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Abstract

Originating in the qualitative studies of differential equations by Henri
Poincaré (Poincaré sections), the notion of “discrete dynamical system”
is understood to day as the study of the orbits of the action of a discrete
group, such as Z (or a discrete monoid such as N) on a set X. In other
words, in the case of an action of Z we are interested in the properties of
the orbits T"(x),n € Z of an invertible map 7 : X — X, with particular
emphasis on their asymptotic properties when n — +oo. The so-called
qualitative theory concerns the case when X is a topological space (resp a
C*-manifold) and T a continuous map (resp. a C* map), while the ergodic
theory concerns the case of a measure space X and a measure preserving
map 7. In these notes, we address mainly the ergodic side, leaving aside
many basic notions like hyperbolicity.
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1 First examples: linear maps, linear automor-
phisms and rotations on tori, annulus twists

A discrete topological dynamical system is a continuous map : T : X — X from
a metric (or at least metrisable) space X to itself. Iterating T defines an action
n-x = T"(x) of the semi-group N, which extends to an action of the group Z
if T is a homeomorphism. In this last case, it can be considered as the discrete
version of an autonomous differential equation whose flow is defined for all times
(and hence defines an R-action). We start with basic examples given by analytic
maps from an analytic manifold to iself. This is the occasion to introduce some
important words: the orbit of € X under the action of N (resp. Z) is the set

Of(z) = {T™(z),n € N}, resp. Or(z)={T"(z),n € Z}.

In case T is a homeomorphism, OF(z) is called the positive orbit of z in order
to avoid confusion. One says that the orbit of = is periodic if there exists an
integer n > 1 such that 7" (z) = z. One also says that x is a periodic point of
period n of T (a fized point if n = 1).

Definition 1 The dynamical system T : X — X is said to be positively topo-
logically transitive (resp. positively minimal) if there exists x € X such that

(resp. if for every x € X ) the closure @;(x) of its positive orbit is equal to X .
The homeomorphism T is said to be topologically transitive (resp. minimal) if
there exists x € X such that (resp. if for every x € X) the closure of its orbit
Or(z) is equal to X.

For another definition of topological transitivity, equivalent if the space X is
reasonable, see Lemma [

Definition 2 A subset A € X is called T-invariant (or invariant by T) if
T—YA = A (compare to definition @)

Exercise 1 A homeomorphism T : X — X is minimal if and only if the only
closed invariant subsets are O and X.

1.1 Linear maps

Let X be a finite dimensional real or complex vector space and T : X — X be
a linear map. Using the spectral decomposition on C one can write X as the
direct sum of invariant subspaces on each of which T takes a simple form in a
well-chosen basis.

Exercise 2 Describe all the possible behaviours of the orbits of a linear map

T:R?2 - R2,

Exercise 3 Prove that a linear map T : E — E of a finite dimensional vector
space on K =R or C into itself cannot be transitive.



A direct proof could follow from the classification of such linear maps but a
much nicer proof, borrowed from [Fd], can be obtained by showing that if T had
a dense orbit in E, its transpose T* : E. — E¢ (defined by ¢ — @ oT on the
C-vector space E¢. be formed by the K-linear maps from E to C) could not have
any eigenvalue.

Caution ! this is definitely false in infinite dimension. A surprising example
is the derivation T(p) = ¢’ from the Fréchet space C*°([0,1],R) to itself: there
exists a (see Exercise @

1.2 Linear automorphisms on tori

One defines T" as the quotient T" = R"/Z".

Exercise 4 T" inherits from R" a quotient topology and a quotient group struc-
ture: if m : R" — T" is the quotient map, Q C T" is open iff 7~ 1(Q) C R" is
open; the formula & + § = w(x + y) defines the group law independently of the
choice of representatives x,y of & = w(x) and § = 7(y).

If f:R" — R" is such that x —y € Z" = f(z) — f(y) € Z", the composition
o f defines uniquely a map F' : T" — T such that wo f = Fow. In particular,
if the linear map A : R” — R" is such that A(Z") C Z", it induces a map
A:T" — T

Exercise 5 A is surjective if and only if det A # 0, it is injective if and only
if det A = +£1.

In particular, a linear automorphism of T" preserves Haar measure m: for any

measurable subset E C T", one has m(A4 1(E) = m(E) (see and lemma
[[9for definitions).

Proposition 1 If A:T" — T" is linear automorphism, the periodic points are
dense in T".

Proof.  The subset Q" /Z" is dense in T" and each of its elements is a periodic
point of A. Indeed, for any ¢ € N\ {0}, the map A sends the finite set (%Zr)/ZT
to itself. But a bijection of a finite set is necessarily periodic.

Exercise 6 A quite famous example in the history of discrete dynamical sys-
tems — a parangon of Anosov diffeomorphism — is the linear automorphism A

of the 2-torus T? defined by the matriz A = <§ 1) Using the irrationality

of the eigenvalues of A and lemma |2 below, show that the images E, E, un-
der the canonical projection © : R? — T? of the eigenspaces Es, E, of A are
dense in T2. Deduce that A is transitive. Hint: use criterion in lemma |Z| be-
low after noticing that given two open subsets U and V in T2, one can choose
re€UNE,, y € VNE, and a small enough neighborhood W of 0 such that
x+WCU and y+ W CV, and that as soon as n € N is large enough, Zn(x)



and A" (y) both belong to W; conclude by noticing that x + A "(y) € U and
that A" (z —l—Zin(y)) =A"(x)+y eV (se figure 0.1).

Figure 0.1 Proof of transitivity of A.

The following figure, quite well known under the name of “Arnold’s cat” shows
the fate of a 2-dimensional cat lying in T? when submitted to iterates of A.

a.

Figure 0.2 Arnold’s cat and its image under the third iterate of A.

Exercise 7 2) Surprizingly, essentially the same proof shows that the deriva-
tion T(p) = ¢ from the Fréchet space C*°([0,1],R) (endowed with the distance

do (p,1) = 3 e 3= inf ([ — ™o, 1)) to itself is transitive. Indeed, let



A and B be the continuous linear maps from C*°([0,1],R) to itself defined re-
spectively by

Check that AB = Id and that, if P is a polynomial, lim, ., A"(P) = 0 and
lim, . B"(P) = 0. Admitting the density of polynomials in C*([0,1],R)
(Weirstrass theorem,), show that the proof of transitivity of A in Exerciselé be-
comes a proof of transitivity of A when replacing Es and E., by the polynomials,
A by A and a! by B.

1.3 Rotations on tori

The translation
R, = Rahaz,"',ar(xlva) to ,.Tr) = (.1'1 +a, T2+ o, Ty + ar)

induces the rotation Ry = Ray a0, ,an @ 17 — T7 (as there is no ambiguity,
we shall keep the same notation for the translation of R™ and the corresponding
rotation of T" ).

Lemma 2 The real number « is irrational if and only if the rotation R, : T* —
T! is minimal.

Proof. As the orbit of any point is just translated (rotated) from the orbit of 0,
it is enough to show that the orbit of 0 is dense, that is to show that the additive
subroup generated by « is dense. If « is rational, this subroup is finite. If « is
irrational, the points in the orbit are all distinct; as the circle T' is compact,
there is an accumulation point, that is there exist integers ¢ # j and p such that
lic —ja—p| = |(i—j)a—p| < e. The end of the proof is an easy exercise. Notice
that taking positive (or negative) orbits would be sufficient. The analogous
result on T",r > 1 is

Theorem 3 (Kronecker) Let o = (aj,a9,-+,a.) € R". The real num-
bers 1,aq,--- ,a, are rationally independent, i.e. there is no (r + 1)-tuple
(ko, k1, k) € Z"t1\ {0} such that ko + kiaq + -+ + kya,. = 0, if and
only if the rotation R, : T" — T" is minimal.

Proof. Of course, here also it is enough to show that the orbit of 0 is dense,
that is to show that the subgroup of T" generated by (the class of) « is dense.
There exist proofs based on the geometry of numbers (for ex. by Mahler) but
here is a proof closer to the spirit of ergodic theory; it is based on the following

Lemma 4 (criterion of transitivity) Let T : X — X be a homeomorphism
of a complete metric space X with a countable basis of open sets and no isolated
point. T is topologically transitive (resp. positively topologically transitive) If
and only if for any two nonempty open sets U,V C X, there exists n € Z (resp.
n € N) such that T~™(U) NV is nonempty.



This criterion is often taken as a definition of topological transitivity.

Proof of the “if” part. Let (U;);en be a countable basis of (nonempty) open sets.
By hypothesis, Vi € N, U,czT"U; intersects all the Uj, and hence is dense in
X. Hence,

{l‘ e X, 61‘(.13) = X} = ﬂizo (UnezT_nUi)

is a countable intersection of open and dense sets. One concludes by Baire’s
theorem (recalled below) that the set of x whose orbit is dense is dense in X,
hence non empty. For the positively transitive part, just replace Z by N.

Theorem 5 (Baire) In a complete metric space (X,d), a countable intersec-
tion NpenVy of open dense subsets V,, is dense.

Proof. Given U open, one constructs by induction a sequence of balls B(zy,, 1)
such that

B(zp,rn) C VN Uﬂé(wn_l,rn_l) and 0<r, <1l/n.

One concludes that the closed balls B(x,,7,) are nested and that their centers
converge to a point € U N (NpenVip).

Remark. Baire’s theorem is the topological counterpart of the notion of full
measure. It is the basis of the topological notion of genericity. For a beautiful
parallel discussion of the two notions, see [O]. For an example, see Exercise

Proof of the “only if” part. If the orbit of x is dense, it intersects every non
empty open set. Hence, given U and V, there exists k, | € Z such that T%(z) € U
and T'(x) € V, hence TU=F(U) NV # (. It is for the positively transitive
case that the condition that X has no isolated point is needed. Indeed, this
condition implies that an open set is necessarily infinite; now, if T?(z) € V
with p e N, U = U\ {z,T(x),---,TP(x)} is still open hence there exists m,
necessarily strictly greater that p, such that 7™ (x) € U’, which implies that
TP(z) e T~™(U)NV withn=m —p > 0.

End of the proof of theorem[3 To show that a homeomorphism 7' is not topo-
logically transitive, it is enough to find a continuous non constant T-invariant
function f : X — R; but, If kg + k11 -+ - kra, =0, . — sin(27r 2221 kZ,TZ) is a
Rg-invariant function, hence R, is not topologically transitive.

Under the hypotheses of lemma [4] to prove that a homeomorphism T is topo-
logically transitive, it is enough to show that there are no two disjoint open
non empty invariant sets U, V. Indeed, given arbitrary open subsets U,V of X,
U = UpezT U and V = Uy, ezT ™"V are invariant. If they cannot be disjoint,
there exists m, n such that TU NT"V # 0, hence T™ "U NV # .

Now, let us suppose that U is a R,-invariant open set and let X be its charac-
teristic function. If the Fourier expansion of X is

2 : 2mi Yyt kjxy
X(l‘l,"' 7'1:7‘) — Xkl“‘k)Te 7H‘Z:J_l JEJ’



the R,-invariance implies
Xkl---k,,.<1 — 627@2?11 kjaj) =0.

If 1,09, -, , are rationally independent, these identities imply that the only
non-zero coefficient is Xj...o, which means that X is constant outside a set of
zero Lebesgue measure. One concludes that the complement of U has empty
interior (any open set has positive Lebesgue measure), hence a fortiori, U cannot
be disjoint from another invariant open set which proves that R, is transitive.

We shall prove now a stronger version of Kronecker’s theorem (3| (for another
proof, see Proposition .

Theorem 6 In Theorem[3, one can replace “minimal” by “positively minimal”.

As it suffices to deal with topological transitivity, this theorem is an immediate
corollary of the following proposition:

Proposition 7 Let X be a metric space without isolated point. For a continu-
ous homeomorphism T : X — X, topological transitivity and positive topological
transitivity in the sense of criterion[{] are equivalent.

A counter example is the map z — x + 1 from Z to itself.
Proof. 1) One starts proving the following key property:

if for every pair U,V of non empty open subsets of X there exists k € Z such
that U NT*V is non empty, then for any non empty U and any integer m,
there exists n > m such that U NT"U is not empty.

By contradiction, suppose that there exists U and ng > 0 such that, Vn > ny,
UNT"U is empty. Then, Vo € U, Vj > 0, Tz # z (it cannot come back because
U does not) and the same will be true of a small enough open neighborhood
V (we are in a metric space): Vi > 1, VN TV = (). As X has no isolated
points, one can find two disjoint open sets Vi, Vo C V. Then Vi, Vi N TV, = ()
and Vo N T%V; = 0. This implies Vk € Z, Vi N T*V, = (), which contradicts the
hypothesis.

To conclude the proof of proposition |7 one notices that given U,V and k € Z
such that UNT*V is not empty, the key property implies that there exist [ > —k
such that (UNT*V)NTHUNTFV) is not empty. But this implies that UNT"V
is not empty, with n =k +1 > 0.

Exercise 8 Give examples of rotations of T" whose orbits are dense in a sub-
torus of T". What condition insures that all the orbits are periodic ?

Exercise 9 (Doubling the angle) Show that the periodic points of the map
F:T!'260+w 20 € T! are dense in T* (a periodic point of period n is a point 0
such that F™(6) = 6). Compare with the informations given by exercise .

