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ABSTRACT. We define the concept of a partial translation structure 7 on a
metric space X and we show that there is a natural C*-algebra C*(7) asso-
ciated with it which is a subalgebra of the uniform Roe algebra C(X). We
introduce a coarse invariant of the metric which provides an obstruction to
embedding the space in a group. When the space is sufficiently group-like,
as determined by our invariant, properties of the Roe algebra can be deduced
from those of C*(7). We also give a proof of the fact that the uniform Roe
algebra of a metric space is a coarse invariant up to Morita equivalence.

Many interesting geometric properties of spaces and groups are captured by the
structure of C*-algebras associated with those objects. For example, a discrete
group G is amenable if and only if the full C*-algebra C*(G) is nuclear [7].

In a similar vein, for a discrete group G, Yu’s property A is equivalent both to the
nuclearity of the uniform Roe algebra C*(G) and to the exactness of the reduced
C*-algebra C*(G). This follows from the results of Anantharaman-Delaroche and
Renault [1], Higson and Roe [5], Guentner and Kaminker [4], and Ozawa [10].
While property A and the uniform Roe algebra can be defined for arbitrary metric
spaces, we cannot generalise these results without a good analogue of the reduced
C*-algebra of a group.

In this paper we introduce a C*-algebra to fulfill this role. To do so we carry
out the following programme. First we define the notion of a partial translation
structure (Definition 11) on a uniformly discrete metric space, which captures ge-
ometrically the interplay between the left and the right action of a group on itself.
In broad terms, this can be described as follows. In Euclidean space translations
are distinguished from other isometries of the space by the fact that they move each
point by the same distance. Let us assume that a group G is equipped with a left
invariant metric d, which means that for any elements g, s, t of G, d(gs, gt) = d(s, t).
In other words, multiplication on the left acts by isometries on the metric space
(G, d). On the other hand, the right multiplication by a fixed element g of G moves
each element r of G by the same distance: d(r,rg) = d(e, g), where e is the identity
of G. Thus we say that the right multiplication acts by translations on (G, d) even
though these translations are not isometries in general. However, there is an inter-
esting connection between the translations arising from the right multiplication and
the isometries given by the left multiplication. This interaction is encoded in our
definition of partial translation structure. It will follow directly from this definition
that any group admits a canonical partial translation structure given by the left
and right multiplication. This partial translation structure is in some sense the best
possible, as discussed in Section 3. To measure how group-like is a given metric
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space X, we introduce a coarse invariant, a real valued function kx (R), associated
to the space X. When kx(R) =1 for all R > 0 we say that the partial translation
structure is free.

Next we construct a C*-algebra, the partial translation algebra C*(7), associ-
ated to any partial translation structure 7. This is a subalgebra of the uniform Roe
algebra C(X). We show that when the space X is a group and 7 is the canonical
partial translation structure then C*(7) is isomorphic to the reduced C*-algebra of
the group. We study the analytic properties of the partial translation algebras and
we prove that when the space admits a free, globally controlled partial translation
structure 7 then the following are equivalent (Theorem 29):

(1) X has property A;

(2) C*(7) is exact;

(3) Ci(X) is exact;

(4) C}(X) is nuclear.
This is related to a theorem of Skandalis, Tu and Yu, [13], who proved the equiva-
lence of 1 and 4 for bounded geometry metric spaces.

In Theorem 19 we prove the following. When the space X admits an injective
uniform embedding into a group, one can pull back the canonical partial translation
structure from the group to the space to obtain a free partial translation structure
on X which satisfies the hypotheses of the above Theorem 29. We conclude fur-
thermore that xx(R) = 1 for all R in this case. It follows that if kx(R) > 1 for
some R, then X does not admit an injective uniform embedding into any countable
group. Our invariant therefore provides an obstruction to the existence of such an
embedding (Corollary 20).

The question of the existence of a uniform embedding in a group can be treated
locally. We introduce the notion of a local embedding in a group and show that a
discrete metric space X is embeddable in a group if and only if it is locally embed-
dable (Theorem 22). The main interest in this notion comes from the existence of
a space 'y with the universal property that every bounded geometry space locally
uniformly embeds in I';;. We are therefore able to show that I'y; embeds uniformly
in a countable discrete group G if and only if for each uniformly discrete bounded
geometry metric space X there is a countable discrete group Gx such that X
uniformly embeds in Gx.

We remark that property A of a metric space X is a coarse invariant, but the
uniform Roe algebra C(X) is not. We prove, however, that if X and Y are
coarsely equivalent then C}(X) and C}(Y) are Morita equivalent (Theorem 4).
Thus exactness and nuclearity of the uniform Roe algebra are preserved by coarse
equivalence.

1. CHARACTERISATIONS OF PROPERTY A

In this section we will review various characterisations of property A for metric
spaces. The original definition, due to Yu, is stated as follows.

Definition 1 (Yu, [16]). A uniformly discrete metric space (X, d) has property A
if for all R,e > 0 there exists a family of finite non-empty subsets A, of X x N,

indexed by x in X, such that

- for all z,y with d(z,y) < R we have ‘lifﬁﬁz‘l <

- there exists S such that for all z and (y,n) € A; we have d(x,y) < S.
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We will begin by giving some conditions which are equivalent to property A. For
this the following terminology will be useful.

Definition 2. A function from X to a Banach space © — &, has (R, €)-variation
if d(z,y) < R implies ||{; — &l < e.

A kernel u: X x X — Ror C has (R, €)-variation if d(z,y) < R implies |u(x,y)—
1| <e.

A kernel u: X x X — R or C has finite propagation if there exists R > 0 such
that u(x,y) = 0 for d(z,y) > R. The propagation of u is the smallest such R.

We recall that a uniformly discrete metric space X has bounded geometry if for
all R > 0 there exists N, such that the cardinality of Br(x) is at most N for all z in
X. Hence, if u: X x X — C is a finite propagation kernel on a bounded geometry
discrete metric space then there exists N such that for each x there are no more
than N points y such that u(x,y) # 0. Thus u defines a bounded linear map from
12(X) to itself, (ux¢&)(z) = > yex w(®,y)&(y). These linear maps are also said to
have finite propagation.

The uniform Roe algebra, C(X), is the C*-algebra completion of the algebra of
bounded operators on [2(X) having finite propagation.

The following result summarises various characterisations of Property A.

Theorem 3. Let X be a uniformly discrete bounded geometry metric space. The
following are equivalent.

(1) X has property A.
(2) For all R, e there exists a family of vectors &, € 11(X) for x € X, such that:
- |zl = 1; the family (&) has (R, e)-variation;
- there exists S such that for all x, &, is supported in the S-ball about x.
(3) For all R, there exist vectors &, € 1?(X) for x € X, such that:

- €zllz = 1; the family (&) has (R, €)-variation;

- there exists S such that for all x, &, is supported in the S-ball about x.
(4) For all R, ¢ there exist vectors &, € 1?(X) for x € X, such that:

- zll2 = 1; the family (&) has (R, e)-variation;

- for all § > 0 there exists S such that for all x, the restriction of &, to
the S-ball about x has norm at least 1 — 4.

(5) There exists § < 1 such that for all R,e there exist vectors &, € 1*(X) for
x € X, such that:

- €zll2 = 1; the family (&) has (R, e)-variation;

- there exists S such that for all x the restriction of & to the S-ball
about x has norm at least 1 — §, and the restriction of &, to the set
Bprys(x) \ Bs(x) has norm at most €.

