HOST-KRA FACTORS FOR @pep Z/pZ ACTIONS AND FINITE
DIMENSIONAL NILPOTENT SYSTEMS

OR SHALOM

ABSTRACT. Let P be a countable multiset of primes and let G = P, p Z/pZ. We
study the universal characteristic factors associated with the Gowers-Host-Kra semi-
norms for the group G. We show that the universal characteristic factor of order < k+1
is a factor (Definition of an inverse limit of finite dimensional k-step nilpotent ho-
mogeneous spaces (Theorem [2.12). The latter is a counterpart of a k-step nilsystem
where the homogeneous group is not necessarily a Lie group. This result provides a
counterpart of the structure theorem of Host and Kra [31] and Ziegler [54] concern-
ing Z-actions and generalizes the results of Bergelson Tao and Ziegler [5] concerning
[F;-actions, it is also the first instance of studying the Host-Kra factors of non-finitely
generated groups of unbounded torsion. As an application of our structure theorem we
derive an alternative proof for the L?-convergence of multiple ergodic averages asso-
ciated with k-term arithmetic progressions in G (Theorem and derive a formula
for the limit in the special case where the underlying space is a nilpotent homogeneous

system (Theorem [2.14]).

1. INTRODUCTION

The universal characteristic factors for multiple ergodic averages play an important
role in ergodic Ramsey theory. For instance, in the case of Z-actions they are related to
the theorem of Szemerédi about the existence of arbitrary large arithmetic progressions
in sets of positive upper Banach density in the integers [50]. The universal characteristic
factors associated with multiple ergodic averages in Z-actions were studied by Host and
Kra [31] and independently by Ziegler [54]. Later, Bergelson Tao and Ziegler proved a
counterpart for the non-finitely generated group G = F,. The goal of this paper is to
generalize these results further for the group G = @ ,cp Z/pZ where P is a multiset of
primes. Moreover, in section 2.4 we discuss the general case where G is any countable
abelian group. In particular, we identify a result (Conjecture which leads to a
general structure theorem for the Gowers-Host-Kra seminorms.

Conventions: We use X to denote a probability space. For technical reasons we
assume that any probability space X = (X, B, i) is regularﬂ and separable modulo null
sets. We denote by (U, -) a compact abelian group and we assume that all topological
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Imeaning that X is a compact metric space, B is the completion of the o-algebra of Borel sets, and
1 is a Borel measure.
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groups in this paper are metrizable. Let (G, +) be a countable abelain group, a G-system
is a probability space X = (X, B, u) together with an action of G on X by measure pre-
serving transformations 7T, : X — X. Throughout most of this paper we use G to denote
the group @pe p Z/pZ where P is a given countable multiset of primes.

Host and Kra proved that the universal characteristic factors for Z-actions are closely
related to an infinite version of the Gowers norms. The following version of the Gowers-
Host-Kra (GHK) seminorms in the special case where G = Z was essentially introduced
by Host and Kra in [31] (see [32, Proposition 16 Chapter 8| for this version).

Definition 1.1 (Gowers Host Kra seminorms). Let (X,7,) be a G-system, let ¢ €
L>*(X), and let & > 1 be an integer. The GHK seminorm ||¢||;+ of order k of ¢ is
defined recursively by the formula
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for k > 1, where ¢, ..., % are arbitrary Fglner sequences and A ¢(z) = ¢(Tyz) - ¢(x).

These seminorms were first introduced by Gowers in the special case where G = Z/NZ
in [21], where he proved quantitative bounds for Szemerédi’s theorem [50]. As mentioned
above, Host and Kra [31] generalized these seminorms for the infinite group Z and proved
that each seminorm corresponds to a unique factor of X. Later, Leibman [37] proved
that these factors coincides with the universal characteristic factors for multiple ergodic
averages which were studied by Ziegler in [54].

Proposition 1.2 (Existence and uniqueness of the universal characteristic factors).
Let G be a countable abelian group, let X be a G-system, and let k > 1. Then there
exists a factor Zop(X) = (Z<p(X), Bz_,(x); MZ<k(X)>7T§<k(X)) of X with the property that
for every f € L™(X), ||flluorx) = 0 if and only if E(f|Z<x(X)) = 0. This factor is
unique up to isomorphism and is called the k-th universal characteristic factor of X. If
X = Zx(X) we say that X is of order < k.

In Appendix [A] we summarize previous work. In particular, we survey the definitions
and various results by Host and Kra [31] and Bergelson Tao and Ziegler [5]. We also
state a structure theorem for totally disconnected P, p Z/pZ-systems (Theorem
from the author’s previous work [48]. This theorem will be used as a black box in this
paper.

Another related approach for the study of the universal characteristic factors and re-
lated problems like the inverse problem for the Gowers norms (see [23], [24] and [51]
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for more details), which we do not pursue in this paper is the study of nilspaces and
nilspace systems. In [7] Antolin Camarena and Szegedy introduced a purely combinato-
rial counterpart of the Host-Kra factors called nilspaces. The idea was to give a more
abstract and general notion which describes the ”cubic structure” of an ergodic system
(see Host and Kra [31], Section 2]). They proved that connected nilspaces are inverse lim-
its of nilmanifolds in the category of nilspaces, which justifies the name "nil” in nilspace.
A nilspace system, is a compact nilspace equipped with a continuous action of a group
which preserves its cube structure. In [9] Candela Gonzéles and Szegedy studied nilspace
systems and proved that the theory of nilspaces passes through to nilspace systems when
the group acting on the space if finitely generated (Gutman Manners and Varjui [27] gen-
eralized this result to compactly generated groups). In [II] Candela and Szegedy use
nilspaces to prove a structure theorem for characteristic factors for GHK seminorms as-
sociated with any nilpotent group. They proved that the characteristic factors for the
GHK seminorms of a nilpotent group is a nilspace system and obtained from previous
result an alternative proof of Host-Kra structure theorem for finitely generated nilpotent
groups. In a series of papers, [25],[26],[27] Gutman, Manners, and Varju studied fur-
ther the structure of nilspaces. By imposing another measure-theoretical aspect to these
nilspaces, Gutman and Lian [28] gave yet another alternative proof of Host and Kra's
theorem for arbitrary finitely generated abelian groups.

The structure of nilspace systems is currently only well understood when the acting
group is finitely generated (or compactly generated in general). The only exception is
a new result for actions of the group G' = ;) which was recently obtained by Candela,
Gonzéles and Szegedy [10]. We believe that the tools developed in this paper may turn
out to be useful also in the study of nilspace systems associated when the acting group
is not finitely generated and of unbounded torsion. For instance, it is evident from this
work that the Host-Kra factors of a non-finitely generated group with unbounded tor-
sion is not necessarily isomorphic to an inverse limit of nilsystems. Thus, contrary to
the finitely generated case, it is impossible to describe arbitrary nilspace systems as an
inverse limit of nilmanifolds. The main results in this paper suggests that the notion
of "nilpotent systems” in Defintion (see also the double-coset construction from [49,
Theorem 1.21]) may replace the notion of a nilmanifold when studying arbitrary nilspace
systems.

Acknowledgement [ would like to thank my advisor Prof. Tamar Ziegler for many
valuables discussions and encouragements. The author is supported by an ERC grant
ErgComNum 682150.

2. MAIN RESULTS

Recall that a k-step nilsystem is a quadruple (G/T', B, u, R) where G is a k-step nilpo-
tent Lie group, I' is a discrete co-compact subgroup, B is the Borel o-algebra, pu is the
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Haar measure and R : G/I" — G/I" is a left multiplication by some element r € G. Host
and Kra [31, Theorem 10.1] and independently Ziegler [54, Theorem 1.7] proved the
following structure theorem for the universal characteristic factors concerning Z-actions.

Theorem 2.1. Let (X,B,u,T) be an ergodic invertible system. Then for every k > 1,
the factor Z;11(X) is isomorphic to an inverse limit of k-step nilsystems.

Our goal is to generalize this result for P . p Z/pZ-actions where P is any countable
multiset of primes. As a first step we explain how to interpret the results of Bergelson
Tao and Ziegler [5] about [F-systems in this language. We need the following version of
nilsystems.

Definition 2.2 (Zero dimensional nilpotent system). Let & > 1 and let G be a count-
able abelian group. A zero dimensional k-step nilpotent system is a quadruple X =
(G/T, B, 1, (Ry)4ec) where G is a zero dimensiona]ﬂ k-step nilpotent group, I' is a closed
(not necessarily discrete) co-compact subgroup, B is the Borel o-algebra, u is a left G-
invariant measure and there exists a homomorphism ¢ : G — G such that for every
g € G the transformation R, : G/T' = G/I" is given by a left multiplication by ¢(g).

The following structure theorem for the universal characteristic factors concerning
can be derived from the work of Bergelson Tao and Ziegler [5][]

Theorem 2.3. Let k > 1, then any ergodic Fy-system of order < k + 1 is a zero
dimensional k-step nilpotent system.

Remark 2.4. We cautious that it is possible that the group G in definition [2.2]is locally
compact. For instance consider the ergodic F-system

N N
X = H(Jp X HCP
=1 =1

of order < 3, where o is any phase polynomial of degree < 2. If G(X) is the Host-Kra
group of X (see Definition [2.10). Since o is a phase polynomial of degree < 2, one can
show that G(X) I\i}s a semi-direct product oNf 1L, C, with [T, C,@Hom([ T, C,, TTL, Cp) =
HL Cp, @ (IF;J) . The group I' = (IFZ) is a non-locally compact totally disconnected
subgroup and G(X)/I"' = X.

Let P be a countable multiset of primes and G = @pe pZ/pZ. In order to prove a
counterpart of the theorem above for G-systems, we introduce a new notion of extensions
(Definition [2.5)). Our main theorem (Theorem[2.12)) asserts, roughly speaking, that every
ergodic G-system of order < k+ 1 is a (special) factor of an inverse limit of k-step finite
dimensional nilpotent systems.

2A zero dimensional group is a topological group with a totally disconnected topology. That is, every
point has a basis of clopen sets.

3A proof of this result is not explicitly given in [5]. One way to prove this theorem is by following
the arguments in this paper in the simple case where P = {p,p,p,...}.
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2.1. k-extensions and finite dimensional groups. Let (X,7,) be a G-system and
v : H — G be a homomorphism from a countable abelian group H onto G. The
homomorphism ¢ gives rise to an action of H on X by S,z = T,,;yx. This observation
allows to define extensions outside of the category of G-systems.

Definition 2.5 (k-extensions). Let P = {p1,ps,...} be a multiset of primes and G =
®D,cp Z/pZ. For a natural number k > 1, we define G = D,cp Z/p"Z and let

op: GY = G
¢(9)i =g mod p;
We say that a G*)-system Y is a k-extension of X if it is an extension of (X, G*)).

Example 2.6. Let G = Z/2Z and X = {—1,1} and define an action of G on X by
T,x = 9. Similarly, let H = Z/4Z and Y = {—1,—i,i,1}, then H acts on Y by
Spy = y". The system (Y, H) defines a 2-extension of (X,G) with respect to the the
homomorphism
v:H—CG
©(h) =h mod 2

and the factor map 7 : Y — X, where 7(y) = y*.

There are multiple notions of dimension for topological spaces in the literature, which
do not behave nicely for non-locally compact groups (see [2]). Instead we use the following
general and natural approach. We say that a topological space X is totally disconnected
if for every z,y € X, there exists a clopen subset C' C X such that x € C' and y € C. It
is well known that all products and closed subsets of totally disconnected sets are totally
disconnected.

Definition 2.7. A topological group H is said to be zero dimensional if it is totally
disconnected. A topological group H is said to be finite dimensional if it is contained in
the family of groups FD where,

(i) FD contains all Lie group and all totally disconnected group.
(ii) If K < FD then any closed subgroup of K is in FD.
(iii) If L < K is a closed subgroup and K/L,L € FD, then K € FD.

In the specific case of compact abelian groups we use the following definition.

Proposition 2.8 (finite dimensional compact abelian groups). [29, Theorem 8.22] The
following conditions are equivalent for a compact abelian group U and a natural number
n:
(1) U is of dimension n.
(2) There exists a compact totally disconnected subgroup A of U and a short exact
sequence
1A= U—(SH" -1
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(8) There exists a compact zero dimensional subgroup A of U and a continuous sur-
jective homomorphism ¢ : A x R™ — U such that " := ker ¢ is discrete. Hence,
U= (A xR")/T as topological groups.

We generalize Definition [2.2]

Definition 2.9 (Nilpotent systems). Let £ > 1 and let G be a countable abelian group.
A quadruple X = (G/T', B, i1, (Ry)4ec:) where G is a k-step nilpotent polish group, I' is
a closed co-compact zero dimensional subgroup, and B, u and R, as in Definition is
called a k-step nilpotent system. If in addition G is a finite dimensional group, we say
that X is a finite dimensional k-step nilpotent system.

We note that any zero dimensional subgroup of a Lie group is discrete. Therefore, if
G is a Lie group, then the nilpotent system X is a nilsystem.

2.2. The Host-Kra group. The Host-Kra group plays an important role in this paper.
We recall the definition from [31, Section 5], generalized for arbitrary countable abelian
group G.

Definition 2.10. Let G be a countable abelian group and let (X, G) be a G-system.
We denote by G(X) the group of all transformations ¢ : X — X with the property that
for every [ > 0, the measure pl! is t-invariant and ¢/ acts trivially on I1(X).

The measure Y, the transformation ¢/ : X — XU and the o-algebra I"(X) are de-
fined in Appendix[A] We note that if X is a systems of order < k+1 (i.e. X = Z441(X)),
then G(X) is a k-step nilpotent locally compact polish group [31], Corollary 5.9].

In [31] Host and Kra proved the following stronger version of Theorem .

Theorem 2.11. Let k > 0. Let X be an ergodic Z-system of order < k + 1. Then, for
every n € N there exists a factor X,, of X such that:
(1) X, is an increasing sequence (i.e. X, is a factor of X, 1 for every n) and X is
the inverse limit of X,,.
(2) For each n, X, is isomorphic to the system (G(X,)/T(Xy), Bn, ttn, Sn) where the
Host-Kra group G(X,,) is a k-step nilpotent locally compact Lie group, I'(X,,) is
a discrete co-compact subgroup of G(X,,), By, is the Borel o-algebra and p, is the
Haar measure. The action of S, on G(X,,)/I'(X,) is given by left multiplication
by an element in G(X,,).

Our main result is the following counterpart of Theorem for the group G =
@pep Z/pZ

Theorem 2.12 (Structure Theorem). Let k > 0 and let X be an ergodic B, p Z/pZ-
system of order < k+ 1. Then for some m = Ok(l)ﬁ] there exists an m-extension Y of

We use Or(1) to denote a quantity which is bounded by a constant depending only on k.
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X that is an inverse limit of finite dimensional k-step nilpotent systems. Moreover, for
each n € N there exists a factor'Y, of Y such that:
(1) Y, is an increasing sequence and Y is the inverse limit of Y,,.
(2) For eachn, Y, is isomorphic to the system (G(Yy,)/T'(Yy), By, pins (Sn.g)ge®, o p2/vm2)
where the Host-Kra group G(Y,) is a finite dimensional k-step nilpotent group,
['(Y,) is a zero dimensional closed co-compact subgroup of G(Yy,), By, is the Borel
o-algebra and p, is a left G(Y,,)-invariant measure. For every g € @ ,.pZ/p™Z,
the action of S, 4 on G(Y,,)/T'(Y,,) is given by left multiplication by an element in
G(Ya).

In particular, it follows that if X is a G-system where G = @pe p Z/pZ, then for every

k € N there exists m = O(1) and an m-extension (Y,G™)) such that the following
diagram commutes.

(X, G) s (Y, G(m)
TI'kX 77/2/

(Z(X), G) " (Zi(Y), 6™) = lim(Gn/T», G(™)

The case k = 2 of Theorem was established by the author in [48] without the
use of extensions (see also Theorem [1.7). We do not know whether this result (without
m-extensions) holds for higher values of k. In section we explain how m-extensions
are used to overcome certain difficulties in the simple case where k = 3.

2.3. Convergence of multiple ergodic averages and limit formula. As an appli-
cation of our structure theory, we derive an alternative proof for the convergence of some
multiple ergodic averages and a limit formula in the special case where the underlying
system is a nilpotent system and the homogeneous group is the Host-Kra group. More
concretely, fix & > 0 and let (X, T}) be an ergodic G-system where G = P, p Z/pZ and
fiy ey frwr € L™®(X). We study the limit of the following multiple ergodic averages as
N goes to infinity.

(2.1) EgeonTgfiTogfo - - Tlks1)gfrt

In the case of Z-actions, Host and Kra [31] and Ziegler [54] proved the convergence of
these averages by studying the universal characteristic factors. In the special case where
X is a nilsystem, Ziegler [53] proved a limit formula for average , see equation ([2.2))
below. A simpler proof of this result and some applications to multiple recurrence can
be found in [4]. In [6] Bergelson Tao and Ziegler proved a variant of this formula for -
systems from which they deduced a Khintchine type recurrence for various configurations
(see [6l, Theorem 1.13] for more details). In the special case where k = 2 this formula
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and the multiple recurrence results were generalized to other abelian groups in [49] and
[1]. We note that the norm convergence of average as N — oo was proved by Walsh
[52] for any countable nilpotent group GG. We give an alternative proof for this result in
the special case where G = @, _p Z/pZ.

peEP

Theorem 2.13 (Convergence of the multiple ergodic averages). Let (X,T,) be an ergodic
G-system. Let k > 0 be such that k+1 < min,epp and fi, ..., fxo1 € L=(X). Then, the
multiple ergodic average convergence in L*(X) as N goes to infinity.

The moreover part of Theorem plays an important role in the proof of Theorem
More specifically, the properties of the Host-Kra group are needed to prove the
following formula for the limit of average in the special case where the underlying
system X is a nilpotent system.

Let G be a k-step nilpotent group and pg,r be a left G-invariant measure on G. Let
G1 = G and for every 2 < r < k let G, be the closed subgroup generated by all the
r-commutators [...[[z1, 2], 3], ...z, where x1,..x, € G . Let I, = G, NI and let m,
be a left G,-invariant measure on the quotient space G,/G,.1I',. We have the following
formula for the limit of average .

Theorem 2.14 (Limit formula). Let m > 1 and let G = D ,cp Z/p"Z. Fiz k > 0 with
k+1 < min,epp and let X = G(X)/I' be a k-step nilpotent G-system. Then, for every
fiy ooy frr1 € L®(X), every Folner sequence ®x of G and pgr-almost every x € G/I'
we have

hm EgechT fi(@)Tog fo(x) - oo Tihy1)g frogr () =

(2'2) k+1
/ / / Hfzaj yl y2 del yz z
g/T Q2/F2 Gk/Tk 51

with the abuse of notation f(x) = f(xl).

2.4. Discussion of the main steps in the proof of Theorem and generaliza-
tions to other countable abelian groups. We summarize the main steps in the proof
of Theorem [2.12| In each step we survey previous work concerning Z-actions [31],[54]
and Fy-actions [5], describe the counterpart that we prove for P, p Z/pZ-actions and
discuss the general case of G-actions where G is any countable abelian group.

Let m > 0. We denote by ZL, (G, X, S') the group of cocycles of type < m (Defini-
tion[A.5) and by PC.,,,(G, X, S') = P.,,(G, X, S)NZ*(G, X, S") the phase polynomial
cocycles of degree < m. The first step in the proof of Theorem is to study how large
this subgroup is.
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Step 1: (Theorem It G = @,cpZ/pZ, then for any ergodic G-system X, the
group PC.,,(G, X, S") - BY(G, X, S') has at most countable index in Z_,,(G, X, S!).

A well known theorem of Moore and Schmidt states that for any countable abelian
group G and any ergodic G-system X,

Z1,(G, X, 8" = PC,(G,X,S") - B{G, X, S")

In the special case where G = ;) this equality holds for higher values of m. Formally,
Bergelson Tao and Ziegler [5] proved that

ZL, (B X, S = PCep,(Fs, X, S") - BY(Fs, X, ")

for every m < p and an ergodic F}-system X.

This equality fails in general. For instance Furstenberg and Weiss proved that there exists
an ergodic Z-system X and a Z-cocycle p of type < 2 that is not cohomologous to a phase
polynomial of any order [I7]. In previous work [48], we find an if and only if criterion
for this equality to hold for P, pZ/pZ-systems and construct a counterpart of the
Furstenberg and Weiss’ example in the case where P is an unbounded multiset of primes.
If (X, T) is a group rotation, Host and Kra proved that P.,(Z, X, S')- BY(Z, X, S') is of
countable index in Z.5(Z, X, S') and mentioned that the counterpart for higher values
of m fails. Instead, they proved the following result [31, Lemma 9.2]: for any ergodic
system (X,T) and a probability space (2, P). If w — p, is a measurable map into
ZL,(Z,X,S"), then there exists a set of positive measure A C  such that p,/p. is
cohomologous to a constant for every w,w’ € A.

We thus conjecture that the following general version holds.

Conjecture 2.15. Let G be a countable abelian group and (X, G) be an ergodic G-
system. Let m > 1 and (2, P) a probability space. Then, for any measurable map
w > p, from Q to ZL (G, X, S1), there exists a set of positive measure A C  such that
po/pe € PCop(G, X, SY) - BYG, X, SY).

The next step in the proof of Theorem [2.12]is to reduce matters to the case where X is
a finite dimensional system (see Deﬁnition using inverse limits. Recall (Proposition
A.18) that every ergodic system X of order < k is a tower of abelian extensions. Namely,

X:UO X p1 Ul X ..o X Uk*l'

We refer to the compact abelian groups Uy, ...., Ux_1 as the structure groups of the system
X.

Step 2: (Theorem If G =@,cpZ/pZ and k > 1, then any ergodic G-system is an
inverse limit of finite dimensional systems.

In the case where the multiset P is bounded, Bergelson Tao and Ziegler [5] proved that
the structure groups of an ergodic G-system of order < k are totally disconnected (zero
dimensional). We refer to these systems as totally disconnected systems. The following
definition is due to Host and Kra. A system X of order < k is called toral if Uy is a

Pk—1
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Lie group and any other structure group is a finite dimensional torus. In the case of
Z-actions Host and Kra proved that X is an inverse limit of toral systems.

In the generality of countable abelian groups, it is impossible to approximate every
system with finite dimensional systems. As a counterexample consider the action of
the group Z“ on (SY)N by R,z = (a™x,a™z,...) where n = (ny,ng,...). If a is irra-
tional then the action is ergodic. Let (ep,es,...) denote the natural basis for Z“ and
p: Z% x (SN — S be the unique cocycle with p(e;,x) = x;. Then, the extension
(SN x, S is an ergodic system of order < 3 that is not an inverse limit of finite dimen-
sional systems.

Step 3: The last and most technically difficult step in the proof of Theorem [2.12] is
solving the following lifting problem.
Let X = Z(X) x, U be a finite dimensional ergodic system of order < k + 1. Using a
proof by induction and passing to an extension, we may assume that Z_4(X) = G/I" is
a nilpotent system. Let G, < Gr_o < ... < Gy < G; = G be the lower central series for
G. We adapt an inductive argument of Host and Kra [31], where in step j we lift some
elements from the group Gj_;4+1 to transformations on X which belongs to G(X). The
following difficulties arise in the case where X is a finite dimensional system that is not
a Toral system.

(1) The group generated by the connected component of G(X) and {7}, : g € G} may
not act transitively on X.

(2) The cocycles in the process may take values in a compact abelian group U which
is not necessarily a torus. In particular, it is difficult to apply the results from
step 1.

