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Abstract

In this paper we introduce and study the notion of hypercyclicity for iterated function sys-
tems (IFS) of operators. We prove that for a linear IFS, hypercyclicity implies sensitivity
and if an IF'S is abelian, then hypercyclicity also implies multi-sensitivity and hence thick
sensitivity. We also give some equivalent conditions for hypercyclicity as well as weakly
mixing for an IFS of operators.
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1. Introduction

An iterated function system (IFS), introduced by Hutchinson [10], is the semigroup
action generated by a finite collection of continuous self maps on a metric space. IFS
has a wide range of applications including image processing, stochastic growth models,
description of fractals, cf. [5,6]. Chaos theory has been studied extensively in recent years
and has sensitive dependence on initial conditions as its key ingredient. In a dynamical
system, if there is divergence of close orbits, then there is impossibility regarding prediction
of its dynamics and hence sensitivity is the central point of chaos theory.

When we talk about linear dynamical systems it is seen that hypercyclicity directly
implies sensitivity as compared to a general dynamical system. Therefore, for chaos theory
in linear dynamics, hypercyclicity and sensitivity become more interesting. Moreover,
we are interested in time at which the system remains chaotic and hence the study of
stronger forms of sensitivity, as initiated by Moothathoo [14], is important and has been
studied by many authors for nonautonomous systems as well as for IFS [12,16-18]. In
[21], Wu and Zhu have studied different types of chaos including Li-Yorke chaos, Li-Yorke
sensitivity, spatio-temporal chaos and distributional chaos and proved their equivalence for
bounded operators on Banach spaces. Also, dynamical properties on operators including
weakly mixing, hypercyclicity, topological mixing and sensitivity have been studied by
many researchers, cf. [3,4,8,9,11,15]. Over the last decade, shadowing and chaos for
iterated function systems, have gained a lot of attention by many researchers and various
interesting results have been obtained [1,2,7,13,19,20,22].
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The paper is organized as follows. In Section 2, we give the prerequisites required for
remaining sections of the paper. In Section 3, we first introduce the notion of hypercyclic
iterated function systems (IFS) of operators and study its equivalence with topological
transitivity. We prove that if a linear IFS is hypercyclic, then it is sensitive. Also, if
we take IFS to be abelian, then hypercyclicity of the IFS implies multi-sensitivity and
hence thick sensitivity of the IFS. Moreover, we give examples/counterexamples of IF'S of
operators satisfying hypercyclicity. In Section 4, we study weakly mixing of all orders and
hypercyclicity for IFS of operators. We give some equivalent conditions for hypercyclicity
and weakly mixing for an IFS of operators.

2. Preliminaries

Let X be a separable Fréchet space with a translation invariant metricdand Ty : X — X
be a continuous operator, for each A € A, where A is a nonempty finite set. Then an
iterated function system (IFS) is a semigroup generated by the set consisting of finite
sequence of operators and is denoted by T = {X;T)\|\ € A}. An IFS is said to be linear if
X in addition have a linear structure and IFS is abelian if the members of T commute, that
is, ThoT, =T, 0Ty, for all \, v € A. For any n € N and for any w = (g, A1, Ag,...) € AZ+,
where Z* is the set of all non-negative integers, we consider the n'” iterate of the IFS T
as follows:

T" =Ty, 0T, ,0--0Ty,n € Nand T := id.
A sequence {t,}>2 is said to be an orbit of the IFS T if there exists an w = (Ao, A1,

Ao, ...) € AZF satisfying ¢, = T"(to), for every n € Z*. In particular, orbit of a point
2 € X under T is given by Oy(z) = {T"(z) : n € Z*, for some o € AZ"}.

n—1

Definition 2.1. An IFS T = {X;T)\|\ € A} is said to be topologically transitive if for

every pair of nonempty open subsets U and V of X, there exist an w € AZ" and ann € N
such that T2 (U) NV # @.

