CHAOTIC UNIMODAL AND BIMODAL MAPS

FRED SHULTZ

ABSTRACT. We describe up to conjugacy all unimodal and bimodal maps that
are chaotic, by giving necessary and sufficient conditions for unimodal and
bimodal maps of slopes +s to be transitive.

1. INTRODUCTION

In discussing chaotic dynamical systems, interval maps provide examples that
can be easily visualized. Two standard examples are the full tent map =z —
1 — |1 — 2z|, and the conjugate map x — 4a(1—z). A logistic map f(z) = kz(1—x)
for k > 4 is also chaotic, if restricted to the set X of points in [0, 1] whose orbits
stay in [0, 1], cf. [6]. However, here X is a Cantor set. Are there other simple ex-
amples of functions chaotic on all of [0,1]? Our purpose here is to describe (up to
conjugacy) all chaotic interval maps that are unimodal or bimodal, i.e., have two or
three intervals of monotonicity, where by an interval map we mean any continuous
map of [0, 1] into [0, 1].

In [3], Devaney defines a continuous map to be chaotic if it is transitive, has a
dense set of periodic points, and is sensitive to initial conditions. If 7 : [0, 1] — [0, 1]
is continuous, then the results of Banks [1] and of Vellekoop and Berglund [13]
show that transitivity implies the other two conditions. (See [4, Thm. 3.8] for an
exposition.) Thus an interval map is chaotic iff it is transitive.

If an interval map 7 is piecewise monotonic and transitive, by a result of Parry
[8], T is conjugate to a uniformly piecewise linear map, i.e., an interval map which
is piecewise linear with slopes +s for some constant s. Thus to describe all chaotic
piecewise monotonic interval maps up to conjugacy, it suffices to determine which
uniformly piecewise linear maps are transitive.

If a uniformly piecewise linear map with slopes +s with s > 1 has a fixed point p
such that each point in a neighborhood of p has a unique preimage, then the map is
not transitive, cf. Lemma 5. Our main result (Theorem 21) says roughly that the
converse of this is true for maps that are unimodal or bimodal. From this result, it
is easy to tell if a particular uniformly piecewise linear unimodal or bimodal map
is transitive or not.

We prove this first for unimodal maps, then for bimodal maps with slope *+s
with s > 2, then for general “down-up-down” maps, and finally for “up-down-up”
maps. The arguments given here characterizing transitivity of uniformly piecewise
linear unimodal and bimodal maps are easily accessible to any undergraduate.
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Except for the “down-up-down” case, these individual results on transitivity of
uniformly piecewise linear maps are already either implicitly or explicitly in the
literature. See Jonker and Rand [5] or Bassein [2, Prop. 4] for the unimodal
case, and Veitch and Glendinning [12, Lemmas 3.3, 3.4] for the up-down-up case.
(Warning: Veitch and Glendinning call “transitive” what we call “topologically
exact”, cf. Definition 3). Our goal here is to pull together the necessary results and
techniques and fill in the missing pieces to give a simple answer to the problem of
describing transitive unimodal and bimodal maps up to conjugacy. We would like
to thank Robert Devaney for a helpful reference.

2. PRELIMINARIES

Definition 1. An interval map 7 is piecewise monotonic if there is a partition
of [0,1] into finitely many subintervals on each of which 7 is (strictly) monotonic.
If two (respectively, three) is the minimal number of such intervals, we say 7 is
unimodal (respectively, bimodal).

Definition 2. A map 7 : [0,1] — [0,1] is transitive if for every pair U,V of
nonempty open sets, there exists n > 0 such that 7 (U) NV # .

For interval maps, transitivity implies the existence of a dense orbit, cf. [14,
Thm. 5.9], and the converse holds as well. One way to show that a map 7 is not
transitive is to find an invariant subset J (i.e., 7(J) C J) such that both J and its
complement have non-empty interiors U, V. (Then no iterate of U meets V).

To establish transitivity, it is often easier to prove the following stronger property,
which is discussed in more detail in [9].

Definition 3. A map 7: [0,1] — [0, 1] is (topologically) exact if for every nonempty
open set V', there exists n > 0 such that T"(V) = [0, 1].

We will make frequent use of the following lemmas.