To deal with these difficulties we use extensions and k-extensions (see Definition [2.5)).
For instance, in order to overcome the second difficulty, we prove the following result

(Lemma |5.11): Let G = €@, p Z/pZ, and p : G x X — U be a cocycle into some finite

dimensional group U. If y o p € PC,(G, X, SY) - BY{(G, X, SY) for every x € U, then
there exists some m = Og(1) and an m-extension 7 : Y — X with the property that
pom € PC(G,Y,U)- BYG,Y,U).

To deal with the first problem we describe a new inductive. Roughly speaking, we show
that for every countable set of transformations of bounded torsion in G(X), there exists
an extension Y where these transformations has a lift in G(Y'). (see Lemma and
section (7| for more details). We note that the passing to extensions of X leads to other
difficulties which we discuss in detail in section [6l

The reduction to the case where X is a finite dimensional system is only necessary to
ensure that U is finite dimensional and Y is an m-extension. This is no longer necessary
when working in the generality of all countable abelian groups. Therefore, by following
the arguments in this paper and assuming that Conjecture holds we can prove a
structure theorem for all countable abelian groups.
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Theorem 2.16 (Structure theorem). Let G be a countable abelian group and k > 1. Let
X be an ergodic G-system of order < k+1 and assume that Conjecture [2.15 holds. Then
X is a factor of a k-step nilpotent system (Y, H) where the homogeneous group G(Y) is
a k-step nilpotent polish group.

The case k = 2 was established in [49]. The proof of the theorem above follows by
arguing as in sections [6] and [7] together with the counterpart of Lemma and Theorem
for abelian groups that is given in [49, Proposition 3.8 and Theorem 3.14].

2.5. A simple case of Theorem [2.12| and k-extensions. We emphasize the part of
the proof where we used k-extensions. For the sake of the example, let X be an arbitrary
G-system of order < 4. By Proposition [A.18] there exist compact abelian groups Z, U
and W and cocycles o and p such that

X=7Zx,Ux,W.

In section 4| we reduce matters to the case where X is a finite dimensional system (see
Definition |4.1)) using inverse limits. Let us therefore assume that Z and U are finite
dimensional groups and W is a Lie group. Since W is a Lie group, modifying the
arguments of Host and Kra one can show that X is (a factor of) a 3-step nilpotent
system with respect to its Host Kra group if and only if Y = Z_3(X) is (a factor of) a
2-step nilpotent system with respect to its Host-Kra group. In that case the Host-Kra
group takes the following convenient form:

GY)={Ssr:s€Z,F e M(ZU) s.t 3c € Hom(G,U) with Aso(g,x) = c(g)-A,F ()}

where S5 g : Y — Y is the transformation S p(z,u) = (sz, F(2)u).

If U is a torus, then for every s € Z there exists a character ¢, : G — U and a
measurable map Fy : Z — U such that Aso = ¢, - AF; (see Theorem . Equivalently,
this means that the transformation s € Z has a lift S, g, in G(Y'). If this holds for every
s € Z then the action of G(Y) on Y is transitive and Y is a nilpotent system. Below we
discuss the case where U is a finite dimensional group that is not a Lie group (If U is a
Lie group then it is a direct product of a torus and a finite group. The case where U is
finite is covered in [48]).

Observe that if x : U — S' is a character, then by the torus case there exist ¢, €
Hom(G, St) and F;, € M(Z,S') such that

(2'3) ASX ° 0(97 27) = Cs,x(g) ) Ang,x(m)

By pontryagin dual, s has a lift in G(Y") if and only if there is a choice of Fj, and c;
for which equation (2.3)) holds and x +— F;, is a homomorphism.

Equivalently, for every s € Z we can consider the map ky : U x U — P-o(Z, S') where

FOGX) = 75—
S, X 5, X
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The map k, defines an abelian multiplication on the Cartesian product U x Py (Z,SY)
by (x.p) - (X, p") = (xx', ks(x, X')pp'). We denote this group by U xy, P<s(Z,S") and
observe that the short exact sequence

(2.4) 1= Py(Z,8Y) = U x4, Peo(Z2,8Y) = U — 1

splits if and only if s has a lift in G(Y').

Since U is not a torus, U is not a projective object. Moreover, it is not necessary that
P_y(Z,5%) is a divisible group (an injective object). In other words, other properties of
ks must be used in order to prove that this extension always splits. Instead, we chose a
different method which involves k-extensions.

Let n = dim U, a careful analysis of the finite dimensional group U shows that we can

find a multiset of primes P and vectors v, € Z" for every p € P such that U = Z"[}l7 - V).

It is easy to find a cross-section from the subgroup Z" to U X1, Poo(X,S') and so it
is left to find p-th roots for certain phase polynomials in P.o(X,S'). We do not know
whether or not such roots exist and therefore we use extensions. In section [5| we prove,
roughly speaking, that by extending Y to a 2-extension Y’, we can find a p-th root for
any phase polynomial of degree < 2 on Z in P_o(Z5(Y"), S') (see Theorem [5.5|or The-
orem [5.9). This means that by passing to an extension and replacing P-o(Z, S') with
P_o(Z5(Y"),SY), the short exact sequence splits and we can lift s to G(Y”). Then,
since we passed from Y to Y’, we need to make sure that we can also lift all of the new
transformations which arise from the extension Z5(Y’) — Z. A formal proof is given
in section [6] and [7

3. CONZE-LESIGNE TYPE EQUATION

Fix a multiset of primes P and let G = D,cpZ/pZ. Let m > 0 and denote by
ZL (G, X, S") the group of (G, X, S1)-cocycles of type < m and by PC.,,,(G, X, S') the
phase polynomial cocycles of degree < m. It follows by Lemma that
(3.1) PC_,.(G,X,S") - BNG, X,S") < ZL, (G, X,S")

The following theorem is the main result in this section.

Theorem 3.1. Let X be an ergodic G-system. Then for every m > 0, the subgroup
PC_,(G,X,S") - BN(G, X, S") is of at most countable index in ZL, (G, X, S*).

We recall some relevant results from previous work. In the case where m = 1, we have
the following theorem by Moore and Schmidt [42].

Lemma 3.2 (Cocycles of type < 1 are cohomologous to constants). Let G be a countable
abelian group, and let X be an ergodic G-system. Suppose that p : G x X — S! is a
cocycle of type < 1. Then, there exists a character ¢ : G — St such that p is (G, X, S?)-
cohomologous to ¢. Equivalently, Z1,(G,X,S') = PC(G, X, S') - BY(G, X, S1).
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The following result of Host and Kra |31 Corollary 7.9] allow us to reduce matters to
the case where X is of order < m.

Proposition 3.3. Let G be a countable abelian group and X an ergodic G-system. If
m >0 and p: Gx X — U is a cocycle of type < m into some compact abelian group U,
then p is (G, X, U)-cohomologous to a cocycle p : G x X — U that is measurable with
respect t0 Zpi1(X).

From this and Theorem we conclude the following result.
Theorem 3.4. Let m > 0 and P be a multiset of primes. If X is an ergodic totally
disconnected P ¢ p Z/pZ-system (see Deﬁm’tion then every cocycle p : Gx X — S1
of type < m is (G, X, S*)-cohomologous to a phase polynomial of degree < d for some
d=Opn(1).

If hypothetically we knew that the quantity d in the theorem equals to m, then this
would imply Theorem for a totally disconnected system X. In fact, in this case

PC_,.(G,X,S") - BYG, X,S") = 7L, (G, X, S")

In order to deal with the fact that d is potentially higher than m we need the following
generalization of Lemma [A.16]

Lemma 3.5. Let X be an ergodic G-system. Letd >m >0 andp: G x X — S! be a
phase polynomial of degree < d and type < m. Write d'p = AQ, and let r = d —m. If
1Q — 1| L2 (xtmi uimly < V/2/27F971 then p is a phase polynomial of degree < m.

Proof. If m = 0 then the claim follows by Lemma Assume that m > 1 we have,
Claim: Let P : X[™ — S be a phase polynomial of degree < r and suppose that

(3.2) |P — 1||L2(X[m]hu[m]) < \/5/2T_1

then P is invariant with respect to the diagonal action of G on X!™ if and only if for
every (m — 1)-face o and g € G, Ag[m]P is invariant with respect to that action.

Proof. Let g € G and a be an (m — 1)-face. Since g&m} is measure preserving (Lemma
A.3) and commutes with hI™ the first direction follows. We prove the other direction.
By the ergodic decomposition theorem there exists a probability measure (£2,,, P,,) such
that

(3.3) ) = / P ()

Let @ be an (m — 1)-dimensional face. By Lemma , the transformation g([lm] defines
an isomorphism of ergodic components and an action on (2, P,,). Moreover, by the
same lemma, the action generated by these transformations for every g € G and (m —1)-
dimensional face « is ergodic. Let

A={weQ,: AP =1 p,a.ec}.
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Since A [m]P is invariant, we have that w € A if and only if gL lw € A. In other words,

A is 1nvar1ant On the other hand, from and we conclude that the set
B:={weQ,  ||P- 1||L2(W) < \/5/2”_1}

is of positive measure with respect to P,,. Since p,, is ergodic it follows by Lemma
that B C A and therefore by ergodicity (Lemma |A.4) A is of measure 1. This proves
the claim. 0

We return to the proof of the lemma. For any g, ..., 94 € G and (m — 1)-dimensional
faces, aq, ..., ag we have,
dm™A, L A,p = AD A Q
where « is the intersection of aj,...,ay. Since p is of degree < d we conclude that

Agl[m]...Agd[m}Q is invariant with respect to the diagonal action of G. Applying the
a1 xq

previous claim iteratively d times we deduce that () is invariant with respect to that
action. Since dp = AQ = 1, Lemma implies that p is of degree < m as required.
O

We have the following reduction of theorem [3.1}

Lemma 3.6. In order to prove Theorem it s enough to show that for some d > m,
PC_4(G, X, 5" - BY(G,X,S"YnZL, (G, X,S") < ZL (G, X,S")
s of at most countable index.

Proof. Let W C L?(X[™) denote the space of phase polynomials of degree < d —m + 1
in X™. Since L*(X [ml u[m}) is separable, we can decompose W into a countable union
of balls { B;}ien of diameter < /2/22~"+1_ For each ball, we choose (if exists) a cocycle
pi € P-4(G, X, SY) - BYG, X, S') such that p; = p; - AF; for a measurable map F; : X —
S' and a phase polynomial cocycle p; € P-4(G, X, S') which satisfies that d™lp; = AQ;
where Q; € B;. We conclude that for every p € PC4(G, X, S') - BYG, X, S1), there
exists ¢ such that p/p; € PC.,,(G, X,S") - BY(G, X, S'). Indeed, if p = p- AF for some
p € PO_4(G,X,S"), then p is of type < m. Therefore, we can write d™p = AQ for
some phase polynomial @ : X™ — S! of degree < d —m + 1 (by lemma |A.14). We
conclude that ) € VW and there exists ¢ such that () € B;. Let p; as above. We conclude
that p/p; = p/p; - AF/F; and d™p/p; = AQ/Q;. Since
1Q/Qi — 1| 2 guimty = 1Q — Qi L2 (uimy < V2/2%47

Lemma implies that p/p; is of degree < m. It follows that PC.,,(G,X,S") -
BY(G,X,S") is of countable index in PC4(G, X, S') - BYG, X,S")n ZL,.(G, X, S").
By the assumption, the latter is of at most countable index in Z, (G, X, S*). We con-
clude that PC.,,(G,X,S") - BY(G, X, S") is of countable index in ZL, (G, X,S"), as
required. O
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The main difficulty in the proof of Theorem is therefore to reduce matters to the
case where X is totally disconnected. Before we turn to the proof of Theorem we
prove some corollaries. Since we prove Theorem by induction on the order of X we
will be able to use these corollaries for systems of smaller order.

3.1. Corollaries. We begin with the following counterpart of [31, Lemma 9.2].

Theorem 3.7. Let m > 0 be a natural number and X be an ergodic G-system. Let (2, P)
be a probability space and w — p, be a measurable map from Q into Z%, (G, X,S").
Then, there exists a set of positive measure A C ), such that p,/p, € PCern(G, X, SY)-
BYG, X, SY) for every w,w’ € A.

We need a notation: An analytic subset of a measurable space X is the continuous
image of a polish space in X. Lusin separation theorem [35, Theorem 14.7] implies that
if A and X\ A are analytic then A is measurable.

Proof. Observe that since the analytic set PC_,,,(G, X, S') - BY(G, X, S') is of at most
countable index in Z%, (G, X, S") then by the separation theorem it is Borel. Therefore
the map w +— p, - PC.,,(G, X, S") - BY(G, X, S') is a measurable map into a countable
set. We conclude that there exists a measurable set B C € of positive measure such that
for every w,w’ € B, p,, and p,, belong to the same co-set. This completes the proof. [

As a corollary we have the following result.

Theorem 3.8. Let m > 0, X be an ergodic G-system and U be a compact abelian group
which acts on X by automorphisms. Let p: G x X — S* be a cocycle and suppose that
for every u € U, Ayp is of type < m. Then there exists an open subgroup U’ < U such
that Ayp € PC,,(G, X, SY) - BYG, X, SY) for allu € U'.

Proof. From the cocycle identity it is easy to see that
U={ucU:Aypc PC.,(G X,S" - BY(G, X,S"}

is a subgroup of U. We use Theorem [3.7] with Q2 = U and p, = A,p. We see that
there exists a set of positive measure A C U such that A,p/Ayp € PC,,(G, X,S!) -
BY(G, X,S") for all u,u’ € A. Direct computation shows that A,-1p = Vy-1Aup/Awp
for every u, v € U. Since U commutes with G we conclude that A-A~1 C U’. Therefore,
by Lemma [B.1, U’ is an open subgroup and the proof is complete. U

Given a compact abelian group U and an integer m we define U™ := {u™ : u € U}.
Observe that the subgroup U’ in the previous theorem depends on the cocycle p. In the
next lemma we compute this group for a root of p.

Lemma 3.9. Let X be an ergodic G-system. Let U be a compact abelian group which
acts on X by automorphisms and let n,m,d € N. If p : G x X — S is a cocycle
of type < m and Ap" € PC4(G, X, S) - BYG, X, S") for every u € U, then Ap €
PC_4(G, X, S - BHG, X, SY) for every u € U™™.
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Proof. The claim follows immediately by induction on m and the following identity

n—1
App=Ng" - [ AvAwp
k=0
We have that A,p" € PC4(G, X, SY) - BYG, X, S') and for every 1 < k < n, A,Aup
is of smaller type. O

3.2. The proof of Theorem We briefly explain the method in the proof. We
prove the claim by induction on m; The case m = 0 is trivial, and the case m = 1 follows
from Theorem 3.2} Fix m > 2 and assume inductively that the theorem holds for smaller
values of m. Let p : G x X — S! a cocycle of type < m. By Proposition we can
assume without loss of generality that X is of order < m + 1. By Proposition we
can find compact abelian groups Uy, Uy, Us, ..., U,, where Uy is trivial and

X =Uyx, Uy X ... X, Up,.

We construct a sequence of factors

m

X=X, X1 > Xno—..—= X,

where in each step we quotient out the connected component of the identity in the next
structure group. The last factor, X is a totally disconnected system.
Observe that the factor maps define a sequence of injections

ZL (G, X, 8" — ZL, (G, Xy, 5") — ... — ZL (G, X,S")

Adapting the arguments of Host and Kra, we show that the image of each of these em-
beddings is of at most countable index in the next group. Then we apply Theorem
to the system X, and complete the proof.

One difficulty which arise in this process is that the connected component of the
identity of the structure groups may not act on X by automorphisms. For this reason we
study under which conditions we can lift an automorphism from Z ;(X) to Zx11(X)
for every 1 < k < m. We have,

Lemma 3.10 (Going up). Let X be an ergodic G systems. Let U be a compact abelian
group and Y = X x, U be an extension of X by a cocycle p : G x X — U. Let A be
a connected compact abelian group of automorphisms of X and suppose that for every
a € A, Ayp € BYG,X,U). Then, there exists a compact connected abelian group of
automorphisms A of Y such that the induced action of A on X coincides with the action

of A.

Proof. Let X, p, A as above. For every a € A and a measurable map F' : X — U we
define a measure preserving transformation S, p on X x U by S, p(z,u) := (ax, F(x)u).
Direct computation shows that the group

K :={Sar:Auwp=AF}
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acts on X x U by automorphisms. Indeed,
SavagY(x, u) = (a- T;(x, F(T,x)p(g,x)u) = (TgXax, F(z)p(g, ax)u) = TgYSmF(a:,u).

Equipped with the topology of convergence in probability K is a polish group (with
respect to the multiplication S, po Sy = Saar Frv, r). By the assumption the projection
map p : K — A is onto. Moreover, by ergodicity we see that the kernel of p is isomorphic
to U. In particular, it follows from Corollary that IC is a compact polish group.
Finally, since A is abelian, direct computation reveals that I is 2-step nilpotent. We
let A be the connected component of K. By all of the above and Proposition we
deduce that A is a compact connected abelian group. Since p is open (Theorem } it
maps the connected group A onto A. This completes the proof. O

Given a system X and a group A acting freely on X. We define the quotient space
X/A to be the space of all equivalent classes [z] := {ax : a € A} with the quotient
o-algebra. We let the measure p1x/4 be the push-forward of pux under the factor map
m:X — X/A, w(x) = [z]. Finally, if gAg~! C A for every g € G then the action of G
on X/A by T,[z] = [T,z] is well defined.

Lemma 3.11 (Going down). Let Y = X x, U be an ergodic abelain extension of a
G-system X by a compact abelian group. Let A be a compact connected abelian group of
automorphisms of X and suppose that A acts freely on X and A.p € BYG, X, SY) for
every a € A. Then A from the previous lemma acts freely on'Y and the factor Y’ = Y/fl
is an extension of X' := X/A by some quotient of U.

Proof. Let Y’ as in the lemma. The G-action on Y’ is given by gly] = [gy| where
ly] = {ay : a € A}. This action is well defined since the action of A on Y commutes
with the action of G. Let K be as in the proof of the lemma above, and p : K — A the
projection map. As before we can identify U with the kernel of p : X — A. We show
that Y’ = X’ x, U/V for some cocycle o where V= ANU.

Let p: Gx X — U/V be the composition of p with the projection map U — U/V and
consider the extension X x5 U/V. For every a € A choose a measurable cross-section
a — F, such that S, p, € A. Since,

(3.4) Aup = AF,

F,.
Fo Vo F}

the cocycle identity implies that is a constant. Since S | P € A we conclude

) Fq Vo F
that &F\L}—ZIE; € V. Now, let F, be the projection of F, to U/V. It follows that Fow =
F,V,Fy. Since A acts freely on X we can write X = X, x A measurably. Choose
some generic point ag € A and set F(x,aaq) := Fo(z,a0). D irect computation reveals
that A, F = F,. From equation we conclude that p/AF is invariant to A. Let
o : Gx X' — U/V be the push-forward of 5/AF and let F' be any measurable lift of F' to
a map into U. Then, for every z € X we have that F(ax)/F(x)-F,(z) € V. This implies
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that 7([z]4, uV) = [(z, F(z)"'u)] ; is a well defined isomorphism from X’ x, U/V to Y".
Since A acts freely on X we can write X = X’ x A and therefore Y = X' x A X U/VxV.
By identifying AxV (measurably) with A we see that A acts freely on Y, as required. [J

Next we modify Host and Kra’s argument from [31, Proposition 8.9] for connected
groups in the context of P, p Z/pZ-actions.

Lemma 3.12. Let X be a G-system of order < m + 1 for some m > 0 and let U
be a connected compact abelian group which acts freely on X by automorphisms. We
abuse notation and identify ZL, (G, X/U,S') with a subgroup of Z1,, (G, X,S*). Then,
ZL (G, X/U,SY) - BN(G, X, S") is of at most countable index in ZL,, (G, X, S).

Proof. Equip M(X, S') with the L? topology. For every cocycle p € ZL (G, X,S") we
consider the group

H,:={Sur:ucUF, e M(X,S"),3p € Pe(G,X,S") s.t Ayp=p, AF}.

Equipped with the topology of convergence in probability #, is a polish group and we
have a short exact sequence

1= P (X, 8" 5 H, > U — 1.

By Corollary H, is locally compact. Moreover, since U is connected, H, is 2-step
nilpotent. To see this observe that if S, g, Sw rr € H,, then [S, r, Sw | = S1 AF.

VAL F!
Since phase polynomials cocycles are invariant with respect to translations by connected

groups (Proposition |C.5)), we conclude that
Auky _ Auliyp
Au/Fu n Au/Aup o
is a constant and S| a,r is in the center of .

YALF!

Let F be the group of all continuous maps from U to M(X, S')/P,,.1(X,S') where
M(X,SY)/P_pi1(X, S1) is equipped with the quotient metric. Equipped with the supre-
mum metric F is a polish group. We define a map ®, € F by giving each v € U
the equivalence class of F, in M(X,S")/Pc,11(X,S"). If ®, is sufficiently small (say
|®,]|7 < 505) we show that we can linearize the term u — F,:

20m
For such p we can define a subset IC < H by

A

A, F
A, Py

Therefore by ergodicity

1
K :={S,r: There exists ¢ € S such that |F — ¢| < 10_’””}

Direct computation shows that K is a closed subgroup of H (see [31, Proposition 8.9]
for the details). Observe that since ||®,||r < the projection px : K — U is onto.
Since U is connected and p is open (Theorem the same holds if we restrict ourselves
to the connected component of the identity Ky of K. Since Ky is 2-step nilpotent and
connected it is abelian (Proposition and so it splits as Ky = S' x U. In other
words, for every v € U we can find F), such that (u, F},) € Ky and F,, = F,V,,F,.
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Since the group U acts freely on X we can write X = Y x U. Fix any generic point
up € U and define F(y,uug) := F,(y,up) for all y € Y,u € U. It follows that,

(3.5) Au(p/AF) = p,
for some phase polynomial p/, € P,,(G, X, S1).

The phase polynomial term p/, is in fact trivial. To see this notice that u — p/, is a co-
cycle. Since U is connected, by Theoremu > p., is a homomorphism. Since there are
only countably many polynomials up to constants and U is connected we conclude that
pl, is a constant in z. Finally, since p/, is a (G, X, S')-cocycle and a constant in z, it can
be identified with an element in G. Therefore, v — p!, is a continuous homomorphism
from U to G, hence trivial. We conclude from 1) that A,(p/AF) is a coboundary
for every uw € U. By Lemma [A.23] p is (G, X, S')-cohomologous to a function that is
invariant under U.

