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Abstract. This paper studies the iteration of maps of the interval which have
negative Schwarzian derivative and one critical point. The maps in this class
are classified up to topological equivalence. The equivalence classes of maps
which display sensitivity to initial conditions for large sets of initial conditions
are characterized.

There has been recent interest in the relationship between the “chaotic” asymp-
totic behavior of complicated solutions to ordinary differential equations and
physically unstable phenomena such as those encountered in fluid flow [21]. This
has led to numerical studies of a variety of systems of differential and difference
equations which appear to have large sets of initial conditions yielding com-
plicated asymptotic behavior. The mathematical theory of Axiom A “strange
attractors” provides a satisfying description of some systems which do have
complicated asymptotic behavior, but there is little overlap between the numerical
studies referred to above and the class of systems with Axiom A attractors.
Perhaps the “Lorenz system” [16], is the only example of an explicit system of
equations used in a physical problem for which there is a convincing argument
that a large set of its solutions have complicated asymptotic behavior.
Nonetheless, the numerical studies of such examples as the “Henon” map [9], the
mechanical systems studied by Holmes and Moon [11], the “strange attractor” of
Spiegel [26], and the density dependent population models of [8] all provide
evidence for the prevalence of complicated solutions in systems near those with
homoclinic tangencies. From a practical point of view the distinction between
trajectories tending to complicated periodic orbits with very long periods and
trajectories with aperiodic asymptotic behavior may be slight, but we would like to
understand the extent to which numerical computations of strange attractors reflect
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the mathematical properties of the systems being studied. This paper aims to study
some of these mathematical questions in the simplest situation in which they arise:
the iteration of a single real valued function of “quadratic” type. In this context we
give a reasonably complete topological picture of what is involved in chaotic
behavior and sensitive dependence to initial conditions while failing to answer the
outstanding question about their prevalence.

1. Introduction

There have been many numerical studies of the asymptotic properties of the
iterates of a real function f:I—1I, I=[0,1]. The quadratic functions f(x)
=ax(1—x), 0=a=4, have been studied intensively. These numerical investi-
gations indicate that there are many functions f which have typical solutions with
complicated asymptotic behavior. For example, the calculations of Shaw [24]
indicate that for the quadratic family, there is a set of ae [3,4] of large measure for
which the typical trajectories have positive Liapounov exponents. This leads one
to speculate that in some suitable class of one parameter families of maps f,:I—1,
each family has a set of parameter values of positive measure such that the
corresponding maps have trajectories which depend sensitively to initial con-
ditions. We give our definition of sensitive dependence.

Definition. Let X be a metric space with a measure y and f:X—X a continuous
map. Then f has sensitive dependence to initial conditions if there is a set Y CX of
positive measure and an ¢>0 such that for any xe Y and neighborhood U of x,
there is ye U and n=0 with d(f"(x), f"(y)) >e.

Certainly other definitions of sensitive dependence are possible, but this one is
suitable for our purposes. We shall specify a class of maps f:1—1I for which we can
give a precise topological characterization of when they have sensitivity to initial
conditions.

Two maps f,g:X »X are topologically equivalent if there is a homeomorphism
h:X—>X such that hf =gh. A topological equivalence h maps f-trajectories to
g-trajectories. For the maps which we study, sensitivity to initial conditions will
depend only on the topological equivalence class of the map. We shall give a
complete enumeration of the topological equivalence classes having sensitivity to
initial conditions. Thus we are able to focus the question of the prevalence of
sensitivity to initial conditions in rather sharp terms. Let us proceed to describe
these results precisely.

The Schwarzian derivative [4] of a function f:I—1 is defined by Sf(x)

11 " 2
= /) — §<f (x)) . We shall work with the class of functions C defined by

') 2\f'(x)

1) f:I-1 with f(0)=f(1)=0 and feC3().

2) f has a single local maximum c¢=c,. The function f is strictly increasing on
[0, c] and strictly decreasing on [c,1]. f"(c)<O.

3) The Schwarzian derivative of f is negative: for all xeI —{c}, Sf(x)<0. We
explain below the significance of 3), which we call the Schwarzian condition.
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Throughout the paper the symbol “c” means the critical point of whichever map is
under discussion. If there is ambiguity we write ¢, for the critical point of f. It is
clear that many of our results hold for larger classes of function than those in ¥
and we occasional indicate results which hold in greater generality, but for the
most part we focus attention on %. Here the theory we describe is most complete.
Note that quadratic functions have negative Schwarzian derivative since their
third derivatives are zero.

A primary reason for working with negative Schwarzian derivative is Singer’s
theorem. To state this theorem recall a couple of definition. A point xe I is periodic
with period n if f"(x)=x but fi(x)#x for i<n. A periodic point x of period n is
(one-sided) stable if there is a non-trivial interval U with f*(y)—x for all ye U. An
interval is non-trivial if it has positive length; a trivial interval is a point. A
necessary condition for x to be stable is that |Df"(x)| = 1. A sufficient condition for
X to be stable is that |[Df™(x)| < 1.We denote the derivative of f by either f" or Df as
convenient.

Theorem (Singer [25]). Let f:1—1 have negative Schwarzian derivative. For every
stable periodic point x of period n, there is an i<n and a critical point ¢ or endpoint
of I such that ye[c, fi(x)] implies f*(y)— f(x) as k— 0.

The proof of Singer’s theorem is based upon several facts about Schwarzian
derivatives which we list here and use later:

1) S(f°g)(x)=Sf(g(x))-(g'(x))? + Sg(x). If Sf is negative, then Sf™ is negative for
all n>0.

2) If Sf is negative, then |f’| has no positive local minimum. If J=[a, b] is an
interval on which f is monotone and xeJ, then |f'(x)| Zmin (| f'(a)l, |f*(b)|).
(x4 —x1) (x3—X;)
(X4 —x3) (x; —x)
each x,<x,<x,;<x, contained in an interval on which f is monotone,
(15 X5, X3, %) <(F(x 1) (), £63), £x,).

4) If f is a polynomial such that all zeros of f* are real, then Sf is negative.

The proof of Singer’s theorem rests upon the fact that an increasing function
with negative Schwarzian derivative cannot have a stable fixed point between two
unstable fixed points. Each stable periodic orbit has associated with it a critical
point.

3) Denote (x4,X,, X3, X4)= . Sf is negative if and only if for

Corollary. If fe®, then f has at most one stable periodic orbit

In Sect. 3, we prove that if f has a stable periodic orbit, then it is not sensitive to
initial conditions. Thus the primary interest in sensitivity to initial conditions
forces us to devote our attention to those fe% which do not have stable periodic
orbits. The structure of these maps can be quite complicated. They are far from
being hyperbolic or structurally stable, so the techniques used to study Axiom A
dynamical systems are not sufficient for a topological characterization of these. It
is here that the one-dimensionality is exploited in a rigorous way. Just as order of
points on the circle leads to the theory of rotation numbers for homeomorphisms
of S, the order on the interval leads to invariants of a map f:I—I with respect to
topological equivalence. Milnor and Thurston [17] have introduced a language,
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the kneading theory, which systematically exploits the order of the line in studying
topological properties of a map under iteration. We shall use this language in Sect.
2 to construct the topological classification of maps fe%, so we introduce the
necessary background from the kneading theory here.

Milnor and Thurston study piecewise monotone maps. The map f:[—-1 is
piecewise monotone if it is continuous and there are 0=c,<c, <...<c¢,=1 such
that f|[c;_,,c;] is strictly increasing or strictly decreasing. Assume that the set
{c;}i_ is chosen as small as possible. Then the ¢;’s are called turning points and the
intervals [;=(c;_,,c;) are called laps. Associated to each xel is a sequence
A(x)={A,(x)}_,, called the itinerary of x. The n-th term A4,(x) is called the n-th
address of x and is defined by A,(x)=1I;, or C; as f"(x)el; or f"(x)=c, The
itineraries of the turning points are called kneading sequences. It is easily seen that
if h is an orientation preserving topological equivalence from f to g, then the
kneading sequences of f and g must be the same.

By introducing signs to the addresses, one can order these sequences in a way
which is consistent with order on the interval. Define the sign &(;) of the symbol I,
tobe +1or —1as f|I,is increasing or decreasing. The sign &C,) is defined to be 0.
Given a sequence g={a,}> , of the symbols I,, C,, define the invariant coordinate
0(a)={0,(a)}>., by 0, (a)=¢(a,) e(a,)...&a,_ a,. If xeI, we write 0(x)=0(4(x). We
introduce an order of symbols by

—C<—I)<—C_;<..<—-I;<—Cy<3¥i<Cy<I,<..<I,<C,.

With this order of symbols, we order the sequences 6(g) lexicographically:
0(a)<0(b) if a=b and 6 (a)<6,(b) for the smallest n with a,+b,. The fundamental
observation of Milnor-Thurston is the monotonicity of invariant coordinates :

Theorem. Let f:1—1 be piecewise monotone. If x <y, then 6(x) < 0(y).

The proof of this theorem follows easily from the fact that the sign of 8,(x) is
+1 or —1 according to whether f” is increasing or decreasing at x. f x <y and nis
the smallest integer with A4,(x)= 4,(»), then f" is monotone on the interval [x, y].
One has f"(x)< f"(y) or f"(x)> f"(y) depending upon whether the signs of §,(x) and
0,(y) are +1 or —1.

For a map fe®¥, the itineraries of the endpoints are fixed, and there is one
interior turning point c¢. The itinerary y of ¢ we call the kneading sequence of f. It
plays a role for f analogous to the rotation number of a homeomorphism of the
circle. In the first part of Sect. 2, we discuss how 7y determines the itineraries of
other points xe I. We also examine which symbol sequences occur as the kneading
sequence of some map fe%. An important role in these considerations is played
by the shift map o on sequences. If a={a,}>_, is a sequence, then o(a)=>b is the
sequence obtained by dropping a, and renumbering: b={b,}>_, and b,=a,_ .
Using the monotonicity of the invariant coordinate and the shift map, we
determine recursive conditions for a sequence g of I,, C, and I, to occur as the
kneading sequence of fe%. (We number the two laps of f as I, and I, rather than
I, and I,.)

