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ABSTRACT

In this paper we introduce a new notion, named controlled shadowing
property and we relate it to some notions in dynamical systems such
as topological ergodicity, topologically mixing and specification proper-
ties. The relation between the controlled shadowing and chaos in sense
of Li-Yorke is studied. At the end we give some examples to investigate
the controlled shadowing property.
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1. INTRODUCTION

The concept of shadowing is investigated by many authors (see e.g. [4, 5, 11,
13, 14, 15]). Topological mixing and the specification properties are important
notions in dynamical systems which has been related to chaos in global sense
[10]. To investigate the topological mixing, specification and chaos, the shad-
owing property along is not useful. So some authors used the another definition
of the shadowing property such as average shadowing, ergodic shadowing and
d-shadowing to investigate specification property and chaos [6, 7, 12]. In their
definitions, there are some large mistakes in jumping of pseudo orbits, but they
still obtained some regularity of this mistakes. In this paper we introduce a
new notion, named controlled shadowing property and we relate it to some
notions in dynamical systems such as topological ergodicity, topologically mix-
ing, specification property and chaos. First, motivated by [8, 9], we show that
any surjective map with controlled shadowing property is chain transitive and
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prove that any stable map with controlled shadowing property is topological
ergodic which is stronger than transitivity. As well we will relate the controlled
shadowing property with the specification property. In fact we will prove that
for any surjective map with shadowing property on a compact metric space,
the controlled shadowing and the specification properties are equivalent. The
relation between the controlled shadowing and chaos in sense of Li-Yorke is the
next result of this paper. At the end we give some examples to investigate the
controlled shadowing property.

2. PRELIMINARIES

Let (X,d) be a metric space and let f : X — X be a continuous map. A
sequence {x,}22  is called an orbit of f, denoted by O(z, f), if for each n € N,
Znt+1 = f(zn) and we call it a d-pseudo-orbit of f if

d(f(Iz), Ii+1) <6, forallieN.

A continuous map f is said to have the shadowing property if for each £ > 0
there exists § > 0 such that every J-pseudo-orbit {x;}5°, is e-shadowed by the
orbit of some point y € X, i.e

d(f"(y),zn) <e, forallneN.

A map f is called chain transitive if for any x,y € X and for every € > 0, there
exists an e-pseudo orbit (e-chain) from z to y. A point x € X is stable point if
for any € > 0 there is a § > 0 such that if d(z,y) < §, then d(f*(z), fi(y)) < €
for every i € N. A surjective continuous map f is stable map if any point of X
is stable point.

Let U and V' be two nonempty open subsets of X and consider

NU,V)={neN; ff(U)NV # o}.

A map f is called transitive if for each nonempty open subsets U,V of X,
N(U, V) #+ 2.

f is called topologically ergodic if for every nonempty open subsets U,V of
X, N(U,V) has positive upper density, that is

D(N(U,V)) = limsup lcard{N(U, V)n{o,---,n—1}} >0,
n—oo M

where card(A) denotes the number of members of the finite set A.
f is called topologically mixing if f x f is transitive.
We say that a sequence {z,}52 is a controlled-d-pseudo orbit if

lim sup lcard{z‘ € {0, ,n—1}; d(f(2i),iy1) > 6} < 0.

n—oo N

We say that a controlled-d-pseudo-orbit {z,}52, is control-e-shadowed by
ye X if

1 .
limsup —card{i € {0,--- ,n —1}; d(f'(y),zi) > ¢} <e.

n—oo T
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We say that f has controlled shadowing property, if for every € > 0 there is a
0 > 0 such that any controlled-d-pseudo orbit is control-e-shadowed by some
point of X.

3. MAIN RESULTS

In this section we obtain chain transitivity, topological ergodicity, topological
mixing, specification property and chaos by using the controlled shadowing

property.

Theorem 3.1. Let f : X — X be a surjective continuous map with the con-
trolled shadowing property. Then f is chain transitive.

