x).

3. Analytic study
In the following, we suppose the function M(a) = 1.

LEMMA 3. Let 1 <p <2, u,v € 60,1, f,g:[0,1] — R are continuous func-
tions, and c; real constants and i = 1,2,3,4. Then, the solution of

{_@(p) u(x) = cru(x) + cov(x) + f(x),

2(p) v(x) = cau(x) + cav(x) + g(x), @

Sfor x € I under condition u(s;) =v(s;) =0, i=1,2 where 1 < p <2 is a real number,
[, €C(I) and c¢;, i =1,2,3,4 real constants. satisfies the following linear Volterra
integral equations of the second kind

X 1
x):/o L(x,s)(clu(s)—|—czv(s))ds—|—/0 F(x,s)(ciu(s) +cov(s))ds+K(x), (5)
X 1
x)z/o L(x,s)(C3u(s)—|—C4v(s))ds—|—/0 F(x,s)(cau(s) +cqv(s))ds+ G(x). (6)
Where
K(x):/o (ax—s)+1—0 ds+/ os—1)f(s)ds,

G(x):/ox(oc(x—s)—i-l— ds—|—/ os—1)g(s)ds,

Lix,s)=a(x—s)+1—«a
F(x,s) =x(as—1).
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Proof. We may apply Lemma 1 to reduce Eq. (4) to an equivalent integral equation
I/ (9(”) u(x)) =1 (cru(x) + cov(x) + f(x)),
1 (2v(0)) = If (e3ux) + cavlx) +g(x)
we obtain,

u(x)+aix+by = /Ox(a(x —s)+1—o)(cru(s) +cav(s)+ f(s))ds, (7)

v(x) +axx+ by = /Ox(a(x —5)+1—ot)(c3u(s) + cav(s) + g(s))ds, (8)

where aj,ay,b1,b; € R. Using conditions #(0) =0 and v(0) = 0 of the problem (4)
in (7) and (8) respectively yields, we obtain by = by = 0. Thus (7) and (8) reduces to

u(x)+ax= /Ox(a(x —s)+ 1 —o)(cru(s) +cav(s) + f(s))ds, )

X

v(x) 4+ axx = /0 (a(x—s)+1—a)(csu(s) +cav(s) +g(s))ds, (10)

Considering boundary conditions #(1) =0 and v(1) =0, we get

1
a = /0 (1 — o) (cru(s) +cav(s) + f(s)) ds

and, |
ay = /0 (1 —as) (c3u(s) +cav(s) +g(s)) ds.

The substitution of the values of a; and a, in (9) and (10), leads to the next solution
) = [ (erlx=9)+ 1= o) (eruls) + cav(s) + (s)) ds
1
—|—/O x(os —1)(cru(s) +cov(s) + f(s))ds

v(x) = /X(a( —5)+ 1 — a)(c3u(s) +cav(s) + g(s)) ds

—|—/ os — 1) (c3u(s) +cav(s) + g(s)) ds.

u(x):/x(oc( —5)+ 1 —a)(cruls) + cav(s) ds+/ (s — D) (cru(s) + eav(s)) ds

+[at-9+1-0 (s)ds+/0x(as—1>f(s>dS»
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X
v(x) = / (a(x—s)+1—a)(csu(s) + cqv(s) ds—|—/ os — 1) (c3u(s) +cqv(s))ds

+/ x—s)+1—« (s)ds+/0 x(as—1)g(s)ds.

Hence, the unique solution of problem (4) is

x):/OXL(X,S)(Clu(S)+02V(S))ds_|_/01F(x,s)(clu(s)+czv(s))d5+[((x)’

x) = /OXL(x,s)(cw(s) +eqv(s))ds+ /01 F(x,5)(c3u(s) +cav(s))ds+ G(x).

The proof is complete. [

4. Existence and uniqueness of the solution

Let us introduce the space@’(I) endowed with the norm || u [|= sup,cq  [u(x)|.

Obviously, (¢ (I),] . ||) is a Banach space. Denote by A = % (I) x €(I). Then,
the product space (A, || . ||) is also a Banach space endowed with the norm || (u,v) ||=||
|+ 11 l= Supyco [106) |+ supyeio. (), For (w,v) € A.

In view of Lemma 3, we introduce an operator 7 : A — A associated with the
problem (1) as follows

T (u,v)(x) = (Ti (,v) (x), Ta(u,v) (x)), (11)

X 1
Tl(u,v)(x):/o L(x,s)(clu(s)+czv(s))ds—|—/0 F(x,8)(cru(s) +cav(s))ds + K(x),
(12)
and,

X 1
T (u,v)(x) = / L(x,s)(c3u(s) +cav(s))ds+ / F(x,s)(cau(s) + cav(s))ds+ G(x).
0 0
(13)
Here we establish the existence of the solutions for the boundary value problem (4) by
using Banach’s contraction mapping principle.