Lemma 4. Let T : [0,1] — [0,1] be uniformly piecewise linear with slopes +s with
s > 1. Let [c,d] be a subinterval of [0,1] on which T is linear and which contains
a fized point p. If J is any subinterval of [0,1] containing p in its interior, then

T*(J) =1[0,1] for some k > 0.

Proof. Let e =p—cand f =d—p. Then for all n > 0, T*"([p — %=,p + S% )
[p —e,p+ f] = [c,d]. If we choose n large enough such that [p — &, p + S%] C
then 72" (J) D [c,d], so T?"+1(J) = [0, 1].

=

)

O

Lemma 5. Let T : [0,1] — [0,1] be uniformly piecewise linear with slopes +s with
s > 1. If for some n > 1, there is a fized point p of T™ such that each point in a
neighborhood V' of p has a unique preimage under T™, then T is not transitive.

Proof. Assume p, n and V are as in the statement of the lemma. We first establish
that for e sufficiently small, J. = (p — e,p + €) N[0, 1] satisfies T~"(J.) C Je.

If p =0, choose e > 0 such that each point in J, = [0, e] has a unique preimage
under 7™, and such that 7™ is linear on J. with slope s” > 1. Then T"(J.) =
[0,s™¢e] D J., and so by uniqueness of preimages, T~"(J.) C Je.

The case p = 1 is similar, so assume 0 < p < 1. Let V C (0,1) be an open
neighborhood of p such that each point in V' has a unique preimage under 7.
Choose e > 0 so that J. = (p—e,p+e) CV NT (V). Since each point in V has
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a unique preimage, and T"(J,) C V, then T™ has no turning point in J,. Thus 7"
is linear on J., with slope £s™. Then

T"(J.) = (p—s"e,p+ s"e) D Je.
Since J, C V, each point in J, has a unique preimage under 7", so T~"(J,) C J,.
Now define
Ke=J. UT Y J)U---uT~ " D(1,).
Since T~"(J.) C J., we have
T YK,) c T HJH)UT 2(J)U---uT- " D(J)UJ, = K,.
Since T is bimodal and has slopes +s, for any interval J we have
IT=H()| < 35! |J| < 3|

It follows that we can choose e so that K. has total length strictly less than 1. Then
the complement of K. has nonempty interior W. Since T-1(K.) C K., forward
images of W never meet K., and so T is not transitive. (]

The following result, due to Parry [8], allows us to reduce the analysis of transi-
tive piecewise monotonic maps to the case of uniformly piecewise linear maps.

Theorem 6. If a piecewise monotonic map 7 : [0,1] — [0,1] 4s transitive, then T
is conjugate to a uniformly piecewise linear map with slopes £s with s > 1.

Proof. The map 7 is said to be strongly transitive if for every open subinterval
J a finite number of iterates of J cover [0,1]. Every transitive interval map is
strongly transitive, cf. [9, Theorem 2.5]. Parry showed that every strongly transitive
piecewise monotonic interval map is conjugate to a uniformly piecewise linear map
T. Since T must be surjective, then s > 1, and s = 1 would force T'(z) = +uz,
which is not transitive.

Alternatively, since transitive interval maps have positive entropy, we could ap-
ply Milnor and Thurston’s result in [7] that piecewise monotonic maps of positive
entropy are semiconjugate to uniformly piecewise linear maps, and then observe
that transitivity forces the semiconjugacy to be a conjugacy.

We sketch a third proof. By a fixed point argument, one can show there is a
non-atomic probability measure p with support all of [0,1], and a constant s > 1,
such that p(7(E)) = su(E) for each Borel set E on which 7 is injective. Define
h :[0,1] — [0,1] by h(z) = p([0,z]). Then h is a homeomorphism of [0,1], and
is a conjugacy from 7 onto a uniformly piecewise linear map with slopes +s. For
details see [10, Cor. 4.4].

O

Observation. If T : [0,1] — [0,1] is uniformly piecewise linear, with slopes =+s,
and .J is an interval on which T" has k intervals of monotonicity, then |T'(J)| > £|J|,
where |J| denotes the length of J. We will make use of this observation throughout
this paper.

