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ABSTRACT. We investigate the global character of the difference equa-
tion of the form
Tnt1 = f(Tn, Tn-1,.. ., Tn—kt+1), n=0,1,...

with several equilibrium points, where f is increasing in all its variables.
We show that a considerable number of well known difference equations
can be embeded into this equation through the iteration process. We
also show that a negative feedback condition can be used to determine
a part of the basin of attraction of different equilibrium points, and that
the boundaries of the basins of attractions of different locally asymptot-
ically stable equilibrium points are in fact the global stable manifolds of
neighboring saddle or non-hyperbolic equilibrium points.

1. INTRODUCTION

Let I be some interval of real numbers and let f € C![I x I,I]. Let
T1,T9 € I, 0 < Z1 < To be two equilibrium points of the difference equation

Tnt1 = f(Tp,xn-1), n=0,1,... (1)
where f is a continuous and increasing function in both variables. There are
several global attractivity results for Eq.(1) which give the sufficient condi-
tions for all solutions to approach a unique equilibrium. These results were
used efficiently in monograph [15] to study the global behavior of solutions
of second order linear fractional difference equation of the form
0t B 1T

A+ Bxy, +Cxp_y’

with non-negative initial conditions and parameters.

Tnt1 n=0,1,... (2)
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We list three such results:
The first theorem, which has also been very useful in applications to
mathematical biology, see [13], was really motivated by a problem in [9].

Theorem 1. ([8]. See also [9, 13], and [14], p. 53). Let I C [0,00) be
some interval and assume that f € C[I x I,(0,00)] satisfies the following
conditions:

(i) f(x,y) is non-decreasing in each of its arguments;
(ii) Eq.(1) has a unique positive equilibrium point T € I and the function
f(z,x) satisfies the negative feedback condition
(x —7)(f(x,x) —x) <0 forevery z€l—{T}. (3)
Then every positive solution of Eq.(1) with initial conditions in I converges
to .

The second result was obtained in [15] and it was extended to the case of
higher order difference equations and systems in [19, 26, 32].

Theorem 2. Let [a,b] be an interval of real numbers and assume that
f:]a,b] x [a,b] — [a,b]
s a continuous function satisfying the following properties:
(a) f(x,y) is non-decreasing in each of its arguments;
(b) Eq.(1) has a unique equilibrium T € [a, b).
Then every solution of Fq.(1) converges to T.

The following result has been obtained recently in [1].

Theorem 3. Let I C R and let f € C[I x I,I] be a function which in-
creases in both variables. Then for every solution of Eq.(1) the subsequences
{xan}oy and {xon+1}22 1 of even and odd terms of the solution do exactly
one of the following:

(i) Eventually they are both monotonically increasing.
(ii) Eventually they are both monotonically decreasing.
(iii) One of them is monotonically increasing and the other is monoton-
ically decreasing.

Remark 1. Theorem 1 is actually a special case of Theorem 2. Indeed (3)
implies that there exist a and b,a < Z < b such that f(a,a) > a, f(b,b) < b,
which in view of monotonicity of f implies that

f:a,b] x [a,b] — [a,b],
and so all conditions of Theorem 2 are satisfied. Furthermore, Theorem 2 is a

special case of Theorem 3 if we additionally assume non-existence of period-
two solutions. None of these results provide any information about the
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basins of attraction of different equilibrium points when there exist several
equilibrium points, as in the case of equations (4) and (21).

Example 1. Here we consider the following equation
1 . .
Tpp1 = i(xn + xp—1 +sin(zy) +sin(z,—1)), n=0,1,... (4)

on an interval [0,2K 7|, where K is an integer. This equation has 2K + 1

equilibrium points Z,, = mm,m = 0,1,...,2K. An immediate checking

shows that ZTo,,t1 are locally asymptotically stable, while Zs,, are saddle
— 1£V6

equilibrium points with eigenvalues A+ = =52, The expression f(z, ) —z,

where f(z,y) = 1(z + y + sin(z) + sin(y)) becomes
flz,z) —x=sinx <0 if ze(2m+ )7, (2m+2)m).

This shows that the negative feedback condition is satisfied in the interval
(Zom+1, Tam+2) and so in view of Theorem 1 or Theorem 2 the product of
this interval by itself is a part of the basin of attraction of Zop41. Simi-
larly (Zom, Tom+1)? is a part of the basin of attraction of oy, 1. In view of
Theorem 3 all solutions of Eq.(4) are eventually monotonic and so are con-
vergent. Notice that Eq.(4) has no minimal period-two solutions. A direct
calculation shows that the eigenvectors which correspond to two eigenvalues
A+ at the equilibrium points (Zom,, Tom) are [1, Ag].

The problem for Eq.(4) is to determine precisely the basin of attraction
of all local attractors Zop,4+1. By using software that simulates discrete
dynamical systems, such as Dynamica 2, see [17], we obtain the basins of
attraction depicted in Figure 1.

