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EXISTENCE AND UNIQUENESS OF SOLUTIONS
FOR NONLINEAR FRACTIONAL NABLA
DIFFERENCE SYSTEMS WITH INITIAL CONDITIONS

HAMID BOULARES, ABDELOUAHEB ARDJOUNI AND YAMINA LASKRI

(Communicated by F. Atici)

Abstract. In this paper, we give sufficient conditions to guarantee the global existence and the
uniqueness of solutions of nonlinear fractional nabla difference systems and study the depen-
dence of solutions on initial conditions and parameters.

1. Introduction

Fractional differential and difference equations with and without delay arise from
a variety of applications including in various fields of science and engineering such as
applied sciences, practical problems concerning mechanics, the engineering technique
fields, economy, control systems, physics, chemistry, biology, medicine, atomic energy,
information theory, harmonic oscillator, nonlinear oscillations, conservative systems,
stability and instability of geodesic on Riemannian manifolds, dynamics in Hamilto-
nian systems, etc. In particular, problems concerning qualitative analysis of fractional
differential and difference equations with and without delay have received the atten-
tion of many authors, see [1]-[10], [12]-[16], [18]-[26], [28]-[31] and the references
therein.
Recently, Agarwal, Zhou and He [3] discussed the existence of solutions for the
neutral fractional differential equation with bounded delay
CDa (u(t) _g(t7ut)) :f(tvut)7 > to,
uto = ¢7
where D% is the standard Caputo’s fractional derivative of order 0 < o < 1. By em-
ploying the Krasnoselskii’s fixed point theorem, the authors obtained existence results.
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The fractional difference equation

{A“u(r) =f(t+out+oa)), t € Ni_g,
= Uo,

A u(r)],
has been investigated in [14], where A% denotes Riemann-Liouville like discrete frac-
tional difference of order 0 < o < 1. By using the Krasnoselskii’s fixed point theorem
and discrete Arzela-Ascoli’s theorem, the asymptotic stability has been established.

In [19], Jagan Mohan, Shobanadevi and Deekshitulu investigated the global ex-
istence and the uniqueness of the solutions of the following nonlinear nabla fractional
difference system

{ V@ u(t) = f(ru(t)), t € Ny,

le"")u(t)lt=o =u0)=c, 0<a<l,
where V%, is the Riemann-Liouville type fractional difference operators. By employ-
ing the fixed point theorems and discrete Arzela-Ascoli’s theorem, the authors obtained
the global existence and the uniqueness results. Also the dependence of solutions on
initial conditions and parameters has been established.

Inspired and motivated by the works mentioned above and the papers [1]-[10],
[12]-[16], [18]-[26], [28]-[3 1] and the references therein, we concentrate on the global
existence and the uniqueness of the solutions for the nonlinear nabla fractional differ-
ence system

{ V& [u(t) —g(t,u(r)] = f(t,u(t)), t € Ny,
(1.1)

V() mo=u(0) =¢, 0< a < 1,

where V%, is the Riemann-Liouville type fractional difference operators, N, = {r,r +
Lr+2,...}, u:Ng — R", ¢ € R" is a constant, f: Ny x R" — R is continuous in
u, g:NgxR" — R is Lipschitz continuous in «. That is, there is a positive constant
L, € (0,1) such that

g(t,u(1)) =gt v (@) < Lgllu(t) —v(@)], & (2,0) = 0. (1.2)

The purpose of this paper is to use Krasnoselskii’s fixed point theorem, discrete
Arzela-Ascoli’s theorem and generalized Banach fixed point theorem to show the global
existence and the uniqueness of solutions for (1.1). To apply Krasnoselskii’s fixed
point theorem we need to construct two mappings, one is a contraction and the other is
compact. For details on Krasnoselskii’s theorem we refer the reader to [27]. In addition,
the dependence of solutions of (1.1) on initial conditions and parameters is studied.

