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1 The x2 map

Identify the circle T with [0,1). Let 7": [0,1) — [0,1) be the map T'(z) = 2z mod 1. We
will try to understand the behaviour of forward orbits. These are sequences of the form
z,T(z), T*(x),. ... For example, z is said to have period n if T"z = z and there does not
exist m < n with Tz = x.

How many elements have period n?

Before answering this, consider the special case n = 1. A fixed point is an element
x € [0,1) with Tz = x. Note 0 is the only fixed point. An eventually fixed point is a
point x such that there is some n such that 7"z is a fixed point. What are the eventually
fixed points?

The map T' exhibits sensitive dependence on initial conditions (this means that if
for any x € T there is a § > 0 such that if x and y are d-close then there is some n € N such
that T™x and T™y are at least -far apart.

To motivate this property consider the problem of trying to predict the weather in a
deterministic universe. We assume that we know the evolution equations for our universe
exactly. Therefore if we know the state of the universe exactly at any particular moment
then we can predict its behaviour in all future times. However, in reality we do not know
the state of the universe exactly. There is always some error in measurement. So suppose
x € [0,1) represents the true state of the universe but because of our clumsiness or whatever,
we measure y and |z — y| < €. So given y, what is:

max{|T"x — T"y| : |z —y| < €}?

A special case occurs when y = z + 1/2". In this case, T" 'y = x + 1/2. The maximum
distance between any two points in [0,1) is 1/2. So: if 27" < € then after n — 1 steps, we
have no information about the true state state of the system. In other words, it takes only
—|log,(€) ] — 1 steps to lose all information about system.

1.1 Coding

To better understand this system, consider writing numbers = € [0,1) in binary. So
r =Y 227" where x; € {0,1} are the bits in the binary expansion of x. Then Tz =
S ip127" In other words, (T%); = z41.

Let’s make this more precise. Consider the space ¥5 = {0, 1} with the product topology.
Let 0 : Xy — Xy denote the shift map o(z); = x;11. Observe this is a homeomorphism.
Define S : 35 — [0,1) by S(x) = > .2, 2;27". This map is continuous but it is not injective.
Why?

Observe that So = T'S. This map is what we call a semi-conjugacy or factor map: it
is continuous and satisfies So = T'S (so it ‘conjugates’ the dynamics). A semi-conjugacy with
continuous inverse is a called a topological conjugacy. One general goal of dynamical sys-
tems theory is to classify homeomorphisms up to topological conjugacy and semi-conjugacy.

FEzercise 1. How many points of period n are there in (¥5,0)? How many are there in
(T,[0,1))? For each system: are the periodic points dense?



2 Rotations

Let a € [0, 1) and consider the map R : [0,1) — [0, 1) defined by R(z) = x + a mod 1.

Ezxercise 2. Find all periodic points of R. Does R exhibit sensitive dependence to initial
conditions?

This system has a very different nature than the x2 map. It is isometric (it preserves
the usual metric on the circle).
We say a system is minimal if all orbits are dense.

Ezercise 3. If a is irrational then (R, T) is minimal.
Minimality is an interesting concept so let’s take a moment to explore it.

Ezercise 4. If X is a compact Hausdorff space and T : X — X is a homeomorphism then
there exists a closed T-invariant subspace Y such that (7,Y) is minimal.

Ezercise 5 (Birkhoff’s Recurrence Theorem). If X is a compact Hausdorff space and 7" : X —
X is a homeomorphism then there exists a sequence {n;} of integers such that 7"z — x as
1 — 00.

2.1 Group Translations

Let X denote a compact metrizable group and g € G. Let T, : X — X be the translation
Ty(z) = gu.

Exercise 6. Show (X, T,) is isometric. Is (X, T}) necessarily minimal?

A homeomorphism 7 : X — X is topologically transitive if there is a dense forward
orbit. So: if T"is minimal then it is topologically transitive.

Fzercise 7. Suppose X is a compact metrizable group and g € X. If T, is topologically
transitive then X is abelian.

2.2  Group Endomorphisms

The x2 map is not a group translation, it is a group endomorphism. Is it minimal?

More generally, if X is a compact group and o : X — X is an endomorphism we may
consider the system (X, «). For example, consider the torus T? and « the map a(z,y) =
(x,z + y). Is this map minimal? Does it exhibit sensitive dependence to initial conditions?
How about S(z,y) = (22 + y,x + y)? This might be difficult to answer right now; we will
answer it later.

2.3 Equidistribution

Are the orbits of R, equidistributed? How about the orbits of the x2 map? We will answer
these questions later.



3 Van der Waerden’s Theorem

I plan to follow Pollicott-Yuri’s exposition or Petersen’s.

4 Quadratic maps (following Devaney)

It is frequently of interest to understand how dynamical properties change when the map T’
is perturbed (in say that Cy topology in the space of self-maps). Here we will consider an
interesting and simple example: the 1-parameter family of maps on the real line defined by
F,(z) = px(1 —x) where 1 > 0 (the case < 0 is similar). The omega-limit set of a point x
is the set of all y € R such that there exist integers ny < ny < n3 < --- such that F™x — y.
This is a closed subset, denoted by w(y). (Similarly, we can define the a-limit set).

The first general question we ask: given x € R what can be said about w(z)?

To begin: observe that if ¢ [0,1] then lim, ., F}}(z) = —oo. This can be seen, for
example, by drawing phase portrait.

Incidentally, this leads us to a new concept: we say that p € R is nonwandering if
for every open set O > p, there exists ¢ € O and n > 0 such that Fjjq € O. Informally,
there exist nearby points that recur or return to a neighborhood of p. The set A C R of all
nonwandering points is closed.

We have just proven that A C [0,1]. What else can be said about A? ...

Before getting to that:

o F(0) = F,(1) = 0;

e F,(p.) = p, where p, = ”771;

e F(r) = u(l —2z) so F;(1/2) = 0 is the only critical point and F}, is increasing for
x < 1/2 and decreasing for = > 1/2; (F is unimodal);

If 0 < p < 1 then 0 is an attracting fixed point and p, is repelling. Moreover, for any
z, w(z) = {0},{p,} or {—oo}. More precisely, there is a point p, such that p, > 0 and
F(p,) =p, <0. If x € (pu,pu) then w(z) = {0}. If z € {p,,p,} then w(z) = {p,} and if
© & [Py Py then w(x) = {—oc}.

If 4 =1 then 0 is attracting on one side and repelling on the other. It is the only fixed
point. If z € [0,1] then w(x) = {0}. Otherwise w(x) = {—o0}.

If 1 <y < 3 then 0 is a repelling fixed point and p,, is attracting (because |F'(0)| > 1
and [F'(p,)| < 1). One can show that for any = € (0,1], w(z) = {p,} and = ¢ [0, 1] then
w(z) = {—o0}. A graphical analysis makes this convincing.

In summary, the dynamics of F}, for 0 < p < 3 is fairly “tame”. This tameness continuous
past p = 3 for awhile although the dynamics does become slightly more complicated. If u > 3
then there is a periodic point of period 2. In fact, the larger u gets the more periodic points
it has. Let us leave the region 3 < p < 4 to be a bit mysterious for now and focus on p > 4.



When p > 4, the graph of F' pokes out above the square [0, 1] x [0,1]. In other words,
the maximum of F' (which is F'(1/2) = p/4) in [0, 1] is larger than 1. So there exists an open
interval Ag C [0, 1] such that F(Ag) C (1,00). For any x € Ag, w(x) = {—o0}.

Let Iy, I; denote the (closed) subintervals of [0, 1] in the complement of Ajy. Note that F
maps each of these onto [0, 1]. In particular, there exist open subintervals in each of I, I
that map to Ay. Let A; be the union of these two open intervals. Then Iy — A; (for example)
consists of two subintervals Iy; and I;;. Each of these are mapped by F' onto either Iy or
I;. So there exist subintervals of Iy; and I;; that are mapped into A; which is then mapped
into Ay, etc.

We now have an intuitive picture of A := {z € [0,1] : F"(z) € [0,1]¥n}. Indeed,

A=n2 F"(IyUly)

and this is a decreasing intersection. This gives us an idea: define S : A — X5 by S(x), =i
if () € I,.

Note S(Fz), =i iff F**Y(z) € I, iff S(x),.1 = 1. So S(Fz) = 0S(z) and S conjugates
F with the shift.

Because F' is continuous, S is continuous. So S is a semi-conjugacy with a subshift. In
fact, it is a conjugacy. Proving this is a bit difficult in general, so we make the simplifying
assumption that 4 > 24 /5. This assumption implies that F(z) > 1 for all 2 € I, UI; and
therefore there is a A > 1 such that F'(z) > A for all z € A.

Let’s show S is injective. Let x,y € A and suppose S(z) = S(y). In particular, this
implies either z,y € Iy or z,y € I;. A bit of reflection shows that the interval between z and
y is contained in A (in fact, S~!(p) must be an interval for any p € 35). Since F' is monotone
on Iy and monotone on I; and F’ > A\, we have that |F"z — F™y| > A"|z —y|. If x # y then
we obtain a contradiction since the \"|z — y| > 1 for large enough n but F"z, [y € [0, 1].

As an exercise, you can verify that S is onto.

We have shown that F' restricted to its nonwandering set is topologically conjugate to
the 2-shift. In particular, it has periodic points of all orders. It is not minimal but it is
topologically transitive.

Definition 1. A set A C R is a repelling hyperbolic set for a map f: R — R if A is
compact, f-invariant and for some N |(f")'(x)| > 1 for all n > N and all = € A.

5 Smale’s Horseshoe

Definition 2. Given a diffeomorphism f : M — M of a Riemannian manifold, a subset A C
M is a hyperbolic set if it is invariant, compact and there are constants 0 < A < 1,C" > 0
and for every x € A a splitting T, M = E? & EY of the tangent space such that

e for every v € ES and n > 0, ||df(v)]| < CN*||v]],



e for every v € E¥ and n > 0, ||df "'n.(v)|| < CA™||v]|.

For example, the A we discussed in the section on the quadratic family is hyperbolic.
Here we will discuss the famous example of Smale’s horseshoe.

This involves a lot of drawing which is a bit inconvenient to do on my laptop (sorry).
First, draw a unit square and flank it with two semi-circles on its vertical sides. This is a
“stadium”. Choose some § > 0. Shrink the stadium by ¢ in the vertical direction, expand
the square by 1/4 in the horizontal direction (leaving the ends the same size), then bend it
into a horseshoe shape and place it back in the stadium. Call the resulting map f.

We want to know; for x € S (S = the stadium), what can be said about lim,, f"(z)?

The two semicircular regions are contracted by f. The first one, call it D, is mapped
into itself. The contraction mapping principle implies there is a unique point p € D; such
that for any x € Dy, lim,, f"x = p. Since f(Dy) C D1, the same is true of points in Dy. In
fact, f also maps a middle vertical strip into Dy which is then mapped into D;. So the same
is true of the middle vertical strip.

There are two vertical rectangles Vg, V; such that f(V;) C [0,1]?. By the way, we can
assume that f restricted to Vo U V; is linear. Notice that f maps Vj into a horizontal
rectangle Hy and V; into a horiztonal rectange H;. Now if f?(z) is in the unit square, then
f(z) € Vo UV; which means x is contained in one of four vertical rectangles. It’s easy to see
the pattern now: there is a Cantor set C' such that f™(z) is in the unit square for all n > 0
iff r € Cx[0,1] =1 A,.

Similar reasoning shows that if f~"x is well-defined and in the unit square for all n > 0
iff z € [0,1] x C' (assuming an obvious symmetry). Also observe that, since we assumed
f is linear of Vo U Vi, |0f/0z| = 1/§ for all x € C x [0,1] whereas |0f/0Jy| = § for all
xe|0,1]] xC=:A_.

Let A=A_NA, and define S : A — ¥y :={0,1}* by S(x); = B if f'z € V. This gives a
topological conjugacy. It’s probably not obvious why this is 1-1 right now. The other parts,
continuity and surjectivity are easy. We will go over injectivity in a moment.

Definition 3. Points z,y are forward asymptotic if lim,,_,. |f"z — f"y| = 0 and back-
wards asymptotic if lim, ., |f~"x — f~"y| = 0. The stable set of z, denoted W*(z), is
the set of all points forward asymptotic with z. The unstable set of z, denoted W*(z) is
the set of all point backwards asymptotic to x.

Suppose x,y € A, are on the same vertical line. Then they are forward asymptotic. This
is because f shrinks everything by ¢ in the vertical direction. Similarly, if x,y € A_ are on
the same horizontal line then they are backwards asymptotic.

This explains why S is 1-1: if Sz = Sy then since f is contracting in the vertical
direction, we must have |mo(z) —mo(y)| < 6" |ma(f"2) — ma(f~"y)| for every n, which implies
mo(x) = may(y) (where 7y is projection to the second coordinate). A similar argument holds
in the horizontal direction; so f is 1-1.

Exercise: x,y € A are forward asymptotic iff Sz, Sy have the same forward tail (and
similarly in the backwards direction).

Exercise: z,y are forward asymptotic iff there is some n > 0 such that f"z, f"y are on
the same vertical line. So W*(x) = U, f~"(l, N A) where [, is the vertical line containing z.
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6 Symbolic dynamics (following Katok-Hasselblatt)

Let Oy ={0,...,N—1}2 and QX ={0,..., N —1}N. We let 0 : Qy — Qy denote the shift

map o(w); = wiy1. The shift map on QF is defined similarly.

Lemma 6.1. Periodic points for the shifts oy, ol are dense in Qn and QF respectively.
The number of periodic points of period n is N™ in both cases. Both transformations are
topologically mizing (this means for any open subsets U,V , there exists N such that n > N
implies o™ (U) NV is nonempty).

A subshift is any closed shift-invariant subspace of Qy (or QF) and symbolic dynamics
in the study of such subshifts. They are used in information theory, probability theory and
to “code” other dynamical systems (as we have already seen with X2 map and the quadratic
family). They also provide a rich source of examples.

FEzercise 8. It is not difficult to see that 2y (for example) is not minimal for the shift. Can
you construct a subshift (with infinite cardinality) that is minimal?

6.1 Topological Markov chains

Let A = (a;;) be an N x N matrix with a;; € {0,1} for all 4,j. Let Q4 be the set of all
w € Qy such that a,, .,,, = 1 for all n. 14 is called a topological Markov chain. It is
an example of a subshift of finite type (a concept which is only slightly more general).

We say A is irreducible if for every i, j there is some n such that (a™);; > 0.

Exercise 9. If A is irreducible then periodic points are dense in 24. Moreover, the shift o
restricted to {24 is topologically mixing.

Sometimes is helps to consider the directed graph G with vertex set {0,1,..., N —1} and
edges (7, 7) for a;; = 1. Then 4 is just the set of bi-infinite directed paths in G.

Lemma 6.2. aj; is the number of directed paths in G that start at i, end at j and have
length n.

Corollary 6.3. The number of points x in Q4 with c"x = x is tr(A™).

Theorem 6.4 (Perron-Frobenius). Suppose L is an N x N matriz with nonnegative entries
and, for some integern > 0, L™ has all positive entries. Then there exists a unique eigenvalue
A of L which admits a eigenvector with all positive entries. Moreover, X is positive, simple
and if v is any other eigenvalue of L then |u| < A.

Corollary 6.5. If P, is the number of x € Q4 with o™z = x then P, = A" + O(u™) where
A > 1 is the PF-eigenvalue of A and 0 < p < .

Proof sketch of the PF theorem. Let P C RY™ be the positive orthant and ¢ C P the set
of all z € RY with > ;x; = 1. This is the convex hull of the usual basis eq,...,en. Let
T : 0 — o be the map Tx = Lz/||Lz||;. This is well-defined since L has all nonnegative
entries.



Consider N, T"0. This is a decreasing intersection. It is invariant under T, closed and
convex. We will show that it contains only a single point. First we show it has at most N
extreme points. Indeed, let x € N, T"0. Then for every n, x € T"o. Since T"c is the convex
hull of the vectors T";, = = Y. A™T7e; for some A™ > 0 with 3, A" = 1. There
exists a subsequence n; — oo such that lim; 7" e; =: p; exists for each ¢ and \; := lim; A§”j )
also exists. So p; € N,T"o for all i and x = ), \;p;. Thus we have shown that 1,770 is
contained in the convex hull of the p;’s. This proves the claim: the p;’s must be the extreme
points of N, T"o. We want to prove that all of the p;’s are equal to each other.

There is some m > 0 such that T™ fixes every extreme point of N,7"c. The extreme
points are therefore eigenvectors of L™. They have all positive coordinates because L™ has
all positive entries.

Suppose x,y € N, T"c both have eigenvalue A > 0. Since these have all positive entries,
there is some linear combination tx — sy that has all nonnegative entries, at least one zero
entry and at least one positive entry (assuming z # y). But then L""(tz — sy) = \"(tx — sy)
stays in the positive orthant but still has one zero entry. This contradicts the assumption
that L™ has all positive entries.

Suppose z,y € N,T"0, x has eigenvalue A and y has eigenvalue p with 0 < p < A. Then
y —ex € P if € > 0 is small enough. But then L™ (y — ex) = pu"y — \"ex goes outside P if
n is sufficiently large contradicting that L leaves P invariant.

We now know that N,7™c contains a single point v which must be an eigenvector of
L with some eigenvalue A > 0. We must show that if ;4 is any other eigenvalue of L then
] < A.

If |u| > X and p is real then after replacing L with L? we may assume p > A. Then if z is
an eigenvector with eigenvalue p then x must lie outside P. On the other hand v+ex € P ife
is small enough. But L™ (v+ex) = N"v+ p"ex lies outside P if n is large enough contradicting
LP C P.

The cases when p is complex or |u| = A are similar and left as exercises.

6.2 Current research in symbolic dynamics

1. Hidden Markov chains (see work of Mike Boyle, Karl Peterson)

2. low complexity subshifts (see work of Van Cyr, Bryna Kra)

3. topological entropy of Z?-shifts (Mike Hochman and Tom Meyerovitch)

4. symbolic extensions of systems (Downarowicz et al)

5. automorphism groups of symbolic systems (is Aut(Xs) isomorphic to Aut(3s)?)

6. the topological conjugacy problem: it is currently unknown whether topological conju-
gacy of top Markov chains is decidable. There are a number of computable invariants
which often distinguish different subshifts but they are not known to be complete.
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Let A, B be 0-1 matrices. We say they are lag-1 shift equivalent (SE) if exists a pairs of
matrices R, S with entries in Z>( such that A = RS, B = SR. The transitive closure of this
relation is called strong shift equivalence (SSE). Bob Williams proved in his 1973 paper that
A and B are SSE iff the shifts 04, 05 are top conjugate.

A, B are shift equivalent (SE) if there exist matrices R, S over Zx( and a positive integer
[ (called the lag) such that A' = RS, B' = SR, AR = AB amd SA = BS. Bob showed that if
A, B are SE then o7} is top conj to o’ for all but finitely many n. He gave an incorrect proof
that SE implies SSE. This latter claim was thoroughly disproven by Kim-Roush in 1999.
Kim-Roush also obtained (in earlier work) an algorithm for detecting SE. Unfortunately,
there is no algorithm known for deciding SSE.

7 Toral flows

Let T? = R?/Z? denote the 2-dimensional torus. Given a unit vector v € R? we consider the
flow T; : T? — T? given by Ti(z,y) = (z,y) + tv mod Z>2.