3. UNIMODAL MAPS

Definition 7. If 1 < s < 2, the tent map fs: [0,1] — [0, 1] is defined by

sz ifx<1/2
fs(z) = . /
—sz+s ifx>1/2
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It is easy to check that fy is topologically exact, and thus is transitive. How-
ever, for 1 < s < 2, the map f; is not surjective. Even if we restrict fs to
fs([0,1]) = [0, /2], the subinterval [f(1/2), £2(1/2)] will be invariant, so fs will not
be transitive. It is more interesting to restrict fs to the interval [fs(1/2), £2(1/2)],
and rescale so that the domain is [0, 1].

Definition 8. If 1 < s < 2, the restricted tent map T : [0,1] — [0, 1] is defined by
{51’5+2 ifa:<1f%

Ts(x) =
(@) s — ST if:czl—i

(See Figure 1.)

FIGURE 1

We say f : [0,1] — [0,1] exchanges intervals J; and Jy if f(J1) = Jo and
f(J2) = Ji1. (By “interval” we will always mean a non-degenerate interval, i.e., one
consisting of more than a single point.) The following theorem is implicit in [5] and
can also be found in [10, Lemma 8.1].

Theorem 9. Let 1 < s <2, and let p be the unique fixed point of Ts.

(i) The restricted tent map Ty is topologically exact iff s > /2, which occurs
iff Ts(0) < p.

(ii) If s = /2, then T, is transitive but not exact. It exchanges the subinter-
vals [0,p] and [p,1], and T? is ezact on each of these subintervals. The
condition s = \/2 is equivalent to T,(0) = p.

(iil) If s < V2, then Ty is not transitive; this occurs iff T5(0) > p.

Proof. Tt is straightforward to check that T,(0) = p is equivalent to s = v/2, and
similarly T%(0) > p iff s < v/2, and T,(0) < p iff s > /2.

(i) If s > v/2, let J be any subinterval of [0, 1]. Suppose T2(.J) # [0, 1]. Let ¢ be
the critical point of Ts. If ¢ were in both J and T(J), then ¢ and 1 = Ti(c) both
would be in Ty(J), so T2(J) D Ts([e, 1]) = [0, 1], contrary to our assumption. Thus
on at least one of the intervals J and Ts(J), Ts is linear, and on the other interval
Ty is either linear or unimodal. Therefore, |T2(.J)| > %\J| and % > 1. We can
repeat the argument starting with T2(.J) in place of J. Thus (T2)"(J) = [0, 1] for
some n.
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(ii) If T5(0) = p, then Ts maps [0,p] onto [p,1] and maps [p, 1] onto [0,p], so
T? is not exact on [0, 1]. However, T2 maps [0, p] onto itself, and maps [p, 1] onto
itself, and restricted to each of these intervals is conjugate to the full tent map, so
is topologically exact on each of these intervals. Since T exchanges [0, p] and [p, 1],
it follows that T} is transitive on [0, 1]. Indeed, suppose V and W are open subsets
of [0,1]. If V and W both meet the interior of [0, p], then exactness of T2 on [0, p]
implies that 72" (V) N W is nonempty for some n. If V meets the interior of [0, p]
and W meets the interior of [p, 1], then Ts(WW) meets the interior of [0, p], so the
previous argument applies. The remaining cases can be treated similarly.

(iil) If T5(0) > p, then each point in a neighborhood of p has a unique preimage,
so Ty is not transitive, cf. Lemma 5. ([

Definition 10. Two interval maps 7 and 7o are reflections of each other if xz —
1 — z is a conjugacy from 71 to 7o.

This terminology is motivated by the observation that if 75 is the reflection of
71, then the graph of 75 is the graph of 71 reflected in the point (1/2,1/2).

Theorem 11. A unimodal map 7 : [0,1] — [0,1] is transitive iff T is conjugate to
a restricted tent map Ts with s > V2.

Proof. If T is transitive, then 7 is conjugate to a uniformly piecewise linear map
T :[0,1] — [0,1], ¢f. Theorem 6. We may assume that T increases and then
decreases. (If not, replace T by its reflection.) By surjectivity, T takes on the value
0 at either 0 or 1. If T(1) > 0, then T(0) = 0, so 0 is a fixed point and there is a
neighborhood of 0 such that each point in the neighborhood has just one preimage.
By Lemma 5, this contradicts transitivity of 7. Thus T'(1) = 0, so T' = T} for some
s > 1. Now the theorem follows from Theorem 9.

|

4. BIMODAL MAPS

If a bimodal map 7 increases, then decreases, then increases we say 7 is up-down-
up, and otherwise that 7 is down-up-down.

