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The rule of trajectory structure for fourth-order nonlinear difference equation x,.1 = (x_, +
Xp-3)/ (Xy_oXn-3+1),n=0,1,2,..., where a € [0,1) and the initial values x_3, x_5, x_1, X9 € [0, 00),
is described clearly out in this paper. Mainly, the lengths of positive and negative semicycles
of its nontrivial solutions are found to occur periodically with prime period 15. The rule is
4*,37,1%,27,2%,17,1%,1" in a period. By utilizing this rule its positive equilibrium point is verified
to be globally asymptotically stable.

1. Introduction

In this paper we consider the following fourth-order nonlinear difference equation:

a
X, ot Xn-3

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

X2 o xp3+1

where a € [0,1) and the initial values x_3,x_5,x_1,x9 € (0, c0).

When a =0, (1.1) becomes the trivial case x,,,1 =1,n =0, 1,.... Hence, we will assume
in the sequel that 0 < a < 1.

When a € (0, 1), (1.1) is not a rational difference equation but a nonlinear one. So
far, there have not been any effective general methods to deal with the global behavior of
nonlinear difference equations of order greater than one. Therefore, to study the qualitative
properties of nonlinear difference equations with higher order is theoretically meaningful.
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In this paper, it is of key for us to find that the lengths of positive and negative semi-
cycles of nontrivial solutions of (1.1) occur periodically with prime period 15 with the rule
4*,37,1%,27,2%,17, 1%, 17 and in a period. With the help of this rule and utilizing the
monotonicity of solution the positive equilibrium point of the equation is verified to be
globally asymptotically stable.

Essentially, we derive the following results for solutions of (1.1).

Theorem CL. The rule of the trajectory structure of (1.1) is that all of its solutions asymptotically
approach its equilibrium; furthermore, any one of its solutions is either

(1) eventually trivial
(2) nonoscillatory and eventually negative (i.e., x, > 1) or

(3) strictly oscillatory with the lengths of positive and negative semi-cycles periodically
successively occurring with prime period 15 and the rule to be 4*,37,1%,27,2%,17,1%, 1~
in a period.

It follows from the results stated below that Theorem CL is true.
It is easy to see that the positive equilibrium x of (1.1) satisfies

x'+x
x=-_"* 12
X'x+1 (12)

from which one can see that (1.1) has a unique equilibrium x = 1.

In the following, we state some main definitions used in this paper.

[oe]

Definition 1.1. A positive semi-cycle {x,},-_; of a solution of (1.1) consists of a “string” of
terms xy, X141, ..., X, all greater than or equal to the equilibrium x, with [ > -3 and m < o
such that

either [=-3orl>-3,x.1<%x,
(1.3)
either m = oo or m < o0, X471 < X.

A negative semi-cycle of a solution {x,},._5 of (1.1) consists of a “string” of term

X1, X141, - - -, Xm, all less than x, with [ > -3 and m < oo such that

either [=-3orl>-3,x.1>%,
(1.4)
either m = oo or m < o0, X41 > X.

The length of a semi-cycle is the number of the total terms contained in it.

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

For the other concepts in this paper and related work, see [1-3] and [4-11],
respectively.
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2. Three Lemmas

Before drawing a qualitatively clear picture for the solutions of (1.1), we first establish three
basic lemmas which will play key roles in the proof of our main results.

Lemma 2.1. A solution {x,};._5 of (1.1) is eventually trivial if and only if
(x5 =1 (x2 =D = 1)(x0 - 1) = 0. (2.1)

Proof. Sufficiency. Assume that (2.1) holds. Then it follows from (1.1) that the following
conclusions hold:

(i)ifx3-1=0,thenx, =1forn>7;
(ii) if x p =1 =0, then x,, =1 forn > 4;
(iii) if x 1 —1=0, then x, =1 forn > 5;

)

(iv) if xg—1 =0, then x,, = 1 for n > 6.

