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ON TOPOLOGICAL ENTROPY AND TOPOLOGICAL
PRESSURE OF NON-AUTONOMOUS ITERATED
FUNCTION SYSTEMS

FATEMEH H. GHANE AND JAVAD NAZARIAN SARKOOH

ABSTRACT. In this paper we introduce the notions of topological entropy
and topological pressure for non-autonomous iterated function systems
(or NAIFSs for short) on countably infinite alphabets. NAIFSs differ from
the usual (autonomous) iterated function systems, they are given [32] by
a sequence of collections of continuous maps on a compact topological
space, where maps are allowed to vary between iterations. Several basic
properties of topological pressure and topological entropy of NAIFSs are
provided. Especially, we generalize the classical Bowen’s result to NAIFSs
ensures that the topological entropy is concentrated on the set of nonwan-
dering points. Then, we define the notion of specification property, under
which, the NAIFSs have positive topological entropy and all points are
entropy points. In particular, each NAIFS with the specification prop-
erty is topologically chaotic. Additionally, the *-expansive property for
NAIFSs is introduced. We will prove that the topological pressure of any
continuous potential can be computed as a limit at a definite size scale
whenever the NAIFS satisfies the x-expansive property. Finally, we study
the NAIFSs induced by expanding maps. We prove that these NAIFSs
having the specification and *-expansive properties.

1. Introduction

The time dependent systems so-called non-autonomous, yield very flexible
models than autonomous cases for the study and description of real world pro-
cesses. They may be used to describe the evolution of a wider class of phenom-
ena, including systems which are forced or driven. Non-autonomous dynamical
systems are strongly motivated from applications, e.g., in population biology
[31] as well as applications to numerical approximations, switching systems [23]
and synchronization [22]. Here, we deal with non-autonomous iterated function
systems (or NAIFSs for short) which differ from the usual (autonomous) iter-
ated function systems. It is natural, and frequently necessary in applications,
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to consider the non-autonomous version of iterated function systems, where the
system is allowed to vary at each time. (In the case where all maps are affine
similarities, the resulting system is also called a Moran set construction [32].)
Generalized Cantor sets that studied by Robinson and Sharples [33] are exam-
ples of attractors of NAIFSs. Olson et al. [27] illustrate examples of pullback
attractors. A pullback attractor serves as non-autonomous counterpart to the
global attractor. Henderson et al. [19], extended the regularity results of [27] to
a natural class of attractors of both autonomous and non-autonomous iterated
functions systems of contracting similarities, and studied the Assouad, box-
counting, Hausdorff and packing dimensions for the attractors of these class
of dynamical systems. These regularity results are useful as pullback attrac-
tors can exhibit dimensionally different behaviour at different length scales.
Rempe-Gillen and Urbariski [32] studied the Hausdorff dimension of the limit
set of NAIFSs. Under a suitable restriction on the growth of the number of
contractions used at each step, they showed that the Hausdorff dimension of
the limit set is determined by an equation known as Bowen’s formula. Also,
they proved Bowen’s formula for a class of infinite alphabet systems and deal
with Hausdorff measures for finite systems, as well as continuity of topological
pressure and Hausdorff dimension for both finite and infinite systems. In par-
ticular they strengthened the existing continuity results for infinite autonomous
systems.

In general, an NAIFS generalizes the both concepts of finitely generated
semigroups and non-autonomous discrete dynamical systems. Recently, there
have been major efforts in establishing a general theory of NAIFSs [19, 32],
but a global theory is still out of reach. Our main goal in this paper is to
describe the topological aspects of thermodynamic formalism for NAIFSs. To
our knowledge, the thermodynamic formalism of such systems (NAIFSs) have
not been studied before. From a conceptual point of view, an interesting aspect
of these studies is the fact that the fundamental notions of thermodynamic
formalism, like topological entropy and topological pressure, come up naturally
in our context. However, an extension of the thermodynamical formalism for
NAIFSs has revealed fundamental difficulties.

Thermodynamic formalism, i.e., the formalism of equilibrium statistical
physics, was adapted to the theory of dynamical systems in the classical works
of Sinai, Ruelle and Bowen [11,12,36,38]. Topological pressure and topological
entropy are two fundamental notions in thermodynamic formalism. Topological
pressure is the main tool in studying dimension of invariant sets and measures
for dynamical systems in dimension theory. On the other hand, the notion of
entropy is one of the most important objects in dynamical systems, either as
a topological invariant or as a measure of the chaoticity of dynamical systems.
Hence, there were several attempts to find their generalization for other sys-
tems in an attempt to describe their dynamical characteristics, see, for instance,
[20,21,24, 25,41, 46].
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The concept of topological entropy of a map plays a central role in topo-
logical dynamics. There are two standard definitions of topological entropy
for a continuous self-map of a compact metric space [18]. The first definition
was given by Adler, Konhelm and McAndrew [1], based on open covers, can
be applied to continuous maps of any compact topological space. In 1971,
Bowen [9] and Dinaburg [14] gave other definitions, based on the dispersion of
orbits, for uniformly continuous maps in metric spaces. When the metric space
is compact, these definitions yield the same quantity, which is an invariant of
topological conjugacy. Also, Bowen [10] gave a characterization of dimension
type for topological entropy of non-compact and non-invariant sets. Topologi-
cal entropy has close relationships with many important dynamical properties,
such as chaos, Lyapunov exponents, the growth of the number of periodic
points and so on. Moreover, positive topological entropy has remarkable role
in the characterization of the dynamical behaviors, for instance, Downarowicz
proved that positive topological entropy implies chaos DC2 [15]. Thus, a lot
of attention has been focused on computations and estimations of topological
entropy of an autonomous dynamical system and many good results have been
obtained [6,8,9,17]. Beyond autonomous dynamical systems, several authors
provided conditions for computations and estimations of topological entropy,
for instance, Shao et al. [37] have given an estimation of lower bound of topo-
logical entropy for coupled-expanding systems associated with transition ma-
trices in compact Hausdorff spaces. Some knowledge of topological entropy of
semigroup actions is also available in [3,5,34].

The notion of specification was introduced in the seventies as a property of
uniformly hyperbolic basic pieces and became a characterization of complexity
in dynamical systems. Rodrigues and Varandas [34] introduced some notions
of specification for semigroup actions and proved that any finitely generated
continuous semigroup action on a compact metric space with the strong orbital
specification property has positive topological entropy; moreover, every point
is an entropy point. Roughly speaking, entropy points are those that their local
neighborhoods reflect the complexity of the entire dynamical system from the
viewpoint of entropy theory. Also, these results extended to non-autonomous
discrete dynamical systems [26]. In the current paper, we generalize the con-
cepts of specification and topological entropy to NAIFSs and investigate the
relation between the specification property, topological entropy and topologi-
cal chaocity of NAIFSs. Furthermore, a class of examples of NAIFSs is given
where the specification property holds.

The notion of topological pressure, using separated sets, was brought to the
theory of dynamical systems by Ruelle [35], later other definitions of topological
pressure, based on open covers and spanning sets, were given by Walters [44]
and it was further developed by Pesin and Pitskel [30]. Pesin [29] used the
dimension approach to the notion of topological pressure, which is based on the
Caratheodory structure. Recently, there were several attempts to find suitable
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generalizations for other systems, see, for instance, [21] for non-autonomous
discrete dynamical systems and [25,34] for semigroup actions.

It is well-known that the topological pressure can be computed as the lim-
iting complexity of the dynamical system as the size scale approaches zero.
Thus, several authors provided conditions so that the topological pressure of
a dynamical system can be computed as a limit at a definite size scale. For
instance, Rodrigues and Varandas [34] showed that the topological pressure of
any continuous potential that satisfies the bounded distortion condition can be
computed as a limit at a definite size scale for any finitely generated continuous
semigroup action on a compact metric space with some kind of expansive prop-
erty. Also, this result extended to non-autonomous discrete dynamical systems
by Nazarian Sarkooh and Ghane [26]. In addition to generalizing the concept
of topologival pressure to NAIFSs, one of the central objective of this paper is
to extend this result to NAIFSs.

The paper is organized as follows. In Section 2, we give the precise defini-
tion of an NAIFS and present an overview of the main concepts and introduce
notations that will study throughout this paper. We define and study the topo-
logical entropy for NAIFSs in Section 3. Especially, we generalize for the case
of NATIFSs the classical Bowen’s result [8] saying that the topological entropy
is concentrated on the set of nonwandering points. Then, in Section 4, we
generalize the concept of specification to NAIFSs and characterize the entropy
points for NAIFSs with the specification property and show that any NAIFS of
surjective maps with the specification property has positive topological entropy
and all points are entropy point. In particular, each NAIFS with the specifi-
cation property is topologically chaotic. In Section 5 we define and study the
topological pressure for NAIFSs. Also, we introduce the notion of x-expansive
NAIFS and show that the topological pressure of any continuous potential can
be computed as a limit at a definite size scale for every NAIFS with the -
expansive property. Finally, in Section 6, a special class of NAIFSs with the
specification and x-expansive properties is introduced. Moreover, we illustrate
two examples of NAIFSs which fit in our situation.

2. Preliminaries

Following [32], a non-autonomous iterated function system (or NAIFS for
short) is a pair (X, ®) in which X is a set and ® consists of a sequence {®()};5,
of collections of maps, where ®U) = {(pl(-j) : X = X}iero» and 19 is a non-
empty finite index set for all j > 1. By (X, ®;), we denote the pair of X and
shifted sequence {@(j)}jzk and we use analogous notation for other sequences
of objects related to an NAIFS. If the set X is a compact topological space
and all the gpgj ) are continuous, we speak of a topological NAIFS. Note that in
the case where all %(;7') are contraction affine similarities, this is also referred to
as a Moran set construction. For simplicity, we define the following symbolic
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spaces for positive integers m,n > 1:

n—1

=10, 1= ﬁ 19,
7=0 j=m

Elements of I™ are called initial n-words, while those of I™" with m > 1 are
called non-initial n-words. If there is no confusion, we use the term n-words
for these two cases without further characterization.

A word w is called finite if w € I"™"™ for some m,n > 1, in this case its
length is n and denoted by |w| := n. While, each word w € I"™ is called
an infinite word and its length is infinity and denoted by |w| := co. For finite
(infinite) word w = WpWm+1 ** Wintn—1(W = WpwWyyr---) € I™(I™)
and 1 < k < |w|(1 < k < 00) we define w|i, = Wy Wyt Wpik—1 and w|k =
Witk Wingn—1 W]k = WinWing1 - Wigp—1 and w]* = Wy g g Winpper1 - -).