(6) For all R,e there exists a Hilbert space H and vectors &, € H for x € X,
such that:

- €zll2 = 1; the family (&) has (R, e)-variation;

- there exists S such that d(z,y) > S implies (§;,&,) = 0.

(7) For all R, e there exists a finite propagation positive type kernel u: X x X —
R such that u has (R, )-variation.

(8) For all R, e there exists a positive type kernel u: X x X — C such that: u
has (R, €)-variation; convolution with u defines a bounded operator in the
uniform Roe algebra C}(X).
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Proof. The equivalence of 1 and 2 is proved in [5], Lemma 3.5. The equivalence of
2 and 3 is proved in [14] Proposition 3.2.

3 < 4 <= 5: Note that 3 = 4 trivially. Given 4, fix < 1, and for any
R, e, take ¢’ to be the smaller of §,e. For S, &, such that the restriction of £, to
the S-ball has norm at least 1 — §’ > 1 — 4, the restriction to Brts(x) \ Bs(z) has
norm at most ¢’ <e. Thus 4 = 5.

To show 5 = 3, fix § and given any R,c let & and S be as in 5. Define
(z to be the restriction of &, to the R + S-ball about z. We write (; — ¢, as
the sum of three parts: &, restricted to Bris(z) \ Brt+s(y); & — &, restricted
to Brys(x) N Brys(y); and =&, restricted to Brys(y) \ Brts(z). Note that for
d(z,y) < R we have Brys(z) \ Bris(y) contained in Bris(z) \ Bs(z), thus the
restriction of &, to this set has norm at most €. Similarly for the corresponding
restriction of —,. The variation condition ensures that any restriction of &, —&, has
norm at most &, hence for d(z,y) < R we have ||(; — (|| < 3e. Let 1, = /|G-
Now use the estimates

1 1 1

I =l < T2l = Gl + 1) ‘@ -
1 Gl e
BT e A Tt R g

for d(z,y) < R. As ¢ is fixed, independent of ¢ we can achieve arbitrarily small
variation.

3 &= 6 < 7' <= 8: Note3 = 6 trivially. To show 6 = 7, given &,
let u(x,y) = Re(&s, §,). Clearly this is of positive type and satisfies the appropriate
vanishing conditions. The identity

1€e = &lI* = 2 = 2u(z,y)

shows that (R, v/2¢)-variation for &, is equivalent to (R, ¢)-variation for u. To show
that 7 = 8§, note that bounded geometry, along with the support condition
of 7 implies that convolution with u defines a bounded operator Op(u) on 12(X),
specifically an element of the uniform Roe algebra C(X).

Now we’ll show that 8 = 3. Let u be a kernel with (R, €)-variation, and Op(u)
the corresponding operator in C(X). As u is of positive type, Op(u) is a positive
operator so it has a positive square root. We denote the corresponding kernel by v
and note that as Op(v) lies in C(X) there is a self-adjoint kernel w satisfying the
support condition and the inequality

| Op(v) — Op(w)|| < min (5= W) '

From this it follows that || Op(w)| < || Op(v)|| 4+ € so we have
[ Op(v)? — Op(w)?|| < || Op(v)|[| Op(v) — Op(w)||+ | Op(v) — Op(w) ||| Op(w)| < e.
Let ¢, € [?(X) be the vector with entries (,(2) = w(z,z). Now observe that

<<I7<y> = Zw(zvx)w(zvy) = Zw(x,z)w(z,y),

z z

i.e. the kernel ((;,(,) consists of the matrix entries of the operator Op(w)?2. Since
Op(w)? differs from Op(v)? = Op(u) by at most ¢ it follows that the kernel (¢, ;)

1The equivalence of 3 and 7 is also proved in [14] Proposition 3.2.
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differs from u(x, y) entrywise by at most . (In fact this condition is much weaker.)
Hence the kernel ((;, ¢,) has (R, 3¢)-variation, so (, has (R, v/6¢) variation. Finally
replace (; by 1, = (;/||¢.|| and note that ||(.]|> = (¢, () > 1—2¢. As in the proof
of 5 = 3 we conclude that n, has (R,2,/6¢/(1 — 2¢))-variation. O

2. MORITA INVARIANCE OF C(X)

The uniform Roe algebra is not a coarse invariant, as the following example
illustrates. The uniform Roe algebra of a finite space is M, (C) where n is the
cardinality of the space, however all finite spaces are coarsely equivalent. While the
algebras M,,(C) are not all isomorphic, they are all Morita equivalent. Note that
for unital C*-algebras, such as the uniform Roe algebra, two algebras A and B are
Morita equivalent if and only if they are stably isomorphic [8, Thm. 7.6], which
means that A ® R 2 B ® K, where K denotes the algebra of compact operators.

We prove the following.

Theorem 4. If X and Y are uniformly discrete bounded geometry spaces, and X
is coarsely equivalent to Y, then C(X) is Morita equivalent to C(Y).

Before proving the theorem, we note the following corollary.

Corollary 5. If X and Y are uniformly discrete bounded geometry spaces, and X
is coarsely equivalent to' Y then C(X) is nuclear (resp. exact) if and only if C5(Y)
is nuclear (resp. exact).

Proof of Corollary 5. By the Theorem, if X and Y are coarsely equivalent, then
the algebras C;(X) and C(Y) are Morita equivalent. By Proposition 6.2 of [6], if
A and B are Morita equivalent C*-algebras, then A is nuclear if and only if B is
nuclear.

In the case of exactness, we argue as follows. Since the algebras C(X) and
C#(Y) are unital and Morita equivalent, they are stably isomorphic. Since £ is
nuclear (and hence exact), if the algebra C(X) is exact, then the tensor product
Cr(X)®8Kis also exact. Therefore Cf(Y)®8 is exact. Since a subalgebra of an exact
C*-algebra is also exact [15, Prop. 2.6], the inclusion C}(Y) — C(Y) ® 8, defined
with the help of a projection in K, shows that C(Y") is exact, as required. ]

We will now prove the theorem.

Proof of Theorem 4. First we will prove this under the assumption that the coarse
equivalence f: X — Y is surjective. The issue is one of multiplicities, as in the
above example of the finite spaces; if the map f is actually a bijection, then we would
have an isomorphism from C(X) to C(Y). We will prove that C*(X)®8&(13(Z)) =
C:(Y)® &(1%(Z)), where R(I?(Z)) denotes the algebra of compact operators on the
Hilbert space [?(Z); this is equivalent to Morita equivalence of the algebras C(X)
and C(Y). Note that the algebras C(X) ® R(I*(Z)) and C:(Y) ® &(1%(Z)) can
be viewed as algebras of operators on [?(X x Z) and [?(Y X Z) respectively.

Since f is a coarse equivalence there exists R > 0 such that for each y in Y,
the preimage f~!(y) lies in some R-ball in X. By bounded geometry of X, there
exists NV such that for each y, the cardinality of f~1(y) is at most N. Define N(y)
to be the cardinality of f~!(y), and for each y, enumerate the points of f~(y),
i.e. pick a bijection of f~1(y) with {1,...,N(y)} C {1,...,N}. We therefore
obtain an identification of X with a subset of Y x {1,...,N}. Let 7 denote the
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corresponding projection from X to {1,...,N}, so that x — (f(x),n(x)) is the
above identification.

