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1. INTRODUCTION

The present paper constitutes the third part of a study of the large scale ge-
ometry of metrisable group, the first two parts appearing in [10]. Whereas the
first part provided the foundations for this and the second part studied affine
isometric actions on Banach spaces, we here make a deeper investigation of the
special case of automorphism groups of countable first-order model theoretical
structures.

1.1. Non-Archimedean Polish groups and large scale geometry. The automor-
phism groups under consideration here are the automorphism groups Aut(M) of
countable first-order model theoretical structures. Let us first recall that a Polish
group is a separable topological group, whose topology can be induced by a com-
plete metric. Such a group G is moreover said to be non-Archimedean if there is a
neighbourhood basis at the identity consisting of open subgroups of G.

One particular source of examples of non-Archimedean Polish groups are first-
order model theoretical structures. Namely, if M is a countable first-order struc-
ture, e.g., a graph, a group, a field or a lattice, we equip its automorphism group
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Aut(M) with the permutation group topology, which is the group topology obtained
by declaring the pointwise stabilisers

Va={g€Aut(M) |Vx € A g(x) =x}

of all finite subsets A C M to be open. In this case, one sees that a basis for the
topology on Aut(M) is given by the family of cosets fV,, where f € Aut(M) and
A C M is finite.

Now, conversely, if G is a non-Archimedean Polish group, then, by considering
its action on the left-coset spaces G/V, where V varies over open subgroups of
G, one can show that G is topologically isomorphic to the automorphism group
Aut(M) of some first order structure M.

The investigation of non-Archimedean Polish groups via the interplay between
the model theoretical properties of the structure M and the dynamical and topo-
logical properties of the automorphism group Aut(M) is currently very active as
witnessed, e.g., by the papers [5, 6, 12, 2]. Our goal here is to consider another
class of structural properties of Aut(M) by applying the large scale geometrical
methods developed in our companion paper [10].

For this, we need to recall the fundamental notions and some of the main re-
sults of [10]. So, in the following, fix a separable metrisable topological group G.
A subset A C G is said to have property (OB) relative to G if A has finite diame-
ter with respect to every compatible left-invariant metric on G (the existence of
compatible left-invariant metrics being garanteed by the Birkhoff-Kakutani theo-
rem). Also, G is said to have property (OB) if it has property (OB) relative to itself
and the local property (OB) if there is a neighbourhood U > 1 with property (OB)
relative to G. As it turns out, the relative property (OB) for A is equivalent to the
requirement that, for all neighbourhoods V' > 1, there are a finite set F C G and
ak>1sothat A C (FV)k

A compatible left-invariant metric d on G is metrically proper if the class of
d-bounded sets coincides with the sets having property (OB) relative to G. More-
over, G admits a compatible metrically proper left-invariant metric if and only if
it has the local property (OB). Also, an isometric action G ~ (X, dx) on a metric
space is metrically proper if, for all x and K, the set {g € G | dx(gx,x) < K} has
property (OB) relative to G.

We can order the set of compatible left-invariant metrics on G by setting 0 < d
if there is a constant K so that 0 < K-d + K. We then define a metric d to be
maximal if it maximal with respect to this ordering. A maximal metric is always
metrically proper and conversely, if d is metrically proper, then d is maximal if
and only if (G,d) is large scale geodesic, meaning that there is a constant K so
that, for all g, f € G, one can find a finite path hg = g, hy,...,hy, = f with
d(hi—1,h1) < Kand d(g, f) < K- Y/, d(hj_1,h;). Now, a maximal metric, if such
exist, is unique up to quasi-isometry, where a map F: (X,dx) — (Y, dy) between
metric spaces is a quasi-isometry if there are constants K, C so that

%dx(x,y) —C <dy(Fx,Fy) < K-dx(x,y)+C

and F[X] isa C-netin Y.
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The group G admits a maximal compatible left-invariant metric if and only if
G is generated by an open set with property (OB) relative to G. So, such G have
a uniquely defined quasi-isometric type given by any maximal metric. Finally, we
have a version of the Svarc-Milnor lemma, namely, if G ~ (X, dx) is a transitive
metrically proper continuous isometric action on a large scale geodesic metric
space, then G has a maximal metric and, for every x € X, the mapping

geEG—g(x)eX

is a quasi-isometry. Of course, one of the motivations for developing this theory
is that the quasi-isometry type, whenever defined, is an isomorphic invariant of
the group G.

1.2. Main results. In the following, M denotes a countable first-order structure.
We use 4,b,¢, ... as variables for finite tuples of elements of M and shall write
(a,b) to denote the concatenation of the tuples @ and b. The automorphism group
Aut(M) acts naturally on tuples a = (ay,...,a,) € M" via

g-(ay,...,ay) = (gay,...,8an).

With this notation, the pointwise stabiliser subgroups Vz = {g € Aut(M) | g7 =
a}, where 7 ranges over all finite tuples in M, form a neighbourhood basis at the
identity in Aut(M). So, if A C M is the finite set enumerated by @ and A C M is
the substructure generated by A, we have Vy = V4 = V. An orbital type O in M
is simply the orbit of some tuple @ under the action of Aut(M). Also, we let O(a)
denote the orbital type of 7 , i.e., O(a) = Aut(M) - a.

Our first results provides a necessary and sufficient criterion for when an au-
tomorphism group has a well-defined quasi-isometric type and associated tools
allowing for concrete computations of this same type.

Theorem 1. The automorphism group Aut(M) admits a maximal compatible left-invariant
metric if and only if there is a tuple @ in M satisfying the following two requirements
(1) for every b, there is a finite family S of orbital types and an n > 1 such that
whenever (a,c) € O(a,b) there is a path d, . .., d, € O(a,b) with dy = (a,b),
dy, = (a,c)and O(d;,d; 1) € S forall i,
(2) there is a finite family R of orbital types so that, for all b € O(a), there is a finite
pathdy,...,dy € O(@) withdy =a,dy = b and O(d;, d; 1) € R for all i.
Moreover, suppose a and R are as above and let Xz r be the connected graph on the set
of vertices O(a) with edge relation

(5,7) € Bdge Xar <= b #c& (O(5,7) € R or O@Eb) € R).

Then the mapping
g €Aut(M) — g-a € Xgr
is a quasi-isometry.

Moreover, condition (1) alone gives a necessary and sufficient criterion for
Aut(M) having the local property (OB) and thus a metrically proper metric.