This paper is organized as follows. Section 2 contains preliminaries on nabla
discrete fractional calculus and functional analysis. In section 3, we give and prove
our main results on the global existence and uniqueness of solutions for (1.1). The
dependence of solutions on initial conditions and parameters is the topic of section 4.
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2. Preliminaries

We shall use the following notations, definitions and known results of discrete
fractional calculus [6, 16, 18, 29, 30] throughout this article. For any a,b € R, N, ; =
{a,a+1,a+2,...,b} where b = a+ k for some positive integer k.

DEFINITION 2.1. For any «,t € R, the o rising function is defined by

gz Tit+a) 5
t*=—— 1eR\{...,—-2,—-1,0}, 0 =0.
F([) ) € \{ 9 ) 9 }7

We observe the following properties of rising factorial function.

LEMMA 2.2. Assume the following factorial functions are well defined.
(1) t%(t+a)f =r2+P.
(2) If t <r then t* < r”.

(3) If a <t <r then e LY,

DEFINITION 2.3. Let u:N, - R, o € R" and choose N € N; suchthat N -1 <
o<N.

(1) (Nabla Difference) The first order backward difference or nabla difference of
u is defined by

Vu(t) =u(t) —u(t—1), t € Ngyy,
and the N -order nabla difference of u is defined recursively by

V¥u(t) =V (V¥ 'u(t)), t € Nog.

In addition, we take V° as the identity operator.
(2) (Fractional Nabla Sum) The " -order fractional nabla sum of u is given by

V() = ﬁsgﬁo ()T Tu(s), t €N, 1)

where p(s) =s— 1. Also, we define the trivial sum by V;u() = u(t) for t € N,.
(3) (R-L Nabla Fractional Difference) The o”-order Riemann-Liouville type
nabla fractional difference of u is given by

Vou(t) = VN [V;W*"‘)u(z)} 1€ Ngsn. 2.2)
For o =0, we set Vou(t) =u(t), t € N,.

(4) (Caputo Fractional Nabla Difference) The o”-order Caputo type fractional
nabla difference of u is given by

Veu(t) =V [VVu(r)], 1 € Nosw. (2.3)

For oo =0, weset VO u(t) =u(t), t € N,.
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THEOREM 2.4. (Power Rule) Let o« >0 and p > —1. Then,

(1) V% —a)F = s (1 - )50, 1 €N,

(2) Vet —a)F = s (1 — @)%, 1 € Noyw.

Let f: Ny xR— R, u:N,— R and 0 < & < 1. Consider a fractional nabla
difference equation of Riemann-Liouville type together with an initial condition of the

form
V& u(t) = f(t,u(t)), t € Noyy,
V()] = ula) = uo.

Then, from [30], u is a solution of the initial value problem (2.4) if and only if it has
the following representation

(2.4)

—a o—1 t .
) =t s S 0= ), €N 29

Now we present some important definitions and theorems of functional analysis
[11, 17,27] which will be useful in establishing main results.

DEFINITION 2.5. R” is the space of all ordered n-tuples of real numbers. Clearly,
R" is a Banach space with respect to the supremum norm. A closed ball with radius r
centered at the origin of R” is defined by

By (r) ={u= (uj,uz,...,up) €R": JJul|, <r}.

DEFINITION 2.6. [~ =["(R) is the space of all real sequences defined on the set
of positive integers where any individual sequence is bounded with respect to the usual
supremum norm. Clearly [” is a Banach space under the supremum norm. A closed
ball with radius r centered on the null sequence of [ is defined by

By (r) ={u=A{u(t)}iZo € 1"+ Jull. <7}

DEFINITION 2.7. A subset S of [ is uniformly Cauchy (or equi-Cauchy), if
for every € > 0, there exists k € Ny such that |u(r;) —u(r2)| < € whenever 1,1, €
Nit1, forany u={u(r)}, ", in S.

THEOREM 2.8. (Discrete Arzela-Ascoli’s Theorem) A bounded uniformly Cauchy
subset S of [” is relatively compact.

