APPLICATIONS OF THE BIRKHOFF ERGODIC THEOREM
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ABSTRACT. Ergodic theory studies the long-term averaging properties of measure-
preserving dynamical systems. In this paper, we state and present a proof of
the ergodic theorem due to George Birkhoff, who observed the asymptotic
equivalence of the time-average and space-average of a point z in a finite
measure space. Then, we examine a number of applications of this theorem

in number-theoretic problems, including a study of normal numbers and of
Liiroth series transformations.
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A discrete dynamical system consists of a space X and a transformation T’
which maps the space onto itself i.e. T: X — X. We assume T is a measurable
function. When studying discrete systems, we consider how a point in the space
moves over discrete time intervals. We can think of the X as the space of all
possible states of some system, where T specifies how the state changes changes
over a specific time interval. For some y € X, we define the orbit of y under T
to be the sequence y, T(y), T%(y),- -+, T"(y),---. If T is one-to-one and onto, then
we say T is an invertible transformation.

Ergodic theory studies a particular subset of these dynamical systems-those
which are measure-preserving. In the paper, we define and present a number of
characteristics pertaining to these measure-preserving dynamical systems, such as
randomness and recurrence. We assume a background in basic notions of measure
theory and Lebesgue integration. The relevant background information can be
found in most real analysis textbooks, such as Real and Complex Analysis by Walter
Rudin. The reference we derive the conventions and notations in the subsequent
section from is An Inwvitation to FErgodic Theory by C.E. Silva.
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1. RECURRENCE AND ERGODICITY IN DYNAMICAL SYSTEMS

Suppose we have a nonempty set X and a o-algebra B in X. A measure space
is defined to be a triple (X, B, ;1) where p is a measure on B. We say a set A is a
measurable set if A C X and A € B. A probability space is a measure space
(X, B, 1) such that u(X) = 1. We say a measure space is a finite measure space
if u(X) < oo and is o-finite if there exists a sequence of measurable sets A,, of
finite measure such that X = U2, A,,.

Definition 1.1. Let (X, B, ) be a probability space. We say the transformation
T: X — X is measure-preserving (with respect to ) and that p is T-invariant
if W(T=1(A)) = p(A) for all A € B.

If T is measure-preserving, then we refer to the dynamical system (X, B, u,T)
as a measure-preserving dynamical system.

We take a measurable set A of positive measure in B and consider the orbit of
points in A. Specifically, we ask whether the points in A will return to the set A
and if so, how often will they return. We say a measure-preserving transformation
T defined on a measure space (X, B, u) is recurrent if for every measurable set
A of positive measure, there is a null set N C A such that for all z € A\ N |
there exists an integer n = n(z) > 0 with 7" (z) € A. In order words, if, for every
measurable set A of positive measure, every point in that set, except points in a
set of measure zero, eventually returns to A under 7', then T is recurrent, and the
system is a recurrent dynamical system.

The following theorem is a theorem due to Poincaré who proved a property
relating to finite measure spaces. The statement and full proof of this theorem can
be found in [5].

Theorem 1.2 (Poincaré Recurrence Theorem). Let (X, B, u) be a finite measure
space. If T: X — X is a measure-preserving transformation, then T is recurrent.

We define a point which is not recurrent to be a wandering point. Formally,
a wandering point is a point in A such that Vn € N, T"(z) ¢ A. By Poincaré
recurrence, for a finite measure space with a measure-preserving transformation 7,
the wandering set (i.e. the set of all wandering points in this system) is a set of
measure zero.

Many of the properties we study that hold for recurrent and ergodic systems
hold outside of a set of measure zero; we characterize these properties as holding
almost everywhere. To generalize this notion, we define an invariant set. We say
a set A is positively invariant if A C T71(A) and strictly invariant or simply
T-invariant if A = T~!(A). Studying ergodic properties on T-invariant sets allows
us to disregard sets of measure zero.

Recurrent transformations on a finite measure space are said to be ergodic if
they satisfy the following property.

Definition 1.3. A measure-preserving transformation T is ergodic if whenever A
is a strictly T-invariant measurable set, then either u(A) = 0 or p(A¢) = 0.

The following lemma relates our notions of recurrence and ergodicity, and intro-
duces some new properties of such systems.

Lemma 1.4. Let (X,B,u) be a o-finite measure space and let T be a measure-
preserving transformation. Then the following are equivalent:
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(1) T is recurrent and ergodic.

