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TRANSACTIONS OF THE
AMERICAN MATHEMATICAL SOCIETY
Volume 297, Number 1, September 1986

CHAOTIC FUNCTIONS WITH ZERO TOPOLOGICAL ENTROPY
J. SMiTAL

ABSTRACT. Recently Li and Yorke introduced the notion of chaos for mappings
from the class CO(1, I'), where I is a compact real interval. In the present paper we
give a characterization of the class M ¢ C°(I, I') of mappings chaotic in this sense.
As is well known, M contains the mappings of positive topological entropy. We
show that M contains also certain (but not all) mappings that have both zero
topological entropy and infinite attractors. Moreover, we show that the complement
of M consists of maps that have only trajectories approximable by cycles. Finally, it
turns out that the original Li and Yorke notion of chaos can be replaced by (an
equivalent notion of) 8-chaos, distinguishable on a certain level § > 0.

1. Introduction. Let I denote a compact real interval and C°(I, I') denote the set
of continuous maps of I into itself. Let f € C°(1, 1), 8 > 0, and let S C I be a set
such that for any x, y € S, x # y, and any periodic point p of f:

(1.1) lirrlsup lf"(x) =f"(y)|> 9,
(1.2) limin |f"(x) = f"(y)|=0,
(1.3) liﬂlsup [f"(x) = f"(p)|> 8.

Here f” is the nth iterate of f. Then S is called a scrambled set of f, or (when
8 > 0) a 8-scrambled set. The function f is chaotic in the sense of Li and Yorke [11]
if f has an uncountable scrambled set. Any map with a cycle of order # 2" for
n=0,1,2,... is chaotic in this sense (cf. [5]).

Recall that if f has no cycles of order not a power of 2, then by Sarkovskii’s
theorem [14] (cf. also [24]) either f has cycles of finitely many different orders, i.e.,
of orders 1,2,...,2% for some k, or f has a cycle of any of the orders
1,2,22,...,2",.... In the last case f is referred to as a function of type 2*.

Functions with cycles of order not a power of 2 are often considered as the chaotic
functions since they share a number of properties not possessed by other maps and
since in some sense they behave more wildly. An extensive survey of the correspond-
ing properties can be found, e.g., in [19 or 4]. Here we recall only some of them; they
will be useful in the sequel.

1.1. THEOREM. Let f € CO(I, I). The following conditions are equivalent:
(i) f has a cycle of order not a power of 2;
,(ii) for some x € I, the attractor L;(x) of x is infinite and contains a periodic point
(Sarkouskii [16, p. 71]; see also [17 or 19]);
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270 J. SMITAL

(iii) the topological entropy of f is positive (Misiurewicz [12]);
(iv) there are closed intervals J, K C I having at most one point in common, and
positive integers m, n such thatJ U K C f™(J)N f"(K).

The equivalence of (i) and (iv) follows easily from [15 or 1] (see also [3]) where
certain modifications of (iv) equivalent to (i) are given. However, (iv) seems to be
more suitable in application.

The main aim of this paper is to show that functions chaotic in the sense of Li and
Yorke need not have cycles of order not a power of 2 (Theorem 2.7 below).
Moreover, we give a characterization of functions chaotic in this sense (Theorem
2.2). It turns out that the class C°(I, I') can be decomposed into two disjoint sets:
Functions chaotic in the sense of Li and Yorke, and functions that have only
trajectories approximable by cycles (Theorem 2.4). This shows that the Li and Yorke
concept of chaos is a good and appropriate tool in considering maps of type 2.

Since the proof of the above-quoted results is complicated, we first state in the
next section the main results and in §3 we prove some properties of functions of type
2%. Finally, in §4 we prove the main results, except for Theorem 2.7; its proof is
given in §5.

2. Main results. Let f € C°(I, I): Recall that the trajectory of x € I under f is
the sequence {x, };_,, where x, = x and x,,; = f(x,). The attractor L (x) of x is
the set of limit points of the trajectory of x. An interval O C I is f-periodic of order
kif J, f(J),..., f*"1(J) are pairwise disjoint intervals and f*(J) = J. For any set
A c I denote Orb,(A4)=U2,f'(4). For x €I we write Orb,(x) instead of
Orb,({ x }). The Lebesgue measure is always denoted by p.

2.1. DEFINITION. Let f € C%(I,I). Then u,v € I are f-separable points if there
are disjoint f-periodic intervals J,, J, C I with u € J,, v € J,. Otherwise u, v are
f-nonseparable.

2.2. THEOREM. Let f € CO(1,I). Assume f has zero topological entropy. Then the
following conditions are equivalent:

(1) There is an infinite attractor L;(x) for some x € I containing two f-nonseparable
points.

(ii) For some 8 > 0, f has a nonempty perfect 8-scrambled set.

2.3. ReMaRk. Condition 2.2(ii) implies that f is topologically conjugate to a
function g € C°(1, I), which has a scrambled set of positive Lebesgue measure. To
see it, let S be a perfect scrambled set for f, and let ¢ be a homeomorphism of I
such that p(@(S)) > 0. Then clearly S* = ¢(S)is a scrambled set for g = o fo @7,
Moreover, when S is 8-scrambled, then also S* can be made to be §-scrambled.
Thus we have a result generalizing recent results from [13, 7, 21 and 22]. Note that in
all these papers the corresponding chaotic functions have positive topological
entropy.