Now, using Theorem 14 which is the main result of this paper, we obtain
the precise description of the basin of attraction Bay,4+1 of ZTopy1 and Bay,
of T, as:

Bomy1r ={(%,y) : I,y s i <y <yu (2,41) € Wom, (z,9u) € Wamea}
and
Bom = Wam,
where Waym, = Wiz,,, #.,,) 15 the global stable manifold of the equilibrium
point (Zam, Tom). In other words, the basin of attraction of (Zam+1, T2m+1)
is the set of all points in the plane of initial conditions which are between
the stable manifolds of two consecutive saddle equilibrium points (Zo,, Z2m )

and (Zom+2, Toam+2)-
These results are summarized in the plot in Figure 1.
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Figure 1: Figure shows the basins of attraction of Eq.(4). Figure was gen-
erated by Dynamica 3 [17].

2. PRELIMINARIES

We now give some basic notions about fixed points and monotonic maps
in the plane.

Consider a map T on a nonempty set S C R?, and let € € S. The point
€ € S is called a fized point if T'(€) = €. An isolated fixed point is a fixed
point that has a neighborhood with no other fixed points in it. A fixed
point € € § is an attractor if there exists a neighborhood U of € such that
T™(x) — € as n — oo for x € U; the basin of attraction is the set of all
x € S such that T"(x) — € as n — oo. A fixed point € is a global attractor
on a set K if € is an attractor and K is a subset of the basin of attraction
of e. If T is differentiable at a fixed point €, and if the Jacobian Jr(€) has
one eigenvalue with modulus less than one and a second eigenvalue with
modulus greater than one, € is said to be a saddle. See [27] for additional
definitions (stable and unstable manifolds, asymptotic stability).

Consider a partial ordering < on R?. Two points v,w € R? are said to
be related if v < w or w <X v. Also, a strict inequality between points may
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be defined as v < w if v < w and v # w. A stronger inequality may be
defined as v = (v1,v2) K w = (wy,we) if v X w with v; # w; and ve # ws.
For u, v in R2, the order interval [u,v] is the set of all x € R? such that
u=<x=xv.

A map T on a nonempty set S C R? is a continuous function 7 : S — S.
The map T is monotone if v <X w implies T'(v) <X T(w) for all v,w € S,
and it is strongly monotone on S if v. < w implies that T'(v) < T'(w) for
all viw € S. The map is strictly monotone on S if v < w implies that
T(v) < T(w) for all v,w € S. Clearly, being related is invariant under
iteration of a strongly monotone map.

Throughout this paper we shall use the North-FEast ordering for which the
positive cone is the first quadrant, i.e. this partial ordering is defined by

(x1,Y1) Zne (x2,y2) < 21 <z and y; < yo (5)

A map T on a nonempty set S C R? which is monotone with respect
to the North-East ordering is called cooperative and a map monotone with
respect to the South-East ordering

(x1,91) Zse (x2,52) < x1 <x2 and y1 > o (6)

is called competitive.
If T is differentiable map on a nonempty set S, a sufficient condition for
T to be strongly monotonic with respect to the NE ordering is that the
Jacobian matrix at all points x has the sign configuration
+ +
| @

sign (Jr(x)) = [ -

provided that S is open and convex.

For x € R? define Qy(x) for £ = 1,...,4 to be the usual four quad-
rants based at x and numbered in a counterclockwise direction, for ex-
ample, Q1(x) = {y € R? : 27 < y1, 22 < y2}. The (open) ball of
radius 7 centered at x is denoted with B(x,r). If K C R? and r > 0,
write I + B(0,7) := {x : x = k + y for some k € K and y € B(0,r)}. If
X € [—00,00]? is such that x <y for every y in a set ), we write x < ).
The inequality )V =< x is defined similarly.

The following definition is from [31].

Definition 1. Let S be a nonempty subset of R®>. A competitive map T :
S — S is said to satisfy condition (O+) if for everyx,yinS, T(x) <ne T(y)
implies © =<pe y, and T is said to satisfy condition (O—) if for every x, y in
S, T(x) Zpne T(y) implies y <pe x.

The following theorem was proved by de Mottoni-Schiaffino [6] for the
Poincaré map of a periodic competitive Lotka-Volterra system of differential
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equations. Smith generalized the proof to competitive and cooperative maps
[28, 29].

Theorem 4. Let S be a nonempty subset of R%. If T is a competitive map
for which (O+) holds then for all x € S, {T"(x)} is eventually componen-
twise monotone. If the orbit of © has compact closure, then it converges
to a fived point of T. If instead (O—) holds, then for all x € S, {T?"} is
eventually componentwise monotone. If the orbit of x has compact closure
in S, then its omega limit set is either a period-two orbit or a fixed point.

It is well known that a stable period-two orbit and a stable fixed point
may coexist, see Dancer and Hess [5].

The following result is from [31], with the domain of the map specialized
to be the cartesian product of intervals of real numbers. It gives a sufficient
condition for conditions (O+) and (O—).

Theorem 5. Let R C R? be the cartesian product of two intervals in R. Let
T:R— R beaC' competitive map. If T is injective and detJp(x) > 0 for
all z € R then T satisfies (O+). If T is injective and detJr(z) < 0 for all
x € R then T satisfies (O—).