Necessity. Conversely, assume that
(x5 = 1)(x2 = 1)(x1 = 1) (x0 — 1) #0. (2.2)
Then one can show that
x,#£1 for any n > 1. (2.3)

Assume the contrary that for some N > 1,

xy=1 and that x,#1 for —3<n<N-1. (2.4)
Clearly,
x?\T—B + XN-4
l=axn= """, (2.5)
XN_3XN-4 +1
which implies that (x3,_; —1)(xn-4 — 1) = 0, which contradicts (2.4). O

Remark 2.2. Lemma 2.1 actually demonstrates that a solution {x,},._; of (1.1) is eventually
nontrivial if and only if

(x5 = 1) (x2 = 1)(x1 = 1) (x0 = 1) #0. (2.6)

[oe]

Therefore, if a solution {x,},~

_s is nontrivial, then x, #1 for n > -3.

Lemma 2.3. Let {x,},-_5 be a nontrivial positive solution of (1.1). Then the following conclusions
are true:
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(@) (xps1 = 1) (xp2 —1)(xy3—1) <0 forn >0;
(b) (X441 — x4-3)(xp-3 —1) <0 forn > 0.

Proof. In view of (1.1), we can see that

_ (2 = 1) (ns = 1)

—1= =0,1,...
xn+1 xzizxn_3 + 1 7 n 0/ 7 7
(2.7)
JCZ_Z(l - xn—3) (1 + xn—3)
— X a = =0,1,...
xn+1 xn 3 xz_zxn_3 + 1 7 n O/ 7
from which inequalities (a) and (b) follow. So the proof is complete. O

Lemma 2.4. There exist nonoscillatory solutions of (1.1), which must be eventually negative. There
do not exist eventually positive non-oscillatory solutions of (1.1).

Proof. Consider a solution of (1.1) with x.3 < 1, x, < 1, x;1 < 1, and xg < 1. We then
know from Lemma 2.3(a) that x, < 1 for n > -3. So, this solution is just a non-oscillatory
solution, and furthermore, eventually negative. Suppose that there exist eventually positive
nonoscillatory solutions of (1.1). Then, there exists a positive integer N such that x, > 1 for
n > N. Thereout, forn > N+3, (x,11—1)(x,-2—1)(x,4-3—1) > 0. This contradicts Lemma 2.3(a).
So, there do not exist eventually positive non-oscillatory solutions of (1.1), as desired. O

3. Main Results and Their Proofs

First we analyze the structure of the semi-cycles of nontrivial solutions of (1.1). Here we
confine us to consider the situation of the strictly oscillatory solution of (1.1).

Theorem 3.1. Let {x,},._5 be any strictly oscillatory solution of (1.1). Then, the lengths of positive
and negative semi-cycles of the solution periodically successively occur with prime period 15. And in
a period, the rule is 4*,37,1%,27,2%,17, 1%, 1".

Proof. By Lemma 2.3(a), one can see that the length of a positive semi-cycle is not larger than
4, whereas, the length of a negative semi-cycle is at most 3. Based on the strictly oscillatory
character of the solution, we see, for some integer p > 0, that one of the following four cases
must occur.

Casel. xp3>1,xp0<1,xp1>1,2x,>1.
Case2. xp3>1,x,2<1,x,1>1,x, <1
Case3. xp3>1,xp0<1,xp1<1,x,>1.
Case 4. xp3>1,x,2<1,x51<1,x, <1
If Case 1 occurs, it follows from Lemma 2.3(a) that x, 3 > 1, x, 2 <1, xp-1 > 1, x, > 1,
Xpi1 > L, xp2 > 1, xpis < 1, Xpis < 1, xpi5 < 1, 2506 > 1, 2pi7 < 1, Xpis < 1, 209 > 1,

Xpr10 > 1, xpr11 < 1, xpr12 > 1, Xpaas < 1, xpe1a > 1, Xpi1s > 1, Xpr1e > 1, Xpia7 > 1, xpaas < 1,
Xpi19 < 1, Xpr20 < 1, xpio1 > 1, Xpazo < 1, Xpio3 < 1, Xpyoa > 1, Xpaos > 1, Xpaos < 1, Xpaoz > 1,
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Xpi2s < 1, Xpi29 > 1, xpiz0 > 1, Xpas1 > 1, Xpez2 > 1, Xpaaz < 1, Xpazs < 1, Xpass < 1, Xpize > 1,
Xpi37 < 1, Xpy3g < 1, Xpi39 > 1, Xprao > 1, Xpea1 < 1,..., which means that the rule for the
lengths of positive and negative semi-cycles of the solution of (1.1) to successively occur is
...,4%,37,1%,27,2%,17,1%,17,4%,37,1%,27,2%,17,1%,17, ...

