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Abstract

These are notes in the making for the course VO 250059: Ergodic Theory 1,
Spring Semester 2013-2014, University of Vienna

1 Notation

Throughout, (X, d) will be a metric space, possibly compact, and 7" : X — X will be
a (piecewise) continuous map. The combination (X,T") defines dynamical systems by
means of iteration. The orbit of a point z € X is the set

orb(x) = {x,T(x),ToT(x),...,To---oT(x)=T"(x),---} ={T"(x) : n > 0},

M times

and if T is invertible, then orb(z) = {T™(z) : n € Z} where the negative iterates are
defined as T~" = (T")". In other words, we consider n € N (or n € Z) as discrete
time, and 7™ (z) is the position the point z takes at time n.

Definition 1. We call x o fixed point if T'(z) = x; periodic if there is n > 1 such
that T"(x) = x; recurrent if x € orb(z).

In general chaotic dynamical systems most orbits are more complicated than periodic
(or quasi-periodic as the irrational rotation R, discussed below). The behaviour of such
orbits is hard to predict. Ergodic Theory is meant to help in predicting the behaviour
of typical orbits, where typical means: almost all points x for some (invariant) measure

1.
To define measures properly, we need a o-algebra B of “measurable” subsets. o-algebra

means that the collection B is closed under taking complements, countable unions and
countable intersections, and also that @, X € B. Then a measure p is a function



p o B — RT that is countably subadditive: p(U;4;) < >, u(A); (with equality if the
sets A; are pairwise disjoint).
Example: For a subset A C X, define
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for the indicator function 1,4, assuming for the moment that this limit exists. We
call this the visit frequency of x to the set A. We can compute
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That is, visit frequency measures, when well-defined, are invariant under the map.
This allows us to use invariant measure to make statistical predictions of what orbit do
“on average”.

Let By be the collection of subsets A € B such that p(A) = 0, that is: By are the null-
sets of . We say that an event happens almost surely (a.s.) or p-almost everywhere
(p-a.e.) if it is true for all x € X \ A for some A € By.

A measure p on (X, T, B) is called

e non-singular if A € By implies T7!(A) € By.
e non-atomic if u({x}) =0 for every x € X
e T-invariant if u(T~'(A)) = p(A) for all A € B.

e finite if u(X) < oo. In this case we can always rescale u so that u(X) =1, i.e.,
14 is a probability measure.

e o-finite if there is a countable collection X; such that X = U;X; and pu(X;) <1
for all 7. In principle, finite measures are also o-finite, but we would like to reserve
the term o-finite only for infinite measures (i.e., u(X) = o0).

Example: Let T : R? — R? be defined by

T (x) =M (x) for matrix M = (2 1) .
Y Y 11



2 What are its invariant measures?

Note that T is a bijection of R?, with 0 as single fixed point. Therefore the Dirac
measure 0 is T-invariant. However, also Lebesgue measure m is invariant because
(using coordinate transformation r = T (y))

m(T1A) = /T | dm(a) - /A det (M~Y)dm(y) — /A mdm(y) — m(A)

because det(M) = 1. This is a general fact: If T : R®™ — R" is a bijection with Jacobian
J = |det(DT)| = 1, then Lebesgue measure is preserved. However, Lebesgue measure
is not a probability measure (it is o-finite). In the above case of the integer matrix with
determinant 1, T preserves (and is a bijection) on Z?. Therefore we can factor out over
Z? and obtain a map on the two-torus T? = R?/Z?:

T : T? - T?

(‘;) — M (i) (mod 1)

This map is called Arnol’d’s cat-map, and it preserves Lebesgue measure, which on T2
is a probability measure.

A special case of the above is:

Proposition 1. If T : U C R — U is an isometry (or piecewise isometric bijection),
then T preserves Lebesque measure.

Let M(X,T) denote the set of T-invariant Borel' probability measures. In general,
there are always invariant measures.

Theorem 1 (Krylov-Bogol'ubov). If T : X — X is a continuous map on a nonempty

compact metric space X, then M(T) # &.

Proof. Let v be any probability measure and define Cesaro means:
1 »
vp(A) ==Y v(T7A),
n -

these are all probability measures. The collection of probability measures on a compact
metric space is known to be compact in the weak* topology, i.e., there is limit probability
measure p and a subsequence (n;);cn such that for every continuous function ¢ : X — R:

/devni%/iﬂduasiéoo- (1)

Lthat is, sets in the o-algebra of sets generated by the open subsets of X.



On a metric space, we can, for any € > 0 and closed set A, find a continuous function
Ya : X — [0,1] such that Y4(z) = 1if 2 € A and p(A) < [ Yadp < p(A) + € and
similarly u(T7'A) < [y aoTdu < u(T7'A) + . Now

W) - ()] < ‘ [oaoran= [, du‘ Lo

+ 2¢

= hm‘/z/}Aonum—/z/zA dvy,
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1
< lim —2||[¢al|eo + 2 = 26.
1—00 le‘

Since € > 0 is arbitrary, and because the closed sets form a generator of the Borel sets,
we find that u(T-1(A)) = u(A) as required. O

3 Ergodicity and unique ergodicity
Definition 2. A measure is called ergodic if T71(A) = A (mod u) for some A € B
implies that p(A) =0 or u(A°) = 0.

Proposition 2. The following are equivalent:

(i) w is ergodic,

(ii) If v € L'(u) is T-invariant, i.e., v o T =1 p-a.e., then 1 is constant pi-a.e.

Proof. (i) = (ii): Let ¢ : X — R be T-invariant p-a.e., but not constant. Thus
there exists @ € R such that A := ¥ 1((—o00,a]) and A° = 17!((a,00)) both have
positive measure. By T-invariance, T-!A = A (mod u), and we have a contradiction
to ergodicity.

(i) = (i): Let A be a set of positive measure such that T-'A = A. Let ¢ = 14 be
its indicator function; it is T-invariant because A is T-invariant. By (ii), ¢ is constant
p-a.e., but as (z) = 0 for z € A°, it follows that p(A°) = 0. O

The rotation R, : S' — S! is defined as R,(r) = x + a (mod 1).

Theorem 2 (Poincaré). If a € Q, then every orbit is periodic.



If a ¢ Q, then every orbit is dense in S'. In fact, for every interval J and every xz € S,
the visit frequency

o(J) = Tim ~4#{0 <i<n:R(z)eJ} = |J].

n—oo N,

Proof. If a = §, then clearly
Ri(x)=z+qa (mod 1) ::E—I—q}—j (mod 1) =z +p (mod 1) ==z.
q

Conversely, if R (z) = z, then x = z + ga (mod 1), so qo = p for some integer p, and
o= § € Q.

Therefore, if o ¢ Q, then z cannot be periodic, so its orbit is infinite. Let & > 0. Since S*
is compact, there must be m < n such that 0 < § := d(R2'(z), R}(z)) < €. Since R, is
an isometry, |R§(n_m) (x)—Rg[kH)(n_m)(xﬂ = ¢ for every k € Z, and {R’;(”‘m) (x) -k eZ}
is a collection of points such that every two neighbours are exactly ¢ apart. Since € > ¢
is arbitrary, this shows that orb(z) is dense, but we want to prove more.

Let J{ = [R™(z), R*(x)) and JF = R¥(Js). Then for K = [1/6], {JF}E, is a cover
S! of adjacent intervals, each of length &, and R2™ ™™ is an isometry from Ji to it
Therefore the visit frequencies

1 .
v, = limninf E#{O <i<n:R (r)eJ}

are all the same for 0 < k£ < K, and together they add up to at most 1+ % This shows
for example that

1
K+1

1 , 1
< v, < T = limsup —#{0 < i <n: R (z) € JF} < 173
n n
and these inequalities are independent of the point x. Now an arbitrary interval J
can be covered by ||J|/§]| + 2 such adjacent J¥, so
|J| 1 1 3

U(J)< (T—FQ)E<(|J|(K+1)+2)E<|J|+E.

A similar computation gives v(J) > |J| — 2. Now taking ¢ — 0 (hence § — 0 and

K — 00), we find that the limit v(.J) indeed exists, and is equal to |J|. O

Definition 3. A transformation (X,T) is called uniquely ergodic if there is exactly
one invariant probability measure.

The above proof shows that Lebesgue measure is the only invariant measure if o ¢ Q,
so (S!, R,) is uniquely ergodic. However, there is a missing step in the logic, in that

b}



we didn’t show yet that Lebesgue measure is ergodic. This will be shown in Example 1
and also Theorem 6.

Questions: Does R, preserve a o-finite measure? Does R, preserve a non-atomic
o-finite measure?

Lemma 1. Let X be a compact space. A transformation (X, B, p,T') is uniquely ergodic
if and only if, for every continuous function, the Birkhoff averages %Z;:Ol foTi(x)
converge uniformly to a constant function.

Remark 1. Fvery continuous map on a compact space has an invariant measure, as

we showed in Theorem 1. Theorem 6 later on shows that if there is only one invariant
measure, it has to be ergodic as well.

Proof. It 1 and v were two different ergodic measures, then we can find a continuous
function f : X — R such that [ fdu # [ fdv. Using the Ergodic Theorem for both
measures (with their own typical points = and y), we see that

hrn ZfoTk /fdu;é/fdl/:hm ZfoTk

so there is not even convergence to a constant function.

Conversely, we know by the Ergodic Theorem that lim, % Zz;é oTH(z) = [ fdu
is constant p-a.e. But if the convergence is not uniform, then there are sequences
(), ( yi) C X and (m;), (n;) C N, such that lim; - Zmi_l oTk(x) == A # B =:
lim; - o D kg o foT*(y;). Take functionals y;(g) = lim inf; — mitgoTH(x) and vi(g) =

lim inf; Ti k;_ol goT*(z). Both sequences have weak accumulatlon points p and v which
are easily shown to be T-invariant measures, see the proof of Theorem 1. But they are
not the same because u(f) = A # B = v(f). O

4 The Ergodic Theorem

Theorem 2 is an instance of a very general fact observed in ergodic theory:
Space Average = Time Average (for typical points).

This is expressed in the

Theorem 3 (Birkhoff Ergodic Theorem). Let ui be a probability measure and ) € L'(u).
Then the ergodic average

n—1

U(r) = lim > g o T
=0



exists pi-a.e. (everywhere if 1) is continuous), and ) is T-invariant, i.e., Y o T = 1
pu-a.e. If in addition p is ergodic then

1 n—1
nl1_>no10 - ;¢ oT'(z) = /Xw du p-a.e. (2)

Remark 2. A point v € X satisfying (2) is called typical for p. To be precise, the set
of p-typical points also depends on 1, but for different functions 1,v, the (i, v)-typical
points and (u,v)-typical points differ only on a null-set.

Corollary 1. Lebesgue measure is the only R,-invariant probability measure.

Proof. Suppose R, had two invariant measures, 1 and v. Then there must be an interval
J such that u(J) # v(J). Let ¢ = 1, be the indicator function; it will belongs to L' (1)
and L(v). Apply Birkhoff’s Ergodic Theorem for some p-typical point z and v-typical
point y. Since their visit frequencies to J are the same, we have

u(J) = /wd,u:ligln%#{ogi<n:]%a(x)€J}

= liP%#{O<i<n:Ra(y) € J}:/w dv =v(J),

a contradiction to p and v being different. O

5 Absolute continuity and invariant densities

Definition 4. A measure p is called absolutely continuous w.r.t. the measure v
(notation: p < v if v(A) =0 implies p(A) = 0. If both p < v and v < pu, then p and
v are called equivalent.

Proposition 3. If u < v are both T-invariant probability measures, with a common
o-algebra B of measurable sets. If v is ergodic, then p = v.

Proof. First we show that u is ergodic. Indeed, otherwise there is a T-invariant set A
such that p(A) > 0 and p(A°) > 0. By ergodicity of v at least one of A or A must
have v-measure 0, but this would contradict that u < v.

Now let A € B and let Y C X be the set of v-typical points. Then v(Y ) = 0 and hence
w(Y¢) = 0. Applying Birkhoff’s Ergodic Theorem to p and v separately for ¢ = 14
and some p-typical y € Y, we get

p(A) =lim -3 w0 T(y) = w(4),

But A € B was arbitrary, so u = v. ]



Theorem 4 (Radon-Nikodym). If u is a probability measure and p < v then there
is a function h e Ll( ) (called Radon-Nikodym derivative or density) such that
fA x) for every measurable set A.