The kneading sequence of fe® comes very close to being a complete invariant
of its topological equivalence class. In the second half of Sect. 2, we show that the
kneading sequence of f determines whether or not f has a stable periodic orbit. If
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f and ¢ in ¥ have the same kneading sequence and do not have stable periodic
orbits, then we prove that they are topologically equivalent. The earlier topologi-
cal discussion determines that f and g have the same sets of itineraries, and the
monotonicity of invariant coordinates implies that points with given itineraries
occur in the same order on the interval. The analytic part of the argument which
uses the Schwarzian condition is that each itinerary is assumed by just one
point. There are no non-trivial intervals J for which f"|J is monotone for all n.
(Misiurewicz has suggested the name homterval for intervals with this property.) A
topological equivalence from f to g is then constructed by associating points with
the same itinerary.

The kneading sequences of fe% which do have stable periodic orbits are of
three types. If y is the kneading sequence of such an f, then o(y) is periodic of
period n. If p, is C and g has the same kneading sequence as f, then f and g are
topologically equivalent. If y, & C, then the possibilities depend upon the number k
of I,’s among y,,...,7,. If k is even, then the stable periodic orbit of f has period n
and is stable either from one side or from both sides. This additional bit of
information determines the topological equivalence class of f. If k is odd, then the
stable periodic orbit of f has period n or 2n, and this bit of information determines
its topological equivalence class.

Throughout Sect. 2, for xeI — {c} we have occasion to look at the point y=x
such that f(y)= f(x). The point y is well defined since f is 2 to 1 on I —{c}. We
denote this point y by x'. If SCI—{c}, then we write S’ for the set {yeI| there is
xeS with y+x and f(y)=f(x)}. One uses this map “’” in the following way. If
ye(x, x'), one says that y is closer to ¢ than x. We study the iterates of x, looking for
ones which are closer to c. The induced map F of f is defined by F(x)= f"(x) with n
the smallest integer such that f"(x)e(x, x). The induced map is not defined at all
points and it is discontinuous, but it has good expanding properties if f€ €. This is
the basis of the analytic arguments in Sect. 2.

In Sect. 3, we determine which fe% have sensitivity to initial conditions. As we
have already mentioned, if fe% without stable periodic orbits, some have
sensitivity to initial conditions and some do not. To understand this, we examine
periodic points of f. If p is a periodic point of period n, then we say p is central if f*
is monotone on the interval [p, c] and Df"(p) >0. The central point p is restrictive if
f™c)e(p,p’). This means that f” maps the interval (p, p’) into itself. The condition
for fe% without a stable periodic orbit to have sensitivity to initial conditions is
that there is an N such that f has no restrictive central points of period larger than
N. This requirement can be expressed in terms of the kneading sequence y of f.
This condition is closely related to the decomposition of the non-wandering set of
f into “basic” sets by Jonker and Rand [15]. Those fe% without stable periodic
orbits and a non wandering set with a finite number of basic sets have sensitivity to
initial conditions. The fe% which have an infinite number of basic sets have
neither stable periodic orbits nor sensitivity to initial conditions. If fe% has no
stable periodic orbit and is not sensitive to initial conditions, then there is a Cantor
set A such that almost all points xe I have orbits which are asymptotic to A and

f|A is a homeomorphism. The set A has partitions 4= U A; such that f permutes

the sets A; and A; have diameter as small as one pleases A well studied example of



138 J. Guckenheimer

such maps are f with topological entropy 0 and infinitely many periodic orbits
[18].

The final section studies the relationship between sensitivity to initial con-
ditions, topological entropy, and conjugacy to piecewise-linear maps of constant
slope. The maps g,(x)= /2 — u|x —1/2| have the properties that g(0)=g(1) =0 and
lg,,(x)|= u for p#1/2. These maps are said to have constant slope. Piecewise linear
maps with constant slope larger than 1 have a special property in terms of ergodic
theory, namely, they have invariant measures of maximal entropy which are
absolutely continuous with respect to Lebesgue measure. Not all maps fe® are
topologically equivalent to a piecewise linear map g,. We determine those which
are.

The topological entropy and growth numbers of the maps we study are
equivalent [19]. The growth number A of fe® is lim sup (N,)*** where N, is the
number of fixed points of f* If h(f) is the topological entropy of f, then
h(f)=1log A. So we can work with growth numbers as easily as topological entropy.
If 1 <p =2, the growth number of g, is u. If ]/§< (=2, then g, has no restrictive

central points in the interior of I. Thus if f has growth number larger than ]ﬁ and
it does have restrictive central points, then f is not topologically equivalent to any
g, We prove a converse of this statement. If f€% has no restrictive central points

then the growth number of f is larger than ]/§ and f is topologically equivalent to
g, with p the growth number of f.

The next piece of this story has to do with the topological entropy of f and

restrictive central points. We prove that if f has growth number larger than ]/5
and a restrictive central point p which is not stable frorn just one side, then the

measure of maximal entropy for f is supported in I — U fi(J) where J =(p, p') and

p has period n. This implies that if ge % is close to f, then g and f have the same
topological entropy and the same growth numbers. Thus, most of the maps fe%

for which the function A(f) is not locally constant and A(f)> ]/5 are topologically
equivalent to piecewise linear g,. These f have sensitivity to initial conditions.
Indeed, if f has sensitivity to initial conditions, then there is an n>0 and a
subinterval J =[p, p’], p the closest restrictive central point to ¢, such that f*(J)CJ
and f"|J is topologically equivalent to a piecewise linear g,. Thus sensitivity to
initial conditions for fe® is related to both topological entropy and topological
equivalence to piecewise linear maps with constant slope.

Consider a one parameter family f,€% in which the growth number varies, say
from 1 to 2. We are interested in studying the set S of a for which f, has sensitivity

0
to initial conditions. We can write S= | | S, where S, is the set of a for which the
n=0

closest restrictive central point p, of f, has period n. Then for aeS,, f|(p,. p,) is
topologically equivalent to a piecewise linear g, of constant slope. If the kneading
sequence of f'|(p,, p,) does not remain constant for aeS,, then the growth number
of f|(p,, p,) is not locally constant at a. This suggests that the measure of the set S
will be positive for all families f, if and only if the measure of the set S={ali( f.) not
locally constant at a} is always positive.
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2. The Topological Classification

In this section we give a topological classification of one dimensional maps with
negative Schwarzian derivative and one critical point. There are two aspects to this
classification, one topological and one analytic. The topological part of the theory
can be applied to all continuous maps with one critical point while the analytical
part relies strongly upon the Schwarzian condition to prove statements about the
size of certain derivatives of f. While much of this theory can be generalized to a
class of maps with more than one critical point, we focus here on the one critical
point case.

The language we use in constructing our topological classification is that of the
kneading sequences of Milnor and Thurston [17]. This terminology has been
introduced in the previous section. Given two maps f and g, we want to determine
whether f and g are topologically equivalent. A topological equivalence i with
hf = gh must map the critical point of f to the critical point of g. Therefore, h maps
the orbit of the critical point of f to the orbit of the critical point of g in an order
preserving way. This implies immediately that f and g have the same kneading
sequences if they are topologically equivalent. The first part of our classification
will determine the set of kneading sequences which do occur for maps fe®.

The strategy of our proof will be to try to determine the extent to which the
kneading sequence of fe® determines its topological equivalence class. We find
that this sometimes occurs, but sometimes the kneading sequence does not quite
determine the topological equivalence class of a map. The dichotomy here is
roughly between maps which have stable periodic orbits and those which do not.
A nonsingular “periodic” kneading sequence occurs for two topological equival-
ence classes, while all the maps fe® with a given “aperiodic” kneading sequence
are topologically equivalent to one another. The proofs of both these statements
rely upon a determination of the itineraries which occur for a given map from its
kneading sequence. This is done simultaneously with the determination of the
possible kneading sequences in the topological part of the argument. In the
periodic case, the points whose orbits tend to the stable period orbit form an open
and dense set whose complement is topologically equivalent to a subshift of finite
type. This can be analyzed quite explicitly. In the aperiodic case, we prove that the
set {x]f"(x)=c for some n>0} is dense. Using the monotonicity of the invariant
coordinate, any topological equivalence defined on this set extends to a topologi-
cal equivalence on all of I.

Let us then begin our argument with an easy lemma.

Lemma 2.1. Let f:I—I have the single critical point ¢ and assume that f(0)
=f(1)=0. Then xel implies that 6(x)<0(f(c)). (Here 0(x) is the invariant
coordinate of x and the order is the lexicographic order of invariant coordinates as
explained in Sect. 1.)

Proof. The point f(c) is the maximum value of f. Thus x= f(c) and the lemma
follows immediately from the monotonicity of the invariant coordinate.

Corollary 2.2. If g is the kneading sequence of a map f and o is the shift map on
sequences, then 0(c'(a)) < 0(c(a)) for all i=0. If b is the itinerary of any point xel
for f, then 6(a'(b)) £0(a(a)) for all i>0.
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The topological part of our discussion centers on the extent to which converses

to this corollary are true. The first statement almost characterizes the f-itineraries
of points xel.
Proposition 2.3. Let f:I—1 satisfy f(0)=f(1)=0, f is C!, and f has a single
turning point c. Denote the itinerary of f(c) by y. If a is a sequence of 1, I, with the
property that 0(c(a)) <6(y) for all i>0, then there is a point xel such that a is the
itinerary A(x).

Proof. We deal separately with the cases in which ¢ is periodic and ¢ is not
periodic. Assume first that there is no n>0 with f"(c)=c. Then the sequence y
consists entirely of the symbols I, and I,. We shall examine the sets
L={x]0(x)<6(a)} and U = {x|0(x) > 0(a)}. We assert that each of these sets is non-
empty and open unless g is the itinerary of an endpoint. Then the connectedness of
I implies that there is yeI —{LuU}. We must have A(y)=ga. If g is one of the
sequences {I,,1g,....1q,...} or {I;,1y,1q,...,10,...}, then A(0)=g or A(l)=a.
Otherwise Oe L and 1€ U.

