MAGICO010 Ergodic Theory Lecture 7

7. Entropy

§7.1 Introduction

A natural question in mathematics is the so-called ‘isomorphism problem’:
when are two mathematical objects of the same class ‘the same’ (in some
appropriately defined sense of sameness). In ergodic theory, one wants
to classify measure-preserving transformations typically up to a measure-
preserving isomorphism. Deciding whether two measure-preserving trans-
formations are isomorphic is a hard problem, and so instead one looks for
invariants: quantities that one can associate to each measure-preserving
transformation that remain unchanged under isomorphism. Here we discuss
one such invariant—the entropy—which, as well as its uses in ergodic the-
ory, also has wider applications, particularly to information theory and the
mathematical theory of communication.
Throughout we use logarithms to base 2.

§7.2 Entropy and information of a partition

Information is a function defined on a probability space with respect to a
finite or countable partition, and entropy is the expected value (i.e. integral)
of the information. There are many axiomatice characterisations of informa-
tion and entropy that show that, subject to some natural conditions, they
must be defined as they are. Here we just give a brief motivation for the
definition and trust that it gives a quantity that is of interest!

Suppose we have a probability space (X, B, ;) and we are trying to ‘lo-
cate’ a point x € X. To do this, we assume that we have been given a finite
or countable partition o = {Aj, A, ...} of measurable subsets of X. If we
know that € A; then we have, in fact, received some information about
the location of z. It is natural to require the amount of information received
to be constant on each element of the partition, and moreover the amount
information received to be ‘large’ if A; is ‘small’ (in the sense that u(A;) is
small), and conversely that the amount of information received is ‘small’ if
A; is ‘large’. Thus, if I(«) denotes the information function of the partition
«, then

I(@)(x) = > xa(@)p(u(A))
Aca
for some suitable choice of function ¢.

Suppose o = {Ay,As,...} and f = {Bj,Bs,...} are two partitions.

Define the join of o and 3 to be the partition

a\/ﬂz{AiﬂBj\AiEa,Bjeﬂ}.
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We say that two partitions « and (§ are independent if
1(Ai N Bj) = pu(Aq)u(Bj)

for all 4, 7. It is natural to require that the amount of information obtained
by using two independent partitions should be equal to the sum of the
information received uing each partition separately, i.e.

IavVvp)=I(a)+ I(6).

Hence we require that

o(u(Ai N By)) = d(u(Ai)p(Bj)) = ¢(pu(Ai))d(p(By))-

If we also assume that ¢ is continuous then one can check that we are forced
to take ¢(t) = —logt or a multiple thereof. (It is natural to include a minus
sign here as 0 < ¢t < 1 so that — logt is positive.) Thus we make the following
definition.

Definition. Let ov = {A;, Ag,...} be a finite or countable partition of a
probability space (X, B, ). The information function of « is defined to be

I(a)(z) = =) xal(z)log u(A).

Aca

(Here and throughout we assume that 0 x log0 = 0.)
The entropy of a partition is defined to be the expected value of the
information.

Definition. Let o = {A1, As,...} be a finite or countable partition of a
probability space (X, B, ). The entropy of « is defined to be

H(a)= [ Ia)du =~ 3 u(4)log u(4).

Aca

§7.3 Conditional information and entropy, and the basic identi-
ties

More generally, we can define conditional information and entropy. Let
(X, B, 1) be a probability space and suppose that A C B is a sub-o-algebra.
Let « ={A4;|i=1,2,3,...,A; € B} be a finite or countable partition of X.
The conditional information function I(« | A) of « given A can be thought
of as a measure of the amount of extra information we obtain by knowing
which element of the partition « a given point x € X lies in, given that we
know which element of A it lies in.
Recall that if A C B is a sub-o-algebra then we have an operator

E( | A) : Ll(XaBa /J“) - Ll(Xa Anu’)
determined by the requirements that if f € L'(X, B, 1) then
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(i) E(f|A)is A-measurable, and
(ii) for all A € A, we have [, E(f | A)du= [, fdpu.

Definition. Let A C B be a sub-o-algebra. We define the conditional
probability of B € B given A to be the function

(Bl A) =E(xs|A.
We define conditional information and entropy as follows.

