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Preface

Various Advanced Training in Mathematics (ATM) schools, originally launched by
the National Board for Higher Mathematics (NBHM), are the most successful work-
shops which have helped students, teachers and researchers to enhance their schol-
arship and improve research. The efforts of the National Centre of Mathematics
(NCM) and its apex committee in continuing this yeoman service by conducting
several Annual Foundation Schools (AFS), Advanced Instructional Schools (AIS),
NCM Workshops (NCMW), Instructional Schools for Teachers (IST) and Teachers’
Enrichment Workshops (TEW) throughout the year are praiseworthy. Organised by
the NCM, with support from NBHM, Department of Atomic Energy (DAE), Govern-
ment of India, these workshops have attained a status of their own amidst the Math
community, within the country and globally.

These lecture notes grew out of a three-week AIS on “Ergodic Theory and Dynam-
ical Systems” (https://www.atmschools.org/2017/ais/etds) that was conducted at the
Indian Institute of Technology Delhi (IITD), during 4th-23rd December 2017, organ-
ised by NCM, with the support of NBHM, DAE, Government of India. The speakers
at this school were C. S. Aravinda, Siddhartha Bhattacharya, S. G. Dani, Anish
Ghosh, V. Kannan, Anima Nagar, C. R. E. Raja and Kaushal Verma. Their lectures
were aided by the huge support of the tutors of the programme, Nikita Agarwal, P.
Chiranjeevi, Manoj Choudhuri, Rajkumar Krishnan, Shrihari Sridharan and Puneet
Sharma. We are thankful to the contributions of all the lecturers and the tutors.

Dynamics is the study of the evolution of any given system with time, governed
by some physical law. Different laws imposed on the system could give rise to a
variety of dynamical systems. The laws may arise in a variety of ways; some with
respect to the structure of the underlying space where the system is manifested, some
with respect to nature of the action on the space, some with respect to our notion of
observation of the evolution etc. The topic of dynamical systems is thus very rich;
with different researchers focussing on different aspects.

These lecture notes are intended to help a new researcher understand various
aspects of dynamical systems. In keeping with the true spirits of the availability of
a variety of means to study dynamical systems, this book begins with chapters on
various kinds of dynamics; real dynamics, topological dynamics, ergodic theory,
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symbolic dynamics, complex dynamics. Further, as is natural for a topic that spans
a variety of interests across areas, the theory of dynamical systems has useful appli-
cations across a broad spectrum of areas in mathematics, such as topology, complex
analysis, number theory and representation theory. In this book, we later provide a
glimpse of such applications to number theory and game theory.

Every chapter of this book specialises in one aspect of dynamical systems; and
thus begins at an elementary level and goes on to cover fairly advanced materials.
Even though the lectures were delivered to a slightly mature audience comprising
of graduate students from across the country, the chapters have been written by
the respective authors so articulately that a beginner can read and understand the
materials covered, with a bit of an effort.

In the first chapter, we study dynamics of maps on the real line or on an interval
there. Most of the theorems proved in this chapter are special to the real line; their
analogues do not hold in general dynamical systems. Section one starts with the
definitions of such terms as fixed point, periodic point, eventually periodic point,
recurrent point and non-wandering point. Their inter-relations are observed. Next,
elementary examples of maps like contraction map, identity map, squaring map, tent
map, logistic map and shift map are introduced. In each of these examples, periodic
points, recurrent points, etc. are explicitly calculated. Which kinds of subsets can arise
as the set Fix( f) of all fixed points? This and four of its analogues are answered. Three
more notions, namely invariant sets, omega-limit sets and cycles are introduced.

In section two, notions of attracting and repelling cycles are studied. It starts with
the classical theorem of Banach known as the contraction mapping theorem. There
are various ways of understanding the attracting nature of a fixed point, from the view
points of calculus, topology, metric, etc. We discuss mutual implications among them.
Several counter examples are provided to disprove some of the implications.

In section three, topological transitivity is studied through various equivalent
formulations. Five different proofs are included for the fact that the tent map is topo-
logically transitive. These proofs lead to five different general theorems that open up
five significant directions of study. Incidentally, some more concepts such as topo-
logical conjugacy, Markov maps and expanding maps are also introduced. In section
four, Devaney’s definition of chaos is introduced through three ingredient properties.
The independence of these three is established by a set of eight counter examples.
While doing so, about a dozen propositions involving transitivity, sensitivity and
dense periodicity are proved. In section five, it is seen that the independence results
obtained in the previous section are not valid when the underlying space is restricted.
For example, we prove that on the real line, every transitive map is necessarily chaotic.

Section six is mainly devoted to a theorem of Sarkovskii on cycle lengths available
for real maps and the forcing relation among them. Here the proofs are merely
outlined. Next comes a short section in which Baire Category theorem and another
theorem (that have been used earlier) are proved. The chapter ends with a short
section consisting of notes and exercises.

In chapter two, we introduce G-systems and describe basic notions such as
recurrence, minimality and enveloping semigroups. We provide a proof of Van der
Waerden’s theorem. We also discuss proximal and distal notions and its relation with
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enveloping semigroup. Topological dynamics is inspired by the qualitative study
of differential equations, initiated by the approach of Henri Poincare, and followed
largely by the contribution of G. D. Birkhoff.

G-systems are jointly continuous actions of a topological group on a Hausdorff
space. This abstract approach was initiated by W. H. Gottschalk and G. A. Hedlund.
We adopt their approach to study the basic notions of recurrence in the first section.
The second section is devoted to minimal systems which is fundamental to many
recurrence theorems. Such phenomena have a wide range of applications and we
provide one such application in the field of number theory. We discuss the famous
proof of the celebrated Van der Waerden’s theorem given by H. Furstenberg and B.
Weiss in the third section. In the fourth section, we discuss the algebraic theory of
enveloping semigroups that form a fundamental tool to study topological dynamics.
The notions of proximal and distal systems are important aspects, which we discuss
in the fifth section. The sixth section is basically dedicated to the evergreen notion
of topological transitivity and its various forms.

Chapter three is a gently paced introduction to some of the key ideas in the
general topic of Ergodic theory, providing essential background to discuss some of
the cornerstone results in the field.

The first couple of decades of the twentieth century witnessed a definitive, neat
and clear understanding of the all important notions of measure in a general context.
Apart from serving as a warm up on the rudiments of measure, the second section
of this chapter intends to particularly highlight the work of C. Carathéodary in this
context, and point out the possible logic behind the introduction of the Carathéodory
criterion for a set to be measurable. The section ends with a quick description of
Hausdorff measures and Hausdorff dimension.

Recalling a motivation from certain questions in statistical mechanics, the main
aim of the third section is to give a proof of the celebrated Birkhoff ergodic theorem.
Also known as the pointwise ergodic theorem, first proved in 1931 by G. D. Birkhoff,
this lofty result brought in much clarity on the notion of ergodicity, and triggered
significant progress in the mathematical aspects of the theory.

Building further on the discussion in the previous sections, the fourth and final
section sketches the proof of ergodicity of one of the earliest interesting examples of
an ergodic dynamical system—the geodesic flow on the unit tangent bundle of closed
surface of constant negative curvature. First proven in the year 1934 by G. Hedlund,
the proof sketched here is the one due to E. Hopf which has inspired monumental
later work in hyperbolic dynamics. The first subsection to section four may also
serve as an introduction to hyperbolic geometry. Thus, the third chapter essentially
captures the spirit of the remarkable development heralding the beginnings of this
important area of research during the first four decades of the twentieth century.

Symbolic dynamics is the study of shift spaces, which consist of infinite or bi-
infinite sequences on a pre-determined alphabet set. These sequences almost capture
the essence of abstract systems and provide a simplified model of study. Codings give
mappings between two such shift spaces. Further, aided by the combinatorial, alge-
braic, topological and measure-theoretic invariants, codings give a subtle description
of many dynamical properties, as well.
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After introducing the setup of symbolic dynamics in the first section of chapter
four, we discuss some basic properties in the second section. The concept of entropy
is defined in the third section, and the fourth section deals with methods to compute
such entropy. In the fifth section, a class of symbolic dynamical systems related to
tiling spaces is defined and a profound result due to M. Szegedy is proved. The last
section is devoted to an algebraic dynamical system known as 3-dot system, which
is used to study symbolic systems that can exhibit strong rigidity property.

The purpose of chapter five is to present some basic ideas and tools in complex
dynamics. Starting with some elementary observations that motivate us to study this
topic in detail, we make use of the various versions of Montel’s theorem that describes
normality in a family of holomorphic functions defined on a domain in the Riemann
sphere, P! = CU {oo}. Dichotomising the Riemann sphere using Montel’s normality
criterion on the family of iterates of a rational map, we obtain the Fatou and Julia
sets of the considered rational map. Various properties of these two sets are then
investigated; one important property being the non-vacuousness of the Julia set for
rational maps of degree at least 2. Answering our natural curiosity about a similar
property for the Fatou set of a rational map, we construct a family of rational maps
for which the Julia set is all of P'; which implies that the Fatou set is empty, in this
case. Lattes’ example is a simple case of this construction.

The authors then focus on some statements that characterise the Julia set of a
rational map, alternatively using various results from complex analysis. These state-
ments are more useful in determining the Julia sets computationally. Then, the focus
shifts to studying local normal forms near fixed points and the classification of Fatou
components for rational maps.

One important result in this field pertains to the relation between the dense set of
pre-images of any generic point in the Julia set and the equilibrium measure of any
compact subset of P!, using the energy integral, as encapsulated by a result due to
H. Brolin. The authors build their case for the Brolin’s theorem in P! and discuss
analogous results in higher dimensions.

Recent decades have seen dramatic progress in the study of ergodic aspects of
group actions on homogeneous spaces of Lie groups. Much of this progress, begin-
ning with Margulis’ famous proof of Oppenheim’s conjecture, has been closely
associated to Diophantine analysis. Another, more recent example is the important
work of Einsiedler, Katok and Lindenstrauss towards Littlewood’s conjecture. The
aim of chapter six is to present some topics at the interface of homogeneous dynamics
and number theory with the aim of giving the reader a glimpse of the rich connec-
tions between the two subjects. The goal is to whet the appetite of the reader. The
interested reader can then move on to a more systematic and detailed source like the
book by Einsiedler and Ward. This is suitable for talented undergraduates with some
background in Lie groups, for graduate students, as well as for mathematicians who
wish to get acquainted with the area.

The aim of chapter seven is to give an introduction to a notion of “large subsets”
of Euclidean and other similar spaces, that has attracted much attention in the recent
decades, in the theory of Diophantine approximation, geometry, and dynamics of
flows on homogeneous spaces. The sets are defined in terms of existence of winning
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strategies for various two-player infinite games. Their origin goes back to a 1966
paper of W. M. Schmidt, which made interesting observations about the set of badly
approximable real numbers having certain unusual largeness properties, which has
now found generalisations in a variety of contexts.

As a specialist may have observed, the topics dealt with in each of these chapters
is an area of research in its own right, however that depends on the other areas also
described in the other chapters. One may religiously cover all materials in this book,
if one is interested to give a year-long course on various elements of dynamical
systems, as the title of the book suggests. However, within the book lies various
ideas for a one-semester course; each of the combination below describing one such.

chapters 1-3 and 5;
chapters 1, 2, 4 and 5;
chapters 2—4 and 5;
chapters 3, 6 and 7; etc.

We are grateful to the participants Mahboob Alam, G. K. Chaitanya, Haritha
Cheriyath, Pramod Das, Shreyasi Datta, Mukta Garg, Dileep Kumar, Dinesh Kumar,
Pabitra Narayan Mandal, Manoj B. Prajapati, Yogesh Prajapaty, Manish Rajput,
Manpreet Singh, Pradeep Singh, Sharvari Neetin Tikekar and Atma Ram Tiwari,
for their special efforts in taking notes which helped the authors in preparing their
lecture notes. It is a pleasure to thank the students for their contributions to these
lecture notes.

Lastly, we thank the Indian Institute of Technology Delhi (IITD) for their excellent
hospitality.

New Delhi, India Anima Nagar
New Delhi, India Riddhi Shah
Thiruvananthapuram, India Shrihari Sridharan
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Real Dynamics )

Check for
updates

V. Kannan

1 Introduction and Preliminaries from Topological
Dynamics

1.1 Introduction

Real dynamics is the study of those discrete dynamical systems for which the under-
lying set (called the phase space) is the real line R or the unit interval I = [0, 1], or
occasionally some other subset of R. But the definitions will be given in a more gen-
eral setting. Most of the examples will be given from real dynamics. Other examples
are also provided to see the contrast with real dynamics.

1.2 Preliminaries

Let N denote the set of all positive integers and Ny = N U {0}. Let QQ denote the set
of all rational numbers.

A dynamical system is a pair (X, f) where X is a topological space and f is a contin-
uous map from X to X. The composition f o f will be denoted by f2. Recursively
f" denotes the n-fold composition of f, for every positive integer n. By convention,
£ is the identity map.

The sequence (" (x));> is called the f-trajectory of x in X. Its set

{ y € X | y = f"(x) for some nonnegative integer n}

V. Kannan (<)
SRM University, Amaravati, AP, India
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V. Kannan

is called the orbit of x and itis denoted by O (x, f). Dynamics is the study of eventual
behaviour of the trajectories in a dynamical system.

Here are some dynamical properties of points and these will be defined below.

Fixed point

Periodic point
Eventually fixed point
Eventually periodic point
Recurrent point
Non-wandering point

Definition 1.1 1. Anelement x € X is said be a fixed point of (X, f) if f(x) = x.

2.

An element x € X is said to be a periodic point of (X, f) if f"(x) = x for some
positive integer n.

If x € X is a periodic point of (X, f), its period is the smallest positive integer n
such that f"(x) = x. (In particular, a fixed point is a periodic point of period 1.)
An element x € X is said to be an eventually fixed point if 3n € N such that
f"(x) is a fixed point.

Anelement x € X is said to be an eventually periodic point if f”(x) is a periodic
point for some n € N.

Anelement x € X is called arecurrent point of (X, f) if for every neighbourhood
V of x, 3n € N such that f"(x) € V.

Anelement x € X is anon-wandering point of (X, f) if for every neighbourhood
V of x, 3y € V and 3n € N such that f"(y) isalsoin V.

We use the following notations:

Fix(f) = Set of all fixed points of f.
P(f) = Set of all periodic points of f.

EP(f) = Set of all eventually periodic points of f.
R(f) = Set of all recurrent points of f.
Q(f) = Set of all non-wandering points of f.

Proposition 1.2 Fix(f) C P(f) C R(f) C Q(f).

Proof 1. Fixed points are precisely the periodic points of period 1.

2.

If p is a periodic point of period n, and if V is a neighbourhood of p, then
f"(p) = p € V and thus p is a recurrent point.

. Let p be a recurrent point and let V be a neighbourhood of p. Then 3n € N such

that f"(p) € V. Now p and f"(p) in V are as required in the definition of a
non-wandering point. So p is non-wandering. ]

Example 1.3 (Contraction map) Let f(x) = % on I. Then it is clear that f"(x) =

;—n Vn € N. Every trajectory is decreasing to 0 and O is the only fixed point. Moreover,

we have in this case that



Real Dynamics 3
Fix(f) = P(f) = R(f) = Q(f) = {0}

Iustration: The equation % = x has only one solution, namely x = 0. Therefore

Fix(f) = {0}.Letn € N. Theequation ;—n = x hasonly one solution, namely x = 0.
Therefore, P(f) = {0}.

3x 3
If x > 0, then the open interval Zx’ TX NI is a neighbourhood of x that

contains no other element of the orbit of x. Therefore x is not recurrent. If y is any
element in this open interval, then 24 is below and outside it, and we can prove that no

other element from the orbit of y belongs to this interval. So, R(f) = {0} = Q(f).
O

Example 1.4 (Identity map) Let X be any topological space. Let f be the identity
map on X. Then

Fix(f) = P(f) = R(f) = Q(f) = EP(f) = X.

Example 1.5 (The squaring map on R) Let f(x) = x> Vx € R.

Illustration: Fix(f) = {0, 1} because the equation x> =x has two solutions,

namely x = 0 and x = 1. All trajectories are eventually monotonic; some are strictly
increasing; some are strictly decreasing; some are constant. A closer look gives that
there are five kinds of trajectories namely:

. Constant sequence like {1, 1, 1, ...}.

;. Strictly increasing sequence like {2, 4, 16, ..., } diverging to co.

3. Strictly decreasing sequence like % % % ... converging to 0.

4. Eventually constant sequence like {—1, 1, 1, ...} converging to 1.

5. Non-monotonic but eventually monotonic sequence like {—%, %, 11_6’ .. } con-

verging to 0.
From this we can prove that EP(f) = {—1,0, 1} and
P(f) = Fix(f) = R(f) = Q). U
Example 1.6 (The Tent Map) Let f : [ —> I be defined by

2x ifx <

2—2x ifx >

flx) = {

B — D=

Iustration: This is called a tent map because its graph looks like a tent with the
point (1, 1) in the roof and with the points (0, 0) and (1, 0) on the ground.
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Fix(f) = {0, %} is obtained by solving 2x = x and 2 — 2x = x separately. One
can also verify that the trajectory of % is %, %, %, ‘g‘, .... Thus, both % and ‘g‘ are
periodic points of period 2.

By elementary but clever methods, the following have been proved and are avail-
able in some books (for example, in [8]).

1”(]”):{2”+1 EIIOSmSneNo}.

EP(f) = {All rational numbers in 7} .
R(f) = An uncountable dense set with a dense complement.

Q(f) = The whole set [.

Thus in this example, these five sets are distinct. Some parts of these results will be
proved in a later section. O

Example 1.7 (The Logistic maps [10]) For each p1 > 0, the map x — px(1 — x)
from R to R is called a logistic map. When p = 4, it takes I onto /. For different
values of 1, these maps may have different dynamical properties. Its fixed points are
Oand 1 — 1,

"

Example 1.8 (The Shift map) Let X, be the set of all (one-sided) sequences of 0’s
and 1’s. For each word w over the alphabet set {0, 1},1et V,, = {x € ¥, | w is a prefix
of x}.

Ilustration: Note that w has finite length k, whereas x has infinitely many terms.
We say that w is a prefix of x if w; = x; holds for all i < k = length of w. Here
w; denotes the i"" symbol in the word w; similarly x; denotes the i’" term in the
sequence x.

We now use these sets V,, to define a topology on the uncountable set X,. It is that
topology for which the family {V,, | w is a word over {0, 1}} is a base. Equivalently,
it is the same as the product topology, when X, is regarded as the product {0, 1} x
{0, 1} x ---. It can also be described in terms of a metric on X,, but we now omit
this description.

Next, we define 0 : ¥, —> X, by the rule (o(x)), = x,+1, Yn € Nand Vx € %,.
This means that o shifts the sequence x by one position to its left side. We can prove
that o is a continuous map from ¥, to itself.

Fix(o) is a set that has two elements 0 and 1. Here 0 denotes the constant sequence
{000---}and 1 has a similar meaning.

If w is any word over {0, 1}, then w denotes the sequence {w w w - - - } obtained by
concatenating infinite number of w’s. If k is the length of w, it is easy to see that
o*(w) = w. Thus w is a periodic point for the shift map. One can also prove that
there are no other periodic points. In this manner, there are exactly 2" periodic points
x satisfying 0" (x) = x.
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P(o) ={w|we{0,1}}

is a countably infinite dense subset of X,. It is dense because, if V,, is any basic open
set, there is an element of P (o) there, namely w. If # and v are two words over {0, 1},
then uv (obtained by prefixing u to the sequence v) is an eventually periodic point.
E P (o) consists precisely of such points, and is therefore another countable dense
set. R(o) contains P (o) strictly; in fact it is uncountable. 2 (o) is the whole X,. [

Proposition 1.9 x € EP(f) if and only if the orbit of x is finite.

Proof Let x be eventually periodic. Then 3k € N such that y = f*(x) is periodic.
And 3n € N such that f*(y) = y. Now every f"(x) is of the form f7(x) for some
i <k+n. [In particular f*(x) = f*(x); f*"+(x) = f*'(x) and so on]. It
follows that the orbit of x is finite.

Conversely, let x € X be such that the orbit of x is finite. Then in the trajectory
x, f(x), f*(x), ..., there are only finitely many distinct terms. Let n be the least
non-negative integer such that f”(x) repeats here. Then f”(x) is a periodic point
and therefore x is an eventually periodic point. (And in fact periodic if » = 0). O

Theorem 1.10 In every dynamical system (X, f) where X is a Hausdorff space,

1. Fix(f) isa closed set.

2. P(f) is an F,-set (that is, a countable union of closed sets).

3. EP(f)isan F,-set.

4. R(f) is a Gs-set (that is, a countable intersection of open sets) if X is a metric

space.
5. Q(f) isaclosed set.

Proof 1. Fix(f) is the set of all points where the continuous function f agrees
with the identity map; therefore it is a closed set.

2. Foreachn €e N,let P,(f) ={x € X | f"(x) = x} = Fix(f"). Thenby (1), each
P,(f) is a closed set. We easily see that P is the union of these P,(f)’s.

3. Here, we prove that EP(f) is a F,-set.

EP(f)=P(f)Uf"(PUNHULHPUANHU--
= a countable union of F,-sets

= a F,-set.

4. Here, we prove that R(f) is a G;-set.

oo 00 1
R(f) = ﬂU{x €X|dx, f"() < ;}

k=1n=1
= a countable intersection of unions of open sets

= a Gj-set.
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5. Let x € Q(f). We shall prove that x itself is non-wandering. For this, let V
be a neighbourhood of x. Then V meets Q(f). Take some y € V that is non-
wandering. Because this V is a neighbourhood of that y, 3z € V and 3n € N
such that f"(z) € V. Since this is true for every neighbourhood V of x, it is a
non-wandering point. (]

Proposition 1.11 EP(f) N R(f) = P(f) holds in every dynamical system (X, f)
if every finite set is closed in X.

Proof We prove this when X is a metric space. We have already noted that every
periodic point is both eventually periodic and recurrent (see Proposition 1.2 and the
proof of statement (3) of Theorem 1.10). To prove the reverse inclusion, let x be both
eventually periodic and recurrent. Let k be such that f*(x) is periodic. If x is not
periodic, there is a positive distance & from x to the finite orbit of f*(x). In the ball
B(x, 9), only finitely many f'(x) lie. We can find a smaller ball B(x, r) where no
other term of the trajectory of x lies. So x is not recurrent. Thus, we have proved: If
an eventually periodic point is not periodic, then it is not a recurrent point. (I

Proposition 1.12 Any two periodic orbits are disjoint or identical.

Proof First we note that if x is a periodic point, then any two elements in its orbit,
have the same orbit. i.e., the orbit of f™(x) is the same as the orbit of f"(x), even
if m # n. Now if two periodic points x and y have a common point z in their orbits,
the orbit of x = orbit of z and orbit of y = orbit of z and therefore orbit of x = orbit
of y. O

Proposition 1.13 [fatrajectory converges, then its limit is a fixed point (in Hausdorff
spaces).

Proof Let f"(x) — lasn — oco. Apply f. Because f is continuous, f(f"(x)) —
f().But f(f"(x)) is a subsequence of (f”(x)). Therefore it should converge to the
same [. Thus f(I) = 1. O

Here are some dynamical properties of subsets:

e Invariant set;
e Omega-limit set;
e Cycle.

Definition 1.14 Let (X, f) be a dynamical system.

1. Asubset A of X is said to be invariantif f(A) C A.Inthatcase (A, f|4) becomes
a dynamical system It is called a subsystem of (X, f).

2. For x € X, the omega-limit set of x, denoted by w(f, x) is the set of all limit
points of f-trajectory of x.

3. The orbit of a periodic point is called a cycle; the length of the cycle is the
cardinality of the orbit.
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Proposition 1.15 In any dynamical system (X, f), the sets Fix(f), P(f), EP(f),
R(f) and 2(f) are invariant sets.

Proof 1. If x is a fixed point, then so is f(x), because f(x) is same as x.

2. If x is a periodic point, and if f"(x) = x, then f"(f(x)) = f(f"(x)) = f(x).
So, f(x) is a periodic point of the same period.

3. If x is eventually periodic, 3k € N such that f*(x) =y is periodic. Then by
), fE(fx) = f(f¥(x)) = f(y) is also periodic. So f(x) is also eventually
periodic.

4. If x is a recurrent point, we prove that f(x) is also recurrent. For this, let V be a
neighbourhood of f(x). Then (because f is continuous), f V)isa neighbour-
hood of x. Because x is recurrent, 3n € N such that f"(x) € f~'(V). It implies
that f"*!(x) € V. Thisis the same as f"(f(x)) € V. Thus f(x) is also recurrent.

5. If x is a non-wandering point, we prove that f(x) is also a non-wandering point.
For this let V be a neighbourhood of f (x). Then, f~'(V) is aneighbourhood of x.
Since x is non-wandering Jy € f’l(V) and 3n € N such that f"(y) € f’l(V).
This implies that f(y) € V and f"(f(y)) € V. This proves that f(x) is non-
wandering. (]

2 Attracting Fixed Point

In this section, there are three subsections. In the first, a classical theorem about glob-
ally attracting fixed points is presented. In the second, various ways of understanding
attracting fixed points are compared. In the third, several examples are provided that
throw more light on the results proved in the first two sections.

2.1 Banach’s Contraction Mapping Theorem

This is a theorem about globally attracting fixed point.

Definition 2.1 (Contraction) Let (X, d) be a metric space. Let f : X — X be a
self-map. We say that f isacontractionmapif30 < ¢ < lsuchthatd(f (x), f(y)) <
c-d(x,y)holds for all x, y in X. (Thus f contracts the distance between points).

Examples and non-examples: The map f(x) = x? is a contraction map on the
interval [—i, i] and the contraction constant ¢ can be taken to be % But it is not a
contraction map on [—1, 1] because |0 — 12| =1 =10 — 1].

Proposition 2.2 All contraction maps are uniformly continuous. In fact Vx,y € R
andVe > 0, d(x,y) <e = d(f(x), f(y)) <e.

Proposition 2.3 A contraction map cannot have two fixed points.



8 V. Kannan

Proof 1If x, y are fixed points of f, then d(f(x), f(y)) = d(x, y). So, the distance
is not strictly reduced. O

Theorem 2.4 (Banach’s Theorem) Let (X, d) be a complete metric space (i.e.,
a space where all the Cauchy sequences are convergent). Let f : X —> X be a
contractionmap. Then f has a unique fixed point p. Moreover p is globally attracting
(in the sense that every trajectory converges to p).

Proof Let c be a contraction constant for f (i.e.,let0 < ¢ < landd(f(x), f(y)) <
c-d(x,y) holds for all points in X). Let x € X. We first prove that its trajectory
(f"(x)) is a Cauchy sequence. As a first step, we claim:

d(f"(x), f"(x)) < c"d(x, f(x)) ¥n eN.

This is proved by induction on n. When n = 1, this is from the definition of con-
traction map. If it is assumed for some n € N, then we can prove it for n + 1 as
follows:

d(f"™ ), fr20)) =d(f(s), f(1)  wheres = f"(x), 1= f""(x),
<c-d(s,t) because ¢ is contraction constant
=c-d(f"(x), f"1(x)) by re-substitution
<c-c"-dx, f(x)) by induction hypothesis
=" d(x, f(x)).

Therefore, the principle of induction completes the proof of our claim. For us, this
is not the goal but is merely an intermediate step. Now let m < n. Then

d(f"(x), f1(x) < d(f" @), ) + AT ), T0)) 4
+o - d(N ), (X)) (by triangle inequality)
< edx, f@) T d(x, f)) + -
+o " dx, F(x)) (by using our claim)
=d(x, fE)E" + " 4.

We already know that the geometric series X2 c" converges (here, we use the fact
that 0 < ¢ < 1) and therefore by the Cauchy principle of convergence, for every
€ > 0 there is some ny € N such that for n > m > ng the finite sum ¢” 4+ ¢! +
-4+ "1 < €. It follows that ™ (x) is a Cauchy sequence because if m and n are
> ng, we have

d(f™"(x), f"(x)) <e-d(x, f(x)),

and here d(x, f(x)) is a constant (not depending on m or n).

Next, because (X, d) is assumed to be complete, this Cauchy sequence should con-
verge to some point p in X. By Proposition 1.13, this p should be a fixed point. Thus,
we have proved that the unique fixed point p is globally attracting. O
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Remark 2.5 If (X, d) is any metric space (not necessarily complete) and if f is
a contraction map on it, having a fixed point p, we can prove that p is globally
attracting. This is because Vx € X and n € N, we have

d(ps fn(-x)) =< " d(P» f(x)),

as can be proved by induction. It follows that ( /" (x)) converges to p.

2.2 Various Versions of Attraction

Theorem 2.6 Let f: R —> R be continuously differentiable and let f(p) = p.
Then each statement below implies the next:

L |f'(pl <L
2. fis alocal contraction at p.

oo
3. m f"(V) = {p} for some f-shrinking neighbourhood V of p (in the sense
n=1

fvycv).
4. {x e R| f"(x) — p} has the point p in its interior.
501l = L

Proof (1) = (2) : Take r such that | f'(p)| < r < 1. Because f’ is continuous,
there is & > 0 such that | f'(x)| < r holds for all x € (p — J, p + §). We now prove
that J = [p — 6§, p + d] is f-invariant and that f|; is a contraction map.

If x € J, then |W| = | f'(c)| for some ¢ between x and p (by the mean value
theorem) and is therefore < r. Inparticular, | f (x) — f(p)| < |x — p| and this proves
(because f(p) = p) that f(x) is nearer to p than x; so that f(x) € J. Also if
x #y e J, then |f(’2+{(y)| = | f'(c)| for some ¢ between x and y, and is therefore

< r. This means that f is a contraction map on J with r as the contraction constant.

(2) = (3) : Here, we do not assume the differentiability of f. We prove more
generally that in any locally compact metric space X, (2) implies (3).

Let f be alocal contraction at p = f(p) in the sense that there is a neighbourhood V
of p such that V is f-invariant and such that the restriction of f to V is a contraction
map. We first note that any ball B(p, r) thatis C V will be f-invariant. (Because if
x € B(p,r), thend(f(x), f(p)) <c-d(x, p) where c is the contraction constant;
this gives that f'(x) is nearer to p than x). Because X is locally compact, one such ball
B(p, r) has compact closure. Call it W. We note that W is f-shrinking in the sense
that f(W) C W. In fact, if x € W, then d(f(x), f(p) =p) <c-d(x,p) <c-r
andso f(x) e W.
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o
Next, we claim that ﬂ (W) is {p}. In fact, f(W) C B(p, cr) and repeated use

n=1
of the prev1ous argument glves fH(W) C B(p, c"r) for every positive integer n.

Therefore, ﬂ (W) c ﬂ B(p, c"r) = {p} (since ¢" — 0).

n=1 n=1
(3) = (4) : Here, we do not assume that the domain X is a metric space. It can be
any locally compact Hausdorff space.

Let V be any f-shrinking neighbourhood of p, as above. We claim that for every
x €V, the trajectory (f"(x)) converges to p. Consider the decreasing sequence of

compact subsets { f"(V)} (because f"+'(V) C f*(f(V))). We have ﬂ f(V)is

n=1

oo
the same as ﬂ F"(V) (because f"+1 (V) = f"(f(V)) C f"(V)asVis f-shrinking
n=1
and f*(V) c (V) asV C V) and that is given to be { p}. If W is any neighborhood
of p,itwill swallow f" (V') for some n (because of compactness; otherwise ( (V) —
W) will be a decreasing sequence of compact non-empty sets with empty intersection,
leading to a contradiction).

Now if x € V, the sequence f”(x) has to be eventually in W. This is true for every
neighbourhood W of p. This means that f"(x) — p.

(4) = (5) : Here, of course we assume that f is continuously differentiable. Let if
possible | f'(p)| > 1. Choose s such hat | f'(p)| > s > 1 and choose a ball B(p, r)
such that | f'(x)| > s for all x in that ball. If x € B(p, r), then we have | f(x) —
f(p)| =1f'(c)|-|x — p| for some c in that ball (by mean value theorem) and this
is>s-|x — pl.

If f(x) is also in the ball, then f(f(x)) is further away from p than f(x). Since
s" — 00, the sequence f"(x) leaves the ball at some time or other. Even if it enters

the ball at a later time, by the above argument, unless it hits p precisely it has to leave
the ball again. This can be used to contradict (4), (see Exercise (9)).

We have actually proved more. No element in the ball gets attracted to p. (We started
to prove the weaker statement that some element doesn’t get attracted to p, but proved
that p is repelling as per the Definition 2.11). (]

Remark 2.7 Note that the difference between (1) and (5) is slight. But it is worth-
while to point out that (2) implies (1). In fact | f’(p)| can not exceed the contraction
constant. Thus (1) and (2) provide the strong form of attraction.

2.3 Examples

1
Example 2.8 Consider f : |:—§, 1:| — [0, 1] defined by
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—2x ifx <0
T =0 ez,

Ilustration: Then, f has a unique fixed point 0; it is globally attracting ; but f is

not a contraction map; f is not differentiable at 0. O

Example 2.9 Define f : [0, 1] —> [0, 1] by specifying f(1) = -1, ¥n € Nand

n+17’
f is linear on each [ﬁ, %].

Ilustration: Then, the range of f is [0, %]. Still, f is not a contraction because; if
¢ were the contraction constant,

1 1 1 n
-)-fO0O|=——-0<c-— = c=> , Vn e N.
'f(n) f()‘ n+1 =¢ n C_n—}—l e

Therefore, ¢ > 1, contrary to the definition. But, f has a unique fixed point (namely
0) and it is globally attracting as well. Every trajectory is converging to 0. This shows
that the converse of the contraction mapping theorem (i.e, Theorem 2.4) is not true.
(This also shows that in Theorem 2.6, (3) does not imply (2)). [l

Example 2.10 Let f(x) = x — x> onR.

Ilustration: Then, the only fixed point of f is 0. This is because x — x* = x has

only one solution. Even though f’(0) = 1 (and therefore 0 is not attracting as per
the calculus definition), we shall now prove that its basin of attraction contains the
closed interval [—1, 1] (and it is seen to be a neighbourhood of 0).

If 0 < x < 1, then x> < x and therefore 0 < x — x> = f(x) < x < 1. Repeatedly
using this, we find that the trajectory (f"(x)) is strictly decreasing and bounded. It
has to converge (and by proposition of the last section) its limit should be a fixed
point. It has to be 0 because there is no other fixed point. Similarly, if —1 < x < 0,
then the trajectory of x is strictly increasing and converges to 0. O is an attracting
fixed point in all other senses except (1) of Theorem 2.6. The points 1 and —1 even
map to the fixed point 0. O

Definition 2.11 1. Repelling Fixed Point: In a dynamical system (X, f), a fixed
point x is said to be repelling if 3 a neighbourhood V of x such that Vy # x in
V, dn € Nsuch that f"(y) ¢ V.

2. Attracting Cycle: In a dynamical system (X, f), a cycle of length n is said to
be attracting if every element in it, is an attracting fixed point of f”.

Example 2.12 Consider the map f(x) = x> — 4x + 5.

5 5 5—+/5
+2f and 2\/_. Both are repelling.

Ilustration: There are two fixed points

Because | f'| at these points is calculated as /5 + 1 and +/5 — 1, and both these
are > 1.
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Next, we calculate that 1 and 2 are periodic points of period 2. Observe that
f()=1>—4+5=2 and f(2)=2>-8+5=1.
Now we shall prove that this 2-cycle {1, 2} is attracting.
I(fo 'l = 1f (DI = [F DI @] = [2—4][4—-4] = 0.

To understand the nature of attraction without calculus, we take the point % Using a
calculator, we find that its trajectory is

3 5 25 305 108385

and the same becomes in the decimal notation
1.5,1.25,1.5625,1.191, 1.6538, 1.11984, 1.11984, 1.77468, 1.05077 - - - .
We notice the following in this sequence. If we take the even terms
1.25,1.191, 1.11984, 1.05077, . ..

it is strictly decreasing and going nearer and nearer to the periodic point 1. If we take
the remaining terms
1.5, 1.5625, 1.6538, 1.77468, . ..

it is strictly increasing, going nearer and nearer to the other periodic point 2. We
guess that the same happens to all points in a neighbourhood of 1 and 2 (Prove it!).
|

Example 2.13 Let f(x) = x + sinx on [0, 47].

Iustration: The fixed points of f are easily calculated as 0, 7, 2m, 37 and 4.
Which of them are attracting and which of them are repelling? To see this, we
calculate

@) =1+cosx; f/(O)=2; fl(m=0; ffCm)=2; f'GBm)=0; f'(4m) =2.

We conclude that 7 and 37 are attracting points, whereas the other three are repelling.

(]
Among the examples seen here, this is the only interval map with two attracting
fixed points. Its analogues can be easily constructed to show that Vn € N, there is an
interval map with n attracting fixed points.

This example serves another purpose also. This f is a homeomorphism from [0, 4]
to itself. Its graph seems to be winding around the diagonal. If p is a fixed point, see
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whether in the neighbourhood of (p, p), the graph is above or below the diagonal
(until the adjacent fixed point). Then p is attracting if and only if the graph is above
the diagonal to the left of p, and below the diagonal to the right of p. This seems to
suggest the following statement.

Let f be an one-one interval map with a discrete set of fixed points. Then between
any two attracting fixed points, there has to be a repelling fixed point and vice-versa.
(see Exercise 8.13). [l

Example 2.14 Let f(x) = 2x — 2x? onl. This is one of the logistic maps introduced
earlier.

Illustration: Here, f has two fixed points, namely the two roots of 2x — 2x? = x.

These are 0 and 5. We have f'(x) =2 —4x, f'(0) =2and f’(3) = 0. Therefore
0 is a repelling fixed point and % is an attracting fixed point.

We find the basin of attraction for % If p is a fixed point, then its basin of attraction
is defined as the set of all points whose trajectories converge to p. First, from the
equation 2x — 2x* = —2(x — 1)> + 1, we find that  is the maximum value. We

find that the graph is above the diagonal on [0, 1) and below the diagonal on (31, 1].
This makes us guess

1 1
x<2x—2x2<§if0<x<§ and

1
x>2x—2x2if§<x<l.

Weinfacthave0<x<%:>0<2x<1:>O<2x2<x:>x<2x—2x2.
And%<x<l:x>2x—2x2becausel>2—2x.

Forall0 < x < %, the trajectory of x increases and remains in (O, %] So, it has to
converge to a fixed point. The only available fixed point is % Points in (%, 1), at the
very next time fall in (O, %) and afterwards go nearer and nearer to % The basin of
attraction is (0, 1). (I

3 Topological Transitivity

In this section, an important dynamical property known as topological transitivity, is
studied. In the first subsection, it is understood in five different (but equivalent) ways.
In the second, five different methods to prove topological transitivity are introduced.

Notation: We will use the term opene set as our abbreviation for an open nonempty
set.
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3.1 Five Views of Topological Transitivity

There are five ways in which topological transitivity may be understood. To put them
roughly:

1. It is possible to go from any sub-region to any other sub-region (as the name
‘transitive’ suggests) (High mobility).

2. Every sub-region is visited by plenty of points at some time or other (Abundance
of visitors).

3. Every invariant set is either too small or too big (Lack of invariant sets).

4. There is no nontrivial proper subsystem (Triviality of sub-system/
Indecomposability).

5. There is a dense orbit (Highly wandering points).

These five are precisely stated as follows: Let (X, f) be a dynamical system.

1. If V and W are any two nonempty open subsets of X, there is n € N such that
f" (V)N W is nonempty.

2. If V is a nonempty open set, then {x € X | f"(x) € V for some n € N} is dense.

If A C X issuchthat f(A) C A, then either A is dense or A is nowhere dense.

4. (Y, fly) is called a closed subsystem of (X, f) if Y is a closed subset of X and
f(Y) C Y sothat f|y is a self-map of Y. The present requirement is: if (¥, f|y)
is a closed subsystem of (X, f), then either ¥ = X or Y has empty interior.

5. 3x € X such that O(x, f) = X.

et

Theorem 3.1 If X is a compact metric space without isolated points (like the unit
interval I, the circle S, the torus T, the space X of sequences, etc.), then the above
five are equivalent.

Proof (1) = (2) : If W is an opene set, then
{x € X | f"(x) € Wforsomen € NO}

can be rewritten as U S 7" (W). Let us denote this set by W*. To prove that W*

nEN()
is dense in X, take any opene set V in X. Then by (1), there is n € N such that

f"(V) N W is nonempty. This implies that £~ (W) N V is nonempty and therefore
W* NV is nonempty. Since this is true for every opene set V, it follows that W* is
dense.

(2) = (3) :Let A C X be an invariant set so that f(A) C A. Then its complement
has the property that no element of A visits it at any time. This means (A“)* = A€
in the notation of the previous paragraph. Now consider two cases.

1. If A has an interior point, then (2) implies that it is dense. In this case A has
empty interior.
2. In the other case A¢ has empty interior.
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So we have that either A or A® has empty interior. Equivalently, either A or A“ is
dense. Now, A is also f-invariant (follows from the continuity of f). Therefore, if
A is not dense, then A has no interior and is thus, nowhere dense.

(3) = (4) : Let (¥, f]|y) be a closed subsystem of (X, f). Then Y is f-invariant
subset of X. Therefore by (3), Y or Y is dense. But Y is closed. Therefore either
Y = X or Y is nowhere dense.

(4) = (2) : Let W be a nonempty open set. Look at (W*)¢. This is the set of
all points that never visit W. It can be written as U f7"(W) | . Because f is
nENo

continuous and W is open, the subset f~"(W) is open for each n € N. Therefore
W* is open and (W*)¢ is closed. Also it is f-invariant. This is because if x never
visits W, so is the case with f(x), [for if f(x) visits W at time n, then x will visit
W at time n 4 1]. Thus (W*)¢ gives rise to a sub-system of (X, f). By (4), either
(W)€ = X or (W*)¢ has empty interior. The former case is not possible because W
is nonempty. In the latter case W* is dense. This proves (2).

(2) = (5) : Here we use the Baire Category theorem. Because we have assumed
that X is a compact metric space, X admits a countable base say {B;, B, B3, ...}
of nonempty open sets. By (2), each B is dense and open. Therefore by the Baire

Category theorem, ﬂ B, is non empty. If x is a point in this intersection, then x

neN
visits each B, at some time or other. In other words, the orbit of x meets every basic

open set and is therefore dense.

(5) = (1) : Let the orbit of x be dense. Let V, W be two opene sets. First choose
ny € Nsuch that f"'(x) € V. Next take the set

W—{x, f(x), ..., ")}

This is open (because every finite set is closed) and non-empty (because W is infinite,
because there are no isolated points). The orbit of x should meet this opene set also.
Therefore An, > n; in N such that f"2(x) meets W. Thus f27"1(f"(x)) € W and
so f27" (V) meets W. O

3.2 Five Proofs of Topological Transitivity of the Tent Map

Recall that the tent map f : I —> [ is defined by the formula

2x if 0 <
FO =) o il <
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Equivalently, this is given by the formula f(x) =1 — |1 — 2x| for all x. It is the
piece-wise linear map specified by

FO) =0, f(%)zl, £y =0,

Theorem 3.2 The tent map is topologically transitive.

Proof The reason for providing five different proofs is that each proof leads to a
more general theorem; at the end we will have five theorems each giving a set of
assumptions that implies topological transitivity. (]

First Proof: Call a map locally eventually onto (in short, l.e.0.) if for every opene
set V, dn € Nsuch that f"(V) = I. We shall prove the following two assertions:

1. Every l.e.o. map is topologically transitive.
2. The tent map is l.e.o.

In the literature, 1.e.0 maps are sometimes known as strongly transitive maps and
also known as topologically exact maps.

Proof of (1): Let V and W be two opene sets. By assumption In € N such
that f"(V) = I. Then obviously f*(V) N W is nonempty. This proves that f is
topologically transitive.

Proof of (2): This is divided into two parts:

(2a) Every opene set must contain a dyadic sub-interval.
(2b) Every dyadic sub-interval J admits n € N such that f"(J) = I.

Here, a dyadic sub-interval is a closed interval of the form I; ,, = [l‘z;ml, 2%] where
1 <k <2™, k and m are non-negative integers. It is easily noted that the length of
Iim 18 zlm The union of I ,, for a fixed m, as k varies, is /. There are 2" sub-intervals

of the form I ,, (as k varies).
Ik],ml - Ikz,m2 — nmi Z my.