Assume xe L. Then there is a smallest n>0 with A,(x)=a, since 08(x) <0(a). If
a,=1,, then A,(x)=1I, or C while if a,=1,, then 4,(x)=C or I,. If A,(x)=+C, then
there is a neighborhood V of x with A/y)=A,(x) for i<n and yeV. This implies
that V'CL and x is an interior point. Let m=0 be the smallest integer with
" Y(a),,+ 7, If 4,(x)=C, then f"(x)=c and m+n+1=j is the smallest integer
larger than n with A,(x)=aq, Since f™*!(c)*c, we have Aj(x)#C. There is a
neighborhood V of x such that yeV implies A,(y)=A,x) for all i<j except i=n.
We then have V'C L. We conclude that L is open. A similar argument establishes
that U is open, proving the proposition when c is not periodic.

Assume now that ¢ is periodic with period n. Since f is C! and f'(c)=0, the
orbit of ¢ is stable. Therefore, there is a neighborhood V of ¢ such that f(V)C V. If
V is small enough, then ye V implies that A,(y)="y,_, for all i>0 with i==0(mod n).
One also has A4,,(y)=A,(y) for all i>0. Thus points ye V' —{c} have one of two
itineraries @ or B depending upon A (y). It is easily checked that these two
itineraries ¢ and f satisfy the hypotheses for a in the proposition. We also assert
that there are no itineraries g between o and f which satisfy the hypotheses of the
theorem. Indeed, the only itineraries between o and f begin with the symbol C.

Suppose now that g is a sequence of I, and I, such that 6(s'(a)) <6(y) for all
i>0. Once again denote by L={x|0(x)<80(a)} and U= {x|0(x)>06(a)}. Let xeL,
and let n be the smallest integer such that A4,(x)=a, If 4,(x)%=C, then x has a
neighborhood V such that ye V implies 4,(y)=A,(x) for all i<n. The set V is in L.
If A,(x)=C, then it may happen that ¢"(g) is one of the itineraries ¢ or f. In this
case, x is an endpoint of L, but there is an interval V with left endpoint x such that
yeV implies A,(y)=A,x)=a; for i<n, and f"(x) has itinerary o or f:A(f"(x))
=¢"(a). Then points of V have g as itinerary and the proposition is proved. If ¢"(a)
is not one of the itineraries x or f, then x has a neighborhood V such that yeV
implies A(y)=A{x) for i<n, and f"(y) has itinerary a or f or f"(y)=c. Since
0(a"(a)) cannot lie between () and 0(f), all points of ¥ must belong to L. A similar
argument implies that either U is open or immediately to the left of U there are
points whose itinerary is g. Thus we have one of three possibilities, but in each we
find a yel whose itinerary is g. This finishes the proof of the proposition.
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Example. The hypothesis that f is C* is not used in the case when the critical point
does not lie in a periodic orbit. If ¢ is periodic, then some hypothesis is necessary.

Consider the function gu(x)=u/2—y|x—%|. If we take u=(1+ ]/5)/2, then g,(3)
=(1+/5)/4, g(1+ 1/5)/4)=(~ 1+ |/5)/4, and g((— 1+ |/5)/4)=4. Thus % is per-
iodic with period 3. If x is near % then g3(x) > 4. For any n, the points immediately
to the right of 3 have itineraries with A,(x)=1I, or I, as i=2(mod3) or
14]/5)"
57
points, any two distinct points eventually lie in different laps. In particular, for any
x =1, there will be an n such that g” has a turning point between 4 and x. Thus x
will not have the itinerary a=1,1,1,I,I,1,....

The sequence a is an itinerary which Proposition 2.3 says should exist, as we
now show. The itinerary of $=c is CI,1,CI I,.... A check of the hypothesis of
Proposition 2.3 shows that for i=1,2,0(mod 3) we do have 0(c'(a)) <6(y) where
y=1,1,CI,1,C.... Thus Proposition 2.3 is not valid for the map g. It follows that
g is a map with the property that it is not topologically equivalent to any smooth
function f:I—-1I. In Sect. 4 we shall find smooth maps which are not topologically
equivalent to any of the piecewise linear maps g,(x)= /2 — p|x — 1]. This question
of topological equivalence to g is closely related to the question of sensitive
dependence to initial conditions.

Proposition 2.3 does not yet characterize all of the itineraries of a map fe®%.
There are two types of itineraries which must be described: those which contain
the symbol C, and those itineraries g for which there is an n with ¢"(g)=y. The
itineraries g containing C must have ¢"*!(g)=y if a,=C. The hypotheses of

i=0,1(mod 3) and i<n. Since the slope of g" is + except at the turning

Proposition 2.3 give sufficient criteria for g to exist: if a, = C, 6(c*(a)) <6(y) for i <n,
and ¢"*1(a)=1y, then there is an xe I with 4(x)=ga. The proof follows the argument
of Proposition 2.3. The question of whether there are itineraries for which a(a)=y
but a, % C is more delicate. For functions fe% we shall prove that such itineraries
exist if and only if f has a stable periodic orbit. Some analytic condition is
necessary to decide whether or not such orbits exist from the kneading sequence of
a map. Before turning to these analytic questions, we want to state a proposition
similar to 2.3 which determines the set of kneading sequences which do occur for
fe%.

Theorem 2.4. Let y be a sequence with the properties that
1) 0(c'(y))=6(y) for all i>0,
2) If y,=C, theny =7 for all k=0.
Then there is a map fe® such that v is the itinerary of f(c).

Proof. The proof of Theorem 2.4 is similar in spirit to that of Proposition 2.3.
Consider a continuous one parameter family f,€%, ue[0, 1], such that fy(c)<c
and f(c)=1. Denote by p* the itinerary of f,(c). We seek p with g*=y. For u=0,
we have B¢=0, and for u=1, we have f§=1, p¢=0 when i>0. Denote by

L={ul0(f*)<y}. The set L is non-empty. Let v=sup u. We want to see if f*=y. If
eL -

n
¥y, there is a smallest n>0 such that ) =y,. If p;+C for any i<n, there is a
neighborhood V of ve [0, 1] such that ueV implies that g} = g} for all i +n. If 6(8")
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>0(y), then VnL=0. If 6(8*)<0(y), then VCL. In either case, v is not in the
boundary of L contrary to assumption. Therefore, if ) #7y,, there is an j<n with

Now B is the itinerary of f(c) for f,, so fi*!(c)=c. This implies that f; .,
=f; for all k=0. Comparison with hypothesis 2) of the theorem reveals that j<n
implies that y=pf", contrary to assumption. Therefore j=n. This allows us to
determine y. The itinerary f” is periodic with period n+1 and f} =C whenever
i=n(modn+1). Now f, is differentiable, so the orbit of ¢ is a stable periodic orbit.
For u sufficiently close to v, f, has a stable periodic orbit of period 7+ 1 containing
a point p, near c. For u close enough to ¢, we have |f)*'(c)—p,|<|c— p, and
I£2¢* c)—p,I<lc—p,l. These inequalities imply that ‘the itinerary p* is still
peI‘lOdlC of perlod (n+1), and it satisfies p*=p; for i=n (mod n+1). Now one of
the itineraries p* is larger than " and one is smaller. Therefore, one of the * lies in
L and one does not. The f#* which lies in L satisfies 0(*1) <0(y) and the "2 which
does not lie in L satisfies 6(y) <6(p*2). Now p" is the only sequence ¢ which satisfies
1) and 2) and 6(8**) < 6(0) < 6(*>). Therefore, we must have y = p*! since y = f* and
y satisfies 1) and 2). But then there is u, =u with g*' =7y as was to be proved.

With Lemma 2.1, the proof of Theorem 2.4 clearly implies the following result
which is stronger than the statement of 2.4:

Corollary 2.5. Let f,e%, pe[0,1] be a continuous one parameter family with
fole)<cand fi(c)=1. If g:1—1 is a continuous map with a single turning point, and
9(0)=g(1)=0, then there is a ue[0,1] such that f, and g have the same kneading
sequences. For every sequency y satisfying hypotheses 1) and 2) of Theorem 2.4,
there is a p such that f, has kneading sequence ¢ and y=a(9).

Let us turn now to the analytic investigation of maps fe%. Our goal is to
prove that there at most two topological equivalence classes among the maps with
a given kneading sequence. If the kneading sequence is “periodic”, then there are
two topological equivalence classes; otherwise, there is just one. The negative
Schwarzian condition plays a dual role in that it restricts f to have at most one
periodic orbit, and it prevents non-trivial intervals from existing on which f" is a
homeomorphism for all n. It is possible that a larger class of maps than € satisfies
this last property (for instance, the negative Schwarzian condition might be
replaced merely by feC?).

Theorem 2.6. Let fe%. If there is a non-trivial interval J such that f"|J is a
homeomorphism for all n, then f has a stable periodic orbit y.

The proof of this theorem is quite long, so we isolate several steps as lemmas.
Assume that J is a maximal interval such that f"|J is a homeomorphism and that
f does not have a stable periodic orbit.

Lemma A. For all m==n, f™(J)nf"(J) has no interior.

Proof. If f™(J)nf™(J) has non-empty interior, then for each k>0, f* is a strictly
monotone function on the interval f™(J)u f"(J). If m>n and xe f™(J)n f*(J), then
fmUX)e "M I)Af™(J). Inductively, flmTmER(J)A DM has non-
empty interior. Denote by K the set U flm=m*n(J). Then K is an interval since it

is connected. Moreover, f¥K is strlctly monotone for each k>0 and f™ "(K)CK.
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Therefore f™~" is a homeomorphism of K into itself, and f™~" must have a stable
fixed point in the closure of K. This proves Lemma A.

Now denote by K, =L,uJUR, the largest interval containing J on which f" is

a homeomorphism. We denote the length of an interval K by I(K).

') o 1) W) 1)
n > or > .

ML) ~UL) IR, T UR,)
Proof. This is a direct consequence of the negative Schwarzian derivative of f; the
map f*is a homeomorphism of K, with negative Schwarzian derivative. Therefore
IDf*| has no local minimum in the interior of K,. If J =(a, b) and |Df*(a)| < [Df¥(b)|,
then [Df¥(x)| > |Df*(y)| for all xeJ and ye {%. Integrating this inequality over J
and either L, or R, gives the conclusion of Lemma B.

