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1 Introduction

Given a specific value of a real number, we need to be able to write it down in
order to work with it. So we wish to come up with some system that attaches
a unique symbolization to each real number. A part of that symbolization is
formed by integers, a discrete line of values. The other part is the characteriza-
tion of numbers between integers. It is the last part we will be focussing on in
this thesis.

Although decimal digits are most often used for this characterization, it should
not be surprising that alternatives exist. We can ask ourselves what would be a
general way of defining a characterization of numbers, or how we can determine
which characterization is best. The second question is hard to answer, and we
will not try to cover it here. However, you can expect an extensive answer to
the first one if you continue reading.

We start the thesis with a brief description of the most important measure
theory. In section 3 we slowly build up the general definition of the charac-
terization, also called an expansion, of numbers between integers, introducing
four expansion types along the way. After that, we use we use ergodic theory
in section 4 to prove results about digit frequency. Finally, section 5 introduces
the concept of entropy and ends with a comparison theorem.

The majority of the theory written in sections 3, 4 and 5 follows the structure
of [4]. However, we provide extra intuitive explanation and examples to support
the theory when necessary.



2 Measure theory

This section will be devoted to a short explanation of basis measure theory and
integration, as it will be needed in future sections. We will follow the approach
of [8].

In particular, we will discuss the concepts of g-algebra, measure, null sets, mea-
surable maps and integrals. If you are already familiar with these concepts, feel
free to skip this section.

2.1 Measures

Definition 2.1.1. Let X be a set. A collection A of subsets of X is called a
o-algebra if the following conditions are satisfied:

i) X e A

ii) if A € A, then A° € A.

i) if (A;)ien is a countable selection of subsets of X with A; € A for each i,
then |J 4; € A.

i€N
A subset C of X is called measurable when C € A. The pair (X, A) is called a
measurable space.

Example 2.1. It is not hard to check that {0, A, A°, X'} is a o-algebra for any
ACX.

Example 2.2. Consider the set X = [0,1). It would be nice if all open subin-
tervals of [0, 1) are members of the corresponding o-algebra. Therefore we define
the Borel o-algebra on [0,1) (notation: B([0,1))) as the smallest o-algebra con-
taining at least all open subintervals of [0,1). We say the open intervals form a
generator of the Borel o-algebra. Throughout this thesis, B([0,1)) is the only
o-algebra that will be used.

We would like to give a value to all measurable sets. So we define measure:

Definition 2.1.2. Let X be a set and A be a o-algebra on X. A measure is a
map 4 : A — [0,00), satisfying:
i) (@) =0.
ii) if (A;)ien C A are pairwise disjoint, then p( |J A;) = > p(4;).

ieN i€N
The triple (X, A, 1) we now call a measure space. In case pu(X) = 1 we say that
u is a probability measure and (X, .A, u) a probability space.

Example 2.3. When X C R, a commonly used measure is the so-called
Lebesque measure A. For intervals (a,b) € A, it gives A((a,b)) = b —a. The
Lebesque measure of non-intervals then follow from the previous definition.

Of course it occurs sometimes that we wish to state a property of all points
of X. However, in measure theory we often face the problem that there exist
exceptional points where the property does not hold. In order to be able to say
something anyway, we have the following definition.

Definition 2.1.3. Let (X, A, ) be a measure space, P some property and
N C X be the set of points for which property P does not hold. Then we say
that P holds almost everywhere (or a.e) with respect to p if u(N) = 0. In that
case we call N a null set.



In the course of this thesis, we will consider maps 1" between measure spaces.
We need another definition, regarding these maps.

Definition 2.1.4. Let (X,.A) be a measurable space. A map T : X — X is
measurable if T~1(A) € A for all A € A. If X is a subset of R, T is also called
a measurable function.

It is often necessary to show that some map T is measurable. This definition
suggests we should check the pre-image of all elements of the o-algebra (and
there can be a lot), but there is a way to make life easier, formulated in the
lemma below. It will prevent us from having to check all measurable sets.

Lemma 2.1.5. Let (X,.A) be a measurable space and let G be a generator of
A. Then T : X — X is measurable if and only if T=Y(G) € A for all G € G.

Proof. We have to show that T-1(A) € A for all A € A if and only if T7}(G) €
A for all G € G. Because G C A it is clear that the first implies the second.

Now let T71(G) € Afor all G € G, and let C = {B € X : T1(B) € A}. We
show that C is a o-algebra. T-1(X) = X € A, s0 X € C. If B € C, then
T-YB¢) = (T7Y(B))¢ € A, so B¢ € C. Finally, if (B;)ieny C C are pairwise

disjoint, T=Y(U Bi) = U T~Y(B;) € A, s0o |J B; € C, and C is a o-algebra.
ieN ieN ieN
If o(D) denotes the o-algebra generated by D, since G C C we have 0(G) C o(C).

Therefore A = 0(G) C 0(C) =C, so A C C. It follows from the definition of C
that T-(A) € A for all A € A, and we have completed the proof. O

Apparently it suffices to check the elements of a generator of the o-algebra
to show that a map T is measurable. So with X = [0,1) and A = B([0,1)) (the
Borel o-algebra restricted on [0,1)) we will only have to show that 7-1((a, b)) €
B([0,1)) for all intervals (a, b).

2.2 Integrals

Measure theory can be used to define a new way of integrating a function, and
we will use this way of integrating in the following sections. Below we will give
a brief description of the corresponding definition.

Recall that the indicator function 14(z) equals 1 if z € A and 0 otherwise.
We first introduce a class of functions called simple functions.

Definition 2.2.1. Let (X, A, 1) be a measure space and let Ay, ..., A,, be mea-
surable and pairwise disjoint subsets of X. A simple function is a function of
n
the form Y a;14,(x), where aq, .., a, are positive constants in R.
i=1
So simple functions are constant on each A;. A nice property of them is that
each measurable function can be written as a limit of simple functions. For a
proof of this property we refer to [8], theorem 8.8. The idea is now to define
integrals for simple functions, and use the property to generalize the definition
of integrals to arbitrary measurable functions.



Definition 2.2.2. Let (X, A, 1) be a measure space and let f be a measurable

function. If f is a simple function Y a;14,(z), then [ f(z)dp =Y a;u(A;). If
i=1 X i=1
f is not simple, we define

/f(x)d,u = sup{/g(ac)d,u : g(x) simple and g(z) < f(x) for all x € X}.
X X

We say that f is integrable with respect to p if [ f(z)dp is finite.
X

We have now discussed everything we need from measure theory to analyze
number expansions.



3 Various number expansions

We will now see some well and less known number expansions, introducing some
notation along the way. In order to work with the notation, we will define a map
which is different for each number expansion. In the remainder of this section,
those maps will be analyzed as good as possible.

Since we are not interested in the integer part of a number, we can restrict our
study to the interval [0,1).

Notation. An expansion of a number in the interval [0, 1) can be represented
by a finite or countable sequence (aj,as,...), where each a; is a non-negative
integer. The a; are called the elements or digits of a certain expansion.

Examples of such expansions will be given below.

3.1 n-ary expansions

The most common number expansion for day-to-day use is the 10-ary expan-
sion, known as the decimal expansion. We write 0.ajasas... for a number in
[0,1), with a; € {0,1,...,9} for each ¢ € N. In our general notation, the decimal
expansion of this number is represented by the sequence (a1, as, as, ...). For ex-
ample, it should be clear that % =0.333... gives (3,3,3,...) as representation of
its decimal expansion.

More generally, an n-ary expansion also looks like 0.ajasas..., but now the pos-
sible elements are 0,1,...,n — 1. Consider the 2-ary or binary expansion. Here,
a; = 0 if the number lies in [0, %), and a; = 1 if it lies in [%, 1). So the first
element of the binary expansion of % is 0. For the second element, we look at
the remaining interval [0, %) Note that % now lies in the second half of the
interval, and we have ay = 1. Continuing like this, we obtain % = 0.01010101...
(represented by (0,1,0,1,0,1,0,1,...)) in the binary expansion.