(2) For every measurable set A of positive measure, (X \ ,—, T~"(A4)) = 0.

(3) For every measurable set A of positive measure and for a.e. x € X there

exists an integer n > 0 such that T"(x) € A.

(4) If A and B are sets of positive measure, then there exists an integer n > 0
such that T~"(A)N B # 0.

(5) If A and B are sets of positive measure, then there exists an integer n > 0

such that u(T~-"(A)N B) > 0.

[\

1.1. Approximation with Sufficient Semi-rings. While we assume a back-
ground in fundamental notions of measure theory, we develop here some techniques
of approximation with semi-ring structures.
We define a semi-ring R to be a collection of subsets of a nonempty space X

such that

(1) R is nonempty.

(2) if A,B,e R, then AN B € R, and

(3) if A,B € R, then

no-{)s

j=1
where E; € R are disjoint.

We say a semi-ring R is a sufficient semi-ring if it satisfies that for every
measurable set A in the o-algebra,

wu(A) = inf Zu(lj): AcC UIj and I; €e Rfor j > 1
j=1

=1

There are several useful properties for studying these structures. In particular,
we have that if a measurable set can be written as a countable union of elements
of a semi-ring C, then it can be written as a countable union of disjoint elements of
the semi-ring.! We also have the property that every finite measurable set can be
approximated, for every € > 0, by a finite union of disjoint elements of a sufficient
semi-ring where the symmetric difference between the finite measurable set and the
sufficient semi-ring is less than e. In this examination of ergodic dynamical systems,
particularly relevant sufficient semi—rir;gskare the intervals and the dyadic intervals,

+1

or the set of all intervals of the form [5%, %5%=) wheren > 0 and k =0,1,---,2" — 1.

Lemma 1.5. Let (X, B, 1) be a measure space with a sufficient semi-ring C. Let
A be a measurable set, (1(A) < oo, and let € > 0. Then there exists a set H* that
is a finite union of disjoint elements of C such that p(AAH*?) < €3

This lemma implies that every element of a sufficient semi-ring is a measurable
set. When proving properties of measure-preserving systems, it is sufficient to prove
them only for the measurable sets which are elements of a sufficient semi-ring in
order to verify the properties for all measurable sets in a o-algebra, i.e.

IThis statement is Proposition 2.7.1 in [5].

2We use A to denote symmetric difference.

3The lemma is a statement of the first of Littlewood’s Three Principles of Real Analysis. Its
statement and full proof can be found in [5].
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Theorem 1.6. Let (X, B, 1) be a o-finite measure space with a sufficient semi-ring
C. If forall I €C,

(1) T7Y(I) is a measurable set, and
(2) w(T~1(1)) = u(I)

then T is a measure-preserving transformation.

2. THE BIRKHOFF ERGODIC THEOREM

The Ergodic Theorem, due to Birkhoff in 1931, relates the time-average of a
transformation and the measure of the space. By time-average, we refer to the limit
of the average number of times the elements of the sequence x, T'(x), T?(x),--- are
in A, or the average number of times x visits A in its orbit. This theorem states
that for an ergodic system, for any measurable set A and almost every z in the full
space X, the limit of the average recurrence frequency of = in A is asymptotically
equal to the measure of A.

The following proof of the theorem follows [2] and [4]. In particular, the combina-
torial trick used to prove the Maximal Ergodic Theorem follows the one presented
in [2] due to Riesz.

Definition 2.1. Suppose we have a finite sequence of real numbers a1, as, ..., a,.
We say the term ay, is an m-leader if there exists a positive integer p where 1 <
p < m such that ap + - + agyp—1 > 0.

Lemma 2.2. The sum of all m-leaders is nonnegative.

Proof. Let aj be the first m-leader of the finite sequence of reals a1, ..., a, and let
p be the smallest integer p < m for which a + - + ar4p—1 > 0.

It follows that every a; such that k < h < k+p—1 must be an m-leader as well.
If not, then ap, +-- -+ ag4p—1 < 0= ar +---+ap—1 > 0, which contradicts that p
is the smallest integer p < m for which ay + ar+1 + -+ + ag4p—1 > 0.

