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Variants of Shadowing Properties for Iterated Function Systems
on Uniform Spaces

Radhika Vasisht?, Mohammad Salman?, Ruchi Das?

?Department of Mathematics, University of Delhi, Delhi-110007, India

Abstract. In this paper, the notions of topological shadowing, topological ergodic shadowing, topological
chain transitivity and topological chain mixing are introduced and studied for an iterated function system
(IFS) on uniform spaces. It is proved that if an IFS has topological shadowing property and is topological
chain mixing, then it has topological ergodic shadowing and it is topological mixing. Moreover, if an IFS
has topological shadowing property and is topological chain transitive, then it is topologically ergodic and
hence topologically transitive. Also, these notions are studied for the product IFS on uniform spaces.

1. Introduction

An iterated function system (IFS), introduced by Hutchinson [10] and later popularized by Barnsley [4],
is the semigroup action generated by a finite collection of continuous self maps on a metric space. In the
recent years many researchers have worked on IFS depicting its applications in various fields including
image processing, stochastic growth models, description of fractals and in the theory of random dynamical
systems [8, 9]. Recently, shadowing property, average shadowing property and other variants of shadowing
property on iterated function systems have been explored by many authors on metric spaces [3, 14, 17, 26—
28].

The study of uniform spaces was initiated by A. Weil in order to provide certain metric structures
including Cauchy sequences, completeness and uniform continuity with topological properties [25]. The
study of shadowing property began with the works of Anosov and Bowen [2, 5]. In2016, Shah etal. obtained
thata dynamical system on a totally bounded uniform space which is topologically shadowing, mixing, and
topologically expansive has the topological specification property [20]. Later in 2018, Das and Das studied
variants of topological shadowing and specification property on uniform spaces [7]. Pseudo-orbits play
an important role in detecting mixing and recurrent behaviours of a dynamical system which may not be
evident from the actual orbits. One of the useful applications of pseudo-orbits is in neuroscience. The theory
of shadowing or pseudo-orbit tracing has importance in qualitative theory and has various applications
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in numerical analysis [16]. Shadowing and its variants have been studied by various researchers for both
autonomous and non-autonomous dynamical systems [1, 6, 12, 13, 15, 18, 21-23]. In this paper, we initiate
the study of various types of shadowing properties for IFS on non-metrizable uniform spaces.

The paper is organized as follows. In Section 2, we give the prerequisites required for the remaining
sections of the paper. In Section 3, we introduce the notions of topological shadowing, topological ergodic
shadowing, topological chain transitivity and topological chain mixing for an iterated function system
(IFS) on uniform spaces. We show that topological shadowing (topological ergodic shadowing) on an IFS
is iteration invariant. It is proved that if an IFS has topological shadowing property and is topological
chain mixing, then it has topological ergodic shadowing and is topological mixing. Whereas if an IFS has
topological shadowing property and is topological chain transitive, then it is topologically ergodic and
hence topologically transitive. In Section 4, we study above shadowing properties on product of iterated
function systems on uniform spaces. It is proved that IFS ¥ and G have topological shadowing property
(topological ergodic shadowing) if and only if ¥ X G has so. Moreover, we show that ¥ and G are topological
chain mixing if and only if # X G is topological chain mixing.

2. Preliminaries

Throughout the paper, let Z* = {0,1,2,...} and N = {1,2,3,...}. Let X be a nonempty set and Ax =
{(x,x) : x € X} be the diagonal of X x X. Let E C X X X, then E is symmetric if E = E™!, where E™! = {(x2,x1) :
(x1,x2) € E} is the inverse of E. For any E, F C X X X, we consider the composite (E o F) which is defined as
{(x1,x2) € X X X : there exists an x3 € X satisfying (x1,x3) € E and (x3, x2) € F}.

