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This paper is concerned with the following nonlinear difference equation x,.1 = Zi‘:l AgXp—s,/ (B+
C]_[;-;lx,,_tj) + Dx,, n = 0,1,..., where the initial data x_,,, x_j+1,...,X-1, xo € RY, m =
max{si,...,s;,t,...,tk}, s1,...,8,t1,...,t are nonnegative integers, and Ay, B, C, and D are
arbitrary positive real numbers. We give sufficient conditions under which the unique equilibrium
x = 0 of this equation is globally asymptotically stable, which extends and includes corresponding
results obtained in the work of Cinar (2004), Yang et al. (2005), and Berenhaut et al. (2007). In
addition, some numerical simulations are also shown to support our analytic results.

1. Introduction

Difference equations appear naturally as discrete analogues and in the numerical solutions of
differential and delay differential equations, and they have applications in biology, ecology,
physics, and so forth [1]. The study of properties of nonlinear difference equations has been
an area of intense interest in recent years. There has been a lot of work concerning the
globally asymptotic behavior of solutions of rational difference equations (e.g., see [2-5]).
In particular, Cinar [6] studied the properties of positive solution to

Xn-1

— =0,1,.... 1.1
1+ x,x,21 " (1.1)

Xp+1 =
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Yang et al. [7] investigated the qualitative behavior of the recursive sequence

axy-1 + bxn_z

Xn+1 =
" C+dx, 1Xn—2

, n=01,.... (1.2)

More recently, Berenhaut et al. [8] generalized the result reported in [7] to

_ Yn-k t Yn-m

= , n=0,1,.... 1.3
1 + Yn-kYn-m (1.3)

n

For more similar work, one can refer to [9-14] and references therein.
The main theorem in this paper is motivated by the above studies. The essential
problem we consider in this paper is the asymptotic behavior of the solutions for

l
Zi:l ASi Xn-s;

SRS Dy, n=0,1,., (1.4)
B+ C]_[]-zlxn_tl.

Xn+1 =

with initial data x_,,, X_su41, ..., x-1, %0 € R*,m = max{sy,...,s;,t1,...,tk},81,...,8,t1, ..., tk
are nonnegative integers, and A, B, C,and D are arbitrary positive real numbers. In addition,
some numerical simulations of the behavior are shown to illustrate our analytic results.

This paper proceeds as follows. In Section 2, we introduce some definitions and
preliminary results. The main results and their proofs are given in Section 3. Finally, some
numerical simulations are shown to support theoretical analysis.

2. Preliminaries and Notations

In this section, we prepare some materials used throughout this paper, namely, nota-
tions, the basic definitions, and preliminary results. We refer to the monographs of
Koci¢ and Ladas [2], and Kulenovi¢ and Ladas [3].

Let o and x be two nonnegative integers such that ¢ + x = n. We usually write a vector
x = (x1,%2,...,X,) with n components into x = ([x],, [x],.), where [x], denotes a vector with
o-components of x.

Lemma 2.1. Let I be some interval of real numbers and
JED A (2.1)

be a continuously differentiable function. Then, for every set of initial conditions X_i, X_g+1, ..., X0 €
I/

Xn+1 = f(xn/ Xn-1s+++, xn—k)/ n=0,1,... (22)

has a unique solution {x,} ;% .
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Definition 2.2. Function f : R™ — R is called mixed monotone in subset I of R™
if f([x],, [x],) is monotone nondecreasing in each component of [x], and is monotone
nonincreasing in every component of [x], for x € I".

Definition 2.3. If there exists a point x € I such that x = f(x,x,...,X,x), x is called an
equilibrium point of (2.2).

Definition 2.4. Let X be an equilibrium point of (2.2).

(1) The equilibrium x of (2.2) is (locally) stable if for every £ > 0, there exists 6 > 0
such that for any initial data (x_,, X_ps1,...,x-1,%0) € I mi1 satisfying max{|x_,, —
x|, [Xome1 = %], |x0 = X|} < 6, |xn — X| < € holds for all n > —m.

