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Abstract. We present the general notion of Borel fields of metric spaces and show some
properties of such fields. Then we make the study specific to the Borel fields of proper
CAT(0) spaces and we show that the standard tools we need behave in a Borel way. We
also introduce the notion of the action of an equivalence relation on Borel fields of metric
spaces and we obtain a rigidity result for the action of an amenable equivalence relation on
a Borel field of proper finite dimensional CAT(0) spaces. This main theorem is inspired by
the result obtained by Adams and Ballmann regarding the action of an amenable group on
a proper CAT(0) space.

1. Introduction

1.1.  Overview of the results. One of the first links between amenability and negative
curvature is the result of Avez [6], which states that a compact Riemannian manifold with
non-positive sectional curvature is flat if and only if its fundamental group is of polynomial
growth. The amenability here is implicit and it was Gromov [26] who pointed out that
in this case the growth of the fundamental group is polynomial if and only if it is an
amenable group. After several generalizations obtained by Zimmer [39] and Burger and
Schroeder [9], Adams and Ballmann proved the following theorem.

THEOREM 1.1. [1, p. 184] Let X be a proper CAT(0) space. If G CIsom(X) is an
amenable group, then at least one of the following two assertions holds.

(i)  There exists &€ € X which is fixed by G.

(i1) The space X contains a G-invariant flat.

A flat is a closed and convex subspace of X which is isometric to R" for some n € N. In
particular, a point x € X is a flat of dimension zero.
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It is interesting with respect to our work to mention that in his article Zimmer also
proved the following theorem.

THEOREM 1.2. [39, p. 1012] Let F be a Riemannian measurable foliation with a
transversally (i.e., holonomy) invariant measure and finite total volume. Assume that
almost every leaf is a complete simply connected manifold of non-positive sectional
curvature. If F is amenable, then almost every leaf is flat.

Without going into all the details, a Riemannian measurable foliation has to be
understood as an equivalence relation on a measure space such that each equivalence class
(leaf) is a smooth manifold endowed with a Riemannian structure that varies in a Borel
way. Amenability of the foliation is defined as the amenability of the induced relation on
a transversal (a Borel subset of the probability space that meets almost every leaf only
countably many times).

In this paper, we study an object close to one of Riemannian measurable foliation in
the context of CAT(0) spaces (or more generally of metric spaces), namely a Borel field of
metric spaces. Suppose that a Borel space €2 is given and that to each w we assign a metric
space X,,. The definition sets what it means for such an assignment to be Borel. This has
been studied by some authors (see, e.g., [10, 13, 14] or [28]), often in the particular case
when all the X, are a subspace of a given separable metric space X. This notion seems
to be the natural one to define the action of an equivalence relation (or more generally
of a groupoid). By adapting the techniques of [1] to the context of equivalence relations
and Borel fields of CAT(0) spaces we managed to prove the following theorem; see the
following for a precise meaning of the terminology.

THEOREM 1.3. Let (2, A, ) be a standard probability space and R C Q2 be an

amenable ergodic Borel equivalence relation which quasi preserves the measure. Assume

that R acts by isometries on a Borel field (2, X,) of proper CAT(0) spaces of finite

covering dimension. Then at least one of the following assertions is verified.

(1)  There exists an invariant Borel section of points at infinity [€,] € L(2, 0X,).

(i)  There exists an invariant Borel subfield (2, A,), such that A, =~ R" for almost every
w e Q.

Our result is a generalization of the result by Adams and Ballmann, just as the one
by Zimmer generalized the one by Avez. Recently, Caprace and Lytchak [12] proved
a parallel version of Adams and Ballmann’s result by replacing the locally compactness
assumption by the one of finite telescopic dimension. Inspired by this result and by the
tools we developed, Duchesne [18] managed to prove a version of the last theorem for a
Borel field of such spaces.

In order to prove our main result, we recall and develop the theory of Borel fields of
metric spaces. In doing so, we obtain in §2 some new results, especially Theorems 2.1 and
2.3, and Proposition 2.3. In §3, we give the first analysis of Borel fields of proper CAT(0)
spaces. The next section is devoted to the action of an equivalence relation on a Borel field
of metric spaces. In particular, we reformulate the notion of amenability for a relation in
this context. The last section contains the proof of the main theorem.
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1.2. Basic definitions and notations. Let (X, d) be a metric space. If x € X and r is a
real number, we use the notation

B(x,r)={yeX|d(y,x) <r}, Blx,r)={yld(x, y)<r} and
S, r)={yeX|dx,y)=r}

to denote respectively the open ball, the closed ball and the sphere centered at x of radius r.
Sometimes we also need to use the closure of the open ball, which is written B(x, r).

A metric space is called proper if all closed balls are compact.

A map y : I — X from an interval of real numbers / to the space X is a geodesic if
it is isometric. We say that it is a geodesic segment if I is compact and a geodesic ray if
I =10, oo[. The space X is geodesic if every pair of points can be joined by a geodesic.

For x, y € X, we denote the image of a geodesic y : [a, b] — X such that y(a) =x
and y(b) = y by [x, y] € X. A geodesic triangle with vertex x, y, z € X is A(x, y, 2) :=
[x, y]U[x, z1U [y, z]. A comparison triangle for x, y, z € X is a Euclidean triangle
A(X,y,7) € R? such that d(x, y) =d(X, V), d(x,2) =d(X,2), d(y,z) =d(¥,2). Itis
unique up to isometry. If g € [x, y], we denote by g the point in [x, y] such that
d(x, q) =d(x, q).

Definition 1.1. A geodesic metric space X is CAT(0) if for every geodesic triangle
A(x, y, z) and every point g € [x, y], the following inequality holds:

d(z,q) =d(z, q).

The general background reference concerning CAT(0) spaces is [8] (see also [7]). We
will introduce the various objects and definitions associated with CAT(0) spaces that we
need, such as the boundary, the projection on a convex subspace, and the angles, in §3,
where we will prove that these notions behave ‘well’ in the context of Borel fields of
CAT(0) spaces.

Besides CAT(0) spaces, other basic objects that we will consider in this paper are Borel
equivalence relations. By a Borel space we mean a set 2 equipped with a o-algebra A and
we denote it by (2, A). If © is a completely metrizable separable topological space and
A is the o-algebra generated by the open subsets, then (2, A) is called a standard Borel
space. A theorem of Kuratowski states that such spaces are all Borel isomorphic, provided
they are uncountable (see, e.g., [31]). A standard Borel space together with a probability
measure is called a standard probability space.

Definition 1.2. Let (2, A) be a standard Borel space. A Borel equivalence relation R is

a Borel subset R C Q2 (where Q7 is endowed with the product o -algebra) which satisfies

the following conditions.

(i) For every w € , the set Rlw] := {0’ € Q| (w, ') € R}, called the class of w, is
finite or countably infinite.

(i) The set R contains the diagonal Ag := {(w, w) | w € R}, is symmetric in the sense
that R = R~! (if for § C Q2 we define S~! := {(«/, @) | (w, @') € S}) and satisfies
the following transitivity property: if (o, @), (', ®”) € R, then (w, ©”) € R.

Standard references for equivalence relations include [16, 21, 22, 29, 30] or [32]. For
a Borel subset A C 2, we denote by R[A] := UweA Rlw] the saturation of A, which is
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a Borel set, and we say that A is invariant if R[A] = A. If a countable group G acts in a
Borel way on €2, then its action defines naturally the Borel equivalence relation R, where
(w, »') € R¢ if and only if there exists g € G such that gw = o’. Reciprocally, a now
classical result due to Feldman and Moore [21] states that each Borel equivalence relation
may be obtained by such an action.

If (2, A, ) is now a standard probability space, we say that R quasi preserves
the measure 1 if for every A € A such that u(A) =0, we have w(R[A]) =0. This is
equivalent to the requirement that for each group G such that R = R, the image measures
g+(), where g € G, are equivalent to u (i.e., the measure g, (u) is absolutely continuous
with respect to u, and conversely). In the case where the measure u is invariant by G, we
say that R preserves the measure. The relation R is ergodic if each Borel saturated set is
such that u(A) =0or uw(A) = 1.

2. Borel fields of metric spaces

2.1. Definitions and first results. A field of metric spaces on a set €2 is a family of metric
spaces {(Xy, dy)}weq indexed by the elements of 2. The set Q2 is called the base of the
field, and we denote the field by (2, (X,, d,)) or (2, X,), or even just X, when the base is
implicit. A section of the field is the choice of an element of X, for each w € €, so it can
be thought of as an element of the product [ [, . X.. We write a section x,, and for each
w € 2, x4, is used to denote the given element of X,,. We denote by S(€2, X,) the set of
all sections of the field (€2, X,). Given two sections x,, y, € S(£2, X.), we introduce the
following distance function:

dy(x,, y.): € +— [0, o0
w = dw(xa),yw)'

We are interested in fields of metric spaces on a Borel space.

Definition 2.1. Let (2, A) be a Borel space and (£2, X,) be a field of metric spaces on 2.

A Borel structure on (2, X,) is a subset £(£2, X,) € S(£2, X.,) such that:

(1)  (compatibility) for all x,, y, € L(£2, X,), the function 4, (x,, y.) is Borel,

(i) (maximality) if y, € S(€2, X,) is such that d, (x,, y,) is Borel for all x, € L(2, X,),
then y, € L(£2, X,); and

(iii) (separability) there exists a countable family D := {x"},>1 € £(£2, X.) such that
@Pl = X, for all w € Q. Sometimes we will write Dy, := {x },>1.

If there exists such a L(2, X,), we say that (2, X,) is a Borel field of metric spaces and

L(2, X,) is called the Borel structure of the field. The elements of £(£2, X,) are called

the Borel sections. A set D satisfying condition (iii) is called a fundamental family of the

Borel structure £(£2, X.).

Remark 2.1.

(i)  Observe that Condition 2.1(iii) forces all the metric spaces X, to be separable.

(i1) It follows from Lemmas 2.1 and 2.2 that if a field is trivial (i.e., all the X, are the
same separable metric space X), then the set of all Borel functions from € to X
is naturally a Borel structure on this field. This observation should reinforce the
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Actions of amenable equivalence relations on CAT(0) fields 25

intuition of thinking about the Borel sections as a replacement of Borel functions
which cannot be defined when the field is not trivial.

(iii) If Q' C Q is a Borel subset, then £(Q/, X,) := {(x. |o) | x. € L(2, X.)} is a Borel
structure on the field (€, X,), where x, | denotes the section of S(/, X,)
obtained by restricting the section x, to the subset .

(iv) Borel fields of metric spaces can also be presented as bundles (see, e.g., [14]).

We now describe two constructions that we will use to give a useful reformulation of
the maximality condition of Definition 2.1. Let {x”},>; be a sequence of elements of
S(2, X,) such that {x]},>1 is a converging sequence in X, for all ® € Q. Then we can
define a new section x, € S(2, X,) by x, :=lim,_, x}, for all @ € . This section is
called the pointwise limit of the sequence {x!'},>1 and it is written lim,_, oo x. Let {x7},>1
be a sequence of elements of S(£2, X,) and Q = |_|n>1 2, be a countable Borel partition
of Q. Define a new section x, by setting x, |, := x!' |_Qn for all n > 1. This new section is
called a countable Borel gluing of the sequence with respect to the partition. If the partition
is finite, we call the section a finite Borel gluing.

LEMMA 2.1. Let (2, A) be a Borel space and (2, X,) be a field of metric spaces.
Suppose that the set L(2, X,) CS(2, X,) is such that conditions (i) and (iii) of
Definition 2.1 are satisfied. Then condition (ii) of the same definition is equivalent to
saying:

(1)  L(R, X,) is closed under pointwise limits and countable Borel gluings,

or to saying:

(1) L(R, X,) is closed under pointwise limits and finite Borel gluings.

