BASIC CONSTRUCTIONS AND EXAMPLES

1. Glossary.

MATTHEW NICOL AND KARL PETERSEN

CONTENTS

2. Definition of the Subject and its Importance.

3. Introduction.

4. Examples.

4.1

4.2.
4.3.
4.4.
4.5.

4.5.1.
4.5.2.
4.5.3.
4.5.4.
4.5.5.
4.5.6.
4.5.7.

Rigid rotation of a compact group.
Adding machines.

Interval Exchange Maps.

Full shifts and shifts of finite type.

More examples of subshifts.

Prouhet-Thue-Morse
Chacon system
Sturmian systems
Toeplitz systems
Sofic systems
Context-free systems

Coded systems

4.6. Smooth expanding interval maps.

4.6.1.

Piecewise C? expanding maps

4.7. More interval maps.

4.7.1.
4.7.2.
4.7.3.
4.7.4.

Continued fraction map
The Farey map
f-expansions

(-shifts

4.8. Gaussian systems.

Received by the editors January 28, 2008.
1991 Mathematics Subject Classification. 37A30, 37TA05.

1

© 0w N I

10
11
11
11
11
11
12
12
12
13
13
13
14
14
14
15



MATTHEW NICOL AND KARL PETERSEN

4.9. Hamiltonian systems.
4.9.1. Billiard Systems
4.9.2. KAM-systems and stably non-ergodic behavior

4.10. Smooth uniformly hyperbolic diffeomorphisms and flows.

4.10.1. Geodesic flow on manifold of negative curvature
4.10.2. Horocycle flow
4.10.3. Markov partitions and coding
4.10.4. Anosov systems
4.10.5. Axiom A systems
4.11. Partially hyperbolic dynamical systems.

4.11.1. Compact group extensions of uniformly hyperbolic
systems

4.11.2. Time-one maps of Anosov flows
4.12.  Non-uniformly hyperbolic systems.
4.13. Physically relevant measures and strange attractors.
4.13.1. Unimodal maps
4.13.2. Intermittent maps
4.13.3. Hénon diffeomorphisms
4.14. Complex dynamics.
4.15. Infinite ergodic theory.

Constructions.

5.1. Products.

5.2. Factors.

5.3. Skew products.
5.3.1. Random dynamical systems
5.3.2.  Group extensions of dynamical systems

5.4. Induced transformations.

5.5. Suspension flows.

5.6. Cutting and stacking.

5.7.  Adic transformations.

5.8. Rokhlin’s Lemma.

5.9. Inverse limits.

5.10. Natural extension.

5.11. Joinings.

6. Future Directions.

15
16
17
18
19
20
20
21
22
23

24
24
24
25
26
27
28
28
29

30
30
30
30
31
31
31
32
33
33
34
34
35
35

36



BASIC CONSTRUCTIONS AND EXAMPLES
7. Bibliography
Primary Literature

Books and Reviews

36

36

41



4 MATTHEW NICOL AND KARL PETERSEN

1. GLOSSARY.

e A transformation T of a measure space (X,B,u) is measure-preserving if
w(T=1A) = u(A) for all measurable A € B.

e A measure-preserving transformation (X, B, u,T) is ergodic if T~*(A) = A
(mod p) implies p(A) = 0 or u(A°) = 0 for each measurable set A € B.

e A measure-preserving transformation (X,B,u,T) of a probability space is
weak-mizing if lim,, o = Z?:_Ol |W(T=*AN B) — u(A)u(B)| = 0 for all measurable
sets A, B € B.

e A measure-preserving transformation (X,B,u,T) of a probability space is
strong-mizing if im,, oo p(T~"ANB) = p(A)p(B) for all measurable sets A, B € B.

e A continuous transformation T of a compact metric space X is uniquely ergodic
if there is only one T-invariant Borel probability measure on X.

e Suppose (X, B, u) is a probability space. A finite partition P of X is a fi-
nite collection of disjoint (mod p, i.e., up to sets of measure 0) measurable sets
{P1,...,P,} such that X = UP; (mod p). The entropy of P with respect to u is
H(P)=—>_, u(P;) Inu(P;) (other bases are sometimes used for the logarithm).

e The metric (or measure-theoretic) entropy of T' with respect to P is h,(T,P) =
limp oo 2H(PV...VT "1(P)), where PV ...V T~"+1(P) is the partition of X
into sets of points with the same coding with respect to P under 7%, i = 0,...,n—1.
That is @,y are in the same set of the partition P V...V T="t(P) if and only if
T(x) and T?(y) lie in the same set of the partition P for i =0,...,n — 1.

o The metric entropy h,(T) of (X, B, p, T) is the supremum of h, (T, P) over all
finite measurable partitions P.

e If T is a continuous transformation of a compact metric space X, then the
topological entropy of T is the supremum of the metric entropies h,(T"), where the
supremum is taken over all T-invariant Borel probability measures.

o A system (X, B, u, T) is loosely Bernoulli if it is isomorphic to the first-return
system to a subset of positive measure of an irrational rotation or a (positive or
infinite entropy) Bernoulli system.

e T'wo systems are spectrally isomorphic if the unitary operators that they induce
on their L? spaces are unitarily equivalent.

e A smooth dynamical system consists of a differentiable manifold M and a
differentiable map f : M — M. The degree of differentiablity may be specified.

e Two submanifolds S, S; of a manifold M intersect transversely at p € M if
Tp(Sl) + TP(S2) = Tp(M)'
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e An (e-) small C" perturbation of a C" map f of a manifold M is a map g
such that dor(f,g) < € i.e. the distance between f and ¢ is less than ¢ in the C”
topology.

e A map T of an interval I = [a, b] is piecewise smooth (CF for k > 1) if there is
a finite set of points @ = z; < w3 < ... < ,, = b such that T'|(z;, z;41) is CF for
each i. The degree of differentiability may be specified.

e A measure p on a measure space (X, B) is absolutely continuous with respect
to a measure v on (X, B) if v(A) = 0 implies u(A) = 0 for all measurable A € 5.

e A Borel measure p on a Riemannian manifold M is absolutely continuous if it
is absolutely continuous with respect to the Riemannian volume on M.

e A measure p on a measure space (X, B) is equivalent to a measure v on (X, B)
if p is absolutely continuous with respect to v and v is absolutely continuous with
respect to pu.

2. DEFINITION OF THE SUBJECT AND ITS IMPORTANCE.

Measure-preserving systems are a common model of processes which evolve in
time and for which the rules governing the time evolution don’t change. For exam-
ple, in Newtonian mechanics the planets in a solar system undergo motion according
to Newton’s laws of motion: the planets move but the underlying rule governing the
planets’ motion remains constant. The model adopted here is to consider the time-
evolution as a transformation (either a map in discrete time or a flow in continuous
time) on a probability space or more generally a measure space. This is the setting
of the subject called ergodic theory. Applications of this point of view include the
areas of statistical physics, classical mechanics, number theory, population dynam-
ics, statistics, information theory and economics. The purpose of this chapter is
to present a flavor of the diverse range of examples of measure-preserving trans-
formations which have played a role in the development and application of ergodic
theory and smooth dynamical systems theory. We also present common construc-
tions involving measure-preserving systems. Such constructions may be considered
a way of putting ‘building-block’ dynamical systems together to construct examples
or decomposing a complicated system into simple ‘building-blocks’ to understand
it better.

3. INTRODUCTION.

In this chapter we collect a brief list of some important examples of measure-
preserving dynamical systems, which we denote typically by (X, B, u, T) or (T, X, B, i)
or slight variations. These examples have played a formative role in the develop-
ment of dynamical systems theory, either because they occur often in applications
in one guise or another or because they have been useful simple models to un-
derstand certain features of dynamical systems. There is a fundamental difference
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in the dynamical properties of those systems which display hyperbolicity: roughly
speaking there is some exponential divergence of nearby orbits under iteration of
the transformation. In differentiable systems this is associated with the deriva-
tive of the transformation possessing eigenvalues of modulus greater than one on
a ‘dynamically significant’ subset of phase space. Hyperbolicity leads to complex
dynamical behavior such as positive topological entropy, exponential divergence of
nearby orbits (“sensitivity to initial conditions”) often coexisting with a dense set
of periodic orbits. If ¢, are sufficiently regular functions on the phase space X of
a hyperbolic measure-preserving transformation (T, X, ), then typically we have
fast decay of correlations in the sense that

[ ey [ o [ vl < Catw)

where a(n) — 0. If a(n) — 0 at an exponential rate we say that the system
has exponential decay of correlations. A theme in dynamical systems is that the
time series formed by sufficiently regular observations on systems with some degree
of hyperbolicity often behave statistically like independent identically distributed
random variables.

At this point it is appropriate to point out two pervasive differences between
the usual probabilistic setting of a stationary stochastic process {X,} and the
(smooth) dynamical systems setting of a time series of observations on a measure-
preserving system {¢ o T"}. The most crucial is that for deterministic dynamical
systems the time series is usually not an independent process, which is a common
assumption in the strictly probabilistic setting. Even if some weak-mixing is as-
sumed in the probabilistic setting it is usually a mixing condition on the o-algebras
Fn =0(Xy,...,X,) generated by successive random variables, a condition which
is not natural (and usually very difficult to check) for dynamical systems. Mixing
conditions on dynamical systems are given more naturally in terms of the mixing of
the sets of the o-algebra B of the probability space (X, BB, ) under the action of T'
and not by mixing properties of the o-algebras generated by the random variables
{¢ o T™}. The other difference is that in the probabilistic setting, although {X,}
satisfy moment conditions, usually no regularity properties, such as the Holder
property or smoothness, are assumed. In contrast in dynamical systems theory the
transformation T is often a smooth or piecewise smooth transformation of a Rie-
mannian manifold X and the observation ¢ : X — R is often assumed continuous
or Holder. The regularity of the observation ¢ turns out to play a crucial role in
proving properties such as rates of decay of correlation, central limit theorems and
SO on.

An example of a hyperbolic transformation is an expanding map of the unit
interval T'(x) = (2x) (where (z) is  modulo the integers). Here the derivative has
modulus 2 at all points in phase space. This map preserves Lebesgue measure, has
positive topological entropy, Lebesgue almost every point x has a dense orbit and
periodic points for the map are dense in [0, 1).

Non-hyperbolic systems are of course also an important class of examples, and
in contrast to hyperbolic systems they tend to model systems of ‘low complexity’,
for example systems displaying quasiperiodic behavior. The simplest non-trivial
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example is perhaps an irrational rotation of the unit interval [0, 1) given by a map
T(x) = (z+«a), a € R\ Q. T preserves Lebesgue measure, every point has a dense
orbit (there are no periodic orbits), yet the topological entropy is zero and nearby
points stay the same distance from each other under iteration under 7T'.

There is a natural notion of equivalence for measure-preserving systems. We
say that measure-preserving systems (T, X, B, u) and (S,Y,C,v) are isomorphic if
(possibly after deleting sets of measure 0 from X and Y') there is a one-to-one onto
measurable map ¢ : X — Y with measurable inverse ¢! such that ¢oT = S o ¢
wa.e. and pu(¢p~t(A)) = v(A) for all A € C. If X,Y are compact topological spaces
we say that T is topologically conjugate to S if there exists a homeomorphism
¢ : X — Y such that ¢ oT = S o ¢. In this case we call ¢ a conjugacy. If ¢ is
C" for some r > 1 we will call ¢ a C"-conjugacy and similarly for other degrees of
regularity.

We will consider X = [0,1) (mod 1) as a representation of the unit circle
Sl ={z € C:|z|] =1} (under the map = — €*™@) and similarly represent the
k-dimensional torus T% = St x ... x St (k-times). If the o-algebra is clear from

the context we will write (T, X, i) instead of (T, X, B, 1) when denoting a measure-
preserving system.

4. EXAMPLES.

4.1. Rigid rotation of a compact group. If G is a compact group equipped
with Haar measure and a € G, then the transformation T'(x) = ax preserves Haar
measure and is called a rigid rotation of G. If G is abelian and the transformation
is ergodic (in this setting transitivity implies ergodicity), then the transformation
is uniquely ergodic. Such systems always have zero topological entropy.

The simplest example of such a system is a circle rotation. Take X = [0,1) (mod 1),
with
T(x) = (x +«) where a € R.
Then T preserves Lebesgue (Haar) measure and is ergodic (in fact uniquely ergodic)
if and only if « is irrational. Similarly, the map

T(x1,...,2x) = (x1 + a1,...,25 + ) , where aq,...,ar € R,
preserves k-dimensional Lebesgue (Haar) measure and is ergodic (uniquely ergodic)
if and only if there are no integers myq, ..., myg, not all 0, which satisfy mjay +...+
mray € 2.

4.2. Adding machines. Let {k;};en be a sequence of integers with k; > 2. Equip
each cyclic group Zg, with the discrete topology and form the product space ¥ =
Hj; Zy, equipped with the product topology. An adding machine corresponding
to the sequence {k;};cn is the topological space ¥ = [];2, Zj, together with the
map

c:Y— X
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defined by
o(kyr —1,ke —1,...) =(0,0,...) if each entry in the Zy, component is k; — 1,

while

n times

——
U(kl —1,/€2—1,...,/€n—1,$1,$2,...):(0,0,...,O,Jil+1,$2,$3,...)
when z1 # kpy1 — 1.

The map ¢ may be thought of as “add one and carry” and also as mapping each
point to its successor in a certain order. See Section 5.7 for generalizations. If each
k; = 2 then the system is called the dyadic (or von Neumann-Kakutani) adding
machine or 2-odometer. Adding machines give examples of naturally occurring
minimal systems of low orbit complexity in the sense that the topological entropy
of an adding machine is zero. In fact if f is a continuous map of an interval with
zero topological entropy and S is a closed, topologically transitive invariant set
without periodic orbits, then the restriction of f to S is topologically conjugate to
the dyadic adding machine [47, Theorem 11.3.13].

We say a non-empty set A is an attractor for a map T if there is an open set U
containing A such that A = N,>¢T™(U) (other definitions are found in the liter-
ature). The dyadic adding machine is topologically conjugate to the Feigenbaum
attractor at the limit point of period doubling bifurcations (see Section 4.13.1).
Furthermore, attractors for continuous unimodal maps of the interval are either
periodic orbits, transitive cycles of intervals, or Cantor sets on which the dynamics
is topologically conjugate to an adding machine [33].

4.3. Interval Exchange Maps. A map T : [0,1] — [0,1] is an interval exchange
transformation if it is defined in the following way. Suppose that 7 is a permutation
of {1,...,n} and l; > 0,4 =1,...,n, is a sequence of subintervals of I (open or
closed) with ). 1; = 1. Define t; by I; = t; — t;—1 with to = 0. Suppose also that o
is an n-vector with entries +1. T is defined by sending the interval ¢;_1 < x < t;_1
of length [; to the interval

Yooy ST< D g

m(§)<m(i) m(4)>m (i)

with orientation preserved if the i’th entry of ¢ is +1 and orientation reversed if the
i’th entry of o is —1. Thus on each interval [;, T has the form T'(x) = o;x+a;, where
o; is £1. If o; = 1 for each ¢, the transformation is called orientation preserving.

