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VARIOUS SHADOWING PROPERTIES
FOR TIME VARYING MAPS

JAVAD NAZARIAN SARKOOH

ABSTRACT. This paper is concerned with the study of various notions
of shadowing of dynamical systems induced by a sequence of maps, so-
called time varying maps, on a metric space. We define and study the
shadowing, h-shadowing, limit shadowing, s-limit shadowing and expo-
nential limit shadowing properties of these dynamical systems. We show
that h-shadowing, limit shadowing and s-limit shadowing properties are
conjugacy invariant. Also, we investigate the relationships between these
notions of shadowing for time varying maps and examine the role that ex-
pansivity plays in shadowing properties of such dynamical systems. Spe-
cially, we prove some results linking s-limit shadowing property to limit
shadowing property, and h-shadowing property to s-limit shadowing and
limit shadowing properties. Moreover, under the assumption of expansiv-
ity, we show that the shadowing property implies the h-shadowing, s-limit
shadowing and limit shadowing properties. Finally, it is proved that the
uniformly contracting and uniformly expanding time varying maps ex-
hibit the shadowing, limit shadowing, s-limit shadowing and exponential
limit shadowing properties.

1. Introduction

The time varying maps (so-called non-autonomous or time-dependent dy-
namical systems), describe situations where the dynamics can vary with time
and yield very flexible models than autonomous cases for the study and de-
scription of real world processes. They may be used to describe the evolution
of a wider class of phenomena, including systems which are forced or driven.
For example, any moving picture on a television screen is an example of time
varying dynamical systems. In the recent past, lots of studies have been done
regarding dynamical properties in such systems, but a global theory is still out
of reach. Kolyada et al. [18,19] gave definition of topological entropy of time
varying maps and discussed minimality of these systems. Also, w-limit sets
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and attraction of time varying maps were studied in [4,16,22]. Then, stability
of time varying maps were investigated [2,20]. Thakkar and Das [30] studied
expansiveness, shadowing and topological stability of time varying maps. In
[10, 12-15, 24], authors studied topological entropy, topological pressure and
thermodynamic properties of time varying maps. Weak mixing and chaos of
time varying maps were also studied by [5,25,29,31]. Ott et al. [26] studied
the evolution of probability distributions and exponential loss of memory for
certain time-dependent dynamical systems.

In general time varying maps can be rather complicated. Thus, we are
inclined to look at approximations of orbits, also called pseudo orbits. Systems
for which pseudo orbits can be approximated by true orbits are said to satisfy
the shadowing property. The shadowing property plays a key role in the study
of the stability of dynamical systems. This property is found in hyperbolic
dynamics, and it was used to prove their stability, see for example [21]. In
this literature, some remarkable results were further obtained through works
of several authors, see e.g. [1,3,6,9,11,17,28].

Since the approximation by true orbits can be expressed in various ways,
different notions of shadowing have been introduced. In this paper, what we
want to study on time varying maps is shadowing, h-shadowing, limit shadow-
ing, s-limit shadowing and exponential limit shadowing properties.

This paper is organized as follows. In Section 2, we give a precise definition
of a time varying map, review the main concepts and set up our notation. In
this section, shadowing, h-shadowing, limit shadowing, s-limit shadowing and
exponential limit shadowing properties for time varying maps are considered.
Then, we study the basic properties of these notions of shadowing in Section 3.
Especially, we show that the h-shadowing, limit shadowing and s-limit shad-
owing properties are conjugacy invariant. Also, by considering these notions of
shadowing, we extend earlier results from other papers and identify some subtle
changes to the theory in this case. In Section 4, we investigate the relation-
ships between these notions of shadowing for time varying maps and examine
the role that expansivity plays in shadowing properties of such dynamical sys-
tems. Specially, we prove some results linking s-limit shadowing property to
limit shadowing property, and h-shadowing property to s-limit shadowing and
limit shadowing properties. Moreover, under the assumption of expansivity,
we show that the shadowing property implies the h-shadowing, s-limit shad-
owing and limit shadowing properties. Finally, in Section 5, we prove that the
uniformly expanding and uniformly contracting time varying maps exhibit the
shadowing, limit shadowing, s-limit shadowing and exponential limit shadow-
ing properties. Also, we show that any time varying map of a finite set of
hyperbolic linear homeomorphisms on a Banach space with the same stable
and unstable subspaces has the shadowing, limit shadowing, s-limit shadowing
and exponential limit shadowing properties.
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2. Preliminaries

Throughout this paper we consider (X, d) to be a metric space, f, : X — X,
n € N, to be a sequence of continuous maps and F = {f,}nen to be a time
varying map on X that its time evolution is defined by composing the maps f,
in the following way

(1) Fni=fnofn10---0f; forn>1, and Fy:= Idx.

For time varying map F = { f }nen defined on X, we set F; j := fjofj_10
oo figrofifor 1 <i < j, and F; 5 := Idx for i > j. Also, for any k > 0, we
define a time varying map (k'-iterate of F) F* = {g, }nen on X, where

(2) Gn = fnk © fin—1)kak—1°"+° frn—1)k+2 © frn—1)ks1 for n > 1.

Thus F* = {Fitn=1)k+1,nk] }nen. Moreover, if time varying map F shifted
k-times (k > 1), then we denote it by F(k, shift), i.e., F(k,shift) = {fn}72 ;.1

Let F = {fn}nen be a time varying map on a metric space (X, d). For a point
zo € X, put x, := Fy,(x0) for all n > 0. Then the sequence {z,},>0, denoted
by O(zp), is said to be the orbit of xg under time varying map F = {f, }nen-
Moreover, a subset Y of X is said to be invariant under F if f,(Y) =Y for
all n > 1, equivalently F,(Y) =Y for all n > 0.

Definition 2.1 (Conjugacy). Let (X, d;) and (Y, dz2) be two metric spaces. Let
F ={fn}nen and G = {gn }nen be time varying maps on X and Y, respectively.
If there exists a homeomorphism h : X — Y such that ho f, = g, o h for all
n € N, then F and G are said to be conjugate (with respect to the map h) or
h-conjugate. In particular, if h: X — Y is a uniform homeomorphism, then F
and G are said to be uniformly conjugate or uniformly h-conjugate. (Recall that
homeomorphism h : X — Y, such that h and h~! are uniformly continuous, is
called a uniform homeomorphism.)

For example, if F = {21}, cy on [0,1] and G = {2((z + 1)/2)" ! — 1},en
n [—1,1], then F is uniformly h-conjugate to G, where h : [0,1] — [—1,1] is
defined by h(z) = 2z — 1 (see [30]).

Definition 2.2 (Shadowing property). Let F = {f,}nen be a time varying
map on a metric space (X, d) and Y be a subset of X. Then,

i) for ¢ > 0, a sequence {z, },>0 in X is said to be a §-pseudo orbit if
d(fri1(@n), Tny1) < 0 for all n > 0;

ii) for given € > 0, a 0-pseudo orbit {z,}n>0 is said to be e-shadowed by
x € X if d(Fn(x),x,) < ¢ for all n > 0;

iii) the time varying map F is said to have shadowing property on 'Y if, for
every € > 0, there exists a § > 0 such that every d-pseudo orbit in Y is
e-shadowed by some point of X. If this property holds on Y = X, we
simply say that F has shadowing property.
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Remark 2.3. It F = {fn}nen is a time varying map on a compact metric space
(X,d) and Y is a subset of X, then it is easy to see that the time varying map
F has shadowing property on Y if and only if for every £ > 0 there is a § > 0
such that every finite -pseudo orbit in Y is e-shadowed by some point of X.