Definition 2.1. ([11]) A uniform structure on X is a non empty collection 2 of subsets of X X X satisfying the
following:

(1) IfDe 2,then D! € 2 and Ax C D;

QR IfDePand DCEC XXX, thenE € &

B3) IfD,Ec 2,thenDNE € Z;

(4) Forany D € 2, there exists an E € ¥ such that Eo E C D.

The pair (X, 2) is said to be a uniform space and the members of % are called as entourages. For a uniformity
2, there exists a uniform topology which is denoted by |Z| on X and characterized by the neighborhoods of
any x € X consisting of the sets E[x1] = {xo € X : (x1,x2) € E}, where E € & varies through all entourages of
(X, 2). For a uniform space (X, 2), f : X — X is called uniformly continuous if (f X f)~1(2) C 2.

Let (X, Z) be a nontrivial uniform space and f,, : X — X be a uniformly continuous map, for each p € I'.
If I' is a nonempty finite set, then ¥ = {(X, 2); f, : u € I'} is said to be an iterated function system (IFS). For
Y =T%",0=0¢0102... € Land any n € N, we consider

) = fi oy = forr o iV and £ = id,
for any x € X. The orbit of a point xy € X under the IFS ¥ is the set,

O#(xy) = {fém)(xo) :meZ*, for some o € L}.
For any k € IN, we consider the k-th iterate of the IFS ¥ as follows:

Fr= (X, 2); O, =fo o f¥V 0,000 €T}

0-+-0k-1

Definition 2.2. ([2]) An IFS ¥ = {(X, 2); f, : p € T'} is said to be topologically transitive, if for any pair of
nonempty open sets Uy, Uy C X, thereexistsao € Zandann € N satisfying fé")(l]l) NU, £ 2.
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For any two nonempty open sets U;, U, C X, we shall denote
Ng(Uy, Uy) = me N : fém)(l]l) NU, # @, for some o € I}.

For any set A C Z*, the upper density and lower density of A, respectively are given by

c_l(A) = limsupn%lAﬂ {0,1,...,m—-1}, d(A) := liminfilAﬂ {0,1,...,m—1}.

m—s00
If E(A) = d(A) = d(A), then d(A) is called the density of A.
Definition 2.3. ([27]) AnIFS F = {(X, 2); f, : p € T} is
1. topologically ergodic, if for any nonempty open sets Uy, U, C X, N#(U3, Uy) has positive upper density;
2. topologically mixing, if for any nonempty open sets Uy, U € X, N#(U, V) is cofinite.
Clearly, we have

Topological mixing = Topological ergodicity = Topological transitivity.

3. Shadowing Properties for IFS

In this section, we introduce the notions of topological shadowing, topological ergodic shadowing,
topological chain transitivity and topological chain mixing for an iterated function system (IFS) on uniform
spaces. We show that topological shadowing (topological ergodic shadowing) on an IFS on uniform spaces
is iteration invariant. It is proved that if an IFS on uniform spaces has topological shadowing property and
is topological chain mixing, then it has topological ergodic shadowing and is topologically mixing. Whereas
if an IFS on uniform spaces has topological shadowing property and is topological chain transitive, then it
is topologically ergodic and hence is topologically transitive.

Let # = {(X 2); fu : p € I} be an IFS, A,B €  and 0 = 0¢0102... € L. A sequence {x;}7, € X is an
A-o-pseudo-orbit of F if (f5,(xx), Xk+1) € A, for any k > 0. An A-o-pseudo orbit is said to be B-traced by a point
y e Xif (fP(y),x) € B, forall k € Z*.

Definition 3.1. An IFS ¥ = {(X,2); f, : pu € T} is said to have topological shadowing property if for any
entourage B € Z of X x X, there is an entourage A € Z such that every A-o-pseudo orbit is B-traced by
some y € X, for some ¢ = 090107 ... € L.