If Case 2 happens, then Lemma 2.3(a) tells us that x, 3 > 1, x,2 <1, x,.1 > 1, x, <1,
Xp+1 > 1, Xp+2 > 1, Xp+3 > 1, Xp+4 > 1, Xp+5 <1, Xp+6 <1, Xp+7 <1, Xp+8 > 1, Xp+9 <1, Xp+10 <1,
Xpii1 > 1, xpr12 > 1, xp113 <1, Xpa1a > 1, xpa15 < 1, Xpiie > 1, Xpr17 > 1, Xpiag > 1, Xparo > 1,
Xpr20 <1, Xpe21 < 1, xpion <1, Xpaog > 1, Xpaoa <1, Xpaos < 1, Xpaoe > 1, Xpio7 > 1, Xpang < 1,
Xp29 > 1, Xpe30 < 1, Xpia1 > 1, Xpazo > 1, xpaaz > 1, Xpaza > 1, Xpass < 1, Xpaze < 1, Xpas7 < 1,
Xpas > 1, Xpi3o <1, Xpra0 < 1, Xpya1 > 1, Xpra2 > 1,.... This shows that the rule for the numbers
of terms of positive and negative semi-cycles of the solution of (1.1) to successively occur still
is...,4%,37,1%,27,2*,1-,1*,1-,4*,37,1*,27,2%,1°,1%,17, ...

If Case 3 happens, then Lemma 2.3(a) implies that x, 3 > 1, x, 2 <1, x,1 <1, x, > 1,
Xp+1 > 1, Xp+2 < 1, Xp+3 > 1, Xp+a < 1, Xp+5 > 1, Xp+6 > 1, Xp+7 > 1, Xp+g > 1, Xp+9 < 1, Xp+10 < 1,
Xpi11 <1, xpr12 > 1, xp113 <1, Xpa1a < 1, xpias > 1, Xpi1e > 1, Xpr17 < 1, Xpiag > 1, Xpa19 < 1,
Xpi20 > 1, Xpe21 > 1, Xpion > 1, Xpaog > 1, Xpaoa > 1, Xpaos < 1, Xpaoe < 1, Xpio7 > 1, Xpang < 1,
Xp29 <1, Xpe30 > 1, Xpia1 > 1, Xpazo < 1, Xpaaz > 1, Xpasa < 1, Xpass > 1, Xpize > 1, Xpasz > 1,
Xpas > 1, Xpi3o <1, Xpia0 < 1, Xpra1 < 1, Xpya2 > 1,.... This shows that the rule for the numbers
of terms of positive and negative semi-cycles of the solution of (1.1) to successively occur still
is...,4%,37,1%,27,2*,1-,1*,1°,4*,37,1*,27,2*,1-,1%,17, ...

If Case 4 happens, then it is to be seen from Lemma 2.3(a) that x, 3 > 1, x,2 < 1,
Xp1 <1 xp <1, xp010 > 1, 2p00 <1, %043 <1, Xp4a >0, Xpi5 > 1, Xpis <1, xp17 > 1, X508 < 1,
Xpro > 1, xpr10 > 1, xpr11 > 1, Xpr12 > 1, Xpr13 < 1, Xpr1a < 1, Xpi15 < 1, Xpr16 > 1, xp017 < 1,
Xpi1s <1, Xpr19 > 1, Xpioo > 1, Xpao1 < 1, Xpaon > 1, Xpyos < 1, Xpaoa > 1, Xpios > 1, Xpane > 1,
Xpr27 > 1, Xpros < 1, Xpiog <1, Xpaso < 1, Xpea1 > 1, Xpas < 1, Xpazs < 1, Xpyas > 1, xpass > 1,
Xp3s < 1, Xpi37 > 1, Xpias <1, Xpi39 > 1, Xpyao > 1, Xpia1 > 1, Xpiap > 1,.... This shows that the
rule for the numbers of terms of positive and negative semi-cycles of the solution of (1.1) to
successively occur still is ..., 4*,37,1%,27,2%,17,1%,17,4*,37,1%,27,2%,17,1*,1 ...