Remark: why are rotations on tori important ? They arise of course as
invariant subsystems of linear maps having part of their spectrum on the unit



circle and hence are closely related to problems of stability and bifurcations.
More significantly, linear flows on tori are the building blocks of completely in-
tegrable Hamiltonian systems, and their Poincaré return maps (see section
are rotations in well chosen coordinates. The perturbation theory of such com-
pletely integrable systems, known under the acronym of KAM (= Kolmogorov,
Arnold, Moser) theory is one of the landmarks of the theory of dynamical sys-
tems in the 20th century. The existence of a Cantor set of invariant closed
curves in Figure 2 is a consequence of this theory (see [CO]).

1.4 A glimpse to Poincaré return maps

To a C* function H : R?" — R (the Hamiltonian), one associates the Hamilto-
nian vector-ﬁelfﬂXH defined by

de; _ OH(z,y) dy; _OH(z.y) . _,

dt o ﬁyl ’ dt o al’z ’ e "
One checks immediately that the function H remains constant along any integral
curve of Xp: this is the conservation of energy. Let w = Z?Zl dx; N\ dy; be
the canonical symplectic form on R*" = T*R". Let ¥;, = H~'(h) C R*" be a
regular energy manifold, and let wy, be the restriction of w to X5,. The restriction
Xu,n to Xy, of the vector-field Xp can be shown to generate the kernel of the
differential 2-form wy,, which means that it is well defined up to multiplication
by a scalar by the condition that for any (z,y) € ¥;, and any tangent vector
X e T(gc,y)zh, one has wh(XH’h,X) = 0.

Definition 3 A hypersurface S C Xy, is called a local hypersurface of section
(or a Poincaré section) of the vector-field X p, if it cuts transversally its integral
curves and if a first return map P (also called the Poincaré return map) can be
defined, at least locally, by associating to a point of some domain S’ C S the
first point on its positive integral curve which returns to S.

Figure 1. Poincaré section and return map

1The 2n coordinates in R2™ are written 1, -« ,Zn,y1,- - - ,Yn because, more conceptually,
one should think of R?™ as the cotangent bundle T*R"™ of R"™.
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Iterating the first return map P gives informations on the flow of Xy 5 which do
not depend on the law of time (i.e. one does not distinguish between X g 5 (x,y)
and its reparametrized versions A\(z, y) X g (z, y), where A : £; — R is a smooth
function). A fixed point of P corresponds to a periodic solution of Xy p, an
invariant curve of P corresponds to an invariant 2-torus of Xy p, ... The above
assertion that the restriction Xg 5 to 3y of the vector-field Xp generates the
kernel of the differential 2-form wy, implies that the restriction of this 2-form to
a hypersurface of section S is non-degenerate, hence that its (n — 1)th wedge

product wﬁ("_l) is a volume form on S. In particular, 2 degrees of freedom
autonomous Hamiltonians (i.e. when n = 2) give rise to diffeomorphisms of
surfaces which preserve a smooth area form. Poincaré introduced this notion
when studying the so-called planar circular restricted 3-body problem (see [CI]
[C2]). In the version given by Birkhoff, the surface of section is an annulus and
the return map is an area preserving monotone twist map of the 2-dimensional
annulus. The dynamics of the first return map is very complicated, in particular
it contains as subdynamics both minimal rotations on T' and Bernoulli shifts.

SMOOTH
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Exfon ENTE
‘ : ASYMPTOTIC
(= ERoR [n THE™ T Secomiang
FT VERGON of THE ~oeainramsesmoos ‘ {Elﬂkr_wFF DomMAAs
MEMDIR [nl 4889 ) e of INSTRRILITY

Figure 2. The return map of the restricted 3-body problem at high Jacobi constant.
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Billiard maps Given a convex billiard table, i.e. a compact convex domain of
R? with smooth boundary I , a billiard trajectory is made of straight segments
which reflect on I' by changing the sign of the angle with the normal to I' at the
contact point. Such a trajectory is naturally associated to a map T': A — A
of the annulus A = S x [0,7] in the following way: let v : [0,27] — R2
be a parametrization of I' by arclength ¢. To a couple (¢,a) of a reflection
point v(t) and the reflection angle «, the map T associates the couple (¢1, )
corresponding to the next reflection.

Lemma 8 Let I(t,t1) be the length of the Fuclidean chord between the points
~(t) and v(t1). One has

@(tt)* cos ﬁ(tt)*cos
ot s 01) — @, 6t1 s 01) — aq

Proof. See figure 3 for a proof in the spirit of Newton.

Exercise 10 Compute the billiard map T for a billiard in a round disc.

For more on billiards, see [Ta].

T', (6/ D() \—> ({—4 )Ni)
Figure 3. A billiard and the associated billiard map.

1.5 Some topological notions of recurrence

This section is very sketchy; for more see [LO)].
The simplest examples of recurrence are the fized points (T(xz) = x) or the
periodic points (In € N,T"(z) = x).

Definition 4 Given a continuous map T : X — X and x € X, its w-limit set
is the set of accumulation points of the sequence (IT™(x)n>0):

w(z) = {y, In; — +o0, zilgloo T (xz) =y}, de w(x)= ﬂ{Tl(y), i >n}.

12



If T is a homeomorphism, one defines the a-limit set of x as the w-limit set of
T, that is the set of accumulation points of the sequence (T~"(z)n>0):

a(z) ={y, In; —» +oo, lim T "(zx) =y}, e az)= ﬂ{T*i(y), i >n}.
1——+00
n
If x € w(x) (resp. x € alx), one says that x is positively (resp. negatively)
recurrent.

Note that w(x) is closed and positively invariant, even invariant if T is a home-
omorphism but that, in general, the set of recurrent points is not closed: an
example is the “time 7 map” of the pendulum equation (exercise .

Definition 5 The point = is said to be wandering if there exists a neighborhood
U of  such that Vn > 1, T~™(U)NU = (0. Otherwise x is said to be non
wandering. One usually calls Q(T) the set of non wandering points of T. An
open set U such that Yn > 1, T~™(U)NU = 0 is called a wandering domain.

Exercise 11 Show that the set Q(T) of non wandering points is closed and
positively invariant (and invariant if T is a homeomorphism). Show that a pos-
itively recurrent point is non wandering and that the same is true of a negatively
recurrent point if T is a homeomorphism.

Exercise 12 The pendulum differential equation

d*x dx
—— +wlsinz =0, thatis —

dt? dt Toodt

—w”sinx,

defines a flow (a global R-action) that is a 1-parameter group of diffeomorphisms
of the plane ; : R? — R2, t € R which factorizes through a 1-parameter group
of diffeomorphisms of the cylinder ¢; : R/2rTR x R — R/27R x R, t € R.

_ Wwedan

Let T = ¢, or T = ¢,, where T is a real number. Study in both cases the
various invariant sets

Fix(T) C Per(T) C Rec(T) C UT)

(fized points, periodic points, recurrent points, non wandering points).
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2 From coin tosses to Bernoulli shifts: an in-
troduction to measured spaces and measured
dynamical systems

2.1 Algebras and oc-algebras

Let X be the set {0,1}"™ of sequences w = (a1, a2, - ,a,), where each a; is 0
or 1. One can think of X as a sequence of n coin tosses, where 0 represents
“tail” and 1 represents “head”. An element of X (resp. a subset C' of X) will
be called an elementary event (resp. an event). The interpretation of such a
subset is “it happens any one of the elements of C”. Suppose now that the
probability to get 0 is P(0) = p and the probability to get 1is P(1) = ¢ = 1—p;
mathematically, this means endowing the finite set {0,1} with a probability
measure. To suppose the coin tosses are independent (this is the basic notion
which makes probability theory distinct from measure theory) means that the
elementary event w = (ay,--- ,ay,) has probability pu(w) = p™¢™, where nyg is
the number of ¢ such that a; = 0 and n; = n — ng is the number of j such that
a; = 1. As there are exactly (:0) = (:1) elementary events having the same
probability as w, we get that
n

NIOEDS (&)p””q”‘"" =(p+q" =1

weX no=0

This endows X with a probability measure p, the probability u(C) of an event
C being defined as the sum of the probabilites of its elements.

The set P of all events, which is nothing but the set of all subsets of X is an
algebra in the following sense :

Definition 6 Let X be a set. A collection G of subsets of X is called an algebra
if it contains X itself and if it is closed under the operations of formation of
complements and finite unions.

It follows from the definition that an algebra is also closed under finite intersec-
tions. In our case, as X is a finite set, G is also finite, and the following theorem
asserts that it is equivalent to a partition of X :

Theorem 9 If the algebra G is finite, there exists pairwise disjoint subsets
Ay, ..., A, of X, called the “atoms”, whose union is X, such that G coincides
with the set of unions of atoms. One says that the atoms A; “generate” G. Con-
versely every partition P “generates” the finite algebra formed by the unions of
1ts atoms.

Sketch of proof (see [Si] page 4): consider the intersections G11NG12N...NG 1y,
where the G;, ¢ = 1,...,r are an enumeration of the elements of G and G_; = GY
is the complement of G;.

In the case of the algebra P of all the subsets of the finite set X, the A; are the
elements {w} of X, that is the elementary events.

14



Why introduce this notion of algebra ? Unavoidable when the cardinal of
X is infinite, this notion is already encountered very naturally in the finite case :
suppose, for example, that we are only able to count the number f(w) = Z?:l a;
of I'sin w = aqaz...a, € {0,1}". The map f : X — {0,1,2,...,n} is an
example of a random variable with finite values (called a simple random variable
by Billingsley [B1]). Its levels f~!(k) form a partition of X and hence generate
an algebra different from P. The only probability we can measure is the one of
elements of this algebra: more precise events are not perceived by our means of
observation. If instead of considering f we consider the random variable with 2
values, which associates to w € X the parity g(w) of the number of 1’s, it means
that we have only access to the coarser algebra generated by the partition into
2 parts, the “even” elementary events and the “odd” ones.

Exercise 13 Compute the probabilities of the atoms A; in the above examples.

The infinite case: When the cardinal of X is infinite, the definition of an
event is subtler. The formalization of the calculus of probabilities given in the
30’s by Kolmogorov (see [Ko]) is anchored in Lebesgue measure theory and
appeals to the fundamental notion of o-algebra, or tribe, due to Emile Borel.
The events are the subsets of X which can be “measured”, that is the ones to
which one can assign a probability.

Definition 7 Let X be a set. An algebra X of subsets of X is called a o-
algebra (or a tribe) if it is closed under the operations of countable union. The
pair (X, X) is called a “measure space”.

Hence, a o-algebra is closed under formation of complements and countable
unions and intersections.

Lemma 10 A family G of subsets of X (for example an algebra) being given,
there exists a smallest o-algebra X containing it, defined as the intersection
of all the o-algebras containing it. One says that X = o(G) is the o-algebra
“generated” by G.

Definition 8 A probability measure on the measure space (X, X) is a function
i X = [0,1] such that w(X) =1 and p(UC;) = > u(Cy) if the C; are a (at
most) countable family of elements of X which, as subsets of X, are pairwise
disjoint. One says that p possesses the property of countable additivity (or o-
additivity). If C € X, u(C) is the “probability” of the event C and the triple
(X, X, u) is called a probability space.

The restriction to countable families is justified by the fact that the non-zero
elements of a summable family of real numbers form at most a countable subset.
Kolmogorov had chosen as an alternative to the countable additivity axiom the
continuity axiom, which is a kind of monotone convergence: if a decreasing
sequence A; D A D ... D A, D ... of elements of X has an empty intersection,
one has lim,, o, 4(A4,) = 0. One can show that the countable additivity axiom
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is equivalent to the continuity axiom and also to each of the following properties:
ainsi qu’a chacune des propriétés suivantes :

1) For any increasing sequence A; of elements of X', u(UA;) = lim p(4;).

2) For any decreasing sequence A; of elements of X, p(NA;) = lim pu(A;).
Remark. A convenient notation used by Kolmogorov is Y C; for disjoint
unions.

The basic theorem is the following (see [BI]):

Theorem 11 A function i defined on an algebra G of subsets of a set X, which
1s o-additive and has total mass 1, admits a unique extension to a probability
measure defined on the o-algebra X generated by G.

A supersonic overflight of the proof (see [B] section 3): one starts by
defining an outer measure p* which, to each subset A of X associates

pr(A) =inf > p(Ay),

where the inf is taken on the set of sequences Aq, Ao, ... of elements of G such
that A C U, A,,. One gets an inner measure p, by going to the complement :

ps(A) =1 — p(A°),

where A° = X \ A is the complement of A. One then shows that if A € X, one
has for any subset E of X the equality

p(ANE) +p*(A°N E) = p*(E).

One then deduces that pu* is a probability measure on X and one checks easily
that p*(A) = u(A) if A € G. Unicity is a consequence (with some work) of the
minimality of X.

CAUTION (see [BI] section 2) : a transfinite induction is necessary to pass
from an algebra to the o-algebra it generates. In particular, a tribe is either
finite or it has at least the cardinal of the continuum. This suggest the difficulty
inherent in the explicitation of general Borelian sets.

Lebesgue measure on the interval [0,1]. The basic example of a prob-
ability measure is the interval [0,1] endowed with the Borelian tribe and the
Lebesgue measure. 1t is convenient to define the Borelian tribe B as the o-
algebra generated by the algebra Z formed by the finite unions of disjoint in-
tervals [2;,y;[C [0,1]. The Lebesgue measure A is the unique extension of the
length of the intervals: A([z,y[) = |y — z|. From the proof of theorem [11] one
sees that the measure of a Borelian B can be defined as the inf of the sum
> |yn — zn| of the lengths of a sequence of intervals [z, y,[ whose union con-
tains B. One can extend A to a larger tribe but one can show that, if one
accepts the axiom of choice and the continuum hypothesis, one cannot define
on the tribe of all subsets of [0, 1] a probability measure p such that each single-
ton {z} has probability u({z}) = 0. Nevertheless, one extension is compulsory,
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the extension of A to all negligible sets, that is to all parts of [0,1] which may
be covered by a sequence of intervals whose sum of the lengths is arbitraryly
small: one decides to give them the measure 0 even if they do not belong to the
Borelian tribe. The countable subsets are negligible but there are many others

Remark. We shall see in the sequel (Proposition that the probability space
([0,1], B, A) is in a precise sense equivalent to a fair game of heads and tails with
an infinite number of coin tosses.

