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Chapter 1
Basic definitions and constructions

1.1 What is ergodic theory and how it came about

Dynamical systems and ergodic theory. Ergodic theory is a part of the theory of
dynamical systems. At its simplest form, a dynamical system is a function T defined
on a set X. The iterates of the map are defined by induction T :=id, T":=ToT" !,
and the aim of the theory is to describe the behavior of 7" (x) as n — oo.

More generally one may consider the action of a semi-group of transformations,
namely a family of maps T, : X — X (g € G) satisfying Ty, 0 Ty, = Ty,q,. In the
particular case G =R™ or G =R we have a family of maps T; such that T, o Ty = T},
and we speak of a semi-flow or a flow.

The original motivation was classical mechanics. There X is the set of all pos-
sible states of given dynamical system (sometimes called configuration space) or
phase space), and T : X — X is the law of motion which prescribes that if the sys-
tem is at state x now, then it will evolve to state T (x) after one unit of time. The orbir
{T"(x)}nez is simply a record of the time evolution of the system, and the under-
standing the behavior of 7" (x) as n — oo is the same as understanding the behavior
of the system at the far future. Flows 7; arise when one insists on studying contin-
uous, rather than discrete time. More complicated group actions, e.g. Z%—actions,
arise in material science. There x € X codes the configuration of a d—dimensional
lattice (e.g. a crystal), and {7, : v € 7%} are the symmetries of the lattice.

The theory of dynamical systems splits into subfields which differ by the struc-
ture which one imposes on X and T':

1. Differentiable dynamics deals with actions by differentiable maps on smooth
manifolds;

2. Topological dynamics deals with actions of continuous maps on topological
spaces, usually compact metric spaces;

3. Ergodic theory deals with measure preserving actions of measurable maps on a
measure space, usually assumed to be finite.
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It may seem strange to assume so little on X and 7. The discovery that such
meagre assumptions yield non trivial information is due to Poincaré, who should be
considered the progenitor of the field.

Poincaré’s Recurrence Theorem and the birth of ergodic theory. Imagine a box
filled with gas, made of N identical molecules. Classical mechanics says that if
we know the positions g, = (¢},4?,¢}) and momenta P, = (p},p?,p}) of the i-th
molecule for all i = 1,...,N, then we can determine the positions and momenta of
each particle at time ¢ by solving Hamilton’s equations

p;](t) :_aH/aqlJ (1.1
4l(t) = oH /ap]. ‘
H= H(g17 3Py ’£N>’ the Hamiltonian, is the total energy of the system.

It is natural to call (¢, p) := (q,,---,4,3P,,---+Py) the state of the system. Let
X denote the collection of all possible states. If we assume (as we may) that the
total energy is bounded above, then for many reasonable choices of H this is a open
bounded subset of ROV Let

T : (g,p) = (q(t),p(1))

denote the map which gives solution of (1.1) with initial condition (¢(0), p(0)). If
H is sufficiently regular, then (1.1) had a unique solution for all # and every ini-
tial condition. The uniqueness of the solution implies that 7; is a flow. The law of
conservation of energy implies that x € X = T;(x) € X for all 7.

Question: Suppose the system starts at a certain state (¢(0), p(0)), will it eventually
return to a state close to (¢(0), p(0))?

For general H, the question seems intractable because (1.1) is strongly coupled
system of an enormous number of equations (N ~ 10>*). Poincaré’s startling discov-
ery is that the question is trivial, if viewed from the right perspective. To understand
his solution, we need to recall a classical fact, known as Liouville’s theorem: The
Lebesgue measure m on X satisfies m(T,E) = m(E) for all ¢ and all measurable
E C X (problem 1.1).

Here is Poincaré’s solution. Define T := Tj, and observe that 7" = T,. Fix € > 0
and consider the set W of all states x = (g, p) such that d(x,T"(x)) > € foralln > 1
(here d is the Euclidean distance). Divide W into finitely many disjoint pieces W; of
diameter less than €.

For each fixed i, the sets T7"(W;) (n > 1) are pairwise disjoint: Otherwise
T="(W) N T~ (W) # @, so W;NT*(W;) # @, and there exists x € W; N
T—*(W;). But this leads to a contradiction:

1. x € T~%(W;) implies that T*(x) € W; whence d(x, T*x) < diam(W;) < €, whereas
2. x € W; C W implies that d(x, T*x) > & by the definition of W.

So T"(W;) (n > 1) are pairwise disjoint.
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Since {T~"W;},>1 are pairwise disjoint, m(X) > ¥4~ m(T ~*W;). But T-¥(W;)
all have the same measure (Liouville theorem), and m(X) < e, so we must have
m(W;) = 0. Summing over i we get that m(W) = 0. In summary, a.e. x has the
property that d(T"(x),x) < € for some n > 1. Considering the countable collection
€ = 1/n, we obtain the following result:

Poincaré’s Recurrence Theorem: For almost every x = (¢(0), p(0)), if the system
is at state x at time zero, then it will return arbitrarily close to this state infinitely
many times in the arbitrarily far future.

Poincaré’s Recurrence Theorem is a tour de force, because it turns a problem
which looks intractable to a triviality by simply looking at it from a different angle.
The only thing the solution requires is the existence of a finite measure on X such
that m(T~'E) = m(E) for all measurable sets E. This startling realization raises
the following mathematical question: What other dynamical information can one
extract from the existence of a measure m such that m = mo T='? Of particular
interest was the justification of the following “assumption” made by Boltzmann in
his work on statistical mechanics:

The Ergodic Hypothesis: For certain invariant measures (, many functions f: X —
R, and many states x = (g, p), the time average Tlim 1 o f(T;(x))dr exists, and
9, P ot

equals the space average ﬁ [ fdu.

(This is not Boltzmann’s original formulation.) The ergodic hypothesis is a quanti-
tative version of Poincaré’s recurrence theorem: If f is the indicator of the e—ball
around a state x, then the time average of f is the frequency of times when T;(x) is
e—away from x, and the ergodic hypothesis is a statement on its value.

1.2 The abstract setup of ergodic theory

The proof of Poincaré’s Recurrence Theorem suggests the study of the following
setup.

Definition 1.1. A measure space is a triplet (X, %, 1) where

1. X is a set, sometime called the space.

2. A is a c—-algebra: a collection of subsets of X which contains the empty set,
and which is closed under complements, countable unions and countable inter-
sections. The elements of Z are called measurable sets.

3. 14 B — 0,00, called the measure, is a o—additive function: if Ey,Ey,... € B
are pairwise disjoint, then p(l4; E;) = ¥; 1(E;).

If u(X) =1 then we say that u is a probability measure and (X, %, 1) is a proba-
bility space.

In order to avoid measure theoretic pathologies, we will always assume that
(X, 9%, 1) is the completion (see problem 1.2) of a standard measure space: a mea-
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sure space (X, %', '), where X is a complete and separable metric space and %’ is
its Borel o—algebra.

It can be shown that such spaces are Lebesgue spaces: They are isomorphic
to the union of a compact interval equipped with the Lebesgue’s c—algebra and
Lebesgue’s measure, and a finite or countable or empty collection of points with
positive measure. See the appendix for details.

Definition 1.2. A measure preserving transformation (mpt) is a quartet (X, %, u,T)
where (X, %, L) is a measure space, and

1. T is measurable: E € Z = T~'E € &;
2. mis T—invariant: u(T~'E) = p(E) for all E € 4.

A probability preserving transformation (ppt) is a mpt on a probability space.

This is the minimal setup needed to prove (problem 1.3):

Theorem 1.1 (Poincaré’s Recurrence Theorem). Suppose (X, %B,1,T) is a p.p.t.
If E is a measurable set, then for almost every x € E there is a sequence ny — oo
such that T"(x) € E.

Poincaré’s theorem is not true for general infinite measure preserving transforma-
tions, as the example 7'(x) =x+ 1 on Z demonstrates.

Having defined the objects of the theory, we proceed to declare when do we
consider two objects to be isomorphic:

Definition 1.3. Two m.p.t. (X;, %;, W;, T;) are called measure theoretically isomor-
phic, if there exists a measurable map 7 : X; — X, such that

1. there are X/ € %; such that m;(X; \ X/) = 0 and such that 7 : X{ — X} is invertible
with measurable inverse;

2. forevery E € %5, n ' (E) € %) and m| (" 'E) = my(E);

3. Thon=moT; on Xj.

One of the main aims of ergodic theorists is to develop tools for deciding whether
two mpt’s are isomorphic.

1.3 The probabilistic point of view.

Much of the power and usefulness of ergodic theory is due to the following prob-

abilistic interpretation of the abstract set up discussed above. Suppose (X, %, u,T)

is a ppt.

1. We imagine X to be a sample space: the collection of all possible outcomes @ of
a random experiment.

2. We interpret A as the collection of all measurable events: all sets E C X such
that we have enough information to answer the question “is @ € E?.”

3. We use u to define the probability law: Pr[o € E] := p(E);
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4. Measurable functions f : X — R are random variables f(®);
5. The sequence X, := foT" (n > 1) is a stochastic process, whose distribution is
given by the formula

k
PrX;, € Ei,...,X; €E;] = (ﬂ{a) €X:f(Thw) e E,-j}> .
Jj=1

The invariance of 1 guarantees that such stochastic processes are always station-
ary: Pr[Xi, 1m € Eij4m; - - -, Xi, € Ejvm] =Pr[Xi, € Ej\,...,X;, € Ej ) for all m.

The point is that we can ask what are the properties of the stochastic processes
{foT"},> arising out of the ppt (X, %, u,T), and bring in tools and intuition from
probability theory to the study of dynamical systems.

Note that we have found a way of studying stochastic phenomena in a context
which is, a priori, completely deterministic (if we know the state of the system at
time zero is x, then we know with full certainty that its state at time n is 7"(x)). The
modern treatment of the question “how come a deterministic system can behave
randomly” is based on this idea.

1.4 Ergodicity and mixing

Suppose (X,%,u,T) is a mpt. A measurable set E € & is called invariant, if
T~'(E) = E. Evidently, in this case T can be split into two measure preserving
transformations T'|g : E — E and T |ge : E€ — E°, which can be analyzed separately.

Definition 1.4. A mpt (X, %, u,T) is called ergodic, if every invariant set E satisfies
U(E)=0or u(X\E)=0. We say U is an ergodic measure.

Proposition 1.1. Suppose (X, %,1,T) is a mpt on a complete measure space, then
the following are equivalent:

1. u is ergodic;
2. ifE€ Band u(T'ENE) =0, then u(E) =0 or (X \ E) =0;
3.if f: X = Ris measurable and foT = f a.e., then thereis c € R s.t. f =ca.e.

Proof. Suppose U is ergodic, and E is measurable s.t. u(EAT~'E) = 0. We con-
struct a measurable set Ey such that T~'Ey = Ey and u(EgAE) = 0. By ergodicity
U(Ey) =0or u(X\ Ep) =0. Since u(EAEy) = 0 implies that u(E) = u(Ep) and
U(X\E)=u(X\Ep) we get that either u(E) =0or u(X\E) =0.

The set Ey we use is Eg := {x € X : T¥(x) € E infinitely often.}. It is obvious that
this set is measurable and invariant. To estimate i (EgAE) note that

(a) if x € Ey \ E, then there exists some k s.t. x € T ¥(E)\ E;
(b) if x € E \ Eo, then there exists some k s.t. x € T*(E), whence x € E\ T*(E).
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Thus E¢AE C U EATXE).
We now use the following “triangle inequality” :

L(A1AAs) < u(A1AAL) + u(A2AA3) (Ai € B)

(This is because u(A;AA;) = || 14, — la; |1 where 1y, is the indicator function of A;,
equal to one on A; and to zero outside A;). The triangle inequality implies that

p(EATHE)< Y Y w(r7EATUVE)

s

K(E0AE) <

~
I
=~
I
I
S

k(EATT'E) (opoT ' =p).

Il
s

T
I\

Since W(EAT'E) =0, u(EgAE) = 0 and we have shown that (1) implies (2).
Next assume (2). and let f be a measurable function s.t. fo7 = f almost every-
where. For every ¢, [f > t]AT'[f > 1] C [f # foT], so

w(lf > AT f >1]) =0.

By assumption, this implies that either u[f > ] =0 or u[f <¢] =0. In other words,
either f >t a.e., or f <t a.e. Define ¢ := sup{r : f >t ae.}, then f = ¢ almost
everywhere, proving (3). The implication (3)=-(1) is obvious: take f = 1. O

An immediate corollary is that ergodicity is an invariant of measure theoretic iso-
morphism: If two mpt are isomorphic, then the ergodicity of one implies the ergod-
icity of the other.

The next definition is motivated by the probabilistic notion of independence. Sup-
pose (X, %, 1) is a probability space. We think of elements of 2 as of “events”, we
interpret measurable functions f : X — R as “random variables”, and we view U as
a “probability law” u(E) = Plx € E]. Two events E, F € 9 are called independent,
if u(ENF) = u(E)U(F) (because in the case ((E), u(F) # 0 this is equivalent to

saying that y(E|F) = u(E), u(F|E) = u(F)).

Definition 1.5. A probability preserving transformation (X, %, 1, T) is called mix-
ing (or strongly mixing), if for all E,F € %, u(ENT*F) 2 UW(E)u(F).
Yoo

In other words, 7% (F) is “asymptotically independent” of E. It is easy to see that
strong mixing is an invariant of measure theoretic isomorphism.

It can be shown that the sets E, F in the definition of mixing can be taken to be
equal (problem 1.12).

Proposition 1.2. Strong mixing implies ergodicity.

Proof. Suppose E is invariant, then u(E) = p(ENT"E) — p(E)?, whence
U(E)? = u(E). It follows that u(E) =0 or u(E) = 1 = u(X). O
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Just like ergodicity, strong mixing can be defined in terms of functions. Before
we state the condition, we recall a relevant notion from statistics. The correlation
coefficient of non-constant f, g € L?(u) is defined to be

_ [ fedp— [ fdu-[edu
P8 = e i e = T 2dull”

The numerator is equal to

Cov(f.g) = [ [(f— / f) (g— [e))an.

called the covariance of f,g. This works as follows: If f,g are weakly correlated
then they will not always deviate from their means in the same direction, leading to
many cancelations in the integral, and a small net result. If f,g are strongly corre-
lated, there will be less cancelations, and a larger absolute value for the net result.
Positive covariance signifies that the deviations from the mean are often in the same
direction, and negative covariance indicates that that they are often in opposite di-
rections. The denominator in the definition of p is not important. It is there to force
p(f,g) to have values in [—1, 1] (Cauchy-Schwarz).

Proposition 1.3. A ppt (X, %, 1, T) is strongly mixing iff for every f,g € L?,
[ fgoT"du — [ fdu [ gdu, equivalently Cov(f,goT") — 0.

Proof. We need the following trivial observations:

1. Since uo T~ =p, ||[foT|,=|fl,forall f€LP and 1 < p < oo;
2. Cov(f,g) is bilinear in f, g;
3. [Cov(f,8)| < 4llf = [ fll2llg = J &l

The first two statements are left as an exercise. For the third we use the Cauchy-
Schwarz inequality: |Cov(f,8)| < [If = [ fll2llg = Jglla < (1Al + /1) (llgll2 +
! !

lgll1) < 2IIf112)2llgll2), where < is because [|@][1 = [l@- 1] < [l@[2[[1]2= [|¢]2.
Now for the proof of the proposition. The condition that Cov(f,goT") —— 0
n—oo

for all f,g € L? implies mixing by substituting f = 1z, g = 1. For the other di-
rection, assume that u is mixing, and let f,g be two elements of L. If f,g are
indicators of measurable sets, then Cov(f,goT") — 0 by mixing. If f, g are finite
linear combinations of indicators, Cov(f,goT") — 0 because of the bilinearity of
the covariance. For general f, g € L?, we can find for every € > 0 finite linear combi-
nations of indicators f¢, ge s.t. || f — fell2,||g — g2 < €. By the observations above,

|Cov(f,goT")| < [Cov(f — fe,80T")|+|Cov(fe,8e o T")| + |Cov(fe, (8 —ge) o T")|
<deliglla+o(1) +4([fll2+€)e, asn — co.

It follows that limsup |Cov(f,go T")| < 4&(||f|l2 + |lg|l2 + €). Since € is arbitrary,
the limsup, whence the limit itself, is equal to zero. O
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1.5 Examples

1.5.1 Circle rotations

Let T :=[0,1) equipped with the Lebesgue measure m, and define for @ € [0,1)
Ry : T — T by Ry(x) =x+ 0o mod 1. Ry is called a circle rotation, because the
map 7(x) = exp[27ix] is an isomorphism between R, and the rotation by the angle
27« on the unit circle S'.

Proposition 1.4.

1. Ry is measure preserving for every o,
2. Ry is ergodic iff o & Q;
3. Ry is never strongly mixing.

Proof. A direct calculation shows that the Lebesgue measure m satisfies m(Ry'I) =
m(I) for all intervals I C [0,1). Thus the collection .# = {E € % : m(R,'E) =
m(E)} contains the algebra of finite disjoint unions of intervals. It is easy to check
 is a monotone class, so by the monotone class theorem (see appendix) .# con-
tains all Borel sets. It clearly contains all null sets. Therefore it contains all Lebesgue
measurable sets. Thus .# = % and (1) is proved.

We prove (2). Suppose first that &« = p/q for p,q € N. Then R}, = id. Fix some x €
[0,1), and pick € so small that the e-neighborhoods of x+ ko fork=0,...,g—1 are
disjoint. The union of these neighborhoods is an invariant set of positive measure,
and if € is sufficiently small then it is not equal to T. Thus R, is not ergodic.

Next assume that o ¢ Q. Suppose E is an invariant set, and set f = 1. Expand
f to a Fourier series:

fo=Y F(n)e*™™ ( convergence in L?).
nez

The invariance of E dictates f = f o Ry. The Fourier expansion of foRy is

(foRq)(t) =f(t+0o modl)= Z ezmnaf(n)emim.

nez

~ ~ -~

Equating coefficients, we see that f(n) = f(n)exp[2nina]. Thus either f(n) =0
or exp[2mina] = 1. Since a & Q, f(n) = 0 for all n # 0. We obtain that f = £(0)
a.e., whence 1z = m(E) almost everywhere. This can only happen if m(E) = 0 or
m(E) = 1, proving the ergodicity of m.

To show that m is not mixing, we consider the function f(x) = exp[27ix]. This
function satisfies fo Ry = Af with A = exp[27mict] (such a function is called an
eigenfunction). For every ¢ there is a sequence ny — o s.t. np¢ mod 1 — 0 (Dirich-

let theorem), thus || f o Ref — fll2 = A% — 1| — 0. It follows that F :=Re(f) =
—yo0
cos(27x) satisfies ||F o Rgf — F||» — 0, whence [ F o RyfFdm — [ F2dm #
oo —oo

([ F)?, and m is not mixing. O
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1.5.2 The angle doubling map

Again, we work with T := [0, 1] equipped with the Lebesgue measure m, and define
T:T— Tby T(x) =2x mod 1. T is called the angle doubling map, because the
map 7(x) := exp[27ix] is an isomorphism between T and the map e/® + %% on S'.

Proposition 1.5. The angle doubling map is probability preserving, and strong mix-
ing, whence ergodic.

Proof. Tt is convenient to work with binary expansions x = (0.ddxd3...), (d; =
0,1), because with this representation 7(0.d1d5...) = (0.d2d5...). For every finite
n—-word of zeroes and ones (dj,...,d,), define the sets (called “cylinders”)

[di,...,d)):={x€[0,1):x=(0.d;---dy€1&...), for some & € {0,1}}.

This is a (dyadic) interval, of length 1/2".
Itis clear that T~ ![dy,...,d,] = [*,d1,...,d,] where x stands for “0 or 1. Thus,
m(T~'[d]) = m[0,d] +m[1,d] =2-2-("+1) = 27" — mu[d]. We see that .# := {E €
% :m(T~'E) = m(E)} contains the algebra of finite disjoint unions of cylinders.
Since .# is obviously a monotone class, and since the cylinders generate the Borel
o—algebra (prove!), we get that .# = %, whence T is measure preserving.
We prove that 7' is mixing. Suppose f g are indicators of cylinders: f = 1y,

seeesn]?

/f~godem =mla,*---*,b] = m[a]m[b].
k—n

Thus Cov(f,goT*) — 0 for all indicators of cylinders. Every L?>—function can be
oo

approximated in L? by a finite linear combination of indicators of cylinders (prove!).

One can therefore proceed as in the proof of proposition 1.3 to show that Cov(f,go

T —— Oforall L? functions. O
—yo0

1.5.3 Bernoulli Schemes

Let S be a finite set, called the alphabet, and let X := SN be the set of all one—sided
infinite sequences of elements of S. Impose the following metric on X:

d((Xn)n>0, (Ya)nz0) 1= 27 MBS, (1.2)
The resulting topology is generated by the collection of cylinders:

[ao,...,an—1] ={xeX:xi=a; (0<i<n—1)}.
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It can also be characterized as being the product topology on SV, when S is given
the discrete topology. In particular this topology is compact.

The left shift is the transformation T : (xg,x1,x2,...) — (x1,x2,...). The left shift
is continuous.

Next fix a vector p = (pg)qes Of positive numbers whose sum is equal to one.

Definition 1.6. The Bernoulli measure corresponding to p is the unique measure on
the Borel o—algebra of X such that ufag,...,a,—1] = pa, - Pa,_, for all cylinders.

It is useful to recall why such a measure exists. Here is a review of the necessary
tools from measure theory.

Definition 1.7. Let X be a non-empty set.

1. A semi-algebra on X is a collection . os subsets of X such that

a g, Xes
b. .7 is closed under intersections, and
c. forevery A € ., X \ A is a finite disjoint union of elements from .7

2. The c-algebra generated by . is the smallest ¢-algebra of subsets of X which
contains .. Equivalently, this is the ¢-algebra equal to the intersection of all
o-algebras which contain .# (e.g. the power set of X).

3. A function i : . — [0,¢9] is called o-finite if X is a countable disjoint union of
elements A; € .7 such that (1 (A;) < e for all i. This always happens if @ (X) < oo.

4. A function y : . — [0,0] is called o-additive on . if for all pairwise disjoint
countable collection of A; € ., if YA, € . then u(WA;) =Y u(A;).

Theorem 1.2 (Carathéodory’s Extension Theorem). Let X be a set and .7 a semi-
algebra of subsets of X. Every o—additive o-finite [ : . — [0,0| has a unique
extension to a 6—additive G-finite function on the c—algebra generated by ..

In our case X = {(xo,x1,...) : x; € Sforall i}, . = {&,X} U {cylinders}, and
p S —[0,00] is defined by u (@) :=0, u(X) =1, ulao,...,an—1] := pay " Pa,_,-

% is a semi-algebra, because the intersection of cylinders is empty or a cylinder,
and because the complement of a cylinder [ag,...,a,—1] is the finite disjoint union
of cylinders [by, ...,b,—1] such that for some i, b; # a;.

It is also clear that u : . — [0,00] is o-finite. Indeed it is finite (1 (X) < oo)! It
remain to check that u is o-additive on .7

Suppose [a] is a countable disjoint union of cylinders [b’]. Each cylinder is open
and compact (prove!), so such unions are necessarily finite. Let N be the max-
imal length of the cylinder [b/]. Since [b/] C [a], we can write [b/] = [a,B’] =

HIQIZN*W\ [a, B, c], and a direct calculation shows that

. , N—[b/| . )
Y uafd=pulap <zpc) — pla.B') = plp).

le|=N—[¢|

Summing over j, we get that ):J-,U.[Qj] =YX n—p/| /J[Q,Ej,g].
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Now [a] = Lﬂj[bj] = Lﬂj@k':]\,_‘b,-‘ [g,ﬁj,g], so the collection of (Ej,g) is equal
to the collection of all possible words w of length N — |a| (otherwise the right hand
side misses some sequences). Thus

) N-—la
Lull= Y wiawl—uid (L) -l
J c

[w|=N~—|g

proving the o—additivity of u on .7

It now follows from the Carathéodory’s Extension Theorem that y : . — [0, ]
has a unique extension to a probability measure on the smallest o-algebra containing
the cylinders.

Call this o-algebra A. Since the cylinders generate the topology of X, every open
set is a union of cylinders. This union is countable, because there are only countably
many cylinders. So every open set belongs to Z. It follows that 2 contains the Borel
o-algebra of X (which equals by definition to the smallest o-algebra containing all
open sets). So L extends uniquely to a non-negative o-additive function on the Borel
o-algebra of X. Definition probability measure. Definition 1.6 is justified.

Proposition 1.6. Suppose X = {0, 1}, y is the (%, 1)-Bernoulli measure, and o is

the left shift, then (X, 28(X),u,T) is measure theoretically isomorphic to the angle
doubling map.

Proof. The isomorphism is 7(xg,x1,...,) :=Y.27"x,. This is a bijection between
X' :={xe{0,1}": Ans.t. x,, = 1 forall m > n}

and [0, 1) (prove that u(X’) = 1), and it is clear that 7 o 6 = T o 7. Since the image
of a cylinder of length 7 is a dyadic interval of length 27", & preserves the measures
of cylinders. The collection of measurable sets which are mapped by 7 to sets of the
same measure is a c—algebra. Since this o—algebra contains all the cylinders and all
the null sets, it contains all measurable sets. O

Proposition 1.7. Every Bernoulli scheme is mixing, whence ergodic.

The proof is the same as in the case of the angle doubling map. Alternatively, it
follows from the mixing of the angle doubling map and the fact that the two are
isomorphic.

1.5.4 Finite Markov Chains

We saw that the angle doubling map is isomorphic to a dynamical system acting
as the left shift on a space of sequences (a Bernoulli scheme). Such representations
appear frequently in the theory of dynamical systems, but more often than not, the
space of sequences is slightly more complicated than the set of all sequences.
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1.5.4.1 Subshifts of finite type

Let S be a finite set, and A = (f;;)sxs @ matrix of zeroes and ones without columns
or rows made entirely of zeroes.

Definition 1.8. The subshift of finite type (SFT) with alphabet S and transition ma-
trix A is the set £ = {x = (xp,x1,...) € SN tyx;,, = 1 for all i}, together with the
metric d(x,y) := 2~ ™nE%A%) and the action & (xg, x1,X2,...) = (x1,%2,...).

This is a compact metric space, and the left shift map o : £;” — ZX is continuous.
We think of EX as of the space of all infinite paths on a directed graph with vertices
S and edge a — b connecting a,b € S such that 7, = 1.

Let £, be a SFT with set of states S, |S| < e, and transition matrix A = (Agp)sxs-

* A stochastic matrix is a matrix P = (pgp)qpes With non-negative entries, such
that }'), ps» = 1 for all g, i.e. P1 = 1. The matrix is called compatible with A, if
Awp=0= p, =0.

* A probability vector is a vector p = (p, : a € S) of non-negative entries, s.t.
Ypra=1

* A stationary probability vector is a probability vector p = (p, : a € S) s.t. pP = p:
Y. PaPab = Pb-

Given a probability vector p and a stochastic matrix P compatible with A, one can

define a Markov measure |1 on I, (or Zy) by

.u[aOa ce 761”,1] ‘= PagPagay """ Pa,_ra,_1»

where [ag,...,a,—1] ={x € X} :x;=a; (i=0,...,n—1)}. The stochasticity of P
guarantees that this measure is finitely additive on the algebra of cylinders, and 6—
subadditivity can be checked as for Bernoulli measures using compactness. Thus
this gives a Borel probability measure on 2;\".

Proposition 1.8. y is shift invariant iff p is stationary w.r.t. P. Any stochastic matrix
has a stationary probability vector.

Proof. To see the first half of the statement, we note that u is shift invariant iff

W[*,b] = p[b] for all [b], which is equivalent to

Zpapabopbobl *** Pby_sby_y = Dby Phoby " * Pby_sb,_, -
a

Canceling the identical terms on both sides gives Y., paPan, = Pp,- Thus u is shift
invariant iff p is P—stationary.

We now show that every stochastic matrix has a stationary probability vector.
Consider the right action of P on the simplex A of probability vectors in RV:

A:={(x1,...,xN) 1 x; ZO,Zx,- =1}, T(x) =xP.

We have T(A) C A, since Za(TE)a = Zabebpba = bebZa Pba = beb = 1. Re-
call Brouwer’s fixed point theorem: A continuous mapping of a compact convex
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subset of R? into itself has a fixed point. Applying thisto T : A — A we find x € A
such that xP = x. This is the stationary probability vector. a

Thus every stochastic matrix determines (at least one) shift invariant measure.
Such measures are called Markov measures We ask when is this measure ergodic,
and when is it mixing.

1.5.4.2 Ergodicity and mixing of Markov measures

There are obvious obstructions to ergodicity and mixing. To state them concisely,
we introduce some terminology. Suppose P = (pap)sxs iS a stochastic matrix. We
say that a connects to b in n steps, and write a — b, if there is a path of length n+ 1
(a,&1,...,E1,b) € S st Pag, Pg&, -+ P, b > 0 (see problem 1.5).

Definition 1.9. A stochastic matrix P = (pp)a.pes is called irreducible, if for every
a,b € S there exists an n s.t. a — b.

Lemma 1.1. If A is irreducible, then p := gcd{n : a > a} is independent of a.
(gcd =greatest common divisor).

Proof. Let p,:=ged{n:a> a}, pp:=ged{n:b 2 b}, and A, :={n:b > b}. Then
Ap+Ap C Ap, and therefore Ap — Ay, is a subgroup of Z. Necessarily A, — Ay = ppZ.

By irreducibility, there are o, 3 s.t. a b E) a.Soforalln € Ay, a LNy £> a,

whence p,|ged(a + B + Ap). This clearly implies that p, divides every number in
Ap — Ap = ppZ. SO py|pp. Similarly one shows that pp|p,, whence p, = p. a

Definition 1.10. The period of an irreducible stochastic matrix P is the number p :=
ged{n:a 5 a} (this is independent of a by the lemma). An irreducible stochastic
matrix is called aperiodic if its period is equal to one.

For example, the SFT with transition matrix (? })) is irreducible with period two.

If P is not irreducible, then any Markov measure of P and a strictly positive
stationary probability vector of P is non-ergodic. To see why, pick a,b € S s.t. a
does not connect to b in any number of steps. The set

E:={x€ X} :x; # b forall i sufficiently large}

is a shift invariant set which contains [a], but which is disjoint from [b]. So E is an
invariant set with such that 0 < p, < u(E) <1—p, < 1. So u is not ergodic.

If P is irreducible, but not aperiodic, then any Markov measure on EX is non-
mixing, because the function f := 1y, satisfies ff o T" = 0 for all n not divisible
by the period. This means that [ ff o T"dU is equal to zero on a subsequence, and
therefore cannot converge to fi[al’.

We claim that these are the only possible obstructions to ergodicity and mixing.
The proof is based on the following fundamental fact, whose proof will be given at
the next section.
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Theorem 1.3 (Ergodic Theorem for Markov Chains). Suppose P is a stochastic

matrix, and write P" = ( p((;;)), then P has a stationary probability vector p, and

n
1. if P is irreducible, then %kzl pg;)) — pp (a,b€S);

n—oo
(k)

2. if P is irreducible and aperiodic, then p,; — pp (a,b €S).
n—soo

Corollary 1.1. A shift invariant Markov measure on a SFT ZX is ergodic iff its
stochastic matrix is irreducible, and mixing iff its stochastic matrix is irreducible
and aperiodic.

Proof. Let 1 be a Markov measure with stochastic matrix P and stationary proba-
bility vector p. For all cylinders [a] = [ao, ... ,a,1] and [b] = [bo,...,bp—1],

plano ) =pu| W @bl |, #i=1{=(&.....8):[a.E.b]# 2}

S€Wn
(k—n)
.u'[b] panflh()
— al - a ese —_— Q é B
e B e v, =l S

If P is irreducible, then by theorem 1.3, Ly~ 1i([a] N o~ ¥[b]) — plaub].

We claim that this implies ergodicity. Suppose E is an invariant set, and fix € > 0,
arbitrarily small. There are cylinders Ay, ..., Ay € ./ s.t. U (EA (GA Al-) < e.! Thus

N
uAino *E)te=Y p(Aino *A;) +2e.
ij=1

=

W(E)=p(ENGE) =

1

Averaging over k, and passing to the limit, we get

N 1 n N
u(E)= 3 lim -3 u(Ainc Ay £2e =Y p(Au(A))+2e
ij=1"7"m 0 ij=1

N 2
- (ZM(A,»)> +2¢ = [u(E) +¢]* + 2.

Passing to the limit € — 0, we obtain u(E) = u(E)?, whence p(E) =0 or 1.
Now assume that that P is irreducible and aperiodic. The ergodic theorem for
Markov chains says that y([a] N o~ [b]) oK [a]i[b]. Since any measurable sets
—300

EF can approximated by finite disjoint unions of cylinders, an argument similar to
the previous one shows that ((E N o~ *F) pa—— W(E)u(F) for all E,F € %. This
—»00

is is mixing. O

! Proof: The collection of sets E satisfying this approximation property is a c—algebra which
contains all cylinders, therefore it is equal to 2.
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Remark 1. The ergodic theorem for Markov chains can be visualized as follows.
Imagine that we distribute mass on the states of S according to a probability dis-
tribution ¢ = (g4 )acs- Now shift mass from one state to another using the rule that
a pa,—fraction of the mass at a is moved to b. The new mass distribution is gP
(check). After n steps, the mass distribution is gP". The previous theorem says that,
in the aperiodic case, the mass distribution converges to the stationary distribution
—- the equilibrium state. It can be shown that the rate of convergence is exponential
(problem 1.7).

Remark 2: The ergodic theorem for Markov chains has an important generaliza-
tion to all matrices with non-negative entries, see problem 1.6.

1.5.4.3 Proof of the Ergodic Theorem for Markov chains

Suppose first that P is an irreducible and aperiodic stochastic matrix. This implies
that there is some power m such that all the entries of P™ are strictly positive.?

Let N := |S| denote the number of states, and consider the set of all probability
vectors A := {(x1,...,xy) : x; > 0,Y x; = 1}. Since P is stochastic, the map T (x) =
xP maps A continuously into itself. By the Brouwer Fixed Point Theorem, there is
a probability vector p s.t. pP = p (this is the stationary probability vector).

The irreducibility of P implies that all the coordinates of p are strictly positive.
Indeed, ¥ pr = 1 so at least one coordinate p; is positive. For any other coordinate
pj there is by irreducibility a path (i,;,...,&,—1, j) such that

Pig P& & PE, 1, PE, 4 > 0

Sopj=(pP"); = kakp/(:}) 2 PiPig PE & " PE, 58, PE, 1j > O-

So p lies in the interior of A, and the set C := A — p is a compact convex neigh-
borhood of the origin such that T(C) C C, T™(C) C int[C]. (We mean the relative
interior in the (N — 1)-dimensional body C, not the ambient space RV.)

Now consider L := span(C) (an N — 1-dimensional space). This is an invariant
space for T, whence for P’ (the transpose of P). We claim that all the eigenvalues of
P'|1, have absolute value less than 1:

1. Eigenvalues of modulus larger than one are impossible, because P is stochastic,
s0 [[vP||1 < |lv||1, so the spectral radius of P cannot be more than 1.

2. Roots of unity are impossible, because in this case for some k, P¥" has a real
eigenvector v with eigenvalue one. There is no loss of generality in assuming
that v € dC, otherwise multiply v by a suitable scalar. But P cannot have fixed
points on dC, because P*(C) C int|[C]

3. Eigenvalues ¢'® with 6 & 2nQ are impossible, because if €' is an eigenvalue then
there are two real eigenvectors u,v € JdC such that the action of P on span{u,v}

2 Begin by proving that if A is irreducible and aperiodic, then for every a there is an N, s.t. a = a
for all n > N,. Use this to show that for all a,b there is an Ny, s.t. a % b for all n > N,p. Take
m = max{N}.
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cos6 sin0
—sin6 cos 0
uP™n — y € JC. But this cannot be the case because P"[C] C int[C], and by
compactness, this cannot intersect JC.

is conjugate to ( ) an irrational rotation. This means 3k, — oo s.t.

In summary the spectral radius of P'|; is less than one.
But RY = L& span{ p}. If we decompose a general vector v = g +1p with g €
L, then the above implies that vP" = tp + O(||P"|.])||q|| —1p It follows that

pfl';’) H—w> pp for all a, b.

This is almost the ergodic theorem for irreducible aperiodic Markov chains, the
only thing which remains is to show that P has a unique stationary vector. Suppose

(n)

q is another probability vector s.t. gP = g. We can write p,;’ — pp in matrix form
as follows:

Pn n—>—oo> Q, Where Q = (qab)SXS and qab = Pb-

This means that g = gP" — gQ, whence g0 = ¢, 80 qu = Y., qpqba = L 9bPa = Pa-

Consider now the periodic irreducible case. Let A be the transition matrix associ-
ated to P (with entries #,, = 1 when p,;, > 0 and ¢, = 0 otherwise), and let p denote
the period of P. Fix once and for all a state v. Working with the SFT X", we let

Sy:={beS:vSbforsomen=k modp} (k=0,...,p—1).

Sy are pairwise disjoint, because if b € S, N Sg,, then Jo; = k; mod p and 3B

st.v b Py tori= 1,2. By the definition of the period, p|o; + 8 for i = 1,2,
whence kj = ) = —f = o =k, mod p.
It is also clear that every path of length ¢ which starts at Sy, ends at S;; where

k' = k+¢ mod p. In particular, every path of length p which starts at Sy ends at S.

This means that if pff;) > 0, then a, b belong to the same S.

It follows that PP is conjugate, via a coordinate permutation, to a block matrix
with blocks (p511b7>) s, x5, - Each of the blocks is stochastic, irreducible, and aperiodic.
Let #*) denote the stationary probability vectors of the blocks.