Now, since F is separable we can decompose F as a union of countably many balls
{Bi;}ien of diameter < 1/20™. For each ball B; choose (if exists) a cocycle p; of type
< m such that ®, € B;,. We conclude that if p is an arbitrary cocycle of type < m, then
there exists p; such that ||¢,/,, ||z < 1/20™. Therefore p/p; is cohomologous to a cocycle
which is invariant to the action of U. By Lemma the push-forward of p/p; to X/U
is a cocycle of type < m. This completes the proof. 0

It is left to prove Theorem [3.1]

Proof. We already considered the cases m = 0 and m = 1 above. Fix m > 2 and let X
be as in the theorem. By Proposition 3.3 we can assume that the G-system X is of order
< m+ 1. Therefore, by proposition [A.I§ X can be written as X = Uy x,, Uy X ... X, Up,
for some compact abelian groups Uy, ..., U,, and cocycles py, ..., pm. Let [ = [(X) denote
the smallest number for which U4, ..., U, are totally disconnected. We prove the claim
by induction on [. If [ = 0 then X is a totally disconnected system. In this case the
proof follows by Theorem and Lemma (3.6 Fix [ > 1 and suppose that the claim
holds for all smaller values of [. Let U,y be the connected component of the identity of U;
and recall that U acts freely on Z_;41(X) by vertical rotations. In particular, if [ = m
then U acts by automorphisms on X. Otherwise suppose that [ < m. In this case we
lift U to a group of automorphism of X using Lemma . We argue as follows: let
X € Ul+1, using the induction hypothesis we know that the claim in Theorem holds
for Z_;(X) and so we can apply Theorem . We conclude that there exists a phase
polynomial p, € P-,(G, X, S') (in fact we can take p, of degree < 1) and a measurable
map F, : X — S! such that

(36) AUX O Pi+1 = Pu - AF1u

for every u € U . By assumption, Uy, is totally disconnected and therefore there exists
some n € N such that x® = 1 (Corollary [B.8). Let u € U, the cocycle identity gives
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that
n—1
Aurx o pipr = (Aux o pra)" - [ Aueduxop
k=0
Since x" = 1, the first term in the right hand side of the equation above vanishes.

By Proposition and equation the other term (the product) is a coboundary.
Therefore, we see that p,» is a (G, X, S')-coboundary for every u € Uy . Since connected
groups are divisible this implies that p, is a coboundary for every u € U;o. From this
and equation ([3.6) we see that x(A,pi41) is a co-boundary for every u € Uy. As x was
arbitrary Theorem implies that Aypi1 is a (G, Z41(X), Upy1)-coboundary.

Therefore we are in a situation as in Lemma and so we can lift U;o to a group of
automorphisms on Z;9(X). Repeating this argument iteratively we conclude that we
can lift U to a compact abelian connected group of automorphisms on X = Z_,,,11(X).
We denote this group by H; and let X’ = X/H,. Now, by applying Lemma itera-
tively we see that #,; acts freely on X and [(X') = [ — 1. Therefore, by Lemma we
have that ZL, (G, X’,S')- BYG, X, S') is of at most countable index in Z%, (G, X, S1).
Moreover, by the induction hypothesis PC_,,(G, X', S") - BY(G, X', S1) is of at most
countable index in Z%, (G, X', S*). We conclude that PC.,,(G, X', S") - BYG, X, S*)
is of at most countable index in Z1, (G, X,S"') (we identify PC.,,(G,X’,S!) with a
subgroup of PC.,,(G, X, S") using the factor map). Finally, by Proposition phase
polynomial cocycles are invariant with respect to the action of connected groups and
therefore PC.,,(G, X", S') = PC_,,(G, X, S') and the claim follows. O

4. INVERSE LIMIT OF FINITE DIMENSIONAL SYSTEMS

We begin with the following definition of a finite dimensional system. The main result
in this section (Theorem [4.3)) asserts that every ergodic G-system of order < k is an
inverse limit of these systems.

Definition 4.1 (Finite dimensional system). Let £ > 1. An ergodic G-system X of
order < k is called a finite dimensional system if for every 1 < r < k — 1 the system
Zr41(X) is an extension of Z_.(X) by a finite dimensional compact abelian group.

Note that by Proposition this means that we can write X = Uy X, Up X ... X, _,
Ux_1 where Uy, Uy, ..., U1 are finite dimensional compact abelian groups.
We are particularly interested in finite dimensional systems which also have a finite
exponent.

Definition 4.2 (exponent of a finite dimensional system). Let m > 0.

e A totally disconnected group A is said to be of exponent m if for any prime p,
the p-sylow subgroup of A is a p™-torsion group. Equivalently, by theorem [B.9]
A= Hpe 1 Cpap for some multiset of primes I and d, < m.

e We say that a compact abelian finite dimensional group U is of exponent m if
there exists a closed totally disconnected subgroup A of exponent m such that
U/A is a Lie group.
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e A finite dimensional system X is of exponent m if the structure groups are of
exponent m.

We prove that every ergodic G-system of order < k is an inverse limit of finite dimen-
sional systems of some bounded exponent.

Theorem 4.3 (Systems of order < k are inverse limits of finite dimensional systems).
Let X be an ergodic G-system of order < k. There exists m = O(1) and a sequence X,
of increasing factors of X such that for each n € N, X,, is a finite dimensional system
of exponent m and X is the inverse limit of the sequence X,,.

Let X = Z_1(X) X, U be an ergodic G-system of order < k. Since every compact
abelian group is an inverse limit of compact abelian Lie groups (Theorem we can
assume that U is a torus times a finite group (Theorem [B.13]). We note that in general
replacing a structure group of X with one of its quotients will not necessarily be a factor
of X and therefore this approximation is only possible for the last structure group.

In the next lemma we study cocycles with values in a Lie group. By taking coordinates
it is enough to study cocycles into the torus and into a finite cyclic group.

Lemma 4.4. Let X be an ergodic G-system of order < k. Suppose that U is a compact
abelian group which acts freely on X by automorphisms. Let H be either S* or Cyn for
some prime p and a natural number n and let p : G x X — H be a cocycle of type < m.
Then there exists a subgroup V. < U such that U/V is a finite dimensional group of
exponent m and p is (G, X, H)-cohomologous to a cocycle that is invariant with respect
to the action of V.

Proof. If m = 0 then p is a coboundary and the claim follows. We assume that m > 1.
By embedding H in S* (if necessary), and applying Theorem we see that there exists
an open subgroup U’ < U such that for every v € U we have

Ayup =pu - AF,

for some phase polynomial p, € P-,,,(G, X, S') and a measurable map F,.

Using Lemma [A.25] and then Theorem we can find a closed subgroup J < U’
such that U’/J and U/J are Lie groups and p;; = p;Vipy = p;pj - Ajp; for every
J,j" € J. Since A;p;s is a phase polynomial of degree < m — 1, we conclude that the map
j = pj+ Pemo1(G, X, S") from J to the quotient P, (G, X,S")/Pcy,-1(G, X, S') is a
homomorphism. Write G = @pep Z/pZ. For every prime ¢q € P, we denote by G, be the
g-component of G (i.e. G, ={g € G: qg =0}). By Lemma we know that for every
g € G, and for all j € J we have that p;(g,-)? = pja(g, -) is phase polynomial cocycle of
degree < m—1. Inductively (see the proof of Corollary, we have that pjem (g,-) = 1.
Let J, := J7" and J = Nyep Jo- The quotient J/J' is a totally disconnected group
of exponent m and we have that A;p € BY(G, X, S") for every j € J'. Therefore, by
Lemma , pis (G, X, S")-cohomologous to a cocycle p' that is invariant with respect
to the action of some open subgroup J” < J'. To complete the proof we notice that since
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J" < J'is an open subgroup and J/J is a totally disconnected group of exponent m
then the groups U/J" and U/J” are finite dimensional of exponent m. Thus, if H = 5!
we can take V = J” and the proof is complete. Otherwise suppose that H = Cpn
embedding H in S! and arguing as before we can find a measurable map F : X — S!
such that

A]’p = AA]F
for all j € J”. Our goal is to replace F' with a function which takes values in Cpn. Since
pP" = 1 the equation above implies that A;F?" is a constant. Since j — A;FP" is a
cocycle we conclude that there exists a character x : J” — S such that A;FP" = x(j)
for every j € J”. Let V := ker(x), since J” is totally disconnected Corollary implies
that the image of y is discrete. In particular, it follows that V' is an open subgroup of
J" and therefore U/V is a finite dimensional group of exponent m. Finally as F?" is

invariant under V' we can find a measurable map F': X — S ! that is invariant under V
with FP" = FP". Since F is invariant to V we conclude that

Ajp=A;AF/F

for every j € V. Moreover, since F/FP" =1, p/A(F/F) is (G, X, Cyn)-cohomologous to
p and is invariant under V', as required. U

From the lemma above we conclude the following result.

Proposition 4.5. Let X be an ergodic G-system and let H be a compact abelian group
which acts on X by automorphisms. Let m,l > 0 be integers, let U be a finite dimensional
group exponent m and let p : G x X — U be a cocycle of type < . Then, there exists
a subgroup H < H such that for every h € H, App € BYG, X, U) and H/H is finite
dimensional of exponent < m - (.

Proof. Let U be as in the proposition and find a closed totally disconnected subgroup
A < U of exponent m such that U/A is a Lie group. By Theorem we can write
U/A = (SH" x T]_, Cyei where r € N, py,...,p, are primes and ay,...,a, € N. Let
X1, ---» Xn, T1, ---, T be the coordinate maps and lift each of them to a character of U.

By Lemma [4.4] we can find a subgroup H' of H such that H/H' is of exponent [ and
Apx o pis a coboundary for all h € H' and X € (X1, s Xns Tl ey Tr)-

The group A is of exponent m and so we can write it as [[,., C v, where b; < m. Let
{m; : i € I} denote the coordinates of A and lift each of them arbltrarlly to a character
of U. Then the countable set X1y o5 Xrvy Tl ey Ty T1, T2, ... gENETALES U.

Fix a coordinate 7 of A of order p’. Then 7" is invariant under A and therefore is a
character of U/A. In particular, Amo ppb is a coboundary for all h € H’. We conclude by

Lemmathat A, v.p € BYG, X,S") for every h € H'. Forevery i € I, let H,, = HPi
and H := Mics Hp,- 1t follows that the quotient H/ H is a totally disconnected group of
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exponent m - [. Since Ay o p is a coboundary for every h € H and y € U, the claim
follows by Theorem [A.6] O

We also need the following technical group theoretical lemma.

Lemma 4.6. Let H and K be compact abelian groups and suppose that K is finite
dimensional of exponent m for some m € N. We give Hom(H, K) the topology of uniform
convergence. Then, for any continuous homomorphism ¢ : H — Hom(H, K) we have
that the group H/ ker ¢ admits a totally disconnected of exponent m as an open subgroup.
Moreover, if K is totally disconnected of exponent m, then H/ ker o is totally disconnected
of exponent m.

Proof. Let A be a totally disconnected of exponent m such that K/A is a Lie group.

Let ¢ : H — Hom(H, K/A) be the composition of ¢ with the projection Hom(H, K) —
Hom(H, K/A). Since K/A is embedded in a finite dimensional torus we conclude that
Hom(H K/A) is discrete. It follows that ker ¢ is an open subgroup of H. We denote by
H the kernel of ¢ and by ¢’ the restriction of ¢ to H. Then the map ¢’ : H — Hom(H, K)
takes values in Hom(H, A). We prove that H/ker ¢’ is totally disconnected of exponent
m. First recall that A can written as A = [[.; C »; for some b; < m and a countable set

of indices I. For each prime p let 7, : Hom(H, A) 5 Hom(H, A,) be the projection map
where A, is the p-sylow subgroup of A. Clearly, the group H, := HP" is in the kernel
of m, 0 ¢. Let H' be the intersection of all H’ over all primes. We see that H' < ker ¢’
and H /H' is a totally disconnected group of exponent m from which we conclude that
H /ker ¢’ is totally disconnected of exponent m. Since H is open in H, we have that
H/ker ¢ is open in H/ker . In the case where K is totally disconnected we get that
H = H and so the claim follows from the same argument. O

We can now prove Theorem [4.3]

Proof. Let X be a G-system of order < k. and write X = Z.;_1(X) x, U. Let U, be a
sequence of Lie groups such that U = invlimU,,.

The idea is to construct a sequence of k factors of Z.,_1(X) x,, U, each time replacing
one of the structure groups of Z_,_1(X) with a finite dimensional group. More concretely,
we construct systems X, recursively as follows: let X, := X,,. Fix | < k and suppose
inductively that we have already constructed

Xin =Uo Xp, Up X oo Xy, Uiy Xy Upy X X Uk-1n

Pk—1,n

where Uy, ..., Up_1,, are finite dimensional quotients of Uy, ..., Uy respectively of expo-
nent m = O (1) and that X, is a factor of X, for every n € N. To construct X;_,,
we use a similar argument as in Lemma to lift a subgroup of the vertical rotations
by U,_1,, to automorphisms of X;,,. We argue as follows: the group U;_; acts on Z;(X)
by automorphisms. Therefore, by Proposition we can find a subgroup ﬁl—Ln such
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that Aypin € BYG, Z4(X),U,,) for every u € Ul,l,n. We consider the group
Hl—l,n = {Su,F U< Ul—l,na Fe M(Z<l(X)7 Ul,n)a AuPLn = AF}

Since Ul,m is abelian, H;_1, is a 2-step nilpotent group. Let p : H;—1,, — Uj_1, be
the projection map. The kernel of p consists of transformations of the form S; . where
c is a constant in U;,. We can therefore identify kerp with the compact group U,,,.
By Theorem and Lemma we conclude that H;_; is compact and H;—1,/U;, =
0l71,n' This implies that the commutator map on #H;_;, induces a bilinear map b :
Ul—l,n X Ul—m — U . Using Pontryagin duality, we see that b can be identified with a
continuous homomorphism Ul—l,n — Hom(ﬁl_ljn, Uin). Since Uy, is finite dimensional of
exponent m = Og(1) we conclude from the previous lemma that the kernel is a subgroup
Ul 1n < Up_1., such that the quotient U_;,,/ U/_,,, admits a totally disconnected group
of exponent m' = O(1) as an open subgroup. By shrinking Uj ,, if necessary we
can assume that 0171,71/ Ul/—l,n is increasing in n. The pre-image of Ul/—l,n under the
projection p is a compact abelian finite dimensional group and it acts by automorphisms
on Z<;+1(X;,). We repeat this process inductively another k — [ steps each time lifting
a subgroup of U;_;, to a group of automorphisms of the next universal characteristic
factor of X;,. At the end of the day we obtain a compact abelian finite dimensional
group of exponent m” = O(1), I:[l,lm which acts by automorphisms on Xj,. Let
D - ﬁl,m — U;_1,, be the projection map, we see that Ul,l,n/ﬁ(ﬁl,lyn) is a finite
dimensional group of exponent m” = Ok(1). Now in the last step we can use the fact
that Uy_1,, is a Lie group. In that step we invoke Lemma instead of Proposition .
We conclude that pg_1, is (G, X, U, ,,)-cohomologous to a cocycle that is invariant under
the action of ﬁl,m. Let X;_1,, = Xl,n/ﬁl,m (as in Lemma . Clearly, X;_1, is a
factor of X;,, and the (I—1)-th structure group of X;_; , is finite dimensional of exponent
m” = Og(1). Since in every step in the proof we extended the structure groups of X; 1,
to exceeds those of X;_;,_; we have that X;_;, is increasing in n. This completes the
proof. O

4.1. Proof of Theorem for systems of order < 3. The proof of Theorem [2.12
for systems of order < 3 is significantly easier than the general case.

Theorem 4.7. Let G = @, p Z/pZ, and X be an ergodic G-system of order < 3. Then
X is an inverse limit of finite dimensional 2-step nilpotent systems.

A version of this theorem without the finite dimensional result was given in [48]. For
the sake of completeness we repeat the proof here. Recall that a system of order < 3
takes the form X = Z x, U where U and Z are compact abelian groups and Z is the
Kronecker factor. By Theorem {4.3| we may assume that Z is finite dimensional and U is
a Lie group.

Definition 4.8 (Host and Kra group, for systems of order < 3). Let X be a system of
order < 3. Let s € Z and F' : Z — U be a measurable map. We denote by S, r the
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measure preserving transformation (z,u) — (sz, F'(2)u), and let G(X) denote the group
of all such transformations with the property that there exists ¢, : G — U such that
Agp = cs - AF.

Host and Kra [31] proved that this definition of G(X) coincides with Definition [2.10]

for systems of order < 3. In particular, this means that G(X) is a 2-step nilpotent polish
group.
Observe that the kernel of the projection p : G(X) — Z can be identified with P.o(Z,U).
We claim that in order to prove Theorem [4.7]it is enough to show that p is onto. Indeed,
in that case, p is an open map (Theorem and the group G(X) acts transitively
on X. Moreover, if Z is finite dimensional and U is a Lie group then P_o(Z,U) is
finite dimensional. Since the projection p : G(X) — Z is onto this implies that G(X)
is also a finite dimensional group. At this point we would want to use Theorem [B.5]
but unfortunately we only have a near-action of G(X) on X. Yet, the identification
X =2 G(X)/T for I' = {S1, : x € Hom(Z,U)} was obtained by Meiri in [39, Theorem
3.21]. This completes the proof of the claim. We note that for the higher order case we
will use a different argument (see section [g)).

Proof of Theorem[{.7. The projection p : G(X) — Z is onto if and only if for every s € Z
there exist a measurable map Fy : Z — U and a homomorphism ¢, : G — U such that
Agp = ¢s - AF,. Since U is a Lie group, by studying each coordinate separately it is
enough to show that the equation holds in the case where U is a torus or equals to Cpn
for some prime p and n € N. By Lemma the cocycle A,p is of type < 1, therefore
if U is a torus the equation follows by Lemma (3.2l Otherwise ,assume that U = Cpn. By
embedding C» in S* and applying Lemma (3.2 we see that for every s € Z,

(4.1) Agp = cs - AF,

for some constant ¢, : G — S' and F, : Z — S!.
Our goal is to replace Fy and ¢y with some F! and ¢, such that equation (4.1]) holds and
F!, . takes values in Cpn.

As a first step, we show that p is (G, Z, S')-cohomologous to a phase polynomial of
degree < 2. Observe that by the cocycle identity we have,

p"—l

Agrp =AD" ] Asdp

k=0
From equation |) we see that Hilgl AgAgrp is a coboundary. Since p takes values

in Cpn, the term AgpP" vanishes and we conclude that A np is a coboundary for every
s € Z. Let Zy be the connected component of the identity in Z. Since connected groups

are divisible (Lemma [B.11)), we conclude that Ap is a (G, Z, S')-coboundary for every
s € Zy. By Lemma [A.23] p is (G, Z, S)-cohomologous to a cocycle p' that is invariant

with respect to the action of Zy. Let m,p" be the push-forward of p' to Z/Z,. By Lemma
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[A.9 7.0 is of type < 2. Therefore, by Theorem it is cohomologous to a phase
polynomial of degree < QH Lifting everything back to Z we conclude that p’ and p are
(G, Z, S')-cohomologous to a phase polynomial Q : Gx Z — S* of degree < 2. Moreover,
@ is invariant to translations by Z,. We write

(4.2) p=Q-AF

for some F : Z — S*.
Since p takes values in Cyn, we have that

(4.3) 1=Q" - AF?”

By taking the derivative of both sides of the equation above by s € Z, we conclude that
A, FP" is a phase polynomial of degree < 2. Our next goal is to replace F' with a function
F’ such that F'/F is a phase polynomial of degree < 3 and at the same time A F"?" is
a constant.

We study the phase polynomial ). It is a fact that every phase polynomial of degree < 2
is a constant multiple of a homomorphism. Therefore, we can write Q(g,z) = ¢(g)-q(g, z)
where ¢ : G — S!' is a constant and ¢ : G x Z — S! is a homomorphism in the
Z-coordinate. Since @) is a cocycle

clg+9alg+ 9 x) = clg)e(g) Agalg, ) - alg,x) - g’ x).
It follows that ¢ is bilinear in g and z. Let
Z, =ker(¢" ) ={s € Z:q(g,s)" =1 for every g € G}.

Then Z/Z], is isomorphic to a subgroup of Gr" = Hp sqep Cg- By taking the derivative of
both sides of equation by s € Z, we conclude by the ergodicity of the Kronecker
factor that A,FP" is a constant. Recall that FP" is a phase polynomial. Therefore, by
Corollary and the above we see that there exists an open subgroup Z' < Z, which
contains Z, such that AGFP" is a constant for every s € Z'. By the cocycle identity we
conclude that A FP" = x(s) for some character y : Z/ — S'. Lift y to a character of
Z arbitrarily. We conclude that F?"/y is a phase polynomial which is invariant under
translations by Z’. Since Z' is open the quotient Z/Z' is a finite group. Moreover, since
Z' contains Z], we conclude that the order of Z/Z" is co-prime to p. Let m = |Z/Z'|.
Since FP"/x is of degree < 3, we conclude that AFP"/x is a constant multiple of a
homomorphism from Z to S'. This homomorphism is invariant to Z’ and therefore
A(FP" /x)™ is a constant. This implies that (F?"/x)™ is a polynomial of degree < 2
and by the same argument we conclude that (F?" /x)™ is a constant. Let ¢ € S* be an
m-th root of that constant, we conclude that FP"/c - x take values in C,,2. Since p and
m are co-prime we can find an integer [ such that [-p™ =1 mod m?. We conclude that

5This result requires a slightly stronger version of Theorem If | < minyep p then one can
replace the quantity O (1) in Theorem with [. A proof for this can be found in [48].
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R := (F*"/c- x)! is a phase polynomial of degree < 3 and that RP" = F?"/c-x. Let
Q' :=Q-AR and F’ := F/R. Then, as in equation (4.2)), we have

p=0Q - AF
and A,FP" = c- x(s).

Now, by taking the derivative by s € Z on both sides of the equation above, we

conclude that
Ap = AQ - AAF.
Observe that ¢, := A;Q' is a character of G and
= AQP  AANF oo =1
where the last equality follows from (4.3]) and the fact that AAc- x vanishes. It is left
to change the term A F. Set F! := A F'/¢(s) where ¢(s) is a p"-th root of x(s) in S*.
Then, as before we have that
Agp =d, - AF.

but this time ¢?" = F?" = 1. This implies that S » € G(X) and therefore p is onto. [

We note that this argument fails for systems of higher order. The main reason for this
is that Theorem only allows to approximate the last structure group by Lie groups.
In particular, we do not know how to prove a counterpart of this result in the case where
U is not a Lie group without the use of k-extensions.

5. EXTENSION TRICK

Let X be an ergodic G-system. Under certain conditions we show that there exist an
extension 7 : Y — X with the following property: for any prime p, a natural number
n € N and a phase polynomial P : X — S, there exists a phase polynomial Q : Y — S1
such that Q" = Po.

We begin with an example which illustrates the idea.

Example 5.1. Let X = S' and G = @, Z/pZ where P is an infinite subset of odd
prime numbers. We define a homomorphism ¢ : G — X by

©((gp)per) = H wp?

peP

where wy, is the first p-th root of unity. The action of G on X by T,z = ¢(g)x is ergodic,
and the identity map x : X — S! is a phase polynomial of degree < 2. Our goal is to
construct an extension 7 : Y — X and a phase polynomial Q) : Y — S! of degree < 2
such that Q% = y o .

We let ¢(g) := Ayx and observe that since 2 ¢ P, there exists some d € G such that
d?> = c. Fix any measurable map F : X — S' with F? = y and let 7 = d - AF. The
cocycle 7 : G x X — (5 defines an extension Y := X X, (5. On Y we have that d is an
eigenvalue of the eigenfunction Q(z,u) := u - F((x). Moreover, Q% = y o 7.
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Since X is ergodic and 7 is minimal (see Lemma , we conclude that Y is ergodic.
Moreover 7 is of type < 1 and therefore Y is of order < 2. In fact, it is easy to see that
(z,u) = u - F(x) defines an isomorphism of Y and (S*, G) where the action of G on S*
is given by T,y = d(g)y.

Let G = P

cocycles[

vep Z/pZ as usual. We state a simple technical proposition about G-

Proposition 5.2 (conditions for cocycle). Let X be a G-system and f: G x X — S* be
a function such that

(5.1) Anf(g,x) = Bgf(h, x)

for all h,g € G. Let E = {e1,es,...} denote the natural basis of G and suppose that for
every g € E' we have,

order(g)—1
(5.2) T*f(g.x) = 1
k=0

Then the function f : G x X — S below is a cocycle which agrees with f for every
gerb.

gi—1

(5.3) flg,z) = HTgl"'Tgi—l H The, f (€5, )
i=1 k=0

where g = (G4, G, --.), the constants gy, ga, ... are any representatives of Gy, gs,... in N
respectively and the product H,;:lo(anything) is assumed to be 1.