The transformation 7" has finitely many discontinuities (at the endpoints of each
l;), and modulo this set of discontinuities is smooth. T is also invertible (neglecting
the finite set of discontinuities) and preserves Lebesgue measure. These maps have
zero topological entropy and arise naturally in studies of polygonal billiards and
more generally area-preserving flows. There are examples of minimal but non-
ergodic interval exchange maps [58,72].
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4.4. Full shifts and shifts of finite type. Given a finite set (or alphabet) A =
{0,...,d—1}, take X = QT (A4) = AY (or X = AZ) the sets of one-sided (two-sided)
sequences, respectively, with entries from A. For example sequences in AN have the
form x = -xoxy... 2y . ... A cylinder set C(Yny,- - Yny)s Un; € A, of length k is a
subset of X defined by fixing k entries; for example,

CYnyy--sYny) ={T: Tny = Ynys--vr Ty = Yny t-

We define the set A to consist of all cylinders C(y1, ..., yx) determined by fixing
the first k entries, i.e. an element of A* is specified by fixing the first k entries of
a sequence -xg ...I by requiring x; =y;, 1 =0,..., k.

Let p = (po, - ..,pi—1) be a probability vector: all p; > 0 and Z'f;ol p; = 1. For
any cylinder B = C(by,...,b) € A*, define

(4.1) gr(B) = pu, - - Dby

It can be shown that these functions on A* extend to a shift-invariant measure
pp on AN (or AZ) called product measure. (See the article on Measure-Preserving
Systems.) The space AN or A” may be given a metric by defining

B 1 if &g # yo;
d(z,y) = { 2‘_17” if x, # yn and x; = y; for [i] < n.

The shift o(.xox1...2n...) = .Z1T2...2y ... is ergodic with respect to p,. The
measure-preserving system (2, B, u, o) (with B the o-algebra of Borel subsets of
Q(A), or its completion), is denoted by B(p) and is called the Bernoulli shift de-
termined by p. This system models an infinite number of independent repetitions
of an experiment with finitely many outcomes, the ¢’th of which has probability p;
on each trial.

These systems are mixing of all orders (i.e. ¢” is mixing for all n > 1) and have
countable Lebesgue spectrum (hence are all spectrally isomorphic). Kolmogorov
and Sinai showed that two of them cannot be isomorphic unless they have the
same entropy; Ornstein [82] showed the converse. B(1/2,1/2) is isomorphic to the
Lebesgue-measure-preserving transformation £ — 2z mod 1 on [0,1]; similarly,
B(1/3,1/3,1/3) is isomorphic to £ — 3z mod 1. Furstenberg asked whether the
only nonatomic measure invariant for both x — 2x mod 1 and £ — 3z mod 1 on
[0,1] is Lebesgue measure. Lyons [69] showed that if one of the actions is K, then
the measure must be Lebesgue, and Rudolph [101] showed the same thing under
the weaker hypothesis that one of the actions has positive entropy. For further
work on this question, see [51,88].

This construction can be generalized to model one-step finite-state Markov sto-
chastic processes as dynamical systems. Again let A = {0,...,d — 1}, and let
p = (po,---,pd—1) be a probability vector. Let P be a d x d stochastic matriz with
rows and columns indexed by A. This means that all entries of P are nonnegative,
and the sum of the entries in each row is 1. We regard P as giving the transi-
tion probabilities between pairs of elements of A. Now we define for any cylinder
B =C(by,...,by) € AF

(42) /LP,P(B) = Dby Porbs Posbs - - 'Pbk—lbk'
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It can be shown that 4, p extends to a measure on the Borel o-algebra of QT (A),
and its completion. (See the article on Measure-Preserving Systems.) The resulting
stochastic process is a (one-step, finite-state) Markov process. If p and P also satisfy

(4.3) pP =p,

then the Markov process is stationary. In this case we call the (one or two-sided)
measure-preserving system the Markov shift determined by p and P.

Aperiodic and irreducible Markov chains (those for which a power of the transi-
tion matrix P has all entries positive) are strongly mixing, in fact are isomorphic to
Bernoulli shifts (usually by means of a complicated measure-preserving recoding).

More generally we say a set A C AZ is a subshift if it is compact and invariant
under o. A subshift A is said to be of finite type (SFT) if there exists an d x
d matrix M = (a;;) such that all entries are 0 or 1 and = € A if and only if
Uz, = 1 for all i € Z. Shifts of finite type are also called topological Markov
chains. There are many invariant measures for a non-trivial shift of finite type. For
example the orbit of each periodic point is the support of an invariant measure.
An important role in the theory, derived from motivations of statistical mechanics,
is played by equilibrium measures (or equilibrium states) for continuous functions
¢: A — R, ie. those measures u which maximize {hs(u) + [, ¢du} over all shift-
invariant probability measures, where h, (1) is the measure-theoretic entropy of o
with respect to p. The study of full shifts or shifts of finite type has played a
prominent role in the development of the hyperbolic theory of dynamical systems
as physical systems with ‘chaotic’ dynamics ‘typically’ possess an invariant set with
induced dynamics topologically conjugate to a shift of finite type (see the discussion
by Smale in [110, p. 147]). Dynamical systems in which there are transverse
homoclinic connections are a common example [45, Theorem 5.3.5]. Furthermore
in certain settings positive metric entropy implies the existence of shifts of finite
type. One result along these lines is a theorem of Katok [54]. Let hop(f) denote
the topological entropy of a map f and h,(f) denote metric entropy with respect
to an invariant measure .

Theorem 4.1 (Katok). Suppose T : M — M is a C1¢ diffeomorphism of a closed
manifold and pu is an invariant measure with positive metric entropy (i.e. h,(T) >
0). Then for any 0 < € < h,(T) there exists an invariant set A topologically
conjugate to a transitive shift of finite type with hiop(T|A) > hy(T) — €.

4.5. More examples of subshifts. We consider some further examples of systems
that are given by the shift transformation on a subset of the set of (usually doubly-
infinite) sequences on a finite alphabet, usually {0, 1}. Associated with each subshift
is its language, the set of all finite blocks seen in all sequences in the subshift. These
languages are extractive (or factorial ) (every subword of a word in the language
is also in the language) and insertive (or extendable) (every word in the language
extends on both sides to longer words in the language). In fact these two properties
characterize the languages (subsets of the set of finite-length words on an alphabet)
associated with subshifts.
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4.5.1. Prouhet-Thue-Morse. An interesting (and often rediscovered) element of {0, 1}%+
is produced as follows. Start with 0 and at each stage write down the opposite

(0" =1, 1 = 0) or mirror image of what is available so far. Or, repeatedly apply
the substitution 0 — 01, 1 — 10.

0

01
0110
01100110

The n’th entry is the sum, mod 2, of the digits in the dyadic expansion of n.
Using Keane’s block multiplication [57] according to which if B is a block, B x 0 =
B,Bx1=PB ,and BXx (w;...wp) = (B Xwi)...(B X w,), we may also obtain
this sequence as

0x01x01lx01x....

The orbit closure of this sequence is uniquely ergodic (there is a unique shift-
invariant Borel probability measure, which is then necessarily ergodic). It is iso-
morphic to a skew product (see Section 5.3) over the von Neumann-Kakutani adding
machine, or odometer (see Section 4.2). Generalized Morse systems, that is, orbit
closures of sequences like 0 x 001 x 001 x 001 x ..., are also isomorphic to skew
products over compact group rotations.

4.5.2. Chacon system. This is the orbit closure of the sequence generated by the
substitution 0 — 0010,1 — 1. It is uniquely ergodic and is one of the first systems
shown to be weakly mixing but not strongly mixing. It is prime (has no nontrivial
factors) [31], and in fact has minimal self joinings [32]. It also has a nice description
by means of cutting up the unit interval and stacking the pieces, using spacers (see
Section 5.6). This system has singular spectrum. It is not known whether or not
its Cartesian square is loosely Bernoulli (see [22]).

4.5.3. Sturmian systems. Take the orbit closure of the sequence w,, = X[17a,1)(na)7
where « is irrational. This is a uniquely ergodic system that is isomorphic to
rotation by « on the unit interval. These systems have minimal complexity in the
sense that the number of n-blocks grows as slowly as possible (n + 1) [29].

4.5.4. Toeplitz systems. A bi-infinite sequence (x;) is a Toeplitz sequence if the set
of integers can be decomposed into arithmetic progressions such that each x; is
constant on each arithmetic progression. A shift space X is a Toeplitz shift if it is
the closure of the orbit of a Toeplitz sequence. It is possible to construct Toeplitz
shifts which are uniquely ergodic and isomorphic to a rotation on a compact abelian
group. [34]

4.5.5. Sofic systems. These are images of SF'T’s under continuous factor maps (fi-
nite codes, or block maps). They correspond to regular languages—languages whose
words are recognizable by finite automata. These are the same as the languages
defined by regular expressions—finite expressions built up from ) (empty set), €



12 MATTHEW NICOL AND KARL PETERSEN

(empty word), + (union of two languages), - (all concatenations of words from
two languages), and * (all finite concatenations of elements). They also have the
characteristic property that the family of all follower sets of all blocks seen in the
system is a finite family; similarly for predecessor sets. These are also generated
by phase-structure grammars which are linear, in the sense that every production
is either of the form A — Bw or A — w, where A and B are variables and w is a
string of terminals (symbols in the alphabet of the language).

[A phase-structure grammar consists of alphabets V' of variables and A of termi-
nals, a set of productions, which is finite set of pairs of words (o, w), usually written
a — w, of words on V U A, and a start symbol S. The associated language consists
of all words on the alphabet A of terminals which can be made by starting with S
and applying a finite sequence of productions.]

Sofic systems typically support many invariant measures (for example they have
many periodic points) but topologically transistive ones (those with a dense orbit)
have a unique measures of maximal entropy. See [67].

4.5.6. Context-free systems. These are generated by phase-structure grammars in
which all productions are of the form A — w, where A is a variable and w is a
string of variables and terminals.

4.5.7. Coded systems. These are systems all of whose blocks are concatenations
of some (finite or infinite) list of blocks. These are the same as the closures of
increasing sequences of SFT’s [62]. Alternatively, they are the closures of the images
under finite edge-labelings of irreducible countable-state topological Markov chains.
They need not be context-free. Squarefree languages are not coded, in fact do not
contain any coded systems of positive entropy. See [13-15].

4.6. Smooth expanding interval maps. Take X = [0,1) (mod 1), m € N,
m > 1 and

T(z) = (mx).
Then T preserves Lebesgue measure u (recall that T preserves p if u(T~1A) = u(A)
for all A € B). Furthermore it can be shown that T is ergodic.

This simple map exemplifies many of the characteristics of systems with some
degree of hyperbolicity. It is isomorphic to a Bernoulli shift. The map has positive
topological entropy and exponential divergence of nearby orbits, and Holder func-
tions have exponential decay of correlations and satisfy the central limit theorem
and other strong statistical properties [20].

If m = 2 the system is isomorphic to a model of tossing a fair coin, which is a
common example of randomness. To see this let P = {P, =[0,1/2), P, = [1/2,1]}
be a partition of [0, 1] into two subintervals. We code the orbit under T of any point
x € [0,1) by 0’s and 1’s by letting x = i if 7"z € P;,k = 0,1,2,.... The map
¢ : X — {0,1}Y which associates a point x to its itinerary in this way is a measure-
preserving map from (X, ) to {0,1}" equipped with the Bernoulli measure from
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Po=p1 = % The map ¢ satisfies poT = o 0 ¢, p a.e. and is invertible a.e., hence
is an isomorphism. Furthermore, reading the binary expansion of z is equivalent
to following the orbit of x under T' and noting which element of the partition P is
entered at each time. Borel’s theorem on normal numbers (base m) may be seen
as a special case of the Birkhofff Ergodic Theorem in this setting.

4.6.1. Piecewise C? expanding maps. The main statistical features of the examples
in Section 4.6 generalize to a broader class of expanding maps of the interval. For
example:

Let X =[0,1] and let P = {I1,...,I,} (n > 2) be a partition of X into intervals
(closed, half-open or open) such that I; N I; = () if i # j. Let I? denote the interior
of I;. Suppose T : X — X satisfies:

(a) For each i = 1,...,n, T|I; has a C? extension to the closure I; of I; and
IT"(z)] > o > 1 for all € I?.

(b) T'(I;) = Usep; I; Lebesgue a.e. for some non-empty subset P; C {1,...,n}.
(c) For each I; there exists n; such that 7™ (I;) = [0, 1] Lebesgue a.e.

Then T has an invariant measure p which is absolutely continuous with respect to
Lebesgue measure m, and there exists C' > 0 such that % < 5—7’2 < C. Furthermore
T is ergodic with respect to u and displays the same statistical properties listed
above for the C? expanding maps [20]. (See the “Folklore Theorem” in the article
on Measure-Preserving Systems.)

4.7. More interval maps.

4.7.1. Continued fraction map. Thisis the map T : [0,1] — [0,1] given by Tz = 1/
mod 1, and it corresponds to the shift [0;a1,as2,...] — [0;a2,as,...] on the con-
tinued fraction expansions of points in the unit interval (a map on NY). It pre-
serves a unique finite measure equivalent to Lebesgue measure, the Gauss measure
dx/(log2)(1 + ). It is Bernoulli with entropy m2/6log2 (in fact the natural par-
tition into intervals is a weak Bernoulli generator, for the definition and details
see [92]). By using the Ergodic Theorem, Khintchine and Lévy showed that
log k/log 2

- 1
(al,,,an)l/"—>H|:1+27] a.e. as n — oQ;
P k% + 2k
n 1 2
if [0;a1,...,a,] = z—n, then Eloan — 2102 a.e.;

1 n 2

—log |z — Pa(2) T a.e.;

n qn () 6log2

and if m is Lebesgue measure (or any equivalent measure) and p is Gauss measure,
then for each interval I, m(T~"I) — u(I), in fact exponentially fast, with a best
constant 0.30366 ... See [10,76].
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4.7.2. The Farey map. This is the map U : [0,1] — [0,1] given by Uz = /(1 — x)
if0<x<1/2,Ux=(1—2x)/zif 1/2 <z <1.Itis ergodic for the o-finite infinite
measure dz/x (Rényi and Parry). It is also ergodic for the Minkowski measure
d, which is a measure of maximal entropy. This map corresponds to the shift on
the Farey tree of rational numbers which provide the intermediate convergents (best
one-sided) as well as the continued fraction (best two-sided) rational approximations
to irrational numbers. See [63,64].

4.7.3. f-expansions. Generalizing the continued fraction map, let f : [0,1] — [0, 1]
and let {I,,} be a finite or infinite partition of [0, 1] into subintervals. We study the
map f by coding itineraries with respect to the partition {I,,}. For many examples,
absolutely continuous (with respect to Lebesgue measure) invariant measures can
be found and their dynamical properties determined. See [106].

4.7.4. (B-shifts. This is the special case of f-expansions when f(x) = Sz mod 1 for
some fixed # > 1. This map of the interval is called the g-transformation. With a
proper choice of partition, it is represented by the shift on a certain subshift of the
set of all sequences on the alphabet D = {0,1,...,|3]}., called the 3-shift. A point
x is expanded as an infinite series in negative powers of 0 with coefficients from
this set; dg(z), = |Bf™(x)]. (By convention terminating expansions are replaced
by eventually periodic ones.) A one-sided sequence on the alphabet D is in the
[B-shift if and only if all of its shifts are lexicographically less than or equal to the
expansion dg(1) of 1 base 3. A one-sided sequence on the alphabet D is the valid
expansion of 1 for some (3 is and only if it lexicographically dominates all its shifts.
These were first studied by Bissinger [11], Everett [35], Rényi [95] and Parry [85,86];
there are good summaries by Bertrand-Mathis [9] and Blanchard [12].