Remark. To check directly a property on an arbitrary element of a tribe X may
be difficult while checking it on a set of generators (for example the elements
of an algebra G such that X = ¢(G)) may reveal much simpler. The following
lemma allows often to restrict to such a check (the role of symmetric difference
AAAy) = (AN A§) U (A°N Ap) in the notion of almost everywhere invariance is

exposed in section [5.2)):

Lemma 12 Let (X, X, u) be a probability space and let G be an algebra gener-
ating X (i.e. X = 0(G)). For any A € X and € > 0, there exists Ag € G such
that (1(AAAp) < e.

In other words, any element of the tribe is arbitrarily well approximated by an
element of the algebra.

Sketch of proof. It is a direct consequence of the construction of the extension
of pu from G to o(X): by definition of p*(A) as the inf of the sums >~ | u(A,)
on the set of sequences of elements of G whose union contains A (see the sketch
of proof of theorem , there exists, for all € > 0, a sequence C,, of elements of
G such that A C U2, C,, and > ;0 u(Cy) < p(A) + Se. As the sequence p(Ch,)
converges, there exists an integer N such that Y 7 410 < %6. One can then

show (exercise) that Ay = Zf\il C,, is a suitable choice.

2.2 The game of “heads or tails” as a stochastic process
Let X = {0,1}Y" be the set of infinite sequences
w=ayaz...

of 0’s and 1’s. As above, each such sequence can be thought of as an infinite
sequence of “independent” coin tosses in a “heads or tails” game. It is the real-
ization of a stationary stochastic process without memory: “stationary” means
that the probability p that a; = 0 and the probability ¢ = 1 — p that a; = 1 are
independent of the “time” ¢ of the coin toss ; the independence (or absence of

memory) means that the probability of a cylinder

Ajljzjk = {w € X;ail :jl,a,-2 :jg,...,aik ij},il,... € N*, J1,--- € {0,1},

182k
P(ALE ) = (AT (AL - n(A),
that is pFog*t if the sequence j1j2 . ..jr contains ko terms equal to 0 and ki =
k — kg terms equal to 1.
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Exercise 14 1) A finite intersersection of cylinders is still a cylinder;

2) the complement of a cylinder is a disjoint union of a finite number of
cylinders ;

3) a finite union of cylinders may also be written as a finite union union of
disjoint cylinders ;

4) deduce from 1),2),3) that the finite unions of disjoint cylinders form an
algebra G of subsets of X (compare to the algebra of finite unions of disjoint
intervals [a;, b;] of [0,1]).

It is natural to define the tribe X' as the one generated by the algebra G of finite
unions of cylinders. One says that the probability measure p = p, , whose
value on the cylinders was just given is the product of an infinity of copies of
the measure (p,q) on {0,1}.

Apart from the countable unions of disjoint cylinders, to produce non trivial
elements of X is not so easy. In fact, we shall show that the problem is the
same as the one of producing a non trivial Borelian of the interval [0,1] C R.
The tribe X is indeed the Borelian tribe for the topology on X generated by the
cylinders, that is the infinite product topology (see exercise .

Finally, the probability of an element of X is defined as the unique extension
of the probability we have defined for cylinders, in exactly the same way as the
mesure of Borelians of [0, 1] is deduced from the measure (length) of intervals.

Exercise 15 (the topological space {0,1}"" as a Cantor set). One endows
{0, I}N* with the product topology: a basis of open sets is formed by the cylinders.
In other words, an open set is an arbitrary union of cylinders. Another definition
is via the introduction of the distance d(ajas ..., b1by...) = 220:1 ‘a’%bk‘ Show
that the map

2ak

3k

NE

f3:{0, 13N = [0,1), fs(aras...an...) =

>
Il

1

is a homeomorphism from {0,1N" to the standard triadic Cantor set K. Show
that K is of zero Lebesque measure.

From {0,1}"" to the interval [0,1]: Let us now consider the map
-
. k
fo: {0, 1} = [0,1], fo(aras...a,...) 2227.
k=1

As any element of [0, 1] possesses a dyadic expansion , this map is surjective.
It is not injective: the inverse image of % consists in 1000... and 0111..., and
same non-unicity phenomenon of the dyadic expansion occurs on the countable
dense set of dyadic numbers, of the form Fx where m and k are integers.

But, surprisingly, in the case of equiprobability (p = ¢ = 1/2) i.e. fair coin toss,
f2 is as good as a bijection from the measure point of view. Making precise this
assertion requires the introduction of some definitions.
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2.3 Measurability and preservation of measure

Measurable maps play the part of arrows in the category whose objects are
measure spaces:

Definition 9 A map f: (X, X) — (Y,)) from a measure space to another one
is said to be measurable if the inverse image f~1(B) of an element of Y is an
element of X.

Notice that the smaller the left tribe X, the more demanding a property is
mesurability. If for example X is defined by a finite partition and if (Y,)) is
R with its Borelian tribe, the only measurable maps are the ones which are
constant on each piece of the partition.

Definition 10 Given a measurable map f : (X, X) — (Y,Y) and a (probability)
measure p on (X, X), the direct image f.p of p is the (probability) measure on

(Y,Y) defined by f.pu(B) = pu(f~1(B)).
In practice, f.u is characterized by the equality [, @d(fup) = [ (@ o f)dpu.

Definition 11 A measurable map f : (X, X, u) — (Y,V,v) from a probability
space to another one is said to be measure preserving if fipu = v

Definition 12 A measured dynamical system is a quadruple (X, X, u, T), where
(X, X, u) is a probability space and T : (X, X, u) — (X, X, p) is measurable and
measure preserving.

From now on, when we shall speak of a measure preserving map, we shall imply
that it is measurable. In practice, the following lemma is used:

Lemma 13 If the tribe Y is generated by the algebra G, in order that the map
(X, X) = (Y,Y) be measurable, it is enough that the inverse images f~*(Q)
of the elements G of G belong to X. In the same way, in order that f be measure
preserving, it is enough that p(f~1(G)) = v(G) holds for any element G of the
algebra G.

As a hint of the proof, the reader should meditate on the identity

fH0(9)) = a(£71(9))-

Exercise 16 Show that a measurable map T : (X, X, pu) — (X, X, p) from a
probability space to itself is measure preserving if and only if it satisfies any one
of the following properties (the same notation is used for a function and its class
in LP(X, Xp)):

1) for any measurable f : X — [0,4o00|, [y foTdu = [y fdpu,

2) for any f € L*(X,p), foT € LNX, pu) and [y foTdu= [y fdpu,

3) for any f € LP(X, 1), 1 < p < +o00, foT € LH(X, ) and |foT1l, = ||y,

4) for any non-negative f € L>=(X, u), fX foTdu = fX fdu.
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Definition 13 A map f : (X, &, u) — (Y, V,v) from a probability space to
another one is an isomorphism of probability spaces if

1) it is a bijection modulo zero-measure sets (i.e. there exists a p-negligible
A C X and a v-negligible B C'Y such that f define a bijection from X \ A to
Y \ B) (on speaks of a bijection “mod 0”)

2) f et =1 are measurable and measure preserving.

We can now make precise the relation between Lebesgue measure on the interval
and a fair game of heads and tails alluded to at the end of section (such a
relation was formulated for the first time by Steinhaus in [Si]):

Proposition 14 The map
for ({0,137, 2,y 1) — ([0,1),B,))

=X and (f5 1) = p1 1.

is an isomorphism of probability spaces: (fg)*u%é !
In other words, the space of infinite sequences of 0’s and 1’s endowed with its
Borelian tribe and the probability measure corresponding to independent and
unbiased coin tosses is, from the point of view of measure theory, equivalent to
the interval [0,1] endowed with its Borelian tribe and the Lebesgue measure.

Sketch of proof: we deduce from lemma [13| that it is enough to check mea-
surability and measure preservation by fo on intervals and even on intervals of

the form |2z, p?ikl] which are easily seen to generate the Borelian tribe. But, if
T = E?Zl 2 et y = x + 3¢, one checks immediately that fo tw,y] = A2

and hence that 1 1 (f5 'z y]) = 3% =y — 2| = M[=, ).

On the other hand, non-injectivity of fo holds on a negligible set: indeed, let
D be the subset of {0,1}" formed by the sequences which after some rank
consist only of 1’s; D is contained in a countable union of subsets, each of them
contained in a finite union of cylinders whose sum of probabilities may be chosen
arbitrarily small (exercise). Its complement {0, 1}¥"\ D is in bijection with the
interval [0, 1[ obtained by removing a unique point.

Exercise 17 (sequel to exercise Show that the map 6 = foo fs Lis con-
tinuous and surjective from the standard triadic Cantor set K onto the interval
[0,1]. Show that it takes the same value at the extremities of any interval in
[0,1]\ K. Draw the graph of the unique continuous map from [0, 1] onto itself
obtained by extending § by a constant on each connected component of [0,1]\ K.
Check that this graph deserves the name of “devil’s stair” given to it by the
dynamicists: it is a nice example of function which has bounded variation but
is mot absolutely continuous (i.e. different from the integral of its derivative,
which exists and is Lebesgue-almost everywhere equal to zero).
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Figure 4. The devil’s staircase.
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2.4 The game of “heads or tails” as a dynamical system:
Bernoulli shifts

The stochastic properties of an infinite sequence of independent coin tosses (with
probabilities p and g of 0 and 1 respectively) are nicely reflected in the dynamical
properties of a dynamical system, the so-called Bernoulli shift, which is the map

T: ({0, 1 X, ppg) — ({0,103 X, 11pg), Tlaragas...) = (agasay ...).

As it “forgets” ap, this map is surjective but not injective: the inverse image of
any element contains two elements. The map T is measurable and its fundamen-
tal property is the preservation of all the probability measures yu = p,, 4 on the
Borelian tribe X of {0,1}N" which are naturally associated to the probabilities
(p,q) on {0,1}. Indeed, the inverse image T~'(A) of the cylinder A = AJ1/>"J*
is the cylinder Ag 1929k where i, = i, +1; hence, the process being stationnary,

’ il ’y
112...'Lk

it has the same probability p*o¢** as A. One concludes by applying 1emma

Orbits and dynamics. An orbit {w,Tw, T?w,...,T"w,...} of T is a dynami-
cal description of the sequence w of coin tosses; the language and the method of
the theory of dynamical systems, which consist in treating such an orbit as the
discrete version of an integral curve of a differential equation, prove remarkably
appropriate and effective in the description of stationary processes of this type.

Exercise 18 When p = q = %, the translation of T into the world of the
interval [0,1] is the map x — 2x(mod.1) = 2z — [2z] which is easily seen to

preserve Lebesgue measure ([z] is the integer part of x).

26222 ¢4

sl Al

I=(ot¢]
? C*. (o1 /lop= {1}

Figure 5 : The map z +— 2z on the interval and on the circle.
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From simply infinite to doubly infinite sequences:

It is often more pleasant to work with invertible transformations ; in the case of
Bernoulli shifts, this is accomplished by the consideration of an infinite sequence
of coin tosses in the past as well as in the future: one defines a bimeasurable
bijection T : {0,1}* — {0,1}* which preserves all the probability measures
i = pp g by the formula

T(...a_Qa_laoalag. ) = (...b_zb_lboblbg ), where bl = Wj+41-

Exercise 19 One supposes that p = q = % Show that if go : {0,1}2 — [0,1)2
is defined by

— 00

oo
ag Qaf
g2(...a_sa_1apa102...) = ( 21—k’22> ’

k=0 k=1

the direct image of BiL by g2 is the Lebesgue measure on [0,1]% and that go
conjugates (mesurably) T : {0,1}2 — {0,1}% to the map T : [0,1]*> — [0,1]?
defined by

r(a,y) = (3o + 2, 29 — [2]).

Ezxplain why 7 is called the “baker transformation”.

N\

7
S

N

& e

—
AN

AN

4

Figure 6 : The baker transformation.
Remark. The existence of the continuous surjective map from the Cantor set
{0,13Y" to the interval [0,1] and the fact that a Cantor set is homeomorphic
to any of its finite cartesian powers, imply the existence of generalized Peano
curves, that is of continuous surjective maps from [0, 1] to [0, 1]™ for any n € N.
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3 Existence of invariant probability measures

We are interested in the existence of Borel probability measures which are in-
variant by a continuous map T : X — X of a topological space X into itself.
Being Borel means that the measure is defined on the Borelian tribe of X, that
is on the tribe generated by the open subsets of X.

If X is not compact, such a measure may well not exist at all. Think of a
translation from R to R.

When X is compact, we shall use the interpretation of measures on X as Radon
measures which is given by the Riesz representation theorem. Let C°(X,C)
be the space of continuous maps f : X — C endowed with the topology of
uniform convergence (i.e. the norm ||f|| = sup,cx |f(z)]) and let C°(X,C)* be
its topological dual, that is the set of continuous linear maps L : C°(X,C) — C.

Theorem 15 (Riesz representation theorem) If X is a compact topologi-
cal space, the map p — [f — fX fdu] is a bijection from the set of Borel prob-
ability measures on X to the set of elements L € C°(X,C)* which are positive
(i.e. take positive values on real positive functions) and satisfy L(1) = 1.