Convention: We refer to an element g € E as a generator.

We need the following results about group extensions.

Definition 5.3 (Image and minimal cocycles). Let X be a G-system and p: GXx X — U
be a cocycle into a compact abelian group U. The subgroup U, < U generated by
{p(g,z) : g € G,z € X} is called the image of p. We say that p is minimal if it is not
(G, X, U)-cohomologous to a cocycle o with U, < U,.

Lemma 5.4. [55, Corollary 3.8] Let X be an ergodic G-system. Let p: G x X — U be
a cocycle into a compact abelian group. Then,
e There ezists a minimal cocycle o : G x X — U such that p is (G,X,U)-
cohomologous to o.
o X x,U is ergodic if and only if X is ergodic and p is minimal with image U, = U.

6The proposition below is the cocycle-counterpart of the fact that any homomorphism is uniquely
determined by the values it gives to a generating set.
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We describe an obstacle. Suppose that P € P-o(X,S!), then AP can be identified
with an element in G. If for some ¢ € G of order p we have that AyP # 1 then AP
does not have a p-th root in G. In particular, it is impossible to find a p-th root for P in
P_5(X,Sh), even if one passes to an extension of the original system. We deal with this
problem later using k-extensions (Definition [2.5)), as for now we assume that there is no
such obstacle.

Theorem 5.5 (Roots for phase polynomials in an extension). Let X be an ergodic G-
system. Fir d > 1 and suppose that Py, Py, ... are at most countably many (X, S*)-phase
polynomials of degree < d. Let py, pa, ... be (not necessarily distinct) prime numbers and
assume that for every ¢ € N, AgP; =1 for all g € G of order p;. Then, there exist a
totally disconnected group A and a cocycle T : G X X — A of type < d — 1 such that
the extension Y = X X, A is ergodic and for every n € N and i = 1,2, .. there exist
(G, X, SY)-phase polynomials Q;,, : Y — St of degree < d such that Qifn = P, o where
m:Y — X s the factor map.

Proof. Let p be a prime number. Let P : X — S! be a polynomial of degree < d and
assume that P is Tj-invariant for every g € G of order p. Let ¢(g,z) := A,P(z) and
observe that by Propositionthe phase polynomial ¢(g, x) takes values in C,, for some
m = order(g)?~1. Let n € N be a natural number, fix g € G of order coprime to p and let
m = order(g)¢~!. Since p" and m are co-prime we can find a natural number I,(n) such
that p™-1,(n) = 1 modulo m. It follows that the phase polynomial d,(g, ) := c(g, z)!™
is a p™-th root of ¢(g,x). We extend d,, to G by decomposing every g € G as g = g, + ¢’
where g, is of order p and ¢’ of order co-prime to p, and setting d,(g,x) := d,(¢', z).
Our next goal is to replace d,, with a cocycle using Proposition 5.2} Observe first that
since d,(g,-) is a power of ¢(g, -), we have that

order(g)—1
(5.4) dn(g, Tyix) =1
i=0
Now we claim that for every g, h € G,
Ahdn(g> 37)
. ShEnld T
) Aydu(h )

On one hand, d?" = ¢ and therefore this quotient is of order p”. On the other hand,
d,(g,z) and d,(h,z) are of order co-prime to p, hence the quotient is trivial. Therefore
by Proposition there exists a cocycle d, : G x X — S' which agrees with d,, on a
generating set. Since d,,”" = ¢ and ¢ is a cocycle we conclude that Jﬁ" =c.

Now, we apply the argument above for each of the polynomials in the theorem. Set
ci(g,x) == AyP;. We conclude that for every i,n € N there exists a phase polynomial
cocycle cim of degree < d — 1 such that

~p;L .
di,n - C’L'
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For each i,n € N fix a measurable map F;, : X — S! such that Fip? = P, and let

7= (di - AF;p)inen be a cocycle from G x X to [] Cy-

i,n€eN

The extension of X by 7 may not be ergodic, so we choose a minimal cocycle 7 that
is (G, X, []; nen Cpp)-cohomologous to 7 (Lemma and write 7/ = 7 - AF for some
measurable map F' : X — HaneN Cpr. We denote the image of 7/ by A and consider the
extension Y := X X, A. The closed subgroup A < HL%N Cyr is totally disconnected.
Moreover, it follows from the construction that the system Y is ergodic. Finally, since 7
is of type < d — 1, we conclude that so is 7. For i,n € N let i, : [[;,,c Cpr — Cpn be
the (i,n)-th coordinate map. We conclude that the function

Qi,n(xv u) = 7Ti,n|A’ (U) : Fi,n(l’) “Mip © F(x)

is a phase polynomial in Y (whose derivative is cim) and it satisfies that Qf, ZL = Pom,
as required.
[

Remark 5.6. Following the same argument as above we have the following generaliza-
tions:

e If P is a phase polynomial and AP =1 for every g € G of order p and of order
g then we can adapt the proof and find an p"¢™ root for all n,m € N. The same
goes for multiple primes.

o If instead of G = P, p Z/pZ we take an extension GO = @B,crZ/p'Z then the

same proof still holds.

Moreover, observe that if P is T,-invariant for some g € G, then by choosing d,, carefully
we can construct an n-th root of P which is also T,-invariant.

Now, we want to remove the hypothesis that AP, = 1 for every g € G of some order
pi- To do this we use m-extensions (see Definition 2.5). We begin with the following
definitions.

Definition 5.7 (Multi-cocycles). Let m > 1. Let X be an ergodic G-system and U a
compact abelian group. We say that a function ¢ : G™ x X — U is a multi-cocycle if
it is a cocycle in each coordinate. Namely, for every 1 < i < m, every ¢1, 92, ..., gm € G
and g; € G we have,

Q(gla ey 9i—1,9i - gzl‘vgi-i-la vy Oms IL‘) = q(glv weey Giy "'7gm7$) ) Q(gh "'7g£a cooy Omy ngl')

We say that ¢ is symmetric if it is invariant under permutations of coordinates of G™ and
we denote by SMC,,(G, X, U) the group of symmetric multi-cocycles ¢ : G™ x X — U.
If the multi-cocycle ¢ is a constant in x then we say that ¢ is multi-linear and denote by
SML,,,(G,U) the group of symmetric multi-linear maps A : G™ — U.

We say that a multi-cocycle ¢ : G™ x X — U is a phase polynomial of degree < r if
for every g1, ..., gm € G the map = — q(g1, .., gm, ) is a phase polynomial of degree < r.
We have the following result.
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Lemma 5.8. Let X be an ergodic G system and let m,r € N. Let q € SMC,,(G, X, S) be
a phase polynomial of degree < r. Then, there exists an O, ,(1)-extension Y with factor
map 7 : Y — X and a phase polynomial Q of degree < r-+m such that q(g1, ..., Gm, 7(y)) =

Ay D, Q). N

Proof. We prove the lemma by induction on m. For m = 1, q is a cocycle. Therefore,
by Lemma q is cohomologous to a minimal cocycle o. Let V' be the image of ¢ and
consider the extension ¥ = X x, V. Arguing in the previous theorem we see that g is
a coboundary in Y and the claim follows. Now, let m > 2 and suppose that the claim
holds for all smaller values of m. Let ¢ : G™ x X — S, be a multi-cocycle. Then, for
every gi, ..., ym—1, the map g — p(g, g1, ..., gm—_1, ) is a cocycle. Therefore, as in the case
m = 1 we can find an extension 7 : X — X and phase polynomials Q. , : X — S
such that ¢(g,g1,-..; gm-1,7(2)) = AyQyqy....9m . (x) for every g,91,...,gm—1 € G. By
choosing the same @, ., . , for any permutation of gi,...,¢m,—1, we can assume that
(915 Gm—1) = Qgi.....gm_, 1 symmetric. It is left to show that we can choose Q.. 4.,
to be a cocycle in every coordinate. The fact that ¢ is symmetric implies that

(5'6) Athl:--~7gm—1 = Agnglw-ygifl7h79i+1:--~79m—1

for every 1 < i < m —1 and h,g1,...,gm—1 € G. Observe that by Proposition the
order of the left hand side is some power of order(h) and the order of the right hand side
some power of order(g;). It follows that if one of the g;’s is of order co-prime to p, then
Qg1....om_1 18 invariant with respect to the action of the subgroup G, = {g € G : pg = 0}.

In particular, if g; is coprime to g; then @, . is a constant. By changing the choice

_ () ;
of Qq,...gn1 We can assume that Qg .., = HPGP Qg§p>’__7gr(s>_1 where ¢, is the p-

component of g; (we note that the infinite product is well defined because all but finitely
many p-components are trivial).

Suppose now that all g1, ..., g,,_1 are of order p. Then, since ¢ is a multi-cocycle, for
every 1 <i < k we get that

~3gm—1

p—1
(57) HTﬁle,.“,gmfl = Cp<g17 L) gmfl)
k=0

where ¢,(g1, .., gm—1) is symmetric and independent of i. Let ¢/ (g1, ..., gm—1) be a p-th
root of ¢,(g1, ..., gm—1). By picking the same root for all permutations of g1, ..., gm—1 We
can assume that ¢, is symmetric. Let Q= Qg _g.._./(91, - gm—1) Whenever

91, ---, gm—1 are of order p. Then, for every 1 <i<m — 1

p—1
k
(5'8) HTgi ;]17---79m71 =L
k=0
Now set Q) = Hpe Q" ) - By Proposition (applied for all coordinates),
mgme g1 “seen9m

: : . " : ,
there exists a symmetrlc‘ multl—cpcycle @y, ....g._, that agrees with Q) ~  ~ whenever
g1, ---, gm—1 are elements in a basis of G.
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Since Qy, . is symmetric, it is a cocycle in every coordinate. In other words Q" €
SML,, (G, X,S") is a phase polynomial of degree < r + 1. Therefore, by the induction
hypothesis we can find an O,,,(1)-extension 7 : ¥ — X and a phase polynomial @ :
Y — S' of degree < r + m such that Q) (7(y)) = Ay ...Ay,_,Q(y). Observe
moreover that since ¢ is a multi-cocycle, we have that A Q7 = A,Qy, g4, for
every g1 € G. Therefore, Q) .~ /Qg . g, , is a constant and we conclude that for
every g € G and every g1, go, ..., gm—1 in a basis of GG, we have that

Q<g>gl7 '-'7gm—1>7~r(7r(y))) = AgAgl"'Agm—lQ(y)

since ¢ is a cocycle in each coordinate, the same holds if the generators gy, ¢o, ..., gm_1
are replaced with any elements of G. This completes the proof. U

We can finally prove the desired result.

Theorem 5.9 (Roots for phase polynomials in a k-extension). Let X be an ergodic G-
system. Let Py, Py, ... be at most countably many (G, X, S*)-phase polynomials of degree
< m and let pi,ps, ... be prime numbers. Then, for every natural number | there exists
an Op,(1)-extension Y with the following property: for every n = pi* - ph?* - ... ~p7;j where
j € N and ny,ny,..n; <1, there exist (GOmtW) Y, SY) phase polynomials Q;, : Y — S*
of degree < d such that Q}, = P;om, where w:Y — X is the factor map.

Proof. We prove the theorem by induction on m. If m = 1, then by ergodicity P, P, ...
are constants and the claim follows without extensions. Fix m > 1 and assume induc-
tively that the claim holds for this m and let P be a phase polynomial of degree < m+1.
For every g1, ..., g € G we have that

c(Gry ey gm) == Dy, ... Ay, P

is a symmetric multi-linear map. Let G = GO be the extension of G. We can lift ¢ to
an element in SML,,(G,S'). Once lifted, we can find d € SML,,(G, S') with d" = c.
By the previous lemma applied to d there exists an extension 7 : ¥ — X and a phase
polynomial @), such that Ay ..A,,Q" = A,,...AgqP o and so by ergodicity Pom/Q" is
of degree < m — 1 and the claim for this P follows by induction hypothesis. The same
argument holds if applied to all Py, P, ... simultaneously, as required. U

The results in Theorem [5.5]and Theorem 5.9 require to extend X by a zero dimensional
group multiple times. For this reason it will be convenient to use the following definition.

Definition 5.10 (Zero dimensional extension). Let X be an ergodic G-system. We say
that an extension Y is a zero dimensional extension of X if there exists finitely many
zero dimensional groups Ay, ..., A, such that Y = ((X X,, A1) x,, Ag X ...) X, A, for
some cocycles pq, ..., p,. We say that a zero dimensional extension is of exponent [ if
A, ..., A, are of exponent [.

We note that by the Mackey-Zimmer theory, Y can be written as a single extension
of X by a zero dimensional group, but we do not use this here.
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Below we prove various corollaries of Theorem [5.5| and Theorem We begin with the
following important lemma which allows us to reduce any Conze-Lesgine type equation
to the torus.

Lemma 5.11. Let I;m > 1, X be an ergodic G-system and U be a finite dimensional
compact abelian group of exponent . Let p : G x X — U a cocycle of type < m and
suppose that for every x € U the cocycle x o p is (G, X, SY)-cohomologous to a phase
polynomial of degree < m. Then, there ezists some r = O, (1) and a zero dimensional
r-extension m: Y — X such that por is (G(T), Y, U)-cohomologous to a phase polynomial
of degree < m. Moreover, the extension Y is independent of p.

Proof. Let A be a zero dimensional subgroup of exponent [ such that U/A = (S1)* x
Hle C’p@ is a Lie group. We denote by X1, ..., x» the lifts of the coordinate maps of U/A

to U.

By assumption, for every x € U there exists a phase polynomial P, and a measurable
map F) such that

(5.9) xop=P - AF,

Our goal is to find a choice of P, and F) such that x — P, and x — F) is a homomor-
phism. Recall that the dual group of U/A takes the form Z* @ Z/p*Z & ... ® Z/pZBZ.
As a first step we show that for every prime p and a natural number n, if y : U/A — S!
is a character of order p" then we can replace P,, F such that equation holds for
the new replacements and at the same time P, and F) takes values in Cpn.

From Equation 1} and the fact that y is of order p", it follows that AF}?” = ?Xpn.
In particular, F?" is a phase polynomial of degree < m + 1. If n is sufficiently large
with respect to m (Proposition then Pfg" (g,-) is trivial for every g € G of order p.
For such n apply Theorem Otherwise, n = O,,(1) and we apply Theorem 6.9 We
conclude that there exists a zero dimensional O,,(1)-extension 7 : X — X and a phase
polynomial @, : X — SY of degree < m + 1 such that Qin = ng" om. Now, we replace
F, with F) om/Q, and P, with P, om - AQ,. We can therefore assume that

(5.10) xo(pom) =P AF,

and at the same time F), P, takes values in Cyn, as desired.
We conclude that there exist homomorphisms x — P, and x — F) from the dual of

U/A to Pep(G, X, S") and M(X,S"), respectively such that equation holds.

Our next step is to extend these homomorphisms to U. Since A is of exponent [,
by Theorem there exists a countable multiset of primes I = {p;,pa, ...} such that
A = Tlien Cp;’bi where n; < [ for every . Let m,7,... € A be the coordinate maps.

Using the pontryagin duality, we lift each of the 7;’s to U arbitrarily. Abusing notation,
we denote the lifts of these characters by 71,7, ... as well. Observe that 7, 7,... and



34 OR SHALOM

X1, ---, Xn form a generating set of U. Therefore, in order to extend the homomorphisms

above to U it is left to work out the relations of the form Tfil = U x!n where n; < 1is
as before and [, ..., [,, are natural numbers.

Fix some 7 : U — S' as above and suppose that 77" = . ... xI» for some prime p and
a natural number r < [. Equation (5.10) implies,

PV AFY =[] XiPl - AF:
=1

and we conclude that

r

EY

[T B

is a phase polynomial of degree < m + 1. 3

Therefore by Theorem [5.9] there exists a zero dimensional Oy(1)-extension 7y : Y — X of
X (which is independent of 7) of exponent [ and a phase polynomial R, : Y — S' such
that RF" = ( nF’?TFli) o my. Now, we replace F, with % and P, with P, oy - AR,

i=14'%; T

and we lift the other polynomials to Y as well. After the replacement, we have that
P = T]i, Pi. This means that we can find homomorphisms x — P, and x — F
from U to P (G,Y,S") and M(Y,S') respectively, such that (5.9) holds. Using the
pontryagin duality, we see that there exists a phase polynomial P € P.,,,(G,Y,U) and a
measurable map F' € M(Y,U) such that pomy = P-AF. This completes the proof. [J

In a similar manner we have the following result.

Lemma 5.12. Let [,m > 1 be natural numbers, let X be an ergodic G-system and U be
a compact abelian group. Let p :' V — U be a surjective homomorphism from a compact
abelian group V' onto U and suppose that the kernel of ¢ is a totally disconnected group
of exponent l. Then, there exists an Oy, (1)-extension m: Y — X with the property that
for every phase polynomial p : X — U of degree < m there exists a phase polynomial
p:Y — V such that pop=por.

Proof. Using the pontryagin duality, we see that the surjective homomorphism ¢ gives
rise to an injective homomorphism ¢ : U — V. Therefore, we can assume without
loss of generality that U<V. Let p: X — U be as in the theorem, then for every
X € U, xop: X — Slis also a phase polynomial of degree < m and y — Y o p is
clearly a homomorphism. Arguing as in the previous lemma we see that by passing to
an extension we can extend this homomorphism to V. Namely, there exists an Om.a(1)-
extension 7 : Y — X and a homomorphism y +— p, from V to P_,,(X,S") such that
Dy = Py o m for every x € U. By the pontryagin duality, there exists a phase polynomial
p:Y — V such that x o p = p,. This completes the proof. O

We recall some definitions from [5].
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Definition 5.13 (Quasi-cocycles). Let X be a G-system and k£ > 0 be a natural number.
We say that f is a quasi-cocycle of order < k if d¥ f : G x X¥ — S' is a cocycle.

Note that by Lemma this means that for all g,¢’ € G there exists a phase
polynomial p, , of degree < k such that
flg+g.2)
= Pgg (7).
f(gvx)f<g/7Tgx) 9

Bergelson Tao and Ziegler already proved a version of Lemma for quasi-cocycles.

Lemma 5.14. Let X be an ergodic G-system of order < k and m : X — Y be a factor
of X. If f: G xY — S is a quasi-cocycle of order < k — 1, such that f o7 is of type
< k then f is of type < k.

We also need the following definition.

Definition 5.15. We say that a function f : G x X — S! is a line-cocycle if for any

g € G we have
order(g)-1

I fo1z) =1
k=0

We weaken the assumptions in Theorem [3.7]

Theorem 5.16. Theorem [3.7 holds with the weaker assumption that each p, is a quasi-
cocycle of order < k — 1 and a line-cocycle.

Proof. The proof is the same as in Theorem and therefore will not be repeated. The
main observation is that in the proof of Theorem we only used the fact that p is a
cocycle for two purposes: First, so we can apply Lemma which we now can replace
with Lemma and second, to eliminate the term p! in equation (3.5). This time,
pl, : G — S'is aline-cocycle. In particular, p! (g) is of finite order for every g € G. Since
H, is connected, it is divisible and therefore the homomorphism u — p!, is trivial. U

Let X be an ergodic G-system. In the next lemma we see how the extension theorems
are useful to construct line-cocycles from arbitrary functions of finite type.

Lemma 5.17. Let k,m > 1 and X be an ergodic G-system of order < k. Then there
exists 1 = Ok (1) an ergodic zero-dimensional Oy, (1)-extension m Y — X, with the
following property: for every function f: G x X — St of type < m there exists a phase
polynomial p : G x Y — S of degree < m such that f o 7/p is a line cocycle.

Proof. Let g € G and denote by n the order of g. Let f be of type < m. Since d™ f is
a coboundary, it is also a cocycle. We conclude that

n—1
dm H f(g,T;x) =1
k=0
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Lemma, @ implies that HZ;(I) (9, T fa:) is a T,-invariant phase polynomial of degree
< m. We apply Theorem for every g € G (simultaneously). We see that there exist
an O, (1)-extension Y and a phase polynomial p : G XY — S of degree < m such that
p(g, ) is T,-invariant for every g € G (see Remark and p(g,-)" = HZ’;(I] (g, Tg’“:c). It
follows that f o7 /p is a line-cocycle, as required. 0

The following theorem summarizes the main results in this section.

Theorem 5.18. Let k,m,l,a > 1 and let X be an ergodic system of order < k. Let U
be a finite dimensional group of exponent a and ¢ : V — U a surjective homomorphism
such that ker ¢ is a zero dimensional group of exponent l. Then, there exists a zero
dimensional O m1.q(1)-extension Y of X with a factor map m :' Y — X such that the
following properties hold.

o Let p: Gx X — U be a cocycle. If xop € P.,,(G,X,S)- BYG, X, S') for every
x €U, then por € P, (G,Y,U) - B{G,Y,U).

e For every phase polynomial p : X — U of degree < m, there exists a phase
polynomial p :' Y — V such that pop =po .

o For every function f: G x X — St of type < m, there exists a phase polynomial
of degree < m, p: G x X — S such that f ow/p is a line cocycle.

6. PROOF OF THEOREM [2.12] PART I

Throughout the rest of this paper we let G denote a group of the form @pe pL/p™Z
where P is a multiset of primes and m € N. Moreover, we will no longer deal with general
nilpotent systems and so whenever we say a nilpotent system we implicitly assume that
the homogeneous group is the Host-Kra group. Our goal is to prove the following result.

Theorem 6.1 (Any finite dimensional system is a factor of a nilpotent system). Let
k,a € N and let X be an ergodic finite dimensional G-system of order < k+1 and expo-
nent a.. Then, there exists a finite dimensional ergodic Oy (1)-extension Y of exponent
B = Oam(l) such that Y = G(Y)/T, for some totally disconnected group .

Let v € N and X be as in the theorem above. Then, X = Z_;(X) x, U where U is a
finite dimensional compact abelian group of exponent . Proving the theorem above by
induction, we can replace Z_,(X) with a finite dimensional nilpotent system G/I'. It is
natural to ask when an element s € G has a lift in G(X).

Definition 6.2. Let G/I" be a k-step nilpotent system, p : G x G/T' — U be a cocycle
into some compact abelian group U and Y = G/I" x, U. We say that an element s € G
has a lift in G(Y) if there exists a transformation 5 € G(Y') which induces the same
action as s on G/I'. In this context we let

G ={se€G:shasaliftin G(Y)}.
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Note that translations by U are automatically in G(Y'). Therefore, if the action of G*
on G/T" is transitive then the action of G(Y) on Y is transitive.
We need the following easy lemma.

Lemma 6.3. Let k> 1 and X = G /T be a k-step nilpotent G-system. Let L be an open
subgroup of G(X) which contains T, for every g € G. Then the action of L on X s
transitive.

Proof. Let T';x = T'NL. The quotient £/T"; can be identified with a G-invariant open and
closed subset of G/I'g. Ergodicity implies that £/ = G/I'g under the identification
l-Ty—1-Tg. In particular, the action of £ on X is transitive. O

We use the following criterion for lifting due to Host and Kra [31, Lemma 10.6]E|

Lemma 6.4. Let k > 0 and let X be an ergodic G-system of order < k + 1. Write
X =Z (X)) x,U for some compact abelian group U and a cocycle p: G x Z,(X) = U
of type < k with d*lp = AF. Let t € G(X), if there exists a map ¢ : Z1(X) — U with
the property that

(6.1) AwF =dMg
Then the transformation
(6.2) tHz, u) = (tz, p(z)u)

is a lift of t in G(X).
Conversely, every element in G(X) is of the form (6.9).