Definition 2.4 (h-shadowing property). Let F = {f, }nen be a time varying
map on a metric space (X,d) and Y be a subset of X. We say that F has
h-shadowing property on Y if for every € > 0 there exists § > 0 such that
for every finite §-pseudo orbit {xg,x1,...,2n} in Y there is x € X such that
d(Fp(x), ) < € for every 0 < n < m and F,,(x) = @p,. If this property holds
on Y = X, we simply say that F has h-shadowing property.

Remark 2.5. Tt is easy to see that every time varying map on a compact metric
space with h-shadowing property has shadowing property, but the converse is
not true, see [3, Example 6.4]. Note that each continuous map generates a time
varying map.

Now, we define the limit shadowing and s-limit shadowing properties on time
varying maps.

Definition 2.6 (Limit shadowing property). Let F = {fn}nen be a time
varying map on a metric space (X, d) and Y be a subset of X. Then,
i) a sequence {z,}n>o in X is called a limit pseudo orbit if d(fny1(zy),
Zpi1) = 0 as n — +o0;
ii) a sequence {xy}n>0 in X is said to be limit shadowed if there is x € X
such that d(F,(z),z,) — 0 as n — +o0;
iii) the time varying map F has the limit shadowing property on Y when-
ever every limit pseudo orbit in Y is limit shadowed by some point of
X. If this property holds on Y = X, we simply say that F has limit
shadowing property.

The notion of limit shadowing property was extended to a notion so called
s-limit shadowing property, to account the fact that many systems have limit
shadowing property but not shadowing property.

Definition 2.7 (s-limit shadowing property). Let F = {fn}nen be a time
varying map on a metric space (X,d) and Y be a subset of X. We say that F
has s-limit shadowing property on Y if for every € > 0 there is § > 0 such that
i) for every d-pseudo orbit {z,},>0 in Y, there exists © € X satisfying
d(Fpn(z),2,) < € for all n > 0, and,
ii) if in addition, {z, }n>0 is a limit pseudo orbit in Y, then d(F,,(z), z,,) —
0 as n — +oo.
If this property holds on Y = X, we simply say that F has s-limit shadowing
property.
Example 2.8. Let X = [0,1]U{-1/2" : n > 1} and f : X — X be any
homeomorphism such that f(z) = z for x = 1 or x < 0 and f(x) < z for
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x € (0,1). Put f, = f for every n € N. Then time varying map F = {f, }nen
on X has shadowing and limit shadowing properties, but it does not have s-limit
shadowing property, see [3, Example 3.5].

We say that a sequence {a, }n>0 of real numbers converges to zero with rate

6 € (0,1) and write a, % 0asn— ~+00, if there exists a constant L > 0 such
that |a,| < LO™ for all n > 0.

Definition 2.9 (Exponential limit shadowing property). Let F = {f, }nen be
a time varying map on a metric space (X,d) and Y be a subset of X. Then,

i) for 6 € (0,1), a sequence {x,, },>0 in X is called a 6-exponentially limit

pseudo orbit of F if d(frni1(xn), Tnt1) S 0asn— +00;

ii) the time varying map F has the exponential limit shadowing property
with exponent & on Y if there exists 6y € (0,1) so that for any 6-
exponentially limit pseudo orbit {z,}n,>0 C Y with 6 € (6o, 1), there is

x € X such that d(F,(z),z,) %0 asn ~+00. In the case £ =1 we
say that F has the exponential limit shadowing property on Y. If this
property holds on Y = X, we simply say that F has exponential limit
shadowing property.

3. Basic properties of various notions of shadowing

Our aim of this section is to characterize the basic properties of various
notions of shadowing (i.e., shadowing, h-shadowing, limit shadowing, s-limit
shadowing and exponential limit shadowing properties) of time varying maps.
Specially, we show that h-shadowing, limit shadowing and s-limit shadowing
properties are conjugacy invariant. Moreover, by considering these notions of
shadowing, we are able to extend earlier results from other papers, identifying
some subtle changes to the theory in this case.

Thakkar and Das in [30, Theorem 3.1] show that the shadowing property of
time varying maps is conjugacy invariant. Now, in the following theorem, we
show that the h-shadowing, limit shadowing and s-limit shadowing properties
are conjugacy invariant. Our approach is similar to [30, Theorem 3.1] and for
completeness we give its proof.

Theorem 3.1. Let F = {fu}neny and G = {gn}nen be time varying maps
on metric spaces (X, dy) and (Y,ds), respectively, such that F is uniformly
conjugate to G. Then, the following statements hold:

(a) If F has the h-shadowing property, then so does G.
(b) If F has the limit shadowing property, then so does G.
(¢) If F has the s-limit shadowing property, then so does G.

Proof. Since F is uniformly conjugate to G, there exists a uniform homeomor-
phism A : X — Y such that ho f, = g, o h for all n € N, which implies



486 J. NAZARIAN SARKOOH

fanoh ™t =h"1log, for all n € N. Hence, for all n > 0,
hoFn=hofyofp10--0f1
=gnoho fp_10---0fi

=gnOgn-10---0g10oh
:gnoh

(a) Let £ > 0 be given. By uniform continuity of i there exists an g9 > 0
such that di(z,y) < eo implies da(h(z), h(y)) < €. Since F has h-shadowing
property there exists a §g > 0 such that any finite Jp-pseudo orbit of F is €g-
shadowed (with exact hit at the end) by JF orbit of some point of X. Since h~*
is uniformly continuous, for §y > 0 there exists a § > 0 such that da(z,y) <
§ implies di(h~Y(z),h"1(y)) < do. Now, let {xg,z1,...,2,,} be a finite J-
pseudo orbit for G, i.e., do(gnt1(2n), Tnt1) < 6 for every 0 < n < m. Hence
di(h™ (gn+1(20)), B~ (@ng1)) < o, and so di(fatr (R~ (zn)), A (@n41)) <
So. Therefore {h=1(xq), h~(z1),...,h 1 (x)} is a finite dp-pseudo orbit for
F. Thus there exists a € X such that dy(F,(z),h " (x,)) < g for every
0 <n<mand Fp(x) =h"(a,,). Hence, da2(h(F,(z)),x,) < € for every 0 <
n < m and A(Fp(x)) = Tm. Thus do(Gn(h(x)),z,) < € for every 0 < n < m
and G, (h(x)) = x,. Thus G also has the h-shadowing property.

(b) Let F has the limit shadowing property, and let {y,}n,>0 be a limit
pseudo orbit of G, i.e., d2(gn+1(Yn)s Yn+1) — 0 as n — +o0o. Then, by uniform
continuity of A=Y, di(h™' 0 gni1(Yn), h " (Yns1)) — 0 as n — +oo, and so
d1(fat1 07 (Yn), B (Yny1)) — 0 as n — +oo. Thus {h~1(y,)n>o is a limit
pseudo orbit of F. Hence, there exists x € X such that d (F,(z), A~ (yn)) = 0
as n — +o00. Again, by uniform continuity of h, do(ho F,,(x),hoh™t(y,)) — 0
as n — 400, and so ds(G, o h(z),h o h™(y,)) — 0 as n — +oo. Hence,
d2(Grn(h(2)),yn) — 0 as n — +o00, which implies {y, }n>0 is limit shadowed by
h(z) € Y. Consequently, any limit pseudo orbit of G can be limit shadowed by
some point of Y. Thus G also has the limit shadowing property.