For any pair of nonempty open subsets U and V' of X, we denote Ny (U, V) :={n € N:
there exists an w € AZ" such that T7(U) NV # &}.

Definition 2.2. An IFS T = {X;T\|\ € A} is weakly mizing if T @& T is topologically
transitive, where TO T ={X @ X; T @ T, |\, v € A} and (T\ @ T,)(x,y) = (Ta(x), T, (y)).

For any © € X and ¢ > 0, let B(z,¢) denote the open ball of radius e with center
xz. For any § > 0 and any nonempty open subset U of X, let Ny(U,0) = {n € N :
sup, . pz+ diam(737(U)) > 6}

Definition 2.3 ([12]). An IFS T = {X;T)|\ € A} is said to have

(1) sensitive dependence on initial conditions (sensitive) if for any nonempty open
subset U of X, there exists a 6 > 0 (known as a sensitive constant) such that

Ng’(U , (5) #+ .

(2) multi-sensitivity if for any collection of nonempty open subsets Uy, Us, ..., Uy, of
X, there exists a 6 > 0 (known as multi-sensitivity constant) such that (;~; Ny (U;,
)) # @.

(3) thick sensitivity if for every nonempty open subset U of X, there exists a 6 > 0
(known as a thickly sensitive constant) such that Ng(U,d) is thick, that is, for
every k € N there exists an [ € N such that {l,[+1,...,l+ k} C N+(U,0).
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3. Hypercyclic and sensitive operators for linear IFS

In this section, we introduce and study hypercyclicity for an iterated function system
T ={X;Tx|A € A} of operators. We prove that if a linear IF'S T is hypercyclic, then it is
sensitive. Also, if we take IF'S T to be abelian, then hypercyclicity implies multi-sensitivity
and hence thick sensitivity.

Definition 3.1. An IFS T = {X;T)|A € A} of operators is said to be hypercyclic if there
exists an z € X, known as hypercyclic vector, such that orbit of z under T is dense in X.
The collection of such vectors is denoted by HC(7).

First, we give a characterization for hypercyclic as well as sensitive operators for IFS.

Theorem 3.1. An IFS T = {X;T\|\ € A} is hypercyclic if and only if it is topologically
transitive. Moreover, HC(T) is a dense Gg-set if T is hypercyclic or transitive.

Proof. Let T be hypercyclic and U, V' be any pair of nonempty open subsets of X. Then
by hypercyclicity, there exist a hypercyclic vector x € X, o1, 09 € AZ" and m,n €N
such that T7/(x) € U and T () € V. If m < n, then for & = (n — m), there exists a
o € AZ" such that TF({U)NV # @ and hence T is topologically transitive in this case. If
m > n, then there exists a set of points {T}!(z), T2 (z), ... ,Tfll( )}, where w; € AZ", for
n < k; <m and for i € {1,2,...,1}, which is not dense in V' because X being Fréchet
space has no isolated points. Consequently, there exists a nonempty open subset V' of V/
not containing the set {7 (x),T%2(x),..., T (x)}. Again as x is hypercyclic, there exist
apeNandaogeAZ" such that TP () € V'. Note that p > m and we get the result as
in the previous case. Thus, the IFS T is transitive.

Conversely, let T be topologically transitive and {y; }2; be a countable dense set (which
exists because X is separable). Then the open balls of radius 1/n with center y;, for
n,i > 1, form a countable base {U; : j € N} for X. Note that + € HC(7T) if and only if

there exist an m € Z* and a o € AZ" such that T (x) € Uj, for each j € N. Equivalently,

we have

[e.e] o)

~1
-N U U@y o (3.1)

§=1 gepzt m=0
Now, since T/ is continuous and the IFS T is topologically transitive, therefore (7)1 (U;),
for each j € N is open and dense. Thus, by Baire’s Category Theorem and (3.1), we get
that HC(T) is a dense Gs-set. O

Theorem 3.2. Let T = {X;T)\|\ € A} be a linear IFS such that each T is a bounded
operator on a Banach space X. The IFS T is sensitive if and only if sup{||T*| : k € N} =

+
00, for some w € AZ".