2.4. THEOREM. Let f € C°(I, 1) be of type 2% and let no infinite attractor of f
contain two f-nonseparable points. Then for any x € I and € > 0 there is a periodic
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CHAOTIC FUNCTIONS WITH ZERO TOPOLOGICAL ENTROPY 271
point p of f with

(2.1) limsup |f"(x) —f"(p)|<e.
n— o0

2.5. REMARK. Condition 1.1(iv) allows us to prove that any f € C°(I, I) with
positive topological entropy has a nonempty perfect §-scrambled set for certain
& > 0. The argument uses some ideas from Misiurewicz’s paper [13] and can be
found in [23]. Thus by Theorem 2.4, condition 2.2(ii) gives a characterization of
maps from C°(1, I'), chaotic in the sense of Li and Yorke.

2.6. REMARK. An arbitrarily small perturbation of a nonchaotic mapping can
provide a chaotic map, but in certain cases, the chaos can only be small, cf. [20, 25].
The result is as follows: If f € C°(1, I) has zero topological entropy, and the set of
periodic points is closed and nowhere dense, then for any given &> 0, every
g € CO(1, I) sufficiently near to f has only trajectories e-approximable by cycles. In
connection with the above results, we conjecture that this condition can be extended
to nonchaotic maps f € C°(1, I'), whose periodic points form a nowhere dense set,
i.e. also for certain maps with infinite attractors (the set of periodic points of any
such mapping cannot be closed, cf. e.g. [15]).

2.7. THEOREM. (i) There is a function f € C°([0,1],[0,1]) of type 2% which is
chaotic in the sense of Li and Yorke.

(ii) There is a map g € C°([0,1],[0,1]) of type 2% which has an infinite attractor,
but is not chaotic in the sense of Li and Yorke.

3. Properties of functions of type 2. The following theorem summarizing certain
known results will be useful in the sequel.

3.1. THEOREM. Assume f € C°(1,1) is of type 2* and w is its infinite attractor.
Then

@ f(0) = w;

(ii) any neighborhood of an arbitrary nonisolated point x € w contains a periodic
point of f;

(iii) w = 4 U B, where A # @ is nowhere dense and perfect and B is countable with
the property that every interval contiguous to A contains at most two points from B.

Property (i) is well known and easily provable for any f € C°(1, I), (iii) is proved
in [18]. Condition (ii) is proved under more general assumptions in [8]; however,
since [8] is not generally available, we later give an independent proof (Remark 3.6).

For simplicity, we now state some standard assumptions and notation that we will
use in this section.

3.2. AsSUMPTIONS. Let f € C°(J, I) be of type 2. Let w = L,(x) be an infinite
attractor and let {x,}%, be the trajectory of x. Put ¢ = minw, b = max w, and let
¢ € (a, b) be a fixed point of f, i.e., ¢ = f(c); the existence of ¢ follows from 3.1(i)
since by 1.1(ii)

(3.1) f(y)#y foreveryy € w.
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272 J. SMITAL

3.3. LEMMA. Let Assumptions 3.2 be satisfied. Then for any sufficiently large i,
x, <ciffx,,; >c

PROOF. By (3.1) and 3.1(i) there is an interval J = [u, v] C (a, b) with ¢ € J and
f2(J)>la,b). (f f(a)= b, take a,,a, € w with f(a,)=a,, f(a,) = a and put
J = conv{a,, a,, c}, the convex hull of {a,,a,,c}.)

Denote f*([a,c]) =Jy, f2(c,b]) =J,. We show that for some m, n there are
x,, €J, and x, € J;. Indeed, if x; & [a,c] for every i, then (a,c)Nw = &; so
f(a), f(a) > c (see 3.1(i)) and since by (3.1) f(a) # f*(a), we have either (¢, f(a))
Nw# @ or (¢, fY(a)) Nw# . In any case, x,, € f((c, f(a)) C f2(a,c]) = J,
for some m. Similarly for J;.

Now assume the lemma is not true. Then thereis a k > m + n with

XpsXpe1 <C<Xpypn OF X3, p<C <X, X4

A simple verification shows that in any case, for some s € {1,2},

(3.2) f*(eonv{c,x, }) D conv{x;,q, X412 )
Moreover, there is an r > 0 with
(3.3) fr(conv{xyi1,X442)) D [u,0].

To see it assume, e.g., x;,, < ¢ < Xx;,.,. If u<x,,,, choose p> 0 such that
Xpip+1 < u.If X1 < u, then clearly there are p > 0 and ¢ with x; ., < x, < c and
X,pp <min{x,u} (note that @ = minw < u). In any case, f7'([x;,y,c]) D [u,c]
for every i > 0. Similarly, there is some g > 0 such that f%([c, x,,,]) D [c,v] for
any j > 0. Put r = pq.

By (3.2) and (3.3) we now have

freiomestri([a,e]) o £ 2 (conv{xy, ¢}) 2 f2([u,0]) = [a, b].
Similarly, f2**~"*s*r*2([¢, b]) D [a, b] and Theorem 1.1 (see (iv)) gives a con-
tradiction. 0O

3.4. LEMMA. Let Assumptions 3.2 be satisfied. Then there is an f-periodic interval
J C I of order 2 such that

JNw#* @ +f(J)Nw and Orb,(J)D w.

PROOF. Put wy = {x €Ew; x <c}and w; = {x €Ew; x> c}. By (3.1), w = wy U
w,. Moreover, f(w;) C w,, since otherwise f(y) € w, for some y € w,, and by the
continuity of f we have x,,x,,, <c for a certain k, contrary to Lemma 3.3.
Similarly, f(w;) C w,, and by 3.1(i)

(3.4) fwy) =w, and f(w;) = w,.