Let p : G(X) — G(Z<x(X)) be the projection map (Lemmal[J.5). By the lemma above,
the kernel of p consists of transformations of the form Sy p where F' € Poj11(Z<4x(X),U).
As a consequence we have the following result.

Lemma 6.5. If X is a finite dimensional system then G(X) is a finite dimensional
group.

Proof. Using a proof by induction it is enough to show that P_p1(Z-x(X),U) is fi-
nite dimensional. Let A < U be a zero dimensional group such that U/A is a finite
dimensional torus. The projection U — U/A gives rise to a short exact sequence

(6.3) 12 A— Py (Zp(X),U) - B—1

where A < P 1(Zp(X),A) and B < P1(Z(X),U/A) are closed subgroups. By
Lemma we conclude that the subgroup of constants P.i(Z.x(X),U/A) 2 U/A is
an open subgroup of P_y,1(Z-x, U/A) and therefore, B is finite dimensional. Moreover,
since every profinite group is embedded in a direct product of finite groups we can assume
that A <T[;2, F;, which implies that Poj1(Z<;(X),A) <T[;2; Pegs1(Z<x(X), F;). For
every i, Poyy1(Z<(X), F;) is discrete, this implies that the product [[;2; Peg+1(Z<x(X), F;)

"Lemma 10.6 in [31] is formulated only in the case where U is a torus. However, since this assumption
does not play a role in their proof, the claim holds for every compact abelian group U.
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is totally disconnected. In particular, the closed subgroup P_p.1(Z-x(X),A) and the
closed subgroup A are zero dimensional. The short exact sequence (6.3) implies that
P_y11(Zx(X),U) is finite dimensional, as required. O

The proof of Theorem [6.1] is reduced to solving the following lifting problem.

Theorem 6.6. Let k,m > 1. Let X = G/T" be a finite dimensional k-step nilpotent
system of exponent m and suppose that G is an open subgroup of G(X) which contains
T, for every g € G. Let p: G x X — U be a cocycle of type < k + 1 into some finite
dimensional compact abelian group U of exponent o. Then, there exists an ergodic zero-
dimensional Oy, (1)-extension m: Yy — X of order < k+ 1 and exponent m' = Oy, (1)
which is independent on p such that the following properties hold.

(1) The subgroup
Lo={seG: there exists a lift of s in G(Yp)*}

is open, where G(Yy)* is defined with respect to the extension Yy X por U.

(2) The subgroup of G(Yy)* generated by all of the lifts of the elements in Ly acts
transitively on Yy. In particular, Yy is a finite dimensional k-step nilpotent sys-
tem.

Given this result we prove Theorem in section
The extension theorems from section [5| play an important role in the proof of Theorem
[6.6] However the use of these theorems require passing to an extension (or k-extension) of
the original system. This leads to various difficulties which we will explain soon. First,
we need to distinguish between two different types of extensions. These are, weakly
mixing extensions and degenerate extensions. We begin with a definition for the former.

Definition 6.7 (Weakly mixing abelian extensions). Let X be a system of order < k,
U be a compact abelian group and o : G x X — U a cocycle of type < k. The extension
X X, U is called weakly mixing if Z_;(X X, U) = X. In this case we also say that
o0:Gx X — U is weakly mixing.

A classical result of Host and Kra [31], Corollary 7.7] asserts that an extension of a
system of order < k by a cocycle of type < k — 1 is also of order < k. We say that this
kind of extensions are degenerate and note that all of the extensions from section [5| are
degenerate.

Moreover, a cocycle 0 : G x X — U is not weakly mixing if and only there exists a
character 1 # y € U such that y oo is of type < k — 1 [30, Proposition 4]. We deduce
the following result.

Lemma 6.8. Let X be a system of order < k, and 0 : G x X — U a weakly mizing
cocycle on X. Let m: Y — X be an ergodic extension of order < k, then o om is weakly
mixing.



FINITE DIMENSIONAL NILPOTENT SYSTEMS 39

Proof. If not, then for some 1 # x € U, x ooomis of type < kK — 1. Therefore, the
extension Y Xy ozor X(U) is of order < k. Since X X0, x(U) is a factor of Y X,opor X (U),
it is also of order < k. But then we have a contradiction because Z(X x, U) must be
a non-trivial extension of X. 4

The following result will allow us to strengthen Lemma for weakly mixing cocycles.

Lemma 6.9. Let m,d > 1. Fiz a multiset of primes P and let G = @ ,.p Z/p™Z and
X be an ergodic G-system. Then for every prime p € P and a natural number n € N, if
p:Gx Zg(X) = Cpn is a weakly mizing cocycle and (G, Z-q4(X), S*)-cohomologous to
a phase polynomial of degree < d, then n = Oy, 4(1). Moreover, if p ¢ P then n = 0.

Proof. Write p = P - AF where P : G x Z_4(X) — S is a phase polynomial cocycle of
degree < d and F : Z_4(X) — S'. By assumption PP" - AFP" = 1, we conclude that
FP" is a phase polynomial of degree < d 4+ 1. If n < d the claim follows, otherwise by
Proposition we see that F?" is T,-invariant for every g € G of order p (this part
is trivial if p ¢ P). By Lemma we can pass to an extension of X and assume that
FP" has a phase polynomial root @ of degree < d. Let P’ = P-AQ and F = F/Q
then p = P’ - AF'. Moreover, P’ takes values in Cp» and therefore by Proposition
in C,; for some | = Oy, 4(1) (or that P’ is trivial if p ¢ P). We conclude that P s a
coboundary on an extension of Z_4(X). This contradicts Lemma unless n = [ (or
n=0ifp¢&P). O

The role of Theorem in the proof of Lemma [5.11]is to show that if y takes values
in some Cp» then we can replace P, and F), in equation with P, and F which takes
values in Cpn. Therefore, the argument in the proof of Lemma requires passing to
extensions by totally disconnected groups of potentially unbounded exponent. However
now we know (by the lemma above) that if the cocycle is weakly mixing then the quantity
n must be bounded. In other words we have the following stronger version of Lemma

B.IT

Corollary 6.10. In the settings of Lemma |5.11. If X is of order < k then there exists
a = Ogmi(1) such that the extension Y is a (bounded) tower of extensions of X by
totally disconnected groups of exponent c.

It is classical (see [31l Proposition 7.6]) that every extension can be decomposed as a
weakly mixing extension and a degenerate extension. More formally, let X be a system
of order < k and let ¢ : G x X — U be a cocycle of type < k + 1. If we let W be the
annihilator of {y € U : x oo isof type <k}, then X X, U =X Xy moaw U/W x, W
where X X, moa w U/W is a system of order < k and 7 is a weakly mixing cocycle. In
particular, we see that it is enough to prove Theorem in the case where p is of type
< k (the degenerate case) and in the case where p is weakly mixing. In this section we
prove the former, we begin with the following lemma about degenerate extensions.
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Lemma 6.11. Let k > 1 and let X = Z;,(X) x, W be an ergodic G-system of order
<k+4+1. LetY = Z_(Y) %,V be an ergodic extension of X of the same order. Then,
there exists a surjective homomorphism ¢ : V. — W such that ¢ o 7 is (G, Z(Y), W)-
cohomologous to o o m, where my : Z,(Y) = Z1(X) is the factor map.

Proof. Let m :' Y — X be the factor map. It is classical that 7 defines a factor my :
Z k(YY) = Z,(X) and we have that

7T<y7 U) = (Wk(y>7p<y7 U))

where p: Y — W.

Since 7 commutes with G, we conclude that Ayp(y,v) = o(g, mx(y)). In particular, we
see that Ap is invariant under the action of V. Since Y is ergodic, A,p is a constant.
We conclude that there exists a homomorphism ¢ : V' — W and a measurable map
F:Z,(Y) — W such that p(y,v) = ¢(v) - F(y). Therefore, o(g, m(y)) = Aygp(y,v) =
wot(g,y)-AF. Since Z (V) X yor, W is a factor of Y, it is ergodic. It follows by Lemma
that the image of p o 7 is W. We conclude that ¢ is surjective as required. U

Our next result is that Theorem holds for degenerate extensions if the group U is
totally disconnected of bounded exponent.

Theorem 6.12. Let k,m > 1 and let X = G(X)/T be a finite dimensional k-step
nilpotent system. Let p: Gx X — U be a cocycle of type < k into some zero dimensional
compact abelian group U of exponent m. Then, there exists an ergodic Oy, (1)-extension
7 : Yy — X with the same properties as in Theorem [6.6

Recall that by Lemma if Y is an extension of X of the same order then we
can find compact abelian groups V and U such that YV = Z,(Y) x, V and X =
Zk(X) x5 U. Moreover, there exists a surjective homomorphism ¢ : V' — U such that
@ o7 is cohomologous to o o 7, where 7y 1 Z(Y) — Z(X) is a factor map. It will be
convenient to lift the elements of G(X) to an intermediate factor X = Zx(Y) Xgor, U
and only then to lift them to Y. Each of these steps will require extending Z_; further.
For the first lift we need the following corollary of Lemma [6.4]

Corollary 6.13. Letk > 1. Let X be an ergodic G-system of order < k andp: GXx X —
U a weakly mixing cocycle. Let m :' Y — X be an ergodic extension of X of order < k
and s € G(X). If s has a lift in G(X x,U) and a lift in G(Y'), then s can be lifted to
G(Y Xpor U).

Proof. Write d*p = AF and let s € G(X) be as in the claim. By Lemmathere exists

a measurable map ¢, : X — U such that S5 ,, € G(X x,U). Let 5 be alift of s in G(Y),
since

Ag[k]FO m = (As[k]F) o = d[k}d)s oT

we conclude by Lemma and Lemma that the transformation S; 4 o is a lift of §
in G(Y X ,or U), as required. O
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For convenience, if X is a factor of a system Y, 7% : Y — X is the factor map and
F is a function on X we refer to F o 7% as the lift of F' to Y. We turn to the proof of
Theorem [6.12

Proof. Let X = G/T and p : G x X — U be as in Theorem and assume that p is
of type < k and U is totally disconnected of exponent m. By proposition there
exists a compact abelian group W and a cocycle o : G x Z_,(X) — W such that
X =Z4(X) x, W. Let Y = X x,U and write Y = Z(Y) x, V for some compact
abelian groups V' and a cocycle 7. Let 1y : Zo,(Y) — Z.1(X) be the factor map, then
by Lemma there exist a surjective homomorphism ¢ : V' — W and a measurable
map F': Z(Y) — W such that that c om, = o7 - AF.

w.m

degenerate degenerate
.m
Zow(X) 2 Z i (X) xo W

Observe that Z_(Y) is a degenerate extension of Z_4(X) by a zero dimensional group
and Y is a weakly mixing extension of Z_;(Y'). Therefore we can apply the degenerate
case of Theorem [6.6| (using the induction hypothesis) to lift transformations from Z_(X)
to Z.,(Y) and then use the weakly mixing case to lift from Z_,(Y) to Zx(Y) %, V.
Each time we have to pass to an extension. We conclude that there exists an extension

Yo = Z(Yy) X V where 79 = 70 ng:g%) and such that
H={s € G(Z(X)): there exists a lift of s in G(Y)}
is an open subgroup of G(Z_x(X)).

Now let S, be any transformation in G(X). If s € H then there exists a lift 5 €
G(Z(Y0)) and a measurable map 9 : Yy — V such that S5, € G(Yp).
Our goal is to replace S5, with a lift of Ss 4. Let & : G x Z.;(Yy) — W be the lift of o to

Z(Yy), that is 6 = aongzg)‘?)). Similarly let ¢ and F be the lifts of F and ¢ to Z,(Y5),

respectively. We consider the intermediate factor X = Zx(Yo) X5 VIN/ and conclude by
Lemma |6.4) and Corollary [6.13 that S; 5 and S ., A_j belong to G(X). Therefore,

0
e P Z(Yo), W
goo@/)-AgF <k< <k( 0) )
By Theorem we can pass to an extension Y; = Z<k(Y1~) X, V where we can find
a phase polynomial p : Z_,(Y;) — V such that pop = p f&p' Arguing as before we

can pass to another extension Y; = Z_,(Y3) X,, V and find an open subgroup H’ of ‘H
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of transformations in G(Z.,(X)) which has a lift in G(Y3). Let p and 1 be the lifts of p
and ¥ to Z_,(Y2), respectively. We conclude that for every s € H' the transformation
Ss7.p induces the action of S;, on X. Since H' is open, the group of all lifts of H' in

G(X) is also open. This completes the proof. O

The case where the group U in theorem is of dimension greater than zero follows
by a similar argument. Indeed, if V' is an extension of W by a finite dimensional group
U of dimension n, then V is an extension of (S')" x W by a zero dimensional group.
Since the extensions which arise from Theorem 5.9 are zero dimensional, this case is not
needed in the proof of Theorem and we leave the details for the interested reader.

7. PROOF OF THEOREM PART 11

As mentioned in the previous section it is enough to prove Theorem in the case
where the extension is weakly mixing. In this case we have the following result of Host
and Kra [31, Lemma 10.8].

Lemma 7.1. Let k > 0 and let X be an ergodic G-system of order < k+ 1 and o :
G x X — U be a weakly mizing cocycle with d*o = AF. Let j be an integer with
0<j<k+1andlet G; be the j-th group in the lower central series for G. Then, for
every t € G; and a measurable map ¢ : X — U the following are equivalent:

(1) For every (k —j +1)-face 5, A = dg g,

A gy F
. [k+1] . . . .
(2) For every (k — j)-face «, C;[?Tu(ﬁ is an invariant function on X*+1,

7.1. The main objects in the proof. We begin by describing the objects which will be
used in the proof of Theorem . For 0 < j <k + 1 we construct a tower of extensions
Yo = Y1 = ... = Yy = X, where each Y is an Oy, j(1)- extension of Y, (and
therefore of X) of order < k with the following properties:

e The subgroup
L;:={s € G(X):shasalift in G(Y;)}

is open in G(X).
e The subgroup

Vi:={se€ G;(X)NL,: s has alift in G(¥;)*}

is open in G;(X).
e For technical reasons we will also prove that V; contains the subgroup generated

by the commutators {[s,g]: s € G,_1(X) N L;,g € G}.
We note that in each step the group G is replaced with some Oy, ;(1)-extension, we
abuse notation and denote all of them by G. Since we only construct k + 1 extensions
(Ye, Yi—1,..., Yp), the final extension Yj is an O, (1)-extension of X.
We construct these objects by downward induction on j; For j = k + 1 we can take
Vi1 = X, L1 = G and Vi = {e}. For j = k we have the following lemma.
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Lemma 7.2. In the setting of Theorem there exists an ergodic zero dimensional
Ok.m(1)-extension Yy, of order < k, such that Ly, is open and Vi, = Gy N L.

The proof is a modification of the arguments of Host and Kra [31, Lemma 10.9].

Proof. Let F' : XF+1 — U be such that d**p = AF. Since G(Z.(X)) is (k — 1)-
step nilpotent we conclude that any ¢t € G is an automorphism which fixes Z_;(X).
Therefore, by Lemma , Aup is of type < 1. Let x € U, then by Lemma Ayxop
is (G, X, S1)-cohomologous to a constant. We conclude by Lemma that there exists
a zero dimensional O, (1)-extension 7 : X — X by a cocycle of type < 1 such that

(7].) (Atp) o = Ct - AFt

for some constant ¢; : G — U and a measurable map F, : X — U. It follows that for
every edge

AwmEF)ow
(7_2) %
de' F}

is invariant in X, Notice that X is a degenerate extension of X, therefore by the
induction hypothesis of Theorem there exists an O, (1)-extension 7 : Y, — X
(and therefore of X). By the same theorem the group £, < G with respect to this
extension is open. Any t € £ has a lift in G(Y}). If in addition ¢ € G, then equation
and Lemma [7.1] imply that ¢ has a lift in G(Y%)*, where G(Y},)* is defined with

respect to the extension Y} X ¥ U, as required. U
X

We climb up along the central series inductively. Suppose by induction that we have
already constructed Y1, £;41 and V41 as above. We prove:

Lemma 7.3. There exists an ergodic Oy, (1)-extension Y, of Yji1 such that
L= {s € Ljs1:5 has alift in G(Y])}
is open in L1 and at the same time,
Vii={se L;NG;:s has alift in G(Y])"}
is open in LN G;.

Proof. Let s € G(Yj41) be any lift of an element s € G; N L;;1. By assumption,
1 g7 € Vj;q for every g € G. We conclude that there exists ¢s, : Yji1 — U
such that for every (k — j + 1)-face 3 we have,

A[s—l,g_lngrl]F °T= dgﬁl]ws’g

where 7 : Yj[ﬁrl] — X is the factor map. Consider the function 6s(g,y) = 95 4(g5y) -

Asp(g,m(y)) where 7 : Y; 1 — X is the factor map. The following computation is taken
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from 31, Proposition 10.10]:

(7.3)
Ag[k+1] <Asg€+1]F(ﬂ-(y))) :‘/Sgﬁu O Tg[k+1] (A[s_lyg_l][kJrl]F(Tr(y))) . AS%HU Ag[k+1]F(7T(y))

:d[;ﬂ}vs o Tg(qp&g(y)) CA ;+1]d [k+1] (g,ﬂ(y)) _ dgsﬂ]es

where the last equality follows from the fact that A ey d*p(g,7(y)) = dng]As,o(g, 7(y)).
5

It follows that dgCJrl]GS is a (G,ijjl] Sh)-coboundary for every (k — j + 1)-face 8 and
therefore 6, is a function of type < k — j + 1 (Lemma [A.§). By Lemma we can
extend Y; and assume that all 65 are line-cocycles (the polynomial term p in Lemmam
can be ignored by changing 1, , with 1, ,/p).

The map s — 0, is a measurable map from §; to functions of type < k — j + 1.
By Theorem and Baire theorem we have for every y a non-meagre measurable set
A, C G, such that for every s,t € A,, x(65/6;) is (G,Y}41, S')-cohomologous to a phase

olynomlal of degree < k — j + 1. Assume for now that we can choose the same set A
for all y € U simultaneously (we prove this step in Lemma [7.7 below).

By Lemmawe can find an < Oy, (1)-extension Y}H of Y}H such that as a function
on ffjﬂ, 0s/0; is (G, ffjﬂ, U)-cohomologous to a phase polynomial of degree < k —j+ 1.
Therefore, for every s,t € G; N L; there exists a measurable function 6, : }7j+1 — U
with dg€+1]93/9t = Adggﬂ]ﬁ&t. Since ffjﬂ is a degenerate extension of Y;,;, we can use
Theorem m Thus, we can pass to an extension Y of order < k + 1 such that

L= {s € Lj;1: s has alift in G(Y])}

is open. By lifting everything to Y] it follows from ([7.3) that

/

A(Vn Fomy — ViunFomy) = Adeta,,
B ﬁ

where F' and 0, are viewed as functions on Y; and 3, t are any lifts of s and ¢. It follows

Y/ Y/ . . . . .
that that AEECH]F omy — V%gCH]F omy — dg””@ is invariant in (Yj’)[“”. Since t € Gj, it

v
maps the o-algebra Z;.,1(X) to itself Moreover, since Flory/ is measurable with respect
to X, we have that A e 1 F o 7TX Ad [k+1) Vq@s,t is invariant with respect to the

diagonal action of G on X+, Now, by Lemma , we conclude that for every lifts of
s,t € A the element corresponding to st~ in G(Y}) is in G(Y})*, where G(Y})* is defined
with respect to the extension Y, x v/ U. Thus, V; contains A - A~! and so the proof

pory!

is complete by Lemma [B.2] O
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The following lemma is the final step in the proof. We describe a process which allow
(by passing to an extension) to add arbitrary countable set of transformations of the
form [s, g] where s € LN G; 1 and g € G to V.

Lemma 7.4. There exists an ergodic zero dimensional Oy, j(1)-extension Y; of Y] such
that L; = {s € L} : s has a lift in G(Y})} is open and V; C G N L; satisfy the properties
in section [7.1]

Proof. Let s € L, and let g € G be a generator in the natural basis of G. By the
structure of G, the order of g is p@km3() for some prime p (the exact power is not
important). Since G is k-step nilpotent, the order of [s, g] is also p@tmi(}) for possibly
higher but bounded power. Since V is open in £;NGj, it is of at most countable index in
that group. Therefore, we can find a countable set {s, }en of transformations in L.NG;

: Ok.m.; (1 . .
where each s, is of order p," 4 ), for some primes p, where the power is bounded

uniformly for all n and such that J,oy s, V] contains {[s,g] : s € G;_1 N L}, g € G}. By
adding inverses, we may assume that {s, : n € N} contains all of its inverses.
Let Cy := {s, : n € N}, and for every n > 1 let C,, := {[s,g] : s € C,,_1,9 € G} and
C = U,en Cn-
Definition: For s € C' we define the complexity of s by

comp(s) := max{n:s € C,}
We need the following result.

Lemma 7.5. For every n € N, there exists a zero dimensional Oy, (1)-extension m, :
Yin — Y] such that for every s € C,, and for every 0-dimensional face o, there exists
Vs : Y, — U such that

(7.4) (A s F) o7, — dii iy,

18 Tg[kH]—mvam'ant for every g € G.

Proof. We prove the claim by downward induction on n. If n > j, then Cj is trivial and
the claim follows. Fix some 0 < n < j and assume that Lemma holds for all values
greater than n. Let s € C,. For every g € G, [s7!,¢g7!] has complexity greater than
n. Therefore, by the induction hypothesis there exists an extension m,11 : Yj,p1 — Y]
and a measurable map 95, : Y; 11 — U such that (A[sfl’gfl}gﬁl]F) O Tpy1 — d[olj—i_ﬂdjs,g
is invariant for any O-face o. Let s be any measure preserving transformation on Yj 1
(not necessarily in G(Yj,11)), which induces the same action of s on Y} ﬂ Consider the
function

(7.5) 0s(9,y) = s4(95Y) - Asp(g, Tni1(y))

8Such lift always exists. Recall that Yj’ is a tower of group extensions of X. Therefore, there exists a
compact group K such that Y/ = X x K as measure spaces. In particular, 5(z, k) = (sz, k) is a lift for
s.
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As in the previous lemma, 05 : G xYj .1 — U is a function of type < k—j+1. Note that
if the order of g is co-prime to p then s commutes with g and so we can take 9, , = 1.
We replace 6, with a cocycle,

Claim: By embedding U into (S)Y using the pontryagin dual, we view 6, as a map
into (S1)N. We claim that there exists a constant ¢, : G — (S)Y and a cocycle @, :
G X Yini1 — (S1Y such that for any generator g € G, 0.(g) = ¢s5(g) - 05(g9). Moreover,
¢s(g) = 1 whenever the order of g is coprime to the order of s.

Proof of claim: Fix any 0-face a and h € G, by the induction hypothesis of Lemma

7.5l we know that Agﬁl}(A[s,l g,l}[Hl]F) O Mpi1 = d,[fH]Aw&g‘ The same calculation as

in ([7.3) gives
d([)lf-&-l]Ahgs(g) = Ah[k.;_l]Ag[k-ﬁ—l](Aggc-ﬁ-l]F O Mni1)

Since g and h commute, we have dL’fH]AhQS(g) = d([fH]AgQS(h) for any O-face . We
conclude that

Therefore, by ergodicity we have

0s(g+9') el d
@@%ww‘s@w

for all g, ¢’ € G and some constant c4(g,q’).