In this section T : [0,1] — [0,1] will denote a bimodal piecewise linear map
with slopes +s, with s > 1. Recall (Theorem 6) that any transitive bimodal map
7 :]0,1] — [0, 1] is conjugate to such a map T

Lemma 12. If T is transitive, then there exists a subinterval [a,b] mapped linearly
onto [0,1], with neither a nor b being fized points.

Proof. If T([c1, c2]) = [0, 1], we're done, so suppose this does not occur. Since T is
transitive, then T is surjective. We consider the possibilities for the points where
T takes on the values 0 and 1.

Suppose that T takes on the values 0 and 1 only at the endpoints of [0,1]. Then
either T(0) = 0 and T'(1) = 1, or else T'(0) = 1 and T'(1) = 0. In either case, we can
apply Lemma 5 with p = 0 and n = 1 or n = 2 to conclude that T is not transitive,
contrary to our hypothesis.

The remaining possibility is that 7" takes on the value 0 at an endpoint, and 1
at a critical point, or vice versa. For example, suppose T'(0) = 0 and T'(¢;) = 1,
with T'(c2) > 0. Then there is an interval containing 0 in which each point has
a unique preimage, so by Lemma 5, T is not transitive. The case T(1) = 1 and
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T(ce) = 0, with T'(¢1) < 1 is a reflection of the previous case, so again T' is not
transitive. Thus we are left with the cases T(0) = 1 with T(¢;) = 0, or T'(1) = 0
with T'(cz) = 1. In the former case we can take [a, b] = [0, ¢1], and in the latter case
[a,b] = [c2,1].

(]

4.1. The case s > 2. We will consider up-down-up and down-up-down bimodal
maps separately. However, we first treat these cases together for the case where
s> 2.

We start with a lemma concerning maps with 7'(0) = 1, as illustrated in Figure 2.

FIGURE 2

Lemma 13. Let ¢; < ¢z be the critical points of T. Assume T(0) =1 and T'(c1) =
0, and let p be the fixed point of T in [0, c1].

(i) If s < V2, then T(c2) < p.
(ii) If s > /3, then T(c2) > p.

Proof. (i) We have
T(ca) = s(cs — 1) < s(1— ) = s(1 = 1/s) = s — 1.
If s < V2, thens—lgs_‘%l:p, so T'(eg) < p.

(ii) In order for T to be bimodal, c; — ¢; > 3(1 —¢1), so

T(co) = s(ca—c1) >

| ®»

(1—1/s) = %(s— ).

If s > /3, then (s — 1) > H%:p, so T(cg) > p.
O

The following shows that the converse to Lemma 12 holds if s > 2, as illustrated
in Figure 3.

Theorem 14. Assume s > 2. Then T is topologically exact iff there is a proper
subinterval [a, b] mapped linearly onto [0, 1], with neither a nor b being fized points.
Furthermore, T is transitive iff it is exact.
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1

FIGURE 3. down-up-down, s > 2

Proof. Let ¢; < c¢o be the critical points of T. Suppose first that such an interval
[a,b] exists. Consider the case where [a,b] = [c1,c2], so that T([e1,c2]) = [0,1].
(See Figure 3). If J is any interval that does not contain [c1, ¢z, then T is either
linear or unimodal on J, so |T'(J)| > §|J|. If no iterate of J contains [c;, ], then
[T7(J)| > (5)"|J] for all n. Since § > 1, this is impossible. Thus for some n we
have T™(J) D [e1, ca), so T"T1(J) = [0,1]. Thus T is exact.

Consider next the case where [a, b] = [0, ¢1], so that T'(0) = 1 and T'(¢;) = 0. See
Figure 2. By Lemma 13, since s > 2 > /3, then T(cy) > p, where p is the fixed
point of T in [0, ¢1]. Now if J is any interval, since s > 2, iterates of J will expand
in length until the iterate contains [c1, ¢2]. Since T'(¢2) > p and T'(¢1) = 0, the next
iterate will contain p in its interior. By Lemma 4, iterates of J will eventually equal
[0,1], so T is exact.