With this at hand, we can subsequently relate the properties of the theory T =
Th(M) of the model M with properties of its automorphism group and, among
other results, use this to construct affine isometric actions on Banach spaces.
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Theorem 2. Suppose M is a countable atomic model of a stable theory T so that Aut(M)
has the local property (OB). Then Aut(M) admits a metrically proper continuous affine
isometric action on a reflexive Banach space.

Though Theorem 1 furnishes an equivalent reformulation of admitting a met-
rically proper or maximal compatible left-invariant metric, it is often useful to
have more concrete instances of this. A particular case of this, is when M admits
an obital A-independence relation, L4, thatis, an independence relation over a
finite subset A C M satisfying the usual properties of symmetry, monotonicity,
existence and stationarity (see Definition 26 for a precise rendering). In particu-
lar, this applies to the Boolean algebra of clopen subsets of Cantor space with the
dyadic probability measure and to the Ry-regular tree.

Theorem 3. Suppose A is a finite subset of a countable structure M and | 4 an orbital
A-independence relation. Then the pointwise stabiliser subgroup V4 has property (OB).
Thus, if A = @, the automorphism group Aut(M) has property (OB) and, if A # @,
Aut(M) has the local property (OB).

Now, model theoretical independence relations arise, in particular, in models
of w-stable theories. Though stationarity of the independence relation may fail,
we nevertheless arrive at the following result.

Theorem 4. Suppose that M is a saturated countable model of an w-stable theory. Then
Aut(M) has property (OB).

In this connection, we should mention an earlier observation by P. Cameron,
namely, that automorphism groups of countable Ny-categorical structures have
property (OB). Also, it remains an open problem if there are similar results valid
for countable atomic models of w-stable theories.

Problem 5. Suppose M is a countable atomic model of an w-stable theory. Does Aut(M)
have the local property (OB)?

A particular setting giving rise to orbital independence relations, which has
earlier been studied by K. Tent and M. Ziegler [11], is Fraissé classes admitting a
canonical amalgamation construction. For our purposes, we need a stronger no-
tion than that considered in [11] and say that a Fraissé class K admits a functorial
amalgamation over some A € K if there is a map © that to every pair of embed-
dings 71: A — By and #2: A — B, with B; € K produces an amalgamation of
B1 and B; over these embeddings so that @ is symmetric in its arguments and
commutes with embeddings (see Definition 34 for full details).

Theorem 6. Suppose K is a Fraissé class with limit K admitting a functorial amalgama-
tion over some A € K. Then Aut(K) admits a metrically proper compatible left-invariant
metric. Moreover, if A is generated by the empty set, then Aut(K) has property (OB).

Finally, using the above mentioned results, we may compute quasi-isometry
types of various groups, e.g., those having property (OB) being quasi-isometric
to a point, while others have more interesting structure.

(1) The automorphism group Aut(T) of the Ny-regular tree T is quasi-iso-
metric to T.
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(2) The group Aut(T,e¢) of automorphisms of T fixing an end ¢ is quasi-
isometric to T.

(3) The isometry group Isom(QU)) of the rational Urysohn metric space QU
is quasi-isometric to QU.

2. ORBITAL TYPES FORMULATION

If G is a non-Archimedean Polish group admitting a maximal compatible
left-invariant metric, there is a completely abstract way of identifying its quasi-
isometry type. For the special case of compactly generated non-Archimedean
locally compact groups, H. Abels (Beispiel 5.2 [1]) did this via constructing a ver-
tex transitive and metrically proper action on a countable connected graph. We
may use the same idea in the general case exercising some caution while dealing
with property (OB) rather than compactness.

Namely, fix a symmetric open set U > 1 generating the group and having
property (OB) relative to G. We construct a vertex transitive and metrically proper
action on a countable connected graph as follows. First, pick an open subgroup
V contained in U and let A C G be a countable set so that VUV = AV. Since
a € VUV implies that also a~! € (VUV)~! = VUV, we may assume that A is
symmetric, whereby AV = VUV = (VUV)~! = V71A~! = VA and thus also
(VUV)k = (AV)k = AkVK = A*V for all k > 1. In particular, we note that A¥V
has property (OB) relative to G for all k > 1.

The graph X is now defined to be the set G/V of left-cosets of V along with
the set of edges {{gV,gaV} | a € A & g € G}. Note that the left-multiplication
action of G on G/V is a vertex transitive action of G by automorphisms of X.
Moreover, since G = |J(VUV)* = Uy AV, one sees that the graph X is con-
nected and hence the shortest path distance p is a well-defined metric on X.

We claim that the action G ~ X is metrically proper. Indeed, note that, if
gn — 00 in G, then (g,) eventually leaves every set with property (OB) relative to
G and thus, in particular, leaves every AKV. Since, the k-ball around the vertex
1V € X is contained in the set AXV, one sees that p(gn-1V,1V) — oo, showing
that the action is metrically proper. Therefore, by our version of the Svarc-Milnor
Lemma, the mapping ¢ — gV is a quasi-isometry between G and (X, p).

However, this construction neither addresses the question of when G admits
a maximal metric nor provides a very informative manner of defining this. For
those questions, we need to investigate matters further. In the following, M will
be a fixed countable first-order structure.

Lemma 7. Suppose a is a finite tuple in M and S is a finite family of orbital types in M.
Then there is a finite set F C Aut(M) so that, whenever ay, . ..,a, € O(a), ap = a and
O(a;,a;41) € S forall i, then a, € (VzF)"

Proof. For each orbital type O € S, pick if possible some f € Aut(M) so that
(a, fa) € O and let F be the finite set of these f. Now, suppose that ay,...,a, €
O(a), dp = a and O(a;,a;41) € S for all i. Since the @; are orbit equivalent, we
can inductively choose hy, ..., h, € Aut(M) so that a; = hy---h; -a. Thus, for
all i, we have (7, tha) (hy---h;)~'-(a;,a;,1), whereby there is some f € F
so that (a,h;1a) € O(a, fa). It follows that, for some ¢ € Aut(M), we have
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(¢a,ghi;1a) = (a, fa), ie., g € Vzand fflghl-Jrl € Vz, whence also h;q € V;FV;.
Therefore, @, = hy---h,-a € (VﬁFVﬁ)n = (VﬁP)” a4 0

Lemma 8. Suppose a is a finite tuple in M and F C Aut(M) is a finite set. Then
there is a finite family S of orbital types in M so that, for all g € (VzF)", there are
ap, ..., ay € O(a) with ap = a and a, = ga satisfying O(a;,a;11) € S for all i.

