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We consider the nonlinear difference equation X1 = f(Xu-k, Xn-k+1,...,%4), 1 = 0,1,..., where
k €{1,2,...} and the initial values x_g, X_g11, ..., Xo € (0, +00). We give sufficient conditions under
which this equation has monotone positive solutions which converge to the equilibrium, extending
and including in this way some results of the literature.
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1. Introduction

In this paper, we study the existence of monotone positive solutions which converge to the
equilibrium of a nonlinear difference equation. Recently, there has been a lot of interest
in studying such solutions and the existence of some specific solutions (see [1-20]). In
[8], Karakostas and Stevi¢ studied the boundedness, global attractivity, and oscillatory and
asymptotic periodicity of the nonnegative solutions of the difference equation

Xn-k

Xn+l = B+ ’
apxXy + -+ + Ag-1Xn-k+1 +Y

n=0,1,..., (E1)

where B>0,y >0,k € {1,2,...},and a; > 0 for every i € {0,...,k — 1} with Zf:_ol a; > 0and
the initial conditions x_, ..., xo € (0, +c0). They proposed the following open problem.

Open problem A. Lety =1, B =0, and k > 2. Is there a positive solution {x,} of (E1) such that
x,—0asn—o0?
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In [5], Devault et al. studied the boundedness, global stability, and periodic character
of positive solutions of the difference equation

x,,+1=p+x;*", n=01,..., (E2)

n

where k € {1,2,...}, p € (0,+00), and the initial conditions x_k,...,xp € (0,+o0). They
proposed the following Open problem B (which has been solved in [1, 18] by quite different
methods).

Open problem B. Do there exist nonoscillatory solutions of (E2)?
Recently, Stevi¢ [12] studied the following difference equations:

Xn—k

Xpe1 =P+ , n=0,1,..., (E3)
Xy + -+ A1 Xn—k+1
1+ Xn-k
Xn+1 = ’ Tl=0,1,..., (E4)
aoXp + -+ A1 Xn-k+1
a+ Xy_k
Xpil = , n=01,..., (E5)

1+aox, +- -+ A 1Xnk41

the initial conditions x_g, ..., xp € (0, +o0). He proved that (E3), (E4), and (E5) have positive
solutions which decrease to the equilibrium.

wherep>-1,a>0,k€ {1,2,...},and a; > O foreveryi € {0,...,k — 1} with Zf"lai =1and

The main theorem in this paper is motivated by the above studies and [17]. In this
paper, we consider the following nonlinear difference equation:

Xni1 = f(Xnk, Xn-ks1,-- ., %), n=0,1,..., (1.1)

where k € {1,2,...}, the initial values x_i, X_g+1,...,%0 € (0,+00), and f € C(EF*1,E), where
C(E**1,E) denotes the set of all continuous maps from E¥*! to E and E = (0,+) or E =
[0, +00). Using arguments similar to ones developed in the proof of main theorem in [18], we
prove that under appropriate conditions (see (C1)—(Cs) below) this difference equation has
monotone solutions converging to the equilibrium x.

2. Main result

In this section, we assume that f satisfies the following conditions.

(C1) f € C(E*',E) and f(z0,2z1,...,2k) is increasing in zo (ie., f(a,zi,...,2k) >
f(b,z1,...,2z¢) if a>b), where E = (0,+00) or E = [0, +o0) and k > 1is an integer.

(Cy) Equation (1.1) has the unique nonnegative equilibrium, denoted by x.

(C3) A={(z0,21,---,2k) 1 20 > 21 > -+ > zx > f(20,21,.-.,2k) > X} is an unbounded
connected (closed) set.

Now we formulate and prove the main result of this paper.
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Theorem 2.1. Let f satisfy (C1)—(Cs). If there exists g € C([%, +0)**, [X, +00)) such that the
following two conditions hold:
(C4)A CB= {(ZOIle"‘IZk) : g(ZO/le---/Zk) 2 20 2 Z 2 2 Zk ZE}/

(Cs)zx = f(g(z0,21,---,2k), 20,21, .., Zk1) for any (20,21, ..., 2k) € [X,+00)"", then
(1.1) has a monotone positive solution which converges to the equilibrium X.
Proof. Define F : A— B by
F(zo,z1,...,2k) = (uo, w1, ..., ux) = (21,22, ..., 2k, f (20,21, .., 2k)), (2.1)
for all (zo, z1,...,2x) € A.
Claim 1. F is well defined.
Proof of Claim 1. From (2.1) and the definition of A, we have
u; =z, forie{0,1,...,k-1},
_ (22)
ue = f(zo0,21,...,2k) 2 X.
It follows from (2.2) and (Cs) that
f(zouo, ..., uk—1) = u = f(g(uo, U, ..., uk), uo, U1, ..., U-1), (2.3)
which with (C;) implies
g(uo,ur, ... uk) =zo 2 Uy >+ 2 Uk 2 X. (2.4)
Thus, (uo, u1,...,ux) € B. Claim 1 is proved. O

Claim 2. F is a bijection from A to B.