THEOREM 2.9. (Krasnoselskii’s Fixed Point Theorem) Let S be a nonempty,
closed, convex and bounded subset of a Banach space X, and let A : X — X and
B :S — X be two operators such that

(1) A is a contraction with constant L < 1,

(2) B is continuous, BS resides in a compact subset of X,

(3) x=Ax+By;yeS|=x€S.

Then the operator equation Ax+ Bx = x has a solution in S.
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THEOREM 2.10. (Generalized Banach Fixed Point Theorem) Let S be a nonempty,
closed subset of a Banach space (X, ||.||), and let a @, > 0 for every n € Ny and such
Yo Ws converges. Moreover, let the mapping T : S — S satisfy the inequality

IT"u=T"v || < @aflu—vl,

Jor every n € Ny and any u,v € S. Then, T has a uniquely defined fixed point u*.

Furthermore, for any ug € S, the sequence (T"ug);_, converges to this fixed point u*.

DEFINITION 2.11. Let X be a Banach space with respect to a norm ||.||. Define
the
S=SX)={u:u={u()}_y, u(t) eX}.

Then, S is a linear space of sequences of elements of X under obvious definition of
addition and scalar multiplication. Now we employ the notation

u={u()} o, llull. = sup [u(z)],
teNy

and define the set
S”(X) ={u:ueS(X) with |Jul|., <eo}.

Clearly S*(X) is a Banach space consisting of elements of S(X), with respect to the
supremum norm.

DEFINITION 2.12. From Definitions 2.6 and 2.11, we observe that [~ = [*(R) =
S*(R). Now we choose X = R” in Definition 2.11 to define

=R =S"R")={uu={u(t)},_y, u(r) e R" with [jul|, < eo}.

Thus, £~ denotes the Banach space comprising sequences of vectors with respect to the
supremum norm ||.||, defined by

[ ulloo = sup [Ju(z)]-
teNy

A closed ball with radius r centered on the null sequence in ¢ is defined by
By (r) = {u=A{u(t)};Zo € €7 : [|ull.. <7}

3. Existence and uniqueness

In this section we prove existence and uniqueness theorems to (1.1).
Let u:Nyg — £~ and f,g: Ny % — £~. Analogous to (2.5), u={u(t)},", €
£> is any solution of the initial value problem (1.1) if and only if

(1= p(s)* " f(s,u(s)), t € No.
(3.1)

(r+1)%T
I'a)

M-

u(e) = [ —8(0,¢)] +g(r,u(r) + ﬁ
1

s
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Define the operators

o—1 t
Tu(t) = % (0.0 + 80.0) + s 36 p)T sus). 1€ No.
= 3.2)
Au(t) = % [c —g(0,¢)]+ g(r,u(r)), r € Ny, (3.3)
and
Bu(r) = %Ooszlo—p(s»“f(s,u(s)), 1€ Ny, (3.4)

It is evident from (3.1)—(3.2) that u is a fixed point of 7T if and only if u is a solution
of (1.1). First we use Krasnoselskii’s fixed point theorem (Theorem 2.9) to establish
global existence of solutions of (1.1).

THEOREM 3.1. (Global Existence) Assume that (1.2) holds and there exist con-
stants By € [a,1) and Ly > 0 such that

£ (e u(@)|| < Lt Pr, e Ny, (3.5)

then the initial value problem (1.1) has at least one bounded solution in (.

