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Chapter 3

Ergodic Theory

In this last part of our course we will introduce the main ideas and concepts in ergodic theory. Ergodic theory
is a branch of dynamical systems which has strict connections with analysis and probability theory. The discrete
dynamical systems f : X — X studied in topological dynamics were continuous maps f on metric spaces X (or
more in general, topological spaces). In ergodic theory, f : X — X will be a measure-preserving map on a
measure space X (we will see the corresponding definitions below). While the focus in topological dynamics was to
understand the qualitative behavior (for example, periodicity or density) of all orbits, in ergodic theory we will not
study all orbits, but only typical' orbits, but will investigate more quantitative dynamical properties, as frequencies
of visits, equidistribution and mixing.

An example of a basic question studied in ergodic theory is the following. Let A C X be a subset of the space
X. Consider the visits of an orbit ﬁ;{(x) to the set A. If we consider a finite orbit segment {z, f(z),..., f*~(z)},
the number of visits to A up to time n is given by

Card {0<k<n-1, ff)eAy. (3.1)

A convenient way to write this quantity is the following. Let x4 be the characteristic function of the set A, that

is a function x4 : X — R given by
() = 1 ifzeA
XAE=Y 0 ifagAa

Consider the following sum along the orbit
n—1
> xalff(@). (3-2)
k=0

This sum gives exactly the number (3.1) of visits to A up to time n. This is because ya(f*(x)) = 1 if and only if
f¥(x) € A and it is zero otherwise, so that there are as many ones in the sum in (3.2) than visits up to time n and
summing them all up one gets the total number of visits up to time n.

If we divide the number of visits up to time n by the time n, we get the frequency of visits up to time n, that is

Card{0 <k <n, such that fF(z) € X 1

The frequency is a number between 0 and 1.
Q1 Does the frequency of visits converge to a limit as n tends to infinity? (for all points? for a typical point?)
Q2 If the limit exists, what does the frequency tend to?

A useful notion to consider for dynamical systems on the circle (or on the unit interval) is that of uniform distri-
bution.

ITypical will become precise when we introduce measures: by typical orbit we mean the orbit of almost every point, that is all
orbits of points in a set of full measure.
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Definition 3.0.1. Let {z,}nen be a sequence in [0,1] (or R/Z). We say that {x, }nen is uniformly distributed if
for all intervals I C [0,1] we have that

n—1
1
nlggogkz_oxr(mk) = [1].

Where |I| denotes the length of the interval |I|. An equivalent definition is for all continuous functions f : R/Z — R

we should have
1 n—1 1
S = [ S
n 0
k=0

So if we have a dynamical system T : [0,1] — [0,1] (or T : R/Z — R/Z) we can ask whether orbits
{2, T(x),T?(x),...} are uniformly distributed or not.

Example 3.0.1. Let R, : R/Z — R/Z be the rotation given by Ry (z) = z + o. If o € Q then for all z € R/Z
the orbit of R, will be periodic, so cannot be dense and thus cannot be uniformly distributed (why?). On the
otherhand if o ¢ Q it will turn out for all x € R/Z the orbit of R, will be uniformly distributed (this is often
thought of as the 1st ergodic theorem to have been proved, it was proved independently in 1909 and 1910 by Bohl,
Sierpiriski and Weyl.)

A more complicated example is the following

Example 3.0.2. Let T : [0,1) — [0,1) be the doubling map given by T(z) = 2z mod 1. We know that there
is a dense set of x for which the orbit of T" will be periodic and hence not uniformly distributed. However it will
turn out the for ‘almost all’ z the orbit of T' will be uniformly distributed (where almost all can be thought of as
meaning except for a set of length 0.

We may also have maps T : [0,1) — [0,1) where for ‘typical’ 2 orbits are not equidistributed

n—1

i 2 ‘(z)) = x)dx
;%n;&wu>éﬂw

for some suitable function f (we will see that the Gauss map is an example of such a map). To make these notions
precise we need to introduce some measure theory which will have the additional advantage of introducing a theory
of integration which is more suited to our purposes.

3.1 Measures and Measure Spaces

Intuitively, a measure p on a space X is a function from a collection of subsets of X, called measurable sets, which
assigns to each measurable set A its measure p(A), that is a positive number (possibly infinity). You already know
at least two natural examples of measures.

Example 3.1.1. Let X = R. The 1-dimensional Lebesgue measure A on R assigns to each interval [a,b] € R its
length:
AJa,b]) =b—a, a,beR.

Let X = R?. The 2-dimensional Lebesgue measure, that we will still call \, assigns to each measurable set?> A C R?
its area, which is given by the integral®

AA) = Area(A) = /Adxdy.

2We will precisely define what are the measurable sets for the Lebesgue measure in what follows.
3If A is such that x4 is integrable in the sense of Riemann, this integral is the usual Riemannian integral. More in general, we will
need the notion of Lebesgue integral, which we will introduce in the following lectures.
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Measurable spaces

One might hope to assign a measure to all subsets of X. Unfortunately, if we want the measure to have the
reasonable and useful properties of a measure (listed in the definition of measure below), this leads to a contradiction
(see Extra if you are curious). So, we are forced to assign a measure only to a sub-collection all subsets of X.
We ask that the collection of measurable subsets is closed under the operation of taking countable unions in the
following sense.

Definition 3.1.1. A collection & of subsets of a space X is called an algebra of subsets if
(i) The empty set () € o7
(ii) 7 is closed under complements, that is if A € o7, then its complement A¢ = X'\ A also belongs to <
(iii) 47 is closed under finite unions, that is if Ay,..., A, € &/, then
J4iew.
i=1

Example 3.1.2. If X = R an example of algebra is given by the collection o of all possible finite unions of
subintervals of R.

Exercise 3.1.1. Check that the collection 7 of all possible finite unions of subintervals of R is an algebra.
Definition 3.1.2. A collection & of subsets of a space X is called a o—algebra of subsets if

(i) The empty set 0 € o7

(ii) 7 is closed under complements, that is if A € o7, then its complement A¢ = X'\ A also belongs to .«

(iii) &7 is closed under countable unions, that is if {A,, n € N} C &/, then

GAnG%.

n=1

Thus, a c—algebra is an algebra which in addition is closed under the operation of taking countable unions. The
easiest way to define a o—algebra is to start from any collection of sets, and take the closure under the operation
of taking complements and countable unions:

Definition 3.1.3. If 8 is a collection of subsets, we denote by <7(8) the smallest o—algebra which contains 8.
The smallest means that if # is another o—algebra which contains 8, then 7 (8) C %. We say that <7 (8) is the
o—algebra generated by 8.

The following example/definition is the main example that we will consider.

Definition 3.1.4. If (X, d) is a metric space*, the Borel o—algebra %(X) (or simply %) is the smallest o —algebra
which contains all open sets of X. The subsets B € #(X) are called Borel sets.

Borel o-algebras are the natural collections of subsets to take as measurable sets. In virtually all of our examples,
the measurable sets will be Borel subsets.

Definition 3.1.5. A measurable space (X, /) is a space X together with a o—algebra &7 of sets. The sets in &/
are called measurable sets and &7 is called the o—algebra of measurable sets.

Example 3.1.3. If (X, d) is a metric space, (X, Z(X)) is a measurable space, where #(X) is the Borel o—algebra.

4The same definition of Borel o—algebra holds more in general if X is a topological space, so that we know what are the open sets.
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Measures

We can now give the formal definition of measure.
Definition 3.1.6. Let (X, /) be a measurable space. A measure y is a function p : & — Rt U {400} such that

(i) p(@) =0
(i) If {A,, n €N} C & isa countable collection of pairwise disjoint measurable subsets, that is if A,NA,, =0

for all n # m, then
n=1 n=1

We say that the measure p is finite if p(X) < oo.
Remark that to have (3.3) we need to assume that A,, are disjoint.

Example 3.1.4. You can check that both length and area have this natural property: for example the area of the
union of disjoint sets is the sum of the areas. If X = R, the Lebesgue measure on R is not finite, since A(R) = +o0.
On the contrary, the Lebesgue measure restricted to an interval X = [a,b] C R is finite since A([a,b]) < oc.
Similarly, if T? is the torus and we consider the area A, Area(T?) = A(T?) =1 < oo, so A is a finite measure on T?.

Definition 3.1.7. A measure space (X, </, ) is a measurable space (X, .o7) and a measure u: & — Rt U {+o0}.
If u(X) =1, we say that (X, o7, u) is a probability space.

If we just work directly from the definition of a measure it is hard to produce examples of measures. One simple
example is the following (as well as being simple it also turns out to be extremely useful).

Example 3.1.5. Let X a space and € X a point. In this example we can take &7 to be the collection of all
subsets of X. The measure ¢, called Dirac measure at x, is defined by

1 ifzeA
5””(A)_{ 0 ifxé A

Thus, the measure J, takes only two values, 0 and 1, and assigns measure 1 only to the sets which contain the
point x.

It is also straight forward to see that if (X, o) is a measurable space and p1, po are measures on (X, .o/) them
pi, o 2 &/ — RT U {+o0} given by

p1 + pa(A) = p1 (A) + pa(A) for all A € o

is also a measure.

In very few examples (like the Dirac measure) it is possible to define a measure by explicitly saying which values
it assigns to all measurable sets. The following theorem shows that it is not necessary to do this and one can
define the measure only on a smaller collection of sets.

Theorem 3.1.1. [Carathéodory Extension Theorem] Let </ be an algebra of subsets of X. If u* : o — RT
satisfies

(1) p*(0) = 0; p*(X) < oo;

(ii) If {A,, neN} C isa countable collection of pairwise disjoiint sets in the algebra o/ and
Udnes = (U An> =" ut(An).
n=1 n=1 n=1

Then there exists a unique measure i : B() — RT on the o—algebra B(7) generated by &/ which extends
w* (in the sense that it has the prescribed values on the sets of o/ ). We will refer to u* as a premeasure.
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Remark that since <7 is only an algebra and not a o—algebra, |J,—; A,, € &7 does not have to belong to 7.
Thus, (ii) has to hold only for collections of sets A,, for which the countable union happens to still belong to <.
Thus, the theorem states that if we have a function p* that behaves like a measure on an algebra, it can indeed be
extended (and uniquely) to a measure.

This theorem will be used mostly in the following two ways:
1. To define a measure on the o—algebra %(8) generated by 8, it is enough to define p on 8 in such a way

that it satisfies the assumptions of the Theorem on the algebra generated by 8. This automatically defines a
measure on the whole c—algebra #(8).

2. If we have two measures p, v and we want to show that ;1 = v, it is enough to check that p(A) = v(A) for all
A € o where & is an algebra that generates the o—algebra of all measurable sets. Then, by the uniqueness
part of the Theorem, the measures p and v are the same measure.

We can now formally define the following measures

Example 3.1.6. Let a,b € R with a < b consider the interval [a,b] C R. We can define Lebesgue meausre A on
intervals (¢,d) C [a,b], by setting A((¢,d)) = d — ¢. This clearly defines by additivity also a premeasure A on the
algebra consisting of finite unions of intervals. If A = U ,(a;,b;) and (a;, b;) are disjoint intervals, we just define

i=1

Since the condition (i) of the theorem holds, this automatically defines the Lebesgue measure on the o—algebra
generated by all intervals, that is on all Borel subsets of [a, b]. The same method works to define Lebesgue measure
on the whole of R however as stated the Carathéodory Extension Theorem only holds when the premeasure is
finite. However in fact it holds with a slightly weaker assumption (o-finiteness) which allows us to define Lebesgue
measure on the whole of R, see remark 3.1.2.

Example 3.1.7. Let X = T?. Consider sets of the form [a,b] X [¢,d], that we call rectangles. Define a measure \
by setting
Aa,8] % [e,d]) = (b— a)(d o)

The collection of all finite unions of rectangles is an algebra. Extending the definition of A to union of rectangles
by additivity, condition (¢i) of the theorem automatically holds. Thus, the Theorem guarantees that we defined
a Lebesgue measure on the o—algebra generated by all rectangles, which coincides with all Borel subsets. This is
again the 2—dimensional Lebesgue measure A on T2.

Example 3.1.8. If we have a non-negative Riemann integrable (shortly we will extend this to Lebesgue integrable)
function f: R — R* then for any subinterval A C R we can define

ns) = [ s

Now if we consider a disjoint finite union of subintervals Ay, ..., A, C R we can write
n
pp (P Ag) = pp(Ay).
i=1

Now any finite union of subintervals can be rewritten as a disjoint finite union of subintervals, the set of finite
unions of subintervals forms an algebra and py satisfies the conditions to apply Thoerem 3.1.1. Thus we can extend
iy to a measure on (R, %), since the o-algebra generated by our algebra is the Borel o-algebra.
Extras: Remarks
Remark 3.1.1. Condition (4i7) in the definition of algebra, that is

(iii) < is closed under finite unions, that is if Ay,..., A, € &, then

OAZGM,

i=1
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can be equivalently replaced by the following condition
(iii)” < is closed under intersections, that is if A, B € &7, then AN B € &/;

In some books, the definition of algebra is given using (4), (i7), (4i7)’.

Exercise 3.1.2. Show that a set satisfies conditions (), (), (¢44) if and only if it satisfies (), (i), (i)’

Remark 3.1.2. The condition p*(X) < oo in the Extension theorem can be relaxed. It is enough that X = U, X,
where each X, is such that p*(X,,) < co. We say in this case that the resulting measure y is o—finite. For example,
the Lebesgue measure on R is o—finite since

R =Up[-n,n], and X([—n,n]) =2n < cc.

Extras: necessity of restricting the class of measurable sets

One might wonder why we need to use o—algebras of measurable sets in the definition of measure and why we
cannot ask that a measure is defined on the whole collection of subsets of X. Let X = R™ and consider the Lebesgue
measure \. It is natural to ask that the Lebesgue measure, that intuitively represents the concept of length, or
area or volume ..., has the following properties:

(i) A has the countable additivity property in the Definition of measure, that is if Ay,..., A,,... are disjoint
subsets of X for which ) is defined, then

A (G An> = i)\(An);

(ii) If two sets A, B C R™ are congruent, in the sense that A and B are mapped to each other by translations,
rotations or reflections, then they should have the same length (or area or volume...). In particular, if
A = B + ¢, where ¢ € R™, then A\(A) = \(B);

(iii) A([0,1)™) =1 (this is simply a renormalization requirement).

Let us show that unfortunately these three properties and the requirement that A is defined on all subsets of X
are incompatible.

For simplicity, let us take n = 1 and X = R. Consider [0,1) C R and let o be an irrational. Consider the
rotation R, : [0,1) — [0,1) and consider all the orbits ﬁga (z) of the rotation R,. Let us pick® a representative x
for each orbit and so that, if R is the set of representative, we can write the whole interval as union over all the
orbits of the representatives:

0.1 = | 0. (@).

rER
Since 0F, (x) = U, en{Ra(2)}, we can rewrite
0.1= U Utrs@r = U Urs@y = J A where 4, = [ J{Ri(2)}. (3-4)
zeER neEN neNzeR neN zeR

Let assume that A is defined on all subsets of X and has the Properties (i), (¢¢) and (#i7) above. In particular,
A(A,,) is defined for each n € N. The sets A,, are such that 4,11 = R,(A,), they are all obtained from each other
by translations, so by Property (i)

AMAy) = AMAn), for all n,n € N.

By Property (i), A([0,1]) = 1. Moreover, {A, }nen are clearly disjoint sets, so by Property (ii), we have

D> AAL) = A (U A,,) = A([0,1])) = 1.

neN neN

5To pick a representative for each orbit, we are implicitly using the Aziom of choice.
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But since A(A4,,) = AM(A,,) for all m,n, if u(A,) > 0, this gives a contradiction (since a series with equal positive
terms diverges), but if pu(A4,) = 0, this also gives a contradiction (since a series with all terms equal to zero is
zero). This shows that requiring all these three condition and asking that A is defined on all subsets of R gives a
contradiction.

This problem is solved when we consider the Lebesgue measure A\ only on the collection of Borel subsets. It
turns out that the sets A,, which lead us to a contradiction are not measurable (they do not belong to the o—algebra
A generated by open sets). Thus, A(A,,) is simply not defined.

One could consider weakening the countable additivity condition, even if countable additivity is very useful for
the theory of limits and continuity. Nevertheless, even if one substitutes Property (i) with finite additivity

(i)> A has the finite additivity property in the Definition of measure, that is if Ay,..., A, are disjoint subsets of

X for which A is defined, then
A (U Ak) = Z)‘(Ak)Q
k=1 k=1

and asks that a measure is defined on all subsets and has Properties (i)', (i7), (i74) one still gets paradoxical results
for n > 3, as was by Banach and Tarski in 1924 in the famous:

Theorem 3.1.2 (Banach-Tarski paradox). Let U,V be any two bounded open sets in R™, n > 3. One can decompose
each of them in finitely many disjoint pieces

v= J 4 v= | B
k=1 k=1

seeey TV ooy TV
such that each Ay is congruent to each Bj.

For example, if we take U to be a sphere of volume one and V' to be a sphere of volume two, one can cut up the
smaller sphere in finitely many pieces, move them by translations and reflections and recompose the bigger sphere.
If each of these pieces had a well defined volume, we would get a contradiction: each pair of congruent pieces has
the same volume, but the volume of their union has doubled! In conclusion, it is better to give up the hope that
all subsets are measurable and accept that there are non measurable subsets.

3.2 Measure preserving transformations

In this section we present the definition and many examples of measure-preserving transformations. Let (X, 2, u)
be a measure space. For the ergodic theory part of our course, we will use the notation 7' : X — X for the map
giving a discrete dynamical system, instead than f : X — X (T stands for transformation). This is because we
will use the letter f for functions f: X — R (which will play the role of observables).

Definition 3.2.1. A transformation T : X — X is measurable, if for any measurable set A € % the preimage is
again measurable, that is T~1(A4) € Z.

One can show that if (X, d) is a metric space, Z = Z(X) is the Borel o—algebra and T : X — X is continuous,
than in particular 7" is measurable. All the transformations we will consider will be measurable.

[Even if not explicitly stated, when in the context of ergodic theory we consider a transformation 7' : X — X
on a measurable space (X, %) we implicitly assume that it is measurable.]

Definition 3.2.2. A transformation T : X — X is measure-preserving if it is measurable and if for all measurable
sets
w(THA)) = p(A), for all A € A. (3.5)

We also say that the transformation T' preserves p.
If u satisfies (3.5), we say that the measure p is invariant under the transformation 7.

Notice that in (3.5) one uses 7! and not T. This is essential if T is not invertible, as it can be seen in Example
3.2.1 below (on the other hand, one could alternatively use forward images if T is invertible, see Remark 3.2.2
below). Notice also that we need to assume that T is measurable to guarantee that T-!(A) is measurable, so that
we can consider p(7T~1(A)) (recall that a measure is defined only on measurable sets).