For B = Y5 dy(1) = 10101010.. ... .

For 8 =3, dg(1) = 101000001 . .. (not eventually periodic).
Every (-shift is coded.

The topological entropy of a (-shift is log 3. There is a unique measure of max-
imal entropy log S3.

A [-shift is a shift of finite type if and only if the (-expansion of 1 is finite.
It is sofic if and only if the expansion of 1 is eventually periodic. If § is a Pisot-
Vijayaragavhan number (algebraic integer all of whose conjugates have modulus
less than 1), then the [-shift is sofic. If the [-shift is sofic, then § is a Perron
number (algebraic integer of maximum modulus among its conjugates).

Theorem 4.2 Parry [87]. Every strongly transitive (for every nonempty open set
U, UpsoT"U = X ) piecewise monotonic map on [0,1] is topologically conjugate to
a B-transformation.
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4.8. Gaussian systems. Consider a real-valued stationary process {fr : —0co <
k < oo} on a probability space (€2, F, P). The process (and the associated measure-
preserving system consisting of the shift and a shift-invariant measure on R?) is
called Gaussian if for each d > 1, any d of the fi, form an R%valued Gaussian
random variable on {2 : this means that with E(fx) = m for all k and

Aij = /(fk1 — m)(fkj — m)dP = C(kl — kj) fOI‘ Z,j = 1, .. .,d,
Q
where C(-) is a function, for each Borel set B C R,
Plw: (fr (@), fru(w)) € B} =

L 1 tr g—1
—— [ exp|—=(x—(m,....m)"A"(x — (m,...,m))|dxy...dz,.
e [ e | <5 = ) A o = () o
where A is a matrix with entries (A;;). The function C(k) is positive semidefinite
and hence has an associated measure ¢ on [0, 27) such that

2
C(k) = /O eMdo(t).

Theorem 4.3. The Gaussian system is ergodic if and only if the “spectral measure”
o is continuous (i.e., nonatomic), in which case it is also weakly mizing. It is
mizing if and only if C(k) — 0 as |k| — oo. If o is singular with respect to Lebesgue
measure, then the entropy is 0; otherwise the entropy is infinite [30].

For more details see [28].

4.9. Hamiltonian systems. (This paragraph is from the article on Measure-
Preserving Systems.) Many systems that model physical situations can be studied
by means of Hamilton’s equations. The state of the entire system at any time is
specified by a vector (¢, p) € R?", the phase space, with q listing the coordinates of
the positions of all of the particles, and p listing the coordinates of their momenta.
We assume there is a time-independent Hamiltonian function H(q, p) such that the

time development of the system satisfies Hamilton’s equations:

dqg; OH dp; OH
(4.4) i _ 27 pi _ 94
dt 8pi dt 8qi
Often in applications the Hamiltonian function is the sum of kinetic and potential
energy:

(4.5) H(q,p) = K(p) + U(q).

1=1

N

Solving these equations with initial state (g, p) for the system produces a flow
(¢,p) — Ti(q,p) in phase space which moves (g, p) to its position T3(q, p) t units of
time later. According to Liouwville’s fomula [72, Theorem 3.2], this flow preserves
Lebesgue measure on R?". Calculating dH /dt by means of the Chain Rule

dH ~—~,0H dp; & 0H dy;

i
and using Hamilton’s equations shows that H is constant on orbits of the flow, and
thus each set of constant energy X (Ho) = {(¢,p) : H(¢,p) = Hp} is an invariant
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set. There is a natural invariant measure on a constant energy set X (Hg) for the

restricted flow, namely the measure given by rescaling the volume element dS on
X (Hp) by the factor 1/||VH]|.

4.9.1. Billiard Systems. These form an important class of examples in ergodic the-
ory and dynamical systems, motivated by natural questions in physics, particularly
the behavior of gas models. Consider the motion of a particle inside a bounded
region D in R? with piecewise smooth (C! at least) boundaries. In the case of
planar billiards we have d = 2. The particle moves in a straight line with constant
speed until it hits the boundary, at which point it undergoes a perfectly elastic
collision with the angle of incidence equal to the angle of reflection and continues
in a straight line until it next hits the boundary. It is usual to normalize and con-
sider unit speed, as we do in this discussion for convenience. We take coordinates
(z,v) given by the Euclidean coordinates in « € D together with a direction vector
v € 8971 A flow ¢; is defined with respect to Lebesgue almost every (z,v) by
translating = a distance ¢ defined by the direction vector v, taking account of re-
flections at boundaries. ¢; preserves a measure absolutely continuous with respect
to Riemannian volume on (x,v) coordinates. The flow we have described is called
a billiard flow. The corresponding billiard map is formed by taking the Poincaré
map corresponding to the cross-section given by the boundary 0D. We will de-
scribe the planar billiard map; the higher dimensional generalization is clear. The
billiard map is a map T : D — 9D, where dD is coordinatized by (s,0), s € [0, L),
where L is the length of 9D and 6 € (0, ) measures the angle that inward pointing
vectors make with the tangent line to 0D at s. Given a point (s, ), the angle 6
defines an oriented line (s, #) which intersects 0D in two points s and s’. Reflect-
ing [ in the tangent line to D at the point s’ gives another oriented line passing
through s’ with angle 6’ (measured with respect to the angular coordinate system
based at s’). The billiard map is the map T'(s,0) = (s',6’). T preserves a measure
1 =sinfds x df. The billiard flow may be modeled as a suspension flow over the
billiard map (see Section 5.5).

If the region D is a polygon in the plane (or polyhedron in R?), then D consists
of the faces of the polyhedron. The dynamical behavior of the billiard map or flow
in regions with only flat (non-curved) boundaries is quite different to that of billiard
flows or maps in regions D with strictly convex or strictly concave boundaries. The
topological entropy of a flat polygonal billiard is zero. Research interest focuses
on the existence and density of periodic or transitive orbits. It is known that if
all the angles between sides are rational multiples of 7 then there are periodic
orbits [16,42,75] and they are dense in the phase space [17]. It is also known that
a residual set of polygonal billiards are topologically transitive and ergodic [55,60].

On the other hand, billiard maps in which dD has strictly convex components
are physical examples of non-uniformly hyperbolic systems (with singularities). The
meaning of concave or convex varies in the literature. We will consider a billiard
flow inside a circle to be a system with a strictly concave boundary, while a billiard
flow on the torus from which a circle has been excised to be a billiard flow with
strictly convex boundary.
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The class of billiards with some strictly convex boundary components , some-
times called dispersing billiards or Sinai billiards , was introduced by Sinai [107]
who proved many of their fundamental properties. Lazutkin [65] proved that
planar billiards with generic strictly concave boundary are not ergodic. Never-
theless Bunimovich [22,23] produced a large of billiard systems, Bunimovich bil-
liards, with strictly concave boundary segments (perhaps with some flat bound-
aries as well) which were ergodic and non-uniformly hyperbolic. For more details
see [26,56,70,111]. We will discuss possibly the simplest example of a dispersing
billiard, namely a toral billiard with a single convex obstacle. Take the torus T2
and consider a single strictly convex subdomain S with C'°*° boundary. The domain
of the billiard map is [0, L) x (0,7), where L is the length of dS. The measure
sin(f)ds x df is preserved. If the curvature of S is everywhere non-zero, then the
billiard map T has positive topological entropy, periodic points are dense, and in
fact the system is isomorphic to a Bernoulli shift [41].

4.9.2. KAM-systems and stably non-ergodic behavior. A celebrated theorem of Kol-
mogorov, Arnold and Moser (the KAM theorem) implies that the set of ergodic area-
preserving diffeomorphisms of a compact surface without boundary is not dense in
the C" topology for » > 4. This has important implications, in that there are
natural systems in which ergodicity is not generic. The constraint of perturbing in
the class of area-preserving diffeomorphisms is an appropriate imposition in many
physical models. We will take the version of the KAM theorem as given in [72, The-
orem 5.1] (original references include [61], [3] and [79]). An elliptic fixed point for
an area-preserving diffeomorphism T of a surface M is called a non-degenerate el-
liptic fized point if there is a local C", r > 4, change of coordinates h so that in
polar coordinates

hThil(r, 0) = (r,0 + ap + arr) + F(r,0),

£ 27
77571-7 A

where all derivatives of F' up to order 3 vanish, a3 # 0 and ag # 0 3

map of the form

7(r,0) = (r,0 + a0 + aur),
where a1 # 0, is called a twist map. Note that a twist map leaves invariant the circle
r = k, for any constant k, and rotates each invariant curve by a rigid rotation a;r,

the magnitude of the rotation depending upon r. With respect to two-dimensional
Lebesgue measure a twist map is certainly not ergodic.

Theorem. Suppose T is a volume-preserving diffeomorphism of class C™, r > 4,
of a surface M. If x is a non-degenerate elliptic fixed point, then for every e > 0
there exists a neighborhood U, of x and a set Uy C Uc with the properties:

(a) U is a union of T-invariant simple closed curves of class C™™1 containing
x n their interior.

(b) The restriction of T to each such invariant curve is topologically conjugate
to an irrational rotation.

(c) m(Uc — Up,e) < em(Ue), where m is Lebesgue measure on M.
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It is possible to prove the existence of a C” volume preserving diffeomorphism
(r > 4) with a non-degenerate elliptic fixed point and also show that if T possesses
a non-degenerate elliptic fixed point then there is a neighborhood V of T in the C"
topology on volume-preserving diffeomorphisms such that each T eV possesses
a non-degenerate elliptic fixed point [72, Chapter II, Section 6]. As a corollary we
have

Corollary. Let M be a compact surface without boundary and Diff (M) the space
of C" area-preserving diffeomorphisms with the C” topology. Then the set of T €
Diff (M) which are ergodic with respect to the probability measure determined by
normalized area is not dense in Diff (M) for r > 4.

4.10. Smooth uniformly hyperbolic diffeomorphisms and flows. Time se-
ries of measurements on deterministic dynamical systems sometimes display limit
laws exhibited by independent identically distributed random variables, such as
the central limit theorem, and also various mixing properties. The models of hy-
perbolicity we discuss in this section have played a key role in showing how this
phenomenon of ‘chaotic behavior’ arises in deterministic dynamical systems. Hy-
perbolic sets and their associated dynamics have also been pivotal in studies of
structural stability. A smooth system is C" structurally stable if a small perturba-
tion in the C” topology gives rise to a system which is topologically conjugate to the
original. When modeling a physical system it is desirable that slight changes in the
modeling parameters do not greatly affect the qualitative or quantitative behavior
of the ensemble of orbits considered as a whole. The orbit of a point may change
drastically under perturbation (especially if the system has sensitive dependence
on initial conditions) but the collection of all orbits should ideally be ‘similar’ to
the original unperturbed system. In the latter case one would hope that statistical
properties also vary only slightly under perturbation. Structural stability is one,
quite strong, notion of stability. The conclusion of a body of work on structural
stability is that a system is C'! structurally stable if and only if it is uniformly hy-
perbolic and satisfies a technical assumption called strong transversality (see below
for details).

Suppose M is a C' compact Riemannian manifold equipped with metric d and
tangent space TM with norm || ||. Suppose also that U C M is a non-empty open
subset and T : U — T(U) is a C! diffeomorphism. A compact T invariant set
A C U is called a hyperbolic set if there is a splitting of the tangent space T, M
at each point p € A into two invariant subspaces, T,M = E%(p) & E*(p), and a
number 0 < A < 1 such that for n >0

[1DpT"v|| < CA™[Jv]| for v € E*(p),
|1 D,T || < CA"||v|| for v € E“(p).

The subspace E" is called the unstable or expanding subspace and the subspace
E? the stable or contracting subspace. The stable and unstable subspaces may be
integrated to produce stable and unstable manifolds

W?(p) ={y : d(T"p,T"y) — 0} as n — oo,
W*(p) ={y :d(T""p, T "y) — 0} as n — oo.
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The stable and unstable manifolds are immersions of Euclidean spaces of the same
dimension as E*(p) and E*(p), respectively, and are of the same differentiability
as T. Moreover, T,,(W*(p)) = E*(p) and T,(W"(p)) = E“(p). It is also useful to
define local stable manifolds and local unstable manifolds by

Wep)={yeW?3(p): d(T"p, T"y) < €} for all n > 0,
Wr(p) ={y e W*(p) : d(T "p, T""y) < €} for all n > 0.

Finally we discuss the notion of strong transversality. We say a point = is non-
wandering if for each open neighborhood U of x there exists an n > 0 such that
T"(U)NU # 0. The NW set of non-wandering points is called the non-wandering
set. We say a dynamical system has the strong transversal property if W*(x) in-
tersects W*(y) transversely for each pair of points z,y € NW. In the C", r > 1
topology Robbin [96], de Melo [78] and Robinson [98,99] proved that dynamical
systems with the strong transversal property are structurally stable, and Robin-
son [97] in addition showed that strong transversality was also necessary. Mané [71]
showed that a C! structurally stable diffeomorphism must be uniformly hyperbolic
and Hayashi [48] extended this to flows. Thus a C! diffeomorphism or flow on a
compact manifold is structurally stable if and only it is uniformly hyperbolic and
satisfies the strong transversality condition.

4.10.1. Geodesic flow on manifold of negative curvature. The study of the geodesic
flow on manifolds of negative sectional curvature by Hedlund and Hopf was pivotal
to the development of the ergodic theory of hyperbolic systems. Suppose that M
is a geodesically complete Riemannian manifold. Let -, (t) be the geodesic with
Ypw(0) = p and 4, (0) = v, where ¥, , denotes the derivative with respect to time ¢.
The geodesic flow is a flow ¢; on the tangent bundle TM of M, ¢, : RxTM — TM,
defined by
ot (V) = (Vp,0 (), Yp,0 (1))

where (p,v) € TM. Since geodesics have constant speed, if ||v|| = 1 then ||, (¢)]] =
1 for all ¢, and thus the unit tangent bundle T'M = {(p,v) € TM : |jv|| = 1} is
preserved under the geodesic flow. The geodesic flow and its restriction to the
unit tangent bundle both preserve a volume form, Liouville measure. In 1934 Hed-
lund [49] proved that the geodesic flow on the unit tangent bundle of a surface
of strictly negative constant sectional curvature is ergodic, and in 1939 Hopf [50]
extended this result to manifolds of arbitrary dimension and strictly negative (not
necessarily constant) curvature. Hopf’s technique of proof of ergodicity (Hopf ar-
gument) was extremely influential and used the foliation of the tangent space into
stable and unstable manifolds. For a clear exposition of this technique, and the
property of absolute continuity of the foliations into stable and unstable manifolds,
see [70]. The geodesic flow on manifolds of constant negative sectional curvature is
an Anosov flow (see Section 4.10.4). We remark that for surfaces sectional curva-
ture is the same as Gaussian curvature. Recently the time-one map of the geodesic
flow on the unit tangent bundle of a surface with constant negative curvature,
which is a partially hyperbolic system (see Section 4.11), was shown to be stably
ergodic [46], so the geodesic flow is still playing a major role in the development of
ergodic theory.
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4.10.2. Horocycle flow. All surfaces endowed with a Riemannian metric of constant
negative curvature are quotients of the upper half-plane H* := {z+iy € C:y > 0}

2 2
with the metric ds? = %, whose sectional curvature is —1. The orientation-

preserving isometries of this metric are exactly the linear fractional (also known as
Mobius) transformations:

az+b

JF
cz—l—dEH |

a b +
<c d> € SL(2,R), [zeH" —

Since each matrix 41 corresponds to the identity transformation, we consider ma-
trices in PSL(2,R) := SL(2,R)/{+£I}.