Since each aj where k < h < k+ p — 1 is an m-leader, the sum of these terms
is the sum ay + - - - + ap4p—1, which by assumption, is nonnegative. We repeat this
process inductively for the rest of the terms of the sequence ayyyp,...,a, and the
result follows. [l

We will denote

n—1

falz) =) f(T*(x))

k=0

Lemma 2.3 (Maximal Ergodic Theorem). Suppose we have a probability space
(X, B, 1) and a measure-preserving transformation T: X — X. Let f: X — R be
an integrable function and define

G(f)={z e X: fu(x) > 0 for some n > 0}.
Then,

f=o.
aw

Proof. Let m be a positive integer. We define G,,, as follows:

Gm ={z € X: fr(x) >0 for some k,1 < k < m}.
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Let n be an arbitrary positive integer. Consider for each x, the m-leaders of the
sequence f(z), f(T(x)),..., f(T"™ 1 (x)). We define s,,(x) to be the sum of these
m-leaders.

We define By, to be the set of z € X for which f(T*(x)) is an m-leader of the
sequence f(z), f(T(z)),..., f(T"™™ 1(x)). From our definitions, it is clear s,, is
measurable and integrable.

By Lemma 2.2, we see that s, > 0, and so,

n+m—1

0§/ Smdp = Z foT*du
By, k=0 Bk

We notice that if k =1,2,--- ,n—1, 2 € By <= T(x) € Bi_1, and equivalently,
Br =T~ Y(By_1) <= By =T %(By). By a change of variables,

fode,u:/ foTkdu= | fdp.

Bk Tfk‘(Bo) B[)

As G,, = By and T is measure-preserving, it follows

n+m—1 n—1 n+m—1
o< > [ fertan=3" [ g 3 [ forta
k=0 VB k=0 Bo Py
<n [ fapsm [Ifldn
Gm
If we divide through by n and let n — oo, we are left with
/ fdp > 0.
GVYL

Consider fxg, . We find that as G, C G411, this is an increasing sequence. As

G(f) = Um>1 Gm, we observe lim,, , fXxa, = fxa(s. Since |fxa,| < |f|, by the
Dominated Convergence Theorem, we have
0< tin [ fxo,du=[ fau
(Il

Theorem 2.4 (Birkhoff Ergodic Theorem). Suppose we have a probability space
(X, B, 1) and a measure-preserving transformation T: X — X. If f: X — R is an
integrable function, then
(1) limy—eo %ZZ;& f(T*(z)) exists for almost all z € X. Denote this limit as
f(2).

(2) f(Tz) = f(z) a.e.

(3) For any measurable set A that is T-invariant,

/A fdp = /A fdp.

If T is ergodic, then
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(1) We denote

folw) = liminf 37 f(7¥ ()
k=0

n—oo N

and
n—1

f*(z) = limsup — Zka

n—oo 1N

For o, 8 € R, we denote
E,p={recX: fi(z) <a<B< f ()}

To prove the existence of the limit a.e., we want to show that for almost
every x € X, f.(z) = f*(x). To do so, we will show that E, g, i.e. the set
of points where f.(z) = f*(z) differ, is a set of measure zero.

First, we want to show that our set E, g is T-invariant. We claim f* and
f+ are T-invariant. We take liminf as n approaches infinity of the following
expression

1 «— n+1 1
Lpr 5; = @) - @)

and find
n+1

fo(T(x)) = lim inf

n—r oo

Fusa () — liminf = f(z) = £.(x)

which proves f, oT = f, i.e. f, is T-invariant. A similar argument shows
froT = f*ie. f*is T-invariant. Consequently, E, g is T-invariant. We
define G(f — 8) = {z € X: (f — f)n > 0 for some n > 0}. Next, we
consider the set of all x such that f*(z) > 8. There exists an N € N
such that & SN U f(Ti(2)) > B = SN, F(T(x)) — NB > 0 exactly if
Zi:o (f - 5)@( )= 0,s0x€G(f—p).

In particular, we find E, g C G(f — 3). We apply the Maximal Ergodic
Theorem to T restricted to E, g and to f — /3, which gives us

/ (f - ﬂ)du>0:»/ Fdu > Bu(Eag).
Ea_ﬂ

Euop

Using that f.(z) < « = —f*(z) > —a, we similarly find E, g C
G(a — f). By an application of the Maximal Ergodic Theorem to T re-
stricted to Eq, g and to a — f, it follows

/ —fdu > —ap(Eq,p) :»/ f<ap(Eap).
Ea,ﬁ Ea,B
Then, as a < 8 by assumption, and
fB,u(Ea,@) < /E f< O‘N(Eaﬁ):
a,B

it follows p(Eq ) = 0. Hence, as this holds for all rational «, 8, f* = f.
a.e.
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(2) Next, we want to show f(T(x) = f(z) ae.
The proof that f is T-invariant comes directly from the definition of the
limit. We find