We will see many examples of measure-preserving transformations both in this lecture and in the next ones.
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Remark 3.2.1. Let T' be measurable. Let us define T,p :  — RT U {+o00} by
T.u(4) = f(T-1(4)),  Ae.

One can check that T, is a measure. The measure Ty is called push-forward of p with respect to T'. Equivalently,
T is measure-preserving if and only if T, = u.

Exercise 3.2.1. Verify that if ;1 is a measure on the measurable space (X, %) and T is a measurable transformation,
the push-forward T is a measure on (X, #).

Thanks to the extension theorem, to prove that a measure is invariant, it is not necessary to check the measure-
preserving relation (3.5) for all measurable sets A € 2, but it is enough to check it for a smaller class of subsets:

Lemma 3.2.1. If the o—algebra % is generated by an algebra <7 (that is, B = B(</)), then p is preserved by T
if and only if
w(T~H(A) = u(A),  foral Ae .o, (3.6)

that is, it is enough to check the measure preserving relation for the elements on the generating algebra <7 and then
it automatically holds for all elements of B().

Proof. Consider the two measures pu and T, . If (3.6) holds, then p and T, p are equal on the algebra o/. Moreover,
both of them satisfy the assumptions of the Extension theorem, since they are measures. The uniqueness part of
the Extension theorem states that there is a unique measure that extends their common values on the algebra.
Thus, since p and T, u are both measures that extend the same values on the algebra, by uniqueness they must
coincide. Thus, pu = T, u, which means that T is measure-preserving. The converse is trivial: if g and T p are equal
on elements of #(&), in particular they coincide on 7. O

As a consequence of this Lemma, to check that a transformation 7" is measure preserving, it is enough to check
it for:

(R) intervals [a,b] if X =R or X = I C R is an interval and A is the the Borel o—algebra,;
(R?) rectangles [a,b] x [a,b] if X =R? or X = [0,1]? and £ is the the Borel o—algebra;
(S1) ares if X = S* with the Borel c—algebra;
(2) cylinders C_py p(G—pm, ..., a,) if X is a shift space X = X or X = X4 and £ is the o—algebra;

[This is because finite unions of the subsets above mentioned (intervals, rectangles, arcs, cylinders) form algebras
of subsets. If one checks that p = T,y on these subsets, by additivity of a measure they coincide on the whole
algebra of their finite unions. Thus, by the Lemma, ;1 and Ty p coincide on the whole o—algebra generated by them,
which is in all cases the corresponding Borel o—algebra.]

Examples of measure-preserving transformations

Example 3.2.1. [Doubling map] Consider (X, %, \) where X = [0,1] and A is the Lebesgue measure on the
Borel o—algebra # of X. Let f(x) =22 mod 1 be the doubling map. Let us check that f preserves A. Since

. fa b a+1 b+1
f W’]—[m} [ 2 ’2}’
we have
At = 5 RS <o A )

so the relation (3.5) holds for all intervals. Since if I = U;I; is a (finite or countable) union of disjoint intervals
Iz' = [ai, sz we have
AI) =) lbi — ail,

one can check that A\(f~*(I)) = A(I) holds also for all I which belong to the algebra of finite unions of intervals.
Thus, by the extension theorem (see Lemma 3.2.1 and (S')), we have A\(f~*(B)) = A(B) for all Borel measurable
sets.

On the other hand check that A(f([a,b])) = 2A([a,d]), so A(f([a,b])) # A([a,b]). This shows the importance of
using 7~' and not T in the definition of measure preserving.
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Example 3.2.2. [Rotations] Let R, : S' — S! be a rotation. Let A be the Lebesgue measure on the circle,
which is the same than the 1—dimensional Lebesgue measure on [0, 1] under the identification of S with [0,1]/ ~.
The measure A(A) of an arc is then given by the arc length divided by 27, so that A(S1) = 1.

Remark that if R, is the counterclockwise rotation by 27a, than R;! = R_,, is the clockwise rotation by 2ma.
If A is an arc, it is clear that the image of the arc under the rotation has the same arc length, so

MRS (A)) = A(A), for all arcs A C S*.
Thus, by the Extension theorem (see (S!) above), we have (Ry)«A = A, that is R,, is measure preserving.

In this Example, one can see that we also have A\(R,(A4)) = A(R;(A4)) = A(A). This is the case more in general
for invertible transformations:

Remark 3.2.2. Suppose T is invertible with 7~! measurable. Then T preserves y if and only if
w(TA) = p(A), for all measurable sets A € 4. (3.7)
Exercise 3.2.2. Prove the remark, by first showing that if 7" is invertible (injective and surjective) one has
T(T'(A) = A, T-YT(A)) = A.
[Notice that this is false in general if T is not invertible. For any map T one has the inclusions
T(T7'(A)) C A, AcC T HT(A)),

but you can give examples where the first inclusion can be strict if T is not surjective and the second inclusion
A C T~ YT(A)) is strict if T is not injective.]

In the next example, we will use the following:

Remark 3.2.3. Let (X, %, 1) be a measure-space. If T': X — X and S : X — X both preserve the measure p,
than also their composition T o S preserves the measure p. Indeed, for each A € %, since T~1(A) € & since T is
measurable. Then, using first that S is measure preserving and then that 7' is also measure preserving, we get

Thus, T o S is measure-preserving.

Example 3.2.3. [Toral automorphisms| Let f4 : T? — T? be a toral automorphism; A denotes the correspond-
ing invertible integer matrix. Let us show that f4 preserves the 2—dimensional Lebesgue measure A on the torus.
As usual be identify T? with the unit square [0,1)? with oposite sides identified. Since the set of all finite unions
of rectangles in [0,1)? forms an algebra which generates the Borel o-algebra of the metric space (T?,d), and since
fi' = fa-1 is measurable, it is sufficient to prove A\(f4(R)) = A(R) for all rectangles R C [0,1)2. The image of
R under the linear transformation A is the parallelogram AR. Since |det(A)| = 1, AR has the same area as A.
The parallelogram AR can be partitioned into finitely many disjoint polygons P;, such that for each j we find an
integer vector m; € Z* with P; + m; € [0,1)2. Thus

fa(R) = J(P; + my).

J

Since f4 is invertible, the sets P; + my; are pairwise disjoint, and hence
Afa(R) =S APy +my) = > A(P) = AR)
J j

which completes the proof. (In the second equality above we have used that translations preserve the Lebesgue
measure \.)



MATH36206 - MATHM6206 Ergodic Theory
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Figure 3.1: The first branches of the graph of the Gauss map.

Example 3.2.4. [Gauss map]
Let X = [0,1] with the Borel o—algebra and let G : X — X be the Gauss map (see Figure 3.1). Recall that
G(0) =0 and if 0 < z <1 we have

1 1

The Gauss measure p is the measure defined by the density m, that is the measure that assigns to any

interval [a, ] C [0, 1] the value
1o
b)) = —d
nlat) = o5 | ogde

By the Extension theorem, this defines a measure on all Borel sets. Since

1

1
B log(1 + z)|) = log2 — log 1 = log 2,

the factor log 2 in the density is such that ([0, 1]) = 1, so the Gauss measure is a probability measure.

[The Gauss measure was discovered by Gauss who found that the correct density to consider to get invariance was
indeed 1/(1 + z).]

Proposition. The Gauss map G preserves the Gauss measure p, that is G = p.

Proof. Consider first an interval [a,b] C [0,1]. Let us call G,, the branch of G which is given by restricting G to
the interval P,. Since each G,, is surjective and monotone, the preimage G~!([a,b]) consists of countably many
intervals, each of the form G *([a,b]) (see Figure 3.1). Let us compute G, *([a, b]):

G ([a,b)) = {x s.t. Gp(z) € [a,b]} = {x st.a< % —n< b}

1 1 1 1
= < x s.t. <z< = , .
b+n a+n b+n'a+n

10
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Remark also that G, *([a, b]) are clearly all disjoint. Thus, by countably additivity of a measure, we have

u(Glua,b]))—u(f] Gnlqa,b})) —u(@ [bininD —fﬁ#([z}ininb

n=1 n=1

© rarm dz I~ 1 1
= log(1+—— ) —log 1+ —o
Z_:/ log2 (1+2) log%zl(og( +a+n) Og( +b+n)>

b+n

- l+a+n 1+b+n
= 1 — | =1 _— .
10g22<0g< a+n > og( b+n >)

n=1

By definition, the sum of the series is the limit of its partial sums and we have that

al l1+a+n al
Zlog (m) = Zlog(l—i—a—i—n) —log(a + n).

n=1 n=1

Remark that the sum is a telescopic sum in which consecutive terms cancel each other (write a few to be convinced),
so that

N
Z log(1+a+mn)—log(a+n)) =—log(a+1)+log(l+a+ N).

Similarly,

2

Z log(1+b+n) —log(b+n)) = —log(b+ 1) +log(1+ b+ N).

Thus, going back to the main computation:

N
1 1 l+a+ny 1+b+n
G~ ([a,b) = log 2 J\}l—mo Zl log a+n log b+n

lim (log(1+a+ N)—log(a+1)— (log(1+b+ N)—log(b+1)))

10g2N—>

1 l+a+ N
=——|log(b+1)—1 1 li log ———

log2{0g( +1) —log(a+ )JrNgIlo(Ogl—i—b—&—N)}

1 1 b dx
= (log(b+1) -1 1) +0) = .
log2 (os(b+1) —log(a+1) +0) 10g2/a log 2(1 + )

This shows that u(A) = G.u(A) for all A intervals. By additivity, pu(A4) = G.u(A) on the algebra of finite unions
of intervals. Thus, by the Extension theorem (see Lemma 3.2.1), u = G.p. O

Spaces and transformations in different branches of dynamics

Measure spaces and measure-preserving transformations are the central object of study in ergodic theory. Different
branches of dynamical systems study dynamical systems with different properties. In topological dynamics, the
discrete dynamical systems f : X — X studied are the ones in which X is a metric space (or more in general,
a topological space) and the transformation f is continuous. In ergodic theory, the discrete dynamical systems
f: X — X studied are the ones in which X is a measured space and the transformation f is measure-preserving.

Similarly, other branches of dynamical systems study spaces with different structures and maps which preserves
that structure (for example, in holomorphic dynamics the space X is a subset of the complex plan C (or C™) and
the map f : X — X is a holomorphic map; in differentiable dynamics the space X is a subset of R™ (or more
in general a manifold, for example a surface) and the map f : X — X is smooth (that is differentiable and with
continuous derivatives) (as summarized in the Table below) and so on...

11
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branch of dynamics space X transformation f:X — X
Topological dynamics metric space continuous map
(or topological space)
Ergodic Theory measure space measure-preserving map
Holomorphic Dynamics subset of C (or C™) holomorphic map
Smooth Dynamics subset of R™ smooth
(or manifold, as surface) (continuous derivatives)

3.3 Poincaré Recurrence

Let (X, %) be a measurable space and let T : X — X be a measurable transformation. Let us say that T has a
finite invariant measure if there is a measure p invariant under 7" with u(X) < oo (we saw many examples in the
previous lecture). Just possessing a finite invariant measure has already very important dynamical consequences.
We will see in this class Poincaré Recurrence and, in §3.7, the Birkhoff Ergodic Theorem. Both assume only that
there is a finite measure preserved by the transformation 7 : X — X.

Notation 3.3.1. If (X, %, u) is a measure space, we say that a property hold for p-almost every point and write
for p — a.e point if the set of x € X for which it fails has measure zero. Similarly, if B C X is a subset, we say
that property hold for u-almost every point x € B if the set of points in B for which it fails has measure zero.

If p is the Lebesgue measure or if the measure is clear from the context and there is no-ambiguity, we will simply
say that the property holds for almost every point and write that it holds for a.e. x € X.

Definition 3.3.1. Let B C X be a subset. We say that a point © € B returns to B if there exists k£ > 1 such that
T*(x) € B. We say that x € B is infinitely recurrent with respect to B if it returns infinitely often to B, that is
there exists an increasing sequence (k,,)nen such that 7%~ (z) € B.

Theorem 3.3.1 (Poincaré Recurrence, weak form). If (X, %, ) is a measure space, T preserves p and p if
finite, then for any B € B with positive measure p(B) > 0, u—almost every point x € B returns to B (that is, the
set of points © € B that never returns to B has measure zero).

Before giving the formal proof, let us explain the idea behind it: if B is a set with positive measure, let us consider
the preimages T~"(B), n € N. Since T is measure preserving, all the preimages have the same measure. Since the
total measure of the space is finite, the sets B,T~*(B),...,T~"(B),... cannot be all disjoint, since otherwise the
measure of their union would have infinite measure. Thus, they have to intersect. Intersections give points in B
which return to B (if z € T-"(B) N T~™(B) where m > n, then T"(x) € B and T "(T"(x)) = T™(x) € B, so
T™(z) returns to B). This only shows so far that there exists a point in B that returns. The proof strengthen this
result to almost every point.

Proof of Theorem 3.3.1. Consider the set A C B of points x € B which do not return to B. Equivalently, we have
to prove that u(A) = 0. Consider the preimages {T~"(A)}nen. Clearly, T™"(A) C X, so

(U T‘"(A)> cx = u(U T‘"(A)> < p(X) < o0,

neN neN

where we used that if E C F are measurable sets, then p(E) < p(F') (this property of a measure, which is very
intuitive, can be formally derived from the definition of measure, see Exercise 3.3.1 below). Let us show that
{T~"(A)}nen are pairwise disjoint. If not, there exists n,m € N, with n # m, such that

T"(A)NT™(A)#0 <& thereexists x € T "ANT(A).
Assume that m > n. Then
T'(x) € A, and T "(T'z)=T"(x) € A,

but this contradicts the definition of A (all points of A do not return to A). Thus, {T"(A4)},en are all disjoint.
By the countable additivity property of a measure,

oo

(T A) = (U T-"<A>> < u(X).

n=1 neN

12
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Remark now that since T' is measure preserving, (T "(A)) = u(A) for all n € N. Thus, we have a finite series
whose terms are all equal. If u(A) > 0, this cannot happen (the series with constant terms equal to u(A) > 0
diverges), so u(A) = 0 as desired. O

In the proof we used the following property of a measure, which you can derive from the properties in the
definition of a measure:

Exercise 3.3.1. Let u be a measure on (X, %). Show using the property of a measure that if F, F' € & and
E C F, then pu(E) < u(F).
If E C F is a strict inclusion, does it imply that u(E) < u(F)? Justify.

We can prove actually more and show that almost every point is infinitely recurrent:

Theorem 3.3.2 (Poincaré Recurrence, strong form). If (X, %, 1) is a measure space, T preserves p and p
if finite, then for any B € 9B with positive measure u(B) > 0, p—almost every point x € B is infinitely recurrent
to B (that is, the set of points x € B that returns to B only finitely many times has measure zero).

Proof. Let A be the set of points in B that do not return to B infinitely many times. We want to prove that
1(A) = 0. The points in A are the points which return only finitely many (possibly zero) times. Thus, if € A,
for all n sufficiently large T (x) is outside B, that is

A = {x € B such that there exists k¥ > 1 such that T"(x) ¢ B for all n > k}.
Consider the set
Ao = {x € B such that T"(x) ¢ B for all n >0 },
and the sets A, = T %(Ag) for k > 1. Then, if z € T*(4g), TF(x) € Ap, so T*(z) € B and T"(T*(x)) =
T+ (z) ¢ B for all n > 0. Thus
Ay, = {z such that T%(z) € B and T"(x) ¢ B for all n >k }.

One can then write
+oo

A=Bn|] A (3.8)
k=0

[Indeed, if z € A, let k be the largest integer such that T%(x) € B, which is well defined since there are only finitely
many such integers by definition of A. Then x € Aj. Conversely, if x € BN Ay for some k, T"(z) ¢ B for all
n >k, so x can return only finitely many times and belongs to A.]

From (3.8) and Exercise (3.3.1), we have

+oo

+o0
ACUAk = u(A)§u<UAk>.
k=0

k=0

Thus, to prove that p(A) = 0 it is enough to prove that the union Uy Aj has measure zero.
Reasoning as in the proof of the weak version of Poincaré Recurrence, since we showed that { Ay }ren are pairwise

disjoint, we have

e} +o0

> Ag) = p <U Ak) < p(X) < oo
k=0 k=0

Furthermore, p(Ag) = p(Ag) for all k € N since Ay, = T7%(Ay) and T is measure preserving. Thus, the only
possibility to have a convergent series with non-negative equal terms is u(Ag) = p(Ax) =0 for all k£ € N. But then

oo —+oo oo
doulA) =0 = pA)<up <U Ak> = u(Ax) =0,
k=0 k=0

k=0

so 1(A) = 0 and almost every point in B is infinitely recurrent. O

13
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Remarks

1. Notice that recurrence is different than density. If x € B is periodic of period n, for example, it does return
to B infinitely often even if its orbit is not dense, since T%"(x) = x € B for any k € N. For example, consider
a rational rotation R, where o = p/q. Then all orbits are periodic, so no points is dense. On the other hand,
R,, preserves the Lebesgue measure and the conclusion of Poincaré Recurrence Theorem holds. Given any
measurable set B, any point of B is infinitely recurrent.

2. If p is not finite, Poincaré Recurrence Theorem does not hold. Consider for example X = R with the Borel
o—algebra and the Lebesgue measure A. Let T'(z) = « + 1 be the translation by 1. Then T preserves A, but
no point x € R is recurrent: all points tend to infinity under iterates of 7'

Exercise 3.3.2. (a) Let X = R? and let T : R? — R? be the linear transformation

1

T(z,y) = (z+y,y) given by the matrix A = ( 0

— =
~~

Show that the conclusion of Poincaré Recurrence Theorem fails for 7.

(b) Let X = T? and let T : T? — T2 be the toral automorphism given by A, that is
T(xz,y)=(r+y mod 1, y mod1).

Show that in this case, for any rectangle R = [a,b] % [¢,d] C T? all points (z,y) € R are infinitely recurrent
to R.

[Hint: separate the two cases y rational and y irrational.]

Extra 1: Is Poincaré Recurrence a paradox?