Proof of (2a): Let V be an opene set. Then V contains a closed interval J of positive
length /. Choose a positive integer n large enough so that zi < é Let k be the least
non-negative integer such that 25 € J. Then we are sure that kztl also belongs to J.

This implies that the dyadic sub-interval I; , C J C V.

Proof of (2b): We prove by induction on m that f"(I;,,) = I. When m = 1,
we have two such sub-intervals I ; and [; ; of length % We directly verify that
fp,1) =1and f(I,,) = I.Suppose by induction hypothesis, we have proved that
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" (Ixm) = I for some m € N and for all k, 0 < k < 2™. Then we prove a similar
result for m + 1. For this, we first note that f (I ,+1) = I, for some r. Then using
induction hypothesis,

" Ime) = "FTms) = f"Uew) = 1.

The principle of induction now completes the poof of (2b).

Second Proof :

Definition 3.3 An interval map is said to be length-expanding if there is § > 0 such
that the following holds:
|f ()] = 1+ 9)|J| for all intervals J of positive length unless f(J) = I.

Note that this implies f(J) = I for all sub-intervals J of length > %. In particular,

an interval map is length-doubling if | f (J)| > 2|J| holds unless f(J) = I.
We split this proof into three parts:

(A) Every length-expanding interval map is topologically transitive.
(B) If f is the tent map, f o f is length-doubling (and therefore length-expanding).
(C) If f o f is topologically transitive, so is f.

Proof of (A): We shall prove that f isl.e.o. Let V be an opene set. Then V contains
aclosed interval J of positive length. By our assumption, | f(J)| > (1 + 6)|J| unless
f(J) = 1. This f(J) is also an interval of positive length, and so | f(J)| > (1 +
8)?|J| unless f2(J) =1.

Repeating this argument, we obtain that for every n € N,

"Dl = A+,

unless f"(J) = I. Because the sequence (1 + §)" is growing exponentially, there is
neN such that (1+4+6)"|J|>|I|. For that n, we do have
f*(J) = I. It follows that f*(V) = 1.

Proof of (B): The graph of f o f(= g) is as sketched below. It is a piece-wise
linear map specified by

1 1 3
2(0) =0, g <Z> — 1y (5) —0. ¢ (Z) — 1. and g(1) = 0.
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> ®

0 1/4 1/2 3/4 1
On [0, 1], this function is f o f(x) = 4x. Therefore, if J is an interval and is a
subset of [0, 1], then |g(J)| = 4|J|. Then, similar statement holds depending on
s b Al e b dfors c 3]

If J is not contained in any of these four, we argue as follows: Suppose J C [O, %]
Then J = J; U J, where J; =J N [O, %] and J, =J N [}1, %] By previous para-
graph

lg(JDI = 41l and [g()| = 4|/]2].

Being aware that g(J;) and g(J,) may overlap, we deduce that
|g(J)| = both 4|J,| and 4] J,|

and moreover, |g(J)| > 2|J|. In the last step, we make use of the fact that |J;| or
|J>2| should be at least %|J |. This proves that |g(J)| > 2|J| for all sub-intervals J
that are subsets of [0, %]

Analogous statements hold for sub-intervals C [ %] , and for sub-intervals C [%, 1].

1
4
The only remaining case is when J is not contained in any of these three. Then we can
prove that J should contain one of the four sub-intervals [0, 1], [1.1]. [3.3].
[%, 1]. Then f2(J) = I. We have thus completed the proof that f o f is length-
doubling.

Remark 3.4 Observe that the tent map is not length expanding as

(-]
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Proof of (C): More generally, let (X, f) be a dynamical system and let (X, f o f)
be topologically transitive. To prove that f is also so, let V and W be two opene
sets. By assumption there is n € N such that (f o f)"(V) meets W. It follows that
£2"(V) meets W. This proves f is also topologically transitive.

Third proof: We directly exhibit a point in / whose orbit under the tent map f
is dense in . Let s be a Morse sequence over {0, 1}, that is, an infinite sequence
of 0’s and 1’s such that every word w over {0, 1} occurs in that sequence. If s =
518283 -+ -8, --- then form the sets A, = {x € I | f"(x) € I,} for all n € N, where
Iy=[0, 3] and Iy = [3,1].

We note that ﬂ A, is nonempty, by Cantor-Intersection theorem. This is because

neN
the finite intersections A; N A, N - -- N A, are nonempty and closed for eachn € N.

Actually, this is an interval of length zi

Let x be a point common to all these intervals. Then we now prove that the orbit of x
is dense. For this the following notation will be convenient. The dyadic sub-intervals
defined in the second proof are now provided with a different notation:

1 1 1 .
0 ’2 : 2’ ’
100 07 I 101 Iﬂ 2 1]0 Iﬂl 111 - 27 I ’

1 11
Iooo = [0, §i| Ioo1 = |:§, 4_1:| and so on.

In general, if w is a word wjwws - - - w, over {0, 1}, then I, is defined as I, N
f"‘(IQ); I, is defined as I, N f‘k(ll), where k =| w |. Recursively, this defines
I, for every word w. We see that these I;,s are same as the dyadic sub-intervals. In
particular every interval J of positive length must contain one of these I,,’s.

Now to prove that the orbit of x is dense in /, let J be an open sub-interval of positive
length. Then J contains [, for some word w. This w occurs in the Morse sequence s.
Therefore there is n € N such that w = 8,41 - - - S

Now the point f”(x) has the property that it belongs to I,,. (Because f"(x) €
I, f"(x) € I,,,, etc). Here we use the fact that

Ly = Lywyow, ={x €1 | x €1y, f(X) € Ly, f2(x) € L, ...}

Thus f"(x) € J for this n.

Fourth Proof: The tent map is an example of a Markov map. We consider more
generally, the interval maps f for which there is a finite set of points 0 = x¢ < x; <
- < x, = 1 such thatif I; = [xi, x,-+1], then the following are satisfied:
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(1) |f'(x)| > 1 for all x except those finitely many points where f may not be
differentiable.
(ii) Foreachi, f([;) is the union of some /;’s. (This means : If f(/;) meets some
I;, then it contains it).
(iii) f is monotonic on each ;.

We shall call such maps EMI maps (Expanding Markov Interval map). The Markov
matrix associated with such a map f is an x n matrix where the (i, j)- entry is 1 if
f;) D 1j,and (i, j)- entry is O otherwise.

We say that a matrix of 0’s and 1’s is irreducible if for every (i, j), there is k in N
such that the (i, j)-entry of the kth power of that matrix is nonzero.Our fourth proof
of transitivity of the tent map is as usual divided into two parts, one giving a general
theorem and the other stating that the tent map satisfies its assumptions.

(A) Every EMI map whose matrix is irreducible, is topologically transitive.
(B) The tent map is an EMI map with irreducible matrix.

Proof of (A): For the proof, see Proposition (4.8) in [14].

Proof of B): Take0=uxo <x; =45 <xo=1, Iy=[0,1], I, =[4, 1]. Then
fo) =IhUL =1I; f(I)) =1IpUl = Iand|f'(x)| = 2 forall x other than x;’s.
Thus we have easily verified that the tent map is an EMI map. Its Markov matrix is

(} i) and is obviously irreducible.

Fifth Proof:

Definition 3.5 (Topological Conjugacy:) If (X, f) and (Y, g) are two dynamical
systems, a homeomorphism ¢ : X — Y is called a topological conjugacy if the

following diagram commutes:
/

o |

9

< e

Remark 3.6 All dynamical properties, seen so far, are preserved by topological
conjugacy.

Here the main idea is that the well known shift map (X%,, o) and this tent map (Z, f)
(though they are not topologically conjugate themselves) admit dense subsystems
(D, o) and (D,, f) respectively, that are topologically conjugate to each other. We
shall then use the following lemma.

Lemma 3.7 Let (X, f) be a dynamical system and Y be a dense subset of X such
that f(Y) C Y. Then (X, f) is topologically transitive if and only if (Y, f|y) is
topologically transitive.
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Proof Let (X, f) be topologically transitive. To prove that (¥, f|y) is also topo-
logically transitive, let V and W be two opene sets in Y. Then there are open sets
Vand W in X such that V' = VNXand W= W N Y. Because f is topologically
transitive, 3x € V and n € N such that f'(x) € W. But alas! this x may notbein Y.
By the continuity of ", there is a neighborhood U of x € X (we may assume that
U C V)suchthat f"(U) C W.Now because Y is dense in X, this U meets Y. Take
yinUNY.Then, f"(y) € W. Also, because Y is invariant, f"(y) € Y also. Thus
f"(y) N W is nonempty.

Conversely, let (Y, f|y) be topologically transitive. To prove that (X, f) is topolog-
ically transitive let V and W be two opene sets in X. Then VNY and WNY are
opene sets in Y. (Here we use the fact that Y is dense in X). Because f|y is topo-
logically transitive, 3n € N such that f*(V N'Y) N (W N Y) is nonempty. It follows
that f"(V) N W is nonempty. ]

Remark 3.8 It is interesting to note that the subsystem Y, although topologically
transitive need not contain a dense orbit. For example, for the tent mapif Y = QN 1,
then all y € Y are pre-periodic, hence no dense orbit, but here Y is countable and
not a Baire space. A Baire space is one in which countable intersection of open and
dense sets is again dense.

Now we proceed to apply this lemma in the present context. We take

Dy ={xel]| f"(x) #0foralln € N}
= complement of the backward obit of 0.

We can prove that f"(x) = 0 for some n € N if and only if x is a dyadic rational
number. Thatis, D; =complementin / of dyadic rational numbers (arational number
whose denominator is a power of 2). Since the complement of a countable set is
always dense, it follows that D; is a dense subset of /.

Ifx € Dy, then f(x) € Dj,becauseif f*(f(x)) = 0,then f”*l(x) = 0. We consider
the subsystem (D;, f|p,). On the other side, we start with the shift map (%,, o). Let
D, = {x € ¥, | x is not eventually0}. Then D, is the complement of a countable set
and is therefore dense in %, (because in X, also, every opene set is uncountable).
Therefore by the above lemma, (D, o|p,) is topologically transitive.

We now construct a homeomorphism ¢ : Dy —> D, as follows: If x € Dy, then

0 if F1(x) < 1:
GGy, = |0 T =3

Loif f"(x) > 5.

(Note that f"(x) cannot be equal to % if x € D;). Note that ¢(x) € D,.

Lemma 3.9 The following are equivalent for x and y in D and for n € N.

(i) There is a word w of length n such that x and y belong to the same I.,,.
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(ii) ¢(x) and ¢(y) agree in their first n terms.

Proof We observe that
o(lo) = Vo, o) = Vi;

¢Uoo) = Voo, oUo1) = Vor, ¢(L1o) = Vi1, ¢U11) = Vio.

For every word w there is a word w of same length such that ¢(1,) C Vi and
¢~ '(Vg) =1, N D. Also w — 1 is a bijection from {0, 1}* to itself.

From this single observation, three consequences follow immediately:

(1) ¢ iscontinuous. This is because the pre-image of every basic open set V,, is open
in D.

(2) If ¢(x) and ¢(y) belong to V,, and if |w| = n, then x and y belong to the same
sub-interval I, for some word u of length n and therefore |x — y| < zln The
converse is true as well. In other words the above lemma is proved.

3) If p(x) = ¢(y), then |x — y| < zi holds for all n, and so x = y.

This proves that ¢ is one-one. All these together prove that ¢ is a homeomorphism
from D to ¢(D;) = D».

We next verify that for all x € D,

1 1
@S =0= ["(f(x) < 5 e < 3
— (611 =0 < (0p(x)), = 0.

This proves : ¢ o f = o o ¢. Thus ¢ is a topological conjugacy between the (tent
map)|p, and the (shift map)| p,. Because the latter is known to be topologically tran-
sitive, the former has to be. It then follows that the tent map on / itself is topologically
transitive. (]

Comments on the various proofs: Each proof has its own merit. But they serve the
purpose of leading to very general theorems and concepts.

4 Three Ingredients of Chaos

According to a definition proposed by R. Devaney [7], there are three ingredients of
chaos:

(T) Topological transitivity (studied in the previous section);
(DP) Dense set of Periodic points;
(SDIC) Sensitive Dependence on Initial Conditions as defined below.
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Definition 4.1 (SDIC) We say that a dynamical system (X, f) where X is a metric
space, has SDIC if there is a positive 0 > 0 (called the sensitivity constant) such that
Vx € X and Vr > 0, dy € X, In € N such that

dx,y) <r but d(f"x), f*(y)) > 9.

This means: the orbit of x deviates from that of y by at least §. Note that we want
the same § at all the points and that the time n of deviation is required only once and
that n may vary with x.

In this section, we wish to assert that the three properties T, DP and SDIC are so
highly independent, in the sense that

(1) none of them implies any other; and in fact,
(i1) no two of them imply the third.

This means that there is no redundancy in the definition of Devaney’s chaos. For this
purpose, we actually construct eight examples, one for each row of the following
chart:

T | DP | SDIC |
Example 1 v v v
Example 2 v v X
Example 3 v X v
Example 4 v X X
Example 5 X v v
Example 6 X v X
Example 7 X X v
Example 8 X X X

4.1 T, DP and SDIC

The tentmap f(x) = 1 — |1 — 2x| studied in the previous section possesses all these
three properties. We in fact proved that for each dyadic sub-interval of length zi it
is true that f” maps that sub-interval onto the whole /. Hence f is topologically
transitive. For the same reason, it has SDIC. If x € I andif r > 0 are given, choose a
dyadic sub-interval J containing x whose length 2% is < r. Then because f*(J) = 1,
there are elements y, z € J such that f"(y) = 1 and f"(z) = 0. It follows that the
orbit of x deviates from that of y or z by at least % at this time n. We use triangle
inequality here. It follows that any positive § < % serves as the sensitivity constant.
Lastly, we have already seen that all dyadic rational numbers are f-periodic; we
know that they form a dense set. Thus the tent map possesses all the three properties

T, DP and SDIC.
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4.2 T DP & NOT SDIC

Let n € N. Let X be the finite set {1, 2, ..., n} with discrete metric and discrete
topology. Let f be the map from X — X defined by f(x) = x + 1 (modn) for all
x € X.This f iscalled ann-cycle. It has only one orbit. The orbitof 1 is {1, 2, ..., n},
the whole set X. Therefore it is topologically transitive. (Highly so, because against
the requirement of a dense orbit, we have the whole set as an orbit). All its points are
periodic, because f”(x) = x forall x € X. Therefore f has DP. (Highly so, because
against the requirement of a dense set of periodic points, we have the whole set of
periodic points). There is no SDIC in this example. It can be seen in two ways:

Proposition 4.2 At an isolated point, sensitive dependence cannot be there.

Proof This is because in the ball that is a singleton, we cannot find another point
whose orbit deviates from that of the centre ; we cannot find another point at all. [

Proposition 4.3 An isometry cannot have SDIC.

Proof An isometry is a map that preserves distances. If r is the radius of a
ball around x, then for every y in that ball d(x, y) < r and so for every n €
N, d(f"(x), f"(y)) <r (because f" also preserves distances). If this deviation
should be > ¢, then that § should be < r. This is true for every r > 0. Therefore
there is no sensitivity constant. (]

Thus we have proved that the n-cycles possesses T and DP but not SDIC. Since
this is true for every positive integer n, we have actually infinitely many examples
that possess T and DP but not SDIC (but not in /, see Theorem 5.1). But in a later
subsection, we shall prove that we do not have an infinite example of this kind. (Note:
Infinite example is not same as infinitely many examples).

4.3 T, NOT DP & SDIC

Let f be the restriction of the tent map to the set Q¢ of irrational numbers. Note that
Q¢ is f-invariant (If 2x or 2 — 2x is rational, so should x be). Then f is topologically
transitive, by Lemma 3.7.

We next note that we have deliberately omitted all the periodic points of the tent
map from the domain of f, so that this example does not have any periodic point at
all. Far from DP. That this example does have SDIC follows from the more general
result, in the next proposition.

Remark 4.4 Thick subsets are those with non-empty interior.

Proposition 4.5 Let g : X —> X be strongly transitive. (i.e., if V is any thick subset
of X, there is n € N such that g"(V) = X). Then the restriction of g to any dense
invariant subset of X has SDIC. (This means : Not only (X, g) but also every dense
subsystem of it has SDIC).
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Proof Any positive J less than half the diameter of X serves as a sensitivity constant.
To prove this let p, g € X be any two elements. Let ¥ be a dense subset of X such
that g(Y) C Y.Lety € Y andr > 0. Then the ball B = B(y, r) in X admits n € N
such that g"(B) = X. It follows that g” (B N Y) is dense in Y (we use the fact that the
continuous map g" takes dense subsets of B to dense subsets of its image). Therefore
there are two elements y, z € B NY such that g"(y) is near p and g"(z) is near ¢,
so that the distance between them is very near d(p, ¢) and hence arbitrarily near the
diameter of X. It follows from triangle inequality that the orbit of x deviates from
that of y or z by at least half of that d(p, g). O

Thus this example has T and SDIC but not DP.

4.4 T NOT DP & NOT SDIC

Now we are in search of a transitive map that has neither DP nor SDIC. We cannot
find such an example among interval maps. (Later in this chapter we shall prove
that T = DP for interval maps). When we allow other domains, we can find better
examples. On the circle S', there are topologically transitive maps having neither DP
nor SDIC.

Indeed the irrational rotations satisfy our requirements. Let 6 be an irrational multiple
of 7. The rotation by an angle 6 is same as the map f(z) = ze'? (we use the usual
multiplication of complex numbers). That these maps are topologically transitive,
follows from a classical theorem of Jacobi (we do not include its proof here, because
we confine our interest to real dynamics; but for a proof see subsection (1.2) in [6]).

We can easily prove that there are no periodic points. Indeed, for every positive
integer n, f"(z) = ze¢'’. If it were = z, then ¢*? = 1; this would imply that né is
an integral multiple of 27; and therefore 6 is a rational multiple of 7; this is contrary
to our assumption.

Lastly, we prove that this does not have SDIC. We resort to Proposition 4.3 of this
section. We observe that these rotations are isometries. In fact, if z; and z, are in
S, 1zie™ — z1e| = |21 — 2211€™] = |21 — zal.

Thus this example provides infinitely many examples of systems that are topologi-
cally transitive, without DP and without SDIC.

4.5 NOTT DP & SDIC

Let f be the piecewise linear map on [ specified by

1 1 3 1
f(0)=§; f<z>=0; f<1)=1; f(1)=§.



26 V. Kannan

Its graph is as sketched here.

Its formula is

%—2)6 if0<x§%;
fx) = 2x—% if%<x§%;
%—2)6 if%<x§1.

This map is not topologically transitive because [0, %] is f-invariant. We now claim

that every number in / that is of the form 22! (where m, n € N)is f-periodic. Note

4n+2
that these are the numbers

2767610710107 10" 147"
In this sequence of numbers, we can verify that the first three are fixed points, the
next four are points of period 2, and so on.
But, for a rigorous proof, we have to argue more cleverly. For a fixed positive integer

n, let
2m +1
A, = :0<m<2ny;.
dn +2

This is a finite set having 2n + 1 elements. We easily see that this set is f-invariant,
because if x = %, then the numbers % —2x, 2x — % and % — 2x are all of this

form (as can be verified by direct calculation). On the other hand every such number

(e, x = %) is the image (under f) of another such number namely
m-—n . . .
y = if m < 2n and if m and n are different parity;
4n+2
m+n+1 .
or y =————— if m and n are same parity;
4n +2
S5n — 2
or y :u if m > 2n and if m and n are different parity.
4n +2

Thus f is a bijection on each A,. We use now:

Proposition 4.6 Let (X, g) be a dynamical system. Let F C X be a finite subset
such that g(A) = A. Then every element of A is g-periodic.

Proof g|a becomes a permutation and hence has a cyclic decomposition. This
exhibits the cyclic orbits of all elements of A. O
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We now continue with our present example. Every element of A, is f-periodic,
for every n € N. Next we note that A, is a %-net in I (in the sense that every

element in [/ is at a distance < % from some element in A). This is because in
_[_1r _3 4n+1

Ap = {4n+2’ Ing2 " dnt2

they are equally spread.

} any two adjacent elements are at a distance 2#, and
n+1

Thus the set of f-periodic points is a countable union of finite sets that are %-nets,
for each positive integer n. Therefore it follows immediately that this set is dense
in /.

Remark 4.7 1. There are other proofs for the same result. But this proof has an
advantage of being elementary and self-contained.

2. One can prove that there are no other f-periodic points in this example. But we
do not need this result here.

Lastly, we now prove that this has SDIC. For this, we take a different approach. We
look at the backward orbit of the three fixed pomts 3% and . Here, backward orbit
of p means the set of all points that contain p in the orb1t We claim:

(a) the backward orbit of % is dense in [0, 1].
(b) the backward orbit of % is dense in [0, %].
(c) the backward orbit of % is dense in [%, 1].

Proof of (a): We find that O, 1 go to % at time 1; 1 and % go to % at time 2;

4
four more points 8, g, g, ; go to 5 at time 3 and so on. In other words, the sets

71 (3). £72(3). £73(3) etc. are all finite sets and their cardinality is increasing.

We next note that £~ (1) is a 1-net; f72 (4 ) is a §-net and so on. So, their union

(which is the same as the backward orbit of 2) is an e-net for all € > 0. So, it is a
dense set.

Proof of (b): We find that
(DYoL (DS [ S
6/ 136/’ 6 12’12’

- : D L 5 71 ; and so on
6 24°24° 24’ 24 |° ’

Thus, the backward orbit of = includes all points of the form 2;”;;1 (after eliminating

common factors) that are < (where m, n € Ny). As before, we can prove that this
is a dense subset of [0, %].

Proof of (¢): It is similar to that of (b) and hence omitted.

Now we complete the proof of SDIC as follows.
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Proposition 4.8 Let (X, f) be a dynamical system where every thick set V has two
points whose orbits deviate by at least § > 0. Then % serves as a sensitivity constant

for (X, f).

Proof Let x € X and r > 0. By assumption the ball B(x, r) has two points y, z
such that d(f"(y), f"(z)) > ¢ for some n € N. Now by triangle inequality, either
d(f"(x), f"(y)) ord(f"(x), f"(z)) is bigger than §. Thus (X, f) has SDIC with §
as sensitivity constant. (]

We now return to our example. If V' is any thick subset of I, V should meet the
backward orbit of % (because of (a)); it should also meet the backward orbit of é or
that of % (because of (b) and (c)). Thus there are points x, y € V and m, n € N such
that

my = L 15
fx) = 5 an f(y)e{g,g}.

Because 3, 3 and 2 are fixed points, if k > both m and n, then f*(x) =} and

2 b
F¥(») € {%. 2}. So the distance between them is

K ke = (1L L S|y L
If(x)—f(y)|—<'2 6)‘“‘2 6D_.

Thus, the orbits of x and y deviate by a distance of % So by Proposition 4.8, (I, f)

has SDIC where any positive number < % works as a sensitivity constant. Thus we

have proved that this example has DP and SDIC but it is not transitive.
Remark 4.9 Another method to prove this is to prove a stronger result stated below.

Proposition 4.10 If f is as the example described above, then f|, 1, is topolog-

ically conjugate to the tent map, via the homeomorphism =% ; similarly f Iy 1 is

2
. . . . 1+x
topologically conjugate to the tent map via the homeomorphism —=.

We omit the proof because this result is dispensable now.

4.6 NOTT DP & NOT SDIC

The identity map on I has DP (because all points are fixed points) but is not topolog-
ically transitive (because every subset is invariant) and does not have SDIC (because
it is an isometry). The reflection map 1 — x has DP (because every point is a periodic
point) but is not topologically transitive (because [}1 %] is invariant) and does not
have SDIC (because it is an isometry).
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4.7 NOT T, NOT DP & SDIC

Consider the system of example described in subsection NOT T, DP & SDIC. We
need two results about it (for discussing this seventh example).

(i) Every periodic point for that f, is a rational number.
(i) Both Q and Q¢ are f-invariant.

For proving (i), we first observe that every compositional power f" is a piecewise
linear map, where in every piece, it has a formula of the form f”(x) = ax + b where
a and b are rational numbers and such that |a| = 2". Therefore if x is a periodic point
of f, then x = f"(x) for some n € N and therefore x = ax + b for some rational
a, b. This implies that x = £ is itself a rational number.

l—a

To prove (ii), we observe two things :

(a) If x is rational, then the numbers % —2x, 2x — % and % — 2x are rational.

(b) If % —2x or 2x — % or % — 2x is rational, then x is rational.

Now we are ready to describe our desired example. It is nothing but the restriction
of f (in the example described in subsection NOT T, DP & SDIC) to the set of all
irrational numbers (whose invariance was noted just now); call it g. We have just
now proved in (i) that g has no periodic points at all. g is not topologically transitive
because the set [0, %] N Q¢ is invariant. But, g has SDIC because of the next result.

Proposition 4.11 Let (X, f) have SDIC and let Y be a dense f-invariant subset of
X. Then (Y, f|y) also has SDIC.

Proof Let 6 > 0 be a sensitivity constant of (X, f). Let y € Y and r > 0. Then
dz € B(y,r) and n € N such that d(f"(y), f"(z)) > 6. But this z may not be in Y
(and we are looking for one such element in Y). Because f” is a continuous map,
the function z — d(f"(y), f"(z)) is also continuous from X to R. Therefore there
is s > 0 such that for all w in B(z, s) the number d(f"(y), f"(w)) > J. One such
w can be chosen in Y because the dense set Y should meet B(z, s). We have proved
that the same ¢ serves as a sensitivity constant for (¥, f) also. U

Remark 4.12 The converse of the Proposition 4.11 is also true. (X, f) has SDIC if
and only if (¥, f|y) has SDIC. The condition that Y is dense in X cannot be omitted.

Now we return to our example in this section. We have completed the proof of the
fact it has SDIC but is neither T nor DP for this example.

4.8 NOT T NOT DP & NOT SDIC

Let f(x) = x? on [0, 1]. Then f is not topologically transitive because [0, %] is
f-invariant. Also f does not have DP because 0 and 1 are the only periodic points.
To prove this we use the following result:
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Proposition 4.13 For an increasing interval map, all periodic points are fixed
points.

Proof 1f p is not a fixed point, then p < f(p) or p > f(p). Without loss of gener-
ality assume p < f(p).Because f is increasing, this implies f(p) < f?(p). Recur-
sively we have p < f(p) < f2(p) < - --. Itis not possible to have p = f"(p) for
any n € N. So, p is not a periodic point. (]

We now return to our example. It does not have SDIC because of the next result.

Proposition 4.14 [n a dynamical system (X, f) where X is a metric space, we have

(a) SDIC is inherited by open invariant sets.
(b) No contraction map has SDIC.

Proof Proofof(a): Let (X, f)have SDIC andletY be anopen f-invariant subset of
Y. To prove that (¥, fly) is also having SDIC, let y € Y and r > 0. We may assume
that the ball B = B(y,r) C Y. Because (X, f) has SDIC, 3z € B and n € N such
that d(f"(z), f"(y)) > 9, the sensitivity constant. This proves that (Y, f|y) also has
SDIC.

Proof of (b): Let (X, f) be acontraction map. If x, y € X, thend(f"(x), f*(y)) <
¢"d(x,y) where c is the contraction constant. Now let § > 0 be,if possible, a sen-
sitivity constant for (X, f). First, no point can be isolated, because in its singleton-
neighborhood, sensitivity would fail. Take any element x € X and any other element
y in B(x, §). Then the trajectory of y can not deviate from that of x by more than §
because it is a contraction. O

We again return to our example. We claim that it is a contraction map on the invariant
openset [0, 1). Infactif0 < x,y < 1, then|x? — y?| =[x — y[|x + y| < %|x — y|.
Thus % serves as a contraction constant. Since [0, %) is open and invariant in [0, 1],
it follows that x? on [0, 1] does not have SDIC. Thus, we have completed the proof
that x2 has none of the three properties T, DP and SDIC.

Summary of this section : We have seen eight interesting examples of dynamical
systems to understand in eight ways that the three properties T, DP and SDIC have
no implications among them. In the course of describing these examples and their
dynamical properties, we came across ten elementary propositions that are interesting
in their own right. But now a question comes up. Among these eight examples, only
four are interval maps. Why can’t we give all the examples as interval maps? The fact
is that the other four cannot be interval maps. In other words, among interval maps,
these three properties are not independent, because T implies the other two. (This we
shall prove soon). Whenever possible, we have provided interval maps as examples.
Had it not been so, there are easier examples in place of the example described in
subsection NOT T, DP & SDIC. For instance, the union of the two tent maps on two
disjoint intervals.
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5 Chaos For Interval Maps

5.1 For Interval Maps Transitivity Implies Chaos

Contrary to what we saw in the previous section, now we are going to prove that, in
some classes of dynamical systems, there are striking implications among the three
properties T, DP and SDIC.

Theorem 5.1 T = DP is true for all interval maps.

Theorem 5.2 ([4]) T A DP = SDIC is true on all infinite metric spaces; in other
words every infinite metric space possessing T and DP should satisfy SDIC.

Before proving these, we prove some results on trajectory behaviour that are inter-
esting independently.

Theorem 5.3 Let m < n and let f be an interval map and let x be a point such that
x < f"(x) < f™(x). Then there is some f-periodic point between x and ™ (x).

Proof Consider the f™-trajectory of f™(x). Ask whether their terms are < f™(x)
ornot. If f2"(x) < f™(x), thenunder f”, x has moved to the right side, and " (x)
has moved to the left side, and so there should be a fixed point of /™ between them;
this point is a f-periodic point.

In the other case fz’"(x) > f™(x). Suppose
o) < M) (with fETD ) = (),

then under the map f*~Y"  x moves to the right side and f™(x) moves to the left
side, and so, there should be a fixed point of f*~D" between them; this again gives
a f-periodic point.

Thus we are able to prove the result, except when the entire trajectory of f™ (x) under
f™ is on the right side of f™(x).

Similarly letting r = n — m, considering f” (x) as the initial point, and looking at
its trajectory under f”, we can prove that there is a f-periodic point between f”(x)
and f™(x) except when this entire trajectory lies on the left side of f”(x). Thus, the
only remaining case is when f*"(x) > f™(x) and f* (f™(x)) < f"(x) for all k,
where r = n — m. But this case cannot arise because "D (x) then would be both
> f™(x) and < f"(x) which is not possible. U

The result in the above theorem seems deceptively simple, but it has far-reaching
consequences. We list four of them below.

Corollary 5.4 Let J be an open interval without any f-periodic point. Then for
elements x € J, all orbit-portions in J are monotonic.
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Proof Admittedly, some terms of the orbit of x can go outside J; admittedly, since
no assumption on f has been made outside J, the orbit-behaviour can be arbitrary
there; admittedly, at some future time it can come back to J. But whenever they
come back to J they have to follow a discipline as stated below. If n < np < --- are
the time instants when x visits J, we have that the sequence x, ™' (x), f™(x), ...
should be monotone. There are two possibilities:

1. Eitherx < f™"(x) < f(x) <---;
2. 0orx > fM"(x) > f(x) > ---

This portion of the orbit of x in J may be finite or infinite. (]

If we examine the above proof carefully, we can even estimate the period of the
f-periodic point that is guaranteed in Theorem 5.3. Because the two arithmetic
progressions m, 2m, 3m, ... and n, 2n — m, 3n — 2m, ... have m + lem(m, n — m)
as a common term, we are sure that some f-periodic point between x and ™ (x) has
f-period that divides m + lcm(m, n — m). Here are some particular instances.

Corollary 5.5 e If x < f%(x) < f(x), then there is a fixed point between x and

. lj;(;C)< F3(x) < f(x), then there is a point of period 1 or 2 between x and f (x).

° Ifzx < f3(x) < f2(x), then there is a periodic point f*(y) = y between x and

° I]};Xi fH(x) < f2(x), then there is a periodic point y = f*(y) between x and

° {J;z)gxi. FH(x) < f3(x), then there is a periodic point y = f°(y) between x and

° gfzx(xi F2(x) < f2(x), then there is a periodic point y = f'%(y) between x and
7.

Corollary 5.6 Ifan open interval J contains no f-periodic point, then J meets any
omega-limit set at at-most one point.

Proof Let x € I be such that some y € J Nw(f; x). Then infinetely many terms
of (f"(x)) are in J. They form a monotone sequence and cannot converge to two
distinct elements. O

Corollary 5.7 If J is an open interval containing no f-periodic points, then J
contains no f-recurrent points.

Proof 1f x is f-recurrent, then the trajectory of x has a subsequence that converges
to x. But by Theorem 5.3, the trajectory of x has its portion in J monotonic, moving
farther and farther away from x. (]

Corollary 5.8 P(f) = R(f) for every interval map. [Here P( f) denotes the set of
all f-periodic points; R(f) denote the set of all f-recurrent points].
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Proof Obviously P(f) C R(f). To prove the reverse inequality, it suffices to prove
that every open interval J disjoint from P (f) is disjoint from R( f) also. But this is
what is stated in Corollary 5.7. (]

Corollary 5.9 T = DP for interval maps. (This is Theorem 5.1 of this section)

Proof If aninterval map f is transitive, it has a dense orbit. All elements in this dense
orbit are recurrent. Therefore R(f) = I. Therefore by Corollary 5.8, P(f) = I.This
means f has DP. U

5.2 T&DP= SDIC

Theorem 5.10 ([4, 16]) Let X be an infinite metric space. Let f : X —> X be a
topologically transitive map with a dense set of periodic points. Then f has SDIC.

Proof Let§ > 0 be the distance between two periodic f-orbits. (Because f has DP
and because X is infinite, there should be infinitely many periodic orbits; any two
distinct periodic orbits are disjoint; choose any two of them; there is positive distance
between their orbits, as it is so, for any two disjoint finite sets).

For every x in X, one of these two periodic orbits has to be at a distance > % from
x. (If both are at a distance < g from x, then the triangle inequality will make the

distance between these orbits as < §). We shall prove that g serves as a sensitivity
constant for f.

Let r > 0. We may assume r < % Choose a periodic point p in B(x,r) and the

cyclic orbit ¢, f(g), ..., that is at a distance > % from x. Let k be the f-period of
p. Let

W = {yGXId(fi(y),fi(q))<gforosisk}.

Because each f is continuous, W is an open neighborhood of g. Because f is
topologically transitive there is some z in B(x, ) and some n € N such that f"(z) €
W. This implies f*i(z) is at a distance < % from the f-orbit of g, for 0 <i <«k.
One of these n + i’s has to be a multiple of k (as there are k consecutive terms). For
that i, we have f"*(p) = p and f"*(z) is at a distance < & from the orbit of g.
Therefore,

) . . . )
3 < d(x, " (q)) <d(x, p) +d(p, " (@) +d(f" (), " (q))
g n+i é
<§+d(p,f (z))+8-

This gives d(p, f"(z)) > g. Thus the orbits of p and z deviate from each other
at least by %. It follows that the orbit of x should deviate from one of them (either
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orbit p or obit of z) by at least half of it, namely % This proves that % becomes the
sensitivity constant. O

6 Some Consequences of Intermediate Value Theorem
in Dynamics
We use the abbreviation IVT for Intermediate Value Theorem. This theorem states:

Theorem 6.1 If f : [a, b] —> R is continuous, and if s is any number between
f(a) and f (D), then there is some ¢ between a and b such that f(c) = s.

6.1 Immediate Applications

First we state the main results of this section, each of which can be proved by clever
(and sometimes repeated) applications of IVT. Proofs are left as exercises.

Theorem 6.2 If f : [a, b] —> R is continuous, and if f moves some point p to its
left, and some point q to its right, then f has a fixed point between p and q.

Theorem 6.3 (Fixed Point Theorem) Every interval map has a fixed point.

Theorem 6.4 If f : [a, b] —> [c, d] is continuous, surjective and if [a, b] C [c, d],
then f has a fixed point.

Theorem 6.5 If I and J are two closed intervals and f is a continuous real map
such that f(I) D J, then there is a closed sub-interval K C I such that f(K) = J.

Theorem 6.6 Let f : [a, b] —> R be continuous. Let p, q, c,d € R be such that
p < q are in the domain of f and let ¢ < d. Then the following are equivalent.

(1) [p,q]is a minimal interval satisfying f([p,q]l) = [c, d].
2) f~'{e.anNip.ql =1{p,q}

6.2 Sarkovskii’s Theorem: A Statement

Notation 6.7 Let m, n € N. We write m > n if m precedes n in the following total
order:
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3>5>T7>---
=3.2>52>7-2>---
=3.2255.2257.22 ...

=235 225 251,

This s called the Sarkovskii’s ordering of N. We use the same symbol for the reflexive,
transitive relation generated by it. (i.e., 3 > 3 and 3 > 7 etc. are true.)

Definition 6.8 Let m, n € N. We say that m forces n if every continuous f : R —>
R that admits a periodic point of period m has to (necessarily) admit a periodic point
of period n.

Theorem 6.9 (Sarkovskii) Let m,n € N. Then m forces n if and only if m > n.
Corollary 6.10 3 forces every other positive integer.

Theorem 6.11 Let A be a nonempty subset of N. Then A = per(f) for some con-
tinuous f : R — R if and only if A satisfies:

meAandm =n = neA.

Here, per(f) denotes the set of all periods of f-periodic points.

Example 6.12 o {1,2,22, ...} = {powers of 2} is one such set.
e {1} U {even positive itegers} is another such set.
e {odd integers} is not such a set.

Corollary 6.13 (1) If per(f) is finite, then every element in it has to be a power
of 2.

(2) If per(f) contains an odd integer, then its complement in N is finite.

Remark 6.14 When we characterise the sets of periods for real maps (after knowing
the sets of periods of interval maps) the only difference is that the empty set can be
per(f). In other words,

{per(f) | fisarealmap} = {}U {per(f) | f isan interval map }.

6.3 Digraphs of Cycles

Recall that we use the notation / i) J to mean that I and J are closed intervals such
that f(I) D J. Sometimes, when the function f is clear from the context we simply
write I — J.

A cycle in a graph G is a directed path whose starting point is same as the ending
point. For instance in the graph of Example 6.17,
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I; — Iz is acycle of length 1.

I, — I; —> I, is acycle of length 2.

I, — I, — Iz —> I, is acycle of length 3.

I, — I, — I; — Iy —> [ is acycle of length 4.

5.1, — I — Iy — I, — I; —> I is acycle of length 5, and so on.

S

A word of caution: We are using the same word ‘cycle’ in two different senses (one
in graph theory and other in dynamics); unfortunately, both these senses are coming
together in our present discussion; we have to carefully interpret them. For instance,
in Example 6.17, we started with an f-orbit that was a 4-cycle. To this 4-cycle, we
associated a digraph. In that digraph we saw examples of cycles of different lengths.
These are graph-cycles in a graph associated to a dynamical cycle.

Another word of caution: The arrow symbol is also used in two different senses.
When we write f : [a, b)] —> [c, d] we mean that f is a function whose domain
is [a, b] and whose codomain is [c, d]. Here, f([a, b]) need not contain [c, d]. (On

the contrary, f ([a, b]) C [c, d]). But when we write [a, b] —f> [c, d] (in this section,
while describing the edges of the graph) we mean that f ([a, b]) D [c, d].

We do not want to avoid this notational confusion, because these notations have
become standard and because they are convenient; a closer look will avoid the con-
fusion.

Let f be a continuous map from [a, b] to itself. We associate a digraph to every
f-cycle as follows.

Let x; < x, < -+ < x, be the elements in a cyclic orbit of f. We denote /; =
[xj, xj41] for 1 < j <n — 1. Each of these intervals is taken as a vertex of a graph
G. Thus G has n — 1 vertices. We draw an edge from a vertex I; to a vertex I if
f ;) D Ii. In this manner, we obtain a directed graph.

Example 6.15 If f has a 3-cycle a = f3(a) < f(a) < f*(a), then the digraph
of this 3-cycle has 2 vertices namely I; = [a, f(a)] and I, = [f(a), f*(a)]. We
note that f(I;) D I, (by IVT) and that f(I) D I; U I,. Therefore in the associated
directed graph, we have three directed edges (11, 1), (I, 1) and (1>, I5).

__ 0
I

Example 6.16 If f has a 4-cycle a <b < c <d such that f(a) =d, f(d) =
b, f(b) =c and f(c) = a, then its associated digraph has 3 vertices namely,
Iy =[a,b]l, I, =[b, c] and Is = [c, d] and there are 4 directed edges.

I
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Example 6.17 If f has a 4-cycle a < b < c <d such that f(a) =b; f(b) =
c; f(c)=d; f(d) = a, then the directed graph associated with this 4-cycle has
3 vertices and 5 directed edges as shown in this picture.

I

1-3

6.4 Use of digraphs in the proof of Sarkovskii’s theorem

Theorem 6.18 Let under an interval map f,
10—>11—>12—>I3—>~~~—>In—>10

be a cycle (these intervals need not be distinct) of length n + 1. Then 3x € Iy such
that f*(x) € I for all 1 < k < n and such that f"*'(x) = x.

Proof Choose a sub-interval J, of I, such that f(J,,) = Iy. Proceeding backwards,
choose a sub-interval J,,_; of I, such that f(J,—1) = J,. In choosing these, we are
using Theorem 6.5. At the end of this backward succession, choose a sub-interval Jy
of Iy such that f(Jy) = J;. Then we have

Jo— N — Hh— - — T, — I

et

This gives Jy f—) Iy. Because Jy C Iy, Theorem 6.4 applies; we have x € Jy which
is a fixed point of f"*!. This x has the property f(x) € J;. (This is because f(Jy) =
J1); and so on. Since each J;, C I, we arrive at the stated conclusion. O

Remark 6.19 The above theorem can be stated as follows. For every cyclic path in
the graph, there is a periodic point whose orbit traces that same path.

This simple-looking result has some profound consequences. We can use it to prove
Sarkovskii’s theorem (Theorem 6.9). We will not include the full proof here, but all
the key ideas needed for the proof will be explained now.

Theorem 6.20 Letm, n € N. Consider the digraphs associated with m-cycles of an
interval map. (Different m-cycles give rise to different digraphs.) Suppose each of
them contains simple n-cycle (in graph-theoretic sense, as stated below). Then m
forces n.
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Proof This follows from the previous Theorem.

In this context, a simple n-cycle is a graph-cycle of length n such that the whole cycle
is not the union of two or more sub-cycles of the same kind. For instance, I, —>
I, — I3 — I} — I, — I3 is not simple, whereas I}, — I, — I3 —
I, — I; — I, is simple. Note that we are allowing repetitions of sub-cycles,
even within a simple cycle. What motivates this kind of definition of a simple cycle,
is the following: If a periodic point traverses the path of a simple cycle, then its period
equals to whole length of the cycle, and is not less. (]

Remark 6.21 The power of the above theorem can be appreciated through the fol-
lowing two particular instances:

(1) 3 forces every positive integer.
(2) 4 forces 2 and 1 only.

Proof We prove both the statements in the remark now.

Proof of (1): To prove this, we first note that there are only two possible patterns
for a 3-cycle namely:

() a < f(a) < f%(a) with f3(a) = a;
(i) a > f(a) > f2(a) with f3(a) = a.

If it is of the type f(a) < a < f?(a) with f3(a) = a, then taking b = f*(a), we
bring it to the form b > f(b) > f2(b) with £3(b) = b. In this manner all the 3-cycle
patterns can be brought to one of the above two forms. We assume the pattern as

a < f(a) < fz(a) with f3(a) =a.

The other case can be dealt with similarly. Take I} = [a, f(a)] and I, =
[f(a), f*(a)]. The digraph has two vertices and three directed edges. Here

1. I, — L, is acycle of length 1;
2. I} — I, — I is a cycle of length 2;

W 0
I,

3.  — I, — I, —> [ is acycle of length 3;
4. I, — I, — I, — I, — I, is acycle of length 4 and so on.

For n > 2, by repeating I, (n — 1) times, we obtain a cycle of length n. The
previous theorem now proves that (because in this graph simple n-cycles are available
for any n € N) 3 forces n for all n € N.

Proof of (2): Among the different patterns of 4-cycles, we have already listed two
of them as Examples 6.16 and 6.17; we can prove that every pattern of 4-cycle is
order-isomorphic to one of these three:

1. a < fz(a) < f(a) < f3(a) with f*(a) = a;
2. a < f(a) < fz(a) < f3(a) with f4(a) = a and
3. a < f3a) < f(a) < f*(a) with f*(a) = a.
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For example, if a < f3(a) < fz(a) < f(a), then by letting b = f(a), we find the
pattern of the orbit of b as exact dual of the third case above.