Let J =U®, f¥(convw,), K =U®, f*(convw;). Since f2(convw,)D convw;
for i = 0,1, we have

(3.5) f¥(J)=J and f*K)=K.
Moreover, by (3.4),
F(7) = U 7#(f(convey)) > U f*(conve,) = K
i=1 i=1

and similarly, f(K') 2 J. Now (3.5) implies f(J) = K and f(K) = J.
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CHAOTIC FUNCTIONS WITH ZERO TOPOLOGICAL ENTROPY 273

To finish the proof it suffices to show that ¢ &€ J U K (this would imply
J N K = @). Assume, e.g., that ¢ € J. Let d € w, be the point nearest to ¢, and put
I, = conv{wy,c}, I, = convw,, I; = conv{d,c}. Since ¢ € f*(1,) for some s, we
have fk(1,) D I, for some k. Moreover, since f*(d)<d (see (3.1) and (3.4)),
f2(I,) contains some x, and, similarly, as in the proof of the preceding lemma we
show that f/(conv{x;,c}) D [a,c] for some j. Thus f*(I,) D I, and f/*2(1;) D I,,
and Theorem 1.1 (see (iv)) gives a contradiction. O

Now we are able to give one of the most important results in this section. It is
implicitly contained in several Sarkovskii papers, but no correct reference can be
given.

3.5. THEOREM. Let f € CO(I, I') be of type 2% and let w be an infinite attractor of f.

Then there is a sequence {J, }¥-, of f-periodic intervals with the following properties:
For any k,

(i) J, has period 2%

.o k

(ii) Sy Y 2 (s € T

(iil) w C Qrbf(Jk);

@iv) o N fi(J,) #* D for every i.

The proof is induction from Lemma 3.4. O

3.6. REMARK. Theorem 3.5 implies 3.1(ii). Indeed, let U C I be a maximal interval
containing no periodic points of f, and such that U N w is infinite. Then at least one
of the endpoints of U, say point u, lies in Int(convw). Hence u is periodic of period
2% for some k. Now using Theorem 3.5 find an f-periodic interval J of order m > 2k
with J C Int(U), where J denotes the closure of J. Clearly f™(J) = J, so Int(U)
contains a periodic point—a contradiction. O

3.7. LEMMA. Let Assumptions 3.2 be satisfied and let J be an interval with w N J
infinite. Then for some k there is an f-periodic interval K of order 2 with K C J and
w C Orb(K).

PRrROOF. By Theorem 3.1(ii) and (iii) there are periodic points p,q € J of order < 2
p < g, such that (p,q) Nw # &. Let U be any periodic interval of order > 2° with

@ € Orb,(U). Then clearly p,q € Orb,(U) and hence K = f'(U) c J for some i.
O

3.8. LEMMA. Let Assumptions 3.2 be satisfied, and let u < v be f-nonseparable
points from w. Then (u,v) Nw = &.

PrOOF. By Lemma 3.7, (4,v) Nw is finite (see also Theorem 3.5). Assume
z € (u,v) N w, and let L be the maximal closed interval with z € L and L N w
finite (see 3.1(iii)). Clearly u,v € L. Let x, € (u, v). By Theorem 1.1 (see (ii)) there
is f*{u,v}) "L = @ and x,,, € (u,v) for some k Put U = conv{ f (u), x4 1}
V = conv{ f¥(v), x,. ). Then both U N w and ¥ N ‘o are infinite and by Lemma
3.7 there are f-periodic intervals J, C U and J, C V of certain order with Orb,(J;)
N Orb,(J;) D w. Choose p, g such that u,v € f7(J;) N f9(J,). Then

£ (lus x,1) 0 f*4([x,,01) 2 [, 0]

and Theorem 1.1 (see (iv)) gives a contradiction. O
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274 J. SMITAL

The following result is the main tool in the proof of Theorem 2.2.

3.9. LEMMA. Let f € C°(1I, I) be of type 2, and let w be an infinite attractor of f
containing f-nonseparable points u < v. Let U, V be disjoint connected neighborhoods
of u and v, respectively, such that conv(U N V') contains an f-periodic interval J with
Orb,(J) D wandu,v € J.

Then for any positive integer q there is some n divisible by 29 such that f"(U) U f™(V)
contains an f-periodic interval J * with Orb,(J*) D w and u,v € J *.

PRrROOF. By 3.1(ii) one of the sets U, V, say U, contains a periodic point p of f of
order 2%, Let J; C J be a periodic interval of order m = 2°, where s > max{k,q},
such that u, v € J; and Orb(J;) D w (Theorem 3.5). Denote g = ", v, =J; N w.
Then p is a fixed point of g and w; = L,(y) for some y. Note that p € U is to the
left of J;.

First we show that

(3.6) g (U)>J, foreveryi> 2.

Let J, C J, be a g-periodic interval of order 2 with Orb,(J,) O w; and such that J,
is to the left of g(J,). Then there is some ze UNJ,# @ and g'(U)>D
g'(conv{ p, z}) D g'~!(conv{ p, J,}) D g' *(conv{ p, g(J,)}) D g'*(Jy) = J;.

Now by (3.6) and Lemma 3.7 it suffices to show that for some j, g/(V) N w; is
infinite. So assume g(V') N w, is finite. Then y, = g’(y) € V for some r and by
Theorems 1.1(ii) and 3.1(iii) there is an s with y,, € V and g*(v) € U such that
(g°(v), ¥,4,) N w, isinfinite. O

4. Proofs of the main results. We need some lemmas. First the notation. For any
positive integer k, let X(k) = {0,1}* be the set of ordered k-tuples of two symbols
and let X = {0,1}" be the set of infinite sequences of such type. If « € X(k) and
B € X(s), then af € X(k + s) is the concatenation of a« and B. Assume X is
equipped with the topology of pointwise convergence.