To study the dynamics of this map, we will consider an appropriately chosen subset
S C T? and the return time map 77 : S — S defined by T°z = T,z where t > 0 is the
smallest number such that T,z € S. To be useful, we would like S to intersect every orbit in
a discrete set.

For simplicity assume v = (vy,v2) and vy,vy # 0. Let S be the circle z = 0. Then
T% =T,,/s, and T5(0,y) = (0, (v2/v1)y). So T is naturally conjugate to rotation by vy /v;.
In particular, if ve /vy is rational then every orbit is closed (in fact, each is a circle). If vy /vy
is irrational then each orbit is dense in S. Replacing S with S + (z,0) for an arbitrary =
and applying the same argument we see that if vy /vy is irrational then every orbit is dense
so the flow is minimal. This can be generalized to arbitrary dimensions.

8 Toral automorphisms

Recall that SL(2,Z) is the group of 2 x 2 matrices with integer entries and determinant 1.
If A e SL(2,Z) then AZ* = Z?. Thus A descends to a map of the quotient space R?/Z?
which we denote by T?, the 2-dimensional torus.

We say A is hyperbolic if it does not have an eigenvalue on the unit circle (in the
complex plane). The dynamics of A on the 2-torus are especially interesting in this case.
Let assume for now on that A is hyperbolic with eigenvalues A; > 1 > Xy = A{* > 0. Let
T : T? — T? denote the induced map.

Lemma 8.1. A point p = [z,y] € T? is periodic iff x,y are rational. Moreover, the number
of points p with T"p = p is |\} + \§ — 2|.

Proof. If x,y are rational then p is periodic is easy.

If [z, 9] is periodic then A™(x, )T = (z,y)T + (n1,n2)T for some integers ny, ny. Because
A is hyperbolic, A" — I is invertible. Also (z,y)? = (A" — )71 (ny,n2)T. But (A" — 1)~ has
rational entries. So (x,y) are rational.

11



For the second statement, consider the map A™— I applied to the unit square [0,1)? C R?.
T"p = p if and only if (A" — I)(z,y)T € (z,y)" + Z*. So the number of such point equals
the [(A™ — I)[0,1)* N Z?|. Note (A™ — I)[0,1)? is a rhomboid. So this cardinality is exactly
the area of (A" — I)[0,1)? which is the absolute value of the determinant of A™ — I. (More
detail: we obtain a tiling by copies of this rhomboid....)

The eigenvalues of A™ — I are AT —1 and A} — 1. So the determinant is (A} — 1)(\5 — 1).
Since Ay = A7, the result follows. O

Lemma 8.2. Given [x,y] € T?, let W#[z,y] be the set of points forward asymptotic to it.
Let W¥[z,y] be the set of points backwards asymptotic to it. Then W*[x,y] is the image of
the line that passes through (x,y) and is parallel to the eigenline of A with corresponding
eigenvector Ny = A\t Similarly W*[x,y] is the image of the line that passes through (z,y)
and is parallel to the eigenline of A with corresponding eigenvector A\y. These sets are dense
in T2. In fact W[z, y| N W[z, y] is dense.

A Markov partition of the torus is collection Ry, ..., R, of rectangles satisfying
e R; is the closure of its interior (so it’s not allowed to “border itself”)
e the interiors of R; and R; do not overlap (if ¢ # j)

e (for the purposes of this example, the last condition is:) the boundary of R; decomposes
as a union of stable and unstable boundaries with the stable boundary contained in an
eigenline corresponding to Ay and unstable contained in an eigenline corresponding to

A1. if 0°R; denote the stable boundary then f(0°R;) C U;0°R; and 0“R; C U; f(0"R;).

This latter condition implies a Markov condition: if "R, N R; # () and f™R; N Ry, # () then
fn+mRi N Ry # 0.

Given a Markov partition we let A be the matrix A;; = 1if f(R;) N R; # 0 and A;; =0
otherwise.

Then we obtain a semi-conjugacy S : ¥4 — T? by: S(x) = y where y is the unique point
satisfying f"y € R,, for all n € Z. The Markov condition above implies that there is a point
y satisfying this condition. The contracting and expanding implies that it is unique.

To be concrete, suppose
2 1
=(2 1),
This matrix has eigenvalues
3445 3—5

>1, 0 = 5 =\t <1

The corresponding eigenlines are y = f Vo-ly and y = ‘/25*1

Observe that A preserves the family of lines y = f ¥5-1y 4+ b. That is, it takes any line in
this family to another line in this family. Moreover, it expands these lines by a factor of A;.
So if w, z are in one of these lines then |Aw — Az| = Aj|w — z|. These lines descend to the
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torus and the same is true on the torus if we interpret distance as “distance along the line
in this family containing these points”. Because ‘/52_1 is irrational, any line in this family
projects to a dense subset of the torus (by results of the previos subsection).

Similar statements hold for the family of lines y = #x +b.

The examples above are called Anosov diffeomorphisms: the whole manifold T? is
a hyperbolic set for T'. It’s an open problem to characterize smooth manifolds that admit
Anosov diffeomorphisms. All known examples are on tori or nilmanifolds.

9 Topological entropy

Intuition: suppose f : X — X is a continuous map of a compact metric space (X, p). We
would like to count how many orbits f has up to a scale. Of course, there are infinitely many
orbits. But in a realistic scenario, we won’t be able distinguish between two orbits that are
very close. So we count how many orbits we can distinguish. In fact, we take the exponential
rate of growth of the number of finite partial orbits that we are able to distinguish at scale
e > 0; this is the topological entropy.

For later applications it is convenient to allow p to be a pseudo-metric; that is we allow
d(xz,y) =0 even if z # y. A subset S C X is

e (p,e)-separated if p(s,t) > € for s At € S
e (p, €)-spanning if for every x € X Js € S with p(x,s) <e.
Let p,, be the pseudo-metric:
pu(z,y) = max{p(f*z, ffy): 0 <k <n-—1}.
Let
e span(p!, €) be the minimum cardinality of a p,, e-spanning set
e sep(pl, €) be the maximum card. of a (p,, €)-separated set
e cov(p!, €) be the min card of a covering of X by sets of p, diameter < e
Lemma 9.1. cov(n,2¢, f) < span(pl,€) < sep(pl,e) < cov(pl, ).
cov(m +n, e, f) < cov(m, e, f)cov(pl, ).

Proof. cov(n,2¢, f) < span(pl,€): use a minimal card spanning set and compactness.

span(pl,€) < sep(pf, €): take a max card separated set. If its’ not spanning, add another
a point. Contradiction.

sep(pl, €) < cov(p!, €): take a max card separated set A and a cover €. Define a function
P:A— Csothat a € P(a). This is injective.

Let Cy be a (k,¢, f) — cover. Then C,, V f~™C, is a (m + n, €, f)-cover.

13



iop(f, p) = lime o limy, £ log cov(pl, €) is the topological entropy. The limit above really
exists because of subadditivity.

By the previous inequalities, we can replace cov with span or sep in the above.

We say p is dynamically generating if for every = # y there exists n such that p(f"z, f™y) #
0.

Theorem 9.2. If p1, p2 are dynamically generating continuous pseudometrics then by, (f, p1) =
htop(fa /02)

The common number above is called the topological entropy. It is an invariant of
topological conjugacy.

Lemma 9.3. Let p be dynamically generated and continuous. Define d by
d(z,y) =Y _27"p(f"x, fy).
n=0

Then d is a continuous metric and hiop(f, p) = hiop(f, d).

Proof. Let € > 0. Since d > p, any (pp,€)-separated set is also (d,, €)-separated. So
sep(pl, €) < sep(d?, €) which implies hop,(f, p) < hiop(f, d).

Let A C X be (dp,€)-separated. So if a # b € A then d,(a,b) > ¢ which means there is
some m with 0 < m < n with d(f™a, f™b) > € which means

Z 2—kp(fk+mx7 fk-i-my) > €.
k=0

If D is the p-diameter of X then for any K

K

e < Y2 Rp(fr i, fmy) < 27K D 1 3 2k p( e, ),
k=0 k=0

In particular, if we choose K so that 275D < ¢/2 then we have

K
€/2 <> 2 Fp(fFma, fEmy).
k=0

So there exists some number [ with 0 < [ < K + n such that p(flz, fly) > ¢/4. So A is
(pKcin, €/4)-separated. Thus

sep(dl, €) < sep(pl, . €).

Puop(d. ) = li i 1 /nTog sep(d, )
< 11{1(1) lirrln 1/nlog sep(prK, €)
- htop(p7 f)

14



Proof of Theorem 9.2. By previous lemma, we may assume pi,ps are metrics. For € >
0 let 6(e) = sup{p2(x,y) : pi(z,y) < €}. By compactness d(¢) — 0 as ¢ — 0. Note

cov((p2)} 1 1 6(€)) < cov((p1)] i €). This implies hop(f, p2) < huop(f, p1). o

Lemma 9.4. e Topological entropy is monotone under factor maps.

® Nhiop(f X g) = huop(f) + hiop(g) (where f: X - X, g:Y =Y ).

Proof. The first statement is clear. Let dx,dy be metrics on X,Y. Define p on X x Y by
p((x1,11), (2, y2)) = max(dx (x1,z2),dy (y1,y2)). If € is an (f,n,e)-cover of X and D is a
(g,n,€)-cover of Y then € x D is a (f X g,n,e)-cover of X x Y. this implies hy,(f X g) <

htop(f) + htop(g)'
If A C X is (n,€)-separated and B C Y is (n, €)-separated then A x B is (n, €)-separated.

So sep(n, €, f x g) > sep(p!, €)sep(p?, €) which implies hiop(f % g) > huop(f) + hiop(9)- O

9.1 Isometries

have zero entropy because d, = d for all n. In particular, irrational rotations have zero
entropy. More generally, if {f"},>¢ is equicontinuous, then f has zero entropy.

9.2 Topological Markov chains

First example: consider 3, with the pseudometric p(x,y) = 1 if xy # yo and p(z,y) = 0
otherwise. We observe that the max card of an (n, €)-separated subset (if € < 1) is ™. So

hiop(0,) = logr.
The same argument shows:

Lemma 9.5. The topological entropy of a subshift X C ¥, is equal to

1
lim — log #projection of X to the first n coordinates
n

n—o0

Let’s apply this to a topological Markov chain determined by a matrix A. The number
of admissible words of length n + 1 is

E n
AZ]'
1,

In particular, this is at least as large as the trace of A", which we showed grows like A" +
O(u™). So: we have hyy(X4) > log A.
On the other hand, we could write the above as

> A"
g

where e; are the standard basis vectors. We have ||A"e;||; < A" for all ¢, so this proves
htop(XA) = lOg A
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9.3 Toral automorphisms

Let A € SL(2,Z) have eigenvalues A\, \™! with |[A\| > 1. Let T': T> — T? denote the induced
map.

Theorem 9.6. hy,,(T) = log ||

Proof. Let vy, vy be unit eigenvectors for A\, \™!. Given a vector w € R?, write w = w;v; +
wovy and set ||Jw|| = max(|wy], |ws|). This is a norm on R%. In particular, it gives a distance
d on R% Let d,(z,y) = maxocp<n d(A*x, A*y). Then e-balls in d, are Euclidean rhomboids
with side lengths 2X\~"¢ (in the v;-direction) and 2¢. They have area 4CA™"¢? where C' is a
constant depending on the angle of v; with v,.

We push down to obtain a metric, also denoted by d,,, on T?. Using area, we obtain that
cov(T,n,e) > 1/(4CX\""€*) which implies hy,(T) > A. On the other hand, we can built a
covering by e-balls using at most 100/(4CA™"¢?) balls. This shows the opposite inequality.

O

More generally, for A € SL(n,Z) the entropy of T : T" — T" is log |\ - - - Ap| where
Aty .-+ Ay are the eigenvalues of A (with multiplicity) satisfying |A;| > 1. This assume A is
hyperbolic.

10 Equicontinuous and distal flows

Let (X,d) be a compact metric space. A homeomorphism f : X — X is equicontinuous
if the family {f" : n € Z} is equicontinuous. This means that for every ¢ > 0 there exists
a 0 > 0 such that if d(z,y) < d then d(f"x, f"y) < € for every n. We will prove a structure
theorem for equicontinuous homeomorphisms (in the literature, these are often refered to as
equicontiuous flows even though they are homeomorphisms). First,

Lemma 10.1. f : X — X is equicontinuous iff there exists a continuous metric d on X
such that f is an isometry.

Proof. If f is equicontinuous, then let d'(z,y) = sup,,c; d(f"x, f"y). This is a metric and f
acts by isometries. O]

A Kronecker system consists of a compact group G, an element gy € G and the left
multiplication map Ly, : G — G given by L, (g) = gog. We further assume L, is minimal.
This implies G is abelian.

Theorem 10.2. f: X — X is equicontinuous iff it is topologically conjugate to a Kronecker
system.

Proof. It’s easy to see that Kronecker systems are equicontinuous. So suppose f is equicon-
tinuous. By the lemma, we may assume f is an isometry. Consider the group Isom(X) of
isometries of X endowed with the uniform topology (so P, — P iff sup, d(P,z,Pxr) — 0 as
n — 00.)
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We view {f" :n € Z} C Isom(X). Let G denote the closure of {f" :n € Z}. This is a
group. By the Ascoli-Arzela Theorem, it is compact. It is also abelian.

Fix zy € X. Then Gxg is compact and f-invariant. By minimality, Gxg = X. Let K < G
denote the stablizer of xy. This is a closed subgroup. So G/K admits the quotient topology
(same as the Hausdorff topology on closed subsets of G). The map G/K — X, gK — gxg
is a bijection; in fact a homeomorphism that conjugates Ly on G/K to f on X. ]

More generally, if T': X — X is any minimal homeomorphism then there exists a unique
maximal equicontinuous factor f : Y — Y. This is often called the Kronecker factor.

10.1 Distal maps

A homeomorphism f : X — X is distal if for every pair of distinct points = # 1y,
inf, ez d(f"x, f*y) > 0. Clearly, equicontinuity implies distality. But the converse is not
true: consider the torus T? = R?/Z? and the map f(z,y) = (¥ + a,z +y) (mod 1) where «
is irrational. Why is this distal? Suppose p; = (z1,y1),p2 = (22, y9) are distinct points. If
x1 # xo then d(f"py, ["pa) > |x1 — 22| > 0 for all n. If 21 = x5 then d(f"p1, f["p2) > |y1 — yo
for all n. This proves it.

But this map is not equicontinuous. Let € > 0 and 6 > 0. Let p = (0,0) and ¢ = (6,0).
Then d(p,q) = 0 but

d(f"p, "q) = d((na, (n — 1)), (6 + na,nd + (n — 1)a))

this is large if nd is close to 1/2 mod 1 which is certainly possible if § is irrational (or even
if 0 is rational but small).
So distality is more general than equicontinuity.

Definition 4. Suppose f : X — X factorsonto g : Y — Y viaamap 7 : X — Y. Then
f is called an extension of g. It is called an isometric extension if d(fx, fa') = d(x,2") for
every x,x' € X with m(z) = 7(2’). Note that the above example is an isometric extension
of an isometry (consider projecting onto the first factor).

Theorem 10.3 (Furstenberg, 1963). If f : X — X is a minimal distal homeomorphism
then there exists a countable ordinal o and for every ordinal 5 < « a homeomorphism
fs: Xz — X such that:

o fo: Xy — Xy is the trivial map on a one-point space
o fo: Xo—>Xyisf: X=X
o for any B < «, fgy1 s an isometric extension of fa

o if B < « is a limit ordinal then fg : Xg — Xp is the inverse limit of the systems
{f,g : X@ — X9}9<5.

The distal rank of a minimal distal system is the least ordinal o that such that one
can find systems as above. Beleznay and Foreman (1995) showed that for every countable
ordinal o there exists a minimal distal system whose distal rank is exactly a.
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11 Multiple recurrence and Ramsey theory

Theorem 11.1 (Van der Waerden). If N = UK | S; is a disjoint union then one of the S;’s
contains arbitrarily long finite arithmetic progressions.

Theorem 11.2 (Furstenberg’s multiple recurrence theorem). Let T': X — X be a homeo-
morphism of a compact metric space (X,d). Let L € N and € > 0. Then there exists x € X
and k € N such that

d(z,T"z) <e YO<I<L.

Proof of Van der Waerden from Fursterberg. Let w = (wy,ws, . ..) denote the sequence w; =
jifies;.

Let X denote the set of all sequences z € X = K% such that x locally looks like w. To be
precise, this means that for every n € Z, I € N there is some m € N such that z,; = w4
forall0 <¢ <.

Let o : ¥ — X denote the usual shift map. Notice that X is closed and shift-invariant,
so can restrict the shift o to X.

We apply Furstenberg’s multiple recurrence theorem to (X, o) with € < 1. The choice of
e means that d(z,y) < e implies o = yo. So for every L € N there exists x € X and k € N
such that xg = (o"x)y = x4 for every 0 <1 < L. By choice of X, there exists m € N such
that wy, = Wy r for every 0 < [ < L. But this means that m, m+k,m+2k,..., m+ Lk € S;
where w,,, = 1. O

We will prove a result (due to Furstenberg-Weiss, 1978) that is apriori stronger than
Furstenberg’s multiple recurrence theorem. The main point is that we can replace powers of
T with an arbitrary finite collection of commuting abelian groups. We will formalize this in
a way that makes the proof easy.

Let G be an abelian group. An IP-system in G is basically a homomorphism from
@nZ into G. To make this definition easy to use, we say that an IP-system is a collection
of elements {Ts} C G indexed by finite subsets of N such that Ts = Ty, --- T, if S =
{s1,...,8,}. IP stands for “infinite-dimensional parallelopiped”.

Theorem 11.3 (Furstenberg-Weiss, 1978). Let G be an abelian group acting minimally on
a compact space X. Then for every open U C X, finite o C N, IP-systems TW, ..., T®) in
G there exists finite B C N such that oo < 3 and

vnTVun.- VU £ 0.

Proof of Furstenberg’s multiple recurrence theorem from Furstenberg- Weiss. After passing to
a minimal subspace, we may assume 7' : X — X is minimal. Let x € X be arbitrary and U
be the e-neighborhood of .

If S = {s1,...,8,} C Nis finite then let T = Tk ... T*» for 1 < k < L. We now
apply Furstenberg-Weiss to conclude. [
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Proof of Furstenberg-Weiss. Because X is compact there is a finite set G, C G such that
X = UgEG gU

We argue by induction on L. First we handle the base case L =1 and let T = T™. Set
Vo =U. For k > 0, choose g, € G, so that

Vi = Ti;Vieer N geU # 0.

Note
Tk_lvk C Vi1 C g1 U.

By the pigeonhole principle, we can choose p < g with a« < :={p+1,...,¢} and gy € G,
such that V, UV, C goU.

Tﬁ_l(go_lv) =90 Ty T, (Vy) C o'V C U

q

Thus U NT3(U) D gy 'V, is nonempty.

Now we assume the theorem is true for any L IP-systems and prove it for L + 1.
Claim. There exist nonempty open sets V;, C X and an increasing sequence oy, € 2%” such
that

e «ay, > « for all k
o Vo=U, UHN T (V) € Vis
o V. C gpU for some g, € G,.

Proof of claim. Apply the inductive hypothesis to (7F+D)=17M  (TEFD)ZITE) 6 ob-
tain the existence of a; > « satisfying

Un((TENTOyn. . (TENYTITY £ ),

Applying To(fﬂ) we obtain:
TWU N - TEDT £ 9.
(o5} aq

Choose g1 € G, and set
Vi=gUnTHun. - TEDU £ 4.

