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1 Furstenberg correspondence principle

The main motivation for the theory that will be covered in this course is the following.
Theorem 1.1 ([Sze75]). Let E C Z be a set with positive upper density

- EN[l,N
d(E) := limsupM >0

n ~ (1.2)
—00

Then for every k there exist a € Z and n > 0 such that
a,a+n,...,a+knéek.

The approach that will be presented here has been started in the seminal article
of Furstenberg [Fur77] and has led to a number of generalizations of Theorem 1.1,
some of which we may discuss, time permitting.

The starting point of this approach is a more flexible reformulation of the above.
Let T be the translation operator

Tf(n)=f(n+1)

on {*(Z — C). Consider the smallest T-invariant closed sub-x-algebra 24 C ¢
containing the characteristic function 1. Then 2 is separable and there exists a
subsequence (Ng) of N that realizes the supremum in (1.2) and such that

exists for every f € 2. In particular, p is a positive bounded linear form on 2 that is
T-invariant.
This gives the following reformulation of Szemerédi’s theorem.

Theorem 1.3. Let 2 be a separable commutative unital C* algebra, T an automor-
phism of A, p: A — C a T-invariant positive linear form, and f € A with f > 0 and
w(f) > 0. Then for every k > 0 we have

N
l}\go%fnglﬂ(f'T f--T"f)>0.

Taking f = 1 and 2 as above it is clear that Theorem 1.1 is already implied by

p(f-T"f---TF"f) >0

for a single n > 0, so Theorem 1.3 is formally substantially stronger (but it can be in
fact deduced from Theorem 1.1, this might appear as an exercise once we have the
necessary technology).

In this lecture we prove the following result

Theorem 1.4 ([Sar78|). Let E C Z be a set with positive upper density. Then for
every polynomial p with integer coefficients and no constant term there exist a € Z
and n > 0 such that
a,a+p(n) € E.
Passing to the translation invariant algebra spanned by 1 we see that it suffices

to prove the following formally stronger statement.

Theorem 1.5. Let 2 be a separable commutative unital C* algebra, T an automor-
phism of A, p: A — C a T-invariant positive linear form, and f € 2 with p(f) > 0.
Then for every polynomial p with integer coefficients and zero constant term we have

N

1

s E— . p(M'n)

lim inf 1}\1{11 inf N ;:1 u(f-T f)>0.
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This is much easier to prove than Theorem 1.3 because this is a Hilbert space
problem in disguise. Without loss of generality assume p(1) =1 and p #Z 0. Consider
the sesquilinear form

(fy9) = u(fg)

on 2. By the positivity assumption on p this form is positive definite, which makes
2l a pre-Hilbert space and T an invertible isometry. Let H be the Hilbert space
completion of 2; T" extends to a unitary operator on H. The problem now reduces to
the following:
we are given a Hilbert space H with a unitary operator 1" acting on it and a vector

f € H. There is also a distinguished element 1 € H with 71 =1 and (f,1) > 0. We
have to show

lim inf lim inf — 3 (M) 0

ity 3 (£ 707) > 0
Recall that the Borel functional calculus of a normal operator 1" is the unique
homomorphism of unital x-algebras that maps a bounded complex-valued Borel
function f on the spectrum o(T') to an operator, denoted by f(T'), with the following
properties:

1. the function f(z) = z is mapped to the operator f(T) =T,

2. if fi is a uniformly bounded sequence of Borel functions that converges pointwise
to a function f, then f(7) — f(T') in the strong operator topology.

The spectrum of the unitary operator T is a subset of the unit circle A C C. Let

N
1
L (M!'n)
gu.N(A) = N E NP .

n=1

These are bounded Borel functions on A D ¢(T"), and with the Borel functional
calculus we have

N
% Z <f’ Tp(M!n)f> =(f,omuN(T)f).
n=1

By the Borel functional calculus it suffices to understand pointwise behaviour of the
functions gys,n as first N — oo and then M — oo.

The first claim is that for all M and all A € A that are not roots of unity we have
mpy 00 gv,N(A) = 0. The easiest way to prove this is to use the van der Corput
differencing argument. For future use we formulate a Hilbert space valued version of
this argument, in the current application the Hilbert space in question will be C.

Proposition 1.6. Let V be a Hilbert space and let (vy,) be a bounded sequence in V.
Then

1 & 1 & 1 &
limsup || — vp||? < lim sup — limsup |— Uptk, U

Proof. On the left-hand side we can replace the average by the following double

average
1 181 Y

N2 U= D D vtk + O(K/N)
n=1 k=1 n=1

By triangle and Hoélder’s inequality
K
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This can be written

N
RIS Zwl,vmws]{ S 1 D (it —iafsvn) |+ OK/N),

kl,kz 1 n=1 k1,ka=1 n=1

and the conclusion follows from

K /
Z Olhy—tey] = K2 Z 225k+0 1/K) = Z Z&k )+0(1/K).
k:1 ka=1 K'=1 k=1 K'=1 =

O

Corollary 1.7. Let p be a polynomial with real coefficients, at least one of which is
wrrational. Then

1 N
i, 3 elpin) =

Proof. Splitting into progressions modulo the least common denominator of the
rational coefficients we may assume that the leading coefficient is irrational. Moreover,
we may assume that the constant term of p vanishes.

We induct on the degree of p. If degp = 1, then p(n) = an, so

N N
1 1 27rz)om B 1 e(27”) a(N+1) _q

as N — oo. Suppose now degp > 1. Then for every k > 0 we have

N N

timsup |+ > e(p(n + k)e(p(n))] = limsup |- " e(pe(n)],

N—oo N—oo

n=1 n=1

where pr(n) = p(n+ k) — p(n) is a polynomial of lower degree with irrational leading
coefficient. Hence by the inductive hypothesis this limit vanishes. The conclusion
follows from the van der Corput lemma with the Hilbert space C. ]

Let us now return to the proof of Theorem 1.5. We have just proved that
gm,n(A) = 0 as N — oo for A that are not roots of unity. On the other hand, if A is
a root of unity, then the sequence ()\p(M!”)) is periodic, so limy_,o0 gm, N exists and
equals a complete trigonometric sum. The reason for introducing the parameter M is
to avoid further analysis of these sums: for a fixed \ and sufficiently large M we will
have A?(M'") = 1 for all n. Thus

i 1, N =

{1 if A is a root of unity and

0 otherwise.

In particular,
P:= lim lim gy n(T)

M—o00 N—o0

exists in the strong operator topology and is a projection operator, and we have
P(1) =1 since T'(1) = 1.
Therefore

HAD P
(L1)

and this concludes the proof of Theorem 1.5.

(f,Pf) > > 0,



1.1 (C* algebras

In this section we recall the main structural result about commutative C*-algebras.
Recall their definition.

Definition 1.8. A C*-algebra is an algebra 2l over C equipped with a Banach space
norm || - || and an involution * : 2 — 2 that satisfy the following axioms for all

a,be A and u, A € C:

1. (Aa+ ub)* = \a* + b* (antilinear),
2. ||lad|| < ||all/||b|| (Banach algebra),
3. Jlal> = la*all (C* property),

4. (ab)* = b*a* (antimultiplicative),
5. (a*)* = a (involutive)

The positive elements of a C* algebra are, by definition, the elements of the form
a*a. It is a non-trivial fact that the sum of two positive elements is again positive. A
continuous linear form on A is called positive if it maps positive elements to positive
real numbers.

Theorem 1.9 (Gelfand, Naimark, unital separable case). Let A be a commutative
unital separable C* algebra. Its Gelfand spectrum A is by definition the set of all
unital x-homomorphisms from L to C. Every x-homomorphism is continuous, positive,
and bounded in norm by 1. Hence A inherits the weak-x topology from the Banach
space dual ', and with this topology A is a compact metrizable space. Moreover, the
map

A= CAC), a9 pla)
is an isomorphism of C* algebras (the norm on C (2, C) being the supremum norm,).

The proof can be found in any of the standard books on C* algebras, e.g. by
Takesaki [Tak02].

In the construction of Furstenberg we obtain, along with a commutative unital
C*-algebra 2, also an algebra automorphism 7" and a positive continuous linear form
124 — C. The former induces a homeomorphism on ﬁl, again denoted by T, by the
formula T = ¢ o T'. The latter corresponds to an (outer and inner) regular Borel
probability measure on 251, again denoted by p, with the property

/awmmwzﬂm>
A

for every a € 2. The correspondence is given by the Riesz—Markov—Kakutani
representation theorem.



2 Ergodicity

2.1 Three perspectives on measure-preserving dynamical systems

In the last lecture we have seen a construction of an “algebraic” measure-preserving
dynamical system. Such system consists of the following data:

1. A commutative separable unital Cx-algebra 2,

2. a positive linear functional p : A — C (without loss of generality we will assume
(1) =1 from now on),

3. and an automorphism 7" : 21 — A that preserves p in the sense po T = p.

The Gelfand spectrum A is by definition the set of non-zero algebra homomorphisms
A — C. It is a weak-* closed subset of the the Banach space dual 2! and therefore a
compact metrizable space. The map

A — C(2A,C), a (p—¢(a))

is a C'"-algebra isomorphism by the Gelfand-Naimark theorem. There is a unique
regular Borel measure p on 2 satisfying

/ p(a)du(p) = p(a),
A

and the map T = p o T is a homeomorphism of A that preserves the measure W in

the sense that
[ fau= [ (som)an (2.1)
A A

for every f € C(A). We will write
Tf:=foT.

This gives a second perspective on measure-preserving dynamics. A “topological”
measure-preserving dynamical system (mps) consists of the following data.

1. A compact metric space X,
2. a regular Borel probability measure p on X,
3. and a homeomorphism 7" : X — X that preserves p.

The correspondence between algebraic and topological mps’s is one-to-one. Many
important concepts in measure-preserving dynamics are most conveniently defined
purely in terms of the measurable structure of X and do not directly involve the
topology (the first example being ergodicity, which we will discuss later in this lecture).
Let us therefore make the following definition.

Definition 2.2. A measure-preserving dynamical system (mps) consists of the fol-
lowing data:

1. A complete separable measure space X,
2. a probability measure p on X,

3. and a measurable, invertible map T : X — X that preserves the measure pu in
the sense that (2.1) holds for all f € X := L>®(X, u).

From now on we denote the C* algebra of bounded measurable functions modulo
equality almost everywhere by the calligraphic version of the letter that denotes the
base space. The full notation for an mps is (X, u, T), but it may be abbreviated to
X or X, context permitting.



Clearly, a “topological” mps induces an mps by forgetting the topological structure.
This process is not invertible, because on a given compact metric space there typically
exist many other compact metrizable topologies with the same Borel structure. One
can nevertheless attempt to invert it by observing that L°°(X, ) is a C*-algebra, u
induces a positive linear functional on it, and T a u-preserving algebra automorphism.
This has the downside that the Gelfand spectrum of L>°(X, u) is in general non-
metrizable (unless X is finite), and metrizability is desirable for a number of technical
reasons.

The right thing to do is to consider a separable closed T-invariant L?-dense
sub-*-algebra 2 € L®(X, ). The Gelfand spectrum 2 (with measure p and home-
omorphism T') is then called a topological model of the mps (X,pu,T). From a
topological model we can recover the original C*-algebra L>°(X, i) as follows. As in
the previous lecture, consider the inner product

(a,b) := p(ab)

on 2A. This coincides with the inner product on L?(X,u), and by the density
assumption the Hilbert space completion H of (2, (-,-)) is isomorphic to L?(X,mu).
We have an injective C*-algebra homomorphism ¢ : 2 — L(H), with the operator ¢(a)
given by ¢(a)h = ah for h € 2 and extended to H by continuity. By the von Neumann
double commutant theorem, the closure of +(2() in the weak operator topology on
L(H) equals the double commutant! ¢(2A)”.

On the other hand, L*>°(X) embeds into L(H) as the space of multiplication
operators, and this space is weakly closed in L(H). The weak operator topology on
this space coincides with the weak-* topology on L™ as a dual space of L'. Hence it
suffices to show that the unit ball By of 2 is weak-*-dense in the unit ball By, of
L™ in order to establish that

L (X, ) 2 ()"

as C* algebras. Using the fact that 2 is an algebra and the Stone-Weierstral theorem
it is not hard to show that By is L? dense in Bso. But on the unit ball By, the L?
topology is finer that the o(L>, L!) topology, and we are done.

Running the same argument on L (2, 1) (using the fact that 2 = C(2) is dense
in L2(2A, 1)) we see that

LA, p) = L®(X, p) as C* algebras.

In other words, the passage to a topological model preserves the algebra of bounded
measurable functions (and also p and 7', which is in a easier to show in the sense
that no sophisticated tools such as the double commutant theorem are needed).

Since we will be mostly concerned with results that can be formulated in terms
of bounded measurable functions, we will be free to choose topological models for
our measure-preserving systems. It will be convenient to choose different models at
different stages of our investigations, and the above result gives us the freedom to do
S0.

2.2 Factors

Definition 2.3. Let (X, u,T) be an mps. A factor of X is a (closed) T-invariant
unital sub-C'x-algebra of X.

f A ¢ L(H) is a C* algebra, then its commutant is defined by A’ := {b € L(H) : Va € Aab = ba}.
The double commutant is A” = (A")’. Observe that A” 2 A. We will not use the notion of commutant
outside of the current argument, and A’ will otherwise always stand for the Banach space dual of A.



Example. The set of invariant functions
I(X,T):={feX :Tf=f}

is a factor of X, called the invariant factor.

If Y C X is a factor, then every topological model B of ) can be extended to a
topological model 2 of &

Y — X
] ]
B — A

What does this say about the corresponding compact metric spaces? Since B C 2,
we have a natural map 7 : 2 — B between Gelfand spectra, which maps a C*-algebra
homomorphism defined on 2 to its restriction to B. The map =« is clearly continuous,
T-equivariant, and pushes the measure induced from p on 2 to the measure induced
from p on B (hence it makes sense to denote both these measures by p).

A less obvious fact is that the map 7 is surjective. This is most easily seen using
an alternative characterization of 2 for a commutative C* algebra 2. Namely,

~ ~

2 = extr M ().
Here extr stands for “extremal points” and M (QAI) is the set of regular Borel probability
measures on the compact metric space 2. Indeed, by the Riesz—Markov—Kakutani
representation theorem we have

M) ={pe: el <1, p(1) =1},

and this is a convex set which is weak-*-compact by the Banach—Alaoglu theorem.
Its extreme points are the (Dirac 0) point measures.

A

Now, given ¢ € M (B) consider the set

~

{p € M) : ol =}

This is a weak-*-compact convex set, and it is non-empty by the Hahn—Banach
theorem. By the Krein—-Milman theorem it has an extreme point, and it is not hard
to verify that every such extreme point must already be an extreme point of M (QAL)
using extremality of ¢ in M (%) Thus we have found a ¥ € 2 that maps to ¥ under
.

Summarizing, the topological model of a factor has the form of a surjective
continuous map

A — B
which intertwines the maps T on the left and on the right and pushes the measure
from the left to the right.

This description also makes sense in the measurable category: in the literature a
factor is frequently defined as a measurable map 7 : X — Y between mps (X, u,T')
and mps (Y, v, S) such that moT = Som holds almost everywhere and the pushforward
measure 7, equals v. I prefer the algebraic definition because invariant algebras of
functions are easier to construct than corresponding measure spaces, as is already
apparent from the example of the invariant factor.

2.3 Invariant factors in some examples

Ezample (Rotation on the torus). The simplest measure-preserving system (after the
finite ones) is a rotation on the circle. Let X = T := R/Z be the torus with the
Lebesgue measure p and the map Tx = Tox := x + a with some fixed o € T. The



invariant factor Z(X) clearly depends on «. If « is rational with denominator ¢ in
reduced form, then Z(X) consists precisely of the 1/g-periodic functions.
Suppose now that « is irrational. For any L? function f we have

Tf(n) = e(na) f(n),

where = denotes the Fourier transform. Therefore, f € fix T if and only if all but the
0-th Fourier coefficients vanish. Hence in this case

Z(X) =Clx. (2.4)

An mps for which (2.4) holds is called ergodic.
An example of a non-ergodic mps is given by a rational rotation with a = %
rational. In this example we can write X as a product space {0, %, cel q;I} x [0, %),

and the transformation T factors into a cyclic permutation on the first multiplicand
and the identity of the second multiplicand. Hence the overall system is a union of
infinitely many copies of {0, L rTRRRE %}, one for each point in [0, %) This gives a
very misleading picture of what a generic non-ergodic system looks like. It is true in
general that any non-ergodic system is essentially a union of ergodic systems (this will
be proved in the next lecture). However, the ergodic components may vary wildly.

Example. Consider the space X = T? with the Lebesgue measure and the transfor-
mation
T(z,y) = (z,y+ ).

Let Y C X be the space of functions that depend only on the first coordinate. Then
Z(X) = Y. Indeed, the inclusion D is clear. To see the converse, take f € Z(X)
and fix an everywhere defined representative for it (recall that L>° is defined modulo
equality almost everywhere). In order for f to be T-invariant, the following must
hold: for almost every x we have

f(z,-) €e (T, Ty).

On the other hand, almost every x is irrational, and then Z(T,7T,) = Cly. Hence
f(z,-) is equivalent to a constant for almost every z, and the claim follows using
Fubini’s theorem.

For your amusement, here is another ergodic mps that plays a role in the theory
of continued fractions.

Ezxample (Gauss). Let X = [0,1) and Tz := {1/z} (fractional part of 1/z). Then

the measure du(z) = -9 is T-invariant and the mps (X, u, T) is ergodic.

log?2 14z

Ergodicity is substantially harder to prove here than above. A well-known
(family of) open problem(s) in thermodynamics involving ergodicity is the ergodic
hypothesis, which postulates that certain Hamiltonian systems (equipped with the
Lioville measure) are ergodic.

2.4 Mean ergodic theorem

Let (X, u, T) be an mps. In the proof of Sarkdzy’s theorem on polynomial differences
in sets of positive measure we have observed that, for every function f € L?(X, u),
the limit

Pf:= lim — T” 2.5
exists in L?(X, ). Moreover, P is a projection operator given by the functional

calculus of T" as the image of the indicator function of {1} C o(T). Note that 1 € o(T)
because the constant function 1x is an eigenvector of T" with this eigenvalue.



What is an explicit description of P? The answer is that its range consists of the

T-invariant functions:
ran P = fixT.