The only reason why the binary expansion of % was more difficult to find than
the decimal expansion, is that most people are less used to the binary expansion.
So given a real number x somewhere in the interval [0,1) and a natural number
n, how do we find the n-ary expansion of 7 The answer is similar to how we
obtained the binary expansion of %

Consider the partition {[£, L) : i € {0,...,n — 1}} of [0,1), getting n inter-
vals of equal length. Note that the first element of the n-ary expansion of z is
i if (and only if) z € [£,“1). For the second element, divide [£, “) again
into n pieces of equal length: {[ + -, £ 4+ Z£L): j € {0,...,n — 1}}. Now if
T € [% + #7% + Jn%l), then a7 = i and as = j. Of course, we can go on with
this process to obtain as, aq, ....

It is time to introduce the concept of the expansion map. This map T sends
each a; to a;y1 in a given expansion. Although it might not seem useful now,
the map will come in handy later on.

Definition 3.1.1. Let € [0,1) and let (ai,az,as,...) be the expansion of x
of a certain type. Then the ezpansion map is the function T : [0,1) — [0,1)
such that if (a1, as,as,...) is the representation of z, then (as,as,...) is the
representation of T'(z).



Let us state some examples for the case where T represents the decnnal
map. We have T(0.37841) = 0.7841, T(3) = 7(0.3333...) = 0.333... = %, but
T(1) = T(0.5000...) = 0.000... = 0. It might not be entirely clear how the
decimal map looks like. However, the structure of the map becomes quite clear
in Figure 3.1. In fact, it turns out that the decimal map is just the function

T(z) = 10z mod 1. It is not hard to see that the general n-ary expansion map

T, is given by
Tn(x) =nax mod 1.

Another concept that will be important later on is that of invariant measure

Figure 3.1: The decimal expansion map 7Tjg
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[0,1) be a measurable map, and let u be

Definition 3.1.2. Let T : [0,1) —
a measure on [0,1). Then we say u is invariant, or equivalently, T is measure
preserving, if u(T-1(A)) = u(A) for every A € B([0,1)).
This means that T should not influence the measure of any measurable set
Unfortunately, as we have seen before, the number of measurable sets is big
We will therefor show that checking just a generator of B(]0, 1)) is enough.
Lemma 3.1.3. Suppose T : [0,1) — [0,1) is a surjective measurable map, and
W is a measure on [0,1). Let G C B([0, 1)) be the collection of all open intervals
of [0,1). Then u is invariant if and only if W(T~HG)) = u(G) for every G € G.
Proof. Suppose B € B([0,1)). Our aim is to show that u stays invariant when
taking complements and countable unions of p-invariant sets.
Let G € G, so p(T71(G)) = u(G). Then, since T is surjective, u(T~(G)) =
u(TH(G)) = ([0, 1)) (T~ 1(G)) = ([0, 1))~ (G) = p(G*). Moreover, note
that any countable union of open intervals can be written as a countable union
of disjoint open intervals, by snnply merglng the overlapping intervals into one.

Now, if {G;}ien C G we write U G; = U G}, where all G} are disjoint, and we
(U Gi)) = (T~ 1(U Gi)) = (L:JlT_l(Gé)) = _iﬂ(T—l(G%)) =

ZM(G')—M(U G’)—M(U Gi).
So 1 stays 1nvar1ant under complements and countable unions. Because G is a
generator of B([0, 1)), B can be written as complements and countable unions of
Y(B)) = u(B) for every B € B([0,1)), which
O

have p(T~

sets in G. We conclude that pu(

proves the result.



Remark. In the proceeding lemma, we chose G to be the set of all open intervals
of [0,1). However, the proof remains the same if we define G to be the set of all
left or right half open intervals.

Just like the measurability of a map, we only have to check the elements of
a (in this case particular) generator. This will be very helpful, for example in
the proof of the following theorem.

Theorem 3.1.4. The Lebesgue measure X is invariant under the n-ary erpan-
ston map T),.

Proof. We have to show that T,, is measurable and, thanks to Lemma 3.1.3,
only that (T, ((a,b))) = A((a, b)) for all (a,b) C [0,1).
Note that T), *((a,b)) = (&, 2)u (et by gy (etn=t binml) and it follows

that 7,1 ((a,b)) € B([0,1)) because it is a union of intervals. We conclude that
T™ is measurable.

Since the union of intervals is disjoint, we find AT, 1((a,b))) = A((2,2)) +
A((EL BELY) o \((etn=l binsdy) = b2 = — g = A((a, b)), which
completes the proof. O

3.2 GLS-expansions

With the n-ary expansion we divided [0,1) into n intervals of equal length. Then
we divided of the n new intervals again, into n? intervals of length % We con-
tinued the proceeding, possibly infinitely many times, to obtain the expansion of
a given number. What would happen when the subintervals do not necessarily
have the same length, or when we divide into infinitely many subintervals? The
resulting number expansion is a Generalized Liiroth Series (GLS) expansion.
Below we will define this expansion step by step.

Consider a partition of [0,1) of the form {[l;,7)}ienugo}, in which lp = 0 and
r; = l;41 for all ¢ € NU{0}. This partition can be either finite or countable. In
the finite case with m subintervals, we have r,,_1 = 1.

Example 3.1. Such a partition could be {[0, 3),[3, 3),[5,1)}. Also take a look
at the infinite partition {[-25, 255)} enugo}-

Now if  lies in the interval [I;, r;), we define the first element of the expansion

of z to be i. To find the second element, we divide [l;,7;) in exactly the same
way we divided [0,1). So the j-th subinterval of [i;,r;) will be [l; +1; - (r; —
li)7 Zz + ’I’j . (T‘i — lz))
Let us examine the the expansion map T¢(z) for the GLS-expansion. Without
loss of generality, assume that a3 = ¢ for the number x. So we must have
x € [lyrg). It = l% is the middle of the interval, we would like as to be the
j such that 1 € [I;,7;). In particular, we would like T¢z(x) to be 3 because T
should send a; to ay. As a consequence, T must grow linearly from 0 to 1 on
each [l;,7;). So we find

Ta(x) = r— - x € [l;,1;).



Figure 3.2: The GLS expansion map T for the partition {[0, %), [%, D}

See Figure 3.2 for an example of a GLS map.

We conclude the subsection with the invariant measure of the GLS expan-
sion.

Theorem 3.2.1. The Lebesgue measure A is invariant under the GLS expansion
map Tg.

Proof. The proof is similar to the one of Theorem 3.1.4. Note that Ty ' ((a, b)) =
(l0+7‘0 lo? ZO+T0 lo) (l1+7"—l ’l1+7‘1 l1) T U (l+r—lb’ll+ )
1€NU{0}

a countable union of intervals, so T, ((a,b)) € B([0,1)) and Tg is measurable.

Furthermore, it follows from the fact that the intervalb from the union are

disjoint that A(T5'((a,0))) = > A+ 7% L+ 720) = > =% =
ieNU{0} ieNu{o}

(b—a)- > L =b—a=\(ab)). O

’r‘i*li
i€NU{0}

3.3 [-expansions

In the n-ary expansion of Section 3.1 we made the assumption n was a natural
number. Although this assumption seems reasonable and nice to work with,
we ignored an interesting type of expansion: the -expansion. Say f > 1 is a
real number and consider the S-expansion. Instead of 0,1, ..., — 1 the possible
elements become 0,1, ..., | 3], where |3] is the largest integer smaller than or
equal to 3.

Similarly to the n-ary expansion, we would like an interval partition of [0, 1)
to consist of subintervals with length % But if [ is not an integer we can
obviously not have /3 subintervals. Instead, we take |3] subintervals of length

ﬁ7 which leaves 1 — |3] - % = 5_‘# for the last interval. Summarizing, we
obtain the partition {[0, %), [%7 %)7 - [%, %J), [%, 1)}. Note that the last
interval is smaller than the others. To see why this makes sense, take a look at

the following example.



Example 3.2. Take z € [0,1) and $=9.5. The corresponding interval partition

is given by {[0, 5%), [555+ 5 )+ -+ los» 55 )» [o5» 1)} For example, if z € [, %),

r must be between 0.8 and 0.9 in -expansion notation. On the other hand,
ifz e [%, 1), & can only be between 0.9 and 0.95 (0.96 does not exist when
B8 =9.5). So the last interval should indeed be smaller.

As we have just seen, the interval partition of the S-expansion is quite dif-
ferent from the n-ary expansion. Even so, their corresponding expansion maps
should satisfy the same properties, and thus the S-expansion map is defined by

Ts(z) = Bz mod 1.