Proof. To prove condition (2) of Theorem 2.9, we define a set

s = {us o)) < IR e )

Clearly S is a nonempty, closed, bounded and convex subset of ¢=. First, we show
that B maps S; into S;. Using Lemma 2.2, Theorem 2.4 and (3.5), we have

140 < gy 20~ Il
L < (NI B —af_ﬁl_M ~(B1—a)
S oy W) P =LV P = g T
LT(L-B) |\ ey _
<ti-praW =LiT(1-By)
WAL -p) oy,

implies BS| C S;. Next, we show that B is continuous on S;. Let € > 0 be given.
Then there exists m € Ny such that, for t € N1 1,

LiT(1—pB)

SV PD =B
I'(l—pBi+a)

N M
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Let {ur}, (k=1,2,...) be asequence in S; such that uxy — u in S;. Then, we have
||lug — u||., — 0 as k — 0. Since f is continuous with respect to the second variable,
we get || f(¢,ux) — f(t,u)||, — 0 as k — oo. For t <m,

IBu (1)~ Bu )|
T T (s)) — 5,

\:l
%)20— <s>>°HH up /s, (5)) — s us))]

s=1 se{l,2,....m}
< Ty M) — sl — Oask— o
For t € N;,41,
HBuk( )= Bu(t)||
Z VTS (s () |+ 1 (s ()]
ZLIF(I ﬁ ) oc)
(1 _ﬁl T OC) < E.

Thus we have, ||Buy — Bu||., — 0 as k — oo, implies B is continuous. Now, we show
that BS; is relatively compact. Let #1,7, € N1 such that #, > #;. Then, we have

|Bu(t) — Bu(ty) |

i )

< m;(n —p()* I f (s, u(s)] + W;(m — PN £ (s uls)
< LT -p) =B=oj, LI1-B) ~Bi-o)
F(1-Bi+a)! * r(1—-Bi+a)? '<e

Thus {Bu:u € S;} is a bounded and uniformly Cauchy subset of ¢. Hence, by The-
orem 2.8, BS; is relatively compact.

Now we prove condition (3) of Theorem 2.9. Let us suppose, for a fixed v € Sy,
u = Au+ Bv. Using Lemma 2.2, Theorem 2.4 and (3.5), we have

lu(@) < lAu(e) [+ Bv(D)]]

g%nc—g(o,cnung(zu I+ gy Z =P I v(s)l

(!

M,—(ﬁl—m
I'a)

F(1—pi+o)

LiT(1—py) (1) Bi=o)
r(1-pi+a)
=Lg|Ju(@)]|+ (14 L) [l + LiT(1 = B1), € Ny.

<

(L Lg) [lefl + Lg [l ()] +

< (L4 L) [lel + L fJu (1) [ +
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Then
(1+Lg) llell + LT (1 — By)

lu(®)]l <
1-1L,

,t €Ny

Thus u € S;.
Lastly, we prove that A is contraction. Let u,v € £, we have

[Au () = Av(0)|| = llg (t,u (1)) — & (£, v (1) < Lg [l —vlL. .

Then
Au— AV < L lu—v]...

which means that A is a contraction by (1.2).
According to Theorem 2.9, T has a fixed point in S| which is a solution of (1.1).
Hence the proof is complete. [l

THEOREM 3.2. (Global Existence) Assume that (1.2) holds and there exist con-
stants By € [a, 1) and Ly > 0 such that

1 u@)| < Lot~ ()], 1 € Ny, (3.6)

then the initial value problem (1.1) has at least one bounded solution in £~ provided
that

Le+LoT(1—By) < 1. 3.7)
Proof. Define
_ (1+Lg)e]
2= {us )] < T o et

Clearly S, is a nonempty, closed, bounded and convex subset of ¢=. First, we show
that B maps S into S, . Using Lemma 2.2, Theorem 2.4 and (3.6), we have

(1 Lg) [[cll 1 3 o1 -Py
1 —Ly—LI'(1— ) F(O‘) =1
1L, L2F( ) )
L0+l T0-B) g
T 1L LT(1-B)T(1-Ba+a)

L+l _T0-) 5
1 =Ly —LI(1—=B) T(1-B+a)

<L
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(L L) [Je][ LaT(1 = Bo)
1—Ly—LI(1—B)
(1+Lg) ]l
S 1—Ly— LI (1- )