Proof. We will prove (ii) = (ii)” = (i)’ = (ii).

(i) = (i1)”: this assertion follows easily by applying to the distance functions the facts
that a limit of a pointwise converging sequence of Borel functions is still Borel, and that a
countable Borel gluing of Borel functions is again a Borel function.

(il)” = (ii): assume that x, € S(2, X,) is the gluing of the sequence {y”},>1 C
L(2, X,) relative to the decomposition 2 = Un>1 2,. For all n > 1, we introduce the
section y.", defined by -

5 = y.fl' o, if1s<j<n,

Yolo; ifj=n+1.
By hypothesis, y.” € £L(2, X,) for all n > 1, and we have lim,_, o y." = x,, so that
L(2, X,) is closed under countable Borel gluings.

(ii) = (ii): suppose that y, € S(2, X,) is such that d,(x., y.) is Borel for all x, €
L(2, X.). Fix a fundamental family D := {x”},>; and define, for all kK > 1, a function
n*:Q — Nby

nk .= min{n € N | d,(x", y,) < 1/k}.

o *

These functions are well-defined (because D,, is dense) and Borel because

N
{weQ|nk <N)= U(d.(x-j, y )70, 1/k]) e A forall N > 1.
j=1
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k
For all k > 1, we can define a section x.* € S(€2, X.) by gluing the sequence {x!'},>1 in
this way:
k . .
xS Nkt =X lahy-1qyp  forall j=1.

k k
By hypothesis and construction, {x?'}kzl C L(R2, X,) and lim;_, o Xt = Y., SO We can
conclude that y, € £(£2, X.). O

The following lemma gives two characterizations of the Borel sections, knowing only a
fundamental family.

LEMMA 2.2. Let (2, A) be a Borel space, (2, X,) be a Borel field of metric spaces of
Borel structure L(2, X,) and D be a fundamental family. Then

L2, X,) ={y. € S(Q, X,)|d.(y., z.) is Borel for every z, € D}
= {y, € S(R, X,) | y. is a pointwise limit of countable Borel
gluings of elements of D}.

Proof. Let us prove the first equality. The inclusion [Z] is obvious. For the reverse,
suppose that y, is in the right-hand set. Since D is a fundamental family, the equality

do(xo9 yo) = sup |do(x.7 Zc) - do(Zo’ yo)l
ze€D

holds for every x, € £L(€2, X,). Therefore, d,(x,, y,) is a Borel function and thus y, €
L(2, X.). Note that the second equality was already verified in the proof of Lemma 2.1. O

Example 2.1.

(1)  As already said, a trivial field is a natural example of a Borel field of metric spaces.
It is important to keep in mind that, even in the trivial case, many different Borel
structures may exist on the same field.

(i) A standard bundle (in the sense of Gaboriau and Alvarez, see, e.g., [3]) is a standard
Borel space X with a Borel projection 7 : X — Q2 such that the fibers are countable.
The field {(r ~ (), d,)}weq, Where d,, is the discrete distance, is a Borel field when
endowed with the structure { f, : 2 — X | f, is Borel and 7 (f,,) = w}. (A selection
theorem can be used to construct a fundamental family, see [3].)

(iii) A Borel equivalence relation on €2 is a particular example of a standard bundle. This
example can be turned into a more interesting one if the relation is graphed, so that
we can consider on each equivalence class the metric induced by the graph structure
instead of the discrete one (see, e.g., [24] for a definition of a graphed equivalence
relation).

(iv) A Borel field of Hilbert spaces as defined in [15] or a Borel field of Banach spaces
as defined in [4] are examples of Borel fields of metric spaces.

(v)  Suppose that there exists a countable family D = {x'},>1 € S(£2, X.) such that
d,(x!', xI") is Borel for every n, m > 1 and {x },>1 is dense in X, for every w € Q.
Then it is easy to adapt the proof of Lemma 2.2 to show that

Lp(2, X,) :={y. € S(2, X.)|d,(x,, z,) is Borel for every z, € D}

is a Borel structure on (€2, X,).
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Definition 2.2. Let (2, A) be a Borel space, and (2, X,) and (2, Y,) be two Borel fields
of respective Borel structures £(€2, X,) and £(£2, Y,).

A morphism between these two Borel fields is a family of maps ¢, = {¢, : X, —
Y,}weq such that for all x, € £(2, X,), the section defined by ¢,(x,) : @ > @y (xy,) is
in £(£2, Y,). Sometimes we will simply write ¢, : (2, Y,) - (2, ¥,)ore, : X, = Y,. We
denote by Z(Q, F(X,, Y,)) the set of morphisms from (€2, X,) to (%2, Y,).

A morphism ¢, is called continuous (isometric, injective, surjective, bijective) if ¢,
is continuous (isometric, injective, surjective, bijective) for every w € Q. We will write
E(Q, C(X., Y,)) for the set of continuous morphisms and Z(Q, T(X.,Y,)) for the set of
isometric ones.

A continuous morphism ¢, € E(Q, C(X.,, Y,)) is invertible if ¢, is a homeomorphism
for every w € Q and if <p._1 (defined in the obvious way) is also a morphism.

Remark 2.2.

(i) Obviously, we could define a morphism for fields with different bases, but this is not
relevant in our context.

(i) To verify that a family of continuous maps {¢, : X, — Y, } is a morphism, it is
enough to check that ¢,(D) C L(2, Y,) for a fundamental family D of £(S2, X,).
Indeed, this is an easy consequence of Lemma 2.2. In the same spirit, we can verify
that ¢, € Z(Q, C(X,, Y,)) is invertible if and only if ¢, is a homeomorphism for
every o € Q.

Suppose now that we choose for every w € 2 a subset (possibly empty) A,, of X,,. Such
a choice is called a subfield and we would like to define when it is Borel. A natural way
of doing this is to suppose that Q' := {w € Q| A, # @} is a Borel subset of 2 and that
L(Q, A):=L(Q, X,)NS(Q, A,) is a Borel structure on the field (', A,); observe
that (2, A,) is not in general a field of metric spaces. As L(2', X,) N S(/, A,) is closed
under Borel gluings and pointwise limitst, and as condition (i) is obviously satisfied,
Lemma 2.1 naturally leads to the following definition.

Definition 2.3. Let (€2, A) be a Borel space and (€2, X,) a Borel field of metric spaces. A

subfield (€2, A,) is called Borel if:

i) Q' ={weQ]|A,#0}e A and

(i) there exists a countable family of sections D' = {y"},>1 € L(', A,) such that
Ap S {y2} ., forevery w e Q.

The set € is called the base of the subfield and D’ is called a fundamental family of the

subfield.

Remark 2.3.

(i) (&, A,) is a Borel field of metric spaces.

(i) In condition (ii) of Definition 2.3, the closure T(’Z)}Pl is taken in X,,, which is why
we used C and not an equality. An obvious way to construct a Borel subfield is
to take a countable family {x”},>1 € £(2, X.) and to choose a subfield A, such

+ In this context, we think about (2, A,) as a field, so that we are only interested in pointwise limits that are in
S(, A,). This does not mean that the set we consider is closed in S(2, X,) orin £(/, X,)
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that {x/\},>1 € Ay € {x_('f)}n>1 for every w € Q. In particular, a Borel section is an
obvious example of a Borel subfield.

(iii)) The previous construction can be generalized in the following way: if A, is a Borel
subfield of X, and B, is a subfield such that A, € B, C A,, for every w € €2, then
B, is also a Borel subfield of X,.

(iv) Suppose that {A”},>; is a family of Borel subfields. Then the subfield A, :=
Uy>1 A, defined by A, :=J,~, A%, is also a Borel subfield. This can be shown
in three steps. First, we observe that the base € of A, is Un>1 Q, € A, where Q,
denotes the base of A”. Then we construct a section z, € E(S_Z/ , A,): pick sections
e £(Q1, AD), 22 € L\, A2), 23 € L(23\ (2] U 22), A3) and so on; gluing
them together gives the desired section. Finally, we choose, for each n > 1, a
fundamental family D" of A" and we modify each of its elements by glulng it with
Z. lo\@, to obtain a subset D" of L(, A.). By construction, D’ := = U1 D" is a
fundamental family of A,.

(v) Observe the following obvious property of transitivity for Borel subfields. Let
(2, A) be a Borel space, (2, X,) be a Borel field of metric spaces, (2, A,) be a
Borel subfield of (2, X,) of base Q" and (2, B,) be a subfield of (2, X,) such that
B, C A, for all w € Q. Then (2, B,) is a Borel subfield of (2, X,) if and only if
(', B,) is a Borel subfield of (', A,).

2.2. Equivalence classes. Suppose now that a Borel probability measure p on (2, A) is
given. In this context, we can define the equivalence relation of equality almost everywhere
on the set of Borel sections and more generally on the set of Borel subfields. Two sections
(or two Borel subfields) are equal almost everywhere if the set where they differ is of
measure 0. We write x, =.ae. Yo (Or A, =5 B,) when two sections are equivalent, and
we denote by [x,] (or [A,]) the equivalence class of x, (respectively of A,). We write
L(2, X,) for the set of equivalence classes of Borel sections.

2.3.  Borel subfields of open subsets. In the case of a subfield such that all the subsets
are open, there is an easy sufficient criterion to verify that it is Borel.

LEMMA 2.3. Let (2, A) be a Borel space, (2, X,) be a Borel field of metric spaces and
U, be a subfield such that U,, is open for every w € Q. If {w € Q| x,, € Uy} € A is Borel
for all sections x, in a fundamental family of the Borel structure L(2, X,), then U, is a
Borel subfield.

Proof. Write D := {x"},>1, a fundamental family, and Q, :={w € Q | x} € Uy} € A. By
density of {x},>1, and since U,, is open for all w € 2, we have that Q' := {w € Q | U, #
o) = Unzl 2, is Borel. For all n > 1, we can define a Borel subfield (€2, A”) by

Al =

w

() ifwe Q,
(] otherwise.

Then, by construction, Unzl Al CU, C Unzl A", and so U, is a Borel subfield by
Remarks 2.3(iii) and (iv). O
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Actions of amenable equivalence relations on CAT(0) fields 29

Example 2.2. 1f x, € L(2, X,) and r, is a Borel non-negative function, then the subfield
of open balls B(x,, r,) defined by assigning to each w the set B(x,,, ry,) is Borel. In fact,
if y, € L(2, X.), then

{0 € Q| yw € B(xo, )} = (du(xa, ) ([0, 1.]) € A.

The field B(x,, r,) of the closure of the open balls is also Borel because of Remark 2.3(iii).

2.4. Borel subfields of closed subsets. If every metric space X, is complete, then there
is a sufficient and necessary criterion for a subfield of closed subsets to be Borel. We
choose the convention that the distance from a point to the empty set is infinite.

PROPOSITION 2.1. Let (2, A) be a Borel space, (2, X,) be a Borel field of complete

metric spaces and F, be a subfield of closed subsets. Then the following assertions are

equivalent.

(1)  F, is a Borel subfield.

) d.(x,, F)):Q—> Ry U{oo), o> dy(xy, Fp) is a Borel map for every x, €
L(2, X,).

(i) d.(x,, F,): Q—> Ry U{oo}, o> dy(xy, Fy) is a Borel map for every x, € D,
where D is a fundamental family of L(2, X,).

Proof (sketch). (iii) = (ii): Since the distance to a set is a continuous function, this
assertion is a consequence of Lemma 2.2.