For the first of them, the digraph is as under:
I

Here,

1. I — I, is acycle of length 1;
2. I} — I, — I is acycle of length 2.
3. We find no other simple cycle.

This proves that the number 4 forces no numbers other than 1 and 2.

For the third of them, the digraph is as under:
Iy

Ir-_:

Iy

1. Iy — Lz is acycle of length 1;
2. I, — I3 —> I, is acycle of length 2.
3. There are cycles of greater length as well.

For the fourth of them, the digraph is as under:

1. Here there are 3 cycles of length 1 and 2 cycles of length 2.
2. There are cycles of greater length as well.

Now we summarise our observations: For every 4-cycle, whatever its pattern be, its
digraph admits a cycle of length 1 and also a cycle of length 2. This proves that 4
forces both 2 and 1. O
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In some of these patterns, we find that the digraph admits longer simple cycles (in fact,
of any length). But this yields no further information useful to the present problem.

6.5 Doubling periods

For an interval map f, let per(f) denote the set of all periods of periodic points of
f. For example, if f(x) = x2, then per(f) = {1}.If f(x) = 1 — x, then per(f) =
{1,2}.If f(x) =1 — |1 — 2x|, then per(f) = N. For each interval map f, we now
associate another interval map f such that

per(f) = {1}U{2n|n € per(f)}.

Define g : [0, 3] — [0, 3] by

fx)+2 ifo<x<1,
gx) = 12—-02+ f()) ifl <x <2,
x—2 if2 <x <3.

Then g is continuous, because the adjacent formula-pieces agree at the common
points. g is a linear polynomial on [1, 2] and also on [2, 3]. Moreover

g([0, 1) € [2,3] g(12,3]) = [0, 1] and g([1,2]) = [0, f(1) +2].

Further, g(g(x)) = f(x) +2 -2 = f(x)if0 <x < 1.

Shall we say that f is the square of g on [0, 1] and the set [0, 1] U [2, 3]s g-invariant?
Because g([1, 2]) contains [1, 2], g has a fixed point in that middle interval.

The slope of g in [1, 2] lies between —2 and —3. We use this fact to prove the
following: If p is the unique fixed point of g in [1, 2] and if x is any other point there,
then |g(x) — p| > 2|x — p|. Thus g(x) is at least twice farther away from p than x
is. If g(x) is also in [1, 2], then the same applies again to yield that g(g(x)) is much
farther from p. We conclude that the g-orbit of x must leave [1, 2] at some time or
other. i.e., 3n € N such that g"(x) ¢ [1, 2]. But because the complement of (1, 2) is
g-invariant, the g-orbit of x never enters [1, 2] again. This proves that no element of
[1, 2] is g-periodic.

The other points shuttle between the left sub-interval [0, 1] and the right sub-
interval [2, 3] alternately. Moreover, g o g(x) = f(x) holds if x € [0, 1]. It follows
that for 0 <x < 1, if f"(x) = x, then gz” (x) = x. This results in the inclusion
per(g) D 2per(f). Since every g-periodic point y € [2, 3] gives a periodic point
g(y) € [1, 2] with the same g-period, there are no other g-periods. We summarize
these observations as follows.

(1) If 1 <x <2, xisnot g-periodic, unless x is a fixed point.
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(i) If 2 < x < 3, xisperiodic iff x — 2 is; they have same periods.

(iii) If 0 < x <1, x is g-periodic iff it is f-periodic; the g-period of x is twice its
f-period.

Combining these three, we conclude that

per(g) = {1}U{2n:n € per(f)}.

Remark 6.22 If one insists that the domain of f also should be [0, 1], (and not
[0, 3] as for g), then one can define

fx) = %g(?ax) for0<x < 1.

Then, per( f~ ) = per(g) because f~ and g are topologically conjugate.

6.6 Use of doubling periods in the converse of Sarkovskii’s
Theorem

For the identity map, the set of periods is {1}. The main theorem of the previous
section implies that for the map

x + % if0<x < %;
fiy) = {2-3x ifl<x<%
x—3 if:<xc<l,
we have per(f;) = {1, 2}.
0 13 2/3 1

Again, applying the same procedure, the map
2 1.
) +5 if0<x<3;
L) = (B -5 ify<x<i;
x—3 if2<x<l,



42 V. Kannan

is a piecewise linear map such that per(f;) = {1, 2, 4}.

Proceeding like this, for each positive integer n, we have a map f, whose set of
periodsis {1, 2, ..., 2"}. Similarly, if f is such that per ( f) is the segment generated
by m, then per( f ) will be the smaller segment generated by 2m (when m is not a
power of 2).!

Corollary 6.23 [If2" forces 2" then m > n.

7 Proofs of Some Theorems Used

Theorem 7.1 (Baire Category theorem) Let X be a complete metric space. Let
Vi, Va, ... be a sequence of dense open sets in X. Then N2 |V, is non-empty.

Proof First choose x; € V; and 0 < r; < 1 such that the ball By = B(x, r) has its
closure C V. This is possible because V is nonempty (because it is dense) and open.
Andbecauseifr <s, B(x,r) C B(x, s).Nextchoosex, € Bj N V,and0 < r; < %
such that the ball B, = B(x;, ;) has its closure C B; N V,. This is possible because
B NV, is nonempty (because V; is dense) and open. Proceeding like this, we obtain
a sequence xp, Xz, ... in X and a sequence ry, 17, . .. of positive numbers with the

following properties:

1. x; € V; for all i.
2.0<r < llforalli.
3. d(x;, x;) < 1 foralli,if j >i.

It follows that x; € B; whenever i > j and that (x,) is a Cauchy sequence. By
completeness of X, there is some xy € X such that x,, — xq. This xo € B; for every
i. Therefore xy € V; forall i. O

Theorem 7.2 (Theorem 6.5) If I and J are two closed intervals and f is a contin-
uous real map such that f(I) D J, then there is a closed sub-interval K C I such
that f(K) = J.

Proof We may assume w.l.o.g. that some element of A is less than some element of
B. First we will show that if A and B are two disjoint non-empty closed subsets of

! The author thanks the referee for some suggestions and corrections. The author also thanks Mr.
Pabitra Narayan Mandal for some useful academic discussions while preparing these notes.
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I, then 3a € A and b € B such that no element between a and b is in A U B. Take
b=inf{x € B|x > c}anda = sup{x € A | x < b}forsomec € Aandd € B with
¢ < d. Now it is easy to see that no element in between a and b isin A U B.

Now we use this to prove our desired result. If J = [a, b], then take A := f~'(a)
and B := f~'(b). Applying the previous statement we get two elements p € A and
q € B such that f([p, q]) = [a, b]. Hence the result. O

Another Proof. The distance between the non-empty disjoint compact subsets must
be attained at some a € A, b € B. (Because distance is a continuous function.) We
claim that no element of A U B lies between a and b. If some element p of A lies
between a and b, then p will be nearer to B than a. Similarly for B. O

8 Notes & Exercises

Notes under section 1: This relates to Example (1.2.2). Obviously there is only one
map satisfying Fix(f) = R. But there are infinitely many maps satisfying P(f) =
R. It can be proved that there are only two conjugacy classes satisfying this condition.
In other words, if P(f) = R, then f o f is identity; moreover, any two maps other
than the identity map, satisfying P(f) = R, have to be conjugate to each other.

This relates to Example (1.2.5). As the parameter  increases from 0 to 4, the dynam-
ics of the logistic map becomes more and more complicated. Here is a precise state-
ment: There is a strictly increasing sequence (a,) in the interval [2, 4] such that the
following properties hold:

If 0 < p < ay, there is an attracting fixed point and no point of period 2 or more.
When p = ay, a 2-cycle is born.

If a; < < ay, there is an attracting 2-cycle, and no point of period 4 or more.
When i = ay, a 4-cycle is born.

If a, < p < as, there is an attracting 4-cycle, and no point of period 8 or more.
When i = a3 an 8-cycle is born, and so on.

When p > a,, Vn, all 2k -cycles are available. And none of them is attracting.
When p is still greater and near 4, n-cycles are available for all n.

When p is 4, the system is chaotic on [0, 1].

When i1 > 4, there is a chaotic subsystem topologically conjugate to the shift map.

Whatever p be, the total number of attracting cycles is either 0 or 1.

Notes under subsection 2.2: It is worth noting that among the four ways of describing
an attracting fixed point, the first uses calculus, the second uses the metric, third uses
the topology and the fourth uses the dynamics. Of these, (1) and (2) are equivalent.
(3) and (4) are equivalent on the real line. (2) and (3) are not equivalent. Thus there
are essentially two notions of attraction.

Notes under section 3: Some other equivalent formulations of topological transitiv-
ity can be found in [13].
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Notes under section 4: In [18], three piece wise linear maps are given as examples
to prove a part of the main result of this section. In [2], some more examples are
given. Section 4 here can be viewed as a fuller treatment of the question on hand.

Notes under subsection 5.1: This proof is modelled after the proof given by [18].
There are other proofs available in some textbooks. Our next comment pertains to
Corollary 5.5. Here are a few more statements that are similar:

1. If f3(x) < x < f(x), then there is a point of period 3 between f3(x) and f(x).
2. If fO(x) < f3(x) < x < f(x), then there is point of any given period between

£0(x) and f(x).
See [11] for more general results of this kind.

Notes under subsection 5.2: This redundancy in Devaney’s definition of chaos has
been proved independently by at least three groups of researchers [4, 9, 16]; these 3
papers, appeared almost at the same time (after 3 years of publication of Devaney’s
book). The proof provided by us here, is along the lines of that given in [4]. In
[16], only compact metric spaces are considered; and ““ dense orbits imply SDIC” is
proved. In [9] there is a deeper study of SDIC that includes this theorem.

Notes under subsection 6.2: Here is another way to describe the Sarkovskii order
on N: There is a natural bijection (k,[) — 2/(2k + 1) from N x Ny to A := N —
{powers of 2}. Use this to transfer the lexicographic ordering on N x Ny to A. After
this, write the powers of 2 in the decreasing order.

Li and Yorke [12] proved that 3 forces every positive integer; that is, every interval
map admitting a 3-cycle admits an n-cycle for all n € N. It was later observed that
this is a tiny part of Theorem 6.9 that was published earlier (in [17]). Still [12]
remains valuable for the notion of scrambled sets introduced therein. Many proofs
are available for Theorem 6.9. The most transparent one is the graph-theoretic proof
outlined in Sect. 6.

Rotation by 27” is a map from the unit circle S! to itself, that admits a 3-cycle, but no
other cycle. This shows that an analogue of Sarkovskii’s theorem is not available on
the circle S'.

Among the various generalizations of Sarkovskii’s theorem, the following four
deserve a mention here:

1. Which subsets of N arise as the set of all periods of continuous self maps of R?
A complete answer to this question is available as a corollary of Theorem 6.9.
These sets are &, {1}, {1, 2}, {1, 2, 4} etc. More precisely, a subset A of N arises
as the set of all periods of a real map if and only if it contains all later elements
of its members. (Here later means the numbers that come later in the Sarkovskii
order). This formulation of the theorem leads to a natural question: For space X
other than R or I, answer the same question: Which subsets of N arise as the
set of all periods of continuous self maps of the space X ? Complete answers are
available for some spaces X. For example, when X is the unit circle, see [5] for
a full answer. See [15] for further study.
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2. For a real map, an n-cycle can have various order patterns. Sarkovskii’s theorem
is concerned with the lengths of the cycles and not with these patterns. It is natural
to ask which patterns of the cycle force which others? A complete answer to this
question is available in [3].

3. There are several other orbit patterns that are not cycles; they may be finite or
countably infinite; there are uncountably many of them. It is natural to ask which
of them forces which others. This forcing relation may not be a partial order.

4. A finite invariant set yields a finite subsystem, that is the union of finitely many
orbits. It is specified by its order pattern. To start with, we may assume that f is a
bijection on this subsystem. (Each cyclic pattern becomes a particular instance).
We can ask which finite patterns force which others? (This is a larger question
than the second question). Some preliminary investigation made in [1] indicates
that this study is both challenging and rewarding.

Exercise 8.1 Find the following sets for the standard tent map (for definition see
Example 1.6 or Sect. 3.2)

(i) set of all fixed points,

(ii) set of all periodic points,
(iii) set of all eventually periodic points,
(iv) set of non-wondering points.

Exercise 8.2 In any dynamical system (X, f), prove that f™ and f” have the same
set of periodic points for any m, n € N.

Exercise 8.3 Let f : [0, 1] — [0, 1] be continuous map such that f x f is tran-
sitive. Prove that for every opene U C [0, 1], 3x,y € U and n € N such that

/") = D] > 5.

Exercise 8.4 Let X be a Hausdorff space. Suppose f is not transitive but there exists
a dense orbit. Then show that X has an isolated point.

Exercise 8.5 For all 1 > 0, define g, : R — R by g,(x) := px(1 — x).

(i) Find all values of u such that g, maps [0, 1] into [0, 1].
(ii) Prove that y# = 4 is the only value such that g, : [0, 1] —> [0, 1] is onto,
(iii)) What happens when p > 4?
(iv) Find all value s of  such that g,, admits an attracting periodic point of period
2.

Exercise 8.6 Let X be a Hausdorff space containing infinitely many elements
and f : X —> X be a continuous function. Define N;(U, V) :={n e N: f*(U) N
V # &}. Show that

(i) forall openesets U,V C X, Ny(U,V) # @ iff Np(U, V) is infinite.
(i) Nf(U, V) is syndetic for all opene sets U, V C X if and only if f is minimal.
(i) Ny({x}, V) = Ny({x},U) C Ny(U, V) for all opene sets U, V C X.
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Definition 8.7 1. A dynamical system (X, f) is called minimal if X does not con-
tain any non-empty, proper, closed f-invariant subset.

2. A syndetic set is a subset of the natural numbers, having the property of “bounded
gaps”, i.e., if we write the set in natural order as {n; | k € N} then sup, (k41 —
ni) < oo.]

Exercise 8.8 Let (X, f) and (Y, g) be topologically conjugate to each other where
¢ is a topological conjugacy between them. Then

(i) both have the same number of fixed points,
(ii) ¢ takes the f-trajectory of x to the g-trajectory of ¢(x),
(iii) ¢ takes f-periodic points to g-periodic points,
(iv) if x is a periodic point of f-period n, then ¢(x) is a periodic point of g-period
n,
(v) f istopologically transitive if and only if g is,
(vi) x is attracting fixed point for (X, f) if and only if ¢(x) is attracting fixed point
for (Y, g).

Exercise 8.9 Prove that the tent map and the logistic map are topologically conjugate
to each other.

Exercise 8.10 This concerns Theorem 2.6. For the implication (4) = (5) there,
the proof is completed as follows.

(a) If f is a continuously differentiable function and if p is a limit point of Fix(f),
then prove that f'(0) = 1. (Hint: Use mean value theorem).

(b) Letg = fo f.Then g'(p) > Liff | f'(p)| > 1.

(c) If there is no x other than p such that g(x) = p, then the argument in the proof
of Theorem 2.6 leads to the conclusion | f'(p)| < 1. In the other case (where
g(x) = p for some x # p, assume w.l.o.g., x > p), prove that there is a fixed
point strictly between p and x. Take the smallest of these fixed points and name
it as g. Consider two cases.

1) If g([p,q)) = p, q], then prove that for every y strictly between p and ¢,
the trajectory of y increases to q.

(i) If g(Ip,q]) D [p, q], then prove that there is a sequence (a,) such that
g(ar) = q and g(a,+1) = a, for all n. Prove that this sequence is strictly
decreasing and that its limit has to be a fixed point, and hence p. Use this to
arrive at a contradiction to (4).

Exercise 8.11 Let f : X — X where X is a locally compact metric space such

that f(p) = p. Prove that m f"(V) = {p} for some f-shrinking neighbourhood V
n=1
of p if and only if f is a local contraction at p with respect to a finer metric with

same base at p. (Outline: Define

0 ifx =y,

QO = N apoo +d(py) ifx # y;
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where
if x € f"(V) for largest such n
d(p,x) = {1 ifx¢V

0 ifx e f*(V) forall n.

Check that it is a metric and with respect to this metric f is a contraction. To prove
that d is finer on X, first observe that every singleton except { p} is open. Now take an
open set containing p with respect to old metric, say W. Since f"(V) is f-shrinking
to a point p, then exists some n € N such that (V) C W).

Exercise 8.12 Find the basin of attraction of the 2-cycle {1, 2} for the real map
f(x) =x* —4x +5.

Exercise 8.13 Let f : R — R be strictly increasing with a discrete set of fixed
points. Let

F, = {attracting fixed points of f} and F, = {repelling fixed points of f}.

Then show that F, and F, are intertwined as follows: between any two points of F,
there is a point of F;; and dually.

Exercise 8.14 Prove that even for a first countable space, R(f) need not be a G
set. (Hint: Take the space X = [1, w;) where w; denotes the first uncountable ordinal
number. Now this space with respect to order topology is first countable. Define the
function
ifx=y+1
fo = 7 y
x otherwise.

Observe that f is a continuous function and R( f) is the set of all limit points in this
space. Every open set containing R(f) has a finite complement (because the space
is sequentially compact). Hence R(f) is not a G set.)

Exercise 8.15 This is about the converse of Theorem 1.10.

(a) Show that every closed set can be realized as the set of all fixed points of a real
map. (Hint: Take f(x) = x 4+ d(x, F) where F is the given closed set.)

(b) Is this true for interval map?

(c) Show that this is not true in a general metric space.

(d) Does every F,-set in R arise as the set of all periodic points of a real map? The
answer is no. The set R — {0} does not arise in this way, even though it is a
F,-set. This leads us to the question: Which F,-subsets of R arise as P(f) for
some real map f? This question remains open.
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Check for
updates

Anima Nagar and C. R. E. Raja

Givenamap f : X —> X, we would like to know the asymptotic behaviour of

X f O, f2X), o f (),

where f"(x) is the position of x at time n. Such a sequence is called the trajectory of
x. This chapter comprises of the study of trajectories of all x € X .

1 G-Spaces

One of the motivation for such a study is the following fine dining problem [16]:

Once upon a time lobsters were so abundant in New England waters that they were
poor man’s food. It even happened that prisoners in Maine rioted to demand to be
fed something other than lobsters for a change. Nowadays, the haul is less abundant
and lobsters have become associated with fine dining. One (optimistic?) model for
the declining yields stipulates that the catch in any given year should turn out to be
the average of the catches of the previous two years.

Using a, for the number of lobsters caught in the year n, we can express this
model by a simple recursion relation:
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ap—1 + ay

ap41 = (1)
As initial values, one can take the Maine harvests of 1996 and 1997 which were
16, 435 and 20, 871 (metric) tons, respectively. One can see from the recursion that
all future yields should be between the two initial data. Indeed, 1997 was a record

1
year. In fact,a, = x + (1 — —n)y gives an explicit formula for future yields (see [16]
for further details and many more such examples).

Definition 1.1 Let G be a topological group and X be a (Hausdorff) topological
space. We say that G acts on X or X is a G-space if there is a continuous map
¢ : G x X —> X such that

1. ¢(e,x) =xforallx € X;
2. ¢(gh,x) =¢(g,p(h,x)) forall g,h € G and forall x € X.

Here, (X, G, ¢) is called the transformation group, where X is the phase space, G
the acting group and the action ¢ gives the homeomorphism ¢4 : X — X defined
as ¢f(x) = ¢ (g, x). The pair (X, G) is called a dynamical system or a flow.

Notation 1.2 For brevity, ¢ (g, x) will be written as gx.

Notation 1.3 Given subsets A, B C G and E C X, we define

1. AB={gh|ge€A, heB},

2. A7 = (x| x e A},

3. AE ={gx | g € A, x € E}—in case E = {x}, we write Ax instead of A{x} and Ax
is called the orbit of x under A.

4. Ap ={g € G| gE = E}—incase E = {x}, we A, instead of A;,; and A, is called
the stabilizer of x in A.

Remark 1.4 It is easy to see that there is a one-one correspondence between the
orbit Gx and the coset space G/ G, but this need not be a homeomorphism.

Definition 1.5 Forasubset7 C G,asubset E C X iscalled T-invariant if TE C E.
A subset E of X is called invariant if E is G-invariant.

Definition 1.6 Let X and Y be G-spaces. A continuous map 7 : X —> Y is called
aG-mapif m(gx) = gn(x) forallx € X and g € G. In addition if 7 is a homeomor-
phism, we say that X and Y are homeomorphic as G-spaces.

We now look at some examples.

Example 1.7 (Linear dynamics) Let X = V be a (finite-dimensional) vector space
over a local field such as R, the real field or Q,,, the p-adic field. Let G C GL(V) be
the group of linear transformations on V. Then for the natural action of G on V, V
is a G-space—this action of G on V is called the linear action and the corresponding
dynamics is known as linear dynamics.
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Example 1.8 (Projective dynamics) Let V be a (finite-dimensional) vector space
over a local field such as R, the real field or Q,. Let P(V) be the set of all
one-dimensional subspaces of V. For a nonzero vector v € V, let (v) be the one-
dimensional subspace spanned by v. Thus, there is a surjective map 7 : V \ {0} —
P(V) given by 7 (v) = (v). We equip P(V) with the smallest topology for which
is continuous. It can be seen that P(V) is a compact metric space.

We now define an action of GL(V) on P(V): For « € GL(V) and (v) € P(V),
we define

a ((v) = (a(v)).

It can be verified that this defines an action of GL(V) on P(V) and this dynamics
is known as projective dynamics. Projective dynamics has proved to be fruitful in
various branches of mathematics, varying from unitary representation to probability
even in modern studies.

In general, one could consider Grassmannians which is the set of all 7-dimensional
subspaces.

Example 1.9 (Shift map) Let A be a finite set and define X = A%. Equip X with
the product topology. Then X is a compact metric space. The following is a metric
onX:

d(u,v) = inf{ | u(n) = v(n) for |n| < k} .

1
k41
Define § : X — X by S(w)(n) = w(n + 1). Then, S is a homeomorphism of X —
specifying a homeomorphism gives rise to a Z-action and specifying d-commuting
homeomorphisms give rise to Z?-action.

Example 1.10 (Algebraic dynamics) Let X be a topological group and G be a group
of automorphisms of X. Then. the canonical action of G on X is defined by

¢ (o, x) = a(x)
forallo € Gandx € X.

An interesting example is the case when X = T” is the n-dimensional torus
(realised as the quotient group R"/Z" or direct product of n-copies of the circle
T = {z € C| |z| = 1}). In this case, the group of automorphisms is identified with
GL.(Z).

In the next set of remarks we assume that X is a G-space. The following can be
taken as exercises:

1. Let E C X. Then E is G-invariant, thatis GE C Eiff gE C Eforall g € G.
2. X and @ are G-invariant.

3. If E is G-invariant, then X \ E, E, E° are also G-invariant.

4. If E and F are G-invariant, then E N F is also G-invariant.
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5. An arbitrary union and arbitrary intersection of G-invariant sets are also G-
invariant.

LetT C G and E C X. Then E is T-invariant iff X \ E is T~ '-invariant.

Gx is the smallest G-invariant set containing x.

y € Gx if and only if Gy = Gx.

X = UGx—disjoint union.

Gx is called the orbit closure of x under G and is the smallest closed G-invariant
set containing x.

11. y € Gx implies Gy C Gx.

S0P

Definition 1.11 Let {(X;, G;, ¢;)} be a collection of dynamical systems. The prod-
uct dynamical system denoted by [[,(G;, X, ¢;) is the dynamical system (G, X, ¢)
where G =[[;G;, X =[], X; and ¢ : G x X — X is defined by ¢(g,x) =
(¢i(gi» x;)) forany g = (g;)) € G andx = (x;) € X.

Definition 1.12 Let X; be a collection of G-spaces. Then the product of G-spaces
(G, X, ¢), where X = ]_[iX[ with the G-action, is defined by gx = (gx;) for any
geGandx = (x;) € X.

The most intensively studied case is when the acting group G = Z. In that case
¢' = f gives a generating homeomorphism on X, i.e., f(x) = ¢ (1, x) giving itera-
tions f"(x) = ¢ (n, x) = nx. We call the system (X, f) a cascade.

Many times, we are just interested in a semigroup S and we have a semigroup
action (S, X, ¥). We study the semi-cascade (N, X, ) or (X, f) wheref : X — X
is a continuous mapping.

Here O(x) = {f"(x) : n € N} is called the orbit of the point x.

Definition 1.13 For a cascade or semi-cascade (X, f), xo € X is called a fixed point
if f(x9) = x9. And yy € X is called a periodic point if there exists n € N such that
f™"(yo) = yo. The smallest such 7 is called the period of yj.

Definition 1.14 The w-limit set of a point x € X under f, denoted as w(x), is the set
of all limit points of {f"(x) : n € Z(N)}, and is a non empty closed f -invariant set.

Definition 1.15 A point x € X is said to be non-wandering if for every neighbour-
hood U of x thereisan € Nsuch that f"(U) N U # &. The set of all non-wandering
points of f is denoted as Q2 (f).

Definition 1.16 Foraflow (X, G), apointx € X is called recurrent when x € w(x),
i.e., if the orbit of x returns to its neighbourhood infinitely often. Usually this
‘infinitely often’ is described in terms of some admissible set. These admissible
sets are either in the form of extensive sets as considered by Gottschalk and Hedlund
or more extensively in the form of (Furstenberg) Families—mimicking the aspects
of recurrence studied by Furstenberg.

For a cascade or semi-cascade (X, f), a point x € X is called recurrent when
x € w(x),i.e., forevery open set U containing x there existj € N such thatf/(x) € U,
i.e., there exists a sequence n; ' oo such that f™ (x) — x i.e., the set N(x, U) =
{n e N:f"(x) € U}, of return times, is infinite for any neighbourhood U of x.

The set of all recurrent points in X is denoted as R(X).
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2 Minimal Systems

Let (X, G) be a flow, where X is compact. The simplest dynamics that one can
observe is when the system is ‘minimal’.

Definition 2.1 A set M C X is called a minimal set if M is closed, nonempty and
invariant and M has no proper subset with these properties, i.e., if N € M is closed
and invariant, then N =M or N = @.

Proposition 2.2 M is minimal if and only if it is the orbit closure of each of its
points, i.e., Vx € X, M = Gx.

Proof Let M be minimal and x € M. Then Gx C M is nonempty, closed and invari-
ant. Hence, Gx = M .

Conversely, if Gx = M ,Vx € M, but M is not minimal, then there exists N C M
which is closed and invariant and so for x € N, we have Gx € N. Thus M = N and
so M is minimal. O

Definition 2.3 If X = Gx, Vx € X, then the flow (X, G) is called a minimal flow.

Proposition 2.4 [f M| and M, are minimal subsets of X for any flow (X, G) then
either M| = M, or M "M, = @.

Proposition 2.5 Let (X, G) be a flow. Then X contains a minimal set.

Proof Let M denote the set of all nonempty closed, invariant subsets of X. Then,
X € Mandso M # @. Also M is a partially ordered set. Consider a chain {M,} in
M. Then M* = NM, is nonempty and is also closed and invariant, and so M * € M.
Thus every chain in M is bounded below and so by Zorn’s lemma, M contains a
minimal element, which is the minimal subset of X . U

For cascades, fixed points and periodic points are trivial minimal subsets.

Definition 2.6 A C G is called syndetic if there is a compact K C G such that G =
KA =1{ka:k € Kanda € A}.

A C Z(N) is called syndetic if it is relatively dense i.e. does not contain arbitrarily
large gaps or has bounded gaps.

Definition 2.7 For a flow (X, G), a point x € X is called an almost periodic point
if for every neighbourhood U of x, there is a syndetic A C G such that Ax C U.

For a cascade (X, f), x € X is almost periodic if for any neighbourhood U > x,
the set N(x, U) = {n € N: f*(x) € U} is syndetic.

Theorem 2.8 For a flow (X, G), a point x € X is an almost periodic point if and
only if Gx is minimal.
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Proof Let A = Gx be minimal and let U be a neighbourhood of x. We note that we

must have A C GU, else A \ GU becomes a closed, invariant subset of the minimal
n

A. Since A is compact, there are finitely many g, ..., g, € G suchthatA = | g;U.
i=1

Now for any & € G, there exists ani, 1 <i < n, such that ix € g;U and so gl._lhx S

U.LetK ={g:gx e U} thengi_lh eK,ie,hegK C{gl,...,g.}K.Thus G =

{g1,...,g:}K and so K is syndetic implying that x is almost periodic.

Conversely, suppose x is almost periodic but Gx is not minimal. Then being
compact Gx contains a minimal set M . Clearly x ¢ M. Let U and V be disjoint open
sets withx e U and M C V.Let H C G be compact. Let HW C V for some open
WoM.

Since M C Gux, there is a h € G such that hix € W. Then Hhix Cc HW C V. So
HhxNU = &.S0ifK = {g : gx € U} then G # HK. H being arbitrary, this implies
that K is not syndetic and so x is not almost periodic. This contradiction proves the
assertion. O

We look at some examples of minimal flows.

Example 2.9 Let T = {7 : |z| = 1} be the unit circle in C. Let @ = ¢?"? € T with
0 irrational. Note that «” # 1 Vn € N.

Define 7 : T — T as tz = az. We will show that O(1) = {&" : n € N} is dense
in T. This proves that O(z) = {¢"z : n € N} is dense in T, proving the minimality
of (T, 7). .

Let B € O(1) and let € > 0. Then there exists n, k > 0 such that |¢" — 8| < 3

€ . . .
and |o"* — B| < 5 Thus |a"* — | < €. Since the map 7 — oz is an isometry,
n+k

. |an+3k _ an+2k| — n+2k __ an+k| —

lo "™ — | < e.
For some m € N, the points ", "**, ..., """ wind around the circle. Thus O(1)

is e —dense in T, giving our requirement.

Example 2.10 We now recall the example (1.9), where A = {0, 1} and X = AZ.
We consider the shift map § : X — X.

To obtain a minimal subset of X, it is enough to construct an almost periodic
point p € X since then O(p) will be minimal. This can precisely be done by the rich
theory of Jewett-Krieger constructions developed independently by R. Jewett and W.
Krieger during 1969-1971.

Here we look into a classical construction due to Marston Morse, originally devel-
oped by Axel Thue who used it in the study of combinatorics on words. This con-
struction is done using substitution: 0 — 01, 1 — 10. Hence,

0— 01 — 0110 — 01101001 — 0110100110010110 — - - - .

This will finally converge to some x € {0, 1}, This construction indicates that every
finite word in x occurs syndetically often. Extend x to p € X by defining
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S O n= 1
PRy = x(—n—1), n<O.

Every word in p occurs syndetically and p is symmetric at the mid point, and so p is
almost periodic. O(p) C X is a minimal subset of X.

Exercise 2.11 For G—spaces X and Y, let 7 : X —> Y be a G—map:

. If Xo C X is minimal, then 7 (Xy) = Yy C Y is minimal.

. If X is minimal and both 7 and ¥ are G—maps that agree on a point, then w = .
If Xo C X and Yy C Y are minimal such that 7 (Xy) N Yy # @, then 7 (Xy) = Y.
If X is minimal then the only closed, invariant subsets of X are @ and X .

B

Recall the notion of recurrence in X . We see that almost periodicity is a very strong
form of recurrence. We recall a strong result guaranteeing recurrence for cascades.

Theorem 2.12 (Birkhoff Recurrence Theorem) For a cascade (X ,f), there exists
x € X such that f"x — x for some sequence {n;} in N, i.e., R(X) # @.

A simple proof for this is to first apply Zorn’s lemma to show that every cascade
admits a minimal subset and then use the existence of an almost periodic point for
this recurrent point.

3 Multiple Recurrence and Van Der Waerden’s Theorem

A good number of results in combinatorial number theory have the following general
form: For any finite partition of the natural numbers N into classes Cy, C,, ..., C,,
at least one of the classes possesses property P. For example, if P is the property that
a subset contains arithmetic progressions of arbitrary finite length, then the afore-
mentioned becomes the well-known theorem of van der Waerden. We now discuss
the topological dynamics proof of van der Waerden’s Theorem due to Furstenberg
and Weiss, [13]—see [12, 13] for more related results. A useful tool is the following
multiple recurrence theorem.

Theorem 3.1 (Multiple recurrence) Let X be a compact metric spaceand T, Ty, ...,
T, be commuting homeomorphisms of X. Then there exists a point x € X and a

sequence (k,) such that Tl.k“ (x) — x simultaneously fori = 1,2, ..., p.

Exercise 3.2 (Multiple recurrence)

1. Let Ty, T, : T> — T? be given by

Ti(x,y) = (xy,y) and T»(x,y) = (x, xy).

Find the multiple recurrence points for 7', and 7.



56 A. Nagar and C. R. E. Raja

2. Consider the projective linear transformations 7, and T on the projective line
defined by the linear maps

a:(éi) and ,3:(}?)

Are there any multiple recurrent points for 7, and T?
We first derive van der Waerden’s Theorem from Multiple recurrence.

Theorem 3.3 (van der Waerden) For any finite partition N = C; U Cy U --- U C,
there is a C; containing arithmetic progression of arbitrary finite length, that is,
for each n > 1, there is a x,,y, € C; such that y, # 0 and x, + ky, € C; for all
1<k=<n

Exercise 3.4 (Infinite multiple)

1. Give an example to show that Multiple recurrence theorem is not true for infinite
number of commuting transformations.

2. Give an example of a finite partition Z such that none of the sets contains an
infinite arithmetic progression.

Proof LetN=C,UC,U---UC, be apartition. Take A = {1,2,...,p} and Q =
AZ, the space of A-valued sequences. Define the shift S : @ — Q given by Sw(n) =
w(n + 1). We endow 2 with the metric

d(u,v) = inf{ | u(n) = v(n) for |n| < k} .

1
k+1
We have already seen that €2 is compact and S is a homeomorphism of €2.

Define ¢ € Q by ¥ (k) =jif k € C;, otherwise ¥ (k) = 1.

Let X be the set of limit points of the sequence (S"),>;. Then X is S-
invariant. Now take T; = S’ fori = 1, ..., p. Applying multiple recurrence theorem
to (X, Ti,...,T,), wegetn € X and n € N such that

d(Tin, n) < % Vi.

This implies by evaluating at k = 0, that n(0) = n(in) foralli =1, ..., p.
Choose m > 0 so that d (S (¥), n) < T We then have ¥ (m) = ¢ (m + in)

foralli =1, ..., p. Thisimplies thatm + in € Cyy, foralli =1, ..., p, that Cy
contains an arithmetic progression of length p + 1. (]

We now prove multiple recurrence theorem in a series of lemmas.

Lemma 3.5 A dynamical system (X, G) is minimal if and only if for any € > 0
there exists a finite set of transformations Sy, Sz, ..., Sk of G such that for any
x,y € X, min; d(Six,y) < €.
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Proof 1f V is any open subset of X, UscgS~!V is an open G-invariant set which by
minimality is all of X. Since X is compact, a finite subcovering covers X . Letting V
range over a finite cover of X by sets of diameter less than €, we obtain the condition
of the lemma. The converse is clear. (]

Lemma 3.6 Ler (X, T) be a dynamical system with X being a compact metric space
and A, a closed subset of X such that

1. thereis group G that acts on X commuting with T such that A is G-invariant and
minimal;
2. foreach € > 0 there existx,y € Aandn > 1 withd(T"x,y) < €.

Then for each € > Qthereisaz € Aandn > 1 such that d(T"z, z) < €.

Proof due to R. Bowen. Let € > 0 be arbitrary. We now inductively construct
sequences (zx) in A, (n,) in N and €, < % such that d(T"z,,z,-1) < €, and
d(T"z,z,—1) < €, whenever d(z, ;) < €,41.

Fix zp € A. Then by (3.5), there exists Sy, ..., Sy in G be such that

€
mind (Six, 29) < 7 forany x € A. 2)

Letd > Obesuchthatd(x,y) < 8 implies thatd (S;x, S;y) < Z.Now choose x1, y; in
A and n; so that d(T™x;,y;) < d—possible by assumption. Then,
d(S;T" x1, Sjy1) = d(T" Sjx1, Siy1) < Z, and combining this with (2), we obtain

€
(T Six1, 20) < 3 for some i.

€

Take z; = Sixo. Then d(T™'zy, z9) < € for some €; < 3

Proceeding inductively, we obtain the sequences (zx) in A, (n,) inNand ¢, < %

such thatd(T" z,, z,—1) < €, andd (T z, z,—1) < €, whenever d(z, z,) < €,.1—for
the second inequality use also the continuity of 7. Thus, we have

€ forj>i. 3)

d(THmtti g 2y < 5

€
Since A is compact, there exists i < j such that d(z;, zj) < 3 and hence, using (3),

we get that d(T"z;, zj)) < € forn=n; +nj_ + -+ + niy1. O

Lemma 3.7 Let X, T and A be as in (3.6). Then, there is a point z € A which is
recurrent for T.

Proof Let F(x) = inf, d(T"x, x). Then F is upper semicontinuous, and contains a
point of continuity. Let xy be a point of continuity. We claim that F'(xo) = O, that
would prove that xg is recurrent for 7.

If F(xp) > 0, then there is an open set V containing xy such that F(x) > § > 0 for
all x € V. Then, there exists Sy, ..., Sy in G such that A C vazlSi_l V.Letn > Obe
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such thatd (S;x, S;y) < 6 wheneverd (x, y) < nforalli.If F(x) < n, then for some n,

we have d(T"x, x) < n and hence, d(T"S;x, S;x) < §. This implies that F(S;x) < §

and hence, S;x ¢ V. Thus, F(x) > n for all x € A. This is a contradiction to (3.6).
(Il

Exercise 3.8 (Dense set of recurrent points)

1. In (3.7), prove that the set of points in A that are recurrent for 7 is dense in A.

2. In multiple recurrence theorem, if X is minimal, then prove that the set of multiple
recurrent points is dense in X .

3. Prove by example that minimality is required to get dense set of recurrent points.

Proof of multiple recurrence theorem. Let G be the group generated by 71, ..., 7).
By restricting to a minimal closed invariant set of X, we may assume that X is
minimal. For p = 1, the result follows from Birkhoff’s theorem but it also follows
from (3.7).

Let A denote the diagonal in X? and T =T, x T x --- x T, on X”. Note that G
also acts X” as X” is a product of G-spaces. Then A is a G-invariant minimal closed
set as X is G-minimal.

We claim that A satisfies the hypotheses of (3.6) withrespectto T. Let R; = T,-Tp‘1
fori =1,...,p— 1. Then, by induction assumption, there exists x € X such that
Rf”x—)xforalli: 1,...,p—1.

For any € > 0, there is a n such that

d(T"z,y) = Zd(R;’x,x) <e, for y=(x,x,...,x)and z = T;”(y) €A.
i<p

Thus, the hypothesis of (3.6) is verified and hence, the result follows from (3.7). [

4 Enveloping Semigroups

The Enveloping Semigroup of a flow (X, G) was introduced by Robert Ellis in [7],
though it was considered in his earlier work on distality. It can be viewed as a
compactification of the acting group G.

Let X be a compact, Hausdorff space. Then the set of all self maps (not necessarily
continuous) on X can be identified with X* endowed with the product topology,
which is basically the space of all functions on X with the point-open topology. X ¥
is compact by the Tychnoff’s theorem. X ¥ also has a semigroup structure, given by
composition of functions, i.e., fora, B € XX, af(x) = a(B(x)) at the x™ coordinate
in XX,

For the flow (X, G, ¢), the evaluation map ¢ is defined as ¢ (g, x) = g(x). Let

= {¢* : g € G} where ¢¢ : X —> X with ¢%(x) = gx. Then G C X*. We can
1dent1fy G with G and consider G C X*.
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Definition 4.1 The Enveloping Semigroup of the flow (X, G) is defined as E =
E(X)=E(X.,G)=G(=G) Cc X*.

We note that E(X) is also compact and Hausdorff. Now G acts on X* via com-
position and we have h(¢%) = ¢ and so G o G = G and hence E(X) is invariant
under G. Thus (E(X), G) is also a flow i.e., E(X) is also a G—space.

Now since E(X) = G, for every o € E(X), there is a net {g;} in G such that
g — a,le., ¢ — o pointwise. Hence for 8 € E(X), Bg; — Ba.Now since 8g; €
E(X) and E(X) is closed, Ba € E(X) giving E(X)?> = E(X) o E(X) C E(X). Thus
E = E(X) is a subsemigroup of X*.

Remark 4.2 Though the elements of G are homeomorphisms, the elements of E(X)
need not even be continuous.

Proposition 4.3 Let E(X) be the enveloping semigroup for the flow (X, G). Then,
Vx e X, Ex = Gx.

Proof Lety € Gx. Then, there is a net {g,} in G such that g,;(x) — y. For this net,
there is a subnet {g,} such that {g,} — o in E(X). Hence {g,}(x) — a(x) ie.,
{g:(x) > a(x)} and so y = a(x) € Ex. Thus, Gx C Ex.

The converse follows by taking the reverse path in the above argument. ]

Remark 4.4 For any y € Gx, there exists p € E(X) such that y = p(x).

Definition 4.5 (X, G)iscalled an equicontinuous flowif {¢? : g € G}isanequicon-
tinuous family on X .

If (X, G) is an equicontinuous flow, then the topology on G considered as a
subset of X* is the topology of uniform convergence and so G = E is compact and
equicontinuous by Arzela-Ascoli’s theorem. Working along this line, we can prove:

Theorem 4.6 A flow is equicontinuous if and only if its enveloping semigroup is a
group of homeomorphisms.

Lemma 4.7 Let (X, G) be a flow with G being an Abelian. Then,

1. forpe E(X)and g € G, gp = pg.
2. if (X, G) is equicontinuous, then E(X) is Abelian.

Proof Letp € E(X). Take anet {g,} in G with g, — p. Then gg, — gp.But gg,, =

gng& — pg and so gp = pg.
Now when (X, G) is equicontinuous, then all p € E(X) are continuous and so

pq =qpVp,q € E(X). O

Proposition 4.8 If (X, G) is equicontinuous, then the flow (E(X), G) is minimal.

Proof Let e be the identity in G, then O(e)={ge : g € X }=E(X). Also, (E(X), G)
is equicontinuous and hence (E(X), G) must be minimal. O
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Exercise 4.9 Let X and Y be G—spaces and r : X —> Y be a G—map. Then,

1. there exists a unique G—map 6 : E(X) — E(Y).
2. if ' : X —> Y is another G —map, then both 7 and 7’ induce the same G —map
0:EX)— E).

Definition 4.10 Let / be a non-vacuous subset of £ = E(X). Then [ is said to be
a left ideal in E(X) or simply an ideal if EI C I. I is said to be a minimal ideal if
whenever K is a non-vacuous subset of / such that EK C K, we have K = 1.

Lemma 4.11 For a flow (X, G), the following holds:

1. Let & #1 C E(X). Then I is a minimal ideal if and only if the flow (I, G) is
minimal.

2. Let I be a minimal ideal in E(X). Then Ix is a minimal subset of X forall x € X,
where Ix = {px : p € I}.

Since every compact system contains a minimal subset, E(X) contains minimal
ideals. Minimal ideals have a rich algebraic structure. We look into the following
which was first proved by K. Numakura in [20].

Theorem 4.12 For a flow (X, G), every minimal ideal I contains an idempotent.

Proof Let M be the collection of all closed subsets A of / such that A> C A. Since
I e M, M # @. By Zorn’s lemma M has a minimal element say S. If x € S,
then (Sx) = (Sx)(Sx) C S(Sx) = §%x C Sx.Hence Sx € M. AlsoSx ¢ S? = S and
hence by minimality Sx = S.

Letpe Sbesuchthatpx=xandlet C={e €S :ax=x} CS.Thenp e K
and so K # @.If a, b € K, then ab(x) = a(x) = x, and K> ¢ K. Thus £ = S and
so x?> = x. This x € I is an idempotent. O

Idempotents are important elements of enveloping semigroups.

Theorem 4.13 Let (X, G) be a flow and I be a minimal ideal in E(X). TFAE:

(a) x € X is an almost periodic point.
(b) ux = x for some idempotent u € I.

Exercise 4.14 Let [ C E(X) be a minimal ideal. Then

(1) Ip=1I,forallp 1.
(i1) up = p, for u, p € I and u is an idempotent.
(iii) If u € I is an idempotent and p € I with up = u, then p is also an idempotent.
(iv) If u € I is an idempotent then [u is a group with identity u.
(v) If p € I then there is a unique idempotent u € I with up = p.
(vi) If u, v € I are idempotents, with u # v, then lu N [v = &.

