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Abstract. We show that if ST are two commuting automorphisms of a standard Borel
space such that they generate a free Borel Z2-action then S and T do not have same sets of
real valued bounded coboundaries. We also prove a weaker form of Rokhlin Lemma for Borel
Z%-actions.
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1. INTRODUCTION

Let T' be a countable Borel automorphism group of a standard Borel space (X, B).
A real valued Borel map o : I' x X — R is called a cocycle of T' if it satisfies the
following cocycle identity

a(y1y2, ) = a(y1,727) + a(y2, 7), (1.1)

for all v1,72 € T and « € X. A cocycle a(y,z) is called a coboundary if there exists
a Borel function ¢: X — R such that a(y,z) = f(yx) — f(x).

Cocycles have played a central role in ergodic theory, where they are defined upto
zero measure sets : if I' is a countable discrete group acting on a standard probability
space (X, u, B) by non-singular transformations, then relation (1.1) must hold p-a.e.
The study of cocycles have given rise to constructions (for e.g. skew products) which
have been crucial in the classification of dynamical systems up-to orbit equivalence.
Moreover, in context of ergodic theory, the study of cocycles has resulted in the
classification which is even finer than orbit equivalence (see for e.g., [4,11,13-15]).
Apart from this circle of problems, cocycles proved their usefulness in representation
theory, theory of groupoids, operator algebras etc. A complete list of papers devoted
to the study of cocycles of dynamical systems, containing all crucial contributions
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to the field, is too long to mention. We list several key reference which include the
seminal work of Ramsay [29], Moore [26], Feldman [10], Zimmer [35], Schmidt [30, 31].

This paper is focused on the study of Borel cocycles (in particular the structure
of set of coboundaries) of Borel dynamical systems. There exist many similarities
between ergodic theory and Borel dynamics, but the fact that, in Borel dynamics,
there is no prescribed measure on the underlying space makes these two theories
substantially different. Following the work in ergodic theory, it is natural to study
problem involving Borel cocycles of dynamical systems. For example, it would be
important to know if a version of the classical notion of ratio sets (see [30] for details)
can be studied for Borel cocycles. Similarly, it would be interesting to study a version
of Mackey range (see [22]) in context of Borel cocycles. These ideas have proved to
be extremely useful in classification of automorphism groups in ergodic theory. We
should also mention that the properties of Borel cocycles have been studied in the
following papers: [1,5,7,8,10,23-25] and more.

A key motivation to study Borel cocycles stems from the theory of orbit equivalence
of Borel dynamical systems. The study of orbit equivalence in Borel dynamics is
equivalent to the study of isomorphism of the corresponding equivalence relations
(generated by orbits) in the descriptive set theory. Thus, the study of Borel cocycles is
closely connected to the notion of countable Borel equivalence relation (CBER) which
has been extensively studied in the descriptive set theory. We encourage interested
readers to [2,9,16-18,20,27,33], and [34], where one can find connections between the
theory of orbit equivalence in Borel dynamics and the descriptive set theory.

We fix the main setting for the paper: Let T be an aperiodic Borel automorphism
of a standard Borel space (X, B). Every real valued Borel function f : X — R defines
a cocycle a : Z x X — R (of the Borel Z-action corresponding to T') by the formula

f@)+ f(Tz)+ ...+ f(T7 1), j>1,
a(j,x) =<0, j=0, (1.2)
—f(T7'2) = [(T7%2) — ... — f(TIx), j<-1

Conversely, if a : Z x X — R is a cocycle of the group {T™,n € Z}, then it is
completely determined by the function f(z) = a(1,z). Moreover, the properties of the
cocycle a(j, x) are represented in terms of the function f.

A real valued Borel map f on X is called a (Borel) coboundary for T if there exists
a Borel function g such that

f(x) = g(z) — g(Tx) (1.3)

for every x € X. Two Borel functions f and h are called cohomologous if f — h is
a coboundary. We denote by C'ob(T') the set of real valued bounded (Borel) coboundaries
of T.

This paper is inspired by the following theorem of Kornfeld [21] from ergodic
theory:

Theorem 1.1 (Kornfeld [21]). Suppose o and T are two commuting invertible ergodic
measure preserving transformations of a non-atomic probability space (X, B, u). They
have the same coboundaries if and only if o = T+1.
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The coboundries in Theorem 1.1 are measurable real valued functions that satisfy
(1.3) for p a.e. x € X. A similar result in the context of Cantor dynamics is due
to N. Ormes (Theorem 1.2). We refer the reader to [28] for details. Coboundaries
considered in Theorem 1.2 are continuous.

Theorem 1.2 (Ormes [28]). Let (X,T) and (Y,S) be two Cantor minimal systems.
There is an orbit equivalence h : X — Y which induces a bijection from the set of
real S-coboundaries to the set of real T-coboundaries if and only if S and T are flip
conjugate, i.e. S is conjugate to T or S is conjugate to T—1.