The case where T'(1) = 0 and T'(¢2) = 1 is a reflection of the case just considered,
and so T is again exact. Since T is bimodal, this exhausts the possibilities for an
interval [a,b] with the properties in the statement of the theorem, and thus the
existence of such an interval implies that T is exact.

If T is transitive, the existence of the desired interval [a, b] follows from Lemma

12, and exactness then follows from the first part of this proof.
O

4.2. Down-up-down maps. For surjective down-up-down maps, with the excep-
tion of maps with 7'(0) = 1 or T'(1) = 0, we will now show that the condition s > 2
is both necessary and sufficient for the map to be topologically exact or transitive.

Theorem 15. Assume T is down-up-down, with critical points ¢; < co, and that
T(c1) =0 and T(c2) = 1. Let p be the fixed point of T in [c1,ca]. Then the following
are equivalent.

(i) s> 2.

(i) 7(0) >

(iii) T(1) <
(iv) T is topologzcally exact.
(v) T is transitive.

Proof. See Figure 4.
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C1 p C2

FIGURE 4. down-up-down, s < 2

i
i
)

E (ii) follows from T'(0) = ¢1s and p = ¢15/(s — 1).
(i
(
(

—

< (iii) follows from T'(1) =1 — (1 —¢o)s and p = (cas — 1)/(s — 1).
= (iv) If s > 2, then T is topologically exact by Theorem 14.
iv) =
V) =

(v) Trivial.
(ii) If (ii) fails, then T'(0) < p, so

T([0,p)) = T([0, 2]) U T ([e, p]) = [0, T(0)] U [0, p] = [0, p]-

Thus [0, p] is invariant under T, so T is not transitive.
[

By Lemma 12, there is one remaining kind of up down-up-down map that can
be transitive: maps such that 7'(0) = 1 or T'(1) = 0, cf. Figure 2. We begin with a
lemma on critical points, relevant to showing that T' stretches intervals until they
include both critical points.

Lemma 16. Assume T is down-up-down and s < 2. Let ¢c; < co be the critical
points of T, and assume that T(0) = 1 and T(c1) = 0. Suppose K is an interval
such that no iterate of K contains both critical points.

(i) At least one of K, T(K), T?(K) contains no critical point.

(ii) If T(co) < c1, at least one of K or T(K) contains no critical point.

Proof. We first make no assumption about T'(¢z), and prove
(1) if ¢; € K, then T(K) contains no critical point.

Indeed, if ¢; € K, then 0 = T(c;) € T(K). If ¢; or ¢o were in T(K), then
[0,c1] € K, so T?(K) = [0,1], contrary to our assumption that no iterate of K
contains both critical points. Thus we’ve proven (1).

We now prove (i) and (ii). By (1), we may assume ¢z € K. Then K C (¢, 1], so

(2) T(K) C [0,T(c2)].
Furthermore,
(3) T(Cg) < Co

follows from

T(c2) =s(ca—c1) =sca—1<2co —1=ca+(ca—1) <ca.
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By (2) and (3), T(K) C [0,¢c2). If ¢; € T(K), by (1), T?(K) contains no critical
points. If ¢; ¢ T(K), then T(K) C [0,c2) implies that T(K) contains neither c¢;
nor cg, which proves (i).

If T(eq) < c1, suppose both K and T'(K) contain critical points. If ¢; € K, we
apply (1). Otherwise, as above we conclude T'(K) C [0,T(cz)). Since T(ca) < ey,
then T'(K) contains no critical point, a contradiction. Hence (ii) follows.

O

Theorem 17. Let ¢; < co be the critical points of T, and assume that T'(0) = 1
and T(c1) = 0. Let p be the fized point of T in [0, cq].
(i) If T(c2) > p, then T is topologically exact.
(ii) If T(c2) = p, then T is transitive, T exchanges [0,p] and [p,1], and T? is
topologically exact on each of these intervals.
(iii) If T(c2) < p, then T is not transitive.

Proof. See Figure 2.

(i) Assume T(cz) > p. By Lemma 13, s > v/2. If s > 2, then as shown in
Theorem 14, T is exact. Thus we may assume V2 < s < 2.