Let ¥ ={(X,2); fu: p €} bean IFS, 0 = 0¢0102... € Zand C = {xk};‘io be any sequence in X, then for
any entourage B € & and y € X, we use the notations as follows:

/\(C/T/ B) = {k € Z+|(f6k(xk)/xk+1) € B}/ /\C(C//(_'r B) = {k € Z+|(fﬁk(xk)rxk+1) ¢ B}/

NGy, F,B) = tk e Z1(fO(y), x) € BY, AC,y, F,B) = tk € ZN(FP(y), x) ¢ B).

LetF ={(X,2); fu : u € T} be an IFS, A, B € & and 0 = 0¢0102... € . A sequence C = {x;}}”  is said
to be ergodic A-o-pseudo-orbit provided that A°(C, F, B) has zero density. An ergodic A-o-pseudo-orbit C is

ergodically B-traced by y € X if A°(C, y, ¥, B) has zero density.

Definition 3.2. A uniform IFS ¥ = {(X, Z); f, : u € T} is said to have topological ergodic shadowing property if
for any entourage B € & thereisan A € ¥ and a 0 = 0¢01 ... € L satisfying that every ergodic A-c-pseudo
orbit is B-traced by some point of X.

For A € 2 and uniform IFS ¥ = {(X, 2); f, : u € I'}, we say that there is an A-chain from u to v in X if
there is a finite sequence 1y = u,...,u, = v, such that for every k € {0, ...,m — 1}, there exists a oy € I' with

(fo, (ux), ugs1) € A.
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Definition 3.3. AnIFS ¥ = {(X, 2); f, : u € I'} is said to be

(1) topologically chain transitive, if for any A € & and for any u, v € X there is an A-chain {u}}" ; from u to
v,

(2) topologically chain mixing, if for any A € 2 and for any u, v € X there exists an M € IN such that for any
m > M, there exists an A-chain {u}}" , from u to v.

The following theorem is the topological version of [24, Proposition 3.2] done for metric spaces.

Theorem 3.1. Let ¥ = {(X, 2); fu : u € T'} be a uniform IFS, then the IFS ¥ has topological shadowing property
(topological ergodic shadowing property) if and only if ¥™ has topological shadowing property (topological ergodic
shadowing property), for every m € IN.

Proof. Let ¥ have topological shadowing property and E € & be arbitrary. Therefore, by topological
shadowing property of ¥ there exist an A € ¥ and a ¢ = 090103 ... € L such that every A-o-pseudo-orbit
{xk};2, is B-traced by some y € X. Let m € N and {y};”, be any A-o-pseudo-orbit for ¥, then for any
k > 0, there exists a g5, € ¥ such that (9,,(yx), Yk+1) € B, where g,, = fx o---0 fog . Put xyx = yr and

m-1

Xkt = fok oo fog(yk), for every k > 0 and for every 0 < j < m. Therefore, using the fact that (x,x) € A,
i
for every x € X, we get that

{xk}ljio = {yO/fOO(yO)/' . "fok—l ©---0 fao(]/O)/ yl/fao(yl)/‘ . '/fU,,,,l ©---0 on(yl)/' . }

is an A-o-pseudo-orbit for ¥ and hence there exists a y € X such that ( fé] )(y),xj) € B, for every j 2 0. In

particular, for j = km, we get that ( fékm)(y), Xim) € B, that is, ( fakm)(y), yk) € B, for every k > 0. Thus, #™ has
topological shadowing property, for any m € IN. Conversely, if # has topological shadowing property,
for every m € IN, then in particular for m = 1, we get that #' = ¥ has topological shadowing property.