Theorems 4 and 5 are quite applicable as we have shown in [4], in the case
of competitive systems in the plane consisting of linear fractional equations.

The next results, from [22], are useful for determining basins of attraction
of fixed points of cooperative maps. These results generalize the correspond-
ing result for hyperbolic case from [20]. Related results have been obtained
by H. L. Smith in [28, 29, 30].

Theorem 6. Let T be a competitive map on a rectangular region R C R2.
Let X € R be a fizred point of T such that A := R Nint (Q1(X) U Q3(X))
is nonempty (i.e., X is not the NW or SE vertex of R), and T is strongly
competitive on . Suppose that the following statements are true.

a. The map T has a O extension to a neighborhood of X.

b. The Jacobian Jr(X) of T at X has real eigenvalues X\, u such that
0 < |\ < p, where || < 1, and the eigenspace E* associated with \
is not a coordinate axis.

Then there exists a curve C C R through X that is invariant and a subset of
the basin of attraction of X, such that C is tangential to the eigenspace E*
at X, and C is the graph of a strictly increasing continuous function of the
first coordinate on an interval. Any endpoints of C in the interior of R are
either fixed points or minimal period-two points. In the latter case, the set
of endpoints of C is a minimal period-two orbit of T'.
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We shall see in Theorem 9 that the situation where the endpoints of C are
boundary points of R is of interest. The following result gives a sufficient
condition for this case.

Theorem 7. For the curve C of Theorem 6 to have endpoints in IR, it is
sufficient that at least one of the following conditions is satisfied.

i. The map T has no fized points nor periodic points of minimal period-
two in A.
ii. The map T has no fized points in A, det Jp(X) > 0, and T(x) =X
has no solutions x € A.
iii. The map T has no points of minimal period-two in A, det Jp(X) < 0,
and T(x) = X has no solutions x € A.

In many cases one can expect the curve C to be smooth.

Theorem 8. Under the hypotheses of Theorem 6, suppose there exists a
neighborhood U of X in R? such that T is of class C* on U U A for some
k > 1, and that the Jacobian of T at each x € A is invertible. Then the
curve C in the conclusion of Theorem 6 is of class C*.

For maps that are strongly competitive near the fixed point, hypothesis
b. of Theorem 6 reduces just to |A| < 1. This follows from a change of
variables [31] that allows the Perron-Frobenius Theorem to be applied to
give that at any point, the Jacobian of a strongly competitive map has two
real and distinct eigenvalues, the larger one in absolute value being positive,
and that corresponding eigenvectors may be chosen to point in the direction
of the second and first quadrant, respectively. Also, one can show that in
such case no associated eigenvector is aligned with a coordinate axis. The
next result is useful for determining basins of attraction of fixed points of
competitive maps.

Theorem 9. (A) Assume the hypotheses of Theorem 6, and let C be the
curve whose existence is gquaranteed by Theorem 6. If the endpoints of C
belong to OR, then C separates R into two connected components, namely

W_:={x€R\C:3y€C withx <, y}
and

Wy :={xeR\C:3yeC withy <s x}, (8)
such that the following statements are true.

(1) W_ is invariant, and dist(T™(x), Q2(X)) — 0 as n — oo for every
xeW_.

(il) Wy is invariant, and dist(T"(x), Q4(X)) — 0 as n — oo for every
X € W+.
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(B) If, in addition to the hypotheses of part (A), X is an interior point of
R and T is C? and strongly competitive in a neighborhood of X, then T has
no periodic points in the boundary of Q1(X) U Q3(X) except for X, and the
following statements are true.
(iii) For every x € W_ there exists ng € N such that T"(x) € int Q2(X)
forn > ng.
(iv) For every x € Wy there exists ng € N such that T"(x) € int Q4(X)
for n > ng.

Basins of attraction of period-two solutions or period-two orbits of certain
systems or maps can be effectively treated with Theorems 6 and 9. See
[18, 19, 24] for the hyperbolic case, for the non-hyperbolic case see [22].

If T is amap on a set R and if X is a fixed point of T', the stable set W*(X)
of X is the set {z € R : T"(x) — X} and unstable set W*(X) of X is the set

{ x € R : there exists {x,}°_ . C R s.t. T(xy) = Xpt1,

—00

Xo =X, and lim ani}
n——oo
When T is non-invertible, the set W*(X) may not be connected and made up
of infinitely many curves, or W*(X) may not be a manifold. The following
result gives a description of the stable and unstable sets of a saddle point
of a competitive map. If the map is a diffeomorphism on R, the sets W*(X)
and W"(X) are the stable and unstable manifolds of z.

Theorem 10. In addition to the hypotheses of part (B) of Theorem 9,
suppose that p > 1 and that the eigenspace E* associated with p is not a
coordinate axis. If the curve C of Theorem 6 has endpoints in OR, then C
is the stable set W3(X) of X, and the unstable set W*(X) of T is a curve in
R that is tangential to E* at X and such that it is the graph of a strictly
decreasing function of the first coordinate on an interval. Any endpoints of

WH(X) in R are fized points of T.