From this map we can derive another interesting property of the §-expansion:

Figure 3.3: The f-expansion map 1 for 8 = V.

/

0.8
0.6
0.4

0.2

if a; = | 8] for some element of the S-expansion of z, not all ”possible” elements
0,1,...,|8] could occur at a;y1. In Example 3.2 we already remarked upon the
fact that 0.96 does not exist in any (-expansion when 8 = 9.5. So the sequence
a; =9, a;11 = 6 is not tolerated. Another way to see this is by looking at the
[-expansion map, shown in Figure 3.3.

Note that with 3 = /7, the possible elements are 0, 1 and 2. Assume that the

first element of some number « is 2, or equivalently, % <z < 1. By definition

of Tz, 0 < T f(x) < V7= [V7]. Since V7 — [VT] < %7 the second element

of x, which is the first element of 7' =(x), cannot be another 2.

Now we have defined the S-expansion map, we will focus on finding an invariant

measure. Lebesgue measure might be a straightforward thought, but this mea-

sure turns out not to be invariant under 73. Consider for example 3 = 1.5 and

the interval (1,1). We find A(T75((3,1))) = M(3.2) =3 #3=X(3,1), s0

indeed the Lebesgue measure is not invariant.

We will soon give an explicit formula for the invariant measure of the S-expansion,

but we need some notation and a lemma first. The proof of that lemma and the

one of the subsequent theorem originate from [6].

Let S(z) = {n e NU{0} : 2 < T} (1)}, and define hg(z) = >_ /31“.
nes(x)

[B==]
Lemma 3.3.1 (Parry). > hg(ZE2) = 3- hg(z).
m=0

B

1 ifz< Tg(l)
0 otherwise

B

1 if zm < Té‘(l) .
0 otherwise

Proof. Let ¢, = { and cppm = {

10



[B—=]
Then 7 ¢pn denotes the number of times in {0,1,..., [8 — 2|} that &5 <

m=0
Tg(l). Note that this is just the number of linear pieces of the graph of T3 such

-zl |BTH(1)] +1 ifx < Ti(1)
z+m B B
that £ < Tg(1). It follows that mX_: { BT (1)) otherwise .
Note also that any y € [0, 1) can be written as a sum of its expansion elements
0 x 1 xr 2 xT
as follows: y = ‘“ + + .= WTEI( )] + LBTg; )] + LBng( )] + ... In
— _ BT3B 18))]
particular, and because T5(1 ) = 8 —|pB], we find that 5 — | 3] = a1 +
1 205 1 2
LBT,;(B—LBJ)J LﬂTﬂ(gs L8]] += LBTgl(l)J n Lﬁng(l)J n LBTgs(l)J .. Therefore,
BTSM] | BT () | LBTEM)] | BT LBTE (
5L§O+gl+gz+gg fzfa
With this knowledge we can finally move to the desnred result. We obtain
[B—=] x+m oo [B—z] ‘
n,m
2 hsl Z > ﬁn =2 2.5
m=0 n=0 n=0 m=0
ﬂTﬁ +Cn+1 I_ﬁTﬁ > Cn+1
D T
n=0 n=0
= Z*—ﬂco B+ 5 Z *—ﬁ
nGS(T)
=B hg(z).
O

In the last equation, the sums could be interchanged because the result is
finite.

Theorem 3.3.2 (Parry). Let v(E) = [ hg(z)dz. Ten v is invariant under Tg.
E

Proof. Let [a,b) C [0,1) be an interval such that either a > 5 — L Jand b > p—
B—b

18], 0ra <~ 18] and b< §— [B]. Note that T; " ({a,)) = U jatm bim)

We show that v([a,b)) = (T; *([a.})). B

b b "cJ
Using Lemma 3.3.1, we write v([a,b)) = &f = af% P %k)dx =
[ﬁ z] b A
Z fh/g %)dx. For the substitution y = “£% we have 4% = 8 and z €

11



[a,b) if and only if y € [¢Ek %) Thus,

B
btk
1[[3—IJ B
(@) = 5 / Bha(y)dy = / hs(y)dy
k=0 g4y 1B—b)
P U [edk, 2k

75 ([ab)

If [e,d) C [0,1) is an interval not satisfying our condition, note that [¢,d) =
[e, B —B])U[B — |B],d). This means our set of intervals [a,b) generates all
intervals [¢, d), so it also generates B([0,1)). We conclude that T is measurable
and v is an invariant measure for 7. O

Remark. Unlike the invariant measures of the other expansions, v is not (yet)

1
a probability measure. Equivalently, v([0,1)) = [ hg(z)dz is not necessarily 1.
0

In order to correct this we define

Please note that v* is still invariant under Tj3. In the future we will only be
interested in the probability measure v*, so from now on denote v := v*.

3.4 Continued fractions expansions

Sometimes the best way to write down a number is by a continued fractions
expansion. We will see why in Example 3.3. Continued fractions form the last
type of expansion we will review.

The idea is as follows: let z € (0,1). Since z < 1, we have £ > 1. We continue
by writing £ = ay + 71, where a; € N is the integer part of = and r; € [0,1). If
r1 # 0, repeating this trick for r; yields % = ag + 72, once again with ay € N
and ro € [0,1). We go on like this, which gives rise to the equation

1 1 1 1
ar+711 n 1 n 1 1
a —-— a
! 'ri ! ags + 1o 1
1 a2+

az+ -

R\»—A‘ —

The continued fractions expansion of x then looks like (ay,as,as,...), and is
finite if and only if r; = 0 for some i. Note that the possible elements of the
expansion are formed by N.

12



Example 3.3. Consider v/2 — 1. Although the n-ary expansion of this number
is unpredictable (for any n), its continued fraction is surprisingly elegant. From
the identity \[1_ =v2+41=2++2—1, it follows that v/2
(2,2,2,..).

9_1=——1_
2+ 57—
Denote the continued fractions expansion map by 7., and let o L
a2+ a3
be the continued fraction of x. Because T,(a1,as,as,...) = (a2, as, ...), we must
1
1 _
haVeT() WSOI—

—  and we get T.(z) = L —aq, or
a1 + T.(x) & (@) =3 !

T.(x)

Figure 3.4 shows how this map is different from the others. The interval

Figure 3.4: The continued fractions expansion map 7,
1.0

06 0.8 1.0

partition has an infinite amount of intervals, which makes sense because there

are N possible elements. Besides that, T, is non-linearly decreasing (from 1 to
0) on each of the intervals

Given that the map T, is so different, will it also have a different invariant
measure? The answer is yes

Theorem 3.4.1. Let p be the measure defined by p(A

1
A

W is invariant under the continued fractions map T..
Proof Let (a,b) C [0,1) be any interval. First of all, note that 7.7 '((a,b)) =
U ( bin, - _m) is a countable union of intervals, so T, is measurable. We show

thatu( H(a,0))) = p((a,b)).

Because the intervals of the union are disjoint, we find (7 1((a,b))) = Z e

1 _
b+n? a+n)) -
1
o0 a+n o0
ngl ln%2) ! H%dx = ln%Z) nzll (1+a+n) In (1+H%> - (Z hl(azz:l)
- =
21 ln(b-l&)-ﬁzl )) ln%Q) (ln( 1:[ al—izl) _ ln( b+n+1

) = ln%Q) (In(b+1) —In(a+

n=1
b
D)=tz o=

13



4 FErgodic theory and dynamical systems

We have seen a few types of expansions, and the most important measure theory
when it comes to analyzing them. Building on this measure theory, we move to
a slightly more specific view of the expansions by looking at dynamical systems,
in particular ergodic systems. The goal of this section is to discuss the Ergodic
Theorem and its consequences, but first we need cover the notion of ergodicity
and dynamical systems.

Definition 4.0.1. A dynamical system is the sequence (X, A, u, T'), where:
e (X, A, u) is a probability space
e T : X — X is a surjective map
e 4 is invariant under T'

Example 4.1. Check that for T'(z) = 1 — z, ((0,1), B((0,1)), A\, T') is a dy-
namical system. To see that \ is invariant under T, note that A\(T~'(a,b)) =
MA=b1-a)=(1—-a)—(1—-0) =b—a= A((a,b)) is enough because of
Lemma 3.1.3.

