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Lecture 1

Ergodic theory examines the behavior of measure-preserving maps. In this first
lecture, we introduce these maps, and already prove an early basic result of the
field: Poincaré’s recurrence theorem. In the remainder of the chapter, we then
explore several alternative approaches to measure-preserving transformations via
the measure algebra and the Koopman operator.

1.1 Measure-Preserving Transformations and Poin-
caré’s Recurrence Theorem

To start, let us briefly recall some basic measure theoretic concepts and introduce
notation. A measurable space (X, Y x) consists of a set X together with a o-
algebra Yy of subsets of X (which are called measurable). A probability space
(X,Xx,px) is given by a measurable space (X,Xx) and a probability measure
px: Xx — [0,1]. In the following, we write just X for a measurable space (X, Xx)
or a probability space (X, X, ux) if there is no risk of confusion. We assume that
the reader is familiar with these concepts and knows basic measure and integra-
tion theory. Introductory texts on the subject are, e.g., [Rud87|, [Bar95|, [Ran02],
[Taoll], and [BBP16].

The following are the “structure preserving maps” between measurable and proba-
bility spaces, respectively.
Definition 1.1.1. (i) A map 7: X — Y between measurable spaces X and Y is

measurable if 771(A) C X is measurable for every measurable subset A C Y.

(ii) A measurable map 7: X — Y between probability spaces X and Y is measure-
preserving if ux(771(A)) = uy(A) for every measurable subset A C Y.

It is clear from the definition that the composition of measurable or measure-
preserving maps is again measurable or measure-preserving, respectively.
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Remark 1.1.2. For any measurable map 7: X — Y between measurable spaces
X and Y and any probability measure pxy on X, one can define the pushforward
measure T,ux on Y via T.ux(A) = ux(77'(A)) for every measurable subset A C
Y. Thus, a measurable map 7: X — Y between probability spaces is measure-
preserving precisely when 7, ux = py.

Here are a few basic examples of measure-preserving maps. Additional and more
interesting ones can be found in the Exercises below and in the next lectures.

Examples 1.1.3. (i) For any probability space X the identity map idy: X —
X, x + x is measure-preserving.

(ii) Equip a finite set X = {0,...,k — 1} for some k € N with the power set
P(X) as its o-algebra. Recall that if p = (po,...,pr_1) € [0,1]* is a prob-
ability vector, i.e., Zf;ol p; = 1, then we obtain a probability measure
Zf;ol pidi: P(X) — [0,1], A — > .. 4pi- One can easily check that every
bijection 7: {0,...,k —1} — {0,...,k — 1} is then measure-preserving with
respect to the measure defined by the vector (po, ... ,pe—1) = (3,..-,7)-

(iii) Consider X = [0,1) with the Borel o-algebra and the Lebesgue measure, and
for fixed a € [0, 1) define the map 7,: [0,1) — [0,1) by 7,(z) =z 4+ a mod 1
for x € [0,1). If A C [0,1) is any Borel measurable set, then the preimage

1 A) = (1N (A) N[0, 1 —a) U (r; (A) N[l —a,1))

e} [} «

=(A-—a)n0,l—a)U(A—a+1)N[1l—-a,1))

is measurable since translates of Borel measurable subsets are Borel measur-
able. Moreover, we obtain by translation invariance of the Lebesgue measure,
that

px (1 (A)) = ux (A= a) N[0,1 = @) + pux((A—a+ 1) N[l —a,1))
= px(ANa, 1)) + px(AN0, @) = px(A).

Thus, 7, is a measure-preserving map.

In many instances it is difficult or tedious to directly check with the definition
that a map is indeed measure-preserving. We therefore collect some equivalent
characterizations. Recall here that for a measurable space X a subset £ C Xy is a
generator of Xy if Y x is the smallest o-algebra over X containing £, and N-stable
if AN B € £ whenever A, B € €.

Proposition 1.1.4. (i) Let X and Y be measurable spaces and € C ¥y a gener-
ator. For a map 7: X — Y the following assertions are equivalent.
(a) 7 is measurable.

(b) 771(A) C X is measurable for every A € £.
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(¢) fort is measurable for every measurable function f:Y — C.

(ii) For a measurable map 7: X — Y between probability spaces X and Y and a
N-stable generator £ C Yy the following assertions are equivalent.

(a) 7 is measure-preserving.

(b) 1 (71 (A)) = v (A) for every A€ €.
(¢) [x for= [, f for every measurable function f:Y — [0,00).
)

(d) for: X — C is integrable with fo oT = fo for every integrable
function f:Y — C.

We leave the proof (using standard measure theoretic arguments) to the interested
reader. For the equivalence “(a) < (b)” of part (ii), the Carathéodory uniqueness
theorem from measure theory is needed (see, e.g., [Bil95, Theorem 10.3| for a refer-
ence).

As for many measure theoretic concepts, it is irrelevant in most situations what
a measure-preserving map does on nullsets. It is therefore convenient to identify
measure-preserving maps which agree almost everywhere. Given probability spaces
X and Y, denote the set of all measure-preserving maps 7: X — Y by Z(X,Y).
Write 7y ~ 1 for 7,70 € A (X,Y) if the equality 7 (z) = m(x) holds for almost
every x € X. One can check that ~ is an equivalence relation on .Z(X,Y’), and we
write M(X,Y) = .#(X,Y)/~ for the set of equivalence classes.

Similarly as for LP-spaces, we still write 7 for an element of M(X,Y") and pick a rep-
resentative in . (X,Y) (i.e., an actual measure-preserving map X — Y') whenever
necessary. In particular, using this convention, for probability spaces X, Y and Z
the composition of measure-preserving maps gives us a (well-defined!) map

o: M(Y,Z) x M(X,Y) - M(X,Z2), (o,7)—0coT.

The following concept of invertible measure-preserving transformations is therefore
natural.

Definition 1.1.5. Let X and Y be probability spaces. Then 7 € M(X,Y) is
invertible if there is a (necessarily unique) 7" € M(Y, X) such that

7or =idy in M(X, X) and 7 o 7" = idy in M(Y,Y).
In this case, 7 is an isomorphism of probability spaces. If such an isomorphism

exists, then the probability spaces X and Y are isomorphic.

All the measure-preserving maps in Examples define isomorphisms of proba-
bility spaces. An example which is not an isomorphism is discussed in Exercise
below.
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We now discuss one of the early insights of ergodic theory. Given a measure-
preserving map 7: X — X we want to study recurrence properties: Given any
measurable subset A C X with px(A) > 0, do we find an element € A and some
“time” n € N such that 7*(x) is again in A?E] Put differently, are there elements in
the intersection A N7 "(A) for some n € N? The following result shows that we
can indeed find “many” points in A returning to A.

Theorem 1.1.6 (Poincaré’s recurrence theorem). Let 7: X — X be a measure-
preserving map on a probability space X. If A C X is measurable with ux(A) > 0,
then there is an n € N with ux(AN7t7"(A)) > 0.

Proof. Assume that ux(A N 77"(A)) = 0 for every n € N. Since 7 is measure-
preserving, we then have px (77" (A) N 7="*™(A)) = 0 for every m € Ny and
n € N. This yields pux(77™(A) N 77%(A)) = 0 for all m,k € N with m # k. Thus,
the sets 77"(A) for n € N are pairwise disjoint “up to nullsets”, and consequently
we have

(U @) = i) = 4 = 0

neN

a contradiction. O

Studying different notions of recurrence for measure-preserving transformations will
be one focus of this course. One of the deeper results of ergodic theory is Fursten-
berg’s multiple recurrence theorem telling that we can return to the set A after
finitely many multiples n,2n,3n, ..., kn of some “time” n € N for each k£ € N:

Theorem 1.1.7 (Furstenberg’s multiple recurrence theorem). Let 7: X — X be
a measure-preserving map on a probability space X. If A C X is measurable with
px(A) >0 and k € N, then there isn € N with ux(ANT"(A)N---N77*(A)) > 0.

This result is of particular interest due to its consequences in additive combina-
torics. It implies a celebrated theorem on the existence of arithmetic progressions
in “asymptotically large” sets of natural numbers. Here we write |A| for the number
of elements of a finite set A.

Theorem 1.1.8 (Szemerédi). Let A C N with limsupN_mM > 0. For
every k € N there is a starting number a € N and a distance d € N such that
a,a+d,...,a+ kd e A.

This fruitful connection between combinatorial number theory and ergodic theory,
known as Furstenberg’s correspondence principle, will be discussed in Lecture 4.
However, showing Theorem (and related results) requires a substantial amount

'Here and in the following, N is the set of all integers n > 1, while Ny = NU {0}.
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of work. We return to it in a later lecture once we have developed the necessary
structure theory for measure-preserving systems.

1.2 Measure Algebras and Their Homomorphisms

While measure-preserving transformations are defined as concrete maps 7: X — X
on probability spaces, all we actually need to formulate and prove Poincaré recur-
rence is the induced transformation

Ex—)zx, AHT_l(A)

of measurable sets. As we will see, ergodic structure theory also does not rely on the
underlying map directly, but rather on the induced transformations of measurable
subsets and functions. We can therefore “forget” about the concrete map on X
altogether, and instead consider transformations on the level of measurable sets. As
we can also ignore what happens on nullsets, this leads to studying transformations
of so-called “measure algebras”.

To make this precise, recall that for sets A and B the set AAB := (A\ B)U (B
A) is their symmetric difference. For a probability space X we then say that
measurable sets A, B C X agree up to null-sets if uy(AA B) = 0, and write
A ~ B in this case. One can easily check that ~ defines an equivalence relation on
the o-algebra > x.

Definition 1.2.1. For a probability space X the set
N(X) =2x/~={[A]| A€ Xk}
is called the measure algebra of X.

Remark 1.2.2. One of the advantages of ¥(X) is that we can make sense of “un-
countable unions”, see Exercises and for this and further properties.

Once again it is convenient to still denote the equivalence classes in ¥(X) by the
letters A, B,C, ... and pick an identically denoted representative in ¥y whenever
necessary. With this convention, we can foorm AN B, AU B,A\ B € %(X) for
A, B € ¥(X), and define a map

Y(X)—=1[0,1], A~ ux(A).

Of course, one has to check that these constructions do not depend on nullsets, and
hence are independent of the chosen representative. By a slight abuse of notation,
we also write () and X for the elements of (X)) defined by the empty set and the
entire space, respectively. Now if 7: X — Y is a measure-preserving map between
probability spaces, then, since pre-images of nullsets are again nullsets, 7 gives rise
to a map between the respective measure algebras:
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Definition 1.2.3. Let 7: X — Y be a measure-preserving map between probability
spaces. Then we call

™:0(Y) = B(X), A~ 1A
the pullback (modulo null sets) of 7.
Remark 1.2.4. Note that pullbacks are compatible with compositions: If 7: X —

Y and 0: Y — Z are measure-preserving maps between probability spaces, then
(coT)"=71"00"
The pullback of a measure-preserving map evidently preserves the algebraic opera-

tions of union and intersection, and the measure.

Proposition and Definition 1.2.5. For a measure-preserving map 7: X — Y
between probability spaces the map T = 7*: L(Y) — 3(X) is a measure algebra
homomorphism, i.e., it satisfies

(i) T(AUB) =T(A)UT(B) for all A,B € ¥(Y),
(ii) T(ANB)=T(A)NT(B) for all A,B € (Y,
(iii) px(T(A)) = py(A) for all A€ X(Y)P]
In the following, given probability spaces X and Y, write M(3(Y'), 3(X)) for the

set of measure algebra homomorphisms 7': 3(Y) — X(X). We list some important
properties. It is Exercise to prove these.

Lemma 1.2.6. Let X and Y be probability spaces and T: X(Y') — 3(X) a measure
algebra homomorphism. Then the following statements hold.

i) T0) =0 and T(Y) = X.
(ii) T(A\ B) =T(A)\T(B) for all A,B € (Y.
(i) T(AA B) = T(A) AT(B) for all A, B € S(Y).

(iv) T(UneN An) = Upen T'(Ay) for every sequence (A,)nen in X(Y).

(v) T is ingective.

(vi) If T is surjective, then T~1: X(X) — X(Y) is also a measure algebra homo-
morphism.

2As observed by the local group in Ljubljana, part (ii) can actually be inferred from (i) and (iii)
as follows. Note first that (iii) implies T(Y) = X. By (i) we therefore obtain X = T(A)UT (Y \ A),
which yields px ((X \ T'(A)) \ T(Y \ 4)) = 0. Since
px(X\T(A)) =1 - px(T(A) =1—py(A) = py (Y \ A) = ux (T(Y'\ 4)),

this already implies X \ T(A) = T(Y \ A). Combined with (i) and De Morgan’s laws this yields
(ii).
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Are there any examples of measure algebra homomorphisms 7': 3(Y) — X(X)
other than pullbacks of measure-preserving transformations 7: X — Y7 In general,
this can be the case (see [JT23bl Section 5]). Moreover, two distinct elements
o,7 € M(X,Y) can induce the same pullback between the corresponding measure
algebras, see Exercise below. However, for certain “nice” probability spaces such
behavior does not occur. Recall that a metric space (X, dx) is separable if there is a
countable subset of X which is dense in X, and complete if every Cauchy sequence
in X converges. Recall also that the Borel o-algebra B(.X) of any topological space
is the smallest o-algebra over X containing all open sets. By equipping a separable
and complete metric space (X, dx) with B(X) we obtain a measurable space called
a standard Borel space. Most examples of probability spaces we will encounter
in this course are given by a probability measure on such a standard Borel space.
The following concept allows even some more flexibility.

Definition 1.2.7. A probability space X is a Lebesgue space if there is a separable
and complete metric space (Y, dy ) and a probability measure py : B(Y') — [0, 1] such
that X is isomorphic to (Y, B(Y), uy) (in the sense of Definition |1.1.5]).

For Lebesgue spaces the following result establishes a one-to-one correspondence
between (equivalence classes of) measure-preserving maps and measure algebra ho-
momorphisms between the corresponding measure algebras.

Theorem 1.2.8. For every probability space X and every Lebesque spaceY the map
M(X,Y) = M(E(Y),X(X)), 7+ 7" is a bijection.

We do not show the result in the main part of the course (as it is not crucial for what
follows), but a proof is included as a supplement at the end of this lecture.

1.3 Koopman’s Approach

We now take yet another perspective on measure-preserving transformations using
functional analysisﬁ Observe that for any measure-preserving map 7: X — Y
between probability spaces and any square-integrable function f: Y — C we obtain
from Proposition that the composition f o7 is again square-integrable with the
same L2-norm. Since for functions fi, fo: ¥ — C agreeing almost everywhere, the
compositions fijo7 and fyo7 also agree almost everywhere, we obtain a well-defined
map on the level of L2-spaces:

Definition 1.3.1. Let 7: X — Y be a measure-preserving map between probability

3While we assume the reader to be familiar with basic measure and integration theory, we
briefly recall all necessary functional analytic notions and results for the course in the appendix.
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spaces X and Y. The map
U LAY) - L3(X), frfor

is called the Koopman operator induced by 7.
Koopman operators are bounded linear operators, but have important additional
properties.

Proposition and Definition 1.3.2. Let 7: X — Y be a measure-preserving map
between probability spaces. Then U = U,: L2(Y) — L*(X) is a Markov embed-
ding, i.e.,

(i) U is a linear isometry,
(i) [Uf| = U|f| for all f € LA(Y), and
(iii) U1 = 1.
Here, 1 denotes the (equivalence class) of the constant one-function, and, as usual,

the absolute value of functions is defined pointwise. The verification of these prop-
erties is straightforward from the definitions, and is left to the reader.

Markov embeddings (even when not given as Koopman operators) have a number of
useful properties, which we list below. Again all operations on functions (e.g., real
and imaginary parts, suprema and infima, etc.) here are defined pointwise.

Lemma 1.3.3. For probability spaces X andY and a Markov embedding U : L2(Y') —
L%(X) the following assertions hold.

() U2V, [0, 00))) € L(X, [0, 00).

) U(L2(Y,R)) C L*(X,R).

) Usup(f,g) =sup(Uf,Ug) and Uinf(f,g) = inf(Uf,Ug) for f,g € L*(Y,R).

YUfr=Uf)y and Uf_ = (Uf)_ for all f € L*(Y,R).

) URe f) =ReUf and U(Im f) =ImUf for all f € L*(Y).
(vi) Uf = Uf for all f € L2(Y).

) [xUf = [ f for every f € L*(Y).

) U(L=(Y)) € LX) and [[Uflloo = | fll for all f € L=(Y).

) U is injective.

) If U is surjective, then U™1: L2(X) — L3(Y) is also a Markov embedding.
Proof. For part (i) note that if f € L2(Y,[0,00)), then f = |f|, hence Uf = U|f| =

|Uf| € L*(X,]0,00)). Part (ii) is a direct consequence of (i) since every f € L*(Y,R)
can be written as f = f, — f_, hence as a difference of elements in L*(Y, [0, 00)).
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For (iii) notice that sup(f,g) = H%H for f,g € L*(Y,R). Thus,

f+g+\f—g\) _Uf+Ug+|Uf-Ug|
2 2

Usup(f,g) =U ( =sup(Uf,Ug).
But then also Uinf(f,g) = U(—sup(—f,—g)) = —sup(=Uf,—Ug) = inf(U f,Ug).
Part (iv) is a special case of (iii). Part (v) follows from linearity of U and part (ii),
and (vi) then follows from (v).

We now show (vii). Since U is an isometry on a Hilbert space, it respects inner
products. Thus

Jur=wm=wavn == [ 1 forserm).

To check (viii), let f € L*(Y) and take ¢ > 0. Then |f| < ¢1 almost everywhere
precisely when (|f| — ¢1)y = 0 in L*(X), i.e., ||(|f| — ¢1)4]l2 = 0. But

11 =Dyl = IUAS] = D)l = (U f] = D)4 ]2

by the definition of Markov embeddings and part (iv). This shows that the inequality
| /| < c1 holds almost everywhere precisely when |U f| < ¢l almost everywhere. This
shows (viii). Finally, part (ix) follows from the fact that U is isometric, while (x) is
straightforward to see. O

The next result shows that, just as every measure-preserving map, each measure
algebra homomorphism also induces a “Koopman operator”.

Proposition 1.3.4. Let X and Y be probability spaces. If T: X(Y) — X(X)
15 a measure algebra homomorphism, then there is a unique Markov embedding
Ur: LA(Y) = L*(X) with Urla = Lya) for all A e S(Y).

Remark 1.3.5. Note that the uniqueness property immediately implies a compati-
bility with compositions: For probability spaces X, Y, and Z, and measure algebra
homomorphisms S: ¥(Z) — X(Y) and T: £(Y) — (X)) we have Uros = Uy o Us.

We need the following basic observation from measure theory (see, e.g., [BBP16,
Proposition 9.24] for a proof).

Lemma 1.3.6. Let X be a probability space. Then the linear hull lin{14 | A €
Y(X)} is dense in LP(X) for every p € [1,00].

Proof of Proposition[1.3.4] First note that uniqueness is clear: Since the (equiv-
alence classes of) characteristic functions span a dense subspace of L?(Y), any
bounded linear operator U: L*(Y) — L%*(X) is uniquely determined by its values
Uly for A € 3(Y). For existence write Ey and Ex for the spaces of (equivalence
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classes) of simple functions in L?(Y") and L?(X), respectively. If Ay, ..., Ay € ()
and ay,...,a; € C, we obtain

k 2k k kook
Z a;ilpayl| = Z Z aia_j/ Lray) - Lray = Z Z aiajux(T(A;) NT(A;))
i=1 2 =1 j=1 X i=1 j=1
kook k 2
=20 ey (AinA) =1} aila
i=1 j=1 i=1 2

A moment’s thought reveals that we now obtain a (well-defined!) linear map
Ur: By — FEx, Zle a;ly, — Zle a;17(a,) which is isometric with respect to the
L%norms. Since Fy is dense in L?(Y) by Lemma [1.3.6, we obtain from basic func-
tional analysis (see Proposition that Ur uniquely extends to a linear isometry
Ur: L2(Y) — L%*(X). To check that Uz is a Markov embedding, first take a simple
function f = Zle a;la, € Ey. We can assume that py(A; N A;) = 0 and hence
also px(T(A;)NT(A;)) =0fori,j€{l,...,k} with ¢ # j. Then

k
> ailra,
=1

For general f € L%(Y) we find a sequence (f,)nen in Fy with lim, ,o fr = f
in L2(Y). Then also lim, ,o Urf, = Urf since Ur is continuous. Since ||f,| —
IfIl < |fu— f| for every n € N, also lim,, s | fu| = |f] in L?(Y), and, by the same
argument, lim,, .. |Urf,| = |Urf|. We conclude that Ur|f| = lim, . Ur|f.| =
hmn_mo ‘UTfn‘ = |UTf| Finally, UT]l = UT]ly = ﬂT(y) = ]lX =1 by Lemmam
(i). Thus, Ur is a Markov embedding. ]

k k

Urlfl = Ur Y lailla, = ) laillrea,) =

i=1 =1

= ‘UTf|'

It turns out that measure algebra homomorphisms and Markov embeddings are
equivalent concepts. Given probability spaces X and Y, write M(L?*(Y), L*(X)) for
the set of Markov embeddings U: L*(Y) — L?(X). Then the following correspon-
dence holds.

Theorem 1.3.7. For all probability spaces X and Y the map M(3(Y),X(X)) —
M(L*(Y),L*(X)), T + Ur is a bijection.

Proof. To see that the map is injective, observe that if 77, T5: X(Y) — X(X) are
two measure algebra homomorphisms with Uy, = Up,, then
Iy a) = Upnla=Uply = 1gya

and hence T} (A) = T(A) for every A € X(Y).

We now show that the map is surjective. Let U: L?(Y) — L*(X) be a Markov
embedding. If A € 3(Y'), then, by Lemmam (iii), the element f = Ul € L*(X)
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satisfies
inf(f,]l - f) = inf(UﬂA,Uﬂ - UILA> = Uinf(ILA, 1-— ]LA) =U0=0.

Thus, min(f(z),1 — f(z)) = 0 for almost every z € X. This implies f = 15 for a
unique B € %(X) and we set T(A) := B. For A, Ay € ¥(Y) we then have

]lT(A1ﬂA2) - U(1A10A2> - Uinf(]lz‘h? ]lAz) - inf(U]lAu UﬂAz) - inf<ILT(A1)7 lT(Az))

= ILT(Al)ﬁT(Az)

and hence T'(A; N Ag) = T(A;) NT(As). Similarly, T(A; U Ay) = T(A;) UT(As).
Finally, for A € ¥(Y) we have

px(T(A)) = [ |* = IULal* = | Lall = sy (A).

Therefore T' is a measure algebra homomorphism. Since U and Ur agree on every
14 for A € ¥(X), we obtain U = Ur again from the fact that U and Ur are bounded
linear operators and Lemma [1.3.6, O]

Corollary 1.3.8. Let X and Y be probability spaces. Then every Markov embed-
ding U: L*(Y') — L*(X) restricts to an algebra homomorphism Ulpe(yy: L=(Y) —
L>®(X), e, U(f-g)=Uf-Ug forall f,g € L=(Y).

Proof. By Theorem we may assume that U = Ur for a measure algebra ho-
momorphism 7: ¥(Y) — ¥(X). By Lemma [1.3.3] (viii), Ur restricts to a linear
isometry Up|peo(yy: L®(Y) = L>(X). If f =14 and g = 15 for A, B € ¥(Y'), then

Ur(f-9) = Urlans = Lrans) = Lraynrs) = Lrw) - Loy = Urf - Urg.

By bilinearity of multiplication, Ur(f - g) = Urf - Urg for (equivalence classes
of) simple functions f,¢g € L*(Y). Finally, we can approximate general f,g €
L>(Y) with sequences (fy,)nen and (gy )nen of simple functions to obtain Ur(f-g) =
limy, 00 Ur(fn - gn) = limy, oo Ur(fn) - Ur(gn) = Urf - Urg with the limit now taken
with respect to the L*>-norm (since multiplication of functions is continuous with
respect to this norm). O

Corollary 1.3.9. Let X be a probability space and Y a Lebesgue space. Then the
map M(X,Y) — M(L3(Y),L*(X)), 7 — U, is a bijection.

Proof. One can readily check that the map is the composition of the bijections of
Theorems [[2.8 and O

To conclude the lecture, let us emphasize once more that we have (at least for
Lebesgue spaces) three different, but equivalent approaches to measure-preserving
transformations between probability spaces X and Y:
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(i) measure-preserving maps 7: X — Y,
(ii) measure algebra homomorphisms 7": 3(Y) — (X)), and
(iii) Markov embeddings U: L*(Y) — L3(X).
To pass from (i) to (ii) we take the pullback. The transition from (ii) to (iii) is

achieved by extending the induced map of (equivalence classes of) characteristic
functions to a linear isometry between the L2-spaces.
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1.4 Supplement: Realization of Homomorphisms

We now provide the promised proof of Theorem [1.2.8, First recall its content.

Theorem. For every probability space X and every Lebesque space Y the map
M(X,Y) - M(X(Y),2(X)), 7 — 7% is a bijection.

Proof. For a measure algebra homomorphism 7": 3(Y) — X(X) we have to find a
unique 7 € M(X,Y) with 7" = 7*. We first improve the situation: By assumption
we find a separable and complete metric space (Z,dz), a Borel probability measure
pz: B(Z) — [0,1] and an isomorphism ¥ € M(Y,Z). Let v=' € M(Z,Y) be its
inverse. Then S = Tod*: 3(Z) — ¥(X) is again a measure algebra homomorphism.
If we find a unique o € M(X, Z) with ¢* = S, then one can check that 9! oo €
M(Y, X) is the unique 7 € M(X,Y) with 7* =T.

Now pick a countable dense subset {z; | k € N} of Z. Observe then that, for fixed
n € N, the open balls B(z,1/n) == {z € Z | dz(zx, 2) < /n} for k € N cover the
entire space Z.

Uniqueness: Assume that o1,09: X — Z are measure-preserving maps with (o1)* =
(02)* = S. We have to show that the set M = {x € X | o1(x) # 02(x)} is a nullset.
Since for any A € Yy the symmetric difference of (o7)7'(A) and (09)"'(A) is a
nullset, it suffices to show the identity

M = J U0 Bl Yu) N (X (02) (B, /o))

neN keN

as this implies that M is a countable union of nullsets, hence a nullset itself.

The inclusion “2” is clear. Conversely, if x € X with oy(z) # o2(z), then there is
some n € N with dz(o1(z), 02(x)) > 2/n. Choose k € N with o;(z) € B(z,Y/n). By
the triangle inequality, oo(z) cannot also be an element of B(zx,1/n). This shows
z € (01) 7' (Blzr, 1/n)) N(X N (02) 71 (B(2k, /n)))-

FExistence: The proof of existence of o: X — Z with ¢* = S requires several steps.
Step 1: Construct suitable measurable partitions of X and Z. Fix n € N. We
“disjointify” the cover of open balls from above by setting A} = B(z,1/») and

recursively A7 = B(zg, 1/n) \ Uf;ll A} for k > 2. The sets A}, for k € N then form a
measurable partition of Z.

For k € N we choose a measurable subset B} C X with S(A}) = B} in ¥(X). Since
S is a measure algebra homomorphism, we obtain

px(Bi N BY) = px (S(AL N AY)) = pz (A N A) = 0
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for k # 1. Moreover, by Lemma (iv) we have

(U 8t) =z (U 4t ) = etz = 1.
keN keN
A moment’s thought reveals that by replacing BY' with (BY)" := B U X \ U,y Bl
and recursively B} with (B}) = By \ U;:ll(Bl”)’ for k£ > 2, we may assume that
the sets B} for k € N form a measurable partition of X.

Step 2: Construct approximating sequences of measurable maps. We claim that there
are measurable maps ¢,: Z — Z and 0,: X — Z for n € N with the following two
properties.

(i) S(0;'(A)) = (0,) 1 (A) in B(X) for every measurable A C Z and n € N.
(i) lim, oo 0n(2) = 2 for every z € Z.

To construct these, notice that for every z € Z there is precisely one k € N with
z € A, We then set 0,(2) = z. Similarly, for every x € X we find exactly one
k € N with € B} and we define 0,,(z) = 2. As the preimages of any subset of Z
with respect to g, and o, are countable unions of the measurable sets A} and By,
respectively, both maps are measurable. To check property (i) observe that for any
measurable subset A C Z and n € N the identities

o' (W) =J A and o '(H)=J B
keN keN
zZL€EA zL€EA

hold. Thus,

st () =s( U 4t) = U 82 = (o4
keN keN
zL€EA zLEA
in ¥(X) by Lemma [1.2.6] (iv). For property (ii) note that for z € Z and n € N we
have z € B(on(2),1/n) by definition of the map o, and the sets A} for k € N. But
this implies lim,, ;o 0n(2) = 2.

Step 3: Construct the measure-preserving map o. We show that for almost every
x € X the sequence (0,(x))nen is a Cauchy sequence in Z. First fix n,m € N. Then
the sets B} N B" for k,l € N form a measurable partition of X. If k,I € N with
px(By N B") > 0, then py (A7 N AJ") > 0, and hence there is some z € A} N A
For every x € B! N B we therefore obtain

1

dz(on(2),0m(x)) = dg(2k, 21) < dg(zk,2) +dz(z,21) < % + e

by definition of the sets A7 and AJ". Thus, dz(0,(x), om(z)) < £ + L for almost

every x € X. Since the set N x N is countable, we even find a nullset N C X such
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that d(o,(z),00m(z)) < £+ L holds for all z € X \ N and all n,m € N. Thus,
(00 ())nen is a Cauchy sequence for all x € X \ N.

Redefining the sequence o, on a nullset (setting it to some fixed, arbitrary value), we
still have property (i) above but can achieve that (o, (z))nen is a Cauchy sequence
for every x € X. Since the metric space (Z,dz) is complete, the limit o(x) =
lim,, o 0, () exists for all x € X. Moreover, o0: X — Z is measurable as the
pointwise limit of a sequence of measurable maps (see, e.g., [Kal97, Lemma 1.10]).
For each measurable A C Z we obtain by property (i), Lemma (iii), and
Exercise [[.4] that

px(S(A) Ao~ (A)) < px(S(A) AS(0n(A))) + px (S(en(A4)) Ao~ (A))
= pz(AA 0 (A) + px (o (A) Ao~ (A)).
Since lim,, oo 0, (2) = z for every z € Z by property (ii) above, and lim,,_,, 0,,(z) =
o(x) for every x € X by definition of o, we obtain from Lebesgue’s theorem,
lim puz(AA o, (A)) = lim |14 — 140 0,1 =0, and
lim px (0, (A) Ao (A))) = lim |[Tp00, — T 00|, =0.
n—oo

n—oo

Thus, S(A) = 071 (A) in X(X). In particular, ux (o7 1(A)) = ux(S(A)) = pz(A).
Therefore, 0: X — Z is measure-preserving with ¢* = S. ]
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1.5 Comments and Further Reading

What is now known as Poincaré’s recurrence theorem has its roots in the work
[Poi90] of the French mathematician and physicist Henri Poincaré on “the three
body problem” and predates modern ergodic theory (and abstract measure theory).
For more information, also on the physical context, see, e.g., [EW1I, Section 2.2|,
[EFHNT5, Section 6.2|, and [VO16, Chapter 1].

The abstract approach to measure-preserving transformations, formalized using
measure algebras, has been implicitly present in the literature; see, e.g., [Furl4l
Chapter 5| and |Gla03, Chapter 2|. This “point-free” framework of ergodic the-
ory has been systematically developed in a series of papers by the first author and
Terence Tao, see [JT23al, [JT23bl [JT22].

Taking pullbacks of maps on the level of sets or functions is a common procedure in
many mathematical areas. Bernhard Koopman, a coauthor of John von Neumann,
introduced his operator in [Koo31| and paved the way for applying functional anal-
ysis to study measure-preserving maps. This operator theoretic approach to ergodic
theory is thoroughly discussed in the book manuscript [DNP87|, and the monograph
[EFHNT15], which is based on the 12th edition of the ISem from 2008/09 [EFHN09].
In particular, we refer to [EFHNI5, Chapter 13| for more information on Markov
embeddings.

An early version of Theorem on the connection between measure-preserving
maps and measure algebra homomorphisms was already proven by von Neumann in
[vN32al, see also [EFHNTH, Sections 6.1 and 7.3|. Our proof of Theorem [1.2.§follows
the one of [JT23b| (see Proposition 3.2 there), where the realization of measure
algebra homomorphisms as pullbacks is thoroughly discussed.



1.6. EXERCISES 17

1.6 Exercises

Exercise 1.1. Let 7: X — Y be a measure-preserving map between probability
spaces. Assume that o: Y — X is measurable with (o o 7)(z) = x for almost every
x € X. Show that ¢ is measure-preserving.

Exercise 1.2. (i) Equip X = [0,1) with the Borel o-algebra and the Lebesgue
measure, and consider the doubling map 7: X — X, z — 2z mod 1. Show

that 7 is a measurable and measure-preserving map which does not define an
invertible element of M(X, X).

(ii) Equip Y = [0, 1] x [0, 1] with the Borel o-algebra and the (two-dimensional)
Lebesgue measure, and consider the baker’s transformation
(2x,9/2) if 0 <z </,

oY =Y, (z,y)— .
(2z — 1,v+l/2) if 12 <z <1.

Show that ¢ is a measurable and measure-preserving map which defines an
invertible element of M(Y,Y').
Hint: Use Proposition |1.1.4).

Exercise 1.3. Let 7: X — X be a measure-preserving map on a probability space
X and A C X a measurable subset with px(A) > 0. Show that there are infinitely
many n € N with ux(An77"(A)) > 0.

Exercise 1.4. Let X be a probability space. We set
d(A,B) = ux(AAB) = / La— 15| = 111 — Lsll
b's

for A, B € ¥(X). Show the following assertions.
(i) d is a metric on X(X).
(ii) The metric space (X(X),d) is complete.
(ili) d(X \ A, X\ B) =d(A,B) for all A, B € ¥(X).
(iv) d(ANB,CND)<d(AC)+d(B,D) forall A,B,C,D € ¥(X).
(v) d(A\ B,C\ D) <d(A,C)+d(B,D) for all A, B,C,D € ¥(X).
(vi) d(AUB,CUD) <d(A,C)+d(B,D) for all A, B,C,D € ¥(X).
(vii) |ux(A) — ux(B)| < d(A, B) for all A, B € %(X).
(viil) |ux(AN B) px(CND)| <d(AC)+d(B,D) for all A,B,C,D € 3(X).
(ix)

If (Ay)nen is a sequence in (X)) with pux (A, \ Ans1) = 0 for every n € N,
then lim, o Ap = |,y An With respect to d.
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Exercise 1.5. Prove Lemma [[.2.6]

Exercise 1.6. Let X be a probability space. For A, B € ¥(X) write A < B if
px(A\ B) = 0. Show the following assertions.
(i) < is a partial order on X(X).
(ii) For a probability space Y, a measure algebra homomorphism 7': ¥(Y) —
Y(X), and A, B € X(Y), we have A < B precisely when T'(A) < T'(B).

Recall for any partially ordered set A and a subset M C A, the smallest element
s € A with m < s for every m € M (if it exists) is called the supremum sup M of
M. We now investigate suprema in X(X) with respect to the partial order above.
Show the following assertions.

(iii) For a countable subset M C ¥(X) the supremum sup M exists and is given
by sup M = [J e A

(iv) For any subset M C (X)) the supremum sup M exists and there is a countable
subset N C M with sup M =sup N = [J,cn A
Hint: Find a sequence (Ni)ren of countable subsets Ny, C M with Ny C Ny
for every k € N as well as

JCILIEOMX< U A) = sup{uX(U A) |CC M countable},
A€ENy AeC
and then consider N = J, ey Nk
(v) For a probability space Y and a measure algebra homomorphism 7": 3(Y') —
Y (X) we have T'(sup M) = sup T'(M) for every subset M C %(Y).

Exercise 1.7. Give an example of probability spaces X and Y and distinct o, 7 €
M(X,Y) with o* = 7*.
Hint: Equip {0, 1} with the trivial o-algebra {0,{0,1}}.



Lecture 2

In this second lecture we introduce the key objects of the course: Measure-preserving
systems. We then discuss Bernoulli shifts as an important class of examples. Fi-
nally, we introduce the property of “ergodicity” and study different approaches to
subsystems of a measure-preserving system.

2.1 Measure-Preserving Systems

In ergodic theory, we are interested in the asymptotic behavior of measure-preserving
transformations. In this course, we will also assume that these are invertible, and
introduce the following notation for a probability space X.

(i) Aut(X) = {7 € M(X, X) | 7 invertible},
(i) Aut(X(X)) ={T € M(2(X),X(X)) | T bijective}, and
(iii) Aut(L3(X)) == {U € M(L*(X),L3(X)) | U bijective}.
Elements of these sets are called automorphisms of X, measure algebra auto-
morphisms of ¥(X), and Markov automorphisms of L*(X), respectively.

Note that all these sets equipped with the natural compositions are groups. Theorem
1.3.7 yields a group isomorphism between Aut(X(X)) and Aut(L?(X)) (cf. Remark
1.3.5). If X is a Lebesgue space, then by Theorem [1.2.8) (and Remark [1.2.4) all

three groups are isomorphic.

We could now study the behavior of the iterates of an element in any one of these
automorphism groups. However, we start from a more general definition of measure-
preserving systems.

Let I" be an arbitrary (discrete) abelianﬂ group (e.g,, ' =2Z" n>1,T =F, =
D,~ | F,, where F, is the finite field of prime order p) and fix this for now.

!Some topics of these lectures can be treated in the framework of arbitrary groups (or even
semigroups). However, we restrict to the case of abelian groups throughout the entire course.

19
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Definition 2.1.1. An (abelian) measure-preserving system (X, T) consists of
a probability space X and a group homomorphism

T:T'—=Aw(X(X)), v—1T,,

i.e., T’Y1+"/2 = T’YlT’Yz for Y172 € L.

For a measure-preserving system (X, 7T') the induced group homomorphism
Ur: T — Aut(L*(X)), ~+— Ur,

is the Koopman representation of (X, 7).

The following are trivial, but important examples of measure-preserving systems.

Example 2.1.2. For any probability space X we have a system (X, Id) given by
the group homomorphism Id: I' = Aut(X(X)), v + Idyx). A very special case is
the trivial system ({0}, Id) where {0} is equipped with the point measure & (cf.
Example (ii)).

Most examples are given by concrete measure-preserving maps. We therefore intro-
duce a second type of measure-preserving systems.

Definition 2.1.3. A concrete measure-preserving system (X, 7) consists of a
probability space X and a group homomorphism

7: ' = Aut(X), v~ 71,

Remark 2.1.4. One has to be a bit careful here: If we choose a concrete measure-
preserving map representing 7, for v € I', the identity 7,4, = 75,7, only holds
outside of a nullset depending on v, and ~». In particular, notions like the orbit of
a point do not make sense in this framework |

We immediately obtain the following fact (cf. Remark|1.3.5)).

Proposition 2.1.5. Every concrete measure-preserving system (X, T) gives rise to
a measure-preserving system (X, 7*) as in Definition by setting

(7%)y = (1) 2(X) = (X)), A~ T,;l(A)
forveTl.

If X is a Lebesgue space, then — as a consequence of Theorem [I.2.§— every measure-
preserving system (X, 7T") is of the form (X, 7*) for a uniquely determined concrete
measure-preserving system (X, 7), see Exercise below.

2In the case of a countable group I' (which suffices for most applications), one can circumvent
this problem and transition to a proper action of I' on X by measure-preserving maps. However,
we avoid these measure-theoretic intricacies altogether by using Definition [2.1.1] and working on
the level of measure algebras.
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Remark 2.1.6. Notice that if I' = Z, then a measure-preserving system (X, 7)) is
completely determined by 77: ¥(X) — X(X) since T,, = T7* for every m € Z.
Conversely, if S: ¥(X) — 3(X) is a measure algebra automorphism, then 7: Z —
Aut(X(X)), n — S™ yields a measure-preserving system with respect to the group Z.
This establishes a one-to-one correspondence between measure-preserving systems
over Z and automorphisms S: 3(X) — X(X). We will occasionally abuse notation
and, for an automorphism S: 3(X) — X(X), refer to (X, S) as a measure-preserving
system over Z. An analogous correspondence holds for concrete measure-preserving
systems (X, 7) over Z and elements o € Aut(X), and we use a similar convention.

In view of the previous remark, we already obtain some examples of concrete
measure-preserving systems from the previous lecture. To introduce another in-
teresting and important class of examples, we need the concept of product measures
for possibly infinitely many spaces (see [HS65), Section 22]).

Proposition and Definition 2.1.7. Let I # () be an index set and X; a probability
space for each i € I. For a finite set {iy,...,im} C I and measurable sets A; € EXij

forje{1,...,m} we call

Z(i1y e yim; Ary ooy Ap) = {(371‘)1‘61 € HXi | 2, € Aj for all j € {1,...,m}}

icl

a (measurable) cylinder set. The smallest o-algebra over [ [,.; X; containing all
such cylinder sets is the product-o-algebra ), ; Xx,. There is a unique probability
measure @,y pix,: Qier Xx; — [0,1], called the product measure, with

®Mxi<z(ila ey g A17 - 7Am)) = HKxy (Al) o HXG,, (Am)

il
for each cylinder set Z(iy, ..., im; A1, ..., An).

If I # 0 is an index set and X is a probability space, we also write X! for the
product probability space [[,.; X (i.e., in case X; = X for all ¢ € I). With this
notation, we introduce a new example for a measure-preserving system.

Example 2.1.8. Let X be any probability space, e.g., X = {0,...,k — 1} with the
probability measure defined by the probability vector p = (%7 . %), see Example
1.1.3 (ii). Then 7: I' — Aut(XF), Y= Ty with 7'7(3:5)5@ = (1}5+7)5€p for (:L'(;)(;Ep €
X' and v € T defines a concrete measure-preserving system (X', 7): For v € I' and

a cylinder set Z(d1,...,0m; A1, ..., Apn) we obtain

T;l(Z((Sl, oo Oms Ary o An)) = {(@5)ser | 5,44 € Aj for every j € {1,...,m}}
:Z(51+7,,5m+7,A1,,Am),
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and therefore

,LLXF(’TW_l(Z((Sl, e O Al AR))) = xe (Z(01 s O Y AL, A))
= px (A1) -+ px(An)
:ﬂXr(Z(517>6m;Al>aAm))

Since cylinder sets form a N-stable generator of the o-algebra Y xr, we obtain that
the map 7,: X" — X' is measurable and measure-preserving for every v € I' by
Proposition [I.1.4, Moreover, it is clear that 7, ., = 7,, o7, for all 71,75 € . We
call the system (X', 7) (and also the induced measure-preserving system (X', 7*)
on the level of measure algebras) a Bernoulli shift.

We now introduce a crucial irreducibility property for measure-preserving systems.

Definition 2.1.9. For a measure-preserving system (X,T) we say that A € ¥(X)
is invariant if 7' (A) = A for every v € I'. We set

(X )iy = {A € X(X) | A invariant} C X(X).

The system (X, T) is called ergodic if every invariant A € X(X) already satisfies
px(A) € {0,1}, ie., X( X))y = {0, X }.

Examples 2.1.10. (i) For a system with trivial dynamics (X, 1d) (see Example
every element A € ¥(X) is invariant. Hence, such a system (X,Id)
is ergodic precisely when X (X) = {0, X}. Thus, (X,Id) is “almost never”
ergodic.

(ii) Consider the set X = {0,1} with the probability measure defined by the
probability vector (3, ) and the measure preserving system (X, 7%) over I' = Z
defined by the measure-preserving map 7: X — X, m — 1 — m, see Example

(ii) and Remark [2.1.6] Then (X, 7*) is ergodic.
What about Bernoulli shifts? For the trivial group I' = {0}, we have (X', 7*) =
(XT,1d), and this is only ergodic if X(X) = {0, X}. The same is true for any
finite abelian group I' (see Exercise . However, for infinite groups we obtain the
following.

Proposition 2.1.11. If the group T is infinite, then the Bernoulli shift (X', 7*) is
ergodic. Moreover, for all measurable subsets A, B C X' and every e > 0 there is a
finite subset ' C T such that

e (771 (A) N B) — puxr(A) - pxe(B)| < = for every y € T\ F.

For the proof of Proposition [2.1.11] we need two statements from measure theory.
The first one is a general approximation result for measurable sets, see, e.g., [Bil95,
Theorem 11.4].
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Lemma 2.1.12. Let X be a probability space and £ C Xx a generator of the o-
algebra which is an algebra over X, i.e., 0, X € € and AUB,ANB,A\ B € &
whenever A, B € £. Then for every measurable subset A C X and ¢ > 0 there is
B € & with ux(AAB) <e.

The second auxiliary result is a compatibility statement for product measures. If
we decompose the index set of a product space into two parts, then the product
measure can also be written as a product of two product measures:

Lemma 2.1.13. Assume that I # () is an index set and X; is a probability space
for every i € I. If for O # J C I we naturally identify

[Ix=1]xx* ] xi

iel ieJ i€l\J

as sets, then

®2X12®ZX1® ®2Xz and ®ﬂX;Z®,UXZ® ®MX1

iel ieJ iel\J i€l ieJ iel\J

A proof can be found in [HS65, Lemmas 22.4 and 22.12].

Proof of Proposition[2.1.11. We show the second claim first and start with partic-
ularly simple measurable sets A, B € X xr. For every finite subset £ C I we may
identify X" = X¥ x X"F hence for each C € Yyr the set C' x XT\F defines a
measurable subset Z(E, C) of X' by Lemma [2.1.13] We make the following basic
observations about these measurable sets which “depend only on a finite number of
coordinates”

(i) For disjoint finite subsets E,E" C I, C' € Xxr, and C' € Xyp we have
Z(E,C)NZ(E'.C") = Z(EUE',C x C").

(ii) For every finite subset £ C I' and C' € Yy we have uxr(Z(E,C)) = puxs(C).

(iii) If £ C I' is a finite subset and v € T, then (since £ and E + « have the
same cardinality) we can identify X* with X¥+7. With this identification, we
obtain 7' (Z(E, C)) = Z(E 4 v, C) for every C € X*.

Now set £ = {Z(E,C) | E C T finite,C € Xxr}. It is easy to check that &£ is
an algebra over X', and, since it contains all measurable cylinder sets, it generates
the o-algebra Y xr. We now show the second statement for sets A, B € £, even in
a stronger version. The idea is to shift A far enough that it “lives on coordinates
disjoint from those of B”.

To make this precise, take finite subsets F, E’ C I' as well as measurable sets
Ce€Xyrand C' € Byp. Then F = FE —FE={y -~ |+ € E',y € E}isa
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finite subset of I'. For v € T'\ F, the sets £+~ and E’ are disjoint. Using properties
(i) — (iii) above and Lemma [2.1.13] we therefore obtain

/LXF<Tfy_1(Z(E7 C)) N Z<El’ Cl)) = MXF<Z E 47, C) N Z(Ela O,))

(
=uxr(Z(E4+~v)UE,C xC") = py@Eimue (C x C")
— e (C) - s (C7) = x=(C) - e (C)
= MXF(Z(Ev C)) ) NXF<Z(E,7 C,))

For general measurable subsets A, B C X we establish the claimed inequality by
using an approximation argument. For & > 0 we find by Lemma [2.1.12|sets A’, B’ €
& with pxr(AAA") < and pxr(B AB') < £. By the above, we find a finite subset
F CT with puxr(7;"(A)NB') = pxr(A’) - pxr(B') for all y € T\ F. For each y € T
we obtain by Exercise [1.4 and Lemma [1.2.6] (iii),

|t (771(A) N B) = pxr (77H(A) N B)| < pxr (771 (A) A HA) + pxr (BA B)
= jxr (ADA) + pxr(BAB) < <

and, by the triangle inequality and Exercise [I.4],

|xr (A)pxr (B) — puxer (A pxr (B')] < |pxr (A) — pxe (A)] + [pxr (B) — pxr (B)]
< puxr(AAA)+ pxr(BAB') <

DN ™

Applying the triangle inequality once more, we obtain the desired estimate.

To prove ergodicity, let A € ¥(X) be invariant. For ¢ > 0 we find a finite subset
F CT with

e ((7,)7 (4) N A) = pce(A) - e (A)] < &

for every v € I' \ F'. Since T is infinite, such a 7 actually exists. From A being
invariant we conclude (7,)*(A) = A, and therefore pyr((7,)*(A) N A) = pxr(A).
This implies, |puxr(A) — puxr(A)?| < e. Since € > 0 was arbitrarily chosen, we obtain
pxr(A)? = pxr(A), and therefore uxr(A) € {0,1}. O

2.2 Subsystems and Extensions

To understand the relation between different measure-preserving systems we also
need “structure-preserving maps” between them. This leads to the following defini-
tion.
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Definition 2.2.1. An extension (or homomorphism) J: (Y,S) — (X,T) of
measure-preserving systems is a measure algebra homomorphism J: X(Y) — 3(X)
such that the diagram

N(Y) —- 5(Y)

commutes for every v € I'. In this case, we call (Y,S) a subsystem of (X,T).
Moreover, J is an isomorphism of measure-preserving systems if, in addition, J is
bijective.

On the level of concrete measure-preserving systems, the “arrows reverse”, and we
speak of factors instead of subsystems:

Definition 2.2.2. A factor map ¢: (X,7) — (Y, 0) of concrete measure-preserving
systems is an element ¢ € M(X,Y’) such that the identity o, 0 ¢ = g o 7, holds in
M(X,Y) for all v € T". In this case, we call (Y, o) a factor of (X, 7). Moreover, ¢
is an isomorphism of concrete measure-preserving systems if, in addition, ¢ is an
isomorphism of probability spaces.

A simple example is the following.

Example 2.2.3. For ' = Z and a € [0,1) consider the system (X,7) defined
by the measure-preserving map [0,1) — [0,1), z — z + o mod 1 from Example

(iii) (cf. Remark [2.1.6). If we pick another § € [0,1), the addition map
q:[0,1) = [0,1), z — z+ 8 mod 1 defines an isomorphism ¢: (X,7) — (X, 7) of
concrete measure-preserving systems (since addition modulo 1 is commutative).

The following analogue of Proposition is evident.
Proposition 2.2.4. If q: (X,7) — (Y,0) is a factor map of concrete measure-
preserving systems, then ¢*: L(Y) — X(X), A — ¢ '(A) defines an extension

¢ (Y,0*) — (X,7%) in the sense of Definition [2.2.1 If ¢ is an isomorphism,
then so is q*.

We now discuss an alternative perspective on subsystems and extensions.
Proposition and Definition 2.2.5. If J: (Y,S) — (X,T) is an extension of

measure-preserving systems, then A = J(X(Y)) C X(X) is an invariant sub-o-
algebra, i.c.,

(i) Unen An € A whenever A, € A for n € N,
(i) X\ A €A for every A € A,
(iii) 0, X € A, and
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(iv) T,(A) € A for all A€ A and vy €T

Proof. Parts (i)—(iii) are a direct consequence of Lemmal[l.2.6] (i), (ii), and (iv). For
part (iv) consider A = J(B) € J(X(Y)) for some B € X(Y). For v € I' we then
obtain

Ty(A) = T,(J(B)) = (T 0 J)(B) = (J 0.5,)(B) = J(5,(B)) € J(5(Y)).
O

Remark 2.2.6. Note that the associated invariant sub-o-algebra completely deter-
mines a subsystem up to an isomorphism: If J;: (Y1,S51) — (X, T) and J: (Y5, S5) —
(X,T) are extensions with J;(3(Y7)) = Jo(X(Y2)), then Jy ' o Ji: B(Y7) — 3(Y3)
defines an isomorphism between (Y7, S7) and (Y3, Ss).

We now follow the converse direction: For a given measure-preserving system (X, T")
and an invariant sub-o-algebra A C ¥(X) we build a subsystem of (X,T) in the
following way:

(i) The set ¥y = {A C X measurable | [A] € A} is a o-algebra over X and
the restriction (ux)|s,: Xa — [0,1] is a probability measure. Thus X, =
(X, XA, pt|s,) is a probability space.

(ii) The map Jy: 2(Xy) — 2(X), A — A is a measure algebra homomorphism
with range Jy(X(X3)) = A.

(iii) For every v € I" we obtain a measure algebra automorphism
(T‘A)7 = JXI ¢} T’Y|A o JAZ Z(XA) — E(XA)

This gives us a group representation Ty: I' = Aut(X(Xa)), v+ (Ta),, thus
(X, Th) is a measure-preserving system.

It is then clear by construction that the following holds.

Proposition 2.2.7. Let (X,T) be a measure-preserving system and A C 3(X) an
invariant sub-o-algebra. Then Jy defines an extension Jp: (Xa,Tn) — (X, T) with
JA(B(Xy)) = A.

Thus, up to isomorphism, subsystems of a given measure-preserving system (X, T)
are in one-to-one correspondence with invariant sub-o-algebras of the measure alge-
bra ¥(X). We use this observation in the following special case.

Example 2.2.8. Let (X,T) be any measure-preserving system (X, 7). By Lemma
, the set A = X(X)j,, from Definition is an invariant sub-o-algebra of
Y(X), hence defines an extension Jy: (X, Tp) — (X,7T) of measure-preserving
systems. Note that by construction (T3), = Idy(x,) for every v € T', so the dynamics
on X, in this case are trivial. We write Ji,y == Jp and (Xjny, Id) == (Xy, Th).
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We also describe subsystems on a functional analytic level: If J: (V,S) — (X, T)
is an extension of measure-preserving systems, then the induced Koopman opera-
tor Uy: L*(Y) — L2?(X) from Proposition satisfies U;Ug, = Up U, for each
v € T, cf. Remark [1.3.5] Combining this observation with Proposition [I.3.3] we
immediately obtain the properties of the range of U;.

Proposition and Definition 2.2.9. Let J: (Y,S) — (X,T) be an extension of
measure-preserving systems. Then E = U;(L%(Y)) is an invariant Markov sub-
lattice of L*(X), i.e.,

(i) E is a closed linear subspace of 12(X),
(i) 1 € E,
(iii) |f|, Re(f), Im(f) € E for every f € E, and
(iv) Up f € E for every f € E and y € T
Remark 2.2.10. As a consequence of Theorem [1.3.7], a subsystem is again uniquely

determined up to an isomorphism by the corresponding Markov sublattice. The
details are discussed in Exercise 2.7 below.

We again go the converse direction and construct a subsystem from an invariant
Markov sublattice. We use the following lemma.

Lemma 2.2.11. Assume that (X,T) is a measure-preserving system and further
that E C L2(X) is an invariant Markov sublattice. Then

Ap={AeX(X)|14€ E} CXE(X)
18 an invariant sub-o-algebra.

Proof. We check the properties listed in Definition m To obtain property (i),
note first that for A, B € A we also have AU B € Ag since

Ig+1p+ |14 — 1g] c

Laug =sup(la,lp) = 5 E.
We thus obtain Ay U---U A, € Ag for all Ay,..., A, € Ag and n € N by in-
duction. Now if (Ay)nen is a sequence in A and A = |J,.yAn € X(X), then

14 = lim, o 14,0..ua, pointwise and hence in L?(X) by Lebesgue’s theorem. This
shows A € Ag, and hence establishes property (i) of Definition 2.2.5] For part (i),
note that if A € Ag, then I1x\y =1 — 14 € E, hence X \ A € Ag. For (iii) observe
that 1p = 0 € F (since E is a linear subspace) and 1x = 1 € E, hence 0, X € Ag.
Finally, (iv) of Definition is obvious by part (iv) of Definition [2.2.9] O

We again consider the construction in a special case. For this we need the concept
of the fixed space fix(V) ={f € E|Vf = f} of alinear map V: F — E on a
complex vector space F.
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Example 2.2.12. Let (X, T) be a measure-preserving system. Then, by the prop-
erties of Markov embeddings (see Definition and Lemma [1.3.3]), the fixed
space

fix(Ur) = ﬂ fix(Ur,) = {f € L*(X) | Uz, f = f for every v € I'}

vel’

is an invariant Markov sublattice of L*(X). Since Ur, 14 = L (4 for A € X(X) and
v € I, the corresponding sub-c-algebra Agy (v, is precisely 3(X )iy from Examples
.19 and 2.2.8

For a measure-preserving system (X,7T’) we now build subsystems from an invari-
ant Markov sublattice £ C L2(X): First construct the invariant sub-o-algebra
Ap = {A € ¥(X) | 1a € E} of Lemma 2.2.11] and from this the extension
Jap: (Xap Thy) — (X,T), see Proposition 2.2.7  We abbreviate (Xg,Tg) =
(Xag, Tha,) and Jg = Jy,, and show the following result.

Proposition 2.2.13. Let (X,T) be a measure-preserving system and E C L*(X)
an invariant Markov sublattice. Then Jg: (Xg,Tg) — (X,T) is an extension with
Us.(L3(Xg)) = E.

Proof. The inclusion “C” follows from the facts that E is a closed linear subspace,
Uy, is a bounded linear map, and the subspace spanned by (equivalence classes of)
characteristic functions is dense in L*(Xp) by Lemma [1.3.6]

For the converse inclusion, we make a few observations.

(i) For f,g € ENL*X,R) we have

inf(f, g) = f+g_2|f_g| < and suplf )

_f+g+U—m€
N 2

E.

(ii) Recall that X is given by the set X, the o-algebra ¥, = {A C X measurable |
[A] € A} and the restriction px|s, : ¥, — [0, 1]. Moreover, the Koopman
operator Uy, induced by the measure algebra homomorphism Jg: (X)) —
Y(X), A — A (see Proposition is explicitly given as Uy, : L*(Xg) —
LX), f= f.

(iii) If A € ¥y, then [, 14 = px(4) = fXE 14. By the “standard measure-
theoretic procedure” we also obtain that for a function f: X — [0, 00) which
is measurable with respect to X, the integrals [ «f and | Xa f agree. In
particular, this implies that if f: X — [0, 00) is ¥ -measurable and square-
integrable on the probability space X = (X, Xx, ux), then f is also square-
integrable on Xp = (X, X4, pix[s,, ) (with the same L*-norm).

Now pick f € E and show that f € U;,(L?(Xg)). By decomposing into real and
imaginary parts we may assume that f € L?(X,R). Take a identically named
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representative of f. By observations (ii) and (iii) above, it suffices to check that f
is measurable with respect to 3 ,. So for ¢ € R we show that [f > ¢| is an element
of Ag,ie., 1jy~q € E. Replacing f by f — ¢ we may assume that ¢ = 0. Now notice
that for every » € R we have

1 if 0
lim min(n - max(r,0),1) = 1 e
n—00 0 if r S 0.

This implies 150 = lim,,_,o inf(nsup(f,0), 1) in L*(X). By observation (i) above
and the fact that E is closed in L*(X), we therefore obtain Lis~qy € E as claimed.
O

As a consequence, we obtain the following important functional analytic character-
ization of ergodic systems.

Corollary 2.2.14. Let (X,T) be a measure-preserving system. Then the linear hull
lin{ly | A € (X)inv} is dense in fix(Ur). In particular, the following assertions
are equivalent.

