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2 STEFANO LUZZATTO

1. INTRODUCTION

1.1. Dynamical Systems. Let M be a set and
f:M—M

be a map. We think of M as a “phase space” of possible states of the system, and the
map [ as the “law of evolution” of the system. Then, given an “initial condition” xq € M
we have a sequence given by z1 = f(z), 12 := f*(z) = f(f(z)) = fo f(z) and generally
Xy = f"(x) = fo---o f(x) given by the n’th composition of the map f with itself.

The main goal of the theory of Dynamical Systems is to describe tand classify the possible
structures which arise from the he iteration of such maps. If x € M then we let

O (z) == {f"(x) }n0

denote the (forward) orbit or trajectory of the point x. The simplest kind of orbit is when
x happens to be a fized point, i.e. f(x) = x in which case of course the whole forward orbit
reduces to the point z, i.e. OF(z) = {x}. The next simplest kind of orbit is the case in
which there exists some k > 0 such that f*(z) = z. The point z is then called a periodic
point and the minimal k& > 0 for which f*(z) = x is called the (minimal) period of z. Then
the forward orbit of the point z is just the finite set OT(z) = {z, f(z), ..., f*"*(z)}. Notice
that a fixed point is just a special case of a periodic orbit with k = 1. Fixed and periodic
orbits are very natural structures and a first approach to the study of dynamical systems
is to study the existence of fixed and periodic orbits. Such orbits however generally do
not exhaust all the possible structures in the system and we need some more sophisticated
tools and concentps.

1.2. Topological and probabilistic limit sets. If the orbit of x is not periodic, then
O7(z) is a countable set and the problem of describing this set becomes non-trivial (in
practice even describing a periodic orbit can be non trivially in specific situations, especially
if the orbit is large, but at least in these cases it is at least theoretically possible to describe
it completely by identifying the finite points on the orbit). Generally we need to have
additional properties on the set M. For example if M is a topological space then we can
define the omega-limit of a point x as

w(z) :={y: f"(x) — y for some n; — oco}.

The simplest kind of omega-limit is a single point p, so that the iterates f™(x) converge to
p as n — 00, however omega-limits can also be geometrically extremely complicated sets
with fractal structure, or they can even be the entire set if O (x) is dense in M (notice
that O (x) can not itself be the entire set Msince this is just a countable set).

Considering in addition the measurable structure on M given by the Borel sigma-algebra,
we can also use measures to describe orbits. Indeed, let

M :={u: pis a (Borel) probability measure on M }.

It is clear that M # () since it contains for example all Dirac- measures. We recall that
the Dirac-6 measure J, on a point = € M is defined by 6,(A) =1if v € A and 6,(A) =0
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if x ¢ A. For any © € M we can define a probabilistic analogue of the w-limit set by

n—1

1

Wyrop(T) 1= {u eEM: — Z(Sﬂ-(m) — pu for some n; — oo}
(e

The convergence above is meant in the weak-star topology. We recall that by definition

pin; — p if and only if fcpd,unj — [ dp for all ¢ € C°(M,R). In the particular case in

which the sequence i, is given by the form above, we have

n;—1 n;—1 n;—1 n;—1
1 J 1 J 1 J ) 1 J .
/sod =D i) | = —Z/¢d5fi<m> = Z/SO(J”(S‘/’)) = _.Z/Wfl(l’)
" oo L " oo " =0

The sum on the right is sometimes called the time average of the “observable” ¢ along the
orbit of x. From this, we can rewrite the definition of probabilistic limit set of x as

n;j—1
1 ¢ ,
{MEM P g /gpofl(x) —>/<pdu for all ¢ € C°(M,R), for some nj—>oo}
=0

Y

Since M is compact, M is also compact and so wy.e(z) # 0. However, as we will discuss
later, there is a crucial difference between the cases in which the sequence pu,, actually
converges, and therefore wy,.» () is a single probability measure, and the case in which it has
several limit points. We will therefore be particularly interested in establishing situations
in which probabilistic omega limit set is a single probability measure. To address this
question we start with a probability measure 1 € M and define the “basin of attraction”

B, = {xEM:%;/goofi(x)—)/godu VQOECO(M,[R)}.

By definition, any point = € B, has the property that its asymptotic distribution in space
is well described by the measure . We will investigate conditions below which guarantee
that 95, is non-empty and even large in a certain sense.

1.3. Physical measures. If the space M of our dynamical systems has an underlying
reference measure, such as Lebesgue measure, then it is a particularly interesting question
to find a measure p whose basin has positive or even full Lebesgue measure since this
means that we are able to describe the the asymptotic distribution of a large set of points.
Motivated by this observation we make the following definition.

Definition 1. A probability measure ;1 € M is called a physical measure if Leb(B,,) > 0.

The question which motivates a lot of the material in this course is therefore:
when does a dynamical system admit a physical measure?
and, if it does admit physical measures,

how many physical measures does it have?
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Note that by definition a system can have at most a countable number of physical measure,
but each of these is in some sense an “attractor” for a certain set of points and therefore
the question is about the number of possible asymptotic distributions of “most” points.

This turns out to be a very challenging problem that has not yet been solved in general
and there are many examples of systems which do not have physical measures,for example
the identity map. However it is “hoped” that this is an exceptional situation.

Conjecture 1 (Palis conjecture). Most systems have a finite number of physical measures
such that the union of their basins has full Lebesgue measure.

In these notes we give an introduction to some of the results and techniques which have
been developed in this direction. In Section 2 we introduce the notion of invariant measure
and of ergodic measure and show that such measures exist under some very mild assump-
tions on the dynamical systems. In Section 3 we study the basins of attractions of measures
which are both invariant and ergodic and prove a fundamental Theorem of Birkhoff that
these basins are non-empty and are even “large” in the sense that ;(8,) = 1. In Sections
4 and 5 we consider two examples of one-dimensional dynamical systems (irrational circle
rotations and piecewise affine full branch expanding maps) in which Lebesgue measure it-
self is invariant and ergodic and therefore, by Birkhoff’s theorem, is a physical measure. In
Section 6 we define a much more general class of full branch maps which are not piecewise
affine but have a “bounded distortion” property, and show that for these maps Lebesgue
measure is still ergodic even if it is not invariant.

2. THE SPACE OF INVARIANT AND ERGODIC MEASURES

2.1. Definitions and basic examples.

Definition 2. Let y € M.

(1) pis f-invariant if p(f=1(A)) = u(A) for all A € B;
(2) pis ergodic if f~*(A) = A and pu(A) > 0 implies u(A) =1 for all A C B.

These two notions are completely independent of each other, as a measure can be in-
variant without being ergodic and can be ergodic without being invariant.

Erercise 1. Aset A C M is fully invariant if f~*(A) = A. Show that if A is fully invariant,
letting A° := M \ A denote the complement of A, then f~!'(A°) = A° and that both
f(A) = A and f(A°) = A“.

FEzercise 2. Show that if f is invertible then then g is invariant if and only if p(f(A)) =
1(A). Find an example of a non-invertible map and a measure u for which the two condi-
tions are not equivalent.

We will however be particularly interested in measures which are both ergodic and
invariant. We give a few simple example here, further examples will be studied in detail
in the following sections.
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Example 1. Let X be a measure space and f : X — X a measurable map. Suppose
f(p) = p. Then the Dirac measure

5p(A)::{(1) i;ﬁ

is invariant and ergodic. Indeed, let A C I be a measurable set. We consider two cases. For
the first case, suppose p € A, then d,(A) = 1. In this case we also clearly have p € f~1(A)
(notice that p might have multiple preimages, but the point p itself is certainly one of
them). Therefore d,(f '(A) = 1, and the result is proved in this case. For the second
case, suppose p ¢ A. Then §,(A) = 0 and in this case we also have p ¢ f~'(A). Indeed,
if we did have p € f~(A) this would imply, by definition of f~*(A) = {z : f(z) € A},
that f(p) € A contradicting our assumption. Therefore we have d,(f'(A4)) = 0 proving
invariance in this case. Ergodicity is trivial in this case.

Example 2. An immediate generalization is the case of a measure concentrated on a finite
set of points {p1, ..., p,} each of which carries some proportion p1, ..., p, of the total mass,
with p; + -+ 4+ p, = 1. Then, we can define a measure dp by letting

ip; EA
Then dp is invariant if and only if p; = 1/n for every i = 1,...,n. Also in this case,

ergodicity follows automatically.

Example 3. Let f : M — M be the identity map, then every probability measure is
invariant, but the only ergodic measures are the Dirac delta measures on the fixed points.

Ezample 4. Let I = [0,1], kK > 2 an integer, and let f(z) = kr mod 1. Then it is easy
to see that Lebesgue measure is invariant. It is also ergodic but this is non trivial and we
will prove it below. Notice that f also has an infinite number of periodic orbits and thus
has an infinite number of ergodic invariant measures. We will show below that it actually
has an uncountable number of distinct ergodic non-atomic invariant measures.

Example 5. Let f :[0,1] — [0, 1] given by

D —2x if0<x<.25
flx)=4¢2r— .5 if .25 <x<.75
—2r+25 iftHh<xr<1

It is easy to see that the two halves of the interval are each fully invariant and therefore
Lebesgue measure is invariant but not ergodic.

2.2. The spaces of invariant and ergodic probability measures. Recall that
M := {probability measure on M}.

We let
Mg :={peM:pis f-invariant}
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and
Er={peM:pis f-invariant and ergodic.}
Clearly
E ST My S M.

There is no a priori reason for either £ or My to be non-empty. However the following
results show that this is indeed the case as long as M is compact and f is continuous.
They also show that every invariant measure can be written as a combination of ergodic
measures.

Theorem 1. Let M be compact and f : M — M continuous. Then My is non-empty,
conver, and compact. Moreover E; is non-empty and p € E; if and only if p is an extremal'
point of M.

Since My is non-empty, compact and convex, the Krein-Millman Theorem says that it is
the closed convex hull of its extreme elements and thus, in particular, the set & of extreme
elements is non-empty. It is natural therefore to ask if every invariant measure can be
written as a linear combination of ergodic invariant measures. This is not necssarily the
case because in certain situations we may need to use an uncountable number of ergodic
measures. However we have the following result.

Corollary 2.1 (Ergodic decomposition). Let M be compact and f: M — M continuous.
Then there exists a unique probability measure i on My such that j(Ef) = 1 and such that
for all € My and for all continuous functions ¢ : M — R we have

foou= f ([}

Proof. This is exactly Choquet’s Theorem for non-empty compact convex sets. O

2.3. Push-forward of measures. In the rest of this section we prove Theorem 1. We
start with a key definition and some related results.

Definition 3 (Push-forward of measures). Let

fM—=M
be the map from the space of probability measures to itself, defined by
(1) fen(A) = u(f71(A)).

We call f,u the push-forward of pu by f.

FExercise 3. f.qu is a probability measure and so the map f, is well defined.

IRecall that My is convex if given any po, u1 € My, letting py = tpo + (1 — t)us for ¢ € [0,1], then
pe € My. Moreover, an extremal point of a convex set A is a point g such that if g = tpg + (1 — ¢)p for
Lo, 1 € My with pg # pg thent =0or ¢t = 1.
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It follows immediately from the definition that p is invariant if and only if f.u = pu.
Thus the problem of the existence of invariant measures is a problem of the existence of
fixed points of f,. For any p € M and any ¢ > 1 we also let

fin(A) = p(f7(4)).
We now prove some simple properties of the map f,.
Lemma 2.1. For all ¢ € L'(p) we have [ @d(fip) = [ o fdpu.
Proof. First let ¢ = 14 be the characteristic function of some set A C X. Then

/JlAd(f*u) = fup(A) = p(fH(A) = /ﬂf—l(A)du = /JlA o fdu.