Definition. Let o = {A1, As,...} be a finite or countable partition of a
probability space (X, B, u) and let A be a sub-o-algebra. The conditional
information function of o given A is defined to be

Ia| A)(x) == xalx)logu(A | A).
Aca
The conditional entropy of o given A is defined to be

Hia | @) =~ [ Ta| Ada=— [ 3 u(A] A)loga(a | A)

A€a

Let 6 ={B;|j=1,2,3,...,B; € B} be a finite or countable partition.
Then (§ determines a sub-g-algebra of B formed by taking the collection of
all subsets of X that are unions of element of 3. We abuse notation and
denote this sub-o-algebra by 8. The conditional expectation of an integrable
function is particularly easy to calculate in this case, namely:

S s /fdu

Beg

E(f]8) =

Hence the conditional probability of a set A € B given (3 is

xadp
WA| B = ZXB/ ST

Beg Bep

(Thus the definition of conditional probability above is seen to be a gener-
alisation of the more familiar notion of conditional probability of sets.)

Lemma 7.1 (The Basic Identities)
For three countable partitions «, 3, we have that

Iavply) = I(a|v)+1B|aVy),
HaVvp|y) = H(a|v)+H(B|aVy).
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Proof. We only need to prove the first identity, the second follows by
integration.
Ifxre ANB, A€ a, Bef,then

IV B [7y)(x) = —logu(AN B |7)(x)

and (ANBNC)
nNbLN
wANB|[y) = ZXCM(—C)
Cey H
(exercise). Thus,if x € ANBNC, A€ a, Bef, C €, we have

Imvﬁrwmﬂz—kg<MA;i§“”>.

On the other hand, if x € ANC, A € o, C € ~, then

1m|w@»=—mgﬁfﬁ5”)

andifr€e ANBNC, A€ a, Bef,C €, then

u(BmAmC))

IW|avmm»=—mg< e

Hence, if t€e ANBNC, A€ a, Be g, C €, we have

wANBNC)

I(a [ y)(z) +1(B | aVy)(z) = —log < 1(C)

>=vaﬂ|w@)
O

Definition. Let a and 3 be countable partitions of X. We say that 3 is a
refinement of a and write a < 3 if every set in « is a union of sets in .

Corollary 7.2

If v > (3 then
Havply) = I(a]9),
H(aVvply) = H(aly).

Proof. Ify>pthen3CyCaVyandsoI(f|aVy)=0,H(B]|aVy) =
0. The result now follows from the Basic Identities. O

Corollary 7.3
If « > 3 then

=
2
IV IV
]
@
2

e
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Proof. If a > (8 then

Haly)=I(aVvp|[y)=1B|7)+1(a]|BVy)=I1(B]7)
The same argument works for entropy. O

We next need to show the harder result that if v > [ then H(« | 8) >
H(a | ). This requires the following inequality.

Proposition 7.4 (Jensen’s Inequality)

Let ¢ : [0,1] — R" be continuous and concave (i.e., for 0 < p < 1, ¢(pr +
(I —p)y) > pod(z)+ (1 —p)p(y)). Let f: X — [0,1] be measurable (on
(X,B)) and let A be a sub-c-algebra of B. Then

HE(f[A) = E@(f) | A) p-ae.

Proof. Omitted. O
As a consequence we obtain:

Lemma 7.5
Ify > § then H(a | B) > H(a | 7).

Remark The corresponding statement for information is not true.

Proof. Set ¢(t) = —tlogt, 0 < ¢t < 1, ¢(0) = 0; this is continuous and
concave on [0, 1]. Pick A € a and define f(z) = (A | v)(x) = E(xa | 7)(z).
Then, applying Jensen’s Inequality with 6 = A C v = B, we have

P(E(f | B) = E(o(f) | B).

Now, by one of the properties of conditional expectation,

E(f|18)=E(EXalv)|8)=E(xalB)=nAlp).

Therefore, we have that

—u(A | B)log (A | B) = ¢(u(A | B)) = E(—p(A | v)log (A [ ~) | B).

Integrating, we can remove the conditional expectation on the right-hand
side and obtain

[ a1 8 1og (A | Bdu = [ —u(4] ) log sl | ) d

Finally, summing over A € « gives H(a | 8) > H(a | 7). O
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§7.4 The entropy of a measure-preserving transformation

We will begin by defining the entropy of a measure-preserving transforma-
tion T relative to a partition o (with H(«) < +00). Later we shall remove
the dependence on « to obtain the genuine entropy.

We first need the following standard analytic lemma.

Lemma 7.6
Let a,, be a sub-additive sequence of real numbers (i.e. apim < an + am,).
Then the sequence a,/n converges to its infimum as n — 00.

Proof. Omitted. (As an exercise in straightforward analysis, you might
want to try to prove this.) a

Definition. Let a be a countable partition of X. Then T~ '« denotes the
countable partition {T71A| A € a}.