Finally, the part (c) is a direct consequence of part (b) and [30, Theorem
3.1). O

Thakkar and Das in [30, Theorem 3.3] show that every finite direct product
of time varying maps has the shadowing property if and only if all of its time
varying maps have shadowing property. Now, in the following theorem, we
extend this property to other notions of shadowing.

Theorem 3.2. Let F = {fn}tnen and G = {gn tnen be time varying maps on
metric spaces (X, dy) and (Y, ds), respectively. Define metric d on X XY by

d((z1,y1), (2, y2)) := max{di(z1,22),d2(y1,y2)}
for any (x1,y1), (x2,y2) € X x Y. Then,
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(a) F and G have the h-shadowing property if and only if so does F x G :=

{fn X gn}neN-
(b) F and G have the limit shadowing property if and only if so does F X G.

(¢) F and G have the exponential limit shadowing property if and only if
so does F x G.

(d) F and G have the s-limit shadowing property if and only if so does
F xG.

Proof. By definitions and [30, Theorem 3.3] the proof of parts (a), (b) and (d)
are not difficult, hence we only prove the part (c).

(¢) Let time varying maps F and G have the exponential limit shadowing
property. Then, there exists 7 € (0,1) such that for any 6-exponentially
limit pseudo orbit {x,},>0 of F with 6 € (0r,1), there is x € X such that

d(Fpn(x), zn) % 0asn — +oo. Also, there exists g € (0,1) such that for
any f-exponentially limit pseudo orbit {y,}n>0 of G with 8 € (g, 1), there

is y € Y such that d(G,(y),yn) % 0asn — +oo. Put fy = max{0g,0r},
and let {(n,yn)}n>0 be a G-exponentially limit pseudo orbit of F x G with

0 € (00,1), ic., d((fas1 X Grot)(Zns Yn)s (Tt Yni1)) > 0 as n — +oo. Then,
dy (frn+1(Tn), Tnit) 9 0and da(gn+1(Yn), Yn+1) S 0asn — +o00. Hence, there
exist z € X and y € Y such that di(F,(z), z,) 20 and d2(Gn(Y), yn) %0 as
n — +oo. Therefore,
A(F % G, 0). (rn, )
= d((Fa(2),Gn(0), (2 )

< max{dy (Fpn(x),2n),d2(Gn(y), yn)} % 0asn— 400

which implies F x G also has the exponential limit shadowing property.
Conversely, let the direct product F x G has the exponential limit shadowing

property, and so there exists 6y € (0, 1) such that for any -exponentially limit

pseudo orbit {(zy,yn)}n>0 of F X G with 6 € (6p,1), there is (z,y) € X XY

such that d((F X G)n(z,y), (Tn,Yn)) %088 n — +00. Now, let {x,}n>0 and
{Yn}n>0 be B-exponentially limit pseudo orbits of F and G with 6 € (6,1),

respectively, i.e., di(frn+1(@n), Tnr1) % 0 and d2(Gn+1(Yn), Ynt1) S 0asn—
+o00. Hence,
d((fn—i—l X gn-i—l)(xn; yn)a (-rn-i-lv yn+1))
= d((fnt1(xn); gns1(Yn)); (Tnt1, Ynt1))
= max{di(fn+1(Tn); Tnt1), d2(gn+1(Yn)s Yn+1)}

(
< di(fata(
(

as n — +o00. Therefore, {(zn, Yn) }n>0 is a f-exponentially limit pseudo orbit of
F x G, and so there exists (z,y) € X xY such that d((F X G)n(z,v), (Xn,Yn)) =

[4
€ )7xn+l) + d2(9n+1(yn)a yn-i-l) —0
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A(Fu(2),Gn(9)), (@n,yn)) 2 0 as n — +oo. Hence, dy(Fn(z),2,) - 0 and

d2(Gn(y), yn) % 0asn — +00, which implies F and G have also the exponential
limit shadowing property. (I

Hence, every finite direct product of time varying maps has the h-shadowing,
limit shadowing, s-limit shadowing or exponential limit shadowing property if
and only if all of its time varying maps have h-shadowing, limit shadowing,
s-limit shadowing or exponential limit shadowing property, respectively.

Theorem 3.3. Let F = {fn}nen be a time varying map on metric space (X, d)
and k € N. Then, the following statements hold:
(a) If F has the limit shadowing property, then so does F*.
(b) If F has the exponential limit shadowing property, then so does F*.
(c) If F has the s-limit shadowing property, then so does F*.

Proof. (a) The case k = 1 is trivial, so let £ > 2 and {y,}n>0 be a limit
pseudo orbit of F*. Then d(gn+1(yn)Ynt1) — 0 as n — +oo, where g, =
Fitn—1)k+1,nk) for alln € N, and so d(Finrs1,(n+1)k) (Un)s Yna1) — 0asn — +oo.
Put

(3) Tnktj = f[nk+1,nk+j] (yn) for 0 < j < k and n > 0.
Claim. The sequence {z,},>0 is a limit pseudo orbit for F, i.e.,

d(frk+j+1(Tnk+5)s Tnktj+1) = 0

asn — +oo, foralln >0 and 0 < j < k.
To prove the claim, choose any n > 0. Then for any 0 < j <k —1,

Jrktjr1(@nktj) = frkrir1(Fik41,mk+5](Un) = Finkt+1,nk+541] (Un) = Tnktjs1-

Thus d(frk+j+1(Tnk+j)s Tnktj+1) = 0 for all n > 0 and 0 < j < k — 1. Now
forj=k—1,

d(frk+k (Tnktk—1)s Tk+k) = A(fak+k(Finkr1,nkt k-1 (Yn)) s Tnk+k)
= d(Finrt1,(n41) K] (Un)s Yn+1)
= d(g’n+1(yn), yn+1)'

Hence, d(fnt1(2n),Znt1) — 0 as n — o0, since d(gn+1(Yn), Ynt+1) — 0 as
n — 400, which completes the proof of the claim.

Now, by the limit shadowing property of F, {z,}n>0 is limit shadowed by
some x € X, i.e., d(Fp(x),2,) = 0asn — +oo. In particular, d(Fin (), gn) —
0 as n — +oo. Thus d(FF(z),y,) — 0 as n — +oo, since y, = Tp, and
FF = Fin, which implies {y, }n>0 is limit shadowed by = € X. Consequently,
any limit pseudo orbit of F* can be limit shadowed by some point of X. Thus
FF has also the limit shadowing property.

(b) For k = 1 this is trivial, so let k& > 2. Since the time varying map F
has the exponential limit shadowing property, there exists 8y € (0,1) such that
for any f-exponentially limit pseudo orbit {z,, },>0 of F with 8 € (6y,1), there
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is z € X such that d(F,(x),x,) % 0 as n — +oo. Put 0 = Hé/k. Now, let
{yn}n>0 be a f-exponentially limit pseudo orbit of F* with 6 € (61,1), i.e.,

d(gn+1(Yn)s Yn+1) S 0asn — +o00, where g, = Fl(n_1)k+1,nk) for all n. € N.
Hence, there is L > 0 such that d(gn+1(yn), ynt1) < L™ for all n > 0. Consider
the sequence {x,, }n>0 given by relation (3). Then, one has for all n > 0 and
0<j<k-—1:

1-k .
A(frktj1(Tnkri), Tnkajar) = 0 < (LOTF ) (OY/F)rh+s)

and for j =k — 1:
1—k

A( frrrr(@nktrh—1)s Trkrk) = A(Gnt1(Yn), Yns1) < LO™ = (LO = )(OF/F)nFrh=L,

Thus {x,}n>0 is a 6'/*_exponentially limit pseudo orbit for F. Hence, by
exponential limit shadowing property of F, there is x € X such that

/k
A(F(), ) 225 0 as 1 — 4o

In particular, d(Fyn (), Trn) O 0 as n +00. Thus d(FF¥(z),yn) %0 as

n — 400, which implies F* has the exponential limit shadowing property.
Finally, part (c) is a direct consequence of part (a) and [30, Theorem 3.3],

which completes the proof of the theorem. O

In the following theorem, we show that if we can find some iterate of a time
varying map which has h-shadowing property, then we can deduce that the
time varying map itself has h-shadowing property. We need the assumption of
equicontinuity.