Sometimes we use the notation: h = d’y‘

Proposition 4. Let T : U C R" — U be (piecewise) differentiable, and p is absolutely
continuous w.r.t. Lebesque. Then p is T-invariant if and only if its density h =
satisfies

_ h(y)
he) = T%::x [det DT(y)| 3)

for every x.

Proof. The T-invariance means that du(z) = du(T~'(x)), but we need to beware that
T—! is multivalued. So it is more careful to split the space U into pieces U, such
that the restrictions 7T, := T|U, are diffeomorphism (onto their images) and write
yn =T, (z) = T7'(x) N U,. Then we obtain (using the change of coordinates)

h(z) de = dp(e) = dp(T(x)) = duo T, (x)

= Y h(ya)| det(DT, ") ()|dy, = %d%’

and the statement follows.

Conversely, if (3) holds, then the above computation gives du(x) = du o T~*(z), which
is the required invariance. O

Example: If T': [0,1] — [0, 1] is (countably) piecewise linear, and each branch T :
I, = [0,1] (on which T is affine) is onto, then T" preserves Lebesgue measure. Indeed,
the intervals I,, have pairwise disjoint interiors, and their lengths add up to 1. If s,
is the slope of T : I,, — [0,1], then s, = 1/|I,,|. Therefore > +=— DT => 1/s, =

Youlll =1

Example: The map T : R\ {0} = R, T(z) =  — 1 is called the Boole transfor-

mation. It is 2-to-1; the two preimages of x € R are y. = %(x + V2?2 +4). Clearly

T'(z) =1+ %. A tedious computation shows that
1 n 1

Tyl 1T (y)l

=1.



Indeed, |T"(y+)] = 1+ 5——2——, 1/|T"(ys)| = 224 240v/a?4d o4

z2++2txva24+4’ x2+4+av22+4’
1 N 1 - :c2+2—x\/:c2+4+x2+2+x\/1‘2+4
T (y-)l T (y4)] 2244 —aVa2 4 2+ 4+avai+4

(2% 4+ 2 — 2vVa? +4)(2® + 4+ V22 + 4)
(xQ + 4)2 _ :L'2($2 + 4)
N (22 4+ 24+ av22 + 4) (22 + 4 — av/a? + 4)
(SL‘2 + 4)2 _ 372(332 + 4)

(22 +2)* — 2?2 (2 +4) + 2(2? + 2) — 2zv2? + 4 N

A(22 + 4)
(22 +2)? — 22 (2 +4) + 2(2? + 2) + 22V22 + 4
(22 + 4)
AP +2)+8 )
4(z2 1 4) ‘

Therefore h(x) = 1 is an invariant density, so Lebesgue measure is preserved.

Example: The Gaufl map G : (0, [0,1) is defined as G(z) = = — [2]. It has
1

1] =
an invariant density h(z) = —-——. Here 10;2 is just the normalising factor (so that

J h(z)dz =1).
Let I, = (= m —] forn = 1,2,3,... be the domains of the branches of GG, and for

€ (0,1), and y, := G () NI, = ——. Also G'(y,) = y% Therefore
1
~ |G (y,)| log2 &= 1+y, log2s~1+ H—n

1 Z 1 1
N log2n>1m—|—nx+n—|—1
1 1 1

- - tel i i
log 2 ; r+n r+n+1 elescoping series
1 1
log2 7 + 1 ()

Exercise 1. Show that for each integer n > 2, the interval map given by

{nx if 0 <x <
1 1 1
__LEJ Zfﬁ<x<
1

has invariant density @H—m.

Theorem 5. If T : S' — S! is a C? expanding circle map, then it preserves a measure
1 equivalent to Lebesque, and ju is ergodic.



Expanding here means that there is A > 1 such that |T"(x)| > X for all z € S*. The
above theorem can be proved in more generality, but in the stated version it conveys
the ideas more clearly.

Proof. First some estimates on derivatives. Using the Mean Value Theorem twice, we
obtain

| T"()| (@) =TI, _ [T"(=)] = [T"(y)]

og log(1 + ) <
T"(y)| T"(y)| 7" (y)]
"1 - |z —yl _ [T [Tx =Ty
Wl T A
(Ol Tz — Ty
< sup < KTz — Ty
Tl A
for some constant K. The chain rule then gives:
DT(x)| _§~ 1T
log —— = log <K T'(x) — T
T~ 5 Z' ol

Since T is a continuous expanding map of the circle, it wraps the circle d times around
itself, and for each n, there are d" pairwise disjoint intervals Z such that T°Z — S!
is onto, with slope at least \. If we take x,y above in one such Z, then |z — y| <
AT (z) — T™(y)| and in fact |T%(x) — T%(y)| < A=™=9|T7(z) — T™(y)|. Therefore we
obtain

DT" K
log 10712 KXN””Wl ST )| < 7o T )~ T ()| < log K

for some K’ € (1,00). This means that if A C Z (so 7™ : A — T"(A) is a bijection),

then 1 m(A ™A ™A
md) _ m(T"A) _ () _

K'm(2) S m(T"Z)  m(SY) 7 m(Z) (4)

where m is Lebesgue measure.

Now we construct the T-invariant measure u. Take B C B arbitrary, and set u,(B) =
LSy m(T~'B). Then by (4),

%m(B) < 1n(B) < K'm(B).

We can take a weak™ limit of the p,’s, call it u, then

—m(B) < u(B) < K'm(B),

and therefore ;1 and m are equivalent. The 7T-invariance of p proven in the same way
as Theorem 1.

10



Now for the ergodicity of 1, we need the Lebesgue Density Theorem, which says that
if m(A) > 0, then for m-a.e. x € A, the limit

. m(AﬂBE(:L')):
By

where B.(x) is the e-balls around z. Points x with this property are called (Lebesgue)
density points of A. (In fact, the above also holds, if B.(z) is just a one-sided e-
neighbourhood of x.)

Assume by contradiction that p is not ergodic. Take A € B a T-invariant set such that
1(A) > 0 and p(A°) > 0. By equivalence of p and m, also § := m(A°) > 0. Let x
be a density point of A, and Z, be a neighbourhood of x such that 7" : Z — S! is a
bijection. As n — oo, Z — {x}, and therefore we can choose n so large (hence Z so
small) that

m(ANZ)
———>1-0/K"
mzy
Therefore % < 0/K', and using (4),

m(T”(ACﬂZ))< ,m(A°NZ)
m(I™(Z)) m(Z)

< K'§/K'=.

Since T™ : A°NZ — A¢is a bijection, and m(T"Z) = m(S') = 1, we get § = m(A°) < 6,
a contraction. Therefore u is ergodic. O]

6 The Choquet Simplex and the Ergodic Decompo-
sition

Throughout this section, let T': X — X a continuous transformation of a compact
metric space. Recall that M(X) is the collection of probability measures defined on
X; we saw in (1) that it is compact in the weak* topology. In general, X carries many
T-invariant measures. The set M(X,T) = {u € M(X) : pis T-invariant} is called
the Choquet simplex of 7. Let M., ,(X,T) be the subset of M(X,T) of ergodic

T-invariant measures.

Clearly M(X,T) = {pu} if (X, T) is uniquely ergodic. The name “simplex” just reflects
the convexity of M(X,T): if g, po € M(X,T), then also apiy + (1 — ) € M(X,T)
for every « € [0, 1].

Lemma 2. The Choquet simplex M(X,T) is a compact subset of M(X) w.r.t. weak*
topology.

11



Proof. Suppose {u,} € M(X,T), then by the compactness of M(X), see (1), there is
w € M(X) and a subsequence (n;); such that for every continuous function f: X — R
such that [ fdu,, — [ fdu as i — co. It remains to show that p is T-invariant, but
this simply follows from continuity of f oT" and

/fon,u:hm/fon,um:hm/fdum:/fdu.

Theorem 6. The ergodic measures are exactly the extremal points of the Choquet sim-
plex.

O

Proof. First assume that p is not ergodic. Hence there is a T-invariant set A such that
0 < u(A) < 1. Define

_BOA) Ly sBAA

w(B) = .
=) H(X\A)
Then p = apq + (1 — a)ps for a = p(A) € (0,1) so p is not an extremal point.

Suppose now that p is ergodic but that u = auy + (1 — a)ug for some a € (0,1). We
need to show that pu; = po = p. From the definition, it is clear that pu; < u, so a
Radon-Nikodym derivative %4 exists in L'(p1). Let A~ = {z € X : % < 1}. Then

dp
d,u1 / d,ul —
— du + — dp = (A
/A—mT—lA— dp A-\T-1a- dpt 147)
d d
= wm(T'4A0) :/ am du+/ g,
T-14-nA- dft T-1A-\A- At
Canceling the term fA,mT,lA, % dp gives
dpy / dpy
— du = — dpu. 5
/A—\T—lA— dp T-1A-\a- A ©)

But also u(T'A"\ A7) = u(T7'A7) —u(T*A~NA™) = u(A~ \T"*A). Therefore,
in (5), both integrations are over sets of the same measure, but in the left-hand side,
the integrand < 1 while in the right-hand side, the integrand > 1. Therefore u(T-1A~\
A7) =pu(A-\ T 'A") =0, and hence A~ is T-invariant. By assumed ergodicity of y,
(A7) =0 or 1. In the latter case,

dyi dpn -
l=mw(X)= —d,u:/ — dp < p(A7) =1,
1(X) T T (A7)

a contradiction. Therefore u(A~) = 0. But then we can repeat the argument for
At ={z € X : % > 1} and find that u(A*) = 0 as well. Therefore %% =1 p-a.e. and
n n
hence p; = p. But then also ps = p, which finishes the proof. [

12



The following fundamental theorem implies that for checking the properties of any
measure u € M(X,T), it suffices to verify the properties for ergodic measures:

Theorem 7 (Ergodic Decomposition). For every p € M(X,T), there is a measure v
on the spaces of ergodic measures such that v(M,,(X,T)) =1 and

u(B) = /M B

for all Borel sets B.

7 Poincaré Recurrence

Theorem 8 (Poincaré’s Recurrence Theorem). If (X, T, ) is a measure preserving
system with (X)) = 1, then for every measurable set U C X of positive measure, p-a.e.
x € U returns to U, i.e., there is n = n(x) such that T"(x) € U.

Proof of Theorem 8. Let U be an arbitrary measurable set of positive measure. As p
is invariant, u(7T-(U)) = u(U) > 0 for all i > 0. On the other hand, 1 = pu(X) >
w(U;T~4(U)), so there must be overlap in the backward iterates of U, i.e., there are
0 < i < jsuch that u(T~(U)NT(U)) > 0. Take the j-th iterate and find u(77~4(U)N
U) > (T HU)NT(U)) > 0. This means that a positive measure part of the set U
returns to itself after n := j — ¢ iterates.

For the part U’ of U that didn’t return after n steps, assuming U’ has positive measure,
we repeat the argument. That is, there is n’ such that u(7™ (U’) NU’) > 0 and then
also u(T™ (U")NU) > 0.

Repeating this argument, we can exhaust the set U up to a set of measure zero, and
this proves the theorem. O

Definition 5. A system (X, T, B, u) is called conservative if for every set A € B with
w(A) >0, there is n > 1 such that p(T™(A) N A) > 0. The system is called dissipative
otherwise, and it is called totally dissipative if u(T"(A) N A) =0 for very set A € B.

We call the transformation T recurrent w.r.t. ju if B\ UjenT(B) has zero measure
for every B € B. In fact, this is equivalent to p being conservative.

The Poincaré Recurrence Theorem thus states that probability measure preserving sys-
tems are conservative.

Lemma 3 (Kac Lemma). Let (X,T) preserve an ergodic measure p. Take Y C X
measurable such that 0 < p(Y) < 1, and let 7 :' Y — N be the first return time to Y.

13



Then

1 of pis a probability measure |
/Tduzzku(Yk)Z{ fuis a probability

= oo if uois a conservative o-finite measure.
forY, ={yeY :7(y) = k}.
Proof. Build a tower over Y by defining levels Ly =Y, L1 = T(Y) \ Y and recursively

Liy1 =T(Lj)\Y. Then L; = {T7(y) :y € Y, T"(x) ¢ Y for 0 < k < j}. In particular,
all the L; are disjoint and T'(L;) C L1 UY.

Ly

Ls

Ly

Ly

LO t #Y;’WY?’#Y'z#le |

Figure 1: The tower consisting of levels L;, j > 0.