This fact, together with the existence of the above limit, is known as the mean ergodic
theorem (on L?(X)). Let us prove the last inequality. The inclusion D is clear from
(2.5). On the other hand, suppose g € ran P, so g = Pf. Then

N N
1 1

Tg="T li 7§:Tn — I T—ZT”
g Ng%oN f Ngréo N f

n=1 n=1

N N
o1 . TNFLf _Tf o1 .
R AP SRl Ry L D DEL A

as required. In particular we have
I(X)=ran PN X.

for the invariant factor.
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3 Measure disintegration and ergodic decomposition

The next few lectures (up to relatively compact and weakly mixing extensions) will
cover classical material which appears most notably in [Fur81|, [EW11], [Tao09].

Recall that a measure-preserving dynamical system (X, u,T) is called ergodic if
the T-invariant subspace Z(X) C X consists only of the constant functions. It is in
fact possible to write any measure-preserving system as a direct integral of ergodic
systems, similarly to the example (z,y) — (z,y + x) on the 2-torus. More precisely,
the following holds.

Proposition 3.1 (Ergodic decomposition). Let (X, u,T) be an mps. Then, upon
passing to a suitable topological model for the invariant factor Y, there exists a
continous T-invariant map

porY = M(X), oy py

such that

n= | mdnto) (3:2)

and, for p-almost every y, the measure p, is T-invariant and the mps (X, py, T) is
ergodic.

One application of this result is the reduction of the multiple recurrence problem
to ergodic systems. Recall that one of our goals is to prove Szemerédi’s theorem in
the following form: let (X, u,T") be an mps and 0 < f € X a not identically zero
function. Then

lim inf — T"f - T*" fdu > 0.
im nf Z / foTfe TR pdp

Suppose that this is known for ergodic systems. In the general case we may write the
left-hand side as

hmmf—z / [rmre 1

and by Fatou’s lemma this is bounded from below by

/(gﬂlng/f ™. Tk”fdpx)du

Since f is not almost everywhere zero, it is not pg-a.e. zero for a positive y-measure
set of x, so the quantity in the brackets is positive on a positive measure set by the
ergodic case of the multiple recurrence theorem.

A decomposition of a measure of the form (3.2) is called a measure disintegra-
tion. We will construct measure disintegrations over a general factor and obtain
Proposition 3.1 in the case of the invariant factor.

3.1 Conditional expectation

Definition 3.3. Let Y C X be a factor. The conditional expectation onto ) is the
orthogonal projection from L?(X) to L?(Y). It is denoted by E(-|)).

The L? spaces in this definition can be thought of as the Hilbert space completions
of the respective C* algebras or the L? spaces on Gelfand spectra of some compatible
topological models of X and Y. This definition does not make use of the measure-
preserving transformation T', nothing changes if e.g. T' is replaced by the identity
map.
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Lemma 3.4. The conditional expectation has the following properties.

~

E(1Y)=1.

2. JE(f|Y)= [ [ for f € L'(X).

3. Let f € L*(X) and F CY measurable. Then E(f1p|Y) =E(f|Y)1p

4. Conditional expectation maps positive functions in L'(X) to positive functions.
5. E: L®(X) — L*®(Y) is a contraction.

E: LY(X) — LY(Y) is a contraction.

Assume that f € LY(X),g € LY(Y) and either fg € LY(X) or f > 0,E(f|Y)g €
LY(Y). Then

E(fg|Y) =E(f|Y)g, and both functions are in L*(Y).

This is of course well-known but it is important to have the weakest possible
assumptions in (7).

Proof. (1) holds since 1 € L2(Y).

(2) holds for f € L?(X) since [E(f]Y) = (E(f|Y),1) = (f{,E1]Y)) = (f,1) =
/7

For (3) note first that supp E(f1g|Y) C F, since otherwise E(f1r|Y)1p € L3(Y)
would have strictly smaller L? distance to f1p, contradicting the fact that E is an
orthogonal projection. Suppose now E(f1p|Y) # E(f|Y)1g, then

/Wwfmuv—ﬂ2</WMﬂY»—ﬂ?
F F

It follows that the function g := E(f1p|Y)1r + E(f|Y)1pe € L?(Y) has strictly
smaller L? distance to f than E(f|Y), a contradiction.

To show (4) let 0 < f € L?*(X) and F = {E(f|Y) < 0}. Then |flr — 0| <
| f1r — 1FE(f|Y)|| = |f1r — E(f1p|Y)]||, which is a contradiction unless F' = {).

To show (5) note that IT¥(z) = z - min(1, k/|z|) is a contraction on C for every
k > 0. It follows that

J15-BumP 2 [ o p -l om(y)P = [17 - o k()P

with equality if and only if ||E(f]Y)||cc < ||f|loo- But strict inequality would contradict
the fact that E(f|Y) is the function in L?(Y") that has the smallest distance from f.

Since E is self-adjoint and L>(X) C L?(X) this implies (6). Thus E can be
extended to a contraction L'(X) — L'(Y) by continuity. The properties (2) and (4)
continue to hold for f € L1(X).

Consider now (7). By linearity we obtain E(fg|Y) = E(f|Y)g for f € L*(X)
and simple functions g € L*(Y). By density we may weaken the assumption to
g€ L>(Y).

Suppose now fg € L'(X) and denote the truncation of g at level k by ¢* := IT*g.
By (4), the monotone convergence theorem, (2), and monotone convergence theorem
again we see that

[ UMl < [EQAIWIgl=tim [EQAV)I = tim [ B A1)

:11}31/\fug’“!:/\fg\,
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so that E(f|Y)g € L*(Y). Moreover, the inequality turns into an equality in the case
f >0, and we obtain the converse implication.

By linearity we may now assume f,g > 0. Then, by the monotone convergence
theorem,

E(fg|Y) = lim E(f*¢"|Y) = lim E(f*Y)g" = E(f|Y)g. O

3.2 Measure disintegration

Theorem 3.5 (Measure disintegration). Let (X, u,T') be an mps and Y C X a factor.
Then, upon passing to a suitable topological model, there exists a continous map

poY = M(X),  y—rpy

such that (3.2) holds, pry = Tipy, and for every representative f of every equivalence
class (modulo equality a.e.) in L'(X) we have

/ fdpy = E(f]Y)(y) (3.6)

pointwise a.e. (in particular, f € L'(uy) for a.e. y €Y).
Finally, let m: X =Y be the spatial factor map. Then for p-a.e. y and py-a.e.
z € X we have

Ho 1= Pr(z) = Hy- (3.7)

Proof. We use (3.6) to define the measures p,. In order to do so we first choose a
suitable topological model. Let By C 2y be any topological model of ) C X. Define
inductively

%n—l-l = E(Q{MY), 2['n—i-l = <Q[n7 iBn+1> .

This is an increasing sequence of topological models since E(2l,|Y") is separable by
L*°-contractivity of conditional expectation. Let finally

B = UneN%n, A= UneNan.

Then B C A and E(A[Y) = B. Write Y := B.
For each y € Y define a linear form on 2 by

py(f) = E(f[Y)(y)-

This is a positive linear form and ||jy||z~—c = 1 by the properties of conditional
expectation. Moreover, by T-invariance of 8 we have

pry(f) = E(fIY)(Ty) = E(f o T|Y)(y) = (Tapy) (f)-
Now we will show (3.7). Let 0 < g € 9B, then

[ 19w - sw@)Pany @) = [[ 9w? - 20w9(x() + glr(x) Py (2)uty

- / ) — 20 E(Y) (W) + EG*Y) (y)du(y)
=0,

so for p-a.e. y we have gom = g(y) py-a.e.. It follows that m,p, = ,, and in particular
(3.7) holds.

It remains to extend (3.6) to f € L*(X). Consider first an everywhere defined
bounded function f on X. Take a bounded sequence (f) C 2 such that f — f
in L2(X) and pointwise almost everywhere. Then for a.e. y we have convergence
fy-pointwise a.e. and also E(fx|Y)(y) — E(f|Y)(y). The dominated convergence
now gives (3.6). Integrable functions are handled similarly, restricting to positive
functions and using the monotone convergence theorem. O

13



Proof of Proposition 3.1. Consider the measure disintegration over the invariant fac-
tor constructed in Theorem 3.5. Since T'|7 = idz we obtain Ty = pry = fiy.

It remains to show that a.e. measure p, is T-ergodic. To this end we consider the
alternative description of the invariant factor provided by the mean ergodic theorem.
Let f € L*(X). The mean ergodic theorem tells that

1 N
v 2T = E(f|T)
n=1

2 we may assume convergence pointwise

in L? as N — co. Passing to a subsequence
a.e. In particular, for a.e. y we have convergence p,-a.e. and, since the sequence is
uniformly bounded in L, also in L?(u,).

On the other hand, by the mean ergodic theorem for the mps (X, uy, T") we also

have
N

ST BTN . T)

n=1

in L?(u,). It follows that

E(fIT(X, y, T))(2) = E(f|T)(2) = / Fdps

for py-a.e. z. By (3.7) this function of z is constant p,-a.e., so E(f|Z(X, py,T)) is
a constant function. By separability of 2 it follows that E(A|Z(X, uy,T')) = C1, so
that (X, py,T) is ergodic. O

2By the pointwise ergodic theorem the full sequence already converges poinwise a.e., but we will
not need this fact.
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4 Kronecker factor

4.1 Weyl equidistribution theorem
We will need the following Fourier analytic fact.

Theorem 4.1 (Weyl equidistribution theorem). Let a1, ...,aq € R\ Q be rationally
independent. Then the sequence nd is equidistributed modulo Z% in the sense that

iy g0a29 - [

for every continuous function f € C(R?/Z%). The integral on the right-hand side is
taken with respect to the Lebesgue measure.

In particular, this shows that the sequence nd is dense modulo Z?, which is what
will be used in this lecture.

Proof. Approximating f uniformly we may assume that f is smooth, and in particular
that its Fourier series converges absolutely. In the latter case it suffices to consider a
single Fourier mode, f(Z) = e?™2i k% Then

]bi na —|—Zd Z 2miny, kzaz

There are two cases. If kk = 0, then this is indentically 1, and the limit is 1 as
required. Otherwise the number ", k;«; is irrational, and in particular non-integer,
by the hypothesis, and the average converges to 0 as required. O

4.2 Eigenfunctions

Throughout the remaining part of the lecture let (X, u,T) be an ergodic measure-
preserving system. Consider an eigenvector f € L? of T. Since T is unitary, the
corresponding eigenvalue A has absolute value |A| = 1. Moreover, since T' comes from
a transformation on X, we have

TIfI =Tl = M1 =[]

Hence, by ergodicity assumption, | f| is a constant function. In particular, f € L*>(X).
Note also that the constant function 1 is an eigenfunction to eigenvalue 1.

Let now fi, fo be two eigenfunctions with eigenvalues A1, Ao, respectively. We
may normalize |f1| = |fa| = 1. Then, since T' is an algebra homomorphism, we have

T(fifo) =Tf1-Tfo= X firafo

Hence the set of L*°-normalized eigenfunctions is a group under multiplication, and
the point spectrum o4(7T") is a subgroup of the complex unit circle A.
Moreover, if A\; = Ao, then f;fo is an eigenfunction to eigenvalue 1, so it is a
constant function. It follows that all eigenspaces of T" are at most 1-dimensional.
Let € denote the L closed linear subspace of X spanned by the eigenfunctions
of X. Since products of eigenfunctions are eigenfunctions, this is a subalgebra. The
factor £ is called the Kronecker factor. It has a useful spatial description.

Definition 4.2. A group I is called monothetic if there exists a group element
such that the orbit {y",n € Z} is dense in T.

Theorem 4.3 (Halmos—von Neumann). There exists a compact metrizable monothetic
Abelian group (G,7) and a homeomorphism & = T that intertwines T with the map
g — vg and pushes the measure p forward to the Haar measure on G.
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Proof. Define
G :={p:04(T) = A homomorphism}, A={zeC:|z| =1}

with pointwise operations and the topology of pointwise convergence (G is the
Pontryagin dual of the group o4(T") equipped with the discrete topology). It is clear
that G is compact, metrizable, and Abelian.

Fix any point a € € and for each eigenvalue A € 04(T) fix the (unique) corre-
sponding eigenfunction f) with fy(a) = 1. Define the map

D:E-G,  a (frla)h

This is well-defined (in the sense that the right-hand side is an element of G) because
faifre = fagx, by construction. The map @ is clearly continuous from the weak*
topology to the topology of pointwise convergence. Moreover,

®(Ta) = (fa(Ta))r = (Afa(a))r = (Ma(fa(a))x,

so @ intertwines 7' with the translation by the group element « := (\),.

Now we will show that the orbit of v is dense in G. By definition this means that
for every finite set F' C 04(T"), every homomorphism ¢ : 04(T") — A, and every € > 0
there is a power of v that approximates ¢ on F' to within €.

Consider the subgroup (F) of 04(T") generated by F'. By the structure theorem for
finitely generated Abelian groups it is isomorphic to Z? x [[, Z/r;Z. But 04(T) C A,
and A has only 1 subgroup of order r for each integer » > 1, so by the Chinese
remainder theorem (F) = 74 x Z/rZ. Let Ay,...,Aq and Ao be generators of (F).
Since ¢ is a homomorphism, we may assume F = {)\g,..., \q}.

Since ¢ is a homomorphism, the order of the value ¢()\g) must be divisible by
the order of Ag, so it in fact lies in the subgroup generated by Ag. Hence, multiplying
© by a power of v, we may assume @(Ag) = 1. It remains to approximate ¢ on
{A1,-.., A} by powers of 4". But the values A7, ..., A} are rationally independent,
so this is possible by Weyl’s equidistribution theorem.

This shows in particular that ®(£) is dense in G, and since € is compact and by
continuity the map @ is surjective. Compactness also implies that ® is a homeomor-
phism.

Finally, the pushforward measure ®,p is a Borel probability measure on G that
is invariant under the shift by the element ~. Since the orbit of v is dense in G, it is
in fact invariant under the action of G on itself. But there is only one such measure,
namely the Haar measure. O

The construction of G shows that the structure of the factor £ is uniquely
determined by the point spectrum o4(7), so the point spectrum classifies measure-
preserving dynamical systems for which £ is L?-dense. Such systems are called
compact.

4.3 Orthogonal complement of the Kronecker factor

We define several subspaces of L?(X).

e The space spanned by eigenfunctions of T

E(X):= € c L*(X).

e The space of almost periodic functions

A(X) :={f: TZf C L? totally bounded} C L*(X).
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e The weakly mixing space

W(X):={f: lim *Z!T"f, fy P =0}y c L*(X),

where 0 < p < oc.

Note that the space W(X) does not depend on 0 < p < oo because the sequence
[ (T™f, f) | is bounded, and for every positive bounded sequence (a,) and 0 < p <
q < oo by Jensen’s inequality and a termwise estimate we have

(;iaﬁ)l/p < (;[f:a%y/q < (;iﬂ)l/qu(an)ng—p/q
n=1 n=1 n=1

It is clear that E(X) and A(X) are closed linear subspaces of L2. Tt is also clear that
W(X) is closed in L2, but the proof that it is a linear subspace requires the following
lemma.

Lemma 4.4. Let f € W(X) and g € L*(X). Then for every 0 < p < oo we have

lim —Z] (T"f,g) P =0.

N—ooo N

Proof. 1t suffices to show this for p = 2. In this case the left-hand side of the
conclusion can be written

1 RN o,
lim > (Tf,9) (T"f,9) = i <N > (T, 9>T”f,g>-

n=1 n=1

By the van der Corput differencing lemma it suffices to show
1 N
n+h n+h n n _
hmsup—E jhmsup ~ 2 (TR f T, (T )T f ) | = 0.

H—o00 h—1 "™ n—1

By T-invariance of the inner product the left-hand side can be written as

N

1 .
hmsup— hmsup — < T"f,g) (Tt f g Thf,f> ‘
H
< £ gl timsup = >~ [(T"f, f) |
117 1lgll s H;
= 111 lgl*tm sup Z!<Thf, ),
and this vanishes by the assumption. O

Now we consider the relations between these spaces. In the remaining part of the
lecture we will show

E(X)=AX)=wW(X)%

The inclusion E(X) C A(X) is clear. The next two lemmas show the inclusions
A(X) c W(X)* and W(X)t n E(X)* = {0}, from which the conclusion follows.

Lemma 4.5. W(X) L A(X).
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Proof. Let f € W(X), g € A(X), and ¢ > 0. By the assumption there exist
g1, .-, gk € L?(X) such that for every n there exists i(n) with |[|[T"g — Jitmyll2 < e.
It follows that

1 N
[(f.9)| = Jim — Z (1" [, T"g) |
— lim fZ\ T f, gitm) | + O(| f1l22)

-3 A}gnoon! (T f. )+ O(f12).

By the assumption f € W(X) the limits in the last line vanish, so that (f,g)
O(|| fll2¢). Since € was arbitrary, this implies (f, g) = 0 as claimed.

O

Lemma 4.6. Let f € L?>(X)\ W(X). Then f } E(X).

Proof. We need to construct an eigenfunction of T' that correlates with f. By the
hypothesis we know

1 N
: n 2
NlﬂnooNnZ_l’(T FAIE#0.

This can be written as

N

. 1 n a =
ngnooNzl«TxT) (Foh.fef)#0
the inner product now being taken in L?(X x X, x u). By the mean ergodic theorem
applied to this product space the left-hand side equals <H fof > with a (non-zero)
function H € L*(X x X).

Consider the integral operator

= /H(w, 2" g(z")dp(z).

The operator S is self-adjoint because H(z,z") = H(z',x). Moreover, it is a Hilbert—
Schmidt operator, and in particular compact.

By the spectral theorem for compact operators there exists a finite-dimensional
eigenspace V C L?(X) to a non-zero eigenvalue \. Since the integral kernel H is
T-invariant, the operator S commutes with T, so the space V is T-invariant. But T’
is unitary, so there exists a 0 # g € V that is an eigenvalue of both S and T'.

By construction we have

04 Algll? = (Sg.g) = // Yo' )dpu(z')dpa(z).

By definition of H it follows that there exists n € N such that

04 / / J@) T f ()T (' )g () dp(e)du(x) = | (T f.g) 2 = | (. T~"g) .

Thus g is an eigenfunction of T" with the required property. O
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5 Roth’s theorem

Theorem 5.1 (Roth, [Rotb3]). Let E C Z be a set with positive upper density. Then
there exist a € Z and n > 0 such that a,a +n,a+2n € F.

Roth’s theorem has the following ergodic-theoretic formulation.

Theorem 5.2. Let (X, u,T) be an ergodic measure-preserving system and f € X
non-negative with [ f > 0. Then

hmmfZ/f T"f - T?" fdu > 0. (5.3)

N—o0

The proof consists of two steps: reduction to the Kronecker factor and an applica-
tion of Weyl’s equidistribution theorem to eigenvalues of T

Lemma 5.4. Let (X,u,T) be an ergodic mps, fo, f1,f2 € X and suppose that
fi € W(X) for some i € {0, 1,2}. Then

lim —Z / fo- T" - T fada = 0

N—oo N

Proof. Suppose first either f; € W(X) or f, € W(X). By the van der Corput
differencing lemma applied to the vectors u,, = T"fi - T?" f, it suffices to show

N
1
limsup — Z lim sup N Z (Upy Uy ‘ = 0.