Definition 3.4 (Equicontinuity). Time varying map F = {f,, }nen on a metric
space (X, d) is said to be equicontinuous if for each € > 0 there exists § > 0
such that d(x,y) < ¢ implies d(Fj; j)(), Fji.5(y)) < e forall 1 <i < j.

Theorem 3.5. Let F = {fn}nen be an equicontinuous time varying map on
a compact metric space (X,d) and Y be an invariant subset of X. Then, the
following conditions are equivalent:

(a) F has the h-shadowing property on Y.

(b) F* has the h-shadowing property on'Y for some k € N.
(c) F* has the h-shadowing property on'Y for all k € N.

Proof. First we prove (a)=(c). By the h-shadowing property of F, for ¢ > 0
there exists § > 0 such that every finite é-pseudo orbit in Y is e-shadowed (with
exact hit at the end) by F orbit of some point in X. Now, let {z,21,...,Zm} C
Y be a finite d-pseudo orbit for 7* = {g,}nen , where g, = Fin_1)k+1,nk]-
Then the sequence
{zo, Fi,11(w0), Fli,21(20)s - - Fl1,k—11(20), 215 i1, k+1) (1) Flit1,k421 (1),
o Flir1,26—1) (1) T2, -+ o a1, Fl(m—1)k+1,(m—1)k+1] (Tm—1),

f[(m—l)k+1,(m—1)k+2] (xm—1)7 cee 7‘F[(1'7L—1)k+1,7nk—1] (xm—l)a xm}
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is a finite J-pseudo orbit for F which e-shadowed by some point x € X such
that Fyuk(z) = 2,,. Hence F* has the h-shadowing property on Y for all £k € N
because of g, 0---0g; = Fp for 1 <n < m.

Implication (c)=-(b) is trivial.

To prove (b)=(a), fix ¢ > 0 and suppose that F* has h-shadowing property
onY for some k € N. Since time varying map F is equicontinuous and X is com-
pact, there exists n > 0 such that d(x,y) < n implies d(Fj, n4)(2), Fin,nti (V)
< s foreveryn>1and 0 <i<k.

By the h-shadowing property of F* there exists 0 < § < 5 such that each
finite d-pseudo orbit of F* is n-shadowed by F* orbit of some point of X
which hits the last element of the pseudo orbit. Since time varying map F is
equicontinuous and X is compact, there exists 0 < v < % such that d(z,y) <~
implies d(Fn,n+i (%), Finnti) (y) < % for every n > 1 and 0 <i < k.

Now, let {zg,21,...,2m} CY be any finite y-pseudo orbit for F and write
m = sk + r for some s > 0 and some 0 < r < k. Then the sequence

{Zos 21, Ty Frmg1,m41) (Tm)s Fima1,m4+2) (Tm)s -+ Fimt,mak—r] (Tm)} Y
is a finite vy-pseudo orbit for F (note that Y is an invariant subset of X),
which we enumerate obtaining the sequence {zq,1,...,%(s41)x}. We claim
that {zo, Tk, Tok, ..., T(s41)k} is a finite d-pseudo orbit for F*. Indeed,
d(Fp k) (o), o) < d(@p, Fiiow) (Tr-1)) + d(Fep)(@r—1), Fle—1,5) (Tr—2))
+ -+ d(]:[gyk] (-731)7]:[1,k} (SCO))

)

Similarly for 1 < <'s, we have d(F{i—1)k+1,ik) (T(i=1)k), Tix) < 0. Finally,
A(Flskt1,(s4+1)k) (Tsk)s T(s1)k)
< d(@ (s 1) k5 F(s4 1)k, (54 1)k] (T(s41)k—1))
+ d(F(s+1)k, (s+1)k] (T (s 1)k =1)5 Fl(s+1)k—1,(s+1)k] (T(s41)k—2))
4 A d(Flskt2,(s+ 1)k (Tskr 1), Flsht1,(s+1)k (Tsk))

By h-shadowing property of F* there is 2 € X such that d(Fpi,im (), za) <1
for every 0 < i < s and Fjy (s11)#)(2) = T(s41)x- Now, for every 0 < j < k we
have

d(F11,ik45) (), Flint1,ik45) (Tir)) <

N ™

and

A(Flik1,ik+5)(Tir), Tintj) < A ikt g, Fliks ikt (Tiktj—1))
A+ d(Fliktj,iktg] (Tikrj—1)s Fliktj—1,ik45] (Tiksj—2))
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+- o d(Flikt2,ikti) (Tikr 1), Fli+1,ik-+5) (Tik))

1) €

E—1)- <6< —.

<7+ )k <0< g
So d(Fi1ikt5) (), Tinss) < . Also, frngrx—r 00 f1(T) = T(sq1)k = frntk—r ©
-0 fm+1(xy,) which implies F,(z) = z,,. Hence F has the h-shadowing
property on Y. O

Lemma 3.6. Let F = {fn}nen be a time varying map on a metric space
(X,d) and k € N such that fi, fa,..., fx are surjective. Then, F has the
limit shadowing property if and only if F(k,shift) = {fn}72 ;1 has the limit
shadowing property.

Proof. Let F(k,shift) has the limit shadowing property, and let {z,},>0 be a
limit pseudo orbit of F, i.e., d(fns1(xn),Znt1) — 0 as n — +oo. Then, the
sequence {yn}n>0 in which y, = z,4x is a limit pseudo orbit of F(k, shift),
ie, d(futk+1(Yn),Ynt1) — 0 as n — 4o0o. Hence, there exists y € X such
that d(F, (k,shift)(y),y,) — 0 as n — +oo, where F,,(k, shift) = foypo0-- o0
frt+2 © fr+1. Now, consider a preimage z of y under Fy, i.e., Fr(x) = y (note
that fi, fo,..., fr are surjective). Then d(F,(z),z,) — 0 as n — +oo, which
implies {x,, } >0 is limit shadowed by € X. Consequently, any limit pseudo
orbit of F can be limit shadowed by some point of X. Thus F also has the
limit shadowing property.

Conversely, let F has the limit shadowing property, and let {z,},>0 be a
limit pseudo orbit of F(k,shift), i.e., d(fntr+1(Tn); Tnt1) — 0 as n — +oo.
Then the sequence {y, }n>0, where y, 4 = x, forn > 0 and y1,yo, . .., yp—1 are
arbitrary points of X is a limit pseudo orbit of F, i.e., d(fn+1(¥n); Yn+1) — 0 as
n — +o00. Hence, there exists y € X such that d(F,(y),yn) — 0 as n — +o0.
Now, put = fro---o fao f1(y). Then d(F,(k,shift)(z),x,) — 0 as n — +o0,
which implies {x,, },>0 is limit shadowed by = € X. Consequently, any limit
pseudo orbit of F(k,shift) can be limit shadowed by some point of X. Thus
F(k, shift) also has the limit shadowing property. O

4. Shadowing properties and expansivity

In this section, we investigate the relationships between various notions of
shadowing for time varying maps and examine the role that expansivity plays in
shadowing properties of such dynamical systems. We prove some results link-
ing s-limit shadowing property to limit shadowing property, and h-shadowing
property to s-limit shadowing and limit shadowing properties. Finally, under
the assumption of expansivity, we show that the shadowing property implies
the h-shadowing, s-limit shadowing and limit shadowing properties.