(2) The equilibrium x of (2.2) is a local attractor if there exists & > 0 such that
lim, , ,x, = X for any data (x_,, X_ps1,...,X%-1,%0) € Iml satisfying max{|x_,, —
x|, | X1 — X, ..., |x0 — X|} < 6.

(3) The equilibrium x of (2.2) is locally asymptotically stable if it is stable and is a local
attractor.

(4) The equilibrium x of (2.2) is a global attractor if for all x_;, X_y11,...,x-1,%0 € I,
lim,, -, X, = x holds.

(5) x is globally asymptotically stable if it is stable and is a global attractor.
(6) x is unstable if it is not locally stable.

Lemma 2.5. Assume that sq,s,...,sx € Rand k € N. Then,
[s1] + |sa| + - +[sk| <1 (2.3)
is a sufficient condition for the local stability of the difference equation

Xpik + S1Xpak1+ - +skx, =0, n=0,1,.... (2.4)

3. The Main Results and Their Proofs

In this section, we investigate the globally asymptotic stability of the equilibrium point of
(1.4).

It is obvious that x = 0 is a unique equilibrium point of (1.4) provided either 0 < D <
1,Y A, <B1-D)orD>1.

Let f : (R")™ — R* be a multivariate continuous function defined by

Zi’:l As, Xn—s,

- + Dx,,. (3.1)
B+ C]_[jzlxn,t/.

f(le—Slr coo s Xn—sps Xn—tyr -~ - r Xn—tyr xn) =
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Ifs1# - - #s1#t1 # -+ #t, we have

A,

— s 5#0,i=1,2,...,1,
B+ CTT\ Xy,

fxn,si (xn—sl/ coo s Xn—spr Xn—tyr -+« r Xn—tys xn) =

A,

— ¥ D, forsomes; =0,
B + anzlxn_tj

fxn,si (xn—sl/ coo s Xn—siy Xn—tis o r Xn—tys xn) =

CY Agxns &
fxn_tj (xn—s1 JERRY xnfsll Xn—tysee-s xn,tk, xn) = : e ) H xn—t,/
[B + Cleczlxn—tr] r=1,r#j (32)

t#0, j=12,...k

—CS . Agxys. k
izt AsiXn 512 1—[ Xpi + D,
[B 4 CIT | 79

fx,,_t]. (xn—s1 7y xn—sll Xn—tyseeer xn—tk/ xn) =

for some t; =0, je{l,2,...,k},

FruXn-sisvor Xnsyy Xntis- o s Xn-ti, Xn) = D, s, t;#0, i=1,2,...,1, j=1,2,...k

By constructing (1.4) and applying Lemma 2.5, we have the following affirmation.

Theorem 3.1. If s1# -~ #51#t # -+ #tx, and YL, A, < B(1 - D) with 0 < D < 1, then the
unique equilibrium point X = 0 of (1.4) is locally stable. If D > 1,x = 0 is unstable.

Proof. Considering the linearized equation of (1.4) with respect to equilibrium point x = 0,

1
1 As Zn_s,
zm1+Dzn+2£i7§3Li=o, for s;#20, i=1,2,...,1,
1
1 As. Znos,
Zn+1 + Dzy + % =0, forsomet;=0,je€{l1,2,...,k},
Zl A (3.3)
zm1+Dzn+—4ﬂ7§JEﬂ=o, fors;, t;#0,i=12,...,1, j=12,...k,
A le i A i Zn-s;
Zps1 + <D+ Bsp>zn + % =0, forsomes,=0, peil,?2,... I}
By Lemma 2.5, (1.4) is stable if the following inequality holds
1
- A
D+§ﬂ—i<L (3.4)

B

which implies our claim.
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When D > 1, note that the solution of (1.4) is x,, > 0, hence x,,1 > Dx, > x,, which
implies that {x,},-; is a dispersed sequence. O