If V,._1 and aj_; have been constructed apply the inductive hypothesis to V;_1 and

(T(LJrl))flT(l)’ o (T(LJrl))flT(L)
to obtain «y > ayj_; such that

Vet N (TEN)ATOV 0 (TENY IV, £ 0.

As before, apply T C(yfﬂ) to obtain

TOVioi N NTEDVy £ 0.
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Now choose g € G, and set
Vi =g UNT Vi 0 TV £ 0.
This proves the claim. O]

By the pigeonhole principle there is some gy € G, such that V, C goU for infinitely
many k. In particular, there are arbitrarily large p < ¢ such that V, UV, C goU. Set
B=0ap1U---Ua, Forevery 1 <j<L+1,

(T g5 Vy = g M (T ) (T, € gg'V, C UL

Qpt1

So go_ll/;] cun Téj)U. Since this is true for every j, we’ve proven the theorem.

11.1 Further results

Theorem 11.4. Let A C Z¢ be finite and Z* = U ,S; be a partition. Then there exists
ke {l,...,K} such that Sy contains a homothetic copy of A. That is: a + bA C Sy for

some a € Z4,b € N. In fact, there is a k that contains infinitely many homothetic copies of
A.

Theorem 11.5. Let F' denote a finite field and F, = ®nF. Let Fo = I_IJKﬂSj be a partition.
Then there exists a k € {1,..., K} such that Sy contains arbitrarily large (finite) affine
subspaces.

12 Examples of measure-preserving actions and basic
notions

Theorem 12.1. Let T : (X,pu) — (X, u) be a measure-preserving transformation of a
probability space. The following are equivalent:

1. there exists a set A C X with 0 < u(A) <1 such that T"'A= A

2. there exists a nonconstant function f € L'(X, u) such that f(Tx) = f(z) for a.e. x

3. there exist T-invariant Borel probability measures p1y # po and 0 < t < 1 such that
po=tp + (1 —=1)ps.

Proof. (1) implies (2): let f = x4 the characteristic function of A.

(2) implies (3): By decomposing f into positive and negative parts, we see that, wlog,
we may assume f > 0. After replacing f with min(f,C) for some constant C, we see that,
wlog, we may assume f € L. After scaling f we may assume 0 < f < 1. Define puq, ps by

i (B) = Hlel/Bf di, pa(B) = Hl—f\lllfBl—fdu
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for any Borel B C X. These are T-invariant measures because f is T-invariant. Clearly,

| fllipen + 111 = fllipe = pe

This proves (3).

(3) implies (1): Consider p; — po. This is a signed measure. By Hahn decomposition
there exists a partition X = P LN of X such that p; — s is positive on P and negative on
N. Because p; # po we must have 0 < u(P) < 1. Clearly P is a T-invariant. O

Definition 5. Let T : (X, u) — (X, ) be a measure-preserving transformation of a proba-
bility space. T' is ergodic if the conditions in the previous Theorem do not hold. We also
say that p is ergodic. One should probably say T is ergodic wrt p or u is T-ergodic (since
this notion depends on both 7" and u) but it’s fairly common to simply say 7' is ergodic or
w1 is ergodic if the measure or transformation is understood.

Example 1: rotations of the circle. Let R, : R/Z — R/Z denote R,(z) = x + « mod 1.
Let p denote Lebesgue/Haar measure on the circle. This measure is invariant under any
rotation. It is ergodic iff « is rational. One direction is easy, the other is a consequence of
Fourier analysis.

Definition 6. Let T : X — X be pmp. T is mixing if for every measurable A, B C X,
lim u(ANT"B) = u(A)u(B).
n—oo

Equivalently, T" is mixing if

i [ F(T"0)g(e) duta) = [ (@) duta) [ g(e) du(o)

n—oo
for every bounded measurable f,g. Of course, mixing implies ergodicity.

Example 2: Let (K, k) be a standard probability space and consider the product measure
space (K, x)%. The measure xZ is invariant under the shift action o : KZ — KZ given by
o(x); = x;11. This action is mixing. This fact is easily seen to be true for cylinder sets. It
is therefore true for finite unions of cylinder sets. We can approximate any subset by finite
unions of cylinder sets.

Example 3: the times 2 map on the circle is mixing.

Example 4: hyperbolic toral automorphisms are mixing. (via Fourier analysis).

Extra: mixing is also called strong mixing (to distinguish it from weak mixing which
will be discussed later) and 2-mixing. An automorphisms 7" : X — X is k-mixing (where
k > 2 is an integer) if for any collection of measurable sets Ay, ... Ay C X we have

k
lim pw(T™A N---NTT™A) = H 1(A;)

T01,M2,...,Tf —>00 .
=1

where the limit is taken as each n; — oo and |n; —n;| — oo for all i # j. The automorphism
is mixing of all orders if it is k-mixing for every k.
Open problem: does 2-mixing imply mixing of all orders?
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13 Ergodic Theorems

Theorem 13.1 (von Neumann and Birkhoff’s ergodic theorems). Let T : X — X be
measure-preserving and f € LY (X, p). Consider the ergodic averages

[y

n—

fu(w) = f(T'z) € LY(X, p).

S
I
o

7

Then f, — in L' and pointwise a.e. where is the conditional expectation of f on the sigma-
algebra of T-invariant sets. In particular, if T is ergodic then equals the constant [ f du
a.e.

von Neumann proved convergence in L'; Birkhoff proved pointwise convergence.
Lemma 13.2. Let f € L®(X). Then f — f o T satisfying the ergodic theorem.
Lemma 13.3. The set of functions of the form {f — foT : f € L*} is dense in L?.
Lemma 13.4. The mean ergodic theorem.

Let M f(x) = sup,, | f|n(x). This is called the Hardy-Littlewood maximal operator. It is
a nonlinear operator. However:

Theorem 13.5 (Maximal ergodic theorem). For any f € L' and any t > 0,
p{z e X+ Mf(z) >1t}) < C|fl/t

for some absolute constant C' > 0.

(This is basically a covering argument).

We can now prove the pointwise ergodic theorem: observe that the set 8 of all functions
f € L' satisfying the theorem is dense by the previous lemmas. It is also closed by the
maximal ergodic theorem. This does it.

14 Applications of the ergodic theorem

A number z € [0,1) is normal if its decimal expansion x = 0.i1i5 - - - is such that for every
finite sequence (ji,...,Jx) € {0,1,...,9}%,

0< SN Uy = J1 bl = J25 s bmtk—1 = ] —
lim#{ <m<n:i J1 tmg1 = J2 Imtk—1 Jk}:mk_

n—00 n

By the pointwise ergodic theorem (applied to the times 10 map on the circle), Lebesgue-a.e.

 1s normal.
OPEN: is m — 3 normal?
continued fraction expansions....
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15 Invariant measures

If T: X — X is a continuous map of a topological space X then we say that a measure pu
on X is invariant (or T-invariant) if u(T-'A) = u(A) for every Borel set A C X.

Most of ergodic theory is the study of measure-preserving transformations (sometime we
also study measure-class preserving systems that do not preserve the measure). So there are
two paths we could walk down here: we could study measure-preserving transformations of
a measure space that has no topology on it or we could assume we are given a continuous
map 1T : X — X of a topological space and study the invariant measures on X as a way of
understanding the dynamics of 7. We will take the second path now and the first path later
on in these notes.

The first questions we ask are: does an invariant measure exist? if so is it unique? What
does the set of all invariant measures ‘look like’? (in other words, what sort of structure
does it have?)

This last question is the key to answering the other questions. Let us assume that X is
a compact Hausdorff space. Let P(X) denote the set of all Borel probability measures on
X. We can think of P(X) as a subset of C'(X)* which is the Banach dual of the space of
continuous functions on X. As such it inherits the weak® topology. To be concrete, this
means that a sequence p,, in P(X) converges to a measure po, (wrt weak™ topology) iff for
every continuous function f: X — C, [ f du, = [ [ dpso.

The Banach-Alaoglu Theorem states that the unit ball B in C'(X)* is compact with
respect to the weak* topology. The proof goes like this: we embed B into D° (where
D C C is the unit disk, S C C(X) is the unit sphere) by b — (f — b(f)). By Tychonoft’s
Theorem, the latter space is compact (wrt the product topology). We check that this map
is a homeomorphism onto its image which is a closed subspace.

Note that P(X) C C(X)* is closed (this follows from the Riesz-Markov Theorem). So
it’s also weak™ compact. Let P(X,T) C P(X) be the invariant measures.

Theorem 15.1. P(X,T) is nonempty.

Proof. This follows from a more general result called the Markov-Kakutani fixed point the-
orem: if A C V is a compact convex subset of a locally convex topological vector space (in
our case A =P(X)and V = C(X)*) and f : A — Ais an affine homeomorphism, then there
exists a fixed point. (Actually, the Markov-Kakutani theorem is a bit more general; we can
replace f with any family of commuting affine homeomorphisms. The proof is essentially
the same).

Let © € A and define z,, = %Z?:_()l fz. By compactness there exists a subsequence {n;}
such that z., := lim;_, z,,, exists. By continuity,

f(2s) = lim f(x,,) = zlggo Tn, + (1/n)(fMx —x) = 200 + le)lglo(l/nz)(f”x — ).

1—00
If & € V* then ® restricted to A is bounded (since A is compact). So

®(lim (1/n;)(f™x — 2)) = lim ®((1/n;)(f"a — ) = 0.

1—00

23



Since this is true for every ®, we must have lim; o (1/n;)(f™x — x) = 0 which implies z,
is a fixed point. O]

Remark: we have used here the Banach-Alaoglu Theorem which relies on Tychonoft’s
Theorem which uses the Axiom of Choice. So this proof is completely non-constructive. I
don’t think this can be helped.

16 Unique ergodicity

Theorem 16.1. Let X be a compact metrizable space and f : X — X a homeomorphism.
TFAFE

1. there exists a unique f-invariant Borel probability measure on X,

2. for every continuous function P : X — C there is a constant Cp such that for every
reX,

n—1
1 i
Jim 7 290 = Co

3. there is a dense subset D C C(X) such that for every P € D there is a constant Cyp
such that for every x € X,

n—1
1 iy
fim 5> @) = Co.

Proof. (2 implies 1): the main P — C'p is a bounded positive linear functional on the Banach
space C(X). By the Riesz-Markov Theorem, there is a (unique) Borel probability measure
p such that [P du = Cyp for every P € C(X). Clearly p is f-invariant since Cpop = Clp.
Suppose v is some other f-invariant Borel probability measure. By the ergodic theorem,
we must have [P du = [P dv for every continuous P. By the uniqueness part of the
Riesz-Markov Theorem, p = v.

(1 implies 2): Let 0, denote the Dirac probability measure concentrated on z. As in the
proof of the Markov-Kakutani fixed point theorem any weak* limit point u of

1 n—1
- ;aﬂ-x

is f-invariant. Since there is only one f-invariant measure, it must be that %Z;:Ol Ofiy
converges weak™ to p. This implies (2).
(2 is equivalent to 3): by continuity.
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We say f is uniquely ergodic if the above conditions hold. For example: irrational
rotations of the circle are uniquely ergodic. This can be proven using Fourier analysis (and
#3 above). The shift on Y5 is not uniquely ergodic. Hyperbolic toral automorphisms are
also not uniquely ergodic (however, there are very few ergodic measures on the torus). The
horocyclic flow on a hyperbolic surface is uniquely ergodic (by Furstenberg). The geodesic
flow is not.

16.1 Topological models

Definition 7. A (compact) topological model for a pmp system T : (X, u) — (X, p)
consists of a compact Hausdorff space Y, a Borel probability measure v on Y, and a measure-
preserving homeomorphism ® : Y — Y such that f is measurably conjugate to .

Lemma 16.2. Any pmp system on a standard probability space admits a topological model.

Proof. (An easy proof) Wlog we may assume X = [0,1]. Let Y = [0,1]% with the product
topology and shift action. Let S : [0,1] — [0, 1]% be the map S(z), = T"x. Let v = S,p.
(a C* algebra proof) ...
[

Theorem 16.3 (Jewett-Krieger). Any ergodic pmp system admits a uniquely ergodic topo-
logical model.

This result was quite shocking when it was first proven. Many researchers thought the
opposite would be true (consider Bernoulli shifts for example).

17 Pure point spectrum

Let T : (X, ) — (X, u) be measure-preserving. The Koopman operator Ur : L*(X) —
L*(X) is defined by Ur(f) = foT. If T is invertible then Uz is unitary (which means it
preserves the inner product).

A function f € L?(X) is an eigenfunction if Urf = af for some a € C, called the
eigenvalue.

Lemma 17.1. Suppose T is ergodic. If f is a nonconstant eigenfunction of Ur then |a| =1
and |f| is a.e. constant. Moreover the set of all eigenvalues forms a countable subgroup of
the circle and each eigenvalue is simple.

Proof. Note that |f| is also an eigenfunction with eigenvalue |a|. Since Uy is an isometry,
la| = 1. Since T is ergodic, |f]| is a.e. constant. If f, g are eigenfunctions with eigenvalue «
then f/g has eigenvalue 1. By ergodicity, f/g must be constant a.e.

Note is an eigenfunction with eigenvalue & = a~!. If f g are eigenfunctions with

eigenvalues «,  then fg is an eigenfunction with eigenvalue af. n
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Definition 8. We say T has pure point spectrum if there is an ON basis in L?(X)
consisting of eigenfunctions for Ur. For example, irrational rotations of the circle have pure
point spectrum.

For another example: if 7" is mixing then Ur has no eigenfunctions. We will strengthen
this observation later.

Theorem 17.2 (Halmos-von Neumann). If T is ergodic and has pure point spectrum then
there i1s a compact abelian group G an element gy € G such that T is measurably conjugate
to Ly, : G — G wrt Haar measure on G. Moreover any two ergodic pmp transformations
with pure point spectrum are measurably conjugate iff they have the same set of eigenvalues.

Proof. Let K be the subgroup of the circle generated by the eigenvalues of Ur. For each
k€ K, let fi € L*(X) be a corresponding eigenfunction. After scaling if necessary, we may

assume | f| = 1 a.e.
Note that {fx} is an ON basis. To see this, observe that if k£ # [, k,l € K then

{fis 1y = Uz fe, Urfi) = Kl{fx, )

implies f, L f;. So they are orthonormal. They form a basis since eigenvalues are simple
and 7" has pure point spectrum.

For k,l € K, fif; has eigenvalue kl. So wlog we may choose the fi’s so that fifi = fu
and fr-1 = f ! In other words, the map k — f; is a group isomorphism. We can also
assume that the f are defined everywhere and satisfy fpoT = kf;, everywhere (by removing
a set of measure zero if necessary).

For x € X, define P, : K — C by P,(k) = fr(z). Note that P.(kl) = fu(z) =
fr(@)fi(x) = Py(k)P.(l). Thus P, is a homomorphism from K into the unit circle. Let
G = Hom(K, S'). We have shown P, € G and P gives us a map ® : X — G by ®(z) = P,.

Pre(k) = fu(Tz) = kfp(x) = kP (k). So if g9 € G is the element go(k) = k then
QT = Ly, P.

Because K is canonically isomorphic with Hom(G, S1), we can likewise find an ON basis
for L?(G) indexed by K. A routine computation shows that ®* : L*(G) — L*(X) (defined
by ®*(1)) = 1»®) maps this ON basis bijectively to the one for X. This implies ¢ is measure-
preserving and invertible.

]

18 Weak mixing

(borrowed from Petersen’s book)
Definition 9. Let 7' € Aut(X, u). T is
o ergodic if VA, B C X, limnoo & Yony' (TAN B) = u(A)u(B)

e weakly mixing if VA, B C X, limy_ Zﬁ\:ol |W(T7"ANB) — u(A)u(B)| =0
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e strongly mixing if VA, B C X, limy o |(T VAN B) — u(A)u(B)| =0
Theorem 18.1. Let T € Aut(X, u). TFAE

1. T s weakly mizing
- lim, © S o URE 9y — ([ f)ml =0 for every f,g € L*(X)

3. given A, B C X there is a set J C N with upper Banach density equal to 0 such that

NS

lim |p(T"AN B) - p(A)u(B)| = 0.

n—oo,n#J

4. T x T is weakly mizing

5. T x S is ergodic for every ergodic pmp S
6. T'x T s ergodic

7. T has no nonconstant eigenfunctions.

(1 is equivalent to 2): this is just an approximation argument (we can approximate any
function in L? by simple functions)
To prove (1 and 3 are equivalent) we need:

Lemma 18.2 (Koopman-von Neumann). Let f : N — [0,00) be bounded. Thenlim, o = > 0 o f(m) =
0 iff there exists a set E C N of density zero with lim,, e ner f(n) = 0.

Proof. 1f there exists such a set E then it is clear.

So suppose lim,,_o 2 3" f(m) = 0. After scaling f if necessary, we may assume wlog
that f < 1. Let E,, = {k € N: f(k) > 1/m}. Each E,, has density zero. Choose
0 =19 < iy < iy < ... such that

1 n
- > X, (k) < 1/m
k=0

for n > 4,,_1. Define
E=JEnn (im1,im].

Notice f(k) < 1/mif k ¢ E and k € (ip—1,%m]. S0 limy, o0 ngr f(n) = 0.
Note if 4,,_1 < n <14, then

1 n—1
o Z xe(k) <
k=0

i
L

Xg,, (k) < 1/m.
0

S|

B
Il

So E has density zero.



It’s now clear that (1 and 3 are equivalent).

(3 implies 4) is a straightforward computation using the fact that the union of two sets
of density zero is a set with density zero.

(4 implies 5) is straightforward (using the definition of ergodicity above).

(5 impies 6) is immediate.

(6 implies 3) Prove

n—1

lim = ST A1 B) — p(A)u(B)? =0,
"o

The Koopman-von Neumann Lemma now implies (3).

(6 implies 7): If f is an eigenfunction of T then let g(z,y) = f(z)(y) be a function on
X x X. g has eigenvalue 1. Since T x T is ergodic, ¢ is constant a.e. This implies f is
constant a.e.

(7 implies 1): Let f € L3(X), g € L*(X). Let E;, be the corresponding spectral measure.
Let E be the projection valued measure. So Ef,(A) = (E(A)f,g).

Claim: Since 7" has no nonconstant eigenfunctions, £y, has no atoms.

To see this Ay € C and observe that

UTE({AO})f = o })\dE(A)f = )\UE({)\O})f

is an eigenvector with eigenvalue \q. Since there are no nonconstant eigenfunctions and since
f is orthogonal to the constants, E({\o})f = 0. It follows that E;,({\o}) = (E({Xo})f,9) =
0.

Now we compute:

n—1

W 9)P - —Z|/A 4B,V

- _Z </)\ dE; 4 )) </A dEf,gO‘))
_ gZ / [ AT dE 0Ny
_ / / - Z T dE;g(N)dE;4(C)

1_ (A0)"
- // 1- X dE1g(A)dEf4(C).

1=0

We used the claim in the last line. We observe that the integrand is bounded. So we can
apply the bounded convergence theorem to obtain that this integral tends to zero as n — oo.
The result now follows from the Koopman-von Neumann Lemma.
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18.1 Notable results related to weak mixing

Halmos proved that weak mixing is generic in Aut(X, ). By contrast, mixing is meager. So
there exist transformations that are weak mixing but not mixing.

There is a recent paper in the Annals (by Avila and Forni) showing that ‘most’ [ETs are
weakly mixing. It is known that they are not mixing.

