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ON THE GLOBAL ATTRACTIVITY
AND THE PERIODIC CHARACTER
OF A RECURSIVE SEQUENCE

E.M. Elsayed

Abstract. In this paper we investigate the global convergence result, boundedness, and
periodicity of solutions of the recursive sequence

brn—1+ cTn—2
Tntl =aTp + ——, n=0,1,...,
dTn_1+ eTn_2
where the parameters a,b,c,d and e are positive real numbers and the initial conditions
r_2,x_1 and xo are positive real numbers.
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1. INTRODUCTION

Our goal in this paper is to investigate the global stability character and the period-
icity of solutions of the recursive sequence

brp_1 +cxn_2
b
Axn—1 +exTn_2

(1.1)

T+l = ATn +

where the parameters a, b, c,d and e are positive real numbers and the initial condi-
tions z_s,x_1 and x( are positive real numbers.

Recently there has been a lot of interest in studying the global attractivity, the
boundedness character and the periodicity nature of nonlinear difference equations
see for example [1-10].

The study of nonlinear rational difference equations of a higher order is quite
challenging and rewarding, and results about these equations offer prototypes towards
the development of the basic theory of the global behavior of nonlinear difference
equations of a high order, recently, many researchers have investigated the behavior
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of the solution of difference equations for example: Agarwal et al. [2]| investigated the
global stability, periodicity character and gave the solution of some special cases of

the difference equation

o ATn—1Tn—k
Tpy1 =0+ ——m.
b—cxp_s

In [6] Elabbasy et al. investigated the global stability character, boundedness and the
periodicity of solutions of the difference equation

oy + Brp_1 + YTn_2
Az, + Bz, 1+ Cxpo ’

Tn+1l =

Elabbasy et al. [7] investigated the global stability, periodicity character and gave
the solution of special case of the following recursive sequence

bx,
Tptl = ATy, — ———————.
CTy — dTp_1

Elabbasy et al. [8] investigated the global stability, boundedness, periodicity character
and gave the solution of some special cases of the difference equation

ALy
—_— .
B+v1limo Tn—i
Yalginkaya et al. [23] considered the dynamics of the difference equation

Tn+1l =

ATnp—k
—
b+ cxn

Also, Yalginkaya [26] dealed with the difference equation

Tn+1 =

Tn—m
Tn+1 = & + &
n

Zayed et al. [28] studied the behavior of the rational recursive sequence

axp + Prp_1 + YTn—2 + 0Tpn_3
Azp + Bry_1 + Cxpn + Dxyy_3 .

Tn41 =

For some related work see [11-27].

2. SOME PRELIMINARY RESULTS

Here, we recall some basic definitions and some theorems that we need in the sequel.
Let I be some interval of real numbers and let

JIRD Lam gy 5
be a continuously differentiable function. Then for every set of initial conditions
Ty T—ft1,--.,20 € I, the difference equation
Tn+1 =F(xn,xn_1,...,xn_k), n:O,l,..., (2.1)

has a unique solution {x,}5° .
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Definition 2.1 (Equilibrium Point). A point T € I is called an equilibrium point of
Eq. (2.1) if

zZ=F(T,T,...,T).

That is, 2, = T for n > 0, is a solution of Eq. (2.1), or equivalently, T is a fixed
point of F'.

Definition 2.2 (Periodicity). A sequence {x,}5° _, is said to be periodic with period
pif xpip =z, foralln> —k.

Definition 2.3 (Stability). (i) The equilibrium point T of Eq. (2.1) is locally stable
if for every € > 0, there exists § > 0 such that for all z_g, x_g41,...,2-1, 20 € [
with

|e—p —F| + |x—py1 —T| + ...+ |z0 — T| <,
we have
|z, —ZT| <€ forall n>—k.
(ii) The equilibrium point T of Eq. (2.1) is locally asymptotically stable if =T is

a locally stable solution of Eq. (2.1) and there exists v > 0, such that for all
T_kyT—fgly---, L1, Tg € I with

|2k —F| + |T—py1 — T+ ... + |20 —F| < 7,

we have
lim =z, =7.

n—oo

(iii) The equilibrium point T of Eq. (2.1) is a global attractor if for all
Tk, Tektl,---,T—1, o € I, we have

lim =z, =7.
n—oo

(iv) The equilibrium point T of Eq. (2.1) is globally asymptotically stable if T is
locally stable, and T is also a global attractor of Eq. (2.1).
(v) The equilibrium point T of Eq. (2.1) is unstable if Z is not locally stable.