Theorem 3.2. Let f : R™! — R defined by (2.2) be a continuous function satisfying the mixed
monotone property. If there exists two real numbers Q°, ©° satisfying

QY <min{x_,, X_ppat, - - ,X-1, X0} <max{X_m, Xoms1, .-, X-1,%0} < e, (3.5)
such that
@ < s(Jr) o)) <101, o)) <0 -
then there exists (Q,0) € [Q°,0°] satisfying
Q= f([Q], [Ol,), ©=f([O], [<],)- (3.7)

Moreover, if Q = ©, then (2.2) has a unique equilibrium point x € [Q°,0°], and every solution of
(2.2) converges to x.

Proof. Let QY and @° be a couple of initial iteration data, then we construct two sequences
(Q}, and {©7} 7, in the form

s for)). e=s(fer] fo]) o3

Note that mixed monotone property of f and initial assumption, the sequences {Q'};*; and
{©'}72, thus possess

QA<Ql<...<Q<O<...<0'<O, i=0,1,2,.... (3.9)

It guarantees one can choose a new sequence {x;}i°; satisfying Q' < x; < ©' forl > (m+1)i+1.
Denote

Q= l_lierLQi, o= ili_)rg@ﬂ (3.10)
then
Q< ili_)n;0 inf x; < illn; sup x; < O. (3.11)
By the continuity of f, we have
Q= f([Q],, [0y, ©=f([O],[R],) (3.12)

Moreover, if Q = ©, then Q = O = lim;_, ,,x; = X, and then the proof is complete. O
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Theorem 3.3. If 0 < D < 1,3, A,, < B*(1 - D)/((k + 1)C + B), and ti#0(j = 1,2,...,k),
then the unique equilibrium point x = 0 of (1.4) is global attractor for any initial conditions

(x,m, x,er], < X1y, xO) € (0/ 1)m+1~

Proof. For any nonnegative initial data x_;,i € {0,1,2,...,m}, it is obvious that the function
f(Xn—s1s+ s Xnesyy Xn-t,s - - - » Xnt, Xn) defined by (3.1) is nondecreasing in (x,—s,, ..., Xn-s, Xn)

and nonincreasing in (X,—¢,, ..., Xp—¢,)-
Let

0 0
Q" =0, ©" =max{x_,,...,x-1,x0},

by view of the assumption Zi’:l Ag, < B>(1-D)/((k +1)C + B), we have

I A P
< 5([][9]) - Ee s

! o0
<(], [o0]) - 205 e
< @0 Zi’:l ASi
= B

@[(k+1)C+B] 3\, A,
< 5

+DO°

+DO° < @,

From (1.4) and Theorem 3.2, there exists (Q,0) € [Q°,0°]” satisfying

! !
i-1 AgQ i1 Ag,©
— Zl—l 07 DQ, o= Zz_l i~ 1 DO.
B+ COk B+ CQk
Taking the difference
! !
i1 A, Q io1 As,
Q-0 2= A8 2 449 +D(Q-0),

B + COk B + CQk

we deduce that

(1-D)(Q-0)-

Zi’:l ASiQ(B + CQk) B Zgzl Asie(B + Cek) =0

(B + COK) (B + CQk)
which implies

Sic AsB+ C Sy As By g O

1-D)- (B + COK) (B + CQK)

where 3, QP01 = QF + Q1O + .- + QO + O,

(Q-0)=0,

7

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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By view of 0 < D < 1,25:1 A, < B*(1 - D)/((k + 1)C + B) and initial conditions

(X, X1, - - -, X1, %0) € (0, 1)m+1, therefore we have

Sict AsB+C iy Ag 3iqei YO _[B+Ck+1D)] 30y A

1-D) - >(1-D >0,
1-D) (B+COM) (B+ COF) (1-D) B
(3.19)
thus, we have
Q=0. (3.20)

By Theorem 3.2, then every solution of (1.4) converges to the unique equilibrium point x =
0. O

Theorem 3.4. If0 < D < 1,2521 As, <B*(1-D)/((k+1)C+B),s1% -+ #s1#t1 # -+ #tx, and
ti#0(j € {1,2,...,k}), then the unique equilibrium point x = 0 of (1.4) is globally asymptotically
stable for any initial conditions (X_mm, X_pms1, ..., X1, %0) € (0, 1)'”*1.

