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The minimality of a nonautonomous dynamical system given by a compact Hausdorff space X and a
sequence of continuous selfmaps of X is studied. A sufficient condition for nonminimality of such a
system is formulated. A special attention is paid to the particular case when X is a real compact interval
1. A sequence of continuous selfmaps of I forming a minimal nonautonomous system may uniformly
converge. For instance, the limit may be any topologically transitive map. But if all the maps in the sequence
are surjective then the limit is necessarily monotone. An example is given when the limit is the identity. As
an application, in a simple way we construct a triangular map in the square I? with the property that every
point except of those in the leftmost fibre has an orbit whose w-limit set coincides with the leftmost fibre.

Busuaemuvca MiHIMAABbHICMb HEABMOHOMHOT OUHAMIYHOT CUCeMU, U0 3A0AEMbCA KOMNAKIMHUM XAy C-
oopgosum npocmopom X ma nocai008Hicmio HenepepeHux 8i000paxceHsb Ha Hbomy. Chopmyabo8ano
00CMAMMIO YMOBY OAA HEMIHIMAAbHOCMI makux cucmem. Ocobaugy ysazy npudiaeHo 8Uunaoky, Koau
X € giopisxom npamoi 1. Ilocaioosnicmv Henepep8Hux 6i006paxceHb Ha I, wo opmye MIHIMAALHY
HeasmoHOMHY OUHAMIYHY CUCIEMY, MONce DIBHOMIDHO 30izamucy. Hanpukaao, :panuyero moxce bymu
0yOb-aKe MpaH3umueHe 8i000paxiceHHA. Aae AKULO 8Ci 8I00OpaNceHHA 3 yiei NocAi008HOCMI € clop -
EKMUBHUMU, MOOI 2PAHULEI0 € HEOOXIOHO MOHOMOHHe 8i000paxceHHA. Hasedeno npuxaad, koau epa-
HUUero € MOmoxcHe 8i000pancenHA. STk 0eaKy anaikayiro Ha6e0eHo NPOCHY KOHCIMPYKUIH MPUKYIHO20
6i006padcenns 6 keaopami I* 3 6aacmuesicnio, wio 00BiAbHA MO1KA, 3a BUHAMKOM MO1OK I3 KPAIIHbO20
118020 8ePMUKAALHOR0 WUAPY, MAE OPOIMY, w-2PAHUUHA MHONUHA AKOL 30120€MbCA 3 YUM ULAPOM.

1. Introduction. Minimality is a central topic in topological dynamics (see, e.g., [1 —3]). A dynami-
cal system (X, f) where X is a topological space and f : X — X continuous, is called (topologi-
cally) minimal if there is no proper subset M/ C X which is nonempty, closed and f-invariant
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ON MINIMALITY OF NONAUTONOMOUS DYNAMICAL SYSTEMS 87

(i.e., f(M) C M). In such a case we also say that the map f itself is minimal. Clearly, the system
(X, f) is minimal if and only if the (forward) orbit of every point € X is dense in X. Recently
the authors proved (see [4]) that the minimal maps send open sets to sets with nonempty interi-
ors (so called feebly open or almost open maps) and, moreover, they are almost one-to-one (a
typical point has just one preimage). To show this, among others a simple but useful sufficient
condition for nonminimality of a map (see Lemma 2.1 below) was used.

We will call a space X minimal if it admits a minimal map f : X — X. An important and
old question is which compact Hausdorff spaces (compact metric spaces, continua, etc.) admit
minimal maps. This problem is investigated for instance in [S] and [6]. In particular, from [5]
we know that if we are interested in whether a space admits a minimal homeomorphism or not
and whether it admits a minimal nonivertible map or not, then all four possibilities can occur
(examples are interval (no, no), circle (yes, no), torus (yes, yes), pinched torus (no, no)). In [6]
it is proved that the only 2-manifolds (compact or not) which admit minimal maps are either
finite unions of tori or finite unions of Klein bottles.