Poincaré Recurrence theorem was considered for long time paradoxical. Let X be the phase space of a physical
system, for example let X include all possible states of molecules in a box. The o—algebra % represents the
collections of observable states of the system and p(A) is the probability of observing the state A. If T gives the
discrete time evolution of the system, it is reasonable to expect that if the system is in equilibrium, T preserves u,
that is, the probability of observing a certain state is independent on time. Thus, we are in the set up of Poincaré
Recurrence theorem. Consider now an initial state in which all the particles are in half of the box (for example
imagine of having a wall which separates the box and then removing it). By Poincaré Recurrence Theorem, almost
surely, all the molecules will return at some point in the same half of the box. This seems counter-intuitive. In
reality, this is not a paradox, but simply the fact that the event will happen almost surely does not say anything
about the time it will take to happen again (the recurrence time). Indeed, one can show that (if the transformation
is ergodic, see next lecture) the average recurrence time is inversely proportional to the measure of the set to which
one wants to return. Thus, since the phase space is huge and the observable corresponding to all molecules in
half of the box has extremely small measure is this huge space, the time it will take will take to see again this
configuration is also huge, probably longer than the age of the universe.

Extra 2: Poincaré Recurrence for incompressible transformations

Poincaré Recurrence holds not only for measure-preserving transformations, but more in general for a larger class
of transformations called incompressible. In Exercise 3.3.3 we outline the steps of an alternative proof of the strong
form of Poincaré Recurrence which holds also for incompressible transformations.

Definition 3.3.2. Let (X, %, 1) be a finite measure space. A transformation 7' : X — X is called incompressible
if for any A € A
ACTHA) = u(TH(A) = u(A).

Notice that here we only assume that the inclusion A C T71(A) holds and not that A is invariant. Clearly if a
transformation is measure preserving, in particular it is also incompressible.

Theorem 3.3.3 (Poincaré Recurrence for incompressible transformations). If (X, %, i) be a finite mea-
sure space and T : X — X is incompressible, then, for any B € % with positive measure, p—almost every point
x € B is infinitely recurrent to B.

14
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Exercise 3.3.3. Prove and use the following steps to give a proof of Theorem 3.3.3:

1. The set E C A of points in A € & which are infinitely recurrent can be written as

E=AN()En  where E,=|JT7"4;
neN k>n

2. The sets F, are nested, that is F,, 11 C E,, and one has u(NyenFr) = limy, o0 (Ey);
[Hint: write u(Eo\ Nnen Ey) as a telescopic series using the disjoint sets Ep,\FEyp11.]

3. Show that T=Y(E,) = E,+1. Deduce that lim,, u(E,) = u(Ep).
Conclude by using the remark that A\ Npen Fr C Eo\ Npen En.

Extra 3: Multiple recurrence and applications to arithmetic progressions.

A stronger version of Poincaré Recurrence, known as Multiple Recurrence, turned out to have an elegant applications
to an old problem in combinatorics, the one of finding arithmetic progressions in subsets of the integer numbers.

Definition 3.3.3. An arithmetic progression of length N is a set of the form
{a,a+b,a+2b,...,a+(N—-1)b} ={a+ kb, wherea,beZ, b#0, k=0,...,N —1}. (3.9)

For example, 5,8,11,14,17 is an arithmetic progression of length 5 with a =5 and b = 3.
Consider the set Z and imagine of coloring the integers with a finite number 7 of colors. Formally, consider a
partition
7Z=B1U...B,, where the sets B; C Z are disjoint. (3.10)

(each set represents a color). Are there arbitrarily long arithmetic progressions of numbers all of the same color?

Theorem 3.3.4 (Van der Warden). If {Bi,..., B,} is a finite partition of Z as in (3.10), there exists a 1 < j <r
such that B; contains arithmetic progressions of arbitrary length, that is, for any N there exists a,b € Z, b # 0,
such that {a + kb}; ' C Bj.

This Theorem can be proved using topological dynamics®. A proof can be found in the book by Pollicott and
Yuri. A stronger result is true. The density (or upper density) of a subset 8§ C Z is defined as

. Card{ keS8, -n<k<n}
8) =1 .
p(8) im sup 1

Thus, we consider the proportion of integers contained in 8 in each block of the form [—n,n]NZ and take the limit
(if it exists, otherwise the limsup) as n grows. A set 8 C Z has positive (upper) density if p(8) > 0.

Theorem 3.3.5 (Szemeredi). If 8§ C Z has positive (upper) density, it contains arithmetic progressions of arbitrary
length, that is, for any N there exists a,b € Z, b # 0, such that {a + k;b}fcv:_ol cS.

This result was conjectured in 1936 by Erdos and Turan. The theorem was first proved by Szemeredi in 1969
for N = 4 and then in 1975 for any N. Szemeredi’s proof is combinatorial and very complicated. A few years later,
in 1977, Furstenberg gave a proof of Szemeredi’s theorem by using ergodic theory. The essential ingredient in his
proof, which is very elegant, is based on a stroger version of Poincaré Recurrence, known as Multiple Recurrence:

Theorem 3.3.6 (Multiple Recurrence). If (X, %, u) is a measure space, T preserves p and p if finite, then for
any B € B with positive measure u(B) > 0 and any N € N there exists k € N such that

u (B NT~*B)NT~*B)N---n T—<N—1)k(3)) > 0. (3.11)

6The original proof was given by Van der Waerden in 1927. The dynamical proof is due to Fursterberg and Weiss in 1978.
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The theorem conclusion means that there exists a positive measure set of points of B which return to B along an
arithmetic progression: if x belongs to the intersection (3.11), then z € B, T*(z) € B,T**(z) € B,..., TW-V%(z)
B, that is, returns to B happen along an arithmetic progression of return times of length N.

From the Multiple Recurrence theorem, one can deduce Szemeredi Theorem in few lines (it is enough to set up
a good space and map, which turns out to be a shift map on a shift space, find an invariant measure and translate
the problem of existence of arithmetic progressions into a problem of recurrence along an arithmetic sequence of
times). A reference both for this simple argument is again the book by Pollicott and Yuri, see §16.2 (in the same
Chapter 16 you can find also a sketch of the full proof of the Multiple Recurrence Theorem. The proof is quite
long and involved and uses more tools in ergodic theory).

A much harder question, open until recently, was whether there are arbitrarily long arithmetic progressions
such that all the elements a + kb are prime numbers. Unfortunately Szemeredi theorem does not apply if we take
as set 8 the set of prime numbers: indeed, primes have zero density. Recently, Green and Tao gave a proof that
the primes contain arbitrarily large arithmetic progressions. The proof is a mixture of ergodic theory and additive
combinatorics.

3.4 Integrals with respect to a measure

Last time we saw Poincaré Recurrence Theorem. In order to state Birkhoff ergodic theorem, the other important
theorem in ergodic theory which holds for any transformation which preserve a finite measure, we need two more
ingredients: integrals with respect to a measure and the definition of an ergodic transformation. We will define
ergodic transformations in the next lecture, §3.5. In this lecture we will define integrals with respect to a measure

and give a meaning to expressions as
[rau [ saw [ fan
X A

We would like a notion of integration that generalizes the notion of Riemann integral: if X =R (or X = R"), X is
the Lebesgue measure and f is Riemann-integrable, we would like the above expression to reduce to

/X fdr = /R /(@) da,

where the latter integral is the usual Riemann integral. The integral that we are going to define is known as
Lebesgue integral with respect to a measure p (or, briefly, Lebesque integral”), it generalizes the Riemann integral
and allows to integrate a much larger class of functions and with respect to any measure pu.

Let (X, .o, 1) be a measure space. Let f : X — R be a function (remark that, while in topological dynamics
we often used the letter f for a dynamical system f: X — X, in ergodic theory the transformation is denoted by
T :X — X and here f does not map to X, but is a real-valued function).

Definition 3.4.1. A (real-valued) function f: X — R is measurable if
4B e
for all Borel sets % of R.

Remark 3.4.1. Remark that equivalently, f : X — R is measurable if and only if
7 ([a,0]) € o
for all intervals [a, b] € R. This follows from the fact that 2 is generated by the set of closed intervals.

[This definition looks similar to the definition of a measurable map from 7' : X — X. Indeed, they are both special
cases of a more general definition of measurable:

Definition 3.4.2. If (X, @/x) and (Y, o) are measurable spaces and S : X — Y is a transformation, we way that
S is measurable if for any A € o4, ST1(A) € .

If (Y, %) = (X, ox), this reduces to the definition of S measurable that we saw in §2.2. If (Y, /) = (R, %)
where 2 are the Borel sets of R, this reduces to the above definition of measurable real-valued function.]

7Sometimes the term Lebesgue integral is used only for integration with respect to the Lebesgue measure .
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Example 3.4.1. [Characteristic functions] Let A € & be a measurable set. Let x4 be the characteristic
function of the set A (also called indicatriz of A), which, we recall, is given by

() = 1 ifzeA
XA =0 ifzé A

Let us show that xa is measurable. By the Remark 3.4.1, it is enough to show that for any interval [a,b] the
preimage X;‘l([a, b]) is measurable. One can easily see that, since x4 assumes only to values, 1 on A and 0 on the
complement X\ A, the preimage of an interval will be given by one of the following cases:

A if 1 € [a,b] and 0 ¢ [a, b];

1 ) X\A if0€a,b and 1 ¢ [a,b];
Xa (@t =9 ¥ if both 0,1 € [a, b];
0 if both 0,1 ¢ [a, b].

In all cases, the preimage is measurable since A € &/ by assumption, ) € &7 by definition of oc—algebra and
X\A € & and X = X\ € & since any o—algebra is closed under the operation of taking complements. Thus,
the indicatrix of a measurable set is a measurable function.

Definition 3.4.3. [Integrals with respect to measures| Let us define the Lebesgue integral [ fdu of a mea-
surable function f with respect to a measure p in four steps.

Step (0) [Integrals of Characteristic functions] If f = x 4 is the characteristic function of a measurable set A € <7,
let us define

/fdu=/XAdu=u(A)-

Step (1) [Integrals of Simple functions] A function is called simple if it can be written as finite linear combination
of characteristic functions of disjoint sets, that is

N
f= ZaiXAiv where a; € R, A; € & and A; are disjoint.
i=1

If f is a simple function, let us define

N N
i=1 i=1

Remark that this definition if natural since we want the integral to be linear, that is we want

N N
i=1 i=1

Step (2) [Integrals of Positive functions] Assume now that f : X — RT is a measurable, non-negative function
(f(x) > 0). Then let us define its integral by approximating f through simple functions:

/fd,usup{/gdu, where g is simple andOSggf}.

This is well defined since the integral of each simple function g is defined by Step (1). Remark that the
integral of a simple function could be +oco (for example if X = R with the Lebesgue measure and f = xg).
Thus, [ f du could be +oo. A concrete way to compute this supremum is given by the following Remark
3.4.2 (see also Example 3.4.7).

Remark 3.4.2. One can show that for any non-negative function f there exists a sequence of simple functions
(fn)nen such that f, 2 f, that is, for all x € X we have lim, _, fn(z) = f(x) and moreover the sequence
(fn(2))nen is monotonically non-decreasing (we also write f,+1 > fn) (see Example 3.4.7). We say that such a
sequence converge pointwise and monotonically to f.

Using this fact, one can substitute Step 2 with the following:

17
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Step (2)’ [Alternative definition of integrals of Positive functions| Let f : X — R™ be a non-negative function.
Define

/f dp = lim /fn dy, where f, are simple and f,, * f.
n—oo

The limit in the previous definition exists because, since f, are non-decreasing, the sequence of integrals is
monotone and hence has a limit. One can show that the following limit does not depend on the choice of the
sequence f, ' f of simple functions converging to f, thus this is a good definition.

Step (3) [Integrable functions| Let f: X — R be a measurable function. We say that f is integrable if

/ |f] dp < +o0.
Let us define the positive part fT and the negative part f~ of f respectively by
T =max{f,0}, f~ = max{—f,0}.
Remark that f™ and f~ are both non-negative functions and that
f=r=f, fl=f"+f"

Thus, [ is integrable if and only if [ f* du < 400 and [ f~ du < +oo. Thus, if f is integrable we can define

/fdu=/f+du—/f_du~

Remark that if f is integrable the above expression is well defined since it cannot be equal to +00 —oo. [More
in general, if at least one among [ f* du < +oo and [ f~ du < +00, one can still define [ f du as possibly
+00 or —o0.]

So far we have defined the integral [ f du assuming that the domain of integration was the whole space X.

Definition 3.4.4. If A C X is a measurable subset A € &7, define

/Afdu:/fodu.

[In particular, since xx (z) =1for all z € X, [ f dpu= [ fdp].

3.4.1 Examples of integration with respect to measures

Let us show some examples of integrals with respect to measures.

Example 3.4.2. If X = [a,b], # are Borel sets and A is the Lebesgue measure and f : [a,b] — R is Riemann

integrable then one can show that
b
/f d\ = / f(x)dx

where the latter is the usual Riemannian integral. Thus, the Lebesgue integral with respect to the Lebesgue
measure )\ extends the usual Riemannian integral.

Example 3.4.3. If (X, .7, 1) is a measure space and f : X — R is a non-negative measurable function we can
define a measure py by

uf(A):/fd,u for all A € 7.
A

For example if we take ([0, 1], %, A) and f : [0,1] given by f(z) =
ty the measure given by the density f.

Tos@Ts) then py is the Gauss measure. We call
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Let X =R (or X = [a,b] or X = R"™), # be Borel sets and p, be the measure given by a non-negative function
(or density) g : X — RT. If f: R — R is a non-negative function then

[ 1 an = [ f@(a)da.

More in general, for a measure space (X, 7, ) the functions f : X — R which are integrable with respect to urare
the function f such that fg is integrable with respect to p and for these functions we have

/fdug :/fgdu.

This last example is very different of the previous two and truly shows a peculiar example of integration with
respect to a measure.

Example 3.4.4. Let (X, ) be any measurable space, let x € X and let §, be the Delta measure at x. Recall

that

1 ifzed
5I(A){ 0 ifogA for any A€ .o.

Let us show that if f: X — R is measurable
JER )
Thus, integrating with respect to the point mass at x simply yields the value of f at x. The values of f at other

points do not matter.
If f = x4 is a characteristic function of a measurable set, by definition

1 ifzed

Thus, if f = Zf\il aixa, is simple, since the sets A; are disjoint, there can be at most one set A; that contains x.

Then, by linearity,
/ iax 45 {aj ifzeA; forsome 1<j <N,
7 AI T — . N
— 0 ifzx¢Ul, A

If f,, 7 f is a sequence of simple functions approximating a non-negative f, then one can see that the coefficient
aj, of the the sets A, which appear in the definition of f,, and contains x has to approach f(z) as n — co. Thus

/f dd, = lim /fn dp = lim a;, = f(x).
n—oQ n—oo
The result for general measurable functions f = fT — f~ follows again simply by linearity.

3.4.2 The spaces L'(u) and L?(u)

Let (X, .7, 1) be a measure space. Let us introduce some notation.

Notation 3.4.1. Let LY(X, o/, ) (or simply L'(u) is the measurable space (X, o7) is clear from the context) be
the space of equivalence classes of integrable functions

LNX, o, p) = L*(n) = {f : X = R, f measurable, /|f|d,u < —|—oo}/~,

where two integrable functions f,g are considered equivalent (f ~ g) if f = g almost everywhere. We will simply
write f € LY(u) and f will represent any function which differs from f on a measure zero set.
If f € LY (), denote by | f|1 the L*—norm of f, which is defined as

Ifl = / Fldp.
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The norm | - |; induces a distance as follows.

Exercise 3.4.1. Show that if we set

d(fvg):Hf_g”h f7g€L1(M)»

then d is a distance on the space L!(u).
Remark that

f~g = /fdM:/QdM,

so we are consider indistinguishable from the point of view of integrals. In order for d in Exercise 3.4.1 to be a
distance, we do need to consider equivalence classes for ~.

Notation 3.4.2. Let L*(X, .o/, ) (or simply L*(p) if the measurable space (X, .o/) is clear from the context) be
the space of equivalence classes of square-integrable functions, that is

LA(X, o, p) = L*(pn) = {f : X = R, f measurable, /|f|2dp < +oo}/ ~,

where the equivalence relation f ~ g is the same than above (f ~ g iff f = g almost everywhere). If f € L?(u),
denote by | f|2 the L?—norm of f, which is defined as

1/2
Il = ([ 11Pan)
* Exercise 3.4.2. Show that if we set

d(fag) = “f 79”27 fag € L2(p’)7

then d is a distance on the space L?(u).

Remark 3.4.3. One can show that if ;(X) < +oc one has the inclusion L?(u) C L(p) .

3.4.3 An equivalent definition of measure-preserving.

Let (X, o, 1) be a finite measure space. Recall that a transformation T': X — X is measure preserving iff it is
measurable and
w(T7H(A)) = p(A), forall A e .

An equivalent and very useful characterization of measure-preserving transformations can be given using integrals
with respect to a measure:

Lemma 3.4.1 (Measure-preserving via integration). A measurable transformation T : X — X is measure-
preserving if and only if, for any integrable function f: X — R we have

/f du:/foT dp. (3.12)

[You might have seen a special case of the previous formula: if X = R?, X is Lebesgue, f is Riemann integrable
and T is an area-preserving transformation, which is equivalent to |det(DT)| = 1, then

/f(x,y) dedy = /foT(w) dz dy

holds simply by the change of variables formula.]

Remark 3.4.4. One can show that in Lemma 3.4.1 rather than considering all functions which are integrable , it
is enough to check that (3.12) holds for all square-integrable functions f € L?(j).
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Proof of Lemma 3.4.1. Let us first assume that (3.12) hold and show that T is measure preserving. Let A € «7.
Let us first remark that
xa 0T = xr-1(4), (3.13)

since by definition of characteristic function, for each x € X

B 1 ifT(x)e A ezeT (A
xaoT(z)=xa(T(x)) = { 0 ifT(x)¢ A & xd¢ T HA),

which coincides exactly with the definition of

[ 1 ifzeT (A
XTHA T 0 ifx g T7L(A).

Consider the function x 4, which, as we saw in Example 3.4.1, is measurable. Then, we have

w(T7HA) = /XT—I(A) du (by Step 0 in the definition of integrals)
_ /XA oT du by (3.13)

= /XA du by (3.12)
= u(A) (again by Step 0 in the definition of integrals) .

Since this can be done for any A € o/, T is measure-preserving.

Conversely, let us assume that 7' is measure-preserving and let us show that (3.12) holds for any measurable
function f. Let us go through the same steps that we followed in the definition of integrals:

1. Consider first the case where f = x4 is the indicatrix of A € &7/. Then, by definition of measure-preserving
and definition of integrals (Step 0), using again that x4 o T' = xp-1(4) in (3.13), we have

/XA oT du = /XT*l(A) dp = (T~ (A)) = u(A) = /XA dp.
Thus, we showed that (3.12) holds for any characteristic function of measurable set.

2. Since integrals are linear, that is

/(a1f1+a2f2)dM=a1/f1d,u+a2/f2du,

(3.12) holds for any simple function (see Exercise 3.4.5).