Proof. We let S be the collection of O(a, fa) with f € F. Now suppose that
g € (VzF)" and write § = hyfy---hyfy for hj € Vg and f; € F. Setting a; =
h1f1 te hifi -4, we see that

(@i, ai11) = hify - hifihipa - (WA fia@) = afi - hifihiia - (3, fiiaa),
ie., O(a;,a;41) € S as required. O

Lemma 9. Suppose 4 is a finite tuple in M. Then the following are equivalent.

(1) The pointwise stabiliser Vg has property (OB) relative to Aut(M).

(2) For every tuple b in M, there is a finite family S of orbital types and an n > 1
so that whenever (a,c) € O(a,b) there is a path dy,...,d, € O(a,b) with
do = (a,b),d, = (a,c) and O(d;,d;,1) € S for all i.

Proof. (1)=-(2): Suppose that V7 has property (OB) relative to Aut(M) and that
b is a tuple in M. This means that, for every neigbourhood U > 1, there is a
finite set F C Aut(M) and an n > 1 so that V; C (UF)". In particular, this

holds for U = Viap)- Let now S be the finite family of orbital types associated

to F and the tuple (,b) as given in Lemma 8. Assume also that (z,c) € O(a,b),
ie., that ¢ = g-b for some g € V5 C (V(E,E)F)". By assumption on &, there is a
path dy,...,d, € O(a,b) with and O(d;,d;,1) € S for all i satisfying dy = (a,b),
d, = (a,c) as required.

(2)=(1): Assume that (2) holds. To see that V; has property (OB) relative to
Aut(M), it is enough to verify that, for all tuples b in M, there is a finite set
F C Aut(M) and an n > 1 so that Vz C (V(E,E)FV@E))”. But given b, let S be
as in (2) and pick a finite set F C Aut(M) associated to S and the tuple (7, b) as
provided by Lemma 7.

Now, if ¢ € Vg, then (@,¢b) = g (a,b) € O(a,b). So by (2) there is a path
do,...,dn € O(a,b) with dy = (a,b), d, = (a,¢b) and O(d;,d;;1) € S for all i.
Again, by the choice of F, we have ¢ - (a,b) = d, (V(E,E)F )" - (a,b), whence
g€ (ﬁ,b)F)” Viap = (V(ﬁ,h)FV(ﬁ,b)) as required. O

=

Using that the V; form a neighbourhood basis at the identity in Aut(M), we
obtain the following criterion for the local property (OB) and hence the existence
of a metrically proper metric.

Theorem 10. The following are equivalent for the automorphism group Aut(M) of a
countable structure M.

(1) There is a metrically proper compatible left-invariant metric on Aut(M),
(2) Aut(M) has the local property (OB),
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(3) there is a tuple @ so that, for every b, there is a finite family S of orbital types
and an n > 1 such that whenever (a,c) € O(a,b) there is a path dy, ..., d, €
O(a,b) with dg = (a,b), d, = (a,c) and O(d;,d; 1) € S forall .

Our goal is to be able to compute the actual quasi-isometry type of various
automorphism groups and, for this, the following graph turns out to be of central
importance.

Definition 11. Suppose a is a tuple in M and S is a finite family of orbital types in M.
We let X5 s denote the graph whose vertex set is the orbital type O(a) and whose edge
relation is given by

(b,7) € Edge Xgs «= b#T& (O(E,z) €S or O(ch) € 5).

Let also pg s denote the corresponding shortest path metric on Xg s, where we stipulate
that p; 5(b,¢) = co whenever b and ¢ belong to distinct connected components.

We remark that, as the vertex set of Xz s is just the orbital type of a, the
automorphism group Aut(M) acts transitively on the vertices of Xz s. Moreover,
the edge relation is clearly invariant, meaning that Aut(M) acts vertex transitively
by automorphisms on X; s. In particular, Aut(M) preserves p; s.

Note that p; s is an actual metric exactly when Xj s is a connected graph. Our
next task is to decide when this happens.

Lemma 12. Suppose a is a tuple in M. Then the following are equivalent.

(1) Aut(M) is finitely generated over Vg,
(2) there is a finite family S of orbital types so that X s is connected.

Proof. (1)=>(2): Suppose that Aut(M) is finitely generated over V; and pick a
finite set F C Aut(M) containing 1 so that Aut(M) = (Vz;UF). Let also S be
the finite family of orbital types associated to F and @ as given by Lemma 8. To
see that X; s is connected, let b € O(7) be any vertex and write b = g7 for some
¢ € Aut(M). Find also n > 1 so that ¢ € (VzF)". By the choice of S, it follows
that there are ¢y,...,C, € O(a) with ¢y =a, ¢, = ga and O(c;,¢;41) € S for all i.
Thus, ¢y, . . .,y is a path from @ to b in Xz,s. Since every vertex is connected to g,
Xz,s is a connected graph.

(2)=(1): Assume S is a finite family of orbital types so that Xz s is connected.
We let T consist of all orbital types O(b,¢) so that either O(b,¢) € S or O(c,b) €
S and note that 7T is also finite. Let also F C Aut(M) be the finite set associated
to @ and 7 as given by Lemma 8. Then, if ¢ € Aut(M), there is a path ¢y, ...,Cy
in Xz s from ¢y = a to ¢, = ga, whence O(C;,¢;+1) € T for all i. By the choice
of F, it follows that ga = ¢, € (V4F)" -a and hence that ¢ € (VzF)" - V5. Thus,
Aut(M) = (VzUF). O

Lemma 13. Suppose a is a tuple in M so that the pointwise stabiliser Vg has property
(OB) relative to Aut(M) and assume that S is a finite family of orbital types. Then, for
all natural numbers n, the set

{8 € Aut(M) | pz,5(7,87) < n}
has property (OB) relative to Aut(M).
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In particular, if the graph X s is connected, then the continuous isometric action
Aut(M) ~ (Xgs,03,5)
is metrically proper.

