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Abstract. The authors consider the nonlinear difference equation

(01) Tn+l = al'n+$n_kf($n_k), TLZO,l,...
where

a€(0,1), k€ {0,1,...} and f € C[0,0),[0,00)]
with f/(z) < 0.
They give sufficient conditions for the unique positive equilibrium of (0.1) to be a global

attractor of all positive solutions. The results here are somewhat easier to apply than those
of other authors. An application to a model of blood cell production is given.
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1. INTRODUCTION

Our aim in this paper is to study the global attractivity of the nonlinear difference
equation

(1.1) Tpg1 = QZp + T f(@n—k), m=0,1,...
where

(1.2) a€(0,1), k€ {0,1,...} and f € C'[0,00),[0,00)] with f'(x) < 0.
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Clearly, T = f~!(1 — ) is the unique positive equilibrium of (1.1). If we let
(1.3) Tty Tty - -+ 5 TO

be k + 1 given nonnegative numbers with zo > 0, then (1.1) has a unique posi-
tive solution with initial condition (1.3). Results on the global attractivity of the
positive equilibrium of equations of the form (1.1) have been obtained by Ivanov [2]
and Karakostas, Philos and Sficas [3]. However, their results involve some implicit
conditions which can make them difficult to apply. In the next section, we establish
a criteria ensuring that the positive equilibrium 7 is a global attractor of all posi-
tive solutions of (1.1). This is accomplished under different conditions than those
imposed in [2]-[3] and, moreover, our hypotheses will be much easier to verify.

Our motivation for studying (1.1) comes from the fact that some special cases
of (1.1) arise as discrete models of various biological phenomena. For example, the
equation

(1.4) Tpil = QT +

where « € (0,1) and 8,r € (0,00), is a discrete version of a model of haematopoiesis
(blood cell production). The global attractivity of (1.4) is studied in [2] and [3]. By
applying our result for (1.1), we establish some new global attractivity results for
(1.4); we will discuss this in Section 3.

In a recent paper [1], the global stability of the nonlinear difference equation

(1.5) Tnt1 = Xy + f(Tpn-k), n=0,1,...,
where
(1.6) a€(0,1), k€{0,1,...}, and f € C[0,00),[0,00)] with f'(x) <0,

is studied by using Liapunov’s method. The asymptotic behavior of positive solutions
of (1.1) is quite different from the global behavior of positive solutions of (1.5) since
the nonlinear term in (1.5) is a decreasing function, while the nonlinear term in (1.1)
is a “tent” function. For example, if a positive solution of (1.5) does not oscillate
about the positive equilibrium of the equation, this solution must be monotonic
(see [1]), but this is not the case for (1.1). Hence, in this paper we need to take a
different approach in analyzing the behavior of the solutions.
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2. ATTRACTIVITY OF THE EQUILIBRIUM

In this section, we give sufficient conditions under which the positive equilibrium &
of (1.1)is a global attractor of all positive solutions. First, we introduce some lemmas
that are needed to establish our main result.

Lemma 1. If{z,} is a positive solution of (1.1) that is eventually less than or
equal to T, then it is persistent. Furthermore, if the function x f(z) is bounded, then
every positive solution {xz,} of (1.1) is bounded.

Proof. Let {x,} be a positive solution of (1.1) that satisfies
(2.1) Tp, <T forn >ng
where nyg is a positive integer. We claim that {x,} is persistent. Otherwise,
(2.2) liminf z,, = 0.
n—o0

Let ¢ = min{z,: ng < n < ng + k}; then ¢ > 0. We claim that

Ty = for n > ng + k.

N ™

If not, then there exists a positive integer ny; > ng + k such that

(2.3) T, < S and Ty =

5 for ng +k <n<ni.

N ™

Observe that from (1.1) we have

a(w”h - xnl_l) = _(1 - O[)Q?nl + xnl—k—lf(xnl—k—l)

which, in view of (2.3), implies that

g

0>—(1—oz)2

+ %f(wm—k—l)'
Hence, it follows that f(2,,-x—1) < 1 — a. Then, by noting that f(Z) =1 — « and
the strict decreasing property of f, we see that x,, —x—1 > T, which contradicts (2.1).
Hence, (2.2) can not hold, and so {z,} is persistent.

Next, assume that the function zf(z) in (1.1) is bounded and {z,} is a positive
solution of (1.1). Then there is a positive number B such that

|zf(z)] < B for x>0,
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and so it follows from (1.1) that
Tpe1 < azx, +B, n=0,12,...
By an easy induction, we see that
B
Tp <xod"+ ——(1—-0a"), n=0,1,...,
l1-«a
which clearly implies that {x,} is bounded. This completes the proof of the lemma.