We define a map ¢ from X X Z to Y x Z, by ¢(x,7) = (f(z),7(z) + jN(f(z))).
Since for each y in Y there is exactly one x in X with f(x) = y,n(z) = ¢ for
t=1,...,N(y), the map ¢ is a bijection. This bijection gives rise to a unitary
isomorphism from [?(X x Z) to [*(Y x Z), and hence an isomorphism ® from the
algebra of bounded operators on [?(X x Z) to the algebra of bounded operators on
I2(Y x Z). We claim that ® maps C(X) ® &(1*(Z)) into C;(Y) ® R(I*(Z)), and
®~1 maps C;(Y) ® R(1*(Z)) into C;(X) ® R(I>(Z)). Hence the restrictions of ®
to C(X) ® R(I1*(Z)) and @1 to C(Y) ® R(I*(Z)) give an isomorphism between
CHX)® R(1%(Z)) and C:(Y) ® R(I*(Z)) as required.

First we will show that ® maps C(X)®K(1*(Z)) into C}(Y)®K(1?(Z)). Since ®
is continuous, it suffices to prove this for the dense subalgebra of C(X) ® K(1%(Z))
consisting of sums of elementary tensors of the form T°® M where T is a finite
propagation operator on [?(X) and M is a finite matrix. Indeed it is sufficient to
prove that ®(T ® e;;) lies in C:(Y) @ R(1*(Z)), for T of finite propagation, and
where e;;, denotes a matrix unit. Partition X as X =,y ;=1 ,Xn, Where

Xni={zreX:N(f(x)) =n,n(z) =1}
We can write T" as the sum
T= Y PuilPus

n,n'<N

i<n,i’<n’
where P, ; denotes the projection of [2(X) onto the subspace [*(X,, ;). Note that
for each 4, the restriction of f to X; = Un>an7i is injective, and let V; de-
note the corresponding isometry from ?(X;) to (*(Y). Fix n,n’ and i,4', and
let S =P, ; TP, . Then ®(S®ej;jr) = ViSV.F @ €ipnjir4nsjr. Since f is a coarse
equivalence, the operator V; SV} is of finite propagation, hence V; SV ® iy njir4n/j
lies in C(Y) ® &(1%(Z)). Since this holds for each n, n’, i and i’, we conclude that
O(T @ ejj) lies in C;(Y) @ R(I*(Z)) as required.

We will now show that @~ maps C(Y) ® R(1*(Z)) into C;(X) @ K(I*(Z)). As
above, it suffices to show this for operators of the form 7' ® exgs, with T a finite
propagation operator on [?(Y). Let Y,, = {y € Y : N(y) = n}, and let P, denote the
projection of 1*(Y') onto I*(Yy,). We can write T as a sum T = Y-,y PuT Py
Now fix n,n’ and write k = i + nj,k’ = i’ + n’j’. Then for S = P,TP, we
have ®71(S ® exrr) = V;*SVy @ ejjr. As f is a coarse equivalence V;*SV; has
finite propagation, and hence we conclude that ®~! maps C(Y) ® &(I*(Z)) into
Ci(X) @ R(1*(2)).

We have therefore shown that for f: X — Y a surjective coarse equivalence,
C(X) is Morita equivalent to C(Y). The general case follows from the obser-
vation that given any coarse equivalence f: X — Y, there are surjective coarse
equivalences from both X and Y to the image f(X). Hence we have the following
isomorphisms:

Ch(X) @ R(1*(2)) = CL(F(X) @ R(*(2)) = CL(Y) @ R(*(2)).
O

In [10] Ozawa showed that a discrete group G is exact if and only if its uniform
Roe algebra is nuclear. Using Theorem 4 we can extend this result as follows.
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Corollary 6. Let G be a countable group acting properly by isometries on a uni-
formly discrete proper metric space X. If C(X) is an exact algebra, then G is an
exact group. If moreover the action is cocompact, then the following are equivalent.

(1) X has property A;

(2) Ci(X) is nuclear;

(3) Ci(X) is exact;

(4) G is exact.
Proof. Pick a basepoint xg in X. Then G is coarsely equivalent to the orbit ¥ =
Gxo. Exactness passes to subalgebras, so if C*(X) is exact, then C*(Y) is also
exact. The algebra C;(Y) is Morita equivalent to C(G), so the latter is exact.
This algebra contains a subalgebra isomorphic to C(G), so C}(G) is also exact,
hence G is an exact group.

If the action of G is cocompact then G is coarsely equivalent to X, hence property

A for X, nuclearity of C*(X) and exactness of C*(X) are all equivalent to their
counterparts for G. For the group G, property A, nuclearity of C*(G), exactness
of C*(G) and exactness of G are all equivalent by the results of [4, 5, 10]. O

Cy
Gy

Remark 7. An alternative to the direct proof of Theorem 4 would be to rely on the
following result from groupoid theory [13, 3.6]: If X and Y are coarsely equivalent
uniformly locally finite coarse spaces then the groupoids G(X) and G(Y') are Morita
equivalent. Given that C*(G(X)) = C*(X) one then appeals to the fact that Morita
equivalence of groupoids implies the Morita equivalence of the associated reduced
groupoid C*-algebras [9].

3. PARTIAL TRANSLATION STRUCTURES

A group G comes equipped with both left and right multiplications. We as-
sume that a discrete group G is equipped with a left invariant metric so that left
multiplication acts by isometries on G. As noted in the introduction, the right
multiplication by an element g € G moves every element h of the group the same
distance. We will reserve the term translation for the right action on the group and
the term cotranslation will refer to the left action.

We will now define analogues of both of these actions for a discrete metric space.

Definition 8. A partial bijection from X to X is a subset s of X x X such that
the coordinate projections of s onto X are injective.

A partial bijection can be viewed as a partially defined injection from X into X,
and we will write x = s(y) if (x,y) € s.

Definition 9. A partial translation of X is a partial bijection ¢ such that d(z,y)
is bounded for (z,y) € t. The identity translation, denoted 1, is the diagonal of
X x X. The inverse of t is t* = {(y, ) : (z,y) € t}.

A partial translation gives rise to a partial isometry in C}(X); the inverse gives
the adjoint partial isometry.

For G a discrete group and for g € G, the set t; = {(h, hg): h € G} is a (globally
defined) partial translation. Viewing ¢, as a map from G to itself, it acts by right

multiplication by ¢g~*.

Definition 10. Let 7 be a collection of disjoint partial translations of X. A partial
bijection o of X is a partial cotranslation for T if for all t € T and (x,y) € t such
that o is defined on both z and y, we have (ox,0y) € t.
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For G a group, elements of G acting by left multiplication are (globally defined)
partial cotranslations for {¢,: g € G}.

Definition 11. A partial translation structure on X is a collection 7 of partial
translations of X, such that for all R > 0 there is a finite subset 7y of disjoint partial
translations in 7', and a collection X i of partial cotranslations of 7 satisfying the
following axioms.
(1) the union of the partial translations ¢ in 7 contains the R-neighbourhood
of the diagonal, that is the set of all (z,y) € X x X such that d(z,y) < R.
(2) there exists k such that for each z, 2’ in X, there are at most k elements o
in Y g such that ox = 2/;
(3) for each ¢ in 7 and for all (z,y), (2’,y’) in ¢, there exists o in X such that
ocxr=2x" and oy =y'.