4.1. LEMMA. Let f € C%(1, 1) be of type 2 and let w be an infinite attractor of f
containing f-nonseparable points u < v.

Then there are a system {A, a € X(k)}¥_, of closed subintervals of I and an
increasing sequence {n(k)}¥_, of positive integers such that, for any k,

(4.1) Aup C A, whenever a8 € X(k),

(4.2) A,NAg=2 fora,Be X(k), a+8,

(4.3) ifae X(k)  thenf"®(4,)=1J,

where J, is an f-periodic interval of order > 2* with Orb,(J,) D w and u,v € Jy,
(4.4) n(k) — n(i) is divisible by 2, for every i < k

and

(45)  f"O(A4,0) C (~00,u+1/k) and f"*(Ag) < (v—1/k, )
for a, B € X(k).
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CHAOTIC FUNCTIONS WITH ZERO TOPOLOGICAL ENTROPY 275

PRroOOF. Let Uy, U" be closed intervals with u € Uy, v € Uy, conv(Uy' U UY') = 1,
and

(4.6) Uy c(-o0,u+1/n) and U/"C (v—1/n,0)
for n = 1,2,...(see Lemma 3.8). Choose n(1) such that
fn(l)(UOI) mfn(l)(Ull) 5 jl’
where J; is an f-periodic interval of order > 2 with u,v € J; and « € Orb,(J,)
(Lemma 3.9; note that any periodic interval contains the closure of a periodic
interval). Let 4, C U} be a closed interval such that f"®(4,) = J, fori = 0, 1.
Now assume by induction that {4,; a € X(i)}!_, and {n(i)};_, are defined in

such a way that (4.1)-(4.5) hold for any k < s. By Lemma 3.9 we can choose a
positive integer m divisible by 2* and such that

(U ng) nf(Usttng) o g,

where J,,; is an f-periodic interval of order > 2°*! with u,v €J,,; and w C
Orb,(J, ). Hence there is a closed interval F, ¢ U*' N J, such that f"(F,) = Joi
and since (4.3) is true for k = s, we can find, for every a € X(s), a closed interval
A, C A, with f")(4,)=F, i=0,1. Put n(s + 1) = n(s) + m. Clearly, the
system {4, a € X(s + 1)} and n(s + 1) satisfy (4.1)-(4.5) for k = s + 1 ((4.5)
follows from (4.6)). O

Let £ be an irrational number and define : [0,1] — X as follows:

0 if E(¢t + n¢) € [0,1/2),
1 if E(t + né) € [1/2,1).
Here E(x) € [0, 1) denotes the noninteger part of x.

42. LEMMA. Let y(s) = {s,)%, and ¥(t) = {1,},. Then

n=1 n=1+

(1) ={t,}>,, wheret,= {

(4.7) t,# s, forinfinitely many n, whenever t # s,
(4.8) Y is a Borel map.

PROOF. Property (4.7) follows easily from the fact that the sequence { E(n§)}%_,
is uniformly distributed (and hence dense) in [0, 1], see e.g. [9]. To prove (4.8) note
that for any n there is at most one ¢ = #(n) € [0,1] with ¢, = 1/2 and that ¢ is
continuous on [0, 1]\ {#(n)}¥_,. O

From the following lemma, (i) = (ii) of Theorem 2.2 follows. However, the lemma
gives a somewhat stronger result.

4.3. LEMMA. Let the assumptions of Lemma 4.1 be satisfied. Then f has a perfect
nonempty 8-scrambled set S, where 8 = v — u.

ProoOF. For any k, let F, =U{A4, a € X(k)}, where A4, are the sets from
Lemma 4.1, and let F = N¢_, F,. Then by (4.1) and (4.2), F is a nonempty perfect
set. Moreover, let {K,},c, be the connected components of Int(F) and let
K, = (x,, y,) for any i. Put K* = (x;, ;] and denote

B=F\ U K~
ieM
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276 J. SMITAL

Clearly, B is an uncountable Borel set and there is a 1-1 map ¢ of X onto B defined
as follows: For a = {a(i)}{2, let (@) € (NF_144q) ... ax)) N B.

Now let ¢ be the map from Lemma 4.2. Since v is 1-1, (4.8) implies that ([0, 1])
is an uncountable analytic set. Hence there is an uncountable compact set P C
¥ ([0, 1)) (cf. [10, p. 387]). Moreover, since the set X* C X of sequences, which are
eventually stationary, is countable, we may assume

(4.9) PcC X\ X*.
Now since ¢! is clearly continuous and 1-1, @(P) C [0,1] is an uncountable
compact set. Hence there is a nonempty perfect set S C @(P).

It suffices to show that S is a §-scrambled set for f, where § = v — u. Let x # y,
x,y € S. Denote ¢ (x)= {x(i)}21, ¢ X(y)= {y(i)}2;. By (4.7) there is an
arbitrary large j with x(j) # y(j). Hence by (4.5),

|fn(j_1)(x) _fn(j_l)(y) 1 > diSt{fn(j_l)(Ax(l)~~x(j))’ fn(j_l)(Ay(l) ..Ay(j))}

>86-2/(j-1)
and thus (1.1) is true.

For any k there are a,f € X(k) such that x € 4,, y € 4, so by (4.3),
(f"®(x), f"®(y)} c J, and since J, is periodic of order 2*, there is some m(k)
with 0 < m(k) < 2¥ such that diam(f™%(J,)) < 2 *¥diam(I). Hence
|frirEmib(x) — friotmk(y)| < 2-*diam(I) and this implies (1.2).