Implication (iii) <= (i) was proved in the particular case of trivial fields by Castaing
and Valadier [13]. Notice that {w € Q| F, # @} = (d.(x., F.))_I(R+) for any x, €
L(L2, X,), so we can suppose, without lost of generality, that this set is equal to Q. The
trivialization theorem due to Valadier (see [36] and the remark below), the implication (ii)
<> (iii), the completeness assumption and the property of transitivity of Borel subfields
(see Remark 2.3(v)) can therefore be combined to extend the result to the general case. O

Remark 2.4. The trivialization theorem due to Valadier [36] states that for every Borel
field of metric spaces (€2, X,), there exists an isometric morphism ¢, : (2, X,) — (2, U),
where U is the universal separable metric space constructed by Urysohn [35]. In his paper,
Valadier checks that the isometric embedding of a separable metric space X in U can be
done in a Borel way.

Example 2.3. Suppose that every X, is geodesic. If x, is a Borel section and r, : 2 — R
is a Borel function, then the field of closed balls E(x., r,) defined in the same way as in
Example 2.2, is Borel. Indeed, if y, € £(<2, X,), then

du(ye, B(xa, 1) = [du (3., x.) — 1.1°,

where if @ € R, then

o |« ita=o0,
[a]” =
0 ifa<0.

In the measure case, we can show that the set of equivalence classes of a Borel subfield
of closed sets can be turned into a complete lattice (i.e., every subset has an infimum and
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a supremum) when it is endowed with the following order: if F, and G, are Borel subfields
of closed sets, then [F,] < [G,] if F,, € G, for almost every w € 2.

We will need the following proposition, which can be deduced from [28] (Theorem 3.5
and the explanation at the beginning of §4) as Proposition 2.1 has been deduced from [13].

PROPOSITION 2.2. Let (2, A, n) be a standard probability space and X, be a Borel field
of complete metric spaces. Let {F!'},>1 be a family of Borel subfields of closed subsets.
Then there exists a Borel subset Qo of measure one such that if (), F!' is defined by
assigning to each w the set (=, FMo :=(N,=1 F, then (0, (=, F") is a Borel
subfield of (S0, X.). - - -

THEOREM 2.1. Let (2, A, 1) be a standard probability space and let X, be a Borel field
of complete metric spaces. Then the set of equivalence classes of Borel subfields of closed
subsets with the order of inclusion almost everywhere is a complete lattice.

More precisely, if {[Ff} 1Y ges is a family of equivalence classes of Borel subfields of
closed subsets, then there exists a sequence of indices {Bn}n>1 C B such that

0] = [7]

n>1 n>1
are respectively the infimum and the supremum of the family {[ F, ﬁ 1} ges-

Before proving this theorem, we recall the notion of an essential supremum of a family
of Borel functions, whose existence is guaranteed by the following theorem.

THEOREM 2.2. [17,p. 71] Let (2, A, w) be a standard probability space such that v is
o-finite. Let { f; : Q@ — R U {£o0}};c7 be a family of Borel functions. Then there exists a
Borel function g : Q@ — R U {£00} such that:
(1) foralli € Z, we have g(w) > fi(w) for almost every w € Q2;
(1) ifh:Q — RU{£o0} is a Borel function satisfying (i), then h(w) > g(w) for almost
every w € Q.

The function g is uniquely determined up to null sets and all functions in its class satisfy (i)
and (ii). Moreover, there exists a countable family of elements of I such that its supremum
satisfies (i) and (ii).

We call g an essential supremum of the family { f;}ic; and we write g = sup ess;;{fi}.

Proof of Theorem 2.1. First, observe the following criterion for a closed subset to be
included in another one. If X is a metric space, D C X is a dense subset and Fj, F> € X
are two closed subsets, then

FhLCFl < dx, F,)>d(x, F;) forallx € D. (D)

Now let {F, _'3} pei be a family of Borel subfields of closed subsets and fix D = {xf},-zl, a
fundamental family of the Borel structure £(2, X,). By Theorem 2.2, there exists, for

each i > 1, a sequence of indices {,Bfl},,z 1 such that sup,,-, d,(xf, Fﬁ ;’) is an essential
supremum of the family of functions {d.(xf, F.ﬂ)}/geg. If we set B := {ﬂf,}n,izl , then we
can simultaneously construct an essential supremum for each family {d, (xf , F ﬁ )}geB by
taking supgep d. (x!, FP). By Proposition 2.2, there exists a Borel subfield F, of closed
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subsets such that F,, =) BeB’ F(f for almost every w € €2, and we will show that it is the
infimum of the family {F_ﬂ} peB- Let Bo € B be fixed. Then, for every i > 1, we have

. . ) . .
do(xl, F) =qe. doxl, () FP) = sup du(xl, FP) 24 du(xl, FP),
BeB BeB’

which shows, by the preliminary observation, that F,,, C Ffo for almost every w € Q2. Thus,
[F,] is a minorant and it is obvious from its definition that it is the biggest one.

The same argument can be made for the supremum by considering the essential infimum
of the families {d,(x!, F, .5)} peB. realized as the infimum taken over a subset B” C 3. Then

J BeB" F#] will be the supremum. To have the exact formulation of the conclusion of the
theorem, we only have to order the countable set 5’ U B” = {B,},>1- O

2.5. Borel fields of proper metric spaces. In this section, X, will denote a Borel field
of proper metric spaces. We will show that the field assigning to each w the space of
continuous functions on X, is a Borel field of metric spaces. To do so, we will need the
following lemma.

LEMMA 2.4. Let X be a proper metric space and xo € X a fixed base point. Then the
following function is a metric on C(X) that induces the topology of uniform convergence
on compact sets:

5: C(X)xC(X) — R
(f, 8 > inf{e > 0| Sup,cp(xy,1/6) |f(X) — g0)] <&}

Moreover, if D C X is a dense countable subset, then the Q-algebra generated by the
Sfunctions {d, }xcp and the constant function 1 is a dense countable subset of C(X).

Proof (sketch). The proof of the first part is an easy exercise. The second part can be
proven by applying for each R > 1 the Stone—Weierstrass theorem (see, e.g., [25, p. 198])
to the space X N B(xp, R) and the set of functions {d,}, cBGo R)ND- O

Let (2, A) be a Borel space and X, a Borel field of proper metric spaces. We fix x e
L(2, X,) and we consider the family of metrics §, = {8y }weq on C(X,) = {C(Xp)}wen
given by Lemma 2.4.

THEOREM 2.3. The set
L(2,C(X.)) ={f. €S2, C(X.) | f.(x,) is Borel for every x, € L(2, X.)}
is a Borel structure on (C(X,), 8.). Moreover, the subfield Cy(X,), where
Co(Xa) ={f €C(Xa) | f(x7) =0},
is Borel.

Proof. This set is clearly closed under countable Borel gluings and pointwise limits, so,
by Lemma 2.1, we only have to check points (i) and (iii) of Definition 2.1.
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Fix ¢ > 0 and choose D, a fundamental family of the Borel subfield B(xf), 1/¢) (see
Example 2.2). Pick f,, g, € L(2, C(X.,)). Then,

80 (fo, 8w) S = Su% | fo(Xw) — 8o(Xw)| < &,
Xe€

and so L£(2, C(X,)) is compatible with the family of metrics §, and point (i) of the
definition is verified.

Now observe that S(€2, C(X,)) is naturally an algebra: if f,, g, € S(€2, C(X,)) and
A € R, we can define

(fe8dw = fu8w» (fot+8o=Jfo+8 and (Af)w :=2Afe.

It is clear from its definition that the subset £(€2, C(X,)) is a subalgebra of S(2, C(X,)).
We now fix D = {x!},>1, a fundamental family of the Borel field X,, and we define the
following elements of £(€2, C(X,)):

dxfl Q — C(X.)

0 dyy s Xo

R and

We write Ag, the countable (Q-subalgebra of S(€2, C(X.)) generated by {dy,},,ep U
{1.}. Then Ag is contained in £(2, C(X.)) because this last set is an algebra that contains
the generators of Ag; moreover, {f, | f. € Ag} is dense in C(X,,) for every w € Q by
Lemma 2.4, so Condition 2.1(iii) is satisfied.

To prove that the subfield Co(X,) is Borel, it is enough to realize that if D is a
fundamental family of the field C(X,), then D= {f.— f.(x?) | foe L(2,C(X,))} is
obviously a fundamental family of the subfield. a

We will show now that the intersection behaves better in proper spaces than in complete
ones (see Proposition 2.2).

PROPOSITION 2.3. Let (2, A) be a Borel space and let X, be a Borel field of proper
metric spaces. Let {F'},>1 be a family of Borel subfields of closed sets. Then the subfield

(n>1 F.' is a Borel subfield.
We will need the following lemma, whose proof is straightforward.

LEMMA 2.5. Let X be a proper metric space. Then the following assertions are true.

(i) Let F be a closed subset of X. Then, for every x € X, the distance d(x, F) is
realized.

(1) Let {F,}y>1 be a decreasing sequence of closed subsets of X. Then, for every x € X,
we have d(x, ﬂn>l Fy) =1lim,, d(x, F,) = sup, d(x, F,), where d(x, @) = oo,
by convention. -
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Proof of Proposition 2.3. The proof proceeds in three steps.

(i) Proposition 2.1, applied twice, implies that the conclusion of the theorem is true in
the particular case when Fg“ C F} for every w € Q and n > 1, since d.(x,, ﬂn>l F' =
lim,— oo . (x., F™), by Lemma 2.5. -

(i) Let f, € £L(2, C(X,)) and a,, b, € L(2, R). Let F, := f._l([a., b,]) be the subfield
defined by F,, = f L(lay, by]). We will show that F, is a Borel subfield. For every integer
n>1,wesetUl':= f._l(]a. — 1/n, b, + 1/n][) for the subfield defined in a similar way
to F,. It is a Borel subfield by Lemma 2.3 because if x, € £L(2, X,), then

{w€Q|xw€U¢7)}:{w€Q|aw—l/nffw(xw)fbw'i‘l/n}y

and the latter set is Borel by the definition of £(£2, C(X,)). By Remark 2.3, U_.” is a Borel
subfield, so the sequence {U_.”},,Z] is a decreasing sequence of Borel subfields of closed
subsets such that (), U™ = F, (this equality is satisfied because every f,, is continuous).
Thus, F, is a Borel subfield by the first step.

(iii) We will show now that if F, and G, are Borel subfields of closed subsets, then
so is F, N G, (and the conclusion of the proposition will then follow by applying this
fact recursively and using step (i)). By Proposition 2.1, df,, dg, € L(2, C(X.)), so
F.NG,=(dF, + dG.)_l(O) is a Borel subfield by step (ii). O

3. Borel fields of CAT(0) spaces
3.1. Basic properties. First, we recall some notation and terminology. A subset C € X
is convex if it contains any geodesic segment joining any two of its points. For such a
closed convex subset in a complete CAT(0) space, we denote by w¢(x) the unique point
which satisfies d(x, mc(x)) =d(x, C) :=infycc d(x, y) [8, Proposition I1.2.4]. This is
the projection of x on C and the projection map nwc : X — C does not increase distances.
The circumradius of a non-empty bounded set A C X isr(A) :=inf{r >0|Ix € X, A C
B(x, r)}. This infimum is achieved and there exists a unique point c4 € X such that
AC E(CA, r(A)) [8, Proposition I1.2.7]. This point is called the circumcenter of A.

If (2, X,) is a field of metric spaces such that X, is a CAT(0) space for all w € 2, we
call it a field of CAT(0) spaces. Monod was the first to consider such fields in [34].

