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We present some results on existence, minimum period, number of periodic orbits, and
stability of periodic orbits in discrete-time cascade systems. Some examples are presented
to illustrate these results.
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1. Introduction

Consider the following discrete-time cascade systems:

x(n+1) = f(x(n),y(n)), (1.1)
y(n+1)=g(y(n)), (1.2)

where x € R”, y € R™, f:R" x R™ — R" is a continuous function and g: R” — R™ is a
function.
An interesting problem we are concerned with is the following question.

Question. Does system (1.1) have periodic orbits when system (1.2) has periodic orbits?

Recently, there have been a lot of researches in the literature on the periodicity of
discrete-time dynamical systems [1, 3-8, 10, 11]. However, to the authors’ knowledge
the above question has not received investigations, therefore in this paper we study the
above question and obtain a fundamental result. On the basis of the fundamental result
in Section 2 we further discuss the number and the minimum period of periodic orbits
of system (1.1) when system (1.2) has periodic orbits. In Section 3, we present a result on
the stability of periodic orbits.

2. Results on existence, minimum period, and number of periodic orbits

In this section, we present some results on the existence, the minimum period, and the
number of periodic orbits.
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Before stating our results, we first recall a fixed point theorem due to Brower, which is
useful in the following arguments.

THeOREM 2.1 (Brower’s fixed point theorem). Let F: C C R" — C C R” be a continuous
mapping, where C is a nonempty, bounded, close, and convex set, then F has a fixed point.

Its proof can be found in [2].
Moreover we make the following assumptions for system (1.1).
(H1) When y # 0, f(0,y) # 0.
(H2) limyj—o (Il f G, ) II/Nx 1) = p(y) < 1, where py: R™ — R is a function, ||-|| de-
notes the Euclidean norm.
Now we state our results. First we give the following theorem (Theorem 2.2), and it is
addressed by the similar technique from [9, Theorem 2.2].

THEOREM 2.2. Suppose that (H1) and (H2) hold. If system (1.2) has a nontrivial periodic
orbit, then system (1.1) has a corresponding nontrivial periodic orbit.

Proof. Because system (1.2) has a nontrivial periodic orbit, without loss of generality we
assume that the periodic orbitis o(yy) = { y0, ¥1,..., Yk—1} with minimum period k, where
k is a positive integer, ¥y = g(yk-1), and yir1 = g(¥i),i=0,1,...,k 2.

Since condition (H2) holds, for every y;,i =0, 1,...,k — 1, there exists a corresponding
mi, i=0,1,...,k — 1, such that when |[x|| > m;, || f(x, yi) Il < [Ix]|.

Letting 71; = max|y| <m || f (2, yi) | >0, M; = max(m;,m;), M = max{M;, i=0,1,...,
k —1} >0, one has that if ||x|| < M, then for every y;, i = 0,1,....,k = 1, | f(x, yi) Il < M,
which implies that the set U = {x | ||x|| < M} is a positive invariant set of the following
systems:

x(n+1) = f(x(n),y:), i=0,1,....k—1. (2.1)

Letting f; = f(x,i),i=0,1,....k = 1, F = fi—1,..., fo, we easily have that F: U — U is
a continuous mapping. Then by Brower’s fixed point theorem one has that the function F
has a fixed point X, that is, F(X) = X0, fr—1,---»fo(X0) = Xo.

Letting X; = fi_1(Xi—1), we get fr—1(Xk—1) = Xo, thus the orbit o(Xo) = {X0,%1,...,Xk—1}
is a periodic orbit. This implies that o(Xy) contains a periodic orbit whose minimum
period k divides k, where k is a positive integer.

In addition, according to condition (H1), we have that there exists iy € {0,1,...,k— 1}
such that X;, # 0. This shows that o(X,) contains a nontrivial periodic orbit. The proof is
complete. O

It seems that the period of 0(Xy) should not be less than that of system (1.2), however
the following example shows that this is not always the case.
Now we apply Theorem 2.2 to discuss the following example.

Example 2.3.

x(n+1) = f(x(n),y(n)), (2.2)
y(n+1)=g(y(n)), (2.3)
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where

§+1, X € (—00,+00), y€(—00,0.6),

xeR, yeR, f(xy) =
S+ 1+ (y=0.6)(y-11018), x € (~o0,+e0), y € [0.6,+0),

g(y) =3.4986y(1 - y).
(2.4)

By numerical analysis we easily see that system (2.3) has a periodic orbit {0.5000,
0.8746,0.3836,0.8272}. According to Theorem 2.2, one has that system (2.2) has a pe-
riodic orbit, and the periodic orbit is {1.9168,1.9584}.

