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We investigate the boundedness character, the oscillatory, and the periodic character of positive
solutions of the difference equation x,.1 = a + xZﬁk /xd n = 0,1,..., where k € {2,3...},
a, p, q € (0,00) and the initial conditions x_g, .. ., xy are arbitrary positive numbers. We investigate
the boundedness character for p € (0, ). Also, we investigate the existence of a prime two periodic
solution for k is odd. Moreover, when k is even, we prove that there are no prime two periodic
solutions of the equation above.

1. Introduction

Our aim in this paper is to study the boundedness character, the oscillatory, and the periodic
character of positive solutions of the difference equation

o
xn+1:a+"—q_k, n=0,1,..., (1.1)
n

where k € {2,3,...}, a is a positive, p,q € (0,00) and the initial conditions x_g,...,xo are
arbitrary positive numbers. Equation (1.1) was studied by many authors for different cases
of k,p,q.

In [1] the authors studied the global stability, the boundedness character, and the
periodic nature of the positive solutions of the difference equation

xn+1:a+xn_1/ nzO/l/"'/ (12)
Xn
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where a is positive, and the initial values x_, xg are positive numbers (see also [2—4] for more
results on this equation).

In [5] the authors studied the boundedness, the global attractivity, the oscillatory
behaviour, and the periodicity of the positive solutions of the difference equation

P
n—

L n=0,1,..., (1.3)

Xp+s1 =+ p
Xn

where a, p are positive, and the initial values x_1, xg are positive numbers (see also [6-8] for
more results on this equation).

In [9] the authors studied general properties, the boundedness, the global stability,
and the periodic character of the solutions of the difference equation

Xn+1 =a+x;_k/ Tl=0,1,..., (14)

n

where a, p are positive, k € {2,3,...}, and the initial values x_g, X_k11, ..., X_1, Xo are positive
numbers.

In [10, 11] the authors studied the boundedness, the persistence, the attractivity, the
stability, and the periodic character of the positive solutions of the difference equation

Tl—ll nzorlr-"/ (15)

where a, p, g are positive, and the initial values x_, xy are positive numbers.
Finally in [12, 13] the authors studied the oscillatory, the behaviour of semicycle, and
the periodic character of the positive solution of the difference equation

P

Xpn =+ 2K, n=0,1,..., (1.6)
n

where k € {2,3,...} and &, p > 0 under the initial conditions x_i, X_x1, ..., X_1, X9 are positive
numbers.

There exist many other papers related with (1.1) and on its extensions (see [14-16]).

Motivated by the above papers, we study of the boundedness character, the oscillatory,
and the periodic character of positive solutions of (1.1).

In this paper, also we investigate the case p = 1, k = 1 and g € (0, o0) of (1.1) and we
give a correction for [2, Theorem 2.5].

We say that the equilibrium point x of the equation

Xn+1 =F(xn,xn_1,...,xn_k), n=01,... (1.7)
is the point that satisfies the condition

¥=F(XX%,...,%). (1.8)
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A solution {x,},._, of (1.1) is called nonoscillatory if there exists N > —k such that either

x,>x VYn>N (1.9)

or
X, <x VYn>N. (1.10)

A solution {x,},>_, of (1.1) is called oscillatory if it is not nonoscillatory. We say that a solution

{xn )i of (1.1) is bounded and persists if there exist positive constant P and Q such that
P<x,<Qforn=-k,-k+1,...
The linearized equation for (1.1) about the positive equilibrium x is

Yna1 + qip_q_lyn - pf’”_q_lyn_k =0, n=0,1,.... (1.11)

2. Semicycle Analysis

A positive semicycle of a solution {x,},._, of (1.1) consists of a “string” of terms {x, x1.1,

..., Xy} all greater than or equal to X, with [ > —k and m < oo, such that

either = -k orl> -k, xj1 <X,
(2.1)
either m = oo or m < o0, X1 < X.

A negative semicycle of a solution {x, },._; of (1.1) consists of a “string” of terms {x;, xi41, .-,

X} all less than x, with [ > —k and m < oo, such that

either I=-korl>-k, x_1>X%,
(2.2)
either m = oo or m < o0, X1 > X.

Lemma 2.1. Let {x,},._; be a solution of (1.1). Then either {x,},._, consists of a single semicycle
or {xy ). oscillates about equilibrium X with semicycles having at most k terms.

Proof. Suppose that {x,},._, has at least two semicycles. Then there exists N > —k such that
either xn < X < xn41 O XN41 < X < xn. We assume that the former case holds. The latter case
is similar and will be omitted. Now suppose that the positive semicycle beginning with the
term xn41 has k terms. Then xn < X < xn4k and so the case

x’;, xP
XNkl =X+ —— <A+ — =X (2.3)
XN+k X

holds for every p, g € (0, o), from which the result follows. O
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3. Boundedness and Global Stability of (1.1)

In this section, we consider the case p € (0,1) with no restriction on other parameters and
we consider the case p > 1 with some specified conditions. For these cases, we have the
following results which give a complete picture as regards the boundedness character of
positive solutions of (1.1).