Following Kornfeld and Ormes, the key question we ask in this note is as follows:
To what extent does the set Cob(T") determine 7?7 We adopt Kornfeld’s ideas to the
domain of Borel dynamics and prove the following theorem:

Theorem 1.3. Let S,T be two commuting automorpisms of standard Borel space
such that they generate a free Borel Z?-action. Then S and T do not have same sets
of real valued bounded coboundaries.

Remark 1.4. Note that S = T—! implies Cob(T) = Cob(S). To see this, let f €
Cob(T), thus f(x) = h(x) — h(Tz) for some Borel function h and every x € X. Then
f can also be written as f(z) = hi(x) — h1(Sz) where hy = —hoT. Theorem 1.3 gives
us a criterion to determine when two commuting transformations do not have same
set of bounded coboundries.

A key component in the proof of Theorem 1.3 is a two-dimensional version of the
following theorem (also see [3, Lemma 3.3]) proved for a single automorphism:

Theorem 1.5 (Weiss [34]). Let S be an aperiodic Borel automorpisms on a standard
Borel space (X,B). Then there exists a decreasing sequence A,, n € N, of Borel sets
such that

(i) for eachn, |J S'A,= U S{(X -4, =X,

(ii) for each m, the sets A,,S(A,),S?(Ay),...,S" YA, are pairwise disjoint,
(iii) the intersection [ An = 0.

n=1
The nested sequence of Borel sets A,,, satisfying conditions (i)—(iii) of Theorem
1.5, is called a vanishing sequence of markers. We prove a finite-dimensional version of
this theorem (Theorem 1.6).
Let T" denote a Borel action of a countable group (see Definition 2.1), then a Borel
set A is a complete section for I if every I'-orbit intersects the set A. Following theorem
is a finite-dimensional version of Theorem 1.5.

Theorem 1.6. Let I' be a free Borel Z%-action generated by commuting Borel au-
tomorphisms, {T;}, 1 = 1,2,...,d, of a standard Borel space (X,B). Then for any
d-tuple (t1,...,tq) of positive integers, there exists a Borel set A, such that

(i) A is a complete section for T,
(i) the sets lel ...deA, 0<k;<t;,1=1,2,...,d, are pairwise disjoint.
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Theorem 1.6 can also be considered as a weaker version of Rokhlin Lemma for
Borel Z%-action. We should mention that Theorem 1.6 can be derived from the work
of S. Gao and S. Jackson (see Theorem 3.1 in [12]) where the authors used descriptive
set theoretic methods (big-marker-little-marker method) to prove the theorem. In this
paper, we provide a different and purely dynamical proof for Theorem 1.6.

The outline of the paper is as follows. In Section 2, we provide basic definitions and
preliminary results about groups of Borel automorphisms. In Section 3, we provide
a proof of Theorem 1.6. In Section 4, we use Theorem 1.6 (for d = 2) to prove
Theorem 1.3.

Here are a few remarks about the notation and terminology of our results in this
paper. We have preferred to use the terminology which is traditional for ergodic theory
and dynamical systems. Hence, our main objects of study are Borel automorphism
groups and not the equivalance relations. But when it is convenient, we have also used
the language of countable Borel equivalence relations (CBER). For the ease of readers,
we provide basic definitions and terminology from descriptive set theory in Section 2.
Throughout the paper, we fix the following notation:

— (X, B) is a standard Borel space with the o-algebra of Borel sets B = B(X).

— A one-to-one Borel map T of space (X, B) onto itself is called a Borel automorphism
of X. In this paper the term “automorphism” means a Borel automorphism
of (X, B).

— In this paper Cob(T") denotes the set of real valued bounded coboundries (see (1.3))
of Borel automorphism 7.

— Aut(X,B) is the group of all Borel automorphisms of X with the identity map
I e Aut(X, B).

2. PRELIMINARIES

In this section we provide the basic definitions from Borel dynamics and descriptive
set theory.

Automorphisms of standard Borel space: Let X be a separable completely metrizable
topological space (also called Polish space). Let B be the o-algebra generated by
the open sets in X. Then we call the pair (X, B) a standard Borel space. Any two
uncountable standard Borel spaces are isomorphic. Any countable subgroup I' of
Aut(X, B) is called a Borel automorphism group, and the pair (X, T') is referred to as
a Borel dynamical system.

Definition 2.1. Let G be a countable group with identity e. A Borel action of
the group G on (X,B) is a group homomorphism p : ¢ — p, : G — Aut(X, B).
In other words, for each g € G, p; : X — X is a Borel automorphism such that
(1) pgn(x) = pg(pn(z)) for every h € G and (ii) p.(z) = x for every z € X.

Note that p(G) is a countable subgroup of Aut(X,B). If, for some z € X, the
relation p,(z) = x implies g = e, then p is called a free action of G. In this case,
the group homomorphism p is injective. Any Borel automorphism T' € Aut(X, B) gives
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rise to a Borel action of group Z (also referred as a Borel Z-action) by identifying
k € Z with T* € Aut(X,B). A Borel automorphism T is called periodic at a point
x € X if there exists k € N such that 7%z = x. The least such k is called the period
of T at x. A Borel automorphism 7 is called aperiodic if every T-orbit is countably
infinite. In this paper we work with free Borel Z%actions generated by d commuting
automorphisms. We make this notion precise in the following definition. For simplicity
we use d = 2.