THEOREM 1. Let f,g:1 — R be a jointly continuous functions. Then, the prob-
lem (4) has a unique solution on 1, if

/l+£<2_; (14)

where, A = max(|ci|,|cz2|), € = max(|c3], |ca])-
Proof. As f and g are continuous functions on 7 = [0, 1] which is compact, then,

f and g are bounded, so there exist real constants m; > 0, my > 0, such that | f(x)| <
my and |g(x)| <my forall xel.
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Consider the operator T : A — A defined by (11) and fix

(2—o)(my +m)

A Orot-a)

Then, we show that TBy C By, where By = {(u,v) € A:|| (u,v) || < k}.

By our assumption, for (u,v) € B, x € I, we have

[T (u,v)(x)] < /Ox(oc(x—s)—i—l—a)\clu(s)+czv(s)|ds
1 X
—|—/0 x|Ocs—1\|clu(s)—|—czv(s)|ds—|—/0 (a(x—s)+1—a)|f(s)|ds
+/01x|as—1\|f(s)|ds,
X 1
< max(|eq], [ea]) (Jul + |v]) (/0 (oc(x—s)-i—l—oc)ds-i—/o x(l—ocs)ds)
+my (/Ox(a(x—s)—i- 1 —Ot)ds—i—/olx(l —Ots)ds) ,

< (A (Ju) + [v]) +m1) (/Ox(a(x—s)—i— 1 —oc)ds—l—/olx(l —ocs)ds) :
< (2— a)A(Ju] + |v]) +m1).

Which, once taking the norm for x € I, leads to

[ T3 (u,v) () [[< 2= ) (A([[w [| + [ v []) + ).
In the same way, for (u,v) € By, one can obtain

| Lo, v)(x) < (2= ) (e([[ wll + ([ v [[) +m2).
Therefore, for any (u,v) € By, we have

|7 (u,v) () | = T (e, v) () || + [] T2 (e,v) () ||
SQ-a)(A+e)(lull+lvID)+m +m)
(2— ) ((A+e)k+my+my)

k7

/

VASIIV/AN

which show that 7 maps By into itself.

In order to show that the operator T is a contraction, let (u1,v1), (u2,v2) €A, Vx €
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1. Then, we have
|1 (1, v1) (x) — Ti (uz,v2) (x)|
</O (a(x—=s)+1=0o)ler(ui(s) —uz(s)) +c2(vi(s) —va(s))|ds

+/01x|055— Ller(ur(s) — uz(s)) + c2(vi(s) — va(s))| ds,

S/OX(OC(X—S)JF1—06)(\01(141(5)—uz(S))|+|02(V1(S)—Vz(S))DdS
+/01x|055— L|(e1(ui(s) = ua(s))[ + le2(vi(s) = va(s))]) ds,

< max(ley |, [e2]) (fur (x) = uz(x)[ + |vi (x) = v2(x)]) (/()x(a(x—s)
+l—o¢)ds+/01x(l—as)ds>,

S A(Jur (x) = uz ()| + [v1 (x) = v2 (x)]) (/OX(OC(X—S)Jrl—Oﬂ)dS

+/ (I1—as)d )
< (2= o)A (Jur(x) = uz(x)] + [v1 (x) = v2 (x)])-
Which, once taking the norm for x € I, leads to
1T (ur,v1) = Ti (g, v2) [|< (2= o)A ([ wr —uz | + [ vi—=v2 ).
And likewise, for (u,vy) (u2,v2) € A, x € [0, 1], one can obtain
I T2(ur,v1) = Ta(uz,v2) IS 2= @)e(|| wr —uz [ + [ vi = v2 ).
Obviously, it follows from the foregoing inequalities that
1T (1) =T (uz,v2) || =1 Ti(ur,vi) = Ti(uz,va) || + || Ta(ur,v1) = To(ua, va) |,
S@-o)A+e)([[ur—ua ||+ [ vi—v2 ),
=Q2-a)(A+e) | (u,v1) = (u2,v2) |,
=N || (u —uz,vi—v2) || .