The time evolution of the system is defined by composing the maps <pl(.3 ) in
the obvious way. In general, for finite (infinite) word w = W, W41« Wintn—1
(W = WnWmt1---) € I™M(I™>®)and 1 <k < |w|(1 < k < 00) we define

Pt =l oo o) and o = ids.
We put ™% := (pm*)~1 which will be applied to sets, because we do

not assume that the maps <pz(-j ) are invertible. The orbit (trajectory) of a point
r € X is the set {oL¥(x) : k > 0 and w € I»>®}. Also, for w € I, the
w-orbit of x € X is the sequence {¢L*(7)}r>o-

Let NAIFS (X, ®) and n > 1 be given. Denote by (X, ®™) the NAIFS defined

by the sequence {®U™)},5;, where &™) is the collection {cpg;n)}w»fem,n),
> o Sws

16 = {w; € TU-Dn+lnY (note that TU™) = JU=Dn4ln) apd cp(j;n) =

w:’
J
(9n) ((G—-Dn+2) _ ((j—1)n+1) _
Prin O+ OPw;_1)mys OPWE_1oman for w;‘ = W1 1W(G—1) 2 Win. Take

IF = 152y 1073 then #£(I1™) = #£(I™"), where #(A) is the cardinal
number of the set A. For w = wiws -+ Wy € IV and 1 < j < m, denote
WG 1)n41W(i—1)nt2 " Win Dy W} € IU™) | then w = wiwg - - w?, € IM™. For
simplicity, we denote elements in ™ by w* and use analogous notation for
other sequences of objects related to an NAIFS.

Throughout this paper we consider topological NAIFSs (X, ®) (except for
Section 6) so that X is a compact metric space and ® consists of a sequence
{<I>(j)}j21 of non-empty finite collections ®) of continuous self-maps.

3. Topological entropy

In this section we deal with the topological entropy of NAIFSs. First, we
extend the classical definition of topological entropy to NAIFSs via open covers.
Then we give the Bowen-like definitions of topological entropy for NAIFSs
and show that these different definitions coincide. We will also establish some
basic properties for topological entropy of NAIFSs. Especially, we recover
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the classical Bowen’s result to NAIFSs ensures that the topological entropy is
concentrated on the set of nonwandering points.

3.1. Topological entropy of NAIFSs via open covers

In this subsection we are going to extend the definition of topological entropy
to NAIFSs via open covers, which is a natural generalization of the definition of
topological entropy for autonomous dynamical systems [44], non-autonomous
discrete dynamical systems [24] and semigroup actions [40]. In fact, if # (1)) =
1 and ®0) = {gogj )} for every 7 > 1, then we get the definition of topological
entropy for non-autonomous discrete dynamical system (X, ¢1 o), where ¢1 o
is the sequence {cpgj) 721. Additionally, if gogj) = ¢ for every j > 1, then we
get the classical definition of topological entropy for autonomous dynamical
system (X, ). Moreover, in the case that ®® = ®U) for all i,j > 1, then
we get the definition of topological entropy for semigroup action (X, G) with
generator set {cpl(»l) cie IMY,

Let (X, ®) be an NAIFS of continuous maps on a compact topological space
X. We define its topological entropy as follows. A family A of subsets of X is
called a cover (of X) if their union is all of X. For open covers Ay, Ay, ..., A,
of X we denote

n

\/Ai:fh V.AQ\/"'\/An:{Al NAsN---NA,:A €A forl Slgn}
i=1
Note that \/!"_; A; is also an open cover of X. For an open cover A, finite
word W = Wy Wt1 - Winan—1 € I™™ and 0 < j < n we denote @77 (A) =
{gpgv__j(A) : A e A} and A" = Vi ¢/ (A). For each 0 < j < m,
M =I(A) is an open cover, so A" is also an open cover. Next, we denote by
N (A) the minimal possible cardinality of a subcover chosen from A. Then

X, ®;A) := limsup%bg (1 Z N(-"%”))

n— 00 #(Il’n) wellmn

is said to be the topological entropy of NAIFS (X, ®) on the cover A, where
#(I1™) is the cardinality of the set I'™. The topological entropy of NAIFS
(X, ®) is defined by

hiop (X, @) := sup{h(X, ®; A) : Ais an open cover of X}.

For open covers A, B of X, continuous map g : X — X and finite word
w € ™" the following inequalities hold:

(1) N(AV B) < N(A) - N(B),
(2) Ny "(A) SN(A),

3) g HAVB) =g (A Vg (B).
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We say that a cover A is finer than a cover B, and write A > 5, when each
element of A is contained in some element of B. If A > B, then N'(A) > N(B)
and AL" > BL™ for each w € I, Hence,

(4) if A> B, then h(X,®; A) > h(X, ; B).

Since X is compact, in the definition of hyop(X, ®) it is sufficient to take
the supremum only over all open finite covers. If A is an open finite cover
of X and w € I'™, then the cardinality of AL"™ is at most (#(A))". There-
fore, h(X,®;A) < log(#(A)) and so 0 < h(X,P;A) < co. But, it can be
hiop (X, @) = 0.

Now, we extend the definition of topological entropy of an NAIFS to not nec-
essarily compact and not necessarily invariant subsets of a compact topological
space. Note that the idea of defining the topological entropy for non-compact
and non-invariant sets is not new. See [10] and [28], where Bowen and Pesin
introduce the dimension definition of topological entropy for autonomous dy-
namical systems, that applied to not necessarily compact and not necessarily
invariant subsets of a topological space. Let (X, ®) be an NAIFS of continuous
maps on a compact topological space X and Y be a non-empty subset of X.
The set Y may not be compact and may not exhibit any kind of invariance with
respect to ®. If A is a cover of X we denote by A|y the cover {ANY : A€ A}
of the set Y. Then we define the topological entropy of NAIFS (X, ®) on the
set Y by

hiop (Y, @) := sup{h(Y, ®;A) : Ais an open cover of X},

where

h(Y,®; A) := limsup % log (1 Z J\/(Ai}ﬂy)) .

n—o00 #(Il,n) wellm

3.2. Equivalent Bowen-like definitions of topological entropy

Let (X,®) be an NAIFS of continuous maps on a compact metric space
(X, d). For finite (infinite) word w = Wy W41+ Wintn—1(W = WpWpi1 -+ ) €
(™) and 1 < k < |w| (1 < k < o0) we introduce on X the Bowen-
metrics

. m,j m,j
(5) dw,k(2,y) == Oréljagkd(ww (), 00 (y))-

Also, for finite (infinite) word w = WpWm41 -+ Winpn—1(W = WnWpp1 ) €
I (rm>) 1 <k <|wl (1 <k<o0),z€ X and € > 0, we define

(6) B(z;w, kye) :={y € X : dyr(x,y) < €},

which is called the dynamical (k + 1)-ball with radius e relative to word w
around .

Fix w € I'™ for some n > 1. A subset E of the space X is called (n,w, €; ®)-
separated, if for any two distinct points x,y € E, dy n(x,y) > € (note that
|lw| = n). Also, a subset F' of the space X, (n,w,¢; ®)-spans another subset
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K C X, if for each x € K there is a y € F such that dy ,(z,y) < e. For
a subset Y of X we define s,(Y;w, e, @), as the maximal cardinality of an
(n,w, €; ®)-separated set in Y and r,(Y;w, e, ®) as the minimal cardinality of
a set in Y which (n,w, ¢ ®)-spans Y. If Y = X we sometime suppress ¥ and
shortly write s, (w, e, ®) and 7, (w, €, D).

Lemma 3.1. Let (X, ®) be an NAIFS of continuous maps on a compact metric
space (X,d) and'Y be a non-empty subset of X. Then,

1 1
hiop(Y, ®) = lim limsup — log S,,(Y; €, @) = lim limsup — log R,,(Y; €, @),
n

=0 nsoco N =0 nooo
where
1
Sp(Yie, @) = sn(Yiw, e, ®) and
ie®) = 2y 3 ol )
1
R,(Y;e,®) i = ——— ro(Y;w, e, @).
( ) yysey w; ( )

Proof. First we prove the second equality that is an immediate consequence of
the following relation

Ro(Yie,®) < Su(Yie,®) < Ro(Y; %,cp) for all € > 0.
To prove this relation, it is enough to show that
(7) ra(YViw,6,®) < 5, (Y w,6,®) <1, (V;w, %,q)) for all e > 0 and w € I+,

Fix ¢ > 0 and w € I*". Tt is obvious that any maximal (n,w, €; ®)-separated
subset of Y is an (n,w, €; ®)-spanning set for Y. Therefore r,(Y;w, e, ®) <
$n(Y;w, €, @). To show the other inequality of (7) suppose F is an (n, w, €; ®)-
separated subset of Y and F' C X is an (n, w, §; ®)-spanning set of Y. Define 1) :
E — F by choosing, for each « € E, some point ¢(z) € F with dy, »(z,¥(z)) <
5. Then % is injective and therefore the cardinality of F is not greater than
that of I'. Hence, s,(Y;w, ¢, ®) < 7,(Y;w, 5,®). This completes the proof of
relation (7).

To prove the first equality, let ¢ > 0 and w € I''™ be given. Let E be
an (n,w,€; ®)-separated subset of Y and A be an open cover of X by sets of
diameter less than e. Then by the definition of (n,w, ¢; ®)-separated sets two
distinct point of E cannot lie in the same element of AV oL~ (A)VpL=2(A) Vv
- VpLl=m(A). Therefore s, (Y;w,e, ®) < N(AL"|y). Hence, by the definition
of topological entropy, it follows that

1
(8) hiop(Y, @) > lim lim sup - log S, (Y; €, @).

e=0 nooo

To prove the inverse of relation (8), let A be an open cover of X and A >0

be a Lebesgue number for A. Then, for every x € X and € < %, the closed

e-ball B.(z) lies inside some element A, € A. Fix w € I'". Let F be an
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(n,w, ; ®)-spanning set of ¥ with minimal cardinality r,(Y; w, €, ®). For each
z € F and each 0 < k < n (note that |w| = n), let Ax(z) be some element of
A containing B.(¢L*(2)). On the other hand, as F is an (n,w, ¢; ®)-spanning
set of Y, for any y € Y there is a 2 € F such that p*(y) € Be(pLF(2)) for
0 <k <n. Thus, pL*(y) € Ar(2) for 0 < k < n, and the family

{A6(2) N oL (A1 (2)) N+ N L " (An(2)) Y 2 € F)
is a subcover of the cover AL"|y of Y. Hence,
NAG"y) S #(F) = ra(Yiw, €, ).
Now, by the definition of topological entropy and second equality, we get
hiop(Y, @) < ggr(l) lifl_}solip % logR,(Y;e,®@) = 213(1) li;n_)solip % log S, (Y; €, @),

which completes the proof. ([

Remark 3.2. The following two facts hold:

e The limits in the previous lemma can be replaced by sup,, because
for €3 < €1 and w € I''"™ we have

ra(Yiw, €2, @) 2 (Yiw, €1, @) and s, (Y;w, e2,®) = sp(Yiw, €1, D).
o 7, (Y;w, e ®) is defined for w € I'"™ as the minimal cardinality of a set
in Y which (n,w, € ®)-spans Y. If we take 72X (Y;w, €, ®) for w € 1"
as the minimal cardinality of a set in X which (n,w,e; ®)-spans Y,
again we have

1
hiop(Y, @) = lim lim sup — log RX(Y;e,®),
=0 psco M

where
1

#(H")
Hence, it is not important that we take 7, (Y;w, e, ®) for w € I'" as

the minimal cardinality of a set in Y which (n,w, ¢; ®)-spans Y or as
the minimal cardinality of a set in X which (n,w, ¢; ®)-spans Y.