H—oo h—1 N—o0 n—1

The left-hand side equals

lim sup — Z lim sup | — Z /T" 1T2nf2Tn+hf1T2n+2hf ‘

H—o00 h—1 N—o00
1 _ _
= limsup — lim sup ’ / — [T foTh T2 f ).
H—oo Z:l N—oo N nzz:l
By the mean ergodic theorem apphed to the average over n this equals
lim sup — Z ‘ /flT fE ngthg\I)‘
H—x

By the ergodicity assumption the conditional expectation onto the invariant factor
equals the integral of the function, so this equals

hg;sgop—z ‘ /flThfl /f2T2hf2
By Cauchy—Schwarz in the summation over h this is bounded by
o (33 (0} 1) (5 X1 (1) )

By the assumption one of the factors goes to 0 as H — oo, while the other is certainly
bounded.

It remains to consider the case fy € W(X). In this case use the fact that 7" is a
homomorphism to write

NZ/fo T"f1 - T?" fodp = NZ/ D2 fo - (T f1 + fadp

and apply the above reasoning, noting that W (X) does not change upon replacing T
by T71. O
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By multilinearity (splitting f; = E(fi|€) + f;- with fi* € W(X)) it follows that

1 Y 1 Y
anl / foT"f-T 2”f2du—NnZl / E(fol€)- T"E(f1|€)- T*E(f2|€)dp — 0 (5.5)

as N — oo for any functions fy, fi1, fo € X. The property (5.5) is described by saying
that the Kronecker factor is characteristic for the ergodic averages (5.3). There are
also other characterisitc factors, for instance X itself is characteristic for any kind of
ergodic averages. The point here is that the Kronecker factor has an explicit algebraic
description.

Proof of Theorem 5.2. Note that [E(f|€) = [f > 0, so by Lemma 5.4 we may
assume f € E(X)NX. This means that f can be approximated in L? by finite linear
combinations of eigenfunctions of T. Let £ > 0 and write

f = Zaif)\i + O(E)
=1

accordingly, where \; are distinct eigenvalues of T" and fy, are corresponding (orthog-
onal) L? normalized eigenfunctions. Then

T"f = Aaif, +O0(e).
=1

By Weyl’s equidistribution theorem the sequence ((A});),, is equidistributed in a
subgroup H of the torus A”. Let ¢ € C'(A") be a non-zero positive function supported
in a d-neighborhood of the identity and bounded by 1. Then ¢((A}');) # 0 implies

T"f = (1+0())aifr, +O(e) = f + O(e) + O(5).

=1

It follows that
[rrmra gz w0 [ 111
= ol():) [ £ +0(&)+ 0) - (f + O(c) + O(8))dn
= oO( [ Fau+ o)+ 00)
If both € and § are small enough, this is
> ((A\M)i)e,  where ¢ = % / fAdu > 0.

Averaging in n, taking the limit, and using equidistribution we obtain the lower bound
¢ [ >0 for (5.3). O

5.1 Uniformity seminorms

Let us now introduce higher order analogues of the weakly mixing space W, which
are going to have a properties analogous to Lemma 5.4 for “longer” ergodic averages.

Let (X, pu,T) be an mps. We introduce the following sequence of functionals on
L>(X,u, T):

2k+1

N
. 1 ok
1o o == /X Fdu IR s = Tmsun | 57 17 |
n=1
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We will usually omit the subscripts X, u, T if they are clear from the context. The
functional [ - ||, & > 1, is called the k-th uniformity seminorm (or Gowers-Host-Kra
seminorm). Other common notations in the literature include || - [|jg = |l - || =
||+ [tk (x )~ Bibliographical remark: currently the only reference for the structural
theory of these seminorms is the original article of Host and Kra [HKO05]. A more
axiomatic treatment of the surrounding issues is being prepared by Gutman, Manners,
and Varja.

At this point subadditivity of the uniformity seminorms is not clear; we shall
prove it when a diffirent characterization becomes available. We shall also see that the
limit in the above definition actually exists. Moreover, note that the absolute value
in the definition of the k + 1-th seminorm, which we included to make the lim sup
a priori well-defined, is unnecessary: for £ > 0 this is clear because the previous
seminorm is already positive. For k£ = 0 note

(AN 1L o
N Tl = 32 [ T~ [ S = [ESDIE > 0

by the mean ergodic theorem, so || f||j;) = [[E(f|Z)|l2. This shows in particular that
[fly=0 = fLI

The uniformity seminorm of order 2 recovers the weakly mixing space, but only
for ergodic systems. Indeed, assume that X is ergodic, then the projection onto the
invariant factor equals the integral of a function, and by the above calculation we

obtain
1900 = | [ ]

Hence, by definition,
AR
1£1fy = limsup Z £ T FII7

—hmsupZ‘/fT”fd,u‘

N—o0

= hmsupf Z| (f.T"f) 1,

N—oo

and the right-hand side provides one of the equivalent descriptions of W (X).
Next we will show that uniformity seminorms control ergodic averages.

Lemma 5.6. Let f1,...,fr € X. Then

hmsupr HTmeH Semjn iy [T 171

Here and later A <; B means A < C}B with a constant C} that depends only
on k.

Proof. By induction on k. In the case k = 1 we have

1 N k ‘ 1 N
N LT =5 D 1" = E(AIT)
n=1j =1 n=1
in L2, and the conclusion follows since, as observed above, I f1llpy = ECf]T) ]2
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Suppose now that the conclusion is known for some k& > 1. Applying the van der
Corput differencing lemma with v, = Hk+1 T]"f], we see that it suffices to obtain
the estimate

N
1 .
mszmMﬁzmekqwmmmme

H—o0 h—1 N—oo n—1 4l

The left-hand side can be written

k+1

hmsup—thsup Z/HT]"f T3 (n+h) f]du’

H—o0 h—1 N—oo

Suppose first that the minimum is assumed for some [ > 2. Then, by T-inavriance of
1, this can be written as

hmsupthsup‘Z/foTthHT(J Dn fTth] du‘

H—oo

By the Cauchy—Schwarz inequality this is bounded by

N k+1

HfOThfnghmsup—thsup H—Z HT] on(f; Tﬂhfj)‘

n=1j=2

and by the inductive hypothesis this is bounded by

H
. 1 — —
I £oll lim sup 7 SUAT fillpg TT AT Fillas
—00 h=1

722,571

and this is bounded by

H ||fJH2k+1 hm SUP 7 Z HflTlhfl”
J#l

By positivity of the k-th uniformity seminorm the latter lim sup is bounded by

[lim sup — Z ||flThle[k;]a

H—o0

and by Jensen’s inequality in the average over h this is bounded by
1 =l - ok 27k 2
lim sup — fiTh i ) =|fi ;
(tmsup g7 S IATANG) = WAl

as required.
In the case I = 1 we can write the expression obtained from the van der Corput
differencing lemma as

k
lim sup — Z hm sup ‘— Z / fk.+1T(k+1)hfk+1 H T(J'fkfl)n(ijjhfj)du ,
=1 j=1

H—oo

and use the same argument as before with 7" replaced by 7! (note that the uniformity
seminorms || - [|z7 and || - [|jx),r—1 coincide). O
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6 Cube spaces

6.1 Joinings

Definition 6.1. A joining of measure-preserving systems (Y;, p;, T3), i = 1,...,7,
is a measure-preserving system (X, u,T), where X =Y] x -+ x Y, (the product of
topological model spaces), T' =T} x --- x T, and the marginal of 1 on each Y; equals
M-

Example. The product measure u = 1 X --- X u, defines a joining for any tuple of
systems. This joining is called the (cartesian) product.

Example. Suppose Y1 = --- =Y,. Then the diagonal measure

/F(yl,...,yr)du(yl,...,yr):/ F(y,...,y)dui(y)
X Y;

defines a joining.

Let Y;, ¢ = 1,...,r, be measure-preserving systems and m; : Y; — Z; factors.
Then any joining (X, u, T') of the Yj’s restricts to a joining (X, i, T) of the Z;'s with
the measure

= (71 X+« X Ty ) s fde

We write X = Z; V --- V Z, if the ambient joining X is understood.
Any joining of the Z;’s admits at least one extension to a joining of the Y;’s.

Definition 6.2. Let m; : Y; — Z;, i = 1,...,r, be factors, and X a joining of the

Z;’s. The relatively independent joining of Y;’s over X is defined by the measure

/~ Pz X Xy dfi(z1, o 2r),
X

where p; = |, Z, i -dp(z) are the disintegrations of the measures on Y; over Z;.

It is not hard to verify that the relatively independent joining is in fact a joining.
It is the unique joining that satisfies

/fl(yl)---fr(yr)du(yl,---,yr):/E(fl%)(Zl)'--E(fr\ZT)(zr)d/l(ZL---,zr)
X X

for all f; € V;.
An important special case occurs when Z; = -+ = Z,.

Definition 6.3. Let Y;, i = 1,...,r be measure-preserving systems that share a
common factor Z. The relatively independent joining of Y;’s over Z, denoted by
Y1 Xz -+ Xz Y, is the relatively independent joining of Y;’s over the diagonal joining
of the common factors Z.

In other words, it is given by the measure

M1 Xz - Xz oy = / M1z X -0 X ,ur,zd,u(z)7
Z

where p; = fZ i -dp(z) are the respective disintegrations.

The relatively independent joining over the common factor Z is the unique joining
with the property

/ Fi(y) - folye)du = / E(f12) - E(f.|Z)dp.
X 7
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6.2 Cube spaces

Definition 6.4. Let (X, u,T') be a measure-preserving system. We define a sequence
of measure-preserving systems X | = (X, TIk) inductively starting with X0 =
X. Once X is defined, let Z¥! be the invariant factor of X¥ and set
x k1] . x (K] X 71 X Ikl
The measure pl¥ is called the cube measure and the measure space (X (K] ,u,[k])

the cube space of the mps (X, u,T). The mps X is a joining of 2% copies of X,
which will be indexed by the cube V; = {0,1}* in such a way that

X[k+1} — XVk+1 _ XVkX{O} % XVkX{l} — X[k:] % X[k]
We write? points of X+l ag 7 = (x¢)eev, and coordinate projections as m.Z = ..

Cube spaces and disintegrations

Lemma 6.5. Let X be a compact metric space, T : X — X a homeomorphism, Q a
probability space, and w — p, a measurable map from ) to the space of T-invariant
reqular probability measures on X. Then for every k we have

/uyf]dw:u[k], where ,u:/uwdw.
Q Q

Proof. Tt suffices to consider k = 1, all other cases follow from the identity p/F+1 =
(uFHI. Tt suffices to test both measures in the conclusion of the lemma on tensor
products fo ® f1 with fo, f1 € C(X). We have

/ fo® frdull = / fo® fud( X1 1) = / E(folZ(X. 1) EolZ(X p)) i
X2 X2 X

By the mean ergodic theorem the right-hand side equals

Integrating over 2 and using the dominated convergence theorem we obtain

N
1
dplfldw = lim — // T" f1dp,dw.
/Q/ngoeafl o= tim 032 [ | AT S

By the mean ergodic theorem on the system (X, u,T') this equals

| BT k)BT, 1)dn
and this by definition is [y fo ® frdpti, O

6.3 The space X!

Let X be an ergodic mps. Then X is just the cartesian product of two copies of X.
In order to construct X2 we need a description of the invariant factor of X, We
begin with the following seminorm estimate.

3Tt would be nice to denote elements of Vi by v, but € is the usual convention in this topic. I
also like to write Vi = 2% because 2 = {0, 1}, but this is probably even more confusing.
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Lemma 6.6. Let (X,u,T) and (Y,v,S) be measure-preserving systems. Then for
every k>0 and every f € X, g € Y we have

Lf @ gl xxv | < 1l x N9l g,y -
Proof. We induct on k. For £ = 0 we can use the explicit description of both sides:

I F@gllpg,xxv| = I/Xf'l/yg\ < [[EAIZDN2IEGIZE D2 = 1 11, |9 27,

Suppose now that the claim is known for some £ and let us prove it for £ + 1. On
the left-hand side we have

N
k41 . 1 I 119k
If ®g”[2k+1],X><Y = z\}gnooﬁ Z [feg-(T"f®S 9)H[2k],XxY

n=1
1 N — 1ok k
< limsup N Z ||anfH[2k+1},X”gSn§||[2k+1],Y-
N—oo n—1

By Cauchy—Schwarz in the summation over n this is bounded by

. 1 N 0 Fi2k+l /2,1 N n—12k+1 1/2 ok+1 ok+1
timsup (- S I FIF ) (5 Do les™aly ) = I x gl v
n=1 n=1

N—oo

as required. O

An immediate corollary is that the sequence of uniformity seminorms increases
monotonically (take Y to be the trivial system and g = 1 in the above lemma).

In the case k = 1 we know that || ||z = 0 if and only if f is orthogonal to the
Kronecker factor. Hence, whenever f L K(X) or g L K(Y'), we have ||f @ g/ = 0,
which means that f ® ¢ L Z(X x Y). In other words, the invariant factor Z(X x Y)
is contained in the joining of Kronecker factors (X)) V IC(Y').

Now return to the case X =Y, X ergodic, and let us compute the invariant factor
of the square of the Kronecker factor. Recall that by the Halmos—von Neumann
theorem the Kronecker factor has a topogical model that is a rotation on a compact
monothetic group (Z,~y) (this group is commutative and the group operation will be
written additively). On the product space Z x Z the diagonally invariant functions
(i.e. functions constant on each coset of the diagonal subgroup {(z, z),z € G}) are
certainly invariant under translation by (7,7). On the other hand, the translation
by (7,7) is ergodic with respect to the Haar measure on every coset of the diagonal
group, because it is isomorphic to (Z,7). Hence any invariant function is almost
everywhere constant on almost every coset of the diagonal subgroup. It follows that
the invariant factor of X x X consists of the diagonally invariant functions on the
product of Kronecker factors:

(X x X) ={f(z1 — 22)}-

We use this information to give an explicit formula for the cube measure ul?l. By
definition

/X[2] foo ® fi0 ® for ® fudu? = /X[l] E(foo ® f1olZME(for ® fir|ZM)dp?.

Since 7 ¢ K(X) x K(X), we may replace the functions f. by their respective
projections onto the Kronecker factor f.. The projection onto the invariant factor
then equals the average along the cosets of the diagonal subgroup, so we obtain

/ (/ foo(z1 + 23) fro(za + 23)d23)(/ for(z1 + z1) f11 (20 + 24)d2g)dz1d .
72 Jz

z
It is unsurprising that this is symmetric under exchanging f;o and f;1. Note however
that this is also symmetric under exchanging f;; and f;;. The higher oder measures
ulFl also have similar symmetries.
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6.4 Symmetries of the cube measures

Let o be a permutation of the cube Vj, and let il be the pushforward of p*! under
the coordinate permutation map (z¢) = (z4()). We are interested in determining
those « leaving the cube measure invariant: a,u = plfl. Tt is clear from definition
that this holds for the reflection in the last coordinate a(e’, j) = (¢/,1 — 7).

We will now prove that the digit permutations a(e1,...,er) = (€5(1), -+ -+ Ea(k))
where ¢ is a permutation on {1,..., k}, also leave ¥ invariant (we write o, ulf! =
o, ¥ in this case). For k =1 there is nothing to show, and for k£ = 2 the claim has
been verified above for ergodic systems X, and for non-ergodic systems it follows
from Lemma 6.5.

Suppose that the claim is known for some k > 2. The group of permutations
of {1,...,k+ 1} is spanned by the permutations that leave k 4 1 invariant and the
transposition (k, k + 1), which we consider separately. Let o be a permutation of
{1,...,k}. Then by construction of ;¥ we have

ool = (g, B 1]

and the claim follows by the inductive hypothesis. On the other hand, for the
permutation o = (k, k + 1) we have

oo i® Y = g (1),

and the claim follows from the case k = 2.

It follows that cube measures are invariant under the group of symmetries gener-
ated by digit permutations and reflections in the last coordinate, which includes also
reflections in any other coordinates.

Remark. The last section contains the original proof by Host and Kra that cube
measures are invariant under digit permutations and reflections. From the current
point of view this fact can also be seen as an easy consequence of norm convergence
of multiple ergodic averages associated to commuting actions of Z*, first proved in
[Aus10].
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7 Host—Kra—Ziegler factors

Uniformity seminorms can be written in terms of cube spaces:
k _,
113 = [, I ¥ i@, (7.1
eeVy

where C' denotes complex conjugation annd |e] is the number of 1’s in e. Indeed, for
k = 0 this is immediate. Suppose this is known for some k and consider the k£ 4 1-th
uniformity seminorm. By definition

2k+1

N
. 1 K
IFI = timsup |- S 1T CrIE|
N—oo n—1

By the inductive hypothesis this equals

N
limsup’]ir;/xm IT ¢ r@)-c ] CIEITnf(xE)dM[k]‘.

N—roo eeVy eeVy

By the mean ergodic theorem on the system X the average inside the absolute
value converges to

/ I ¢t om B [ CHlf o ma|ziyault,
XK eeVi eeVy

and this gives the claim. This argument shows in particular that the limit superior
in the definition of uniformity seminorms is in fact a limit.

7.1 Cauchy—Schwarz—Gowers inequality

The 2F-linear form
(fz—:)ser '_>/ | | C|6|f5(x€)du[k](f)
XIk]
e€Vy,

cab be thought of as an “inner product”. Indeed, in the case k = 1, X ergodic, this is
just the inner product in L?(X). In this case the triangle inequality for the L? norm
follows from the Cauchy—Schwarz inequality for the inner product. Similarly, the
triangle inequality for the uniformity seminorms follows from a multilinear version of
the Cauchy—Schwarz inequality.

Proposition 7.2. Let X be an mps annd k > 1. Then

e€eVy eeVy

Proof. By definition g = k=1l X Tlk—1] pl5=1 Hence

Jow T st

eeVy

:/xw—uE( [I ¢¥lfooomzEC [T O for o mafz)dult 1,

8/€Vk_1 E/EVk_l

Applying the usual Cauchy-Schwarz inequality in the integral over X1 we reduce
to the case f.q = foq for all & € Vj_q, that is, f. does not depend on the last digit
of €. Recalling the permutation symmetry of MW we may as well assume that f. does
not depend on the first digit of ¢.