We claim that B := U;soL; is T-invariant (up to measure zero). Clearly T-(L;) C L;_;
for j > 1. Hence, we only need to show that 77(Y) C B (mod u). Set A :=T"1(Y)\
B. We consider the two cases:

e u(X)=1:ifz € A, then T7(z) ¢ Y for all j > 0, because if j > 0 were the
minimal value such that 77(z) = x for some z € Y, then z € L;.
The sets T~7(A), j > 0, are in fact pairwise disjoint because if z € T~7(A) N
T=*(A) for some minimal 0 < j < k, then T7"*(A) C Logt_;_1, contradicting the
previous paragraph.
But this means that if u(A) > 0, then not only u(7T77(A)) = pu(A) > 0, but
by disjointness, u(U;T77(A) = >, u(T7(A)) = oo, contradicting that p is a
probability measure.

This proves that pu(A) = 0, so T~'(B) = B (mod pu) and by ergodicity, u(B) = 1.

e iu(X) = oo and p is conservative: Note that TF(A) N A = @ for all k > 1.
Therefore, if p(A) > 0, we have a contradiction to conservativity.

14



The sets Y}, are clearly pairwise disjoint. Since 7(y) < oo for p-a.e. y € Y, UpYy =Y
(mod w). Furthermore, 77(Y},) are pairwise disjoint subsets of L; for j < k and L,
Uk 177 (Yy) (mod ). Finally, T-Y(T7(Y;) N L;) = TV 1Y) N LJ pfor 1 <j<k. By
T-invariance,

(T (Vi) N Ly) = (T (Vi) NV Ljoa) = -+ = p(T(Yi) N Ly) = pa(Y5)

for0<j<k.

Therefore (swapping the order of summation in the second line)

p(X)=p(B) = Y wLy) =) > wT’(Yi)NLy)

=0 J20 k>j
= > > wWl'Y)NLy
k>1 0<j<k
= 3 ) = k)
k=1 0<j<k k>1
as required. H

8 The Koopman operator

Given a probability measure preserving dynamical system (X, B, i, T'), we can take the
space of complex-valued square- integrable observables L*(p). This is a Hilbert space,
equipped with inner product (f, g) f X x) dpu.

The Koopman operator Uy : L*(u) — L2(,u) is defined as Upf = foT. By T-invariance
of u, it is a unitary operator. Indeed

<UTf,UTg>:/Xfomw_gom) duz/X(f@)oT(w) duz/xf@du=<f,g>,

and therefore U3Up = UpUj. = I. This has several consequences, common to all unitary
operators. First of all, the spectrum o(Ur) of Ur is a closed subset of the unit circle.

Secondly, we can give a (continuous) decomposition of Ur in orthogonal projections,
called spectral decomposition. For a fixed eigenfunction ¢ (with eigenvalue A\ € S!,
we let Iy : L?(u) — L?(u) be the orthogonal projection onto the span of 1. More
generally, if S C o(Ur), we define IIg as the orthogonal projection on the largest closed
subspace V' such that Ur|y has spectrum contained in S. As any orthogonal projection,
we have the properties:

o 1% =TIg (IIg is idempotent);
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o II5 = IIg (Ilg is self-adjoint);
® HSHSI :OifSﬂS/ZQ;
e The kernel A/(Ils) equals the orthogonal complement, V+, of V.

Theorem 9 (Spectral Decomposition of Unitary Operators). There is a measure vy
on St such that

UT == / )\HAdVT(A%
o(Ur)

and vr(X) # 0 if and only if \ is an eigenvalue of Ur. Using the above properties of
orthogonal projections, we also get

Ul = / AN dvp ().
a(Ur)

9 Bernoulli shifts

Let (X, 0, 1) be a Bernoulli shift, say with alphabet A = {1,2,..., N}. Here ¥ = A%
(two-sided) or ¥ = A (one-sided), and yu is a stationary product measure with
probability vector (pi,...,pn). Write

Z[k+1,k+N}(&1 .. .CLN) = {l’ S Lt - - LN = A7 - . .aN}

for the cylinder set of length N. If C' = Zpj41 k15 and C' = Zjj41 145 are two cylinders
fixing coordinates on disjoint integer intervals (i.e., [k + 1,k + R N[l + 1,1+ S] = @),
then clearly u(C' N C’) = p(C)u(C"). This just reflects the independence of disjoint
events in a sequence of Bernoulli trials.

Definition 6. Two measure preserving dynamical systems (X, B,T,u) and (Y,C, S, v)
are called isomorphic if there are X' € B, Y’ € C and ¢ : Y' — X' such that

o (X)) =1, (Y =1;
e ¢:Y' — X' is a bi-measurable bijection;
e ¢ is measure preserving: v(¢~'(B)) = u(B) for all B € B.
e poS=To¢p.
Clearly invertible systems cannot be isomorphic to non-invertible systems. But there

is a construction to make a non-invertible system invertible, namely by passing to the
natural extension.
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Definition 7. Let (X,B,u,T) be a measure preserving dynamical system. A system
(Y,C,S,v) is a natural extension of (X,B,u,T) if there are X' € B, Y' € C and
¢:Y' — X' such that

o (X =1, v(Y") =1;

e S:Y' =Y’ isinvertible;

e ¢:Y' — X' is a measurable surjection;

o ¢ is measure preserving: v(¢ 1 (B)) = u(B) for all B € B;

e poS="To¢p.
Any two natural extensions can be shown to be isomorphic, so it makes sense to speak
of the natural extension. Sometimes natural extensions have explicit formulas (such

as the baker transformation being the natural extension of the angle doubling map).
There is also a general construction: Set

Y ={(2i)iz0 : T(x;11) = z; € X for all i > 0}

with S(xg, x1,...) = T(x0), ¥, 71, . ... Then S is invertible (with the left shift o = S1)
and
V(AQ, Al, AQ, .. ) = 1nf,u(A,) for (A(), Ah AQ cee ) - S,

is S-invariant. Now defining ¢(xg, 21, za,...) := xy makes the diagram commute: T o
¢ =¢oS. Also ¢ is measure preserving because, for each A € B,

¢_1(A) = (Av T_I(A)v T_z(A)a T_g(A)7 s )

and clearly v(A, T"1(A), T72(A), T 3(A),...) = u(A) because u(T-*(A)) = u(A) for

every ¢ by T-invariance of p.

Definition 8. Let (X, B, 1, T) be a measure preserving dynamical system.

o [f T is invertible, then the system is called Bernoulli if it is isomorphic to a
Bernoully shift.

o [f T 1is non-invertible, then the system is called one-sided Bernoulli if it is
1somorphic to a one-sided Bernoulli shift.

o [fT is non-invertible, then the system is called Bernoulli if its natural extension
18 1somorphic to a one-sided Bernoulli shift.
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The Bernoulli property is quite general, even though the isomorphism ¢ may be very
difficult to find explicitly. Expanding circle maps that satisfy the conditions of The-
orem 5 are also Bernoulli, i.e., have a Bernoulli natural extension, see [11]. Being
one-sided Bernoulli, on the other hand quite, is special. If 7" : [0,1] — [0, 1] has
N linear surjective branches [;, ¢ = 1,..., N, then Lebesgue measure m is invariant,
and ([0, 1], B,m,T) is isomorphic to the one-sided Bernoulli system with probability
vector (|I1],...,|In|). If T is piecewise C? but not piecewise linear, then it has to be
C?-conjugate to a piecewise linear expanding map to be one-sided Bernoulli, see [6].

10 Mixing and weak mixing
Whereas Bernoulli trials are totally independent, mixing refers to an asymptotic in-
dependence:

Definition 9. A probability measure preserving dynamical systems (X, B, u, T) is mix-
ing (or strong mixing) if

(T (A) N B) = p(A)u(B) asn — oo (6)
for every A, B € B.

Proposition 5. A probability preserving dynamical systems (X,B,T, p) is mizing if
and only if

[ for@) 5@ du— [ 5@ dn- [ G duasn oo (7)
X X X
for all f,g € L*(1), or written z'n the notation of the Koopman operator Upf = foT
and inner product (f, g) fX x) du:

(Urf,9) = (f,1)(1,9) asn — oo. (8)

Proof. The “if”-direction follows by taking indicator functions f = 14 and g = 1. For
the “only if”-direction, general f, g € L?(u) can be approximated by linear combinations
of indicator functions. O

Definition 10. A probability measure preserving dynamical systems (X,B,u,T) is
weak mixing if in average

%Z,M(T—i(A)mB)_M(A)#(B)y 0 asn — oo (9)
for every A, B € B.
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We can express ergodicity in analogy of (6) and (9):

Lemma 4. A probability preserving dynamical systems (X, B, T, i) is ergodic if and
only if

%Z“(T—i(m N B) — u(A)u(B) = 0 asn — oo,

for all A, B € B. (Compared to (9), note the absence of absolute value bars.)

Proof. Assume that T is ergodic, so by Birkhoff’s Ergodic Theorem * =y ' 10T (z) —
u(A) for p-a.e. z. Multiplying by 1p gives

1 > Lao T (@)lp(x) = u(A)lp(x) prac.

Integrating over x (using the Dominated Convergence Theorem to swap limit and in-
tegral), gives lim, L S0 [\ 14 0 T¥(z)15(x) du = p(A)u(B).

Conversely, assume that A = T7'A and take B = A. Then we obtain u(A)
L3 w(T7H(A)) — p(A)?, hence pu(A) € {0,1}.

Theorem 10. We have the implications:

O

Bernoulli = mixing = weak mixing = ergodic = recurrent.
None of the reverse implications holds in generality.

Proof. Bernoulli = mixing holds for any pair of cylinder sets C', C" because p(o™"(C)N
C) = u(C)u(C") for n sufficiently large. The property carries over to all measurable
sets by the Kolmogorov Extension Theorem.

Mixing = weak mixing is immediate from the definition.

Weak mixing = ergodic: Let A= T‘l(A) be a measurable T-invariant set. Then by
weak mixing pu(A) = £ 37 Fu(TH(A) N A) = p(A)u(A) = p(A?). This means that
u(A)=0or 1.

Ergodic = recurrent. If B € B has positive measure, then A := U;enT4(B) is T-
invariant up to a set of measure 0, see the Poincaré Recurrence Theorem. By ergodicity,
u(A) =1, and this is the definition of recurrence, see Definition 5. O

We say that a subset £ C NU{0} has density zero if lim, 2#(EN{0,...,n—1}) = 0.

Lemma 5 Let (a;)iso be a bounded non-negative sequence of real numbers. Then
lim, £ 37 0 a; = 0 if and only if there is a sequence E of zero density in NU {0} such
that hmE%_)oo a, = 0.
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Proof. <: Assume that limgy,_o @, = 0 and for € > 0, take N such that a, < ¢ for
all E #n > N. Also let A =supa,. Then

1 1 1
0 < — i = — i+ — i
- a - a—l—nZa

1
< 8+AE#(EO{O,...,n—1})—>5

as n — 00. Since € > 0 is arbitrary, lim,, % Z;:ol a; = 0.

=: Let E,, = {n:a, > %} Then clearly £y C E; C E3 C ... and each E,, has
density 0 because

n—1 nl

1
=m-li —5 ;> E lg, (i) =1li E., —1}).
0=m-lim a; 1£nn B, (1 im — #( N{0,...n—1})

n n
1=0

Now take 0 = Ny < N; < Ny < ... such that 14(E,, N {0,...,n—1}) < L for every
n= Ny, Let E = Uy, (Ep 0 {Np1, ... Ny — 11).

Then, taking m = m(n) maximal such that N,,_; < n,
1
— # (EnA0,...,n—1})
n

< %#(Eml N{0,..., Np_1 —1}) + %#(Em N{Np-1,...,n—1})

1 1
< #(Em_lﬂ{O,,Nm_l—l})+—#(Emﬂ{0,,n—l})
Nm—l n
1 1
< —+——=0
m—1 m
as n — oo. O

Corollary 2. For a non-negative sequence (ay,)n>o0 of real numbers, lim,, % Z:.L;Ol a; =0
if and only if lim,, = >~ fa2=0.

Proof. By the previous lemma, lim,, £ - Z 0 a; = 0 if and only if hmE;;n_m a, = 0 for
a set E of zero density. But the latter is clearly equivalent to limpy, 0 a2 = 0 for the
same set £. Applying the lemma again, we have lim,, 1 Z" ! a? = 0. O

Example 1. Let R, : S' — S be an irrational circle rotation; it preserves Lebesque
measure. We claim that R, is not mixing or weak mixing, but it is ergodic. To see
why R, is not mixing, take an interval A of length i' There are infinitely many n
such that R,;"(A) N A = @, so liminf, u(R™"(A) N A) = 0 # (3)%. However, R, has
a non-constant eigenfunction v : St — C defined as 1(x) = €™ because 1 o Ry (x) =
erilete) — g2micq) (1), Therefore R, is not weak miving, see Theorem 11 below. To
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prove ergodicity, we show that every T-invariant function ¢ € L*(m) must be constant.