A key step in Furstenberg’s proof of Szemeredi’s Theorem is the special case in which T’
is weakly mixing.

19 Spectral theory

Let T : (X, ) — (X, u) be measure-preserving. The Koopman operator Uy : L?(X) —
L*(X) is defined by Ur(f) = foT. If T is invertible then Ur is unitary (which means it
preserves the inner product).

We say two measure-preserving transformations 77,7, are spectrally isomorphic if
there is an isometry @ : L?(X;) — L?(X3) such that ®Up, = Up,®. In other words, if their
Koopman operators are unitarily equivalent.

Intuitively, we think of Hilbert space as a kind of infinite-dimensional Euclidean space.
In finite-dimensional Euclidean space an invertible linear map is characterized up to unitary
equivalence by its eigenvalues. So we might expect something of the sort here. The main
difference is that, well, there might not be any eigenvectors in the usual sense and instead
of a set of numbers we’ll get a measure.

We say operators Uy : Hy — Hy,Us : Hy — Hy (on Hilbert spaces Hy, Hs) are unitarily
equivalent if there is a linear isometry ® : H; — Hs such that ®U; = Uy®.

The spectrum of an operator A : H — H is the set of all A € C such that A — \I is
does not have a bounded inverse. It is denoted by o(A). For example, suppose H has an
ON basis {e; }ieny and A is defined by Ae; = \;e; where \;’s are some complex numbers with
Ai = 0asi— oo. If \; # 0 for all 7 then A has trivial kernel but A does not have a bounded
inverse.

Here’s another example: suppose P € L*(X,u) where (X, u) is a probability space.
Define My : L*(X,u) — L*(X,p) by Ma(f)(z) = P(2)f(z). This is a multiplication
operator. Let’s assume that p has no atoms.

Lemma 19.1. My has a nonzero eigenvector with eigenvalue X if and only if u(P~1(\)) > 0.
However, o(Msy) is the essential range of P. In other words, t € o(Msy) if and only if: for
every € > 0,

p{re X : Px) et —et+¢€}) >0.

An example that will come up later: let P : T — T be the identity map and consider
My : L*(T) — L*(T) (with respect to Lebesgue measure). Then o(My) = T but My has no
eigenvectors.
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19.1 The spectral theorem for normal operators

An operator is normal if it commutes with its adjoint. Let U : H — H be normal.

1. There exists a finite measure space (X, u) and a function P € L*°(X, ) such that U
is unitarily equivalent to Msy.

2. There are Borel measures o1 >> 05 >> --- on C such that U is unitarily equivalent to
the operator S on @;L*(C, 0;) defined by S(f1(21), f2(22),-..) = (z21f(21), 22 (22), - . .)-
The measures o; are uniquely determined up to absolute continuity-equivalence.

3. There is a unique projection-valued measure E on C such that U = [ A dE()). The
support of E is a(U). If F: 0(U) — C is any bounded measurable function then we
can define

FU) = /F(/\) dE(N).
For example,

Ut = /)\’“ dE()).

For any v,w € H, we obtain a complex-valued measure E,,, on C by E,,(A) =
(E(A)v,w). This measure is sometimes denoted as d(E(\)v, w). We observe that

(Urv,w) = /)\k d(E(MN)v,w).

In our case, we apply the spectral theorem to Ur. Because T' is measure-preserving, Ur
is unitary (so U;' = Uj) and therefore normal. This also implies that (7)) is contained in
the unit circle.

19.2 Examples

Consider L*(T,Leb). For n € Z, let f, € L*(T) be the function f,(z) = 2". By Fourier
analysis, the f,’s form an ON-basis for L*(T). Let U : L*(T) — L*(T) be the operator
(Uf)(z) = zf(2). Note Uf,, = fut1. So U is unitarily equivalent to the shift operator on
(*(Z). Note also that the spectrum of U is the circle, the spectral measure is Lebesgue
measure. (This is almost a tautology). It has simple spectrum (this means the multiplicity
function is = 1).

Consider the Bernoulli shift o on ({0,1}, up)%. If S C Z is finite, let fg(x) = [[,cq(—1)".
Then {fs} forms an ON basis of L?({0,1}% u%) showing that this Bernoulli has Lebesgue
spectrum of infinite multiplicity.

Now consider the Bernoulli shift o : (K, k)* — (K, k)%. Let {f;};en be an ON basis for
L*(K,k). If W C Z is finite and ¢ : W — N then define @, € L*((K,r)*) by ®y(x) =
[Luew fow (z(w)).

Observe that the ®,’s form an ON basis for L?((K, k)?) that is permuted by the shift
action. It follows that U, is unitarily equivalent to a subrepresentation of the countable sum
of regular representations. It therefore has Lebesgue spectrum of infinite multiplicity.
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19.3 Notable results/questions on spectral theory

It is, in general, a wide-open problem to classify all all possibly operators of the form Ur up
to unitary equivalence.

Observe that specifying the spectral isomorphism class of Ur is equivalent to specify
o1 up to equivalence (called the maximal spectral type) and the sets A; C o(T') defined by
A ={zeC: ;%’(x) > 0}. Let M(T) = >"72, xa,. This is the spectral multipicity function.
Ur is determined (up to unitary equivalence ) by its spectral type and multiplicity function.

This leads to some natural questions: what is the essential range of M (T) for ergodic T?
It is shown by Kwiatkowski-Lemancyk (1995) and Ageev (2001) that all subsets of NU {oco}
containing {1} occur.

Another question in this area: consider Uy restricted to LZ(X). Assume ergodicity. What
is the essential range of M (7T) now? Ageev showed that {n} is possible (for any n > 1) in
2005.

An open problem, due to Banach, asks whether Uy restricted to LZ(X) can be such that
o1 is equivalent to Lebesgue measure on the circle and M (T) = 1. This might be the oldest
open problem in ergodic theory. (In this case, T' is said to have simple Lebesgue spectrum
in the orthogonal complement of the constants).

20 Ergodic decomposition theorem

Corollary 20.1. LetT : X — X be a continuous map of a compact metric space. A measure
w € P(X,T) is ergodic if and only if it is extreme.

Lemma 20.2. The extreme point of any convex closed subset A of a locally convex topological
vector space V' are a Gg. In particular, it is Borel.

Theorem 20.3 (Ergodic Decomposition Theorem). Let T': X — X be a Borel transforma-
tion of a standard Borel space. Let p be a Borel invariant probability measure. Then there
exists a unique measure w on the Borel space of ergodic T-invariant measures such that

= /V dw(v).

Proof. The Krein-Milman Theorem states that every closed convex set is the convex hull of
its extreme points. This proves existence.
I'll use Sarig’s notes (pages 42-43) to finish the proof. O

One consequence of this theorem: suppose T : X — X is a homeomorphism of a compact
metric space. Let Pr(X) be the space of T-invariant Borel probability measures. Then
Pr(X) is a simplex: it is a closed convex subspace of a locally convex topological vector
space with the property that for every p € Pr(X) there exists a unique measure k on the
set of extreme points of Pr(X) such that u = [ v dk(v).

A curious example: a simplex is Poulsen if its extreme points are dense. It turns out
that there is only one (separable) Poulsen simplex up to affine homeomorphism. Moreover,
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its extreme points are homeomorphic to £2. Consider the set P,({0,1}%) of shift-invariant
Borel probability measures on {0, 1}%. Show that this is a Poulsen simplex. Hint: show that
in fact the shift-invariant measures that are supported on single finite orbits of the shift are
already dense.

21 Entropy theory (rough)

outline:

information theory, Kolmogorov-Sinai Theorem, examples: Bernoulli shifts, Markov chains,
rotations, more?

Shannon-McMillan Theorem,

basic properties: factors, direct products, erg. decomposition,

Variational principle

when is there a unique measure of maximal entropy?

a touch of Ornstein theory

22 Entropy Theory

Suppose (X, i) is a standard probability space and x € X is chosen at random. Let £ C X.
If we are told that x € E then intuitively we have gained a certain amount of information.
Let us try to make this intuitive concept precise.

Let I(F) be the amount of information we gain by being told that = € E. Suppose that
E,F C X are independent events. This means that u(E N F) = p(E)u(F). For example, if
X =[0,1]* and F is determined by the first coordinate while F is determined by the second
coordinate. In this case, intuitively, we should have I(E N F) = I[(E) + I(F).

Now I(FE) should depend only on p(E). So we can consider it to be a function from
the interval [0,1] to [0,+o0c]. The condition above implies that I(ts) = I(t) 4+ I(s) for
any t,s € [0,1]. We should also have I(1) = 0. So [ should be the logarithmic function
I(t) = —log,(t) for some base b > 1. Information theorists take b = 2 and mathematicians
tend to use b = e. In practice, it matters very little since it is easy to convert one to the
other.

Let P be a partition of X into finitely many or countably many measurable subsets. For
x € X, let P(x) € P be the partition element containing x. So P(x) C X. Let Iy : X - R
be the information function defined by Ip(z) = —log u(P(z)) is the amount of information
gained by learning which part of P contains z.

The Shannon entropy of P is the average

H(9) = [ Iola) du(e) = = 3 p(P)log(P).
Pe?
...discussion about (plex 77777 pkN) ~ eNHPpL-pk)

The join of two partitions...
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Let T € Aut(X, u).
The entropy rate of P is defined by

1 (Y, .
W(T,P) = hy(T,P) = lim —H (\/T ?)

The Kolmogorov-Sinai entropy of the action T (X, B, ) is h(T') = h,(T') := sup h(T, P)
where the supremum is over all finite partitions P. It is obviously an invariant of measure-
conjugacy. This fact by itself is not particularly enlightening; we need tools to compute the
entropy. The first such tool is presented is Kolmogorov-Sinai’s Theorem 24.1 below. To
prove it, we need to know about relative entropy.

23 Relative entropy

Let & be a Borel sigma-algebra. An important case to keep in mind is when JF is generated by
a finite partition (in which case JF is finite). Ip(x|F) will be the amount of information that
we gain by learning which part of P contains x given that we already know which subsets of
F contain x. More formally,

where Xp(y) is the characteristic function of z and E[xp)|J] is its conditional expectation
on F. In particular, if F is generated by a finite or countable partition Q then

() N9()
Polel) ==le == o))

In this case we also write Ip(z|F) = Ip(x]|Q). In general, we will not distinguish between
partitions and the sigma-algebras they generate when it is not particularly important to do
SO.

The Shannon entropy of P relative to F is H(P|F) = [ Iy(x]|F) du(x). In the special case
F=0(9),

HEO) = - S uwrnQ) log( <P<8)Q))

Pe? QeQ

— H(PVQ) - H(Q).

We will first obtain a few basic formulas concerning limits and joins of partitions. We
will need:

Theorem 23.1 (Martingale Convergence Theorem). Suppose (2, B, u) is a standard prob-
ability space (where B is the sigma-algebra of measurable sets). Let F3 C Fo C ---B be an
increasing sequence of sigma-sub-algebras. Suppose we have random variables X; : Q@ — C
such that X; is F;-measurable and E[X,1|F,] > X, a.e.. (In this case {X,} is called a
submartingale). If sup, E[|X,|] < oo then X,, converges pointwise a.e. and in L* asn — oo.
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(The martingale convergence theorem is proven in pages 103-107 of Petersen).
(I used Glasner’s book to make the notes below)

Lemma 23.2 (Chung). If {F;}5°, is an increasing sequence of sigma-algebras contained in
B, P is a partition of X with finite Shannon entropy and f(x) = sup,, Ip(z|F,) then f is an
L'-function.

Proof. Fix t > 0 and set
B={zeX: f(x)>t}.

Note that f(z) >t if and only if E[lp,)|F,](z) < e~* for some n. Fix P € P. Define
B, ={z € X : E[lpw)|Frl(z) > e V1 <k <n, but E[lp)|F,](z) <e '}

So BN P is the disjoint union of B, N P over alln =1,2,....
Since B,, € &,

W(BP) = [ dpdp= [ ElalF)(@) du(o) < e ulBy)

Summing over all n we obtain u(B N P) <e™'. So

Now:

/ ) dy = / /0 " dtdu(o)

< [ ulteex: s >0 d
0
< [ S min(u(p)e ) d
0 pep
= Z/ min(u(P),e”") dt
pep 0
~log u(P) o0
= ) / w(P) dt + / et dt
Pc?P 0 — log(u(P))
= H,(P)+1

[]

Given two sigma-algebras 37,35 we let 1 V F5 denote the smallest sigma-algebra con-
taining both.
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Lemma 23.3. If {F;}2, is an increasing sequence of sigma-algebras contained in B and
= V2, Fi then I5(+|F,) converges pointwise a.e. to Ip(-|Fs) as n — 0o. Thus

lim H(P|F,) = H(P|Fo).

n—o0

Proof. Let Y C X be measurable. Notice that E[E[1ly|F,1]|F,] = E[1y|F,] a.e. for every n.
This means that {E[1y|F,]}>2, is a martingale with respect to {F,}22,. By the Martingale
Convergence Theorem, E[1y|F,,| converges pointwise a.e. to E[ly|F] asn — 0o. So Ip(-|F,)
converges pointwise a.e. to Ip(:|F) as n — oc.
By the previous lemma, Ip(-|F,) is dominated by an L'-function. So the Dominated
Convergence Theorem implies lim,, o, H(P|F,) = H(P|F).
0

Lemma 23.4. For any P,Q,F
1. 0< H(P|F) < H(P),
2. HPVvQ) < H(P)+ H(Q).

Proof. Using the previous lemma, we can reduce to the case in which F is generated by a
finite partition Q.

Define ) : [0,1] — R by n(z) = —xlog(x). Then 7 is concave. In particular, if ¢;, p; € [0, 1]
(for i =1..n) and Y p; = 1 then n(> ., pit;) > >, pin(t;). Because n is concave,

H(PQ) — / Ip(2]Q) du(z)
ppernon(45

PeP QeQ

_ HEOQ) , (1P0O
=~ u@ lg( 1(Q) )

Pe? QeQ

- Iy (i—&@)

PeP QeQ

zn(zu o)

PeP  \QeQ

> 0 (u(P)) = H(P).

pPe?

IN

IN

Next,
H(PVvQ) =HQ) +H(PQ <H(Q) + H(P).

FEzercise 10. Prove the relative formulas:
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1. HPIQVvF)=H(PVvQTF)—- H(QF).
2. 0 < H(P|F, v F,y) < H(P|F2),
3. HPVQ|F) < H(P|F) + H(Q|TF).
Ezercise 11. How do we know the limit in the definition of h(7T, P) exists?
1. Let P = \/"_ ' T=*P. Show that H(P"+™) < H(PM) + H(PM).

2. A sequence {h,}°, is sub-additive if hyyp, < h, + hy, for all n,m > 0. Show that if
{h,}2; is sub-additive then lim, . %” exists.

3. Conclude that h(7T,P) is well-defined.

24 Kolmogorov’s Theorem

Definition 10. We say a sub-sigma-algebra J is T-invariant if T-'A € F for every A € F.
If T is invertible then we require also require TA € F for every A € F.

Definition 11. Let o(7, P) be the smallest T-invariant sigma-algebra containing P. We say
P is generating for T € Aut(X, ) if o(T, P) is the sigma-algebra of all measurable sets (up
to sets of measure zero).

Examples: Bernoulli shifts.

What this has to do with factor maps.

Given a partition P we obtain a factor onto a symbolic system via 7 : X — PZ where
n(z); = P if T'z € P. Then P is generating for T iff 7 is a measure-conjugacy.

Theorem 24.1 (Kolmogorov-Sinai Theorem (1959)). Suppose P, Q are two partitions and
o(T,P) C o(T,9Q). Then h(T,P) < h(T,Q). In particular, if Q is generating then h(Q) =
h(T).

For n < mlet P" = \/* T7'P. We allow m = oo, in which case we interpret P to be
a sigma-algebra.

Theorem 24.2. Let T € Aut(X, p) and P be a partition with finite Shannon entropy. Then
nT,P) = H(P|IPYT).
Proof.
H(Pg) = H(Po|PY) + H(PY).

Because j is T-invariant, H(T~'R) = H(R) for any partition R. So H(P?) = H(P;™'). An
inductive argument now implies

HPY) = H®) + Y HEP),

k=1

The statement now follows from Lemma 23.3. ]
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Corollary 24.3. For any n > 0, h(T,P) = h(T,P}).

Proof.
WT,P5) = H(PGI(Po)T) = H(PG|PY) = H(P|PYT) = h(T,P).
O
Lemma 24.4. h(T,P) < h(T,Q) + H(P|Q).
Proof.
H(PG) < H(P5v )

= H(%) + H(75|%)

< H(Q) + Z H(T7'P|Qp)

< H(Qp) + Z H(T7'P|T~Q)

= H(Q)+ (;L +1)H(P|Q).
Divide both sides by n 4+ 1 and take the limit as n — oo to finish. O]

Proof of Theorem 24.1. By lemma 24.4 and then lemma 24.3

MT,P) < h(T,Qp) + H(P|Q)
h(T,Q) + H(P|9QF).
The last term tends H(P|Q5°) by Lemma 23.3. The same inequality holds if we replace P

with T7"P. So
WT,P) = (T, T"P) < h(T,Q) + H(T "P|Q).

The last term tends to zero as n — 0o as long as Q is generating. This implies the theorem.
O

Let (K, k) be a probability space. If x is supported on a countable set K’ C K then

define
H(K k) ==Y r(k)logr(k).
keK'
Otherwise, let H (K, k) = +00.

Theorem 24.5 (Kolmogorov, 1958). The Bernoulli shift Z~° (K, k)% with base space (K, k)
has entropy h(c) = H(K, k).

37



Proof. Let P be the time 0 partition: P = {P: k€ K}, P, = {x € K?: z(0) = k}. This
is generating. Therefore, h(c) = h(o,P). An exercise verifies:

H (P3) = (n+ DH(K, r)
for every n. Divide by n + 1 and take the limit as n — oo to obtain the result. O]

It follows that if two Bernoulli shifts Z~ (K, x)? and Z~(L,\)% are isomorphic then
H(K,k) = H(L,\). It amajor result due to Ornstein (1970) that the converse to the above
theorem is true: if (K, k), (L, \) are two probability spaces with H(K,x) = H(L,\) then
the Bernoulli shifts Z~ (K, k)% and Z~(L, \)? are isomorphic.

24.1 Markov Chains

Let A be a finite set and p: A x A — [0, 1] a transition kernel (so >, p(a,b) =1 for any a).
Let 7 : A — [0,1] be a stationary vector for p. So ), 7(a)p(a,b) = m(b) for every b € A.
The Markov Chain associated to p and 7 is dynamical system Z~°(AZ 1) where p is the

shift-invariant probability measure defined by: for any ag, ai, as, ..., a, € A,
n—1

p({z € A% (i) = a; for i =0,...,n}) = 7(ao) Hp(aiaai+1)‘
i=0

Let P : AZ — A be the time 0 map: P(x) = x(0). This is a generating observable. So

h,(c) = h(o,P)=H <?| <7:POO'_i> :

However, because this is a Markov Chain,

H <T| \/TPOUZ) = H(’P]Toail).
i=1

Indeed, this is implied by the following fact: if F is the sigma-algebra generated by \/;=, Poo™
then Ip(-|F) = Ip(-|P o oc~1). In other words, the amount of information you gain from P,
given that you know \/;~, P oo~ is the same as the amount of information you gain from P
given that you know P oo~

Now,

%

HEPool) = -3 M(U’_l(b))log(
p



The point: it is very easy to compute the entropy of a Markov Chain from its stationary
vector and transition matrix. This has a more general utility: sometimes it is possible to
compare a given dynamical system with a Markov chain and use that to estimate its entropy.