The strategy of the remaining part of the proof will be to find bounds on the
lengths of some of the images of J. We shall find a constant «>0 and a sequence
k;— oo with I(f*(J))>o. Since Lemma A implies that the f*(J) have disjoint
interiors, this contradicts the fact that I has finite length and suffices to prove the
theorem. We make one final reduction before proceeding further. If f™(J) has ¢ as
an endpoint for some n=0, then we replace J by f"*™(J) for any m>0. Thus we
may assume that c is not an endpoint of any f"*(J). With this reduction, we split the
remainder of the argument into two cases. In the first there is an n >0, such that
Sf™(J) is closer to ¢ than all other fi(J). In the second, for each n, there is an i>n
such that f%(J) is closer to ¢ than f"(J).

Lemma C. Suppose that n>0 has the property that i+n and xe f'(J) implies
I C(x, x"). Assume that c is not in the closure of f"(J). Then there is an 0.>0 such
that I(f{(J))>w for all i=0.

Proof. We may assume that n=0 by replacing J with f"(J). This may change o,
but if the lemma is true with f"(J) in place of J, then it is true for J. Now we have
assumed that c is not an endpoint of J, so there is a point & between J and ¢ and
k>0 with f%(&)=c. Denote by J’ the interval on the opposite side of ¢ from J with
f(J)=f(J")and by M and M’ the intervals joining J and J' to ¢. If f*(L,) or f"(R,)
has ¢ as an endpoint, then it contains M or M’ and hence ¢ or &. Therefore
ce "L, if f%(L,) has c as an endpoint, and similarly for R,. There is an N such
that K does not have 0 or 1 as an endpoint because the images of J are all distinct.
For n= N, both endpoints of K, ,, are in the interior of K,. It follows that the
endpoints of f"(L,), f"(R,) must be one of the points fi(c), 1<i<k when n=N.
When n is chosen so that ¢ is contained in f™(L,) or f*(R,) then this interval
contains M or M'. Therefore, when n= N, f"(L,) and f"(R,) each contain one of the
intervals fi(M), 1<i<k. Define f=minl(S) with S one of the intervals fi(M),
1<igk, f(L,), i<N, or fi(R,), i<N. Then B is a lower bound for I(f"(L,)) and
I(f"(R,)). Using Lemma B and noting that I(L,, ,)<I(L,), (R, ;) <IR,), we find a
positive lower bound « for I(f"(J)).

Assume now that for each N, there is an n> N such that f*(J) is closer to ¢ than
f(J) for I<n. We want to find a sequence k, such that the lengths of the f*(J) are
bounded away from zero. As we noted above, this will finish the proof of the
theorem. We shall find the sequence k, inductively, starting with k,=0. Suppose
that k,,...,k,_, have been chosen so that k; is closer to ¢ than f%(J) for I<k;

s p—1

Lemma B. If k=n, the
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Denote by 0<a= f(glzitfl(y) :?'83: and =Or£iir§1”l( f*(J)). Suppose further that if
K,=L,uJUR,, is the maximal interval containing J on which f™ is monotone
I(L,,) nd (R

1) a l ) a*. With this notation, we have the final

andm>k,_,

lemma:

Lemma D. If k, is the smallest integer | such that f'(J) is closer to ¢ than f*-(J),

then (f*(J))> .

The first assertion is that if k,_, is the smallest integer such that f*+1(J) is
closer to ¢ than f*(J), then I(f*+1(J))> al(f**J)). To prove this assertion, denote
by S the set {x|fi(x)¢(x,x") for i<k, —k,}. Then f*/(J)CS, but the ends of the
maximal interval containing f**(J) on which f**+*~*= is monotone are not in S.
The component of S containing J has endpoints which each satisfy one of the
equations f*+17ky(x)=x or x. At a solution of fk+17ky(x)=x we have
[Df*n+1~*2(x)|>1 and at a solution of f*»+1~*(x)=x" we have [Df*+1 ¥ (x)|>aq
since f has no stable periodic orbits. Now S contains no critical points of fn+1 7%
so the negative Schwarzian condition implies |Df*»+1~*(x)|>a for all xe f*(J).
Hence I(f**Y(J))> al(f*(J)).

Denote m=k, and f™(K,)=(&, #). Our next assertion is that ce f™(K,,). If
c¢ f™(K,,), then either f™(R,,) or f™(L,,) is between f™(J) and ¢, say f™(R,,). There is
an i<m with f%()=c. Since fi(R,,) joins ¢ to f*(J), and fi(J) is farther from ¢ than
f™J), we have f™R,)C f(R,) or f™R,)C(f*(R,)). Now f™"'f{(R,) is monotone,
so /™% has a stable fixed point in fR,) or (f'(R,)). This contradicts the
assumption that f has no stable periodic orbit, so ce f™(R,,) or ce f™(L,,).
I(/™R,)) S IR,)

(") )
cef™R,), f™R,) contains f*+1(J) or (f*+'(J)) where k, , is the smallest
integer with f*=+1(J) closer to ¢ than f*(J). The estimate of the first paragraph
gives I(f*+1(J))>al(f™(J)). Therefore I(f™(R,))>a*l(f™J)). Since we assumed
R, IR, R,

I’ Ifmay -~ gy
Still assuming that ce f™R,,), the last paragraph and Lemma B imply that

l(lg'f'(LJr;;) = IE(LJ)) We assert that f™(L,) contains f*-*(J) or (f*~'(J)y. This

assertion will prove the lemma, since [(f**:(J))=r then implies that

I(f™(L,,)) >ra. Together with lE (J))

be proved. So we finish the proof of Lemma D by showing that f™(L,,) contains
ff=1(J) or (f*-1(J)y. With ¢ the left endpoint of L,, there is an i <m with f¥(&)=c.
If M is the interval joining f*~1(J) to c, then f¥(L,) contains M or M’ because f*(J)
is at least as far from c as f**~1(J). Now f™~/|f%(L,,) is monotone and f™(J)CM or
M'. Therefore, if f™(é)eM, then f™~ ¢ has a stable fixed point. Moreover, if
f™(&)e f*-1(J), then f™ % maps the interval f*-:(J)uM monotonely into itself.

Assume now that ce f™(R,,). Then we assert that

that o>

<a?, we obtain I(f™(J))>a *r=r, as was to

1 This step in the argument is essentially due to Misiurewicz.
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Similarly, f™&)¢(f*~1(J)). Thus ™) is farther from ¢ than f*-(J) and f™(L,)
contains either f**-(J) or (f*»-1(J)). This completes the proof of Theorem 2.6.

With Theorem 2.6, we take up the question of topological equivalence of maps
in 4. Assume that fe%. Denote by y the itinerary of f(c). If f has a stable periodic
of period n, and p is the closest point in this stable periodic orbit to ¢, then f2"is
monotone on the interval (p, ¢) and f>"(p, ¢) C(p, ¢). It follows that the sequence y is
periodic with period n. Conversely, suppose that y is periodic of period n. Then f*
is monotone on the interval (f"*(c), f(c)) for all k>0 since the endpoints of this
interval have the same itineraries. If /"**(c)# f{(c), then Theorem 2.6 implies that f
has a stable periodic orbit. If /"*1(c)= f(c), then ¢ lies in a periodic orbit which is
stable, or f(c) lies in an unstable periodic and Singer’s theorem implies that f has
no stable periodic orbit. We conclude that if y is periodic, then f has a stable
periodic orbit unless f(c) lies in an unstable periodic orbit. This last possibility
occurs if and only if there are itineraries allowed by Proposition 2.3 whose
invariant coordinates lie between those of ¢ and f"(c). Thus, one can determine from
the kneading sequence of f whether or not fe% has a stable periodic orbit.

Proposition 2.7. Suppose that f,ge% have the same kneading sequence and that f
does not have a stable periodic orbit. Then f and g are topologically equivalent.

Proof. The discussion preceding the proposition implies that g does not have a
stable periodic orbit. Theorem 2.6 implies that the sets {x|f"(x)=c for some n=0}
and {y|g"(y)=c for some n=0} are each dense in I. Propositior. 2.3 and the
discussion following its proof imply that the sets of f-itineraries and g-itineraries
are the same. [ Note that Theorem 2.6 implies that if x = c, then the f-itineraries of
f(x)and f(c) are different. So x = ¢ implies that 6(x) <6(c) in Lemma 2.1.] Theorem
2.6 also implies that each f-itinerary and each g-itinerary is assumed by just one
point. Thus we can define a bijection h:I—I by the requirement that the
f-itinerary of x is the same as the g-itinerary of h(x). The monotonicity of invariant
coordinates implies that h is monotone. Since h is 1—1 and onto, it is a
homeomorphism of I.

We end this section with a discussion of the topological equivalence classes of
fe® which do have stable periodic orbits. These results were discovered
independently by Singer and Wolfe. To begin, we shall state a proposition related
to Theorem 2.6 for the wider class of C? maps.

Proposition 2.8. Suppose fe C*(I) and that U CI is a finite union of open intervals
which contains all the critical points of f. If fII—U has no stable periodic orbits
then the set Ey={xel|f"(x)el—U} is totally disconnected (i.e’., contains no non-
trivial intervals).

Remark. The proposition allows a stable periodic orbit in I—U provided all
nearby points asymptotic to the stable orbit have trajectories which contain points
of U. Such a periodic orbit is stable from only one side.

Proof. Let  be the distance from I — U to the set of critical points. Then 6 >0 since
it is the distance between two disjoint compact sets. Suppose that JCEy, is a non-
trivial interval which is a component of E;,. We shall denote K,D>J a maximal
interval with the properties that (1) f(K,)nf/(K,) has empty interior if i%j and
i,j<n,and (2) f{(K,)CI—U for i<n. Write K,=L,0JUR, and K,=[&,,n,]. The
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points ¢&,,7, each satisfy one of the equations fi(x)=f4¢,), fi(x)=f%n,) or
fi(x)edU for some j<i<n. Note that Lemma A of Theorem 2.6 implies that
f(J)nf™(J) has no interior for m=+n.