Definition 4.15 Let x,y € X. Then x and y are said to be proximal if there exists a
net {g;} in G with lim g,(x) = lim g,(y). The proximal relation P(X) is defined to be
that subset of X x X consisting of all proximal pairs (x, y).



Topological Dynamics 61

The relation P(X) is reflexive and symmetric, but in general not transitive. We
note the following result first proved in [7].

Theorem 4.16 The following statements are equivalent.

1. P(X) is an equivalence relation on X .
2. E(X) contains exactly one minimal ideal.

Enveloping semigroups are very useful in studying proximal pairs.

Theorem 4.17 Two points x,y € X are proximal if and only if px = py for some
p € EX).

Proof Let x, y be proximal. Then, there exists a net {g,} in G and z € X such that
gx — z and g,y — z. If necessary, by passing to a subnet, we get a p € E(X) such
that g; — p. Then px = z = py.

Conversely, let p € E(X) be such that px = py = z. Then there exists a net {g;}
in G such that g, — p. Hence, g,x — px = z and g,y — py = z implying that x, y
are proximal. (Il

Definition 4.18 A flow (X, G) is called distal if it has no non-trivial proximal pairs.
Thatis, P(X) = A ={(x,x) :x e X} CX xX.

If (X,d) is a (compact) metric space, then (X, G) is distal if and only if
ingd(gx, gy) > 0, whenever x # y.
ge

Remark 4.19 When G is a group, all equicontinuous flows will be distal, but distal
flows need not be equicontinuous.

Let D={(r,0) : 0<r<1, 0<6<2r}, and f : D —> D defined as f(r,0) =
(r, 8 + r(mod2m)). Then the cascade (D, f) is distal but not equicontinuous.

Theorem 4.20 (Auslander-Ellis) For the flow (X, G), every point is proximal to an
almost periodic point.

This gives that every point is almost periodic for a distal flow.
Theorem 4.21 (X, G) is a distal flow if and only if E(X) is a group.

Proof Let E(X) be a group, and (x, y) € P(X). Then there exists a p € E(X) such
that px = py. But this gives that x = p~!px = p~!py = y, and so (X, G) is distal.
To prove the converse, we recall some facts:

1. For a collection of flows (Xy, G), E(J[ Xy, G) = A[[ E(Xs, G).
o o
2. For a collection of flows (Xy, G), ([ Xy, G) is distal if and only if each (X,, G)

is distal.
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Since (X, G) is distal, the product flow (X¥, G) is also distal, so by theorem
(4.20) every ¢ € X¥ is almost st periodic. So every p € E(X) is also almost periodic.

For p € E(X), p € Ee = Ge, and since Ge is minimal, e € Ep = Gp i.e., there
exists ¢ € E(X) such thate = gp. So every p € E(X) has a left inverse. It is a simple
to see that ¢ will also be a right inverse of p and so E(X) is a group. (]

Proximal and distal flows are important class of G-spaces. We study more details
about them in the next section.

We consider an alternate definition of the enveloping semigroup. For a topological
group G, the Stone-Cech compactification BG of G is determined upto homeomor-
phism as:

(a) G C BG, with BG compact, Hausdorff;

() G = BG;

(c) if Z is a compact Hausdorff space then, any function f : G — Z has a unique
continuous extension f :BG — Z.

Let G have the identity element e. G is provided with an associative binary
operation: (g, h) —> gh, then the left multiplication 7 —> gh is continuous for all
g € G and the right multiplication ¢ — gp is also continuous for all p € 8G. Thus,
the group structure of G can be extended to the semigroup structure of 8G with left
and right multiplication continuous. Again, G acts on SG and so (BG, G) is a flow.

Lemma 4.22 Let (X, G) have a dense orbit, i.e., X = afor some x € X. Then
there exists a G-map f : BG — X.

Proof Since X = Gx the map f : G —> X defined as g —> gx has a unique con-
tinuous extension f BG —> X given by p — px. Now g(px) = gp(x) and so f

isa G-map, and X = Gx Cf(G) Cf(G) _f(,BG). O

Let (X, G) be a flow. Then the identification ¥ : G — X* has a continuous
extension ¥ : G — XX,

W(BG) =¥ (G) = [¢¢ : g € G} = EX).

E(BG) = BG. In fact, the largest possibility for any E(X, G) is BG.

5 Proximal and Distal

We assume that X is a metrizable G-space with metric d. Recall the following:

1. A pair of points x, y € X is proximal if

inf d(gx, gy) = 0
geG
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and if every pair in X is proximal, we say that the action of G on X is proximal
or G is proximal on X .

2. A pointin x € X is called distal if any pair (x, y) with y # x is not proximal. If
all points are distal, we say that the action of G on X is distal or G is distal on X .

Remark 5.1 Our definition of distal as well proximal is suitable for action on com-
pact spaces and algebraic actions. A more suitable definition would be using unifor-
mity, [15].

Example 5.2 For Q ={1,2,... ,p}Z and S is the shift map Sw(n) = wn + 1),
we have for a w € Q, any w’ € Q for which w’ = w for arbitrarily large intervals
is proximal. Thus, for w € , there is a dense set of points that are proximal but
certainly not all points.

Example 5.3 x —— x + 1 defines a proximal action of Z on R U {oco} which is also
the projective line.

Example 5.4 The SL,(R)-action on the projective line is proximal and minimal.
Example 5.5 Isometries and equicontinuous actions are distal.

Example 5.6 Unipotent linear maps, orthogonal linear maps act distally.
11y. .. 2
Example 5.7 A = 01)1s distal on T~.

Exercise 5.8 (Basic Properties)

1. Let X; be G; spaces. Suppose the action of G; on X; are distal. Prove that the
action of [| G; on [] X; is distal. Is the result true for proximal actions?

2. LetX and Y be G-spaces and ¢ : X — Y be a continuous surjective G-map—Y
is known as factor of X . Suppose G is proximal on X . Prove that G is proximal on
Y. Is the result true for distal actions?—here X and Y are general metric spaces.

3. Let X be a G-space and H be a subgroup of G. If G is distal on X, then H is
distal on X . The converse is true, provided G/H is compact.

4. Let X be a G-space and H be a subgroup of G. Suppose G is proximal on X and
G/H is compact. Then H is proximal on X.

Proposition 5.9 A minimal subset for a proximal homeomorphism of a compact
topological space is a fixed point.

Proof Letf : X —> X be ahomeomorphism of a compact space X . Suppose (X, f)
is minimal and proximal. Letx € X. Then, d (f kn(x), f kit (%)) — 0and f ki(x) > a.
This implies that f (a¢) = a. Since X is minimal x = {a}. O

Exercise 5.10 (Proximality)

1. Show that any proximal homeomorphism of a compact topological space has
unique minimal set.
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2. Determine all projective linear maps on the projective line that are proximal.

We now recall enveloping semigroup. Consider XX, the space of all maps from
X to X with product topology. If X is compact, then X* is compact. If G acts on
X, then G embeds inside X* and the closure of G in X* is called the enveloping
semigroup, denoted by E(X).

Theorem 5.11 (Ellis) [6] The following are equivalent:

1. G isdistal on X.
2. E(X) is a group. L
3. For every x € X, the orbit closure Gx is a closed G-invariant minimal set.

In this situation, X = UE;, each E; is a G-invariant minimal set and E;’s are
disjoint.

We now consider the case where G acts on a group X by automorphisms. In this
case, G is distal on X if and only if e ¢ Gx forany x # e € X. We have the following
characterisations for linear actions.

Proposition 5.12 Let G C GL(V).

I. @ € G is distal on V if and only if the eigenvalues of « are of absolute value
one—due to Moore [17].

2. Gisdistal on V iff each @ € G is distal on V. In this situation, G is contained in
a compact extension of an unipotent group—due to Conze and Guivarch [5].

The structure theorem for minimal distal actions shows that these action are built-
up from one point space by isometric extensions of the following type: due to Fursten-
berg [11] with metrizability assumption which was later removed by Ellis [9].

Let (X, T)and (Y, T) be dynamical systems on compact spaces X and Y. Suppose
¢ : X —> Y is a surjective map such that

L ¢(tx) = 1 (x);

2. there is a continuous real valued function p defined on Xy = {(x1, x2) € X x X |
¢ (x1) = ¢(x)} that is T-invariant;

3. p defines a metric on X, = {x | ¢ (x) = y};

4. (X,, py) are compact and are isometric.

In this case, we say that X is an isometric extension of Y.
Proposition 5.13 The isometric extension of a distal (flow) system is distal.

Proof Let x|, x, € X such that closure of {(txy, tx;) | t € T} meets the diagonal.
Then the same is true under ¢. Since 7 is distal on Y, x;, x, € X, for somey € Y.
Also, (1x1, tx;) € Xy forall t € T. Since Xy is closed, the closure of {(tx;, tx;) | 1 €
T} is also in X,. Since the closure of {(zxi, tx;) | t € T} meets the diagonal, O is
a limit point of p(fx;, x;) as p is continuous on Xy4. But since p is T-invariant,
p(x1, x2) = p(txy, tx2), p(xy, x3) = 0. Thus, x; = x,. O



Topological Dynamics 65

Minimal distal actions are considered as the topological version of ergodic actions
which is measure theoretic. However, when one considers without minimality par-
ticularly in the algebraic situation, they are hereditarily anti-thetic [21] (see [4] also
for Seethoff’s results in this direction). See [22] for recent developments in distal
algebraic actions on locally compact groups and the references cited therein.

Exercise 5.14 (Algebraic actions)

1. Can one have proximal action by an automorphism on a compact group?
2. A topological group is called distal if G action on itself by conjugation is distal.
Prove that compact extension of distal groups are distal.

6 Topological Transitivity and Mixing

We look into properties that are quite divergent from distality. We consider the prop-
erties of topological transitivity and mixing. The concept of topological transitivity
was first defined by G.D. Birkhoff in 1920. This property is one of the oldest and
foremost studied dynamical property. In this section, we will only consider cascades
or semi-cascades (X, /) where (X, d) is a perfect, compact metric space. We identify
a singleton with the point it contains.

Definition 6.1 For any two nonempty, open U, V C X and x € X, define the return
times:

Nx, V)= meN:f'"x)eU} ={meN:xef"U)}
NU,V)=neN:fr(UNV £} =nheN:UNf(V) £ 0}
NWU,x)= {meN:xef"(U)} ={neN:f"x)NU # o}.

Definition 6.2 A cascade or semi-cascade (X, f) is said to be topologically transitive
if for every pair of nonempty open sets U, V in X, thereis an € N such that f*(U) N
V # @. Equivalently, U Nf~"(V) # .

Roughly, topological transitivity can be described as the eventuality of the neigh-
bourhood of every point to visit every region of the phase space at some time.

Definition 6.3 The cascade or semi-cascade (X, f) is said to be point transitive if
there is an xy € X such that O(xy) = X, i.e., X has a dense orbit.

All such points with dense orbits are called transitive points and the set of transitive
points in X is denoted as Trans(f ). Both these definitions of transitivity are equivalent,
in a wide class of spaces, including all perfect, compact metric spaces.

Theorem 6.4 IfX hasnoisolated point, then point transitivity implies the transitivity
of (X, f). The converse holds if X is separable and of second category.
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The following equivalent conditions for transitivity of (X, f) can be taken as an
exercise.

Exercise 6.5 1. f is topologically transitive.

2. for every pair of nonempty open sets U and V in X, there is a positive integer n
such that f "(U) NV # @.

for every pair of nonempty open sets U and V in X, N(U, V) # @.

for every nonempty open set U C X, U2 ,f"(U) is dense in X .

for every nonempty open set U C X, U2, f~"(U) is dense in X .

if E C X is closed and f (E) C E, then E = X or E is nowhere dense in X .

if U Cc Xisopenandf~'(U) C U, then U = @ or U is dense in X .

There exists x € X such that the orbit O(x) is dense in X, i.e., the set Trans(f) of
transitive points is nonempty.

The set Trans(f) of transitive points equals {x : w(x) = X} and it is a dense G,
subset of X .

PN AW

o

Remark 6.6 All transitive equicontinuous cascades on compact metric spaces are
minimal.

Example 6.7 Let T! be the unit circle and g : T! — T! be the irrational rotation,
defined by g() = 6 + «, where « is a fixed irrational multiple of 2. Then (T!, g)
is transitive.

We note that this cascade is minimal. In fact, every minimal cascade is transitive.

Example 6.8 Let f : [0, 1] — [0, 1] be defined as f(x) =1 — |2x — 1|. Then
([0, 11, f) is transitive. This f is called the tent-map. Here, for any nonempty open
J in [0, 1], there exists n € N such that f*(J) = [0, 1].

Exercise 6.9 Prove that for the tent map on [0, 1]:

(a) an element x has finite orbit if and only if x is a rational number in [0, 1].
(b) Trans(f) equals the set of all irrational numbers in [0, 1].

Definition 6.10 For the cascade or semi-cascade (X, f), the backward orbit of x € X
is denoted as O~ (x) and defined as,

O (x)={yeX :f"(y) =x for some n € N}.

The concept of transitivity deals with denseness of some forward orbit, while the
concept of minimality implies that every orbit is dense. What would result if we want
every backward orbit to be dense? We discuss a few basics on this and recommend
our readers to refer to [2, 18] for details on this.

Definition 6.11 A cascade or semi-cascade (X, f) is called strongly transitive if
O~ (x) is dense for every x € X.
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Remark 6.12 If (X, f) is strongly transitive, then (X, f) is topologically transitive.
And if (X, f) is minimal then (X, f) is strongly transitive. It is not difficult to see
that for cascades (X, f), strongly transitive is equivalent to minimal. And hence this
property becomes distinct when we are considering semi-cascades.

Exercise 6.13 For a semi-cascade (X, f) the following are equivalent:

1. The system is strongly transitive.

2. For every nonempty, open set U C X and every point x € X, there exists n € N
such that x € f"(U).

3. For every nonempty, open set U C X and every point x € X, the set N (U, x) is
nonempty.

4. For every nonempty, open set U C X and every point x € X, the set N(U, x) is
infinite.

Definition 6.14 A cascade or semi-cascade (X, f) is locally eventually onto if and
only if for any nonempty, open U C X there exists N € N such that fN(U) = X .

Recall the example (6.8) of the tent-map. This is an example of a locally eventually
onto semi-cascade.

Exercise 6.15 For (X, f) the following are equivalent.

1. (X,f) is locally eventually onto.

2. For all € > 0, there exists N € N such that f N (x) = {y € X : fN(y) = x} is e-
dense in X for every x € X.

3. Forall e > 0, there exists N € N such that f ~"(x) is e-dense in X forevery x € X
and every n > N.

Remark 6.16 Note that any finite product of locally eventually onto systems will
be locally eventually onto.

But, an analogous statement of the above remark cannot be said about strongly
transitive or transitive systems. One can just consider the irrational rotation on T' as
an example. So it becomes a natural question as to when can transitivity be preserved
under products. This leads to the concept of mixing in topological dynamics, though
this concept has been inspired by the same named property from another aspect of
dynamics—Ergodic theory. We consider this aspect in another chapter.

Definition 6.17 A cascade or semi-cascade (X, f) is said to be mixing if for every
pair V, W of nonempty open sets in X, there is a N > 0 such that (V) N W is
nonempty for all n > N. (X, f) is called weakly mixing if the product system (X X
X,f x f) is transitive.

Remark 6.18 All locally eventually onto systems are mixing, all mixing systems
are weakly mixing, and all weakly mixing systems are transitive.

Exercise 6.19 For (X, f), the following are equivalent.
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1. (X,f) is weak mixing.

2. For nonempty, open sets U,V,W in X, there exists N € N such that
FYNHNV AGandf NUYNW £ 2.

3. For nonempty, open sets U,V,W in X, there exists N € N such that
NNV £andfNU)NW £ 2.

4. For every N e N the product system (X", f™) is topologically transitive.

Note that the statement in (4) above is a well-known consequence of the Fursten-
berg Intersection Lemma.

Lemma 6.20 (Furstenberg Intersection Lemma, [12]) For a cascade or semi-
cascade (X, f), assume that N(U, V) NN (U, U) # & for every pair of nonempty,
open U,V C X. Then for all nonempty, open Uy, V|, U,, Vo C X, there exist
nonempty, open Us, V3 C X such that

N(U;, V3) C NU;, Vi)NNU,, V)).

Proof N (U, V)) # @ implies there exists n; € N such that Uy = U; N f~"(V))
is nonempty and open. N (Uy, U,) # & implies there exists n, € N such that U =
Uy Nnf=™ (V) Nf~™(U,) is nonempty and open. Since f is transitive, f " 7"2(V,)
is nonempty and open.

NWU, U)NNU,f"""(V2))
CNWULST W) NONGE (V). ((V2)))
=NULST W) ONGE (V)L f (V)
C N[ U)) NNV, f7(V2).

Fix ng € N(Uy, f72(Uy)) NN(Vy, f72(V,)). With n = ng + ny, the sets U; =
U, Nf7(U,), V3 = Vi Nf~"(V,) are nonempty and open.

Let k € N(Us, V3). Then f~%(V3) NUs # @. That is f~*(V)) Nf7"*(V5) N
Uy Nf"(Us) # @. Hence k € N(Uy, Vi) NN(F"(Us), f"(V2)) = N(Uy, Vi) N
N (U, V,).

As before, N(f " (U,), f ~"(V2)) C N(U,, V,) and so our assertion follows. [

Exercise 6.21 For (X, f), the following are equivalent.

1. (X,f) is mixing.

2. For every nonempty, open set U C X, and € > 0, there exists N € N such that
f(U)is e-densein X foralln > N.

3. For every nonempty, open set U C X, and € > 0, there exists N € N such that
f*(U)is e-dense in X foralln > N.

Definition 6.22 (X, f) is called strongly product transitive if for every positive
integer k, the product system (XX, %)) is strongly transitive.

Exercise 6.23 For (X, f), the following are equivalent.
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1. (X,f) is strongly product transitive.

2. For € > 0 and every finite subset F C X, there exists N € N such that f ™ (x) is
e-dense in X forall x € F.

3. For € > 0 and every finite subset F' C X, there exist infinitely many N € N such
that f =V (x) is e-dense in X for all x € F.

4. The collection of subsets

{N(U,x) :x € X and U is nonempty, open in X }

of N, generates a filter of subsets of N.

All these properties defined above are related.
= Mixing
= Strongly Product Transitive

<= Minimal
<= Locally Eventually Onto

Locally Eventually Onto = Weak Mixing = Transitive

Transitive <= Strongly Transitive

The reverse implications do not hold here.
One of the features of transitivity is recurrence.

Proposition 6.24 Let I be an interval in R. Then, every transitive map on I has a
dense set of periodic points.

Remark 6.25 We note that in general even for a locally eventually onto system there
need not be any periodic point. This is illustrated in a beautiful example due to Elon
Lindenstrauss, described in [2].

Though we can still have some form of recurrence for transitive systems.

Proposition 6.26 For a transitive (X, f), Q2(f) = X. The converse is not true in
general.

There are examples of cascades such that every element is non-wandering, but no
subsystem, except the trivial, is transitive; for example, the reflection map 1 — x on
[0, 1].

Proposition 6.27 If (X, f) is strongly transitive but not minimal, then the set of
non-recurrent points is dense in X .

Recall that a set S C N is syndetic if there is a constant L > 0 such that for every
n e Nwehave [n,n+LINS # @. S € Nis called thick, if for every n € N, there
exists a, € S such that {a,,a,+1,...,a, +n} € S. And S € Nis called cofinite, if
there exists N € N, such that {N,.N +1,N +2,...} CS.

Recurrence is usually given in terms of the return times. We describe the type of
return time sets given by these various properties of transitivity and mixing for any
two nonempty, open U, V C X bringing out the distinction in these properties.
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N, V) N, V) N, x)
transitive infinite |infinite for dense set| can be empty
ofxeX for some x € X
strongly transitive || infinite |infinite for dense set| infinite for all
ofx e X xeX
weakly mixing thick | thick for dense set | can be empty
ofxeX for some x € X
mixing cofinite | thick for dense set | can be empty
ofx e X for some x € X
strongly thick thick for all thick for all
product xeX xeX
transitive
minimal syndetic | syndetic for all | syndetic for all
xeX xeX
locally cofinite thick for all cofonite for all
eventually xeX xeX
onto

Mixing also has a strong inter-relation with proximality. We define the below
property for a general flow, and mention an equivalent condition for weakly mixing
cascades.

Definition 6.28 Let (X, G) be a flow. The regionally proximal relation Q(X) C
X x X is defined as

oX) = {(x, y) : there existx; > x, y; > y, and g; € G
such that lim 8iXi = lim 8iVi } .
The relation Q(X) turns out to be closed, invariant, and reflexive, but not necessarily

transitive.

Remark 6.29 The flow (X, G) is equicontinuous if and only if Q(X) = A. In fact,
when Q(X) is an equivalence relation then the flow (X /Q(X), G) is an equicontin-
uous flow.

Theorem 6.30 Let (X,f) be minimal. Then (X, f) is weakly mixing if and only if
the regional proximal relation Q(X) = X x X.
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7 Summary

‘We have just presented some basic concepts in Topological Dynamics here. For more
details, we encourage the enthusiastic reader to refer to [1, 3, 12, 14-16, 23-25].

The sister branches of measurable dynamics (ergodic theory) and topological
dynamics have their origin in Classical Mechanics, where we have a smooth trans-
formation of a manifold, which also preserves a measure on this manifold. Both
these theories have a parallel and inter-dependent growth, and both also have strong
analogies in various aspects of recurrence observed. It is important to study both
these concepts individually as one often influences the other.

The topological concept of transitivity is closely related to the measurable concept
of ergodicity. Though it is difficult to say which definition influenced the other. The
concepts of mixing and weak mixing had their origins first in the measurable sense
and were borrowed for displaying a similar recurrence in the topological sense. The
topological concept of minimality has no analogous property in the measurable sense.
In the case of distality, the topological version came first and the theory of measurable
distality was strongly influenced by the topological results. The measurable concept
of uniquely ergodic has no counterpart in topological case. The topological concepts
of strongly transitive and strongly product transitive are relatively new, and it would
be a good research to determine their analogies in the measurable domain.

There are some systems for which topological and ergodic properties are related
much closer. A classical example is the geodesic flow on surfaces of constant negative
curvature.

We note that the best reference for the study of minimal systems is [3]. Much of
the theory of enveloping semigroups was single-handedly developed by Ellis in [8].
We have just noted the basics here. We encourage our readers to refer to [3, 8, 10]
for details. A more recent presentation can be seen in [19].

In his seminal paper on disjointness in topological dynamics in 1967, Furstenberg
[12] started a systematic study of transitive dynamical systems. This laid a foundation
for the classification of dynamical systems by their recurrent properties, which has
been very useful in proving many combinatorial problems. We have described one
such application in the proof of van der Waerden’s theorem. But these recurrent
properties also have applications in many Ramsey type results. The Auslander-Ellis
Theorem and Furstenberg intersection lemma especially have been elementary tools
in many problems concerning diophantine approximations. Readers can refer to [12]
for some introductory details.
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1 Introduction

These notes are based on the course of six lectures given by the first named author
at the well-run workshop organised at IIT-Delhi in the month of December, 2017.
The lectures were intended to be self-contained covering some basic facts in ergodic
theory including a discussion of the Birkhoff ergodic theorem which, in a sense,
heralded the beginning of ergodic theory. Since the audience mainly consisted of
graduate students with different mathematical backgrounds, the lectures began with
a quick recap of the construction of the Lebesgue measure in R and progressed
gradually to a discussion of more general measures. After setting up the groundwork
on measure preserving transformations and flows on measure spaces, the notion of
ergodicity was introduced.

Following a brief look at a couple of illustrative examples of dynamical systems,
the focus shifted to a discussion of one of the early interesting examples of an ergodic
system, namely the geodesic flow on closed surfaces of constant negative curvature.
This necessitated a working recapitulation of the geometry of the upper-half plane
with respect to the hyperbolic metric, the lectures culminated with a sketch of a proof,
due to Eberhard Hopf, of the ergodicity of the geodesic flow in this setting.
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The notes, naturally, reflect the dynamics that the lectures carried and also include
some historical titbits in an attempt to capture the significance of the exciting devel-
opments, that have shaped this field of study.

The first named author would like to record his deep gratitude to the organisers of
this extremely well-run workshop, and to Nikita Agarwal who cheerfully conducted
the afternoon tutorials at the workshop with great energy and lot of prior planning.
Both the authors thank the efficient editors of this volume for their invitation to
script the sketchy lecture notes into a coherent narrative, and the anonymous referees
whose careful comments as well as suggestions to add a few explanatory lines at a
couple of places helped weed out the several inadvertent typos and in improving the
readability. The authors take full responsibility for any errors that may still remain
despite their sincere efforts to make these notes error free.

2 Measure Theoretic Preliminaries

This section seeks to develop some rudimentary aspects of measure, starting with the
illuminating case of the Lebesgue measure on the real line. Finding the measure of a
set means to get a certain estimation of its size. A finite set could be measured by its
cardinality, whereas what distinguishes an infinite set from a finite set is its intriguing
property of being in bijective correspondence with a proper subset of itself. This begs
the question as to how one would determine the size of an infinite subset of the real
line R?

For a subset which is an interval I = (a, b) C R, its length |/|, namely b — a
seems a natural and a reasonable estimation of its size. In fact, the seminal investiga-
tion that Henri Lebesgue undertook culminating with the description of the so called
Lebesgue measure, by exploiting the notion of length, appears in his fundamental
paper of 1904 [10].

The basic idea of the Lebesgue measure on R stems from an effort to adapt the
notion of length for an arbitrary subset of R. This turns out to be a very profitable
enterprise, as building on finer and subtle variants of this notion, allows one to
describe a whole family of s-dimensional Hausdorff measures for each s € (0, 1];
in turn giving rise to the notion of Hausdorff dimension of a given subset. We shall
quickly uncover the main facets in this section, particularly mentioning the succinct
and elegant work of Caratheodory [4].

We begin by first recalling the notion of outer measure.

Definition 2.1 If A C R, the (Lebesgue) outer measure of A is
oo [0¢]
W (A) = inf { DIl 2 A L. where (1072, is
k=1 k=1

a collection of open intervals}.
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The completeness property of the reals ensures that if at least one of the members of
the above set is finite, then u* will be a finite non-negative real number. If no such
finite number exists, then the outer measure of A is said to be infinite.

Definition 2.2 If A C R and & € R, the translate of A by h is
A+h={x+h:xeA}l

The outer measure on R exhibits the following properties which can easily be derived
from first principles.

Theorem 2.3 This theorem features the basic properties of outer measure on R.

. (Non-negativity) 0 < pu*(A) < 4o0.

. (Monotonicity) A C B — u*(A) < u*(B).

. (Countable subadditivity) A C |Jpo | Ay = w*(A) < Y 07 1w (Ay).
. (Translation invariance) ©n*(A 4+ h) = u*(A).

. u"(A) = |A|, the length of A, if A is an interval.

b AN W N~

While the above mentioned properties inherently follow from the definition; one other
natural and desirable property is to expect that the outer measures of two disjoint sets
A and B add up to the outer measure of their disjoint union A U B. This expectation
lies at the heart of our discussion and, in a sense, the real essence of the theory lies
in understanding this rather innocuous requirement.

A moment’s reflection on what the finite additivity property ensures, can be gath-
ered from the following. If {A;}, i = 1, ..., oo is a countable collection of pairwise
disjoint subsets of R, then

o0

Yo utA) = pt (U A,») <p (U A[> <D o ui(AD.
i=1 i=1 i=1

i=1

Taking limits as n — oo on both sides results in the countable additivity of the outer
measure.

But, the outer measure * defined above has a singular shortcoming in that it is not
finitely additive! One way to see this fact, a posteriori, is to glean from Vitali’s con-
struction in 1905 [12], of a non-measurable subset of R. Recall that Vitali exhibited
a proper non-empty subset C of R, taking rational translates of which, one obtains
a countable collection of pairwise disjoint subsets of R. It is on this collection, that
the outer measure p* cannot be countably additive. In particular, there are disjoint
subsets A and B of R such that u*(A U B) # u*(A) + u*(B).

In other words, there are subsets X and O of R such that for the partition by O of
X, into disjoint subsets X N O and X N O, one has

wH(X) #p (X N0)+pu*(XNO°).
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To see this, consider disjoint sets A and B and take X = A U B and O = A. There-
fore, u*(X) = u*(AU B) # u*(A) + pn*(B) = u*(X N 0) + u*(X N O°).
Consequently, one looks at the collection, 91, of all those sets £ C R such that

w*(A) = u*(ANE) + u* (AN ES), YA CR. (1)

On this collection, 91, the outer measure u* is countably additive. The collection
9N, which includes open intervals, constitutes a o -algebra, and the outer measure
restricted to 97 is called the Lebesgue measure on 1. The expression (1) is termed
as the Caratheodory criterion and naturally leads to the definition of a (Lebesgue)
measurable set. The next two definitions make this observation precise.

Definition 2.4 A family of subsets, 9T of a set X is said to be a o-algebra if the
following hold:

1. XeM;
2. Ae I — A eI,

3. {Ai} 2, eM = U A em.
i=1

L

Definition 2.5 A set E C R is said to be Lebesgue measurable or measurable if the
Caratheodory criterion (1) holds with respect to E.

In light of the preceding definitions, the conclusions of the next proposition can
be deduced using properties of the outer measure given in Theorem2.3.

Proposition 2.6

1. If I is an interval, then I € M and u* (1) = |I|.

2. If A € M, then A° € M.

3. IfA,BeM,then AUB, ANB e M.

4. If pairwise disjoint sets Ay, Ay, ..., Ay € M and E C R, then

N N
w (E N <U Ak>) = Zu*(E N Ap).
k=1 k=1

5. (Countable additivity or o-additivity) If {A,},2 | is any sequence of measurable
o0 oo
sets, then (| A, and | J A, are also measurable. Further, if {A,}°2, is a sequence

n=1 n=1
of pairwise disjoint measurable sets, then | J,- | A, € M and

w (U An) =D (A
n=1 n=1

Definition 2.7 Suppose A € 91. Then its (Lebesgue) measure, u(A) is defined to
be its outer measure: £(A) = pu*(A).
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Remark 2.8

e The reason for the need of two different concepts is that both have their disadvan-
tages.

e 1 is an additive measure, but is not defined for all subsets of R.

e u* is defined for all subsets of R, but is not additive, as demonstrated by Vitali’s
construction.

A more restricted class of Lebesgue measurable sets are the Borel measurable
sets.

Definition 2.9 If X is any topological space (in this case R), then the o -algebra, B
generated by the class of open sets in X (resp. open intervals in R) are called the
Borel sets of X (resp. R).

Remark 2.10 It can be easily shown that the Borel o-algebra for R includes the
half-open intervals such as [a, b) as well as closed intervals and further that every
Borel set is (Lebesgue) measurable.

The important properties of the outer measure ©* continue to hold on replacing
w* by n whenever A € 9.

Theorem 2.11 Here, we enlist some additional properties of measurable sets.

1. Continuity: Suppose A} 2 A, 2 Az--- and By C B, C B3 --- are sequences of
measurable sets, and ((A;) < oo. Then,

oo oo
z (ﬂ An) = lim p(A,) and p (U Bn) = lim ju(B,).
n=1

n=1

2. Approximation: If A € MM, and w(A) < oo, then for all € > 0 there exists a
bounded closed set B and an open set C suchthat B C A C C, and u(CNB°)<e.

The previously sketched discussion of the construction of the Lebesgue measure
on R, starting from the notion of outer measure is, in a sense, a proto for the construc-
tion of measures more generally on complete metric spaces. In the setting of a metric
space X together with the distance function d, one starts with the notion of a ‘metric
outer measure’ which estimates the size of a subset A, by considering covers of A
by a countable number of open balls; then, using radii of open balls, one considers
an appropriate measure of their sizes to analogously replace lengths of intervals.

We shall elaborate more on this later when discussing Hausdorff measures, but
will now proceed to a discussion of measures in general.

Definition 2.12 A measure space is a triple (X, 91, u), where X is any set, D is a
o -algebra of measurable sets and u is a o -additive measure.

A measurable space is just the pair (X, 97) with no specification about the mea-
sure. The concept of o-finiteness is another desirable property for a measure to
possess.
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Definition 2.13 A measure space (X, 901, ) is said to be o -finite if X can be written
o0

as a countable union of measurable sets of finite measure i.e., X = J A, with
n=1

w(A,) < +oo0, for all n. u is then said to be a o -finite measure.

Definition 2.14 Given a measure space (X, 9, u), a set A C X is said to be a
null set or a set of measure zero if there exists a set A; € 9T so that A C A; and
w(A1) = 0. Furthermore, two sets Ay, Ay C X are said to be equivalent mod 0 if
their symmetric difference, AjAAs i.e., (A; \ Ay) U (A, \ A}) has measure zero and
this is denoted as A = A, (mod 0).

Remark 2.15

1. Itshould be noted in this context that not every measurable set is a Borel set. In fact,
it is possible to construct sets of measure zero which are Lebesgue measurable
but not Borel measurable. Thus, the Lebesgue measure serves as a completion of
the Borel measure.

2. Note that a more formal definition of a complete measure is as follows: Given a
measure space (X, 9, u), w is complete if and only if for any N € 9t where
Ww(N) =0, E C Nimplies E € 9. The Lebesgue measure is complete precisely
in the above sense.

Another example of a finite measure space is the probability space which is the space
of choice for ergodic theory. For a measure space (X, M, ), if u(X) =1, then X
is a said to be probability space and p a probability measure.

Measure zero sets are very useful in characterising properties in measure theory.

Definition 2.16 A property P of points of aset A € X is said to hold almost every-
where (a.e.) if the set of points of A which do not satisfy P form a set of measure
zero.

2.1 Measurable Functions and Transformations

We now move on to the notion of a measurable function which closely mirrors the
topological definition of a continuous function. The first definition is formulated in
the setting of general measure spaces.

Definition 2.17 (Measurable functions or transformations) If (X, 97) and (Y, D)
are two measurable spaces, then a map f : X —> Y is measurable if f~'(A) is
measurable i.e., f 7' (A) € M for every A € N. Further, if X and Y are topological
spaces, then f : X —> Y is said to be (Borel-) measurable if it is measurable with
respect to the Borel o-algebras of X and Y.

Remark 2.18 The above definition implies that every continuous function is
(Borel-) measurable.
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In the sequel, we use the extended real line R = R U {—o0, oo} with the usual
conventions. To keep things simple, in the remaining part of this section, we restrict
ourselves to extended real-valued functions defined on R (equipped with the usual
Lebesgue measure), unless otherwise explicitly stated, although the statements hold
in the more general setting of complete measure spaces.

Remark 2.19 In particular, if f : (R, £) — (I}_?, B), where £ is the Lebesgue o-
algebra, and f is measurable as in the Definition 2.17, then f is said to be Lebesgue
measurable.

For extended real-valued functions f, g, denote

(f A g)(x) =min{f(x),g(x)}, (fVg)(x)=max{f(x),gx)}.

Proposition 2.20 Measurable functions satisfy the following notable properties:

1. Suppose f, g are measurable functions and ¢ € R, then cf, f + g, fg,|f|, f A
g, [V g are measurable.

2. Suppose {f,};2, is a sequence of measurable functions and lim,_,« f,(x) =
f(x), then f is measurable.

3. Suppose { f,152, is a sequence of measurable functions. Let g(x) = inf{ f,(x)}
and h(x) = sup{ f,(x)}. Then g and h are measurable.

Definition 2.21 The indicator function of a set A C R is the function

1 ifx €A,

Xax) = {o ifx ¢ A

Definition 2.22 A simple function is a function of the form
f=aixa +---+anxs, wherea; € R, A; € Mand u(A;) < oo.

Definition 2.23 The integral of a simple function f = Y|, a; x4, is

/fdM=/RfdM=lZn]:aiM(Ai)-

Definition 2.24 (Integral of nonnegative measurable functions) If f : R — Risa
nonnegative measurable function, then its integral is

/fdu:sup{/gdu : g is a simple function such that 0 < g < f}.

Proposition 2.25 If f, g are nonnegative measurable functions and a > 0, then



80 C. S. Aravinda and V. S. Bhat

/afdl/«:a/fdu, /(f+g)du=/fdu+/gdu-

Moreover, if f < g, then
/fdu < /gdu.

This additivity property will allow us to extend the definition of integration to
functions that change sign.

Definition 2.26 For an extended real-valued function f, define functions

—f(x) if f(x) <0,

e @ it > o,
S = { 0 if £(x) > 0.

0 S =0 f_(x):{

Note that f* and f~ are nonnegative. They are measurable if f is, and f = f+ —
I fl=rr+
Definition 2.27 A measurable function is integrable if [ | f| du < +ooc.

Definition 2.28 If f is an integrable function, its integral is

/fdM=/f+du—/f‘du-

Definition 2.29 The limit supremum of a sequence is the least upper bound of the
set of all subsequential limits of the sequence. That is,

limsupa, := lim (sup{a, : m > n}) = inf (sup am> .
n—o00 n=

n—o0 m=>n

Similarly, we define

liminf @, := lim (inf{a,, : m > n}).

n—oo
Theorem 2.30 (Fundamental convergence theorems) Here, we record the funda-
mental convergence theorems in analysis, that we use in the sequel.

1. (Lebesgue’s dominated convergence theorem) Suppose ( f,)5, is a sequence of
measurable functions and lim f,(x) = f(x), forallx € R, and | f,,(x)| < g(x)
n—o00

foralln € N, x € R where g is an integrable function. Then,
lim f,,du:/fdu.
n—00

2. (Monotone Convergence Theorem) Suppose ( f,)o | is a non-decreasing sequence
of non-negative measurable functions 0< fi<f, < ---. Let f(x)= lim f,(x).
n— 00
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Then,
lim fndMZ/fdM.
n—oQ
3. (Fatou’s Lemma) If (f,)52, is a sequence of nonnegative measurable functions,
then
/liminf fudp < liminf/f,, du.
n—0oQ n— o0
Definition 2.31 Two functions f and g are said to be equal almost everywhere,

written f = g a.e.,if {x : f(x) # g(x)} is a set of measure zero.

Proposition 2.32 If f is a function on a Lebesgue measurable set E and g = f
a.e., then g is Lebesgue measurable if and only if f is Lebesgue measurable.

Definition 2.33 Consider the set of all integrable functions on R. The function space
L' is the set of all equivalence classes of integrable functions on R, where we set
f ~ gif f = g ae. The L' norm is given by

Tl :=f|f| du.

Theorem 2.34 L' is complete, i.e., given a Cauchy sequence { f,}°°, in L', there
exists f € L' such that lim | f, — f|l, = 0.
n—o00

Generalising the L' notion to functions on arbitrary complete measure spaces, we
have the following definition.

Definition 2.35 Let (X, 9, 1) be a complete measure space and f : X —> Rbe a
measurable function, then for each integer p > 1, we say that f € L?(u) if

/Ifl” du < oo.
X

For any such f € L?(u), we may define the L”-norm as

e, = [ an)
/

Identifying the functions whose values agree a.e. allows for defining a metric on the
space L?(u) by means of the L”-norm. We treat L”(w) as the set of equivalence
classes of functions which coincide a.e.. Thus, L? (1) becomes a Banach space for
1 < p < oco. In particular, L?(y1) is a Hilbert space with the inner product defined
by
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(fog) = f Fedp.
X

Definition 2.36 f : X — Ris said to be compactly supported if the closure of the
set of points in X where the value of f is non-zero, is a compact subset of X.

Notation 2.37 We denote the set of all compactly supported (real-valued) continu-
ous functions on X as C.(X).

Theorem 2.38 (Lusin’s Theorem) If X is a locally compact Hausdorff topological
space and if f : X —> R is a measurable function such that f(x) =0, for all x ¢
A C X, where u(A) < oo, then given € > 0, there exists a g € C.(X) so that

px o fx) #g(x)}) <e.
Theorem 2.39 For 1l < p < 0o, C.(X) is dense in LP ().

Definition 2.40 Let (X, 907) be ameasurable space and i, v : X —> [0, 00) be two
measures on 1. We say that p is absolutely continuous with respect to v if A € M
and v(A) = 0 implies (A) = 0. This is denoted as u << v.

Theorem 2.41 (Radon—Nikodym) If (X, 9, v) is a o-finite measure space, then
w << v if and only if there exists a function f € L'(v) such that

u(A) = / fdv forevery A € M.
A

The function f is unique a.e. with respect to v and is written as Z—’v‘, called the
Radon-Nikodym derivative of u w.r.t v.

2.2 Hausdorff Measures

In this subsection, we outline the notion of more general measures called Hausdorff
measures that subsume the Lebesgue measure. It is assumed that (X, d) is a non-
empty metric space. The notion of Hausdorff dimension of a subset A C X arises
from the construction of Hausdorff measures [6].

Definition 2.42 A function i defined on P(X) is called a metric outer measure if
it satisfies the following:

1. u*(A) =0, forall A € P(X);
2. u*(2)=0;
3. (Monotonicity) A} € Ay = u*(A;) < u*(Az);
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4. (Countable subadditivity) if {A,}32, is a countable collection of members of

P(X), then " (fj An) <3 W(A:
=1

n= n=1

5. if Ay, Ay € P(X) withd(A;, Ay) > 0,then u*(A; U Ay) = u*(Ay) + n*(Ay).

A familiar example of such an outer measure is the Lebesgue outer measure
discussed in the earlier sections. Before defining the Hausdorff measure, we remark
that as in the case of R, a subset E of a space X is said to be measurable if

w*(A) = u (ANE) + u*(ANEY), YA € P(X).

The class of measurable sets in X evidently form a o-algebra I3 so that © when
restricted to ‘3, is countably additive and thus a measure in the usual sense. We
henceforth use the usual © notation for the measure.

Definition 2.43 Given a metric space (X, d) and A C X, the diameter of A is given
as 8(A) :=sup{d(x,y) : x,y € A}.

Let (X, d) be a metric space and let «(> 0) € R. Let A C X. Given € > 0, con-
sider

o0 o0
HE(A) = inf iZa(Ak)“ CAC U A, where §(A;) < € Yk},
k=1 k=1

the infimum being taken over all countable covers of the set A whose members
have diameter less than €. Note that if € < ¢, then HS'(A) > Hg(A). Therefore,
liII(l) H_ (A) exists, though it may be infinite, and we write H,(A) = lirr(l) Hy(A).
€—> €—>

Theorem 2.44 For each oo > 0, H, is a metric outer measure on X called the
Hausdorff outer measure of dimension o and when restricted to the o-algebra of
measurable sets, is called the Hausdorff measure of dimension a on X.

Note that if « = 0, then H, is merely, the counting measure.

Theorem 2.45 (i) If H,(A) < oo, then Hg(A) = 0 for B > a.
(ii) If Hy(A) > 0O, then Hg(A) = oo for B < a.
Proof ltisecasy to see that (i) and (ii) are equivalent. Therefore, we prove (i). Suppose

o0
A = |J Ag, with 8§(A;) < €. If B > «, then
k=1

HS(A) <) 8(A0P <€) " s(A0*.
k=1 k=1

That is, HE(A) < e#7“HES(A). Letting € — 0, we see that Hg(A) = 0if Hy(A) <
Q. ([
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As a consequence of the above theorem, for A C X, there exists d € R such that

H,(A) =0 ifm >d,

H,(A) =00 ifm <d.
The d, obtained as above, is called the Hausdorff dimension of the set A, denoted by
Haim (A).

Example 2.46

1. If A is any countable set then, Hy;,, (A) = 0.

2. If X = Rand o = 1, then it is straightforward to check that H, is the Lebesgue
measure.

3. The Cantor ternary set is an example of an uncountable set of zero Lebesgue

measure, as opposed to countable sets which are also of Lebesgue measure zero.
‘ . . . In2
It can be shown that its Hausdorff dimension is 3
n
If X =R", n > 1, then H, is not the same as the Lebesgue measure, but is compa-

rable to it, a fact elucidated in the next theorem.

Theorem 2.47 Let A C R".

1. Then, there exists positive constants C| and C, depending only on the dimension
n such that
CiH,(A) = AM(A) = CLH,(A),

for A C R*, A being the Lebesgue measure on R".
2. Ifa > n, then Hy,(A) = 0, for every A C R".