We shall endow C°(X,C)* with the weak*topology, defined as follows: a se-
quence (Ly,)p>0 converges to L if lim, .o L, (f) = L(f) for every f € C°(X,C).
This choice is dictated by the following fundamental property: let ||L|| be the
norm on C°(X,C)* which defines its strong topology:

LI = sup IL(f)I-
FeCU(X,0)Ifl1<1

Then, the unit ball {L € C°(X,C)*,||L|| < 1} is compact for the weak* topology
(this is essentially a consequence of Tychonov’s theorem which asserts that an
arbitrary product of compact sets is compact, see for example Brezis’ book on
functional analysis). As |[ fdu| < [|f|dpn < ||f]|, the subset M(X) of Borel
probability measures is contained in this unit ball. As it is closed, it is compact.
Moreover, it is convex.

3.1 The theorem of Krylov and Bogoliubov

Theorem 16 Fvery continuous map T : X — X of a compact space X admits
an invariant Borel probability measure. The set My (X) of such measures is a
compact convex subset of M(X).

The compacity hypothesis is necessary, as shown by the example of a translation
on the real line.

Proof. We are looking for a fixed point of the map p +— T,p from M(X) to
itself. This map is continuous for the weak* topology: if lim, ..o ptn = p and
feC’Xx,0),

Jim [ ST (o) = lim [ 7o Tdpn = [ foTdu= [ fd.(n).
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Given a probability measure p, let

and let p’ be the weak* limit of a subsequence (i, )ren. One has

1 2
T () = i I = ank((T*)"ku —pul < o
On the one hand, the sequence T (fin, ) — fin, converges weakly to Tp' — ', on
the other hand it converges strongly, and hence also weakly, to 0. Finally, as T
is continuous in the weak* topology, Mz (X) is closed; as T, is affine (that is
T (tp+ (1 —t)v) =tTu(u) + (1 —t)Tyv for all p,v and all t € [0,1]), Mp(X) is
convex.

Corollary 17 If T1,T5, -+ , Ty, -+ are pairwise commuting continuous maps
of a compact space X into itself, they possess a common invariant probability
measure.

Proof. The subset C; = Mp C M(X) of fixed points of (T1), is compact,
convex and it is invariant under 75,73, --- Applying the same reasoning to
T5,T3,- -+, leads to a nested sequence of non empty compact convex subsets of
M(X) whose intersection is also non empty, compact and convex.

Notice that in these proofs we have used on the one hand the fact that T, is
an affine map from the compact convex subspace M(X) C C°(X,C)* to itself,
on the other hand the norm on C°(X,C). In this abstract setting, the Krylov-
Bogoliubov theorem and its corollary appear as a special case of an abstract
theorem due to Markov and Kakutani

Theorem 18 (Markov-Kakutani) Let C' be a compact convexr subset of a
locally convex topological vector space. If 11,713, -+ are pairwise commuting
continuous affine maps from C to itself they have a common fixed point.

The proof is the same except that the use of the norm to prove that the weak
limit of the y,, is indeed a fixed point is replaced by the use of the Hahn-Banach
theorem.

3.2 Back to the examples of section

LINEAR MAPS

Exercise 20 Find the probability measures invariant by a linear map of a finite
dimensional vector space. It will be useful to make use of lemma[19:
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MINIMAL ROTATIONS OF TORI

Lemma 19 If a = (a1, , ) with 1,1, -+, a, rationally independent, the
Haar measure is the only probability measure which is invariant by Rq, ... o, :
T — T".

Proof. The Haar measure p on T” is the direct image m, A of the Lebesgue
measure on the unit cube [0, 1]". The Riesz representation theorem insures that
it is well defined by its values on continuous functions ¢ : T" — C:

/sodu=/ pomdA,
i [071]7‘

where 7 : [0,1]" — T" = [0,1]"/Z" is the quotient projection.

1) As the Lebesgue measure is invariant under any translation of R”, this mea-
sure is invariant under any rotation of T" and it is the only one with this
property. The proof is an easy exercise which consists in considering finer and
finer partitions of T" into equal pieces which are obtained from one of them by
rotations, for example the half-open cubes

om o ([F Rty [k ket
kyk, =T om’  om om’  9m )

and approach uniformly any continuous function ¢ : T" — C by a family of
functions ¢,, constant on the pieces of such partitions. One concludes because
two rotation-invariant probability measures take the same value on the ¢,,.

2) To prove that the Haar measure is the only probability measure which is
invariant under the single “irrational” rotation R,, we shall use theorem [3} let
¢ : T — C be a continuous function and let p be a R,-invariant measure.
For any 6 € T", there exists a sequence (ny)ken, which tends to +oo such that
limy o0 R2F = Ry. As ¢ is uniformly continous, one deduces that

[ elhoniauto) = tin [ o(rra)du) = [ ole)duta).

=1l
k—oo Jpr r

Hence p is invariant under the full group of rotations of T and one concludes by
1).  We shall come back in sectionto this property, called unique ergodicity.

POINCARE RETURN MAPS The notations are those of section |J___4[

Exercise 21 Show that the map P : 8" — S preserves the restriction w to S
of the differential 2-form w, hence in particular the volume form w" 1.

BILLIARD MAPS

Exercise 22 Show that the map T : S* x [0, 7] defined in section preserves
the 2-form sin ada A dt.

Indication. Write d2I(t,t;) = 0.
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4 Homeomorphisms of the circle

Orientation preserving circle homeomorphisms (and diffeomorphisms) play a
central role in the theory of dynamical systems. They appear naturally as return
maps on a curve of section for differential equations without singular points
on the 2-dimensional torus T2. Poincaré emphasizes that the problem posed
by their study is simpler but reminiscent of problems which arise in Celestial
Mechanics.

4.1 Lifting a homeomorphism of the circle to the real line

It is technically more convenient to deal with homeomorphisms of the real line,
which means working in the universal cover D°(T!) of the group Homeo, (T*)
of orientation preserving homeomorphisms of the circle:

Lemma 20 Each orientation preserving homeomorphism F : T' — T! lifts
to a homeomorphism f = Idg + ¢ : R — R which is the sum of the Identity
and a continuous I-periodic function ¢ : R — R (which one identifies with
a continuous function ¢ : T — R). This means that m o f = F o, where
7 : R — T! is the canonical projection. Two such lifts fi and fo differ by an
element z € 7, that is: fo = f1 + 2.

)=Xq+ @ K1)
144, i) = Xt 1€ 0%)
C:y £ )‘:*“‘L): £, )+ %
—
e RIS
4 T
Xqr4 Xg /F‘L ’Et(xg)
Xt Y2
)
o,
o, —E <
©
s % >

Figure 6bis : Lifting a homeomorphism of the circle.

Proof. The existence of f : R — R such that F onm = mo f follows formally
from elementary homotopy theory because R is contractible but it is essentially
obvious on the figure. If f is a lift, so is © — f.(z) := f(x + z) whatever
be z € Z. Indeed, mo f,(x) = mo f(x +2) = Fom(z + 2) = F on(x).
Moreover, being in the kernel of m, the difference f, — f has values in Z and
hence is constant; as F' is bijective and orientation preserving, this implies that
fi(x) = f(x+1) = f(z) + 1. One concludes easily.

It follows from this lemma that the universal cover D°(T') of Homeo (T!) is

D°(TY) = {f : R — R, f increasing homeomorphism, f(z + 1) = f(x) + 1}.
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We endow D°(T?!) with the distance

i(5.9) = wa (a1 (0) ~ g o |7 0) 71 (0)] ).

Exercise 23 Show that D°(T?!) is a topological group (i.e. that the maps (f,g) —
fog and f— f~! are continuous) and that it is complete.

Remark. This lemma generalizes to arbitrary continuous maps and to higher
dimensions in the following way:

Proposition 21 Any continous map F : T — T" admits a lift f : R"™ — R"
such that mo f = Fomw. Moreover, there exists a unique linear map £ : R"™ — R",
depending only on F and which is itself the lift of a map L : T" — T", such that
any lift { of F is of the form f = £+ ¢, where for any z € Z", p(x + z) = p(x)
which means that ¢ may be identified with a map from T" to R". In particular,
F and L ar homotopic.

4.2 Poincaré’s rotation number

The rotation number of a homeomorphism of the circle was defined in 1885
by Poincaré in the third part of his series of papers on the curves defined by
differential equations.

We are interested in the behaviour of f € D°(T!) under iteration. One

sees by induction that the k-th iterate f* of f can be expressed as a so-called
Birkhoff sum (see [6)

n—1

fr=ldtpn=Id+) pof'
i=0
Theorem 22 For all f € D°(T'), the sequence of periodic functions %(f"—[d)
converges uniformly when n — oo to a real number p(f) € R which is called
the rotation number of f. It follows that %f” converges to p(f) uniformly on
compact subsets.

The key to the proof is the following lemma, typical of dimension 1:

Lemma 23 Let f = Id+yp € DY(T!). Let m = mingeg (), M = max,cr ¢(x).
One has
0<M-m<l1.

Proof. As ¢ is defined and continuous on the circle, there exist real numbers
., and xps such that

o(xm)=m, olay) =M, 0<xzpy — o, <1

Because f is a homeomorphism which sends an interval of length 1 onto an
interval of length 1, one has f(xp)—f(zm) < 1,ie. M—m < 1—(xp—zm) < 1.
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Corollary 24 For all x € R, the sequence
Up = f"(z)—x+1, n>1,
is subadditive, that is: Untm < Up + U,

Proof. Applying the lemma to f™ = Id+ ¢, € D°(T') and using the fact that
f™ is increasing, we get

Ve,yeR, y—x—-1<f"(y) - (=) <y—z+1.
Taking y = f™(z) we get

Un+um*2§un+m§un+um-

The following lemma is classical and it will be used again in section [6.3

Lemma 25 If (uyp)n>1 5 a subadditive sequence in R U {—oo}, the sequence
(4), ., converges in RU{—oc} and

. Un . Un
lim — = inf —.
n—oo 1 n>1 n

Proof. Fix p > 1. For every n > p, write n = kp + r, r < p and observe that

Un o Ukp + Ur _ Ukp Ur o Up  Ur
n ~ kp+r — kp kp+r — p n

This implies that

. U U . U Lo U e e U
limsup — < —£  and therefore limsup — < inf —£ < liminf —
n—oo M p n—oo N p>1 p n—oo N

Proof of theorem [23. From Corollary 24 and Lemma one deduces that for
all z € R, the sequence X (f"(z) — z) converges in R U {—oco}. Moreover, the
inequality used in the proof of the Corollary shows that the limit p(f) is inde-
pendent of x and that the convergence is uniform. Also, from the inequalities
Up + U — 2 < Uppm < Up + U, One gets up—1 +up —2 < up < up—1 +up and
by induction nu; — 2n < u, < nui. It follows that u; — 2 < lim, . “7" < uq,
that is
vz eR, f(z)—z—-1<p(f) < flz) —z+1.

4.3 Rotation number and invariant measures

Let u be a probability measure on T! which is invariant under * the homeomor-
phism f: T' — T! and let f = Id + ¢ € D°(T!) be a lift of f. We have, for
any n € N,

u(f" = Id — nu(p)) = u(i po fi—nu(p)) = u(i o) —nulp) =0.
=0 =0
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It follows that the function f™ — I'd — nu(¢) must vanish somewhere. Applying
lemma [23| to f™* € DYT' one gets that

max (f" — Id — nji(p)) — min (f" — Id — npa(p)) < 1,

and hence
7 = 1d = npa()|oo < 1.

This gives another proof of the uniform convergence of the sequence = ( fr=I d))
to a constant. Summarizing, we have proved

Proposition 26 Let f € Homeo™(T') and let f = Id+ ¢ € D°T" be a lift
of f. The rotation number p(f) of [ satisfies p(f) = u(p) for any f-invariant
probability measure on T'. One has

Vn, 3z, € R such that f"(x,) —z, —np(f) =0,
Ve e R, Vn, —1< f™(x) —z—np(f) < 1.

Moreover, changing the lift f of f does not change the class of p(f) in T' = R/Z.
This class is called the rotation number p(f) of f.

Only the last part concerning the behaviour of p(f) under a change of the lift
f remains to be proved: for this one notices that, as f™(z + k) = f™(x) + k, if
g = f+k, one has ¢"(z) = f"(x)+nk and hence p(g) = p(f)+k. Alternatively,
one notices that, as the total mas of p is 1, u(¢ + k) = u(p) + k.

Corollary 27 Ifpe Z and ¢ € N,g > 1,

p(f) =p/a = 3zq, fU(z
o(f) >p/qg=VxeR, fi(z)>x+Dp,

):$q+p7
(2)
p(f) <plqg=VzeR, fUz)<z+p,
(x

Proof. If f%(xq) = x4 + p, one has also f*(z,) = z, + kp hence p(f) =
limg o0 1 e (f*1(z,) — x4) = p/q. If p(f) > p/q, one deduces from proposition
6] that Vo € R, f%(z) >z + gp(f) —1 > 2+ p — 1. If for some z € R we have
x+p—1< f9z) < z+p, the interval [x, 2+ 1] is sent homeomorphically by f¢
onto the interval [f9(z), f¢(x) + 1]; hence by the intermediate value theorem,
there is some x, € [z,z + 1] such that f9(x,;) = x4, + p which implies that
p(f) = p/q, a contradiction.