We shall establish an estimate of the “non-linearity” of /" on the interval K,
similar to that used in the proof of the Denjoy theorem about diffeomorphisms of
S! with irrational rotation numbers. A similar estimate also appears in Sect. 3.
Denote by f3 the Lipschitz constant of log [Df(x)| on the set I — U. For any x, ye K,
we have
Df"(x)
Df"(y)

n—1

Z log|Df(f'(x)| —log DS (f' ()]

=p Z f1) =)

= ﬁl(l U)=p
since the intervals (f(x), f%(y)) have disjoint interiors and are contained in I—U.
This estimate implies that there is a constant & >0 such that
L) _ L) | R IR,
I(fJ) I(J) I(/(J)) I(J)

We now want to prove that J and U can be chosen so that f{(K,)nU 0 for
some large n and i<n. First, observe that E,=E,, if V'={x|there is ye U with
[x,y1nE,=0}. If we enlarge U to ¥, then all points of the boundary of V lie in Ey,.
Now each component of V contains a component of U, so V still has finitely many
components. It is open since Ey is closed. Thus we may replace U by V without
changing E; or invalidating any of the hypotheses for U. Since U has a finite
number of boundary points, there is an n>0 such that i>n implies f%(J) has no
points in the boundary of U. Replacing J by f"(J) we may assume n=0.

Let K be an open interval containing J. Then we assert that (K —J)nE, 0.
There is xe K—Ey since J is a component of E;. So there is an n such that
f"(x)e U. Assume that n is chosen as small as possible. Then there is ye K such that
f"(v) is in the boundary of U, hence in E,. Now f(y) cannot be in U for i <n since
n was chosen to be minimal, so ye Ey. This argument shows that each component
of (K —J) intersects Ey,. It follows that I[(L,)—0 and I(R,)—0.

Consider now f™(K,). Since f%(K,)nU =@ for i<n, and U contains the critical
points of f, f" is monotone on K,. If f*(L,)nU =@, then we assert that f*(L,)
contains a component of U. Look at f™(&,). If £, is periodic of period m <n, then &,
isin Ey. If f4(&,)= f4(n,) with j<i, then f"(£,)=f""""(y,)el—U.If f(£,) is in the
boundary of U for i<n, then &, is in E;. In all cases, f"(&,)eI—U. Since f™ is
monotone on L, it must contain a whole component of U. Now if n is sufficiently

large, the estimate I(f"(J))>a" *I(f™(L,)) (( )) gives I(f"(J))>1=I(I) since (L,)—0

as n—oo and I(f"(L,))>minl(U,)=y, U, a component of U. This is absurd, so
S"(L,)NU =0 for n sufficiently large. Similarly f*(R,)nU =@ for n sufficiently large.
Indeed, we may pick n large enough that I(f**(L,))<y and I(f""*(R,)) <y
Choose N large enough that fMKynU=0, (f¥*Y(Ly)<y, and
I(fN*Y(Ry)) <y when n=N. If n is large enough, there are N <i<j<n such that
fU(K,)nfi(K,)# 0. Denote j—i by m. We assert that, for all k=i, f™*¥J)and f*(J)

for i<n.
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lie in the same component of I—U. If m+k=<n and i<k, then f*7/(fi(K,)
NfIK,)+0 implies that f™*¥J) and f*(J) lie in the same component of U.
Suppose that the assertion is true for all I<k with m+k>n Then
SN K- )N U=0 and f™** YK, ,_,) and f* YK, .. ,) lie in the same
component of U. There is [ <m+k—1 such that ™ * YK, ., _ )UK, 4o 1)F0.
Therefore ™MK, - )0 [T K, o) D, Since (™KL, 4-1)<y and
I(f™ MR, 1 - 1)<y, all points of ™KK, ,,_,)nI—U lie in the same component
of I—U. This must be the component of I—U which contains f** (K, ,,_,),
which by the inductive assumption is the component of I—U which contains
SYK+i—1)- Therefore fm*¥J) and f*J) lie in the same component of I —U.

Now K = {x|f*(x) lies in the same component of U as fi**J) for 0<k<m
=j—i} is an interval containing J since f is monotone on each component of
I—-U. Moreover f™K is monotone. In the last paragraph, we proved that
fitkm(1)C K for all k>0. If f™K is increasing, then f****m(J) lies to the right of
firEm(). If ™K is decreasing, f'***™(J) lies to the left of f***"(J). In either case,
there is a point xe K which is a limit point of f***"(J) as k— co. Then f™(x)=x and
x is a stable fixed point of f™ Moreover f*(x)el— U for all k=0, contradicting the
fact that f has no stable periodic orbits approached by points in I — U. This proves
the proposition.

Let us reconsider fe% with a stable periodic orbit. Singer’s theorem implies
that there is an interval U containing ¢ such that all xe U have orbits which tend to
the stable periodic orbit, and U contains a point in the periodic orbit. Note that if
the periodic orbit attracts from only one side, then we must take U closed, a
situation which we discuss in more detail below. Proposition 2.8 implies that if J is
a non-trivial interval on which f” is monotone for all n, then there is an n with
fYJ)cU. This implies that points of J tend to the stable periodic orbit of f. If
E;={x|f"(x) does not tend to the stable periodic orbit of f}, then E, is totally
disconnected.

Let U CI be the maximal interval containing ¢ and consisting of points whose
orbits tend to the stable periodic orbit of f. If this periodic orbit is stable from both
sides, then U is an open interval (g, a’) and one of the end points of U is periodic.
Let n be the smallest integer with f(U)nU #@. Then f(U)CU, f"(a)=a or d,
f"U is a map with one critical point [xe U implies f%(x)= c for i <n] and all orbits
of f"|U tend to a stable periodic orbit. Since f” has a fixed point p in U, this must
be the stable periodic orbit. There are different kneading sequences in the cases
when Df™(p) is positive, zero, and negative.

Lemma 2.9. Let f,ge% have stable fixed points p and p,. Assume that if x is in the
interior of I, then f"(x)—p and g"(x)—p,. Assume further that f'(p,) and g'(p,) have
the same sign or are both zero and that p ,=p,=0if p, or p,is in dI. Then f and g
are topologically equivalent.

Proof. We shall consider one case and leave the others to the reader. If f'(p,)>0,
then the interval [p,, c,] has the property that f[p,c,]C[p,c,]. Define h to be
any strictly increasing function of [ f(c,),c,] onto [g(c,),c,]. Then h extends to a
homeomorphism of [p,,c,] onto [p,c,] by the formula h(f"(x))=g"(h(x)) and
h(p,)=h(p,). Extend h to [p, p’] by h(x")=(h(x))". To define h on [0, p,) and (p, 1],
pick points xe(0,p;) and ye(0,p,) and define h to be any strictly increasing
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function of [x, f(x)] onto [y,g(y)]. If ze(0,p,), there is a unique neZ with
f"(2)e[x, f(x)). Define h(z) by h(f"(z))=g"(h(z)). Since f|[0,p,] and ¢[[0,p,] are
homeomorphisms, this formula is well defined. Finally set h(0)=0 and h(x’)
=(h(x)) for xe(p},1]. One easily checks that h so defined is a topological
equivalence of f to g.

The other cases are similar. If p.=c, then one defines h first from an interval
[x, f(x)] onto an interval [y, g(y)] for arbitrary choices of xe(0,c,) and ye(0, ¢,). If
f'(p;) <0, then one begins by defining h from the interval [c, f 2(cf)] onto
[cg,gz(cg)]. The extensions of h to topological equivalences are then uniquely
determined. We leave the details to the reader.

Return now to consideration of fe% with a stable periodic orbit, U the
maximal interval containing ¢ consisting of points tending to the stable periodic
orbit, and » the least integer with f*(U)C U. We next ask the extent to which the
kneading sequence of f determines the integer n. There are two different
possibilities if n is even. The itinerary of f(c) could be periodic with period n/2.
This case occurs if f"?(U) and U share a common endpoint. If f has kneading
sequence y, and y,=1I, for i>0, then f has a stable fixed point since f maps the
interval [0,c] into itself in an orientation preserving way. If f has kneading
sequence y and y,=1, for i>1, then f maps the interval (c, f(c)) into itself in an
orientation reversing way. Either there is a stable fixed point or there is a stable
periodic orbit of period 2. Thus if f has a kneading sequence y such that a(y) is
periodic of period n, then f has a stable periodic orbit of period n or 2n. Period 2n
can occur only if the number of I,’s among v,,...,7, is odd.

With these observations, we can determine the topological equivalence classes
associated to a “periodic” kneading sequence. Suppose that y is a periodic
sequence of period n and that y is the itinerary of f(c). We shall say y is of positive
or negative type if the number of I,’s among 7y,...,7,_, is even or odd and of
critical type if y,_, =C. If y is of positive type, then there is a closed interval U
containing ¢ such that f(U)C U, f"(0U)CoU and f" has a stable fixed point pe U
with Df"(p)>0. There are two possibilities: the stable fixed point is an interior
point of U or it is an endpoint of U. Each of these possibilities represents a
different topological equivalence class, but if / and g have kneading sequence y
and the same possibility occurs for f and g, then we assert that they are
topologically equivalent. This follows easily from 2.3, 2.8, and 2.9.

Define a topological equivalence in stages. Proposition 2.3 implies that the set of
f-itineraries and g-itineraries are the same. Proposition 2.8 implies that if xel
satisfies f"(x)e I — U for alln>0;ie. xe E, then there are no other points of I with
the same itinerary. But f"(x)e U if and only if 6" !(4(x))=y, so we can determine
whether f"(x)e E, from its itinerary. The same considerations apply to g and we
can define a homeomorphism h:E,—E, by the property that the f-itinerary of x

and the g-itinerary of h(x) are the same. We extend h to the set U f- '(U by first

defining h to be a topological equivalence from f"|U to g"|U usmg Lemma 2.9.
For each component of f~YU) other than U, there is a ]<z with f7 mapping
f~U) homeomorphically onto U. We can then define 4 on this component of
£7HU) by h(f/(x))=g’(h(x)) and the requirement that the f-itinerary of x and the
g-itinerary of h(x) are the same. We leave it to the reader to check that h so defined
is indeed a topological equivalence from f to g.
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Fig. 1. A: y positive type, one sided stable orbit; B: y positive type, two sided stable orbit; C: y critical

type; D: y negative type, period y = period stable orbit; E: y negative type, period y =7 (period stable
orbit). Intervals D are closed on the right, intervals E are open

If y is of critical type, then the period of its stable periodic orbit is n and the fixed
point of f*|U is the critical point of f, an interior point of U. The construction of the
preceding paragraph can be applied to give a topological equivalence from fto g if g
has the same kneading sequence as f. Finally, if y has negative type, there are two
possibilities. Either the stable periodic point of y has period n or period 2n. In either
case, the stable fixed point of f" or f 2" is an interior point of U, and the construction of
topological equivalences can be applied. If g has the same kneading sequence as f,and
if the stable periodic orbits f and g have the same period, then f and g are
topologically equivalent. This discussion is summarized by the following theorem.