Remark 2.4. In Example 2.3, we have the following facts.

(a) The system x(n+ 1) = f(x(n),0) = (1/2)x(n) + 1 is globally asymptotically stable
which implies that the system does not have nontrivial periodic orbits. However
its perturbed system has a nontrivial periodic orbit.

(b) The function f(x,y) satisfies the following conditions: f(x,yo) = f(x,y2), f(x,
y1) = f(x,y3), where yy = 0.5000, y; = 0.8746, y, = 0.3836, and y3 = 0.8272.

(¢) The minimum period of the periodic orbit of system (2.3) is 4, but the minimum
period of its corresponding periodic orbit in system (2.2) is 2, which is a little
surprising.

Considering the fact (c), we give the following theorem (Theorem 2.5). And
the following additional condition is assumed for system (1.1).
(H3) When y" # y", f(x,y") # f(x,y").

THEOREM 2.5. Suppose that (H1), (H2), and (H3) hold. If system (1.2) has a periodic orbit
of minimum period k, then the minimum period of its corresponding periodic orbit in system
(1.1) is also k.

Proof. Interms of the proof of the above theorem, we have that system (1.1) has a periodic
orbit o(Xg) = {Xo,X1,...,X;j-1} of minimum period j, where j divides k and j < k. Below
we prove that the minimum period of the above periodic orbit is k, that is, j = k. To
complete our proof we assume that j < k. Since o(Xo) = {Xo,X1,...,X;-1} is a periodic
orbit, it is evident that Xy = fj, X1 = fj.'.].

Because Xy = X;, by condition (H3) we have f(Xo,y0) # f(Xj,y;), that is, X1 # X4
which is a contradiction to the above equality. Therefore the minimum period of the
above periodic orbit is also k. The proof is complete. O

Remark 2.6. Consider the following system.

Example 2.7.

x(n+1) = f(x(n),y(n)), (2.5)
y(n+1) =g(y(n), (2.6)
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where

1
13 y_Er

xeER, yeR, flxy)= 1+y|y|(1+x), gy) = % y=1 (2.7)
y+1, other.

It is easy to see that system (2.6) only has a periodic orbit {1/2,1} with minimum
period 2 and in Example 2.7 the conditions stated in Theorem 2.2 are satisfied. Thus by
Theorem 2.2 we have that system (2.5) has a periodic orbit {4/5,3/5} whose minimum
period is the same as the minimum period of {1/2,1}.

THEOREM 2.8. Suppose that (HI1), (H2), and (H3) hold. If system (1.2) has m different
periodic orbits, then system (1.1) also has m different periodic orbits at least.

To prove this theorem, we establish the following elementary lemma.

LeEMMaA 2.9. Suppose that o(cy) = {co,C15-..,¢k—1} and o(dy) = {do,ds,...,di_1} are two
different periodic orbits of minimum period k, | of system (1.2), where k and | are two positive
integers, then ¢; # dj, i = 0,1,...,k =1, j = 0,1,...,] - 1.

This lemma is easy to be proved, and its proof is omitted here.

Proof of Theorem 2.8. Assuming that o(c) = {co,¢1,...,ck—1} and o(dp) = {do,dy,...,di-1}
are two different periodic orbits of minimum period k, I of system (1.2), by Lemma 2.9
we have ¢; # dj, i =0,1,...,k =1, j = 0,1,...,] — 1, and by Theorem 2.5 we have that
system (1.1) has two corresponding periodic orbits o(cy) = {cy,¢ls...,¢,_,} and o(dy) =
{dy,d;,...,d;_;} whose minimum periods are, respectively, k and j.

Below we want to prove that the above orbits are different. For this purpose, we assume
that the two periodic orbits o(cj) = {cp,¢1s...,¢,_;} and o(dy) = {dy,dy,...,d;_,} are the
same, thus there exist i € {0,1,...,k— 1} and j € {0,1,...,k — 1} such that cl-f = dj'—. which
implies that cgﬂ = d%H. In addition, according to C{H = f(c;f,q), déﬂ = f’(d%, d;), and
condition (H3), one has ¢;, | # d% .1» Which contradicts the equality ¢}, | =

1T
Consequently o(cy) = {c,¢15...,¢,_} and o(dy) = {dgy,dy,...,d;_,} are two different

periodic orbits. Therefore by the above result and Theorem 2.5, we conclude that system

(1.1) has m different periodic orbits at least. |

Remark 2.10. Consider the following system.