A family {(Tr,Xr) | R > 0} of partial translations and partial cotranslations
satisfying conditions 1-3 will be called an atlas. Note that there is always a par-
tial translation structure associated with an atlas given by putting 7 = (Jp. o 7r-
Indeed we can always enlarge this family 7 to include any additional partial trans-
lations we desire and the enlarged family will still be a partial translation structure.
In particular if X has any partial translation structure or equivalently any atlas,
then taking 7 to be the family of all partial translations we obtain the maximal
partial translation structure.

An atlas {(7r,XRr) | R > 0} where each Tp lies in a partial translation stucture
T will be called an atlas for 7. Note that atlases can be combined in the the
following way: given any family A; = {(74,X%) | R > 0} of atlases for 7 we may
construct a new atlas for 7 by choosing one of the pairs (74, %) for each R > 0.

For A = {(Tgr,Xg) | R > 0} an atlas on X, and for R > 0, let k4(R) denote the
smallest k such that for all z, 2" in X, there are at most k elements o in X g with
ox =z'. For T a partial translation structure on X let k7 (R) denote the minimum
ka(R) taken over all atlases A for 7.

It is not immediately clear for which spaces partial translation structures exist.
In Theorem 18 we will show that every uniformly discrete bounded geometry met-
ric space does admit a partial translation structure which allows us to make the
following definition.

Definition 12. For (X, d) a uniformly discrete bounded geometry metric space let
T denote the partial translation structure consisting of all partial translations on
X. We define the translation invariant of X to be the function

kx(R) = kr(R).

Note that if d,d’ are two coarsely equivalent metrics on X then any partial
translation structure for (X, d) is a partial translation structure for (X, d’) and vice
versa. Thus sup kx (R) is invariant under coarse equivalence of metrics.

R

We now introduce two properties for an atlas (freeness and global control) which
we will need later.

Definition 13. An atlas A on X is said to be free if k4(R) =1 for all R > 0.

Since atlases, may be combined it follows that a partial translation structure 7°
admits a free atlas if and only if k7 (R) = 1 for all R > 0, and that X admits a free
atlas if and only if kx(R) =1 for all R > 0.
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Definition 14. An atlas {(Tr,Xr) | R > 0} is said to be globally controlled if the
partial cotranslation orbit

{(«',y') : there exists o in X such that oz = 2’0y = ¢/}
is a partial translation for all R > 0 and z,y € X.

Note that for R > 0 and z,y with d(z,y) < R it is automatic that the orbit
under Y is a partial translation; the cotranslation orbit of (z,y) under X is the
unique ¢ in 7g such that (x,y) € t.

The following proposition describes the motivating example of a partial transla-
tion structure.

Proposition 15. Let G be a countable discrete group. Then G admits a canonical
atlas which is free and globally controlled. In particular, kg(R) =1 for all R.

Proof. Since G is a countable discrete group it may be equipped with a bounded
geometry left invariant metric d. Let ¢, denote the partial translation t, = {(z, zg) :
x € G} and for R > 0 let Tp = {t, | d(e,g) < R}. Since the metric has bounded
geometry 7g is a finite set.

The pair (z,y) belongs to the R-neighbourhood of the diagonal if and only if
d(z,y) < R, so d(e,x7'y) < R by the left invariance of the metric. But then
(z,y) € ty—1, and t,-1, € Tg. Hence Ty satisfies condition 1 of Definition 11.

For each element h € G we have the bijection o, : G — G defined by o, (z) = hz.
For each partial translation ¢, and each element (z,zg) € t, we have

(on(x),0n(29)) = (ha, hxg) = (on(x),on(2)g) € ty.
Thus the bijections oy are partial cotranslations for 7g.

For all R > 0 let ¥ = {on : h € G}. Clearly for any elements z,2' € G
there is exactly one element of X, namely the cotranslation o,/ -1, such that
Oprp—1(x) = &’ so the subsets Y i satisfy condition 2 of Definition 11.

Let t, € Tg and (x,z9), (z',2'g) € t,. Then setting h = 2’z~! we have oy, (z) =
a2’ and op(zg) = 2'g so condition 3 of Definition 11 is also fulfilled. Set A =
{(7r, 2R)}.

As noted above, there is exactly one element of ¥ such that oy, (x) = 2, namely
Oprg—1, 850 we have k4(R) = 1 and so kg(R) is also 1 for all R. This means that
the atlas is free.

Finally if z,y € G then the cotranslation orbit {(ox(z),0n(y)) | on € g} is
equal to the set t,-1, = {(h,ha™'y) | h € G}, so in particular it is a partial
translation. Thus the atlas is globally controlled. O

We call the partial translation structure 7 = | 7r the canonical partial trans-
lation structure on the group G.

We shall now demonstrate the existence of partial translation structures for
arbitrary uniformly discrete bounded geometry metric spaces. We shall use the
following terminology.

Definition 16. A metric space X is R-separated if for all distinct z,y in X, we
have d(x,y) > R.

For metric spaces the following standard lemma will be needed to demonstrate
the existence of partial translation structures.
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Lemma 17. Let X be a uniformly discrete bounded geometry metric space. Then
for all R the space X can be written as a finite disjoint union of R-separated subsets.

Proof. This is a colouring argument. Given R let n be an upper bound on the
cardinality of the R-balls of X. As a uniformly discrete bounded geometry metric
space must be countable we can enumerate the points of X as x1,x2,.... We will
define inductively a colouring ¢: X — {1,...,n}, such that d(z,y) < R implies
c(z) # c(y). Let c(z1) = 1. Now suppose we have defined ¢ on the set {z1,...,x;}
in such a way that for z,y in {z1,...,2;} with d(z,y) < R, we have c¢(z) # c(y).
The set Br(z;+1) contains at most n — 1 points from the set {x1,...,2;}, so there
exists ¢ € {1,...,n} with ¢(z) # ¢ for all  in {z1,...,2;} N Br(x;+1). Define
c(xj11) = i. This extension also has the property that points z,y with d(z,y) < R
are coloured differently, hence by induction we can extend c¢ to a colouring of X
such that d(z,y) < R implies c¢(z) # c(y). The sets X; = ¢~ 1({i}) are R-separated
as required. O

Theorem 18. Let X be a uniformly discrete bounded geometry metric space. Then
X admits a partial translation structure.

Proof. Fix R and write X as a disjoint union, X = X; U---U X,,, of S-separated
sets, for S > 2R. Let t;; be the set of pairs (z,y) € X; x X such that d(z,y) < R.
For each z € X, there is at most one y € X; with d(z,y) < R, since X; is S
separated, with S > 2R. Conversely for each y € X; there is at most one x € X;
with d(x,y) < R. Hence t;; is a partial translation. Note that ¢;; = ti;5 tii is the
diagonal of X; x Xj; and the union of the sets ¢;; is the R-neighbourhood of the
diagonal. Define 7T = {t;; : 4,5 =1,...,n}.

We will now define cotranslations. We will write X as a union of sets Zg, for
i,j = 1,...,n with 7 < j. For each partial translation ¢t = t;;, pick a transitive
permutation o;; of the set t. This gives a partial cotranslation for ¢: for (z,y) in ¢ we
will define 0;; on X;UX ;. We define o,z and 0,y such that (o;;z, 04y) = 045 (2, y).
This is well defined as for each = in X; there is at most one y in X; with (z,y) in
t and conversely for each y there is at most one x. We define Eg to be the set of
powers of these permutations {07} : m € Z}.