Hence, the proof is complete. O

Now, we present the global asymptotical stable results for (1.1).

Theorem 3.2. Assume that a € [0, 1). Then the unique positive equilibrium of (1.1) is globally
asymptotically stable.

Proof. When a = 0, (1.1) is trivial. So, we only consider the case a > 0 and prove that
the positive equilibrium point X of (1.1) is both locally asymptotically stable and globally
attractive. The linearized equation of (1.1) about the positive equilibrium x = 1 is

Y1 =0-Yn+0-yp1+0-1y4,0+0-y,3, n=0,1,.... (3.1)

By virtue of [3, Remark 1.3.7, page 13], x is locally asymptotically stable. It remains to be
verified that every positive solution {x,},-_5 of (1.1) converges to X as n — oo. Namely, we
want to prove that

limx, =x=1. (3.2)

n— oo
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If the initial values of the solutions satisfy (2.1), that is to say, the solution is a trivial
solution, then Lemma 2.1 says that the solution is eventually equal to 1 and of course (3.2)
holds.

If the solution is a nontrivial solution, then we can further divide the solution into two
cases.

(a) non-oscillatory solution;

(b) oscillatory solution.

If Case (a) happens, then it follows from Lemma 2.3 that the solution is actually an
eventually negative one. According to Lemma 2.3(b), we see that x4,, X4n-1, X4n— and x4,—3
are eventually increasing and bounded from the upper by the constant 1. So the limits

lim x4, = G, lim x4,41 = L, lim x4,40 = M, lim x4,43 = N (3.3)
n— oo n— oo n— oo n— oo

exist and are finite. Noting that

X ot Xan3 Xy 3+ Xan—g X+ Xan2
Xgntl = —g 7/ Xgn = — =/ Xgni2 = —g 7/
X4, oXan-3 +1 Xy 3 Xan-4 +1 Xy, 1 Xan—2 +1
(3.4)
Xy, + Xan-1
Xgn43 = —g ———7
x4nx4n,1 +1
and taking the limits on both sides of the above equalities, respectively, one may obtain
M+ L L*+G N*+ M G*+N
L= o0, G="—75—, M= 7, = =7 (3.5)
MaL+1 LG +1 NeM +1 GN +1

Solving these equations, we get G = L = M = N = 1, which shows that (3.2) is true.

If case (b) happens, the solution is strictly oscillatory.

Consider now x, to be strictly oscillatory about the positive equilibrium point x of
(1.1). By virtue of Theorem 3.1, one understands that the lengths of positive and negative
semi-cycles of the solution periodically successively occur, and in a period, the rule is
4*,37,1%,27,2%,17,1%,1".

For simplicity, for some integer p > 0, we denote by {xp, Xp11, Xpi2xpe3}” the
terms of a positive semi-cycle of length four, followed by {x,.4,xp15, Xpi6}  negative
semi-cycle with length three, then a positive semi-cycle {x,.7}", a negative semi-
cycle {xp4s,xpi9} , a positive semi-cycle {xp+1o,xp+11}+, a negative semi-cycle {x,.12}", a
positive semi-cycle {x,.13}", and a negative semi-cycle {xp.14} . Namely, the rule for
the lengths of negative and positive semi-cycles to occur successively can be periodi-
cally expressed as follows:{Xp.15n, Xps15n+1, Xp+15n42, Xpa15n+3 )+ { Xp+15n+ds Xpi15n+5, Xp+15ns6 )
{Xpi15ne7} s AXp15m48, Xpe15n49 ) { Xpa1sne10, Xps1snat1 ) s {Xprisne1z ), {Xpatsne1s}”, {Xprisna1a} ™,
andn=0,1,....

From Lemma 2.3(b), we may immediately obtain the following results:

(i) Xps15n+15 < Xp+15n411 < Xpa15n+7 < Xp+15n+3; Xp+15n+16 < Xp+15n+13;

(i) 1> xpi15n412 > Xpr15n48 > Xpa15u+4; 1 > Xpr15n49 > Xpi15n45.
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Also, the following inequalities hold:

(i) Xps15n+18Xp+15n414 < 1; Xpi15n414Xpe15ns10 > 1
(iV) Xp+15n+6Xp+15n+10 < 1; Xpr15n45Xps15ne1 > 1;
(V) Xpi1sns6Xpiisniz > 1

(Vi) Xp+15n+13Xp+14n+9 < 1) Xpr15n414Xps15ne11 > 1 XpaisusaXprisn > 1;

(Vii) Xp15n+6Xp+15n+3 > 1; Xpi15n411Xp+15n48 < 1.