Definition 3.1. Let (2, A) be a Borel space, (€2, X,) be a Borel field of proper CAT(0)
spaces, x,, y, € L(£2, X,) be two sections and (€2, C,) be a Borel subfield of non-empty
closed convex sets.
We define
Yreve o [0, 11— S(2, X,)
t = [VX.,y.(t) NONee wa,yw(t)]a

where yy, y, [0, 1] = X, is the unique geodesic with constant speed such that
Viosye (0) =X and vy, v, (1) =y, for all w € Q.

We also define nc, (x.) € S(2, X,), where m¢, (x,) is the projection of x,, on C,, for
all w € Q.

We know that the field B(x., r.) is Borel if x, € £(2, X.) and r, is a non-negative Borel
function. Since we have on the one hand yy, y, (¢) = B(x., td.(x., v.)) N E(y,, (1—-1)
d.(x,, y,)) for all ¢+ €[0, 1], and on the other hand 7c,(x,) = C., ﬂE(x., d,(x,, C,)),
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we conclude, using Proposition 2.3, that the sections introduced in Definition 3.1 are
Borel. In the same spirit, we can define a circumradius function and a circumcenter section
whenever a Borel subfield of bounded sets is given.

LEMMA 3.1. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper CAT(0)
spaces and (2, B,) be a Borel subfield of bounded sets of (2, X,).

(i)  The circumradius function r(B,) is Borel.

(i1)  The section of circumcenters is Borel, i.e., cp, € L(£2, X,).

Proof. (i) Recall that if B C X is a bounded subset in a proper CAT(0) space, then we
have the equality r(B) = infxex{supyeB d(x, y)}. So, define f,: X, - R by f,(xy) =
supy g, d(xy, Vo) for all w € Q. We have f, € L(2, C(X,)) because if D C L(2, X,),
D' C L(R2, B,) are fundamental families, then f,(x,) = SUp,, ey d(x,, y,) for every x, €
L(2, X,). Consequently, we deduce that the function r(B,) =inf f, =inf, ep f.(x,) is

Borel.
(i1) Observe that cp, = f.’l(r(B.)) is Borel (see the proof of Proposition 2.3,
step (ii)). O

Other Borel functions appear naturally on Borel fields of CAT(0) spaces.

First, recall that for CAT(0) spaces it is possible to define several notions of angles.
The comparison angle at p between x, y, denoted by Zp(x, y), is the corresponding
angle in a comparison triangle. This allows us to define an infinitesimal notion of
angle: if p, x, y€ X and ¢, ¢’ : [0, b], [0, b'] — X are two geodesic segments such that
c(0) =c’(0) = p and ¢(b) = x, ¢/(b") = y, then the Alexandrov angle at p between x and
y is defined by /,(x, y) :=1lim sup, ;0 Zp(c(t), c'(t)), where the CAT(0) hypothesis
ensures the existence of this limit.

LEMMA 3.2. Let (2, A) be a Borel space and (2, X,) be a Borel field of proper CAT(0)

spaces.

1) If x., v, po € L(RQ, X,) are such that x, # py # Yo for all w € Q, then the
comparison angle function Zp, (x., ¥,) is Borel.

(1) Ifwe replace in (i) the comparison angle by the Alexandrov angle, then the function
obtained is also Borel.

Proof. (1) This assertion follows directly from the law of cosines, which can be used to
write the angle in terms of the distances.

(ii) For each n € N, let Q, := {w € Q | min{d, (pw, Xo), do(Pw, Yo)} > 1/n} € A, and
define two sections in £(£2, X,) by

(p., 1/n) N B(x., d.(p., x.) — 1/n) and
(pos 1/0) N By, du(pa, y2) — 1/n),

g, :

cl e, :

=B
_B
which are extended in an arbitrarily Borel way to ©\€2,. Since x,, # p, # Y for all
w € R, we have Q= Unzl Q,, and thus for every w € 2, there exists n, € N such
that ¢! = ¢,(1/n) and ¢! =7¢,(1/n) for all n > n,, where ¢y, : [0, dy(Pw, Xw)] = Xo
(respectively ¢y, : [0, dw(pw, Yo)] = X,) is the geodesic from p,, to x,, (respectively yy,).
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By [8, Proposition I1.3.1], we have
. . n ~
Lp,(xa, yo) = lim 2 arcsm(— -dJ(c el ),
n—00 2

and this shows that the function is Borel. O

Recall [8, §I1.8] that if X is a proper CAT(0) space, the boundary at infinity d X can
be defined as the set of equivalence classes of geodesic rays in X, where two rays are
equivalent (asymptotic) if they remain at a bounded distance from each other. Often we
write c(co) for the equivalence class of the geodesic ray ¢, and a typical point of 9X
is written £. Fixing a base point xo € X leads to a bijection between & € 9X and the
unique geodesic ray cy, ¢, starting at xo and such that c(co) = &. This identification can be
used to define the conic topology (which turns out to be independent of the choice of xg):
&y — & if ¢y 5, (t) = Cxy,£(2) for all £ > 0. Another equivalent construction uses the map
i: X — Co(X), defined by x — d, — d(x, xp), where Co(X) is endowed with the topology
of uniform convergence on compact sets. In general, for an arbitrary proper metric space,
this map is not a homeomorphism onto its image, but it is if the space is geodesic [7]. It
can be shown that 9 X is homeomorphic to m\i (X): to £ € X and we can associate the
Busemann function by, ¢ : X — R, x = lim;_ o0 d(x, Cxy,6 () — d (X0, cxy,(t)). These
functions satisfy

b (y) =bxs(y) —bx(2), §€dX,x,y,zeX. 2

For all w € 2, we now define the map i, : X, —> Co(X,) by setting x,, > dy, —
d(x,, xg), where x? e S(€2, X,) is a fixed section. This will enable us to deal with the
Borel structure on the fields of boundaries.

THEOREM 3.1. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper CAT(0)

spaces and x? e L(2, X.).

(i) We have i, e L(Q, C(X., Co(X.))), and the subfields i.(X.), i.(X.) are Borel,
where Co(X,) is endowed with the Borel structure inherited from (C(X,), 8,) (see
Theorem 2.3).

(ii) The field X, is a Borel subfield of closed sets of i.(X.).

Proof. (i) Since x? € L(2, X.), we observe that i,(x,)(yv,) =d,(x., y.) — d.(x., x?) is
Borel for every y, € L(£2, X,). So, i,(x,) € L(2, Co(X.)), and i, is a morphism which
is obviously continuous. Consequently, i,(X,) is a Borel subfield of Cy(X,) as well as
i, (X,).

(i1) Observe that if X is a proper CAT(0) space and xo € X is a fixed base point, we
have the equality 0X = ﬂneN (X )\i(m). We use this trick to show the assertion
by using Proposition 2.3. Since i.(X.)\i.(B(x?, n)) is a Borel subfield of open sets of

i,(X,) for all n € N, we obtain that 0 X, = ﬂneN i.(X.)\i.(B(x?, n)) is also Borel. O

Remark 3.1. In particular, Theorem 3.1 describes the sections of £(£2', X,), where Q'
is the base of the subfield 0 X,, which is equal to the set {w € Q| X, is unbounded}. By
definition of the Borel structure on (', Co(X,)), the section &, € S(Q/, X,) is Borel if
and only if the function bng_ (x.) is Borel for every x, € L(€2/, X,). Observe that this
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condition does not depend on the choice of x? € L(, X,) because if y? e L(, X.,),
we have byo ¢ (x,) =byo ¢ (X.) — b0, (y?) by (2). Therefore, &, is Borel if and only if
by, &, (x,) is Borel for every x,, y. € L(L', X,).

The Borel structure of the field of boundaries is such that the natural sections and
functions associated are Borel.

LEMMA 3.3. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper unbounded
CAT(0) spaces and two sections x, € L(2, X,), &, € L(2, 0X,). Define

croe: [0,00[ —  S(Q, X.)
t g () 0> g, (1),

where cy, g, [0, 00— X, is the unique geodesic ray such that cy, ¢, (0) =x, and
Cx, £, (00) =&,. Then we have c,, ¢, (t) € L(2, X.) for everyt € Ry.

Proof. Let D C L(2, X,) be a fundamental family. Since i,(D) is also a fundamental
family for the structure £(€2, i.(X.)), by Lemma 2.2, each Borel section in this set is a
pointwise limit of countable Borel gluings of elements of i, (D). In particular, there exists a
sequence {x!'},>1 € D such that lim,_, » i.(x]") = &,, and we suppose that d,,(x]}, x,,) > n
for all w € Q. Consequently, we can define Vroxn () € L(22, X,) atleast foreachr € [0, n].
Now fix t € Ry. Since, by [8, Proposition I1.8.19], lim,, o Vxo.xn (E) = Cx, &, (1) for each
w € 2, we deduce cy, g, (1) = limy— 00 Yr, x2 (1) € L(2, X,). 0O

Recall that for every 1, £ € 9X and x € X, the Alexandrov angle between £ and 7 in
x is defined by Z,(&, n) = Lx(cx£(1), cx (1)) and the Tits angle between & and n by
L(&, n) =sup,cx Lx (&, n). The Tits angle defines a metric on the boundary, called the
angular metric.

LEMMA 3.4. Let (2, A) be a Borel space and (2, X,) be a Borel field of proper CAT(0)
spaces. Consider a section x, € L(2, X,) and two sections &,, n, € L(2, 1X,).

(i)  The Alexandrov angle function . (&,, n.) is Borel.

(ii)  The Tits angle function /,(&,, n,) is Borel.

Proof. By definition, we have /, (&, n.) = Ly (cx, 6,(1), cx, 5. (1)), and by [8,
Proposition 11.9.8(4)], £.(&., n.) =2 arcsin(lim;— o0 (1/2¢) - d(cx, &, (1), Cx,.n.(1))). So,
we deduce from Lemmas 3.2 and 3.3 that these functions are Borel. O

We turn now to some subfields of the field of metric spaces (2, (3X,, £,)). Notice
that the latter is not always a Borel field of metric spaces because the topology induced
by the angular metric may be not separable. Despite this problem, we prove the following
theorem.

THEOREM 3.2. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper
unbounded CAT(0) spaces and (2, A,) be a Borel subfield of non-empty closed sets, with
respect to the conic topology, of (2, 3X.,).

(1)  The circumradius function r (A,), with respect to the angular metric, is Borel.
Moreover, suppose that r(Ay) < 7w /2 for all w € Q.

(i1)  The section of circumcenters is Borel, i.e., ca, € L(2, 0X,).
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Proof. The proof of (i) proceeds in three steps.
(a) For a CAT(0) space X and xo € X, define for each integer n > 1 the function

[T X x3dX — [0, 7]
()] = LE ) = sup Zxo(Cxos(l) Cxg.n(8)).

tell,

This increasing sequence of functions verifies Z(&, 1) =lim,_ /"(&, n) =
sup,,~ £" (&, n) by [8, Proposition I1.9.8(1)]. If 3X is endowed with the conic topology,
then /" is a continuous function. The argument is as follows. The function f, :
[1, n] x (3X)* — [0, =], (z, E, n) Zxo(cxog(t) Cxo,n(1)), is continuous, hence uni-
formly continuous. It is easy then to check that the function (&, n)+— /"(&, n) =
Sup;epy.q1 S (2, §, ) is continuous.