Fr@) = tm L3 p(rh @) = im (i §TH (T @) +f<a:>>
k=0 k=0

n—o00 N

n—2
= tim S TR+ Tim ()
k=0

= f(x)
3) Finally, we will show that [, fdu = fd for any measurable set A.
®3) ¥ afdp= [, fdu y

We begin by defining A, x = {z € A: £ < f(z) < EELY where n =
0,1,...,and k = 0,£1,%2,.... By (2), A, « is a T-invariant set for each
n and k. We observe that for each n, X = J, 4 k-

Fix € > 0. In (1), we found f(z) = f*(x), as the limit exists, and so,
given € > 0, it is true that f(m) > % = f*(z) — % + ¢ > 0. We apply the
Maximal Ergodic Theorem to T restricted to A, ; and to f(x) — 2% +€as
we did in (1) and get

[ nz (5 - ¢)
An i

We provide a similar argument to handle the right-hand-side inequality

ie. f(z) < EEl. By the existence of the limit, f(z) = f(z), from which

it follows f(z) < Bl = f*(x) < B = —f.(x) > —(&EL). This gives us

—f* (@) + (LY > 0 forall 2 € A, . Asin (1), we find A, C G(EEL — ),

2’!1. 2’!L
and we apply the Maximal Ergodic Theorem to kztl — fand A, x, which
gives us

k
[tz = (B ) tan
An,k

Then, we let € — 0, and it follows

k
27M(An,k) < / fdp <
A

n,k

k+1
on

1(An k)

Our definition of A, j gives us the same inequality expression for f i.e.
Q%N(An,k) < fAn,k fdp < kgth(An,k) Then,

15 e < gt

We sum over k and find
~ 1
[17 = fldu < o)
A

We let n go to infinity, which gives us

[t = =0 [ jau= [ fau
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3. LUROTH SERIES TRANSFORMATIONS

We apply our understanding of ergodic theory to study properties of one par-
ticular class of transformations known as Liiroth series transformations. A Liiroth
series transformation is a transformation on [0, 1) that arises as follows: there is a
partition of [0, 1) into intervals {J,,: n € A}, where A is N or a finite subset of N
such that on each J,, T is an increasing linear function whose range is an interval
with endpoints 0 and 1.

The classical example of one such transformation is the following map 7': [0,1) —
[0,1) defined by

1 1)

(3.1) T(Z‘) _ {g(n+1)l”ﬂ; ii[om,g

In this section, we will show that each z € [0,1) admits a unique, finite or
infinite, Liiroth series expansion for this particular T and illustrate some properties
of the dynamics of such systems with this particular transformation 7', including
a property regarding the recurrence of each k € N which results from the Birkhoff
Ergodic Theorem.

A point z € [0,1) is said to have a finite Liiroth transformation if there is some
k for which T*~1(z) = 0. The set of all points in [0,1) with finite expansion is a
subset of the rational numbers, and thus has Lebesgue measure zero.

Remark 3.2. In the following sections, we work exclusively with the set of all points
x € [0,1) such that = has an infinite Liiroth expansion i.e. for all k, T*~!(z) # 0.
We define our space X to be the set of these points; we observe u(X) = 1.

We suppose = # 0 and for all k > 1, T*=1(z) # 0. We define a,, = a,,(z) by

ap(z) = ay(T* ! (x))

where a1(z) =n+1ifx € [n%q, 1),n > 1. For convenience, we will write a1 in

place of a1 (z). We redefine our transformation T with these conventions:

T(z) = a1(ar — 1)z — (a1 — 1), x#0
0, x = 0.
It follows that
1 T
[25] al(al — 1)
and that
1 n T(T(x))
aT@) " @ @) a@@) 1)
Given as(x) = a1(T(x)), we observe
1 n 1 < 1 n T?(x) >
€r= — _— —_— _—
aq al(al — 1) as ag(ag — 1)
1 n 1 T%(z)
aq al(al — 1)&2 al(al — 1)a2(a2 — 1>'
For all k£ > 1, we proceed inductively and have an infinite series expansion
1 1 1

r=—4+ - ...+ N
a1 ai(ag — 1)ag ar(ar — 1) - ap—1(ap—1 — )ay

T(x) =
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where ap, > 2 for each £k > 1. We show that the series does indeed converge to x.
If Si(x) denotes the sum of the first &k terms of the series, then

Tk_l(x)
ar(ar — 1) ap_1(ar_1 — Dag

Our transformation T is bounded above by 1. We observe also for each k, as a; > 2,

x = S(z) +

1 < 1
ak(ak - 1) T2
Therefore,
Tk—l(x) 1
x— Si(x)| = <o
| k( )| al(al_1)...ak_1(ak_1—1)ak - 2k

Taking the limit as k approaches infinity verifies the convergence.
The following proof is due to [6].