Repeating the above argument k times we reduce to the case when f. does not
depend on any digit of . But then the left-hand side and the right-hand side of the
claim coincide. O
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Corollary 7.3. The uniformity seminorms satisfy the triangle inequality
1f+ gl < N fllw + lgllwy, &> 1.

Proof. Use the expression (7.1) for || f + ¢ H[%:] and expand anto 2¥ terms by multilin-

earity. Estimate each of the terms using Proposition 7.2 and notice that the estimates
. k

sum precisely to (|[f[| + llgllw)? - O

7.2 Characteristic factors

We have seen that uniformity seminorms control multilinear ergodic averages, and
now we also know that the space Ny of functions with zero k-th uniformity seminorm
is linear. Thus it suffices to consider ergodic averages on the orthogonal complement
of Ng. This orthogonal complement turns out to describe a factor, which we will now
construct.

Definition 7.4. Let X be an mps. The factor Z; of X consists of those functions
J € X for which the function f o7z on X [k+1] coincides almost everywhere with a
function in \/gerH\ {G}X o, that is, a function that does not depend on the variable
TG

It is counterintuitive to speak of functions of the variable z5 that coincide with
functions that does not depend on zj, and indeed, the only such functions are the
constants. However, here we are talking about equality almost everywhere, which
changes things. Imagine for instance the diagonal joining of two copies of a measure
space. Then every function of the first coordinate coincides almost everywhere with
a function of only the second coordinate (just take the same function).

The objective is now to obtain the orthogonal splitting L?(X) = Z; + Nj; 1. This
follows from the equivalence f € Nyi1 <= f L Z;. We will prove this in the
contrapositive form || f||jx41) # 0 <= f £ Zj. The direction <= is not hard:

Lemma 7.5. | fllj11) #0 <= [ L Z

Proof. By the hypothesis there exists a function in Z; that correlates with f. By
definition of Z; this means

[ (FomFaut i 20
XTe+1] 0

for some function F that does not depend on the O-th coordinate. Approximating F
by tensor products it follows that

/X[k+1] (fo 7r6) H Jeo Wadﬂ[k+1] #0

SGVk+1\{0}

for some functions f.. The conclusion follows from the Cauchy—Schwarz-Gowers
inequality. O

The converse direction is slgihtly more difficult and requires some additional
information about the measures ul¥l. A side of the cube Vj is a set of the form
a={e:g=j}withie {1,...,k} and j € {0,1}. A side transformation is a map
on X! of the form
Tz, €€ aq,

(Taf)ser = {

Te, EEau

The side transformations preserve the measure p*l. Indeed, by the previously
established symmetries of u[¥l it suffices to establish this for the side o = {e : ey = 1}.
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In this case we have

/ k] ®5’6Vk_1fa’0 ® ®5’6Vk_1Tf5’1du[k]
X

B /X[k] E(®€/€Vk*1f€/0’I[k_l])E((X’E’Ekales’l’I[k_l])du[k}a

and the claim follows by since T =1 is the identity on ZF—1.

Let J¥ denote the factor of X*! consisting of the functions invariant under all
side transformations for the sides not containing 0 € Vi. This algebra is indeed a
factor: invariance follows from the fact that all side transformations commute with
Tk,

Lemma 7.6. The factor T coincides with the algebra of functions depending only
on the 0-th variable.

Proof. Tt is clear that any function depending only on the 0-th variable is invariant
under side transformations that act trivially on the 0-th variable.

The converse is proved by induction on k. In the case k = 0 there is nothing to
prove. Suppose now F € JF+1, Consider the side @ = {€ € Viy1 : 441 = 1}. Let

/L[k] = / Hew dw
Tlk]

be ergodic decomposition of the measure p!*!. Then

:U’[}H—l] = / 0g X deﬂw(l')dw = / 0z X /Lw(z)dlu’[k] (:L')
Q J X X [¥]

(in the last line we have used that fi,,(;) = fw, holds for i,,-a.e. x), and this is in
fact the ergodic decomposition with respect to the side transformation 7,. Hence F'
is 0, X p-a.e. constant for ulFl-a.e. z € X[¥ and it follows that F is a.e. equal to a
function that does not depend on the coordinates in a.

But then F comes from a function in J*, and we can use the inductive hypothesis.

O]

With this knowledge at hand, we are ready to prove the implication —
mentioned above.

Lemma 7.7. |[fllxty #0 = [ L 2.

Proof. Let
F:=1o0 5 & ®€€Vk+1\{0}f’

so that by the assumption fomg correlates with F with respecto to the measure ,u[k“].

Now project F successively onto the invariant factors of all side transformations
corresponding to sides that do not contain 0.

By the mean ergodic theorem, each such projection is given by the limit of certain
ergodic averages. It follows that each such projection still does not depend on the
coordinate 0. Moreover, after projecting onto all factors we obtain a function in J*+1.
By the previous lemma it coincides with a function of the form go 75 (depending only
on the 0-th variable), and by definition the function g is contained in Zj. Moreover,
by construction f correlates with g. O
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8 Conditional weak mixing and almost periodicity

Let X be an ergodic mps. For every k, the factor Zi1(X) is an extension of Z(X)
(which means that the latter factor is contained in the former). In the case k =0
we have seen that the factor Zj is trivial, and Z; is the Kronecker factor, which is
spanned by eigenfunctions. In this lecture we will see that Z 4 is also spanned by
(suitably generalized) eigenfunctions.

Let X be an mps and Y a factor of X. The conditional scalar product is defined
by

(£, 9) r2(xy) = E(falY) e LN(Y),  f,g € L*(X)

and the conditional norm by
1 llz2cxyy o= O Dty = EAFRIY) Y2 € L2(Y), [ e LA(X).

The space L*(X|Y) consists of f € L*(X) such that ||| f]l 2 x|v)llpee(yy is finite.
Using Cauchy—Schwarz in each fiber of a measure disintegration of X over Y we
obtain the conditional Cauchy—Schwarz inequality

{9 2 xpy | < I ey 19l 22 xpy)-

The space L?(X|Y) is a module over the algebra L>®(Y). A finitely generated
module zonotope of L*(X|Y) is a set of the form fiB + --- + f.B, where B is the
unit ball of L®(Y) and f; € L}(X|Y).

1. A function f € L?(X|Y) is called a conditional eigenfunction (or a generalized
eigenfunction) if its orbit TZ f is contained in a finitely generated T-invariant
sub-L*°(Y)-module. The space of conditional eigenfunctions is denoted by
E(X|Y).

2. A function f € L}(X|Y) is called conditionally almost periodic (cap) if for every
€ > 0 there exists a finitely generated module zonotope C such that the orbit
TZf is contained in an e-neighborhood of C. The space of cap functions is
denoted by A(X|Y).

3. A function f € L?(X) is called conditionally weakly mizing (cwm) if
Cotinn [ (T f. 1) 2 [y = O

for some/all 0 < p < co. Here C-lim stands for the Cesaro limit, i.e. C-lim,, a,, =
limy + Zivzl an. The space of cwm functions is denoted by W (X|Y).

In the case of the trivial factor Y the definition of conditional weak mixing and
conditional almost periodicity coincide with their non-conditional counterparts. The
definition of a conditional eigenfunction is different from an eigenfunction because we
do not ask for rank 1 submodules.

As in the non-conditional case the space of cwm functions is in fact a closed linear
subspace of L?(X), and we have

E(X|Y) = AX]Y) = W(X|Y)t.

We begin by showing that any conditional eigenfunction f is conditionally almost
periodic. To this end we employ the following version of the Gram—Schmidt process:
given any sequence of functions (f;); C L?(X) define

fEi= fi= D s B oy £ = Az

J<i
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Here we set 0/0 := 0 and note that division of a non-zero number by zero can occur
only on a set of measure 0. This process coincides with the usual Gram—Schmidt
process on each fiber of the measure disintegration, and the main additional feature
is that it produces measurable functions on X. Now, applying the above conditional
Gram—Schmidt process to the finite set of generators of the module containing a
conditional eigenfunction we obtain a normalized set of generators f/’. Then we can

write
T f = Z<T"f, "y -

This equality holds in L?(X) because it holds in L?(,) for almost every fiber measure
Hy in the disintegration of X over Y. Now, | (T™f, f! )LQ(X|Y)| <™ fllL2(xpyy by
conditional Cauchy—Schwarz, and since the latter function is bounded we see that
the orbit TZf is in fact contained in a finitely generated module zonotope.
The remaining inclusions are separated in a sequence of lemmas that we have
already seen in the non-conditional case.

Lemma 8.1. Let f € W(X|Y) and g € L*(X). Then
C-lim [| {T™ f, 9) 12 x|y 71y = 0.

This shows in particular that W (X|Y) C L?(X) is a linear subspace.

Proof. Consider first the case f,g € L?(X|Y). In this case the conditional Cauchy—
Schwarz inequality implies that (g, 7" f) ;2 (x|v) is uniformly bounded in L>(Y), say
by C. Write

N

1 ” 1

NZ” (T f,g>L2(X|Y) ’\%2( N / (9, T"f) L2(X|Y) (T"f,9 >L2(X|Y)
n=1

/ ganL2x|y)T Y >

1 Y

NZ (9. T"F) o vy T fr9 >

By the van der Corput differencing lemma it suffices to show that

Z\H

||M2 ||M2

LA(X]Y)

/\

L2(X)

N
1
lim 1 = " " f, (g, 7" T =Y
C lim 1msup Nn:1|< 9 f>L2(X|Y) [ <g, f>L2 (X|¥) f L2(X)| 0

We estimate the scalar product inside the absolute value as follows:

| /X (9, Tnf>L2(X|Y) " f(9g, Tn+hf>L2(X\Y)Tn+hJF|

~1 [ 0.7 Dz G TP R e BT ST 1Y)
<c? / (T T Y|
Y
=% | [E(fT" fly
/Y BTV
< CPE(ST"FIV) L2y
=C?| <f, hf>L2 Xy lz2(v)

and this converges to 0 in the Cesaro sense by the hypothesis f € W(X]Y').
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To pass to the general case note

1fs9) r2xpvy oy = IEFaY My < 1fallzxy < I llzzeollgllzex)-

The conclusion follows using the approximations g1y <, — ¢ and flgsy)<qs = [ in
L?(X) as a — oco. Note that the second approximation is chosen inside W (X|Y) N
L2(X]Y). O

Lemma 8.2. Let f € W(X[Y) and g € A(X[Y). Then (f,g)2(x}y) = 0
Proof. Let € > 0 and choose g1, ..., g, € L?(X|Y) such that T%g in contained in an
e-neighborhood of the zonotope generated by the g;’s:
T
T = buigi+rn ooy <1 lIrnllr2xpyy < e
i=1
Then

| <f79>L2(X\Y) ||L2(Y)
= C-lim (T £, T"9) 12 (x ) |2 (v)

N T
. ]- 7 n n
< hmj\?upﬁ > <Z 1bni (T f, 9i) r2x vy 2oy + T fo ) 2 x ) HL?(Y))
n=1 i=1
1 N T
< limj\fup N > (Z 1T f, 90) 2 x vy 2oy + ||HT"f|!L2(X|Y)||7“nHL2(X|Y)||L2(Y)>
n=1 i=1

r N
< th]\?‘up N Z | {T" f, gi>L2(X|y) ”LQ(Y) +e|l|T fHL?(X\Y)HL?(Y)-
i=1 n=1

The first summand is zero by Lemma 8.1 and the second summand is arbitrarily
small. O

Lemma 8.3. If f € L*(X)\ W(X|Y), then f Li2x) E(X|Y).

Proof. Consider first the case f € L*(X|Y). Fix a disintegration p = [, py of
the measure on X over Y. Applying the mean ergodic theorem to the relatively
independent product X xy X we obtain

N
1 . .
NE T"f@T"f - H in L*(X xy X),

n=1

where H is a T' x T-invariant function. By the hypothesis we have

N

. 1 N nF n 7 . 1 N Lo £rm
hmsup<NnZ::1T fer f,f®f> :hmsupNnZ::l/XXYXfT fofr"f

N—o00 L2(Xxy X) N—o00

N—oo

N N
1 - - 1
= limsup — g / E(fT"fIY)E(fT"f]Y) = limsup — E f, 2 > 0,
PN —Jy UT VBT SIY) N—>oop N — 1T f f>L2(X\Y) ||L2(Y)

where we have used Jensen’s inequality on Y in the last passage. It follows that

H # 0. Moreover, M := HHHHB(XXYX\Y)HLOO(Y) < H”fHQL2(X|y)”L°°(Y)~
Fix a representative for H. Passing to a subsequence of N’s we may assume that

N
1 _
N § T"fRT"f — H in L*(uy X py) (8.4)

n=1
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for almost every y € Y. For almost every y we can define an integral operator

/H o', x)g(x)dpy(z')  on L*(X, py).

Its Hilbert—Schmidt norm is bounded by M for a.e. y. The direct integral of the
operators S, is the operator

Sg(x) = Sx@g(x) on L*(X).

The properties of measure disintegration imply that Sg = Syg in L(X, fy) for a.e. y,
and moreover the norm of S is bounded by M.
Using T-invariance of H one can verify that the operator S commutes with T

STg(x) = SpTg(x)
= /H(w’,x)Tg(fE/)dliw(x) (')

= /H(T.Z‘/,T-’E)Q(Tx/)d,u'w(x) (=)

— /H(:L‘”,T$>g(l',/)d,u7r(T$)(‘T”)
= Sg(Tz).

Note also that
(ST fr2x //H o, 2) £(2) F(2)dptn ey (2 )dpa()
/ / / H(z', ) f(2) f(2)dir () (2 ) dpy (2)dv (y)

s 1 m £, n £ /
1w [ [ [ N;T FlaYT™ £ () £ F )bty (o' () ()

1 N
=gy Y [1@75.8) 12000 PO
> 0.

The operators S and S, are self-adjoint by construction. By the measurable
functional calculus there exists a constant a > 0 such that (p(S)Sf, f)2(x) # 0,
where p = X[—a,alt- We claim that the function p(S)Sf is a generalized eigenfunction.

Let p, be a sequence of polynomials such that p,(—a) =0 = p,(a) and p, — p
pointwise and boundedly on [—M, M] and uniformly on [-M, —a —e|U [—a,a] U [a +
e, M] for every e. Since Sy are self-adjoint Hilbert-Schmidt operators on Hilbert
spaces, 0(Sy) \ {0} is discrete. By the continuous functional calculus p,(S,) converges
in the operator norm topology to the projection onto the linear span of the eigenspaces
of Sy with eigenvalues outside [—a, a].

Recall that the Hilbert-Schmidt norm of Sy is uniformly bounded. Therefore the
number of eigenspaces to eigenvalues with absolute value at least a is also uniformly
bounded. Therefore the rank of p(Sy) is uniformly bounded. Moreover p,(S) — p(S)
in the strong operator topology by the measurable functional calculus.

Let g € L*(X). For a.e. y and every n we have p,(S)g = pn(Sy)g in L2(X, ).
Here the right-hand side converges in L?(X, tiy). The left-hand side converges in
L?(X), so we can pass to a subsequence such that the convergence is pointwise
p-almost everywhere, hence also pointwise p,-a.e. for a.e. y. Therefore the two limits
coincide py-a.e. for a.e. y, i.e. p(S)g = p(Sy)g in L2(X, uy).

It follows that p(S)Sf € L?(X|Y). Since T commutes with S, we have T%p(S)S f =
p(S)STZf. The above reasoning shows that the latter is a bounded sequence in
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L*(X|Y). Applying the Gram-Schmidt procedure with the conditional inner prod-
uct we obtain a conditionally orthogonal generating set for the module spanned by
p(S)ST” f. However, for each y € Y there can be only boundedly many functions in
this basis that are not zero py-a.e., since p(Sy) has uniformly bounded rank. It is
therefore possible to construct a finite generating set for the above module.
Consider now the case f ¢ L?(X|Y). Let F = {|E(f|Y)| < a} be a sublevel set
with a so large that 1pf € W(X|Y) (such a exists because 1pf — f as a — oo in
L?(X) and because the expression defining W (X|Y) is L?(X)-continuous). Since
1pf € L2(X|Y), by the above case we know that 1pf correlates with a conditional
eigenfunction g. But then 1gg is also a non-zero conditional eigenfunction, and it
correlates with f. O
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9 Compact extensions

Let X be an mps and 7 : X — Y a factor. In the last lecture we have proved the
splitting
L*(X)=EX[Y)s W(X|Y)*

The space of conditional eigenfunctions F(X|Y') is spanned by the finitely generated
T-invariant sub-L> (Y )-modules of L?(X|Y). Now we would like to show that this
space defines a factor and extend the Halmos—von Neumann theorem to this setting,
that is, write the extension? X in terms of the factor Y and a compact group. For
simplicity we assume throughout that X is ergodic.

9.1 Conditional eigenfunctions are bounded

The main obstacle to showing that conditional eigenfunctions define a factor is that
we cannot a priori multiply them (and stay in a reasonable space). As we shall
presently see, there is in fact no problem with this because they are bounded.

Consider a finitely generated T-invariant L*°(Y")-submodule of L>°(X) and con-
struct a relatively orthonormal generating set fi,..., f, for it. By the assumption of
T-invariance we have

Tfi=> ai;f;
J

where a; ; € L>(Y') with the convention a; ; = 0 on the set {||f;[|z2(x|y) = 0}. Then

<fufz LQ(X|Y Zalja’b fjufj L2 X|Y) Zaljaz,_]7

so the non-zero blocks of the matrices (a; ;) are isometric.

Consider now the vector-valued function f (z) = (fi(z),..., fr(x)) and the matrix-
valued function A(z) = (ai;(x)). Then Tf = Af, and the matrices A are partial
isometries. Taking ¢? norms on both sides we obtain

T P <AL

pointwise a.e. Integrating both sides and using the fact that 1" is measure-preserving
we see that equality holds a.e. Hence Y, |fi|? is an invariant function, so it it constant
by the ergodicity assumption. In particular, the functions f; are bounded, and this
shows that the product of two finite rank submodules is again a finite rank submodule.
Hence E(X|Y) defines a factor of X (which equals A(X]Y"). The usual notation is
A(X]Y)).

Moreover, taking the conditional expectation with respect to Y, we obtain
2 . P2
Z ||f2||L2(le) = const =: R .
i

This means that the functions f; span an R-dimensional subspace of almost every
fiber LQ(uy). It follows that we can rearrange them into a generating set consisting
of R relatively orthogonal functions. In order to preserve measurability we do so by
the following procedure:

fio =0, fijer:=fij+ @ = |fijlr2cxpy)) fisr

Then the functions f; , span the same sub-L>(Y)-module of L>(X) as the f;’s and
we have

) =0.