J.C. Yoccoz commented in a lecture that this Corollary gives a definition of the
rotation number in the spirit of the definition of real numbers by Dedekind,
while the definition by a limit is more in the spirit of Cauchy.

Lemma 28 A homeomorphism f € D°(T') with rotation number p(f) = p/q
is conjugate to the translation R, if and only if f9 = R,,.

Proof. If f = h™1o R, q 0 h with h € D%(T!), then f¢=h"loR,0h =R,
Conversely, if f¢ = R,, one checks that h = %E?:_Ol (fi —i%) belongs to
D°(T') and conjugates f to R, /q.
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Proposition 29 (Structure implied by a rational rotation number) Let
f € Homeo (T') be such that p(f) = p/q € Q/Z (irreducible). 1)f has periodic
points of period q and every periodic point of f has minimal period q. 2) The
limit sets a(x) and w(x) of any element x € T! are periodic orbits.

Proof. Let f € D°(T') be the lift of f whose rotation number is p/q € R.
It follows from Corollary |§_7| that f? — p has a fixed point x,, and hence that
fq has a fixed point. If T, € T! is a periodic point of f of period ¢/, it lifts
to x4 € R such that 17 (zg) = xg + p'; this implies that p(f) = p'/¢’ = p/q,
hence that ¢’ = kq which shows that z, is a periodic point of g = f? — p of
period k. Now, the structure of elements g € D°(T!) whose rotation number
is 0 is easily understood: the set Fiz(g) of fixed points is closed and invariant
under integer translations. If ]a,b[ is a connected component of R\ Fiz(g),
one deduces from the fact that g is increasing that if z €a,b], a(r) = a and
w(z) = b (resp. ax) = b and w(z) = a) if g — Id is positive (resp. negative)
in the interval. This implies that the only periodic points are fixed points and
proves also the last part of the proposition.

Proposition 30 (Invariance under semi-conjugation) Let f,g € D°(T!)
such that there exists a continuous map h = Id+ ¢ € CY(T,R) (i.e. ¢ con-
tinuous and I-periodic) satisfying h o f = go h (one says that f and g are
semi-conjugated), then p(f) = p(g).

Proof. For any n, ho f™ = g™ o h, hence f* + po f* =¢g" oh and

1 o1
Lo cry 22 Y rayons 2,
n n n n
hence the conclusion because ¢ is bounded. In particular, if f and g are

conjugated by h € D°(T'), i.e. if g = ho f o h~!, they have the same rotation
number p(f) = p(g).

Exercise 24 If f and § are semi-conjugated in Homeo™ (T'), that is if § =
EO?Oﬁ_l, there exist lifts f, g, h to D°(T') such that ho f = go h.

Proposition 31 If f;g € D°(T') commute, then p(f og) = p(f) + p(g).

Proof. Tt follows from theorem [T§] that there exists a probability measure on
T! which is invariant by both f and g. If f = Id + ¢ and g = Id + 1, one has

fog=1d+y+¢pog, hence p(fog) = p(¥+pog) = u(h)+ule) = p(f)+r(9).

Exercise 25 Show that if f,g € DO(TY) are lifts of two commuting elements
f,g € Homeo™ (T'), they also commute.

Hint: use that, if pu is a probability measure leaving both f and § invariant,
p(fog—1Id)=p(go f—Id).
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Proposition 32 (Structure implied by an irrational rotation number)
Let f € Homeo, (TY) be such that p(f) € (R\Q)/Z. 1) There exists a surjective
continuous map h : T — T such that ho f = Rp(?) oh, i.e. f is semi-conjugated
to the corresponding rotation. 2) If f is not actually conjugated to the corre-
sponding rotation, there exists an invariant Cantor set X C T' which is the
unique closed invariant minimal (for the inclusion) set. 3) Moreover X is at

the same time the set Q(f) of non wandering points and the a-limit set a(x)
and the w-limit set w(z) of every x € T*.

Figure 7 : Typical behavior with irrational rotation number.

Proof. 1) Let u be a f-invariant probability measure on T!. We shall still
use the notation yu for its lift to a positive Borel measure on R invariant under
integer translations (exercise: construct the lift); let f € D(T') be a lift of f.
Let h(z) = p([0,z]). As f has no periodic point, ¢ has no atomic mass hence
h:R — R is a continuous non decreasing function such that h(z+n) = h(z)+n
for any n € Z. Hence it defines a continuous surjective map h : T* — T'. The
f-invariance of y implies that h(f(z)) — h(f(0)) = h(z) — h(0), that is ho f =
Rh((0))—h(0) © h- Finally, proposition [30] insures that h(f(0)) — 2(0) = p(f).

2) The map h is a homeomorphism if it is strictly increasing, that is if the
support X of u is the whole circle T!. If not, X is a closed invariant set without
isolated point (because x has no atomic mass) whose image by h is T*; moreover,
the restriction h|x is injective except on the countable subset D C X formed
by the extremities of the connected components of the complement T' C X.
Let M C T! be a non empty closed f-invariant set. Because h is a semi-
conjugation of f to the rotation R o(F) h(M) is invariant under this rotation,
hence h(M) = T*; as h is injective on X \ D and non decreasing, this implies
that M must contain X \ D. As X has no isolated point, the closure of X \ D
is X, hence M D X which proves that X is the unique f-invariant minimal
closed set. It follows that X has no interior (otherwise its boundary would be
invariant, contradicting minimality of X'), hence X is Cantor set.

3) Let Iy be a connected component of T! \ X. Its iterates f (Iy) are also
connected components of T! \ X and hence are two by two disjoint because f
has no periodic point. This means that any z € T!\ X is wandering, hence that
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Q(f) is contained in X and hence equal to it because X is minimal. Finally,
being minimal, Q(f) coincides with w(z) and «(z) for any = € T .

The behavior depicted in Proposition is typical for homeomorphisms and
can occur even for some C*' diffeomorphisms (Denjoy examples) but it cannot
occur as soon as a litte more regularity of the map is granted. More precisely:

Theorem 33 (Denjoy) A C! diffeomorphism of the circle R/Z whose deriva-
tive has bounded variation, and whose rotation number is irrational, is topologi-
cally conjugate to the corresponding rotation. In particular, it has no wandering
domains.

A fundamental strengthening of this theorem has been given in Herman’s thesis
[Hel] with further development by Yoccoz: under an appropriate diophantine
hypothesis on the rotation number, the conjugacy is C"~2 (resp. C°, resp.
analytic) if f is C",r > 3, resp. C°, resp. analytic). A local version, for f
close to the corresponding rotation had been given first by Arnold in [A].

Again the devil staircase: 1-parameter families:
Proposition 34 The map f — p(f) is non decreasing and continuous.

Proof. Both properties are easy consequences of the equality p(Id + ¢) = u(p).

Exercise 26 (Arnold’s family, see [A]) For a € [0,1/27], let
fi(x) =z + asin(27z) + t.

Show that the graph of the map t — p(f;) is a devil staircase (see figure 4).
This example is a good illustration of the types of dynamics encountered in a
“generic” family of analytic diffeomorphisms. For a fized value of a, the set of
t for which the rotation number of f; is rational is big in the sense of topology,
namely it is open and dense, but its complement is big in the sense of measure,
namely, its measure tends to 1 when a — 0.

Figure 8 : Typical behavior of a family of diffeomorphisms.
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5 Introduction to ergodic theory

Ergodic theory originates in the works of Boltzmann on statistical mechanics.
Its mathematical form was shaped in the years 1930, with Von Neumann’s and
Birkhoff ’s theorems, which are strong dynamical versions of the law of large
numbers, but one can trace it back to Poincaré’s recurrence theorem [Pa] where
the constraints imposed on dynamics by the preservation of a measure whose
total mass is finite were already exploited in a subtle way.

5.1 Poincaré recurrence theorem

This theorem, which was proved by Poincaré in his book “The New Methods of
Celestial Mechanics”, may be considered as the birth of ergodic theory, that is
the probabilistic side of the theory of dynamical systems. After the discovery
of an important mistake in the first version of his Memoir on the Three Body
problem (the one which won the prize of the King of Sweden), Poincaré put
a great emphasis on this theorem because it gave him an ersatz, which he
calls “”stability according to Poisson”, of the stability result he thought he had
proved: the result was the fact that the semi-major axes of the approximate
Keplerian ellipses described by the planets come back indefinitely arbitrarily
close to their initial values.

Theorem 35 Let (X, X,u,T) be a measured dynamical system. For A € X,
let A C A be the subset formed by the elements x € A whose orbit {T"(x)}nen
comes back to A an infinite number of times. Then A € X and pu(A) = u(A).

Proof. Let A, = A\ U;>,T7%(A)) be the set of € A whose iterates of rank
higher than n never come back to A. As A,, C A, we have T~%(A,)) C T~%(A),
hence T~%(A,) N A,, = 0 for all i > n. This implies that for any k¥ > 1 > 0, we
have § = T (A, N T—"*=D(A4,)) = T7"(A,) N T~ (A,). In other words,
the T~"%(A,),k € N, are pairwise disjoint. As they all have the same measure
1(A,), we conclude that u(A,) =0. As A\ A =U,>14,., this ends the proof.

Remarks. 1) The recurrence times (i.e. number of iterations) are very far from
being uniform. For an illustration, see theorem

2) These recurrence times may be extremely long and this already cuts short
many philosophical discussions about the relation of this theorem to the second
principle of thermodynamics.

5.2 Invariant sets, invariant functions

In the category of probability spaces and measure preserving maps, the pertinent
notion of invariance is almost everywhere invariance:

Definition 14 (symmetric difference) Given two subsets U,V of a set X,
their symmetric difference UAV is

UAV = (UNV)U(VNUO).
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Exercise 27 1) Show that for any three subsets U, V,W of X, one has UAV C
(UAW)U (WAV) and hence p(UAV) < p(UAW) + p(WAV).

2) Show that if n(AAAg) < € and p(BABy) < €, one has

Definition 15 Given a measure space (X, A, ), two elements U,V € A are
said to be almost everywhere equal (a.e.=) if n(UAV) = 0.

Definition 16 Let (X, X, u,T) be a measured dynamical system (recall defini-
tion @) One says that A € X is T-invariant a.e. (or invariant by T a.e.)
if T=1(A) is almost everywhere equal to A. In case there is no ambiguity, one
simply says that A is T-invariant (or invariant by T).

One can show that if A is invariant in this sense, there exists B invariant in
the strict sense, i.e. u(AAB) = 0 and T-1(B) = B, which coincides almost
everywhere with A.

Definition 17 (The (almost) invariant tribe) Let (X, X,u,T) be a mea-
sured dynamical system. The set of A € X which are a.e. invariant by T is a
tribe (in the sense of definition[]) I = I(T), called the (almost) invariant tribe
of the dynamical system.

The subset A is a.e. invariant if and only if the characteristic function X4 of A
is almost everywhere equal to the characteristic function Xp—14 of T~ A. More
generally

Exercise 28 Let (X, X, u,T) be a measured dynamical system. If the function
f: X — C is X measurable, the following properties are equivalent:

1) foT = f ae ,ie p({zeX, foT(x)# f(z)}) =0;

2) f is Z(T)-measurable.

Hint. 1) If B is a borelian, show that

T 'of M B)Cc fTUB)U{yeX, foT(y) # f(y)};

2) Recall that a measurable function is always a simple limit of functions which
are finite sums of characteristic functions of measurable sets.

Notice that one can replace f by a function which is defined only on a subset
of X whose complement has measure 0. In fact, as in the case of subsets, one
can show that if a A-measurable function f satisfies foT = f a.e., there exists
a X-measurable function g such that go T =g and g = f a.e.

5.3 Ergodicity

Independence of the coin tosses in a “heads or tails” game implies “forgetting
of the initial condition”: each toss ignores the result of all the former tosses; to
this corresponds a very strong property of the Bernoulli shifts, called ergodicity:
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Definition 18 (Ergodicity) Let (X,X,u,T) be a measured dynamical sys-
tem. One says that T (or that the dynamical system) is ergodic if every set
A € X which is invariant by T satisfies p(A) = 0 or u(A) = 1. When T is
given, one says also that the invariant measure p is ergodic.

Exercise 29 Show that the map T is ergodic if and only if any one of the
following properties is satisfied:

1) every measurable T-invariant function f : X — C is a.e. constant;

2) There exists p > 1, such that every T-invariant function f € LP(X,C) is
a.e. constant.

Remark: an abstract characterization in the context of theorem [16l
If T is a continuous map from a compact space into intself, one shows that
the ergodic measures are precisely the extremal points of the compact convex
set Mr(X) of T-invariant probability measures. In particular, such measures
always exist.

The analogue of theorem [3]in the world of measured dynamical systems is

Theorem 36 Let o = (aq, @2, - ,a;,) € R". The real numbers 1,1, -, a,
are rationally independent, i.e. there is no (r+1)-tuple (ko, k1, -+ , k) € Z" 1\
{0} such that ko+kia1+- - -+ kyc. = 0, if and only if the rotation R, : T" — T
18 ergodic.

Proof. A nice proof based on density of the orbits of such a rotation can be
found in Billingsley’s book. Here is a simpler but maybe less transparent proof,
in fact exactly the same as the one given of topological transitivity (Theorem
: by exercise it is enough to prove that, under the hypothesis on «, every
R,-invariant function in L?(T", B, Haar) is a.e. constant. Such a function,
considered as Z"-periodic function on R", admits a Fourier expansion

f({L') — Z Ck62i7r<k,x>

keZr

and computing f(Raz) = Y, 7 coe2m<F0>2m<k-r>one gets the equations

Vk c Z'r, Ck€2i7‘r<k,a> = cj.