25 The Shannon-McMillan-Breiman Theorem

(much borrowed from Petersen’s book)

Theorem 25.1 (SMB Theorem). Let T € Aut(X, p1) be ergodic and P a countable measurable
partition of X with H,(P) < co. Let Py = \/;_,T~"P. Then for a.e. v € X, the atom of Pj
containing x has measure 2~ MTPnto(n) T ¢

1
n+1

Iny () — h(T,P)

pointwise a.e. as n — 0.
Forn > 1, let f,(z) = Ip(«[P}), f*(x) = sup, fu(x).

Lemma 25.2 (Maximal inequality). For each A >0 and P € P,
p{rx € P: frz > \}) <27
Proof. Let fF(x) = —logE[1p|P}](z) and
B ={reP: fl'(x) <AVi<mnand fI(z) > \}.

This set is P}-measurable. So

WPNBL) = / 1p dy = / E[1p[P7](x) dy
BF BF
= / 2710 @) gy < 27 u(BD).
BF
So

p{xe P: ffa>A}) = i,u(B,f nP)> i?"\p(Bf) > 27,
k=1 k=1

Lemma 25.3. f* ¢ L'
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Proof.

Pe?
< Y [ min{27, u(P)} dx

pep?0

—log pu(P) s

= Z/ (P) d>\+/ 27 d\

pep’0 —log pu(P)
= H,(P)+ Z,u(P)/logQ < 00.

Pe?

Proof of the SMB Theorem. Observe that for any partitions Q, R,
Toyz(z) = lo(x) + Ix(2]Q)
Ir-1g(z) = Io(Tz).
Therefore,
Ipg(z) = Ipp(x) + Ip(@[P7) = Lppr(Tx) + fu(2).
By an inductive argument,

Ipp(2) = Y foi(Th2)

where fo(x) = Ir-19(2).
Let f(x) = Ip(x|P5°). By the previous lemma and the Martingale Convergence Theorem,
fn — f pointwise a.e. and in L.

So
! 1 = 1 - Tk
nr1n@ = n+1k2;f"’f( x)

By the ergodic theorem,

n

1 oy
ST > [ 1) an = 1) = 00
So it suffice to show .
1 k k
7 Ll (T) = ()] o
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Let
Fy =sup|fi — f|.
k>N

Then
R i .
— ;_; | fur(Th2) — f(TF2)|
e niv|f (T*2) - f(T*2)] + —— zn: | fui(TF2) — f(T"2)]
B n+1 &~ n-k Nl 4 n—k
- =n—N+1
1 X . 1 " . .
< gD BT Y [ fak(T) = f(T)),
k=0 k=n—N+1

Fix N and let n — oco. Because |f,,_(T*x) — f(T*z)| < f*(T*z) + f(T*z) € L' the second
term tends to zero. Also 0 < Fy < f*+ f. So we apply the ergodic theorem to show that
the first term tends to

/FN du

The dominated convergence theorem and the fact that Fy — 0 pointwise a.e. imply that

this tends to zero as N — oo.
O

26 The variational principle

This follows Misiurewicz’s proof and is based on the exposition in Brin-Stuck.

Theorem 26.1. Let (X, d) be a compact metric space and f : X — X a homeomorphism.
Then

hiop(f) = Sup hyu(f)
where the supremum is over all f-invariant Borel probability measures p on X.
We'll need:
Lemma 26.2. For any n, h,(f") = [n|h,(f) and hip(f") = [n]hop(f)-

Proof. We'll just prove the first statement for n > 0; the rest is similar. Let P be a partition.
Then

h(f", P07 = ]}ggok—HHu(fPok):nhu(f,T)'

The result follows by taking the sup over all P. O]

First we obtain the lower bound:
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Lemma 26.3. With f, X, d as in the theorem, if p is any f-invariant probability measure
on X then hyop(f) > h,(f).

Proof. Let P be a finite partition. For each P € P, let Kp C P be a compact set; chosen so
that if Q is the smallest partition of X containing Kp for all P then H,(P|Q) < 1. So

h(f,P) < h(f,Q) + H(PIQ) < h(f,Q) + 1.

Let O be the open covering O = {X — Kp : P € P}. Note |Qp ! < 2707~ (since each set
of O intersects at most 2 sets in Q). Therefore,

H,(957") <log|Qg™"| < nlog(2) + log |0F 7.

Let dy be a Lebesgue number for O (wrt d). Then dy is also a Lebesgue number for Of ! wrt
dr.

O has no proper subcoverings and neither does Of~'. So for every C € O3, we let
rc € C be an element not contained in any other set of Of~!. Then S, = {z¢} is (dZ, do)-
separated. So sep(n, o, f) > |05 | and

1 1
h(f,d0) = limsup — log(sep(n,do,f)) > limsup —H,(Q5™") — log(2)
n—oo N n—soo I
> hQ, f) —log(2) = h(P, f) —log(2) — 1.
Now replace f with f™ using the previous lemma to conclude this lemma. O]

Next we obtain the upper bound.
Given a subset Y C X, let Y = Y N X —Y. It will be useful to have the following
elementary facts:

Lemma 26.4 (Concavity of Shannon entropy). For any probability measures p,v and par-
tition P with finite Shannon entropy and 0 <t <1,

Hipe1u(P) 2 LHL(P) + (1 — )H, (P).
Lemma 26.5. Assume X is infinite and p is a Borel probability measure on X .
1. For any 6 >0 and x € X, 30" € (0,6) such that u(0B(z,d")) = 0.

2. For any § > 0 there is a finite measurable partition of X such that its parts all have
p-measure zero boundary and diameter bounded by ¢.

3. If u, converges to p in the weak* topology, and p(0Y) = 0 then lim,, p,(Y) = u(Y).
Proof of Theorem 26.1. It suffices to obtain the upper bound. Let
e >0,

e S, C X be an (d’, €)-separated subset,
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vn € P(X) be uniformly distributed on S,,,
HUn = %ZZ;& fiyna

i be any weak* accumulation point of {u,},

P be a partition such that its parts all have p-measure zero boundary and diameter
bounded by e.

e Fix0<k<g<n,leta,=[(n—k)/q],
o J=[kyarg—1NZ, J =[0,n—1NZ—J.

If C € Py~', then C contains at most one element of S,. So v,(C) € {0,1/]S,|}. So
H, (Py~') =log|S,|. Thus

]'Og ’Sn| - HVn (:Pg_l) S HVﬂ(fPJ> + HVn (TJ/)

(f~CePPETY) + 2 H (P)

I
(]
&

IN

> Hpwrr, (PE) 4 2¢H(P).
r=0
So

— ap—1

(g/n)log|S,| < Z ZHWH(W Y+ 242H(P)/n

k=0

< Hun(?g 1)+2612H(9’)/n

3Il—‘

where concavity was used in the last step. By the Portmanteau Theorem, Hun(Tg_l)
H,(P&Y). Thus

lim sup — 10g|S | < (1/q)H,(PEH).

n—00

Now we let ¢ — oo to obtain

1

fimsup Lo |5, < (/. P) < by (/).
n—oo

Since S, is arbitrary, we have h(f,€) < h,(f) which implies the result (since € is arbitrary).

O]

There does not always exist a measure of maximal entropy. However, one does exist if
the action is expansive: this means there exists d > 0 such that if x,y € X are distinct then
there is an n such that d(f"z, f"y) > 4. You can prove that expansitivity does not depend
on the choice of metric. There are weaker forms of expansitivity (called h-expansive and
asymptotic h-expansive) which imply that entropy is an upper semi-continuous function on
the space of invariant measures and therefore, there exists a measure of a maximal entropy.
On the other hand, there are example of homeomorphisms for which no measure of maximal
entropy exists
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27 Ornstein theory

There are a number of results that today fall under the heading of “Ornstein theory”. These
include

Sinai’s Theorem (1965): if T € Aut(X, u) is ergodic then T' factors onto every Bernoulli
shift with entropy < h(7T)

Ornstein’s Theorem (1970): two Bernoulli shifts are isomorphic iff they have the same
entropy. Moreover,

Krieger’s Theorem (7): If T €€ Aut(X, p) is ergodic and log(n) > h(T") then there exists
a partition P of X with |P| < n that is generating with respect to 7.

Ornstein (7): There exists a measure-preserving action of R such that for every ¢ > 0,
the induced action of ¢Z is Bernoulli. This is called the Bernoulli flow. It is unique up to
measure-conjugacy and time-change.

Moreover: the following automorphisms and flows are measurably conjugate to Bernoulli:
factors of Bernoulli shifts, mixing Markov chains, the geodesic flow on a closed hyperbolic
manifold, hyperbolic toral automorphisms.

Given all of these examples, you might ask: which automorphisms are not measurably
conjugate to Bernoulli? Of course, zero entropy automorphisms are not. Also automorphisms
which admit nontrivial zero entropy factors are not. Any automorphism that does not have
a nontrivial zero entropy factor is called CPE (completely positive entropy). Ornstein also
proved that non-Bernoulli CPE automorphisms exist; but it is still nontrivial to construct
them.

In what follows, I will outline the proof of Sinai’s Theorem and Ornstein’s Theorem.
I’ll restrict attention to symbolic processes. To be precise, a symbolic process consists of
a sequence {X;}icz of random variables such that each X; takes values in a finite set A.
Moreover we require that the process is stationary which means that the law of {X,}icz is
the same as the law of {X;,, }iez for any n € Z. Equivalently, a symbolic process consists
of a shift-invariant probability measure p on A% (and {X;};cz is random with law ).

27.1 Joinings... (rough draft)

Now suppose 7" € Aut(X, ) and S € Aut(Y,v). A joining of 7" and S is a T x S-invariant
measure A on X X Y whose marginals are p and v respectively. Let J(u,v) be the set of
all joinings of p and v. If we assume that X and Y are endowed with a compact Hausdorff
topologies, then we can put the weak™ topology on J(u,v). It can be shown that this
topology is actually independent of the choice of topologies on X and Y. So J(u,v) is a
compact convex space. Assuming 7" and S are ergodic, J(u,v) is a simplex (by the ergodic
decomposition theorem).

Let J9(u, v) be the subspace of ergodic joinings. This is a G-subset of J(u,v).

Examples: p X v is the product joining. If there is a factor map ¢ : X — Y (such that
¢T = S¢) and ®(z) = (z,¢(x)) € X x Y then ®,p is a factor joining.

Theorem 27.1. Suppose T is ergodic, S is Bernoulli and h(T) > h(S). Then the set of all
factor joinings in J9(u,v) is a dense Ggs. In particular, there ezists one.
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[I'm not sure who to attribute this theorem to. It is certainly based on Ornstein theory but
it is not how Ornstein originally proved his results. This statement can be found in Glasner’s
book, Rudolph’s book or Downarowicz’ book where it is referred to as the ‘Residual Sinai
Theorem’].

This statement clearly implies both Sinai’s and Ornstein’s Theorem.

27.2 Rohklin’s Lemma
Here we’ll just concentrate on Sinai’s Theorem. We’ll need the following fundamental result:

Lemma 27.2 (Rohklin’s Lemma). Let T' € Aut(X,u) be ergodic and assume p is purely
nonatomic. Then for every e > 0 and n € N there exists a subset F' C X such that
F,TF,...,T"F are pairwise disjoint and p(U T°F) > 1 —e.

Remark 1. This lemma is also true if 7" is non-ergodic. However, in that case we must
assume that T is aperiodic. This means, for a.e. x € X for every n > 0, T"x # .

Remark 2. This simple lemma is a key element of many results in ergodic theory aside from
Ornstein theory. For example, it plays a major role in Halmos’ proof that weakly mixing
transformations form a dense G5 subset of Aut(X, p) and the Jewett-Krieger theorem on the
existence of uniquely ergodic models.

Proof. Let Ay C X be any set with 0 < p(Ay) < €/n. By ergodicity, u(U,T%Aq) = 1.
Define A, for k > 1 by A
Ay = TF Ay — U T Ay,

Note Ay, Ay, ... are pairwise disjoint and T*A, C UfZOAZ—. Now let ' = Ug>1Agy,. It is easy
to check that F satisfies the lemma. O

Lemma 27.3 (Slightly enhanced Rohklin Lemma). Same hypotheses. In addition suppose
we are given a set Ag C X with u(Ay) < €/n then we can choose F satisfying the conclusion
of Rohlin’s Lemma with F N Ay = (.

27.3 Sinai’s Theorem

(This loosely follows Tim Austin’s notes which are roughly prepared from Smorodinsky’s
lecture notes).

We assume T € Aut(X, p) is ergodic and p = (p1,...,pr) is a probability vector with
h(T) = H(p). We will prove there exists a factor map ®,, : X — [k|Z where [k] = {1,...,k}
such that ®.., = p%. Note that any such factor map is determined by its time 0 component.
So we are most interested in ‘constructing’ ¢, : X — [k] (such that P (x)g = Poo(x) is the
required factor).

Note that any map ¢ : X — [k] determines a partition on X. So h(T,¢) and H(¢p) are
well-defined.

We will construct ¢, as a limit of maps ¢, : X — [k]. More precisely: it suffices to
construct maps ¢,, : X — [k] satisfying
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1. (entropy convergence) lim, o h(T, ¢,,) = h(T).
2. (convergence of the marginal distribution, or weak® convergence) lim,, o Gn.ft = P.
3. (convergence of factors) > 7 u({z € X : ¢n(x)o # Pny1(x)o}) < 0.

[ By the way, if P, Q are partitions with finite Shannon entropy, then H,(PV Q) = H,(P) +
H,(9Q) if and only if P and Q are independent (by strict concavity of t — —tlog(t)). Otherwise
we have <. So the above conditions really do imply that the limit ¢, is independent of
¢oo © T... and therefore the factor measure ® .., p is Bernoulli]

So it suffices to prove the following key lemma:

Proposition 27.4 (Partition upgrade procedure). Given any e; > 0 there exists § > 0 such
that the following holds. If ¢1 : X — [k] satisfies

1. (law of ¢1 close enough to p)
o ¢t —pll < dy

2. (o1 is entropically efficient enough)

hu(T, 1) > Hu(p1) — 61

then for any 0 < dy < 0y there exists ¢o : X — [k]| such that

1. (law of ¢y is very close enough to p)
o dyt — bl < 0

2. (o9 is very entropically efficient)

h(T, ¢2) > H,(pa) — do

3. (¢2 is close to ¢1):
p{z € Xo da(x) # d1(2)}) <er.

Clearly this proposition implies the existence of {¢,} satisfying the previous argument
and therefore implies Sinai’s Theorem.

Note that if ¢ > 1 then the third conclusion is vacuous and most of the hypotheses
become irrelevant. However, the statement is still nontrivial. We will prove this weaker
statement first and then show how to modify the argument to obtain the proposition.

There are essentially no canonical choices in the proof. So it’s a bit messy.

To be clear: let 5 > 0 be arbitrary. Our immediate goal is to prove the existence of ¢
satisfying conclusions (1) and (2) above.
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27.3.1 0

We can assume (after replacing k with k& + 1 if necessary) wlog that p is not the uniform
distribution.
Let K € N and choose 6 : X — [K] so that h,(T,0) > h,(T) — §2/100.

27.3.2 €9

If Q, P are partitions, we write Q <, P if for every () € Q there exist sets Py, ..., P, € P such
that
QA ULP) <e

Exercise 12. For any € > 0 and partition Q there exists > 0 such that if P is a partition
with Q <; P then h(T,P) > h(T,Q) —e.

Hint: in the proof of the Kolmogorov-Sinai Theorem we showed that h(T,P) > h(T, Q) —
H(P|9).

Now choose €5 > 0 small enough so that if P is any partition with 8 <., P then
hT,P) > h(T,0) — 05/100 > h(T') — d2/50.

We can also require that e; < d5/100.

27.3.3 «a and q
Choose a probability vector q on [k] with H(q) > H(p) and ||q — p|| < d2/100. This is
possible because p is not uniform. Let 0 < a < H(q) — H(p).
2734 n
Lemma 27.5. There exists N such that if n > N then
p({r € X+ p(05~" (2)) > exp(—nH(p) — na/3)}) > 1 — €/200

and

d“({z € K oy, < exp(—nH(q) +na/3)}) > 1 — /400

and
{z e K% |lg— 72" (@)] < 62/100}) > 1 — €5/400

where i~ (x) is the probability vector on [k] given by

1
@)= {0 j<n—1: ay =i},

Proof. This follows from the SMB Theorem and the law of large numbers. It uses that
WT.,0) < H(p). a

From now on, fix n > N as above.
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27.3.5

Let G; C 637" be those cells with measure > exp(—nH(p) — na/3).

Let Go C [k]™ be those words with q"-measure < exp(—nH(q) + na/3) whose empirical
distribution is d5/100 close to q. By the previous lemma, p(UG;) > 1 —€3/200 and q*(G2) >
1 — €3/200.

Note that

[S1] < exp(nH(p) +na/3) < exp(nH(q) —na/3) < [G.

So there is an injective map v, : §; — Go.

27.3.6 I

By the Rohlin Lemma, there exists a subset F' C X such that F,TF,...,T" ' F are pairwise
disjoint and .
(UM T'F) > 1 — 6,/100.

For the moment, suppose that F' C UG;. Then define ¢ : X — [k + 1] by
e if ¥ € F then define (¢o(z), po(Tx), ..., do(T" 7)) = (65 ).

e the above statement actually defines ¢y(z) whenever x € U T*(F). This is well-
defined because F,TF,...,T" 'F are pairwise disjoint.

o ¢o(x) = k + 1 otherwise.

Observe that

55/100

T 6,/100 =%

|2t — P|| < || P26t — @l + |la — p]| < d2/100 +

Also note that (¢y)f~' >., 0 (because 7o is injective). So the choice of e, implies
(T, p2) > h(T,0) — 62/100 > h(T) — do. Of course, the fact that we have expanded [k]
to [k + 1] plays no essential role we could have defined ¢o(x) arbitrarily in the third bullet
above; but it helps to understand why (¢o)a~* >, 6.

What do we do if F'is not contained in UG;? Let B = X — US;. There must exist some
7 with 0 < j < n — 1 such that

w(T?F N B) < u(B)/n < e/200n.
Now define ¢ : X — [k + 1] by
o if z € TIF then define (¢a(z), po(Tx), ..., do(T" ') = (05 '2).
e the above statement actually defines ¢y(x) whenever z € U T+ (F). This makes

sense because TVFNTFF =0 if j <k <j+n—1.
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o ¢o(x) = k + 1 otherwise.

Observe that

55/100

O e, /200 < B,
= 6,/100 T/ 2

”¢2*N - pH < ||¢2*M - qH + Hq - p“ < 62/100 +

Also note that (¢o)i~' >, @ (because v, is injective). So the choice of e, implies
h(T, 63) > h(T,8) — 65/100 > h(T) — 6.

27.4 The partition upgrade procedure

Here we prove the partition upgrade proposition. The proof essentially follows the previous
with a few changes.

27.4.1 &

We can assume (after replacing k& with & + 1 if necessary) wlog that p is not the uniform
distribution.

Definition 12. Let 7' € Aut(X,pu) and S € Aut(Y,v). A joining of 7" and S is a T' x S-
invariant Borel probability measure n on X x Y with marginals p and v.