(tp) ”( )

By the first part of the proof, p,, for all a,b in the same Sy, and

pi; =0forn#0 mod p. More generally, if a € S, and b € Sy, , then

im {727k — Jim
{—ro0 {—o0 £es

Z pkz k1+P)pf§(If 1)p)

ky
=Y p kz ki50) k) by the above)
EESK,

_ E;EIQ) Z p(léz_kl+p) _ n,(k2>. (- p(lg_kl +P) _ 0 when ES)

a b a

Ees

Similarly, p, “Ha) =0 when a # k, —k; mod p. Thus
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1 ¢ 1
lim — Z pg;) = —n,gk) for the unique k s.t. Sy 2 b
0 p

n—yeo n =
The limiting vector 7 is a probability vector, because Zle Yres, %nék) =1.

We claim that 7 is the unique stationary probability vector of P. The limit the-
orem for pg;) can be written in the form %ZZ;(% P* — Q where Q = (qup)sxs and
qap = Tp- As before this implies that ZP = & and that any probability vector g such
that gP =gq,we also have QQ =q, whence q=rp. O

1.5.5 The geodesic flow on a hyperbolic surface

The hyperbolic plane is the surface H := {z € C : Im(z) > 0} equipped with the
Riemannian metric ds = |dz|/Im(z), which gives it constant curvature (—1).

It is known that the orientation preserving isometries (i.e. distance preserving
maps) are the Mobius transformations which preserve H. They form the group

b
M&b(H) = {Z+—> XD i be.d e R ad—be = 1}
cz+d

~ {<? Z) ta,b,c,d € R,ad — bc = 1}/{:tid} =:PSL(2,R).

(We quotient by {+id} to identify (¢}), ("¢ 7) which represent the same Mdbius
transformation.)

The geodesics (i.e. length minimizing curves) on the hyperbolic plane are vertical
half-lines, or circle arcs which meet dH at right angles. Here is why: Suppose @ €
TM is a unit tangent vector which points directly up, then it is not difficult to see
that the geodesic at direction @ is a vertical line. For general unit tangent vectors
o, find an element @ € Mob(H) which rotates them so that d¢@ (@) points up. The
geodesic in direction ® is the @—preimage of the geodesic in direction d@(w) (a
vertical half-line). Since Mobius transformations map lines to lines or circles in a
conformal way, the geodesic of @ is a circle meeting JH at right angles.

The geodesic flow of H is the flow g’ on the unit tangent bundle of H,

T'H := {tangent vectors with length one}

which moves @ along the geodesic it determines at unit speed.

To describe this flow it useful to find a convenient parametrization for T 'H. Fix
@y € T'H (e.g. the unit vector based at i and pointing up). For every @, there is a
unique @ € Mob(H) such that @ = d@g (o), thus we can identify

T'H ~ Mob(H) ~ PSL(2,R).

It can be shown that in this coordinate system the geodesic flow takes the form
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((ab\ _[ab\ (e? 0
§\ca) " \ca 0 e /2]

To verify this, it is enough to calculate the geodesic flow on wy =~ ( (1) (1)) .

Next we describe the Riemannian volume measure on 7'H (up to normaliza-
tion). Such a measure must be invariant under the action of all isometries. In our
coordinate system, the isometry ¢(z) = (az+b)/(cz+d) acts by

xy\_ [(ab Xy
(P<zw> o (cd> (zw)'
Since PSL(2,RR) is a locally compact topological group, there is only one Borel
measure on PSL(2,R) (up to normalization), which is left invariant by all left trans-
lations on the group: the Haar measure of PSL(2,R). Thus the Riemannian volume
measure is a left Haar measure of PSL(2,R), and this determines it up to normal-
ization.

It is a convenient feature of PSL(2,R) that its left Haar measure is also invari-
ant under right translations. It follows that the geodesic flow preserves the volume
measure on 7 'H. But this measure is infinite, and it is not ergodic (prove!).

To obtain ergodic flows, we need to pass to compact quotients of H. These are
called hyperbolic surfaces.

A hyperbolic surface is a Riemannian surface M such that every point in M has a
neighborhood V which is isometric to an open subset of H. Recall that a Riemannian
surface is called complete, if every geodesic can be extended indefinitely in both
directions.

Theorem 1.4 (Killing—Hopf Theorem). Every complete connected hyperbolic sur-
face is isometric to r\" := {['z: z € H}, where

1. T is a subgroup of MOb(H) and I'z .= {g(z) : g € T'}.

2. Every point z € H is in the interior of some open set U C PSL(2,R) s.t. {g(U) :
g € I'} are pairwise disjoint. So I'7 — the unique point in I'7 NU is a bijection.

3. the Riemannian structure on {I'7 : 7/ € U} is the one induced by the Riemannian
structure on U.

If we identify I" with a subgroup of PSL(2,R), then we get the identification
T'(r\) ~ p\PSM2R) 1t is clear that the Haar measure on PSL(2,R) induces a
unique locally finite measure on \PSM2R®) and that the geodesic flow on T (-\™)
takes the form

e’ 0
g’(rw):Fa)( 0 81/2)7
and preserves this measure.

Definition 1.11. A measure preserving flow g’ : X — X is called ergodic, if every
measurable set E such that g ' (E) = E for all ¢ satisfies m(E) = 0 or m(E°) = 0.
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Theorem 1.5. If -\ is compact, then the geodesic flow on T'(r\P) is ergodic.

Proof. If r\™ is compact, then -\ has finite volume. In this case, ergodicity is

equivalent to the following property: Every square integrable function f such that

for a.e. x, f(g'x) = f(x) for all r € R, is equal a.e. to a constant function (prove!).
Consider the following flows:

. B 1t
h,(I'om)=Tw (O |

h,(Fro)=To (tl (1))

If we can show that any geodesic invariant function f is also invariant under these
flows then we are done, because it is known that

((01)-(17)-(5 2 ) ) =psrem

(prove!), and any PSL(2,R)—invariant function on -\PSL(2R) is constant.
Since our measure is induced by the the Haar measure, the flows A
measure preserving. A matrix calculation shows:

t

13
un’ hSl are

. e —5 .
g“hﬁ,g P = hfv? > id
S—yoo
_ S .
8 Shfmgs = h;,; > id
§——oo

12
Step 1. 1f f € L2, then foh'** £ f.

§—ro0

Proof. Approximate by continuous functions of compact support, and observe that
R is an isometry of L.

Step 2.If f € L? and fog® = f, then foh!,, = fand foh, = f.
Proof. ||foly = fll2=lfog oy = fll2 = lfog ol 087 = fll2 = 0.

Thus f is hi,—invariant. A similar calculation shows that it is A,—invariant, and we
are done. ad

1.6 Basic constructions

In this section we discuss several standard methods for creating new measure pre-
serving transformations from old ones. These constructions appear quite frequently
in applications.
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Products

Recall that the product of two measure spaces (X;, %, 1;) (i = 1,2) is the measure
space (X; X Xp, %P1 @ B, l1 X L) where B x B, is the smallest c—algebra which
contains all sets of the form By x B, where B; € %;, and U; X U is the unique
measure such that ((; X () (B X By) = 1 (B1)2(B2).

This construction captures the idea of independence from probability theory: if
(X;, B;, 1;) are the probability models of two random experiments, and these experi-
ments are “independent”, then (X| X Xz, B ® %2, I X Uy) is the probability model
of the pair of the experiments, because for every E| € B, ,E, € %>,

F) := E1 x X, is the event “in experiment 1, E; happened”
F>, :=X; X E, is the event “in experiment 2, E> happened”
FINF,=E XE»

and Fi NF, = E| X E3; so (/.11 X ,U,g)(Fl ﬁFz) = (ul X ,uz)(Fl)(,ul X ‘Ll,g)(Fz), showing
that the events F1, F; are independent.

Definition 1.12. The product of two measure preserving systems (X;, %;, i, T;) (i =
1,2) is the measure preserving system (X; X Xp, %1 ® B, 1 X Uz, T1 X Tr), where
(T x T2)(x1,x2) = (T1x1, Tax2).

(Check that S is measure preserving.)

Proposition 1.9. The product of two ergodic mpt is not always ergodic. The product
of two mixing mpt is always mixing.

Proof. The product of two (ergodic) irrational rotations S := Ry X Ry : T2 — T2,
S(x,y) = (x+ o,y + o) mod 1 is not ergodic: F(x,y) =y —x mod 1 is a non-
constant invariant function. (See problem 1.8.)

The product of two mixing mpt is however mixing. To see this set (L = p; X o,
S=TixT,and .¥ :={AXB:A€ B,Be P} Forany E| := A| X B|,E; :=
Ay X By € .7,

W(EINS™Ey) = u((A1 x B))N(Ty x T) (A2 X By))
=u((AyNT"A)N(BiNT "By))
= U (Al N TinAz)uz(Bl n TﬁnBz)
— (A1) u2(B1) i (A2)u2(B2) = 1(Ay X By) (A2 X By).
Since . is a semi-algebra which generates % ® %,, any element of #| ® %, can

be approximated by a finite disjoint elements of ., and a routine approximation
argument shows that u(ENS™"F) — w(E)u(F) for all E,F € A. O



1.6 Basic constructions 21

1.6.1 Skew-products

We start with an example. Let u be the (%, %)—Bernoulli measure on the two shift

= {0,1}N. Let f : £ — Z be the function f(xo,x1,...) = (—1)%. Consider the
transformation

Tp: 55 xZ— X5 x I, Ty(x.h) = (0(2).k+ (),

where o : 22+ — Z;’ is the left shift. This system preserves the (infinite) measure
U X mz where my, is the counting measure on Z. The n-th iterate is

T (x,k) = (0"x,k+Xo+ -+ Xy—1), where X; := (—1)".

What we see in the second coordinate is the symmetric random walk on Z, started at
k, because (1) the steps X; take the values 1, and (2) {X;} are independent because
of the choice of (. We say that the second coordinate is a “random walk on Z driven
by the noise process (X7, %, 1,0).

Here is a variation on this example. Suppose Ty, T are two measure preserving
transformations of the same measure space (¥, %, V). Consider the transformation
(X XY, B&C,uxv,Tr), where

Ty(x,y) = (Tx, Ty()y)-

The n—th iterate takes the form 77 (x,y) = (0"x, Ty, , ---Ty,y). The second coordi-
nate looks like the random concatenation of elements of {Tp, 7} }. We say that T is
a “random dynamical system driven by the noise process (X, %, u,T).”

These examples suggest the following abstract constructions.

Suppose (X, %,u,T) is a mpt, and G is a locally compact Polish? topological
group, equipped with a left invariant Haar measure mg. Suppose f : X — G is mea-
surable.

Definition 1.13. The skew—product with cocycle f over the basis (X, %, u,T) is the
mpt (X x G,B® H(G),u xmg,Ty), where Ty : X x G — X x G is the transforma-

tion Ty (x,g) = (Tx,g- f(x)).
(Check, using Fubini’s theorem, that this is a mpt.) The n—th iterate T;’(x“g) =
(T" 'x,g- f(x)- f(Tx)--- £(T" 'x)), is a “random walk on G driven by the noise
process (X, %8,u,T).”

Now imagine that the group G is acting in a measure preserving way on some
space (¥,%,v). This means that there are measurable maps T, : Y — Y such that
\% OTg_1 =V, Ty, = T3, Iy, and (g,y) — T, (y) is a measurable from X x Gto Y.

Definition 1.14. The random dynamical system on (Y, ¢ ,v) with action {7, : g €
G}, cocycle f: X — G, and noise process (X, %, ,T), is the system (X X ¥, B®
€,u xv,Ty) given by Ty(x,y) = (Tx, Tf(x>y).

3 “Polish”=has a topology which makes it a complete separable metric space.
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(Check using Fubini’s theorem that this is measure preserving.) Here the n-th iterate
is 77 (x,y) = (T"x, Ty(rnyy -+ Tpr Tr)y)-

It is obvious that if a skew—product (or a random dynamical system) is ergodic or
mixing, then its base is ergodic or mixing. The converse is not always true. The
ergodic properties of a skew—product depend in a subtle way on the interaction
between the base and the cocycle.

Here are two important obstructions to ergodicity and mixing for skew—products.
In what follows G is a polish group and G is its group of characters,

G:= {y:G— S!: vis a continuous homomorphism}.

Definition 1.15. Suppose (X, %, u,T)isapptand f: X — G is Borel.

1. fis called arithmetic w.r.t. u, if 3h: X — S' measurable, and y € G non-constant,
such that yo f =h/hoT a.e.

2. fis called periodic w.r.t. u, if 3h : X — S' measurable, |A| =1, and y € G non-
constant, such that yo f = Ah/hoT a.e.

Proposition 1.10. Let (X, %,u,T) be a ppt, f: X — G Borel, and (X X G, B ®
B(G),u x mg,Ty) the corresponding skew—product. If f is arithmetic, then Ty is
not ergodic, and if f is periodic, then Ty is not mixing.

Proof. Suppose f is arithmetic. The function F (x,y) := h(x)y(y) satisfies

F(Tx,yf(x)) = h(Tx)y(y)7(f (x)) = M(Tx)y(y)h(x) /(Tx) = F (x,y),
and we have a non-constant invariant function. So arithmeticity=-non-ergodicity.
Similarly, if f is periodic, then F (x,y) = h(x)y(y) satisfies F(Tx,yf(x)) = AF (x,y),
whence F o Ty = AF. Pick nj — oo s.t. A — 1, then COV(F,FOT;") — [F? -
—»00

([ F)2. Since F # [ F a.e., the limit is non-zero and we get a contradiction to mix-
ing. So periodicity=-non-mixing. O

1.6.2 Factors

When we construct skew-products over a base, we enrich the space. A factor is a
constructions which depletes the space.

Definition 1.16. A mpt transformation (X, %, u,T) is called a (measure theoretic)
factor of a mpt transformation (Y,%,Vv,S), if there are sets of full measure X' C
X,Y' CY suchthat T(X') C X', S(Y') CY’, and a measurable onto map 7 : ¥’ — X’
such that vor ™! = pand moS=Tomon Y. We call 7 the factor map.

y —5 4y
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If (X,%,u,T) is a factor of (Y,%,V,S), then it is customary to call (¥,%,v,S)
an extension of (X, 2,11, T) and & the factor map.
There are three principle examples:

1. Any measure theoretic isomorphism between two mpt is a factor map between
them. But some factor maps are not isomorphisms because they are not injective.

2. A skew product 7y : X X Y — X x Y is an extension of its base T : X — X. The
factormapis 7 : X x G — X, w(x,y) =x.

3. Suppose (X,%B,u,T) is an mpt and T is measurable w.r.t. a smaller c—algebra
€ C B (i.e. T'€ CE), then (X,€,u,T) is a factor of (X, %8, u, T). The factor
map is the identity.

We dwell a bit more on the third example. In probability theory, c—algebras
model information: a set E is “measurable”, if we can answer the question “is @ in
E?” using the information available to use. For example, if a real number x € R is
unknown, but we can “measure” |x|, then the information we have on x is modeled
by the o—algebra {E C R: E = —E}, because we can determined whether x € E
only for symmetric sets E. By decreasing the c—algebra, we are forgetting some
information. For example if instead of knowing |x|, we only know whether 0 < |x| <
1 or not, then our o—algebra is the finite —algebra {&, R, [—1,1], R\ [-1,1]}.

Here is a typical example. Suppose we have a dynamical system (X, %, u,T),
and we cannot “measure” x, but we can “measure” f(x) for some measurable
f : X — R. Then the information we have by observing the dynamical system is
encoded in the smallest o—algebra ¥ C % with respect to which foT" are all
measurable.* The dynamical properties we feel in this case are those of the fac-
tor (X,%,u,T) and not of the (X, %, u,T). For example, it could be the case that
WENT"F)— u(E)u(F) forall E,F € %€ butnot for all E,F € 8 — and then we
will observe “mixing” simply because our information is not sufficient to observe
the non-mixing in the system.

1.6.3 The natural extension

An invertible mpt is a mpt (X, %, i, T) such that for some invariant set X’ C X of full
measure, T : X — X' is invertible, and 7,7~ : X’ — X’ are measurable. Invertible
mpt are more convenient to handle than general mpt because they have the following
properties: If (X, 9%, ) is a complete measure space, then the forward image of a
measurable set is measurable, and for any countable collection of measurable sets
A;, T(NA;) =NT(A;) up to a set of measure zero. This is not true in general for
non-invertible maps. Luckily, every “reasonable” non-invertible mpt is the factor of
an invertible mpt. Here is the construction.

4 Such a o—algebra exists: take the intersection of all sub-c—algebras which make f o 7" all mea-
surable, and note that this intersection is not empty because it contains 8.
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Definition 1.17. Suppose (X,%,u,T) is a ppt defined on a Lebesgue measure
space, and assume 7 (X) = X. The natural extension of (X, %,u,T) is the system

(X,%,11,T), where

1.X:= {x=(...,x_1,%0,%1,%2,...) : x; € X,T(x;) = x;4 forall i};

2. 2 is the smallest G-algebra which contains all sets of the form {(xeX:x; cE}
with i <0 and E € 4 (see below); B

3. [i is the unique probability measure on & such that u{x € X : x; € E;} = u(E;)
foralli<Oand E; € T~'%;

4. T is the left shift.

Lemma 1.2. The measure [l exists and is unique.

Proof (the proof can be omitted on first reading). Let .# denote the collection of all
sets of the form [E_,,,...,Eo] :={x€X :x_;€E_; (i=0,...,n)} where n > 0 and
E_,,....,E_|,Ey € B. We call the elements of . cylinders.

It is easy to see that .# is a semi-algebra. Our plan is to define [I on . and then
apply Carathéodory’s extension theorem. To do this we first observe the following
important identity:

n
[E_p,....Eo)={x€X 1x_, € (T " VE_;}. (1.3)
i=0
The inclusion C is because foreveryx € [E_,, ..., Ep], x_, = T~y er-0-DE_;

by the definition of)?; and D isbecauseifx_, € T_("_i)E,i thenx_;, = T (=) (x_p) €
E_;fori=0,...,n. Motivated by this identity we define I : . — [0,0] by

ﬁ[Efna s 7E0] =u <ﬂ T<ni)Ei> .
i=0

Since [i(X) = u(X) = 1, i is o-finite on X. We will check that [ is c-additive on
. and deduce the lemma from Carathéodory’s extension theorem. We begin with
simpler finite statements.
STEP 1. Suppose Ci,...,Cq are pairwise disjoint cylinders and Dy, ..., Dg are pair-
wise disjoint cylinders. If W%, C; = Lﬂ,ﬁ:l D, then Y 11(C;) =Y 1(D;).
Proof. Notice that [E_,,...,Eo] = [X,...,X,E_p,...,Ep] and (by the T-invariance
of W) LlE_p,...,Eo) = 1[X,...,X,E_p,...,E], no matter how many X’s we add to
the left. So there is no loss of generality in assuming that C;, D; all have the same
length: C; = [¢),....c), p; = [DY),....DY).

By (1.3), since C; are pairwise disjoint, (;_, T_("_k)Cg{ are pairwise disjoint.
Similarly, N;_, T’(”’k)D@k are pairwise disjoint. Since ¥ | C; = &le: 1 Di, the iden-
tity (1.3) also implies that . (f_o 7~ ') =W, My T~ HDY). So
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which proves our claim.

STEP 2. Suppose C,Cy,...,Cy are cylinders. If C C Wi, C;, then fi(C) <Y}, i(C;).
Proof. Notice that J_; C; = Wi_, (CiN ;_:11 C¢). Using the fact that .% is a semi-
algebra, it is not difficult to see that C; N ﬂi._:ll Cj is a finite pairwise disjoint union
of cylinders: C; N ﬂ’ ! Ci= Wi, Cix- So

n
Uc= U U Cix where U Ci C Ci.
i=1

i=1k=1

Look at the inclusion C C U G; = Wi, ¥ | Cix. The set difference of the two
sides of the equation is a finite pairwise disjoint union of cylinders because .7 is a
semi-algebra. So by step 1 1(C) < Y- (X2, K(Ci)).

Similarly, UZ' 1 Cix C C; and the set difference of the two sides of the inclusion is
a finite pairwise disjoint union of cylinders. So by step 1, Z] |1 (Ci) < 1(G;). In

summary [(C) < Y 11(Cy).

We are finally ready to prove o-additivity. Suppose Cy = [Egzk7...,Eék) | are
a countable collection of pairwise disjoint cylinders such that {7 Cy = C =

[E_p,...,Ep]. Our aim is to show that u(C) =Y u(Cy).
STEP 3. u(C) = L u(Ce)

Proof. Without loss of generality ny > n for all k, otherwise we can replace Cy by
the equal cylinder [X,..., X ,E ®) ,Eék>} with X repeated n —ny; — 1 times.

—ny b

For every K, let NK = max{nk 1 <k <K}, then Nx > n. Define E_,, := X for
m>nand EY .= x form>n. If m > Ng and 1 <k <K then C = [E_,, ..., Eo)

—m

and G, = [EY), ... EW). S0 [E_ ... EO]DUk (EW. . EW).

—m*

It now follows from (1.3) that /o T~ " DE_; D WK_ N, T‘<m_")E(l? , whence
m —(m—i m —(m—i k
u (ﬂi:OT (m I)E—i) > (L’d/’fﬂ iz T (m l)ESi))'
Since u is o-additive on % and o T~! = u, the left-hand-side equals 11 (C) and
the right-hand-side equals Y'X_| [1(Cy).

STEP 2. u(C) <Y u(Cy).

Proof. Tt is here that we use the assumption that (X, %, 1) is a Lebesgue measure
space. The assumption allows us to assume without loss of generality that X is a
compact metric space and & is the completion of the Borel c-algebra (because
any union of an interval and a countable collection of atoms can be isomorphically
embedded in such a space). In this case u is regular: for every E € % and for
every € > 0 there is an open set U and a compact set F' such that F C E C U and
W(E\F),u(U\E) <e.
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In particular, given € > 0O there is no problem in finding a compact set F C
Ny T~ "DE_; and open sets Uy O %, 7= =) EX open so that

—i

W(F) = () — € and p(UY) < B(CY) + 57

By (1.3), [F,X,...,X] C C =W C C U [Uk, X, ..., X], and with respect to
—— ——
n ni
the product topology on X, [F,X,...,X] is compact and [Uj,X,...,X] are open. So
there is a finite N s.t. [F, X, ..., X] C Uy_, U, X,...,X]. By step 2
—— ——

n ny

N
HFX,.... x| <Y augx,... . X

s

So W(F) < YL, w(Uy), whence fi(C) < Y3, B(Cr) +2€ < X2y BL(Cr) +2e.
The step follows by taking € — 0. a

Theorem 1.6. The natural extension of (X,%,1,T) is an invertible extension of
(X, %,u,T), and is the factor of any other invertible extension of (X, %, T). T is
ergodic iff T is ergodic, and T is mixing iff T is mixing.

Proof. Itis clear that the natural extension is an invertible ppt. Let 7 : X — X denote
the map 7(x) = xo, then 7 is measurable and T o7 = T o 7. Since TX = X, every
point has a pre-image, and so 7 is onto. Finally, for every E € 4,

A(n'(E) = B({F e X :x € E}) = u(E)

by construction. So ()? , %7, u, T) is an invertible extension of (X, %, u,T).

Suppose (Y, %,V,S) is another invertible extension, and let 7y : ¥ — X be the
factor map (defined a.e. on Y). We show that (¥, %, v,S) extends (f ,@,ﬁ, f).

Let (? ,‘67,7,:5:) be the natural extension of (¥,%,v,S). It is isomorphic to
(Y,%,v,S), with the isomorphism given by 9(y) = (y)rez> y& := S¥(y). Thus it
is enough to show that ()?,Egﬁj) is a factor of (?,‘gﬁj). Here is the factor
map: 0 : (Yi)kez + (Ty (&) Jkez.- _

If T is ergodic, then T is ergodic, because every T-invariant set E lifts to a T-
invariant set £ := ' (E ). The ergodicity of T implies that {i(E) = 0 or 1, whence
w(E) = A(n~(E) = B(E) = Oor 1.

To see the converse (7 is ergodic = T is ergodic) we make use of the following
observation:

CLAIM: Let %, := {{fef:xn €EE}:Ec€ %’} then

1. 23, are G-algebras _ _
2. $1 C P C - and\J, >0 PBn generate B
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3. T NPy C Byand (X, %, i,T) is appt
4. if T is ergodic then (X, %, 1, T) is ergodic.
Proof. We leave the first three items as exercises to the reader. To see the last item

suppose T is ergodic and E € %, is T -invariant. By the definition of %, E= {x:
X_, € E} with E € B, and it is not difficult to see that E must be T-invariant. Since

T is ergodic, t(E) =0 or 1. So fi(E) = u(E) =0 or 1. So (X, By, I, T) is ergodic.

We can now prove the ergodicity of (XV , f@, i, f) as follows. Suppose fis abso-
lutely integrable and T -invariant, and let

J?n = E(ﬂén)

(readers who are not familiar with conditional expectations can find their definition
in section 2.3.1).

We claim that f,, o = f,, This is because for every bounded %’ —measurable test
function @,

[16-7oT ai Y [@-fuoT HoTdii= [oT-fuai® [§oT fai
2 [@oT - fon)an® [ofai [fdi.

Justifications: (1) is because [l o T-1= = U; (2) is because f,, = (ﬂ@17 ) and Qo T
is ,%’ —measurable by part (3) of the claim; (3) is because f oT = f (4) is because
Lo T !'= u; and (5) is by the definition of the conditional expectation.

In summary f [go f,, oT~ Ndp = [¢ fndu for all bounded %,~measurable func-
tions, whence f,, o = fn a.e. as claimed.

We saw above that (X %H, [J T) is ergodic. Therefore, the invariance B

measurability of f,, imply that fn = fdu almost everywhere. By the martingale
convergence theorem,

ﬁl — falmost everywhere.
n—soo

So fis constant almost everywhere. This shows that every T-invariant integrable
function is constant a.e., so 7 is ergodic.

Next we consider the mixing of 7', T.T mixing = T mixing because for ev-

ery A\BE€ %, W(ANT"B) = i(x 'ANT "n'B) — u(z 'A)pu(z'B) =
n—soo

1(A)p(B). We show the other direction. Suppose T is mixing and consider A, B €

%, with %, defined as before. Then A={X:x_,€A}and B={%:x_, € B} with
A,B € 2 and using the identity (TX); = T(X;) it is easy to see that

ANT*B={xeX:% ,€ANT*B}.

So J(ANT¥B) = p(ANT*B) — p(A)u(B) = AA)i(B)
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This proves mixing for A Be %,. To get mixing for general A B € % we note
U,%’ generates B so for any E and for every € > 0 there are n and E' € B, such
that u(E AE' ) < € (because the collection of sets E with such n and E’ forms a
o- algebra which contains U%,l) A standard approximation argument now shows
that H(ANT~ "B)—)p( A)i(B) forall A, B € . 0

1.6.4 Induced transformations

Suppose (X, %,u,T) is a probability preserving transformation, and let A € % be a
set of positive measure. By Poincaré’s Recurrence Theorem, for a.e. x € A there is
some n > 1 such that 7"(x) € A. Define

Qa(x):=min{n > 1:T"x € A},
with the minimum of the empty set being understood as infinity. Note that ¢4 < oo
a.e.on A, hence Ag := {x € A: @4(x) < oo} is equal to A up to a set of measure zero.

Definition 1.18. The induced transformation on A is (Ao, %(A),Ua,Tx), where
Ag:={x€A:@a(x) <o}, B(A):={ENAy: E € B}, ua is the measure ty (E) :=
W(E|A) = u(ENA)/u(A), and Ty : Ag — Ag is Ty (x) = T () (x).

Theorem 1.7. Suppose (X, B, L, T) is a ppt, and A € B has positive finite measure.

1~ Hao Ty ' = s
2. if T is ergodic, then T} is ergodic (but the mixing of T # the mixing of Ty);

3. Kac Formula: If u is ergodic, then [ fdu = [, ):(pA 1fo T*du for every f €
LY(X). In particular [, adps = 1/u(A).

Proof. Given E C A measurable, u(E) = (T 'ENA) +u(T-'ENA°®) =
—_————

w(T Enfpa=1])

= wW(T'ENA) +u(T2ENT A NA) + u(T2ENT 1A NAS)

u(T; Enlga=1) u(Ty ' Enlga=2])
N No1
== Y i E0ln = ) +u(TVEN () TA°).
= o

Passing to the limit as N — oo, we see that u(E) > pa (T, 'E). Working with A\
E, and using the assumption that p(X) < o, we get that u(A) — u(E) > u(A) —
w(T,'E) whence u(E) = u(T, 'E). Since 4 is proportional to it on %(A), we get
Ha = Hp 0 TA_l

We assume that T is ergodic, and prove that Ty is ergodic. The set

Q :={x:T"(x) € A for infinitely many n > 0}
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is a T—invariant set of non-zero measure (bounded below by ((A)), so it must has
full measure. Thus a.e. x € X has some n > 0 s.t. T"(x) € A, and

ra(x):=min{n > 0:T"x € A} <wae. inX.
Suppose f : Ag — R is a Ty—invariant L>—function. Define
F(x) := f(T"Wy).

This makes sense a.e. in X, because r4 < oo almost everywhere. This function is 7—
invariant, because either x, Tx € A and then F(Tx) = f(Tx) = f(Tyx) = f(x) = F (x)
or one of x,Tx is outside A and then F(Tx) = f(T"4"9)Tx) = f(T"4Wx) = F(x).
Since T is ergodic, F' is constant a.e. on X, and therefore f = F'|4 is constant a.e. on
A. Thus the ergodicity of T implies the ergodicity of T4.

Here is an example showing that the mixing of 7" does not imply the mixing of
Ts. Let £ be a SFT with states {a, 1,2,b} and allowed transitions

a—1;1—=>1,b;b—2;2 —a.
Let A = {x: xo = a,b}. Any shift invariant Markov measure i on X7 is mixing,
because X is irreducible and aperiodic (1 — 1). But T4 is not mixing, because

Ty[a] = [b] and Ty [b] = [a], so [a| N T, "[a] = @ for all n odd.
Next we prove the Kac formula. Suppose first that f € L*(X, %, i) and f > 0.

[ sdu= [ fau [ govwedu= [ faps [ ot 1y edp
:Afdu+/foT'1T—1AcﬁAd‘u-+/foT'lT—lAcmAz:d,u

[ fan [ roT gydut [ FoT? tpapoiidu

N—-1
et :/A ZOfOT-] l[(PA>/]du+/foTN.lﬂlj\]lefjAldu.
Jj=

The first term tends, as N — oo, to

oo . Pop—1 )
[ X re! ¥ tgugau= [ ¥ foTan.
420 A =0

i=j+1

The second term is bounded by || f||ept{x : T/(x) & A for all k < N}. This bound
tends to zero, because {x: T/(x) ¢ A for all k} = 0 because T is ergodic and re-
current (fill in the details). This proves the Kac formula for all L* functions.

Every non-negative L'—function is the increasing limit of L™ functions. By the
monotone convergence theorem, the Kac formula must hold for all non-negative
L'—function. Every L!—function is the difference of two non-negative L'—functions
(f = f1ps0 = f]- 1[p<0)- It follows that the Kac formula holds for all f € L'. o
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1.6.5 Suspensions and Kakutani skyscrapers

The operation of inducing can be “inverted”, as follows. Let (X, %, 1, T) be a ppt,
and r : X — N an integrable measurable function.

Definition 1.19. The Kakutani skyscraper with base (X, 9,1, T) and height func-
tion r is the system (X;), Z(X,), Vv,S), where

LX={(x,n):xeX,0<n<r(x)—1};

2. B(X,)={E € B(X)® B(N) : E C X,}, where Z(N) =21,

3. v is the unique measure such that v(B x {k}) = u(B)/ [ rdu;

4. Sis defined by S(x,n) = (x,n+1), when n < r(x) — 1, and S(x,n) = (Tx,0), when
n=r(x)—L

(Check that this is a ppt.)

We think of X, as a skyscraper made of stories {(x,k) : r(x) > k}; the orbits of S
climb up the skyscraper until the reach the top floor possible, and then move to the
ground floor according to T'.

If we induce a Kakutani skyscraper on {(x,0) : x € X}, we get a system which is
isomorphic to (X, %, u,T).

Proposition 1.11. A Kakutani skyscraper over an ergodic base is ergodic, but there
are non-mixing skyscrapers over mixing bases.

The proof is left as an exercise.

There is a straightforward important continuous—time version of this construc-
tion: Suppose (X, %,u,T) is a ppt, and r : X — R is a measurable function such
that infr > 0.

Definition 1.20. The suspension semi-flow with base (X, %,,T) and height func-
tion r is the semi-flow (X, #(X,), Vv, T;), where

LX :={(xt)eXxR:0<tr<r(x)};
2.B8X)={E€cBX)ZAR):ECX};
3. v is the measure such that [y fdv = [y Or<x)f(x,t)dtdu(x)/fx rdu,
4. Ty(x,1) = (T”x,t—&—s—nf,1 r(T*x)), where niss.t. 0 < t—l—s—nzl r(Tkx) <r(T"x).
k=0 k=0

(Check that this is a measure preserving semi-flow.)

Suspension flows appear in applications in the following way. Imagine a flow
T; on a manifold X. It is often possible to find a submanifold S C X such that (al-
most) every orbit of the flow intersects § transversally infinitely many times. Such
a submanifold is called a Poincaré section. If it exists, then one can define a map
Ts : S — S which maps x € S into T;x with ¢ := min{s > 0: T;(x) € S}. This map is
called the Section map. The flow itself is isomorphic to a suspension flow over its
Poincaré section.
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Problems

1.1. Proof of Liouville’s theorem in section 1.1
(a) Write x := (gq,p) and y := T;(g, p). Use Hamilton’s equations to show that the

Jacobian matrix of y = y(x) satisfies % =I+tA+0(t?) ast — 0, where tr(A) = 0.

(b) Show that for every matrix A, det(I +tA + O(t?)) = 1 +ttr(A) + O(¢?) as t — 0.
(c) Prove that the Jacobian of 7; is equal to one for all #. Deduce Liouville’s theorem.

1.2. The completion of a measure space. Suppose (X, %, 1) is a measure space. A
set N C X is called a null set, if there is a measurable set E O N such that g (E) = 0.
A measure space is called complete, if every null set is measurable. Every measure
space can be completed, and this exercise shows how to do this.

(a) Let %, denote the the collection of all sets of the form E UN where E € % and
N is a null set. Show that %, is a c—algebra.

(b) Show that u has a unique extension to a c—additive measure on %j.

1.3. Prove Poincaré’s Recurrence Theorem for a general probability preserving
transformation (theorem 1.1).

1.4. Fill in the details in the proof above that the Markov measure corresponding to
a stationary probability vector and a stochastic matrix exists, and is shift invariant
measure.

1.5. Suppose EX is a SFT with stochastic matrix P. Let A = (t,5)sxs denote the
matrix of zeroes and ones where t,;, = 1 if p,, > 0 and ¢,;, = 0 otherwise. Write

A= (t(Z)). Prove that tt(l? is the number of paths of length n starting at a and ending

a

at b. In particular: a = b < ttgz) > 0.

1.6. The Perron-Frobenius Theorem’: Suppose A = (a;;) is a matrix all of whose
entries are non-negative, and let B := (b;;) be the matrix bjj = 1 if a;j > 0 and
bij =0 if a;j = 0. Assume that B is irreducible, then A has a positive eigenvalue A
with the following properties:

(i) There are positive vectors r and £ s.t. LA = AL, Ar = Ar.
(ii) The eigenvalue A is simple.
(iii) The spectrum of A~'A consists of 1, several (possibly zero) roots of unity, and a
finite subset of the open unit disc. In this case the limit ,111_I>rolo % ZZ;(I) A KA exists.

(iv) If B is irreducible and aperiodic, then the spectrum of A~'A consists of 1 and a

finite subset of the open unit disc. In this case the limit lim A ~"A" exists.
n—oo

1. Prove the Perron-Frobenius theorem in case A is stochastic, first in the aperiodic
case, then in the general case.
2. Now consider the case of a non-negative matrix:

3 Perron first proved this in the aperiodic case. Frobenius later treated the periodic irreducible case.
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a. Use a fixed point theorem to show that A4, £, r exist;

b. Set 1:=(1,...,1) and let V be the diagonal matrix such that V1 = r. Prove
that A =1V 1AV is stochastic.

c. Prove the Perron-Frobenius theorem.

1.7. Suppose P = ( pi?)SX s is an irreducible aperiodic stochastic matrix. Use the

(n)

spectral description of P obtained in problem 1.6 to show that p ., — p, exponen-

tially fast.

1.8. Show that the product of n irrational rotations R, ,...,Rq, is ergodic iff
(ay,..., o) are independent over the irrationals.

1.9. Suppose g’ : X — X is a measure preserving flow. The time one map of the
flow is the measure preserving map g' : X — X. Give an example of an ergodic flow
whose time one map is not ergodic.

1.10. The adding machine

Let X = {0, 1}N equipped with the o—algebra 2 generated by the cylinders, and the
Bernoulli (%, %)—measure U. The adding machine is the ppt (X, %, 1, T) defined by
the rule 7' (1"0%) = (0"1x), T(1*°) = 0. Prove that the adding machine is invertible
and probability preserving. Show that 7'(x) = x & (10™) where @ is “addition with

carry to the right”.

1.11. Prove proposition 1.11.

1.12. Show that a ppt (X, 2, u,T) is mixing whenever u(ANT"A) — wH(A)?
for all A € A. Guidence:

1. f[1afoT"du — W(A) [ fdu forall f €span,2{1,140T,140T?,...}.

2. [1afoT"du —— u(A) [ fdu forall f € L2

3. [gfoT"du — [gdu [ fdu forall f,gc L.

1.13. Show that a Kakutani skyscraper over an invertible transformation is invert-
ible, and find a formula for its inverse.