Note that

H(T o)== (T " A)log w(T~A) = =~ p(A)log pu(A) = H(a),
A€o Acx

as [ is an invariant measure. Let us write

n—1
H,(a)=H (\/ T‘ia> .
=0

Using the basic identity (with v equal to the trivial partition) we have that

n+m—1
Hyim(e) = H ( \V T—ia>
=0

n—1 n+m—1 n—1

- H (\/ T_la> +H ( \/ T\ T‘Z@)
=0 i=n =0
n—1 n+m—1

< H (\/ T‘ia> +H ( \ T—Za>
=0 1=n
n—1 m—1

= H (\/ Tia> +H (T" \ T@d)
=0 =0

We have just shown that H,(«) is a sub-additive sequence. Therefore,
by Lemma 7.6,

lim lHn(oz)

n—oo N

exists and we can make the following definition.
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Definition. We define the entropy of a measure-preserving transformation
T relative to a partition « (with H(«) < +00) to be

n—1
o1 i
hu(T, o) = nhjEO EH (\/()T oz) .
Remark Since
H,(a) < Hp1(a) + H(a) < --- <nH(«)

we have

0<h,(T,a) < H().

We can give an alternative formula for h, (T, a) that, despite appearing
more complex, is often of use in calculating entropy. We will need the
following technical result.

Theorem 7.7 (Increasing Martingale Theorem)

Let Ay C Ay C --- C A, C --- be an increasing sequence of o-algebras such
that A, 1T A (ie. Uy A, generates A). Then E(f | A,) — E(f | A) both
p-almost everywhere, and in L' (X, B, ).

Here is an alternative formula for h, (T, «). Let

Q" =aVvT lav...vT (D,

Then
H(") = H(a|T'av---vT " Do)+ HT'av---vT~ " Da)
= H(a|T'av.---vT~ ™ Ya) + H" ).
Hence
H(a")  H(ox| T lav..-v T_(”_l)a)
n - n
+H(a | Tl V- v T~ ("2)q)
n
Lt H(a| T_la) + H(O‘).
n n
Since

H(o| T av---vT~ " Vo) < H(a | T 'av-- - vT~ ") < ... < H(a)

and

H <a | T v - \/T—<”—1>a) —H <a | (7 T—ia)

i=1

7
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(by the Increasing Martingale Theorem), we have

n—oo N

hu(T,a) = lim lH(a") =H (a | (7 T_ioz) .
i=1

Finally, we can define the entropy of T" with respect to the measure p.

Definition. Let T be a measure-preserving transformation of the proba-
bility space (X, B, ). Then the entropy of T with respect to p is defined to
be

hu(T) = sup h, (T, o)

where the supremum is taken over all finite or countable partitions a with
H(a) < 0.
§7.5 Calculating entropy via generators and Sinai’s theorem

A major complication in the definition of entropy is the need to take the
supremum over all finite entropy partitions. Sinai’s theorem guarantees that
hu(T) = h,(T, ) for a partition o whose refinements generate the full o-
algebra.

We begin by proving the following result.

Theorem 7.8 (Abramov’s theorem)
Suppose that a1 < ag < --- 1 B are countable partitions such that H(a,) <
oo for all n > 1. Then

Proof. Choose any countable partition « such that H(a) < co. Then
H(a®) < H(" Vv o) < H(aF) + H(oF | oF).

Observe that

H(a" | ay)
= H(Oé | Oln) + H(Tfla | Tﬁlan) 4+ 4 H(T*(kfl)a | Tﬁ(kil)an)
= kH(a|on)
Hence
. H(a¥)
ha(Toe) = Jim ==
k

= hu(T,om)+ H(a| o).
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We now prove that H(a | a,) — 0 as n — oo. To do this, it is sufficient
to prove that I(a | o) — 0 in L' as n — o0o. Recall that

I ] ap)(@) = = xa(@)log p(A | an)(z) = —log u(A | an)(x)
Aca

if x € A. By the Increasing Martingale Theorem, we know that
(A | an)(z) — xa ae.

Hence for x € A
Ia | an)(@) — —log x4 = 0.

Hence for any countable partition o with H(a) < oo we have that
hu(T, o) < limp oo hy(T, o). The result follows by taking the supremum
over all such a. O

Definition. We say that a countable partition « is a generator if T is

invertible and
n—1

\/ T7a—B
j=—(n-1)
as n — oo.
We say that a countable partition « is a strong generator if

n—1 .
\/ T 900 — B
=0

as n — oQ.