Proposition 3.3. The Liiroth expansion for T is unique.

Proof. For convenience, we will denote the Liiroth expansion as an infinite string
of digits didads - - -. Suppose we have two different Liiroth expansions under 7" for
x €]0,1) i.e. we have two expansions ajasag - -+ and bybobs - - - of x such that there
exists at least one N € N where ay # by. Let N € N be the first digit in the
sequence where the two expansions differ.

WLOG, suppose ay < by. We denote

G L 1 . 1
N1 a1 ai(a; — 1ag ai(ar —1)---ay-_1(any—1 —1)

and define the difference § between the two expansions:

o) () )
TN anN bN aN(aN — 1)aN+1 b (bN — ].)bN+1

1 1 = 1
—Sya((—-—)+
Nl((aN bN) Z:CLN(N—l “ON+k ZbN N—1 bN+k>

k=

> Sn-1 ((_bz\r) ZbN bN—l bN+k>

For each k > 1, as a; > 2, we observe
1 < 1
am(@m — 1) amar — 2k

It follows

by —an 1 =1 1 1
1) _ — — >
> Sy ( anby bN(bN_1)22k> o (aNbN bN(bN—1)> =0

We find that the difference between the two expansions is positive, which contradicts
that both expansions converge to x. [

We can think of this series expansion as an approximation of x by intervals

[%H’ 1), We observe (0,1) = Un>1[n<1+17 1), Hence, for all nonzero x € [0,1), =

will fall in one such interval for some n > 1; we can see x > = What the Liroth

transformation 1" does is it determines how much greater x is than n—H and returns
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some value T'(z) € [0,1) that indicates the proportion of the interval [+, +) where

)
that difference T'(x) lies. Iterating this T generates the Liiroth expansion for T.

FIGURE 1. The Liiroth series transformation T from [1]

If we were to represent the expansion under T of a point « € [0.1), we could view
the map T as a symbolic ”shift” map. For instance, if z € [0,1) had the expansion
ajagas -+ -, then T'(arazas---) = azaz .

3.1. Ergodic Properties of Liiroth transformation 7. Consider the dynami-
cal system (X, B, u, T), where (X, B, u) is a probability space with Lebesgue mea-
sure p, where X is the set of points in [0,1) with infinite expansion, and T is
the defined Liiroth transformation. We will compute the average frequency of the
appearance of a single positive integer k£ > 2 in the expansion of each irrational
xz €10,1).
Proposition 3.4. T is measure-preserving with respect to Lebesgue measure p.
Proof. Suppose (a,b) C [0,1). We consider T~ *(a,b) = {z € X: T(z) € (a,b)}.
We observe for z € T7!(a,b), a < T(x) < b, thus for n = n(z),
1 n a - 1 T(x) 1 b
n+l nn+1) n+1 nn+1) n+l nn+1)

i — 1 T(x)
Given z = a1 T D

we see

c 1 n a 1 n b
* n+1 nn+1)'n+1 nh+1)/)"

—1 _ 1 a 1 b
T (a,b) = U <n+1+n(n+1)’n+1+n(n+1)>

n>1

Hence,
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Each of these intervals in the union is disjoint. By the o-additivity of u, we find

. B 1 a 1 b
w(T (a, b)) = p U (n—i—l +n(n—|—1)’n+1 +n(n+1))

n>1
_i L L
_n:1u n+1l nn+1)'n+1 nn+1)
= b—a
-3 7% (h—a) = p(a,b
> it = -0 = uad)
n=1

O

We want next to prove that T is ergodic. To do so, we need a lemma, as well as
the notion of a cylinder set and a few of its properties.

Definition 3.5. A cylinder set of rank n, also known as a fundamental interval of
rank, or order, n, A(i1,- - ,i,) is the set of all x € X such that a1 (z) = i1,
ag(x) =g, -+ ,an(T) = ip.