Lemma 4.1. Let F = {fn}nen be a time varying map on a metric space
(X,d) and Y be a subset of X. If Y C f(Y) for every n € N and F has

s-limit shadowing property on'Y, then F also has limit shadowing property on
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Y. In particular, if F is a time varying map of surjective maps and has s-limit
shadowing property, then F also has limit shadowing property.

Proof. Fix ¢ > 0 and let § > 0 be given by the s-limit shadowing property.
Let {zy}n>0 C Y be a limit pseudo orbit of F, i.e., d(fnt1(zpn), Zpt1) — 0
as n — +o0o. Then for some nyg € N, d(fnt1(zn),Tnt1) < § for every
n > ng. By assumption Y C f,(Y) for every n € N, there is yg € Y such
that {yo, F1(¥0),---sFn-1(u0)} C Y and F,(yo) = xn,. Hence, the sequence
{vo, F1(W0), - -+, Fn—1(¥0), Tnos Tng+1, - - - } is 6-pseudo orbit and limit pseudo or-
bit. By s-limit shadowing property, {yo, F1(40);-- -, Fn-1(¥0)s Tngy Tng-+1s-- -}
is e-shadowed and limit shadowed by some point y € X. Therefore {z,}n>0
is limit shadowed by y which implies F has the limit shadowing property on
Y. O

Theorem 4.2. Let F = {f,}nen be a time varying map on a compact metric
space (X,d) and Y be a closed subset of X. Then, the following statements
hold:

(a) If there is an open set U such that Y C U and F has h-shadowing
property on U, then F has s-limit shadowing property on Y. If in
addition, Y C f,(Y) for every n € N, then F has limit shadowing
property on Y .

(b) If Y is invariant and Fly has h-shadowing property, then F|y has
s-limit shadowing property and limit shadowing property.

(¢) If F has h-shadowing property, then F has s-limit shadowing property.
If in addition, F is a time varying map of surjective maps, then F has
limit shadowing property.

Proof. (a) Since X is compact, then by Remark 2.5 every time varying map
with h-shadowing property has shadowing property. Hence the first half of the
definition of s-limit shadowing property is satisfied trivially.

So fix € > 0 such that B(Y,3e) C U and denote &, = 27" 2¢ for every n €
NU{0} (note that B(Y,r) is the r-neighborhood of the set Y'). By the definition
of h-shadowing property there are {4, > 0},enugo} such that every finite d,-
pseudo orbit in U is €,-shadowed by some point of X (with exact hit at the
end). Fix any dp-pseudo orbit {z,}n>0 C Y such that d(fn+1(xn), @ny1) — 0
as n — +o0. There is an increasing sequence {k;};enuqo} such that {x,}n>k,
is a d;-pseudo orbit for F(k;,shift) = {f,}7>, ,; and obviously ky = 0. Note
that if w is a point such that Fy, (w) = zy,, then the sequence

{w7]:1(w)7 cee 7‘Fki(w)7xki+17 cee 7xki+1}

is a finite d;-pseudo orbit. Let zp be a point which gg-shadows the finite §g-
pseudo orbit {zg,...,x, } with exact hit at the end, i.e., Fy, (20) = x,. Note
that F;(z0) € U for 0 < j < k.

For i € N, assume that z; is a point which ¢;-shadows the finite §;-pseudo
orbit
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{zict, Fu(zic1), - oo Fr (i) Tty - - Ty ) S U

with exact hit at the end. Then by h-shadowing property there is a point z;41
which €;,1-shadows the finite §;51-pseudo orbit

{Zia]:l(zi) . 'sz+l( ) Lhyy1+1s--- 1+2} -

with exact hit at the end. Thus we can produce a sequence {z;};>0 with the
following properties:

(1) d(f](zi_l),f](zz)) < &; for 0 § j § kl and 7 Z 1,

(2) d(Fj(zi),x;) <e; for k;y < j < kjp1 and i > 0;

( ) ]:k?H»I( ) = Lhkiy1 for i > 0;

(4) d(Fj(z:),Y) <e for j < kiy1.
Since X is compact, there is an increasing sequence {s; };>1 such that the limit
z = lim;_, 0 25, exists. Hence, for any j,n € N there exist igc > 0 and m > o
such that k;, < j < kiy41 and d(F;(2), F;(2s,.)) < €nt1. So we get

Sm—1
d(‘Fj(’z)?xj) < d(fj<z)7fj(zsr,YL)) + d( Zzo Z d Zz+1)>
i=1g
Sm—1
< Epy1+Eip + Z Eir1 <2777 35—1—22 =2
i=1g 1=1g

=e(2" P 4270 <.

Furthermore, for any n, let j > k,y2. Then, there is :; > n + 2 such that
ki, < j < ki,41 and there is m > iy such that d(F;(2), Fj(2s,.)) < €nt1-
Hence, as before we obtain

A(Fy(2),5) < (270 4 27071) < e 4 270

This immediately implies that limsup,_, ., d(F;(2),7;) < €,. Since n was
arbitrary, we have lim;_,o, d(F;(z),z;) = 0. This shows that F has s-limit
shadowing property on Y.

Finally, (b) and (c) follow directly from (a) and Lemma 4.1 (since U =Y is
open in Y'), which completes the proof of the theorem. O

Definition 4.3 (Expansivity). An time varying map F = {f, }nen on a metric
space (X, d) is called strongly expansive if there exists v > 0 (called expansivity
constant) such that for any two distinct points z,y € X and every N € N,
d(Fin ) (), Finn)(y)) > v for some n > N. Equivalently, if for z,y € X and
some N € N, d(Finn)(x), Finn(y)) < forall n > N, then x = y.

Corollary 4.4. Let F = {fn}nen be a time varying map on a compact metric
space (X, d).

(a) If F is strongly expansive, then F has the shadowing property if and
only if F has the h-shadowing property.
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(b) If F is strongly expansive and has the shadowing property, then F has
the h-shadowing and s-limit shadowing properties. If in addition, F is
a time varying map of surjective maps, then F has the limit shadowing

property.

Proof. If F has the h-shadowing property, then F has the shadowing property
(see Remark 2.5). So suppose that F has the shadowing property. Let ¢ <
~v and let § > 0 be provided by shadowing property for e, where ~ is the
expansivity constant. Fix any finite §-pseudo orbit {xg, z1,. ..,z } and extend
it to the infinite §-pseudo orbit

{1’0, Tlyewos T, f[m+1,m+1] (Im)a f[m+1,m+2] (xm)a -F[m+1,m+3] (Im)a .. }

If x is a point which e-shadows the above J-pseudo orbit, then

d(]:[erl,erj] (‘Fm(m))vf[m+1,m+j] (mm)) <e<vy

for all j > 0 which implies that F,,(z) = @,,,. Thus F has the h-shadowing
property. Finally, (b) is a direct consequence of part (a) and Theorem 4.2,
which completes the proof. O

5. Uniformly contracting and uniformly expanding time varying
maps

In this section, we investigate various notions of shadowing for uniformly
contracting and uniformly expanding time varying maps. We show that the
uniformly contracting and uniformly expanding time varying maps exhibit the
shadowing, limit shadowing, s-limit shadowing and exponential limit shadowing
properties. Moreover, we show that any time varying map of a finite set of
hyperbolic linear homeomorphisms on a Banach space with the same stable
and unstable subspaces has the shadowing, limit shadowing, s-limit shadowing
and exponential limit shadowing properties.