Theorem 2.10. Let f,ge% have the same kneading sequence y. Either both f and g
have stable periodic orbits or neither does. If f and g do not have stable periodic
orbits they are topologically equivalent. If f and g do have stable periodic orbits,
then a(y) is periodic with period n. If y has positive type, then the stable orbits of f
and g have period n. Then f and g are topologically equivalent if their stable orbits
are both stable from one side or both stable from both sides. If v is of critical type,
then f and g are topologically equivalent. If y is of negative type, then the stable
periodic orbits of f and g have period n or 2n. The maps f and g are topologically
equivalent if and only if these periods are the same.

Remark. This theorem can be best understood in terms of the bifurcation diagram
of periodic orbits in a one parameter family (see [6]). This diagram is illustrated
above for the points in the stable periodic orbits of period 2". The curves show the
locus of periodic points in a one parameter family f,.

3. On Sensitive Dependence

In this section we want to establish conditions as to when a particular map has
sensitivity to initial conditions.
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Definition. A map f:X—X of a compact metric space with measure p has
sensitivity to initial conditions if there is a set KCX and an ¢>0 such that (1)
WK)>0,and (2) if xe K and U is a neighborhood of x, then there is ye U and n>0
with d(f"(x), f"(y)) >e.

In all of our considerations, we will have X =1 with the usual metric and
Lebesque measure. Maps in 4 which give stable periodic orbits will not have
sensitivity to initial conditions. This is a corollary of the following theorem:
Theorem 3.1. Let fe% and let U be a neighborhood of c. If Ey={x|f"(x)el-U
Jor all n=0} contains no non-trivial intervals, then the Lebesque measure of Ey is 0.

Reduction. We shall first reduce to the case in which one of the endpoints of U is
periodic. Note that U DV implies that E;, CE,. Therefore, if the theorem is true for
E,, VCU,then it is true for E;. We seek now (a,b)=V C U such that (1) f(a)= f(b),
(2) a or b is periodic, and (3) E,, contains no intervals.

We obtain V in stages. First, assume U =(x,y) with f(x)=<f(y). Then pick
ze[y,c) with f(z)= f(x) and replace U by (x, z). Then the first hypothesis for V is
satisfied. Now assume that & and & are the points of E, closest to ¢. Then
f(&)=f(&) since (e Ey and f(&) = f(&') imply f"(&)eI—U for all n>0 and since U
satisfies (1). Assume that there is no stable fixed point in U. Then there is an n such
that f” fails to be a homeomorphism on the interval (&, ¢). There is an ye(&, ¢) and
an n>0 such that f/"(y)=c and f" is a homeomorphism on the interval (¢,7)=K. If
f"(&) and ¢ fall on the same side of ¢, then the interval f*(K)=(f"(&),c) contains K
in its image because f"(¢) is as far from ¢ as &. Thus f” has a fixed point a in (&, #). If
f"(&) and ¢ lie on opposite sides of ¢, then f™(&') and &' lie on the same side of ¢ and
/" has a fixed point a in the interval (¢,#'). Provided f has no stable periodic orbit,
we take V'=(a,a’) as the set we seek.

If there is a stable periodic orbit of f, then at least one of its points p must lie in
U since E,, has no intervals. If p is in the boundary of U and U is symmetric with p’
its other endpoint, then (1)—(3) are satisfied. So assume pe U is of period n and that
no other points in the orbit of p lie in the interval (p,p’). Denote by V the
component of p in {x|f**(x)—p as k— co}. Then Singer’s theorem implies that ce V.
This implies that if xeV, then x'e V. If xeV, then f*(x)eU for some k>0, so
E,CE, and we may replace U by V. One of the endpoints of V is easily seen to be a
fixed point of f” since f" must map the boundary of V to itself. If f has a periodic
point p of period n such that f" is monotone on (p,c), Df"(p)=1, and p is stable
from one side, then p is the limit of periodic points g,,. If §={x|f(x)=p for some
it, U,,=(4,»4q,,) and U=(p,p)), then E,= | ) E, US.

mz=0

Proof of Theorem. We assume now that the neighborhood U of ¢ in the theorem
satisfies the following properties: U is an interval (a, b) with (1) f(a)=f(b), (2) a is
periodic with f™(a@)=a and Df"(a)>1, (3) E, has no intervals. The proof of the
theorem has two further steps. The first proves that f is “uniformly expanding” on
Ey in the sense that there is a k such that [Df*(x)| > 1 for all xe E;,. The second part
of the argument then estimates the “thickness” of the Cantor set E;,. This is seen to
be finite, and the theorem is an easy consequence of this fact.

We seek a value of k such that |Df¥(x)|>1 for all xeE,. Consider the sets

k
E,=I— ] f7'(U). Bach E, is a finite union of closed intervals, E;= () E,, and f*
i=0 k=0
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is a local homeomorphism on E,. The negative Schwarzian derivative of f implies
that mef |Df¥(x)| is assumed at a point of the boundary of E,. Thus we seek k for
eEy

which |Df¥(x)|>1 for all x in the boundary of E,.

Let a <min {{(f'(V)), 0<i<n; la—c|, |b—c|}. If there is a stable periodic point
pe U, take a <|a—p|. Since there are non non-trivial intervals in E, there is a K
such that each component of E has length smaller than «. Now all points of the
boundary of E; have orbits which eventually lie in the unstable periodic orbit
containing a. Therefore, there is k= K such that xedE, implies |[Df¥(x)|>1. We
assert that also [Df*(x)|> 1 for all xe JE,. Suppose that xe JE, — IEy and that J is
the component of E, containing x. Assume that LUJUR is the maximal interval
containing x on which f*(x) is a homeomorphism. We assert that either L CEy or
LNEg=0 since f' maps each component E,—E,_,, onto U. Suppose LCEy and
consider f*(L). This set has the form f%(U) for some i>0. If f has a stable periodic
orbit containing pe U, then I(f{(U))>|a— p| =« for all i. If f has no stable periodic
orbit, then there is a £e(a, ¢) such that f"(£)=c since f"(a)=a and f" does not map
the interval (a, ¢) into itself. It follows that in this case that f%(L) has the form f{(U)
with i <n. Thus, we have the estimate I(/%(L)) =« in this case as well. Since I(f*(L))
>a>I(L), there is a point yeL with [Df¥y)|>1. If LnE;=0, then we have
assumed that if y is the common endpoint of L and J, then |Df*(y)|> 1. The same
argument we have used for L applies also to R. There are points ye L, ze R with
IDf*(y)|>1 and |Df*(z)| > 1. Therefore, the negative Schwarzian condition implies
IDf*(x)|>1 if xeJ. Thus |[Df*(x)|>1 for all xeEy,.

We now come to the final part of the proof that E;, has Lebesque measure zero.
We have found an integer k such that |Df*(x)|>1 for all xe E, = {y|f(x)eI~U for
0<i<k}. Since E, is compact, there is 2> 1 with |Df*(x)| > A for all xe E,. We want
to estimate the sizes of the “gaps” in E,— E,, ; which appear in the construction of

Ey as () E, Suppose that J is a component of E,—E,,,, and that K is the
=0

component of E, containg J. We assert that there is a constant y>0 (depending
only on f) such that I(J)/I(K)>7.

The constant y is obtained from “nonlinearity” estimates of the sort used in
Proposition 2.8. If J and K are as above, then f**! is a homeomorphism on K and
f'""Y(J)=U. For any x, ye K, we have

Dfl+ 1(X) 1 1

log 50| izzo log [Df(fi(x))| — izzo llog DS (f* (W)

<4 3110

where A is a Lipschitz constant for the function log|Df(x)| on I — U. We use here
the assumption that f(K)CI—U for i<l Since |Df*(z)|>A>1 for all ze E, and
1

I(fi(K))<1 for all i<1, we have Z Ifix) = i) =

1 A .
& = W = ﬁ—l This g1ves the

final estimate that

|Df' 1 (x) o M

< for all K.
D/ )| S 7= orall x,ye

log
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This produces the estimate for I(J)/I(K):

1w _ i) a4\ 1)
0 = 1K) =P (1—1) K

Thus, if y=exp (— %—A—J I(U), we have I(J)/I(K)>7.

The theorem now follows quite easily: If m>I[ is chosen such that every
component of E, contains points which are not in E,, then I(E,)<(1 —y)I(E).
Iterating this estimate and noting that (1 —y)'—0 as i— oo, we find that I(E,)—0 as
m— 0. Thus E, has Lebesque measure zero.

Theorem 3.1 implies that the sensitivity of fe® to initial conditions is deter-
mined by the properties of theset (7} () f{(U), which we shall denote by A. We

Unbhdofciz0
remark that A contains the support of any invariant measure which is absolutely
continuous with respect to Lebesque measure. In particular, if fe% has a
(strongly) stable periodic orbit, then f does not have sensitivity to initial
conditions. We want to examine f without stable periodic orbits and give
topological criteria for sensitivity to initial conditions.

Definition. The fixed point p of f", n>1, is central if (1) Df"(p)>1,and (2) f"is a
homeomorphism on the interval J=(p,c). The central point p is restrictive if
S C(p, p'). As usual, the point p’ is determined by f(p)= f(p). The point 0 is not
considered a central point.

We say a few words about the motivation for these definitions before
proceeding further. If p is a restrictive central point of period n and if U =(p, p’), the

n—1
f"(U)CU. This implies that the set | ] f%(U) is forward invariant for f and that a
i=0

point x which maps into this set cannot escape. This is the basis of the “spectral
decomposition” of non-wandering sets given by Jonker and Rand [15]. Here we
shall interpret the restrictive central points as establishing barriers which prevent
separation of points in orbits with nearby initial conditions.

Theorem 3.2. Suppose fe% has no stable periodic orbit. Then f has sensitivity to
initial conditions if and only if there is an integer N such that n= N implies f" does
not have a restrictive central point.

The conditions for p to be a central point and a restrictive central point can be
determined directly from invariant coordinates. Thus this theorem does yield
strictly topological criteria for determining whether f'e% has sensitivity to initial
conditions. Before embarking upon the proof of this theorem, we shall discuss
briefly the existence of central points.