0

We will say that a sequence {xz,} is oscillatory if it has arbitrarily large zeros, and
it is nonoscillatory otherwise. An oscillatory sequence {x,} is strictly oscillatory if
it actually changes signs. (An oscillatory sequence that is not strictly oscillatory,

e., it has arbitrarily large zeros but is ultimately nonnegative or nonpositive, has
been referred to as a Z-type sequence in the literature.) A sequence {z,} is said to
oscillate about K if {z, — K} is oscillatory.

Lemma 2. Every positive solution of (1.1) that is not strictly oscillatory about T
converges to T.

Proof. First, assume that {x,} is a solution of (1.1) that is eventually greater
than or equal to Z. We will show that

(2.4) u=limsupz, = T.

n—oo

If (2.4) fails to hold, then p > Z and there is a subsequence {z,,} of {z,} such that
(2.5) n; = nog, Zli)n;lo Xp, = p, and X, — Tp,—1 = 0.

Now, (1.1) can be written in the form

(2.6) (X1 —2n) + (1 — @)xpy1 = Tk f(@n—k),

so from (2.5), it follows that

(2.7) (1 —a)xn, < Tpn—k—1f(Tn,—k-1) < Tpy—k-1f(T) = (1 — @) Tp; —k—1-

Clearly, this implies that x,, < xp,_r—1, and so hm Tp,—k—1 = p. Then, takmg

limits of both sides of (2.7), we find that (1 — a),u < Mf( ), and so f(u) > 1— «,
which is a contradiction. Hence, p = Z, and so (2.4) holds, which clearly implies
that {z,} converges to Z.
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Next, assume that {x,} is a positive solution of (1.1) that is eventually less than
or equal to Z. We claim that

(2.8) n = liminf x,, = T.

n—oo
Otherwise, 7 < T and there is a subsequence {xz,,} of {z,} such that
n; =2 ng, limx,, =n and =z, —xp,—1 <0.
11— 00
Then, from this and (2.6), we obtain

(29) (1 - O‘)Ini =2 xnifkflf(xni*kfl) 2 xnifkflf(f> = (1 - O‘)Ini*kfl'

Clearly, this implies that x,, > xn,—k—1, and so hm ZTn;—k—1 = 7. Then taking the

limit on both sides of (2.9), we find that (1 — a)n > nf(n). From Lemma 1, we see
that n # 0. Hence, it follows that f(n) < 1—« and so n > Z, which is a contradiction.
Therefore, (2.8) holds, and this implies that {z,} converges to Z. The proof of the
lemma is now complete. (]

Now, we are ready to give our main result.

Theorem 1. Assume that (1.2) holds, the function x f(x) is bounded, and

(2.10)

—(k+1) 2274
(a ) E Cx <1,

(1-a)?((1-a)- 015)( — @) = T

where c¢; and co are two negative constants such that
f(x) 2 forze(0,z) and f'(x) = co for x € (T,00).

Then T is a global attractor of all positive solutions of (1.1).

Proof. From Lemma 2, we see that every positive solution of (1.1) that is not
strictly oscillatory about T converges to Z. Hence, we only need to show that every
positive solution that is strictly oscillating about Z also tends to Z.

Suppose that {z,,} is a positive solution that is strictly oscillatory about Z. Let

(2.11) L =limsupz, and [=liminfzx,.

n— o0 n—0o0

Then, by Lemma 1,
(2.12) 0<I<z< L <.
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To complete the proof, it suffices to show that | = £ = L. Suppose, for the sake of
contradiction, that this is not the case. Then, there are three possibilities:

(i) <z <L (i) l=7z< L; (i) I<z=1L.

First, assume that (i) holds. Since {z,} strictly oscillates about Z, there are two
interlacing sequences {n}} and {n/} of positive integers such that

/ " / .
n; <mny <ngq, 1=1,2,...,
Tyt >T, 1=1,2,..., lim x, =L,
g 71— 00 g
and
Ty <ZT, 1=1,2,..., lim x,» = [.
k3 ;> k3

1—00

Now, choose a sequence {n;} of positive integers with
ny <n; <njq, Tn, <Z, and Tp,41 >T, =1,2,...
For each i = 1,2,..., let M; and m; be integers in (n;,n;11] such that
xym; = max{z;: n; <j<ng1} and Xy, =min{z;: n; <j < N1}

Clearly, for each i =1,2,...

(2.13) xy;, > T and xp; — Tar—1 20
and
(2.14) T, <ZT and Ty, — Tm,—1 < 0.