RX(Y;e,®) := Z rX(Yiw, e, ®).

well:m

3.3. Basic properties of topological entropy

In this subsection we are going to give the basic properties of topological
entropy of NAIFSs.

Lemma 3.3. Let for 1 < i<k, n=12,... and w € I" in which I" is a
non-empty finite set, Gy q,,i’s be non-negative numbers. Then

. 1 1 . 1 1
fmsup o (g 3 o) = s s s (g 32 en)
w w
1<i<k
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Proof. Tt is actually a direct consequence of a priori simpler expression con-
sidered for non-autonomous dynamical systems (see [24, Lemma 4.1] and [2,
Lemma 4.1.9]), taking

1
An i = 777 Z Anw,i-

#U") =, O
Proposition 3.4. Let (X,®) be an NAIFS of continuous maps on a compact
topological space X. If X = Ule X, in which each X; is an arbitrary non-

empty subset of X, then

hiop(X, ®) = lrg%xk hiop( X, ).

Note that, we do not need to assume that the sets X; are closed or invariant
(invariant in the sense that they contain the trajectories of all points), because
we have defined the topological entropy of NAIFS (X, ®) on every subset of X.

Proof. By the definition of topological entropy we have
htop (X, @) > Josx htop (Xi, @).

To prove the reverse inequality, let w € I'''"™ and A be an open cover of X.
Let C1, Ca, ..., Cx be subcovers chosen from the covers AL"|x,, AL"|x,, ...,
AL, respectively. Then each element of C = C; UCy U - - - UCy, is contained
in some element of AL™ and C is an open cover of X. This implies N'(AL") <

S N

x,)- Now, by Lemma 3.3, we get
1 1,n
hMX,®;A) = hmsup log (W Z N (A ))

n—oo 6[1 n

< limsup — log(# ) Z N(AL"

n—o00 Ton
el

X))
1<z<k

= max limsup — log(#(pn Z /\/'Aln\x ))

1<i<k p—osoco N
wertn

= 1rg%xkh(Xi, o, A) < Jnax. htop(Xi, @).
Since open cover A was arbitrary, we conclude that

htOP (X7 (I)) S 1??‘;%@ htop (Xla (I))a
which completes the proof. (I

Now, we give an analogue of the well known property hop(©™) = 1+ hiop (@)
of the topological entropy of autonomous dynamical systems to NAIFSs that
will be used in the proof of Theorem 3.15.

The following result is now folklore and we omit its proof, see [24, Lemma
4]
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Lemma 3.5. Let (X, ®) be an NAIFS of continuous maps on a compact topo-
logical space X. Then for any subset Y of X and every n > 1, hypp(Y, ") <
n- htop(Y; (I))

Remark 3.6. In general, we cannot claim that hyop (X, ™) = n- hyop (X, @) (see
the comment after Lemma 4.2 in [24], where # (1)) = 1 for every j € N). Note
that the results in [24] are about non-autonomous discrete dynamical systems
which are a special case of NAIFSs.

Now, we give some sufficient conditions to have equality in Lemma 3.5. An
NAITFS (X, ®) of continuous maps on a compact metric space (X, d) is said to be
equicontinuous, if for every € > 0 there exists 6 > 0 such that the implication
d(z,y) < § = d(p (])( ) apl(-j)(y)) < € holds for every z,y € X, j > 1 and
i€ IV

By [24, Lemma 4.4] the following results can be followed.

Lemma 3.7. Let (X, ®) be an equicontinuous NAIFS on a compact metric
space (X,d). Then for any subset Y of X and every n > 1, hyp(Y,®") =
n- htop(Y, (I))

Let us take an NAIFS (X, ®) in which X is a compact metric space and ®
consists of a sequence {®)},5; of collections of maps, where &) = {(p(J )

X — X}iero and IU) is a non-empty finite index set for all j > 1. For
each k£ > 1 we will denote by (X, ®;) the NAIFS composed of the sequence

{2D} 5.
Now, we give the following lemma that will be used in the next section.

Lemma 3.8. Let (X, ®) be an NAIFS of continuous maps on a compact topo-
logical space X. Then h(X, ®;; A) < h(X, ®;;A) for every 1 <i < j < oo and
every open cover A of X. In particular, hiop(X, ®;) < hiop(X, ®5).

Proof. Tt is enough to show that h(X, ®;;.4) < h(X,D;41;.A) forevery 1 <i <
oo and every open cover A of X. Let ¢ > 1 and A be an open cover of X.
For w = wjw;y1 -+ Wipn_1 € I*™ put w' = w|* = w1 wip,_1 € [FTHN7L
Now, by relation (3), we have

A = AV Gl AV G2 (A V-V gl (A)
= AV (i) (AV gofj,lv—l(A) Vet A v v D (4))
= AV (1) 7 (AT,
Using relations (1) and (2) we get

h(X,®;; A) = limsup — log(# 7o Z NA'Ln)

n—oo 617 n
< limsu 10 ( N(A A"H m—l )
n—>oop g Iz n Z )

wGP "
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(i) _
—timsup log (B0 ST A4 )

w! €Ji+1,n—1

= limsup — - log <#('N’(A) Z N(Aerl n— 1))

1+1,n—1
n—roo I ’ ) w! eTit+1,n—1

= limsup — log/\f( )

n— 00

+hmsup log (W Z N(Afj;l,n—l))

n—00 w/elitln—1

—hmsup log (W% Z N_AZ+1 n))

n—oo N welitim
= h(X, q)iJrl;A).

Now, by taking supremum over all open covers A of X we have hiop (X, D)
hiop (X, ®;41) which completes the proof.

O IA

In general, without more assumptions, we cannot claim that hiop(X, @) =
hiop (X, ®;) for all i > 1. Nevertheless, in Corollary 4.4 we will give a sufficient
condition that guarantees the equality hiop(X, ) = hiop(X, ®;) for all ¢ > 1.

Remark 3.9. Because, in general, the inequality ./\/’(((pm) (A)|y) < N(Aly)

is not true, the proof of Lemma 3.8 cannot be modified to prove an analogue
of the theorem for the topological entropy on the subsets Y of X. Hence, it
is not very surprising that such an analogue does not hold (see [24, Fig. 2 and
comments], where # (1)) = 1 for every j € N).

3.4. Asymptotical topological entropy and topologically chaotic
NATFSs

As an autonomous dynamical system (X, f) is usually called topologically
chaotic if hyop(f) > 0, one could consider also an NAIFS (X, ®) with hyop(X, @)
> 0 to be topologically chaotic. But, we give another definition which is an
extension of the definition of topologically chaotic that given by Kolyada and
Snoha for non-autonomous discrete dynamical systems [24].

Let (X, ®) be an NAIFS of continuous maps on a compact topological space
X and A be an open cover of X, then by Lemma 3.8 the limit

(X, ®; A) ;= lim h(X,P,;A)
n—oo

= lim hmsupklog (#(Ink Z ./\/'Aﬁ,k)>

n—00 L _y~o welnk

exists. The quantity h*(X, ®;.A) is said to be the asymptotical topological
entropy of the NAIFS (X, ®) on the cover A. Put

h*(X,®) :=sup h* (X, ®; A),
A
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where the supremum is taken over all open covers A of X. By the definition
and Lemma 3.8 it is easy to see that

(X, ®) = sup (X, ®;A) = sup lim MX, ®,;A)

= supsuph(X @n,A) = sup h(X,®,;A)
(An)

—supsuph(X ®,;A) = lim suph(X, D,;.A)

n—oo A

= lim htop(X D).

n—oo

If X is a compact metric space, then by the definition of topological entropy
via separated and spanning sets we have

h*(X,®) = lim lim limsup — k: logSk(e ,)

n—00 €0 Ly

= lgr(l) nl;rrgo h&s;p k: log Sk (¢, y,)
= lim limlimsup — long(e ,)

n—00 €0 oo k

= lim lim hmsup : log Ry.(e, @),

e—=>0n—00 o

where
1
Si(e, ®,) = sip(w,e,®,) and
() = ery D ov{we®
1
Ri(e,®,) = —— re(w, e, ®,).
k( ) #(In’k) wg;’k k( )

The quantity h*(X,®) is said to be the asymptotical topological entropy of
NAIFS (X, ®).

Definition 3.10. An NAIFS (X, ®) of continuous maps on a compact topo-
logical space X is said to be topologically chaotic if it has positive asymptotical
topological entropy, i.e., h*(X,®) > 0.

Remark 3.11. By Remark 3.9, since for a proper subset Y of X (V ; X) we
may have hyop (Y, ®;) > hiop(Y, ®;) for some j > 4, there is a problem with the
extension of the concept of asymptotical topological entropy to a proper subset
Y of X. But, we can define h*(Y,®) := limsup,,_, . htop(Y, P,,) for proper
subsets Y of X.