Remark 2. The results for cooperative systems are analogous where in
the above mentioned results competitive should be replaced by cooperative,
Q2(7) and Q4(7) should be replaced with Q;(7) and Q3(T) respectively, and
increasing should be replaced by decreasing. See [31] for a substitution that
transform competitive map into cooperative map.

The following result gives the necessary and sufficient condition for the
local stability of

Tn+1 :f(xnaxn—lr-'?xn*k)? TL:O,l,... (9)

when f is non-decreasing in all its arguments, see [12].
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Theorem 11. Let
k
Znil = sz‘zn—u n=0,1,... (10)
i=0

be the standard linearization about the equilibrium T of Eq. (9) where p; =
Of |0xp—i(Z,...,2) > 0,1 =0,...,k. Then the equilibrium T of Eq. (9) is
one of the following:

(a) locally asymptotically stable if Zf:o pi <1,

(b) non-hyperbolic and locally stable if ELO p; =1,

(c) unstable if Zf:o pi > 1.

Remark 3. We say that f is strongly increasing in both arguments if it
is increasing, differentiable and have both partial derivatives positive in a
considered set. The connection between the theory of monotone maps and
the asymptotic behavior of Eq. (1) follows from the fact that if f is strongly
increasing, then a map associated to Eq. (1) is a cooperative map on Z X
Z while the second iterate of a map associated to Eq. (1) is a strictly
cooperative map on Z x 7.
Set x,—1 = uy, and x, = v, in Eq. (1) to obtain the equivalent system

Un+1 = Un
) n = 07 ]‘7
Un+1 = f(Unaun)
Let F(u,v) = (v, f(v,u)). Then F maps I x I into itself and is a cooperative
map. The second iterate T := F? is given by

T(uv U) = (f(v’u)’ f(f(v’u)’v))

and it is clearly strictly cooperative on Z x 7.

Remark 4. The characteristic equation of Eq. (1) at an equilibrium point
(z,2):

>\2_D1f(j’f))‘_D2f(jaj) =0, (11)
has two real roots A, u which satisfy A\ < 0 < p, and |A| < p, whenever
f is strictly increasing in both variables. Here D;f,i = 1,2 denotes the
partial derivative with respect to the i-th variable. Thus the applicability
of Theorems 6 and 9 depends on the nonexistence of minimal period-two
solution.

The theory of monotone maps has been extensively developed at the level
of ordered Banach spaces and applied to many types of equations such as or-
dinary, partial and discrete, see [5, 6, 10, 11, 31, 32, 33, 34]. In particular, [10]
has an extensive updated bibliography of different aspects of the theory of
monotone maps. The theory of monotone discrete maps is more specialized
and so one should expect stronger results in this case. An excellent review of
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basic results is given in [11, 26, 31]. In particular, two-dimensional discrete
maps are studied in great details and very precise results which describe the
global dynamics and the basins of attractions of equilibrium points as well
as global stable manifolds are given in [6, 18, 20, 22, 28, 29, 30, 31, 32].

In this paper we consider Eq. (1) which has several equilibrium points and
provide the sufficient conditions for all solutions to converge to an equilib-
rium point. More precisely, we will give sufficient conditions for the precise
description of the basins of attraction of different equilibrium points. An
application of our results gives precise description of the basis of attraction
of equations (4) and (21).

3. MAIN RESULTS
The following result is needed to state our main result:

Theorem 12. Consider Eq.(1) subject to the following conditions:

(C1) f € C[I% 1] is increasing in both arguments and I is an interval
(C2) Eq.(1) has no prime period-two solutions
Then every bounded solution of Eq.(1) converges to an equilibrium.

Proof. We will check that the map F' associated to Eq.(1) satisfies condition
(O—). Indeed, assume
F(l’) =se F(y)
for any x = (u1,v1),y = (uz2,v2), that is
vy <wa,  f(vr,ur) > f(va, ug).

In view of monotone character of f this implies us < w; which implies
Y =se . Observe that we do not require continuity of f for this proof. Thus
the conditions of Theorem 4 are satisfied and so the conclusion follows from
this theorem.

We will provide the second proof of this result under the additional as-
sumption that f is strictly increasing, which we need for application of
Theorems 6 and 9. We check that the conditions of Theorem 5 are satisfied
for the second iterate T = F? of the map associated with Eq.(1).