, 1t €Ny,

implies BS, C Sy. The remaining proof of conditions (1) and (2) is similar to that
of Theorem 3.1 and we omit it. Now we prove condition (3) of Theorem 2.9. Let us
suppose, for a fixed v € Sp, u = Au+ Bv. Using Lemma 2.2, Theorem 2.4 and (3.6),
we have

[[u@) || < [|Au(e) [[+[| Bv(z)]]
([4—1)05 o1 1 ! o1
S To) (1+Lg)IICH+Lgllu(f)\\+ms=21(f—P(S)) H£Gsv()]
(1ot (1+L )IIC||L2F(1 —B)
~ L0+ {2 chr(u: e
Then
(14Lg) |||

t e Nj.

O < T

Thus u € S>. According to Theorem 2.9, T has a fixed point in S, which is a solution
of (1.1). Hence the proof is complete. [J

We use generalized Banach fixed point theorem (Theorem 2.10) to prove the
uniqueness of solutions of (1.1).

THEOREM 3.3. (Global Uniqueness) Assume that (1.2) holds and there exist con-
stants y € [0, 1) and M > 0 such that

Hf(t,u)—f(nv)HN<tij||u—v||w teva (38)

Sfor any pair of elements u and v in (. Then the initial value problem (1.1) has a
unique bounded solution in {~ provided that

p=Lg+MI(1—7y)<1. (3.9)

Proof. Let us define the iterates of operator T as follows
T' =T, T"=ToT" ', neN.

It is sufficient to prove that 7" is a contraction operator for sufficiently large n. Actu-

ally, we have
1T"u—T"|.. < p" lu—vl.., (3.10)
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where the constant p depends only on Ly, M and y. In fact, using Lemma 2.2, Theo-
rem 2.4 and (3.8), we get

ITu(e)~ To(o)|
<. i(z P )T T (ssu(s)) — Fls. () + lgle,(e)) — g(e,(0)]
<7a. i(r—p<s>>“—ls—_wu—v||m+Lg||u—vw
= M9 vt L=l = ot O vl Ly
< s (T vl Lyl

= (Le +MT(1=7)) u=v]e = pflu—vl...

implies
|[Tu—Tv|. <pllu—v|.. (3.11)

Therefore (3.10) is true for n = 1. Assuming (3.10) is valid for n, we obtain similarly

HTn-‘rl Tn+1 H

(1) —
=(ToT")u(t)—(ToT")v(1)|
S Ta) S (= p()* TN (s, T u(s)) — f(s,T"(s)) || + lg (e, T"u(s)) — (2, T"v(s)) |
3 (= p ()™ T — T+ L | T"u — TV,

<SMp"Vy 17 |lu—v|l., +p"Lglu—v]..

_ Mp"T(A —Y) <y, _ il
Mp"r(l _7/) —(y—o) n
P S A _ _

= [Lg+ MT(L=7)]p" u—vllo = p" " u— vl

Thus, by the principle of mathematical induction on #n, the statement (3.10) is true for
each n € N;j. Since p < 1, the geometric series Y, p” converges. Hence T has a

n=o

uniquely defined point #* in S; (or ). This completes the proof. [
EXAMPLE 3.4. Consider the scalar initial value problem

{ VO] lu(r) = (0:32)cos (1)sin (u(r))] = (0.19) P Feos (), r €Ny,

V=93u(t)|i—o = u(0) = c.
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Then
o =0.5, g(r,u) = (0.32)cos (r)sin (), f(t,u) = (0.15)t=075 cos ().
Doing straightforward computations, we obtain
y=0.75, g(t,0) =0, L, =0.32, M = 0.15, p = 0.864.

Thus, all the assumptions of Theorem 3.3 hold and hence the initial value problem
(3.12) has a unique solution in ¢*.

