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Our aim is to investigate the global behavior of the following fourth-order rational difference
equation: Xu41 = (XpXp2Xp3 + Xy + Xpp + Xp3 + )/ (XnXn—2 + XpXn_3 + Xp2Xy3 + 1 + a),
n = 0,1,2,... where a € [0,00) and the initial values x_3, x5, x_1,x9 € (0,00). To verify that
the positive equilibrium point of the equation is globally asymptotically stable, we used the
rule of the successive lengths of positive and negative semicycles of nontrivial solutions of the
aforementioned equation.
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1. Introduction

There has been a great interest in studying global behaviors of rational difference equations.
One can easily see that it is hard to understand thoroughly the global behaviors of solutions
of rational difference equations although they have simple forms. And there has not been
any general method to identify the global behaviors of rational difference equations of order
greater than one and so far [1-3].

Let us consider the following fourth-order difference equation:

XnXp2Xp3+ Xy +Xy02+Xy3+a

Xpi1 = , n=0,12,..., (1.1)

XpXpo + XpXp_3 + XpoXn3+1+a

where a € [0, o0) and the initial values x_3, x_, x_1, x¢ € (0, 00) in this paper. By determining
the rule for the positive and negative semicycles, we assigned the global behavior of the
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positive equilibrium point. The unique positive equilibrium point X of (1.1) is obtained x =1
by solving

—3 —
FoLroxra (12)
3x“+1+a

Definition 1.1. A solution {x,},._5 of (1.1) is said to be eventually trivial if x, is eventually
equal to X = 1; otherwise, the solution is said to be nontrivial [4-6].

Definition 1.2. A solution {x,};._5 of (1.1) is said to be eventually positive if x, is eventually
greater than x = 1.

A solution {x, },-_5 of (1.1) is said to be eventually negative if x, is eventually less than
x=1[1,2, 4-6].
Definition 1.3. A positive semicycle of a solution {x, };._5 of (1.1) consists of a “string” of terms
{x1,x141, ..., %}, all greater than or equal to the equilibrium point x, with [ > -3 and m < oo
such that

either [=-3 or [>-3, xi1 <X,

(1.3)
either m =00 or m < oo, Xy < X.

A negative semicycle of a solution {x,},._ 5 of (1.1) consists of a “string” of terms
{x1, %141, ..., %}, all greater than or equal to the equilibrium point x, with [ > -3 and m < oo
such that

either I=-3 or [>-3, x_1>X,

(1.4)
either m=c0 or m< oo, Xy > X.

And also the lengths of a semicycle is (m — I + 1), the number of the terms contained in it. And
we denote that the lengths of a positive semicycle are by (m — 1 + 1)* and the lengths of a
negative semicycle are by (m —1+1)" [1,2,4-6].

Definition 1.4. A solution {x,},. 5 of (1.1) is called nonoscillatory about X, or simply

nonoscillatory, if there exists N > -3 such that either

Xp2X, Vn>N (1.5)
or

x,<x, Vn>N. (1.6)
Otherwise, the solution {x,},-_ is called oscillatory about X, or simply oscillatory [1, 2].
Lemma 1.5. A positive solution {x,};._5 of (1.1) is eventually trivial if and only if

(x5 =1)(x2 = 1)(x1 = 1)(x0 - 1) =0. (1.7)
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Proof. To prove the lemma, first we assume that (x_3 — 1) (x_ —1)(x_; = 1)(xp — 1) #0 and then
we must show that x, #1 forany n > 1.
Assume that for some N > 1, x5 = 1 and that x, #1 for -3 <n < N - 1. So

XN-1XN-3XN-4 + XN-1 + XN-3 T XN-4 + A
xN = =1, (1.8)
XN-1XN-3 + XN-1XN-4 + XN-3XN-4 + 1+ a

and we obtain (xy-4 — 1)(xNn-—3 — 1)(xn-1 — 1) = 0; hence xny_4 =1, xny-3 =1, xn-1 = 1, when
we solve the equation above. It is easy to see that xy_4 = 1, xny-3 = 1, or xn_1 = 1 contradicts
with x, #1for-3<n< N -1.

If (1.7) holds, it is clear that the following conclusions hold:

(i)ifxs=1x,=1forn>1,
(ii)ifxp,=1x,=1forn>1,
(iii) if x.1 =1, x, =1forn > 2,

(iv)ifxg=1,x, =1forn>1.