Proof. Let the IFS T be sensitive, then for any € > 0 there exist an z. € B(0,¢), an w €
AZ" and an n, € N such that | T (z.) — T"<(0)| > &, for some & > 0, where © is the zero
vector in X. Since T is linear, we get that ||T}<(z¢)|| > 6, where ||z.|| < e. Now, as each
T) is a bounded operator, T}}< is a bounded operator and hence ||T7<(z¢)|| < [|T70¢]| ||ze]|-
Thus, [|[T7<|| > (|72 (ze)||/||xel]) > /€, for any € > 0, which implies that

sup{HTfH: k € N} > sup{||T]| : € > 0} > sup{d/e: e >0} =0

Conversely, let sup{|T%||: k& € N} = oo}, for some o € AZ", then for any r € N, there
exist an n, € N and a y, € X such that |77 (y,)|| > r, where |ly,||= 1. Let y € X and
¢ > 0 be arbitrary and put ne = [2/£] + 1 and y¢ = y + (§/2)yn,. Therefore, ||y —y||< &

and 72" (y) — To" (o)ll= 1T (/D)= (€/2IT5" (ya) |2 (6/2)me > 1. Thus,
the IF'S T is sensitive. O
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Theorem 3.3. If a linear IFS T = {X;T)\|A € A} is hypercyclic, then it is sensitive.
Moreover, if IFS T is abelian, then hypercyclicity of T implies multi-sensitivity of T.

Proof. For any x € X, ¢ > 0 and 06 > 0, we have U = {y € X : d(0,y) < €} and
V={ye X :d(©,y) > d} are nonempty open subsets of X. Since IFS T is hypercyclic,
therefore there exist an n € N and an w € A% such that THU)NV # @. Hence,
T7(z) € V, where z € U which implies that d(7}(z),0) > 6. Now, since d is translation
invariant, therefore d(x,w) = d(©, z) < €, where w = x+z and hence d(T}(z), T} (w)) > 0.
Thus, T is sensitive.

Next, suppose that T is abelian and hypercyclic. Let r1, 72 € X be such that r; # 7o
and d(ry,m) =n > 0. Let U; = {x € X : d(x,r;) < n/4}, for i € {1,2} and V; = {z €
X 1 d(z,0) < &}, for any £ > 0. Since IFS T is topologically transitive, therefore there
existanl e NJayeU; anda o € AZ" such that TL(y) € Uy. Moreover, by continuity of
Té, we get an open neighborhood V5 of y such that Tol.(Vg) C Us. Let U' = Uy N Vs, then
TL(U') C Uy. Also, by linearity, we get that T.(©) = © € V; and hence there exists an
open neighborhood W of © such that W C V; with TL(W) C V4. Again by transitivity,
there exist an m € N, a ¢ € AZ anda ze W satisfying 7" (z) € U’ which implies that
(TLoT™)(2) € Us. Now, as T is abelian, therefore (T/ o TL)(z) € Us. For z1 = TL(z) € Vi
and zy = z € Vi, we get that 17" (21) € Uz and T!"(22) € U;. Using triangle inequality, we
get that there exist z1, 20 € X and ¢’ = 7/2 > 0 such that

d(©,2z1) <& and d(©,22) < & = d(T"(21), T/"(22)) > &' (3.2)
Finally, we claim that T is multi-sensitive with ¢'/2 as a constant of multi-sensitivity. Let
x1, T2, ..., T; € X be any arbitrary collection of points and W1, Wa, ..., W; be their

respective -neighborhoods, for any £ > 0. Let y; = x; + 21 and §; = x; + 2o, for each ¢ €
{1,2,...,j}, then using translation invariance of d, we get that d(z;,y;) < £ and d(x;, §;) <
&, for each i € {1,2,...,j}. Moreover using (3.2), we get that d(T7"(v;), T7"(9:)) =
d((T (i) + T (1)), (T () + T (22))) = d(T(21), T (22)) > ¢, for each i € {1,2,. .,
j}. Thus, using the triangle inequality, we get that d(T7"(x;), T (ys)) > ' /2 or d(T™ (%),
T (x;)) > 0'/2, where y;, §; € W;, for each i € {1,2,...,7} and hence T is multi-
sensitive. ]