1.14. Conservativity

Let (X,%,u,T) be a measure preserving transformation on an infinite c—finite,
measure space.® A set W € 4 is called wandering, if {T~"W :n > 0} are pairwise
disjoint. A mpt is called conservative, if every wandering set has measure zero.

1. Show that any ppt is conservative. Give an example of a non-conservative mpt
on a o—finite infinite measure space.

2. Show that Poincaré’s recurrence theorem extends to conservative mpt.

3. Suppose (X,2,u,T) is a conservative ergodic mpt, and let A be a set of fi-
nite positive measure. Show that the induced transformation 74 : A — A is well—
defined a.e. on A, and is an ergodic ppt.

4. Prove Kac formula for conservative ergodic transformations under the previous
set of assumptions.

6 A measure space is called c—finite, if its sample space is the countable union of finite measure
sets.
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Notes for chapter 1

The standard references for measure theory are [7] and [4], and the standard refer-
ences for ergodic theory of probability preserving transformations are [6] and [8].
For ergodic theory on infinite measure spaces, see [1]. Our proof of the Perron-
Frobenius theorem is taken from [3]. Kac’s formula has very simple proof when T
is invertible. The proof we use (taken from [5]) works for non-invertible transfor-
mations, and extends to the conservative infinite measure setting. The ergodicity of
the geodesic flow was first proved by E. Hopf by other means. The short proof we
gave is due to Gelfand & Fomin and is reproduced in [2].
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Chapter 2
Ergodic Theorems

2.1 The Mean Ergodic Theorem

Theorem 2.1 (von Neumann’s Mean Ergodic Theorem). Suppose (X, 2,1,T) is
appt. If f € L?, then 4 N Z f oTk —> f where f € L? is invariant. If T is ergodic,

then f = [ fdpu.
Proof. Observe that since T is measure preserving, then [ foTdu = [ fdu for
every f € L', and ||f o T||2 = ||f||2 for all f € L?* (prove this, first for indicator
functions, then for all Lz—functions).

Suppose f = g —goT where g € L? (in this case we say that f is a coboundary
with transfer function g € L?), then it is obvious that

1N71
—ZfoTk =
N = )

1
— T" — <2 .
SlgoT" gl < 2lgla/N ——0

Thus the theorem holds for all elements of ¢’ := {g—goT : g € L?}.
We claim that the theorem holds for all elements of ¢ (L*>—closure). Suppose
f € €, then for every € > 0, there is an F € € s.t. | f — F||2 < €. Choose Ny such

that for every N > N, || X2—y F o T¥||2 < &, then for all N > Ny

]N*l ]Nl

HNZfoTk < NZ(f FoTk + ZF T"
k=0 2 k=0
1Nl

<3 Z I(f — F)oTk||2+8<28

This shows thatHN): foTk||2—>0

Next we claim that 7 = {invariant functions}. Suppose f | &, then

35
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If=foT|3={(f—foTl,f—foT)=|fla=2(f,foT)+|foT|3
=2|fl5=2(f.f = (f=foT)) =2[fI3-2lf3=0= f=foT ae.

So@" C {invariant functions}. Conversely, if f is invariant then for every g € L?
(frg—g0oT) = (f,8) = (f.g0T) = (f,8) = (foT,goT) = (f,8) = (f:8) =0,
so f 1. %, whence f | €. In summary, ¢ = {invariant functions}, and
L* = @ @ {invariant functions}.

We saw above that the MET holds for all elements of € with zero limit, and
holds for all invariant functions f with limit f. Therefore the MET holds for all L>—
functions, and the limit f is the orthogonal projection of f on the space of invariant
functions.

In particular f is invariant. If T is ergodic, then f is constant and f = [ fdu
almost everywhere. Also, since + Y| foT" — f in L?, then

/fd,u:lgxl foT™ = (1 lf‘,foT”>—><1 ?>=/?du
Nn:l ’ 7Ivnzl 7 ,

so [ fdu = [ fdu whence f = [ fdu almost everywhere. 0

Remark 1. The proof shows that the limit f is the projection of f on the space of
invariant functions.

Remark 2. The proof only uses the fact that U f = foT is an isometry of L. In fact
it works for all linear operators U : H — H on separable Hilbert spaces s.t. [|U|| <1,
see problem 2.1.

2
Remark 3. If f, SO f»then (f,g) — (f,g) for all g € L?. Specializing to the
n—oo n—oo

case f, = 1 Zz;(l) 1poT*, g = 1, we obtain the following corollary of the MET:

n
Corollary 2.1. A ppt (X, 28, 1,T) is ergodic iff for all A,B € B,

n—1

LY wAnTB) — n(A)u(B).
k=0

So ergodicity is mixing “on the average.” We will return to this point when we
discuss the definition of weak mixing in the next chapter.
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2.2 The Pointwise Ergodic Theorem

Theorem 2.2 (Birkhoff’s Pointwise Ergodic Theorem). Let (X, 2, u,T) be a ppt.

_ N—-1 N—1
If f € L', then the limit f(x) := Al]im % Y f(T*x) exists for a.e. x, and % Y fo
oo k=0 k=0

Tk = fin L'. The functionﬁ? is T—invariant, absolutely integrable, and [ fdu =
J fdu. If T is ergodic, then f = [ fdu almost everywhere.

Proof. Since every f € L! is the difference of two non-negative L!-functions, there
is no loss of generality in assuming that f > 0. Define

n—1
An(x) == % Y (1%, A(x) :=limsupA,(x) , A(x) := liminfA,(x).
k=0

n—soo n—oo

A(x),A(x) take values in [0, 0], are measurable, and are T-invariant, as can be easily
checked by taking the limits on both sides of A,(x) = 1A, (Tx)+O(1).
STEP 1. [ fdu > [Adp.

Proof. Fix €,L,M > 0, and set A7 (x) := A(x) AL =min{A(x),L} (an invariant func-
tion). The following function is well-defined and finite everywhere:

7(x) ;== min{n > 0: A, (x) > AL(x) —€}.

For a given N, we “color” the time interval 0,1,2,...,N — 1 as follows:

o If 7, (T%) > M, color 0 red; If 7,(T°x) < M color the next 7;(x) times blue, and
move to the first uncolored k&

 If 7, (T*x) > M, color k red; Otherwise color the next 7;(T*x) times blue, and
move to the first uncolored &

Continue in this way until all times colored, or until 7, (T*x) > N — k.
This partitions {0,1,...,N — 1} into red segments, and (possibly consecutive)
blue segments of length < M, plus (perhaps) one last segment of length < M. Note:

* Ifkisred, then T*x € [t > M], 50| ¥ 1{z,>p(T*x) >number of red k’s
red k’s

* The average of f on each blue segment of length 71 (T*x) is larger than Ay (T*x) —
€ = A (x) — €. So for each blue segment

f(T*x) > length of segment x (A7 (x) — €).

keblue segment

Summing over all segments:| Y f(T*x) > (AL(x) — &) xnumber of blue k’s.

We can combine these two estimates as follows.
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N—1
Y (F+ALl g -p) (TEx) > #(blues) - (AL (x) — &) + #(reds) - AL (x)
k=0

> #(blues and reds) - (A (x) —€) > (N —M)(AL(x) —€).

Next we divide by N, integrate, and obtain from the 7'-invariance of 1 that

< - . ML
[ rau+ ALduzu—%)(/ALdu—e)z/ALdu—N_s,

[TL>M]

! _
where > is because 0 < Az < L. Subtracting from both sides of the inequality the
(finite) quantity |, o> ALdpt, we find that

oML
/fduz/ Apdy—2F ¢
. [tL<M] N

We now take the following limits in the following order: N — co; M — oo; L — oo;
and € — 0, using the monotone convergence theorem where appropriate. The result

is [ fdu > [Adu.

STEP 2. [ fdu < [Adu

Proof. First observe, using Fatou’s Lemma, that [Adu < || f]j1 < oe. So A(x) < oo
almost everywhere. For every € > 0,

0(x) :=min{n >0:4,(x) <A(x)+ €}

is well-defined and finite for a.e. x. We now repeat the coloring argument of step 1,
with 6 replacing T and A replacing Ay. Let fys(x) := f(x) A M, then as before

N—1
Y (Tl ga(T) < Y FT*0)+ Y 0+ Y M
k=0

k blue k red no color

< #(blues)(A(x) + &) + M*> < N(A(x) + &) + M.

Integrating and dividing by N, we obtain [ 1jg<j fAM < [A+&+O(1/N). Passing
to the limits N — oo and then M — o (by the monotone convergence theorem), we
get [ f < [A+ €. Since € was arbitrary, [ f < [A.

STEP 3. lim,_e % ZZ;(I) (T*x) exists almost everywhere

Together, steps 1 and 2 imply that [ (A—A)du <0.But A > A, so necessarily A = A
u—almost everywhere (if [A > A] > 0, the integral would be strictly positive). So

) 1n—1 . o 1n—1 .
11msup;kgbf(T x) = hr{gglf; kg(’)f(T X) a.e.,

n—soo

which proves that the limit exists almost everywhere.
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STEP 4. f(x) := limnﬁw%ZZ;ol (T*x) is T-invariant, absolutely integrable, and
éZ,’(’;(l)fo T* — f in L'. Consequently, [ fdu = [ fdu and if T is ergodic, then
f = [ fdu almost everywhere.

Proof. The T-invariance of f follows by taking the limit as n — oo in the identity
Ap(x) ="1A, 1 (Tx) + 1 f(x). Absolute integrability is because of step 1.

1 —
To see that %Zz;éfo Tk LT> f, fix € > 0 and construct ¢ € L* such that || f —
n o

¢||1 < €. Notice that || Y70 ¢ 0 T¥||.. < ||@]|, therefore by step 3 and the bounded
convergence theorem,

1ZqooT’<L—>¢ @2.1)

for some bounded invariant function ¢. So

1n71 1 o
HanoT"— < nZ(f q>oT" Z(poTk +o—Ffl
k=0 k=

1 1

.
<lir=oli+ot+ [im LY \((p—f)oT"Idu, by 2.1)
k=0

RS k ,
< ||f—¢||1+0(1)+]\lllirlo'/ Nk;)\((p—f)oT |du, by Fatou’s Lemma
<2e+o(1).

i XicofoT =], = 0.
1 —
It is easy to see that if g, :—> g then [g, — [g.So [ fdu =1imA,(f)du =
n—roo

Since € was arbitrary,

[ fdu. Necessarily, in the ergodic case, f = const = [ fdu = [ fdu. 0

2.3 The non-ergodic case

The almost sure limit in the pointwise ergodic theorem is clear when the map is
ergodic: %):;{V;OI foTk N—> [ fdu. In this section we ask what is the limit in the
—3o0

non-ergodic case.

If f belongs to L2, the limit is the projection of f on the space of invariant func-
tions, because of the Mean Ergodic Theorem and the fact that every sequence of
functions which converges in L? has a subsequence which converges almost every-
where to the same limit.! But if f € L! we cannot speak of projections. The right
notion in this case is that of the conditional expectation.

2
! Proof: Suppose f; A:—% f. Pick a subsequence n s.t. || £, — fll2 < 27, Then Yoy || o, — fll2 <
n—roo =

oo, This means that || ¥ | f,, — f]l|2 < o, whence }.(f,, — f) converges absolutely almost surely. It
follows that f, — f — 0 a.e.
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2.3.1 Conditional expectations and the limit in the ergodic theorem

Let (X,%,1) be a probability space. Let % C % be a o-algebra. We think of
F € .7 as of the collection of all sets F' for which we have sufficient information
to answer the question ““ is x € F'?”. The functions we have sufficient information to
calculate are exactly the .# —measurable functions, as can be seen from the formula

fx):==inf{z:x € [f <1]}.

Suppose g is not #—measurable. What is the ‘best guess’ for g(x) given the infor-
mation .%?

Had g been in L2, then the “closest” .% —measurable function (in the L2—sense) is
the projection of g on L?(X,.%, ut). The defining property of the projection Pg of g
is (Pg,h) = (g,h) forall h € L*(X,.7, ). The following definition mimics this case
when g is not necessarily in L?:

Definition 2.1. The conditional expectation of f € L'(X,%,1) given .Z is the
unique L' (X,.7 , u)—element E(f|.%) which is

1. E(f|-%) is .Z -measurable;
2.Y¢p € L™ F-measurable, [ QE(f|.7)du = [ofdu.

Note: E(f|.%) is only determined almost everywhere.

Proposition 2.1. The conditional expectation exists for every L' element, and is
unique up sets of measure zero.

Proof. Consider the measures vV := fdu|z and pu|z on (X,.#). Then vy < .

. i . T
The function E(f|.%) := % (Radon-Nikodym derivative) is .#—measurable, and
it is easy to check that it satisfies the conditions of the definition of the conditional
expectation. The uniqueness of the conditional expectation is left as an exercise. O

Proposition 2.2. Suppose f € L.

1. f v E(f|F) is linear, and a contraction in the L'—metric;
2. f>0=E(f|#)>0ae.,

3. if @ is convex and ¢ o f € L', then E(¢o f|.7) >
4. if his #—measurable and bounded, then E(hf|.7
5.If 71 D F, then E[E(f|F)|.F2] = E(f]F2).

o(E(f1.7));
) = hE(f]F);

We leave the proof as an exercise.

Theorem 2.3. Let (X, 2,1, T) be ap.p.t, and f € L' (X, %,1). Then

1 N—1
Jim = k;)fo T* = E(f|Ino(T)) a.e. and in L',

where Ino(T) := {E € % : E = T~'E}. Alternatively, Ino(T) is the c—algebra
generated by all T—invariant functions.
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Proof. Set f := Al]im %Zsz’Ol foT* on the set where the limit exists, and zero oth-
—yo0

erwise. Then f is Jno—measurable and T-invariant. For every T-invariant ¢ € L™,

)-

lel . .
:Nk;)/(poT foT du+o(l)m/(pfdu,

. 1 N-1
[ofdu=[oy ¥ rortau+0 <||<poe
k=0

< L foT"—f
Nk:O

because the convergence in the ergodic theorem is also in L'. a

2.3.2 Conditional probabilities

Recall that a standard probability space is a probability space (X, %, i) where X is
a complete, metric, separable space, and 4 is its Borel c—algebra.

Theorem 2.4 (Existence of Conditional Probabilities). Let it by a Borel proba-
bility measure on a standard probability space (X,%,1L), and let F C B be a
o-algebra. There exist Borel probability measures { iy} xex s.1.:

1. x = W (E) is F—measurable for every E € B;
2. if f is p—integrable, then x — [ fd, is integrable, and [ fdpu = [ ([ fdu)dp;
X X

3. if f is u—intergable, then [ fdu, = E(f|F)(x) for u-a.e. x.

Definition 2.2. The measures L, are called the conditional probabilities of .7 . Note
that they are only determined almost everywhere.

Proof. By the isomorphism theorem for standard spaces, there is no loss of general-
ity in assuming that X is compact. Indeed, we may take X to be a compact interval.
Recall that for compact metric spaces X, the space of continuous functions C(X)
with the maximum norm is separable.?

Fix a countable dense set {f,};_, in C(X) s.t. fo = 1. Let .y be the algebra
generated by these functions over Q. It is still countable.

Choose for every g € o/ an .F—measurable version E(g|.#) of E(g|.7) (recall
that E(g|.%) is an L'—function, namely not a function at all but an equivalence class
of functions). Consider the following collection of conditions:

L. Va,p €Q,g12 € oy, E(ag1 + Bga| F)(x) = aE(g1].7) (x) + BE(g2] F) (x)
2. Vg € oy, ming < E(g|.#)(x) < maxg

2 Proof: Compact metric space are separable because they have finite covers by balls of radius
1/n. Let {x,} be a countable dense set of points, then @,(-) := dist(x,,-) is a countable family
of continuous functions, which separates points in X. The algebra which is generated over QQ by
{@,} U{lx} is countable. By the Stone-Weierstrass Theorem, it is dense in C(X).



42 2 Ergodic theorems

This is countable collection of .%—measurable conditions, each of which holds with
full u—probability. Let Xy be the set of x’s which satisfies all of them. This is an
Z—measurable set of full measure.

We see that for each x € Xo, ¢,[g] := E(g|-#)(x) is linear functional on 7/, and
llox|| < 1. Tt follows that ¢, extends uniquely to a positive bounded linear functional
on C(X). This is a measure L.

Step 1. [([ fdw)dp(x) = [ fdu for all f € C(X).

Proof. This is true for all f € o/ by definition, and extends to all C(X) because 27y
is dense in C(X). (But for f € L! it is not even clear that the statement makes sense,
because L, could live on a set with zero —measure!)

Step 2. x — U (E) is .#—measurable for all E € A.
Exercise: Prove this using the following steps

1. The indicator function of any open set is the pointwise limit of a sequence of
continuous functions 0 < &,, < 1, thus the step holds for open sets.

2. The collection of sets whose indicators are pointwise limits of a bounded se-
quence of continuous functions forms an algebra. The step holds for every set in
this algebra.

3. The collection of sets for which step 1 holds is a monotone class which contains
a generating algebra.

Step 3. If f = g u—a.e., then f = g y,—a.e. for yu-a.e. x.

Proof. Suppose U(E) = 0. Choose open sets U, 2 E such that u(U,) — 0. Choose
continuous functions 0 < A% < 1 s.t. kS vanish outside U, h§ are non-zero inside
Uy, and K —— 1y, (eg. RE(+) := [dist(x,Uf)/diam(X)]¢).

e—0

By construction 1z < 1y, = lim A%, whence
e—0"

[wEane) < [ [ tim iapdu <
e—0t
< lim //hﬁduxdu: lim /hﬁdug lim /hﬁdugu(Un)—w.
. e—071 e—0t

T g0t n—seo

It follows that . (E) = 0 a.e.
Step 4. For all f u—absolutely integrable, E(f|.%)(x) = [ fdu, u-a.e.
Proof. Find g, € C(X) such that

f= Z gn p-a.e., and Z ||gn||L1(u) < oo
n=1

Then
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E(gn|-7), because E(-|.%) is a bounded operator on L'

I
agki

E(fF)

3
Il

gndlL; a.e., because g, € C(X)

Il
 agki
——

>

gnd L a.e., (justification below)

I
i
I aok

n

:/fdux a.e.
X

Here is the justification: [} |g,|dt, < oo, because the integral of this expression, by
the monotone convergence theorem is less than Y || g, ||1 < . O

2.3.3 The ergodic decomposition

Theorem 2.5 (The Ergodic Decomposition). Let | be an invariant Borel proba-
bility measure of a Borel map T on a standard probability space X. Let { i, }xex be
the conditional probabilities w.r.t. Ino(T). Then

1. = [y Wdu(x) (i.e. this holds when applies to L'—functions or Borel sets);
2. Uy is invariant for —a.e. x € X;
3. Wy is ergodic for l—a.e. x € X.

Proof. By the isomorphism theorem for standard probability spaces, there is no
loss of generality in assuming that X is a compact metric space, and that 2 is its
o—algebra of Borel sets.

Forevery f € L', [ fdu = [E(f|Ino(T))du(x) = [y [x fdpdp(x). This shows
(1). We have to show that p, is invariant and ergodic for p—a.e. x.

Fix a countable set {f,} which is dense in C(X), and choose Borel versions
Ey(fa|Ino(T))(x). By the ergodic theorem, there is a set of full measure £ such
that for all x € Q,

N—roo

N—-1
/fndux =Ey(f,[In0(T))(x) = lim % Y £u(T*x) for all n.
k k=0

Step 1. U, is T—invariant for a.e. x € Q.

Proof. For every n,

1 N—1
faoTdu, = lim — Y £,(T*"'x) a.e. (by the PET)
/ N—oo N =

N—oo N

1 N—1 o
= 1im ~ Y fu(TXx) = By (fu|Tno(T)) (x) = / Fudiis.
k=0
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Let Q' be the set of full measure for which the above holds for all #, and fix x € Q.
Since {f,} is || - ||-—dense in C(X), we have [ foTdu, = [ fdu, for all f € C(X).
-1

Using the density of C(X) in L' (#4°T ) it is routine to see that [ f o Tdp, =
[ fdu, for all p,—integrable functions. This means that y, 07~ = p, for all x € Q'.
Step 2. UL, is ergodic for all x € Q.

Proof. With {f,}_, as above, let Q" := {x € Q" : Vk, lim 1 Y17} fi(T*x) =

n—oo

J fedp}. This is a set of full measure because of the ergodic theorem. Now

0= lim

(.- L'-convergence in the PET)
N—oo

1 N—1 '
~ JnoT */fndl'lx
ng(’) X

L'(p)

= lim
N—oo Jx

dp(x) ('.'uz/xuxdu)
Ll(llx)

lel .
~ JuoT _/fnd,ux
ngb Jx

> [ liminf

du(x) (.- Fatou’s Lemma)
X N—oo

L (Iv‘x)

1 Ns] faoT* / Ind
Z oTk _

N = n x n lJ'x
It follows that h,?l)iorolf“ Ly faoTE— [y fnduxHLl(“x) =0 p-ae. Let

Q= {x € Q" : liminf

n—yoo

lnfl
1 anoTk—/f,,dux :Oforalln,}7
nk:() X

L (1)

then £2 has full measure.
Fix x € Q. Since {f,},>1 is dense in C(X), and C(X) is dense in L' (1), {f,} is
dense in L' (). A standard approximation argument shows that

=0forall feL'(u,).
L ()

liminf
n—yo0

n—1
VY fort~ [ fan,
niZo X

In particular, every f € L'(u,) such that fo T = f u,-a.e. must be constant (-
almost everywhere. So L, is ergodic for x € Q. O

2.4 An Ergodic Theorem for Z¢-actions

Let T,...,T; denote d measure preserving transformations on a probability space
(22,.7,u). We say that Ty,..., Ty commute if TjoT; = T;oT; for all i, j. Let Z’i =
(NU{0}) and define for n = (ni,...,ng) € Z4

n._ gn L hd
T5:=1T," o on.



2.4 An Ergodic Theorem for Z?-actions 45

If Ty, ...,T; commute, then T% o T™ = T"+™ _An algebraist would say that the semi-
group (Z%,+) acts on (Q,.%, 1) by n-x = T"(x). This is called the Z< —semi-action
generated by T1,...,T,. If T; are invertible, this extends naturally to a Z%—action.

A pointwise ergodic theorem for d—commuting maps is an almost sure conver-
gence statement for averages of the type

1 1
— S f = oT"
IRcER P

nely

where 1, is a sequence of subsets of Z¢ which “tends to Z<¢”, and |I,| =cardinality
of 1. Such statements are not true for any choice of {I.} (even when d = 1). Here
we prove the following pointwise ergodic theorem for increasing boxes : Boxes are
sets of the form

A sequence of boxes {I,},> is said to be increasing if I, C I+ for all r. An in-
creasing sequence of boxes is said to tend to Z4. if Z9 = J,> I,

Theorem 2.6 (Tempelman). Let Ty, ..., T; be d—commuting probability preserving
maps on a probability space (Q,% 1), and suppose {I.},> is an increasing se-
quence of boxes which tends to Zi. If f €L, then

1

0 Z foT™ — E(f|Ino(Ty) N ---NTIno(Ty)) almost surely.

nely

For convergence along more general sequences of boxes, see problem 2.8.
Proof. Fix f € L!. Almost sure convergence is obvious in the following two cases:

1. Invariant functions: If foT; = ffori=1,...,d, then II]TISIVf = f for all r, so the
limit exists and is equal to f.
2. Coboundries: Suppose f = g — goT; for some g € L™ and some i,

1 1
’IS,rf = m ‘SI,gi —S81,+¢,8i|, Where gy,...¢, is the standard basis of R
1 A1 +¢;)|
= = S +e) 8 = St 8il £ T lgill-
|| ||

Now |,A(I+¢;)|/|I,] — 0, because the lengths £;(r),...,£4(r) of the sides
r—oo
of the box I, tend to infinity, and so

AL +e)| 2

= 0.
|1/] bi(r) ree

So the limit exists and is equal to zero.
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Step 1. Any f € L' can put in the form f = Z?:] (gi—gioT;)+h+ ¢, where g; € L™,
h is T—invariant for all i, and ||@||; < € with & arbitrarily small.

Proof. One checks, as in the proof of the Mean Value Theorem, that
span{g—goTi:gcl? (1<i<d)}'={fel’: foTi=f(1<i<d)},

whence L> = {f € L*: foTi=f (1 <i<d)}@ospan{g—goTi: g€ L?, (1<i<d)}
(orthogonal sum).

This means that any f’ € L? can be put in the form f’ = Zl (gi—gioT)+h+¢',
where g! € L2, h € L? is T—invariant for all i, and ||¢'[|» < &/3.

Since L* is dense in L?, it is no problem to replace g} by L™—functions g; so that
=YY% (gi—goT)+h+ @, where | @2 < £/2. By Cauchy-Schwarz, ||¢]|; <
€/2. This proves the step when f is in L2, If fisin L', find f' € L? s.t. || f — f'|1 <
€/2 and apply the above to f’.

Step 2 (Maximal Inequality). For every non-negative ¢ € L' and ¢ > 0,

_ 2ol

p 2.2)

o e

We give the proof later.
Step 3. How to use the maximal inequality to complete the proof.
Forevery f € L', let A(f)(®) := limsup ﬁ(SIrf)( )— 11m1nf ‘Il‘ (S.f)(w). To

show that lim 7, ‘SI f exists almost surely, one needs to show that A(f) =0 a.e.
Notice that A is subadditive: A(f1 + f2) < A(f1) +A(f2). If we express f as in

the first step, then we get A(f) < A(¢). It follows that for every 6 > 0,
nlA(f) >8] <ulA(p) >8] <pu ZSUP‘ |51r|<P|>5

2o
=6/2)

Taking & := /€ and recalling that ¢ was constructed so that ||@||; < €, we see that
[ ( ) > \[] 2d+] f

But 6 was arbitrary, so we must have A(f) = 0 almost everywhere. In other words,
lim S, f exists almost everywhere. The proof also shows that the value of the limit

by the maximal inequality.

R
f equals £, so it is an invariant function.
To identify h, we argue as in the proof of Birkhoff’s theorem. First we claim that

I |SI, f v—» h. If f is bounded, this is a consequence of pointwise convergence

and the bounded convergence theorem. For general L!—functions, write f = f' 4+ ¢
with f € L* and ||@||; < €. The averages of f’ converge in L', and the averages of
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@ remain small in L' norm. It follows that S1, f converge in L. The limit must

_ \1 \
agree with the pointwise limit f (see the footnote on page 39).

Integrate I |S 1, f against a bounded invariant function g and pass to the limit. By

L'—covergence, [ fg = [hg. It follows that & = E(f|N%, Inv(7;)). In particular,
if the Z‘i—action generated by T,...,T, is ergodic, then 2 = [ f. This finishes the
proof, assuming the maximal inequality.

Proof of the maximal inequality. Let ¢ € L' be a non-negative function, fix N and
o > 0. We will estimate the measure of Ey (o) := {® € Q : max; <<y ITi\S’k(p > o}
Pick alarge box I, and let A(®) :={n €1 :T%(w) € Ey(a)}. Forevery n € A(m)
there is a 1 < k(n) < N such that (S, +2®)(®) > a|ly(y)-
Imagine that we were able to find a disjoint subcollection {n+ I, : n € A'(®)}
which is “large” in the sense that there is some global constant K s.t.

Z I+ Iw| > — |A(a))|. (2.3)
ned’ (o)

The sets n+I(y) (1 € A'(®)) are included in the box J O I obtained by increasing
the sides of I by 2max{diam(/}),...,diam(Iy)}. This, the non-negativity of @, and
the invariance of y implies that

ol = [ o 7S @)dn > / T Gigiag)(a)dn
/ y auk +nldu
‘J| ned (o
© @l =2 [ Y ey (TP = S (@)
= K] H= k1) & e Jdi = g g HEN (@)

It follows that u[Ey(o)] < K% llo|li /. Now I was arbitrary, and by construction

|[J| ~ |I] as |I| = oo, so u[Ey(a)] < K||@||1/a. In the limit N — oo, we get the
maximal inequality (except for the identification K = 29).

We now explain how to find the disjoint subcollection {n+ Iy, : n € A’(@)}. We
use the “greedy” approach by first adding as many translates of Iy (the largest of
I,...,Iy) as possible, then as many translates of Iy_; as possible, and so on:

(N) Let .y be a maximal disjoint collection of sets of the form Iy +n with k(n) = N.
(N—1) Let .#y—; be a maximal disjoint collection of sets of the form Iy_; +nr with
k(n) = N — 1 and such that all elements of .#y_; are disjoint from |J.#.

(1) Let.#, be a maximal disjoint collection of sets of the form /; +nr where k(n) = 1
and such that all elements of .# are disjoint from J(.Zy U---UM,).
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Now let A’ (@) :={n: Iyw) +n € A1 U---U.4y}. This is a disjoint collection.

We show that A(®) C Upear(w) (4 Ik(n) — Ik(n)) (Where I =1 ={n—m:n,m e I}).
Suppose n € A(®@). By the maximality of .2}y, either n+ I,y € M (n), OF B+ li(p)
intersects some m + Iy(n) € M) 8-t k(m) > k(n).

* Inthe first case n € n+I(y) — Ii(n) € Upea'(o) (n+Tkw) — Ik(w)
¢ In the second case there are u € Bin)s ¥ € Ii(m) st n+u=m+v, and again we get
1 € m+ Iy — I(ny © M+ Iym) — I(m) (since k() > k(n) and I, is increasing).

For a d—dimensional box I, [ — 1| = 24|I|. Since A(0) C U (n+ Tk — k() )
neA’ (o) B -

JA(®)] < Lnenr(@) 2% M), and we get (2.3) with K =2¢. O

2.5 The Subadditive Ergodic Theorem

We begin with two examples.

Example 1 (Random walks on groups) Let (X, %, u,T) be the Bernoulli scheme
with probability vector p = (p1,...,paq). Suppose G is a group, and f : X — G is the
function f(xo,x2,...) = gx,» Where gi,...,8, € G. The expression

fa(x) == FX) f(Tx) - f(T" %)

describes the position of a random walk on G, which starts at the identity, and whose
steps have the distribution Pr[step = g;] = p;. What can be said on the behavior of
this random walk?

In the special case G = Z% or G = R4, f,(x) = f(x) + f(Tx) +---+ f(T" '),
and the ergodic theorem? says that % fn(x) has an almost sure limit, equal to [ fdu =
Y pigi- So: the random walk has speed || Y p;g;||, and direction ¥ p;g;/|| ¥ pigill-
(Note that if G = Z¢, the direction need not lie in G.)

Example 2 (The derivative cocycle) Suppose T :V — V is a diffeomorphism act-
ing on an open set V C R?. The derivative of 7 at x € V is a linear transformation
(dT)(x) on RY, v+ [(dT)(x)]v. By the chain rule,

(dT")(x) = (dT)(T""'x) o (dT)(T" *x) 0+ 0 (dT) (x).
If we write f(x) := (dT)(x) € GL(d,R), then we see that
(dT")(x) = fF(T" ) f(T"72x) - f(Tx) f ()

is a “random walk” on GL(d,R) := {invertible d x d matrices with real entries}.
Notice the order of multiplication!

3 applied to the each coordinate of the vector valued function f = (f',..., f4).
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What is the “speed” of this random walk? Does it have an asymptotic “direction”?
The problem of describing the “direction” of random walk on a group is deep, and
remain somewhat mysterious to this day, even in the case of groups of matrices. We
postpone it for the moment, and focus on the conceptually easier task of defining
the “speed.” Suppose G is a group of d x d matrices with real-entries. Then G can
be viewed to be group of linear operators on R?, and we can endow A € G with the
operator norm ||A|| := max{[|Av||2/||v||2 : 0 # v € R?}. Notice that | AB| < ||A]||||B]|.
We will measure the speed of f,(x) := f(x)f(Tx)--- f(T"'x) by analyzing

g (x) :=log||fn (x)|| as n — eo.
Key observation: gt < ¢(") 4 ¢(m o T because

g (x) = 1og || forsm ()| = log | fu(x) fin(T") | < Tog([Lfu ()| [Lfin(T"0)1))
< log | fu ()| +log [l fn(T"3)| = 8 (x) + 8" (T"x).

We say that {g"}, is a subadditive cocycle.

Theorem 2.7 (Kingman’s Subadditive Ergodic Theorem). Ler (X, %,m,T) be a
probability preserving transformation, and suppose g(”> : X — R is a sequence of
measurable functions such that g™ < g™ 4 ¢ o T" for all n,m, and gV € L.
Then the limit g :== ,}I_I)Ic}o g /n exists almost surely, and is an invariant function.

Proof. We begin by observing that it is enough to treat the case when g are all
non-positive. This is because 2" 1= g(") — (g1) 4 g oT 4 ... 4 gM o T7~1) are
non—positive, sub-additive, and differ from g by the ergodic sums of ¢"M whose
asymptotic behavior we know by Birkhoff’s ergodic theorem.

Assume then that g{) are all non-negative. Define G(x) := li,ﬂio?f g™ (x)/n (the

limit may be equal to —e0). We claim that Go T = G almost surely.

Starting from the subadditivity inequality g+ < ¢ o T 4 g1), we see that
G < GoT. Suppose there were a set of positive measure £ where GoT > G+ €.
Then for every x € E, G(T"x) > G(T" 'x) > --- > G(Tx) > G(x) + &. But this is
impossible, because by Poincaré’s Recurrence Theorem, for a.e. x there is some
n > 0 such that G(T"x) = e or |G(T"x) — G(x)| < € (prove!). This contradiction
shows that G = G o T almost surely. Henceforth we work the set of full measure

Xo:=([GoT"=G].

n>1

Fix M > 0, and define Gy, := GV (—M). This is an invariant function on X;.

. . . (n) . . . . .
We aim at showing lim sup% < Gy a.s.. Since M is arbitrary, this implies that
n—yoo

limsup g™ /n < G = liminf g(”) /n, whence almost sure convergence.
n—soo n—eo

Fix x € Xo, N € N, and € > 0. Call k € NU{0}
« “good”,if 3 € {1,...,N} s.t. g (T*x) /0 < Gp(T*x) + & = Gy (x) + &;
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« “bad”, if it’s not good: g(*)(T*x) /¢ > Gp(x)+ € forall £ =1,...N.

Color the integers 0,...,n — 1 inductively as follows, starting from k = 1. Let k be
the smallest non-colored integer,

(a) If k <n—N and k is “bad”, color it red;

(b) If k <n—N and k is “good”, find the smallest 1 < ¢ < N s.t. g¥)(T*x)/t <
Gy (T*x) + € and color the segment [k, k 4 £) blue;

(c) If k > n— N, color k white.

Repeat this procedure until all integers O, ...,n — 1 are colored.

The “blue” part can be decomposed into segments [1;,7; + ¢;), with ¢; s.t.
g\ (T%x)/0; < Gy (x) + €. Let b denote the number of these segments.

The “red” part has size <Y7_, lB(NﬁM’E)(Tkx), where

B(N,M,€) :={x € Xo: " (x)/0 > Gy(x)+e&forall 1 <l<N}.

Let r denote the size of the red part. The “white” part has size w < N.
By the sub-additivity condition

W) 1& s 1 1
g™ (x) <y iy Ly g Ly gy
" iz " fred "} white
non-positive
L& (1) 1 #{blues
< p Zg([:)(Tﬂx) < - Z(GM(x) +e); = {T}(GM(X) te).

i=1 i=1

Now #{blues} <n— (r+w) =n—Yi_ 1y m,e)(T*x) + O(1), so by the Birkhoff
ergodic theorem, for almost every x, #{blues}/n — 1 —E(1(nm,e)|Inw). Thus
PR ,

(n)
limsup g )

n—soo n

< (Gu(x) +€)(1 — E(1p(y p,e)|Inv)) almost surely.

Now N was arbitrary, and for fixed M and €, B(N, M, €) | & as N 1 oo, because Gy >
G= li;ninfg“)/f. Itis not difficult to deduce from this that E(1(y a¢)| Inv) ST 0
—yoo —ro0

almost surly.* Thus

(n)
limsup g () < Gy (x) + € almost surely.
n—oeo n

Since & was arbitrary, limsup (") /n < Gy almost surely, which proves almost sure
n—soo
convergence by the discussion above. a

4 Suppose 0 < f, < 1 and f;, | 0. The conditional expectation is monotone, so E(fu|-F) is decreas-
ing at almost every point. Let ¢ be its almost sure limit, then 0 < ¢ < 1 a.s., and by the BCT,
E(p) = ElimE(f,|#)) = imE(E(f,|#)) = imE(f,) = E(lim f,) = 0, whence ¢ = 0 almost
everywhere.
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Proposition 2.3. Suppose m is ergodic, and g™ € L' for all n, then the limit in
Kingman’s ergodic theorem is the constant inf[(1/n) [ g™ dm] € [—oo, o).

Proof. Let G :=lim g<”) /n. Subadditivity implies that Go T < G. Recurrence im-
plies that GoT = T. Ergodicity implies that G = ¢ a.e., for some constant ¢ = ¢(g) >
—oo. We claim that ¢ < inf[(1/n) [ g dm)]. This is because

k—oo kn T koo k n n n

(n) (n) (n)
¢ = lim ]g(k”)<1im1<g +8 oTu...goTn(kl))
L0 hoff’ ,
=- / g"dm (Birkhoff’s ergodic theorem),
n

proving that ¢ < (1/n) [ g"dm for all n.

To prove the other inequality we first note (as in the proof of Kingman’s sub-
additive theorem) that it is enough to treat the case when g(") are all non-positive.
Otherwise work with A" := g(") — (g() 4-... 4 ¢ o771 Since gV) € L!,

1
—(gW 4. 4 gWorrly —)/g(l)dm pointwise and in L.
n

n—oo

n)

Thus c(g) :nm% c(h)+ [ g =inf(1/n)[[ h") + [ S,g1)] =inf[(1/n) [ §™]dm.