(b) We will now prove that if A C 9X is a non-empty closed subset, then we have the
equality

r(A) = ngr&gggg{rglagl &, m} (3)

Indeed, we have

r(A) < inf {sup{sup Ly(. m)}} = inf {suplsup " (€. m})
§€3X peA xeX §€9X peA n>1

= Einf {sup{sup /" (&, n)}},

€0X y>1 peA
and by (a) and compactness, r(A) = infecyx{sup,-{max,ca £" (£, n)}}. Now consider
the restriction £ |5x x 4, which is uniformly continuous by (i), and also the function /],
39X — [0, ], & — max,ca{/" (&, n)}, which is continuous. We will use the following
observation, whose proof is not a very difficult exercise.

Observation: Let Y be a compact metrizable space and {g, : Y — [a, b]},>1 be an
increasing sequence of continuous functions. Taking a pointwise limit gives a function g
which is obviously lower semi-continuous. Then min g = lim,_, 5, min g,. Moreover, if
Xp, is such that g, (x,) = min g,, then any accumulation point x satisfies g(x) = min g.

We can now easily deduce the formula (3) by applying the first assertion of the
observation to the sequence of functions g, (§) := £, (&), since r(A) = min g.

(c) Finally, if &,, , € L(2, 8X,), then the function /" (&,, n,) is Borel for every n > 1
because, on the one hand, we have, by continuity,

L) = sup Loewe (1), e, (1),
re1,n]NQ
and, on the other hand, since €0, ®), 20,4 (t) € L(R2, X,), the function ng (CxQ,s. ®),
0.0 (1)) is Borel by Lemma 3.2. Consequently, if D C £(2, 3X,) and D’ C L(2, A.)
are fundamental families, then we have

rad(A,) = lim mln{max LM(E,, )Y,

n—>00 £,€D neeD’
and this shows that the function is Borel.
We now undertake the proof of (ii). We will also perform this proof in three steps.
(a) By hypothesis, for each w € 2, the set A, has a unique circumcenter ca, [8,
Theorem I1.9.13 and Proposition II.2.7]. Therefore, the section c4, € S(2, 9X,) is well
defined.
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(b) Observe the following general fact. If (€2, Y,) is a Borel field of compact spaces
and {f"},>1 C L(2, C(Y,)) is a sequence of continuous morphisms which is increasing
(i.e., for each w € 2, n > 1, it satisfies fa’}H > f1), bounded (i.e., for each w € Q it
satisfies sup,~; f, < 00), and such that f, :=1lim,_,« f/ satisfies |fw_1({min foDl=1
for all w € Q,_then f._l({min f.b) e L(2,7,). Indeed, if D C L(S2, Y,) is a fundamental
family, we have min f" =inf, cp f.(x.) € £L(2, R), and therefore ( f.”)_1 ({min f'})isa
Borel field of closed subsets (see step (ii) of the proof of Proposition 2.3). Consequently,
we can pick a Borel section x in it and, by the observation made in the second step of (i),
f._l({min f.}) =lim,_,  x!" is Borel.

(c)LetD C L(2, 8X.) and D’ C L(2, A,) be fundamental families. We have seen that

d An = 1. i Zn L3} . = i 1. Z" L3} . .
rad(A.) ,,L‘%o{g?;%{;f‘e% <& n)t &%{nlﬂo{n’f‘fﬁ & m)t

Define g/’ (£,) := max,, ep £. (&, n.). We have g!' € L(Q2, C(dX.)), and observe that the
sequence of morphisms {g”},>1 is increasing, bounded, and that

g.:= lim g € L(Q, F(OX., ®))

is such that
g;] ({min(g,)}) = {ca,} foreachw e Q

because min g, =r(A,) and cy4, is unique. Therefore, by step (b), we obtain c4, €
L(2, 9X.). a

3.2. Limit set at infinity. The goal of this section is to associate a canonical Borel section
& € L(2, dX.) with a decreasing sequence {C!},> of Borel subfields of convex, closed,
non-empty subsets in a field of proper CAT(0) spaces which satisfies the hypothesis of
“finite covering dimension’. The section we are looking for is obtained by considering the
circumcenter of the Borel field of limit sets at infinity.

Definition 3.2. Let X be a proper CAT(0) space and {C, },>1 be a decreasing sequence of
convex, closed, non-empty subsets such that (),,..; C, = @. Since the space is proper, this
assumption is equivalent to the fact that limn_>00_ d(x, mc,(x)) = oo for every x € X. For
x € X, we consider

L :={nc,(x)}n>1 N X = {accumulation points of {m¢c, (x)},>1},

where the closure is taken relative to the conic topology on X. Since the projection on a
convex set does not increase the distance, this set is independent of the chosen point x. We
call this set L the limit set at infinity of the given sequence of subfields.

First, we show that this definition is independent of the choice of x € X.

LEMMA 3.5. Let X be a proper CAT(0) space and {Cn},>1 as above. Then we have
diam L, < 7 /2 with respect to the angular metric.

Proof. By [8, Proposition I1.2.4 (3)], we have

Lac, ) (X, 7C, (X)) > 7/2
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if Cy gCn and n is large enough so that x ¢ C,. In particular, we have

Lac, @) (x, 7, (X)) = /2, and thus

Ly(me, (%), 7c, (%) < /2
if m > n are large enough so that x ¢ C,, and C, ; C,. Considernow any &, € L, C 90X
as well as two subsequences {”an (X)}k>1 and {”ka (x)}k>1 such that TCy, (x) > & and

¢, (x) = ¢ for k — oo. By [8, Proposition I1.9.16], we conclude that

L(&, &) <liminf /, (7¢, (%), 7c,, (x) <7/2
k— 00 k k
if my > ny are as above. O

The topological condition on X needed to ensure the uniqueness of the circumcenter of
a limit set at infinity is the following.

Definition 3.3. The order of a family £ of subsets of a set X is the largest integer n such
that the family £ contains n + 1 subsets with a non-empty intersection, or oo if no such
integer exists. If X is a metrizable space, it is possible to define the covering dimension
(also called the Cech—Lebesgue dimension) dim(X) by the following three steps.

(i) dim(X) <n if every finite open cover of X has a finite open refinement of order <n.
(i) dim(X) =n if dim(X) < n and the inequality dim(X) <n — 1 does not hold.

(i) dim(X) = oo if the inequality dim(X) < n does not hold for any #.

We also define dim¢ (X) := sup{dim(K) | K € X compact} and refer to [19, Ch. 7] for the
properties of a covering dimension and some equivalent definitions.

Remark 3.2. Some authors refer to dimc(X) as the geometric dimension of X (see,
e.g., [12]). Note that a CAT(0) space X such that dim¢(X) =0 is a singleton, and if it
satisfies dim¢ (X) = 1, it is an R-tree.

THEOREM 3.3. [23, Theorem 1.7 and Proposition 1.8]

(1)  If X is a proper CAT(0) space, then the inequality dim¢ (0 X, /) < dim(X) — 1 holds.

(i) If Y is a complete CAT(1) space such that dimc(Y) < 0o and diam(Y) < /2,
then there exists a constant § > O which only depends on dim¢(Y), and such that
the inequality rad(Y) <m/2 — § < /2 holds. In particular, there exists a unique
circumcenter cy for Y [8, Proposition 11.2.7].

Consequently, the limit set at infinity of a decreasing sequence {C,},>1 as above has
a unique circumcenter. Indeed, if L C 90X is the limit set at infinity of such a sequence,
we have diam(L) < /2 by Lemma 3.5. Since (30X, /) is a complete CAT(1) space [8,
Theorem 11.9.13], the convex hull of L is such that diam(co(L)) = diam(L) < 7/2 [33,
Lemma 4.1]. By hypothesis and Theorem 3.3(i), we have dim¢(dX) < oo, and thus
dim¢ (m) < o0o. This allows us to apply Theorem 3.3(ii) to the complete CAT(1)
space m and to conclude that rad(L) <rad(co(L)) < m/2 and that L has a unique
circumcenter.

PROPOSITION 3.1. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper
CAT(0) spaces with finite covering dimension, and {C!'},>1 be a sequence of Borel
subfields of convex, closed, non-empty subsets which satisfies, for every w € , C?! 2 C, Z)H
foreveryn>1and(),~, Ci = 0.
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(1)  The subfield L, of 0X,, where, for every w € Q, L,, is the limit set at infinity of the
sequence {C!'},>1, is Borel.
(ii) The section &, := cy, is Borel.

Proof. (i) Fix a section x? € L(2, X,). By definition, we have
Ly, = {mcn(xQ)}n=1 N 03X, forevery w e Q,

but {mrcn (x9)}y>1 is a Borel subfield of X, since TCn (xf)) € L(2, X,) for every n > 1.
Consequently, since X.is compact, the intersection of this Borel subfield with d X, is Borel
by Proposition 2.3. We conclude that L, is a Borel subfield of 9 X,, using Remark 2.3(v).
(i1) This follows directly from (i) and the fact thatrad(L,,) < /2 for every w € €2, using
Theorem 3.2. O

Remark 3.3. The previous results also hold for a generalized sequence {C}ycr indexed
by R, provided we have the following condition: Cﬁ = o< g Co, for every w € 2 and
B € R. The limit set at infinity is in this case given by L, = {7r¢ce (x)}aecr N 9 X, and the
‘continuity’ condition ensures that if D is a dense subset of R, then

L,= {”Cg(x)}aeD-

This is used to prove that L, is a Borel subfield.

3.3. Adams—Ballmann decomposition. We now turn our attention to the Adams—
Ballmann decomposition of a proper CAT(0) space. First, we recall the following key
definition.

Definition 3.4. Let X be a proper CAT(0) space. A point & € 90X is called a flat point if
the associated Busemann function bg is an affine function. Note that the set of flat points,
denoted by F, is Isom(X)-invariant.

The boundary of a product X x Y is isometric (when endowed with the angular metric)
to the spherical join of the boundaries, i.e., X % dY (see [8, Definition 1.5.13] for the
definition of the spherical join of two metric spaces and [8, Corollary 11.9.11] for the proof
of the result). The following theorem states the existence of what we will call the Adams—
Ballmann decomposition of a CAT(0) space.

THEOREM 3.4. [1,p. 188] Let X be a proper CAT(0) space. Then there exists a real

Hilbert space E, a complete CAT(0) space Y and an isometric map i : X - Z =Y X E

such that:

i) i(F)=0ENJ(i(X)) CaY xdE ~0Z and the set of directions {v(i(§)) | € € F}
generates H as a real Hilbert space;

(i) the setY' :=my(i(X)) is convex and dense in Y ; and

(iii) any isometry y : X — X extends uniquely iny : Z — Z and ¥ = (Jy, V).

It follows from this theorem that the angular and the conic topology on F coincide, that
the geometry on F is spherical and that F is closed and w-convex in d X. In order to adapt
this result in the context of Borel fields of proper CAT(0) spaces, we have to observe the
following.
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Remark 3.4.

(i) Let X be a proper CAT(0) space. If D is a dense subset of F, then E is generated
by {v(i(§)) | £ € D}. If F =@, then the decomposition is trivial with E = {*} and
Y =X.

(i) A careful analysis of the proof of Theorem 3.4 shows that one can construct the
decomposition such that the origin of E is g (i(xp)), where xo € X is any chosen
point.

LEMMA 3.6. Let (2, A) be a Borel space and (2, X,) be a Borel field of proper CAT(0)
spaces. Then the subfield F, of 0X., defined by F,, the set of flat points of X, for every
w € Q, is a Borel subfield of closed subsets.