Finally, let p be a periodic point of order 2" and let x € S. By (4.4), for any
k>r,

(4.10) f"O(p) =frO(fr OO (p)) = f7O(p) = .

Since the system { f'(J,,,)}%, contains more than 2" pairwise disjoint intervals, we
have g & J ;. By symmetry we may assume q is to the left of J , , i.e., ¢ < u. Let
@ '(x) = {x(i)}*,. By (4.9) there is an arbitrarily large s > r + 1 with x(s) = 1.
Hence x € 4,4y, .. xs—1n and by (4.5), f"¢~Y(x)>v~1/(s—1). Conse-
quently, using (4.10), we have

|f770(p) = f"¢7(x)[> 8 - 1/(s - 1)

and (1.3) follows. O

4.4. ProoF OF THEOREM 2.4. Assume the trajectory of x is not asymptotically
periodic (otherwise (2.1) is clearly true). Then L/(x) = w is infinite. Since every two
points u,v € w are f-separable, there is an f-periodic interval J with w C Orb,(J)
and such that for every i, diam( f/(J)) < e. Since J is periodic, J contains a periodic
point g of f. Choose j such that f/(x) € J and let p € Orb,(q) be such that
f/(p) € J. Thenclearly |[f"(p) — f"(x)| < ¢ for every n > j and (2.1) is true. O

4.5. PROOF OF THEOREM 2.2. (i) = (ii) follows from Lemma 4.3 and by Theorem
2.4 we have non-(i) = non-(ii), since in this case, (1.3) cannot be satisfied. O

5. Proof of Theorem 2.7. Examples of functions of type 2* possessing infinite
attractors have been indicated by Sarkovskii [14] and KenZegulov and Sarkovskii [8].
Denote these functions by § and f, respectively. It turns out that f and & actually
satisfy our Theorem 2.7, but it is rather difficult to show it. Therefore in this section
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we give another construction. Both maps f and g are given as the uniform limits of
sequences of maps with cycles of order not greater than 2"*!, n = 1,2,.... The key
to the construction is a general system { f, } of maps depending on some parameters.
Its properties are given in Lemma 5.2. By specifying the parameters we then obtain
sequences converging to f or g, respectively.

Note that our function g has similar properties as the map g from [14], while f is
of quite different type than f from [8] (or than a similar map indicated later in [25]
which has zero topological entropy and seems to be chaotic, too). More precisely,
both £ and the map from [25] should have infinite attractors with isolated points but
f has a unique infinite attractor, which is a perfect set.

We begin with the following auxiliary functions. Let I = [a, b], K = [a,a + p],
and L = [b — ¢, b] be nondegenerate intervals with K N L = @. Define maps
v(I), (K, L) € C%I, I) as follows:

Y(I)(x)=a+b—-—x forxel

and
a for x = a,
a+q forx=a+p,
o(K, L)(x) =\, forx = b - g,

b—p forx=0>b.

Moreover, let (K, L) be linear on each of the intervals K, L, and I\ (K U L).
Denote 7(K, L) = ¢(I)° @(K, L) (first apply ¢, then ¢).

5.1. LEMMA. For any disjoint, nondegenerate intervals K, L with conv(K U L) =1,

(i) 7(K, L) K)= Land 7(K, L)L) = K;

(i) 72(K, L)(x) = $(L)(x) for x € L;

(iii) 74(K, L)(x) is the identity map for x € K U L;

(iv) for every y € I\ (K U L), either y is a (repulsive) fixed point of 7(K, L), or
the trajectory of y with respect to 7(K, L) is eventually in K U L.

PrROOF. Straightforward verification. O
Now assume there is a system

(5.1) JO=10,1], JL, J2, 7}, 2, ..., I J0, .
of closed intervals with the properties
(5.2) JE<J® and conv(J!UJP)=J%, forix>1

(A < B means x <y for any x € 4 and y € B). Define recursively a sequence
{ fl }1°°=0 of maps from CO([O’ 1]’ [0’ 1])

(5.3) fo(x)=1-x forxe[0,1],

(5'4) fk+1 =fk °Q, forany k > 0,

where

(55) (pk(x) = {(p(']l\}+1’ Jk0+1)(x) forx € Jko,
X otherwise.
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5.2. LEMMA. Foreveryk > 1 andi = 0,1,

(@) fi(x) = fi(x) forj< kand x & J®,

(ii) J} is an f,~periodic interval of order 2%,

(i) f7(x) = Y(I2)(x) for x € J? and m = 2%,

(v) f{(J))=1/(J}) forj < k and r > 0;

(v) f{ is linear on every interval J C Orbfk(JkO) for every j;

(vi) Orb, (JQ) = Orb, (J});

(vii) the f-trajectory of every x € [0,1] either is eventually periodic of period < 2**+1
or is eventually in Orb, (J).

PROOF. Property (i) follows from (5.4), (5.5), and (5.2).

To show the next two properties assume by induction that (ii) and (iii) are true for
k = s (they are clearly true for k = 0). Since ¢ (J%)=J? and ¢,(x)= x for
x & J2, (i) for k = s implies

(5.6) fia(x)=(floo)(x) forxeJ® and 1<j<?2
Using (iii) for kK = s and (5.6) we have, for n = 29,

(5.7) V(x) = (7o 9,)(x) = T(Jsl+1’ Js(ll)(x) forx e J?
and thus, by Lemma 5.1(1),

(5.8) £a(02) =y and f74(0N,) = I

Consequently, since J,; and J},, are disjoint, both these intervals are f, , -periodic
of order 2°*1 i.e. (ii) is true for k = s + 1.