The statement is therefore true for characteristic functions and thus follows for general
integrable functions by standard approximation arguments. More specifically, it follows
immediately that the result also holds if ¢ is a simple function (linear combination of
characteristic functions). For ¢ a non-negative integrable function, we use the fact that
every measurable function ¢ is the pointwise limit of a sequence ¢,, of simple functions; if
f is non-negative then ¢,, may be taken non-negative and the sequence {¢, } may be taken
increasing. Then, the sequence {¢, o f} is clearly also an increasing sequence of simple
functions converging in this case to p o f. Therefore, by the definition of Lebesgue integral
we have [, d(fip) = [d(fop) and [ @no fdu — [ o fdu Since we have already proved
the statement for simple functions we know that [ ¢,d(f.p) = [ ¢, o fdu for every n and
therefore this gives the statement. For the general case we repeat the argument for positive
and negative parts of ¢ as usual. O

Corollary 2.2. f, : M — M is continuous.

Proof. Consider a sequence ji, — p in M. Then, by Lemma 2.1, for any continuous
function ¢ : X — R we have

ettt = [ oo tan~ [otin= [ eitrm

which means exactly that f.u, — f.u which is the definition of continuity. 0
Corollary 2.3. p is invariant if and only if [@o fdu= [du for all o : X — R cts.

Proof. Suppose first that p is invariant, then the implication follow directly from Lemma
2.1. For the converse implication, we have that

/soduz/swfduz/wdf*u

for every continuous function ¢ : X — R. By the Riesz Representation Theorem, measures
correspond to linear functionals and therefore this can be restated as saying that p(¢) =
fsp(e) for all continuous functions ¢ : X — R, and therefore p and f.p must coincide,
which is the definition of p being invariant. U
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2.4. Existence of invariant measures.
Proposition 2.1 (Krylov-Boguliobov Theorem). M is non-empty, convex and compact.

Proof. Recall first of all that the space M of probability measures can be identified with
the unit ball of the space of functionals C*(M) dual to the space C°(M,R) of continuous
functions on M. The weak-star topology is exactly the weak topology on the dual space
and therefore, by the Banach-Alaoglu Theorem, M is weak-star compact if M is compact.
Our strategy therefore is to use the dynamics to define a sequence of probability measures
in M and show that any limit measure of this sequence is necessarily invariant.

For an arbitrary pg € M we define, for every n > 1,

n—1
1 .
(2) unz;zgoﬁuu

Since each flug is a probability measure, the same is also true for j,. By compactness
of M there exists a measure u € M and a subsequence n; — oo with wu,, — pu. By
the continuity of f. we have fi,, — f.pu. and therefore it is sufficient to show that also
Jabtn; — p. We write

n;i—1 n; n;—1
1 < , 1 «— 1 < . "
fottn; = [+ <; > fiuo) = Z i = — (Z Fipo — o + fﬂuo>
7 7\ i=0

]zO

U3 Ui 15

Since the last two terms tend to 0 as j — oo this implies that fiji,; — p and thus fip = p
which implies that 1 € M. The convexity is an easy exercise. To show compactness, sup-
pose that y, is a sequence in My converging to some p € M. Then, by Lemma 2.1 we have,
for any continuous function ¢, that [ f o odp = lim, o [ f o @dp, = lim, o [ fdu, =
[ fdp. Therefore, by Corollary 2.3, 41 is invariant and so p € M. O

2.5. Ergodic measures are extremal.
Proposition 2.2. p € & is and only if p is an extremal element of M.

Proof. Suppose first that p is not ergodic, we will show that it cannot be an extremal
point. By the definition of ergodicity, if p is not ergodic, then there exists a set A with

FUA) = A, A=A and  p(A) € (0,1).
Define two measures 1, j1o by
w(BNA w(B N A°
f1(A) f1(A°)
i1 and fio are probability measures with pq(A) = 1, ue(A°) = 1, and p can be written as

= pu(A)pr + p(A) o

and  p15(B) =
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which is a linear combination of p1, po:
w=1tu + (I —t)pue with t = p(A) and 1 — ¢t = p(A°).

It just remains to show that j, s € My, ie. that they are invariant. Let B be an
arbitrary measurable set. Then, using the fact that p is invariant by assumption and that

J71(A) = A we have

) BT BI04 B O FA) B0 pB0d)
1(A) 1(A) 1(A) 1(A)

This shows that p; is invariant. The same calculation works for s and so this completes

the proof in one direction.

Now suppose that p is ergodic and suppose by contradiction that p is not extremal so
that p =ty + (1 — t)us for two invariant probability measures puy, o and some t € (0, 1).
We will show that py = po = p, thus implying that p is extremal. We will show that
1 = i, the argument for ps is identical. Notice first of all that uy < p and therefore, by
the Radon-Nykodim Theorem, it has a density hy := dp;/dp such that for any measurable
set we have iy (A) = [ 4 hidp. The statement that p; = p is equivalent to the statement
that h; = 1 p-almost everywhere. To show this we define the sets

B:={z:h(z) <1} and C:={x:h(z)>1}

and will show that u(B) = 0 and u(C) = 0 implying the desired statement. We give the
details of the proof of u(B) = 0, the argument to show that p(C') = 0 is analogous. Firstly

Ml(B)/hldM/ hldu+/ hydp
B BNf~1(B) B\f~'B

,Lél(f_lB) :/ hld,u:/ hldﬂ+/ hldﬂ
f~'B Bnf~1(B) f1B\B

Since p is invariant, py(B) = p(f~1B) and therefore,

B\f~'B f-1B\B
Notice that

p(f'B\B) = u(f1(B)) = u(f'BNB) = u(B) — u(f'BNB) = u(B\ f'B).
Since hy < 1 on B\ f~'B and and h; > 1 on f~!B\ B and the value of the two integrals is
the same, we must have p(B\ f~'B) = u(f~'B\ B) = 0, which implies that f~'B = B (up
to a set of measure zero). Since p is ergodic we have u(B) =0 or u(B) = 1. If u(B) =1
we would get

and

1:u1(M):/ hld,u:/hldu<u(B):1
M B

which is a contradiction. It follows that p(B) = 0 and this concludes the proof. U
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3. DYNAMICAL IMPLICATIONS OF INVARIANCE AND ERCGODICITY

3.1. Poincaré Recurrence. Historically, the first use of the notion of an invariant mea-
sure is due to Poincaré who noticed the remarkable fact that it implies recurrence.

Theorem (Poincaré Recurrence Theorem, 1890). Let i be an invariant probability measure
and A a measurable set with u(A) > 0. Then for u-a.e. point x € A there exists T > 0
such that f7(x) € A.

Proof. Let
Ay={r e A: f"(z) ¢ Aforalln > 1}.
Then it is sufficient to show that pu(Ag) = 0. For every n > 0, let
An = fﬁn(AO)
denote the preimages of Ay. We claim that all these preimages are disjoint, i.e.
A,NA, =0

for all m,n > 0 with m # n. Indeed, supppose by contradiction that there exists n > m > 0
and x € A, N A,,. This implies

f(@) € [M(An N Ap) = [ (f 7" (Ao) N FT™(Ao)) = Ao N " (Ao)
But this implies Ag N f""™(Ag) # 0 which contradicts the definition of Ay and this proves

disjointness of the sets A,. From the invariance of the measure p we have p(A4,) = u(A)
for every n > 1 and therefore

L= p(X) > p(|J An) =D nl(An) = u(A).

Assuming p(A) > 0 would lead to a contradiction since the sum on the right hand side
would be infinite, and therefore we conclude that p(A) = 0. O

Exercise 4. The finiteness of the measure p plays a crucial role in this result. Find an
example of an infinite measure space (X, B, /i) and a measure-preserving map f: X — X
for which the conclusions of Poincare’s Recurrence Theorem do not hold.

Remark 1. It does not follow immediately from the theorem that every point of A returns
to A infinitely often. To show that almost every point of A returns to A infinitely often let

A" ={x € A: there exists n > 1 such that f*(x) ¢ A for all k > n}

denote the set of points in A which return to A at most finitely many times. Again, we
will show that pu(A”) = 0. First of all let

Al ={zc A: f*(x) € Aand ff(z) ¢ Afor all k > n}
denote the set of points which return to A for the last time after exactly n iterations.

Notice that A are defined very differently than the A/. Then

oo
A" =AJUAJUALU--- = AL
n=1
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It is therefore sufficient to show that for each n > 1 we have p(A) = 0. To see this
consider the set f"(A”). By definition this set belongs to A and consists of points which
never return to A. Therefore pu(f"(A)) = 0. Moreover we have we clearly have

ALC F (M AD)
and therefore, using the invariance of the measure we have
p(Ay) < p(f (M (AR)) = u(f"(A7)) = 0.
3.2. Birkhoff’s Ergodic Theorem. A couple of decades after Poincaré’s theorem, Birkhoff
proved the following even more remarkable result which gives some qualitative results about

the recurrence in particular in the case in which the invariant measure is also ergodic. We
recall that the basin of attraction of an arbitrary measure p € M is the set

n—1
1 i
B, = {x - E_O po fi(z) — /gpd,u for all ¢ : C°(M, IR)}

A priori there is no reason for this set to be non-empty. However we have the following

Theorem 2 (Birkhoff, 1920’s). Let M be a measure space, f : M — M a measurable map,
and p an f-invariant probability measure. Then, for every ¢ € L*(u) the limit

n—1
1 )
lim — !
Jim 5D pe f@)

exists for p almost every x. Moreover, if u is ergodic, then

n—1
" i
Jim -~ ‘E—o po f(z) = /s@du
for p almost every x.

We can formulate this result informally by saying that when p is ergodic the the time
averages converge to the space average as in the following

Corollary 3.1. Let p be an f-invariant ergodic probability measure. For any Borel mea-
surable set A and p-a.e. x we have

lin (1< <n: f2) € A} = p(A)

Proof. Let ¢ = 14 be the characteristic function of A. Then

n—oo N n—o0o 1, <

lim {15 <0 Pla) € A} = lim -3 147 @) = [ Ladu= p(4)

O

Corollary 3.2. Let M be a compact Hausdorff space and p an f-invariant ergodic proba-
bility measure. Then ju(*8,) = 1.
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3.3. Existence of the limit for Birkhoff averages.

Proposition 3.1. Let p be an f-invariant measure and ¢ € L'(u). Then

o1
lim —
n—oo M,

S po Filz) = ()

exists for p-almost every x.

We first prove a technical lemma. Let
T:={AcB:f 1A =4}

be the sub-o-algebra of fully invariant sets of B. For v € L(u) let ¢¥u < p denote the
measure which has density ¢ with respect to u, i.e. b = dipu/dpu where dipp/du denotes
the Radon-Nykodym derivative of ¢¥u with respect to p. Let ¢z and plr denote the
restrictions of these measures to Z. Then clearly ¢ ulr < p|z and therefore the Radon-
Nykodim derivative

d
Wr = Yulz

dM|I

exists. This is also called the conditional expectation of 1) with respect to Z

Lemma 3.1. Suppose pr <0 (resp 1z > 0). Then

n—o0

n—1 n—1
1 1
lim sup - ;:0 Yo fiz) <0 <7°esp. ligglf - ZE:O Yo fF(z) > 0)
for p almost every x.

Proof. Let
k—1
\P”:_r?gf{;wof} and A:={z:V¥, — oo}
Then, for x ¢ A, ¥, is bounded above and therefore

n—1
1 v,
lim sup — E Yo fF <limsup — <0
=0

n—oo I i n—oo N

So it is sufficient to show that p(A) = 0. To see this, first compare the quantities

k—1 k—1 k
_ i _ i+1 i
‘P—m{ZM} ond ‘Pnof—f?szn{;wof }—m{ZM}

The two sums are almost exactly the same except for the fact that ¥,,; includes the
quantity ¢ (z) and therefore we have

b4 U of U, 0f>0
\Ianrl: .
" W, 0f<0
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We can write this as
\Ijn+1 _\I}nof:w_min{()?anof}
Then of course, A is forward and backward invariant, and this in particular A € Z and

also W, o f — oo on A and therefore ¥, — W, 0 f | ¥ for all z € A. Therefore, using the
invariance of u, by the Dominated Convergence Theorem, we have

/‘I’n+1—\I’ndM:/‘I’nH—\I’nofdﬂﬁ/wdﬂz/¢zd#1
A A A A

By definition we have ¥,,,; > W¥,, and therefore the integral on the right hand side is > 0.
Thus if )7 < 0 this implies that p(A) = puz(A) = 0. Replacing ¢ by — and repeating the
argument completes the proof.