For each one of our expansions, note that ([0,1), B([0,1)), p, T) is also a
dynamical system. Here T should be the corresponding expansion map and u
its invariant measure, both as discussed in the previous section.

4.1 Ergodicity

Ergodicity is the last property of an expansion we need in order to make some
interesting statements about it.

Definition 4.1.1. Let (X, A, u, T) be a dynamical system. Then T is called
ergodic if for each A = A”UN (A" € A and N a subset of some null set)
with T71(A) = A, we have u(A) = 0 or u(A) = 1. In that case, we refer to
(X, A, u, T) as an ergodic system.

In other words, if T is ergodic, the only sets A for which T71(A) = A are
null sets or complements of null sets.

Example 4.2. Although the system in Example 4.1 is dynamical, it is not
ergodic. For example, A\((1,2)) = while T71((5,2)) = (1-2,1-7) = (3, 2).

We will try to prove that our expansion maps are in fact ergodic. However,
the definition of ergodicity forces us once again to check too many sets, namely
every set A’UN with A’ € B([0,1)) and N C M for some null set M. A lemma
will be stated to prevent that.

Lemma 4.1.2 (Knopp). Let B = B'UN (B’ € B([0,1)) and N a subset of
some null set), and let C be a collection of subintervals of [0, 1) with the following
properties:

1. Every open subinterval of [0,1) is a union of at most countable disjoint
elements from C.
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2. For all A € C, we have A(AN B) > vA(A), with v > 0 independent of A.
Then A(B) = 1.
In the proof we will make use of the measure theoretical theorem below.

Theorem 4.1.3. Let € be the collection of all finite disjoint unions of subin-
tervals of [0,1). Then for every B € B(]0,1)) and every € > 0 there exists an
E € & such that A(B A E) <e. (Recall that B A E=(BNE)U(B°NE°).)

We will not prove this theorem here. The interested reader is referred to [5],
p. 84.

Proof of Lemma 4.1.2. Assume the contrary: A(B) < 1, or A(B¢) > 0. This is
equivalent to A(B’¢) > 0 because A(N) = 0.

Let € > 0. Now because of Theorem 4.1.3 there exists an E, which is a finite
disjoint union of open intervals, such that A\(B’® A E.) < e. Note that each of
the disjoint intervals of E. can be written as an at most countable disjoint union

of elements of C. So E. = |JC; where the C; are pairwise disjoint elements of
i

C. Tt follows that A(B'NE.) = MB'NUC:) = AUB'NCy)) = S ANB'NC;) >

SAAC) = AUC) = IA(E.). |

We use the last equation to write A(B'® A E.) > A(B'NE;) > yA(E.) >
YA(B'NE,) = yA(B'“\ (B“ A E.)) > v(AM(B®) = X(B’® A E.)) > v(A\(B’®) —¢).
From this we obtain v(A(B®) —¢€) < A(B’® A E.) < ¢, and so A\(B?) < 6+776.
Since this holds for all € > 0, we must have A\(B’®) = 0, a contradiction. O

Remark. In the proof, we implicitly assumed that A(B) and A(N) were defined,
while it is not always true that B and N are in B([0, 1)). However, we can define
the completion of B([0,1)) by {B’UN : B’ € B([0,1)), N C M with A\(M) = 0}.
On this completion, we define a measure A* given by A*(B’ UN) = A(B’). In
the probability space we just created, note that we can now measure B and N.

With Knopp’s Lemma as our tool, we now prove the ergodicity of the men-
tioned expansions.

Notation. We would like a short notation for the interval {z € [0,1) : a1 =
i1, Gz = i, ..., Gp = iy }. Denote this set by A(i1, 42, .., 1), a so-called cylinder
set of rank n. We write A, (x) = A(i1, 42, ..,1,) if * € A(i1, 02, ..,0p).

Theorem 4.1.4. The GLS-map T is ergodic.

Proof. Let B € B([0,1)) with T5'(B) = B and A\(B) > 0, and let £ be the
collection of all cylinder sets from the GLS-expansion. We see that the first
condition of Knopp’s Lemma has already been fulfilled.

Now note that the slope of T is constant on any cylinder set. So if Ay, A; C

AMA) _ MTg(A1))
E € &, then )\(A;) = /\(Tg(A;)). Note also that

TE(A(i, iz, -y in)) = Ta  (Alin, i3, oy in)) = .. = Ta(A(in)) = [0,1)
results in A(TE(E)) = 1 for any cylinder set E of rank n.
Consequently, if F is a cylinder set of rank n, we obtain

MENB)  MENTZ"(B)) MTZ(E)NB) _ A([0,1)N B)

A(E) A(E) O NTEE) A([0,1))

= \(B).
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It follows that A\(E N B) = A(E)A(B), which means the second condition holds
for v = A(B). Therefore we achieve A(B) = 1, and T must be ergodic. O

Keep in mind that every n-ary expansion is just a special case of a GLS-
expansion. Thus ergodicity, and any other property we prove for the GLS-
expansion later on, also holds for the n-ary expansion.

We proceed with the ergodicity of the S-expansion map. Note that the first
part of the proof will be constructed as in [9)].

Theorem 4.1.5. The [-expansion map T3 is ergodic.

Proof. Let B € B([0,1)) with TEI(B) = B and A(B) > 0, and let £ be the set
of all full intervals. A full interval of rank n is a cylinder set A(iy,ig,...,05)
for which /\(Tg(A(il,ig,...,in))) = 1. Since T has slope 8, we have that
)\(TB(A(ZM ig, 7Zn))) = ﬂA(A(il,i% ,Zn)) It follows that

AT (A (i1, 89, 0y n))) = B"ANA(ir, 2, oy i) = 1,

and we get that A(A(i1, 42, ...,%,)) = 7" for any full interval.

We first try to cover [0,1) up to a set of (Lebesgue) measure zero with disjoint
full intervals of rank n. Let § > 0 and n > 1 be given. Begin with filling
[0,1) with all full intervals of rank n. Now fill the remainder of [0, 1) as far as
possible with full intervals of rank n + 1. Repeat this trick up to n + k. Note
that the proportion of non-full intervals versus full intervals of rank n + ¢ is

always 1 — % < % So we have covered [0,1) up to a set of measure smaller

than (3)F < £ if k is large enough.

Now we also covered each open subinterval I, as long as we remove those full

intervals that contain the endpoints of I. For n large enough, these intervals

have measure smaller than 37" < £. It follows we have covered I with disjoint

full intervals up to a set of measure e.

In order to satisfy the first condition of Knopp’s Lemma, let D,, be the cover

[ee]

of I we created for e = L. Then I = |J D,, is a countable disjoint union of
m=1

full intervals.

We proceed in the manner of the proof of Theorem 4.1.4. If E is a full interval

. XENB A(ENT;™(B)) X(Tg (E)NB) A([0,1)NB
of rank n, we obtain (/\(E) ) = A(%) = ,\(ﬁTg(E)) = (,\[([0,)1)) ) = A(B).

It follows that A(E N B) = A(E)A\(B), which means the second condition from
Knopp’s Lemma holds for v = A(B). Therefore we achieve A(B) = 1, and g
must be ergodic. O

Remark. It might seem odd that we use Lebesgue measure in the proof, while

we have seen it is not invariant under 7;3. The proof is however justified, as the

invariant measure v is of the form v(A) = [ g(x)dz, where g(x) is positive and
A

bounded. Note that such measures have precisely the same null sets as A, and
that is enough for showing ergodicity. Any measure with the named property
is said to be equivalent to the Lebesgue measure.

Theorem 4.1.6. The continued fractions map T, is ergodic.
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Proof. Let B € B([0,1)) with T, 1(B) = B and u(B) = ﬁgﬁdx > 0,
and let £ be the set of all cylinders. Note that every rational number can be
represented by a finite continued fractions expansion. Therefore, every rational
number is a left endpoint of some cylinder, and the first condition of Knopp’s
Lemma is satisfied. Before we continue, we list some minor results that can
be verified with number theory. Denote % for the number represented by the

n
finite expansion (a1, as, ..., a,). Then:

1. pn—1@n — Pntn—1 = (=1)"

2. The cylinder A(as, az, ..., a,) has endpoints 2= and %

3. If the first n elements of the expansion of x are aj,as,...,a,, then z =
Pnt+T0 () pn_1
q”+Tcn(w)anl

We now concentrate ourselves to the measure theoretic part of the proof. Let

A, = A(ay,az,...,a,) be a cylinder of rank n, and let [a,b) be any interval.