Suppose then that g are all non-positive. Fix N, and set gj(\;l) = max{g(”), —nN}.

This is, again, subadditive because

g;\;wrm) _ max{g(”+m), —(n+m)N} < max{g(”) +g(m) oT",—(n+m)N}
< max{gj(\;l) —|—g1(\’/n> o T"7 —(n—l—m)N} = g1<\7) +g,(vm) oT".

By Kingman’s theorem, 31(\7) /n converges pointwise to a constant ¢(gy). By defini-
tion, —N < g](\’;) /n <0, so by the bounded convergence theorem,

1 n 1 n 1
c(gn) :r}ij‘}q;/g}v)dmme;/g;\,)dmZlnf;/g(")dm. 2.4)

Case 1: ¢(g) = —oo. In this case g(") /n — —oo, and for every N there exists N(x) s.t.
n>N(x) = g\ (x) = —N. Thus ¢(gn) = —N. and (2.4) implies inf[(1/n) [ g™ dm] =
—oo=c(g)-

Case 2: ¢(g) is finite. Take N > |c(g)| + 1, then for a.e. x, if n is large enough, then
g™ /n > c(g) — € > —N, whence g](\'f) =g, Thus ¢(g) = c(gn) > inf%fg“')dm
and we get the other inequality. O

Here is a direct consequence of the subadditive ergodic theorem (historically, it
predates the subadditive ergodic theorem):
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Theorem 2.8 (Furstenberg—Kesten). Let (X, %, 1, T) be appt, and A : X — GL(d,R)
be a measurable function s.t. log ||A*!|| € L. IfA,(x) ;= A(T""'x)---A(x), then the
following limit exists a.e. and is invariant: lim 1log||A,(x)].

n—yoo

The following immediate consequence will be used in the proof of the Oseledets
theorem for invertible cocycles:

Remark: Suppose (X,%,m,T) is invertible, and let g<”) be a subadditive cocycle
s.t. gV e LY. Then for a.e. x, lim g™ o T~ /n exists and equals lim g\ /n.
n—roo n—o0

Proof- Since g is subadditive, g o T~" is subadditive:
g(n+1n) ° T—(n+m) < [g(n) oT™ +g(m)] ° T—(n+1n) _ g(n) oT ™"+ [g(m) OT_m] oT M.

Let m = [ m,dm(y) be the ergodic decomposition of m. Kingman’s ergodic theo-
rem and the previous remark say that for 7—a.e. y,

) oT—n 1 1
lim 2% —jnf- /g(") oT ™ "dmy = inf — /g(”)dmy my a.e.
n—roo n n n
(n)
= lim my a.e.
n—o 1

Thus the set where the statement of the remark fails has zero measure with respect
to all the ergodic components of m, and this means that the statement is satisfied on
a set of full m—measure. (|

2.6 The Multiplicative Ergodic Theorem

2.6.1 Preparations from Multilinear Algebra

Multilinear forms. LetV =R” equipped with the Euclidean inner product (v, w) =
Y viwg. A linear functional on 'V is a linear map ® : V — R. The set of linear func-
tionals is denoted by V*. Any v € V determines v* € V* via v* = (v,-). Any linear
function is of this form.

A k—multilinear function is a function T : V¥ — R such that for all i and
Vi s Viels Vil - Ve EV, T(VI, oo, Vie1, *y Vit 1, -, Vi) 18 a linear functional.

The set of all k—multilinear functions on V is denoted by T*(V). The tensor
product of ® € TX(V) and € TY(V) is @ @1 € TF(V) given by

(@RN) (V1. Vigt) = OV, V)N (Vg 1y -5 Viegd)-

The tensor product is bilinear and associative, but it is not commutative.



2.6 The Multiplicative Ergodic Theorem 53

The dimension of T¥(V) is n*. Here is a basis: {e;*1 Q- ®ej-‘k 1<y, .. ig <n}.
To see this note that every element in 7%(Q) is completely determined by its action
on {(ej, - ,e;): 1 <ip,... ix <n}.

Define an inner product on T*(V) by declaring the above basis to be an orthogo-
nal collection of vectors of length ﬁ (the reason for the normalization will become
clear later).

Alternating multilinear forms. A multilinear form @ is called alternating, if it
satisfies 3i # j(vi =v;) = @(v1,...,vs) = 0. Equivalently,

O, Vi Vs V) = =0V, V), oo Vi V).

(to see the equivalence, expand ®(vy,...,v;+V;j,...,vj+Vi,...v,)). The set of all
k-alternating forms is denoted by Q*(V).
Any multilinear form @ gives rise to an alternating form Alt(®) via

Alt(o — Z sgn(o

GESk

where S is the group of k—permutations, and the action of a permutation ¢ on
® € T(V) is given by (0 - @) (vi,...,vk) = ©(Vg(1);-- -, Vo (k). The normalization
k! is to guarantee Alt] Qk(v) = id, and Alt? = Alt. Note that Alt is linear.

Lemma 2.1. Alt{Alt(@; ® @) ® 03] = Alt(0 @ @, @ @3).

Proof. We show that if Alt(®) = 0, then Alt(w ® 1) = 0 for all 1. Specializing to
the case @ = Alt(w; @ ) — @) ® @, and 1 = @3, we get (since Al? = Alb)

Alt[(Alt(@ ® @) — 0 ® 1) @ 03] =0,

which is equivalent to the statement of the lemma.

Suppose ® € TX(V), n € T*(V), and Alt(w) = 0. Let G := {0 € Sv: o(i) =
iforalli=k+1,...,k+¢}. This is a subgroup of Sy, and there is natural isomor-
phism ¢ — o’ := G|{11“_.k} from G to S. Let Sy = J; Go; be the corresponding
coset decomposition, then

(k+O)!Alt(@@M)(vi, -, Virr) =
=Y Y sen(00))(00)) - (@RM)(v1, .., Vi)

Jj oeG
—ngn N (Vo (k1) Vo (ki) Y sgn(o)(6~a))(v(,j“),...,v(,j(k))
oeG
—ngn oj)n Vc, (k+1)5 -+ Voj( k+0)) Z sgn(o 0)(ve (1)a~«avcr,(k))
GlESk

—ngn (7] VGI k+1) "'aVq,~(k+é))k!Alt(w)(ch(l)7"-7V6j(k)) =0. O
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Using this “antisymmetrization operator”, we define the following product, called
the exterior product or the wedge product: If ® € Q*(V),n € Q'(V), then

(k+1)!
k0!

OAT = Alt(o®n).
The wedge product is bilinear, and the previous lemma shows that it is associative.
It is almost anti commutative: If @ € Q%(V),n € Q(V), then

oAn=(-D"nro.

We’ll see the reason for the peculiar normalization later.

Proposition 2.4. {el’f1 A-ee /\el’fk 21 <y <. <iy <n} is an orthonormal basis for
QK(V), whence dim Q¥ (V) = (}).

..... f8-®el,
where the sum ranges over all k—tuples of numbers between 1 and n. If @ € Q¥(V),
then Alt(w) = w and so

Fix§ :=¢] ® - ®ej . If iq = ig for some o # f, then the permutation 6o which
switches o +» 3 preserves &. Thus for all o € S,

sgn(06p)(00y) -G = —sgn(c)c - &

and we conclude that Alt(§) = 0. If, on the other hand, i,...,i are all different,
then it is easy to see using lemma 2.1 that Alt(e;f1 Qe @+ ®e,’fk) = %e}‘l ARRRVAY

Thus @ = % Za,-lw,-kez‘l A A e;fk, and we have proved that the set of forms in
the statement spans Q*(V).

To see that this set is independent, we show that it is orthonormal. Suppose
{it,... ik} # {1, jk}, then the sets {0-¢j ®---®e; }, {0-€] @ ®e,
are disjoint, so Alt(e; @ ---®e¢;) L Alt(e}, ®---® €] ). This proves orthogo-
nality. Orthonormality is because [lej A~ Aej [l = k![|Alt(ef; A+ Aef)ll2 =

k! H %Zcesk sgn(o)o - (e ®- - ®€fk)H2 =Yoes, Sgn(O')z(ﬁ)2 = 1. (This explains
why we chose to define |lef ®---®e¢] |2 := ﬁ) 0

Corollary 2.2. e] A --- Aej, is the determinant. This is the reason for the peculiar
normalization in the definition of A.

Proof. The determinant is an alternating n—form, and dim Q" (V') = 1, so the deter-
minant is proportional to €] A--- Ae;. Since the values of both forms on the standard
basis is one (because ef A --- Aej, = nlAlt(e] ® --- ®@e})), they are equal. O

We define an inner product on 2% (V) by declaring the basis in the proposition to
be orthonormal. Let || - || be the resulting norm.
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Lemma 2.2. Forv €V, let v* := (v, -), then

(@ o] < lofnll

(D) (Vi A== AVE, Wy A== Awy) = det({vi,w))).

(c) If {ur,...,un} is an orthonormal basis for V, then {uj N---Auj 21 <ip <--- <
ix < n} is an orthonormal basis for Q¥ (V).

(d) If span{vy,...,vc} = span{uy,...,ux}, then vi A--- Avi and uj \--- AN uj are
proportional.

Proof. Write for I = (iy,...,i) suchthat 1 <ij <--- <iy <n, e} = efl /\-~/\e;‘k.
Represent @ := Y oyej, 1 :=Y fyej, then

2 2

2p2 20112
= Y. oB; <|olfnl?*.

INJI=2

loAn|* = =l X *auprery,

INJ=2

Y ouBre; Ae;
I

Take two multi indices 1,J. If I = J, then the inner product matrix is the identity
matrix. If I # J, then 3o € I\ J and then the a—row and column of the inner product
matrix will be zero. Thus the formula holds for any pair e7,e}. Since part (b) of
the lemma holds for all basis vectors, it holds for all vectors. Part (c) immediately
follows.

Next we prove part (d). Represent v; = )" o;ju;, then

Vi A~ Avg = const. Alt(v] ® - - - ® v ) = const. Alt <Za1ju;‘- ® -~~®Zakjuj>
j j

= const. Zaljl . OtkjkAlt(Mj-l - ®uj»k).

The terms where ji,..., ji are not all different are annihilated by Alt. The terms
where ji,..., ji are all different are mapped by Alt to a form which proportional to
uj A--- Aug. Thus the result of the sum is proportional to u} A --- Auj. 0

Exterior product of linear operators Let A :V — V be a linear operator. The
k —th exterior product of A is A" : QK(V) — Q¥(V) given by

(A @) (v1,...,v) == 0(Av1,...,Alv).

The transpose is used to get A¥(vi A+ AVE) = (Av))* A=+ A (Ave) ™.

Theorem 2.9. |AM|| = A;--- A, where Ay > Ay > --- > A, are the eigenvalues of
(A'A)'/2, listed in decreasing order with multiplicities.

Proof. The matrix AA’ is symmetric, so it can be orthogonally diagonalized. Let
{v1,...,v,} be an orthonormal basis of eigenvectors, listed so that (AA")v; = A?v;.
Then {v; : 1 C {1,...,d},|I| =k} is an orthonormal basis for Q¥ (R?), where we are
using the multi index notation

*

* %
VI —vil/\"'/\vlk,
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where i; < --- < i} is an ordering of I.
Given » € Q(RY), write ® = Y vy, then

[AM 0| = (A w,AM o) = <Z a)IAAkv}‘,Za)JAAkvj>
1 J
= Za)le <AN<V;‘,AN‘V;>.
IJ
Now, <A/\kV7,A/\kv7> = ((Avi) )" A A (Av )" (Av )" A A (Avj)")
— det ((Avia,Av jﬁ>) (Lemma 2.2(b))
- det((via,AtAva>> :det(<via,xi§v,-ﬁ>)

= [T det ((vig.v3))

jeJ
:H)sz<vlavj> = et )

Thus [|[A*w||? = ¥, 07 [Tie; A? < ||o]>TTE | A2 Tt follows that [JAM]| < Ay - As.
To see that the inequality is in fact an equality, consider the case @ = v; where
I={1,.. .k} A% = (vf,vp) = (A M) = (A1 4?2 O

Exterior products and angles between vector spaces The angle between vector
spaces V,W C R? is

£(V,W) := min{arccos (v,w) :v e V,w e W, ||v|| = ||w| = 1}.
Soif VAW # {0} iff £(V,W) =0, and V L W iff £(V,W) = /2.

Proposition 2.5. If (wi,...,wy) is a basis of W, and (v1,...,v;) is a basis of W, then
(5 A= AV A (87 A AW < [V A= AV - [wi A Awi |- [sin £(V, W)L

Proof. If VNW # {0} then both sides are zero, so suppose VW = {0}, and pick
an orthonormal basis ey, ...,e,1x for VEW. Let w € W,v € V be unit vectors s.t.
L(V,W)=4(v,w), and write v =Y vie;, w = Y wje;, then
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2 2
v Aw*|? = Zviwje;‘ neil|l = Z(Vin —vjwi)e; ANej|l = Z(v,-wj —vjw;)?
i,J i<j i<j
1
=3 Z(Vin —vjw;)*  (the terms where i = j vanish)
ij
1 2.2, 2 2 1 2 2 2
= EZ(VZ Wi+ Viw; —2viwl~-vjwj) =3 2Zvl~ ij -2 Zviwi
LJ i J i
= [VIPIw]?> = (v,w)* = 1 —cos® £(v,w) = sin> £(V,W).
Complete v to an orthonormal basis (v,v,...,v;) of V, and complete w to an
orthonormal basis (w,w, ..., w,) of W. Then

[V AR A AV A (W AWSS A= AVl
WA VST A - AV W A AT = [sin £ (VW] 1- 1,

because of orthonormality. By lemma 2.2

VA AV = VA AV VAV A AT
WEA - AWE = [[WiA- AW -wE AW A AW

and the proposition follows. a

2.6.2 Proof of the Multiplicative Ergodic Theorem

Let (X,%,m, f) be appt, and A : X — GL(d,R) some Borel map. We define A, :=
Ao f"~1... A, then the cocycle identity holds: A, 1, (x) = An(f"x)An(x).

Theorem 2.10 (Multiplicative Ergodic Theorem). Let (X, %,T,m) be a ppt, and
A :X — GL(d,R) a Borel function s.t. In ||A(x)=!|| € L' (m), then

A(x) = lim [A,(x) Ay (x)] /"

n—roo
exists a.e., and 1lim 1 In||A,(x)A (x)™"|| = lim 1 In||(A,(x)A(x)™) 7| =0 as.
n—oo n—yoo

Proof. The matrix By (x) := \/An(x)'A,(x) is symmetric, therefore it can be orthog-

onally diagonalized. Let A, (x) < --- < A (x) be its different eigenvalues, and

1 sn (x)
RY = W,,l 2 () e Wn/l” ) (x) the orthogonal decomposition ot R? into the

corresponding eigenspaces. The proof has the following structure:
Part 1: Letz)(x) <--- <t?(x) be alist of the eigenvalues of B, (x) := /A, (x) A, (x)
with multiplicities, then for a.e. x, there is a limit £;(x) = lim [z (x)]'/", i =

n—oo
1,....d.
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Part2:  Let A;(x) < -+ < Ay (x) be alist of the different values of {t:(0)}L,.
Divide {#}(x)}%, into s(x) subsets of values {fi(x) :i € I1}, (1 < j < s(x)) in
such a way that 7/, (x)!/" — A;(x) for all i € I. Let

U/ (x) := sum of the eigenspaces of #! (x), i € I].
= the part of the space where B, (x) dilates by approximately A;(x)".

We show that the spaces Uy (x) converge as n — oo to some limiting spaces U/ (x)

(in the sense that the orthogonal projections on U,{ (x) converge to the orthogonal
projection on U/ (x)).
Part 3: The theorem holds with A (x) : R — R¥ given by v +— A;(x)v on U'(x).

Part 1 is proved by applying the sub additive ergodic theorem for a cleverly chosen
sub-additive cocyle (“Raghunathan’s trick”). Parts 2 and 3 are (non-trivial) linear
algebra.

Part 1: Set g(") (x) := ):?: i +1lnt,{ (x). This quantity is finite, because A’A, is

i
invertible, so none of its eigenvalues vanish.

(n)

The sequence g; ’ is subadditive! This is because the theory of exterior products
says that expgl(n) = product of the i largest e.v.’s of \/A,(x)'A,(x) = ||A,(x)"], so

N 4 . . . 4
expel™™" () = AL Ol = Am(T") 0 ()M | < A (7)1 A4 ()|

— exple™ (T"x) + ¢ (x)],

whence gf-Hm) < gl@ + gl('") oT™.

We want to apply Kingman’s subadditive ergodic theorem. First we need to check

that gl(l) € L'. We use the following fact from linear algebra: if A is an eigenvalue
of a matrix B, then ||[B~!||~! < |A| < ||B||.> Therefore

. 1 _
[n, ()] < 5 max{]In 45,1, [1n [|(47,4,) " [}
< max{|In |4, ()], 10 [l 4, (x) |1}

n—1
< ¥ (Im AT+ A )
k=0
n—1
= 18" @) < Y (1 AR+ AT 7). 2.5
k=0

So [lg [l < n(|[mlJA[l]l, +[[n A1 ][],) < . "

Thus Kingman’s ergodic theorem says that lim % g (x) exists almost surely, and
belongs to [—co, o). In fact the limit is finite almost everywhere, because (2.5) and

3 Proof: Let v be an eigenvector of A with norm one, then |A| = ||Bv|| < ||B|| and 1 = ||B~'Bv|| <
IB="11Bv] = [IB~"A].
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the Pointwise Ergodic Theorem imply that
1
lim (g™ | < (|In||A][|+|In[|A~"]||Ino) < o ace.
n—oo 1
Taking differences, we see that the following limit exists a.e.:

Inf;(x) := lim l[gg?iﬂ(x) — g (x)] = lim l1nz;;(x).

n—oo n—eo 1
Thus [r}(x)]'/" — #;(x) almost surely, for some ;(x) € R.
n—yoo

Part 2: Fix x s.t. [t} (x)]"/" — t;(x) for all 1 <i < d. Henceforth we work with
this x only, and write for simplicity A, = A, (x), #; = #;(x) etc.

Let s = s(x) be the number of the different #;. List the different values of these
quantities an increasing order: 4; < A < --- < A. Set x; :=logA;. Fix 0 < § <
%min{xjﬂ — X} Since for all i there is a j s.t. (ARG Aj, the following sets
eventually stabilize and are independent of n:

Lio={i: ()" =2 <8} (j=1,....5).
Define, relative to /ALA.,

. U= Yier, [eigenspace of £/ (x)] (this sum is not necessarily direct);
© Vo=l
. V,{ = EBerUy{

The linear spaces U], ..., U? are orthogonal, since they are eigenspaces of different
eigenvalues for a symmetric matrix (1/A%A, ). We show that they converge as n — oo,
in the sense that their orthogonal projections converge.

The proof is based on the following technical lemma. Denote the projection of a
vector v on a subspace W by v|W, and write x; := log ;.

Technical lemma: For every 8 > 0 there exists constants Kj,...,K; > 1 and N s.t.
foralln>N,t=1,...,s,keN,andu € V],

V)| < Kollull exp(—n(xrse — xr — 81))

We give the proof later. First we show how it can be used to finish parts 2 and 3.

We show that V" converge as n — oo. Since the projection on U! is the projection
on V! minus the projection on V=1, it will then follow that the projections of U,
converge.

Fix N large. We need it to be so large that

1. I; are independent of n for all n > N;
2. The technical lemma works for n > N with  as above.

There will be other requirements below.



60 2 Ergodic theorems

Fix an orthonormal basis (v,...,v%) for V| (d, = dim(V;[) = ¥ <, |I;]). Write
P i i i r T prl
Vi = 0 Wit +un+1’ where Wpt1 € Vn+1’ Hwn+1|| =1, Upyy € Vn+1 :

Note that [|u, || = ||vﬁ1|\~/nrj11 I < Kjexp(—n(xr1 — xr — 0)). Using the identity
o = y/1—|[ui ||, it is easy to see that for some constants C; and 0 < 6 < 1

independent of n and (%)),
I, =i | < Cr"

(0 := max, exp[—()r+1 — Xr — 6)] and C; := 2K should work.)

The system {w", ; } is very close to being orthonormal:
W1 W) = Wit = Vi W) + Vv + (Vi Wiy — Vi) = 85+ 0(8"),

because {v'} is an orthonormal system. It follows that for all n large enough, WL
are linearly independent. A quick way to see this is to note that

+1

)*|I* = det((Wi . w). ) (lemma2.2)

=det(I+0(0")) # 0, provided = is large enough,

1 d,
[(Wp1)" A AW

and to observe that wedge produce of a linearly dependent system vanishes.
It follows that {wrll TR ,wﬁfH} is a linearly independent subset of V,, ;. Since
dim(V,, ) = X<, |I;| = d,, this is a basis for V, ;.

Let (v}, ;) be the orthonormal basis obtained by applying the Gram-Schmidt
procedure to (w; +1)- We claim that there is a global constant C such that

vy = Vit | < C26". 2.6)

Write v; =i |, w; = w!_, then the Gram-Schmidt process is to set V; = u;/||u;]|,
where u; are defined by induction by Uy =W, U= W fzj<i (wi,vj)v;. We con-
struct by induction global constants C} s.t. |[v; —w;|| < C56”", and then take C, :=
max{Ci}. When i = 1, we can take C} := Cy, because ¥; = wy, and ||w; —v}|| <

C10". Suppose we have constructed Czl, . 7C§_1. Then

et —will < ) 1w, 91 < Y [wiwi) |+ wj = 75| < <2C1(i— 1)+ZC§> o,
<i <i <i
because | (wi, w;)| = [(wi —vi,,w;) + (v, w; —vi)+ (vi vl < 2€1 6. Call the term
in the brackets K, and assume 7 is so large that K6" < 1/2, then |||u;|| — 1| < |lu; —
w;il| < K6", whence

(| — wil| + 1 — |||

i

ui — [uil|wi < 4KO"

(Vi —wil| =
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and we can take Cé :=4K. This proves (2.6).

Starting from the orthonormal basis (V! ) for V|, we have constructed an orthonor-
mal basis (v, ) for V| such that |[vi, —v! || < < (,6". Continue this procedure by
induction, and construct the orthonormal bases (v, , ;) for V" ;. By (2.6), these bases
form Cauchy sequences: v/, — vi.

The limit vectors must also be orthonormal. Denote their span by V”. The pro-
jection on V' takes the form

[

r

g

v v = lim . = lim projy-r .
1< ) k_,mz Vieks *Vatk o projyr

Thus V, , — V"

Part 3: We saw that proj; . ) o proj yiy) for some linear spaces Ui(x). Set

A(x) € GL(RY) to be the matrix representmg

o
=Y “projy .
=1

Since U;(x) are limits of U}, they are orthogonal, and they sum up to R, Tt follows
that A is invertible, symmetric, and positive.

Choose an orthogonal basis {v} (x),...,v¢(x)} of B,(x) := \/An(x)'A,(x) so that
B,vi, = tivi for all i, and let W! := span{1/,}. Then for all v € R,

7

d
(A,40)" 2" = (/LA "y = Y 1 ()" proji (v)

th(x) /" proj i (v)

I
™
M

<
Il
R
=

on)

Y projyy (v) +o(|Iv])),
i€l;

<.
I

where o(]|v||) denotes a vector with norm o(||v||)

'M“

400proj 5 (v) +o(|[v]) — A

j=1

Thus (ALA,)"/?" n A.
We show that 1 log [|(A,A~")*!| —— 0.1t’s enough to show that
n—oo

1
lim —log ||A,v|| = X, := log A, uniformly on the unit ball in U, 2.7
n—soo 1

To see that this is enough, note that Av =Y'7_, e (v|U,); for all § > 0, if n is large
enough, then for every v,
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S S
A=) < Y e A 0T | = 1 e e E O v < se"vl| - (v €RY)

r=1 r=1

IAA "] = e H A ] = v (vel)

Thus [JA,A~"|| < e~ for all §, whence Llog||A,A7" = 0 ae.

To see that 1 log || (A,A~")~!|| — 0, we use a duality trick.

Define for a matrix C, C* := (C~!)', then (C,C>)* = C¥C4. Thus (A*), = (A,)*,
and BY := \/(A%),(A*), = (\/ALA,)* = (\/ALA,)"!. Thus we have the following
relation between the objects associated to A* and A:

. the eigenvalues of B are 1 Jtd <. <1/t! (the order is flipped)
. the eigenspace of 1/¢ for B is the eigenspace of ¢/ for B,

%f = —Xs—j+1

. (Ur{)# _ U;*J”rl (Vr)# — s+l (Vr)# — ys—rtl

. A# Z A_l . n n n n

Thus [[(A"A, )] = [[(A"A, 1) || = [|A}(A*) "], so the claim ; log[|A"A, || ——0

a.e. follows from what we did above, applied to A*.
Here is another consequence of this duality: There exist Kﬁ ...,k s.t. forall g,
there is an N s.t. for all n > N, if u € U}, then for all k

ulV 4l < K exp[—n(xr — Xr—s — 8)]. (2.8)

To see this note that V" } = (V2 /""*!Y* and U7 C (V3~"*1)*, and apply the techni-

cal lemma to the cocycle generated by A*.

We prove (2.7). Fix 6 > 0 and N large (we see how large later), and assume
n>N.Suppose v € Uy and ||v|| = 1. Write v = lim v, with v,. :=v|UL,, €U, .
Note that ||v, || < 1. We decompose v, as follows

S—r
Vark = (nklVy 1)+ OusklUn) + 1 (slUn ™)
=1
and estimate the size of the image of each of the summands under A,,.
First summand:
A8 aa VDI = Bl Vi), (et V1)
n\Vn+k|Vn =\, Vn+k|Vy > Vn+k|Vy
= 62”("“1“’(1))||v,,+k|Vn’_1 | < 2 (tr—1+o(1))
Thus the first summand is less than exp[n(x,—1 +0(1))].

Second Summand:
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AR st UNIP = (BL (vnk U, v |Uy)
= ey, U |12 = D) (U | £ (1| v = )T

= 2" E) (|p|U” || £ vk — v])* = 2" % %) [1 + 0(1)] uniformly in v.
Thus the second summand is [1 +o(1)]exp[n(x, =+ 8)] uniformly inv € U,, ||v|]| = 1.
Third Summand: For every ¢,

AR skl UDI1? = (B (vnlUp), (v U)
< 2t )y, U+ |2

2
= 2(xrsrtoll)) ( sup (v,,+k,u>> , because ||x|W| = sup {(x,w)

u€U ™ [lul=1 weW, [[wl|=1

2
< eZn(XrJrH‘U(l)) ( sup sup <V,M>>

uely ™ lul|=1 veVy o lvII<1
— 2(treato(1)) sup ([ulV, +k||2
ucUF™ ||ul|=1

< (K2t o) exp[—2n(%y40 — 2 — o(1))]. by (2.8)
(Kt#)Z 2n(xr+o( ))
Note that the cancellation of x,,; — this is the essence of the technical lemma. We

get: [|A, (v |UL)|| = O(exp[n(xr + 0(1))]). Summing over t = 1,...,s —r, we get
that third summand is O(exp[n(x, +o0(1))]).

Putting these estimates together, we get that
|Anvntk|| < const. exp[n(x-+o(1))] uniformly in &, and on the unit ball in U,..

“Uniformity” means that the o(1) can be made independent of v and k. It allows us
to pass to the limit as k — oo and obtain

|Anv|| < const. exp[n(x+ o(1))] uniformly on the unit ball in U,..
On the other hand, an orthogonality argument shows that

1wV kll® = (BRva-k, Vi)
= || 1st summand]|? + ||2nd summand]|? + ||3rd summand)||®
> ||2nd summand||*> = [1 4 o(1)]exp[2n(x, + o(1))].
Thus ||Apvurk|| > [1+o(1)]exp[n(x, + o(1))] uniformly in v, k. Passing to the limit

as k — oo, we get ||A,v|| > const. exp[n(x-+o(1))] uniformly on the unit ball in U,.
These estimates imply (2.7).
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Proof of the technical lemma: We are asked to estimate the norm of the projection

of a vector in V] on Vnri]i We so this in three steps:

I VA Vnri{, allt > 0;

2. Vi— vl allk > 0;

3.V, = VIH all 1,k > 0.

Step 1. The technical lemma for k = 1: Fix § > 0, then for all n large enough and
forall ¥/ > r,if u €V, then |[u|V,, || < |Jul|exp(—n(x — x-— 6)).

Proof. Fix €, and choose N = N(¢) so large that . = e*"¢t; foralln > N,i=1,...,d.
Foreveryt=1,...,s,ifu €V, then

[Ansrull = /(A 1 Anrru,u)

= A At (VD) VD) + (A A (V) V)
(because V=1 V" are orthogonal, A, | A, ~invariant,
d _yri=1 gyt
and R —Vnr+{ @Vnr+i)
v -1
= At VDI + A V12

> (A1 (ulVH)|| = el Dyt

On the other hand

[An1u]| = [[A(T"x)An (x)ul| < JA(T"x)[|\/ (A} Anit, u)
< JJA(T" ) "% [u

= Iy
because by the ergodic theorem
1 ; 1 & . 1 n—1 .
Liog A = 1 Y tog JA(TA) | — L Y Tog [A(T0)| — 0 ace.
n =0 = e
By further increasing N, we can arrange |o(n)| < ne, which gives
Hrii—€)(nt1) H”|‘7nrﬂ | < e"rt2e)

whence ||u|%’j_ri|| < e "Xr1=2%=3€) Now take € := /3.

Ste]l 2. Fix 6 > 0. Then for all n large enough and for all k, if u € V!, then
ulV,E < Nlull E5Zgexp(—(n+ ) (r+1 — % — 8)). Thus 3K; s.t.

lu V75 | < Ko [lull expl=n(xr+1 = % = 8)].



2.6 The Multiplicative Ergodic Theorem 65

Proof. We use induction on k. The case k = 1 is dealt with in step 1. We assume by
induction that the statement holds for k£ — 1, and prove it for k. Decompose

v+l r Ur vr Ur
ulVi o = [V DV + [V )V

e First summand.: u|Vn’ k1 € V. k_1> SO by step 1 the norm of the first sum-
mand is less than [|u|V,,_,|lexp[—(n+k—1)()%r+1 — X — 6)], whence less than

lullexp[=(n+k=1)(%rr1—=2-—8)].  _

* Second summand: The norm is at most ||u|Vnr:kl_ ,||. By the induction hypothesis,
this is less than [l A2 exp(— (n+ ) (%41 — 2 — 5))-

We get the statement for k, and step 2 follows by induction.

As aresult, we obtain the existence of a constant K1 > 1 for which u € V,] implies
V2 < K lullexp(=n(xr1 — 2 — 8)).
Step 3. 3Ki,...,Ks—1 > 1 s.t. for all n large enough and for all &, u € V| implies
V5N < Kollull exp(—=n(grr — % —£8)) (€ =1,...,s = 1).

Proof. We saw that K exists. We assume by induction that Ky, ...,K,_| exist, and
construct K;. Fix 0 < & < min;{x;,1 — x;} — 6; the idea is to first prove that if
u €V, then

_ -1 k=1 \ (k=1
[V, < Jlul (Z Kr) (Z eaﬂ-’) (Z exp[—(n+ ) (Xr+: — 2r —t5)]> (2.9)
=1 J=0 J=0

Once this is done, step 3 follows with K; := (Ztr;ll Kr)():jzo e‘50j)2.
We prove (2.9) using induction on k. When k = 1 this is because of step 1. Sup-
pose, by induction, that (2.9) holds for k — 1. Decompose:

WV = Vi Vi Y uUL VI Vi v
N———— N———

+k n+k
r<r'<r+t
A Cc
B

» Estimate of ||A||: By step 1, ||A]| < ||u|lexp(—(n+k—1)(¥r+r — Xr — 8))-
 Estimate of ||B||: By step 1, and the induction hypothesis (on 7):

1Bl < Y U} llexp(—(n+k—1) (s — % — 8))

r<r' <r+t

< Y ulViaollexp(=(n+k—1)(drss — 2 — 8))
r<r' <r+t

< Y Ky ullexp(=n(xy —xr— (' = 1)8))x
r<r' <r+t

xexp(—(n+k—1) (%1 — % —6))
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<||u|<ZKﬂ> D) exp(— (10 — 1, —15)

—
S HMH <Z Kt') eiso(kil)exp(_n(XH—t _Xr_t6))'
=1

» Estimate of ||C||: ||C|| < ||u|Vn’i,£ |l By the induction hypothesis on &,

t—1
ICI| < [|u (Z&) <Ze 50’) (Z exp[— (”+j)(Xr+t_Xr_t6)]>'
t'=1

Jj=0

It is not difficult to see that when we add these bounds for ||C||,||B|| and ||A]|, the
result is smaller than the RHS of (2.9) for k. This completes the proof by induction
of (2.9). As explained above, step 3 follows by induction. a

Corollary 2.3. Let y1(x) < -+ < Xy(x)(x) denote the logarithms of the (different)
eigenvalues of A(x). Let Uy, be the eigenspace of A(x) corresponding to exp ;. Set

VX = @XISX UX
1. x(x,v) := lim Llog||A,(x)v|| exists a.s, and is invariant.
n—roo

2. X(}C, V) = Xion Vli \ VX:’—]
3 IF|ATY|L||A]| € L=, then Llog|detA,(x)| = Lkixi, where ki = dimUy,.

{xi(x)} are called the Lyapunov exponents of x. {Vy,} is called the Lyapunov fil-
tration of x. Property (2) implies that {Vy} is A—invariant: A(x)Vy(x) = V,(Tx).
Property (3) is sometimes called regularity.

Remark: Vy, \'Vy, | is A—invariant, but if A(x) is not orthogonal, then U,, doesn’t
need to be A-invariant. When T is invertible, there is a way of writing Vi, = @ ;<; H
so that A(x)H;(x) = H;(Tx) and x(x,-) = x; on H;(x), see the next section.

2.6.3 The Multiplicative Ergodic Theorem for Invertible Cocycles

Suppose A : X — GL(n,R). There is a unique extension of the definition of A,(x)
to non-positive n’s, which preserves the cocycle identity: Ag :=id , A_, := (4, 0
T’”)’l. (Start from A,,_, = Aop = id and use the cocycle identity.)

The following theorem establishes a compatibility between the Lyapunov spectra
and filtrations of A, and A_,,

Theorem 2.11. Let (X, B, m,T) be an invertible probability preserving transforma-
tion, and A : X — GL(d,R) a Borel function s.t. In||A(x)*!||. There are invariant

Borel functions p(x), x1(x) < -+ < Xp(x) (x), and a splitting R? = @p %) Hi(x) s.
1. Ap(x)Hi(x) = H (T"x) foralln € Z
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2. LHE ﬁ log||A,(x)v|| = £xi(x) on the unit sphere in H'(x).
3. Nogsin £(H(T"x),H/(T"x)) — 0.

n—oo

Proof. Fix x, and let Let ¢} < ... <¢? and f}l <. <L fﬁ be the eigenvalues of
(ALA)Y? and (A" ,A_,)"/2. Let t; :== lim(¢))'/", #; = lim(7)'/". These limits ex-
ists almost surely, and {log#;},{log7;} are lists of the Lyapunov exponents of A,
and A_,, repeated with multiplicity. The proof of the Oseledets theorem shows that

d

_ 1 i
log7; = lim —log ||A™
et s

1 .
= lim ~log <| detA_,|-||((A_,)~ ") =D ||) (write using e.v.’s)
Nn—yoo

1 —i
— lim - log (|(detAnoT-")|-1-||AQ<d >oT-"||)

n—eo

1 .
lim —log (| detA,| ! HAQ(d 9 ||) (remark after Kingman’s Theorem)
n—oo n

d d d—i
= Z logt; — Z logty = — Z logty.
k=d—i+1 k=1 k=1
Since this is true for all i, logt; = —logt ;i 1.

It follows that if the Lyapunov exponents of A, are y; < ... < X, then the Lya-
punov exponents of A_, are — ), < -+ < —X.
Let V!(x) C V2(x) C --- C V¥(x) be the Lyapunov filtration of A,,:

. 1
Vi(x) :={v: lim —log||A,(x)v|| < xi(x)}.
n—oo n
Let Vl(x) oV? (x) D--- DV (x) be the following decreasing filtration, given by
. 1
Vi(x) = {v: lim ~log[|A_(x)v|| < —i(x)}.
n—oon

These filtrations are invariant: A(x)V'(x) = V/(Tx), AV (x) =V (Tx).
Set H'(x) := Vi(x) V' (x). We must have A(x)H'(x) = H(Tx).

We claim that RY = @ H" (x) almost surely. It is enough to show that for a.e. x,
RY = Vi(x) eV (x), because

RI=V' =V' AV eV (V'eV’ =R9)
—H' o[V n"\V]=HaV V' 2V
—H' @[V n(Via?) (V2e 7V’ =R9)

—H'oH eV’ =.. =H'o -oH
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Since the spectra of A, A agree with matching multiplicities, dim V' +dim vl =

d. Thus it is enough to show that E := {x: V/(x) v (x) # {0}} has zero measure
for all i.

Assume otherwise, then by the Poincaré recurrence theorem, for almost every
x € E there is a sequence n; — oo for which 7" (x) € E. By the Oseledets theorem,
for every 0 > 0, there is Ng(x) such that for all n > Ng(x),

|An(x)u|| < ||u||exp[n(xi+8)] foralluec V' ﬁV’+l (2.10)
A (x)ul| < |lullexp[—n(xis1—8)] forallue V' nv (2.11)

If ng > N (x), then A, (x)u € V/(T"x) AV (T™x) and T (x) € E, so
[l = A= (T x)Ap, (X)ual| < [|An, (x)uel| exp[—ri (i1 — 6)],
whence ||A,,, (x)u|| > ||ul| exp[ni(xi+1 — 0)]. By (2.10),
expln(Xit1+6)] < explm(%i+ 6],

whence |xi+1 — xi| < 26. But  was arbitrary, and could be chosen to be much
smaller than the gaps between the Lyapunov exponents. With this choice, we get a
contradiction which shows that m(E) = 0.