Next suppose that ¥ has topological ergodic shadowing property and B’ € & be arbitrary. Therefore, by
topological ergodic shadowing property of the uniform IFS 7 there existan A’ € Z andao = 0p0107... €
such that every ergodic A’-o-pseudo-orbit C = {u}}? ; is ergodically B'-traced by some w € X. Letm € N
and if n = {vk};io is an ergodic A’-o-pseudo-orbit for ™, that is, density of A°(n, #™,B’) is zero, then as
above we get that

C = {UO/fGU(UO)/' . -rfo,,,_1 ©---0 on(UO)/ vlrfoo(vl)l .. '/f(T,y,_1 SR oon(vl)/~ . }

isan ergodic A’-o-pseudo-orbit for ¥ which is ergodically B'-traced by w € X. Thus, density of A°(C, w, ¥, B’)
is zero and proceeding as above we get that A°(n, w, ¥™, B’) has zero density. Therefore, ¥ has topological
ergodic shadowing property, for any m € IN. Conversely, if # has topological ergodic shadowing property,
for any m € N, then in particular for m = 1, we get that #! = F has topological ergodic shadowing
property. [

The following theorem generalizes [24, Theorem 1.2] from metric spaces to non-metrizable uniform
spaces.

Theorem 3.2. Let ¥ = {(X, 9); f. : u € I'} be a uniform IFS. If ¥ is topologically chain mixing and has topological
shadowing property, then

(1) F has topological ergodic shadowing property;
(2) F is topologically mixing.

Proof. (1) Let ¥ = {(X, Z); fu : u € I'} be a uniform IFS with topological shadowing property. Let B be
any symmetric neighbourhood of Ax and A be an entourage corresponding to B as in the definition of
topological shadowing. Let

C = {xO/xlixZI x3 e /xmolme+1/xm0+2/ e rxmlrxm1+1/ e /xWLz . }
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be an A-ergodic pseudo-orbit for #. By topological chain mixing of ¥, we have a natural number M such
that for any x,y € X there exists a A-chain {y;} ; with yo = x and y,, = y, with (f5,(x;), xi+1) € A, for any
0 <i<n-1and for any n > M. So for any k € IN, we can consider an A-chain from x,, to x,,+y-1 and
replace {Xm,, Xm+1, - - -, Xm+N-1} in C by this new A-chain. Therefore, one can note that in this way, C becomes
a A-pseudo-orbit of ¥ and hence by topological shadowing property of ¥, 1 is B-shadowed by some y € X.
Since {m;};en has zero density, the sequence |J{m;, mj 1, miiy, ..., min-1} also has zero density. Thus, C is
i=1

ergodically shadowed by v.

(2) Let u, v € X be arbitrary and U, V be any two nonempty subsets of X such thatu € Uand v € V. Let
B € 2 be any entourage such that B[u] € U and B[v] C V. Then by topological shadowing property of ¥, we
get an existence of an entourage A € Z such that every A-o-pseudo-orbit is B-traced by some x € X, for some
0 = 000102 ... € L. In particular, for x = v and for very large m € IN, by using topological chain mixing, we
get an A-o-chain of length m from u to v, say {uk}lT:O with 1y = u and u,, = v. Therefore, (f;, (1), tx+1) € A, for

k€{0,1,...,m—1}, where m is sufficiently large and hence {u};" o 18 B-traced by v, that s, ( fék) (v), ux) € E, for

everyk € {0,1,...,m}. Consequently, we get that v € A[u] C (Tand £ (v) € Alv] € V. Thus, f™ ANV # @,
for very large m € IN and some o € ¥ which implies that the IFS F = {(X, 2); f, : u € I} is topological
mixing. O

In [3, Theorem 2.3] authors have proved that if an IFS on a metric space is chain transitive and has the
shadowing property, then it is transitive. We generalize this result to non-metrizable uniform spaces and
prove its strong version.

Theorem 3.3. Let F = {(X, ); fu : u € T} beauniform [FS. If F is topologically chain transitive and has topological
shadowing property, then it is topologically ergodic.