O

Proof of Proposition 3.1 . Let 1 := ¢ — p7 — €. Since (p7)7r = w7 we have 7 = —e < 0.
Thus, by Lemma 3.1 we have

n—1 n—1
1 1
lim sup — o f*(z) = limsup — o ff(z) — —e<0
pn;:()w [ () Hoopn;:()so fi(x) —pr—e<

n—oo

and therefore

n—oo

n—1
1
1i —E Flz) <
1msupn Z_()(pof (x) <pr+e

for p almost every x. Now, letting v := —¢ + ¢7 + € we have )7 = ¢ > 0 and therefore
again by Lemma 3.1 we have

n—1 n—1
héli)ggfﬁig_oqpof :—hggglfﬁig_ogpof +pr+e>0

which implies
n—1
| k
— <
i int s D v ol Srte

for p almost every x. Since € > 0 is arbitrary we get that the limit exists and

n—1
1 )
or -—gggog;swf = 1

for p almost every . O

3.4. Existence of the limit for ergodic measures.

Lemma 3.2. The following two conditions are equivalent:
(1) p is ergodic;
(2) if ¢ € L*(p) satisfies po f = ¢ for p almost every x. then ¢ is constant a.e.
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Proof. Suppose first that p is ergodic and let ¢ € L' satisfy po f = ¢. Let
Xpn =0 (k27" (k+1)277)).

Since ¢ is measurable, the sets X}, are measurable. Moreover, since ¢ is constant along
orbits, the sets X} ,, are backward invariant a.e. and thus by ergodicity they have either
zero or full measure. Moreover, they are disjoint in n and their union is the whole of R and
so for each n there exists a unique k,, such that pu(Xy, »,) = 1. Thus, letting Y = U,z Xy,
we have that x(Y) =1 and ¢ is constant on Y. Thus ¢ is constant a.e..

Conversely, suppose that (2) holds and suppose that f~1(A) = A. Let 14 denote the
characteristic function of A. Then clearly 14 € L' and 14 0 f = 14 and so we either have
14 =0 a.e. or 14 =1 a.e. which proves that u(A) =0 or 1. O

Corollary 3.3. Let i be an f-invariant ergodic probability measure and ¢ € L'(u). Then

orle ,}glgonzwof = [ i
exists for p-almost every x.

Proof. Since ¢y = 7 a.e., it follows that [¢sdp = [prdpr = [ pdp and in particular
@r € L'. Since ¢y is also invariant along orbits, it follows that it is constant a.e. and
therefore p; = [ @dp. O

3.5. Typical points for a measure.

Proof of Corollary 3.2. By Proposition 3.1 and Corollary 3.3, for every ¢ € L', the excep-
tional set where ; # [ odp has measure 0. This set depends in general on the function ¢,
but since the union of a countable collection of sets of zero measure has zero measure, given
any countable collection {¢,,}5°_; we can find a common set of full measure for which the
time averages converge. In particular, since M is compact and Hausdorff, we can choose as
such a countable dense subset of continuous functions. Then, for any arbitrary continuous
function ¢ and arbitrary e > 0, choose ¢, such that sup,¢,, |¢(x) — @m(x)| < e. Then we
have

n—1 n—1
%Z‘POJ‘" Zmef Z(wf’() om0 f(z))
i=0 =0

The first sum converges as n — oo and the second sum is bounded by ¢ and therefore all
the limit points of the sequence on the left are within € of each other. Since € is arbitrary,
this implies that they converge. U

4. UNIQUE ErcoDpICITY AND CIRCLE ROTATIONS

We now begin the study of specific classes of dynamical systems. We start with a class of
maps, circle rotations, for which Lebesgues measure is invariant and therefore the issue if
ergodicity. It is easy to see that Lebesgue measure is not ergodic is the rotation is rational.
On the other hand, if the rotation is irrational we have not only that Lebesgue measure
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is invariant and ergodic but that there are no other invariant probability measures at all.
Thus M; = & = {Lebesgue}. Let S' = R/Z.

Theorem 3. Let f: S' — S be the circle rotation f(x) = x + o with « irrational. Then
Lebesque measure is the unique invariant ergodic probability measure.

It follows immediately from Birkhoff’s ergodic theorem that the orbit O*(z) = {z,}22,
of Lebesgue almost every point is uniformly distributed in S' (with respect to Lebesgue)
in the sense that for any arc (a,b) C S' we have

#{0<i<n-—1:z; € (a,b)}
n

— m(a,b).

As a consequence of the uniqueness of the invariant measure, in the case of irrational circle
rotations we get the stronger statement that this property holds for every x € St

Theorem 4. Let f: S' — St be the circle rotation f(x) = x + o with « irrational. Then
every orbit is uniformly distributed in S*.

We shall prove these results in a more general framework.

Definition 4. We say that a map f : X — X is uniquely ergodic if it admits a unique
(ergodic) invariant probability measure.

Trivial examples of uniquely ergodic maps are contraction maps in which every orbit con-
verges to a unique fixed point p, and therefore 4, is the unique ergodic invariant probability
measure.

Theorem 5. Let f : X — X be a continuous map of a compact metric space. Suppose
there exists a dense set ® of continuous functions ¢ : X — R such that for every ¢ € ®
there exists a constant ¢ = @(p) such that

n—1

1 )
- iy 3 formily.
(3) - Z po fl— @ uniformly

J=0

Then f is uniquely ergodic. Conversely, suppose that f is uniquely ergodic, then for every
continuous function ¢ : X — R there exists a constant ¢ = ¢(p) such that (3) holds.
Moreover, if ju is the unique invariant probability measure for f, then ¢(p) = [ pdpu.

Remark 2. The statement also holds for complex valued observables ¢ : X — C and we
will use the complex valued version in the proof of Theorem 3. We will prove it below for
real valued observables but the proox is exactly the same in the complex case.

Lemma 4.1. Let f : X — X be a continuous map of a compact metric space. Suppose
there exists a dense set ® of continuous functions ¢ : X — R such that for every ¢ € ®
there exists a constant @ = @(p) such that (3) holds. Then (3) holds for every continuous
function .
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Proof. To simplify the notation we let

Bo(z,0) = % D o fix).
=0

By assumption, if ¢ € ®, there exists a constant ¢ = @(p) such that B,(x,¢) — ¢
uniformly in . Now let ¢ : X — R be an arbitrary continuous function. Since ® is dense,
for any e > 0 there exists ¢ € ® such that sup,.y [¢(2) — ¢¥(x)| < e. This implies

Bn(z,0) — Bn(z, )| < e

for every x,;n and therefore

<€

sup B, (z, ) — go‘ <€ and

z,n

and so in particular

sup B, (x, 1) — inf %n(:c,w)‘ < 2e.

T,n

Since ¢ is arbitrary, this implies that B,,(x,1)) converges uniformly to some constant 1.
Notice that the function ¢ and therefore the constant ¢ depends on €, so what we have
shown here is simply that the inf and the sup are within 2¢ of each other for arbitrary e
and therefore must coincide. This shows that (3) holds for every continuous function. [

Lemma 4.2. Supppose that for any continuous function ¢ : X — R there exists a constant
@ such that (3) holds. Then f is uniquely ergodic.

Proof. Given a continuous function ¢, by Birkhoff’s Ergodic Theorem, for every ergodic
invariant probability measure p we have

1 n—1
—ngofj —>/gpdu.
n
7=0
Therefore, from (3) we have

/ pdp = ¢(p)

for every ergodic invariant measure p. This clealry implies unique ergodicity since if
i, pi2 are ergodic invariant probability measures this implies [ odus = [ @dus for every
continuous function ¢ and this implies p; = po. O

Proof of Theorem 5. Suppose that f is uniquely ergodic and g is the unique ergodic in-
variant probability measure. Then by Birkhoff’s ergodic Theorem we have

%;ij(w) —>/sodu
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for p-a.e. x. Welet ¢ = [ @dp and show that (3) holds. Suppose by contradiction that (3)
does not hold. Then by the negation of the definition of uniform continuity, there exists a
continuous function ¢ and € > 0 and sequences x; € X and n; — oo for which

ne—1
1

=D e(fi(w) — ¢

n <
=0

> €

Define a sequence of measures

’I’lk—l nk—l

=0 =0

Notice that for any z we have fi§, = fi(z)- Then, for every k we have

nk—l le—l TLk—l

1 1 1 i

1=0
/ edvy, — @

for every k. By the weak-star compactness of the space M of probability measures, there
exists a subsequence k; — oo and a probability measure v € M such that v, — v and

‘/@dv—so

Moreover, arguing as in the proof of the Krylov-Boguliobov Theorem (Proposition 2.1) we
get? that v € M. Thus, by Birkhoff’s Ergodic Theorem, for v-a.e. x the ergodic averages
converge to [ ¢du # @. This implies that v # p contradicting the assumptions of unique
ergodicity. O

and therefore

> €.

> €.

Proof of Theorem 3. 1t is sufficient to show that there exists a dense set of continuous
functions ¢ : S — C for which the Birkhoff time averages

Bolp,1) =~ > po fi(x)
1=0

converge uniformly to a constant. For any m > 1, consider the functions

Om(z) 1= ™™ = cos 2mma + i2Tma
2Indeed,
1 nkjfl 1 nkjfl 1 nkjfl 1
p = f. 26 _ i+15 _ 15 7(?@(5 5 )
f Vk; f n, ; f* T n, ; f* Tk, n, ZZ:; f* Tk, + T, .f T, Tk

and therefore f.vy;, — v as j — oo. Since vy; — v by definition of v and f.vx, — fiv by continuity of fi,
this implies f.v = v and thus v € M.
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and let ® denote the space of all linear combinations of functions of the form ¢,,. By a
classical Theorem of Weierstrass, ® is dense in the soace of all continuous functions, thus
it is sufficient to show uniform convergence for functions in ®. Moreover, notice that for
any two continuous functions ¢, 1) we have

—_

n—1

Balp+,2) = 3 (o )o i) =

=0 7

n—

(o fi(z) +1o fi(z)) = Bulp, 2) + Bu(¥, 2).

SEES

I
o

Thus, the Birkhoff averaging operator is linear in the observable and therefore to show the
statement for all functions in ® it is sufficient to show it for each ¢,,. To see this, notice
first of all that

2mim(z+a) _ e?m’maeQTrimx _ e?m’magpm ((IJ)

omo f(z)=e
and therefore, using | ()] = 1 and the sum Y " (27 = (1 —2"*) /(1 — ) we get
n—1 Timnao
lze2ﬂ'imja :l’1_€2 ‘ | l 1 '
n 4 n |1_€2mma’ — n’1_62mma|
7=0

n—1
LS o fila)
j=0

The convergence is uniform because the upper bound does not depend on z. Notice that
we have used here the fact that « is irrational in an essential way to guarantee that the
denominator does not vanish for any m. Notice also that the convergence is of course not
uniform (and does not need to be uniform) in m. O

Proof of Theorem 4. Consider an arbitrary arc [a,b] C S'. Then, for any ¢ > 0 there exist
continuous functions ¢, : 8! — R such that ¢ < 1jay < * and such that f Y —pdm < e.
We then have that

n—1

n—1
.1 .1
e S st 2 )= o> fon—c fruno
J= J=

and

n—1 n—1

1 1
I SN () < i - V= [ wdm < [ od < [ 1pun(;
lmsupnjizoﬁ ) (75) < 1glsipn;¢(%) /1/1 m_/so m+€_/ 0 (75) + €

n—oo

Since e is arbitrary, the limit exists and equals [ Lj,pdm = |b — a| and thus the sequence
is uniformly distributed. U

4.1. Benford’s distribution. We give an interesting application of the uniform distribu-
tion result above. First of all we define the concept of a leading digit of a number a € R.
We define the leading digit of a as the first non-zero digit in the decimal expansion of a.
Thus, if |a| > 1 this is just the first digit of a. If |a| < 1 this is the first non-zero digit after
the decimal point. We shall use the notation

P (a) = leading digit of a.
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Definition 5. We say that the sequence {a;}, has a Benford distribution if for every
d=1,...,9 we have

B(d) := lim #{ogign—hg(ai):d}:10&0(“1)

n—oo n d

This give the following approximate values:

B(1) = 0.301... ~ 30%

B(2) = 0.176... ~ 17%
B(3) = 0.124... ~ 12%
B(4) = 0.09... ~ 9%
B(5) = 0.079... ~ 8%
B(6) = 0.066... ~ 7%
B(7) = 0.057... ~ 6%
B(8) = 0.051... ~ 5%
B(9) = 0.045... ~ 4%

Notice that
p
Z logo [ 1+ E =1
10 d
d=1

so that B(d) are the probabilities of each digit d occuring as a laeding digit.