Example 2.11.

x(n+1) = f(x(n),y(n)), (2.8)
y(n+1)=g(y(n)), (2.9)
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where
-y
x—4), x=<-1,
1+|y|( ) ] y:l
y ) 2
x€eR, yeR, f(x,y)=<1+|y|(4x—1), —1<x<1l, g(y)= %’ y=1,
Yy (x+2), x> 1, y+1, other
L1+ ]yl o

System (2.9) in this example has only a periodic orbit {1/2,1}, and the conditions
stated in Theorem 2.8 are satisfied in this example. However, system (2.8) has the follow-
ing three periodic orbits: {—12/5,-16/5}, {7/10,3/5}, and {8/5,6/5}.

This example shows that for a periodic orbit of system (1.2), the number of its corre-
sponding periodic orbits of system (1.1) may be greater than one.

Below we give a more precise estimate on the number of periodic orbits. First, we need
the following additional condition for system (1.1).

(H4)

||f(x1>)/)—f(xZ,y)||<||x1—x2||, Vxl,xze[R{”,ye[R{m. (2.11)

THEOREM 2.12. Suppose that all conditions stated in Theorem 2.8 are satisfied and (H4)
holds. Then system (1.1) only has m different periodic orbits.

Proof. In terms of the proof of Theorem 2.2, we know that F = fi_1,...,f has a fixed
point. That is,

Se-15--->fo(Xo) = Xo. (2.12)

According to condition (H4), it is easy to prove that the fixed point is unique. This implies
that when system (1.2) has a periodic orbit, system (1.1) has a corresponding periodic
orbit that is unique.
Therefore by the above result, Theorem 2.8, and its proof, we have that when system
(1.2) has m different periodic orbits, system (1.1) has only m different periodic orbits.
The proof is complete. O

Remark 2.13. Consider the following system.

Example 2.14.

x(n+1) = f(x(n),y(n)), (2.13)
y(n+1)=g(y(n)), (2.14)
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where

-2, y<0ay#—%, 1,
ayed
e

x€R, yeR, f(x,y)=1+y|y|(l+x), g =1y+2, },Zo,y#%,l,z,
1, yzé,
\2, y=1

(2.15)

It is evident that system (2.14) has the following two periodic orbits: {—1,—1/2} and
{1/2,1,2}. And it is easy to verify that conditions stated in Theorem 2.12 are satisfied in
the above example. Then the periodic orbit of system (2.13) that is corresponding to the
periodic orbit {—1,—1/2} is {—1/5,—-2/5}. The corresponding periodic orbit of {1/2,1,2}
is {5/4,3/4,7/8}.

3. A result on stability of periodic orbits

In view of the results obtained above, we can see that under the conditions (H1) and
(H2) for a periodic orbit o(yo) = {0, ¥15-..> Yk—1} with minimum period k of system
(1.2), there is a corresponding periodic orbit o(xg) = {x0,X1,...,Xk—1} with period k in
system (1.1).

In this section, our purpose is to study the stability of the periodic orbit o(zp), where
0(z0) = o((30)) = {(30)>(31)5---»(3-1)}. For this purpose, we give the following condi-
tions.

(H5) For each i =0,1,....k — 1, | f(x', y) — f(x"", »)Il < a(y)llx" —x"]l, where x" and

x"" belong to certain neighborhood U; = B(x;,7) of x; € R", B(x;,7) = {x | [lx — x|
<r}, y € R™, the function o : R™ — R* is a continuous function with a(y;) < 1
for y; € o(y0), and R* denotes all nonnegative real numbers.

(H6) Foreachi=0,1,....k— 1, [ f(xi,¥") — f(xi, ")l < B(xi)lly" — y”'|l, where y" and

y" belong to certain neighborhood V; of y; € R™, x; € 0(xp), and : R” — R* is
a function.
Before stating our result, we review a definition.

Definition 3.1. An orbit {x,} (n =0,1,...) with the initial value xy = x is said to be stable
if it satisfies the following conditions.

For every € > 0, there exists § > 0 such that if [[x — y|| < &, then [lx, — .|l < € for every
orbit {y,} with the initial value y.
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THEOREM 3.2. Suppose that all conditions stated in Theorem 2.2 are satisfied, and (H5)
and (H6) hold. If a periodic orbit o(yo) = {y0, ¥15-..> Yk—1} with minimum period k of
system (1.2) is stable, then the periodic orbit o(z) is also stable, where 0(z) = o((31)) =
{G0), G )y s(3520)}, the periodic orbit o(xg) = {x0,X1,...,%k_1} is corresponding to the pe-
riodic orbit o(yy).