Proof. Letu,v € X be arbitrary and U, V be any two nonempty sets such that u € Uand v € V. Let B € Z be
any entourage such that B[u] € U and B[v] C V. Then by topological shadowing property of ¥, there exists
anentourage A € ¥ such that every A-o-pseudo-orbit is B-traced by some x € X, for some 0 = 090103 ... € L.
Let {w;}!" ) and {vj}’j1 , be two A-chains between u and v with uy = u, u,, = v and vp = v and v, = u. Then

(o]
{vihey = lw,ur,ua, ..., Up-1,0,01,02,..., U, U1, U, ..., 0,...}

is an A-0’-pseudo-orbit, for some ¢’ € L (dependent on ¢) which is B-traced by x € X. Thus, (f, ® (%), yx) € B,

(%

forallk > 0and consequently we get that (x, u) € B, (f"(x),v) € B, (f""(x),u) € B, ..., ( fé'f(mm”m)(x), v) € B,

[ (o)

for every k € {1,2,3,...}. Thus, N&(U, V) > (m + n)N + m and hence

lim sup
t—oo t
. |((m+n)N +m)N{0,1,...,(m+n)t+m-—1}|
> lim sup
fyoo (m+n)t+m
> lim sup __t > 0.

oo (M+n)t+m

Therefore, the upper density of N&(U, V) is positive implying that the IFS ¥ is topologically ergodic. Since
topological ergodicity implies topological transitivity, therefore # is topologically transitive. Also, it can
be directly seen that topological shadowing property and topological chain transitivity imply topological
transitivity.

Let U’ and V' be two nonempty open subsets of X containing points y; and y, respectively. Choose
B’ € 9 such that B'[y;] € U’ and B’[y2] € V’. Since ¥ is chain transitive, therefore there exists a finite
A-chain {xk}Z:O with xp = y; and x,, = y».
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Define {z;}° , as

k=0
Zk = Y1, fork=0

{ziheg =zk =%, forO<k<n
Zr =Y, fork>n.

Then clearly z; is an A-o”-pseudo-orbit for some ¢” € L (dependent on o) for ¥, so by topological
shadowmg property of ¥, there exists a z € X such that ( f Y(2),z) € B, for every k > 0 which implies
that (f9(2),11) € B’. Therefore, we have z = f9(z) € Aly] € U’ and f)(2) € Alya] € V’ implying that
) NV’ # @. Thus, the IFS F = {(X, 2); f, : u € T} is topologically transitive. [J

[}

4. Shadowing Properties on Product of IFS

In this section, we study shadowing properties on product of iterated function systems on uniform
spaces. Itis proved that IFS ¥ and G have topological shadowing property (topological ergodic shadowing)
if and only if ¥ X G has so. Moreover, it is shown that ¥ and G are topologically chain mixing if and only
if £ X G is topologically chain mixing.

In [3], authors have proved that if an IFS on a metric space; consisting of two maps has topological
shadowing property, then their step skew product also has topological shadowing property and vice versa.
We generalize this result for iterated function systems on uniform spaces.

Theorem 4.1. Let ¥ = (X, %1); fu - u € Ty and G = {(Y, Z2); g = u € I'} be two uniform IFS. Then IFS ¥ and G
have topological shadowing property if and only if ¥ X G has topological shadowing property.

Proof. Suppose the IFS # and G have topological shadowing property and let H = ¥ x G. Let B be
a symmetric neighbourhood of the diagonal Axxy). Let By = {(x1,x2) € X x X such that (x,y1,x2,12) €
B for some (y1,12) € Y} and By = {(y1,2) € Y X Y such that (x1, y1,x2, y2) € B for some (x1, x2) € X}. Clearly
Bj and B, are symmetric neighbourhoods of Ax and Ay respectively. As ¥ and G have the topological
shadowing property there exists an entourage A; of Z; such that every A;-pseudo orbit is Bi-traced by
some point of X and similarly there exists an entourage A, of %, such that every A,-pseudo orbit is B,-traced
by some point of Y.

Fix A = {(x1,y1,%2,12) € (X X Y) X (X X Y) such that (x1,x) € A;and (y1, y2) € A, for some (x1,x;) €
Xand (y1,y2) € Y} Let {(xi, y:)};, be an A-pseudo orbit for ¥ X G. Then by definition, we have (f;,,, X
oo (Xi, Yi), (Xis1, Yis1)) € A Wthh 1mphes (o, (%), xi11) € A1 and (gs,,, (Vi), Yir1) € Ap. Since the IFS F and G
have topological shadowing property, therefore there exist x € X and y € Y such that ( fol)(x) X;) € By and
(ga)(y) Yi) € B, and hence we have ( f(l) X ga (x Y), (xi,yi)) € B. Thus, every A-pseudo orbit for ¥ X G is
B-traced.