Remark To check whether a partition « is a generator (respectively, a
strong generator) it is sufficient to check that it separates almost every pair
of points. That is, for almost every x,y € X, there exists n such that
x,y are in different elements of the partition \/;‘:—i(nil) T (\/;l:_& T a,
respectively).

The following important theorem will be the main tool in calculating
entropy.

Theorem 7.9 (Sinai’s theorem)
Suppose « is a strong generator or that T is invertible and « is a generator.
If H(a) < oo then

hu(T) = hu(T; ).

Proof. The proofs of the two cases are similar, we prove the case when T'
is invertible and « is a generator of finite entropy.
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Let n > 1. Then

n—1
hH(T7 \/ T_ja)
j=—(n—-1)
1
= Jlim %H(T”_la Vv T~y (=g vy T (tR=2) )
—00
1
= lim ~H(aV.-- VT~ @+k=3)4)
k—oo k
= h(T, )
for each n. As « is a strong generator, we have that
n—1 .
\/ T7a— B.
j==(n-1)
By Abramov’s theorem, h, (T, a) = h,(T). O

§7.6 Examples
§7.6.1 Subshifts of finite type

Let A be an irreducible k& x k matrix with entries from {0,1}. Recall that
we define the shifts of finite type to be the spaces

Sa = {@ )l e {l,.. K} Az znin) = 1 for all n € Z},
i = {@)nl € {1,... k| Az aniy) = 1 for all n € N},

and the shift maps o : X4 — X4, 0: Ejg — Ejg by (0z)n = Tpt1-

Throughout this section we shall work with one-sided shifts; however,
everything we do carries naturally over to the two-sided case.

Let P be a stochastic matrix and let p be a normalised left eigenvector
so that pP = p. Suppose that P is compatible with A, so that P;; > 0 if
and only if A(7,j) = 1. Recall that we define the Markov measure pp by
defining it on cylinder sets by

MP[i07 (AT 7in—1] = piOPioil T P7:n72in71’

and then extending it to the full o-algebra by using the Kolmogorov Exten-
sion Theorem.
We shall calculate h,, (o) using Sinai’s theorem.

Let o be the partition {[1],...,[k]} of ¥} into cylinders of length 1.
Then
k
H(a) = =) ppli]logpupli]
i=1
k

= = pilogp; < .
=1

10
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The partition a,, = \/?;01 o consists of all allowed cylinders of length

n—1
\/ o7 7a = {[io,i1, ... in-1] | Aij,ij41) = 1,5 =0,...,n—1}.
j=0

It follows that « is a strong generator: if z # y then clearly they must
eventually lie in different cylinders.
We have

n—1
H \/ oo
Jj=0

= — Z p[io,il,...,infl] logp[ig,’il,...,infl]

[io,il,...,in_l]ean

= - Z piopioil T Pin—zin—1 10g(pi013ioi1 e Pin—zin—1)

[i07i17---7in71]60¢n

k k
= - Z T Z DPigPigiy =+ Pipy_gin_s log(piopioil e 'P7:n72in71)

i0=1 in=1

k k
= - Z e Z piopioil o 'Pin—zin—l (logpio + log Pioi1 +eet log Pin—zin—l)

i0=1 in=1

k k
= = pilogpi, — (n—1) Y p;Pi;logPij,
ig=1 Z:]::l

where we have used the identities Z?zl P;j =1 and Zle piPij = pj.

Therefore
hup (o) = hpp (0,)
1 n—1
_ i —Jj
= | Vo
j=0
k
= — Z piPZ’J log Pij.
ij=1
Remark One can easily check that the Bernoulli (p1, ..., px)-measure has

entropy — . pilog p;.
Remark We can model a language (written in the Roman alphabet) as a

shift on 26 symbols, one symbol for each letter in the alphabet. We can then
attempt to approximate a language, say, English, as a Markov measure on

11
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an appropriate shift of finite type. For example Pgy should be close to 1 as
it is highly likely that any @ is followed by a U. Similarly, the combination
FZ is unlikely (but not impossible—it appears in this sentence!), so we
expect Ppyz to be near zero). Experimentally, one can estimate that the
entropy of English is around 1.6. Note that the Bernoulli (1/26,...,1/26)-
measure has entropy log26 = 4.7. According to Shannon’s Information
Theory, this suggests that there is a lot of redundancy in English. This has
the implication that English should have good error-correcting properties.
To use an example of Shannon’s, if we see the word CHOCQLATE, then
we can be reasonably sure that there has been an error and it should be
CHOCOLATE. If, however, all symbols were equally likely then we would
not be able to decide which of the 26 possible words of the form CHOC-LATE
was intended. Conversely, suppose that the entropy of English is very low.
Then, given a string of letters, say S-EE-, there are lots of possible ways
of filling in the blanks: SPEED, SWEEP, STEER, SLEET for example.
One can show that the entropy of English is sufficiently high to allow the
easy construction of two-dimensional crosswords, but not three-dimensional
crosswords.

