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Abstract

In this paper, we give sufficient conditions for the existence and unigueness of the
solution for a class of nonlinear fractional differential systems, with variable delays.
Our analysis relies on the Banach fixed point theorem. Furthermore, we prove the
uniform stability of the solution. Some examples are given to illustrate our results.
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1 Introduction

In recent years, many research works have been interested in fractional differential equa-
tions. This is due, first, to their widespread applications in diverse fields of engineering and
natural sciences, and secondly to the intensive development of the theory of fractional cal-
culus (see [1-12]). Furthermore, fractional differential equations with delays have proven
more realistic in the description of natural phenomena than those without delays. There-
fore, the study of these equations has drawn much attention (see e.g., [13-17]).

El-Sayed and Gaafar [16] established sufficient conditions for the existence and unique-
ness of a solution to some nonlinear Riemann-Liouville fractional differential systems with
constant delays. Also, they proved the stability of the solution. Recently, this study has been
extended to another class of nonlinear fractional differential equations with delay in [17].

In the current paper, motivated and inspired by the works of [16, 17], we treat the same
questions, but with time-dependent delays. Thus, we consider a system of nonlinear frac-
tional differential equations with variable delays of the form

Dxit) =Y filtow(®),x(t - 7(1), i=12,...,mt>0, (11)
j=1
X(t) = d)(t), te [_T: 0]» (12)

where °D* is the Caputo fractional derivative of order « € (0,1), x(¢) = (x1(¢),...,x,(2)),
where’ denotes the transpose of the vector, and fj; : R* x R* — R are continuous functions
for i,j = 1,2,...,n, 7; are continuous real-valued functions defined on R*, such that 7 =
max{sup,cp+ Tj(t) :j = 1,2,...,1n} > 0,and ®(£) = (¢1(2), ..., P.(t)) is a given vector function
defined on [-7, 0] with values in R”.
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Our purpose is to establish sufficient conditions for the existence and uniqueness of a
solution to the problem (1.1)-(1.2), by applying the Banach contraction principle. Further-
more, we prove the uniform stability of the solution.

While most existing research focuses on constant delays, the considered equations (1.1)
contain variable delays. Moreover, it is important to note that our results are valid even in
the case where the equations are of mixed type. Namely, equations of mixed type are those
that have both retarded and advanced arguments. This makes a net difference with the
previous works (see Remark 3.3). Thus, the present work generalizes the results obtained
in [16, 17].

This paper is organized as follows. In Section 2, we introduce some basic definitions and
notations, which are used in the sequel of the paper. In Section 3 and Section 4, we present
our main results. Finally, in Section 5, two examples are given, as applications to illustrate

our results.

2 Definitions and notations

Let us start by giving the definition of Riemann-Liouville fractional integral, and Caputo
fractional derivatives. Further details of related basic properties used in the text can be
found in [3, 5, 8].

Definition 2.1 Let« € R. The Riemann-Liouville fractional integral operator I* is defined
on L'[0, T] by

o ,_L ! _ a-1
If(0) = & 7 /0 (t-5)"f(s)ds, tel0,T],

where I'(-) is the gamma function.

For o = 0, we set I° := Id, the identity operator. The operator I* has the semigroup prop-
erty, that is, for o, € R* and f € L'[0, T'], the identity

IIPf(2) = 1P (2)

holds almost everywhere on [0, T]. Moreover, if f € C[0, T] or « + 8 > 1, then the identity
holds everywhere on [0, T].

If n € N*, and D"'f (or f*) means the nth derivative of a function f, then we have the
following definition.

Definition 2.2 Let # = [«], and assume D"f € L![0, T]. The Caputo fractional derivative
of order a real number « > 0 is defined by

“DEf(¢) = I"D"f(£) = ﬁ /0 (=) ds, £ 0.

3 Existence and uniqueness
In this section we prove the existence and uniqueness of the solution of the problem (1.1)-
(1.2).
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Lemma 3.1 The vector function x(t) := (x1(t),...,x,(t)) is a solution of the problem (1.1)-
(1.2) if and only if

] #i(0) + Z;;l Ifi(t,x,(8), %i(t — 7j(1))), £>0,

xi(t)— ¢i(t), te[_f,()],izl,z,...,l’l.