Note that if T/*(x) = a, then x = %, and we have the same with b. It

- : ntap, ntbPao1 Qi
follows that 7.7 '([a,b)) N A, has endpoints % and Z”ibﬁ. Since it

depends on n which fraction is larger, we take the absolute value to calculate
the Lebesgue measure:

Pntapp—1  Pn+bpno1

Gn +aGn-1  Gn +bgn_1

(pn + apn—l)(qn + an—l) - (pn + bpn—l)(qn + aqn—l)
(qn + agn-1)(qn + bgn-1)

(a — b)(pn—chn - ann—l)

(qn + CLanl)(qn + anfl)

NI ([a,0)) N A,) =

c

_ Qn(Qn—l + Qn) 1
—(b—a)- .
@n(@n-1+qn) (gn + agn-1)(gn + bgn—1)
Gn(qn—1+ qn)
= AM[a, b)) - AM(A,) - )
(la,8)) - M&n) (qn + agn-1)(qn + bgn—1)
It is easy to check that gx41 > gi for all k£ € N. As a result, % < qnj#%
(qn+52ﬁnig(lqt$b)qn71) < q"(q”';21+q") < 2. From this we obtain £A([a,b))A(A,) <

MT™([a,d) NA,) < 2)\([;; b))A(A,) for all intervals [a,b). Those intervals
generate 5([0,1)), so actually

SAANAL) < AT (A) 1 A,) < 2A(ANA,)

for all A € B([0,1)). Moreover, note that

§1_%z§1whenm€[071).

because %
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With these two inequalities, we write

wT (A NA,) >

>_ -
- 4ln(2))\ A

Taking A = B, we finally obtain u(BNA,,) = u(T,™(B)NA,) > 22 (B)u(A,),
the second condition of Knopp’s Lemma with v = % u(B). We conclude that

T, is ergodic. O

The ergodicity of the expansions will prove useful in the following subsec-
tion, where we will study the general behaviour of expansion elements.

4.2 Expansion element frequency

We are almost ready to state the Ergodic Theorem, the most important theorem
in the thesis because of its many consequences. But first let us discuss the notion
of normal numbers.

Definition 4.2.1. Let z € [0,1) be a number with GLS-expansion (a1, as, ...),

and let D be the set of all possible digits. Then x is normal if for any block of dig-

its by, ba, ..., by, one has lim %#{z e{l,..,n}:a; =b1,a;41 =ba, ..., Qi1m_1 =
— 00

b} = (1o, = 1p,) - (1o, — lby) - oo v (70, — Db, )-

So the frequency of every block has to be proportional to the interval length
corresponding to that block. If we only allow blocks of a single digit, we can
use the Strong Law of Large Numbers (SLLN) to derive an interesting property
of the GLS-expansion. Recall that the SLLN is defined as follows.

Theorem 4.2.2 (Strong Law of Large Numbers). Let X1, Xo,... be i.i.d ran-
dom variables such that E(X1) < co Then, almost everywhere, lim + 3 X; =
E(Xy).

This theorem states that if we repeat the same random experiment often
enough, the average outcome will converge to the expected value. Now let
1 ifai(z)=7j
Xi(w) = { 0 otherwise
tributed and that E(X;) < oo. We find that for any j € D, lim %#{z €
n—oo

Note that the X; are independent, identically dis-

{(1on}rai=j} = lim 130X, = B(X)) = 1-A(X1) +0- A(XD) = A({z -

ai(z) = j}) =r; — I for almost all z € [0, 1).

We just proved that for almost all z, or with probability 1, the frequency of
any expansion element j is equal to its interval length r; — I;. If it is not clear
yet why this is interesting, note that this implies that if we pick a "random”
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number in [0, 1), with probability 1 the numbers 0,1, ...,9 will appear equally
often in the decimal expansion. The word "random” is put in quotation marks
because it is hard to create such a random number.

Unfortunately, we cannot prove this property for blocks of multiple digits. Con-
sider for example the blocks (1,4) and (4, 8) in the decimal expansion. Note
that

A(X;(1,4) N Xi11(4,8))
=A{z :ai(x) = Laip1(x) =4} N {z : aip1(2) = 4, ai42() = 8})
=AM{z :ai(z) = 1,ai11(2) = 4, ai42(x) = 8})
1 1 1 1
T 1087 10 T 102 107
—A({o ai(@) = L (@) = 41) - A{w : a041(2) = 4, a142(2) = 8})
= MX;(1,4)) - MXi41(4,8)).
From this we conclude that the X; are not independent anymore, and we can
not use the SLLN.
A better alternative can be found in the Ergodic Theorem.

\H\

Theorem 4.2.3 (Ergodic Theorem). Let (X, A, p, T) be a dynamical system,
and suppose f is an integrable function with respect to p. Then

Jim 23" foTiw) = £ (a)
1=0

exists a.e. and [ fdu = [ f*du. If T is ergodic, we also have that f* = [ fdu
X X X
s a constant a.e.

1 ifzeB

0 otherwise
some B C [0,1). Together with the ergodicity of our expansions, the Ergodic
Theorem can be reformulated as

Remark. For our purposes we want that f = 1p =: {

nlggoﬁ;hoT( ) = p(B), or

lim #{z €{0,...,n} : T"(x) € B} = u(B).

n—oQ
To prove Theorem 4.2.3 we need help in the form of the following lemma.
Lemma 4.2.4. Suppose (X, A, i) is a measure space and f : X — [0,00) is an
integrable function. If [ fdu =0, then f =0 a.e.
X
Proof. Let [ fdu = 0.
First assum)é that f =14 for some A € A. Then pu(A) = [1adp= [ fdu =0,
soAisanullsetandf—ILA—an * *

Now assume f is a simple function Z ¢;i1la4,. We have that f fdp= [ Z cila,dp=
=1 X i=1
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Yo [Ladp =Y eipu(A;) = 0. Then ¢;u(A;) = 0 for all 4, and it must be
i=1 X i=1
that ¢;14, = 0 a.e. It immediately follows that f = > ¢;14, =0 a.e.
i=1
Finally, let f be any measurable function. Note that [ fdu = sup{[ ¢dp :
X X

¢ simple and ¢(x) < f(z) for all z € X} = 0 implies [ ¢du = 0 for all simple
X

functions ¢ < f. Since we already proved this lemma for simple functions, ¢ = 0
a.e. holds. We derive from Theorem 8.8 of [8] that f =0 a.e.
O

Proof of Theorem 4.2.3. Because it is all we need for now, we will prove only
the case f = 15 here. Define

n—1

1 .
T(z) = limsup — lgoTYx
FHo) = timsup 3 1o ()
and
ln—l )
f*(gj):hnrggfﬁzg]lBoTl(x).

Some properties of f* and f~ are:

n—1 . .
e they exist, because > 1goT%(z) = #{i € {0,...,n—1}: T(z) € B} < n.
i=0
e they are measurable since measurability is preserved under composition
and limits.

e 0< f(z)<ff(z)<1lforallze X.

e they are invariant under 7.

n—1 .
For the fourth property, note that f*(T'(z)) = limsup 1 Y 1o T (z) =
n—o00 i=0
n X n—1 .
limsupl Y 1goTi(z) — 12 = limsup: > 1o Ti(z) — 0 = fF(x). The
n—o00 i=0 n—o00 i=0
same argument holds for f~(x).

The main goal now is to prove [ ftdu < u(B).
X

n—1 .
Let € > 0 be arbitrary. Define the partial sum S,(z) = > 1p o T"(z) and

i=0
N(z) =min{n > 1: S,(x) > n(f*(z) —€)}. Clearly this set is nonempty since
the inequality holds for large n. Therefore we can find an M > 0 such that
p{x e X : N(x) > M}) <e.

n—1
Let BB = BU{x € X : N(x) > M}, S/,(z) = 5. 1p o Tx) and N'(z) =

i=0
N(z) i N(x)<M
1 it N(z) > M
If N(x) > M, then z € B’ and so

. We distinguish two cases.

