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Borel equivalence relations and cardinal algebras
by

Alexander S. Kechris (Pasadena, CA) and
Henry L. Macdonald (Los Angeles, CA)

Abstract. We show that Tarski’s concept of cardinal algebra appears naturally in
the context of the current theory of Borel equivalence relations. As a result one can
apply Tarski’s theory to discover a number of interesting laws governing the structure of
Borel equivalence relations, which, in retrospect rather surprisingly, have not been realized
before.

1. Introduction

(A) In the late 1940’s Tarski published the book Cardinal Algebras [T,
in which he developed an algebraic approach to the theory of cardinal ad-
dition, devoid of the use of the full Axiom of Choice, which of course triv-
ializes it. A cardinal algebra is an algebraic system consisting of an abelian
semigroup with identity (viewed additively) augmented with an infinitary
addition operation for infinite sequences, satisfying certain axioms.

The theory of cardinal algebras seems to have been largely forgotten,
but our goal in this paper is to show that they appear naturally in the
context of the current theory of Borel equivalence relations, as can be verified
by rather elementary considerations. Consequently, one can apply Tarski’s
theory to discover a number of interesting laws governing the structure of
Borel equivalence relations, which, in retrospect rather surprisingly, have
not been realized before.

Below, if E, F are Borel equivalence relations on standard Borel spaces
X, Y resp., a Borel reduction of F to F' is a Borel function f: X — Y such
that

By < f(z)Ff(y).
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Then f induces an injection [f]: X/E — Y/F, defined by [f]([z]g) =
[f(z)]F. We denote by E <p F the pre-order of Borel reducibility, defined
by

E <p F' & there is a Borel reduction of £ to F.

We also let
E<pF & E<pF& F £ E,

and write
E~plF < EgBF&FggE
for the associated notion of Borel bireducibility. Finally, we let
E=p F

denote Borel isomorphism.

If n > 0 is a positive integer and E a Borel equivalence relation, then nF
is the direct sum of n copies of FE, i.e., the equivalence relation F' on X x
{0,1,...,n—1} (where E lives on X)) defined by (z,i)F(y,j) < zEy & i = j.

Recall also that a Borel equivalence relation E is countable if every
E-class is countable.

In order to give the flavor of the results one can obtain by applying
Tarski’s theory to cardinal algebras associated with Borel equivalence re-

lations, we mention a few representative examples of results that will be
discussed later (in much more general forms, see Theorem and Section.

THEOREM 1.1.

(i) (Existence of least upper bounds) Any increasing sequence Fy <p
F <p - - of countable Borel equivalence relations has a least upper
bound (in the pre-order <pg).

(ii) (Interpolation) If S, T are countable sets of countable Borel equiva-
lence relations and VE € SVF € T(E <p F), then there is a count-
able Borel equivalence relation G such that VE € SVF € T(E <p
G <pF).

(iii) (Cancelation) If n > 0 and E,F are countable Borel equivalence
relations, then

nkE <gpnkF = E<gkF

and therefore
nkE ~pnF = E ~pF.
(iv) (Dichotomy for integer multiples) For any countable Borel equiva-
lence relation E, exactly one of the following holds:

(a) E<p2E<p3E<p---,
(b) E~p2E ~g 3E ~p -+ .
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(v) The results in (1)—(iv) also hold for arbitrary Borel equivalence re-

lations and <p replaced by C% (as defined after.

(B) This paper is organized as follows. In Section we review the theory
of cardinal algebras. In Section [3| we discuss various cardinal algebras that
arise in the theory of Borel equivalence relations and, in combination with
the results mentioned in Section 2, we derive various consequences about
the structure of certain classes of Borel equivalence relations. In Section [
we show, using ergodic theory, that the multiplicative analog of the additive
cancelation law in Theorem fails for countable Borel equivalence rela-
tions: we prove that there are countable Borel equivalence relations £ <g F
such that E? ~p F2.

2. Cardinal algebras

(A) A cardinal algebra (see [T]) is a system (A, +, > ), where (4, +) is an
abelian semigroup with identity, which will be denoted by 0, and Y : AN —
A is an infinitary operation, satisfying the following axioms, where we let

Y n<oo @n = D ((@n)nen):

(A) Zn<oo ap = ag + Zn<oo Ap+1-
(B) Zn<oo(a’n + bn) = Zn<oo an + Zn<oo bn'
(C) Ifa+b=73", . cn, then there are (a,), (b,) such that

a:Zan, b:an, Cp = Qp + by

n<oo n<oo
(D) If (an), (by) are such that a,, = by, + an+1, then there is ¢ such that,
for each n, a, = c+ >, o buyi-
REMARK 2.1. These axioms are slightly different than the ones in [T},
Definition 1.1] but they are equivalent.