Proof. We start by considering a proper CAT(0) space X and xo a base point of X. For
every positive integer R, we introduce the function AR : C(X) — R, defined by
AR(fye= supsup | f(rz () = (=D f@) —tf @I,
z,7/€B(xp,R) t€[0,1]

where we recall that y, . is the geodesic from z to z'. It is straightforward to check that for
every positive integer R, the function AX is continuous, when C(X) is endowed with the
uniform convergence on compact sets. Note that if D C X is a dense subset and f € C(X),
we will obtain the same value for AR(f) by taking the supremum on B(xg, R) N D and
[0, 11 N Q because in a CAT(0) space a geodesic varies continuously with its endpoints (see
[8, Proposition II.1.4]). We will use the functions AR which measure the lack of affinity
of functions in C(X) on the balls B(xg, R), to show that (2, F,) is a Borel subficld. We
fix x0 € £(, X.) and we define AR € S(Q, C(3X.)) by

AR 94X, - R
£ = AR ,0).

Indeed, AR is continuous because it is the restriction of Ag to 0X,. By definition of
F., we have that F, = (-, (AF)~1({0}), so by Proposition 2.2, it remains to show that
(AR)=1({0}) is a Borel subfield. By the second step of the proof of this same proposition,
it is enough to show that

AR er(,cox.)).

So, we only have to check that AR (£,) is a Borel function whenever £, € £(Q2, 3X.).
For every R > 1, we pick a fundamental family DR of the Borel subfield B(x?, R) of
X.. Note that

ARE)= sup  sup b (e (0) = (1= Dby, 0(z2) — the, 0G0,
Ze,2,€DR 1€[0,11NQ
which is therefore Borel because the evaluation b, o0 on Borel sections of X, is Borel

by definition, and since y,, .. () € L(2, X,) for every t € [0, 1] (see the comment after
Definition 3.1). O

PROPOSITION 3.2. Let (2, A) be a Borel space and (2, X,) be a Borel field of proper
CAT(0) spaces. For every w € Q, we consider the Adams—Ballmann decomposition
iw:Xw—>Zy="Yy, X E,. Then there exist Borel structures L(2, Y,) and L(2, E,) on
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the fields (2, Y,) and (2, E,) such that i, : (2, X,) — (2, Z,) is an isometric morphism,
where the Borel structure on (2, Z,) is given by L(2, Y,) X L(2, E,). It can easily be
seen to be a Borel structure on (2, Z,).

Proof. We start by defining the Borel structure on E,. Fix x? € L(2, X,). By
Remark 3.4(ii), we can choose the decomposition such that the origin of E,, is g, (i, (xg))
for every w € Q. We pick D := {£'},>1 C L(2, X.), a fundamental family of the
Borel subfield F,. By Remark 3.4(i), the sets {v(i,(§))))},>1 are total in E,, for every
w € Q. Moreover, if we denote by (-, -), the scalar product on E,, we have that the
map Q@ = R, o = (v(i,(x0i")), v(in(ED)))e = cos(L(E], E)), is Borel, since Z(&,, n.)
is Borel for every &,, n, € L(R2, F,) € L(2, 9X,) (see Lemma 3.4). So, the family
{£'h>1 € S(Q, E,) is a fundamental family in the sense of Dixmier [15, p. 145], and
so it generates a Borel structure

L(2, E,) :={e, € S(2, E.) | {e,, v(i,(£]"))). is a Borel function for all n > 1}.

This is a structure in a Hilbert sense, but it is easy to see that it is a particular case of
a Borel structure on a field of metric spaces. We claim that wg, (i,(x,)) € L(2, E,) for
every x, € L(2, X,). We know that i, (§))) € 0E, € dY,, % dE, =dZ, for every n > 1
and w € 2. Thus, by the classical enumeration of Busemann functions in a product and in
a Hilbert space (keep in mind here that iw(xg) is the origin of the Hilbert space E,), we
have

(g, (i.(x.)), v(i-(g.n)». = —bi.(x(.)),i.(g:l)(i.(x.)) = _bxg,s.n (x.).

The last function being Borel (see Remark 3.1), we have therefore proven the claim.
Now we can deal with the structure on Y,. Let D = {x”'},,>1 be a fundamental family of
the field X.. Then {my, (i,,(x/))},>1 is dense in Y, for every w € Q2. Moreover,

dy, (ry, (i.(x])), 7wy, (L. (x"))) = \/dx. (2, xm)? — dy, (y, (. (x1), 7y, (. (x")))?

is a Borel function for every n, m > 1. By Example 2.1(v), the family {ry, (i.(x?))}n>1
defines a Borel structure £(£2, Y,) on (2, Y,). As before, we can easily show that if x, €
L(2, X.), then dy, (zy, (i.(x")), 7y, (i.(x,))) is Borel for every n > 1, i.e., wy, (i.(x,)) €

L(2,7,).
Therefore, there exist Borel structures £(2,7Y,) and L£(R2, Z,) such that i,(x) €
L(2,Y,) x L(R, Z,) for every x, € L(R2, X,), i.e., i, iS a morphism. O

There are two important subsets of F that are used in the proof of Theorem 1.1: the
subset A := {£ € F | —& € F}, which is well defined since the geometry of F is spherical,
and P:={& € F | L(§, A) =x/2}. Observe that these subsets are closed and 7 -convex,
that if we decompose X with respect to A then we have X >~ Y x R” and that P = @ if
andonly if A= F.

LEMMA 3.7. Let (2, A) be a Borel space and (2, X,) be a Borel field of proper CAT(0)
spaces. Then the subfields A, and P, of F, are Borel.

Proof. Recall that F,, € 0E,, and observe that d E,, can be interpreted (topologically) as
the unit sphere of E,. From Proposition 3.2, we have that F, is a Borel subfield of JE,.
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Since E,, is a Hilbert space, we can consider —F, C 0E, C E,, and it is easy to be
convinced that F, N (—F,) =A,. As —F, is obviously a Borel subfield of compact
subsets of E,, then A, is a Borel subfield of F, by Proposition 2.3. Thus, Z,(-, A,) €
L(2,C(F,)). Therefore, by the second step of the proof of this same proposition,
P, = /.(-, A)~'({m/2}) is also a Borel field of closed subsets of F,. O

4. Actions of equivalence relations
4.1. Definition. In the following, [R] denotes the full group of R, i.e., the group of
Borel automorphisms of €2 whose graphs are contained in R.

Definition 4.1. Let (22, A) be a standard Borel space, (2, X,) be a Borel field of metric
spaces and R C Q2 be a Borel equivalence relation. An action of R on (2, X,) is given
by a family of bijective maps indexed by R, denoted by {a(w, ®) : X0, > Xoy}(w.0/)eR>
with the following conditions.
(i)  (Cocycle rule). For every (w, o), (o, ©”") € R, a(0’, &) o a(w, ') = a(w, &).
Observe that condition (i) implies the existence of a natural action of [R] on
S(2, X,): if g €[R] and x, € S(£2, X,), we can define a new section gx, by (gx,), =
ot(g_la), w)xg_1 »- As we are in the Borel context, we will also require the following.
(i) The set £(2, X,) € S(R2, X,) is invariant under the action of [R].
We denote such an action by o : R ~ (2, X,).

If, moreover, for all (w, @) € R, the map o (w, »’) is continuous (respectively isometric
or linear), we say that R acts by homeomorphisms (respectively by isometries or linearly).

4.2. Basic properties. If R acts by homeomorphisms, it is straightforward to see, using
Lemma 2.2, that condition (ii) is equivalent to g(D) € L(L2, X,) for all g € [R], for any
fundamental family D € £(€2, X.). By using the classical techniques of decompositions
and gluings, it is also possible to prove that it is enough to check Condition 4.1(ii) for every
element of a countable group G C [R] such that R = R¢. Observe also that [R] acts on
the set of subfields of (€2, X,) in total analogy with its action on sections.

PROPOSITION 4.1. Let (2, A, i) be a standard probability space, (2, X,) be a Borel
field of metric spaces and R C Q2 be a Borel equivalence relation which acts on (2, X.)
by homeomorphisms. Then [R] acts on the set of Borel subfields of (2, X,). Moreover, if
W is quasi-invariant under R, then [R] acts on L(2, X,) and, more generally, it acts on
the equivalence classes of Borel subfields of (2, X,).

Proof. Let A, be a Borel field, Q' :={w € Q| A, # @} its base and g € [R]. To show
that the field gA, defined by (gA,), := a(g_lw, a))Ag—lw is Borel, we observe that
{weQ|(gA)y #D} =g € A, and that if D C L(Q/, A,) is a fundamental family of
A,, then g(D) C L(g, gA,) satisfies Condition 2.3(ii). Under the hypothesis of quasi-
invariance of w, if A, = . B., then gA, =, .. gB., since the set {w € Q| (gA,)p =
(gBJ)o} = glw e 2| Ay = By} is of null measure. O

Definition 4.2. Under the hypothesis of Proposition 4.1, a section x, € £(2, X,) is
called ‘R-invariant (or simply invariant when the relation can be clearly identified) if
a(w, @)x, = x4 for all (w, ') € R. We say that a section x, is almost R-invariant
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if there exists a Borel set A € A with ©u(A) =1 such that the equality holds for all
(w, ) eRN A2. Mutatis mutandis, we define R-invariant and almost R-invariant Borel
subfields. We will also use the terminology (almost) «-invariant whenever it is necessary
to be more precise.

Remark 4.1. 1t is straightforward to check that a Borel section x, (or a Borel subfield)
is (almost) R-invariant if and only if it is (almost) [R]-invariant. Therefore, the almost
invariance of a Borel section x, (or of a Borel subfield) is equivalent to the invariance of
its class [x,] € L(2, X.). The existence of a countable group generating R [21] allows
us to always assume that the set A € A in Definition 4.2 is invariant. On the other hand,
if (2, Y,) is an invariant Borel subfield, then the action on (€2, X,) induces an action on
(2, Y,). Putting this all together shows that, in the measure context, we can always assume,
without losing generality, that an almost-invariant Borel subfield is invariant.

We now show that an action of R on a Borel field of proper metric spaces (€2, X,)
naturally gives rise to an action on the previously constructed Borel field (2, C(X,)).

LEMMA 4.1. Let (2, A) be a standard Borel space, (2, X,) be a Borel field of proper
metric spaces and R C Q2 be a Borel equivalence relation. Suppose that an action
o: R~ (R, X,) by homeomorphisms is given. Then there exists an induced action
a: R~ (R, C(X,)) by linear homeomorphisms.

Proof. The natural way to define the action is to write, for (w, ©’) € R,
d,0): CXe) — C(Xu)
fo B feooa(w, w).

It is clear that &(w, ) is a homeomorphism (with respect to the topology of uniform
convergence on compact sets) because a homeomorphism between Hausdorff spaces
preserves compact sets. The cocycle rule is obviously satisfied, so it only remains to
check condition (i) of Definition 4.1, i.e., that if f, € £(2, C(X,)) and g € [R], then
gf. € L(2, C(X.)). To do this, we fix x, € L(R2, X,), and we observe that

(8fo (o) = fo-1,(@(@, g7 0)(X0)) = fo-1,(87 (X)g-1,)-
Consequently, we have gf,(x,) = ( f,(gflx,)) o gil, and this shows that the evaluation
(gf.)(x.) is Borel because g ~'x, € £L(, X.) (since « is an action) and f,(g~'x,) is Borel
by definition of the Borel structure of the Borel field (€2, C(X,)). So, we can conclude that
gfs € L(2, C(X.)). 0

Moreover, if the field is a field of CAT(0) spaces, then the action extends to (€2, 9X,).

LEMMA 4.2. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper unbounded
CAT(0) spaces, R C Q2 be a Borel equivalence relation and « : R ~ (2, X.) an action
by isometries. Then there exists an induced action @ : R ~ (2, X.) by homeomorphisms
and (2, 0X,) is invariant.