The linearized equation of Eq. (2.1) about the equilibrium 7 is the linear difference

equation
k

OF(Z,T,...,T)
Yn+1 ; Oz Y (2.2)
Theorem 2.4 ([16]). Assume that p,q € R and k € {0,1,2,...}. Then
lpl +lq| <1,

s a sufficient condition for the asymptotic stability of the difference equation

Tnt+1 +PTn +qTn—k =0, n=0,1,....
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Remark 2.5. Theorem 2.4 can be easily extended to general linear equations of the
form

Tntk + P1Tntk—1+ .-+ pTn =0, n=0,1,..., (2.3)

where p1,pa,...,pr € R and k € {1,2,...}. Then Eq. (2.3) is asymptotically stable
provided that

k
leil <L
i=1

Consider the following equation

Tp+1 = Q(In; Tn—1, xn—2)- (24)
The following two theorems will be useful for the proof of our results in this paper.

Theorem 2.6 ([17]). Let [a, 8] be an interval of real numbers and assume that

g [, ) — o, 5],
18 a continuous function satisfying the following properties:

(a) g(z,y,2) is a non-decreasing in x and y in [o, ] for each z € [a, ], and is
non-increasing in z € [, 8] for each x and y in [«, B];
(b) if (m, M) € [o, 8] X [, 5] is a solution of the system

M=g(M,M,m) and m=g(m,m,M),

then
m = M.

Then Eq. (2.4) has a unique equilibrium T € [«, 5] and every solution of Eq. (2.4)
converges to T.

Theorem 2.7 ([17]). Let [, 8] be an interval of real numbers and assume that
g9: [, 8P — o, 8],
18 a continuous function satisfying the following properties:

(a) g(z,y,2) is non-decreasing in x and z in [a, ] for each y € [o, 0], and is
non-increasing in y € [a, 8] for each x and z in |« B];
(b) if (m, M) € [o, 8] X [, 5] is a solution of the system

M =g(M,;m,M) and m=g(m,M,m),

then
m = M.
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Then Eq. (2.4) has a unique equilibrium T € [«, 5] and every solution of Eq. (2.4)
converges to .

The paper proceeds as follows. In Section 3 we show that when 2 |(be — dc)| <
(d+e)(b+c), then the equilibrium point of Eq. (1.1) is locally asymptotically stable.
In Section 4 we prove that the solution is bounded when a < 1 and the solution of
Eq. (1.1) is unbounded if a > 1. In Section 5 we prove that there exists a period two
solution of Eq. (1.1). In Section 6 we prove that the equilibrium point of Eq. (1.1)
is global attractor. Finally, we give numerical examples of some special cases of Eq.
(1.1) and then draw it by using Matlab.

3. LOCAL STABILITY OF THE EQUILIBRIUM POINT OF EQ. (1.1)

This section deals with the local stability character of the equilibrium point of Eq.

(1.1)

Eq. (1.1) has equilibrium point and is given by

b
T —ap 4 otC
d+e

If a < 1, then the only positive equilibrium point of Eq. (1.1) is given by

b+c
(1—a)d+e)

T =

Let f:(0,00)> — (0, 00) be a continuous function defined by

bv + cw

flu,v,w) = au+ p—

(3.1)

Therefore it follows that

of (u,v,w) u
du ’
Of (u,v,w)  (be —de)w
v ~ (dv + ew)?’
of(u,v,w)  (dc—be)u
Ow ~ (dv +ew)?’
Then we see that
af(ygux,x) 0=,
ofx,z,z) (be—dc) (be—dc)(1—a)
v (d+e)?m (d+e)b+o) a“
of@,z,z) (dc—be) (dc—be)(1—a)
ow  d+e)2m  (dte)bto) ao-
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Then the linearized equation of Eq. (1.1) about T is
Ynt1 + G2¥n + a1Yn—1 + aoYn—2 = 0, (3:2)
whose characteristic equation is
M 4 aa\? + a1\ +ag = 0. (3.3)
Theorem 3.1. Assume that
2|(be —dc)| < (d+e)(b+ c).

Then the positive equilibrium point of Eq. (1.1) is locally asymptotically stable.