Shi() (@) = Si(x) = 1pr = 1> T (2) —e= (fT(x) — ) N'(2).
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If on the other hand N(x) < M, then since B C B’ we have

S;V’(x)(x) = S;\/'(x)(‘r)
N(z)—1

Z ]]-B’ (e} TZ(.’E)
=0

N(z)—1

> lpoTi(x)
i=0

= SN(z)(x)
N(z)(f*(x) —€)
= N'(2)(f"(z) —e).
Thus, for all z € X: Sy, (,y(z) = (f7(z) — €)N'().

We continue by defining the sequence ng(z) = 0, ny1(2) = ng(x)+N' (T (z)).
Also, let n > M be sufficiently large and denote | = max{k > 1 : nx(z) < n—1}.
Given that 11 (z) —n;(z) = N/ (T™®) (2) < M for all 4, S, (y) > m(f*(y) —e)
for all y € X and the fact that fT(x) is T-invariant, we can write:

n—1
S, =Y lpoT(z)
=0
ni(z)—1
Z ILB/ (@) Tz(it)
=0

I niyi(z)—-1

:Z Z ]]-B/ OTj(JZ)

i=0 j=ni(z)

Y

I mig1(z)—ni(z)—1
=2 X el W)

l
= ;V/(Tm(m) (2)) (T”i(m) (x))
i=0
l

N(T™ @) (@) (f (T (2)) =€)

Y

(141 (2)
> (n—M)(f*(x) —e).

From here we obtain 2 [ S/ du > =M [ f+ —edp = 2=M([ frdp— [edp) =
X X X
1
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n—1
1 —n(g)y = 1 N = (B
Sl B LS T B = 3 S W) = (),
n — oo, this yields [ frdu —e < u(B’), and p(B) > w(B') — p({zr € X :
X
N(z) > M}) > uw(B') —e = [ ftdu — 2e. We may now conclude that indeed
X
[ fFdu < u(B).
b'e
From here it is not hard to show u(B) < f f~dp. Define g =1gc =1—1p and

: 7 / n—1
If

n—1
note that g™ (z) = limsup + Z (1-1p)oT(z) = limsup +(n— Y 1goT(z)) =
i=0

n— oo n—oo

limsupl— 21 Z lgoTi(x) = 1—11m1nf7 Z lgoTix)=1— f~(x). We can
n— 00 =0

use this and the proof of the "main goal” to check that pu(B) = 1 — u(B°) <
1— [gtdu= [1-gFdu= [ fdp.
X X X
So far we have proved that ff+du < u(B) < ff_du. However, fT > f~ and
hence ff*d/i > ff du. Then it must be that ff*d,u = ff du = p(B).
ertlng I f du f frdu — ff dp = 0, we can use Lemma 4.2.4 to con-
X

clude f™ = f—. Denote fr= fJr = f~ and we have completed the proof of the
first part of the theorem.
What is left is to show that it T is ergodic, then f* is constant almost ev-
erywhere. So suppose T is ergodic. Consider the collection of sets A, =
{r € X : f*(x) > r} (r € R). We already know f* is T-invariant, hence
TA) ={zeX: T Y z))>r}={xeX: f(z)>r}=A,. Since T is
ergodic, u(A,) equals 0 or 1 for all » € R. We conclude that f* is a constant
almost everywhere.

O

With the Ergodic Theorem we are able to prove what we could not with the
Strong Law of Large Numbers.

Corollary 4.2.5. Almost every x € [0,1) is normal.

Proof. Let x € [0,1) and let by, ba, ..., by, be a block of digits. Define B = {y €
[0,1) : a1(y) = b1,a2(y) = bay...,am(y) = by }. Then nl;ngo %#{Z e {l,...,n}:

ai(x) = bl,ai+1(x) = b2,...,ai+m_1(aj) = bm} = n]l_}H;O %#{Z € {1,...,%} :
Tl(it) € B} = )\(B) = (Tbl — lbl) . (7’52 — lb2) Caet (Tbm — lbm) O

Since non-normal numbers form a Lebesgue null set, this corollary might
give the impression it’s easy to construct a normal number. The opposite is
true though. No rational number, for example, can be normal with respect
to the n-ary expansion. To see this, note that the expansion of each rational
number is eventually periodic, meaning a certain block of digits repeats itself
after a while: (a1, ..., @k, b1, ey by b1, ooy Oy b1, o ). Then consider the block
b1,b2, ..., by, b1, where by, 1 # b1. This block never occurs in the periodic
part of the expansion, so its frequency is 0. On the other hand, in the expansion
of a normal number this block should have frequency —i.
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Example 4.3. We can construct a normal number for the n-ary expansion by
listing every block of 1 digit followed by every block of 2 digits, etc. For the
decimal expansion, this results in the number

0.012345678910111213...979899100101102....

Little is known about which numbers are normal. In fact, no one has even
been able to prove whether v/2 is a normal number. This fact makes Corollary
4.2.5 even more remarkable than it already seemed. It shows how powerful er-
godic theory is.

Let us continue with a suitable example of the S-expansion. We would like a
1 < B < 2 such that the block 1,1 can only just not occur. So given that the par-
tition is {[0, U;%), [U;%, 1)}, we want that Tp(1) = % Now since |8] =1 and
by definition of Tz, we find 8 —1 = % It follows that 3 satisfies 32— —1 =0,

and we conclude that g is the golden mean 1+T‘/5 In order to use the Ergodic

Theorem, we have to calculate the invariant measure for § = 1+2\/g explicitly.
It is clear why we chose § like this when we calculate TO( =1, Té(l) =1-p

) =
1+1 if -1
and T} (1) = O for alln > 2. Now hg(z) = 3 { tp H0<z<p

sm L fp-1<z<1’
1 1 B—1 1
and [hg(z)de = [ 3 gede= [ 1+ gde+ [ 1dr= % We finally ob-
0 0 S(zx) 0 B-1
[ hp(z)dz f 5+130‘/5 f0<x<p-1
tain v(E) = 22— =< E ) . From here it is easy
[ haa)de JH5 g -1<a<]
0 E
to find the frequency of any block with the Ergodic Theorem.
Example 4.4. We calculate the frequency of the block 0,1 with g = T\/g
Note first that {z € [0,1) : a1(x) = 0,a2(x) = 1} = [ﬁm%). The Ergodic

Theorem implies that lim %#{z € {1,..,n} : ai(x) = 0,a;41(z) = 1} =
n—oo

n—1

hranIL;2

1
n~>oon4 B

543V gy = 5¥/5 ~ 0.276.

(i) = v[ . 4)) =

=

We conclude this section with a theorem about frequency of single digits in
the continued fractions expansion.

Theorem 4.2.6. Let a € N. Then for almost all x € [0,1) with continued
fractions expansion (ai,as, ...):

lim_ %#{z e{l,..,n}:a;(x) =a} = ﬁ In(1 + m)-

Proof. The equality is a relatively simple consequence of the Ergodic Theo-

rem. Note that {x € [0,1) : a1(z) = a} = (a—Jr17 11, We now have hm Lulie
n—1 :
{1,..,n}:a;(x) =a} = h_{r;o - Z;) ]l(a11»17%](TCi(x)> = M((ﬁ, i) = ﬁ 1[ ﬁdaﬁ =

1+ a 2
iy (Im(1+2)— 1n(1+%+1)) = gy (5 ) = gy I(ar) = iy efary) =

a(a+2)+1
1n%2) 1 ( Ez(a+)2) ) - 1n(2) In (1 + a(a+2)) 0
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5 Entropy

Entropy measures the randomness of a dynamical system. It gives an indica-
tion of how predictable a particular probability space (X, A, 1) is when applying
some map 7. From our point of view entropy gives information about the pre-
dictability of digits in expansions.

In this section we slowly develop the definition of entropy, find a way to calcu-
late entropy of our expansions and discuss some consequences.

5.1 Definition of entropy

Consider the probability space (X, A, 1) and a set A C X with positive measure.
Let 6(A) denote the randomness of the event A. If u(A) = 1 we would like
§(A) = 0, since there is no randomness in an event that has probability 1 of
occuring. If on the other hand p(A) is small, it is hard to predict event A and
so 0(A) should be large. Apart from this, there is another property we would
like § to have. It feels natural to desire that if A and B are independent events,
then §(AN B) = 6(A) + §(B).