Let K be a subinterval of [0, 1]; we will show some iterate of K equals [0, 1]. If
K contains both critical points, since T'(c2) > p and T'(¢1) = 0, then T'(K) contains
the fixed point p in its interior, so by Lemma 4 some iterate of K equals [0,1]. Thus
it suffices to show that some iterate of K contains both critical points.

Suppose (to reach a contradiction) that K is an interval such that no iterate
contains both critical points. If T(c2) < c1, by Lemma 16(ii) we have |T?(K)| >
%\K| Since the same argument can be applied to T?(K), we conclude that

2 n
T2 (K)| > (‘Z) K| for all n > 0.
Since s > v/2, then s2/2 > 1, so this is impossible. Thus some iterate of K contains
both critical points, so is eventually mapped onto [0, 1].
If T(cz) > ¢1, then a similar argument based on Lemma 16(i) shows

3 n
(4) T3 (K)| > <S4> K| for all n > 0.
Since ¢; < T'(cz) = s(c2 — 1), then ¢; = 1/s gives
1
- <scp—1,
s
S0
1 1
) + - S Coy < 1.
2 s

Hence s? — s —1 > 0. Since s > 1, this implies s > 1+2‘/5 ~ 1.618, so s> > 4. If this

is combined with (4), we again reach a contradiction, and this completes the proof
of (i).

(i) If T(c2) = p, then T exchanges [0, p] and [p,1], and T? is a bimodal map
from [0, p] onto [0, p] with slopes +s2. By Lemma 13, s > v/2, so s > 2. If dy, dy
are the T-preimages in [0, p] of ¢1, ca, then T? maps [dg, d1] linearly onto [0, p]. By
Theorem 14, T? restricted to [0,p] is topologically exact. Since T' exchanges [0, p]
and [p, 1], then T is transitive on [0, 1].
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(iii) Assume T'(c2) < p. Then there is an open interval around p in which each
point has a unique preimage. By Lemma 5, T is not transitive.
O

Remark. If T(1) = 0 and T'(c2) = 1, then transitivity and exactness of T' can be
determined by applying Theorem 17 to the reflection of T'.

4.3. Up-down-up maps. Recall by Lemma 12 that for T" to be transitive, there
must be a subinterval J = [a,b] mapped linearly onto [0, 1], with neither a nor b
being fixed points. Thus if T' is up-down-up, with critical points ¢; < co, for T
to have a chance of being transitive we must have T'(c;) = 1 and T'(c2) = 0. See
Figure 5.

FIGURE 5. up-down-up

Lemma 18. Let T be up-down-up, with critical points ¢1 < ca, with T(c1) = 1 and
T(c2) =0, and let p be the fized point of T in [c1,co]. Assume T(1) > p, and let K
be any interval none of whose iterates contains the fixed point p in its interior.
(i) If K and T(K) both contain critical points, then ca € K and ¢; € T(K)
(ii) At most two of K, T(K), T?(K) contain critical points.
(iii) If also T(1) < co2, and both K and T(K) contain critical points, then
neither T?(K) nor T3(K) contains a critical point.

Proof. Denote the interior of any interval J by J°. Hereafter K denotes an interval
such that no iterate of K contains p in its interior. Since T(c;) = 1 and T'(¢3) = 0,
then K can’t contain two critical points (or else T'(K) = [0, 1] would contain p).

(i) Suppose both K and T'(K) contain critical points. Assume (to reach a con-
tradiction) that ¢; € K. Then 1 =T(c¢;) € T(K), so T(K) is an interval with 1 as
one endpoint. Since T(K) contains just one critical point, then ¢ € T(K). Then
T?(K) contains T'(co) = 0 and contains T?(¢;) = T(1) > p. Hence p € T?(K)°, a
contradiction.

Thus we’ve shown ¢; ¢ K, so we must have co € K. Then 0 = T'(c2) € T(K).
Since T(K) contains exactly one critical point, and contains 0, it can’t contain cs,
so ¢ € T(K).

(ii) Suppose K, T(K), and T?(K) all contain critical points. By (i), ¢z € K and
¢1 € T(K). But by (i) applied to T'(K), ¢z € T(K), so T(K) contains two critical
points, which forces p € T(K)°, contrary to assumption.
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(iii) Suppose T'(1) < ¢z, so that p < T(1) < ¢, and suppose that K and
K) contain critical points. By (ii), T%(K) contains no critical point, and by
1 =T(c;) € T*(K). Thus we can write T?(K) = [e,1] with e > ca. Then
(K) = [T(e),T(1)]. Since p < T(1) < ¢z, and p ¢ T3(K)°, we must have
< T(e), so T3(K) C [p,c2); in particular T3(K) contains no critical point.