(a) (X,T) is ergodic.

(b) fix(Ur) ={cl | c e C}.
Proof. By Example [2.2.12| and Proposition [2.2.13| we obtain that the Markov em-
bedding Uy, : L?(Xi) — L*(X) has the range Uy, (L*(Xiy)) = fix(Ur). Since

lin{lp | B € %(Xin)} is dense in L?(Xj,,) by Lemma|1.3.6] and U, is a bounded
linear operator, the subspace

lin{UJ

inv

]]-B | B & E(X'mv)} = lin{ILJinv(B) | B - Z(Xinv)} = IIH{I]_A | A € E(X)inv}
is dense in fix(Ur). O

The last result of this lecture allows a way to build invariant Markov sublattices
(and therefore subsystems of a measure-preserving system) from certain “invariant
subalgebras”.

Proposition 2.2.15. Let (X, T) be a measure-preserving system. Assume that F C
L*°(X) is a linear subspace with

(i) f-g€ F forall f,ge F,

(ii) f€ F forall f € F,

(i) 1 € F, and

(iv) Ur, f € F forall f € F and v €T.

Then the closure F in L*(X) is an invariant Markov sublattice.
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For the proof we use the following identity. Recall that the binomial coefficients (Z‘)
for a € C are

<a>::a'(a—1>'“(0‘_k“) for keN, and (O‘):zl.

k k! 0

Lemma 2.2.16. Let X be a probability space and f € L®(X) with || f||coc < 1. Then

1=t > (F)cvra -y

in Le(X).

Proof. For a € (0,00) series > 7o (¢)2* converges absolutely and uniformly to
(1+ 2)* for z € C with |z| <1 (see, e.g., [AE0D, Theorem V.3.10]). Observing that
2] = (1 — (1 —|2]?))2 for z € C, we therefore find for & > 0 some ng € N with

-3 (F)nra— iy

k=0

<e

all z € C with |z| < 1 and for every n > ngy. This implies

n 1
1= 3 (F) -0k - 11| < et
k=0
almost everywhere for n > ny which yields the claim. O

Proof of Proposition[2.2.15. We check properties (i) - (iv) of Definition [2.2.9] As the
closure of a linear subspace is again a linear subspace, we obtain (i). Property (ii) is

clear by our assumption (iv) of Proposition [2.2.15] To obtain Definition [2.2.9] (iii),
take f € F with || f||s < 1, then |f|?> = f-f € F by properties (i) and (ii). Since L>-
convergence implies L?-convergence, Lemma shows |f| € F. If f € F, we find
a sequence (f,)nen converging in L? to f, and this implies |f| = lim, 0 |fa] € F.

Finally, part (iv) of Definition is an easy consequence of Proposition [2.2.15| (iv)
and continuity of Ur, : L*(X) — L*(X) for v € I'. O

To summarize this section, we can define subsystems of a measure-preserving system
(X,T) in three different ways:
(i) via extensions J: (Y, S) — (X, T),
(ii) via invariant sub-c-algebras A C ¥(X), and
(iii) via invariant Markov sublattices F C L2(X).
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2.3 Comments and Further Reading

There is a plethora of textbooks on ergodic theory focusing on various different as-
pects. A few classical works related to the topics of this course are [Hal56], [Wal75|,
and [Furl4]. We also mention [Gla03|, [EW11] and [VO16] for contemporary intro-
ductions, and [DNP8&7| and [EFHNI5| for an operator theoretic approach to ergodic
theory. A large part of the material of this course is based on the contents of
these monographs and two previous editions of the Internet Seminar (J[EFHNO09|
and [EF19]).

We remark that there are numerous further equivalent descriptions of subsystems of
a given measure-preserving systems, see [EFHN15, Theorem 13.20]. Studying exten-
sions of measure-preserving systems will play a crucial part later in this course.
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2.4 Exercises

Exercise 2.1. For an index set I # ) let 7;: X; — Y; be measure-preserving maps
between probability spaces for every i € I. Show that the map

HTi: HXi — HY27 (wi)ier = (Ti(24))ier

iel iel iel
between the product measure spaces is also measure-preserving.

Exercise 2.2. With the notation from Exercise[I.6]show that for a measure-preserving
system (X, T') the following assertions are equivalent.

(a) (X,T) is ergodic.
(b) X =sup{T,(A) | v €'} in X(X) for every A € X(X) \ {0}.

Exercise 2.3. Show that for a measure-preserving map o: X — X on a probability
space X the following assertions are equivalent.

(a) 0*(A) = A for A € 3(X) implies ux(A) € {0,1}.
(b) e71(A) = A for A C X measurable implies px(A4) € {0,1}.

Hint: For a representative of A as in (a) consider (o—o U, o *(A).

Exercise 2.4. Assume that I' is a finite abelian group and consider the Bernoulli
shift (X1, 7) from Example Show that the system (X', 7*) is ergodic precisely
when X(X) = {0, X}.

Exercise 2.5. For I' = Z consider the Bernoulli shift ({0,1}%,7) where the mea-
sure on {0, 1} is given by the probability vector (1,1), see Examples (ii) and

2.1.8 Let further ([0, 1]?, o) be the measure-preserving system defined by the baker’s
transformation from Exercise (cf. Remark [2.1.6)). Then the map

[e.9]

. A 2 Tn-1 - T_n
0 01 01, e (2525

defines an isomorphism between ({0,1}% 1) and ([0,1]?, o).

Hint: Recall that every x € [0,1) has a base 2 expansion x =~ x,27" for some
sequence (Tn)nen € {0,1}N. Moreover, this representation becomes unique if we
exclude sequences (T, )nen Such that there is N € N with z,, = 1 for alln > N, see,
e.g., [AEQS, Topic 6 of Section I1.7]).

Exercise 2.6. Show the following assertions.

(i) For every measure-preserving system (X, 7") on a Lebesgue space X there is a
unique concrete measure-preserving system (X, 7) with (X,7T") = (X, 7%).
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(i)

If (X,7) and (Y,0) are concrete measure-preserving systems on Lebesgue
spaces X and Y and J: (Y, 0*) — (X, 7") is an extension of measure-preserving
systems, then there is a unique factor map ¢: (X,7) — (Y,0) with J = ¢*.
Moreover, ¢ is an isomorphism precisely when .J is an isomorphism.

Exercise 2.7. Show the following assertions.

(i)

(i)

(i)

Let X be a probability space and U: I' — Aut(L?(X)) a representation of T
as Markov automorphisms. Show that there is a unique measure-preserving
system (X, T') with U = Ur.

Let (Y, S) and (X, T) be measure-preserving systems and V: L*(Y) — L*(X)
a Markov embedding with VUg = Ur, V for all v € T'. Then there is a unique
extension J: (Y, 5) — (X,T) with V = U;. Moreover, J is an isomorphism
precisely when V' is bijective.

Let Ji: (Y1,51) = (X, T) and Jy: (Y2, S2) — (X, T) be extensions of measure-
preserving systems such that Uy, (L2(Y7)) = Uy (L?(Y3)). Then there is a

unique isomorphism 7: (Y7, S1) — (Y2, S2) of measure-preserving systems with
J2 == Jl ol.

Exercise 2.8. For probability spaces X and Y let U: L?(Y) — L%(X) be a linear
isometry with the following properties.

(i)
(i)
(iii)
(iv)

U(L>(Y)) € L*(X),
U(f ' g) = Uf ’ Ug for all f?.g € LOO(Y)a

Uf =Uf for every f € L®(Y),

Ul =1.

Show that U is a Markov embedding.
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Lecture 3

In this lecture we prove a general version of von Neumann’s famous mean ergodic
theorem, an assertion about the long-term behavior of measure-preserving transfor-
mations. As an application we show Khintchin’s refinement of Poincaré’s recurrence
theorem from the first lecture. In the second part of the lecture we then explore the
connection between ergodic theory and topological dynamics.

3.1 Averaging and the Mean Ergodic Theorem

Mathematical ergodic theory originated in statistical mechanics. A measure-pre-
serving map 7: X — X can model how a state z of a physical dynamical system
(describing, e.g., the position and impulse of all particles of a gas or fluid) is trans-
formed, by the principles of physics, into a new state 7(x). From this perspective, a
function f: X — C can be seen as an “observable” giving some measurable data f(z)
about any given state x of the system. By making measurements “after each time
step”, we obtain a sequence of observables f, foT, fo72, fo73, ... Von Neumann’s
famous mean ergodic theorem from 1931 provides information on the asymptotic
behavior of this sequence.

Theorem 3.1.1 (von Neumann). Let 7: X — X be a measure-preserving map.
Then limy 0 & 25:01 Ulf exists in L?(X) for every f € L2(X) and is an element
of fix(U,).

We deduce Theorem from a general operator theoretic result. The necessary

notation, concepts and tools from basic Hilbert space theory are collected in Ap-
pendix [A.2] We start from the following definition.

Definition 3.1.2. Let H be a Hilbert space. A family . C Z(H) is a semigroup
(of operators) if UV € . for all U,V € .. It is a contraction semigroup if,
in addition, [|[U|| <1 forall U € .7.

Generalizing the notion of the fixed space from Example 2.2.12] we introduce the

35
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following definition.

Definition 3.1.3. For a semigroup . C Z(H) on a Hilbert space H we call

fix(.#) = (| ix(U) = {f € H | Uf = f for every U € .}

ves
the fixed space of ..

Remark 3.1.4. For every bounded linear operator U € .Z(H) on a Hilbert space
H we obtain a semigroup .y = {U"™ | n € Ny}. Since the operator norm is

submultiplicative, .7 is a contraction semigroup precisely when ||[U|| < 1. Note
further that fix(.%y) = fix(U).

As recalled in the Appendix (see Theorem , every closed linear subspace £ C
H of a Hilbert space can be orthogonally complemented to obtain a decomposition
H = E @ E*. For a contraction semigroup . C .Z(H) on a Hilbert space H there
is a nice description of the orthogonal complement of the fixed space fix(#) in terms
of the ranges of the operators Idg — U for U € .. Here and in the following, for a
subset A C H of a Hilbert space H,

(i) the closed convex hull ¢o A is the closure of the set of all convex combinations
of elements of A, and

(ii) the closed linear hull lin A is the closure of the set of all linear combinations
of elements of A.

Theorem 3.1.5 (Abstract Mean Ergodic Theorem). For every contraction semi-
group & C Z(H) on a Hilbert space H we have an orthogonal decomposition

H = fix(.’) ©1in | J (Idy — U)(H).
ves
Moreover, the orthogonal projection P onto fix(.#) has the following properties.
(i) PU=UP = P for every U € ..

(ii) For every f € H the vector Pf € H is the unique element ofco{Uf | U € ./}
of minimal norm.

The proof uses the following elementary observation on the adjoint operator of a
contraction.

Lemma 3.1.6. Let U € Z(H) with |U| < 1. Then fix(U) = fix(U*).

Proof. Recall that the adjoint operator U* € Z(H) satisfies |U*|| = |[|[U]] < 1. We
first show the inclusion “C”. By the “Pythagorean Theorem” we obtain for f € fix(U)
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that

0< [T f = fI? = IU"fII* — 2Re (U F1f) + I II*
= U f1I* = 2Re (FIUf) + L£I* = 1" FII* = 201" + [LF11* = 10~ FI1* = 111
< [IfII* = If1* =0.

This yields U* f = f. Thus, fix(U)

C fix (U*) Since (U*)* = U, the same argument
applied to U* shows fix(U*) C fix((U*)*

) = fix(U). O

Proof of Theorem[3.1.5. We prove (i) and (ii), before we show the claimed decompo-
sition of H. For part (i), pick U € .. Since PH = fix(.¥), it is clear that UP = P
holds. By Lemma we have fix(U) = fix(U*), and therefore also U*P = P.
Taking adjoints and using that P* = P, we thus obtain

PU = ((PU)*)* = (U*P*)* = (U*P)* = P* = P.

For part (ii), take f € H and set C' .= co{Uf | U € L}. As a special case of
Theorem [A.2.T] every non-empty closed convex set of a Hilbert space contains a
unique element of minimal norm. Let g be the unique element of minimal norm in

C. We show that g = Pf.

For U € . we have UC' C C since U is continuous and linear, and .¥ is a semigroup.
In particular, Ug € C. Since ||Ug|| < ||g||, we must have Ug = g by choice of g. This
means g € fix(-), and therefore ¢ = Pg € PC. But, using that P is continuous
and linear, we have

PC Cwo{PUf|U € .7} ={Pf}

by part (i). Hence, Pf = g as claimed, and we have established (ii).

We finally prove the claimed orthogonal decomposition by showing that fix(S)t =
lin{Jy e, (Idyg — U)(H).

For the inclusion “2” observe that part (i) implies P(Idg — U) = 0 for every U €

. Since P~H({0}) = fix(”)" is a closed linear subspace of H, we thus obtain
lin Uy, (Idg — U)(H) C fix(S)*.

For the converse inclusion “C” pick f € P~!'({0}). For every ¢ > 0 we find by
(i) elements Uy, ..., U, € . and ¢1,...,¢, € [0,1] with Z;"zl ¢; = 1 such that
| >°7", ¢iUif|| < e. But this means

-

Therefore f is in the closure of the subspace lin{J;. ,(Idg — U)(H). O
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The abstract (and general) Theorem implies the convergence of many different
“ergodic averages”. To make this precise, we introduce the notion of a net, gen-
eralizing the classical concept of a sequence, see also [Sinl9, Section 4.2] for more
details.

A set I # () with a relation < is a directed set if
(i) i <14 for every i€ I,
(i) i3 < iy and iy < i3 for iy, 19,43 € I implies i; < i3, and
(iii) for all 41,4y € I there is i € I with 7; <7 and iy <.

Basic examples are N, Z, or R with their natural ordering, or the power set P(X)
of a set X equipped with set inclusion “C” as its relation.

A map I — Q, i — w; from a directed set I into a set 2 is usually written as (w;)es
and is called a net in Q. If 2 is a topological space, (w;);es is a net in 2, and w € 2
is some point, then we say, just as for sequences, that

(i) (w;)ier converges to w if for every open set O with w € O there is some ig € [
with x; € O for all ¢ > 4. In this case, w is called a limit of (w;);c;.

(ii) w is an accumulation point of (w;);c; if for every open set O with w € O
and each ig € I there is an ¢ > 15 with w; € O.

In a Hausdorft spaceﬂ Q, a net (w;);e; can have at most one limit w (see [Sinl9,
Theorem 4.2.4|, and we write lim;c; w; = w in this case.

Many well-known characterizations of topological notions in metric spaces transfer
over to topological spaces when one replaces the word “sequence” with “net”. For
example, a Hausdorff space € is compactﬂ precisely when every net in ) has an
accumulation point (see, e.g., [Sinl9, Theorems 4.2.10 and 5.1.17]).

The following definition uses the concept of nets in the context of the mean ergodic
theorem.
Definition 3.1.7. Let .¥ C Z(H) be a semigroup on a Hilbert space H. A net
(Vi)ier in Z(H) is an ergodic net for . if for every f € H we have

(i) Vif e {Uf|U e .7} for each i € I, and

(ii) limyer Vi(f = Uf) =0 for every U € .¥.
We discuss some basic examples.

Examples 3.1.8. Let U € Z(H) with |U]| <1 and consider the induced contrac-
tion semigroup .y = {U" | n € Ny} of Remark [3.1.4]

'Recall that a topological space (2 is a Hausdorff space if for distinct z,y € Q we can always
find open, disjoint subsets O, 0, C 2 with z € O, and y € O,.
2In this course, the term compact will always include the Hausdorff property.



3.1. AVERAGING AND THE MEAN ERGODIC THEOREM 39

(i) The classical Cesaro means Vy = 3 LSV LUn for N € N define an ergodic
net (Vy)nen for S For f € H we obtain by telescopic summing,

[ PR IR HfH
||vN<f—Uf>||=HNZU f-5 2 U
n=0 n=1

': Lir—uvs <

for every N € N, hence limy_,. ||V (f — Uf)|| = 0. Again using telescopic
summing this implies imy_, [V (f — U™ f)|| = 0 for every n € N.

(i) Turn N? into a directed set by setting (Ny, My) < (No, My) if M1 < M, for
(N1, M), (Na, M) € N?. Similarly to (i), the means Vi p == 7 ZN+M tynr
for (N, M) € N? define an ergodic net (Vi,ar)w,anenz for .

(iii) If we reverse the order on (1,00), we obtain that the Abel means V, =
(1 =) >0 r U™ for r € (1,00) define an ergodic net (V}),e(1,00) for S,
see Exercise 3.3

A general construction of ergodic nets involves so-called Falner nets of groups.
Here, for a subset A C G of a group G and x € G we use the intuitive notation
Azx = {yz | y € A}. Analogously, we introduce x4 and A~! (which will appear at
a later point).

Definition 3.1.9. For a group G call a net (F;);c; of non-empty finite subsets of G

a (right) Fglner net if lim;; £ éfirl

= 0 for every z € G.

Simple examples for the group G = Z are the sequences (Ey)yen and (Fy)yen with
Ey ={0,...,.N—1} and Fy = {-N+1,...,N — 1} for N € N. We obtain the
following general result.

Proposition 3.1.10. Every abelian group G has a Folner net.
We first prove a helpful lemma.
Lemma 3.1.11. Let E C G be a non-empty finite subset of an abelian group G and

consider the sets E™ = {x1---x, | x1,...,2, € E} for n € N. For every r > 1
there is some n € N with |E"Y < r|E"|.

Proof. We write N := |E| for the number of elements of E. For n € N there are

p(n) = (n+N—1) _(+N-1)---(n+1)
n (N —1)!

many possibilities to chose n elements out of NV distinct elements with replacement

(see, e.g., [Bo06, Theorem 3.21]). This implies that the set E™ has at most p(n)

many elements for every n € N (here we use that G is abelian!). Assuming that

there is some r > 1 such that |[E"*!| > r|E"| for all n € N, we obtain that

" E| < |E™| < p(n) for every n € N.
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But this contradicts the fact that power functions with base greater than 1 grow
faster than any polynomial. O

Proof of Proposition[3.1.1(]. Let I be the set of pairs (E,m) of non-empty finite
subsets £ C G and elements m € N. By setting

(El,ml) S (Eg,mg) = El g EQ and mq S mo

for (E1,m1), (Ey, my) € I, we turn I into a directed set. For every (E,m) € I we
use Lemma [3.1.11] to find n(E,m) € N with [E"F™H] < (1 + 1) E"F™)| and set
Fim = E"E™ "We claim that (Fgm)(Bm)er is then a Fglner net.

Solet € G and n € N. We take (E,m) € I with (E,m) > ({z,27",1},n) and show

that [Fem AFemel/|pg | < % Since 1,7 € E, we have F v = E"Fmy C prEm+
and E™Em) C prEm)+l This implies

|FE,mx \ FE,m| - |En(E,m)+1 \ En(E,m)l B |En(E,m)+1| o |En(E,m)|
|FE,m| — |En(E,m) | o |En(E,m) |

<—<

S|

1
m

1

But, since multiplication from the right with 7" is a bijection, we also have

[Fem \ Fim®] _ |(Fgm \ Fpmz)z ™| _ |(Fem2™ ")\ Fml < 1
’FE,m’ ’FE,m| |FE,m’ n

by the same reasoning and the fact that 27! € E. Combining both estimates we
obtain the claim. O

We now construct ergodic nets for certain group representations.

Definition 3.1.12. For a Hilbert space H and a group G we call a group homomor-
phism U: G — % (H), x — U, to the group % (H) of unitary operators a unitary
representation of G on H.

We are mostly interested in the following class of examples.
Example 3.1.13. Let (X,T) be a measure-preserving system. Then the Koopman

representation Ur: I' — % (L?(X)) is a unitary representation of the group I' on
the Hilbert space L*(X).

Proposition 3.1.14. Let U: G — % (H) be a unitary representation of a group
G. If (F})ier is a Folner net for G, then by setting V; = \Tll > U, forie I we
obtain an ergodic net (V;);er for the image group {U, | v € G}.

zEF;
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Proof. For y € G and f € H we have

Vi(f = Uyf) H Y Uf-
Ej| z€F; z€Fy zeF;\Fiy zeFy\F;
1 |[F; A Fw\
< US| < ——— - IIf]l
rF\Z Al
for all « € I which implies the claim. ]

Thus, by Proposition [3.1.10, ergodic nets always exist for (the image of) a unitary
representation of an abelian group. In Exercise we even construct ergodic nets
for any abelian contraction semigroup . C .Z(H) on a Hilbert space H.

We now obtain the following consequence of Theorem [3.1.5]

Theorem 3.1.15. Let ¥ C L (H) be a contraction semigroup on a Hilbert space
H, and P € ZL(H) the orthogonal projection onto fix(-#). If (V;)icr is an ergodic
net for .7, then lim;e; V;f = Pf for every f € H.

In the proof we use the following standard and very useful lemma of operator theory
(cf. [Haaldl Exercise 9.10]). It is an easy exercise when using linearity and applying
the triangle inequality.

Lemma 3.1.16. Let E and F be normed spaces, and further D C E such that the
linear hull lin D is dense in E. For (U;)ier a net in L (E, F) with sup,c; ||Us|| < oo
and U € Z(E, F) the following assertions are equivalent.

(1) (Uif)ier converges to Uf for every f € D.
(i1) (U;f)ier converges to U f for every f € E.

Proof of Theorem|3.1.15 Take f € H. Using the orthogonal decomposition from
3.1.5| we can reduce to the cases f € fix(.¥’) and f € lin{J, ., (Idg — U)(H).

In the first situation we have Uf = f for every U € .. This implies co{Uf | U €
&} = {f}, and therefore also V;f = f for every i € I by Definition [3.1.7] (i). This
implies lim;e; Vi f = f.

For the second case, observe that for g € H, we obtain by Definition (i) that
lim;e; Vi(Idyg — U)g = 0. By Lemma we obtain that lim;c; Vi f = 0 for every
felinUpey,(Idg — U)(H). O

In particular, by taking the Cesaro means (see Example (ii)) of a Koopman
operator, we recover von Neumann’s Theorem [3.1.1, The following refinement of
the Poincaré’s recurrence theorem, Theorem [1.1.6, is an application.
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Corollary 3.1.17 (Khintchin’s refinement). Let T: %(X) — X(X) be a measure
algebra homomorphism on a probability space X and A € 3(X). Then

N-—1
px(A) < lim =% ux(ANT"(A))
n=0

In particular, if px (A) > 0, there are infinitely many n € N with ux(ANT"(A)) > 0.

Proof. Write P for the orthogonal projection onto fix(Ur) = fix(-#y,) (cf. Remark
3.1.4). Since [, Urf = [y f for every f € L?(X) (see Lemma [1.3.3), we obtain

px(A) = /XIIA— lim — /UT]lA—/P]lA_(P]lA]]l)

Nooco N

By the Cauchy-Schwarz inequality we thus have

px(A)? < | PLall3 - [2]13 = (P1alPL4) = (P*PL4|L4)
N-1

= (Pl4|l,) = hm —Z/ Upla-14= hm —Z,uX ANT"(A)).

]

3.2 Invariant Measures

In many examples the underlying maps of a concrete measure-preserving system
are not only measurable, but even continuous. Ergodic theory is therefore closely
related to the area of topological dynamics. We introduce its central objects. Here,
for a compact space K, write Homeo(K) for the group of all homeomorphisms
T: K = K.

Definition 3.2.1. A topological dynamical system (K, 7) consists of a compact
space K # () and a group homomorphism 7: I' — Homeo(K), v — 7.

As an important example we discuss a topological version of the Bernoulli shift. For
this, recall the product of topological spaces (see, e.g., [Sin19 Section 2.2]).

Definition 3.2.2. Let I be an index set and €2; a topological space for every ¢ € I.
For a finite set {iy,...,%y,} C I and open sets O; C €);, for each j € {1,...,m} we
call

Z(il,...,im;Ol,...,Om) = {(wi>i€[ € HQZ | wl-j c Oj for aHj S {1,,m}}

el

an (open) cylinder set. The topology on [[..; € generated by all such cylinder

sets is the product topology.

el
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Remark 3.2.3. The product topology is the smallest topology on the product
[ [;c; €2 making all projection maps pr;: [[;c; Q2 — ©j, (wi)ier = wj for j € I con-
tinuous (see [Sinl9, Proposition 2.2.7]) A different way to think about this topology
is via convergence of nets (and, in particular, sequences): A net converges in the
product topology to some limit precisely when it converges in each component to
that limit (see [Sinl9, Theorem 4.2.7]).

From now on, we equip the product of topological spaces with the product topology.
If we start with compact spaces, then we still obtain a compact space it that way
(see, e.g., [Sinl9, Theorem 5.1.14|):

Theorem 3.2.4 (Tychonoff). Let I be an index set and K; be a compact space for
every i € I. Then the product space [],.; K; is also compact.

With the help of Tychonoft’s Theorem we now obtain a topological version of Ex-
ample

Example 3.2.5. Let K # () be a compact space, e.g., K ={0,...,k— 1} equipped
with the discrete topology (i.e., every set is open). Then 7: I' — Homeo(K"), v
7, with 7, (zs)ser = (Ts14)ser for (z5)ser € K' and v € T defines a topological
dynamical system (K',7). In fact, with arguments similar as in Example [2.1.8]
we obtain that 7,: KT — K" is a homeomorphism for every v € T', and obviously
Tyi4ys = Ty O Ty for all y1, 72 € T

We now transform topological dynamical systems into (concrete) measure-preserving
systems by adding a suitable probability measure. Recall that a probability measure
p: B(K) — [0,1] on the Borel g-algebra B(K) of a compact space K is regular
if
p(A) =sup{u(L) | L C K compact with L C A}
= inf{u(0) | O C K open with A C O}

for all A € B(K), see |[Rud87, Paragraph 2.4]. Note that, since we only consider
probability measures p here, the second equality actually follows from the first by
considering complements. The Lebesgue measure on [0, 1] is an important example
of a regular Borel probability measure. We write P(K) for the set of all regular
Borel probability measures on a compact space K.

There is an equivalent way to look at regular Borel probability measures based on
the following observation: If p: B(K) — [0, 1] is a regular Borel probability measure
on a compact space K, every continuous function f: K — C is Borel measurable and
bounded, hence integrable with respect to u. We therefore obtain an “integration

map”

¢, C(K) = C, fr—>/deu.
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Moreover, ¢ = ¢, is a linear map which is
(i) positive, i.e., o(f) >0 for all f € C(K) with f > 0, and
(i) unital, i.e., (1) =1 for the constant one-function 1: K — C.

The following representation result (see, e.g., [Rud87, Paragraph 2.3]) gives a con-
verse.

Theorem 3.2.6 (Riesz—Markov-Kakutani). Let K be a compact space. For every
unital, positive, linear map p: C(K) — C there is a unique pp € P(K) with p = ¢,.

From now on, we identify for a compact space K each measure p € P(K) with the
corresponding linear form ¢,. In particular, we write pu(f) == ¢.(f) = [, fdp for
f € C(K) and p € P(K). In this way, every u € P(K) becomes a linear map from
C(K) to C, and since | [ fdu| < || flls for every f € C(K), it is bounded, hence
an element of the dual Banach space C(K)" with norm ||u|| < 1. This allows us to
topologize the set P(K).

On any normed space E the weak* topology is the smallest topology making all
point evaluations

evi: B' = C, o~ o(f)

for fe F continuousE] A net (p;)ier in E' converges to ¢ € E’ with respect to the
weak™® topology precisely when the net (¢;(f))ier converges to ¢(f) in C for every
f € E. We refer, e.g., to [Ped89l Sections 2.4 and 2.5| for more information on the
weak™ topology. The following is an important consequence of Tychonoff’s theorem,

Theorem above (see, e.g., [Ped89, Theorem 2.5.2]).

Theorem 3.2.7 (Banach—Alaoglu). Let E be a normed space. Then the dual unit
ball {o € E" | ||¢|| < 1} is compact with respect to the weak™ topology.

In the context of regular Borel probability measures, this yields:

Proposition 3.2.8. If K is a compact space, then P(K) is compact with respect to
the weak™* topology.

Proof. In view of Theorem [3.2.7] since closed subsets of compact spaces are again
compact, it suffices to show that P(K) is a closed subset of the dual unit ball
B :={p e C(K) | |¢l <1}. However, we can write

P(K)=Bn (] ev;'([0,00) Nevy ({1}),

feC(K)
>0

and this implies that P(K) is closed as an intersection of closed subsets. ]

3Tn other words, if E’ is considered as a subset of C¥, the space of all maps from F to C, the
weak* topology is simply the product topology.
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To obtain measure-preserving systems from topological ones, we introduce the fol-
lowing definition.

Definition 3.2.9. Let (K, 7) be a topological dynamical system. A regular Borel
probability measure p: B(K) — [0,1] is invariant if 7., is measure-preserving with
respect to p for every v € T, i.e., u(7;(A)) = p(A) for all Borel sets A € K. We
write P(K, 7) C P(K) for the set of all invariant probability measures.

Every invariant measure p € P(K,7) of a topological dynamical system (K,7)
allows us to construct a concrete measure-preserving system (K, B(K),u,7) (see
Definition [2.1.3)), and then a measure-preserving system (K, B(K), 1, 7*) in the sense
of Definition 2111

For the following lemma notice that continuous maps between topological spaces are
Borel measurable (by Proposition [1.1.4] (i)).

Lemma 3.2.10. Let 7: K — L be a continuous map between compact spaces and
p € P(K). Then the push-forward measure Tu: B(L) — [0,1], A — u(r71(A)) is a
regular Borel probability measure with [, fordu= [, fdrpu for all f € C(L).

The proof is left as Exercise This leads to the following characterization of
invariant measures.

Proposition 3.2.11. For a topological dynamical system (K, ) and p € P(K) the
following assertions are equivalent.

(a) p is invariant.

(b) [x forydu= [, fdu forall f € C(K) and vy €T.
Does every topological dynamical system admit an invariant measure? To answer

this question, we first introduce the following concept closely related to the notion
of ergodic nets from the previous section.

Definition 3.2.12. For a topological dynamical system (K, 7) we call a net ()¢ in
P(K) asymptotically invariant if lim;c; [, f—(fo7,) du; = 0 for every f € C(K)
and each v € T'.

Example 3.2.13. Let (F});c; be a Folner net for the group I'. Then for a topological
dynamical system (K, 7) and any p € P(K) (e.g., 4 = 6, a point measure for some
xr € K), set p; = \lel > er,(Ty)«pt for i € I. One can check, with similar arguments
as in the proof of Proposition [3.1.14] that (u;);e; is asymptotically invariant, see
Exercise B.8.

Proposition 3.2.14. Let (K, T) be a topological dynamical system. FEvery weak™
accumulation point p of an asymptotically invariant net (p;)ier in P(K) is invariant.
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Proof. Take v € I' and f € C(K). For € > 0 we find some iy € I with | [, f — (f o
7,) dpi| < ¢/3 for each i > iy. By the definition of the weak™ topology, the set

O:={v e P(K) | [u(f) —v(N <sp0{v € P(K) | [u(f o7y) —v(fom)| <3}

is an open set containing p. By the definition of accumulation points, we thus find
some ¢ > i with p; € O. But then |u(f) — pu(f o 7y)| < e by the triangle inequality.

Thus, pu(f) = p(f o7,), and p is invariant by Proposition |3.2.11] ]

Corollary 3.2.15 (Krylov—Bogolyubov). Every topological dynamical system (K, T)
has an invariant measure p € P(K, 7).

Proof. By Proposition [3.1.10, and Example [3.2.13| the system (K, 7) has an asymp-
totically invariant net (u;);e; in P(K). By Proposition the net (1;);e; has
a weak™ accumulation point p € P(K), and then p is invariant by Proposition

B.2.14 O
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3.3 Comments and Further Reading

Von Neumann proved his mean ergodic theorem in [vN32b|, but in a completely dif-
ferent way than what is presented here. His work was a mathematical formalization
of the ergodic hypothesis from statistical mechanics going back to Ludwig Boltz-
mann, see, e.g., [Bad06] for more information. Even though not part of the lecture,
we also mention the pointwise ergodic theorem of George Birkhoff showing point-
wise almost everywhere convergence of the Cesaro means + ZnN;J Urf (instead of
L2-convergence), see [Bir31]. Both results had a tremendous impact on the further
development of mathematical ergodic theory, but also caused a dispute between von

Neumann and Birkhoff - more on this can be read, e.g., in [Ber04].

The “abstract mean ergodic theorem” of this lecture is a special case of a general
result by Alaoglu and Birkhoff, see [AB40]. Our exposition is based on [EFHNIS5,
Supplement of Chapter 8|. There are many works on mean ergodic theorems for
operators and operator semigroups on Banach spaces, see, e.g., [Nag73|], [Sat7§|,
IKre85, Chapter 2|, [EFHN15, Chapter 8|, [Schl3|, and [Krel§].

Groups having a Fglner net are called amenable. There are many equivalent char-
acterizations of this property, and interesting examples, see, e.g., [Pat88], [Run02],
[CSD21], and [Jus22]. Our proof of the fact that abelian groups are amenable re-
lies on the property that these groups have “subexponential growth”, see [CSD21,
Corollary 14.7| or [Jus22, Subsection 2.6].

An introduction to topological dynamics is given in [Aus8§|, see also the classical
monograph [GH55|, as well as [Bro79] and [dV93|. Here we are mostly interested
in constructing measure-preserving systems from topological ones. This will be a
crucial procedure in the next lecture.
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3.4 Exercises

Exercise 3.1. A sequence (a,)neny of complex numbers is Cesdaro convergent to
a€ Cif imy_eo % 22[:1 a, = a, and in this case a is the Cesaro limit of (a,)nen-
(i) Show that for every sequence of real numbers (a,),en the inequalities
1 & 1 &
liminf a, < liNIri'Oréf N z:l a, < limsup N zjl a, < limsupa,
n— n—=

n—0o00 N—o0 n—oo

hold.

(ii) Show that if a sequence (a,),en of complex numbers converges to a € C, then
it is also Cesaro convergent to a.

(iii) Let a, = A" for n € N, where A € C. Determine (depending on \), if (ay,)nen
is Cesaro convergent, and in this case compute the Cesaro limit.

(iv) Give an example of a bounded sequence in C which is not Cesaro convergent.

(v) Show that a sequence (a,)nen of complex numbers converges if and only if
each subsequence of (a,)nen is Cesaro convergent.

Exercise 3.2. Give an example of a Banach space E, a bounded linear opera-
tor U € Z(F) with ||U|| < 1, and an element f € FE such that the sequence

(+ 271;7:—01 U™ f)nen does not converge in E.

Exercise 3.3. Let U € Z(H) be a bounded linear operator on a Hilbert space
H with ||U|| < 1 and %} the generated contraction semigroup from Remark [3.1.4}
Consider the reversed order on (1,00) and define

o] N
Vo= (1=1n)> r U = dim (1—1/r) >
n=0 n=0

for r € (1,00) where the limit exists with respect to the operator norm. Show that
(Vi)re(1,00) is an ergodic net for 7.

Exercise 3.4. Let (F});c; be a Folner net for I'. Show that for a measure-preserving
system (X, T) the following assertions are equivalent.

(a) (X,T) is ergodic.
(b) For all f € L2(X) we have lim,, ﬁzweFa Ur,f = ([y f)- 1 in L3(X).
Exercise 3.5. Let ) # . C £(H) be an abelian contraction semigroup on a

Hilbert space H, i.e., UV = VU for all U,V € .. Equip the convex hull [ = co.”
with the relation < defined by

U<V & U=VorthereisW eIl withV =WU
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for U,V € I. Show the following assertions.
(i) I is a directed set.

(ii) The map I — Z(H), V — V is an ergodic net.
Hint: Note that % 252—01 U" eI for every N e N and U € .&.

Exercise 3.6. A topological dynamical system (K, 7) is topologically transitive
if for all non-empty open subsets O;, Oy C K there is some v € I such that 7,1 (O; )N
Oy # (). Show that if I' is an infinite abelian group, then for any non-empty compact
space K the shift (K', 7) from Example is topologically transitive.

Exercise 3.7. Prove Lemma 3.2.100

Exercise 3.8. Consider a Fglner net (F});c for the group I', a topological dynamical
system (K, 1), and p € P(K). Show that the net (u;);e; with p; == ﬁ > er (Ty) <kt
for ¢ € I is asymptotically invariant.
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Lecture 4

We continue the study of invariant measures started in the previous chapter and
characterize so-called ergodic measures. With the established tools, we then build
the bridge between ergodic theory and additive combinatorics alluded to in the
first lecture. As a first application we prove a result on patterns in subsets of the
integers.

4.1 Ergodic Measures

In the previous lecture we have seen that we can always turn a topological dynamical
system into a measure-preserving one via an invariant measure. But can we also
achieve that these systems are ergodic (see Definition [2.1.9)?

Definition 4.1.1. Let (K, 7) be a topological dynamical system. An invariant
measure 4 € P(K,7) is an ergodic measure if the induced measure-preserving
system (K, B(K), u, 7%) is ergodic.

Before we address the problem of existence of such measures, we derive an important
characterization. It relies on the following simple observation. Recall from Section
that for any compact space K we identify regular Borel probability measures
p: B(K) — [0,1] with the induced positive, unital, linear functionals C(K) —
C, f— fK fdu. In particular, we can view P(K) as a subset of the dual space
C(K).

Proposition 4.1.2. (i) For any compact space K, the set of reqular Borel prob-
ability measures P(K) is a convex and weak™ compact subset of C(K)'.

(ii) For any topological dynamical system (K, T), the set of invariant reqular Borel
probability measures P(K,T) is a convexr and weak™ compact subset of C(K)'.

Proof. For part (i), recall that we have shown compactness with respect to the weak™
topology in Proposition [3.2.8] To see that P(K) is convex, take u, us € P(K) and

o1
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t € [0,1]. The linear functional tu; + (1 — t)ue: C(K) — C satisfies

(tpn + (1 =) (f) = ta (f) + (1 = t)pa(f) 20

for every f € C(K) with f > 0. Moreover, (tu; + (1 — t)u2)(1) = 1. Thus,
tpn + (1 — t)ue defines an element of P(K). Using Proposition [3.2.11} part (ii)
readily follows from (i). O

Remark 4.1.3. For a compact space K and p, 1o € P(K), one can also define the
convex combination tuy + (1 — t)us for ¢ € [0, 1] directly as a measure (instead of a
linear functional C(K) — C), see Exercise [4.1| below.

We are interested in elements of a convex set C' which cannot be written as a non-

trivial convex combination of two other points in C.

Definition 4.1.4. For a convex subset C' C E of a (real or complex) vector space
E we call v € E an extreme point if the identity tv; 4+ (1 — t)vy = v for ¢t € (0,1)
and vy, v € C' implies v = v; = vo. We write ex C' for the set of all extreme points

of the set C.

The definition is illustrated by the following two very basic examples.

Examples 4.1.5. (i) Consider the unit interval C' := [0, 1] C C. Then the bound-
ary points 0, 1 are the extreme points of C'.

(ii) Consider the triangle C' = {r 4+ si | r,s > 0 with r + s < 1} C C. One can
check that the extreme points of C' are precisely the corners 0,1,i € C.

We now prove a characterization of ergodic measures.
Proposition 4.1.6. For a topological dynamical system (K,T) and an invariant
measure i € P(K,T) the following assertions are equivalent.
(a) p is an ergodic measure.
(b) w is an extreme point of P(K, ).
We use the following well-known fact for regular Borel probability measures (see,

e.g., [Rud87, Theorem 3.14]).

Lemma 4.1.7. For every compact space K, each i € P(K), and any p € [1,00), the
natural map C(K) — LP(K, B(K), ) sending a function f € C(K) to its equivalence
class in LP(K,B(K), 1) has dense range.

Proof of Proposition[{.1.6. We first prove the implication “(a) = (b)”. So assume
that p is an ergodic measure, and recall that by Corollary [2.2.14] this means that
the fixed space

fix(U,+) = {f € L(K,B(K),p) | for, = f for every v € T'}
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only consists of (equivalence classes of) constant functions ¢ - 1 for ¢ € C. If p =
tpy + (1 —t)pg for py, ue € P(K,7) and t € (0,1), then

/de,lh

for every f € C(K). In particular, if we write I: C(K) — L*(K,B(K), n) for the
map from Lemma for p = 2, we obtain the following implication: Whenever

Ifi = Ifs, hence I(f1 — f2) = 0, for fi, f» € C(K), we have fol duy = fozdul-
We therefore obtain a (well-defined!) linear functional

1 1 1
< / Fldm < X / i = 21l csn < S leaes
. t Jx t t

p: I(C(K)) — C, Ifr—>/de,u1.

Moreover, ¢ is bounded with [|¢|| < 1. Since I(C(K)) is dense in L?(K, B(K), 1) by
Lemma [£.1.7, we can apply Proposition to uniquely extend ¢ to a bounded
linear functional ¢: L?(K, B(K), 1) — C. By the Riesz-Fréchet representation the-
orem (see Theorem [A.2.3)), we therefore find a unique element g € L*(K, B(K), )
with

/fdlilzw(f) (f|9L2KB /f gdu
K

for all f € C(K).

We show that g € fix(U,+). Again using that I(C(K)) is dense in L*(K,B(K), u),
it suffices to show that (f|g — g o7,) = 0 for every v € I' and for each f € C(K)
since this implies (¢ — g o 7,|g — g o 7,) = 0 by approximation and continuity of the
inner product. But, since both 4 and p; are invariant, we obtain from Proposition

.14l that
—qgo — .adu — gornduy = .adu — or 1 .gd
(flg—gom,) /ngu /ngmu /ngu /K(fq)gu

:/fdul—/fOde,ul:O
K K

for every f € C(K) and y € T.

By ergodicity of u we conclude that g = ¢ - 1 for some ¢ € C. By choice of g, this
means that [, fdus = c¢- [ fdp for all f € C(K). Taking f = 1, we see that
¢ =1, and hence p = py. But then g = tu + (1 — t)pue automatically also yields
[ = pi2, finishing the proof of “(a) = (b)”.

We now show the converse implication “(b) = (a)” by contraposition. If u is not
ergodic, we find some A € B(K) with 0 < p(A) < 1 such that u(AA77'(A)) =0
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for each v € I'. Then

1
pi: C(K) — C, me/AfdMa

pz: C(K) = C, fr !
"

TNA) Srea? W

are unital, positive, linear functionals and hence define elements of P(K'). Since

1 1
Ml(f‘”v)zm/K]lA'(fOTfy)dN:m/l{]lrJl(A)'(fOTﬁdN

1 1
_m/K<11A~f>oudu—M/I{Mfdu—m(f)

for every f € C(K), we conclude that u; € P(K,7) (see Proposition [3.2.11). Simi-
larly, pue € P(K, 7). Moreover, for ¢t := pu(A) € (0,1) we have p = tuy + (1 — t)po.

To finish the proof we check that pu # p; which shows that p is not an extreme point
of P(K, 7). Since 0 < pu(A) < 1 we have u(A)1 # 14 in L?(K, B(K), ). Again using
Lemma we find some f € C(K) with 0 # (flu(A)1—14) = [ (u(A)f—1af).
But this means pu(f) # pui(f). O

Proposition is particularly interesting when combined with the following spe-
cial case of the Krein-Milman theorem from functional analysis, see, e.g., [Ped89,
Theorem 2.5.4].

Theorem 4.1.8. Let E be a normed space. If C' is a weak™ compact convex subset
of the dual E', then the convexr hull of ex C' is weak™ dense in C.

We obtain the following consequence.

Proposition 4.1.9. Every topological dynamical system (K, T) has an ergodic mea-
sure i € P(K,T).

Proof. By Corollary we know that P(K,7) # (. Since P(K,7) is weak*
compact and convex, we can apply Theorem to see that, in particular, the set
P(K,7) has some extreme point u € P(K, 7). By Proposition we obtain that
this p is ergodic. O]

4.2 Furstenberg’s Correspondence Principle

With these concepts and tools at hand, we are now ready to establish a bridge
between ergodic theory and combinatorial number theory. This will help us to find
structure in “large” subsets of the integers, e.g., the following patterns.
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Definition 4.2.1. For k € N a set of the form {a,a+d,...,a+(k—1)d} fora,d € N
is called an arithmetic progression of length k.

One of the early questions on arithmetic progressions from so-called Ramsey Theory
is the following: Assume that we color the natural numbers in two different colors,
say, red and blue. Is there, for any £ € N, an arithmetic progression of length k
which is monochromatic, i.e., consists entirely of red or entirely of blue numbers? In
some simple cases (e.g., there are only finitely many red numbers; or we color all odd
numbers red, and even numbers blue), the answer is evidently positive. However,
the general case is surprisingly difficult, and was first solved by Bartel Leendert van
der Waerden in 1927, even in a stronger version:

Theorem 4.2.2 (van der Waerden). Assume that N = Ay U --- U A, for some
m € N. Then there is j € {1,...,m} such that A; contains arithmetic progressions
of arbitrary (finite) length.

In 1975 Endre Szemerédi proved a stronger result for “asymptotically large” subsets.
Before we recall his Theorem from Lecture 1, we introduce the following impor-
tant concept. Here, for a bounded net (7;);e; of real numbers, we write lim sup;c; 7;
for the largest and lim inf;c; 7; for the smallest accumulation point of (7;);c; (which,
as for sequences, always exist).

Definition 4.2.3. Let (F;);c;r be a Folner net (see Definition 3.1.9)) for the abelian
group I'. For a subset A C I we call

I : AN F| . JANE
digy.., (A) =1 d d A) =1 f

the upper density and lower density of A with respect to (F});cs, respectively.

A concrete example is the following.

Example 4.2.4. Given a set A C N, we usually consider the natural upper and
lower density

SOAY [An{L,.... N} AN {1, Ny
d(A) = hzr\?—?olip N and d(A) = thJoIéf N

with respect to the Folner net (Fy)nen for I' = Z given by Fy = {1,..., N} for
N eN.

The following lemma collects some basic facts about upper and lower densities. The
proof is left as Exercise [4.5

Lemma 4.2.5. Let (F});cr be a Folner net for the abelian group I'. Then the fol-
lowing assertions hold for A, B C T.
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d(Fi)iGI(A N B) = d(Fi)iEI (A) and d(Fi)iEI (A N B) = (—l(Fz‘)iEI(A>‘

a(Fi)ieI(A U B) - a(Fi)ieI (A) and d(Fi)iGI (A U B) = Q(Fi)iel (A)

We now restate Theorem [I.1.8] as follows.

Theorem 4.2.6 (Szemerédi). Let A C N with d(A) > 0. Then A contains arith-
metic progressions of arbitrary (finite) length.

Remark 4.2.7. Notice that if N = A, U- - -UA,, for some m € N, then parts (ii) and
(v) of Lemma imply that there is some j € {1,...,m} with d(A;) > 0. Thus,
Szemerédi’s Theorem 4.2.6[is indeed stronger than van der Waerden’s Theorem 4.2.2]

Let us now discuss how to approach these results via dynamical systems following
ideas of Hillel Furstenberg from 1977. For any abelian group I' (e.g., I' = Z) and
the discrete space {0,1} consider the corresponding shift system ({0,1}",7) from
Example m Then any subset A C I defines a point 14 = (0, 4)er of this system
via

1 forvyeA,
5%14 =
0 forvy¢ A

We consider its “orbit closure” K = {7,(14) | v € '} C {0, 1} with the subspace
topology. For each v € I" we have 7,(K) = K, and hence T, restricts to a home-
omorphism o, = (7,)|x: K — K. We therefore obtain a topological dynamical
system (K, o) via I' = Homeo(K), v +— o,,.

By definition of the product topology, the “cylinder set”
B = {(ay)er € K [ ag = 1}

is both open and closed in K. We can use B to describe the elements of A C I': For
v € I" we have v € A precisely when 6, 4 = 1. But this means

yeA & o0,(14) €B.
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Assume now that, for some ~q,...,7v € I', we knew that

o l(B)n---No ! (B) #0.

Since this is an open set, and {0,(14) | ¥ € I'} is dense in K, we then find some
v € I with 0, (14) € 0 (B)N---No (B). But this means v +y1,...,7 4+ € A
In the special case of I' = Z and v; = (j — 1)d for j € {1,...,k} and some d € N,
we thus have a,a + d,--- ;a + (k — 1)d € A for a := =, and thus an arithmetic

progression of length & in A.

So far we have not taken the upper density of the subset A C I' into account. We
will do so now to construct a measure-preserving system.

Theorem 4.2.8 (Furstenberg’s Correspondence Principle I). Let (F});er be a Folner
net for the abelian group ', and let A C I with E(Fi)iEI(A) > 0. Then there is an
ergodic measure-preserving system (X,T) and B € X(X) with ux(B) > 0 having
the following property: If px(T,, (B)N---NT,, (B)) > 0 for some y1,...,v € ' and
keN, then y+y1,...,7v+ % € A for some v €T.

If we forego ergodicity of the measure-preserving system (X,7T'), we can even give
an estimate on “how many” v € I" satisfy v+ 71,...,7 + Y € A, or, equivalently,
fyeA—’yla"wA_fYk-

Theorem 4.2.9 (Furstenberg’s Correspondence Principle II). Let (F});cr be a Fol-
ner net for the abelian group I' and A C I'. Then there is a measure-preserving

system (X, T) and B € (X)) with pix(B) = d(g,),., (A) such that
px (T (B) NN (B)) < dipyie, (A=) N0 (A = )
for all vy, ...,v € ' and k € N.

We prove both results at once.

Proof of Theorems[].2.8 and[{.2.9. Take the topological dynamical system (K, o)
as well as the open and closed subset B C K from above. Then the characteristic
function 1z: K — C of B is continuous, and for v € I' we have

’}/GA = 0'7(114) €eB < (ILBOO'V)(]_A):L

We can reformulate this condition once more by using pushforward measures of the
point measure 61, : C(K) — C, f — f(14). For v € I we have

yeA &  ((04):01,)(1p) = 1.
This allows us to write

(A—y)n---NA-—p)NFKl 1
1 |F| |Z O',Y 51A

a.y B)N-+Noy, (B))
YEF;
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for all s € I and 7,...,7 € I'. In particular, we obtain that

Ay, (A) = limsup % S ((0).60,)(1s).

iel | i|'y€Fi

By the definition of accumulation points, we find for every (i,n) € I x N some
j(i,n) € I with j(i,n) > i and

1
< —.
n

\amhe,m) LS ((e)00)

|'F7j(i7n) fyeFj(i’n)
Equip I x N with the product direction, i.e., (i1,n1) < (i, n2) if i1 < iy and ny < ngy
for (i1,m1), (i2,m2) € I x N. Then (Y/|F;q.m| ZWGFj(i’n)((UV)*élA))(ivn)EIXN is a netﬂ in
P(K) with
i 1
im
(i,n)eIxN |P}(i,n)|

Z ((0-7)*5114)(13) - a(Fi)iGI (A)

YEF(i,m)

Using the assumption that (F;);cs is a Fglner net, we obtain that this net is asymp-
totically invariant (as in Example [3.2.13). By compactness of P(K) (see Propo-
sition it has a weak® accumulation point u € P(K), and by Proposition
we obtain that g is invariant. By definition of the weak™ topology, this
implies that also p(f) is an accumulation point of the net of complex numbers
Ny 2orerys, ((09)201) () Gmyerx for every f € C(K), and, in particular, we
have

(B = p(lp) = lim S (0).00,)(15) = Ay (A)

(i,;n)eIxN |Fi;
Fiiml

for f = 1p. Again using the definition of accumulation points, for f € C(K), ig € I
and £ > 0 we find some index (i,n) € I x N satisfying (i,n) > (io, 1) as well as
Y18l T, (0):61,)(F) ~ ()] < &. But, as j(i,m) > > i, this shows that
p1(f) is also an accumulation point of the “original net” (V7> ¢ ((0):01,)(f))ier
for every f € C(K). Taking f = Lo-t(B)n--rios,} (B) for v,...,7 € I', we therefore
have

: (A=y)N---N(A—=—m)NE| 1
] =1 61,
im sup 7 m sup T E ((01)x01,)(f)

> u(f) = /K Lozt B)n-nos ()

'Readers familiar with the concept of nets will observe that we have constructed a subnet,
which converges on 1p to the limit superior d(f,),_, (A). Working with the known relation between

subnets and accumulation points, one can slightly shorten the proof.
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and thus

Ay (A=) NN (A=) 2 po3 (B)N -+ N oy} (B)).
With the induced measure-preserving system (X,7) = (K,B(K),u,c*) we thus
obtain Theorem [£.2.9

To construct an ergodic measure-preserving system as in Theorem assume
that d := d(g),.,(A) > 0. Then the set

O ={veP(K,o)|v(lg) > d}

is open in P(K, o) with respect to the weak™* topology and, since p € O, also non-
empty. By the Krein—-Milman Theorem and Proposition we find a convex
combination Y ;_, t;u; € O of ergodic measures p; € P(K, o) fori € {1,...,7}, ie.,
t; € [0,1] for i € {1,...,r} with > ;_, ¢ = 1. By the Pigeonhole principle, there
has to be some i € {1,...,7r} with p;(B) > ¢ > 0. We set v = y; and claim
that (X,T) = (K, B(K),v,c*) gives us a measure-preserving system as in Theorem

4.2.8 Indeed, if for vq,...,7 € I' we have v(T,,(B)N---NT,, (B)) > 0, then, in
particular, o' (B) N ---No !} (B) =T, (B)N---NT, (B) # 0. By the preliminary
discussion (see page 7)), we then find some v € ' with v +v,..., v+ € A. O

Consequently, to prove Szemerédi’s Theorem [4.2.6| it is sufficient to check that for
every measure-preserving system (X, T") over I' = Z, every B € 3(X) with ux(B) >
0, and each k£ € N, we find some n € N with

px(BNT"(B)N---NnT"(B)) > 0,
cf. Theorem [I.1.7] from Lecture 1. The following result shows even more.

Theorem 4.2.10 (Furstenberg). Let (X,T) be a measure-preserving system over
I'=7 and f € L™(X) with f >0, [ fdux > 0. For every k € N we have

N—-1
1
1iminf—§ /f.U;f-~U7’2"f>0.
—0vX

N—ooco N
n=

Taking f = 1p gives, in particular, the desired multiple recurrence statement.

It will still take some time until we are in the position to give a proof of Theorem
4.2.10l We conclude the lecture with a different application of the correspondence
principle instead.

Theorem 4.2.11 (Schur). Assume that N= A, U---UA,, for some m € N. Then
there are j € {1,...,m} and a,b € N such that a,b,a+b € A;.
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The proof discussed here is based on a “coloring trick” by Vitaly Bergelson and uses
the following lemma.

Lemma 4.2.12. Let A C N? for some d € N and consider the Folner net (Fy)yend
for 72 given by Fy == {1,..., N1} x --- x {1,...,Ng} for N = (Ny,...,Ny) € N¢
where N is equipped with the componentwise direction. Then

Q({nEN ]H(FN) AN(A—(n,...,n))) > O}) ZH(FN) (A)Z.

NeNd ( Nend

Proof. We abbreviate 7i == (n,...,n) € N¢ for n € N. For I' = Z% and the Fglner
net (Fy)yene choose a measure-preserving system (X, 7') as in Theorem [£.2.9) By

.....

Y (X) we obtain

o1
iry) e (A = px (B)* < lim = > iy (BN T,y (B)

M
e 1 = L
< liminf — E A(Fy) g e (AN (A = 10))

M —o00 Mn:l
e{l,....,M}|d AN(A—=1)) >0
g € ()0 (A0 (A = 7)) > O}
M—o00 M

]

Proof of Theorem [{.2.11. By relabeling we assume that there is some d € {1,...,m}
such that d(A;) > 0 fori € {1,...,d} and d(A;) =0 fori € {d+1,...,m}. Now let
(Fn)nene be the Folner net from Lemma [4.2.12] It is an easy exercise to check that
the product set A := A; x---x Ay C N¥ satisfies a(FN)NeNd (A) =d(A;))---d(Ay) > 0.

In particular,
ci=d({n € N|dry)
by Lemma [4.2.12] On the other hand,
d(A U UA) =1—-d(N\ (A U---UA))>1—d(AgU---UA,) >1
by Lemma [£.2.5] (iii), (iv), and (v). By Lemma [£.2.5 (vi) this implies
Q((Alu---UAd)ﬂ{nEN|a(FN)N (AN(A—=(n,...,n))) >0}) =c>0.

AN(A=(n,...,n)))>0})>0

end

In particular, we find some j € {1,...,d} and a € A; with

0 < dipyy. L(AN(A=(a,....a) =d(A, N (A —a)) - d(Ag N (Ag — a)).

NeNd (

But then d(A; N (A4; —a)) > 0, and therefore we find b € A; with a+b € A;. Hence
a,b,a+b € Aj, and we are done. n
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Remark 4.2.13. Notice that Theorem does not have a straightforward gen-
eralization to a “density version™ If A C N is the set of all odd numbers, then

d(A) =d(A) =1, but clearly a + b ¢ A for all a,b € A.
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4.3 Comments and Further Reading

The original publications of van der Waerden and Szemerédi concerning the top-
ics of this lecture are [fdW27] and [Sze75], respectively. In his influential] article
[Fur?7|, Furstenberg showed both his correspondence principle (in a slightly different
form and with an alternative proof than what is presented here) and his multiple
recurrence statement. We mention that one can also go the other direction and con-
clude the recurrence result from Szemerédi’s theorem, see, e.g., [EFHNI5] Section
20.2]. More on the impact of Furstenberg’s work on ergodic theory, as well as many
results related to the theorems of van der Waerden and Szemerédi (including “multi-
dimensional versions”), can, e.g., be found in the recent article [BGW24].

Another famous theorem in this context is due to Ben Green and Terence Tao (see
[GTO8]): One can also find arithmetic progressions of arbitrary finite length within
the set of primes (even though this set has upper density zero, see Exercise. Both
Szemerédi’s theorem and the Green—Tao theorem would be implied by a (still open)
conjecture of Paul Erdés asserting that arithmetic progressions of arbitrary finite
lengt can be found in any subset A C N with > _, L = oo (see [Gow13]).

ncA n
Theorem {.2.11] is based on Issai Schur’s work [Schi7]. Our proof, using a tech-
nique of Bergelson from [Ber86|, as well as the necessary version of Furstenberg’s
correspondence principle, is in essence from Joel Moreira’s blogE]

2Tn 2020 Furstenberg received the Abel prize “for pioneering the use of methods from probability
and dynamics in group theory, number theory and combinatorics.”

3The case of 3-progressions was established in a recent breakthrough [BS20] by Bloom and
Sisask.

“https://joelmoreira.wordpress.com/2013/08/18/applications-of-the-coloring-trick/
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4.4 Exercises
Exercise 4.1. Let K be a compact space and pi1, 2 € P(K). Show that for ¢ € [0, 1]

is a regular Borel probability measure on K with

[ rav=t [ ramra-o [ rau

for all bounded Borel measurable functions f: K — C.