Proof of Claim 2. Let z = (zo,z1,...,2x) and y = (Yo, y1,...,yk) € A with z#y. If z; #y; for
somei € {1,...,k}, then F(y) # F(z). If zo# yo and z; = y; for every i € {1,...,k}, then from
(C1) we have

f(zo,z1,.. ., zk) # f (Yo, z1,- - -, Zk), (2.5)

which also implies F(y) # F(z).
On the other hand, for any u = (ug, u1, ..., ux) € B, we have

g(uo,ur, ... uk) 2ug 2 ug 2+ 2 ug 2 X. (2.6)
Choose

z=(z0,21,...,2k) = (g(uo, U1, ..., ux), to, u1,..., Ug-1). (2.7)
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It follows from (2.6), (2.7), and (Cs) that
zk = U1 > uge = f(g(uo, U1, ..., uk), uo, u1, ..., k1) = f(z0,21,...,2x) 2 X, (2.8)
which implies z € A. From (2.1) and (Cs), we obtain

F(Z) = (Zl,...,Zk,f(Z(),Zl,...,Zk))
= (uo, ..., uk-1, (g (o, U, ..., uk), uo, u1, ..., Uk-1)) (2.9)

= (ug, U1, ..., ux) = U

Claim 2 is proved. O

Furthermore, since F~'(ug, u1,...,ux) = (g(uo,u1, ..., Ux), Uo, U1, ..., Ux-1) is continu-
ous, F is a homeomorphism from A to B.

Since A C B and F is a homeomorphism from A onto B, it follows that F~1(A) c
F~1(B) = A. By induction, we have

x=(x,%,...,X) € F"(A) Cc F"™!(A) (2.10)

for every positive integer n. Because A is an unbounded connected closed set, we know that
F(A) is an unbounded connected closed set for every positive integer n. Let

S = ﬁ F7i(A). (2.11)
i=0

Claim 3. S is an unbounded connected set.

Proof of Claim 3. Indeed, if S is a bounded connected closed set, then there exists f > 0 such
that S C B(x,B) = {x € EX*! : d(x,x) < f}. Since F(A) is an unbounded connected closed
set for every positive integer n, it follows that K, = [{x : d(x,x) <28} - B(Xx, )] N F"(A) # o
and K, is a bounded closed set. Let x, € K, then there exist the positive integers n; <
ny < -+ < ne <--- and a point v € {x : d(x,x) < 2} — B(x,f) such that limy_, o, x,, = Vv.
Notice that v¢ S. On the other hand, for every positive integer 7, there exists N such that
Xn, € F(A) if nx > N, which implies v € F™(A). Thus v € S, which is a contradiction.
Claim 3 is proved. O

Now suppose that {x,},._ is a positive solution of (1.1) with (x_g,...,x9) € S —X; we
can show that for all positive integer 7,

F"(x_k, .., %x0) = (Xp-k, Xn-ks1,---, Xp) € A. (2.12)
Thus, {x,},._, is a monotone positive solution. Let

lim x, = a, (2.13)

n—oo
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then

a=f(a,a,... a)>x. (2.14)
It follows from (C,) that a = x. Thus, {x,},._, is a nontrivial monotone positive solution
which converges to x. Theorem 2.1 is proved. O

Remark 2.2. From the proof of Theorem 2.1, we can conclude that (1.1) has infinitely many
monotone positive solutions which converge to the equilibrium x.

Remark 2.3. In [21], Stevi¢ gave another proof of Claim 3 of Theorem 2.1 for the case of
equation x, = X,/ (1 + Xp_1 + -+ + Xp—(k-1))-

3. Example and some remarks

In this section, we will give an application of Theorem 2.1 and some remarks.

Example 3.1. Consider the equation

a+ Xy—k

_ 4TIk op-0,1,..., (3.1)
b+ Zf:_()l a;Xn—i

Xps1 =P+

where k € {1,2,...} and a; > 0 for everyi € {0,...,k -1} with s = Zf»‘:_ol a; > 0 and the initial
conditions x_, ..., xo € (0,+00).If a,b, p € [0, +oo) satisfy one of the following conditions:

(1) a:()/
(ii) b/s>a>0,

then (3.1) has monotone positive solutions which converge to the unique nonnegative
equilibrium.

Proof. Let E = (0,+c0) if b = 0 and let E = [0, +o0) if b > 0. Define f € C(EX*!, E) by

a+ zp

20,Z1,+-+,2k) =P+ ——————, (3.2)
f(z0, 21 K)=p b T S a
for all (zg,z1,...,2x) € E*1. Then, (3.1) has the unique nonnegative equilibrium
1+ps—b+1/(1+ps—b)?+4s(pb + a)
o Lrpsbe/ey Y sy (3.3)

2s

Let A= {(z0,21,...,2k) : 20 > 21 > -+ > 2k > f(20,21,...,2k) > X} and define

k-1
g(zo,2z1,...,2k) = (zk —p) <b + Z aizk_i_1> —a, (3.4)
i=0
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k+1

for all (zg, z1,...,2k) € [X,+00)""; then

g(z0,21,...,2k) > (X—p)(b+5%X) —a= l;z+x_

= (b+sx)-a=x. (3.5)

Thus g € C([X, +o0)**!, [X, +0)).