Corollary 3.2. If an abelian linear IFS T = {X;T\|A € A} is hypercyclic, then it is
thickly sensitive.

Proof. As a consequence of Theorem 3.3, it suffices to show that multi-sensitivity implies
thick sensitivity. Let U be any nonempty open subset of X and ! € N. Note that by
continuity and hypercyclicity of T, we get that (Tj;j)_l(U) is a nonempty open subset of
X, for each j € {0,1,...,l} and for some w; € AZ*, By multi-sensitivity of IFS T, we
get that ﬂé‘:o Nq(Tw_jj(U ),0) is an infinite set, for some 0 > 0. Therefore, we can choose
n; > [ such that n; € ﬂézo Nq(Tujjj(U),é) which implies that there exists an w’ € AZT
such that diam(T (T, w_jj(U ))) > 6. Thus, there exists a 0 € AZ" corresponding to each
j €40,1,...,1} such that diam (77" ~7/(U)) > 6 and hence {ry—1,...,n—1,m} € Ny (U, ).
Consequently, N¢(U, ) is thick and IFS T is thickly sensitive. O

The following example justifies that linearity of IFS T is a necessary condition in The-
orem 3.3 and Corollary 3.2.

Example 3.1. Let S' be the unit circle with the arc length metric. Let T = {S*; Ty|\ €
A}, where A = {1,2,3} and Ti(e"1) = ¢, Ty(e??) = 02127) for a fixed o € R\Q
and Ty(e®) = ¢%+2m) for fixed v € Q. Then the IFS T is abelian and since for
A2 = 2 € A, we have (S, Ty,) is hypercyclic, therefore the IFS T = {SL;T)\|\ € A}
is hypercyclic. But as T) is isometry, for each A\ € A, we get that for ¢, e ¢ S,
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1T (&%) — T ()] = |e — €], for each n € N and for each w € AZ". So the IFS T is not
sensitive and hence not thickly sensitive.

Remark 3.1. It is interesting to note that for an abelian IFS T = {X;T)\|A € A} if A is
an infinite set and some w € AZ" is fixed, then Corollary 3.2 need not be true.

Example 3.2. For the space C of complex numbers; let H(C) be the space of en-
tire functions and the translation operators T, : H(C) — H(C), for o # 0 be given
by Tof(2) = f(z + «). Then T, is an invertible hypercyclic operator [9]. Consider
the IFS T = {H(C); Th\|X € A}, where A is the sequence (n),en, such that Ty, (f) =
Tan—3(f) = T2(f) and Tap—2(f) = Tan—1(f) = T;™(f), then the IFS T is abelian. For
w={X0, A, Ao, ...} € AZT where {\;}2, = i+ 1, using hypercyclicity of (H(C),T,) and
the fact that (T,,)"3(f) = T2 (f), for every n € N, we get that the IFS T is hypercyclic.
One can verify that Ny (U,0), for some 6 > 0 and for every nonempty open subset U of
H(C), is not a thick set because of the fact that (T,)>™(f) = f, for each m € N. Thus,

w

the IFS T = {H(C); Tx\|\ € A} is hypercyclic but not thickly sensitive.