Definition 5.1 (Uniformly contracting and uniformly expanding time varying
map). Let F = {f,}nen be a time varying map on a metric space (X, d). Then,

i) the time varying map F is uniformly contracting if its contracting ratio
which denoted by « exists and is less than one, where

I AC A )}

neNz,ye X d($>y)
TFy

ii) the time varying map F is uniformly expanding if its expanding ratio
which denoted by ( exists and is greater than one, where

P (AR AN}

neNz,yeX d(JJ, y)
TFy
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In the following theorem, we show that uniformly contracting time varying
maps exhibit the shadowing, limit shadowing, s-limit shadowing and exponen-
tial limit shadowing properties.

Theorem 5.2. Let F = {f, }nen be a uniformly contracting time varying map
on a metric space (X,d). Then,

(a) F has the shadowing property;

(b) F has the limit shadowing property;

(¢) F has the exponential limit shadowing property;
(d) F has the s-limit shadowing property.

Proof. Assume that the time varying map F is uniformly contracting with the
contracting ratio .

(a) Given € > 0 take 0 = (1 —a)5 < §, and let {z,, },>0 be a d-pseudo orbit
of F, ie., d(fn+1(xn),xne1) < 6 for all n > 0. Consider a point z € X with
d(z,r9) < 5. We show that the d-pseudo orbit {z,},>0 is e-shadowed by =,
ie., d(Fn(z),r,) <€ for all n > 0. Observe that d(Fo(z),zo) < 5 and

d(Fi(x), 1) < d(Fi(x), fi(zo)) + d(fi(20), 21) < ad(x,x0) + 0.

Similarly,
d(F2 (), x2) < d(F2(2), f2(z1)) + d(f2(21), 22)
= d(f2(F1(2)), f2(21)) + d(f2(21), 22)
< ad(Fi(x),z1) + 6
< a?d(x,x0) + o+ 6.
By induction, for each n > 0, one can show that
d(Fp(x),2,) < a"d(x,20) +6(a" P+ a2+ fa+1).
Now, the last inequality together with d(z,zo) < § imply
1 € €
< )< 4 —¢
d(Fn(x),zy) < d(z,x0) —|—5(1 — a) <3 + 5 =¢
Hence, the d-pseudo orbit {z,}n>0 is e-shadowed by z and so time varying
map F has the shadowing property, which completes the proof of part (a).
(b) Let {xy}n>0 be a limit pseudo orbit of F, i.e., d(fnt1(zn), Tnt1) — 0
as n — 4o0o. Put 7, = d(fns1(zn), Tne1) for all n > 0 (note that 7, — 0 as
n — 400). Now, we show that d(F,(zo),z,) — 0 as n — 400, which implies
{Zn}n>0 is limit shadowed by xo. To prove this, suppose ¢ is an arbitrary
positive real number and M = sup,>,7,. We can find k& € N such that

% < Sand T < 51_70‘ for all ¢ > k. Obviously, d(Fo(xo), o) = 0 and

d(Fi(xo), 1) < d(Fi(xo), f1(xo)) +d(fi(xo), 1) = d(f1(0), f1(z0)) + 10 = T0.
Similarly,

d(Fa(zo), v2) < d(Fa(z0), fa(r1)) + d(fa(z1), 72)
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= d(f2(F1(20)), fa(z1)) + d(f2(z1), 22)
< ad(Fi(xo),z1) + 711
< ot + T,

and

d(F3(z0), v3) < d(F3(z0), f3(72)) + d(f3(z2), 3)

= d(f3(F2(20)), fs(x2)) + d(f3(22), 23)
< ad(Fa(xo), x2) + T2
< alarg+ 1) + T
= 0427'0 + aTr + To.

By induction, for each n > 0 we have that

d(Fpn(20),2n) < " g+ " 20 + -+ aTh_g F Tho1.
Hence for n > k, we have
d(Fn(xo), x0) < " o+ a4+ Olk+17—n_(k+2) + aan—(kH)

+af T et aTpo + T

1-— ,

<MoF(lt+a+ 4o 4= ta+ - +ar)

n—k k

« l—a «
= Moa*

B R

<S8
-2 2

Therefore d(F,(xo),z,) < € as n — 4oo. Since ¢ > 0 was arbitrary, we
conclude that d(F,(zo),x,) — 0 as n — 4o00. Hence, time varying map F has
the limit shadowing property, which completes the proof of part (b).

(¢) We choose 0y € (o, 1) and show that F has the exponential limit shad-
owing property with respect to this 6y. Let {z,, }n>0 be a f-exponentially limit

pseudo orbit of F with 0 € (g, 1), i.e., d(foy1(zn), Tnt1) % 0asn — +oo.
Then, there exists L > 0 such that d(fni1(zn), zpy1) < LO™ for all n > 0.
Hence,

d(]:n(l‘o),l‘n) < d(}-n(xo),fn(xnfl)) + d(fn(xnfl)vxn)
= d(fn(Fn-1(20)), fu(®n-1)) + d(fn(Tn-1),7n)
S Oéd(.Fn_l(l’o)7 xn—l) + Lom

< ?d(Fp_2(20), Tp_2) + aLO™ ' + LO"

< aml[ﬂ + Ozn72L92 4ot 012L9n72 i OzL@nfl 4L
= L(]. + ae—l -+ a20_2 4+ an—le_n_;’_l)en



VARIOUS SHADOWING PROPERTIES FOR TIME VARYING MAPS 497

< L<1+a9—1 +a29—2+_..+an—19—n+1)9n—1
L
0—«

< (2o,
Therefore d(F,(xo), z,) S 0asn — 400, i.e., time varying map F has the
exponential limit shadowing property, which completes the proof of part (c).
Finally, the part (d) is a direct consequence of our process in parts (a) and
(b), which completes the proof of the theorem. O

Remark 5.3. In general a time varying map with shadowing and limit shadow-
ing properties does not have s-limit shadowing property, see Example 2.8.

Corollary 5.4. Let I be a non-empty finite set and for everyi €I, f; :R — R
be a differentiable function. Assume that the maps f; have a common attractor
fized point p € R, i.e., fi(p) =p and |f/(p)| <1 for alli € I. Set A= {fi}icr.
Then, there is an open interval U about p such that f(U) C U for all f € A.
Moreover, each time varying map F = {fn}nen with f, € A on U has the
shadowing, limit shadowing, s-limit shadowing and exponential limit shadowing
properties.

Proof. By [8, Proposition 4.4], for each ¢ € I there is an open interval U; about
p such that if z € U, then f;(z) € U; and fI'(x) — p as n — +o0o0. Hence, we
can find an open interval U C N;c;U; and 0 < € < 1 such that if z € U, then
Ifi(x)] < 1—¢, fi(z) € U and f*(x) — p as n — 400, for every ¢ € I. This

w < 1 — . Hence, each time

varying map F = {fn}nen with f,, € A on U is uniformly contracting, and so
by Theorem 5.2 it has the shadowing, limit shadowing, s-limit shadowing and
exponential limit shadowing properties. O

implies that for all z,y € U, we have

In the following, we provide two uniformly contracting time varying maps.

Example 5.5. Let ¥y := {0,1} = {z = (z129---) : x, € {0,1}} be the
Bernoulli space. Consider in ¥, the distance defined by

2N if g and N = min{i : z; ity

Now, let f,g: X9 — X5 be two maps defined as follows:

f((z122--+)) = (0m122--+),  g((z1z2---)) = (lz122 -+ +).