Proof. Let X; and X» be two proper unbounded CAT(0) spaces and y : X1 — X» an
isometry. If we think of the boundary as the quotient of the geodesic rays, then the
extension 7 : X| — X is purely geometric and is a homeomorphism such that (3 X) =
dX> [8, Corollary 11.8.9]. As we used the notion of Busemann functions to define the Borel
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Actions of amenable equivalence relations on CAT(0) fields 45
structure of the field of boundaries, we need to transpose the situation to this context. If
x; € X; are base points of X; fori =1, 2, then the map

Y: Co(X1) — Co(X2)
= @ :iye fy - fir )

is a homeomorphism and it is such that the diagram

“4)

Co(X1) —2— Co(X2)

I

X —— X3

commutes. It is easy to check that the two extensions coincide and that if £ € 0 X, then
Y0y, &) = br, 56)-

Now let us turn to the case of fields. Given a fixed section x? € L(2, X,), we use (i) to
define, for each (w, v') € R,

dw,o): C(Xw) — Co(Xw)
[ e @ o)) x> fla@, o)x) - fa, o)xd).
This formula defines an action by homeomorphisms. We proceed as in the proof of

Lemma 4.1: the verification of the cocycle rule is straightforward, and an easy computation
shows that for every x, € L(R2, X,), g € [R] and f, € L(L2, Cyp(X,)), we have

(gf)(x) = (fu(g 7 x) — fu(g x¥)) o g7l
Thus, gf, is Borel. O

4.3. Amenability. In this section, we define the amenability for an equivalence relation
in terms of actions on Borel fields of Banach spaces, and we also show that our definition
is equivalent to the one given originally by Zimmer [37].

Definition 4.3. Let (2, A) be a Borel space and (€2, B,) be a field of Banach spaces
on 2. Such a field is called Borel if there exists a Borel structure on (€2, B,), which
is defined in the same way as in Definition 2.1 with the additional assumption that
L(2, B,) CS(R2, B,) is a vector space. This definition can be easily seen to be equivalent
to the ones given in [20, I, p. 77] or [4, p. 177], essentially by using Lemma 2.1.

We can consider for each w € Q the topological dual B}, which is not separable in
general. Thus, the field (€2, B) is unable to satisfy Definition 4.3, but we still have the
following result.

LEMMA 4.3. Let (2, A) be a Borel space and (2, B,) be a Borel field of Banach spaces.
Define

Z(Q, BY) :=={p, € S(Q, BY) | 0> (¢n, Xp) := @0 (xe) is Borel
for every x, € L(2, B,)}.

Then Z(Q, BY¥) is a vector space which satisfies the following properties.
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(i) Forevery g, € Z(Q, B¥), the function @ > ||@y || is Borel.

(i)  The space E(Q, BY¥) is closed under pointwise limits and Borel gluings.

Moreover, if R C Q2 is an equivalence relation and o : R ~ (2, B,) is a linear isometric

action, then the fiberwise adjoint maps given by oy (w, ') = (¢(o', w))* : B} — B,

satisfy:

(iii) the cocycle rule oy (0, ®")oay(w, ®)=a.(w, ®”), for every (w,),
(o, @") € R; and

(v) g(L(Q, BY)) € L(Q. BY) for every g € [R].

Thus, ay is an action in the sense of Definition 4.1 if the field is a Borel field of metric

spaces.

Proof. Properties (i) and (ii) are proved in [4, Definition A.3.6 and Lemma A.3.7, p. 179],
property (iii) is obvious and property (iv) can be proved exactly as in Lemma 4.1. a

Definition 4.4. Let (2, A, ) be a standard probability space and (€2, B,) be a Borel field
of Banach spaces.
(i)  Define

£YQ, B.) := {x. € L($2, B.)

llxall1 ::/Q Xollw dim(w) < OO},

and LY(Q, B,) := £L1(Q, B.)/ =j-ae.. Then L'(Q, B.) endowed with the norm
Il - |I1 is a separable Banach space.
(ii) Define

L2(Q, BY) ==1{p. € L. B | |g.ll. : 0 > [l@ollo € L2(2, R))},

and ZOO(Q, B¥) := Z"O(Q, B})/ =j-ae.. Then Z"O(Q, BY) is a Banach space when
it is endowed with the norm || - [|co, Where ||@,||co 1S the co-norm of the function

llodlls.
For a detailed proof of these two assertions, which are close to that of the trivial field case,
we refer to [5] or [27].

In this context, the following result holds.

PROPOSITION 4.2. [4, Proposition A.3.9, pp. 179-180] Let (2, A, u) be a standard
probability space and (2, B,) be a Borel field of Banach spaces. Then there exists an
isometric isomorphism between L*° (2, BY) and (L' (2, B.))* given by

=@, BH — '@, B)*
lp] = (el L'(RB) - R
[xo] = ([@o]a [x-]> = fQ (‘Pw, xw) d/vl‘(w)
When B is a Banach space, we use B<; (respectively B—1) to denote the closed ball

(respectively sphere) of radius 1. If A is a subset of B*, then A "* is the closure of A with
respect to the weak-* topology.

Definition 4.5. [4, Definition 4.2.1, p. 97] Let (2, A, u) be a standard probability space
and (€2, B,) be a Borel field of Banach spaces. We say that (2, C,) is a Borel subfield
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of convex, weak-x compact subsets of the field of closed balls of radius 1 in the duals
(2, B¥_)) if there exists a family of sections {¢"},>1 € (L*°(2, BX))<1 such that

o, <1
Co =co({¢l}n>1) " for u-almost every w € €2,

where the closure of the convex hull is taken relatively to the weak-* topology. Note that
the set L(2, C,) := {[e.] € L*(2, BY) | 9o € C, for p-almost every w € Q} is a convex
weak-* closed subset of the unit ball (L°°(€2, B}))<1 [4, Proposition 4.2.2, p. 97].

Remark 4.2. Tt can be shown [5] that there exists Q' € A of full measure and a family of
metrics {d}}},eq such that L°(Q', BY) is a Borel structure on the field (%', (B} _,, d)).

A Borel subfield of convex, weak-+ compact subsets is then a Borel subfield in the sense
of Definition 2.3.

Historically, Zimmer was the first to introduce the notion of amenability for an
equivalence relation. His definition can be formulated as a particular case of the following
definition; it corresponds to the case of a trivial field. To show that Zimmer’s definition
corresponds to the case of a trivial field of Banach spaces, the only thing to check is the
equivalence between an action of an equivalence relation on a trivial field (€2, B) and a
Borel cocycle from R to Isom(B). This can easily be done using [38, Corollary 1.2].

Definition 4.6. Let (2, A, 1) be a standard probability space and R C Q2 an equivalence
relation which preserves the class of u.

We say that R is amenable if for every action o of R by linear isometries on a Borel
field of Banach spaces (€2, B,), and almost o-invariant Borel subfield of convex, weak-x
compact subsets (€2, C,) of (2, B} _,), there exists a Borel section ¢, € Z(Q, BZ) which
is almost R-invariant and such that g;)w € C,, for almost every w € .

We will now prove that hyperfiniteness p-almost everywhere implies amenability in the
sense of Definition 4.6. Since Zimmer’s amenability is equivalent to almost hyperfiniteness
(see [11, 2]), this would show the equivalence between all definitions. The reader familiar
with the notion of measurable groupoids could also consult [4, Theorem 4.2.7].

Since we are in the measure theoretic context, we can suppose by hypothesis that there
exists a Borel action Z ~ 2 such that Rz = R. By analogy with [38, Theorem 2.1], we
can define an isometric representation of Z on L! (2, B,) by

dgs« (1) 1

7 (w) -a(g™ forevery g € Z, x, € LI(Q, B.),
"

(T(g)x)w =

w, a))nglw
where dg.(u)/dp e LY(2, R) is the Radon-Nikodym derivative. The adjoint
representation T := (T~1)* acts on (L'(RQ, B.))* =~ L>®(Q, BY). Given ¢, €
L (K2, BY), it is straightforward to see that

(Tu(®)p)o = (8™ 0, @) @1,

This means that the adjoint representation is given by the fiberwise adjoint action.
Consequently, Z acts by homeomorphisms on L*°(£2, B) with respect to the weak-x
topology, and thus on L(€2, C,), because (€2, C,) is supposed to be almost invariant.

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 30 May 2017 at 19:05:36, subject to the Cambridge Core terms of use, available
at https:/www.cambridge.org/core/terms. https://doi.org/10.1017/etds.2012.122


https:/www.cambridge.org/core/terms
https://doi.org/10.1017/etds.2012.122
https:/www.cambridge.org/core

48 M. Anderegg and Ph. Henry

Since Z is amenable, there exists a fixed point [¢,], and any representant of the class has
the desired property.
In the following, we will use the amenability in the following particular context.

Example 4.1. Let K be a compact metric space and consider the space C(K)*, endowed
with the weak-* topology. The map

5: K — C(K),
x o B f e )]
is a homeomorphism onto its image such that & EC(K)*:y Since C(K)il is
convex and weak-x compact by the Banach—Alaoglu theorem, we have the equality

C(K )’il = co({=£bx}xek) v by the Krein—Milman theorem because the extremal points
are {£4, }xcx . Moreover, the bijection

Prob(K) =~ {¢ eC(K)*Sl |¢(1)=1andforall fe€C(K)(f>0= ¢(f)=>0)},

given by the Riesz’s representation theorem, allows us to consider the weak-* compact set
of probabilities in the dual, and it is well known that Prob(K) = co({+8x }xek) v
Now, if D C K is a dense subset, then, using the continuity of §, we obtain C(K )’il =

co({£8,Jrep) " and Prob(K) = co((+8:bren) -

If (2, A, w) is a standard probability space and (€2, K,) is a Borel field of compact
metric spaces, then the preceding results and the introduction of the Borel sections
{8x,}x.eD C LZ(R, C(K.)*)<) for a given fundamental family D C £(£2, K,) show that
the fields (2, C(K.,)%,) and (2, Prob(K,)) are Borel fields of convex, weak-* compact
sets in the sense of Definition 4.5. A section m, is Borel if the corresponding section
O, € L(Q, C(K.,)*), i.e., oz, (f,) is Borel for every f, € L(2, C(K,)).

Suppose now that an action by homeomorphisms «:R ~ (2, K,) is given.
Lemmas 4.1 and 4.3 allow us to define o* (o, ») := (@(«/, w)~H*.

The field (€2, Prob(K,)) is obviously «*-invariant since if . € Prob(K,/), then
a*(w', W),y is the image measure (o', )x (e ). In particular, if R is amenable, then,
by definition, there exists a Borel section [u,] € L (2, Prob(K,)) which is o*-invariant.

5. Proof of the main theorem

5.1.  Fields of convex sets and invariant sections at infinity. Let (2, A, ) be a standard
probability space. Given a Borel field (€2, X,) of CAT(0) spaces, we introduce the
following notations:

8 :={[C.]|[C.] is an invariant class of Borel subfields of non-empty
closed convex subsets},
M :={[C.]€8]| (R, C,) is minimal for <}.

LEMMA 5.1. Let (2, A, ) be a standard probability space, R an equivalence relation
which quasi-preserves [, (2, X,) a Borel field of proper metric spaces and an isometric
action o : R ~ (2, X,).