Remark 3. Remarkably, this distribution is observed in a variety of real-life data, mostly
in case in which there is a large amount of data across several orders of magnitude. It was
first observed by American astronomer Simon Newcombe in 1881 when he noticed that
the earlier pages of logarithm tables, containing numbers starting with 1, were much more
worn that other pages. This was rediscovered by physicist Frank Benford who discovered
that a wide amount of data followed this principle.

Proposition 4.1. Let k be any integer number that is not a power of ten. Then the
sequence {k™}>° | satisfies Benford’s distribution.

We prove the Proposition in the following two lemmas.

Lemma 4.3. Let k be any integer number that is not a power of ten. Then the sequence
{log,o k" mod 1}°°, is uniformly distributed in S'.

Proof of Proposition 4.1. Notice that log,, k" = nlog,, k and therefore it is sufficient to
show that the sequence {nlog,, k& mod 1}5°, is uniformly distributed in S'. Since & is not
a power of 10 the number log,, k is irrational and this sequence can be seen as the sequence
of iterates of zy = 0 under the irrational circle rotation f(x) = x + log,, k and therefore is
uniformly distributed. H

Lemma 4.4. Let {a;}°, be a sequence of real numbers and suppose that the sequence
{log,qa; mod 1}2°, is uniformly distributed in S'. Then {a;}32, satisfies Benford’s distri-
bution.
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Proof. Notice first of all that for each a; we have
PD(a;))=d <= d10/ <a;< (d+1)10’ for some j€ Z

Therefore

Z(a;) =d <= logyyd+j<loggar <logy(d+1)+j
or
PD(a;)) =d <= logyd <logya; mod 1 <log,y(d+1).
By assumption, {log,,a;} is uniformly distributed and therefore
lim #{1<i<n:YDa)=d} — lim #{1 <i <mn:log,,a; mod 1l € (log,,d,log,,(d+ 1)}

n—o0 n n—o0 n

d+1 1
:logT = log,, <1+3)'

5. PIECEWISE AFFINE FULL BRANCH MAPS

Definition 6. Let I C R be an interval. A map f : [ — [ is a full branch map if there
exists a finite or countable partition P of I (mod 0) into subintervals such that for each
w € P the map flinyw) : int(w) — int(I) is a bijection. f is a piecewise continuous (resp.
C',C?, affine) full branch map if for each w € P the map fliw) : int(w) — int(l) is a
homeomorphism (resp. C* diffeomorphism, C? diffeomorphism, affine).

The full branch property is extremely important and useful. It is a fairly strong property
but it turns out that the study of many maps which do not have this property can be
reduced to maps with the full branch property. In this section we start by studying the
case of piecewise affine full branch maps. We will prove the following.

Proposition 5.1. Let f : [ — I be a piecewise affine full branch map. Then Lebesgue
measure is invariant and ergodic.

Ezxample 6. The simplest examples of full branch maps are the maps f : [0,1] — [0, 1]
defined by f(z) = kx mod 1 for some integer x > 1. In this case it is almost trivial to
check that Lebesgue measure is invariant. In the general case in which the branches have
different derivatives and if there are an infinite number of branches it is a simple exercise.

Exercise 5. Let f: I — I be a piecewise affine full branch map. Then Lebesgue measure
is invariant. We write f/ to denote the derivative of f on int(w). In the general case (even
with an infinite number of branches) we have |w| = 1/|f/|. Thus, for any interval A C I

we have
A
) =3 1 A) el = fo,' rZW AL ] = AL

weP weP weP weP
Thus Lebesgue measure is invariant.
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Lemma 5.1. Let f : I — I be a continuous (resp. C*,C?, affine) full branch map.
Then there exists a family of partitions {P™}2, of I (mod 0) into subintervals such that
PW = P, each PV is a refinement of P™, and such that for each n > 1 and each
w® € PM the map 7 : lint(wm) int(w™) — int(I) is a homeomorphism (resp. a C*
diffeomorphism, C* diffeomorphism, affine map).

Proof. For n = 1 we let P(Y) := P where P is the partition in the definition of a full branch
map. Proceeding inductively, suppose that there exists a partition P satisfying the
required conditions. Then each w1 is mapped by f™ 'bijectively to the entire interval
I and therefore w™ Y can be subdivided into disjoint subintervals each of which maps
bijectively to one of the elements of the original partition P. Thus each of these subintervals
will then be mapped under one further iteration bijectively to the entire interval I. These
are therefore the elements of the partition P, O

Proof of Proposition 5.1. Let A C [0, 1) satisfying f~'(A) = A and suppose that |A] > 0.
We shall show that |A| = 1. Notice first of all that since f is piecewise affine, each element
w € P is mapped affinely and bijectively to I and therefore must have derivative strictly
larger than 1 uniformly in w. Thus the iterates f™ have derivatives which are growing
exponentially in n and thus, by the Mean Value Theorem, |w™| — 0 exponentially (and
uniformly). By Lebesgue’s density Theorem, for any € > 0 we can find n = n, sufficiently
large so that the elements of P, are sufficiently small so that there exists some w™ € P™

with [w™ N A| > (1 — €)|w™] or, equivalently, [w™ N A¢| < e|w™| or
lw(™ N Ac|
I
PO

Since f":w™ — I is an affine bijection we have
w N A" (wa N A
jw ] [ (wa)

Moreover, f"(w,) = I and and since f~'(A) = A implies f~1(A¢) = A° which implies
f"(A°) = A° we have

P VA% = [ ) fA) = A
We conclude that
|49 | (wn N A9 w™ N A

(4) = = <e.

1| |7 (wn) jw)]
This gives |A°] < € and since € is arbitrary this implies |A°| = 0 which implies |A| =1 as
required. 0

Remark 4. Notice that the “affine” property of f has been used only in two places: two
show that the map is expanding in the sense of Lemma ??, and in the last equality of (4).
Thus in the first place it would have been quite sufficient to replace the affine assumption
with a uniform expansivity assumption. In the first place it would be sufficient to have an
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inequality rather than an equality. We will show below that we can indeed obtain similar
results for full branch maps by relaxing the affine assumption.

5.1. Application: Normal numbers. The relatively simple result on the invariance
and ergodicity of Lebesgue measure for piecewise affine full branch maps has a remarkable
application on the theory of numbers. For any number = € [0, 1] and any integer k£ > 2 we

can write
Zq €2 €3

F + ﬁ + ﬁ R
where each x; € {0,...,k — 1}. This is sometimes called the expansion of x in base k and
is (apart from some exceptional cases) unique. Sometimes we just write

Tr =

r=0.212223 ...

when it is understood that the expansion is with respect to a particular base k. For the
case k = 10 this is of course just the well known decimal expansion of x.

Definition 7. A number x € [0,1] is called normal (in base k) if its expansion =z =
0.z1x973 ... in base k contains asymptotically equal proportions of all digits, i.e. if for
every 3 =0,...,k — 1 we have that

ﬁ{lgzgn:mi:j}%l
n k

as n — 00.
Exercise 6. Give examples of normal and non normal numbers in a given base k.

It is not however immediately obvious what proportion of numbers are normal in any
given base nor if there even might exist a number that is normal in every base. We will
show that in fact Lebesgue almost every x is normal in every base.

Theorem 6. There exists set N' C [0, 1] with |N| =1 such that every x € N is normal in
every base k > 2.

Proof. Tt is enough to show that for any given k > 2 there exists a set N}, with m(N},) =1
such that every x € N}, is normal in base k. Indeed, this implies that for each k& > 2 the
set of points I\ Ny which is not normal in base k satisfies m(I \ V) = 0. Thus the set of
point I \ N which is not normal in every base is contained in the union of all I \ N, and
since the countable union of sets of measure zero has measure zero we have

m(I\N)<m (OI\Nk> Sim([\./\/k) =0.

We therefore fix some k& > 2 and consider the set N} of points which are normal in
base k. The crucial observation is that the base k expansion of the number z is closely
related to its orbit under the map f;. Indeed, consider the intervals A; = [j/k, (j + 1)/k)
for j = 0,...,k — 1. Then, the base k expansion z = 0.x1z2x3... of the point = clearly
satisfies

r €A =11 =7
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Moreover, for any ¢ > 0 we have

fZ<fL‘) S Aj = T =J.
Therefore the frequency of occurrences of the digit 7 in the expansion of x is exactly the
same as the frequence of visits of the orbit of the point x to A; under iterations of the map
fr. Birkhoff’s ergodic theorem and the ergodicity of Lebesgue measure for f; implies that
Lebesgue almost every orbit spends asymptotically m(A;) = 1/k of its iterations in each of
the intervals A;. Therefore Lebesgue almost every point has an asymptotic frequence 1/k

of each digit 7 in its decimal expansion. Therefore Lebesgue almost every point is normal
in base k. O

6. FULL BRANCH MAPS WITH BOUNDED DISTORTION
We now want to relax the assumption that f is piecewise affine.

Definition 8. A full branch map has bounded distortion if
(5) sup  sup  sup log|Df"(z)/Df"(y)| < oo.
n>1 () epn) $,y€w(”>

Notice that the distortion is 0 if f is piecewise affine so that the bounded distortion
property is automatically satisfied in that case.

Theorem 7. Let f: 1 — I be a full branch map with bounded distortion. Then Lebesque
measure is ergodic.

6.1. Bounded distortion implies ergodicity. We now prove Theorem 7. For any subin-
terval J and any n > 1 we define the distortion of f™ on J as

D(f"J) = sup log|Df"(x)/Df"(y)|

zyeJ

The bounded distortion condition says that D(f™, w™) is uniformly bounded. The distor-
tion has an immediate geometrical interpretation in terms of the way that ratios of lengths
of intervals are (or not) preserved under f.

Lemma 6.1. Let D = D(f",J) be the distortion of f™ on some interval J. Then, for any
subinterval J' C J we have

ol 1P ol
I
Proof. By the Mean Value Theorem there exists « € J' and y € J such that |Df"(x)| =
/(IO and |Df™(y)| = [f"(J)]/]J]. Therefore
(6) OO DT DS ()]
AN AR A O IVAPA I Vo A €7)]
From the definition of distortion we have e=? < |Df"(z)|/|Df™(y)| < eP and so substi-
tuting this into (6) gives

o DN
SRS
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and rearranging gives the result. 0

Lemma 6.2. Let f : I — I be a full branch map with the bounded distortion property.
Then max{|w™|;w™ € P™} -0 asn — 0

Proof. First of al let § = max,ep |w| < |I| Then, from the combinatorial structure of
full branch maps described in Lemma 5.1 and its proof, we have that for each n > 1
fM(w™) = I and that f*~}(w™) € P, and therefore | f"~*(w™)| < § and |7~ H{w™= \
w™ )| > |I| — 6 > 0. Thus, using Lemma 6.1 we have

(n—1) (n) n—1(, ,(n—1) (n) _
WO\ N W) ol b

wn=Df = |frtwe=) T 1]

Then
(n) (=1 _ |, (n—1) (n)
Yl ) \w)
|w(”*1)| ‘w(”*l)l |w(”)‘

Thus for every n > 0 and every w™ C w®™Y we have |w™|/|w™ V| < 7. Applying
this inequality recursively then implies |w(”)| < 7wV < 2wt <L < 7wl <
T A O

Proof of Theorem 7. The proof is almost identical to the piecewise affine case. The only
difference is when we get to equation (4) where we now use the bounded distortion to get

VA [P\ D] plen\ 4]
) = @] =¢ ol

Since ¢ is arbitrary this implies m(A¢) = 0 and thus m(A) = 1. O

6.2. Sufficient conditions for bounded distortion. In other cases, the bounded dis-
tortion property is not immediately checkable, but we give here some sufficient conditions.