The hypothesis on a being equivalent to e?*™<F-> £ 1 if k £ 0, all the ¢, except
co are equal to 0.

We end this section with a theorem which makes a link between ergodicity and
topological transitivity. As a corollary, we recover Theorem [6]

Proposition 37 Let (X,B,u,T) be a measured dynamical system such that
1) X is a metric space with a countable basis of open sets and T : X — X
18 continuous ;
2) B is the Borel tribe and if U is a non empty open set, u(U) > 0 ;
3) w is ergodic.
Then, T is positively topologically transitive; more precisely, for p almost every
x € X, the closure (9; of the positive orbit of x coincides with X .
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Proof. Given two non empty open subsets U,V of X we need show that VNO #
0, where O = (UpenT~"U) and for this it is enough to show that pu(O) = 1.
This is obvious because, on the one hand, as U C O, u(O) > u(U) > 0, on the
other hand 77O C O hence, as both sets have the same measure, O is a.e.
invariant; as T is ergodic, u(0O) = 1.

Now, if (U;)sen is a countable basis of open sets and O; = U, T~"Uj;, the set
of points whose positive orbit is dense is precisely N;enO; (exercise). As a
countable intersection of subsets of measure 1, this set has measure 1.

5.4 Unique ergodicity

Let T': X — X be a continuous map of a compact topological space into itself.

Proposition 38 The following conditions are equivalent:
i) There is a unique probability measure on X which is mvariant under T.
ii) For any continuous function f : X — C, the sequence - Zz o f oT?
converges uniformly to a constant function.

Proof. Suppose there is a unique T-invariant probability measure p and suppose

by contradiction that there is a real number € > 0, a sequence (nk) £>0 of integers

tending to +oo and a sequence (mk) of points of X such that for all &,

E>0
neg— 1
ZfOTlxk /fdu > €.
ng
=0
Let pg = 7 Z?:’“al Ti5,, , where 0z, is the Dirac measure at x;. By compacity

of the space M(X) of Borel probability measures on X in the weak™ topology

(see section , one can suppose that the sequence (Mk) k>0 converges weakly to

a probability measure p/ which is T-invariant because

1 2
Topr — = ||—(T7* 0y, — < —.
I = gl = Nl (T34, = 82,1 <

This contradicts unicity because [ fdy’ = limy_.o ffd,u;C # [ fdu. For the
converse, if L(f) is the uniform limit of the sequence 1 377 01 foT, each T-
invariant probability measure p satisfies

L) = [ Lpdn= tim [+ Zfonu— Z/fdu [ ran

Definition 19 (Unique ergodicity) A mapping T satisfying the above equiv-
alent properties is said to be “uniquely ergodic”.

Proposition 39 (Carleman, Denjoy, Furstenberg) If f € Homeo, (T") has
an irrational rotation number, it is uniquely ergodic.
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Proof. By lemma a rotation with irrational rotation number is uniquely
ergodic and by proposition there exists a semi-conjugation h of f to the

rotation R,(f). Let S C T' be the set of points = such that E_l(x) is an
interval. S is countable hence of Haar measure 0. On the other hand, any f-

invariant probability measure p satisfies u(h ~(S)) = 0 because the wandering
open intervals are disjoint, hence they have measure 0, and their boundaries are
countable, hence also of measure zero because the absence of periodic points
implies that x has no atoms. Finally, h : T! \E_l(S ) — T1\ S is a bimeasurable
bijection, which proves that h : (T',u) — T', Haar) is a an isomorphism of
measured space, which defines uniquely the measure p.

Corollary 40 Let f be a C' diffeomorphism of T with an irrational rotation
number and let p be its unique invariant probability measure. Then

1
lim Elong" :/ log(D f)du = 0.
T1

n—-+o0o
In words, the derivative of the iterates of f has at most a subexponential growth.

Proof. As Llog Df" coincides with the Birkhoff sum %Z:;é logDf o f*, it
converges uniformly to le log(D f)du. This implies the result because, f™ being
a diffeomorphism of T, its average le Djf™ = +1 (if f is orientation preserving)
but if [, log(Df)dp was strictly positive (resp. strictly negative), D f™ would
converge uniformly to +oo (resp. to 0), which would be a contradiction. This
corollary plays a role in the proof of Denjoy theorem [33].

5.5 Mixing

In order to prove ergodicity of the Bernoulli shifts, we shall prove that they are
mixing, a strictly stronger property:

Definition 20 (Mixing) Let (X, X,u,T) be a measured dynamical system.
One says that T is mizing if for any A, B € X,

lim u(ANT™"(B)) = p(A)u(B).

n—oo

Definition 21 (Weak mixing) Let (X, X, u,T) be a measured dynamical sys-
tem. One says that T is weak mizing if for any A,B € X, u(ANT~"(B))
converges to p(A)u(B) in the sense of Cesaro, that is if

n—1

Tim =S |u(ANTHB) - p(Au(B)] = 0.
k=0

Exercise 30 Mizing implies weak mixing and weak mizing implies ergodicity.
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Exercise 31 T is mizing if and only if for every f,g € L*(X, X, 1),

Jim. Xf-(goT)du=</deu) (/ngu);

it is weak mizing if and only if for every f,g € L*(X, X, ),

| e () ([ 0)] -

The following lemma shows that weak mixing is strictly stronger than ergodicity:

Lemma 41 Let o = (o, ,a) € R"/Z" be such that 1,4, -+ ,«, are ratio-
nally independent. The rotation R, of the r-torus T" = R"/Z" is ergodic for
the Haar measure but it is never weakly mixing.

Proof. To prove that the system is not weakly mixing, it is enough to choose
the functions f(x) = €21 and g(z) = e~ 21,

Theorem 42 Bernoulli shifts T on {0,1}" or {0,1}% are mizing (and hence
ergodic) for any one of the product probability measures = pip 4.

Proof. One deduces from lemma [12] and exercise [14] that it is enough to check
the defining property on the algebra G of finite unions of cylinders. Indeed,
if A,B € X and Ag, By € G satisfy u(AAAy) < € and u(BABy) < ¢, one
has, for all n, u(T-"(A)AT"(Ap)) = u(AAAp) < € by preservation of the
measure and hence p(Tf~"(A) N B)A(T~"(Ag) N By)) < 2e. One deduces that
|u(T~™(A)N B) — u(T~™(Ap) N By)| < 2¢ and hence that limsup and liminf of
p(T~™(A) N B) differ from those of u(Ay NT~"(Byp)) at most by 2e.

But, given two finite unions of cylinders Ay and By, the set of indices associated
to A and T~"(By) are disjoint as soon as n is big enough, and this implies that
w(T~™(Ap) N By) = p(Ao)(Bo). The end of the proof is left to the reader.

Corollary 43 The map x +— 2x(mod.l) : [0,1] — [0,1] and the baker map
7:[0,1)2 — [0,1]? are mizing, and hence ergodic, for the Lebesgue measure.

In [T] (page 142), Tao gives the following variant of theorem

Theorem 44 Let (X, X, u,T) be a measured dynamical system and let A € X
be a set of positive measure. Then

limsup u(ANT"A) > p(A)%

n—oo

Proof.  Applying Cauchy-Schwarz inequality to the sum of the characteristic
functions of the sets T7*(A) and the constant function equal to 1, one gets

/ (Z 1T—iA> dp > n*p(A)>.
X \i=1
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The left hand side equals

n

S WTTTANTIA) =" uWANT A),

i=1 j=1 i=1 j=1

hence it admits a bound of the form

. 2
n? (hm sup u(ANTA) + 0(1)) > / <Z 1TiA> dp,
X \i=1

1—00

where the term o(1) — 0 when n — oo, and one concludes by combining both
inequalities and letting n tend to infinity.

Remark. Recall that given a family (C),)nen of subsets of a set X, one defines
limsup A,, = Ny, Ug>, Ai. Fatou’s inequality

p(limsup(ANT 7 A)) > limsup u(AN T (A))

is in general strict: by theorem [35] p(lim sup(ANT~*A4)) = u(A). Comparing the
two theorems, one gets an idea of the non uniformity of return times in A, the
extreme cases being a periodic system, where limsup,,_,. p(ANT""A) = u(A)
and a mixing system, where limsup,,_, . u(ANT " A) = u(A)2.

6 The main ergodic theorems

6.1 The operator point of view: Von Neuman’s ergodic
theorem

Let H = L?*(X,X,u) be the (separable) Hilbert space of square u-integrable
complex functions on X endowed with the scalar product

(f.9) = /X F@)g(@)du(z),

and let Uy : H — H be the operator defined by Upf = foT.

Lemma 45 If T is measure preserving, Ur is an isometry of H; if moreover it
is invertible, U is unitary.

Proof.  As the L? norm of f is the square root of the L' norm of f2, it is
enough to notice that U = Uy is an isometry of the normed space L'(X, X, ).
If f is the characteristic function of a measurable set A € A, the Lj-norm
of Uf is |[Uf||1 = m(T7*A) = u(A) = ||f|/1- By linearity, this is true for a
“simple function”, that is linear combinations of such charateristic functions; as
U preserves the order, the theorem of monotone convergence, implies that this
is true of simple limits of increasing sequences of positive simple functions. This
proves the assertion for real positive functions, hence for all functions (replace
f by |f]). Being an isometry is equivalent to U*U = Id; if T is invertible, so is
U and U* = U1, hence UU* = Id.
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Lemma 46 If (X;,X;,T1) and (X3, Xo,T2) are measurably isomorphic, that
is if there exists an isomorphism of measurable spaces ¢ : (X1, X1) — (X2, X2)
such that poTy = Thop, the corresponding operators Ur, and Ur, are conjugate:
QolUrp, =Up, 0o®, o0 f = fop. One says that Ty and To have the same
spectral type.

Exercise 32 1) Show that (X, X,T) is ergodic if and only if 1 is a simple
etgenvalue of the operator Urp

Caution. Same spectral type does not imply isomorphism !

Theorem 47 (Von Neuman’s ergodic theorem) Let (X, X, pu,T) be a mea-
sured dynamical system. For any f € L*(X, X, u), the means

n—1
Sulf) = S foT
1=0

converge in L? to the orthogonal projection of f on the closed subspace formed
by the invariant functions (i.e. the ones such that foT = f a.e.).

Remark. The measure p needs not be of finite volume and the transformation
T needs not be invertible.

This theorem follows from the following, purely geometric, property of isometries
of a Hilbert space:

Theorem 48 Let (H,<,>) and U : H — H be respectively a (separable)
Hilbert space and an isometry. For any f € H, the sequence

n—1

1 .
SaU(f) =~ Z(‘,) U'(f)
converges to the image w(f) of f by the orthogonal projector ™ on the closed
subspace HY := ker(Id — U) of invariant elements.

Proof. 1) If f belongs to HY, the S,U(f) are all equal to f;
2) if f =g — Ug belongs to the (not necessarily closed) subspace

W = Im(Id - U),

one has ||S,Uf|| < 2||g||, hence lim,,—.c S,U f = 0. This is also true if f € W,
thanks to the uniform (in n) bound ||S,U|| < 1: indeed, if (fx)ren is a sequence
of elements of W converging to f € W, one has for any n, k,

USnU S < 1SnU(S = filll + 11U fill < 1[(f = fi)ll + [15nU fll-

Given € > 0, choose k such that ||f — fi|| < §, then n such that ||S,U fi|| < §;
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3) the orthogonal complement W= of W is H U”: indeed, let h be an element
of W+, this is equivalent to (h,g — Ug) = 0, that is (h, g) = (h,Ug) = (U*h,g)
or (h—U*h,g) =0, for all g € H, which is equivalent to h = U*h;

4) U being an isometry, HV" = HY. In one direction, if Uf = f, then
U*Uf =U*f hence U*f = f because U is an isometry if and only if U*U = Id.
Conversely, if U* f = f, one computes

NUf=FI1? = WU FIPHIAP U )= U L) = WU FIPHIIP = U (U™ f)

that is

NUf = fll=UFIP = [IfIIP=0

5) it follows from 2) and 3) that (HY)* = (W*)* = W and hence that
H = HY & W from which one concludes using 1) and 2).

6.2 Birkhoff’s ergodic theorem

Theorem 49 Let (X, X, u, T) be a measured dynamical system. For every func-
tion f € LY(X, X, i), the limit of “Birkhoff sums”

n—1
T LS F(TH) = ()
k=0
exists for p-almost every x € X and it deﬁnes a funetion f* € Ll(X,X,,u)
satisfying f* o T = f* (u-a.e.) and [y f(x)du(z) = [ f*(x)du(z ) If T is
invertible, the functions f* and f* respectively deﬁned by T and T—1 coincide
almost everywhere.

Corollary 9 will give a probabilistic interpretation of the limit.

Corollary 50 Under the same hypotheses, if moreover T is ergodic, f* is a
constant, equal to [y fdpu.

In words, this means that if 7" is ergodic, the time average, that is the limit of
the Birkhoff sums exists almost everywhere and is equal to the integral, that
is to the spatial average. If for example f is the characteristic function X4 of
a measurable subset A € X, the corollary asserts that, for almost every x, the
proportion of “time” the orbit of = spends in A coincides with the measure (the
probability) of A (n € N* or n € Z should indeed be interpreted as a discrete
time, the unit of time corresponding to one iteration of T').

The proof of Birkhoff’s theorem will follow from the first part of the proof of
Kingman’s theorem. It remains to prove the last assertion, that is f* = f* if T
is invertible. Suppose that the a.e. T-invariant set ¥ = {z € X, f* > 7*} has
positive measure. Applying Birkhoff’s theorem to the restrictions of T and 7!

to Y one gets
[ £rau= [ san= [ Fau.
Y Y Y
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hence fY(f* — f*)du = (0. But this is a contradiction because f* — 7* is strictly
positive on Y.