Note that o7} is defined on pairs (z,y) in t;;, i, ti, t;; but not on any other ¢ in
Tr. For t = t;;,1,t; or t;; and (x, y) in ¢, it is clear that (o]}, 07}y) also lies in
t, so the elements of ¥p = Uigj Zg are cotranslations for 7g. For each i < j and

z,x’ € X there is at most one cotranslation o € Zg such that oz = 2/, thus there
are at most k = n(n + 1)/2 elements of ¥y taking = to a’. By construction, for
each i < j, and (z,y), (z',y’) in t;; there exists m such that of}x = 2/, 07}y = v/,
and the same holds for ¢;; = t7;. Thus Tr, X satisfy the required axioms. Now
define T = 7. O

We conclude this section by discussing the question: under what circumstances
do there exist free or globally controlled atlases? We will show that uniform em-
beddings in groups give rise to these, and we will discuss the issue of which spaces
are uniformly embeddable in groups. Throughout, the groups we consider will be
countable discrete groups, equipped with a proper, left-invariant metric; such a
metric is unique up to coarse equivalence.
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Theorem 19. Let X be a space admitting an injective uniform embedding into
some discrete group G. Then X admits a free and globally controlled atlas, and in
particular kx (R) =1 for all R > 0.

Proof. Let dx denote the metric on X, and let dg denote the metric on G. Let

¢: X — G denote the injective uniform embedding of X into G. We construct a

partially defined action of G on X as follows. For y in X and g in G we define

goy=xif ¢(y)g~* = ¢(x), while g oy is undefined if ¢(y)g~! is not in the image

of ¢. Note that g ¢y is uniquely determined if it exists, since ¢ is injective.
Fixge G. If goy =z, then

da(o(z), ¢(y)) = da(o(y)g ™", d(y)) = da(e, g).

As ¢ is a uniform embedding, there exists R such that for x, y with dg(é(x), ¢(y)) =
dg(e, g) we have dx (z,y) < R. Thus if goy = x then dx (z,y) < R. Hence for each
g € G the action go, viewed as a partial bijection of X, defines a partial translation
of X.

As ¢ is a uniform embedding, for all R there exists S such that if dx(z,y) < R
then dg(¢(z), d(y)) < S ie. dale,d(x)"to(y)) < S. Let Tz denote the set of
partial translations go with dg(e,g) < S. These are disjoint partial translations
whose union contains all (x,y) with dx(x,y) < R, i.e. the union contains the R-
neighbourhood of the diagonal.

We will now define the cotranslations on X. We construct another partially
defined action of G on X. For z in X and h in G we define h-z = 2’ if hp(x) = ¢(2'),
while h - 2 is undefined if h¢(x) is not in the image of ¢. Let ¥ denote the set of
partial bijections h- for h € G. We will show that these are partial cotranslation
for 7. We must check that for each ¢ in 7g, and (z,y) in the corresponding
partial translation go, if (h - x,h - y) is defined, then it also lies in the partial
translation go. The pair (z,y) lies in go if and only if © = g ¢y, and we then have
(h-z,h-y)=(h-(goy),h-y), where this is defined. Note that h-(goy) = go(h-y)
when both of these are defined, since the two actions arise from left and right
multiplication in the group, so they commute. Moreover if h- (g©y), h -y are both
defined then so is g ¢ (h - y). Hence

(h-x,h-y)=(h-(goy)h-y)= (90 (h-y),h-y)

whenever (h -, h-y) is defined, and (g (h-y), h-y) lies in the partial translation
go as required.

We have shown that h- acts on the partial translations, so it is a cotranslation.
Moreover, the set of these cotranslations acts transitively on each partial translation
in 7. To see this, note that for each partial translation go in 7g, and for any two
pairs (g o y,y), (goy',y') in go, there exists h, namely h = ¢(y')¢(y) !, such that
h- takes (goy,y) to (goy',y').

For each z,z’ we note that there is a unique cotranslation, namely h- for h =
é(x")p(x) 7L, such that h -z equals 2’. Thus {(7r,Xr) | R > 0} is a free atlas on
X.

Finally, for any z,y in X, if x = h-z and 3y = h-y then ¢(2') " 1o(y) =
é(x)to(y). Let R = dg(e, ( Y7 Lo(y)) = da(e, p(z')"1o(y')). As ¢ is a uniform
embedding there exists S such that d(e, ¢(z')"1é(y')) < R implies dx (2/,y') < S.
Thus dx (2',y") is bounded for (2/,y’) in the cotranslation orbit of (z,y), so the
atlas is globally controlled. ([
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Corollary 20. If X is a uniformly discrete bounded geometry metric space for
which kx(R) > 1 for some R, then X does not admit an injective uniform embed-
ding into any countable group.

4. UNIFORM EMBEDDINGS IN GROUPS

Motivated by Theorem 19 we turn to the question of when a locally finite metric
space may admit a uniform embedding into a discrete group. We shall use the
following result from [2, 3.2] as our guiding principle: A locally finite metric space
admits a uniform embedding in a Hilbert space if and only if it admits a local
uniform embedding.

In this section we formulate a similar local to global principle for embeddings in
groups and for this we need to define local variants of global properties of metric
spaces.

Given a countable, uniformly discrete metric space X, let Fin(X) be the disjoint
union of all finite subsets of X. To be explicit about the metric, we can enumerate
the finite sets as X1, Xo, ..., and view Fin(X) as the union of the sets X; x {i%} in
X x N. The metric d that Fin X inherits from the product metric on X x N agrees
with the given metric on each set X;. If we then measure the distance between the
subsets X; in the usual way then the metric has the property that d(X;, X;) tends
to infinity as ¢, j tend to infinity with ¢ # j. Any other metric on Fin(X) with these
properties will be coarsely equivalent to d.

We say that a metric space X locally has property A if Fin X has property A.
We say that X is locally uniformly embeddable in a space Y if Fin X is uniformly
embeddable in FinY. We note that this notion of local uniform embeddability in
Hilbert space agrees with the definition of [2].

As a first example of our local to global principle we have the following.

Proposition 21. A bounded geometry uniformly discrete metric space X has prop-
erty A if and only if it locally has property A.

Proof. We use the characterisation of property A in terms of kernels, as in condition
7 of Theorem 3. Given a positive kernel v on X with (R, ¢)-variation, and vanishing
for d(z,y) > S, we can produce a positive kernel on Fin X by defining kernels u; on
X to be the restrictions of u to X; x X;. Each individual u; has (R, €)-variation,
however this need not be true for the collection taken together as a kernel on Fin X.
Let I be the finite set of 4 such that X; is within distance R of some other X;. We
define a kernel v on Fin X by

1, ifee X;,ye Xj,i,j €1
’U(Iay): ’U,i(l',y), ifxayEXiui¢I;
0, otherwise.

It is easy to see that v has (R,¢)-variation, and vanishes for d(z,y) sufficiently
large. The kernel v can be regarded as a block-diagonal matrix in which each block
is positive. Thus property A implies local property A.