Recall that X is the set of  with infinite Liiroth expansions under 7. Cylinder
sets of rank m in the context of the Liiroth transformation T represent the n-
th interval approximation of some x € X. Explicitly, for x € X, if we have A =
1 1 +...+ il(z‘l—l)--~i:,1(in,1—1)’ the cylinder set of rank n A(i1, 42, ,ip)

i1 " ir(in—1)i2
AA+ ! nx
’ i1(in — 1) - ip(in — 1) '

is the interval
Next, we have a lemma which illustrates a property of the n-th iterate of T
applied to a cylinder set of rank n.

Proposition 3.6. T"(A(i1,--- ,i,)) = [0,1).

Proof. The proof of this follows from the fact that T" applied to a cylinder set of rank
1 returns [0,1). We assume the proposition holds for n ie. T"(A(iy, - ,iy)) =
[0,1). Then, we consider T" T (A(i1, -+ ,in,int1) = THT™(A(i1, -+ ,int1), where
T™(A(i1, -+ ,in+1) is a cylinder set of rank 1, specifically A(i,41). Consequently,
T (A(iy, -+« yin,int1) = [0,1), and the proposition is proven by induction. O

Next, we introduce a lemma. This lemma is a modified version of a lemma due
to Knopp, which can be found in [1]. We notice that the first assumption in the
lemma holds for all sufficient semi-rings.

Lemma 3.7. Suppose (X, B, ) is a probability space. Let B € B and p(B) > 0.
If we have a collection C of subintervals of [0,1) such that
(a) given € > 0, for every A € B, there exists a countable union of disjoint
elements of C, denoted C* such that p(AAC*) < €, and
(b) for every C € C, u(CN B) > vu(C), where v > 0 and is independent of C,

then u(B) = 1.

Proof. Let E. be the countable union of sets of C guaranteed by property (a) i.e.
w(BCAE,) < ¢ let {S;}ien be the collection of sets of C such that E. = U;enS;.
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We observe BN E, C B°AE, = u(BNE,) < u(B°AE,). By the o-additivity of
u and property (b), we find

MS

w(B N E,) Zﬂ (BNS)

72# ) = vu(Ee)
=1

It is clear yu(E.) > yu(E.NB) and yu(Ee) > yu(E.NB). Given B\ (B°NE,) C
B°AFE,, it follows

Yu(BC) =y ((B N Ee) + (B \ (B N E))) <v-e+e
As € is arbitrary and v > 0, we have p(B¢) =0 = u(B) = 1. O

Lemma 3.8. For every open subinterval (a,b) of [0,1), (a,b) N X is an at most
countable union of disjoint cylinder sets.

Proof. For points = € [0,1) with finite expansion of length n, we denote for all
k > n, ap(x) = oo. Take z € (a,b) N X. Our transformation T gives us that
(ar)2e (@) = (ar)s, (x) = (ar)22,(b).* There exists N € N such that Vn < N,
an(a) = an(z) and an(a) > an(z); similarly, there exists M € N such that Vm < N,
am () = amn(b) and aps(x) > aM(b). We find that « € (a,b) exactly if

ze(ly U Aa(a), - an-( (U U A@®), - an-1(b).5))
NeNi<an(a) MEN j>an (b)
and thus,
ze(ly U U Aa(a),-- an-1(a),i) N Alar (b), -+ anr—1(b), 5))
M,N i<an(a) j>an(a)
As the intersection of two cylinder sets is either another cylinder set or empty, this
implies (a,b) N X is at most a countable union of disjoint cylinder sets. O
We prove the ergodicity of T'.
Theorem 3.9. T is ergodic.

Proof. Let B be a T-invariant measurable set and p(B) > 0. Let C be the collection
of all cylinder sets in [0, 1). FiX € > 0. For any A € B, there exists a finite sequence
of disjoint intervals Iy, - - - , I,, such that p(AAU}_; I;) < € by Lemma 1.5 as the set
of all intervals is a Suﬂicient semi-ring. By Lemma 3.8, for all ¢ such that 1 <17 <mn,
I; is an at most countable union of disjoint cylinder sets i.e. I; = U;enC; ; where
C;; € Cfor all j € N. Then, we have

p(AS | Cu) = nan [ |1 <

i=14€eN
Property (a) of Lemma 3.7 is satisfied.
To prove property (b), we observe that 7™ is linear on a given cylinder set A € C
of rank n, and thus of constant slope. So, we find
WT(B)NA) _ p(BNT(A)
1(A) u(T(A))

= u(B).