For any natural number n and finite sequence (a;);<, one can define
Y icn @i €ither by induction on n, using the addition operation +, or as
ZKOO b;, where b; = a; for i < n and b; = 0 for ¢ > n, and these turn out
to be the same. By convention, when n = 0 this sum is equal to 0.

For a natural number n and any a, we define

na = Z a,
i<n
so that in particular Oa = 0. Furthermore, we let

ooa = E a.

Let also
a<b & Je(a+c=0b).
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It turns out that this is a partial ordering. Moreover all the expected com-
mutativity and associativity laws for +, > and monotonicity with respect
to < hold (see [T} Section 1]).

Finally, for any finite or infinite family (a;)i<n, where n < oo, we let
Ni<n @i be the infimum of this family in the poset (A, <), if it exists, and

we define similarly the supremum \/;_,, a;.

(B) In [T}, Sections 2-4] Tarski derives various laws that hold in any

cardinal algebra. We list below those laws that appear most interesting in
the application to Borel equivalence relations in Section 3.

THEOREM 2.2 (Tarski). The following hold in any cardinal algebra

(A, +,>0):

) [T, 2.24] If ap < ay <ap <---, then \/, . an exists.

) [Tv 2217 319] \/n<oo Zi<n a; = Zi<oo ;.

) Ll 3.4] If aAb exists, then a V' b exists and (a Ab)+ (aVb) = a+b.

) [T 3.23] If n < o0 and a; Naj =0 for alli # j <n, then \/,_, a; =

Zi<n ;-

(5) [T}, 3.16, 3.17] For any n < oo, a = \/,_,, a; iff for each i, a; < a,
and if b is such that for every i, a; < b < a, then a = b. Similarly
fO’/’ /\i<n -

(6) [T, 4.3] For any a, we have either a = 2a = 3a = --- = ooa or
a<2a<3a<---<ooqa.

(7) [T, 2.28] If S, T C A are non-empty countable and Ya € SVb € T
(a <b), then there is ¢ such that Va € SVb e T(a < ¢ <b).

[T, 2.30] Moreover, if S,T C A are non-empty countable and Ya € S
Vb e T(a <b) andVa € SVb € T(a+d < e <b-+d), then there is
c with e = ¢+ d such that Va € SVb € T'(a < ¢ <b).

(8) [T, 2.35] If m # 0,n are finite and ma + nc < mb + nc, then
a+c < b+ c and similarly after replacing < by =. In particular,
ma<mb=a<band ma=mb=a=>.

(9) [T, 2.37] If m,n > 1 are finite and relatively prime, then ma =
nb = 3c(a = ne & b= mc).

(10) [T}, 1.37, 1.46, 1.47] We say that b absorbs a iff a +b = b. Then
ooa is the smallest element that absorbs a. If 0 < n < oo, then b
absorbs a iff b absorbs na. If n < oo, then b absorbs ), a; iff
Vi < n(b absorbs a;).

(11) [T, 2.16, 2.17] If n < o0 and a; +c < by + ¢, then Y ,_, a; +c <
Y icn bi + ¢ and similarly after replacing < by =.

(12) [T}, 2.15] a4+ c=b+c & c<a,b=a=0b.

1
2
3
4

~ o~~~

Some additional properties are established in [Ti].
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THEOREM 2.3 (Truss). The following hold in any cardinal algebra
(A, +,20):

(1) [Tk, Theorem 3] For ai,...,am, m < oo, there is n < 0o, a map
from {ai,...,am} to the power set of {1,...,n} and elements
bi,...,bn such that a; < aj < ¢(a;) € p(a;) and ai =3 e, bk

(2) [TY, p. 582] If aVb, aVe, bAc exist, then aV (bAc) = (aVb)A(aVc)
and similarly after switching V and A.

(C) A subalgebra of a cardinal algebra (A,+,> ) consists of a subset
B C Asuch that B is closed under +, ) *, and (B, +, Y ) is a cardinal algebra
(where +, )" here are these operations restricted to B). For example, this
is the case if B contains 0, is closed under +, ), and is downwards closed
under <.

We note that the following sets form subalgebras in any cardinal algebra
(A,+,> ). We say that a € A is idempotent if 2a = a.

(i) For any idempotents a, b, the interval I(a,b) = {¢: a < ¢ < b} and the
“Infinite interval” I(a) = {c: a < ¢}. To see this, notice that if a < z, then x
absorbs a. So if in axiom (C) for cardinal algebras we have o'+’ =3, _ ¢},
where a < a',V, ¢}, and (al,), (b)) are such that

r_ / ;7 / ;o /
a = E a,, U = E b,, c¢,=a,+b,,

n<oo n<oo

then we can replace al,, b, by a,, +a, b], +a without affecting these equalities.
Similarly, in axiom (D) we can replace ¢ by ¢ + a.