Definition 2.2. Let S and T be two commuting Borel automorphism we say that
they generate a free Borel action p(Z?) of group Z?, where

Py = S"T™ = T™S" € Aut(X, B),

if for every (n,m) € Z? we have P(n,m)(x) # x for all z € X and any pair of integers

(m.n) # (0,0).

Note that the above definition immediately implies that S is not a power of T for
any x € X. To see this, assume there exist € X such that Sz = TPz for some p € Z.
Hence ST Pz = x, which contradicts the assumption that p is a free action.

Countable Borel equivalence relation (CBER): An equivalence relation E on (X, B)
is called Borel if it is a Borel subset of the product space E C X x X, where X x X
is equipped with the Borel o-algebra B x B. It is called countable if every equivalence
class [z]g :={y € X : (z,y) € E} is countable for all x € X. If B is a Borel set, then
[B] g denotes the saturation of B with respect to the equivalence relation E| i.e., [B]g
contains the entire class [z]g for every x € B. In the study of Borel dynamical systems
the theory of CBER plays an important role as it provides a link between descriptive
set theory and Borel actions (see Theorem 2.3).

Let T be a Borel automorphism group of (X, B), then the orbit equivalence relation
generated by the action of I' on X is given

Ex(T) ={(z,y) € X x X : & =~y for some vy € T'}.

Note that Ex (I") is a CBER. We will call an equivalence relation E periodic at a point
x € X if the equivalence class [z]g is finite. Similarly, an equivalence relation E is
aperiodic at © € X if the equivalence class [z]g is countably infinite. If every E-class
is countably infinite we will say that the equivalence relation F is aperiodic. In this
paper we work with aperiodic CBERs. The study of aperiodic CBERs in itself is an
area of immense importance in descriptive set theory. We refer our readers to [19] for
an up-to-date survey of the theory of countable Borel equivalence relations.

The following theorem shows that all CBERs come from Borel actions of countable
groups.

Theorem 2.3 (Feldman—Moore [10]). Let E be a countable Borel equivalence rela-
tion on a standard Borel space (X,B). Then there is a countable group T' of Borel
automorphisms of (X, B) such that E = Ex(T').
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Definition 2.4. A Borel set C' is called a complete section for an equivalence relation
E on (X, B) if every E-class intersects C, in other words [C]g = X. Let I’ € Aut(X, B)
be a countable Borel automorphism group. Then we will denote by Cr the collection
of Borel subsets C such that C and X \ C both are complete section for Ex(T).

If a complete section intersects each E-class exactly once then it is called a Borel
transversal. An equivalence relation E which admits a Borel transversal is called
smooth. Equivalently, one can say that an equivalence relation F on a standard Borel
space (X, B) is smooth if there is a Borel function f: X — Y, where Y is a standard
Borel space, such that (z,y) € E <= f(z) = f(y). We remark that in this paper we
will deal only with non-smooth CBERs.

Full group of automorphisms. For a countable subgroup I' of Aut(X, B), we denote
by T'xz the orbit {yx : v € T'} of & with respect to I'. We say that T is a free group of
automorphisms if vz # x for every v # e and z € X. The set

[)={R € Aut(X,B) : Rx €Tz, Vz € X}

is called the full group of automorphisms generated by I'. The full group generated by
a single automorphism T € Aut(X, B) is denoted by [T7].

A countable subgroup I of Aut(X, B) is called hyperfinite if Tz = | J;- | ;& for every
x € X, where each T'; is a finite subgroup of [I'] and T'; C T';4 for all i. Equivalently,
a countable Borel equivalence relation E is called hyperfinite if E = |J,, E, where
E,, C E, 41 for all n, where each E,, is a finite Borel sub-equivalence relation of F.

Let T'1,T's be two countable Borel automorphism groups of (X, B). We say that I'y
and T'y are orbit equivalent (also o.e.) if there exists a Borel isomorphism ¢ : X — X
such that ¢(T'1x) = I'y(é(x)) for all x € X. In other words I'y orbit of x is same
as the T's orbit of ¢(x) for every x € X. The following theorem gives an important
characterisation of a hyperfinite CBER.

Theorem 2.5 (Slaman—Steel [32], Weiss [34]). Suppose E is a CBER. The following
are equivalent:

(1) E is hyperfinite.
(2) E is generated by a Borel Z-action.

3. WEAK ROKHLIN LEMMA FOR BOREL Z?ACTIONS

In this section, we prove Theorem 1.6, which can be considered as a weak version of
Rokhlin Lemma for free Borel Z?-action. Before we prove Theorem 1.6, we mention its
one-dimensional version (Theorem 3.3) due to B. Weiss ([34]) and a relevant lemma
(Lemma 3.2). We refer our readers to [27, Chapter 7] for a proof of Theorem 3.3
and Lemma 3.2.