Proof. 1t follows by Theorem 2.4 that, Eq. (3.2) is asymptotically stable if all roots
of Eq. (3.3) lie in the open disc |A| < 1 that is if

laz| + |a1| + |ao| < 1,

(be — dc)(1 — a)

|a|+‘ (dec —be)(1 —a) -
(d+e)b+c) (d+e)b+c) ’
and so 0 \( )
e —dc)(l—a

_ 1-— 1

e RUSCRES
or

2 be — de| < (d+e)(b+ c).

The proof is complete. O

4. BOUNDEDNESS OF SOLUTIONS OF EQ. (1.1)

Here we study the boundedness nature of the solutions of Eq. (1.1).
Theorem 4.1. FEvery solution of Eq. (1.1) is bounded if a < 1.
Proof. Let {x,}52 _, be a solution of Eq. (1.1). It follows from Eq. (1.1) that

bxyp—1 + cxn_2 by, 1 CTn—2
Tpt41 = ALy + ————————— = ATy + .
drn_1+ern_2 drpn_1+exn_—o drn_1+exn_2

Then
brp—1  cxn_2

b ¢
Tpt1 < ATy + =azr, +—-+—- forall n>1.
Tp—1  €Xp—_2 d e

By using a comparison, we can write the right hand side as follows

b ¢
yn+1:ayn+_+_a
d e
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then
Yn = a"yo + constant,

and this equation is locally asymptotically stable because a < 1, and converges to the

equilibrium point § = diﬁfﬁ‘i).
Therefore
li < be + cd
im supx _— .
nﬂoop "= de(1 —a)
Thus the solution is bounded. .

Theorem 4.2. FEvery solution of Eq. (1.1) is unbounded if a > 1.
Proof. Let {x,}52 _, be a solution of Eq. (1.1). Then from Eq. (1.1) we see that

brp—_1 + cTp_2

> axr forall n>1.
dTp_1 + €Tn_o " -

Tpt1 = ATy +

We see that the right hand side can be written as follows

Ynil = QYn = Yo = a"Yo,

and this equation is unstable because ¢ > 1, and lim y,, = co. Then by using the
n—oo

ratio test {x,,}22 5 is unbounded from above. O

5. EXISTENCE OF PERIODIC SOLUTIONS

In this section we study the existence of periodic solutions of Eq. (1.1). The following
theorem states the necessary and sufficient conditions that this equation has periodic
solutions of prime period two.

Theorem 5.1. Eq. (1.1) has positive prime period two solutions if and only if
(@) (b—c)(d—e)(1+a)+4(bae+cd) >0, d>e, b>c
Proof. First suppose that there exists a prime period two solution

"7p)q7p)q7"'7

of Eq. (1.1). We will prove that Condition (i) holds.
We see from Eq. (1.1) that

D= ag+ bp + cq
dp +eq’
and ,
+c
q=ap+ q P

dq+ep
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Then
dp® + epq = adpq + aeq® + bp + cq, (5.1)

and
dq* + epq = adpq + aep® + bq + cp. (5.2)

Subtracting (5.1) from (5.2) gives
d(p* — ¢*) = —ae(p® = ¢*) + (b= )(p — q).

Since p # q, it follows that

p+q= (b=c) (5.3)
Again, adding (5.1) and (5.2) yields
d(p? + ¢*) + 2epq = 2adpq + ae(p® + ¢*) + (b +¢)(p + q),
(d—ae)(p* +¢*) +2(e — ad)pg = (b+ c)(p + q)- (54)
It follows by (5.3), (5.4) and the relation
P’ +a®=(p+q)?*—2pq foral pgeR,
that

2(bae 4 cd)(b — ¢) .

2(e —d)(1 + a)pg = @7 ac)?

Thus
(bae + cd)(b — ¢)

d+ae)2(e—d)(1+a)

Now it is clear from Eq. (5.3) and Eq. (5.5) that p and ¢ are the two distinct roots
of the quadratic equation

v ((Ezb+ :e))) ” ((d inZ)j(Zd—)(Z)aci a)) =0

(d+ae)t? — (b— )t + <(d f‘;ee;ec‘i)(db)(l f: a)) —0, (5.6)

Pe=q (5.5)

and so
4(bae + cd)(b — ¢)

(e—d)(1+4a)

[b—¢” - >0,

or o 4(bae + cd)(b — ¢)
(d—e)(1+a)

(b—rc)(d—e)(1+a)+ 4(bae + cd) > 0.

[b— > 0.