Proof. Let F C Aut(M) be the finite set associated to @ and S as given by Lemma
7. Then, if ¢ € Aut(M) is such that p; s(@,ga) = m < n, there is a path ¢y, ...,Cn
in Xz s with ¢ = @ and ¢, = ga. Thus, by the choice of F, we have that ga =
tm € (VzF)" -3, ie., g € (VGF)" - Vz = (VzFV;z)™. In other words,

{g € Aut(M) | p5,5(@,g7) <n} € | (VaFVy)"

m<n

and the latter set had property (OB) relative to Aut(M). O

With these preliminary results at hand, we can now give a full characterisa-
tion of when an automorphism group Aut(M) carries a well-defined large scale
geometry and, moreover, provide a direct compution of this.

Theorem 14. Let M be a countable structure. Then Aut(M) admits a maximal compat-
ible left-invariant metric if and only if there is a tuple a in M satisfying the following two
requirements

(1) for every b, there is a finite family S of orbital types and an n > 1 such that
whenever (a,¢) € O(a,b) thereis a path dy, ..., d, € O(a,b) with dy = (a,b),
dy, = (a,¢) and O(d;,d;y1) € S forall i,

(2) there is a finite family R of orbital types so that, for all b € O(a), there is a finite
path dy,...,dy € O@) withdy =, dyy = b and O(d;,d; 1) € R for all i.

Moreover, if a and ‘R are as in (2), then the mapping
g€ Aut(M) — g-72€ Xgp
is a quasi-isometry between Aut(M) and (Xgr,paR)-

Proof. Note that (1) is simply a restatement of V7 having property (OB) relative
to Aut(M), while (2) states that there is R so that the graph X is connected,
i.e., that Aut(M) is finitely generated over V. Together, these two properties are
equivalent to the existence of a compatible left-invariant metric maximal for large
distances.

For the moreover part, note that, as Xz is a connected graph, the metric
space (Xz R, par) is large scale geodesic. Thus, as the continuous isometric action
Aut(M) ~ (Xzs,pz.s) is transitive (hence cobounded) and metrically proper, it
follows from the Svarc-Milnor lemma that

g€ Aut(M) — g-a € Xgr
is a quasi-isometry between Aut(M) and (Xz %, 0zR)- O

In cases where Aut(M) may not admit a compatible left-invariant maximal
metric, but only a metrically proper metric, it is still useful to have an explicit
calculation of this. For this, the following lemma will be useful.
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Lemma 15. Suppose a is finite tuple in a countable structure M. Let also Rq1 C Ry C
R3 C ... be an exhaustive sequence of finite sets of orbital types on M and define a metric

Pa,(R,) on O(a) by

0a,(Ry) (b,C) =
k
ni~pa,7gni(3i,1,3,») ) n €N & Ei €0@) & HO =b & Ek = E).

min(
i=1

1
Assuming that Vg has property (OB) relative to Aut(M), then the isometric action
Aut(M) ~ (O(@), pa,(r,,)) is metrically proper.

Proof. Let us first note that, since the sequence (R,) is exhaustive, every orbital
type O(b,¢) eventually belongs to some R, whereby pz % ,(b,¢) is finite. Also,
Pz,(R,) satisfies the triangle inequality by definition and hence is a metric.

Note now that, since the R, are increasing with n, we have, for all m € IN,

0a,R (,8) <m = pzg, (b,T) <m
and thus

{5 € Aut(M) | py =, (@ 83) < m} C {g € Aut(M) | pa,, (3 83) < m}.

By Lemma 13, the latter set has property (OB) relative to Aut(M), so the action
Aut(M) ~ (O(@), pz,(r,)) is metrically proper. O

3. HOMOGENEOUS AND ATOMIC MODELS

3.1. Definability of metrics. Whereas the preceding sections have largely con-
centrated on the automorphism group Aut(M) of a countable structure M with-
out much regard to the actual structure M, its language £ or its theory T =
Th(M), in the present section, we shall study how the theory T may directly
influence the large scale geometry of Aut(M).

We recall that a structure M is w-homogeneous if, for all finite tuples 7 and b
in M with the same type tpM(a) = tpM(b) and all ¢ in M, there is some d in M
so that tpM(a,c) = tpM(b,d). By a back and forth construction, one sees that, in
case M is countable, w-homogeneity is equivalent to the condition

tpM (@) = tpM(b) = O(@a) = O(b).
In other words, every orbital type O(a) is type @-definable, i.e., type definable

without parameters.
For a stronger notion, we say that M is ultrahomogeneous if it satisfies

qftpM (@) = qftp™ (b)) «— 0(@@) = O(b),

where gftp™ (@) denotes the quantifier-free type of @. In other words, every orbital
type O(@) is defined by the quantifier-free type qftp™ (a).

Another requirement is to demand that each individual orbital type O(a) is @-
definable in M, i.e., definable by a single formula ¢(X) without parameters, that
is, so that b € O(a) if and only if M |= ¢(b). We note that such a ¢ necessarily
isolates the type tpM (7). Indeed, suppose y € tpM(a). Then, if M | ¢(b),
we have b € O(a) and thus also M = ¢(b), showing that M |= Vx (¢ — o).
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Conversely, suppose M is a countable w-homogeneous structure and ¢(X) is a
formula without parameters isolating some type tpM (). Then, if M |= ¢(b), we
have tpM(a) = tpM(b) and thus, by w-homogeneity, b € O(a).

We recall that a model M is atomic if every type realised in M is isolated.
As is easy to verify (see Lemma 4.2.14 [8]), countable atomic models are w-
homogeneous. So, by the discussion above, we see that a countable model M
is atomic if and only if every orbital type O(a) is @-definable.

For example, if M is a locally finite ultrahomogeneous structure in a finite
language £, then M is atomic. This follows from the fact that if A is a finite
structure in a finite language, then its isomorphism type is described by a single
quantifier-free formula.

Lemma 16. Suppose a is a finite tuple in a countable atomic model M. Let S be a finite
collection of orbital types in M and pg s denote the corresponding shortest path metric on
Xy 5. Then, for every n € IN, the relation pz s(b,¢) < n is @-definable in M.

Now, suppose instead that Sy C Sy C ... is an exhaustive sequence of finite sets of
orbital types on M. Then, for every n € IN, the relation pg S,,,)(E/ C) < n is similarly
@-definable in M.