Let S be an aperiodic Borel automorphism of a standard Borel space (X, B).
A Borel set W € B is said to be wandering with respect to S if the sets S'W, i € Z,
are pairwise disjoint. We will denote by Wg (or W when S is obvious) the sigma ideal
generated by all the wandering sets in B.



Coboundaries of commuting Borel automorphisms 673

Definition 3.1. A set A € B is said to be decomposable (mod Ws) if we can write A
as a disjoint union of two Borel sets C' and D such that saturation (mod Wg) of C, D
and A with respect to S are same. In other words,

G S'C = D S'D = D S‘A (mod Ws).

1=—00 1=—00 1=—00

Lemma 3.2. Let S be a free Borel automorphism on a standard Borel space (X, B).
Then X is decomposable (mod Ws), i.e. there exist a Borel set A such that

G S'A = G SUX\A) =X (mod Ws).

Moreover we can choose the set A such that it does not contain a full S orbit.
Proof. See [27, Lemma 7.24] for a proof. O

Theorem 3.3 (Weiss [34]). Let S be an aperiodic, Borel automorpisms on a standard
Borel space (X,B). Then there exists a decreasing sequence A,, n € N, of Borel sets
such that

(i) for each n, Use _ S'A, =Ui;e_SY(X — A,) = X, in other words, for each n,
An € CS7
(ii) for each m, the sets A,,S(A,),S?(An),...,S" YA, are pairwise disjoint,
(iii) the intersection (\,—, A, =t A is a wandering set.

Proof. See [27, Theorem 7.25] for a proof. O

We will prove Theorem 1.6 for d = 2 (see Theorem 3.5 below). The proof for d > 2
follows similarly. In the proof of Theorem 3.5, we will work with lexicographic order on
a finite index set in Ny x Ny. We define the index set and the ordering in the remark
below.

Remark 3.4. For n,m € N, we denote by I(,, ,,) the index set containing nm pairs
of integers, i.e.
Inmy =1{(0,0),(0,1),...,(n—1,m —1)}.

Each element of I, ,,) represents the powers to which S and T are raised. Thus
(4,4) € I(nm) corresponds to S*TJ. For the rest of the section, we work with the
lexicographic order on I(, ) (denoted by “<”). For (i1, j1), (i2,j2) € I(n,m), We say
(i1,71) < (i2,j2) if

(1) 11 < 1o OT

(11) i1 = i9 and 71 < jo.
Theorem 3.5. Let I be a free Borel Z2-action generated by two commuting aperiodic

Borel automorphisms S, T. Then for each pair (n,m) € N? there exists a Borel set
A(n,m), such that

(i) for each pair (n,m), Au,m) € Cr,
(ii) for each (n,m), the sets S"TjA(n’m), (i,7) € In,m), are pairwise disjoint.
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Proof. A Borel Z%-action defines a hyperfinite equivalence relation (see [12], [34]).
Since T is a Z2-action, Ex(T') is hyperfinite, hence generated by a Borel Z-action
(see Theorem 2.5). Thus there exists R € Aut(X,B), such that for every z € X,
Iw = {R'z:i€Z}.

Using lemma 3.2, choose A € Cgr such that A does not contain a full R-orbit.
Set A(g,0) = A. Let (n,m) be a pair of integers and let I(,, ) be the corresponding
index set (see Remark 3.4). As mentioned in Remark 3.4 above, there are nm elements
in the set I(,, ), each corresponding to a power of S and T'. We consider lexicographic
order on the index set. Hence the smallest element of I(,, ,,y is the pair (0,0) (which
corresponds to SOT?) the next element in the order is the pair (0, 1) (which corresponds
to S9T!) and so forth. We want to find A(,1) C A such that, Ay ) € Cr and
A1) NT(A@,)) = 0.

Define {B;};ez\ {0} a partition of A = A ¢ as follows,

Bj={z € Ay : Tz =Rz}, jeZ\{0}

Since A(g,0y does not contain a full R-orbit, none of the Bj, j € Z\ {0} contains full
R-orbit. We start with B_;. For € B_1, let —n(z) be the first negative integer —n
such that R~"(x) ¢ B_;. Write

E-}={x€B_;:—n(x)=—-k}, k=12.3,...

Since R™"(*)(x) ¢ B_,, there are two possibilities:

(1) R7"®)(z) € X\ A(0,0) (we call such elements of B_; type a elements) or
(2) R~"®)(z) € B;, for i # —1 (we call such elements of B_; type b elements).

We remove type b elements from B_;. Thus,
B_y=B_1\{z € B_y: zis type b},

and
Aw,0) = A,0) \ {7 € B_1 : zis type b}.

Hence the set E:; becomes

E-}={r€B_i:—n(x)=—k; R"D(z) € X\ Apo}, k=1,203,...
Put
A= |J ROFDED)CB, (3.1)
—k=-1

Note that A_; "R (A_1) =0, and R~Y(A_1)NB; =0 fori € Z\ {0}, i # —1.
Now we repeat the same process for By. For « € By, let n(z) be the first positive
integer n such that R™(x) ¢ By. Again there are two possibilities:

(1) R*®)(z) € X\ A(0,0) (again we denote such elements as type a elements of By) or
(2) R"®)(z) € By, for i # —1,1 (type b elements of By).