The unit tangent bundle, SHT, of the upper half-plane can be identified with
PSL(2,R). Then the geodesic flow corresponds to the transformations

et 0
teR— (0 e‘t>

seen as acting on PSL(2,R). The unstable foliation of an element A € PSL(2,R) =

SHT is given by
1t
<0 1> A, teR,

and the flow along this foliation, given by

1 ¢
t€R|—><O 1),

is called the horocycle flow. Similarly for the flow induced on the unit tangent bun-
dle of each quotient of the upper half-plane by a discrete group of linear fractional
transformations.

The geodesic and horocycle flows acting on a (finite-volume) surface of constant
negative curvature form the fundamental example of a transverse pair of actions.
The geodesic flow often has many periodic orbits and many invariant measures,
has positive entropy, and is in fact Bernoulli with respect to the natural measure
[83], while the horocycle flow is often uniquely ergodic [40,74] and of entropy zero,
although mixing of all orders [73]. See [47] for more details.

4.10.3. Markov partitions and coding. If (X, T, B, u) is a dynamical system then a
finite partition of X always induces a coding of the orbits and a semi-conjugacy
with a subshift on a symbol space (it may not of course be a full conjugacy).
For hyperbolic systems a special class of partitions, Markov partitions, induce a
conjugacy for the invariant dynamics to a subshift of finite type. A Markov partition
P for an invariant subset A of a diffeomorphism T of a compact manifold M is a
finite collection of sets R;, 1 < ¢ < n called rectangles. The rectangles have the
property, for some € > 0, if z,y € R; then W7 (z) "W (y) € R;. This is sometimes
described as being closed under local product structure. We let W*(x, R;) denote
W(x) N R; and W#(x, R;) denote W#(z) N R;. Furthermore we require for all i, j:

(1) Each R; is the closure of its interior.
(2) AC U; R;
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(3) RiNR; = OR; N IR, if i # j
(4) ifz € R and T'(z) € R? then W*(T'(x), Rj) C T(W*(x, R;)) and W*(z, R;) C
T (W(T (), Ry))

4.10.4. Anosov systems. An Anosov diffeomorphism [2] is a uniformly hyperbolic
system in which the entire manifold is a hyperbolic set. Thus an Anosov diffeo-
morphism is a C! diffeomorphism T of M with a DT-invariant splitting (which is
a continuous splitting) of the tangent space TM (z) at each point p into a disjoint
sum

T,M = E"(p) ® E*(p)

and 0 < A < 1, constant C such that | DT™v| < CA"||v|| for all v € E*(p) and
|IDT~"w| < CA™||w]|| for all w € E¥(p).

A similar definition holds for Anosov flows ¢ : R x M — M. A flow is Anosov if
there is a splitting of the tangent bundle into flow-invariant subspaces E*, E°, B¢
so Dy By = E;;t(p), Dy By = Ef;t(p) and DyoEp = E(‘;t(p), and at each point
peM

T,M =E; & E, & E};

[(Dpe)v]| < CX|lvl] for v € E*(p)

[(Dpp—i)vll < CA'lv]| for v e E*(p)
for some 0 < A < 1. The tangent to the flow direction E°(p) is a neutral direction:

1(Dpér)v]| = [[v]| for v e E*(p).

Anosov proved that Anosov flows and diffeomorphisms which preserve a volume
form are ergodic [2] and are also structurally stable. Sinai [108] constructed Markov
partitions for Anosov diffeomorphisms and hence coded trajectories via a subshift
of finite type. Using ideas from statistical physics in [109] Sinai constructed Gibbs
measures for Anosov systems. An SRB measure (see Section 4.13) is a type of Gibbs
measure corresponding to the potential —log |det(DT|g«)| and is characterized by
the property of absolutely continuous conditional measures on unstable manifolds.

The simplest examples of Anosov diffeomorphisms are perhaps the two-dimensional
hyperbolic toral automorphisms (the n > 2 generalization is clear). Suppose A is a
2 x 2 matrix with integer entries

a b
c d

such that det(A) = 1 and A has no eigenvalues of modulus 1. Then A defines a
transformation of the two-dimensional torus 72 = S* x St such that if v € T?,

then

ao= (b,
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A preserves Lebesgue (or Haar) measure and is ergodic. A prominent example of

such a matrix is
2 1
1 1 )°

which is sometimes called the Arnold Cat Map. Each point with rational coordi-
nates (p1/q1,p2/qz2) is periodic. There are two eigenvalues % <l< A= % with
orthogonal eigenvectors, and the projections of the eigenspaces from R? to T? are
the stable and unstable subspaces.

4.10.5. Aziom A systems. In the case of Anosov diffeomorphisms the splitting into
contracting and expanding bundles holds on the entire phase space M. A system
T: M — M is an Aziom A system if the non-wandering set NW is a hyperbolic
set and periodic points are dense in the non-wandering set. NW C M may have
Lebesgue measure zero. A set A C M is locally mazimal if there exists an open
set U such that A = N,ezT™(U). The solenoid and horseshoe discussed below
are examples of locally maximal sets. Bowen [18] constructed Markov partitions
for Axiom A diffeomorphisms . Ruelle imported ideas from statistical physics, in
particular the idea of an equilibrium state and the variational principle, to the
study of Axiom A systems (see [103,104]) This work extended the notion of Gibbs
measure and other ideas from statistical mechanics, introduced by Sinai for Anosov
systems [109], into Axiom A systems.

One achievement of the Axiom A program was the Smale Decomposition Theo-
rem, which breaks the dynamics of Axiom A systems into locally maximal sets and
describes the dynamics on each [18,19,110].

Theorem (Spectral Decomposition Theorem). If T is Aziom A then there is a
unique decomposition of the non-wandering set NW of T

NW =AU...UA,

as a disjoint union of closed, invariant, locally mazimal hyperbolic sets A; such that
T is transitive on each A;. Furthermore each A; may be further decomposed into a
disjoint union of closed sets Ag, 7 =1,...,n; such that T™ is topologically mixing
on each Ag and T cyclically permutes the Af

Horseshoe maps.

This type of map was introduced by Steven Smale in the 1960’s and has played
a pivotal role in the development of dynamical systems theory. It is perhaps the
canonical example of an Axiom A system [110] and is conjugate to a full shift on 2
symbols. Let S be a unit square in R? and let T be a diffeomorphism of S onto its
image such that SNT'(S) consists of two disjoint horizontal strips Sp and Sy. Think
of stretching S uniformly in the horizontal direction and contracting uniformly in
the vertical direction to form a long thin rectangle, and then bending the rectangle
into the shape of a horsehoe and laying the straight legs of the horseshoe back on
the unit square S. This transformation may be realized by a diffeomorphism and
we may also require that T restricted to T—1S;, i = 0,1, acts as a linear map. The
restriction of 7' to the maximal invariant set H = N ___T%S is a Smale horseshoe

1=—00
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map. H is a Cantor set, the product of a Cantor set in the horizontal direction and
a Cantor set in the vertical direction. The conjugacy with the shift on two symbols
is realized by mapping = € H to its itinerary with respect to the sets Sy and Sy
under powers of T' (positive and negative powers).

Solenoids

The solenoid is defined on the solid torus X in R3 which we coordinatize as a
circle of two-dimensional solid disks, so that

X ={(0,2):0€[0,1) and |2| < 1,z € C}

The transformation 7' : X — X is given by
T(6,2) = (20 (mod 1) ,iz + %ez’”ﬂ)

Geometrically the transformation stretches the torus to twice its length, shrinks its
diameter by a factor of 4, then twists it and doubles it over, placing the resultant
object without self-intersection back inside the original solid torus. T'(X) intersects
each disk D. = {(0,z) : 6 = c} in two smaller disks of } the diameter. The
transformation T contracts volume by a factor of 2 upon each application, yet
there is expansion in the 6 direction (6 — 26). The solenoid A = N,>0T"(X) has
zero Lebesgue measure, is T-invariant and is (locally) topologically a line segment
cross a two-dimensional Cantor set (A intersects each disk D, in a Cantor set). The
set A is an attractor, in that all points inside X limit under iteration by T upon A.
T:A— Aisan Axiom A system.

4.11. Partially hyperbolic dynamical systems. Partially hyperbolic dynami-
cal systems are a generalization of uniformly hyperbolic systems in that an invariant
central direction is allowed but the contraction in the central direction is strictly
weaker than the contraction in the contracting direction and the expansion in the
central direction is weaker than the expansion in the expanding direction. More
precisely, suppose M is a C! compact (adapted) Riemannian manifold equipped
with metric d and tangent space TM with norm || ||. A C! diffeomorphism T' of
M is a partially hyperbolic diffeomorphism if there is a nontrivial continuous DT
invariant splitting of the tangent space T,,M at each point p into a disjoint sum
T,M = E*(p) ® E°(p) & E*(p)
and continuous positive functions m, M, 7,y such that
e FE¢ is contracted: if v® € E*(x) \ {0} then % <m(p) < 1;

e E"is expanded: if v* € E%(x) \ {0} then % > M(p) > 1,
e E° is uniformly dominated by E* and E*®: if v° € E¢(x) \ {0} then there

are numbers ¥ (p), y(p) such that m(p) < 7(p) < % <7(p) <M(p) .

The notion of partial hyperbolicity was introduced by Brin and Pesin [21] who
proved existence and properties, including absolute continuity, of invariant foliations
in this setting. There has been intense recent interest in partially hyperbolic systems
primarily because significant progress has been made in establishing that certain
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volume-preserving partially hyperbolic systems are ‘stably ergodic’—that is, they
are ergodic and under small (C” topology) volume-preserving perturbations remain
ergodic. This phenomenon had hitherto been restricted to uniformly hyperbolic
systems. For recent developments, and precise statements, on stable ergodicity of
partially hyperbolic systems see [24,94].

4.11.1. Compact group extensions of uniformly hyperbolic systems. A natural ex-
ample of a partially hyperbolic system is given by a compact group extension of
an Anosov diffeomorphism. If the following terms are not familiar see section 5 on
standard constructions. Suppose that (T, M, ) is an Anosov diffeomorphism, G is
a compact connected Lie group and h : M — G is a differentiable map. The skew
product F': M x G — M x G given by

F(z,g9) = (T'z, h(z)g)

has a central direction in its tangent space corresponding to the Lie algebra LG
of G (as a group element h acts isometrically on G so there is no expansion or
contraction) and uniformly expanding and contracting bundles corresponding to
those of the tangent space of T : M — M. Thus T(M x G) = E* ® LG & E*.

4.11.2. Time-one maps of Anosov flows. Another natural context in which partial
hyperbolicity arises is in time-one maps of uniformly hyperbolic flows. Suppose
¢t : Rx M — M is an Anosov flow. The diffeomorphism ¢; : M — M is a partially
hyperbolic diffeomorphism with central direction given by the flow direction. There
is no expansion or contraction in the central direction.

4.12. Non-uniformly hyperbolic systems. The assumption of uniform hyper-
bolicity is quite restrictive and few ‘chaotic systems’ found in applications are likely
to exhibit uniform hyperbolicity. A natural weakening of this assumption, and one
that is non-trivial and greatly extends the applicability of the theory, is to require
the hyperbolic splitting (no longer uniform) to hold only at almost every point of
phase space. A systematic theory was built by Pesin [90,91] on the assumption
that the system has non-zero Lyapunov exponents p almost everywhere, where p
is Lebesgue equivalent invariant probability measure . Recall that a number A is
a Lyapunov exponent for p € M if || D,T"v|| ~ e " for some unit vector v € T, M.
Oseledet’s theorem [84] (see also [114, p. 232]), which is also called the Multiplica-
tive Ergodic Theorem, implies that if T is a C! diffeomorphism of M then for any
T-invariant ergodic measure p almost every point has well-defined Lyapunov expo-
nents. One of the highlights of Pesin theory is the following structure theorem: If
T : M — M is a C'*¢ diffeomorphism with a T-invariant Lebesgue equivalent Borel
measure 4 such that T has non-zero Lyapunov exponents with respect to p then
T has at most a countable number of ergodic components {C;} on each of which
the restriction of T is either Bernoulli or Bernoulli times a rotation (by which we
mean the support of y; = ¢, consists of a finite number n; of sets {S},... S} }
cyclically permuted and 7™ is Bernoulli when restricted to each SJZ) [91,117]. This
structure theorem has been generalized to SRB measures with non-zero Lyapunov
exponents [66,91].
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4.13. Physically relevant measures and strange attractors. (This paragraph
is from the article on Measure-Preserving Systems.) For Hamiltonian systems and
other volume-preserving systems it is natural to consider ergodicity (and other
statistical properties) of the system with respect to Lebesgue measure. In dissipa-
tive systems a measure equivalent to Lebesgue may not be invariant (for example
the solenoid). Nevertheless Lebesgue measure has a distinguished role since sam-
pling by experimenters is done with respect to Lebesgue measure. The idea of a
physically relevant measure p is that it determines the statistical behavior of a
positive Lebesgue measure set of orbits, even though the support of p may have
zero Lebesgue measure. An example of such a situation in the uniformly hyperbolic
setting is the solenoid A, where the attracting set A has Lebesgue measure zero and
is (locally) topologically the product of a two-dimensional Cantor set and a line
segment. Nevertheless A determines the behavior of all points in a solid torus in
R3. More generally, suppose that T : M — M is a diffeomorphism on a compact
Riemannian manifold and that m is a version of Lebesgue measure on M, given by
a smooth volume form. Although Lebesgue measure m is a distinguished physically
relevant measure, m may not be invariant under 7', and the system may even be
volume contracting in the sense that m(7T™A) — 0 for all measurable sets A. Never-
theless an experimenter might observe long-term “chaotic” behavior whenever the
state of the system gets close to some compact invariant set X which attracts a
positive m-measure of orbits in the sense that these orbits limit on X. Possibly
m(X) = 0, so that X is effectively invisible to the observer except through its
effects on orbits not contained in X. The dynamics of T restricted to X can in fact
be quite complicated—maybe a full shift, or a shift of finite type, or some other
complicated topological dynamical system. Suppose there is a T-invariant measure
1 supported on X such that for all continuous functions ¢ : M — R

1 n—1
(4.6) PIILACE [ odn

for a positive m-measure of points x € M. Then the long-term equilibrium dy-
namics of an observable set of points x € M (i.e. a set of points of positive m
measure) is described by (X, T, u). In this situation p is described as a physical
measure. There has been a great deal of research on the properties of systems with
attractors supporting physical measures.

In the dissipative non-uniformly hyperbolic setting the theory of ‘physically rel-
evant’ measures is best developed in the theory of SRB (for Sinai, Ruelle and
Bowen) measures. These dynamically invariant measures may be supported on a
set of Lebesgue measure zero yet determine the asymptotic behavior of points in a
set of positive Lebesgue measure.