It is obvious that if the initial conditions do not satisfy (1.7), then the positive solution

{xn}me_s of (1.1) is eventually nontrivial. O

Lemma 1.6. If {x,},._3 is a nontrivial positive solution of (1.1), then the following conclusions are
satisfied:
(1) (w1 =D =D (K2 =1 (xn3-1) >0,
(i) (Xn11 = Xn) (20 = 1) <0,
(i) (Xps1 = Xn—2)(xp2 = 1) <0,
(iv) (xn+1 = xn-3) (xn-3 — 1) <0.
Proof. (i) The proof of the inequality (i) is obtained by subtracting 1 from (1.1)

1 XnXn-2Xp-3+Xy+Xpo2+Xy3+a
Xp+1 — L1 = -
" XpXpo + XpXpn3+XpoXp3+1+a
_ (xn = 1) (xp2 = 1)(x43 - 1)
XpXpno + XpXp_3 + XpoXnaz+1+a

(1.9)

The dominator of this fraction is positive so (x,41 — 1) (2, — 1) (-2 — 1) (%3 — 1) > 0 also.
(ii) If we subtract x, from (1.1), we obtain

XnXp2Xp3+Xy+Xy02+Xy3+ta
Xn+l — X = —Xn
XnXp2 + XpXn3+XpoXpns3+1l+a

(1.10)
B (xn = D[xp—a(xn +1) + xp-3(xp + 1) + a]

XpXp-o + XpXpn3 +XpoXnsz+1l+a
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The expression [x,2(x, +1) +x,3(x, + 1) + a] / (xuXp-2 + XpXy_3 + Xp-2Xn—3 + 1 + a) is positive,
and so we get

(xn+1 = xn) (xn — 1) <0. (1.11)

The proofs for inequalities (iii) and (iv) are similar to the one for (ii). O

2. Main Results and Their Proofs

The trajectory of (1.1) and global asymptotic stability of the positive solution are considered
in this part of the paper.

Theorem 2.1. Let {x,},._5 be a strictly oscillatory solution of (1.1). Then the positive and negative

semicycles of (1.1) are ...,3%,37,3%,37,3%,37,3*,37,... or ...,2%,17,2%,17,2%,17,2*,17,... or
20, 14,27,1%,27,1%, 20,1, oL 1,10, 1, 10,110,141,

Proof. Assume that {x,},._5 is a strictly oscillatory solution of (1.1), then the initial values
must satisfy one of the following four cases:

(i) xp3>1,xp0<1,xp1>1,x,>1,
(ii

(ii

)xp3>1,xp0<1,x51>1,x,<1,
)xp3>1,xp0<1,xp1<1,x,>1,
(iv) xp3>1,xp2<1,xp1 <1, x, <1

If (i) occurs, it follows from Lemma 1.6(i) that

Xp3>1, xp2<1, xp0>1, x>1, xpu1 <1, xp2>1, xp3>1,
xp+4 < 1/ xp+5 > 1/ xp+6 > ]-/ xp+7 < 1/ xp+8 > 1/ xp+9 > 1/ (2 1)
Xpr0<1, xpm1>1, xp12>1, xp3 <1, xpa>1,  xpas>1,

Xpr6e <1, xpr17>1,  Xprs>1, Xpro <1, Xpi2o>1, xpe21>1,....

It means that the rule for the lengths of positive and negative semicycles of the solution of
(1.1) occurs successively as ...,2*,17,2%,17,2%,17,2%,17,....
If (ii) happens, the positive and negative semicycles are

Xp3>1, xp2<1, x0>1, x,<1, x01>1, xp00<1, Xp3>1, xpa <1,
Xpis > 1, xpe <1, xp7>1, xps<1, xp9o>1, xp0<1, xp11>1,
Xpr2 <1, xpu3>1, xpaa <1, xpas>1, xpu16 <1, xpi17>1,

Xpr1s <1, Xpy19>1,  xp0<1l, xp1>1, xpm <1, xp3>1,....
(2.2)

The regulation for the lengths of positive and negative semicycles which occur successively
is...,1%,17,1%,17,1%,17,1%,17,....
The other cases can be shown similarly. O
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Theorem 2.2. The positive equilibrium point of (1.1) is globally asymptotically stable.

Proof. Let us show that the positive equilibrium point x = 1 of (1.1) is locally asymptotically
stable and also globally attractive, then it is globally asymptotically stable. The linearized
equation of (1.1) about the positive equilibrium x = 1 is

Ynil = GoYn + Q1Yn-1 + Q2Yn—2 + G3Yn-3, (2.3)

where g; = (0F/0u;) (x,x,%,x) and F(uo, u1, up, uz) = (UgUpus + o + Uz +uz + a) / (uyt + uouz +
uus + 1+ a).
And we obtain

Ynil = GoYn + QiYn-1 + @Yn2+qGYn3=0-Yn +0- ¥ 1 +0-yp2+0-y,3=0, (2.4)

thereby x = 1 is locally asymptotically stable.
Now we must show that lim,, _, ,,x, = X = 1. The proof is as follows.