4. Dependence of solutions on initial conditions and parameters

The initial value problem (1.1) describes a model of a physical problem in which
often some parameters such as lengths, masses, temperature, etc. are involved. The
values of these parameters can be measured only up to a certain degree of accuracy.
Thus, in (1.1), the initial value c, the order of the difference operator and the function
f, may be subject to some errors either by necessity or for convenience. Hence, it is
important to know how the solution changes when these parameters are slightly altered.
We shall discuss this question quantitatively in the following theorems.

THEOREM 4.1. Assume that (1.2) holds and f satisfies (3.8). Suppose u and v
are the solutions of the initial value problems

VT lu(r) = g(t,u(r))] = f(t,u()),
(—a—e) 4.1
vV u(t)|i=o =u(0) =c, t € Ny,
Ve () = g(t,v(1)] = f(t,v()),
() 4.2)
V1 ()= =v(0) =c, t €Ny,
respectively, where € >0 and 0 < o < oo+ € < 1. Then
lu—v]l,=0(e), (4.3)
provided that (3.9) holds.
Proof. We have
+1 a+e—1 1 t e
=" 80,0 (1)) + iy D)™ suls), 1Mo

o) = L e 0.0+ 60,0(0) + s 0P () (5(5). 1 € Mo
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Consider
Ju(t) (o)
e 1t el + o) .00
- naﬂf>§¥rwwaHfV@m@»—féaégrwwaVGNQ»
< ‘F(Fa(‘fg) (4 0)F — 1‘ (t w;(l;‘;‘j (14 Lg) lell +Le Ju(t) —v(0)|
lef>iﬁ—pwﬂwgIV@MS»—ﬂ&WQH‘
+f%ﬁéw—P@WFV@W@)P—F&igU—S+mﬂ
\wrgfgrﬁﬁizf”—lfi;%1+anwm+AAwﬂ—wo

" ﬁé(’ —p() T f(s,u(s)) = £(s,v(5)]
1o — L) T(e+t—s+a)
+ g T~ PTG 1 - S TEHS R ey,
(4.4)
Since
1 [ Ia) T(eti+a) — 1} = C; (a constant independent of €)
e—o0e [T(t+o) Tle+a) - ’ ’
and

i ! INa) T(e+t—s+a)
einog[ " T(l—s+a) T(e+a)

] = (, (a constant independent of €),

we have

INa) T(e+t+a)
[F(t +a) TNe+a)

- 1} =0(e), 4.5)

1 INa) T(e+t—s+a)
R

1—s+a) T(e+a) } = 0(e). (4.6)
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Using (4.5) and (4.6) in (4.4), we get
[[u(z) =v()]

<O(e)o(1+Ly) el +Lg |l — V]| +M||u—v||w > - 5)) e lg7
[Na+e) 5

&Il 7 2 57

s:l

= 0(e)ar(1+Ly) ||ch+Lg||u—vHM+M||u—vuwva“"“)r%ow) 111, Vg7

r(1—y) =
=0(&)a (1 + L) |lell + Lg [l = V|| + M ||l — V]|, mt(}ﬂ v

0e) Il o Dy

C(l4+oa—7y)
<0(e)a(1+Lg)||cM+Lg||u—vM+M||u_v||w%(l)m
r(l-vy =T
0l g s (0

= 0(e)a (1+Ly) [|c[lo +Lg [lu—|[ +M [[u—v[|, T (1=7)+O0(€) | fll T (1—=7), t € Ny.
Then, we have the relation

o (1 + L) [[e]oo + [1f]loo T(L = 7)] o(
1—Ly—MT(1—7)

[l =] < £),

implies
lu—v|.,=0(). O

THEOREM 4.2. Assume that (1.2) holds and f satisfies (3.8). Suppose u and v
are the solutions of the initial value problems

VE fu(r) —g(t,u(r)] = f(t,u(t)),
“(1-a) 4.7)

Vi ut)i—o=u(0)=c, t € Ny,

Ve () =g (t,v(1)] = f(2,v(2)),
(1-0) (4.8)

Vi () —0 =v(0)=d, t €Ny,

respectively, where 0 < o0 < 1. Then

lu=vlle=0(llc—d|..), (4.9)

provided that (3.9) holds.