If T is a diffeomorphism of M and p is a T-invariant Borel probability measure
with positive Lyapunov exponents which may be integrated to unstable manifolds,
then we call ;4 an SRB measure if the conditional measure p induces on the un-
stable manifolds is absolutely continuous with respect to the Riemannian volume
element on these manifolds. The reason for this definition is technical but is moti-
vated by the following observations. Suppose that the diffeomorphism has no zero
Lyapunov exponents with respect to pu. Since T is a diffeomorphism, this implies
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T has negative Lyapunov exponents as well as positive Lyapunov exponents and
corresponding local stable manifolds as well as local unstable manifolds. Suppose
that a T-invariant set A consists of a union of unstable manifolds and is the support
of an ergodic SRB measure p and that ¢ : M — R is a continuous function. Since
has absolutely continuous conditional measures on unstable manifolds with respect
to conditional Lebesgue measure on the unstable manifolds, almost every point z
in the union of unstable manifolds U satisfies

(4.7) lim liq&oTj(:v) z/quM

n—1 )
Jim S 00Ti) = [dn
7=0

Furthermore, if the holonomy between unstable manifolds defined by sliding along
stable manifolds is absolutely continuous (takes sets of zero Lebesgue measure on
W™ to sets of zero Lebesgue measure on W*), there is a positive Lebesgue measure
of points (namely an unstable manifold and the union of stable manifolds through
it) satisfying (4.7). Thus an SRB measure with absolutely continuous holonomy
maps along stable manifolds is a physically relevant measure. If the stable foliation
possesses this property it is called absolutely continuous. An Axiom A attractor
for a C? diffeomorphism is an example of an SRB attractor [19,103,104,109]. The
examples we have given of SRB measures and attractors and measures have been
uniformly hyperbolic.

Recently much progress has been made in understanding the statistical properties
of non-uniformly hyperbolic systems by using a tower (see Section 5.4) to construct
SRB measures. We refer to Young’s original papers [115,116], the book by Baladi [4]
and to [117] for a recent survey on SRB measures in the non-uniformly setting.

4.13.1. Unimodal maps. Maps of an interval to itself are simple examples of non-
uniformly hyperbolic systems that have played an important role in the development
of dynamical systems theory. Suppose I C R is an interval; for simplicity we take
I =[0,1]. A unimodal map is a map T : [0,1] — [0, 1] such that there exists a point
0<ec<1and

o Tis C?
o T'(z) >0 forx < ¢, T'(x) <0 for z > ¢
e T'(c) =0.

Such a map is clearly not uniformly expanding, as |T’(xz)| < 1 for points in a
neighborhood of ¢. The family of maps T,(z) = pa(l — ), 0 < p < 4, is a family
of unimodal maps with ¢ = 1/2 and T5(1/2) = 1/2, Ty(1/2) = 1.

We could have taken the interval I to be [—1,1] or indeed any interval with an
obvious modification of the definition above. A well-studied family of unimodal
maps in this setting is the logistic family f, : [-1,1] — [=1,1], fa(z) = 1—a2? a €
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(0,2]. The families are equivalent under a smooth coordinate change, so statements
about one family may be translated into statements about the other.

Unimodal maps are studied because of the insights they offer into transitions
from regular or periodic to chaotic behavior as a parameter (e.g. p or a) is varied,
the existence of absolutely continuous measures, and rates of decay of correlations
of regular observations for non-uniformly hyperbolic systems.

A result of Jakobson [53] and Benedicks and Carleson [6] implies that in the
case of the logistic family there is a positive Lebesgue measure set of a such that
fa has an absolutely continuous ergodic invariant measure p,. It has been shown
by Young [116] and Keller and Nowicki [59] that if f, is mixing with respect to i,
then the decay of correlations for Lipshitz observations on I is exponential. It is
also known that the set of a such that f, is mixing with respect to u, has positive
Lebesgue measure. There is a well-developed theory concerning the bifurcations the
maps T}, undergo as p varies [27]. We briefly describe the period-doubling route
to chaos in the family Th(z) = Az(1 — ). For a nice account see [47]. We let ¢y
denote the fixed point % For 3 < A < 1+ /6, all points in [0, 1] except for
0, cx and their preimages are attracted to a unique periodic orbit O(py) of period
2. There is a monotone sequence of parameter values A, ( A1 = 3) such that for
An < A < Api1, Th has a unique attracting periodic orbit O(),,) of period 2™ and
for each k = 1,2,...,n — 1 a unique repelling orbit of period 2*. All points in
the interval [0,1] except for the repelling periodic orbits and their preimages are
attracted to the attracting periodic orbit of period 2™. At A = A, the periodic
orbit O(\,,) undergoes a period-doubling bifurcation. Feigenbaum [36] found that
the limit § = % ~ 4.699... exists and that in a wide class of unimodal
maps this period-doubling cascade occurs and the differences between successive
bifurcation parameters give the same limiting ratio, an example of universality. At
the end of the period-doubling cascade at a parameter Ao ~ 3.569..., Ty has an
invariant Cantor set C' (the Feigenbaum attractor) which is topologically conjugate
to the dyadic adding machine coexisting with isolated repelling orbits of period
2" n=0,1,2,.... There is a unique repelling orbit of period 2" for n > 1 along
with two fixed points. The Cantor set is the w-limit set for all points that are
not periodic or preimages of periodic orbits. C' is the set of accumulation points of
periodic orbits. Despite this picture of incredible complexity the topological entropy
is zero for A < Ay. For A > A, the map T has positive topological entropy and
infinitely many periodic orbits whose periods are not powers of 2. For each A > A,
T\ possesses an invariant Cantor set which is repelling for A > A,,. We say that T’
is hyperbolic if there is only one attracting periodic orbit and the only recurrent sets
are the attracting periodic orbit, repelling periodic orbits and possibly a repelling
invariant Cantor set. It is known that the set of A € [0, 4] for which T is hyperbolic
is open and dense [44]. Remarkably, by Jakobson’s result [53] there is also a positive
Lebesgue measure set of parameters A for which T has an absolutely continuous
invariant measure p) with a positive Lyapunov exponent.

4.13.2. Intermittent maps. Maps of the unit interval T : [0,1] — [0, 1] which are
expanding except at the point = 0, where they are locally z ~ = 4+ 2!+t o > 0,
have been extensively studied both for the insights they give into rates of decay of
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correlations for non-uniformly hyperbolic systems (hyperbolicity is lost at the point
x = 0, where the derivative is 1) and for their use as models of intermittent behavior
in turbulence [93]. A fixed point where the derivative is 1 is sometimes called an
indifferent fized point. It is a model of intermittency in the sense that orbits close
to 1 will stay close for many iterates (since the expansion is very weak there) and
hence a time series of observations will be quite uniform for long periods of time
before displaying chaotic type behavior after moving away from the indifferent fixed
into that part of the domain where the map is uniformly expanding.

A particularly simple model [68] is provided by

[ x(1+2%2*) ifx€[0,1/2);
T(:c)—{ 9 — 1 if 2 € [1/2,1].

For a = 0 the map is uniformly expanding and Lebesgue measure is invariant. In
this case the rate of decay of correlations for Holder observations is exponential. For
0 < a < 1 the map has an SRB measure p,, with support the unit interval. For o >
1 there are no absolutely continuous invariant probability measures though there
are o-finite absolutely continuous measures. Upper and lower polynomial bounds
on the rate of decay of observations on such maps have been given as a function of
0 < a < 1 and the regularity of the observable. For details see [52,68,105].

4.13.3. Hénon diffeomorphisms. The Henon family of diffeomorphisms was intro-
duced and studied as Poincaré maps for the Lorenz system of equations. It is a
two-parameter two-dimensional family which shares many characteristics with the
logistic family and for small b > 0 may be considered a two-dimensional ‘perturba-
tion’ of the logistic family. The parametrized mapping is defined as

Ta,b(xuy) = (1 - ax2 + y,b(E),

s0Typ : R? — R? with 0 < a < 2 and b > 0. Benedicks and Carleson [7] showed that
for a positive-measure set of parameters (a,b), T, has a topologically transitive
attractor A, . Benedicks and Young [8] later proved that for a positive-measure
set of parameters (a, b), T, has a topologically transitive SRB attractor A, with
SRB measure pqp and that (Tgp, Agp, tha,p) is isomorphic to a Bernoulli shift.

4.14. Complex dynamics. Complex dynamics is concerned with the behavior of
rational maps

alzd + agzd’l + ... 0g41

Brzd + Pozd=1 + .. Ba
of the extended complex plane C to itself, in which the domain is C completed
with the point at infinity (called the Riemann sphere). Recall that a family F of
meromorphic functions is called normal on a domain D if every sequence possesses a
subsequence that converges uniformly (in the spherical metric C ~ S?) on compact
subsets of D. A family is normal at a point z € C if it is normal on a neighborhood
of z. The Fatou set F(R) C C of a rational map R : C — C is the set of points
z € C such that the family of forward iterates {R"}, >0 is normal at z. The Julia
set J(R) is the complement of the Fatou set F/(R). The Fatou set is open and hence
the Julia set is a closed set. Another characterization in the case d > 1 is that J(R)
is the closure of the set of all repelling periodic orbits of R : C — C. Both F(R)
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and J(R) are invariant under R. The dynamics of greatest interest is the restriction
R : J(R) — J(R). The Julia set often has a complicated fractal structure. In the
case that R,(z) = 22 —a, a € C, the Mandelbrot set is defined as the set of a
for which the orbit of the origin 0 is bounded. The topology of the Mandelbrot
set has been the subject of intense research. The study of complex dynamics is
important because of the fascinating and complicated dynamics displayed and also
because techniques and results in complex dynamics have direct implications for
the behavior of one-dimensional maps. For more details see [25].

4.15. Infinite ergodic theory. We may also consider a measure-preserving trans-
formation (7, X, 1) of a measure space such that p(X) = co. For example X could
be the real line equipped with Lebesgue measure. This setting also arises with
compact X in applications. For example, suppose T : [0,1] — [0, 1] is the simple
model of intermittency given in Section 4.13.2 and « € (1,2). Then T possesses an
absolutely continuous invariant measure p with support [0, 1], but u([0,1]) = oo.
The Radon-Nikodym derivative of p with respect to Lebesgue measure m exists
but is not in L*(m).

In this setting we say a measurable set A is a wandering set for T if {T"A}22
are disjoint. Let D(T') be the measurable union of the collection of wandering sets
for T. The transformation T is conservative with respect to p if (X \ D(T)) = X
(mod ) (see the article on Measure-Preserving Systems). It is usually necessary
to assume T' conservative with respect to p to say anything interesting about its
behavior. For example if T(z) = z + a, @ > 0, is a translation of the real line
then D(T) = X. The definition of ergodicity in this setting remains the same: T
is ergodic if A € B and T7'A = A mod p implies that pu(A) = 0 or u(A¢) = 0.
However the equivalence of ergodicity of T° with respect to p and the equality of
time and space averages for L!(u) functions no longer holds. Thus in general p
ergodic does not imply that

n—1

lim lZ¢0Tj(9c):/ odyu pae reX
» X

=0

for all ¢ € L*(p). In the example of the intermittent map with v € (1,2) the orbit
of Lebesgue almost every € X is dense in X, yet the fraction of time spent near
the indifferent fixed point x = 0 tends to one for Lebesgue almost every z € X. In
fact it may be shown [1, Section 2.4] that when p(z) = co there are no constants
an > 0 such that

n—1
1 ,
hm—g gboTJ(x):/qﬁd,u pae veX
Nn—00 (U 4 X
=0

Nevertheless it is sometimes possible to obtain distributional limits, rather than
almost sure limits, of Birkhoff sums under suitable normalization. We refer the
reader to Aaronson’s book [1] for more details.
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5. CONSTRUCTIONS.

We give examples of some of the standard constructions in dynamical systems.
Often these constructions appear in modeling situations (for example skew prod-
ucts are often used to model systems which react to inputs from other systems,
continuous time systems are often modeled as suspension flows over discrete-time
dynamics) or to reduce systems to simpler components (often a factor system or
induced system is simpler to study). Unless stated otherwise, in the sequel we
will be discussing measure-preserving transformations on Lebesgue spaces (see the
article on Measure-Preserving Systems).

5.1. Products. Given measure-preserving systems (X, B, u, T) and (Y, C, v, S), their
product consists of their completed product measure space with the transformation
TxS:XxY — X xY defined by (T x S)(z,y) = (Tz, Sy) for all (z,y) € X xY.
Neither ergodicity nor transitivity is in general preserved by taking products; for
example the product of an irrational rotation on the unit circle with itself is not
ergodic. For a list of which mixing properties are preserved by forming a product
see [114]. Given any countable family of measure-preserving transformations on
probability spaces, their direct product is defined similarly.

5.2. Factors. We say that a measure-preserving system (Y, C, v, S) is a factor of a
measure-preserving system (X, B, u, T) if (possibly after deleting a set of measure
0 from X) there is a measurable onto map ¢ : X — Y such that

¢~'C C B,
(5.1) ¢oT' =S¢, and
Tt =v.

For Lebesgue spaces, there is a correspndence of factors of (X,B,u,T) and T-
invariant complete sub-o-algebras of B. According to Rokhlin’s theory of Lebesgue
spaces [100] factors also correspond to certain partitions of X (see the article on
Measure-Preserving Systems). A factor map ¢ : X — Y between Lebesgue spaces is
an isomorphism if and only if it has a measurable inverse, or equivalently ¢~'C = B
up to sets of measure 0.

5.3. Skew products. If (X, B, u,T) is a measure-preserving system, (Y,C,v) is a
measure-space, and {S, : © € X} is a family of measure-preserving maps ¥ — Y
such that the map that takes (z,y) to S,y is jointly measurable in the two variables
x and y, then we may define a skew product system consisting of the product measure
space of X and Y equipped with product measure u X v together with the measure-
preserving map T'x S : X XY — X x Y defined by

(5.2) (T x S)(z,y) = (Tx, Spy).

The space Y is called the fiber of the skew product and the space X the base.
Sometimes in the literature the word skew product has a more general meaning
and refers to the structure (7" x S)(z,y) = (Tx, Syy) (without any assumption of
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measure-preservation), where the action of the map on the fiber Y is determined
or ‘driven’ by the map T : X — X.

Some common examples of skew products include:

5.3.1. Random dynamical systems. Suppose the X indexes a collection of mappings
Sy Y — Y. We may have a transformation T : X — X which is a full shift.
Then the sequence of mappings {Sr»,} may be considered a (random) choice of a
mapping Y — Y from the set {S, : © € X}. The projection onto Y of the orbits
of (T'z, Syy) give the orbits of a point y € Y under a random composition of maps
Stngo...08p;08,. More generally we could consider the choice of maps S, that
are composed to come from any ergodic dynamical system, (T, X, 1) to model the
effect of perturbations by a stationary ergodic ‘noise’ process.

5.3.2. Group extensions of dynamical systems. Suppose Y is a group, v is a measure
on Y invariant under a left group action, and S,y := g(x)y is given by a group-
valued function g : X — Y. In this setting ¢ is often called a cocycle, since upon
defining g™ (z) by (T x )™ (x,y) = (T"x, g™ (x)y) we have a cocycle relation,
namely ¢(™*t") () = g™ (T"x)g™ (x). Group extensions arise often in modeling
systems with symmetry [37]. Common examples are provided by a random compo-
sition of matrices from a group of matrices (or more generally from a set of matrices
which may form a group or not).

5.4. Induced transformations. Since by the Poincaré Recurrence Theorem a
measure-preserving transformation (T, X, i, B) on a probability space is recurrent,
given any set B of positive measure, the return-time function

(5.3) ng(zr) =inf{n >1:T"z € B}
is finite p a.e. We may define the first-return map by
(5.4) Tpx = T"e@g,

Then (after perhaps discarding as usual a set of measure 0) T : B — B is a mea-
surable transformation which preserves the probability measure up = pu/u(B). The
system (B,BN B, up,Tp) is called an induced, first-return or derived transforma-
tion. If (T, X, u, B) is ergodic then (B, BN B, up,Tx) is ergodic, but the converse
is not in general true.