Indeed, write (x) =Y, ., a,e®™™ as a Fourier series. The T-invariance implies that

a,e*™ = a, for allm € Z. Since a ¢ Q, this means that a, = 0 for all n # 0, so
Y(x) = ag is indeed constant.

Theorem 11. Let (X, B, 1, T) be a probability measure preserving dynamical system.
Then the following are equivalent:

1. (X,B,u,T) is weak mixing;

2. lim, 1 ST F T g) — (f, 1)(1, g)| = 0 for all L*(p) functions f,g;

3. impsn oo W(T""AN B) = p(A)u(B) for all A,B € B and a subset E of zero
density;

T x T is weak mizing;
T x S is ergodic on (X,Y) for every ergodic system (Y,C,v,S);

T x T is ergodic,;

NS v

The Koopman operator Ur has no measurable eigenfunctions other than constants.

Proof. 2. = 1. Take f =14, g = 1p.
1. & 3. Use Lemma 5 for a; = |u(T"(A) N B) — p(A)u(B)].

3. = 4. For every A, B,C, D € B, there are subsets E; and F, of N of zero density
such that

lim p(T7"(A) N B) = p(A)p(B)| = lim u(T7(C) N D) — p(C)u(D)] = 0.

FE13n—o0 E>ZFn—o0

The union E = F, U E, still has density 0, and

0< lim |puxp(TxT)™MAxC)N(BXxD))—puxpu(AxB) - uxu(C x D)

EFn—oo

= _Jim_[u(T(A) 0 B) - u(T"(C) 1 D) — u( A)p(B)u(C)u(D)|

EZn—
S piim p(TTA) N B) - (T N D) = p(C)pu(D))
+ pdim  p(@p(D) - p(T™(A) N B) — w(A)u(B)| =0.

4. = 5. If T x T is weakly mixing, then so is T itself. Suppose (Y,C,v,S) is an ergodic
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system, then, for A, B € B and C, D € C we have

. > w(T(A)NB(S™(C) N D)
_ % Z u(A)u(B)r(S(C) N D)
- % (W(T™(A) N B) = p(A)u(B))w(S7(C) N D).

1=0

By ergodicity of S (see Lemma 4), - LS u(STHC)ND) — u(C)u(D), so the first term
1n the above expression tends to p(A)u(B)u(C)pu(D). The second term is majorised by
L3 Y u(T(A) N B) — u(A)u(B)|, which tends to 0 because T is weak mixing.

5. = 6. By assumption 7" x S is ergodic for the trivial map S : {0} — {0}. Therefore
T itself is ergodic, and hence T' x T is ergodic.

6. = 7. Suppose f is an eigenfunction with eigenvalue A\. The Koopman operator is
an isometry (by T-invariance of the measure), so (f, f) = (Urf,Urf) = (Af,Af) =
IAP(f, f), and [A| = 1. Write ¢(z,y) = f(2)f(y). Then

VYo (T xT)(x,y) =v(Tx,Ty) = f(Tx)f(Ty) = |\*¢(z,y) = ¥(z,y),

so ¢ is T x T-invariant. By ergodicity of T' x T, 1 must be constant pu x p-a.e. But
then also f must be constant pu-a.e.

7. = 2. This is the hardest step; it relies on spectral theory of unitary operators. If
1 is an eigenfunction of Ur, then by assumption, ¢ is constant, so the eigenvalue is
1. Let V = span () and II; is the orthogonal projection onto V; clearly V+ = {f €
L*(u) : [ f duw = 0}. One can derive that the spectral measure vy cannot have any
atoms, except possibly at II;.

Now take f € V+ and g € L2(u) arbitrary. Using the Spectral Theorem 9, we have

n—1 2

[(Urf, o) =

1=0

N(I\f, g) dvp(X)

o(Ur)

_ _Z/ N(IIxf, g) dVT(>\>/ k(L. f, g) dvr(k)

a(Ur)

= —Z / / . NE (xS, ) (T f, g) dvr(X) dvr(k)

//U U)_Z)\Z A (TS, g) (T f, g) dvr(A) dvr (k)
//U w 71111__(/\/\@ (I f, 9) (e f, ) dvr(N) dvr(k),
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where in the final line we used that the diagonal {A = k} has vy X vp-measure zero,
because v is non-atomic (except possibly the atom II; at A = 1, but then II; f = 0).

Now %11(_’\)2” is bounded (use I'Hopital’s rule) and tends to 0 for A # k, so by the

Bounded Convergence Theorem, we have

Using Corollary 2, we derive that also limn%Z?:_ol (ULf,g)| = 0 (i.e., without the
square). Finally, if f € L?*(u) is arbitrary, then f — (f, 1) € V. We find

n—1

0 = lim 3" |WHS - (7.1).9)
=0
1n—1

L

= lim =3 [(Upf.9) = (£.1)(L g)|

=0

and so property 2. is verified. O

11 Cutting and Stacking

The purpose of cutting and stacking is to create invertible maps of the interval
that preserve Lebesgue measure, and have further good properties such as “unique
ergodicity”, “not weak mixing”, or rather the opposite “weak mixing but not strong
mixing”. Famous examples due to Kakutani and to Chacon achieve this, and we will
present them here.

The procedure is as follows:
e Cut the unit interval into several intervals, say A, B, C, ... (these will become the
stacks), and a remaining interval S (called the spacer).

e Cut each interval into parts (a fix finite number for each stack), and also cut of
some intervals from the spacer.

e Pile the parts of the stacks and the cut-off pieces of the spacer on top of the
stacks, according to some fixed rule. By choosing the parts in the previous step
of the correct size, we can ensure that all intervals in each separate stack have the
same size; they can therefore be neatly aligned vertically.
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e Map every point on a level of a stack directly to the level above. Then every point
has a well-defined image (except for points at the top levels in a stack and points
in the remaining spacer), and also a well-defined preimage (except for points at
a bottom level in a stack and points in the remaining spacer). Where defined,
Lebesgue measure is preserved.

e Repeat the process, now slicing vertically through whole stacks and stacking whole
stacks on top of other stacks, possibly putting some intervals of the spacer in
between. Wherever the map was defined at a previous step, the definition remains
the same.

e Keep repeating. Eventually, the measure of points where the map is not defined
tends to zero. In the end, assuming that the spacer will be entirely spent, there
will only be one point for each stack without image and one points in each stack
without preimage. We can take an arbitrary bijection between them to define the
map everywhere.

e The resulting transformation of the interval is invertible and preserves Lebesgue
measure. The number of stacks used is called the rank of the transformation.

Example 2 (Kakutani). Take one stack, so start with A = [0,1]. Cut it in half and
put the right half on top of the left half. Repeat this procedure. Let us call the result
limit map T : [0,1] — [0,1] the Kakutani map. The resulting formula is:

(m+% if v € [O,%);
:L‘—% ifxE[%,%);

r(w) = e foelh i)
\x—(l—%—#) z'fxé[l—%,l—#),n)l,

see Figure 2. If x € [0,1) is written in base 2, i.e.,

v =0bbsbs... b €{0,1}, =) b2,

then T acts as the adding machine: add 0.1 with carry. That is, if k = min{i > 1 :
b; = 0}, then T(0.b1bobs ...) = 0.001bgy1bgyo.... If k=00, so x = 0.111111..., then
T(x) = 0.0000....

Proposition 6. The Kakutani map T : [0, 1] — [0, 1] of cutting and stacking is uniquely
ergodic, but not weakly mizing.

Proof. The map T permutes the dyadic intervals cyclically. For example T'((0, %)) =
(3,1)) and T((5,1)) = (0,5). Therefore, f(x) = 1¢ 1) — (1, is an eigenfunction for

5 1
72 072 2
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Figure 2: The Kakutani map 7" : [0,1] — [0, 1] resulting from cutting and stacking.

eigenvalue —1. Using four intervals, we can construct (complex-valued) eigenfunctions
for eigenvalues 4-i. In generality, all the numbers e>™/?" m,n € N are eigenvalues,
and the corresponding eigenfunctions span L?(m). This property is called pure point
spectrum. In any case, 7" is not weakly mixing.

Now for unique ergodicity, we use the fact again that 7" permutes the dyadic intervals
cyclically. Call these intervals D; xy = [5%, JQLNI) for N € Nand j = {0,1,...,2Y — 1},
and if z € [0, 1), we indicate the dyadic interval containing it by D; y(x). Let

?N(x) = SuptGDj’N(x) f(t)7
fN(m) = infteD]-,N(x) f(t),

be step-functions that we can use to compute the Riemann integral of f. That is:

2N 1

B 1 1 2N 1
/ Fu(s)ds = op ; sup f(t) > / f(s)ds > / fy(8)ds = o5 ; O

teD; N

For continuous (or more generally Riemann integrable) functions, [ fydz— [ f yadr =0
as N — oo, and their common limit is called the Riemann integral of f.

According to Lemma 1, we need to show that %Zfigl o T'(z) converges uniformly

to a constant (for each continuous function f) to show that 7" is uniquely ergodic, i.e.,
Lebesgue measure is the unique invariant measure.

Let f :[0,1] — R be continuous and £ > 0 be given. By uniform continuity, we can
find N such that max;(sup,cp, . f(t) —infep; , f(t)) < e. Write n = m2Y +r. Any
orbit x will visit all intervals D; y cyclically before returning close to itself, and hence
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visit each D; y exactly m times in the first m2” iterates. Therefore

n—1 2N 1
1 1
SN JoTa) < i > m s 1)+l
=0 Dj,
2N 1
1 HfHoo / 7l flloo /—
< — t — d
o 2 teSBfo() o f(s o f(s)ds
as m — o0o. A similar computation gives + ZZL 01 foTx ff x)dx. Ase — 0
(and hence N — 00), we get convergence to the integral f f s)ds 1ndependently of the
initial point . O
Example 3 (Chacon). Take one stack and one stack: Ay =[0,3) and S =[2,1). Cut
Ag is three equal parts and cut [3, 9) from spacer S. Pile the middle mterval [g, 3) on
the left, then the cut-off piece [3, 5) of the spacer, and then remaining interval [3, g)

The stack can now be coded upward as Ay = AgAySAp.

Repeat this procedure: cut the stack wvertically in three stacks (of width % ), cut an
interval [g, g—?) from the spacer, and pile them on top of one another: middle stack on
left, then the cut-off piece of the spacer, and then the remaining third of the stack. The

stack can now be coded upward as Ay = A1A1SA;.

/

VAR I

Figure 3: The Chacon map 7 : [0, 1] — [0, 1] resulting from cutting and stacking.

Proposition 7. The Chacon map T : [0,1] — [0, 1] of cutting and stacking is uniquely
ergodic, weakly mixing but not strongly mizing.

Sketch of Proof. First some observations on the symbolic pattern that emerges of the
Chacon cutting and stacking. When stacking intervals, their labels follow the following
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pattern

AgApSAg AgApSAg S AgApSAg AgApSAg AgAgSAg S AgAgSAg S AgAgSAg AgApSAg S AgAgSAg
Al A1 Al A1 Al Al Al Al Al

/

Ao Asg Ao

A3

This pattern is the same at every level; we could have started with A,,, grouped together
as A, = A, A,SA,, etc. At step n in the construction of the tower, the width of the
stack is w, = 2(37"") and the length of the the word 4, is [, = 1(3"*! — 1).

The frequency of each block o*(A4,,) is almost the same in every block huge block B,
regardless where taken in the infinite string. This observation leads to unique ergodicity
(similar although a bit more involved as in the case of the Kakutani map), but we will
skip the details.

Instead, we focus on the weak mixing. Clearly the word A, appears in triples, and
also as A,A,A,SA,A,A,. To explain the idea behind the proof, pretend that an
eigenfunction (with eigenvalue e*™**) were constant on any set E whose code is A,, (or
oA, for some 0 < k < [,,, where o denotes the left-shift). Such set E are intervals of
width w,,. Then

f o Tln’E — eQm’)\lnf’E and f o T21n+1’E — 627ri/\lnf|E

This gives 1 = 2™l = 2™An g0 \ = 0, and the eigenvalue is 1 after all.