In this paper we will study a nonautonomous discrete dynamical system (X; f1 ) given
by a compact Hausdorff topological space X and a sequence fi ., = (f;);2; of continuous
selfmaps of X. The trajectory of a point z is defined to be the sequence z, f1(z), fa(f1(z)), ...
and its orbit is the set of values of this sequence. The system is minimal if every orbit is dense in
X. Easy examples (see, e.g., the sequence of constant maps from the example in Remark after
Lemma 2.3) show that from minimality of such a system one cannot deduce the feeble openness
of f,, or f, o---0 fa 0 fi. Neither one can deduce that these maps are almost one-to-one. This
indicates that there is a larger variety of nonautonomous minimal systems than autonomous
ones. (One of our aims is to illustrate this observation by showing less degenerate examples.)

The paper is organized as follows. We first generalize the above mentioned sufficient condi-
tion for nonminimality to the case of nonautonomous dynamical systems on a compact Haus-
dorff space (see Section 2). A special attention is paid to the particular case when X is a real
compact interval I (see Section 3). We show that the interval admits a nonautonomous dynami-
cal system given by a sequence of continuous surjective maps. This sequence may even uni-
formly converge. For instance, the limit may be any topologically transitive map and we discuss
the question whether the minimality of the sequence of maps always implies the topological
transitivity of its uniform limit. We show that, rather surprisingly, this is not necessarily the
case. If all the maps in the sequence are surjective then the uniform limit of such a sequence is
definitely not transitive — in fact, it is necessarily monotone (see Proposition 3.1). An example
is given when the limit is the identity (see Theorem 3.1). As an application, we construct a tri-
angular map in the square I? with the property that every point except of those in the leftmost
fibre has an orbit whose w-limit set coincides with the leftmost fibre. To show this property for
our triangular map is much simpler than in [7] where this is proved for a map from [8].

2. Sufficient conditions for nonminimality of a system. Let X be a Hausdorff topological
space and f : X — X continuous (written f € C(X)). If Y C X is nonempty, closed and
f-invariant then Y is called a minimal set of the system (X; f) if the system (Y’; f|y) is minimal.

Recall also that the system (X; f) or the map f itself is called (topologically) transitive if
for every pair of nonempty open sets U and V in X, there is a positive integer n such that
f™(U) NV # (. Clearly, minimality implies transitivity. If f is transitive then f(X) is obviously
dense in X and since we additionally assume X to be compact, f(X) is also compact. Hence
FX) = X.
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If X has an isolated point and f is transitive then X is just a periodic orbit of f. Hence,
if X admits a transitive map then either it has no isolated point or otherwise it is finite. If X
is a compact metric space without isolated points, then the above definition of transitivity is
equivalent to the existence of a dense orbit (for a survey of results on transitivity see, e.g., [9]).

Lemma 2.1 [4]. Let X be a compact Hausdorff space and f € C(X). Then the following two
conditions are equivalent and each of them is sufficient for f not to be minimal:

1) there is a closed set A # X in X with f(A) = f(X),

2) there is an open set B # () in X with f(B) C f(X \ B).

Nonautonomous dynamical systems (in fact their topological entropy) have been studied in
[10] and [11]. Let us recall the definitions and some notations.

Let fi.0 := (fi);2; be a sequence of continuous selfmaps of X. For any positive integers
i,n set fi' = fit(m-1)© - o fiy1 o fi and additionally fY = idx. We will call (X; f1.) a
nonautonomous discrete dynamical system. The trajectory and the orbit of a point x € X will
be the sequence (f]'(x))52, and the set { f{'(z) : n = 0,1,2,...}, respectively. If k is a positive
integer, the sequence (f{*(z))FZ} is said to be a finite trajectory of z (with length k).

We define the minimality of a nonautonomous system as the density of all orbits. Again, this
is equivalent to the nonexistence of any proper subset M C X which is nonempty, closed and
fi,00-invariant (i.e., f{'(M) € M forn = 1,2,...). Note that for autonomous systems (when
fn = f for every n) this agrees with the usual definition.

In the previous lemma we worked with compact Hausdorff spaces. In the proof of the
next lemma we need that a sequence of points in the space have a convergent subsequence.
Therefore we additionally assume metrizability (in fact to add 1st countability instead of metri-
zability would be sufficient, see [12, p. 229, 217]).

Recall also that for autonomous systems the next lemma is equivalent to the well known
fact that f is minimal if and only if for any open set B there is a k such that every point visits
the set B not later than in time k.