Definition 9. A full branch map f is uniformly expanding if there exist constant C, A\ > 0
such that for all x € I and all n > 1 such that x, f(z),..., " (z) ¢ OP we have
|(f") (z)] > Ce.

Theorem 8. Let f be a full branch map. Suppose that f is uniformly expanding and that
there exists a constant IC > 0 such that

(8) sup sup |f"(2)|/|f' (y)]* < K.

wEP z,ycw

Then there exists K > 0 such that for everyn > 1,w™ € P™ and 2,y € w™ we have
D ()] _ & c

(9) log =7 < K| f"(z) = f*(y)| < K.
[Df*(y)l

In particular f satisfies the bounded distortion property.

The proof consists of three simple steps which we formulate in the following three lemmas.



INTRODUCTION TO SMOOTH ERGODIC THEORY LECTURE NOTES 25

Lemma 6.3. Let f be a full branch map satisfying (8). Then, for allw € P, x,y € w we
have

o)
PO 1| < kiste) - 161

Proof. By the Mean Value Theorem we have |f(x) — f(y)| = |f'(&)||lx — y| and |f'(z) —
') =1f"(&)||x — y| for some &, & € [z,y] C w. Therefore

(10)

1 / / o |f//(§2)’
(11) |f'(@) = f'W)l = 7 1 () = F)l-

/(&)
Assumption (8) implies that |f”(&)|/[f (&) < K|f'(€ )| for all £ € w. Choosing £ = y
and substituting this into (11) therefore gives |f'(z) — f'(y)| = K|f'(y)||f(z) — f(y)| and
dividing through by |f'(y)| gives the result. O
Lemma 6.4. Let f be a full branch map satisfying (10). Then, for anyn > 1 andw™ € P,

we have

(12) Dist(f*,w™) < ICZ| fi(z) — fi(
Proof. By the chain rule f®(z) = f'(z) - f'(f ( )) f’( f” 1(z)) and so
e B S
- S el 8 - Firoy + Fir)
N Zlog f(fi( ?()f 5)’ F'®) | ‘

f f‘(y))|
|/'(f'() = ['(S' ()]
< Z eaenl using log(1 + z)
['(x)

sy | = e o1
U

Lemma 6.5. Let f be a uniformly expanding full branch map. Then there exists a constant
K depending only on C, ), such that for alln > 1, w™ € P, and z,y € w™ we have

Zlf’ )| < KIf"(x) — f)l.
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Proof. For simplicity, let @ := (z,y) C w™. By definition the map f"|; : @ — f*(@) is
a diffeomorphism onto its image. In particular this is also true for each map f*~° Fi@) -
(@) — f*(@). By the Mean Value Theorem we have that

(@) = @) = 1 @) = 1 (@] = () G- [LF (@) = CeX 0| f1(@)]
for some &,_; € f"(@). Therefore

D@ = S =1 @) Z @) < 53N - )

O

6.3. The Gauss map. Before proving Theorems 7 and 8 we consider a specific example
to which these results apply. Let I = [0, 1] and define the Gauss map f : I — I by f(0) =
and

flz) = i mod 1

if x # 0. Notice that for every n € N the map

1 1
I (n+1’ﬁ} = (0.1]

is a diffeomorphism. In particular the Gauss map is a full branch map though it is not
piecewise affine. Define the Gauss measure pg by defining, for every measurable set A

1 1
A) = d
He(4) log2/Al—|—xm

Theorem 9. Let f: I — I be the Gauss map. Then g is invariant and ergodic.

We prove this in a sequence of Lemmas. Invariance follows by direct verification.
Lemma 6.6. ug is invariant.

Proof. 1t is sufficient to prove invariance on intervals A = (a,b). In this case we have

I LS| 1 1+0b
Ha(4) log2/a 1+ * log 2 Og1+a

Each interval A = (a,b) has a countable infinite of pre-images, one inside each interval of
the form (1/n+1,1/n) and this preimage is given explicitly as the interval (1/n+b,1/n+a).
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Therefore
“a, b)) = = 1 —nta
pe(f " (a, b)) MG(LA(n+b’n+a)> ngZ;og(l+;ﬁ)

1 ~ /n+a+1 n+b

os [

log 2 vt n+a n+b+1

1 1 <1+a+1 1+ 24+a+1 2+0D )
g

= 0
log 2 l4a 14+b+1 24a 24+b+1
1 1405

Lemma 6.7. The Gauss map is uniformly expanding
Proof. Exercise 0
Lemma 6.8. Let f : I — I be the Gauss map. Then sup,epsup, ., |f"(x)|/1f'(y)]* < 16.

Proof. Since f(z) = x~' we have f'(z) = —2~2 and f”(z) = 2273. Notice that both
first and second derivatives are monotone decreasing, i.e. take on larger values close to
0. Thus, for a generic interval w = (1/(n + 1),1/n) of the partition P we have |f"(z)| <
f"(1/(n+1)) = 2(n+1)* and |f'(y)| > |f'(1/n)| = n®. Therefore, for any x,y € w we
have | f”(z)|/1f (v)|* < 2(n+1)%/n* < 2((n+1)/n)*(1/n). This upper bound is monotone
decreasing with n and thus the worst case is n = 1 whch gives |f"(z)|/|f (y)]* < 16 as
required. O

We remark that Lebesgue measure is not generally invariant if f is not piecewise affine.
However the notion of ergodicity still holds and the ergodicity of Lebesgue measure implies
the ergodicity any other measure which is absolutely continuous. More generally, we have
the following.

Lemma 6.9. Let f : [ — I be a measurable map and let iy, 1o be two probability measures
with py < pg. Suppose po is ergodic for f. Then py is also ergodic for f.

Proof. Suppose A C I with p1(A) > 0. Then by the absolute continuity this implies
p2(A) > 0; by ergodicity of uy this implies p9(A) = 1 and therefore us (1 \ A) = 0; and so
by absolute continuity, also p1(1 \ A) = 0 and so p;(A) = 1. Thus p; is ergodic. O

Proof of Theorem 9. From Lemmas 6.7 and 6.8 we have that Lebesgue measure is ergodic
for the Gauss map f. Since the Gauss measure pug << m ergodicity of ug then follows from
Lemma 6.9. ]

7. PHYSICAL MEASURES FOR FULL BRANCH MAPS

We have proved a general ergodicity result for Lebesgie measure for a relatively large class
of maps satisfying the bounded distortion property, but we only have two specific examples



28 STEFANO LUZZATTO

of such maps for which we actually have an absolutely continuous invariant measure. In
this section we prove that such a measure actually always exists.

Theorem 10. Let f : [ — I be a full branch map satisfying (9). Then f admits a unique
ergodic absolutely continuous invariant probability measure . Morever, the density du/dm
of i is Lipschitz continuous and bounded above and below.

3 We begin in exactly the same way as for the proof of the existence of invariant measures
for general continuous maps and define the sequence

n
— 1 i
fn=— ) fim
n -
=0
where m denotes Lebesgue measure.

Erercise 7. For each n > 1 we have p,, < m. Hint: by definition f is a C? diffeomorphism
on (the interior of) each element of the partition P and thus in particular it is non-singular
in the sense that m(A4) = 0 implies m(f~!(A) = 0 for any measurable set A.

Since p, < m we can let
dpin
=0
denote the density of u, with respct to m. The proof of the Theorem then relies on the
following crucial

H, :

Proposition 7.1. There exists a constant K > 0 such that
(13) 0 <inf H,(z) <sup H,(z) < K

and for every n > 1 and every x,y € I we have
(14) |H,(2) — Hy(y)| < K|H,(2)|d(2,y) < K*d(z,y).
3

7.1. Absolutely continuous invariant ergodic probability measures. A natural approach to the
general study of the existence (or not) of physical measures is to study the conditions which imply that
a system has at least one physical measure. Related to this approach is the question of which kind of
measures can be physical measures. The easiest example of a physical measure p is when p is f-invariant,
ergodic and g < m. Then, by the definition of absolute continuity we have ;(8,,) = 1 implies m(%5,) > 0.
Therefore the fact that p is physical follows in this case directly from Birkhoff’s ergodic theorem. In this
case, the question of the existence of physical measures therefore reduces to the following question

Question 1. Does [ admit an absolutely continuous, invariant, ergodic probability p?

For simplicity we shall often refer to such a measure p as an acip. This will also be the main question
we address in these notes. We mention however that singular measures can also be physical measures. For
example, suppose p is a fixed point which is attracting in the sense that it has a neighbourhood U such
that f"(z) — p for all x € U. Then, the measure y = 4, is ergodic and invariant but Birkhoff’s ergodic
theorem alone does not imply that it is a physical measure. On the other hand, it is easy to check directly
that for all x € U, the time averages also converge to the space average for all continuous functions ¢ and
so0 0p is indeed a physical measure.
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Proof of Theorem assuming Proposition 7.1. The Proposition says that the family {H,}
is bounded and equicontinuous and therefore, by Ascoli-Arzela Theorem there exists a
subsequence H,,; converging uniformly to a function H satisfying (13) and (14). We define
the measure p by defining, for every measurable set A,

= / Hdm.
A

Then p is absolutely continuous with respect to Lebesgue by definition, its density is
Lipschitz continuous and bounded above and below, and it is ergodic by the ergodicity of
Lebesgue measure and the absolute continuity. It just remains to prove that it is invariant.
Notice first of all that for any measurable set A we have

/Hdm / lim H, dm— lim H, dm

n;j—00 nj—r00 A
n;—1
i 1S —i
= o, (4) = Jimy Z fam(4) = Jim 20 3 mld7A)

For the third equality we have used the dominated convergence theorem to allow us to pull
the limit outside the integral. From this we can then write

Pl A = Jim ni Do )

= lim — E m
n;—+00 TL]

=1

n;—1
1 < 1 1
= lim | — > m(f"(A)+—fT(A) — —m(4)
1 njfl
= Jm Z:; m(f7(A)
= u(A).
This shows that y is invariant and completes the proof. O

Remark 5. The fact that u, < m for every n does not imply that p < m. Indeed,
consider the following example. Suppose f : [0,1] — [0,1] is given by f(x) = z/2. We
alreeady know that in this case the only physical measure is the Dirac measure at the
unique attracting fixed point at 0. In this simple setting we can see directly that p,, — dg
where pu, are the averages defined above. In fact we shall show that stronger statement
that fI'm — 6, as n — oo. Indeed, let Mo m. And consider the measure py = f.m which
is give by deﬁmtlon by pi(A) = ,uo(f 1(A)). Then it is easy to see that uy([0,1/2]) =
wo(f71([0.1/2])) = po([0,1]) = 1. Thus the measure p; is completely concentrated on the
interval [0,1/2]. Similarly, it is easy to see that p,([0,1/2"]) = ([0, 1]) = 1 and thus the
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measure /i, is completely concetrated on the interval [0.1/2"]. Thus the measures i, are
concentrated on increasingly smaller neighbourhood of the origin 0. This clearly implies
that they are converging in the weak star topology to the Dirac measure at 0.

This counter-example shows that a sequence of absolutely continuous measures does not
necessarily converge to an absolutely continuous measures. This is essentially related to the
fact that a sequence of L' functions (the densities of the absolutely continuous measures
{t,) may not converge to an L' function even if they are all uniformly bounded in the L'
norm.

It just remains to prove Proposition 7.1. We start by finding an explicit formula for the
functions H,,.