Coboundaries of commuting Borel automorphisms 675

We remove type b elements from B;. Thus
By = By \{z € B; : zis typeb},

and
A(O.,O) = A(O,O) \ {33 S Bl s xis type b}

The set E,l is now defined as

El={zeB :nx)=k; R"®(z) e X\Aopont k=123, ..
Put
oo
A = [ JR*(E}) € By (3.2)
k=1

Note that A1 N R(A;) =0, and R(A;) N B; =0 for i € Z\ {0}, i # 1.
We now repeat this process for B_5 and then By and so on. Finally, for every
j € Z\ {0} we obtain A; C B; such that, R/(A;)NA; =0 and R/(A;) N B; = () where
i#j,1€Z\{0}. Put
A1) = U Ai € Ao,0)
€2\ {0}

then
A(O,l) S CR and A(O,l) N T(A(O,l)) = (Z)

Thus, we found a set A1) € Cr such that A 1) NT(A,1)) = 0. Now we move on to
next power in the lexicographic order, i.e. (0,2). Instead of working with A we now
work with A1) C A and repeat the above procedure to find A2y C A(g,1), such
that A2 € Cr and A2y N T(A(o,2)) = 0. Thus, we have obtained set A2y C A
such that A2y € Cr and A2y NT(A(0,2)) ﬂT2(A(0,2)) = (). We continue this process
for all nm pairs in the index set I(, ,,,) (which corresponds to powers of S and T') and
obtain set A(,_1,,—1). Rename this set as A, ) to be consistent with statement of
Theorem 3.5. The set A, ,,,) satisfies (i) and (ii). This completes the proof. O
With help of an example, we illustrate the proof of Theorem 3.5.

Example 3.6. Assume (n,m) = (2,3). We want to describe sets A(; ;)’s (0 <i < 2,
0 < j < 3), that we obtain at each step. The elements of I(5 3y in lexicographic order
are {(0,0), (0,1),(0,2),(1,0),(1,1),(1,2)} (they correspond to S°T° = e, T, T?, S, ST,
ST? respectively). In the first step we obtain set Ao,y such that A1) NT A1) = 0.
In the second step we obtain set A o) such that the sets A 2y, T4 0,2), TQA(O’Q) are
mutually disjoint.

The next element in the index set is (1,0). So we have to go from T2 to S, hence
we would have to work with powers of R that corresponds to ST 2. In other words
the partition B;j will be Bj = {z € A(o2) : ST 'x = R’/z}. This step will yield set
A(1,0) such that sets

{Ax1,0), ST ?A(1,0), ST " A1,0), SAq 00}
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are mutually disjoint. Similarly, the next step will yield set A(; 1) such that sets
{Aq1), TAq 1, ST A1), SAq1), STAq N}
are mutually disjoint. Finally we will obtain set A(; 2y such that sets
{A12), TAw,2), T A1,2), SA(1,2), STA(1,2), ST* A1)}

are mutually disjoint. Denote A(s3) = A(1 ), thus sets S"T7 Ay 3y are disjoint for
0<i<2,0<j <3 as needed.

Proof of Theorem 1.6. The proof of Theorem 1.6 is identical to the proof of Theorem 3.5.
Instead of working with 2-dimensional index set I(,, ,,), we will work with d-dimensional
index set (with lexicographic ordering). Everything else remains the same. O

4. COMMUTING AUTOMORPHIMS AND THEIR COBOUNDARIES

In this section, we provide proof for Theorem 1.3. As mentioned in the introduction
our work is an extension of Kornfeld’s ideas (see [21, Theorem 1]) to the domain of
Borel dynamics. Although similar in nature our work differs from [21] in the following
manner. In [21] the author used a version of Z2-Rokhlin Lemma (see [21, Lemma 1])
which he called a weak form of Rokhlin Lemma for a measure preserving Z2?-action
(attributed to Conze [6]). We use Theorem 3.5, which can be considered as a weak
form of Rokhlin Lemma for free Borel Z2-actions.

The other principal difference is that in [21], the author worked with an invariant
ergodic probability measure on the ambient space. We do not work with any prescribed
measure on the standard Borel space (X, B). However, in the proof of Theorem 1.3 we
use the existence of I'-quasi-invariant probability measure on (X, B) (where I is a free
Borel Z2-action).

If T' is a Borel-action of (X,B) (and Ex(I') denotes the corresponding orbit
equivalence relation on X), we say that p is Ex (I')-quasi invariant (or I-quasi invariant
for short) if u(B) > 0 <= u(T(B)) > 0 for all Borel sets B € B and Borel maps
T : X — X whose graphs are contained in Ex (T).