Proof. Without loss of generality, every orbital type in S is of the form O(b,¢),
where b,¢ € O(a@). Moreover, for such O(b,c) € S, we may suppose that also
O(c,b) € S. Let now ¢1(X,7), . .., p (X, 7) be formulas without parameters defin-
ing the orbital types in §. Then

pas(b,c) <n <

m—1 k

n
M': \/ ElyO/”'rym ( /\ \/(Pl(y]/y]—i-])&b:yo&fzym)/
m=0 j=0 i=1

showing that p; s(b,¢) < n is @-definable in M.
For the second case, pick formulas ¢y, (¥, ) without parameters defining the
relations p; s, (b,€) < n in M. Then

pﬁ,(sm)(E’E) <n <

n B k k

M = \/Hfo,...,fk<fo =b&x; :E&\/{ /\ (ij,nj(yi—llyi) | Zmi-ni < Tl}),
k=0 i—

i=1 i=1
showing that p; (s, ) (b,¢) < n is @-definable in M. U

3.2. Stable metrics and theories. We recall the following notion originating in
the work of J.-L. Krivine and B. Maurey on stable Banach spaces [7].

Definition 17. A metric d on a set X is said to be stable if, for all d-bounded sequences
(xn) and (ym) in X, we have

15, 5, A0t Ym) = i, lig, A ).

whenever both limits exist.
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We mention that stability of the metric is equivalent to requiring that the limit
operations lim,_,;; and lim,,_,; commute over d for all ultrafilters &/ and V on
IN.

Now stability of metrics is tightly related to model theoretical stability of which
we recall the definition.

Definition 18. Let T be a complete theory of a countable language L and let x be an
infinite cardinal number. We say that T is k-stable if, for all models M |= T and subsets
A C M with |A| < «, we have |SM(A)| < k. Also, T is stable if it is k-stable for some
infinite cardinal x.

In the following discussion, we shall always assume that T is a complete theory
with infinite models in a countable language £. Of the various consequences of
stability of T, the one most closely related to stability of metrics is the fact that, if
T is stable and M is a model of T, then there are no formula ¢(%,7) and tuples
An, by, n,m € N, so that

M = ¢(ay, by) <= n<m.
Knowing this, the following lemma is straightforward.

Lemma 19. Suppose M is a countable atomic model of a stable theory T and that a is a
finite tuple in M. Let also p be a metric on O(a) so that, for every n € IN, the relation
p(b,¢) < n is O-definable in M. Then p is a stable metric.

Proof. Suppose towards a contradiction that @,, b, € O(a) are bounded sequences
in O(a) so that
r= lim lim p(ay,by) # lim lim p(a,,by)

n—00 Mm—00 m—00 N—r00

and pick a formula ¢(X, ) so that
o(b,c) =r <= M [ ¢(b,0).

Then, using V* to denote “for all, but finitely many”, we have

YV Vem M = ¢(an, bn),
while
VemY°n M = —¢p(an, by).
So, upon passing to subsequences of (@) and (b,,), we may suppose that
M = ¢(@y, by) <= n<m.
However, the existence of such a formula ¢ and sequences (@,) and (by,) contra-

dicts the stability of T. g

Theorem 20. Suppose M is a countable atomic model of a stable theory T so that
Aut(M) admits a maximal compatible left-invariant metric. Then Aut(M) admits a
maximal compatible left-invariant metric, which, moreover, is stable.

Proof. By Theorem 14, there is a finite tuple 7 and a finite family &S of orbital types
so that the mapping
g€ Aut(M) — g1 € Xz s
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is a quasi-isometry of Aut(M) with (Xzs,pz.s). Also, by Lemma 19, pg 5 is a
stable metric on Xz s. Define also a compatible left-invariant stable metric D < 1
on Aut(M) by

(g, f) = 5 KB 100)

n=1
where (b,) is an enumeration of M and x. is the characteristic funtion of in-
equality. The stability of D follows easily from it being an absolutely summable
. . x£(8(bu),f(bn))
series of the functions (g, f) —» 257"
Finally, let

d(g, f) = D(g f) + pas(ga, fa).

Then d is a maximal compatible left-invariant and stable metric on Aut(M). O

Similarly, when Aut(M) is only assumed to have a metrically proper metric,
this can also be taken to be stable. This can be done by working with the metric
Pz,(s,), where 51 € & C ... is an exhaustive sequence of finite sets of orbital
types on M, instead of p; s.

Theorem 21. Suppose M is a countable atomic model of a stable theory T so that
Aut(M) admits a compatible metrically proper left-invariant metric. Then Aut(M) ad-
mits a compatible metrically proper left-invariant metric, which, moreover, is stable.

Using the equivalence of the local property (OB) and the existence of metrically
proper metrics and that the existence of a metrically proper stable metric implies
metrically proper actions on reflexive spaces, we have the following corollary.

Corollary 22. Suppose M is a countable atomic model of a stable theory T so that
Aut(M) has the local property (OB). Then Aut(M) admits a metrically proper continu-
ous affine isometric action on a reflexive Banach space.

We should briefly consider the hypotheses of the preceding theorem. So, in
the following, let T be a complete theory with infinite models in a countable
language £. We recall that that M |= T is said to be a prime model of T if M
admits an elementary embedding into every other model of T. By the omitting
types theorem, prime models are necessarily atomic. In fact, M |= T is a prime
model of T if and only if M is both countable and atomic. Moreover, the theory
T admits a countable atomic model if and only if, for every n, the set of isolated
types is dense in the type space S,(T). In particular, this happens if S,(T) is
countable for all #.

Now, by definition, T is w-stable, if, for every model M |= T, countable subset
A C M and n > 1, the type space SM(A) is countable. In particular, S,(T)
is countable for every n and hence T has a countable atomic model M. Thus,
provided that Aut(M) has the local property (OB), Corollary 22 gives a metrically
proper affine isometric action of this automorphism group.

3.3. Fraissé classes. A useful tool in the study of ultrahomogeneous countable
structures is the theory of R. Fraissé that alllows us to view every such object
as a so called limit of the family of its finitely generated substructures. In the
following, we fix a countable language L.
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Definition 23. A Fraissé class is a class K of finitely generated L-structures so that

(1) « contains only countably many isomorphism types,

(2) (hereditary property) if A € K and B is a finitely generated L-structure embed-
dable into A, then B € IC,

(3) (joint embedding property) for all A,B € K, there some C € KC into which both
A and B embed,

(4) (amalgamation property) if A,Bq,By € K and n;: A — B; are embeddings,
then there is some C € K and embeddings {;: B; — C so that {1 o1 = {2 0 1a.