Proof Fort>0andi=1,2,...,n, (1.1) can be written as
n
1Dt = Y fii(txi(8), (£ - 7(8))).

J=1

Applying the operator I* on both sides of the last equality, we obtain
n
IDx,»(t) = Z[“f[j(l’, x,‘(t),x]‘ (t - 'C}(t)))y
j=1

xit) = x:(0) = Y Iyt 2:(8), x(t — (1))
j=1

Then

n

xit) = 9i(0) + > Ify (£ x:8), 5 (¢ - 75(8))).

=1 -

Let us denote by E the class of all continuous column vector-valued functions C(R*,R")
equipped with the norm given by

n

lIx|ln = Z sup{e ™ |xi(6)|}, x€E,

-1 LER*
where N € R* will be chosen later. We define the integral operator F : E — E by

] ¢:i(0) + Z;lzl ISt (), x;(¢ — 7;(2))), £>0,

Fel®=14 0, te[-7,0].

Theorem 3.2 Assume that the following hypotheses are satisfied:
(Hi) Letfy:R* x R’ > Rbea continuous function, satisfying the Lipschitz condition
Vij(t; %0 95) — fii (& wi Vj)| < kil — ui| + hily; = vjl,

where ki, h; > 0,6, =1,n.
(Hy) Forj=1,2,...,n,1;€ C(R",R) and

Ti(t)> -1, t>0.
(H3) Forj=1,2,...,m, 3t; > 0 such that

1) >t, Vtel04],
Ti(t) <t, Vtelt,+ool.
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(Ha)
n n
nt® |:Z k; + Z h/e:| <1
i=1 j=1
Then the problem (1.1)-(1.2) has a unique solution.
Proof Letx,y € E, thenfori=1,2,...,nand ¢ > 0 we have

| Fxi(8) - Fyi ()|

~ t(t_s)a—l
- = Jo ['(a)

Ui (s, x1(8), %i(s = (9))) = (5, 3:08), 3 (s — 75(9)) ) } ds

N e S LI ER I
_Zk/O F() |xz(5) yi(s)| ds

o [ ) - )

j=1

_ )Ot -1
+Zh/ ]"(S) |x/('"j(5))—y/(r,~(s))|ds

&

a-1
nkl/ (tr(s)) |xi(s) = yi(s)| ds

+Zh/ ]"( ) |x/(r] S)) y;(r/(s))|ds,

i
where 7;(s) = s — 7;(s), thus

eiNt|in(t) - Fyl(t)|

< nk; / T (a) N9 g N5 x(s) — yi(s)| ds

+Zh/tj F(a)

) L(t—s)t
k; Ng i —Ji
<n és;lﬂg{e [%:(5) - 7:(8)[} s T(@

N D NGO | (1,(5)) =y (1(s)) | ds

e—N (¢-s) ds

t _ -1
3 sup e 6) @)} [ L e ag

j1  feR

ua—le—u

) du

, 1 N
k; h i\s) Vi N
§n<§s€uﬂg{e |x:(&) y(f)”Na/O

o—1

n N 1 N(t—t/*) u Ne(— )
+ h;osup 1e75 [ xi(8) — yi(&) —/ ——e eI N du
; JEGRH{ |1§ y}éHNa A (@)
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o-1,-u

el L/Mu
E}’lklsseuﬂg{e |x,(“§) y](g)”Nu 0 F(a)

Ma—l

n _NE 1 N(e=4) —u Nt
¥ Zhj seuﬂg{e |x/(§)—yi(§)|}ﬁ/0 F(a)e e du
[

k; _ " hieN® _
< %;Ellw{e NE (&) - ()]} + 121: N Sup (e ) - 0]}

nk; " hieN®
< X =¥l + D0 = Ix =yl

— N
j=1

Therefore,

n n k; n peNT
> sup{e™|Fxi(t) - Fyi(t)|} < [ n_a + - :|||X—Y||N

Not
i=1 i=1 j=1

n n
n
=< —|: ki + hjeNTj|||x—y||N.
i
Let us choose N = % So, we have

Z sup {e‘Nt|in(t) —Fyi(t)|} <nt* |:Z ki + Zhje:| Ix—ylln-

i=1 teRY i=1 j=1

From hypothesis (Hs) we have nt*[Y . k; + Z}il hje] <1.So, F: E — Eis a contraction.
Hence, it has a unique fixed point x = Fx which is precisely the unique solution of our
problem (1.1)-(1.2). a