Proof. Let x,y € X and 0 < € < % be given. We show that there is an e-chain

from x to y. Suppose that § > 0 is as in the definition of controlled shadowing

for € > 0. Choose a positive integer N such that % < 6. Since f is surjective

hence there is a sequence {y_sn,y—sn—1, - ,yo = y} such that f(y;) = yi—1
for —3N < i < 0. Consider controlled-d-pseudo orbit as follows:
{2, f(@), -, PN (@), y—sn, Y—sn—1, U T, PN (@), y—an, Ly = T}

Therefore we have

lim lcard{z‘ € {0,---,n}: d(f(ﬂfi),ﬂfiﬂ) > 5}

n—oo N
1
= lim Gchard{i €{0,--- ,6kN} : d(f(zi),zi41) =6}
3k 1 1

<2 - <
SN SN <

Consequently {z;}$2, can be control-e-shadowed by some point z € X. This
means 1

nhﬂngo Ecard{i €{0,---,n}:d(f'(z),zi) > €} <e
Now, we claim that there are two infinite sequences of positive integers {i; <
ig < ---}and {l; <ly <---} such that for any j > 0, we have

iy, € {x, f(x), -, [N (@)} and d(fY(2),2i,) <e,
and
ry; € {y-3n,y-3N—1,""-,y} and d(fh (2),21;) <€
The reason is that if do not exist such sequences, then we must have
. 1 . ; . 3kN
klgl;lo Gchard{z € {0,--- 6N} : d(f*(2),2;) > €} > klglgo GEN 2 ©
which is a contradiction. So we can find 79 > Iy > 1 and 0 < kg, mg < 3N such
that d(f(z), f*(z)) < e and d(f(2), ym,) < €.
Therefore {SL', f(IL'), e 7fk0_1(x)7 f’io (Z)7 e 7fl0_1(z)7ym0a e 7y} is an e-chain
from x to y. This shows that f is chain transitive. O

1

Theorem 3.2. Let f: X — X be a stable map with the controlled shadowing
property. Then f is topologically ergodic.
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Proof. Let U and V be two open subsets of X and x € U, y € V. Consider
€ > 0 such that N.(z) C U, N.(y) C V. Since f is stable, there is a § > 0 such

that if d(u,v) < d then d(fi(u), f’(v)) < ¢ for i > 0. Suppose that §; > 0 is as
in the definition of controlled shadowing for § > 0. Choose a positive integer
N such that % < 61 and consider controlled-d1-pseudo orbit as follows:

{CE,f(Z'), 7f3N(33)7y—3N7?J—3N—17"' Y Yy Ty e vt 7f3N(x)7y—3N7"' 7%"'}: {xl}zoio

hence we have

lim l(:zamd{i e{0,---,n}: d(f(l'i);l'iJrl) > 51}

n—o0o M
1

6kN
S8k 1 1
“6kN 2N - N %

So {z;}$2, can be control-d—shadowed by some point z € X. This means

= lim

card{i € {0,--+ ,6kN} : d(f(zi),ziy1) = 61}

lim lcard{i €{0, -, n}:d(f'(2),x:) > 6} <6.

n—oo N

Consider
Ly ={i:z €{z, f(z), - PN (2) and d(fi(2),x;) < §},

Ly = {7/ 1T € {y73Nay73N71; LY and d(fl(z)amz) < 6}
We claim that L, and L, have positive upper density. that is D(L;) > 0
and D(L,) > 0. We prove for L, and the proof for L, is similar. Suppose
D(L;) =0, lim, o0 ~card(Ly N {0, -+ ,n}) =0.
Let

Ly = {izai € {x, f(@), - f*V (@) and d(['(2), 2:) > 8}

(
We have D(L, UL!,) = D(L,)+ D(L,) and D(L, UL,) > 1. Since D(L,) =0
0

1 ) 1
nh_{r;O Ecard(LI Nn{0,---,n}) > 7

But )
lim —card{i € {0,---,n}: d(f'(z),x;) > 6} >

n—oo n -

1 1
Jim Ecard(L; Nn{0,---,n}) > 3
This is a contradiction. So L, and L, have positive upper density. We can find
io > 3N and 0 < ko < 3N such that d(f(2), f¥(z)) < 8, sod(fo*(2),2) <
€.