Many results that hold for the topological entropy of NAIFSs can be carried
to asymptotical topological entropy of NAIFSs. Hence, it is not difficult to
see that Proposition 3.4, Lemmas 3.5, 3.7 and 3.8 have analogues versions for
asymptotical topological entropy of NAIFSs by replacing hyop by h*.
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3.5. Entropy of NAIFSs of monotone interval maps or circle maps

Sometimes in computing the topological entropy of a dynamical system, one
may be very interested in whether it is positive or zero rather than its exact
value. Also, computing the exact value may be impossible. In the theory of
autonomous dynamical systems, a homeomorphism on the interval or the circle
has zero topological entropy (see, e.g., [1,44]). Also, in [24] in the theory of
non-autonomous discrete dynamical systems, Kolyada and Snoha showed that
any non-autonomous discrete dynamical systems of continuous (not necessarily
strictly) monotone maps on the interval or the circle, have zero topological
entropy. In the following theorem, we extend these results to NAIFSs on the
interval and the circle.

We consider the unit circle S' as the quotient space of the real line by
the group of translations by integers (S' = R/Z). Let ¢ : R — S! be the
quotient map. In the unit circle S', we consider the metric (denoted by p) and
the orientation induced from the metric and orientation of the real line via ¢
(hence the distance between any two points is at most %) Also, we denote
by I the unit interval [0,1]. Note that a homeomorphism of I or S* is either
strictly increasing (orientation preserving) or strictly decreasing (orientation
reversing). The desired result can be followed from the following theorem. In
it, when we speak about an NAIFS of monotone maps we do not assume that
the type of monotonicity is the same for all of them.

Theorem 3.12. Let (X, ®) be an NAIFS of continuous monotone maps in
which X is I or S'. Then, the topological entropy hiop(X,®) is zero. Thus,
h*(X,®) =0.

Proof. First, we begin the proof for the interval case. Fix w € I'''™. Let
E = {x1,29,...,2} be a subset of I with 7 < 2 < -+ < x. Since the
Maps Pu, , Puwss - - - » P, are monotone, for every 0 < j < n either pLJ(zq) <
pu’ (x2) <o < @il (1) or i (w1) > @i? (22) > -+ > i/ (21). This implies
that the set E is (w,n,€; ®)-separated if and only if for every 1 < ¢ < k—1
the set {z;,z;41} is (w,n,€; P)-separated. Since the length of the interval I
is 1, for every 0 < j < n at most [1/€] distances from |pL?(z1) — ¢LJ (z2)],
loLd(z9) — oL (x3)], ..., |pLi(xr—1) — LI (x))| are longer than €, where [1/¢]
is the integer part of 1/e. Hence, at most (n+1)[1/€] sets of the form {x;, z; 41},
1 <i<k-—1are (w,n,e; ®)-separated. So if F is (w,n, ¢; ®)-separated, then
k—1<(n+1)[1/e. Consequently, s,(w,e,®) <1+ (n+ 1)[1/€]. Hence, by
the definition of topological entropy, it follows that

1 1
hiop (I, ®) = lim limsup — log [ ———— sp(w, e, @
t P( ) 50 n~>oop n g (#(Il,n) wezl;," ( ))

< lim lim sup 1 log (1 Z (1 + (n+ 1)[1/6])>

=0 noo M #(") weltn



NON-AUTONOMOUS ITERATED FUNCTION SYSTEMS 1575

= lim hmsup log (1 +(n+ 1)[1/5]) =

e=0 pnooo

Now, let X = S! and w € Il’". Let E := {z1,22,...,25} be a maximal
(w, n, e; ®)-separated set in St with z; < 29 < --+ < @y, i.e., s,(w,6,®) = k.
Then the sets {x;, z;41}, 1 <i <k —1and {z, 21} are (w, n, ¢; P)-separated.
Since for every 0 < j < n the sum of distances

k—1

D o(en (1), oi (i) + oo (xn), 047 (1))

i=1
equals to the length of the circle = 1, at most [1/€] of them are longer than e.
Hence, at most (n+1)[1/€] sets of the form {z;, z;11}, 1 <i < k—1or {ag, 21}
are (w, n, €; ®)-separated. Thus s, (w,e,®) =k < (n+1)[1/€], since all of these
sets are (w,n, €; ®)-separated. Hence, by the definition of topological entropy,
it follows that

htop(S <I>)7hmhmsup log <#(111n) Z sn(w,e,<I>)>

<70 noo weltn

1
< ll_r}(l)hmsup log <#(Iln) Z (n+1)[1/e]>

n—oo
well:n

= lgn hmsup log (n+1)[1/e]) =0

n—oo

In a similar way, for every n > 2 one can conclude that hiop(I,®,) = 0 =
htop(St, ®,,). Hence, h*(I,®) = 0 = h*(S*, ®) which completes the proof. [

3.6. Topological entropy on the set of nonwandering points

If (X,¢) is an autonomous dynamical system in which ¢ is a continuous
self-map of a compact topological space X, then by [8], the topological entropy
of ¢ and of ¢|q(s) are equal. Where, Q(¢) is the set of nonwandering points
of ¢. A point z € X is said to be a nonwandering point of ¢ if for every
non-empty open neighborhood U, of z in X, there exists a positive integer n
such that ©"(U,) N U, # 0. Also, in the context of non-autonomous discrete
dynamical systems, Kolyada and Snoha [24] showed that for every sequence
V1,00 = {9i }32, of equicontinuous self-maps of a compact metric space X, the
topological entropy of non-autonomous discrete dynamical system (X, ¢1 o) is
equal to the topological entropy of its restriction to the set of nonwandering
points, i.e., fop(¥1,00) = Ptop(P1,00]0(p, o0))- Where, Q(¢1 o) is the set of
nonwandering points of sequence @1 . Additionally, Eberlein [16] asserted
that the topological entropy of an (abelian) finitely generated semigroup action
is equal to the topological entropy of its restriction to its nonwandering set. In
the following theorem, we want to find a analogous result for NAIFSs.

Definition 3.13. Let (X, ®) be an NAIFS of continuous maps on a compact
topological space X. A point z € X is said to be nonwandering for ® if for
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every open neighbourhood U, of x there is a finite word w € I"™™ for some
m,n > 1, such that p™"(U,) N U, # (). The set of all nonwandering points of
® is called the nonwandering set of ® and denoted by Q(®). It is easy to see
that Q(®) is a closed subset of X.

Remark 3.14. The following two facts hold:

e Definition 3.13 implies that an open subset U C X is wandering for ®
if ™(U)NU = ( for every finite word w € I"™™ and every m,n > 1.
Also a point « € X is wandering for ® if it belongs to some wandering
set U. Hence, x is wandering if and only if it is not nonwandering.

e In an NAIFS (X, ®), if #(I¥)) =1 and &) = {(pgj)} for every j > 1,
then (X, @) is a non-autonomous discrete dynamical system and Defini-
tion 3.13 coincides with the usual definition of nonwandering points for
non-autonomous discrete dynamical systems. Additionally, if <pgj ) = %)
for every j > 1, then (X, ®) is an autonomous dynamical system and
Definition 3.13 coincides with the usual definition of nonwandering
points for autonomous dynamical systems.

Theorem 3.15. Let (X, ®) be an equicontinuous NAIFS of a compact metric
space (X, d). Then hiop(X, ®) = hiop(Q(P), o))

Proof. By the definition of topological entropy, we have
htop (X, @) > hiop(2(P), @loa))-

Hence, it is enough to prove the converse inequality. To do this we will follow
the main ideas from the proof of [24, Theorem H] and [2, Lemma 4.1.5].

So let A be an open cover of X. Fix n > 1 and w € I™™. Let (, be an
minimal subcover of Q(®) chosen from AL". Since X is a compact metric
space, the set K = X \ | Bec, B is compact and consists of wandering points.
Hence, we can cover K with a finite number of wandering sets (subsets of
X, not necessarily of K), each of them contained in some element of AL".
These sets, together with all elements of (,,, form an open cover &, of X,
finer than AL™. Now, in NAIFS (X,®") for w* = wiw}---w; € I}'* with

w* = w = wiwl---w), € I"* consider any non-empty element of (&,)L*
It is of the form
Co N (™) 7HC) N (eh) o (™) 7H(Co)N

=0 (el T o (pl) oo (™) THCR),
that is equal to

CoNpy ™ (C1) Npy ™o o7 (Ca)N

Ny o gl T o0 UM (),
where wfil_n) = gogfl)nﬂ’n e o0 for 1 < j<kand C; € §, for 0 <i<k.

Since we assume that this element is non-empty, we get that if C; = C, for
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some ¢ < j, then

1,—n (i—1)n+1,—n in+1l,—n (j-1)n+1,—n
@w/ ©---0 (pw/ © 9011;/ 0---0 gow/ (Ol)

N <p111}"/_n 0---0 @S/_l)n+17_n(0i) #0,
SO (gog,_l)"+1’n o oMY (Cy) = cpi?,“’(j_i)"(@) intersects C;, hence C;

cannot be wandering for ®, this implies that C; € (.
1,k

One can show that [2, Lemma 4.1.5] the number of elements in cover (&)«
is not larger than (m+1)!- (k+1)"- (#(¢w))* !, where m = #(£,, \ (w). Thus,

. 1 1
A <#(I) > N((swmf))

wrell®
1 1
1i 21 1. (k m ” k+1
=l °g<#(1iv’f) w*zeji,k(m+l) T )

= lim sup 1 log ((m + D! (k+1D)™- (#(Cw))k+1) = log(#(Cw))-

k—o0 k
Now we are ready to finish the proof. The equicontinuity assumption of
the NAIFS (X, ®) implies that fop(X, @) = L hop (X, @") for each n > 1, see
Lemma 3.7. Also, by the definition of topological entropy it follows that for
any € > 0 there is an open cover A of X with Ao, (X, ") < h(X, 2™ A) + €.
Using these facts and relation (4), we get that for any positive integer n and
€ > 0 there is an open cover A of X with

1 1 €
htop(X,(I)) = Ehtop(X, (I)n) < ﬁh(X, @n,A) + E

1 1
< SR(X, B ALY + = < —h(X, D% 6,) +
n n n

IN

€
n

1 € 1 1n

-~ log(#(Cw)) + = 510g/\/(«4w’ lo@)) + —»

€
n

where w € I is arbitrary. Thus,

1 1 " €
hiop(X, @) < glog (#(11") Z N (A |Q(<I>))> T

welln
Taking the upper limit when n — oo, we have
hiop (X, @) < h(SUP), @) A) < hiop(2(P), Ploce)):
that completes the proof. [l
Remark 3.16. The equicontinuity assumption in Theorem 3.15 is necessary,
because in the proof of Theorem 3.15 we use the equality hop(X,®") =

n - hop(X, @) that is not true (in general case) without the equicontinuity
assumption, see Remark 3.6 and Lemma 3.7.
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4. Specification property and entropy

The notion of entropy is one of the most important objects in dynamical
systems, either as a topological invariant or as a measure of the chaoticity
of dynamical systems. Several notions of entropy have been introduced for
other branches of dynamical systems in an attempt to describe their dynamical
characteristics. In this section, we define entropy points for NAIFSs. The
notion of entropy points was defined for finitely generated pseudogroup actions,
finitely generated semigroup actions and non-autonomous discrete dynamical
systems, respectively in [4], [34] and [26]. Roughly speaking, entropy points
are those that their local neighborhoods reflect the complexity of the entire
dynamical system in the context of topological entropy. Also, we define a
notion of specification property for NAIFSs and characterize entropy points
and topological entropy for NAIFSs with the specification property.