It is easy to check that the conditions (C;), (C;), and (Cs) hold. Now we show that A
is an unbounded connected set.

It follows from conditions (i) and (ii) that b > as; then

Feox,.. x)=p+2tX L boas
e X =P s TP TS s(b+sx)’ (3:6)
sx>—(ps-b+1)x-pb-a .

Fx)=x-f(x,x,...,x) = b+ sx

are increasing in x in [x,+o0). Thusc¢ > ¢ >:-- > ¢ > f(c,c,...,c) > X for any ¢ > X, which
implies that (c,...,c) € A and A is unbounded.

Let (zg,z1,...,2k) € Aand A; = {(zo,...,2z0,tz0 + (1 = t)zi, Zi+1,---,2k) : 0 <t < 1} for
0 <i < k; then A; is a connected set. Since

Z0 2 21 Z"'ZZka(ZOIZlf"-/Zk) ZEI
a+x (3.7)
b+xs

flx,x,...,x)=p+

are increasing in x, we know that

zo > 2zp 2 tzo+ (1 - 1)z > zig 2 -+ 2 2 2 f (20,21, -, 2k)

’ (38)
> f(zo,...,2z0,tz0 + (1= t)zi, Zis1, ..., 2k) = f(20,...,20) 2 X,
from which it follows that A; C A. Again since (2o, ..., 2o, Zi+1,---,2k) € Ai N Aiq for any
0<i<k-1, UfzoAi U{(c,c,...,c):c>x}isaconnected subset of A and (zg, z1,...,2zk) € Ay,
which implies that A is an unbounded connected set. Thus, the condition (C3) holds.
On the other hand, let z = (zy, z1, ..., zk) € A, then

a+ zp

—_ >X. (3.9)
b+ Zi-:ol aA;Zk—i

zo>z1 > >z > f(z0,21,...,2k) =p +

It follows from (3.9) that

k-1 . k-1
g(zo,z1,...,zk) = (zk —p)( b+ Z AiZk-i-1 |—a> —————— b+Z aizi—i | —a =z,
i=0

>
b+ Zf:ol a;Zj—i i=0
(3.10)

which implies z € B = {(zo,z1,.-.,2k) : §(z0,21,---,2k) > 20 > 21 > -+ > z > x}. Thus,

condition (C4) holds.
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By Theorem 2.1, we know that (3.1) has monotone positive solutions which converge

to the unique nonnegative equilibrium x = [1 + ps - b + \/(1 +ps—b)’ +4s(pb+a)]/2s. O

Remark 3.2. (i) Leta=b=0anday=1>a;=---=ax1 =0, then (3.1) reduces to (E2).
(ii) Take a = p = 0 and b = 1 in Example 3.1; then we have solved Open problem A.

Example 3.3. Consider the following equations:

3
X
Xn+1 =f(xn—ern—k+1/”-/xn) = ;4{/ n= 0111--'1 (311)
n
x f(xpi, x Xn) x5 n=0,1 (3.12)
7l+1 = n*k/ n*k“’l/' cs n = _ 7 = 4 VA 4 M
1+ Z:'(z()l a;iXn—i-1
Xt = f (Xnoks Xnkst, -/ Xn) = e n=0,1,..., (3.13)
1/2+ Zi:O aiXy—i

where k € {1,2,...} and a; > O for every i € {0,...,k — 1} with Zfz_ol a; = 1 and the initial
conditions x_g, ..., x9 € (0,+c0). Then

(i) equation (3.11) satisfies conditions (C;) and (Cy), but A = {(z0,z1,...,2k) : 20 2
z1 > 2z 2 f(z0,21,..-,2k) 2 X} = {(X,...,X}) since zg > z1 > -+ > zx > Zg/Zk >x=1
implies zg = z; = - - = zx = 1; thus condition (C3) does not hold;

(ii) using arguments similar to ones developed in the proof of Example 3.1, it is easy
to check that conditions (C,) and (C3) hold, but f(zo,z1,...,zk) is decreasing in zo, which
implies that condition (C;) does not hold for (3.12);

(iii) equation (3.13) satisfies condition (C;) and has two nonnegative equilibria: X1 = 0
and X, = 1/2, which implies that condition (C,) does not hold; using arguments similar to
ones developed in the proof of Example 3.1, it is easy to check that A = {(zo, z1,...,2k) : 20 >
z1 > >z 2 f(2o,21,...,2k) > X2} is an unbounded connected set.

Remark 3.4. From Example 3.3, we see that all the conditions (Ci), (C), and (C3) are
necessary, in the sense that no pair of such conditions implies the remaining condition.

Remark 3.5. If k = 0 and the conditions (C;1)—(C3) are satisfied, then automatically the
difference equation x,.1 = f(x,) has monotone positive solutions converging to x.
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