If Dig(u,v) and Dag(u,v) denote the partial derivatives of a function
g(u,v) with respect to u and v, the Jacobian matrix of 7" is

Da f(v,u) D1 f(v,u)

Jr(u,v) = (12)

D1f(f(v,u),v) D1 f(v,u)

D1 f(f(v,u),v) Daf(v,u) +Dof(f(v,u),v)

The determinant of (12) is given by
det Jp(u,v) = Do f(v,u)Daf(f(v,u),v) > 0.
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To check injectivity of T" we set
T((u1,v1)) = T((u2,v2))

which implies

flor,ur) = fva,u2),  f(f(vi,ua),v1) = f(f(va,uz),v2)

and so f(f(v1,u1),v1) = f(f(v1,u1),v2). By using the monotonicity of f we
conclude that v1 = vy which in view of f(vi,u1) = f(ve, u2) gives uy = us.
Theorems 4 and 5 impliy that the subsequences {9}, and {zox—_1}72,
of every solution of Eq.(1) are eventually monotonic. Furthermore, every
bounded solution converges to a period-two solution and in view of (C2) to
an equilibrium. O

Corollary 1. Consider Eq.(1) subject to (C1) and the negative feedback
condition (3). Then every bounded solution of Eq.(1) converges to an equi-
librium.

Proof. We show that the negative feedback condition (3) implies (C2), that
is, the non-existence of a prime period-two solution. If f(z,z) > x or
f(z,x) <z for all x < T or x > T, then v > v implies that u = f(v,u) >
f(u,u) for u < & and v = f(u,v) < f(v,v) for v > Z, which shows that
Eq.(1) can not have period-two solution. O

Remark 5. Theorem 12 was established independently in [1] by direct
proof. We are providing the proof here for two reasons. First, we want
to show that the result follows from more general Theorem 4. Second, we
want to show that the conditions (a) and (b) of Theorem 6 are satisfied
for Eq.(1) when f is strictly increasing and the corresponding map is C? in
some neighborhood of the equilibrium point.

Theorem 13 and Corollary 1 are results that hold for second order differ-
ence equations and can not be extended to higher order difference equations
because Theorems 4 and 5 which are fundamental in the proof can not be
extended to higher order difference equations. Next, we will prove a slightly
less general result for Eq.(1) which can be extended to higher order difference
equations.

Theorem 13. Consider Eq.(1) subject to (C1) and the following conditions:

(C3) There exist two equilibrium points 0 < x1 < x2 of Fq.(1)
(C4) Fither the negative feedback condition (NFC) with respect to Ty holds

(x —71)(f(z,2) —x) <0, Yo € (T1,T2)

or
(C5) the negative feedback condition (NFC') with respect to To holds

(x —T2)(f(z,x) —x) <0, Vo € (T1,T2).
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Then every bounded solution of Eq.(1) converges to an equilibrium. The
box (T1,T2)? is a part of the basin of attraction of Ty if (C4) is satisfied or
Ty if (CB) is satisfied.

Proof. Assume that x_1,z¢ € [0,71] and that at least one of them is smaller
than Z;. By using the monotonicity of f we obtain
z1 = f(wo,z—1) < f(Z1,71) =71

By using the inductive argument we can show that x, € [0,71),Vn > —1,
which proves that [0,7] is an attracting interval. In addition f satisfies

0 < f(u,v) < f(Z1,71) =71, Vu,v € [0,71].
Thus [0,Z1) is an invariant interval and f : [0,71]?> — [0,Z1]. Consequently,
all conditions of Theorem 2 are satisfied and so we conclude that

lim z, =7 (13)

n—oo

for every solution {x,} of Eq.(1).
A similar argument can be applied in the case where x_1, 29 > Ty and at
least one inequality is strict. In this case, if U > T9 is a number such that

r, <U, Vn>-1
such that
flu,v) < f(U,U) <U
which shows that [T2, U] is an invariant (and attracting) interval. Thus an
application of Theorem 2 leads to

lim z, = Zs. (14)

n—oo
Next, assume that z_j,x9 € [T1,T2]. For the sake of definiteness assume
that
Ty Sx-1 <X < T2
where at least one inequality is strict.
By using (Csg), we have
Z1 = f(T1,71) <11 = f(2o, 1) < f(T2,T2) = Ta.

By using induction we can show that z,, € [Z1,T2],n > —1 and so [ZT1,T2] is
an attracting interval. Let

T < U =max{z_1,20} < Ta.
If (C4) holds then
71 < f(71,71) < 21 = f(xo,2-1) < f(U,U) < U.
That is 1 < x1 < U. Furthermore, if u,v € [Z1, U] then (C4) implies
Ty = f(@1,71) < f(u,v) < f(UU) <U.
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Consequently, by applying Theorem 2 in an invariant interval [z, U] we get
that the solution satisfies (13).

Assume now that To = z_1 > z¢9 > 7. Let L = min{z_;,z¢}. If (Cs)
holds, then we obtain

x1 = f(zo,x-1) > f(L, L) > L
and by (Cz) we have
L<[f(L,L) < f(u,v) < f(T2,T2) = T2,

for all u,v € [L,T3]. Thus [L,T>] is an invariant interval for f.

By applying Theorem 2 we obtain that the solutions satisfy (14).

The case To = 1 > xg = X1 or Ty = x9 > xr_1 = x1 can be reduced
to one of the previous cases. Namely, it is easy to show that in this case
x1,x2 € (T1,T2) and so we can define L and U starting with z; and z».

Now we want to consider the remaining cases for the initial conditions
such as x_1 < Ty < xg and prove that all bounded solutions converge to an
equilibrium. To complete this task we will use the basic results of monotone
maps, see [31], [19].