Lemma 2.2. Let (X, p) be a compact metric space and let (X; fi ) be a nonautonomous
dynamical system. Then the following are equivalent:

1) (X; fi1,00) is not minimal;

2) there is a nonempty open set B C X such that (X; f1 ) has arbitrarily long finite trajec-
tories disjoint with B.

Proof. 2) follows from 1) trivially. So let 2) hold. Then there is an increasing sequence of
positive integers (n)7°, and a sequence of points (z)7°, such that for every k, the fi -
trajectory of z; of length ny, is disjoint with B. Without loss of generality we may assume that
the sequence xj, converges. Denote its limit by y. Obviously, y ¢ B. Due to continuity, for any
positive integer 7, f] (y) is the limit of f{(x;) when k tends to infinity. For all sufficiently large &
we have n;, > randso f](zx) ¢ B. Hence f{(y) ¢ B. Thus the f; «-trajectory of y is disjoint

with B and so (X; f1 o) is not minimal.

Corollary 2.1. Let (X, p) be a compact metric space with no isolated points and let (X; f1 o)
be a nonautonomous dynamical system. Suppose that there is a nonempty open set B C X and
ng € Nsuch that:

1) flno_1 is onto;

2) (X fno,00) has arbitrarily long finite trajectories disjoint with B.

Then (X; fi1,00) is not minimal.
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Proof. By Lemma 2.2, there is a point y € X whose f,, «-trajectory is not dense in X, i.e.,
does not intersect some nonempty open set in X (in fact the set B as it can be seen from the
proof of Lemma 2.2). By 1) there is a point z with f°"'(2) = y. Then the f; -trajectory of z
contains at most ny — 1 points from the set B and so it cannot be dense in B (note that X has

no isolated point). Thus (X; fi o) is not minimal.

Remark 2.1. The assumption 1) in Corollary 2.1 cannot be removed. To see it, take X =
= [ = [0,1]. For n > 2let f, be the standard tent map and let f;(x) = d, x € I, where d is
a point whose trajectory under the tent map is dense in /. Then 2) is fulfilled with, say, ny = 2

and B = (0, 5) but (X; fi,00) is minimal. (One can construct an analogous example with any

other topologically transitive map in place of the tent map.)

Lemma 2.3. Let (X, p) be a compact metric space with no isolated points and let (X; f1 o)
be a nonautonomous dynamical system. Suppose that there is a nonempty open set B C X and
ng € Nsuch that:

1) flno_l as well as the maps f,,n > ng, are onto;

2) for every n > ng, frn(B) C fu(X \ B).

Then (X; fi1,00) is not minimal.

Proof. In view of Corollary 2.1 it is sufficient to find arbitrarily long finite trajectories of the
system (X; fp,,00) disjoint with B. To this end, fix ¥ € Nand p € X\ B. For anyn > ng we have
fn(X'\ B) = fn(X) = X and so any point has an f,,-preimage in X \ B. Thus there are points
Tk, Th—1,---,20 € X \ B such that fno—i-k(l'k) = p, fno—l—(k—l)(zk—l) = Tk, -5 [no (z9) = 1.
Then {zo, x1, ..., 2k, p} is an fp, co-trajectory of zo of length k + 2 disjoint with X \ B.

Remark 2.2. The assumption 1) in Lemma 2.3 cannot be removed. To see this, let X = I =
= [0,1] and let {g, : » € N} be an enumeration of the rationals from [0, 1]. Put f,,(z) = ¢, for

1
allz € Tandn € Nand take B = (0, 5).Then (I; f1,00) is minimal though all the assumptions
of Lemma 2.3 except for 1) are satisfied.

Lemma 2.4. Let (X, p) be a compact metric space with no isolated points and let (X; f1 o)
be a nonautonomous dynamical system. Suppose that the sequence ( f,)°> | uniformly converges
to a map f. If f is not onto then (X; f1 o) is not minimal (even no fi ~-trajectory is dense).

Proof. Since f is not onto, there is a nonempty open set B with p(B, f(X)) > 0. Then for
all sufficiently large n, f,,(X)NB = (. This implies that every trajectory of the system (X; f1 )
has only finitely many points in B and so is not dense in X (note that X has no isolated points).