The rigorous argument is as follows. Suppose that f(x) = e*™@) were an eigenfunction

for eigenvalue > and a measurable function 9 : S' — R. By Lusin’s Theorem, we can
find a subset I C S! of Lebesgue measure > 1 — ¢ such that 9 is uniformly continuous
on F. Choose € > 0 arbitrary, and take N so large that the variation of ¥ is less
that € on any set of the form E N F, where points in £ have code starting as o*(Ay),
0 < k < ly. Sets of this type fill a set £* with mass at least half of the unit interval.

Because of the frequent occurrence of AyAnyAnSANANAy, a definite proportion of E*
is covered by set £ with the property that such that 7?1 NTWWE N E # &, because
they have codes of length [ that reappear after both [y and 2[5 + 1 shifts. For x in
this intersection,

Yo T?H(x)=(Iy + DA+ JoTW(z) (mod 1)
Yo T (z) =IxyA+9J(x) (mod 1)

where all three point x, 7' (z), T?~*1(z) belong to the same copy E. Subtracting the
two equations gives

Amod 1 =19 oT* N x) — ) oTW () +9(x) — 9o T (z) < 2¢.
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But € is arbitrary, so A = 0 mod 1 and the eigenvalue is 1.

Now for the strong mixing, consider once more the sets £ = Ej, of points whose
codes starts as the k-th cyclic permutation of A, for some 0 < k < [,, that is: the
first [, symbols of o*(A4,A,). Their measure is u(E) = w,, and for different k, they
are disjoint. Furthermore, the only [,-block appearing are cyclic permutations of A,
or cyclic permutations with a spacer S inserted somewhere. At least half of these
appearances are of the first type, so p,(UL’L:’OlEk,n) > % for each n.

The basic idea is that n(ENT " E) > ;u(E) because at least a third of the appearances
of A, is followed by another A,. But %,u(E) > u(F)?, as one would expect for mixing.
Of course, mixing only says that lim; u(Y N T-YE)) = u(Y)? only for sets Y not
depending on .

However, let Y, = [m/8,(m +1)/8] C [0,1], m =0, ...,7 be the eight dyadic intervals
of length 1/8. For each n, at least one Y,, is covered for at least half by sets E of the
above type, say a set Z C Y, of measure p(Z) > 3(Yy,)) such that Z C U Ej,,,. That
means that

_ _ 1 1
PV VT (V) > p(ZOT(Z)) 2 Sl Z) > Sl¥) > (Vo)
Let Y be one of the Y,,’s for which the above holds for infinitely many n. Then
lim sup,, (Y, N T7(Y,,)) > pu(Y)?, contradicting strong mixing. O

12 Toral automorphisms

The best known example of a toral automorphism (that is, an invertible linear map on
the torus T" = S* x - - - x S') is the Arnol’d cat map. This map T¢ : T2 — T? is defined
as

To(z,y) = C’(m) (mod 1) for the matrix C' = (? 1) .
Y

The name come from the illustration in Arnol’d’s book [3] showing how the head of a
cat, drawn on a torus, is distorted by the action of the map?. Properties of T, are:

e (' preserves the integer lattice, so T¢ is well-defined an continuous.

e det(C) = 1, so Lebesgue measure m is preserved (both by C' and T¢). Also C
and T¢ are invertible, and C~! is still an integer matrix.

e The eigenvalues of C are A\y = (3 &+ +/5)/2, and the corresponding eigenspaces
E. are spanned (—1,(v/5 +1)/2)7 and (1, (v/5 — 1)/2)7. These are orthogonal

2Arnol’d didn’t seem to like cats, but see the applet https://www.jasondavies.com/catmap, how
the cat survives
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(naturally, since C' is symmetric), and have irrational slopes, so they wrap densely
in the torus.

e Every rational point in T? is periodic under 7' (as their denominators cannot
increase, so T' acts here as an invertible map on a finite set). This gives many
invaraint measures: the equidistribution on each periodic orbit. Therefore Ty is
not uniquely ergodic.

The properties are common to all maps 7’4, provided they satisfy the following defini-
tion.

Definition 11. A toral automorphism T : T — T? is an invertible linear map on the
(d-dimensional) torus T. Each such T is of the form Ty(z) = Az (mod 1), where the
matriz A satisfies:

o A is an integer matriz with det(A) = £1;
e the eigenvalues of A are not on the unit circle; this property is called hyperbol-
icity.

Somewhat easier to treat that the cat map is Ty for A = (} (1)), which is an orientation

reversing matrix with A2 = C. The map T4 has a Markov partition, that is a
partition {R;}¥, for sets such that
1. The R; have disjoint interiors and U; R; = T¢;

2. If T4y(R;) N R; # @, then T4(R;) stretches across R; in the unstable direction
(i.e., the direction spanned by the unstable eigenspaces of A).

3. If T;'(R;) N R; # @, then T '(R,;) stretches across R; in the stable direction
(i.e., the direction spanned by the stable eigenspaces of A).

In fact, every hyperbolic toral automorphism has a Markov partition, but in general
they are fiendishly difficult to find explicitly. In the case of A, a Markov partition of
three rectangles R; for ¢ = 1,2, 3 can be constructed, see Figure 4.

The corresponding transition matrix is

1 if TW(R)NR; # @

011
B=1|1 0 1] where B;; = ‘
010 0 if Tu(R)NR; =2.

Note that the characteristic polynomial of B is

det(B—A) =X 422 +1=—-A+1DN = X—1)=—(A+1)det(A — \I).
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R, Ry
Ry

Ry

Figure 4: The Markov partition for the toral automorphism 74. The arrows indicate
the stable and unstable directions at (0, 0).

so B has the eigenvalues of A (no coincidence!), together with A = —1. The transition
matrix B generates a subshift of finite type:

EB = {(.Ti)iez X € {1,2,3},3%%_‘_1 =1Vie Z},

equipped with the left-shift o. That is, X5 contains only sequences in which each x;x;.1
indicate transitions from Markov partition elements that are allowed by the map T'4.

It can be shown that (T9, B, T, Leb) is isomorphic to the shift space (X5, C, o, ) where
,u([xkkarl 3 xn]) = mwknwk$k+1nwk+1mk+2 R § PR
for m; = Leb(R;), 1 =1,...,d}, and weighted transition matrix IT where

_ Leb(Ta(R;) N R;)

IL;; is the relative mass that T4 transports from R; to R;.

Finally C the o-algebra of set generated by allowed cylinder sets.

Theorem 12. For every hyperbolic toral automorphism, Lebesque measure is ergodic
and mizing.

Proof. We only give the proof for dimension 2. The higher dimensional case goes
similarly. Consider the Fourier modes (also called characters)

X(mny : T2 = C, X(m.m) (7, y) = emilmztny),

These form an orthogonal system (w.r.t. (¢, 1) = [ ¢¥d)), spanning L*(A) for Lebesgue
measure \. We have

) _ 627ri(am+cn)ac+(bm+dn)y)

UTAX(m,n) (1’, y) = X(m,n) OTA<J:7 y) = Xm,n(l'a Yy = XAt(m,n) (‘Ta y)
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In other words, Ur, maps the character with index (m,n) to the character with index
At(m,n), where A" is the transpose matrix.

For the proof of ergodicity, assume that ¢ is a Ts-invariant L?-function. Write it as
Fourier series:

@(Iay) = Z @(m,n)X(m,n)(‘ray)a

m,ne’

where the Fourier coefficients ¢,,,, — 0 as |m| + |n| = oo By Ts-invariance, we have
o(@,y) = 0o Ta(®,y) = Y PammXarmm) (¥, 9),
m,neL

and hence Q) = Qat(mqn for all m,n. For (m,n) = (0,0) this is not a problem, but
this only produces constant functions. If (m, n) # (0,0), then the A‘-orbit of (m, n), so
infinitely many equal Fourier coefficients

Pmn) = PAYmn) = P(AY2(mn) = PA)3(mn) = PAYI(mn) - - -

As the Fourier coefficients converge to zero as |m| + |n| — oo, they all must be equal
to zero, and hence ¢ is a constant function. This proves ergodicity.

For the proof of mixing, we need a lemma, which we give without proof.

Lemma 6. A transformation (X, T, p) is mizing if and only if for all ¢, in a complete
orthogonal system spanning L*(u), we have

/XSOOTN d,u—>/ z)dp - /w

To use this lemma on ¢ = X (mn) and ¢ = x4, we compute

as N — oco.

/X(m,n)OTN(x)X(k,l)(x) d)‘:/X(At)N(mm)X(k,l)(x) dA.
X X

If (m,n) = (0,0), then (A")N(m,n) = (0,0) = (m,n) for all N. Hence, the integral
is non-zero only if (k,l) = (0,0), but then the integral equals 1, which is the same
as [y X©0,0) A\ [ X0 (x)dX. If (k1) = (0,0), then the integral is zero, but so is

fXX(oo dAfXXOO ) dA.

If (m,n) # (0,0), then, regardless what (k,[) is, there is N such that (A)M(m,n) #
(k,1) for all M > N. Therefore

X X X

The lemma therefore guarantees mixing. [
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13 Topological entropy and topological pressure

Topological entropy was first defined in 1965 by Adler et al. [1], but the form that
Bowen [4] and Dinaburg [8] redressed it in is commonly used nowadays.

We will start by start giving the original definition, because the idea of joints of covers
easily relates to joints of partitions as used in measure-theoretic entropy. After that, we
will give Bowen’s approach, since it readily generalises to topological pressure as well.

13.1 The orginal definition

Let (X,d,T) be a continuous map on compact metric space (X, d). We say that U =
{U;} is an open e-cover if all U; are open sets of diamter < ¢ and X C |J, U;. Naturally,
compactness of X guarantees that for every open cover, we can select a finite subcover.
Thus, let N (U) the the minimal possible cardinality of subcovers of U. We say that
U refines V (notation U = V) if evey U € U is contained in a V € V. If U = V then
NU) > NY).

Given two cover U and V), the joint
Uvy: ={Unv:UelUu,v eV}

is an open cover again, and one can verify that N’ (U V V) < N(U)N (V). Since T is
continuous, T~1(U) is an open cover as well, although in this case it need not be an
e-cover; However, U V T~ (U) is an e-cover, and it refines T~ (U).

Define the topological entropy as

1 n—1 '
hiop(T) = lim sup lim — log N (U™) for U™ := \/ ™U), (10)
i=0

e—=0 y n n

where the supremum is taken over all open e-covers U. Because N (UVV) < N (UN(V),
the sequence log N (U") is subadditive, so the limit lim, = log V'(U") exists. We have
the following properties:

Lemma 7. ® Niop(TF) = khyop(T) fork > 0. If T is invertible, then also hy,(T™) =
hiop(T).

o If(Y,S) is semiconjugate to (X, T), then hiyp(S) < hiop(T). In particular, conju-
gate systems (on compact spaces!) have the same entropy.

Proof. O]
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13.2 Topological entropy of interval maps

If X = [0,1] with the usual Euclidean metric, then there are various shortcuts to
compute the entropy of a continuous map 7" : [0,1] — [0,1]. Let us call any maximal
interval on which 7" is monotone a lap; the number of laps is denoted as ¢(T"). Also, the
variation of T is defined as

Var(T) = sup Z T (x;) — T'(zi-1)],

0<zo<... <N i1

where the supremum runs over all finite collections of points in [0, 1]. The following
result is due to Misurewicz & Szlenk [12].

Proposition 8. Let T': [0,1] — [0, 1] have finitely many laps. Then

1
hiop(T) = lim —log ¢(T")

n—oo N,

1
= limsup — log #{ clusters of n-periodic points}
n—oo T

1
= max{0, lim —log Var(T")}.
n—o0o M,

where two n-periodic points are in the same cluster if they belong to the same lap of T".

Proof. Since the variation of a monotone function is given by sup 7'— inf 7', and due to
the definition of “cluster” of n-periodic points, the inequalities

#{clusters of n-periodic points}, Var(T") < ¢(T")

are immediate. For a lap I of T", let v := |T™(I)| be its height. We state without proof
(cf. [5, Chapter 9]):

For every 6 > 0, there is v > 0 such that the number of
laps I of T™ with the property that I belongs to a lap of 77 (11)
of height >« for all 1 < j < nis at least (1 — §)"4(T™).