Definition 4.1. An NAIFS (X, ®) of continuous maps on a compact topolog-
ical space X, admits an entropy point xg € X if for every open neighbourhood
U of z¢ the equality hiop(X, ®) = hiop(cl(U), @) holds.

The notion of specification was first introduced in the 1970s as a property of
uniformly hyperbolic basic pieces and became a characterization of complexity
in dynamical systems. Thus, several notions of specification had been intro-
duced in an attempt to describe their dynamical characteristics for dynamical
systems [26, 34, 39, 42,45]. In the following definition, we give a concept of
specification property for NAIFSs.

Definition 4.2. An NAIFS (X, ®) of continuous maps on a compact metric
space (X, d), is said to have the specification property if for every ¢ > 0 there
is N(0) € N such that for each w € I'*°, any x1,2s,...,25 € X with s >
2 and any sequence 0 = j; < ky < jo < kg < --- < js < kg of integers
with jo11 — kn > N(J) for n = 1,...,s — 1, there is a point x € X such
that d(pLi(x), pLi(x,,)) < § for each 1 < m < s and any j,, < i < k.
In other words, an NAIFS (X, ®) has the specification property if we have
the specification property along every branch w € I as a non-autonomous
discrete dynamical system, where N(d) is independent of w € I':>° for each
0 >0.

In the last section, we illustrate some examples of NAIFSs for which the
specification property hold.

Rodrigues and Varandas [34] showed that for any finitely generated con-
tinuous semigroup action of local homeomorphisms on a compact Riemannian
manifold with the strong orbital specification property (weak orbital specifica-
tion property), every point is an entropy point. Also, they showed that any
finitely generated continuous semigroup action on a compact metric space with
the strong orbital specification property (weak orbital specification property
under some other conditions) has positive topological entropy. Also, Nazarian
Sarkooh and Ghane [26] showed that every non-autonomous discrete dynamical
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system of surjective maps with the specification property has positive topolog-
ical entropy and all points are entropy point; in particular, it is topologically
chaotic. In this section, we extend these results to NAIFSs.

4.1. Specification property and entropy points

We investigate here the relation between the specification property of
NAIFSs and the existence of entropy points.

Theorem 4.3. Let (X, ®) be an NAIFS of surjective continuous maps on a
compact metric space (X,d) without any isolated point. If the NAIFS (X, ®)
satisfies the specification property, then every point of X is an entropy point.

Proof. According to Lemma 3.8, hiop(X, ) < hiop(X, Pi) for every & > 1.
Also, by Lemma 3.1,

1
hiop (X, @) = lim lim sup — log S, (€, ),

=0 psco M

where

1
Sn(€7(p) = W Z Sn(wvea (I))
weltn

Using these facts, we show that for every z € X and every open neighbor-
hood V of z, hiop(X,®) = hiop(cl(V),®). For € > 0 define W, := {y €
V i d(y,0V) > ¢} Fix € > 0 such that the open set W, is non-empty.

Take N(§) > 1 given by the definition of specification property. Fix w =
WIW2 WN(§WN(5)+1 7 WN ()40 € TV and take

w' = w| NG = WN(£)+F1WN($)+2 " WN(£)+n € NG)FLn,
Let
o F:={z1,29,...,21} € X be a maximal (n,w’,¢; @N(i)+1)—separated
set,
o B/ = {2,25,...,2]} € X be a preimage set of E under npijN(i), ie.,

wi}N(%)(zg) =z for 1 <i<l,
e y € W, be an arbitrary point (W, # (), because X does not have any
isolated point).

Let j1 = k1 = 0, j2 = N(§) and ky = N(§) +n. By the definition of
specification property, for every z; € E’, by taking 1 = y and zy = 2,
there exists y; € B(y, §) such that @iﬁN(Z)(yi) € B((piU’N(Z)(Z;-);w',n, ) =
B(zi;w',n, §). Since E := {z1, 22,..., 2} € X is a maximal (n, w’, €; ‘I)N(i)“)'
separated set, the set {y;};_; C (V) is (N(%) + n,w, §; ®)-separated. So
sN(&)n(c(V)iw, §5,®) > sn(w/,e,@N(i)H), that implies
€

Sn(e)an(l(V); =, ®) > #(IVNE) S, (6, D2y 41) = Snle, Py(syn)-

[\)
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Thus
€ 1 €
li 1 Sh —.® li log S 1(V); =, ®
imsup - log (V) 5, @) = lﬂbolipN(i)Jrn g Sn(5)+n(l(V); 5, @)
1
> limsu log Sy, (€, Ppr(e
n—><>opN(Z) g ( N(4)+1)

= limsup —log Sn(€, Pn(e)y1)-
n—oo TN
This implies hiop(X, @) > hiop(cl(V), @) > hiop(X, Pr(e)1) = hiop(X, @).
Hence, we have hiop(X, <I>) hiop(cl(V'), ®), i.e., every point is an entropy
point. (I

By Lemma 3.8 and the proof of Theorem 4.3, we conclude the following
corollary.

Corollary 4.4. Let (X, ®) be an NAIFS of surjective continuous maps on a
compact metric space (X,d) without any isolated point. If the NAIFS (X, ®)
satisfies the specification property, then hiop(X, ®) = hiop(X, ®;) for every i >
1.

4.2. Specification property and positive topological entropy

In this subsection, we show that the specification property is enough to
guarantee that any NAIFS of surjective maps has positive topological entropy.
More precisely, we have the following theorem.

Theorem 4.5. Let (X, ®) be an NAIFS of surjective continuous maps on a
compact metric space (X,d) without any isolated point. If the NAIFS (X, ®)
satisfies the specification property, then it has positive topological entropy, i.e.,
hiop(X, @) > 0.

Proof. By Lemma 3.1, we know that

htop (X, ®) = lim lim sup log Sn(e, @),

=0 pooo

where

1
Sn(e,®) = ——— Sp(w, e, @
(&®) = 27y wZ (w, e, ®)
and the limit can be replaced by sup,.. . Thus, it is enough to prove that there
exists € > 0 small enough so that

1

lim sup — log Sy, (e, ®) > 0.
n—oo n

Let € > 0 be small and fixed so that there are at least two distinct 2e-separated

points x1,y; € X, i.e., d(x1,y1) > 2¢ (note that X has no any isolated point).

Let N(§) > 1 be given by the definition of specification property.
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Fix w € TVN(3). Take j; =k, = 0, j2 =ky = N(5) and consider preimages
x9 of x1 and ys of y; under goi}N(s) ie., cpw N(g )(zg) =z and <p NG )( 2) = Y1
By applying the specification property to pairs (z1,x2), (1,¥2), (y1,22) and
(y1,92), there are x1 1,712 € B(x1,§) and y1.1,y1,2 € B(y1, §) such that

€

1,N(5 1,N(S €
e D) ou™ P () € Blan, ) and
1,N(& 1,N(& €
oV B @10), 00 P (y14) € By, 5)-
It is clear that the set {z11,712,y1,1,%1,2} is (N(5),w,¢ ®)-separated. In
particular, it follows that sy(s)(w, e, ®) > 22. Hence, we have

1
SN(%)(e,(I)):W Z sN(g)(w,e,CD)
wGII’N(%)

1
> § 22 =92,
= LN(5)
#UDT) i
Fix w € IV*NG). Take j; = k1 = 0, jo = ko = N(5) and j3 = ks = 2N(5).
N($5)

4

e gu 3 (1) =
and gpw N(g )(yg) = 1. Also, consider preimages x3 of x; and y3 of y; under
<p11U’2N(§), ie., @i}QN(%)(xg) = z; and <p711}2N(§)(y3) = y;. By applying the
specification property to triples (1, x2, x3), (z1, z2,y3), (1, Y2, 3), (T1,Y2,Y3),
(Y1,92,93), (Y1,92,73), (y1,72,¥3) and (y1,z2,3), there are 11, 1.2, 713,
r14 € B(z1,§) and Y11, Y1,2, ¥1,3, Y1,4 € B(y1, 5) such that

. soi.;“%)( D, so}fN“)(x 1) € B(ay, §) and

Con31der preimages x5 of 1 and y, of y; under <pw

Pw ¢ (55174) (551 1) € B(y1, 5);
o O a,) € B, 5) and 5 E a, ) € Bl 5
. <P11uN D(213) € By, §) and 901 2N(%)(QTLS) € B(z1,3);
. 1N%(y1,1) o ()( 1) € B(y1, §) and
v N(%)(ym) ; s )(y 4) € B(xh £)s
. wiN (y12) € B(yr, §) and ww N(g)(ym) € B(z1,5%);

o ou (2)(y1 3) € B(71, 5) and o’ (E)(yl,s) € B(y1, 5)-
It is clear that the set {x11,71,2,213,214,91,1,¥1,2,¥1,3,y1.4} is (2N(5),w, €
®)-separated. In particular, it follows that SQN(%)('LU,E,(I)) > 23. Hence, we
have

1
SQN(%)(E, (I)) = W Z SQN(%)(w767(p)
wert 2N

1 3 3
> gy 2 P2

weIl’QN(%)
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Now, fix w € I"N(%) where d € N. Taking j; = ki =0, jo = ko = N(5), js =
ks = 2N(5), ..., ja = ka = (d = 1)N(5), jay1 = kay1 = dN(5) and consider
the preimages x; of x1 and y; of y; under cpiu’(i_l)N(%) fori=2,...,d+1,1ie.,
w};(ifl)N(%)(zi) = z; and @b(ifl)N(%)(yi) = 7;. By repeating the previous
reasoning for (d + 1)-tuples in which the ith component choosing from the set
{zi,yi}, it follows that sgn(z)(w,e, @) > 2941 By taking summation over

w e IYN(E) | we have

1
SdN(%)(E, (I)) - W Z SdN(%)(U},G,q))

weIl‘dN(%)

1 d+1 _ od+1
> gy 2, 2T =

wEIl’dN(%)
Hence,
limsu 1lo Sp(€,®) > limsu L log S, (e, )
— n\€, -~ 11 TRTIEN £\ (€,
n%oopn & d_>oop dN(i) 8 DdN(3)

1 log 2
> limsup — 1o 24+1 — —-

done’ dN(5) N(3)

This proves that the topological entropy is positive and finishes the proof. [

As a direct consequence of Theorem 4.5 and Lemma 3.8 we have the following
corollary.