Definition 13. Let y, v be shift-invariant Borel probabiliity measures on [k]* (for some k).
The d-distance between p and v is

d(p,v) == infn{(z,y) : @0 # yo}
where the inf is over all joinings 1 of p and v.

Definition 14. A shift-invariant measure u on [k]Z is finitely determined if: for every
€ > 0 there exists § > 0 such that if v is any shift-invariant measure on [k]|% satisfying

o |h,(0)—h,(o)] <6

e the 1-dimensional marginals of u and v are d-close
then d(u,v) < e.

One of the key ingredients in Ornstein theory is:

Lemma 27.6. Product measures u = ub are finitely determined.

In fact as a consequence of Ornstein theory one can show that p is finitely determined
iff the automorphism o € Aut([k]%, u) is isomorphic to a Bernoulli shift. We will not prove
this.
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Proof sketch. Let

where the inf is over all probability measures 7, on [k]" with marginals pe~t and vyl

Clearly d,(u,v) — d(u,v) so it suffices to show that for every n, d,(i,v) < € (under the
assumption that v is sufficiently close to ).

Once we decide on §, the way that the joining 7, is built is as follows. First we build ;.
This is a measure on [k] x [k]. We choose 7, to realize d; (i, V).

Assuming 7, _; has been chosen, we choose 7, as follows. Let (z,y) € [k]"™! x [k]"~! be
random with law 7, ;. So y has law 1§~ '. Let v/ € [k]" be random with law equal to 1}
conditioned on y (so y’ projects to y). Let v, be the law of the last coordinate of y'. This
is a probability measure on [k]. If we have choose § > 0 sufficiently small then it can be
shown that v, is close to po (for all y in a set of measure > 1 — €/2). Therefore there exists
a joining 7, of yo and v, such that

my,({(t,s) € [K] x [K] : ¢ # s}) <e/2.
Let (t,s) be random with law 7, and let 5, be the law of (xt,ys). This works. O

Lemma 27.7. For any €; > 0 there exists §; > 0, a probability q on [k] and N such that if
oot —pll < &

hu(T7 Cbl) > Hu(¢1) -0

andn > N and F C X is a set with F,TF,..., T"'F disjoint and u(U;T"F) > 1 — 6, then
there exists a map ¢ : F' — [k]™ satisfying

L u(p F)=q"
2. forae x€F, 2#{0<j<n—1: ¢1(T9z) # (z);}) < €/100
5. H(q) > H(p).

27.4.2 0
Let K € N and choose 6 : X — [K] so that h,(T,0) > h,(T) — d2/100 AND 6 > ¢.

27.4.3 e

As before, choose €5 > 0 small enough so that if P is any partition with 6 <., P then
h(T,P) > h(T,0) — 05/100 > h(T') — 62/50.

We also require €5 < d5/100.
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2744 «
Let 0 < a < H(q) — H(p).
For w € [k]", let m(w) be the probability measure on [k] defined by
W(w),»:%#{()gjgn—l: w; =1}
This is the empirical distribution of w.

Lemma 27.8. There exists N such that if n > N then the following holds. Let G, be the
set of atoms of (¢1)g " with measure > exp(—nh(T, ¢1) — na/3). Let Gy C [k|™ be the set of
words w satisfying
q"(w) < exp(—nH(q) + na/3)
|la — m(w)|| < €2/100.

There exists a exp(n[H(q) — h(T, ¢1)] — 2na/3)-to-1 map V5 : G1 — G2 such that for every
w e 91;
I (w) = w(72(w))[| < €,/100.

Proof. 1t suffices to verify the conditions of the Marriage Lemma. That is, we need to show
that if S C G; and N(S) C G is the set of all w such that there exists w’' € S such that
|7(W') — 7(w)|| < €1/100 then |N(S)| > exp(n[H(q) — (T, $1)] — 2na/3)|S|.

Indeed, Lemma ** above implies p(US) < q"(UN(S)). Also

1] < u(US) exp(nh(T, ¢1) + na/3)
IN(S)| 2 q"(UN(S)) exp(nH(q) — na/3).

So
IN(S)| = exp(n[H(a) — M(T, ¢1)] — 2na/3)|S].

27.4.5 n
Lemma 27.9. There exists N such that if n > N then

iz € X ¢ plO @) (608 > exp(—nl[H(p) — H(T, 1)) — na/3)}) > 1— e/200
Proof. This follows from the relative SMB Theorem. O

Let Go be the set of atoms A of 65! with u(A|(¢1)y ") > exp(—n[H(p) — H(T, ¢1)] —
na/3). So for each atom B € Gy there exist at most exp(n[H(p) — H(T, ¢1)] + na/3) atoms
A€ Gy with A C B. Since

exp(n[H(p) — H(T, ¢1)] + na/3) < exp(n[H(q) — h(T, ¢1)] — 2na/3)

there exist an injective map 75 : G9 — Go such that for all A € Gy and a.e. x € A,

%iu({x € X+ ¢1(T"'x) # 72(2);}) < e/10.
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27.4.6 F

The rest is exactly as before.

28

Sofic entropy theory

Outline:

1.

2.

S B

10.
11.
12.

13.

29

Benjamini-Schramm convergence
What is a sofic group?

soficity is closed under many operations; all linear groups are sofic. It is unknown
whether all groups are sofic.

Topological entropy for sofic groups via metrics. Then via pseudometrics.

The amenable case. Dependence on sofic approximation. Example: free group G acting
on 2-point space nontrivially.

Topological entropy in the special case of a subshift X C [£]¢.
Gottshalks’ conjecture and direct finiteness.
Measure-theoretic entropy via metrics (and pseudometrics).
The variational principle.

Classification of Bernoulli shifts.

the amenable case and dependence of sofic approximation.
formulas: direct product, subgroup, ergodic decomposition, ...

Open problems: extend Ornstein theory, especially Sinai’s Theorem. Dependence on
sofic approximation. Classify Markov chains over a free group. Krieger’s generator
theorem.

Kingman’s subadditive ergodic theorem

I plan to loosely follow Sarig’s notes. You can google Omri Sarig Ergodic Theory to obtain
his lecture notes. I'm also using Krengel’s book “Ergodic Theorems”.
Let T € End(X, p). A function ¢ : N x X — R is a subadditive cocycle if

c(m+n,z) < c(m,T"z) + c(n,x).

(It is a cocycle if we have equality above).
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Ezample 1 (Random walks). Let G be a countable group and y a probability measure on G.
Consider the shift action o : GN — GV, 0(x)n = Tpy1. This preserves the product measure
1. Note that if € GY is random with law “ then n + z125 - - -, is a random walk on
G.

There are several quantities related to this random walk that we might be interested in.
For example, suppose d is a left-invariant metric on G. We may be interested in ¢;(n, z) :=
d(e,xy---x,). This is a sub-additive cocycle.

Another example: we may be interested in

con,x) =#{x1- - xp: 1 <m<n}

the size of the range of the random walk. This is also a sub-additive cocycle.

Another example: we may be interested in c3(n,x) := —log u™({z1 - x,}) where p" is
the law of x; - - - x,,. This is the amount of information we gain by learning where the random
walker is at time n.

Theorem 29.1. Suppose c is subadditive and c(1,-) € L*(X, ).
Then

f(x) := lim lc(n,x)

n—oo M,

exists a.e. and foT = f.

Ezample 2. If the random walk has finite first moment (this means ) d(e, g)u(g) < o)
then ¢;(1,-) € L'. So the Theorem implies that

lim dle,xy -+ xy)
n—00 n

exists for a.e. x. This is called the speed of the random walk.
If H(p) < oo then c3(1,-) € L'. In this case

lim —log p({s - 2n}) = lim H(u")/n

n—oo n n—oo

exists for a.e. x. This is called the entropy of the random walk. It is not the same as the
Kolmogorov-Sinai entropy of the shift action on (GY, ). For example, the entropy of any
random walk on Z< is zero.

Proof. Wlog we may assume c¢(n,z) < 0 for all n and a.e. z. Reason: let (n,z) =
c(n,z) — c(1,x) — c¢(1,Tx) — -+ — ¢(1,T"'z). Note (n,z) < 0 and (n,z) satisfies the
theorem iff ¢(n, x) does (b/c of Birkhoff’s ergodic theorem).

Let f(x) := liminf,_, 2c(n, z). Apriori this may be —oo. Because ¢(n+1,z) < ¢(n, z)+
¢(1,Tz), we have f < foT a.e. This implies f = foT (since [ f = [ foT since T is
measure-preserving).

For m > 0, let fy () = max(f(x), —M). It suffices to show limsup,, c(n,z)/n < fu.
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Let Xy be the set of x € X such that f(z) = f(T*x) for all k > 1. This set has measure
1.

Bad(N,M,¢) = {x € Xg: c(l,x)/1 > fy(x) + eVl <1< N}
Fix zy € Xy. We estimate ¢(n, zo) as follows. Write
{zo, Txq,..., T xo} = U {T7xg, -, T7 iz}
L{T7zy € Bad(N,M,¢),0 <j<n—N}U{T*x: n— N < k <n, T¥x, ¢ Bad(N, M, ¢)}.

In the above decomposition we assume that the orbit seqments {T7ixg,--- , T iz} have
been chosen so that c(l;, T7xg) < fu(z) + € and these segments are maximal with this
condition. So we really partitioned this orbit segment.

By the subadditivity condition and nonpositivity of c,

g

cn,xo) < > elli, Thao)+ Y, o1, Tomg) + Y e(1, T )
=1 j:TizgeBad(N,M,e) k
g

S Z C(li, TTiI0>

i=1
< (- + ) (fulz) +e).
Now
n< (4 +1L)+#{1<j<n—N:T/z € Bad(N,M,e)} +N.
By Birkhoft’s ergodic theorem,
po bt

n— 00 n

=1—- ]E[lBad(N,M,e) ’jﬂb](l’)
for a.e. . So we obtain

limsup c(n, z)/n < (fu(z) + €)(1 — E[lpaanm,e|Ino](z))

n

for a.e. x.
Let N — oo to finish the proof of the first statement.
O
Proposition 29.2. IfT is ergodic in the theorem above then f equals the constant inf,, % [ e(n,z) du(x)

a.e.

More applications: first-passage percolation, cocycles into GL(n,R).
Theorem 29.3 (Furstenberg-Kesten). Let T' € End(X,pu), ¢ : N x X — GL(d,R) be a
cocycle. (So c(n+m,x) = c(n,T™z)c(m,x)). Iflog||c(1,-)| € L*(X, u) then

1
A(z) := lim ElogHC(n,w)H

n—oo
exists a.e. Moreover A= XoT and if T is ergodic then X\ = inf, * [log ||c(n, z)|| du(z).
This theorem predates Kingman’s Subadditive Ergodic Theorem.
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30 Oseledec’s Multiplicative Ergodic Theorem

Theorem 30.1 (Oseledec’s Multiplicative Ergodic Theorem). Let T' € End(X, u), ¢ : N x
X — Mat(d,R) be a cocycle. (So c(n + m,z) = c(n,T™x)c(m,z)). If log|lc(1,-)*]] €
LY (X, i) then

A(z) = nll_g)lo lce(n, ) c(n, z)]"/*"

exists a.e. and ]
lim —||(¢(n, z)A(z) )™ || = 0.

n—oo N,

Moreover, if exp(Ai(z)) < -+ < exp(As(z)) are the distinct eigenvalues of A(x) with
corresponding eigenspaces Iy, ..., Es and if V; = @;<;E; then

1. forve V;\ Vi,

.1
nh_)ngo ﬁlog le(n, x)v]] = A;.

2. the functions x — \;(z) and z — dim(E;(x)) are T-invariant.

The \;’s above are called the Lyapunov exponents.

30.1 Example

Suppose X is a smooth Riemannian compact manifold and 7' is a diffeomorphism. Let
f : TX — R? be a measurable map such that f restricted to a.e. tangent space Tj(X)
is a linear isomorphism and an isometry with respect to the Riemannian metric. Define

c:Nx X — GL(d,R) by
c(l,w) = fodlo(f | To(X))™

and c(n,z) = c(1,T" 'x)e(1,T"%z)---c(1,z) for n > 1. By compactness, this cocycle
satisfies the conditions of Oseledec’s Theorem.

You might imagine that the Lyapunov exponents depend on the choice of f or the choice
of Riemannian metric. Under mild conditions, this is not true. The reason is that if f;, fo
are two such maps (possibly corresponding to two Riemannian metrics) with corresponding
cocycles ¢, ¢y then

02(n7 ZL‘) = ¢(Tnx)cl (TL, J})gb_l(l’)
where ¢ : X — GL(d,R) is the map

d(x) = fao (fi | T(X))".

Because f1, fo are isometries and X is compact, ||¢|| € L implies ci,cy have the same
Lyapunov exponents.
We will sketch the proof. But first,...
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30.2 A bit of linear algebra

A matrix A is positive semi-definite if for every vector v, (Av,v) > 0. The adjoint of A
is a matrix A* defined by (Av,w) = (v, A*w) for all v,w. Observe that A*A and AA* are
positive semi-definite and symmetric for any matrix A. Any positive semi-definite matrix A

(over the reals) can be written as
A=C'DC

where D is diagonal and C' is orthogonal. We can even choose C' so that 0 < Dy < Doy <
o< D,
The Polar Decomposition Theorem says that any real n X n matrix A can be written as

A= (AA*)l/QC/ _ C«//(A*A)l/Q
the Multiplicative Ergodic Theorem states
c(n,x) ~ CZ,xA"

for some orthogonal matrix Cy; .. Since Cj , is an isometry, this means that for any vector
v,
le(n, z)vl| = [[A"0].

For example, if v is an eigenvector of A with eigenvalue exp();) then
le(n, z)v|| ~ exp(nAi)|[v]].

If v is a linear combination of eigenvectors then ||c(n,x)v|| & exp(n\;)||v;|| where exp()\;) is
the largest eigenvalue appearing in the decomposition and v; is the projection of v to the
corresponding eigenspace.

30.3 Multilinear algebra

Let V denote a finite-dimensional real vector space and \/, V' the k-th exterior power of V.
This is a vector space consisting of all real linear combinations of expressions of the form
vy V- Vo, with v; € V subject to the equations

v Ve V(y+v)Vecop=v VeV Ve cop + o Ve - Vol Ve -y
v V---Vey,Ve-rop=coy V.-V Ve
for any permutation 7 of {1,... k},
Vel VooV U = (—1)Sig“(”)vl\/---\/vk.

From a basis of V' one can construct, in a canonical way, a basis for \/, V.
Now suppose A € Mat(V). Then we define AV* € Mat(\/, V) by

ARy Ve V) = Avp V-V A
Lemma 30.2. [|AVE|| = A\ --- A\, where Ay > Ay > -+ > )\, are the eigenvalues of (A*A)Y/?

in decreasing order with multiplicities.
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30.4 Sketch of the proof of the multiplicative ergodic theorem

Part 1

Let mi(n,x) > --- > na(n,x) > 0 be the eigenvalues of A(n,x) := y/c(n,x)*c(n,x) with
multiplicities in decreasing order.

Let gj(n,x) = >, ;logni(n,z) = log | A(n, 2)V*).

It can be shown that log || A(n,-)V¥|| € LY(X, ) (see Sarig’s notes). So the subadditive
ergodic theorem implies lim,_, L g;(n, x) exists which implies +logn;(n,z) =: n;(x) exists
(and is T-invariant).

Part 2

Let A\i(z) < -+ < Ag@(x) be a list of the distinct values of {n;(x)};. Define ¢ :
{1,...d} = {1,...,s(x)} so that n;(x) = A\gq;)(x). Let U;(n, x) be the sum of the eigenspaces
of A(n,z) corresponding to the eigenvalues 7;(n, z) with ¢(i) = j.

Proposition 30.3. For a.e. x, Uj(n,z) converges to a subspace U;(z) as n — oo.

Proposition 30.4. The theorem holds with A(x) defined to be dilation by \;j(x) on Uj(x).

30.5 Entropy and Lyapunov exponents

Theorem 30.5. Let X be a C™ compact manifold, f € End(X,u) be a C'-map. There
erists

1. a Borel subset Xo C X of full pi-measure

2. —00 <AV < AP <o A3

3. for each v € Xy, a strictly increasing sequence 0 = AP VAP NP s T.(X)
such that forr =1...s(x),

1
lim — log [|df;'v]| = A
n—oo M,

forv e VI(T) \ VI(T_I).

4. The VJS’”),AQ) are uniquely defined (independent of the choice of Riemannian metric
used to define || - ||) and vary measurably with x.

5.\ s foinvariant and df, V" = Vf(;)

Moreover,
m(H)< [ Y (V) — dim(VE A duo)

T )\:(cr)>0

Finally, if f is C? then we have equality.

57



The first statement follows essentially from the Multiplicative Ergodic Theorem. The
entropy inequality is due to Margulis and Ruelle. The equality in the case of C? maps is due
to Pesin.

We now sketch the proof of the inequality < using Barreira-Pesin’s book as a guide.

Using the ergodic decomposition theorem, we may assume wlog that p is ergodic. So we
may write A; = A\ and k; = dim(V:C(i))—dim(Vz(i_l)). We aim to prove h,(f) < >0 5 <o krAr.

Since X is compact, or each m € N there exists r,, > 0 such that for every 0 < r < ry,,
ye X,z € B(y,r),

%dff(expzl(B(y, 1)) C exppm, f™(B(y, 7)) C 2df;" (exp,  (B(y,7))). (1)
Lemma 30.6. For any m € N, e > 0 there exists a partition P of X satisfying
hu(f™,P) = hu(f™) — €
2. for each P € P there exists v € P and r,r" with 0 < r < 21" < r,,/20 such that

B(x,r") C P C B(z,r).

Proof. Use perturbed Dirichlet domains an r,,/1000-separated subset of X of maximum
cardinality. O]

Next observe that

hu(f™,P) = iPl\/fzmﬂ’
< (Tlfmfp)
_ (P g (HED L0
- A ppnfe (o

_ " u(Pﬂﬂ”Q))
P%E:Tu(f Q)n( 0)

= Y (" Q) Hymo(P 1 Q)
Qe?

< S U Qlog#{P P PO IQ £0})
Qe?P

where n(z) = —zlog .

Let R,,(¢) be the set of all x € X such that for all k& > m,
1 k
‘Elog ldf vl — )\r| <e€
for all v € Vi) — V"™V Note U, Ry (€) has measure 1 in X.
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Lemma 30.7. If Q € P is such that f™Q N R, # 0 there is a constant C' > 0 such that
log#{P€P: PNfr"Q#A0}<C+em+m Y k.

r: Ar>0

Proof. Let

e xrcQNf MR,

e B = Ball(x, 2diam(Q)),

o By =df"(exp; "' B) C Tyma(X),

e By = expfmw(f?o),
By ={ye X : d(y, By) < max.diam(P)}.
Because Q) C By

#{PeP: PNrQ#£0} < #{PeP: PNnBy+#0}
< #{Pe?P: PC B} < vol(By)min.vol(P) .

Note exp,' B is a round ball. So By is an ellipsoid. Up to a bounded factor, vol(B;) is
bounded by the volume of By which is bounded by the products of the lengths of its axes.
Because f"x € R,,, we can estimate these lengths to obtain:

vol(B;) < Ke™diam(B)* [] exp(m(Ai + ¢)ki)
i A\i>0

< Ke™diam(P)P H exp(m(\; + €)k;)

which implies the lemma.
O

If R,, = X then the above lemma and the previous estimate imply the main theorem.
To handle the case that R, # X, we need:

Lemma 30.8. There exists a constant K1 > 0 such that for Q € P
#{PeP: PNfrQ +#0} < Ky)sup{||df]|™ : x € X}.