Remark 3.2. Note that in an IFS T = {X;T\|\ € A}, if for some \; € A the dynamical
system (X, T),) is hypercyclic or sensitive, then so is the IFS T. However, if we fix some
w € AZ" and the set A is infinite, then there exists an IF'S T such that T), for each A € A
is hypercyclic and hence sensitive but the corresponding IFS T satisfies neither of these
properties as seen by the following example.

Example 3.3. Consider the IFS T = {H(C); T)\|\ € A}, where A is the sequence (n),en,
as in Example 3.2. Let Ty, 1(f) = Tu(f) and Ty, (f) = T;1(f). Then (H(C),T,) is
hypercyclic and sensitive. Moreover, we know that an operator T is hypercyclic if and
only if 77! is hypercyclic. Thus, T, for each A € A is hypercyclic and sensitive. But
since the orbit O3 (f) = {f,Tu(f)}, for every f € H(C) is a finite set, therefore the IFS
T ={H(C); Ty |A € A} can be neither hypercyclic nor sensitive.

We end this section by giving an example of a linear abelian IFS T = {{P; T)\|\ € A},
for 1 < p < oo, which is hypercyclic and hence multi-sensitive and thickly sensitive.

Example 3.4. Let T = {¢’;T\|A € A} be an IFS, where A = {1,2,...,m} and T; :
P — P for i € {1,2,3,...,m} is given by T;(z1,x2,x3,...) = (i + 1)(z2,x3,24,...). It
is easy to see that the IFS T is abelian. Let U and V be any nonempty open subsets
of /P, then we can find v € U and v € V such that u = (uy,us,...,u,0,0,0,...} and
v = (v1,v2,...,0k,0,0,0,...}, for some k € N. For any n > k and for any o € AZ" | define
w € (P by

Uj, 1 Sj S k
wi =1 Glgyy, ntl<j<ntk
0, otherwise,

where (n,0) > 1 is such that S(n,0) — oo as n — oo. Then ||w — ul|= (||v|])/(B(n,0))
— 0 as n — oo. Therefore, w € U and T2} (w) = S(n,0)(Wnt1, Wnt2, Wnys,...) =
(v1,...,0,0,0,...) = v and hence T (U) NV # &, for every o € AZ" and n € N. Thus,
T = {P;Th|\ € A}, for 1 < p < oo is hypercyclic and hence multi-sensitive and thickly
sensitive. Moreover, by Theorem 3.2, it can be directly seen that the IFS 7 is sensitive as
sup{|| 2| : n € N} = o0.
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4. Hypercyclic and weakly mixing operators for IFS

In this section, we study weakly mixing of all orders and hypercyclicity of an IFS
T = {X;T\|\ € A} of operators. Moreover, we give some equivalent conditions for both
in an IFS 7.

Definition 4.1. AnIFS T = {X; T\ |\ € A} is said to be weakly mizing of order m (m > 2)
if Td---®T is topologically transitive, that is, for every collection of nonempty open
~—_——
m—times
subsets Uy, Us, ..., Up; Vi, Va, ..., Vp, of X there exist an n € N and (01, 09,...,0m) €
(AZ" x - x A7) such that (T2 @ - @ T2 ) U1 @ @ U)N(Vi@ - & Vy) # 2. An
IF'S is weakly mixing of all orders if it is weakly mixing of order m, for all m > 2.

Remark 4.1. Note that in an IFS T = {X;T\|\ € A}, if for some A\; € A the dynamical
system (X, T),) is weakly mixing of all orders, then so is the IFS T. However, if we fix
some w € AZ" and the set A is infinite, then there exists an IFS T such that T), for each
A € A is weakly mixing of all orders but the corresponding IFS T is not weakly mixing,
which can be seen by Example 3.3.

Theorem 4.1. An abelian IFS T = {X;T\|A € A} is weakly mizing of all orders if
and only if for any pair of nonempty open subsets U and V of X, we have Ng(U,U) N
N‘T(U7 V) 7& .