Exercise 4.2. For a compact space K and a regular Borel probability measure
p € P(K) the set

supp(p) = {z € K | u(O) > 0 for every open neighborhood O of x}

is called the support of u.
(i) Show that supp(yu) is a closed subset of K.
(ii) Show that if A C K is closed with A Nsupp(u) = 0, then u(A) = 0.
(iii) Use (ii) to conclude that p(supp(p)) = 1. In particular, supp(u) is non-empty.
(iv) Show that supp(u) is the smallest closed subset L C K with u(L) = 1.
(v) Show that for a point x € K we have u = §, precisely when supp(u) = {x}.
)

(vi) Assume now that (K, 7) is a topological dynamical system and pu € P(K, 7).
Show that 7, (supp(u)) = supp(p) for every v € I.

Exercise 4.3. Let K be a compact space. Show that the extreme points of the
weak™® compact and convex subset P(K) C C(K)" are precisely the point measures
0, for x € K.

Hint: Use Proposition as well as Ezercise[{.9

Exercise 4.4. For I' = Z consider the topological dynamical system ([0, 1], 7) given
by 7: Z — Homeo([0,1]), n — o™ where o(x) = 2* for x € [0,1]. Describe all
invariant measures 1 € P([0, 1], 7). Which of these are ergodic?

Exercise 4.5. Prove Lemma [4.2.5]

Exercise 4.6. Show that for all r, s € [0, 1] with < s there is a subset A C N with
d(A) =r and d(A) = s.

Hint: We may assume 0 < r < s < 1. Set My := 0. Then recursively construct
sequences (Ni)gen and (My)gen. If Ni,..., Ny_1, My, ..., My_1 have already been
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constructed for some k € N, let Nj, be the smallest N > M;._1 with

%(gwj — M;_1)+ (N — Mk—l)) > s,

and let M,, be the smallest M > N, with

1
M

J

(Nj = Mjy) <

k
=1

Then set A= J;2 {M;_1 +1,...,N;}.
Exercise 4.7. A subset A C N is syndetic (or has bounded gaps) if there is
N € N such that {n,...,n+ N} N A #( for every n € N.

(i) Show that if a subset A C N is syndetic, then d(A) > 0.

(ii) Find an example of a subset A C N with d(A) > 0 which is not syndetic.
Exercise 4.8. Let P C N be the set of all prime numbers. Let further m(n) =

|IPN{1,...,n}| for n € N be the number of primes in {1,...,n}. The prime number
theorem (see, e.g., [Jam03, Section 1.1]) asserts that

lim 7(n) - log(n)

n—oo n

=1.

(i) Use the prime number theorem to show that d(IP) = 0.
(ii) Show that n™3M=(W < (*") < 4" for every n € N.

n

Hint: All primes in {n + 1,...,2n} appear in the prime factorization of the
number (27’:)

(iii) Use part (ii) to prove that 7(2"™) — 7(2") < % for every n € N.
(iv) Use part (iii) to prove that m(22") — m(2) < 27! + # for every n € N.

(v) Use part (iv) to show that d(IP) = 0 without using the prime number theorem.



Lecture 5

In this chapter we prove a version of a famous decomposition result due to Jacobs,
de Leeuw and Glicksberg, which has numerous applications in operator and ergodic
theory. As a tool for its proof we investigate tensor products of Hilbert spaces and
discuss their relations to so-called Hilbert—Schmidt operators.

5.1 The Discrete Spectrum Part

Assume that U: G — % (H) is a unitary representation of a group G on a Hilbert
space H (see Definition . If we apply the Abstract Mean Ergodic Theorem
to the image U(G), we obtain an orthogonal decomposition of H into a subspace
on which U acts in a very simple way (the fixed space fix(U(G))) and a subspace
on which U(G) “goes to zero” in some sense (the closed linear hull lin|J, _,(Idy —
UL)(H)).

We prove a second splitting result for U and begin with the “structured part” of the
decomposition. Instead of vectors which remain fixed by the representation U, we
now consider vectors f € H which “do not move too far” in the sense that the orbit
{U.f | * € G} is contained in a finite-dimensional subspace, or, equivalently, the
linear hull M; = lin{U, f | x € G} is finite-dimensional. If we call a subset M C H
invariant whenever U, f € M for all f € M and = € G, then each such My is an
invariant finite-dimensional subspace. This motivates the following definition.

Definition 5.1.1. Let U: G — % (H) be a unitary representation of a group G.
Then the closure

Hgs = U{M C H | M invariant finite-dimensional subspace} C H

is called the discrete spectrum part of U.

Notice that the sum M; + M of invariant finite-dimensional subspaces M; and M,
of a unitary representation U: G — %/ (H) is again an invariant finite-dimensional
subspace, and thus Hgs is always a (closed) linear subspace of H.

65
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We introduce the following concept of “minimal” invariant finite-dimensional sub-
spaces.

Definition 5.1.2. For a unitary representation U: G — % (H) of a group G, we
call an invariant finite-dimensional subspace M C H irreducible if {0} and M are
the only invariant linear subspaces contained in M.

Every invariant finite-dimensional subspace splits into irreducible ones:

Proposition 5.1.3. For every invariant finite-dimensional subspace M of a unitary
representation U: G — % (H) of a group G there are d € N and irreducible invari-
ant finite-dimensional subspaces My, ..., My C H such that M = My, ® --- & M,
orthogonally.

Using the following lemma, the result follows readily by induction on the dimension
of M (see Exercise [p.1)).

Lemma 5.1.4. Let U: G — % (H) be a unitary representation of a group G. If
M C H is an invariant linear subspace, then so is the orthogonal complement M.

Proof. Let f € M+ and g € M. For x € G we have (U, f|g) = (f|U,-1g) = 0 since
U,-1 is unitary and M is invariant. But this means U, f € M*. ]

We obtain the following consequence of Proposition [5.1.3

Corollary 5.1.5. Let U: G — % (H) be a unitary representation of a group G.
Then

Hy, = lin U{M C H | M irreducible invariant finite-dimensional subspace}.

For abelian groups (in particular, for our fixed abelian group I') this leads to a
particularly simple description of the discrete spectrum part. Write T := {z € C |
|z| = 1} for the multiplicative group of complex numbers of modulus one, and call
this the torus.

Definition 5.1.6. For an abelian group G a group homomorphism y: G — T is
called a character. The dual group G* of G is the set of all such characters
equipped with the multiplication given by (x1x2)(z) = x1(x)xz2(x) for x € G and
X1, X2 € G*.

Observe that the dual group G* of an abelian group G is indeed an (abelian) group

with the neutral element 1: G — T, z — 1 and inverse Y: G — T, x — x(x) =
x(z)~t for x € G*.

Example 5.1.7. For G = Z every z € T defines a character x,: Z — T, m +— 2™.
One can check that T — Z*, z — ¥, is a group isomorphism. See Exercise for
this and further examples of representing dual groups.
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We now extend the classical concept of eigenvectors of matrices and linear operators
to unitary representations of abelian groups.

Definition 5.1.8. Let U: G — % (H) be a unitary representation of an abelian
group G. For a character y € G* we call

ker(y —U) ={f € H|U.f =x(z)f for every z € G} = ﬂ ker(x(x)ldy — U,)

zeG

the eigenspace of U with respect to x, and elements f € ker(xy —U) \ {0} are called
eigenvectors with respect to x. The set 0,(U) = {x € G* | ker(x — U) # {0}} is
the point spectrum of U and its elements are called the eigenvalues of U.

Remark 5.1.9. Take a unitary operator V' € % (H) on a Hilbert space H. If
U:Z — % (H), m+— V™ is the induced unitary representation of G = Z, then, with
the isomorphism T — Z*, z — x, from Example[5.1.7] ker(x, — U) = ker(zIdy — V)
for every z € T. In this way, Definition [5.1.8] extends the known spectral theo-
retic concepts of eigenvectors, eigenvalues and eigenspaces from linear algebra and
functional analysis.

Eigenspaces of unitary representations of abelian groups have the following proper-
ties.
Proposition 5.1.10. Let U: G — % (H) be a unitary representation of an abelian
group G. Then the following assertions hold.
(i) The eigenspaces ker(x — U) for x € G* are pairwise orthogonal.
(ii) For M C H the following assertions are equivalent.
(a) M is an irreducible invariant finite-dimensional subspace.
(b) M is an invariant linear subspace which is at most one-dimensional.
(c) There is x € G* and f € ker(x — U) such that M = C - f.

Proof. For part (i) take x1,x2 € G* with x; # x2. Choose x € G with x;(z) #
x2(x). If f €ker(x; —U) and g € ker(x2 — U), then

x1(@)x2(2)(flg) = (xa(@) fIxz(2)g) = (UaflUg) = (flg).

Since x1(z)X2(x) # 1, we obtain (f|g) = 0.

We now prove part (ii). The implications “(b) = (a)” and “(c) = (b)” are obvious.
For “(a) = (c)” take an irreducible invariant finite-dimensional subspace M C H. We
may assume that M # {0}. For x € G the restriction U, |p: M — M of U, to M is a
unitary map on a finite-dimensional Hilbert space and thus has, by linear algebra, an
eigenvector with respect to some eigenvalue y(z) € T, i.e., ker(x(z)Idy — Uy|ar) #
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{0}. Now if f € ker(x(z)Idy — U, |m) and y € G, then, since G is abelian]

U Uyf = Uy f = Upaf = U, U f =Uy(x(2)f) = x(2)U, [,

hence U, f € ker(x(z)Idy — Uylar). Thus, ker(x(x)Idy — Ug|a) is an invariant
subspace of H contained in M. Since M is irreducible, we obtain M = ker(x(x)Idy —
Uelm), 1-e., Upf = x(x)f for every f € M.

Since U is a group homomorphism and there is some f € M \ {0}, the map y: G —
T,z — x(z) is a character. By definition of y we have M C ker(y — U). In
particular, if we pick f € M \ {0}, then C - f is an invariant subspace contained in
M. Thus, M = C- f since M is irreducible. m

Combined with Corollary we obtain:

Corollary 5.1.11. Let U: G — U (H) be a unitary representation of an abelian
group G. Then Hgs = lin{J, ¢ ker(x — U).

5.2 Interlude: Standard Constructions for Hilbert
Spaces

Before we identify the orthogonal complement of the discrete spectrum part of a
unitary representation, let us first review some standard constructions from Hilbert
space theory.

Completions. Recall that we can “complete” any metric space (X,dx) in the
following way (see, e.g., [SV06, Section 1.5]): Let CS(X) be the set of all Cauchy
sequences (T, )nen in X, and write (,)neny ~ (Yn)nen 0T (Tn)nen, (Yn)nen € CS(X)
if lim,, 00 dx(Zn,yn) = 0. Then ~ is an equivalence relation on CS(X), and

dx: XxX— [0,00),  ([(zn)nen]s [(Yn)nen]) nh_{go dx (Zn, Yn)

defines a complete metric on the quotient space X := CS(X)/~. Mapping every
z € X to the equivalence class of the constant sequence (z,z,z,...) € CS(X) then
yields an isometric (and, in particular, injective) map ix: X — X, and it is common
to identify o with its image ix(z) € X. The space (X, d) is called the completion
of (X, dx)

Now if we start from an inner product (-|-) on a vector space V' and consider the

induced metric given by dy(f,q) = ||f — gl = /(f —g|f — g) for f,g € V. Then

'Here we use multiplicative notation for the abelian group G (while our fixed group I is written
additively).
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one can check that the operations

V X V — Va ([(mn)nENL [(yn)nEN]) = [(fn + gn)nEN]’
CxV =V, (¢(fa)nen]) = [(c- fa)nen]

turn V into a vector space, and
() VxV— C,  ([(fa)nen), [(gn)nen]) = nll_{go(fn’gn)

is an inner product on V which induces the metric dir (see, e.g., [Weﬁo, Theorem
4.11]). Thus, we can view V as a dense subspace of the Hilbert space V. We call V'
the completion of V' respect to the inner product (-|).

Dual Spaces. Recall that for any Hilbert space H, by the Riesz—Fréchet repre-
sentation theorem (see Theorem , the map H — H', g — ¢ to its dual space
H' given by g(f) == (fl|g) for f,g € H is a bijection. By setting (f[g) := (g|f) for
f,g € H we then turn H' into a Hilbert space, which we call the dual Hilbert

space of Hf|

We further note that any linear isometry U: H — K between Hilbert spaces also
defines a linear isometry U: H — K’, f — U f between the corresponding dual
Hilbert spaces.

Tensor Products. Recall that for any (complex) vector spaces E; and E, we can
consider their vector space tensor product E ®yect Fa, see, e.g., [Hun74, Section
IV.5] or |[Lan02, Chapter 16]. Its elements are written as (finite) sums of simple
tensors f ® g for f € F; and g € F,. The key feature of the tensor product is
“linearizing” bilinear maps:

Proposition 5.2.1. Let E, E5 be vector spaces. Whenever b: E1 X Ey — F' is a
bilinear map to a vector space F, then there is a unique linear map ly: F Qyect o —
F with I,(f ® g) = b(f,g) for all f € Ey and g € Es.

We introduce a Hilbert space version of the tensor product using the following
observation (see, e.g., [Wei80, Section 3.4]).

Proposition 5.2.2. Let Hy and Hy be Hilbert spaces. Then there is a unique inner

product (-|-) on Hy @yeet Hy with (f1 ® falg1 ®@92) = (filgr) - (f2lg2) for all f1, g1 € Hy
and fa, g2 € Hy.

Definition 5.2.3. For Hilbert spaces H; and H, their Hilbert space tensor prod-
uct H; ® H, is the completion of the vector space tensor product Hy ®yect Ho with
respect to the inner product from Proposition

2Note that, since we work over the field of complex numbers here, the map H — H’, g — g is
antilinear, so we cannot directly identify H with H' as Hilbert spaces.
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We need the following easy consequence of Propositions [5.2.1] and [A.1.1]

Proposition 5.2.4. Let U;: Hi — K and Uy: Hy — Ky be linear isometries
between Hilbert spaces. Then there is a unique linear isometry Uy @ Uy: Hy @ Hy —

K, ®@ Ky with (U1 & UQ)(fl & fg) = U1f1 X Ugfg fO’I" all f1 € H, and f2 € H.

5.3 The JdLG-Decomposition

With the previous constructions we now can consider for any group G

(i) the dual representation
U.G—-%H), rv—U,

of a unitary representation U: G — % (H), and

(ii) the tensor product representation
U @Us: G— % (Hy @ Hy), x> (Uh), @ (Ua)s

of unitary representations U;: G — % (H;) for i =1, 2.

In particular, given any unitary representation U: G — % (H) we can consider the
tensor product U @ U: G — % (H ® H') with its dual representation. We use this
to describe the orthogonal complement of the discrete spectrum part Hgs.

Let us assume, for the moment, that G is abelian. If y € G* is a character and f is
an element of the eigenspace ker(y — U), then

U @U)(f@ ) =Ucf @U.f = x(2)f © (x()f) = x(2) -x(x) - fof=f& ],

for every x € G since |y(x)|?> = 1. Thus, f ® f € fix(U ® U). We can therefore
construct fixed vectors in the tensor product H ® H' from eigenvectors in H!

If G is non-abelian, then the same idea still applies, but is slightly more complicated
to write down. Assume that {ej,...,e,} is an orthonormal basis (short: ONB) of
an invariant finite-dimensional subspace M C H. For every x € G and f € M we
can then write U, f = >, (U, flei)e;, and thus

E)ZZ:;@ ®e = ZU e; ® Uge; = Z(Zn:(Uxei|€j)€j) ® (: W@)

i=1 VNj=1 =1

= ZZ(Z (Useile;) m)ej ? .

7=1 k=1
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Since U, is unitary, we obtain that the vectors U e, ..., U,e, also form an orthonor-
mal basis of M, hence

S (el Uielen) = ( Y (enlte )i

=1 =1

€j> = (exlej) = ;.

This shows (U, @ U,)Y 1 e; @¢ = Y. e ® ¢ for every z € G, and there-
fore "7 e; ® € € fix(U @ U). In this way, orthonormal bases of invariant finite-
dimensional subspaces of H give rise to fixed vectors in the tensor product H ®
H'.

The key insight of this lecture is that these elements already generate the entire
fixed space:

Theorem 5.3.1 (Key Lemma). Let U: G — % (H) be a unitary representation of
a group G. Then the linear hull

lin{i e; €

i=1

{e1,...en} € H ONB of an invariant finite-dimensional subspace}

is dense in fix(U @ U).

We will prove the Key Lemma at the end of this lecture. For now, let us introduce the
set of vectors which “do not contribute” to the fixed space of the tensor product.

Definition 5.3.2. Let U: G — % (H) be a a unitary representation of a group G
on a Hilbert space H. Then Hyy, = {f € H| f® f € fix(U ® U)*} is the weakly
mixing part of U.

If the group G has a Fglner net (e.g., if it is abelian), then we obtain a more concrete
description of the weakly mixing part.

Proposition 5.3.3. Let U: G — % (H) be a unitary representation of a group G
with Folner net (F};);cr. Then

1
Hyn = € H|lim sup — U, 2 = O}
{re| 2 7 2 1011
gll<1 !

1
B {fEH e @ZKUJV)P:O}.

zEF;

Proof. Write P € #(H ® H') for the orthogonal projection onto fix(U ® U). For
every f € H we obtain that

lim1/ir) Y Usf @ Unf = P(f @ f)

Z‘GFi
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by Proposition [3.1.14] and Theorem [3.1.15, Denote the sets on the above right-hand
side by H; and H, (from top to bottom). For f € H and g € H with ||g|]] < 1 we
obtain

1 1 —
PRI (w S U.feT]
‘2R, ' zeF;

by the Cauchy—Schwarz inequality for every ¢ € I. This implies Hy,, € Hy. The
inclusions Hy C H, is obvious. Finally, if f € Hs, then

Y Uf @ULf

zeF;

_ 1
g®g> < H ]

|F,

1
| il

IP(FoDIP=P(feDIfef)=lm—> U.feU.flf®f)=0.

zeF;

]

We now prove our desired decomposition (assuming the Key Lemma), which is a
version of a splitting result of Konrad Jacobs, Karl de Leeuw, and Irving Glicksberg.
It will be of crucial importance in the next two lectures, but is also applied in Exercise
below to prove “weighted mean ergodic theorems”.

Theorem 5.3.4 (JALG-decomposition). For every unitary representation U: G —
U (H) of a group G we have an orthogonal decomposition H = Hys @ Hy into the
mvariant closed linear subspaces Hgas and Hyy,.

Proof. For f € H we have f € Hg, precisely when Y . |(fle;)|> = 0 for each
orthonormal basis {ey,...,e,} of an invariant, finite-dimensional subspace M C H.
But this means that (f ® f| Y1, e; ® &) = 0 for each such orthonormal basis. By
Theorem this is the case precisely when f ® f € fix(U @ U)*. O]

5.4 Hilbert—Schmidt Operators

To prove the Key Lemma (Theorem [5.3.1)), we take a different perspective on the
tensor product H ® H’ of a Hilbert space H.

Definition 5.4.1. For a Hilbert space H call a linear map A: H — H a Hilbert—
Schmidt operator if

1

| Allms = sup (ZHAGJ'IIQ)
j=1

Denote the set of Hilbert—Schmidt operators on H by HS(H).

{e1,...,e,} orthonormal in H » < co.

We start with some elementary observations.
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Lemma 5.4.2. Let A: H — H be a linear map on a Hilbert space H.
(i) If A€ HS(H), then A is also a bounded operator with || Al < ||Allus.
(ii) If E C H is an orthonormal basis of H, then

I4ls = 3 el = sup{ S 14elP | £ € £ finite.

eck ecl

(iii) A € HS(H) precisely when A* € HS(H). In this case ||Allus = || A*||us-

Proof. For part (i) take f € H \ {0}. Then the singleton set {//|f|} is orthonormal,
hence [|A(//if1)[| < ||Allus, and consequently [[Af[| < [|Allas - || f]|. This implies (i).

For parts (ii) and (iii) let £ C H be an orthonormal basis of H and take a finite
orthonormal subset ' C F. By Parseval’s identity (see Theorem [A.2.5) we obtain

DA =2 Y 1Al = D I(Ael )P < Y llAef?
feF fEF eeE ecE feF eckE
where the last inequality follows from Bessel’s inequality (see |A.2.6). This implies
|A*|fs < X oer [ Ae|®* < [|Allfs. Since (A*)* = A, we conclude that
IAllfs < > IA%l® < [1A71Rs < D [l Ael® < A,
eck eck

and hence all these inequalities are actually equalities. This shows (ii) and (iii). O
We need the following observation.

Proposition 5.4.3. Let H be a Hilbert space. Then HS(H) is a linear subspace of
Z(H) and a Banach space when equipped with || - ||us-

Proof. Clearly, the zero operator is an element of HS(H), and it is easy to see that
cA € HS(H) with ||cA|lus = |¢| - ||Allus for each ¢ € C and A € HS(H). Now if
A, B € HS(H), take a finite orthonormal subset £ = {e;,...,e,} C H. Then

ZH (A+ B)e;||? = ZHAeZHQJrZZ Re (Ae;|Be;) +ZHBeZH2

By the “Pythagorean theorem” and the Cauchy-Schwarz inequalities for H and C"
we thus obtain

Z||<A+B>ei||2szuAeiuuz-(ZnAeiu?) (ZHBein?) 3 Bep
1=1 1=1 =1 =1 1=1
n % n % 2
=((Z||Aei||2) +(Z||Bez-||2) ) < (JAls + | Bllus)”.
=1 =1
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Thus, A+ B € HS(H) with ||A+ Bllus < ||Allus + || B||as- This shows that HS(H)
is a linear subspace of .Z(H) and || - ||us is a seminorm on HS(H). By Lemmal5.4.2]
(i) it is even a norm (since the operator norm is one).

To see that it is complete, take a Cauchy sequence (A,,),en in HS(H) with respect to
| lns. By Lemmal5.4.2] (i) it is also a Cauchy sequence with respect to the operator
norm || - ||, and thus there is a unique A € Z(H) with lim,,_, |4, — 4| = 0. For
e > 0 choose ny € N such that |4, — A,||4s < eforalln,m >ny. f EC Hisa
finite orthonormal subset, we obtain

- 2: : - 2 : o 2
> [lAe — Ayel| W{%ZHAM Ane|? <limsup |4, — An|/3s < €

ecE ecE m—00

for every n > ng. This readily implies A € HS(H ) with lim,, . ||A—A,|lus =0. O

One can even turn HS(H) into a Hilbert space in a canonical way (see Exercise
5.

The following are simple examples of Hilbert—Schmidt operators. More interesting
ones are discussed in Exercise (.6 below.

Example 5.4.4. Let H be a Hilbert space. For g,h € H consider the “rank-one”
linear map A, ,: H — H given by A, ,(f) = (f|h)g for f € H. Then a short
computation using the Fourier expansion (see Theorem shows that the map
A, 1, is a Hilbert—Schmidt operator with ||Agsllus = |lg]| - [|A]]-

If B: H — H is any operator with finite-dimensional range and {ey,...,e,} is an
orthonormal basis for its range, then we can write

Bf =) (Bfleei =Y A pee,f
=1 =1

for every f € H, and hence B is also a Hilbert-Schmidt operator.
With the notation for rank-one operators from Example[5.4.4 we obtain the following

identification.

Proposition 5.4.5. For a Hilbert space H there is a unique isometric linear bijec-
tion ®: H® H' — HS(H) with (g ® h) = Ay, for all g,h € H.

We first prove the following auxiliary result.

Lemma 5.4.6. Let H be a Hilbert space. Then the linear hull lin{A,, | g.h € H}
is dense in HS(H ).

Proof. Pick an orthonormal basis £ C H of H and let A € HS(H). Using Lemma
5.4.2| (ii) we choose for a given ¢ > 0 some finite orthonormal set F' C E with
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|Allfs < Doer |4e|®* + € and consider B == Y, Aac.. For every finite subset
C C FE we then obtain

SIBf—AfIP= Y

2

2+Z

> (fle)Ae -

> (fle)Ae — Af

fec fecnr!leer feC\F!lecF
=0+ > AP < IAllfs = D IIAfIP < e
feC\F fer
This implies ||B — A} < e. O

Proof of Proposition[5.7.5. Observe that the map H x H' — HS(H), (g,h) — Ay
is bilinear. Thus, it induces a unique linear map ®: H ®yoy H' — HS(H) with
®(g® h) = A, for all g,h € H (see Proposition @ Moreover, if E C H is an
orthonormal basis for H we obtain by Lemma @ (ii) and Theorem[A.2.5

H (Z‘%@h) =2 ZZZ e|h:)(elhy)(gilg)

HS  ccE i=1 j=1 ecE

= fii(Z(m > (9ilg;) ZZ (hs1hi)(gilg;)

i=1 j=1 ‘ecFE =1 j=1

= ZZ(% ® hilg; @ h;) =

i=1 j=1

n

D (el

i=1

@ h;

for all g1,...,9n,h1,...,h, € H. By Lemma[A.T.T| ® uniquely extends to a linear
isometry ®: H @ H' — HS(H). Since the image of linear isometries between Ba-
nach spaces is complete, hence closed, we obtain that the range of ®(H @ H') is a
closed linear subspace of HS(H). Since it contains all operators Ay, for g,h € H,
we conclude from Lemma that ® is surjective, and hence an isometric linear
bijection. O]

We use the identification from Proposition to translate the Key Lemma to a
statement about Hilbert—Schmidt operators. The proof will then be a consequence
of the following version of the spectral theorem for self-adjoint Hilbert—Schmidt
operators, which represents such an operator as a series of finite rank operators.

Theorem 5.4.7. Let A € HS(H) be a self-adjoint Hilbert-Schmidt operator on a
Hilbert space H. Then there is a unique sequence (A,)nen in [0,00) and unique
sequences (P )nen and (P )nen of orthogonal projections in £ (H) with

(1) Ang1 < A\, with equality only if A, =0 forn € N,
(i) A, = 0 precisely when P = P; =0 forn €N,
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(ili) inf,eny Ay =0,
(iv) PH(H) and P, (H) are finite-dimensional for every n € N,

(v) P (H) L PA(H) and Py (H) L Pa(H) forn#m,

(vi) Pf(H) L P, (H) for everyn € N,
such that A =" \(PF — P,) with respect to the Hilbert-Schmidt norm.

n
This is a consequence of the spectral theorem for compact self-adjoint operators,
which most readers of the course should be familiar with. However, we include a
complete proof of Theorem as a supplement to this lecture. Let us now use it
to finally show the Key Lemma, and therefore finish the proof our decomposition
result Theorem [5.3.4

Proof of Theorem[5.3.1 For every x € G we obtain an isometric linear bijection
U,: HS(H) — HS(H) via U, A = U, AU, for A € HS(H) (note that U, A is indeed
again a Hilbert—Schmidt operator with ||, A|lus = ||A|lus). For g,h € H we obtain

(@0 (U, @ U.))g @ h)(f) = (flU)Ueg = (U7 fI)Ueg = (U 0 D)g @ h)(f)

for every f € H. By linearity and continuity, this implies that ®o (U, ®U,) = U, 0P
for every x € G. This shows that

O(fix(U @ U")) = fix(U) = {A € HS(H) | U, A = AU, for every z € G}.

Since ® is a isometric linear bijection, the claim of the key lemma is equivalent to
the following: The linear hull L of all operators ®(>"""  e; ® €;), where {ey,...,e,}
is an orthonormal basis of an invariant finite-dimensional subspace of H, is dense in
fix(U) C HS(H) with respect to the Hilbert—Schmidt norm || - ||gs.

So take A € fix({) and show that A is in the closure of L. First observe that we
can write A = 4+4° 4 iA_—iA* and a moment’s thought reveals that A+2A*, A_QiA* are
self-adjoint elements of fix(U/). We may therefore assume that A is self-adjoint and
take the “spectral decomposition” A = >">° | A, (P.f — P;") from Theorem [5.4.7 For

z € (G we obtain

A=UAU, =Y M\(UP U = UP U,

n=1

and uniqueness of the representation implies that U, P, U = P." and U, P, U =
P, hence P, P, € fix(U) for every n € N. In particular, the orthogonal pro-
jections P in fix(U) with finite-dimensional range span a dense linear subspace of
fix(U). We may therefore reduce to the case that A = P is such a projection. Since
U,P = PU, for every x € G, the range M = ran(P) is then an invariant finite-
dimensional subspace of H. Let {ej,...,e,} be an orthonormal basis for M. Then
(e ®€) =1 Aee; = P, sece Example [5.4.4] This shows the claim. O
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5.5 Supplement: The Spectral Theorem for Self-
Adjoint Hilbert—Schmidt Operators

We now present a rather elementaryf’| proof of the spectral theorem for self-adjoint
Hilbert-Schmidt operators (Theorem based on [Con85l, Paragraph I1.5| and
[EHK?24, Section 4.1]. We start with some preliminary observations on self-adjoint
operators.

Lemma 5.5.1. Let A € Z(H) be a self-adjoint operator on a Hilbert space H.
(i) ker(a-Idy — A) L ker(p-Idy — A) for all o, 5 € R with o # .
(i) JAll = sup{[(ASfIA)I | f € H with || ]} = 1}.
Proof. The proof of part (i) is similar to the one of Proposition |5.1.10| (i): Take f €

ker(a-Idy —A) and g € ker(53-1dy — A). Then a(flg) = (Aflg) = (f|Ag) = B(f19),
and hence (f|g) = 0.

For part (ii) denote the right hand side by ¢. The inequality ¢ < ||A]| follows from
the Cauchy—Schwarz inequality. A short computation (using that A = A*) shows
the identities

(A(f £ 9)If £9) = (Af|f) £ 2Re(Af|g) + (Aglg),

which in turn yield

(A(f+9)If +9) — (A(f — 9)If —9) =4-Re(Aflg)

for all f,g € H. The definition of ¢ and rescaling gives us |(Ah|h)| < ¢||h|* for all
h € H. Since in a Hilbert space H the norm satisfies the “parallelogram law”

I(F+ I+ 1 = gll* = 20117 + llgll®),

we therefore obtain 4-Re(Af|g) < 2¢- (|| f]|>+lg]|?) for all f,g € H. Now for f € H
with [ f]| < 1and Af # 0set g .= Af/jar|. Then 4||Af|| = 4(Aflg) < 2¢(141) = 4e.
This shows ||A]| < c. O

The following is the key ingredient in the proof of Theorem [5.4.7]

Lemma 5.5.2. Let A € HS(H) be a self-adjoint Hilbert-Schmidt operator on a
Hilbert space H # {0}. Then ker(||A||-1dg — A) # {0} or ker(||Al| - Idg + A) # {0}.

Proof. We may assume that A # 0 and, by rescaling, that ||A|| = 1. By Lemma
5.5.1 (ii) we find a sequence (f,)neny in H with ||f,|| = 1 for all n € N and

lim, oo [(Afnlfn)] = 1. Since A is self-adjoint, (Af,|fn) = (Afulfn) € R for

3With some knowledge of spectral theory shorter proofs are available.
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every n € N, and thus we may assume (after passing to a subsequence) that
lim,, oo (Afnlfn) = 1 or lim, oo (Afn|fn) = —1. We only treat the first case (the
second one is similar). Since

fn = Afall® = 1fall* = 2(ASal fo) + |ASall* < 2 = 2(Afal fu)

for all n € N, we obtain lim,,_,, f, — Af, = 0.

By Lemmal5.4.6]we find a sequence (Ay)yen of operators on H with finite-dimensional
range with lim, o ||A — Ak|lus = 0. In particular, we have lim, o [|A — Ax|| = 0
by Lemma (1). Since (Agfn)nen is a bounded sequence in a finite-dimensional
normed space, it has a convergent subsequence. By using a diagonal sequence argu-
ment we may assume (passing to a subsequence) that (A f,)nen converges for every
k € N. Combining this with the fact that lim, . ||A — A|| = 0, an application
of the triangle inequality reveals that (Af,),en is a Cauchy sequence in H, hence
convergent to some g € H. But then also

lim f, = hm (f —Af,)+ lim Af, =g
n—oo

n—o0
and, in particular, ||g|| = lim, |[fz|| = 1. Since A is continuous, we have Ag =
lim,, oo Afn, = g, hence g € ker(Idy — A) # {0}. O

We also need the following observation.

Lemma 5.5.3. Let A € HS(H) be a self-adjoint Hilbert-Schmidt operator on a
Hilbert space H and oo € R\ {0}. Then dimker(a - Idg — A) < IMllks/a? < oo.

Proof. For any finite orthonormal subset F in ker(a - Idy — A) we have

5= Y el = 25 3 e < 1Al

eck eckE

By the Gram—Schmidt process, this implies the claim. n
Let us now restate and prove the Spectral Theorem [5.4.7]

Theorem. Let A € HS(H) be a self-adjoint Hilbert—Schmidt operator on a Hilbert
space H. Then there is a unique sequence (Ay)nen in [0,00) and unique sequences
(PH)nen and (P )nen of orthogonal projections in £ (H) with

(i
(ii

(iii

) Ans1 < A\, with equality only if A, =0 forn € N,
) An = 0 precisely when Pt = P, =0 forn €N,
) infpen Ay =0,

(iv) PH(H) and P;(H) are finite-dimensional for every n € N,
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(v) Pf(H) L P (H) and P, (H) L P, (H) forn # m,
(vi) PH(H) L P, (H) for everyn € N,
such that A =7 \y(P)F — P, ) with respect to the Hilbert-Schmidt norm.

n

Proof. First prove existence. We recursively build sequences of finite rank orthogonal

projections (P ),en and (P ),en as well as an auxiliary sequence (A,),en of self-

adjoint Hilbert—Schmidt operators with A; = A such that with A, = ||A,]| for
n € N the following assertions hold:

(1) A=A, + 3200 NP =P,
(2) A, PE=PtA,=0form<n,
(3) Py (H) L Py (H),
(4) Pf(H) L PH(H) and P, (H) L P,,(H) for m < n,
(5) A\, =0if and only if P = P, =0,
(6) A\, < \,—1 with equality only if \,_; =0,
for every n € N.

So assume that Ay,..., A, 1, P,..., P, and P, ,..., P, , have already been
defined for some n € N (for n =1 thls is a trivial assumption). We let

Ay =An 1 — M1 (PF, — P, ) € HS(H).

n—

If A, =0, we set P, := 0 and P, := 0. Otherwise, we let P;- and P, be the
orthogonal projections onto the eigenspaces ker(||A,|| - Idy — A,) and ker(||A,]| -
Idy + A,,), respectively. By Lemma the projections P, and P, have finite-
dimensional range. We check the list of properties above.

(1) This holds by construction and property (1) for n — 1.

(2) For m € {1,...,n — 1} we have
n—1

PEA, =PEA- NPEPF - P) = £\, Pk — (£\,PF) = 0.
j=1
Similarly (or by taking adjoints), we obtain A, P< = 0.
(3) This holds by Lemmal[5.5.1] (i).
(4) Since PE(H) C A, (H), this follows from (2).

(5) If A\, = ||A,]| = 0, then P = P, = 0 by definition. If, conversely, P,;” =
P, =0, then A\, = ||A,| = 0 by Lemma[5.5.2]

(6) We have A, 1 = A, +\,_1(P,;,— P, ;) by definition. Since A, (H) L PE(H)
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for every m < n by (2) we obtain

[ A1 fII* = AR fI? + A0 NPy = P I > [ Anf 112

for every f € H. This implies \,, = || A,|| < ||An—1]| = M-

Assume that A\, = \,_; # 0. By Lemma we find f € H \ {0} with
|fll = 1 and A, f = ||An||f or Anf = —||A.||f. In particular, f € ran(A,)
which implies P | f = 0 by part (2). But then

Anaf=A(dg — (P = P)f = Anf € {Dnif, =M f}

by construction of A, and part (2). But then f € P,” (H) or f € P, ,(H),
contradicting P~ | f = 0.
One can check that if B,C € HS(H) are self-adjoint with BC = C'B = 0, then

|B + Cll2s = ||Bllis + ||C|l4s. For the constructed sequences we therefore readily
obtain that

n—1 -1
[Alfs = [ A4n ||HS+Z)‘2 (1P Ml + [1P7)ffis) > Z (1P s + [1P7) i)
J=1 J=1

for every n € N by properties (1) — (4).

In particular, Y22, N (|| P |l + | P;)[[#s) < oo, which implies that (ZJ L A (P =

P;"))nen is a Cauchy sequence in HS(H), and hence the limit 3272, A\;(P;" — P;) =

limy, 00 Y0, DY j(Pi7 — P7) exists with respect to the Hilbert-Schmidt norm (and,

in partlcular with respect to the operator norm).

We obtain by (5) that 772, A¥ < 377 X3(|| P |3 + [|1P;)Ilfs) < oo which implies
limy, o0 || An]] = limy 00 Ap = O Thus

(e’ n—1
4= S0y 1) = i 4= Sy - 27| = i =0
j=1 =1

This shows A = 3722, A\;(P;" — P;7) as desired.
For uniqueness take any representation A = 37| A, (P;”— P,") as in Theorem [5.4.7]
One can then readily check that

{A\ | neN}\ {0} ={|\ | A € R eigenvalue of A}, and
ran(PF) = ker(£\,Idg — A) for every n € N with \, # 0.

We leave the details to the reader. In view of properties (i) and (ii) this establishes
the desired uniqueness. O
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5.6 Comments and Further Reading

The original work [Jach6] of Jacobs from 1956 establishes a decomposition for
bounded abelian semigroups of operators on reflexive Banach spaces. A more general
version of the splitting result was later established by de Leeuw and Glicksberg in
[dLGE1]. There are now several different versions of this decomposition and several
techniques of proof (see, e.g., [EFHNI5, Chapter 16]). The term discrete spectrum
(also known as pure point spectrum) is related to an approach via a decomposition of
spectral measures into a discrete and continuous part (see, e.g., [EFHNI5, Remark
18.21]) [f] Our proof here follows the ideas discussed in the introduction of [EHK24]
which are, however, already present in many earlier texts on ergodic theory.

4The terminological origin of weak mizing will become clear in Lecture 7.
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5.7 Exercises

Exercise 5.1. Prove Proposition [5.1.3]

Exercise 5.2. For the symmetric group S; = {id, (12),(13),(23),(123),(132)} of
degree 3 show that U, (vi,v2,v3) = (Vo-1(1); Vo-1(2); Vo-1(3)) fOr (v1,v2,03) € C? and
o € S3 defines a unitary representation U: Sz — % (C?), 0 + U,. Determine a de-
composition of C* = M; @& M, into irreducible invariant finite-dimensional subspaces
as in Proposition |5.1.3]

Exercise 5.3. Show that the following maps are group isomorphisms.
(i) T — Z*, z — x, where x.(m) = 2" for m € Z and z € T.

(ii) Z/nZ — (Z/nZ)*, k + nZ 5 Xpinz With xeenz(l + nZ) = 2% for k1 € Z,
where n € Z.

(iii) Gf x G5 = (G1 x G2)", (x;0) = x ® ¢ with (x ® 0)(z,y) = x(z)o(y) for
(x,y) € G1 X Go, x € G} and p € G, where Gy, G5 are any abelian groups.

Exercise 5.4. Equip C" for n € N with the standard inner product.
(i) Show that for n € N the map C* — (C")",v — ¢, with ¢, (u) = >, uv; for
w=(ug,...,u,),v=(v1,...,v,) € C"is a unitary operator.

(ii) Show that for n,m € N there is a unique unitary operator ¥: C*®@C™ — C"™
with

U(u®@v) = (Ugv1, oy UV, UV, e e e e ULy« e oy Up V)
for all uw = (u1,...,u,) € C" and v = (vy,...,v,) € C™.

Exercise 5.5. Let V' € % (H) be a unitary operator on a Hilbert space H and
(@n)nen be a bounded sequence in C such that the limit limy_, o % ngol a, 2" exists
for every z € T. Show that for each f € H the limit limy_, + ij;ol a, V" f exists.
Hint: Use Proposition to show that limy_, . % 2711\!:—01 a,V"f = 0 for every
f € Hyn.

Exercise 5.6. We consider the Hilbert space ¢? of square-summable sequences
(an)nen in € with the inner product given by ((an)nen|(bn)nen) = > oy anb, for
(an)nENa (bn)neN € £2-
(i) Show that for a double sequence ¢ = (¢, m)n.men of complex numbers C with
llellz = 32071 oy lenm[* < oo the map

Ac: 62 — 62’ (an)neN — (Z Cmmam)
neN

m=1
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is a Hilbert—Schmidt operator with ||A.||ns = ||c/|2-

(ii) Show that (A.)* = A. for each double sequence ¢ = (¢ m)nmen Of complex
numbers with ||c||2 < oo, where (¢*),.m = Gn.,n for n,m € N. In particular, A,
is self-adjoint precisely when ¢, ,, = ¢, for all n,m € N.

(iii) Show that for every Hilbert-Schmidt operator A: L? — ¢? there is a unique
double sequence ¢ of complex numbers with ||c[|s < co such that A = A..

Exercise 5.7. Let H be a Hilbert space and consider the space HS(H) of Hilbert—
Schmidt operators. Let E be an orthonormal basis for H and consider the set F of
all finite subsets of E directed by set inclusion. Then

(A|B)us = > _(Ae|Be) := lim  (Ae|Be)

ecE eeF

for all for A, B € HS(H) defines an inner product on HS(H ) with || A|lus = /(A|A)ns
for A € HS(H)J]

®You may use the following fact (or prove it as a bonus exercise): If (x;);c; is a Cauchy net
in a complete metric space (X, dx), i.e., for every ¢ > 0 there is some iy € I with dx(z;,z;) < ¢
for all i, j > ig, then (z;);e; converges to some x € X.



84

LECTURE 5.



Lecture 6

In the first part of this lecture we introduce compact groups and show that their
strongly continuous unitary representations always have discrete spectrum, i.e., the
weakly mixing part of the JdLG-decomposition is trivial. In the second part of
the lecture we then prove a famous representation and classification result due to
Halmos and von Neumann for ergodic measure-preserving systems with discrete
spectrum.

6.1 Compact Groups and Discrete Spectrum

In the previous lecture we have seen that for any unitary representation U: G —
% (H) of a group G we obtain a decomposition H = Hys ® Hyp, of the Hilbert space
H into the discrete spectrum part Hys and the weakly mixing part Hy,,. We now
study situations when the weakly mixing part is trivial.

Definition 6.1.1. A unitary representation U: G — % (H) of a group G has
discrete spectrum if

H = Hgy = U{M C H | M invariant finite-dimensional subspace}.

To obtain examples for this situation, we consider groups G endowed with additional
structure.

Definition 6.1.2. A group G equipped with a topology is called a topological
group if the multiplication and inversion maps

2 GE@xGE—=G, (r,y)—ay
GG, z—a!

are both continuous (where G x G is endowed with the product topology). It is a
compact group if, in addition, the topology on G is compactﬂ.

'Recall that this includes the Hausdorff property.

85



86 LECTURE 6.

One can readily check that for a topological group G the left and right rotations
loyTe: G — G with [, (y) = zy and r,(y) = yx for y € G are homeomorphisms.

Basic examples of compact groups include every finite group with the discrete topol-
ogy, as well as the d-torus T¢ with componentwise multiplication, the groups @(d)
of orthogonal d x d-matrices and % (d) of unitary d x d-matrices (with the natural
Euclidean topology) for d € N. Compact groups admit a rich structure theory (see,
e.g., [HM20]) with many applications in mathematics and physics. The following is
one of their important features (see, e.g., [Foll5l, Section 2.2]).

Theorem and Definition 6.1.3. For a compact group G there is a unique reqular
Borel probability measure m¢g € P(G) such that
(i) mg(xA) = mg(A) for every Borel set AC G and x € G.
This is called the Haar measure of G and also has the following properties.
(ii) mg(Az) = mg(A) for every Borel set AC G and x € G.
(iii) mg(A™') = mg(A) for every Borel set A C G.
(iv) mg(O) > 0 for every non-empty open set O C G.

A proof of Theorem in the special case of compact abelian groups is discussed
in Exercise From now on, we equip every compact group G with the Borel
o-algebra B(G) and the Haar measure mg.

Remark 6.1.4. Via Proposition [1.1.4] (ii) properties (i) - (iii) of Theorem [6.1.3]
translate to the following assertions: For any integrable function f: G — C also the
functions fol,, fory, : G — Cforxz € Gand fo ~!': G — C are integrable with

/G F(y) dme(y) = /G F(y) dm(y) = /G F(yz) dma(y / F() dm(y).

Moreover, Theorem (iv) implies that [|f|dmg > 0 for every f € C(G) \ {0}.
Thus, the canonical map C(G) — L?(G) from Lemma is injective, and we
identify C(G) with a dense linear subspace of L?(G).

We demonstrate this situation in a concrete case.

Example 6.1.5. C0n81der the torus G = T. Then the unital, positive linear map
C(T) = C, f+— fo e?™t) dt defines a regular Borel probability measure u € P(T).
For f € C( ) and an element b= e’ € T with s € [0,1) we obtain

1 145 1 1+s
b 2mit d — 2mit d — 2mit d 2mit d
| reemae= [ p@myan= [ pemas [ pe ar
1 s 1
_ 2mit d 2mi(t+1) dt = 2mit d
| reacs [y [ e a
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since the exponential function is 27i-periodic. By Lemma |3.2.10| this shows that
1 = mr is the Haar measure of T.

If we consider unitary representations of topological (in particular, compact) groups,
it is natural to demand some kind of continuity.

Definition 6.1.6. A unitary representation U: G — % (H) of a topological group
G is strongly continuous if G — H, x — U, f is continuous for every f € H.

Strong continuity is preserved by the two important constructions from Section

B3t

Lemma 6.1.7. Let G be a topological group.

(i) IfU: G — % (H) is a strongly continuous unitary representation of G, then
its dual representation U: G — % (H') is also strongly continuous.

(i) If Ui: G — % (H;) are strongly continuous unitary representations of G for
i = 1,2, then their tensor product representation Uy @ Uy: G — % (H; @ H,)
18 also strongly continuous.

Proof. Part (i) follows directly from the definition. For part (ii) observe that by
Exercise it suffices to show “weak continuity”, i.e., we have to prove that each
map G — C,z — (U; ® Us). f|g) for f,g € Hy ® Hy is continuous. Using linearity
and an approximation argument one can readily reduce the assertion to the case of
simple tensors f = f1 ® fy and g = g1 ® g for f1, g1 € Hy and f5, go € Hy. But then

G—=C, 2= (Ui ®U)aflg) = (U1)afilgr) - (U2)zf2lg2)

is continuous since U; and U are strongly (and in particular weakly) continuous. [

The following are important examples for strongly continuous unitary representa-
tions.

Proposition and Definition 6.1.8. For every compact group G the maps

L:G— % (L*G)), z+ L,
R:G—%(1%Q), z— R,
with Lyf = foly1 and Ryf = for, for f € L*(G) and x € G are strongly

continuous unitary representations. We call L and R the left and right regular
representation of G, respectively.

For the proof we use the following topological lemma, see Exercise [6.4]

Lemma 6.1.9. Let Q be a topological space, and K and L be compact spaces. As-
sume further that p: Q x K — L, (w,x) — @,(x) is continuous with respect to the
product topology. Then for every f € C(L) the map Q — C(K),w — fop, is
continuous with respect to the supremum norm on C(K).
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Proof of Proposition[6.1.8 With Remark it is easy to see that L and R are
well-defined unitary representations. We now show that L is strongly continuous
(the proof for R is similar). First pick a continuous function f € C(G). Let x € G
and ¢ > 0. Since the map G xG — G, (y, z) — y 'z = l,-1(z) is continuous, we can
apply Lemma [6.1.9]to find a neighborhood O of 2 € G with || fol,-1 — fol,-1]| < €
for every y € O. But then

ILyf = Laflla=\folyr = follla < || folyr— folmfe <e

for every y € O.

For general f € L*(G) the result now follows by approximation: For € > 0 we find
by Lemma some g € C(G) with ||g — f|l2 < e. Since U, is unitary, we also
have ||U,g — U, f||2 < € for every y € G. The result therefore follows by the triangle
inequality. [

Remark 6.1.10. With slight adjustments we can also cover representations on
homogeneous spaces.

(1) If G is a compact group and W C G is a closed subgroup, consider the quotient
space G /W with the quotient topology (see, e.g., [Sin19, Section 6.1]), which
is again a compact (Hausdorff!) space (see [Sinl9, Proposition 12.3.2]).

(2) We can equip G/W with the Borel o-algebra and the pushforward measure
me/w = ¢:Mg with respect to the quotient map ¢: G — G/W,z — aW.
Then mg w(rA) = mgw(A) for every € G and every Borel set A C G/W.

(3) Then U: G — % (L2(G/W)), [+ U,f with U, f(yW) = f(z"'yW) for
yW e G/W, f € L3(G/W) and x € G is also a strongly continuous unitary
representation.

We now prove the following important result.

Proposition 6.1.11. IfU: G — % (H) is a strongly continuous unitary represen-
tation of a compact group G, then U has discrete spectrum.

For the proof we need the following observation.

Lemma 6.1.12. Assume that U: G — Z(H) is a strongly continuous unitary
representation of a compact group G. Let further P be the orthogonal projection

onto the fized space fix(U(G)). Then (Pflg) = [,(Usflg) dmg(z) for all f,g € H.

Proof. Take f,g € H. For every x € G we have U,P = P and this implies
(Pflg) = [,(U.Pflg)dme(z) (since mg is a probability measure). We choose a
sequence (Y257, AUz, . [ )nen in the convex hull co{U, f | * € G} converging to P f
(see Theorem [3.1.5 (ii)). Then, by Lebesgue’s theorem and invariance of the Haar
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measure (cf. Remark [6.1.4]),

(P1lg) = [ (PU.flg) dmao 1m§)m/meﬂmmmm

k‘ll

_JE&ZAM/ (Upflg) dmg(z) = /G(Uxf\g) dmg(z).
0

Proof of Proposition[6.1.11. The representation U®@U : G — % (H® H') is strongly
continuous by Lemma [6.1.7, For f € Hyy,, we have f ® f € fix(U ® U)* and thus

o:/YUf®Ufu®fnmm /|UfU|dmd)

by Lemma [6.1.12, By the last part of Remark we have (U, f|f) = 0 for every
x € G, in particular for x = 1. Thus, (f|f) = 0 which yields f = 0. O

Proposition has interesting consequences for compact abelian groups. We first
introduce the following notion. Recall here from Definition that G* denotes the
group of all characters (i.e., group homomorphisms x: G — T) of a group G.

Definition 6.1.13. Let G be a topological group. We call the subgroup
G' = {x: G — T | x continuous group homomorphism}

of G* the Pontryagin dual of G.

We obtain the following consequence of Proposition [6.1.11}

Proposition 6.1.14. Let U: G — % (H) be a strongly continuous unitary repre-
sentation of a compact abelian group G. Then H = lin|J e ker(x — U).

Proof. By Proposition 6.1.11 and Corollary [5.1.11{we have H = lin | s ker(xy—U).
However, if f € ker(x — U) \ {0} is an eigenvector with respect to some character

X € G*, then y is automatically continuous, since U, f = x(z)f for all z € G and U
is strongly continuous. O

We combine this with the following fundamenta]ﬂ theorem about compact spaces
(see, e.g., [Sinl9l Proposition 5.1.9 and Theorem 8.2.11] for a proof).

?In fact, we have already used the result implicitly at several points, e.g., in the proofs of

Theorem and Lemma
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Theorem 6.1.15 (Tietze). Let K be a compact space and A C K a closed subset.
Then any continuous function f: A — [0, 1] can be extended to a continuous function
f: K —10,1].

In particular, Tietze’s theorem implies that for any compact space K, the continuous

functions f: K — C “separate points”, i.e., for x,y € K with z # y thereis f € C(K)
with f(x) # f(y). We use this fact to prove the following.

Proposition 6.1.16. Let G be a compact abelian group. Then G’ separates points,
i.e., for x,y € G with v # y there is a continuous character x: G — T with

x(z) # x(y).

Proof. Take z,y € G with = # y. By Tietze’s theorem we find f € C(G) with
f(x) # f(y), hence (fol,)(1) # (fol,)(1). This implies L,-1 # L,-1. Since the left
regular representation L has discrete spectrum, we find by Proposition some
x € G’ and an eigenvector f € L*(X) with respect to x such that L,-1f # L,1f,

hence x(z7')f # x(y~')f, which implies x(z) # x(y). O

Corollary 6.1.17. Let G be a compact abelian group. For a subgroup W C G the
following assertions are equivalent.

(a) W is dense in G.
(b) If x € G’ satisfies x(x) =1 for every x € W, then x = 1.

Proof. The implication “(a) = (b)” follows by continuity of the elements y € G’.
We prove the converse implication “(b) = (a)” by contraposition. So assume that
W is not dense in G. Since the closure of W is again a subgroup (see Exercise |6.5)),
we may assume that W is closed. We further pick some y € G \ W. Consider the
quotient space G//TW which is compact (see Remark and an abelian group. In
fact, it is again a compact abelian group (see again Exercise . Since yW # 1W
we find by Proposition some o € (G/W)" with o(yW) # 1 = o(1W). The
composition x = poq: G — T for the quotient map ¢: G — G/W thus yields a
continuous character y € G’ with x(z) = 1 for all x € W but y # 1. O

Proposition [6.1.16] is particularly interesting in combination with the following fa-
mous approximation result (see, e.g., [Ped89, Theorem 4.3.4|).

Theorem 6.1.18 (Stone-Weierstrak). Let K be a compact space. Assume that
A C C(K) is a linear subpace with the following properties.

(i) f-g€ A forall f,g € A.

(ii) f € A for every f € A.

(iii) 1 € A.

(iv) For all z,y € K with x # y there is f € A with f(x) # f(y).
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Then A is dense in C(K).

This allows us to prove that the continuous characters form an orthonormal basis.
More generally, we have the following.

Proposition 6.1.19. Let G be a compact abelian group with Pontryagin dual G'.
For a subgroup W C G’ the following assertions are equivalent.

(a) W separates the points of G.
(b) W is an orthonormal basis of L*(G).
(c) W=G".

We start with the following lemma.

Lemma 6.1.20. The Pontryagin dual G' of a compact abelian group G defines an
orthonormal set in L*(G).

Proof. If x € G', the left regular representation satisfies L,x(y) = x(z7'y) =
X(@)x(y) for all x,y € G. Thus, x € ker(Y — L) \ {0} is an eigenvector with
respect to X. The claim thus follows from Proposition [5.1.10| (i). H

Proof of Proposition[6.1.19. The implication “(c) = (a)” is Proposition [6.1.16] For
“(a) = (b)” observe that if W separates the points of G, then the linear hull A =
lin W satisfies all conditions of Theorem hence is dense in C(G) with respect
to the supremum norm, and in particular with respect to the L?>-norm. Since C(G)
defines a dense subspace of L?(G) by Lemma [4.1.7, we obtain that lin TV is a dense
subset of L?(G). Combined with Lemma this shows that W is an orthonormal
basis, hence (b) follows. Finally, since G’ defines an orthonormal set, the implication
“(b) = (c)” holds by the definition of an orthonormal basis as a maximal orthonormal
subset. ]

Example 6.1.21. Consider the torus T as a compact group. For every m € Z the
map Ym: T — T, z+— 2™ is a continuous character. Since W = {x,,, | m € Z} is a
subgroup of T" and separates the points of T (all we need is x1), we conclude from
Proposition that W = T'. This readily yields that the map Z — T', m — x,,

is a group isomorphism.

We finish this section with an elegant proof of the following classical result.

Theorem 6.1.22 (Kronecker). Assume that a € T is not a root of unity, i.e.,
a™ #1 for allm € Z\ {0}. Then {a" | n € Z} is dense in T.

Proof. Take a € T such that W := {a" | n € Z} is not dense in T. By Corollary
6.1.17| we find some character y € T" with xy # 1 and x(a") = 1 for every n € Z.
By Example [6.1.21] there is a unique m € Z \ {0} with x = x,,. But this implies
am = xm(a) = 1. O
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6.2 Systems with Discrete Spectrum

We now return to measure-preserving systems over our fixed abelian group I'.

Definition 6.2.1. A measure-preserving system (X,7') has discrete spectrum if
the induced Koopman representation Ur: I' — % (L?(X)) has discrete spectrum.

It is clear from the definition that every trivial system (X, Id) (see Example [2.1.2)
has discrete spectrum. Here is a more interesting example.

Example 6.2.2. For a € T the rotation [,: T — T, z — az induces a topologi-
cal dynamical system (T, 7,) over Z via 7,: Z — Homeo(T), k — I¥ = l,x. The
Haar measure mry is invariant, and hence we obtain a measure-preserving system

(T, B(T), mr, (7,)*). The left regular representation L: T — % (L*(T)) of T has
discrete spectrum by Propositions and [6.1.11] Since

Uns (2) = {Uf | k€ 2} C {Ly | be T} = L(T),
every invariant linear subspace with respect to L is also invariant with respect to
the Koopman representation U.». Thus, (T, B(T), mr, (7,)*) has discrete spectrum.
We even obtain the following more general class of examples.
Example 6.2.3. Let ¢: I' = G be a group homomorphism from the abelian group I
to any compact abelian group G. This yields a topological dynamical system (G, 7,)
via 7.: I' = Homeo(G), v +— ly. By the same reasoning as in Example

this gives rise to a measure-preserving system (G, B(G), mg, (7.)*) with discrete
spectrum. We call this a rotation system.

There is a nice characterization of ergodicity for these systems. Recall that for a
topological dynamical system (K, 7) we denote by P(K, ) the set of its invariant
regular Borel probability measures (see Definition |3.2.9)).

Proposition 6.2.4. For a group homomorphism c: I' — G to a compact abelian
group G the following assertions are equivalent.

(a) The map c has dense range.

(b) P(G,7.) = {mg}.

(¢) The system (G, B(G), mg, (1.)*) is ergodic.

Proof. We first prove the implication “(a) = (b)”. So assume that ¢(I') is dense in
G and take an invariant measure p € P, (G). For f € C(G) we obtain from Lemma
that the map G — C(G), x — f o, is continuous, hence also

h: G — C, :cr—>/folxd,u
G
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is continuous. For every z € ¢(I') we have h(z) = [, fdp. Since ¢(I') is dense in G
and h is continuous, we even obtain [ fol,du = h(z) = fG fdu for every z € G.
By Lemma this means that pu(zA) = p(A) for every € G and every Borel
set A C GG, and hence p is the Haar measure mg.

The implication “(b) = (c)” follows directly from Proposition[t.1.9) We finally prove
“(c) = (a)”. So assume that (G, B(G),mg, (7.)*) is ergodic. In view of Corollary
[6.1.17]it suffices to show that x € G’ with x(c(v)) = 1 for every v € I implies x = 1.
So take such y € G' and observe that

Uy, X (@) = x(c(7)z) = x(c(7))x(2) = x(z)

for all x € G and v € I". Thus, x € fix(U.,)+), and by ergodicity we find d € C
with x = d1 (see Corollary 2.2.14)). Since |x| = 1 we have |d| = 1, and then d =
(d1]1) = (x|1) € {0,1} by Lemma [6.1.20] which implies d = 1. Thus, x =1. O

Example 6.2.5. For a € T consider the rotation (T, B(T), mr, (7,)*) on the torus
from Example[6.2.2] By Theorem [6.1.22|and Proposition[6.2.4] this system is ergodic

precisely when a is not a root of unity.