Therefore inequalities (i) holds.
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Second suppose that inequalities (i) are true. We will show that Eq. (1.1) has a
prime period two solution.
Assume that

_b—c+(
b= 2(d + ae)’
and
_b—c—(
= 2(d + ae)’

where ( = \/[5—0]2 _ %.

We see from inequalities (i) that
(b—c)(d—e)(1+a)+4(bae+cd) >0, b>c, d>e,

which is equivalent to

4(bae + cd)(b — ¢)

(b—c)*> c—d)1+a)

Therefore p and ¢ are distinct real numbers.
Set

T_g=¢q, 21 =pandzy =gq.
‘We wish to show that
r1=x_1=p and a9 =29 =4gq.

It follows from Eq. (1.1) that

b—c+( b—c—(
bp + cq <bc<) b(2(d+ae))+c(2( +ae))
r1 = aq+ =

=a .
d 2(d b—c+ b—c—
b+ eq (@+ae)) q(224) +e (4555)

Dividing the denominator and numerator by 2(d + ae) gives

. ab—ac—aC+ bb—c+{)+clb—c—()
'T T 2(d+ae) d(b—ct)telb—c—0)
ab — ac — al (b—c)[(b+c)+(]

2(d + ae) (d+e)b—c)+(d—e)’
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Multiplying the denominator and numerator of the right side by (d+¢)(b—c)—(d—e)¢
gives
L_dac—al  (p-g[b+d+dldrab-o-(@d-a] _
= {dtae) T [[d+)b-0+ [@d-e)d[[d+)b—c) - ([d-e)
_ab—ac—a(
2(d + ae)
(b—c){(d+e) (1? =) +C[(d+e)(b—c) = (d—e)(b+ )] — (d—e)¢?}

* (T o2l —c) —(d—e2? =

~ab—ac—a(
2(d + ae)

+(bfc) {(d+e) (b2 — ) +2C(eb — cd) — (d — e) ([bfc]Q - %)} )

(d+e)2(b— ) — (d —e)? ([p— o — Lacredi-o))

ab—ac —aC
2(d + ae)

(bfc){(dJre) (b2 — ) +2C(eb — cd) — (d — €) (bfc)Q—M}
+

(ta)

2 4(bae+cd)(b—c)
(d+ef*(b—c)® = (d—e)* ([b —d" - W)
wb—ac—ac b= {20—0) [de+eb— 2] o¢(eh — ca)}

2(d + ae) 46— c) [ed(b - c) + (=Pfhacted]

Multiplying the denominator and numerator of the right side by (1 + a) we obtain
ab—ac—al (b—c)[(dc+eb)(1+ a)— 2(bae + cd)] + ¢(1 + a)(eb — cd)

{El: + =

2(d + ae) 2[ed(b— c¢)(1 +a) + (e — d)(bae + cd)]
~ab—ac—aC  (b—c)(eb—dc)(1 —a)+(¢(1+a)(eb—cd)

2(d + ae) 2led(b—c)(1+a)+ (e — d)(bae + cd))
_ab—ac—a( (ebfdc){(bfc)(lfa)JrC(lJra)}:

2(d + ae) 2(eb — cd)(d + ae)
_ab—ac—a( (b—c)(l—a)—i—C(l—i—a):

2(d + ae) 2(d + ae)
~ab—ac—aC+(b—-c)(l—a)+C¢(1+a) b—c+(
B 2(d + ae) -~ 2(d+ae)

Similarly as before one can easily show that
T2 = (.
Then it follows by induction that

Top =¢q and o1 =p forall n>-1.
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Thus Eq. (1.1) has the prime period two solution

"7p7q7p)q7"'7

where p and ¢ are the distinct roots of the quadratic equation (5.6) and the proof is
complete. 0

6. GLOBAL ATTRACTIVITY OF THE EQUILIBRIUM POINT OF EQ. (1.1)

In this section we investigate the global asymptotic stability of Eq. (1.1).

Lemma 6.1. For any values of the quotient % and £, the function f(u,v,w) defined
by Eq. (3.1) has the monotonicity behavior in its two arguments.

Proof. The proof follows by some computations and it will be omitted. O

Theorem 6.2. The equilibrium point T is a global attractor of Eq. (1.1) if one of the
following statements holds:

(1) be>dc and c>b, (6.1)

(2) be<dc and ¢ <b. (6.2)

Proof. Let o and (3 be real numbers and assume that g : [o, ]> — [«, (] is a function
defined by

B bv + cw
g(u,v,w) = au+ Do+ ow
Then

Ag(u, v, w)

ou -
dg(u,v,w)  (be — dc)

v ~ (dv + ew)
dg(u,v,w)  (dc—be)u

ow ~ (dv +ew)?’