3 Recurrence and Ergodic Theorems

Let (X, 901, 1) be a measure space. A transformation 7 : X —> X is said to be
a measurable transformation (with respect to w) if the inverse image of every u-
measurable set is pu-measurable. And a pu-measurable transformation 7' of X into
itself is said to be measure preserving if (T~ (E)) = (E) for every u-measurable
subset E of X.

Example 3.1

1. LetX = [0, 1) and A be the Lebesgue measure on X. Letc € X be any point. Then
the transformation 7' : X —> X defined by 7' (x) = x 4+ ¢ (mod1) is measure
preserving.
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2. Let X =[0, 1) and A be the Lebesgue measure on X. Define T : X — X as

2x f0r0§x<%

T(x)=
S P forj <x <1

It can be easily verified that T as defined above is a measure preserving transfor-
mation.

3. Givena = (aj, az, ..., a,) € R" where R" is equipped with the usual Lebesgue
measure. The affine transformation 7' : R” — R" defined as T (x) = x + a is
invertible and measure preserving.

In the context of ergodic theory, a measurable space (X, 91, u) equipped with a
measure preserving transformation 7' constitutes a dynamical system denoted by
(X, M, w, T).

3.1 Recurrence

In the sequel, we assume that (X, 91, u) is a probability space i.e. u(X) = 1. Given
a measure preserving transformation 7 on a measure space (X, 9, w), T is said to
be recurrent if for any given set of positive measure A C X, almost all points of A
return to A after at most finitely many iterations of 7'.

Theorem 3.2 (Poincare recurrence theorem) Let (X, N, w) be a probability space
and T : X —> X be a measure preserving transformation. Given A € I, let Ay be
the set of points x € A such that T" (x) € A for infinitely manyn > 0. Then Ag € MN
and 1(Ag) = p(A).

Proof Let
Co={xeA: T'x) ¢ AVk >n}.

oo
Therefore Ag = A\ | C,. In order to prove the theorem, it is enough to show that

n=1

—_—

C, e Mand
2. u(C,) =0foreveryn > 1.

1. Now, C, = A\ U T—*(A). Since T~*(A) € M for every kK > 1, we see that
k>n

C, eM.
2. Also,

GclJr*w\yr*m

k>0 k>n

= u(Cy) < p (U T—"<A)> —u (U T"‘(A)) :

k>0 k>n
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Now, observe that |J T7%(A) =T [ |J T7*(A) |. Since T is measure pre-
k>n k>0
serving, this implies

2 (U T—"<A>) =n (U T‘WA)) :

k>0 k>n

Therefore u(C,) = 0. U

3.2 Birkhoff Ergodic Theorem and the Notion of Ergodicity

Let (X, 90, ) be a probability space and T : X —> X be a measure preserving
transformation. Let £ € 1. Givenx € X, one would like to ask with what frequency
do the elements of the set {x, Tx, T?x, ...} lie in the set E?

Clearly T'x € E if and only if yz(T'x) = 1; therefore the number of ele-

n—1
ments of {x, Tx, T?x,...,T" 'x}in E is Y xg(T*x) or the relative number of
k=0
n—1

1
e, Tx, ... T"x}in Eis = Y xp (T ).
=0
Around the turn of the century, the work of Boltzmann and Gibbs on statistical

mechanics raised a mathematical problem which can be stated as follows: Given
a measure preserving transformation 7 of a probability space and an integrable
function f : X — R, find conditions under which

o)+ f(Tx)+---+ (T x)
lim

n— 00 n

exists and is constant almost everywhere.

In 1931 [3], Birkhoff proved that for any T and f, the above limit exists almost
everywhere. From this, he concluded that a necessary and sufficient condition for its
value to be constant almost everywhere, is that there exist no set A € 91 such that
0 < n(A) < land T'A = A. As we will see later, the fact that this limit is constant
easily implies that it is equal to the integral of f over X. Transformations 7" which
satisfy this condition are called ergodic and ergodic theory is essentially the study of
such transformations. The Birkhoff Ergodic theorem is the first fundamental result
that sets the tone for much of what follows.

Theorem 3.3 (Birkhoff Ergodic Theorem) Let (X, 9, u) be a probability space
and T : X —> X be a measure preserving transformation. If f € L' () then the
limit

n—oo

1 n—1 N
lim — 3 f(T*() = [0,
k=0
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exists for almost every point x € X, f e L'(u) and fo T = falmost everywhere.

Furthermore,
[ Faw = [ rau.
X X

If f is any measurable function, let g(x) = f(Tx). Since T is measurable, the
function g is measurable so that, writing g(x) = U f (x), the transformation U assigns
to each measurable function f, a measurable function g. Clearly, U is linear and g
is non-negative if f is so. Moreover, we have:

Theorem 3.4 If 1 < p < oo and | fll, denotes the L”-norm of f, then |gll, =
1f1l, for g = Uf.

Proof Let E e Mand f = xg. Then g = Uf = f(Tx) = xr-1(x). Therefore,

lgllh = w(TE) = wE) = |IfIL.

It follows that [lgl|, = || fl, for every non-negative simple function. If f is any
non-negative measurable function, there exists a sequence of simple, non-negative
measurable functions {s, }°2, suchthats, — f,asn — oo, withs; <s, <--- < f.
Now, since t, = U, is also an increasing sequence of simple functions, converging
to g, monotone convergence theorem implies that

lgll, = lim liull, = Tm s, = I71,.

The general case of f now follows by writing f = f™ — f~ and applying the above
conclusion to f and f~ separately. (I

In particular, if f € L?(1) we have showed that g(x) = Uf(x) = f(Tx) is also
in L?(w) and that || gl = |1 fl,. In other words, U is an isometric transformation of
the Hilbert space L?(w) into itself.

If, in addition, T isinvertible (i.e., there exists a measure preserving transformation
S : X —> X such that ST = TS = Idy) and if V is the isometric transformation
in L2 () corresponding to its inverse, then UV = VU is the identity transformation
in L?(1). Therefore, the range of V is the whole of L?(u); in other words, U is a
unitary transformation in L*(w) and V is its inverse. Thus, an invertible measure
preserving transformation on a measure space (X, i) induces an invertible unitary
transformation in the Hilbert space L?(i1).

Therefore, in so far as it concerns functions f € L?(u), the existence of the limit
of the averages is reduced to the problem of existence of the limit as n — oo of

n—1
% Z U* f(x), where U is an isometric transformation in the Hilbert space L%(u).

k=0
Precisely, this convergence, known as the mean ergodic theorem, was proven by J.

von Neumann in 1932 [13].
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Theorem 3.5 (Mean ergodic theorem) If U is an isometric transformation in an
arbitrary Hilbert space H and if P is the orthogonal projection on the closed linear

n—1
1
subspace of all f € H satisfying Uf = f, then — Z U* f converges in norm as
n
k=0
n—ooto Pf forall f € H.

We will skip a proof of this and prove the more general Birkhoff ergodic theorem
(BET, for short). We prove the first part of the BET and prove the more general L?
version of the second part as a corollary. The key step in the proof of BET is itself a
useful lemma known as the Maximal ergodic theorem.

Lemma 3.6 (Maximal ergodic theorem) Given f € L'(w), put
n—1 .
E(f) = {x t max (kg(;f(T x)) > 0}.
Then fE(f) fdu=>0.

Proof Define

Jo:=0,
In 3=f+f0T+foT2+..._|_foTn—1
= f+Uf+Uf+---+ U]

Let F, = max f;. Therefore
0<k=<n

E(f)=Jtx : Fx)>0=JE
n—1 n—1

Clearly, F, € L'(n) and, for 0 < k < n, we have F, > fi. Therefore U F,, > U f;
because U : L'(u) —> L'(u)is apositive linear operator (i.e., f > Oimplies Uf >
0) and hence,

UF,+ f>2Ufc+ f = finr-

In other words,

UF,+ f > 1m]f\ux fi(x) = Om]flx fx(x) = F,(x) when F,(x) > O.
<k=n <k=<n

Thatis, f > F, —UF, on{x : F,(x) > 0} = E,. Therefore,
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The second equality above holds because F,, =0 on X \ E,, the third inequality
holds because F,, > 0implies U F;,, > 0 and the last equality holds because | U || = 1.
Finally, since £ € E; C ---, we have that E, — E(f) and we are done. O

Corollary 3.7 If A C E(f), A€ Mand T™'A = A, then,
/ fdu=0.
A

Proof Since T™'A = A, we see that E(fx4) = A. Therefore, the lemma above
impliesOffE(fXA)fXAd,u=fAf)(Ad,u=fAfd,u. O

Theorem 3.8 Let (X, M, w) be a probability space and T : X —> X be a measure
preserving transformation. If f € L'(w), then the limit

n—1

1
lim — Tk
Jfim oy 2 S0

exists for almost every point x € X.

Proof Foreach o, B € Rwitha < 8, let

n—1 n—1
1 1
Ey,p = {xe€X : liminf — (T*x) <a < B < limsup — (T*x) ¢ .
B minf ;:O f p msup kE:O f

Clearly, E, g € 9. We will show that £ (E, g) = 0 for each &, B. This would imply
that (J E,,, s> where @, B € Rsuch that @ < $, has measure zero and hence the limit

exists almost everywhere.
n—1 n—1

Put f*(x) = sup ! Z F(T*x) and f.(x) = inf ~ Z F(T*x). Therefore,
k=0 "=

n>1 n

Eqp Clx @ f*0) > By ={x : (f* =B)(x) >0} = E(f - B)
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and Ey g C {x : fi(x) <}
We first show that E, g is T -invariant. That is, we show that T (Eqp) = Eq .

— fx)

1
an+1(x) — a,(Tx) = ——. Therefore,
n

Leta,(x) = Z f(Tkx) Then

k 0

1
lim sup(a,+1(x) + a,,+1(x) —a,(Tx)) = limsup f(x).
n—oo n— o0

This implies that lim sup(an+1(x) —a,(Tx)) =0. That is, limsup(a,+;(x)) =
n—oo
lim sup(a, (T x)). Slmllarly, hm 1nf (a1 (x)) = hm 1nf (a,(Tx)).

n—oo

Therefore, T~ (Ey 5) = Eq,

By Corollary 3.7, we get ‘/‘Eaﬂ(f —B)du > 0or fEM fdu > Bu(Eqp). Now
EypClx @ fix) <a}={x: —fi>—-a}={x : (=f)" > —a}.

Therefore, by the maximal ergodic theorem 3.6, f Ea. ( fdu > —au(Eyp) or

Je,, £ < ap(Eap). Thus, Bu(Eap) < [ fdu < < ap(Eup).
But o < B. Therefore, the above inequality holds only if u(Eq g) = 0. (]

Corollary 3.9 (i) If f € LP(u), 1 < p < o0, the function f defined by,

fx) = lim - Zf(T"X)

n—o0o n

is in LP(u) and satisfies

n—1

f——ZfoT"

k=0

lim
n—oo

=0.

(i) f(Tx)=fx).
(iii) For f € LP(w), [y fdpn= [y fdu.
Proof (i) Since X is a probability space, u(X) = 1. Therefore, f € L'(w) and f (x)

n—1

~ 1
makes sense. Moreover, | f| € L'(u) and }f(x)} < lim — Z |f(Tkx)| for a.e. x
n—oon
k=0

n—1 P
(this limit exists since | f| € L'(1)). Thatis, | f(x)|” < lim (l Z } f(Tkx)}) .
n—00 n =0

Since ]ﬂp >0,
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~ ~ ln 1
I = [ 17 = [ g (—Zlf(Tkx)|>
X X k=0

1 k
/ lim inf (n SOl x)|)

=
< liminf/ (— Z |f(Tkx)|> d . (Fatou’s Lemma)
X\

n—0o0

Now
1 n—1 P 1 n—1
/X (; > }f(Tkx)}) du = H; Do |rat
k=0 =0
n—1
( Z | (0] )

=

= (— Z ||f||p> (T* is measure preserving)
"=

= IfI5.

Therefore

n—oo

n—1 r
1717 <hmmff (%Z}f(Tkx)}) dp < liminf || £]15 = | 115 < oo,
k=0

since f € L?(u). Therefore fe LP(p). O

Definition 3.10 (Convergence in the L?-norm) Consider the case f € L*(w), i.e.,

sup | f(x)| < oo a.e. Clearly, f € Ll(,u) and the sequence of functions
xeX

‘ n—1 I3

~ 1
F==2 (T

k=0

converges to 0 a.e. Moreover,

n—1

n—1
[Fw] < lim ZIf(T"x)I < lim — anuoo = I fll -
k:O

Therefore,
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p
< (211flloo)? = constant.

N 1nfl .
f) - ggm x)

—1
15 k
=191t 2|77
< ||f||oo+nk_OHfo N

Hence by dominated Convergence theorem,

/ ‘f——Zf(Tkx) du — 0 -ae.
1 n—1
That is, for f € L”(n), lim |f— =" foT*| =0.Now,let f € L”(u) and
n—oo n
k=0
let ¢ > 0. There is an fy € L*°(w) such that || f — f0||p < ¢/3 and there exists an
N 1 n—1 )
N > 0 such that fo——ZfooT <e¢/3forn > N.
o »
Then,
n—1
||f — =Y f(Thx)
" =0 »
1 n—1 n—1
<|7=5hl, + |fo—= 2 HTD| + Z(fo - (T
k=0 "o

p

e~

Now, f— fg = f — fo and hence,

I7=7l, = |7=5] =nr-sl, <3

and

n—1

Z Ifo=£l, = llfo— £l

L»)I(‘o

n—1
” Z(fo—f)(T"X)

Therefore, forn > N,

n—1
Hf - - Zf(T"X) < e
P
which implies that
lim | f — —Zf(Tkx) = 0.
n—oo
k=0
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We now prove the remainder of the statements in Corollary 3.9.

(ii)

n—1
~ 1
f(Tx) = lim =" f(T(Tx))
n—-oon =0
1 . 1
= lim (=) f(T*x) = = f(x)
n—oo \ n o n
_on+1 1 ‘ .1
. 1O A
_nlgrolonHZf(T x)
k=0
= f(x).
1 n—1
(iii) If f € L?(w), note that by (ii), the sequence — Z f(Tkx) converges to f in
n
k=0

L'(n). Hence,

n—l n—1
~ 1 1
/fduz lim — § :/ f(T*x)du = lim — § :/ fduzf fdu.
X n—-oon =0 X n—-oon =0 X X

O
In Birkhoff Ergodic Theorem, suppose the limit f(x) = ¢, where c is a constant.
Then,
[ rau= [ Fan=cucx.
X X
That is,

~ 1
C=f(x)=m/)(fdli-
In other words, we see that
lim lnif(Tkx) = Lf fdu.
e n(X) Jx

The left hand side is the time average of f and the right hand side is the space average
of f. This is what the physicists call the ergodic hypothesis, (the equality of the time
and space averages of f').
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Proposition 3.11 Let T be an invertible measure preserving transformation of
X, f e L'() and let

n—1

1 14
S@) = =Y fT S = =Y f(T ),
k=0

k=0

Then, f+ = lim f;fand f~ = lim f; exi r re, i.e.
jlen, f~ Jlim Sf,oand f Jim. [~ exist and are equal almost everywhere, i.e.,
fr=7f -ae

Proof We first observe that

2

N—-1
fJoT*N*‘)(x):%Zf(r’%r“v*”x)) = Ly yat = fy @)
k=0

~
Il
=}

Also, since f,'y';o T = fN and fN oT! fN,we get fN oT! fN and hence,
ff o T™% = fy forall k € N. Therefore,

~ ~ 1 n—1
f,\J,r(x) = f]j o T—(N—l)(x) — nlingo - Zf;\f(Tk(T_(N_')x))

= lim —Zﬁ T~ N=D(T*y)

n—>o0o n

= lim — Z f (T*x)

= f}v (x).
Hence f* =lim,_ ﬁ* = lim fn_ = f ~ (this holds because, f, — f implies
n—oo
Jn = 1) O
Definition 3.12

1. A measurable flow in a measure space (X, 9, u)isamapt : X x R — X that
satisfies the following two conditions:

(a) T is measurable with respect to the product measure i x A on X x R and
the measure u on X. Here, A is the Lebesgue measure on R.

(b) Fort € R, the maps t;(x) := 7(x, t) form a one-parameter group of transfor-
mations of X to itself with ty = identity on X and 7,4y = 7, o 7y forz, s € R.

2. A measurable flow 7, is measure preserving or is p-invariant if u(t,A) = u(A)
for every t € R and every A € 9.

Remark 3.13 If 7, is a measure preserving flow on a finite measure space (X, 901, )
and if f € L'(u), then the limits
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1 (7 1 7
fT = lim —/ f(x)dt and f~ = lim —/ fr_x)dt
0 T—oo T Jo

T—oo T

exist and are equal for u - a.e x.

Proof Let F(x) = fol f(zx)dt. Since f and t are measurable, fot(x,t) =

f (7;x) is measurable and by Fubini theorem F(x) = fol f(7;x) dt is p-measurable
and isin L'(u) since f € L'(w).
Now

n—>o0o n

n—1
I 1
lim =~ [ fgx)de= lim -~ F(zf(x))

(where 71(x) = t(x, 1) : X x R — X) exists for u a.e. x by Birkhoff ergodic theo-
rem.
Let

n—1
~ 1 1 ("
f(x) = lim —ZF(‘L'lk(x)) = lim —/ f(tx)dr.
n—-oon =0 n—oon Jo
IfreR, t >0issuchthatn <t <n+ 1forn € NU {0}, then

/tf(ftx)df — /” f(mx)dt
0 0

/ f(rx)dt
nn+1
/ f(r:x)dt

n+1
< / \f (o) d

=

1
=/0 | f(z] o1y (x))| dt
1
= [ @i ar
0

where the last equality follows from Theorem 3.4.
Since

1 1
—/ | f(r;x)| dt — 0 as n — oo,
nJo

we have

1 1
- < - — 0 as n — oo.
t n

/, Sfux)dt /t f(rx)dt

Since t — oo as n — oo, we have

1 1
;/ f(rx)dt — 0 as t — oo,
n
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and hence L
n / f(rx)dt — f(x) as t — oo.
0
Now the remark follows by virtue of the preceding Proposition 3.11. ]
Definition 3.14

1. Let (X, 2, 1) be a probability space. If A € 9t and T is a measure preserving
transformation of X, then A is said to be T -invariant if w(T"'AAA) = 0. A is
said to be strictly T-invariant if 7~'A = A.

2. Ameasurable function f : X—>Ris T-invariantif u {x : f(Tx)Zf(x)}) =0.
f is strictly T-invariant if f(Tx) = f(x) for all x.

The next two observations seek to bridge the divide between T -invariant and strictly
T -invariant sets (or functions).

Lemma 3.15

1. If A € M is a T-invariant set, then there is a strictly T-invariant set Ao such
that 1t (Acc) = i (A). ]
2. If f is a T -invariant function, then there is a strictly T -invariant function f such

that f(x) = f(x) -a.e.
Proof
1. Let

o0 o0
A = ﬂUT’iA.

n=0i=n

It is easy to check that A, € 9N, T Ay = Ag and U (Ax) = n(A).
2. Let
Ay = {x : f(T*x) = f(x) for some k € N}.

Clearly, A s has measure 1, since theset {x : f(Tx) = f(x)}iscontainedin A .
Let

- (v) ify=T"x) e A, forsome k € N

fwy = O I

0 otherwise.

It is easy to see that f is well-defined, strictly T-invariant and f = f-a.e. (]

Let us find out the conditions under which the limit f (x) in the ergodic theorem is
constant a.e. for every f € L'(u).

Suppose f(x) —=constant -a.e. for every f € L'(u). Let A € 90 be a strictly T-
invariant set and let y 4 be the characteristic function of A.

The ergodic theorem for x4 implies [, Xadi = [, xa dpn = n(A). Now
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n—1

~ T - k
Fato) = lim kX:(;qu x).

Since A=T7'A, Tx € Aifandonlyif x € T™'A = A or T*x € A if and only if
x € T"FA = A for k € N. Therefore,

=) 1 ifxeA

X) =
x4 0 ifx¢A.
By assumption, ¥4 (x) =constant -a.e. Therefore, X4 = 0 or 1 -a.e. This implies
w(A) = 0 or 1. That is, every T -invariant set has measure either O or 1.

Now, suppose on the contrary that if A € 90U is T-invariant then ©(A) =0 or
L. Let f € L'(w) and let f(x) be the limit as in the ergodic theorem. By ergodic
theorem, f o T = f -a.e. on X.

Let k k+1
Alk,n) = {x P oy S ~(x)<2Ln} for ke Z, neN.
Now - -
T (Ak,n)AA(k,n) C{x @ foT(x)# f)}.
Therefore,

w(T~'(Atk,n)AA(k,n)) =0

and hence, A(k, n) is a T-invariant set and therefore (A (k,n)) =0 or 1.

Now, for a fixedn € N, |J A(k, n) = X is a disjoint union. Therefore, for each
keZ
n € N, there exists a unique k,, € Z such that u(A(k,,n)) = 1.
o0

LetY = () A(ky, n). Then pu(Y) = 1 (because u(¥Y<) = 0). Since fis constant

n=1

onY and u(¥Y) =1, fis constant a.e on X.

Definition 3.16 A measure preserving transformation 7 : X — X, where (X,
N, ) is a probability measure space, is said to be ergodic if for every set A € M
which is T-invariant, one has (A) =0 or 1.

Indeed we have shown that a measure preserving transformation 7 is ergodic if
and only if every T-invariant function f is constant a.e. on X.

Proposition 3.17 Let (X, M, w) be a second countable probability measure space
such that every non-empty open subset of X has positive measure. If T : X — X
is an ergodic transformation then

pL({x : {T”x : ninsdenseinX}})zl.

That is, almost all points in X have dense orbits.
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Proof Let {U,}°2, be a basis for X. Let

n=1

Y = {x : {T”x : ninsdenseinX}}.

oo
Clearly x ¢ Y if and only if there is a basic open set Uy such that x € [ (X \

n=0
T7"(Uy)) = P,say.Itiseasytoseethat P C T-'(P).Since T is measure preserving
and P € M, u(T~'P) = u(P). Therefore, T~'P = P (mod 0) and hence, P is
T -invariant. Also U, N P = & and since (Uy) > 0, we must have ;£ (P) = 0, which
implies w(P¢) = 1. Ergo, P¢ consists of points x whose T -orbits are dense in X. []

Example 3.18 Let X = [0, 1) be equipped with the Lebesgue measure. If ¢ € R,
the map 7, : X —> X defined by

T.(x) = x+c¢ (mod 1) = {x +c} ie., fractional part of x + c.

It is clear that 7, preserves the Lebesgue measure, and it is easy to see that if ¢ € Q,
then T, is periodic and all orbits are finite having same cardinality. Therefore, T, is
not ergodic when c is rational.

Example 3.19 If X is the circle S = {eC : |z| =1} with the normalised Lebesgue
measure, then 7 : 5 — S defined as 7'(z) = az is measure preserving, as can be
easily verified. Then T is ergodic iff a is not a root of unity. For, suppose a is a root
of unity, i.e., a? = 1 for some p # 0. Then f(z) = z”.Clearly f o T = f,but f is
not constant a.e. Therefore, T is not ergodic.

o0
Conversely, suppose a is not a root of unity and let f(z) = > b,z" be its

n=—0oo

o0 o0
Fourier expansion. Now, foT = f implies Y b,a"z" = > b,7". Hence,
n=—0oo n=—o00
b,(a" — 1) =0. As a" # 1, for any n # 0, we must have b, = 0 for all n # 0.
Consequently, it follows that f is constant a.e. and that T is ergodic. Alternatively,
if a = ™" then T is ergodic whenever c is irrational.

4 Geodesic Flows on Closed Surfaces

Let M be a compact or, more generally, a complete, smooth manifold endowed with
a Riemannian metric g, and let SM denote the associated unit tangent bundle. That
is,

SM = {(x,v) : x € M, visaunit tangent vector to M at x}.

For each ¢ € R, consider the transformation ¢’ : SM —> SM defined as follows:
Given (x,v) € SM, let y, be the unique geodesic in M passing through the point
x € M and with v as its tangent vector at x. Since M is a manifold which is complete,
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¥p 1s defined on all of R. Moreover, given any two points p, g € M there exists a
geodesic joining p and ¢ that realises the distance between them. Now set

P'(x,v) = (@), ¥, ). @)

Itis easy to verify that ¢’ as defined above forall r € R constitutes a 1-parameter group
of transformations, called the geodesic flow, and satisfies the following properties:

L. ¢'0¢* =¢'™ = ¢ = ¢* 0 ¢ and ¢° = 1d|su.

2. ¢' is measure preserving where the measure under consideration is the Liouville
measure given locally by the product of the Riemannian volume [form] on M,
(i.e., y/det(g;;) dx; A --- Adx,) - also called the Riemannian measure and the
usual Lebesgue measure on the unit sphere.

It would be illuminating to look at a simple example of the geodesic flow.

Example 4.1 Suppose M = G2, the unit 2-sphere, then M admits a metric of con-
stant positive curvature. Since all of its geodesics are great circles, it means that every
orbit of the geodesic flow is periodic, and is therefore not ergodic.

Following up on the previous example, the question of ergodicity of the geodesic
flow on closed surfaces of constant negative curvature is treated in the sequel.

The Gauss-Bonnet theorem suggests that a compact Riemann surface with genus
> 2 admits a Riemannian metric of constant negative curvature.

We shall initially see how to define such a metric on these surfaces. The uni-
versal cover of the surface is, in fact, the upper half plane H2, where H? =

Vdx? + dy?

y
ric of constant negative curvature, called the hyperbolic metric. Therefore, we first
discuss the geometry of the upper half plane.

{z € C : Im(z) > 0}, equipped with the metric ds = , which is a met-

4.1 Isometries and Geodesics of H?

Let y : I — H? be a piecewise differentiable path parametrised as
y@®) = {zt) = x() +iy(t) e H* : t € I}, where I =10, 1].

Then, the hyperbolic length /() of the path is given by

L] dx d |
I(y) = /wd; = / j_; dt. 3)
) y(#®) , y(@®)
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The hyperbolic distance p;,(z, w) between any two points z, w € H? is given as
on(z, w) = infl(y), where the infimum is taken over all piecewise differentiable
paths y joining z and w in H.

A natural question is to look at the isometries of H?; i.e., transformations on H?
preserving the hyperbolic distance p;, defined above. This leads us to a particular
group of matrices denoted as PSL(2, R).

In order to place the elements in PSL(2, R), we first look at the group of matrices
SL(2, R) consisting of all 2 x 2 real matrices of the form

g = (ccz Z) where det(g) = 1. €]

Quite clearly, the above group of matrices assumes a correspondence with the group
of all fractional linear transformations of C onto itself of the form

{z.—> D i —be=1; abcd e [R}

cz+d
with the product of two such transformations being equivalent to the product of
two corresponding matrices in SL(2, R) and the inverse of a given transformation
corresponding to the inverse matrix.

However the correspondence is not 1-1, rather any such fractional linear trans-
formation is represented by a pair of matrices +g. Ergo, the group of all frac-
tional linear transformations, henceforth identified with PSL(2, R), is isomorphic
to SL(2, R)/ &£ I, where I is the 2 x 2 identity matrix. The corresponding identity
transformation in PSL(2, R) will be denoted by /d.

Remark 4.2 Note that PSL(2, R) contains all fractional linear transformations of the

form z — ‘ZfIZ’ where ad — bc = A > 0, as dividing the numerator and denom-

inator by ~/ A gives a new matrix of determinant 1, but resulting in the same trans-
formation on H2. In particular, PSL(2, R) contains transformations of the form

-1
z+—>az+b, a,b € R, a > 0 and those of the form z —> —.
Z

Remark 4.3 PSL(2, R) acts on H?> by homeomorphisms. In fact, PSL(2, R) C
Isom(H?), the group of all isometries of H? (i.e., transformations of H? onto itself
preserving the hyperbolic distance on H?).
az+b
cz+

b
itself. Given any T € PSL(2, R), let w = T'(z) = “*2_ Then,
cz+d

on C maps H? onto

Proof Firstly, any transformation of the form z —>

(az+b)(cz+d)  ac |z|* + adz + bez + bd
lez +d|? lez +d|? '

Hence, the imaginary part Im(w) of w is,
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Im(w) = w—w 77—z _ Im(z)
2i 2i |cz +d? lez +d)?*

Therefore, Im(z) > 0 <= Im(w) > 0. As T is continuous and its inverse exists,
we conclude that T is a homeomorphism of H? onto itself.

To show that T e PSL(2, R) is an isometry of H? onto itself, we show that if y :
I — H? is a piecewise differentiable path in H?, then I (T (y)) = I(y). Therefore,
suppose y := z(t) = x(t) +iy(¢), and T (y) is given by w(t) = T (z(¢)) = u(t) +
iv(t). Now

dw  al(cz+d)—claz+b) 1
dz (cz+d)? (x4 d)?
. y v
Since v = — s, we have |— | = —. Therefore,
lcz +d| z y
1 1
ka | %
I(T = di / dt
(T(y)) / o (1)
0 0
‘ %]
= dt = l(y)
/ v(t) /y(t)
0 0

O

It is a fact that isometries take geodesics to geodesics and hence any transformation
in PSL(2, R) maps geodesics to geodesics. We now determine the geodesics on the
hyperbolic plane.

Theorem 4.4 The geodesics in H are semicircles and straight lines orthogonal to
the real axis.

Proof Letz;, z, € H?. First suppose z; = ia and z, = ib with b > a which are two
points on the imaginary axis. If y : [0, 1] —> H? is any path joining ia to ib, with
y(t) = x(t) + iy(t), then

V@G
0/ y(®) /

0

y

dt>/—>ln—
y(@)

Itis easy to verify that the equality in the above expression is realised by the hyperbolic

I(y) =

length of the segment of the y-axis joining ia to ib which is of length In — and hence
a

the geodesic joining the points ia and i b is the segment of the imaginary axis between
them.

If 71, 2o € H? are arbitrary, let L be the unique Euclidean semi-circle or straight
line orthogonal to the real axis passing through z; and z;, then there exists



102 C. S. Aravinda and V. S. Bhat

a transformation in PSL(2, R) which maps L into the imaginary axis. The trans-

takes a to oo and b to

formation T'(z) =

(> 0), and the transformation

S(Z)=Z—b—=z—ctakesootoooandctoO.Thus,
—a

1 —c 0-—1 —c —1—ac
S°T:<o 1) <l—a> - (1 —a )
is the transformation in PSL(2, R) that takes (a, b) to (00, 0). Since each element of

PSL(2, R) is an isometry of H?> and segments of the imaginary axis are geodesics,
we conclude that the geodesic joining z; and z; is the segment of L joining them. []

Since PSL(2, R) acts by isometries on H2, it acts on the unit tangent bundle S H2
as

1
8(z,¢) =(gz), D.g(¥)) = (g(Z), m) ,
where z € M2, ¢ € T.H such that ||¢]| = 1 and g = (‘Cl 2) € PSL(2, R).

Lemma 4.5 The action of PSL(2, R) on SH? is transitive and free, i.e., all isotropy
groups are trivial.

Proof Let zp =i and ¢y be the unit tangent vector at zy pointing in the positive
direction of the imaginary axis. Let (z, ¢) € SH? and o be the positive imaginary
half axis starting from z. Let L be the unique geodesic determined by (z, {).Let g €
PSL(2, R) be the transformation taking o to L, i.e., g(0) = L, with g(z9) = z. Since
transformations of PSL(2, R) have positive determinant, they preserve orientation
and hence the condition that D, g (&) = ¢ forces g to be unique; we will, therefore,
denote it by g... ([

Remark 4.6 In the above lemma, taking (z, ) € S H? to 8zc € PSL(2,R), setsupa
bijection F between SH? and PSL(2, R), and is easily seen to be a diffeomorphism.

Letzp = i and ¢( be as in the proof of Lemma 4.5. Given an arbitrary (z, ¢) € SH?,
let g;; be the unique element of PSL(2, R) (which exists by virtue of the lemma)
that takes (2o, ¢o) to (z, ¢) in SH?. The uniqueness of the element g, shows that
the diffeomorphism F intertwines the action of PSL(2, R) on SH? with the left
multiplication in the group. That is,

8((z,8)) = g - gx Vg € PSL(2, R).

Proposition 4.7 The geodesic flow on SH? corresponds to the flow on the group
PSL(2, R) given by the right translation
) vVt € R.

o O.
oL ©

g+ g &, where gt:(
e
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Proof Ttis clearthat ¢’ (z9, o) = g:(20, £o), Where ¢’ is the geodesic flow. Therefore,
for (z,¢) € SH?,

9" (2. 8) = ¢ (820(z0, £0)) = 8z¢ (9" (20, £0)) = &z¢ (81(20, £0)) = 8z¢ 8-

The second equality is a result of the fact that the action of PSL(2, R) on H? is
by isometries, and hence takes geodesics to geodesics as described in the proof of
Lemma 4.5. O

Let ¥ be a compact Riemann surface of genus g > 2. Then X has H? as its
universal cover, i.e., if ' = m;(X), the fundamental group of X, then I acts freely and
discontinuously on H? by deck transformations. Consequently, I" can be identified
with a discrete subgroup of PSL(2, R) such that the quotient space ¥ = H?/T is
compact. Further ¥ is a Riemannian manifold with constant negative curvature — 1
with respect to the metric induced from H? via the quotient map. The pictures in this
page roughly serve to illustrate this procedure.

Proposition 4.8 The identification of SH* with PSL(2, R) induces an identification
S ([Hz/ 1") = I'\PSL(2, R). The geodesic flow on S corresponds to the flow

I'\PSL(2,R) —> I'\PSL(2,R), T'g+—> I'gg,,

where g, = <602 02,>
e

Proof Since (z, {) —> g, intertwines the action of PSL(2, R), the proof follows
from the previous proposition and is left as an exercise to the reader. (]

4.2 Hopf’s Proof of Ergodicity

In this section, we sketch a proof of the ergodicity of the geodesic flow g, on I'\
PSL(2, R) that was originally presented by E. Hopf [9]. In this context, we introduce
the notion of horocycles, some of whose illustrative examples are the lines parallel
to the x-axis in H?. As we shall soon discover, horocycles have a very special role
in the study of the dynamics of the geodesic flow.

Lines parallel to the x-axis can also be viewed as orbits of points in H? under the
action of the 1-parameter subgroup of PSL(2, R) consisting of matrices of the form
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Fig. 1 Geodesic and horocycle flows

H;f = ((1) i), that is, transformations of the form z —— z + s. Being orthogonal to

the lines parallel to the y-axis in H?, it turns out that their images, under a typical
element of PSL(2, R) taking oo to a point x on the x-axis, are the Euclidean circles
in H? tangent to the x-axis at the point x.

Moving a step further, and using the identification of PSL(2, R) with § H2, we see
that the 1-parameter subgroup H;“, of PSL(2, R), defines a measure preserving flow

rl
of PSL(2, R) also defines a measure preserving flow on SH?. The flow H is termed
the stable horocycle flow while H~ is termed the unstable horocycle flow.

The next figure serves to illustrate the orbits of a vector v € SH? under the dynam-
ics of the two horocycle flows, in relation to the geodesic flow.

The two horocycle flows determine vector fields on SH? which are linearly inde-
pendent, i.e., at any given point of SH”, the tangent vectors of the corresponding
vector fields are linearly independent and hence, together with the tangent vector
given by geodesic flow vector field, span the tangent space to SH? at that point.

on SH2. In a similar fashion, we observe that the 1-parameter subgroup H,~ = <1 O)

4.2.1 A Historical Interlude

Eberhard Hopf exploited the interrelation between the stable and unstable horocycle
flows and the geodesic flow in his proof. Historically it was G.A. Hedlund [7] who,
in 1934, first proved that the geodesic flow on closed surfaces of constant negative
curvature is ergodic (which was called metric transitivity at that time). In 1936, E.
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Hopf gave another proof of ergodicity in the case considered by Hedlund. Hedlund
was also the first to recognize the importance of the close relationship between horo-
cycle and geodesic flows. Later, in 1939, Hedlund proved [8] stronger properties (like
mixing) for geodesic flow on surfaces of finite area and constant negative curvature.
Erogdicity was extended to arbitrary dimensions for manifolds of constant negative
curvature by Hopf in 1939. In the same paper [9], Hopf also proved that the geodesic
flow is ergodic for a surface of finite area and of variable negative curvature under the
restriction that the curvature and its first derivatives are bounded in absolute value
(Fig.1).

Gelfand and Fomin, in 1952 [5], provided the next impetus by proving the stronger
property of mixing for the case of manifolds of higher dimension and constant nega-
tive curvature. Their approach and method was generalised by Mautner in 1957 [11]
to prove ergodicity of the geodesic flow on locally symmetric spaces of negative
curvature and arbitrary dimensions.

However the question remained open in the case of variable curvature in arbitrary
dimension until 1960s when the work of Anosov and Sinai [2] led Anosov to prove
ergodicity for closed manifolds of negative curvature and arbitrary dimension [1].
The approach adopted in the work of Anosov and Sinai enabled Anosov to overcome
the difficulty faced by Hopf, and Anosov proved ergodicity for manifolds of finite
volume and variable negative curvature under exactly the same hypothesis considered
by Hopf in 1939 [9], namely when the covariant derivative of the curvature tensor is
bounded in absolute value.

Remark 4.9 For manifolds of finite volume and variable negative curvature without
the boundedness assumption on the first derivatives of curvature, to the best of our
knowledge, the question of ergodicity is still an outstanding open problem (even for
surfaces!).

Resuming the sketch of Hopf’s proof, let f : S¥ — R be a continuous function
with compact support where X is a surface of genus g > 2 with the hyperbolic metric.
Note that as a consequence of Theorem 2.39, it suffices to consider continuous
functions with compact support. We will show that f is constant a.e. when f is
g-invariant.

For the three smooth flows g,, H and H~ on PSL(2, R), a routine computation
shows that
H'g, = gH' and H g = gH_,,.

p
From this, it follows that
f(xHg) = f(xg:HYL) and f(xH g) = f(xgH,,).
Uniform continuity of f then implies that
lim (f(eHg) = f(xg)) = lim (f(xgHE) = flxgn) = 0

and
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lim (f(xH7g) = f(xg)) = lim (f(xgHo,) = flxg)) = 0.

Therefore,
.1 .
lim = f (fxg) = f(Hgn) di = 0.
0
Similarly,
o B
lim — [ (f(xg-) — f(xH g-0)) di = 0.
T—>00 T
0

With the notation introduced in an earlier remark in this chapter, we note that
Frx H:) and F(x H) exist whenever F*(x) and f~(x) exist. Further, we con-
clude from the above that £ (x) = f(x H)and o) =f«& H"),and are equal
a.e.

Let xo € SX. We will construct an open neighbourhood of x( as follows. Let
31, 82, 63 > 0 be sufficiently small. Construct a smooth curve ys, (xo) through xy by
defining

ys,(x0) = {xoH : |rl <81}
and then construct an open smooth surface o5, 5, (xo) by defining

05,.6,(x0) = {xoH, g : |r] <&y, t] < &}

U (v G0)) g

It]<8,

Finally, construct an open neighbourhood Uy, s, 5, (x0) by

U51’52,53(x0) = U (0'61,52()C())) Hj

|s]<d3

It follows from the smoothness of the corresponding vector fields that for sufficiently
small §;, §,, 83, the surfaces (051,52 (xo)) H" are disjoint for distinct s with |s| < &3
and for the point

x = xoH g HS € Us .z, (x0),

the numbers r, ¢, s are smooth coordinates in Us, s, s,(Xo). In fact, as x( varies over
a compact set on S, all of §;, 62, §3 can be chosen to be independent of xy. Now,
the Liouville measure on S induces conditional measures on each of the surfaces
(05,,,;2 (xo)) H:, for all s and invoking Fubini’s theorem shows that for a.e. y €
03,.5, (x0) (withrespect to the induced conditional measure), one has f T(y) = f~ ~(y);
and this holds for x( a.e. in SX(with respect to u).
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We will now show that fN(x) is constant for x (= xo H,~ g; Hj) a.e. in U, 5,5, (x0).

To this end, let

~

U = {x € Us, 5,.5,(x0) : f*(x) exists and

fory = xoH, g € 05,5,(x0), f (y) = f‘(y)}.

Since the vector fields are smooth, it follows from Fubini’s theorem that U has
full measure in Uy, s, 5,(xo0). Further, if x,x, € U, with x; = xoN, g, N;" and
Xy = on,;glzN;;, and if y1, ¥, 71, 22 denote xoN; 8, XoN,, 8, XN, and xoN,,
respectively, then we have,

f*(xo:f*(yl) = Jf(yl) = jf(zl) -~
=f () = f) = ffO) = frx).

Thus f is constant in U, i.e., f is constant a.e. in Us, 5,5, (x0), which proves the
ergodicity of g;.
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Symbolic Dynamics )

Check for
updates

Siddhartha Bhattacharya

1 Introduction

In this chapter, we will study a class of topological dynamical systems known as
symbolic dynamical systems. These systems play an important role in coding theory,
combinatorial dynamics and theory of cellular automata. In Sect. 2, we introduce the
basic concepts associated with such systems. In Sect. 3, we introduce the notion of
entropy. In Sect. 4, we compute the measure theoretic entropy of Bernoulli shifts. In
Sect.5, we consider a class of symbolic dynamical systems related to tiling spaces,
and prove a result due to M. Szegedy that asserts that any translational tiling of Z¢
by a finite set F is periodic when |F'| is prime. The last section is devoted to an
algebraic dynamical system known as 3-dot system. Using the concept of directional
homoclinic groups we show that Z?-actions on symbolic spaces can exhibit strong
rigidity property.

2 Basic Concepts

In this section, we review some basic concepts of symbolic dynamics (see [5] for a
comprehensive introduction).

Definition 2.1 Let G be a discrete group.

1. A topological G-space is a compact topological space X together with a contin-
uous action o of G on X. In other words, o is a continuous map from G x X to
X that satisfies the properties of a group action.
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Notation 2.2 For any g € G, the map x — g - x = o (g, x) will be denoted by
o(8)-

2. If (X, 0) and (Y, p) are topological G-spaces, amap f : X —> Y is said to be
G-equivariant if f oo (g) = p(g)o f forall g € G.

3. A topological G-space (Y, p) is said to be a factor of a topological G-space
(X, o) if there exists a surjective G-equivariant map from X to Y.

4. Two topological G-spaces (X, o) and (Y, p) are topologically conjugate if there
exists a G-equivariant homeomorphism from X to Y.

Let A ={l,...,k} be a finite set and let AZ be the set of all functions from Z to
A. The set Y = A” can also be viewed as the collection of all bi-infinite sequences
taking values in A. Forany a € A%, {a;};; will denote the corresponding bi-infinite
sequence. Let d denote the discrete metric on A, ie., d(x,y) =1 if x # y and
d(x,y) =0if x = y. We define a metric dy on Y by

o0

d(a;, b;)
dy(a,b) = Y =i

i=—00

We note that dy(a, b) is small if and only if there exists a large N > 0 such that
a; = b; for all i € [N, N]. Hence, dy induces the product topology on Y = A%
with cylinder sets as basic open subsets (the choice of the metric is not relevant here
as long as it induces the product topology).

Let T : Y — Y be the shift map defined by T (a); = a;4. It is easy to see that
(Y, d) is a compact metric space and 7 : Y — Y is a self homeomorphism.

Definition 2.3 If X C AZ is a closed shift invariant subset and 7 is the restriction
of the shift map to X then (X, T') is called a symbolic dynamical system.

Example 2.4 X = A” and T is the shift map.

Example 2.5 Suppose we only have two symbols, i.e., A ={0,1}. Let X =
{a € A” : there are no two consecutive O’S}.

Example 2.6 We fix finite sets A and £ C A x A. Let G denote the directed
graph with A as the set of vertices and E as the set of edges. We define X =
{a € A% : (a;, a;41) € E Vi}. The dynamical system (X, T'|x,) is called the fopo-
logical Markov chain corresponding to G. Note that Example 2.5 can be seen as a
special case where A = {0, 1} and E = {(1, 0), (1, 1), (0, D}.

Example 2.7 Suppose A = {0, 1} and X is the set of all bi-infinite sequences in
{0, 1} such that between any two consecutive 1’s there are even number of 0’s. Then
it is easy to verify that X is closed and shift-invariant.

oo
Example 2.8 For any finite set A we define L(A) = | J A”. The set L(A) can be

n=1
viewed as the collection of all finite words with A as the alphabet set. For any
S C L(A), we define
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Xs = {aeA” : sdoesnotoccurin A Vs € S}.