Ifiillzcxyyy = = firlrzxyy =1 firellzxy) =

“In case I forgot to say this: if Y is a factor of X, then X is called an extension of Y.
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9.2 Group extensions

Definition 9.1. Let (Y, T') be a dynamical system (without a measure), G a compact
group, H < G a closed subgroup, and a : Y — G a function. We define

S(y,gH) = (Ty,a(y)gH) (9.2)

and denote the dynamical system (X,S) by Y x, G/H.

A compact extension of an mps (Y, u, T) is an extension of the form (Y x,G/H, pux
mg/m), where a is measurable and mg, f is the Haar measure. A group extension is
a compact extension with H = {idg}.

The generalization of the Halmos-von Neumann theorem to almost periodic
extensions tells that such extensions are compact. The converse is also true.

FEzxercise 9.3. Show that a compact extension is generated by generalized eigenfunctions
(use the Peter-Weyl theorem).

We will need a classification of invariant measures for the map (9.2). We state it
first in the case H = {eg}.

Lemma 9.4. Let (Y, u,T) be an ergodic mps, G a compact group, and a:Y — G a
measurable function. Then there exists a closed subgroup K < G and a measurable
map v : Y — G such that the following holds.

1. The function a'(y) = v(Ty) ta(y)y(y) takes values in K almost surely.

2. Every invariant ergodic measure on Y X G that projects onto u on the first
coordinate has the form p x mgg,, where mggy, is the Haar measure on a coset
Kgg.

In other words, there is a change of variables of the form (y,g) — (y,v(y)"'g)
that decomposes the transformation (9.2) into a disjoint union of invariant sets of the
form Y x K gg, each of which admits only one invariant measure extending p, namely
the product measure.

The group K is called the Mackey group of the cocycle® a : Y — G. It is unique
up to conjugation.

Proof. The measure p X mg on Y x G is S-invariant, and by ergodic decomposition
we can find an ergodic invariant measure v on Y x G that extends pu.
The group G acts on Y x G on the right via

ra(y,9) = (Y, 9)h = (y, gh).

This action commutes with the transformation S. Let K < G denote the subgroup
whose right action leaves v invariant.
By the mean ergodic theorem we have

N

1 ne
s = [ g

in L?(v) for every f € C(Y x G). Using separability of the space of continuous
functions and passing to a subsequence of N’s we may assume that for v-a.e. point
(y,g) is generic, that is, convergence holds at that point for all continuous functions

O

®The actual cocycle here, in the sense of group cohomology, is the map a(y,n) =
a(T™ 'y)---a(T ). For us “cocycle” is just a convenient shortcut to designate a function taking
values in a compact group.

5n view of the pointwise ergodic theorem there is no need to pass to a subsequence of N’s here,
but will not use this fact.
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The set of generic points is invariant under the right action of K. Moreover, if
(y,91) and (y, g2) are generic, then it is easy to see that 91—192 € K. Hence, for every
y the set G, of g such that (y, g) is generic is either a coset of K or empty. The latter
(empty) possibility can occur only for a zero measure set of y’s.

Since the set of generic points is measurable, we can find a measurable function
v :Y — G such that y(y) € Gy whenever G, # (). This is not obvious; existence
of such functions is guaranteed by so-called measurable selector theorems; the one
that is most convenient in ergodic theory is due to Arsenin and Kunugui, see [Kec95,
Theorem 18.18]. Under the coordinate change (y,g) — (y,v(y)'g) the measure v
is mapped to a measure supported on Y x K, and since this measure is invariant
under the right action of K, it in fact equals u X mg, where mg stands for the Haar
measure on K.

Under this change of variabels the measure-preserving transformation S is inter-
twined with the transformation

(y,9) = (Ty,d'(y)g)-

Since this map preserves the measure 1 x mp, the function v(Ty) ta(y)y(y) has to
take values in K almost surely.

It remains to show that all other ergodic S’-invariant measures that extend p
have the claimed form. Given any ergodic S’-invariant measure v/ that extends p,
any pushforward measure (ry).v/ also extends p. Moreover, the measure [ (rg).'dg
is invariant under the right G action and extends p, so it equals p X mg. The claim
follows from essential uniqueness of measure disintegration. O

Lemma 9.5 ([FW96, Lemma 7.3]). Let X <> W 5 Y be a chain of factors of an
ergodic system and assume that X — Y is a group extension. Then X — W is also a
group extension.

Proof. By the hypothesis we have X =Y x, G. Consider the map
L: X =Y XG> W Xgor G, = (y,9) — (w(z),9).

This map is injective: a left inverse is given by (w,g) — (7w(w),g). Moreover, it
intertwines the transformations on X and W X,or G. The pushforward measure
t«(px) is ergodic, so by Lemma 9.4, up to a change of coordinates, it has the form
ww X my, where K is the Mackey group of the cocycle aom: W — G. O

9.3 Compact extensions

Return now to the setting of Definition 9.1.

Lemma 9.6. Let (Y,u,T) be an ergodic mps, G a compact group, H < G a closed
subgroup, and a 1Y — G measurable. Let v be an invariant ergodic measure on
X =Y x,G/H that extends pn. Then (X, v, S) is measurably isomorphic to a compact
extension of Y.

In other words, an extension of the form (9.2) cannot carry invariant measures
which are not of product type.

Proof. After a change of variable we may assume a = @’ in Lemma 9.4. The measure
v lifts to an S- and H- invariant measure on Y x, G. By ergodic decomposition this
lift can be written as an integral of ergodic measures, and each such measure has the
product form p X mgg4, by Lemma 9.4.

The projection of such measures onto Y x G/H has the form p x Mg, H- These
measures are ergodic and provide an ergodic decomposition of v. By essential
uniqueness of ergodic decomposition v itself has this form. O
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9.4 Construction of homogeneous spaces

We have seen that every finite rank T-invariant sub-L(Y")-module of L>°(X) admits
a set of generators fi, ..., fr that satisfy

[ fillzzcxpyy = - = Ifrll2xpy) = 1, Z il 2o xpy = B2 Thi=)aif;,
j

with functions a; ; € L*(Y") such that the matrices A = (a; ;) are unitary almost
everywhere. Passing to a suitable topological model we may assume that f;, a; ; are
continuous.

The vector-valued function f takes values in the R-dimensional sphere Sg of
radius R. The unitary group U(R) acts on this sphere transitively, so the sphere is
homeomorphic to a quotient of the unitary group, namely the quotient U ( )JU(R-1).
We have a map from X to Y x S =Y x U(R)/U(R — 1) given by (x, f). Moreover,
onY x U(R)/U(R — 1) we have the continuous map

S(y,gU(R 1)) = (T'y, A(y)gU (R — 1))

that satisfies

—

S(n(@), f(z)) = (Tr(x), A(n(2)) f(x)) = (Tn(2), (T f)(@)) = (x(Tz),(f)(Tx)).

Equipping Y x U(R)/U(R — 1) with the pushforward measure we thus obtain a
measure-preserving system that is a topological model of the factor generated by Y
and the f;’s (note that the space of continuous functions on Y x Sg is generated by
C(X) and the coordinate functions on Sg).

Using a countable family of finite rank submodules that span A(X|Y) we obtain
a topological model for the factor A(X|Y") of the form

Y xG/H, S(y,gH)=(Ty,a(y)gH),

where G is compact group, H < G a closed subgroup, a : Y — G is a continuous map,
with some S-invariant ergodic measure v. By Lemma 9.6 this extension is measurably
isomorphic to a compact extension.
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10 HKZ factors are almost periodic

Let X be an ergodic mps. By monotonicity of uniformity seminorms we know that
Zp(X) D Zk—1(X). Our next objective is to show that this extension is almost
periodic. This is contained in the following lemma.

Lemma 10.1. Suppose f € W(X|Zy_1). Then | f|x+1 = 0.
Proof. We may assume that f is real-valued, this will simplify notation. Recall that

2k:+1

|ummﬂ=1@wum®ﬁﬂzwwm¢w

Hence it suffices to show @y, f L Z K] We will prove the stronger statement
Qv f € W(XW | Zg—10m5V X[k]*),

where X¥* is the subalgebra of functions that do not depend on the 0-th coordinate.
This is indeed stronger because the space of invariant functions is spanned by one-
dimensional invariant subspaces and is contained in the almost periodic subspace
over any factor.

To this end it suffices to show that, for every f € L!'(X), we have

E(f o 7l Zp—1 0 75V XM*) = E(f|Zp_1) o 5.

Assuming this, we can conclude using only the definition of relative weak mixing.
By L' continuity of conditional expectation we may assume f € X. Splitting
f=E(f|Zk-1) + (f —E(f|Zr-1)) we may consider two cases separately:

1. f € Zg—1. In this case both sides clearly are equal to f o 7.

2. E(f|Zk-1) = 0. In this case we will show that f L ®.cy, fe for any f5 € Zp_1
and f. € X for ¢ € V' := {0,1}F\ {0}. Indeed, note that E(ff51Zk-1) =
JE(f|Zk—1) = 0, and hence || f;ll) = 0. By the Cauchy—Schwarz—Gowers
inequality we obtain

/ (f£3) ® ®cevy fedplt = 0,

X [k]

as required.

10.1 Monotone approximation by almost periodic functions

Let X — Y be a factor and f € A(X|Y) (L? closure). Then in particular f € E(X|Y),
so let (f,) C E(X|Y) be a sequence such that f,, — f in L2 One way to write this is

/EW—nmw—m.
Y

By Egorov’s theorem we may pass to a subsequence of f,’s such that for every £ > 0
convergence is uniform outside a subset Fr of Y of measure < e. It follows that the
functions fly\ g, are conditionally almost periodic over Y.

If f is positive, then 0 < fly\p < f and fly\p — fase > 0.
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10.2 Product systems of compact extensions

Notation: Let X =Y x, G/H be a compact extension. Wer have a left G-action on
X given by
ly(y, 90H) = g(y, goH) = (y, 990 H).

In general, this action does not commute with the measure-preserving transformation
(T, a).

Lemma 10.2. Let X =Y X, G be an ergodic group extension. Then the left and
right G-actions coincide on the Kronecker factor K(X) and vanish on the commutator
subgroup |G, G].

Proof. Let f be a non-zero eigenfunction on X with eigenvalue A. Then f or, is also
an eigenfunction with eigenvalue A, so by ergodicity for, = 7(g)f with n(g) € C.
Since || f||2 = || f o r4||2, we have |7(g)| = 1. Moreover, it is easy to verify that 7 is a
group homomorphism. Since the range of 7 is an abelian group, it vanishes on the
commutator subgroup [G, G].

Finally, this shows that f comes from a function on Y x G/[G, G]. On the latter
space the left and the right G-actions coincide. O

Lemma 10.3. Let X =Y x4 G be an ergodic group extension. Then for every g € G
the left action of the element (g,g) € G* on the invariant factor I(X?) is trivial.

Proof. Recall that Z(X?) C K(X)?. Moreover, Z(X?) is spanned by functions of the
form f® f, where f is an eigenfunction on X. We have just seen that

fOlg :ﬂ-(g)fa

where 7 : G — {z € C, |z| = 1} is a homomorphism. Hence

folg@ folg=n(g)f@n(g)f=f®f

as required. O

10.3 HKZ factors are abelian group extensions

Errata: in [FW96, Lemma 8.4 replace Z by Z2. The proof of [HK05, Proposition 6.3(1)] does not work as
stated because the ergodicity hypothesis in [HK05, Lemma 6.1] is not satisfied. Solution: pass to a “normal”
extension in the sense of [FW96]. This introduces additional complications in the inductive scheme that
proves the structure theorem for Zj, factors, see [Zie07] for details. Since I have failed to account for this

problem, we will probably have to stick to k = 2 in this course.
Lemma 10.4. Let X — Y be a factor of an ergodic mps. Then Z,(Y) = Z(X)N Y.

Proof. To see the inclusion C recall the definition of Z;(Y): it consists of the functions
f such that the function f o w5 on Y+ coinsides plf+1-a.e. with a function F' that
does not depend on the 0-th coordinate. Then F lifts to a function on X*+1 that
does not depend on the O-th coordinate, and this shows that f € Z;(X).

To see the inclusion O note

Z(X)NY=Nep1(X)TNY C Nt (V)T nY = Z,(Y).
O

Lemma 10.5. Let Y be an ergodic mps. Then for every k > 0 there exists an ergodic
extension X — Zp11(Y) such that X — Zi(X) is a group extension.
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Proof. We know that Z;11(Y) — Zx(Y) is a compact extension, hence Z;11(Y) =
Zy(Y) xo G/H, and we can choose a, G, H so that the system X = Z;(Y) X, G is
ergodic.

By Lemma 10.4 we have Z;(X) D Z;(Y). Since X is a group extension of Z;(Y),
a lemma from the previous lecture implies that X is a group extension of Z;(X). O

Lemma 10.6. Let X be an ergodic mps, k > 2, and suppose that X = Zj_1(X) X, G
1s a group extension. Then

1. For every g € G and every edge o C Vi, the transformation

(Go)e = gTe, €€«
e Te, €€

acts trivially on T,

2. For every g € G and every edge o C Vi1, the transformation g, preserves
[k+1]
I .

3. For every g € |G, G] the transformation g acts trivially on Z(X).

4. Zp(X) 1s an abelian group extension of Zi_1(X).

Proof. T only write down the proof of the first claim and refer to [HK05, Proposition
6.3| for the remaining claims. By symmetry it suffices to prove the first claim for any
fixed edge o« C Vj, say a« ={0...00,0...01}.
We claim
E(F|ZF-1) = B(F|zk-1), (10.7)

for every bounded function F on X*~1 where

F(esg)eevi) = [ F(l0esgecvi Al 155)
G2

It suffices to verify this for the dense subspace of tensor products F' = ®.cy;,_, fo. In
this case we can write f. = fop—1 + fo 1 with fo 1 = E(f:|Z2k—1). The expectation
on the left-hand side splits into 2! terms. All but one of them (the one without L
functions) vanish in view of the Cauchy—Schwarz—Gowers inequality. This allows to
conclude the proof of (10.7).

Let

Ugck—_lll = / Ngc—_ll,ludw

be an ergodic decomposition of the measure on Z;_1(X)* 1. Then by (10.7) and
the definition of measure disintegration

ple=1l = /,u‘[fl] X mg_ldw

is an ergodic decomposition of the measure on X*~1. Thus by definition we have

plkl = / ijll,L xmZ ' x ,ug{:ll,L xm%  dw.

k]

A bounded function on X is plFl-a.e. invariant under T iff it is a.e. invariant

under T with respect to w-a.e. measure

k—1
(Mkflju X mG2k71 )2.
The first claim of the Lemma follows from Lemma 10.3 applied with the ergodic
group extension (Zg:l] X gak—1 GQk_l,MLk:ll,L X mGQk—l) and the group element
(9,idg, . ..,idg) € G2, O
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11 The Conze—Lesigne equation

11.1 Nilpotent groups acting on HKZ factors

Lemma 11.1. Let (X, pu,T) be an mps, k> 1, and g : X — X. Then the following
conditions are equivalent.

1. g% preserves pl*! and acts trivially on T,

2. for every face a C Viiq the transformation go preserves ulF+1l,

3. for every face a C Vj, the transformation go preserves p*! and maps T to
itself.

We denote the set of transformations satisfying the above equivalent conditions by Gy,.

Proof. (1) = (2): By symmetry we may consider the side o =V}, x {0}. Then
/(F ® F) o godplFt1 = /F o ¥l @ FdpulF+1 = /E(F o g ) By,

and one can remove g*! by the hypothesis (1).
(3) = (2): By symmetry we may consider a side of the form a = o/ x {0, 1},
where o C V}, is a side. Then

/(F@F) ogadlu[kJrl] — /Fogo/ ®Foga/du[k+” - /E(FOga/’I[k])FOga/d,u,[k].

By the hypothesis that g, maps ZI¥! to itself we may pull it out of the conditional
expectation, and by the hypothesis that g, preserves pf we may remove it.
(2) = (3): Let a C V}, be a face, then o = o x {0,1} C V41 is also a face.

Invariance of ¥/ under g, follows by projection from invariance of p**1 under g,

The algebra Z* is mapped to itself because

IE(F © galZW)[135 1) = /F 0 go ® F o gadu 1 = /(F © F) 0 gardpl 1,

and by the hypothesis g can be replaced by identity.
(2) = (1): We have already proved (3), so g preserves ulfl for every side
a C Vj; a fortiori g/ preserves ul¥l. Let now F e L2 (Z [k]), then

/(F o gl Fault = /E(F o gl |ZH) M
= [(Fogh) o Pt = [(F o F)ogadulH),

where o = Vi, x {0} C Vj41 is a side. By the hypothesis we may remove g. O
Observations:
1. Using face projections we see Gi11 C Gy.
2. The transformation T is contained in every Gj.
3. Each set G}, is a group.

Lemma 11.2. Suppose that X = Zy(X). Then Gy, is a nilpotent group of step k.
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Proof. Tt suffices to show that each k-fold iterated commutator g = [...[g1,92], - - -, gk+1]
with ¢g; € G}, acts trivially on X. To this end it suffices to show that for each bounded
real-valued function f on X one has

0=|f—foglltiy= /®vk+1(f — fog)dulFt.

Expanding the multilinear expression on the right-hand side we obtain signed integrals
that cancel out precisely provided that each map g,, @ C V11, preserves the measure

pl+1 ) where
(g f) _{g:pg, EEw
o g —

Te, €€

It suffices to consider singletons o = {e}. In this case we can write a = ﬂf;“lla,-,
where a; C Vjy1 are sides. Then go = [... [(91)ays (92)az)s - - > (h41) ey, ), and the
claim follows because each map (g;)q, preserves u[k+1]. O

It is interesting to know when the group Gy acts transitively on Z. We will
address this question only in a special case. An mps X is said to have order 2 if
X = Z5(X) and Z3(X) is an abelian group extension of Z;(X). Recall that Z; is a
compact abelian group on which T acts by translation by a group element ¢t € Z;.
Our objective is to obtain information on the cocycle defining the group extension X
from the hypothesis that X is of order 2.

For simplicity we make the standing assumption that the group in the extension
Zy = Zy x, S1 is the circle group S' = {z € C: |z| = 1}.

11.2 Conze—Lesigne equation

Let (X, u, T) be an ergodic mps and let U be a group of automorphisms that acts
freely on X. Let also p: X — S'. The Conze Lesigne equation is

pou/p=cfoT/f, (11.3)

where u € U, f: X — S, ce S™.
Let (u, f,c) and (u/, f’, ') be two solutions to the CL equation. Then

po(ud)/p=(poufp)ou-(pou/p) = (f'T/f)ou-(cfT/f) = cef'T/f",

where f” = f'ou- f. Hence (uv/, f'ou- f,cc’) is also a solution. Therefore the set
of solutions of the CL equation is a (closed) subgroup of U x C(X,S!) x T.