Also, if M is a countable L-structure, we let Age(M) denote the class of all
finitely generated L-structures embeddable into M.

The fundamental theorem of Fraissé [3] states that, for every Fraissé class KC,
there is a unique (up to isomorphism) countable ultrahomogeneous structure
K, called the Fraissé limit of IC, so that Age(K) = K and, conversely, if M is a
countable ultrahomogeneous structure, then Age(M) is a Fraissé class.

Now, if K is the limit of a Fraissé class K, then K is ultrahomogeneous and
hence its orbital types correspond to quantifier-free types realised in K. Now, as
Age(K) = K, for every quantifier-free type p realised by some tuple 7 in K, we
see that the structure A = (a) generated by 7 belongs to K and that the expansion
(A,7) of A with names for @ codes p by

¢(x) e p = (A7) = ¢@)

Vice versa, since A is generated by @, the quantifier free type gftp™ (@) fully de-
termines the expanded structure (A, @) up to isomorphism. To conclude, we see
that orbital types O(a) in K correspond to isomorphism types of expanded struc-
tures (A,a), where 7 is a finite tuple generating some A € K. This also means
that Theorem 14 may be reformulated using these isomorphism types in place
of orbital types. We leave the details to the reader and instead concentrate on a
more restrictive setting.

Suppose now that K is the limit of a Fraissé class K consisting of finite struc-
tures, that is, if K is locally finite, meaning that every finitely generated substruc-
ture is finite. Then we note that every A € K can simply be enumerated by some
finite tuple a. Moreover, if A is a finite substructure of K, then the pointwise
stabiliser Vj is a finite index subgroup of the setwise stabiliser

V{A} = {g € Aut(K) | gA = A},

so, in particular, V5, has property (OB) relative to Aut(K) if and only if V
does. Similarly, if B is another finite substructure, then Vj is finitely generated
over Vg, if and only if it is finitely generated over Vp. Finally, if (7,c) € O(a, b)
and B and C are the substructures of K generated by (a,b) and (,¢) respectively,
then, for every automorphism ¢ € Aut(K) mapping B to C, there is an h € Vg,
so that gh(a,b) = (a,c). Using these observations, one may easily modify the
proof of Theorem 14 to obtain the following variation.

Theorem 24. Suppose K is a Fraissé class of finite structures with Fraissé limit K. Then
Aut(K) admits a maximal compatible left-invariant metric if and only if there is A € K
satisfying the following two conditions.
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(1) For every B € K containing A, there are n > 1 and an isomorphism invariant
family S C IC, containing only finitely many isomorphism types, so that, for all
C € K and embeddings ny,12: B — C with 1|a = 1n2|a, one can find some
D € K containing C and a path Bg = 11B,B1,..., B, = 1B of isomorphic
copies of B inside D with (B; UB; 1) € S forall i,

(2) there is an isomorphism invariant family R C IC, containing only finitely many
isomorphism types, so that, for all B € K containing A and isomorphic copies
A’ C Bof A, there is some C € K containing B and a path Ay, A4, ..., A, C C
consisting of isomorphic copies of A, beginning at Ag = A and ending at A, =
A/, satisfying (A; U A1) € R forall i.

4. ORBITAL INDEPENDENCE RELATIONS

The formulation of Theorem 14 is rather abstract and it is therefore useful to
have some more familiar criteria for having the local property (OB) or having a
well-defined quasi-isometry type. The first such criterion is simply a reformula-
tion of an observation of P. Cameron.

Proposition 25 (P. Cameron). Let M be an Rg-categorical countable structure. Then,
for every tuple @ in M, there is a finite set F C Aut(M) so that Aut(M) = V;FV;. In
particular, Aut(M) has property (OB).

Proof. Since M is Ng-categorical, the pointwise stabiliser V5 induces only finitely
many orbits on M", where 7 is the length of a. So let B C M" be a finite set of
Vz-orbit representatives. Also, for every b € B, pick if possible some f € Aut(M)
so that b = fa and let F be the finite set of these f. Then, if ¢ € Aut(M),
as ga € M" = V;B, there is some h € Vzand b € B so that ga = hb. In
particular, there is f € F so that b = fa, whence g@ = hb = hfa and thus
gc thE C VzFV;. ]

Thus, for an automorphism group Aut(M) to have a non-trivial quasi-isometry
type, the structure M should not be Ny-categorical. In this connection, we recall
that if K is a Fraissé class in a finite language £ and K is uniformly locally finite,
that is, there is a function f: IN — IN so that every A € K generated by n
elements has size < f(n), then the Fraissé limit K is Np-categorical. In particular,
this applies to Fraissé classes of finite relational languages.

However, our first concern is to identify automorphism groups with the local
property (OB) and, for this, we consider model theoretical independence rela-
tions.

Definition 26. Let M be a countable structure and A C M a finite subset. An orbital
A-independence relation on M is a binary relation | , defined between finite subsets
of M so that, for all finite B,C,D C M,
(i) (symmetry) B | 4C <= C | 4B,

(ii) (monotonicity) B ,C & DCC = B 4D,

(iii) (existence) thereis f € V4 so that fB | 4 C,

(iv) (stationarity) if B | o C and g € V4 satisfies ¢gB | 4 C, then g € Vc Vg, ie.,

there is some f € V agreeing pointwise with g on B.
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We read B | 4 C as “B is independent from C over A.” Occasionally, it is
convenient to let | 4 be defined between finite tuples rather than sets, which is
done by simply viewing a tuple as a name for the set it enumerates. For example,
if b = (by,...,by), weleth | ,C if and only if {by,..., by} L 4 C.

With this convention, the stationarity condition on | ; can be reformulated as
follows: If b and b have the same orbital type over 7, i.e., O(b,a) = O(E/,E), and
are both independent from ¢ over 7, then they also have the same orbital type
over C.

Similarly, the existence condition on J/ﬁ can be stated as: For all b,¢, there is
some b’ independent from ¢ over 7 and having the same orbital type over a as b
does.

We should note that, as our interest is in the permutation group Aut(M) and
not the particular structure M, any two structures M and M/, possibly of dif-
ferent languages, having the same universe and the exact same automorphism
group Aut(M) = Aut(M’) will essentially be equivalent for our purposes. We
also remark that the existence of an orbital A-independence relation does not de-
pend on the exact structure M, but only on its universe and its automorphism
group. Thus, in Examples 27, 28 and 29 below, any manner of formalising the
mathematical structures as bona fide first-order model theoretical structures of
some language with the indicated automorphism group will lead to the same
results and hence can safely be left to the reader.