4Here, the symbol > indicates lexicographical order.
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As B is T-invariant, it follows
p(BNA)  p(T~"(B)NA)

pd) p(A)
This implies u(AN B) = pu(A)u(B). Put v = u(B) > 0, which does not change
depending on A € C. This satisfies property (b) of Lemma 3.7. Then, we apply the
lemma and find p(B) = 1, which proves T is ergodic. O

We can now apply the Birkhoff Ergodic Theorem to arrive at a result about the
recurrence of a given integer £ > 2 in the series expansion generated by 7. We
define the following function

0, otherwise

f) = {1, aj(xz) =k

Our function f is a characteristic function which is non-zero when z € [25, 7).
Given T ergodic, we apply the theorem and obtain

1 n—1
Jm g 3 ) = | fan

o1y 1
PR k) T k-1
The average recurrence of a given integer k > 2 for every z € X (almost every z €
[0,1)) is ﬁ In other words, every = € [0,1) with an infinite Liiroth expansion
under T" has asymptotically the same proportion of k in its Liiroth series expansion
1 1

under T for all k£ > 2 i.e. % of the digits in the expansion will be 2, 32 = 6 89 3,
etc.

This transformation 7" can be further generalized. Instead of considering fixed
1

partitions [n—ﬂ, %), we consider a digit set A, which is an at most countable subset
of N and the partition of [0,1) into intervals {L,, = (l,,7r,): n € A} such that on
each L,, T is an increasing linear function whose range is an interval with endpoints
0 and 1. We define the corresponding transformation that arises to be a generalized
Liiroth series transformation. The same ergodic properties of T' as defined in (3.1)
apply; proofs of such properties and a closer study of these generalized Liiroth series

transformations can be found in [1].

4. THE NORMAL NUMBER THEOREM

Another application of Birkhoff Ergodic Theorem is the study of normal num-
bers. We say a number is a simply normal to base b if, for every digit k €
{0,1,---,b — 1}, the average frequency of occurrence of k in the base b expan-
sion of z is %. We say that a number is normal to base b if, for every sequence
of m digits, m € N, the average frequency of occurrence of that sequence in the
b-expansion of x is b}n

Every number which is normal to base b is simply normal to base b by its def-
inition. This result and the definition of a normal number is due to Borel. Borel
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further proved in 1909 that except for a subset of measure zero, every x € [0, 1) is
normal. We will prove this result in this section using ergodic theory.

We formalize our definition of the base b series expansion of « € [0, 1) by defining
a transformation

bx X €
br — 1 x€|

=)

)
)

o =

3

IS

T(z) =bx modl=

br—(b—1) xe[:21)

Our base b expansion results from iterating this map 7. We define a1 (x) = [bz] and
ar(x) = [bT" ()] = a1(T*"'(z)). From our definition, we have z = 4 + @,
and we find

TR T Ty T TR
% %2 %
=5 tetotn Tt
_N- (@)
Jj=1 v

The proof that this series converges to x is straightforward and similar to the case
regarding the Liiroth transformation. In fact, the transformation presented in the
previous section can be seen as a ”generalization” of T', the previously defined map
of the base b expansion. The example transformation presented in Section 3 simply
does not require that the interval partitions be of equal length.

We revisit the definitions of (simply) normal numbers to b and formalize them.
Suppose we have z € [0,1). For these definitions, we let N(k,n) denote the number
of occurrences of k in n digits of the base b series expansion.

Definition 4.1. A number z € [0,1) is simply normal to base b if for every k €
{0,1,---,b—1},
N 1
fim Y7 _ 1
A normal number generalizes the previous definition for a finite sequence of

digits, as opposed to a singular digit.

Definition 4.2. A number z € [0,1) is normal to base b if for every m-length
sequence of digits k1ks - - - ky, where ki, -+ Kk, € {0,1,--- ;b — 1},

o1 1
nh_}rrgo E#{r: 1<r<mnanda.(x) =k, ,Cpm-1=FKn}= -
We verify T is indeed measure-preserving and ergodic before we apply the Er-
godic theorem.
Proposition 4.3. T is measure-preserving with respect to Lebesgue measure p.

Proof. To show T is Lebesgue measure-preserving, it suffices to show 7' preserves
measure for any open (a,b) C [0,1). A straightforward manipulation of our defini-
tion T gives us

)
Tﬁl(avb) = Usz_Ol(ﬁ + E7 -+ E)
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, which then implies

pT @) = (b=a) Y

Proposition 4.4. T is ergodic with respect to Lebesque measure .