Based on our previous claims we know that the basin of attraction B(E})
of E; contains Q3(F1) and also Q1(F1) N Q3(FEs) if (Cy) is satisfied while
the basin of attraction B(E2) contains Q1(FE3), and in the case when (Cj)
is satisfied, Q1(E1) N Q3(E2).

Take any point P(x_1,x0) outside of the set A = Q1(F2) U Qa(F4) U
Q1(E1) N Q3(F2). Then, one can find two points P, € Q3(F1) and P, €
Q1(E2) such that

P <2P=<P,

with respect to the North-East ordering.
By using the monotonicity of a map F' associated with Eq.(1) we have

F(P) < P(P) < F(P,)
and
FU'(F) = F'(P) = F"(Py).
As we have seen
nh—>Holo F"(P) = Ey and nlLII;O F"(P,) = E»,
which by continuity (see [20]) implies that
lim F*(P) € Qi(E1) N Q3(E2)

and so
lim F"(P) = F;

n—oo
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if (C4) holds, and
lim F"(P) = E»

n—oo
if (C5) holds.
This means that the solution {z,} satisfies (13) when (Cy4) holds or (14)
when (Cs) holds. O

Theorem 13 can be combined with Theorems 6 and 9 to give the precise
description of basins of attraction of equilibrium points of Eq.(1). Here is
our main result:

Theorem 14. Consider Eq.(1) where f is increasing function in its argu-
ments and assume that there is no minimal period-two solution. Assume
that Eq1(x1,y1), E2(x2,y2), and Es(xs3,y3) are three consecutive equilibrium
points in North-East ordering that satisfy

(21,91) Zne (22,92) Zne (3,y3)

and that E71, E3 are saddle points with the neighborhoods where f is strictly
increasing and Eoy is a local attractor.

Then the basin of attraction B(E2) of Ea is the region between the global
stable manifolds W*(E71) and W?*(E3). More precisely

B(Es) = {(:c,y) sy w < Y < Yu,

(2,10) € W*(BY), (2,9) € W () }.

The basins of attraction B(E1) = W?*(E1) and B(E3) = W#*(E3) are exactly
the global stable manifolds of E1 and E3.

Proof. In view of Theorem 3 all solutions are eventually monotonic and so
all bounded solutions are convergent to the equilibrium points. Set

B={@) Ipwm: u<y<vw (o) €W (B (@) € W (Es)}.

Straightforward calculation shows that the eigenspaces E* associated with
the stable eigenvalues A, |[A\| < 1 is [1,A] and so is not a coordinate axis.
The existence and the properties of the global stable manifolds W*(E}) and
W?#(E3) are guaranteed by Theorems 6 and 9. Take (x_1,z0) € B. Then
there exist the points (z* ;,z}) € W*(E;) and (2%, z%) € W*(E3) such that

(xlflvxé) = ('73—17550) = (xqil,xg),
which implies

T"((aly,2p)) = T"((2-1,20)) < T"((2"y, 2§))-
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By taking n — oo we obtain
By 2T"((z-1,70)) 2 E3.

In view of the uniqueness of the global stable manifold and Theorem 9 we
obtain that
lim T"((z—1,0)) = Ea,

n—oo

which shows that B C B(Es).
The proof that B(E;) = W?*(E1) and B(E3) = W?(Es3) follows from
Theorems 9 and 10. U

Remark 6. The requirement that Fy and Fj5 are saddle points can be re-
placed by the requirement that at least one of them is non-hyperbolic point
that satisfies conditions (a) and (b) of Theorem 6. See Example 6. The
assumptions of Theorem 14 are of local character for all three equilibrium
points, and no strict increasing character is assumed for Fs. Even with as-
sumptions we can characterize the basin of attraction of Fo. See Example 7.

Remark 7. Theorem 13 can be extended to the case when Eq.(1) has a
finite number of equilibrium points. Also Theorem 13 can be extended to
the case of the (k + 1)-st order difference equation (9).

Theorem 15. Consider Eq.(9) subject to the following conditions:
(C1) feC0,00)1,]0,00)]

(C2) f(uo,u1,...,xx) is increasing in all arguments
(C3) There exist m equilibrium points 0 < 1 < x9 < ... < Xy, of Eq.(9)
(C4) The negative feedback condition with respect to T; for some i €

{1,...,m} holds
(x —Z)(f(z,z,...,2) —2) <0, VY € (T4, Tit1)-

Then every bounded solution of Eq.(1) converges to an equilibrium. The
box (T;, Tiy1)"* is a part of the basin of attraction of ;.

4. EXAMPLES
Here we present some examples of applications of our theorems.

Example 2. Equation

ey = P InL g (15)
T+ pTn + Tp—1
where p,r > 0 and the initial conditions x_1,zg are non-negative was con-
sidered in [2]. Eq.(15) has zero equilibrium always and when p+1 > r there
exists an additional positive equilibrium 7 = (p+1—7r)/(p+1). Clearly the
function

Flu) = 20 >0
r+pu+v
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is strictly increasing function in both arguments and

flu,v) = pu+ v < n‘lax{p,l} _
r+pu+ov = min{p,r 1}

U, wu,v>0.