This means that Var(T") > v(1 — §)™(T"), and therefore
1 1 1
—26 + lim — log /(T™) < lim — log Var(7T™") < lim — log ¢(T™).
n n n n n n
Since 0 is arbitrary, both above quantities are all equal.

Making the further assumption (without proof?) that there is K = K(v) such that
UK T%(J) = X for every interval of length |J| > v, we also find that

#{clusters of n + i-periodic points,0 <7 < K} > (1 —6)™(T").

3In fact, it is not entirely true if T has an invariant subset attracting an open neighbourhood.
But it suffices to restrict T to its nonwandering set, that is, the set Q(T) = {x € X : = €
Un>1T"(U)) for every neighbourhood U > x}, because hiop(T) = hiop(T|o(r))-
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This implies that

1 1
—26 + lim — log /(T™) < limsup — max. log #{clusters of n + i-periodic points}
non non

so also lim, £ log ((T™) = limsup,,_, ., + log #{clusters of n-periodic points}

If € > 0 is so small that the width of every lap is greater than 2e, then for every e-
cover U, every subcover of U™ has at least one element in each lap of T™. Therefore
((T™) < N(U™) for every e-cover, so lim,, £ log £(T™) < hyep(T). O

13.3 Bowen’s approach

Let T be map of a compact metric space (X, d). If my eyesight is not so good, I cannot
distinguish two points x,y € X if they are at a distance d(z,y) < € from one another. I
may still be able to distinguish there orbits, if d(T*z, T*y) > ¢ for some k > 0. Hence,
if I'm willing to wait n — 1 iterations, I can distinguish x and y if

dp(x,y) = max{d(T*z, T"y) : 0 < k < n} > e.

If this holds, then x and y are said to be (n,e)-separated. Among all the subsets of
X of which all points are mutually (n, €)-separated, choose one, say E,(¢), of maximal
cardinality. Then s,(¢) := #E,(¢) is the maximal number of n-orbits I can distinguish
with e-poor eyesight.

The topological entropy is defined as the limit (as e — 0) of the exponential growth-
rate of s, (¢):
- 1
hiop(T') = ll—r}é hznﬁs;ip - log s,,(¢). (12)
Note that s,(e1) > s,(e2) if 1 < €9, so limsup,, % log s,(¢) is a decreasing function in
€, and the limit as ¢ — 0 indeed exists.

Instead of (n,e)-separated sets, we can also work with (n,c)-spanning sets, that is,
sets that contain, for every z € X, a y such that d,(z,y) < . Note that, due to its
maximality, F,(¢) is always (n,¢)-spanning, and no proper subset of F,(¢) is (n,¢)-
spanning. Each y € E,(¢) must have a point of an (n,e/2)-spanning set within an
g/2-ball (in d,-metric) around it, and by the triangle inequality, this €/2-ball is disjoint
from e/2-ball centred around all other points in E,(¢). Therefore, if ,(¢) denotes the
minimal cardinality among all (n, €)-spanning sets, then

rn(€) < sp(e) < 1u(e/2). (13)

Thus we can equally well define

1
hiop(T) = lim lim sup — log 7, (¢). (14)

e20 psoo M
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Examples: Consider the S-transformation 75 : [0,) — [0,1), x — [z (mod 1) for
some 3 > 1. Take ¢ < 1/(26%), and G, = {5z : 0 <k < "} Then G, is (n,¢)-
separating, so s,(¢) = f". On the other hand, G, = {%—"f D 0< k< pB/(2)} is
(n, e)-spanning, so r, () < 4"/(2¢). Therefore

1
log 8 = limsup — log 8" < hop(T3) < limsup log 5" /(2¢) = log f5.
n n n

Circle rotations, or in general isometries, 7" have zero topological entropy. Indeed,
if F(e) is an e-separated set (or e-spanning set), it will also be (n,¢)-separated (or
(n,e)-spanning) for every n > 1. Hence s,(¢) and r,(¢) are bounded in n, and their
exponential growth rates are equal to zero.

Finally, let (X, o) be the full shifts on NV symbols. Let ¢ > 0 be arbitrary, and take m
such that 27™ < . If we select a point from each n + m-cylinder, this gives an (n, ¢)-
spanning set, whereas selecting a point from each n-cylinder gives an (n,e)-separated
set. Therefore
1 1
log N = limsup —log N" < limsup —log s, () < hyp(1p)
n n n

1
< limsup — logr,(g) < limsuplog N"*™ = log N.

Proposition 9. For a continuous map T on a compact metric space (X, d), the three
definitions (10), (12) and (14) give the same outcome.

Proof. The equality of the limits (12) and (14) follows directly from (13).

If U is an e-cover, every A € U™ can contain at most one point in an (n,)-separated
set, so s(n,e) < N'(U™), whence limsup, + log s(n, ) < lim, £ log N'(U™).

Finally, in a compact metric space, every open cover U has a numbr (called its Lebesgue
number) such that for every x € X, there is U/ such that Bs(x) C U. Clearly § < ¢
if U is an e-cover. Now if an open e-cover U has Lebesgue number 9§, and E is an
(n, 0-spanning set of cardinality #F = r(n,d), then X C Uzep
capl—y T~ (Bs(T")). Since each Bs(T(z)) is contained in some U € U, we have N'(U") <
r(n,d). Since § — 0 as € — 0, also

lim lim 1 log N (U™) < (151_r>n lim sup % logr(n,d).

e=0 n n 0 n

13.4 Topological pressure

The topological pressure P, (T, 1) combines entropy with a potential function ¢ : X —
R. By definition, hiy,(T) = Pop(T,4) if ¢(x) = 0. Denote the n-th ergodic sum of v
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n—1

Sutb(x) =Y o TH(x).

k=0
Next set

{ Ko (T, 4p,e) = sup{>_,cp 5@ : Eis (n,e)-separated}, (15)

L, (T,v,e) =inf{}  .pe 5@ . F is (n,e)-spanning}.

For reasonable choices of potentials, the quantities lim._,o limsup,,_, ., % log K,,(T, ), €)
and lim._,o limsup,,_,, +log L,(T, 1, ¢) are the same, and this quantity is called the
topological pressure. To give an example of an unreasonable potential, take X, be
a dense T-invariant subset of X such that X \ Xj is also dense. Let

{100 ifz e X,
w(“”){o if © ¢ Xo.

Then L, (T,,¢) = ry(e) whilst K,,(T,v,¢e) = e'%s,(¢), and their exponential growth
rates differ by a factor 100. Hence, some amount of continuity of ¢ is necessary to make
it work.

Lemma 8. If ¢ > 0 is such that d(z,y) < e implies that [(x) — Y (y)| < §/2, then

e K, (T, 1,¢) < Lp(T,2p,e/2) < Ku(T,1,¢/2).

Exercise 2. Prove Lemma 8. In fact, the second inequality holds regardless of what 1
18.

Theorem 13. If T : X — X and ¢ : X — R are continuous on a compact metric
space, then the topological pressure is well-defined by

Piop(T, 1)) := hmhmsup log K, (T, ¢, ¢) = hmhmsup logL (T, 1, ¢€).

e~V nooco e~V nooco

Exercise 3. Show that P,,,(T®, Sr)) = R+ Pioy(T,0).

14 Measure-theoretic entropy

Entropy is a measure for the complexity of a dynamical system (X, T'). In the previous
sections, we related this (or rather topological entropy) to the exponential growth rate
of the cardinality of P, = Z;é T—*P for some partition of the space X. In this
section, we look at the measure theoretic entropy h,(T") of an T-invariant measure f,
and this amounts to, instead of just counting P,, taking a particular weighted sum of the
elements Z,, € P,. However, if the mass of i is equally distributed over the all the Z,, €
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P.., then the outcome of this sum is largest; then y would be the measure of maximal
entropy. In “good” systems (X, 7)) is indeed the supremum over the measure theoretic
entropies of all the T-invariant probability measures. This is called the Variational
Principle:

hiop(T) = sup{h,(T) : p is T-invariant probability measure}. (16)

In this section, we will skip some of the more technical aspect, such as conditional
entropy (however, see Proposition 10) and o-algebras (completing a set of partitions),
and this means that at some points we cannot give full proofs. Rather than present-
ing more philosophy what entropy should signify, let us first give the mathematical
definition.

Define

¢:10,1] > R ¢(x) =—zlogz
with ¢(0) := lim, o p(z) = 0. Clearly ¢'(z) = —(1+logx) so ¢(x) assume its maximum
at 1/e and p(1/e) = 1/e. Also ¢"(z) = —1/x < 0, so that ¢ is strictly concave:

ap(r) + Bp(y) < plax+By)  foralla+pf=10,8>0, (17)
with equality if and only if z = y.

Theorem 14 (Jensen’s Inequality). For every strictly concave function ¢ : [0,00) — R
we have

Zaigp(xi) < go(z a;x;) for a; >0, Zai =1 and z; € [0,00), (18)
with equality if and only if all the x; are the same.

Proof. We prove this by induction on n. For n = 2 it is simply (17). So assume that

18) holds for some n, and we treat the case n + 1. Assume «; > 0 and il a; =1
( =1

and write B = Y"1 | a;.

n+1

o E o) = p(B E E% + Qi1 Tnt1)
i=1 i=1

WV

Q;
Be() | %) + P(Cnt1Tns1) by (17)

i=1
BY_ E@(ﬂfi) + (M +1Tnt1) by (18) for n
=1

n+1

= ZO@'SO(%’)

as required. Equality also carries over by induction, because if z; are all equal for

1 < i< n, (17) only preserves equality if z,41 = > 1" Ha; = 21. O

WV
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This proof doesn’t use the specific form of ¢, only its (strict) concavity. Applying it to
o(x) = —xlog x, we obtain:

Corollary 3. Forp; +---+p, =1, p; > 0, then >\, o(p;) < logn with equality if

and only if all p; are equal, i.e., p; = %

Proof. Take a; = %, then by Theorem 14,

%;Sp(pz Z%SO pi) < Z lpz) = SO(%) = %logn.

Now multiply by n. O]

Corollary 4. For real numbers a; and py+---+p, =1, p; >0, > pi(a; —logp;) <
log >~" | % with equality if and only if p; = €% /> ", e* for each i.

Proof. Write Z =3""  e%. Put a; = % /Z and z; = p;Z /e in Theorem 14. Then

izlpz'(ai —log Z —logp;) = _Z <ezal l:f)

ev ;2 ev p; 2
< = = (1) =0.
Z Z e%i — Z e%i (‘0( )

Rearranging gives Y | p;i(a; — logp;) < log Z, with equality only if z; = p;Z/e" are
all the same, i.e., p; = €% /7. O

Exercise 4. Reprove Corollaries 3 and 4 using Lagrange multipliers.

Given a finite partition P of a probability space (X, i), let

P)=_ouP) ==Y pu(P)log(u(P)), (19)

peP PeP

where we can ignore the partition elements with p(P) = 0 because ¢(0) = 0. For a
T-invariant probability measure p on (X, B,T'), and a partition P, define the entropy
of y w.r.t. P as

1 n—1
H,(T,P) = lim —H, (\/ T7*P). (20)
k=0

Finally, the measure theoretic entropy of u is
h,(T) = sup{H,(T,P) : P is a finite partition of X}. (21)

Naturally, this raises the questions:
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Does the limit exist in (20)7
How can one possibly consider all partitions of X7

We come to this later; first we want to argue that entropy is a characteristic of a
measure preserving system. That is, two measure preserving systems (X, B, T, i) and
(Y,C, S, v) that are isomorphic, i.e., there are full-measured sets Xq C X, Yy C Y and
a bi-measurable invertible measure-preserving map 7 : Xg — Yj (called isomorphism)
such that the diagram

<X07Balu) l) (X07B7 :u)

Tl iy
(Y%0,C.v) == (¥3.C.v)
commutes, then h,(T) = h,(S). This holds, because the bi-measurable measure-

preserving map m preserves all the quantities involved in (19)-(21), including the class
of partitions for both systems.

A major class of systems where this is very important are the Bernoulli shifts. These
are the standard probability space to measure a sequence of i.i.d. events each with
outcomes in {0,..., N — 1} with probabilities py, ..., py_1 respectively. That is: X =
{0,...,N — 1} or {0,...,N — 1}%, ¢ is the left-shift, and p the Bernoulli measure
that assigns to every cylinder set [z, ...z,| the mass

n

p([xm .. xy]) = H p(xg) where p(xy) = p; if 2 = 4.

k=m

For such a Bernoulli shift, the entropy is
hu(o) = — sz‘ log pi, (22)

so two Bernoulli shifts (X, p, 1) and (X', p/, u,y) can only be isomorphic if — >~ p; log p; =
— > . pilog(p;). The famous theorem of Ornstein showed that entropy is a complete in-
variant for Bernoulli shifts:

Theorem 15 (Ornstein 1974 [14], cf. page 105 of [16]). Two Bernoulli shifts (X, p, p,)
and (X', 0, py) are isomorphic if and only if — >, pilogp; = — >, p;logp;.