Proof. Let B denote the volume of the union of the set of all P € P such that PN f™Q # 0.
Then
#{PecP: PnfmQ # 0} < K;) <vol(B)/min.vol(P).

Now vol(B) < Kdiam(B)P (where p is the dimension of the manifold and K is a constant).

diam(B) < 2max.diam(P) + diam(f*Q) < 8’ + sup{||dfi||™}(4r").

On the other hand
min.vol(P) > Komin.radius(P)? > Ky (1')P.
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Proof sketch of Margulis-Ruelle’s inequality, via Barreira-Pesin.

B(MP) <Y w@Qlog#{PeP: POIQ £ D)
Q,fmQNRm #D

+ Y p@Qlog#{PeP: PNfQ#0}

Q,fMQNRm=0
< log(Cy) +em+m Z kA,

r: Ap>0

+log(Cy) + pmlogsup{||dfs | }u(X — Rp).

Since h,(f) > Lh,(f™, P) and Uy, Ry, = X (mod 0), this implies the theorem.

31 Hyperbolic dynamics

(This section mostly follows Brin-Stuck. It also uses Katok-Hasselblatt).
Definition 15. Let

e M be a C'-Riemannian manifold,

e U C M a nonempty open subset,

o [:U — f(U) C M a C'-diffeomorphism.

A subset A C M is a hyperbolic set if it is invariant, compact and there are constants
0<A<1,0>0 and for every z € A a splitting T, M = E? @& EY of the tangent space such
that

o df.E; = L}, df. B} = L},

e for every v € E¥ and n > 0, ||df(v)]| < CX*||v]],

e for every v € E¥ and n > 0, ||df "'n,(v)|| < CA™||v]|.
Lemma 31.1. Let A be a hyperbolic set for f: U — M as above.

1. Then the subspaces E*(x), E*(x) vary continuously with x.

2. Ve > 0 there is a C'-Riemannian metric {,) in a neighborhood of A with respect to
which

(a) C"=1, N =X+e¢

(b) the subspaces E*(z), E"(x) are e-orthogonal (i.e. v® € E*(z),v* € E%(x) =
[(v*, o) < ello|[]Jo"]]').

60



Proof sketch. The first statement holds by compactness of A (if z; — = and w; ; is an ON
basis of E*(x;) then after passing to a subsequence we obtain that w;; — w; is an ON set
and the conditions of hyperbolicity imply that w; is an ON basis for E*(x)).

To prove the second statement, we assume A + € < 1. For v* € E*(x),v* € E%(z), define

o0

)" = > (A + &) ldf7 o’
n=0
[ ==Y A+ &) ldf, 0
n=0

(" + ") == (o l1)* + (o™ ]1)*.

This defines a norm on 7, (M) which defines an inner product by

([l +wl)* = (ol)* = (lwl)?) -

DO | —

<U7w>/ =

This new metric satisfies the lemma except that it might not be C'. A perturbation gives a

Cl-metric satisfying the lemma.
]

31.1 e-orbits

Definition 16. An J-orbit of f : U — M is a finite or infinite sequence (x,) C U such that
d(f(xn), xpe1) < 0 for all n. We say that a sequence (y,,) e-shadows (x,,) if d(x,,y,) < €
for all n.

More generally:

Definition 17. Let h : X — X be a homeomorphism of a topological space. Then a J-map
from h to f is a continuous map ¢ : X — M such that d(¢(hz), fo(z)) < 0 for all x. We
say that a continuous map ¢ : X — M e-shadows ¢ if d(¢(z),9(z)) < € for all . These
concepts generalize d-orbits and e-shadowing.

The main theorem states that if f : U — M has hyperbolic set A C U and g is a small
perturbation of f then any d-map to g is shadowed by a unique actual semiconjugacy to g.

Theorem 31.2. Let A be a hyperbolic set for f: U — M. Then
3O C" M and €,y > 0

such that for every € > 0 there exists d > 0 such that if
e g:0 — M, disty(g,f) < €

e h: X — X (homeo of top space), ¢ : X — O is a 6-map from h to g
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then there is a unique semi-conjugacy ¥ : X — M (from h to g) that dy-shadows ¢.

Before proving this, consider some special cases. For example, suppose X = {x} has only
one point. Then h is the identity. Let o = ¢(*). Then d(gzo,xo) < 0. So the theorem
implies: if g is close enough to f and zy € X satisfies d(gzg,zg) < ¢ then there is an actual
fixed point for ¢ close to xy. For example, suppose zq is a fixed point for f. Then any
perturbation of f contains has a fixed point near x;.

Next suppose X = Z/nZ and h : X — X is addition by 1 mod n. Then theorem says
that any closed d-orbit of g of length n is dg-close to an actual periodic orbit of length < n.
Again this implies that periodic orbits of f are stable under perturbations.

Lastly suppose X = Z (we never assumed X was compact so this is OK) and h is addition
by 1. Then the theorem says that any d-orbit of g is dg-shadowed by an actual orbit of g.
So in this sense the dynamics of f are “stable”. We will see more stability results later on.

We will use:

Theorem 31.3 (Contraction Mapping Principle). Let (X, d) be a complete metric space and
F: X — X a contraction: 30 < C < 1 such that d(Fx, Fy) < Cd(z,y)Vr,y € X. Then F
admits a unique fized point x*. Moreover, for any x € X, lim,, F"x = z*.

Proof of Theorem 31.2. The idea of the proof is to use the contraction mapping principle.
Roughly, we look at a large space of maps from X to M and obtain v as the unique fixed
point of some contraction on this space of maps. More precisely, we embed M into RY and
then consider a space of maps from X into RV.

By the Whitney embedding theorem and the tubular neighborhood theorem, we can
embed M into RY (for some large N) so that there is some « such that if D,(y) is the
N — m dimensional flat disk of radius a centered at y € M and perpendicular to T,(M)
then U,coDa(y) = O, C RY is the a-open nbhd of O, a relatively compact nbhd of A. Let
7 : Oy — O be projection along the disks. So 7(D,(y)) = v.

Any map g : O — M we extend to §: O, — M via g(z) = g(n(z)). Let

o C(X,RY) be the space of all continuous maps from X to RY with the sup norm
e B, C C(X,RY) the ball of radius « centered at 0
¢ &: B, - C(X,RY),
®(v)(z) = glo(h~'(x)) +v(h™ ()] — b(z), v € Ba,z€X.
Suppose ¢ : X — O is a map and ¢(z) = ¢(x) + v(z). Then @ is equivariant iff v is a
fixed point of ®. So it would be good to show that ® is contracting but that’s not what we

do. Instead we define
F: B, — C(X,RY)

F(v) := (d®g — 1d) " H(dPo(v) — ®(v)),

show that F' is well-defined, that fixed points of ' and of ® are the same, and that F' is
contracting (if constants have been chosen appropriately).
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Hyperbolicity plays a role in showing that the spectrum of d®; misses a neighborhood of
the unit circle so that d®y — Id is invertible and F' is well-defined.

The derivative of ® is defined as usual: for v € B,, d®, : C(X,RY) — C(X,R"Y) is given
by

A%,(w) = lim %(q)(v +wt) — 3(v))
So
d®,(w)(z) = lim %(ﬁ[d)(h_l(m)) +o(h™(x) + tw(h ™ (2))] = gle(h~ () + v(h™ (2))])

= dGo(h1 (@) ro(h1 @) (W (R (2)).

By compactness, we have
|d®y(w)]] < Lijw]]

for some constant L > 0 depending on dg and the embedding but not on X, ¢, h.

Again, we want to show that the spectrum of d®, is separated from the unit circle. To
prove this, we need to extend the distributions E*, E* to a neighborhood of M in RY and
study dg on these distributions.

To be precise let

e T, be the flat plane in RV that passes through z and is parallel to 15, (M)

e choose distributions E*(z)@® E*(z) = T, to depend continuously on z € O, (decreasing
the nbhd O, if necessary)

o B =T.RV)oT.
o P Pv PL:T,(RY) — T,(RY) denote projections to E*, E*, E+ respectively
e (', )\ > 0 be the constants in the definition of hyperbolicity of A,
e 1 > 0 large enough so that CA\" < 1/2
e ¢y > 0 small enough so that if dist(f, g) < €g, 2 € O, then

[1P*dgz P°l| < 1/2,  ||P*dg?P?|| < 1/100,

[PdgZ P*|| = 2, ||P*dglP"| < 1/100,
dgr P+ = 0.

So if we write dg? : T,(RY) — Tjn(,)(RY) using the coordinate system E® & E* @ E+, we
have

ASS ASU 0
dgr = | A» Am 0
0 0 0
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with ||A%] < 1/2,]|A*"| < 1/100,|A**|] < 1/100 and [[A"*|| > 2. In particular, the
spectrum of dg? is bounded away from the unit circle. This implies the same of dg, and
since

APy (w) () = dgg(n-1(x)) (w(h™ (2))

we have the same result of d®, : C(X,RY) — C(X,RY) if dist(¢h, g¢) is small enough.
So under the above assumptions, d®, — Id is invertible and there is a constant K > 0
such that
[(d®y — 1d) ™[] < K.

This shows that F' above is well-defined. Recall
F(v) = (d®o — 1)~} (dPo(v) — 2(v)).
By the usual arguments if v,w € C'(X,RY) have small enough norm then
[d®o(v) = D(v) = dPo(w) + P(w)|| < Cmax([v]], [[w])[[v — w].

It follows that F'is contractive. So it has a unique fixed point. Moreover the fixed point
depends continuously on g.
If F(v) = v then
ddy(v) — v = dPy(v) — P(v)

implies v = ®(v) (and vice versa).
[

Definition 18. Let f : M — M be a continuous map. A point x € M is nonwandering
if for every open neighborhood O of x there is some n > 0 such that f*(O) N O # 0. Let
NW(f), the nonwandering set of f be the set of all nonwandering points. Note: N (f)
is closed since if x € M is wandering there is an open neighborhood O 3 x of wandering
points.

Corollary 31.4. If f : U — M has hyperbolic set A then NW(f) N A = Per(f) N A.

Proof. Clearly, Per(f)N A € NW(f)NA. On the other hand, let x € NW(f)NA and € > 0.
We'll show there is a periodic point z with d(z,z) < e.

Let O D A, dg,€p,6 > 0 be as in the previous theorem. Let O, C O be the min(§/2, ¢)-
neighborhood of z and let n > 0 be such that O, N O, # 0. Let y € f"O, N O,. Define
¢ :Z/nZ — O by ¢(k) = fFy for 0 < k <n—1. Let h: Z/nZ — Z/nZ be the add 1 map.
Since d(¢™y,y) < § we have disto(¢h, gp) < d. So the theorem implies the existence of an
equivariant map v : Z/nZ — O with dist(¢, ¢) < e. Let z = ¢)(nZ). This is a periodic point
with d(z,z) < e. O

Corollary 31.5. Let f : U — M have hyperbolic set A. Then for every open V with
ACV CU ande>0,36 >0 such that if g : V — M, disty(g,f) < § then 3 hyperbolic set
K CV for g and a homeomorphisms v : A — K such that ¢ f = g and distg(¢,1d) < e.
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Partial proof. We will not prove that K is hyperbolic yet; that will have to wait. By the main
theorem above (taking A = X, h = f | A and ¢ the inclusion map), we obtain ¢ : A — V
such that ¢ f = g1 and distg(¢,1d) < e. By applying the main theorem again with f and
g swapped (and K = A), we obtain ¢ : K — A with ¢/'g = f1’. By uniqueness in the
main theorem, we must have 1)’ = ¢)=!. This proves 1 is a homeomorphism (not just a
semi-conjugacy). O]

Example: A could be a hyperbolic periodic point. In this case, the corollary says that
there is a hyperbolic periodic point for g nearby. Moreover, it has the same period.

Definition 19 (Structural stability). Let f € Diff'(M). We say f is structurally stable
if for every € > 0 3§ > 0 such that g € Diff'(M), dist;(f,g) < & implies 3» € Homeo(M)
s.t. hf = gh and distg(h,Id) < e. It is important in this definition that h is only required
to be a homeomorphism rather than a C'-map. For example, suppose f is Anosov and has
a fixed point at x and ¢ is a small perturbation of f that also has a fixed point at x. If h is
differentiable then df, and dg, are similar matrices. But this condition is too strong to hold
in general.

Corollary 31.6. Anosov diffeomorphisms are structurally stable.

31.2 Invariant cones

How do we prove that the set K in the corollary above is a hyperbolic set for g7 This means
showing that it has stable and unstable subspaces. Giving a precise description of these
subspaces is too difficult in general. In fact, it is known that the local stable (and unstable)
manifolds are usually not differentiable (only Hélder continuous) so we should not expect a
precise formula for their tangent spaces. Instead we take a softer approach through the use
of “invariant cones”. This device is broadly useful for proving hyperbolicity (not just for
immediate purposes).

Definition 20. Let U be an open subset of M and suppose for each 2 € U there is a splitting
T, M = E*(z) & E"(x) that varies continuously with z. For v € T, M, write

v=2v°+0v"
with v* € E*,v* € E*. For a > 0, define
Ko(x) ={v e To(M) : |[v*]| < ofv”[}

Ko(z) ={v e To(M) : [lo°]| < afv"|[}.

These are the stable and unstable cones of size «. Note: it’s important that we do not
require that E*, E* come from the stable/unstable decomposition inherent in the definition
of hyperbolicity. We do not even need a map to define these cones.
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Theorem 31.7. Let A be a compact invariant set of f: U — M. Let U be an open subset
of M and suppose for each x € U there is a splitting T,M = E*(x) & E"(x) that varies
continuously with x. Suppose there is an o > 0 such that the a-cones satisfy

1 dfp Kg(x) C int(KG(f(x))) U {0}
2. df, K3 (f(w)) € int (K3, (x)) U {0}
3. |ldfzv]| < ||v|| for nonzero v € K3 (x),

4. ldf || < |jvl| for nonzero v € K¥(x).
Then A is a hyperbolic set for f.

Observe that the conditions above are open conditions. Hence they imply that the set
K in Corollary 31.5 is hyperbolic (for appropriate § > 0) finishing its proof.

Proof. By compactness of A there is a constant A € (0,1) such that
ldfzoll < Allvf] v e K5(x)
ldf ol < Aloll, v € K (x).
For x € A, the subspaces

E*(x) == () df pn K (f"(2)
n>0
E*(x) == () dff-n, KU (f " (x))
n>0
satisfy the definition of hyperbolicity with C' = 1.

Check: let V' = df7-. ,E"(f7"(z)). Let VI be a limit point of the subspaces {V,'},, (in
the Grassmannian of 7, (M)). The intersection defining E*(z) is a decreasing intersection
because of (1). So V¥ C E%(x).

Claim 1: V¥ = E"(x). .

Claim 2: V¥ is transverse to E*(z). This is true because every subspace contained in the
interior of Kj(z) is transverse to every subspace contained in the interior of K3 ().

By Claim 2, given any v € T,(M), we can write v = a + b where a € V¥ and b € E*(z).
Suppose that v € E*(z). Then

ldfs ™o < A[o]
for all n > 0. For the same reason,
ldf,; "all < A"[a]l.
By (2), df;"b € Ki(f~"x). So
o[l < X™ldf"bll < AM{ldf vl + AM[ldf " all < X (o]l + Jlal]).

Since this is true for all n, ||b|| = 0 and v € V. This proves Claim 1.
Claim 1 finishes the theorem because it shows E"(z), E*(z) are transverse subspaces with
complementary dimensions.

]
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31.3 Local stable/unstable manifolds

Suppose M is a smooth manifold and for every x € M we have a subspace E(z) C T,,(M)
that varies continuously with . Is there a submanifold W (z) in a neighborhood of x such
that for each y € W(x), T,W = E(y)? If so then x — E(x) is said to be integrable. For
example, every vector field is integrable. However, there are non-integrable 2-plane fields on
3-manifolds. The question we address here is: if f : U — M has hyperbolic set A then are
x — E*(x) and x — E"(z) integrable? Actually this question isn’t perfect: imagine if A
is totally disconnected. Then we would really like to extend the distributions E*, E" to a
neighborhood of A and ask whether the extensions are integrable. The answer is ‘yes’ as we
will see. The key tool is:

Theorem 31.8 (Hadamard-Perron). Let
e Bj be the ball of radius 6 > 0 centered at 0 in R™,

o {futnen : Bs — R™ be a sequence of C'-diffeomorphisms onto their images with
fn(0) = 0Vn,

e <A<l

e R™ = E*(n) @ E“(n) a sequence of splittings satisfying

(invariance) df,(0)E*(n) = E*(n+ 1), df,(0)E*(n) = E*(n+ 1)
(contracting) ||df,(0)v|| < A|jv|| for all v € E*(n),
— (expanding) ||df,(0)v|| > X7Hv|| for all v € E*(n),

— (angle bound) the angle between E*(n) and E*(n) is uniformly bounded away from
zero,

— (equicontinuity) {df,(-)}n is uniformly equicontinuous as functions from Bs to
GL(m,R).

Then there exist
e c >0

o {Ontnen a uniformly Lipschitz family of functions ¢, : BS(n) := B. N E*(n) — E*(n)
such that

1. (stability) graph(¢n) NB. = Wi(n) := {x € B¢ : |[farxofuik—10--0fy(X)]| = ksoo
0},
2. (invariance) f,(graph(¢,)) = graph(¢ni1),
f

3. (contraction) Vo € graph(fy), ||f.(z)] < Az
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4. (expansion) Yx € B, — graph(¢y),
[Pas1fa(@) = bnia (Pryi (@) || > AT Pa — ¢u(Pr(2)]

where, for example, P? is projection onto E*(n) along E*(n) (this is not the usual
orthogonal projection).

5. (tangent space) ¢, is differentiable at O and the tangent space to graph(¢,(0)) at
0 is E*(n)
6. (continuity) {¢p,} depends continuously on {f,} with respect to the topologies in-
duced by
do(¢,¥) = sup 27"[¢n(x) — Yu(2)]

neN,x€ B,

d(f,g) = sup 2~ "disty (fu, gn)-

Proof. For €, L > 0, let ®(L, €) denote the space of all sequences {¢,}, ¢, : B(n) — E*(n)
such that each ¢,, is L-Lipschitz and ¢,,(0) = 0. Define a metric on ®(L,€) by

d(¢, ) = sup |¢n(x) — ¢n(2)].

neN,x€ B,

The main idea of the proof is to define a contracting map F' on ®(L, €) (for appropriate €, L)
such that the unique fixed point of F' satisfies the theorem.
Claim 1. VL > 0 Je > 0 such that V¢ € ®(L,¢), Il € O(L, ¢) satisfying

graph(¢n) C £, (graph(¢n1))-

Proof of Claim 1. Let
Ki(n):={veR™: [jo"] < Lfjv*|[}

be the L-stable cone where v = v°® + v* with v* € E*(n),v"* € E%(n).
Observe that ¢, : B¥(n) — E"(n) is L-Lipschitz iff for every x € B?(n),

graph(¢n) C (x, én(z)) + K7 (n).