It is easy to show that the zero equilibrium is a global attractor for p+1 < r.
Assume that p+ 1 > r. Then for 0 < x < T we have

ooy -on () ()

which shows that the negative feedback condition with respect to the positive
equilibrium is satisfied. Theorem 13 implies (13) for every solution with at
least one positive initial condition.

Example 3. We give an example which is relevant to mathematical biology,
see [25] for a special case. Consider

Tpyl = fl(l'n) + fz(xn_l), n=20,1,..., (16)

where f1, fo are continuous, increasing functions on [0,00). Assume that
there exists unique T > 0 such that

f1(0) + f2(0) =0 and fi(Z) + f2(T) = 7.
Assume that

fi(x) + fo(z) > x

for any 0 < < Z. Then every positive solution of Eq. (16) will converge to
z. This result is an immediate application of Theorem 1. The special case
of this result when

fl(u) - 1 fﬂliu

was given in [25]. Equation

) ﬂl?bl>0 i:1727

Bixn Boxn—1
1+ bl-fn 1+ ben—l

Tntl = (17)

has zero equilibrium always and when 3; + G2 > 1 it has also an additional
positive equilibrium point Z. Indeed, the positive equilibrium satisfies

B B2

1: =
1+b1§+ 1+ b

h(T).

Clearly h(u) is a decreasing function for v > 0 and

h(0)=p1 4 B2 > 1, lim h(u) =0,
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which shows that there exists unique = > 0 such that h(Z) = 1. Let us
check the negative feedback condition with respect to zero equilibrium for
function f(z,y). We have
Prx Bax b1 B2
fm) o= e Tt T+ b 1t b
=z(h(x)—1)>z(h(z)—1)=0 fz<z.
Theorem 13 implies

1)

x = x(

lim z,, ==.
n—oo

for every solution of Eq.(17).

Example 4. We give another example which is relevant to mathematical
biology, see [7, 16, 15, 32]. Consider

PTn + Tn—1

Tpyl = GO+ T n=20,1,... (18)
where p, g are positive and the initial conditions x_;, g are nonnegative,
and such that x_q + 9 > 0. It has been proved in [16] that the unique
equilibrium of Eq.(18) is locally asymptotically stable if ¢ < pg+ 1+ 3p and
it was conjectured that it is globally asymptotically stable as well. Recently,
the global asymptotic stability was established in the region ¢ < p in [18]
and [26]. Here we show how we can establish global attractivity of the
equilibrium by embedding Eq.(18) into a higher order difference equation
which is increasing in all its arguments. The embedding is performed by
one or more iterations of this equation. This method was used extensively
in a recent monograph by Camouzis and Ladas [3] to prove the boundedness
of solutions of difference equations and to find the explicit bounds for the
solutions, as well as in [12] to find the global attractivity and global stability
results for general nonlinear difference equations.

By iterating Eq.(18) once we get
qx% + TnTp—1+ piUn + DTp—1

T = =g(Tn,Tpn-1),n=0,... 19
e qx%+xn$n—l + pqxy + qTn—1 g( e 1) ( )

where
qu2 + uv +p2u + pv
g(u,v) = =3
qu* + uv + pqu + qu
is decreasing in both arguments. By iterating equation (19) once more we
get an equation of order 6 where the right hand side is increasing in all its
arguments:

Tn+2 = g(g(xn—% l'n—S)a g(xn—S) xn—4)) = F(l'n—% Ln—3, xn—4)7 (20)
for n = 0,1,.... A straightforward checking shows that all three equa-
tions (18)-(20) have a unique positive equilibrium point and that F(u,v, 2)
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satisfies negative feedback condition (NFC). Thus, the unique positive equi-
librium is a global attractor of all solutions of (20), and so of all solutions
of (18).

Example 5. Here we consider the following equation
1 .
Tpil = i(xn + xp_1 +sin(z,—1)), n=01,... (21)

on an interval [0,2K 7], where K is an integer. This equation has 2K + 1
equilibrium points z,, = mm,m = 0,1,..., K. An immediate checking

shows that Zg,,+1 are locally asymptotically stable, while Zs,, are saddle

equilibrium points with eigenvalues Ay = ﬁﬂ. The expression f(z,x)—z,

where f(z,y) = 1(z + y + sin(y)) becomes
1
flz,x) —x = §sinx <0 if ze(@2m+1)m (2m+ 2)m).

This shows that the negative feedback condition is satisfied in the interval
(Zam+1, Tam+2) and so the product of this interval by itself is a part of the
basin of attraction of Zo,, 1. Similarly (Zom, Zom+1)? is a part of the basin
of attraction of Zon,+1. In particular, Theorem 3 implies that all solutions
of Eq.(21) converge to an equilibrium.