Exercise 5. Conclude that the Bernoulli shift fir 11 s 1somorphic to AL 11y,
but that no Bernoulli measure on four symbols can be isomorhic to pi1 111 1)

Let us go back to the definition of entropy, and try to answer the outstanding questions.

Definition 12. We call a real sequence (a,),>1 subadditive if

Upan < Ay + @y for allm,n € N.
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Theorem 16. If (a,)n>1 is subadditive, then lim, %* = inf,., %.

Proof. Every integer n can be written uniquely as n =1¢-r+j for 0 < j < r. Therefore

. G, . Q45 Za'r + a; Q.
limsup — = limsup ——— < limsup ——— = —.
n—o00 n isoo LT J 1—00 v + j r

This holds for all » € N, so we obtain

. ap .. (7% . (7% . Ay
inf — < liminf — < limsup — < inf —,
ror n n n n rr

as required. O

Definition 13. Motivated by the conditional measure pu(P|Q) = ’”?g?), we define
conditional entropy of a measure p as

H,(P|Q) = Zu Q;) Z“ i QQJ (5"(85"'), (23)

where i runs over all elements P; € P and j runs over all elements Q); € Q.

Avoiding philosophical discussions how to interpret this notion, we just list the main
properties that are needed in this course that rely of condition entropy:

Proposition 10. Given measures i, p; and two partitions P and Q, we have

1. Hy(PV Q) < Hu(P) + Hu(Q);
2. H,(T,P) < H,(T, Q) + H,(P | Q).

3. 2 iy Pilly (P) < Hyyp, pyu, (P) whenever 3 pr =1, pi > 0,

Subadditivity is the key to the convergence in (20). Call a,, = H,(\/;—3 T~*P). Then
m+n—1

min = H,( \/ T P) use Proposition 10, part 1.

m—1 m—+n—1
u( \/ T*P) + H,( \/ T-%P) use T-invariance of 4

N

m—1 n—1

= H,(\/ T*P)+ H,(\/ T*P)
k=0 k=0

= QT+ Qpn.

Therefore H,,( Z;é T~*P) is subadditive, and the existence of the limit of %H u( Z;é T-+P)
follows.
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Proposition 11. Entropy has the following properties:

1. The identity map has entropy 0O,
2. h,(T®) = R-h,(T) and for invertible systems h,(T~%) = R - h,(T).

Proof. Statement 1. follows simply because \/Z;(l) T~%P = P if T is the identity map,
so the cardinality of \/Z;(l) T=*P doesn’t increase with n.

For statement 2. set Q = \/f‘;o1 T—7P. Then for k > 1,

nR—1
: 1 &
R-H,(T,P) = JLQOR-ﬁHM(j\:/OT P)
n—1

= Jm iV 79
=0

= HM(TRa Q)

Taking the supremum over all P or Q has the same effect. m

The next theorem is the key to really computing entropy, as it shows that a single
well-chosen partition P suffices to compute the entropy as h,(T) = H,(T,P).

Theorem 17 (Kolmogorov-Sinai). Let (X, B, T, ) be a measure-preserving dynamical
system. If partition P is such that

* _T7*P generates B if T is invertible,

j=—o0

{ Vite T=*P generates B if T is non-invertible,
\%

then h,(T) = H,(T,P).

We haven’t explained properly what “generates B means, but the idea you should
have in mind is that (up to measure 0), every two points in X should be in different
elements of \/{_y T~*P (if T is non-invertible), or of \/}_' T=*P (if T is invertible)
for some sufficiently large n. The partition B = {X} fails miserably here, because
\/;‘:_n T—%P = P for all n and no two points are ever separated in P. A more subtle
example can be created for the doubling map T, : S' — S, Ty(z) = 2z (mod 1). The
partition P = {0, %), [%, 1)}. is separating every two points, because if x # y, say
2=+ < |z — y| < 27", then there is k < n such that T¥z and Ty belong to different
partition elements.

On the other hand, @ = {[,2),[0,1) U [3,1)} does not separate points. Indeed, if
y=1—mx, then T¥(y) = 1 —=T¥(x) for all k > 0, so x and y belong to the same partition

element, Th(y) and T¥(x) will also belong to the same partition element!
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In this case, P can be used to compute h,(7"), while Q in principle cannot (although
here, for all Bernoulli measure p = pi,1-p, we have h,(T2) = H,(T,P) = H,(T, Q)).

Proof of Theorem 17. Let A be the generating partition. Then h,(T,A) < h,(T) be-
cause the RHS is the supremum over all partitions. Let € > 0 be arbitrary, and let C
be a finite partition, say #C = N, such that H,,(7,C) > h,(T) —e. We have

k n—1 n+2k
7 1 z
h#(T]\/TA):nh_)rgonH \/TJ\/T _grolonﬁ (TH(\/ T A))
i=—k 7=0 i=—k 7=0
n+2k

=g 22D L g () TA) = h(TA).
j=0

Using this and Proposition 10, part 2, we compute:
k k
hu(T|C) < hy(T) \/ T'A)+ H,(C| \/ T'A) = h(T|A) + H,(C| \/ T'A
i=—k i=—k i=—k

Since A is generating, the measure of points in X for which the element A € \/,’f:_ L T'kA
that contains x is itself contained in a single element of C tends to one as k — oo.
Therefore we can find k£ so large that if we set

k
A ={Ae \/ T'kA: ANC # @ # AN C' for some C # C' € C},

i=—k

then p(UJyc e A) < e/(Nlog N). This gives

ne V ey = ¥ e (M550

i=—k AE\/k le_A CceC
w(ANC)
=Y Z%@( )< S u(A)NTog N <
AeA* ceC AeA*

Combining all, we get h, (T, A) = h,(T,C) — e = h,(T) — 2e completing the proof. [

We finish this section with computing the entropy for a Bernoulli shift on two symbols,
i.e., we will prove (22) for two-letter alphabets and any probability p([0]) =: p € [0, 1].
The space is thus X = {0,1}" and each * € X represents an infinite sequence of
coin-flips with an unfair coin that gives head probability p (if head has the symbol 0).
Recall from probability theory

P(k heads in n flips) = (Z)pk(l —p)" ",
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so by full probability:

n

3 (Z)pku et

k=0

Here (Z) = - are the binomial coefficients, and we can compute

n!
kl(n—k)

{ k’(:) = (k—l)?(!n—k)! = ”(k_(f)!_(:z)ik)! = ”(Zj)
(n—k)() = (k)!(ﬁk—l)! = ”k!((::klzll)! = “(ngl)

This gives all the ingredients necessary for the computation.

(24)

HH(\_/ o*P) = — > ullwe,. ., zaa))log [z, - ., 0]
k=0 0,y Tp—1=0
= = > Ile@)tog] ] o)
= =) (Z)pk(l —p)" log (p*(1 —p)* ")

In the first sum, the term k = 0 gives zero, as does the term k = n for the second sum.
Thus we leave out these terms and rearrange by (24):

k=0
- n—1
= —1)10gpzn(lC - 1)1)’“‘1(1 —p)"
k=1
n—1 n—1
~=pogt=p Yon(" ) e
k=0

= n(=plogp— (1 —p)log(l —p)).
The partition P = {[0], [1]} is generating, so by Theorem 17,

n—1

.1 _
hu,(o0) = H,(0,P) = h}Ln EH“(\/ o "P) = —plogp — (1 —p)log(1 — p)
k=0
as required.
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15 The Variational Principle

The Variational Principle claims that topological entropy (or pressure) is achieved by
taking the supremum of the measure-theoretic entropies over all invariant probability
measures. But in the course of these notes, topological entropy has seen various defini-
tions. Even sup{h,(T) : p is a T-invariant probability measure} is sometimes used as
definition of topological entropy. So it is time to be more definite.

We will do this by immediately passing to topological pressure, which we will base on
the definition in terms of (n, §)-spanning sets and/or (n,e)-separated sets. Topological
entropy then simply emerges as hyop(1) = Piop(T, 0).

Theorem 18 (The Variational Principle). Let (X,d) be a compact metric space, T :
X — X a continuous map and 1 : X — R as continuous potential. Then

Poop(T', %) = sup{h,(T / W dp :opois a T-invariant probability measure}. (25)

Remark 3. By the ergodic decomposition, every T-invariant probability measure can
be written as convex combination (sometimes in the form of an integral) of ergodic
T-invariant probability measures. Therefore, it suffices to take the supremum over all
ergodic T-invariant probability measures.

Proof. First we show that for every T-invariant probability measure, h,(T)+ [ 1 du <
Piop(T, ). Let P = {Py, ..., Py_1} be an arbitrary partition with N > 2 (if P = {X},
then h,(T,P) = 0 and there is not much to prove). Let > 0 be arbitrary, and choose
e > 0 so that eNlog N < n.

By “regularity of i”, there are compact sets QQ; C P; such that u(P;\ Q;) < ¢ for each
0<i< N. Take Qy = X \ UY,'Q;. Then @ = {Qo, ..., Qn} is a new partition of X,
with u(Qn) < Ne. Furthermore
WPNQ) [0 ii#j<N.
W@ 1 ifi=j<N

whereas ZN ! %Q)N) = 1. Therefore the conditional entropy

Q)

~
=0 if j<N

H,(P|Q) = A Z_:M(ij(M)

(PN Qy) | (PN Q)
- 1
#Qw) ; Qv )
w(Qn)log N by Corollary 3
eNlog N <.

NN
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Choose 0 < § < %min0<i<]~<N d(Qi, Q;) so that
d(z,y) < ¢ implies [¢(z) —P(y)| <e. (26)

Here we use uniform continuity of 1 on the compact space X. Fix n and let E,(d) be
an (n,§)-spanning set. For Z € Q,, := \/1_, T7*Q, let a(Z) = sup{S,¢(z) : = € Z}.
For each such Z, also choose 2 € Z such that S,¢(x) = a(Z) (again we use continuity
of 1 here), and y; € E,(d) such that d,(rz,yz) < J. Hence

a(Z) —ne < Sp(yz) < a(Z) + ne.
This gives
Q)+ [ S0 du< 3 w(Z)al(2) ~logu(2) <log 3 @ (1)
X ZeQ, ZeQ,
by Corollary 4.

Each ¢-ball intersects the closure of at most two elements of Q. Hence, for each y €
E,(6), the cardinality #{Z € Q,, : yz = y} < 2". Therefore

Z ea(Z)—ns < Z eSn?/J(yZ) <on Z esnd’(y)'

ZGQn ZGQn yeEn((S)

Take the logarithm and rearrange to

log Z %) < n(e +log2) + log Z e W),

ZeQn yEER(9)

By T-invariance of y we have [ S,9 du =n [ du. Therefore
1 1
CHAQ)+ [ wdn < 2@+ [ Swd
X n nJx
1
< =1 o(Z)
—log Z e

Z€Qn

1
< 1 = Sne(y)
< e+ og2—|—nlog Z e
yEEL(0)

Taking the limit n — oo and recalling that F,(d) is an arbitrary (n,d)-spanning set,
gives

H,(T,Q) —i—/ Y dp < e+10g2 + Pry(T,9).
X

By Proposition 10, part 2., and recalling that ¢ < 7, we get
HATP)+ [ 0 du=H(T,Q)+ HPIQ) + [ b d < 20+ 1052+ Pup(T. ).
X
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We can apply the same reasoning to T'% and Skt instead of T' and ). This gives

R- (H#(T,P)+/Xw du> - HM(TR,P)—i—/XSRw du

< 20+ 1log2 + Py (TR, Sgy)
— 277 —+ 10g2 + R- Ptop(Ta W

Divide by R and take R — oo to find H,(T,P) + [ ¥ du < Pip(T,4). Finally take
the supremum over all partitions P.