Thus RY = @H'(x). Bvidently, Vi = V' O @;;H/ and VNP, H/ CV'N

v ={0}, 50 V' = @;;H’. In the same way V= @ ;>:H/. It follows that H' C

(VI\VIYN T\ V). Thus lim ﬁ log||A,v|| = ; on the unit sphere in H'.

Next we study the angle between H'(x) and Hi (x~) =@ #iHj (x). Pick a basis
(V... vy, ) for HY (x ) Pick a basis (w},...,w?, ) for H'(x). Since A, (x) is invertible,
Ay (x) maps (v}, ..., v}, ) onto a basis of H’(Tk ), and (w},...,w!, ) onto a basis of
Hi(T*x). Thus if v := AV, wi= Awh, then

i LT, H (T 4,) (o A
‘SHK(H (T )7H(T ))| 2 ||An( )/\m,VH ||A ( ) Nd—m; WH

We view A,,” as an invertible matrix acting on span{ej; A---Aef 1ip <o+ <ip}via
(An(x)ei )" A= A(An(x)e;,)*. It is clear

: * n : * n Ap
Ap(x) 1= Tim ((407)* (A7) = (Tim (434,)'27) " = A ()Y,
thus the eigenspaces of A, (x) are the tensor products of the eigenspaces of A (x).
This determines the Lyapunov filtration of A,(x)"\?, and implies — by Oseledets
theorem — that if v; € Vi \VXM/')—]’ and vy,. .., v are linearly independent, then
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1
hmflogHA (x)"Pol| = Zxk , for @ :=vi A Avp.

It follows that lim %log |sin £(H(T"x),H(T"x))| > 0. O
n—roo

2.7 The Karlsson-Margulis ergodic theorem

Suppose (X,d) is a “nice” metric space, and Isom(X) is the group of isometries of
X.Let (Q2,.%,u,T)be apptand f: Q — Isom(X) be a measurable map such that
for some (any) xo € X, [y d(f(®)-x,x0)du(w) <

Consider the “random walk” x,(®) := f(T" '@)o---o f(@) - xo. It is not
difficult to see that g (®) := d(xo,x,(®)) is a sub-additive cocycle. The sub-
additive ergodic theorem, implies the existence of almost sure asymptotic speed
s(w) = r}l_r}lalo L4d(x0,x,(@)). The Karlsson-Margulis theorem provides (under addi-
tional assumptions on (X,d)), the existence of an asymprtotic velocity: A geodesic
ray Yo (t) C X which starts at xg s.t. d(x, (@), Ve (s(@)n)) = o(n) as n — oo,

Example 1 (Birkhoff Ergodic Theorem): Take an ergodic ppt (2, %#,u,T), X =
R? and f(@)-v:=v+ f(®) where f(®) := (fi(®),..., fs(®)) and f; : Q — R are
absolutely integrable with non-zero integral. Then

&n(w)=zo+n( Zfl (T'w), *Zfd ))

so s(@) = ||v||2 a.e. and ¥, (r) = tv/||v|| a.e., where v := ([ fidu,..., [ fadpt).
Example 2 (Multiplicative Ergodic Theorem): See section 2.7.3 below.

2.7.1 The boundary of a non-compact proper metric space

Let (X,d) be a metric space. We need some terminology:

1. X is called proper is every closed bounded subset of X is compact.
2. A curve is a continuous function ¥ : [a,b] — X. A curve is called rectifiable if

—sup{Zd Y(ti1)) : azto<t1<~--<tn:b,n21}<

The number £() is called the length of y.

3. A geodesic segment from A to B (A,B € X) isacurve y: [0,L] — X s.t. y(0) = A,
Y(L) =B, and d(y(r),y(t")) = |t —1'| forall 0 < ¢, < L. In particular, L =d(x,y).
We denote such segments by AB.
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4. A geodesic ray is a curve y: [0,00) — X s.t. d(y(¢),y(t")) = |t — | for all 1,7

5. A metric space is called a geodesic space, if every A,B € X are connected by a
geodesic segment.

6. A geodesic metric space is called complete if every geodesic segment can be
extended to a geodesic ray in the positive direction.

Suppose X is a non—compact proper geodesic metric space. We are interested in
describing the different ways of “escaping to infinity” in X.

The idea is to compactify X by adding to it a “boundary” so that tending to
infinity in X in a certain “direction” corresponds to tending to a point in the boundary
of X in X.

Fix once and for all a reference point xo € X (the “origin”), and define for each
x € X the function

D, (z) :=d(z,x) — d(x0,x).

D,(+) is has Lipschitz constant 1, and Dy(xg) = 0. It follows that {D,(-) : x € X} is
equicontinuous and uniformly bounded on compact subsets of X.

By the Arzela—Ascoli theorem, every sequence {Dj,},>1 has a subsequence
{Dxnk +i>1 which converges pointwise (in fact uniformly on compacts). Let

X:= {,}ﬂl Dy, (*) : {xn}n>1 C X,{Dy, }u>1 converges uniformly on compacts}.

We put a metric on X as follows:

17.8)= X 500, max17) ~5(2)

x0,X)<n

where ¢(t) := %arctan(r) + 1 (a homeomorphism ¢ : R — (0, 1)). This metric is
well-defined, since X is proper. The resulting topology is the topology of uniform
convergence on compacts.

Theorem 2.12. Suppose (X, ii) is a proper geodesic space, then Xisa compact
metric space, and if 1 : X < X is the map 1(x) = Dy(-), then

1. 1: X — 1(X) is a homeomorphism;
2. 1(X) is dense in X.

Proof. X is compact, because it is the closure of {D,(-) : x € X}, which is precom-
pact by Arzela—Ascoli.

The map ¢ : x — D,(-) is one-to-one because x can be read of D,(+) as the unique
point where that function attains its minimum. The map : is continuous, because if
d(xn,x) — 0, then

Dy, (z) = Dx(2)| < [d(2,20) — d(2,)[ + |d (xn,X0) — d (x,0)
<2d(xp,x) — 0.
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To see that 1! is continuous, we first note that since Xis metrizable, it is enough
to show that if D, — D, uniformly on compacts, then x,, — x in X. Suppose Dy, —
D, uniformly on compacts, and fix € > 0. Suppose by way of contradiction that
dng Tees.t.d (xnk ,x) > €. Construct ¥, on the geodesic segment connecting x to x;,
s.t. d(x,yn, ) = €/2. We have

Dxnk ()’nk) = d(ynk»xnk) - d(xnk;-xo) = d(-xvxnk) _d(-xvynk) _d(.xnk,X(])
=Dy, (x)

€
=Dy, (x) 5.
Since d(yn,,x) = €/2 and X is proper, y,, lie in a compact subset of X. W.Lo.g.
Y oV E X. Passing to the limit we see that D,(y) = Dy(x) — § < Dx(x). But
—yo0

this is absurd, since D, attains its minimum at x. It follows that x,, — x. O

Terminology: X is called the horofunction compactification of X, and dX :=
X\ 1(X) is called the horofunction boundary of X. Elements of dX are called horo-
functions.

The horofunction compactification has a very nice geometric interpretation in
case (X,d) has “non—positive curvature”, a notion we now proceed to make precise.

Suppose (X,d) is a geodesic space, then any three points A, B,C € X determine
a geodesic triangle AABC obtained by connecting A, B,C by geodesic segments.
A euclidean triangle AABC C R? is called a (euclidean) comparison triangle for
AABC if it has the same lengths:

d(A,B) = dg2(A,B),d(B,C) = dp2(B,C),d(C,A) = dg2(C,A).
A point X € AB is called a comparison point for x € AB, if d(x,A) = dg>(X,A) and
d(x,B) = dg2(X,B).

Definition 2.3. A geodesic metric space (X,d) is called a CAT(0) space if for any
geodesic triangle AABC in X and points x € AC, y € BC, if AABC is a euclidean
comparison triangle for AABC, and ¥ € AC and ¥ € BC are comparison points to
x€ABandy € BC, then d(x,y) < dp2(%,¥). (See figure 2.1.)

Theorem 2.13. Suppose (X,d) is a CAT(0) complete proper geodesic space.

1. If y is a geodesic ray s.t. Y(0) = xo, then the following limit exists, and is a
horofunction:

By(z:30) = lim [d(1(1), ) ~ d(¥(1), %))

2. Every horofunction arises this way.
3. If two geodesic rays vy, s.t. y(0) =¥/ (0) = xo determine the same horofunction,
then they are equal.

Thus horofunctions are represented by geodesic rays emanating from x.

Proof.
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X

Fig. 2.1 The CAT(0) inequality

Part 1. Existence of By(z;x0).
Suppose 7 is a geodesic ray s.t. ¥(0) = x.
1. t—d(y(t),z) —d(y(t),x0) is decreasing: If t < s, then

d(y(1),2) —d(¥(t),x0) = [d(¥(s),2) —d(¥(s),¥(1))] = d(¥(t),x0) (triangle ineq.)
—(s—1)—1=d(¥(s),2) —s
)

e

2. t—d(y(t),z) —d(y(t),x0) is bounded below, by d(x¢,z).

It follows that the limit which defines By(z;x0) exists pointwise. By the Arzela—

Ascoli theorem, this limit holds uniformly on compacts, so By € X.
To see that By € dX, we note that By(y(s);xg) = —s — —oo whereas every
S—ro0

function of the form D,(-) is bounded from below. Thus By € X \ 1(X) = 9X.
Part 2. Every horofunction is equal to By for some geodesic ray 7.

Suppose D is a horofunction, and write D = ]}im Dy, . We must have x; — oo (i.e.
—yo0

X leaves every compact set), otherwise, since X is proper, there is a convergent
subsequence x;, — x. But in this case (cf. the proof of the previous theorem) D =
limeki = D, € 1(X), whereas we are assuming that D is a horofunction.

We show that the geodesic segments xgx, converge to a geodesic ray ys.t. D(-) =
By( - ;x0), and then prove that D = By( - ;xo).

Step 1. Let ¥,(t) denote the geodesic ray which starts at xo and passes through x;,
(it exists since X is complete) , then ¥,(¢) — ¥(¢) uniformly on compacts in [0,e0),
where y(¢) is geodesic ray.
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Proof. Fix € >0 and N so large that if k > N, then d (xi, x0) >t and |Dy, (z) —D(z)| <
€ for all zs.t. d(z,x0) <t.Let y; := %(¢), the point on the geodesic segment xox;, at
distance ¢ from xg. We show that {y; };>; is a Cauchy sequence.

Fix m,n > N, and construct the geodesic triangle Ax,,yn,x0. Let A%, y,Xo be its
euclidean comparison triangle. Let ¥,, € [, %] be the comparison point to y,, on
the geodesic segment from x,, to xo. By the CAT(0) property,

d(ynhyn) < |ymyn|

Fig. 2.2

Working in the euclidean plane, we drop a height ¥,z to the line connecting X, to
Xo, and mark the point w at distance 2¢ from y,, on the line passing through X;, and
Xo (figure 2.2). Let 6 := £¥,y,,Xo, then

Dudul _ 1 _
YmZ cos [yl

It follows that |,5, | < \/21]3,,Z.-
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Yzl = [XmZ| = [XmIm| < [XmIn| — [XmYm| (. [%mz| is the hypotenuse in AX,,Zy,)
= d (X, yn) — d(Xm,ym) = d(XmsYn) — d (Xm,X%0) +d (X, X0) — d (X, Ym)
=d(Xm,yn) — d(xm,x0) +1
= d(xm,yn) —d(xm,x0) = [d(xn, yn) — d(xn,%0)]
= Dx,, (¥n) — Dy, (yn)

A
< sup |Dy,(y) —Dy,(y)| —— 0 by assumption.
d(y.xo)<t M=o

This shows that {%,(¢) }x>1 = {yn }n>1 is a Cauchy sequence. Moreover, the Cauchy
criterion holds uniformly on compact subsets of ¢ € [0, o).
The limit y(¢) = lim ¥, (¢) must be a geodesic ray emanating from xy (exercise).

Step 2. D(z) = By(z:x9).

¥(t,) nisodd

i Then D¢, (z) — D(z)
Xn n is even.

Proof. Let t, := d(xg,x,), and define &, := {

and Dg, | (z) = By(z:%0)-

We use the fact that the geodesic segments xo&, converge to ¥(¢) to show that
IDg, — De,., | — 0 uniformly on compacts. It will follow that D(z) = By(z;xo).

Fix € > 0 small and r > p > 0 large. Let 1 denote the point on the segment &;xo
at distance r from xq, then

D¢ (2) = De,,., (2)| = |d (&, 2) — d(Ek,x0) — d(Ek1,2) +d(Eiqr,%0)
= |d(&k,2) — [d (&) + 1] = d(&xy1,2) + [d (1, Me1) + 71|
= |d(&2) —d(& M) — d(Eks1,2) +d (e, Mis1)|
< |d (& 2) — [d(& k) +d (M, 2)]|

+ |[d(Ms1,2) +d (Gt M1 )] — d(Ersr,2)|
+1d(Mk,2) — d(Mie1,2) |

The last summand tends to zero because 1, — y(r). We show that the other two
summands are small for all z s.t. d(z,x) < p.

Let Agkxoz be a euclidean comparison triangle for A&xoz, and let 1), € afo
be a comparison point to 1 € &xo. Let 7 be the projection of Z in the line passing
through &, %o (figure 2.3).

By the CAT(0) property, d(1,z) < d(M,Z), and so

(8, i)+ (14, 2)] = d(&.2) < (&4 M) +d(M2)] —d (&)
=1d(§.7) —d(&.2)] +[d(M,2) —d(M. 7))

We now appeal to the following simple consequence of the Pythagorean Theorem:
In a triangle AABC s.t. £ABC = 90°, if |AB| > r and |BC| < p, then 0 < |AC| —

|AB| < p?/r. Applying this to A&, 77 and AT,Z'Z, we see that
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Fig. 2.3

d(&, M) +d(Mk,2) —d(&,2) < 2p°/r.

Similarly, one shows that d (& 1, My 1) +d(Miy1,2) —d(Exs1,2) < 2p2/r. Choosing
r > 2p? /¢ sufficiently large, and k large enough so that d(x;,xp) > r we see that the
two remaining terms are less than €, with the result that [ D, , | (z) — D, (z)| < 3¢ for
all z s.t. d(z,x0) < p.

It follows that By(z;x0) = limDg, ,(z) =limDg, (z) = D(z).

Part 3. 1f By, (-;x0) = By, (-:x0), then 1 = 7.

Yi(t,) nisodd

% (t,) niseven
have the same limit, By, (-;x0) = By, (;x0), therefore lim Dy, exists. Step 1 in Part
2 shows that the geodesic segments xgx, must converge uniformly to a geodesic ray
¥(¢). But these geodesic segments lie on ; for n odd and on 9, for n even; it follows
that 1 = . O

Proof. Fix t, 1 eo, and set x,, := . The sequences Dy, (-),Dx,, ,(+)

»HXon—1

Proposition 2.6. Let (X,d) be a proper geodesic space with the CAT(0) property,

and suppose x, € X tend to infinity at speed s, I.e. %d (x0,%4) — 8. If
n—soo

1
-D(x,) — —s for D€ JX,
n

n—o0
then d(x,,Y(sn)) = o(n), where  is the geodesic ray s.t. D = By.

Proof. Fix an origin xo € X, and suppose ¥ is the geodesic ray so that
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lim [d(y(t),z) —d(y(t),x0)].

[—o0

D(2) = By(z:x0) -

Fix n and ¢ large, and consider the geodesic triangle Ax;,xo7¥(st) and the point
¥(sn) on the segment from xy to y(st). Let AX,XoY(st) be the euclidean comparison
triangle, and let ¥(sn) be the comparison point to y(st). By the CAT(0) property,

d(xn,y(sn)) < d(x,,Y(sn)).

Let w; be the point on the segment connecting y(st) to Xy at the same distance from
y(st) as X,. Drop a height X,Z to that segment (figure 2.4).

Sh+o(m

Pt I FGn YD

Fig. 2.4

Lo [ y(sn)| = [[v(st) ] + [y(sm) Zo| — [v(st) Fol| = |d(y(st),xn) +sn—st| —
D(x,) + sn. By assumption, D(x,)/n — —s, so 3Ny so that for all n > Ny, for
every t > n, |w, y(sn)| = o(n). o

* For fixed n, it is easy to see that o(¢) := £%,Y(st)Z P 0. It follows that

[zw| = %, 2] tan# P 0.So 3T (n) s.t. for all t > T'(n), |zw,| = o(n).

We see that for all n > Ny and ¢ > T'(n), |2X%o| = sn+o(n).
2. By assumption |X,Xo| = d(x,,x0) = sn+ o(n), so if # > T'(n) then

%, 2% = [BuXo|? — |%oz|?> = [sn+o0(n))* — [sn+o(n)]*> = o(n?),

whence |X,z| = o(n).
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3. [27(m)| = [£%0| — [7(smwo] = [sn+o(n)] — sn = o(n).

It follows from the above that if t > T'(n), then

(i, y(om)) < [%70om)| = \/ a2 + FYGm)P = \Jon +o(n? =o(n). O

Corollary 2.4. X = {D € X : D is not bounded below}.
Proof. Dy(z) =d(z,x0) —d(x0,x) > —d(x,x0), but By(y(s);x0) = —s = —eo. O

2.7.2 An ergodic theorem for isometric actions on CAT(0) spaces

Throughout this section, (X,d) is a metric space which is proper, geodesic, geodesi-
cally complete, and which has the CAT(0) property. We fix once and for all some
point xo € X (“the origin”).

A map ¢ : X — X is called an isometry, if it is invertible, and d(¢(x), @(y)) =
d(x,y) for all x,y € X. The collection of isometries is a group, which we will denote
by Isom(X).

Suppose (2,%,u,T) is a ppt and f : Q — Isom(X) is measurable, in the sense
that (w,x) — f(®)(x) is a measurable map 2 x X — X. We study the behavior of
Jn(®)xp as n — oo, where

fu(@) = f(@)o f(Tw)o---o f(T" ' w).

The subadditive theorem implies that { f,(®)xo},>1 has “asymptotic speed”:

$(@) = Tim ~d(xo, fu(@)xo0).

n—eo 1

We are interested in the existence of an “asymptotic direction.”

Theorem 2.14 (Karlsson-Margulis). Suppose (2,9, u,T) is a ppt on a standard
probability space, and f : Q — Isom(X) is a measurable map. If [, d(xo, f(@)xo)du
is finite, then for a.e. @ € Q there exists a geodesic ray Yy (t) emanating from x s.t.

Ld(f(@)f(T0) - F(T" 0)x0, Yo(n5(®)) ——+0.
Proof (Karlsson and Ledrappier). Some reductions: w.l.0.g. Q is a compact metric
space and A is the Borel c-algebra of Q (cf. appendix A). W.l.o.g. i is ergodic
(otherwise work with its ergodic components). In the ergodic case, s(®) = s a.e.
where s is a constant. W.1.0.g. s > 0, otherwise the theorem holds trivially.
By Proposition 2.6, to prove the theorem it is enough to find a horofunction Dy, (-)
with the property that

lim + Do (f(@)x0) = —s(®). (2.12)

n—oo p
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The trick is to write the expression D(f,(®)x) as an ergodic sum for some other
dynamical system, and then apply the pointwise ergodic theorem.

We first extend the action of an isometry ¢ on X to an action on X. Recall that
every D € X equals lim Dy, (-) where Dy, (-) = d(xy,-) — d(xn,X0). Define
n—oo

¢(D)(z) := lim Dy, (2)
= lim d((xa),2) = d(@(xn),x0) = lim d(xn, ™" (2)) = d(xn, ™" (x0))
= lim d(x, @™ (2)) = d(n, x0) +d (x5, 0) — d (xn, " (x0))
=D(¢"'(2)) = D(¢" (x0)).

In particular, the definition is independent of the choice of D, , so the definition is
proper. The identity ¢(D) :=limD,,,) shows that ¢(D) € X. We write

(¢-D)(z) := ¢(D)(z) := D(9" ' (2)) = D(9 "' (x0))-

This action preserves dX, because by Corollary 2.4, D € 90X iff infy D = —oo iff
ian (0] -D =1infD —D((pi\1 (XO)) —= —oo,

Defineamap §: 2 x X — Q x)?by
S:(0,D)— (T(0),f(0)"" D).

Notice that the second coordinate of the iterate §*(w,D) = (T*(®), fi(®)~'- D) is
the horofunction D(fi(®)z) — D(fi(®)xp). Define F : Q x X — R by

F(@,D):=D(f(@)xo),

then (F o 8*)(@,D) = F(T*(w), fi(®) " -D) = (fi(@)~" - D)(f(T*®)x0)
= D(fi+1(®)x0) — D(fi(®)xp). Summing over k, we see that

n—1

Y (FoS“)(@,D) = D(fu(@)xo).

k=0
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Technical step: To construct a probability measure [y on Q X X such that

1. Ho is S—invariant, S-ergodic, and [o( x 9X) = 1;
2. U projects to W in the sense that Uy(E x X) = U(E) for all E C © measurable;
3. FeL'(ly) and [ Fdiiy = —s.

We give the details later. First we explain how to use such fiy to prove the theo-
rem. By the pointwise ergodic theorem,

U= {(co,D) €N xdX: %D(fn(a))xo) — /Fdﬁo = —s}

has full flp—measure. Let E := {® € Q : 3D € dX s.t. (w,D) € U}, then E x X D
U, whence [io(E x dX) = 1. Since [y projects to i, u(E) = 1. So for a.e. ® €
Q,3D, € dX with property (2.12). The theorem now follows from Proposition 2.14.

We now explain how to carry out the technical step. This requires some functional
theoretic machinery which we now develop.

LetC(X ) denote the space of continuous functions on X equipped with the supre-
mum norm. Since X is compact and metrizable, cx ) is a separable Banach space.
By the Riesz representation theorem, the dual space C(X)* can be identified with
the space of signed measures on X with finite total variation.

A function @ : Q — C(X) will be called measurable, if (®,D) — @(®)(D) is
measurable with respect to the Borel structures of C(X ) and Q x X. It is easy to
check usmg the separability of X that in this case ® — ||@()|| is Borel. R

Let £ (2,C(X)) denote the space of measurable functions ¢ : 2 — C(X) such
that [ ||@(w )Hd,u < oo, Identifying @, ¥ s.t. [||@ — w||du = 0, we obtain a linear
vector space

L'(2,C(X))

of equivalence classes of measurable functions ¢ : Q — g()/(\ ) with norm ||@||; :=
[llo(®)||du < . Here are some basic facts on L' (2,C(X)) [1, chapter 1]:

1. L'(£2,C(X)) is a Banach space. We leave this as an exercise.

2. L'(Q,C(X)) is separable: Every ¢ € L'(£2,C(X)) can be approximated in norm
by a function of the form Y| ¢;(D)1g, (@) where ¢; belong to a countable dense
subset of C(X) and E; belongs to a countable subset of .%.

3. The unit ball in L' (2,C(X))* is sequentially compact with respect to the weak-
star topology on L' (,C(X))*. This follows from the Banach-Alaoglu Theorem.

Notice that F(,D) := D(f(®)xo) belongs to £ (2,C(X)): (a) For fixed o,
F(w,-) is continuous on X, because if Dy — D in X then Dy — D pointwise (uni-
formly on compacts); (b) F (@, D) is measurable, because it is not difficult to see that
F(w, D) is a limit of simple functions; (c) F € L', because |D(z)| = |[D(z) —D(xo)| <
d(z,x0), so [|F[[1 < [od(f(@)x0,x0)dpt (@) < oo.

We are now ready to construct L.

We begin by noting that [(—F)dVy < s for all S-ergodic invariant measures V
which project to i, so the [y we seek maximizes [(—F)dVj. To see this note that
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for every x,z € X, Dx(z) = d(z,x) — d(x0,x) > [d(x0,x) — d(x0,2)] — d(x,x0), SO
Dy(z) > —d(xo,z) with equality iff z = x. (2.13)

Passing to limits we find that D(z) > —d(xo,z) for all D € X. In particular,

[en /——ZF 054)d :J/Dfn ) -x0)dV(®,D)

< - /d(xo,fn(a)) -x0)du, by (2.13) and the assumption that V projects to L.
n.

As this holds for all n, [ (—F)dV <inf L [ d(xo, f(®)-xo)du = 5. Equality = is due
to the subadditive ergodic theorem for the cocycle d(xo, f,(®) - xo).

We see that the measure we seek maximizes the expectation value of (—F), or
equivalently, of —1 ZZ’& F oSk,

Recall that — ):Z oFost= ffD(fn( )xo). By (2.13), this expression is max-
imized at D = Dy, (), Let

M :/ 5(wADf )O)du(a)), where &4, p) :=point mass at (@, D).
o) 7 In (@)X ’

We have - : fzz;é FoS*dn, = =1 [ Dy, (o) (fa(@)x0)dp = 3 [ d(x0, fu(@)x0)dp.
So —- f): 'F oSkdn, > s. It is easy to see that 7, projects to L.

But N, is not S—invariant. Let [, := % Zk 0 N o S7%. This measure still projects
to i (check!); — [Fdfi, = —1 f):z;(l)FOSkdnn > s;and |, 08! — | < 2/n (total
variation norm).

We may think of [, as of positive bounded linear functional on L' (.Q,)? ) with
norm 1. By the Banach-Alaoglu Theorem, there is a subsequence L, which con-
verges weak-star in L! (.QJ? )* to some positive 1 € L!(Q X )*. This functional re-
stricts to a functional in C(Q x X )*, and therefore can be viewed as a positive finite
measure on 2 x X. Abusing notation, we call this measure .

* [l is a probability measure, because [i(1) = limf,, (1) =1

* I projects to u, because for every E € Z, gp(®)(D) := l1g(®) belongs to
Z£'(2,C(X)). whence [i(E) = i(gr) = lim [iy, (@g) = lim fl,, (E) = u(E).

s [ is S-invariant, because if g € C(2 x X), then g,go S € £ (Q,C(X)), whence
|£(g) —1(goS)| =1lim |y (g) — Hn (g0 )| = 0. R

o U(—F) =s: The inequality < is because of the S-invariance of [i. The inequality
> is because F € £ (Q,C(X)), whence [i(—F) = lim i, (—F) > s.

(These arguments require weak* convergence in L' (2, C(X))*, not just weak* con-
vergence of measures, because in general gg,F,goS & C(Q x X ).)

We found an S-invariant probability measure [i which projects to i and so that
H(—F) = s. But [l is not necessarily ergodic.

Let U = [, ox H(w,p)dH be its ergodic decomposition. Then: (a) almost every
ergodic component is ergodic and invariant; (b) Almost every ergodic component
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projects to u (prove using the extremality (t); (c) Almost every ergodic component
gives (—F) integral 5, because L, p)(—F) < s for a.e. (@,D) by S-invariance, and
the inequality cannot be strict on a set with positive measure as this would imply
that [i(—F) < s.

So a.e. ergodic component iy of [I is ergodic, invariant, projects to (, and satis-
fied [ Fdy = —s. It remains to check that [l is carried by 2 x dX. This is because
by the ergodic theorem, for li-a.e. (@, D)

n—1
LD(fu(@)x0) =~ ¥ (Fos') (@,D) — 5 <0,
k=0

n—oo

whence infy D = —oo. By corollary 2.4, D € dX. The construction of L is complete.
As explained above, the theorem follows. O

2.7.3 A geometric proof of the multiplicative ergodic theorem

We explain how to obtain the multiplicative ergodic theorem as a special case of the
Karlsson-Margulis ergodic theorem. We begin with some notation and terminology.

* log:=In, log" t = max{logt,0}

* Vectors in R? are denoted by v,w etc. (v,w) = Y v;w; and [|v|| = \/(,v).

 The space of d x d matrices with real entries will be denote by My (R).

o diag(A1,...,A4g) = (aij) € My(R) where a;; := A; and a;; = 0 for i # j

[ :=identity matrix= diag(1l,...,1)

* For a matrix A = (a;;) € My(R), Tr(A) := Ya; (the trace), and Tr'/?(A) :=
V/Tr(A). A" := (aj;) (the transpose). [|A| := supy,<; [[AV].

o

exp(A) =1+ ZAk/k!
k=1

* GL(d,R):={A e M,(R):Ais invertible}

* Sym(d,R):={A € M;(R) : A is symmetric, i.e. A’ = A}

* 04(R):={A €My(R):Ais orthogonal, i.e. A’A =i}

+ Posy(R) := {A € Sym,(R) : A positive definite, i.e. Vv € R?\ {0}, (Av,v) = 0}.

* Orthogonal diagonalization: P € Pos;(R) < 30 € 04(R) such that OPO' =
diag(A1,...,44) and A; > 0O for all i.

* Positive definite matrices have roots: VP € Posy(R),Vm € N 3Q € Pos,(R) s.t.
P = Q" Take Q := O'diag(A,/",..., 4)/™)0. We write Q = P'/™

* Positive definite matrices have logarithms: YP € Posy(R), 3! S € Sym,(R) s.t.
P =exp(S). Take S := O'diag(logAy,...,logA;)0. We write S :=log P

Proposition 2.7. GL(d,R) acts transitively on Pos;(R) by A- P = APA!, i.e.:
1. VA € GL(d,R),VP € Pos;(R), A- P € Pos,(R)
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2. VA,B € GL(d,R),VP € Posy(R), (AB)-P=A-(B-P)
3.VP,Q € Posy(R), JA € GL(d,R) s.t. A-P=Q

Proof. Suppose A € GL(d,R), P € Pos;(R). Clearly APA! is symmetric. It is pos-
itive definite, because for every v # 0, (APA'v,v) = (PA'v,A"v) > 0 by the positive
definiteness of P and the invertibility of A’. This proves (1). (2) is trivial. (3) is
because A - P = Q for A := Q'/?(P~")!/2. Here we use the elementary fact that
P € Pos;(R) = P is invertible and P! € Pos,(R). O

Theorem 2.15. There exists a unique metric d on Posy(R) as follows:

1. For all A € GL(d,R), P+ A - P is an isometry of Pos,(R) i.e.
d(APA",AQA") =d(P,Q) (P,Q € Posy(R))

2. If S is symmetric and Tr(S?) = 1, then y(t) := exp(tS) is a geodesic ray. Any
geodesic which starts from the identity matrix has this form.

This metric turns Pos;(R) into a proper CAT (0) geodesic space.

For details and proof, see Bridson & Haefliger: Metric spaces of non-positive cur-
vature, Springer 1999, chapter 11.10.

Lemma 2.3. For every A € GL(d,R), d(I,A-1) = 21/Y%, (logA;)?, where ; are
singular values of A (the eigenvalues of vV AA?).
Proof. The idea is to find the geodesic from I to A - I. Such geodesics take the form

(1) = exp(zS) for S € Sym,(R) s.t. Tr($?) = 1. To find S we write A -1 = AA" =
exp(logAA"). This leads naturally to the solution

S:=1""(logAA"), and 1 := Tr'/?[log AA"]>.
It follows that A -1 = exp(zS) whence d(I,A-1) =t = Tr'/?[log AA"]2.
To calculate the trace we use the well-known singular value decomposition of A:

A = 0,diag(A4,...,44)05 for some 01,0, € O4(R). So

(logAA")? = O, diag(4(logA;)?, ..., 4(log A4)*) O,

whence d(I,A-1) =t = Tr'/?[log AA"]? = 24/ T4, (log A;)2. O
Corollary 2.5. For every A € GL(d,R) we have the estimate

max{|log |||, log[|A~"|||} < d(1,A-T) < 2v/dmax{|log |A]||,|log|lA~" [}

Proof. Let Aq,..., A4 denote the singular values of A (the eigenvalues of v/A’A), and
let Amax := max{A;,..., A4}, Amin ;= min{Ay,..., A4}.
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It is well-known that ||A|| = Amax ; [[A~"|| = 1/Amin. ® The corollary follows from
the lemma 2.3 and the identity max{(log A;)*} = 2max{|10g Amax|, |10g Amin|}. O
Lemma 2.4. Suppose P,,P € Pos;(R). If d(P,,P) — 0 where d is the metric in

n—o0
Theorem 2.15, then ||P, — P|| — 0.
n—oo

Proof. For every Q € Pos;(R), Q = 0'/2-1. So d(P,,P) — 0 implies that

8y :=d(1,P~\2P,P 12 = a1, P\ Ry =d(P'-1,P)* - 1) = d(P,P,) — 0.

n—oo

Let 7,(¢) denote the geodesic ray from I to P~1/2P,P~1/2, then y,(t) = exp(zS,) for
some symmetric matrix S, such that Tr[S2] = 1. This gives us the identity

P 12p, P72 — exp[§,S,], with 8, — 0, S,, € Sym,(R), Tr[s?] = 1.

We claim that exp[8,S,] — I in norm. To see this we first diagonalize S,, orthogo-
nally: S, = O,diag(4;(n), ..., Aq(n))O’, where O, € 04(R), Y% | A;(n)? = Tr[S2] =
1. Using the identities expdiag(A;,...,A;) = diag(eM,...,e*) and exp(OAO")
= O(expA)O' for O € 04(R), we find that

P~'2p, P12 — exp[§,S,] = O, diag (e )yt |

Since Zli(n)z = 1, the middle term tends to / in norm, whence by the orthogonality
of O, |P~V/2P,P~1/2 —I|| — 0. It follows that ||P, — P|| — 0. 0

Multiplicative Ergodic Theorem: Let (Q2,%,u,T) be a ppt on a standard proba-
bility space, and A : Q — GL(d,R) a measurable function s.t. log||A||,log|[|A~"||
are absolutely integrable. If A,(®) = A(®)A(T®)---A(T" '®) then the limit
A= r}i_r&(AnA;)l/Z” exists a.e., and 11og|A7"A, ||, Llog ||A, A" —0ae.

Proof. The idea is to apply the Karlsson-Margulis ergodic theorem to the space
X :=Posy(R), the origin xq := I, and the isometric action A(®) - P := A(@)PA(w)".
First we need to check the integrability condition:

Step 1. [d(xp,A(®)-x0)dpt < eo.
This follows from by corollary 2.5.
Step 2. For a.e. @ the following limit exists: s(®) := lim 1d(I,A,(®)-I).
n—soo
Proof. 1t is easy to see using the triangle inequality and the fact that GL(d,R) acts

isometrically on Posy(R) that g (@) := d(I,A,(®) - 1) is a sub-additive cocycle.
The step follows from the sub-additive ergodic theorem.

Step 3. Construction of A(®) s.t. Llog||A,(®) 1A (w)" — 0a.e
n—soo

6 This can be easily deduced from the singular decomposition: A = O;diag(4i,...,A4)0}, where
01,0, € Od(R).
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The Karlsson-Margulis ergodic theorem provides, for a.e. @, a geodesic ray Y, ()
emanating from / such that

d(An(@) -1, (ns(®)) = o(n).

By theorem 2.15, ¥, (1) = exp(tS(®)), for S(®) € Sym,(R) s.t. Tr[S?] = 1. Let
A(®) := exp (;s(a))S(w))

Then A € Posy(R), d(A, -1,A?") = o(n), and by Corollary 2.5

max{|log||A, 'A"|||,[log |A " A,|||} < d(I,A,'A™-T) = d(A, -1,A" - T)
=d(A,-1,A*") =d(A, - 1,70 (s(®)n)) = o(n)

Step 4. For a.e. @, (Ay(@)A,(@))"/?" — A(w).
n—oo
Proof. Fix @ such that d(A, - I, A*") = o(n). Given n, consider the geodesic tri-
angle with vertices I,A, - I, A*" = y,(ns).
» The geodesic connecting I,A, - I equals ¥;(t) := exp[catlogA,ALl, 0 <1 <
d(I,A,AL), where ¢, := 1/d(I,A,A!). It contains the point

1
2ncy,

1
Al = (4aA) 2" = exply - Tog uAl] = 1 (5 —)

Sod(I,A}) =d(11(0), M (55)) = 3 = 25 d(LARAL) = 3d (1A, 1)
+ The geodesic connecting I, A?" is ¥, (t) = exp(zS), 0 < t < 2n. It contains the
point A = Y, (s/2). Again, d(I,A?) = s/2 = 5-d(I,A™").

* The geodesic connecting A, - I, A?" has length d(A,, - I, Y (ns)) = o(n).

We now consider the Euclidean comparison triangle LA, T ,ﬁ.ﬂleﬁuclidean
triangle generated by 7,A,’1, A is similar to the euclidean triangle 1, Al, A, and has
sides 2—1n x the lengths of the sides of that triangle. So

| d(An-1,Y(ns)) =o(1).

1
dRz(AiﬁA) = %dRZ(An ‘17A2n) = %

By the CAT(0) property d(Al,,A) < dg2 (A, A) = o(1).
Equivalently, d((A,A%)/?" A) — 0. By Lemma 2.4, ||(A,A,)'/*" —A|| - 0. O
Problems

2.1. The Mean Ergodic Theorem for Contractions
Suppose H is a Hilbert space, and U : H — H is a bounded linear operator such that
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|U|| < 1. Prove that Y~ U* f converges in norm for all f € H, and the limit is
the projection of f on the space {f: Uf = f}.

2.2. Ergodicity as a mixing property
Prove that a ppt (X,4%,u,T) is ergodic, iff for every A,B € %, %ZQJ;O] wAN
T7*B) — u(A)u(B).

2.3. Use the pointwise ergodic theorem to show that any two different ergodic in-
variant probability measures for the same transformation are mutually singular.

2.4. Ergodicity and extremality

An invariant probability measure u is called extremal, if it cannot be written in the
form u = rpy + (1 —t) U where Uy, U are different invariant probability measures,
and 0 <t < 1. Prove that an invariant measure is extremal iff it is ergodic, using the
following steps.