(ii) The set Id = {oca: a € A} of all idempotents of A. Again notice
that if, in axiom (C), a, b, ¢,, are idempotents, then we can replace a,, b, by
00Uy, 00by,. Also in axiom (D), if a,,b, are idempotents, we can replace ¢

by ococ.

It is easy to check that if a is idempotent, then a V b = a + b. Indeed, if
a,b<ec, then c=a+ad for some a’. Thenc=a+d =a+a+d =a+c,
so a+b<a+c=c. Thus (Id, <) is an upper semilattice.

(D) If S = (S, +) is an abelian semigroup with identity, a finitely additive
measure (fam) on S is a homomorphism from S into the semigroup R =
([0,00],+) (where a + co = 0o + 00 = o0). We define again the partial
pre-order a < b < Jc(b = a + ¢) (this may not be a partial order). Also, for
neN,aeSletna=a+---+a (n times). The following is a well-known
result of Tarski (see, e.g., [W], Theorem 9.1]).

THEOREM 2.4 (Tarski). Let S = (S,+) be an abelian semigroup with
identity and a € S. Then the following are equivalent:

(i) Vn € N((n + 1)a £ na),

(i) there is a fam ¢ such that ¢(a) = 1.
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In the particular case of a cardinal algebra (A, +,>"), for the semigroup
(A, +) condition (i) in Theorem [2.4]is equivalent to:

(i*) a is not idempotent,
and thus we have the following corollary:

COROLLARY 2.5. Let (A,+,>]) be a cardinal algebra and a € A. Then
the following are equivalent:

(i) a is not idempotent,
(ii) There is a fam ¢ on (A,+) such that p(a) = 1.

We also note the following result of Bhaskara Rao and Shortt [BRS]:

THEOREM 2.6 (Bhaskara Rao, Shortt). If (A,+,>) is a cardinal al-
gebra, then for any a # b there is a fam ¢ such that o(a) # o(b).

3. Cardinal algebras in the theory of Borel equivalence relations

(A) Bireducibility types. In what follows, it will be convenient to
admit the empty equivalence relation (on the empty space), denoted by 0,
as a Borel equivalence relation.

DEFINITION 3.1. Let £ be a class of Borel equivalence relations. We
denote by [£] the quotient space of € by ~p, i.e., [£] = {[E]: E € £}, where
[E]={F €&: E ~p F}. We call [E] the bireducibility type of E (in &).

Given Borel equivalence relations E, F' on standard Borel spaces X,Y,
resp., we let Efg F mean that there is a Borel F-invariant set A C Y so
that £ =p F|A. Then ECy, F & FUy E= E=p F.

Finally, if E;, i < n, where n < oo, are Borel equivalence relations,
with E; living on Xj, then we let €, «n Ei be the equivalence relation on
Licn Xi = Ujcpn Xi x {i} given by (z,j) @,_, Ei(y, k) & j =k & xE;y. In
particular, E @ () =g E for any Borel equivalence relation E.

DEFINITION 3.2. Let £ be a class of Borel equivalence relations such
that:

(1) Deé&.

(2) If F € £ and E CY F, then E € €. Equivalently, € is closed under
p and if F € € liveson Y and X C Y is Borel F-invariant, then
F|X e&.

(3) If Fo, F1, F5, ... € &, then @n F,eé.

(4) X E, Fy, F1, I, ... € Eand E ~p @,, I}, then there are E,, € £ with
F, ~p E, such that £ =g @, E,. Equivalently, if E lives on X,
then there is a Borel partition X = | |, X,,, where X, is E-invariant
and Borel, such that E|X,, ~p F,.
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(5) If E,F € £ liveon X, Y, resp., and f: X — Y is a Borel reduction
of E to F, then the F-saturation B = [f(X)]r of f(X) is a Borel
subset of Y and E ~p F|B.

Then we say that £ is a Tarskian class of Borel equivalence relations.

For any class £ of Borel equivalence relations closed under € for

n < oo, we can define on [€]:

[E]+[Fl=[E0F|, Y [E]=|DE|.

n

<n’

It is easy to check that these are well-defined.

ProrosiTiON 3.3. If &€ is a Tarskian class of Borel equivalence rela-
tions, then ([€],+,>.) is a cardinal algebra. Moreover, for E,F € £, we
have E <p F < [E] < [F].