The construction of the transformation T allows us to represent the forward

orbit of points in B via a tower or skyscraper over B. For each n =1,2,..., let
(5.5) B, ={z € B:ng(zx) =n}.

Then {Bi, Ba,...} form a partition of B, which we think of as the bottom floor
or base of the tower. The next floor is made up of T'By, T B3, ..., which form a
partition of TB\ B, and so on. All these sets are disjoint. A column is a part of
the tower of the form B,, UTB,U---UT" !B, for some n =1,2,.... The action

of T on the entire tower is pictured as mapping each x not at the top of its column
straight up to the point T'x above it on the next level, and mapping each point on
the top level to T™"Bx € B. An equivalent way to describe the transformation on
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the tower is to write for each n and j < n, TVB,, as {(z,j) : ¢ € B, }, and then the
transformation £’ on the tower becomes

f (z,141) if l <np(x)—1;
F(z,l) = { (T72@) 2, 0) if | =np(x) — 1.

If T preserves a measure pu, then F' preserves u X dl, where [ is counting measure
so that the measure p x dl can be naturally lifted to the tower.

Sometimes the process of inducing yields an induced map which is easier to
analyse (perhaps it has stronger hyperbolicity properties) than the original system.
Sometimes also it is possible to ‘lift” ergodic or statistical properties from an induced
system to the original system, so the process of inducing plays an important role
in the study of statistical properties of dynamical systems [77].

It is possible to generalize the tower construction and relax the condition that
np(z) is the first-return time function. We may take a measurable set B C X
of positive p measure and define for almost every point € B a height or ceiling
function R : B — N and take a countable partition { X, } of B into the sets on which
R is constant. We define the tower as the set A := {(z,l) : v € B,0 <[ < R(x)}
and the tower map F': A — A by

f (zl+1)  ifl<R(z)—1;
F(z,l) = { (TE®) gz, 0) ifl = R(x) — 1.

In this setting, if [, R(z)dp < oo, we may define an F-invariant probability measure
on A as % x dl, where dl is counting measure and C(R, B) is the normaliz-
ing constant C(R,B) = u(B) [z R(x)dp. This viewpoint is connected with the
construction of systems by cutting and stacking—see Section 5.6.

5.5. Suspension flows. The tower construction has an analogue in which the
height function R takes values in R rather than N. Such towers are commonly used
to model dynamical systems with continuous time parameter. Let (T, X, u) be a
measure-preserving system and R : X — (0,00) a measurable “ceiling” function on
X. The set

(5.6) XB={(z,t):0 < R(z) < t},

with measure v given locally by the product of u on X with Lebesgue measure m on
R, is a measure space in a natural way. If u is a finite measure and R is integrable
with respect to u then v is a finite measure. We define an action of R on X by
letting each point z flow at unit speed up the vertical lines {(z,¢) : 0 <t < R(z)}
under the graph of R until it hits the ceiling, then jump to Tz, and so on. More
precisely, defining R, (z) = R(z) +--- + R(T"z),

(5.7)

(x,s+1) if 0 <s+t< R(x),

Ty t) = { TEs+1=1@) if R(z) < s+t < R(z) + R(Tx)

(T"z,s+t—[R(z) + -+ R(T" )] if Ry_1(x) < s+t < Ry(z).
Ergodicity of (T, X, u) implies the ergodicity of (T, X%, v).
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5.6. Cutting and stacking. Several of the most interesting examples in ergodic
theory have been constructed by this method; in fact, because of Rokhlin’s Lemma
(see Section 5.8) every ergodic measure-preserving transformation on a Lebesgue
space is isomorphic to one constructed by cutting and stacking. For example, the
von Neumann-Kakutani adding machine (or 2-odometer) (Section 4.2), the Chacon
weakly mixing but not strongly mixing system (Section 4.5.2), Ornstein’s mixing
rank one examples (see e.g. [81, p. 160 ff.]), and many more.

We construct a Lebesgue measure-preserving transformation 7" on an interval X
(bounded or maybe unbounded) by defining it as a translation on each of a pairwise
disjoint countable collection of subintervals. The construction proceeds by stages,
at each stage defining 7" on an additional part of X, until eventually T" is defined
a.e.

At each stage X is represented as a tower, which is defined to be a disjoint union
of columns. A column is defined to be a finite disjoint union of intervals of equal
length, which are numbered from 0, for the “floor”, to the last one, for the “roof”,
and which we picture as lying each above the preceding-numbered interval. T is
defined on each level of a column (i.e. each interval in the column) except the roof
by mapping it by translation to the next higher interval in the column.

At stage 0, we have just one column, consisting of all of X as the floor, and T is
not defined anywhere. To pass from one stage to the next, the columns are cut and
stacked. This means that each column is divided, by vertical cuts, into a disjoint
union of subcolumns of equal height (but maybe not equal width), and then some
of these subcolumns are stacked above others (of the same width) so as to form
a new tower. This allows the definition of T to be extended to some parts of X
that were previously tops of towers, since they now may have levels above them.
(Sometimes columns of height 1 are thought of as forming a reservoir for “spacers”
to be inserted between subcolumns that are being stacked.) If the measure of the
union of the tops of the columns tends to 0, eventually T becomes defined a.e..
This description in words can be made precise with cumbersome notation, but the
process can also be given a neater graphical description, which we sketch in the
next section.

5.7. Adic transformations. A.M. Vershik has introduced a family of models,
called adic or Bratteli- Vershik transformations, into ergodic theory and dynamical
systems. One begins with a graph which is arranged in levels, finitely many vertices
on each level, with connections only from each level to the adjacent ones. The space
X consists of the set of all infinite paths in this graph; it is a compact metric space
in a natural way. We are given an order on the set of edges into each vertex, and
then X is partially ordered as follows: = and y are comparable if they agree from
some point on, in which case we say that = < y if at the last level n where they
traverse different edges, the edge x, of = is smaller than the edge y,, of y. A map T
is defined by letting Tz be the smallest y that is larger than x, if there is one. In
nice situations, 7" is a homeomorphism after defining it and its inverse on perhaps
countably many maximal and minimal elements. Invariant measures can sometimes
be defined by assigning weights to edges, which are then multiplied to define the
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measure of each cylinder set. This is a nice combinatorial way to present the
cutting and stacking method of constructing m.p.t.’s, allows for more convenient
analysis of questions such as orbit equivalence, and leads to the construction of
many interesting examples, such as those based on the Pascal or Euler graphs
[5,38,80]. Odometers and generalizations are natural examples of adic systems.
Vershik showed that in fact every ergodic measure-preserving transformation on a
Lebesgue space is isomorphic to a uniquely ergodic adic transformation. See [113].

5.8. Rokhlin’s Lemma. The following result is the fundamental starting point
for many constructions in ergodic theory, from representing arbitrary systems in
terms of cutting and stacking or adic systems, to constructing useful partitions
and symbolic codings of abstract systems, to connecting convergence theorems in
abstract ergodic theory with those in harmonic analysis. It allows us to picture
arbitrarily long stretches of the action of a measure-preserving transformation as a
translation within the set of integers. In the ergodic nonatomic case the statement
follows readily from the construction of derivative transformations.

Lemma 5.1 (Rokhlin’s Lemma). Let T : X — X be a measure-preserving trans-
formation on a probability space (X, B, ). Suppose that (X, B, i) is nonatomic and
T:X — X is ergodic, or, more generally, (T, X, B, u) is aperiodic: that is to say,
the set {x € X : there is n € N such that T"x = x} of periodic points has measure
0. Then given n € N and € > 0, there is a measurable set B C X such that the sets
B,TB,..., T" B are pairwise disjoint and ,u(UZ;éTkB) >1—e.

5.9. Inverse limits. Suppose that for each i = 1,2,... we have a Lebesgue prob-
ability space (X;, B;, ;) and a measure-preserving transformation T; : X; — X;.
Suppose also that for each ¢ < j there is a factor map ¢;; : (T}, X;, By, 1) —
(T3, Xi, Bi, 14, ), such that each ¢;; is the identity on X; and ¢;;¢r; = ¢r; when-
ever k> j >1i. Let

(58) X = {I S Hfile : gf)jin = x; for allj > Z}
For each j, let m; : X — X be the projection defined by m;z = ;.

Let B be the smallest o-algebra of subsets of X which contains all the 7rj_18j.
Define u on each w{lBj by

(5.9) u(wj_lB) =u;(B) forall B € B,.

Because ¢j;m; = m; for all j > 4, the 7rj_18j are increasing, and so their union is
an algebra. The set function u can, with some difficulty, be shown to be countably
additive on this algebra: since we are dealing with Lebesgue spaces, by means
of measure-theoretic isomorphisms it is possible to replace the entire situation by
compact metric spaces and continuous maps, then use regularity of the measures
involved—see [89, p. 137 ff.]. Thus by Carathéodory’s Theorem (see the article on
Measure-Preserving Systems) u extends to all of B.

Define T : X — X by T'(z;) = (Tjz;). Then (T, X, B, i) is a measure-preserving
system such that any system which has all the (T}, X;, B;, ;) as factors, also has
(T, X, B, 1) a factor.
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5.10. Natural extension. The natural extension is a way to produce an invertible
system from a noninvertible system. The original system is a factor of its natural
extension and its orbit structure and ergodic properties are captured by the natural
extension, as will be seen from its construction. Let (T, X, B, u) be a measure-
preserving transformation of a Lebesgue probability space. Define

Q: ={(xo,21,22,...) i 2y =T(Tpt1),2n € X,n=0,1,2,...}

with o : Q@ — Q defined by o((zo, 21, z2,...)) = (T(x0), 2o, x1,...). The map o is
invertible on 2. Given the invariant measure u we define the invariant measure for
the natural extension fi on §2 by defining it first on cylinder sets C(Ag, A1, ..., Ak)
by

f(C(Ag, Ar,y ..  Ap)) = w(T (A N T FH(A)) ... 0T (AN N...NAp)

and then extending it to 2 using Kolmogorov’s extension theorem. We think of
(zo,x1,x2,...) as being an inverse branch of £y € X under the mapping T: X — X.
The maps 0,01 : Q — Q are ergodic with respect to fi if (T, X, B, i) is ergodic [114].
If 7 : Q@ — X is projection onto the first component i.e. w(xg,...,Zn,...) = o then
moo™(Zg, ..., Tn,...) =T"(xg) for all xy and thus the natural extension yields all
information about the orbits of X under T'.

The natural extension is an inverse limit. Let (X, B, 1) be a Lebesgue probability
space and T : X — X a map such that T7'B C B and uT~! = u. For each
= 1,2,... let (TZ,XZ,B“,UJJ = (T,X,B,u), and ¢ji = Tj_i for eachj > g
Then the inverse limit (T, X, B, i1) of this system is an invertible measure-preserving
system which is the natural extension of (T, X, B, u). We have

(510) Tﬁl(Il,IQ,...):(.Ig,xg,...).

The original system (7', X, B, u) is a factor of (T,X,B,ﬂ) (using any m; as the
factor map), and any factor mapping from an invertible system onto (T, X, B, u)
consists of a factor mapping onto (T, X, B, 1) followed by projection onto the first
coordinate.

5.11. Joinings. Given measure-preserving systems (7, X, B, u) and (S,Y,C,v), a
joining of the two systems is a T x S-invariant measure P on their product measur-
able space that projects to p and v, respectively, under the projections of X xY to
X and Y, respectively. That is, if m : X X Y — X is the projection onto the first
component i.e. m(z,y) = = then P(r;'(A)) = u(A) for all A € B and similarly
formy: X xY =Y.

This concept is the ergodic-theoretic version of the notion in probability theory
of a coupling. The product measure u X v is always a joining of the two systems.
If product measure is the only joining of the two systems, then we say that they
are disjoint and write X 1 Y [39]. If D is any family of systems, we write D+ for
the family of all measure-preserving systems which are disjoint from every system
in D. Extensive recent accounts of the use of joinings in ergodic theory are in
[43,102,112].
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6. FUTURE DIRECTIONS.

The basic examples and constructions presented here are idealized, and many of
the underlying assumptions (such as uniform hyperbolicity) are seldom satisfied in
applications, yet they have given important insights into the behavior of real-world
physical systems. Recent developments have improved our understanding of the
ergodic properties of non-uniformly and partially hyperbolic systems. The ergodic
properties of deterministic systems will continue to be an active research area for
the foreseeable future. The directions will include, among others: establishing
statistical and ergodic properties under weakened dependence assumptions; the
study of systems which display ‘anomalous statistics’; the study of the stability
and typicality of ergodic behavior and mixing in dynamical systems; the ergodic
theory of infinite-dimensional systems; advances in number theory (see the sections
on Szemerédi and Ramsey theory); research into models with non-singular rather
than invariant measures; and infinite-measure systems. Other chapters in this
Encyclopedia discuss in more detail these and other topics.

7. BIBLIOGRAPHY

PRIMARY LITERATURE

[1]  Jon Aaronson, An introduction to infinite ergodic theory, Mathematical Surveys and Mono-
graphs, vol. 50, American Mathematical Society, Providence, RI, 1997. MR 1450400
(99d:28025)

[2] D. V. Anosov, Geodesic flows on closed Riemannian manifolds of negative curvature, Trudy
Mat. Inst. Steklov. 90 (1967), 209 (Russian). MR 0224110 (36 #7157)
[3] V.1 Arnol’d, Small denominators and problems of stability of motion in classical and

celestial mechanics, Uspehi Mat. Nauk 18 (1963), no. 6 (114), 91-192 (Russian). MR
0170705 (30 #943)

[4]  Viviane Baladi, Positive transfer operators and decay of correlations, Advanced Series in
Nonlinear Dynamics, vol. 16, World Scientific Publishing Co. Inc., River Edge, NJ, 2000.
MR 1793194 (2001k:37035)

[5]  Sarah Bailey, Michael Keane, Karl Petersen, and Ibrahim A. Salama, Ergodicity of the adic
transformation on the Euler graph, Math. Proc. Cambridge Philos. Soc. 141 (2006), no. 2,
231-238. MR 2265871 (2007m:37010)

[6]  Michael Benedicks and Lennart Carleson, On iterations of 1 —ax(X, B, 1)2 on (—1,1), Ann.
of Math. (2) 122 (1985), no. 1, 1-25. MR 799250 (87c:58058)

[71 ——, The dynamics of the Hénon map, Ann. of Math. (2) 133 (1991), no. 1, 73-169.
MR 1087346 (92d:58116)

[8]  Michael Benedicks and Lai-Sang Young, Sinai-Bowen-Ruelle measures for certain Hénon
maps, Invent. Math. 112 (1993), no. 3, 541-576. MR 1218323 (94e:58074)

[9]  Anne Bertrand-Mathis, Développement en base 6; répartition modulo un de la suite

(28(X, B, u)n)n>0; langages codés et 6-shift, Bull. Soc. Math. France 114 (1986), no. 3,
271-323 (French, with English summary). MR 878240 (88e:11067)

[10] Patrick Billingsley, Ergodic Theory and Information, Robert E. Krieger Publishing Co.,
Huntington, N.Y., 1978. Reprint of the 1965 original. MR 524567 (80b:28017)

[11] B. H. Bissinger, A generalization of continued fractions, Bull. Amer. Math. Soc. 50 (1944),
868-876. MR 0011338 (6,150h)