Let fe% have no stable periodic orbit. Then the theory of Sect. 2 implies that
{x|f"(x)=c for some n=0} is dense in I. Therefore given N >0, we can find n> N
such that the critical point x=c¢ of f"*! closest to ¢ satisfies f"(x)=c. Then f" has
a fixed point ¢ in one of the intervals (x, ¢) or (x’, ¢) because f"(x)—x and f*(x")—x’
have opposite signs. We do not expect, however, that Df"(q)>0. Let S be the set of
points in the lap K of x for /™ such that f*(y)e(y,y), but fi(y)¢(y,y’) for i<n. Then
the ends of the lap K are not in S, so points of the boundary of S satisfy one of the
equations f"(y)=y or f*(y)=y'. The points at opposite ends of interval in S do not
both satisfy the same equation since f has no stable periodic orbits. This implies
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that each of S and S’ has one end fixed by f". At one of them, Df" is positive and
this point is a central fixed point for f™ The results of this discussion will be used
below. They are summarized in the following lemma:

Lemma 3.3. Let fe% have no stable periodic orbit. If U is a neighborhood of c,
there is an n such that f" has a central fixed point in U.

Proof of Theorem. Suppose that fe% has no stable periodic orbit, but does have
a sequence n,— oo such that f" has a restrictive central point p,. Set U, =(p,, pj)-

me—1 .

For almost all xel, there is an N such that f"(x)e U SYU,) for n= N. It follows,
i=0

that there is a set K C I of full measure such that xe K implies that f"(x) has w-limit

set in ﬂ ,U «)»» which we denote 4. Now / contains no non-trivial intervals,

k 1 i=0
ne+1—1 ne—1

U fi(U,.C U fi(U,), so p,= max I(f(U,)—0 as k—co. If ¢ >0, choose k

Si<ng

such that y, <e. Then xe K implies that there is N >0 such that f¥(x)e U,. We can
find a neighboorhood ¥ of x such that f¥(V)e U, and max ( f{V))<e. Then for all

n, we have I(f"(V))<e since I[(f%(U,)) <, <e. This proves that f does not have
sensitivity to initial conditions.

Consider now fe% with the properties that (1) f has no stable periodic orbit,
and (2) there is an N >0 such that f” has no restrictive central fixed point when
n> N. We shall prove that f does have sensitivity to initial conditions.

The actual statement which we prove is that there is an ¢>0 such that if J is
any non-trivial interval, then there is an n with I(f"(J))>e¢. This easily implies
sensitivity to initial conditions because xeJ; I(f™(J)) > ¢ implies that there is yeJ
with d(f"(x), f"(y)>¢/2. Moreover, since the set {y|f"(y)=c for some n=0} is dense
in I, we may assume that the interval J contains c. The lemma above implies then
that J contains an interval (p,, p;) with p, a central point for some iterate of f.

The next step in the proof is the following lemma:

Lemma 3.4. Suppose f* has no restrictive central point for k=n and that p is
central for f*. Then there is a central point q and a k such that q is closer to ¢ than p,

but f4q,4')>(p, ).

Before proving this lemma, let us see how it implies that the theorem is true.
Beginning with p=gq,, we can find a sequence {q,} of central points and integers n,
such that f™(q,,q)>(qx_(,q,-,) and g, is closer to ¢ than g¢,_;. Then
fretmet g g D (p,p) and {g,}—c. Given any neighborhood V of ¢, there is a
q, such that (g, q;) C V. Then we find n such that f"(V)D>(p, p'). Using e =l(p, p’), for
any interval J, there is a k with I(f*(J)) >&. As we noted above, this suffices to prove
the theorem.

We now prove the lemma by the construction of a “return map”. Assume that p
is a central fixed point of f". Define the discontinuous map g:(p,p’)—(p,p’) by
g(x)= f*(x) where k is the smallest integer such that f*(x)e(p, p’). Since p is non-
restrictive, f* does not map (p,p’) into itself and g is discontinuous. Now g is
defined almost everywhere on (p,p’) and it is monotone on each interval not
containing ¢ on which it is continuous. At the two ends of such an interval, the
values of g must approach p and p’. Consider now the two cases in which g has
only two points of discontinuity, and the case in which g has more than two points
of discontinuity.
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Fig. 2 P M T < b’

In the first case, there are points x and x’ in (p, p’) such that ¢ is continuous on
the intervals (p, x), (x,x"), and (x, p). On (p, x) and (p/, x'), the value of g goes from p
to p. On (x,x'), g has a single critical point at ¢ and g(y)—p as y—x or x'.
Consider now f™og on the interval (x, x’). For some i, this map has a fixed point
since f™(g(x))= f"(g(x))= f"(p)=p and for each ye(p,c), and there is an i with
ce(f™(y), p). In particular, take i as small as possible with g(c)=y. Then we locate a
fixed point g of /™ +g which is a central fixed point of f* (see Fig. 2). By assumption
q is not restrictive, so f*(q, q') contains a neighborhood of g. It is then evident that,
for some I, f'(g,q’) contains the interval (p,q) and f"(p,q)D(p,p’). Therefore the
lemma holds in this case.

Now consider the case in which g has more than two points of discontinuity in
(p,p"). Then there is a fixed point g of g in (p, p’) at which Dg(g)>0. Choose g to be
the closest fixed point of g to ¢ with Dg(q) >O0. If g(x)=/"(x) in a neighborhood of g,
then we assert that g is a central fixed point of f*. If g is continuous on the interval
(g,¢), this is clear. If g is not continuous on (g,c), it has just one point of
discontinuity y, and g(x)= f**"(x) on (y,c). On (gq,y), f* gives the first return to
(p,p'), while on (y,¢) f* has not yet returned to (p, p’). In neither case can there be
xe(q, c) which is a critical point of f*.

Now the argument proceeds as in the previous case. The point ¢ is not
restrictive, so f*(g,q’) contains a neighborhood of g. If U is a neighborhood of g,
then there is an i such that f*(U) contains (p, q) because the domain of g contains
an interval with endpoint ¢ on which ¢ is increasing and takes the value p at the
other end. But f™(p, q) contains (p, p’) since (p, q) contains a point of discontinuity
for g. Thus the lemma and the theorem are proved.

4. Topological Entropy and Piecewise Linear Maps

Having established a topological criterion for the sensitivity to initial conditions of
amap fe%, we want to explore further the relationship of this criterion with other
topological properties of a map. Here we shall focus upon two issues which are
seen to be closely connected with the sensitivity of a map. The first of these has to
do with topological entropy, which is equivalent to the growth numbers of maps in
the case we deal with.

Definition. Let f:X—X be a map of a set such that for each k, f* has a finite
number, N,, of fixed points. Then the growth number of f is lim sup (N,)'/
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The second issue we consider concerns those maps fe% which are topologi-
cally equivalent to piecewise linear maps g with |g'|=u constant. The interest in
these maps g rests with the facts that their growth numbers are easily computed
and that they posses invariant measures absolutely continuous with respect to
lebesgue measure which have the largest possible entropy [20].

The first result we prove is a theorem whose proof is largely a series of
computations.

Theorem 4.1. Suppose fe% has a restrictive central point p fixed by f* k odd. If
U=(p,p) and E;={x|f"(x)eI-U for all n=0}, then the growth number of f|E is

larger than the growth number of f U ().

Corollary 4.2. If fe% hasa restrlctwe central point p fixed by f*, k odd, then f has
a neighborhood U in € such that all maps in U have the same growth number.
The proof of the theorem relies upon the characterization of the smallest
itineraries which correspond to periodic orbits of each odd period. These were
calculated in [6] and the entropy which we calculate here has also been calculated
by Misiurewicz and Jonker-Rand [14]. From each periodic orbit of odd period k,
we pick the largest point and then seek the one among these having the smallest
invariant coordinate. The itinerary g* of this periodic orbit is a periodic repetition
of I,1,1,1,...I,. Any periodic orbit of period k contains a point whose invariant

coordina‘)[‘e izs at least as large as 0(g¥). This is easily deduced from the fact that any
cyclic sequence of I, I, of length k contains a block of I,’s of even length. For a
sequence which begins I,1,1,1,...I,I,, the larger [, the smaller the invariant
coordinate. T

Using the above fact, we can explicitly describe a subshift of finite type which
must be contained in Ey,. It is the subshift of finite type present when f has a stable
periodic orbit with the itinerary described above. Partitioning I along this orbit,
we obtain a Markov partition A4,,...,4,_; for E,. If these sets are labelled in
increasing order along I, then

JAg s 1) =Ax+ 1294012
f(A(k+1)/2+l)=A(k—1)/2—l9 0=i=(k—3)2
f(A(k~ 1)/2—1)=A(k+ D/2+1+1> 0=I/=(k—3)2
SA)=Aps 12 Y Ax+3y2Y-- VA,
The transition matrix of 4 has 1’s in the indicated positions:

[kt ket )

2 2

k—1
2

=~
|

|
—_
—
\;
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If we renumber the A;s starting with 4, F1y2 and then alternatively taking the
next set to the left and to the right, the transition matrix is A shown below

NG}
Il

1
0
0
1

Direct calculation shows that the characteristic polynomial of A is P(f) = — ¢!~ !
— 272442173 4+t—1 where we write [=(k—1)/2. Then P(t)(t+1)=¢>'"1
—2t?'"1 1. The growth number of the corresponding subshift of finite type is the
largest root A of P(t). Evaluating P(t) at t=2'2, we find P(t)(t+1)= —1.

Thus A>2'/2, which is the crucial estimate necessary to prove the theorem.

The map f cyclically permutes the sets fi(U), 0<i<k, U=(p, p’). Therefore, all
periodic orbits in U f{(U) have periods which are divisible by k. On each f(U), f*
has exactly one critical point. Therefore, the number of fixed points of ™ in

k—1
(J fi(U) is at most k-2™ This implies that the growth rate of f|uf(U) is at most
i=0

2% Comparing this estimate with the one for A proves the theorem.

In the theory of rotation numbers of difffomorphisms of the circle, the
rotations represent a distinguished set which one might regard as “normal forms”.
Given a diffeomorphism, one would like to change coordinates so that it becomes
a rotation if possible. In the theory we are studying, perhaps the closest analog to a
rotation is a piecewise linear map g, defined by

0,0 = if 0=x<3
(1 x) if i<x<t.