If{[Cf’]}ﬁeB is a totally ordered family (i.e., a chain) of S, then there exists a countable
Sfamily of indices {Bn}n>1 € B such that [CF"“] < [Cf;"] for each n > 1, and such that
C.:= = CPn satisfies [C.] € 8 and [C.] < [CF] for all B € B.
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Proof. By Theorem 2.1, there exists a countable family of indices {b,},>1 C B such that

the Borel subfield
C..=()ct
n>1
is such that [C,] < [Cis], B € B. By setting 8, := min{by, ..., b,} (Where the minimum
is taken for the induced order by the chain), it follows that C, =(),~; C P" satisfies our
conditions (the invariance of the class follows from Remark 4.1). N O

THEOREM 5.1. Let (2, A, n) be a standard probability space, R an ergodic equivalence
relation which quasi-preserves | and (2, X,) a Borel field of proper unbounded CAT(0)
spaces with finite covering dimension.

Ifa : R ~ (2, X,) is an isometric action such that M = (@, then there exists an almost-
invariant section &, € L(2, 0X,).

Proof. The proof proceeds in two steps.
(1) First, we show that under the hypothesis, there exists a sequence {[CF"]},,E 1 €8]
such that the following conditions hold.
(@) [CP+1]<[CP™" foreachn > 1.
(b) [ﬂn>] C.ﬂ"] is the class of the empty subfield, i.e., the field A, defined by A, = @,
for e:/ery w € Q.

By the transposition of Zorn’s lemma, there exists a chain {[C#]} peB € 8 without a lower
bound in 8. So, by Lemma 5.1 applied to this chain, we conclude that the Borel subfield
[C:=1>1 C#n]is not in 8. This means that u({w € | C,, # @}) # 1. We then show
that this set is of null measure. By ergodicity, the invariant set {w € Q | C,, # @} is of
measure one or null (see Remark 4.1). Since the first possibility is impossible, we conclude
that [C,] is the class of the empty field.

(i1) Consider the subchain {C fg" }n>1 and the subfield C, given in (i). There exists ' € A
of measure one such that the inclusion cﬁn D) Cf,”“ holds and that C, =@ for every
w € Q. So, by Proposition 3.1, we can consider the Borel field (€', L,) < (€', 9X.,)
of limit sets at infinity of the subchain, and this field has a unique Borel section of
circumcenters

£ :=cr, € L(Q,0X,).

To prove the invariance of [&,], it is enough to show that (€2’, L,) is almost invariant. Recall
that for every w € ' and x € X,,,

L, = iw({”cgn (x)}nzl) NoXey.

So, we have

F(@, Lo “"E G, i (T =) N 0X,y

& et ol @, @) ({7 pn (¥)}n=1)) N I X o

o isom

= iw/({ﬂa(w)w/)(cﬁn)(a(w9 w/)x)}nzl) N 8Xa)’

inv.

= o7 (@@, @)X)}nz1) N 9Xey = Lo U
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5.2. 'R-quasi-invariant sections

Definition 5.1. Let (2, A) be a standard Borel space, R C Q2 be a Borel equivalence
relation and (€2, X,) be a Borel field of metric spaces. Assume that the relation R acts on
(2, X,) by isometries. We say that a section f, € S(2, F(X,)) is R-quasi-invariant (or
simply invariant when the relation can clearly be identified) if there exists ¢ : R — R such
that

d(w, @) f = fooa(w, w) = f,+c(w, o) forevery (w, w) eR. ©)

It can easily be checked that ¢ is a cocycle, i.e., ¢ satisfies c¢(w, ®”) = c(w, @) +
c(o, o).

LEMMA 5.2. Let (Q, A) be a standard Borel space, R € Q? be a Borel equivalence
relation and (2, X,) be a Borel field of proper CAT(0) spaces. Assume that R acts on
(2, X,) by isometries. If f, € L(2, C(X.)) is a quasi-invariant section such that f, is
convex for every w € Q, then the following assertions are verified.

(i)  The sets

Qinfe—oo := {w € Q | inf f, = —o0},
Qinfs—oo := {w € Q | inf f, > —00 and is not attained},
Qmin = {w e Q| inf f, is attained)}
are Borel and invariant.

(i) The subfield (f,|q, .. — min(f, |Qmin))_l({0}) is a Borel subfield of non-empty
closed and convex sets of (Qmin, X.), which is R |

min
min ~LAIVarant.
(iii) If we assume that X, is of finite covering dimension for every w € Qiut, and we set

Qinf := Qinf=—oo U Qinf>—oo, then there exists a section &, € L(Qinf, 0X,) which is

R |q,-invariant.

Proof. (i) The convexity assumption is not necessary to prove this assertion. The section
inf f, is Borel since, by continuity, inf f, =inf, cp f.(x,), where D is a fundamental
family and thus Qinf——oo = (inf £,) "' ({—00}). Now we fix x0 € £(Q, X.). Because
f. € L(2, C(X,)), we have

Quin = | (inf £. |0, z) —inf £)7'({0D) € A,
ReN
and thus Qinf>—0o = 2\ (Qinf=—0o U 2min) € A. The invariance of these sets follows
directly from equality (5).
(ii) Since f, is quasi-invariant, we have min f,, = min f,y + c(w, '), and thus

&(w, w/)(fw —min f,) = fo + c(o, w/) —min fy, = f,y —min f,y.

Consequently, the section f. € E(Qmin, C(X,)), defined by fw = f, — min f,, for every
® € Qmin, 1S R |, -invariant and such that ( f,)_l ({0}) has the required properties.

>ii1) If w € Qinf> — 0, We define fw = f, —inf f, and C} := (f;))_l([O, 1/n]). The
sequence {C"},>; satisfies the hypothesis of Proposition 3.1, and thus the section of
circumcenters of the limit sets at infinity is R |g -invariant. If w € Qinf=—_00, W

inf>—oco
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consider the generalized sequence {C fj}ﬂeR, defined by C£ = f, '(1 = 00, —B1), and
construct its field of limit sets at infinity, (Qjpf=—o00, L.). It is invariant since

a(w, )CE = {a(w, @)x € X | folx) < —B)
={y€ Xy | fola(o, w)y) <—B}
= {y € Xoy | fur () + c(@, &) < —B} = CHF@),

Consequently, the section of circumcenters is also R |, .. -invariant. We conclude
the proof by gluing the two sections together. O

The following proposition is an adaptation of [1, Lemma 2.5] and is a key step in the
proof of the main theorem.

PROPOSITION 5.1. Let (2, A) be a Borel space, (2, X,) be a Borel field of proper
CAT(0) spaces and let x_o € L(2, X,) and (2, B,) < (2, 0X,) be a Borel subfield of
closed sets.

(1)  Assume that w, € L(S2, Prob(B,)) is fixed. For every w € 2 and xg € X, we define

by,: X, — R
Yo > [y b, (€) dra(E),

where, if x,, € X,
by,: B, — R
&, = bxg,gw (X0).
Then b, € L(2, C(X,)) and by, is convex for every o € 2.
(1) Ifoa:R~ (R, X,) acts by isometries, such that (2, B,) and m, are invariant, then
the section b, is quasi-invariant.

Proof. (i) A Busemann function is convex, 1-Lipschitz, and so are integrals of such
functions. In particular, b, is convex and continuous for every w € Q2. Moreover,
by Riesz’s representation theorem, used to define the Borel structure of the field of
probabilities (€2, Prob(B,)) (see Example 4.1), the evaluation

ba(x.) = /B by, () d7.(&) = ¢, (bs.)

is Borel since b,, € L(2, C(B,)) for every x, € L(£2, X,) (see Remark 3.1).
(ii) This assertion is proved by the following calculation.

@@, 0)bo)xw) = bo(a(@, ©)xy) = / by £ (@(, 0)xer) d7y(§)
, Oxbs

[9)

2)
(: ~/B (bot(a)’,w)xo,,if (a(a)/, W)Xey) — bot(w/,w)xo,,if (xg)) dm,(§)

o= fB b0, atwnwr s For) dT0 (@)

[9)

B / bxo,,a(w,w’)é‘ (a(w, w’)xg) dm,(§)
B, ¢
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= f by, (a(w, ©)§) dm, ()
B,

- f ba(w,w’)xg(a(w3 w/)g) dﬂw(%)

2}

b @ dn ) — [ b @ dr@)
B B B /

[} '

= by(Xy) — by (a(w, a)/)xg)-

So, the function b,, is quasi-invariant with c(w, ') = by (@ (w, @’ )xg). m|

5.3. Final proof. 'We now have the material to undertake the proof of the main theorem.

Proof of Theorem 1.3. Assume that assertion (i) is not satisfied. Theorem 5.1 implies the
existence of an almost-invariant Borel subfield C, of closed convex non-empty subsets
which is minimal for these properties. Without lost of generality, we can assume that
this field is invariant (see Remark 4.1). Let (2, F,) be the Borel subfield of flat points
of (2, dC,) and C, — E, x Y, the Adams—Ballmann decomposition (see Lemma 3.6 and
Proposition 3.2). Let P, be the Borel subfield of dC, introduced before Lemma 3.7. Define

Q ={weQ| P, #0},

which is a Borel and invariant subset of 2. Since R is ergodic, this set is either of full or
null measure. In the first case, there exists an invariant section

£.€ L(2, P,) C L(2,0dC,) C L(2, 0X).

Indeed, it is proven in [1] that rad(P,) < /2 when P, # @, and therefore the section
of the circumcenters is Borel (see Theorem 3.2) and invariant. This contradicts the
assumption made at the beginning of the proof.

We can therefore assume that 2\’ is of full measure and we will not lose generality if
we assume that Q' = @. Then C,, = E,, x Y,,, where E,, is a finite dimensional space and
dY,, does not contain flat points for all w € Q2. The Borel field 97, is invariant by property
(iii) of the Adams—Ballmann decomposition in Theorem 3.4. We set

Q" ={weQ|dY, =0}

which is an invariant and Borel subset of €2 and therefore of full or null measure. Assume
first that it is of full measure. Then (Q2”, Y,) is a Borel field of bounded CAT(0) spaces
and therefore the section of the circumcenters cy, € L(2”, Y,) is Borel and invariant (see
Lemma 3.1). Thus, (", E, X {cy,}) is a Borel subfield of flats of C, (and thus of X,)
which is invariant. Ergodicity obviously implies that the dimension is essentially constant.

So, we can assume that Q” = @. Since the relation is amenable, there exists an invariant
Borel section of probabilities 7, € £(£2, Prob(dY,)). By Proposition 5.1, the section of
convex functions

b, € S(2, F(X.)),

defined, for x¥ € £(R2, C.) fixed, by

o) = [ b)),
v,
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is such that b, € £(€2, C(X,)) and that b,, is convex for every w € 2. Moreover, it is quasi-
invariant. If we define f,, to be the restriction of b, to C,, then f, € L(2, C(C,)) is again
quasi-invariant. Thus, by Lemma 5.2, the subsets

Qinf := {w € Q | inf f, is not attained},
Qmin := {w € Q | inf f, is attained}

are invariant Borel subsets of Q2. By ergodicity, one of it has to be of full measure. Let
us prove that (t(2min) = 1 is not possible. In that case, B, := (b, |g,,, — min(b, |Qmin))’]
({0}) would be an invariant Borel subfield of closed convex subsets and (by minimality of
C,) B, = C, would hold for almost every w € Q2. This would mean that b,, is a constant
function and that the points of 9Y,, in the support of w,, are flats. This contradicts the
construction of Y,,. Therefore, Qi has to be of full measure, but we have shown in
Lemma 5.2 that in this case we can construct an invariant section &, € L(Qinf, 0Y,), and
this contradicts the original assumption of the proof. O

We note in closing that it is very likely that our result might hold for any amenable Borel
groupoid; at least it has been checked for amenable G-spaces (see [S] or [18]).
Our result will be used in two forthcoming articles, one from each author.
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