Moreover, by (5.7), f24(x) = 13(JL 1, J%)(x) for x € J° and Lemma 5.1(ii)
implies (iii) for k = 5 + 1.

To prove (iv) it clearly suffices to show that

(5.9) fra(J) = £7(07) for j<s,
under the hypothesis that (iv) is true for k = s. We use induction on 7:

£ = feaa £20(9))) = foa( £001))-
Since by (iv) for k =5, f/(J/) = f/(J/)=J is a component interval of Orb, (J}),
we have either J? c Jor J° N J = & and by (5.5),

L £7097)) = o) = £,(0) = £771(T)).
Hence (5.9) is true for r:= r + 1.

(v) follows from (i) and from the fact that f, is linear on every component
interval of Orb, ( J?), and (vi) follows from (ii) and (5.8).

Finally, to prove (vii) assume by induction that the condition is satisfied for
k=5 Let x €[0,1. If f/(x) & Orbfs(JsO) for every j, then by the hypothesis, x is
eventually f-periodic and since by (i), f/, ,(x) = f/(x), x is eventually f, , ,-periodic
of period < 25+ < 25%2,

Otherwise there is the smallest j > 0 with y = f/(x) € J?. Let n = 2°. Then by
(5.7) and Lemma 5.1(iv), either y is a fixed point or y is eventually in J,, U JS,
under f, ie., either y is eventually in Orb, (J%,) or y is f,, -periodic of
period < 2°*2. Since by (5.4) and (5.5), y = f/, ,(x) = f/(x), (vii) is proved. O
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Now we are ready to prove the easier part of Theorem 2.7.

5.3. PROOF OF THEOREM 2.7(ii). Choose intervals (5.1) such that p(J}, ;)=
p(J2 1) = 37w(JY). Then using Lemma 5.2(ii), (v), and (vi) we can easily show by
induction that for every component interval J of Orb, (J?), u(J) = 37%. Next using
Lemma 5.2(i) and (iv), we obtain || f,,; — f,|| < 37 for every k.

Let g = lim, _,  f,. Then g has only cycles of order 2", n = 0,1, 2,.... Other-
wise any h from a certain neighborhood of g, and thus also every f, for sufficiently
large k, should have a cycle of order # 2” (Block [2]) contrary to Lemma 5.2(vii).

By Lemma 5.2(iv)

(5.10) Orb, (JQ) = Orb(J?) = Fy.

Put F=N%_, F,. Then F is the Cantor middle-third set. Using (5.10) we see that
for x € F and any k, any component interval of F, contains some g/(x), hence
L,(x)=F.

Moreover, F is the unique infinite attractor of g: If x is not eventually periodic,
then, for any k, x is eventually in F, under g (Lemma 5.2(vii) and (i)) hence
L, (x)C F. On the other hand, if G is a neighborhood of a point of F, then
g Jjo) C G for some i, j, and hence, for a suitable s, g*(x) € G. Thus L (x) = F.

Finally, let x, y € F, x # y. Then x, y belong to different component intervals of
F, for any k with 37% < |x — y|. By Lemma 5.2(ii), x and y are g-separable and
Theorem 2.2 now implies that g is not chaotic in the sense of Li and Yorke. O

5.4. PROOF OF THEOREM 2.7(i). First we show that the intervals (5.1) can be chosen
such that for every k,

(5.11) F, contains a component interval I, with u(I,) > 1/2,

where F, = Orbfk(J,?). Clearly (5.11) is true for k = 0. Assume by induction (5.11) is
true for a certain k. Take n such that f/(I,) =J (Lemma 5.2(ii)) and let K,
L, c I, be disjoint closed intervals with conv(K, U L,) = I,. Denote f(K,) =
J},1and f(L,) = J2, ;. By Lemma 5.2(v) a suitable choice of K, L, (i.e. K, < L,
or L, < K,) implies (5.2) fori = k + 1.

If we take K, L, such that one of the conditions

(5.12) p(K,)>1/2 or p(L,)>1/2

is satisfied, then clearly (5.11) is true for k== k + 1.

Thus we have defined J}, ,, J2,, recursively from f, and J_. Since by (5.3)~(5.5),
fi+1 is defined recursively from f,, JL,;, and J?, ,, this modification leaves Lemma
5.2 true for arbitrary choice of parameters p(K,) and pu(L,) satisfying (5.12). Next
we shall specify how to choose the parameters.

Denote p, = p(f(JO)/m(JY). Since p(g(J) = p(J}) (see (5.5)), Lemma
5.2(v) gives

(5-13) ,"'(fk+1(']k0+1)) = H(fk((Pk(Jkoﬂ))) = .“(fk(Jkln)) = pk”(']kl-#l)‘

Moreover, there is an &, > 0 such that

(5.14) p(K,) <g = Pk#(Jklﬂ) = pn(f(K,)) < %""(fk(']ko))‘
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Now if we choose K, L, such that

(5.15) p(Ly) >3 and p(K,) <e, forany k odd,
then (since f,_(J2,1) € fr(JQ)) (5.13) and (5.14) imply
(5.16) > e(f(I2) < .

k=1

Since by Lemma 5.2(i),
I fos1 = full= max{lfk+1 —(x) —fk(x)!; x € Jko}
= max{|fk(¢k(x)) ~fil(x)]; x € Jko}
< H(fk(fko))’
(5.16) implies that lim, _, , f, = f uniformly.
Denote F = N¢_, Fy, and let J = [u,v] be the connected component of F with
p(J) = 1/2 (see (5.11)). In the sequel we will need the following condition to be
satisfied:

Any neighborhood of either of the points u, v contains a

(5.17) component interval from a certain F,.