In fact, from the observation that

Xpi15m415 T Xp+15n+14

X +15n+18
P n xll X ’I
p+| n+157"P 15n+14

a
Xpi15n+15 T Xp+15n+14

< (3.6)

a 2
Xpi15n+15Xp+15n+14 + Xy 15404

1

-
Xp+15n+14

we know that the first inequality in (iii) is true. The other inequalities in (iii)—(vi) can be
similarly proved. Noticing that 0 < a <1 and from that the observation

Xy 15043 F Xp+15n+2

X =
p+15n+6 1
x;+15n+3xp+15"+2

a
xp+15n+3 + Xp+15n+2

a 2a
Xps15n43Xpt15n+2 T Xy 15043 3.7)

1
a
xp+15n+3

1

—I
Xp+15n+3

we know that the first inequality in (vii) holds. The other inequality in (vii) can be
analogously proved.
Combining the above inequalities, one can derive that

1 1
1 < xpi15ni1s < ——— < Xpr1sne10 < = < Xps15n43, (3.8)
Xp+15n+14 Xp+15n+6
1 1
1 < Xpi15n415 < Xpr1snr11 < < < Xpi15n,s (3.9)
Xp+15n+8  Xp+15n+4
1 1
1 < Xps15n+16 < Xpr15n+13 < < < Xp+15n+1- (3.10)

Xp+15n+9  Xp+15n+5
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It follows from (3.8) that {xp15n:3},29 is decreasing with lower bound 1. So, the limit
nlgl;loxp+15n+3 =L (3.11)

exists and is finite. Accordingly, by view of (3.8), we obtain

B~ =

lim x,4150410 = L, lim xpi150414 = M Xpi15046 = — (3.12)
n—oo n—oo n—oo

It is easy to see from (3.9) that {xp.15,},.¢ is decreasing with lower bound 1. So, the
limit

lim xp.15, = M (3.13)

exists and is finite. Thereout, in light of (3.9), one has

. . . 1
lim xp.150411 = M, lim xp115048 = 1im Xpy15044 = . (3.14)
n— oo n— oo n— o0 M

It follows from (3.10) that {xp.15n41},- is decreasing with lower bound 1. So, the limit
nli_l;rgoxp+15n+1 =N (3.15)

exists and is finite. Accordingly, by view of (3.10), we obtain

. . . 1
lim Xp+15n+13 = N, lim Xp+15n+9 = lim Xp+15n+5 = 37+ (3.16)
n— oo n— oo n— oo N

Taking the limits on both sides of x,15,+18 = (x;+15n+15 + Xpi15n+14) / (x;+15n+15xp+15n+14 +
1), onehas L = (M®+1/L)/(M*/L+1), which gives rise to L = 1. We further obtain from (i)
and (3.12) that

lim xp15.4k =1, k=3,6,7,10,11,14,15. (3.17)
n—oo
Hence, M = 1. Therefore,
lim xp1504k =1, k=3,4,6,7,8,10,11,14,15. (3.18)
n—oo

It is easy to derive from (v) that 1 > xpi15042 > 1/(X,415046) - Noticing that limy, oo Xp15n46 = 1,
one can see that lim,, _, o Xp115012 = 1.

Similarly, taking the limits on both sides of xp;5013 = (x; 157410
xp+15n+9) / (x;‘+15n+10xp+15n+9 + 1), one has limnéwxwlsmm = N = 1. Finally, by taking

+
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the limits on both sides of x,.15,412 = (x; 15ns9 T Xp+15n+8)/ (x;‘ 15n49Xp+15n+8 + 1), one has

limy, - o Xpi15n412 = 1.
Up to now, we have shown that

_’llgrc}oxp+15n+k =1, k= 1,2,..., 15. (319)
So, the proof for Theorem 3.2 is complete. O

Remark 3.3. One can see from the process of proofs stated previously that these results in this
paper also hold for a = 1.
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