6.3 Kingman’s subadditive ergodic theorem

This is a generalization of Birkhoff’s theorem with important applications to co-
cycles and their Lyapunov exponents. Many proofs where given of this theorem
since Kingman’s original one. I follow closely the proof in [AB].

Sequences of Birkhoff sums f,, = Z?:_ol foT? which are T-additive, that is such
that fien = fim + fn o T™, are replaced by sequences of functions which are
T-subadditive, that is such that

fm+n S fm +fn OTm~

Example: coycles. If F: X x E— X x E is a cocycle above T, that is a map
of the form
F(z,v) = (T(x), A(z)v),

where z +— A(z) is a family of linear endomorphisms of the vector space E, its
n-th iterate

F™(z,v) = (T"(z), An(z)v), where A,(z)=AT" (z)) - A(T(z))A(z),
satisfies

Apgn(z) = An(T™ () A (2).
It follows that the family of functions f, (z) = log||A,(z)|| is subadditive.

Theorem 51 Let (X, X,u,T) and let f, : X — R be respectively a measured
dynamical system and a T-subadditive sequence of measurable functions such
that

Sup(flvo) = f1+ € L1 = LI(X,X,,M)

Then the sequence %fn converges ji-almost everywhere to a function f : X — R
such that

1 1
frel' and fdp = lim —/ fndy = inf;/ fndp € [—00,00( .
X X n X

n—oo N

Proof. By induction one sees that, for any n > 1, fF € L'. The sequence
Uy = fX fndu € RU{—oco} is subadditive, that is up4m < wy + um; hence
lemma R5] insures that

Let 1 1
fo = liminf — f,,, fy = limsup — fp.
n—oo N n

n—oo
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Lemma 52 f, and f; are measurable almost everywhere T-invariant functions.

Proof.

fo(x) < liminf fi(@) + faa(T2)

n— 00 n

= fo(Tx).
Hence
VYa €R, f,(Tx) <a = f,(z) <a, ie. T *{x, f,(z) < a}) C {z, f,(z) < a}.
As T preserves the finite measure p, this implies that
VYa e R, T ({z, f,(z) < a}) = {x, f,(z) < a},

the equality meaning always “almost everywhere equal”. The reasoning for f;
is analogous.
The fundamental lemma is the following:

/X fodp = L.

Proof. Following an idea introduced by Katznelson and Weiss whose proof was
itself inspired by Kamae’s proof using non standard analysis, let us define, for
CeR,

Lemma 53

f,(LC) = sup(fpn, —Cn).

The sequence 1) is subadditive (exercise) and

1 1
fb(c) = hnni»golf Ef,(lc) = sup(f,, —C), fﬁ(c) := lim sup ﬁfflc) = sup(fy, —C).

n—oo

By the monotone convergence theorem applied to the decreasing sequences,
when C' — oo,

fb(C) — fy = Hcl'f fb(c) and f,sc) — fa = lgf fv(zC)’
one gets

/fbdu:inf/ £ and /fndu:inf/ £y,
X C X X C X

hence
o1 PO | (©) e o] (©)
L:=inf— [ fodp=infinf — [ f."/du=infinf — | f 7"/ dpu.
nn Jx n Cn Jx C nn Jx

Hence, it is enough to prove that for C fixed, [ fb(c)d,u =L :=inf, L [, T(LC)d,u.
In other words, one can suppose that there exists a constant C' € R such that

1
Vn, —fn > —C.
n

Now let us recall the
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Lemma 54 (Fatou) Let (X, X, u) be a measure space and let (Fy,)nen be a
sequence of measurable non negative functions on X. Then

/ liminf F,,dp < liminf F,du.
X X

n—oo n—oo

The proof of this lemma consists in applying the monotone convergence theorem
to the increasing sequence G, = inf,, >, fn. Setting F,, = %fn 4+ C >0, we get
Jx fodpu+C < L+ C, hence [y fodpu < L.

We now prove the converse inequality: fixing € > 0, we define for & > 1,

Ey={zeX, Fje{l,2,-- Kk}, ffj<fb )+ €}

This is an increasing sequence of sets such that Up Ex = X. Now define

_ fb(m)—l—e if x € Ej,
o) = {f1<x> i o g B

Notice that, if € Fy, fi(z) > f,(z) + €, hence ¥y > f, + €.

Lemma 55 For alln > k and almost all x € X, the following key inequality is
satisfied:

n—k—1 —

k
> (T Z sup (¢, f1)(T'x).

=0 i=n—

Proof of lemma |55, Let x € X be such that Vi, f,(T%z) = f,(x) (by lemma
almost all x are such).

Now, let mg = 0 and let ny be the least integer greater or equal to mg such that
T™x € Ey. By definition, there exists my € {ny +1,--- ,n; + k} such that

1

b (T2) < B(I™2) e = fy(a) + ¢

Then let no be the least integer greater or equal to m; such that T2z € Ej. By
definition, there exists mg € {ny + 1,--- ,;no + k}, ... In this way, one defines
inductively

mg=0<n<m <ng<mg<---

where n; is the smallest integer greater or equal to m;_; such that T € Fj,
and m; is such that

1<m;—n; <k and fp, n,(T"x) < (m; —n;)(fp(x) +e€).

Given n > k, let [ be the biggest integer such that m; < n. Subadditivity of the
sequence f, implies that

Fa@) < fact (@) + AT 0) < o < fou,(2) + Fu(T™0) + -+ (T 0)
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and also that

fmz (x) < fm ('T)+fml—nl (Tnlx) and fnl (l‘) < fmzf1 (ZL’)+f1 (Tml_l‘r)+' : '+f1 (Tmilx)'
Hence, adding such inequalities, we get

l

fu(z) < Z fi(T'x) + Z finy—n, (T" ), where A = U\_{[m;, n;1[U[m,n].
i€A =1

Now, all the Tz such that i € A, except possibly if i € [n;;1,n[ in case n is
such that nj;1 < n — 1, are in the complement of E} where 1, = f1. Hence

n—1

-1
S AT =Y Y n(T'z)+ > Ye(Ti)+ > [(T),
€A j=0i€[mj,n]-+1[ ie[ml,inf(nl+1,n71)] T=ng41

where the last term is present only in case ;43 <n — 1.

On the other hand, from the invariance of f, along the orbit of = and the
definition of v, one obtains

Fngny (T (@) < (mj=—n)(fy(T2)+e) = Y (H(T'2)+e) < Y du(T'w).

i€[n;,m;[ i€ng,m;[
Adding the estimates for >, 4 f1(T"2) and fr, —n, (T (2)), we get

inf(n;41,n—1)

n—1
@< > @+ Y AT),
i=0 i=niq1
where the last term is present only in case n;41; <n — 1.

Finally, as m;4+1 > n and my41 — ni4+1 < k, one has always n;41 > n — k, hence
the inequality stated in the key lemma

Integrating lemma [55] and dividing by n gives
1 n—k k
] < Rt %[ sup(on )
n.Jx n X n.Jx

The function sup(¢y, f1) is integrable because, on the one hand f; < f1+ which
is supposed to be in L', on the other hand, ¥, < f, + € whose integral was
proved to be less or equal to L + €. Letting n tend to +o0o we get that for all
k, L< fX Yrdu. Letting k tend to +o00, as 1 converges simply to f, + € and
is dominated by the integrable function sup(f, + ¢, f;7) we get L < fX fodp + €.
Letting € tend to 0 we conclude that L < fX fodp. This proves lemma

Proof of Birkhoff theorem. It follows directly from lemma indeed, replacing
f1 by —f1 in the inequality L < [y fydp, we get [y fydp < L which implies
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fo = f; almost everywhere. The following immediate corollary of Birkhofl’s
theorem will be used in the end of the proof of Kingman’s theorem:

1
If fe LY(X,X, ), then lim —goT" =0 a.e.

n—oo N

End of the proof of Kingman’s theorem. We want to prove that f, = fi. We
shall prove that [ « ft < L, which allows to conclude if L > —oo, hence in the
general case by a truncation argument.

Lemma 56
Vk > 1, limsup — f;m =kfy ae

n—oo

Proof.  The inequality limsup,, . ﬁ fen < fy a.e. is obvious because the
(fxn)|nen, form a subsequence of (f,,)|nen-

To prove the inequality in the other direction, let us write (Euclidean division)
n==km,+r,, 0<r, <k,

By subdditivity,

Fu < Femn + fr O TF™ < frm, + g0 TF™, where g = sup(fi, i+, fi_)-

It follows that

n 1
lim sup k—g o Thmn.

m n

n k
m lim su + k m

kfy <

The first term trends to lim sup k% fkmn < lim Sup L fi,, while the second one
tends to klimsup k , which tends to 0 by the
corollary of Birkhoff’s ' theorem that we Just mentloned because we have noticed
at the beginning that, as f;" € L', so are all f;F, hence g € L.

To finish the proof that [ ¢ Jrdp < L, we may first suppose as above that there
exists C € R such that % fn = —C for all n., then use the argument used at
the beginning of the proof of lemma Fixing the integer k, we consider the
Birkhoff sum

I
-

F,=Y (—froT%),

i

Il
=)

This is an additive sequence with respect to T%, which moreover is such that
Fy = —f, < Ck, hence satisfies F;" € L' (remember u(X) = 1). Now, let
F, =limsup,,_, %Fn From lemma |53 and the T* invariance of 1 one deduces

Fydu = lim —/Fd,u 1nf—/F— /f;cd,u
X n—oo N n n

47



On the other hand, by definition,

1 1 n—1 )
—F, = —liminf — F,, = limsup — Z fr o T7*.
n—oo n n—oo N =0

Exchanging the roles of n and k, we deduce from the subadditivity that
Far < fie+ foo T 4 -+ fro TV,

hence, using lemma

1 n—1 . 1
lim sup — Z fr o T7% > limsup = fn = kfs.
n—oo N =0 n—oo N

Finally, Yk, —F, > kfy that is

/ fﬁdug—l/ de,u:l/ frdu, Thence / fﬁd,uginfl/ frdp = L.
X kJx kJx X kokJx

This ends the proof of Kingman’s subadditive ergodic theorem.

Applied to the example of a cocycle above an ergodic transformation, this the-
orem implies the existence of the largest Lyapunov exponent.

6.4 Conditional expectation and the ergodic theorems

In this section we interpret the limit of Birkhoff’s sum given by the Birkhoff
theorem in terms of probabilistic notions.

Let (X,X,u) be a probability space and f € L'(X,X,u) be a random
variable (this is just a fancy name used in general for measurable maps from a
probability space to R endowed with its Borelian tribe B). The exzpectation of f
is by definition its integeral E(f) = fX fdu. Given a sub-tribe ) of X, one can
define the conditional expectation of f given ). The definition is particularly
transparent in case the sub-tribe ) is generated by a partition because it is then
directly related to the notion of conditional probability:

Definition 22 (conditional expectation given a partition) The conditio-
nal expectation E(f||Y) of the random wvariable f : X — R given the tribe
Y generated by a partition X = By + Bs 4+ ... + B, s the random wvariable
E(f]|Y) : X — R which takes the constant value

B = 55

on each of the pieces A; of the partition.

/fdu if x€B;.
B;

If f = X4 is the characteristic function of some event A € X, the value of
E(X4]|Y) on B; is just the conditional probability of A given B;:
1

n(Al|B;) = mM(A N B;).

In the general case, the definition relies on the Radon-Nikodym theorem:
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Theorem 57 (Radon-Nikodym) Let p, v be two positive and finite measures
defined on the same tribe X of a set X. If v is absolutely continuous with respect
to u, i.e. if every subset of u measure 0 is also of v measure 0, there exists a
X -measurable function ¢ : X — [0,+00[ (the density of v with respect to )
such that

VAe X, v(A) :/ pdjs.
A
Moreover, two such densities are equal almost everywhere.

Corollary 58 (conditional expectation given a general sub-tribe)

Let (X, X, 1) be a probability space and Y be a sub-tribe of X. There exists a
well defined linear projector f — E(f||Y) from LY (X, X, u) to L*(X, Y, 1) such
that

vBey, [ Bidu= [ fin

Proof. A function in L'(X, X, u) being a linear combination of positive func-
tions, one can assume that f > 0. Then the map B +— fB fdp defines a positive
measure on ) which is absolutely continuous with respect to the restriction of
1 to Y, hence the Radon-Nykodim theorem insures the existence of the ) mea-
surable function E(f]|)). In case f = Xp is the caracteristic function of B € Y,
the conditional expectation is still related to the conditional probability by the
formula. u(B|Y) = E(Xs]|Y),

Corollary 59 The limit f* of a Birkhoff sum whose existence is asserted by
Theorem [{Y is the conditional expectation of f with respect to the invariant
tribe Z(T):

n—1
F(@) = T 3" (1) = B(FIET)).
k=0

Proof.  f* is a.e. T-invariant, hence Z(7T') measurable (Exercise and its
integral is equal to the integral of f.

6.5 Applications: law of large numbers, entropy
6.5.1 Strong law of large numbers

Applied to the Bernoulli shifts, corollary |50 says that the statistical structure of
almost all sequences is the same, which is a strong form of the so-called strong
law of large numbers. In what follows, we consider only the case of random
variables with finite values.