3. Consider now any non-negative measurable function f: X — R. If f,, 7 f is a sequence of simple functions
approximating f, one can check (see Exercise 3.4.6) that f, oT ' foT is a sequence of simple functions
approximating f o T. Thus, by Step (2)" of the definition of integrals (see Remark 3.4.2), since (3.12) holds
for any of the simple functions f,,, we have

/fdu: lim /fnd,u: lim /fnonu:/fon,u.
n—oo n— oo

Thus, (3.12) holds for any non-negative measurable function.

4. If f is any integrable function, (3.12) holds by taking non-negative and negative parts (see Step (3) of the
definition of integral) and again using linearity of integrals.

This concludes the proof. ]

Example 3.4.5. Verify that if (3.12) holds for any characteristic function of measurable set then it holds for any
simple function.

Example 3.4.6. Verify that if ¢ is a simple function, then also g o T" is a simple function. Verify that if f, 7 f,
then f,oT /" fol.
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3.4.4 Extras on integration with respect to a measure.

Extras 1: a sequence of simple functions approximating f.

Example 3.4.7. Let f : X — RT be a non-negative measurable function. Let us construct a sequence of simple
functions (f,,)nen such that f, / f. For each n € N, decompose the set [0, 7] in the image into n? equal subinterval
of the form [i/n, (i + 1)/n) where 0 < i < n?. Consider the preimages

Am{xeX, < fl@) < 1 }flql,“’l)), i=0,1,....n%—1.
n n n

Since f is measurable, each of these preimages is a measurable set. Moreover, the sets A,, ; are clearly disjoint.
Thus, if we define

S|

n?-1 .

fo=Y % XA,., meEN, (3.14)
=0

the functions f, are simple. One can check that f,, approximate f in the sense that f,,  f. In Figure 3.2 we show
an example of the construction of the functions f,.

0\:2 . m=3

Figure 3.2: An example of simple functions f,, / f as in (3.14), for n = 2, 3.

Remark that in the definition of Riemannian integral the domain of the function f is partitioned in small
intervals to construct a Riemannian sum, here it is the image of the function f which is partitioned into small
intervals to define the approximation by simple functions and hence its Lebesgue integral.

Exercise 3.4.3. Show that the functions f, in (3.14) converge converge pointwise and monotonically to f (that

is, fn/‘f)

Extras 2: an example of function which is not Riemannian integrable.

Example 3.4.8. Let X = [0,1], A be the Lebesgue measure and o/ be the Borel sets of R. Consider the charac-
teristic function

[ = XQn[o,1]

of rational numbers in [0, 1].

Let us show that f is not integrable according to Riemann. This is because rational points are dense in [0, 1] and
also irrational points which are in [0, 1]\Q, are dense in [0, 1]. Thus, for any partition of [0, 1] into small intervals,
each interval will contain both a rational point (on which xgn,1) has value 1) and an irrational point (on which
Xonio,1) has value 0). Thus, upper Riemannian sums will always be 1 and lower Riemannian sums will always be 0
not matter how fine the partition is. Recall that the Riemann integral is defined as the common limit of upper and
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lower Riemannian sums, if this limit exist. Thus, in this case the limits exist but are different and the function is
not Riemann-integrable.
On the other hand, the set [0,1] N Q is measurable and

A[0,1]nQ) =0

since the Lebesgue measure give zero measure to each point and [0,1] N Q is a countable, so the measure of the
union is also zero by the countable additivity property of a measure. Thus, just using Step (0) of the definition of
Lebesgue integral, f is integrable according to Lebesgue and

/f d\ = /X@m[o,l] dA = A([0,1] N Q) = 0.

Exercise 3.4.4. Let g = x[o,11\q be the indicatrix of irrational points in [0,1]. Show that g is not integrable
according to Riemann, but it is integrable according to Lebesgue and [ g d\ = 1.

Extras 3: two important properties of integration with respect to a measure. The Lebesgue integral
is much more powerful and convenient to use than the Riemannian integral not only because many more functions
are Lebesgue-integrable, but also because the two following Theorems hold, while both of them are false if we use
Riemannian integrals.

Theorem 3.4.1 (Monotone Convergence Theorem ). Let (X, o7, 1) be a measure space. If (gn)nen s a sequence
of integrable functions g, : X — R such that g, /' g (they are pointwise non-decreasing and converging), then g is

integrable and
/gdu=/ lim g, du = lim /gn du.
n—oo n—oo

Theorem 3.4.2 (Dominated Convergence Theorem ). Let (X, 7, u) be a measure space. If (gn)nen is a sequence
of measurable functions g, : X — R such that g, — g pointwise, that is lim, o gn(z) = g(x) for all x € X and
the convergence is dominated, that is |gn| < h for some integrable function h, then the limit g is integrable

/gdu:/ lim g, du = lim /gn dp.
n—oo n—oo

In both Theorems, if g,, — g, either under the assumption of monotone convergence or under the assumption
of dominated convergence, we are allowed to exchange the order of limit and integration sign. Again, notice that
this is not the case for Riemann integrals.

3.5 Ergodic Transformations

In this lecture we will define the notion of ergodicity, or metric indecomposability. Frgodic measure-preserving
transformations are the building blocks of all measure-preserving transformations (as prime numbers are building
blocks of natural numbers). Moreover, ergodicity will play an important role in Birkhoff ergodic theorem.

Let (X, 7, 1) be a finite measure space. In this section (and more in general when we want to talk of ergodic
transformations) we will assume that (X,.o, ) is a probability space. This is not a great restriction, since if
u(X) < oo, if we consider /(X)) (that is, the measure rescaled by (X)), then p/u(X) is a measure with total
mass 1 and (X, o/, u/pu(X)) is a probability space. Let T : X — X be a measure-preserving transformation.

Definition 3.5.1. A set A C X is called invariant invariant under T' (or simply invariant if the transformation is

clear from the context) if
T71(A) = A

Remark that in the definition we consider preimages T!'. This is important if the transformation is not
invertible.

Exercise 3.5.1. If T is invertible, show that A is invariant if and only if T'(A) = A.
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Example 3.5.1. Assume that T is invertible and that x € X is a periodic point of period n. Then
A={z,T(z),..., T" ()} (3.15)

is an invariant set.

Definition 3.5.2. A measure preserving transformation T' on a probability space (X, &7, 1) is ergodic if and only
if for any set measurable A € </ such that T~!(A) = A either u(A) =0 or u(A) = 1, that is all invariant sets are
trivial from the point of view of the measure.

Remark 3.5.1. A transformation which is not ergodic is reducible in the following sense. If A € &7 is an invariant
measurable set of positive measure p(A) > 0, then we can consider the restriction p of the measure p to A, that

is the measure defined by
w(ANB)
pa(B) = ———,
A8 ="

It is easy to check that p4 is again a probability measure and that it is invariant under 7' (Exercise). Remark that
we used that p(A) > 0 to renormalize p14. Similarly, also the restriction jix\ 4 of the measure x to the complement
X\A, given by

for all B € «&.

n(X\AN B)
pX\A) 7

is an invariant probability measure (Exercise). Remark that here we used that pu(X\A) > 0 since p(A) < 1. Thus,

we have decomposed p into two invariant measures p4 and px\ 4 and one can study separately the two dynamical

systems obtained restricting 7" to A and to X\ A. In this sense, non ergodic transformations are decomposable while
ergodic transformations are indecomposable.

px\a(B) = for all B € &/,

As prime numbers, that cannot be written as product of prime numbers, are the basic building block used to
decompose any other integer number, similarly ergodic transformations, that are indecomposable in this metric
sense, are the basic building block used to study any other measure-preserving transformation.

Exercise 3.5.2. Let (X, <) be a measurable space and T : X — X be a transformation.
(a) Check that if p1 and po are probability measures on (X, /), then any linear combination
= Ay + (1= A)pa, where 0< A <1,
is again a measure. Check that it is a probability measure.

(b) Let p be a measure on (X, o) preserved by T. Let A € & be a measurable set with positive measure
1(A) > 0. Check that by setting

_HAnB) _ wA°NB)

(where A° = X\ A denotes the complement of A in X) one defines two probability measures p; and ps. Show
that if A is invariant under T', then both p; and ps are invariant under 7.

for all B € &7,

(¢) Show using the two previous points that a probability measure p invariant under T is ergodic if it cannot be
written as strict linear combination of two invariant probability measures for T, that is as

=g+ (1= \)pe, where 0< A<1, 1 # uo. (3.16)

[The converse is also true, but harder to prove: a measure p is ergodic if and only if it cannot be decomposed
as in (3.16).]

Part (a) of Exercise 3.5.2 shows that the space of all probability T-invariant measures is convez (recall that a
set C'is a convex if for any x,y € C and any 0 < X\ < 1 the points Az 4+ (1 — A\) Ay all belong to C). If C' is a convex
set, the extremal points of C' are the points z € C' which cannot be expressed as linear combination of the other
points, that is, there is no 0 < A < 1 and 7 # x2 such that = Az; + (1 — N)a2. Thus, Part (b) of Exercise 3.5.2
shows that ergodic probability measures are extremal points of the set of all probability T-invariant measures.

Let us now give an example of a non-ergodic transformation and one of an ergodic one.
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Example 3.5.2. [Rational rotations are not ergodic] Let X = S, % its Borel subsets and \ the Lebesgue
measure. Consider a rational rotation R, : St — S! where a = p/q with p, ¢ coprime. Consider for example the
following set in R/Z

The set A in S! is shown in Figure 3.3.

Figure 3.3: An invariant set A with 0 < A <1 for a rational rotation R/, with ¢ = 8.

The set A is clearly invariant under R,,/,, since the clockwise rotation R, ,, by 2mp/q sends each interval into
another one. Since A is union of ¢ intervals of equal length 1/2¢, A(A) = 1/2, so 0 < A(A) < 1. Thus, since we

constructed an invariant set whose measure is neither 0 nor 1, R/, is not ergodic.

[Remark that any point is periodic of period ¢ and since R,, is invertible, any periodic orbit is an invariant set, but
it has measure zero. Thus, to show that R,/ is not ergodic, we need to construct an invariant set with positive
measure and here we constructed one by considering the orbit of an interval.]

In the next lecture we will prove that on the other hand irrational rotations are ergodic. Thus, a rotation R,
is ergodic if and only if « is irrational.

Let us show that the doubling map is ergodic directly using the definition of ergodicity.

Example 3.5.3. [The doubling map is ergodic| Let X = R/Z, % be Borel sets of R and A\ the Lebesgue
measure. Let T': X — X be the doubling map, that is T'(x) = 22 mod 1. Let us show that the doubling map is
ergodic.

Let A € % be an invariant set, so that T-!(A) = A. We have to show that A\(A) is either 0 or 1. If A(4) =1,
we are done. Let us assume that A(A) < 1 and show that then A(A) has to be 0. Since we assume that A(A4) < 1,
A(X\A) > 0. One can show (see Theorem 3.5.1 in the Extra) that a measurable set of positive measure is well
approximated by small intervals in the following sense: given ¢ > 0, we can find n € N and a dyadic interval I of
length 1/2™ such that

AI\A) > (1 —e)A\(I), (3.17)

that is, the proportion of points in I which are not is A is at least 1 — e.Recall that we showed that if I is a dyadic
interval of length 1/2", its images 7%(I) under the doubling map for 0 < k < n are again dyadic intervals of size
1/2"=%. In particular, the length A\(T%(I)) is 2°¥A(I) and for k = n, T"(I) = R/Z = X. Furthermore we can
calculate that
AMTM(I\NA)) =2"A(I\A) = (1 — ).

We now need to show that T"(I\A) C X\A. To do this suppose z € T"(I\A) and = € A. We then have that
there exists y € I\ A such that T"(y) = = and therefore y € T~"(A) = A. This is a contradiction since y € I\ A.
Therefore there is no such x and T"(I\A) C X\ A. Putting this together means that

ACX\A) > A(T™(1\A) > 1 — .
Since A(X\A) > 1 — € holds for all € > 0, we conclude that A(X\A) = 1 and hence A\(A) = 0. This concludes the
proof that the doubling map is ergodic.
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To prove directly from the definition that the doubling map is ergodic, we had to use a fact from measure theory
that we stated without a proof (the existence of the interval in (3.17), see also Theorem 3.5.1 in the Extra). In the
following lecture, §3.6, we will see how to prove ergodicity using Fourier series and we will see that is possible to
reprove that the doubling map is ergodic by using Fourier series, which gives a simpler and self-contained proof.

Exercise 3.5.3. Let X = [0, 1], & the Borel c—algebra, A the 1—dimensional Lebesgue measure. Let m > 1 is an
integer and consider the linear expanding map T,,(x) = max mod 1. Show that T, is ergodic.
[Hint: mimic the previous proof that the doubling map is ergodic.]

Ergodicity via invariant functions

The following equivalent definition of ergodicity is also very useful to prove that a transformation is ergodic:

Lemma 3.5.1 (Ergodicity via measurable invariant functions). A measure preserving transformation T :
X — X 1is ergodic if and only if, any measurable function f : X — R that is invariant, that is such that

foT=f almost everywhere (that is, f(T(x)) = f(z) for u— almost every x € X) (3.18)

is p-almost everywhere constant (that is, there exists ¢ € R such that f(x) = ¢ for p-a.e. x € X).

Proof. Assume first that (3.18) hold. Let A € # be an invariant set. Consider its characteristic function x 4, which
is measurable (see Example 3.4.1 in §3.4). Let us check that x4 is an invariant function, that is x4 o T = xa.
Recall that we showed last time that x4 o T' = x7-1(4) (see equation (3.14) in §3.4). Thus

XaoT = Xr-1(4) = X4, (since T7'(A) = A).

Thus, we can apply (3.18) to x4 and conclude that x4 is almost everywhere constant. But since an indicatrix
function takes only the values 0 and 1, either

xa =0 a.e. = w(A) = / xadp =0, or (3.19)
A

XA =1a.e. = w(A) = / xadp = 1. (3.20)
A

This concludes the proof that 7' is ergodic.

Let us assume now that T is ergodic and prove (3.18). Let f : X — R be a measurable function. Assume that
foT = f almost everywhere. One can redefine f on a set of measure zero so that the redefined function, which we
will still call f, is invariant everywhere, that is f(T'(x) = f(x) for all z € X (see Exercise 3.5.4).

Consider the sets

Ay = {x € X, such that f(x) > t}, teR.

The set A; are called level sets of the function f and they are measurable since A; = f~!((t,+o0)) and f is
measurable, which by definition means that the preimage of each interval is in . Let us show that each A; is
movariant:

T~ (A;) = {x € X, such that T(z) € A;} (by definition of preimage)
= {z € X, such that f(T(x)) > t} (by definition of T'(z) € A;)
= {x € X, such that f(x) >t} (since f(T'(z)) = f(x))
— A,

Thus, since T is ergodic, for each ¢t € R either u(A;) = 0 or pu(A4;) = 1. If the function f is constant equal to ¢
almost everywhere, then u(A;) =1 for all t < ¢ (since f(x) = ¢ > ¢ for a.e. x € X), while pu(4;) =0 for all t > ¢
(since f(z) = ¢ <t for a.e. x € X). On the other hand, if f is not constant almost everywhere, one can find a
level set ¢y such that 0 < u(tg) < 1, which is a contradiction with what we just proved. Thus, f has to be constant
almost everywhere. This shows that (3.18) holds when 7' is ergodic. O

Exercise 3.5.4. Let T : X — X be a measure preserving transformation of the measured space (X, %, ). Let
f be a measurable function f : X — R that is invariant almost everywhere under T, that is f o T'(x) = f(x) for
p-almost every x € X.
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(a) Consider the set

E=|JT7"(N), where N =/{uzsuchthat f(T(z))# f(x)}.
neN

Show that u(E) = 0 and that T-Y(E) C E.
(b) Define a new function f by setting:
sy | flx) ifzé¢E
f(x)_{o ifze B,

Show that f = f p-almost everywhere and that f o T = f holds everywhere, that is f(T(x)) = f(x) for all
reX.

Exercise 3.5.5. Let R, : R/Z — R/Z be a rational rotation, where & = p/q and p, ¢ are coprime. Show that R,
is not ergodic by exhibiting a non-constant invariant function.

One can show that in Lemma 3.5.1 instead then considering all functions which are measurable, it is enough to
check that (3.18) holds for all integrable functions f € L!(u) or for all square-integrable functions f € L?(u) (the
definition of these spaces was given in §3.4 We have the following two variants of Lemma 3.5.1:

Lemma 3.5.2 (Ergodicity via invariant integrable functions). Let (X, %, u) be a probability space and
T: X — X a measure preserving transformation. Then T : X — X is ergodic if and only if

forall f € LNX,%,1), foT=fpu—ae = fu—ae constant.

Lemma 3.5.3 (Ergodicity via invariant square integrable functions). Let (X, %, 1) be a probability space
and T : X — X a measure preserving transformation. Then T : X — X is ergodic if and only if

forall f € L*(X,B,u), foT=fu—ae = fu—ae. constant.

Exercise 3.5.6. Let (X, %, 1) be a measured space and T : X — X be a measure-preserving transformation.
Consider the space L?(X, %, 1) of square integrable functions.
Let Ur : L?(X, %, u) — L*(X, %, ) be given by

Ur(f)=foT.
(a) Check that L?(X, %, u) is a vector space and Ur is linear, that is for all f,g € L?(u) and a,b € R,

af +bg € L*(X,%,1) and Ug(af +bg) = aUr(f) + bUr(g).

(b) Show that Uz preserves the L?(y)—norm, that is for any f € L?*(u) we have |Ur(f)|2 = | f|2- Deduce that
if d: L?(u) x L?(u) — RT is the distance given by

d(f,9) =|f —glas forall f,ge L*(u),

Ur is an isometry, that is
d(Ur(f),Ur(g)) = d(f,g)  forall f,ge L*(n);

(¢) Verify that if a function is constant almost everywhere, then it is an eigenvector of Ur with eigenvalue 1.
Assume in addition that (X, %, u) is a probability space. Show that T is ergodic if and only if the only
eigenfunctions f € L?(u) of Ur corresponding to the eigenvalue 1 are constant functions.

[Hint: Both Part (b) and (c) of the exercise consist only of recalling and re-interpreting definitions.]

The operator Ur is known as the Koopman operator associated to T. Many ergodic properties can be equiva-
lently rephrased in terms of properties of the operator Ur, as ergodicity in Part (¢). The study of the properties of
Ur and its spectrum (for example, its eigenvalues) is known as spectral theory of dynamical systems.
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Extra: Lebesgue density points

In the proof that the doubling map is ergodic, we used the following Theorem from measure theory, known as
Lebesgue density Theorem.