Clearly, X is a closed shift-invariant subset of AZ.

Definition 2.9 Suppose X C AZ is a closed shift-invariant subset and o is the shift
action of Z on X. Then (X, o) is called a subshift of finite type if X = X for some
finite set S C L(A).

Definition 2.10 Suppose Y C AZis a closed shift-invariant subset such that the shift
action of Z on Y is a factor of a subshift of finite type X C AZ. Then the shift action
on Y is called a sofic shift.

Example 2.11 With three symbols, suppose A =1{0,1,2} and E =
{(1, 1), (1,0), (2,1),(0,2), (2,0)}. Let X C AZ be the topological Markov chain
associated with (A, E). Let ¢ : A —> {0, 1} denote the map defined by ¢ (1) =1
and ¢ (0) = ¢(2) = 0. Then, ¢ induces a continuous shift equivariant map from X
to AZ. It is easy to see that the image of ¢ is the system described in Example 2.7.
Hence the system described in Example 2.7 is a sofic shift.

Let A be a finite set. Fix k > 1, and choose a map 6 : _Az"“ —> A. Such maps
are called block codes. Any block code 6 induces a map 6 : A” — A” defined by
0(x); = 0(xi—k, ..., Xxitr). The map 0 is called the sliding block code corresponding
to 6.

Example 2.12 Let A = {0, 1} and g be the continuous shift-equivariant map from
A% to A” defined by g(x); = x;_; + x; + x;41 (mod 2). Then ¢ = 6, where 6 :
A3 — A is the block code defined by 6(a, b, ¢); = a + b + ¢ (mod 2).

It is easy to see that for any block code #, 6 is a continuous shift-equivariant map
from A” to AZ. The following result, known as the Curtis-Hedlund theorem, shows
that the converse is also true.

Theorem 2.13 Suppose A is a finite set and f : A* —> A” is a continuous shift-
equivariant map. Then there exists k > 1 and a block code 6 : AP 5 A such
that f = 6.

Proof Since A” is compact, f is uniformly continuous, we choose a positive § such

1
that d(f (x), f(y)) < 3 whenever d(x, y) < 4. Since

d i ;
df@. fO) = Y. M

1
it follows that f(x)o = f(y)o whenever d(f (x), f(y)) < > We choose k such that

1
Z o < 8. Then. f(x)o = f(y)o whenever x; = y; for all i with |i| < k. This
li|>k
shows that there is a block code 6 : A2+t — A such that f(x)o = O(x ¢, ..., x).
Since f is also shift-equivariant, we deduce that f = 6. (|
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3 Entropy

‘We will now introduce a dynamical invariant called topological entropy for symbolic
dynamical systems. We will need the following elementary result about sequences
of real numbers.

Proposition 3.1 Let {a;} be a sequence of non-negative real numbers such that

. ay .
Amin < apy + a, for all m and n. Then lim o exists.

n—0oo

. .a
Proof Set ¢ = inf . For any € > 0, we choose n such that
n

n
an ‘
— —c| < e
n
Let D = max{ay, ..., a,}. Letm > n be any positive integer. We write m = kn + j,
where 0 < j <n — 1. Now,
am < kan‘i‘a.j < C+6+2.
m kn + j m

. a . . .
This shows that — < ¢ + 2¢ as m — oo. Since € is arbitrary, we conclude that
m

a
— > casm — o0. O
m

For m < n, let [m, n] denote the set {m, ..., n}. For any closed shift invariant subset

X C A% and afinite set S C Z, let g denote the projection map from A% to AS. For
k > 1, let By denote the set 7rjg x—17(X). The set By can also be described as the set
of all blocks of length k that occurs in elements of X. Since X is shift invariant it
follows that 7o ,—1)(X) = Tm. m+n—1)(X) for all m and n. Since there is a natural
injective map from 7o, u4n—17(X) t0 70, m—17(X) X T, m+n—11(X), we deduce that
|Bm+n| = |Bm| X |Bn|-We define

1 B
h(X) = lim log(B«)
k—o00 k

The number & (X) is called the entropy of the shift action of Z on X. By the previous
proposition it is well defined.

Example 3.2 Suppose X = AZ. In this case B, = A” and |B,| = |A|". Hence, the
entropy of the corresponding shift action is log | A|.

Example 3.3 Suppose X = {a € {0, 1}%Z : there are no two consecutive 1’s}. Let
T denote the 2 x 2 adjacency matrix of the associated graph. Then, Tj; = T, =

T>; = 1 and T»; = 0. Hence T has two distinct eigenvalues . Itis easy to see

that | B,| is the sum of entries of 7"~!. This implies that
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log | B, 541
hX) = tim 28!l _ 1og<‘/—Jr )
n

n—oo 2

We now show that topological entropy is invariant under topological conjugacy.

Theorem 3.4 Let A be a finite set and fori = 1,2, let X; be a closed shift invariant
subset of A” such the corresponding shift actions of Z are topologically conjugate.
Then h(X1) = h(X>).

Proof Let f beatopological conjugacy between these two shift actions. From Curtis-
Hedlund theorem, it follows that there exists k > 1, and a map 0 : A%+ — A
such that f is the sliding block code corresponding to 6. Hence for any i < j,
the elements f(x);,..., f(x); are determined by the elements x; _, ..., x;14. In
particular, |B,(X2)| < |Bn+2(X1)|. Taking logarithms, dividing by n, and letting
n — oo, we see that #(X) > h(X»). Similarly, we can show that 2(X;) > h(X)).

O

Our next task is to define the notion of entropy for a more general class of dynamical
systems.

Definition 3.5 Let L be an abelian semigroup with the property that x + x = x for
allx € L. Anormon L is amap ||-|| from L to R" satisfying

Ixll < lx+yll = lxll+ Iyl Vx,y € L.

A normed lattice is an abelian semigroup L together with a norm map ||-|| : L —>
R*.

Example 3.6 Let S be a set and let L be the collection of all finite subsets of S. For
A,BeLsetA+ B =AUB,and ||A| = |A], the cardinality of A.

Example 3.7 Let V be a vector space and let L be the collection of all finite dimen-
sional subspaces of V. For X, Y € L, define X 4+ Y to be the smallest subspace
containing X and Y, and set | X || = dim(X).

Example 3.8 Let X be a compact topological space. An open cover C of X is called
saturated if for any two open subsets U and V of X withU € Cand V C U, we have
V € C. Let L be the collection of all saturated open covers of X. For C, Cel,
we define C + C’ to be the collection of all open subsets that belong to both C
and C'. It is easy to see that C + C’ is an element of L. For any C € L, we define
IC|| = log(nc), where n¢ is the smallest cardinality of a subcover of C.

Notation 3.9 Forx,y e L,wesayx <yifx+y=1y.
It is easy to see that the above notation defines a partial order on L.

Definition 3.10 If 7 : L — L’ is a map between normed lattices then T is called
an isometryif T(x +y) = T(x) + T(y) and ||T (x)|| = ||x|| for all x, y. Clearly, the
collection of all normed lattices form a category with isometries as morphisms.
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If T : L — L is an isometry, then we define
+ : 1 n—1
I-ll7 s L — R by lxll; = lirgo;(x+Tx+~-~+T x).

Proposition 3.11 The map ||-||; is well defined and it is a norm on L. Furthermore,
it satisfies the following two properties:

Lo Axliy < lixll for all x in L;
2. Both T and I + T are isometries with respect to ||-|| 7.

Proof Fix any x € L and define a sequence {a,} by
a, = Hx—i—Tx—i—~~+T”_'x|| .

Since T is an isometry, applying the sub-additivity of the norm, we see that a,,, <
ay + ay, forallm, n > 1. From Proposition 3.1, we deduce that ||- || is well defined.
It is easy to see that ||-||7 is a norm and satisfies property /. Since x +x = x in L,

we obtain
n—1

Z Ti(x +Tx) = Z T'(x),
i=0 i=0

which proves the second property. (I

Definition 3.12 For any isometry T : L —> L, we define the entropy of T by
h(T) = sup{llxlly : x € L}.

Definition 3.13 Let (X, u) be a measure space with u(X) = 1. A partition P =
{P1, ..., Py} of X is a finite collection of pairwise disjoint, non-empty, measurable
subsets of X such that | J P; = X.

Notation 3.14 Let Ly be the set of all partitions of X. For P, Q € Ly, we define
P+Q = {PNQ;: PeP, Q;eQandPNQ; +#}.

It is easy to see that Lx becomes an abelian semigroup and P 4+ P = P for all P.
For P ={Py, ..., P,} € Lx, we set

1P = =" u(P) logy(u(Py)).

i=1
Proposition 3.15 Ly is a normed lattice with respect to the above norm.

Proof Choose P ={Py,..., P,} and Q ={Qy,...,Q,} in L. Set p; = u(P),
q; = 1(Q;) and rij = w(P; N Q). Now,
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1P+ QIl—IPI = ) pilogpi— Y rijlogrij = — Y ri; (logri; —log p;) .

Since log is an increasing function, this shows that |P + Q| > || P]l.

Define ¢ :[0,1] — R by ¢0)=0 and ¢(x)=—xlogx if x >0.

Since qﬁ// (x) = == < 0in (0, 1), it follows that ¢ is a concave function. Put¢;; = Ty
X Pi

if p; > 0 and O otherwise. Observe that ||P + Q| — | P|l = ) pi¢(c;j). Since ¢ is

concave, we deduce that

IP+Qll—IPI < Z«p(Zpicij) = Y o) = lel.
j i J

O

IfT:(X,u) — (Y,v) is a measure preserving map then, we define a map 7™ :
Ly — Ly by
T*(P) = {T7'(P)..... T "(P)}.

Itis easy to see that T* is an isometry. Moreover, the correspondence X —— Lx and
T —— T* gives us a contravariant functor from the category of probability spaces
to the category of normed lattices. If 7' is a measure preserving map from (X, )
to itself then we define h(T) = h(T*), where T* is the isometry of Lx induced by
T. The number A (T) is called the entropy of T. Clearly, entropy is a measurable
conjugacy invariant.

Suppose X is a compact topological space and T is a homeomorphism of X. As in
the Example 3.8, let L denote the collection of all saturated open covers of X. For any
C € L, we define T*(C) = {T~'(U) : U € C}. Itis easy to see that T*(C) € L
forall C € L and T* is an isometry of L. The number /4 (T*) is called the topological
entropy of T. It is a topological conjugacy invariant. In the special case when (X, T')
is a one-dimensional shift, this coincides with the more explicit definition presented
earlier.

4 Computations of Entropy

In this section, we compute the entropy of Bernoulli shifts and translations on tori. If
X is a set and A is a collection of subsets of X then by o (,A) we denote the smallest
o-algebra on X that contains A. We begin with the following approximation lemma.

Lemma 4.1 Suppose (X, B, 1) is a probability space and suppose A C B is an
algebra such that 6 (A) = B. Then forany P € Ly and € > 0, there exist a partition
Py C Aand Q € Lx with ||Q|| < € suchthat P < P, + Q.

Proof We first consider the case when P has only two elements, i.e., P = {B, B¢}
for some measurable set B. Note that x logx — Oasx — OQorx — 1. Hence, we can
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find § > 0 such that u(E) < § implies |[{E, E}|| < €. As 0 (A) = B, we can find
A € A such that u(F) < 8, where F = (B \ A) U (A \ B). Define P, = {A, A}
and Q = {F, F¢}. It is easy to see that P, and Q have the required properties.
Now suppose P ={Bj,..., B,}. For 1 <i <n, define P’ = {B;, B{}. Find
P}, Q' asabove with | Q' || < < andput Py =) P'and Q =) Q'. O
n

‘We note the following consequence of the previous lemma.

Proposition 4.2 Let (X, B, u) be a probability space and let T : X — X be a
measure preserving map. Suppose Ais an algebra suchthato (A) = B. Then h(T) =
sup{[[Pll; : P C A}

Proof Fix e > 0and choose P’ such that i (T) < || P || r T €. Applying the previous

lemma, find P, and Q suchthat P < P, + Q, P; C Aand || Q| < €. Since | Q|7 <
| Q| it follows that

WT) < [I1Pllr +1Qlr +€ = [Pilly + 2e.

As € is arbitrary, this proves the proposition. (]

Definition 4.3 Let (X, 3, ) be a probability space and let 7 : X —> X be an
invertible measure preserving map. A partition P is said to be a generator if B is the
smallest o -algebra that is invariant under the Z-action generated by 7' and contains
{Pl7"'5PI’l}'

Theorem 4.4 If P is a generator, then h(T) = || P||r.

Proof For any partition P, let A(P) denote the collection of all subsets which can
be expressed as unions of elements of P. It is easy to verify that A(P) is a finite
algebra and Q < P if and only if Q C A(P). We define an algebra A, by

A, = A<iT*i>, Ao = DAn.
n=1

—n

Note that A is the smallest 7' -invariant algebra containing P. Hence. 0 (Ay) = B.
If a partition Q is contained in A, then Q C A, for some n. Hence,

n

Z T p

i=—n

)2n+1

1Qllr =

_ H(1+T* (P)HT = |IPl;.

T
From the previous lemma it then follows that 2(T) = || P|| ;. O

Definition 4.5 Let (X, 1) be a probability space and let P, Q € Lx. Then P and Q
are said to be independent if u(P; N Q;) = w(P)u(Q;) forall i and j.

It is easy to see that if P and Q are independent then ||P + Q| = || P|| + || O]l
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4.1 Entropy of Shifts

Let Y = {y,..., y,} be a finite set and let v be a probability measure on Y. Let
(X,B, 1) = (Y,v)? and let T : X — X be the shift map. We define a partition
P={P,...,P,}of X by

P = {xeX : x(0)=y}.

Let A be the smallest T-invariant o -algebra containing P. Since P C A, the co-
ordinate projection corresponding to Oth co-ordinate is a .A-measurable map. Since
A is T-invariant, all co-ordinate projections are measurable. Hence A = B, i.e.,
P is a generator. We observe that for any k, the partitions P + - -- 4+ T**~1 P and

T** P are independent. Applying induction on k, we see that H Zf':ol T* P ” =k|P|.
Hence, h(T) = || Pl = || P||. In the special case, when v is the uniform measure on
Y, h(T) =logn.

Proposition 4.6 Let (X, B, i) be a probability space and let T : X —> X be a
measure preserving map.

1. h(T") =nh(T) foralln > 1.

2. IfT is invertible then h(T~") = h(T).

Proof We will prove the statements for any lattice isometry 7 : L —> L.

1. Fixx € Landputy = x + Tx + --- + T" ! x. Note that

k—1 nk—1 k—1

ZTi”x < ZTix = ZT”iy.
i=0

i=0 i=0

This shows that || x|z« < n||x||l; = ||ylly+. Since x is arbitrary, we conclude that
h(T"™) = nh(T).
2. If T is invertible then for any x € L,

k—1 k—1 k—1
ZT—ix Tk (ZT"x)‘ = Zfo )
i=0 i=0 i=0

Hence ||x|l7 = ||x||7-1 for all x and A(T) = h(T ).
O

For i =1,2, let (X;, B;, ;) be a probability space and let 7;: X; — X;
be a measure preserving map. We define 77 x 7> : X; x X, — X; x X, by
(T x Tr) (x,y) = (T1x, T,y). It is easy to see that 7} x T, preserves the measure
M1 X Uo.

Proposition 4.7 h (T} x T») = h(Ty) + h (T»).



118 S. Bhattacharya

Proof Fori = 1,2, let 7 denote the projection map from X; x X, to X;. Since 7’
is measure-preserving, rri is an isometry from Ly, to Lx,«x,. It is easy to see that
(Ty x T)X 7l (P) = nl(TF P) for any P in Ly,. We note that for any P € Ly, and

Q € Ly,, the partitions 7! (P) and 2(Q) are independent. Hence, for arbitrary P
and Q,

|7} (P)+ 72D, = 1Pz +1Qlg, -

This implies that & (T} x T») > h (Ty) + h (T3).

Let A denote the algebra of all subsets of X; x X, that can be expressed as a finite
union of measurable rectangles. If R is a partition of X; x X, such that R C A, then
we can find P € Ly, and Q € Ly, such that R < 7}(P) + 72(Q). Since o (A) is
the product o -algebra on X; x X, applying Proposition 4.2 and the above equality,

we see that i (T} x T») < h (Ty) + h (T3). [l
Lemma 4.8 Let P = {Py, ..., P,} beapartition of a probability space (X, ). Then
Pl <logn.

1
Proof Put p; = w(P;). Then | P|| = Zpi log <—> As x —> log x is a concave
p

1

1
function, we see that || P|| < log (Z Di - —) = logn. ([l
p

i

4.2 Entropy of Translations

Let n>1 and let & = (64, ...,6,) be an element of the n-torus T". Let T :
T" — T" denote the map x — 0 - x. We claim that A(T) = 0. Note that T =
Ty x --- xT,, where T; : T — T is the translation by 6;. By Proposition 4.7,
h(T) = > h(T;). Hence, without loss of generality, we may assume thatn = 1.

Case 1. 9% = 1 for some k. Since P + P = P forall P, it follows that || P||;; = O for
all P,i.e., h(Id) = 0. Since T* = Id, applying Proposition 4.6, we see that 1(T) = 0.

Case 2. 0 is not a root of unity. We consider the partition P = {P;, P,} where
P ={z:0<z<m), P = {z:7m<z<2m}.
Since {6" : n € Z} is dense in T, it follows that P is a generator for 7. Hence,

h(T) = || P||r. Note that for any k > 1, the partition P + - - - + T*’“l P has 2k sets.

log 2k
By the previous lemma, || P|l; < klim gT = 0, which proves the claim.
—00



Symbolic Dynamics 119
5 Tilings

For any finite set A and d > 1, the compact space AZ" admits a shift action of Z<. If
d > 1, and X is a closed shift invariant subset of AZ’ then the restriction of the shift
action to X is called a higher-dimensional shift. In this section, we consider a class
of such systems that arises from tilings of Z¢.

Notation 5.1 Ford > 1,let A, B and C be subsets of Z¢. We will write A ® B = C
if every element of C can be uniquely expressed as @ + b, witha € A and b € B.

Definition 5.2 If F C Z is a finite set, then a tiling of Z¢ by F is a subset C of Z4
satisfying F @ C = Z4.

It is easy to see that F tiles Z¢ if and only if Z¢ can be written as a disjoint union of
translates of F.

Definition 5.3 A set E C Z¢ is said to be periodic if there exists a finite index
subgroup A C Z“ such that E + A = E.

Let F = {g1, ..., gs} be a finite subset of Z¢. We equip {0, 1}Zd with the product
topology and define X (F) C {0, 1% by

X(F) = {1c : FoC =12},

It is easy to see that x € X (F) if and only if for each g € Z¢ there exists exactly
one g € g — F such that x(g') = 1. This shows that X (F) is a closed subset of the
compact space {0, l}Zd. Moreover, X (F) is invariant under the shift action of Z.
The space X (F') can be viewed as the space of all tilings of F. It is non-empty if and
only if Z¢ can be tiled by F.

Example 5.4 Suppose d =2, and F = {(0, 0), (1, 0), (—1,0), (0, —1)}. If an ele-
ment (m, n) € Z? corresponds to the square (m, m + 1] x (n, n + 1] € R?, then the
set F corresponds to a T-shaped set in R2. It is easy to verify that there is a unique
C € 7* such that (0,0) € C and F @ C = Z2. This implies that any tiling of F is a
translate of C by an element of — F. In particular, F' admits exactly 4 tilings, and all
tilings of F are periodic.

Example 5.5 Suppose d = 2, and F = {(0, 0), (1, 0)}. Then the tilings of Z? by F
are in bijective correspondence with the tilings of the plane by 2 x 1 rectangle. We fix
an element 1¢ of X (F) and define amap h¢ : Z —> {0, 1} by hc (@) = 1¢((0, ©)).
It is easy to see that the C —— h¢ is a bijective correspondence between X (F) and
the set of all maps from Z to {0, 1}. Hence X (F') can be identified with the compact
space {0, 1}%. The shift action of Z? on X (F) = {0, 1}Z can be explicitly described.
The element (0, 1) acts by the shift map on {0, 1}%, and the element (1, 0) acts by
flipping the symbols.
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We note that in the previous example the space X (F) is infinite but every element
of X (F) is periodic in the direction of (1, 0). The following example shows that this
need not be true in general.

Example 5.6 Suppose d =2, and F = {(0, 0), (2,0), (0, 2), (2,2)}. We define
E, ={(m,n) : miseven}and E, = {(m, n) : mis odd }. We note that the tilings of
E| by F are in bijection with the tilings of Z? by F' ={(0,0), (1,0), (0,2), (1,2)}.
Hence as in the previous example, we can find C; C Z? suchthat C, ® F = E; and
C is periodic in the direction of (1, 0) but not in the direction of (0, 1). Similarly
we can find C;, such that C, @ F = E; and C; is periodic in the direction of (0, 1)
but not in the direction of (1, 0). If we define C to be the disjoint union of C; and C,
then C € X (F) and it is not periodic in any direction.

The following conjecture is due to Lagarias and Wang [6]:

Conjecture 5.7 (Periodic tiling conjecture) Suppose d > 1 and F C Z¢ is a finite
set such that F @ C = Z¢ for some C € 7. Then there exists a periodic set E C 7¢
such that F ® E = 7.

The following proposition shows that a stronger version is true in the 1-dimensional
case.

Proposition 5.8 Let F and C be subsets of 7. such that F is finite and F & C = Z.
Then C is periodic.

Proof Without loss of generality we may assume that 0 € F. Let k denote the
diameter of F. From the condition F @& C = Z, we deduce that for any i € Z,
Zlc(z’ + j) = 1. Let B denote the block (0, ...,k — 1). Suppose C and C' are
JjeF

two tilings of Z by F such that the restrictions of 1¢ and 1.+ to B are equal. Then the
above condition implies that 1¢(k) = 1. (k). By taking i = 1,2, ... and applying
this argument repeatedly we see that 1¢(j) = 1/ (j) for all j > 0. A similar argu-
ment shows that 1¢(j) = 1/ (j) for all j < 0. Combining these two observations,
we deduce that C = C'. Since B is a block of length k, this implies that there are
only finitely many C C Z such that F @ C = Z. As any translate of a tiling is again
a tiling, we conclude that every tiling of Z by F is periodic. U

Definition 5.9 A subset F C Z? is sdid to be non-degenerate if 0 € F and the
elements of F generate a finite index subgroup of Z¢.

The following theorem due to M. Szegedy (see [8]) describes the tilings of a non-
degenerate set ' when the number of elements of F is prime.

Theorem 5.10 Let F, C be subsets of Z¢ such that F is finite and F & C = 7. If
F is non-degenerate and |F| is a prime number then, C is periodic.
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Proof Let M, denote the set of all functions from Z¢ to R. There is a natural action
6 of Z¢ on M, defined by

0@)(H(x) = flx—g) Vx,geZ

It is easy to see that F @ C = Z% if and only if Z@(g)(lc) =1 If F=

geF
{g1, ..., gp}, where p is a prime number, then this shows that
14 p—1
Yo | o) = (D0 | Az = pr g
geF geF
On the other hand,
p
Do) | Ac)= (0GP + -+ +0(g,)") (L)
geF

= (0(pg)) +---+0(pgy)) (Ac) (mod p).

Hence C satisfies the equation

Y 6(pe)c) = 0 (mod p).

geF

Now let w be an arbitrary element of Z¢. Then 6 (pg) (1¢) (w) € {0, 1} forallg € F.
Since their sum is divisible by p, we conclude that either 0(pg) (1¢) (w) = 1 for
all g € For 6(pg) (1¢) (w) =0 for all g € F. In particular, 6(pg) (1¢) = 1¢ for
all g € F. Hence 1 is invariant under the translations by elements of the subgroup
generated by { pgi —pgj - 8,8 €F } Since F is non-degenerate, it follows that
this subgroup has finite index. This implies that C is periodic. (]

Let F be a finite non-degenerate subset of Z¢ such that | F| is a prime number and
let H denote the subgroup generated by F. We pick a finite set E C Z¢ such that E
contains exactly one element from each coset of H. It is easy to see that subsets of
E are in bijective correspondence with the H-invariant subsets of Z¢. The proof of
the previous theorem shows that X (F) is finite and has at most 2/Z"/#| elements.

6 3-Dot Shifts

Let Z, denote the group Z/27Z and let Y denote the set Z%Z. It is easy to see that
Y is a compact abelian group with respect to pointwise addition and the product
topology. We define the shift action o of Z>onY by (o (n)(x)) (m) = x(m + n) for
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all m,n € Z2. It is easy to see that o (n) is an automorphism of Y for all n € Z2.
Let R; = Z,[Z%] denote the group-ring of Z? with coefficients in Z,. Alternatively,
one can identify R; with Z,[U ]i LU di], the ring of Laurent polynomials in d

commuting variables with coefficients in Z,. For any f = Z cou" andy € Y, we

neZd

define f -y € Y by
[y = ) aom.

nezd

It is easy to see that Y becomes a module with respect to this operation. For
any ideal I C Ry, let Y(I) C Y denote the closed subgroup defined by Y (/) =
{veY : f-y=0Vf eI} Itis easy to see that Y (/) is a o-invariant subgroup
for any /. Using Pontryagin duality, one can show that this correspondence between
closed shift invariant subgroups of Y and ideals of R; is bijective.

In this section, we will look at a specific higher dimensional shift that arises this
way. Let d =2, f=1+4+U; +U; and I C R, be the principal ideal generated
by f,ie., I = fRy. Then X = Y (1) is called the 3-dot system. We note that if t
denotes the automorphism of Y defined by t =0 (1,0) +0(0,1) + I, then X =
{x €Y : 7(x) = 0}. This system was first introduced by F. Ledrappier in order to
study mixing properties of algebraic dynamical systems (see [4, 7] for more details).
Using Pontryagin duality theory, one can show that (X, o) is irreducible in the sense
that every proper closed shift invariant subgroup of X is finite.

Definition 6.1 Suppose G and H are abelian topological groups. A continuous map
¢ : G —> H is called affine if there exists a continuous homomorphism 6 : G —>
H and b € H suchthat ¢(g) = 0(g) + b forall g € G.

For any f: G — H, we define f:GxG—>Hby f(x,y):f(x—f—y)—
f@) =)+ ).

Lemma 6.2 A continuous map f is affine if and only if f: 0.

Proof 1t is easy to see that if f is affine then fvanishes. Conversely suppose f
is identically zero. Set b = f(0) and define 6 : G — H by 6(x) = f(x) — f(0).
Clearly f(x) = 6(x) + b for all x € G. Moreover, for any x,y € G, 6(x +y) —
0(x) —0(y) = f(x, y) = 0. This proves the given assertion. U

Definition 6.3 Suppose d > 1 and o is a continuous action of Z? on a compact
metric space X. For x, y € X, the pair (x, y) is called homoclinic if d(o (m)(x),
o(m)(y)) — Oas ||m| — oo.

Example 6.4 Suppose d =1, X =T and o is given by a rotation. Since every
rotation is an isometry, (x, y) is a homoclinic pair if and only if x = y.

Example 6.5 Suppose d = 1 and o is the shift action on {0, 1}%. Then (x, y) is a
homoclinic pair if and only if x; = y; for all but finitely many i’s.
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If X is a compact abelian group then (x, y) is a homoclinic pair if and only if
(x — y,0) is a homoclinic pair. If o is a continuous action of Z¢ on a compact
abelian group X by automorphisms of X, then we define

Ay(X) = {xeX : om)(x) > Oas ||n|| - oo}.

It is easy to see that A, (X) is a subgroup of X. It is called the homoclinic group of
the action 0.

Lemma 6.6 Let (X, o) denote the 3-dot system. Then, A, (X) = {0}.

Proof As[o(1,0)+0(0,1)+0(0,0)] (x) =0 forall x € X and every element of
X has order 2, it follows that for all k > 1,

[0(1,0) +0(0,1) +a(0,0]* = o2, 0)+0(0,2% +5(0,0) = O.

This implies that for any x € X and (m, n) € Z?, x(m + 2, n) + x(m,n +25) +
x(m,n) = 0. If x is homoclinic to 0 then the first two terms vanish for large k, and
hence x = 0. U

Definition 6.7 Let X be a compact abelian group and o, an action of Z¢ on X by
continuous automorphisms. Suppose v is an element of the unit sphere S¢~! c R?.
An element x € X is called v-homoclinic if o(g)(x) — 0 as (v, g) — oo.

For any v € S9! the collection of all v-homoclinic points are denoted by A, (o).
It is easy to see that A, (o) is a subgroup of X. As we will see shortly, these groups
can be non-trivial, even when the homoclinic group of the action o is trivial.

Suppose o is the shift action of Z> on Y = Zgz and v = (1, 0). Then, A,(0) is
the collection of all points x for which there exists a k € Z with the property that
x(m,n) = 0 whenever m > k. For explicit examples in a more general setting, see

(2].

Proposition 6.8 Let (X, o) denote the 3-dot system. Then both A y(0) and
A, —1)(0) are infinite but A_y o)(0) N A, —1)(o) = {0}.

Proof Let {a;} be an arbitrary sequence taking values in {0, 1}. From the defining
property of the 3-dot system, it is easy to see that there exists a unique x € X such
that x (m, n) = 0 whenever m > 0 and x(—m, 0) = a,, for m > 0. Clearly any such
x lies in A_y,0)(0). Hence A(_; ¢)(0) is infinite.

Similarly, there exists a unique x € X such that x (m, n) = 0 whenever n > 0 and
x(0, —n) = a, for n > 0. This shows that A, _1)(0’) is also infinite.

Now suppose x is anelementof A1 ¢y(0) N A, —1)(0). Sincex € X, we deduce
thatforallm, nand k, x(m + 2%, n) + x(m, n + 2%) + x(m, n) = 0. As the first two
terms vanish for large values of k, we conclude that x = 0. O

We now show that the topological centraliser of the 3-dot system consists of algebraic
maps. This is a form of topological rigidity. Similar rigidity properties holds even in
the measure theoretic setting for a large class of actions of discrete groups [1, 3].
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Theorem 6.9 Let (X, o) denote the 3-dot system and let f : X —> X be a contin-
uous 7*-equivariant map. Then f is a continuous homomorphism.

Proof Wedeﬁnef XxX— X by f(x VN=f&x+y) —f&x) -+ f0).1t
is easy to see that f is a Z*-equivariant map from X x X to X. Since f is continuous
and X x X is compact, it is also uniformly continuous.

It is easy to see that f(x, y) = 0 whenever x = 0 or y = 0. From uniform con-
tinuity of £, it follows that if x € A(_;.g)(0') and y € A, _)(o) then f(x, y) lies
in A1,0(0) N A, —1)(c). As every infinite shift-invariant subgroup of X is dense,
from the previous proposmon we deduce that A( 1,00(0) X Ao, —1)(0) is a dense
subgroup of X x X, and f maps it to {0}. Hence f is identically zero.

This implies that f is affine, i.e., there exists a continuous homomorphism
0:X — X and b € X such that f(x) =0(x)+b. As b= f(0) and f is shift
equivariant, it follows that b is invariant under the shift action. Hence b = 0 and f
is a continuous homomorphism. |
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1 Introduction

These notes are based on a set of lectures given by the second author at the Advanced
Instructional School on Ergodic Theory and Dynamical Systems held at IIT Delhi
in December 2017. The goal of these lectures was to introduce the audience, that
comprised mainly of PhD students, to some basic ideas in complex dynamics in
one and several variables. No prior knowledge in dynamics was assumed, nor any
originality in the presentation was claimed. The same applies to what follows. In fact,
a good fraction of the course was based on the material in Beardon [2] and Steinmetz
[9]. The last part on the dynamics of Hénon maps is a summary of some of the work
begun in Bedford-Smillie [3]. Other aspects of the dynamics of this class of maps
can be found in Fornaess-Sibony [4-6].

2 Some Preliminaries from Complex Analysis and
Motivation

Let P! := C U {oo} denote the Riemann sphere that is defined as the complex plane
along with the point at infinity. This is possible through the one point compactification
of the stereographically projected plane onto the unit sphere S? in R®. We denote the
spherical metric on P! as
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o(z,w) = 2 12 = vl , forz # ocoand w # oo.
NSNS e

Suppose one of the points, say z = oo, one may consider the limit in the above
definition, i.e., lim o(z, w). In these notes, we shall consider P! to be our phase
7—>00

space, where we define functions, observe and understand the long term behaviour
of its family of iterates.

By a rational map, we mean the map can be expressed as a quotient of two
relatively prime polynomials, R(z) := % We define the degree of the rational
map R, denoted as deg(R), to be the maximum among the degrees of the polynomials
that yield the rational map; deg(R) := max{deg(P), deg(Q)}.

We briefly explain the root-finding algorithm for a real-valued polynomial, due
to Isaac Newton and Joseph Raphson, known as the Newton-Raphson method in
Numerical analysis. This provides the motivation for looking at the iterates of com-
plex rational functions.

Let P be a real polynomial. Suppose, we start with x = x¢ as the initial guess
for the solution of the equation P(x) = 0. Then, with appropriate conditions, the
sequence {x,},- defined by

P(xn—l)

X, = Xyl — ———
! ! P/(xn—l)’

converges to a solution of P (x) = 0. Observe that defining

P(x)
fx) = x P’
we have, in the Newton-Raphson method,
X, = f"(x0), where f" := fofo---of.
—_—

n times

Thus, obtaining a root of the polynomial P with x( being the initial guess is equivalent
to studying the long-term behaviour of the orbit of the point xy under the iterates of
the function f, i.e., { f"(xo) : n > 0}. Further, finding a root of the polynomial P is
equivalent to finding a fixed point for the function f.

Cayley proposed to apply this method to acomplex polynomial P (z). Forexample,
consider P(z) = z> — 1. Then,

2 2
77 —1 z7+1
f@ = z= 2z N 2z

The fixed points of f are the solutions of the equation f(z) = z; inthis case z = +£1.
We will now investigate the behaviour of the function f locally near z = 1, one of
its fixed points and globally.
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Consider the Taylor series of f about z = 1 given by

, _ 1" —1)2
fOE=D SO

fl@) = f(H)+ T o

Letp(z) =z+ land f=¢'lofo . Then, fhas a fixed point at z = 0 satisfying
f'(0) = 0. Hence, the Taylor series of f about z = 0 is given by

f@) = P +a’+---.

Further, making a change of variables by defining v(z) := (z, where 3 # 0 and
putting g(z) :=1)~' o f 0 ¥ (z), we have

8(2) = P+

Making an appropriate choice for 3 # 0, we ensure that |g(z)| < |z|? in a sufficiently
small neighbourhood around z = 0, in order that we obtain, by induction, that

lg"(@)| < 1zI* for n>0.

It is then quite clear that for r < 1, the iterates of any point in the disc D (0, ) uni-
formly converges to 0. Tracing back the change of variables, we see that the sequence,
{f"(2)} — 1 uniformly. An analogous analysis is also true if one investigates the
behaviour of points near the other fixed point — 1. The behaviour of the iterates of f
seem to be stable locally near the fixed points of the function.

We will now study the behaviour of f, globally. We write

241 1 1
fl) = 2% = §<z+z>.

-1
Consider the Mobius transformation ¢(z) := < 1
<

. Then ¢ conjugates f to the the

map z — 7z~ in the sense that,

¢l ofodlz) = 2

pr_— 1 . p

z

pl =22 | pt
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It follows that
¢ o o) = 2.

Thus, in order to study the iterates of f, we consider the iterates of the map h(z) =
2%, i.e., {h"(2)},=0. Observe that {h"(z) = z*'} uniformly converges to the constant
function O in the spherical metric, on the open unit disc |z| < 1 and to the constant
map oo in the same metric, on the exterior of the closed unit disc |z| > 1. Moreover,
it is easily verifiable that ¢ maps the unit circle in C onto the imaginary axis, the
open unit disc onto the left half-plane and the exterior of the closed unit disc onto
the right half-plane.

Since 0, oo are the fixed points of the map #4, it follows that ¢(0) = —1 and
¢(00) = 1. Hence, we have

fz)=¢ 'oh"od(z) — —1, if Re(z) < 1;
") =¢ toh"op(z) — 1, if Re(z) > 1.

Question: What happens to the iterates of f(z) on the imaginary axis or equivalently
what happens to the iterates of /2(z) on the unit circle?

For any point z =e? € S' ={z e C:|z| =1}, h(z) =%’ and so h'(z) =
¢, Suppose 0 = 27 p /2™ for some p, m € 7, then K" (z) = 1. Since 1 is a fixed
point of /1, we also have 2" **(z) = 1 forevery k > 0. These points are the 2" th roots
of unity in the complex plane. Note that the set {z € S': zis a 2"th root of unity,
m > 1} forms a dense subset of unit circle S!. However, if 6 is an irrational multiple
of 27, then the set {1"(z) : n > 1} is dense in S'. It is clear that the behaviour of the
iterates of /1(z) = z* on the unit circle S' seems to be quite complicated.

3 Normal Families and Dichotomy of P!

We begin this section with the definition of normal families.

Definition 3.1 Let Q € P! be a domain and F, a family of continuous functions
defined on 2. We say that F is a normal family if every infinite sequence in F has a
subsequence that converges uniformly on all compact subsets of 2.

Theorem 3.2 (Arzela-Ascoli Theorem) A family F of continuous functions defined
on a region Q@ C P! that take values in P' is normal iff F is equicontinuous on every
compact subset K C Q.

Thus, in this case, equicontinuity and normality are equivalent conditions—see
[2]. The point to be understood is that normality is an analogue of compactness.
We have the following theorems, due to Montel, who initiated the study of normal
families.
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Theorem 3.3 (Montel’s Theorem I) A family F of holomorphic functions defined
on a domain Q@ C P! is normal if every f € F is uniformly bounded, i.e., there exists
M > 0 such that |f(z2)| < M forall z € Qand f € F.

Proof This is a consequence of the Cauchy Integral Formula. Let zo, wo be suffi-
ciently close to each other. Let D be some open disc such that D C €2, containing
the points zg, wy. Then,

| 1
f) = 5= A dz,  f(wo) = — [ dz.
i Jop 2 — 20 2mi Jop 2= wo
So,
1 | f (@) 1z0 — wol
B L d
| f(zo) — fwo)| = 27 Jop 1z — wo)(z — ZO)|| g
M |zo — wol
|dz|.

=27 Jop 1z — wo) (z — 20)

Hence, for any € > 0, we can choose § > Osuch that| f(z9) — f(wg)| < €, whenever
|zo — wp| < é for all f € F, proving F is equicontinuous and thereby, normal. [J

We now define the term covering space of a topological space, that we will use in
the proof of the next version of Montel’s theorem.

Definition 3.4 A covering space of a topological space X is a topological space Y
together with a continuous surjective map 7 : ¥ — X such that for every x € X
there exists an open neighbourhood U of x satisfying the condition that 7~ (U)
can be expressed as a union of disjoint open sets in Y, each of which is mapped
homeomorphically onto U by .

Here are two very useful versions of Montel’s theorem for meromorphic functions.
Proofs and further variants can be found in [2].

Theorem 3.5 (Montel’s Theorem II) Let F be a family of meromorphic functions
defined on a domain 2 that omits 0, 1 and oo. Then F is normal.

Proof Instead of dealing with f :Q — P'\{0,1, 00}, we study f:Q —>
C\{0, 1}. The covering space of C\ {0, 1} is the unit disc D. Every f € F admits a
lift locally, say on a disc in €2 and if f is this lift, then the family of lifts forms a
normal family since they take values in ID. Since 7 o f = f, it follows that F is a
normal family. O

Theorem 3.6 (Montel’s theorem III) Let F be a family of holomorphic functions on a
domain Q@ C P! suchthat every f € JF omits a set of three distinct points {ag, by, cyr}.
If the spherical distances between the pairs (ay,by), (by,cy) and (cy,ay), as f
varies in JF, are uniformly bounded below by a positive constant, then F is normal
on Q.
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Definition 3.7 A point zo € P! is a branch point of a rational map R if for every
neighbourhood around zg, R is not a homeomorphism restricted to the neighbour-
hood.

Let R be a rational map with degree d. Then the number of branch points of R,
counting multiplicity is equal to 2(d — 1). A rational map R : P! — P! defines a
d : 1 branched covering. In what follows, we use the notation R®) and R" to denote
the kth differential and the nth iterate of the rational map R respectively.

Assume without loss of generality that zop = O is a branch point of R that satisfies
R(0) = 0. Since the branch points are also the critical points of R, we have R(0) =
0, R'(0) =0, ..., R* D) = 0 whereas R®(0) # 0, for some k > 2. Thus, in a
neighbourhood around the point z = 0, we have

RzZ) = a7 +--- = Z'h(2),

where h(z) is holomorphic at z = 0 and h’(0) # 0. Thus, h(z) = (g(z))*, for some
holomorphic function g(z). Hence, in the considered neighbourhood around z = 0,
we have R(z) = (zg(z))*. In the new coordinate system w = zg(z), this equation
becomes R(w) = w*. Thus R is of degree k, locally near its branch points.

We shall henceforth focus on the global behaviour of the rational map R on P'.
We start with the definition of the Fatou and the Julia set that dichotomises P! based
on the equicontinuity of the family of iterates of the considered rational map R.

Definition 3.8 Let R : P! — P! be a rational map. Then the largest open set of P!,
where the family of iterates of R, namely {R" : n > 1} is equicontinuous is called
the Fatou set of R and is denoted by F. Its complement P! \ Fy is called the Julia
set and is denoted by Jg.

Observe that, by definition, Jg is a closed subset of the compact set P! and
hence, compact while Fy is an open set. We urge the reader to observe that we can
alternately define the Fatou and the Julia set in a more convenient way, by the concept
of normality instead of equicontinuity using the Arzela-Ascoli theorem.

We now enlist a few basic properties of the Fatou set and the Julia set.

Theorem 3.9 Let R be a rational map with deg(R) > 2. Then Jg # @.

Proof We prove this by contradiction. Suppose Jz = &, then Fx = P'. This implies
that the family {R" : n > 1} is normal on the entire Riemann sphere, P'. Then the
family should converge to a meromorphic limit function, say S, at least for some
subsequence {R"™ : k > 1} of {R" : n > 1}. The function S, being meromorphic in
P!, is nothing but a rational map and therefore must be of some finite degree, say
d'. However, deg(R"™) - deg(S). In fact, deg(R"¥) grows exponentially as k — oo,
since deg(R) > 2. This contradiction proves that the Julia set can not be empty;
Jr # O. O

Upon proving that the Julia set is never empty for a rational map R of degree > 2,
one natural question that arises is whether there exists rational maps with an empty
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Fatou set. The answer to this question is in the affirmative. An example of such a
map was constructed by a French mathematician, Samuel Lattés in 1918, namely

(22 +1)?

R@) 422 — 1)

We will study further about this example, in a later section.

Definition 3.10 Let R be a rational map. A domain £2 is said to be

e forward invariant under the map R, if R(2) C ;

e backward invariant under the map R, if R~ (Q) C Q; and

e completely invariant under the map R if it is both forward and backward invariant
under the map R.

Note that €2 is completely invariant under R if and only if Q¢ is completely
invariant under R.

Theorem 3.11 Let R be a rational map of degree at least 2. Then the Fatou set Fg
and the Julia set Jg are completely invariant under R.

Proof Here, we will only prove that Fy is forward invariant. The proof of backward
invariance of Fy is analogous. Further owing to the remark before the start of this
theorem, we then know that Jg is completely invariant too.

Let p € F. Then, there exists a neighbourhood D(p, r) C Fg, where the family
{R" : n > 1} is normal. Since R is an open map, R(D(p, r)) is an open neighbour-
hood of R(p). Further, the family {R" : n > 1} is normal in a neighbourhood of p
and hence, the family {R"~!:n > 1}is normal in a neighbourhood of R(p). Thus,
R( p) € Fg. O

Theorem 3.12 Fixk > 0. Then Fpe = Fp and Jpe = Jp.

Proof Observe that the family of iterates of R¥, i.e., {R¥" : n > 1} is a subfamily of
the family of iterates of R,i.e., F = {R" : n > 1}. Hence Fg C Fg«.