Remark 4.1. The following statement is a consequence of the fact that pu is
I'-quasi-invariant: Fix v € I' then for € > 0 there exists d, such that for every
B € B with u(B) < ¢, we have u(yB) < e.
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Proof of Theorem 1.3. By assumption S and T generate a free Borel Z2-action, i.e.
TmS™x #+ x, for all © € X and any pair of integers (m,n) # (0,0). We will denote this
Borel Z?-action by I in rest of the proof. Also note that since I is assumed to be free
we can use Theorem 3.5.

Without loss of generality we will construct a Borel function f : X — R, such
that f € Cob(S) but f ¢ Cob(T). In particular, we will construct f with following
properties:

(a) There exists a constant M € R, such that

< M, (4.1)

n—1
> foSH()
k=0

for every x € X and n € N.
(b) Let u be a I'-quasi-invariant probability measure on (X, B). For every r € N, there
exists m, € N and a set A, € B, u(4,) > S (for some 8 > 0) such that

my—1

> foTha)| = (4.2)
k=0

forall z € A,.

Since T is a free Borel Z2-action, in particular this implies that T" is not a power
of S hence (4.1) and (4.2) can hold simultaneously. Observe that (4.1) implies that
f € Cob(S). To see this, set

n—1
g(a) = sup (Zf o 5'“(%))-
n2l \ k=0
Thus f(z) = g(z) — g(Sz) for all z € X.
We claim that property (b) implies that f ¢ Cob(T). To see this assume by
contradiction that f € Cob(T). Thus, there exists a transfer function g(x) such that
f(z) = g(x) — g(Tx). For n € N, we can write

S foTHa) = g(a) — g o T(2).
k=0

We will use the statement in Remark 4.1 as follows: Fix v € I then for 5 > 0 (where
f is as in (b) above) and every 0 < € < /3, there exists a 0, > 0, such that e + 4, < 3
and for every B € B with u(B) < 4., we have p(vB) <.

For v = T7! and € > 0 such that 0 < ¢ < 3 (where 3 is as in (b) above) and
consider dp—1 (write d; for simplicity) as described above. For K; € R such that

p({z:[g(x)] > Ki}) < o1, (4.3)
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using the fact that p is T-quasi-invariant we get pu({z : |g(Tx)| > K1}) < e. We choose
01 to be such that 0 < e+ d; < f and K; to be the infimum possible corresponding
to 01. Thus we get

quﬂﬁwgg@%H22K&)<e+&<ﬂ,

ie. u{z : |f(z)| > 2K1}) < B. Now we repeat the process for every n > 1 (put
~ =T7"). For same € > 0 as above we obtain a sequence of §,, > 0. For every n > 1,
we choose each §,, such that 0 < e+ 6, < 8 and §,, < §,,_1. Thus for K,, € R such that

p{z = lg(e)] = Kn}) < on,

we get
p{z  1g(T"z)| = Kn}) <€

for every n > 1. As before we work with infimum possible K, corresponding to ¢,,. Since
{6,}22 is a decreasing sequence we get that the corresponding sequence {K,,}22 ; is
increasing. Hence for every n > 1 we obtain

,u({x Hg(z) — g(T"x)| > 2Kn}) <e+ 0, <p.

Thus for every n € N we obtain J,, and K, such that

n({e: :Z_;foTk(m

Assume that sup K, =: K exists (we will prove this later). Thus for every n € N

n

> 2Kn}> <e+d, < B. (4.4)

p{z : [g(x)| > K}) < 0y,

we get
p{z :g(T"z)| = K1) <e

Thus for every n € N

u({a: :Z_:foT’“(m

which contradicts (4.2). We need to show that K := sup K, exists. To see this assume

> 2K}) <etd, < B (4.5)

n
by contradiction that the supremum does not exists. Hence for every M € R, there
exists n € N such that

p({z = lg(x)] = M/2}) > 6.

Since p is I'-quasi-invariant we get

p(f = lg(Tz)| = M/2}) > 0.
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Hence p({z : |g(z) — g(Tx)| > M}) > 0, i.e. u({x : |f(x)] > M}) > 0. Since we can
do this for every M € R, f is essentially unbounded, which is a contradiction.

Now we construct a Borel function f with properties (a), (b). The function f will
be constructed as the sum of infinite series

f = Zfra
r=1

in which every term f, is associated with a certain Rokhlin tower &, of the Z?-action
generated by commuting Borel automorphisms S and 7. Below we describe the
construction of tower &, and the associated function f,.

The size of tower &, (given by (n,m,)) is determined by two increasing sequence
{n,} and {m,} of natural numbers. We also associate a decreasing sequence of positive
real numbers {«,} with towers £, (we assume «, — 0). The only restriction on
sequence {n,} is that it is an increasing sequence of natural numbers. On the other
hand, we have the following assumptions for sequence {m,} and {«,}:

mr( i as) <1, r={1,2,..} (4.6)

s=r—+1

r—1
myoy. > 2r + (Zatmt), r=142,3,...}. (4.7)
t=1

The sequences {m, } and {«, } with above properties can be constructed inductively.
We use Theorem 3.5 to define tower &, as follows. Set n = n, and m = m, in
Theorem 3.5 to obtain a set A, = A(;, ), which is the base of tower &, (the bottom
left block in Figure 1).

rp -y ry

ry -y ry

fa -y fa

Fig. 1. The Z? tower &,
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This tower is a rectangle made up of n,m, disjoint blocks each representing a set
of the form S*T7 A,, where 0 < i < n, and 0 < j < m, (see Figure 1). The horizontal
direction in the tower corresponds to the transformation S and the vertical corresponds
to the transformation 7T'.