§7.6.2 The continued fraction map

Recall that the continued fraction map is defined by 7'(z) = 1/x mod 1 and
preserves Gauss’ measure i defined by

1 1
B) = dz.
HB) log2/Bl+x v

Let A, = (1/(n+1),1/n) and let a be the partition o = {A, | n =
1,2,3,...}.

It is easy to check that H(a) < oo.

We claim that « is a strong generator for T'. To see this, recall that each
irrational x has a distinct continued fraction expansion. Hence « separates
irrational, hence almost all, points.

For notational convenience let

[l’g, ce ,.Z‘n_l] = AgnN T_lAl n---N T_(n_l)An_l
= {2€[0,1]|TV(z) € Aj for j=0,...,n— 1}

so that [zg,...,zp_1] is the set of all x € [0,1] whose continued fraction
expansion starts xg,...,Tn_1.
If z € [xo,...,2y] then

I(aIT‘lav---VT—"a):_logM

(e, .. mp))

12
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We will use the following fact: if I,,(x) is a nested sequence of intervals
such that I,,(z) | {x} as n — oo then

. 1 e
Jim @) /In(x)f(y)dy—f( )

where A denotes Lebesgue measure. We will also need the fact that

i A[zo, ..., x]) _ 1
n—oo A([ajl,,ﬂ?n]) ‘T,($)|

Hence
w([zoy ..., zn])
w([zy, ..., zn])

f[xo, Tn] 1+x

f[atl, Tn] 1+x

— ( f[a:m S Tn] 1+x f[xl S Tn] 1+33 > % /\([330, o ,xn])

Mzo,--vxn]) [ Az, ..., zp]) Az, ..y my])

- <1i$/1+1Tx> ]T’tx)|‘

Hence
1+T7Tx 1
S\ 11z 7))

Using the fact that p is T-invariant we see that

o

o .
Ial\/Ta| =-1
Jj=1

H a|<7T_ja = /I a|\/T_ja du
j=1

- / log T ()] dy

Now T'(z) = 1/x mod 1 so that T"(z) = —1/z2. Hence

i 2 log
h,(T) =H a\\/T]oa :_log2/1+xd$’

which cannot be simplified much further.

13
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§7.7 Entropy as an invariant

Recall the definition of what it means to say that two measure-preserving
transformations are metrically isomorphic.

Definition. We say that two measure-preserving transformations (X, B, u,
and (Y,C,m,S) are (measure theoretically) isomorphic if there exist M € B
and N € C such that

(i) TM Cc M, SN CN,
(ii)) u(M) =1, m(N) =1,
and there exists a bijection ¢ : M — N such that

(i) ¢, ¢! are measurable and measure-preserving (i.e. u(¢p~1A) = m(A)
for all A € C),

(ii) poT =S o ¢.

We prove that two metrically isomorphic measure-preserving transfor-
mations have the same entropy.

Theorem 7.10
Let T : X — X be a measure-preserving of (X, B, ) andlet S: Y — Y bea

measure-preserving transformation of (Y,C,m). If T and S are isomorphic
then hy,(T) = hpy(S).

Proof. Let M C X, N C Y and ¢ : M — N be as above. If a is a
partition of Y then (changing it on a set of measure zero if necessary) it
is also a partition of N. The inverse image ¢ la = {¢ 1A | A € a} is a
partition of M and hence of X. Furthermore,

Hy(¢ ') = = (¢ ' A)logu(¢~ " A)
Aca
= —Z A)logm(A)
Aca
= Hpy(a).

More generally,

n—1 n—1
VT 'a)| = H ¢ |\ S7a
=0 =0
n—1
= H, \/S_]a
=0

14

)
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Therefore, dividing by n and letting n — oo, we have

hm(sa O[) = h’M(T’ ¢71a)'

hm(S) = sup{hn(S,a) | a partition of Y, Hy, () < oo}
= sup{hu(T, ¢ 'a) | a partition of Y, H,,(a) < oo}
< sup{h,(T, ) | B partition of X, H,(3) < oo}
= h,(T).