Proof. The result holds from Theorems 3.1 and 3.3. O

Theorem 3.5. [f0 <D <1, zﬁzl As; <B*(1-D)/((k+1)p*C + B),and t; #0(j € {1,2,...,k}),
then the unique equilibrium point x = 0 of (1.4) is global attractor for any initial conditions
(x—m/ Xemtls---r X1, xO) € (0/ ,u)m+1'

Proof. The proof of this Theorem is similar to that of Theorem 3.3. We omit the details. O

Theorem 3.6. If0 < D < 1,3 A;, < BX(1-D)/((k+1)U¥C+B),s1# --- #s51#t1 # -~ #ty, and
ti#0(j € {1,2,...,k}), then the unique equilibrium point x = 0 of (1.4) is globally asymptotically
stable for any initial conditions (X_mm, X_ms1, - - ., X1, %0) € (0, ‘u)"”l.

Proof. The result holds from Theorems 3.1 and 3.5. O

4. Numerical Simulation

In this section, we give some numerical simulations supporting our theoretical analysis via
the software package Matlab 7.1. As examples, we consider

0.05x,,—» +0.02x,,4 + 0.03x, . 1

~ 7 4.1
8+ xp_1X5-3 Zx" ( )

0.3xn,4 + O.ZXn,g 1
A o t5Xn
10 + 3x,1x,-2 2
Xn-4+ Xpn-3
8 + 3x,_1X5-2

Xn+l =

Xn+l = (42)

Xp+l = + 2x,,. (4.3)
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Let p = 4, it is obvious that (4.1) and (4.2) satisfy the conditions of Theorem 3.6 when
the initial datas (x_4,x_3,x2,x_1,%9) € (0,4)5. Equation (4.3) satisfies the conditions of
Theorem 3.1 for the initial data x_4, x_3, x>, x_1, x9 € R*.

By employing the software package Matlab 7.1, we can solve the numerical solutions
of (4.1), (4.2), and (4.3) which are shown, respectively, in Figures 1, 2, and 3. More precisely,
Figure 1 shows the asymptotic behavior of the solution to (4.1) with initial data x_4 =2, x_3 =
0.2, x» =1.1, x1 = 3.7, and x¢ = 0.5, Figure 2 shows the asymptotic behavior of the solution
to (4.2) with initial data x4 = 1, x.3 = 2.2, x, = 2, x_; = 2.7, and xp = 0.5, and Figure 3
shows the asymptotic behavior of the solution to (4.3) with initial data x_4 = 0.1, x_3 =
27, x, =11, x.1 =3.7,and xy = 0.5.
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5. Conclusions

This paper presents the use of a variational iteration method for systems of nonlinear
difference equations. This technique is a powerful tool for solving various difference
equations and can also be applied to other nonlinear differential equations in mathematical
physics. The numerical simulations show that this method is an effective and convenient
one. The variational iteration method provides an efficient method to handle the nonlinear
structure. Computations are performed using the software package Matlab 7.1.

We have dealt with the problem of global asymptotic stability analysis for a class of
nonlinear difference equation. The general sufficient conditions have been obtained to ensure
the existence, uniqueness, and global asymptotic stability of the equilibrium point for the
nonlinear difference equation. These criteria generalize and improve some known results.
In particular, some examples are given to show the effectiveness of the obtained results. In
addition, the sufficient conditions that we obtained are very simple, which provide flexibility
for the application and analysis of nonlinear difference equation.
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