Theorem 3.1. Suppose that
pe(0,1), (3.1)

then every positive solution of (1.1) is bounded.

Proof. We have

=
Z's

p
pe
ANs1=at+ K <gt Zq-k, N> —k. (3.2)

Hence we will prove that {.X'N} is bounded. If
X)=a+ — X 3.3
f( ) = ’ > 0, ( N )

then we have f'(x) > 0, f"(x) < 0. Hence, the function f is increasing and concave. Thus, we
get that there is a unique fixed point X of the equation f(x) = x. Also the function f satisfies
the condition

(f(x)—x) - (x-x) <0, x>0. (3.4)

Using [15, 2.6.2] we obtain that X is a global attractor of all positive solutions of (1.1) and so
{xn} is bounded, from which the result follows. O

Now we study the boundedness of (1.1) for the case p > 1. We give better result
than Theorem 3.1 for the boundedness of (1.1) and we prove that in this case, there exist
unbounded solutions of (1.1).

Theorem 3.2. Consider (1.1) and assume that p > 1, p - oo, a > 1 and q — oo. Then every
positive solution of (1.1) is bounded and lim,,_, ,,x, = a.

Proof. Let

f(x)=a+ i—: for x € (0, o0). (3.5)
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Suppose on the contrary that every positive solution of (1.1) is unbounded. Then, from (1.1),
we obtain x,, > a > 1 for n > 1. Therefore we get

}}ijr;of(x) =a. (3.6)

Thus the proof is complete. We note that in here f(x) is a continuous function for x, p, g €
(0, o0). O
Theorem 3.3. Consider (1.1) when the case k is odd and suppose that

p>1, (3.7)

then there exists unbounded solutions of (1.1).

Proof. Let {x,};._; be a solution of (1.1) with initial values x_, X_k+1, . .., X_1, Xo such that

Xefoy Xty e v, X > max{ (a+ 1)”/‘7, (a+ 1)’7/”_1 }, (3.8)

X jeal, Xeka3y -+, X0 < @+ 1. (3.9)

Then from (1.1), (3.7), and (3.8) we have

Xk Xk
X1=a+— > —X_ + X_k
xg ((X + 1)!1
e (3.10)
=a+x | —E— -1 ) +xp>a+xg,
(a+1)1
P
X" a+1)P
X)=a+ k+1<a+( ) <a+1, (3.11)
x! x!
1 —k
P
x X
X3 =a+ # >a+ 7—’”2(1 — X_k42 + X_gy2 > X+ X_k12, (3.12)
X, (D( + 1)
s (a+1)"
Xp=a+— <a+-— <a+1, (3.13)
X3 X k2
) )
X =a+ a+ —X1+Xx1>a+x_. (3.14)
xZ—l (0{ + 1)q
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Also, from (3.8) and (3.10)—(3.14), it is clear that

X1,X3,. .., Xk > max{(zx + 1)”/’7, (a+ 1)"/”’1},

xg (@+1) (3.15)
Xeel =@+ — <a+ 7 <a+l.
X X4
Moreover from (1.1) and (3.8)—(3.14) and arguing as above we get
X X (3.16)
Xk =X+ ——>a+——— —X1+X] > a+X1. .
k+2 xz+1 @+1) 1+ X1 1
Therefore working inductively we can prove that forn =0,1,2,...,
Xon+l > X+ Xopk, Xop < A+ 1, (3.17)
which implies that
Hm xo,q = oo, (3.18)
So {x} ;. is unbounded. From which the result follows. O

Now, in the next theorem, we will provide an alternative proof for the theorem above
when 1 < p < oo and k is odd, whose proof can be used for some practical applications.

Theorem 3.4. Consider (1.1) when the case k is odd and suppose that 1 < p < 00. If 0 < a < 1, then
there exists solutions of (1.1) that are unbounded.

Proof. We assume that 0 < a < 1 and choose the initial conditions such that

1

Xy Xekt2y oo X1 > ————7—,
(1—a)'/a (3.19)

X< X_ 41, X ks43,--.,%0 < 1.

So,
xfk p
Xp1=a+—>a+x,
Xo
(3.20)
e 1 1
X =a+ <a+—=<a+—<1.

q q q
X1 X Xk
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Therefore, we obtain a < xx,1 < 1 and xx4p > 2a + xfk. By induction, fori =1,2,..., we have

a < Xger)i < 1and xgeyion > ([ + La + x?k' Thus,

Bim x(x11)i+1 = o0, Bim x(gi1yi = a.
1— 00 1— 00

Now, we assume that a = 0 and choose the initial conditions such that

1
Xty Xk e ooy Xq > m for some € € (0,1),

0< X_ k41, X=k+3, .-+, X0 < 1.