Proof. We have

) = 2 e 0.0 gl + s 30 pU6)T sl 1 € o

o) =

o
Il
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Vit) = %w—gm,dﬂm(m(r» jé(t—P(S))“f(s os)), 1 € N,
Consider
Ju(r) (o)
< Jle—d+g(0,¢) g0, d>||%+ I (e,u(r)) —g(e,v(0)
+ go P ()T (5,u(s)) — F5,0(5)
<L el B byl Ml s - p(6) T
) &

= a(l+Ly)lle—dllo+Lellu—=vl.+Mlu—v|.Vo“ ™7
-y &
=o(l+L —d Lo ||lu— M ||lu— — %7
(14 L) e ot Ly vl M = g T
I'(1— o=
L=9) (qyery
I'l+a-1y)
= o (1+Lg)[le —dll + Lg [l = vl + M [Ju = v]|.. T(1 =), 1 €Ny

o (1+Lg) lle—dlo+ Lg lu =]l +Mfu— vl

Then, we have the relation

o (l+Lyg)
1—Le—MT(1—7)

[l =]l < le —d|l...
implies
lu—=vll. = O(lc=d]l..). D

THEOREM 4.3. Let (1.2) holds for g and G with g(0,c) = G(0,c). Assume that
f and F are continuous and satisfy (3.8). Suppose u and v are the solutions of the
initial value problems

V& Tu(r) — g(r,u(r)))] = f(t,u(1)),
(-a) (4.10)

V(@) o =u(0) = ¢, t €Ny,

V& v(0) = Ge,v(0)] = F(1,v(1)),
(1-a) (4.11)

V1 ()= =v(0) =c, t €Ny,

respectively, where 0 < o0 < 1. Then

lu=vll. =O(f = Fll.+llg—GCll..) (4.12)

provided that (3.9) holds.
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Proof. We have

)= L e 0.0+ 1) + s 30 p6) S (sas). 1€ Mo
s=1
v(t) = % e — G(0,e)]+ G(t, (1)) + FLO‘) S (= ()T TE (5,9(s)), 1 € No.
s=1
Consider
Jut) = v(o)]
< gy 2PN IF5(5) — Fls () + () G105
- ﬁ;zla—p@»ﬁnﬂs,u( ) = £(5,9()) + F(5,(5)) — F(5,v(5)|
lg(e,u(t)) — 8(t,v(2)) + 802, v(0)) — Glt,v(1))|
< r%) 30T ls) £
LS e () F . v()) — Fs.v(5))| 4 L e — v+ lg — Gl
I'a)
s=1

1 d o—1 —v
< [MIIM—VIIMJFIIf—FHM]mE(I—P(S))“ sV Lyllu—v].+lg— Gll..
s=1
= Mlu=vllo+f = Fll] Vs + Lg lu = v]l. + s = Gll..

= vl 17 Pl s

I'(1—
<=+~ FL) s

=Mu—vlo+IIf = FIJTA =)+ Lg lu—vl. + [lg = Gll.., £ € Ny

T 4 L Ju—ll. + g — Gl

(5T + Ly fu—vll. +llg — Gl

Then, we have the relation

FrA—yf—Fllo+lg—Gll.
1—Ly—MT(1—y)

e =vll.. <

implies
lu=vle=0O(f =Flo+lg=Gll.). O

DEFINITION 4.4. A solution i € ¢ is said to be stable, if given € >0 and 75 >0,
there exists 6 = 6(¢,#y) such that |[u(r) — i(to)]]., < 0 = ||u— |, < € forall t > 1.

THEOREM 4.5. Assume that (1.2) holds and f satisfies (3.8). Then the solutions
of (1.1) are stable provided that (3.9) holds.
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Proof. The proof is a direct consequence of Theorem 2.9. [
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