Then, any time varying map F = {f,}nen with f, € {f, ¢} is uniformly
contracting, and so by Theorem 5.2 it has the shadowing, limit shadowing,
s-limit shadowing and exponential limit shadowing properties.

Example 5.6. Let X C R? be the Sierpinski triangle on the solid equilateral
triangle which is constructed by repeatedly removing inverted maximal equi-
lateral (solid) triangles from a given equilateral (solid) triangle. Denote the
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sets in this construction by Xo, X1,..., whereby X = ()", X,,. Then X is
selfsimilar,

X = Ugi(X>a

where the g1, 2,93 : R? — R? are the homotheties of rate 1/2 that keep one
of the three vertices of X fixed, see [27] for more details. Then g¢;, i = 1,2,3,
are uniformly contracting. Hence, by Theorem 5.2, each time varying map
F ={fn}tnen with f,, € {g1, g2, g3} is uniformly contracting, and so it has the
shadowing, limit shadowing, s-limit shadowing and exponential limit shadowing
properties.

In the following theorem, we show that every uniformly expanding time
varying map has the shadowing, limit shadowing, s-limit shadowing and expo-
nential limit shadowing properties. Note that Castro, Rodrigues and Varandas
([7, Lemma 2.1]) assert that the uniformly expanding time varying maps having
the shadowing property. Also, Nazarian Sarkooh and Ghane ([24, Proposition
4.12]) showed that the uniformly Ruelle-expanding time varying maps having
the shadowing property. Here, we give a different proof for shadowing property
of uniformly expanding time varying maps and use it to yield the limit shad-
owing, s-limit shadowing and exponential limit shadowing properties. Recall
that an expanding and surjective map is invertible.

Theorem 5.7. Let F = {fn}nen be a uniformly expanding time varying map
of surjective maps on a complete metric space (X,d). Then,

(a) F has the shadowing property;

(b) F has the limit shadowing property;

(¢) F has the exponential limit shadowing property;
(d) F has the s-limit shadowing property.

Proof. Here, we use the approach used in the proof of [11, Theorem 2.2]. Given
n € N, consider the function ¢, : X x X — [0, +00), defined by

d(fn(x), fn(y))

on(z,y) = d(ag Y) ifz#y,

if x =y,

where § > 1 is the expanding ratio of the uniformly expanding time varying

map F. Hence, one has
d(fn(z), fn(y

@) da,y) = W2 Snly)

on(z,y)

(a) Given € > 0 take § = (8 — 1), and let {z,}n>0 be a d-pseudo orbit of
F,ie., d(fnt1(@n), xny1) < d for all n > 0. Consider the sequence {z,},>0 in
X, defined as follows:

(5) 20 =120, Zn=f; ofyto-of Y x,) forallneN.

n

, pnlz,y) > p forall z,y € X and n € N.
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Then, x, = fpo fn_10---0 fi(zn) for alln € N. Given n € Nand 1 < k <n,
denote

(6) 28 = fro froa0--0 filzn).
Therefore, for any n € N and 1 < k < n, one has
(7) 2 = fZEY), e =20 = fulz0Y).

We claim that {z,},>0 is a Cauchy sequence. Firstly, fixing n € N and p > 1,
and using (4), (6) and (7), we obtain

(fl(zn) fl(szrp))
©1(2n, Zn-i-p)
d(z(l) Z(l) )

n 2 ntp
©1(2ns Zn+p)
d(zg),z( ) )

n+p
©1(Zny Zntp)p2(20, 20))

d(zn, Zn+p)

RN

n+p

®1 (Zna ZTL+P) Hz 2 SD'L(ZS 1)’ Z7(LZJ:P1))

(n) )
n+p

i—1 i—1)\ "
tm(zn,znﬂa)l_[ 2901(27(l )azr(erp))

Secondly, by induction on p > 1 we show that the following inequality holds
uniformly with respect to n € N:

P
(9) dxn, nﬂ, < Z
k=1

Indeed, for p = 1 the inequality (9) follows from (4) and (7):

d(xp, 2

(n)
<Pn+1(xnvzn+1) @n+1(xnazn+1) B

Assume that (9) holds for some p = ¢ > 1 uniformly on n € N. Taking into
account this assumption, as well as (4) and (7), we prove (9) for p = ¢+ 1:

A(far1(@n), far1 (200 001))

(11) d(, 2 1) =

Pnt1(Tn, S—?q-ﬁ-l)
n+1
A forr(@n), 200

Ont1(Tn, ’£L<2q+1)
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- AUnr1 (@) @ns1) + A, 205 Y,)

(n)
¢n+1(xnvzn+1+q)
q+1

q
G+8> Br)y=06>_p"
k=1 k=1

<

| =

Therefore (9) holds.
Now, the relations (4), (8) and (9) give us the following estimation for
d(2n, Znt+p) with any n € N and p > 1:

) p —k
d(zn; Zn+p) < anzl X -1 _G-1)
©1(2n, 2ntp) [Lico pi(en Zn+p )
)
(12) < . ——
(5 - 1)901(2117 Zn+p) Hi:Q Sﬁi(zr(zz )727(:-‘,-17))
€

= - . <ep™".
-1 1), =
¥1 (zm Zn+p) H?:z ‘Pi(%(: )a Zv(:+p))
This inequality proves the claim, i.e., {z, }n>0 is a Cauchy sequence. Therefore,
the sequence {zy},>0 is convergent to some point € X. From (6) and (12)

one has

lim ZSL’“) = fro fxk—1 00 fi(x) = Fr(z) for any k > 1,
n— oo
and
d(zp,x) < c as p — oo, forn > 1.

01z, 2) [Ty ilen ", Fisa (@)

Hence, for n > 1 we get

d(Fp(x),2n) = d(frn oo fi(x), fno--- 0 fi(zn))
= on(Fno1(x), 20 " )d(fnor 00 fi(x), fac1 0+ 0 fi(2zn))
= pn(Fao1(@), 25 n—1(Faa(@), 2172
d(fa—20-0 fi(z), fa—2 00 fi(zn))

Also, for the lacking case n =0
d(f1(2), 1(z0))
¢1(x, 7o)
_ d(fi(z),z1) + d(x1, f1(w0))
@1(%‘,330)

d(Fo(x),z0) = d(z,x0) =
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d(Fi(z), 71) + d(z1, f1(20))

Spl(xﬂx())
e+d0 e+fPe—¢
- B8 B B

Hence, {2, }r>0 is e-shadowed by z. Thus F has the shadowing property which
completes the proof of part (a).
(b) Let € > 0 and {z, }n>0 be a limit pseudo orbit of F, i.e.,

d(fri1(xn), Tnt1) = 0 as n — +o0.

Therefore, there is Ng € N such that d(fn11(zn), Tny1) < € for all n > Np.
Now, consider the sequence {z, }»>0 and notation 2 as given by relations (5)
and (6). We claim that {z,},>0 is a Cauchy sequence. Hence, by induction

on p > 1 we show that the following inequality holds uniformly with respect to
n > Nol

p
(13) Az, 2 <>
k=1

Indeed, for p = 1 the inequality (13) follows from (4) and (7):
(n) (fn—‘—l(xn)a fn—‘—l('z?(zz)l)) d(fnJrl(xn)y anrl)

d(xp, 2,01) = = °
™ “n+1 n - n 3
‘Pn+1($nvz7(z+)1) (pn+1(xmzr(z+)1) s

Assume that (13) holds for some p = ¢ > 1 uniformly on n > Ny. Taking
into account this assumption, as well as (4), (7) and (11), we prove (13) for
p=gq+1L

IN

d(fror1(®n), Tny1) + d(Tnya, Zr(:rii-)q)

d(xy, Zq(:r)qul) = )
<pn+1(xn, Zn+1+q)
q+1

5+526k —626 k.