We consider two cases:
Case 1. Assume that (6.1) is true, then we can easily see that the function g(u, v, w)
is increasing in u, v and decreasing in w.

Suppose that (m, M) is a solution of the system M = g(M,M,m) and m =
g(m,m, M). Then from Eq. (1.1), we see that

bM + cm bm +cM
M: M _— = e —
“ +dM+em’ m am+dm+eM’
or
bM + cem _bercM

Aﬂl_a):dMJrem7 m(l_a)_dereM’
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then
d(1 —a)M? +e(1 —a)Mm =bM +cm, d(1 —a)m? +e(1 —a)Mm = bm + cM.
Subtracting this two equations we obtain
(M —m){d(1 —a)(M +m)+ (c—b)} =0,
under the conditions ¢ > b, a < 1, we see that
M =m.

It follows by Theorem 2.6 that T is a global attractor of Eq. (1.1) and then the proof

is complete.

Case 2. Assume that (6.2) is true, let o and 8 be real numbers and assume that

g: la, B> — [a, ] is a function defined by g(u,v,w) = au + ZZT_EZ“}, then we can

easily see that the function g(u, v, w) is increasing in u,w and decreasing in v.
Suppose that (m, M) is a solution of the system M = g(M,m,M) and m =

g(m, M,m). Then from Eq. (1.1), we see that

bm + cM bM + em
M=aM 22T oor + em
“ +dm+eM’ mn aerdM—i—em’

o b + cM M +
m + c cm
M(1—q) = T2 l—q)=222Tm
(1-a) dm +eM’ m( ) dM +em’

then

d(1—a)Mm+e(1 —a)M? =bm+cM, d(1 —a)mM +e(1 —a)m* = bM + cm.
Subtracting we obtain
(M —m){e(l—a)(M+m)+(b—c)} =0,
under the conditions b > ¢, a < 1, we see that
M =m.

It follows by Theorem 2.7 that T is a global attractor of Eq. (1.1) and then the proof
is complete. O

7. NUMERICAL EXAMPLES

To confirm the results of this paper, we consider numerical examples which represent
different types of solutions to Eq. (1.1).

Example 7.1. We assume z_5=1,2_1=3,20=5,a=0.5,b=0.1,¢c=3,d =2,
e = 1. See Figure 1.
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plot of x(n+1)= ax(n)+(bx(n-1)+cx(n-2))/(dx(n-1)+ex(n-2)) o . plutlnf x(n+1)= alx(n)*(bx{nfll)mxmfz))/(?xmfl)*ex(nlfz)) .

a5} af
o as
ast b
g st € 2sp
25f r
b 15f
15f T

1 0% s 10 s 2 % % 3 40

Fig. 1

Fig. 2

Example 7.2. See Figure 2, since z_3 =2, z_1=0.5,290=4,a=0.8,b=8, c= 2,

d=17,e=05.

Example 7.3. We consider z_5 = 12,

d=0.3, e =0.4. See Figure 3.

Example 7.4. See Figure 4, since x_o

x_1=05,20=14,a=1,b= 1.5 ¢ = 0.6,

=6,z1=11,20=4,a=2,b="7,¢c=1,

d=5,e=2.
plot of x(n+1)= ax(n)+(bx(n-1)+cx(n-2))/(dx(n-1)+ex(n-2)) 2 10° plot of x(n+1)= ax(n)+{bx(n-1)+cx(n-2))/(dx(n-1)+ex(n-2))
60} 1 5r
sof i st
a0 E af
= G
30f E 3
20F E 2}
10F 4 1
0 2 4 6 8 10 12 14 16 18 20 0 4 6 8 10
n
Fig. 3 Fig. 4

Example 7.5. Figure 5 shows the solutions when a =2,0=7,¢c¢=1,d=5, e = 2,

T-2=¢,T-1 =D, To=4(.

Since p,q =

bfc:i:\/

[b—c]?— 4(baetcd)(b—c)

(e—d)(1+a)

2(d+ae)
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plot of x(+1)= ax(n)+(bx(n-1)+ex(n-2))/(dx(n-1y+ex(n-2))

X(n)
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