Denote this group by H. It follows from ergodicity that the commutator subgroup
of H is contained in Hs := {idy} X Ceonst(X, T) x {1}, where Ceonst (X, T) = T is
the set of constant maps. Then K := H/Hs is a locally compact abelian group. The
projection onto the last coordinate defines a character ¢ on K. Denote the projection
onto the first coordinate by ¢ : K — U.

By the structure theorem for locally compact abelian groups, K admits an open
subgroup £ =2 K x R?%, where K is a compact abelian group. Set Ky := K Nker ¢,
then Uy := q(Kp) is a closed subgroup of U. Claim: U/Uy is a compact Lie group.
Consider the short exact sequence

0—q(L)/Up—U/Uy — U/q(L) — 0.

The last group in this sequence is finite because ¢(L£) is an open subgroup of U,
because ¢ is an open map.

0 = q(K)/q(Ko) = a(£)/Uo = q(£)/q(Ko) = a(L)/q(K) — 0
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The first group in this sequence is a quotient of K /Ky = ¢(K), which is subgroup of
the torus. The last group in this sequence is a compact quotient of £/K = R?, hence
a torus.

Let Uy be the connected component of the identity of Uy, then HNU; x C(X, T) x
{1} is an abelian group (this follows from compactness of Uy). In other words, if
(u, f,1) and (u/, f’,1) are two solutions with u,u’ € Uy, then ffou- f= fou - f.

11.3 Solvability of the Conze—Lesigne equation

The main structural result will be that in the case X = U = Z; the set of solutions
of (11.3) has full projection onto the coordinate U, that is, for every s € S* there is
a solution (s, f,c)..

It is easy to see that the set of s for which (11.3) has a solution is a group.
Moreover, for s =t it has the solution f = p, ¢ = 1. Thus it suffices to consider s in
a sufficiently small neighborhood of the identity.

For any mps X, compact abelian group U and map p: X — U denote

AFp: XW S U (2)eey, — H Clelp(x,),
eeVy

where C denotes inversion in U.

Lemma 11.4. Let p: Z_1 — S be a cocycle that defines a system X = Zj,_; X p St
of order k. Then the cocycle A¥p is a coboundary, that is, there exists a function F
on Z,[Cli]l such that

THE = FAF) (11.5)

and |F| = 1.
Proof. Consider the function
VX =21 x8 = C, (x,u)— u

By the hypothesis X = Z;(X) we have [|1)[|[;11) # 0. By definition of cube seminorms
we have

Il = / (T () P,

where ¥ = ®gerC‘5‘1/)7 SO E(‘I”I[k]) # 0.
Note
Tk — AFp .,

and consequently
n—1

(T = v T (@H)makp.
m=0

By the mean ergodic theorem we obtain

1 N
v > (@) = Fu

n=1

E(¥|T")

= lim
N—o0

with
~ 1 N n—1 " ) o
F .= ]\}lm ngl mllo(T ) A%p e L™(Z,").

This function is not identically zero because E(¥|Z) £ 0 and we have

THE = TE(FO0) = FOTE(0) = FOTAFp = FAFp.
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Thus the function F' satisfies (11.5). It remains to ensure |F| = 1. Consider the
function

2|72, 2 #0,
0, z=0.
Replacing F' by II o F' we may assume that |F| is {0, 1}-valued.
Let now F' be a function that satisfies (11.5) and let o C Vj, be a side. Then

T (ToF - Aap) = To(F - Akp) TolAap =ToF - Aypop = (ToF - AaP)A[k]Pa

so that the function T, F' - Ayp also satisfies (11.5). It follows that for every element
T of the side transformation group Tgﬁ_]l there is a unimodular function w7 such that

TF - ug satisfies (11.5). Let (7,,)%%; be an enumeration of Tl,{[:k’,_]1 and define

o0
F = Z 3inTnF CUg
n=0
By lacunarity of the coefficients 37" and since the group T,L’i]l acts ergodically on

Z,[El, this function is non-zero plfl-a.e., and II o F' satisfies the conclusion of the
lemma. O

Corollary 11.6. Let (X, u,T) be an ergodic mps, p a cocycle of type k, and U
a compact abelian group that acts on X freely by automorphisms such that the
corresponding edge transformations preserve u[k] and act weakly L? continuously. Let
s € U be in a sufficiently small neighborhood of the identity. Then there ezists a
non-zero bounded function F on X such that

THE = FAY(pos-p).

In fact one need not restrict to s in a small neighborhood of the identity and one
can also take |F| = 1, see [HKO05, Corollary 7.5(1)], but this is substantially harder
to prove.

Proof. Let a C Vj, be the first side and &, : X¥1 — X[ the corresponding coordinate
projection. Then
Al(pos-p)oéa=AFpos,- Akp.

By the hypothesis
THF = FAFp

for some measurable F : X2l — T. Hence

Alpos-p)oéa = (FTHF)os, - FTHF
Since the transformation s, on X commutes with T, we obtain
THE =F . Al(pos-p)o&,
with the function Fy := F o s, - F. Projection onto the first side yields
THE(F,|im &) = E(Fy|im &) A (rep - p) 0 &

It remains to show that E(F,|im&,) # 0. But by weak continuity of the edge action
of U we have [ Fy # 0 for s in a sufficiently small neighborhood of the identity, and
the integral is preserved under conditional expectation. ]

Lemma 11.7. Let (X, u) be an ergodic mps and p : X — S'. Then there exists
A € St such that (X xy, St ux mg1) is ergodic.
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Proof. Let A be rationally independent from all eigenvalues of 7' on L?*(X) and
suppose that both X x, St and X X \p S1 are not ergodic.

Then by the Mackey group construction p and A\p are cohomologous to cocycles
taking values in proper closed subgroups of S!. The only such subgroups are the
finite subgroups, and the two finite subgroups above are contained in a common
finite subgroup, say K. The quotient S'/K is again isomorphic to S! and under this
isomorphy the congruence class of A is not an eigenvalue of T'.

Hence we may assume that p and Ap are both cohomologous to the constant zero
cocycle:

p(z) = fi(Tz)/ f2(z), Ap(z) = fo(Tx)/ fo(z).
But then

A= (fa(Tw)/ fo(2)) [ ([1(Tx)/ f2(2)) = (fo/ F1)(Tx)/(f2/ f1) (),

so A is an eigenvalue of T', a contradiction. O
This fills a gap in the proof of the following lemma.

Lemma 11.8 ([FW96, Lemma 10.3]). Let X be an ergodic mps and p: X — T be
such that
THE = FAYp

for some non-zero I € LX), Then p is a quasi-coboundary, that is, p(x) =
M (Tz)f(z) for some f: X — S and some constant X € S*.

Proof. Since for any constant A we have Alp = Al(\p) and by Lemma 11.7 we may
assume without loss of generality that X := X X, S 1 is ergodic. On X2 we have the
invariant function

((x1,u1), (x1,u2)) — wrueF(x1, x2).

This can be written in terms of eigenfunctions on X as

Z CAPA @ P
B

By Fourier expansion in the S coordinate ¢y (z,u) =Y, ¢xm(x)u™ we obtain

2

g F (21, 02) = Z exmy (1)U o5 my (T2)uy" —ZC,\SO,\,1($1)U1<P,\,1(CU2)U2,

A,mi1,m2 A

so that ¢y 1 # 0 for some A. On the other hand,

)\Z(P/\,m( (Tp(anu Z‘P)\me ) )

and by uniqueness of Fourier series

Aoa1(r) = oa1(Tz)p(x).

Taking absolute values on both sides we obtain

a1 (@) = [ean(T)],

so by ergodicity of X we may normalize |¢) ;| = 1, and this gives the claim with
f=en- O

Lemma 11.9 (|Zie07, Theorem 3.6]). Let Y be an ergodic mps, W; =Y x,, H; be
ergodic abelian group extensions, o; : W; — T, 1 = 1,2, and suppose that o102 is a
coboundary on W1 Xy Wy. Then o; are cohomologous to functions on Y .
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Proof. By Lemma 11.7 we may assume that the systems X; := W; x,, T are ergodic.
By the hypothesis we have
TEF = Foyo9

for a function F : W = W7 xy Wy — T. It follows that the function

on X := X Xy Xs is invariant, so
F= E :¢j1Aj17j2¢j27
J1,J2
where the summation indices j; run over a complete orthogonal sets of irreducible

finite rank submodules of L?(X;|Y'), each submodule j; has rank dj, and is spanned
by the components of the bounded vector-valued function 1;, : X; — C%: satisfying

Ty, = Ujibj;
with a function Uj, : Y — U(dj;), and where A; j, : Y — Mat(d;, x dj,) are

measurable functions. With the Fourier expansion in the H; and T coordinates

i hau) = > Yima (W)X (ha)u™

mGZ,xef{\i

we obtain 1, _1,y, #Z 0 for each 7 and some x; € l{[\z
On the other hand, we have

Uji(y)l/fji (y,hi,u) = iji(y7 hi,u) = wji(Tyvpz( Yhis oi(y, h Zijz, ,x )X (pi(y)h.

and comparing the Fourier coefficients we obtain

Ui, (W)¥5,,-1(y, hi) = Tabj, 1 (y, hi)oiy, hi)

11.4 Transitivity of G,

Lemma 11.10. Let s € S' and f,c be a solution to the Conze-Lesigne equation
(11.3). Then the transformation

Ss,f(xa u) = (SZE, f(:v)u)
belongs to G.

Proof. Recall that in course of the reduction to abelian group extensions we have
proved

ul? = M[f} < m‘él.

From here it is easy to see that (Ss f)q fixes ul? for every side o C Va, since it suffices
to do so over the factor Z;.

We claim that the transformation (S, r)o also leaves the algebra 7 2 invariant.
To this end we compute

Sy T, 1) = So st pla)u) = (sta, f(tx)p(x)u) = (sta, plsz) f(2)u/e) = T(sz, f(z)u/c)
Let F € TP, The above calculation shows

Fo(Sef)aoT® =FoTP o (S, oo (™ )a=Fo(Ssf)ao (¢ Ha
Since ¢! commutes with Ss ¢, it remains to show F = F o c,!. But this has been
proved in the construction of the abelian group extension. O

Note that if s is the identity of the group Z;, then every constant function f
solves the Conze-Lesigne equation.
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12 Polynomials in nilpotent groups

12.1 Commutators and filtrations

We use the convention [a,b] = a~'b~'ab for commutators and a® = b~'ab for con-
jugation. We will frequently use the following group identities, first used by Hall
[Hal33|:

[a, bc] = [a, c][a, b]° (12.1)
[ab, c] = [a,c]b[b, q] (12.2)
Ha7 b]7ca”[ca a]7bc][[b7 C]7ab] =id (12-3)

Theorem 12.4 (see e.g. [MKS66, Theorem 5.2]). Let G be a group and A, B,C <4 G
be normal subgroups. Then

[[4, B, C] < [[C, Al, B][[B, C], A.

Proof. In view of (12.2) it suffices to show that for every a € A, b € B, and c € C
the commutator [[a, b], c] is contained in the group on the right. Since C® = C this
follows from (12.3). O

Definition 12.5. Let G be a group. The lower central series of G is the sequence of
subgroups Gj, i € N, defined by Gy = G := G and G;41 := [G;,G] for i > 1. The
group G is called nilpotent (of nilpotency class d) if G441 = {id}.

A prefiltration G, is a sequence of nested groups

Go > Gy > Gy9 > ... such that [GZ,GJ} C Gi+j for any ¢,j € N. (12.6)
A filtration (on a group G) is a prefiltration in which Gy = G; (and Gy = G).

We will frequently write G instead of Gy. Conversely, most groups G that we
consider are endowed with a prefiltration G4 such that Go = G. A group may admit
several prefiltrations, and we usually fix one of them even if we do not refer to it
explicitly.

A prefiltration is said to have length d € N if G441 is the trivial group and length
—o0 if Gy is the trivial group. Arithmetic for lengths is defined in the same way as
conventionally done for degrees of polynomials, i.e. d —t = —oc0 if d < .

Lemma 12.7 (see e.g. [MKS66, Theorem 5.3|). Let G be a group. Then the lower
central series Go is a filtration.

Proof. The fact that
[Go, Gi] = [Gi, Go] C G

is equivalent to GG; being normal in G, and this is quickly established by induction on
i. This also shows that G;11 C G; for all i.
It remains to show that

(G, Gj] € Gigy fori,j>1.

To this end use induction on j. For j = 1 this follows by definition of G;4 1, so suppose
that the above statement is known for j. Then we have

[Gi, Gj] = [Gi, |G, GA]] C [[Gh, Gi], Gjl[[Gj, Gi], Gi]
= [Git1,Gjl[Gitj, G1] C Giv1+j

by Theorem 12.4 and two applications of the inductive hypothesis. ]
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Definition 12.8. Let G be a group and H C G. We write

VH:={9€G:g" € H} and VH := U VH.

T€N>0

The set/H is called the closure of H in [BL02].

Lemma 12.9. Let G be a nilpotent group, H < G a finitely generated subgroup, and
suppose that G is generated by H and F, where F C \/H ‘s finite. Then [G : H] < oc.

Proof. We induct on the nilpotency step d. If d = 1, then G is commutative, so H is
normal, and we may factor out H. Hence G is generated by finitely many torsion
elements, so it is a finite commutative group.

Suppose that the claim is known for groups with nilpotency step < d and consider
a group G of step d+1. Let G4 be the lower central series of G. Then the commutator
maps

] G x Gg = Gaga,

and the image of this map generated G441. Since the conjugation action of G on
G441 is trivial, the identities (12.1) and (12.2) and the fact that G, is a filtration
show that the commutator map factors through a bihomomorphism

B G]_/G2 X Gd/Gd—H — Gd+1.

By the inductive hypothesis H/G41+1 < G/G441 is a finite index subgroup. In
particular, H/Gy < G1/G2 and (HNG3)/Ggr1 < Gg4/Gga41 are finite index subgroups,
with index a, b, say. Since B is a bihomomorphism, it follows that the power ab of
every element in the image of B is contained in H N G441. On the other hand, the
image of B generates the group G441, and since it has a finite generating subset an
by the d = 1 case of the lemma the subgroup H N G411 < Gg41 has finite index.
Since G441 is central in G, it follows that the group H has finite index in the
group H' generated by H and G4.1. Replacing H by H' we can factor out the
subgroup G441 and reduce to step d. ]

Corollary 12.10. Let G be a nilpotent group and H < G. Then V'H is a subgroup
of G.

12.2 Polynomial mappings

In this section we set up the algebraic framework for dealing with polynomials with
values in a nilpotent group.

Let G4 be a prefiltration of length d and let t € N be arbitrary. We denote by Ge¢
the prefiltration of length d —t given by (Ge1t); = Giyt and by G,/ the prefiltration
of length min(d, t — 1) given by G;;, = G;/G¢ (this is understood to be the trivial
group for ¢ > ¢; note that G; is normal in each G; for i <t by (12.6)). These two
operations on prefiltrations can be combined: we denote by G,/ s the prefiltration
given by G4y = Gits/Gy, it can be obtained applying first the operation /¢ and
then the operation +s (hence the notation).

We define GGo-polynomial maps by induction on the length of the prefiltration.

Definition 12.11. Let G4 be a prefiltration of length d € {—oco} UN. A map
g: Z" — Gy is called Go-polynomial if either d = —oo (so that g identically equals
the identity) or for every a € Z" the map

Dag(n) = g(n)~'Tag(n) := g(n)"'g(n + a) (12.12)

is Get1-polynomial. We write P(Z", G,) for the set of Ge-polynomial maps.
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Informally, a map g : Z" — Gy is polynomial if every discrete derivative Dg is
polynomial “of lower degree” (the “degree” of a Ge-polynomial map would be the
length of the prefiltration GG, but we prefer not to use this notion since it is necessary
to keep track of the prefiltration G4 anyway).

Note that if a map g is Ge-polynomial then the map gG; is G,/-polynomial
for any t € N (but not conversely). We abuse the notation by saying that ¢ is
G, -polynomial if gG; is G, /-polynomial. In assertions that hold for all a € Z" we
omit the subscript in D,, 1.

The next theorem is the basic result about (G4-polynomials.

Theorem 12.13. For every prefiltration G of length d € {—oo} UN the following
holds.

1. Lett; € N and g;: Z" — G be maps such that g; 15 Ge/(as1—1,_;)+t;-Polynomial
for i =0,1. Then the commutator [go, g1] i Getty+t, -Polynomial.

2. Let go,g1: 77 — G be Ge-polynomial maps. Then the product gogr is also
Ge-polynomial.

1

3. Let g: Z" — G be a Go-polynomial map. Then its pointwise inverse g~ is also

Gle-polynomial.

Proof. We use induction on d. If d = —oo, then the group Gy is trivial and the
conclusion hold trivially. Let d > 0 and assume that the conclusion holds for all
smaller values of d.

We prove part (1) using descending induction on ¢t = ¢y + ¢t;. We clearly have
[90,91] C Gy. If t > d + 1, there is nothing left to show. Otherwise it remains to show
that Dlgo, g1] iS Get+t+1-polynomial. To this end we use the commutator identity

Dlgo, ¢1] = [90, Dg1] - [[90, Dg1], [90, 91]]
“[l90, 91], Dg1] - [[90, 91 Dg1], Dgo] - [Dgo, 1 Dgr]. (12.14)

We will show that the second to last term is G4+ 1-polynomial, the argument for the
other terms is similar. Note that Dgo is Ge/(a41-t,)+to+1-Polynomial. By the inner
induction hypothesis it suffices to show that [go, g1Dg1] is Ge/(d—ty)++,-POlynomial.
But the prefiltration G, /(q—¢,) has smaller length than G, and by the outer induction
hypothesis we can conclude that g1Dg1 is G /(q—t,)+t,-Polynomial. Moreover, go is
clearly G, /(4—to—¢;)-Polynomial, and by the outer induction hypothesis its commutator
with g1Dg1 i8 Ge/(4—t)+t,-POlynomial as required.

Provided that each multiplicand in (12.14) is Get¢+1-polynomial, we can conclude
that Dl[go, g1] is Gett+1-polynomial by the outer induction hypothesis.

Part (2) follows immediately by the Leibniz rule

D(gog1) = Dgo[Dgo, 911D g1 (12.15)

from (1) with ¢y = 1, ¢t; = 0 and the induction hypothesis.
To prove part (3) notice that

D(g7")=g(Dg) 'g~" =[g7", Dgl(Dg)~". (12.16)

By the induction hypothesis the map g~ is G, q-polynomial, the map Dg is Get1-

polynomial, and the map (Dg)~! is Gey1-polynomial. Thus also D(g7!) is Gey1-
polynomial by (1) and the induction hypothesis. O

Discarding some technical information that was necessary for the inductive proof
we can write the above theorem succinctly as follows.
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Corollary 12.17 (|Lei02, Proposition 3.7]). Let Go be a prefiltration of length d.
Then the set P(Z",Ge) of Ge-polynomials on Z" is a group under pointwise operations
and admits a canonical prefiltration of length d given by

P(Z',Ge) > P(Z",Gey1) > -+ > P(Z", Garar1).