Example 27 (Measured Boolean algebras). Let M denote the Boolean algebra of
clopen subsets of Cantor space {0,1}N equipped with the usual dyadic probabil-
ity measure , i.e., the infinite product of the {3, 1}-distribution on {0,1}. We
note that M is ultrahomogeneous, in the sense that, if c: A — B is a measure pre-
serving isomorphism between two subalgebras of M, then o extends to a measure
preserving automorphism of M.

For two finite subsets A, B, we let A | 4 B if the Boolean algebras they gen-
erate are measure theoretically independent, i.e., if, for all ay,...,4, € A and
by,..., by € B, we have

plmN...Na,NbyN...Nby) =plarN...Nay) - ubrN...Nby).

Remark that, if 0: Ay — A and #: By — B, are measure preserving isomor-
phisms between subalgebras of M with A; | 4 B;, then there is a measure pre-
serving isomorphism §: (A3 U By) — (A U By) between the algebras generated
extending both ¢ and 7. Namely, {(aNb) = o(a) N7y(b) for atoms a € A and
b € B.

Using this and the ultrahomogeneity of M, the stationarity condition (iv) of
L is clear. Also, symmetry and monotonicity are obvious. Finally, for the
existence condition (iii), suppose that A and B are given finite subsets of M. Then
there is some finite n so that all elements of A and B can be written as unions of
basic open sets Ny = {x € {0,1}N | s is an initial segment of x} for s € 2". Pick a
permutation « of IN so that a(i) > n for all i < n and note that « induces measure
preserving automorphism ¢ of M so that ¢(A) | 4 B.
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Thus, | 4 is an orbital @-independence relation on M. We also note that,
by Stone duality, the automorphism group of M is isomorphic to the group
Homeo({0,1}N, 1) of measure-preserving homeomorphisms of Cantor space.

Example 28 (The ended Ry-regular tree). Let T denote the Ng-regular tree. Le., T
is a countable connected undirected graph without loops in which every vertex
has infinite valence. Since T is a tree, there is a natural notion of convex hull,
namely, for a subset A C T and a vertex x € T, we set x € conv(A) if there are
a,b € A so that x lies on the unique path from a to b. Now, pick a distinguished
vertex t € T and, for finite A,B C T, set

A | B <= conv(AU{t})Nconv(BU {t}) = {t}.
{t}

That | {#y is both symmetric and monotone is obvious. Also, if A and B are
finite, then so are conv(A U {t}) and conv(BU {t}) and so it is easy to find a ellitic
isometry g with fixed point f, i.e., a rotation of T around ¢, so that g(conv(A U
{t})) Nconv(BU {t}) = {t}. Since g(conv(A U {t})) = conv(gA U {t}), one sees
that gA J/{t} B, verifying the existence condition (iii).

Finally, for the stationarity condition (iv), suppose B,C C T are given and
¢ is an elliptic isometry fixing t so that B | (ry C and gB L (ry €. Then, using
again that T is Np-regular, it is easy to find another elliptic isometry fixing all of
conv(C U {t}) that agrees with g on B.

So | {4 is an orbital {t}-independence relation on T.

Example 29 (Unitary groups). Fix a countable field Q C § C C closed under
complex conjugation and square roots and let V denote the countable dimen-
sional §-vector space with basis (e;)°,. We define the usual inner product on V
by letting

n m o
< Z aie; Z b]-ej> = Zﬂibi
i=1 j=1 i

and let (V) denote the corresponding unitary group, i.e., the group of all in-
vertible linear transformations of V preserving (- | -).
For finite subsets A,B C V, we let

A | B <= span(A) L span(B).
@

Le., A and B are independent whenever they span orthogonal subspaces. Sym-
metry and monotonicity is clear. Moreover, since we chose our field § to be closed
under complex conjugaction and square roots, the inner product of two vectors

lies in § and hence so does the norm |[v]| = /(v | v) of any vector. It follows

that the Gram-Schmidt orthonormalisation procedure can be performed within
V and hence every orthonormal set may be extended to an orthonormal basis
for V. Using this, one may immitate the details of Example 27 to show that |
satisfies conditions (iii) and (iv). (See also Section 6 of [9] for additional details.)

Theorem 30. Suppose M is a countable structure, A C M a finite subset and | 4 an
orbital A-independence relation. Then the pointwise stabiliser subgroup V4 has property
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(OB). Thus, if A = @, the automorphism group Aut(M) has property (OB) and, if
A # @, Aut(M) has the local property (OB).

Proof. Suppose U is an open neighbourhood of 1 in V4. We will find a finite
subset F C Vy4 so that V4 = UFUFU. By passing to a further subset, we may
suppose that U is of the form Vg, where B C M is a finite set containing A. We
begin by choosing, using property (iii) of the orbital A-independence relation,
some f € V4 so that fB | 4, Bandset F = {f,f'}.

Now, suppose that g € Vj is given and choose again by (iii) some & € V,
so that hB | 4 (BU ¢B). By (ii), it follows that hB | 4, B and hB | 4 ¢B, whereby,
using (i), we have B | 4 hB and ¢B | 4 hB. Since ¢ € Vj4, we can apply (iv) to
C = hB, whence ¢ € V,3Vp = hVgh~ V3.

However, as fB | s Band hB | 4 B,ie., (hf'-fB) | 4B,andalsohf~! € V,,
by (iv) it follows that iif ~! € VVyp = VafVpf . So, finally, h € VpfVp and

g€ hVgh 1V C VgfVy- V- (VafVp) L Vg C VzFVFV3
as required. U

By the preceding examples, we see that both the automorphism group of the
measured Boolean algebra and the unitary group (V) have property (OB), while
the automorphism group Aut(T) has the local property (OB) (cf. Theorem 6.20
[6], Theorem 6.11 [9], respectively Theorem 6.31 [6]).

We note that, if M is an w-homogeneous structure, g, b are tuples in M and
A C M is a finite subset, then, by definition, tpM(a/A) = tpM(b/ A) if and only
if b € Vy-a. In this case, we can reformulate conditions (iii) and (iv) of the
definition of orbital A-independence relations as follows.

(iii) For all @ and B, there is b with tpM(b/A) = tpM(@/A) and b | 4 B.