Summarizing, §(A) should be nonnegative, decreasing when the measure of A
increases, and §(A N B) should be equal to §(A) + §(B) whenever A and B are
independent. Note that the following definition provides those properties.

Definition 5.1.1. Let (X, A, 1) be a probability space and A C X be a set
of positive measure. The randomness of the event A is defined by 6(A) =

— In(u(A)).

We now move on from randomness of a single set to randomness of a partition
(up to null sets).

Definition 5.1.2. Consider the same probability space as before and a finite
collection of pairwise disjoint events o = {A1, As, ..., A, } of positive measure
n
such that pu(|J A;) = 1. That is, almost every x € X is an element of some
i=1
n
A;. Then the randomness of the partition « is H(a) = w(A;) - 6(A;) =
=1

%
n

— > 1(A) - In(u(A;)).

i=1

This definition makes just as much sense as the previous one. If a con-
sists of just 1 element A, then u(A) = 1 and H(a) = 0. Note that in that
case there is indeed no randomness. However, H(a) should be maximal when
all events have equal probability: A; = % for every i. The way to check
this is by finding H(«) = In(n) for the described partition. For an arbi-
trary partition {Aj, As,...,A,} we obtain with help of the Jensen’s inequal-

n n

ity: H({A1,As,...,Ap}) =n- % - — ;H(Ai) “In(u(Ay) < n- —% ;M(Ai)

In(+ Z 1(A;)) = —n- L -In(L) =In(n). We have just shown H(a) is maximal

i=1
when the events have equal probability.

We are now ready to give the full definition of entropy.
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Notation. For a partition a = {4y, ..., A, } we denote T~ () = {T~%(Ay), ..., T~ (An)}

n—1 . .
and \/ T7"(a) = {Ar,N...0Ag,_, : Ay, € T77()}. Note that both are parti-
i=0
tions and that the last one becomes finer (i.e. has more elements) when n gets
larger.

Definition 5.1.3. Let « be a finite partition up to null sets and 7' be measure
preserving. The entropy of T with respect to « is given by

n—oo N

n—1
h(a,T) = lim l-H(\/ T (a)).
1=0

Finally, the entropy of T, which is independent of the partition, is defined as

hT) = Slolép h(a,T).

5.2 Entropy of expansion systems

Although Definition 5.1.3 provides us with a way to calculate entropy, it forces
us to find the supremum over all partitions, of which there are many. We
have seen this kind of problem before when we were defining measurability and
ergodicity. Similar to those problems we have a theorem for entropy based on
a property of the generator in question.

Definition 5.2.1. Suppose (X, A, u,T) is a dynamical system and « is a par-
tition of X up to null sets. Then we say « is a generator (of A) with respect to

T ifa(vOT*i(a)) —A.

1=

o .
So if « is such that the collection \/ T*(a) forms a generator of the o-
i=0
algebra, then « itself is called a generator. Taking an expansion map 7' and its
oo .
corresponding partition a, note that the elements of \/ T"(«) are the cylinder
i=0

sets of ”infinite” rank.

The following theorem makes it somewhat easier to calculate entropy. For a
proof see [7].

Theorem 5.2.2 (Kolmogorov, Sinai). With the notation as before, let « be
a finite or countable generator with respect to T such that H(a) < co. Then
WMT) = h(a,T).

Lemma 5.2.3. The partition o obtained from any GLS-, 8- or continued frac-
tions expansion generates B([0,1)) with respect to the corresponding map T .
Proof. Let n € N. Note that every cylinder of rank n is a countable union of

elements from \/ T~%(«). In the proofs of Theorems 4.1.4, 4.1.5 and 4.1.6 we
i=0
have already shown that any open interval (a, b) is a countable union of cylinder
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sets of rank n (the first condition of Knopp’s Lemma). Lastly by definition the
open intervals generate 5([0,1)).

0 .
Summarizing: \/ T~ "(«) generates the cylinder sets of rank n, cylinder sets of

=0

rank n generate the open intervals and the open intervals generate B([0,1)). It
oS} .

follows directly that o(\/ T7*(a)) = B([0,1)). O
i=0

The immediate consequence of Theorem 5.2.2 and Lemma 5.2.3 is that
hT) = h(a,T) for @ and T related to our expansions. We will use this re-
sult later, but first we state another important theorem.

Theorem 5.2.4 (Shannon-McMillan-Breiman). Let (X, A, p, T) be an ergodic
system and « a partition of X up to null sets for which H(«) < oco. Denote the
n—1 .
element of \/ T *(«) that contains x by A, (x). Then
i=0

7

ha,T) = lim —lln(,u(A”(a:))) a.e.

n—oo n

Proof. The proof is based on the method of [2] and also uses [1], proposition
4.19. We start with a few definitions:

* Hlf) == % B;ﬁlnwfz;?)) (AN B).

o Io() = —In(u(A1(2))) = — 3 La(e) - In(u(A)

Aca

¢ Fale) == T T L) 0

i fn(l‘) = Iocl {} T_i(oc)(x)

Using this notation we have

I&T_i(a)m = —In(u(An(2)))
= — ln(u(\/ T~ (Ar(2)) N Ay (2)))
= — ln(u(_\/ T (Ar(x))) - p(Ar(z)] \/ T (Ar(x))))
= —ln(u(\/ T~ (A1(2)))) — In(u(Aq ()] \/T‘i(Al(x))))
=Li  (T@)+ falw)
v T-(a)
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Note that repeating this argument gives us I\T} (x) = 3 fai(TH(x)).
i=0

T=i(a)
i=0
Now letting f(z) = le fn(x), we can write
li 1 A()—l'ln T (x ln
Jim =~ In(u(An (2)) —ngr;onzgf( ni; Fomi = DT ().
1= =

In the remainder of the proof, our goal is to show that the first term equals
h(a,T) and the second term equals zero.

For the first term, we follow three steps in which we encounter some results of
conditional entropy.

Step 1: Suppose [ and v are any partitions of X. Then

H(B)+ HGI9) =~ Y n(B) - Y umne) )
Bep Bep Cey
=~ 3 uB) Wu(B) - Y 3 u(BNC) - m(u(BNO)
Beg B

+ 3 2uBAC) iu(B)

:*Z (B))+ H(BVY)+ > u(B)-In(u(B))
Bepg Bep
=H(BV7).

Step 2: Speciﬁcally, it follows from this equality and the fact that u is T-

invariant that H (o \/ T a)) = H(\k/ T_i(a))—H(\k/ T a)) = H(i\_k/o T a))—

=1

(\/T ‘(a)). If we sum over k now, wegetZH(a\\/T Wa)=H(\ T a))—
i=1 =0
H ( ) because the right hand side is a telescoplng sum. Finally since H(a) <

7

n k
nh_}ngoH af \/1T_1 —nli_{I;OiZH(M \/T_i(a))

= lim H\/Tz ) =0

n—oo N
=0

=h(a,T).
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Step 3: When we apply the Ergodic Theorem to f and use step 2, we obtain
1 :
Jim 3T @) = [
= X

- /nlL)n;oIoz\ Y, T*i((x)(x)d'u
X =1

- / Y Y s w08,
— n(B)
X Be v T-i(a)

:*Z Z /LmB ~In( (A(Q)B))dﬂ

A
€ e \/ T-i(a) X

:_Z Z M(AQB).]D(M)
Aca pe ? T-i(a) #(E)

04|\/T_l = h(a,T),

as desired.
What is left is to show that the sequence {1 Z (fa—i— f)(T%(x))}nen converges

to zero. Define Fy = sup |fn—ir — fl, and note that hm Fn = 0. Note also
n—k>N

that |fr — f] is integrable for all k& because f and all fk are 1ntegrable.

Now let € > 0. Then there exists an N such that Fy(z) < € for almost every z,

and so for n > N,

LS i~ DT @) € -5 i~ 1T @)
=0

=0

n

1 n—N ) 1 )
=2 M = ST @)+ o >0 i = ST (@)
=0

i=n—N+1
= 4 L V-1 ‘
s - FN(TZ(x))‘Fg Z |fi = FI(T" " (2)).
i=0 i=0
n—N
For the left hand side, we have lim 1 Y Fy(T%(x fFNdu < f edp =
n— 00 i=0

€ almost everywhere. For the right hand side note that Z |fi — f| is still
i=0
N-1
integrable, and hence _ |f;— f|(z) must be finite almost everywhere. The same
i=0
N-1 ‘
then holds for > |f; — fI(T™ *(z)) since T is measure preserving. It follows
i=0
N-1 _
that lim 1 3 |f; — f|(T"""(z)) = 0 almost everywhere, which completes the

proof. O
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Remark. In words, the Shannon-McMillan-Breiman Theorem states that the
entropy of a partition is related to the limiting size of a cylinder set created
by that partition. This should not feel very strange because cylinder sets give
information about the occurring events of the partition.