Let X = R™ and A be n—dimensional Lebesgue measure. Let A C R™ be a Borel measurable set. Let B(z,€)
denote the ball of radius € at x. The density of A at z, denoted by d,(A), is by definition

_ MANB(z,€)
da(A) = i =BG )

A point x € A is called a Lebesgue density point for A if the density d,(A) = 1. Thus, if z is a density point, small
intervals containing x intersect A on a large proportion of their measure, tending to 1 as the size of the interval
tends to zero.

Theorem 3.5.1 (Lebesgue density). Let X = R™ and A be n—dimensional Lebesgue measure. If A C R™ is a
Borel measurable set with positive measure \(A) > 0, almost every point x € A is a Lebesque density point for A.

This theorem implies that measurable sets can be well approximated by small intervals: on a small scale,
measurable sets fill densely the space, so if I is sufficiently small and intersects the set A, most of the points in I
are contained in A (only a set of points whose measure is a proportion e of the total measure is left out). Similarly,
other small intervals will be missed almost completely by the set A, so that the set can be approximated well by a
union of small intervals.

Exercise 3.5.7. Deduce from the Lebesgue density Theorem the fact that we used in the proof that the doubling
map is ergodic, that is: if u(X\A) > 0, given any € > 0, we can find n € N and a dyadic interval I of length 1/2"
such that

AI\A) > (1 —e)A(I).

3.6 Ergodicity using Fourier Series

In the previous lecture §3.5 we defined ergodicity and showed from the definition that the doubling map is ergodic.
In this lecture we will show how to use Fourier Series to show that certain measure preserving transformations
defined on R/Z or on the torus T" = R"/Z™ are ergodic. Proving ergodicity using Fourier Series turns out to be
very simple and elegant. We first give a brief overview of the basics of Fourier Series.

Let (X, %, 1) be a measure space. In §3.4 we defined integrals with respect to a measure. Recall that we also
introduced the following notation for the spaces of integrable and square-integrable functions

LYX, %, ) = L*(u) = {f : X — R, f measurable, /\f|du < 400}/ ~,
L*(X,%,1) = L*(p) = {f : X = R, f measurable, /\f|2d,u < 400}/ ~,

where f ~ g if f = g p-almost everywhere and the norms are respectively given by | f|1 := [|f|dp and | f|2 :=
(f [fPPdu)'/2.
Fourier Series

Let X = R/Z with the Lebesgue measure A. Consider a function f : R/Z — R (more in general, one can consider
a function f : R — R which is 1—periodic, that is f(z + 1) = f(z) for all z € R). We would like to represent f as
superposition of harmonics, decomposing it via the basic oscillating functions

sin(2rnx), cos(2mnx), n=20,1,2,...,
More precisely, we would like to represent f as a linear combination

% + Z ap cos(2mnx) + Z by, sin(2mnz).

n=1 n=1
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Instead than using this notation, we prefer to use the complex notation, which is more compact. Recall the identity
2mix

e = cos(2mnz) + isin(2mnz).

Using this identity, one can can show that we can equivalently write

oo oo —+oo
% + Z ay, cos(2mnz) + Z by, sin(2mnx) = Z Cpe?minT, (3.21)
n=1 n=1 n=-—oo

L(an — iby) if n >0,
where ¢, = ¢ ag/2 ifn=0, (3.22)
%(a,n +ib_,) ifn<D0.

Thus, we look for a representation of f of the form

—+oo
2minx
E Cpé .

n=—oo

[Using this complex form, more in general, one can try to represent more in general functions f : R/Z — C. See
also Exercise 3.6.1, Part (b)].

Exercise 3.6.1. (a) Verify that if a,,b, and ¢, are related by (3.22), then (3.21) holds.
Assume that

—+o0
_ 2min
f= E Cpé .

(b) Show that f is real if and only if ¢_,, =, for all n € Z (where Z denotes the complex conjugate of z);

(¢) Show that f is even (that is f(—x) = f(x) for all z) if and only if ¢,, = c_,, for all n € Z;
show that f is odd (that is f(—z) = —f(x) for all x) if and only if ¢,, = —c_,, for all n € Z.

Definition 3.6.1. If f € L'(R/Z, %, 1) we say that the Fourier series of f is the expression

+oo
Z Cpe?mine, where ¢, :/f(x)e_%”‘m;du7 n € Z.

n=—oo

The ¢, n € Z, are called Fourier coefficients of f. Remark that co = [ fdp.
We denote by Sy f the N partial sum of the Fourier series of f, given by

+N 4
SNf(Q?): Z Cn€2ﬂ”w.

n=—N

One needs the assumption f € L'(u) to guarantee that the Fourier coefficients, and hence the Fourier series, is
well-defined. The following property of the Fourier coefficients can be easily proved and is very helpful to use to
prove ergodicity in certain examples (see Exercise 3.6.3):

Lemma 3.6.1 (Riemann-Lebesgue Lemma). If f € L' (1), the Fourier coefficients c,, in Definition 3.6.1 tend
to zero in modulus, that is |c,| — 0 as |n| — oco.

Unfortunately, as you should know well from the study of series, the fact that the coefficients tend to zero is
not enough to guarantee that the Fourier series converges. It is natural to ask when the Fourier series converges
for all points and when does it actually represents the function f from which we started and in which sense. We
list below some answers to these questions.

Once we have a representation of f as a Fourier series (in one of the senses here below), one can use Fourier
series as a tool which turns out to be very useful in applications. We will use them to show ergodicity, but more in
general Fourier series can be used to solve differential equations and have a huge number of applications in applied
mathematics.

The following can be proved:
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(F1) If f : R/Z — R is differentiable and the derivative is continuous, than its Fourier series converges at every
point:

—+o00
flz) = Z CpeTinT for all = € R/Z.

We say in this case that Sy f converges pointwise to f.

[Remark that if f is only continuous (but not necessarily differentiable), it is not necessarily true that the
Fourier series of f converges to f pointwise. The proof of pointwise convergence can be found in many books
in Real Analysis or Harmonic Analysis.]

(F2) 1t f € (),
ISnf — fla = 0as N — +oo, (3.23)

so that Sy f approximate f better and better in the L?—norm. We say in this case that the Fourier series
converges to f in L2.

[The proof of this statement is not hard and relies entirely on linear algebra. One can prove that L?(y) is a
vector space and that the exponentials e?™" form an orthogonal linear bases.]

(F3) If f € L?(\), one can actually show a much stronger statement (Carlson’s Theorem):

+oo
flx) = Z Cp 2T for a.e.x € R/Z.

n=—oo
[This result if very hard to prove, it was a hard open question and object of research for decades. The proof
given by Carleson is very hard and many people have tried to understand it and simplify it.]
We will only use Fourier series for L2 —functions. A crucial property of Fourier series that we will use is uniqueness:

(F4) If f € L*(p) and ¢, = 0 for all n € Z, then f = 0. Recall that if u is finite, L?(u) C L'(u). As a consequence,
if p is a probability measure and f € L?(ju)

M / Sany
§ cneQTrLrLJ, _ E cneQﬂ'nu

where the equality holds in the L? sense explained in (F2), then ¢, = ¢/, for all n € Z. Thus, the coefficients
of the Fourier series of a function f € L?(u) are unique.

Higher dimensional Fourier Series

Let X = R?/Z%. One can analogously want to represent a function f : R?/Z¢ — R as a linear combination of
products of harmonics in all directions. A Fourier series in higher dimension (in complex notation) is an expression
of the form

+oo +oo

+oo
2min1xy, 2TiNoxTo 2mingxryq
E E E Cnyna,...,ng€ e ...€ .

nNy=—o Ng=—00 ng=——0o0o
A more compact notation for this expression can be obtained by using vectors and scalar products: if we write
Ez(xl,JTQ,...,l'd), Q:(nlanQa"'and)v <N,r >=N1T1 + N2 + - + N4y,
and write ¢,, for ¢y, ... n,, since 2T 2minaTy | p2minaTa — 62”("1“"‘”"“%“), we can rewrite the above expression
in the compact form
g Cﬂ627”<ﬂ’£>.
nezd

If f e LYRY/Z%, %, 1) then we say that the above expression is the Fourier series of f if the coefficients c,, are
given by

Cﬂ:/fei2ﬂ-i<ﬂ’l>dlu,.

One can prove for these higher dimensional Fourier series results analogous to the 1 dimensional case. In particular:
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(HF1) A result analogous to the Riemann Lebesque Lemma holds: if f € L'(u), the Fourier coefficients of f are
such that |c,| — 0 as n — oo (here n — oo means that the vector n tends to infinity in R4, for example its

norm \/nf + -+ + n3 grows).

(HF2) If f € L?(u), the Fourier series of f converges to f in L?(u), in other words if we consider

+N +N +N )
Sefs 3% o 3 e
N

nlsz n2:7N Ng=——
then |Syf — fla — 0 as N — +o0;
(HF3) The Fourier coefficients of f € L?(u) are unique, so if

. , .
E :CQ62m<@,1> — § :Cn62m<g,£>

nezd nezd

(where the equality holds in L?(y)) then ¢, = ¢}, for all vectors n € Z%.

Ergodicity of irrational rotations.

Consider the probability space (R/Z, %, ). Let R, : R/Z — R/Z be a rotation. We showed last time that if
a = p/q is rational, R/, is not ergodic. Using Fourier series, let us now show that if o ¢ Q, then R, is ergodic
with respect to Lebesgue. Thus, rotations R,, are ergodic if and only if « is irrational.

Proof. Let us prove ergodicity by using L?— invariant functions: given f € L?()\), we want to show that if foR, = f
almost everywhere, then it is constant almost everywhere. By Lemma 3.5.3, this is equivalent to prove ergodicity.
Since f € L2(R/Z, %, )\), f is equal in L? to its Fourier series

+oo
2 : CneQ-rmnm, where Cp = /f(m)e—ZTrlnmdx’ ne7.

n=—oo

By plugging R,(x) = 2 + @ mod 1 in the Fourier series (and remarking that modulo 1 has no influence since
e?™k — 1 for any k € Z) we get that the Fourier series for I o R, is

“+o00 “+o0
E Cne27rzn(fc+o¢) — § cn627rzna627rznr.

n=—oo n=—oo

Since f = f o R, almost everywhere we know that f = f o R, in L? and so both Fourier series must be the
same. Thus, by uniqueness of the Fourier coefficients, by equating the two different expressions for the n** Fourier
coefficient in front of €2™** we must have

Cn = Cre®™™ & (1 — ¥ =0 for all n € Z.

If (1 —e?™") £ 1 we can then conclude that ¢, = 0. Since « is irrational, all orbits of R,, are infinite and distinct,
thus in particular the orbit R?(0) = na mod 1 consists of distinct points. Thus, na mod 1 # 0 for all n # 0,
which shows that

foralln #0, (1—e*™*)£1 = ¢, =0.

Thus all Fourier coefficients are zero apart from possibly ¢y and f = ¢g is constant. This concludes the proof of
ergodicity. O

Exercise 3.6.2. (a) Where does the above proof fail if « is rational?

(b) Show that R

»/q 18 not ergodic by exhibiting a function which is invariant but not constant;

(¢) If @« = p/q where p,q are coprime, what are all the possible Fourier series of invariant functions f €
L*(R/Z, B, \)?
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Ergodicity of linear expanding maps. Other measure-preserving transformations of R/Z can be proved to
be ergodic by using Fourier series. For example:

Exercise 3.6.3. Prove using Fourier series that the doubling map T : R/Z — R/Z is ergodic with respect to A
Lebesgue.

[Hint: Use Riemann-Lebesgue Lemma.]

Exercise 3.6.4. Prove using Fourier series that any linear expanding map T,,(z) = mz mod 1 on R/Zwhere
m > 1 is an integer is ergodic with respect to the 1—dimensional Lebesgue measure \.

Ergodicity of toral automorphisms.

Let A be a d x d matrix with integer entries and determinant 1. Then A determines a toral automorphism
Ta : T? = RY/Z? of the d—dimensional torus by fist acting linearly by A and then taking the result modulo 1, as

follows:
d d d

Ta(zy,...,xq) = ZAlja:j modl,ZAgjxj modl,...,ZAdjxj mod 1

j=1 j=1 j=1

(The CAT map is an example where d = 2.) The proof that the map T4 is well defined is exactly the same than
in the case d = 2. Consider as a measure space (T, %, \) where % are Borel sets and ) is the d-dimensional
Lebesgue measure on the torus. Remark that A\(T¢) = 1, so the space is a probability space. One can check that
since |det(A)| = 1 the map T4 preserves the Lebesgue probability measure.

Using higher dimensional Fourier series, we will prove the following Theorem. Let us call a complex number
X\ € C a root of unity if \ = 1 for some n € N. Remark that by solving the equation A = 1 the n'” roots of unity
are exactly the n complex numbers of modulus 1 and of the form

em‘k/n7 k=0,1,...,n—1.

Theorem 3.6.1. Let Ty : T — T? be the toral automorphism determined by the matriz A. Then Ty is ergodic if
and only if the matriz A has no eigenvalues which are roots of unity.
Asin d = 2, we call a toral automorphism T4 hyperbolic if the matrix A has no eigenvalues A with || = 1.

Corollary 3.6.1. If T : T — T is a hyperbolic toral automorphism, then it is ergodic.

Proof. The Corollary follows simply because if \™ = 1, clearly |A\| = 1, so ruling out eigenvalues with modulus 1
automatically rules out in particular eigenvalues that are roots of unity. O

Example 3.6.1. The CAT map Ta(z,y) = 2z +y modl,z +y modl) is ergodic, since it has eigenvalues

(14++5)/2.

Proof of Theorem 8.6.1. Assume that A has no roots of unity as eigenvalues. Let us prove ergodicity of T4 by
using Fourier series. Let f € L?(T9, %,)) be an invariant function, that is f o T4 = f A-almost everywhere. We
want to show that f is constant A-almost everywhere. Since f € L%(\), f is equal in L?(\) to its Fourier series

Z Cpe?TISIL> where ¢, = /f(ac)e_2”<ﬁ’§>du, ncZ% (3.24)
nezd

Thus, we also have

f(Ta(z)) = Y cpe?mismAz> (3.25)

nez

(where we used that the modulo one part of the definition does not contribute to the coefficients, since if k& € Z9,
then < n,k >€ 7 so €2 <mE> — 1), Remark that, if A* denotes the transpose of the matrix A, we have

<n, Az >=< Aln,z >, (3.26)
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since

d

d
<@7A§> anv A.’E an ZA”IEJ = ZZ?%A”.’E]
i=1j

=1
d d d
:ZZA;Z'M% Z(ZAﬂm> zj = Z (A'z)jz; =< A'n,z > .
j=1i=1 j=1
Thus, using (3.26) we have the Fourier series for f o T4
Z cﬂezm<Atﬁ’§>. (3.27)
nezd

Since f = foT4 by assumptions, the two Fourier series for f and foTy are equal and since tthe Fourier coefficients
are unique, the coefficients of the same terms must be the same. Consider the term e?™<4'm2> in (3.27), which
has Fourier coefficient ¢,,. The same term in (3.24) has Fourier coefficient c4¢,. Thus, we must have

Cp = Catn, for all n € 7.

If for some n € Z? we have |c,| # 0, then, since

Cn = CAtp = C(At)2p = " :C(At)kﬂ:...

all the terms c(qtyx,, for k € N are equal and with modulus different than zero. If the indexes
n=An=(ANn=-..= (At)kﬂz (3.28)

are all distinct and thus there is an infinite number of coefficient with equal and non-zero modulus, this gives
a contradiction, since otherwise the Fourier series would not converge (recall that by Riemann Lebesgue Lemma
lem| — 0 as m — o00). Thus, there can be only finitely many different terms in (3.28), which means that there
exists ki # ko such that

(Akip = (AY)r2p = (AY*n =n, where k = [ky — kol.

If n is not the zero vector 0 = (0,...,0), this shows that n is an eigenvector for (A*)* with eigenvalue 1. Thus A?
must have an eigenvalue A which is a root of unity (see the Remark below and apply it to the matrix A?). But
since the eigenvaleus of A? are the same than the eigenvalues of A (since det(A? — A\Id) = det(A — \Id)), this would
imply that also A has an eigenvalue which is a root of unity, which is excluded by assumption. Thus n = 0.

We showed that if |c,| # 0 then n = 0. Thus, for all n # 0, ¢, = 0 and f = ¢p. Thus, f is constant almost
everywhere. This concludes the proof that T4 is ergodic if A has no eigenvalues which are roots of unity.

The converse implication is left as an exercise (Exercise 3.6.5). O

Remark 3.6.1. To see that if A* has eigenvector v with eigenvalue 1 then A has an eigenvalue which is a kth root
of unity (when working in the complex numbers) take the subspace

W = spanf{v, Av, ..., Ak~ 1y},

Note that for any x € W we must have A(x) € W so A must have an eigenvector y € W with eigenvalue X\. We

then know that Akg = )\kg. However for any x € W we will have that AFz = 2 and thus \F = 1 and so \ is a kth
root of union.

Exercise 3.6.5. Assume that the d x d integral matrix A has an eigenvalue A which is a root of unity, that is,
A =1 for some k € N.

(a) Show that there exists n € Z? such that n # 0 and
(A"*n = n,

where A! denotes the transpose matrix of A;

[Hint: Show first that there exists n € R? such that n # 0 and (A?)¥n = n. Use that A has integer entries to
conclude that we can choose n in Z%.]
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(b) Prove that the toral endomorphism T4 : R?/Z% — R9/Z4 associated to such a matrix A is not ergodic.

[Hint: Use Fourier series to construct a non-constant invariant function.]

Thus, this exercise proves the converse implication in Theorem 3.6.1: if A has an eigenvalue A which is a root of
unity, then T4 is not ergodic.

Other measure-preserving transformations of R?/Z? can be proved to be ergodic by using higher-dimensional
Fourier series.

Ergodicity of translations on the torus. Let a = (aj,a9,...,a4) € R¢. The translation by a on the
d—dimensional torus T¢ = R?/Zis the transformation R, : T¢ — T given by

Ro(z1,29,...,24) = (r1 + @1 mod l,zo + a3 mod 1,... 24+ g mod 1).

Exercise 3.6.6. Show that R, : T¢ — T? preserves the d—dimensional Lebesgue measure A on Borel sets % on
T¢ = R?¢/Z4.

[Hint: You can either verify the area-preserving relation first for rectangles or use the characterization of measure-
preserving using functions and a change of variables.]