Remark 3.3 Note that, if for some j the delay function 7;(¢) takes negative values, which
is possible under the assumptions (Hy) and (Hs), then (1.1) are with advanced arguments.
Thus, the sign of the delay functions being arbitrary, the equations of the considered sys-
tem (1.1) may contain both types of deviation of argument i.e. both delay and advance. As
far as we know, there are no published studies addressing these issues for such systems
of equations. However, concerning boundary value problems of fractional order, some re-
sults on the existence of solutions are obtained in [18]. But in [18], the authors considered
problems involving only an advanced argument, and they do not address the question
about the uniqueness (and the stability) of the solution.

4 Stability
In this section we study the stability of the solution of the problem (1.1)-(1.2).

Definition 4.1 The solution of the problem (1.1)-(1.2) is stable if for any € > 0, there exists
8 > 0 such that for any two solutions x(£) = (x1(¢),...,x,(¢)) and X(¢) = (X1(¢),...,%,(2))’
with the initial condition (1.2) and X(¢) = ®(¢) for ¢ € [-7,0], respectively, one has ||® —
5|| <6, implies ||x — X||xy < ¢, where || - | denotes the supremum norm defined by || ¥|| =

Z?zl maxe[r,0] |¥:(£)], for all bounded vector function ¥ from [-7,0] to R”.
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Theorem 4.2 Assume that hypotheses (H1)-(Hy) in Theorem 3.2 are satisfied, then the
solution of the problem (1.1)-(1.2) is uniformly stable.

Proof Let x(¢) and X(¢) be the solutions of the system (1.1) under the conditions (1.2) and
{x(¢) = () for t € [, 0]}, respectively. Then for ¢ > 0, from (3.1), we have

x;(t) = %(t) = ¢:(0) — $:(0)

Y (2, x( - (D)) — £ (6,70, % (¢ - 7:0))) )

j=1

Therefore,

|xi(E) — %:(2)|

< |$:(0) — $:(0)|

_ al
/ “r(s )> i (510525 (5 = 71(5))) = i (s 26), % (s = 7)) ) ds

< [6:(0) - 3:(0)] + Zk /0 tr(s)) ) — )] s

n L (t— )a—l »
x| ﬁl@(s—f/(s)) ~dy(s= 56| ds

' Zh / F( ) |x,( 7(s)) - %(s — 5(s))| ds

&

t _ o\a-1
< max ’(b,(s qg,»(s)| +nki/0 %Mi(s)—fci(s)‘ds

se[-1,0]

5 _ -1
+Z Inax |¢,(5) (s) |h/ (tr(‘z)

_ -1
+Zh/ (tr(s)) |x, r,»(s))—icj(s—r,»(s))|ds.

t
Hence,
e M (8) — &i(2)|

_Nt (t S 01 B N(t— s —Ns
<e max |¢,(s — i s)| + nk; f —e |xl s) — xi(s) |ds

n

t ~ h; " .,
ret ngl[—?fo]|¢j(s)_¢j(s)|r(a7}_,_l)[t —(t- )]

+Zh/tj F(a)

Ssén[i)%]wi(s) _éi(s)| + Z max |¢J (s) - ¢1( )|
) o

N D NGO | (1,(5)) - % (ry(s)) | ds

F( +1)
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ek sup e ) 5@} [ o e g
§€R* o Do)

3 s [ 6) @) [ e
o T ecrr T N )