1. Show that if E is a T—invariant set of non-zero measure, then pu(-|E) is a T—
invariant measure. Deduce that if 1 is not ergodic, then it is not extremal.

2. Show that if p is ergodic, and p = rp; + (1 —#)Up where ; are invariant, and
0 <t <1, then

a. For every E € %, %Zgjol lpoTk —— u(E) yi—ae. (i=1,2).
= N—eo

b. Conclude that i;(E) = p(E) for all E € & (i = 1,2). This shows that ergod-
icity implies extremality.
2.5. Prove that the Bernoulli (%, %)—measure is the invariant probability measure for
the adding machine (Problem 1.10), by showing that all cylinders of length » must
have the same measure as [0"]. Deduce from the previous problem that the adic
machine is ergodic.

2.6. Explain why when f € L?, E(f|.%) is the projection of f on L?>(.%). Prove:

1.If # = {@,A,X \ A}, then E(15.%) = w(B|A) 14 + 1 (BJA®) L se

2.If 7 ={@,X}, then E(f|.%) = [ fdu

3. If X = [—1,1] with Lebesgue measure, and .% = {A : A is Borel and —A = A},
then E(f|.7) = 3[f (x) + f(~x)]

2.7. Prove:

1. f = E(f|F) is linear, and a contraction in the L'-metric
2. £>0=E(f]Z) > 0ae.

3. if @ is convex, then E(@ o f|.#) < o(E(f]|-F#))

4. if h is .#-measurable, then E(hf|.7) = hE(f|.%)

5.If ﬁl C gz, then ]E[E(f‘yzﬂﬁ]] = E(f‘gﬂ)

2.8. A Z—PET along more general sequences of boxes (Tempelman). A family
of boxes {I,},>1 is called regular (with constant C) if there exists an increasing
sequence of boxes {//},,~; which tends to Z¢ s.t. || < C|I| for all r
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1. Show that the following sequences are regular:

a. Any increasing sequence of boxes which tends to Zi

b. I, := [r,r+ r*] (in dimension one)

c. I := [0,n(r)) where n(k) € Z4 is a sequence of vectors which tends to infinity
“in a sector” in the sense that (a) min{n; (k),...,ng(k)} > and (b) for

some constant K maxi<; j<g4 (M> < K for all k.
SLJS n; (k)
2. Suppose Ti,...,T; are commuting measure preserving maps on a probability
space (Q,.7, 1), and {I.},>1 is a regular sequence of boxes with constant C.

a. Prove the following maximal inequality: If ¢ € L! is non-negative, then for
all o > 0, H[Suprﬁ&r(ﬁ’ > a] < C2% 9|1 /.
b. Deduce that if f € L!, then ﬁSlrf — E(f|Ino(Ty)N---NTno(Ty)) ae.
r r—soo
2.9. The Martingale Convergence Theorem (Doob)
Suppose (X, %, L) is a probability space, and | C F, C - are 6—algebras all of
which are contained in #. Let 7 := 6(U,>| Zn) (the smallest 6-algebra contain-
ing the union). If f € L', then E(f|.%,) — E(f|.¥) a.e. and in L}
n—oo

Prove this theorem, using the following steps (W. Parry). It is enough to consider
non-negative f € L'.

1
1. Prove that E(f|.%,) i—) E(f|-7) using the following observations:
a. The convergence holds for all elements of ,>; L' (X, %, 1t);
b. Ups1 L' (X, F, 1) is dense in L' (X,.7, ).

2. Set E, := {x : maxj<,<nE(f|-%#,)(x) > a}. Show that u(E,) < %ffdu. (Hint:
E =51 {x:E(f|#n)(x) > A, and E(f|F)(x) <A fork=1,...,n—1})
3. Prove that E(f|.%,) — E(f|.7) a.e. for every non-negative f € L', using the
Nn—roo

following steps. Fix f € L'. For every € > 0, choose ng and g € L' (X, %, it)
such that ||E(f].%) —gl|1 < €.

a. Show that [E(f|.#,) —E(f|F)| <E(|f — g||Fn)|+ [E(f|.F) —g| forall n >
ng. Deduce that

n—yoo

u |limsup [E(f|.%,) —E(f].7)| > \/E} <pu {SQPIE(f—gI%)I > ;\/5}
+u|IE01Z) -6l > 5 Ve

b. Show that  [limsup,_,., [E(f|.%,) —E(f|.7)| > V¢ 0 0. (Hint: Prove
E—

first that for every L! function F, u[|F| > a] < 1||F|.)
c. Finish the proof.
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2.10. Hopf’s ratio ergodic theorem
Let (X, %,1,T) be a conservative ergodic mpt on a c—finite measure space. If f, g €

I EigfoT* [ fdu
L' and [ g #0, then T oot o JsdR almost everywhere.
Prove this theorem using the following steps (R. Zweimiiller). Fix a set A € £ s.t.
0 < u(A) < oo, and let (A, B4, T4, 1a) denote the induced system on A (problem

1.14). For every function F, set

S,F:=F+FoT+-+FoT"!
S4F :=F+FoTy+---+FoTy!

1. Read problem 1.14, and show that a.e. x has an orbit which enters A infinitely
many times. Let 0 < 7y (x) < 72(x) < --- be the times when 77(x) € A.
2. Suppose f > 0. Prove that for every n € (7_; (x), T(x)] and a.e. x € A,

(SN _ SN (A
I~ al)®) = 50

3. Verify that S’} 14 =ja.e.onA, and show that (S,f)(x)/(Sy14)(x) — m J fdu
n

—00
a.e.onA.

4. Finish the proof.

Notes for chapter 2

For a comprehensive reference to ergodic theorems, see [7]. The mean ergodic the-
orem was proved by von Neumann, and the pointwise ergodic theorem was proved
by Birkhoff. By now there are many proofs of Birkhoff’s theorem; the one we use
is taken from [6], where it is attributed to Kamae — who found it using ideas from
nonstandard analysis. The subadditive ergodic theorem was first proved by King-
man. The proof we give is due to Steele [11]. The proof of Tempelman’s pointwise
ergodic theorem for 74 is taken from [7]. For ergodic theorems for the actions of
other amenable groups see [8]. The multiplicative ergodic theorem is due to Os-
eledets. The “linear algebra” proof is due to Raghunathan and Ruelle, and is taken
from [10]. The geometric approach to the multiplicative ergodic theorem is due to
Kaimanovich [3] who used it to generalize that theorem to homogeneous spaces
other than Pos,;(R). The ergodic theorem for isometric actions on CAT(0) spaces
is due to Karlsson & Margulis [5]. We proof we give is due to Karlsson & Ledrap-
pier [4]. The Martingale convergence theorem (problem 2.9) is due to Doob. The
proof sketched in problem 2.9 is taken from [2]. The proof of Hopf’s ratio ergodic
theorem sketched in problem 2.10 is due to R. Zweimiiller [12].
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Chapter 3
Spectral Theory

3.1 The spectral approach to ergodic theory

A basic problem in ergodic theory is to determine whether two ppt are measure
theoretically isomorphic. This is done by studying invariants: properties, quantities,
or objects which are equal for any two isomorphic systems. The idea is that if two
ppt have different invariants, then they cannot be isomorphic. Ergodicity and mixing
are examples of invariants for measure theoretic isomorphism.

An effective method for inventing invariants is to look for a weaker equivalence
relation, which is better understood. Any invariant for the weaker equivalence rela-
tion is automatically an invariant for measure theoretic isomorphism. The spectral
approach to ergodic theory is an example of this method.

The idea is to associate to the ppt (X, %, u,T) the operator Ur : L*(X, %, ) —
L*(X,%,u), Urf = foT. This is an isometry of L% (ie. |[Urf|l2 = ||f|l» and
(Urf,Urg) = (f.8)).

It is useful here to think of L? as a Hilbert space over C, with inner product
(f,g) := [ fgdu. The need to consider complex numbers arises from the need to
consider complex eigenvalues, see below.

Definition 3.1. Two ppt (X, %,u,T), (Y,%,Vv,S) are called spectrally isomorphic,
if their associated L>—isometries Ur and Us are unitarily equivalent: There exists a
linear operator W : L?(X, %, 1) — L*(Y,%, V) s.t.

1. W is invertible;
2. (Wf,Wg) = (f,g) forall f,g e L*(X,%,u);
3. WUr =UsW.

It is easy to see that any two measure theoretically isomorphic ppt are spectrally iso-
morphic, but we will see later that there are Bernoulli schemes which are spectrally
isomorphic but not measure theoretically isomorphic.

Definition 3.2. A property of ppt is called a spectral invariant, if whenever it holds
for (X, %, u,T), it holds for all ppt which are spectrally isomorphic to (X, %, u,T).

89
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Proposition 3.1. Ergodicity and mixing are spectral invariants.

Proof. Suppose (X, 2,1, T) is a ppt, and let Ur be as above. The trick is to phrase
ergodicity and mixing in terms of Ur.

Ergodicity is equivalent to the statement “all invariant L>—functions are con-
stant”, which is the same as saying that dim{f : Urf = f} = 1. Obviously, this
is a spectral invariant.

Mixing is equivalent to the following statement:

(f,U}g) — (f.1){g,1) forall f,g € L*. 3.1)

n—oo
To see that (3.1) is a spectral invariant, we first note that (3.1) implies:

1. dim{g: Urg = g} = 1. One way to see this is to note that mixing implies ergod-
icity. Here is a more direct proof: If Urg = g, then %Zﬁ’;ol Urg = g. By (3.1),
%Zﬁ’;ol Ulg NL> (g,1)1. Necessarily g = (g, 1)1 = const.

—o0

2. For unitary equivalences W, W1 = ¢ with |c| = 1. Proof: W1 is an eigenfunction

with eigenvalue one, so W1 = const by 1. Since |[W1||; =||1]2=1,|c|=1.

Suppose now that W : L?(X,.#, u) — L*(Y,.%,V) is a unitary equivalence between
(X,.Z,u,T) and (Y,4,v,S). Suppose T satisfies (3.1). For every F,G € L*(Y) we
can write F = W f,G = Wg with f,g € L?>(Y), whence

(F,USG) = (Wf,UsWg) = (Wf.WUrg) = (f,Urg) — (f.1)(g, ).
Since W1 = ¢ with |c|> = 1, (f,1)(g,1) = (Wf,W1)(Wg,W1) = (F,c1)(G,cl)
¢(F,1)-¢(G,1) = (F,1)(G, 1), and we see that Uy satisfies (3.1).

ol

The spectral point of view immediately suggests the following invariant.

Definition 3.3. Suppose (X, %,u,T) is a ppt. If f: X — C, 0 # f € L? satisfies
foT = Af, then we say that f is an eigenfunction and that A is an eigenvalue. The
point spectrum T is the set H(T) := {A € C: A is an eigenvalue}.

H(T) is a countable subgroup of the unit circle (problem 3.1). Evidently H(T) is a
spectral invariant of 7.

It is easy to see using Fourier expansions that for the irrational rotation Ry,
H(Ry) = {e** : k € Z} (problem 3.2), thus irrational rotations by different angles
are non-isomorphic.

Here are other related invariants:

Definition 3.4. Given a ppt (X,%,u,T), let V; := span{eigenfunctions}. We say
that (X, %, u,T) has

1. discrete spectrum (sometime called pure point spectrum), if Vy = L2,
2. continuous spectrum, if V; = {constants} (i.e. is smallest possible),
3. mixed spectrum, if V; # L? {constants}.
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Any irrational rotation has discrete spectrum (problem 3.2). Any mixing transfor-
mation has continuous spectrum, because a non-constant eigenfunction fo7T = A f
satisfies

(foro1™) — I #1 [ 11

along any n; — oo s.t. A% — 1. (To see that || f||» # | [ fdu|* for all non-constant
functions, apply Cauchy-Schwarz to f — [ f, or note that non-constant L functions
have positive variance.)

The invariant H(T) is tremendously successful for transformations with discrete
spectrum:

Theorem 3.1 (Discrete Spectrum Theorem). Two ppt with discrete spectrum are
measure theoretically isomorphic iff they have the same group of eigenvalues.

But this invariant cannot distinguish transformations with continuous spectrum. In
particular - it is unsuitable for the study of mixing transformations.

3.2 Weak mixing

3.2.1 Definition and characterization

We saw that if a transformation is mixing, then it does not have non-constant eigen-
functions. But the absence of non-constant eigenfunctions is not equivalent to mix-
ing (see problems 3.8-3.10 for an example). Here we study the dynamical signifi-
cance of this property. First we give it a name.

Definition 3.5. A ppt is called weak mixing, if every f € L> s.t. foT = Af ae. is
constant almost everywhere.

Theorem 3.2. The following are equivalent for a ppt (X,2,Uu,T) on a Lebesgue
space:

1. weak mixing;
2. forallE,F € 8, + YN |W(ENT"F) — w(E)u(F)| ~=0
—yoo
3. for every E.F € B, 34 C N of density zero (i.e. |4/ N[1,N]|/N o 0) s.t.
—3o0
HWENT"F) ——— u(E)u(F);
N Fn—reo
4. T x T is ergodic.

Proof. We prove (2) = (3) = (4) = (1). The remaining implication (1) = (2)
requires additional preparation, and will be shown later.

(2) = (3) is a general fact from calculus (Koopman-von Neumann Lemma): If
ay is a bounded sequence of non-negative numbers, then %Zﬁ,vz 1an — O iff there is
a set of zero density AV C N s.t. a, ——— 0 (Problem 3.3).

N Fn—roo
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We show that (3) = (4). Let . be the semi-algebra {E x F : E,F € %} which
generates Z R A, and fix E; x F; € .. By (3), 3.4; C N of density zero s.t.

HENT"R) ———— WEJU(F) (i=1.2).
iFn—reo

The set A = .41 U.4; also has zero density, and

RENT"F) ——— w(EDu(R)  (i=1,2)

Fn—soo
Writingm =pu x g and S =T x T, we see that this implies that

m[(E1 X Ez) ﬁSin(Fl X Fg)] DR m(E1 X Fl)m(Ez X Fz),
N Fn—roo

whence & YV m[(E; x F)NS™"(Ex x B)] ~— m(Ex X Fi)m(E; x F). In sum-
—So0
mary, %ZkN;OI m[ANS™"B] = m(A)m(B) forall A,B € ..
o0
Since . generates B @ A, every A,B € #® % can be approximated up to

measure € by finite disjoint unions of elements of .. A standard approximation
argument shows that + Y2 m[ANS~"B] o m(A)m(B) forall A,B € B B.
—$oo0

and this implies that 7 x T is ergodic.

Proof that (4)= (1): Suppose T were not weak mixing, then 7 has an non-
constant eigenfunction f with eigenvalue A. The eigenvalue A has absolute value
equal to one, because |A|||f|l2 = |llf]oT|l2 = || f]l2- Thus

F(x,y) = f(x) /()

is T x T—invariant. Since f is non-constant, F' is non-constant, and we get a contra-
diction to the ergodicity of 7 x T.
The proof that (1)= (2) is presented in the next section. O

3.2.2 Spectral measures and weak mixing

Suppose (X, 2,1, T) is an invertible ppt. We are interested in the behavior of U} f
as n — £oo. Clearly, all the action takes place in the closed invariant subspace

Hy:=span{U7 f:neZ}.

It turns out that Ur : Hy — H is unitarily equivalent to the operator M : g(z) — zg(z)
on L2(S', #(S'), vy) where v/ a special finite measure on S'. This measure is called
the spectral measure of f, and it contains all the information on Ur : Hy — Hjy.

To construct it, we need the following important tool from harmonic analysis.
Recall that The n-th Fourier coefficient of u is the number [i(n) = [ Z"d .
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Theorem 3.3 (Herglotz). A sequence {r,},cz is the sequence of Fourier coeffi-
cients of a positive Borel measure on S' iff r_, = ¥, and {r,} is positive definite:

N

Y ru—maman > 0 for all sequences {a,} and N. This measure is unique.
nm=—N

It is easy to check that r, = (U}f, f) is positive definite (to see this expand
(ZNa,Urf,EN_ anUl f) noting that (UL f, UM f) = (U™ f, ).

Definition 3.6. Suppose (X, %, u,T) is an invertible ppt, and f € L?\ {0}. The
spectral measure of f is the unique measure vy on S! s.t. (fo T, f) = [a Z"dVvy
forn € Z.

Proposition 3.2. Suppose (X,%,u,T) is an invertible ppt, f € L*\ {0}, and
Hy :=span{U}f : n € Z}. Then Ur : Hf — Hy is unitarily equivalent to the op-
erator g(z) — zg(z) on L*(S', B(S"), vy).

Proof. By the definition of the spectral measure,

N 2 N N
Y a =( Y @, Y, and” Z i / 2 "dvy(2)
n=—N Lz(vf) n=—N m=—N n,m=—N
2
Z Anlm U# "f,f) = Z anam(UT £, UT f) = urf
nm=—N n,m=—N Lz(li)

In particular, if ZY__ya,Ulf=0inL*(u), then ZY__ya,z" =0in L*(vy). It follows
that W : UR f +— 7" extends to a linear map from span{UZf : n € Z} to L*(vy).

This map is an isometry, and it is bounded. It follows that W extends to an linear
isometry W : Hy — Lz(vf). The image of W contains all the trigonometric poly-
nomials, therefore W (Hy) is dense in L?(vy). Since W is an isometry, its image is
closed (exercise). It follows that W' is an isometric bijection from Hy onto Lz(vf).

Since (WU;)[g(z)] = z[Wg(z)] on span{U} f : n € Z}, WUrg(z) = zg(z) on Hy,
and so W is the required unitary equivalence. a

Proposition 3.3. Suppose T is weak mixing invertible ppt on a Lebesgue space,
then all the spectral measures of f € L? s.t. [ f = 0 are non-atomic (this explains
the terminology “continuous spectrum”).

Proof. Suppose f € L? has integral zero and that Vs has an atom A € § !. We con-
struct an eigenfunction (with eigenvalue 1). Consider the sequence % Zﬁ:’;ol AT"UTE.
This sequence is bounded in norm, therefore has a weakly convergent subsequence
(here we use the fact that L? is separable — a consequence of the fact that (X,%8,u)
is a Lebesgue space):

The limit g must satisfy (Urg, h) = (g, k) for all h € L?* (check!), therefore it must
be an eigenfunction with eigenvalue A.
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Next we claim that g is not constant, and obtain a contradiction to weak mixing:

Ni—1 Nkl
<gf>_hmiz/1 UTff>_hm— /A”"dv,

k—oo N

Ne—1

1
=v{A lim — / A7 dv
o }+kg§qu';) G

11— A NegNe

o vf{l} Sl\{l} Ny ﬁde(Z).

The limit is equal to zero, because the integrand tends to zero and is uniformly
bounded (by one). Thus (g, f) = v¢{A} # 0, whence g # const. O

Lemma 3.1. Suppose T is an invertible ppt on a Lebesgue space. If T is weak mix-

N—1
ing, then for every real-valued f € L?, % ZO | [f-foT"du— ([ fdu)?| = 0.
e

Proof. Tt is enough to treat the case when [ fdu = 0. Let v; denote the spectral
measure of f, then

1 N ! n 1 n 2 RS n ’
/f foT"du :NI;)KUTfafH :ng(,) /Slz dvf(z)
R ([ savin)
= 5 (hevta) (o)
| N-1 o
= L o fu v o)

. 1 N—1
- | Lw (kgoz"w") avy vy

The integrand tends to zero and is bounded outside A := {(z,w) : z = w}. If we can
N—1
show that (vy x vy)(A) =0, then it will follow that 3. ¥ |[ f- fo T"du| 0 0.
' * k=0 e

This is indeed the case: T is weak mixing, so by the previous proposition vy is
non-atomic, whence (v x v¢)(A) = [q vi{w}dv¢(w) = 0 by Fubini-Tonelli.

It remains to note that by the Koopman - von Neumann theorem, for every
bounded non-negative sequence a,, %Ziv a — 0 iff | ¥ Zk 1 an — 0, because both
conditions are equivalent to saying that a, converges to zero outside a set of indices
of density zero. a

We can now complete the proof of the theorem in the previous section:

Proposition 3.4. If T is weak mixing (possibly non-invertible) ppt, then for all real-
valued f,g € L?,
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/g foT du— </fdu> (/gdu)

Proof. Suppose first that T is invertible. It is enough to consider f € L? real valued
such that [ fdu = 0.

Set S(f) := span{U]T‘f :k>0}U{1}. Then L? = S(f) ®S(f)*, and

1. Every g € S(f) satisfies (3.2). To see this note that if gi,...,g, satisfy (3.2)
then so does g = Y o g for any oy € R. Therefore it is enough to check (3.2)
for g := U’TC f and g = const. Constant functions satisfy (3.2) because for such
functions, [gfoT"du = 0 for g for all n > 0. Functions of the form g = U%f
satisfy (3.2) because for such functions for all n > k,

N 1
1 (3.2)

Jerottdu= [ rorirorrdu= [ o tan——s0
. n—yoo

for some .4#” C N of density zero, by Lemma 3.1.
2. Every g L S(f) @ {constants} satisfies (3.2) because (g, f o T") is eventually zero
and [g=(g,1)=0.

It follows that every g € L? satisfies (3.2).

This proves the proposition for invertible ppt. Now consider the case of a non-
invertible ppt. Let (X %’, u, T) be the natural extension. A close look at the def-
inition of # shows that if f X — R is a Z-measurable eigenfunction, then
f ( JX_1,X0,X1 - ) can be approximated in L? by functions which depend only
on xp. Therefore f ( ,X_1,X0,X1,...) is a.e. completely determined by X0 Let
7 : X — X be the natural projection 7(...,x_1,x0,X1,...) = X0, then f X —C
is of the form f o7 where f is ZA-measurable. Thus every eigenfunction for Tisa
lift of an eigenfunction for 7. It follows that if 7 is weak mixing, then T is weak
mixing. By the first part of the proof, T satisfies (3.2). Since T is a factor of T, it
also satisfies (3.2).

For a direct proof of the proposition for non-invertible maps, which does not rely
on the natural extension, see Exercise 3.4. O

3.3 The Koopman operator of a Bernoulli scheme

In this section we analyze the Koopman operator of an invertible Bernoulli scheme.
The idea is to produce an orthonormal basis for L? which makes the action of Ur
transparent.

We cannot expect to diagonalize Ur: Bernoulli schemes are mixing, so they have
no non-constant eigenfunctions. But we shall we see that we can get the following
nice structure:
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Definition 3.7. An invertible ppt is said to have countable Lebesgue spectrum if
L? has an orthonormal basis of the form {1} U{f; ;: 2 € A, j € Z} where A is
countable, and Ur f3 ; = fj j41 forall i, j.

The reason for the terminology is that the spectral measure of each f} ; is propor-
tional to the Lebesgue measure on S! (problem 3.6).

Example. The invertible Bernoulli scheme with probability vector (%, %) has count-
able Lebesgue spectrum.

Proof. The phase space is X = {0, 1}%. Define for every finite non-empty A C Z the
function @ (x) :=[jea(—1)". Define ¢y := 1. Then,

1. if A # @ then [ @4 = 0 (exercise)

2. if A # B, then @4 L @p because (@4, ¢p) = [ @anp =0;

3. span{@, : A C Z finite} is algebra of functions which separates points, and con-
tains the constants.

By the Stone-Weierstrass theorem, Span{ @, : A C Z finite} = L?, so {@a} is an
orthonormal basis of L2. This is called the Fourier—Walsh system.

Note that Ur @4 = @441, where A+ 1:={a+1:a € A}. Take A the set of equiva-
lence classes of the relation A ~ B < Jc s.t. A = ¢+ B. Let A, be a representative of
A € A.The basisis {1} U{@a, 1n: A € A,n € Z} = {Fourier Walsh functions}. 0O

It is not easy to produce such bases for other Bernoulli schemes. But they exist.
To prove this we introduce the following sufficient condition for countable Lebesgue
spectrum, which turns out to hold for all Bernoulli schemes as well as many smooth
dynamical systems:

Definition 3.8. An invertible ppt (X, %, 1, T) is called a K automorphism if there is
a o-algebra o/ C A s.t.

1.7 o C o
2. of generates B: 6(U,cy, T"97) = % mod ;!
3. the tail of .o is trivial: (;_o 7 "/ = {&,X} mod u.

Proposition 3.5. Every invertible Bernoulli scheme has the K property.

Proof. Let (S%,2(S%),u, T) be a Bernoulli scheme, i.e. (S%) is the sigma algebra
generated by cylinders ila_y,...,a;]:={x€S? :x;=a; (—k<i</{)}, T is the
left shift map, and p(k[a—¢,...,as]) = pa_, - Pay-

Call a cylinder non-negative, if it is of the form ¢[ay, .. .,a,]. Let o7 be the sigma
algebra generated by all non-negative cylinders. It is clear that T~/ C &/ and
that {J,c;, T "/ generates %(S%). We show that the measure of every element of
N>y T "4/ is either zero or one.?

1 #, C % modu is for all Fi € %, there is a set F; € % s.t. U(FAFR)=0,and Z = %,
mod p iff #; C &, mod u and % C #; mod U.

2 Probabilists call the elements of this intersection fail events. The fact that every tail event for
a sequence of independent identically distributed random variables has probability zero or one is
called “Kolmogorov’s zero—one law.”
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Two measurable sets A, B are called independent, if u(ANB) = w(A)u(B). For
Bernoulli schemes, any two cylinders with non-overlapping set of indices is inde-
pendent (check). Thus for every cylinder B of length |B

B is independent of T~ 1P1A for all non-negative cylinders A.

It follows that B is independent of every element of T~ IBlo7 (the set of B’s like
that is a sigma-algebra). Thus every cylinder B is independent of every element
of N,>1 T "</. Thus every element of % is independent of every element of
Ny>1 T "</ (another sigma-algebra argument).

This means that every E € Nu>1 T4/ is independent of itself. Thus p(E) =
W(ENE) = u(E)?, whence u(E) =0or 1. O

Proposition 3.6. Every K automorphism on a non-atomic standard probability
space has countable Lebesgue spectrum.

Proof. Let (X,%,1,T) be a K automorphism of a non-atomic standard probability
space. Since (X, %, 1) is a non-atomic standard space, L>(X, %, u) is (i) infinite
dimensional, and (ii) separable.

Let .o/ be a sigma algebra in the definition of the K property. SetV :=L*(X, ./, 11).
This is a closed subspace of L?(X, %, i), and

1. Ur(V) CV,because T~ ' C o

2. Upez UR(V) is dense in L*(X, %, 1), because |J,c;, T "o/ generates %, so every
B € % can be approximated by a finite disjoint union of elements of | J,,c T~ ".%7;

3. Mh=1 U#(V) = {constant functions}, because (), T "o/ = {&,X} mod u.

Now let W :=V © Ur (V) (the orthogonal complement of Ur (V') in V). For all
n>0,Up(W) CUXV) CUp(V) LW. Thus W L UA(W) for all n > 0. Since U
is an isometry, W L U}(W) for all n < 0. It follows that

L*(X,%,u) = {constants} @ @U%(W) (orthogonal sum).
neZ

If {f) : A € A} is an orthonormal basis for W, then the above implies that
{1I}U{Urfy : A €A}

is an orthonormal basis of L?(X, %, i) (check!).

This is almost the full countable Lebesgue spectrum property. It remains to show
that |A| = Xy. |A| < X because L?(X, %, 1) is separable. We show that A is infi-
nite by proving dim(W) = e. We use the following fact (to be proved later):

VN JAy,..., Ay € o pairwise disjoint sets, with positive measure. (3.3)

Suppose we know this. Pick f € W\ {0} (W # {0}, otherwise L?> = {constants}
and (X, %, ) is atomic). Set w; := flu, 0T with Ay,...,Ay as above, then (i) w;
are linearly independent (because they have disjoint supports); (ii) w; € V (because
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T—'A; e T™'/ C &, so w; is o/ —measurable); and (iii) w; L Ur (V) (check, using
f € W). It follows that dim(W) > N. Since N was arbitrary, dim(W) = oo.

Here is the proof of (3.3). Since (X, %, ) is non-atomic, 3By, ...,By € % pair-
wise disjoint with positive measure. By assumption, | J,c7 T".%/ generates %, thus
we can approximate B; arbitrarily well by elements of |,z 7" <. By assumption,
o/ C Tg/. This means that we can approximate B; arbitrarily well by sets from
T" .4/ by choosing n sufficiently large. It follows that L*>(X,T".<7, i) has dimension
at least N. This forces 7"/ to contain at least N pairwise disjoint sets of positive
measure. It follows that .o/ contains at least N pairwise disjoint sets of positive mea-
sure. O

Corollary 3.1. All systems with countable Lebesgue spectrum, whence all invertible
Bernoulli schemes, are spectrally isomorphic.

Proof. Problem 3.7. a

We see that all Bernoulli schemes are spectrally isomorphic. But it is not true that
all Bernoulli schemes are measure theoretically isomorphic. To prove this one needs
new (non-spectral) invariants. Enter the measure theoretic entropy, a new invariant
which we discuss in the next chapter.

Problems

3.1. Suppose (X, %, u,T) is an ergodic ppt on a Lebesgue space, and let H(T) be
its group of eigenvalues.

1. show that if f is an eigenfunction, then | f| = const. a.e., and thatif A, u € H(T),
then sodo 1,Au, A /.

2. Show that eigenfunctions of different eigenvalue are orthogonal. Deduce that
H(T) is a countable subgroup of the unit circle.

3.2. Prove that the irrational rotation R, has discrete spectrum, and calculate H(Ry,).

3.3. Koopman - von Neumann Lemma
Suppose a,, is a bounded sequence of non-negative numbers. Prove that % Zf:’zl a, —

0 iff there is a set of zero density .4 C N s.t. a, T 0. Guidance: Fill in the
Nn—r0

details in the following argument.

1. Suppose .#” C N has density zero and a, T 0, then %ZL] a, — 0.
n—roo

2. Now assume that %Zﬁ,vzl a, — 0.

a. Show that .A;, := {k : ax > 1/m} form an increasing sequence of sets of den-
sity zero.

b. Fix g | 0, and choose k; 1 o such that if n > k;, then (1/n)|A4/N[1,n]| < €.
Show that A" := |J; A4 N (ki, ki11] has density zero.
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c. Show that a, ——— 0.
N Fn—reo
3.4. Here is a sketch of an alternative proof of proposition 3.4, which avoids natural
extensions (B. Parry). Fill in the details.

1. SetH :=1*V:=,50Up(H),and W :=HOUrH :={g € H,g L UrH}.

a.H=V&|[(UrH)* + (U})* +]
b. {UKH} is decreasing, {(UXH)*} us increasing.
c. H=V & @y, UKW (orthogonal space decomposition).

2. Ur : V — V has a bounded inverse (hint: use the fact from Banach space the-
ory that any bounded linear operator between mapping one Banach space onto
another Banach space which is one-to-one, has a bounded inverse).

3. (3.2) holds for any f,g € V.

4.ifg € U’T‘W for some k, then (3.2) holds for all f € L2.

S5.iffgeV,but f € U}W for some k, then (3.2) holds for f,g.

6. (3.2) holds for all f,g € L.

3.5. Show that every invertible ppt with countable Lebesgue spectrum is mixing,
whence ergodic.

3.6. Suppose (X, %, u,T) has countable Lebesgue spectrum. Show that {f € L? :
J f =0} is spanned by functions f whose spectral measures V; are equal to the
Lebesgue measure on S'.

3.7. Show that any two ppt with countable Lebesgue spectrum are spectrally iso-
morphic.

3.8. Cutting and Stacking and Chacon’s Example
This is an example of a ppt which is weak mixing but not mixing. The example is
a certain map of the unit interval, which preserves Lebesgue’s measure. It is con-
structed using the method of “cutting and stacking” which we now explain.

Let Ag = [1,3) and Ry := [, 1] (thought of as reservoir).

Step 1:  Divide Ay into three equal subintervals of length %. Cut a subinterval By
of length % from the left end of the reservoir.

» Stack the three thirds of Ag one on top of the other, starting from the left and
moving to the right.

e Stick By between the second and third interval.

* Define a partial map f; by moving points vertically in the stack. The map is
defined everywhere except on R\ By and the top floor of the stack. It can be
viewed as a partially defined map of the unit interval.

Update the reservoir: Rj := R\ By. Let A| be the base of the new stack (equal to
the rightmost third of Ag).

Step 2:  Cut the stack vertically into three equal stacks. The base of each of these
thirds has length % X %. Cut an interval B; of length % X % from the left side of
the reservoir R;.
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» Stack the three stacks one on top of the other, starting from the left and moving
to the right.

e Stick B; between the second stack and the third stack.

* Define a partial map f, by moving points vertically in the stack. This map is
defined everywhere except the union of the top floor floor and Ry \ B.

Update the reservoir: Ry := Ry \ B;. Let A; be the base of the new stack (equal to
the rightmost third of Ay).

Step 3:  Cut the stack vertically into three equal stacks. The base of each of these
thirds has length 3% X %. Cut an interval B, of length 3% X % from the left side of
the reservoir R;.

» Stack the three stacks one on top of the other, starting from the left and moving
to the right.

e Stick B, between the second stack and the third stack.

* Define a partial map f3 by moving points vertically in the stack. This map is
defined everywhere except the union of the top floor floor and R; \ B,.

Update the reservoir: R3 := R; \ By. Let A3 be the base of the new stack (equal to
the rightmost third of A;)

A, R, - ¢ I B, ——
B, A, R,
step 1 (cutting) step 1 (stacking)
B, —
— L -
By : =
[—— B,‘ —
I AR =
A R, - -
1 AZ RZ
step 2 (cutting) step 2 (stacking)

Fig. 3.1 The construction of Chacon’s example

Continue in this manner, to obtain a sequence of partially defined maps f;,. There is
a canonical way of viewing the intervals composing the stacks as of subintervals of
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the unit interval. Using this identification, we may view f, as partially defined maps
of the unit interval.

1. Show that f, is measure preserving where it is defined (the measure is Lebesgue’s
measure). Calculate the Lebesgue measure of the domain of f;,.

2. Show that f,; extends f, (i.e. the maps agree on the intersection of their do-
mains). Deduce that the common extension of f,, defines an invertible probability
preserving map of the open unit interval. This is Chacon’s example. Denote it by
(I, 2,m,T).

3. Let ¢, denote the height of the stack at step n. Show that the sets {T%(A,) : i =
0,...,¢,, n> 1} generate the Borel c—algebra of the unit interval.

3.9. (Continuation) Prove that Chacon’s example is weak mixing using the follow-
ing steps. Suppose f is an eigenfunction with eigenvalue A.

1. We first show that if f is constant on A, for some n, then f is constant every-
where. (4, is the base of the stack at step n.)

a. Let ¢, denote the height of the stack at step k. Show that A, C A,, and
T (A1) C A,. Deduce that A = 1.

b. Prove that A%+ = 1. Find a recursive formula for /,. Deduce that A = 1.

c. The previous steps show that f is an invariant function. Show that any invari-
ant function which constant on A,, is constant almost everywhere.

2. We now consider the case of a general L>— eigenfunction.

a. Show, using Lusin’s theorem, that there exists an n such that f is nearly con-
stant on most of A,,. (Hint: part 3 of the previous question).

b. Modify the argument done above to show that any L’>—eigenfunction is con-
stant almost everywhere.

3.10. (Continuation) Prove that Chacon’s example is not mixing, using the following
steps.

1. Inspect the image of the top floor of the stack at step n, and show that for every n
and 0 <k < 6,1, m(T*A, N THA,) > tm(T*A,).

2. Use problem 3.8 part 3 and an approximation argument to show that for every
Borel set E and € >0, m(ENT"E) > 1m(E) — & for all n. Deduce that T cannot
be mixing.

Notes to chapter 3

The spectral approach to ergodic theory is due to von Neumann. For a thorough
modern introduction to the theory, see Nadkarni’s book [1]. Our exposition follows
in parts the books by Parry [2] and Petersen [1]. A proof of the discrete spectrum
theorem mentioned in the text can be found in Walters’ book [5]. A proof of Her-
glotz’s theorem is given in [2].
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Chapter 4
Entropy

We saw at the end of the last chapter that every two Bernoulli schemes are spec-
trally isomorphic (because they have countable Lebesgue spectrum). The question
whether any two Bernoulli schemes are measure theoretically isomorphic was a ma-
jor open problem until it was answered negatively by Kolmogorov and Sinai, who
introduced for this purpose a new invariant: metric entropy. Later, Ornstein proved
that this invariant is complete within the class of Bernoulli schemes: Two Bernoulli
schemes are measure theoretically isomorphic iff their metric entropies are equal.

4.1 Information content and entropy

Let (X, 2, 1) be a probability space. Suppose x € X is unknown. How to quantify
the “information content” 7(A) of the statement “x belongs to A?”

1. I(A) should be non-negative, and if u(A) = 1 then I(A) = 0;
2. If A, B are independent, i.e. u(ANB) = u(A)u(B), then I(ANB) =I(A) +I(B);
3. I(A) should be a Borel decreasing function of the probability of A.

Proposition 4.1. The only functions ¢ : [0,1] — R such that I(A) = @[ (A)] sat-
isfies the above axioms for all probability spaces (X, %8, 11) are cInt with ¢ < 0.

We leave the proof as an exercise. This leads to the following definition.
Definition 4.1 (Shannon). Let (X,.%, 1) be a probability space.

1. The Information Content of a set A € A is I,(A) := —log, u[A]
2. The Information Function of a countable measurable partition o of X is

(@) (x) := ) Iu(A)1a(x) = — ) logy t(A)14(x)

Aco Aco

3. The Entropy of a countable measurable partition is the average of the information
content of its elements: Hy (&) := [y [y (0t)dpt = — Y acq 1(A)log, 1(A).

103
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Conventions: Henceforth, log = log,,In = log, and 0log0 = 0.
The are important conditional versions of these notions:

Definition 4.2. Let (X, %, 1) be a probability space, and suppose % is a sub-o-
algebra of %. We use the notation (1 (A|.7)(x) := E(14|.%)(x) (as L'—elements).