[12] F. Blanchard, 8-ezpansions and symbolic dynamics, Theoret. Comput. Sci. 65 (1989), no. 2,
131-141. MR 1020481 (90j:54039)

[13] F. Blanchard and G. Hansel, Systémes codés, Theoret. Comput. Sci. 44 (1986), no. 1, 17-49
(French, with English summary). MR 858689 (88m:68029)



14]

(15]
[16]

(17]

(18]
(19]

20]

(21]
(22]
(23]

[24]

25]

[26]

27]

(28]

[29]

(30]

(31]
32]

(33]

(34]

(35]

(36]

BASIC CONSTRUCTIONS AND EXAMPLES 37

Frangois Blanchard and Georges Hansel, Systémes codés et limites de systémes sofiques,
C. R. Acad. Sci. Paris Sér. I Math. 303 (1986), no. 10, 475-477 (French, with English
summary). MR 865864 (87m:94009)

F. Blanchard and G. Hansel, Sofic constant-to-one extensions of subshifts of finite type,
Proc. Amer. Math. Soc. 112 (1991), no. 1, 259-265. MR 1050016 (91m:54050)

Michael D. Boshernitzan, Billiards and rational periodic directions in polygons, Amer. Math.
Monthly 99 (1992), no. 6, 522-529. MR 1166001 (93d:51043)

M. Boshernitzan, G. Galperin, T. Kriiger, and S. Troubetzkoy, Periodic billiard orbits are
dense in rational polygons, Trans. Amer. Math. Soc. 350 (1998), no. 9, 3523-3535. MR
1458298 (98k:58179)

Rufus Bowen, Markov partitions for Aziom A diffeomorphisms, Amer. J. Math. 92 (1970),
725-747. MR 0277003 (43 #2740)

, Equilibrium states and the ergodic theory of Anosov diffeomorphisms, Springer-
Verlag, Berlin, 1975. Lecture Notes in Mathematics, Vol. 470. MR 0442989 (56 #1364)
Abraham Boyarsky and Pawet Géra, Laws of chaos, Probability and its Applications,
Birkhauser Boston Inc., Boston, MA, 1997. Invariant measures and dynamical systems in
one dimension. MR 1461536 (99a:58102)

M. I. Brin and Ja. B. Pesin, Partially hyperbolic dynamical systems, Izv. Akad. Nauk SSSR
Ser. Mat. 38 (1974), 170212 (Russian). MR 0343316 (49 #8058)

L. A. Bunimovi¢, The ergodic properties of certain billiards, Funkcional. Anal. i Prilozen. 8
(1974), no. 3, 73-74 (Russian). MR 0357736 (50 #10204)

L. A. Bunimovich, On the ergodic properties of nowhere dispersing billiards, Comm. Math.
Phys. 65 (1979), no. 3, 295-312. MR 530154 (80h:58037)

Keith Burns, Charles Pugh, Michael Shub, and Amie Wilkinson, Recent results about stable
ergodicity, Smooth ergodic theory and its applications (Seattle, WA, 1999), Proc. Sympos.
Pure Math., vol. 69, Amer. Math. Soc., Providence, RI, 2001, pp. 327-366. MR 1858538
(2002m:37042)

Lennart Carleson and Theodore W. Gamelin, Complex dynamics, Universitext: Tracts in
Mathematics, Springer-Verlag, New York, 1993. MR 1230383 (94h:30033)

Nikolai Chernov and Roberto Markarian, Chaotic billiards, Mathematical Surveys and
Monographs, vol. 127, American Mathematical Society, Providence, RI, 2006. MR 2229799
(20071:37050)

Pierre Collet and Jean-Pierre Eckmann, Iterated maps on the interval as dynamical systems,
Progress in Physics, vol. 1, Birkhduser Boston, Mass., 1980. MR 613981 (82j:58078)

I. P. Cornfeld, S. V. Fomin, and Ya. G. Sinai, Ergodic Theory, Grundlehren der Math-
ematischen Wissenschaften [Fundamental Principles of Mathematical Sciences|, vol. 245,
Springer-Verlag, New York, 1982. Translated from the Russian by A. B. Sosinskii. MR
832433 (87£:28019)

Ethan M. Coven and G. A. Hedlund, Sequences with minimal block growth, Math. Systems
Theory 7 (1973), 138-153. MR 0322838 (48 #1199)

Thierry de la Rue, Entropie d’un systéme dynamique gaussien: cas d’une action de
Z(X,B,u)d, C. R. Acad. Sci. Paris Sér. I Math. 317 (1993), no. 2, 191-194 (French, with
English and French summaries). MR 1231420 (94c:28022)

Andrés del Junco, A simple measure-preserving transformation with trivial centralizer, Pa-
cific J. Math. 79 (1978), no. 2, 357-362. MR 531323 (80i:28034)

A. del Junco, M. Rahe, and L. Swanson, Chacon’s automorphism has minimal self-joinings,
J. Analyse Math. 37 (1980), 276-284. MR 583640 (81j:28027)

Welington de Melo and Sebastian van Strien, One-dimensional dynamics, Ergebnisse der
Mathematik und ihrer Grenzgebiete (3) [Results in Mathematics and Related Areas (3)],
vol. 25, Springer-Verlag, Berlin, 1993. MR 1239171 (95a:58035)

Tomasz Downarowicz, Survey of odometers and Toeplitz flows, Algebraic and topological
dynamics, Contemp. Math., vol. 385, Amer. Math. Soc., Providence, RI, 2005, pp. 7-37.
MR 2180227 (2006£:37009)

C. J. Everett, Representations for real numbers, Bull. Amer. Math. Soc. 52 (1946), 861-869.
MR 0018221 (8,259c¢)

Mitchell J. Feigenbaum, Quantitative universality for a class of nonlinear transformations,
J. Statist. Phys. 19 (1978), no. 1, 25-52. MR 0501179 (58 #18601)




38

(37)

(38]
(39]

[40]

[41]

42]

[43]
[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]

[53]

[54]
[55]

[56]

[57)
(58]

(59]

MATTHEW NICOL AND KARL PETERSEN

Michael Field and Matthew Nicol, Ergodic theory of equivariant diffeomorphisms: Markov
partitions and stable ergodicity, Mem. Amer. Math. Soc. 169 (2004), no. 803, viii+100. MR
2045641 (2005g:37041)

Sarah Bailey Frick and Karl Petersen, Random permutations and unique fully supported
ergodicity for the Euler adic transformation, Ann. Inst. H. Poincaré Prob. Stat. to appear.
Harry Furstenberg, Disjointness in ergodic theory, minimal sets, and a problem in Dio-
phantine approzimation, Math. Systems Theory 1 (1967), 1-49. MR 0213508 (35 #4369)

, The unique ergodicity of the horocycle flow, Recent advances in topological dynam-
ics (Proc. Conf., Yale Univ., New Haven, Conn., 1972; in honor of Gustav Arnold Hedlund),
Springer, Berlin, 1973, pp. 95-115. Lecture Notes in Math., Vol. 318. MR 0393339 (52
#14149)

Giovanni Gallavotti and Donald S. Ornstein, Billiards and Bernoulli schemes, Comm. Math.
Phys. 38 (1974), 83-101. MR 0355003 (50 #7480)

Ya. B. Vorobets, G. A. Gal’perin, and A. M. Stépin, Periodic billiard trajectories in polygons:
generation mechanisms, Uspekhi Mat. Nauk 47 (1992), no. 3(285), 9-74, 207 (Russian, with
Russian summary); English transl., Russian Math. Surveys 47 (1992), no. 3, 5-80. MR
1185299 (93h:58088)

Eli Glasner, Ergodic Theory via Joinings, Mathematical Surveys and Monographs, vol. 101,
American Mathematical Society, Providence, RI, 2003. MR 1958753 (2004c:37011)
Jacek Graczyk and Grzegorz Swiatek, Generic hyperbolicity in the logistic family, Ann. of
Math. (2) 146 (1997), no. 1, 1-52. MR 1469316 (99b:58079)

John Guckenheimer and Philip Holmes, Nonlinear oscillations, dynamical systems, and
bifurcations of vector fields, Applied Mathematical Sciences, vol. 42, Springer-Verlag, New
York, 1990. Revised and corrected reprint of the 1983 original. MR 1139515 (93e:58046)
Matthew Grayson, Charles Pugh, and Michael Shub, Stably ergodic diffeomorphisms, Ann.
of Math. (2) 140 (1994), no. 2, 295-329. MR 1298715 (95g:58128)

Boris Hasselblatt and Anatole Katok, A First Course in Dynamics, Cambridge Univer-
sity Press, New York, 2003. With a panorama of recent developments. MR 1995704
(2004f:37001)

Shuhei Hayashi, Connecting invariant manifolds and the solution of the C(X, B, )1 stability
and Q-stability conjectures for flows, Ann. of Math. (2) 145 (1997), no. 1, 81-137. MR
1432037 (98b:58096)

Gustav A. Hedlund, On the metrical transitivity of the geodesics on closed surfaces of
constant negative curvature, Ann. of Math. (2) 35 (1934), no. 4, 787-808. MR 1503197
Eberhard Hopf, Statisttk der geoddatischen Linien in Mannigfaltigkeiten mnegativer
Krimmung, Ber. Verh. Séchs. Akad. Wiss. Leipzig 91 (1939), 261-304 (German). MR
0001464 (1,243a)

Bernard Host, Nombres normauz, entropie, translations, Israel J. Math. 91 (1995), no. 1-3,
419-428 (French, with English summary). MR 1348326 (96g:11092)

Huyi Hu, Decay of correlations for piecewise smooth maps with indifferent fixed points,
Ergodic Theory Dynam. Systems 24 (2004), no. 2, 495-524. MR 2054191 (2005a:37064)
M. V. Jakobson, Absolutely continuous invariant measures for one-parameter families
of one-dimensional maps, Comm. Math. Phys. 81 (1981), no. 1, 39-88. MR 630331
(83j:58070)

A. Katok, Lyapunov exponents, entropy and periodic orbits for diffeomorphisms, Inst.
Hautes Etudes Sci. Publ. Math. (1980), no. 51, 137-173. MR 573822 (81i:28022)

A. N. Zemljakov and A. B. Katok, Topological transitivity of billiards in polygons, Mat.
Zametki 18 (1975), no. 2, 291-300 (Russian). MR 0399423 (53 #3267)

Anatole Katok, Jean-Marie Strelcyn, F. Ledrappier, and F. Przytycki, Invariant mani-
folds, entropy and billiards; smooth maps with singularities, Lecture Notes in Mathematics,
vol. 1222, Springer-Verlag, Berlin, 1986. MR 872698 (88k:58075)

M. Keane, Generalized Morse sequences, Z. Wahrscheinlichkeitstheorie und Verw. Gebiete
10 (1968), 335-353. MR 0239047 (39 #406)

Michael Keane, Non-ergodic interval exchange transformations, Israel J. Math. 26 (1977),
no. 2, 188-196. MR 0435353 (55 #8313)

Gerhard Keller and Tomasz Nowicki, Spectral theory, zeta functions and the distribution of
periodic points for Collet-Eckmann maps, Comm. Math. Phys. 149 (1992), no. 1, 31-69.
MR 1182410 (93i:58123)




[60]

[61]

[62]

[63]
[64]
[65]
[66]
[67)

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77)
(78]
[79]
(80]

(81]

(82]

(83]

BASIC CONSTRUCTIONS AND EXAMPLES 39

Steven Kerckhoff, Howard Masur, and John Smillie, Ergodicity of billiard flows and quadratic
differentials, Ann. of Math. (2) 124 (1986), no. 2, 293-311. MR 855297 (88f:58122)

A. N. Kolmogorov, On conservation of conditionally periodic motions for a small change
in Hamilton’s function, Dokl. Akad. Nauk SSSR (N.S.) 98 (1954), 527-530 (Russian). MR
0068687 (16,924c)

Wolfgang Krieger, On subshifts and topological Markov chains, Numbers, information and
complexity (Bielefeld, 1998), Kluwer Acad. Publ., Boston, MA, 2000, pp. 453-472. MR
1755380 (2001g:37010)

J. C. Lagarias, The Farey shift (1991). manuscript.

, Number theory and dynamical systems, The unreasonable effectiveness of number
theory (Orono, ME, 1991), Proc. Sympos. Appl. Math., vol. 46, Amer. Math. Soc., Provi-
dence, RI, 1992, pp. 35-72. MR 1195841 (93m:11143)

V. F. Lazutkin, Exzistence of caustics for the billiard problem in a convex domain, Izv. Akad.
Nauk SSSR Ser. Mat. 37 (1973), 186-216 (Russian). MR 0328219 (48 #6561)

F. Ledrappier, Propriétés ergodiques des mesures de Sinai, Inst. Hautes Etudes Sci. Publ.
Math. (1984), no. 59, 163-188 (French). MR 743818 (86£:58092)

Douglas Lind and Brian Marcus, An Introduction to Symbolic Dynamics and Coding, Cam-
bridge University Press, Cambridge, 1995. MR 1369092 (97a:58050)

Carlangelo Liverani, Benoit Saussol, and Sandro Vaienti, A probabilistic approach to in-
termittency, Ergodic Theory Dynam. Systems 19 (1999), no. 3, 671-685. MR 1695915
(2000d:37029)

Russell Lyons, On measures simultaneously 2- and 3-invariant, Israel J. Math. 61 (1988),
no. 2, 219-224. MR 941238 (89e:28031)

Carlangelo Liverani and Maciej P. Wojtkowski, Ergodicity in Hamiltonian systems, Dynam-
ics reported, Dynam. Report. Expositions Dynam. Systems (N.S.), vol. 4, Springer, Berlin,
1995, pp. 130-202. MR 1346498 (96g:58144)

Ricardo Mafié, A proof of the C(X, B, u)1 stability conjecture, Inst. Hautes Etudes Sci. Publ.
Math. (1988), no. 66, 161-210. MR 932138 (89e:58090)

, Ergodic theory and differentiable dynamics, Ergebnisse der Mathematik und ihrer
Grenzgebiete (3) [Results in Mathematics and Related Areas (3)], vol. 8, Springer-Verlag,
Berlin, 1987. Translated from the Portuguese by Silvio Levy. MR 889254 (88c:58040)
Brian Marcus, The horocycle flow is mizing of all degrees, Invent. Math. 46 (1978), no. 3,
201-209. MR 0488168 (58 #7731)

, Unique ergodicity of the horocycle flow: variable negative curvature case, Israel J.
Math. 21 (1975), no. 2-3, 133-144. Conference on Ergodic Theory and Topological Dynamics
(Kibbutz Lavi, 1974). MR 0407902 (53 #11672)

Howard Masur, Closed trajectories for quadratic differentials with an application to billiards,
Duke Math. J. 53 (1986), no. 2, 307-314. MR 850537 (87j:30107)

Dieter H. Mayer, Continued fractions and related transformations, Ergodic theory, symbolic
dynamics, and hyperbolic spaces (Trieste, 1989), Oxford Sci. Publ., Oxford Univ. Press, New
York, 1991, pp. 175-222. MR 1130177

Tan Melbourne and Andrei T6rok, Statistical limit theorems for suspension flows, Israel J.
Math. 144 (2004), 191-209. MR 2121540 (2006c:37005)

W. de Melo, Structural stability of diffeomorphisms on two-manifolds, Invent. Math. 21
(1973), 233-246. MR 0339277 (49 #4037)

J. Moser, On invariant curves of area-preserving mappings of an annulus, Nachr. Akad.
Wiss. Gottingen Math.-Phys. KI. IT 1962 (1962), 1-20. MR 0147741 (26 #5255)