Now the other direction, we will work with (n, ¢)-separated sets. After choosing € > 0
arbitrary, we need to find a T-invariant probability measure p such that

ho(T) + /wdu lim sup — logK(T ,2) = P(T. b, ¢).

n—oo

Let E,(¢) be an (n,¢)-separated set such that

log Z SV > log K, (T4, €) — 1. (28)

yEEn ()

Define A,, as weighted sum of Dirac measures:

Z esnw(y)

yEEL(g)
where Z = e%%() is the normalising constant. Take a new probability measure
yEEn(e)
n—1
— IS Ao
n
k=0
Therefore
n—1
1
/;@dun = _Z/¢d(AnoT Z > woTHy) SWU
X N0 /x Nz 0 yEE, (<)
1
= — ) Sub(y)zevY = / St dA,,. (29)
n n

yEERL(e)

Since the space of probability measures on X is compact in the weak topology, we can
find a sequence (n;),>1 such that for every continuous function f: X -+ R

/fd,unj—>/fdu as j — 00.
X X
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Choose a partition P = {Fp, ..., Py_1} with diam(P;) < ¢ and p(90F;) = 0 for all
0<i< N. Since Z € P, := \/}_) T~*P contains at most one element of an (n, ¢)-
separated set, we have

Ha,(P) + /X S, = 3 Au({y}) (Sut(y) — log An({y})

yEER(€)

= log Z eSnW) = Jog Z.

yEEy(¢)

by Corollary 4

Take 0 < ¢ < n arbitrary, and for 0 < j < ¢, let

Up=1{j,j+1,...,a;q+j—1} where a; =

Then
{0,1,...,n—1}:Uju{o,l,...,j—1}Uajq+j,ajq+j+1,...,n—1}4

-~
Vi

where V; has at most 2¢ elements. We split

n—1 a;j—1qg—1
\/T*P = (\/ q\/ T‘(Tq+j+i)7?> v\/ TP
k=0

r=0 =0 levj
aj—1 q—1
= (\/ T~ (ra+d) \/ TWD) V \/ T7'P.
r=0 i=0 lev;

Therefore,

logZ = HAR(PH)+/ Sy dA,
X

a;j—1

< Y Hp (T \/T‘ZP )+ Ha,(\/ T7'P) + / S dA,
=0 lev; X
a;—1 q—1

<Y Hareown (V T7P) + 2000 N + [ 8,0 4,
r=0 =0

because \/ler T-'P has at most N%? elements and using Corollary 3. Summing the

above inequality over j =0,...,¢ — 1, gives
g—1aj—1 q-1
qlogZ = ZZHA oT—rati \/T "P) + 2¢° logN+q/ Sp dA,
7=0 r=0

1 a .
< n § :ﬁ HAnonk(\/ T~P) + 2¢*log N + q/ St dA,,.
k=0 i=0 X
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Proposition 10, part 3., allows us to swap the weighted average and the operation H:

q—1

qlog Z < nHM(\/ T7'P) +2¢*log N + q/ Spth dA,,.
b

=0

Dividing by n and recalling (28) for the left hand side, and (29) to replace A,, by py,
we find

qlogK(Twa—— Hn\/TZP —|——logN—|—q/1/1dun.

Because p(0F;) = 0 for all 4, we can replace n by n; and take the weak limit as j — oo.
This gives

aP(T,v,¢) \/T’P +q/wdu
Finally divide by ¢ and let ¢ — oc:
P(T,,¢) / ¥ dp.
This concludes the proof. n

16 Measures of maximal entropy

16.1 Subshifts of finite type

To each directed graph (G, —), say with vertices {1,..., N} one can assign a transition
matriz A = (ai’j)ﬁfj:l where for each ¢, j, A;; counts the number of edges from vertex
i to vertex j. We call G irreducible if there exists a path (of some length) from each
vertex to each vertex. It is called aperiodic if for each i, there is m € N such that
there is a path from i to j of length n for every n > m. In terms of the transmatrix,
this translates to: A is irreducible if for every i, j there is n such that A7; > 0, and A
is aperiodic if in addition there is n such that A}, > 0 for all 4, j.

The set of (bi)inifnite strings
g = {(xi)iGZ X € {1, Cee N};Am,xi+1 > (0 for all 7 € Z}

is shift-invariant and closed in the standard product topology of {1,..., N}Z. Hence it
is a subshift. 1t is called subshift of finite type (SFT) because of the finite collection of
fobidden words (namely the pairs ij such that A; ; = 0) that fully determines 4.
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It is easy to see that the word-complexity

pn(Xa) = #{xo...x,_1 subword appearing in ¥4}
= #{paths of length n — 1 in G} = ZAZ]-.

1]

Because the partition into n-cylinders forms an open 27 "-cover of ¥ 4, we can derive

1
hiop(ols,) = lim —logp,(X4) = log A,

n—oo N

where A is the leading eigenvalue of the transition matrix A. That A has a unique,
positive, leading eigenvalue follows from the following theorem.

Theorem 19 (Perron-Frobenius). Let A be a nonnegative N x N-matriz such that
A™ > 0 for some m € N. Then A has a unique (up to scaling) eigenvector with all
entries > 0. The corresponding eigenvalue is positive, has multiplicity one, and is
larger than the absolute value of all other eigenvakues of A.

Proof. Let C' = Rgo be the one-sided cone of nonegative vectors. Since A is nonegative,
AC C C, and because A™ > 0, A™C C A°, by which we mean that every nonzero
vector in C' is mapped into the interior of C' by A™. Define on the simplex S = {x €
C :||lz|| = 1} the map f: S — S by f(z) = Az/||Az||. Since A™ > 0, it is impossible
that Ax = 0 for x € S, so f is well-defined. Although nonlinear, the map f is convex,
meaning that it sends convex subsets of S to convex subsets, and extremal points to
extremal points. Applying this to II,, := N7_, f*(S), we conclude that (II,,) is a nested
sequence of convex sets with f™(e;), ¢ = 1,... N as extremal points. This carries over
to the limit IT := (), II,, as well; note that II is contained in the interior of S because
A™ > 0. We can select a subsequence (n;) such that f"(e;) — p; are the extremal
points of II. This is a finite set, invariant under f, so there is M such that each p;
is fixed by f and therefore an eigenvector of A associatedto a poistive eigenvalue.
By reordering the p;, we can assume that the corresponding eigenvalues of AM are
A=A >0 2> Ay

1. If Ay = A1 and p; # po, then we can find v = ayp; + agps € AC. This is also an
eigenvector of AM so Ay € 9C for all k, but this contradicts that A™C € C°.

2. If Ay < Ay, then take v = py —ep; € C (for € > 0 sufficiently small), and note that
AFMy = NEMp, — eXEMp, cannot be contained in C for all k. This contradicts
again the invariance of C. Hence, all p; coincide, and it is the unique fixed point

of f.

3. To show that Ay has multiplicity one, assume by contradiction that there is a
generalised eigenvector v € S with AMv = \v 4 p;. Then also A*My = \Fo 4
kXe=1p,. Take w = p; — ev € C for some small € > 0. Then A¥Mw = N\F=1(\ —
ek)v — eA™v which cannot be contained in ¢ for large k. This again contradticts

that AMC c C.
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4. Finally, suppose that p is some eigenvalue, not necessarily associated with an
eigenvector in S, such that || > A;. There is a AM-invariant subspace V' (possibly
of dimension two if u ¢ R) such that AM : V — V is the composition of an
isometry and a dilatation by a factor |u|. In particular, there is a subsequence
(k;) such that |u|7%AkMy — o for every v € V. Take v € V so that w :=
v+p; € 0C. Then ||~ AkMy — w, contradicting that A™C' C C°. Hence all
other eigenvectors of AM are strictly smaller than ;.

The proof now follows by taking A\ = )\1/ M O

16.2 Parry measure

For the full shift (X,0) with ¥ = {0, .. — 1} or X = {0, .. — 1}%, we have
hiop(0) = log N, and the (%, ..., +)- Bernoulh measure [ mdeed achleves this maxi-
mum: h,(c) = hyp(o). Hence pis a (and in this case unique) measure of maximal
entropy. The intuition to have here is that for a measure to achieve maximal entropy,
it should distribute its mass as evenly over the space as possible. But how does this
work for subshifts, where it is not immediately obvious how to distribute mass evenly?

For subshifts of finite type, Parry [15] demonstrated how to construct the measure of
maximal entropy, which is now called after him. Let (¥4, o) be a subshift of finite type
on alphabet {0,..., N — 1} with transition matrix A = (A;;)_(, so x = (x,) € 5y, if
and only if A,, ».., = 1 for all n. Let us assume that A is aperiodic and irreducible.
Then by the Perron-Frobenius Theorem for matrices, there is a unique real eigenvalue,
of multiplicity one, which is larger in absolute value than every other eigenvalue, and
hiop(0) = log A. Furthermore, by irreducibility of A, the left and right eigenvectors u =
(ug, ..., uy_1) and v = (vg,...,vy_1)7 associated to A are unique up to a multiplicative

factor, and they can be chosen to be strictly positive. We will scale them such that

N-1
E U;V; = 1.
=0

Now define the Parry measure by

pi = uw; = p(li]),
= AA’—f—u(['jHM)v

so p;; indicates the conditional probability that x,,; = j knowing that x,, = 7. There-
fore p([ig]) = p([e])p([éj] | [{]) = pipij. It is stationary (i.e., shift-invariant) but not
quite a product measure, but fi([im, ... 0n]) = P, - Dinsimsr = Pin_1in-

Theorem 20. The Parry measure p is the unique measure of maximal entropy for a
subshift of finite type with aperiodic irreducible transition matriz.
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Proof. In this proof, we will only show that h,,(c) = hp(0) = log A, and skip the (more
complicated) uniqueness part.

The definitions of mass of 1-cylinders and 2-cylinders are compatible, because (since v
is a right eigenvector)

N—-1

Vs )\vl ,
Z M([Z] Zplpl,] Di Z )\’; L= )\U =Pp; = ,U,([Z])
Jj=0 t ¢

Summing over ¢, we get Zﬁgl w([i]) = Zi]\;l w;v; = 1, due to our scaling.

To show that p is shift-invariant, we take any cylinder set Z = [i,, .. .14,] and compute

plo'7) — Z_mum...n -3 B, )

=0 Pir,

o 2 : U; Uz 7 zmvzm
; )\U'L uzmvzm

)\Uim

— Uiliin _ 7 — u(2).
Z A =)

This invariance carries over to all sets in the o-algebra B generated by the cylinder sets.

Based on the interpretation of conditional probabilities, the identity

N-1 N-1
: pimpimyim+1 t .pinflain = plm and § pimpimyim+l o 'pinfl,in = pln (30>
Im1ro in=0 (2 T ip—1=0
g1 =1 Aig g =1

follows because the left hand side indicates the total probability of starting in state i,
and reach some state after n —m steps, respectively start at some state and reach state
n after n — m steps.

To compute h,(c), we will confine ourselves to the partition P of 1-cylinder sets; this
partition is generating, so this restriction is justified by Theorem 17.

N-1

HM(\}a—kP) = — Y pllio. - in-1))log p(fig .. -in-1])

iQseeri_1=0
Aigipg

=1
= - Z PioPioir =~ * Diny i (108 Piy +108 Digiy + -+ + 108 i, _50,_,)

iQsereripy—1=0
=1

U lh+1
_ N—1
= - sz‘o log pi, — (n — 1) Z Pipij 1og pij,
10=0 ,j7=0
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by (30) used repeatedly. Hence

n—1
1
hu(o) = nlggonH \/J_kP
k=0
N-1

= - Z pipi.jlog pi
i,j=0

N—-1
iAi jU;
- _ Z Uu )\,]U]- (log Ai,j + log v; — log v; — log )\) ]
4,7=0

The first term in the brackets is zero because A; ; € {0,1}. The second term (summing
first over 7) simplifies to

N-—1 N N-—1
— Z flogvj = — Z UjUj lOng,
Jj=0 j=0

whereas the third term (summing first over j) simplifies to

N
“logv; = ZumZ log v;.

>3

1=0

Hence these two terms cancel each other. The remaining term is

= wi A, Nl s N-1
1414,5 V5 . iAV; B B
”Z::O — log A = ; 3 log A = iz:; w;v; log A = log \.

]

Remark 4. There are systems without maximising measure, for example among the
“shifts of finite type” on infinite alphabets. To give an example (without proof, see [7]),
if N is the alphabet, and the infinite transition matriv A = (A, ;)i jen is given by

A — 1 Zf]>2
N 0 fj<i—1,

then hio,(0) = log4, but there is no measure of mazimal entropy.

Exercise 6. Find the maximal measure for the Fibonacci subshift of finite type. What
is the limit frequency of the symbol zero in u-typical sequences x?
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