This condition is clearly satisfied, when we choose the parameters u(K,), p(L,) for
the even k’s (see (5.12) and (5.15)) as follows:

(L)>1/2 if K, <L, andk=0(mod4)or
i
ml) > 1/ L,<K, andk=2(mod4)

and p(K,) > 1/2(and so u(L,) < 1/2) otherwise.

Now let U be a connected component of F. For any k, take U, to be the
component interval of F, with U C U,. Then by Lemma 5.2(iv) and (ii), f'(U) C
fi(U) = fi(U,) and fi(U,) N U, = @ for i < 2% Consequently,

(5.18) f(UYNnU= @ foranyi> 0.

Let y €J =[u,v]. Then for any k, every component interval of F, contains
infinitely many members of the sequence {f'(y)}%; and hence w = Li(y) is
infinite. Moreover, by (5.17) any neighborhood of u contains some f’( y) and hence
u € w. Similarly, v € w.

Clearly, f is of type 2* (the argument is similar to the one in the proof of
Theorem 2.7(ii)). Thus by Theorem 2.2 to finish the proof it suffices to show that
u,v € w are f-nonseparable.

Assume the contrary. Let J,, J, be disjoint f-periodic intervals of order < 2% = m
with u € J,, v € J,. Then by (5.18) either f"(J) < J or J < f™(J). Assume, e.g.,
f™(J) < J. Then J, = f"(J,) D conv{v, f™(v)} D [u,v], ie., u € J,—a contradic-
tion. O

5.5. REMARK. It turns out that the map f from the above proof has homtervals (in
the sense of Misiurewicz), i.e. intervals, all of whose images are pairwise disjoint and
mapped monotonically by any iterate of f. Keeping the notation from the proof, one
can easily see that, e.g., J = [u, v] is such an interval.
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On the other hand,, clearly the map g from the proof of Theorem 2.7(ii) has no
homtervals. This would suggest that the existence of homtervals is connected with
the chaoticity of maps of type 2. But this is not the case; the existence of
homtervals is irrelevant for the chaoticity. (One can only prove that any chaotic map
of type 2*° must have a wandering interval attracted by an infinite set. For
nonchaotic mappings this statement is not true.)

Actually there are mappings f*, g* € C([0,1],[0, 1]) both with zero topological
entropy and infinite attractors such that f* is chaotic and has no homtervals and
g* is not chaotic but has homtervals. The mapping f * can be obtained by a slight
modification of our map f from the proof of Theorem 2.7(i):

Let H = {U,}%_, be the system of maximal homtervals of f. Put f*(x) = f(x)
for x € [0,1]\U_; U,, and let f*(U,) = f(U,) for any n, and f* be monotonic
on no subinterval of U,. It is easy to verify that f* has the desired properties.

As an example of g* one can probably take Harrison’s mapping (cf. [6]), but the
proof seems to be difficult. So we provide an outline of another construction,
modifying simply our map g from the proof of Theorem 2.7(ii).

5.6. ExaMPLE. Keep the notation from the proof of Theorem 2.7(ii). Denote by I,
the (closed) interval such that each of the sets 7, N J? and I, N J;! contains just one
point, and let K, be a (nontrivial) closed interval lying in the interior of I,
n=12,....

Clearly, g maps I, monotonically onto I, U JP. Let g, € C°([0,1], [0, 1]) be such
that g;(x) = g(x) for x & I,, and let g, be strictly monotonic on I; such that
g,(1)) =1, U J? and g,(K,) = K,. We can easily see that g, has properties similar
to g (i.e. g, is not chaotic, has a unique infinite attractor—the Cantor set, and any
point from K| is attracted to it).

Similarly, we put g,(x) = g,(x) for x & I,, and set g, monotonic on I, with
g3(1,) =1, U JY (= g*(1,)) and g3(K,) = K;. Next, changing g, appropriately on
the interval I,, we obtain g,, etc. Clearly, lim,, _, , g, = g* uniformly and g* is the
desired mapping: It is nonchaotic and K is its homterval attracted by the Cantor
set (we have g**(K,) = K, ,, for any n). O

ACKNOWLEDGMENT. I would like to thank to Professor A. N. Sarkovskii for
stimulating discussions during the 1st Czechoslovak Summer School on Dynamical
Systems in June 1984.

REFERENCES
L. L. Block, Homoclinic points of mappings of the interval, Proc. Amer. Math. Soc. 72 (1978), 576-580.
2., Stability of periodic orbits in the theorem of Sarkvuskii, Proc. Amer. Math. Soc. 82 (1981),

333-336.

3. G. J. Butler and G. Pianigiani, Periodic points and chaotic functions in the unit interval, Bull. Austral.
Math. Soc. 18 (1978), 255-265.

4. W. A. Coppel, Maps of an interval, Preprint, Univ. of Minnesota, 1983.

5. R. Graw, On the connection between periodicity and chaos of continuous functions and their iterates,
Aequationes Math. 19 (1979), 277-278.

6. J. Harrison, Wandering intervals, Dynamical Systems and Turbulence (Warwick, 1980), Lecture
Notes in Math., vol. 898, Springer, Berlin, Heidelberg and New York, 1981, pp. 154-163.

7. 1. Kan, A chaotic function possessing a scrambled set with positive Lebesgue measure, Proc. Amer.
Math. Soc. 92 (1984), 45-49.