1. The information content of A given F is I, (A|.F ) (x) := —log, (A|.7)(x)

2. The information function of a finite measurable partition ¢ given .7 is Iy (at|.F ) :
Yacalu(A[F)1a

3. The conditional entropy of o given F is Hy (ot|.F) 1= [ I, (|7 )d

Convention: Let o, 3 be partitions; We write Hy (c|f) for H,(a|o(f)), where
o(B) :=smallest c—algebra which contains 3.

The following formul® are immediate:

/x (x)log (A7) (x)du(x)
Aea
Hy(alB) = Z u(B Z U(A|B)logu(A|B), where u(A|B) = K(ANB)
BGﬁ Acea ,U(B)

4.2 Properties of the entropy of a partition

We need some notation and terminology. Let a, 8 be two countable partitions.

1. o(a) is the smallest c—algebra which contains o;

2. o < 3 means that & C 6(8) mod U, i.e. every element of ¢ is equal up to a set
of measure zero to an element of 6(f3). Equivalently, o < f3 if every element of
o is equal up to a set of measure zero to a union of elements of 3. We say that
is finer than o, and that « is coarser than 3.

.a=f moduiffa <fandf <a.

4. aV B is the smallest partition which is finer than both a and . Equivalently,

aVvVpB:={ANB:Ac€a,BeB}.

(O8]

If %#,,.%, are two o—algebras, then % V %, is the smallest c—algebra which con-
tains .71, .%>.

4.2.1 The entropy of o\ 3

Suppose o = {Ay,...,A,} is a finite measurable partition of a probability space
(X,9%, ). Suppose x € X is unknown. It is useful to think of the information content
of  as of the partial information on x “which element of & contains an x.”
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We state and prove a formula which says that the information content of & and
B is the information content of ¢ plus the information content of 8 given the knowl-
edge a.

Theorem 4.1 (The Basic Identity). Suppose «, B are measurable countable parti-
tions, and assume Hy (o), Hy (B) < oo, then

L Iy(av B|.7) = Iu(a\ff) +1u(B|.7 Vo(a));

2. Hy(aVvp)=Hy(a) +Hy(Bla).

Proof. We calculate I,,(B|.# Vo ()):

W(BI Vo) = = T 1slogi(|7 v o(a)
Be

. BNA|.Z
Claim: p(B|.7Vo(a)) =Yca u%:

1. This expression is .# V ¢ (a)-measurable

2. Observe that # V o(at) = {HscqANFa : Fy € F} (this is a o—algebra which
contains o and .%). Thus every .# V o(o)—measurable function is of the form
Y aca lapa with @4 F—measurable. It is therefore enough to check test functions
of the form 14¢ with ¢ € L*(.%). For such functions

w(BNA’ |y W(BNA|.Z)
IA(P lA /1A d’u =
/ Ag’a w(A|F) u(AlF)
B W(BNA|F) _/ B / .
So u(Bl.Z Vo(a)) =Yacq IA% as claimed.

Using the claim, we see that

U(BNA|.Z)
I,(B|.# Vo 1glog 1A
R R IS
U(BNALF)
=— lAmglog
B%EO, H(A[F)
=— Z Z Ianplogt(BNA|.Z#) + Z Z langlog (A|F)
BeBAca AceaBef

= I, (aV B|.F) — L (a| 7).

This proves the first part of the theorem.
Integrating, we get Hy(aVvp|F)=Hy(o|F)+H,(B|FVa)lfF={2,X},
then H, (aV B) = Hy () +Hu (Bl o). O
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4.2.2 Convexity properties

Lemma 4.1. Let ¢(t) := —tlogt, then for every probability vector (pi,...,p,) and

X1yeos X € [0, 1] @(prx1 + -+ puxn) 2 pro(x1) + -+ + pa@(xn), with equality iff
all the x; with i s.t. p; # 0 are equal.

Proof. This is because ¢(-) is strictly concave. Let m := Y. p;x;. If m = 0 then the
lemma is obvious, so suppose m > 0. It is an exercise in calculus to see that ¢ (1) <
o(m) + @' (m)(t —m) for t € [0,1], with equality iff # = m. In the particular case
m =Y p;x; and t = x; we get

pi®(x;) < pip(m) + @' (m)(pix; — pim) with equality iff p; = 0 or x; = m.

Summing over i, we get Y. p;@(x;) < @(m) + @' (m)(X pix; — m) = @(m). There is
an equality iff for every i p; =0 or x; = m. a

Proposition 4.2 (Convexity properties). Let o, B, v be countable measurable par-
titions with finite entropies, then

1. a < B = Hy(aly) < Hy(Bly)
2. 0 < B = Hy(yla) > Hyu(YIB)

Proof. The basic identity shows that B V ¥ has finite entropy, and so Hy(B|y) =

Hy (Vv Bly) = Hy(aly) + Hu (BlyV a) = Hy(ly).
For the second inequality, note that @(t) = —tlogr is strictly concave (i.e. its
negative is convex), therefore by Jensen’s inequality

Hu(via) = [ ¥ olEClo(@)ldn = [ ¥ 9[E(E(CIo(B)|o(a))du >

Cey Cey
> [ L EBEclo@)o(@)ldu = ¥, [ olE(clo(B)ldu=Hy(1Ip).
Cey Cey
proving the inequality. a

4.2.3 Information and independence

We say that two partitions are independent, if VA € o,,B € B, n(ANB) = w(A)u(B).
This the same as saying that the random variables o(x), §(x) are independent.

Proposition 4.3 (Information and Independence). H, (aV ) < Hy (&) +Hy(B)
with equality iff &, B are independent.

Proof Hy(aV B) = Hy (o) + Hy (B) iff Hy (at|B) = Hy (ct). But

Hy(alB) =~ Y. u(B) Y u(A[B)logu(A[B).
Bep Aca
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Let ¢(¢) = —tlogt. We have:
Y Y uBeu@lB)] =Y ouA)).

Aca Bef Aca

But ¢ is strictly concave, so Ypcp 1(B)@[U(A|B)] < @[u(A)], with equality iff
W(A|B) are equal for all B € 8 s.t. u(B) # 0.

We conclude that u(A|B) = ¢(A) for all B € B s.t. u(B) # 0. For such B,
U(ANB) =c(A)u(B). Summing over B, gives c¢(A) = 11(A) and we obtain the inde-
pendence condition. a

4.3 The Metric Entropy

4.3.1 Definition and meaning

Definition 4.3 (Kolmogorov, Sinai). The merric entropy of a ppt (X,%,u,T) is
defined to be

hy(T) :=sup{hy (T, ) : a is a countable measurable partition s.t. H, (o) < eo},

i 1 "t
where hy, (T, &) = nlgrolo S Hy (i\/o T 'a .
It can be shown that the supremum is attained by finite measurable partitions (prob-
lem 4.9).

Proposition 4.4. The limit which defines hy, (T, &) exists.

Proof. Write o, := \/?;0l T 'o.. Then a, ;= H, (ot,) is subadditive, because a, 1, 1=
Hy (Cym) < Hy(0) +Hy (T7"04) = an + am.

We claim that any sequence of numbers {ay },>1 which satisfies an1m < a, + am
converges to a limit (possibly equal to minus infinity), and that this limit is inf[a,, /n].
Fix n. Then for every m,m =kn+r,0 <r<n—1,so

an < ka, +a,.
Dividing by m, we get that for all m > n

aﬂ<kan+a,<al+a,

m = kn+r —n m’
whence limsup(a,,/m) < a,/n. Since this is true for all n, limsupa,,/m < infa,/n.
But it is obvious that liminfa,,/m > infa,/n, so the limsup and liminf are equal,
and their common value is infa, /n.

We remark that in our case the limit is not minus infinity, because Hy, (\//=, T~ at)
are all non-negative. a



108 4 Entropy

Hy (o) is the average information content in the first n—digits of the o—itinerary.
Dividing by n gives the average “information per unit time.” Thus the entropy mea-
sure the maximal rate of information production the system is capable of generating.

It is also possible to think of entropy as a measure of unpredictability. Let’s think
of T as moving backward in time. Then ;° := o (J;~; 7 ") contains the informa-
tion on the past of the itinerary. Given the future, how unpredictable is the present,
on average? This is measured by Hy, (ct|a°).

Theorem 4.2. IfH, (o) <o, then hy (T, 0t) = Hy (a| o), where o =0 (U2 T t).
Proof. We show that hy (T, &) = Hy(a|ay). Let o := \/{_,, T~ ct, then
Hy (ol o) = Hy (o) —Hu(T "o ™") = Hu (o) — Hu(og ™).

Summing over n, we obtain

Hy (o) —Hy (o) = Y Hy(alaf)

»
il agE
X

Dividing by n and passing to the limit we get

n—e n

1 n
hu(T, o) = lim = ¥ Hy (] orf)
k=1

It is therefore enough to show that H, (ot|af) - Hy (o]ay).
—yo0
This is dangerous! It is true that Hy (a|af) = [ 1, (ot|af)dp and that by the mar-
tingale convergence theorem

k o
Iy (alog) ]H—mﬂ”(oc\al ) ae..

But the claim that the integral of the limit is equal to the limit of the integrals requires
justification.
If |a| < o, then we can bypass the problem by writing

Hu(alat) = [ ¥ plutalab)ldu, with () = ~rlogr,

Aca

and noting that this function is bounded (by || max ). This allows us to apply the
bounded convergence theorem, and deduce that Hy, (cr|orf) — Hy(o|ag).
—00

If |ot| = oo (but Hy (&) < o) then we need to be more clever, and appeal to the
following lemma (proved below):

Lemma 4.2 (Chung—Neveu). Suppose « is a countable measurable partition with
finite entropy, then the function f* := sup,~ I, (a|o) is absolutely integrable.

The result now follows from the dominated convergence theorem. a
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Here is the proof of the Chung Neveu Lemma. Fix A € «, then we may decom-
pose AN [f* > t] = ¥,,51 AN B, (t:A), where

Bu(t;A) := {x € X : mis the minimal natural number s.t. —log, u(A|a") >1t}.

We have
RANB, (1:A)] = Ey (1alp, (1a)) = Ey (Ey (1alp,a)lo(ad)))
=Eyu (1,04 Eu (1alo(af"))) , because B, (1;A) € o (a")
EE“( g%wAwwnU

Summing over m we see that (AN [f* >¢]) <27'. Of course we also have ((AN

[F* > 1)) < p(A). Thus g(AN[f* > 1]) < min{p(4),27'}.
We now use the following fact from measure theory: If g > 0, then [gdu =

Jo ulg > )dr!

/Af*du=/0 ,LL(Aﬂ[f*>tht§/0 min{u(A),27" }dt

log pu(A) 00 . 217
</ @+ [ 27— () log p(4) -~ 5
0 log, 2] tog, u(a)
= —1(A)logy u(A) + u(A)/In2.
Summing over A € a we get that [ f*dp < Hy (o) + (In2) 7! < oo, O

4.3.2 The Shannon-McMillan—Breiman Theorem

Theorem 4.3 (Shannon-McMillan-Breiman). Let (X, %, 1, T) be an ergodic ppt,
and a a countable measurable partition of finite entropy, then

1 n—1
;IH((ZO ) H—w>h#(T, (X) a.e.
In particular, if oy, (x) :=element of o4, which contains x, then
1
——log (04 (x)) — hu(T, ) a.e.
n n—oo

Proof. Let o == \/"_o T ~'a. Recall the basic identity [, (e ') = I, (] ' V) =
Li(af™ ) + Iy (a|ad ™). This gives

U Proof: fy gdit = fy i orego) (5 1)d1d(x) = f57 fx Vgn (5,0)dp(x)dt = [ tlg > 1)dt
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Iu(o) = Iu(eloq) +1u(og ") o T
= Iu(alod) + [Iu(alef™") + 1y (05 ~?) o T]o T

n—1
=Y L(aap F) o T  + 1, (a) o T"
k=0

n—1
(Oc|061 Yo" k4 <ZI# oTk—ZI#((x)oTk>
k=0

Iy(alaf)oT" % +o(n) ae.,

I
M=

T
I

I
M=

=~
Il

because % x brackets tends to zero a.e. by the pointwise ergodic theorem.
By the Martingale Convergence Theorem, 7, (| otk — I, (ct|a?). The idea of
—yo0

the proof is to use this to say

1
lim -7, (o) = lim — ZI,J alof)orm*

n—oo n—eon

n—1

lim — ZI,J alo) o T" % = lim — Zlu (o) o T

n—reo 1 n—oeen

[~

= / Iy(a|og’)du  (Ergodic Theorem)
= Hy(alor) = hy (T, a).

The point is to justify the question mark. Write f, := I (o|ef) and f. =
Iy (alog?). It is enough to show

/hmsup Z\fk—fm\oT” kdp = 0. 4.1)

n—oo

(This implies that the limsup is zero almost everywhere.) Set F,, 1= sup;,, | fk — fool-
Then F, — 0 almost everywhere. We claim that F;, — 0 in L'. This is because of
the dominated convergence theorem and the fact that F, < 2f* := 2sup,, f,, € L'
(Chung—Neveu Lemma). Fix some large N, then

[imsup Z ot~ ful o Th At =

n—oo
1n7N 1 X 1 n—1 .
= [timsup = Y [fyx— ful oT*dp+ [limsup— Y |fug— ful o THdp
n—oo N k=0 n—oo k n—N

1"~ —N-1
lim — Z FNodeu+/<l1msup ZZf oTk>oT"Nd,LL

n—oo p H—soo
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—/FNdu—l—/(hmsup sz oTk> du = /FNdu.

n—oo

Since Fy — 0in L!, [ Fydu — 0. So (4.1) holds. O

4.3.3 Sinai’s Generator theorem

Let #1,.%, be two sub-c—algebras of a probability space (X, %, it). We write %) C
F» mod W, if VF € %, 3F, € %, s.t. W(FIAF,) =0. We write %) =%, mod U,
if both inclusions hold mod p. For example, (R ) PBo(R) mod Lebesgue’s
measure. For every partition o, let o, =\~ _ T~ Oc , o5 =V o T "o denote

the smallest o—algebras generated by, respectively, U T o and U T a.

i=—00 i=0

Definition 4.4. A countable measurable partition « is called a generator for an
invertible (X,2,u,T) if VZ_ T 'a =% modyu, and a strong generator, if
VieoT'aa=2% mod pu.

(This latter definition makes sense in the non-invertible case as well)

Example: o = {[0,%),[3.1]} is a strong generator for Tx = 2x mod 1, because

VieoT "o = o (U, o ” 1) is the Borel o—algebra (it contains all dyadic intervals,
whence all open sets)

Theorem 4.4 (Sinai’s Generator Theorem). Let (X, 2,1, T) be an invertible ppt.
If o is a generator of finite entropy, then hy(T) = hy (T, ). A similar statement
holds for non-invertible ppt assuming that o, is a strong generator.

Proof. We treat the inverible case only, and leave the non-invertible case as an ex-
ercise. Fix a finite measurable partition f3; Must show that (T, ) < hy (T, ).

Step 1. hy (T, B) < hy (T, &) + Hy (Blax)

V(B < LHWB V0 = [Hu(od )+ Ha(By e )]

n—1

< % [Hu(agl)+;Hu(T"B|a6'1)] L Hu(EVn|Y) <Hu(8|9)+Hu(nlY)
=0

< % lHu(agl) —|—nz_:1Hu(Tk[3|Tka)]
k=0

= H (0 )+ Ha(Bloo)

Now pass to the limit.



112 4 Entropy

Step 2. For every N, hy (T, B) < hy (T, ) + Hy, (B|ay)

Repeat the previous step with oV y instead of o, and check that h“(T7 ov N) =
hy (T, @).

Step 3. Hy (B|ay) o H,(B|%#) = 0.

Hu(Bloy) = [ Tu(Blay)du =~ Y, [ 1slogu(Bloy)du

Bep

¥ [ nlod,)togu(Blaly)au

Bep
-L [ pllozu(Bloy)du =9 [ pllozu(B#)jan —o,

because U (B|B) = 1p, ¢[1p] =0, and |B] < oo
This proves that hy (T, at) > sup{h, (T,B) : |B| < o}. Problem 4.9 says that this
supremum is equal to s, (T'), so we are done. O

The following variation on Sinai’s Generator Theorem is very useful. Suppose
(X,d) is a compact metric space. A finite Borel partition of X is finite collection
o ={Ay,...,Ay} of pairwise disjoint Borel sets whose union covers X. Let

diam(or) := max{diam(A) : A € a},
where diam(A) := sup{d(x,y) : x,y € A}.
Proposition 4.5. Let T be a Borel map on a compact metric space (X,d), and sup-

pose @, is a sequence of finite Borel partitions such that diam(o,,) — 0. Then for
n—yoo
every T-invariant Borel probability measure 1, hy (T) = lim,_e0 hy (T, 0).

Proof. We begin, as in the proof of Sinai’s generator theorem, with the inequality

hy (T, B) < hy(T, o) + Hyu (Blav).

Step 1. For every € and m there is a 0 such that if B = {By,...,By} and v =
{C1,...,Cn} are partitions such that ¥ . (B;AC;) < 8, then H, (B|y) < €:

Proof. We prepare a partition £ with small entropy such that §V y =& V y and then

write Hy (B|Y) = Hu(BVY) — Hu(y) = Hu(EVY) — Hu(y) < Hu(8).
Here is the partition &: & := {B;NC; : i # j}U{UB;NC;}. Then:

1. BVE=BVy:BVE <PV yby construction, and BV E > BV ybecause BiNC; €
BV & fori jand BiNC; = B;i\ Uz Bk NCy

2. yVv & = BV for the same reason

3. & contains m(m — 1) elements with total measure < & and one element with total
measure > 1 — 3. So Hy (&) <m(m—1)8|logd|+ (1—38)|log(1—9J)|.
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Taking & sufficiently small gives H, (&) < €. So Hu(Bly) < Hu(§) < e.

Step 2. Suppose diam(oy,) —— 0, then Hy (B|ay,) —— 0.
n—oo n—yoo

Proof. Fix 8, to be determined later. Write 8 = {B,...,By,} and find compact sets
K; and open sets U; such that K; C B; C U; and Y u(U; \ K;) < 8. Find 6’ > 0 so
small that dist (K;,K;) > &’ for all i # j, and Ng/(K;) C U;.

Fix N so that n > N = diam(a,) < &’/2. By choice of &', every A € o, can
intersect at most one K;. This gives rise to a partition ¥ = {C},...,Cy } where

m
C=\J{Aca:AnKi £ 2} (i=1,....m), Cuy1 :=X\|JC.

i=1

Note that K; C C; C U;, whence u(B;AC;) < u(U;\ K;). Also

(ngE

H(Cin) < 1— Y (KD < 1= Y (1(By) — U\ Ki)) =
i=1 i=1 =1

p(Ui\Ki) <6

If we extend f to the partition {By, ..., B +1 } where B,4| = &, then we get

m+-1

Y uBiACH) <Y w(UN\K) + 1(Cs1) < 28.
i=1

s

I
—

L

We now use Claim 2 to choose § so that Y™\ u(B;AC;) < 28 = Hy(Bly) < €.
Since y > o, Hy(B|o,) < € foralln > N.

Step 3. Proof of the proposition: Pick nj — oo such that hy (T, ¢, ) — liminfhy (T, o).
For every finite partition 8, hy (T, B) < hy (T, 0, ) + Hu (Bl iy, ).
By step 1, Hy (B|cty,) - 0,50 hy (T, B) <liminf, . hy (T, o). Passing to the
—»00

supremum over all finite partitions 8, we find that

hy (T) <liminfhy (T, o) < limsuphy (T, 04,) < hy(T),

n—o0 n—oo

which proves the proposition. a

4.4 Examples

4.4.1 Bernoulli schemes

Proposition 4.6. The entropy of the Bernoulli shift with probability vector p is

—Y pilogp;. Thus the (%, %, %)—Bernoulli scheme and the (%, %)—Bernoulli scheme

are not isomorphic.
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Proof. The partition into 1-cylinders & = {[i]} is a strong generator, and H,, (0~ h=
~Lgrtyy Pro Py (108 pyy +---logpy, ) = —n¥pilog p;. a

4.4.2 Irrational rotations

Proposition 4.7. The irrational rotation has entropy zero w.r.t. the Haar measure.

Proof. The reason is that it is an invertible transformation with a strong generator.
We first explain why any invertible map with a strong generator must have zero
entropy. Suppose « is such a strong generator. Then

hu (T, ) = Hy(e|o”) = Hu (Ta|T (o)) =
=Hy(Taloy) =Hu(Ta|%) =0, because T C A.

We now claim that o := {Ag,A; } (the two halves of the circle) is a strong generator.
It is enough to show that for every €, U,>4 Ot(’)'*l contains open covers of the circle
by open arcs of diameter < € (because this forces o to contain all open sets).

It is enough to manufacture one arc of diameter less than &, because the transla-
tions of this arc by ka will eventually cover the circle.

But such an arc necessarily exits: Choose some n s.t. na¢ mod 1 € (0,¢€). Then
A\T7"A; = (A1 \ [A] —na] is an arc of diameter less than &.

4.4.3 Markov measures

Proposition 4.8. Suppose L is a shift invariant Markov measure with transition ma-
trix P = (pij)i jes and probability vector (p;)ics. Then hy (o) = — Y. pipijlog pij.

Proof. The natural partition & = {[a] : a € S} is a strong generator.

Hy(og) =— Y ulé]logulé]
é()“'uénes
-, Z;. PPt Pe, g, (108pg, Hlogpeye, + - +logpe, e,
(I nES

I
|
™

Z PEPEE " PE, &, logpéjé‘jﬂ
J=0¢&,....6,€S

— Y PaPes P g 10gpg
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n—1
- Z Z D& Peye) PE; & PEjijn PE1EPEE 1 logpﬁjéjH
J=0&,....6,€S

- Z g, log pe,
&oes

n—1
- Z Z “(Gﬂ[é/]) "PEjEjy PE & PEE Ing§j5j+1

ijéj,...,éneS
- Z pg,logpe,
N
n—1
- Z Z Pe;Pgg; o 108 Pg g Z PEii&ja  PEy 16
j:O.ﬁ_,,éHleS ‘:j+27"'7§)1*165

— Y peylogpe,
5065

n—1
=Y Y peprg.logpee., — Y pelogpe,
J=0&;,§i11€8 &es

=n <_Zpipij10gl7ij> _ZPiIngi
1

iJ

Now divide by n+ 1 and pass to the limit.

4.4.4 Expanding Markov Maps of the Interval

Theorem 4.5 (Rokhlin formula). Suppose T : [0,1] — [0,1] and a = {I,,...,Iy}

is a partition into intervals s.t.

1. o is a Markov partition
2. The restriction of T to & is C', monotonic, and |T'| > A > 1
3. T has an invariant measure L.

Then hy (T) = — [ log 72=du, where (o T)(E) = Lpcq M[T(ANE)].

Proof. One checks that the elements of aofl

Therefore « is a strong generator, whence

(1) = hy (T, 0) = Hy (@) = [ Tu(ala)dp.

We calculate 7, (a|e}).

are all intervals of length O(A™").

Firstnote that o° =T~ (o) =T %, thus Iy (a|0°) = — ¥ 14logu(A|T1B).
Aca

We need to calculate E(-|7~!4). For this purpose, introduce the operator T:
. =~ d
L' L' given by (Tf)(x) = Eryee 2257 ()1 (0)-
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Exercise: Verify: Vo € L and f € L, f(pffd,u =[@oT- fdu.

We claim that E(f|T~'%) = (T f) o T. Indeed, the T ~! Z-measurable functions are
exactly the functions of the form ¢ o T with ¢ Z—measurable; Therefore (T f)o T
is T~! %—measurable, and

/(ponfonp:/q;.ffdu:/(poT-fdu,

proving the identity.
We can now calculate and see that

L(alay) = — Y 14(x)logE(14|T ' 2)(x)

Aca
dp
= — ) la(x)log =— ) la(x)log (x)
Lares 3 du T =7 L e g o7
du
= —logduoT(x).
We conclude that &, (T') = — [log dﬁ‘ch (x)dp(x). O

4.5 Abramov’s Formula

Suppose (X, %, 1, T) is appt. A set A is called spanning, if X = ;o T™"A mod U.
If T is ergodic, then every set of positive measure is spanning.

Theorem 4.6 (Abramov). Suppose (X, B, 1, T) is a ppt on a Lebesgue space, let A
be a spanning measurable set, and let (A, B, Ua,Ts) be the induced system, then

iy (T3) = gy (T).

Proof. (Scheller) We prove the theorem in the case when T is invertible. The non-
invertible case is handled by passing to the natural extension.

The idea is to show, for as many partitions & as possible, that hy (T, ) =
W(A)hy, (Th,xNA), where aNA :={ENA: E € a}. As it turns out, this is the case
for all partitions s.t. (a) Hy (@) < oo; (b) A° € a; and (c) Vn, Tx[ps = n] € o(t).
Here, as always, @4 (x) := [4(x)inf{n > 1: T"x € A} (the first return time).

To see that there are such partitions, we let

Ea = {A}UTyna, where Ny := {[@a =n] :n € N}

(the coarsest possible) and show that Hj, ({4) < oo. A routine calculation shows that
Hy (Ex) =Hu({A,A}) + 1 (A)Hy, (Tana) < 14+ Hy, (Na). It is thus enough to show
that — Y p,log, pp < oo, where p, := Us[@4 = n]. This is because Y. np, = 1/11(A)
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(Kac formula) and the following fact from calculus: probability vectors with finite
expectations have finite entropy.>

Assume now that o is a partition which satisfies (a)—(c) above. We will use
throughout the following fact:

A [@a =n] € off. 4.2)

Here is why: [@a =n] =T "Ty[@a =n] € T "o C a°. Since AA = U~ [@a = n],
we automatically have A,A° € . -

Let a be a finite entropy countable measurable partition of X such that A€ is an
atom of o and such that o > &4. In what follows we use the notation AN o :=
{BNA:Bea}, o NA:={BNA:Bec a}. Since Hy (o) < o,

hy (T, a) = Hy(etor”)

= [ ¥ tslogu(Blor)du-+ [ Laclogn(alai)dn

BeAna

:/ Y lplogu(Blay)du, because A° € (&4)T C o
BeAna

—u@) [ ¥ alogua(Bla)dus,
BeAna
because A € o} and B C A imply Ey, (15|.7) = 14E,, (15|AN.F).
It follows that h, (T, o) = u(A)Hy, (AN a|AN o). We will show later that

=

Anar=\/T,(Ana) (4.3)

i=1

This implies that A, (T, &) = w(A)hy, (Ta,AN @). Passing to the supremum over all
o which contain A€ as an atom, we obtain

W(A)hy, (Ta) = sup{hy (T, o) x> &4 , A° € o, Hy (o) < oo}
= Entropy of (X, %', u,T), # :=o(| J{a".. : A° € a,Hy (@) < oo}).

(See problem 4.11).
Now %' =% mod U, because A is spanning, so VE € B, E =J;_o T "(T"EN
A) mod U, whence E € ' mod p. This shows Abramov’s formula, given (4.3).
The proof of (4.3):

Proof of C: Suppose B is an atom of ANV/'j_, T/, then B has the form AN
ﬂ;?:] T’jAj where A; € a. Let j; < jo <--- < jy be an enumeration of the j’s s.t.
A; C A (possibly an empty list). Since A¢ is an atom of ¢, A; = A€ for j not in

2 Proof: Enumerate (p,) in a decreasing order: p,, > p,, > ---.If C=Y np,, thenC > YX  nipn >
P (14 -+ +k), whence p,, = O(k™2). Since —xlogx = O(x!~¢) as x — 0*, this means that
—pn, logpy, = O(k=278)), and so — ¥ p,log p, = — Y. pnlog pp, < oo
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this list, and so B = ' T, % (A}, N [@a = jit1 — jx]) N TV [@a > n— jn]. Since
na < anA,Be Vi, T, (anA).

Proof of D: TA_1 (anA)<ANVZ, T~ o, because if B € ot N A, then

oo oo

T,'B= T "BNTulpa=n)) € \/ T"a (- Tana <& <ANQ).

n=1 n=1

The same proof shows that 7, ' (T "aNA) < ANV, T~ a. It follows that

T, 2 (anA) < T, (Aﬂ\/T’d) cAN\ T ANT o) CAN\/ T e

i=1 i=1 i=1

Iterating this procedure we see that 7, "(aNA) < ANV, T e for all n, and D
follows. O

4.6 Topological Entropy

Suppose T : X — X is a continuous mapping of a compact topological space (X,d).
Such a map can have many different invariant Borel probability measures. For ex-
ample, the left shift on {0, 1} has an abundance of Bernoulli measures, Markov
measures, and there are many others.

Different measures may have different entropies. What is the largest value possi-
ble? We study this question in the context of continuous maps on topological spaces
which are compact and metric.

4.6.1 The Adler—-Konheim—McAndrew definition

Let (X,d) be a compact metric space, and T : X — X a continuous map. Some
terminology and notation:

1. an open cover of X is a collection of open sets % = {Uy: ¢ € A} s.t. X =

sze/\ Uq;

2. if % ={Uq : o € A} is an open cover, then T %% := {T~*U, : o € A}. Since
T is continuous, this is another open cover.

3. if %, are open covers, then % V¥ :={UNV:U €%,V € V}.

Since X is compact, every open cover of X has a finite subcover. Define
N(% ) :=min{#¥ : ¥ C % is finite, and X = U”//}

It easy to check that N(-) is subadditive in the following sense:
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NUNY)<NWU)+N).

Definition 4.5. Suppose 7 : X — X is a continuous mapping of a compact metric
space (X,d), and let % be an open cover of X. The topological entropy of % is

n—1
1
hiop(T, %) = lim ;1og21v(%0"*1)7 where %"= \/ T*%.
i=0

The limit exists because of the subadditivity of N(-): a, := logN (%' ~") satisfies
Antn < @+ ay, so limay, /n exists.

Definition 4.6. Suppose 7 : X — X is a continuous mapping of a compact metric
space (X,d), then the topological entropy of T is the (possibly infinite)

hiop(T') := sup{hwop(T,% ) : 7 is an open cover of X }.

The following theorem was first proved by Goodwyn.

Theorem 4.7. Suppose T is a continuous mapping of a compact metric space, then
every invariant Borel probability measure | satisfies hy (T) < hiop(T).

Proof. Eventually everything boils down to the following inequality, which can be
checked using Lagrange multipliers: For every probability vector (pi,...,pi),

k
pilog, pi < logk, 4.4

i=1

with equality iff p; =--- = pr = 1/k.

Suppose  is an invariant probability measure, and let o := {A},...,A;} be a
measurable partition.

We approximate @ by a partition into sets with better topological properties. Fix
€ > 0 (to be determined later), and construct compact sets

B; CA; S.t.[,L(Aj\Bj)<8 (]:1,,]()

Let By : =X\ UI;: 1 B be the remainder (of measure less than k¢), and define B =
{Bo:B1,..., By,

Step 1 in the proof of Sinai’s theorem says that iy (T, t) < hy(T,B)+Hy(ax|B).
We claim that H, (ct|) can be made uniformly bounded by a suitable choice of
e=¢(a):
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Hy(@lp)=— ¥ ¥ u(AnB)log, u(A|B)

AcaBef
=— Y Y u@nB)logu(A|B)— Y u(ANBy)log, u(A|Bo)
BeB\{By}Acx Aca

1(B;)logy 1— Y (AN By)log, 1 (A|By)

i=1 Aca

= —u(Bo) Y, 1(A|Bo)log, i(A|By) < —pi(Bo) log(#a) < ke - log, k.

Aca

I
™

If we choose € < 1/(klog, k), then we get H, (a|B) < 1, and
(T, @) < hu(T,B) +1. 4.5)

We now create an open cover from f3 by setting % := {BoUBy,...,BoUBy}.
This is a cover. To see that it is open note that

BoUB; =ByU(A;\Bo) ("A;NBy=A;\B;j)

=ByUA; =ByU <X\UAl-> = ByU (X\UB,).

i#] i#]j

We compare the number of elements in %0"_1 to the number of elements in [36’_1.
Every element of %0"_1 is of the form

(BoWBi,)NT ' (BowB;,)N---NT~ " D(BywB; ).

This can be written as a pairwise disjoint union of 2" elements of ﬁg‘*l (some of
which may be empty sets). Thus every element of @/0"*1 contains at most 2" el-
ements of ﬁ(’;’l. Forming the union over a sub cover of ?/0”71 with cardinality
N(Z"), we get that #87 " <2"N (% ™").

We no appeal to (4.4): Hy (Be~") <log, #By~") < H(%y"") + n. Dividing by
n and passing to the limit as n — oo, we see that i, (T, B) < hiop(% ) + 1. By (4.5),
hy(T,0) < hiop(% ) +2 < hiop(T) +2.

Passing to the supremum over all ¢, we get that /1, (T) < hyop(T) +2, and this
holds for all continuous mappings 7" and invariant Borel measures . In particular,
this holds for 7" (note that f o (7")~! = w): hy (T") < hop(T™) 4 2. But hy (T") =
nhy (T) and hyp(T") = nhyop(T) (problems 4.4 and 4.13). Thus we get upon division
by n that hy (T) < hiop(T) +(2/n) — 0, which proves the theorem. O

In fact, hop(T) = sup{hy(T) : u is an invariant Borel probability measure}. But to
prove this we need some more preparations. These are done in the next section.
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4.6.2 Bowen’s definition

We assume as usual that (X,d) is a compact metric space, and that T : X — X is
continuous. For every n we define a new metric d,, on X as follows:

dp(x,y) = max d(T'x,T'y).

This is called Bowen’s metric. It depends on T. A set F C X is called (n,€)-
separated, if for every x,y € F s.t. x £y, d,(x,y) > €.

Definition 4.7.

1. s,(e,T) := max{#(F) : F is (n,&)-separated}.
2. s(g,T) :=limsup % logs,(€,T)
n—oo

3. hiop(T) = 81_i>r(1)1+s(8,T).

Theorem 4.8 (Bowen). Suppose T is a continuous mapping of a compact metric
space X, then hiop(T) = hiop(T).

Proof. Suppose 7 is an open cover all of whose elements have diameters less than
€. We claim that N(%'~") > s,(e,T) for all n. To see this suppose F is an (n,€)-
separated set of maximal cardinality. Each x € F is contained in some U, € %0"71.
Since the d—diameter of every element of % is less than J, the d,,—diameter of every
element of %0”’1 is less than &. Thus the assignment x — U, is one-to-one, whence

N(ZJ™") > sule,T).

It follows that s(€,T) < hiop(T, %) < hiop(T), whence hop(T) < hyop(T).

To see the other inequality we use Lebesgue numbers: a number 6 is called a
Lebesgue number for an open cover %, if for every x € X, the ball with radius &
and center x is contained in some element of %/. (Lebesgue numbers exist because
of compactness.)

Fix € and let % be an open cover with Lebesgue number bigger than or equal to
€. It is easy to check that for every n, € is a Lebesgue number for %0”’1 w.r.t. dy.

Let F be an (n,&/2)-separated set of maximal cardinality, i.e. #F = s,(€). Then
any point y we add to F' will break its (n, €)—separation property, and so

VyeX Ix € F st dy(x,y) <€g/2.

It follows that the sets B, (x;€/2) := {y : dy(x,y) < €/2} (x € F) cover X.

Every B, (x,£/2) (x € F) is contained in some element of %', because %!
has Lebesgue number € w.r.t d,,. The union of these elements covers X. We found a
sub cover of %" of cardinality at most #F = s, (€). This shows that

N( % ™") < sule).
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We just proved that for every open cover % with Lebesgue number at least €,
hop(T, % ) < s(€). It follows that

sup{hiop(T,% ) : % has Lebesgue number at least £} < s(¢).

We now pass to the limit € — 0. The left hand side tends to the supremum over all
open covers, which is equal to hop (7). We obtain hp(T) < lim s(e). O
£—=0

Corollary 4.1. Suppose T is an isometry, then all its invariant probability measures
have entropy zero.

Proof. If T is an isometry, then d, = d for all n, therefore s(&,7) = O for all £ >
0, 50 hyop(T') = 0. The theorem says that /p(7) = 0. The corollary follows from
Goodwyn’s theorem. ad

4.6.3 The variational principle

The following theorem was first proved under additional assumptions by Dinaburg,
and then in the general case by Goodman. The proof below is due to Misiurewicz.

Theorem 4.9 (Variational principle). Suppose T : X — X is a continuous map of a
compact metric space, then hp(T) = sup{hy (T) : W is an invariant Borel measure}.

Proof. We have already seen that the topological entropy is an upper bound for the
metric entropies. We just need to show that this is the least upper bound.
Fix &, and let F;, be a sequence of (n,&)—separated sets of maximal cardinality
1

(so #F, = s,(€,T)). Let
iF Y &,

n xek,

Vo=

where 6, denotes the Dirac measure at x (i.e. 8;(E) = 1g(x)). These measure are not

invariant, so we set
n—1

1 _
tp:=—Y vyoT k,
=0

Any weak star limit of u,, will be T—invariant (check).
Fix some sequence ny — o0 s.t. [, kL>  and s.t. i log sy, (&,T) — s(e,T).
—»00 n—oo
We show that the entropy of u is at least s(¢,T). Since s(g,T) — hiop(T), this
e—0

will prove the theorem.

Let o = {Aj,...,An} be a measurable partition of X s.t. (1) diam(4;) < €; and
(2) u(dA;) = 0. (Such a partition can be generated from a cover of X by balls of
radius less than £/2 and boundary of zero measure.) It is easy to see that the d,,—
diameter of Ot(’)’_l is also less than €. It is an exercise to see that every element of

ag_l has boundary with measure u equal to zero.
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We calculate Hy, (off'). Since F, is (n,€)-separated and every atom of & has
d,—diameter less than g, a(')‘*l has #F;, elements whose v, measure is 1/#F,, and the
other elements of 056"l have measure zero. Thus

Hy, (o)~ ") = log, #F, = log, s, (€, T).