In fact, we can give precise descriptions of the basins of attraction of all
equilibrium points. Theorem 14 can be used to show that

Bom+1 ={(z,y) : Iyw, v - i <y <wyu (2,9) € Wam, (T, yu) € Woms2}

and
Bam = Wam,

where Wam, = Wiz, 25,,) 15 the global stable manifold of the equilibrium
point (Zam, Tom ). In other words, the basin of attraction of (Zam+1, Z2m+1)
is the set of all points in the plane of initial conditions which are between
the stable manifolds of two consecutive saddle equilibrium points (Zam,, Z2m)
and (Zom+2, Tom+2). Indeed, we only need to show that Eq.(21) does not
possess a minimal period-two solution ®, ¥, ® W, .... Such a solution would
satisfy the system of equations

sin(®) =& -V, sin(V)=v -
and so
U =7 —sin(®) =G(P), =V —sin(V)=_G((Y),

which implies that both ® and ¥ are period-two points of an increasing
function G(z) = = — sin(x), which is impossible.
These results are summarized in the plot in Figure 2.
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-5 0 5 10
Figure 2: Figure shows the basins of attraction of Eq.(21). Figure was
generated by Dynamica 3 [17].

Example 6. Here we consider the following equation

1 .
Tnt1 = §($n + Tp_1 4 (sin(z,—1))?), n=0,1,... (22)
on an interval [0,2K 7|, where K is an integer. This equation has 2K + 1
equilibrium points Z,, = mm,m = 0,1,..., K. An immediate checking

shows that Z,, are non-hyperbolic equilibrium points with eigenvalues equal
to 1 and —1/2. The expression f(z,z) — z, where f(z,y) = 3(z +y +
(sin(y))?) becomes

1
flz,z) —x = i(sina:)2 >0 forevery x# Tp,.

This shows that the negative feedback condition is satisfied in the interval
(Zm—1,Tm) and so the product of this interval by itself is a part of the basin
of attraction of Z,,. In particular, Theorem 3 implies that all solutions of
Eq.(22) converge to an equilibrium. In fact, we can give precise descriptions
of the basins of attraction of all equilibrium points. Theorem 14 can be used
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to show that

Bm = {(x7y) : Elyuvyl T <Y<Yy (x,yz) € me (x,yu) S Wm—H}

where Wi, = Wz, z.,,) is the global stable manifold of the equilibrium point
(Zm, Tm). In other words, the basin of attraction of (Z,, Z,,) is the set of
all points in the plane of initial conditions which are between the stable
manifolds of two consecutive non-hyperbolic equilibrium points (Z,, T, )
and (:Em+1, fm#»l)-

Indeed, we only need to show that Eq.(22) does not possess a minimal
period-two solution ®, ¥, &, U, .. ..

A minimal period-two solution would satisfy the system of equations

(sin(®)? =& - ¥, (sin(¥))?> =T -
and so
U= — (sin(®))? = H®), ®=10T— (sin(¥))? = H(D),

which implies that both ® and ¥ are period-two points of an increasing
function H(x) = x — (sin(z))?, which is impossible. A direct calculation
shows that the eigenvector which corresponds to the smaller eigenvalue A =
—1/21is [2, —1].

Example 7. Here we consider the following equation
Tpp1 =20 423 | n=0,1,... (23)

on an interval (—oo,00). This equation has 3 equilibrium points —1/ V2,0,
1//2, where :I:l/\/§ are saddle points and 0 is a local attractor, with both
roots of characteristic equation equal to 0. Thus, the function f(u,v) = u3+
v3 is strictly increasing for all values u # 0,v # 0. All conditions of Theorem
14 are satisfied with respect to two saddle equilibrium points (period-two
solution clearly does not exist), which guarantee the existence of two stable
manifolds W*((1/v/2,1/v/2)) and W*((—1/+/2, —1/+/2)), which are continu-
ous, decreasing curves that extend indefinitely. In view of Theorem 9. the re-
gion between W*((1/v/2,1/+/2)) and W?*((—1/+/2,—1/4/2)) is invariant, as
well as the regions of points which are north-east of W*((1/v/2,1/+/2)) and
south-west of W*((—1/+/2,—~1//2)) and the basin of attraction of (0,0) is
precisely the region between W4 ((1/v/2,1/v/2)) and W*((—1/v/2, —1/v/2)).
All solutions which starts north-east of W*((1/v/2,1/v/2)) goes to oo while
all solutions which starts south-west of W*((1/v/2,1/v/2)) goes to —occ. In
view of Theorem 3 all solutions are eventually monotonic. See Figure 3.
For example, z_1 > 1,z9 > 0 implies 1 = azg + a:?il > x‘zl = x%lx_l >
r_y and 29 = 2} + 23 > 23, + 23 = x1. Similarly we can prove that
{xn}n>1 is strictly increasing and so is asymptotic to co. Similar reasoning
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holds for z_; > 0,29 > 1. The initial point (1,1) generates the solution
(1,1,2,9,737,...).

27\

-2 Cl | | | |
-2 -1 0 1 2

Figure 3: Figure shows the basins of attraction of Eq.(23). Figure was
generated by Dynamica 3 [17].
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