This content downloaded from 193.84.193.135 on Wed, 31 May 2017 07:11:56 UTC
All use subject to http://about.jstor.org/terms



282 J. SMITAL

8. Ch. K. Kenzegulov and A. N. Sarkovskii, On properties of the set of limit points of an iterated
sequence of a continuous function, Volz. Mat. Sb. 3 (1965), 343-348. (Russian)
9. L. Kuipers and L. Niederreiter, Uniform distribution of sequences, Wiley, New York, 1974, p. 8.
10. C. Kuratowski, Topologie. I, PWN, Warsaw, 1958.
11. T. Y. Liand J. A. Yorke, Period three implies chaos, Amer. Math. Monthly 82 (1975), 985-992.
12. M. Misiurewicz, Horseshoes for mappings of the interval, Bull. Acad. Polon. Sci. Sér. Math. 27
(1979), 167-169.
13. , Chaos almost everywhere, Preprint, 1983.
14. A. N. Sarkovskii, Co-existence of cycles of continuous maps of the line into itself, Ukrain. Mat. Z. 16
(1964), 61-71. (Russian)

15. , On cycles and the structure of continuous mappings, Ukrain. Mat. Z. 17 (1965), 104-111.
(Russian)

16. , The behavior of a map in a neighborhood of an attracting set, Ukrain. Mat. Z. 18 (1966),
60—-83. (Russian)

17. , The partially ordered system of attracting sets, Soviet Math. Dokl. 7 (1966), 1384-1386.

18. , Attracting sets containing no cycles, Ukrain. Mat. 7. 20 (1968), 136-142. (Russian)

19. , On some properties of discrete dynamical systems, Proc. Internat. Colloq. on Iteration

Theory and its Applications, Toulouse, 1982.

20. J. Smital and K. Smitalova, Structural stability of nonchaotic difference equations, J. Math. Anal.
Appl. 90 (1982), 1-11; Errata 101 (1984), p. 324.

21. J. Smital, A chaotic function with some extremal properties, Proc. Amer. Math. Soc. 87 (1983), 54-56.

22. , A chaotic function with a scrambled set of positive Lebesgue measure, Proc. Amer. Math.
Soc. 92 (1984), 50-54.

23.J. Smital and K. Jankova, Characterization of chaos, Bull. Austral. Math. Soc. (to appear).

24. P. Stefan, A theorem of Sarkouskii on existence of periodic orbits of a continuous endomorphisms of the
real line, Comm. Math. Phys. 54 (1977), 237-248.

25. M. B. Verejkina and A. N. Sarkovskii, Recurrence in one-dimensional dynamical systems, Approx.
and Qualitative Methods of the Theory of Differential-Functional Equations, Inst. Math. Akad. Nauk
USSR, Kiev, 1983, pp. 35-46. (Russian)

DEPARTMENT OF MATHEMATICS, KOMENSKY UNIVERSITY, 842 15 BRATISLAVA, CZECHOSLOVAKIA

This content downloaded from 193.84.193.135 on Wed, 31 May 2017 07:11:56 UTC
All use subject to http://about.jstor.org/terms



	Contents
	image 1
	image 2
	image 3
	image 4
	image 5
	image 6
	image 7
	image 8
	image 9
	image 10
	image 11
	image 12
	image 13
	image 14

	Issue Table of Contents
	Transactions of the American Mathematical Society, Vol. 297, No. 1 (Sep., 1986), pp. 1-382
	Volume Information
	Front Matter
	Above and Below Subgroups of a Lattice-Ordered Group [pp. 1-40]
	Equivariant Morse Theory for Flows and an Application to the N-Body Problem [pp. 41-52]
	Weighted Inequalities for the One-Sided Hardy-Littlewood Maximal Functions [pp. 53-61]
	A Propos De "Wedges" et D' "Edges et de Prolongements Holomorphes [pp. 63-72]
	Weighted Nonlinear Potential Theory [pp. 73-94]
	Isometries on L [pp. 95-103]
	Equivariant Minimal Immersions of S into S(1) [pp. 105-124]
	Unknotting Information from 4-Manifolds [pp. 125-142]
	Attracting Orbits in Newton's Method [pp. 143-158]
	The Axioms of Supermanifolds and a New Structure Arising From Them [pp. 159-180]
	Absolute Subretracts and Weak Injectives in Congruence Modular Varieties [pp. 181-196]
	Eigenvalues Below the Essential Spectra of Singular Elliptic Operators [pp. 197-222]
	The Blow-Up Boundary for Nonlinear Wave Equations [pp. 223-241]
	䄠剥杵污物瑹⁔桥潲敭⁦潲⁍楮業楺楮朠䡹灥牳畲晡捥猠䵯摵汯 봠孰瀮′㐳ⴲ㔳�
	Countable Dimensional Universal Sets [pp. 255-268]
	Chaotic Functions with Zero Topological Entropy [pp. 269-282]
	BMO Rational Approximation and One-Dimensional Hausdorff Content [pp. 283-304]
	The Radon Transform on SL(2,R)/SO(2,R) [pp. 305-318]
	Analytic Perturbation of the Taylor Spectrum [pp. 319-336]
	Regularity Results for an Elliptic-Parabolic Free Boundary Problem [pp. 337-350]
	On the Neumann Problem for Some Semilinear Elliptic Equations and Systems of Activator-Inhibitor Type [pp. 351-368]
	Vector Fields in the Vicinity of a Circle of Critical Points [pp. 369-381]
	Back Matter [pp. 382-382]