Conversely, suppose ¥ x G has shadowing property. Let B; and B, be symmetric neighbourhood of
Ay and Ay respectively. Consider the open set B = {(x1, y1,X2,¥2) € (X X Y) X (X X Y) such that (x;,x2) €
Bi and (y1, y2) € By} containing the diagonal of (X X Y) X (X X Y). As F x G has topological shadowing
property, there exists an entourage A of 2 X 2, such that every A-pseudo orbit is B-traced by some
point of X X Y. Set A; = {(x,x") € X X Xsuchthat(x,y,x",y’) € Aforsome(y,y’) € Y XY} and A, =
{(y,y") € Y X Y such that (x, y,x",y’) € A for some (x,x’) € X X X}. Let {x;}°) be an A;-pseudo-orbit for ¥
and {y;}2, be an Ay-pseudo orbit for G. It can be noted that {(x;, y:)7>} is an A-pseudo orbit for ¥ X G
and therefore by topological shadowing property of ¥ X G, there exists a point (x,y) € X X Y such that
(9 x ¢9(x, y), (xi, y;)) € B. Hence, we have x € X and y € Y such that (f(x),x;) € By and (99(y), v;) € Ba.
Thus, the IFS ¥ and G have topological shadowing property. [J

In [19], the author has proved that if an IFS on a metric space has ergodic shadowing property, then its
product also has ergodic shadowing property. We generalize this result and also prove its converse for an
IFS on uniform spaces.
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Theorem 4.2. Let ¥ = {(X, %1); fuy : u € Ty and G = {(Y, 22); g, - u € T} be two uniform IFS. The IFS ¥ and G
have topological ergodic shadowing property if and only if F X G has topological ergodic shadowing property.

Proof. Suppose the IFS # and G have topological ergodic shadowing property and let H = ¥ X G. Let B
be a symmetric neighbourhood of the diagonal Axxy). Let By = {(x1,x2) € X X X such that (x1, y1,x2, y2) €
B for some (y1,12) € Y} and By = {(y1, y2) € Y X Y such that (x1,y1, %2, ¥2) € B for some (x1, x2) € X}. Clearly
Bj and B, are symmetric neighbourhoods of Ax and Ay respectively. As ¥ and G have the topological
ergodic shadowing property, there exists an entourage A; of #; such that every ergodic A;-pseudo orbit is
ergodically Bi-traced by some point of X and similarly there exists an entourage A, of %, such that every
ergodic Ay-pseudo orbit is ergodically B,-traced by some point of Y.

Fix A = {(x1,y1,%2,12) € (X X Y) X (X X Y) such that (x1,x2) € A;and (y1, y2) € A, for some (x1,x;) €
X and (y1,y2) € Y}. Let 1 = {(x;, y)}2, be an ergodic A-pseudo orbit for # x G. Then by definition, we have
A(n, F X G, A) has density zero which implies A°(11, 7, A1) and A°(12, G, A2) both have zero density, where
m = {xi}2, and 2 = {y}72,. Since the IFS ¥ and G have topological ergodic shadowing property, therefore
there exist x € X and y € Y such that A°(n1,x, F, B1) and A°(12, ¥, G, B2) both have zero density and hence
we have A°(n, (x,y), ¥ X G, B) has density zero. Thus, every ergodic A-pseudo orbit for ¥ x G is ergodically
B-traced.