Lemma 7.1. For everyn > 1 and every x € I we have

1 1
i=1 y=/"()

Proof. 1t is sufficient to show that S, is the density of the measure f'm with respect to m,
i.e. that f'm(A) = [, Spdm. By the definition of full branch map, each point has exactly
one preimage in each element of P. Since f : w — [ is a diffeomorphism, by standard
calculus we have

n -n = .
m(A) = /f_nmm [Df*ldm  and  m(f™"(4) Nw) = /A DEGEORE

Therefore

'm =m(f" = m(f " w) = 1 m
) =m0 A) = 3 mis @0 = 3 [ e
1 1
/AZ,; PG >rdm‘Ay€§(m)r e = J S

Lemma 7.2. There exists a constant K > 0 such that
0 <inf S,(z) <supS,(z) < K

and for every n > 1 and every x,y € I we have
|Su(2) = Su(y)| < K|Su(2)ld(z,y) < K*d(z,y).

Proof. The proof uses in a fundamental way the bounded distortion property (9). Recall
that for each w € P, the map f" : w — [ is a diffeomorphism with uniformly bounded
distortion. This means that |Df"(x)/Df"(y)| < D for any =,y € w and for any w € P,
(uniformly in n). Informally this says that the derivative Df™ is essentially the same
at all points of each w € P, (although it can be wildly different in principle between
different w’s). By the Mean Value Theorem, for each w € P, there exists a £ € w such
that |I| = |Df™(§)||w| and therefore |Df™(€)| = 1/|w| (assuming the length of the entire
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interval [ is normalized to 1). But since the derivative at every point of w is comparable
to that at £ we have in particular |Df"(y)| = 1/|w| and therefore

S,(x) = Z va Z w| < K.
yef—n

To prove the uniform Lipschitz continuity recall that the bounded distortion property (9)
gives

D] = e <1 Rty o))
Inverting x,y we also have
D) | o ! _Bd( ().
50| TRy 2 R o)
Combining these two bounds we get
D 1] < Katr . o).

where K = max{K, [:(} For x,y € I we have

1 1
1S () — Su(y)| = Z |Df (&) Z 1Df(5)]

Fef—n(x) gef~"(y)
= where f"(2;)) =z, f"(1;) =y
Z!Df" Z\Df" =

- Df* (@)
Sz:: ’Dfn |Dfn ‘ Z’Dfn ()] ' D (@)
N o~ n > 1 N

O

Proof of Proposition 7.1. This Lemma clearly implies the Proposition since

Ha(r) — Haw)l =1 3 8i0) = S Siw)l <~ S 180) — Silw)

< %Z KSi(2)d(x,y) = HyKd(z,y) < K2d(z,y).
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8. INVARIANT MEASURES VIA CONJUGACY

Now that we have a general theorem for the existence of physical measures for full branch
maps with bounded distortion, we can use these results to obtain physical measures for
maps which are not full branch or do not satisfy the bounded distortion conditions. We will
describe two techniques to achieve this. The first one is to relate two dynamical systems
via the notion of conjugacy.

Definition 10. Let X,Y be two metric spaces and f: X — X and g : Y — Y be two
maps. We say that f and g are conjugate if there exists a bijection h : X — Y such that
ho f=goh.or, equivalently, f =h 'ogoh.

A conjugacy h maps orbits of f to orbits of g.
Exercise 8. Show that if f, g are conjugate, then f"(x) = h™' o ¢g" o h(z) for every n > 1.

In particular a conjugacy naps fixed points to fixed points and periodic points to cor-
responding periodic points. However, without additional assumptions on the regularity of
h it may not preserve additional structure. We that f, g are (Borel) measurably conjugate
if h, h=! are (Borel) measurable, topologically conjugate if h is a homeomorphism, and C”
conjugate, r > 1, if h is a C" diffeomorphism.

Exercise 9. Show that conjugacy defines an equivalence relation on the space of all dy-
namical systems. Show that measurable, topological, and C" conjugacy, each defines an
equivalence relation on the space of dynamical systems.

Measurable conjugacies map sigma-algebras to sigma-algebras and therefore we can de-
fine a map

Byt M(X) = M(Y)

from the space M(X) of all probability measures on X to the space M(Y) of all probabi-
ulity measures on Y, by

hop(4) = p(h~1(A)).
Lemma 8.1. Suppose f, g are measurably conjugate. Then
(1) hep is invariant under g if and only if v is invariant under f.

(2) h.p is ergodic for g if and only if yu is ergodic for f.

Proof. Exercise. (Hint: Indeed, for any measurable set A C Y we have puy (g '(A)) =
ux(h™ (g1 (A))) = px((h~og ")(A)) = px((goh) " (A)) = px((hof) " (A)) = ux (f(A7(A))) =

px(h™(A) = py(A). ). For ergodicity, let A CY satlsfy 9 “1A) = A Then, it’s preimage
by the conjugacy satisfies the same property, i.e. f~'(h71(A)) = h='(A). Thus, by the
ergodicity of p we have either pu(h=(A)) =0 or u(h~ (A)) = 1. O

We can therefore find invariant measure for a dynamical systems if we have information
about invariant measures for conjugate systems. We will give two applications of this
strategy.
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8.1. The Ulam-von Neumann map. Define the Ulam-von Neumann map f : [-2,2] —
[_27 2] by
f(z) =2*—2.

Proposition 8.1. The measure p defined by

2 1
A== ——d
wA) =~ T

15 invariant and ergodic for f.

The invariance of i can in principle be checked directly by computing explicity preimages
of intervals, as for the Gauss map. The ergodicity however is non-trivial. We use the pull-
back strategy to get both at the same time, and also to explain how the measure p is
computed in the first place.

Consider the piecewise affine tent map T :[0,1] — [0, 1] defined by
2 < L
T(Z) = ) ? =% < 2
2— 2z, 5<z< 1.

Lemma 8.2. The map h: [0,1] — [—2,2] defined by
h(z) = 2cosmz.
15 a conjugacy between f and T.

Proof. Notice that h is a bijection and both h and h~! are smooth in the interior of their
domains of definition. Moreover, if y = h(z) = 2cos 7z, then z = h™!(y) = 7L cos™(y/2).

Therefore
h=t(f(h(z))) = L os (f<h2(m))) ~ L os! (—(2 cos W;)Q _ 2)

™ ™

1
= ~cos (2cos’ mx — 1) = = cos !(cos 27x) = T(z).
7r 7r

For the last equality, notice that for 2 € [0, 1/2] we have 27z € [0, 7] and so 7' cos ™ (cos 2mrz) =
2z. On the other hand, for z € [1/2,1] we have 27z € [, 27| and so cos™!(cos2mx) =
—cos Hcos(2mr—27)) = — cos ! (cos 2m(x—1)) = —2m(x—1) and therefore 7= cos™!(cos 2mz) =
—2(x—1) = -2z —2. O

Thus, any ergodic invariant measure for 7" can be “pulled back” to an ergodic invariant
measure for f using the conjugacy h.

Proof of Proposition 8.1. We will show that p = h,m which implies immediately that it is
ergodic and invariant since Lebegue measure m is ergodic and invariant for 7. Using the
explicit form of h~! and differentiating, we have

-1

V4 — 22

1 2

=Ly = — = —

(h) () = — =
s
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and therefore, for aninterval A = (a,b) we have, using the fundamental theorem of calculus,

hom(4) = m / - / i
O

8.2. Uncountably many non-atomic ergodic measures. We now use the pull-back
method to show construct an uncountable family of ergodic invariant measures. We recall
that a measure is called non-atomic if there is no individual point which has positive
measure.

Proposition 8.2. The interval map f(x) = 2x mod 1 admits an uncountable family of
non-atomic, mutually singular, ergodic measures.

We shall construct these measures quite explicitly and thus obtain some additional in-
formation about their properties. the method of construction is of intrinsic interest. For
each p € (0,1) let I = [0,1) and define the map f, : I®?) — [®) by

s }Dw for0<z<p
p = 1
fpx—ﬁ forp <z <1.

Lemma 8.3. For any p € (0,1) the maps f and f, are topologically conjugate.

Proof. This is a standard proof in topological dynamics and we just give a sketch of the
argument here because the actual way in which the conjugacy h is constructed plays a
crucial role in what follows. We use the symbolic dynamics of the maps f and f,. Let

1P =10,p) and I = (p,1].

Then, for each x we define the symbol sequence (acép )xﬁ” )xép ). ) € X5 by letting

SU(-p) _ 0 if fz(l’) S I(gp)
' 1if fi(z) e 1.

This sequence is well defined for all points which are not preimages of the point p. Moreover
it is unique since every interval [z, y] is expanded at least by a factor 1/p at each iterations
and therefore f"([z,y]) grows exponentially fast so that eventually the images of f™(x) and
f™(y) must lie on opposite sides of p and therefore give rise to different sequences. The
map f : I — I is of course just a special case of f, : I?¥) — I with p = 1/2. We can
therefore define a bijection

hy: I®) — T

which maps points with the same associated symbolic sequence to each other and points
which are preimages of p to corresponding preimages of 1/2.

FEzercise 10. Show that hy, is a conjugacy between f and f,.
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Fzercise 11. Show that h, is a homeomorphism. Hint: if  does not lie in the pre-image
of the discontinuity (1/2 or p depending on which map we consider) then sufficiently close
points y will have a symbolic sequence which coincides with that of x for a large number of
terms, where the number of terms can be made arbitrarily large by choosing y sufficiently
close to x. The corresponding points therefore also have symbolic sequences which coincide
for a large number of terms and this implies that they must be close to each other.

From the previous two exercises it follows that h is a topological conjugacy. U

Since hy, : I (?) — T is a topological conjugacy, it is also in particular measurable conju-
gacy and so, letting m denote Lebesgue measure, we define the measure

ty = hom.

By Proposition 5.1 Lebesgue measure is ergodic and invariant for f, and so it follows from
Lemma 8.1 that p, is ergodic and invariant for f.

Ezercise 12. Show that p, is non-atomic.
Thus it just remains to show that the p, are mutually singular.
Lemma 8.4. The measures in the family {ji,}pe,1) are all mutually singular.

Proof. The proof is a straightforward, if somewhat subtle, application of Birkhoff’s Ergodic
Theorem. Let

A, = {z € I whose symbolic coding contain asymptotically a proportion p of 0’s}
and
AP = {x € I'” whose symbolic coding contain asymptotically a proportion p of 0’s}

Notice that by the way the coding has been defined the asymptotic propertion of 0’s in
the symbolic coding of a point = is exactly the asymptotic relative frequency of visits of
the orbit of the point = to the interval I or ]ép ) under the maps f and f, respectively.
Since Lebesgue measure is invariant and ergodic for f,, Birkhoff implies that the relative

frequence of visits of Lebesgue almost every point to Iép ) is asymptotically equal to the
Lebesgue measure of Iép ) which is exactly p. Thus we have that

m(AI()p)) =1
Moreover, since the conjugacy preserves the symbolic coding we have
A, = h(AP)).
Thus, by the definition of the pushforward measure
Hp(Ap) = m(h ™ (Ay)) = m(h ™ (h(AP))) = m(AP) = 1.

Since the sets A, are clearly pairwaise disjoint for distinct values of p it follows that the
measures /i, are mutually singular.

O
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Remark 6. This example shows that the conjugacies in question, even though they are
homeomorphisms, are singular with respect to Lebesgue measure, i.e. thay maps sets of
full measure to sets of zero measure.

9. INVARIANT MEASURES VIA INDUCING

It is not always easy or even possible to conjugate an unnkown dynamical system to a
known one and thus the method of pull-back described in the previous section has limited
applicability. We describe here another method which, on the other hand, turns out to be
quite generally applicable. This is based on the general notion of inducing.

Definition 11. Let f: X — X be amap, A C X and 7 : A — N a function such that
fT@)(x) € Afor all z € A. Define a map F : A — A by

F(z) = fT@(z).
The map F is called the induced map of f for the return time function 7.