Function f, is zero outside the tower &,.. On the tower &, it is defined to be constant
on each square (in other words f, is constant on each set S‘T7A,. C £,). The value
of f, on each square is defined as follows: In each row the value alternates «,., —a..
starting with plus sign on the leftmost set (see Figure 1).

n—1 n—1
> fro SF(2) > fro Tk(ac)‘ for fixed r. The
k=0 k=0
first sum will be estimated from below to prove that f satisfies property (a) and
the second sum will be estimated from above (for x € A,) to show that f satisfies

n—1
S fro Sk(a:)‘ < «,. By definition
k=0

We now estimate the sums and

property (b). Note that for any = € &, we have
fr = 0 outside the tower &,., thus we get

oSk(l') <aq, for zeX.

Hence for x € X,

Z (Zf) o S (z

k=0 \r=

o0

=2

oSk

< Zar =:

S 08
k=0

Therefore f satisfies property (a).

To see that f satisfies (b), note that to every r € N we have associated a pair of
natural number (n,,m,) and a tower &, with base A,. Since A, is a complete section
with respect to I" and p is a [-quasi-invariant probability measure, u(A,.) > 0. We work
with A, and the corresponding tower &,.. Note that

m,—1

Z fro Tk(x)
k=0

= MyOyp

for all z € A,. Also we can write

my—1

Z f oTk
k=0

my—1

Zf,«oT’f

me—1

> firoTH(x)

my—1

> 2 fooTH )

X

= s=r+1 =
(4.8)
Since f; is zero outside the tower & and t < r we get
mye—1 me—1
Z froTk(x Z froTF(x)| < aymy. (4.9)
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for z € A,. In (4.9) if towers &, and & are disjoint then the sum is zero. If towers &,
and & are not disjoint than the sum can be at most azmy. This implies for x € A,.,

r—1|m,—1

r—1
fz Z I OTk(x) > fZatmt.
k=0 t=1

Since fs is zero outside the tower & and s > r similarly we get

m,—1

> feoTHa)| < agm,
k=0

for x € A,.. This implies

[ee) m,.—1 [ee]
S Sl DOVATEE| E S
s=r+1| k=0 s=r+1
for x € A,. Thus by (4.8)
myr—1 r—1 e}
Z fo Tk(x) > mpoy — Zatmt — Z oMy (4.10)
k=0 t=1 s=r+1
for x € A,. Hence by (4.7) and (4.6)
my,—1 [e%s)
S foTra)z2r— Y am,=2r—1>7 (4.11)
k=0 s=r+1

for x € A,.. This shows that f satisfies property (b), which completes the proof. O

Acknowledgements

The author is very thankful to Sergii Bezuglyi and Palle E. T. Jorgensen for guidance
during this work. The author would also like to thank the referee for careful reading
and valuable suggestions.

This article is a part of the author’s Ph.D. thesis, written under the supervision of
Sergii Bezuglyi and Palle E.T. Jgrgensen, University of Iowa.

REFERENCES

[1] H. Becker, Cocycles and continuity, Trans. Amer. Math. Soc. 365 (2013), no. 2, 671-719.

[2] H. Becker, A.S. Kechris, The Descriptive Set Theory of Polish Group Actions, Lon-
don Mathematical Society Lecture Note Series, vol. 232, Cambridge University Press,
Cambridge, 1996.

[3] S. Bezuglyi, A.H. Dooley, J. Kwiatkowski, Topologies on the group of Borel automor-
phisms of a standard Borel space, Topol. Methods Nonlinear Anal. 27 (2006), no. 2,
333-385.



682

Shrey Sanadhya

(4]

[11]

[12]

[13]

S.I. Bezuglyi, V.Y. Golodets, Weak equivalence and the structures of cocycles of an
ergodic automorphism, Publ. Res. Inst. Math. Sci. 27 (1991), no. 4, 577-625.

C.T. Conley, B.D. Miller, Measure reducibility of countable Borel equivalence relations,
Ann. of Math. (2) 185 (2017), no. 2, 347-402.

J.-P. Conze, Entropie d’un groupe abélien de transformations, Z. Wahrscheinlichkeitsthe-
orie und Verw. Gebiete 25 (1972/73), 11-30.

J.-P. Conze, A. Raugi, On the ergodic decomposition for a cocycle, Colloq. Math. 117
(2009), no. 1, 121-156.

A.I. Danilenko, Quasinormal subrelations of ergodic equivalence relations, Proc. Amer.
Math. Soc. 126 (1998), no. 11, 3361-3370.

R. Dougherty, S. Jackson, A.S. Kechris, The structure of hyperfinite Borel equivalence
relations, Trans. Amer. Math. Soc. 341 (1994), no. 1, 193-225.