We observe that
df,  (0)K;(n+1) C Kj(n)

for any n. So by equicontinuity of {df,,}, there exists ¢ > 0 such that
df, (2)Ki(n+1) C Kj(n)

Vo € B.,n € N. This implies that f! takes graphs of L-Lipschitz functions to graphs of
L-Lipschitz functions. Moreover, if € > 0 is small enough then Vo € ®(L, ¢),

Py foii (I, @ngr) : Bi(n + 1) — E*(n)

is expanding. So its image covers B?(n). O
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Define
F:®(L,e) = ®(L,e)

by F(¢) =1 where 1 is as in Claim 1.
Claim 2. 3L, ¢ > 0 such that F is contracting on ®(L,¢).

Proof of Claim 2. We observe that
dfn(0)Kp(n) C Ki(n+1)

for any n. So by equicontinuity of {df,,}, there exists ¢ > 0 such that
dfy(v)Ki(n) C Ki(n +1)

Vx € B.,n € N.

Choose 0 < L < 1/100 so that 2+ < 1.

Let ¢,9 € ®(L,¢). We will show that d(F(¢), F(¢)) < Cd(¢,v) where 0 < C < 1is a
constant.
Let ¢' = F(¢),v' = F(1). Choose 0 < n small enough so that

(1 —4L)AH(d(¢, ') —n) = (1 = BL)Ad(¢, ¢).

dn and y € B s.t.
d(¢',v') < |9L.(y) — ¥ (y)| + 1.
Let fn(yaw;(y» = (van—kl(z))' Then

d(qb,@/)) > |¢n+1(z) - 1/Jn+1(2)|
Let fu(y, 9, (y)) = (w, Pny1(w)). So
|¢n+1(z) - 7vbn-&-l(z)| > |¢n+1<z) - ¢n+1(w)| - |¢n+1(w) - ¢n+1(z>|'

Let ¢, denote the straight-line segment from (y, ¢/ (v)) to (v, (y)). Then f,(c,) is a path
from (z,1,51(2)) to (w, 1 (w)). If € is small enough then the tangent vectors to f,(c,) lie
in K} (n+ 1). Therefore,

length(fn(cu)) < (1 + 2L)|,’7Z)n+1(z) - ¢n+1(w)|'

T )ty 18 largest) oceurs when

fn(cy) is a straight line with tangent vectors on the boundary of K}'(n+1).) Note |w — z| <
length(f(c,)) and |¢n11(w) — dny1(2)| < Ljw — z| which implies

|Ons1(w) = Py (2)] < Llength(f(cy)).

(To see this, observe that the worst case (when

So
1

1+ 2L

d(6, ) > length(t,(cy) [ - L] > (1 — AL)length(f,(c.)).
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Now ¢* is parallel to E*(n). So
length(fu(ca)) = A 'length(cy) = A ¢ (y) — i ()] = A7H(d(¢', ¥') — n)

implies
d(¢a ¢) Z (1 - 4L))‘_1(d(¢/a ’QZ)/) - 77) Z (1 - 5L))‘_1d(¢/7¢/)‘
So

d(F¢, F1p) < (¢, ).

1—-5L
[l

Since F'is contracting and depends continuously on f, its fixed point, ¢ depends contin-
uously on f. This proves (6, continuity). (2, invariance) is obvious. (3, contraction) and (4,
expansion) follows by equicontinuity of df;, if € > 0 is small enough. (1, stability) is a conse-
quence of (3). We observe that ¢,, is uniquely defined by (1). Also as L, e ~\, 0, the cone K73 (n)
tends to £*(n). Since for every L > 0 there is an € > 0 such that graph(¢,) N B, C K} (n)
this implies (5, tangent space). ]

Let

e [ € Diff'(M),

e A C M be a hyperbolic set for f with constant A € (0,1) (assume metric is adapted)
o \j:={reM: dist(f*(x),A) <d Vn >0}

o Ay :={xeM: dist(f"(x),A) <J Vn > 0}.

Lemma 31.9. For every € > 0 there is a 6 > 0 such that the distributions E°, E* can be
extended to As (the 6-nbhd of A) so that

o V% is continuous on Aj,
o if x € As N f(As) then df.(E*(z)) = E*(f(2))
o ||df.v| < (A+e€)||v|| for every x € As,v € E*(x)
and similarly with u in place of s and in the third item df ' in place of df,.

Proof. Let E*, E* be a continuous extension of £*, E" to a nbhd U of A. Let Kf/u(x) denote
the corresponding cones.
Choose ¢ > 0 small enough so that Ay C U. By continuity there exist a > 0 such that

df, K (z) C intK" (f(x)), df'KE (fx) C intK® (x)
ldf, "ol < A+ e)|vll Vo e Ki(x)
|df.v]] < (A +¢€)|jv]| Vv e K:(x).
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So the following limit exists:

E*(x) = lim df .0 (E*(f"(2))).

n—o0

If x € As — Aj then there is a maximum integer n = n(x) > 0 such that f"x € As. In this
case define

E*(x) = df .l (E5(f"x)).
A similar construction works with u in place of s. O

Theorem 31.10 (Local Stable/Unstable Manifolds). Let f, A be as above. Then there exist
€,0 > 0 such that Va* € Aj,z" € A},

e (def’n) the local stable/unstable manifolds
We(z®) ={y € ML dist(f*(x°),f"(y)) < € ¥n > 0},
Wi(z") ={y € ML dist(f " (x"),f"(y)) < € Vn > 0},
are C'-embedded disks,
o (tangent spaces) Vy* € WE(z®), T, s(We(x®)) = E*(y®) (and similarly with with u in
place of s)
o (invariance) f(We(x*)) C We(f(2*)), f7HWE (")) € WE(f ("),
o (contraction) if y*,z° € W2 (x®) then d°(f(y®), f(2®)) < Ad*(y®, 2°) where d® is the
distance along W?

e (expanstion) if y*, 2" € W¥(x") then d“(f~1(y*), f~1(z%)) < Ad“(y%, 2*) where d* is
the distance along W}
e (cones) if 0 < dist(x*,y) < € and exp,: (y) € K¥(°) then
dist(f(x%), f(y)) > A~ 'dist(y,x*),

if 0 < dist(x",y) < € and exp. (y) € Kg(z*) then
dist(f(x"), f(y)) < Adist(y,x"),
o (compatibility of inclusions) if y* € W2 (x®) then 3a > 0 such that W(y®) C W2 (z*),
if y* € W*(x") then 3o > 0 such that W(y*) C W*(x™).

Proof. By compactness, there exist a collection of local coordinate charts (U,,,) covering
As (so ¢, : Uy — R™ 1), (z) = 0, U, is an open nbhd of x) such that the change of coordinates
Y, have equicontinuous first derivatives. For any point z* € A§, let

Yy
Jn = Ypngs 0 fo ¢;n171$s
E*(n) = dibgoge (%) E*(f"2")
E*(n) := dipngs (x°)E*(f"2®).
Apply the previous theorem and set W*(x) = v (graph(¢y)). O
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Definition 21. The global stable and unstable manifolds are defined by
We(x)={ye M: d(f"z, f'y) > 0n — oo}
W z)={yeM: d(f "z, f"y) = 0 n— oo}
Lemma 31.11. There is an ey > 0 such that for every 0 < e < €y and v € A,
W*(z) = Upzof "W (f"(2))
W*() = Unzof" WS (f " ()

31.4 Inclination lemma
Theorem 31.12 (Inclination Lemma). Let
e p € M be a hyperbolic fized point for f: U — M,
e c>0best Ne<1andd >0 be small enough to satisfy Lemma 31.9
° g€ W(p),
e ¢ € D be a C'-submanifold of M of dimension dim(E"(p)) transverse to W*(p) at q

then ¥n > 0 there are ng € N and for each n > ny a subset D' = D'(n,n) C D diffeo to a
dim(E"(p))-ball such that dist;(f*(D"), BY) < n. In particular, for all o > 0 there exists ng
such that n > ng implies Vz € D', Tin () (f"D') is contained in the cone KZ(f"z).

Proof. This follows from Lemma 31.9 and continuity of z > df,. [

31.5 Horseshoes

Here we’ll show that under mild conditions on a diffeomorphism f : U — M, there exists a
compact ‘rectangle’ R C M such that f | R is like Smale’ Horseshoe. To be precise, suppose
p € U is a fixed point of f. We say that ¢ € U is homoclinic (for p) if ¢ is both forward and
backwards asymptotic to p (under f). Now suppose that p is also a hyperbolic fixed point.
Let W#(p), W*(p) be the stable and unstable manifolds of p. Then ¢ is homoclinic for p iff
q € W(p) N W¥(p). We say that ¢ is a transverse homoclinic point for p if W3(p) is
transverse to W"(p) at q.

Our goal: show that if ¢ is a transverse homoclinic point then there exists a horseshoe
for some power fV of f near p.

It will be convenient to work in local coordinates near p. So we write R” = R* x R
where m = dim(M), k = dim(E“(p)), | = dim(E*(p)) and p = 0. We consider balls V¥ V!
in R* R respectively such that V* x V! is a neighborhood of p = 0 and such that {0} x V!
and V* x {0} are the local stable and unstable manifolds. For z € V, let F“(z) = V¥ x 7%(2),
F3(z) = m(z) x V! be fibers of the local stable/unstable foliations.

Let R = R* x R®* C V. We say that a component C' of RN f(R) is full if
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o Vz e f7HC), f(F“(2)) N C is connected and its projection to R* is 1-1 and onto
o V2 f71C), fTHF*(fz)NC) is connected and its projection to R* is 1-1 and onto

We say that a subset R C V' is a horseshoe for f if f is 1-1 on R, f(R) N R has at least
2 full components Ay, Ay such that

[ WS(AO U A1> C Hlt(R,s)

(71 (Ag UA)) C int(R")
e D(f 1 fY(AgUA)) preserves and expands an unstable cone field K*()
e D(f' 1 (AgUA,)) preserves and expands a stable cone field K3 ().

Lemma 31.13. If R is horseshoe for f and A = Upezf"(Ao U A1) then A is a hyperbolic
set for f and f | A is topologically conjugate to the full 2-shift. In particular, f has positive
topological entropy.

Theorem 31.14. Let f : U — M have a hyperbolic fized point p with transverse homoclinic
point q. Then every open neighborhood of p contains a horseshoe for some power of f.
Moreover, the hyperbolic invariant set A in this horseshoe nontrivially intersects the orbit of

q.
31.6 Local product structure

Theorem 31.15. Let A be a hyperbolic set for f: U — M. For every small enough € > 0
there exists 6 > 0 such that if v,y € A and d(x,y) < 0 then W2 (x)NW(y) is transverse and
contains exactly one point denoted |x,y] which depends continuously on x andy. Furthermore
there exists a constant C = C(0) > 0 such that

d*(z, [z, y]) < Cd(z,y)
d*(y, [z,y]) < Cd(z,y)
where d°,d" denote distance along W?*, W™,

Proof. This is immediate from the local stable/unstable manifold theorem, the compactness
of A and continuity considerations. O

Theorem 31.16. Let A be a hyperbolic set for f:U — M. TFAE

1. A is locally maximal. This means there exists an open set V with A CV C U and

2. A has a local product structure. This means there exists €,6 > 0 such that:

(a) Yo,y € A, We(x) "W (y) C A and [We(z) nWE(y)] <1
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(b) if d(z,y) < then |Ws(x) N WH(y)| = 1.

Proof. Suppose A is locally maximal, z,y € A and W?(x) N W¥(y) 5 z. Then the forward
orbit and the backward orbit of z both lie in the e-nbhd of A (by the contracting and
expanding conclusions of the local stable/unstable manifolds theorem). So if € is small
enough then the entire orbit of z lies in V' which, by local maximality, implies z € A. This
does it (assuming €, 0 are sufficiently small).

Suppose A has a local product structure with constants €,d,C' > 0. Assume C' > 1. Let
0 < a < A§/3. Note that if 2 € A and y € Wi (z) then f(y) € Wy),(f(2)).

Claim 1. Let xy € A and y € W¥(xg). If dist(f"y, A) < a/C for every n > 0 then y € A.

Proof of Claim 1. Let z,, € A be s.t. d(f"y,z,) < e. Note that

So 21 := [z1, fze] € A. Note f(y) € W¥(z1). Similarly, 25 := [z9, fz1] € A and f?y €
W¥(z9). By repeating this argument we construct points z, (for n > 1) with 2, € A and
fry € W¥(z,). Thus f~"z, — y as n — oo. Since A is closed y € A. ]

Similarly, Claim 2. Let xy € A and y € W}(zo). If dist(f*y, A) < a/C for every n < 0
then y € A.

Now suppose the entire orbit of a point y € M lies in the a-neighborhood of A. To
finish the proof, it suffices to show y € A. Using invariant cone fields we can prove that the
union of the orbit of y with A is a hyperbolic set (assuming « is sufficiently small). So the
local stable/unstable manifolds of f™y are well-defined and so the product [-, -] is defined on
AU{f"y}. Choose xy € A with d(zo,y) < a. The forward semi-orbit of p = [y, zo] stays in
the a-neighborhood of A. So Claim 1 implies p € A. The backwards semi-orbit of ¢ = [x, ]
stays in the a-nbhd of A. So Claim 2 implies ¢ € A. Since y = [p,q] the local product
structure implies y € A. O

All of the examples we have seen are locally maximal (the horseshoe, hyperbolic toral
automorphisms, hyperbolic periodic points, etc). It was an open question for about 30-40
years whether every hyperbolic set is contained in a locally maximal hyperbolic set. This
was settled in the negative by Crovisier in 2001 and then again by Todd Fisher in 2006 who
obtained a wide variety of counterexamples.

31.7 Axiom A and structural stability

A diffeomorphism f : M — M satisfies Axiom A if NW(f) is hyperbolic and NW (f) =
Per(f).

Theorem 31.17 (Smale’s spectral decomposition). if f satisfies Aziom A then there is a
unique representation of NW(f),

NW(f) =AU UAy

as a disjoint union of closed locally maximal hyperbolic sets (called basic sets) s.t.
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1.

f s topologically transitive on each A;

2. for each i there is a decomposition N; = UI% A, into closed sets that are cyclically

permuted by f and f™ is topologically mizing on each A; ;.

We say f satisfies the strong transversality condition if W*(x) intersects W*"(y)
transversely for all z,y at all intersection points.

Theorem 31.18 (Robbin, Robinson, Mane). A diffeomorphism f is structurally stable iff
it satisfies Axiom A and the strong transversality condition.

32

Interval Exchange Transformations (IETSs)

I'll use Katok-Hasselblatt and the Cornfeld-Fomin-Sinai book. By the way, there is a free
online book titled “Dynamics of Interval Exchange Transformations and Teichmiiller Flows”
by M. Viana.

32.1 Rough notes
Main results (from the textbooks):

1.

2.

3.
4.

IETs are conjugate to return time maps for certain kinds of flows on surfaces; especially
translation flows.

IETs have zero entropy
[ETs are never mixing

IETs have only a finite number of invariant measures

Recent papers of interest:

1.

Veech, William A. The metric theory of interval exchange transformations. 1. Generic
spectral properties. Amer. J. Math. 106 (1984), no. 6, 1331-1359.

. Weak mixing for interval exchange transformations and translation flows. A. Avila,

Giovanni Forni. Annals of Mathematics 165 (2007), 637-664.

“Every transformation is disjoint from almost every IET” by Jon Chaika, Annals of
Math. Pages 237-253 from Volume 175 (2012), Issue 1.

Bufetov, Alexander I. Limit theorems for translation flows. Ann. of Math. (2) 179
(2014), no. 2, 431-499.

A curious question (due to Katok): is IET amenable? does it contain free subgroups?
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32.2 introduction

Definition 22. A semi-interval is an interval of the form [a,b). Let £ = {Aq,..., A} be a
partition of [0, 1) into semi-intervals numbered from left to right and let 7 be a permutation
of {1,...,r}. The corresponding interval exchange transformation (IET) is the map
T:00,1) — [0, 1) satisfying

e T restricted to A; is a translation

o if TA; = Al then AY,..., Al is a partition of [0, 1) into semi-intervals numbered from
left to right.

If T' cannot be realized as an IET on < r regments then we say it is an IET of precisely r
segments.

Example: we can identify [0, 1) with the circle in the usual way. Then rotations can be
realized as [ETs using precisely 2 segments.

Lemma 32.1. Let T' be an IET. Then either

e T is aperiodic (i.e. has no periodic points) or

e there is a sub-interval I C [0,1) consisting of periodic points of T
Theorem 32.2. TFAE

1. T s aperiodic

2. maxdiam \/{_, T'¢ — 0 as n — oo

3. the union of the positive semi-orbits of the left endpoints of the A;’s is dense in [0, 1).

32.3 Entropy

Theorem 32.3. The entropy of any IET T wrt any invariant measure is zero.

Proof. Wlog T' is aperiodic. Then € is a generating partition. The number of semi-intervals
of VI, T"¢ is at most nr (because the number of left-endpoints is at most this). So

N 1
h,(T) = hrrln EH(\/T €) < hTILnﬁlog(m“) = 0.

=0
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32.4 Invariant measures

Theorem 32.4. Let T be an aperiodic IET on precisely r intervals. Then the number of
ergodic T'- invariant probability measures on [0,1) is < 7.

Proof. Let u denote a T-invariant probability measure on [0,1) and H = L*([0,1), u). We
do not assume p is ergodic.

Let U : H — H denote the Koopman operator associated to 7T

Let H;,, C H denote the subspace of U-invariant functions. It suffices to show H,,, has
dimension < r.

For f € 3, let H(f) denote the closure of the subspace spanned by {U"f : n € Z}. Let
fi" denote the orthogonal projection of f onto H;,, and f+ = f — f™. By von Neumann’s
ergodic theorem, f™ € H(f). So

H(f) = H(fH) @ (f™).

Let yx; be the characteristic function of A;. Let H' = H(x1) + -+ + H(x,). (This sum

is not necessarily orthogonal). We'll show that H = H’'. This implies H;,, is spanned by
v, f and is therefore < r dimensional.

Because max diam \/{_, T'¢ — 0 as n — oo it follows that the characteristic functions of

the sets in diam \/{_, T~'¢ for n = 1,... span a dense subspace of H. So it suffices to prove:

for any set
Njgoin =Ny NTA, N NTTA,,

the associated charactistic function, denoted y;, . ;, lies in H'.
We will prove this by induction on n. If n = 0, the statement is trivial. Assume the

statement for n. We must show x;,,;,., € H'.
Now
_ -1
Xi07-~~7i'rL+1 - XloUT X’il,..-,in+1
/
a’nd Xily"'7i’lL+1 E :}C :

Case 1. Assume ig = 1.

Case la. Assume TA;, ;... CA;.

In this case Xig,...i, 1 = U1:1X7;1,m72‘n+1 so the statement follows from the inductive hypoth-
esis applied to X, i, ;-

Case 1b. Assume T'A;,

In this case,

iing: 15 DOt a subset of A;.

o § -1
Xio,..., fntl Xig — UT X]l ----- Jn+1

where the sum is over all jq, ..., j,+1 such that

TA C Ay

J1seedn+1
This proves Case 1b.
Case 2. Assume ig = 2.

Case 2a. Assume T'A;, C Aj U A,.

7"'77"7l+1
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In this case,
_ -1
Xioyeesing1 — UT Xityeoying1 — X1,i1,esint1 -
So the inductive hypothesis and Case 1 proves this case.

Case 2b. Assume TA is not a subset of Ay U As.
In this case,

7:1:~'~77:n+1

Xig,ins1 = X1 T X2 — Z U7:1Xj17---»jn+1

where the sum is over all jq, ..., j,+1 such that

TA C AjUA,.

J15edn+1

This proves Case 2b.
The other cases are handled similarly.
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