We say that the translation vector « is irrational if the components oy, s, ..., aq are rationally independent,
that is if

niay + noas + - - - + ngag = k for some ny,no,...,ng,k€Z = n;g=---=ng=kk=0.
Equivalently, o is irrational is there is no n € Z4\{0} such that < n,z >= k for some integer k € Z.
Proposition 1. The translation R, on T% is ergodic if and only if « is irrational.
Exercise 3.6.7. Prove Proposition 1:
(a) using Fourier series, show that if there is no n = (ny,na,...,nq) € Z%, n # (0,...,0), such that
<n,a>=nja; + noas + - +ngag =k for some k € 7Z,
then R, is ergodic with respect to the d—dimentional Lebesgue measure A;

(b) If there exists n = (ny,n9,...,n4) € Z% such that n # 0 and < n,a >€ Z, show that R, is not ergodic.

[Hint: Look for a non-constant invariant function f : X — C whose Fourier series has only one term. You
can then use it to find a real-valued non-constant invariant function. |

Ergodicity of the skew product over an irrational rotation. Let X = T? (with the Borel o—algebra and
the Lebesgue measure A. Let a € R and consider the map 7 : T? — T2 given by

T(z,y)=(x+«a modl,z+y modl). (3.29)

Exercise 3.6.8. Check that T preserves the two dimensional Lebesgue measure . [Hint: You can use Fubini
theorem.]

A map T of the form (3.29) above, where the first coordinate of T'(x, y) is a function only of the first coordinate
x, is called a skew shift. Since the T acts as a rotation on the first coordinate, this map is called a skew shift over
a rotation.

Proposition 2. The skew shift T over the rotation R, is ergodic with respect to A if and only if the R, is ergodic.
Equivalently, T is ergodic if and only if o is irrational.

Exercise 3.6.9. Prove Proposition 2:
(a) Use Fourier series to show that if « is irrational then T is ergodic;

(b) Show that if « is rational then T there is a non-constant invariant function, thus 7' is not ergodic.
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3.7 Birkhoff Ergodic Theorem and Applications

In this section we will state the Birkhoff Ergodic Theorem, which is one of the key theorems in Ergodic Theory.
The motivation came originally from the Boltzmann Ergodic Hypothesis formulated by Boltzmann in the 1930s (see
below). The concept of ergodicity was developed exactly in order to prove the Boltzmann Ergodic Hypothesis, thus
giving birth to the field of Ergodic Theory.

Botzmann Ergodic Hypothesis

Let X be the phase space of a physical system (for example, the points of X could represent configurations of
positions and velocities of particles of a gas in a box). A measurable function f : X — R represents an observable
of the physical system, that is a quantity that can be measured, for example velocity, position, temperature and
so on. The value f(z) is the measurement of the observable f that one gets when the system is in the state .
Time evolution of the system, if measured in discrete time units, is given by a transformation 7' : X — X, so that
if x € X is the initial state of the system, then T'(z) is the state of the system after one time unit. If the physical
system is in equilibrium, the time evolution 7 is a measure-preserving transformation.

In order to measure a physical quantity, one usually repeats measurements in time and consider their average.
If x € X is the initial state, the measurements of the observable f : X — R at successive time units are given by
f(x), f(T(x)),..., f(T*(x)),.... Thus, the average of the first n measurements is given by

Shy f(TFa)

(time average).
n

This quantity is called time average of the observable f after time n.
On the other hand, the space average of the observable f is simply

/fd,u (space average).

In physics one would like to know the space average of the observable with respect to the invariant measure, but
since experimentally one computes easily time averages (just by repeating measurements of the system at successive
instant of times), it is natural to ask whether (and hope that) long time averages give a good approximation of the
space average. Boltzmann’s conjectured the following:

Boltzmann Ergodic Hypothesis: for almost every initial state x € X the time averages of any observable f
converge as time tends to infinity to the space average of f.

Unfortunately, after many efforts to prove this general form of the Boltzmann Ergodic Hypothesis, it turned out
that the conclusion is not true in general, for any measure-preserving transformation 7. On the other hand, under
the assumption that T is ergodic, the conclusion of the Boltzmann Ergodic Hypothesis holds and this is exactly
the content of Birkhoff Ergodic Theorem for ergodic transformations. Finding the right condition under which the
Hypothesis holds motivated the definition of ergodicity and gave birth to the study of Ergodic theory.

Two versions of Birkhoff Ergodic Theorem

The first formulation of Birkhoff Ergodic Theorem gives a result which is weaker than the Ergodic Hypothesis, but
holds in general for any measure preserving transformation that preserves a finite measure.

Theorem 3.7.1 (Birkhoff Ergodic Theorem for measure preserving transformations). Let (X, </, u) be
a finite measured space. Let T : X — X be measure-preserving transformation. For any f € LY(X, ./, 1), the
following limat

n—1
Tim 37 F(TH())
k=0

exists for pu-almost every x € X. Moreover, if, for the x for which the limit exists we call

T = fim L3 ()
k=0

35



MATH36206 - MATHM6206 Ergodic Theory

the function f (which is defined almost everywhere) is invariant, that is

foT =f for u — almost every x € X,

[ Fau= [ an

Let us stress again that this theorem, as Poincaré Recurrence, follows simply from preserving a finite measure.
We will not prove the theorem here.

and furthermore

[If you are interested, a proof can be found in the lecture notes on Ergodic Theory by Omri Sarig (see section 2.2
in Chapter 2) which are available online: http://www.wisdom.weizmann.ac.il/ sarigo/506/ErgodicNotes.pdf]

The following version of Birkhoff Ergodic Theorem for ergodic transformations is simply a Corollary of this
general Birkhoff Ergodic Theorem:

Theorem 3.7.2 (Birkhoff Ergodic Theorem for ergodic transformations). Let (X, <7, ) be a probability
space. Let T : X — X be an ergodic measure-preserving transformation. For any f € LY(X, .o, i),

n—1

nh—>n;>lo - kZ:Of(Tk(x)) = /fdu for p— almost every x € X.
Proof. By Birkhoff Ergodic Theorem for measure preserving transformations for p—almost every x the limit
lim. Tlanlf(T’“(x)) ~ ()
k=0
exists and defines a function f such that f o7 = f almost everywhere. Since T is ergodic, every function which is

invariant almost everywhere is constant almost everywhere. In particular, f is constant almost everywhere. If ¢ is
the value of this constant, since p is a probability measure

/?d,u:ou(X):c-l:c,

but since the ergodic theorem for measure preserving transformations also gives that [ fdp = J fdp, we conclude
that [ fdu = c. Thus, for almost every x € X

. 1 n—1 .
Jim 3 (T4 @) e = [ rap,
k=0
which is the conclusion we were looking for. O

Applications of Birkhoff Ergodic Theorem

The version of Birkhoff Ergodic Theorem for ergodic transformations shows that Boltzmann’s Ergodic Hypothesis
is true if the time evolution is ergodic. Birkhoff ergodic Theorem has many other applications in different areas of
mathematics. We will show a few consequences.

1. Frequencies of Visits. Let (X, </, ) be a probability space and let T : X — X be an ergodic measure-
preserving transformation. Let A € &/ be a measurable set of positive measure pu(A) > 0. Given z € X, the
frequencies of visits of z to A up to time n are given by

Card{0<k<n—1, THz)eA} l%xA(Tk(x))

k=0

n

as we have already seen at the beginning of Chapter 3. If we apply Birkhoff ergodic theorem to the function f = x4,
which is measurable since A € &/ and integrable since [ xadp = pu(A) < u(X) < +00, we get that for almost every

x
n—1

7}3{}@% > xa(T*(@) = /XAd,U = pu(A).
k=0
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Thus, for almost every = in A the limit of the frequencies of visits exists and is equal to p(A):

<k<n-— k
lim Card {0<k<n-1, T(x)eA}:

n—00 n

u(A) for p—ae xzeX.

Example 3.7.1. Let R, be an irrational rotation. We showed in §3.6 that R,, is ergodic with respect to A\. Thus,
if we take as set an interval [a, ], for almost every x € [0, 1] we have

n—1

Jim LS o (BE@) = Mo, b) = b~ a.
k=0

Remark 3.7.1. In the special case of the rotation, one can prove that actually the conclusion of Birkhoff ergodic
theorem holds for all initial points # € X. In particular, for example, it holds for = = 0. Thus, since R¥(0) = {ka}
where {-} denotes the fractional part, we have

<
lim Card{0 <k <mn, {ka} € [a,b]}

n—00 n

= Ma,b) =b—a.

We say that the sequence ({ka})ren is equidistributed in [0, 1].

* Exercise 3.7.1. Let « be irrational. Show that if
n—1
. k
lim_ kZ_OX[a,b] ((R&(2)

exists for almost every point € [0, 1], then it exists for all points y and

n—1 n—1

1 1
Jim = X (RE() = lim —> e (BE()) .-
k=0 k=0

2. Borel Normal Numbers. Let « € [0,1] and consider its binary expansion, that is

— i
= Z 9’
i=1
where the a; € {0,1} are the digits of the binary expansion of z. Remark that the binary expansion is unique for
almost every® z € X.

Definition 3.7.1. A number z € [0,1] is called normal in base 2 if the frequency of occurrence of the digit 0 is
the binary expansion and the frequency of occurrence of the digit 1 both exist and equal 1/2.

Theorem 3.7.3 ( Borel theorem on normal numbers). Almost every x € [0,1] is normal in base 2.

Proof. Let us prove the Theorem using Birkhoff ergodic theorem. Consider the doubling map T'(x) = 2z mod 1.
We proved that T preserves the probability measure A on X = [0, 1] and is ergodic with respect to A. Recall that
we showed in §1.4.2 that

= N =Y
T=) 5 = T(x)—z T

i=1 i=1

that is, the doubling map act as a shift on the digits of the binary expansion of x. Since the first digit a; of the
expansion is clearly a; = 0 if and only if z € [0,1/2) and a; = 0 if and only if = € [1/2, 1], this shows that, since
ap1 is the first digit of the expansion of T%(z),

[0 iffTFze[0,1/2)
WAL T 1 i TR € [1/2,1]

8The numbers for which it is not unique are exactly the ones of the form k/2™, for which one has two expansions, one with a tail of
0 and one with a tail of 1 in the digits. Numbers of this form are clearly countable and thus have Lebesgue measure zero.
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Thus,

Card{1<k<n a,=0} Card{0<k<n a1 =0}
n - n
_ Card{0<k<n TFz)e[0,1/2)}

n
Since T' is ergodic, by Birhoff ergodic theorem applied to f = x[0,1/2), for almost every z € [0, 1]

n—1

= im L3 v (TR @) = A(0.1/2) = 172
k=0

lim Card{1<k<n a,=0}

n—00 n

thus the frequency of occurrence of 0 is 1/2. Similarly, for almost every z € [0, 1]

< < p—
lim Card{l1 <k<n a,=1} ~ lim 1

n—00 n n—o00 M

n—1
Y xupea(TH() = A([1/2,1]) = 1/2.
k=0

Remark that the intersection of two full measure sets has full measure (since the complement is the union of two
measure zero sets, which has measure zero). We conclude that for almost every x € [0, 1] the frequency of both 0
and 1 exists and equals 1/2; thus almost every x is normal in base 2. ]

Exercise 3.7.2. Consider the unit interval [0, 1] with the Lebesgue measure. Let r > 2 be an integer.
(a) Give a similar definition of a number which is normal in base r;
(b) Show that almost every x € [0, 1] is normal base r;

(¢) Deduce that almost every x € [0, 1] is simultaneously normal with respect to any base r =2,3,...,n,....

3. Leading digits of powers of two. Consider the sequence (2"),en of powers of two:
1,2,4,8,16, 32,64, 128,256, 512, 1024, 2048, . ...

The leading digit of a number is simply the first digit in the decimal expansion. For example, the leading digit of
512 is 5. The leading digits of the previous sequence are written in bold font:

1,2,4,8,16,32,64,128,256,512,1024, 2048, . ..
Consider the sequence of the leading digits:
1,2,4,8,1,3,6,1,2,5,1,2, ...
Exercise 3.7.3. What is the frequency of the digit 1 in the sequence of leading digits of (2"),en?

We will use Birhoff Ergodic Theorem to answer this question. More in general, we will show that the frequency
of the digit k as leading digit in the sequence (2"),en is given by

1
1 14+ —
0810 < + k)

where log;, denotes the logarithm in base 10 (that is, log;y(a) = b if and only if 10* = b). In particular, the
frequency of occurrency of the digit 1 in the leading digits of (2"),¢n is logyg 2.
Notice that the leading digit of 2™ is k if and only if there exists an integer » > 0 such that

k10" < 2" < (k4 1)10".

For example, 2 - 100 < 256 < 3 - 100 shows that the leading digit of 256 is 2.
Taking logarithms in base 10 and using the properties of logarithms (as log;,(ab) = log,y(a) + logy(b) and
log;, 10" = r), this shows that

log,(k10") <log;q 2" < log;o((k+ 1)10"),
logyg k + 1 <nlogyy2 <log,,(k+ 1)+
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Thus, equivalently,
(nlog;p2 mod 1) € I, = [logy, k, logyo(k + 1)] .

Notice that if we call o = log; 2, the sequence

(nlog;p2 mod 1)p,eny =0, logp2 mod 1, 2log;;2 mod1, 3log;, modl,...
=0, logp2 modl, logy2+1logy2 modl, 2logy2+1logp2 modl,...

is the orbit OEQ (0) of 0 under the rotation by «. Thus,
Card{0 <n < N such that the leading digit of 2" is k }

N
Card{0 <n <N such that (nlog;;2 mod 1) eIy }
N =
Card{0<n < N such that R?(0) € I, 1= ,
t u e} _ U5 o (mi0),

n=0
One can show that log,, 2 is irrational, thus R, is an irrational rotation and hence it is ergodic with respect to

the Lebesgue measure. By Remark 3.7.1, the Birkhoff sums of an ergodic rotation converge for all points to the
integral, so

Card{0 <n < N s.t. the leading digit of 2" is k} 1=
= -1 - n
N_I}Iloo N Ngnoo N ZO X1, (R (0))

1
= A1) = logo(k + 1) —log,q k = log,, <1 + k) .

Exercise 3.7.4. Consider the sequence {3"},cn of powers of 3:
1,3,9,81,243,729,2187,6561, . ..

The second leading digits in the expansion in base 10, starting from n > 3 (so that there is a second digit), are the
digits in bold font:
81,243,729,2187,6561, ...

Consider the sequence of second leading digits in the expansion in base 10, starting from n > 3:
1,4,2,1,5,...

What is the frequency of occurrence of the digit k as second leading digit of {3"},,>3?

4. Continued Fractions. Let 2 € [0,1] and let us express it as a continued fraction [ag, a1, ...,an,...]| where
a; are the entries of the CF expansion. Let us show that for almost every x € [0, 1] the frequency of occurrence of
the digit k as entry of the continued fraction of x is given by

1 (k+1)?
log 2 log (k(k + 2)) ’ (3.30)

We showed in §1.7 that the entries of the continued fraction expansion of = are given by the itinerary of Og(x)
with respect to the partition P, = (1/(k + 1), 1/k], that is the entry a; = k if and only if G*(x) € Pj, (see Theorem
1.7.1). Thus,

n n -

Card{0 < j <n such that a; =k " )
0=/ =B IS @ ).
7=0

Since G is ergodic with respect to the Gauss measure pu, for p—almost every = € [0, 1] the limit of the previous
quantity as n — oo exists and is given by

. Card{0<j<n suchthat a;j =k} . 1%= ;
Jim, . =l 5 2 X (@ (@)
j=0
1 1
o1 dx log(1 4 ) |* 1 1+ + 1 Ltk
:“(P’“)Zfl log2l+a gl(oQ : "o 21°g<1+'f>1o 21°g<ki2 )
w08 8 o g s} s =53
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which, simplifying, gives (3.30).
One can show that the same conclusion holds for Lebesgue a.e.x € X, since if it failed for a set of A-positive
measure A, it would fail for a set of pu-positive measure, since

1 1
= > .
nA) /A(1+x)1og2 Z a4 >0

[More in general, one can show that the measure p and the measure A have the same sets of measure zero. Measures
with these property are called absolutely continuous with respect to each other and if a property holds for almost
every point according to one such measure, it holds also for almost every point for the other.]

Exercise 3.7.5. This was covered in class

(a) Show that the function f :[0,1] — R defined by

f(x) = log(n), ifzeP, = (n—l&—l’ H

is in L'() and that

ogn n+1)>2
d .
= Zlgz (irg) <+
(b) Show that for almost every point = € [0, 1]

nl

begal /f )

c) Deduce that for almost every point z € [0, e geometric mean (which is the expression in
Ded that f 1 t int 0,1] th tri hich is th ion i
(3.31)) of the entries of the CF has a limit and

) o 0 n+1 2\ Tog2
A}gnoo(aoaz c.aN-—1)N = H (H) . (3.31)

Ergodicity and Birkhoff Ergodic Theorem

The second form of Birkhoff Ergodic theorem shows that ergodicity is sufficient for Boltzmann ergodic Hypothesis
to hold. It turns out that it is also necessary: if the conclusion of Birkhoff ergodic theorem holds, that is the time
averages converge to the space averages for almost every point and all observables, then the transformation 7" has
to be ergodic. We show this in the Theorem 3.7.4 below. In the same Theorem 3.7.4 we also show how Birkohff
ergodic Theorem can be rephrased in terms of measures of sets (see Part (3) in Theorem 3.7.4) to give another
useful characterization of ergodicity.

Theorem 3.7.4. Let (X, o7, 1) be a probability space and T : X — X a measure-preserving transformation. The
following are equivalent:

(1) T is ergodic;
(2) for any f € LY(X, o/, 1) and p-almost every x € X,

1 n—1
Jim =7 rhe) = [ fan (3.32)
k=0
(3) for any A,B € o,
Jim_ Z w(T*ANB) = u(A)u(B). (3.33)
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Saying that (1), (2) and (3) are equivalent means one holds if and only if any of the others hold. In particular,
(1) equivalent to (2) shows that the conclusion of the second form of Birkhoff Ergodic theorem (Boltzmann ergodic
Hypothesis) holds if and only if T is ergodic.

The equivalence between (1) and (3) gives another characterization of ergodicity. We defined ergodicity in terms
of triviality of invariant sets (T-1(A) = A implies (A) = 0 or 1) and we already saw that equivalently invariant
functions are constant (f oT = f a.e. implies f constant a.e.). Equivalently, one can define ergodicity by requiring
that any two measurable sets A, B

—k
nl;rr;oHZu ANB) = pu(A)u(B).

(Compare this characterization with the definition of mixing in the next section §3.8 and see the comments after
(3.43) in §3.8.)

Proof of Theorem 3.7.4. We will show that (1) = (2), (2) = (3) and (3) = (1). This will prove the equivalence.

The implication (1) = (2) is simply the statement of Birkhoff Ergodic Theorem for ergodic transformations: if
T is ergodic, the convergence of time averages to space averages stated in (3.32) holds for all f € L'(x) and almost
every point.