Now for any j € Ly with j > ig — ko + 3N, d(f’(z), f™(y)) < 6 for some
0 <mp < 3N. So d(fi=™(z),y) <e. put n; = (j —mo) — (io — ko) > 0 and
therefore f (N(z)) N Ne(y) # @. So f(U)NV # @.

Hence for n large we have

%card{]\f(U7 Vyn{o,--- ,n}} > %card{Ly n{o,--- ,n}},
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SO
1
lim sup —card{ N (U, V) N {0,--- ,n}} > 0.
n—oo N
This shows that f is topologically ergodic. (I

Remark that in the proof of the above theorems we need that for y € X,
f~Y(y) is not empty. So we need surjectivity in f.

Theorem 3.3. If f has the controlled shadowing property, then the same holds
for fk, for any positive integer k.

Proof. Let € > 0 be given and § > 0 be as in the definition of controlled
shadowing for f. Suppose that {z,,}% is a controlled-§-pseudo orbit for f*.
Consider

{yz}fio = {xO;f(:EO); T afkil(xO)axlaf(xl)a T afkil(xl)ax% e }

We can see that {y,} is a controlled-é-pseudo orbit for f. So there is z € X
such that

1 .
limsup —card{i € {0,--- ,n}; d(f*(2),y;) > e} <e.

n—oo T
Therefore
1 .
limsup —card{i € {0,--- ,n}; d(f*(2), ;) > e} <e.
n—oo TN
So f* has controlled shadowing property. O

We say that f is totally transitive if all its iterates f™ are transitive; f is
topological mixing if for any nonempty open sets U and V in X, there is an
N > 0 such that f"(U)NV # & for alln > N.

The specification property was introduced by Bowen in [2].

We say that f has periodic specification property if for any € > 0, there is

an integer k£ > 0 such that for any integer n > 2, any set {y1, -+ ,yn} of n
poins of X, and any sequence 0 = a; < b1 < az < by < --- < a, < b, with
ai+1 —b; > kfori=1,.-- ,n—1, there is a point x € X such that for each
1 <m <n and ¢ with a,,, <17 < b, the following conditions hold:

(3.1) d(f'(x), ['(ym)) <,

(3.2) fYx) = x where I = k + b,,.

If we omit the condition (3.2), then f has the specification property.

Theorem 3.4. Let X be a compact metric space. If f : X — X is a continuous
surjective map with the controlled shadowing and the shadowing properties, then
f is topological mizing and f has the specification property.

Proof. By Theorems 3.1 and 3.3, since f has the controlled shadowing and the
shadowing properties, then f is totally transitive. So by Theorem 1 in [12], the
proof is complete. O
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Theorem 3.5. Let f : X — X be a surjective continuous map on the compact
metric space X . If f has the specification property and the shadowing property,
then f has the controlled shadowing property.

Proof. Let € > 0 be given and k as in the definition of specification for £ >
0. Choose M such that % < e. Suppose that 0 < § < % is as in the
definition of shadowing. Take any controlled §-pseudo-orbit {z,}52,. By the
proof of Lemma 12 in [12], we can find infinite sequences of integers {an }5
and {b,}22, such that 0 = ap < bgp < a1 < by < --- and ap41 — b, = k for
n=0,1,2,.--. Therefore there is a point z € X such that for any a,, < 7 <b,

we have d(f7(z),z;) <e. So we can see
card{0 < j < n; d(f?(2),z;) > e} <k card{0 < j < n; d(f(z;),rj+1) > 5}
Hence we have

1 .
limsup —card{0 < j < n; d(f’(2),z;) > e} <

n—oo TN
1 k
kElimsup —card{0 < j <n; d(f(z;),zj+1) > 0} <kd < — <e.
n—oo N M
So f has controlled shadowing property. O

In the following f is a surjective continuous map on the compact metric
space X.

Corollary 3.6. If f has the shadowing property, then the following conditions
are equivalent:

1) f has controlled shadowing property,

2) f has specification property.
Proof. By Theorems 3.4 and 3.5 the proof is complete. O

If f is topological mixing, then by [3], it has the specification property. So
we have the following corollary.

Corollary 3.7. If f has the shadowing and topological mizing properties, then
f has the controlled shadowing property.

Theorem 3.8. If f has the controlled shadowing property, then the same holds
for fx f.