3. Minimality of nonautonomous systems on the interval and an application. In C'(I) where
I is a real compact interval, say I = [0, 1], there are no minimal maps. Nevertheless, a sequence
of maps f,, € C(I) may be minimal, see for instance the remark after Lemma 2.3. One can even
find an example with surjective maps. Let {Q,, : n € N} be an enumeration of open intervals
with rational endpoints in [0, 1]. For every n choose a point ¢, € @Q,. Let f,, be any continuous
selfmap of I such that f,(I \ Q,) = {g»} and f,(Q,) = I.Foreveryz € [ and everyn € N
we have that z € @), or f,(z) € Q.. Hence the system (I; f ) is minimal.

But what happens if f,, uniformly converges to a map f ? Since f cannot be minimal, does
this mean that the sequence (f,)52; itself cannot be minimal ? The answer is negative as we
saw in the remark after Corollary 2.1. But notice that in this example f; was not onto. If all the
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maps f, are onto then still (f,)5°; may be minimal and convergent (see Theorem 3.1 below)
but the limit function must be monotone. This is rather paradoxical: a minimal sequence of onto
maps (i.e., a complicated sequence in a sense) may uniformly converge but only to a monotone
map (i.e., to a very simple map which is even far from being topologically transitive).

Proposition 3.1. Let (I; f1 ) be a minimal nonautonomous dynamical system such that the
sequence (), uniformly converges to a map f and all the maps f, are onto. Then f is (not
necessarily strictly) monotone.

Proof. Suppose on the contrary that f is not monotone. Then there are points ¢ < b < cin
I'with f(a) < f(b) > f(c) or f(a) > f(b) < f(c). In either case, one can find a nondegenerate
open interval B C (a,b) such that for all sufficiently large n, f,(B) C f,(I \ B). Hence by
Lemma 2.3 the system is not minimal, a contradiction.

In what follows, by a u-homeomorphism or a d-homeomorphism we will mean any increa-
sing homeomorphism f : I — Isuchthatforallz € (0,1), f(z) > zor f(z) < x, respectively.
It is not difficult to see that one can define a minimal sequence (f,,)>°; uniformly converging
to the identity, of the form

f17U17D17-'-,Un,Dn7...

1
where f1(z) = 3 and Uj; or D; is a block of u-homeomorphisms or d-homeomorphisms, respecti-

vely. On the other hand, (f,,)72; cannot be minimal if f,, n > ng, are homeomorphisms and
7m0~ is onto (for there is a point z with f°~*(z) € {0,1} and ¢({0,1}) = {0,1} whenever ¢
is a homeomorphisms). Nevertheless, we have the following theorem.

Theorem 3.1. There exists a minimal nonautonomous dynamical system (I; f1 ) such that
the sequence ( ), uniformly converges to the identity and all the maps f,, are onto. Moreover,
all f,, can be chosen piecewise linear with nonzero slopes and at most three pieces of linearity,
and even for every n the system (I; f, ) is minimal.

Proof. First introduce some notation and terminology. For ¢ > 0 let F. denote the set of
maps which are e-close to the identity, onto, piecewise linear with nonzero slopes and at most
three pieces of linearity.

ItS = (f1,...,fn) is a finite sequence of selfmaps of I and x € I, we will say that the
trajectory of z under S is e-dense in I if for every y € I thereisi € {0,1,...,n} with |fi(z) —
-yl < e

Finally, if f is a selfmap of I and A;, B;, i = 1,...,r, are subsets of I with f(4;) = B,
i=1,...,r,wewill write f(A4,...,A,;) = (B1,...,B;).

Now we are ready to prove the theorem. Suppose for a moment that for any small ¢ > 0 we
are able to define a finite sequence S, of maps from F. such that the trajectory under S; of any
point from [ is e-dense in I. Then, whenever £(n) — 0, the infinite sequence

Se(1)sSe(2)s -+ Se(n)s -+

fulfills all the properties required in the theorem.