If A = X then any function 7 can be used to define an induced map, on the other hand,
if A is a proper subset of X then the requirement f7*)(z) € A is a non-trivial restriction.
The map F' : A — A can be considered as a dynamical system in its own right and
therefore has its own dynamical properties which might be, at least a priori, completely
different from those of the original map f. However it turns out that there is a close relation
between certain dynamical properties of F', in particular invariant measures, and dynamical
properties of the original map f, and we analyze this relationship below. We recall that a
map f : X — X is non-singular with respect to a measure p if it maps positive measure
sets to positive measure sets: p(A) > 0 implies p(f(A)) > 0 or, equivalently, m(A) = 0
implies m(f~*(A)) = 0.

Theorem 11. Let f : X — X be a map and F = f7 : A — A the induced map on some
subset A C X corresponding to the return time function 7 : A — N. Let [i be a probability
measure on A and suppose that T := frd,a < o0. Then

co n—1

pe= 23S Filils,)

n=1 i=0
s a probability measure on X. Moreover,
(1) If f1 is invariant for F' then p is invariant for f.
(2) If i1 is ergodic for F then p is ergodic for f.
Suppose additionally that there exists a reference measure m on X and that f is non-
singular with respect to m. Then

(3) If if < m then pu < m.
As an immediate consequence we have the following

Corollary 9.1. Suppose f : X — X is non-singular with respect to Lebesgue measure
and there exists a subset A C X and an induced map F : A — A which admits an
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mvariant, ergodic, absolutely continuous probability measure i for which the return time
is integrable, then f admits an invariant ergodic absolutely continuous probability measure.

Remark 7. Notice that Theorem 11 and its Corollary are quite general and in particular
apply to maps in arbitrary dimension.

Proof of Theorem 11. For convenience, we introduce the notation
A, ={r e A:71(x) =n}.

By the measurability of 7 each A, is a measurable set. To prove that u is a probability
measure observe first of all that for a measurable set B C X, we have f(ji|a,)(B) =
ila, (f74B)) = p(f~(B)NA,) and therefore

—_

n—

=23 S la)B) = 2 30 S AU N A,

n=1 1

\]>|H

I§
<)
3
Il
—
<
Il
=)

This shows that p is a well defined measure and also shows the way the measure is con-
structed by "spreading” the measure i around using the dynamics. To see that u is a
probability measure we write

n—1

==> ﬂ(fl(X)ﬂAn)Z%Z : Znu /Tdu—l

n=1 i=0 n=1 i=0

\]>|H

To prove (1), suppose that ji is F-invariant, and therefore ji(B) = ji(F~*(B)) for any
measurable set B. We will show first that

(15) D ABNA) =Y A(f(B)NA)

Since the sets A,, are disjoint and their union is A, the sum on the right hand side is
exactly fi(B). So we just need to show that the sum on the right hand side is i(F~'(B)).
By the definition of F' we have

F'(B)y={reA:F(z)e B} = | J{z e A,: f'(x) e B} = [ J(f "(B) N A,).

Since the A,, are disjoint, for any measure i we have

pF(B) =i (B)NAL)) = alf(B)NA,)).
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This proves (15) and therefore implies

W (B)) = fj A NB) N AL
_ i AU N Ba) + (S HB) N An) + - Al (B) N A
_ f} AU(B) AL + i J(B)N A
_ ilnzjmw(fs) A+ i ABNA,)
DR WL
— u(B).

This shows that p is invariant and thus completes the proof of (1). To prove (2), assume
that i is ergodic. Now let B C X satisfy f~1(B) = B and u(B) > 0. We will show that
w(B) =1 thus implying that p is ergodic. Let B = BN A. We first show that

(16) FYB)=B and [(B)=1.

Indeed, f~'(B) = B implies f~"(B) = f~*(B) N f"(A) = BN f~*(A) and therefore
G GBﬂf A)nA) = J(BNA)=BnA= B
= n=1 n=1

where the third equality follows from the fact that A, := {z : 7(x) = n} C {z: f*(x) €
A} = f7"(A). Now, from the definition of y we have that f~(B) = B and u(B) > 0 imply
A(BNA,) = a(f(B)NA,) > 0 for some n > i > 0 and therefore fi(B) = (BN A) > 0.
Thus, by the ergodicity of /i, we have that (BN A) = ji(B) = 1 and this proves (16),
and thus in particular, letting B¢ := X \ B denote the complement of B, we have that
(BN A) =0 and therefore

oo n—1 oo n—1
S S ML IRCILINED 3) S e
n=1 i=0 n=1 i=0
This implies that p(B) = 1 and thus completes the proof of (2). Finally (3) follows directly
from the definition of pu. 0

9.1. Physical measure for intermittency maps. We give a relatively simple but non-
trivial application of the method of inducing. Let v > 00 and consider the map f, : [0,1] —
[0, 1] given by

fy(x) =z + 2" mod 1.
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For v > 0 this can be thought of as a perturbation of the map f(z) = 2z mod 1 (for v = 0)
(though it is a C° perturbation and not a C' perturbation). It is a full branch map, but
it fails to satisfy both the uniform expansivity and the bounded distortion condition since

f;(x) =1+ (1+~v)2”

and so in particular for the fixed point at the origin we have f'(0) = 1 and thus (f™)'(0) =1
for all n > 1. Nevertheless we will still be able to prove the following:

Theorem 12. For any vy € [0,1) the map f, admits a unique ergodic absolutely continuous
wmwvariant probability measure.

We first construct the full branch induced map, then show that it satisfies the uniform
expansivity and distortion conditions and finally check the integrability of the return times.
Let 21 := 1, let x5 denote the point in the interior of [0, 1] at the boundary between the
two domains on which f is smooth, and let {z,}°°; denote the branch of pre images of
xo converging to the fixed point at the origin, so that we have x,, — 0 monotonically and
and f(x,.1) = x,. For each n > 1 we let A,, = (2,41, z,]. Then, the intervals A, form a
partition of A := (0, 1] and there is a natural induced map F : A — A given by F|n, = f™
such that ' : A, — A is a C! diffeomorphism.

Lemma 9.1. F is uniformly expanding.
Proof. Exercise. O

It remains to show therefore that F' has bounded distortion and that the inducing times
are integrable. For both of these results we need some estimates on the size of the partition
elements A,,. To simplify the exposition, we shall use the following notation. Given two
sequences {a,} and {b,} we use the notation a, = b, to mean that there exists a constant

C such that C~'b, < a, < Cb, for all n and a, < b, to mean that a, < Cb, for all n.
Lemma 9.2. z, ~ l/n% and |A,| ~ 1/n%+1.

Proof. First of all notice that since x, = f(2,41) = Tpi1 + z;ﬂ we have

|An| = |xn - xn+1| = xrlz-n

Also, the ratio between x,, and z,, is bounded since
Tn Tt = (T + 2,50) /Ty = 1+ 2], — 1
as n — 00. So in fact, up to a uniform constant independent of n we have
(17) |A,| ~ x(l:y for any x(,) € A,.
Now consider the sequence vy, = 1/kY7 and let J, = [yri1,yr]. Then, considering the

function g(x) = 1/2'/7 we have ¢'(z) ~ 1 /vx%H and a straightforward application of the
Mean Value Theorem gives

1 1

kv (k+ 1)

1 L\
— o0 gtk + DI~ = () =

’Jk| = \yk - Z/k+1‘ =
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Similarly as above we have

ue/yesr = ((k+1)/k)"7 =1
as k — oo, and therefore, up to a constant independent of k we have
(18) |Jk| ~ y(lly for any yu € Ji

Combining (17) and (18) we see that if A, N J, # 0 then |A,| &~ [J|. This means that
there is a uniform bound on the number of intervals that can overlap each other which

means that the sequences x,,, yn have the same asymptotics and so z,, ~ y,, = 1/ n% and in
particular |A,| ~ z1 ™ = 1/n*+1. O

9.2. Distortion estimates.

Lemma 9.3. There exists a constant D > 0 such that for alln > 1 and all x,y € A,

108 55| < PLI"(@) = /)l

Proof. We start with the standard inequality

DfF(x i
‘1 ka ’ Z\long x))—log Df(f'(y |<Z

S @) - )

for some & € (f(x), fi(y)), where we have used here the Mean Value Theorem and the
fact that D(log Df) = D*f/Df. Since z,y € A, then x;,y; € A,,_; and so, by the previous
Lemma we have ‘ ' )
[F(2) = Fi)l < 1Al <1/ (n =)
Moreover, by the definition of f we have
Df(x) =1+ (1+v)2" and D*f(z) =~(1+7)a"""
and therefore, from the fact that & € A,,_; we have

1 1 1
P R - Df&) =1+ ——, Df(&G)r ———
Gx oy DIO S D)~
we get
ka DQf fz i ; — (n—i)%_l =1

This gives a uniform bound for the distortion but not yet in terms of the distance as
required in the Lemma. For this we now take advantage of the distortion bound just

obtained to get ' ‘
eyl _ @)~ P @)~ ()
|An| | Al A

to get in particular

(@) = [ )] = [ Dusil [ (2) = [ ().
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Repeating the calculation above with this new estimate we get

D fH(x

5D ey

Z i @) = £ W S 1) - )

O

Lemmas 9.1 and 9.3 imply that the map F': A — A has a unique ergodic absolutely
continuous invariant probability measure fi. To get the corresponding measure for p it only
remains to show that [ 7dji < co. We also know however that the density dj/dm of fi
with respect to Lebesgue measure p is Lipschitz and in particular bounded, and therefore
it is sufficient to show that [ 7dm < oco.

Lemma 9.4. For v € (0,1), the induced map F has integrable inducing times. Moreover,
for every n > 1 we have
o0

m({z:7(x) 2 n}) =) m(A,) S

Jj=n

S
Y™

Proof. From the estimates obtained above we have that |A,| ~ n~ G, Therefore

/de < Zn\An\ R~ Z%
n n n-

The sum on the right converges whenever v € (0,1) and this gives the integrability. The
estimate for the tail follows by standard methods such as the following

Z|A|<Z 11_/ 1+1dx%{il]°o _ 1 %n%

127 ziln—1 (n— 1)%

O

Inducing is a very powerful method for constructing invariant ergodic probability mea-
sures which are absolutely continuous with respect to Lebesgue measure. In this applica-
tion above we constructed a uniformly expanding full branch induced map with bounded
distortion since we have proved that such maps have ergodic acip’s.

Theorem 13 (Rychlik). Let F : [0,1] — [0,1] be a piecewise C* on a countable partition

P and suppose that
1,
g var <F) < 00.

Then F' admits a unique ergodic absolutely continuous invariant measure ji with density of
bounded variation.

It may be easier in some cases to induce to a Rychlik map than to a full branch map.
On the other hand, even though it may be difficult to construct explicitly in certain situ-
ations, it turns out that the existence of a uniformly expanding full branch induced map
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with bounded distortion is quite general and indeed almost a necessary condition for the
existence of ergodic invariant absolutely continuous invariant measures.

Definition 12. Let M be a Riemannian manifold. We say that an invariant probability
measure j is expanding if all its Lyapunov exponents are positive, i.e. for p-almost every
x and every v € T, M \ {0},

1
(19) Az, v) ;= limsup — 10g||Df"(m)U|| > 0.

n—oo

We say that p is regularly expanding if it is expanding and in addition we have
(20) log [|[Df '] € L' (n).
Theorem 14 (Alves, Dias, Luzzatto, 2010). Let f : M — M be a C?* map with a non-

degenerate critical set. Then f admits a uniformly expanding full branch induced map with
bounded distortion if and only if it admits an ergodic regqularly expanding acip.

10. MIXING AND DECAY OF CORRELATIONS

Ergodicity is only the beginning of the story in terms of the statistical properties of
dynamical systems. The asymptotic statistical distribution given by Birkhoff’s ergodic
theorem provides some information about the dynamic, but does not distinguish, for ex-
ample, between such quite different dynamical systems as an irrational circle rotation and
a piecewise affine uniformly expanding map, both of which admit Lebesgue measure as an
invariant ergodic measure.