([l

Lemma 19. Assume T is up-down-up, with critical points ¢1 < co, with T'(¢1) =1
and T(cz) = 0. Let p be the fized point in [c1, ca).
(i) If T(1) > p, then s > /2.
(ii) If T(1) > co, then s > 41/3.
(iii) T(0) < T(1) iff s > 2.

Proof. (i) Note that ¢ = ¢1 4+ 2, s0 T(1) = 5(1 — ¢2) = s — ¢15 — 1. The inequality
T(1) > p is the same as

s—c1s—1> 1+Cls.
1+s
Rearranging gives s? — 2 > ¢;5(s + 2). Since ¢15(s +2) > 0, then s > /2.

(ii) Observe that T'(1) > ¢z is equivalent to s — ¢35 — 1 > ¢; + 1/s. Rearranging
gives s> —s —1 > c;5(1 + s). The positive root of s2 — s — 1 is 1+T\/g7 soT(1) > co
implies s > HT‘/E ~ 1.618. This is larger than 4/3 ~ 1.587.

(iii) Since T(0) =1 — ¢ys and T(1) = s — ¢1s — 1, then (iii) follows.

O

Theorem 20. Let T be up-down-up, with critical points ¢y < ¢o and T(c1) = 1,
T(co) = 0. Let p be the fized point of T in [c1,ce]. Then s > 2 iff T(0) < T(1),
and in that case T is exact. If s <2, then T(1) < T(0), and we have the following
cases for the location of p with respect to the interval [T'(1),T(0)].
(i) If p < T(1) or p>T(0), then T is topologically exact.
(ii) If T(0) = p or T(1) = p, then T is transitive but not topologically exact,
T exchanges [0,p] and [p, 1], and T? restricted to each of these intervals is
topologically exact.
(i) If T(1) < p < T(0), then T is not transitive.

Proof. By Lemma 19(iii) we have T'(0) < T'(1) iff s > 2, and in that case T is exact
by Theorem 14. Hereafter, we assume s < 2.

(i) Assume p < T'(1) or T(0) < p. Without loss of generality, we may assume
T(1) > p. (Otherwise, if T'(0) < p, replace T by its reflection T, which will satisfy
f(l) > p, where p = 1 — p is the fixed point of IN“)

Let K be any subinterval of [0,1]. Suppose (to reach a contradiction) that no
iterate of K contains p in its interior (and thus also that no iterate of K contains
both critical points). We consider two possibilities.

First suppose T(1) > cp. By Lemma 19, s > 4'/3. By Lemma 18, at most
two of K, T(K), T?(K) contain a critical point, so |T3(K)| > %|K|. Thus each
application of T to any iterate of K increases its length by a factor at least s®/4 >
1, which is impossible.

Now suppose T'(1) < co. If either K or T(K) contains no critical point, then
applying T2 increases the length of K by a factor of at least s2/2, which is greater
than 1 by Lemma 19(i). On the other hand, suppose both K and T'(K) contain
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critical points. By Lemma 18, T?(K) and T3(K) contain no critical points. Thus
applying T* to K increases its length by at least a factor of s*/4 = (s2/2)? > 1, cf.
Lemma 19(i). Thus we may repeatedly apply one of T? or T* to steadily increase
the length of iterates of K by a factor strictly greater than one, a contradiction.

We conclude that some iterate of K must contain p in its interior, and thus by
Lemma 4, some iterate of K equals [0, 1]. Thus T is exact.

(ii) Assume T'(1) = p or T(0) = p. Without loss of generality, we may assume
T(1) = p. (Otherwise, if T(0) = p, replace T by its reflection T.) See Figure 6 for
possible graphs of T' and T2 in the case T/(1) = p.