Proof. Axioms (A), (B) of Section[2(A) are trivial to verify. We now show
that axiom (C) holds. Let E, F', G, € £ be such that [E]+[F]| = )", [G)], i.e,
[E®F|=) Gy or E®F ~p @, Gn. By property (4) in Definition
if E lives on X, then F lives on Y, so that £ @ F lives on X LI'Y, we have
XUY =, Zn, where Z,, is Borel (E® F)-invariant, and (E®F)|Z,, ~p G,,.
Let E, = (E & F)|(Z, N X),F, = (E® F)|(Z,NY). Then E,,F, € €&,
[En] + [Fo] = [Gr] and [E] = 3, [En], [F] = 32, [Fn].

Next we verify axiom (D). Let F,,,G,, € £ be such that [F,] = [G,] +
[Fr+1]. Consider Fy, which lives on Xg. As [Fy] = [Go] + [F1] = [Go & Fi],
by property (4) again, we have Xo = Yy U X1, where Yy, X; are Fp-in-
variant, Fy|Yy ~p Go and Fy|X1 ~p Fi. Since [Fi] = [G1 & Fy], we
have X; = Y7 U X9, where Y7, Xo are Fj-invariant, thus Fy-invariant,
F1|}/1 = F[)|Y1 ~B Gl and F1|X2 = F[)|X2 ~B Fl, etc. Proceeding this
way, we can find pairwise disjoint Fp-invariant sets Yy, Y7, Ya,... C Xy so
that, if X7 = X, \ Yy, Xo = X \ (Yb U Yl),..., then F0|Yn ~pg G, and
FolXy, ~p Fp. Let Y = X\ U,, Yn. Then G = Fy|Y € € and, for each n,
[Fn] = [FolXn] = [FolY] + [®i<oo FolYny] = [G] + Zi<oo[Gn+i]'

That E <p F < [E] < [F] is obvious from Definition [3.2(5). =

REMARK 3.4. Note that when verifying in Proposition[3.3|that ([£], 4+, >")
is a cardinal algebra, we only used properties (1)—(4) of Definition [3.2] Prop-
erty (5) is just used to verify the last statement in that proposition.

(B) Tarskian classes of Borel equivalence relations. We next ver-
ify that various classes of Borel equivalence relations are Tarskian.

The following concept was introduced in a stronger form (requiring a ccc
condition) in [K1J:

DEerINITION 3.5. Let E be a Borel equivalence relation on X. Then F
is idealistic if there is a map C' € X/FE — I¢, assigning to each E-class C'
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a o-ideal I¢ of subsets of C', with C' & Io, such that C +— I is Borel in
the following sense: For each Borel set A C X2, the set A7 C X defined by
v € A= {y € [r]p: (z,y) € A} € I}, is Borel.

A typical example of an idealistic ' is a Borel equivalence relation in-
duced by a Borel action of a Polish group (see [K1| p. 285]).

By convention, we consider the empty equivalence relation to be count-
able (and so also idealistic). We now have the following result:

THEOREM 3.6. The class I of idealistic Borel equivalence relations is a
Tarskian class, so ([Z],+,%") is a cardinal algebra.

Proof. Tt is clear that Z satisfies conditions (1)—(3) of Definition We
next verify condition (5).

LEMMA 3.7. Let E € T live on a non-empty X, let F' be a Borel equiv-
alence relation living on Y and let f: X — Y be a Borel reduction of E
to F. Then the F-saturation B = [f(X)]r of f(X) is a Borel subset of Y
and E ~p F|B.

Proof. We will apply the “large section” uniformization theorem, see
[K2] 18.6], in the form presented as Theorem 18.6* on p. 2 of: http://math
.caltech.edu/ kechris/papers/CDST-corrections.pdf. For the convenience of
the reader we state it here:

Let XY be standard Borel spaces and P C X X Y be Borel with A =
projx(P) C X. Let x € A I, be a map assigning to each x € A a o-ideal
'Y such that:

(i) For each Borel R C X x Y, there is a 1 set S C X and a TI] set
T C X such that

r€A = [Rpel, orxeSsxeTl,
(i) r€e A= P, ¢ I,.
Then there is a Borel uniformization of P and, in particular, A is Borel.

Define P C Y x X by (y,x) € P < f(x)Fy. Then if B = projy(P),
clearly B = [f(X)]r. Let C — Ic witness that E is idealistic, and for
each y € B, let I, = I¢, where C = f~!([y]p). Clearly, for any y € B,
P, = {z: (y,x) € P} = C ¢ I, so condition (ii) in Theorem 18.6* is
satisfied.