We just need one more lemma before we can calculate the entropy of our
expansions. This lemma gives us the opportunity to use the Lebesgue measure
when applying Theorem 5.2.4, a much "nicer” one than the invariant measure
of the (-expansion or the continued fractions expansion.

Lemma 5.2.5. Let 6 be an invariant measure for an expansion map Ty. If
there exist a and b such that a - 0(An(z)) < AMAn(z)) < b-0(A,(x)), then
lim RO@G @) _ 4

n—oo (0(An(2))) ’

Proof. Taking the natural logarithm of all three sides and dividing by In(6(A,,(z))),
we have

In(a) + n(0(An(2))) _ m(A(An()))
In(0(An(z))) = n(8(An(2)))

The result follows when n — oo since lim In(6(A,(x))
n— oo

We proceed by calculating entropy of our expansion systems, using all of the
previous theorems and lemmas of this subsection.

Corollary 5.2.6. Suppose o = {[l;,7:)}ier (I C NU{0}) is a GLS partition,
and denote L; =r; — l;. Then h(Tg) = — > L; - In(L;).
i€l

Proof. From Corollary 4.2.5 it follows that when n — oo, the proportion of
times that T—%(x) € [l;,7;) (with k < n) is nL; for almost every . Thus,

lim A(A,(2)) = Lyko. ek,
— eln(Lo)-nLo . eln(Lm)%Lm .

n Y, L;In(L;)
— ¢ iel ,

n

and lim —LIn(A(A,(2))) = = X L;In(L;). We can combine this equality with
Theorem 5.2.2; Lemma 5.2.3 and Theorem 5.2.4 to get

W(Te) = ha Te) = lim = In(\(An(2))) = = 3 Liln(L)

n—oo N =
K3
O]

n—1

Example 5.1. The n-ary expansion has entropy h(T,) = — Y L -In(2) =
i=0

—n- L. —In(n) = In(n).

Corollary 5.2.7. For 8 > 1 and « the usual partition for a [B-expansion,
h(Tg) = In(B).
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Proof. We first show that the corresponding invariant measure v satisfies the
condition of Lemma 5.2.5. Note that the density function of A is constant,
and the (unnormalized) density function of v, hg(z) = <ZT:”(1) /5%’ satisfies
n:xr B
1 < hg(z) < oo because < 1 and f > 1. That means we can always find a
and b such that a - v(A,(x)) < AMA,(x)) < b-v(A,(z)), so Lemma 5.2.5 holds.
From the proof of Theorem 4.1.5, we know that every open subinterval of
[0,1) can be written as a union of countably many full cylinders. Therefore full
cylinders generate 5([0,1)), and we can assume A, (z) is full. Note that now
AMAL(x)) =87
Concluding, Theorems 5.2.2, 5.2.4 and Lemmas 5.2.3, 5.2.5 imply

h(Ts) = h(a, Tp)
— fim — 2 (A (2)))

n—oo n

— lim — 2 (A (2)))

n—oo N

= lim 1 In(8™")

n—oo n

= lim —2 . —In(B)

n—oo N

— In(B).
O

Finding the entropy of the continued fraction map is slightly more compli-
cated, as the size of its cylinder sets is not that clear. We will use the following
result. A proof can be found in [4].

Theorem 5.2.8 (Lévy). Let A, (z) be the cylinder set of rank n containing x
with respect to the continued fractions expansion. Then

nh_%o%m(/\(An(x))) ~ 6In(2)

7_‘,2

Corollary 5.2.9. If « is the continued fractions partition, then h(T.) = 5 -

Proof. The inequality ﬁ@))\(A) < p(A4) < ln%Q))\(A) obtained from the proof
of Theorem 4.1.6 yields

In(2)u(An(z)) < AMAn(z)) < 2In(2)p(An(2))

for A = A, (x). Therefore we can use Lemma 5.2.5 with u the invariant measure
of T,.
Now because of Theorems 5.2.2, 5.2.4, 5.2.8 and Lemmas 5.2.3, 5.2.5 we have

nT.) = h(a, T;) = lim —l In(u(An(z))) = lim —lln(/\(An(a:))) =

We end this section with a comparison between the decimal expansion and
the continued fractions expansion.
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Theorem 5.2.10 (Lochs). Suppose x has decimal expansion 0.dids... and its
continued fractions expansion is represented by (a1,as,...). Consider the num-
ber ' = 0.d1ds...d,, with representation (ci,ca, ..., ck) of its continued fractions
expansion. Define m(n,x) as the largest integer such that ¢c1 = a1, ..., Cm = A

Then
m(n,z)  6In(2)In(10)
= 2

lim
n—o00 n ™

a.e.

Proof. Denote A,, = A(ay, ..., an_1, a,) as a cylinder set of rank n with respect
to the continued fractions expansion, and define A = A(ay, ...,an—1,a, + 1).
A famous result in number theory is the recursion ¢, = ag¢,_1 + ¢,_2, where
¢n is the denominator of the m-th partial continued fraction. Note that for
any y € A, and z € A, we have ¢,—2(2) = gn—2(Y), gn-1(2) = ¢n—1(y) and
an(z) = an(y) + 1. Taking gx(y) := qx, we obtain

1
AMAW _ Gaatan ) 4(2)(@n(2) + o)

- 1
QN(Z)(Q'/L(Z)JFanl) qn(qn + qn_l)

_ (n(2)gn-1(2) + gn—2(2)) - (an(2)qn-1(2) + gn—2(2) + gn-1)
(ananl + Qn72) . (ananl + qn—2 + Q’nfl)
o ((an + 2)(]77,71 + anz) : ((an + ]-)anl + anz)
(anQn—l + Qn—2) : ((an + I)Qn—l + Qn—2)
2Qn—1
AnGn—1 + qn—2 a
The previous inequality will come in handy later in the proof. First, since T,
is almost everywhere decreasing, T? = T,(T,) is increasing a.e., T2 = T.(T?) is
decreasing a.e. and so on. Thus almost everywhere, T increases if n is even
and decreases if n is odd. Consequently, the chaotic part of T"*! (visible in
Figure 3.4) happens on the left side of A,, if n is even and on the right side of
A, if n is odd. Now let I be an interval in [0,1) and A,, the smallest cylinder
set containing I. It follows that for almost all z € I, there is a 1 < j < 3 such
that either A, 4;(z) C I or A,1j(xz)" C I. To be clear here, x € A,4;(z) and
not z € Ay j(z)*.
In particular, if D, (x) is the decimal cylinder of rank n containing x, then
I = D, (z) yields Apq; € Dp(x) € Ay (z) for some 1 < j < 3, where A,
equals either Ay, 4;(x) or Apgj(2)T. By MApg;) < 3)\(A;+j) we have
1

3 A (2)) < A(Dn()) < MAm (),

=1+

and

() 4 B (@) € (A D) < - (A (B (1),

1
m m mn m

From now on suppose n — oo. In that case clearly also m — oo. We can
apply Theorems 5.2.2, 5.2.4 and Lemmas 5.2.3, 5.2.5 to get h(T.) < >h(T1o) <
h(T:). It follows that h(T.) = 7=h(T10), and we conclude from Example 5.1 and
Corollary 5.2.9 that

im ™ h(Ty)  6In(2)In(10)
n—oo N o h(TC) o 7T2

a.e.
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Because M ~ 0.97, we can say that the average amount of informa-

tion per digit of the continued fractions expansion is slightly higher than that of
the decimal expansion. In other words, on average, 97 continued fraction digits
approximately give the same information about a number as 100 decimal digits.

Without extra effort, Lochs’ Theorem can be generalized for arbitrary n-ary
expansions. In fact, it is possible to prove more of such comparison theorems
considering many different expansions. Those theorems are beyond the scope
of this thesis, but they can be found in [3].
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