: / "
Since nj,q,n}, € (ni,nit1),

Ty, 2 Ty, and T, < Ty,

Hence, it follows that

(2.15) lim zp, =L and lim z,,, =1

17— 00 1— 00

From (1.1) we see that

v, —oa-1+ (L= )wa,—1 = o1k f (T —1-k)
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which, in view of (2.13), implies that

1
1—

Tar—1 < - a1k f (T —1-k)-
Combining this inequality and the equality

Ty, = Q-1+ Ca—1—k f (XM, —1-k),

we obtain

1
1—

(2.16) Ty, < - o1k f(Tar,—1-k)-

Now, we claim that there exists a positive integer I such that
(2.17) Tp—1—k < T fori>1I.
Otherwise, there is a subsequence {M;, } of {M;} such that

Ta, 1ok 2T, j=12,..
Since f(aa;,—1-k) <1 -, (2.16) implies

TM;, —1—k = M,

and so

lim TM; —1—k = L.
1 J

J—00

Hence, (2.16) yields

1
<—L L7
L< L)

which implies that L = Z. This contradicts (i), and so (2.17) must hold. From (2.16)
and (2.17), we have

1
11—«

N

T, ff(wM,-—l—k) fori>1,

which, in view of the monotonicity of f, yields

1—
(2.18) Ta1o < f—l( < g;Mi) for i > 1.
T
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By (2.11), given an ¢ > 0, there exists a positive integer ng > M| such that

(2.19) l—e<a,<L+e forn>ng+k,
and so
l—T—e<xp—T<L—-—T+¢e forn>ng+k.
Now, if z,,_ > T, then
(2.20) (Tn-t —T)f(@n—t) < (L—-ZF+¢e)(1—a) forn>ng+k,

while if z,,—y < 7, then (2.20) holds since the left hand side is nonpositive. Observe
that (1.1) can be written in the form

(2.21) Tnt1 — @y = Tf(Tn—k) + (@n-k — T) [ (Tn_k)-

Multiplying (2.21) by a~*1 and summing from n = M; — 1 — k to n = M; — 1,

we obtain

M;—1
a My, =a Mgy ok Y a0 f(ay )
J=Mi—1—k
M;—1
+ Y a U@ — @) f ().
J=Mi—1—k

Applying (2.18)—(2.20), for sufficiently large ¢, we have

) ey .1/l =«
Oé_M’!EMi <a—(Ml 1 k)f 1( _ UUM,-)
T

+ |::E«];(l — 5) +L— f+€:| [a—Mi _ a_(Mi—l—k)]’
—

and so it follows that

1-— Tf(l —
xMi g O/ﬁLlfil (Ta IM1> + |:I‘];(fa€) +Lj+€:| [1 - ak+1]'

Letting ¢ — oo and noting that ¢ is arbitrary, we obtain

L< ozk""lf_l(—l ;a L) + {—f{(g +L— :f] (1—arth),
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which yields

-« a~ kD) 1)z
e r- () < g

11—«
By a similar argument, we can establish that

1

(2.23) I (% z) > (o~ — 1)z[f(L) — (1 - a)].

From the Mean Value Theorem,
b (50 - [ (1 (529) 52w n

where £ € (7, L). Since - / .
F)) = oy

where \ € (0,7) satisfies f(\) = (1 — a)T 1€, we have

1 (500 - (- gy 50

Hence, (2.22) can be written in the form

-« a~ D) 1)z
(1- g =) -0 < = - -

and so it follows that

-« a~ kD 1)z
2y (1m0 o),

1T 11—«

where ¢ is a constant satisfying f'(x) > ¢; for € (0,Z). By a similar argument
and the fact that | — 7 < 0, (2.23) yields

-« a~ kD 1)z
ez (1m0 D o),

2T l-«a
where ¢y is a constant satisfying f/(z) > ¢z for ¢y € (T, 00). Now let
U=L-Zz and u=I0-12.
Then, 0 < U < 00, —Z < u < 0, and (2.24) and (2.25) can be written in the form

f(w+2) - (1=a)],

(2.26) U
uz A[f(U+7)—(1-a)

<A
> A
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where

(=D — 1), 72
Al = and A, =
Tl (az-(1-a)) 2

(=D — 1) ¢y 72
(1—a)(eaZ—(1—a))’

Let
g@)=flz+2)-(1-a), z>-7

Since f is decreasing, it follows from (2.26) that
(2.27) U < A1g(A29(U)).

Now, consider the function

Observe that ~(0) = 0 and

W (x) =1— A1Aag' (Aag(x))g (x)
=1-AAf (A(flz+T)—(1— ) +2)f (z + )
>1- A1A26102 > 0.

Thus, h(z) > 0 for > 0, that is,
x> A1g(Asg(x)) for z > 0.

Clearly, this contradicts (2.27). Hence, (i) can not hold. Now, assume that (ii) holds.
Then, from the above argument, we see that L satisfies (2.24). Since | = 7,
(2.24) clearly implies that L = Z, which contradicts (ii). Finally, since (2.25) implies
I =Zif L = Z, we see that (iii) can not hold as well. Hence, we must have L = = T,
and this completes the proof of the theorem.