It turns out that (up to an isomorphism) ergodic rotation systems are the only
ergodic measure-preserving systems with discrete spectrum.

Theorem 6.2.6 (Halmos—von Neumann Representation Theorem). Let (X,T') be
an ergodic measure-preserving system with discrete spectrum. Then there is a group
homomorphism c¢: I' — G with dense range to a compact abelian group G such that
(X, T) is isomorphic to the rotation system (G, B(G), mg, (7.)*).

The following related result shows that an ergodic system (X, T") with discrete spec-
trum is (again up to an isomorphism) determined by the point spectrum o, (Ur) C I'*
(cf. Definition [5.1.8)) of its Koopman representation Up: I' — % (L*(X)).

Theorem 6.2.7 (Halmos—von Neumann Uniqueness Theorem). Two ergodic measure-
preserving systems (X, T) and (Y,S) with discrete spectrum are isomorphic if and

only if op(Ur) = 0,(Us).
There is also a third aspect of the Halmos—von Neumann classification of ergodic
systems with discrete spectrum:

Theorem 6.2.8 (Halmos-von Neumann Realization Theorem). A subset W C I'* of
the dual group I'* is a subgroup if and only if there is an ergodic measure-preserving
system (X, T) with discrete spectrum such that o,(Ur) = W.

With these three aspects, ergodic systems with discrete spectrum are completely un-
derstood: They are all isomorphic to rotation systems, and are (up to isomorphism)
in a one-to-one correspondence with the subgroups of the dual group I'*.
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As a first step towards the proof of these results, we establish the following descrip-
tion of the point spectrum of rotation systems.

Proposition 6.2.9. Let ¢: I' = G be a group homomorphism to a compact abelian
group G and consider the corresponding rotation system (G, B(G),mg, (1.)*). Then
the map c*: G — 0p(U(r)+), X + X © ¢ s a surjective group homomorphism. It is
an isomorphism if and only if ¢ has dense range.

Proof. The map c* is well-defined since x € ker(yoc—Uc,)-)\ {0} for every x € G'.
Moreover, it is clear that ¢* is a group homomorphism. To see that it is surjective,
observe that G’ is an orthonormal system of eigenvectors of Uy, )~ with respect to
the eigenvalues x oc (where x € G). But by Proposition [6.1.19]it is an orthonormal
basis and hence by Proposition there can be no further eigenvalues.

If ¢ has dense range, then the map ¢* injective (since two continuous functions
agreeing on a dense subset have to be identical). On the other hand, if ¢(I") is not
dense in G, we find by Corollary some x € G\ {1} with x(c(v)) = 1 for all
v € I', hence ¢*(x) = ¢*(1). O

Thus, for ergodic rotations (G, B(G), mg, (7.)*) we can identify the point spectrum
of the Koopman representation with the Pontryagin dual G’. The next auxiliary
result is purely group theoretic. We give a proof (even in a slightly more general
version) as a supplement at the end of this lecture.

Lemma 6.2.10. Let G be an abelian group and W C G a subgroup. Every group
homomorphism a: W — T can be extended to a group homomorphism «: G — T.

The remaining lemmas needed for our proof of Theorems [6.2.6} [6.2.7, and
establish some “spectral theoretic properties” of measure-preserving systems.

Lemma 6.2.11. Let (X, T) be a measure-preserving system. If f € ker(y —Ur) for
some x € I'*, then |f| € fix(Ur).

Proof. For f € ker(x — Up) we have Up |f| = |Ur, f| = |x(v)f| = |f| for every
v € I'. Thus, |f| € fix(Ur) as claimed. O

Lemma 6.2.12. For every ergodic measure-preserving system (X, T) the following
assertions hold.

(i) Each eigenspace ker(x — Ur) for x € I'* is contained in L>°(X) and is at most
one-dimensional.

(i) The point spectrum o,(Ur) is a subgroup of the dual I'*.

Proof. Note first that for x € G* and f € ker(x—Ur)\ {0} we have |f| = c1 for some

¢ € (0,00) by Lemma [6.2.11] and ergodicity (see Corollary 2.2.14)). In particular,
ker(x — Ur) C L™®(X).
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For eigenvectors f € ker(x — Ur) \ {0} and g € ker(o— Ur) \ {0} where x, 0 € I'* we
have fg € ker(xo — Ur) \ {0}. Indeed for such f,g, x, o write |f| = cl and |g| = d1
for some ¢, d € (0,00). Then Uz, (fg) = x(v)o(v)fg for every v € I by Proposition
and Corollary [1.3.8] Moreover, |fg| = cd, hence fg # 0.

We prove (i) by applying this observation to x = p. Assume that f,g € ker(x —
Ur) \ {0} and write |g| = d1 for some d € (0,00) as above. Then fg € ker(1 —
Ur) = fix(Ur). Thus, by ergodicity, we have fg = al for some a € C\ {0}, hence
fd?> = (fg)g = ag. This implies that dimker(y — Ur) < 1.

For (ii) notice that the above observation shows o, (Ur) - 0,,(Ur)~* C 0, (Ur). Since
Ur,1 = 1 for every v € I, the constant one-character 1: I' — T,y + 1 is an element
of o,(Ur). Thus, 0,(Ur) is indeed a subgroup of I'*. O

Lemma 6.2.13. Let (X, T) be an ergodic system with discrete spectrum. Then there
is an orthonormal basis {f, | x € op,(Ur)} of L*(X) contained in L>=(X) such that

(i) fy € ker(x — Ur) for every x € o,(Ur), and

(1) fyor = frfy for all x, X" € o,(Ur).

Proof. Using Lemma we choose for every eigenvalue x € o,(Ur) some g, €
ker(x — Ur) with |g,| = 1 (and, in particular [|g, ||z = 1). By Lemma [6.2.12] (i) and
Corollary the linear hull £ = lin{g, | x € 0,(Ur)} is dense in L*(X), and
thus, by Proposition [5.1.10] (i), the set {g, | x € 0,(Ur)} is an orthonormal basis.
Again using Lemma [6.2.12] (i) we find for x, x’ € 0,(Ur) some r(x, x’) € C with
99 =10 X )9 (since gygy € ker(xx' — Ur)). Since |gy| = [g¢| = |gy| = 1,
we have r(x, x') € T.

Now consider the group L>°(X,T) = {f € L>*(X) | |f| = 1} (with respect to mul-
tiplication) and the subgroup T -1 = {cl | ¢ € T} C L*(X, T). By Lemma [6.2.10}
the group homomorphism a: T -1 — T, ¢l — ¢ extends to a group homomor-
phism a: L*(X,T) — T. Then a(g,)a(gy) = 7(x, X')a(gyy) for all x, x" € o,(Ur).
Setting f, = a(gy) 'gy for x € 0,(Ur) we therefore obtain

fxfx’ - a(gx)_la(gx’)_erO X,)a(gxx’)fxx’ = fxx’
for all x, X" € 0,(Ur). Then {f, | x € 0,(Ur)} is the desired orthonormal basis. [

Proof of Theorems[6.2.6], [6.2.7, and[6.2.8 We start by showing that for every sub-
group W C I'* we find an ergodic rotation (G, B(G), mg, (7.)*) with point spectrum
OP(U(TC)*) = W

To do so we “dualize” The group G' == W* consists of all maps o: W — T with
o(xx') = o(x)e(x’'), and hence defines a closed subset of the (by Tychonoff’s The-

orem compact) product space T, the set of all maps W — T. With the
subspace topology the group G becomes a compact abelian group. Moreover, the
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“point evaluation map” ¢: I' = G, v+ 9, given by d,(0) == o(7) for p € G = W*
and v € I' is a group homomorphism.

What is the Pontryagin dual G’ of the compact group G?7 If y € W, then the point
evaluation ¢,: G — T, o — o(x) is a continuous group homomorphism, hence an
element of G'. In this way we obtain a subgroup {e, | x € W} of G’ which clearly
separates the points of G. By Proposition this means G’ = {¢,, | x € W}.

By Corollary [6.1.17] this implies that the map ¢ has dense range: If y € W satisfies
ex(c(y)) =1 for all v € T, then x(v) = 0,(x) = &,(d,) = 1 for every v € I, hence
X = 1 (and therefore also ¢, = 1 € G’). Hence ¢(I') is dense in G which means
that the rotation (G, B(G), mg, (7.)*) is ergodic (cf. Proposition [6.2.4). We further
conclude from Proposition that 0,(Ur,) = {eyoc| x € W} =W as desired.

We finally prove the three aspects of the Halmos-von Neumann classification result.

Realization: Tt is clear from Lemma [6.2.12] (ii) that the point spectrum o, (Ur) of an
ergodic system (X, T') (with discrete spectrum) is a subgroup of the dual group I'*.
Conversely, if we start from a subgroup W C I'*, then by the above observation we
find an ergodic rotation (G,B(G), mg, (7.)*) with point spectrum o, (U )-) = W.
This has discrete spectrum by Example [6.2.3

Uniqueness: It is clear that isomorphic systems give rise to the same point spec-
trum of their Koopman representations. Conversely, let (X,7") and (Y, S) be er-
godic measure-preserving systems with discrete spectrum such that W = o, (Ur) =
0,(Us). Let (€y)yeo and (fy)yes be the corresponding orthonormal bases of L*(X)
and L2(Y) as in Lemma [6.2.13] By basic linear algebra and Proposition there
is a unique unitary operator V: L?(X) — L*(Y)) with Ve, = f, for every x € W.
By choice of the orthonormal bases, we obtain V(fg) = (V f)(Vg) for all f,g € E,
Vi=Vfforall fe E,and V1 = Vey = f; = 1. We obtain from Lemma [2.2.16
that V| f| = |V f] for every f € lin{e, | x € W}, and then even for every f € L*(X)
by a density argument. Thus V' is a bijective Markov embedding (cf. Exercise .
We show that V' also “intertwines the dynamics™ For v € I' we have

Us,Vey =Us, [ = XM =Vx(vey) = VUr,ey

for every x € W. By linearity and continuity we obtain Us V' = VUr, for every
~v € I'. But this means that the systems (X,7) and (Y,T) are isomorphic, see
Exercise 2.7

Representation: If (X,T) is an ergodic system with discrete spectrum and W =
0p(X,T) is its point spectrum, we find by the preliminary observation an ergodic
rotation (G, B(G),mg, (7.)*) with 0,(Uiy») = W = 0,(Ur). By the uniqueness
part, the systems (X,7T) and (G, B(G), mg, (7.)*) are isomorphic. O
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6.3 Supplement: Extension of Characters

We follow the arguments of [DE09, Lemma 4.2.13] to show Lemma |6.2.10|in a more
general version. Here an abelian group Z is called divisible if for every x € Z and
n € N there is an “nth root” y € Z, i.e., y* = x. Clearly the torus T is a divisible

group.

Lemma 6.3.1. Let G be an abelian group, W C G a subgroup and Z a divisible
group. Then every group homomorphism o: W — Z can be extended to a group
homomorphism a: G — Z.

Proof. The proof uses Zorn’s lemma. Let M be the set of pairs (H, ) where H C G
is a subgroup containing W and f: H — G is a group homomorphism extend-
ing H. We obtain an order on M by setting (H;, 1) < (Hs,[2) for such pairs
(Hl,ﬁl),(Hg,ﬁz) e M if H1 - H2 and ﬁ2|H1 = 61. Clearly (VV,OZ) S M, so M
is non-empty. Moreover, if C is a totally ordered subset of M, then a moment’s
thought reveals that we obtain an upper bound (A,d) via A = {J e H and
d(z) = a(z) for x € H and (H,«) € C.

By an application of Zorn’s lemma we obtain a maximal element (H,a’) of M.
We claim that H = G, which then finishes the proof. Assuming the contrary, pick
reG\H.

If 2™ ¢ H for every m € N, setting o/(yz™) = o'(y) for y € H and n € Z
yields an extension of o’ to a (well-defined) group homomorphism on the subgroup
{ya™ | y € H,n € Z} which is impossible.

If 2™ € H for some m € N we take the smallest m € N with this property. One
can then easily check that 2™ € H can only hold for multiplies n = km wheren
k € Z. Since Z is divisible, we find some z € Z with 2™ = o/(z™). Then, if
Y™ = yox™ for yi,y, € H and nq,ny € Z, we have x™ "2 = yflyg € H, hence
ny — ny = km for some k € Z. This implies o/(y; 'yn) = 2F™ = 2™~ and
consequently o/(y;)z" = o/(yz)2z"*. Therefore setting o/ (yz™) = o/(y)z" for y € H
and n € Z again would give us a well-defined extension to a group homomorphism
on the subgroup {yz" |y € H,n € Z}. ]
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6.4 Comments and Further Reading

The first part of the lecture treats a (very small) part of abstract harmonic analysis
for locally compact (and in particular, compact) groups (see, e.g., [DEQ9], [Foll5|,
[HR79] and [HR02]). Our proof that strongly continuous representations of compact
groups have discrete spectrum using the JALG-decomposition is based on [EHK24,
Notes and Comments to Part II]. It is closely related to the usual proof of the
so-called Peter-Weyl theorem from abstract harmonic analysis (see, e.g., [Foll5l
Chapter 5]) which gives a precise description of the left and right regular repre-
sentation of a compact group in terms of matrix coefficients of irreducible unitary
representations.

One of the key features of locally compact abelian groups G is that, by suitably
topologizing the dual G’, there is a canonical isomorphism between GG and its double
dual G” (see, e.g., [DE09, Chapter 3]). The results on compact abelian groups at
the end of Section 6.1 can be inferred from this general and powerful result, known
as the Pontryagin duality theorem. We implicitly use a special case of this duality
in the proof of Theorems [6.2.6] [6.2.7], and [6.2.8]

The classification of ergodic systems with discrete spectrum is one of the corner
stones of ergodic structure theory. It was established by Paul Halmos and John von
Neumann in [HvN42] for I' = Z, and then later generalized in different directions
(see, e.g., the introduction of [HK23| for more information). Here we basically follow
the proof by Halmos given in his book, see [Hal56, Page 46-48|. We will apply the
representation part of the Halmos—von Neumann classification in Lecture 8.
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6.5 Exercises

Exercise 6.1. Show that for a unitary representation U: G — % (H) of an abelian
group G the following assertions are equivalent.

(a) U has discrete spectrum.

(b) H has an orthonormal basis consisting of eigenvectors of U.

Exercise 6.2. Let GG be a compact abelian group.

(i) Show that there is a unique Borel probability measure mg € P(G) with
mg(xA) = mg(A) for every Borel set A C G and every = € G.
Hint: Use Fubini’s theorem to prove uniqueness.

(ii) Show that mg(A) = mg(A™1) for every Borel set A C G.
(iii) Show that mg(O) > 0 for every non-empty open set O C G.
Hint: Cover G with the sets xO for x € G.
Exercise 6.3. Let U: G — % (H) be a unitary representation of a topological
group GG. Show that the following assertions are equivalent.
(a) U is strongly continuous.
(b) U is weakly continuous, i.e., the map G — C, z — (U, f|g) is continuous for
all f,ge H.
Exercise 6.4. Prove Lemma [6.1.9
Exercise 6.5. Let GG be a topological group and W C GG a subgroup. Show the
following assertions.
(i) The closure W is also a subgroup.
(ii) If W is a normal subgroup, then also W is a normal subgroup.

(iii) The quotient map ¢: G — G/W is open, i.e., ¢(O) is open in G/W for every
open subset O C G.

(iv) If W is a normal subgroup, then G /W is a topological group.
Exercise 6.6. Take a unitary representation U: G — % (H) of a group G. Show
that the following assertions are equivalent.

(a) U has discrete spectrum.

(b) There is a subset D C H such that the linear hull lin D is dense in H and
{U.f | = € G} is compact for every f € D.

(c) {U.f | x € G} is compact for every f € H.
(d) The closure of the image U(G) in £ (H) respect to the strong operator topol-
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ogy is a compact subgroup of % (H )E|
You may use the following basic facts about nets in topological spaces (see, e.g.,
[Sin19, Chapters 4 and 5] for these and further properties).

(i) For a subset A C Q of a topological space Q and w € Q we have w € A
precisely when there is a net (w;);er in A converging to w.

(ii) A map ¢: Q; — Qy between topological spaces is continuous if and only if for
every net (w;);er in €y converging to some w € € the net (¢ (w;));es converges

to Y (w).
(iii) Every net (w;)ies in a compact space K has an accumulation point.

Hint: For “(b) = (d)” write . for the closure of U(G) and observe that . consists
of linear 1sometries. Show that the map

S = |[{U:fT2€G}, V= (Ve

feD

has closed range and is a homeomorphism onto its range. Use Tychonoff’s Theorem
to prove compactness of ./, and then use this to show that every element of
& is invertible, hence . C % (H). Finally, apply Ezercise[6.5 (i).

Exercise 6.7. Equip X = [0, 1) with the Borel o-algebra and the Lebesgue measure.
For o € [0,1) consider the measure-preserving map 7,: X — X, r — x + « from
Example (iii)). Let further a := e*™* and consider the rotation map l,: T —
T, z — az from Example Show that ¢: [0,1) — T, z +— e?™® defines an
isomorphism between the concrete measure-preserving systems over Z induced by

7, and [,, respectively (cf. Remark [2.1.6]).

3Recall that for a Hilbert space H the strong operator topology on .Z(H) is the subspace
topology when viewing .Z(H) as a subset of H¥ (the space of all maps H — H), i.e., it is the
smallest topology on .Z(H) such that all evaluation maps £ (H) — H, V +— V f for f € H become
continuous. One can readily check that the group % (H) of unitary operators on H is a Hausdorff
topological group with respect to the strong operator topology.



Lecture 7

In this lecture we first study weakly mixing systems as a counterpart to systems with
discrete spectrum from the previous section. In the second part, we then introduce
uniquely ergodic topological dynamical systems. This will help us to deduce a
famous equidistribution result due to Weyl.

7.1 Weakly Mixing Systems

Recall that for any measure-preserving system (X,7T') we obtain, as a special case
of Theorem [5.3.4] a decomposition L?(X) = L*(X)gs & L*(X)wm for the induced
Koopman representation Ur: I' — % (L*(X)) of the abelian group I'.  We have
already studied systems where the weakly mixing part L2(X )., of this splitting
vanishes. We now consider the other extreme.

Definition 7.1.1. A measure-preserving system (X, 7T) is called weakly mixing if
L3(X)g=C-1.

Remark 7.1.2. Since the fixed space fix(Ur) is contained in the discrete spectrum
part L?(X)qs, every weakly mixing system (X, T) is ergodic by Corollary [2.2.14}

One can deduce the following equivalent descriptions of weak mixing. The proof is
left as Exercise [T.2l

Proposition 7.1.3. Assume that (F;)er is a Folner net for the abelian group T'.
Then for a measure-preserving system (X, T) the following assertions are equivalent
for each p € [1,00).

(a) (X,T) is weakly mizing.

(b) lim; supygy,<i |F| D oer U Ng—[x ) ([x 9)IP =0 for every f € L*(X).
(©) Tims iy e | [ (U9 = (i D) - (fy 9)? = 0 for all f.g € LA(X).

(d) lim ~\Z%Fugvf S PP =0 for every f € 12(X).

101
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(e) lim; ﬁ >er lux(T(A) N B) — ux(A) - ux(B)[P = 0 for all A, B € %(X).

Using condition (e) of Proposition [7.1.3] we explaining the terminology. If (X, T) is a
weakly mixing system and A € X(X), then “asymptotically’ we have %(AB))M ~
px(A) for every B € ¥(X) with px(B) > 0. So in the long run the proportion of
T, (A) within any such B is approximately the same, just as, e.g., you find the same

proportion of an ingredient in each part of the glass of a well mixed milk shake.

To deduce yet another characterization, we need a concrete description of the Hilbert
space tensor product H ® H' from Lecture 5 in the case H = L?(X) for a probability
space X. We start with the dual space H’. For f € L?(X) the notation f has two
different meanings: We use it for the complex conjugate, but also for the linear
functional L?(X) — C, g — (g|f). The following result gives some justification for
this.

Proposition 7.1.4. Let X be a probability space. Then there is a unique unitary
operator ®: L3(X) — L*(X) sending the complex conjugate f to the functional
f:L3(X) — C for each f € L*(X).

Proof. Write, for the moment, C(f) for the complex conjugate of f € L*(X), and
¢r: L2(X) — C, g = (g|f) for the induced linear functional. A moment’s thought
reveals that ®: L?(X) — L*(X)', f + ¢c(y) is the desired unitary map. O

We now investigate the Hilbert space tensor product L?(X;)®L?*(X5) for probability
spaces X; and X,. For f; € L?(X)) and f, € L?(X5) we obtain an element f; ® f, €
L2(X; x Xy) via (fi @ fo)(x1,22) = fi(x1) fo(zs) for z; € X, and x4 € Xo.

Proposition 7.1.5. Let X; and X5 be probability spaces. Then there is a unique
unitary operator W: L2(X;) @ L3(X3) — L3(X; x X3) with U(f1 @ f2) = fL ® fa for
all f1 € LZ(Xl) and f2 € L2(X2)

The proof of Proposition is based on the following measure theoretic fact.

Lemma 7.1.6. The linear hull lin{1 4, x4, | A1 C X1, Ay C X5 measurable} is dense
in LP(X, x Xa) for all p € [1,00) and all probability spaces X; and Xs.

Since finite disjoint unions of measurable cylinder sets form an algebra over the
product space (see, e.g., [HS65, Theorem 21.3]), Lemma is an easy consequence
of Lemmas [[.3.6] and 2.1.12)

Proof of Proposition[7.1.5. By Proposition [5.2.1] we obtain a unique linear map
U: L2(X)) Qeet L2(X2) — L%(X; x X3) on the vector space tensor product with
U(fi® fo) = fL® fo forall f; € L*(X;) and f, € L*(X5). A short computation

1One can make this idea precise in other ways obtaining different concepts like strong or mild
mizing.
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(similar to the one in the proof of Proposition shows that W is isometric with
respect to the tensor product norm and the L?-norm. Since L?*(X}) ®yee; L2(X3) is
dense in L2(X;) ® L?(Xs) by construction and ¥ has dense range by Lemma [7.1.6]
an application of Proposition yields the claim. O

We obtain the following consequence.

Corollary 7.1.7. Consider homomorphisms Ty : 3(Y1) — X(X3) and Ty: X(Y2) —
Y(X3) between measure algebras of probability spaces. Then there is a unique mea-
sure algebra homomorphism Ty X Ty: (Y] X Ys) — X(X; x X3) with

(T1 X Tg)(Al X AQ) = Tl(Al) X TQ(AQ) for all Al € 2(3/1) and AQ € E(}/Q)

Moreover, U, x1,(f1 © fo) = U, f1 © U, f2 for all fi € L2(Y1) and fo € L2(Y3).

Proof. Consider the induced Markov embeddings Uz, : L*(Y;) — L*(X;) for i = 1, 2.
By Propositions [5.2.4 and [7.1.5| there is a unique linear isometry U: L*(Y; x Y3) —
L2(X, % Xp) with U(f1 © fa) = Un, f @ U, f for all f € L2(Y1) and f, € L2(Ya).
We show that U is a Markov embedding. Clearly, U(1 ® 1) = 1 ® 1. Moreover, if
fi1,91 € L=(Y1) and fo, g2 € L>(Y3), then

U((f1© f2) - (91 © g2)) = U, (f191) © Ury(fag2) = U(f1 © fa) - U(g1 © g2)

by Corollary [1.3.8] Similarly to the proof of Theorem [6.2.7] we can use linearity and
Lemma [2.2.16] to see that |Uf| = U|f| for all f € lin{fi ® fo | fi € L*(V1), f2 €
L*(Y,)}. Then use Lemma [7.1.6] to still obtain this equality for all f € L2(Y; x ).
Thus U is indeed a Markov embedding.

By Theorem we find a unique measure algebra homomorphism 77 x Tp: (Y] X
Ys) = 2(X; x X3) with U = Up «,. By definition of U we have Ur,x7,(f1 ® f2) =
Ur, f1 © Up, fo for all f; € L2(Y}) and fo € L2(Y5). In particular, we obtain

Lrysmy(arxas) = Uy (La, © La,) = UpLa, © UL, = Ly, © Lryay)

= I7,41)xT(42)>

hence (Tl X TQ)(Al X AQ) = Tl(Al) X TQ(AQ) for all Al € E(Yi) and AQ S 2(}6) Fi-
nally, the claimed uniqueness is an easy consequence of Lemma [7.1.6|and uniqueness
of U. O

Remark 7.1.8. This construction is compatible with the product of measure-
preserving maps from Exercise If : X; =Y and 7o: Xy — Y5 are measure-
preserving maps between probability spaces, then (77 x 73) = (71 X 72)*.

Corollary allows us to introduce products of measure-preserving systems.



104 LECTURE 7.

Definition 7.1.9. The product system (X; x X5, 77 x T3) of measure-preserving
systems (X1,77) and (X, T3) is defined by (171 x T3), = (11) x (I3), for y € T

We prove the following characterization of weak mixing via product systems.

Proposition 7.1.10. For a measure-preserving system (X, T) the following asser-
tions are equivalent.

(a) The system (X, T) is weakly mizing.
(b) The product system (X x X, T x T) is ergodic.

Proof. Note first that, as a consequence or Propositions [7.1.4] and [7.1.7] there is a
unique unitary operator V: L*(X) @ L2(X) — L*(X x X) with V(f®g) = f©7
for all f,g € L?(X). Moreover, we have V o (Ur, ® Ur,) = Ur,xt, oV for every
~v € I' (check this identity on simple tensors).

For “(a) = (b)” assume that (X,T) is weakly mixing, i.e., L?(X)4qs = C- 1. By
Theorem we obtain that fix(Ur ® Ur) = C- (1 ® 1) in L?(X) ® L*(X)". But
then fix(Uryr) = V(fix(Ur @ Ur)) = C- (1 ® 1), hence (X x X,T x T) is ergodic.

Now prove “(b) = (a)” by contraposition. If (X,T") is not weakly mixing, we find
some eigenvector e € L*(X) with respect to Ur with (e|1) = 0 (see Proposition
5.1.10 (i) and Corollary . But then e ® € € fix(Ur ® Ur) (see Theorem
with (e®e|l ® 1) = |(e|1)]* = 0. Thus, e @€ = V(e ®€) € fix(Uryr) is orthogonal
to V(I ®1) =1 € L*X x X). Therefore (X x X, T x T) is not ergodic. O

Example 7.1.11. For an infinite abelian group I' consider the Bernoulli shift
(XY, 7*) defined by a probability space X from Example One can readily
check that the map

q: X' x X' — (X x X)F> ((x’Y)’YEF? (Yy)yer) = ((x'wy’y))'yef

induces an isomorphism between the product system (X' x X' 7% x 7*) and the
Bernoulli shift ((X x X)' 7*) on the product space X x X. Thus, the system
(XT x XU 7% x %) is ergodic by Proposition and therefore the Bernoulli shift
(XT,7%) is weakly mixing.

We conclude this section by proving a dichotomy between systems with discrete
spectrum and weakly mixing systems. For this we first establish the following result
using the concept of invariant Markov sublattices from Definition [2.2.9

Proposition 7.1.12. Let (X,T) be a measure-preserving system. Then L*(X)gs is
an invariant Markov sublattice of L*(X).
We use the following lemma (cf. Lemma [6.2.12| for ergodic systems).

Lemma 7.1.13. Let (X, T) be a measure-preserving system. For every x € T'* the
space ker(y — Ur) N L>®°(X) is dense in ker(x — Ur).



7.1. WEAKLY MIXING SYSTEMS 105

Proof. Let f € ker(x — Ur) for some x € G*. Then |f]| € fix(Ur) by Lemma [6.2.11]

Since fix(Ur) is an invariant Markov sublattice, we obtain (similarly to the proof of
Proposition [2.2.13)) that
Lisi<n) = 1= Ljjna>) = lim (1 —inf(msup(|f[ —n1,0),1)) € fix(Ur)

for every n € N. By Corollary we have Ur (gh) = (Ur,g) - (Ur,h) for all
g,h € L*(X), and by approximation this still holds if h € L*(X). This implies
Ur, (Xyg1<nf) = x(V)Lg1<n) f for every v € I'. Therefore 1jjs<nf € ker(x — Ur) N
L>(X) for each n € N and clearly f = lim, o Ljjfj<n)f in L2(X). O

Proof of Proposition[7.1.13. Consider F' = linlJ, . ker(x — Ur) N L®(X). We
claim that F' has the following properties, which, by Proposition [2.2.15] yield that
L%(X)gs is indeed an invariant Markov sublattice of L2(X).

(i) frge Fforall figeF,

(ii) fe Fforall f€F,

(i) 1 € F,

(iv) Up, f € Fforall fe F,y€Tl, and
(v) Fis dense in L?(X)g (with respect to the L%-norm).

For (i) first take f € ker(y — Ur) NL®(X) and g € ker(o — Ur) N L*®(X) for some
x,0 € I'". Then Ur (fg) = x(v)o(v)fg for all v € T, hence fg € F. Using a
linearity argument, we obtain (i). Parts (ii) — (iv) are proved in a similar manner

and (v) is a direct consequence of Corollary |5.1.11) and Lemma [7.1.13] O

In view of Proposition [2.2.13| the discrete spectrum part L?*(X)qs of a measure-
preserving system (X, T") gives rise to a subsystem of (X, 7).

Definition 7.1.14. Let (X,7T) be a measure-preserving system. We then write
Jiro: (Xiros Tiro) — (X, T) for the extension Jg: (Xg,Tp) — (X,T) defined by
the invariant Markov sublattice £ = L?*(X)4s and call (X0, Tiwo) the Kronecker
subsystem of (X, 7).

Remark 7.1.15. Given a measure-preserving system (X,7") the Kronecker sub-
system is maximal among all subsystems of (X,7") with discrete spectrum: If
J: (Y,S) — (X,T) is any extension such that (Y,S) has discrete spectrum, then
Us(L3(Y)) C L*(X)gs = Uy (L*(Xi0)). The Markov embedding U = U, o
Ujy: L*(Y) = L*(Xjyo) then induces an extension (Y, .S) = (X0, Tiwo) (see Exercise
2.7), hence (Y, S) is a subsystem of (Xiro, Tiro)-

The proof of the following dichotomy between weak mixing and discrete spectrum
is now easy. Recall the definition of the trivial system ({0},Id) from Example
212
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Theorem 7.1.16 (Dichotomy Between Discrete Spectrum and Weak Mixing). For
a measure-preserving system (X,T') exactly one of the following two alternatives is
true.

(1) (X, T) is weakly mizing.

(2) (X,T) has a subsystem (Y,S) with discrete spectrum which is not isomorphic
to the trivial system ({0},1d).

Proof. In view of Remark assertion (2) is equivalent to (X0, Tiro) DOt being
isomorphic to the trivial system ({0}, 1d). This is the case precisely when L*(X.,) #
C - 1, see Exercise 2.7 Thus (2) is equivalent to Uy, (L*(Xiw)) = L*(X)as # C - 1,
which means that (X, T) is not weakly mixing. O

7.2 Uniquely Ergodic Systems

In Proposition we have seen that a rotation system (G, 7.) defined by a group
homomorphism c¢: I' — G to a compact abelian group G with dense range has
precisely one invariant measure p € P(G, 7.) (namely the Haar measure g = mg).
We introduce a name for topological dynamical systems with this property.

Definition 7.2.1. A topological dynamical system (K, 7) is uniquely ergodic if
P(K,7) has exactly one element.

The following is a characterization in terms of mean convergence.

Proposition 7.2.2. Let (F})ic; be a Folner net for the abelian group T'. For a
topological dynamical system (K, 1) the following assertions are equivalent.

(a) (K,T) is uniquely ergodic.

(b) For every f € C(K) the net (= > ver, [ 0Ty )ier converges with respect to the

| F
supremum norm to a constant function.

If (a) and (b) hold, then the limit in (b) for f € C(K) is gien by ([, fdu)-1 where
 is the unique element of P(K, 7).

The proof uses the following basic topological lemma (cf. [Sinl9, Section 4.3 and
Exercise 5.18]).

Lemma 7.2.3. If a net (z;);er in a compact space K has precisely one accumulation
point x € K, then lim;er x; = x.

Proof of Proposition[7.2.3. We first show the implication “(a) = (b)” and the asser-
tion about the limit. So let (K, 7) be uniquely ergodic with invariant measure p €
P(K, 7). Assume that there is some f € C(K) such that the net (V|5 cp foT )ier
does not converge to ([, fdu)-1in C(K) with respect to the supremum norm. This
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means that we can find some ¢ > 0 and for each i € I some j(i) > i as well as a
point z; € K with

Z £y () /fdu' (7.1)

’YEF (4)
A moment’s thought reveals, as in Example [3.2.13] that the net (u;)icr in P(K)
given by j; = \F_l()| > e Fj(,)(T»y)*ézi for 7 € I is asymptotically invariant, hence all
7@ A

its limit points are elements of P(K,7) by Proposition [3.2.14] Thus, by Lemma
7.2.3) the net (j;);e; converges to pu with respect to the weak™ topology. But then,
in particular,

1
i e 3 ) =l e 3 ()0 = [ fan

VEF (i)
contradicting inequality ([7.1)).

Now assume conversely that (b) holds. For every f € C(K) let ¢y € C with
lim;cr 1/‘Fi|zfyeFif o1y = ¢y - 1. For p € P(K,7) and f € C(K) we obtain
Je fduw = [ \Tll > e [ omdu for every i € I. Since p defines a continuous
linear functional on C(K), this implies

—lller?/ |F|Zfo7;,du /ch-ﬂdu:cf

for every f € C(K). Thus, P(K,7) can contain only a single element. O

For further examples of uniquely ergodic systems we first introduce the following
concept.

Definition 7.2.4. Let (L,0) be a topological dynamical system and G a compact
group. A continuous map c: I' x L — G is called a continuous cocycle if

c(y1+72,0) = c(n,04,(1)) - c¢(y2,1)  forallyy,72 € and | € L.

In this case, we call the topological dynamical system (L x G,o X ¢) defined by
(0 xc)y(l,x) = (o0y(1),c(y,)z) for I € L, z € G and v € I' a skew-rotation
system.

As an easy consequence of the definition, a continuous cocycle ¢: I' x L — G as
above satisfies ¢(0,1) = 1 for every [ € L and ¢(—~,1) = c(y,0_(1)) " for all [ € L
and v € I'. Moreover, it is a simple exercise to check that the skew-rotation system
induced by c is indeed a topological dynamical system.

Observe further that the definition of skew-rotation systems reduces to rotation
systems from Example if we take (L, o) to be a trivial system on L = {0}.
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Remark 7.2.5. If (L,0) is a topological dynamical system over I' = Z, then a
continuous cocycle ¢: I' X L. — G to a compact group G is uniquely determined by
the continuous map ¢ := ¢(1,-): L — G since the cocycle rule implies

Hom s (D) Homal) - -Eor@) - E0)  Hm>1,
c(m,l) =<1 if m=0,
o D) - ey () o) im < 1,

for every [ € L. This establishes a one-to-one correspondence between continuous
cocycles ¢: Z x L — G and continuous maps ¢: L — G.

The following is a standard example of a skew-rotation system.

Example 7.2.6. Consider the torus rotation (T, 7,) for a € T from Example [6.2.2]
Then with G = T and the continuous cocycle defined by the identity map ¢ =
idp: T — T we obtain a skew-rotation (T?,7, x ¢) on the 2-torus T2. It is given by
the homeomorphism T? — T2, (z,y) — (az, zy).

We now consider invariant measures on skew-rotation systems. Given a topological
dynamical system (L, o), a continuous cocycle ¢: I' x L — G to a compact group
G and an invariant measure v € P(L, ¢), a natural candidate would be the product
measure v @ mg with the Haar measure of G (see Definitions[2.1.7}and [6.1.3]). There
is a small technical difficulty here since the product o-algebra B(L)® B(G) might be
strictly smaller than the Borel o-algebra B(L x G) (and hence the product measure is
not a Borel measure). However, one can fix this issue (see [Fol99, Section 7.4]).

Proposition 7.2.7. Let v € P(L) and p € P(K) for compact spaces K and L.
Then there is a unique regular Borel probability measure v@u: B(L x K) — [0,1]

with (V@) |B(LyeB(K) =V @ L.

Remarks 7.2.8. (a) If the compact spaces L and K are metrizable (or, equiva-
lently, second countable, see, e.g., [AB06, Theorem 3.40]), then B(L x K) =
B(L) ® B(K) and thus v®u = v ® p, see again [Fol99, Section 7.4].

(b) Write (f ® g)(z,y) = f(x)g(y) for (z,y) € L x K where f € C(L) and

g € C(K). By an application of the Stone-Weierstral theorem (see Theorem
the functions f ® g for f € C(L) and g € C(K) span a dense subspace
of C(L x K). This implies that v®u € P(L x K) can also be characterized as
the unique measure ¢ € P(L x K) satisfying [, . f©gdo= [, fdv- [ gdu
for all f € C(L) and g € C(K).

The following is easy to check.

Proposition 7.2.9. Let (L,0) be a topological dynamical system, c¢:T' x L — G
a continuous cocycle to a compact group G and v € P(L,0) an invariant measure.
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Then v@mg € P(L x G) is an invariant measure for the skew rotation system

(Lx G, 0 xc).

Notice that, if we write pr;: L x G — L, (I,z) — [ for the projection onto the
first component, then (pr;).(r®&m¢) = v. This leads us to the following uniqueness

property.

Theorem 7.2.10. Let (L,o0) be a topological dynamical system, ¢: I' x L — G a
continuous cocycle to a compact group G and v € P(L,0). If the measure v@mg is
ergodic, then it is the only invariant measure p € P(L X G,0 X ¢) with (pry)«pu = v.

Proof. Fix functions f € C(L) and g € C(G) and consider the product function f®
g € C(L x G) from Remark[7.2.§ (b). By ergodicity of v&mg and the abstract mean
ergodic theorem (see Theorem|3.1.5|(ii)) we find ¢ € C and V,, = Z;’il tn;Uloxe).,, , €
co{Uone), | 7 € I'} for every n € N such that lim, o V,(f ©® g) = cl in LQ(L X
G,B(L x G),v@mg). Integrating yields ¢ = [, fdu- [, gdmg (cf. Exercise .

We may assume, by passing to a subsequence, that (V,,(f ® g))nen converges almost

everywhere with respect to v®mg to ([, fdu)([,gdme)Ll. We therefore obtain
that the Borel measurable set

Tim f}tn,jﬂa%(mg(ca,%(mx) - / fdv- /G gde}

Jj=1

A= {(l,x)eLxG

has full measure with respect to r®@mg.

For y € G the map ¢,: L x G — L x G, (I,z) — (I,zy™') is a homeomorphism and
measure-preserving with respect to v®@meg. It maps A to the set

kn

i a0 Oetelon, ) = [ fav- [ gim ).

=

A, = {(Z,x) eLxG

Thus, A, is also Borel measurable with full measure for each y € G. We now check
that the same holds true for the intersection B := [, .o Ay

To do so, note first that the map G — C(G), y — g or, (where ry(x) = zy for
z,y € () is continuous with respect to the supremum norm by Lemma m Thus,
since G is compact, also the image {gor, | y € G} C C(G) is compact. In particular,
since compact metric spaces are separable (see, e.g., [ABO6], Section 3.7]), we find a
countable subset D C G such that {gor, |y € D} is dense in {gor, |y € G}. We
claim that B =, Ay, which then implies that B is indeed measurable with full
measure.

yeD

So take z € G and pick a sequence (2, )men in D with lim,, . ||gor. —gor,, ||« = 0.
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Then
kn kn
i S b 0, ) (e, (D)) = 3 by o, (D)ofell 7, (D)) =0
»T j=1 7j=1

and a standard application of the triangle inequality yields (. Az, € A.. This
implies ﬂye pAy €A, for every z € G, hence B = ﬂye p Ay as desired.

Since the map L — L x G, [ + (l,1) is continuous, hence Borel measurable, we
obtain that the “section” By = {l € L | (I,1) € B} is Borel measurable as well.
Moreover, for [ € L one can readily check that (I, 1) € B precisely when (I, y) € B for
some y € G. Thus, pr;'(B;) = B and consequently v(B;) = (v@mg)(pr;(B))) =
(v@mg)(B) = 1.

Finally, take an invariant measure u € P(L x G, 0 x ¢) with (pr;).u = v. Then also
w(B) = p(pr;*(By)) = (pry)«u(B1) = v(B;) = 1. Thus, we have

tim >t o, Wglelton, )o) = [ Fav- [ getme

for almost every (I,x) € L x G with respect to the measure p. Using Lebesgue’s
theorem and invariance of the measure p, we obtain by integrating on both sides

against p that [, . f®gdu= [, fdv- [,gdmg. In view of Remark (b) this
implies the desired equality p = r@mg. ]

Corollary 7.2.11 (Furstenberg). Let (L, o) be a uniquely ergodic system with in-
variant measure v and c: I' x L — G a continuous cocycle to a compact group G. If
v@myg is ergodic, then the skew rotation (L X G,0 X ¢) is uniquely ergodic.

7.3 Weyl’s Equidistribution Theorem

As an application of the above we study equidistribution of sequences in the torus.

Definition 7.3.1. We say that a sequence (a,)nen in T is equidistributed if

N 1
Jim %;f(an) - / f dmg = / £ dt

for every f e C(T).
Equivalent definitions are discussed in Exercise [7.3
Theorem 7.3.2 (Weyl). Let p = Zi:o cxt® € R[t] be a real polynomial with at least

one irrational coefficient ¢, for k € {1,...,d}. Then the sequence (e*™P(M), oy is
equidistributed.
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We first establish the following lemma.

Lemma 7.3.3. Assume that a € T is not a root of unity and let k € N. Then the
topological dynamical system over Z defined by the homeomorphism

.k k
T TV = T (21,...,2k) = (az1, 2122, 2223, -« -, 2ZKk_12k)
18 uniquely ergodic with tnvariant measure mps = M & - - - @ M.

Proof. Observe that for k = 1 the system is just the torus rotation from Example
and hence uniquely ergodic (see Example . We now prove the result
via induction on k € N. Notice that for k& € N the system (T*™ 7;.,) is a skew-
rotation defined by the system (T*,7;) and the continuous cocycle induced by the

map ¢: T — T, (21,...,2) — 2 (cf. Remark [7.2.5). By Corollary [7.2.11] it

therefore suffices to show that (T*, B(T*), mp, 7;) is ergodic for each k € N.

So take f € fix(U,, ) C L*(T*). Using Proposition it is easy to check (as
in Example that the dual group (T*)" consists of the (pairwise distinct)
continuous characters y,,: TF — T for m = (my,...,my) € ZF given by xn(2) =
2™ 2™ for every z = (21,...,2;) € T%, and these form an orthonormal basis.
Hence we can consider the Fourier series expansion f = Y «(f|Xm)Xm of f in
L2(T*) (see Theorem [A.2.5). We abbreviate b,, == (f|xm) for m € Z* and show that
b, = 0 for each m # 0, hence f =by1 € C - 1.

Since

(Xm © Tk)(z) = (azl)ml (21Z2)m2 e (Zk’—lzk)mk = a’mlXm1+m2,m2+m37--~7mk—1+mk7mk(Z)

for z = (21,...,2;) € TF and m = (my, ..., my) € Z*, we obtain

U, f= b a™ x
Tk mi1+ma,...,mg_1+mg,mg mi1+ma,..,Mp_1+mp,myg
mi,....mpEZ

The map p: Z* — ZF, (mq,...,my) = (my+ma, ..., mu_1+mg, my) is a group iso-
morphism, so we can also write f =" bym)Xpm)- Since Uy, f = f, a compari-
son of the Fourier coefficients yields a™ by, ,....m, = bo(m,,...my) for allmy, ... . my € Z.
In particular, |b,| = |byan)| for every m € ZF.

Now fix m = (my, ..., my) € Z*\ {0} and consider two cases. Suppose first that the
images ¢’ (m) for j € Ny are all pairwise distinct. Then, since the Fourier coefficients
are square-summable (see again Theorem [A.2.5), the identity |by| = [byi(m)| for all
j € Ny implies b,, = 0. In the second case we find 7,7 € Ny with ¢ < j such that
©'(m) = ¢/(m), hence ©!'(m) = m for [ .= j —i > 1. By considering the (k — 1)th
component we obtain mj_; = my_1 + Imy, hence m; = 0. But then the same
argument allows us to show m;_; = 0, and inductively ms = --- = my = 0. This
implies that ¢(m) = m, and thus a™b,, = b,,. Since m # 0 and a is not a root of
unity, we have a™! # 1, hence b, = 0. n
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We also need the following observation. The proof is left as Exercise [7.4]

Lemma 7.3.4. Let (ay,)nen be a sequence in T and m € N. If (apmii)nen 1S equidis-
tributed for every l € {0,...,m — 1}, then (a,)nen is equidistributed.

We now prove the equidistribution theorem.

Proof of Theorem |7.3.4. We show the claim by induction on the degree of p. So
take d € Ny assume that (e?79(") _y is equidistributed for all polynomials ¢ =

Z;é bit* € R[t] of degree at most d — 1 having at least one irrational coefficient b;
for j € {1,...,d — 1}. Let further p = ZZ:O cxt® € R[t] be a polynomial of degree
d with some irrational coefficient.

Assume first that ¢y is rational. We then choose m € N with mc, € Z and consider
the polynomials ¢ = ZZ:O cp(tm + )% — cq(tm)? € R[t] for I € {0,...,m — 1}.
Then, since the exponential function is 2wi-periodic, a moment’s thought reveals
that e2mP(nm+l) — e2mia(n) for every n € N. Moreover, the polynomials ¢ have degree
at most d — 1 and have at least one irrational coefficient (aside from the constant

term) for every [ € {0,...,m—1}. We conclude that the sequence (e?™P("™+)) _y is
equidistributed for each [ € {0,...,m —1}. By Lemma this implies the claim.

Assume now that cg is irrational. Then a = e*™“(@) < T is not a root of unity.

We consider the corresponding system defined by the homeomorphism 7;: T¢ —
T¢ from Lemma [7.3.3, By an induction argument, we obtain for all n € N and
(21,...,24) € T that

’a(Z)Zl(dZ) (dﬁz)

(21,0 2q) = (a2, CL(g)z{LzQ, . 2577 2l za).

Since the binomial coefficient polynomials (é), G), . ( dfl) € RJt] all have different

degrees, they form a basis of the vector space of real polynomials of degree at most
d—1. The polynomial p—cy(d!) (2) is of degree at most d—1, sowe find r,...,rg € R
with p = cq(d) (1) +r1-(,0,) +r2- (1) +- - -+ra. Setting z; = e*™ for j € {1,...d}
we then have

v — (i) zl(d‘l) w2l zq for every n € N,
Finally, take f € C(T) and consider the induced continuous function g: TF —

C, (z1,...,x) — f(zg). By Proposition and Lemma we obtain, in
particular, that

N N
: 1 mip(n : 1 n
]\}g’r‘;ﬁng:lf(& Py = A}l_fgoﬁgﬂ 9(13 (215, 24)) = /ngdmw = /demﬂr-

]
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7.4 Comments and Further Reading

There is much more to say about weakly (and strongly) mixing measure-preserving
systems, see, e.g., [EWT1I, Sections 2.7 and 2.8] and [EFHN15, Chapter 9|. Here we
have covered only the basics.

Our proof of Furstenberg’s theorem on unique ergodicity of skew-rotations as well
as its application to Weyl’s equidistribution theorem is based on [EFHNIS, Section
10.15] and [EW11, Subsection 4.4.3] (see also [Furl4, Section II1.3]). Skew-rotations
will also play a crucial part in a later stage of the course.

Hermann Weyl proved his equidistribution results already in 1916, see [Weyl16].
More on equidistribution of sequences can, e.g., be found in Lecture 10 of the previ-
ous internet seminar on ergodic theory [EF19], as well as the comprehensive mono-
graph [KNT74].
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7.5 Exercises

Exercise 7.1. (i) For a unitary operator V € % (H) consider the corresponding
unitary representation Uy : Z — % (H), m — V™ (cf. Remark [p.1.9). Show
that for each k € N the discrete spectrum parts of Uy and Uy coincide.
Hint: First use Ezercise[G.0 to obtain

Hoys={f € H|{V™f|meZ} compact}

for the discrete spectrum part of V.

(ii) Show that for a measure-preserving system (X,7") over Z and k € N the
following assertions are equivalent.

(a) (X,T) is weakly mixing.
(b) (X, T*) is weakly mixing.
Exercise 7.2. (i) Let (F});es be a Folner net for the abelian group I'. Show that
the following assertions are equivalent for a bounded map I' — [0, 00), v > r.,.
(a) lim;es ﬁ > ver, T =0 for some p € [1,00).

(b) lim;e; ﬁ > ver, T =0 for every p € [1,00).
(ii) Prove Proposition [7.1.3]

Exercise 7.3. Call a subset I C T a compact interval in T if I is compact and
connected. One can check that this is precisely the case when [ is the image of a
compact interval [a,b] C R with respect to the continuous map R — T, ¢ +» e*™,
Now show that the following assertions are equivalent for a sequence (a,)nen in T.

(a) The sequence (a,)nen is equidistributed.
(b) limy—yo0 % SV am =0 for every m € Z )\ {0}.

(c) For every compact interval I C T we have

. Hne{l,...,N}|a, €1}
lim ~ =mr(/).

N—oo

Hint: For “(a) = (c)” construct for ¢ > 0 continuous functions f,g € C(T) with
f <1y <gand [pg— fdmp < e. For the converse implication “(c) = (a)”
approxzimate f € C(T) uniformly by linear combinations of characteristic functions
of compact intervals.

Exercise 7.4. Prove Lemma [7.3.4].
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In the first part of this lecture, we will present an ergodic proof of Roth’s theorem,
which is the special case of Szemerédi’s theorem for three-term arithmetic progres-
sions, using the JALG-decomposition. In the second part, we will introduce disinte-
gration of measures and relative products of probability spaces that will be used in
the following lectures to extend this ergodic proof of Roth’s theorem to encompass
Szemerédi’s theorem for arithmetic progressions of arbitrary length.

In both parts, the conditional expectation operator plays a crucial role, which we
now pause to introduce.

8.1 Conditional expectation

Let X, Y be probability spaces and let U: L2(Y) — L?(X) be a Markov embedding.
By Definition and Proposition [1.3.2) U(L*(Y")) is a closed linear subspace of L2(X).
Let P denote the orthogonal projection of L*(X) onto U(L?*(Y)). Using the injec-
tivity of Markov embeddings (Lemma (ix)), we define E(f | Y) for f € L*(X)
by

E(f|Y)eL*(Y), UE(f|Y)) =P(f). (8.1)

The following diagram illustrates this situation:

LA(Y) &Y T ULA(Y)

E(1Y)
L4(X)

Lemma 8.1.1. Let X,Y be probability spaces and let U: L2(Y) — L*(X) be a
Markov embedding. The conditional expectation operator f — E(f |Y) defined

for f € L2(X) by (8.1) has the following properties:

115
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(i) f=E(f|Y) is a linear operator from L*(X) to L*(Y).
(i) If f >0, then E(f | Y) > 0.
(iii) If f € LAY), then E(U(f) | Y) = f. In particular, E(1 | Y) = 1.
) If f € L2(X),g € LX(Y), then E(fU(g) | Y) = gE(f | Y).
) For f e L*(X), [y fdux = [L E(f|Y)duy.
) For f € L3(X), the conditional expectation E(f | Y) is the unique element of

LA(Y) satisfying

[ EG I = [ g0 dux

Y X

for all h € L=(Y).
(vii) For f e L2(X), [E(f [ YV)]* <E(f[* | Y).

(viii) The conditional expectation operator extends to a linear operator from L'(X)
to LY(Y) satisfying the properties @ Moreover, it maps each LP(X) to
L(Y), for 1 < p < oo, with [E(f | V)l < IFlucx) Jor cvery f € L2(X).

(ix) If 0 < f1 < fo < ... is a monotone sequence and f is an element in L2(X)
such that (fn)nen converges to f almost surely, then E(f, | Y) converges to
E(f|Y) almost surely.

(x) If (fa)nen is a sequence and f is an element in L2(X) such that f, converges
to f almost surely and there is g € LY(X) with |f,| < g almost surely for all
n, then E(f, | Y) converges to E(f | Y') almost surely.

Proof. Properties (i)—(viii) follow from the properties of Markov embeddings and
orthogonal projections, while property (ix) follows from property (ii), the charac-
terization in (vi) and the monotone convergence theorem, and property (x) can be
proved from (ix), we leave the details to the interested reader (cf. [EFHNI15] Section
13.3]). O

Recall that if J: 3(Y) — X(X) is a measure algebra homomorphism of probability
spaces X and Y, then by Proposition [1.3.4], there is a unique Markov embedding
Uy: L2(Y) — L*(X) such that Uj(L14) = 14 for all A € £(Y). In this situation
we consider the conditional expectation operator E( - | Y') with respect to U,.

The conditional expectation intertwines with the dynamics of extensions:

Proposition 8.1.2. Let J: (Y,S) — (X,T) be an extension of measure-preserving
systems. Then for all f € L*(X) and v € T,

E(Ur, (f) |Y) = Us, (E(f | Y)).
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Proof. Let f € L?(X) and v € I'. By Lemma [8.1.1|(vi), the definition of extensions
in Definition [2.2.1} and the unitarity of Ur. , for every h € L=(Y),

[ B () 1Y )b = [ U (0 dux
= [ f0ss () s
= [ BT ) duy
- /Y Us,(E(f | Y))hdpy.

Since L>*(Y') is dense in L?(Y'), we conclude the claim

E(Ur, (f) |Y) = Us, (E(f | Y)).

8.2 Roth’s Theorem

We are now ready to prove a special case of Szemerédi’s theorem.

Theorem 8.2.1 (Roth). Let A C N with d(A) > 0. Then A contains arithmetic
progressions of length 3.

In view of Furstenberg’s correspondence principle (see Theorem |4.2.8)) this is a con-
sequence of the following result.

Theorem 8.2.2. Let (X,T) be an ergodic measure-preserving system over I' = Z.
For every f € L®(X) with f >0, [ fdux > 0 the limit

N-1
1
li s E LTI £ 772N
Nevoo N O/Xf vir- vt
exists and is strictly positive.

The proof uses the following estimate for bounded sequences in a Hilbert space. An
elementary, but rather technical proof will be discussed as a supplement at the end
of this lecture.

Lemma 8.2.3 (van der Corput). For every bounded sequence (ay)nen, in a Hilbert
space H the inequality

N—1 2

12%

Mi

lim sup
N—oo M—oo N—oo N

m=0 =

N-1
1
< lim sup -~ lim sup — Z Re (an|anim)
n=0
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holds.

This leads to the following observation about the weakly mixing part of a measure-
preserving system.

Lemma 8.2.4. Let (X,T) be an ergodic measure-preserving system over I' = Z.
Assume that f,g € L®(X) with f € L*(X)wm or g € L*(X)ym, then

1 N-1
: n 2n
Jim v 2 VR U =0

in L2(X).

Proof. To apply the van der Corput lemma consider a,, == (U f)-(U2"g) for n € Nj.
For n,m € Ny we then have

(@lanen) = [ WRF)- UFg)- UFF) - (UFg)
= [ Urs - Wia) - 7 W) = [ - WFD) - Ue - UFD).

Since the system is ergodic, we can use Exercise 3.4 to obtain

N-1
iy Zodonen) = ([ 1-037) - (fLo-0#3).

for all m € Ny. By the Cauchy—Schwarz inequality applied to the second integral,
we obtain

1= - o | M2 i
3 2| vr7) (fo-vwa) | < Xl

for every M € N. Since f € L?*(X)ym, by Proposition and Exercise [7.2] (i)

1M71
lim — f-Um?)-(/g-U%g)’:o.

Similarly, if ¢ € L*(X)ym, we have

2M—1

(for-037)- ([ o va) | 20 537 3 107dlo

=y

=0

M-1
m
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for every M € N and we again obtainﬂ

() ([ o9) -

In both cases Lemma yields the claim. O]

Proof of Theorem[8.2.3. Take f € L*(X) with f > 0, [ fdux > 0. Suppose first
that (X,7T") is a measure-preserving system over I' = Z with discrete spectrum. By
the Halmos—von Neumann representation result (Theorem we may assume
that (X, T) is induced by a rotation map l,: G — G, x — ax on a compact abelian
group G for some a € G. As an easy consequence of Proposition the function

g: G = C, xl—>/Gf-(folx)-(folm2)de

is continuous. Notlce further that g(a") = [, f - UEf - Uz" f dmg for every n € Z.
In particular, g(1 fo dmg > 0 since f > 0, fX fdux > 0, and this implies

Jogdmg > 0, see Remark Using unique ergodicity of the rotation system
(see Proposition [6.2.4]) we obtain by Proposition that

- 2n — -
A}linoo Z/f Urf U fdmg = hm Z /Ggm(;>0.

For a general ergodic system (X, T) consider the Kronecker subsystem (Xq, Tkro)
from Definition . Since Uy, (fix(Ur,.)) C fix(Ur) we obtain that (Xiyo, Tkro)
is also ergodic. We use the conditional expectation g = E(f | Xkwo) € L®(Xio) of
f with respect to this subsystem. By Lemma (ii) and (v) we have g > 0, and
h=f-U;. g9 €L*X)ymNL®(X) by Lemma (iii) and (iv). We obtain

1 N—-1 N-1
N Z Tf U’Z%nf A7 Z UTUJkrog UT UJkro
0 n=0

N-1

N-1 N—
1
=5 Z Ulh - U2'h — Z UrU, g -Uh — Z Urh-UZU, g
0 n:0

and the right hand side of this equation converges to zero in L?(X) by Lemma [8.2.4]
This implies that the sequence ( N_l o f ~JURf- U2" ) yen converges if and only

if the sequence (- ST </ UTU kag U7"Uy,..g)nen converges, and in that case

1One can also use Exercise to treat the second case exactly like the first one.



120 LECTURE 8.
both limits agree. By Lemma [8.1.1] (iv) and (v) we have

/ f ' U,}LUJkrog : U’I%nUJkrog = E(f ' U%UJkrog ’ U%nUJkrog ’ XkI‘O)
X

—

Xkro

E(f - U (Uf. g Ui g) | Xiro)

I
S
>

g-UL g-UF g

kro

I
T

for every n € N. Thus,

N-1 N-1
; 1 n 2nye 1 1 n 2n
S O REL TR SENUE D3y AL WAL FEL

kro

by the first part. ]

8.3 The relative perspective

In the previous section, we proved Furstenberg’s multiple recurrence theorem in
the double recurrence situation f - URf - U f (see Theorem . The case of
single recurrence corresponds to von Neumann’s mean ergodic theorem (see Theorem
. In both situations - single and double recurrence - we observed that the proofs
relied on a decomposition result. In the single recurrence case, we decomposed L?(X)
into the fixed space fix(Ur) and its orthogonal complement (see Theorem [3.2.7).
In the double recurrence situation, we decomposed L?(X) into the structured part
L%(X)q4s and its orthogonal complement, which we identified with the weakly mixing
part L?(X)wm (the JALG-decomposition; see Theorem [5.3.4)).