Proof. We need to show the sufficiency of the condition. Let Uy, Us, Vi, Vo be any
nonempty open subsets of X. By given condition, there exist an n € N and an w; € AZ*
such that T} (U1) N'Vi # @ which implies that U = Uy N (T%,)~ (V1) is a nonempty open
subset of X. Moreover, by topological transitivity of the IFS T, we get that (T£2)_1(‘/é)
is a nonempty open set, for some wy € AZ*. Therefore, by hypothesis, there exists an
m € N such that m € Ny (U,U) N Ny (U, (T7%,)~*(V2)) and hence there exist u, v € U and
a (01 X 02) € (A2 x AZ") such that T (u) € U and Ty (v) € (T7)~*(V2) which implies
that T o T)"(u) € Vi and T}, o T)%(v) € V. Thus, T (u) € V; and T (v) € V3, for
some (w x o) € (AZ" x AZ") and hence we get that Ny(Up, Vi) N Ny(Uy, Va) # @. Using
this condition, the fact that T is an abelian IFS and proceeding as above one gets that
N+ (U1, Vi) N Ng(Usy, Vo) # @ implying that T is weakly mixing. Since T is abelian, using
similar arguments as given in [8, Theorem 1], we get that the IFS T = {X;T)|A € A} is
weakly mixing of all orders. O

Theorem 4.2. Let T = {X;T)\|\ € A} be an IFS, (Yn)nen be an increasing sequence of
subsets of X such that T\(Yy) CY,, for eachn € N and for every A € A, andY = J;2; Ya,.
Then, we have:

(i) If the IFS (T ly,) is hypercyclic, for each n € N, then the IFS T = {Y;T\|A € A}
is hypercyclic.

(i) If the IFS (T ly,) is weakly mizing of all orders, for each n € N, then the IFS
T ={Y;T\|\ € A} is weakly mizing of all orders.

Proof. (i) Let U; and Uy be any pair of nonempty open subsets of (J;2; Y}, then there
are nonempty open subsets U{ and Uj of X such that U; = U/ N (U5, Yn) # @, for every
i € {1,2}. Therefore, there exist ki, ko € N such that U; NYy, # @, for i € {1,2}. We
can assume that k1 < ko and using the fact that (Y},) is increasing, we get that Yy, C Y%,
and hence U] NYy, # &. Now, since (T [ka) is hypercylic, therefore there exist an n € N

and an w = {wg,w1,...} € AZ" satisfying T"(U}] N Y3,) V(U4 N Yz,) # @. Consequently,
we get that T0(U] N (Unz1 Yn)) N(Us N (Usz; Y)) # @, that is, T.7(Ur) N Uz # @. Thus,
the IFS T = {Up2, Ya; Th|A € A} is hypercyclic and the fact that ;2 Y, is dense in YV’
gives that the IFS T = {Y; T\ |\ € A} is hypercyclic.
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(1) Let m > 2 and Uy, Us, ..., Upy; Vi, Va, ..., Vi, be any collection of nonempty open
subsets of [ J;~; Y, then there exist nonempty open subsets Uj, ..., U} ; V{, ..., V) such
that U; = U/ N (Us 1 Ya) # @ and V; = V/ N (U2 Ya) # @, for each i € {1,2,...,m}.
Thus, there exist n1, na, ..., nay, € N satisfying U NY,,, # @ and V;/ NY,, # @, for each
i€{1,2,...,m} and for each j € {m+1,m+2,...,2m}. Let k = max{ni,na,...,nom},
then we get that Y,,, C Yy, for i € {1,2,...,2m} and U/ NY} # @ and V/ NY} # &, for
each i € {1,2,...,m}. Now, as (7T |y,) is weakly mixing of all orders, there exist an n € N
and a (01,09,...,0m) € (AZ" x -+ x AZ") such that (I7 @ oI7 (UINY) @@
U N )N((ViNnYy) @@ (V,),NYy)) # @. Then proceeding as in part (i), we get
that the IFS T = {Y;T)\|\ € A} is weakly mixing of all orders. O

We now give the equivalence of hypercyclic operators in terms of J(x) which is defined
as follows:

J(x) = {y € X : there exist a strictly increasing sequence {l,,} C Z" ,
{zp} C X, and w;, € A”" such that z,, — z and Tfj;n (zn) — y}.