We next verify condition (i) in that theorem. Let R C Y x X be Borel
and define Q C X2 by (z,7") € Q & xEa2’ & (f(x),2') € R. Then Q is Borel
and for y € B we have R, € I, & 3z[f(z)Fy & = € Q[] & Vz[f(z)Fy =
x € Qq]. Thus for y € B, the condition R, € I, is both 1 and IT}, which

verifies (i).
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It follows that B is Borel and there is a Borel uniformization of P, which
clearly gives a Borel reduction of F|B to E, thus F ~p F|B. u

It is clear that the proof of Lemma also shows the following:

LEMMA 3.8. Let E € T live on non-empty X, let ' be a Borel equivalence
relation living on'Y and let f: X — Y be a Borel reduction of E to F. Then,
for any E-invariant Borel set A C X, the set B = [f(A)|F is Borel and there
is a function g: B — A which is a Borel reduction of F|B to E|A and if
[f]: X/A — B/F and [g]: B/FF — A/E are the induced functions, then
g = 1A

LEMMA 3.9. Let E,F € I live on non-empty X,Y andlet f: X - Y
be a Borel reduction of E to F and g:' Y — X a Borel reduction of F' to E.
Then there is an E-invariant Borel set A C X such that if B = [f(A)]F, then
B is Borel, [f]: AJE — B/F is (clearly) a bijection and [g]: (Y \ B)/F —
(X \ A)/E is also a bijection.

Proof. We follow the standard proof of the Schréder—Bernstein Theorem
(see, e.g., [K2, Theorem 15.7]).

A subset X' C X/E will be called “Borel” if {x € X: [z]p € X'} is
Borel, and similarly for Y/ C Y/F. By Lemma if X’ is “Borel”, then
[f](X') is “Borel”. Similarly, if Y’ is “Borel”, so is [g](Y”).

Define inductively X] C X/E, Y, C Y/F as follows: X; = X/E, Yj =
Y/F, Xy, = (G100 Vi = [AlGl(V). Let also X'y = (X3, Vi =
Y, and set &' = X2, OU, (X, [91(¥7)) and B = Y2, U0 (L1(XL)\ Vi)
Then [f](A") = B’ and [¢]((Y/F)\ B') = (X/E) \ A’. Finally, define A =
{reX:zlpcA}tand B={yeY:|ylr€ B} n

To finish the proof of Theorem we use the above lemmas to verify
condition (4) of Definition Let E, Fo, F1,F>,... € Z and E ~5 @,, Fy.
Say E lives on X. Then we can find Y, a Borel partition Y = | | Y,, and F' a
Borel equivalence relation on Y such that Y, is F-invariant, F'|Y,, ~p F, and
E~pF.Let f: X - Y and g: Y — X witness that £ ~p F. By Lemma
there is an E-invariant Borel set A C X such that if B = [f(A)]F then
B is Borel, [f]: E/A — B/F is a bijection and [¢g]: (Y \B)/F — (X\A)/E
is also a bijection. Let X, = f~1(BNY,)U[g((Y \ B) NY,)]g. Then by
Lemma E|X, ~p F|Y, ~p F,, and clearly X = | |, X,,. =

We next discuss various cardinal subalgebras of ([Z],+,>"). We recall
first some basic concepts and results from the theory of Borel equivalence
relations.

A Borel equivalence relation is smooth if it has a Borel reduction to the
equality relation on a Polish space. For countable Borel equivalence rela-
tions this is equivalent to the existence of a Borel transversal. The equiva-
lence relation Fy on 2V defined by (z,)Eo(yn) < 3nVm > n(z, = ym) is
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<p-minimum among non-smooth Borel equivalence relations (see [HKL]).
A Borel equivalence relation E is treeable if there is a Borel acyclic graph
whose connected components are the F-classes. Among the treeable count-
able Borel equivalence relations there is a <g-maximum, called the univer-
sal treeable countable Borel equivalence relation (see [JKL]). Also, among
all countable Borel equivalence relations there is a <p-maximum, called the
universal countable Borel equivalence relation (see [DJK]). Finally, a Borel
equivalence relation is called essentially countable if it has a Borel reduction
to a countable Borel equivalence relation.

THEOREM 3.10.

(i) Let C be the class of countable Borel equivalence relations. Then
([C],+,>2) is a cardinal algebra.

(i) Let NSC be the class of non-smooth countable Borel equivalence
relations. Then ((INSC],+,Y") is a cardinal algebra.

(iii) Let T be the class of treeable countable Borel equivalence relations.
Then ([T],+,>_) is a cardinal algebra. Similarly for the class NST
of mon-smooth treeable countable Borel equivalence relations.

(iv) Let NU be the class of non-universal countable Borel equivalence
relations. Then ((NU],+,Y") is a cardinal algebra.