Xavier Méla and Karl Petersen, Dynamical properties of the Pascal adic transformation,
Ergodic Theory Dynam. Systems 25 (2005), no. 1, 227-256. MR 2122921 (2005k:37012)
M. G. Nadkarni, Spectral Theory of Dynamical Systems, Birkh&duser Advanced Texts: Basler
Lehrbiicher. [Birkh&user Advanced Texts: Basel Textbooks|, Birkhduser Verlag, Basel, 1998.
MR 1719722 (2001d:37001)

Donald Ornstein, Bernoulli shifts with the same entropy are isomorphic, Advances in Math.
4 (1970), 337-352 (1970). MR 0257322 (41 #1973)

Donald S. Ornstein and Benjamin Weiss, Geodesic flows are Bernoullian, Israel J. Math.
14 (1973), 184-198. MR 0325926 (48 #4272)




40

(84]

(85]
(86]
(87)

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]
[96]

[97]

(98]
[99]
[100]

[101

[102]

[103

[104]

[105

[106

MATTHEW NICOL AND KARL PETERSEN

V. L. Oseledec, A multiplicative ergodic theorem. Characteristic Ljapunov, exponents of
dynamical systems, Trudy Moskov. Mat. Obs¢. 19 (1968), 179-210 (Russian). MR 0240280
(39 #1629)

W. Parry, On the B-expansions of real numbers, Acta Math. Acad. Sci. Hungar. 11 (1960),
401-416 (English, with Russian summary). MR 0142719 (26 #288)

, Representations for real numbers, Acta Math. Acad. Sci. Hungar. 15 (1964), 95—
105. MR 0166332 (29 #3609)

William Parry, Symbolic dynamics and transformations of the unit interval, Trans. Amer.
Math. Soc. 122 (1966), 368-378. MR 0197683 (33 #5846)

, Squaring and cubing the circle—Rudolph’s theorem, Ergodic theory of Z(X, B, u)d
actions (Warwick, 1993), London Math. Soc. Lecture Note Ser., vol. 228, Cambridge Univ.
Press, Cambridge, 1996, pp. 177-183. MR 1411219 (97h:28009)

K. R. Parthasarathy, Probability Measures on Metric Spaces, AMS Chelsea Publishing,
Providence, RI, 2005. Reprint of the 1967 original. MR 2169627 (2006d:60004)

Ja. B. Pesin, Families of invariant manifolds that correspond to nonzero characteristic
exponents, Izv. Akad. Nauk SSSR Ser. Mat. 40 (1976), no. 6, 1332-1379, 1440 (Russian).
MR 0458490 (56 #16690)

, Characteristic Ljapunov exponents, and smooth ergodic theory, Uspehi Mat. Nauk
32 (1977), no. 4 (196), 55-112, 287 (Russian). MR 0466791 (57 #6667)

E. Phillips and S. Varadhan (eds.), Ergodic Theory, Courant Institute of Mathematical
Sciences New York University, New York, 1975. A seminar held at the Courant Institute of
Mathematical Sciences, New York University, New York, 1973-1974; With contributions by
S. Varadhan, E. Phillips, S. Alpern, N. Bitzenhofer and R. Adler. MR 0486431 (58 #6177)
Paul Manneville and Yves Pomeau, Different ways to turbulence in dissipative dynamical
systems, Phys. D 1 (1980), no. 2, 219-226. MR 581352 (81h:58041)

Charles Pugh and Michael Shub, Stable ergodicity, Bull. Amer. Math. Soc. (N.S.) 41
(2004), no. 1, 1-41 (electronic). With an appendix by Alexander Starkov. MR 2015448
(2005f:37011)

A. Rényi, Representations for real numbers and their ergodic properties, Acta Math. Acad.
Sci. Hungar 8 (1957), 477-493. MR 0097374 (20 #3843)

J. W. Robbin, A structural stability theorem, Ann. of Math. (2) 94 (1971), 447-493. MR
0287580 (44 #4783)

R. Clark Robinson, C(X, B, pu)r structural stability implies Kupka-Smale, Dynamical sys-
tems (Proc. Sympos., Univ. Bahia, Salvador, 1971), Academic Press, New York, 1973,
pp. 443-449. MR 0334282 (48 #12601)

Clark Robinson, Errata to: “Structural stability of vector fields” (Ann. of Math. (2) 99
(1974), 154-175), Ann. of Math. (2) 101 (1975), 368. MR 0365630 (51 #1882)

, Structural stability of C(X, B, u)1 diffeomorphisms, J. Differential Equations 22
(1976), no. 1, 28-73. MR 0474411 (57 #14051)

V. A. Rohlin, On the fundamental ideas of measure theory, Amer. Math. Soc. Translation
1952 (1952), no. 71, 55. MR 0047744 (13,924e)

Daniel J. Rudolph, X2 and X3 invariant measures and entropy, Ergodic Theory Dynam.
Systems 10 (1990), no. 2, 395-406. MR 1062766 (91g:28026)

, Pundamentals of Measurable Dynamics, Oxford Science Publications, The Claren-
don Press Oxford University Press, New York, 1990. Ergodic theory on Lebesgue spaces.
MR 1086631 (92e:28006)

David Ruelle, Thermodynamic formalism, Encyclopedia of Mathematics and its Applica-
tions, vol. 5, Addison-Wesley Publishing Co., Reading, Mass., 1978. The mathematical struc-
tures of classical equilibrium statistical mechanics; With a foreword by Giovanni Gallavotti
and Gian-Carlo Rota. MR 511655 (80g:82017)

, A measure associated with axiom-A attractors, Amer. J. Math. 98 (1976), no. 3,
619-654. MR 0415683 (54 #3763)

Omri Sarig, Subexponential decay of correlations, Invent. Math. 150 (2002), no. 3, 629-653.
MR 1946554 (2004e:37010)

Fritz Schweiger, Ergodic Theory of Fibred Systems and Metric Number Theory, Oxford
Science Publications, The Clarendon Press Oxford University Press, New York, 1995. MR
1419320 (97h:11083)




[107]

[108]
[109]
[110]
[111]

[112]

[113]

[114]
[115]
[116]

[117]

(2]

(3]

[7]

(8]

BASIC CONSTRUCTIONS AND EXAMPLES 41

Ja. G. Sinal, Dynamical systems with elastic reflections. Ergodic properties of dispersing
billiards, Uspehi Mat. Nauk 25 (1970), no. 2 (152), 141-192 (Russian). MR 0274721 (43
#481)

, Markov partitions and U-diffeomorphisms, Funkcional. Anal. i Prilozen 2 (1968),
no. 1, 64-89 (Russian). MR 0233038 (38 #1361)

, Gibbs measures in ergodic theory, Uspehi Mat. Nauk 27 (1972), no. 4(166), 21-64
(Russian). MR 0399421 (53 #3265)

Steve Smale, The mathematics of time, Springer-Verlag, New York, 1980. Essays on dynam-
ical systems, economic processes, and related topics. MR 607330 (83a:01068)

Serge Tabachnikov, Geometry and billiards, Student Mathematical Library, vol. 30, Ameri-
can Mathematical Society, Providence, RI, 2005. MR 2168892 (2006h:51001)

J.-P. Thouvenot, Some properties and applications of joinings in ergodic theory, Ergodic
theory and its connections with harmonic analysis (Alexandria, 1993), London Math. Soc.
Lecture Note Ser., vol. 205, Cambridge Univ. Press, Cambridge, 1995, pp. 207-235. MR
1325699 (96d:28017)

A. M. Vershik and A. N. Livshits, Adic models of ergodic transformations, spectral theory,
substitutions, and related topics, Representation theory and dynamical systems, Adv. So-
viet Math., vol. 9, Amer. Math. Soc., Providence, RI, 1992, pp. 185-204. MR 1166202
(93i:46131)

Peter Walters, An Introduction to Ergodic Theory, Graduate Texts in Mathematics, vol. 79,
Springer-Verlag, New York, 1982. MR 648108 (84e:28017)

Lai-Sang Young, Statistical properties of dynamical systems with some hyperbolicity, Ann.
of Math. (2) 147 (1998), no. 3, 585-650. MR 1637655 (99h:58140)

, Recurrence times and rates of mizing, Israel J. Math. 110 (1999), 153-188. MR
1750438 (2001;:37062)

L.-S. Young, Ergodic theory of chaotic dynamical systems, From Topology to Computation:
Proceedings of the Smalefest (Berkeley, CA, 1990), Springer, New York, 1993, pp. 201-226.
MR 1246120 (94i:58112)

BooOKS AND REVIEWS

Viviane Baladi, Positive transfer operators and decay of correlations, Advanced Series in
Nonlinear Dynamics, vol. 16, World Scientific Publishing Co. Inc., River Edge, NJ, 2000.
MR 1793194 (2001k:37035)

Patrick Billingsley, Ergodic Theory and Information, Robert E. Krieger Publishing Co., Hunt-
ington, N.Y., 1978. Reprint of the 1965 original. MR 524567 (80b:28017)

, Probability and Measure, 3rd ed., Wiley Series in Probability and Mathematical
Statistics, John Wiley & Sons Inc., New York, 1995. A Wiley-Interscience Publication. MR
1324786 (95k:60001)

Christian Bonatti, Lorenzo J. Diaz, and Marcelo Viana, Dynamics beyond uniform hyper-
bolicity, Encyclopaedia of Mathematical Sciences, vol. 102, Springer-Verlag, Berlin, 2005. A
global geometric and probabilistic perspective; Mathematical Physics, III. MR 2105774
(2005g:37001)

Abraham Boyarsky and Pawel Géra, Laws of chaos, Probability and its Applications,
Birkh&auser Boston Inc., Boston, MA, 1997. Invariant measures and dynamical systems in
one dimension. MR 1461536 (99a:58102)

Michael Brin and Garrett Stuck, Introduction to dynamical systems, Cambridge University
Press, Cambridge, 2002. MR 1963683 (2003m:37001)

Lennart Carleson and Theodore W. Gamelin, Complexr dynamics, Universitext: Tracts in
Mathematics, Springer-Verlag, New York, 1993. MR 1230383 (94h:30033)

Nikolai Chernov and Roberto Markarian, Chaotic billiards, Mathematical Surveys and Mono-
graphs, vol. 127, American Mathematical Society, Providence, RI, 2006. MR 2229799
(2007£:37050)

Pierre Collet and Jean-Pierre Eckmann, [terated maps on the interval as dynamical systems,
Progress in Physics, vol. 1, Birkhauser Boston, Mass., 1980. MR 613981 (82j:58078)




42

[10]

(11]

12]
13]
(14]

(15]

[16]

(17]

(18]

(19]

20]

(21]

(22]

(23]

[24]

25]

[26]

27]

(28]

[29]

MATTHEW NICOL AND KARL PETERSEN

I. P. Cornfeld, S. V. Fomin, and Ya. G. Sinal, Ergodic Theory, Grundlehren der Mathematis-
chen Wissenschaften [Fundamental Principles of Mathematical Sciences], vol. 245, Springer-
Verlag, New York, 1982. Translated from the Russian by A. B. Sosinskii. MR 832433
(871:28019)

Manfred Denker, Christian Grillenberger, and Karl Sigmund, Ergodic Theory on Compact
Spaces, Springer-Verlag, Berlin, 1976. Lecture Notes in Mathematics, Vol. 527. MR 0457675
(56 #15879)

Nathaniel A. Friedman, Introduction to Ergodic Theory, Van Nostrand Reinhold Co., New
York, 1970. Van Nostrand Reinhold Mathematical Studies, No. 29. MR 0435350 (55 #8310)
Eli Glasner, Ergodic Theory via Joinings, Mathematical Surveys and Monographs, vol. 101,
American Mathematical Society, Providence, RI, 2003. MR 1958753 (2004c:37011)

Paul R. Halmos, Lectures on Ergodic Theory, Chelsea Publishing Co., New York, 1960. MR
0111817 (22 #2677)

Boris Hasselblatt and Anatole Katok, A First Course in Dynamics, Cambridge Univer-
sity Press, New York, 2003. With a panorama of recent developments. MR 1995704
(20041£:37001)

Anatole Katok and Boris Hasselblatt, Introduction to the Modern Theory of Dynamical Sys-
tems, Encyclopedia of Mathematics and its Applications, vol. 54, Cambridge University Press,
Cambridge, 1995. With a supplementary chapter by Katok and Leonardo Mendoza. MR
1326374 (96¢:58055)

Eberhard Hopf, Ergodentheorie, 1st ed., Ergebnisse der Mathematik und ihrer Grenzgebiete
; 5. Bd., 2, J. Springer, Berlin, 1937.

Konrad Jacobs, Finige neuere Ergebnisse der Ergodentheorie, Jber. Deutsch. Math.-Verein.
67 (1965), no. Abt. 1, 143-182 (German). MR 0186789 (32 #4244)

Gerhard Keller, Equilibrium States in Ergodic Theory, London Mathematical Society Student
Texts, vol. 42, Cambridge University Press, Cambridge, 1998. MR 1618769 (99e:28022)
Ricardo Mané, Ergodic Theory and Differentiable Dynamics, Ergebnisse der Mathematik und
ihrer Grenzgebiete (3) [Results in Mathematics and Related Areas (3)], vol. 8, Springer-Verlag,
Berlin, 1987. Translated from the Portuguese by Silvio Levy. MR 889254 (88c:58040)

M. G. Nadkarni, Spectral Theory of Dynamical Systems, Birkh&duser Advanced Texts: Basler
Lehrbiicher. [Birkhduser Advanced Texts: Basel Textbooks], Birkhduser Verlag, Basel, 1998.
MR 1719722 (2001d:37001)

Donald S. Ornstein, Daniel J. Rudolph, and Benjamin Weiss, Equivalence of measure pre-
serving transformations, Mem. Amer. Math. Soc. 37 (1982), no. 262, xii+116. MR 653094
(85e:28026)

William Parry and Mark Pollicott, Zeta functions and the periodic orbit structure of hyper-
bolic dynamics, Astérisque (1990), no. 187-188, 268 (English, with French summary). MR
1085356 (92f:58141)

Karl Petersen, Ergodic Theory, Cambridge Studies in Advanced Mathematics, vol. 2, Cam-
bridge University Press, Cambridge, 1989. Corrected reprint of the 1983 original. MR
1073173 (92c:28010)

H. L. Royden, Real Analysis, 3rd ed., Macmillan Publishing Company, New York, 1988. MR
1013117 (90g:00004)

Daniel J. Rudolph, Fundamentals of Measurable Dynamics, Oxford Science Publications,
The Clarendon Press Oxford University Press, New York, 1990. Ergodic theory on Lebesgue
spaces. MR 1086631 (92e:28006)

Fritz Schweiger, Ergodic Theory of Fibred Systems and Metric Number Theory, Oxford Sci-
ence Publications, The Clarendon Press Oxford University Press, New York, 1995. MR
1419320 (97h:11083)

J.-P. Thouvenot, Some properties and applications of joinings in ergodic theory, Ergodic
theory and its connections with harmonic analysis (Alexandria, 1993), London Math. Soc.
Lecture Note Ser., vol. 205, Cambridge Univ. Press, Cambridge, 1995, pp. 207-235. MR
1325699 (96d:28017)

Peter Walters, An Introduction to Ergodic Theory, Graduate Texts in Mathematics, vol. 79,
Springer-Verlag, New York, 1982. MR 648108 (84e:28017)