(7.7)

From this we conclude that [[7c®) " TF0s(g) is a constant in U. In order to take
roots we embed U in the divisible group (Sl) and choose ¢, (g) € S' such that

Csy (g)order@) = Hp 0 T’“X o fs. Note that if g is of order co-prime to p, then s and

g)—1

g commutes. In this case ¢, = 1 and Horder TFx o6 = 1. In other words, if g is

of order co- prlme to p we can take c,,(g) = 1. Let f5,(g) := x 0 05(g)/csx(g). We see
that [~ Tkésx( ) =1 and Anlsx(9) = Aybs (h) for every h,g € G. Let ¢, be
the cocycle as in Proposition [5.2l Q.E.D.

We return to the proof of Lemma Consider the cocycle
0= (0,,)sec, et i G X YVinsa — (ST

$;X

and choose a minimal cocycle o : G X Yj,11 — (S')Y which is cohomologous to 6. Let
Yin = Yjnt1 X W where W is the image of ¢ and assume for now that W is zero
dimensional (proof below). Since 6 is cohomologous to o it is a coboundary on Yj,,. This
implies that y o#, is cohomologous to constant for every x € U and s € C,. Using Theo-
rem we can replace Y, with an extension such that 6; is (G, Y} n, U)-cohomologous
to a constant on that extension. In that case we can find ¢, : Y;,, — U such that
equation ([7.4)) is satisfied. This completes the proof of Lemma
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We return to the proof of Lemma Consider the extension Y, from the previous
lemma. This is a degenerate extension of Y;. Therefore, by Theorem we can find
an extension Yj such that the subgroup £; = {s € £’ : s has a lift in G(Y;)} is open.
Let V; be as in the theorem, since Vj’ N L; C V;, we have that V; is open in £; N G;.
Recall that {[s,g] :s € G; 1NL), g€ G} CCy-V/. Let s € LiNG; , and g € G. From
equation [7.4) and Lemma [6.4] it follows that if s has a lift in G(Y) ), then [s, g] has a lift
in G(Y;0)*. From this and corollary @l, we conclude that if s has a lift in G(Y}), then
[s,9] it has a lift in G(Y})*. Since all elements in £; has lifts in G(Y) we conclude that
if s € £;NG;1 then [s, g] has a lift in G(Y])*. we conclude that if s € We conclude that
any element of the form [s,g] where s € £; N G; 1 and g € G has a lift in G(Y])*. In
other words {[s,g] : s € £; N G;_1,9 € G} CV}, as required. O

It is left to show that W is zero dimensional. Fix s € (), and x € U , We prove that
there exists IV such that (¢}, )" is a coboundary. We need the following lemma.

Lemma 7.6. Let Y be an ergodic extension of a G-system X of order < k. We denote
by G be the Host-Kra group of X. Let p be a prime number and write G = GpEBGj where
G, is the p-component of G. Let m > 0 and suppose that f : G x Y — S' satisfies that
d"™ f = AF for some F : Y™ — SY which is measurable with respect to X™. Then, for
every s € G of order p™ for some n € N, there exists a function o : G x X — S and a
natural number N = O pnm(1) such that with o4(g,z) =1 for all g € G, and

(Asf : Us)N

is a (G, X, SY)-coboundary. Furthermore (d™A,f - o, )N = AAM N for some natural
number N' = O p.m(1).

We briefly explain the idea behind this result. Let n be a natural number and let s
be a transformation of order n. Since A f = 1, the cocycle identity gives

n—1
At =T]AAT
k=0

Assume hypothetically that s is an automorphism. Then, by Lemma [A.T1], the type
of A, f™ is smaller than the type of A,f. If we repeat this process iteratively, we will
eventually get that some power of A, f is a coboundary.

In the lemma we do not assume that s is an automorphism. However, equation ([7.5))
indicates that up to a multiplication by some function it still behaves like one. The
formal proof is given below.

Proof. We prove the lemma by induction on m. For m = 0 we have that f = AF.
Therefore, since F' is measurable with respect to X we have,

Aof = AAF = AAF VT, A1 g F
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and the claim follows by taking o,(g, ) := V,T;A ;-1 -1)F(z). Note that if g € G5 then
s and g commutes, in this case o4(g, ) = 1.

Claim: Fix 1 < j <k, let s € G; of order p and § be an (m — j)-dimensional face (or
a vertex if 7 > m). Then, there exists a natural number M = O,, ;,(1) and a function
¢s 1Y — ST such that A M = dyleM.

We prove the claim by downward induction on j. If j = k, then s = e and the claim
is trivial. Fix j < k and assume that the claim holds for all values greater than j. Let
s € G; be as in the lemma, then by the induction hypothesis we see that for every g € G
and every (m — j — 1)-dimensional face 3 there exist a power M, and ¢, : X — S* such
that

B g B = 4365,
We use this to prove Lemma for all s € G; for this specific j and then we use the
lemma to prove the rest of the claim. Let o,(g,z) := ViT,¢54(x) and observe that if
g € G; then s and g commute and so we can take ¢, = 1. Let f. := Ayf - o0,. Asin
(7.3) we have

AA g M) = VEITIA g FY A AFY =
(78) ” S ”

: m m m] pr M
= d"V, o TypM - A gud™p = d; f:
Since this is true for every (m — j)-dimensional face 3, we see by lemma that f/™ is
of type < m — j (or a coboundary if j > m). We conclude that there exists a measurable
map F, : Y™l — S' which is measurable with respect to X ™~/ such that d™= f'M =
AFM. Moreover, we note here that dV//FM = A . FM. Since f/M is of smaller type,
we can apply the induction hypothesis for the transformations s,s?,s%,...,s?"71. We
conclude that there exist N, N = Oy, n(1) and o7 ; with

(7.9) (@D fl- ol )V = AA yona B
and
(7.10) AgfN ool M e BYG, X, SY).

By replacing N and N’ with NM and N'M we can assume without loss of generality
that V and N’ are multiples of M. Recall, that f. = A,f - o5. Let p™ be the order of s
then by the cocycle identity we have,

k=0 k=1
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and it follows that (A,f)P" = [[0-;" ApALf.
From all of this we conclude that:
p"—l

A f N’Np H AkO’N/N H /N’

n—1 n—1

H A (Ast/No_ivl ) O';]\]gN) _ H (Askf; . Us,k>N/N
k=1

= k=1
which by equation ([7.10) is a coboundary. Moreover by equation ([7.9) we have that

(7.11)

(7.12) =9 (A F)N' V" H Ay H NN AT A Fr
k=1
Choose N = N'Np" and &, any measurable function which satisfies that aév =

(T Ao N LTI o)~ and that &,(g,2) = 1 whenever g € G-. We conclude
that

(7.13) A=A N 5N = H A g FENN

S

From equation (7.12) and since dV/FM = A FM we get that for every (m — j)-
dimensional face [,

(7.14) A5 S5 = AN FY

Since this is true for every 3 we conclude that d™A fN 7, N = AA [m]F which
completes the proof of the lemma. It is left to prove the claim for this j.
Observe that

AN f = A gy AF = AN j F - Vi Tyeen A, i F
sg g g 9 [s7hg7 M5
plugging this above we get that
(A[Sfl?gq}gn] FN(y)> <d,[63n]Tg_1V;_10-s(g,y)N>

is invariant with respect to the diagonal action of G on Y™ Since 8 is an (m — j)-
dimensional face, the claim follows by Lemma [7.1] O

-1

We return to the proof of Lemma (7.4, By what we just proved, there exists a power
N, and a function o, , such that 9;7)( v - 05 18 a coboundary. Since 0  is a cocycle of
type < k —j + 1, so is 0, ,. As in the lemma above, o5,/(g, ) is trivial for any g € Gj.
Therefore, by the cocycle equation it is invariant under the action of G]f. Recall that the
action of G on Y41 is ergodic and let Yj’ nt1 be the factor of Yj 11 which corresponds
to the o-algebra of the G;—invariant functions. The induced action of G}, on Y/, ., is

therefore ergodic.
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We consider this system as an Z/p?Z“-system for some fixed d. By the main theorem of
Bergelson Tao and Ziegler [5], any Z/p?Z~-cocycle is cohomologous to a phase polynomial
of some bounded degree. By proposition there exists some power p” such that a{jj;
is a coboundary. Therefore 9;7XN” " is a coboundary. As n = Oy, (1), we conclude that
the image of the minimal cocycle cohomologous to 6, takes values in a finite dimensional

group of exponent Oy ,,,(1). This completes the proof. O

This completes the proof of Lemma and therefore the proof of Lemma [7.4]is also
complete. It is left to prove the assumption in Lemma [7.3]

Lemma 7.7. In the settings of Lemma we can assume that there ewists a set A
of positive measure such that x(05/6;) is cohomologous to a phase polynomial of degree

<k—7+1 for every s,t € A and every x € U.

Proof. Let A < U be a subgroup of bounded exponent such that U/A is a Lie group.
Let x1,...,Xn € U be a lift of a basis of the dual of U/A and 7,7y, ... a lift of the
coordinate maps in the dual of A. Since {x1, ..., X»} is a finite set of characters we can
apply Theorem and find a set A of positive measure such that for every 1 <i <mn,
Xi(0s/0;) is cohomologous to a phase polynomial of degree < k — j 4 1, simultaneously.

We also notice, as in the proof of Lemma that x(6s/0;) is cohomologous to a

phase polynomial of degree < k — 7 + 1 if and only if A myY o F = d[ﬂm](b for some
B

(st™)
¢ :Yj41 — St Let H be the subgroup generated by A - A™!, then for every 1 <i < n,
h € H and an (k — j + 1)-dimensional face /3 there exists ¢, ; such that

Ahgn]Xi ol = dgn}éﬁh,z

Now, let m be one of the maps 7, ms,.... Then, by Theorem [5.16| we can find a set of
positive measure A, C A such that m(/6;) is cohomologous to a phase polynomial of
degree < k — j + 1. As before, let H, be the group generated by A, - A-*. We conclude
that for every h € H, we have that
Ahgg-o-l]ﬂ' oF = dgﬂ_l]gbhﬂr

In particular, we see that for every s € H,, mo6, is cohomologous to a phase polynomial
of degree < k — 7+ 1. We want to extend H, to H. For every ¢, H,, is an open
subgroup of H. We conclude that the index [H : H,,] is a most countable. Thus, for
each m; € {m; : i € N} we find a set of countably many transformations {s, ., : n € N}

such that UneN Spr He, = H. It is left to show that, A[S]f;”m ol = dgﬂﬂ](bnm for some
Gnmi © Vi1 — ST Indeed, in this case we have that s € H and i € N, the cocycle m;(6;)
is cohomologous to a phase polynomial of degree < k — j + 1. In particular, we can take
A = H and the proof is complete.

Since the set {s, , : n € N} is countable, we can use the same argument as in Lemma

[7.5] with one minor modification. This time the elements s, -, are not of finite order (but
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the commutators are). Therefore in the last step we can not use Lemma in order to
deduce that W is zero dimensional. Instead, recall that for each 7; there exists a constant
m; such that 7" € (x1, ..., Xn). This means, in particular, that some power d = O, (1)
of m;(6s) is (G, Yj11, S')-cohomologous to a phase polynomial ps; of degree < k — j + 1.
As in the claim in Lemma we can find a constant cy; and a cocycle 0., = m;(0;s) - ¢s;.

It follows that 9;‘2 is a phase polynomial of degree < k—j+1. By Lemmal5.9 we can also
find a phase polynomial cocycle ¢;; of degree < k — j 41 such that qii = ps; (by passing
to an extension). We conclude that ¢, ;/q,; is a cocycle, and the d-th power of this
cocycle is a coboundary. As in Lemma [7.5] by extending with a minimal cocycle which
is cohomologous to 0 ;/g; s we can assume that the latter is a coboundary. Therefore,
m; 0 B is cohomologous to a phase polynomial of degree < k — j + 1 for all s € H which

completes the proof. O

7.2. Concluding everything. To finish the proof of Theorem [2.12| we need to following
variant of a theorem by Furstenberg and Weiss [18].

Lemma 7.8. Let X and Y be ergodic G systems and m : Y — X be the factor map.
Let p: G x X — U be a cocycle and suppose that X' = X x, U is ergodic. If o is the
minimal cocycle cohomologous to pomw : G XY — U and V is the image of o, then X'
1s a factor of Y x, V.

Proof. Consider the (possibly non-ergodic) system Y x .. U. It follows by the theory of
Mackey (see [I8, Proposition 7.1]) that every ergodic component of Y X ;0. U is isomorphic
to Y X, V for some V < U. Choose any ergodic invariant measure gy on Y X ,or U. It
is easy to see that the push-forward of py to Y is uy. Moreover, since X is a factor of
Y we conclude that the push-forward of uy: to X is pux. Let uxs be the push-forward of
iy to X', Since X' is ergodic px must be the product measure puy X my where my is
the Haar measure on U (see [32, Section 2.2, Lemma 4]). In other words, X’ is a factor
of Y x, V as required. O

Given an ergodic G-system X, by Lemma[4.3]it is an inverse limit of finite dimensional
systems X = invlim,, X,,. By Theorem we can find a constant | = Oy (1) and for each
(X,,,G®) we can find an extension (Y, G®) which is an finite dimensional nilsystem.
By increasing Y,, we may assume that Y,,_; is a factor of Y,,. More concretely, in the
proof of Theorem we build Y,, as a sequence of extensions of X,, (by zero dimensional
groups). In each step, instead of extending by the groups associated to X, we can also
extend by the groups associated to the previous systems X,,_1,..., X; (and replace with
minimal cocycles, as in Lemma . In this case Y := invlim, Y,, is an inverse limit of
nilsystems. It is standard that (X, G") is a factor of (Y, GW) or equivalently that Y is
an l-extension of X as required/]

9 Another approach would be to use a version of Lemma A.4 from [19] and replace Y,, with an ergodic
joining of Y,,, Y, _1,...., Y7.
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8. PROVING THE IDENTIFICATION G(X)/I' =2 X

The goal of this section is to deduce Theorem from Theorem and thus complete
the proof of Theorem Given a finite dimensional system X we have already find a
finite dimensional extension Y which is an inverse limit of systems Y,, where the action
of G(Y,) on Y, is transitive. It is therefore enough to derive the identification Y, =
G(Y,) /A, for some totally disconnected closed subgroup A,, of G(Y,). In other words we
need to show

Theorem 8.1. Let X be an ergodic G-system of order k and suppose that G(X) acts
transitively on X (as a near-action), then there exists a totally disconnected subgroup
A < G(X) so that X and G(X)/A are isomorphic as G(X)-systems.

In order to prove this theorem we construct a topological model for X, that is a
compact Hausdorff space X with a continuous action 7' : G(X) x X — X such that
X and X are isomorphic as measure spaces. Write X = Z,(X) x, U, by induction
hypothesis we may write Z_(X) = L/A, and we have a projection map p: G(X) — L
which is onto.

Definition 8.2. Let H be a polish group with a near-action on X. A function f €
L*(X) is said to be H-continuous if f(hz) — f(z) in L>(X) as h — 1y.

Proposition 8.3. Let A C L>®(X) denote the algebra of G(X)-continuous functions.
We claim that the unit ball of this algebra is dense in the unit ball of L™ (X') with respect
to the L?-topology.

The following result of Gleason [20, Theorem 3.3] will be used to lift the £-continuity
to a G(X)-continuity.

Theorem 8.4. Let U be a compact Lie group acting freely and continuously on a com-
pletely regular topological space X . Let q : X — X/U be the quotient map where x ~y y
if there exists u € U so that ux = y and X/U 1is equipped with the quotient topology.
Then every point x € X/U has an open neighborhood x € V- C U/X such that there is a
local continuous section s : V — X so that po s = Idy.

Proof of Proposition[8.3. Let f be a continuous function on X with || f|joc < 1 and e > 0.
Recall that X = L/A,; x U. Since f is uniformly continuous, we can find an open subset
U’ < U so that || f(uz) — f(2)]|e < €/10 for all u € U’. By Gleason-Yamabe, we can find
a subgroup J < U so that J C U’ and U/.J is a Lie group. Let f(z) = [, f(jz)dj where
dj is the Haar measure on .J. We see that f is J-invariant and ||f(z) — f(z)| < &/10.
Recall that we have a surjective homomorphism p : G(X) — £. By Lemma [6.4] we
can identify the kernel of p with P, 1(X,U). Quotienting by P, 1(X,J) we get the
following short exact sequence

1 = Poy1(X,U) /Py (X, J) = G(X)/Pp1 (X, J) = L — 1.
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Since U/.J is a Lie group, we deduce by LemmalA.16/that so is K := Peg41(X, U)/Pepia(X, J).
In particular, K is locally compact and admits a Haar measure dK. Observe that f is
invariant to translations by P_,.1(X, J), hence for every continuous function ¢ on K the

convolution
= [ Ftimyotiyar

is well defined on X/J and K-continuous. Letting ¢ be a suitable approximation to the
identity (non-negative, supported on a small neighborhood of the identity, and of total
mass one) we deduce that ||f — f « P||Lo(x/5) < €/10. Now f % ¢ is a K-continuous
function and an L-continuous function. Equipping G with the metric d(S; ¢, Sy p) =
de(L,1) 4+ |f = f'llo, it is a metric space and the action of K on G(X )| is continuous
(because P_j11(X,U)/P-xs1(X,J) - U) is discrete and translations by small u € U
are continuous). Hence by Gleason theorem, we can find a local continuous section
l'— S, € G of some open neighborhood V' of the identity in £. Since f is continuous
on X/J, so is f*¢. Let & > 0, by uniform continuity, there exists § > 0 be sufficiently
small so that || f * ¢(x) — f % ¢(y)||p= < € for all |# — y| < §. Thus, by shrinking V, we
can assume that ||Sy4,f — fllre < & forall il € V. Now let S;, € G/P4+1(X,J) and
observe that ¢ = ¢; - p; for some phase polynomial p;. If S; 4 is small in the usual metric
of G/P41(X, J), then ¢; - p; is close in measure to 1. Replacing ¢; with ¢;/¢¢ do not
changes continuity and so we can assume that ¢; is close to 1 in L*>°. Therefore, p; is also
close in measure to 1, and therefore by Lemma is a small constant, and therefore
close to 1 in L*>°. Thus, taking ;4 sufficiently small in G so that ||¢; - py — 1| < J, we
deduce that ||S 4 f % ¢ — f* @z~ < €. We deduce that f*¢ is G/Pyy1(X, J)-continuous.
Lifting everything to X and using the triangle inequality we see that

If = fx bllmi) <€

and since continuous functions on X are dense in L>°(X) in the L2-topology, this com-
pletes the proof. O

We can now construct X. Applying the Gelfand-Riesz theorem and letting X be the
spectrum of A, we see that X is a compact Hausdorff topological space satistying that
C (X ) is isomorphic as a C*-algebra to A. The following properties of X were established
in [34].

Lemma 8.5. Let X as above. Then

(i) There exists a Radon measure on X. In particular, every open subset in X has
positive measure.
(ii) The natural action T : G(X) x X — X s jointly continuous in G(X) and X.
(iii) Every G-continuous function f € A has a unique continuous representative f on
X.

OWe note that G (X) is no longer a topological group with respect to that metric.
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From property (ii) and Theorem we see that in order to show that X = G(X)/A
is suffices to show that G(X) acts transitively on X and the stabilizer is totally discon-
nected. We prove these in two separate lemmas.

Lemma 8.6. The action of G(X) on X is transitive.

Proof. Observe that any continuous function f : £/A, gives rise to a G(X)-continuous
function on X = £L/A; x U by (z,u) — f(z). This gives a C*-algebra homomorphism
from the continuous functions on £/A; to A which by Gelfand-Riesz gives rise to a
continuous factor map m : X — L£/A. of G(X)-systems, where the group G(X) acts
on L/A, through the projection p : G(X) — L. Since p is surjective, the action of
G(X) on L£/A is transitive. Thus it suffices to show that for every zy,z, € X with
7(x1) = w(x2) we can find g € G(X) with x; = gzy. We follow the argument from [32),
§19.3.3 Lemma 10]: if not, then by continuity we can find an open neighborhood V' C X
of xy which contains no element in the orbit of x5 with respect to the action of G(X).
By Uryshon’s lemma we can find a non-negative continuous function f : X — R which
is supported onV Wlth f(z1) > 0. Recall that all translations by u € U belong to G(X)
and let f =[if < f(uzr)du where du is the Haar measure on U. Then f is a U-invariant

function on X satisfying f(z1) > 0 and f(x3) = 0. By property (iii) of the Lemma
above we can identify f with a G-continuous function which is also U-invariant, which
is therefore identified with a continuous function f’ £/A, and f = f'om. This gives a
contradiction as x1, x5 lie in the same fiber of . O

Lemma 8.7. The stabilizer of the action of G(X) on X s totally disconnected.

Proof. Recall that the translations V, for u € U belong in G(X). It is easy to see that
the action of U on X is free. Indeed, if not then there exists x € X so that uz = z. But
since u commutes with any g € G(X) we see that u stabilizes the orbit of x, which by
the previous lemma is everything. Now let 7 : X — £ /A as before and let xy be any
element in the pre-image of the coset 1-A,. Let A be the stabilizer of zy. By construction
we have p(A) = A, and the kernel is isomorphic to a subgroup of Py(Z(X),U). Since
the action of U < P (Z;(X),U) is free we have that U N A = {e}. Thus, we can identify
the kernel of p with a closed subgroup of Py.(Zy(X),U)/Pi(Zi(X),U) which is totally
disconnected (by Pontryagin duality it is embedded as a closed subgroup in the direct
product of countably many copies of Py(Zy(X),S')/Pi(Zx(X),S') which by Lemma
is a product of discrete groups). O

9. LIMIT FORMULA AND CONVERGENCE RESULT

In this section we deduce the convergence result (Theorem [2.13)) and the limit formula
(Theorem [2.14). We begin with the following proposition of Bergelson Tao and Ziegler
[6, Theorem 3.2] generalized for P, p Z/pZ-systems.
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Lemma 9.1 (Characteristic factors). Let X be an ergodic ,cpZ/pZ system and
f1, [y ooy fror € L(X). If for some i, we have that E(f;|Z<x+1(X)) =0 then,
limsup |EgeayTgf1T2gf2 - - Tihryg frrillz = 0

N—oo

The proof is the same as in [6] and therefore is omitted. We deduce that in order to
prove Theorem [2.13] it is enough to prove Theorem [2.14}

Proposition 9.2. Theorem [2.13 follows from Theorem

Proof. We denote by f the projection of f to L2(Z<k 1(X)). By Lemma , the limit of
the avera ) exists if and only if it exists for fi,... fk+1 Now let (Y, G™) be as in
Theorem and let hy, ..., hiy1 be the lifts of fl, . fk+1 to Y respectively. Note that
for any F@lner sequence @y of G, there exists a Folner sequence ®y for G™ such that
for every y € Y,

9.1)  Eues,Toh1(y) - o Trnygha1(y) = Egeany Ty fi(m(y) - oo Tiranyg frra (m(y))

Therefore, since Y is an inverse limit of k-step nilpotent systems we can approximate
hi,...,hx1 in L? by bounded functions Ripy ooy R, such that for every 1 <i < k41
and n € N, h;, is measurable with respect to the k-step nilpotent system Y,,. The
dominated convergence theorem implies that the pointwise convergence in Theorem [2.14!
is also an L? convergence. Since L?(X) is a complete metric space, we conclude that the
average associated with hq, ..., hyy1 converges. By , we conclude that the average
associated with fl, - fkﬂ also exists, as required. U

We prove Theorem and the following theorem simultaneously by induction on k.