Proof. Suppose € > 0 is given and § > 0 is as in the definition of controlled
shadowing property for §. Let {(zn,yn)}n2q be a controlled-é-pseudo orbit for
f x f. We define metric p on X x X as follows

p((l’, y)v (xla y/)) = max{d(x, l‘/), d(ya y/)}

So we can see {x,}52, and {y,}52, are two controlled-d-pseudo orbits for f,
then they can be control-§-shadowed by some points 21 and 22 respectively. So
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there is N € N such that for any n > N,

%card{i €40, .n}; d(fi(z1),2:) > g} < g

%card{i € {0, ,n}; d(fi(ze),yi) > %} < g
Let

card{i € {0, \n}; d(f(2),2) = 3} = .

card{i € {0, ,n}: d(f'(z2).30) 2 5} =1
So

card{i € {0,---.n}; p((f x f)'(21,22), (@i, i) = €}
=card{i € {0, ,n}; d(f*(z1),2i) > € or d(f"(22),4i) > ¢}

< kn+1n.
Therefore for n > N we have
1 , - kn +1
Eca’rd{l € {07 T 7n}; p((f X f)1(21522)7 (xuyz)) >ep < z n z
S
2 2
So f x f has the controlled shadowing property. O

Theorem 3.9. If f has the controlled shadowing and the shadowing properties,
then f is chaotic in the sense of Li-Yorke.

Proof. Since f has controlled shadowing property by Theorem 3.8, f x f has
controlled shadowing property. So by Theorem 3.1, f x f is chain transitive.
So the controlled shadowing property implies the chain transitivity of f x f.
Also this is well known that the shadowing property of f implies the shadowing
property of f x f. Hence by the shadowing property and the chain transitivity,
f x f is transitive. Hence f is topologically weakly mixing. But any weakly
mixing map is chaotic in the sense of Li-Yorke (see [10]). Therefore f is chaotic
in the sense of Li-Yorke. O

A continuum is a nondegenerate compact connected metric space.
A continuous map f from a compact metric space X to itself is said to be P-
chaotic if f has the shadowing property and the periodic points of f are dense
in X.

Corollary 3.10. Fvery P-chaotic map from a continuum to itself has the
controlled shadowing property.

Proof. By Corollary 3.3 in [1], every P-chaotic map from a continuum to itself
is mixing. So by Corollary 3.7, f has the controlled shadowing property. O
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Example 3.11. Let f : [0,1] — [0, 1] be the tent map which is defined by

2x 0<z<i
fa) = STy
—2x+2 5<z<1

By [1], f is P-chaotic. By Corollary 3.10 f has the controlled shadowing
property.

At the end we explain in the following examples that the shadowing property
does not necessarily imply the controlled shadowing property. The first example
is in a compact metric space and the second example is in the non-compact
metric space.

Example 3.12. Let f:[0,1] — [0, 1]

ro={ 3§

1

wl— &
IAIN
ol

<1

f has the shadowing property but does not have the specification property (see
Example 2.8 in [1]). Therefore f has not the controlled shadowing property.

Example 3.13. Let f : R — R, f(z) = 4z. One can see that f has the
shadowing property but is not transitive. Indeed for every e > 0 consider § = §.
If {x;}32, is a d-pseudo orbit of f, then we can see that () f~"(Bs (z;)) # @.
This show that f has the shadowing property. If U = (1,2), V = (0,1), then
fMU)NV = @ for every n € N. Therefore f is not transitive and so f is not
chain transitive (chain transitivity and shadowing property imply transitivity).
Hence by Theorem 3.1, f has not the controlled shadowing property.

4. CONCLUSION

In this paper we have shown that any surjective map with controlled shad-
owing property is chain transitive and every stable map with controlled shad-
owing property is topological ergodic which is stronger than transitivity. As
well we proved that for any surjective map with shadowing property on a com-
pact metric space, the controlled shadowing and the specification properties
are equivalent. The relation between the controlled shadowing and chaos in
sense of Li-Yorke has been the next result of this paper. Finally, we gave an
example having the controlled shadowing property. At the end by examples we
showed that the shadowing property does not necessarily imply the controlled
shadowing property.
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