We now “play” with an(a(’)"l) with the aim of bounding it by something in-
volving a sum of the form Y7~/ anon,-(agfl). Fix g, and j € {0,...,q— 1}, then

[/q)-1
-1 i—1 —(qi+j —1 -1
logy su(€,T) = Hy, (o) < Hy, (0 V ‘\/o T of V (g 1)+ 1)
1=
[7/q]-1 .
< Z anoT*(qu)(ag ) +2qlog, #a.
i=0
Summing over j =0,...,q— 1, we get

1] _
qlog, s,(e,T) <n- - Z anoT—k(Olg 1) +2qlog, #a
k=0

< nHy, ((xg_l) +2glog, #a,

because U, = % ;‘:_01 Vy,oT " and ¢(t) = —tlog,t is concave. Thus
1 1 _ 2
—log, sy, (€,T) < ~Hy, (o )+ = log, #ar, (4.6)
g q Ny

where n; — o is the subsequence chosen above.
Since every A € aff ! satisfies (L(9A) = 0, L, (A) kW—> L(A) forall A € o '3
It follows that H#nk(ag_l) — Hy (o™ "). Passing to the limit k — o in (4.6),
—3o0
we have s(¢,T) < LH, (&) — hy (T, ) < hy(T). Thus hy(T) > s(e, T). Since
q q—

5(&,T) —— hop(T) the theorem is proved. O
£—0t

4.7 Ruelle’s inequality

Theorem 4.10 (Ruelle). Let f be a C' diffeomorphism of a compact C* Rieman-
nian manifold M without boundary. Suppose | is an f-invariant Borel probability

3 Fix § and sandwich u < Lyga < 14 < 1puga < v with u,v continuous s.t. | [udp — pu(E)| < 8
and | [vdu — u(E)| < 8. This is possible because A \ dA is open, AU JA is open, and [1(dA) = 0.
Then u(A)— 0 < fudu =lim [udp,, <liminfu,, (E) <limsupp,, (E) <lim [vdp, = [vdp <
U(A)+ 8. Since 6 is arbitrary, u,, (E) — u(E).
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measure with Lyapunov exponents x1(x) > --- > xq(x). Then*

[ X x> m2 ()

2i(x)>0

Corollary 4.2. Let |1 be an ergodic invariant probability measure for a C' diffeo-
morphism f on a compact smooth manifold without boundary. If hy (f) > 0, then p
has at least one positive Lyapunov exponent.

In other words, positive entropy implies exponential sensitivity to initial conditions
almost everywhere!

4.7.1 Preliminaries on singular values

The singular values of an invertible d x d matrix A are the eigenvalues e*! > --- >
eXd of the matrix VA’A.

Proposition 4.9. Let eX! > --- > eXd denote the singular values of an invertible ma-
trix A listed with multiplicity. The ellipsoid {Av:v € R | ||v||2 < 1} can be inscribed
in an orthogonal box with sides 2e*! ... 2e*d,

Proof. The matrix vA’A is symmetric and positive definite, therefore it can be di-
agonalized orthogonally. Let u;,...,u,; be an orthonormal basis of eigenvectors so
that Au; = eXiu;. Using this basis we can represent

d d
{AE:EER", HKHQS]}E Y oA Y o <15 <Y oA, |og| < 1
i=1 i=1

The last set is an orthogonal box as requested, because Ay; are orthogonal vectors
with lengths e%': (Au;,Au;) = (A'Au;,u;) = e (uj,u;) = ;.

Proposition 4.10 (Minimax Principle). eX4) =  max min ||Ay]|.
VCRA dimV=i veV,|v[=1

Proof. The matrix vA’A is symmetric and positive definite. Let u;,...,u,; be an
orthonomal basis of eigenvectors with eigenvalues eX! > ... > %,
Fix i. For every subspace V of dimension i, dim(V Nspan{y;,...,u;}) > 1 by

d d

dimension count. Therefore Jv € V' s.t.v =} au; €V, and [[y]| = ¥ ocjz =1 We
j=i j=i

have [|Av||> = (Av,Av) = (A'Av,v) = ¥ ;> €% ajz < ¢*%i, This shows that

4 The In2 is because we followed the tradition in ergodic theory to use base two logarithms to define
the entropy, and we followed the tradition is dynamical systems to use natural base logarithms to
define Lyapunov exponents. In literature on dynamical systems, it is customary to use natural
logarithms also for the definition of the entropy, and then no such factor is necessary.
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max min ||Ay|| <expy;.
VCRA dimV=i veV,|v]=1

For the other inequality, consider Vy := span{u,,...,u;}. Every unit vector v € Vy
can be put in the form vy = ):‘j:l Bju ; with Z’j:l ﬁjz =1, whence

i i
Av||? = (A'Av,v) = Z ezljﬁjz > i Z ﬁjz _ 2
Jj=1 j=1

The lower bound is achieved for v = u;, so min ||Av| = e*, proving that
veVp,[lvll=1
max min [|Ay]| > min [|Ay|| =expy;. O
VR dimV=i veV,|v||=1 veVp,|lvl=1

4.7.2 Proof of Ruelle’s inequality

Fix k,n € N and € > 0, to be determined later.
Step 1. A generating sequence of “nice” partitions.

Proof. Let Ey := {y1,...,yn, } denote a maximal € /k-separated set: “‘€ / k-separation”
means that i # j = d(y;,y;) > €/k; “maximality” means that Vx € M3is.t. d(x,y;) <
€/k. Such a set exists by the compactness of M.

Each y; € Ej defines a Dirichlet domain

Al:={xeM:d(x,y;) <d(x,y;) forall j}.

The following properties are easy to verify:

1. Al cover M
2. Al have disjoint interiors and contain the pairwise disjoint balls B(y;, € /2k)
3. Al C B(yi,e/k), otherwise we can find x € A} such that for all j, d(x,y;) >
d(x,y;) > €/k, in contradiction to the maximality of Ej
4. diam(A!) <2¢e/k
Let A := A}, A] 1=A5\U3;11A/j~ Then oy := {Ay,...,Ap, } is a partition of M
such that diam( o) — 0. So hy (T, oy.) - hyu(T, et). Note that it is still the case
—yo0 —roo
that B(yi,&'/k) CA; C B(y,'728/2k).
Step 2. hy(f, 0) < Yacq, M(A)(2log, K,(A,k)), where
Kn(A k) :=#{A € o : AN f(A) #£ 2}

Proof. hy(f, o) = %hu(f”,ak) = %hu(f’",ak), due to exercises 4.4 and 4.5. By
Rokhlin’s formula,
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hu(f " o) = Hy (o] \/ f17"0u) < Hy (o f" o) = Hyu (f " 0| e ).
=1

Hy (0] 0) = — Taca, 1A) (Epe jrgy 1 (BIA) logy 1 (BIA)). The inner sum is
bounded by log, #{B € oy : u(f~"(B)NA) > 0} =logK,(A,k).

Step 3. There exists a constant C which depends on M but not on €,n,k such that for
all n large enough, for all k large enough

Ka(A k) < Cﬁ(l +si(DF"))
i=1

forall y € A, where s,~(Df7y”) denote the singular values of the derivative matrix of
f" aty, expressed in coordinates.

We first explain the method on the heuristic level, and then develop the rigorous
implementation. Suppose 7 is fixed.

Observe that f"(A) has diameter at most Lip(f™)diamay < Lip(f™)2¢/k, and
therefore f"(A) and all the A" which intersect it are included in a ball B of ra-
dius (Lip(f™) + 1)€/k). If € is very small, this ball lies inside a single coordinate
chart w1 (R9). Similarly, A lies inside a ball of radius diamoy < 2¢/k, which for €
sufficiently small lies inside a coordinate chart y,(R?). This allows us to express
f"| f-n(p) in coordinates: F" := y; ' o froy : R — RY.

If € is sufficiently small, F" is very close to its linearization. Suppose for the
purpose of the explanation that F" is precisely equal to its linearization on f~"(B).
From now on we abuse notation and identify f” with its derivative matrix DF" in
coordinates.

Since A is contained in a ball of radius €/k, DF"(A) is contained in a box with
orthogonal sides whose lengths are 2(€/k) x the singular values

X1 (DF") > > pta(DF"),

The A" which intersect f"(A) are contained in an € /k—neighborhood of this box, a
set whose (Lebesgue) volume is bounded above by

d d
Y fom

i=1

By construction, A} contain pairwise disjoint balls of radius €/2k, and volume
const. (¢/k)?. Thus their number is at most const. [T, prn)>o(e%(PF") + 1), where
the constant comes from the volume of the unit ball in R¥.

We now explain how to implement this idea when f" is not linear. The details are
tedious, but are all routine.

We begin by recalling some facts from differential topology. Recall that M is a
compact smooth Riemannian manifold of dimension d. Let 7.M denote the tangent
space at x, and let TM denote the tangent bundle. Since M is a Riemannian manifold,
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every T,M comes equipped with an inner product (-,-), and a norm || - ||. We denote
tangent vectors in T,M by ¥, and vectors in R? by v.
Let exp, : TyM — M denote the exponential map, defined by exp,(0) := x and

¥:(2) is a geodesic with

exp (V) = %(|[7), where beginning x, direction v and speed 1.

It is a basic fact in differential topology, that since M is compact and C>-smooth,
there are constants K,k > 0 s.t. for all x € M,

1. (x,V) — exp, (V) is a smooth map TM — M

2. expy g, ) 15 a C? diffeomorphism onto its image, and exp, | Bx) B(x,K2)
3. the derivative of exp, atQis id : M — T.M

4. for all ¥, € B(0, k), LW =2« < d(exp(%1),exp,(¥2)) < 2|[¥1 — oI

It is also a standard procedure in differential topology to cover M by a fi-
nite collection balls B(x;, x») C M of radius k» together with a continuous map
O : TB(x;, k3) — R? such that @|7, : T,M — R? is a linear isometry. If we glue
these identifications we can obtain a measurable (even piecewise continuous) map

B :TM — R st 0, = Oy TM — R is a linear isometry.

Now fix n € N, x € M, and choose k3 < kj/(4Lip(f")) where Lip(f™) is the
Lipschitz constant of f". The following map is well defined on {r € R? : ||¢|| < K3}:

F':=0Omy0 expjj,,l(x> of"oexp, o, !

Notice that F;' maps a neighborhood of 0 € R? onto a neighborhood of 0 € R?,
F!'(0) =0, and that the derivative at 0 is

(DFxn)Q = ﬁf”(x) o (Dfn)x o 19;] S GL(d,R)
Here we identified the linear maps o : T,M — R? with their derivatives at 0, and
(Df™")x s TeM — Tyn (M is the derivative of f" at x.

Claim. For every € > 0 there is a k < x3 such that for all x € M and ||f]| < x
d(F¢ (1), (DE?)ot) < et

Proof. Write G = F!", fix t, and let g, (s) = G(st) € R%. Since g,(0) = F"(0) =0,

x M AL

16() - DG = (1)~ 20) -0} < | [ o1 0]

1
S/O||g2(s)—g£(0)llds§\|zll sup  [|(DE")s, — (DF)s, |

lls1—s2lI<|lzl|

Since fis C' and Bn(y), Oy are isometries, the supremum can be made smaller than
€ by choosing « sufficiently small.



128 4 Entropy
Claim. Let 5;(Df?') := i-th singular value of ®n (D79, ', then there exists k4 such
that [s;(Dfy) — si(Dfy)| < 1 for all d(y,z) < k4.

Proof. By the minimax theorem the fact that Oy, 9 (,) are isometries,

D n — 3 D n\3
iDf) =, max | omin (DAY

The C'-smoothness of f implies that (x,¥) — ||(Df").V|| fn(y) is uniformly continu-
ous. From this it is routine to deduce that s;(Df¥) is uniformly continuous.

We can now begin the estimation of K,,(A, k). Recall that A is contained in some
ball B(y;,e/k) of radius €/k. Therefore

J"(A) € B(f"(yi), Lip(f")e/k).
So every A’ € oy which intersects f"(A) satisfies

A" C B(f"(yi), (Lip(f") +1)e/k)
Assume k is so large that (Lip(f") + 1)€/k < k3. Using the bound Lip(exp; ') <
2, we can write A’ and A in coordinates as follows:
A = (exp,, oﬂyjl)(B), where B C B(0,2¢/k) C RY

A" = (expn(y,) oﬁ}}ll(y.))(B'), where diam(B') < 2diam(A’) < 4¢/k.

Since A'N f"(A) # @ and f"(A) = (expf,,(yi) oﬂ];,l(yi))(fg,': (B)), it must be the case

that B’ N Fy!(B) # &, whence since diam(B') < 4¢/k
B C Ny(F!(B)) 1= {x: d(x, E1(B)) < p}

where p :=4¢€/k.

Claim. Choose k so large that 10€/k < 1 and € < 1/2. Then the Lebesgue volume
of Np (Fy!(B)) is less than 100 (e/k)* TIL (1 + (8., DSyt thy))-

Proof. B C B(0,2¢/k), therefore

n orthogonal box whose sides .
(DF;)o(B) < <have lengths 2 (2¢/K) - ;[ (DF2)] ) = B%

Since d(Fy!(t),(DF}!)ot) < g||t]| < £ on B(0,2¢/k), F}!(B) C Ngx(Box). Thus

n orthogonal box whose sides
No(F5;(B)) (have lengths (100& /k)(1+ s;[(DF?)o])

(100 is an over estimate).

We can now bound K,(A,k): Each A’ contains a ball of radius €/2k. Since

exp;nl(y_) has Lipschitz constant < 2, each B’ contains a ball of radius &/4k. These
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balls are disjoint, because the A’ are disjoint. We find that K,,(A,k) is bounded by
the maximal number of pairwise disjoint balls of radius € /4k which can be fit inside
a set of volume 100¢ (& /k)? T2, (1 +s; (19 1 \Dfy; 9y,)). Thus

d
H [1+5;(Df}.)]

where C is independent of €,n,k: The (&/k)? term cancels out!

Proof of Ruelle’s inequality. Steps 2 and 3 give us the inequality

hy (f; 0%) <* Y, u(A)log, Ku(A, k)

AG(Xk

<) uA Z —log, [1 4 si(Df},)] +logC for all k large enough

AE(Xk i=
, ) 1
< Z / ;logz[l —l—s,-(va)}du(y)—i—;logC,
i=1"
where the last estimate is because A C B(y;, €/k) and
1
Isi(Dfy) —si(Dfy;)| < 3 forally € A C B(yj,€/k).

Passing to the limit k — oo gives us that

4 1
ha(f) < ;./ log,[1+5:(Df)du(y) + - logC,

whence iy, (f) < lim Z/flogz L+5i(DfY)]du(y).

n—oo

We analyze the last limit. Let A(x) = O Dfi0, ", !, then

A(f" 1)) A(F())AX) = B DA O

and therefore s;(Df}') = i-th singular value of A(f"~!(x))-- (f(x)) (x). By the
multiplicative ergodic theorem, s;(x)"/" —— %) where y(x) > --- > xq(x) are

n—soo
the Lyapunov exponents of A(x). Necessarily,

1 i(x)/In2 i(x 0
;logz[l +si(Dfy)] P {g( )/ iéx; ZO

)

where the In2 factor is due to the identity log, (%) = x;/In2.
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Since % log,[1+si(Dfy')] is uniformly bounded (by (In 2)~! sup, [|Dfyl]), we have
by the bounded convergence theorem that
Lo . 1
() < Y [ lim o+ s (DG =5 [ L xodu,
i=1 i12i(x)>0

and we have Ruelle’s inequality. U

Problems

4.1 Prove: Hy(a|B) =~ ¥ p(B) ¥ u(A|B)logu(A|B), where u(A|B) = 420,
Bep Aca K

4.2. Prove: if H, (a|B) =0, then « € B mod u.

4.3. Prove that /1, (T') is an invariant of measure theoretic isomorphism.
4.4. Prove that Ay, (T") = nhy (T).

4.5. Prove that if T is invertible, then Ay, (T 1) = hy, (T).

4.6. Entropy is affine

Let T be a measurable map on X, and y;, Uy be two T—invariant probability mea-
sures. Set fL =1y + (1 —1)pp (0 <t < 1). Show: hy (T) =thy, (T)+ (1 —1t)hy, (T).
Guidance: Start by showing that for all 0 < x,y,r <1,

0 < @(tx+(1-1)y) = [to(x) + (1 =1)@(y)] < —txlogs — (1 —1)ylog(1 —1)

4.7. Let (X, %, 1) be a probability space. If o, B are two measurable partitions of
X, then we write o« = 8 mod u if & = {Ay,...,A,} and B= {By,...,B,} where
U(A;AB;) = 0 for all i. Let 3 denote the set of all countable measurable partitions
of X, modulo the equivalence relation @ = § mod . Show that

p(a,B) = Hy(a|B)+Hyu(Bl)

induces a metric on ‘.

4.8. Let (X,4,u,T) be a ppt. Show that |hy(T,ct) — hy(T,B)| < Hu(a|B) +
Hy (Bla).

4.9. Use the previous problem to show that
hy (T) = sup{h, (T, o) : o finite measurable partition}

4.10. Suppose oo = {Aj,...,A,} is a finite measurable partition. Show that for every
€, there exists 0 = 8(¢g,n) such that if B = {By,...,B,} is measurable partition s.t.
W(A;AB;) < 8, then p(a,B) < €.
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4.11. Entropy via generating sequences of partitions
Suppose (X, %, 1) is a probability space, and < is an algebra of .#—measurable
subsets (namely a collection of sets which contains @ and which is closed under
finite unions, finite intersection, and forming complements). Suppose <7 generates
P (i.e. A is the smallest c—algebra which contains 7).

1. For every F € .% and € > 0, there exists A € &7 s.t. U(AAF) < €.

2. For every #-measurable finite partition 8 and € > 0, there exists an .«7/—
measurable finite partition o s.t. p(a, ) < €.

3. If T : X — X is probability preserving, then

hy(T) = sup{hy (T, ) : o is an .&/—measurable finite partition}.

4. Suppose o1 < ap < --- is an increasing sequence of finite measurable partitions
such that 6 (U, > &) = % mod p, then hy, (T) = lim hy (T, o).
- n—oo

4.12. Show that the entropy of the product of two ppt is the sum of their two en-
tropies.

4.13. Show that Ao, (T") = nhp(T).

Notes to chapter 4

The notion of entropy as a measure of information is due to Shannon, the father
information theory. Kolmogorov had the idea to adapt this notion to the ergodic the-
oretic context for the purposes of inventing an invariant which is able to distinguish
Bernoulli schemes. This became possible once Sinai has proved his generator theo-
rem — which enables the calculation of this invariant for Bernoulli schemes. Later,
in the 1970’s, Ornstein has proved that entropy is a complete invariant for Bernoulli
schemes: they are isomorphic iff they have the same entropy. The maximum of the
possible entropies for a topological Markov shift was first calculated by Parry, who
also found the maximizing measure. The material in this chapter is mostly classical,
[5] and [1] are both excellent references. For an introduction to Ornstein’s isomor-
phism theorem, see [4]. Our proof of Ruelle’s inequality is based on [3] and [2].
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Appendix A

The isomorphism theorem for standard measure
spaces

A.1 Polish spaces

Definition A.1. A polish space is a metric space (X,d) which is

1. complete (every Cauchy sequence has a limit);
2. and separable (there is a countable dense subset).

Every compact metric space is polish. But a polish space need not be compact, or
even locally compact. For example,

NN = {x = (x1,x2,x3,...) 1 ;¢ € N}
equipped with the metric d(x,y) := Yi> 2k |xk_1 - yk_1| is a non locally compact
polish metric space.

Notation: B(x,r):={y € X :d(x,y) < r} (the open ball with center x and radius r).

Proposition A.1. Suppose (X,d) is a polish space, then

1. Second axiom of countability: There exists a countable family of open sets U
such that every open set in X is a union of a subfamily of % .

2. Lindelof property: Every cover of X by open sets has a countable sub-cover:

3. The intersection of any decreasing sequence of closed balls whose radii tend to
zero is a single point.

Proof. Since X is separable, it contains a countable dense set {x, },>1. Define
U = {B(x,,r):neN,reQ}.

This is a countable collection, and we claim that it satisfies (1). Take some open set
U. For every x € U there are

1. R > 0 such that B(x,R) C U (because U is open);
2. xn € B(x,R/2) (because {x,} is dense); and

133
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3. re Qsuchthatd(x,x,) <r<R/2.

It is easy to check that x € B(x,,r) C B(x,2r) C B(x,R) C U. Thus for every x € U
there is U, € % s.t. x € U, C U. It follows that U is a union of elements from %
and (1) is proved. (2) is an immediate consequence.

To see (3), suppose By, := B(z,, 1) is a sequence of closed balls such that B, D
B+ and r, — 0. It is easy to verify that {z,} is a Cauchy sequence. Since X is
complete, it converges to a limit z. This limit belongs to B, because z; € By C B,, for
all kK > n, and B, is closed. Thus the intersection of B, contains at least one point.
It cannot contain more than one point, because its diameter is zero (because it is
bounded by diam[B,] < r,, — 0). O

A.2 Standard probability spaces

Definition A.2. A standard probability space is a probability space (X, %, i) where
X is polish, & is the c—algebra of Borel sets of X, and u is a Borel probability
measure.

Theorem A.1. Suppose (X, 2, L) is a standard probability space, then

1. Regularity: Suppose E € AB. For every € > 0 there exists an open set U and a
closed set F such that F CE C U and u(U\F) < €.

2. Separability: There exists a countable collection of measurable sets {E,}n>1
such that for every E € 2 and € > 0 there exists some n s.t. W(EAE,) < €.
Equivalently, LP (X, 2, 1) is separable for some (and then for all) 1 < p < oo,

Proof. Say that a set E satisfies the approximation property if for every € there are
aclosed set F and anopenset U s.t. F CE C U and u(U\E) < €.

Open balls B(x,r) have the approximation property: Take U = B(x,r) and F =

1
tends to that of B(x,r)).

Open sets U have the approximation property. The approximating open set is
the set itself. To find the approximating closed set use the second axiom of count-
ability to write the open set as the countable union of balls B, and approximate
each B, from within by a closed set F, such that u(B, \ F,) < €/2""!. Then
w(U\U,>1 F,) < /2. Now take F := JY| F; for N large enough.

Thus the collection € := {E € % : E has the approximation property} contains
the open sets. Since it is a oc—algebra (check!), it must be equal to %, proving (1).

We prove separability. Polish spaces satisfy the second axiom of countability, so
there is a countable family of open balls % = {B, : n € N} such that every open
set is the union of a countable subfamily of %/. This means that every open set
can be approximated by a finite union of elements of % to arbitrary precision. By
the regularity property shown above, every measurable set can be approximated by
a finite union of elements of % to arbitrary precision. It remains to observe that
& = {finite unions of elements of % } is countable.

B(x,r— <) for n sufficiently large (these sets increase to B(x,r) so their measure
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The separability of L? for 1 < p < oo follows from the above and the obvious fact
that the collection {):ﬁ.vzl o;lg :NeN,o; € Q,E; € &} is dense in L? (prove!). The
other direction is left to the reader. a

The following statement will be used in the proof of the isomorphism theorem.

Lemma A.1. Suppose (X, %, 1) is a standard probability space and E is a measur-
able set of positive measure, then there is a point x € X such that UW[E N B(x,r)] #0
forallr > 0.

Proof. Fix g, | 0. Write X as a countable union of open balls of radius & (second
axiom of countability). At least one of these, By, satisfies t(E NBy) # 0. Write B}
as a countable union of open balls of radius &. At least one of these, B;, satisfies
W[EN By NB;| # 0. Continue in this manner. The result is a decreasing sequence
of open balls with shrinking diameters By D By D --- which intersect E at a set of
positive measure.

The sequence of centers of these balls is a Cauchy sequence. Since X is polish, it
converges to a limit x € X. This x belongs to the closure of each B,,.

For every r find n so large that &, < r/2. Since x € By, d(x,x,) < &,, and this
implies that B(x,r) D B(x,,€&,) = By. Since B, intersects E with positive measure,
B(x,r) intersects E with positive measure. O

A.3 Atoms

Definition A.3. An afom of a measure space (X, %, |1) is a measurable set A of non-
zero measure with the property that for all other measurable sets B contained in A,
either u(B) = u(A) or u(B) = 0. A measure space is called non-atomic, if it has no
atoms.

Proposition A.2. For standard spaces (X, %, L), every atom is of the form {x}Unull
set for some x s.t. L{x} #0.

Proof. Suppose A is an atom. Since X can be covered by a countable collection of
open balls of radius r; := 1, A = ;> A; where A; are measurable subsets of A of
diameter at most r;. One of those séts, A;,, has non-zero measure. Since A is an
atom, U(A;) = p(A). Setting A1) := A;, we see that

AW c A diam(AD) <7, u(AW) = p(A).

Of course A() is an atom.
Now repeat this argument with A(!) replacing A and r» := 1 /2 replacing r;. We
obtain an atom A(®) s.t.

AP c A, diam(AP) < ry ,u(A?) = u(A).
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We continue in this manner, to obtain a sequence of atoms A D A 5 A2 5.
of the same measure, with diameters r; = 1/k — 0. The intersection NA® is non-
empty, because its measure is limu(AK)) = u(A) # 0. But its diameter is zero.
Therefore it is a single point x, and by construction x € A and u{x} = u(A). a

Lemma A.2. Suppose (X,%, L) is a non-atomic standard probability space, and
r> 0. Every %8—measurable set E can be written in the form E = 4| F; W N where
W(N) =0, F; are closed, diam(F;) < r, and u(F;) #0.

Proof. Since every measurable set is a finite or countable disjoint union of sets of
diameter less than  (prove!), it is enough to treat sets E such that diam(E) < r.

Standard spaces are regular, so we can find a closed set F; C E such that u(E \
)< % If u(E\ Fy) = 0, then stop. Otherwise apply the argument to E \ F} to
find a closed set F» C E \ Fy of positive measure such that u[E \ (F{ UFR)] < 2%
Continuing in this manner we obtain pairwise disjoint closed sets F; C E such that
W(E\UL, F;) < 27" for all n, or until we get to an n such that u(E\ ¥, F,,) = 0.

If the procedure did not stop at any stage, then the lemma follows with N :=
E\Ui>1 Fi.

We show what to do in case the procedure stops after n steps. Set F' = F;,, the last
closed set. The idea is to split F into countably many disjoint closed sets, plus a set
of measure zero.

Find an x such that y[F N B(x,r)] # 0 for all r > 0 (previous lemma). Since X is
non-atomic, u{x} = 0. Since B(x,r) | {x}, u[FNB(x,r)] — 0. Choose ry, . 0 for

which u[F NB(x,r,)] is strictly decreasing. Define

Ci:=FNB(x,r1)\B(x,r2), C2 := FNB(x,r2) \ B(x,r3) and so on.

This is an infinite sequence of closed pairwise disjoint sets of positive measure in-
side F. By the construction of F' they are disjoint from Fi,...,F,_; and they are
contained in E.

Now consider E' :=E\ (U?;OI F,UlJ; C;). Applying the argument in the first para-
graph to E’, we write it as a finite or countable disjoint union of closed sets plus a
null set. Adding these sets to the collection {F},...,F,—1} U{C;:i> 1} gives us the
required decomposition of E. a

A.4 The isomorphism theorem

Definition A.4. Two measure spaces (X;, %;, ;) (i = 1,2) are called isomorphic if
there are measurable subsets of full measure X/ C X; and a measurable bijection
7 : X{ — X5 with measurable inverse such that (i, = oz ~!.

Theorem A.2 (Isomorphism theorem). Every non-atomic standard probability
space is isomorphic to the unit interval equipped with the Lebesgue measure.
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Proof. Fix a decreasing sequence of positive numbers &, which tend to zero. Using
lemma A.2, decompose X = 47| F(j) WN where F () are pairwise disjoint closed
sets of positive measure and diameter less than €1, and N is a null set.

Applying lemma A.2 to each F (j), decompose F (j) = Hr—; F (j, k) WN(j) where
F(j,k) are pairwise disjoint closed sets of positive measure and diameter less than
&, and N(j) is a null set.

Continuing in this way we obtain a family of sets F(xy,...,x,),N(x1,...,%,),
(n,x1,...,x, € N) such that

1. F(xy,...,x,) are closed, have positive measure, and diam[F (x,...,x,)] < &
2. F(x1y..yXp_1) = &JyeNF(xl,...,xn,l,y) WN(xp, ..oy X0—1);
3. U[N(xq,...,x,)] =0.

Set X := N> 1 Wy, . xuen F(x1,. ., Xp). It is a calculation to see that u(X \ X') =
0. The set X' has tree-like structure: every x € X’ determines a unique sequence
(x1,X2,...) € NN such that x € F(x1,...,x,) for all n. Define 7 : X’ — [0, 1] by

X1+

Xt

This map is one-to-one on X', because if 7(x) = m(y), then 1/(x; + 1/(x2 +
) =1/(y2+1/(y2+---)) whence x; = y; for all k;' this means that x,y €
F(xi,...x,) for all n, whence d(x,y) <g& — 0.

n—so0

This map is onto [0, 1]\ Q, because every irrational ¢ € [0, 1] has an infinite con-
tinued fraction expansion 1/(a; +1/(az +--)), so t = n(x) for the unique x in
Nu>1 F(ai1,...,a,). (This intersection is non-empty because it is the decreasing in-
tersection of closed sets of shrinking diameters in a complete metric space.)

We claim that 7 : X’ — [0,1] \ Q is Borel measurable. Let [aj,...,a,] de-
note the collection of all irrationals in [0, 1] whose continued fraction expansion
starts with (aj,...,a,). We call such sets “cylinders.” We have 7~ ![ay,...,a,] =
F(ai,...,a,)NX’, aBorel set. Thus

¢ :={Ec #(0,11\Q): n Y (E) € B}

contains the cylinders. It is easy to check that ¢ is a c—algebra. The cylinders gener-
ate A([0,1]\ Q) (these are intervals whose length tends to zero as n — o). It follows
that ¢ = 2(]0, 1]\ Q) and the measurability of 7 is proved.

Next we observe that [F(aj,...,a,)NX'] = [a1,...,a,],s0 771 :[0,1]\Q — X’
is Borel measurable by an argument similar to the one in the previous paragraph.

It follows that 7 : (X, %,u) — ([0,1]\ Q,%£([0,1]\ Q),u o x~') is an isomor-
phism of measure spaces. There is an obvious extension of wox~! to %([0,1])
obtained by declaring u(Q) := 0. Let m denote this extension. Then we get an
isomorphism between (X, %, 1) to ([0,1],%([0, 1]),m) where is m is some Borel
probability measure on [0, 1]. Since y is non-atomic, m is non-atomic.

! Hint: apply the transformation x — [1/x] to both sides.
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We now claim that ([0,1],%([0,1]),m) is isomorphic to ([0,1],%([0,1]),1),
where A is the Lebesgue measure.

Consider first the distribution function of m, s — m[0,s). This is a monotone
increasing function (in the weak sense). We claim that it is continuous. Otherwise it
has a jump J at some point xp:

m[0,xo + €) —m[0,x9) > J for all € > 0.

This means that m{xo} > J, which cannot be the case since m is non-atomic.
Since F,,,(s) =m([0,s)) is continuous, and F;,(0) =0, F,, (1) =m([0,1]) —m{1} =
1, F,(s) attains any real value 0 < ¢ < 1. So the following definition makes sense:

B(t) :=min{s > 0:m([0,s)) =1} (0<r<1)

Notice that F,, (0 (7)) = t. We will show that ¥ : ([0, 1], 8,m) — (]0,1],8,A) is an
isomorphism of measure spaces.

Step 1. m([0,1]\ ©[0,1]) = 0.

Proof. s € ©[0, 1] iff s = O (F,(s)) iff Vs" < s, m[s',s] > 0.

Conversely, s & ©[0, 1], iff s belongs to an interval with positive length and zero
m measure. Let I(s) denote the union of all such intervals. This is a closed interval
(because m is non-atomic), m(I(s)) = 0, A(I(s)) > 0, and for any sy,s2 € [0, 1] \
©[0,1], either I(s1) = I(s2) or I(s1) NI(s2) = .

There can be at most countably many different intervals I(s). It follows that
[0,1]\ ¥]0, 1] is a finite or countable union of closed intervals with zero m-measure.
In particular, m([0, 1]\ #[0,1]) = 0.

Step 2. © is one-to-one on [0, 1].
Proof: F,,, 0% = id
Step 3. O is measurable, with measurable inverse.

Proof. ¥ is measurable, because for every interval (a,b), ¥ '(a,b) = {t : t =
Fu(9(t)) € Fu(a,b)} = (Fu(a), Fu(b)), a Borel set.

To see that ©®~! is measurable, note that ¥ is strictly increasing, therefore
¥ (a,b) = (¥(a),8(b)) N ([0, 1]). This set is Borel, because as we saw in the proof
of step 1, ¥([0, 1]) is the complement of a countable collection of intervals.

Step 4. mo» = A.

Proof. By construction, m[0,3(t)) =t. Som[9(s),¥(t)) =t —sforall 0 <s <r < 1.
This the semi-algera of half-open intervals generates the Borel o-algebra of the
interval, mo ¥ = A.

Steps 1-4 show that 9 : ([0, 1], 4([0,1]),m) — ([0,1],2(]0,1]), ) is an isomor-
phism. Composing this with 7, we get an isomorphism between (X, %, 1) and the
unit interval equipped with Lebesgue’s measure. ad
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We comment on the atomic case. A standard probability space (X, %, i) can have
at most countably many atoms (otherwise it will contain an uncountable collection
of pairwise disjoint sets of positive measure, which cannot be the case). Let {x; : i €
A} be alist of the atoms, where A C N. Then

p=u'+Y u{x}é, (8 = Dirac measure)
icA
where t’ is non-atomic.
Suppose w.l.o.g that X "N = &. The map

T:X = XUA, n(x) = {x ¥E{xieA)
I X=X

is an isomorphism between X and the measure space obtained by adding to (X, %, it’)
atoms with right mass at points of A. The space (X, %, 1) is non-atomic, so it is iso-
morphic to [0, 1’ (X)] equipped with the Lebesgue measure. We obtain the follow-
ing generalization of the isomorphism theorem: Every standard probability space
is isomorphic to the measure space consisting of a finite interval equipped with
Lebesgue’s measure, and a finite or countable collection of atoms.

Definition A.5. A measure space is called a Lebesgue space, if it is isomorphic to
the measure space consisting of a finite interval equipped with the Lebesgue mea-
surable sets and Lebesgue’s measure, and a finite or countable collection of atoms.

Note that the c—algebra in the definition is the Lebesgue c—algebra, not the Borel
o—algebra. (The Lebesgue o—algebra is the completion of the Borel o—algebra with
respect to the Lebesgue measure, see problem 1.2.) The isomorphism theorem and
the discussion above say that the completion of a standard space is a Lebesgue space.
So the class of Lebesgue probability spaces is enormous!






Appendix A
The Monotone Class Theorem

Definition A.1. A sequence of sets {A,} is called increasing (resp. decreasing) if
A, C Ay forall n (resp. A, 2 A4 for all n).

Notation: A, 1A means that {4, } is an increasing sequence of sets, and A = | JA,,.
Ap | A means that {A, } is a decreasing sequence of sets, and A = NA,.

Proposition A.1. Suppose (X, 2, L) is a measure space, and A, € B.
1. lfAn TA, then ‘U(An) T [,L(A),

n—oo
2. ifA, L A and (A,) < o for some n, then L(A,) — W(A).

n—soo

Proof. For (1), observe that A = 4,>1A,1 1\ A, and use o—additivity. For (2), fix
ng s.t. (Ap,) < oo, and observe that A, | A implies that (A,, \ A,) T (An, \A). O

The example A, = (n,0), 4 =Lebesgue measure on R, shows that the condition in
(2) cannot be removed.

Definition A.2. Let X be a set. A monotone class of subsets of X is a collection .Z
of subsets of X which contains the empty set, and such that if A, € .# and A, T A
orA, | A,thenA € .#.

Recall that an algebra of subsets of a set X is a collection of subsets of X which
contains the empty set, and which is closed under finite unions, finite intersections,
and forming the complement.

Theorem A.1 (Monotone Class Theorem). A monotone class which contains an
algebra, also contains the sigma—algebra generated by this algebra.

Proof. Let .# be a monotone class which contains an algebra o7. Let .# (<) de-
note the intersection of all the collections .#’ C .# such that (a) .#’ is a monotone
class, and (b) .#' O /. This is a monotone class (check!). In fact it is the min-
imal monotone class which contains 7. We prove that it is a oc—algebra. Since
M () C M, this completes the proof.

141
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We begin by claiming that ./ (<) is closed under forming complements. Sup-
pose E € .# (/). The set

M= {E € M(A): (E €M)}

contains &/ (because 7 is an algebra), and it is a monotone class (check!). But
M (/) is the minimal monotone class which contains <, so .#' D> .4 (). It
follows that E € .#', whence E € /4 ().

Next we claim that .# (<7) has the following property:

Ec M (H)Ae o/ = EUA e # ().

Again, the reason is that the collection .#" of sets with this property contains <7,
and is a monotone class.
Now fix E € .# (), and consider the collection

M ={F e M) EUF €M)}

By the previous paragraph, .#’ contains . It is clear that .#" is a monotone class.
Thus A (/) C #', and as aresult EUF € # (/) forall F € 4 (/). But E €
A (o) was arbitrary, so this means that .# (<) is closed under finite unions.
Since .# () is closed under finite unions, and countable increasing unions, it is
closed under general countable unions.
Since .# (<) is closed under forming complements and taking countable unions,
it is a sigma algebra. By definition this sigma algebra contains ./ and is contained

in A . O
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