. . 1
Thus it remains only to show how one can construct S.. So fix a small ¢ > 0 (say, e < Z)

and put A = [O,%},B = B,l—a,C: {1—%,1},14* = [%,5} andC~ = [1—5,1—%}.It
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is clear that there are increasing homeomorphisms f., g., h. € F. and positive integers ni(e),
na(e), n3(e) such that

(fe)nl(€)<A7B7C> = <A7 A+vI\ (AUA+)> )
(9o)" (A, AT T\ (AU AT)) = (I\ (C7UC),C7,C),

(he)™ENI\ (C~UC),C™,C) = (A, B,C)

(fe is the identity on A and a d-homeomorphism on [ \ int(A), g. is a u-homeomorphism and
he is the identity on C and a d-homeomorphism on I \ int(C')). Consider the finite sequence

T: = fe,oois ferGey ooy Ges hey oo he
—_— ——— ——

ni(e) na(e) n3(e)

It is easy to check that the trajectory under 7; of any point x € I ends in the interval A, B or C
in which it started and, moreover, if x € B then the trajectory of z is e-dense in I. Nevertheless,
the T.-trajectory of a point from A U C' may not be e-dense in I. Therefore take a piecewise
linear map . having three pieces of linearity such that ¢.(0) = €, p(e) = 0, p(1 —¢) = 1,
ve(1) = 1 — € (notice that . € F). Since p.(A U C) C B, the trajectory of any point from
A U C under the finite sequence ¢., T} is e-dense in I. Hence the sequence

Ss = Tsa 9067T6

has all the desired properties.

The theorem is proved.

A continuous map F' of the space X x Y into itself is called skew product or triangular (see
e.g. [8, 13]) if it is of the form F(x,y) = (f(x),g(z,y)). The continuous map f : X — X is
called the basis map of F. Instead of g(x,y) we also write g,(y). Then we shortly write F' =
= (f,gz)- Here g,, x € X, is a family of continuous maps ¥ — Y depending continuously on
x. The maps g, are called fibre maps, the sets Y, = {z} x Y are called fibres (Y, is the fibre
over x). Since 7x o F' = fomx, where my : (x,y) — = is the X-projection, the map F' is an
extension of f. The Y-projection 7y : (z,y) +— vy is also called the 2nd projection. We denote
by Ca (X x Y) the set of all continuous triangular maps from X x Y into itself.

Consider a map F' € Ca(I?). It can happen as well that an orbit of F is not dense in I x I
(it may even be nowhere dense) and yet its 2nd projection is dense in I. It is not possible that
all orbits of F' have dense 2nd projections because the square has the fixed point property.
Nevertheless, as an application of Theorem 3.1 we prove the following theorem.

Theorem 3.2. There is a triangular map F = (f,g,) € Ca(I?) such that:

1) all points of the form (0, y) are fixed;

2) limy, o0 f(x) = 0 for every x;

3) every point from I x I which is not of the form (0, y) has the orbit whose 2nd projection is
dense in I (hence, in view of (2), its w-limit set equals {0} x I);

4) the map F has zero topological entropy.

Proof. First we define the basis map f on I = [0, 1]. Put f(0) = 0 and f(1) = 1/2. Further,
forany n = 1,2,... let f(1/2") = f(1/2" + 1/2"*1) = 1/2"*1 To finish the definition of
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f let f be linear on each closed interval J having the property that f has been defined at the
endpoints of J but has not been defined in the interior points of .J. Notice that for every x € I,
limy oo f*(z) = 0.

Now, for each x € I, we need to define the fibre map g¢,(y), y € I. We use the system
(I; f1,00) from the previous theorem. Put go(y) = y and for every n € NU {0} let g /o0 = frny1-
So far we have defined a map Fy € Ca({1/2" : n = 0,1,...} x I). Now use Extension lemma
from [14] (cf. [15]) to extend Fy to amap F € Ca(I?).

It remains to show that F satisfies 3) and 4). The map f is piecewise linear with infini-
tely many pieces, each of them having the slope zero or one. For every z € I\ {0} there is
a nonnegative integer k (depending on z) such that f*(z) belongs to the set {1/2" : n =
= 0,1,...}. From this and the fact that the system (I; f; ~,) is minimal for every k, it easily
follows that every point from I x I which is not of the form (0,y) has the orbit whose 2nd
projection is dense in . Since the set 2(F') of nonwandering points of F is the fibre Iy where F
is the identity, for the entropy h(F') of F we get (see [16]) h(F) = h(Fjor)) = 0.

The theorem is proved.

Let us remark that the existence of such maps as in Theorem 3.2 has been established in [7]
(by using a map from [8]), but the proof for our map is simpler.
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