Corollary 4.6. Let (X,®) be an NAIFS of surjective continuous maps on a
compact metric space (X,d) without any isolated point. If the NAIFS (X, ®)
satisfies the specification property, then it has positive asymptotical topological
entropy. In particular, the NAIFS (X, ®) is topologically chaotic.

In Theorem 4.3, we show that for surjective NAIFSs with the specification
property, local neighborhoods reflect the complexity of the entire dynamical
system from the viewpoint of entropy theory. Also, in Theorem 4.5 we show
that surjective NAIFSs with the specification property have positive topological
entropy. Hence, by Theorem 4.3, local neighborhoods have positive topological
entropy. More precisely, we have the following corollary.

Corollary 4.7. Let (X, ®) be an NAIFS of surjective continuous maps on a
compact metric space (X,d) without any isolated point. If the NAIFS (X, ®)
satisfies the specification property, then hiop(cl(V),®) > 0 for any v € X and
any open neighborhood V of x.

5. Topological pressure

The notion of topological pressure that is a fundamental notion in ther-
modynamic formalism is a generalization of topological entropy for dynamical
systems [44]. Topological pressure is the main tool in studying dimension of
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invariant sets and measures for dynamical systems in dimension theory. Our
purpose in this section is to introduce and study the notion of topological
pressure for NAIFSs on a compact topological space.

Consider an NAIFS (X, ®) of continuous maps on a compact metric space
(X,d). Let C(X,R) be the space of real-valued continuous functions of X. For
¢ € C(X,R) and finite word w € I"™" we denote X7_q1 (@7 ) (x) by Sw nth().
Also, for subset U of X we put Sy, n¥(U) = sup,cyy Swnth ().

5.1. Definition of topological pressure using spanning sets

For e >0,n>1,w € I* and ¢ € C(X,R), put

Qn(P;w, 1, €) := inf{ Z eSwn?(®@) . Fig g (w, n, €; ®)-spanning set for X}
F zeF
and taking
1

Qn(q); ¢a 6) = W wez[;m Qn(‘bv w, w7 6)'

Remark 5.1. By definitions the following statements are true.

(1) 0 < Qun(®;w, 1, ) < |leSwn?|r,(w, e, @) < oo,
where ||¢]| = max,ex |¢(z)].
Hence, 0 < Q,,(®; ¢, €) < eTVIVIR, (e, @) < 0.

(2) If €1 < €9, then Qn(P;w, 1, €1) > Qun(P;w, 1, €3).
Hencea Qn((p; 77[}a 61) > Qn(é; QZ}’ 62)'

(3) Qn(q)v w, 0, 6) = Tn(wv € (I)) Hence, Qn((pa 0, 6) - Rn(ea (I))

(4) In the definition of @, (P;w,,€), it suffices to take the infinium over
those spanning sets which do not have proper subsets that (w, n, €; ®)-
span X. This is because eSwn¥() > (.

Set
Q@; 4, €) = limsup — log @ (®;), ).

n—oo T
Remark 5.2. By Remark 5.1, the following two facts hold.

(1) Q(®;¢,€) < [|9[| +limsup,_, o ;- log R (e, @) < oo.
(2) If €1 < €2, then Q(®;¢,¢1) > Q(P;,€2), ie., Q(P;4,€) is non-
decreasing with respect to e.

Definition 5.3. For v € C(X,R), the topological pressure of an NAIFS (X, @)
with respect to 1 is defined as
. N 1
Ptop((I)v ¢) T ll_{% Q((I>7 'll), 6) - !I_I{(l) lim sup ﬁ log Qn(q)7 'll), 6)'

n—oo
This is a natural extension of the definition of topological pressure for au-

tonomous dynamical systems, non-autonomous discrete dynamical systems and
semigroup actions. Also, it is clear that Piop(®,0) = hiop (X, ®).
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Remark 5.4. Note that by part (2) of Remark 5.2, the topological pressure
Pyop (P, 1)) always exists, but it could be infinite. Indeed, assume #(I @)y =
1, o) = {¢} for all j > 1 which yields an autonomous dynamical system
and take the observer 1y = 0. In this case, we have Piop(®,%) = hiop(p)
which is the classical topological entropy in the sense of Bowen. Thus, if we
choose an autonomous system ¢ with the observer ) = 0 that possesses infinite
topological entropy [13], then Piop(®, 1) = 0o, where the NAIFS ¢ defined as

above.
5.2. Definition of topological pressure using separated sets

Fore>0,n>1,we I and ¢ € C(X,R), put

P, (D;w, v, €) := sup{ Z eSwn?(®@) . Big a (w, n, €; ®)-separated set for X}
el

and taking .
P (@51, €) = m Z Po(®;w,9,€).
weltm

Remark 5.5. By definitions the following statements are true.

(1) If €1 < €2, then P, (®;w, 1, €1) > Po(P;w,v, €2). Hence, P, (P51, €1) >
P (03, 63).

(2) Pp(®;w,0,€) = s, (w, e, P). Hence, 0 < P, (P;0,€) = S, (e, D).

(3) In the definition of P,(®;w,,€), it suffices to take the supremum
over all (w,n, ¢; ®)-separated sets having maximal cardinality. This is because
eSwnt(®) > 0,

(4) Qn(®59,€) < Po(®59 ).

Proof. Fix w € I'". Since e5»»¥(®) > () and by the fact that each (w,n, ¢; ®)-
separated set which cannot be enlarged to another (w,n,¢; ®)-separated set
must be a (w,n, ; ®)-spanning set for X, we have

Qn((b;w, P, 6) < Pn((I)7 w, 1, 6).

Hence, by the definition of @, (P;v,¢) and P, (P;,¢€), we have @, (P;1,¢) <
P (@51, €). 0
(5) If 6 = sup{|yp(x) — P (y)| : d(x,y) < §}, then
Pu(®;1,¢) < e 9Q, (@59, 7).
Proof. Fixw € I'™. Let E be a (w, n, €; ®)-separated set and F is a (w, n, 5 ®)-
spanning set. Define ¢ : F — F by choosing, for each x € E, some point
¢(x) € F with dy n(z,¢(z)) < §. The point ¢(x) € F that satisfies in this
condition is unique. Then ¢ is injective and

Y eSent®) > 37 Swat) > (min esw,nww(x))—sw,nw(w)) 3 eSunvi®)

relR
yeF yEP(E) A



NON-AUTONOMOUS ITERATED FUNCTION SYSTEMS 1585

Z e—(n+1)6 Z eSw,nib(iC)_

zeE
Therefore P, (®;w, v, ¢) < e T9Q, (®;w, 1), §). Hence, by the definition of
Qn((I); P, %) and Pn((I); P, 6)7 we have Pn((I); P, '5) < e(n—H)&Qn(‘b; P, %) U

Then, set
1
P(®;,¢€) := limsup — log P, (®; 0, ¢).
n

n—oo
Remark 5.6. As above, the following statements are true.
(1) Q(P;9,¢) < P(P;4,¢€), by part (4) of Remark 5.5.
(2) 16 = sup{|¢(x)=(y)| : d(z,y) < 5}, then P(®;4),€) < 6+Q(P; ¢, 5),
by part (5) of Remark 5.5.
(3) If €1 < e, then P(®;4),€1) > P(P;4, €2), by part (1) of Remark 5.5.

Theorem 5.7. If i € C(X,R), then Piop(P®,v¢) = lim o P(P; 9, €).

Proof. The limit exists by part (3) of Remark 5.6. By part (1) of Remark
5.6, we have Piop(®,9) < lime,o P(®;1,€). Also, by part (2) of Remark
5.6, for any 0 > 0, we have lim._,o P(®;9,€) < § + Piop(P, 1), which implies
lime_,o P(®;9,€) < Piop(®,9). Hence, Piop(®,t¢) = limeo P(®;e,€). The
proof is completed. O

5.3. Definition of topological pressure using open covers

In this subsection we introduce a special class of continuous potentials and
provide a formula via open covers to compute the topological pressure of an
NATFS respect to this class of continuous potentials. Let (X, ®) be an NAIFS of
continuous maps on a compact metric space (X, d). Given € > 0 and w € I"™",
we say that an open cover U of X is a (w,n,€)-cover if any open set U € U
has dy, n-diameter smaller than €, where d,, , is the Bowen-metric introduced
in (5). To obtain another characterization of the topological pressure using
open covers, we need continuous potentials satisfying a regularity condition.
Given € > 0, w € I'"™" and ¢ € C(X,R) we define the variation of S, 1 on
dynamical balls of radius € (see (6)) alongside the word w by

Varw,n(wa 6) = sup |Sw,n'l/}(x) - Sw,n'l/}(y”
dw,n(xvy)<€
We say that potential ¢ has uniform bounded variation on dynamical balls
of radius € if there exists C' > 0 so that

sup  Vary,(¢,e) < C.
n>1,welln
The potential ¥ has the uniformly bounded variation property whenever there
exists € > 0 so that 1 has the uniform bounded variation on dynamical balls
of radius e.
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In the following proposition, we use open covers to provide a formula for
computation the topological pressure of an NAIFS respect to this class of con-
tinuous potentials.

Proposition 5.8. Let (X, ®) be an NAIFS of continuous maps on a compact
metric space (X,d) and v : X — R be a continuous potential with the uniformly
bounded variation property. Then,

1
Ptop((b7d)) = lE}I(l) hmbup log (W Z lnf Z e Swnt(U) )

nee e U Ueu
where the infimum is taken over all open covers U of X such that U is a
(w,n, €)-cover.

Proof. By Theorem 5.7 we know that

Piop(®,1) = lim hmsup logP (®; 0, ¢),

=0 pooo

where

Po(®,¢) =

)

and the supremum is taken over all sets E that are (w,n, ¢; ®)-separated. For
simplicity, we denote

. — Swnw(U)
Cn(P;w, 1, €) 1= 1Bf Z e and
Ueu

1
Cn(‘b;%é) = m Z Cn((D;wad}ae)v

wellmn

Z Pn(q)§w,’(/),€) = ﬁ Z SupZe wnP(x)

wellm welln z€E

where the infimum is taken over all open covers U of X such that U is a
(w, n, €)-cover.