To prove Furstenberg’s multiple recurrence theorem in full generality (Theorem
, we will establish a relative version of the JdLG-decomposition. We mo-
tivate this relative version with the following example of a skew-product extension
(cf. Example [7.2.6)).

We consider an ergodic skew-rotation on the 2-torus T? equipped with the Haar
measure, given by the homeomorphism

T? - T%, (z,y) — (ax, zy),

where « is irrational. The JdLG-decomposition of this measure-preserving system
identifies the rotational system (T, 7,) as its discrete spectrum part via the projection
onto the first coordinate (this will be one part of an exercise in the next lecture).
The remaining “structure” of this system can only be understood relative to its
discrete spectrum part (T, 7,) (this will be the other part of an exercise in the next



8.4. DISINTEGRATION OF MEASURES AND RELATIVE PRODUCTS 121

lecture). Indeed, relatively, the remaining part resembles a bundle of rotational
systems x — (y — xy) where the rotation depends on the point x in the base system.
Thus, relative to this base, we can hope to decompose the unitary representation of
the system into an invariant bundle of 1-dimensional subspaces. The theory we will
develop in the following lectures, known as Furstenberg—Zimmer structure theory,
makes the previous heuristic rigorous. This theory will be crucial for establishing
Furstenberg’s recurrence theorem and, via Furstenberg’s correspondence principle,
Szemerédi’s theorem in full generality.

To study the relative structure in a system, such as a relative version of the JALG-
decomposition theorem, it is necessary to develop tools for relative analysis. In our
context, “relative” always means relativizing with respect to a subsystem (Y, .S) of
a system (X, T). Concretely, this relativization is achieved by conditioning on the
subsystem (Y,.S) using the conditional expectation operator. Therefore, we will
start by developing the tools necessary for relative analysis before delving into the
Furstenberg—Zimmer structure theory in the subsequent lectures.

8.4 Disintegration of measures and relative prod-
ucts

The disintegration of measures is the idea that, given a measure-preserving trans-
formation X — Y between probability spaces X and Y, the measure px can be
expressed as a bundle of measures ji,, parameterized over the base space Y. Disinte-
gration of measures will be a key tool for introducing relative products of measure-
preserving systems, which are, in turn, essential for establishing a relative version
of the JdLG-decomposition.

An example of disintegration of measures occurs in the construction of the 2-
dimensional Lebesgue measure A\g2: For a Borel set A C R?,

A (A) = / Aa(Ay) dAa(y),

where
A, ={zeR: (z,y) € A}
is the vertical slice of A at y and A is the 1-dimensional Lebesgue measure on the

real line.

The classical theory of disintegration, which we will introduce shortly, applies to
Lebesgue probability spaces. For alternative approaches that work for general prob-
ability spaces, see the Comments and Further Reading section of this lecture.

To prove the disintegration of measure theorem for Lebesgue spaces, we will first
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establish that such spaces are isomorphic to probability spaces formed on compact
metric spaces. We begin with the following lemma.

Lemma 8.4.1. The measure algebra (X)) of a Lebesque space X is countably gen-
erated; that is, there exists a countable algebra D of X(X) such that any element
of (X)) can be written as a countable combination of unions and intersections of
elements in D.

Proof. Recall that a probability space (X,YXx,pux) is a Lebesgue space if there
exists a complete separable metric space Y equipped with the Borel o-algebra
Yy = B(Y) and a Borel probability measure py, such that there is an invertible
map ¢ € M(X,Y) in the sense of Definition . In particular, the pullback map
©*: X(Y) — X(X) is an isomorphism of measure algebras. Therefore, it suffices to
show that ¥(Y") is countably generated.

Since the space Y is separable, its topology has a countable basis {U,}> ;. Con-
sider the algebra D generated by finite Boolean combinations of the U, ; that is, D
consists of all sets that can be formed using a finite number of unions, intersections,
and complements of the U,,. Since the U, are countable, the collection D is also

countable. The Borel o-algebra B(Y) is generated by the open sets, so we have
B(Y)=o(D).

We equip X(Y) with the metric d(A, B) = piy (AAB) (see Exercise[L.4). By Lemma
2.1.12| for any measurable set A € B(Y) and any € > 0, there exists a set D € D
such that uy (AAD) < e. Thus, the equivalence classes of elements of D are dense

in ¥(Y') with respect to the metric d.
Given any A € £(Y'), there are D,, € D such that d(D,, A) <27". Let

B=() | D

NeNn>N

We get

8009 = () Y0249 < i 30,010 < g 27 <0

NeNn>N n>N
and
py (BCNA) =y (U m (Dg N A)) < liminf uy (D5, N A) = 0.
NeNn>N oo

Then d(A, B) = 0, which completes the proof. O

Proposition 8.4.2. Let X be a Lebesgue space. Then there exists a compact metric
space K equipped with the Borel o-algebra B(K) and a regular Borel probability
measure pr such that (X,Xx, pux) and (K,B(K), px) are isomorphic in the sense

of Definition [1.1.5
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Proof. By Lemma , Y(X) is countably generated, and let D be a countable
dense algebra. Let Dy = {A1, As, ...} be asubset of Xy consisting of a representative
for each element in D. We consider the compact metric space K = {0, 1}, and for
every m € N, consider the (open and closed) cylinder set

Al ={(xp)neny € K : z,, = 1}.

For every N € N, let Ay be the algebra of sets on {0, 1} generated by the A’ with
m < N. This corresponds to the power set and the product o-algebra on {0,1}%.

Define a measure py on {0,1}" by

for any choice of i1 < ... <11 < N.

Extend puy arbitrarily to {0, 1} equipped with the Borel o-algebra B(K) after
embedding {0, 1} into {0, 1} by sending (z,)1<n<ny t0 (Yn)nen where x, = y,
for 1 <n < N and y, = 0 for n > N. By a theorem of Ulam (see, e.g., [Dud02,
Theorem 7.1.3]), every Borel probability measure on a compact metric space is inner
regular, and therefore also outer regular. Let ux be a weak™ accumulation point
of the sequence (un)nen of regular Borel probability measures. The measure px

satisfies (8.2)) for any choice of i; < ... < .

We can extend the map T'(A,) = A/, to a measure algebra isomorphism from »(X)
to ¥(K) using Lemma [2.1.12] as the algebras generated by the A, and A/, in $(X)
and X(K), respectively, are dense with respect to the metrics associated with py
and pg, and T is an isometry. O

Standing assumptions: For the remainder of this lecture series, unless men-
tioned otherwise, we assume that all probability spaces are formed on compact
metric spaces equipped with regular probability measures, and we consider invert-
ible measure-preserving transformations between them in the sense of Definition
1.1.5, We further assume that I" is a countable discrete abelian group (cf. Remark
2.1.4). Then, without loss of generality, we can assume that all measure-preserving
systems are concrete systems in the sense of Definition [2.1.3] Following Exercise [2.6
and Proposition[8.4.2] we can always reduce to such a setup if we work with measure-
preserving systems in the sense of Definition formed on Lebesgue probability
spaces. We point out that these assumptions are not necessary for developing ergodic
structure theory (see the Comments and Further Reading section of this lecture for
a discussion). However, we state these assumptions to reduce the amount of back-
ground and technology needed and to keep the lectures as self-contained as possible.
These assumptions are satisfied in all of the applications.

Recall that P(K') denotes the space of regular Borel probability measures on a
compact space K. By Proposition 4.1.2] P(K) is a compact space when identified
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with a subset of the dual space C(K)’, equipped with the weak* topology. Moreover,
if K is metrizable, the Banach space C(K) is separable (see, e.g., [AB06, Lemma
3.99]), and therefore the topology on P(K) is metrizable (see, e.g., [AB06, Theorem
6.30]).

With these preliminaries in place, we can state the following useful result on the
disintegration of measures, where we consider the Borel o-algebra on P(X).

Theorem 8.4.3. Let 7: X — Y be a measure-preserving transformation between
probability spaces X,Y . Then there exists a measurable map y — p, from Y to
P(X), called the disintegration of px over Y, with the following properties:

(i) For every f € L3(X, Xy, ux), we have f € L*(X,Xx, ), and
E(f|Y)(y) = / fdp, for almost every y €Y.
X

(ii) For every f € L3(X, 3y, ux),

[ (o) o= [ ame

(iii) If there is another measurable map y — i, satisfying properties (i) and (ii),
then i, = p, for almost every y € Y.

Proof. Write @Q = Q +iQ) € C. Using separability, we choose a countable dense
subset £ C C(X) and denote by Eg the Q-linear hull of E. For every f € Eg, pick
a representative of E(f | Y) in L2(Y). For almost every y, by the countability of
Eg, the map

wy(f) =E(f [Y)(y)

is a well-defined positive, unital, continuous, and @-linear functional on Eg. Using
continuity with respect to the sup-norm, we can extend ¢, to a positive, unital,
continuous, and C-linear functional on C(X) for almost every y.

By Theorem [3.2.6, we can represent ¢, by a measure j, for almost every y. Note
that a subbasis of open sets for the weak* topology on P(X) is formed by sets of
the form

{e € P(X): o(f) > 0},

as f ranges over C(X). Since {y € Y: ¢,(f) > 0} is measurable in Y for f € Eq,
it follows that {y € Y: ¢,(f) > 0} is measurable in Y for every f € C(X). Thus,
by Proposition M(l), the map y — p, is measurable.

The extension to L? in (i) follows from Lemma and Lemma [8.1.1fix) via a
standard approximation procedure. Property (ii) is immediate from Lemma M(V)
The uniqueness property (iii) follows from uniqueness in Theorem (3.2.6] ]
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As a corollary, we obtain the following variant of Proposition [8.1.2]

Corollary 8.4.4. Let q: (X,7) — (Y,0) be a factor map of concrete measure-
preserving systems (X, 1), (Y, 0), and let y — 1, be the disintegration of pux overY .
Then for all v € I and almost everyy € Y,

Moy = (T'y)*ﬂy'

Proof. The claim follows from Proposition [8.1.2] O

We can now introduce an important construction:

Definition 8.4.5. Let 7;: X; — Y, for i = 1,2, be measure-preserving transforma-
tions of probability spaces. Denote by y + f14, ¥ — 2, the disintegration of the
measures fix,, ftx, over Y. Using the monotone convergence theorem, we can define
a measure fix, ®y fix, on the product measurable space (X7 x X3, Xy, ® Xx,) by

tx, ®y pix,(A) = / [,y @ poy(A) dpy, (8.3)
Y

for A € Yx, ® Xx,. We call the resulting probability space (X; x X5, Xy, ®
Yx,, fx, Ry px,) the product of X; and X, relative to Y, and denote it by
X1 ®y XQ.

Proposition 8.4.6. The measure px, Qy pix, 15 uniquely characterized by the equal-
ity
/ f1© f2d(px, ®y px,) = / E(fi [ Y)E(f2 | Y)duy
X1 ><X2

Y
for all fi € L®(X,) and fy € L®(X3).

Proof. This is immediate for f; and f, being characteristic functions of measurable
sets. The general case follows from a standard approximation procedure using the
properties of the conditional expectation in Lemma [8.1.1 O

We obtain the following construction of relative products of measure-preserving
systems:

Corollary 8.4.7. Let q;: (X;,7;) — (Y,0), fori= 1,2, be factor maps of concrete
measure-preserving systems. Define for every v € I', the map

Ty = Tiy X Ty (8.4)

Then (X; ®y X3, T) is a concrete measure-preserving system.
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Moreover, the coordinate projections m;: X1 X Xo — X; for i = 1,2 define factor
maps of concrete measure-preserving systems, making the following diagram com-

mute:
(X7 ®y X, 7)

(X1,7'1 X277'2)

)/ R(
K(YU)/

Proof. Let A; € Yx, and denote by f; = 14, for ¢ = 1,2. By Propositions and
BL2

[ 50 fao rig % o) dlis, @y ) = [(Roma)© (0 mas) s, Sy i)
_ /YIE(floTM 1Y) OE(fs 07y | V) dpiy
~ [ B 1Y) o 0B | V) oo duy
= /YIE,(f1 | Y)OE(f2 | Y)duy
= [ 1O fadlux, ®y px,)-

By linearity, this computation extends to the algebra of finite disjoint unions of
product sets A; x A with A; € Xx,. Finally, using Lemma [2.1.12] we obtain the
first claim. The remaining claim follows by a similar line of reasoning, which we
leave to the interested reader. O]
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8.5 Supplement: The van der Corput Inequality

We now give an elementary proof of Lemma based Joel Moreira’s blogf] A
more structural proof based on the mean ergodic theorem (even providing a slightly
sharper estimate) can be found in [EKN2IJF| We start with the following observa-
tion.

Lemma 8.5.1. Let (by,)men, be a bounded sequence in R. Then

M—-1 M—mq1—1

hmsup Z b,, < limsup — Z b

M—o0 mi=0 m=0 M—oo

Proof. Denote the right side by ¢. For € > 0 choose M, E N such that ﬁ Zﬂm/[:_ol by <
¢ + ¢ for every M > M. Since limsup,,_,., 1= Zml MM, Z%:_g“_l b, = 0, it

suffices to check that

M—-Mo—1 M—mq1—1

hmsup Z Z b, < hmsup— Z b,

M—o0 M—o0
m1=0

But for M € N with M > M, we have %Zn]‘f o by, < MEmi(e ) for each
my € {0,..., M — My — 1}, hence

o M—_Mo—1M—mi-1 g M- Mo-1
iE 2. D bms<(eteym D (M—m)
m1=0 m=0 m1=0
(M — My — 1)(M + M)
=(c+e)- e :
Taking the limit superior yields the claim. O]

Let us now recall the statement of Lemma [8.2.3| and then prove it.

Lemma (van der Corput). For every bounded sequence (an)nen, in a Hilbert space
H the inequality

N-1 |2 M-1 N-1
lim sup || — E ay, <11msup— g hmsup— g Re (an|anim)
N—o0 N n—0 M —o0 N—oc0 _

holds.

2https ://joelmoreira.wordpress.com/2012/04/24/proof - of -roths-theorem-using-ergodic-theory/

See also https://joelmoreira.wordpress.com/20156/04/12/alternative-proofs-of-two-classical-lemmas/


https://joelmoreira.wordpress.com/2012/04/24/proof-of-roths-theorem-using-ergodic-theory/
https://joelmoreira.wordpress.com/2015/04/12/alternative-proofs-of-two-classical-lemmas/
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Proof. Note first that by a telescopic sum argument we have limy_, % Zg;ol(an —
Apim) = 0 for every m € M, hence also

M-1
J\P—I&NZG"—NZ Zoamm:() (8.5)

for every M € M. We obtain by the Cauchnychwarz inequality that
N-1

N-1
H N Z Z an—i—m = N Z Z an—i—m Z M2 Z Cn—i—ml,n-l—mg

mi,ma2=0
for all N, M € N, Where cr1 = Re(aglay) for k,l € Ny. For n € Ny and M € N we

write the sum Zml mg—0 Crtmy ntmy S

M-—1 - - M-—1 M-—1
§ Cn—l—m,n—l—m + E E Cn—i—ml,n—l—mg + § E Cn+m1,n+m2'
m=0 m1=0 ma=m1+1 mo=0mij=mao+1

Since ¢ = ¢ and ¢;; > 0 for [, k € Ny taking the real part on both sides yields

M-1 M-1 M-1 M-1
§ Cn+my,ntmo = E Cn+m,n+m + 2Re< E E Cn—l—ml,n—l-mg)

m1,m2=0 m=0 m1=0mo=m1+1

M-1
< 2Re Z Z Crtmintma-

m1=0mo=m1+1

We conclude that

N-1 M-1 2 M-1 M-1 N—14+mg
IR S EE S S SRS
NT ar Qptm = AT Cn,n+ma—m
N M 2 N am
=0 m=0 m1=0 ma=m1 n=msy
M—-1 M—mqi—1 N—1+m-+mq
2 1
_W ~r E Cn,n+m
m1=0 m=0 n=m-+mji

for all N, M € N. Again using telescopic summing we have

N—-1+m+my 1 N—-1
]\P_r)noo <_ Z Cnntmg—my — N Z Cn7n+m2—m1) =0
n=m-+m1 n=0
for all m, m; € Nyg. Combined with (8.5) we obtain for all M € N that
| Nl 2 M—1 M—mj—1 N-1
fimsup || Y| <55 Y D lmsuwpg Z Cravim
n=0 m1=0 m=0

Finally, we apply Lemma with by, == limsupy_, ., % Zn o0 Cnntm for m € Ny
to obtain the claim. O
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8.6 Comments and Further Reading

Theorem was proved using Fourier-analytic methods in 1953 by Klaus Roth
|[Rot53], confirming a conjecture of Paul Erdés and Pal Turan from 1936 (see [ET36]).
Our proof combines the reduction to the Kronecker subsystem via the van der Corput
lemma (see, e.g., [EW1I] Section 7.6] or [EFHNI5| Section 20.4]) with an argument
of Furstenberg (see [Fur77, Paragraph 3]).

We point out that today there are many different proofs of Roth’s theorem, includ-
ing different ergodic theoretic ones. For example, Furstenberg uses a more involved
structural argument instead of the van der Corput lemma to pass to the Kronecker
subsystem. On the other hand, one can use Exercise to treat the discrete spec-
trum case without using the Halmos—von Neumann representation theorem (see
again [EW11l Section 7.6] and [EFHNI5L Section 20.4]).

The compact metric space with a regular Borel probability measure that we as-
sociated with the measure algebra of a Lebesgue probability space in Proposition
is an example of a topological model of a probability space, called the Cantor
model. There are many topological models of probability spaces designed for differ-
ent purposes (see, e.g., the Koopman model in [JST24, Appendix A.4|, and for a
thorough discussion [JT23a] and [EFHNI5, Chapter 12]). The canonical model, as
termed in [JT23al (see therein for alternative names), represents the measure alge-
bra of an arbitrary probability space on a, in general, inseparable compact Hausdorff
space.

Using such strong topological models, it is possible to prove a version of the disinte-
gration theorem (Theorem for arbitrary probability spaces, and consequently,
also to define relative products (see [JT23a, Section 8|). Surprisingly, such canonical
disintegrations, as termed in [JT23a], do not yield a canonical ergodic decomposition
(cf. Exercise B.5)); a counterexample was constructed in [JT23a, Appendix BJ.

However, one can still use the canonical disintegration, among other tools, to es-
tablish a Furstenberg—Zimmer structure theory for arbitrary (not necessarily count-
able) group actions on the measure algebra of arbitrary (not necessarily countably
generated) probability spaces. We will comment more on this in the following lec-
tures.
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8.7 Exercises

Exercise 8.1. Use Lemma to show wvan der Corput’s difference theorem: If
(@n)nen is a sequence in T such that (@, 1mGn)nen is equidistributed for every m € N,
then (a,)ney is equidistributed.

Exercise 8.2. Let (X,T') be a weakly mixing measure-preserving system over I" =
Z. Show that for all fi,..., fi € L>°(X) we have

N—-1
gg%;;Wﬂnw%F(AﬁmAﬁ)ﬂ

in L2(X).
Hint: Use an induction on k and apply the van der Corput Lemma|8.2.5,

Exercise 8.3. Let (X,T) be a measure-preserving system with discrete spectrum
over I' = Z. Show that for all fi,..., fr € L>(X) the limit

N—>ooN

1 N-1
lim = > Upfi--- U f
n=0

exists in L?(X).
Hint: First consider eigenfunctions fi, ..., fr € L=(X).

Exercise 8.4. The Furstenberg—Sdarkézy theorem states that for every subset A C N
with upper density d(A) > 0 there are a,d € N with a,a+d? € A. In this exercise we
prove a known generalization of this result. In the following U € % (H) is a unitary
operator on a Hilbert space H and p € Z[t] a polynomial with integer coefficients.

(i) Show that

1 N—-1 1 m—1
: - p(n) £ _ p(n)
Jim, 2 UM = 2 U

for every f € fix(U™) where m € N.
(ii) Define the rational spectrum part by

Hy=Tn | ] | ker(a — U) C Hys.

keN acT
ak=1

Show that the limit limy_, o % Zg:_ol UP™ f exists for every f € Hs.
Hint: Observe that the inclusion Hys C |,y fix(U™) hold

4In fact, this is even an equality, see, e.g., [EF19, Section 6.2].
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(iii) Show that if p € Z[t] is non-constant, then limy_,o + SN Ut f =0 for
every f € Hgs N HL.
Hint: Use Theorem[7.3.2.

(iv) Show that if p € Z[t] is non-constant, then limy_,o + SN Ut f =0 for
every f € Hym.
Hint: Use an induction on the degree of p and Lemma|8.2.5.

(v) Show that the limit limy_,o + 27127;01 UP™ f exists for every f € H.

(vi) Show that for every measure-preserving system (X,7") over Z the rational
spectrum part L2(X), is an invariant Markov sublattice of L2(X).

(vii) Show that for every polynomial p € Z[t] with p(0) = 0, every measure-
preserving system (X, 7)) over Z and every f € L>°(X) with f >0, [ fdux >
0 the limit

1N—l
st _r7p(n)
NhinooNnZ:O/Xf Ut

exists and is strictly positive.

Hint: Argue as in the proof of Theorem to reduce to the case L*(X) =
L%(X)s. We may further assume that || f||» = 1. Writing P,, for the orthogonal
projection onto fix(UF), we find some m € N with ||f — Py fll2 < 1(fy f)*
Use the Cauchy—Schwarz inequality as well as the facts P, f > 0 and fX f=

[y Puf to check that [, f-UR™ f > 1(f f) for alln € N.

(viii) For every polynomial p € Z[t] with p(0) = 0 and every subset A C N with
d(A) > 0 there are a,d € Z with a,a + p(d) € A.

Exercise 8.5. Let (X, 7) be a concrete measure-preserving system. Let Y = X
let ¥y be the o-algebra of almost invariant subsets of Xy, let uy = ux, and let
o: ' = Aut(Y) be the trivial homomorphism. Consider the disintegration y — s,
of ux over Y.

Prove that for almost every y € Y, the measure-preserving system on X associated
with the action 7 and the measure p, is ergodic. While doing so, verify all the
unproved claims in the statement of this exercise.
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Lecture 9

In this lecture, we introduce compact extensions and weakly mixing extensions, and
establish their dichotomy. From this, we infer the foundational Furstenberg—Zimmer
structure theorem. We begin by developing a conditional version of Hilbert space
theory to perform the relative analysis required for the proofs of these results.

9.1 The Furstenberg—Zimmer Structure Theorem

We emphasize that equalities and inequalities between measurable functions will al-
ways be understood in the almost sure sense, unless explicitly mentioned otherwise.
Additionally, we will freely pass from the underlying probability spaces to their mea-
sure algebras and work with representatives if needed, without explicitly mentioning
it. In our countable setting, these passages are all well-defined and safe; however,
we encourage the interested reader to verify for themselves that the arguments are
sound and the notations are well-defined.

Throughout this section, let ¢: (X,7) — (Y, o) be a factor map of concrete measure-
preserving systems, and let U,: L?(Y) — L?*(X) be the associated Markov embed-
ding. Let y — p, denote the disintegration of px relative to Y.

Recall from Section that we denote by (X ®y X,7 X 7) the product system
of (X,7) with itself relative to its subsystem (Y,0). We can now use the first
coordinate projection m: X x X — X (alternatively, we could use the second
coordinate projection ms) to define the factor map

p: (X ®y X,7x7)— (Y,0)

(cf. the commutative diagram [8.4.7), and let U,: L*(Y) — L*(X ®y X) be the
associated Markov embedding.

The key idea for studying extensions ¢ : (X,7) — (Y, 0) is to replace the classical
analysis with “relative analysis” over Y. For example, instead of vector spaces, we are
now interested in “vector spaces” over the algebra L>(Y"). Since L*(Y') is generally

133
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not a field, the right concept is that of a module. Recall that an R-module M over
a commutative unital ring R consists of an abelian group (M, +) and an operation
-t Rx M — M such that for all r,s € R and x,y € M, the following properties
hold:

For h € L*(Y) and f € L*(X), we have U,(h)f € L*(X). This equips L*(X)
with the structure of an L>°(Y)-module. Similarly, for f € L*(X ®y X), we have
Uy(h)f € L*(X ®y X), and this equips L*(X ®y X) with the structure of an L>(Y')-
module as well.

Definition 9.1.1. Let f,g € L?(X). We define the conditional inner product
of f and g by
(f | g)X|Y = E(fg | Y)7

and the conditional norm of f by

[ fllxyy =/ (f | fxpy-

Moreover, we say that f, g are conditionally orthogonal if (f | g)xy = 0.

For f,g € L*(X), the conditional inner product is only an element of L'(Y). To
obtain an L*>°(Y')-valued inner product, we introduce the following definition.

Definition 9.1.2. We define the conditional L2-space
LAX | Y) = {f € L2(X): [ fllxpy vy < oo},
and equip it with the norm
[y = [ xpy iy
Note that we have the inclusions
L¥(X) CLX(X |Y) C L*(X).
Remark 9.1.3. Similarly, we define the conditional inner product (- | -)xg, x|y, the

conditional norm ||-|| xg, x|v, and the conditional L*-tensor space L*(X®y X | Y)
with norm || - [|2(xey x|v)-



9.1. THE FURSTENBERG-ZIMMER STRUCTURE THEOREM 135

The next proposition explains why we call L?(X | Y) a conditional Hilbert space
(similar properties also hold for L*(X ®y X | Y)).
Proposition 9.1.4. The following properties are satisfied.

(1) If f,g e LA(X | Y), then (f | g)x)y € L>(Y) and consequently also || f|| x|y €
Lo(Y).
(i) L*(X | Y) is an L>®°(Y)-module and a Banach space with respect to the norm
- M2y
(iii) If f,g € LA(X | Y) and h € L>(Y), then

UMW) f | 9)xiy = B(f | 9)xpy = (f | Ug(h)g)xy-
(iv) If f,g € L3(X | Y), the conditional Cauchy—Schwarz inequality holds:
(T a)xiy| < [ fxiy llgllxy-
(v) If f,g € L3(X | Y), the conditional triangle inequality holds:
1+ gllxpy < 1y + llgllxpy-
(vi) If f,g € L>(X | Y), the conditional Pythagorean identity holds:
1f = allZy = I1f %y — 2Re(f | 9)xpy + llglly-

Proof. Exercise. [

In Exercise[6.6] we described systems with discrete spectrum in terms of precompact
orbits. The following notion of conditional precompactness in the conditional Hilbert
space L2(X | Y), and for extensions of measure-preserving systems, is a relative
version of this concept.

Definition 9.1.5. (i) A subset Z C L*(X | Y) is said to be conditionally
precompact if for every € > 0, there exist finitely many gy,..., g, € L3(X |
Y') such that

) s -
12; I/ gl“X\Y <el.

for each f € Z.

(ii) An element f € L*(X | Y) is said to be conditionally almost periodic if
its orbit
{U,(f):veT} CLAX |Y)

is conditionally precompact.
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iii) The extension q: (X,7) — (Y, 0) is said to be compact if the set
(iii)
{f S L2(X | Y): f conditionally almost periodic}

is dense in L?(X).
Some important examples related to the notion of conditionally almost periodicity
are discussed in the exercises to this lecture.
We show that the collection of functions that are conditionally almost periodic forms
a subsystem lying between (X, 7) and (Y, 0):
Proposition 9.1.6. There exists a concrete measure-preserving system (Z, p) with
the following properties.
(i) (Z,p) is a subsystem of (X, T) and a compact extension of (Y, o).
(11) If (Z',p) is another concrete measure-preserving system satisfying both prop-
erties in (i), then (Z',p') is a subsystem of (Z,p).
We call (Z, p) the maximal compact extension of (Y, o) below (X, 7).

Proof. Exercise. m

The following definition of weakly mixing extensions is motivated by the characteri-
zation of weak mixing in Proposition [7.1.3] Observe that countable discrete abelian
groups admit Fglner sequences since the set of finite subsets of a countable set is
countable, as used in the proof of Proposition to construct Fglner nets.

Definition 9.1.7. Let (F},) be a Fglner sequence for I'. A function f € L*(X | Y)
is said to be conditionally weakly mixing if for every g € L*(X | Y), we have

i 1
Z ||(U77(f) | g)X|Y||iQ(y) = nlggo A

YEFy

S Un (@) xiv 22y = 0.

YEFy

li 1
1m
n—oo |Fn‘

(9.1)
The extension ¢: (X,7) — (Y, 0) is called weakly mixing if every f € L?(X | Y)
with E(f | Y) = 0 is conditionally weakly mixing.

Remark 9.1.8. From the identity

(U~ () | 9)xy F20r) = /Y(UT”U) | 9)xv (g | U, () x)y dpy
= (Un,(f © f) | 9O Praxay x);
we can rewrite the expression in ({9.1)) in terms of ergodic averages:

1
| El

S UL (FO )90 Drexeyx)-

YEF,
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From the abstract ergodic theorem (cf. Theorem |3.1.5)), these averages converge to

(P, (f © g ©7).

This readily implies that (9.1) is equivalent to Paxw,..)(f ® f) = 0. In particular,
Definition [0.1.7] is independent of the choice of the Fglner sequence for T'.

The aim of this section is to establish the following relative version of the dichotomy
between compactness and weak mixing (cf. Theorem [7.1.16]).

Theorem 9.1.9. Let q: (X,7) — (Y,0) be an extension of concrete measure-
preserving systems. Then exactly one of the following statements is true:

(i) There exists a concrete measure-preserving system (Z, p) such that the follow-
ing diagram commutes:

q1 q2
— —

— CenT

q

(X,7) (Y, o)

where q, and qo are extensions, with qs being a compact extension, which is
not an isomorphism.

(11) q is a weakly mizing extension.
In order to prove Theorem [9.1.9] we will establish first:
Proposition 9.1.10. Let q: (X,7) — (Y,0) be an extension of concrete measure-

preserving systems. A function f € L*(X |Y) is conditionally weakly mizing if and
only if (f | 9)xyy =0 for all conditionally almost periodic functions g € L*(X | Y).

We show how Proposition 9.1.10| implies Theorem [9.1.9|

Proof of Theorem[9.1.9. First, observe that Proposition[0.1.10]implies, in particular,
that the properties (i) and (ii) in Theorem cannot occur simultaneously.

Now, if ¢ is not a weakly mixing extension, there exists f € L*(X | Y) with E(f |
Y') = 0 that is not conditionally weakly mixing. By Proposition [9.1.10, there exists
a conditionally almost periodic function g € L*(X | Y') such that (f | g)xjy # 0.

By assumption, f is orthogonal to U,(L>*(Y)), and thus ¢ is not an element of
U,(L>(Y)). By Proposition [9.1.6 the maximal compact extension of (Y, o) is not
trivial. ]

We split the proof of Proposition [9.1.10l We first prove the easier “only if” part:

Proof. Let f € L2(X | Y) be conditionally weakly mixing and ¢ € L?(X | V) be
conditionally almost periodic. Let (F},) be a Folner sequence for I' and let € > 0 be
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arbitrary. Since g is conditionally almost periodic, there are fi,..., f, € L*(X | Y)
such that

sup inf ||U.g— fillx)y <el.
~el' i=1,...,n

We claim that

n

(A9 xpy ey < ell fllece + 10 () | fi)xiyllize (9.2)

=1

for all v € I'. By definition of conditional weakly mixing, this then yields

. 1
I (flg)xiy llezey = nh_{go A Z 1(flg)xiv ey < el fllzexs
n YEF,

hence (f|g)x)y = 0 as desired.
So take v € I'. We find a measurable partition {A;,..., A,} of Y such that

i:ilnf . |Ur,g — fillxiy () = [[Ur,9 — fillx1y (v)

77777

for almost every y € A; where j € {1,...,n}. Then w =37 14 f; € L3(X |Y)
satisfies

1Ung—wlxiy =3 LallUng = wlxiy = 3 1allUng = fillxy < L.
i=1 1=1

By the conditional Cauchy—Schwarz inequality in Proposition [9.1.4] we therefore
obtain

(Un [ | Unsg)xiy| < NUn f | Uryg —w)xy | + [(Ur f | w)x)v]
< U=, fllxy - Uz, 9 — wllxpy + [(Ur, f | w)x)v|
<e|Un, fllxy + Uz, f | w)x)yl-

Since [[(Ur, f | Ur,9)xpy )2y = IUs, (f | 9)xpvllezery = [(fl9)x1v 2y, this im-
plies

I T 9)xiy ey = 1Un £ 1 Ur,9)xpy ey < ellflleze + 11Uz, f [ w)xiy[leze-
Using Proposition [0.1.4] (iii), we finally have
ll fllezce + 1(Un, f Tw)xiyllizery < ellfllzco + D 10 () 1 fi)xiy e,
i=1

and therefore obtain the desired estimate (9.2)). O
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For the “if” part of Proposition [9.1.10, we prove that if f € L*(X | Y) is not
conditionally weakly mixing, then it must non-trivially conditionally correlate with
a conditionally almost periodic function.

From the computation in Remark|9.1.8} it follows that f € L2(X | V) is conditionally
weakly mixing if and only if

Pax(u,)(f © f) = 0.

Suppose f € L*(X | Y) is not conditionally weakly mixing; thus,

K := Pix,.) (f © f) # 0.

Notice that K € L?(X ®y X | Y).
Now, we define the L>°(Y")-linear operator Kx*y: L*(X | Y) — L*(X | Y) by

(K oy Dla) = | K} ) dio ) (9.3)

By Exercise for all f € L2(X | Y),

K sy fllxpy < [Klxeyxiv ([ fllxpy- (9.4)

Since Pyx(v,,,) is an orthogonal projection, we have

[/(K*Yf|f)XD/dMY—(K*Yf|f)L2

= (K| [ O Pracxeyx) i
= (P TXT(fo)’fo)BX@yX)
||Pﬁx Urr) (f © f)||L2(X®yX)

= 1K £z (xey x)-

Thus, if K # 0, then (K xy f | f)x)y # 0. To complete the proof of the “if” part of
Proposition 9.1.10}, it suffices to show that for every € > 0 there is some measurable
subset £ C Y with puy(F) > 1 — e such that 1gK xy f is conditionally almost
periodic.

This is because, by choosing a measurable subset £ C Y with sufficiently large
measure, we can ensure that the conditionally almost periodic function 15K *y f
satisfies

(LK *y f| fxy = 1e(K *y f | fxy #0.

The following lemma is needed to complete the argument.
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Lemma 9.1.11. Let K € L*(X ®y X | Y), let C > 0 be some constant, and let
M ={f e LX(X|Y): [Ifll2cxjy) < C}-

Then for every e > 0 there is a a measurable set E CY of measure puy (E) > 1—¢
such that for every § > 0 there exist finitely many gy, ..., g, € LA(X | Y) with

sup Hl'il’l H1E<<K * f) — gi)HLQ(X|Y) S 0.
feMm 1<i<n

Proof. Fix ¢ > 0. Let (K,) be a sequence of linear combinations of elementary
tensors ¢ ©® h € L*(X ®y X) such that ||K, — K||i2(xg,x) — 0. Since

15 — K2 (xeyx) = [[I1Kn — Kl xoyxy L2y,

by passing to a subsequence, we have that ||K, — K| xg, x|y — 0 almost surely in
y € Y. By Egorov’s theorem, there is a measurable set £ in Y with puy(E) >1—¢
such that 1z|| K, — K|/ xgy x|y — 0 in the norm of L>(Y").

Now for 6 > 0 choose n large enough to guarantee that

)
K,— K 1, < —1.
| | xoyxyle < 5C

By (9.4), we obtain for all f € M,
) )
1wy f = Koy fllxyle < [Kn = Klxeyxiy [l flxyle < 55 - C1=S1. (9.5)

Write K, = sz\il g; © h; with g;, h; € L*(X). For all f € M, we have
N
Koy [ = Uylci)gi,
i=1

where ¢; == (f|E)X‘y € L*(Y) satisfies ||¢;||Leoy) < C - maxj—1 .~ ||| x)y || (v)
for all 2.

.....

nations of gi,..., gy with coefficients from a finite set of complex numbers which
is %—dense in the disc of radius C'. By the conditional triangle inequality, there

exists for each f € M some g € F' such that

K xy [ = gllexqy) < 6/2.

The claim follows from (9.5) by another application of the conditional triangle in-
equality. O
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We continue with the proof of the “if” part of Proposition | Since f € L*(X |
Y'), there is C' > 0 such that || f||i2(xyy < C, and therefore also || Ur,(F)ll2xpyy £C
for all v € T'.

Let ¢ > 0. Let E be the measurable subset of Y with uy(F) > 1 — ¢ from Lemma
Let A=, cpo, ' (E), and set

Y = K Xy f]lq—l(A)

Since E C A, uy(A) > 1 — ¢, so it suffices to show that ¢ is conditionally almost
periodic.

So take § > 0 and let F' be the finite set from Lemma [9.1.11] Write A as a disjoint
union | J,, A, of measurable sets A, C o7 !(FE) for some 7, € I, and define ¢’ :=
> n>1Ur,, (9)1a, for all g € F. Denote their collection by I = {g': g € F'}. By
construction, Uy (¢)l4e = 0 for all v € I'. Since U, (K *y h) = K *y U, (h) by the
invariance of K, we have

sup mf U= (0) = ¢llxy <01,
~el' 9

concluding the proof of Proposition [9.1.10]

We now state and prove the beautiful Furstenberg—Zimmer structure theorem in
the setting of countable abelian group actions on standard Lebesgue spaces. This
theorem describes any such system as a tower, called the Furstenberg—Zimmer tower,
of compact extensions, followed by a weakly mixing extension of the inverse limit of
the compact extensions.

Theorem 9.1.12. Let (X, 7) be a concrete measure-preserving system. Then there
exists an ordinal number « and a subsystem (Yz,03) for every B < a with the
following properties:

(i) (Yy,09) is the trivial system on a singleton.

(it) For every successor ordinal f+1 < «, (Yg41,0841) s a compact extension of
(Y5> 05)'

(iii) For every limit ordinal B < o, (Y3, 0p) is the inverse limit of the (Y, 0,) in
the sense that L*(Y3) is the closure of Un</3 2(Y,)-

() (X,7) is the weakly mizing extension of (Y, 04).

Proof. By Theorem [9.1.9] the extension (X,7) — (Yy, 0p) is either weakly mixing,
in which case we set & = 0, or the maximal compact extension (Y1,01) — (Yy, 0p)
below (X, 7) is not isomorphic to (Yp, oy).

If the latter holds, then by Theorem the extension (X, 7) — (Y1,01) is either

weakly mixing, in which case we set &« = 1, or the maximal compact extension
(Ya,09) — (Y1, 01) below (X, 7) is not isomorphic to (Y7, 07).
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We may need to continue this process and repeat the previous step.

Repeating these steps in a transfinite recursion, while passing to inverse limits at
limit ordinals, this process will eventually terminate at an ordinal number a.

Since L?(X) is separable, « is a countable ordinal. O
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9.2 Comments and Further Reading

Furstenberg—Zimmer structure theory originates from the foundational works of
Furstenberg [Fur?7| and Zimmer [Zim76al, Zim76b|. The proof we present is inspired
by and combines arguments from Furstenberg’s presentation in [Furl4] and Tao’s
presentation in [Tao09], while extending the relative dichotomy and the Furstenberg—
Zimmer structure theorem to the setting of arbitrary countable discrete abelian
groups.

One can also formalize and prove a relative dichotomy and a Furstenberg—Zimmer
structure theorem for the measure-preserving action of arbitrary discrete groups
[Jam23), [EHK24].

In Lectures [} [6] and [7], we proved characterizations of compact and weakly mix-
ing systems. Analogous characterizations exist in the setting of compact extensions
and weakly mixing extensions, and we will address these after proving Furstenberg’s
multiple recurrence theorem (Theorem by an induction on the Furstenberg-
Zimmer tower in Theorem for Z-actions, and via the Furstenberg correspon-
dence principle, also Szemerédi’s theorem in the next lectures.
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9.3 Exercises

Exercise 9.1. Prove Proposition [9.1.4]

Exercise 9.2. Prove Proposition [9.1.6]

In the next two exercises, we consider the skew-rotation (T?, 7, x ¢) from Example
[7.2.6] which is the cocycle extension of the torus rotation (T,7,), a € T, by the
identity map ¢ := idr: T — T. This is a measure-preserving Z-system if we equip
T? with the Haar measure (check this!).

Exercise 9.3. Let a not be a root of unity. Let f € L*(T? | T) be the function
defined by

4 1 1
f(z,y) =y"™ whenever n > 1 and z € {627”2: z € ( ,—] } )
n+1mn
Show that f is not conditionally almost periodic but is a limit of a sequence (f,,)nen
of conditionally almost periodic elements f,, € L2(T? | T) for n € N.

Exercise 9.4. (i) Identify the Kronecker subsystem (see Definition|7.1.14)) of the
skew-rotation (T2, 7, X c).

(ii) Show that (T?, 7, % ¢) is a compact extension of its Kronecker subsystem.

Exercise 9.5. Let (Y,0) be a measure-preserving Z-system, let G be a compact
metrizable group with a closed subgroup H, let ¢ : Y — G be measurable (where
G is equipped with the Borel o-algebra), and let Y x,, G/H be the extension of
Y with underlying space Y x G/H, with measure equal to the product of uy and
Haar measure, and shift map 7" : (y, g) — (o(y), ¢(y)g). Show that Y x,G/H is a
compact extension of Y.

Exercise 9.6. Establish the bound (9.4).



Lecture 10

In this lecture and the next, we prove van der Waerden’s theorem (cf. Theorem
4.2.2)) and Szemerédi’s theorem (cf. Theorem [1.1.8]).

In both cases, we will use dynamics. For van der Waerden’s theorem, we employ
topological dynamics, translating the problem into a multiple recurrence statement
within a shift system.

For Szemerédi’s theorem, we use ergodic theory. Specifically, we establish Sze-
merédi’s theorem by proving Furstenberg’s multiple recurrence theorem (cf. The-
orem and applying Furstenberg’s correspondence principle (cf. Theorem [4)),
as demonstrated in the special case of Roth’s theorem in Lecture [8l This will be
achieved through induction on the Furstenberg—Zimmer tower (cf. Theorem .
More precisely, we show that the multiple recurrence property is preserved under
compact extensions, weakly mixing extensions, and inverse limits.

To achieve this, we will use van der Waerden’s theorem to prove the preservation of
the multiple recurrence property under compact extensions. This will be addressed
in this lecture, alongside the dynamical proof of van der Waerden’s theorem.

10.1 Van der Waerden’s Theorem

We restate van der Waerden’s theorem:

Theorem 10.1.1 (Infinitary version). Partition the natural numbers N into finitely
many cells N = A;U---UA,. Then there exists one cell A; that contains arithmetic
progressions of arbitrary (finite) length.

Before translating the infinitary version of van der Waerden’s theorem into a state-
ment about multiple recurrence in topological dynamics, we state the following fini-
tary version, which will be useful in the proof of Szemerédi’s theorem. The equiva-
lence of the infinitary version and the finitary version is left as Exercise [10.1]

Theorem 10.1.2 (Finitary Version). Let r € N and k € N. Then there exists

145
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a smallest number W (r,k) € N such that any coloring of {1,..., N}, where N >
W (r, k), into r colors contains a monochromatic arithmetic progression of length k.

Remark 10.1.3. The numbers W (r, k) are known as van der Waerden numbers, and
it remains an open and important problem in Ramsey theory to establish “reasonable
bounds” for the values of W(r, k) for most values of r and k. The best currently
known upper bound is due to Gowers [Gow01], who proved that

,2k+9
Wi(r k) <2¥
It is a fun combinatorial exercise to show that W (2,3) = 9.

Let N = C; U---UC, be a partition of the natural numbers. Define Dy = {0},

D, =C;forl1 <i<r,and D; .= —C;_, for r +1 < ¢ < 2r. This construction
yields a partition of the integers Z = Dy U Dy U --- U Ds,,.. Now, suppose one of
the cells D; contains an arithmetic progression a,a + n,...,a + (k — 1)n of length

k > 2. Then either a,a +n,...,a+ (k — 1)n € C; for some 1 < j < r, or
a,a+n,...,a+ (k—1)n € —C; for some 1 < j <r. In the latter case, the negative
sequence —(a + (k — 1)n),..., —(a + n), —a lies in C;. Thus, we conclude that in
order to prove Theorem [10.1.1] it suffices to prove a version of the theorem where
N is replaced by Z.

We start with a more general definition.

Definition 10.1.4. Let £ > 1. A set P C ZF is said to be a van der Waer-
den collection if for every finite partition Z = C; U Cy U ... U C}, there exist

(71,725 ---,%) € Pand j € {1,2,...,r} such that {y1,7%,...,%} C Cj.
By the pigeonhole principle, to prove Theorem [10.1.1} it is enough to prove:

Theorem 10.1.5. For every k > 1, the arithmetic progressions of length k in 7Z
form a van der Waerden collection.

We will translate the statement in Theorem into a statement about the ex-
istence of multiply recurrent points in a topological dynamical system (K, 7) over
I' = Z. Throughout this lecture, we will consider topological dynamical systems
(K, 7) over Z, where K is a metrizable compact space.

We provide the dynamical counterpart of a van der Waerden collection:
Definition 10.1.6. Let & > 1. A set P C ZF is said to be a Birkhoff collection

if for every topological dynamical system (K, 7), x € K, and any ¢ > 0, there exists
(71,72, - - -, Yk) € P such that 77z, 772z, ... 77z are pairwise e-close.

In the next section, we will prove the following multiple recurrence theorem:

Theorem 10.1.7. Let (K, T) be a topological dynamical system and let d be a metric
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for K. For any k € N and any ¢ > 0, there exist x € K and v € N such that
ATz, x) < e forall j =1,2,... k.

Assuming Theorem for now, in order to prove Theorem [10.1.5] it remains to
establish the following two results.

Proposition 10.1.8. Let k € N. Then the set of k-term arithmetic progressions is
a Birkhoff collection.

Proof. Let x € K and let L be the orbit closure of x. By Theorem [10.1.7], there are
y € L and n € N such that

y, 7"(y), " (y), . .., TETI(y)

are pairwise e-close to each other. Since y is in the orbit closure of x, there is m € 7Z
such that

y, 7"(y), T (y), . .., TETI(y)

are e-close to

(), TV (), T (), L R DR g

respectively. By the triangle inequality,
™ (z), T (2), TP (), . L ,T(k_l)"+m(x)
are pairwise 3e-close to each other. This finishes the proof. O]

Lemma 10.1.9. Every Birkhoff collection is a van der Waerden collection.

Proof. Assume that P is a Birkhoff collection. Fix a partition Z = C;UCU. .. UC,
and consider the topological dynamical system K = {1,2,...,r}% with the shift
map given by 7((2n)nez) = (¥n—1)nez (cf. Example [3.2.5). We consider the metric
d on K given by

27F if v #£y and k = min{|n| | 7, # ya},
d(z,9) = {0 ifx =y

Note that d(z,y) < 1 if and only if 2o = yp.

Define the point x € K by setting =, =t if n € ;. Let 1 > ¢ > 0. Since P is a
Birkhoff collection, there exists (71, ¥z, . .., ) € P such that 77 (z), 77%(x), ..., 77 ()
are pairwise e-close. By the choice of d, this implies x,, = x,, = ... = z,, and thus
{m,72,...,} € C; for some j € {1,2,...,7}. O
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10.2 Minimality and Recurrence

In this section, we prove Theorem [10.1.7} We need some preparation.

Definition 10.2.1. Let (K, 7) be a topological dynamical system. A subset L C K
is said to be 7-invariant if 7(L) = L. We say that L C K is minimal if L is
closed, T-invariant, and contains no proper, closed, non-empty 7-invariant subsets.
The system (K, 7) is called minimal if K is a minimal subset.

Remark 10.2.2. Any minimal subset L C K of a topological dynamical system
(K, 7) induces a subsystem (L, o) of (K, 7), where o is the restriction of 7 to L.

Proposition 10.2.3. FEvery topological dynamical system (K, T) admits a minimal
subsystem.

Proof. Let M be the family of all non-empty closed 7-invariant subsets L of K.
Since K € M, M is not empty. Define a partial order on M by inclusion.

For any totally ordered collection C C M, the intersection of any finite number of
elements in C is non-empty. As K is compact, the intersection of all elements in C
is non-empty. Denote this intersection by Lj. Since each element in C is closed and
T-invariant, L is also closed and 7-invariant. Therefore, Ly € M, and Ly is a lower
bound for C.

By Zorn’s Lemma, the family M has a minimal element. O]

We also need the following notions (cf. Exercise [£.7).

Definition 10.2.4. A subset A C 7Z is said to be syndetic if there exists a finite
set F' C 7Z such that

U+ =z

yeF
that is, if finitely many translates of A cover Z.

Let (K,7) be a topological dynamical system. A point z € K is said to be uni-
formly recurrent if for every neighborhood U of z, the set

{(veZ:1(x) e U}

is a syndetic subset of Z.

Theorem 10.2.5. In a minimal topological dynamical system (K, T), every point of
K is uniformly recurrent.

Proof. Let x € K and let U be an open neighborhood of x. By Exercise and
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compactness, there exist vy,...,7, € Z such that

n

U w) =K.

=1

For any v € Z, 77(z) € 777 (U) for some 1 < i <n. Thus, 77 (z) € U.

Hence, the set {y € Z : 77(x) € U} is syndetic, and therefore z is uniformly
recurrent. [

If z € K is uniformly recurrent, then x is also recurrent in the sense that for every
neighborhood U of x, there exists v € N such that 77(z) € U.

In this sense, Theorem [10.1.7] extends Theorem [10.2.5] to the setting of multiple
recurrence.

We need the following two preliminary lemmas.

Lemma 10.2.6 (Lebesgue’s Covering Lemma). Let K be a compact metric space,
and let O be an open covering of K. Then there exists € > 0 such that for all x € K
there exists O € O such that B(x,e) C O.

Proof. For a proof, see [Sinl9, Lemma 5.3.9]. O

Lemma 10.2.7. Let (K, T) be a minimal topological dynamical system and let k € N.
Suppose that for every e > 0 there exist v € K and v € N such that d(777(x),z) < €
forall 7 =1,2,... k. Then for any € > 0, there exists a dense subset D C K such
that for each y € D, there exists v € N with d(777(y),y) <& for all j =1,2,... k.

Proof. Let ¢ > 0 and let U be an open ball of radius €. By minimality and com-
pactness, there exists a finite set H C Z such that K is covered by the H-translates
of U. By Lemma [10.2.6] we find 6 > 0 such that for each z € K there is v € H with
B(z,0) C 7(U).

By assumption, there exist 2o € K and v € N such that d(777 (20), 20) < 6 for all j =
1,2,...,k. By the choice of §, there exists some 7 € H such that B(z,d) C 77(U).
Then 777(B(2y,6)) C U, and setting w = 77(2) € U, we have d(w, 7" (w)) <
for all j =1,...,k. Since ¢,U were arbitrary, this proves the claim. O

Proof of Theorem[10.1.7]. By Proposition [10.2.3, we may assume without loss of
generality that (K, 7) is minimal. The proof is by induction on k. The base case
k =1 is Theorem 10.2.5

Assume that the statement holds for some & > 1, meaning that for any ¢ > 0,
there exist + € K and v € N such that d(797z,2) < ¢ for j = 1,2,...,k. By
Lemma [10.2.7] for each € > 0, there is a dense set D C K such that for all y € D,
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there exists v € N with d(777y,y) < ¢ for j = 1,2,..., k. We show that the same
conclusion holds for k£ + 1.

Fixing € > 0, we can choose 7y € K and an integer 7o € N such that d(777°zg, zy) <
e/2 for j = 0,1,2,...,k. Since 7T is a bijection, we can choose x; € K such that
T2y = x9. Then for j =1,2,... k,

ATt 20) = d(r70102,, x0) = d(T97° 0, 20) < £/2.
This means that for j =1,2,... k41,

d(T70x1, 20) < £/2.

Since 7 is continuous, the same conclusion holds in some neighborhood of x;. Thus
we can choose 1 with 0 < e < § such that d(77"y, zo) <e/2for j =1,2,... k+1
and for all y € B(x1,¢1). By the inductive assumption, there exists a point y; €
B(x1,e1/2) and v, € Z such that

d(Tj%yl,yl) < 51/2 fOI'j: 1,2,...,k’.

This means that y; and 797y, for j = 1,2,...,k, lie in B(xy,&;). Thus for j =
1,2, k41, -
d(T70 (70" DMy1) ) < /2.

Taking any point xy € K such that 7" zy = y;, we have
(T 2y, 11) < €1 < /2
for j=1,2,....k+1, as well as:

A(rIT0) g, 10) < /2.

Inductively, we find xg, x1, 22, ... € K and y1,72,73, ... € N such that for any i € N
and for j =1,2,...,k+ 1, .
d(Tj%(L’i,.TZ’_1> < 6/2,
d(Tj(%*1+%*2)$i,xi,2) < 5/27
and

By compactness of K, there exist integers 0 < m < [ such that d(x;, x,,) < €/2.
Thus
d(rI =t gy ) < d(ay, ) + A, TVOF I ) < g

for y=1,2,...,k+ 1. Taking x = x; and v = y,_1 + ... + Ym, We have produced a
point x € K such that d(777z,x) <efor j=1,2,... k+ 1. O
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10.3 Multiple Recurrence and Compact Extensions

We will establish the multiple recurrence statement for measure-preserving systems

in Theorem E.2.10

Definition 10.3.1. We say that a measure-preserving system (X,7) over I' = Z
has the multiple recurrence property if for every & € N and each f € L>*(X)
with f >0, [, fdux > 0 we have

N—-1
1
hmmf—§ /f.U;f-~U7’2"f>0.
—0vX

N—ooco N
n=

Our goal is to show that every measure-preserving system (X,7T) over I' = Z has
the multiple recurrence property. Clearly, trivial systems have this property. Using
the Furstenberg—Zimmer structure theorem (see Theorem and an induction
argument, it now suffices to show that the multiple recurrence property is preserved
by compact extensions, weakly mixing extensions and inverse limits of measure-
preserving systems. We start with the first of these three problems.

Theorem 10.3.2. Let q: (X, 7) — (Y, 0) be a compact extension of concrete measure-
preserving systems over I' = Z. If (Y, o) has the multiple recurrence property, then
so does (X, T).

We first prove two lemmas.
Lemma 10.3.3. Let q: (X,7) — (Y, 0) be a compact extension of concrete measure-

preserving systems over I' = Z. If A C X is measurable with pux(A) > 0, we find a
measurable subset B C A with pux(B) > 0 and the following two properties.

(i) 1p is conditionally almost periodic.
(i) For almost everyy € Y we have E(1p | Y)(y) > tux(B) or E(1p | Y)(y) = 0.
Proof. We first build a subset with property (ii). Consider the element
Cim {y €Y | E(Ly | Y)(y) > mxfs} € 5(Y)

and A= ANg"(C) e X(X). ThenE(ly |Y)=EUy(1lc)la |Y) =1cE(14]|Y),
and therefore clearly

E(1a | Y)(y) > rx(A)/f2 > nx(4)/2
for almost every y € C, and E(14 | Y)(y) = 0 for almost every y € Y \ C.

Assuming that A’ is a nullset, we have

wx(d) = ux(Ang v\ ) = [ LB 1Y) S e
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a contradiction. We conclude that px(A’) > 0.

Replacing A by A’ we may therefore assume that property (ii) holds (where B = A).

We now construct B C A with px(B) > 0, which still satisfies (ii), but in addition

also property (i). For n € N let ¢, = “;S’? and choose a conditionally almost

periodic f, € L*(X | Y) with ||14 — fullL2(x) < €n- Let further

Co={y €Y ||La— fulky(y) 2 en} € B(Y) forn €N
and consider B = A\ |, ey " (Cr) € X(X). Since

n

1 1 1
(o) < / 1A= fullZgy < — / 1La— fullky = It — FullZa < e
£ Ch En Y En

for each n € N, we obtain that

. — ax(4) 1
px(B) > px(A) = py(Co) > px(4) =) ;H = ghx(4) > 0.
n=1
We show that B still has property (ii). Write

E= {y CY:E(14|Y)(y) > %MX(A)} e D(Y).

Since E(1p | Y) = Iy\y, . E(1a | Y) we have E(1p | Y)(y) > tux(A) > Lux(B)
for almost every y € E \ [J, ey Cn, and E(1p | Y)(y) = 0 for almost every y €
Y\ E) UUen Cn-

We finally prove that it also satisfies (i), i.e., that 1p is conditionally almost periodic.
For e > 0 let k € N with /g, < 5. For m € Z we then have

Iyvo-m(,nemllU7 e = U frllxpy = U (In\y, o a1 15 — frllx)y)
= U7 (Iv\U,cn CallLa = fllxpy)
€
< Ve o (U, 0 S 510 (Uper Cn)-
On the other hand,
Lo-mU, e U7 1Bl xpy = U7 (Lg=U, o co)n) Lx)y = 0.

Since f; is conditionally almost periodic, we find g;,...,q € L*(X | Y) with

5

inf myeo_ o < =

IISI;SIHUT fk g]||X|Y — 2
for every m € Z. Setting gy := 0 we then have info<;<; ||U" 15 — gj||x)y < €1 for
each m € Z by the triangle inequality. O]
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Lemma 10.3.4. For a sequence (a,)en in [0,1] the following assertions are equiv-
alent.

(a) liminfy_ o & SN a,>0.
(b) There is some ¢ > 0 such that d({n € N | a,, > ¢}) > 0.
Proof. Let ¢ > 0. Writing Ey .= {n € {1,...,N} | a, > ¢} for N € N we obtain

1 1 E
_ZGHZN CLnZC‘|TN|

and

1 & |EN’ N|
Nznzl n S Z LTy Z Y Z =
This yields

({n€N|an>c})<hm1nf—2an<d{n€N|an>c})

N—o0

for every ¢ > 0 which readily implies the desired equivalence. O

We now prove the lifting property for compact extensions.

Proof of Theorem [10.3.3. We take f € L*(X) with f >0, [, fdux > 0and k € N.
Since there is A € X(X) with pux(A) > 0 and als < f for some a > 0, we may
assume that f = 14 for A € %(X) from the get go. Applying Lemma we
may further assume that there is a measurable non-null subset B C Y such that

E(1,4 | Y)( ) > 2px(A) for every y € B and that 14 is conditionally almost periodic.