Proof. According to Theorem 2.2, we have that for a periodic orbit o( yy) with minimum
period k of system (1.2), there is a corresponding periodic orbit o(x,) with period k in
system (1.1), therefore the minimum period of 0(zy) is also k.
To prove stability of o(z), we first give the following key inequalities ((3.1) and (3.2)).
The inequality (3.1) is easily obtained from the conditions (H5) and (H6):

1 =21 || = [ f (e ) = f e y) [| < 11f (o ) = f s i) + f (s y3) = f (35 ) |

< a(y,)|lx, = xall +BCxa)llyn = yull, n=0.
(3.1)

Since a: R™ — R* is a continuous function and «a(y;) < 1,i=0,1,...,k — 1, we have that
for y; € o(yp), there exist #; > 0 such that if ||y — yill <#;, then a(y) < (1 +a(yi))/2 < 1,
here we make #; be sufficiently small such that B(y;,7;) C V;. And we set § = ming<i<k—17i,
by the stability of o(yy), we have that there exists 0 < §; < # such that if ||y — yoll < &3,
then ||y, — yull < #, for y, € 0(yy) and n = 0.

Letting a = maxg<j<k—1 {(1 +a(y;))/2} < 1 and b = maxo<;<k—1{f(x;)}, by the stability
of 0(y), we have that for every &; > 0, there exists §; > 0 such that if || y; — yoll < 85, then
Iy, = yull < (1 —a)/b)e;, n = 0.

Then when letting §, = min(J5,05"), we have that for every &, > 0, if ||y — yoll < &2,
then

alyy) < o)

’ 1-
<1, ||yn—y,,||<Tasl, forn > 0. (3.2)
Below we use mathematical induction to prove the following result.
For every ¢; > 0, there exist §; > 0and &, > 0 such that if [|x) — xoll < 81 and || yg — yoll <

;‘é) and z, = (};) are the initial values of the

orbits {2/} = {(;i)} and {z,} = {(j1)} = o(z0), respectively.
Now for every 0 < & < r when choosing §; = &1, §, = min(83,95 ), by (3.1) and (3.2)
we have that

8y, then ||x;, — x,1l < &, n > 1, where z; = (

1 = 1| < ey 1 — o[+ Bx0) ||y = yol | < allxg = o[ + by = ol

l-a (3.3)

<ag +b b & = €.

By mathematical induction, we assume ||x;, — x, || < €;. Here our purpose is to prove
that |x;,; — X441l <& by (3.1) we have

%51 = X1l < () o = Xl + B () [ 7, = yul (3.4)
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By (3.2) we have that

1641 = x| = &) ey = 2l [ + B Cea) [ 37 =yl

l-a (3.5)
—b & = &1.

< allx, = x| | + bl |y} — yull < aer +b
Therefore by mathematical induction, we have proven that for every 0 < &; < r, there exist
81 >0 and &, > 0 such that if [|x) — x|l < &1 and [l yy — yoll < &2, then ||x;, — x, || < & and
Ly, = yull <((1 —a)/b)ey, for n = 1.

In terms of the above result, for every 0 < ¢ < ((1+a— b)/b)r, if we choose 0 < & =
(b/(1+a—b))e < r,then itis easy to prove that there exists § > 0 such that if ||z — zo || < 8,
then ||z, — z, |l < llx;, — xull + vy, — yull < &1+ ((1 —a)/b)e; = ¢, where z, = (;Z) € o(z).

Therefore by Definition 3.1 we can see that o(zy) is stable. The proof is complete. [

As an application of Theorem 3.2 we discuss the following example.

Example 3.3.
x(n+1) = f(x(n),y(n)), (3.6)
y(n+1) =g(y(n)), (3.7)
where
1 1
1 y’ 773
xeR, yeR, f(xy)=-x+10y, g(y)= (3.8)
2 2 1 1
27 9) V=3

It is easy to verify that system (3.7) has the periodic orbit {2,1/2}. For this periodic
orbit, by Theorem 2.2 we have that its corresponding periodic orbit in system (3.6) is the
orbit {20,30}. Moreover by Definition 3.1, we easily prove that the periodic orbit {2,1/2}
is stable, consequently by Theorem 3.2 we have that the periodic orbit {(%),({5)} of
system (3.6) and (3.7) is stable.
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