Remark. In [Lei02]| a polynomial has a “vector degree” that is given by a sequence
d = (d;)ien C N that is superadditive in the sense that d;;; > d; + d; for all i,j € N;
by convention d_1 = —oo. This is included in our treatment: a map has vector degree
d with respect to a prefiltration G, if and only if it is G%-polynomial, where the
prefiltration G¢ is given by

GY = G; whenever d;_q <i<d;. (12.18)
Remark. Variants of the above definition of polynomials include prefiltrations indexed
by partially ordered semigroups more general than the natural numbers N = {0, 1, ...},
see [GTZ12, Appendix B].

12.3 Integer Lagrange interpolation

A polynomial of degree d on Z is determined by its values at 0,...,d. Similiarly, a
polynomial of degree d on Z" is determined by its values on the set

Arg={k€Z k>0, k <d}.
=1

This is proved in two steps: firstly, any polynomial of degree < d that vanishes on
A, 4 vanishes everywhere. Secondly, the dimension of the space of polynomials of
deree < d has dimension |A, 4|, so every function on A, 4 can be interpolated by a
polynomial of degree < d. Also, a polynomial maps integer points to integers iff its
restriction to A, 4 does.

Similar results hold for polynomials in nilpotent groups.

Lemma 12.19. Let G, be a filtration of length < d, g € P(Z",G.), and suppose that
g vanishes on Ay, 4. Then g vanishes identically.

Proof. By induction on d. In the case d = 0 the map g is constant, and since it
vanishes at 0 it vanishes identically.

Suppose that the claim holds for d and consider it with d replaced by d + 1. Then
for every basis vector e; € Z" the derivative D, g vanishes on Ay, g11 N Ay, a41 —€; D
Ay, q- By the inductive hypothesis the derivative vanishes identically, and the claim
follows. O

Lemma 12.20. Let G4 be a filtration of length < d and g € P(Z",G,). Then we

can write i,
n n 7,
g = H go(la)7 where <a> = H (a]»>, ga € G|a|7

A€l 4 j=1
the product taken e.g. in increasing lexicographic order with top level ordering by

|a| :Zjaj‘

Proof. This follows from the following inductive claim.

n

Claim 12.21. Let g € P(Z",G,) vanishon A, ;1. Then g(n) = [[,ea, pa,,_, g(a)(a)g(n)’
where g € P(Z", G,) vanishes on A, ;.
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To show the claim note that ¢G4 is G ;-polynomial, hence it vanishes identically

by Lemma 12.19. Therefore g(a) € Gy, so that the maps n — g(a)(Z) are Ge-
polynomial. Moreover, if > ja; = [, then

(n)_ 1, n=a
a) 0, n€lA.;,n#a.

It follows that the remainder term g is Go-polynomial and vanishes on A, . ]

Despite the fact that every polynomial can be written in such explicit form, it
is usually more convenient to use the abstract definition, particularly when passing
between different prefiltrations.

12.4 Commensurable lattices

We summarize the properties of nilmanifolds that will be necessary for our discussion.
For our purpose one can think of these properties as being provided by the structure
theorem for Host—Kra factors.

Definition 12.22. A nilmanifold consists of the following pieces of information:
1. a nilpotent Lie group G,
2. a prefiltration G4 on G consisting of closed (Lie) subgroups, and
3. a finitely generated discrete subgroup I' < G.

We assume that the homogeneous space G;/T" is compact for every group Gj; in the
prefiltration Go. We call a group I' as above a lattice and write I'; = 'NG;. A closed
subgroup G < G such that G/T" is compact is called I'-rational.

Recall that two subgroups A, B < G are called commensurable if AN B has finite
index in both A and B.

Lemma 12.23. Let G/T" be a nilmanifold and I < G be a group that is commensurable
with I'. Then the following assertions hold.

1. T is also a discrete cocompact subgroup.
2. Every T-rational subgroup G' < G is also T'-rational.

Proof. To see (1) note that if T < T, then the natural map G/T' — G/ is a covering
map with finitely many sheets, and it follows that G/ I is compact. If T' < T, then
G/ [ is a quotient space of G /T, so it is clearly compact. From this it follows that r
is cocompact in general. Also, it is clear that T is discrete if and only if ' is discrete.

The assertion (2) follows since the groups I' N1 G’ and T' N G’ are commensurable
whenever T and I are commensurable. O

An important class of examples of commensuarble lattices arises when one needs
to replace a nilmanifold by a connected one.

Lemma 12.24. Let G/T be apz'lmam’folNd. Then there exists a lattice I’ < r <@
such that T' has finite index in I’ and G;/T; is connected for every i.

Here and later we denote the connected component of the identity in a group G

by G°.
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Proof. We use induction on the length of the filtration. If G4 is trivial, then there is
nothing to show, so suppose that the conclusion holds for filtrations of length d — 1
and consider a I'-rational filtration G, of length d.

By the rationality assumption we can write G4 = G§ @ A in such a way that
I'N A < A is a finite index subgroup. Since A is central in G, this implies that I" has
finite index in I'A. Replacing I' by I'A if necessary, we may assume that I'Gy = I'GY.

By the inductive assumption I'G4/Gy is a finite index subgroup of a lattice r /d
such that (Gi/Gd)/f/d is connected for every i. Let {J;} C G/G4 be a finite set
that together with I'Gy/G4 generates f/d. We can write 7; = gjGq4, and we have
g; € I'Gg for some r and all j. Now recall that I'Gq = I'GY, and that in the connected
commutative Lie group G arbitrary roots exist. Hence, multiplying g; by an element
of Gg if necessary, we may assume that g7 € I'.

By Lemma 12.9 T has finite index in the group generated by I' and the elements
gj. It remains to show that G;/ I; is connected for every i. We have an exact sequence
of topological spaces

and the outer two are connected. O

12.5 Reduction of polynomials to connected Lie groups

The next step is vaguely parallel to separating rational and irrational coefficients of a
polynomial over the reals. Given a prefiltration G,, we define a prefiltration G by

(G); = (Gi)°.

Lemma 12.25. Let G/I' be a nilmanifold such that G;/I'; is connected for each i.
Then every Ge-polynomial sequence g(n) can be written in the form

g9(n) = g°(n)y(n),
where ¢° is a GS-polynomial sequence, and v is a I'q-polynomial sequence.

Proof. Tt suffices to show the following:

Claim 12.26. Let g € P(Z",G,) be a polynomial that vanishes on A,; ;. Then we
can factorize
9=29%97;

where ¢g° is G¢-polynomial, v is I'e-polynomial, and § is Ge-polynomial and vanishes
on Ar,l-

The group G;/Gi41 is a commutative Lie group, and its quotient modulo I' is
a compact connected space. Hence G;/G1 = G7/G41 x A, where A is a discrete
subgroup contained in I'/Gp41.

The map gG; is G, ;-polynomial, so by Lemma 12.19 it vanishes identically. Hence
g takes values in Gj. By the hypothesis that G;/I" is connected we have G; = G7T).
For every a € A,; \ A1 write g(a) = gova With g, € G7, v, € I';. Define

cm= I & ame= [ A

aeAr,l\Ar,lfl aEA’r,l\Ar,lfl

the product being taken in any fixed order, say lexicographic. The polynomials
n — (Z) have degree [ and g4,7, € Gj, so these maps are in fact polynomial with
respect to the required filtrations. Also, § = (g°) 'g(y)~! vanishes on A,; by
construction. O

On general nilmanifolds we can use Lemma 12.25 together with Lemma 12.24 and
obtain a splitting in which the second factor takes values in a group I’ > T in which
I' has finite index. The next lemma shows that the latter factor is periodic modulo T
this can be compared to the fact that rational polynomials are periodic modulo Z.
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Lemma 12.27. Let G be a nilpotent group with a prefiltration Go and let I' < G be
a finite index subgroup. Then for every Ge-polynomial sequence g(n) the sequence
g(n)T is periodic (that is, constant on cosets of a finite index subgroup of Z").

Proof. Replacing I' by a finite index subgroup that is normal in G and working
modulo I', we may assume that G is finite and T" is trivial.

We factorize g as in Lemma 12.20 and observe that each term in the factorization
is periodic. ]
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13 Equidistribution criterion for polynomials on nilman-
ifolds

13.1 Cube group

We outline a special case of the cube construction of Green, Tao, and Ziegler [GTZ12,
Definition B.2] using notation of Green and Tao [GT12, Proposition 7.2]. We will
only have to perform it on filtrations, but even in this case the result is in general
only a prefiltration.

Definition 13.1 (Cube filtration). Given a prefiltration G4 we define the prefiltration
GJ by
Gy = <GZ~A,Gi+1 X Gi+1>

where G® = {(g0,91) € G? : go = g1} is the diagonal group corresponding to G. By
an abuse of notation we refer to the filtration obtained from GY' by replacing GE
with GY as the “filtration G5

To see that this indeed defines a prefiltration note first that GZ-D is normal in
GY. Using this and Hall identities it suffices to verify the commutator property on
generators, which is straightforward.

Lemma 13.2 (Rationality of the cube filtration). Let G/T" be a nilmanifold. Then
GU /T2 is a nilmanifold (where G5 = GT).

Proof. We have to verify that GZD /T2 is compact for every i. We induct on the length
d of the filtration G,.

The group GE is just the diagonal group, so its quotient modulo I'? is compact
by the hypothesis. Let i < d. On the quotient space GZ-D /T? we have a continuous
action of the compact abelian group (G4/T')%. The quotient of G=/T'? modulo this
action is compact by the inductive hypothesis, and the claim follows. ]

Lemma 13.3. Let g € P(Z",G,). Then for every k € Z" the map

g (n) == (g(n + k), g(n))
is GY-polynomial.

Proof. We use induction on the length [ of the prefiltration G. Indeed, for [ = —oo
there is nothing to show. If | > 0, then g takes values in G since g(n)~tg(n +k) =
Dyg(n) € Gy by definition of a polynomial. Moreover Dy, (g,?) = (Dk/g)%(n), so that
Dy (gg) is G.Dﬂ—polynomial by the induction hypothesis. O

13.2 Vertical characters

Let G/T" be a nilmanifold of nilpotency class [. Then G/T" is a smooth principal
bundle with the compact commutative Lie structure group G;/T';. The fibers of this
bundle are called “vertical” tori.

Definition 13.4 (Vertical character). Let G/I" be a nilmanifold of nilpotency class
[. A measurable function F' on G/T" is called a vertical character if there exists

a character xy € CT;E such that for every ¢g; € G; and a.e. y € G/I" we have
Flgy) = x(gI')F(y).

Definition 13.5 (Vertical Fourier series). Let G/T" be a nilmanifold of nilpotency
class [. For every F € L?(G/T') and x € G;/T let

F(y) ¢=/G/F F(giy)x(g1)dgu- (13.6)
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With this definition F), is defined almost everywhere and is a vertical character
as witnessed by the character xy. The usual Fourier inversion formula implies that

= erG T F, in L*(G/T).

Remark. The correct analog of the Plancherel identity for vertical Fourier series reads

l
S By = 1 I mys
X

where U' stands for appropriate Gowers-Host-Kra seminorms, see [ET12, Lemma
10.2] for the case [ = 3.

13.3 Fractional part map

Lemma 13.7 (Fundamental domain). Let I' < G be a cocompact lattice. Then
there exists a relatively compact set K C G and a map G — K, g — {g} such that

gl = {g}I" and {{g}} = {g} for each g € G.

This follows readily from local homeomorphy of G and G/T', from local compact-
ness of G and from compactness of G/T". For example, for G = R and I" = Z the
fundamental domain K can be taken to be the interval [0, 1) with the usual fractional
part map {-}. In case of a general connected Lie group the fundamental domain can
be taken to be [0,1)% in Mal’cev coordinates [GT12, Lemma A.14], but we do not
need this information.

For each nilmanifold that we consider we fix some map {-} as above and write

g =1{9}|g]) with |g| €T

13.4 Linear equidistribution criterion

We will use the following notation for multiparameter averages. A box in Z" is
denoted by the letter I. We write Avyer = [I|71Y, . and write lim; for the limit
as the minimal side length of the box goes to oo (similarly for lim inf and lim sup).

Lemma 13.8. Let § >0 and g : Z" — U® (a torus, U= R/Z) be a linear sequence.
Suppose that there exists a Lipschitz function F : U° — R such that

limlsup ’ Av,er F(g(n)) — /F’ > 0| F|Lip-

Then there exists a 0 # k € Z°, k = O(671), such that k - g(n) = const.

Proof. Replacing F by (F' — [ F)/||F — [ F||Lip we may assume [ F =0, ||F||pip = 1.
We may also assume § < 1. Let

= 16/10m[*F # 1 s gy * 15 (g g
Then ||F' — F||s < || F||Lipd/10, hence

limsup | Avyer F'(g(n))| > 6/2.
I

On the other hand,
F(€)] = |E©)] - 116/10m[11 oLy (OF S (A +1€]/6)7
so truncating F” in frequency at C'/§ we obtain

limsup | Avper F”(g(n))| > /4
I
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with a function F” whose Fourier transform is supported in a cube with side length
C/d, bounded by 1, and vanishes at 0. By the pigeonhole principle it follows that

limsup | Avpere(k - g(n))| > €61
1

with some k as in the conclusion of the lemma. It remains to observe that lim; Av,c e(k-
g(n)) = 0 unless k-g(n) = const (this is a linear exponential sum that can be computed
explicitly). O

13.5 Polynomial equidistribution criterion

The following multiparameter version of the van der Corput inequality is proved in
exactly the same way as the one-parameter version.

Proposition 13.9. Let V be a Hilbert space and let (vy,)nezr be a bounded sequence
in V. Then

limsup || Avper vnHQ < lirr},inf Avgep limsup | Avper (Vn4k, Un) |-
I I

Leibman’s equidistribution criterion |[Lei05] tells that the only obstruction to
equidistribution of Ge-polynomial sequences on a connected nilmanifold G/I" are
characters, that is, continuous homomorphisms 7 : G — U that vanish on I':

Theorem 13.10. Let G/T be a nilmanifold associated to a connected group G and
Ge a T'-rational filtration on G. Let F € C(G/T'), A <7Z" a finite index subgroup,
and § > 0. Then there exists a finite set of non-trivial characters on G such that for
every g € P(Z",G,) with

limsup | Avyer F(g(n)T) — / F‘ >0
ICA+p G/T

for some p € Z" there exists a character n on this list such that n o g = const.

We will give a qualitative version of the proof that is due to Green and Tao [GT12;
GT14|. The proof proceeds by induction on the length of the filtration and on dim Go.
In each step one performs the cube construction and factors out the diagonal central
subgroup. Uniformity over all polynomials is essential for inductive purposes.

The connectedness hypothesis is needed in order to ensure that any non-zero
multiple of a non-trivial character is again a non-trivial character; this observation
will be used without further reference.

Proof. Replacing F by F' — [ F we may assume [ F' = 0. First we reduce to the
case that G, consists of connected groups, A = Z", and ¢(0) = id. To this end we
split g = g%y, where ¢° is G¢-polynomial and  is T's-polynomial for some finite index
surgroup [ > I that does not depend on g. In particular, " is periodic with period
A < A < Z¢ that does not depend on g. By the pigeonhole principle there is a coset
p + A’ such that

limsup | Avyer F(g(n)T)| > 6.

ICN +p’

This can be wriiten as

limsup| Avaer F({g(p)Ha(p)}a(n + p)lg(p)]"'D)| > 4.

Since {g(p)} lies in a fixed compact set, the set of functions x — F({g(p)}x) is
compact, so it can be covered by finitely many balls of radius §/2, the covering being
independent of g. Hence we may assume g(p) = id. Applying the connected case to the
group A’ 22 Z" we obtain a character such that 7({g(p)}tg(A' +p)|g(p)] 1) = const,
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and therefore n(g(A’ + p)) = const. It follows that 5o g = const mod % for some
bounded R, and the claim follows with 7 replaced by Rn. This completes the
reduction.

It remains to prove the conclusion under the additional assumptions that G,
consists of connected groups, A = Z", and ¢(0) = id. Replacing g by the sequence

T

g(m) [ Tlgten) ™

i=1
we may also assume that g(e;) = {g(e;)}. Write

r

gin(n) = [T 9™,  guin(n) = gin(n) "g(n),

=1

so that gnlin takes values in G2. By uniform approximation we may assume that F' is
smooth.

The case | =1 is contained in Lemma 13.8.

Suppose now that [ > 2. Analogously to the commutative case, smoothness implies
that the vertical Fourier series I =} F\ (Definition 13.5) converges absolutely, so,
decreasing ¢ if necessary, we can assume that F' has a vertical frequency y. If this
frequency vanishes, then we can factor out GG; and use induction on the length of
filtration.

Assume now that the vertical frequency x is non-trivial. By the van der Corput
difference lemma the set of h such that

limsup | Avper F(g(h 4+ n)I)F(g(n)T)| > 62
T

has positive lower Banach density (bounded below by a constant depending only on
d and F'). We write

F(g(h+n)D)F(g(n)T) = F & F(({gun(h)},id) ({gia(h)} " g(h + 1) Lgun(h)] ™', g(n)) T?)