For ¢ == ( ) > 0 choose g1, ..., gm € L2(X | Y) such that

— <
1<1n<f UL a — gil|xjy < €l

for every n € Z.
Now let N := W (m, k+1) be the van der Waerden number (see Theorem [10.1.2]) for

arithmetic progressions of length k£ + 1 and m colors, and consider the finite index
set

I={(i,d,j) e N*|i < N,i+kd<N,j<m}.
We further abbreviate

B,=BnNo ™(B)Nn---No ""(B) € £(Y)
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for n € N. Since (Y, o) has the multiple recurrence property we can apply Lemma

to find some ¢ > 0 such that the set
D ={neN|uy(B,) >c}
satisfies d(D) > 0. For n € D we claim that

3de{l,...,N}: px(AnT-"(A) - A rkan(4)) > %]'MX(A). (10.1)

We deduce this statement below. Let us however first show how this claim implies
the desired assertion

N—-1
1
1iminf—§ /f.Uff-~Uf"f>0.
—0vX

N—ooco N
n=

Using that f = 14 and applying Lemma [10.3.4} it suffices to check that the set

px(ANT A N nrR(A)) > (A)}

E = eN
{” = o1~

satisfies d(F) > 0. Let My € N be such that

Md(D
IDN{1,...,M}]| > _2<)
for all M > M,. Let L > MyN and write L = M N + [ for some M > M, and
[l €{0,...,.N —1}. Foreachn € DN{1,...,M} we use (10.1) to choose some
d(n) € {1,...,N} with n-d(n) € E. For every d € {1,..., N} the map

{neDn{l,....M}|d(n)=d} - En{l,...,NM}, n—dn)n

is clearly injective. Therefore, for any given n’ € EN{1,..., NM} there are at most
N many distinct elements in D N {1,..., M} with n" = d(n)n. Thus,

1 Md(D
EA{L. . L2 EA{L..., MN}| > =D {L,..., M} = 28D,
N 2N
hence
E0{l,....L}| _ Md(D) _MNdA(D) _(L-Dd(D) _ L-(N-1) d(D)
L - 2NL  2N2L 2N?2L ~ L 2N2’

It follows that d(F) > %(ND2) > 0. Thus, if we can show (10.1)) for each n € D, we

have proven the theorem.
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Now fix n € D and show . We choose a representative h;; of |USL4—g;l|xy €
L>(Y) for each | € {0,...,N} and j € {1,...,m}. For every |l € {0,..., N} we
then find a nullset Z; in Y such that min;_y _,, h;;(y) < e forally € Y \ Z;, and
write Z = Uz]io Z;. By setting all representatives h;; to 0 on Z for [ € {0,..., N}
and j € {1,...,m}, we may even assume that min;—; _,, h;;(y) < € holds for all
y € Y. Consider the measurable sets

.....

k
Ciaj = m{y €Y | hjuna(y) <e} CY

=0

for all (i,d,7) € I. We claim that U(i,d,j)e] Ciaj =Y. Infact, if y € Y, then

{1,...,N} = U{le {1,...,N} | hju(y) < e},

and by choice of N as the van der Waerden number W (m, k+ 1) (and disjointifying
the sets) we find some (i, d, j) € I such that h;,;4(y) < eholds foralll € {0,...,k},
ie,ye€ Ci,d,j-

By the pigeonhole principle we now find some element (i,d,j) € I such that
sy (Bn)

py (Ciag N Bn) = 7. For almost every y € 0™(Ci,q,; N B,) we have

UM La — U™ g5y (y) = US4 — g5l (07™y) = hjipa(o™™y) < e,
and therefore

JUE 14 — Lallxpy (y) < UK La — U-" g5l x1v (y) + U7 g — UL Lal|x1v (y)

px(A)
3k

forall I € {0,...,k}. By an application of the conditional Cauchy—Schwarz inequal-
ity and a telescopic sum this yields for almost every y € 0" (C} 4, N B,) that

< 2e =

i/ Y ] + A
‘E(]IA . [/TnﬂA T Tk ]114 ’ ) ]E( kq 1 ‘ i’ )’(y) < _MX3( ) ’
and thuS

since 1% = 1,4. Using that 0™ (C;4; N B,) C 0™(B,) C B, we further obtain that
E(14 | Y)(y) > 2ux(A) for almost every y € 0™(Cj 4, N B,) (by choice of B). But
then

A
B(Ly - ULy UR1 | ) () > A5
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for almost every y € 0(C; 4 N B, n). We integrate over Y to finally obtain
px (AN T (A) A+ ek A)) = / B(14- U1, UK, | Y)

Y

> / E(la-UMly---UF 14| Y)
o™ (Cy,4,;NBn)

px (A) py (By) - px (A)

> AV n L B >

= 6 MY(U (Cz,d,] N n)) = 6‘[’
> cux(A)

i

since n € Dy. This shows ((10.1)). O
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10.4 Comments and Further Reading

Solving a conjecture of Schur, van der Waerden proved Theorem in [vdW27]
using combinatorial methods. The translation of this result into the dynamical for-
mulation of Theorem [10.1.7] along with its proof, was first provided by Furstenberg
and Weiss in [FW7T8|. Our proof is based on a proof from unpublished lecture notes
by Bryna Kra.

There are several ways to demonstrate that compact extensions preserve the multiple
recurrence property. Here, we adopt an approach by Bergelson (see [Ber06l, Theorem
4.2.17] and also [EW11] Subsection 7.9.1]), which utilizes van der Waerden’s theorem
(see also [Tao09] and |Furld, Section 7.3]).

In his original ergodic-theoretic approach to Szemerédi’s theorem [Fur77|, Fursten-
berg established the lifting property for compact extensions between ergodic systems
by leveraging a representation result (similar to the use of the Halmos—von Neumann
theorem in the proof of Theorem [8.2.1]). We will discuss such a representation result
later in this course.

For an alternative proof of the lifting property for compact extensions, see [FKO82]
and [EWT1], Subsection 7.9.2].
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10.5 Exercises

Exercise 10.1. Show that Theorem [10.1.1]is equivalent to Theorem [10.1.2]

Exercise 10.2. Show that a topological dynamical system (K, 7) is minimal if and
only if the orbit closure of any element x € K is K itself.

Exercise 10.3. Show that a syndetic set in Z contains arbitrarily long arithmetic
progressions.

Exercise 10.4. Show that the conclusion of van der Waerden’s Theorem does not
hold for infinite length progressions, meaning show that there exists a finite partition
of N such that no piece contains an infinite length arithmetic progression.

Exercise 10.5. Use van der Waerden’s Theorem to show that for all & € R and
e > 0 there exist m,n € N such that |[n?a — m| < e. Generalize this for any
polynomial p(n) with integer coeffiecents such that p(0) = 0.

Exercise 10.6. Prove Grinwald’s theorem: For any finite partition N™ = C; UCy U
---UC,, and any k > 1, there exist some C;, some d € N, and some b € N™ such
that

b+d(zy,2z9,...,0,) CC;, 1<z, <k, 1<i<m.



Lecture 11

This lecture is divided into two parts. In the first part, we establish that the mul-
tiple recurrence property is preserved under weakly mixing extensions and under
taking inverse limits. Since it was demonstrated in the previous lecture that the
multiple recurrence property is also preserved under compact extensions, applying
the Furstenberg—Zimmer structure theorem completes the proof of Furstenberg’s
multiple recurrence theorem. Through Furstenberg’s correspondence principle, this
result also establishes Szemerédi’s theorem.

In the second part of this lecture (and continuing into the next lecture), we delve
deeper into the understanding and classification of compact extensions. This classifi-
cation of compact extensions will be useful in the final segment of our ISem lectures,
where we introduce a significant enhancement of Furstenberg—Zimmer structure the-
ory, known as the Host-Kra or Host-Kra-Ziegler structure theory.

11.1 Multiple Recurrence and Weakly Mixing Ex-
tensions

In this section, we establish that the multiple recurrence property as defined in
Definition [10.3.1] is preserved under weakly mixing extensions:

Theorem 11.1.1. Let q: (X,7) — (Y,0) be a weakly mizing extension of concrete
measure-preserving system over I' = Z. If (Y,0) has the multiple recurrence prop-
erty, then so does (X, ).

Theorem [11.1.1] is an easy consequence of the following statement, see Exercise
111

Proposition 11.1.2. Let q: (X, 7) — (Y,0) be a weakly mizing extension of con-
crete measure-preserving system over I' = 7. For allk € N and fi,..., fr € L=(X)

159
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we have
1 Nt =,
Jim. [N D UL i US i Uq(ﬁ ST URE( | V) USE( | Y))} —0.

Proof. We show the statement by induction on £ € N. For £k = 1 and f; € L>(X)
we obtain that the limit

1 1 N-1
h i {N > v - LU 1))
1 -1
~ i LS urts - 0B )

n=0
exists by the mean ergodic theorem and is an element of L>°(X). However, since
f=hHA-UE(fi|Y)eL>*X) satisfies E(f | Y) = 0, we obtain

1 N—-1
=iy 2 [ @zt

< lim —Z” (U fIR) xpy 2y = 0

N—-1

) 1 n
lim N ;(UT f|h)L2(X)

N—o0

(h|R)r2x) =

by the definition of weakly mixing extensions and Exercise[7.2{(i). This shows h = 0.

Now let & € N and assume that the claim holds for &k — 1. Let fi,..., fr € L>®(X)
and abbreviate g; == E(f; | Y) for ¢« € {1,...,k}. By telescopic summing we can
write

Unfl Ukmfk - (Ungl Ufngk;)
= Z U fu--- U [y - UN(f; = Uygy) - UV Uygjin - - U Uyg
for each n € N. It therefore sufﬁces to show that

- n kn —
Jim ZU hy---UFhy =0
whenever E(h; | Y) = 0 for some ¢ € {1,...,k}. We may assume that ||h;||- < 1

for all i € {1,...,k}. We want to apply the van der Corput Lemma (see Lemma
8.2.3)) and set a,, == Ulhy - - UF"hy, for n € N. Then

(an|an+m) = / U:hl .- Uf”hk . U;H—mhl .. Uf(n-i-m)hk
X

- / Grm - Ul Gam - Uﬁkil)ngk,m
X
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for n,m € N where g;,, == h;UI™h; for j € {1,...,k}. Now consider the numbers

C = limsupy o |+ SV 1(an|ozn+m)| form e N. As a consequence of the induction
hypothesis and the Cauchy—Schwarz inequality we obtain

Cm = limsup|—

Z / 1 U UZE G2 | V) U Bl | V)|

N—o0
1
- / E(gim | V) - UrE(gam | Y) - - DS (g | Y)'
N—o00 anO Y

for every m € N. Now choose i € {1,...,k} with E(h; | Y) = 0. Since ||hj]jo <1
for all j € {1,...,k}, we obtain that

<hmsup—2/ (=1m | glm|Y]—/]E h U™ h; | Y|

N—oo

< [(hal U™ ) x v 2wy

for every m € N. Since h; € L>®°(X) is weakly mixing, a similar reasoning as in the
proof of Lemma [8.2.4] (using Exercise [7.2) (i)) shows that

M- 1 M—1
lim su m < limsu (hs|]U™™h,) 2(
1 iM—1
< zhmsup— Z | (R U7 hi) xpy |2 vy = 0.
M—o0
The van der Corput Lemma (see Lemma [8.2.3) therefore yields the claim. O

11.2 Multiple recurrence and Inverse Limits

In this section, we establish that the multiple recurrence property, as defined in
Definition [10.3.1] is preserved under taking inverse limits. The following lemma
reduces this task to showing that a function in the inverse limit has relatively dense
support within the subsystems forming the inverse limit.

Lemma 11.2.1. Letq: (X, 7) — (Y, 0) be an extension of concrete measure-preserving
systems over I' = Z. Suppose that (Y, o) satisfies the multiple recurrence property.
Let k > 1 be an integer and let f € L>°(X) with f >0, [, fdux > 0 such that

wr ({B(Lgn 1Y) > 1= 1) >0
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Then f satisfies

N—ooo N

N—-1
1
nminf—z/f-U:f---Uf"f>o.
n=0 X

Proof. Let E, = {f > %} Applying the monotone convergence theorem for con-
ditional expectations (see Lemma [8.1.1)) to the sequence 1g, < 1p, < ..., we find
some € > 0 such that

wr ({BGe0 110> 1= (3 -2) }) >0

Denote F' = {E(L{f> |Y) >1— (3 —¢)}.

Since (Y, o) satisfies the multiple recurrence property, by Lemma [10.3.4] there exists
some ¢ > 0 such that the set of n € Z satistying

py(Fne(F)n...no () > ¢ (11.1)

has positive lower density.

From f > ¢e-1p, where E = {f > ¢}, we obtain

FU(f) - Uptsmin () = € Lgnr—n(myn. e -n(m)-

Using the equality 14 = 1 — 1 4¢, we further get

k—1
fUT”(f) o UT(kfl)n(f) 2 Ek (1 - Z ﬂT—jn(Ec)> .
7=0

Taking conditional expectations, we obtain

o
—

E(fUnn(f) - Upon(f) | V) = €* <11 =D Upm (E(Lge

<
Il
o

Since 1ge = 1 — 1, we can write

Y))) .

E(fUrn(f) -+ Upein(f) | Y) > € <Z Uyn(B(lg | Y)) — (k — 1)1) .

J=0

[y

By the definition of F', we know

E(ILE|Y)>1—(%—5) on F.
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Thus,
E(fUmn(f) Ui (f) | Y) > "t kon FNo™(F)N...No~ *Dn(R),

Integrating this inequality over Y and using (11.1]), we conclude that the set of n € Z
such that

/ fUTn . T(k 1)n(f) d[LX Z C- €k+1 -k
has positive lower density. The claim follows by applying Lemma [10.3.4] O]

We recall the definition of an inverse limit of a totally ordered family of subsys-
tems.

Let 8 be a countable limit ordinal, and let (Y., 04)a<s be a totally ordered family
of factors of a fixed system (X, 7) over I' = Z. By this, we mean that L?(Y,),a < 3,
when identified with subspaces of L?(X), form an increasing family of closed, invari-
ant Markov sublattices of L?(X). Let (Y3,04) be the concrete measure-preserving
system corresponding to the invariant Markov sublattice |J,.;L?(Ys). Without
further mention, for every a < 3, we identify L2(Y,) with the Markov sublattice
U, (LA(Y,)) of L?(Y3) where q,: (Y3,08) — (Ya,04) denotes the corresponding fac-
tor map.

We now establish that the multiple recurrence property is preserved under taking
inverse limits:

Theorem 11.2.2. Let § be a countable limit ordinal, let (Yy, 00)a<p be a totally
ordered family of concrete measure-preserving subsystems of a fizved system (X, )
over I' = 7Z, and let (Yz,05) be the inverse limit of the family (Y,,0u)a<p in the
above sense. If every (Yo, 04), 0 < [3, satisfies the multiple recurrence property, then
so does (Yg,0p).

Proof. Let f € L>*(Yj3) be such that f > 0, fyﬁf = ¢ > 0, and without loss of

generality assume that ||f|lLey, < 1. Since (Yj3,05) is the inverse limit of the
(Ya,04), the orthogonal projections E(f | Y,) converge in L?(X) norm to E(f |
Ys) = f. Thus, for any € > 0, there is a < 8 such that

If =B [ Yo)llex) < e (11.2)

By Lemma [8.1.1} fY (f | Ya)dpy, = ¢ and HE(f | Yo)llLe(v,) < 1. Therefore

F={E(f | Ya) > 0/2} must have measure at least ¢/2. Setting E ={f > 0}, we
have

c
If=E(f[Ya)| > §1FILEC-

Squaring this and taking conditional expectations, we obtain

c?

E(|f —E(f | Yo" [ Yo) = (1~ E(Lp | Ya))Le. (11.3)
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Let £ > 1 be an integer. By Markov’s inequalityﬂ, and then applying first (11.3))
and second (|11.2)), we obtain

px({(1—E(1g | Ya))lp = Vk}) < /f/ (1 -E(lp | Ya))lrdux

X
4k
< g”f —E(f | Yo)ll20x)
4ke?
<

2

Thus

4ke?
px({(1 = E(lg | Ya))lp < 1/k}) > h
Choosing ¢ sufficiently small depending on ¢, we conclude (from the lower bound
px(F) > ¢/2) that
E(lg|Y,) >1—-1/k

on a set of positive measure. The claim now follows from Lemma [I1.2.1] O

We have now completed the proof of Furstenberg’s multiple recurrence theorem

(Theorem|4.2.10]) and, as a consequence, Szemerédi’s theorem (Theorem [4.2.6]).

11.3 Classification of Compact Extensions, Part I

In Lectures 5| and |§|, we defined a measure-preserving system (X, 7) to have discrete
spectrumﬂ if L?(X) is spanned by finite-dimensional invariant subspaces. In Exercise
6.6 we suggested that this definition is equivalent to the property that the orbit
of every element of L?(X) is precompact. This latter characterization inspired us
to formalize a relative version for extensions of measure-preserving systems within
the conditional Hilbert space L*(X | Y) in Lecture [0} We termed such functions
conditionally almost periodic and defined an extension ¢: (X, 7) — (Y, o) of concrete
measure-preserving systems to be compact if the set of conditionally almost periodic
elements of L%(X | Y) is dense in L*(X).

In this section, we establish that there is an analogous notion of discrete spectrum
for extensions, formulated in terms of finite rank invariant L*°(Y')-submodules of

IMarkov’s inequality states that for any extended real-valued measurable function f on an
arbitrary measure space (X, ux) and any € > 0 it holds that

NEDE / | Fldpx.

2Tt is also customary to call systems with discrete spectrum compact systems.
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the conditional Hilbert space L?(X | Y). Furthermore, we show that this notion is
equivalent to the compactness of the extension.

Before delving into the details, let us recall the construction of the conditional
Hilbert space:

LAX | Y) ={f € L*(X): [E(If* | V)l[Le(r) < 00},
which is equipped with the conditional norm

1y =E(F* [ Y)Y? € L=(Y).

The following provides a replacement for finite-dimensional subspaces in the defini-
tion of discrete spectrum within the relative setting of extensions:

Definition 11.3.1. A set M C L?(X | Y) is said to be conditionally orthonor-
mal if:

(i) (f|9)xy =0forall f,g € M with f # g.

(ii) For every f € M, there exists a measurable set £ C Y such that (f | f)x;y =
1g.

The L*°(Y)-linear hull

=1

of a finite conditionally orthonormal subset M = {fi,..., f,} C L*(X | Y) is called
a finite rank L*>°(Y)-submodule (generated by {fi,..., fu}).

The following orthogonal expansion for elements of finite rank submodules will be
useful at several points. The proof is left as FExercise [11.2]

Lemma 11.3.2. Let H C L*(X | Y) be a finite rank L>(Y)-submodule generated
by a conditionally orthonormal subset M = {fi,..., fo}. Then every f € H can be
expressed as

F=Y (1 fxw it
=1

Our next major goal is to establish the following implication (the reverse implication

is left as Exercise [11.3)):

Theorem 11.3.3. Let q: (X, 7) — (Y, 0) be a compact extension of concrete measure-

preserving systems. Then the union of all invariant finite rank L>®°(Y")-submodules
of LA(X | Y) is dense in L*(X).
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The strategy to prove this theorem is to relate the assumptions to conditional
Hilbert—Schmidt operators and derive the conclusion through a spectral analysis

of these conditional operators. We start by relating the assumptions in Theorem
11.3.3| to conditional Hilbert—Schmidt operators.

Recall that X ®y X denotes the product of the probability space X with itself
relative to the probability space Y (see Definition [8.4.5)). For K € L}(X ®y X | Y),
recall that we define the conditional kernel operator Ky : L?(X) — L*(X) by

(1 D) = [ K)o
Y
Proposition 11.3.4. Let K € L*(X ®y X | Y). The conditional kernel operator

Kxy: LX) — L%(X) is a well-defined bounded linear operator.
Proof. Suppose ||K||r2(xgy x|y) = C for some constant C' > 0. Recall the inequalityﬂ

©-9)

1K *y fllxy < [[Klxeyxy Il fllxy,
which yields

1K sy 2 = /Y 1K sy 2y day
< /Y 1K o I ey gy

<c? /Y 11y

= C?|fIIE2x)-
This proves the claim. ]

We will now argue that Kx*y: L*(X | Y) — L*(X | Y) is a conditional Hilbert—
Schmidt operator in the following sense:

Definition 11.3.5. A C-linear map V: L?(X | Y) — L*(X | Y) is said to be
conditionally Hilbert—Schmidt if it satisfies the following two properties:
(i) L>=(Y)-linearity: For all h € L>°(Y) and f € L*(X | Y),
V(Uy(h)f) = UMV ().

(ii) Conditional Hilbert—Schmidt property: There exists C' > 0 such that
for all conditionally orthonormal sets M C L*(X | Y),

2
D IVDIky <CL.
feM
3This inequality is established for f € L2(X | Y), but one can easily check that it also holds for
f in the larger space L?(X).
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Remark 11.3.6. Remember that we assume that X is a Lebesgue space, and conse-
quently, L?(X) is separable. This separability implies that any conditional orthonor-
mal set is at most countable since such a set defines an ordinary suborthonormal
set. To see this, note that if (f | g)x;y = 0, then by integrating both sides, it follows

that (f [ g)rzx) = 0. Similarly, (f | f)xjy = 1g implies (f | flrex) < 1.
Proposition 11.3.7. Let K € L2(X ®y X | Y). The conditional kernel operator
Kxy: LA(X |Y) = L2(X | Y) is conditionally Hilbert-Schmidt.

Proof. L*>°(Y)-linearity follows from Proposition [9.1.4(iii). Let C' > 0 be such that
K|l xoyxpy < C. Let M C L*(X | Y) be a conditionally orthonormal set. By
Theorem [8.4.3]

S Al =X \ [ K g @) du(e)

feM feMm

The measure p, is supported on the fiber ¢~ '({y}) for almost every y, and the
measure 1y ®y px on X X X is supported on the fiber product of sets {(x1,25) €
X x X:q(xy) = q(z2)}. Thus for almost every v,

2

dpuy (z)

| 0 6

feM
2

2)dpy ()| dpsy ()

feM

By Remark [11.3.6] M is at most countable. Furthermore, by Theorem M
is also an ordinary suborthonormal set in L?(X, p,) for almost every y. Hence by
monotone convergence and Bessel’s inequality for almost every v,

2
2 )dpy ()| dpy(z) < / |K (z, ') dpy x (2, ') < C2.
The claim follows from another application of Theorem [8.4.3] O

The following result forms the first step in our strategy to relate the compactness of
an extension to the range of certain conditional Hilbert—Schmidt operators:

Proposition 11.3.8. Let q: (X,7) — (Y,0) be a compact extension of concrete
measure-preserving systems. Then

M={Kx*y f: K €fix(Ux,) NLA(X ®y X |Y), f€L*(X |Y)}

spans a dense linear subspace of L(X).
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We use the following lemma.

Lemma 11.3.9. Let q: (X,7) — (Y, 0) be a compact extension of concrete measure-
preserving systems and f € L2(X | Y). For each € > 0 and 6§ > 0 there are finitely
many gi, ..., gn € L3(X | Y) such that for each v € T there is some A, € 5(Y) with
py(Ay) >1—6 and

La, Inf [|U- f = gillxpy < el (11.4)

Proof. Take ¢ > 0 and 6 > 0. Since, by the definition of compact extensions, the

conditionally almost periodic elements in L?(X|Y") are dense in L?(X), we can find

eV
<5

some conditionally almost periodic g € L*(X | Y) with ||f — g|r2(x) and set

B={ye vl - alorl < 5 € 50,

Using that || f — g”%ﬁ(x) = [, IIf - 9”.2x|y7 one can readily check that uy(B) >
1 — 4. Using that g € L2(X | Y) is conditionally almost periodic, we further find
Gy gn € LA(X | Y) for some n € N such that

. 19
inf [|U- (9) — gillxpy < 51

1<i<n

for each v € T'.

Then A, = 0 '(B) € X(Y) satisfies py (A,) = py (B) > 1—0. Moreover, for almost
every y € A, we have that

|Un, f = Ur,gllxiy(y) = [If = gllxy(04(y)) <

)

DN ™

hence

inf ([0, f — gillxiy () < 10, f — Ungllsw () +_inf [Ur,g — gl xiv (v)

<€+6_€
-2 2 7

]

Proof of Proposition[11.3.8 1t suffices to show that M+ = {0}. For f € M* we
observe that also Tjs|,<nf € M* for each n € N (in fact, M* is a L>*(Y)-
submodule of L?(X)). By approximation we therefore only need to consider the
case f € L2(X | Y).

Let f € M*NL3(X | Y) and consider fO f € L2(X®y X | Y). Let K be the unique
element of minimal L?(X ®y X )-norm in the closed convex hull of the orbit of f® f
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as guaranteed by the abstract ergodic theorem (see Theorem (3.1.5)). Then K is an
invariant element of L*(X ®y X|Y), and thus, by assumption, f is orthogonal to
K xy f. By Theorem [8.4.3

0= (f | K by e /ff /l<xx D) jtq(o) (&) dpix (1)

/ [ Kl ) @@ 1)) o 1)
(K | f@f)L2 (X®y X)-

Thus, f©® f is orthogonal to K, and since K is invariant, we conclude that Ur xr (f®
f) is orthogonal to K for every v € T'. Hence, K is orthogonal to itself, and therefore
K = 0. We therefore find a sequence (K,,) in the convex hull of the orbit of f ® f
such that || /K, ||L2(xey x) — 0.

Now let g1,...,9, € L}(X | Y) be chosen as in Lemma [11.3.9] By the Cauchy—

Schwarz inequality,

Z(Km | g: ® gi)LQ(X®yX) — 0.

i=1

For a given m, writing K, as a convex combination

lm

Km = Z )‘j7mU"'w]~,m><ij,m (f © f)?

j=1

and applying Proposition [8.4.6] we obtain

n

S (Ko | 05 © Gi)rzxey ) = ZZAW/ (D | VIET,, (Pai V) day

=1 =1 j=1
—Zm(ZH ) sl )

Since the latter convex combination converges to zero, we can always find v € T’

such that
Z H T’y | g’L X|YHL2

is arbitrarily small. Thus for any € > 0 and § > 0 there is A € (YY) with uy (A) >
1—gandfy€FsuChthat, forall 1 <i <n,

|(Ur, (f) | gi)x)v|1a < €1 (11.5)
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For this v € I' we then find, by the choice of ¢1,..., g, via Lemma [11.3.9, some
A, € 2(Y) with py(A4,) > 1 — ¢ such that

:H-A.y 1érll£n||UT,yf—gl||X|y S el. (116)

Meanwhile, using the conditional Pythagorean identity in Proposition [9.1.4] for all
1< <n,

U= () = gillxpy = Uz, (Hlxyy — 2Re (Ur, (f) | 9i)x1y + lgillx)y-

and thus,
U= (DIxy < U= (f) = gillpy + 2Re (Ur, (f) | gi)x1y-
By combining this inequality with (11.5)), we obtain with B .= AN A, € ¥(Y') that

U~ (Alzy1s < U (f) = gillky Ls + 2215,

for all 1 < ¢ < n. Taking the infimum over 1 < ¢ < n, the right-hand side of the
last inequality is smaller than (e? + 2¢)1p due to (11.4). For C' = o,(B) € X(Y)
we thus have

Us, (1f 15y 2e) = U (N 1s < (6% +26)1p = U, (¢ + 2¢)10),

which implies || f[|%yLe < (€2 4 2¢)1. Since py (C) = py(B) > 1—¢ and € > 0 as
well as § > 0 can be chosen arbitrarily small, we conclude that f = 0. n

By Lemma [I1.3.8] to establish Theorem [11.3.3] it suffices to show that the span of
the union of invariant finite rank L>°(Y")-submodules in the range of any conditional
kernel operator K € fix(U,x,) N L*(X ®y X | V) is L?(X)-dense in the range of
K. This will be achieved through a conditional spectral analysis of conditional
Hilbert—Schmidt operators in the next lecture.
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11.4 Comments and Further Reading

Our proofs of the preservation of the multiple recurrence property under weakly
mixing extensions and under taking inverse limits are based on Tao’s treatment
in [Tao09]. For the original argument by Furstenberg, see [Fur77|, or refer to his
comprehensive textbook treatment in [Furl4].

In the “Comments and Further Reading” section of the next lecture, we will provide
an extended discussion of the background and literature regarding the classification
of compact extensions.
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11.5 Exercises

Exercise 11.1. Deduce Theorem [11.1.1| from Proposition [11.1.2}
Exercise 11.2. Prove Lemma [11.3.2]

Exercise 11.3. Let ¢: (X, 7) — (Y, 0) be an extension of concrete measure-preserving
systems, and suppose that the union of invariant finite rank L*°(Y")-submodules of
L*(X | Y) is dense in L*(X). Show that ¢: (X,7) — (Y,0) is a compact extension
in the sense of Definition [0.1.5]

Exercise 11.4. Let ¢;: (X1,71) — (Y,0) and ¢2: (X2,72) — (Y,0) be compact
extensions of concrete measure-preserving systems. Show that p: (X; ®y Xo, 7 X
72) — (Y, 0) is a compact extension.

Exercise 11.5. Show that an extension ¢: (X,7) — (Y, 0) of concrete measure-
preserving systems is weakly mixing if and only if the extension p: (X ®y X, 7 X
7) — (Y,0) of concrete measure-preserving systems is ergodic in the sense that
fix(Urx-) = U,(fix(U,)). In particular, if (Y, o) is an ergodic system, then an exten-
sion ¢: (X, 7) — (Y, 0) is weakly mixing if and only if the system (X ®y X, 7 x 1)
is ergodic.



Lecture 12

In this lecture, we complete the proof of Theorem through a spectral anal-
ysis of conditional Hilbert—Schmidt operators. Additionally, we establish a geo-
metric classification of compact extensions due to Mackey and Zimmer, extending
the Halmos-von Neumann representation theorem (Theorem from discrete
spectrum systems to compact extensions of measure-preserving systems.

12.1 Classification of Compact Extensions, Part 11

To finish the proof of Theorem|11.3.3] we first examine finite rank L>°(Y")-submodules

in greater detail through the following lemmas, starting with a basic observation.

Lemma 12.1.1. If H C L*(X | Y) is a finite rank L>°(Y)-submodule, then H is
closed in L2(X | Y) with respect to the L?(X)-norm.

Proof. Assume that H is generated by the finite conditionally orthonormal subset
M = {fi,..., fa} € LAX | Y). Let (gn)men be a sequence in H converging to
g € L3(X | Y) with respect to the L?(X)-norm. By passing to a subsequence,
we may assume that the convergence holds almost surely and that there exists
h € L2(X) such that |g,,| < h for all m € N.

By Lemma [11.3.2, we can write g, = Y . ,(9m | fi)x|v fi for every m € N. Using
the conditional Cauchy—Schwarz inequality, we obtain

[(gm | F)xry = (g | i) x| < Nlgm — gllxy = Ellgm — g | Y),

for each m € Nand i € {1,...,n}.

Since (gm)men converges to g almost surely and |g,,| < h for all m € N for some
h € 12(X), we conclude that E(|g,, — g|* | Y) — 0 almost surely as m — oo by

Lemma 8.1.1f Therefore, (g, | fi)x)y = (9| fi) x|y almost surely for each i.

173
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Substituting back, we see that

n n

g= lim g, = hm Z(Qm | fz')x\Yfz' = Z(g | fi)X|Yfz’7

m—r0o0
=1 =1

which implies g € H. Thus, H is closed in L*(X | Y)) with respect to the L?(X)-
norm. [

We now aim to identify a condition that provides a converse to Lemma [12.1.1}
Under what circumstances is an L®(Y")-submodule H C L?(X | V'), which is closed
in L?(X | Y) with respect to the L?(X)-norm, of finite rank?

Before we answer this question, we need to “normalize” elements with respect to
their conditional norm.

Proposition and Definition 12.1.2. Let f € L?(X | Y). Then the equivalence
class 7/|fllx;y of measurable functions defined by

(iflxy ) () = {% if v € ¢ ({IIfllx)y # 0})

0 else

is an element of L*(X | Y), and called the conditional mormalization of f.
Moreover,

1) Hiflxpy = limy e m [ in L3(X)-norm,

() [/ lxpy = Lgigiy 20, and
(i) [[fllxpy - Hirixy = f-

Proof. Set f, = m

limy, o0 gn = Lyjg x|y #£0} almost surely and then also in L?(Y"). A short computation
reveals that

fand g, = || fullxy = ”f”ﬂ% for n € N. Clearly,

1= Flar = /Y 1o — flZgy = /Y 19 = Gl = lgn — gl By

for n,m € N. Thus, (f,)nen is a Cauchy sequence in L?(X), hence converges to
some h € L?(X). Since f = Ly, z0yf, We obtain that

1

1
Hiflxy = lim w————e—1 oy f=lm -———— f
Xy — o ”f” <y + %IL {If Nl x vy #0} xsrpelt ||f||X\Y + 1 Il

almost surely. This implies h = //f|x;y by passing to an almost surely convergent
subsequence of (f,)nen. Moreover, one can check that ||h||xjy = lim, e || fn||x)y in
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L*(Y), hence ||h]|xy = Lgjf|y#0}, in particular h € L*(X | V). Finally, we obtain
that

1 £llxy - #/1flxy = lim 1/ ||y

T i /=1 orf
n—00 HfHX\Y + %1 {Ifllx vy #0}

]

The following lemma now ensures the existence of elements f € H in such submod-
ules that maximize the support of the conditional norm || f{| x|y in Y.

Lemma 12.1.3. Assume that H C L*(X | Y) is an L=(Y)-submodule that is closed
in L2(X | 'Y) with respect to the L*(X)-norm. Then there exist B* € X(Y) and
f € H such that ||f||x)y = L= and 1p~g = g for every g € H. In particular, for

every g € H, we have py ({||gl|x)y # 0} \ B*) = 0.
Proof. Define

B={BecX(Y): 3f € H such that || f||xy = 1g}.

By the completeness and countable chain condition of the measure algebra ¥ (Y)
(see Exercise [1.6](vi)), the set B* = |JB exists in $(Y'), and there is a countable
family (B,) in B such that B* = |J, B,. Define B, = B, and B, = B, \ U,, Bi
for all n > 2. Then the family (B,) forms a partition of B*, and one can directly
verify that B, € B for all n. Let f, € H satisfy || f.||x)y = 1g,-

Form f =} fulp, = limy o0 ) <y fulp, almost surely. By Lemma [8.1.1} we

have
Z fn]an

Thus, B* € B is attained. The claim follows from the maximality of B* and using
normalization of elements f € H. m

1Fllxy =

- Z I follxpy s, = La-

Xy

We now obtain the following partial converse to Lemma [12.1.1]
Lemma 12.1.4. Let H C L2(X | Y) be an L>°(Y')-submodule satisfying the following
two properties:

(i) H s closed in L*(X | Y) with respect to the L?(X)-norm.

(i) There exists a constant C' > 0 such that 3 ey, ||f||_2X|Y < C1 for every condi-
tionally orthonormal subset M C H.

Then H is a finite rank L>°(Y')-submodule.

Proof. Let n be the largest integer such that n < C. We recursively construct
fi,oooy fayr € H and By,...,By1 € X(Y) as follows: Assume for some m €
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{1,...,n+ 1} that fi,..., fmu1 and By, ..., By, 1 € %(Y) have already been con-
structed. Then, define

Mo ={f€H: (f]| fi)x)y =0forevery i e {1,...,m —1}}.

This is a closed L>*(Y')-submodule of L?(X | Y) with respect to the L?(X)-norm.
By Lemma [12.1.3| we can pick f,, € H,, and B,, € X(Y) such that ||f.||x)y = Lz,
and 1p g = g for every g € H,,.

By construction, {fi, ..., fo+1} is a conditionally orthonormal subset with || f;|| x|y =
:H-Bj S ]]‘Bi = ||fz||X|Y for ¢ S ] Since

n+1

Z Ifilxy <C<n+1,

i=1

we must have || f41||x)y = 0, hence f,11 = 0. By the choice of f, 1, it follows that
f =0 for every f € H that is conditionally orthogonal to fi,..., f,.

Now let C be the finite rank L>°(Y')-submodule generated by {fi,..., f.}. Clearly,
K& € H. To finish the argument, consider the closure H in L*(X). We claim that K
is dense in H, i.e., K = H. Then, by Lemma [12.1.1

K=KNL*(X|Y)=HNL}(X|Y)=H

as desired.

To check the claim take g € H that is orthogonal in the classical sense to K in the
Hilbert space L2(X) and show g = 0. Since H is a L>(Y)-submodule of L2(X), we
obtain that g, = Lyjg|yy<n}9 € HNLYX | Y)=H for each n € N. If f € K, then
for each h € L>°(Y"), we have

/Yh(f | 92)x1y = (PLyg) iy <nf | @2y =0,

since K is an L*°(Y')-submodule. This implies (f | gn)x|y = 0 in L=(Y), i.e., g, is
conditionally orthogonal to K for each n € N. Thus, g, = 0 for every n € N, and
since g = lim,, .o g, in L%(X), also g = 0. O

Finally, we also need the following observation, which allows to turn finitely gener-
ated submodules into finite rank submodules.

Lemma 12.1.5. Let H C L*(X | Y) be an L>°(Y')-submodule which is finitely gener-
ated, that is, there exist f1,..., f, € H such that each f € H admits a representation
f =" gifi for some gy, ... g, € L®(Y). IfH denotes the closure in L2(X), then
HNLAX |Y) is a finite rank L=(Y)-submodule.
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Proof. Note first that if f € H, then //|f|xy € HNL*(X | Y) by Proposition [12.1.2

(i). We now use the Gram—Schmidt process to recursively define

i—1
¢ = fi— Y (filej)xjye; € HNL*(X | Y) and
j=1

e; = %/lellxy € HNLAH (X |Y)

for every i € {1,...,n}. By Proposition (ii) this gives us a conditionally

orthonormal set {e;,...,e,} € HNL*X |Y). Let K be the generated finite rank

L>(Y)-submodule. Then X € H NL3(X | Y). On the other hand, by Proposition

12.1.2| (iii) we have

i1
(filej)xve; + llesllxpye: € K

j=1

for each i € {1,...,n}. Therefore, H C K, and by Lemma [12.1.1] this implies
HNLAX |Y)CK. O

fi=

We will need the following corollary in a dynamical situation.

Corollary 12.1.6. Let p: (X,7) — (Y,0) be an extension of concrete measure-
preserving systems over ', with (Y, o) ergodic. Suppose that H is a -invariant,
finitely generated L°(Y)-submodule of L*(X | Y), closed with respect to the L2(X)-
norm, and that H # {0}.

Then H admits a conditionally orthonormal basis M , in the sense that (f | g)x)y =0
forall f,g € M with f # g, and (f | f)x)y = Ly for all f € M. In particular,
UY(M) is also a conditionally orthonormal basis of H for all v € T.

Proof. Let B* be as in the proof of Lemma [12.1.3] For v € I" and g € H, we have
15:Ul(1pg) = 1p- 1. _,(5-U](9) = 1, _,(5»U}(9)-

This implies that Lv—l( )9 = g for all g € H. By the maximality of B*, this implies
that py (7,-1(B*)AB*) = 0 for all v € I By ergodicity and since B* must have
positive measure because H # {0}, py (B*) = 1. All the claims can now be deduced
from the proofs of Lemma [12.1.4] and Lemma [12.1.5 O]

Lemma [12.1.5| has the following important consequence.

Lemma 12.1.7. If Hy, Hy C L*(X | Y) are invariant finite rank L°(Y')-submodules,
then there is an invariant finite rank submodule H C L*(X | Y) with Hy +Hs C H.

Proof. Apply Lemma/|12.1.5|to the invariant and finitely generated L>°(Y")-submodule
Hy+Hy CLAX | Y. 0
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We now finish the proof of Theorem [11.3.3}

Proof of Theorem[11.5.3. In view of Lemma and Proposition [11.3.8]it suffices
to show that the ranges of Kxy where K € fix(U, «,)NL*(X ®y X | V) are contained
in the closed linear hull of the union of all invariant finite rank L>(Y")-submodules
of L2(X | Y).

Let K € fix(U,«,) NL*(X ®y X | Y). By decomposing

+1 -
2 21
we may reduce to the case that that K (x,y) = K(y, z) for almost all (z,y) € X®y X.

By Proposition [11.3.4] Kxy: L2(X) — L*X) is a bounded operator and, since
K(z,y) = K(y,x) for almost all (z,y) € X ®y X, it is self-adjoint. For ¢ > 0,
consider the spectral projections

P = gy ) (Kt ) and P i= Ty —o) (Foxy ).

K(.Z',y): for (l’,y)EX®yX,

For a collection of facts about spectral projections, see Appendix [A.3] In particular,
we have

P;r o (K*y) = (K*y) 9] P;r > €P€+, (121)
P7 o (Kxy) = (Kxy)o P < —eP_, (12.2)

where the inequalities mean that
(K *y Pa+f | P;_f)Lz(X) > g(P:_f ‘ P6+f)L2(X) and
(Kxy P_f| P flex) < —e(P2f | P2 fiex
for all f € L*(X).

Since P* arises as a limit of polynomials in K*y in the strong operator topology,

P* is D-equivariant, ie., U, P¥ = P*U, for every v € T. Additionally, P* is

g
L*(Y)-linear since L*°(Y')-linearity is preserved when passing to strong operator

limits. We further show that for f € L*(X) we have |[P= f||xyy < ||fllx)y-
For

E={yeY: P flxw () > [ fllxv®)} € 2(Y)
consider g = (U,Llg) - f € L?(X). Since P* is an orthogonal projection, we obtain

€

||Paig||iz(x) < ||g||iQ(X). On the other hand, since P* is L>°(Y)-linear, we obtain
0< ||9||i2(X) - ||Peig||iQ(X) = /y ||9||§<|y - ||Paig||§(\Y dpy

- /Y (1 2y — P2 FlZ) day < 0.
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This implies 1p(|| /%y — IIP=fll%y) = 0, and consequently py(E) = 0. Thus,
| PE fllxy < |Ifllxy as desired.

We claim that the images HE = PF(L2(X | Y)) are invariant finite rank L>°(Y)-
submodules of L?(X | Y). By what we have just shown, we indeed have that
HE C LAX | Y). Since PE is L*°(Y)-linear and equivariant, it follows that HZ is

£

an invariant L>°(Y)-submodule of L2(X | Y).
We now show that it has finite rank. By Properties (12.1) and (12.2), we obtain

(K sy f | flrecol = e(f | e

for all f € HE. Using a similar argument as above, we even obtain

(K xy f | x| =e(f | xy

for each f € HE. By the conditional Cauchy—Schwarz inequality we thus have

1K sy fllxy - 1y > el fIgy

and this implies || f||xpy < 2||K #y fllxy for f € HE. Using that Ky : L(X |
Y) — L*(X | Y) is a conditional Hilbert-Schmidt operator (see Proposition [11.3.7),
we find C' > 0 such that

Y IE s fliy <C

feM

for every conditionally orthonormal subset M C L*(X | Y). In particular, if M C
HZ is a conditionally orthonormal subset of H=, then

1
D M By <2 D K 5y fllgy <

feM fem

Q

- .

Applying Lemma[12.1.4] we obtain that the L°(Y)-submodules HE are of finite rank.

To conclude the proof notice that, since K*y : L?(X) — L?(X) is a bounded operator
and L?(X | Y) is dense in L*(X), the image K *y (L*(X | Y)) is dense in K xy
(L%(X)). Now if f € L*(X | Y) we obtain by the properties of spectral projections
that

Therefore, the image of Ky is contained in the L?(X)-closure of the the union
of all invariant finite rank L*(Y')-submodules. In view of Proposition [11.3.8] this
concludes the proof of the theorem. n
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12.2 Classification of Compact Extensions, Part III

In this section, we establish an analogue of the Halmos—von Neumann representation
theorem (Theorem [6.2.6) for compact extensions. To this end, we introduce the
following definition of measurable cocycles (cf. the definition of continuous cocycles

in Definition [7.2.4)).

Definition 12.2.1. Let (Y,0) be a concrete measure-preserving system, and let
K = (K,-) be a compact metrizable group (not necessarily abelian), equipped with
the Borel o-algebra. A measurabld!] function p: I' x Y — K is said to be a cocycle
if the identity

Py +72,9) = p(71, 07, (¥)) - p(V2,4) = p(V2, 04, (y)) - p(71, )

holds for almost every y € Y and every pair 7,7, € I‘E]

Two cocycles p; and psy are called cohomologous if there exists a measurable map
U:Y — K such that

p1(v,y) = Uloy(y)) - p2(v,y) - Uly) ™

for almost every y and every v € T.

Proposition and Definition 12.2.2. Let (Y, 0) be a concrete measure-preserving
system, let K be a compact metrizable group, let L C K be a closed subgroup, and
let p: ' xY — K be a cocycle. We define the homogeneous skew-product
extension Y x, K/L = (X, 1) by the following data:

(i) The product set X =Y x K/L;

(ii) The product o-algebra Xy @ X1, where Xy, is the Borel o-algebra on K/L;

(111) The product probability measure py ® mg,r,, where mg,y, is the Haar measure

on K/L (see Definition and Remark|[6.1.4);
(w) The action 7,(y, kL) = (0,(y), (p(7,y) - k)L), defined for every v € I', almost
everyy € Y, and every kL € K/L.
Then (X, T) is a concrete measure-preserving system, and the Y -coordinate projec-
tion defines a factor map p: (X,7) — (Y, 0).

A homogeneous skew-product system is called a group skew-product extension
if L is the trivial subgroup of K.

!Since T is a countable discrete (abelian) group, it is naturally equipped with the power set
algebra. Thus, the measurability requirement is equivalent to the condition that the map p(v,-) is
measurable from Y to K for each v € I.

2Since T is assumed to be a countable group, the order of the quantifiers for y and v;, 2 does
not matter.
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Moreover, suppose that p1, pa are cohomologous cocycles, then the respective homoge-
neous skew-product extensions Y X, K/L andY x,, K/L are isomorphic extensions
in the sense that there is an isomorphism q:Y x, K/L =Y x,, K/L in the sense
of Definition such that py o ¢ = py where p;: Y %, K/L — (Y,0) are the
Y -coordinate projections for i =1, 2.

Proof. Exercise. O]

In Exercise we showed that in the case where I' = Z, a homogeneous skew-
product extension is a compact extension. The same proof generalizes to show that
this conclusion holds for any homogeneous skew-product extension with respect to
an arbitrary countable abelian group I'. In this section, we prove the converse
statement for general countable abelian groups under the additional assumption of
ergodicity:

Theorem 12.2.3 (Mackey—Zimmer). Let p: (X, 7) — (Y, 0) be a compact extension
of concrete measure-preserving systems such that (X, 1) (and therefore also (Y,0))
15 ergodic. Then there exist a compact metrizable group K, a closed subgroup L C K,
and a cocycle p: I' x Y — K such that the homogeneous skew-product Y x, K/L
and (X, T) are isomorphic extensions of (Y, o).

The proof of Theorem relies on the characterization of compact extensions
through invariant finite rank L>°(Y")-submodules in Theorem and a technical,
non-trivial result, commonly referred to as the Mackey—Zimmer theorem as well. We
now pause to state this result before returning to the proof of Theorem [12.2.3]

Definition 12.2.4. An extension p: (X, 7) — (Y, o) of concrete measure-preserving
systems is called homogeneous if there are a compact metrizable group K, a closed
subgroup L C K, a cocycle p: ' x Y — K, and a measurable map 6: X — K/L
such that:

(i) X =Y x K/L is equipped with the product o-algebra Xy ® X /r;
(ii) (BoTy)(x) = (pyop)(x)-0(x) for almost every z € X and all v € I'.

A homogeneous extension is called a group extension if L is the trivial subgroup
of K.

By possibly changing the homogeneous space K/L and considering a cohomologous
cocycle, a homogeneous extension of ergodic systems is isomorphic to a homogeneous
skew-product extension:

Lemma 12.2.5 (Mackey—Zimmer). Let p: (X, 7) — (Y, 0) be a homogeneous exten-
sion by the data (K/L,p,0) of ergodic concrete measure-preserving systems. Then
there exist a closed subgroup H C K, a closed subgroup M C H, and a cocycle
p: I'xY — H that is cohomologous to p (when viewed as a K-valued cocycle), such
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that p: (X,7) = (Y,0) and p: Y x; H/M — (Y,0) are isomorphic extensions.

A proof of Lemma [I12.2.5] can be found in the next section at the end of this lecture.
Here we prove Theorem [12.2.3| with it:

Proof. From Theorem|11.3.3|we know that the invariant finite rank L*°(Y")-submodules
of L3(X | Y) are dense in L*(X).

Let M # {0} be such an invariant finite rank L>(Y')-submodule of L*(X | Y),
generated by a conditionally orthonormal basis {fi,..., f,} as in Corollary [12.1.6]

For every v € I and 1 < i < n, we have for almost every =,
Ur,(f)(2) =D Xij(v,q(2)) f(2),
j=1
for some suitable \; j(7,-) € L*(Y"). Define the following:

1
0(z) = T(fl(:p), ..oy fa(z)) for almost every z,
n
A(v,y) = (Nij(7,¥))1<ij<n for almost every y.

Then 6 can be viewed as an element of the measurable maps from X to the sphere
S#n=1 = {z e C": ||z||» = 1} (modulo almost everywhere equality in x), which we
identifyf’| with the homogeneous space U(n)/U(n — 1), where U(n) is the group of
unitary n X n matrices. For almost every y and each v € I', the matrix A(y,y)
represents an orthonormal basis change in C™ (by Corollary , and thus is an
element of U(n). One can then verify that the function A: I' x Y — U(n) is a
cocycle.

Let M}, be a sequence of invariant finite rank L>°(Y")-submodules of L?(X | V), such
that the closure of their union is dense in L?(X). For each M, we are given the

homogeneous space U(ng)/U(ng, — 1), the cocycle Ag, and the measurable function
0r: X — U(ng) as described above.

Define K = [[, U(ng) and L = [], U(ny — 1). Consider the homogeneous space
K/L, the cocycle A := (Ay)g, and the measurable function #: X — K/L defined by
Let 7: X — Y x K/L be the measurable map defined by m(z) = (p(x),8(z)) for
almost every x. Consider the pushforward measure m,ux and the cocycle action

induced by 74 on Y x K/L. Then (Y x K/L,7s) is a homogeneous extension of
(Y, o).

3The unitary group U(n) acts transitively on the sphere S?"~! and the subgroup U(n — 1),
embedded inside U(n), stabilizes the north pole (1,0,0,...,0). By the Orbit-Stabilizer Theorem,
we have the identification S?"~1 = U(n)/U(n — 1).
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We claim that 7: (X,7) — (Y x K/L,7s) is an isomorphism of measure-preserving
systems. To prove this, we first show that |J, My C U,(L*(Y x K/L)).

Viewing L?(Y') as a subspace of L?(Y x K/ L), we observe that U, (L*(Y)) = U,(L*(Y)).
Therefore, it suffices to show that for every k and every conditional orthonormal ba-
sis element f € My, there exists ¢ € L*(Y x K/L) such that U,(g) = f. To

construct such a g, we can choose g as the corresponding coordinate projection from
K/L to C.

Furthermore, the relationship 6 o 7, = (A, o p) - 0 holds almost surely for all v € T".
Thus, 7 defines an isomorphism of measure-preserving systems, proving the claim.

Theorem [12.2.3| now follows directly from Lemma [12.2.5 [

12.3 Proof of Lemma 12.2.5

Lemma [12.2.5] follows from the following proposition (this deduction is left as an
exercise).

Proposition 12.3.1. Letp: (X, 7) — (Y, 0) be a group extension of ergodic concrete
measure-preserving systems given by the data (K, p,0). Then there exist a closed
subgroup H C K and an H-valued cocycle p that is cohomologous to p (when viewed
as a K-valued cocycle), such that p: (X,7) = (Y,0) and p: Y x; H — (Y,0) are
1somorphic extensions.

We need the following three auxiliary results. In the following proposition, for
Hilbert spaces Hi C Hy C H, we denote by Hs © H; the orthogonal complement of
Hl within Hg.

Proposition 12.3.2. Let p: (X,7) — (Y, 0) be an extension of concrete measure-
preserving systems. Identify the spaces L2(Y), L?(Yin), and L?(Xiy), where X,
and Yin, denote the invariant factors of (X, 1) and (Y,0) (see Exvample[2.2.8), with
their respective subspaces of L2(X). Then, the subspaces

L2(Y)© L2(Yiy) and L*(Xpy)
of L2(X) are orthogonall.

Proof. Exercise. O]

The following result is a special case of Proposition [12.3.1]

Proposition 12.3.3. Let K be a compact metrizable group. Then K acts on itself by
translations from the right preserving the Haar measure mg. Denote this concrete
measure-preserving system by (K, 7). Let p: (K,7) — (Y,0) be a factor map of
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concrete measure-preserving K-systems. Then there exists a closed subgroup H of
K such that (Y, 0) is isomorphic to (H\K,T).

Proof. Using Lemma [4.1.7, one can show that A = C(K) N U,(L*(Y)) is dense in
Up,(L%(Y)). Let H be the set of all elements h € K such that f(gh) = f(g) for
all ¢ € K and for all f € A. Then H is a closed subgroup of K, and A may
be identified with a subalgebra of C(H\K). By construction, A separates points
in H\K, and is thus by Theorem dense in C(H\K). The claim follows by

applying Proposition [2.2.15] Proposition [2.2.13] and Corollary [I.3.9 O

Finally, the following criterion allows us to determine when a homogeneous extension
is a homogeneous skew-product extension:

Proposition 12.3.4. Let p: (X,7) — (Y,0) be a homogeneous extension given by
the data (K/L,p,0). Suppose that

/XUp(f)'909dux— (/de/w) (/K/Lgde/L>

for all f € L=(Y) and g € C(K/L). Then the homogeneous extension p: (X,7) —
(Y,0) is equal to the homogeneous skew-product extension q: Y x, K/L — (Y, 0).

Proof. Exercise. ]

We start with the proof of Proposition [12.3.1

Let X xiq K be a group-skew extension of (X, 7) by the trivial cocycle. Consider a K-
action on X xjq K and Y x, K given by (z, k)k' = (z,kk') and (y, k)K" = (y, kK'),
respectively. Since the K-action and the I'-action commute, both X x;q K and
Y x, K can be viewed as concrete I' x K-systems. By Fubini’s theorem, there exists
a factor map 7: X X K — Y %, K, defined by 7((y, k), k") = (y, kk').

Let Z be the invariant factor of Y x, K as a I'-system, and let Z’ be the invariant
factor of X x;q K as a I'-system. Then Z is a factor of Z’ as K-systems since the
K-action and the I'-action commute.

We claim that Z’ is isomorphic to K as a K-system. To do so, write pry: X xK — K
be the factor map to K and write n for the dynamics on X x K. We show that
Upr, (L?(K)) = fix(U,). Translating this back onto the level of systems (cf. Section
, this shows the claim.

For g € L*(K) we obtain that Uy,.g = 1 ® g € fix(U,) by definition of 1. This
implies the inclusion U, (L*(K)) C fix(U,). For the converse direction, let P €
Z(L*(X x K)) be the orthogonal projection onto fix(U,). By linearity and continuity
it suffices to show that P(f @ g) € Uy, (L*(K)) for all f € L*(X) and g € L2(Y).
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However, for such f and g we readily obtain, by definition of 7, that

@ {U,,(f©g) |7 €T} = {U,,(f) |7 €T} O g.

Thus, by the mean ergodic theorem (see Theorem we find some some h €
L2(X) with P(f ® g) = h ® g. Since P(f ® g) is invariant, h has to be invariant as
well, hence h = cl for some ¢ € C by ergodicity of (X, 7). Therefore P(f ® g) =
1 ® cg = Uy, (cg), which yields the claim.

Now, by Proposition [12.3.3, Z is isomorphic to H\ K as a K-system, for some closed
subgroup H of K. The group H is known as the Mackey range of the cocycle

p.
Before continuing with the proof of Proposition [12.3.1] we establish the following
auxiliary result:

Lemma 12.3.5. Let V' be a symmetric neighborhood of the identity in K (that is,
V =V ~1). Then there exists a measurable function U:Y — K such that

Uoy(y)py(y)U(y) ™" € VPHV?

for almost every y and every v € T.

Proof. By the definition of the Haar measure, H - V' has positive measure in K/H.
We can identify H -V with a positive measure subset of Z, and therefore with a
positive measure subset E of Y x K. Note that for all k¥ € K such that k ¢ VHV,
we have HV N HVEk™! = (), and therefore uy @ my(E N Ek) = 0.

Since F is invariant and has positive measure, it follows from the ergodicity that
E(lg | Y) = C > 0. Since K is compact, K C |J;_, k;V for some ky,...,k, € K,
which implies 1p < > | 1gly«g,v. Therefore,

> E(lglywry | V) > 0.
i=1
Now define
Z(y) = mln{z < {1, C. ,n}: E(ﬂEﬂkaiV | Y)(y) > 0}

for almost every y, and let U(y) = k:Z_(;) Then U: Y — K is measurable, and for
almost every y

E(ﬂEﬂYxU—l(y)V ‘ Y)(y) > 0. (123)

Since py @ mg(E N Ek) =0 for all £k ¢ VHV | we have

(Ie(y, M) lyxv-1yv(y, h)) - k(1e(y, h)(1(y, ) — Tyxv-rgyverv(y, b)) =0
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for almost every (y,h) and every k € K. Integrating the last identity with respect
to k and then taking conditional expectations over Y, we obtain:

E(I].E(:ﬂ_ - ]]-YXU71V2HV) | Y) == 0 (124)

Using the I'-invariance of E in (12.3) and cocycle property for 0 = v + (—~), for all
v € I', we have

E(Lelyxp(yo0()-tos(pv | Y) > 0.
Comparing this with the identity ((12.4), we conclude:
E(Ly xu—1verv Ly xpiye,(u-1(o (v | Y) > 0.

This implies that for almost every y, and every v € T,
UTVEHV 0 p(y, 0, (y) U (04(y))V # 0.

In particular, for almost every y, and every v € T,
Uloy-(y)py1(y)U(y) " € VZHV?
O

We now proceed to construct a cocycle cohomologous to p that takes values in

H:

Proposition 12.3.6. There exists a measurable function U:Y — K such that the
cocycle p(7y,y) = U(oy(y)p(v,y)U(y)~t € H for almost every y and every v € T'.
Proof. Exercise. O
We continue with the proof of Proposition [12.3.1] Consider a cocycle ¢ as in Propo-
sition [12.3.6 We claim that the system Y x; H is ergodic.

By what we have already shown and since g is cohomologous to p as a cocycle to
K, we can identify the invariant factor Z of the system Y x; K with H\K with the
corresponding factor map given by r := wopry: Y x K — H\K where 7: K — H\K
is the canonical factor map and pry: Y x K — K is the projection onto the second
component. For g € C(K) we have the quotient integral formula

[ o) dmie(t) = [ [ (b)) o e 118,
K H\K JH
see, e.g., [DE09, Theorem 1.5.2|. By Fubini-Tonelli theorem,

[ o gdiy om0 - /H . /Y (@ 9) (0 ) Ay ) 1) )
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for all f € L>*°(Y) and g € C(K).