Since N = (2— a)(A +€) < 1. Which, in view of (14), implies that 7 is a contraction
mapping. Hence, by Banach’s fixed-point theorem, the operator 7' has a unique fixed
point. This, in turn, shows that the problem 4 has a unique solution on /. The proof is
completed. [

5. Numerical study

In this section, we introduce an algorithm for finding a numerical solution of linear
Volterra integral equations of the second kind, the methods based the Adomian Decom-
position.
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In the decomposition method we usually express the solution u(x) and v(x) of the
integral equation (5) and (6) in a series form defined by

o

u(x) = i)u,-(x), v(x) = vi(x). (15)

i=0
The substitution of the decomposition (15) into both sides of (5) and (6) yields

i ui(x) = K(x) + /xL(x,s) <c1 i ui(s) +c2 i v,-(s)) ds
i=0 0 i=0 i=0
1 oo =5}
—|—/0 F(x,s) <c1 %ui(s) +62,§6W(s>> ds,
i vi(x) = G(x) + /XL(x,s) <c3 i ui(s) +cy4 i vi(s)> ds
i=0 0 i=0 i=0

1 oo oo
—I—/O F(x,s) <C3 ;})ui(s)+04i§;)vi(s)> ds,

or equivalently,

uo(X) + ur (x) + up(x) + - = K(x) +/OXL(“> (cruo(s) +-cavo(s)) ds
n /0 ' F(x,5) (crtio(s) + cavo(s)) ds
+ /0 " L(x,5) (c1ur(s) +cavi(s)) ds
_|_/01F(x,s) (cru(s) +covi(s)) ds
+/OXL(x,s) (ciua(s) +cava(s)) ds
_|_/01F(x,s) (cruz(s) + cava(s)) ds+ -+
V() +v1 (%) +va(x) + -+ = G(x) + /OXL(% ) (cato(s) F-cavo(s)) ds
+f ' F(x,5) (catols) + cavo(s) ds
+/OXL(x,s) (caur(s) +cavi(s)) ds
+/01 F(x,5) (c3u1 (s) +cavi (5)) ds
n /O " L(x,5) (c3ua(s) + cavas)) ds

1
—|—/ F(x,s) (caua(s) + cava(s)) ds+---
0
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The components ug(x),u; (x),uz(x),- - and vo(x),vy(x),v2(x),- - of the unknown func-

tions u(x) and v(x) respectively are completely determined in a recurrent manner if we
set

@ =K., vl =G),
09 = [ L5 (eruals) +eavo() + [ () (eruals) +eavols)) s,
ww=Aﬁwwmw®+wmm+4?wwmw®+mm®mx
mw=AlmwmM®+wmm+A¥wwwm@+@m@Ma
nw=Aﬁwwmm®+wmm+4?wwmm®+mw®mx
ww=Awam@®+@dm+4?wwwmw+@nwwx
50 = [ esuas) +eava(s)) + [ Fx) esuas) + exva(s) ds,

and so on. So the above discussed scheme for the determination of the components

uo(x),u1(x), wup(x),--- and vo(x),vi(x), va(x),--- of the solution u(x) and v(x) of
Eq.5-6 respectively can be written in a recursive manner by

o) = K(),
1)) = [ L0 €runs) exmn(s) + [ Flx8) @rmnls) + eamn(s)) ds, n >0
vo(x) = G(x).

a ) = [ 2065) (estn(s) +enm(s) + [ FOx8) (esinls) +eann(s) ds, 10,

6. Numerical result

In this section, we give two numerical examples to illustrate the above methods to
solve the linear Volterra integral equations of the second kind.

The exact solution is known and used to justify the numerical solution obtained
with our method is correct. We used MATLAB to solve these examples.

EXAMPLE 1. Consider the following fractional boundary value problem:

f(x), xel:=][0,1],

_|_
+g(x), xel:=[0,1], (16)
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Figure 1: The Absolute Error of test Example (1) with N = 5.

where,
f(x) =3cos(x) —3e " — sm(x)‘(lx— 1) _ (cos(x) —61)(x— D — xcos(x) — xsin(x),
g(x) =3sin(x) + sin(x)gx— ) + (cos(®) —31)(x— D +xcos(x) — xsin(x),

with the exact solution u(x) = (x — 1)(cos(x) — 1) and v(x) = (x — 1)sin(x).

EXAMPLE 2. Consider the following fractional boundary value problem:
2P u(x) = cru(x) + cv(x) + f(x), xel:=10,1],
_@(p)v(x) = c3u(x) +cgv(x) +g(x), xel:=]0,1], a7
u(0) =u(1) =0, v(0) =v(1) =0,

where
1 1 1 1
p:1757 01:_57 C2:g7 C3:§7 C4:_§a
_ 3x(x—1)  x(e*—el)
_Q_ 3x N
flx)=8—8e "+ 3 o
e —e 3 x(de*—e!) C 3x(x—1)

8 = —7—+——7; 5
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% 10-14
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Figure 2: The Absolute Error of test Example (2) with N =17.

with the exact solution u(x) = 3x(x—1) and v(x) = )7—C(ex —el).

Conclusion

In this paper, the existence and uniqueness of solutions for a coupled system of
linear fractional differential equations with boundary conditions were established and
discussed, which was done using the fixed point theory, (see [16,22,13,19,5,12,11,25,
17,23]).

Furthermore, a powerful numerical method represented by the Adomian decom-
position method was suggested in order to implement the proposed model in an appro-
priate, precise manner, and program it with Matlab.
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