- - hit?
< Sén[_%]l@(S) —¢is)] + Zsem[_%]lmﬂ - ¢(s)| 7”0; i D

ua—l

1 Nt
+ nk; sup {e'N5|xi(£)—5ci(§)|}W/0 F(O[)e_"du

EeR*

o-1

n e 3 1 N(t-t)) u Nt
+ E hj sup+{e |x/(§)—xj(§)|}ﬁ‘/ r(O[)e e NN dy
j-1 &€R 0

o

- " - hjt»
i(s) — ¢ o- :
= max |¢i(5) ¢<s>|+;n [ersy

n

eNr
sup {e[x;() - %,(5)|}
EcR*

k
v o sup (e () &0} + Y

o
N* cer =
hite

< max (66 -6+ ]21: %=l

||x X||n-

— ||x K|y + Z

Then

2 sup{e™|xi(t) - &)}
i1 l€ +

<Z max |¢, ZZHCI)— 1)

s€[-1,0] PR

Z”‘l Ix— x||N+ZZ e AT

i=1 j=1

nY " bt "k nY " heNt B
#pr q>|| L”x XN #HX—XHN
I« +1) N« N«

ndy " hit® ~ n> k+ Y kNt
[1+7Z’1 1 ]||q>_q>||+ i Naszl e’

<|®-®+

lx—X|[n-

It follows that

"oki+ Y heNT bt
[1_ nld i ki+ Y hy ]]||x—i||N§ [“ @}ch D

N« Mo +1)

We choose N = %, and we have

o - - S nz;ilhjth e
[1—;“ |:21:k +/X=1:h]«e:|:|||x—x||N < [1+ m]ncb—@n.
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Therefore, given any € > 0, there exists
" " ny L it !
- o : , /N
5—|:1—Vll' |:i21:k,+lz;h,e:|j||:1+ M) ] €>0,

such that if ||® — || < §, then |x —X||y < ¢, which shows that the solution of the problem
(1.1)-(1.2) is uniformly stable. O

5 Applications
Example 5.1 Consider the problem

o _ 1073 I (R
D xl(t) = x%(t)ﬂ + x%(t—rz(t))“’

cno _ 10~1 102
Dixn(®) = B0-no B-(0) w3t ()1 t>0,
10~

cNo _ 103
Dx3(t) = B(0)+1 + - @)+’

and

x(¢) = ®(¢), tel[-t,0],

where a = 0.8, 7;(t) = % - ”it forj=1,2,3. T = maxser+ 7(¢) = %.

It is easy to see that the conditions (H;) and (Hj) of Theorem 3.2 hold. Also, 3t; =

4-3j+1/92+245-20
VIR such that

6

ti(t) >t, Vtelo,4],
Ti(t) <t, Vtelg,+ool,

and
3 3
3¢ [Zk,. + Zhjei| =0.9523063402 < 1,
i=1 j=1

where k; = k3 =107, ky = 10782, ;= hy = 107> and k3 = 10283,
Hence, all hypotheses of Theorem 3.2 are fulfilled. Thus, the problem has a unique solu-
tion, and by Theorem 4.2 the solution is uniformly stable. Therefore, as a conclusion, the

problem has a unique uniform stable solution.

Example 5.2 Consider the problem

t>0,

D (¢) = 107 /a2(t) + 1+ /x2(t - .o (2)) + 1},
“D*x(t) = 1072 { (2) + 21 (£ — 11 (2))},

and
x(t) = ®(¢), tel-1,0],

where a = 0.4, 7(t) = % - ”it forj=1,2. 7 = maxeg+ 7j(t) = %.
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It is easy to see that the conditions (H;) and (Hj) of Theorem 3.2 hold. Also, 3t; =
—4j+,/16/2+8
——Yg— such that

1) >t Vtelo4],
Ti(t) <t, Vtelt,+oo[

and

2 2
20| Y ki+ Y hye| =0.8943942329 <1,
i=1 j=1

where k; = 1, =107 and k, = 1, =1072.
Hence, all hypotheses of Theorem 3.2 are satisfied. Thus, the problem has a unique so-
lution. Moreover, by Theorem 4.2 the solution is uniformly stable. Therefore, as a conclu-

sion, the problem has a unique uniform stable solution.
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