Conversely, suppose ¥ x G has topological ergodic shadowing property. Let B; and B, be symmetric

neighbourhood of Ay and Ay respectively. Consider the open set B = {(x1,y1,%2,12) € (X X Y) X (X X
Y) such that (x1,x;) € By and (y1, y2) € B>} containing the diagonal of (X X Y) X (X X Y). As ¥ X G has
topological ergodic shadowing property, there exists an entourage A of %; X %, such that every ergodic
A-pseudo orbit is ergodically B-traced by some point of XX Y. Set A; = {(x,x’) € XxX such that (x,y,x’, ) €
Aforsome (y,y') € Y xY}and A> = {(y,¥') € Y X Y such that (x, y,x’, y’) € A for some (x,x’) € X X X}. Let
{xi}2, be an ergodic A;-pseudo-orbit for ¥ and {y;};°, be an ergodic A>-pseudo orbit for G.
It can be noted that {(x;, y;);2,} is an ergodic A-pseudo orbit for # X G and therefore by topological ergodic
shadowing property of ¥ X G, there exists a point (x, y) € X X Y such that A°(n, (x, ), F X G, B) has density
zero. Hence, we have x € X and y € Y such that A°(11,x, 7, B1) and A°(12, y, G, B2) both have zero density.
Thus, the IFS ¥ and G have topological ergodic shadowing property. [

In [27], authors have proved that an IFS on a metric space has topological chain mixing if and only if the
corresponding step skew product has topological chain mixing. We generalize this result for an IFS and its
product on uniform spaces.

Theorem 4.3. Let ¥ = (X, %1); fu : p €TV and G = {(Y, 22); g, : u € T'} be two uniform IFS. The IFS F and G are
topological chain mixing if and only if ¥ X G is topological chain mixing.

Proof. Suppose the IFS ¥ and G have chain mixing and let H = ¥ xG. Let A be a symmetric neighbourhood
of the diagonal Axxy). Let A1 = {(x1,x2) € X x X such that (x1,y1,x2,12) € A for some (y1,12) € Y} and
Az = {(y1,y2) € Y X Y such that (x1,y1,%2,12) € A for some (x1,x2) € X}. Clearly A; and A, are symmetric
neighbourhoods of Ax and Ay respectively. Let (x,y,x",y’) € A, then (x,x") € A; and (y, ') € A,. Since ¥
is chain mixing, there exists a natural number m; such that for any n > m; there is a A;-chain {x;}!; € X
such that xp = x, x, = x" and (f5,(x;), Xi+1) € A1 for some o; € I'. Similarly, since (Y, G) has chain mixing, there
exists a natural number m; such that for any n > m, there is a A>-chain {y;}_, € Y such that yo =y, y» = '
and (f5,(v:), yis1) € Az for some o; € I'. Choose m = max{mj, my}, then for every n > m, {(x;, YL, is A-chain
with (xo, ¥0) = (x, y) and (x,,, y,) = («, ). Thus, ¥ X G is topological chain mixing.

Conversely, let ¥ X G have shadowing property. Let A; and A, be symmetric neighbourhood of Ax
and Ay respectively. Consider the open set A = {(x1,y1,x2,12) € (X X Y) X (X X Y) such that (x1,x;) €
Ai and (y1,¥2) € Ay} containing the diagonal of (X X Y) X (X X Y). Let (x,x") € A; and (y,y’) € Ay, then
(x,y,x’',y") € A. Since (XX Y, ¥ X G) is chain mixing, there exists a natural number m such that for any n > m,
there is A-chain {(x;, %‘)}?:o such that (xo, yo) = (x, y), (xn, yn) = (', ') and ((f5, X gs,)(Xi, i), (Xi+1, Yis1)) € A for
some o; € I. Thus, for any n > m, we get a A;-chain {x;}!" ; C X such thatxo = x, x, = x" and (f;,(x:), Xi+1) € A1
for some o; € T. Similarly, we get a Ay-chain {y;}!, C Y such that yo = y, y» = ¥y’ and (f5,(v:), yi+1) € Az for
some o; € I'. Thus, ¥ and G both are topological chain mixing. [
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