Definition 13. For measurable functions ¢, : M — R we define the correlation function

V) = /w(wf”)du—/wdu/cpdu‘

We say that the correlation function C,(p,v) decays if C,(¢,1) — 0 as n — oco. In the
special case in which ¢, v are characteristic functions of sets A, B we can write

/]lA(ﬂBofn)d,u—/]lAdlLL/]leu
‘/]lAmf n(Bydp — /]lAd,UJ/]leN‘

= |u(AN f(B)) — u(A)u(B

Definition 14. We say that an invariant probablhty measure [ is mizing if

Ca(la,1p) = [u(AN f7(B)) — p(A)u(B)| = 0
as n — 0o, for all measurable sets A, B C M.

Cu(ep

Cn<]lA7 I]-B) -

Mixing has some natural geometrical and probabilistic interpretations. Indeed, dividing
through by u(B) we get
pANf(B))

1(B)

—pu(A) =0
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as n — oo, for all measurable sets A, B C M, with u(B) # 0. Geometrically, one can
think of f~"(B) as a “redistribution of mass” and the mixing condition says that for
large n the proportion of f~"(B) which intersects A is just proportional to the measure
of A. In other words f~"(B) is spreading itself uniformly with respect to the measure pu.
A more probabilistic point of view is to think of u(A N f~"(B))/u(B) as the conditional
probability of having = € A given that f"(z) € B. The mixing condition then says that this
probability converges to the probability of A, i.e., asymptotically, there is no causal relation
between the two events. This is why we say that a mixing system exhibits stochastic-like
or random-like behaviour.

Example 7. 1t is easy to verify that an irrational circle rotation is not mixing. On the other
hand, the map 2z mod 1 is mixing, though this is not completely trivial to verify.

A natural question is on the rate of decay of the correlations function. In general this
will depend on the functions ¢, 1.

Definition 15. Given classes By, By of functions and a sequence {~,} of positive numbers
with 7, — 0 as n — oo we say that the correlation function C,, (¢, ) decays for functions
© € By, € By at the rate given by the sequence {~,} if, for any ¢, 1) € B there exists a
constant C' = C(¢, 1) > 0 such that

Cu(p, ) < O
for all n > 1.

For example, if v, = e’ we say that the correlation decays exponentially, if v, = n™y
we say that the correlation decays polhynomially. The key point here is that the rate, i.e.
the sequence {7, } is not allowed to depend on the functions but only on the function class.
Thus the rate of decays becomes in some sense an intrinsic property of the system. It is not
always possible to obtain decay at any specific rate if the class of observables is too large.
For example, if we choose By = By = L! or any other space of functions that includes
characteristic functions, then given any rate, it is possible to find subsets A, B such that
the correlation function C,,(14,15) of the corresponding characteristic functions decays at
a slower rate. It is however possible to prove that many piecewise uniformly expanding
one-dimensional maps exhibit exponential decay of correlations for relatively large spaces of
functions such as Holder continuous functions or functions of bounded variation. About a
decade ago, L.-S. Young, showed that the method of inducing can be used also to study the
decay of correlations of maps which may not be uniformly expanding but which admit good
induced maps. More precisely, suppose that Suppose that f : M — M admits an induced
uniformly expanding full branch map F' = f7 : A — A satisfying the bounded distortion
property. We have see above that F' admits a unique ergodic acip ft with bounded density.
If the return times are Lebesgue integrable [ 7dm < oo then there exists an ergodic acip
i for f. The rate of decay of correlation of p is captured by the rate of decay of the tail
of the return time function. More precisely, let

A, ={zeA:7(z)>n}.
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Theorem 15. The rate of decay of correlation with respect to p for Holder continuous
functions is determined by the rate of decay of |A,|: if |A,| — 0 exponentially, then the
rate of decay is exponential, if |A,| — 0 polynomially, then the rate of decay is polynomial.

These general results indicate that the rate of decay of correlations is linked to what is
in effect the geometrical structure of f as reflected in the tail of the return times for the
induced map F. From a technical point of view they shift the problem of the statistical
properties of f to the problem of the geometrical structure of f and thus to the (still highly
non-trivial) problem of showing that f admits an induced Markov map and of estimating
the tail of the return times of this map. The construction of an induced map in certain
examples is relatively straightforward and essentially canonical but the most interesting
constructions require statistical arguments to even show that such a map exists and to
estimate the tail of the return times. In these cases the construction is not canonical
and it is usually not completely clear to what extent the estimates might depend on the
construction.

11. ABUNDANCE OF MAPS WITH ABSOLUTELY CONTINUOUS INVARIANT PROBABILITY
MEASURES

We have seen that, at least in theory, the method of inducing is a very powerful method
for constructing invariant measures and studying their statistical properties. The question
of course is whether the method is really applicable and more generally if there are many
maps with acip’s. Let C?(I) denote the family of C? maps of the interval. We say that ¢ € T
is a critical point if f'(¢) = 0. In principle, critical points constitute a main obstruction to
the construction and estimates we have carried out above, since they provide the biggest
possible contraction. If a critical point is periodic of period k, then ¢ is a fixed point
for f* and (f*)'(c) = 0 and so c is an attracting periodic orbit. On the other hand we
have already seen that maps with critical points can have acid’s as in the case of the map
f(x) = x5 — 2 which is smoothly conjugate to a piecewise affine "tent map”. This map
belongs to the very well studied quadratic family

fa(z) = 2% + a.
It turns out that any interesting dynamics in this family only happens for a bounded
interval
Q=[-2,a"]
of parameter values. For this parameter interval we define
OF :={a € Q: f, admits an ergodic acip u}

and
07 :={a € Q: f, admits an attracting periodic orbit}.

Over the last 20 years or so, there have been some quite remarkable results on the structure
of these sets. First of all, if a € Q% then p is the unique physical measure and m(B,) = 1,
Le. the time average of Lebesgue almost every z for a function ¢ converge to [ ¢du. On
the other hand, if a € 7 then the Dirac measure dp+(,) on the attracting periodic orbit
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is the unique physical measure and m(B(;O N (p)) = 1, Lebesgue almost every = converges to

the orbit of p. Thus in particular we have
QtnQ =0.
Moreover, we also have the following results:

Theorem 16. (1) Lebesque almost every a € € belongs to either Qt or Q~;
(2) Q~ is open and dense in §);
(3) m(QF) > 0.

The last of these statements is actually the one that was proved first, by Jakabson in
1981. He used precisely the method of inducing to show that there are a positive Lebesgue
measure set of parameters for which there exists a full branch induced map with exponential
tails (and this exponential decay of correlations).

APPENDIX A. ADDITIONAL REMARKS

A.1. Singular physical measures and hyperbolicity. A much more sophisticated ver-
sion of this argument can be applied in the case that A C M is a certain kind of chaotic
attractor such that m(A) = 0 but such that the topological basin of attraction of A has
positive measure. Then any ergodic invariant probability measure is necessarily supported
on A and therefore is singular with respect to Lebesgue and so once again Birkhoft’s ergodic
theorem cannot be used to prove that p is a physical measure. The question therefore is
whether the points in the basin which are topologically attracted to A are also “proba-
bilistically attracted” to pu, in the sense that, as they get closer and closer to A, their time
averages converge to those of points in A. This can be shown to be the case if A satisfies
some hyperbolicity conditions, which imply the existence of a foliation of stable manifolds.
This implies that points in the topological basin are not justgenerically attracted to the
attractor A but are actually attracted to the orbit of a specific point on the attractor, and
thus their asymptotic time averages will be the same as those of the point on the attractor
which they are attracted to. This strategy has actually been implemented successfully for
the most famous chaotic attractor of all, the Lorenz attarctor, given by a relatively simple
system of ODE’s The Lorenz equations were introduced by the metereologist E. Lorenz in
1963, as an extremely simplified model of the Navier-Stokes equations for fluid flow.

il = 10((1)2 — $1)
ig - 28171 — Ty — T1X3
i’g = T1T2 — 81’3/3

This is a very good example of a relatively simple ODE which is quite intractable from
many angles. It does not admit any explicit analytic solutions; the topology is extremely
complicated with infinitely many periodic solutions which are knotted in many different
ways (there are studies from the point of view of knot theory of the structure of the periodic
solutions in the Lorenz equations); numerical integration has very limited use since nearby
solutions diverge very quickly. Lorenz noticed that the dynamics of the Lorenz equations
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is chaotic in that it exhibits sensitive dependence on initial conditions, nearby solutions
diverge exponentially fast and seem to have completely independent futures. This makes
it extremely difficult to follow a specific solution with any real accuracy for any reasonably
long time. However we have the following

Theorem 17 (1963-2000, combinations of several results by different people). The Lorenz
equations admit a physical measure p whose basin *B,, has full measure.

This remark implies in particular that the asymptotic probability distribution is deter-
mined by p and is therefore independent of x for every x € ®B,,. This contrast with the
sensitive dependence on initial conditions but does not contradict it. The sensistive de-
pendence on initial conditions says that two initial conditions diverge from each other and
therefore are hard to follow, but this says that nevertheless, thei asymptotic distribution
is the same.

APPENDIX B. LACK OF CONVERGENCE OF PROBABILISTIC LIMITS

The probabilistic w-limit set of course related to the topological w-limit set, but there
are some important and non-trivial subtleties. Notice first of all that it tracks the amount
of time that the orbit spends in different regions of the space, so that if the proportion of
points of the orbit in a certain region of space is positive but tends to zero, then the limit
measures will not give positive measure to that region. We give two examples.

Ezample 8. Suppose f : M — M is a continuous map, p is a fixed point, and f"(x) — p
as n — oo. Then it is easy to verify that w(z) = {p} and wpye(z) = {0, }, which is exactly
what we expect.

Example 9. On the other hand, consider a situation with a heteroclinic cycle connecting two
fixed points, a very common situation both in continuous time and discrete time systems.
Suppose that f has two hyperbolic fixed points p4, pp whose separatrices connect the two
points defining a closed topological disk as in the following picture.

Suppose that area enclosed by the fixed points pa, pp and the separatrices contains a
fixed point P which is repelling and that all trajectories spiral away from P and accumulate
on the boundary of the disk. Under suitable conditions on the eigenvalues of the points py
and pp the situation is the following. Suppose we have a point inside the domain bounded
by this cycle whose orbit spirals outwards towards the cycle. Then it is quite easy to
verify that the topological w-limit set is just the entire cycle. There are on the other hand
various possibilities for the probabilistic w-limit set, depending on the specific values of the
eigenvalues of the linearizations at the fixed points. It is fairly easy to see that the orbit
will spend much longer time near the fixed points, since the orbit is very slow near the fixed
points and so spends a large amount of time there, but takes only a fixed bounded number
of iterations to get from one fixed point to the other. However there are two crucially
different possible situations:

(1) wprop(z) = {p} where 1 is some convex combination 76, + (1 —n)d,, of the Dirac-6
measures in the fixed points for some 7 € [0, 1].
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(2) wWprop(z) = {0z,, 04, } s0 that the sequence p,, does not converge but has both Dirac-6
measures as limit points.

These two cases look quite similar but they are dramatically different. The first case says
that the sequence p, does actually converge and that the orbit asymptotically spends a
certain proportion of time near p; and a certain proportion near ps. On the other hand,
the second case says that the sequence p,, does not converge and has both Dirac-d measures
as limits. This means, that there is some subsequence n; — oo such that p,, — d,, and
another subsequence nj, — oo such that p,,, — 9,,. But this means that if we look at the
finite piece of orbit up to time n;, most points along the orbit, e.g. 99% of points, will be
close to dp,. On the other hand if we look at finite pieces of orbit up to some time n; then
most points along the orbit, e.g. 99% of points, will be close to J,,. So the “probability”
of being close to p; or to py depends on the size of the piece of initial trajectory. It is
relatively easy to show that this situation can indeed occur, by choosing the eigenvalues of
the linearization at the fixed points appropriately. This situation means that the averages
do not converge ! This would be like tossing a coin and having for example that if you toss
is ten times you are more likely to get heads, if you toss it one hundered times, you are
more likely to get tails, if you toss it one thousand times you are more likely to get heads,
etc.
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