Theorem 9.3. Let X = G/I" be as in Theorem M Then, for every 1 < r < k+1,
Z(X)=G/GT.

Let k = 0. Then Z.;(X) is trivial and the claim in Theorem follows. As for
Theorem [2.14], the case k& = 0 follows by the pointwise mean ergodic theorem and Lemma
6.3l Fix k£ > 1. Throughout the rest of this section we assume that Theorem and
Theorem hold for all smaller values of k. We prove Theorem [9.3] for this value of &
and then, we deduce Theorem from this result.

Claim 9.4 (The induction hypothesis). Let k > 1 be such that Theorem and The-
orem [9.3 holds for all smaller values of k. Let X be as in Theorem then for every
1 <r <k and every fi,..., fr € L®(X) the following r-term formula holds.

N Boeq Ty f1(2)Tog fo(2) - oo Trgfr(x) =

(9.2) /g/r/%/F2 /T/le_{fl vy y2 .__,.yi@)dgmi(yil“i)

with the abuse of notation that f(x) = f(aT).



56 OR SHALOM

Proof. Let fi, ..., f, be the projections of fi, ..., f, respectively into L2(Z,(X)). By the
induction hypothesis of Theorem and Theorem [9.3] we have that

hm EgECDNTngl(x)T?g]é(m) EXE T”gfr(x) =

(9.3)
/ / / Hfl(x yl y2 dez yz z
g/gr g?/gTFQ gr 1/grz 1

We lift each f; to X. Then, equation 1) remains unchanged and by Lemma and
the fact that each lift is invariant to G,., we get that equation ((9.2) holds. As required. [

9.1. Proof of Theorem and corollaries. We recall that the Host-Kra group
induces an action on each of the universal characteristic factors.

Lemma 9.5 (G induces an action on the universal characteristic factors). Let X be
an ergodic G-system of order < k and G(X) be the Host-Kra group. Then for every
1 < I < k there exists a projection p; : G(X) = G(Z(X)) where G(Z(X)) is the
Host-Kra group of the factor Z (X).

The proof of Theorem 9.3]is a modification of the argument of Ziegler from [54, Lemma
4.5].

Proof of Theorem[9.3, Let X = Z_,(X) = G/T be as in Theorem[2.14] Let 1 <r < k-1
and consider the factor map = : G/I' — Z_,(X). By Lemma the action of G, on
Z.(X) is trivial and so 7 induces a factor 7, : G/G,I' = Z_.(X). We prove that 7, an
isomorphism. Let f : G/G,I' — S1. Then, since the coset gG, is uniquely determined

(2) . G5)

by the cosets associated with gyi, gyive, ..., gyiys> ...y,"1", we conclude that there is a

measurable map F : (G/G,I')" — S with F(gy1, gy?ys, ...,gy{y2<2)...y£:]1)) = f(gI') for
almost all g € G, y1 € G1, y2 € Ga,..., Yr—1 € G,—1. We conclude that

f(gl') —/ / / (991, 9Y1v2, -- ,gylyz yr 1 dez yil)
G/ 92/F2 Gr/Tk

By approximating F' with functions of the form (z1,...,z,) — fi(z1) - fa(x2) - ... - fr(z}),
it follows from Claim [9.4] that F is spanned by limits of the form

]\}E%OEgeéNTgfl Teee” Trgfr‘

By Proposition , these terms are measurable with respect to Z_,.(X). This completes
the proof. O

Let X be an ergodic G-system. It is well known [31, Proposition 4.11] that every
factor of X of order < k factors through Z_;(X). We refer to this fact as the maximal
property of the k-th universal characteristic factor. We have the following result.
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Lemma 9.6. Let X be a (k + 1)-step nilpotent system and let G be an open subgroup
of the Host-Kra group of X and T" be the stabilizer of (1,1,...,1) € Uy x Uy X ... x U
where Uy, Un, ..., U,_1 are the structure groups of X. Then, for every 0 <1 < k — 1 we
have that U; = G;/Gi1L; as topological groups and measure spaces, where G 11'; is the
closed subgroup generated by all the products of elements in G; 1 and T';.

Proof. By Lemma [6.3] we have that X = G/I' and by Theorem that Z..(X) =
G/G.T for every 1 < r < k. Let A, := G./G,.1,. Then, by Lemma , A, acts on
Zri1(X), fixes Z..(X) and commutes with G(Z.,.1(X)). It follows that the action
of any t € A, equals to a translations by an element in U,. In particular, this means
that we can identify A, with a closed subgroup of U, (as topological groups and measure
spaces). Therefore, Z.,1(X)/A, is an extension of Z_.(X) by U,./A,. On the other
hand Z.,1(X)/A, = G/G.I' = Z_,(X) is a system of order < r. By the maximal
property of Z_,.(X) it follows that U, /A, is trivial, as required. O

As a corollary we have the following result.

Corollary 9.7. Let X be as in Lemma and let G be an open subgroup of G(X) which
contains T, for every g € G. Then for everyl <i <k, G;/Gis1T'g, = G(X):/G(X )i I'(X);.

Let (H,-) be any group and n € N. We say that H is n-divisible if for every h € H
there exists * € H with 2™ = h where n! = n-(n — 1) -...- 1. Our goal is to show
that G,/G,+1I, is k-divisible for every £ < min,cpp and every 1 < r < k. We use a
type argument by Host and Kra which requires analysis of the ergodic components of
(X ul). We recall the following result by Host and Kra [31, Lemma 9.1 and Lemma
9.3].

Lemma 9.8. Let X be an ergodic G-system, U a compact abelian group, p: G x X — U
a cocycle and k > 0 an integer. Let (Z-5(X),v) be the Kronecker factor and plt! =
fZ<2(X) psdv(s) be the ergodic decomposition of pl with respect to the diagonal action of
G. The set
A={se Zo(X):dVp is a cocycle of type < k of X,}

is measurable. Furthermore, the cocycle p is of type < k + 1 if and only if v(A) = 1.
Moreover, if X is of order < k, then for v-almost every s, the ergodic component (XM, p1,)
15 a system of order < k.

We deduce the following result.

Lemma 9.9. Let 1 <m <[ and k < min,cpp. Let X be an ergodic G-system of order
<mand p:Gx X — S a cocycle of type < 1 such that p** of type < m — 1. Then p is
of type < m — 1.

Assume this lemma for now, we prove the following result.

Theorem 9.10. Letr > 1, k < min,cp P and X be an ergodic r-step nilpotent G'-system
Then, for each 1 < i <r we have that G;/G; 1T is k-divisible.
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Proof. Write Z.,11(X) = Z.(X) x,U. Since U = G, /G,;1I',, it is enough to prove that
U is k-divisible. Assume by contradiction that this is not the case and let y : U — Cj,
be a lift of a non-trivial character of the quotient U/U*. By Lemma , we see that
X o p is a cocycle of type < r — 1. This means that the extension Z.,(X) X0, X(U) is
degenerate. In particular, the maximal property of Z_,.(X) provides a contradiction. [J

Proof of Lemma[9.9. We prove the lemma by induction on m. If m = 1, then X is
trivial. By assumption p* is a coboundary, hence p* = 1. We conclude that p : G — Cj,
is a homomorphism. Since k < min,cp p, p is trivial and the claim follows. Fix 2 < m
and assume inductively that the claim holds for smaller values of m. Let X be as in
the lemma and write X = Z_,,,_1(X) x, U. By the induction hypothesis we also know
that Theorem holds and so we can assume that U¥ = U. Our goal is to show that
p is cohomologous to a cocycle that is measurable with respect to Z.,,_1(X). The first
step is to reduce matters to the case where U is finite. By Theorem [3.8] there exists
an open subgroup U’ < U such that for every u € U’, there exists a phase polynomial
pu € Po_1(X, S') and a measurable map F : X — S! such that

(9.4) Aup =py - AF,

We claim that p, is trivial. The cocycle identity implies that

k!—1

Agap =A™ - T Awlup.
=0

Since p* is of type < m — 1, we conclude by Lemma that A,p" is a coboundary.
Moreover, by equation and Lemma @, we see that H;igl A Ayp is cohomologous
to a phase polynomial of degree < [ —2. It follows that A,up is cohomologous to a phase
polynomial of degree < [ — 2. Since U¥ = U, we conclude that A,p is cohomologous
to a phase polynomial of degree < | — 2. Repeating this argument (by induction on the
degree of p,), we conclude that A,p is a coboundary for every u € U’. Therefore by
Lemma [A.23], p is cohomologous to a cocycle p’ which is invariant with respect to some
open subgroup U” < U.

Let X' = X X, U/U" where ¢’ is the composition of ¢ with the quotient map
U w— U/U". We view p/ as a cocycle on X’. By Lemma[A.9] p is of type < | and
o™ of type < m — 1.

Now we deal with the finite case. Let n = |U/U"| and let uw € U/U". By Lemma/A.11}
the cocycle A,p' is of type < I —m + 1 and (A,p')* is a coboundary. We prove that
A, p' is also a coboundary. By the cocycle identity

n—1
L=Aup = (M) - [ AudL.
=0
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By Lemma ?;01 AyAyp is of type < I —2m+ 2 and it follows that so is (A,p")™.
Since UM = U, we conclude that n is co-prime to k!. In particular, there exists a natural
number d such that nd =1 mod k!. We conclude that A,p’ is cohomologous to A, p™?
which is of type < [ —2m + 2, hence A,p is of type < [ —2m + 2. Since m > 2, we can
continue this argument by induction until the type of A,p" is < 0. Therefore, for every
u € U/U" we can find a measurable map F, : Z.,,_1(X) — S* such that

(9.5) Aup = AF,.

By ergodicity and the cocycle identity, we conclude that for every w,v € U/U" there
exists a constant ¢(u, v) such that

(9.6) Fu/FV, F, = c(u,v).

Let b(u,v) = %. Since A,Ap = A0, equation implies that b(u,v) is a
constant in x. Direct computation using equation shows that b is a bilinear map.

For instance we have,

Ay Fy — AV ALE, - ALF, Ar/qu B /
AUFuu’ B AvFuVuFé o A’L)Fu Vu <A’UF11) - b(u7/U) ’ b<u ?U)'

b(uu',v) =

In particular, we see that b"(u,v) = 1 for every u,v € U/U". Since n is co-prime to k!,
it is enough to show that p is of type < m — 1. Therefore, we can assume without loss
of generality that b = 1. In this case it follows that the group

H={Syr:ucU/U"F € M(Zep1(X),S"), Aup/ = AF}

is abelian. By equation (9.5)), the projection p : H — U/U” is onto. Moreover, the
kernel is isomorphic to S' and so H is a compact group (Corollary . Since the
torus is injective in the category of compact abelian groups we conclude that there ex-
ists a cross-section u — S, p, such that A,p’ = AF,. In particular, F,, = F,V,F,
for every u,v € U/U". Let F(x,u) = F,(x,1y/y»), direct computation shows that
A, F(z,u) = F,(x,u) for almost every z € Z.,,—1(X) and every u,v € U/U". We con-
clude that p'/AF is invariant to U/U’. In other words, p’ is cohomologous to a cocycle
p” which is measurable with respect to Z.,,,_1(X).

We view p” as a cocycle of Z_,,_1(X). By Lemma , o is of type < [ and p"* of type
<m — 1.

Now we use an inductive type argument. By Lemma dMp" is of type < 1 — 1 and
dMp"™" is of type < m — 2 on every ergodic component of Z.,,_(X)M. Since Z,,_1(X)
is a system of order < m —1 so is every ergodic component of Z_,,_1(X)". We conclude,
by the induction hypothesis that d*p” is of type < m — 2 on every ergodic component.
Therefore, by Lemma [0.8] p” is of type < m — 1 on Z,,_1(X). Lifting everything
up using the factor map X — Z_,,_1(X), we conclude that p is of type < m — 1, as
required. O
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9.2. The group of arithmetic progressions. The rest of the proof follows the meth-
ods of Bergelson Host and Kra from [4]. Let X = G/T" be as in Theorem [2.14] we define
a function

1:G X Gy X Gy X ... X G — GF1

k k
(9,91, 92, -, Gr) ==(g,ggl,ggfgz,u-,ggf9§2)---.'ggk))

and let G to be the image of ¢ in GF*1.
Theorem 9.11 (Leibman [36]). G is a group.

by

The group I := I'**1 NG is a closed zero dimensional co-compact subgroup of G. Let
Tr=IdxTyxT; x ..x Ty and T =Ty x Ty x ... x T,

It is easy to see that 77 and T> belongs to G and therefore acts on G//T". Our next goal
is to prove that the action of G x G on é/f by TgA o Ty is uniquely ergodic.

9.3. Green’s Theorem. Green’s theorem [22] states that in a nilsystem (G/T', R,)
where G is a connected simply connected Lie group the action of R, on G/I' is er-
godic if and only if the induced action of R, on the factor G/G,I" is ergodic. In [40]
Parry gave an alternative simpler proof which was then used by Leibman [38, Theorem
2.17] to generalize this result to arbitrary nilsystems. Parry’s proof relies on the fact
that on a connected nilsystem N/I" the eigenfunctions are invariant with respect to Ns.
In Theorem below we generalize this result for polynomials of higher order and
some special nilpotent systems that may not be connected. First we need the following
technical lemma.

Lemma 9.12. Let f : G/f‘ — St be a measurable function. Let V < Q be an open
subgroup which contains the elements T and TgA for every g € G and 2 <r < k+ 1.
Then, if f is invariant with respect to left multiplication by the r-commutator subgroup
Vi of V, then f is invariant to the action of G N Gh+L,

Proof. Since V' is open and 1 is a continuous map, we have that 271(V') contains a sub-
group of the form £ x £ x {e} x ... x {e} where £ < G is open. Moreover, since V
contains 77 and TgA we can also assume that £ contains Tj. For each 2 <r <k +1 let,

H, = G N gf“.

Now, let f be as in the lemma. We prove by downward induction on 2 < r < k + 1 that
f is also invariant with respect to the action of H,. If r = k+ 1, then Hy,; is trivial and
the claim follows. Let 2 < r < k 4 1 and assume inductively that f is already invariant
to left multiplication by elements in H, 1.

For convenient, we write the elements of G as sequences z(n) where z : {0,1,...,k} = G.
Since G is a group, a general form of an element in H, is z(n) = G091 gs>" - ... g,gk)
90,91, - 9r € G and g,11 € Gry1, ..., gr € G with the convention that ( ) =

n
m

where
n!
(n—m)!m!
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when m < n and zero otherwise.

Fix 0 < m < k and let z,,(n) = g,g@m> € G, it is enough to show that f is invariant to
left multiplication by z,,. If 7 < m < k + 1, then x,, € H,,; and the claim follows by
induction hypothesis. Otherwise, we can assume that m < r. In that case g,, € G,.
Step 1: We replace g, with an m!-root.

By Lemmawe can find an element h € G, such that h™ ¢’ = g,, where ¢’ € G,;;-T,..

Hence, g/(SL) = g"(:@) -7(7:) -y(n) where ¢" € G,.11, v € ', and y takes values in H, ;.
Since G is a group we see that y(n) and g”(;b) are in H,4;. As for 7(73), we have that

FeWaT) = £y, afaT)
and [(7*1)(2)@] € H,1+1. We conclude that f is invariant to left multiplication by gfnm)
if and only if it is invariant to left multiplication by AP where p,,(n) = n!/(n —m)!
is a polynomial of degree < n —m with natural coefficients.
Step 2. We replace h with an element in £,.
By Lemma (9.7 we can write h =[-h'-§ where [ € L,, ' € G,,1 and § € I',.. Then, we
have that

hpm(n) — lpm(n) . 5pm(n) . y/(n)

where 3/ (n) takes values in G,,1. Since G is a group we conclude that i/ € H,4q. As
in the previous step we also know that f is invariant to left multiplication by §7=().
Therefore, f is hP»(™-invariant if and only if it is invariant to left multiplication by
lpm(n).

Step 3: We show that f is invariant to [P and complete the proof.

Since L, is generated by commutators of r elements and f is invariant with respect to
the action of H,,1, we can assume that [ is an r-commutator. Write [ = [sq, o, S3, ...S,]
for some i, S92, ..., s, € L. We consider two sequences in G for each s;. The first is
the constant sequence which we denote by ¢;(n) = s;. The second is the arithmetic
progression with no constant term, namely d;(n) = s!'. Observe that for each 1 < j <r
we have [dy, dy, ...,dj, ¢ji1, ..., c] = 1" - z;(n) where z;(n) takes values in G,,1, and so is
in H,,,. We conclude that f is ["-invariant for all 1 < j < r and so it is also invariant
to left multiplication by = This completes the proof. O

We note that since G, < G, it follows that H, is a normal subgroup of G.
Convention: For the sake of the proof of the ergodicity of G / ' with respect to T, 5 and
TgA we say that a homogeneous space N/I" with an action of ¢ : G — N is special if
the induced action of ¢ on N/NI is ergodic and for every open subgroup V' < N which
contains ¢(G) we have that for every 2 < r < k any function f : N/T — S! is invariant
with respect to the action of V;. if and only if it is invariant with respect to N,.

We note that by the previous lemma, G / G.I is an [-step special homogeneous space for
every 1 <[ < k. We generalize Green theorem.
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Theorem 9.13 (Green theorem for special homogeneous spaces). Let N/T" be a k-step
special homogeneous space. Then, for every 1 < d < k and 1 < r < d we have the
following results.

(1) [ is invariant with respect to the action of Ny.
(2) For everyn € N,, A, f is a phase polynomial of degree < d —r.
(8) For everyn € N, V,,f is a phase polynomial of degree < d.

Note that from the case d = 1 in the theorem above we can deduce that every special
homogeneous space is ergodic.

Corollary 9.14. Let X = N/T be a special k-step homogeneous space. Then X is
ergodic. In particular, G/T is ergodic with respect to the action generated by Ty and TgA.

A nilpotent system is ergodic if and only if it is uniquely ergodic [45], Section 2, Lemma
1] (see also [44, Theorem 5]).

Theorem 9.15. The action generated by TgA and Ty on é/f 15 uniquely ergodic.

Proof of Theorem[9.13. We prove the claims by induction on &k and then by induction
on d. If k =1 then the claims follow because the system is ergodic and every n € N is
an automorphism. Fix £ > 2 and assume that the claims hold for all smaller values of k.
Induction basis: The case d = 1 follows by adapting the argument of Parry. Let
f : N/ — C be an invariant function. The compact abelian group Nj/T'; defines a
unitary action on L?(N/T') by translations. In particular, there is a decomposition of f
to eigenfunctions with respect to this action. Namely f = ), f\ where A, f\ = A(n) for
every n € N, /T, where \ : Ny /Ty — S is a character. Since the action of G commutes
with the action of N, we can also assume that the f)’s are eigenfunctions with respect
to the G-action. Thus, |f)| is G-invariant and invariant with respect to Ny and so by
induction hypothesis and Corollary we can write f = ), ayf\ where a) € C and
f take values in S'. Now, we claim by downward induction on 1 < r < k that:

Claim: For every n € N, and A,

Ay fr € Popria

Proof of claim: If r = k then A,fy = A(n) is a constant. Fix r < k and assume
inductively that the claim holds for larger values of r and let n € N,. Observe that for
every g € G we have

AgAnfr = AnAgfr - Vi Ty A1 g1y fi.
Since A, fy is a constant the term A, A, f) vanishes. Moreover, by the induction hypoth-
esis Ap,-1,4-11f) is a phase polynomial of degree < k — r. Observe that Ap,-1 4-1f) is
invariant with respect to the action of N, and therefore by the induction hypothesis on &,

we conclude that V, Ty Ap,-1 ;-1 fy is also of degree < k —r. It follows that AjA,, fy is of
degree < k—r for every g € G and therefore A, f\ of degree < k—r+1, as required. [J
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Now, we apply the claim with » = 1. We deduce that for every n € N, A, f\ is a
phase polynomial of degree < k. Since A, f\ and is invariant with respect to the action
of N, and N/N,I" is ergodic, Lemma implies that the group

Vi:={ne N:A,f\ is a constant }

is open. The map v — A, fy is a homomorphism from V) to the abelian group S' and
so is trivial on (V)2 = No. We conclude that f =", ay f) is also invariant with respect
to Na. Since N/NoI is ergodic, f is a constant and the rest of the claims follow.
Induction step: Fix d > 1 and assume inductively that the claims hold for smaller
values of d.

Observe that by the case d = 1 we can assume that N/T" is ergodic. Let f : N/T' — C
be a phase polynomial of degree < d. By setting g1 = ... = g4 = 0 we conclude that
| f\zd = 1 and therefore f takes values in S'. We show that f is invariant with respect to
Ny by adapting the argument from the induction basis. As before, we prove by induction
on r that A, f is of degree < k —r + 1. If r = k, then since A, f is invariant to Ny_; we
see that AJA, f = A, A f =1, as required. Fix r < k and let n € N, then,

(9.7) AgAnf = DAy f - VTN s g1, f.

By induction hypothesis Ap,-1 4-17f is of degree < k — r, since this function is invariant
with respect to Vi, the same argument as in the induction basis gives that V,,Tg A1 g1 f
is also a phase polynomial degree < k—r. If r > d—1 then A, A, f vanishes and therefore
A, f is of degree < k —r 41, as required. If » < d — 1 then, by the induction hypothesis
on d, we conclude that A, A, f is of degree < d —r. Since d < k, equation implies
that A, f is of degree < k —r + 1.

In particular, by the case r = 1, we conclude that for every n € N, A, f is a phase
polynomial of degree < k. This time, consider the subgroup

V ={n € N:A,f is a phase polynomial of degree < d — 1}

As in the induction basis this is an open subgroup which contains the image of ¢ : G — N.
Write A,f = p, and observe that since p, is invariant to N, we have by induction
hypothesis that for every v € V', A, p, is of degree < d — 1. Moreover, by the cocycle
identity we have that p,y = Py * Do - Aypy. It follows that v — p, - Pog_o(X, S!) is a
homomorphism and so trivial with respect to V5. In other words, for every v € Vs, p,
is a phase polynomial of degree < d — 2. Continue this way by induction, we see that
p, = 1 for every v € V. Since N is special, V; = Ny and the first claim follows. Viewing
f as a polynomial of degree < d on N/NyI" the rest of the claims follow by the induction
hypothesis on k. U

9.4. The proof of Theorem We construct new systems.
Let X = G/T" and X = G/I" as in the previous sections. For every x € G/I" the set

X, o= {(21, 29, .., x) € X*: (21, 29, ..., 23) € X}
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is a compact subset of X*. As in Bergelson Host and Kra [4], the group G* acts on X,
transitively. Moreover, if T, < G* is the stabilizer of (z,z,z, ..., z), then X, = G*/T,.
Let p be the Haar measure on X, fi the Haar measure on X and fiz on X,. Using the
fact that X is uniquely ergodic Bergelson Host and Kra proved,

(9.8) = /X 2 ® Fadp(z)

We prove the limit formula in Theorem following the argument in [4, Theorem
5.4].