Ci1 P C2 Ci P C2

FIGURE 6. T and T2 when T(1) = p

Since s < 2, by Lemma 19(iii) we have T(0) > T(1) = p. Thus T maps [0, p]
onto [p, 1], and maps [p, 1] onto [0, p]. The turning points of 72 on [0, p] are ¢; and
the T-preimages of ca, so T2 on [0, p| is either bimodal (as illustrated in Figure 6)
or trimodal. On [0, p] the values of T2 at turning points are either 0 or p, and the
slopes of T2 will be +s2, with s?> > 2 by Lemma 19. Thus when 72 is repeatedly
applied to an interval in [0,p], the length gets increased by at least the factor
52/2 > 1 until some iterate contains two critical points of 72 in [0, p]. The range
of T? on the interval between successive critical points is [0,p], so T? on [0,p] is
topologically exact.

Since T' exchanges [0,p] and [p, 1], it follows that T? is exact on [p,1] as well,
and that T is transitive on [0, 1]. (For transitivity, see the argument in the proof of
Theorem 9(ii).)

(iii) Assume T'(1) < p < T(0). Then there is an open neighborhood of p in which
each point has a unique preimage, so by Lemma 5, T is not transitive.

O

5. SUMMARY

Theorem 21. A unimodal or bimodal uniformly piecewise linear map T : [0,1] —
[0, 1] is transitive iff there is a subinterval J such that the following three conditions
are satisfied.
(i) T is linear on J with T(J) = [0,1], with neither endpoint of J fized by T.

(ii) The fized point p in J is contained in the closure of T'([0,1]\ J).

(iii) If p is in the boundary of T'([0,1]\ J), then T exchanges [0, p] and [p,1].
Furthermore, T will be topologically exact iff an interval J can be chosen such that
(i) holds and such that p is contained in the interior of T([0,1]\ J).
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Proof. If T is unimodal, the theorem follows from Theorem 9. Suppose now that T’
is bimodal. If T is transitive, then there exists an interval satisfying (i) by Lemma
12, so suppose that J is such an interval. (Note that there could be more than one
such interval.)

We first consider the case where T is down-up-down. Let the critical points of
T be ¢1 < ¢z. In the case where J = [cq, ¢2], the theorem follows from Theorem 15.
If J =[0,c1] or J = [ca, 1], the theorem follows from Theorem 17 (and the remark
following that theorem).

Now suppose T' is up-down-up. If s > 2 then T is exact by Theorem 20, and
T(0) < T(1), so either p < T(1) or p > T(0). In both cases p is in the interior of
T([0,1]\ J). If s < 2, the theorem follows from (i), (ii), (iii) in Theorem 20.

O

Remarks Combining Theorem 21 with Parry’s theorem (cf. Theorem 6), every
transitive unimodal or bimodal map 7 is conjugate to a uniformly piecewise linear
map T satisfying the conditions of Theorem 21. It can be shown that the map T
is unique up to reflection, cf. [11].

Observe that T satisfies condition (ii) in Theorem 21 precisely if there is no
open neighborhood of the fixed point p in which each point has unique preimage.
Thus Theorem 21 is almost the converse of Lemma 5 (and in fact, is precisely the
converse in the unimodal case). However, for a down-up-down map with s = 2, we
have T'(1) = T'(0) = p, so there is no such neighborhood, and yet the map is not
transitive, cf. Theorem 15. In this case the intervals [0, p] and [p, 1] are invariant,
and T is transitive (in fact exact) on each.

In Theorem 21, since T is uniformly piecewise linear, we could rephrase (i) by
requiring T to be monotone on J instead of linear; call that rephrased condition (i)’.
If 7 : [0,1] — [0, 1] is unimodal or bimodal, and is transitive, let A : [0, 1] — [0, 1] be
a conjugacy from 7 onto a uniformly piecewise linear map 7', cf. Theorem 6. Then T’
is transitive, so satisfies the conditions of Theorem 21. Since h is a homeomorphism
and is either strictly increasing or strictly decreasing, it follows that 7 also satisfies
the same conditions (i)', (ii), (iii). Thus these conditions are necessary for 7 to be
transitive. They are not sufficient, as can be seen by considering the logistic map
7(z) = kz(1 — x) where k = 3.839 (restricted to the interval [72(1/2),7(1/2)], and
rescaled to live on [0,1]). For the fixed point p, we have 7(0) < p, so 7 satisfies
(1), (ii), (iii). However, for this value of k, 7 has an attracting 3-cycle, so is not
transitive, cf. [3, §1.13].
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