Take € > 0 and w € IY™. Given a (w,n,e; ®)-maximal separated set E,
it follows that U := {B(z;w,n,€)}zep is a (w,n, 2¢)-cover. By the uniformly
bounded variation property we have

Swnt(B(z;w,n,€)) = sup  Synpt(z) < Swatp(z) +C

z€B(xz;w,n,e€)

for some constant C' > 0, depending only on e. Consequently, we have

9) hmsup logC (P59, 2¢) < hmsup log P, (®; 1, ¢€).
n—00 n—oo M
On the other hand7 if U is a (w,n,€)-cover of X, then for any (w,n,e; ®)-
separated set E we have that N (E) < N (U), since the diameter of any U € U
in the metric dy, 5, is less than e. By the uniformly bounded variation property,
we have

(10) lim sup — logP( 1, €) < limsup — logC’( i, €).

n— oo n—oo
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Now, combining equations (9) and (10), we get that

1 1
lim sup - log P, (®;1, ¢) < limsup — log Cy, (P; 9, €)

n—o00 n—oo N
. 1 €
< limsup — log P, (®; ), ),
n—oo N 2
this completes the proof. ([
5.4. The topological pressure of *-expansive NAIFSs

In this subsection, we will be mostly interested in providing conditions to
compute the topological pressure of an NAIFS as a limit at a definite size scale.
Hence, we begin with the following definition.

Definition 5.9. Let (X, ®) be an NAIFS of continuous maps on a compact
metric space (X, d). For 6 > 0, the NAIFS (X, ®) is said to be J-expansive if
for any v > 0 and any x,y € X with d(x,y) > =, there exists kg > 1 (depending
on ) such that dy ,(z,y) > d for each w € I"™™ with n > k. Also, an NAIFS
is said to be *-expansive if it is d-expansive for some § > 0.

In the next section, we illustrate some examples of NAIFSs which fit in our
situation and hence they possess the x-expansive property.

In the rest of this section, we prove that the topological pressure of an
x-expansive NAIFS can be computed as the topological complexity that is
observable at a definite size scale. More precisely, we get the next result.

Theorem 5.10. Let (X, ®) be a §-expansive NAIFS of continuous maps on
a compact metric space (X,d) for some 6 > 0. Then, for every continuous
potential 1 : X — R and every 0 < e <9,

1
Ptop(q)a 1/’) = lim sup — log Pn(q)7 11)7 E)
n

n— o0
= hm sup l log ;1 Z sup Z esw,n’lp(m) ,
n—oo N #(I ’”) wellm E =

where the supremum is taken over all sets E that are (w,n, €; ®)-separated.

Proof. Since X is compact and ¢ : X — R is continuous, without loss of
generality, we assume that 1) is non-negative. Fix v and € with 0 < v < e < §.
Then by part (3) of Remark 5.6 it is enough to prove the following inequality

lim sup 1 log P,,(®;v,7) < limsup 1 log P, (®;,¢€).
n—oo N n—oo T

By the definition of J-expansivity, for any two distinct points z,y € X with

d(xz,y) > 7, there exists kg > 1 (depending on ) such that dy ,(z,y) > ¢

for each w € I"™" with n > ko. Take w € I'"** with n,k > ky. Given

any (w|,,n,v; ®)-separated set E, we claim that the set E is (w,n + k, ¢; @)-

separated. In fact, given z,y € E there exists a 0 < j < n so that d(pL7(z),
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©L(y)) > ~. Using that n+k—j > ko and the definition of d-expansivity, it fol-
lows that dyi nyx—;(@u’ (@), 17 (y)) > 6 > e. This implies that dy, n4x (@, y) >
e. Hence, F is (w,n + k, €; ®)-separated, that prove the claim. Since 1 is non-
negative, we have

(11) esw,n+k’¢)(w) _ eSw,nib(w)esw\n,kw(wi’"(m)) > eSw,an)(ﬂc)7
which implies that P, (®;v,v) < P,yr(P;1,€) because by relation (11) we
have
( w ,-Y) #( ) Z Sup Z erw nw(x)
wGIl n xeE
_#UMER) e
TRy D swp ) e
- #UIT )well o E LT
1
p— w, 'Vlw( )
) > supy et
we[l,n+k xeE
1
< X s
— 1,n+k
#(I )wezl nik Boaep
= n+k( ;wa )
Thus,
lim sup — logP (P;9,7) < hmsup A log P 1(®; 1), €)
n—oo n—oo
< hmsup log P, (D59, ¢€).
n—oo
This completes the proof. ([

Remark 5.11. We observe that in view of the previous characterization given in
Proposition 5.8, the same result as Theorem 5.10 also holds if we consider open
covers instead of separated sets. More precisely, let (X, ®) be a d-expansive
NAITFS of continuous maps on a compact metric space (X, d) for some 6 > 0.
Then, for every continuous potential ¢/ : X — R with the uniformly bounded
variation property and every 0 < € < §,

1 .
Piop(®;9) = lim sup log <#(pn) Z Hbltf Z eSw,nw(U)>,

n—0o0 weIl’” UEZ/[

where the infimum is taken over all open covers U of X such that U is a
(w, n, €)-cover.

6. Applications

The main aim of this section is to introduce a special class of NAIFSs hav-
ing the specifcation and *-expansive properties. Rodrigues and Varandas [34]
addressed the specification properties and thermodynamical formalism to deal
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both with finitely generated group and semigroup actions. They introduced
the notions of specification and orbital specification properties for the context
of group and semigroup actions. Then they proved that semigroups of expand-
ing maps satisfy the orbital specification properties. We extend this result to
uniformly expanding NAIFS.

Definition 6.1. Let M be a compact Riemannian manifold and f: M — M
be a C'-local diffeomorphism. We say that f is expanding if there exist o > 1
and some Riemannian metric on M such that | Df(x)v| > ol|v| for every
x € M and every vector v tangent to M at the point z.

We recall the next statement from [43]. Let f : M — M be a expanding
C'-local diffeomorphism on a compact Riemannian manifold M. Then, there
exist constants ¢ > 1 and p > 0 such that for every p € M the image of the ball
B(p, p) contains a neighborhood of the closure of B(f(p), p) and d(f(z), f(y)) >
od(x,y) for every x,y € B(p,p). Moreover, for any pre-image x of any point
y € M, there exists a map h : B(y,p) — M of class C! such that foh = id,
h(y) = z and

(12) d(h(y1), h(y2)) < Jfld(ylalb) for every y1,y2 € B(y, p).

The factors o and p will be called the expansion factor and injectivity constant
of the expanding C'-local diffeomorphism f, respectively. Also the map h is
called inverse branch of the C'-local diffeomorphism f. Inequality (12) implies
that the inverse branches are contractions, with uniform contraction rate o=1.

Now, we introduce a class of NAIFSs that will be studied in the present
section. Let M be a compact Riemannian manifold. For any o > 1 and p > 0,
we denote by &(o, p) the set of all expanding C'-local diffeomorphisms on M

with expanding factor o and injectivity constant p.

Definition 6.2. We say that an NAIFS (M, ®) is uniformly expanding if there
exist 0 > 1 and p > 0 such that @Ej) € &(o,p) for each j € N and i € IU),
The factors o and p will be called the uniform expansion factor and injectivity
constant of the NAIFS (M, ®), respectively.

In what follows, we consider a uniformly expanding NAIFS (M, ®) with
uniform expansion factor o > 1 and injectivity constant p > 0. By definition,
for each j € N and i € I¥)| the restriction of <pz(-]) to each ball B(z, p) of radius
p is injective and its image contains the closure of B(QDEJ )(x)7p). Thus, the
)

restriction gogj) to B(z,p) N (¢; )*1(B(g0§j)(x),p)) is a diffeomorphism onto

B(gogj)(x), p). We denote the inverse branch of @Ej) at z by

h): B (x).p) = Bla.p).
It is clear that hEJgZ (@Ej)(x)) = z and <pz(-j) o hgjz) = id. Definition 6.2 implies
that hz(]az is o~ !-contraction:

(13) d(h% (2), hfjg(w)) <o td(z,w) for every z,w € B(gpl(-j)(a:),p).
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More generally, for finite word w = Wy, W41 -+ - Wipgpn—1 € I™™ with m,n >

1, we call the inverse branch of ¢]" at x the composition

B = () op (D o oh Y sy P B (@),0) = Blx.p).

m,1
Wi 41,00 (T) Wm4n—1,Pw

Observe that hyy(en " (x)) = x and @™ o hy)t = id. Moreover, for each

0 < j < n we have

ppd o hipt = LN and BT B (), p) = Blen (x), p),

W, Pw (93) wv‘Pwyj(I) '
where h 50— plmtd) i, OO (min-1) | Hence,
w, '’ () Wimtj,Pw” (T) Wmtn—1,90 " ()
(14) Aoy o iyl (2), @ o hiy i (w)) < o7~ "d(z, w)

for every z,w € B(pl"(x), p) and every 0 < j < n.

In the rest of this section, we show that uniformly expanding NAIFSs satisfy
the specifcation and *-expansive properties. To do this we need the following
auxiliary two lemmas.

Lemma 6.3. Let (M,®) be a uniformly expanding NAIFS with the uniform
expansion factor o > 1 and injectivity constant p > 0. Then for every x € M,
w e I™™ and 0 < e < p we have " (B(x;w,n,€)) = B(pl™(z),€), where
B(z;w,n,¢€) is the dynamical (n 4+ 1)-ball with radius € corresponding to the
finite word w around x given by (6).

Proof. Let w € I"™™ and B(x;w,n, €) be the dynamical (n+1)-ball with radius
e corresponding to the finite word w around . The inclusion " (B(x;w,n, €))
C B(gI"™(z),€) is an immediate consequence of the definition of a dynamical
ball. To prove the converse, consider the inverse branch a7y © B(y " (), p) —
B(z,p) of gyy™ at x. Given any y € B(py " (2),€), let z = hyyy'(y). Then

P (z) = y. By inequality (14), for 0 < j < n, we have
(@} (2), 03 (2)) < 07 7d(pi " (2), @iy (@) < d(y, ¢l " (@) < e
Hence, z = hy 7' (y) € B(z;w,n,€) that implies
ew " (B(z;w,n,€)) 2 By " (x), ).
This finishes the proof of the lemma. O

The following lemma of the topologically exact property is now folklore and
we omit its proof, see [34, Lemma 18].