J. Feldman, C.C. Moore, Ergodic equivalence relations, cohomology, and von Neumann
algebras. I, Trans. Amer. Math. Soc. 234 (1977), no. 2, 289-324.

J. Feldman, C.E. Sutherland, R.J. Zimmer, Subrelations of ergodic equivalence relations,
Ergodic Theory Dynam. Systems 9 (1989), no. 2, 239-269.

S. Gao, S. Jackson, Countable abelian group actions and hyperfinite equivalence relations,
Invent. Math. 201 (2015), no. 1, 309-383.

V.Y. Golodets, S.D. Sinelshchikov, Quter conjugacy for actions of continuous amenable
groups, Publ. Res. Inst. Math. Sci. 23 (1987), no. 5, 737-769.

V.Y. Golodets, S.D. Sinelshchikov, Classification and structure of cocycles of amenable
ergodic equivalence relations, J. Funct. Anal. 121 (1994), no. 2, 455-485.

T. Hamachi, Canonical subrelations of ergodic equivalence relations-subrelations,
J. Operator Theory 43 (2000), no. 1, 3-34.

G. Hjorth, Classification and Orbit Equivalence Relations, Mathematical Surveys and
Monographs, vol. 75, American Mathematical Society, Providence, RI, 2000.

S. Jackson, A.S. Kechris, A. Louveau, Countable Borel equivalence relations, J. Math.
Log. 2 (2002), no. 1, 1-80.

A.S. Kechris, Classical Descriptive Set Theory, Graduate Texts in Mathematics, vol. 156,
Springer-Verlag, New York, 1995.

A.S. Kechris, The theory of countable Borel equivalence relations, preprint, 2019.

A.S. Kechris, B.D. Miller, Topics in Orbit Equivalence, Lecture Notes in Mathematics,
vol. 1852, Springer-Verlag, Berlin, 2004.

I. Kornfeld, Coboundaries for commuting transformations, [in:] Proceedings of the Con-
ference on Probability, Ergodic Theory, and Analysis (Evanston, IL, 1997), 1999, vol. 43,
528-539.

G.W. Mackey, Ergodic theory and virtual groups, Math. Ann. 166 (1966), 187-207.

B. Miller, The existence of measures of a given cocycle. 1. Atomless, ergodic o-finite
measures, Ergodic Theory Dynam. Systems 28 (2008), no. 5, 1599-1613.



Coboundaries of commuting Borel automorphisms 683

[24]

[25]

[26]

B.D. Miller, Coordinatewise decomposition, Borel cohomology, and invariant measures,
Fund. Math. 191 (2006), no. 1, 81-94.

B.D. Miller, On the existence of cocycle-invariant Borel probability measures, Ergodic
Theory Dynam. Systems 40 (2020), no. 11, 3150-3168.

C.C. Moore, Restrictions of unitary representations to subgroups and ergodic theory:
Group extensions and group cohomology, [in:] Group Representations in Math. and Phys.
(Battelle Seattle 1969 Rencontres), Springer, Berlin, Lecture Notes in Physics, vol. 6,
1-35, 1970.

M.G. Nadkarni, Basic Ergodic Theory, Texts and Readings in Mathematics, vol. 6,
Hindustan Book Agency, New Delhi, 3rd ed., 2013.

N.S. Ormes, Real coboundaries for minimal Cantor systems, Pacific J. Math. 195 (2000),
no. 2, 453-476.

A. Ramsay, Virtual groups and group actions, Advances in Math. 6 (1971), 253-322.

K. Schmidt, Cocycles on Ergodic Transformation Groups, Macmillan Lectures in Mathe-
matics, vol. 1, Macmillan Company of India, Ltd., Delhi, 1977.

K. Schmidt, Algebraic Ideas in Ergodic Theory, CBMS Regional Conference Series in
Mathematics, vol. 76, Published for the Conference Board of the Mathematical Sciences,
Washington, DC, American Mathematical Society, Providence, RI, 1990.

T.A. Slaman, J.R. Steel, Definable functions on degrees, [in:] Cabal Seminar 81-85,
Lecture Notes in Math., vol. 1333, Springer, Berlin, 37-55, 1988.

V.S. Varadarajan, Groups of automorphisms of Borel spaces, Trans. Amer. Math. Soc.
109 (1963), 191-220.

B. Weiss, Measurable dynamics, [in:] Conference in modern analysis and probability
(New Haven, Conn., 1982), Contemp. Math., vol. 26, Amer. Math. Soc., Providence, RI,
395-421, 1984.

R.J. Zimmer, Ergodic Theory and Semisimple Groups, Monographs in Mathematics,
vol. 81, Birkh&user Verlag, Basel, 1984.

Shrey Sanadhya
shreysanadhya@gmail.com

The University of Iowa
Department of Mathematics
14 MacLean Hall, Iowa City, Iowa 52242, USA

Received: May 29, 2021.
Revised: July 22, 2021.
Accepted: August 4, 2021.