Clearly, |g,(x)|=u for all x=1. It is known that g, has an invariant measure v,
absolutely continuous with respect to Lebesgue measure, whose entropy is log p.
Here log u is the topological entropy of g and u is the growth number of g.

Not every diffeomorphism of S! is conjugate to a rotation, but within the class
of C? diffeomorphisms, those with irrational rotation numbers are. An analogous
fact is true here — not every map fe®% is topologically equivalent to a g,.
Topological conditions can be used to specify which equivalence classes are
represented by a g,. The fundamental observation is the next simple proposition.

Proposition. 4.3. If 1/5 <u<2, then the map g(x)= /2 — |5 — x| has no restrictive
central points.

Proof. Let p be a central fixed point of g¥, k> 1. Then p’=1—p and g* is monotone
on (p,1). But |Dg*|>2 by assumption, so |g%3)—g*(p)|>2|5—p|=I1—2p|. Since
|p"—pl=1|1—2p|, this implies that p’e(p, g*(3)) and p is not restrictive.

Corollary 4.4. If fe% has a restrictive central point and growth number larger than
]ﬁ, then there is no u such that f is topologically equivalent to g,,.
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We next want to establish a converse to these last statements which gives a
positive criterion for a map fe% to be topologically equivalent to one which is
piecewise linear of constant slope.

Theorem 4.5. Let fe% have no restrictive central point. Then there is a ue(l/i, 2)
such that f is topologically equivalent to the map g defined by g,(x)=p/2+ u-|3—x.

Proof. Since f has no stable periodic orbit, the set {x|f"(x)=c for some n=0} is
dense and the theory of Sect. 2 can be applied. We need only prove that there is a p
such that f and g, have the same kneading sequence. Then f and g will be
topologically equivalent. What we shall prove is that there is a unique kneading
sequence with the growth number of f. This argument depends on the following
lemma.

Lemma 4.6. If X, ¢ X, are topologically mixing subshifts of finite type, then the
growth number of X, is smaller than the growth number X,.

Proof. Consider a common Markov partition for X, and X, with transition
matrices A and B. Now 2, — X, is open in X, and periodic points of X, are dense.
Therefore X, -2, contains periodic points, and there is an n such that Tr A"
<Tr B". Now X, CZ, implies (4");, ,=(B");, for all n,i,j. The strict inclusion implies
that (4"),, <(B") for some i, j and each n. We claim that there is an n for which
(A") <(B") for all i ,j- The number (B");, is the number of sequences
blo, bm2 b.n_li" with b; ; . =1 for each 0<j=<n and i=i,, j=i, Topological
mixingand X, 2, gurantees that for n large there will be a chain of this sort with
some a; ; H—O for each i=iy, j=i, (This can be used as the definition of
topologlcal mixing in this case.) Now if v is any vector with positive components
and (A”),.j<(B”),.J for all i,j, then each component of A" is smaller than the
corresponding component of B"v. Taking v to be the eigenvector of 4 correspond-
ing to its largest eigenvalue, we find that B has an eigenvalue larger than all
eigenvalues of A. But the growth rates of X', and X, are the largest eigenvalues of 4
and B.

Using this lemma we now prove that there is only one kneading sequence with
the growth rate of fe%. Let a be the kneading sequence of f and let b be another
kneading sequence, say larger than g. Between g and b is a periodic kneading
sequence d. Let g be a map with kneading sequence d and let p be the restrictive
central point of g farthest from c. The map g has a stable periodic orbit and hence a
restrictive central point. Then the growth number of g is the growth number of
glEy; U=(p,p), Ey={xlg"(x)eI—U for all n=0}. The invariant coordinate of p
must be larger than g because 6(c) lies between 6(p) and 6(p’) for g and 6(a) < 6(d)
=0(c,). If the invariant coordinate of g were larger than that of p, then f would
have a periodic orbit with the same itinerary as p, and this point would be a
restrictive central point. Now g|E, is topologically equivalent to a subshift of finite
type which is topologically mixing. We can find a proper subset of E;, which is also
a subshift of finite type, topologically transitive, and with growth rate at least as
large as f. Then the Lemma implies that g has larger growth number than f.
Therefore, any map with kneading sequence b has larger growth number than f.

Assume now that b has a smaller invariant coordinate than a. Then an
argument similar to the one above implies that if g has kneading sequence b, then g
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has growth number smaller than that of f. There is no other kneading sequence
than the one of f with the same growth number. Let g, be the piecewise linear map
g9 )=w2—pu- |4 — x| where p is the growth number of f. The uniqueness argument
then implies that g has the same kneading sequence as f since y is also its growth
number. Finally, the results of Sect. 2 imply that f and g are topologically
equivalent.

Thus far, we have considered piecewise-linear maps with growth numbers in
(ﬂ, 2] and smooth maps with odd periodic orbits. Let us briefly describe the
general situation, starting with the piecewise linear maps. Suppose g,(x)= + /2
— p-|5—x| with pe(2Y/2", 212", Then all of the periodic orbits of g, except a
finite number (one for each 2, i <m) will have periods which are divisible by 2™
There is a subinterval J of I, with an endpoint at the closest restrictive central
point of g to 1/2 such that g>”|J is a piecewise linear map with slope in ([/5, 2].
The preceding theorems then apply to g>”|J. Similarly, if the map f has periodic
points of the form 2™k, k>1 odd but not of the form 2™~ ! -k, then the growth
number of f lies in the interval (21/2™"", 21/2™], The map f has a restrictive central
point p of period 2", and if q is a restrictive central point closer to ¢ than p, then f
is not topologically equivalent to a piecewise linear map g,. If no such g exists,
then f is topologically equivalent to the g, with u the growth rate of f. As a final
corollary of the theory we have developed thus far, we have the following:

Theorem 4.7. Let fe%. Then f has sensitivity to initial conditions if and only if
there is a subinterval J CI and an n>0 such that f*(J)CJ and ["|J is topologically
equivalent to a piecewise linear map g,(x)=p/2 — u-|x —3|. Here p is the growth rate
of f"J and pe(}/2,2].

We turn now to one parameter families f, of maps in € for some final remarks.
An outstanding question about such families is the prevalence of parameter values
v for which f, is “chaotic”. If one interprets “chaotic” as “having sensitive
dependence on ititial conditions”, then the theory we have developed can be
applied to yield some new perspective on this problem. To cast the problem into
the terms we desire, we make a “genericity” hypothesis for the family f,:

Hypothesis. If J is a nontrivial interval in the parameter space of the family f, such
that v, v,eJ imply that f, and f,, have the same kneading sequence, then f, has
a stable periodic orbit.

While it is not known that any family satisfies this hypothesis, it seems likely
that the set of families in C*(I, %) which satisfy the hypothesis is generic set; ie., a
countable intersection of open dense sets. In any case we shall assume that all
families we discuss do satisfy the hypothesis.

Let f, be such a family. If there is a set B of positive measure in the parameter
space such that ve B implies that £, has sensitive dependence to initial conditions,
then there is a subset B and an n such that ve B implies that f] restricted to a
suitable subinterval is topologically equivalent to a piecewise linear map of
constant slope. With this n, we rescale the maps so that their domain of definition
is I. We then have a family for which there is a set of positive measure in parameter
space for which the members of the family are topologically equivalent to
piecewise linear maps.
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Interpret this via Theorem 4.5 in terms of growth rates. Using the hypothesis,
the places where the growth rate function of a family f, is not constant are the
parameter values v at which f, is topologically equivalent to a piecewise linear
function g,. This suggests that one should study the growth rate function
associated to a family: y(v)= growth rate of f,. An alternative question to the one
raised earlier is whether the function y is absolutely continuous. The discussion
above suggest that the typical family f, has a set of positive measure in parameter
space for which f, has sensitivity to initial conditions if and only if the growth rate

function g(v) has a distributional derivative Eg whose support has positive measure
v

in the parameter space. Since we prove nothing, we refrain from a formal
statement of this principle. It does motivate discussion of the growth rate function,
however.

One cannot expect a simple argument to prove that the growth rate function is
absolutely continuous. The following example gives an upper bound of 1/2 for the
Holder exponent of the growth rate function of the quadratic family f(x)
=vx(1 —x). When v=4, then f, has growth number 2. All roots of the polynomial
fMx)—x of degree 2* are real. There is a sequence of values v,—4 such that when
v=v,, 1/2 is periodic with period n and with 0<f*@)<f*G)<...<f"'(})
< f"(3)=3. These stable periodic orbits are the “largest of each period” in the sense
of invariant coordinates. Since the derivative of 4x(1 —x) at 0 is 4, one can estimate
the way in which ¢,=4 —v,—0 as n— 0. For any 6 >0, (4 —06)"s,—0. For n large,
we must have f2 ()~ f2(3)

We can also calculate the growth rate of f, . Partitioning I along the orbit of 3,
we find that the rest of the nonwandering set of f, is topologically equivalent to a
subshift of finite type with (n—1) x (n—1) transition matrix 4,,:

0 1

1 1

A=1 1 1
1

11

The growth rate of f, is the largest root of the characteristic polynomial P,(t) of 4,

(A |
Now P(t)=t""1—""2— . —1=¢""1-

1 The largest root of P(t) is ap-

proximately 2—2!~" Thus for the v,’s we have the rough estimate for the growth
rate function that y(4)—y(v,)~2'~" while 4—v,~ 4" for some constant f. It
follows that y will not be in the Holder class C* if o is larger than 1/2. In particular
the growth rate function is not Lipschitz. More careful estimates will be necessary
dy
dv

There are two other “measure theoretic” questions which we ask concerning
the theory developed in this paper. The first question is whether the set A for fe%
having an infinite number of restrictive central points always has Lebesgue
measure zero. A positive answer would imply that if fe% is not sensitive to initial

to determine whether or not the support of —— typically has positive measure.
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conditions, then f has no invariant measure absolutely continuous with respect to
Lebesgue measure. The second question is whether fe® sensitive to initial
conditions implies that f does have an invariant measure absolutely continuous
with respect to Lebesgue masure. Is sensitivity equivalent to absolutely continuous
invariant measure?
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