(1) If initial values of (1.1) satisfy (1.7), then x, = 1 according to Lemma 1.5, so
lim, L ox, =x=1.

(2) If the initial values of (1.1) do not satisfy (1.7), then for any solution of (1.1), x, #1
forn > -3.

(i) If the solution is nonoscillatory about the positive equilibrium point of (1.1),
then {x,} is monotonic and bounded because of Lemma 1.6. So, the limit

lim x, =L (2.5)

n—oo

exists and is finite. If we take limits on both sides of (1.1), then we obtain
L= (L*+3L+a)/(3L%+1+a) and thereby L = 1. So lim,, _, .0, = L = 1.

(ii) If the solution is strictly oscillatory, then trajectory structure of non-
trivial ~ solutions of (1.1) s ...,3%,3°,3%,3,3%,37,3*,37,... or
.,2517,24,17,25,17,24,17,...  or ...,2°,1%,2°,1*,27,1%,2°,1*,... or
s, 117,101,111, 1,1,

First, we investigate the case where the rule of the trajectory structure is
...,3%,37,3%,37,3%,37,3%,37,...ina period. We denote positive semicycles by {x,, x,:1, Xps2 |

and negative semicycles by {x,.3,Xp14,Xps5} . The rule for the positive and negative
semicycles can be “periodically” expressed as follows:

+ _
{xp+6n/ Xp+6n+1s xp+6n+2} ’ {xp+6n+3/ Xp+6n+ds Xp+6n+5 } , n=0,1,.... (26)

By using Lemma 1.6 we obtain

(1) Xp+6n+2 < Xp+6n+1 < Xp+6ns Xp+6n+3 < Xp+6n+4 < Xp+6n+5,

(ii) Xp+6n+6 < Xp+6n+2; Xp+6n+9 > Xp+6n+5-
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This relations give rise to

Xp+6n+6 < Xp+6n+2 < Xp+6n+1 < Xp+6n, Xp+6n+3 < Xp+on+d < Xp+6n+t5 < Xp+6n+9- (2.7)
It is easy to see that {xp.6n} ., is decreasing with its lower bound 1 because of the inequality
Xprent6 < Xpren+2 < Xpren+1 < Xpren- Hence the limit exists and is finite. The limit is then

lim x,.6, = lim Xpyen41 = lim Xpi6n40 = L. (2.8)
n—oo n—oo n—oo

Similarly {x,.6n+3 }:io is increasing and its upper bound 1 because of the inequality xp6n+3 <
Xprbnis < Xprens5 < Xpiens9- S0, the limit lim,, , o Xpi6n+3 = M exists and is finite. And we derive
1imn—>ooxp+6n+4 = lim,, _, o Xp+6n+s = M.

Now, we must show that L = M = 1. To do this, let us take

Xp+6n+5Xp+6n+3Xp+6n+2 + Xpironts5 + Xp+6n+3 + Xpieni2 + A

x = , 2.9
prénts Xp+6n+5Xp+6n+3 T Xpr6n+5Xpron+2 T Xp+ont3Xpren+2 + 1+a @9)

and taking the limit on both sides of the above equality, we obtain

M-M-L+M+M+L+a
L= . 2.1
M-M+M-L+M-L+1+a (2.10)
By solving this equation we have

(L-1)[2M(L+1)+a] =0, (2.11)

and then L = 1. Similarly to obtain M by using 1 < xp46n42 < Xp46ns1 We are taking

Xp+6n+4Xp+on+2Xprén+tl T Xpron+d + Xpron+2 + Xprent1 + 4

Xp+6n+5 = . (2.12)
Xp+on+aXpren+2 t Xpron+aXpront1 T Xprent2Xpron+1 + 1+a
And taking the limit on both sides of the above equality we get
M-L-L+M+L+L
M +M+L+L+a (2.13)

"M L+M-L+L-L+l+a

By solving this equation we have (M —1)[2L(M + 1) + a] = 0 and M = 1. Hence, we derive
L=M-=1,s0

lim x, = 1. (2.14)

n—oo

It can be shown that lim, _, ,x, = 1 for the other rules of the trajectory structures with the
same manner. Therefore, the positive equilibrium point is globally asymptotically stable. [
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