Write my for the regular Borel probability on K obtained by trivially extending
my to K, and r,: K — K, k' — k'k for the right rotation with & € K. Then the
pushforward measures (7, ).y and (ry,).my for ki, ky € K agree if Hky = Hks.
We can thus define pgr = py ® (rg)«my for Hk € H\K. The above formula
yields

/KfQQd(MY®mK)Z/K/H/Kf(ng;szd(Hk)

for all f € L*(Y) and g € C(K). As usual, we may assume that Y is a compact
metric space. Using that the elements f ® g for f € C(Y) and g € C(K) span a
dense subset of C(Y x K), a moment’s thought reveals that (ug)grem x defines a
disintegration of Y x K over the invariant factor H\K. By Exercise we obtain
that the system (Xpgx, 7yx) given by the measurable space Y x K, the measure
Lk = py @ (rg).mpy and the action defined by the cocycle g is ergodic for almost
every Hk € H\K. In particular, there is some Hk € H\K such that (Xgg, 7hy) is
ergodic. But then, since

YxH =Y xK, (y,h) (y,hk™)

defines an isomorphism between Y x; H and (Xpgy, 7hi), we finally obtain that
Y x; H is ergodic.

To conclude the proof, apply Proposition to deduce that L*(Y x; H) © C1
and the invariant Markov sublattice of L*(X x;q H) are orthogonal subspaces in
L?(X x H) (when properly identified). Therefore, for f € L(Y) and g € C(H), we
have for all A’ € H that

/X F@al) dpx () = | Fw)g(h) d(uy © ma)(y, h).

YxH

We plug in A’ = 1 and apply Proposition [12.3.4. This completes the proof of

Proposition [12.3.1]
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12.4 Comments and Further Reading

The definition of compact extensions by invariant finite rank modules and its geo-
metric characterization, as presented in Theorem [12.2.3] originates from the founda-
tional work of Mackey [Mac66| and Zimmer [Zim76a), Zim76b]. Our initial definition
of compact extensions in terms of conditional almost periodicity, as well as its rela-
tion to conditional Hilbert—Schmidt operators, follows Furstenberg’s classical book
[Furl4], though we adopt the conditional Hilbert space formalism introduced by Tao
in [Tao09]. The compilation of the proof of the equivalence between the definitions
via conditional almost periodicity and invariant finite rank modules, as presented
here, is new, although it draws inspiration and ideas from our work on uncountable
Furstenberg—Zimmer structure theory [Jam23, [EHK24|. Our proof of Proposition
is based on Tao’s blog post [Taol4al, while the proof of Theorem follows
[Jam23|, which was in turn inspired by the proof given in Glasner’s book [Gla03|. A
number of works generalize various aspects of the classification results from the pre-
vious two lectures, see [Ausl0l [EIIR7, [EK22al [JT22, [Jam23, EHK24, [EJK23].
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12.5 Exercises

Exercise 12.1. Prove Proposition and Definition [12.2.2
Exercise 12.2. Prove Proposition [12.3.2]
Exercise 12.3. Prove Proposition [12.3.4]

Exercise 12.4. Prove Proposition [12.3.6, Hint: Using Lemma find a se-
quence of Uy, such that p3 == U, o Usp, Ut has distance at most 1/n to H for all
~v € I'. Then build measurably U out of the U,, and verify that it satisfies the desired

property.
Exercise 12.5. Prove Lemma|12.2.5, Hint: Use the Krein-Milman Theorem (The-
orem to locate an ergodic group extension by K from the ergodic homogeneous

extension by K/L, apply Proposition [12.53.1], and finally show that M = H N L 1is
the right choice to obtain the homogeneous skew-product extension by H/M.
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Lecture 13

In the remaining lectures of this ISem, we provide an introduction to Host—Kra
structure theory, a significant and technically challenging refinement of Furstenberg—
Zimmer structure theory. Host—Kra theory was originally motivated by the difficult
problem of establishing L2-convergence of non-conventional ergodic averages, which
arise in Furstenberg’s multiple recurrence theorem. Since its inception, the theory
has grown into an active and broad area of research with applications to problems in
combinatorics and number theory. At its core, Host—Kra theory studies the classi-
fication of so-called characteristic factors of ergodic measure-preserving systems for
abelian group actions. These factors are for example relevant for understanding the
behavior of non-conventional ergodic averages and for advancing the inverse theory
of the Gowers norms in additive combinatorics (an ergodic theoretic variant of these
norms will be introduced in this lecture). Host—Kra structure theory investigates a
hierarchy of these factors, similar to the hierarchy in the Furstenberg—Zimmer struc-
ture theorem (Theorem [9.1.12)). Our introduction will focus on the first non-trivial
case in this hierarchy. However, even in this case, due to space and time constraints,
we will omit a few technical details, for which references will be provided.

13.1 Motivation

Motivated by Furstenberg’s multiple recurrence theorem, it is natural to ask the
following question: Let (X, 7) be a concrete ergodic measure-preserving system over
['=7,let kK > 1 be an integer, and let f € L>°(X). Do the averages

N-1 k

1 4
S I

n=0 i=1
converge in L?(X), and if so, what is their limit? To simplify notation, henceforth,
.. 1 N-1
we use Ey as an abbreviation for > "~

For k = 1, this is the content of von Neumann’s mean ergodic theorem (Theorem
3.1.1)): The L?(X)-limit of ExU™ f exists and is equal to the conditional expectation

191
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of f with respect to the fixed space fix(U,). In the case of ergodic systems, this
is simply the expectation of f - a constant. We say that the invariant factor is
characteristic for the averages ExU™ f, that is, to study the L?(X)-limit of these
averages, we can substitute f with its conditional expectation E(f | fix(U;)) in the
averages.

For k = 2, this is the content of Theorem [8.2.2] In this case, the results of Section
show that the Kronecker subsystem (Xyyo, Tizo) Of (X, 7) (cf. Definition |7.1.14))
is characteristic for the averages EyU" fU*" f. By applying the van der Corput in-
equality (Lemma [8.2.3)), it suffices to study these averages whenever f € L>*(X,,)
(cf. Lemma . In this setting, the classification of the Kronecker subsystem as
a compact abelian group rotation, provided by the Halmos—von Neumann represen-

tation theorem (Theorem [6.2.6]), was crucial in proving the convergence result (cf.
proof of Theorem [8.2.2)).

In Section we introduce a hierarchy of subsystems/factors Zy, Z1,... of the
system (X, 7) such that Z;_; is characteristic for the averages

k
By [[U2f
=1

in the sense that the L?(X)-limit of these averages can be studied by replacing f
with its conditional expectation E(f | Z;_;). Thus, it suffices to study the L*(X)-
convergence of these averages whenever f is Z;_;-measurable.

The heart of Host—Kra structure theory lies in classifying these characteristic factors
2, (for I' = Z) as inverse limits of homogeneous systems formed on k-nilpotent Lie
groups. This algebro-geometric classification can be used to demonstrate L2(X)-
convergence.

In Section we identify the first characteristic factor of an ergodic system with its
Kronecker subsystem. For the remainder of these lectures, our primary focus will be
on the second characteristic factor Z,, commonly referred to as the Conze—Lesigne
factor.

13.2 The Characteristic Factors

Throughout this lecture, we fix a countable discrete abelian group I' and restrict
our attention to concrete measure-preserving systems over I" defined on a Lebesgue
probability space. For this section, let (X, 7) denote an ergodic system.

We will obtain the characteristic factors of (X, 7) as coordinate projections from
cubic systems constructed from (X, 7). We begin by introducing these cubic sys-
tems.
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For any integer k > 1, we denote by [k] the k-dimensional cube {0,1}*. Thus, [k]
consists of ordered tuples € = ¢;1...¢gx, where ¢; € {0,1} for all i = 1,... k. For
example, [2] consists of the tuples {00,01, 10, 11}.

It will be convenient to fix an ordering on [k], and we choose the lexicographic
ordering. For instance, the lexicographic ordering on [3] is

000, 001,010,011, 100,101, 110, 111.
Let 0 denote the first element in [k] under this ordering, for any k.

A facet « of [k] is a subset of vertices that forms a (k — 1)-dimensional cube within
[k]. For example, the facets of [2] are its edges, while the facets of [3] are its sides.
An upper facet is a facet that does not contain the vertex 0.

A cube symmetry 9: [k] — [k] is a bijective map which maps facets to facets. The
symmetry group Sym([k]) is the set of all such cube symmetries equipped with
the composition of maps.

For a C [k], we denote by 7* = (7%).cix) the element of ¥ defined by the en-

tries
o v ife€q,
rye —

0 otherwise.

The facet group associated with the group I' is the smallest subgroup of the product
group I'l¥l that contains v* for all v € T and all facets a C [k]. We denote the k™
facet group associated with I' by F*, and we denote by F¥ the subgroup of F*
generated by elements v*, where « is an upper facet.

We define the cubic systems constructed from (X, 7) recursively. Let (X0 701) =
(X,7). Suppose we have constructed the cubic system (XF1 7F=1) for some
k > 1. Then, the cubic system (X!, 7¥]) is the relatively independent product (see
Definition of two copies of X1 over its invariant factor (X [k_l])inv, where
7 is the diagonal action 7 x --- x 7. Note that X! does not carry the 2*-fold
product measure. We denote by u*! = iy the relatively independent probability
measure of the cubic system (X 7[F).

The elements of X¥ are of the form (#2)cepr) where z. € X for € € [k], see the
Diagram [13.2]

2010 2110

) T

000 A100

Too1 2101
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For k = 1, the cubic system (X!, 7[U) is the product system (X x X, 7 x 7) due

to the ergodicity of (X, 7). By Theorem [7.1.16{and Proposition [7.1.10} the product
system (X x X, 7 x 7) is not ergodic unless the system (X, 7) is weakly mixing.

With some effort one can show that the symmetry group of [k] acts in a measure-
preserving way on the kth cubic system (see [HKI1S8, Proposition 8 of Chapter

8]):

Theorem 13.2.1. For each cube symmetry U: [k] — [k] the map v*: XM — Xk
defined by 0*((x<)eem) = (To(e))eei for (ze)eem € X ¥, preserves the cubic measure
plon (XM (Sx)E). Moreover, the induced measure-preserving Sym([k])-action on
(XL By commutes with the diagonal action of T.

One can now also show that the facet group acts as automorphisms on the cubic
systems:

Proposition 13.2.2. For every facet a C [k], the map oo : XM — XM defined by
Oyo ((®e)ecpr]) = (Tyexe)ecp for (T:)ecp € X preserves the cubic measure pu*! on
(X (Sx)E). Moreover, the induced measure-preserving F*-action on (X, pulFl)
commutes with the diagonal action of I.

Proof. Exercise. m

As already pointed out, the cubical systems will generally not be ergodic with respect
to the action of I'. However, the facet group acts ergodically:

Proposition 13.2.3. Restrict the measure-preserving F*-action on (X* jiyw), as
defined in Proposition to the subgroup FF. Denote by J¥ the invariant
o-algebra of (X Y with respect to this FF-action. Then, J® is, up to pl*-
equivalence, equal to Ty (Xx), where o : X — X is the first coordinate projection.
In particular, the measure-preserving F*-action on (X [k], p[’“]) 15 ergodic.

Proof. Exercise. O]

Using the cubical systems, we now introduce an important definition.

Definition 13.2.4. For f € L>°(X) and an integer k¥ > 1, we define the k™" Gowers—
Host-Kra seminorm || f||x of f by the formula

1/2k 2y 1/2%

= f = lel £ k—1]\.
/X[k] IT ¢ (z) /XM El J] ¥ f(re)|(XF ) ,

e€lk] e€lk—1]

where || = Zle g; mod 2 and C' is the complex conjugation map.
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For example, the second Gowers—Host—Kra seminorm || f||2 is

(/X[?] J':(i'?oo)Mf(ycn)>1/4 _ (/XU] 2>1/4.

The fact that the Gowers—Host—Kra seminorms are indeed seminorms on L*(X)
is left as an exercise, as well as the following remarkable property of these semi-
norms:

E(f (o) f(w1) | (X™M)iny)

Proposition 13.2.5 (Gowers—Cauchy—Schwarz inequality). For f. € L>®(X), ¢ €

[k], we have
| @
X [¥]

e€lk]

< TT I1£lls- (13.1)
e€lk]

For any integer k > 1, we define the (k — 1)'® characteristic factor Z;_; of the given
system (X, 7). To do so, we specify a I-invariant o-subalgebra ¥*~! of ¥y, which
then gives rise to a factor. Informally, a measurable subset A C X belongs to this
o-subalgebra if, after embedding it into the O-th corner of the cube X (i.e., by
considering 7y '(A)), it can be identified with a set in X¥ that “does not depend on
the first coordinate.” We now formalize this intuition.

Let u®" be the pushforward measure of ul¥! with respect to the coordinate projection
from X to the (2% — 1)-fold product measurable space X*" where [k]* = [k] \
{0}. Then, the measure-preserving action of ¥ on (X yl¥) induces a measure-
preserving action of ¥ on (X" pylF") Let J*" denote the F*-invariant factor on
(X yFY, For B € JW" X x E € J¥ and therefore, by Proposition|13.2.3] there
exists F' € X such that pul*((X x E)A(F x X¥")) = 0. Conversely, every E € X’
satisfying pufl((X x E)A(F x X)) = 0 for some F' € X belongs to J*". With
these preliminaries at hand, we can define the characteristic factors:

Definition 13.2.6. Let k£ > 1 be an integer. We define the o-algebra ¥*~! to be
the set of F € ¥x such that there exists £ € J¥" satisfying

(X x EYA(F x XH™)) = 0.

The correspondence between £ € JH" and F € ¥*! guarantees that ¢! is a
[-invariant o-subalgebra of ¥, and thus induces an ergodic subsystem Z;_; of
(X, 7). We call this subsystem Z;_; the (k — 1)"" characteristic factor of the
ergodic system (X, 7).

The O characteristic factor is simply the invariant factor and is thus trivial due
to the ergodicity of (X, 7). The 1% characteristic factor will be identified with the
Kronecker subsystem in the next section. We call the 2"! characteristic factor the
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Conze—Lesigne factor, and the remaining part of this [Sem lecture will be devoted
to its classification.

Finally, it follows from von Neumann’s mean ergodic theorem (Theorem
applied to the group F* that (X, ul¥) is the relatively independent product of
(X uFY and (X, i) over 2F~1 = JIFI"| This, together with the Gowers-Cauchy—
Schwarz inequality and the identification of 3! and J¥!" leads to the follow-
ing relation between the Gowers-Host-Kra seminorms and the characteristic factors:
For f € L>(X),

E(f | Z1)=0 < [flc=0. (13.2)

The relation (13.2)), combined with the following proposition, shows that the factor
Zj._ is characteristic for the averages Ey Hle Ui" f.

Proposition 13.2.7. Let (X,7) be a concrete ergodic measure-preserving system
over I' =7Z. Let k > 1 be an integer and fi,..., fr € L=(X) with || f;||Lex) < 1 for
alli=1,..., k. Then

k
En HUi"fi

i=1

< min (U] flx). (13.3)

lim sup <
N 1<I<k

L2(X)

Proof. We induct on k. For k = 1, the mean ergodic theorem (Theorem [3.1.1]) yields
that

= [Ifllx-

lim [[Ex U7 2 x) = \ / Fdux
N X

Suppose that (13.3)) holds for some k > 1. Let fi, ..., fit1 € L®(X) with || fil|Lee(x) <
lLforalli=1,...,k+1. Choosel € {2,...,k+ 1} (the argument below shows that
one can treat the case [ = 1 similarly). For every n > 1, denote by

k
gn = H qu—nfz
=1

By the van der Corput inequality (Lemma |8.2.3]),

)

Denote the right-hand side of the previous inequality by M. We need to show that

lim sup ||ENgn||iz(X) <limsupEg (lim sup IEN/ Insngn dpix
N H N X
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M < P||fill?.,. Let h > 1. By the Cauchy—Schwarz inequality,
k41

k1
/ AU fiduxEy (H UT(i_l)n(fiUihfz‘)> ‘
X

=2
k+1

Ex [JUS " (£U £)
=2

Eyn / Gn+hGn diix
X

< NAUE fillzcx - '

L2(X)

It follows from the mean ergodic theorem, the assumption || fi]|p~ < 1, and the
inductive assumption that

lim sup EN/ Gnrngn dix | < UFUT fills-
N X
Now,
o\ 1/2F
M <limsup Byl LU} fills < 1*lim sup (EHHfoflei ) :

H H
Define

F((w2)eepy) = [ f(xe) for (ze)eepy € X

e€lk]

From the definition of the seminorm || - |4,

EMﬂﬁN?ZEH/WU%FJMM”
X

By another application of the mean ergodic theorem and the definition of the semi-
norm || - [[g41,

lim E / UtyF - Fdp® = / E(F | S (XHM))2dp
H X1 XI[k]

2k+1

= [ FOFRaI—
X[k+1]

This completes the induction step. O

13.3 The Kronecker Factor

We recall some terminology and results from Lectures . Let (Xkro, Tkro) denote
the Kronecker subsystem of (X, 7) (Definition[7.1.14). By Theorem[6.2.6] (Xiro, Tio)
is isomorphic to a rotational system (G, 7.), where G is a compact abelian group



198 LECTURE 13.

equipped with the Haar measure, and 7.: I' — G is a group homomorphism. We
also refer to (Xyyo, Tino) as the Kronecker factor of the system (X, 7).

We state the following structure theorem for the Kronecker factor:

Theorem 13.3.1 (Structure of Kronecker factor). The Kronecker factor (Xiio, Tkro)
15 1somorphic to the inverse limit of ergodic rotational systems on compact abelian
Lie groups.

A (real) compact abelian Lie group is isomorphic to a group of the form T¢x G, where
T is a torus and G is a finite abelian group (see [Taol4bl §1.4] for a reference).

Let (G,) be a sequence of compact abelian groups such that for each pair m < n,
there is a surjective and continuous group homomorphism =, ,: G,, = G,,. The
inverse limit of the G,, is defined to be the compact abelian group G = l'mn Gy,
consisting of all sequences (x,), where x, € G,, for each n, such that for all pairs
m < n, we have 7, ,(z,) = Z,,, together with the projection maps m,: G — G,, for
each n.

Kolmogorov’s extension theorem (see, e.g., [Taolll, §2.4]) allows us to form a translation-
invariant probability measure pig on the inverse limit G from the Haar measures m¢,,

on the GG,,. By the uniqueness of the Haar measure on compact abelian groups, ug
must coincide with the Haar measure mg of G.

Proof. Let (G, 7.) be the rotational system isomorphic to (Xyo, Tiro) given by The-
orem . By the Gleason—Yamabe theorem for compact abelian groups (see, e.g.,
[Taol4bl §1.4]), G is isomorphic to the inverse limit of compact abelian Lie groups
G, = G/H,, with projection maps m,: G — G,. The Haar measure mg, on G, is
the pushforward of the Haar measure mg on G under the projection map 7,.

We define an ergodic action o, on G, by (0y,)(9H,) = (7:),(9)H, for all v € I" and
gH, € G/H,. Using the identification G = l‘mn G, we recover the action 7, on G
from the inverse limit actions 7((g,)) = (0,(gn)). By construction, the projection

maps 7,: G = G, are factor maps. n

Next, we aim to identify the Kronecker factor (X0, Tiro) With the first characteristic
factor Z,. For this, we require the following lemma, which follows from Proposition

(.1.10 and Theorem B.3.1]

Lemma 13.3.2. The fized subspace fix(U,«,) of the product system (X x X, 7 X T)
is spanned by tensors f @ g, where f,g are eigenfunctions of the system (X, 7).

Proposition 13.3.3. The Kronecker subsystem (Xiwo, Tiro) 0f (X, T) is isomorphic
to the first characteristic factor Z, of (X, 7).

Proof. Let (G, 7.) be the rotational system isomorphic to (Xyro, Tiuo) given by The-
orem [6.2.6] and let ¢: G — Xy, denote the isomorphism. Let gio: X — X0 be
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the factor map. Define ¢: X x X — G by q(z1,72) = ¢(qrro(71))0(qrao(T2)) 1.
We claim that ¢ }(X¢) = Zin (X x X) modulo almost sure equality. By definition,
7 '(3g) C Binw (X x X). By Lemma , we also have i, (X x X) C ¢71(Z¢g),
modulo almost sure equality.

We now show that
b = / fis X s dme(s),
G

where p4 is a probability measure on X x X, defined by

LfXf®ng=i/EUWGX@~E@|GX2+$dmd@, (13.4)

G

for f,g € L>*(X).
It is straightforward to verify that

X L= /GHS dmg(s). (13.5)

Since disintegrations of measures are essentially unique, it follows that (us)seq de-
fines a disintegration of p x p over its invariant factor which we can identify with G
by the first part of the proof. This proves the claim.

By the above and rotation invariance of the Haar measure, for f € L*>°(X),

115 = [ [ | B 16 B 16 +9)

XE(f| G)(z1 4+ 22) - E(f | G)(21 + 22 + $) dmg(z1) dmg(z2) dmg(s).
(13.6)

The expression on the right-hand side of (13.6) is the fourth power of the 2nd
Gowers-Host—Kra seminorm of E(f | G). Thus, ||f]l2 = 0 if and only if E(f | G) =
0 since the 2nd Gowers—Host—Kra seminorm is a norm on rotational systems by

Exercise [13.4]

By (13.2)), it follows that (X0, 7iro), the Kronecker factor of (X, 7), is isomorphic
to the first characteristic factor Z;. O

13.4 The Conze—Lesigne Factor

Our next and final aim in this ISem is to establish a structure theorem for the Conze—
Lesigne factor Z,. We begin by showing that while Z5 is not itself a rotational
system, it is isomorphic to a compact abelian group skew-product extension of the
Kronecker factor Z;. Furthermore, we will prove something more precise about the
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associated cocycle: namely, that it is a cocycle of type 2, satisfying a cubic vanishing
cohomology condition. This condition is central to deriving the structure theorem
for the Conze-Lesigne factor.

Let us first revisit the notion of measurable cocycles and skew-product extensions
as introduced in Definition [12.2.2]

Let (Y, o) be a concrete measure-preserving system over a countable discrete abelian
group I', and let (G, -) be a compact metrizable group (not necessarily abelian). A
measurable function p: I' x Y — G, (v,y) — p,(y) is called a cocycle if it satisfies
the cocycle property

Pt (Y) = p11(035(Y)) - P2 (Y) = pra (05, (Y)) - P (Y)

for almost every y € Y and for every pair v, € T.

A cocycle p is said to be a coboundary if there exists a measurable function ¢: Y —
G such that

pr(y) = (o3 (y)) - o(y)
for almost every y € Y and every v € I.

Given a cocycle p, we can define the notion of a group skew-product Y x, G.
If H < G is a closed subgroup, we also define the homogeneous skew-product
Y x,G/H. A cocycle p defined on an ergodic system (Y, o) is called ergodic if the
group or homogeneous skew-product extension it defines is an ergodic system.

Let (X, 7) be a concrete measure-preserving system over I'. Let Z; = (Z,7.) be
the rotational system representing the Kronecker factor of (X, 7). Our next goal is
to show that the Conze—Lesigne factor Z5 is isomorphic to a group skew-product
extension Z x, G, where G is a compact metrizable abelian group.

To achieve this, we first introduce some preparatory results and notations in this
lecture and prove the aforementioned representation in the next one. We begin with
an important result in measurable cohomology that gives a criterion for when a
cocycle with values in an abelian group is a coboundary.

Theorem 13.4.1 (Moore-Schmidt theorem). Let (Y, o) be a concrete ergodic measure-
preserving system over ', let G be a metrizable compact abelian group, and let
p: I'xY — G be a cocycle. Then p is a coboundary if and only if Eop: 'xY — T
s a coboundary for all continuous characters £ € G'.

Proof. 1f p is a coboundary, then a direct computation shows that {op is a cobound-
ary for all £ € GG'. Conversely, assume that for each character £ € G’ there exists a
representative @, of an element in L*(Y, T) such that for all y € T,

€0 py(y) = pe(oy(y)pe(y) ™ (13.7)
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holds for almost every y € Y.

For any &,& € G, one sees from comparing for &1, &9, & - & that the function
Per&s cpgll . 905_21 is [-invariant, and hence equal in L*(Y, T) to a constant c¢(&;, &) €
T by ergodicity. As in the proof of Lemma [6.2.12] Lemma lets us find a
homomorphism w : L*(Y,T) — T with w(cl) = ¢ for every ¢ € T. If we define
the modified function @¢ = @¢ - w(pe) ™', then we have @g ¢, = D¢, - @, for each
&.6 € G

Since U is metrizable, we obtain that C(G) and hence also L?(G) is separable. Since
the dual G’ defines an orthonormal basis of L%(G) (see Proposition [6.1.19), it is
therefore at most countable. Hence for almost every y € Y, the map y — @¢(y) is
a homomorphism from G’ to T, and thus by Pontryagin duality (see, e.g., [DEQ9,
Chapter 3|) takes the form @¢(y) = £ o F(y) for some almost everywhere defined
map F: Y — G, which one can verify to be measurable. Using that G’ separates
the points of G (see Proposition , one can then check that for all y € I’

pr(y) = Floy(y) - Fly) ™

for almost every y € Y, giving the claim.
]

The next result gives us a criterion to test when a cocycle with values in an abelian
group is ergodic.

Lemma 13.4.2. Let (Y, 0) be a concrete ergodic measure-preserving system over T,
let G be a metrizable compact abelian group, and let p: I' X Y — G be a cocycle.
Then p is not ergodic if and only if there exists a nontrivial character & € G’ such
that & o p 1s a coboundary.

Proof. For Z-systems, the proof is based on Fourier analysis, and can be found in
[HK18, Lemma 8 in §5.3|. The same proof extends to systems for arbitrary I'. [

Proposition 13.4.3. Let (Y,0) be a concrete ergodic measure-preserving system
over I', let G be a metrizable compact abelian group, and let p: I' X Y — G be a
cocycle. There exists a closed subgroup H < G and an ergodic cocycle : 'xY — H
such that p is cohomologous to v if both are viewed as cocycles with values in G.

Proof. Let L = {¢ € G’ : £op coboundary} and H be the annihilator of L in G, that
is {u € G: &{u) =0forall £ € L}. Let 7 : G — G/H be the canonical projection
and n = m o p be the induced cocycle with values in G/H. As a consequence of
Pontryagin duality (see again [DE09, Chapter 3|) the map (G/H)" — L, £ — {omis
a group isomorphism. Thus o7 is a coboundary for every £ € (G/H)'. By Theorem
n is a coboundary and there is a measurable function F' : Y — G/H such that
ny = (foo,)- f~! almost everywhere for all v € T". Since G, G/H are Polish groups,
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by [BK96l Theorem 1.2.4], there is a Borel function I : G/H — G such that [(uH) €
uwH for all cosets uH € G/H. Let F :=lof and ¢, (y) = p,(y)-(F(o,(y))-F(y)~")~!
for y € Y and v € I'. A straightforward computation shows that, after potential
changes on a nullset, ¢ maps to H. Thus ¢¥: ' x Y — H is a cocycle which is
cohomologous to p by construction.

Towards a contradiction, assume that 1 is not ergodic. By Lemma[13.4.2] there is a
nontrivial £ € H' such that {0 is a coboundary. We can extend & to some character
¢ € G' by Lemma [6.2.10, By assumption, ¢’ € L and thus must annihilate H. In
particular, its restriction £ is trivial on H which is contradictory. ]

We establish a criterion for when a compact abelian group extension is a group
skew-product extension:

Lemma 13.4.4. Let (Y,0) be an ergodic concrete measure-preserving system over
[, let K be a compact metrizable abelian group, and let p: ' x Y — K be an
ergodic cocycle. Suppose that (X, T) is an ergodic group extension of (Y,0) in the
sense of Definition . Then (X, 1) is the group skew-product'Y x, K, that is,

px = py @ mg.

Proof. For Z-systems, the proof relies on Fourier analysis and can be found in [HK1S,
Lemma 4 in §5.2]. The same proof extends to systems for arbitrary T O

The following proposition will help us identify the Conze-Lesigne factor Z; as a
homogeneous skew-product extension of Z;.

Proposition 13.4.5. Let (X,7) be a concrete ergodic measure-preserving system
over I', and let qiuo: (X, T) — (Z,¢) be the factor map to the Kronecker factor (Z,c)
of (X, 7). Suppose q: (X,7) — (Y, 0) is an extension of concrete measure-preserving
systems over I.

If ¥ x is generated by the pullback of Xy and Xz (up to almost sure equivalence),
then there exists a closed subgroup H < Z and a cocycle p: I' X Y — H such that
the extension q: (X, 1) — (Y, 0) is isomorphic to the group skew-product extension
p:Y x,H— (Y,0).

Proof. Define a cocycle ¢: I' x Y — Z, (v,y) — ¢, (y) by ¢, ==c,1: Y — Z for all
~v € I'. By Proposition there exists a closed subgroup H < Z and an ergodic
cocycle p: I' x Y — H that is cohomologous to 1) within Z. That is, there exists a
measurable function f: Y — Z such that

Uy (y) = flos) - F) ™" py(w),

for almost every y € Y and for all v € T.
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Define () == Giwo(z) - f(g(z))~! for almost every z € X. A direct computation
shows that

m(1y(x)) = m(x) - py(q(x)),
for almost every z € X and for all v € T'.

Let I: Z — Z/H denote the canonical projection. It follows that [ o7 is o-invariant,
and thus, by ergodicity, it must be equal to some constantﬂ dH € Z/H py-almost
surely.

By replacing f with df and 7 with dm, we preserve the identities they satisfy while
ensuring that 7 takes values in H.

Define @: X — Y x H by ®(z) = (q(x),n(x)), and let A = P,ux denote the
corresponding pushforward measure. Since ® o7, = (7,), 0 ® for all v € I (where
7, denotes the skew-product dynamics given by the cocycle p), we obtain that ® is
a factor map from (X,7) to Y x, H.

Since A projects onto ux, it follows from Lemma [13.4.4] that A = puy ® my. Fur-
thermore, since ¥y is generated by the pullbacks of 3y and ¥ (up to almost sure
equivalence), ® establishes an isomorphism. O

IThe composition of [ with any character £ € (Z/H)' is also o-invariant and hence a constant
d¢. The map £ — d¢ is a group homomorphism, and therefore, by Pontryagin duality, corresponds
to an element of Z/H.
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13.5 Comments and Further Reading

The L%-convergence of the double averages ExU™ fU?"f was first established by
Furstenberg [Fur77|. The concept of characteristic factors was explicitly introduced
in Furstenberg and Weiss [FW96al. The existence of limits for & = 3, under the
additional assumption that the system is totally ergodic, was shown by Conze and
Lesigne in a series of papers [CL84, [CL88al, ICL88b|. The general case for arbi-
trary k was independently established by Host and Kra [HKO05| and Ziegler |[ZieQ7].
Although they defined the characteristic factors differently, Leibman [Ber06] later
showed that these definitions are equivalent for Z-actions.

In this lecture, we follow the exposition of Host and Kra as presented in their
textbook [HKIS8|. While the results in [HK1§| are stated for I' = Z, the proofs of
the results we needed easily adapt to the general case of arbitrary countable abelian

.

The proof of the Moore-Schmidt theorem is taken from [JT23b] by Tao and the
first author. This result originally goes back to the work of Moore and Schmidt
[MS8&0].
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13.6 Exercises

Exercise 13.1. Prove Proposition [13.2.2]
Exercise 13.2. Prove Proposition [13.2.3]

Exercise 13.3. Prove that the Gowers—Host—Kra seminorms satisfy the properties
of a seminorm.

Exercise 13.4. Prove that if (X, 7) is a rotational system (G, 7..), then the Gowers—
Host—Kra seminorms are norms for all £ > 2.

Exercise 13.5. Prove Proposition [I3.2.5

Exercise 13.6. Establish ((13.2)) by filling in the details of the proof sketch in the
paragraph before (13.2)).
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Lecture 14

We continue the study of the Conze-Lesigne factor Z; of an ergodic measure-
preserving system (X, 7) over a countable abelian group I'.

Our first goal in this lecture is to show that Z5 is isomorphic to a compact abelian
group skew-product extension Z x,G of the Kronecker factor (Z, 7.) of (X, 7), where
the cocycle p satisfies a specific cohomological condition of type 2.

In the second part, we provide a detailed outline of the proof of the structure theorem
for Conze—Lesigne systems, which characterizes these systems as inverse limits of
translational systems formed on locally compact 2-nilpotent groups.

14.1 Abelian Extensions

To prove that Z5 is isomorphic to a compact abelian group skew-product extension
Zx,G, we first identify Z, as a compact extension of the Kronecker factor (Z, 7). By
the Mackey—Zimmer representation theorem (Theorem [12.2.3)), Z, is isomorphic to
a homogeneous skew-product extension Z x,G/H for some compact (not necessarily
abelian) group G. In the second part, we use the properties of the characteristic
factor Z, as a certain projection of the cubic system X to show that G/H is
actually abelian.

We start with some auxiliary results.

Lemma 14.1.1. Let (Y,0) be an ergodic concrete measure-preserving system over
I', let G be a metrizable compact group, let H < G be a closed subgroup, and let
p: I'xY — G be an ergodic cocycle. Let p: (X,7) =Y x,G/H — (Y,0) be the
associated ergodic homogeneous skew-product extension. Then every T X T-invariant
measurable set E C X x X is also V XV -invariant, where V' is the vertical translation

action defined by Vy(y,hH) = (y,9-hH) forge G,y €Y, and hH € G/H.

Proof. Let (Z,1.) be the Kronecker factor of (X, 7) with factor map pio: (X, 7) —
(Z,7.). Define W as the subsystem of (X, 7) corresponding to the invariant o-

207
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subalgebra generated by py., and p.

Thus, we have a chain of extensions (X, 7) — W — (Y, o). The conditional expecta-
tion operator E(- | W) from L?*(X) to L?(W) commutes with the I’-action and with
multiplication by L*°(Y"). Therefore, the image of an invariant finite rank L>°(Y")-
module in L?(X | Y) under the conditional expectation operator E(- | W) is an in-
variant finite rank L>°(Y)-module in L?(W | Y). By Exercise[9.5 p: (X,7) — (Y, 0)
is a compact extension. By Theorem [I1.3.3] the union of all invariant finite rank
L>®(Y)-modules in L?>(X | Y) is dense in L*(X), and thus the union of their images
under the conditional expectation map E(- | W) is dense in L?(WW). An inspection
of the proof of Theorem reveals that W is of the form Y x, G/K for some
closed subgroup K < G (for details, see the proof of Lemma 2 and the "References
and Further Comments" section in [HK18, Chapter 5|).

The Kronecker factor of W is also Z. By the first part of the proof of Proposition
13.3.3] Liny (X x X) = i (W x W) (almost surely).

Proposition implies that W =Y %, L for some compact abelian group L.
It follows that G/K = L, and in particular, K is normal (for more details, see
the proof of Lemma 2 in [HKI8, Chapter 5]). Since W is an abelian group skew-
product extension, (74)y 0V, = V, 0 (1y), for all v € " and g € G, where 7,
denotes the cocycle action on W =Y x, L. Let f € L*(W) be an eigenfunction
with eigenvalue y € I'*. Then UY(foV,) = V,(UYf) = x,f oV, for all v € I' and
g € G. Thus, L*(Z) C L*(W) is Vj-invariant for every g € G. This implies that V
is an automorphism of the Kronecker system (7, 7.), i.e., a rotation on Z (see, e.g.,
Corollary 9 of [HK18, Chapter 4]).

By the first part of the proof of Proposition |13.3.3 i, (W x W) = 771(X ), where
(W0, W1) = Prro(Wo) * Prro(w1) L. Hence, for £ € Xy (W x W), we have

(Vg x Vo)(B) = (Vg x Vo) (m ™} (F)) = =~ (F).
Thus, E is V, x Vy-invariant for all g € G. m

For the next proposition, we need the following observation. Let p: (X,7) — (Y, 0)
be a factor map of concrete ergodic measure-preserving systems over I'. By in-
duction, using the definition of the cubic measures and noting that %, (X W) =
(™M) (Siny (YM)), one can show that p*l: XM — YH  given by p*((2.)eep) =
(p(2:))eer) for (wo)eepy € XM, is a factor map of the respective kth cubic sys-
tems.

Proposition 14.1.2. Let (X, 7) be an ergodic concrete measure-preserving system
over ', let k > 1, and let Z; be the kth characteristic factor of (X, 7). Then

Sine (X)) C (q,[f])*l(ZZ[k]) modulo p®l-null sets, where qv: (X,7) — 2 is the
k
factor map.
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Proof. Let f. € L*(X), € € [k], be such that E(f.|Z) = 0 for at least one ¢ € [k].
By the definition of u** and the Gowers-Cauchy-Schwarz inequality (Proposition

139)

2

E o (X )iy dW:/ - fodptH =0,
/XW & £.|(xt) ] @@L

e€lk] i eclk]  e€[k]

By a telescoping sum argument for arbitrary f. € L>°(X), where ¢ € [k], we have

E Q)| (X Ty | —E | ) Uy E(fe| 26) |(X M)y | = 0.

e€[k] e€[k]

Since the elements @ f- € L= (X)) where f. € L>®°(X) for ¢ € [k] span a dense
linear subspace of L?(X*), this implies that the fixed space of the system (X, 7[*)
is contained in the image of Uq}f]: LQ(Z,EM) — L2(X™). Switching to the level of
o-algebras (cf. Section , this gives us the claim. n

Theorem 14.1.3. Let (X, 7) be an ergodic measure-preserving system over I', and
let k > 1. Then the kth characteristic factor Z, is a compact extension of the
(k — 1)th characteristic factor Zj_4.

Proof. The proof of this result relies on Furstenberg—Zimmer structure theory as
developed in Lectures [9H12| and properties of the cubic systems. A proof can be
found in [HK18, Lemma 2 §18.2] for I' = Z which can be adapted to the general

case of arbitrary countable abelian groups. O]

An ergodic measure-preserving system (X, 7) over I is said to be of order k if (X, 7)
is isomorphic to its kth characteristic factor 2.

Proposition 14.1.4. Let (X, 7) be an ergodic measure-preserving system over I' of
order 2. Then (X, T) is isomorphic to a group skew-product extension Z x,G, where
(Z,1.) is the Kronecker factor of (X,7) and G is a compact abelian group.

Proof. By Theorem [14.1.3| and Theorem [12.2.3] (X, 7) is isomorphic to a homoge-
neous skew-product extension Z x, G/H, where (Z,7.) is the Kronecker factor of

(X, 7), and we have yx = mz ® mg/g. By Fubini’s theorem, ,u[;{] = m[Z” X MG/
where (G/H)Y := (G x G)/(H x H).
It follows from ([13.4)),(13.5)), and Fubini’s theorem that ,u[)l(] is relatively independent

with respect to m[ZI] in the sense that for f,g € L>°(X),

/[]f@gdu[y:/[]E(f|2)@E(gyZ)dm[Z”. (14.1)
Xl Zl
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Let ((m[ZH)w)WEQ denote the ergodic decomposition of m[ZI] (cf. Exercise , where
for notational convenience, we write € for the invariant factor of Z!, and denote
its probability measure by P. By (14.1)), for f,g € L>°(X),

fogdull = / / E(f | 2) ©E(g | Z)dm), dP(w)
] O J 2zl

_ / / f ©gd(uY), dPW),
O Jx]
(1]

where (u[)l(})w = (my' ), ® Mg/ for almost every w € 2. Thus, by Proposition

X[

14.1.2 ((ugl{})w) is the ergodic decomposition of ,u[)l(}. By definition, we also have

i = [ ) x (afhap(e) (14.2)

For almost every w € (), consider the ergodic systems (Z m,TCm) equipped with

the measure (m[ZI])w, and consider the ergodic homogeneous skew-product extension

ZM 5 (G/H)M equipped with the measure (1.

Let E C X be a 7P-invariant measurable set for u[fg, let g € G, and let € = 0. By
the decomposition in (14.2)), 1y x 18 (FEY"Y(E)AE) = 0 for almost every w,
recall that A denotes set symmetric difference. Thus E is invariant in the product
of X" equipped with the measure (,u[)l(})w, with itself. On (G/H)? = GP/H?
we can define the translation ¢ x ¢® by translating (gooH, go1H, g10H, g1 H) to
(9900H, g1 H, 9g10H, g1 H), and denote by V¥ x V7 the corresponding vertical
translation on the product of Z x (G/H)1 with itself. Since this system is the
ergodic homogeneous skew-product extension ZM x o (G/H ) equipped with the
measure (u[)?)w, we can apply , to have that E is V;](E) X Vg(a)—invariant up to
(,u[)l{])w X u[;(])w—null sets for almost every w. By (14.2), E is V;](E) X Vg(g)—invariant
up to u?{]—null sets. Now V;;(E) X Vg(g) corresponds to a transformation V;* of X 2
where a C [2] is an edge. Similarly, this holds when replacing ¢ = 0 by € = 1. Since

u] is preserved by the facet group F? by Proposition [13.2.2| and by symmetry (see
q
aC |2

3.2.1)), it follows that V;* acts trivially on the invariant factor of X 2 for any edge
].

Let € € 2], g,h € G, and a, be two edges of [2] such that a N 5 = {¢}. By

the previous, V7, Vhﬁ are ,u[f(}—preserving transformations and act trivially on the

invariant factor of X, Thus, the commutator Vi Vhﬁ ] = V[ also preserves the

measure ,u[;], where V¢, is the vertical translate by [g, h] at the vertex ¢ in X2,

By symmetry, V[, preserves the measure u[f(] for every ¢ € [2]. Thus, for any
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feL>(X),

I o Vi = 1= [ @ (s Vi = Nt =0

e€(2]

By (13.2), f = f o Vign), and therefore Vj, 5 acts trivially on X. But this can only
be the case if [g, h] = 1, and thus G is abelian. ]

Next, we will show that Z, is an abelian skew-product extension of Z; by a special
type of cocycles:

Definition 14.1.5 (Order of cocycles). Let (Y,0) be a concrete ergodic measure-
preserving system over I', let p: I' X Y — G be a cocycle, where G is a compact
abelian group, and let & > 1 be an integer. We denote by Al¥lp: ' x Y — G the
cocycle defined by

—1)lel
(AHp),(y) = ] po(ye) V" for y = (y.)eey € Y and y €T,
e€lk]

where |e| = 2% &, as before.

A cocycle p is said to be of type k if Al¥lp is a coboundary over the cubic system
Y,

We need the following lemma before proving that the cocycle p appearing in the
representation of the Conze-Lesigne factor in Proposition is of order 2.

Lemma 14.1.6. Let (Y,0) be a concrete measure-preserving system over I', and let
p: T'xY — T be a cocycle, where T is the torus. Let ((uy)w)weq be the ergodic

decomposition of py (cf. Exercise . Then
C = {w € Q: p coboundary of (Y, o) with measure (uy),}

is a measurable set, and the cocycle p is a coboundary of (Y,o) if and only C has
full measure.

Proof. For a proof, see [HKI8, Lemma 11 §5.3]. The proof provided there is for
systems over I' = Z; however, the same argument works for systems over arbitrary
countable abelian I', provided one replaces Birkhoft’s pointwise ergodic theorem
with a suitable generalization, such as the one given in [Lin0O1]. O

Proposition 14.1.7. Let (X, 7) be an ergodic measure-preserving system over I' of
order 2 and let X = Z x, G be the its abelian skew-product representation given by

Proposition [14.1.J. Then the cocycle p is of type 2.
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Proof. By Theorem [13.4.1], it suffices to show that £ o APy is a coboundary of Z?
forall £ € G'. Fix £ € G,

Define ¢: Z x G — T by ¢(z,u) = £(u) and consider
U= Q) CFly € L2(XPT).

e€(2]

Let J: L2(Z%) — L2(X) be the operator defined by J(f) = ¥ - f o 7[?, where
7: X — Z is the first-coordinate projection. Since Wo (7121), = W . £(ABp ) o 72,
the range H, of J is a closed U, p-invariant subspace of L2(X ). Therefore, by the
mean ergodic theorem, H contains E e (J(f) | (X®)iy) for all f € L2(ZP).

In particular, since U = J(1) € He, there exists f € L2(Z1¥) such that J(f) =
E(U | (X®));,,). Since X is a system of order 2, by (13.2),
B | (XE)m)]| = (9115 # 0.
Thus, there exists f # 0 such that J(f) is U,g-invariant. By the definition of J,
this implies that for all v € T,
§(Afp,) - fo (7, = F.
Thus, the set E' = {|f| # 0} is 7.-invariant and m[ZQ}(E) > 0.

Let ((mg])w)weg be the ergodic decomposition of m[Z2]. By Proposition |14.1.6 the

set O of w such that & o AP(p) is a coboundary of (Z, (7.)?) equipped with the
measure (m[ZQ})w is measurable. Since m[ZQ](E) > (, the measurable set C' has positive
measure.

We show that C' is invariant under the group F?2 of facet transformations of Z1?. Let
a C [2] be an edge, 7o € T, and (7.), € F?. Suppose w € C such that (7.) (w) € C.
Then there exists a measurable functlon @: Z¥ — T such that

§o AP (py) =¢po ((TC)’Y)m : Spil

holds ( )(n)a w)-almost everywhere for all v € T".

Rewriting this coboundary equation, we have
o0 AB(p) o ()5, = (o (1)5) 0 (7)) - (o (r)3,)

(m[ZQ])w—almost everywhere for all v € I'. By the cocycle property,

Hp% ((7e)yve) ( R (HP (ve) ( D ) = ((A[Q]@)vo((%)vo)a) : (A[Q](P)W)_l)(y)

gex SSye”
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for (m[ZQ])w—almost every ¥ = (ye)eepy € Z? and for all ¥ € . Combining this
with the coboundary equation above, we find that ¢ o APl(p) is a coboundary of
(Z2, (7.)2) equipped with the measure (m3),.

Since the action of F? on Y, (ZP?) is ergodic by Proposition [13.2.2, we conclude
that C has full measure. By Lemma [14.1.6 £ o AP(p) is a coboundary of Z&. O

14.2 The Structure Theorem for Conze—Lesigne Sys-
tems

Let (X, 7) be a concrete ergodic measure-preserving system over I' of order 2. So
far, we have represented (X, 7) as a skew-product system Z x,G, where (Z, 7,) is the
Kronecker factor of (X, 7), represented as a rotational system on a compact abelian
group Z. Here, GG is another compact metrizable abelian group, and p: Z xI' —» G
is a cocycle of type 2. In this section, we will use these properties to deduce a
structure theorem for systems of order 2. We provide an outline of the arguments,
while complete details can be found in [JST24].

We begin by reducing to skew-product systems of the form Z x, G, where G is a
compact abelian Lie group, i.e., a group of the form T¢ x F, where d > 0 and F is
a finite abelian group.

By the Gleason—Yamabe theorem, any compact abelian metrizable group G can be
expressed as the inverse limit of a countable inverse system (G),) of compact abelian
Lie groups, with projections 7,,: G — G,,. This enables us to view the order 2 system
X = Z %, G as the inverse limit of the family of order 2 systems X, = Z %, Gy,
where p,, = m, o p.

We have the following structure theorem after this reduction.

Theorem 14.2.1. Let (X, T) be a concrete ergodic measure-preserving system over
I' of order 2, represented as a skew-product system Z x, G, where (Z,1.) is the
Kronecker factor of (X, 1), represented as a rotational system on a compact abelian
group Z, G is a compact abelian Lie group, and p: Z xI' — G 1is a cocycle of type 2.
Then there exists a locally compact Polish grouzﬂ G of nilpotency classE] 2, a latticeﬂ

1A Polish group is a topological group whose topology is separable and metrizable by a
complete metric. For example, (R”, +) is a Polish group.

2A group is nilpotent if it admits a series of normal subgroups Gy = G and G;41 = [G;, G] for
i > 0, where [H, K| denotes the subgroup of G generated by all commutators [h, k] :== h=1k~1hk for
h € H, k € K, such that G,, = {1} for some n > 1. The smallest such n is called the nilpotency
class of G. For example, a group is nilpotent of nilpotency class 2 if its commutator subgroup
[G, G] is abelian.

3A closed subgroup H of a locally compact group K is called a lattice if it is discrete and the
quotient space K/H is compact. For example, the integers Z form a lattice subgroup of the reals
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A, and a group homomorphism p: T' — G such that the translation system (G/A, %),
where the underlying probability space is the homogeneous space G/A equipped with
a translation-invariant Borel probability measure, which we call the Haar measure
of G/A, and with the action 7% (g\) = (o(v) - 9)A, is isomorphic to (X, 7).

We provide an example of a translational system on a homogeneous space of a locally
compact 2-nilpotent Polish group.

Example 14.2.2. Let

1 a c
g= 0 1 b|l:a,bceR
0 0 1

be the real Heisenberg group, endowed with the group law of matrix multiplication
as inherited from its definition as a subgroup of 3 x 3 matrices. As a lattice, we
consider

1
A= 0 ca,b,c €l
0

O~
_ S0

We equip G with the 3-dimensional Lebesgue measure, which preserves the group
law. This measure induces a pushforward measure on the homogeneous space G/A
that is translation-invariant.

Next, we define a group homomorphism ¢: Z — G by sending the generator 1 € Z
to the matrix

)

1
0
0

O = Q2
_ o

where a, b are linearly independent over Q.

This construction induces an ergodic measure-preserving system (G/A, 7%) over I' =
Z., which is a system of order 2. Verifying these properties are left as an exercise for
the interested reader.

From the previous reduction, we then obtain the following structure theorem:

Theorem 14.2.3 (Structure theorem for Conze—Lesigne systems). Let (X, 7) be an
arbitrary concrete ergodic measure-preserving system over I' of order 2. Then (X, T)
is isomorphic to an inverse limit of translational systems formed on locally compact
Polish groups of nilpotency class 2.

Remark 14.2.4. The difference in the structure theorem for the Conze-Lesigne
factor compared to the Halmos—von Neumann representation theorem for the Kro-

R.
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necker factor lies in the type of systems considered: instead of rotational systems
on compact abelian groups (nilpotent groups of nilpotency class 1), as in Theorem
6.2.6|, we now focus on inverse limits of translational systems on homogeneous spaces
of nilpotent groups of nilpotency class 2. Similarly, the structure theorem for the
Kronecker factor in Theorem [13.3.1] considers inverse limits of rotational systems on
compact abelian Lie groups.

The advantage of working with compact abelian Lie groups is the following impor-

tant result that provides a “linearization” for cocycles of order 2:

Theorem 14.2.5. Let (Z,7.) be an ergodic rotational system over I', let G be a
compact abelian Lie group, and let p: I' X Z — G be a cocycle of type 2. Then for
every z € Z, the derivative map 0,p: I' X Z — G, defined by

0pr(w) = py(z - w) - py(w) ™

for almost every w € Z and each v € T, is a quasi-coboundary. That is, there exist
a group homomorphism &,: I' — G and a measurable function f, such that for all
v €' and almost every w,

(82,0)7(11}) = fz(’y) ) fz((Tc)'y(w» : fz(w)il-

Proof. A proof of this theorem in the generality of arbitrary countable discrete
abelian groups I is given in [JST24, Theorem 1.13|. ]

Now we sketch the proof of Theorem [14.2.1} beginning with the construction of the
group G.

Construction of G:

The group G consists of all pairs (2, F) € Z x L>(Z,G), where where L>(Z, G)
denotes the space of equivalence classes of measurable maps from Z to GG, such that
there exists a group homomorphism &: I' — G satisfying the following condition:
for all v € I" and almost every w € Z,

(0:2p5) (w) = Fle(v) - w) - F(w) ™ - £().

By Fubini’s theorem, each (z, F') € G induces a measure-preserving transformation
T, r o0 Z X G, defined as

T r(s,u) = (s-z, F(s)-u),

where s € Z, u € G, and F\(s) is evaluated using a representative of F'in L>°(Z, G).

The group law in G is determined by the composition of such transformations:

(ZlaFl) : (227F2) = (21 “29, Fy - Iy o Vzl),
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where FoV,(w) = F(z-w) for w,z € Z. The inverse of (z, F') in this group is given
by
(2, ) ' =(z"L, F oV, ).

G is 2-nilpotent:

The commutator subgroup [G,J]| is identified with the subgroup of pairs (1, F'),
where F' € L>®(Z,G) satisfies the following condition: there exists a group homo-
morphism £: I' = G such that for all ¥ € I" and almost every w € Z,

Fo(r), =&() F. (14.3)

We refer to a function F' € L*(Z, G) satisfying as a G-valued eigenfunction
with eigenvalue £ of the rotational system (Z,7.). Denote the collection of all such
eigenfunctions by E(Z, G). The commutator subgroup [G, G| can then be identified
as {1} x E(Z,G).

Since {1} x E(Z, G) lies in the center of G, it follows that G is nilpotent of nilpotency
class 2.

G is Polish and locally compact:

Denoting by Hom,(Z, ) the set of continuous group homomorphisms from Z to G,
one can show that E(Z, G) is isomorphic to G x Hom.(Z, G) as groups.

Equip Hom.(Z, G) with the discrete topology. Consequently, G x Hom.(Z, G) be-
comes a locally compact abelian group, and using the aforementioned isomorphism,
we equip E(Z, G) with the structure of a locally compact abelian group.

Next, we endow G with a topology. By Koopmanization, we identify G as a subgroup
of the unitary group of L?(Z x ). Using this identification, G is equipped with the
strong operator topology. Since L?(Z x () is separable, G is a Polish group.

As G has a countable Pontryagin dual (because it is metrizable), it admits a translation-
invariant metric d. Using this metric d, we equip L>*°(Z,G) with the topology of
convergence in measure, which is metrizable by the metric [, min{1, d(F, F>)}dmy,
since Z is separable. The restriction of the resulting product topology on Z X
L>(Z,G) to G coincides with the strong operator topology, and its restriction to
{1}xE(Z, G) coincides with the locally compact topology introduced on E(Z, G).

To show that G is locally compact, let 7: G — Z be the projection onto the first
coordinate. From Theorem [14.2.5] we know that 7 is surjective. Since 7 is also a con-
tinuous homomorphism of Polish groups, it is an open map (see, e.g., [BK96]).

The kernel ker(7) C {1} x E(Z,G) is closed, and since E(Z; G) is locally compact,
it follows that ker(m) is locally compact. Using the fundamental theorem on ho-
momorphisms of topological groups (see, e.g., [HR79, Theorem 5.25|), we conclude
that G is locally compact.
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Transitivity of the action of G on Z x G-
By Theorem [14.2.5] G contains a transformation (z, F}) for each z € Z. Since G

also contains (1, g) for each g € G (where g is identified with a constant function),
G acts transitively{]on Z x G.
Stabilizer of (1,1):

The stabilizer of the point (1,1) in G is given by:
A ={1} x Hom(Z,G),

which is a discrete subgroup. To see this, consider (z, F') € G. If (z, F') stabilizes
(1,1), then z = 1 and (1, F) € ker(m). Since ker(m) C {1} x E(Z;G), there exists
a group homomorphism &: I' — G such that F' is a G-valued eigenfunction with
eigenvalue £. Moreover, since (z, F') stabilizes (1,1), F(1) = 1. We deduce that
F: 7 — G is a homomorphism.

Homeomorphism between G/A and Z x G:

The quotient map G — G/A is open, as it is a continuous surjection of Polish groups
(see [BK96]). Since G acts transitively on Z x G, G/A is homeomorphic to Z x G
(see [MZ55]). Let j: G/A — Z x G denote this homeomorphism.

Translation Action and Haar Measure:

For every (z,F) € G, the map j~' o7, p) 0 j is a left translation on G/A. Since
T(z,F) 1s measure-preserving on Z x G, the pushforward measure j- Ymy ® mg) is
invariant under the translation action of G on G/A. As G is locally compact and
nilpotent, it is unimodular, and hence j;!(mz ® mg) must coincide with the Haar
measure mg/y of G/A (see [Nac63]).

Embedding of I into G:

For any ~1,7, € I', the cocycle equation implies that for almost every z € Z,

P (2) - (Py((7)22(2))) 71 = e (2) - (py (7)o (2)))

This shows that (c(7),p,) € G (with the choice of £ = 1) for all v € I'. Using the
translation action described above, we define a measure-preserving action of I' on
G/A, equipped with the Haar measure mg/,.

This construction completes the proof of the structure theorem for Conze—Lesigne
systems.

4Since the G-action on Z x G is only defined almost surely and not continuously, a priori we
cannot speak of transitivity or the stabilizer of a point, as in the subsequent step. However, these
technical problems can be resolved by working with a suitable topological model of (X, 7); see
[JST24, Theorem A.4 and Lemma A.6] for details. Henceforth, we assume that the G-action on
Z x G is defined everywhere and is continuous, and all ensuing identities hold everywhere.
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14.3 Comments and Further Reading

The fact that systems of order k are abelian skew-product extensions of their (k—1)th
characteristic factor was established independently in the I' = Z case by Host and
Kra [HKO05| and Ziegler [Zie07], albeit using slightly different definitions of these
factors, which were later shown to be equivalent by Leibman. The arguments of Host
and Kra adapt easily to the general case of arbitrary I', as noted in the literature
(see, e.g., [BTZ10LJST24]). In this lecture, we provided a proof for general countable
abelian I' in the case of systems of order 2.

The structure of the second characteristic factor, or systems of order 2, was studied
in the I' = Z case by Conze and Lesigne [CL88a], [CL88b| (see also [Rud95|, [Mei90],
[EW96Dh|, [HKO01], [HK02]). In this setting, a more precise structure theorem can be
proven, stating that systems of order 2 are inverse limits of nilsystems, which are
translational systems formed on nilmanifolds - homogeneous spaces of nilpotent Lie
groups. Unfortunately, when I' is not finitely generated, there are counterexamples
showing that this stronger version of the structure theorem fails; see the example
presented after [Sha24, Conjecture 2.14] (in the discussion of [Sha24, Theorem 4.3]).
The general structure theorem for Conze—Lesigne systems (Theorem was
recently established in [JST24].



Lecture 15

In this final lecture of ISem28, we first provide a brief and condensed overview of
the current state of research in Host—Kra structure theory and its application to
inverse Gowers theory. In the second part, we offer an anecdotal introduction to the
corresponding structure theory for topological dynamical systems.

15.1 Host—Kra theory: What else is known?

Let k& > 1 be an integer, and let (X, 7) be a concrete ergodic measure-preserving
system over I' of order k. One can generalize the arguments in Proposition [14.1.4 and
Proposition to show that (X, 7) is isomorphic to a group skew-product system
Zi_1 X, G, where Zj,_; is the subsystem of (X, 7) of order £ — 1, G is a compact
metrizable abelian group, and p is a cocycle of type k. This result is proved in
[HK18, Chapter 18| for I' = Z, but the proof can be adapted to the general case of
arbitrary I', as has been noted in the literature, see, e.g., [BTZ10} [JST24].

Combining these representations for all £ > 2, we obtain that (X, 7) is isomorphic
to a chain of skew-product extensions

G1 NPIGQNPQ"'N Gk

Pk—1

where all the G; are compact metrizable abelian groups, the cocycle p; is of type
i + 1 for all 7, and the extensions are constructed from left to right. The groups
GG; appearing in this representation are called the structure groups of the system
(X, 7).