(v) Let ZdC be the class of idempotent countable Borel equivalence re-
lations, i.e., those satisfying E & E ~pg E. Then ([ZdC],+,Y) is a
cardinal algebra.

Proof. (i) It is easy to check that C is a Tarskian class. Alternatively
note that we can view [C] as a subset of [Z] by identifying the bireducibility
type of F in C with its bireducibility type in Z. If ey is the bireducibility
type of a universal countable Borel equivalence relation, then, by Lemma
[C] is the interval I(0, ex) of [Z] and thus a subalgebra of [Z], since e
is idempotent.

(i) Clearly [N'SC] is the “infinite interval” I(ep) of [C], where eg is the
bireducibility type of Ey, which is idempotent.

(iii) Again [T] is the interval I(0, esor) of [C], where esor is the bire-
ducibility type of a universal treeable countable Borel equivalence relation,
which is idempotent, and [N'ST] is the interval I(eg, o).

(iv) [NU] is a subalgebra of [C], as follows from the fact that the sum of
a sequence of non-universal relations is non-universal, which is a result of
Marks (see [MSS, Theorem 3.8]).

(v) See Section 2(C). =

In particular all the laws mentioned in Theorem apply to all these
cardinal algebras; this includes all the results in Theorem (except for the
last part of (iii) that will be dealt with in (C) below).
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REMARK 3.11. Consider the class T* of Borel equivalence relations which
are treeable and essentially countable. Then by Hjorth [HI|] every such re-
lation F admits a Borel countable complete section A, and then by an
argument similar to that in the proof of [JKL| Theorem 3.3(i)] it follows
that E|A is a treeable countable Borel equivalence relation and of course
E|A ~p E. Therefore [T] = [T*] and Theorem iii) holds as well for 7.

We will finish this subsection with some remarks and open questions
concerning the structure of some of the cardinal algebras of bireducibility
types discussed here.

Consider the cardinal algebra ([N'SC],+, >"). Its identity element is [Ej],
which is of course its <-least element. It also has a <-largest element, namely
[Ex], where E4 is a universal countable Borel equivalence relation. It is
known (see [AK]) that ([N'SC], <) is very complicated, e.g., one can embed
in it every Borel poset. However the following is open:

PROBLEM 3.12. Is ((N'SC], <) a lattice? Equivalently (by Theorem|2.2|(3))
is it true that for any a,b € [NSC], a N'b exists?

In an earlier version of this paper, we mentioned that in fact it seemed
to be unknown whether there are any <-incomparable a,b for which a A b
exists. Such examples have now been found in [CK].

Consider next the cardinal algebra ([NU],+,>"). We have here the fol-

lowing open problem:

PROBLEM 3.13. Does ([NU], <) have a <-largest element? If not, what
is the shortest length of an unbounded wellordered subset of ((NU|,<) (it is
clearly at least V1) ?

We have seen that ([ZdC], <) is an upper semilattice (see Section [2C)).
PROBLEM 3.14. Is ([ZdC],<) a lattice?

If this is the case, then by Theorem [2.3(2) it would be distributive. Note
that, by [AK] again, ([ZdC], <) also embeds any Borel poset.

It is known that there are non-idempotent elements in [NSC] (see
S. Thomas [Th]). In fact [Th, Lemma 3.4] gives a countable Borel equiv-
alence relation ' € N'SC which is not divisible by any n > 1, i.e., there is
no F € C with nF' ~p F. It follows, using Corollary [2.5] that there is a fam
on ([NSC],+) for which ¢([E]) = 1, so ¢ takes a finite value. Of course no
such ¢ can exist on ([ZdC],+).

Finally, let B be the class of all Borel equivalence relations.

PROBLEM 3.15. Is ([B],+,>) a cardinal algebra?

As opposed to the last statement in Proposition however, it is not
the case that for Borel equivalence relations E, F we have F <p F <
[E] < [F]. To see this we use the following result of Hjorth [H|: There is a
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Borel equivalence relation E such that for some countable Borel equivalence
relation F' we have £ <g F', but for no countable Borel equivalence relation
G do we have E ~p G. We claim that then [E] £ [F]. Otherwise there is
a Borel equivalence relation H such that £ & H ~p F. Let E, H, F' live on
X,Y, Z, resp., sothat E® H liveson XUY. Let F': Z — X Y witness that
F<p E®H.Set W = f~1(X). Then W is F-invariant and F|W ~p E,
a contradiction.

(C) Borel isomorphism types. For each Borel equivalence relation
E € B, denote by [E|l~ = {F € B: E =p F} its Borel isomorphism type. Let
[Bl~ = {[E]~: E € B} be the set of isomorphism types of Borel equivalence
relations. We can define +,) on [B]~ as before, and then it is not hard
to check that ([B]~,+,>) is a cardinal algebra. It is also clear that in this
cardinal algebra [E]~ < [F]~ < E C% F. In particular all the laws in

Theorem hold in ([B]x~,+,>).