To obtain the other way inclusion, we first observe that R™ is uniformly continuous
for every m, in the spherical metric. Thus, for every € > 0 there exists a § > 0 such
that

o(R"™(x), R"(y)) < € whenever o(x,y) <. (1)

The family {R*" : n > 1} is equicontinuous on F«. This implies that for every § > 0
there exists a 6; > 0 such that

o(R™(x), R™(y)) < 6 whenever o(x,y) <& Vn=> 1. )
By equation (1), we have that

o(R™ o R"™(x), R™ o R™ (y)) < ¢ whenever o(R™(x), R™(y)) <.
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By equation (2), the family F,, = {R™R" : n > 0} is equicontinuous on the Fatou
set Fgr for every integer m > 0. Hence the finite union Fy U F; U - - - U Fp_; is also
equicontinuous on the Fatou set Fg«. However, F = Fo UF U---U Fy_y. O

4 Rational Maps with Empty Fatou Set

We begin this section with the definition of a complex period for a meromorphic
function.

Definition 4.1 Let f be a meromorphic function on the entire plane. A non-zero
complex number w is said to be a period for f if f(z + w) = f(z) forevery z € C.

Note that if w is a period, then so are its multiples nw where n is an integer. The set
A of all the periods of a given f then clearly forms a module over the integers. A C C
is also discrete as otherwise the identity theorem and the fact that f(w) = f(0) for
all w € A will imply that f is constant.

It is possible to describe the structure of A. Indeed, Theorem (1) of Chap. 7 in
Ahlfors [1] shows that if A contains a non-zero element, then every element in it
can be written as nw, where w # 0 and # is an integer or as njw; + npw,, where
w1, wy are a pair of non-zero complex numbers with w, /w; non-real and n;, n, are
integers. In the latter case,

S={sw;+twy:0=<s,1 <1}

is called the period (or fundamental) parallelogram and A will be referred to as a
lattice.

For example, the bounded region in the picture below corresponds to a fundamen-
tal parallelogram for an appropriately defined A (Fig. 1).

It should be noted that the set of periods A corresponding to an entire function can
never admit a fundamental parallelogram. If it does, it necessarily has to be a constant.

Fig. 1 Fundamental mesh
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To see this, suppose f is an entire function with a fundamental parallelogram §. By
definition, it follows that f(C) = f(§) and since the latter is bounded, Liouville’s
theorem shows that f is necessarily constant. However, every element in the set of
periods A for f(z) = sin z for example is an integral multiple of 2.

Since this argument clears the non-existence of a non-constant entire function with
two fundamental periods, the next natural question is to investigate the existence of
a meromorphic function with two fundamental periods. Weierstrass constructed a
doubly periodic meromorphic function on C. Let us recall a basic construction. For
example, see Ahlfors [1] for details.

Lemma 4.2 Let A C C be a lattice. The series

>N

AeA\{0}
converges.
This implies that
Theorem 4.3 The series
1 1 1
P = ot Z 2\
e @= A

converges locally uniformly absolutely in C\ A. It defines a meromorphic A-periodic
function, called the Weierstrass’ gp-function.

Use the above lemma to obtain g as a meromorphic function on C. Then, the
poles of g are precisely at the lattice points.

Definition 4.4 A function f is said to be an elliptic function if it satisfies the fol-
lowing conditions:

1. f is doubly periodic with respect to some lattice A;
2. f is meromorphic on C.

Let (w;, wy)z = A denote the group generated by {w;, w,} over Z. Identify the
opposite sides of the fundamental mesh of A to obtain a torus T, which is a compact
Riemann surface, i.e., C/{w;, wy)z ~ T. Thus g is a mapping from T to P'. As T is
compact, g (T) is closed. Also g (T) is open (by the Open Mapping Theorem). As
P! is connected, g (T) = P! is surjective (Fig.2).

Theorem 4.5 There exists a rational map R : P' — P! such that

$ (22) = Rop(2); (3)
4o (%) +2g3z + (l‘:‘—z)2
R(z) = 13 , 4)
77 — 822 — 83

where g,, g3 are constant terms depending on the lattice.
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Fig. 2 Torus

We sketch some of the details concerning the function g and justify the formula
in (3). Appealing to lemma (4.2), one can see that the function g is meromorphic
on C. As T and P! are compact Riemann surfaces, g acts as a branched covering
map. By considering the poles of g, we see that g is a 2-sheet covering i.e., for each
w € P!, there are exactly two solutions (modulo the lattice A) of o (z) = w in C.
Given any w € P!, there are only two solutions z;, z» of the equation g (z) = w.
These can be taken to be, say, u and w; + w, — u. Then,

© Clwr +w2) —ul) = ©Q2u). (&)

It is then clear that g is an even function, that is g (z) = g (—z). Further, owing to
(5), one might expect a formula of the type ¢ (2z) = R(g¢ (z)) to hold. Referring to
(5), we can define the map w — & (2u) of P! onto itself, independent of the choice
of u. It is then easy to see that this map is meromorphic, thus must be a rational map,
say R. This gives us a motivation to expect a formula, R(g (z)) = ¢ (22).

Proof We will now sketch the details of the proof of the formula in (4). It is very
clear that the derivative of @, namely ' has triple poles only at the lattice points in
A. Because of this, it is not hard to see that one can construct a cubic polynomial P
such that the elliptic function p’(z)?> — P (g (z)) has no poles at the origin. Hence,
there exists no poles for p'(z)> — P (g (z)) in C, making it bounded. A computation
of P then leads to the relation

'@ = 4p@)° - 2@ — g, (6)

where g;, g3 are constants depending on the lattice A and are given by
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1 1
g2=602—and g3=1402—
AeA\ {0} ) AeA\{0} &

Now, select distinct points # and v in C where g takes different values. We determine
the values of A and B satisfying

') = Apu)+B, and p'(v) = Ap(v)+ B,

to be

o' (u) — p'(v) e W' W) —pwe'(v)
— " and B =
o) —p ) e ) — o (u)

It is then clear that f(z) = g'(z) — Ag (z) — B has three poles in A. And conse-
quently, f must have three zeroes (by the argument principle). By construction, two
of these zeroes occur at u and v. A consequence of the argument principle states that
> p; differs from ) z; by an element of A, where p;’s are the poles of f and z;’s
are the zeroes of f. In our case, all the poles of f occur at the origin. This implies
u, v and —(u + v) are the zeroes of f. However, since

[f@+Ap@+BP = ') = 49’ -0 — g,
we find that o (1), g (v) and @ (—(u + v)) are the solutions of the equation
[Az+ B)* = 42 — gz — g5

Hence,

_ A 1w -pmY
P +HW +p(-+v) = - = z(m) '

Now, letting # — v and using the fact that the function g is even, we obtain

A? 1 " 2

Finally, differentiating both sides of (6) gives an expression for £”(z). Using this
expression together with (6) and (7), we obtain the addition formula given by (3) and
4). O

We wish to include a different argument sketched by the referee that shows the
existence of such a rational function. It does not quite give a formula for it but it is of
independent interest since it is based on a pole-counting argument that is ubiquitous
in the study of such functions.

The function g (2z) is an even elliptic function with respect to the lattice A and
has double poles at the points of (1/2)A. Let A be generated by w;, w, and consider
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2 = (P @) —pW1/2)* - (P ) — pWw2/2)? - (9 (2) — o (w1 +w2)/2)? - P (22).

This is an even elliptic function and since the poles of g (2z) are cancelled by the
zeros of the other three factors, the only pole in the fundamental parallelogram is at
the origin and it is of order 14 (each factor contributes an order of 4). Thus, near the
origin, the singular part of g looks like

Each of these can be cancelled out recursively as follows. The function g = g —
a7()" has a pole of order 12 at the origin and hence its singular part looks like

b

ZIZ

+ o+ by.

Repeating this process by subtracting powers of g (z) leads to an elliptic function
that has no poles at the origin and hence it must constant. This shows that there is a
polynomial P such that

g = P +C

for some constant C and this when rearranged shows that g (2z) can be expressed
as a rational function of g (z).

Thus, the theorem asserts the existence of a holomorphic map R : P! — P! such
that the following diagram commutes.

-l]— 22z -l]—

PP —f& 5 p!

Samuel Lattés proved, in 1918, that the Fatou set of the above map R is an empty
set. We will show that the family {R"},> is not normal in any neighbourhood of any
point in P!,

Consider an open set D in P'. Then, U = p~'(D) is an open set. Applying the
doubling map z — 2z, n times on U, we note that it gets expanded by a factor of
2". Thus, for sufficiently large n, the image of U under the doubling map contains
the fundamental mesh, i.e.,

R'(D) = R'(p)) = p'U) = P.
This implies that R” expands any small open set D onto P!, Hence, the family {R"},,>1

cannot be normal in any open set of P! implying Jz = P!. Indeed, R"(D) = P!
implies that R" (D) must intersect the Julia set Jg. The backward invariance of Jg
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shows that D must also intersect it (the Julia set) and since it is closed and D is
arbitrary, it must be the case that Jz = P!.

Note that for a suitable choice of the lattice A, we obtain go = 4 and g3 = 0.
Then, the Lattés map is given by

(2 +1)?

R = o

5 Some Properties of the Julia Set

In this section, we shall investigate some elementary properties of the Julia set of a
rational map, R.

Definition 5.1 For zo € P!, consider the Taylor series of R about zg, i.e.,

R(z) = R(zo) + Za,- (z — z0)’.

j=1

Then the branching order (or valency) of R at zg is the minimum j for whicha; # 0,
denoted by v(zp).

For most points in P!, we have v(z) = 1. This is not true only for finitely many
points in P!. Here is a result that captures this idea.

Theorem 5.2 (Riemann-Hurwitz Formula) [9] Let R be a rational map with
deg(R) = d. Then
Z(zz(z)— ) = 2d-2.

zeP!

Let R : P! — P! be a rational map, as earlier of degree d > 2. Define a relation
~ on P! as follows: For x, y € P! we define x ~ y <= R"(x) = R"™(y), for some
positive integers m and n. It is a simple exercise to note that ~ is an equivalence
relation on P!.

Let [x] denote the equivalence class of x € P!. Since R"(x) = R"(y) —
R (x) = Rm“(y) and R is surjective, we see that [x] is completely invariant.

Proposition 5.3 If V is a finite, completely invariant set under a rational map R,
then V contains at most two points.

Proof Let V be a finite, completely invariant set under the rational map R with
cardinality k. Our aim here is to prove that k < 2. Since V is completely invariant
under the action of the rational map R, we have R(V) = V = R~!(V). Then R acts
as permutation on V and therefore, for some m > 1, we have R™ : V — V to be
identically equal to the identity permutation, i.e., R™ fixes each point of V. We know
by the Riemann-Hurwitz Formula,
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-1 < Y w@-1) = 24" -2,

zeV zeP!

where d is the degree of R(z). Since, foreachz € V, R"(z) =z, (R")"'(z) = {2}
and the degree of R™ is equal to d™, we have v(z) = d”. This implies

kd"—-1) < 2d"-1)—k < 2.

O

Definition 5.4 We say that xo € P! is an exceptional point of R, if [x¢] is finite. Let
E := {x : x is an exceptional point}. Then, E is said to be an exceptional set of R.

An immediate observation from proposition (5.3) implies that the cardinality of
[x]i.e., #([x]) < 2, whenever x is an exceptional point.

Theorem 5.5 A rational map R of degree at least 2 has atmost 2 exceptional points.
If E is a singleton, then R is conjugate (via a Mobius map) to a polynomial. If E
contains two elements, then R is conjugate (via a Mobius map) to the map 7 — az®
where a € C. Furthermore, the exceptional set E of the rational map R is contained
in its Fatou set Fp.

Proof Since the exceptional set is completely invariant by definition, it is clear that £
can contain at most two points, by proposition (5.3). Thus, there are four possibilities
for E, namely:

E =,

E = {C} = [l

E={G, ¢} [Gl={G}, [Q]l=1{Gh
E={G, G} [Gl =[Gl

1. This is a trivial case, about which we do not say anything.

This means R~ (¢y) = {(o}. However, we know that the property P~1(00) = {00}

characterises the polynomials among rational functions, since then P has exactly

one pole at oo and no poles in the finite complex plane. Hence, R is conjugate to
some polynomial P (via a Mobius map).

3. This means R~'(¢;) = {¢;} and R~'((2) = {¢;}. We note again that for polyno-
mials P of the from az?, we have that P~'(0) = {0} and P~ (00) = {oco}. Hence,
R is again conjugate (via a Mobius map) to some polynomial z — az?, where
a € C and d is some positive integer.

4. Here, we have R((;) = ¢ and R((;) = (;. Consider the rational map z — az?,
where a € C and d is a negative integer, that interchanges the points at 0 and
oo. Hence, R is then conjugate (via a M6bius map) to the map z —> az?, where
a € C and d is some negative integer.

il

N

However, from all the above cases, it is clear that £ C Fk. |

Theorem 5.6 For a rational map R of degree at least 2, Jg is infinite.
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Proof Theorem (3.9) shows that Jrx # &. Suppose £ € Jg. If Jg were finite, then &
must be an exceptional point, since Jg is completely invariant. However, this is not
possible because the exceptional set lies inside the Fatou set, which is the complex
complement of Jg. Thus Jg should be infinite. O

Theorem 5.7 Let R be a rational map of degree at least 2 and U be an open set such
that U N Jg is non-empty. Then there exists some N > 0 such that RN (U) D Jp.

Proof LetU;, U, and Us be disjoint open sets in P! that has a non-empty intersection
with J, R-

Uz

Us

Claim: For each i € {I, 2, 3}, there exists some N = N(i) € Z, and j = j(i) €
{1, 2, 3} such that RN (U;) D U;.

We prove this claim by the method of contradiction. Suppose, this is not true, then
the family of sets obtained by the action of the iterates of R on Uj;, i.e., R"(U;), do not
cover either of the U;’s i # j withi, j € {1, 2, 3}. Without loss of generality, we can
take U, to satisfy this condition. Then, the family {R"|y, : n > 1} leaves sufficiently
more than three distinct points from its image set. Hence, by Montel’s theorem II,
this family is normal on U,. This is a contradiction, since U; N Jp # @.

Since the claim is true, we can now choose N that satisfies U; € RY(U)) C
R*N(Uy) C ---. This is an increasing sequence of sets that acts as an open cover
of Jg. Since {R", R?", ...} is not normal in the whole of U}, we expect it to leave
atmost two points only (Montel’s theorem II). However, Jg is compact, and hence,
Jr C R™(U,) for some m > 1. O

Theorem 5.8 Jr C {All periodic points of R} for a rational map R of degree at
least 2.

Proof Choose wy € Jg such that wy is not a critical point of R?. Then there exists at
least three distinct pre-images of wy under R?, say w;, w, and w3. Choose mutually
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disjoint neighbourhoods Uy, U;, U, and U; of wy, wi, w, and wj respectively, such
that R2|UV —> Up is a homeomorphism. Let

Sj(2) = (R2|Uj)_] (2).

To complete the proof of the theorem, we now show that for some zy € Uy, there
exists an m > 1 such that R" (z9) = S;(zo) for all j € {1, 2, 3}. Suppose not, then
R"|y, would be normal by Montel’s theorem, which is not true. Hence,

R™(z0) = Sj(z0) = R""(z0) = 2o

Thus, zp is a periodic point of R. Hence, every open neighbourhood Uy that has a
non-empty intersection with J contains a periodic point of R. (I

6 Local Analysis Near a Fixed Point

Consider @ C P! and f : @ —> Q be a holomorphic map. Suppose zo € Q is a
fixed point of f. In this section, we investigate the local behaviour of f near its fixed
point zg.

Recall that the Taylor series expansion of f about the fixed point zg is given by,

f@ = f)+@—z0)f"(zo)+--.

We concentrate on the number f”(zg). This is called the multiplier of f at z(, denoted
by A (zo). Multipliers are used to classify the fixed points into following categories:

1. zo is called an attracting fixed point if 0 < [Af(20)| < 1;
2. zois called a repelling fixed point if |\ r(z0)| > 1;
3. zois called an indifferent fixed point or neutral fixed point if |\ (zo)| = 1.

Further, a neutral fixed point zj is classified as

e a rational neutral fixed point if A" = 1 for some positive integer n and
e an irrational neutral fixed point if \* # 1 for any choice of positive integer 7.

‘We now define the basin of attraction for a fixed point, say zg.

Definition 6.1 The basin of attraction of a fixed point z( for a rational map R is
defined to be the set of all points z such that R"(z) — z¢, as n — oo.

By virtue of the definition, it is clear that for any arbitrarily small € > 0, the basin
of attraction of z coincides with the union of the backward iterates R~ (D(zg, €)),
where D(zp, €) is an e-neighbourhood around the point zy. Since the analysis is
local, we consider the restriction f = R : D(0, ¢) —> C such that f(0) = 0. Now,
the Taylor series of R in a neighbourhood of 0 will be of the form

R(z) = RO)+zRO)+--- = zRO)+--- (8)
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Case 1: Suppose 0 is an Attracting Fixed Point

Theorem 6.2 There exists a unique injective holomorphic map

¢:D(0,e) — D(0,¢)

such that the following diagram commutes:

D(0,¢) —E—— D(0,¢)
S
D(0,¢) —2— D(0,¢)

ie, 1o Ro¢(z) = Azfor A\ = R'(0).

First proof. Consider the following diagram

D(0,6) — P D(0,¢) —L—— D(0,¢) ——--- B__y...
@ ¢ @
D(0,6) —22— D(0,6) —22— D(0,€) ----- LERN
Define
¢(z) = ,11Ln30 RHELZ) = nan;o ¢n(z), where ¢,(z) = R:iz).

Then,

1 1
Ony1(2) = WRnOR(Z) = X¢nOR(Z)-

As n — 0o, we have

1
6@ = ToR@D), = poRo¢™(2) = A2,

meaning ¢ is a conjugation.

Note that for some small § > 0, we have |R(z) — A\z| < c|z|> whenever |z| < 6.
Thus, |R(z)| < |Al||z] + ¢|z]?> < (JA] + ¢d)|z|. Further, by induction, we also have
that

|R"(z) < (JA] + ¢d)"|z|, whenever we choose § > 0
to satisfy |A| +c¢d < 1 and |z| < 6.

Consider
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RoR"(2) —AR"@)| _ c|R"@F _ (Al +¢d)"i2]
\n+l - A+l - |)\| ’

|Pns1(2) — ¢n(Z)| =

for |z| < §. Hence for sufficiently small 6, ¢, converges uniformly for all |z| < J,
and the conjugation exists.

What now remains is to check the uniqueness of ¢. Since ¢, (z) = /\l—nR” (z) and
¢(0) =0, Vn € Z,, we make use of chain rule to find that ¢'(0) = 1. Thus ¢ is a
local conformal map that is injective near 0. For some r > 0 that determines this
neighbourhood, consider the following commutative diagram,

D(0,r) —E— D(0,r)

2 Az

D(0,r) —==— D(0,r)

Suppose ¢ : D(0,r) —> D(0, r) is another injective holomorphic map such that
the following diagram commutes.

D(0,r) ——&——— D(0,7)

Y ¥

D(0,r) ——22— D(0,r)

Then AG(z) = G()\z), where G = ¢ o ¢~'. This implies
Nz + ez + ) =c1(A\2) + c2(A2)* + -+ (since G(0) = ¢y = 0).

Then, by comparing the coefficients, we get,

A=\ o eph =\
However, since 0 < |A| < 1,wegetc; =c¢3 = --- = 0.Also G'(0) = 1 impliesc; =
1. Hence, ¥ 0 ¢~ '(z) = G(z) = z, thereby making ¢ to be unique. (I

Second proof. Here, we only prove the formal existence of a power series. We appeal
to the first proof for the convergence of the power series.

We need to justify the equation ¢! o R o ¢(z)=Az where A=R’(0), 0<|\| < 1.
This is equivalent to studying the functional equation R o ¢(z)=¢(\z) for some ¢.
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o0
We assume that ¢ has a formal power series expansion, ¢(z) = Y ¢ jzj , where
j=0
#(0) =01i.e., co = 0. Also we have R(z) = Az + O(z?). So,

R((2) = Ab(2) + 0(6(2)) = 60) = Y ¢; (N2
j=0

In other words,

oo
Maz+ed +--)+ ) a;(@) =Az+ N+

j=2
Substituting for ¢(z) and by comparing the coefficients, we obtain,

Acp = Acy;
e 2 )\2 .
2+ aoc] = Aep;

Aes + ax(erz + ez 4 - )2042(012 4 = Neg;

that implies

2

a2Cq
TNy

20nc100 + OZ3C%‘
3 = —)\3 Y 5

Since [\| < 1, all the coefficients are well defined. Thus, given c;, we can inductively
evaluate and find the coefficients. Hence, the functional equation R o ¢(z) = ¢(A\z)
has a well defined solution. |

Case 2: Suppose 0 is a repelling fixed point. As in Case 1, a similar local analysis
holds viz. there exists a unique injective holomorphic map ¢ : D(0,r) — D(0, r)
which makes the following diagram commutative,

D(0,r) — R D(0,r)

D(0,r) LN D(0,r)

ie,0 ' oRod(z) =Xz => ¢ ' o R" o #(z) = N'zas|\| > 1.Hence, |\|" = o0
as n — oo. Thus, {R" : n > 1} does not form an equicontinuous family and so the
repelling fixed points are in Jr whereas the attracting fixed points are in Fg.
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Case 3: Suppose 0 is an indifferent fixed point. Here, we have two sub-cases
depending on whether 0 is a rationally indifferent fixed point i.e, whether X is a root
of unity or if 0 is an irrationally indifferent fixed point i.e, if A\ = ¢>™?, where 6 is an
irrational no.

Case 3a: Suppose 0 is a rationally indifferent fixed point. In this case, write
R(z)=az+ bz +---

near z = 0, where a™ = 1 for some positive integer m and b # 0. Then
R"(z)=z4cz +---

near the origin and ¢ # 0 (as otherwise all the higher order derivatives of R at the
origin will vanish forcing R™ to be the identity which is not possible as its degree is
at least 2). The iterates of R™ will all be of the form

R™(z)=z4+ncz +---

and this means that the rth derivative of R"" at the origin diverge to infinity and this
forces 0 € Jg. A complete local analysis of the iterates of R near the origin requires
many steps and upshot of it all is that R is not locally conjugate to its derivative at
the origin near it. To provide a flavour of what is involved, let us look at

P)=z-72°

that has a rationally indifferent fixed point at the origin. If z approaches the origin
along the x-axis, then0 < P(x) < x forx € (0, 1) andhence P"(x) — Oasn — oo.
In fact, the convergence to the origin holds on each small disc centered at » € (0, 1)
of radius r. The union of these discs is a bulb (or a petal) containing a segment on
the positive x-axis and the origin on its boundary. In general, if

R(z)=z+az"" +.-.

near the origin, there exist p distinct petals each containing the origin on its boundary
such that the iterates of R on each petal converge to the fixed point (i.e., the origin)
in such a way that the argument of R" approaches a fixed multiple of 27/ p. The
details of the proof can be found in [2, 7] for example.

Case 3b: Suppose 0 is an irrationally indifferent fixed point. Suppose \ = ™%,

where 6 is an irrational number.

Definition 6.3 A real number 6 is Diophantine if it is badly approximable by rational
numbers, i.e., there exists a ¢ > 0 so that

-
q

E%Vp,quandezZ
q
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Siegel proved that if A = e?™, where « is a Diophantine number, then, there
exists a conjugacy ¢ such that ! o R o ¢(z) = Azi.e., R is an irrational rotation of
unit disc D. The Fatou component containing the irrationally indifferent fixed point
is called a Siegel disc.

7 Brolin’s Theorem

It can shown that (see Theorem (4.2.7) in [2] for example) that if P is a polynomial
with degree at least 2 and z € Jp is an arbitrary point, then the backward orbit

O~ (2) = {w : there exists n > 0 such that P" (w) = z}

is dense in Jp. Brolin’s theorem quantifies this statement in a rather precise way
using the notion of an equilibrium measure of a compact set. To briefly describe
what this is, we start with the definition of a subharmonic function.

Definition 7.1 A function u on a domain 2 C C taking values in [—00, 00) is said
to be subharmonic if

(1) u is upper semi-continuous on £, i.e., limsup__, ,u(z) < u(p) forall p € Q,
and
(i) for each p € Q, there exists ry > 0 such that

1 2 )
u(p) < —/ u(p + re'®ydo
27'(' 0

for all r < ry.

Harmonic functions provide smooth examples of subharmonic functions, but more
illustrative examples are provided by looking at u(z) = log | f (z)| for a holomorphic
function f on Q. It can be shown that a C2-smooth function u is subharmonic if and
only if Au > 0 on Q.

Definition 7.2 A set E is said to be polar set if there is a subharmonic function u
such that E C {u = —oo}.

For example, the zero set of a holomorphic function f (z) is a polar set. Since, then
log(] f(z)]) is subharmonic and f(z) = O precisely when log | f(z)| = —oo. Next,
we define potential and energy.

Definition 7.3 Let i be a finite Borel measure on C such that support of 1 is compact.
Then the potential p,, : C — [—o00, 00] is defined as

pu(z) = flog lz — w|dp(w).
C



146 S. Sridharan and K. Verma

It can be shown that p,, is subharmonic on C and harmonic away from the support
of u.

Definition 7.4 The energy associated to the potential p,, is defined as

I, = /pu(Z)du(z).

C

To define the equilibrium measure of a compact set K C C, let P(K) be the
collection of all Borel probability measures on K that are supported on K. If there
exists v € P(K), such that

sup I, = 1,
HEP(K)

then v is called the equilibrium measure for K. Note that v always exists because
every sequence in P(K) admits a weakly convergent subsequence. Furthermore, v
is unique, if K is non-polar. A theorem of Frostman shows that

pv(z) = 1y,

everywhere on C and that equality holds on K\ E where E is a F, polar subset of
the boundary 0K .

Theorem 7.5 (Brolin’s theorem) Let P(z) be polynomial of degree d and Jp be
its Julia set. Start with any w € Jp. Then P"(z) = w has d" roots with counting
multiplicity. Define,

1 ifEeE

1
n = — ¢, here  6¢(E) =
H dar Z ¢ " ¢(E) 0 otherwise.

pr&)=w

Then u,, € P(Jp) and p, converges weakly to v. In fact, v is the equilibrium measure
Of JP.

A proof can be found in [8]. The measure v also has the following property:

Theorem 7.6 Let P(z) be as above. Then entropy of the polynomial P with respect
to the measure v is logd. v is unique measure of maximal entropy.

8 What Happens in Higher Dimensions?

Moving from the plane to C?, a natural class of mappings to focus on are polynomial
automorphisms, i.e., P = (P, P;) : C> — C? such that each component is a poly-
nomial. Itis a theorem that if such an P is both injective and surjective, then its inverse
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is also a polynomial. As on the plane, the goal is to understand the behaviour of the
iterates of P. A theorem of Milnor-Friedland lists all possible conjugacy classes in
the group of polynomial automorphisms of C? and identifies the class of generalized
Hénon mappings as one which is dynamically interesting. A generalized Hénon map
is defined as

H(x,y) = (y, P(y) — dx)

where P is monic polynomial in y of degree d > 2 and § # 0. We may consider finite
compositions of such maps and understand their iterates. As a first step, the dynamics
of H can be understood by observing that the degree of the second component of the
iterates of H is always larger than the first. It follows that there is a filtration of C?
in each component of which the iterates of H have a well defined behaviour.

Thus, define K+ to be the set with bounded forward/backward orbits, K = KT N
K=, J*=0K* J=J"NnJ andU* = C?\ K*.1It can be shown that the family
of iterates H" is normal on the interior of K (if it is non-empty) and that in no
neighbourhood of any point in J* is this true. Furthermore, the Fatou set of H is
exactly C? \ J*. The absence of a useful analog of Montel’s theorem forces different
tools to be brought into the picture at this stage and it turns out that methods from
pluripotential theory have been very useful. The Green’s function

G(x,y) = lim d "logt |H"(x, y)]
n—o0

exists as a non-negative plurisubharmonic function on C? that vanishes precisely
on KT and which is pluriharmonic away from it. The definition also implies that
G* o H = dG™* everywhere. Similarly, we can define G~ by considering H~! and
its iterates. Since both G* are plurisubharmonic,

1 X
Ni — _dch:l:
27

are well defined positive closed currents whose supports are precisely J*. These
currents have a laminar structure in the measure theoretic sense and many of their
properties hinge upon this fact. There is a version of Brolin’s theorem as well in
which points are replaced by the pullbacks of a small disc. Convergence to a positive
multiple of p is then the conclusion. The measure pr = pu+ A ™ is well defined and
invariant under H. It is a theorem that y is mixing and hence ergodic. Furthermore,
the entropy of H is logd.

These ideas have been developed for holomorphic endomorphisms of P” as well—
see [4] for a comprehensive survey.
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Topics in Homogeneous Dynamics and )
Number Theory

updates

Anish Ghosh

1 Introduction

This is a survey of some topics at the interface of dynamical systems and number
theory, based on lectures delivered at CIRM Luminy, the University of Houston, and
IIT Delhi. Specifically, we will be interested in the ergodic theory of group actions on
homogeneous spaces and its connections to metric Diophantine approximation. The
topics covered in the lectures included the study of the Diophantine approximation
of linear forms using dynamics, the study of quadratic forms in particular the famous
Oppenheim’s conjecture and its variations, as well as lattice point counting using
dynamics. At IIT, non-divergence estimates for unipotent flows and Margulis’ proof
of the Borel Harish-Chandra theorem using the non-divergence estimates were also
covered. There are many recent and excellent surveys covering all this material,
including but not restricted to [9, 24, 27, 49, 50, 60] and the books [23, 59]. Rather
than reinvent the wheel, I have chosen to present some other recent topics at the
interface of Diophantine approximation and homogeneous dynamics in this article.
The topics chosen are representative of the lectures but reflect my interests and
problems that I have been recently involved with. While some of the lectures were
at a more basic level, this article serves as an introduction to more advanced and
more recent material. In particular, this is not meant to be a comprehensive survey
of this very active and rapidly expanding subject, a shortcoming redressed by the
many aforementioned surveys. The hope is that this article will serve as a guide for
students with some preparation, e.g. the ones who attended the lectures and point
them to further reading and interesting research avenues. Two sections of this article
are devoted to results using methods from classical number theory, an indispensable
part of the toolbox of anyone interested in Diophantine analysis.
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1.1 Homogeneous Dynamics

Let G be a unimodular, locally compact, second countable topological group and I"
be a lattice in G. The homogeneous space G/ I' is equipped with a finite measure
which descends from the Haar measure on G and which can therefore be normalised
to make G/ I" a probability space. A subgroup H of G acts on the probability space
G/ T by translations. The ergodic theory of this action has been extensively studied in
recent decades, and is referred to as homogeneous dynamics. For particular choices
of G, H and T, the spaces G/ I" and H\G parametrise objects of number theoretic
interest in many cases and the ergodic theory of the H action on G/ T (resp. the I"
action on H\G) gives valuable Diophantine information about these objects. Here
are some examples:

Example 1.1 G = SL,(R) andI" = SL,(Z). Then G/ I" can be identified with the
space of unimodular lattices in R”. The dynamics of diagonal flows on G/ I" plays an
important role in Diophantine approximation of vectors and linear forms, as explained
in the next section.

Example 1.2 Letn = p + g andset H = SO(p, q). Then the H action on SL,,(R)/
SL, (Z) plays an important role in the study of quadratic forms. This is also touched
upon in the next section.

Example 1.3 G = SL,(R) x SL,(Q,) and I = SL,,(Z[1/p]). Once again, I" is a
non-cocompact lattice in G and similar to the example above, one can identify G/ I"
can be identified with the space of discrete Z[1/p]-modules in R" x Q.. Dynamics
on this and related spaces plays an important role in p-adic Diophantine approxima-
tion.

Example 1.4 Let k be a degree d number field, S be the set of Archimedean places
and Oy, beit’sring of integers. Then Oy isalatticeinkg ;== R x --- X Rx C x --- X
C via the Galois embedding. By the Borel Harish-Chandra theorem, I' = SL,(Oy)
is a lattice in SL, (kg) := [, s SL, (ks) where k; denotes the completion of k at the
place s € S. In Sect. 3, we will consider flows on the space G/ I" and connections to
Diophantine approximation in number fields. Such dynamics is intimately connected
to geodesic flows on the associated arithmetic orbifold.

1.2 Diophantine Approximation

Diophantine approximation begins with a theorem due to Dirichlet [16] which states
that

Theorem 1.5 Forany x € R and any Q > 0, there exist p € Z and q € N such that

1
lgx — p| < aandqu.
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As a corollary, it follows that for every x € R, there exist infinitely many g € N such
that

1
lgx —p| < -,
q

for some p € Z. One can also consider Diophantine approximation in higher dimen-
sion. Indeed, the role of homogeneous dynamics is brought into sharper focus in
higher dimensions as it serves as a replacement for continued fractions, an effi-
cient theory of which is only available in dimension 1. For instance, the corollary to
Dirichlet’s theorem in arbitrary dimension reads as follows:

Theorem 1.6 For every x € R, there exist infinitely many q € Z such that

llgx —pll < lq|7"", (1)
for some p € 7.

Here, || - || is the supremum norm. In dimension d > 1, there are two possible settings
for Diophantine approximation. The above is called the simultaneous setting, one
could also consider the dual setting where one considers small values of the linear
form

lq-x+ p|

forq € Z% and p € Z. The simultaneous and dual settings are related by transference
principles. We refer the reader to [16] for Khintchine’s classical transference princi-
ples and [19] for some recent developments involving transference inequalities in the
weighted and inhomogeneous settings. Dirichlet’s theorem can be proved using the
pigeonhole principle (as proved originally by Dirichlet) and also using Minkowski’s
theorem in the geometry of numbers.

The next major theorem in metric Diophantine approximation seeks to expand the
class of approximating functions. Let i) be a non-increasing function from R —>
R, U {0} be given and let W, (), R) be the subset of real numbers x for which there
exist infinitely many q € Z¢ such that

lq-x+ pl <¢dql?) 2)

for some p € Z. Khintchine’s theorem (in dual form) characterizes the size of
Wy (1, R) in terms of Lebesgue measure.

Theorem 1.7 (Khintchine’s theorem) W; (1), R) has zero or full measure according
as

iwm 3)
x=1

converges or diverges.
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There exist numbers (and vectors) for which (1) cannot be improved; these are called
badly approximable. We now define the same.

Definition 1.8 A vector x € R? is called badly approximable if there exists ¢ :=
c(x) > 0 such that

llgx —pll = 4)

c
PIREE
It is well known that badly approximable vectors have zero Lebesgue measure and
full Hausdorff dimension (Jarnik [45] for n = 1 and Schmidt [65, 66] for arbitrary
n). In fact, Schmidt showed that they are winning for a certain game, a stronger and
more versatile property than having full Hausdorff dimension. We refer the reader
to Dani’s article [21] in this volume for an introduction to Schmidt’s game.

On the opposite end of the spectrum to badly approximable vectors, are singular
vectors.

Definition 1.9 A vector x € R is said to be singular if for every & > 0 there exists
N, with the following property: for each N > Ny, there exist p € Z¢, g € N so that

lgx—pll < — and g <AN. 5)
N

In other words, x is singular if Dirichlet’s Theorem can be improved by an arbitrarily

small constant factor ¢ > 0. In the case d = 1, Khintchine [48] showed that a real

number is singular if and only if it is rational. Moreover, it was shown by Davenport

& Schmidt [22] that the set of singular vectors has zero Lebesgue measure.

We now move from linear forms to quadratic forms and briefly discuss Oppen-
heim’s conjecture. Let n > 3 and let Q be a non degenerate indefinite quadratic
form in n variables and assume that Q is not proportional to a form with rational
coefficients. It was a conjecture of Oppenheim from the 1920s and a celebrated
theorem of Margulis [56] that under these conditions Q(Z") is dense in R. Oppen-
heim’s conjecture is false for binary quadratic forms, a counterexample can be con-
structed using badly approximable numbers. More precisely, the quadratic form
Q(x,y) = y* — 0>x? where @ is a quadratic irrational with 67 irrational provides
a counterexample. For this and more, we refer the reader to Borel’s survey [12].

How does the Diophantine approximation of vectors and linear and quadratic
forms relate to dynamics of subgroup actions on G/ I" or lattice actions on H\G?
Let G =SL,+1(R) and I" = SL,,11(Z), then G/TI" and can be naturally identified
with the space 2,4+, of unimodular, i.e., covolume 1 lattices in R+, Namely, G
acts transitively on €,,, by multiplication and the stabilizer of the lattice Z"+!
is SL,,4+1(Z). The space G/ T is a non-compact, finite volume space and Mahler’s
compactness criterion describes the compact subsets of G/ I". Diophantine approx-
imation of vectors in R” can be modelled using dynamics of subgroup actions on
©,.+1. Given a vector x € R”, we consider the unimodular lattice
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. I x n+1
Ay = <O Id)Z EQ,H_].

e 0
g = <0 e") eG.

Then we have the following two propositions connecting Diophantine properties of
x with the dynamics of the g; action on G/ I" due to Dani [20]. The first concerns
badly approximable vectors.

Further, let

Proposition 1.10 A vector xeR" is badly approximable if and only if {g; Ax : t>0}
is bounded in G/ T.

And the second concerns singular vectors.

Proposition 1.11 A vector x € R" is singular if and only if {g;/Ax : t > 0} is
divergentin G/ T.

Kleinbock and Margulis [52] have proved a more general version of the “Dani cor-
respondence” and have provided a dynamical proof of Khintchine’s theorem using
exponential mixing of the g, action on G/ I". This is closely related to the shrinking
target problem for group actions on homogeneous spaces. In [68], Sullivan estab-
lished the following folklore theorem. Let V = H*!/T" be a hyperbolic manifold
where I' is a discrete subgroup of hyperbolic isometries which is not co-compact,
and let dist v(¢) denote the distance from a fixed point in V of the point achieved
after traveling a time ¢ along the geodesic with initial direction v.

Theorem 1.12 ([68]) For all x € V, and almost every v € T,V

disto(r) 1

lim su .
oo logt d

Kleinbock and Margulis generalized Sullivan’s logarithm law to locally symmetric
spaces. In fact, both the logarithm law and Khintchine’s theorem are manifestations
of a 0—1 Borel-Cantelli type law for diagonal flows on homogeneous spaces. This
scheme was subsequently carried out in the positive characteristic setting in [4]
(see also [34]), and in the setting of geodesic orbits on the frame bundle of finite
volume non-compact hyperbolic manifolds in [7]. We refer the reader to [33] for an
introduction to the shrinking target problem, including a more general formulation
of the logarithm law for (not necessarily one-parameter”) subgroups, as well as a list
of references.

How does Oppenheim’s conjecture relate to dynamics? Let G = SL,(R), H =
SO(p, q) and I = SL,,(Z). The space H\G can be identified with the space of
quadratic forms of signature (p, ¢) in n = p + g variables. The relevant dynamics
here is that of the I" action on H\ G (or, dually, the H actionon G/ I'). More precisely,
the following proposition implies Oppenheim’s conjecture.
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Proposition 1.13 Any H orbit on G/ T is either closed and carries an H® invariant
measure or is dense.

The above result was proved by G. Margulis [56] for ternary quadratic forms, thus
settling Oppenheim’s conjecture. The main point is that, under the conditions above,
SO(p, q) is generated by unipotent one-parameter subgroups. The proposition above
is aninstance of the conjectures of Raghunathan and Dani on orbit closures and invari-
ant measures for actions of such groups on homogeneous spaces. These conjectures
were settled by M. Ratner. We refer the reader to [59] for details on this beautiful
subject. Recently, the I' action on H\G has been used to study effective versions on
Oppenheim’s conjecture. We will not elaborate on this theme in this survey, refer-
ring the reader instead to [39] for details and to [37, 38] for the more general study
of effective density of lattice orbits on homogeneous varieties and [35, 36] for the
related problem of intrinsic Diophantine approximation on varieties. See also [32]
for a related question on quadratic forms studied originally by Bourgain [13].

Structure. The rest of the article is divided into three sections. The next section
focuses on Dirichlet’s theorem and considers two different aspects—probabilistic and
geometric, of the problem of distribution of approximates. The tools in this section
involve equidistribution of flows and limiting distributions for flows on the space of
lattices. Section 3 considers Diophantine approximation in number fields. The classi-
cal theorems like Dirichlet’s theorem and Khintchine’s theorem can be generalised to
number fields. We pay particular attention to vectors which are badly approximable
by rationals from a number field and the associated dynamics of diagonal flows on
arithmetic orbifolds. The last two sections discuss Diophantine approximation in two
diverse settings: that of projective space and hyperbolic space. In Sect. 4, we present
a projective version of Khintchine’s theorem and the more general Duffin—Schaeffer
conjecture and in Sect. 5, we discuss Diophantine approximation by orbits of Fuch-
sian and Kleinian groups on the boundary of hyperbolic space. The techniques used
in the last two sections are classical in nature.

2 On the Distribution of Approximates

In this section, we describe some recent results on the distribution of approximates in
Dirichlet’s theorem. First, we describe a probabilistic distribution problem, originally
due to Erdds, Sziisz and Turdn and developed in a homogeneous context, in [3]. In
the next subsection, we consider the geometry of the approximates and describe a
spiraling equidistribution of approximates proved in [6].
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2.1 The EST Distribution

In 1958, Erd6s, Sziisz and Turdn [26] introduced a problem in probabilistic Dio-
phantine approximation: what is the probability f (N, A, ¢) that a point « chosen
from the uniform distribution on [0, 1] has a solution g € Q to the inequality

: ©)

with the constraint that the denominator ¢ lies in [N,cN]? Here A >0, ¢ > 1
are fixed positive parameters, and N is a parameter which goes to infinity. The
above inequality is of course a close variant of the inequality in Dirichlet’s theorem.
In particular, we know that A = 1 admits infinitely many solutions and that (by
Hurwitz’s theorem), A = Lj is the best allowable constant which admits infinitely
many solutions for all a. Given A, ¢, N, let EST(A, ¢, N)(«) be the number of
solutions p/q € Q with ged(p, ¢) = 1to(6). Letting « € [0, 1] be a uniform random
variable yields an integer-valued random variable EST(A, ¢, N), with

P (EST(A,c, N) =k) = m(a€[0,1] : there are exactly k solutions to (6)),

where m is Lebesgue measure on [0, 1]. Then, the EST question is the existence of
the limit
A}im P (EST(A,c,N) > 0).

Kesten [46] considered a modified version of this problem, he defined the sequence
of random variables K (A, N) as the number of solutions to

A
lag — pl < v I <qg=<N, @)

where « is a uniform [0, 1] random variable. That is,
P(K(A,N)=k)=m(a € [0, 1] : there are exactly k solutions to (7)) .

The Kesten distribution was studied by Marklof [Theorem 4.4 in [57]], thought
at the time he was not aware of Kesten’s question. In [3], it was shown that the
limiting distributions of the random variables EST(A, ¢, N) and K (A, N) exist as
N — oo. In fact, they can be viewed as the probability of a random unimodular
lattice intersecting a certain fixed region. Let u; denote the Haar probability measure
on €2, the space of unimodular lattices in R2. Given A € X», A = g7Z2, let Apim
be the set of primitive vectors in A. It should be emphasized that we were unaware
of Marklof’s work, and the Kesten part of the theorem below merely reproves a part
of Marklof’s theorem referred to above.
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Theorem 2.1 ([3] Theorem (1.1)) The limiting distribution of the random variables
EST(A, c, N) and K(A, N) exist and denoting the random variables with these
limiting distributions as EST(A, c¢) and K (A), we have

P(EST(A,c) =k) = pia(A € Xa : #(Aprim N Ha o) = k), ®)
and
P(K(A) =k) = pia(A € Xy : #(Aprim N Ra) = k) )
where
Hyo={(x,y)eR* : xy<A, 1<y<c}, (10)
and
Ri={(x,y)eR*: x| <A, 0<y<l1h. (11)

In fact, the setting in [3] is abstract and axiomatic, allowing for a great deal of
flexibility. The philosophy of equivariant point processes, introduced in this context
in [3], allows us to obtain the existence of these limiting distributions in higher
dimensions, for linear forms, for points on smooth curves as well as in the setting of
the set of holonomy vectors of saddle connections on translation surfaces. For details
as well as a more detailed history of the problem, the reader is referred to [3]. Further
applications of equivariant point processes are explored in a forthcoming monograph
of Athreya and Ghosh.