By symmetry, we also have h,(T") < hy,(S). Therefore h,(T) = hy(S). O

Note that the converse to Theorem 7.10 is false in general: if two measure-
preserving transformations have the same entropy then they are not neces-
sarily metrically isomorphic. However, for Markov measures on two-sided
shifts of finite type entropy is a complete invariant:

Theorem 7.11 (Ornstein’s theorem)
Any two 2-sided Bernoulli shifts with the same entropy are metrically iso-
morphic.

Theorem 7.12 (Ornstein and Friedman)
Any two 2-sided aperiodic Markov shifts with the same entropy are metri-
cally isomorphic.

Remark Both of these theorems are false for 1-sided shifts. The isomor-
phism problem for 1-sided shifts is a very subtle problem.
§7.8 References

The material in this lecture is standard in ergodic theory and can be found
in most books on the subject; the presentation here follows that in

W. Parry, Topics in Ergodic Theory, C.U.P., Cambridge, 1981.

Entropy was first studied by Claude Shannon as a tool in information
theory and the study of digital communications. His account of this is still
a standard reference and is well-worth reading:

C. Shannon and W. Weaver, The Mathematical Theory of Communication,
University of Illinois Press, 1949.

Entropy was first introduced into ergodic theory by Kolmogorov in 1958,
and with some simplifications in the definition due to Sinai in 1959. Sinai
then used entropy to solve what had, up until that point, been one of the

15
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outstanding open problems in ergodic theory: is the Bernoulli (1/2,1/2)-
shift isomorphic to the Bernoulli (1/3,1/3,1/3)-shift. (The answer is no:
the former has entropy log2 and the latter log3.) Ornstein’s theorem, on
the complete invariance of entropy for 2-sided Bernoulli shifts dates from
1968.

It is surprisingly hard to construct non-trivial examples of non-isomorphic
ergodic measure-preserving transformations of the same entropy. One way
of doing this is to look for factors of zero entropy. A factor of a measure-
preserving transformation 7" of a probability space (X, B, i) is a measure-
preserving transformation S of a probability space (Y, .4, m) for which there
exists a measurable measure-preserving surjection ¢ : X — Y for which
¢T = S¢. It is possible to construct measure-preserving transformations
T1,T> with the same entropy but with non-isomorphic factors of entropy
zero (and so T7,T5 cannot be isomorphic). One could look at systems which
do not possess zero entropy factors; such a system is said to have completely
positive entropy, and this is equivalent to being a K-automorphism (see Lec-
ture 4). However, there are many examples (due to Ornstein, Rudolph, and
others) of non-isomorphic K-automorphisms of the same entropy. In some
sense, Bernoulli systems are ‘the most random’.

It is hard to overstate the importance that entropy had on the develop-
ment of ergodic theory. For a very readable account of ergodic theory just
prior to the introduction of entropy, see

P.R. Halmos, Lectures on Ergodic Theory, Chelsea, 1956.

§7.9 Exercises

Exercise 7.1

Show that if « < 8 then I(a | B) = 0. (This corresponds to an intuitive
understand as to how information should behave: if o < 3 then we receive
no information knowing which element of o a point is in, given that we know
which element of (3 it lies in.)

Exercise 7.2

Let T : X — X be a measure-preserving transformation of a probability
space (X, B, ). Show that h,(T*) = kh,(T) for k € N. If T is invertible,
show that h,(T*) = |k|h,(T) for all k € Z.

Exercise 7.3

Let X = {x0,21,...,2,—1} be a finite set of n distinct points equipped with
the full o-algebra. Define a probability measure ; on X by assigning mass
1/n to each points of X. Define T : X — X by T(x;) = Zj11 mod1- Show
that T is an ergodic transformation of X with respect to u and has entropy
0.
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Let T be a measurable transformation of an arbitrary measure-space

(X, B). Suppose that x = T"z is a periodic point with least period n. Let

u=n"t Zj—lo 0. Show that T has zero entropy with respect to p.
Exercise 7.4

Let 3 > 1 by the golden mean, so that 3° = 3+ 1. Define T(z) = x mod 1.
Define the density

T, 1 on [0,1/3)
k@) ={ °H

@ on [1/3,1).

u(B):/Bk(x)dac.

In a previous exercise, we saw that p is T-invariant. Assuming that o =
{[0,1/8),[1/8,1]} is a strong generator, show that h,(T") = log 3.

and define the measure
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