Conversely, given a positive kernel v on Fin X with (R, €)-variation, and vanish-
ing for d(z,y) > S, define v; to be the restriction of v to the set X;. View v; as a
kernel on X vanishing outside X;. Choose a subsequence i; such that X;, is an in-
creasing sequence of sets whose union is X. By a diagonal argument we can extract
a further subsequence such that the kernels converge pointwise. Let u denote the
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limit kernel. As each v; is positive, and vanishes for d(z,y) > S the same is true for
u. To see that u has (R, €)-variation, note that whenever d(z,y) < R and =,y € X;
we have |v;(z,y) — 1| < e. By construction, for any fixed z,y, if j is sufficiently
large then z,y € X, hence if d(x,y) < R then |v;, (z,y) — 1| < € for j sufficiently
large. Thus u has (R, €)-variation. Hence local property A implies property A. O

The following Theorem and its Corollary 23 establish an analogous principle for
embedding spaces in groups. Together they will provide a local version of Theorem
19.

Theorem 22. Let X be a countable discrete metric space, and G a countable
group. Then X s uniformly embeddable in G if and only if X is locally uniformly
embeddable in G.

Proof. To show that uniform embeddability implies local uniform embeddability is
straightforward. The uniform embedding gives uniform embeddings of each finite
subset X; of X into some finite subset G; of G, uniformly in i. By replacing
finite subsets GG; of G with larger finite subsets if necessary, we can arrange that
Gi # G, for i # j. The disjoint union | |G; may be equipped with a metric in
a similar way to the construction of the metric on Fin X. By reindexing the sets
G; we may extend this to an enumeration of the finite subsets of G. In this way
we obtain a uniform embedding of | |G; into Fin G, and so a uniform embedding
of Fin X into Fin G. (Recall that the coarse structure on Fin(G) is independent of
the enumeration chosen.)

The converse is a limiting argument. We will take X; to be an increasing sequence
of finite subsets of X whose union is X, so that | |, X; is a subset of Fin X. By
assumption we have a uniform embedding ¢ = L;¢; of this into Fin G.

Enumerate the pairs (z,y) € X x X, as (zp,yn) forn =1,2,.... As ¢ is a coarse
map, for each n there is a finite subset F,, of G such that if =, y, € X; then we have
¢i(zn) " t¢i(yn) in F,. As F is finite, we can extract a subsequence of i = 1,2, ...
for which ¢;(x1) " 1¢;(y1) is constant. Similarly there are further subsequences for
which this is constant for (22, y2), (z3,¥s3), - ... Thus by a diagonal argument there is
a subsequence ¢;; such that for each n the sequence ¢;, (x,) s, (yn),j = 1,2,.. .,
is ultimately constant.

For 2,y € X define g, to be the limit of ¢;, (z) "' ¢;, (y). Note that as

(i, (@) i, () (4, (W)~ 03, (2)) = i, () 1y, (2)

for all j we have the identity g,ygy. = ge-. Similarly g,, = e for all z and gy, = g;yl.
As ¢ is a uniform embedding (i.e. each ¢; is a uniform embedding uniformly in %),
for all R there exists S such that d(z,y) < R implies |¢;(z) " ¢i(y)] < S for all .
Conversely |¢;(z)"1¢i(y)| < R implies d(z,y) < S for all i, where | - | denotes the
length function on the group. Thus for all R there exists S such that

d(z,y) <R = |gzy| <5,

Now fix a basepoint x¢ in x and define ¥: X — G by ¥(r) = gpoe. Then
d((2),¥(y)) = |9re9z0y| = |9ayl- The above inequalities thus show that v is
a uniform embedding. O
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Corollary 23. If a countable discrete space X is locally uniformly embeddable in
a countable group G then X contains a coarsely equivalent subset Y which admits
a free, globally controlled atlas.

Proof. If X is locally uniformly embeddable in G then X is uniformly embeddable
in G. Let ¢ denote the embedding. As this is a uniform embedding, there exists
R such that d(x,y) > R implies ¢(x) # ¢(y). Let Y be a maximal R-separated
subset of X. Then Y is coarsely equivalent to X, and the restriction of ¢ to Y
is an injective uniform embedding, so by Theorem 19, Y admits a free, globally
controlled atlas. (]

We finish this section by constructing a universal space I'yy with the property
that I'zs is uniformly embeddable in a countable discrete group G if and only if each
uniformly discrete bounded geometry metric space X uniformly embeds in some
countable group Gx.

We begin by showing that every discrete bounded geometry space can be uni-
formly embedded in a graph with bounded valences. Note that any bounded geom-
etry space can be embedded in its total coarsening space, constructed in [15]. This
is a locally finite simplicial complex, hence any bounded geometry space embeds
into a locally finite graph, viz. the 1-skeleton of this. The issue is to produce a
graph with bounded valences. The following can be found in [2, Prop. 5.1]. For the
convenience of the reader we give here an alternative proof which emphasises the
local nature of the question.

Proposition 24. Let X be a uniformly discrete bounded geometry metric space.
Then there exists a graph I' for which each vertex lies in at most three edges, such
that X uniformly embeds in T.

Proof. The idea is a telescope construction. Let I'; denote the 1-skeleton of the ith
Rips complex, i.e. IT'; is the graph whose vertices are the points of X and for which
there is an edge between z and y if and only if d(x,y) < i. We can then form a
telescope graph by taking I'oUT'; U... and for each x € X and i = 0,1,... adding
an edge from the vertex = in I'; to the corresponding point in I';11. The inclusion
of X into this telescope as I'g gives a uniform embedding, however in the telescope
graph the number of edges emanating from a vertex is unbounded. To fix this we
adjust the graphs I';. Each vertex will be replaced by a linear graph.

We define the graph I' as follows. The vertex set of I" will be the set of triples
(4,x,y) with ¢ = 0,1,2,..., and z,y in X with d(z,y) < i. Let b;, denote the
set of triples (4, x,y) with d(x,y) < i, and enumerate these starting with (i, z, z).
We use this enumeration to connect one triple to the next, thus b; , is given the
structure of a linear graph. Now for each i and x,y with d(x,y) < i, we add an edge
joining (i,z,y) with (i,y,x) as Figure 1. If we fix ¢, and consider the projection
(4,x,y) — x, this has the effect of collapsing each b; ; to a point, to recover the
graph I';. To complete the graph I', we carry out the telescope construction, by
connecting (i, z,x) to (i + 1,x,x) for each ¢,z. Note that the graph produced in
this way has at most three edges emanating from any given vertex. Let dr denote
the path length metric on T'.

We will show that the inclusion of X into I' given by mapping each x € X to
the vertex (0,z,z) in by 5 is a uniform embedding. Denote this map by ¢. Given
R, pick ¢ > R, and note that as X has bounded geometry, there is an upper
bound N on the number of points in an i-ball of X, thus, |b; | < N for all z in
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(0,x,x) (-1,x,x) (i,x,x) (i+1,x,x)

(k)
©Oy.y) -Lyy)| (yy) (+Lyy)
.— .......................
iy

FI1GURE 1. The graph I'.

X. Suppose that x,y € X with d(xz,y) < R. Then there is a vertex (i,z,y) in
b; » and a vertex (i,y,z) in b;,, and these are connected by an edge. We have
dr((i,z,z), (i,z,y)) < N — 1, since |b; | < N, and similarly dr((,y,v), (i,y,2)) <
N — 1, thus dr((¢,z,z), (i,y,y)) < 2N — 1. On the other hand ¢(z) = (0,z,x)
and ¢(y) = (0,y,y), so dr(é(z), (i,z,2)) = i and dr(¢(y), (i,y,y)) = i. Thus
d(z,y) < R implies dr(¢(z), ¢(y)) < S =2i+2N — 1.