4. Cancelation fails for products. We show here that the Cancela-
tion Law
n>1,nE~gnF = E~pgF

fails for products in the context of countable Borel equivalence relations.
This answers a question of Andrew Marks, who raised it in connection with
a discussion with Igor Pak on a related issue.

If E, F are Borel equivalence relations, on X, Y, resp., then their product
FE x F is the equivalence relation on X x Y defined by

(z,y)E x F(2',y") & zEx’ & yFy'.
For n > 1 we let E™ be the product of n copies of E. We now have:

THEOREM 4.1. There are countable Borel equivalence relations £ <p F
such that E? ~p F2.

The proof was inspired by the result of Tarski in cardinal arithmetic
that states that the Axiom of Choice is equivalent to the statement: For any
two infinite cardinals x, A (k2 = A2 = k = )); see [J, Theorem 11.8]. As
opposed to the proof of Tarski’s Theorem, which makes use of the Hartogs
number of an infinite cardinal to produce, assuming the Axiom of Choice
fails, two infinite cardinals p,v such that if Kk = y 4+ v, A = p - v, then
k? = A2 but k < A, the proof of Theorem uses ideas of ergodic theory
and geometric group theory. The main idea for the construction of a pair
FE, F as in Theorem is based on the following result:

THEOREM 4.2. Suppose R, S are Borel equivalence relations on standard
Borel spaces X,Y, resp., such that:

(i) X/R and Y/S are infinite.
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(ii) There are probability Borel measures pu,v on X, Y, resp., such that
R is p-ergodic, S is v-ergodic and, for any R-invariant Borel set A
with p(A) = 1 and any S-invariant Borel set B with v(B) =1, we
have R|A £5 S and S|B £5 R.

(iii) R?2 ~p R and S%? ~p S.

Let E=R®S and F=Rx S. Then E <g F but E?* ~p F2.

Proof. First notice that R®S <p Rx.S.Indeed R® S lives on the direct
sum X UY. Fix (zg,y0) € X x Y. Since clearly R <p R|(X \ [z0]r), and
similarly for S, it is enough to show that R|(X \ [xo]r) ® S|(Y \ [vo]s) <B
R x S. Let Z = (X \ [zo]r) U (Y \ [v0]s)-Then define f: Z — X x Y by
f(z) = (x,y0) and f(y) = (xo,y). Then f is Borel reduction of R|(X \
[zo]r) ® S|(Y"\ [yo]s) to R x S.

Clearly, we have (R x S)?2 ~p R?> x 82 ~g R x S. Also (R® S)? ~p
R?®2R x S® S? >g R x S. Observe that, denoting by 2 the equality
relation on a set of cardinality 2, we have 2 x R = 2R and 2 <p R, so
2R <p R? ~p R, therefore 2R ~p R. Thus (R®S)? ~g R&S®(RxS) <p
2Rx S~ Rx S, s0 (R®S)?~p (RxS9)2

It remains to show that R®S <g RxS. Otherwise, assume that Rx S <p
R @ S, towards a contradiction, and let f: X xY — X UY witness that.
Set Xog = f~1(X) and Yy = f~1(Y), so that XYy = X x Y. Also, Xo,Yp
are (R x S)-invariant and (R x S)|Xo <p R, (R x 5)|Yp <p S.

CLAIM. R x S is (u x v)-ergodic.

Proof of Claim. Let A C X xY be (R x S)-invariant. Then for each
x the section A, is S-invariant and xRz’ = A, = A,,. Thus the function
x — v(Az) € {0,1} is R-invariant, thus constant p-a.e. If this constant value
is 1, then by Fubini’s Theorem p x v(A) = 1, while if it is 0, u x v(A) = 0.

So we have two possibilities: p x v(Xg) = 1 or ux v(X1) = 1. In the first
case, there is  such that v((Xop),) = 1 and of course (Xy), is S-invariant.
The map y € (Xo), — f(z,y) witnesses that S|(Xo), <p R, which is a
contradiction. The second case is similar.

This gives the Claim, and hence also Theorem [1.2] =

Thus to complete the proof of Theorem it remains to construct
examples of countable Borel equivalence relations R, S satisfying conditions
(i)—(iii) of Theorem

We will use the following result from group theory that was explained
to us by Simon Thomas in response to a question by one of the authors.