2.2 Spiraling of Approximates

In this section, we describe some results from [6] (see also [5]) where the geometric
study of the distribution of approximates in Dirichlet’s theorem was initiated. We
consider a vector x € R¢ and form, as before, form the associated unimodular lattice

in RI*1,
Ay = (Ig‘i T)Zd“ = {(qxq—p) :peZiq eZ}.

Then we can view the approximates (p, g) of x appearing in (1) as points of the
lattice Ay in the region

R := {v: <Z1> eRY xR : |vill|va]V? < 1}. (12)
2

The goal is to understand the geometry of the set of approximates Ay N R. To do so,
consider the following sets:

Ry ={veR : el <v, <T} (13)
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and, for a measurable subset A of SY~! with zero measure boundary,

\4
RA,E,T = {V S Re,T . _1 € A} . (14)
[Ivill

For a unimodular lattice A, define
N(A,e,T) = #{ANR. 7}

and
N(A A, e,T) = #ANRp T}

Letdk denote Haar measureon K = SO,41(R),andlet Xy = SLy4 (R)/SLy+1(Z)
denote the space of unimodular lattices in R¢*!. The following equidistribution
theorem is proved in [6].

Theorem 2.2 Forevery A € X411, A C S~ as above, and for every € > 0,

o e NG A e T) dk
1o [ N(k'A, e T)dk

= vol(A). (15)

In other words, for any lattice A, on average over the set of directions v, the set of
approximates satisfying Dirichlet’s theorem in the direction v equidistributes in the
set of directions S~! in the orthogonal complement to v. The proof of the Theorem
2.2 depends on an equidistribution result for Siegel transforms which is likely to
have other applications.

One can also fix the vertical, and instead average the counting functions over a
range of heights, 7', to obtain a result for almost every lattice A, with respect to the
probability measure p on X, induced by Haar measure on SL;;; (R).

Theorem 2.3 Fix A C S?~! as above. For pi-almost every A € X4, and for every
e >0,
s
N(A, A, e e)dt
lim Jo V¢ )

s=>00 [SN(A, € et) dr

= vol(A). (16)

That is, if we average the number of approximates in the region A over a range of
heights and similarly average the total number of approximates, we have an almost
everywhere equidistribution.

On the other hand, there are examples of lattices A and directions v for which
(non-averaged) equidistribution does not hold. The following is proved in [6].

Theorem 2.4 Letd > 1. There exists a lattice A € SL;11(R)/SLy41(Z), aset A C
S9! with zero measure boundary, and a sequence {T,,} for which
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fim YA A6 Tn) £ vol(A) (17)
—_— Vi
n—>oo N(A,e,T,)

forevery 1l > e > 0.

For d = 1, note that S°:={—1, 1} and we define vol({—1}) = vol({1}) = 1/2.

In [54], the study of weighted spiraling was taken up and several interesting
spiraling and equidistribution results were obtained. Subsequently, in [1], a study of
spiraling and equidistribution in number fields was undertaken. Finally, we note that
the paper [11] has interesting results on the distribution of approximates for badly
approximable numbers.

3 Diophantine Approximation in Number Fields

In this section, we describe some recent advances in Diophantine approximation in
number fields. Let & be a number field of degree d over Q, Oy its ring of integers,
and S be the set of field embeddings ¢ : k < R. Then we have |S| = d. We will be
interested in Diophantine approximation by rationals from a fixed number field.

Analogues of Dirichlet’s theorem in this setting have been established by several
authors (cf. [15, 63, 66]) using appropriate adaptations of the geometry of numbers.
Here is Proposition 2.1 from [51], proved using a result from [15], here we are
approximating x € R? by rationals in k.

Proposition 3.1 There exists a constant and for every Q > 0, there exists p €
Ok, q € O;\{0} with

lo(@)-x+a(p)l < CQ'andllo(@)] < Q.

The corollary of Dirichlet’s theorem also holds for number fields. Here is Theorem
2.3in [51].

Theorem 3.2 There is a constant C = C, > 0 depending only on k, such that for
every x € kg, there are infinitely many p, q € Oy with g # 0 satisfying:

lotg)-x+o(p)l < Clo@l™"

We now want to define and discuss the properties of badly approximable vectors. We
define the more general weighted badly approximable vectors and describe results
in [2], we therefore follow the notation from that paper.

Notation 3.3 Letr € R? be a real vector with r, > 0 for o € S and )
Set

veslo = 1.

S = {ceS:r,>0}, and S, = S\ S;.
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Assume |S;| = d, |S2] = d>. Choose and fix w € § with r,, = r, where

r = maxr,.
oeS

Definition 3.4 Define a weighted norm, called the r-norm, on [[__. R by

=N

Definition 3.5 Say a vector X = (x,)es € [ [, o Ris (k, r)-badly approximable if

oes

inf max { max "o(q)xy + O ,
oint {S a1z 10@)xs + o (p)

{‘Ileels)fmax{lo(q)xa +o(p)l, |0(4)|}} > 0.

The set of (k, r)-badly approximable vectors is denoted as Bad(k, r).

The definition of (k, r)-badly approximable vector is the weighted case of k-badly
approximable vector introduced in [25]. Weighted badly approximable (by rational)
vectors in R” are the subject of Schmidt’s conjecture, now a theorem of Badziahin,
Pollington and Velani [8]. In [2], a number field analogue of Schmidt’s conjecture
is proved, this was previously known in some special cases [25]. The existence of
k-badly approximable vectors was established in [13, 41].

We note in passing that a real number is badly approximable if and only if its
partial fraction coefficients are bounded. In [44], this characterization is established
for complex numbers and in [43], examples of badly approximable vectors in the
number field setting have been constructed.

A variant of Schmidt’s game, called the hyperplane potential game was introduced
in [28] and defines a class of subsets of R? called hyperplane potential winning (HPW
for short) sets.

The hyperplane potential game involves two parameters 3 € (0, 1) and v > 0.
Bob starts the game by choosing a closed ball By C R? of radius py. In the ith turn,
Bob chooses a closed ball B; of radius p;, and then Alice chooses a countable family
of hyperplane neighborhoods

o0
ELE,&,;*) : keN} such that Z(SZk < (Bp).
k=1

Then in the (i 4+ 1)th turn, Bob chooses a closed ball B; ;1 C B; of radius p;+1 > (p;.
By this process, there is a nested sequence of closed balls

By2B 2By 2.
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We say a subset S C R? is (3, v)-hyperplane potential winning ((3, ~)-HPW for
short) if no matter how Bob plays, Alice can ensure that

ﬁ Bin(su G G L) £ o
i=0

i=0 k=1
We say S is hyperplane potential winning (HPW) if it is (3, v)-HPW for any ( €
(0,1) and vy > 0.

Set
0:k— [[R 0(p) = (@(P)ses.

=N

Let Resy g denote Weil’s restriction of scalar’s functor. It is well known that the
group Resy g SL2(Z) is a lattice in Resy g SL2(IR). The latter coincides with the
product of d copies of SL,(R). We set

G = ReSk/QSLz(R) = HSLz(R), r = ReSk/QSLz(Z).

oeS

It follows from the definition that the subgroup Res;,q SL2(Z) coincides with the
subgroup 6(SL,(0y)), where 6 is the map defined by 6(g) = (0(g))ses- The follow-
ing is a special case of the main theorem in [2].

Proposition 3.6 Let r € R? be a real vector with ry > 0 for c€S and Y vesTo=1,

set ot 0
w=((0.2).

and FY = {g:(t) : t > 0}, then the set
E(F}) :={x € G/T : Flx is bounded }
is HPW.

As before, Bad(k, r) corresponds to bounded orbits for certain flows on homoge-
neous spaces. Namely, we have the following correspondence (Proposition 3.4 in
[2]) between (k, r)-badly approximable vector and bounded F,' trajectories, i.e. a
number field version of Dani’s correspondence. The proof is more involved than the
Q case.

Proposition 3.7 A vector X = (x,),es is (k, ¥)-badly approximable if and only if
the trajectory Fru(X)TU is bounded in G/ T. In other words,

Bad(K,r) = u~! (n " (E(F})) N H), (19)

where T denotes the projection G — G/ T.
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In view of the number field Dani correspondence above, this implies a number field
version of Schmidt’s conjecture, in other words.

Theorem 3.8 Bad(k, r) is HPW.

In fact, the sets above are winning for the hyperplane absolute game introduced in
[14]. This is because it is proved in [28, Theorem C.8] that A subset S of R? is HPW
if and only if it is HAW.

4 A Projective Duffin Schaeffer Theorem

In this section, we describe a recent projective variation of metric Diophantine
approximation originally studied by Choi and Vaaler [18] and developed further
by the author and Haynes [31]. Projective metric Diophantine approximation aims
to quantify the density of P"~!(k) in P"~!(k,) where k is a number field and k, is a
completion of k.

Notation 4.1 For non-zero vectors X, y € k', we define following [18]

X A Yl

. (20)
IX[v]¥]o

61} (X’ Y) =

Then §, defines a metric on P"~! (k,) which induces the usual quotient topology [64].

Notation 4.2 We define the height of a point x € P"~!(k) by

H(x): =l_[|x|v. (21)

We note that this is well defined over projective space because of the product formula.
The following is a projective version of Dirichlet’s theorem due to Choi and Vaaler
[18].

Theorem 4.3 Let x € P"~(k,), let T € k, with |T|, > 1. Then there exists y €
P~ (k) such that

1. H@y) < ck(n)|7'|’;_1, and

2. 6,(x,y) < a(m)(|ITl,H(y) ™.

Here
cn) = 200 ] o)™,

v|oo

Ay, is the discriminant of k, and
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702 4 D if v is real,
ry(n) = ,12 [
2m)72I'(n + 1)z if v is complex.

In [31], a projective analogue of Khintchine’s theorem and more generally, the Duffin
Schaeffer conjecture, were proved. In order to state the results in loc. cit. we first
briefly recall some probability measures on P"~!(k,), originally defined and studied
by Choi [17]. If v is an infinite place then 3} is the usual n-fold Lebesgue measure
on R" or 2" times Lebesgue measure on C", while if v is a finite place then /3] is the
n-fold Haar measure normalized so that

Bo(0y) = D, [I%72,

where O, is the ring of integers of &k, and D, is the local different of k at v. Let ¢ :
i\ {0} — IP*~!(k,) be the quotient map and define the o-algebra M of measurable
sets in P! (k,) to be the collection of sets M < P"~!(k,) such that ¢~ (M) lies in
the o-algebra of Borel setsin k7). This is in fact the o-algebra of Borel sets in P (k,).
One then defines measures 1, on (P"~'(k,), M) by

B (¢~ (M) N B(0, 1))

v M) =
o (M) 31 (B(0, 1))

(22)

Given® : R U {0} — R U {0}, let W be the set of x € P"~!(Q,) for which there
exist infinitely many y € P*~!(Q) such that

o(X,y) = H(y)).

Then it is a straightforward consequence of the Borel-Cantelli lemma that
1, (W) = 0 whenever

oo

> g (g (23)

q=1

converges. In [31], the projective p-adic version of the Duffin—Schaeffer conjecture
is established in all dimensions greater than 1.

Theorem 4.4 Assume that p is a finite place, that n > 2, and that 1(q) = 0 when-
ever plq. Then j1,(W, (), Q, n)) = 1 whenever (23) diverges.

In fact, more can be proved if monotonicity is assumed. The second result in [31] is
the complete (i.e., allowing arbitrary primes and dimensions) projective version of
Khintchine’s theorem.

Theorem 4.5 Assume that ) is decreasing and let p be a (finite or infinite) place of
Q. Then p,(W, (¥, Q, n)) = 1 whenever (23) diverges.
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Recently, in [40], the authors have studied badly approximable vectors in the pro-
jective setting. In particular, they showed that badly approximable vectors have full
Hausdorff dimension.

5 The Hyperbolic Picture

Consider the action of SL,(R) on the hyperbolic upper half plane H? by Mobius
transformations. This action extends to the boundary and there are close connections
between Diophantine approximation and the study of dense orbits of discrete sub-
groups of SL,(R) on the boundary. For example, the orbit of co under the action
of SL,(Z) is precisely the set of rational numbers; one might therefore seek a more
general quantitative theory of the approximation of limit points of a fixed Kleinian
group by points in the orbit (under the group) of a distinguished limit point y. In this
section, we briefly review important work by Patterson [62] and then discuss some
recent work in this direction carried out in [10].

Let G denote! a nonelementary, geometrically finite Kleinian group acting on the
unit ball model (B%*!, p) of (d + 1)-dimensional hyperbolic space with metric p
derived from the differential dp = 2|dx|/(1 — |x|?). Thus, G is a discrete subgroup
of M6b(B4+!), the group of orientation-preserving Mébius transformations of the
unit ball B!, Since G is nonelementary, the limit set A of G is uncountable. The
group G is said to be of the first kind (such a group is a lattice) if A = S¢ and of
the second kind otherwise. Let § denote the Hausdorff dimension of A. It is well
known that ¢ is equal to the exponent of convergence of the group. For g € G set
L, := |g’(0)|’1, where |g'(0)| =1 — |g(0)|2 is the (Euclidean) conformal dilation
of g at the origin. It can be checked that L, < P08 < 47, ¢- The following two
Dirichlet-type theorems were first established by Patterson [62, Sect. 7: Theorems
1 and 2] for finitely generated Fuchsian groups, but can be generalized to higher
dimensions.

Theorem 5.1 Let G be a nonelementary, geometrically finite Kleinian group con-
taining parabolic elements and let P be a complete set of inequivalent parabolic
fixed points of G. Then there is a constant ¢ > 0 with the following property: for
each& € A, N > 1, there exist p € P, g € G so that

c

L N

1§ —g(p)l < and Ly <N.

Theorem 5.2 Let G be anonelementary, geometrically finite Kleinian group without
parabolic elements and let {n, n'} be the pair of fixed points of a hyperbolic element
of G. Then there is a constant ¢ > 0 with the following property: for all £ € A,

1 This notation, mainstream in the Kleinian groups literature, is at odds with the notation in previous
sections where G was the ambient Lie group and I' a lattice in G.
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N > 1, there exist y € {n,n'}, g € G so that

€ — gl < % and L, < N.

As mentioned earlier, in the context of SL,(Z) and H?, Theorem 5.1 reduces to
Dirichlet’s Theorem.

In [10], the notion of singular limit points within the hyperbolic space setup was
introduced. Let G be a Kleinian group and let Y be a complete set P of inequivalent
parabolic fixed points of G if the group has parabolic elements; otherwise let Y be
the pair {n, i’} of fixed points of a hyperbolic element of G.

Definition 5.3 A point £ € A is said to be singular if for every € > 0 there exists
Ny with the following property: for each N > Ny, there exist y € Y, g € G so that

c_ ify="p
€ —g] < {VEN and L, <N. (24)
¥ ifY = {n, 7}

In [10], it was shown that the hyperbolic singular theory is, irrespective of the dimen-
sion of the hyperbolic space, similar to the one-dimensional classical theory.

Theorem 5.4 Let G be a nonelementary, geometrically finite Kleinian group, and
let Y be as above. Then a point € € A is singular ifand only if ¢ € G(Y) :={g(y) :
geG, yeY}

In [62], convergence and divergence Khintchine type theorems were proved. In [10],
versions of Khintchine’s theorem for proper subsets of the limit set were investigated.
Let K be a subset of the limit set A which supports a nonatomic probability measure
u. Given a > 0, the measure p supported on K is said to be weakly absolutely o-
decaying if there exist strictly positive constants C, ry such that for all ¢ > 0 we
have

w(B(x,er)) < Ce®u(Bx,r)) Vx € K Vr <.

For sets supporting such measures, the following result was proved in [10].

Theorem 5.5 Let G be a nonelementary, geometrically finite Kleinian group and
let y be a parabolic fixed point of G, if there are any, and a hyperbolic fixed point
otherwise. Fix o > 0, and let K be a compact subset of A equipped with a weakly
absolutely a-decaying measure pi. Then

p(KEOW,@) = 0 if > r* ') < oo. (25)

r=1

We now discuss the analogue of badly approximable vectors. The set
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Bad, = {{€A : 3c(§) > Osuchthat | — g(y)| > c(§)/L, Vg € G},

can be considered to be the hyperbolic analogue of badly approximable numbers and
is of measure zero. Nevertheless, it is a large set.

The following theorem was first established by Patterson [62, Sect. 10] for finitely
generated Fuchsian groups of the first kind. As before, y is taken to be a parabolic
fixed point of G if the group has parabolic elements and a hyperbolic fixed point of
G otherwise.

Theorem 5.6 Let G be a nonelementary, geometrically finite Kleinian group and
let y be a parabolic fixed point of G, if there are any, and a hyperbolic fixed point
otherwise. Then

dimBad, = dimA.

Let K be a subset of the limit set A which supports a nonatomic probability measure
1 as before. We assume that the measure j supported on K is Ahlfors §-regular for
some § > 0; that is, that there exist constants C > 0 and rg such that

c 'y < p(Bx,r)) < Cr' VxeKk Vr < ry.

Sets supporting such measures are referred to as Ahlfors d-regular and it is a well
known fact that
dim K = 6.

For Ahlfors d-regular subsets of the limit set the following result was proved in [10].

Theorem 5.7 Let G be a nonelementary, geometrically finite Kleinian group and
let y be a parabolic fixed point of G, if there are any, and a hyperbolic fixed point
otherwise. Let K be a compact, Ahlfors §-regular subset of A. Then

dim (K NBad,) = dim K. (26)

These results were motivated by results on Diophantine approximation on manifolds,
and indeed, constitute an hyperbolic analogue of the theory. We refer to [10] for
details.
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On Certain Unusual Large Subsets )
Arising as Winning Sets of Some Games glectie

S. G. Dani

1 Introduction

Consider the space R of real numbers. When would we call a subset X of R a large
set? Of course, the whole of R itself or a subset missing only finitely many points
would readily qualify to be large. With some understanding of cardinals, we may
add to this list the class of subsets whose complements are countable. This includes
for instance the sets of all irrational numbers, the set of all transcendental numbers
etc. and we recognize these as large sets.

In topology, we encounter also another kind of sets which are considered large,
viz., intersections of countably many open dense sets or, equivalently, sets whose
complement is a countable union of closed sets with no interior point (nowhere dense
closed sets). In a general topological space, this condition would not be adequate to
ensure largeness; for instance, in the space of rational numbers every subset, including
the empty subset meets the condition. However, the Baire category theorem tells
us that for many “natural” topological spaces that are of interest to analysts, and
dynamicists, viz., when the space is either a complete metric space or a locally
compact Hausdorff space, it gives a nice criterion to distinguish a class of subsets
as large; in this case the class is precisely the class of of all dense G5 subsets; recall
that a subset X of a topological space is said to be G; if it can be expressed as the
intersection of a countable family of dense open subsets of the space. In particular,
in the case of R we have the class of G subsets as a collection of large sets.

Measure theory provides yet another class of large subsets of R, and more gen-
erally of spaces equipped with a measure, including R” for all » > 1. On R, we
consider the Lebesgue measure, and in many contexts a set of measure 0 qualifies
to be treated as “negligible” and hence sets may considered large if they are of full
measure, namely with the complement having measure 0.
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Thus, in classical mathematics, there are a variety of subsets that serve as classes
of “large” subsets. We note that largeness in the sense of being a G is distinct from
being large in the measure-theoretic sense as above. There exist G; sets of measure
0 while on the other hand there are sets whose complement has zero measure, that
are not Gs. Thus, each of the collections can be thought of as a collection of sets that
are large in their own way, in their own context.

It would seem hard to think up of other classes of sets, independently, that ought to
be considered large, in some heuristically valid sense. However yet another class of
large sets has turned up and is involved any many studies in recent times, in number
theory and dynamics. These are classes of sets that are “winning sets” for certain
games. It is the aim of this talk to introduce these and the various contexts in which
they appear, and some recent results about them.

All games considered will be two player games, with infinitely many turns each.
We shall call the players Alice and Bob. Before going over to some of the main
games of interest in the overall context, we shall discuss a toy version. I shall call it
the number building game.

Consider a number written in the decimal representation in the form

a = 0.aibjarb, ...,

wherea;, ay, ... andby, by, ... aredigitsfrom {0, 1, ..., 9};thedigitsay, as, ...
are picked by Alice and by, b,, ... are picked by Bob taking turns, adding one digit
at a time alternately, starting with a;, then by, etc. The (infinite) process of their
picking the digits alternately produces a number « € [0, 1]. Now, the objective of
the game is as follows.

Let S be a given subset of [0, 1]. Alice would be the winner if @ belongs to S
and Bob would be the winner if o does not belong to S. Can Alice make the choices
of aj, ay, ... during her turns, in such a way that irrespective of what choices Bob
makes for by, by, ..., adversarially, during his turns, so as to ensure the resulting
number « to be in S? This would, of course depend on the set S, and if answer is in
the affirmative we say that S is a winning set (we are being partial to Alice here in
terms of the terminology, by abbreviating “winning set for Alice” as simply “winning
set”; we will be indulging in such a partiality in the sequel as well). It is not difficult
to see that if S is a set whose complement in [0, 1] is finite, or countable, then S
is a winning set, and that winning sets have to be uncountable, while on the other
hand the complement of a set of zero measure (necessarily uncountable and large
in measure theoretic sense) need not always be a winning set; the set of numbers
in which a particular digit, say 5, occurs in the decimal expansion with asymptotic
frequency % has Lebesgue measure 1 (this is implied by the ergodic theorem, or the
strong law of large numbers, but can also be verified by direct computation), but it is
not a winning set, since Bob can choose 5 at all turns, in which case the asymptotic
frequency, if it exists, would be at least %

The game as above can evidently also be considered with respect to any base in
place of 10. Also, in place of a; and b; being digits we can have them to be blocks
of digits. Analogous assertions to the above hold in these cases as well.
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Before moving ahead, the reader is alerted that the games considered in the follow-
ing sections differ from the one above in one respect. While here at each successive
stage only finitely many options were involved, in general there will be a continuous
family of options possible, for both the players.

2 Schmidt’s (, §)-Game

We next introduce a game which was ushered in by W. M. Schmidt. It has been a
prototype for various games studied in literature subsequently and applied in various
contexts, involving an idea of large sets; some of these will be discussed in the sequel.
Though we shall largely be concerned with situations where the underlying space is
the euclidean space R” or the torus T”, for some n > 1, it would be convenient to
introduce the game in the generality of metric spaces.

Let X be a locally complete metric space, viz., every point in X has a neighbour-
hood which is complete as a metric space.! By a ball in X we shall always mean ball
of positive radius, and for a ball B the radius will be denoted by r(B). We shall have
the players Alice and Bob play a game with closed balls in X as follows. We shall
assign numbers «, B € (0, 1) to Alice and Bob respectively. The game shall begin
by Bob choosing a complete ball in X (viz., complete as a metric space with the
induced metric); we denote the ball by Bj; remember we view Bob as the controller
of the setting, and Alice as a challenger, one to whose winning our anxieties are
linked, so it is proper that Bob gets to make the opening choice; as we shall see, this
way of organizing also brings some neatness to the results for us.

The sample play shall continue as follows:

Alice chooses a closed ball of Ay C By, with r(A;) = ar(By);

Bob chooses a closed ball of By C A, with r(By) = Br(A,) = a Br(By);

Alice chooses a closed ball of A, C B;, with r(A>) = ar(B)) = a? Br(By);

Bob chooses a closed ball of B, C A,, with r(B,) = Br(A4;) = o? B2 r(By);

Proceeding in this way, we get sequences of closed balls {A;} and {B;} such that
A; C Bi_jand B; C A;, r(A;) = ar(B;_1) and r(B;) = Br(A;) foralli > 1. Then
{A;} and {B;} are decreasing sequences of closed balls With diameters tending to 0

and since By is complete it follows that the intersections ﬂ A; and (2, B; consist of

single points, which moreover has to be the same point. Thus M, Ai = Bi =1{p}
for some p € X.

11t has been customary to assume X itself to be complete. However, it would be convenient to have
this broader setting, so that the discussion applies also when X is an open subset of a Euclidean
space.
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Definition 2.1 We say that a subset S of X is («, 8)-winning if Alice can ensure,
through her choices of A;, the point of intersection p to be in S. We shall further say
that S is a-winning if it is («, 8)-winning for all 8 € (0, 1).

While the whole space is obviously an (¢, 8)-winning set for any «, 8 € (0, 1),
interestingly, some further conditions need to be met by the pair («, 8) for there to
exist proper subsets which are («, §)-winning; it was noted by Schmidt [9] that for
this we need that 1 — 2« 4+ o8 > 0. We shall give here a simple proof of this in the
case when X is an open subset of R”, n > 1; (see [9] for a more general technical
version); the metric involved is meant to be the usual one, but the proof works
also for various other metrics and, more generally, on Banach spaces, manifolds
etc. The crucial property of the metric that is used in the proof is that given two
closed balls B(a, r) and B(b, s) the latter is contained in the former if and only if
Ib—all <r—s.

Lemma 2.2 Let X be anopen subsetof R", n > 1, and suppose that 1 — 2« + off <
0. Then, no proper subset is an (o, B)-winning set in X.

Proof 1t suffices to show that for any p € X, X\{p} is not an («, 8)-winning set.
Let p € X be given. We shall show that when the condition in the hypothesis holds,
there is a strategy by which Bob can ensure that p is contained in B; for all i > 0.
He will start with By to be a closed ball B(p, r), for some r > 0, with centre at p. If
a is the centre of the closed ball A; picked by Alice, then A| = B(a, ar), and since
it is contained in B(p, r), by the observation above we have ||a — p|| < (1 —a@)r <
(¢ — aB)r, by the condition in the hypothesis.

Thus, ||p —all < (¢ —aB)r = (1 — B)ar. In turn, the above observation now
implies that B(p, afr) is contained in B(a, ar). Thus, Bob can choose B to be
B(p, aBr). In the same way, for all i he will be able to choose B; to have its centre

o0
at p. Thus () B; = {p}, so X\{p} is not an («, B)-winning set in X. |
i=1

The lemma, in particular, shows that a proper subset of R” can be ¢-wining only

fora < %

Remark 2.3 Leta, § € (0, 1) besuchthat 1 — 2« 4+ o > 0. A perusal of the proof
of Lemma 2.2 shows that, conversely, given any p, Bob can be prevented from
choosing B; to be centered at p, and it could further be ensured at p ¢ B; for some
i. This means that in this case for any «, 8 € (0, 1), R"\{a} is an («, 8)-winning
set. Moreover, given a sequence {a;} it can ensured, sequentially, that each {a;} is
outside B;; for some i, and therefore R"\{a;} is an («, B)-winning set for o, 8 as
above. Thus complements of countable subsets are «-winning for all & € (0, %].

Remark 2.4 It is clear that for a set S to be («, §)-winning it has to be dense in the
metric space, since otherwise Bob can choose By itself to be contained outside S.
Using the idea as in the proof of Lemma 2.2, it can be seen thatif 1 — 28 + a8 <0,
namely if 28 > 1 4 «f, then every dense subset is («, §)-winning. This makes the
case when 28 > 1 + «f uninteresting from the point of view of large set theory.



On Certain Unusual Large Subsets Arising as Winning Sets of Some Games 173

3 Largeness of Winning Sets

Schmidt [9] also proved a host of interesting properties of winning sets, which duly
qualify them to be viewed as large sets. Firstly, here is a result about their Hausdorff
dimension (see section chapter [4], Sect. (3.2.2), for a precise definition).

Theorem 3.1 ([9], Sect. 11, Corollary 2) Let @ € (0, 1) and S be an a-winning set
inR", n > 1. Then S has Hausdorff dimension n.

Moreover, it can be seen from the proof that for S as in Theorem 3.1, for any
nonempty open subset €2, the Hausdorff dimension of S N 2 is n; in particular, S N
is uncountable. The proof also shows that the conclusion holds for the winning sets
in open subsets of R” in place of R" itself.

It may be noted here that for any («, 8)-winning set the corollary from [9] cited
above provides a lower estimate for the Hausdorff dimension of S as a function of «
and B, which converges to n as 8 — 0, leading to Theorem 3.1 as above.

Another largeness feature of «-winning sets is that intersection of any two of
them, and even countably infinitely many of them, is also «-winning; that is, we
have:

Theorem 3.2 ([9], Sect. 6, Theorem 2) Let a € (0, 1) and {S;} be a sequence of
o0

a-winning sets. Then (1) S; is an a-winning set.
=1

Proof Let S = ﬂj’;l S; and consider the («, B) game for a given 8 € (0, 1). For

j=Lletg; =8 (aB)* 1. A strategy for Alice to ensure the point of intersection to
be in S, under the (o, 8) game, can then be produced as a combination of winning
strategies for S; to be («, B;)-winning, that Alice may fix for each j =1,2,....
For this, we note that for any j € N, the sequences of closed balls {B;}{°, and
{A2i41}72, correspond in a natural way to sample sequences in a («, B)-game, with
the initial choice of Bob being By. More generally, foreach j = 1,2, ..., the closed
ball Ajj-1(2;_1y corresponds to the choice at the ith turn in the (@, B;)-game, with
the initial choice of Bob given by Bj;-1_;. Every natural number k can be realised
uniquely as 27-12i + 1), with i, J € N uniquely defined, and for this &, Alice can
choose Ay to be the ball that she would choose at the ith turn according to the strategy
selected for S; to be («, B;)-winning. The point of intersection is then assured to
be in () S; = S, as desired. As this holds for all 8 € (0, 1) this shows that S is an
a-winning set. O

We next state a variation of a result of [9], noted earlier in [4] (proposition (5.3),
for complete metric spaces); Schmidt considered a class of maps that he called “local
isometries” in place of the bi-Lipschitz condition in the statement below. The proof
of the assertion is straightforward and will be omitted.

Theorem 3.3 Let X and Y be complete metric spaces and f : X —> Y be a map
such that the restriction of f to any bounded subset of X is a bi-Lipschitz map. Let
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S be an a-winning set in Y, where a € (0, 1). Then f~'(S) is an a-winning subset
of X.

In particular, it can be deduced from this that if S is an o-winning set for some
a € (0, 1) and f is alocal diffeomorphism of R?, then f~!(S) is a-winning. Together
the theorems imply that if S is an «-winning set in R? and f; is a sequence of local
diffeomorphisms of R?, then ﬂf‘; 1 fj(S) is an a-winning set, and in particular its
intersection with any open subset is of Hausdorff dimension d; we note that d is the
maximum possible Hausdorff dimension for a subset of R,

4 Large Sets Involved in Diophantine Approximation

In [9], Schmidt established the (¢, 8)-winning property for all «, 8 € (0, 1) with
1 —2a + af > 0, for the set of what are called badly approximable numbers. We
recall that @ € R is said to be badly approximable if there exists a § > 0 such that

3
a—B‘ > — Vp.geN, g #0.
q q

It may also be recalled that a number is badly approximable if and only if the partial
quotients in its continued fraction expansion are bounded.

Theorem 4.1 ([9], Sect. 7, Theorem 3) The set of badly approximable numbers is
(e, B)-winning for all o, B € (0, 1) such that 1 — 2« + «ff > 0; in particular it is
a-winning for all o € (0, %].

Proof Lety =1 —2a +af > 0 and let k € N be such that (ef)* < y. Let M =
(aB)/2. Let By be the initial closed ball, a closed interval in this instance, say
of length 2ry; without loss of generality we may assume r( to be less than %y (as
Alice can wait to apply the strategy until the radius of the ball chosen by Bob is small
enough). Letd = ro(y — (aB)*). We shall show that Alice can play in such a way that
if { B;} is the sequence of closed balls chosen by Bob, then for any x € By,, n > 0,
we have |x — §| > qu_Z for all p,q € Z, with 0 < g < M". Thus, centred at each
rational point p/g, there is an interval of length 28/ that Alice has to get out of,
and for 0 < g < M" this will be achieved at the knth turn. This then readily implies
that the point of intersection is a badly approximable number.

The desired statement holds trivially for n = 0 (as there is no g satisfying the
condition) so it suffices to assume that it holds for 0, ..., n — 1, n > 1, and uphold

it for n. Consider the set, say E, of rationals g such that M"~! < g < M"; we note

that if g and ;’—,, are distinct elements of £ then we have

> — > M
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On the other hand, when g € E we have

% < 8M—2(n—l) < lM‘Z"’
q 4

by the condition on §. Thus any two intervals corresponding the elements from E
are separated by a distance at least %M 2,

The length of the interval By (,—1) is 2r (ap)*=D whichis less than %M’z" , by the
choice of M. Hence By ,—1 intersects at most one of the intervals corresponding to an
element from E. If there is no such interval then we are through, since By, is contained
in Byu—1)- Now suppose there exists an element say £ of E intersecting By(,—1)-
Let Byu—1) = [a —r,a +r], wherea € R, r > 0, and suppose for definiteness that
L < g;the other case follows in a similar way, symmetrically. Let Ay ,—1)+1 be chosen
to be the interval [a + (1 — 2a)r, a + r], which indeed has the desired radius. The
next interval By,—1)+1 chosen by Bob has the form [ — afr, b + afr], with b —
afr > a+ (1 —2a)r; and hence b > a + yr. Following the strategy of choosing
the rightmost interval of requisite length for the successive k — 1 turns, Alice can also
ensure that if ¢ is the center of By, then ¢ > a + yr. Now By, = [c — (aB)*r, c +
(aﬂ)kr], so for all x € By,, we have x > a, and hence

x_g‘ > (-a) = c-@)r—a = (y—@)Hr = s
q ro

On the other hand,
ro= @V = M0y =
q

which shows that

p 8

X ——| = —-

q q

This completes the inductive step, and hence the proof of the proposition. ]

It would be an interesting exercise for the reader to show, along the lines of the
above proof, that the set of badly approximable numbers is also a winning set for the
number building game described in (Sect. 1).

Corollary 4.2 Given a sequence of differentiable functions { f;} on R whose deriva-
tives are nowhere-vanishing, the set

{t e R | f;(t) is badly approximable for all j}

is of Hausdorff dimension 1 (in particular, it is an uncountable set).

Analogously to numbers, there are also notions of badly approximable vectors in
Euclidean spaces, and badly approximable systems of linear forms, meant to capture



176 S. G. Dani

the sense of how well they can be approximated by rational systems of the same kind.
Analogous results have been obtained in these cases concerning «-winning nature
of the systems that are badly approximable in the respective framework; it must be
mentioned that higher dimensional situations involve some additional intricacies.
The reader is referred to [5, 9, 10] and other references there for further details.

5 Large Sets in Geometry and Dynamics

We shall now discuss the notion of winning sets in general geometric and dynamical
contexts.

5.1 Winning Sets in R¢

The following generalization of Theorem 4.1 was proved in [2], through an analogous
proof; apart from extending to higher dimensions the class of sets involved is also
more general, even in dimension 1. The generalized version was applied to discuss the
class of bounded geodesics on manifolds, and more generally ‘orbifolds’, of constant
negative curvature, which are noncompact but have finite volume; see (Sect.7.5.3).

Theorem 5.1 Let {v;} be a sequence of vectors in RY and {r;}, a sequence of positive
numbers. Suppose that there exists a ¢ > 0 such that for all i, j we have ||v; — v;| >
¢ Jrir;. Then the set

{veR? | 38 > 0such that ||v — v;|| > 8r; Vi}

is an (a, B)-winning set in R? for all a, B € (0, 1) such that 1 — 2a + af > 0.

The case of badly approximable numbers in R falls out as a special case if we
choose {x;} to be an enumeration of the rationals, and for x; = g, where p and g are
coprime integers and g # 0 (¢ = 1 if p = 0), choose r; = .

In place of the countable system of shrinking balls, whose complement is the set
tested in the theorem for a-winning, analogous construction can be considered with
countable systems of shrinking families of sets, including for example strips along
affine subspaces of R?. An analogue of the theorem has been proved in this setting
in [2]; in the general case the role of the radius, or rather diameter, is played by the
thickness of the strip, or the set in general (for the latter “thickness” is defined by
taking infimum over thicknesses of hyperplane strips containing the set). We shall
not go into further details of the generalities here.
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5.2 Toral Automorphisms

Let
T = {G, ...,z | 4 €C, |zl =1Vj=1,....d}

be the d-dimensional torus. Any integral matrix A = (m;;) with det A = %1 defines
a continuous group automorphism T of T¢, by

21y ovvy 2d) > (Z'ln” e gma L g Z;’ldd)
for all (zy, ..., z4) € T?. Starting with any z € T¢ and applying an automorphism
T4 repeatedly, we get the A-orbit O4(z) of z, namely {z, Tuz, T/fz, el Tf’{z, o

It is known that when no (complex) eigenvalue of A is a root of unity then the action
of T4 as above is ergodic (see [11], for instance), and in particular it follows that for
almostall z € T¢, 04 (z) is dense in T¢. There are of course points, such as those for
which each coordinate is a root of unity, whose orbits are finite (and in particular not
dense). However, the collection of all points with orbits that are not dense, which is
a set of measure O for A satisfying the condition as above, defies simple description.
The following may be noted in this context.

For any d x d matrix A, let E(T4) be the setof all v = (vy, ..., vy) € R4 such
thatforz = (ez”i v, e ”d) , O4(z) does not contain any element of finite order;

in particular O4(z) is not dense in such a case.

Theorem 5.2 For every A as above, E(Ty) is an («, B)-winning set for all o, B €
(0, 1) such that 1 —2a + aff > 0; thus it is a-winning for all o € (0, %]. Conse-
quently, there exist uncountably many z € T such that O 4(x) does not contain any
element of finite order for any automorphism T4 of T¢.

The first part of the theorem was proved in [3] under an additional assumption that
A is a semisimple matrix (viz., diagonalizable over the field of complex numbers);
however the assumption turns out to be unnecessary for the proof, as has been clarified
in [5]. As there are only countably many automorphisms 74, the second part follows
from the first, together with Theorem 3.2, and the fact that all ¢-winning subsets of
R? are uncountable.

5.3 Hpyperbolic Geometry

Let M be a Riemannian manifold of dimension d + 1 with constant negative cur-
vature and finite Riemannian volume. Then M can be realized canonically as the
quotient HY*! /T, where

H = {(, ..o, xas) | x5 €RYj=1,...,d+ 1, and x44; > 0}
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is the hyperbolic space equipped with the Riemannian metric (clxl2 + -+ dxj )/
x§ 41-and I is a group of isometries of Hé+,

We view R?, consisting of the subspace {x{, ..., x4,0) | x1,...,xs € R} asthe
boundary of H¢*! in a natural way, when the latter is viewed as a subset of R¢*!,
The geodesics in H¢*! are semicircles with endpoints in R¢, in the usual geometry
of H*! as a subset of R4+, In particular, every (positive time) geodesic trajectory
{y ()} in HY*! has a unique endpoint in R¢. We note also that two such geodesic
trajectories are asymptotic to each other if and only if the endpoints in R? are the
same.

The geodesic trajectoriesin M = H?*! /" as above are just the images of geodesic
trajectories in HY*!. A question of interest is to understand, when M is noncompact
but has finite Riemannian volume, the class of geodesic trajectories in M which are
bounded (viz. have compact closure in M). In this respect the following was deduced
in [2] from theorem (5.1). Whend = 1 and " = SL(2, Z), it corresponds to the result
for badly approximable numbers, (Theorem 4.1).

Corollary 5.3 Let M be a Riemannian manifold of dimension d + 1 with constant
negative curvature and finite Riemannian volume. Let E be the set of v € R such
that v is an endpoint of a geodesic {y (t)},=0 in H*! whose image in M has compact
closure in M. Then E is an o-winning set for o € (0, %].

6 Further Generalisations and Applications

The theory emerging from the developments described above has witnessed many
generalizations and applications and it is beyond the scope of this article to discuss
them in any detail. We shall content ourselves with some brief comments on the
directions it has taken. Numerous authors have been involved in further generalizing
the ideas indicated below, but we shall not go into all citations. The interested reader
will be able to reach to the works through citations to some of the papers noted here.

6.1 Strong and Absolute Winning Sets

In [8], C.T. McMullen introduced two variations of the Schmidt game, on RY d>1,
and the corresponding winning sets are known as strong winning sets and absolute
winning sets. The former involves, like the Schmidt game two numbers «, 8 € (0, 1)
and the procedure for the game is analogous to the former, except that the conditions
on the radii of {A;} and {B;} are now changed to r(A;+) > ar(B;) and r(B;) >
Br(A;) for all i > 0. A winning set of the game is called («, 8)-strong winning set
and a set which is («, 8)-strong winning for all 8 € (0, 1) is called «-strong winning.

In the other variation the players choose closed balls {A;} and {B;} such that
foralli >0, B;1; C B;\A;+1 and, for a fixed 8 € (0, %), r(Bi+1) > Br(B;) and
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r(A;y+1) < Br(B;). The game is called the absolute game and the winning sets are
called absolute winning sets.

The strong winning sets and absolute winning sets share the properties of o-
winning sets that we discussed in earlier sections, and moreover have the property
that they are invariant under quasisymmetric homeomorphisms of R¢, which is not
true for general @-winning sets; a homeomorphism ¢ is said to be k-quasisymmetric,
where k is a real number > 1, if for any ball B(x, ) in R? there exists s > 0 such
that B(¢(x),s) C ¢(B(x,r)) C B(ep(x), ks), and it is said to be quasisymmetric if
it is k-quasisymmetric for some k > 1; it is known that when d > 2 the notions of
quasisymmetric maps coincides with quasiconformal maps. Interesting applications
of these ideas in hyperbolic geometry are found in [8].

6.2 Winning Sets on Lie Groups

D. Kleinbock and B. Weiss introduced a variation of the Schmidt games, on Lie
groups; these do not involve a metric, as in the case of Schmidt games, but rather rely
data arising group theoretically. It may be noted that in the case of R the collection
of closed balls can be obtained by starting with a fixed ball B and applying to it
all affine automorphisms of the form v — e¢~"v + w for all v € R4, where t € R
and w € R? are the parameters defining the affine automorphism; moreover, all balls
smaller than B involve taking only positive ¢. Motivated by this, given a Lie group
G the authors start with a fixed compact subset C of G with nonempty interior and
consider the collection of all compact sets arising by affine automorphisms of G of the
form g —— ®,(g)h for all g € G, where {®,},cr is a fixed one-parameter group of
automorphisms of G which is contracting for positive 7 (viz., ®,(g) — e, the identity
element, as t — 00),and r € R and & € G define the family of transformations.
The role of the balls is now played by images of the set C under application of
these affine automorphisms, with positive 7. The procedure is then analogous, but
involves some intricacies that we shall not go into. The details may be found in [7]
(and the earlier papers of the authors cited there). Using the modified version of the
game the authors proved in [7] a conjecture of G.A. Margulis on the abundance of
certain kind of exceptional orbits of hyperbolic flows on homogeneous spaces.

6.3 Badly Approximable Numbers in Closed Subsets

Given that badly approximable numbers (and vectors in R, d > 2) are abundant, in
the light of the results on their winning nature for various games, one may wonder
if we would be able to find them in say any perfect compact (or closed) subsets of
R. One immediate answer should be in the negative, since the complement of the
set of badly approximable numbers is a set of positive Lebesgue measure and hence
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contains perfect compact subsets, in fact of positive measure. It turns out however
that under certain further conditions on the compact set such a conclusion is possible.

L. Fishman, D. Kleinbock and B. Weiss studied Schmidt games on fractals (see
[6] and the references there), and it was shown that for supports of a class of mea-
sures, called “absolutely friendly measures™ the intersection with the set of badly
approximable numbers (respectively vectors in R?) is nonempty, and in fact has
Hausdorff dimension equal to that of the support. An analogue of this for the case of
automorphisms of tori discussed in (Sect. 7.5.2) was also proved in [1].

In [5] a variation of the Schmidt game was introduced on compact subsets of R?
satisfying certain regularity conditions; we shall not go into the technical details of
the conditions involved, but mention only that totally disconnected subsets satisfying
the conditions can be constructed, in abundance, emulating the construction of the
classical Cantor set; as with the construction of the Cantor set, open intervals are
removed from the pieces obtained at each stage, with controls on their sizes; in par-
ticular the conditions hold for all translates of the classical Cantor set in R; similarly
various sets satisfying the conditions can be explicitly constructed in higher dimen-
sions. It was proved in particular that for compact subsets satisfying the conditions
the intersection with the set of badly approximable vectors is uncountable. Analo-
gous result is also proved in [5] for intersections of compact totally disconnected sets
with sets of exceptional orbits of toral automorphisms discussed in (Sect. 7.5.2).
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