Proof. We consider T' when b = 2. This is the transformation that generates the
base 2 series expansion, which is also referred to as the ”doubling map.”

We will use our Lemma 3.11 to prove this result, in a similar fashion as we did
in the previous section for the Liiroth transformation T. Property (a) of Lemma
3.7 follows from Lemma 1.5.

To prove property (b), we let C be the collection of dyadic intervals, where the
dyadic interval is defined as D,, j, = {2,” 2,}} forn>0,k=0,1,---,2" —1. We
observe several properties about these intervals.

We find T"(D,, ) = [0,1), and thus, T-"(D,, 1) consists of 2" disjoint dyadic
intervals, each of length 272", Next, we claim for any measurable set A,

M(T_H(A) N Dn,k) = M(A)M(Dn,k)'
We proceed by induction on n. Consider
k k+1
)
where & = 0,1. Since A is Lebesgue measurable, it can be approximated up to a

set of measure zero by the union of a countable disjoint collection of open intervals
Ii,---,I,,---. We denote I; = (a;,b;). Then,

p(T™HA) N Dyy) = (T~ HA) N

a; bz 1

1y = TV by = (% by b ]
T (L;)=T (az,bz)—(2,2)U(2 +272+2)~
Depending on k, either (%, C Dy and (5 + % j %)ﬂDl,k:V)OI

b;
2
(% 4+ 1% + 1y c Dy and (%, %) N Dy = 0. So, it follows

P11 0 D1y = 5u(l) = w(Dy (L)

(T~'(I;) N Dy))

)

NG

(T~ (A) N D) = p(T (1) N Dik) = s

i=1 =

2“UI

— %M(A) = (D15 p(A).

We suppose the claim holds for some n € N. We consider

(0D (A) () Dpsa k) = w(T"(T7(A)) N Dy )

We observe

Dn,k: = |:

E k+1 E o k+1 E+1 k+2
on’  9n >:[2n+1’2n+1> [2n+1’2n+1>:Dn“’kUD“HJ@H
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where D;, 115 and D41 j41 are clearly disjoint and of the same length. It follows
p(T™™(T7H(A) N Dyge) = (T (T7HA)) O (Db U Dt 1)
— W(T(T(A)) N Do) + (T~ (T(A) O Doy o).
As the claim holds for arbitrary k, this implies
1

P (TN A) N D) = (T (T7H(A) N Do)

SH(Da (T (4))

= ((Drny1,6)u(A).

By induction on n, the claim is proven.
Suppose A is a T-invariant set i.e. T71(A) = A such that u(A) > 0. Then

N(A N Dn,k) = U(A)ﬂ(Dn,k)-

We let v = u(A) as in Lemma 3.7, and property (b) holds. Then, by Lemma 3.7,
w(A) =1, and T is ergodic when n = 2.

The case for the general base b expansion follows similarly. In place of the dyadic
interval, we define an interval Ay ,, 1 = [%, k;;,l) where n >0, k=0,1,--- ;0" — 1.
The collection C of all such intervals satisfies property (a), and we find

(AN Ap k) = p(A)p(Ap k)

by induction. An application of Lemma 3.7 again proves that for a general b > 2,
the base b transformation map is ergodic with respect to Lebesgue measure p. 0O

We apply the Birkhoff Ergodic Theorem.

Theorem 4.5. Almost every real x € [0,1) is normal.
Proof. Given ay(z) = a1(T*"!(x)) for k > 2, we have a;(T*(z)) = aji(z). For
any n € N,

aj(x) =k < al(Tj_l(x)) =k,

aji1(x) = k2 == aa(T771(2)) = ko,

Ajpn—1(x) =kn < an(TV7' () = kn
k

By our definition, ay(T7"*(z)) = k1 <= T77(z) € [%, %) and a, (T7~Y(z)) =
kn, <= Ti7'(2) € [’Z—", k’gjl). Equivalently, 777! (z) € >, %72?:1 ’;— + bin)
We define a characteristic function
j—1 n k; n k;
f(z) = {1 T (2) € [Eizl bi Zz‘:l bt b%)

0 otherwise

We apply the Birkhoff Ergodic Theorem to f and arrive at the following:

n—1 n n
HILH;C%ZJ”(T’“(HC)) = /fdu= p ([ZZZZIZJr b1">> = bin
=0 i=1 i=1

That the average occurrence of every n-length finite sequence of digits kiko -+ -k
is b% proves that almost every x € [0,1) is normal. 0

S
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