Conversely, suppose that dr(¢(z), ¢(y)) < R. Then there is a sequence of adja-
cent vertices ¢(z) = vg,v1,...,v% = ¢(y) in I' with & < R. Write v; in coordinates
as (ij,%;,y;), and consider the sequence of points © = zg,z1,...,25 = y in X.
Since i; < R/2 for all i, we have d(z;,z;11) < i; < R/2 for all j. It follows that
if dr(é(x), ¢(y)) < R then d(z,y) < kR/2 < S = R?/2. Thus ¢ is a uniform
embedding. O

Let I'y; denote the disjoint union of all connected finite graphs such that every
vertex lies in at most three edges. This union may be equipped with a metric
satisfying the following properties: 1) the restriction to each graph is the standard
edge metric; 2) for all R > 0 all but finitely many components I' of I'y, have the
property that the distance from I to its complement in 'y, is greater than R. This
metric is unique up to coarse equivalence.

Note that I'y, is a uniformly discrete metric space with bounded geometry. Con-
structions of Gromov [3] show that there exists a group G and a coarse map from
T'y to G, with a certain amount of control on how much the image of I'y; is collapsed
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in G. This however is somewhat weaker than the assertion that I'y; is uniformly em-
beddable in G. Proposition 24 implies that I';; has the universal property that every
bounded geometry space locally uniformly embeds in I'y;. Combining Proposition
24 with Theorem 22 we obtain the following.

Theorem 25. The following are equivalent:

(1) There exists a countable discrete group G such that the space Ty uniformly
embeds in G;

(2) For each uniformly discrete bounded geometry metric space X there is a
countable discrete group Gx such that X uniformly embeds in Gx;

(3) There exists a countable discrete group G such that every uniformly discrete
bounded geometry metric space X uniformly embeds in G.

5. TRANSLATION ALGEBRAS

In this section we show how to associate a C*-algebra C*(7) to any partial
translation structure 7 on a space X. This algebra will play the role assumed by
the reduced C*-algebra for a group.

Definition 26. For 7 a partial translation structure, the partial translation algebra
C*(T) is the subalgebra of C}(X) generated by the partial translations ¢ € T
(viewed as partial isometries).

Note that given an atlas A = {(7g,Xr) | R > 0} there is a canonical par-
tial translation algebra C*(7") associated to the partial translation structure 7 =
Ug Zr- When A is free and globally controlled this algebra shares many of the
important properties of the reduced C* algebra of a group. In particular it allows
us to deduce properties of C(X) from those of C*(7), as in the proof of Theorem
29 below.

Let G be a countable discrete group and let 7 be the canonical partial translation
structure on G defined in Section 3. Note that C*(7) is a subalgebra of C(G),
however C}(G) is not in general a subalgebra of C(G). This is potentially a
cause of confusion: The uniform Roe algebra for the group G equipped with a
right invariant metric contains the algebra C(G) which is the closure of the left
regular representation. However, if G is given the usual left invariant metric, then
the uniform Roe algebra contains the right regular representation of G. This is
because, with the left invariant metric, the left regular representation of the group
acts by cotranslations, and not by operators of finite propagation, (i.e. translations)
while the right regular representation of G on [?(G) does act by translations. It is
this algebra which is recovered by the construction of C*(7).

Theorem 27. Let G be a countable discrete group and let T be the canonical partial
translation structure on G. Then the algebra C*(T) is canonically isomorphic to

Cx Q).

Proof. Tt is immediate from the definitions that the algebra C*(7') is equal to the
closure of the right regular representation of G' on [?(G). The isomorphism of the
closures of the left and right regular representations is given by conjugating by the
unitary operator on [(G) defined by d§, — d4,-1 where 6, denotes the usual basis
vector corresponding to g. O

When the metric space X is sufficiently group-like, i.e., it admits a free and
globally controlled atlas {(7r,Xr) | R > 0}, we can use the partial translation
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algebra corresponding to 7 = |Jz 7r to show that property A is equivalent to
exactness of C*(X). In particular, if the space is uniformly embeddable in a group
we will show that C*(X) is nuclear if and only if it is exact. In the case where the
atlas is free but not necessarily globally controlled we will show that the inclusion
C*(T) — C*(X) is a nuclear embedding if and only if X has property A. We begin
with the following lemma.

Lemma 28. Let H be a Hilbert space, and A a C*-subalgebra of B(H). Suppose
t: A — C¥(X) is a nuclear embedding. Then for any finite subset E of A and
e > 0 there exists a finite rank completely positive map 0: B(H) — C}(X) and
S > 0 with ||0(a) — (a)|| < € for a € E, and with 6(a) of propagation at most S for
all a € B(H).

Proof. By nuclearity of the embedding there are completely positive maps ¢: B(H) —
M, and ¢: M,, — C;(X) such that |9 o ¢p(a) — v(a)| < &/2 for all a € E, see [12,
Def. 6.1.2]. There is a bijection between completely positive maps from M, to
C#(X) and positive elements of M, (C? (X)), thus we can identify ¢ with a positive
matrix 7' in M, (C:(X)), namely T;; = 1(e;;), where e;; is the standard matrix
unit.

We now approximate 7" by a matrix whose entries are finite propagation opera-
tors.

Let C be the maximum of the norms ||¢(a)||; for a € E, where ||¢(a)|/1 denotes
the [! norm, >i;lo(a)i]. Let W be the square root of T'. Let W’ be a finite
propagation element of M, (C} (X)) such that |W’ — W|| < min( and

let 7" = (W’)2. Then T" is a positive matrix, and
17" =TIl = [|(W)? = W[ < [WHW’ = W]+ [|W' = W[[[W] <

& IoqWTTe)

5
20

Now let ¢': M,, — C*(X) be the completely positive map corresponding to 7”, and
define 6 = 1)’ o ¢. Then for a € E we have

10(a) — (a)]| < (1Y) o ¢(a) — ¥ o ¢(a)ll + [[¥ 0 ¢(a) — v(a)]
= Z ¢(a)i (T" = T)isl| + [t © d(a) — t(a)|

<C|T' -T|+¢e/2<e.

Let S be the maximum of the propagations of the entries of 7’. Then 6(a) has
propagation at most S for all a € B(H) as required. O

Now we are in a position to establish the following:

Theorem 29. Consider the following statements.

(1) X has property A.

(2) Ck(X) is nuclear.

(3) For every partial translation structure T on X, C*(T) — CX(X) is a
nuclear embedding.

(4) There exists a partial translation structure T on X admitting a free atlas
and for which C*(T) — C*(X) is a nuclear embedding.

(5) Ci(X) is exact.

(6) For every partial translation structure T on X, C*(T) is exact.

(7) There exists a partial translation structure T on X admitting an atlas which
is free and globally controlled and for which C*(T) is exact.
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For X a uniformly discrete bounded geometry metric space we have (1)< (2) =
(3) and (2) = (5) = (6). If kx(R) =1 for all R, then conditions (1), (2), (3)
and (4) are all equivalent. If moreover there is a partial translation structure which
admits a free and globally controlled atlas then (1) through (7) are all equivalent.