There is a close connection between the topological and algebraic properties of the
acting group I' and the structure groups G;:

o If I' =7, Host and Kra established that all G; for ¢+ > 2 are connected abelian
groups for all finite-order systems, see [HK18, §18.5].

e If I is an m-torsion group] then all the structure groups of finite-order systems

!That is, 7™ = 0 for all v € T'.

219
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are totally disconnected and m-torsion, see [JST23, Theorem 1.4].

In general, we lack a more systematic way to relate the properties of the structure
groups to the properties of the acting group, which is important for developing struc-
ture theorems. Notice that the previous examples suggest an interplay with Pontrya-
gin duality between compact and discrete groups, where there is a duality between
torsion-free (resp. torsion) groups and connectedness (resp. total disconnected-
ness). Thus, the previous examples may be seen as a reflection of a higher-order
form of Pontryagin duality. Discovering such a duality and its implications remains
an intriguing open problem in the structure theory of finite-order systems.

As far as structure theorems are concerned, the only case where a complete and
satisfactory answer has been provided is the case I' = 7Z, due to the independent
work of Host and Kra [HK05, [HK18| and Ziegler [ZieQ7]:

Theorem 15.1.1 (Structure theorem for finite order Z-systems). Let (X, 7) be a
concrete ergodic measure-preserving system of order k for some integer k > 1 over
['="7Z. Then (X, 1) is isomorphic to an inverse limit of translational systems formed
on k-nilpotent Lie groups.

The Conze-Lesigne structure theorem (Theorem is the only result that holds
for arbitrary countable I', but it applies only to systems of order 2. Partial results
for other specific choices of I" and general finite-order systems can be found in,
e.g., [BTZ10, [Sha24, [JST23| [CS23|. Establishing a general structure theorem for
arbitrary countable I' and systems of arbitrary finite order is a very challenging but
important open problem.

15.1.1 Application to Inverse Gowers Theory

An area where Host—Kra structure theory has found applications in recent years
is the inverse theory for the Gowers norms, which forms the core of the emerging
field of higher-order Fourier analysis (cf. [Taol2]). This field is particularly relevant
for various problems in additive combinatorics and analytic number theory, such as
obtaining quantitative bounds in Szemerédi’s theorem or its polynomial and multidi-
mensional generalizations (see, e.g., [PP24, [LSS24]), understanding the asymptotics
of primes in arithmetic progressions [GT10], and addressing questions related to
Sarnak’s conjecture [MRT"23|. A central open problem in the inverse theory for the
Gowers norms is Conjecture below.

Let G be a finite abelian group and £ > 1. The k-th Gowers uniformity norm
of a complex function f: G — C is defined by the formula

1
Hf”U’“(G) = (Ex,h17~--,hk€GAh1 s Ahkf(x>>2k )

where E, c4 = IT}I > pea and Apf(z) = f(x+h)- f(z).
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We have the following conjecture from [JT23c|, where we refer to [JT23¢| for the
theory of polynomial maps on filtered groups.

Conjecture 15.1.2 (Inverse theorem for U™ (G)). Let G be a finite abelian group,
6d>0,k>0,andlet f: G— C be a 1-bounded function with || f||yr+1q > 0. Then
there is a degree k filtered nilmanifold H/A, drawn from some finite collection of
such nilmanifolds that depends only on k,0 but not on G (and each such nilmani-
fold is endowed arbitrarily with a smooth Riemannian metric), a Lipschitz function
F: H/A — C of Lipschitz norm Osy(1), and a polynomial map g: G — H/A such
that

[Esecf(2)F(g(2))] >ox 1.

Conjecture has been verified in several important special cases. The case
where we restrict to the family of cyclic groups F = (Z/pnZ)n—00, Where p,, denotes
the nth prime number, was established for arbitrary k£ in a breakthrough result by
Green, Tao, and Ziegler [GTZ12]. The case F = (F"),, 0, where F denotes a fixed
finite field, was established for arbitrary k& and F by Bergelson, Tao, and Ziegler in
a series of papers [BTZ10, [TZ10, [TZ12], where they develop and use among other
tools Host—Kra structure theory for F¥-actions.

In [JT23c], Tao and the second author introduced an approach to Conjecture
that relates it to Host—Kra structure theory for Z“-systems. This approach can
be outlined as follows: Let F be a family of finite abelian groups. In [JT23c|, a
correspondence principle was introduced that connects Conjecture for F to
the algebraic classification of characteristic factors of an ergodic Z“-system (X, T')
modeled on the ultraproduct group of the family F, where the order of the charac-
teristic factor corresponds to the degree k of the Gowers norm. In the same work,
the Conze—Lesigne structure theorem (Theorem was used to prove Conjec-
ture in the special case k = 2. Conjecture for k£ > 3 and arbitrary finite
abelian groups is widely open. For some recent partial progress in certain special
cases, see, e.g., [JST23| [CGSS23)].

15.2 A Glimpse at Topological Structure Theory

In our lectures we have developed the structure theory of measure-preserving sys-
tems and discussed some applications. A natural question is to ask for similar
structure results in the world of topological dynamics, i.e., the study of continuous
transformations on compact spaces. In this final section of our notes, let us briefly
outline some of the topological structure theory.

For this exposition, we restrict (as usual) to systems (K, 7) given as actions of a
countable (discrete) abelian group I' on a compact metric space K. A morphism
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q: (K,7) — (L,0) between such topological dynamical systems is given by a con-
tinuous map ¢: K — L such that go 7, = 0, 0 ¢, i.e., the diagram

K- oK

L2~
commutes for all v € I'. It is

(i) a factor map or extension if ¢ is surjective, and

1

(ii) an isomorphism if ¢ is bijective (which implies that ¢~' also defines a mor-

phism of topological dynamical systems).
Structured Systems. What does it mean for such a topological dynamical system
(K, ) to be structured? One possible answer: We demand that there is no “sensitive
dependence on initial conditions”, i.e., if two points z,y € K are close to each other,
then their orbit points 7,(x) and 7,(y) should also be close for all v € I'. More

precisely, given any ¢ > 0, we find some ¢ > 0 such that the following implication
holds.

o If (z,y) € K x K satisfies d(x,y) < 0, then d(7,(x),7,(y)) < ¢ for all y € T.

This simply means that the family of maps {7, | v € I'} C Homeo(K) is (uniformly)
equicontinuous ]

Definition 15.2.1. A topological dynamical system (K, ) is called equicontinu-
ous if the family of maps {7, | v € I'} is equicontinuous.

The following rotation system is a typical example.

Example 15.2.2. For I' = Z consider the rotation (T,/,) on the torus defined by
l,: T — T, z — az for some a € T (cf. Example 6.2.2)). Then [, preserves the
Euclidean metric, which implies that the system (T, [,) is equicontinuous.

Another idea would be to use a functional analytic definition of structured systems
via discrete spectrum (see Definition . To do so, we can for each topologi-
cal dynamical system (K, 7), just as for measure-preserving systems, consider the
Koopman representation

U,: T = Z(C(K)), 7 U

where UT;lf = fOT;1 for f € C(K) and v € T". Since I is abelian, we then assume
that the eigenspaces with respect to this representation generate C(K).

2Since K is compact, every equicontinuous family of maps is automatically uniformly equicon-
tinuous.
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Definition 15.2.3. A topological dynamical system (K, 7) has discrete spectrum
if C(K) = lin{U, cp- ker(x — U;) where

ker(x —U;) ={f € C(K) | U, f = x(7)f for all vy € '}

is the eigenspace associated with a character y € I'*.

Once again we obtain rotation systems as examples.

Example 15.2.4. Let ¢: I' — G be a group homomorphism to any compact abelian
metric group G. Consider the induced rotation system system (G, 7.) via 7.: I' —
Homeo(G), v + ) from Example m (where [,: G — G,y — xy). Using
that the continuous characters y € G’ span a dense linear subspace of C(G) by
Proposition[6.1.19and Theorem [6.1.18] one can check that the topological dynamical

system (G, 7.) has discrete spectrum.

It turns out that both previous definitions of structured topological dynamical sys-
tems — via equicontinuity and discrete spectrum — are equivalent. To show this, it is
helpful to consider yet another characterization based on the following topological
algebraic concept introduced by Robert Ellis (see [EII60]). For a compact space
K equip the set of all selfmaps KX = {r: K — K} with the product topology
(i.e., the topology of pointwise convergence). By Tychonoff’s theorem (see Theorem

3.2.4]) this is a compact space.

Proposition and Definition 15.2.5. For a topological dynamical system (K, T)
the closure

E(K,7)={r, |y€T}C K"

in KK is a semigroup when equipped with the composition of maps, i.e., ¥ o o €
E(K,7) for all 9,0 € E(K, 7). We call E(K,T) the Ellis semigroup of (K, ).
We refer to [Aus88, Chapter 3] for a proof and more details, but highlight that in
general E(K, 7) may contain discontinuous maps. Furthermore, the multiplication
(given by composition) on E(K,7) is generally not jointly continuous. However,
E(K,7) is still a compact right-topological semigroup, i.e., for a fixed element
o € E(K, 1) the right multiplication

E(K,7) - E(K,7), ¥J—dop

is continuous. One can apply the structure theory of such semigroups (see, e.g.,
[Rup84], [BJM89]) to the Ellis semigroup to study the topological dynamical system
(K, 7).

We compute the Ellis semigroup in the situation of Example [15.2.2]
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Example 15.2.6. Consider the torus rotation (T,l,) for a € T. If a* = 1 for some
keN, then {I" |n€Z} ={l;n | n=0,...,k—1} C TT is discrete, hence closed,
and we therefore have

E(T,1,) = {lg» | n=0,... .k —1}.

On the other hand, if a is not a root of unity, then {a" | n € Z} is dense in T by
Kronecker’s Theorem (see Theorem [6.1.22)), and this implies

E(T,1,) = {ly | b€ T} C T7,

i.e., the Ellis semigroup consists of all rotations l,: T — T, z +> bz for b € T in this
case.

In this example the Ellis semigroup is actually a compact toplogical abelian group
consisting of homeomorphisms. With the help of the Arzela—Ascoli theorem (see,
e.g., [Sinl9 Theorem 11.3.12]), one can check that this is still the case for all equicon-
tinuous systems (see again [Aus88, Chapter 3| for the details). The representation
theory of compact groups from Section (and some further arguments then yield
the following satisfying characterizations of structured systems (see, e.g., [Aus88,
Chapters 3 and 4] and [HK23, Theorem 1.11])|ﬂ

Theorem 15.2.7. For a topological dynamical system (K, ) the following assertions
are equivalent.

(a) (K,T) is equicontinuous.
(b) E(K, 1) is an abelian metrizable compact topological group of homeomorphisms.
(¢) (K, T) has discrete spectrum.

As a corollary, we obtain a version of the Halmos—von Neumann representation
theorem (see Theorem for topological dynamical systems (see, e.g., [Aus88|
Theorem 3.6|, [Wal75, Theorem 5.8|, [DNP87, Chapter VIII|, and [HK23, Theorem
4.4 (iii)]). Recall the notion of minimal systems from Definition [10.2.1] One can
readily check that every rotation system (G, 7.) defined by a group homomorphism
c: I' = G with dense range to an abelian metrizable compact topological group G is
minimal, and it has discrete spectrum by Example [15.2.4f We obtain the following
converse result.

Theorem 15.2.8 (Topological Halmos—von Neumann Representation Theorem).
Let (K, T) be a minimal topological dynamical system with discrete spectrum. Then
there is a group homomorphism c: I' — G with dense range to a compact metric
abelian group G such that (K, T) is isomorphic to the rotation system (G, T.).

3The quoted sources deal with the general case without countability and metrizability assump-
tions. However, in our setting we obtain metrizable groups via [Aus88|, page 52| since the topology
of uniform convergence on the space of homeomorphisms Homeo(K) is metrizable.
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Proof. By Theorem we obtain that G := E(K,7) is an abelian metrizable
compact topological group of homeomorphisms. The map ¢: I' = G, v — 7, is a
group homomorphism with dense range. Now pick any point o € K. Then the
evaluation map

¢:G— K, 09— 9(x)

is continuous, and one can readily check that g o (7.), = 7, 0 ¢ for each v € T, i.e.,
¢ is a morphism of topological dynamical systems.

Since ¢(G) is a non-empty, compact and invariant subset of K, and (K, 7) is minimal,
we obtain that ¢ is surjective. To see that it is injective, take ¥, € G with
V1 (w0) = Vo). Then ¥ == 5" 01, € G satisfies J(z) = 79, and thus also

9(q(0)) = V(o(w0)) = o(V(z0)) = 0(w0) = q(0)

since (G is abelian. As ¢ is surjective, this implies ¢ = idg, hence ¥ = ¥,. n

Remark 15.2.9. One can prove topological versions of all aspects of the Halmos—
von Neumann theorem classification result (see, e.g., [Wal75, Theorems 5.8 and 5.9],
[IDNP87, Chapter VIIIL.3|, and [HK23, Theorem 4.4]), even without any countability
and metrizability assumptions. Via the concept of topological models discussed in
the “Comments and Further Reading Section” of Lecture 8, these topological results
can be used to give a different proof of the ergodic theoretic statements (Theorems
6.2.6116.2.7, and [6.2.8)), see, e.g., INWT2], [DNP87, Chapter VIII] and [HK23| Section
3.

Furstenberg Structure Theory. Can we also rebuild a topological dynamical
system (K, 7) from a tower of suitable extensions similarly to Theorem for
measure-preserving systems? The topological theory is somewhat more intricate.
However, Furstenberg actually showed a topological structure theorem before his
ergodic theoretic result (see [Fur63]). It deals with minimal systems which are
distal.

Definition 15.2.10. A topological dynamical system (K,7) is called distal if
inf,cp d(7,(x), 7,(y)) > 0 for all z,y € K with x # y.

Thus, loosely speaking, a system is distal if two distinct points cannot come close
to each other “in the long run”. One can check that every equicontinuous system
is distal (see [Aus88, beginning of Chapter 5|), but the converse does not hold as
shown by the following example.

Example 15.2.11. For I' = Z and a € T, which is not a root of unity, consider the
skew-rotation (T2, 7) from Example given by 7: T? — T?, (x,y) — (az,xy).
Then (T?, 7) is a minimal distal system which is not equicontinuous, see (see [Aus88),
page 75 of Chapter 5]|).
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Once again there is a nice characterization in terms of the Ellis semigroup (see
[Aus88, Theorem 5.6]).

Theorem 15.2.12. For a topological dynamical system (K, T) the following asser-
tions are equivalent.

(a) (K,7) is distal.
(b) E(K,T) is a group.

Furstenberg’s structure theorem now tells that any minimal distal system can be
rebuilt from a trivial system via “structured extensions”. To make this concept
precise, we introduce the following definition. Here, given a continuous surjection
q: K — L between compact spaces, we write K; := ¢~ ({l}) for the fiber over [ € L
and

K xp K = {(x,y)€K2\q(x):q(y)}:UleKngxK

for the fiber product. We then “relativize” the notion of equicontinuous systems

from Definition [15.2.1] as follows.

Definition 15.2.13. An extension ¢: (K,7) — (L,0) is called “equicontinuous” if
for every € > 0 there is 6 > 0 such that the following condition holds.

e Whenever (z,y) € K x; K satisfies d(x,y) < 0, then d(7,(z),7,(y)) < € for
all v e T.

Thus, we only have “no sensitive dependence on initial conditions” for points within
the same fiber of q.

Example 15.2.14. For a € T consider the skew-rotation system (T? 7) from Ex-
ample and the rotation (T,l,) from Example [6.2.2] Then the projection
pr;: T2 — T, (x,y) — x onto the first component defines an equicontinuous exten-
sion pry: (T2, 7) — (T,1,): If (z,y), (z, z) € T?, we obtain for the Euclidean distance
on T? that

I7(z,y) = 7(z, 2)[l2 = [[(az, 2y) — (az, 22)||la =[xy — 22| = |2 - |y — 2]
=ly— 2= l(z,y) = (z,2)]l2.
By induction, we then obtain ||[7"(x,y) — 7™ (z, 2)||2 = ||(z,y) — (z, 2)||2 for all n € Z

and z,y, 2z € T. This implies that the extension is equicontinuous.

Remark 15.2.15. As in the case of systems, there is (at least for minimal systems)
an equivalent functional analytic definition of structured extensions similar to the
notion of “relative discrete spectrum” from Theorem [11.3.3] see [EK22D].

To formally state Furstenberg’s structure theorem we also need the concept of pro-
jective limits for topological dynamical systems.



15.2. A GLIMPSE AT TOPOLOGICAL STRUCTURE THEORY 227

Definition 15.2.16. A directed system of topological dynamical systems
(Kas Ta)acas (qu)algag) consists of

(1) a non-empty directed set A,
(2) a topological dynamical system (K,,7,) for each a € A, and
(3) an extension ¢32: (Ka,, Tay) = (Ko, Ta,) for all g, ap € A with a; < s,

such that

o e}

(1) 3} = g0} o g
(i) ¢% =idg, for each a € A.

g’ for all oy, a, a3 € A with o < ap < 3.

In this case, the topological dynamical system (K, 7) given by the closed subset

K = {(xa)ocEA € H K, | qgf(l}m) = Ta, for all oy < 062}

acA

of the product space [ .4 Ko equipped with the action given by 7,((za)aca) =
((Ta)y(%a))aca for (z4)aca € K and v € T is the projective limit of ((Kq, 7a))aca-

One can show that the projective limit of minimal systems is again minimal. The
following is now the precise formulation of the Furstenberg structure theorem for
minimal distal systems. We refer to [Aus88, Chapter 7] for more details and a
proof.

Theorem 15.2.17 (Furstenberg Structure Theorem). For a minimal topological
dynamical system (K, T) the following assertions are equivalent.

(a) (K,7) is distal.
(b) There is an ordinal 3 and a projective system (Ko, Ta)a<s, (452)ar1<az) Of min-
1mal topologgical dynamical systems such that
(i) (Kg,78) = (K,7) and (Ko, 70) = ({1},1d),
(1) Gat1: (Kat1s Tav1) = (Ka, 7o) is equicontinuous for each o < B, and
(iii) (Ka,Ta) is the projective limit of ((Ka,Ta)a'<as (452 )ar<an<ar) for every
limit ordinal o < 3.
A nice proof of the structure theorem can be obtained by studying the Ellis semi-
group E(K, 7) of a minimal distal system (K, 7), which is a compact right topological
group by Theorem [15.2.12] In fact, Isaac Namioka proved a structure theorem for

compact right topological groups, and then applied this to E(K, 7) in order to obtain
the Furstenberg structure theorem (see [Nam72| and [BJMS89, Appendix CJ).

Remarks 15.2.18. (i) One can also prove (more complicated) structure theo-
rems for general minimal systems, see, e.g., [VeeT7] and [dV93, Chapters V
and VIJ.
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(ii) As for systems one can use topological models (cf. Remark above) to
establish connections between structured extensions in topological dynamics
and ergodic theory, see, e.g., |[ElI87], [EJK23]. For I' = Z Elon Lindenstrauss
proved a relation between topologically distal systems and measurably distal
systems (i.e., measure-preserving systems for which the weakly mixing exten-
sion in the Furstenberg—Zimmer tower can be omitted), see [Lin99]. Generally
speaking, there is a close connection between the topological and the measure-
theoretic structure theory.

Host—Kra Structure Theory. Finally, we mention that there is also a Host—
Kra structure theory for topological dynamical systems (see, e.g., [HKM10|, [HK18|,
Chapter 7 and Section 17.1]). However, we do not give the definition of the topo-
logical characteristic factors here (which again relies on certain constructions within
cubic systems). As in the ergodic theoretic framework, one then says that a minimal
system (K, 7) has order k € N if it agrees with its kth characteristic factor. For
I' = Z one can then, as in the measure-preserving case, represent a system of order
k as a projective limit of “k-step nilsystems”.

We conclude our lectures with a nice characterization of order k systems in terms of
the Ellis semigroup which has been established rather recently by Sebastian Donoso,
Jiahao Qiu and Jianjie Zhao (see [Donl4| and [QZ22]). For a compact right topolog-
ical group F, set Ey := E and recursively define E;; = [E;, E] C E for i € Ny. If
E}. is the trivial group for k£ € Ny, then F is k-step topologically nilpotent.

Theorem 15.2.19. For a minimal topological dynamical system (K, 1) over I' =7
and k € N the following assertions are equivalent.

(a) (K,T) is of order k.
(b) E(K,T) is a k-step topologically nilpotent compact right topological group.



Appendix A

Some Functional Analysis

In this appendix (which will be updated during the course) we treat basic concepts
and results from functional analysis and operator theory to the extent needed for
the lectures. Everyone who has already attended a course on functional analysis can
skip this appendix (or use it as a reminder). Introductions to functional analysis
(with the contents below and much more) can be found, e.g., in [Con85|, [Rud&7],
[Ped89], and [Haal4].

A.1 Banach Spaces and Bounded Linear Operators

In this first part of the appendix we recall the concepts of Banach and Hilbert
spaces, and bounded linear maps between them (see, e.g., [Con85, Paragraphs I.1,
II1.1, and II1.3|), [Rud87, Paragraphs 4.1 and 5.1|, [Ped89, Sections 2.1, 2.2, and
3.1], and |[Haal4l, Section I.1, Chapters 2, and 5]).

Normed and Banach Spaces. A seminorm on a complex vector space F is a
map || - ||: E — [0,00) such that

@) If +gll < Il + llg]l for all f,g € E, and
(i) [[Af]| =Ml ||f]| for A€ Cand f € E.

A seminorm then automatically satisfies ||0|| = 0 for the zero vector 0 € E. It is
a norm if addition ||f|| = 0 for f € E already implies f = 0. Every norm || - ||
induces a metric via d(f,g) == ||f — g|| for f,g € E. In particular, in we can speak
of topological notions like open sets, closed sets, the closure, the interior, convergent
sequences, continuity, etc. Note that addition and scalar multiplication as well as
the norm define continuous maps with respect to the above metric.

A complex vector space E equipped with a norm is called a normed space, and
a Banach space if it is complete as a metric space, i.e., every Cauchy sequence

229
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converges. Classical examples also featuring in this course are the following.

Examples. (i) The vector space C¢ for d € N with the Euclidean norm given
by |[v]l2 = (Zle l0;]2)2 for v = (v1,...,v4) € C?is a Banach space. In
particular, C equipped with the modulus | - | is a Banach space.

(ii) The space C(K) = {f: K — C | f continuous} for any compact space K
(e.g., K = [0,1]) equipped with the supremum norm given by | f|le =
sup,cx | f(z)] for f € C(K) is a Banach space.

(iii) For a probability space X, the space (X)) of equivalence classes of p-integrable
measurable functions f: X — C with the p-norm given by

1Al = ( / |f|P)” for f € L7(X)

is a Banach space for each p € [1,00). Moreover, the space L>(X) of equiv-
alence classes of bounded measurable functions f: X — C equipped with the
essential supremum norm defined by

| flleo = inf{c > 0] |f(x)| < c for almost every z € X} for f € L*(X)

is a Banach space. Since X is a probability space, Holder’s inequality gives us
the inclusions

L*(X) € LI(X) € I7(X) C L'(X)

with || f]l, < ||fll4 for f € LY(X) where 1 < p < ¢ < 0.

Hilbert Spaces. In some of the examples above, the norm is defined by an inner
product. Recall that on a complex vector space H a map (:|-): H x H — Cis a
positive sesquilinear form if

(i) (f|f) >0 for every f € H,
(i) (cfi+ azfalg) = a1(filg) + aa(falg) for all ay,as € C and fi, f2,9 € H, and

(iil) (f1B1g1 + B2g2) = Pi(flgr) + Ba(flg2) for all 51,8, € C and f, 91,92 € H.
In this case, the Cauchy-Schwarz inquality

[(Flo)l < (f1f)

and the polarization identity

(glg)?

N

4

(Flg) = 1 ST + gl + i)
k=1
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hold for all f,g € H. The latter implies that (-|-) is self-adjoint, i.e., (¢|f) = (flg)
for all f,g € H (see, e.g., [Ped89, Section 3.1]).

One can check that || f|| = /(f|f) for f € H defines a seminorm on H. The
following version of the “Pythagorean theorem” for f,g € H follows directly
from the definition:

If + glI* = I/ + 2Re (flg) + llglI*.

A positive sesquilinear form (-|-): H x H — C is an inner product if (f|f) =0
for f € H implies f = 0. In this case, the induced seminorm || - || is actually a
norm, and, as a consequence of the Cauchy-Schwarz inequality, the inner product is
continuous with respect to the induced metric. If the norm is complete, we call H
a Hilbert space.

Examples. (i) C? for d € N with the Euclidean inner product given by (v|w) ==
Z?Zl viw; for v = (vy,...,vq), (W, ..., we) € C%is a Hilbert space.

(ii) For a probability space X, the vector space L*(X) equipped with the inner
product defined by (flg) = [ f-gfor f,g € L*(X) for f,g € L*(X) is a
Hilbert space.

Bounded Linear Operators. In contrast to finite-dimensional vector spaces,
linear maps between normed spaces need not be continuous. It turns out that a
linear map U: F — F between normed spaces F and F' is continuous precisely

when it is a bounded linear operator in the sense that there is some ¢ > 0 with
Ul < c-|lf[| for all f € E.

The space of all such bounded linear operators from E to F' is denoted by Z(E, F).
Equipped with pointwise defined addition and scalar multiplication and the oper-
ator norm given by

WUl =sup{||Uf]| | f € E with ||f]| <1} for U € L(E, F),

the space .Z(F, F) itself becomes a normed space. It is a Banach space if F is a
Banach space. The operator norm satisfies ||Uf|| < [|U] - || f]| for all f € E and
U e Z(E,F). Moreover, it is submultiplicative: If D, F,| F' are normed spaces, U €
Z(E,F)andV € Z(D,E), then UV :=UoV € Z(D, F) with [|[UV| < ||U]|-|V]|-
We abbreviate Z(F) = Z(F, F) and £’ .= Z(F, C) for any normed space E. The
space £’ is called the dual space of E.

Particularly nice bounded operators are the ones which actually preserve the norm:
A linear map U: E — F between normed spaces E and F is a linear isometry
if [Uf|| = ||f]| for all f € E. Notice that this automatically implies that U is an
injective map as it has a trivial kernel.
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If H and K are Hilbert spaces, then a linear isometry U: H — K automatically
satisfies (U f|Ug) = (flg) for all f, g € H by the polarization identity. In this case, U
is called a unitary operator if U is also surjective (and then a bijection). We write
% (H) for the set of all unitary operators U: H — H on a Hilbert space H.

The following simple extension theorem (see, e.g., [Ped89, Proposition 2.1.11]) for
bounded linear operators is used in the first lecture.

Proposition A.1.1. Let E be a normed space and D C E a dense linear subspace.
Every bounded linear operator U & .,2”_(D,F) to a Banach space F has a unique
extension to a bounded linear operator U € L (E, F) with ||U|| = ||U]].

Note that, by continuity of the norm, the extension of a linear isometry is again a
linear isometry.
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A.2 Basic Hilbert Space Theory

The following are some basic concepts and tools from Hilbert space theory, see, e.g.,
[Con&5, Chapter 1|, [Rud87, Chapter 4|, [Ped89, Sections 3.1 and 3.2|, and |[Haal4,
Chapters 1 and 8, and Section 12.2].

Given a Hilbert space H, two elements f,g € H are called orthogonal (in symbols:
f L g)if (flg) = 0. For orthogonal f,g € H the Pythagorean theorem from above
becomes || f + g||* = ||f]]* + ||g|*>. For a subset M C H we call

M*={feM|fLgforevery g€ M}

the orthogonal complement of M. This is always a closed subspace of H. Two
subsets M, N C H are orthogonal if f | g =0 for all f € M and g € N, i.e.,
M C N+

The following geometric result is used in Chapter 3 (with 2 = 0) and is fundamental
in Hilbert space theory (see, e.g., [Con85, Theorems 1.2.5 and 1.2.6]. Recall here
that a subset C' C F of a vector space F is convex if tf + (1 —t)g € C for all
f,ge Candte|0,1].

Theorem A.2.1. Let C C H be a non-empty, closed, convexr subset of a Hilbert
space H and x € H.
(i) There is a unique yo € C with ||yo — x| = inf{|ly — z|| | y € C}.

(ii) If C C H is even a closed linear subspace, then yo of (i) is the unique element
2 € C withx —z € Ct.

The following result makes use of Theorem|[A.2.1] see, e.g., [Ped89, Theorem 3.1.7].

Theorem A.2.2. Let M C H be a closed linear subspace of a Hilbert space H.
Then H = M @ M+~ is a decomposition of H into closed and orthogonal subspaces
M and M+.

In the situation of Theorem [A.2.2] the projection map Py : H — H induced by this
decomposition, i.e., the unique linear map sending elements x € M to itself, and
elements x € M+ to 0, is called the orthogonal projection onto M.

By Theorem we obtain that for any subset M C H of a Hilbert space H, we
have the identity (M1)+ = lin M (see [Ped89, Corollary 3.1.8|). Thus, the linear
hull lin M is dense in H precisely when M+ = {0}.

Another important consequence is the following famous representation theorem for
the dual of a Hilbert space, see, e.g., [Con85, Theorem 1.3.4].

Theorem A.2.3 (Riesz—Fréchet). Let H be a Hilbert space. Then the map

H—-H, g—3g
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where G(f) == (flg) for all f,g € H is a bijection. Moreover, ||g|| = ||g|| for every
ge H.

The Riesz—Fréchet theorem has an interesting consequence for bounded linear op-
erators: If U € Z(H, K) for Hilbert spaces H and K, then for every y € K the
map

yoU: H—C, z+— (UX]Y)

is a bounded linear map by the Cauchy—Schwarz inequality, and hence there is a
unique vector z € H with yoU =7Z. We set U*y = z, i.e., U*y is characterized by
the identity (z|U*y) = (UX |Y) for allz € H and y € K. The map U*: K — H
is called the adjoint operator of U, and is itself a bounded linear operator with
|U*|| = ||U||. Observe that (U*)* = U. Moreover, if H, K, L are Hilbert spaces,
then (UV)* = V*U* holds for all U € Z(K,L) and V € Z(H, K).

One can check that a bounded linear operator U € Z(H, K') between Hilbert spaces
H and K is

(i) a linear isometry precisely when U*U = Idg.
(ii) a unitary operator precisely when U*U = Idy and UU* = Id.

A bounded linear operator U € Z(H) on a Hilbert space H is self-adjoint if
U* = U. A self-adjoint operator P € Z(H) is an orthogonal projection if in
addition P2 = P. For every closed subspace M C H the orthogonal projection Py,
onto M from above is indeed an orthogonal projection in this sense. Conversely, if
P is an orthogonal projection, then the image M = PH is a closed linear subspace
and P = Py;. See [Ped89 Section 3.2] for these and further assertions.

Finally, we will also need the concept of orthonormal bases in some of the lectures.
A subset E C H of a Hilbert space H is orthonormal if its elements are pairwise
orthogonal and ||e|]| = 1 for every e € E. An orthonormal subset £ C H which is
maximal with respect to set inclusion, i.e., there is no strictly larger orthonormal
subset F' C H, is called an orthonormal basis of H. An orthonormal subset
E C H is an orthonormal basis of H precisely when lin E = H. An application of
Zorn’s lemma yields the following (see [Ped89, Proposition 3.1.12|):

Theorem A.2.4. Fvery orthonormal subset of a Hilbert space H is contained in an
orthonormal basis of H.

In particular, each Hilbert space has an orthonormal basis. This allows us to repre-
sent vectors in a Hilbert space via the following result, see, e.g., [Con85, Theorem
1.4.13]. Note here that the finite subsets Pgn(A) of any set A are directed by set
inclusion, and so we can use the notion of net convergence from Chapter 3.
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Theorem A.2.5 (Fourier Series/Parseval Identity). Let E C H be an orthonormal
basis of a Hilbert space H. Then

f = (fleJe:=lim > (fle)e and

eel finite e€F
1£17 = D2 1(Fle)? = lim > [(Fle)* = sup D [(fle)P
e€E finite e€F FCE

finite ecF
for every f € H.

By extending an orthonormal subset to an orthonormal basis we obtain the following

corollary of Theorem

Corollary A.2.6 (Representation of Projections/Bessel Inequality). Let E C H be

an orthonormal subset of a Hilbert space H, M = lin E its closed linear hull and
Py the orthogonal projection onto M. Then

Pyf = Z(f|€)f = }71& Z(f|e)e and

eck ﬁn_ite ecl’

1PafI = D 1(Fle) = Hm > [(fle) = sup > |(Fle)* < 1

eclb finite e€F finite ecF

for every f € H.



236 APPENDIX A. SOME FUNCTIONAL ANALYSIS

A.3 Spectral Projections

In this section, we summarize key results from the spectral theory of bounded self-
adjoint operators and the closely related Borel functional calculus. For brevity, we
will treat these results as a black box; proofs can be found in [Hall3, Chapter 8| for
example.

Let H # {0} be a Hilbert space and 7' € .Z(H) be a bounded self-adjoint operator.
For a real polynomial p(t) = Z?:o cit' € R[t], let p also denote its restriction as a
function to [—||T||,||T||]. Define

d

p(T) = Z T

=0

Then p(T): H — H is again a bounded and self-adjoint operator. Now, consider
a compact interval [a,b] C [—||T||,||T|], and let f = 1, denote its characteristic
function. By the Bolzano—Weierstrafs theorem, there exists a sequence of polyno-
mials p,: [—||T,|T]]] — R such that p, converges pointwise and boundedly to

f.
We define
f(T)h = lim p,(T)h for h € H,

n—ro0
where this limit exists and is independent of the choice of the approximating se-
quence (P )nen-
The operator f(7T) has the following properties:

(i) f(T) is an orthogonal projection.

(i) f(T)oT =T o f(T).

(iii) Let Hy be the range of f(7'). Then, for the restriction T'|y, of T' to Hy, we
have aidy, < T|g, < bidy, in the sense that af|v||* < (T|g,v | v) < b|jv]|* for
all v e Hy.

We refer to f(T') as a spectral projection of T

Finally, by the continuity properties of the Borel functional calculus we have that

Th = T (T~ (T)h + T iy (T)h)

n—oo

for each f € H.



Bibliography

[AB40]
[ABO6]

[AEO5]
[Aus88|
[Aus10]
[Bad06)|
(Bar95|
[BBP16]

[Ber86|

[Ber04]

[Ber06]

[BGW24]

[Bil95]
[Bir31]

L. Alaoglu and G. Birkhoff. General ergodic theorems. Ann. of Math.,
41:293-309, 1940.

Charalambos D. Aliprantis and Kim C. Border. Infinite Dimensional
Analysis. A Hitchhiker’s Guide. Springer, 3rd edition, 2006.

H. Amann and J. Escher. Analysis I. Birkh&user, 2005.
J. Auslander. Minimal Flows and their Eztensions. Elsevier, 1988.

Tim Austin. Extensions of probability-preserving systems by
measurably-varying homogeneous spaces and applications. Fund. Math.,
210(2):133-206, 2010.

M. Badino. The foundational role of ergodic theory. Found. Sci., 11:323—
347, 2006.

R.G. Bartle. The Elements of Integration and Lebesqgue Measure. Wiley,
1995.

H. Bercovici, A. Brown, and C. Pearcy. Measure and Integration.
Springer, 2016.

V. Bergelson. A density statement generalizing Schur’s theorem. J.
Combin. Theory Ser. A, 43:338—343, 1986.

V. Bergelson. Some historical comments and modern questions around
the ergodic theorem. In Dynamics of Complex Systems, pages 1-11.
Research Institute for Math. Sciences, Kyoto, 2004.

V. Bergelson. Combinatorial and Diophantine Applications of Ergodic
Theory, chapter 12, pages 745-869. Elsevier, 2006. Appendix A by A.
Leibman, and Appendix B by A. Quas and M. Wierdl.

V. Bergelson, E. Glasner, and B. Weiss. The work of Hillel Furstenberg
and its impact on modern mathematics, pages 399-431. Springer, 2024.

P. Billingsley. Probability and Measure. Wiley, 3rd edition, 1995.
G. D. Birkhoff. Proof of the ergodic theorem. Proc. Nat. Acad. Sci.

237



238

[BIMS8]

[BK96]

[Bro79|

[BS20]

[BTZ10|

[B606]|

[CGSS23]

[CL84]

|CL88a)

[CL8Sb

[Con85|
[CS23]

[CSD21]

[DE09)

BIBLIOGRAPHY

U.S.A., 17:656-660, 1931.

J. F. Berglund, H. Junghenn, and P. Milnes. Analysis on Semigroups.
Function Spaces, Compactifications, Representations. Wiley, 1989.

Howard Becker and Alexander S. Kechris. The descriptive set theory of
Polish group actions, volume 232 of London Mathematical Society Lecture
Note Series. Cambridge University Press, Cambridge, 1996.

I. U. Bronstein. Extensions of Minimal Transformation Groups. Sijthoff
& Noordhoft, 1979.

Thomas F. Bloom and Olof Sisask. Breaking the logarithmic barrier in
Roth’s theorem on arithmetic progressions. Preprint, arXiv:2007.03528
[math.NT] (2020), 2020.

Vitaly Bergelson, Terence Tao, and Tamar Ziegler. An inverse theorem
for the uniformity seminorms associated with the action of F*. Geom.
Funct. Anal., 19(6):1539-1596, 2010.

M. Boéna. A Walk Through Combinatorics. An Introduction to Enumer-
ation and Graph Theory. Worlds Scientific, 2nd edition, 2006.

Pablo Candela, Diego Gonzalez-Sanchez, and Baladzs Szegedy. Free
nilspaces, double-coset nilspaces, and Gowers norms. Preprint,
arXiv:2305.11233 [math.CO| (2023), 2023.

Jean-Pierre Conze and Emmanuel Lesigne. Théorémes ergodiques pour
des mesures diagonales. Bull. Soc. Math. France, 112(2):143-175, 1984.

Jean-Pierre Conze and Emmanuel Lesigne. Sur un théoréme ergodique
pour des mesures diagonales. C. R. Acad. Sci. Paris Sér. I Math.,
306(12):491-493, 1988.

Jean-Pierre Conze and Emmanuel Lesigne. Sur un théoréme ergodique
pour des mesures diagonales. In Probabilités, volume 1987 of Publ. Inst.
Rech. Math. Rennes, pages 1-31. Univ. Rennes I, Rennes, 1988.

J.B. Conway. A Course in Functional Analysis. Springer, 1985.

Pablo Candela and Balazs Szegedy. Nilspace factors for general unifor-
mity seminorms, cubic exchangeability and limits, volume 1425 of Mem.
Am. Math. Soc. Providence, RI: American Mathematical Society (AMS),
2023.

T. Ceccherini-Silberstein and M. D’Adderio. Topics in Groups and Ge-
ometry Growth, Amenability, and Random Walks. Springer, 2021.

A. Deitmar and S. Echterhoff.  Principles of Harmonic Analysis.
Springer, 2009.



BIBLIOGRAPHY 239

[dLG61]
[DNPS7]
[Don14]
[Dudo2]
[dV93]
[EF19)
[EFHNOY]
[EFHN15]

[EHK24|

[EJK23]

[EK22a|

[EK22b)]
[EKN21]
[E1I60]
[E1I87]
[ET36]

[EW11]

K. de Leeuw and I. Glickberg. Applications of almost periodic compact-
ifications. Acta Mathematica, 105:63-97, 1961.

R. Derndinger, R. Nagel, and G. Palm. Ergodic Theory in the Perspec-
tive of Functional Analysis. Unpublished book manuscript, 1987.

S. Donoso. Enveloping semigroups of systems of order d. Discrete Contin.
Dyn. Syst., 34:2729-2740, 2014.

R. M. Dudley. Real analysis and probability., volume 74 of Camb. Stud.
Adv. Math. Cambridge: Cambridge University Press, 2nd edition edition,
2002.

J. de Vries. Elements of Topological Dynamics. Springer, 1993.

T. Eisner and B. Farkas. 22nd Internet Seminar: Ergodic Theorems,
2018-2019.

T. Eisner, B. Farkas, M. Haase, and R. Nagel. 12th Internet Seminar:
Ergodic Theory — An Operator Theoretic Approach, 2008-2009.

T. Eisner, B. Farkas, M. Haase, and R. Nagel. Operator Theoretic Aspects
of Ergodic Theory. Springer, 2015.

N. Edeko, M. Haase, and H. Kreidler. A decomposition theorem for
unitary group representations on Kaplansky-Hilbert modules and the
Furstenberg-Zimmer structure theorem. Anal. Math., 50:377-454, 2024.

Nikolai Edeko, Asgar Jamneshan, and Henrik Kreidler. A Peter-Weyl
theorem for compact group bundles and the geometric representation of
relatively ergodic compact extensions. arXiv:2302.13650, 2023.

Nikolai Edeko and Henrik Kreidler. Distal systems in topological dy-
namics and ergodic theory. Ergodic Theory Dynam. Systems, page 1-22,
2022.

Nikolai Edeko and Henrik Kreidler. Uniform enveloping semigroupoids
for groupoid actions. J. Anal. Math., 148(2):739-796, 2022.

N. Edeko, H. Kreidler, and R. Nagel. A dynamical proof of the van der
corput inequality. arXiv:2106.11835, 2021.

R. Ellis. A semigroup associated with a transformation group. 7Trans.
Am. Math. Soc., 94:272-281, 1960.

R. Ellis. Topological dynamics and ergodic theory. Ergodic Theory Dy-
nam. Systems, 7:25-47, 1987.

P. Erdés and P. Turdn. On some sequences of integers. Journal of the
London Mathematical Society, s1-11:261-264, 1936.

M. Einsiedler and T. Ward. Ergodic Theory with a view towards Number



240

[FKO82|
[Fol99)]
[Fol15]
[Fur63]

[Fur77]

[Furl4]
[FW7S]

[FW96a|

[FWI6b)

|GH55)
|G1a03]
[GowO1]
[Gowl13]
[GTO8

|GT10]

BIBLIOGRAPHY

Theory. Springer, 2011.

H. Furstenberg, Y. Katznelson, and D. Ornstein. The ergodic theoretical
proof of Szemerédi’s theorem. Bull. Amer. Math. Soc., 7:527-552, 1982.

G. B. Folland. Real Analysis. Modern Techniques and Their Applications.
John Wiley and Sons, 2nd edition, 1999.

G. B. Folland. A Course in Abstract Harmonic Analysis. CRC press,
2nd edition, 2015.

H. Furstenberg. The structure of distal flows. Amer. J. Math., 85:477—
515, 1963.

H. Furstenberg. Ergodic behaviour of diagonal measures and a theorem
of Szemerédi on arithmetic progressions. J. Anal. Math., 31:204-256,
1977.

H. Furstenberg. Recurrence in Ergodic Theory and Combinatorial Num-
ber Theory. Princeton University Press, 2014.

H. Furstenberg and B. Weiss. Topological dynamics and combinatorial
number theory. J. Anal. Math., 34:61-85, 1978.

H. Furstenberg and B. Weiss. A Mean Ergodic Theorem for
~ Zﬁ:{:l f(Tmx)g(T™ x). In P. March V. Bergelson and J. Rosenblatt, ed-
itors, Convergence in Ergodic Theory and Probability, Ohio State Univer-
sity Mathematical Research Institute Publications. Walter de Gruyter,

Berlin, New York, 1996.

Hillel Furstenberg and Benjamin Weiss. A mean ergodic theorem for
(1/N)SSN | f(Tma)g(T™ z). In Convergence in ergodic theory and prob-
ability (Columbus, OH, 1993), volume 5 of Ohio State Univ. Math. Res.
Inst. Publ., pages 193-227. de Gruyter, Berlin, 1996.

W. H. Gottschalk and G. A. Hedlund. Topological Dynamics. American
Mathematical Society, 1955.

E. Glasner. Ergodic Theory via Joinings. American Mathematical Soci-
ety, 2003.

W. T. Gowers. A new proof of Szemerédi’s theorem. Geom. Funct. Anal.,
11(3):465-588, 2001.

W. Timothy Gowers. Erdds and Arithmetic Progressions, pages 265-287.
Springer, 2013.

B. Green and T. Tao. The primes contain arbitrarily long arithmetic
progressions. Ann. Math. (2), 167:481-547, 2008.

Benjamin Green and Terence Tao. Linear equations in primes. Ann.



BIBLIOGRAPHY 241

[GTZ12|
[Haal4]
[Hal56]
[Hal13]
[HKO1]
[HK02]
[HKO5]

[HK 18]

[HK23]

[HKM10]

[HM20]
[HR79]
[HRO2]

[HS65]
[Hun74]
[HvN42]

[Jach6]

Math. (2), 171(3):1753-1850, 2010.

Ben Green, Terence Tao, and Tamar Ziegler. An inverse theorem for the
Gowers U™ [N]-norm. Ann. of Math. (2), 176(2):1231-1372, 2012.

M. Haase. Functional Analysis: An Elementary Introduction. American
Mathematical Society, 2014.

P. Halmos. Lectures on Ergodic Theory. American Mathematical Society,
1956.

Brian C. Hall. Quantum theory for mathematicians, volume 267 of Grad.
Texts Math. New York, NY: Springer, 2013.

Bernard Host and Bryna Kra. Convergence of Conze-Lesigne averages.
Ergodic Theory Dynam. Systems, 21(2):493-509, 2001.

Bernard Host and Bryna Kra. An odd Furstenberg-Szemerédi theorem
and quasi-affine systems. J. Anal. Math., 86:183-220, 2002.

B. Host and B. Kra. Nonconventional ergodic averages and nilmanifolds.
Ann. Math., 161(1):397-488, 2005.

Bernard Host and Bryna Kra. Nilpotent structures in ergodic theory,
volume 236 of Mathematical Surveys and Monographs. American Math-
ematical Society, Providence, RI, 2018.

P. Hermle and H. Kreidler. A Halmos-von Neumann theorem for actions
of general groups. Appl Categor Struct, 31, 2023.

Bernard Host, Bryna Kra, and Alejandro Maass. Nilsequences and
a structure theorem for topological dynamical systems. Adv. Math.,

224(1):103-129, 2010.

K. H. Hofmann and S. A. Morris. The Structure of Compact Groups. A
Primer for the Student — A Handbook for the Ezpert. De Gruyter, 2020.

Edwin Hewitt and Kenneth A. Ross. Abstract Harmonic Analysis. Vol.
I, volume 115. Springer, 2nd edition, 1979.

Edwin Hewitt and Kenneth A. Ross. Abstract Harmonic Analysis. Vol.
I1. Springer, 2nd edition, 2002.

E. Hewitt and K. Stromberg. Real and Abstract Analysis. Springer, 1965.
T. W. Hungerford. Algebra. Springer, 1974.

Paul R. Halmos and John von Neumann. Operator methods in classical
mechanics. II. Ann. of Math. (2), 43:332-350, 1942.

K. Jacobs. FErgodentheorie und fastperiodische Funktionen auf Halb-
gruppen. Math. Z., 64:298-338, 1956.



242

[Jam03]
[Jam23|

[JST23)

[JST24]

[JT22|

[JT23a)

[JT23b)]

[JT23c]

[Jus22]

[Kal97]|
[KNT74]

|[Koo31]

[Kre85|
[Krel8]

[Lan02]
|Lin99]

[Lin01]

BIBLIOGRAPHY

G. J. O. Jameson. The Prime Number Theorem. Cambridge University
Press, 2003.

Asgar Jamneshan. An uncountable Furstenberg-Zimmer structure the-
ory. Ergodic Theory Dyn. Syst., 43(7):2404-2436, 2023.

Asgar Jamneshan, Or Shalom, and Terence Tao. The structure of totally
disconnected Host—Kra—Ziegler factors, and the inverse theorem for the
U* Gowers uniformity norms on finite abelian groups of bounded torsion.

Preprint, arXiv:2303.04860 [math.DS| (2023), 2023.

Asgar Jamneshan, Or Shalom, and Terence Tao. The structure of ar-
bitrary Conze-Lesigne systems. Commun. Am. Math. Soc., 4:182-229,
2024.

A. Jamneshan and T. Tao. An uncountable Mackey-Zimmer theorem.
Studia Math., 266(3):241-289, 2022.

A. Jamneshan and T. Tao. Foundational aspects of uncountable measure
theory: Gelfand duality, Riesz representation, canonical models, and
canonical disintegration. Fund. Math., 261(1):1-98, 2023.

A. Jamneshan and T. Tao. An uncountable Moore-Schmidt theorem.
Ergodic Theory Dynam. Systems, 43(7):2376-2403, 2023.

Asgar Jamneshan and Terence Tao. The inverse theorem for the U3 Gow-
ers uniformity norm on arbitrary finite abelian groups: Fourier-analytic
and ergodic approaches. Discrete Anal., pages Paper No. 11, 48, 2023.

K. Juschenko. Amenability of Discrete Groups by Examples. American
Mathematical Society, 2022.

O. Kallenberg. Foundations of Modern Probability. Springer, 1997.

L. Kuipers and H. Niederreiter. Uniform distribution of sequences. Wiley,
1974.

B. O. Koopman. Hamiltonian systems and transformation in Hilbert
space. Proc. Natl. Acad. Sci. U.S.A.; 18:315-318, 1931.

U. Krengel. Ergodic Theorems. de Gruyter, 1985.

H. Kreidler. Compact operator semigroups applied to dynamical systems.
Semigroup Forum, 97:523-547, 2018.

S. Lang. Algebra. Springer, 3rd edition, 2002.

Elon Lindenstrauss. Measurable distal and topological distal systems.
Ergodic Theory Dynam. Systems, 19(4):1063-1076, 1999.

Elon Lindenstrauss. Pointwise theorems for amenable groups. Invent.
Math., 146(2):259-295, 2001.



BIBLIOGRAPHY 243

[LSS24]

[Mac66]
[Mei90]

[MRT+23]

[MSS80]

[MZ55]
[Nac65]
[Nag73]
[Nam72)
[NW72]

|[Pat88|
[Peds9)]
[Poi90)]

[PP24|
[Qz22]
[Ran02]

[Rot53]

James Leng, Ashwin Sah, and Mehtaab Sawhney. Improved Bounds
for Szemerédi’s Theorem. Preprint, arXiv:2402.17995 [math.CO] (2024),
2024.

George W. Mackey. Ergodic theory and virtual groups. Math. Ann.,
166:187-207, 1966.

David Meiri. Generalized Correlation Sequences. Master’s thesis, Tel-
Aviv University, 1990.

Kaisa Matomaki, Maksym Radziwitl, Terence Tao, Joni Terdvéinen, and
Tamar Ziegler. Higher uniformity of bounded multiplicative functions in
short intervals on average. Ann. Math. (2), 197(2):739-857, 2023.

Calvin C. Moore and Klaus Schmidt. Coboundaries and Homomorphisms
for Non—Singular Actions and a Problem of H. Helson. Proc. Lond. Math.
Soc., 40:443-475, 1980.

Deane Montgomery and Leo Zippin. Topological transformation groups.
Interscience Publishers, New York-London, 1955.

Leopoldo Nachbin. The Haar integral. D. Van Nostrand Co., Inc., Prince-
ton, N.J.-Toronto-London, 1965.

R. Nagel. Mittelergodische Halbgruppen linearer Operatoren. Ann. Inst.
Fourier, 23:75-87, 1973.

[. Namioka. Right topological groups, distal flows, and a fixed-point
theorem. Math. Systems Theory, 6:193-209, 1972.

R. Nagel and M. Wolff. Abstract dynamical systems with an application
to operators with discrete spectrum. Arch. Math., 23:170-176, 1972.

A. L. T. Paterson. Amenability. AMS, 1988.
G. K. Pedersen. Analysis Now. Springer, 1989.

H. Poincaré. Sur le probléme des trois corps et les équations de la dy-
namique. Acta Math., 13:1-270, 1890.

Sarah Peluse and Sean Prendiville. Quantitative bounds in the nonlinear
Roth theorem. Invent. Math., 238(3):865-903, 2024.

J. Qiu and J. Zhao. Top-nilpotent enveloping semigroups and pro-
nilsystems. J. Anal. Math., 148:595-636, 2022.

[. K. Rana. An Introduction to Measure and Integration. American
Mathematical Society, 2nd edition, 2002.

K. F. Roth. On certain sets of integers. Journal of the London Mathe-
matical Society, s1-28:104-109, 1953.



244

[Rud87]
[Rud95]

[Run02]
[Rup84]

[Sat7s]
[Sch17]
[Sch13]
|Sha24]

[Sin19]
[SV06]
[SzeT5]

[Tao09]
[Taoll]
[Tao12]

[Taol4a|

[Taol4b|

[TZ10]

BIBLIOGRAPHY

W. Rudin. Real and Complex Analysis. McGraw-Hill, 1987.

Daniel J. Rudolph. Eigenfunctions of 7" x S and the Conze-Lesigne
algebra. In Ergodic theory and its connections with harmonic analysis
(Alexandria, 1993), volume 205 of London Math. Soc. Lecture Note Ser.,
pages 369-432. Cambridge Univ. Press, Cambridge, 1995.

V. Runde. Lectures on Amenability. Springer, 2002.

W. A. F. Ruppert. Compact Semitopological Semigroups: An Instrinsic
Theory. Springer, 1984.

R. Sato. On abstract mean ergodic theorems. Téhoku Math. Journ.,
38:575-581, 1978.

I. Schur. Uber die Kongruenz ™ = y™ (mod. p). Jahresbericht der
Deutschen Mathematiker- Vereinigung, 25:114-116, 1917.

M. Schreiber. Uniform families of ergodic operator nets. Semigroup
Forum, 86:321-336, 2013.

Or Shalom. Host-Kra factors for @pep Z/pZ actions and finite-
dimensional nilpotent systems. Anal. PDE, 17(7):2379-2449, 2024.

T. B. Singh. Introduction to Topology. Springer, 2019.
S. Shirali and H. L. Vasudeva. Metric Spaces. Springer, 2006.

E. Szemerédi. On sets of integers containing no k elements in arithmetic
progression. Acta. Arith., 27:199-245, 1975.

T. Tao. Poincaré’s Legacies: Pages from Year Two of a Mathematical
Blog, Vol I. American Mathematical Society, 2009.

T. Tao. An Introduction to Measure Theory. American Mathematical
Society, 2011.

T. Tao. Higher Order Fourier Analysis. Graduate studies in mathemat-
ics. American Mathematical Society, 2012.

T. Tao. An abstract ergodic theorem, and the Mackey-Zimmer theorem,
2014. https://terrytao.wordpress.com /2014 /06 /20/an-abstract-ergodic-
theorem-and-the-mackey-zimmer-theorem/ (accessed 02/03/2023).

Terence Tao. Hilbert’s fifth problem and related topics, volume 153
of Graduate Studies in Mathematics. American Mathematical Society,
Providence, RI, 2014.

Terence Tao and Tamar Ziegler. The inverse conjecture for the Gowers
norm over finite fields via the correspondence principle. Anal. PDE,
3(1):1-20, 2010.



BIBLIOGRAPHY 245

[TZ12]

[vdW27]
[VeeT7]
[vN32a]
[vN32b|
[VO16]

[Wal75]
[WeiS0]
[Wey16]

[Zie07]
(Zim76a)

|Zim76b]

Terence Tao and Tamar Ziegler. The inverse conjecture for the Gowers
norm over finite fields in low characteristic. Ann. Comb., 16(1):121-188,
2012.

B. L. van der Waerden. Beweis einer Baudetschen Vermutung. Nieuw
Archief, 15:212-216, 1927.

W.A. Veech. Topological dynamics. Bull. Amer. Math. Soc., 83:775-830,
1977.

J. von Neumann. Einige Sitze iber messbare Abbildungen. Ann. Math.
(2), 33:574-586, 1932.

J. von Neumann. Proof of the quasi-ergodic hypothesis. Proc. Natl.
Acad. Sci. U.S.A., 18:70-82, 1932.

M. Viana and K. Oliveira. Foundations of Ergodic Theory. Cambridge
University Press, 2016.

P. Walters. An Introduction to Ergodic Theory. Springer, 1975.

J. Weidmann. Linear Operators in Hilbert Spaces. Springer, 1980.

H. Weyl. Uber die Gleichverteilung von Zahlen mod. Eins. Math. Ann.,
77:313-352, 1916.

T. Ziegler. Universal characteristic factors and Furstenberg averages.

J. Amer. Math. Soc., 20:53-97, 2007.

R. J. Zimmer. Ergodic actions with a generalized spectrum. [llinois

J. Math., 20:555-588, 1976.

R. J. Zimmer. Extensions of ergodic group actions. I[llinois J. Math.,
20:373-409, 1976.



	
	Poincaré's Recurrence Theorem
	Measure Algebras and Their Homomorphisms
	Koopman's Approach
	Supplement: Realization of Homomorphisms
	Comments and Further Reading
	Exercises

	
	Measure-Preserving Systems
	Subsystems and Extensions
	Comments and Further Reading
	Exercises

	
	Averaging and the Mean Ergodic Theorem
	Invariant Measures
	Comments and Further Reading
	Exercises

	
	Ergodic Measures
	Furstenberg's Correspondence Principle
	Comments and Further Reading
	Exercises

	
	The Discrete Spectrum Part
	Interlude: Standard Constructions for Hilbert Spaces
	The JdLG-Decomposition
	Hilbert–Schmidt Operators
	Supplement: The Spectral Theorem
	Comments and Further Reading
	Exercises

	
	Compact Groups and Discrete Spectrum
	Systems with Discrete Spectrum
	Supplement: Extension of Characters
	Comments and Further Reading
	Exercises

	
	Weakly Mixing Systems
	Uniquely Ergodic Systems
	Weyl's Equidistribution Theorem
	Comments and Further Reading
	Exercises

	
	Conditional expectation
	Roth's Theorem
	The relative perspective
	Disintegration of measures and relative products
	Supplement: The van der Corput Inequality
	Comments and Further Reading
	Exercises

	
	The Furstenberg–Zimmer Structure Theorem
	Comments and Further Reading
	Exercises

	
	Van der Waerden's Theorem
	Minimality and Recurrence
	Multiple Recurrence and Compact Extensions
	Comments and Further Reading
	Exercises

	
	Multiple Recurrence and Weakly Mixing Extensions
	Multiple recurrence and Inverse Limits
	Classification of Compact Extensions, Part I
	Comments and Further Reading
	Exercises

	
	Classification of Compact Extensions, Part II
	Classification of Compact Extensions, Part III
	Proof of Lemma 12.2.5
	Comments and Further Reading
	Exercises

	
	Motivation
	The Characteristic Factors
	The Kronecker Factor
	The Conze–Lesigne Factor
	Comments and Further Reading
	Exercises

	
	Abelian Extensions
	The Structure Theorem for Conze–Lesigne Systems
	Comments and Further Reading

	
	Host–Kra theory: What else is known?
	Application to Inverse Gowers Theory

	A Glimpse at Topological Structure Theory

	Some Functional Analysis
	Banach Spaces and Bounded Linear Operators
	Basic Hilbert Space Theory
	Spectral Projections