The following result is a consequence of Theorem 1. While it does not give as
sharp a result as Theorem 1, it easier to apply.

Corollary 1. Assume that (1.2) holds, the function x f(x) is bounded, and

(1-a) (1 + /1 + 4(a-GFD = 1))

(2.28) —dz < e Gy

where d is a negative constant such that
f'(x) =d forx e (0,00).
Then T is a global attractor of all positive solutions of (1.1).
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Proof. By the quadratic formula, (2.28) implies
(2.29) (=D 1) (—dz)? — (1 — a)(—dT) — (1 — a)? < 0.

Clearly, (2.29) is equivalent to

(2.30)

Since we can choose ¢; and ¢z in Theorem 1 such that d < min{cy,co} < 0, we
see that (2.10) holds, and so T is a global attractor of all positive solutions. This
completes the proof. O

3. APPLICATIONS

In this section, we apply our main result to an equation that is derived from
mathematical biology. Consider the difference equation

ﬁxn—k

3.1 bl = @y + o
(3.1) Tnt1 = Q@+ 7o

, n=0,1,...

with
(3.2) a€(0,1), B€(0,00), a+8>1, re (0,00), and k € {0,1,...},

and where the initial conditions z_y, ...,z are nonnegative. Equation (3.1) is a
discrete analogue of the delay differential equation
dP(t)  [of"P(t — 1)

. - —AP(t), t>0,
(3.3) a oy pPrt—r) ®), 0

which has been proposed by Mackey and Glass [5] (also see Kocic and Ladas [4]) as
a model of haematopoiesis, i.e., blood cell production. Here, Gy, 6, v, 7 and n are
positive constants and P(t) denotes the density of mature cells in blood circulation.

Equation (3.1) has a positive equilibrium at = ((a + 8 — 1)/(1 — a))'/". The
following theorem gives a sufficient condition for T to be a global attractor of all

positive solutions.

Theorem 2. Assume that (3.2) holds. If r > 1 and

CRAREI <1

(1-a)?((1-a) —a®)((1 — o) — coX)
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¢ = —%(r — DY A )Y and cp = —%(a + 8= 1)1 = )t
and, in particular, if
5 1-1/r 1+1/r(05+5*1>1/r
(3.4) ™ (r—1) (r+1) T—a

(1-a) (1 + 1+ 4(a- D — 1))

< 2(a-GD 1) ’

then T is a global attractor of all positive solutions of (3.1).

Proof. Equation (3.1) is in the form of (1.1) with f(x) = 8/(1 + "), =z > 0.
Clearly, the function z f(x) is bounded for > 0. Observe that

_ r—1
f(z)= ﬂ#)r x>0
and
f(x) = _ﬁmr_2(<(q_+1x)r)_3 U LR

Clearly, f'(z) has minimum at z* = ((r — 1)/(r + 1))*/" and

(35) f/(x*) — _4‘%(7. _ 1)1—1/7“(1 + r)l-‘rl/T.

Since f'(z) is decreasing for x < z* and increasing for z > x*, we may either have
c1 = f'(z*) and ¢ = f'(Z), or ¢; = f/(Z) and co = f'(z*). In either case, by (3.5)
and the fact that

(@) = —%(a + 03— 1)1—1/T(1 _ a)l-‘rl/r’

the hypotheses of Theorem 1 are satisfied. In particular, (3.4) is (2.28) with d =
f/(z*) in Corollary 1. This completes the proof of the theorem. O

Remark 1. The global attractivity of (3.1) has been studied in [2] and [3]. For
the case that 0 < r < 1, Ivanov [2] showed that T is a global attractor. If r > 1,
Ivanov [2] and Karakostas et al. [3] showed that

(3.6) B<(1-a) G frw
and
(3.7) B<(l-a)—



are sufficient conditions for Z to be a global attractor of all positive solutions of
(3.1), respectively. Clearly, the “delay k” does not play any role in these two condi-
tions. Our conditions in Theorem 2 are different from these two conditions, and in
particular, the “delay k” plays an essential role in our conditions.

Example 1. Consider equation (3.1) with & = 0.99, r = 2, k =1 and

r

=0.1.
r—1

B8=51-a)
Clearly, neither (3.6) nor (3.7) is satisfied. However, since

g 1-1/r L1/ (B INUT
S -1+ ( — ) <0.2

and

(I—a)(1+/1+4(a" G —1))
2(a~(k+1) — 1)

> 0.4,

we see that (3.4) is satisfied, and so by Theorem 2, T is a global attractor of all
positive solutions of (3.1).
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