Let us show that (2) = (3). Assume that (3.32) holds for all f € L!(u) and almost every point. To show
that (3) holds, take any two measurable sets A, B € «/. Consider the characteristic function x 4. Since [ yadp =
wu(A) < u(X) < oo, xa € L*(p) and we can apply (3.32) to f = xa. Thus,

n—1

1
dm 3wt @) = [xadu=nta),  for acwex

Multiplying both sides by x5 (x) we have

nILH;O % i: xa(TF(z))xB(x) = u(A)xs(z), for a.e. e X. (3.34)
k=0

Recall that we showed that x4 o T = xp-1(4) (see equation (3.14) in §3.4), thus x4 o Tk = X7-k(A)- Let us show
now that
XAXB = XANB-

This holds since characteristic functions take only 0 or 1 as values, so the product x axp(x) is equal to 1 if and
only if both x4(z) =1 and xp(x) = 1 (otherwise, if one of the two is 0, the product is 0 also). Thus, yaxp(z) =1
if and only if x € A and = € B, which equivalently means that z € AN B. But a function which is 1 on AN B and
0 otherwise is exactly the characteristic function x ang. Thus

xaoT yp = XT-F(A)XB = XT-k(A)NB>

and (3.34) can be rewritten as

n—1
.1
nl;n;o - Z X7-+(ayne(x) = u(A)xs(r), for a.e. z € X. (3.35)
k=0

Let us integrate both sides of this equation:

/% Z_: Xr-+ayns(@)dp = % Z_: /XT—k(A)nB(UC)dH = % Z_: w(T *ANB), (3.36)
k=0 k=0 k=0
/ WA)xp@)dp = p(d) / xp (@) = p(A)u(B). (3.37)
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Thus, the conclusion follows if we can exchange the sign of limit with the sign of integration and show that the
limit of the integrals is the integral of the limits:

. 1
nhﬁrr;o . Z w(T *ANB) = lim /ﬁ Z X7+ (a)nB(T)dp (by (3.36))
k=0

n—oo

1 n—1
/ <nh_>1rr;o - Z XT—k(A)ﬂB(J:)> dp (if one can exchange)
k=0

z/u(A)xB(x)dM (by (3.35))
= wW(Au(B)  (by (3.37)).

The step of exchanging the sign of limit with the sign of integration can be justified by using the Dominated
Convergence Theorem (see the Extra 3 in §3.4). Thus, we proved (3).

Let us show that (3) = (1). Assume that (3.33) holds for any A, B € 7. Let us show that T is ergodic by
using the definition. Let A € &/ be an invariant set. Apply (3.33) to A taking also B = A, so that

- —k 2
Jim_ Z (T AN A) = p(A)>. (3.38)

Remark that since A is invariant under T, T~%(A) = A, so that T"* AN A = AN A = A. Since if we sum n terms
equal to p(A) and divide by n we get u(A)

n—1

—_ —k = — = 1 —
nh_>rr;o - Z w(T"ANA) = lim Z (A lim p(A) = p(A),

n—)oo n n—o0

equation (3.38) implies that u(A) = p(A)2. But the only positive real numbers such that z = 22 are x = 0,1. Thus
either 1(A) = 0 or p(A) = 1. This shows that T is ergodic. O

3.8 Mixing

In this lecture we define an ergodic property stronger than ergodicity, the property of mizing. This property
formalizes the intuitive concept that a transformation mizes well from a measure-theoretical point of view. In
many examples it turns out that it is easier to prove that T is mixing than to prove that T is ergodic. Thus,
showing mixing will also provide us with more examples of ergodic transformation, especially in the case of shifts.

Let (X, 7, 1) be a probability space and T : X — X a measure-preserving transformation.

Definition 3.8.1. The transformation T is mizing with respect to the measure p (or simply mixing) if for any

pair of measurable sets A, B € &
lim p(T""ANB) = p(A)u(B). (3.39)

n—oo

The intuitive meaning of this definition is the following. Assume that u(A) > 0. Then we can divide both sides
by u(A) and get
T"ANB
lim 7M( )
n—oe o p(A)

Remark that since T" preserves u, u(T-"(A)) = p(A) for any n € N, so we can rewrite

= pu(B).

,Uf(TinA N B) n—00
u(T—"A)

w(B).

The ratio in the left hand side is the proportion of the measure of the set 77" (A) which intersects B. Thus, mixing
shows that the proportion of the measure of T~™(A) which intersects B tends, as n grows, to p(B) (which is a
number between 0 and 1). In particular, if two sets By and B have the same measure, the proportion of the
measure T "(A) in By and in By is the same. This formalizes the intuitive idea that the set T~™(A) spreads as n
grows to become equidistributed all over the space with respect to the measure pu.
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If you have seen some probability theory, the mixing equation (3.39) says that the sets A and B are asymptotically
independent, where asymptotically means that one considers backward iterates T-"(A) and T~ "(A) and B tend
to become independent as the time n grows.

Remark 3.8.1. Let . be an algebra of subsets which generates the whole o—algebra &7 of measurable sets. One
can prove that to show that 7' is mixing, it is enough to prove the mixing relation (3.39) for all sets A, B € ..
Thus, since finite unions of the following sets form an algebra that generates the corresponding o7, it is enough to
verify the mixing relation (3.39) for:

- A, B intervals if X =R or X = I C R is an interval and £ is the the Borel o—algebra; dyadic intervals or
intervals with rational endpoints are also sufficient;

- A, B rectangles if X = R? or X = [0,1]? and 4 is the the Borel o—algebra; dyadic rectangles or rectangles
whose vertices have rational endpoints are also sufficient;

- A, B cylinders if X is the shift space X = Xy or Z} or a subshift X = X4 or ZX and 7 is the o—algebra
generated by cylinders;

Mixing is a stronger property than ergodicity:

Lemma 3.8.1. Let (X, <7, u) be a probability space and T : X — X a measure-preserving transformation. If T
is mizing with respect to p, then T is ergodic with respect to .

In particular, if we can prove that T' is mixing (which sometimes turns out to be easier than to prove ergodicity)
we also know that T is ergodic.

Proof of Lemma 3.8.1. Assume that T' is mixing. Let us show that 7" is ergodic by using the definition. Let A € &
be an invariant set. Applying the mixing relation (3.39) to A and taking also B = A, we get

lim p(T~"ANA) = p(A)p(A) = p(A)*.

n—oo

Since T~1(A) = A by invariance of A, we also have T-"(A) = A for any n € N and T-"AN A = A. Thus,
w(A)? = lim p(T "ANA) = lim u(A) = u(A).

n—oo n—oo

Since the only positive real numbers such that z = 22 are x = 0, 1, either pu(A) = 0 or u(A) = 1. This shows that

T is ergodic. O
Let us recall that in §3.7 we showed that 7' is ergodic if and only if for any A, B € 7

n—1

1 .
lim — Y " u(T"*ANB) = u(A)u(B). (3.40)
Thus, if T is ergodic and ;(A) > 0, using as before that by invariance p(A) = u(T~*A), we have
—k
w(T A N B)
i Z =),

which shows that the average of measure of the proportion of T~*(A) which intersects B as 0 < k < n tends, as n
grows, to u(B). Thus, ergodicity can be seen as a mizing in average property, which is a weaker requirement than
mixing.

One can use this characterization of ergodicity to show that mixing implies ergodicity:

Exercise 3.8.1. (a) Show that if {a, },en is a sequence of real numbers,
n— o0

lm a, =L = nl;ngoﬁ;ak:L

[Hint: Use the definition of limit. For any € > 0, split the sum in two parts, one corresponding to indexes k
for which ay, is e-close to L and the other made by finitely many ay.]
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(b) Use Part (a) to give an alternative proof that if 7" is mixing, then T is ergodic.

Exercise 3.8.2. Consider the probability space (R/Z, <7, \) and for o € [0,1). Show that the irrational rotation
given by T'(x) = x + « mod 1 is not mixing with respect to .

Let us show two examples of mixing transformations. The first, the doubling map, is more geometric and
provides a visual example of how sets can spread uniformly in space. The second example is the shift space with
the Bernoulli measure, that we define below. In the next section, §3.9, we will construct many more measures on
subshifts which are invariant under the shift map and prove that they are mixing. In all these examples related to
shift spaces proving mixing turns out to be easier than proving directly ergodicity.

Example 3.8.1. [The doubling map is mixing] Let T'(z) = 2z mod 1 be the doubling map on ([0, 1], &7, A).
Let us show that T' is mixing with respect to the invariant measure A\. By Remark 3.8.1, it is enough to check the
mixing relation (3.39) for A, B intervals. Furthermore, since also finite unions of dyadic intervals form an algebra
and generate all Borel sets 7, it is enough to check it when A, B are dyadic intervals. Let us hence assume that

k k
*,,i,l 5 B: L,Hil
ARV 2172

}, forsomei,j €N, 0<k <2, 0<1<2,

Since

T‘l(A):[k k+1] {k 1 kE+1 1

9i+17 9it1 9i+1 + 97 i+l + 9
the preimage T~1(A) consists of 2 intervals of length 1/2/*! spaced by 1/2. Similarly, by induction one can prove
that T~"(A) consists of 2" intervals of length 1/2¢+" spaced by 1/2".

Thus, if n > j, the dyadic intervals in T7"(A) intersect B and the intersection T~"(A) N B consists of the
intervals of T~"(A) which are contained in B. The number of intervals in T~ "(A) that intersect B is given by the
length of B divided by the spacing, thus the number of intervals in T-"(A) N B is

AB) 12
spacing  1/27
Since each interval has length 1/ 2itn,
ANT ™(A)NB) = Lognj 11 MA)N(B)
- 2i+n - i 97 - '

This shows that 7" is mixing. Remark that here there is no need to take a limit, since as soon as n > j, the measure
of T7"(A) N B is exactly equal to the product of the measures.

Bernoulli measures on full shifts.

Let ¥4 = {1,..., N} be the full one-sided shift space and o : ¥} — X} the full one-sided shift map, that, we
recall, acts like a shift on one-sided sequences:

o((2:)i55) = (xir1) 55
Recall that a cylinder in E} is a set of the form
Chnlag,...,an)= {z= (xl);og S Ej\',, such that z; =a; forall 0 <i<mn }.

Let 7 be the o—algebra generated by cylinders®. Let us define a class of measures called Bernoulli measures on
the measurable space (X, 7).
Let p = (p1,...,pn) be a probability vector, that is a vector such that

N
0<p;<1 forany1<i< N and sz‘zl-
1=1
For example, (%, %, ce %) is a probability vector.
9We saw in §2.7 that ET\I ={1,..., N}N is also a metric space with the distance d,. Thus, there is also a Borel oc—algebra on E];

generated by open sets. One can see that the oc—algebra </ generated by cylinders is the same than the Borel o—algebra. This follows
from the remark that if p is sufficiently large, cylinders are open sets in the metric dp,.
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Definition 3.8.2. The Bernoulli measure given by the probability vector p = (p1,...,pn) is the measure Iy which
assigns to each cylinder C),(ao, ..., a,) the measure

tp (Crlao; - - - an)) = PagPay - - - Pay,-

By the Extension Theorem, since we defined p on all cylinders, this automatically defines a measure on the whole
o—algebra o generated by cylinders.

Notice that the cylinder C4 (z) consists of all sequences whose first digit is 4. Since its measure is p1,,(C1 (%)) = pi,
pi can be thought of as the probability of occurrence of the digit i. Similarly, you can think of the measure p, of
a cylinder as the probability of seeing the digit block ag,...,a,. Both these probabilities do not depend on the
position in which the digit ¢ or the block aq,...,a, occurr:

Exercise 3.8.3. Show that for any 1 <4, < N and any integers k; # ko the probability of seeing the digit ¢ in
position xj, and the digit j in another position x, is given by the product p;p;.

[Hint: write the set of sequences z such that xp, =i and zx, = j as a union of cylinders and apply the definition
of the measure.]

Proposition 3. Let o : EE — E"A} be the shift and p, the Bernoulli measure on (XX, ) given by the probability
vector p:

(i) the measure i, is invariant under the shift o;
(#i) the shift o is mixing with respect to the Bernoulli measure Hp-

Corollary 3.8.1. The shift o : Z]J(, — E]J(, is ergodic with respect to the Bernoulli measure fiy.

Proof of Proposition 3. Let us prove (1). To show that o preserves p,, let verify the relation ,ug(a_l(A)) = pp(A)
when the measurable set A is a cylinder. Consider the cylinder C,,(ag,...,a,). Given = (x;)$2, € ZE
z €0 (Cpulap,...,an)) < o(z) € (Culao,...,an)) <

o(z);=a; for 0<i<n <& (z)iy1=a; for 0<i<n.

Thus, if z € 071 (Cy(ag, - --,an)), T1 = ag, - - -, Tny1 = an, while xo can be any digit in {1,..., N}. We can express
this condition as a union of cylinders of length n + 1:

N
o (Chlao, ..., an)) = | ) Cug1(. a0, .. an).
j=1

Hence, by definition of the Bernoulli measure on cylinders and additivity of a measure we get

N
Hp (Uﬁl(cn(a(b B 7an))) = ME U Cn+1(j7a07 ey an)

Jj=1

N N
:ZNQ(Cn+1(j7(l(),...7an)) = E PjPagPa;y ** * Pa,
j=1 =

N N
> pj | PagPay - Pa, = PagPar -+ Pa, | since > p;=1
j=1 j=1

= pp (Cnlao, ..., an)).

This shows that p,(c~'(A)) = u,(A) holds when A is a cylinder and by the Extension theorem this show that it
holds for all A € &7, so p,, is invariant under the shift.

Let us prove (2). By the Remark 3.8.1, it is enough to verify the mixing relation

lim p, (0™ " AN B) = pip(A)pp(B)

n—,oo  — - -
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when A, B are cylinders. Let
A:Ck(a'07"'7ak)7 B:Cl(b07"'7bl)'

Ifn>1+1and z € 07"(A) N B, z has the following form:
T = bOablv--~7bl7xl+17"'73:71—17“07"'7@]%"'

where the n — 1 — [ entries x;41,...,2,_1 can be any digit in {1,..., N}. Indeed, since the initial block of digits is
by, b1,..., by, & € Cy(bg,...,b) = B. Since x,4; = a; for 0 < i < k, after shifting x to the left n times we get

o (&) = (ifnﬂ‘)ieN = A0y .-, Ay -

so o™ (z) € Ckl(ag,...,ar) = Aand z € o~ "(A).
Thus, we can see the set o~ "(A)NB = o "(Cx(ao,-..,ar)) N Ci(bo,...,b) for n > 141 as a union of cylinders
of length n + k, each obtained by fixing one of the possible choices of x;11,...,z,_1:

O'_H(A)HB: U Cn+k(b0,b1,...,bl,$l+1,...,$n,1,a0,...,ak).

1<zi41,zn-1<N

Thus, by definition of the Bernoulli measure on cylinders and additivity of a measure we get

,LLQ (Uﬁn(A) m B) = Z pbopbl o 'pblp$1+1 o 'px‘n,,1pao o ‘pak
1<zi41,002n—1 <N

N

N
S S b pes

1=1xz;42=1 Tp_1=1

+
- (pbopbl o 'pbl)(pao o 'pak) = Hp A)ME(B)

= pbopb1 o 'pbl pao te 'pak

M=

Zy

where we used that Zi\zzl pz, = 1 for each i =1+ 1,...n — 1 since p is a probability vector. This concludes the
proof of mixing. O

Similar definitions can be given for the full bi-sided shift. Let ¥ = {1,..., N}? and 0 : ¥y — X x be the shift
map, whose action on Xy is given by

o ()20 ) = (i11);2° -

Recall that a cylinder in X is a set of the form

Comm(@ .. yan) = {z= ()12 €3y, suchthat z; =a; forall —m<i<n}.

1=—00

Let </ be the o—algebra generated by cylinders'® in ¥ . Bernoulli measures on the measurable space (X, %)
are defined similarly:

Definition 3.8.3. The Bernoulli measure given by the probability vector p = (p1,...,pn) is the measure pp which
assigns to each cylinder Cy,(a—yy, ..., a,) the measure

,Ufg (C—m,n(a—ma cee 7a'n)) = pa,mpa,m“ - Pa,-

By the Extension Theorem, since we defined p on all cylinders, this automatically defines a measure on the whole
o—algebra Z generated by cylinders.

Showing invariance in this case is even easier, since the preimage of a cylinder is again just one cylinder.

Exercise 3.8.4. Let 0 : ¥y — X be the two-sided shift. Show that the Bernoulli measure p, on (X, %) given
by the probability vector p is invariant under the shift o and that o is miring with respect to ,BE.

10 Again, this coincide with the Borel o—algebra generated by open sets with respect to the metric d, since if p is sufficiently large,
as we saw in §2.7, cylinders are open sets.
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3.9 Markov measures on Markov chains

In this section we will define a large class of measures on subshift spaces. We first recall the relevant definitions of
shift spaces and topological Markov chains from Chapter 2. Let X be the full one-sided and let Ej(, be the full
two-sided shift space respectively. Let A be an N x N transition matrix. Recall that in Chapter 2, §2.7, we defined
the subshift spaces associated to the matrix A as respectively as

Sh={(a)f €2h, Aaa,, =1 for allieN},
Ya={(a)f>° Xy, A =1 for allicZ}.

I=—00 a; Qi1

Recall also that admissible cylinders (that is, non-empty cylinders) in Zj are cylinders of the form

Cnlag,...,a,) = {g:(:vi);;ogeE}, such that z; = a; forall 0 <i<mn,
A =1foral0<i<mn },

Ay Qg1

and admissible cylinders (that is, non-empty cylinders) in ¥ 4 are cylinders of the form

Comn(om,...;an)= {2z= () € Xy, suchthat z; =a; forall —m <i<n,

A, =1lforall —m<i<n}.

Qit1

We will consider as measurable spaces (X7, %) and (X4, %) where the o—algebras Z are generated by the corre-
sponding admissible cylinders.
Recall also that the restriction of the full shifts ¢ and o to Zj and Y4 respectively are the maps

oyt + oyt +
o:¥, — X}, o:¥, =X},

which are called topological Markov chains.

Let us now define a large class of measures on (X7}, %) and (X4, %), known as Markov measures. All these
measures are preserved by a topological Markov chains and we will prove that topological Markov chains are mixing
with respect to any of them.

Definition 3.9.1. An N x N matrix P is called stochastic if P > 0, that is all entries P;; > 0 forall 1 <i¢,57 <N
and

N
> Pj=1, forall1<i<N,
j=1
that is the sum of entries of each row of P is one.
We say that the stochastic matrix P is is compatible with the transition matrix A if
Pij >0 = AL] =1.