THEOREM 4.3 (Yu. A. OlUshanskii). There is a countable, torsion free,
simple group I" with property (T), and an infinite countable, torsion, simple
group A with property (T).
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Proof. For the convenience of the reader, we will give a sketch of the
proof based on the results of Ol’'shanskii [O].

Fix a countable group GG which is torsion free, hyperbolic and has prop-
erty (T) (see, e.g., [DCL Proposition 2]). By [O, Corollary 1], there is a
torsion free quotient I" of G all of whose non-trivial proper subgroups are
cyclic. Thus I" has property (T) and we next check that it is simple. By the
proof of Corollary 1 in [Ol pp. 403-404], the center of I" is trivial. If N is a
non-trivial proper normal subgroup, then it is not contained in the center,
so by looking at the conjugation action of I" on N, we have a non-trivial ho-
momorphism of I" into the automorphism group of IV, which is a 2-element
group, so I' has a subgroup of index 2, a contradiction.

To define A, use [O) Corollary 4] to find an infinite quotient G; of G
which is quasi-finite (i.e., every proper subgroup is finite). If N < G is a
proper normal subgroup, by looking again at the conjugation action of G
on the finite group N, we conclude that N < Z(G}). Define A = G1/Z(Gy).
Then A is infinite, torsion, simple and has property (T). m

Fix the groups I', A as in Theorem Define I =T'® I @ --- and
A*=APA®---. Then I'* x I'* = ' and A" x A* = A*. Since every
homomorphism from I" to A is trivial and vice versa, it follows that every
homomorphism of I" to A* is trivial and vice versa.

For any countable group G, consider the shift action of G on [0, 1] re-
stricted to its free part and let F be the corresponding equivalence relation.
Put now R = Fp«, which lives in X, and S = Fa«, which lives in Y. We
will verify that these satisfy the conditions of Theorem Let p be the
product measure on [0, 1]/ restricted to X and similarly define v on Y.

Condition (i) of Theorem is obvious. Also, R is p-ergodic and sim-
ilarly S is v-ergodic. We will next verify that if A C X is R-invariant and
has p-measure 1, then R|A £p S (and vice versa).

For that we will use the superrigidity result of Popa [P] (see also [K3|,
Theorem 30.5] for an exposition), which asserts that if G is a countable
infinite group with property (T), H is a countable group, and « is a Borel
cocycle of the shift action of G on [0,1]¢ into H, then « is cohomologous to
a homomorphism from G to H.

So assume that f is a Borel reduction of R|A to S. Viewing I" in the
obvious way as a subgroup of I'*, we obtain the following Borel cocycle
(7, z) from the restriction to I" of the shift action of I™* on [0, 1] into A*:
f(y-x) = a(y,z)- f(x). Since this action of I" is isomorphic to the shift action
of I on [0,1]", by Popa’s Theorem there is a Borel function 7: X — I'*
such that a(y,z) = m(y - x)n(z)~!, p-a.e. Let g(z) = n(z)~ - f(z). Then g
is also a reduction of R|A, p-a.e., to S and g(y - x) = g(x). By ergodicity,
g must be constant p-a.e., a contradiction.
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Finally, we verify condition (iii) of Theorem We will show R? ~p R
and similarly for S.

We have R? = (Fp+)?, which is an equivalence relation on X? induced
by the following free action of I'* x I'* on X2: (d,¢€) - (x,y) = (6 - z,€e-y).
Any free Borel action of a countable group GG on an uncountable standard
Borel space Z, which we can assume is the interval [0, 1], can be embedded
in a Borel way into the shift action of G on [0,1] via z +— (g — g7 - 2).
Therefore R2 SB FF*xF* gB FF* = R, so R ~pB R2.

REMARK 4.4. There is a Baire category analog of Theorem where
X,Y are now Polish spaces and R, .S are generically ergodic and, for any
R-invariant Borel comeager set A and any every S-invariant Borel comeager
set B, we have R|A £p S and S|B £p R. Using this, one can show that
for R = FE) and S = Ey,if E = R® S and F = R x S, then E<p F
but E? ~p F2?. (Here E; is the equivalence relation on RN defined by
(zn)F1(yn) < 3InVm > n(zm = ym) and E) is the equivalence relation
on (2M)N defined by (z,) E) (yn) < Vn(znEoyn).)

REMARK 4.5. One can also consider the set [C] as in Theorem [3.10{i),
with the operation of multiplication [E] - [F] = [E x F]. It forms an abelian
semigroup with identity (the equivalence relation on a singleton space). If
Eor is the universal treeable countable Borel equivalence relation, then,
by [HK, Theorem 8.1], we have Exr <p E%; <p E3 . <p -+, so, by
Theorem there is a fam on ([C],-) such that ¢([Exr]) = 1.
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