::th ::gE(n)

Since the fractional part function {-} has relatively compact range, the set of func-
tions Fg'j’h is relatively compact. Choosing a g-independent §2/2-dense subset and
pigeonholing we obtain a function F~ that does not depend on h such that

limsup | Avier F(gy (n))| > 62/2
1

for a set of h of positive lower Banach density. Note that F has a non-trivial vertical
frequency with respect to Gl2 and is GlA—invariant. Hence, factoring out GlA, we see
that gE is polynomial with respect to the filtration G.D/GlA that has length [ — 1 and
FY has zero integral on GT/GAT2,

By the induction hypothesis we obtain a finite list of characters 1 : G5/ GlA —U
such that for each h in our positive lower Banach density set there exists a character
on this list such that n o gE vanishes. By the pigeonhole principle we may assume
that the character n does not depend on h. Write

1(gr (7)) = n({gin(R)} " g(h + 1) [gin ()] ™, 9(n))
(9(n), 9(n)) + n({gin (h)} " g(h+ 1) [gin (h) ]~ g(n) ™, id)
= n1(9(n)) +n2({gun ()}~ g(h + 1) gun ()| " g(n) ™),

where n1 : Gy — U,g — n(g,9) and 12 : Go — U, g — n(g,id) are characters that
vanish on the normal subgroups [G,G] and [G, Gs], respectively, and on T'. If the
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character 79 is trivial, then n; is non-trivial and we obtain the conclusion with the
character 7;. Hence we may assume that 72 is non-trivial.
Note

ma({gn (P} 'g(h+n) g ()]~ g(n) ™)
= n2({gin(R)} " g(h +n)g(h)"{gim(h) }g(n)~")
= 12([{gin(P)}, gn(h)g(h + 1) 'g(h + n)gun(h)"'g(n)~")
=n2([{g )}, gin(h)g(h +1)""]) + n2(g(h + n)gin ()~ g(n) ")

= - Z ninz([{g(h)}, 9(e;)]) + n2(gin(h + n)gin(h) " gin(n) ")

+ 772(gnlin(h + n)) - 772(gnlin(n))'

(Here and later we repeatedly use that the commutator induces an antisymmetric
bihomomorphism G/G2 x G/Ga — G2/|G,G2]). In the second term we note

9in () gin (h) = grin(n + 1) [Jl9(e)™, g(e)™]  mod [G, G

1<J
= gin(n + 1) [ [l9(e)), g(en))™  mod [G, Ga],
i<j
112(Gtin (h41) g1in () gin(n) ) = _772(1_[[9(63') )" Zm in2(lg(ei), g(ej)])-

Overall we obtain that for a bounded below density set of h € Z" and every n € Z"
we have

P(n) +Q(n+h) — +Zaz n; = 0y (13.11)

with P(n) = m(g(n)), Q(n) = n2(gunin(n)), and

oi(h) = —n2([{g(W)}, g(e)]) + > hima([g(ei), g(e))]).

1<j

Since this holds for a positive density set of h, this holds in particular for h,h’
with A’ = h + J;e; and bounded 6; for all ¢ = 1,...,r. Hence some bounded discrete
derivatives of () have degree 1 modulo Z. By integer Lagrange interpolation these
discrete derivatives have integer coefficients of orders > 1, so the coefficients of Q) of
order > 2 are rational with bounded denominator. A fortiori, the coefficients of P of
order > 1 are rational with bounded denominator. Moreover, by construction P has
no constant term and ) has no constant and no linear terms. Multiplying n by a
bounded non-zero integer we may assume deg Q) < 2, deg P < 1. It follows that

T

1 T
> gtihi + ) (pi+ oih +qu Yn; = Oy, (13.12)

=1 =1

where p; are linear coefficients of P and ¢;; are quadratic coefficients of ) (multiplied
by 2 in the case ¢ = j). Since this holds for all n, we have

pi + O'Z(h) + Z qijhj = Opy. (13.13)

At this point we start expanding the definition of o. The group G/G3 is a connected
commutative Lie group, so there is an isomorphism ¢ : G/Gy — R*/Z* x {0},
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s < s =dimG — dimGy. We may assume that (I'/Gy) = Z°/Z* and that the
fractional part map on G coincides modulo G2 with the usual coordinatewise fractional
part map. We lift ¢ to a map with codomain R®. In coordinates na(],-]) is given by
an antisymmetric bilinear form with integer coefficients, n2([x, y]) = ¥ (x) Ay (y) (that
is well-defined modulo Z* in both arguments).

GxG L] s G LENEN )

/)1
o |
G

R x R® —— G/Gy x G/Gy ----- » G/ |G, Go

Hence

oi(h) = =V ({g(MN AV (glen)) + 3 hit(gles) Av(g(ey))
= _{Z h]QJ}Agz + Z h]gZAg]7

1<j

where g; = ¥(g(e;)) € R®. Inserting this into the previous display we obtain

75 pi— {Z hjg;}Agi + Z (ij + 6i<jgiAg;)h {Z hjg} - &+ Z Gijhy,

Jj=1 Jj=1

where & = Ag; € R® is bounded and ¢;; € R. Let ¢ € {1,...,r} be arbitrary. For a
positive lower density set H of h € Z" we have

' T
Di — {Z hjgj} &+ Z gijh; € Z. (13.14)
J=1 Jj=1
Hence the sequence h = ({377_; hjg;}, {3 "j—; Gijh;}) € [0,1]°T" takes values in a
union U of parallel planes with distance ||(¢,1)||7!/R for h € H, and this distance
is bounded from below. In particular, this sequence is not equidistributed, and
applying Lemma 13.8 with F'(-) = (1 — C'dist(-,U))4+ (distance taken on the torus)
we find that this sequence is contained in a proper subtorus described by the equation
{z : k -z =const mod Z} with a bounded non-zero k = (ks, k') € Z° x Z. We have
therefore
Z3k- (gj’(jij) = ks gj +6ijk/
forallj=1,...,r
Suppose first that &' = 0, so that ks - g; € Z for all j. Then g — ks -9(g) is a
non-trivial character on G that vanishes on I' and g(e;), j = 1,...,r, hence satisfies

the conclusion of the theorem.
Suppose now that k&’ # 0. Multiplying (13.14) by &’ we obtain

P ={)_higi} K€D @iik'h
j=1 j=1
={> hjgj} - K&+ hjg; - ks
p p
—{Zh]gj (K'¢ + ks) mod Z.

If K€ 4+ ks # (0,...,0), then repeating the above argument we obtain

];:'ngZ, j=1,...,r
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with some bounded non-zero k € Z*, and we can conclude in the same way as in the
case k' = 0.

If we have not arrived at the conclusion after running the above argument for each
i, then we have §; € %ZS for each 7 = 1,...,r. Multiplying n by R’ we may assume
R’ =1 (we also obtain p; € Z, so that P(n) = n1(g(n)) = 0, but this information
cannot be used because we cannot exclude the possibility of 7; being trivial).

Consider the characters 7, : G — R,g — e,AY(g) for « = 1,...,s. These
characters vanish on I', and 7,(g(e;)) = e, A (g(ej)) = e, - § =0 mod Z. If one of
these characters is non-trivial, then it satisfies the conclusion of the theorem.

It remains to consider the case when each 7, is trivial. Then A = 0, so that 79
vanishes on the commutator subgroup [G, G]. It follows that the sequence

L =Gy, G i=GiNkerny,i>2 (13.15)

is a filtration with dim G < dim Gb.

Moreover, 12([G,G]) = 0 implies o;(h) = 0 in (13.11). The differentiation
argument now shows that the coefficients of @ of order > 1 are rational (with
bounded denominator), so, after multiplying n by a bounded number, we may assume
Q(n) = n2(gniin(n)) = 0. In other words, gnin takes values in G5. It follows that
g is polynomial with respect to the filtration G, and we obtain the conclusion by
induction on dim Gs. O]
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14 Jointly intersective polynomials

We call a set of the form A = [[;_,(r; + @;Z) C Z", a; # 0, a lattice. Every coset of a
finite index subgroup of Z" is a lattice modulo a change of coordinates.

14.1 P-sequences in nilpotent groups

Let G be a group and P a ring of functions Z — Z. A P-sequence in G is a sequence
of the form n — Hl 1 gZ pi(n ), where ¢g; € G and p; € P. We call a ring P of functions
7 — 7 gcd-normalized if for every p € P and ¢ > 0 such that ¢|p(n) for all n also
the function n +— p(n)/c is in P. Note that if P is gcd-normalized, j > 1, and p € p,
then also the function n (p(j")) is in P.

Lemma 14.1. Let G be a nilpotent group, P a gcd-normalized ring of functions, and
g a P-sequence in G with values in a subgroup H < G. Then g is a P-sequence in H.

The conclusion means that g(n) can be written as Hf;:l R i) with h; € H and
p; € P.

Proof. We induct on the nilpotency degree of G. If the nilpotency degree equals 0,
then g vanishes identically and the conclusion holds trivially.

Suppose that G has nilpotency degeree d and the lemma is known for groups
with nilpotency degree < d. By the hypothesis g(n) = Hé:l g5 i) Replacing G by
the subgroup generated by the g;’s we may assume that G is finitely generated. We
will factorize g = hg’ with h being a P-sequence in H and ¢’ a P-sequence in G with
values in Gy := [G, G]. It will then follow that ¢’ takes values in G N H, so it is a
P-sequence in H by the inductive hypothesis.

The factorization proceeds in two steps. Let H be the subgroup of G generated
by H and Go. We first factorize g = hg’ with h being a P-sequence in H. To this end
note that G/G> is a finitely generated abelian group, and by the structure theorem

for submodules of Z? we can find a set of generators 71, ...,y for G/Go and integers
c1,...,c such that

nry + -+ ngrg € H/Gy < G/Gy <= cilny,...,¢lni,nipr = - =ng = 0.
We choose representatives for the congruence classes r1,...,74 in G. Then every

element v € G can be written as H

n— " andn»—>]_[i:17“f

have

- p with p € Gs. Note that the sequences

=1 z
are both polynomial and coincide modulo G5. Hence we

d
ki
=I5 p(n)
=1

where the sequence p(n) vanishes at 0 and is polynomial with respect to the filtration
G, given by
6=G/1=G/2=G2, G;:Gi,i>2.

By Lagrange interpolation we obtain

~ 115"

Jj=z1
with some p; € G2. It follows that
! d p (n)
_ ki jpi(n !
SINICER I UAE
i=1 j=1 j>1
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with p; ; € G2. Note that all functions in the exponents are elements of P. Now we
collect the r; terms; this will produce commutator terms which are P-sequences in
G9 as we will show next. Indeed, let «,6 € G. Then the sequence

(n,m) = [y",6™]

is polynomial with respect to the filtration G, and vanishes if n = 0 or m = 0. By
Lagrange interpolation it can be written in the form

)
H i
jg>1

Substituting functions in P for n and m we see that the commutator is indeed a
P-sequence in Gs.
This allows us to write

d
g(n) = h(n)g,(n)7 h(n) = HT]Z'L kiﬂjpi(n)’
J=1

with ¢’ being a P-sequence in Gs. By the hypothesis that g takes values in H and by
the choice of 7;’s we have

G kigpi(n),j=1,...,1, Y kijpi(n) =0,j>1

for all n € Z. It follows that
!

= H ”Jjj(n)7

sy

<

where hj = rjc-j € H and p; = 3, ki jpi(n)/c; € P. This completes the first step in
the factorization.

Now we factorize h = hg' with h being a P-sequence in H and ¢’ a P-sequence in
G5. This is similar to the first factorization step, but this time we split H > ¢; = h; Di
with h; € H and p; € Gs. O

14.2 Jointly intersective polynomials

A polynomial p : Z" — Z is called intersective if it has a zero modulo every integer.

Ezample. The polynomial (n? — 13)(n? — 17)(n? — 13- 17) is intersective. Note first
that it suffices to find zeros modulo powers of prime numbers. We have 17 = 1
mod 8, from which it follows that 17 is a quadratic residue modulo every power of
2 (Gauss, DA, 103). Moreover, 13 is a quadratic residue modulo 17 and 17 is a
quadratic residue modulo 13. From multiplicativity of Legendre symbol we obtain
that at least one of 13, 17, 13- 17 is a quadratic residue modulo p, where p is a prime
# 2,13,17. We conclude using the fact that if p is an odd prime, (p,q) =1, and q is
a quadratic residue modulo p, then ¢ is a quadratic residue modulo every power of p
(Gauss, DA, 101).

In this example 13,17 can be replaced by any primes that are =1 mod 4 and
which are quadratic residues modulo each other (by quadratic reciprocity it suffices
to check this only one way).

Remark. A criterion for intersectivity that applies to general polynomials is given in
[BBI6|.

Polynomials p1,...,pr : Z" — Z are called jointly intersective if they have a
common zero modulo every integer.

63



Lemma 14.2. Let p1,...,pg : Z" — Z be jointly intersective polynomials and m > 1
an integer. Then there exists a lattice A C Z" such that the restrictions of the p;’s to
A are jointly intersective and vanish modulo m.

Proof. The polynomials p; are periodic modulo m, that is, there exists a finite index
subgroup Ag < Z" such that each p; is constant modulo m on each coseet of Ag. Let
r > 1 be an integer, then by the pigeonhole principle there exists a coset A, of Ag
such that the p;’s have a common zero modulo r on A,.. By the pigeonhole principle
there exists a coset A such that A = A, for arbitrarily large . This is the required
lattice. O

Lemma 14.3. Let p1,...,pg be jointly intersective functions and a,...,qp € R. If
Zle a;pi(n) = ¢ mod Z for some constant ¢ € R and all n, then c € Z.

Proof. Choose rationally independent numbers %, 81, ..., 0 such that
!
o; = nl/R + Zn@jﬁj
j=1

for some integers n;, n; ;. By rational independence we then have

k
Z n;,jpi(n) = const,
i=1

and since the polynomial on the left-hand side is intersective, it must vanish identically.

Therefore
k 1 k
o;pin) = — n;p;\n).
> () = 3 (o)

Since the sum on the right-hand side is an intersective polynomial, it has a zero
modulo R, so its constant value modulo Z must be 0. O

If G, is a prefiltration and d = (d;);ey C N is a superadditive sequence (i.e.
diyj > d; + d; for all 4,5 € N; by convention d_; = —o0) then G?, defined by
GI =G, whenever d; | <i<dj (14.4)

7

is again a prefiltration. In particular, if p : Z" — Z is a polynomial and g € G, then
the map n — ¢ is polynomial with respect to G?, where d; = i degp.

Proposition 14.5. Let p1,...,pr : Z" — 7Z be jointly intersective polynomials and
P the ged-normalized ring generated by them. Let also G/T be a nilmanifold and g a
P-sequence in G. Then idI" € g(Z")I' C G/T.

Proof. By the above remark a P-sequence is necessarily polynomial with respect
to a suitable filtration. Since G/T" is compact, G°T" is a finite index subgroup of
G. It follows from Lemma 14.2 that, passing to a lattice in Z", we may assume
that g is a P-sequence in G°T". The algorithm in Lemma 14.1 gives a factorization
into a P-sequence in G° and a P-sequence in I'. Hence we may assume that g is a
P-sequence in G°.

If g is equidistributed in G°/I", then we are done. Otherwise, by the equidistribu-
tion criterion there exists a non-trivial character n on G° such that 7 o g is constant.
By Lemma 14.3 this constant must be 0. Hence g takes values in the subgroup
kern < G° that has strictly smaller dimension. By Lemma 14.1 the sequence g is a
P-sequence in kern. We conclude by induction on dim G. O

See |BLLO8| for the deduction of the Szemerédi theorem for jointly intersective
polynomials from Proposition 14.5.
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15 Orbit closure theorem

Definition 15.1. Let A C Z" be a lattice. A sequence (zy,)necp in a regular measure
space (X, ) is called well-distributed on X if for every f € C(X) we have

lim A =
lmy Avier fan) = [

and totally well-distributed on X if the above display holds for every sublattice A’ C A.

An arbitrary polynomial can be factorized into a “totally equidistributed” and a
“rational” part as follows.

Lemma 15.2 (Factorization). Let G/T' be a nilmanifold. For every g € Py(Z",G,)
there exists a closed connected rational subgroup H < G such that g can be written in
the form g = hy, where v € Po(Z"\T), h € Po(Z", H,), and for every finite index

subgroup T < T the sequence gT is totally well-distributed on H/f‘

Proof. We induct on the dimension of G. If dim G = 0, then G <+/T', and we can set
h =1id, v = g. Suppose now that the conclusion is known for rational subgroups of
dimension < dim H.

Consider the splitting g = g°v into a connected and a rational part; by construction
we have g°(0) = v(0) = id. Suppose that ¢° is not totally equidistributed on G°/T
for some finite index subgroup I' < T'. Then by the equidistribution criterion we have
n o g° = 0 for some non-trivial character n on the group G° that vanishes on I NGe.
Multiplying n by an integer we may assume that it vanishes on I' N G°. Hence ¢°
takes values in the proper rational subgroup kern < G°, and we can conclude by the
induction hypothesis. O

Corollary 15.3 (Point orbit closure). Let G/T" be a nilmanifold and g € P(Z",G.,).
Let H < G and g(0)~'g = hy be the factorization from Lemma 15.2 and A < Z" be a
finite index subgroup modulo which I is periodic. The for every coset A’ of A the
sequence (g(n)T)penr is totally well-distributed on the subnilmanifold g(0)H~(m)T",
where m € A is arbitrary.

In order to obtain the precise statement of [Lei05, Theorem B| one could consider
g(0)Hg(0)~! instead of H. Note that this subgroup is in general not I'-rational.

Corollary 15.4 (Subnilmanifold orbit closure |Lei05, Corollary 1.9]). Let G/I" be
a nilmanifold and X = goGol' a connected subnilmanifold, where G < G is a
connected rational subgroup, vo €VT, and gy € G. Let also g € P(Z",Gs). Then
there exists a finite index subgroup A < Z" such that for every coset A" of A the

orbit closure Y = UneA/g(n)X 1$ also a connected subnilmanifold and the sequence

of subnilmanifolds (g(n)X )neas is totally well-distributed in'Y in the sense that

li A e =
IC{{{%A, Vner g(n) by = By

in the weak™* topology on the space of probability measures for every sublattice A" C A'.

For simplicity assume gyo = o = id (this is the case for the diagonal submanifold
of a power of a nilmanifold).

Proof. Let (§(m))mezs be a polynomial sequence in G that is well-distributed on X
(by the equidistribution criterion it suffices to ensure that it is dense modulo T'[G, G]).

Consider the polynomial sequence (n,m) — g(n)g(m). By Corollary 15.3 there
exista finite index subgroup A < Z"** such that the sequence (g(n)g(m)I')(, m)ea is
totally well-distributed on its orbit closure, which is a connected subnilmanifold, for
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every coset A’ of A. Passing to a subgroup of A we may assume A = A X A, where
A, <Z"™ A, <Z™. Then for every subgroup A, < A, we have

Hy = AV (nmyer(9(n)g(m)).0r

= lim
ICAn X Am~+(no,mo)

= li A A g
)

g(m
= lim A li A g
LnChnng Pl 9(n)« Lo Choemg M€ glm).

= lim lim  Avper, g(n)s Aviner or
]nCAn+n0 ImCAm+m0 ein ( )* meim
or
= lim Avyer gln o
1 CAaino nel, 9( )*,UX
as required. ]

Let P be a set of jointly intersective polynomials Z" — Z and g a P-sequence
in G. Then for every go € G also gogg, 1is a P-sequence. It follows from the orbit
closure proposition for P-sequences that g(Z")gol" > goT.

Let A be as in the above corollary. There exists some coset A’ of A on which P
is still jointly intersective. Therefore also Uneparg(n)X 2 X. We apply this to the
diagonal in a power of a nilmanifold, see [BLLOS| for details.
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