Proof. We first prove the claim in the case where the functions are continuous. Since

(x,z,2,...,2) € X,, we can apply the pointwise mean ergodic theorem for the space X,
with respect to the action of (T,,T7,T7,....T,) € G*. The limit is some function ¢ on

X. Let f be any continuous function on X we have,

(99) [ H@o@ute) = tim Byeas, [ 1) [] 5(T0)dnto)

We translate the functions in equation by T}, and then take an average over h € G.
Since p is T}, invariant for every h € G the limit above equals to

k
]}igngge@NEheq»N/)(f(Thx)l_[lfj(Tg"Thx)du(x)
P

The action generated by ThA and 77 on X is uniquely ergodic. Therefore, by the mean
ergodic theorem, the limit above converges everywhere to

/Xf(ﬁo)fl(%)'---'fk(xk)dﬂ(%,$1,.-',l’k):/Xf(x) . Si(@r)- fe(zp)dii(, ..., v ) dp(zo)

Since this holds for all continuous functions f, we conclude that
o(x) = [ filzy) - ... felwe)di(z, ..., v )dp(z)
Xz

whenever fi,...f; are continuous.

k k
The map (g1, g2, -, gx) = (991, 99792, '-',gg’fg&) s -g,g’“)) from G/T x Go/T'y X ... X G
to X, is an isomorphism and so ¢(z) equals to the function in (2.2). This completes the
proof for continuous functions and by approximation argument the convergence holds

for all bounded functions as well. O

APPENDIX A. SURVEY OF SOME NOTATIONS AND PREVIOUS RESULTS

The goal of this section is to survey some definitions and known results from previous
work. Most of these theorems and definitions appear in [5] or in [31].
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A.1. Notations.

Definition A.1 (Abelian cohomology). Let G be a countable discrete abelian group.
Let X = (X, B, 1, G) be a G-system and let U = (U, -) be a compact abelian group.

e We denote by M(X,U) or M(G,X,U) the group of all measurable functions
o X — Uor ¢ : GxX — U, respectively. We say that two functions
fi, fo € M(X,U) are equal if fi(z) = fa(x) for p-almost every x. Similarly, if
f1, f2 € M(G, X,U) then they are equal if fi(g,z) = fa(g,z) for p-almost x € X
and every g € G.

e A (G, X,U)-cocycle is a measurable function p : G x X — U which satisfies that
plg+9,x) =plg,x)p(¢’, T,z) for all g,¢" € G and p-almost every x € X. We let
ZY(@G, X, U) denote the subgroup of all cocycles.

e Given a cocycle p : G x X — U, we define the abelian extension X x, U of X
by p to be the product space (X x U, Bx ® By, ux ® uy) where By is the Borel
o-algebra on U and py the Haar measure. We define the action of G on this
product space by (x,u) — (T,x, p(g,z)u) for every g € G. In this situation, we
define by V,,(z,t) = (z,ut) the vertical rotation of some u € U on X x,U.

o If ' € M(X,U), we define the derivative AF € M(G, X,U) of F to be the func-
tion AF(g,z) := A F(z). We write BY(G, X, U) for the image of M (X, U) under
the derivative operation. We refer to the elements in B} (G, X,U) as (G, X, U)-
coboundaries.

e We say that p, p' € M(G, X, U) are (G, X, U)-cohomologous if p/p’ € BY(G, X, U).
In that case it is easy to see that the abelian extensions defined by p and p’ are
isomorphic.

A.2. Cubic measure spaces and type of functions. We begin by introducing the
cubic spaces from [31) Section 3| (Generalized for arbitrary countable abelian group).

Definition A.2 (Cubic measure spaces). Let X = (X, B, i, G) be a G-system for some
countable abelian group G. For each k > 0 we define X* = (X Bk ,F G where
X[ is the Cartesian product of 2% copies of X, endowed with the product o-algebra
B = B2k, GH = G2 acting on X! in the obvious manner. We define the cubic
measures ul¥! and o-algebras Z, C B inductively. Z; is defined to be the o-algebra of
invariant sets in X and p% := pu. Let & > 0 and suppose that ¥ and 7, are already
defined. We identify X"+ with X* x X and define u**1 by the formula

/ Fi(@) faly)dp ) (z, ) = / E(f1|Te) () E(fo|Zi) (2)dp ()

For fi, f» functions on X* and E(-|Z;) the conditional expectation and let Z;,; be the
o-algebra of invariant sets in X *+1
We adapt the notion of face from [31, Section 2]. Let Vj := {—1,1}?" and for every
0<1<k,ifJe 2" (equivalently J C {1,...,k}) is a set of size k — [ and n € {—1,1}’
then the subset

Q= {5 € Vk : \V/jejgj = 773‘}
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is called an [-dimensional face. For any transformation v : X — X and a face a we

define a transformation ul¥ on X by

k] _ u Ec o
(ua’)eevi {[d otherwise

We survey some results from [31]. We begin with the following result about the relation
between measure preserving transformations, faces and the measure pl*l.

Lemma A.3. [31, Lemma 5.3] Let G be a countable abelian group and X be an ergodic G
system. Let 0 < [ < k be integers. For a measure-preserving transformation t : X — X
the following are equivalent:

(1) For anyl dimensional face a of Vi, the transformation tf} leaves the measure pl¥!
invariant and maps the o-algebra T to itself.
2) For any l + 1 dimensional face 3 of Vi1, the transformation 51 Jeques
+ B H
mvartant.
3) For any l+1 dimensional face v of Vi, the transformation " leaves the measure
( Y Y ; ¥

pll-invariant and acts trivially on the o-algebra T,

[k+1] _

We also need the following result related to the ergodic decomposition of pl*!.

Lemma A.4. [31, Corollary 3.5] Let X be an ergodic G-system and k > 1 then the
following holds,

e There exists a measure space (g, Pr) and an ergodic decomposition

,u[k} 5:/ fwd P (w)
Q

e For every (k—1)-face o and every g € G the transformation ggf] sends an ergodic

component to an ergodic component. In other words g([f] acts on (., Py).
e The action of the group generated by ggd for all g € G and a (k — 1)-faces a on
(Q, Pr) is ergodic.

The definition of cubic measure spaces (Definition |A.2)) leads to the following definition
of type for measurable functions.

Definition A.5 (Functions of type < k). [, Definition 4.1] Let G' be a countable abelian
group, let X = (X, B, i1, G) be a G-system. Let k > 0 and let X*| be the cubic system
associated with X.

e For each measurable f : X — U, we define d* f : X — U by
d[k]f((xw)we{_Ll}k) = H f(xw)sgn(w)

we{-1,1}F

where sgn(w) = wy - wg - ... - wy
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e Similarly for each measurable p: G x X — U we define d¥p : G x X¥ — U by

d¥p(g, (u)weranp) =[] plg.wn)s ™

we{—1,1}k

e A function p : G x X — U is said to be a function of type < k if d*lp is a
(G, XM U)-coboundary. We let M (G, X* U) denote the subspace of func-
tions p: G x X — U of type < k.

Using the pontryagin dual, Moore and Schmidt [42] Theorem 4.3] proved the following
result.

Theorem A.6. Let X be a G-system and U a compact abelain group. Let k > 0 be an
integer and f : G x X — U a measurable map. Then, f is of type < k if and only if
xof:GxX — Stisof type < k for every x € U.

We summarize previous results about type of functions. We begin with the following
definition.

Definition A.7. Let X be a G-system. Let U = (U,-) beagroup and f: Gx X — U a
function. For every k € N and every face a € V), we define a function ¥ f:GxXH 5 U

by &' £(g, (w0 )uert) = Tloea f(2) .
We have the following result [31, Lemma C.7].

Lemma A.8. Let X be an ergodic G-system and U be a compact abelian group. Let
f: X = U be a function and o be an m-dimensional face of Vi, for some 1 <m < k. If
dﬂf}f is a (G, XM, U)-coboundary, then f is of type < m.

The following lemma studies the interactions between type and factors.

Lemma A.9 (Decent Lemma). [, Proposition 8.11] Let X be an ergodic G-system of
order < k. LetY be a factor of X, with factor map 7: X — Y. Let p: G xY — S* be
a cocycle. If pom is of type < k, then p is of type < k.

We are particularly interested in certain measure preserving transformations ¢ : X —
X on a G-system X.

Definition A.10 (Automorphism). Let X be a G-system. A measure-preserving trans-
formation u : X — X is called an Automorphism if the action it induces on L*(X) by
f — fowu commutes with the action of G. In particular we set A, f = fou- f

Automorphisms arise naturally from Host-Kra’s theory. For instance, given an abelian
extension Y x, U, the group U acts on this extensions by automorphisms defined by
Va(y, 1) = (y, tu).

Given a function f: G x X — U of type < k, the derivative of f by an automorphism ¢
decreases the type of A,f.
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Lemma A.11 (Differentiation Lemma). [5, Lemma 5.3] Let k& > 1, and let X be a
G-system of order < k. Let f : G x X — S' be a function of type < m for some
m > 1. Then for every automorphism t : X — X which preserves Z_(X) the function

Auf(z) == f(tx) - f(x) is of type < m — min(m, k).
A.3. Phase polynomials. Phase polynomials play an important role throughout this
paper. We begin with the following definition.

Definition A.12 (Phase polynomials). Let G be a countable abelian discrete group, X
be a G-system, let ¢ € L>(X), and let k¥ > 0 be an integer. A function ¢ : X — C
is said to be a phase polynomial of degree < k if we have Ay, ...A,, ¢ = 1 px-almost
everywhere for all hy, ..., hy € G. (In particular, setting h; = ... = hy = 0 we see that ¢
must take values in S, ux-a.e.). We write Pix(X) = P-(X, S!) for the set of all phase
polynomials of degree < k. Similarly, a function p : G x X — C is said to be a phase
polynomial of degree < k if p(g,-) € P-,(X,S') for every g € G. We let P (G, X, S!)
denote the set of all phase polynomials p : G x X — C of degree < k.

Remark A.13. The notion of phase polynomials can be generalized for an arbitrary
abelian group (U, -) . Let ¢ : X — U be a measurable function and g € G, we can define
the derivative A ¢(z) by the formula ¢(T,z) - ¢(z)~'. A function ¢ : X — U is said to
be a phase polynomial of degree < k if Ay,..Ap, ¢ =1 px-a.e. for every hy, ..., i € G.
We let P (X,U) denote the phase polynomials of degree < k which take values in U.

We have the following characterization of phase polynomials [5, Lemma 5.3].

Lemma A.14. Let k > 0 be an integer. Let G be a countable abelian group and X
be an ergodic G-system. f : X — U be a measurable map into compact abelian group
U = (U,"). Then, f is a phase polynomial of degree < k if and only if d¥f = 1,
plHl-almost everywhere.

We need the following a counterpart of Lemma for phase polynomials [5, Lemma
8.8].
Lemma A.15. In the settings of Lemmal[A.11)if f is a phase polynomial of degree < m
then Ayf(x) is of degree < m — min(m, k).

The following lemma implies, in particular, that there are at most countably many
(X, S')-phase polynomials in any ergodic G-system X.
Lemma A.16 (Separation Lemma). [5, Lemma C.1] Let X be an ergodic G-system, let
k> 1, and ¢, € Poi(X,S*) be such that ¢/ is non-constant. Then ||¢ — ||p2(x) >

\/§ /2k—2 )
The famous Theorem of Bergelson Tao and Ziegler [5] states the following result.
Theorem A.17 (Structure theorem for Z_,(X) for ergodic Z/pZ*“-systems). There ex-

ists a constant C(k) such that for any ergodic Fs-system X, L*(Zx(X)) is generated by

phase polynomials of degree < C'(k). Moreover, if p is sufficiently large with respect to k
then C(k) = k.
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In [48] we generalized this result for totally disconnected systems (see Definition
and Theorem below).

A.4. The structure of systems of order < k. Let X be an ergodic G-system of order
< k. Then X can be written as a tower of abelian extensions [31, Proposition 6.3].

Proposition A.18 (Order < k+1 systems are abelian extensions of order < k systems).
Let G be a discrete countable abelian group, let k > 1 and X be an ergodic G-system of
order < k+ 1. Then X is an abelian extension X = Z,(X) x, U for some compact
abelian metrizable group U and a cocycle p : G x Z(X) — U of type < k.

In particular, it follows that every ergodic G-system of order < k£ + 1 is isomorphic to
a tower of abelian extensions Uy x,, Uy X ... X, Uy where p; : G X Z,_1(X) = U, is a
cocycle of type < 7. This leads to the following definitions.

Definition A.19 (Totally disconnected and Weil systems). Let X be an ergodic G-
system of order < k and write X = Uy x,, Uy X,, ... X,,_, Up_1. We say that X is a
totally disconnected system if Uy, Uy, ..., Ux_1 are totally disconnected groups.

In [48] we proved a generalization of Theorem for totally disconnected €@
systems.

L pZ-

peEP

Theorem A.20 (Functions of finite type on totally disconnected systems are cohomol-
ogous to phase polynomials). Let k,m,l > 0 be integers and P be a multiset of primes.
If X s an ergodic totally disconnected @pep Z/p"Z-system of order < k, then every
function f: @,cpZ/p"L x X — S* of type < 1 is (B,ep Z/p"Z, X, S")-cohomologous
to a phase polynomial of degree < Ok,m,l(l)ﬂ

Note that the proof in [4§] is only given in the case m = 1, but the general case follows
similarly.

A.5. Conze-Lesigne equations. In [I3],[14],[I5] Conze and Lesigne studied the struc-
ture of ergodic Z-systems of order < 3. They identified a particular functional equation
involving the cocycle p defining the extension Z_3(X) = Z.o(X) %, U. We refer to this
equation (Equation below) as a Conze-Lesigne type equation.

Definition A.21. Let X be an ergodic G-system, p : G x X — S* be a cocycle and U
a compact abelian group which acts on X. Let m > 0 we say that p is a Conze-Lesgine
cocycle of degree < m with respect to U if for every u € U we have that

for some (G, X, S*)-phase polynomial p, of degree < m and a measurable map F, : X —
S1is a measurable map.

Below are some results regarding Conze-Lesgine cocycles. The first lemma implies
that we can choose the terms p, and F, measurable in u [5, Lemma C.4].

HWe denote by Ok,m,i (1) a quantity which is bound by a constant depending only on k, m and I.
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Lemma A.22 (Measure selection Lemma). Let X be an ergodic G-system, and let k > 1.
Let U be a compact abelian group. If u — h, is Borel measurable map from U to
Pu(G, X, SY) - BYG, X, S C M(G, X,S") where M(G, X, S") is the group of measur-
able maps of the form G x X — St endowed with the topology of convergence in measure,
then there is a Borel measurable choice of f,, 1., (as functions from U to M(X,S') and
U to P-i(G, X, S") respectively) obeying that h, = 1, - Af,.

The following lemma studies Conze-Lesigne cocycles of degree < 0, [31, Lemma C.9].

Lemma A.23 (Straightening nearly translation-invariant cocycles). Let X be an ergodic
G-system, let K be a compact abelian group acting freely on X and commuting with the
G-action, and let p: G x X — S be such that Ayp is a (G, X, S')-coboundary for every
k € K, then p is (G, X, S)-cohomologous to a function which is invariant under the
action of some open subgroup of K.

Remark A.24. Note that if K is connected then it has no non-trivial open subgroups
(see Lemma [B.10). In this case we have that p is (G, X, S*)-cohomologous to a function
which is invariant under K. Moreover it is important to note that such result does not
work for cocycles which takes values in an arbitrary compact abelian group.

The next lemma asserts that we can locally linearize the term p, in the Conze-Lesigne
equation.

Lemma A.25 (Linearization of the p,-term). Let X be an ergodic G-system, let U be
a compact abelian group acting freely on X and commuting with the action of G. Let
p: GxX — St be a cocycle and suppose that there exists m € N such that for everyu € U
there exist phase polynomials p, € P<p(G,X,SY) and a measurable map F, : X — S*
such that Ayp = py - AF,. Then there exists a measurable choice v — pl, and u — F)
such that Ayp = pl, - AF! for phase polynomials pl, € P, (G, X, S') which satisfies that
P = Phy - Vupl, whenever u,v,uv € U where U’ is some neighborhood of U.

The proof of this Lemma is given in [5] as part of the proof of Proposition 6.1 (see in
particular equation (6.5) in that proof).

APPENDIX B. TOPOLOGICAL GROUPS AND MEASURABLE HOMOMORPHISMS
In this section we survey some results about topological groups.

Lemma B.1 (A.Weil). [12) Lemma 2.3] Let G be a locally compact polish group and
let A C G be a measurable subset of positive measure then AA™' contains an open
neighborhood of the identity.

At some point we have to work with non-locally compact groups. The following variant
of the theorem above will therefore be useful for us (see [35, Theorem 9.9]).

Lemma B.2 (Pettis Lemma). Let G be a polish group, and A C G be a baire-measurable,
non-meagre subset of G. Then 1g lies in the interior of A- AL
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The following is a variant of the open mapping theorem for polish groups

Theorem B.3. [3| Chapter 1] Let G and H be Polish groups and let p : G — H be a
group homomorphism that is continuous and onto. Then p is an open map. Moreover,
padmits a Borel cross section, that is, a Borel map s : H — G with po s = Id.

From this it is easy to conclude the following result.

Corollary B.4. Let H be a closed normal subgroup of the Polish group G. If H and
G/H are (locally) compact, then G is (locally) compact.

Another corollary of theorem is the following result about quotient spaces due to
Effros [16].

Theorem B.5. If G is a polish group which acts transitively on a compact metric space
X. Then for any x € X the stabilizer I' = {g € G : gr = z} is a closed subgroup of G
and X is homeomorphic to G/T.

B.1. Totally disconnected groups.
Definition B.6. [29, Exercise E8.6] Let X be a compact Hausdorff space. Then the
following are equivalent

e Every connected component in X is a singleton.
e X has a basis consisting of open closed sets.

We say that X is totally disconnected if one of the above is satisfied.

In this section we will be interested in compact (Hausdorff) totally disconnected
groups. These groups are also called profinite groups.

Proposition B.7. Let G be a compact Hausdorff totally disconnected group. Let 1 €
U C G be an open neighborhood of the identity, then U contains an open subgroup of G.

The proof of this Proposition can be found in [43, Proposition 1.1.3]. As a corollary
we have the following result.

Corollary B.8 (The dual of totally disconnected group is a torsion group). Let G be a
compact abelian totally disconnected group, then the image of any continuous character
x : G — St s finite.

Proof. Choose an open neighborhood of the identity U in S! that contains no non-trivial
subgroups. Then, x~'(U) is an open neighborhood of G. By the previous Proposition
there exists an open subgroup H such that H C x~'(U). It follows that x(H) is trivial
and so x factors through the finite group G/H. This implies that the image is finite. [

We need the following classical structure theorem [41, Chapter 5, Theorem 18].

Theorem B.9 (Structure theorem for abelian groups of bounded torsion). Let G be a
compact abelian group and suppose that there exists some n € N such that g" = 1g for
every g € G. Then, G is topologically and algebraically isomorphic to 1=, Cy,, where
for every i, m; is an integer which divides n.
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One way to generate totally disconnected groups is to begin with an arbitrary compact
abelian group and quotient it out by its connected component.

Lemma B.10. Let G be a compact abelian group and Gy be the connected component of
the identity in G. Since the multiplication and the inversion maps are continuous one
has that Gy is a subgroup of G' and

e GGy has no non-trivial open subgroups.

o Fuvery open subgroup of G contains Gy.

o G/Gy equipped with the quotient topology is totally disconnected compact group.

We also need the following important fact that connected groups are divisible [29,
Corollary 8.5].

Lemma B.11. Let G be a compact abelian connected group. Then for every g € G and
n € N there exists h € G such that h™ = g.

B.2. Lie groups.

Definition B.12. A topological group G is said to be a Lie group if it has the structure
of a finite dimensional differentiable manifold over R such that the multiplication and
inversion maps are smooth.

A compact abelian group is a Lie group if and only if its pontryagin dual is finitely
generated. The structure theorem for finitely generated abelian group gives

Theorem B.13 (Structure Theorem for compact abelian Lie groups). [47, Theorem 5.2]
A compact abelian group G is a Lie group if and only if there exists n € N such that
G = (S x C), where Cy is some finite group with discrete topology.

The famous Gleason-Yamabe theorem implies that every compact abelian group can

be approximated by compact abelian Lie groups using inverse limits.

Theorem B.14. [29, Corollary 8.18] Let G be a compact abelian group and let U be a
neighborhood of the identity in G. Then U contains a subgroup N such that G/N is a
Lie group.

It follows from the above (see also [33, Lemma 2.2]) that any compact connected
nilpotent group is abelian.

Proposition B.15. If G is a compact connected k-step nilpotent group, then G is abelian.

APPENDIX C. SOME RESULTS ABOUT PHASE POLYNOMIALS

In this appendix we survey some results about phase polynomials from [48] and [5].
Let G = @, . p Z/pZ for some multiset of primes P.

Proposition C.1 (Values of phase polynomial cocycles). Let X be an ergodic G-system.
Let d > 0, and let ¢ : G x X — S be a phase polynomial of degree < d that is also
a cocycle. Then for g € G, q(g,-) takes values in C,, where m is the order of g to the
power of d.

peEP
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Proof. [48, Proposition B.1]. O
We need the following version of [5, Lemma D.3(i)].

Lemma C.2. Let X be an ergodic G-system. Let q" be a power of a prime number q
and let P : X — Cgn be a phase polynomial of degree < d for some d > 1. Then P? is a
phase polynomial of degree < d — 1.

Proof. Let G, = {g € G : gqg = 0} and let G’ be the complement so that G = G, ¢ G'.
By the proposition above and the assumption, P is invariant with respect to the action
of G'. Let X, be the factor of X generated by the G’-invariant functions. The induced
action of Gy on X, is ergodic and so X, is an F¢-system. Therefore, the claim in the
lemma follows by [, Lemma D.3(i)]. O

We need the following lemma is a simple but useful case of Lemma [A.T15]

Lemma C.3 (Vertical derivatives of phase polynomials are phase polynomials of smaller
degree). Let X be an ergodic G-system. Let U be a compact abelian group acting freely
on X by automorphisms and P : X — S* be a phase polynomial of degree < d for some
integer d > 1. Then A, P is a phase polynomial of degree < d — 1 for every u € U.

Proposition and Lemma implies the following result.

Corollary C.4. Let X be an ergodic G-system and U be a compact abelian group acting
freely on X by automorphisms. Suppose that there exists a measurable map w — f, from
U to P_q(X,SY) which satisfies the cocycle identity (i.e. fuy = fuVufo) for all u,v € U.
Then there exists an open subgroup V' of U such that f, € P-1(X,S") for every v € V.

Proof. We prove the claim by induction on d; for d = 1 we can take V = U. Let
d > 1 and assume by induction that the claim holds for all smaller values of d. Let
u +— f, be a map from U to P-4(X,S'), the cocycle identity implies that fu, = fuf,
A, f, for every u,v € U. By Lemma Auf, € Py 1(X,SY), therefore u > f, -
P_41(X,S") is a homomorphism. Sinced > 1, Lemma (separation Lemma) implies
that P-4 1(X,S') has at most countable index in P.4(X,S'). Let U’ be the kernel of
u > fu - Peg_1(X,SY). Since U’ has positive Haar measure it is open.

Since f, € P-y4_1(X,St) for all v/ € U’, the the induction hypothesis implies that there
exists an open subgroup V of U’ such that f, € P1(X,S') for all v € V. As V is open
in U’ and U’ is open in U we have that V is open in U, as required. 0

Proposition C.5 (Phase polynomial are invariant under connected components). (see
[0, Lemma 2.1]) Let X be a G-system of order < k, let U be a compact abelian connected
group acting freely on X (not necessarily commuting with the G-action). Let P : Gx X —
St be a phase polynomial of degree < d such that for every g € G there exists M, € N such
that P(g,-) takes at most M, values. (e.g. P is a phase polynomial cocycle - Proposition
. Then P is invariant under the action of U.

Proof. [48], Proposition B.5]. O
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