Lemma 6.4. Let (M, ®) be a uniformly expanding NAIFS on a compact con-
nected Riemannian manifold M. Then for any § > 0 there is N = N(4) € N
so that " (B(x,0)) = M for every x € M and w € I"™"™ with n > N.

Note that Lemma 6.4 also implies that each expanding C*-local diffeomor-
phism on a compact connected Riemannian manifold M is surjective.
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Theorem 6.5. Let (M, ®) be a uniformly expanding NAIFS on a compact con-
nected Riemannian manifold M with the uniform expansion factor o > 1 and
injectivity constant p > 0. Then the NAIFS (M, ®) satisfies the specification

property.

Proof. The proof of the theorem can be followed from the previous two lem-
mas. Fix 6 > 0, without loss of generality we assume that § < p. Let
w = wiwy--- € I and N = N(§) be given by Lemma 6.4. Suppose that
points x1,Za,...,xs € M with s > 2 and sequence 0 = j; < k1 < jo < kg <
<+ < js < ks of integers with j,11 —k, > N forn=1,...,s—1 are given. By
Lemma 6.3 we have

PRI (B oy (i) wl ki — i, 6))

15 ) . )
(15) = B((p{,j“’ki_“(ap}fi (24)),0) for 1 <i < s.

Also by Lemma 6.4 we get
(16) it TR (Bl T I (0 (20)),8)) = M for i =1, s — 1.

Equations (15) and (16) imply that for given z, € B(pLs (x,), w|’s, ks—js, 6)
we have

To =y TR (30)

with Z,_1 € B(cpfj’lﬂ’ks’l_js’l((p,l,}j‘“”l(gcs,l)),5). Hence
Te = Sofvsfﬂrl’js*ksfl ° (p{jf1+1,k571*j571(i571)

for some Z,_1 € B(cpi}js‘l(:rs_l);w Js=1 kg1 — js—1,0).

By repeating this argument, there exists 1 € B(z1;w, k1,6) such that for
i=2,...,8, we have

- ki— 1,5i—ki— ji— 1,kic1—Ji— k 1,72—k 1,k1 (4
I AT ()

Now, by equation (17), x = Z; satisfies the definition of specification property
and finishes the proof of the theorem. ([

The next result shows that any uniformly expanding NAIFS satisfies the
x-expansive property.

Proposition 6.6. Let (M, ®) be a uniformly expanding NAIFS with the uni-
form expansion factor o > 1 and injectivity constant p > 0. Then the NAIF'S
(M, ®) is *-expansive.

Proof. By assumption, all inverse branches of cpl(-J ), for each j € Nand i € 1),
are defined on balls of radius p and they are o~ '-contraction. Take § = p.
For given v > 0, take kg > 1 (depending on ) so that o=%§ < ~. We
claim that for any z,y € M with d(z,y) > v and w € I"™" with m > 1
and n > ko we have dy ,(x,y) > . Assume, by contradiction, that there
exists w € I"™™ with m > 1 and n > ko such that dy ,(x,y) < J. Then, by
inequality (14), we have dy, j(x,y) < 077 "dy, »(x,y) for every 0 < j < n and so
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d(z,y) < 0 "y n(2,y) < 075 < 07%0§ < v, which is a contradiction. Hence,
the NAIFS (M, ®) is d-expansive which completes the proof. d

Now, we illustrate some examples of NAIFSs which fit in our situation.

Example 6.7. Let ¢4 : T — T? be the linear endomorphism of the torus T¢ =
R?/7Z% induced by some matrix A with integer coefficients and determinant
different from zero. Assume that all the eigenvalues Ai, As,..., Ay 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 € R%. This
shows that the transformation ¢4 is expanding, see [43, Example 11.1.1].

Now, let A be a non-empty finite set of different matrices enjoying the above
conditions. Then, each NAIFS (T¢, ®) consists of the sequence {®(7)} ;5 of col-
lections ®U) C A is uniformly expanding and by Theorem 6.5 and Proposition
6.6 satisfies the specification and x-expansive properties.

Example 6.8. Let A be a non-empty finite set of positive integers k > 1 and
S1 =R/Z. Consider the set A = {f; : S = S': fr(z) = kz (mod 1), k € A}.
Then, each NAIFS (S, ®) consists of the sequence {®()},>; of collections
®U) C A is uniformly expanding and by Theorem 6.5 and Proposition 6.6
satisfies the specification and x-expansive properties.

Example 6.9. For positive constant 0 < o < 1 the Pomeau-Manneville map
¥a : [0,1] — [0,1] given by

(z) = T+ 2%t 0< 2 <1/2,
Pal®) = 20—1 1/2<z<1.

Note that, since each Pomeau-Manneville map is semiconjugated to the full
shift on two symbols, it satisfies the specification property (as an autonomous
dynamical system), see [7, Example 3.4]. Here, we give an NAIFS (S!, ®) that
consists of circle Pomeau-Manneville maps having the specification property.
Indeed, let us take 0 < 8 < 1 and the family of real numbers
{aP:0<B<a? <1};c;0, jEN,
where IU) is a non-empty finite index set for all j > 1. Assume %(j ) = N

for all j > 1 and i € 1), We identify the unit interval [0, 1] with the circle St
so that the maps become continuous. Take the NAIFS (S1, ®) consists of the
sequence {®()},>; of collections V) = {¢, 0 tiero) of Pomeau-Manneville
circle maps. We claim that the NAIFS (S, ®) satisfies the specification prop-
erty. First, we observe that for every x € S', ¢ > 0 and w € I"™" with m,n > 1
the dynamical ball B(x;w,n,¢€) satisfies " (B(x;w,n,€)) = B(pl™(z),€).
Second, although each Pomeau-Manneville map ¢, Is not uniformly expand-
ing, it enjoys the following scaling property: given ¢ > 0, diam(¢ ) [0,d]) >

S+ 3[1+ (1 + B)6”] = csdiam[0, 6] and diam(apaiﬂ (I)) > osdiam(I) for every
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ball I C S! of diameter larger or equal to §, where o5 > 1 (depending on ) and
cs = (1+6(1+5)5%) > 1, see [34]. Note that by the choice of the collections &)
as above, their derivatives satisfy dp_u) (z) > (1+(1+8)2828) > (1+(1+B)67)
for every x € [g, %] and dyp ;) (x) = 2 for every x € (%, 1]. Using the previous
expression recursively, we deduce that there exists N;s > 0 such that for each
w € ™" with n > Ns one has that ¢"(B(z,§)) = S! for each x € S1. This
means that the NAIFS (S, ®) is topologically exact. Thus, we can apply the
approach used in the proof of Theorem 6.5 to conclude the NAIFS (S!, ®) has

the specification property.

In what follows, we give some comments about the specification property of
NAIFSs and semigroup (group) actions.

Given a continuous map g on a topological space X, we say that g has finite
order if there exists n > 1 so that g™ = idx. Let us mention that, in the context
of group actions, the existence of elements of generators of finite order is not an
obstruction for the group action to have the specification property in the sense
of [34, Definition 1] that extends the specifcation property introduced by Ruelle
[35] to more general group actions and differs from the orbital specification
properties which introduced by Rodrigues and Varandas [34] (e.g., the Z2>-
action on T? = R?/Z? whose generators are a hyperbolic automorphism and
the reflection on the real axis satisfies the specification property in the sense
of [34, Definition 1], see [34]). However, in the context of NAIFSs, if there
exists g € N;>1®Y) of finite order, then this can not be true, see the following
example.

Example 6.10. Let (X, ®) be an NAIFS of continuous maps on a compact
metric space (X,d), and let g : X — X be a continuous map of finite order
n such that g € ﬂjzﬁb(j). We claim that the NAIFS (X, ®) does not enjoy
the specification property. Assume, by contradiction, that the NAIFS (X, ®)
satisfies the specification property. Let § > 0 be small and fixed so that there
are at least two distinct 2d-separated points z1,29 € X, ie., d(x1,x2) > 20.
Let N (%) > 1 be given by the definition of specification property. Then, for
the word w € I corresponding to the constant sequence (g,g,g,...) and
integers 0 = j; = k1 < jo = ko with jo — ky = ™ > N(%), for some r € N,
there is a point z € X such that d(z,z1) < 2 and d(pL™(2), L™ (22)) < 3.
Consequently,

N |

§ < d(w,w2) = d(g™(x), 9" (22)) = A" (@), " (22)) <

b
that is a contradiction.

Note that in [34] the authors introduced three kinds of specification prop-
erties for group and semigroup actions: specification property in the sense
of Ruelle, strong orbital specification property and weak orbital specification
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property. For a semigroup action, the claim in Example 6.10 holds whenever
we consider the strong orbital specification property.

We mention that, an NAIFS generalizes the both concepts of finitely gen-
erated semigroups and non-autonomous discrete dynamical systems. The next
example shows that the dynamic of an NAIFS differs from semigroup actions.

Example 6.11. Let f: S' — S! be a C'-expanding map of the circle, and let
R, : S' — S! be the rotation of angle a. Then, the semigroup G generated
by G1 = {f, Ra} does not satisfy the strong orbital specification property, see
[34, Example 31].

Now, let (S, ®) be a uniformly expanding NAIFS with the uniform expan-
sion factor ¢ > 1 and injectivity constant p > 0. Then, by Theorem 6.5, the
NAIFS (S', ®) satisfies the specification property. Take ¥ = &) U {R,}
and U0 = ®U) for all j > 2. We claim that the NAIFS (S*, ¥) enjoys the
specification property. Indeed, let & > 0 be fixed, without loss of generality we
assume that § < p, and take N(§) the constant given by Lemma 6.4 for the
NAIFS (S%, ®). For the NAIFS (S, ), take a word w = wqwq -+ € IH°°
points 1,2, ...,z € ST with s > 2 and a sequence 0 = j; < k1 < jo < kg <

- < js < ks of integers with j,41 — k, > Ns for n = 1,...,s — 1, where
Ns = N(0) + 1. By Theorem 6.5, if 1/)1([,11 # R, then there is a point z € X
such that d(¢Li(x), %L (2,,)) < § for each 1 < m < s and any j,, < i < k.
If @[11(1,11) = R,, then there is a dynamical (k; + 1)-ball B(x1;w, ki, €) with e < §
such that ¥L¥1 (B(z1;w, k1, €)) = B(yL*1 (1), 6) (note that, R, is an isometry
and (S, ®) is a uniformly expanding NAIFS). Now, by the approach used in
Theorem 6.5, there is a point € S! such that d(vL(z), vl (x,)) < 6 for
each 1 < m < s and any j,, < < k,,. This proves the claim.
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