Example 3.9.1. The following matrix P is an example of a stochastic matrix compatible with the transition
matrix A below:

3 30 110
p=(1 2% 2 A=|1 1 1
U B
5 0 3 1 01
Remark that the sum of each row is equal to one (while this is not the case for the sum of columns) and that the

entries which are non-zero are exactly the ones for which A4;; = 1.

Exercise 3.9.1. Show that if P is stochastic if and only if the vector (1,1,...,1) € R¥ is a right-eigenvector.
Recall that:
- P >0 is irreducible if for any i, € {1,..., N} there exists n, possibly dependent on i, j, such that P> 0;

- P > 0 is aperiodic (or primitive) if there exists n € N such that P™ > 0, that is Pr > 0 for any i,j €
{1,...,N}.

In order to define Markov measures, we need the following result, that we will prove in the next section:
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Theorem 3.9.1 (Perron Frobenius for Stochastic Matrices). If P > 0 is a stochastic matrix and P is
irreducible, then 1 is a simple eigenvalue which has a unique (up to scaling) left eigenvector (p1,...pn) which is a
positive probability vector. That is a vector p such that p; > 0 for each 1 <1 < N, Efil p1 =1 and

N
(P1;---»pN)P = (p1,.--,PN) & Zpipij:pja forall1<j<N. (3.41)

i=1
Moreover, if P is aperiodic (sometimes called primitive), then

lim P[. = p;, forall1 <4, <N.
n—oo

Thus, the matrices P™ are converging to a matrix with all rows equal and equal to p:

pr ... PN
pr ... PN

This latter result is also known as ergodic theorem for Markov chains. Let us use Theorem 3.9.1 to define Markov
measures and to prove that they are mixing.

If P is stochastic and irreducible, by the above Theorem 3.9.1 there exists a unique positive left eigenvector
p=(p1,...,pn) such that (3.41) holds.

Definition 3.9.2. Let P be an irreducible stochastic matrix compatible with A and let p be the corresponding
probability vector p such that p = pP. The Markov measure pup associated to P is the measure defined on each
cylinder as

NP(Cn(am ce. 7an)) = anPaoal e Pan,la,f

One can check that this definition satisfies the assumptions of the Extension theorem and thus defines a measure
on (X7, %) on the o—algebra % generated by cylinders.

You can think of the measure up(Cy(ag, - .., ay,)) as the probability of seeing the block ag, ..., a,. The entry p;
of the vector p gives the probability that the first digit is ¢ and the stochastic matrix P gives transition probabilities:
the entry P;; gives the probability that the digit 7 is followed by the digit j. Thus, the probability of seeing ag, . . . , an
is the product of the probability p,, of starting with the digit ao times the probabilities of all transitions from a;
to a;41 for 0 <i <m —1, given by Py,q,,, for 0 <i <n —1.

One can show that any Markov measure pp is a is a probability measure. Furthermore, the following remark
follows from the fact that P is compatible with A.

Remark 3.9.1. Since P is compatible with A, we have that pup(Cy(ag,...,a,)) = 0 if and only the cylinder

Cn(ag, ..., ay) is empty, i.e. if ag, ..., a, is not admissible, i.e. Ag,q,,, = 0 for some 0 <i < n.

Exercise 3.9.2. Let A be a N x N transition matrix and P an N x N irreducible stochastic matrix compatible
with A. Let up be the associated Markov measure.

(a) Prove that up(XF) = 1.
(b) Prove Remark 3.9.1.

Proposition 4. Let P be an irreducible stochastic matrixz compatible with A and let pup be the associated Markov
measure. Then:

(1) the Markov measure pup is invariant under the Markov chain o : ¥ — X7
(2) if P is in addition aperiodic, the Markov chain o : Ejg — EX is mixing with respect to pp.

Proof. To check that o preserves up, let us show that the relation

np(o~(A)) = up(A) (3.42)
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holds for all A which are cylinders. This, by the Extension theorem, is enough to deduce that the relation (3.42)
holds for all A in the o—algebra % generated by cylinders. Let A be the cylinder

A=Cylag,...,an).

As we already saw, the preimage of A can be written as union of disjoint cylinders

N
Gil(cn(a(% cee 7an)) = U Cn—i-l(ja agp, - - -70%)

Jj=1

[where here, possibly, some cylinders could be empty. This happens when A;,, = 0, so that the transition from v;
t0 vg, is not allowed].
The measure of the preimage, by additivity of up is hence

N N
np (U_l(cn(a07 cee 7an))) = ZMP(Cn+1(j>a0> ceey an)) = ijpjaopaoal T Pan,la,f
=1

Jj=1

Since p is a left eigenvector,

N
pP=p = > piPjay = Da,-
j=1

Thus,

N
MPU_l(Cn(a07"'>an)) ijpjao Paoth ...Pa/nflan
j=1

= paopaoal T Pa",la“ = MP(Cn(aOa - 7an))~

This concludes the proof of (1).
Assume that P is aperiodic. To prove that o : ¥ — 7 is mixing with respect to pp it is enough to verify the
mixing relation

lim pup(o " (A) N B) = up(A)up(B)

n—oo
for all A, B which are admissible cylinders. Let
A:Cn(ao,...,ak), AaiaHl:l, 0§i<k; B:Cl(bo,...,bl) Ab1b7,+1:17 0<i<l.
As we have already seen, if n > [ the intersection o~"(A) N B consists of all sequences x € %7 of the form

QZb07b17"'7bl7$l+laml+25"'axnaaOa"'7ak7"'

where x4, ..., 2, vary between all possible admissible sequences of length n — [+ 1 connecting b; to ag, that is all
sequences such that Ay, =1, Ag,p,,, =1 foralll+1<i<nand A, 4, = 1. We have

MP(O'_H(A) ﬂB) = Z PooPooby -+ Poy_1t, sz$l+1PIz+1wz+2 o PoyaoPagar - Pay_ran,

Li415--3Tn
where the sum vary among all possible admissible sequences x;41,. .., z,. Since P is compatible with A, if A, .,, , =
0 then P,,;,., = 0. Thus, we can sum over all possible choices of z;41,..., 2, in {1,..., N} and have the same

result. Thus

N N
FLP(U_n(A) mB) = Do Pooby + -+ Poy_1b, Z Z szfrz+1 + PoagPagay -+ Pay_yay-

wip=1  z,=1

Notice that the term that we gathered out of the sum is up(B) = ppyPogby -+ Po,_,b,- Remark also that, by
definition of product of matrices,

N N N

n—Il+1 __
Pblao - E : E : E : sz$l+1pﬁcz+1xl+2"'Pxnao'

Typ1=1x;42=1 Tp=1
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Thus,
pp(c™"(A)NB) = MP(B)PZZ;;ol-HPaoal w Py _yay-
Since P is aperiodic, by Theorem 3.9.1, ng;{f“ — Pa, a8 M — 00, thus

lim /JP(O-_H(A> N B) = N’P(B) lim Pn_l—H(blaO)) Paoa1 e Pak71ak

n—oQ (7L—>OO

= ,LLP(B) PagLagar ** Pay_ya), = :LLP(B)MP(A)'

This concludes the proof of mixing. O

3.10 Extras: Perron Frobenius Theorem,
the Ergodic Theorem for Markov chains and Google.

In this section we skecth the proof of the following Theorem, that we already used in the previous class §3.9 to
define Markov measures and prove that they are mixing (the statement in the second part is slightly different but
implies the formulation presented in §3.9, see the Corollary below).

Theorem 3.10.1. Let P > 0 be a stochastic matrix and assume that P is irreducible and aperiodic. Then:

(1) (Perron Frobenius theorem for stochastic matrices) P has a unique left positive eigenvector (normal-
ized as probability vector), that is a probability vector p such that p; > 0 for each 1 <i < N and

N

(p17"'7pN)P:(p1u"'7pN) < szngngv fO’I"all]_gjéN
i=1

2 rgodic theorem for Markov Chains) for any probability vector ¢ € RY we have
(2) (Erg yp y q

n—oo —

N
lim an:B7 =4 nlggozlqlp:;:p] forall1 <3 <N,
i=

where p is the positive left eigenvector from Part (1). Moreover, ¢P" converges to p exponentially fast.

Remark 3.10.1. Part (1) of the Theorem (Perron-Frobenius Theorem for stochastic matrices) holds more in
general assuming only that P is irreducible, not necessarily aperiodic. We give here only the proof for P aperiodic
stnce it 1s simpler.

Part (2) of the Theorem 3.10.1 is used by the search engine Google (see Extra below). Moreover, Part (2) of
Theorem implies as a Corollary the second part of the statement of Theorem 3.9.1:

Corollary 3.10.1. If P is aperiodic (sometimes called primitive), and pP = p is the unique positive probability
right eigenvector of P,

lim P = pj, forall1 <i,57 <N.

n—oo

We will prove Corollary 3.10.1 after the proof of Theorem 3.10.1.
We will write that a vector x > 0 and say that z is positive iff ; > 0 for all 1 < i < N and similarly we will
write > 0 and say that x is non-negative iff z; > 0 for all 1 <7 < N.

In the proof we will use the following simple verification:
Exercise 3.10.1. If P is a stochastic matrix, for any n € N also P" is a stochastic matrix.

Proof of Theorem 3.9.1. Let P be a non-negative irreducible and aperiodic matrix and let us show that P has a
unique positive left eigenvector. We can assume that P > 0 is strictly positive. If it is not, since it is irreducible,
there exists n € N such that P* > 0 and we can work with P" instead!'!, since, by Exercise 3.10.1 also P" is a
stochastic matrix.

11 0ne can show that if the conclusions of the theorem hold for P™ > 0, then they also hold for P.
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Let us use P to define a dynamical system T : X — X so that the eigenvalue equation becomes a fixed point
equation for T'. Let X be the subset of non negative vectors whose components add up to 1:

X:{g:(xl,...,xN)eRNsuchthat x>0, Zmizl}.

Let us denote by |z| the following norm

N N

lz| = Z |z:| = sz if z is non-negative.

i=1 i=1
Thus, we can also write that X is the subset positive quadrant Rf such that
X={zeRY, [af =1} CRY.

The space X is a face of a simplez, for example for N = 3 it is the face of the simplex in R3 shown in Figure 3.4(a).

(a) (b)
Figure 3.4: The simplex X when N = 3 and contraction of the map 7" : X — X.

Define the transformation 7' : X — X using left multiplication by P, that is
T(z)=2zP & T(z zpz”

Let us check that T is well-defined, that is if € X, then T'(z) € X. Since P > 0 and & > 0, z;P;; > 0 for each
i,7, so also the sum over 7 is non-negative for any 4. This shows that T'(z); > 0 for any j. Let us compute the
norm of T'(z): Using that P is stochastic and that |z| = 1 we have

N
szP

1 j=1

Mz

.
Il

IU@WZEZT@M=§:§:%RJ

j=1i=1

I
WE

Z; (since P is stochastic)
1

=

(since |z| = 1).

Thus, T'(x) € X and T is well-defined. Finding a left eigenvector for P is equivalent to finding a fixed point for T,
since by definition of T’

T(p)=p &  pP=p
Moreover points p € X are probability vectors since |p| = 1. The fixed point gives a positive left eigenvector if and
only if it is in the interior of X (the boundary of X consists exactly of vectors which has at least one component
equal to zero).
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To prove that T has a fixed point and that the fixed point is unique we will show that T contracts a distance.

Let d: X x X — RT be
d(g,y):logw, z,y € X.
- min; z;/y; -

Remark that since the maximum is greater that the minimum of the rations, the argument of the logarithm is
always greater or equal than 1, so d is non negative. One can show that d is symmetric and satisfies the triangle
inequality. Moreover, if d(z,y) = 0, all ratios z;/y;, 1 < i < N are equal, so z is a scalar multiple of y. Since
|lz| = |y| =1, z = y. Thus d is a distance on X. It is known as Hilbert projective distance. ;

One can show that since P > 0, the associated transformation 7T is a strict contraction of the Hilbert projective

distance, that is there exists a constant 0 < vp < 1 such that
1 1A . max; j k Aik/ Ak
d(T(£)7T(g)) <vpd(z, y)7 vp is explicitely given by 1 —e RAESTYE YT I

A transformation T which strictly contracts a distance, has a unique fixed point (this result is known as Contraction
theorem). Indeed, one can show that the nexted sets T™(X), where n € N, are nested, that is

T"H(X)cT"(X), neN.
(see Figure 3.4(a)) and since T is a contraction
diamq(T™ (X)) = supz,gexd(T"(g), " (y)) 27200,

Thus, the intersection (1, .y 7™ (X) is non-empty and consists of a unique point:

{pt = T"(X).

neN
One can show that the intersection point p is the unique fixed point and since 7'(X) (and thus the intersection) is
contained in the interior of X, p gives a positive left eigenvector.

Let us now prove Part (2). If y is any non-negative probability vector, y € X. Thus, since p is fixed and 7" is a
strict contraction,

d(T"(g),p) = d(T"(q), T"(p)) < vpd(g;p). (3.43)

Thus, since vp < 1, T" (g) converges to p exponentially fast (the distance is decreasing to 0 exponentially fast)
and, recalling the definition of T, this gives that

T"(q) = ¢P" == p
and the convergence is exponential, that is the distance decreases exponentially fast, as shown by (3.43). O

Let us now prove the Corollary.

Proof of Corollary 3.10.1. For each 1 < i < d, let e(? be the vector whose i entry is equal to 1 and all other
entries are zero, that is

1 0 0
e = 0 e?) = ! e = 0
0 0 1

Fix 1 <14 < d. Since e is a non-negative vector, Part (2) of Theorem 3.10.1 applyed to q= el gives

lim P = p. (3.44)
n—oo -
Since (e(?); = 1 and (e®); = 0 for all 1 <1 < d with I # i,
(€W Pm); = (V)P = P, (3.45)
=1

so combining (3.45) and (3.44)

n—oo n—oo

lim P[]L = lim (e(i)pn)j =p;.
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Extra: the Internet search engine Google.

The popular Internet search engine Google, which quickly proved out to be much faster and efficient that all the
previously available search engines, is based on a mathematical algorithm which exploits Markov chains to rank
webpages. We will briefly try to explain the main ideas behind the algorithm used by Google!?.

Most search engine works in the following way:

- Crawlers, that are robot computer programs, search webpages for keywords;

The information gathered by the crawlers is used to create a direct index, that associate each webpage to a
list of keywords;

- The direct index is used to create an inverted index, which associate to each keyword the relevant webpages;
- When a user enters a search, the inverted index is used to produce a search output;

- The search output is ranked according to a page ranking algorithm;

- The ranked output is seen by the user.

The step which characterizes google is the page ranking algorithm. Since the webpages associated to a search are
probabily thousands and a user will probabily be able to see at most the first few 20-30 entries, it is very important
that the page-ranking algorithm does produce results which are relevant to the search.

The key idea of Brin and Page used in the Google page ranking algorithm is to rank the webpages according
to popularity, exploiting the Ergodic Theorem for Markov chains as follows. The whole web can be schematize
by a huge graph ¢, where vertices are webpages and arrows from the vertex v; to the vertex v; correspond to
hyperlinks pointing from the webpage 7 to the webpage j. The number N of vertices is huge, of the order of 2
million webpages. Let us construct a transition matrix A such that A;; = 1 if and only if there is a link between
the webpage ¢ and the webpage j. Thus, the graph ¥4 = ¥4 coincides with the graph of the subshift space X 4
defined by the matrix A. Let N (i) be the number of arrows exiting the vertex ¢ and pointing to a j # ¢ (that is,
the number of non self-referential links from the webpage ).

The matrix A is not necessarily aperiodic. In order to be able to apply our mathematical tools, let us modify
the graph ¢ as follows. Let us add a vertex vy which is connected by an arrow to all other vertices. The new
transition matrix on N + 1 vertices, that we will still call A, is an (N + 1) x (N + 1) matrix and by construction
we have that Ag; =1 forall 1 <i<N.

Exercise 3.10.2. Verify that the new transition matrix A defined above is aperiodic.

Choose a damping parameter p € (0, 1) (effective choices of this parameter have been object of simulations; the
parameter currently used by Google is around p = 0.75). Use p to define the following probabilities of a stochastic
matrix P compatible with A:

Py, = %7 forall 1 <i<N;
P; = 0, forall 1 <i<N;
1 if N()=1, . )
Py = {l—p it N(i) £ 1 forall 1 <i<N;
0 if A;; =0, o .,
P = {JVPE'L) o AZ_;:L forall 1<4,j<N; i#j.

Exercise 3.10.3. Verify that the (IV 4+ 1) x (N + 1) matrix P with entries P;; as above is stochastic and is
compatible with the transition matrix A.

One can understand such a definition as follows. Imagine that an Internet user surfs the web and, after looking
at the webpage i, with probability p clicks at random to one of the hyperlinks which appear in the webpage i and
points to a webpage j. In addition, once in a while, with probability 1 —p, the user decides not to follow the thread
of links anymore and opens a new webpage at random. This process is simulated by the above probabilities: from
any webpage i, with probability p one jumps at random to one of the N(z) pages linked by the webpage ¢, so that

12 As a curiosity, the Google algorithm was created in the mid Ninties by Larry Page and Sergey Brin, that at that time were graduate
students at Stanford. The father of Sergey Brin, Misha Brin, is a Professor at University of Maryland working in Dyanamical Systems
and is the author of one of the textbooks recommended for this course.
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each is reached with probability p/N (7). Moreover, one has probability 1 — p of going to the page 0 and from there
equal probability 1/N to open any of the other webpages. The idea of the ranking algorithm is that this random
simulation can be used to determine which pages are very popular.

By the Perron Frobenius theorem, since P is stochastic and aperiodic, it has a unique probability left eigenvector
p. Google interprets the it" component 0 < p; < 1 of p as the popularity of the webpage i and ranks the webpges in
decreasing order of p;.

Remark that p is the left eigenvector of a matrix with N = 2 billions of components. There are computer
programs that compute eigenvectors of matrices, but they are not feasible with such a large matrix! How to
compute p efficiently? This time, it is the Ergodic Theorem for Markov chains that comes into play. Take an initial
positive vector, for example g; = % If we compute ¢P", the theorem states that this converges exponentially fast
to p. The page ranking vector p can hence be accurately approximated computing iterations of gP".

"The Ergodic Theorem for Markov chains also intuitively explains why the vector p can be interpreted as vector
of polularity from the previously described model for a random Internet surfer. If the surfer starts at random on
an initial webpage i (with probability ¢; = %), and jumps to another webpage with probabilities given by P, which
describes the above model, p; represents the limiting probability that, after many clicks, he/she will end up in the
webpage i, so p; is a measure of the popularity of the webpage i according to this random simulation of the web
and a surfer.
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