So, we have

_ xfk p
X1 = _11 > x_k,
Xo
P
X 1
Xy = kt;—l 3 <1
X X1
Further, we have
1
Xkt1 = 3 <3 < 1,
e Xk
P
_ % p r \P
X2 = —— > x> (x0 )
xk+1

By induction fori=1,2,..., we have 0 < x(xs1); < 1 and X(xs1)i+1 > (x?k)(”l). Thus,

lim x(x11)i41 = oo, Lim x(x11y; = 0,
1— 00 1— 00

from which the result follows.

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

O

The following result is essentially proved in [10, 11] for k = 1. The result is satisfied

for k € {2,3,...} and its proof is omitted.
Lemma 3.5. If Either

0<g<p<l1

or

O<p<g, q-» o

holds, then (1.1) has a unique equilibrium point X.

(3.26)

(3.27)
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The following result is essentially proved in [10, 11] for k = 1. It is clear that the result
is satisfied when k is odd and its proof is omitted.

Lemma 3.6. Consider (1.1) when the case k is odd. Suppose that
O<p<l<qg, q—»o, a>(p+q- 1)1/(‘77’“1) (3.28)
or
0<g<p<1l, (p+q)<1 (3.29)

holds. Then the unique positive equilibrium of (1.1) is globally asymptotically stable.

4. Periodicity of the Solutions of (1.1)

In this section, we investigate the existence of a prime two periodic solution for k is odd.
Moreover, when k is even, we prove that there are no positive prime two periodic solutions
and lastly, we give a correction for Theorem 2.5 which was given in [2].

The following result is given when the case k = 1 in [10]. If k is odd, the result is still
satisfied and its proof is omitted.

Lemma 4.1. Assume that k is odd. Then, (1.1) has prime two periodic solutions if and only if

O<p<l<g (4.1)
and there exists a sufficient small positive number €1, such that

-1 _ 22
—— >, (a +£1)p/qs1 < o +51p/q((x +eq)P T4, (4.2)
(a+61)‘7 P

Now, let consider the case where k is even.

Theorem 4.2. Consider (1.1) when the case k is even and the following conditions are satisfied
separately:
O<g<p<l,
O<p<g<],
(4.3)
1<p, g<p+1,

1<g, p<gq+1

Then, there are no positive prime two periodic solutions of (1.1).
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Proof. Firstly, we consider the case 0 < g < p <1 and k is even of (1.1) and suppose that
XY, XY, (4.4)
where x, y € (a, o) is a prime two periodic solution of (1.1). Then it must be
x=a+yP, (4.5)
y=a+x". (4.6)
Substituting (4.6) into (4.5), it follows that
x-—a=(a+xP )" (4.7)
Taking logarithm on both sides of (4.7), we obtain that
F(x)=In(x-a) - (p-4q) In(x" +a). (4.8)
So from (4.8)

lim F(x) = —oo,
x—at

Fx)=In(x-a)-(p-q) In(x7+a)

In(x""7) - (p-q) n(x)

=0,
2 p-g-1
xX—a o+ xP4
1 xP=q-1
> -
xX—a a+xP1
1 xP-9-1
> —_
X—a xP™1
> >
x(x—-a)

From x > a, thus F'(x) > 0, which implies that X is a unique solution of (1.1).

We consider the case 0 < p < g < 1 and k is even of (1.1). The proof of this case is
similar to the first case’s proof and will be omitted.

Now, suppose that 1 <p, g <p + 1 and k is even of (1.1). In this case we have that

Lo atxP = (p- q)Z(x —a)xP1
F(x) = Tt . (4.10)
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Considering the numerator on the right hand side in (4.10) let

k(x)=a+xP1-(p- q)z(x —a)xPat

s ) (4.11)
- (1= (-0 )x T alp- ) e
Fromx>aand1<p,g<p+1
k(x) > <1 -(p- q)z)a”*" +a(p-g) a’ i +a
>af 1+ a (4.12)

>0,

which implies that X is a unique solution of (1.1).
Suppose that 1 < g, p < g+ 1 and k is even of (1.1). The proof of this case is similar to
the third case’s proof and will be omitted. O

The following result was given in [2, Theorem 2.5] for (1.1) when the case p = 1,
k =1 and g € (0, ). But the authors make some mistakes in this theorem. Now, we give a
correction and a conjecture for this result.

Theorem A. Consider (1.1). Letbep =1,k =1,q € (0,00), g - 0" and q - oo. Suppose that
a>1, a>q(l+q)"?1 (4.13)

hold. Then the unique positive equilibrium x of (1.1) is globally asymptotically stable.

Correction B

Consider (1.1). Letbep =1,k =1, g € (1, ), and g -+ oo. Suppose that

a> g (4.14)

holds. Then the unique positive equilibrium x of (1.1) is globally asymptotically stable.

Proof. 1t is easy to see the proof from Theorem 2.5 in [2]. O

Conjecture 4.3. Consider (1.1). Letbep =1,k =1, q € (0,1), and q - 0*. Suppose that

a>1 (4.15)

holds. Then the unique positive equilibrium x of (1.1) is globally asymptotically stable.
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