Theorem 4.3. Let T = {X;T\|A € A} be an IFS, where X is a separable Banach space.
Then the following are equivalent:

(1) T is hypercyclic.

(2) J(z) =X, for every x € X.

(3) F={zx e X :J(z) =X} is a dense subset of X.
Moreover, if Ty is bounded for each A\ € A, then the above equivalence is true for L(x),
where L(z) = {y : there exist a strictly increasing sequence {k,} C Z* and oy, € A"
such that Tf;n () = y}.

Proof. (1) = (2). Let x, y € X be arbitrary. Since by Theorem 3.1, HC(7) is a dense
Gs-set, therefore there exist a sequence of hypercyclic vectors x,, C HC(7), an increasing
sequence of positive integers [,, and an w;, € AZ" such that z, — 2 and Tolffn (xn) =y as
n — oo and hence y € J(x). Thus, J(x) = X, for every z € X.

(2) = (1). Let {ug}ren be a countable dense subset of X and define ugf ={u e
X || T (u) — ug]|< 1/1}, for all k, I € N, n € Z* and for some w € AZ". Let v € X, € >0
and k, | € N be given, therefore using (2), we get that J(v) = X. Consequently, there
exist an v € X, a 0 € AZ" and an n € N satisfying [|u — v||< € and ||T7(u) — ug||< 1/1.
Thus, Uwe Azt Un—o u;‘f is dense in X, for each k, [ € N and hence in view of Theorem
3.1 and Baire’s Category Theorem, we get that T is hypercyclic.

Clearly, (2) = (3). We show that (3) = (2). It suffices to show that if {x,}, {yn}
are sequences in X such that z, — z, y, — y and y,, € J(z,,), for every n € N, then y €
J(x). For n = 1, there exists an [; € N such that ||z;, —x||< 1/2 and ||y;, —y||< 1/2. Now,
as yy, € J(xy,), we get a ky € N, an w; € AZ" and an u; € X satisfying ||Ju; — 2y, |< 1/2
and ||TX! (u1) — y;, ||< 1/2. Hence, using triangle inequality, we get that [ju; — z||< 1 and
|75 (u1) — y||< 1. Thus, inductively we can find a strictly increasing sequence {k,} C Z*
and {u,} in X such that ||u, —z|< 1/n and |T5 (u,) —y|< 1/n, which gives y € J(x).
Therefore, J(x) = X, for every z € X. h

Finally, we show that the above equivalence is true for L(x) by showing that J(z) =
L(z). It suffices to show that J(z) C L(z). Let u € J(z), then there exists a strictly
increasing sequence {l,,} C Z*, anw;, € AZ" and a sequence x,, — x such that 7] f]; (xn) —
u. Since T), for each A € A is a bounded operator, therefore we have !

IS (2) = ull< 1T (2) = T () |+ T () = ull < Allzn — 2l +ITS (20) — ull,

for some A > 0. Thus, as n — oo, we get that u € L(z) and hence J(z) = L(x), for every
rzeX. O
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Open Problems

(1) For a linear IFS, is every choatic operator weakly mixing?

(2) Let T be a linear IFS, where T) is a bounded operator on Banach space X, for
each A € A. Can we say that T is sensitive if and only if T%, for every k € N is
sensitive if and only if 7™, for some m € N is sensitive?

(3) Does Theorem 4.3 hold if we take T to be weakly mixing of all orders and J*(z) =
{y € X : there exist a thick sequence {I,} C Z*, {z,} C X, and w;, € AZ" such
that =, — = and Ti};n () — y}?
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