To a random variable f : (X, X, u) — (R, B), one associates the direct image
(see Deﬁnition fxpe of the probability measure, which is often the only thing
we have access to. If f takes only a finite set {ag, - ,a,} of values, it is
associated to the finite partition X = A; +--- + A4,, of X, where 4; = fla,,
and the image probability f.u is defined by {pi1,---,pn}, where p; = u(A;):
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the measure of an interval I € R (or more generally of a Borelian) is the sum
> i.a,cr Pi- The expectation of f is B(f) = [y fdu =3, pici.

Remark on the notations. In measure theory one uses in general the nota-
tions f.u(I) or [, d(f.u) while in probability theory one rather writes u{f € I'}
or Pr{f e I}.

Definition 23 Two random wvariables f,g with the same image measures are
said to be identically distributed.

Definition 24 Random variables f1,--- , f,, with finite values on the probability
space (X, X, p) are said to be independent if the corresponding partitions of X,

X:Agi)+-~-+A£?7 i=1--,n,
are independent, that is if they satisfy
Vi, €{1l,---r;},i=1,---,nm, ,u(Al(Cll) N--N A,(JZ)) = M(A,(cll)) e M(A,(;)).

Warning. Three partitions can be pairwise independent without being inde-
pendent ! (Exercise, find an exemple).
A typical, and indeed universal, example of a family of independent identically
distributed (i.i.d.) random variables is

fi:({oal}N*ﬂBaup,q)_)R7 fi(alaQ"'):ai7 Z:1a2a

More generally, one can replace the alphabet with two letters 0,1 by an alphabet
{aq, -+, .} with an arbitrary number r of letters, for example r = 26 as in
the french alphabet. I leave to the reader the task of defining the probability
laws fip, ... p. and the Borelian tribe B on {ay,---,a,}V and show that they
are invariant by the shift and ergodic.

Theorem 60 (Stong law of large numbers in the independent case) If
fisooo s fny o (X, X, 1) — R are independent and identically distributed ran-
dom variables whose values are aq, - - - , o with probabilities p1,--- ,pr, one has

o1 .
Pr{nllféo ﬁ(fl +o At fn) = 2;piai} =1
Proof. 'We apply corollary [50] to the generalized shift )

T:({ag, - ’ar}N*,B, Lpy e pr) = ({0, -+ 7ar}N*,B,up17... )

and to the functions f;(a; - a, ) = a; = fi(T* (a1, -+ ,an, - -)), which are
a universal model of i.i.d. random variables. The conclusion follows because,
on the one hand fi(x) + - + fu(x) = ZZ;; f1(T*(x)), on the other hand the

integral of fi on {a1, -+, " is equal to Y.|_, pio.

Remark. In the same way, Von Neumann’s ergodic theorem [47] is related to
the so-called weak law of large numbers.
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An example of more precise results In ({0,1}"", B, 1, ,) consider the cylin-
der A defined by a1 = as = ... = a1gg0 = 0. The Birkhoff sum % ZZ;& Xa (Tk (x)),
where T is the shift, represents the frequency with which one has ax41 = agr2 =
... = ag+1000 = 0 when k varies from 0 to n. The theorem affirms that for al-
most every sequence, this frequency tends to a limit equal to p'°°, when n
tends to +o0o. The same is true for every cylinder, that is for any finite config-
uration of 0’s and 1’s but this does not exhaust the richness of the theorem as
the function f may depend of an arbitrary number of coordinates.

Exercise 33 Apply the ergodic theorem to the same example under the disquise
to the map T(x = 2z (mod 1) of the interval [0,1] endowed with its Borelian
tribe and the Lebesgue measure in itself. Deduce the proof that the set of normal
numbers in the sense of Borel has measure 1.

Notice that, from the definition of ergodicity, one could only conclude that the
measure of normal numbers was 0 or 1.

6.5.2 Shannon’s entropy (see [C3, [CT])

Let us apply the strong law of large numbers to the independent identically
distributed random variables

1

N*
- sty G 767 Rv A ) =1 ;
fid{a ar} Iipy,...p.) = filaraz---) =log o)

where the log is taken in the basis r and p(a;) = p if a; = . As the probability
of the cylinder A7% " is p(ay -+ -ayn) = p(a1) - - - p(a,), one gets the

Theorem 61 (AEP) If f1, -+, fn, - (X, X, u) — R are i.i.d. random vari-
ables with values {Aq,- -+, A} and probabilities (p1,--+ ,pr), one has

1 1 g 1
Pr¢ lim —log——— = pilog — p» = 1.
{"_"’O” play---an) ; P

The real number h = Y_._, p; log i is Shannon’s entropy. The interpretation of
this theorem is that, if n is large enough, the probability to encounter sequences
(=messages) ay - - - a,, whose probability is close to 7~™" is very high, hence the
name Asymptotic Equipartition Property (AEP). Note that there are only about
™" such very probable sequences among the 7™ possible sequences of length n.
If h = 1/2, this represents 100 sequences among 10000! Figure 9, where the size

of elements indicates their probability, illustrates this assertion.
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Figure 9 : Shannon’s first theorem.

7 A glimpse into dynamical entropies

The aim of this section is simply to give the reader the desire to understand
this subtle invariant of dynamical systems. For a complete historical survey, see
IK].

7.1 The entropy of a finite probability space

Depending only on the image measure £, = (p1,- -+ ,p-) on the finite set of
values A = {Ay,---, A}, the quantity >, p; logé introduced in the last
section as Shannon’s entropy, is naturally attached to a class of identically dis-
tributed (see definition random variables £ : 2 — A. In other words, it can
be thought of as attached to the finite set A = {A;,---, A, } endowed with the
probability measure {p1,---,p,}. One interprets it is a measure of the infor-
mation gained from an experiment yielding a value of £ or, this is equivalent,
from picking at random one element of the finite set A : it is maximal if all
the p; are equal (maximal uncertainty before picking), it is minimal equal to
0 in case the probability is concentrated on a single element (the result of the
picking is known in advance). In the same way, suppose we make an experi-
ment yielding successively the values of n not necessarily independant random
variables & : Q@ — A, i =1,---,n , that is picking successively at random a
sequence of n successive symbols a1, a1, - a,. A measure of the information
gained from such an experiment can be defined by a similar formula as soon
as the set A™ is endowed with a probability measure (the image of p by the
random variable (£1,&2,--+,&,) : © — A™). In case, as in theorem the n
random variables are independent and identically distributed (iid), A™ is en-
dowed with the product probability measure defined by giving to the sequence
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Aj,Aj,, -+, Aj, the probability pj, ---pj,, which gives for the entropy the

value )" pj, ---pj, log o __1,pjn =n)_,;p;ilog pi

7.2 The entropy of a discrete source

Allowing n to be infinite, we are led to the

Definition 25 (Discrete source) A discrete source consists in the data of a
finite alphabet A = {A1,... A} and a probability measure p on Q = A” (or
AN*). If v is invariant under the shift T, the source is said to be stationary.

The name “source” comes from information theory where an element of A% or
AN is identified with a message whose length is infinite. The corresponding
random variables are the &;(---a_sa_1apai,as---) = a;. In general, the proba-
bility law of &; depends on the value of the preceding ones &;_1,&;_o, ... (think
of the probability of the letters in some language). As in full generality the
probability of &; depends on the whole past history, we need consider arbitrarily
long sequences in order to define an entropy.

Let 1 be a probability measure on AN (or A%) which is invariant under the
shift. Let H ;"> be the entropy of the finite set A™ endowed with the probability
measure defined by the measure of cylinders (recall definition in section ,
that is the direct image under the canonical projection m, : A% — A" (or
ANT S A™) w(---a;---) = aiay - - - a, of the measure y :

<n> _ J1j2--dn
H/‘ - Z M(AIQTL )10g (A]lj2 Jn)
G1d2.gn€{1,2,...,r}" A

The entropy H §”> is a measure of the information obtained from the emission
of a sequence of n successive symbols (or n successive experiments).

Lemma 62 (McMillan) The “mean information content by symbol” %Hj’»
tends to a limit H, = H,(T) when the length n of the sequence (the message)
tends to infinity :

1 1
H,(T)= lim —H:"> =inf(=H<"")
n

n—oo N n
is by definition the entropy of the (stationary discrete) sourctﬂ

The proof, which is given in ([C3] par. 8.3), consists in proving the subadditivity
of the sequence u,, = H :”>. For this, one decomposes the emission of a sequence
of n + m symbols into the emission of the n first symbols followed by the one
of the m last symbols and one applies Shannon’s inequality for the conditional
entropy (see [C3| proposition 10).

2The notation H,,(T) emphasizes the dependence on the shift T' which comes from the
stationarity. It is compatible with the more general definition of Kolmogorov entropy, given
in the next section.
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Theorem which in the iid case is a direct consequence of the law of large
numbers, admits a far reaching generalization to any stationary discrete ergodic
measure; this is the so called Shannon-McMillan-Breiman AEP theorem a short
proof of which can be found in :

Theorem 63 (Shannon-McMillan-Breiman) The entropy of an ergodic sta-
tionary discrete source (T, u) satisfies the strong Asymptotic Equipartition Prop-
erty: for u-almost every w = ...a1az...ay... € AZ,

1

1
lim —log—————— = H,(T).
n—oo n gﬂ(alag...an) w(T)

In the next section, I briefly allude to the remarkable generalization of Shannon
— McMillan’s entropy given by Kolmogorov in case the shift T is replaced by
any measure preserving transformation of a probability space into itself.

7.3 Kolmogorov’s entropy

The key to Kolmogorov’s definition of the entropy of an arbitrary measure
preserving map T : (Q, F,pu) — (Q,F, 1) from a probability space to itself is
the translation of what we have just done into the language of finite measurable
partitions: indeed, a random variable with finite values, a finite probability
space and a finite measurable partition of a probability space are essentially the
same object: this is illustrated on figure 10 where the partition

(8)9:91+QQ+QT

is defined by ; = £71(A;) and the formula for entropy becomes

H(€) = > () log M(;,)-
i=1 K

Ay
Ab OL;-PC
2 ] /);) ,
Ay
A

() (A Sgp= (oo Pr))

Figure 10 : finite partitions and random variables.

Now, to a measurable partition of {2 one can associate a coding of any map
T by replacing an orbit {T"(w)}nen by the sequence {A; }nen of pieces of the
partition which it visits, that is such that w € T=™(A;, ). The finer the partition,

the more faithful the coding. Such a coding replaces the transformation T by
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a stationary random process with finitely many states whose entropy is defined
by Shannon’s formula.

Notations. Given a transformation 7' : 0 — Q and a partition £, we note
T~'E the algebra of subsets formed by the T—1(€;), Q; € £. Given finite
partitions EM) ..., £ of Q. we note \/?ilé'(i) the partition whose atoms are
the intersections Q,(Cll) N Qi) Nn...N Q,(Cz), where QS) is an atom of £,

In particular, if 7 : AZ (or AY) is the shift, the partition into cylinders A75>: 7"
can be written \/Z;(%T*ké' , where the atoms of the partition £ are the cylinders
whose atoms are the cylinders A{l, that is

Q={w=...a1a2...|a1 = A1} +{w|a; = A2} + ...+ {w|a; = 4, }

The best approximation to the definition of H,(T") for the shift contained in
Lemma [62] is then

Definition 26 The entropy H,,(£,T) of a partition £ with respect to a measure
preserving transformation T : (0, F,p) — (,F, 1) and the entropy H,(T) of
the transformation T are respectively defined by

1
H,(E,T) = limsup gHM(\/Z;(l)T_kS), H,(T)=supH,(E,T),
&

n—oo
where the sup is taken among all finite partitions € of 2.

Explanation (see [B2]) : an element Agl) N A](fz) Nn...N ASZ) of the partition
Vit € (1) may be considered as the realization of m experiments, corresponding
to the m partitions £(). Given a partition &, let us denote by A = {A;,..., A, }
the set of atoms of the partition and by x : Q — A the random variable which, to
an element w € €, associates the atom A; to which it belongs. As T preserves
the measure p, the image measures of y by the random variables z o T™ are
all the same (n is an integer or a relative integer if T is invertible). In other
words, the experiments corresponding to the partitions T-"(£) have all the
same probabilistic structure and hence they can be considered as realizations,
a priori not independent, of one and the same experiment.

When T : AZ — AZ is the shift, the partition into cylinders is generating, which
means that the sequence of partitions \/?:_nT’i(E), n =1,---,00, generate
the borelian o-algebra, which explains why the consideration of other partitions
is not necessary. Indeed, more generally, the following theorem was proved by

Kolmogorov and Sinai:

Theorem 64 IfT : (Q,F, u) is invertible and if there exists a finite partition €
which is generating in the sense that the partitions VI__ T~ "), n=1,--- 00,
genrate the o-algebra F, one has

H,(T) = Hu(E,T).

An analogous statement holds true in the non invetible case if one replaces
v T7H(E) by VI, T(E).

1=—n
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7.4 Topological entropy

Replacing partitions by open covers, the expectation of log% by the log of a
minimum number of pieces, it is possible by copying Kolmogorov’s definition of
metric entropy to define the topological entropy of a continuous map ® : X — X
from a compact topological space to itself (see [AKM]) : the entropy H, (&) of
a measurable finite partition is replaced by the entropy of an open cover U:

H(U) = loginf{k| 3 a subcover of U with k elements, }

and

1
Hiop(®,U) = lim —H((VPZ3®@  U),  Hyop(®) = sup H(D,U),
u

n—+oo n

where existence of the limit follows, as in the metric case, from subadditivity.

The so-called variational principle asserts that the topological entropy Hyep(T')
is the sup over all T-invariant Borel probability measures p of the metric en-
tropies H,(T).
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