Proof. 1 = 2: This is proved in [11], Proposition 11.41 and the equivalence 1 < 2
was proved in [13]. Here we give an alternative proof. We use the characterisation
of property A, in terms of kernels (condition 7 of Theorem 3). For each i there
exists a positive type kernel u; such that
(1) wi(z,x) =1;
(2) 11 —wi(z,2")| <1/i, for d(x,2’) < i;
(3) there exists S; such that u;(z, ") vanishes for d(z,z’) > S;.
Define 6,: B(I>(X)) — B(I1*(X)) to be the Schur multiplication by u;. This is
a completely positive contraction. The support condition on u; ensures that the
range of 6; lies in C(X), while the variation condition ensures that for 7" in C(X)
such that d(z,z’) < i on the support of T, we have ||T' — 6;(T)| < ||T||/i. Thus for
any T in Cf(X), 0;(T) tends to T as i — oo.
Now define ®: B(I*(X)) — [°°(X) to be restriction to the diagonal. Note that for
a partial translation ¢, viewed as a partial isometry of I?(X), the operator t®(t*T')
is the restriction of T' to t. By bounded geometry, there exists a finite set F; of
disjoint partial translations whose union includes all points with d(z,z’) < S;. For
t € F; define n}: B(I1*(X)) — 1°°(X) by n{(T) = ®(¢*0;(T)), and note that this is a
complete contraction. Then we have 6;(T) = 3, tni(T).
Now for any algebra B we will show that the quotient map Q: C*(X) ®max B —
C#(X) ®min B is injective. As n! is completely contractive, there is a well-defined
map

Nt @1: CHX) @min B — 1%°(X) @min B =17(X) @max B C C(X) @max B.
We use here the fact that [°°(X) is nuclear. There is also a map
01' ® 1: C;:(X) ®max B — C;:(X) ®max Ba

and we have 6,1 = 37, - (tin} ®1)Q; this holds for a dense subset of C; (X ) @max B,
and hence holds for all elements of C(X) Qmax B.

If Q(S) =0for S € C}(X) @max B then (6; ® 1)(S) = 0 for all <. But on the
other hand we know that (6; ®1)(S) — S as i — oo, hence Q(S) = 0 implies S = 0.
Injectivity of @ implies nuclearity of C}:(X).

2 = 3 is immediate, as is 2 =— 5 — 6.

Now suppose kx(R) = 1 for all R. Then there exists a partial translation
structure with a free atlas, so 3 = 4.

4 = 1: Again we use the characterisation of property A in terms of kernels.
We must show that there is an approximate unit consisting of finite width positive
kernels, for the algebra of functions on X x X tending to zero away from the
diagonal. Nuclearity of the embedding provides approximate identity maps from
C*(T) into C(X). Let §,,z € X denote the standard basis for [?(X). The idea of
the proof is to write the constant kernel 1 as (d,, t4,d,) for certain operators t,,,
and then to use nuclearity to approximate the operators t;, in such a way as to
produce kernels of finite width.

We make the following claim.
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Claim. Let X be a uniformly discrete bounded geometry metric space, and let T
be a partial translation structure on X with a free atlas {(Tr,Xr) | R > 0}. Then
for all R, there exists a positive matric (tgy) indexed by z,y in X with entries
in C*(T), such that if d(x,y) < R then (0z,tsy0y) = 1, and such that the set of
operators {tyy : z,y € X,d(z,y) < R} is finite.

Given this claim we can produce a positive kernel as follows. Fix R,e > 0.
As C*(T) — C}(X) is a nuclear embedding we can apply Lemma 28 to produce
S > 0, and a completely positive map 6 from B(I*(X)) into elements of C;(X) with
propagation at most S, such that for ,y with d(z,y) < R we have ||0(tyy) — tzyl| <
€.

Define u(x,y) = (0z,8(tzy)dy). This is positive by positivity of the map ¢ and
the matrix (¢4,). It vanishes if d(xz,y) > S as 6(t,,) has propagation at most
S for all z,y. If d(z,y) < R then |0(tsy) — tayl] < € and (0z,tzy0y) = 1, s0
11— u(z,y)| = [{0a, (tuy — O(tzy))0y)| < e. Hence we have produced a positive
kernel with (R, €)-variation supported in the S-neighbourhood of the diagonal. As
we can do this for each R and ¢, the space X has property A.

It remains to prove the Claim. Fix R. For each x € X we define an operator
sy 12(X) — [?(XR) as follows. For 2’ € X we define s, (d,/) to be §, where oz = 2/,
if such an element exists, and s,(d,7) = 0 otherwise. The element ¢ is unique if it
exists, since the atlas is free.

For each fixed z,y, sks, is an operator on [?(X) thus it can be viewed as a matrix
indexed by X. It has matrix entries

<6$/7 styay/> = <SI5I'7 Syay/>a I/a y/ eX

taking the value 1 if there exists o such that ox = 2’/,0y = ¢’ and 0 otherwise.
By hypothesis, if d(z,y) < R then there exists such a partial cotranslation taking
(z,y) to (¢/,y') if and only if (z,y), (', y’) lie in the same element ¢ in 7x. Thus if
d(z,y) < R then s’s, is the unique partial translation ¢ in Tg such that (z,y) € ¢.

We now define t;, = sks,. This is positive by construction. If d(z,y) < R
then ¢, is a partial translation in the finite set 7z, and moreover (z,y) € tgy so
(0, tey0y) = 1. This establishes the claim.

Finally suppose that there exists a partial translation structure which admits a
free and globally controlled atlas. Then each of 2, 3, 5 and 6 immediately implies
7. To see that 1 and 4 each imply 7 note that we have already established that 1
is equivalent to 2 and to 4 in this setting.

7 = 1: The proof is essentially the same as 4 = 1. Define ¢, as before.
We have the weaker hypothesis that C*(7) is exact, i.e. C*(T) — B(I*(X)) is a
nuclear embedding. We make use of [10] Lemma 2. This implies that for all R, e
there exists a completely positive finite rank map 6: C*(7) — B(I?(X)) such that:

(1) 0 has the form 6(.) = Z?:1<5am-5bi>Tiv for some a;,b; in X, and T; in
B(I12(Y)), and
(2) for all x,y with d(z,y) < R we have ||0(tzy) — tzy] <e.
Again we define u(z,y) = (05, 0(tey)dy). Positivity and (R, e)-variation follow as
before. Each t., is a partial isometry whose support is a cotranslation orbit, and
these supports partition X x X. The global control condition implies that the
supports are controlled, i.e. t,, has finite propagation for all z,y. Let S be the
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maximum of the propagations of the operators t4,5,. Then for d(x,y) > S we have
0(tzy) = 0, since the support of t;, must be disjoint from the supports of the
operators t,,p,, and in particular it does not contain (a;, ;). It follows that u(z,y)
vanishes when d(z,y) > S as required. O

We conclude with the following corollaries.

Corollary 30. If X admits a (local) uniform embedding into a countable discrete
group, then the following are equivalent: C(X) is nuclear; C(X) is exact; C*(T)
is exact for all partial translation structures T on X; X has property A.

Proof. By Corollary 23, if X admits a local uniform embedding into a countable
group then X admits a free, globally controlled atlas. The result now follows
immediately from the theorem. (|

Corollary 31. If the universal space Ty admits a (local) uniform embedding into
a countable discrete group, then for every bounded geometry metric space X the
following are equivalent: C*(X) is nuclear; C:(X) is exact; C*(T) is exact for all
partial translation structures T on X; X has property A.

Proof. If the universal space I'yy admits a local uniform embedding into a countable
discrete group then by Theorem 25, so does every bounded geometry metric space.
The result now follows from the previous corollary. ([
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