Therefore (13) holds. Now, the relations (8) and (13) give us the following
estimation for d(z,, zn4p) with any n > Ny and p > 1:

P —k
d(zn, Znip) < 2N A
LPl(znazn-ﬁ-p) HZ Q@z(zn ) Prtp )
13
(14) < -
(B = D120, znap) TTg iz 0, 2500)
< & g
- -1

This inequality proves the claim, i.e., {2, }n>0 is a Cauchy sequence. Therefore,
the sequence {z, },>0 is convergent to some point z € X. Also, from (14) one
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has

€
(8= 1)1 (20, ) [Tp 0ilzt ™, Fisa (@)
Hence, for n > Ny we get

d(]:n(x)vxn) = d(fn S Ofl(l‘)afn S Of1<2n))
= (Pn(]:nfl(x)az;,lil)d(fnfl ©:-+0 fl(x)vfnfl SRR ofl(zn))

as p — oo, for n > 1.

d(zp,z) <

n(fnfl(x)y 22_1)90n71(]:n—2(35)a erLL_Q) Pl (.’IJ, Zn)d<.’1,‘, Zn)
€

5_

that implies d(F,(x), x,) — 0 as n — 00, because € is arbitrary. Thus the time
varying map JF has the limit shadowing property.
(c) Let {xn}n>0 be a 6-exponentially limit pseudo orbit of F with rate

IA
A

—_

0 € (0,1), ie., d(fn+1(Tn); Tnt1) % 0asn — +oo. Hence, there exists a
constant L > 0 such that d(fnt1(2n), Tnt1) < LO™ for n > 0. Consider the
sequence {zy }n>0 and notation 2 given by relations (5) and (6). We claim
that {z,}n>0 is a Cauchy sequence. Hence, by induction on p > 1 we show
that the following inequality holds uniformly with respect to n € N:

P
(15) d(wn, 2{%,) < Le" Y pE
k=1

Indeed, for p = 1 the inequality (15) follows from (4) and (7):

o)+ A1 @), a1 G)) d(faia(@n), Tngr) _ L™
d(, 2%)) = o) = ORI
S"nJrl(xmszrl) SDnJrl(CUmZnJrl)

Assume that (15) holds for some p = ¢ > 1 uniformly on n € N. Taking into
account this assumption, as well as (4), (7) and (11), we prove (15) for p = ¢+1:

1
oy o Ansa(n) @ngn) + dlwnsn, 2500,
(@n, Zn+q+1) = )
On+1(Tn, Zn+1+q)
1 q
< 7(L9n + L9n+1 Zﬁ—k)
6 k=1
1 q q+1
< (LO"+LO"Y BR)=L0") Bh.
ﬂ k=1 k=1
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Therefore (15) holds. Now, the relations (8) and (15) give us the following
estimation for d(z,, zn4+p) with any n € N and p > 1:

Lony? —k
Ao 2niy) < il
901(2’71, 2n+p) H¢:2 Spi(Z" " Fntp )
(16) < L0

n i-1) _(i—1
(8 = Dpr(zns znep) [Tia il 205,
L AN
<G-p)
G-\
This inequality proves the claim, i.e., {2, }n>0 is a Cauchy sequence. Therefore,

the sequence {zy }n>0 is convergent to some point € X. Also, from (16) one
has

Lo"
(B = 1)1 (zn,2) [Ty i, Fica (@)
Hence, for n > 1 we get
d(]:n(I),.’En) = d(fn ©---0 f1($>7fn ©---0 fl(zn))
= Cpn(fn—l(x)a Zzil)d(fn—l 0:---0 fl(m)a fn—l 0--+0 fl(zn))

d(zp,x) <

as p — oo, forn > 1.

= QPn(]:nfl(x% Zs_l)spnfl(]:nf2($)a Z’:LL_Q) w01, 2 )d(2, 20)
L n
< (577)0

that implies d(Fy (), zy) % 0 as n — 400. Thus the time varying map F has
the exponential limit shadowing property.

Finally, part (d) is a direct consequence of our process in parts (a) and (b),
which completes the proof of the theorem. (I

Remark 5.8. Note that the surjectivity of maps f, of time varying map F =
{fn}nen in Theorem 5.7 is essential. Indeed, let X = {1} U [2,+00) be a
complete metric space endowed with the standard metric from R, and consider
the function f : X — X, f(z) = 2z for all z € X. Hence f is uniformly
expanding that is not surjective. Then time varying map F = {f, }neny on X
with f,, = f for all n € N does not possess the shadowing property, for more
details see [11, Example 2.1].

Remark 5.9. Memarbashi and Rasuli in [23, Theorem 2.8] show that each uni-
formly expanding time varying map satisfies the h-shadowing property. Hence,
by Theorem 4.2, each uniformly expanding time varying map on a compact
metric space has the s-limit shadowing property, moreover it has the limit
shadowing property (under some conditions). Nevertheless, for Theorem 5.7
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we give a different proof and use it to yield the exponential limit shadowing
property, also it is useful for future studies.

Example 5.10. Let f4 : T — T? be the linear endomorphism of the torus
T¢ = R?/Z? induced by some matrix A with integer coefficients and determi-
nant different from zero. Assume that all the eigenvalues A1, Ao,..., \g of A
are larger than 1 in absolute value. Then, given any 1 < o < inf; ||, there
exists an inner product in R relative to which ||Av|| > o||v|| for every v € R9.
This shows that the transformation f4 is expanding, see [24, Example 6.2].
Now, let A be a non-empty finite set of different matrices enjoying the above
conditions. Then, each time varying map F = {f,, }neny with f, € {fa: A € A}
is uniformly expanding. Hence, by Theorem 5.7, it has the shadowing, limit
shadowing, s-limit shadowing and exponential limit shadowing properties.

In what follows, we show that any time varying map of a finite set of hy-
perbolic linear homeomorphisms on a Banach space with the same stable and
unstable subspaces has the shadowing, limit shadowing, s-limit shadowing and
exponential limit shadowing properties.

Definition 5.11. Let f : X — X be a linear homeomorphism on a Banach
space X. Then, f is said to be hyperbolic if there exist Banach subspaces
X, Xy C X, called stable and unstable subspaces, respectively, and a norm
|-l on X compatible with the original Banach structure such that

X =X,0X,, f(Xs) = X, f(Xu) = Xy, Hf‘Xﬁ <1 and ||f_1‘X’u.H <L

Theorem 5.12. Let X be a Banach space, and let A be a finite set of hyperbolic
linear homeomorphisms with the same stable and unstable subspaces. Then,
any time varying map F = {fn}tnen with f, € A has the shadowing, limit
shadowing, s-limit shadowing and exponential limit shadowing properties.

Proof. Take G = {fu|x.}nen and H = {fn|x, }nen. Then, obviously G is uni-
formly contracting and H is uniformly expanding on X, and X, respectively.
Hence, by Theorems 5.2 and 5.7, G and H have the shadowing, limit shadowing,
s-limit shadowing and exponential limit shadowing properties. On the other
hand, F = G x H. So, by [30, Theorem 3.2] and Theorem 3.2, time varying
map JF has the shadowing, limit shadowing, s-limit shadowing and exponential
limit shadowing properties. ([

Acknowledgements. We would like to thank anonymous reviewer whose
remarks improved the presentation of the paper.
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