(iv) For all @,b and B, if @ | 4B, b | 4 B and tpM(a/A) = tpM(b/A), then

tpM(a/B) = tpM(b/B).

Also, for the next result, we remark that, if T is a complete theory with infinite
models in a countable language £, then T has a countable saturated model if and
only if 5,,(T) is countable for all n. In particular, this holds if T is w-stable.

Theorem 31. Suppose that M is a saturated countable model of an w-stable theory. Then
Aut(M) has property (OB).

Proof. We note first that, since M is saturated and countable, it is w-homogeneous.
Now, since M is the model of an w-stable theory, there is a corresponding notion
of forking independence a | 4 B defined by

a ] B <= tpM(a/A U B) is a non-forking extension of tp™(a/A)
A

= RM(a/AUB) = RM(a/A),

where RM denotes the Morley rank. In this case, forking independence | , al-
ways satisfies symmetry and monotonicity, i.e., conditions (i) and (ii), for all finite
ACM.

Moreover, by the existence of non-forking extensions, every type tpM(@/ A) has
a non-forking extension g € S, (A U B). Also, as M is saturated, this extension g
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is realised by some tuple b in M, i.e., tpM(b/AUB) = q. Thus, tpM(b/AUB) isa
non-forking extension of tpM(@/A) = tpM(b/A), which implies that b | 4 B. In
other words, for all for all 7 and A, B, there is b with tpM(b/A) = tpM(a/A) and
b | 4 B, which verifies the existence condition (iii) for | 4.

However, forking independence over A, | 4, may not satisfy the stationarity
condition (iv) unless every type S,(A) is stationary, i.e., unless, for all B D A,
every type p € S,(A) has a unique non-forking extension in S, (B). Nevertheless,
as we shall show, we can get by with sligthly less.

We let | o denote forking independence over the empty set. Suppose also
that B C M is a fixed finite subset and let 7 € M" be an enumeration of B.
Then there are at most deg,, (tp™ (7)) non-forking extensions of tp(a) in S,(B),
where deg,,(tpM (7)) denotes the Morley degree of tpM(@). Choose realisations
by,...,by € M" for each of these non-forking extensions realised in M. Since
tpM(b;) = tpM(a), there are f1,..., fr € Aut(M) so that b; = f;a. Let F be the
set of these f; and their inverses. Thus, if ¢ € M" satisfies tpM(¢) = tpM(a) and
¢ | ¢ B, then there is some i so that tpM(c/B) = tpM(b;/B) and so, for some
h € Vg, we have ¢ = hb; = hf;a € VgF -a.

Now assume ¢ € Aut(M) is given and pick, by condition (iii), some h €
Aut(M) so that hB | (B U ¢B). By monotonicity and symmetry, it follows that
B | phB and gB | 4 hB. Also, since Morley rank and hence forking indepen-
dence are invariant under automorphisms of M, we see that h~'B | , B and
h=1¢B | » B. So, as @ enumerates B, we have h~'a | » B and h~'¢a | ; B, where
clearly tpM(h~1a) = tpM(a) and tpM(h~'ga) = tpM(@). By our observation
above, we deduce that h 17 € VzF-@and h_lgﬁ € VgF-a, whence h ™1 € VgFV,; =
VpFVp and similarly h! g € VpFVp. Therefore, we finally have that

g € (VgEVp) 'VgFVy = VgFVF V5.

We have thus shown that, for all finite B C M, there is a finite subset F C Aut(M)
so that Aut(M) = VgFVFVj, verifying that Aut(M) has property (OB). O

Example 32. Let us note that Theorem 31 fails without the assumption of M
being saturated. To see this, let T be the complete theory of co-regular forests,
i.e., of undirected graphs without loops in which every vertex has infinite valence,
in the language of a single binary edge relation. In all countable models of T,
every connected component is then a copy of the Ny-regular tree T and hence the
number of connected components is a complete isomorphism invariant for the
countable models of T. Moreover, the countable theory T is w-stable (in fact, T is
also w-homogeneous). Nevertheless, the automorphism group of the unsaturated
structure T fails to have property (OB) as witnessed by its tautological isometric
action on T.

Example 33. Suppose § is a countable field and let £ = {+, —,0} U{A; | t € §}
be the language of §-vector spaces, i.e., + and — are respectively binary and
unary function symbols and 0 a constant symbol representing the underlying
Abelian group and A; are unary function symbols representing multiplication by
the scalar t. Let also T be the theory of infinite §-vector spaces.
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Since §-vector spaces of size N have dimension Nj, we see that T is Ni-
categorical and thus complete and w-stable. Moreover, provided § is infinite,
T fails to be Np-categorical, since, for exampe, the 1 and 2-dimensional §-vector
spaces are non-isomorphic. However, since T is w-stable, it has a countable sat-
urated model, which is easily seen to be the Ny-dimensional F-vector space de-
noted V. It thus follows from Theorem 31 that the general linear group GL(V) =
Aut(V) has property (OB).

Oftentimes, Fraissé classes admit a canonical form of amalgamation that can
be used to define a corresponding notion of independence. One rendering of
this is given by K. Tent and M. Ziegler (Example 2.2 [11]). However, their notion
is too weak to ensure that the corresponding independence notion is an orbital
independence relation. For this, one needs a stronger form of functoriality, which
nevertheless is satisfied in most cases.

Definition 34. Suppose K is a Fraissé class and that A € K. We say that K admits
a functorial amalgamation over A if there is map 0 that to all pairs of embeddings
1: A — Byand np: A — By, with B1,B, € K, associates a pair of embeddings
C1: By — Cand {p: By < C into another structure C € K so that {1011 = (01
and, moreover, satisfying the following conditions.
(1) (symmetry) The pair @(172: A= By A— B1) is the reverse of the pair
@(7712 A — B1,172: A — Bz).
(2) (functoriality) If n1: A — By, 2: A — By, 71: A — B and 175: A — B)
are embeddings with By, By, B}, B, € K and 1;: By — B} and i,: B, — B},
are embeddings with 1; o n; = 1/, then, for
@(171: A — Bl,T]2: A — Bz) = (gl: B, — C,gzt B, — C)
and
O(11: A= By, i: A= By) = ({1: B] = C,35: By = C'),
there is an embedding o: C — C' so that 0 o {; =} o; fori =1,2.

C/
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We note that @(1’]12 A — Bl,?]z: A — Bz) = (glt By — C,(»: By — C) is
simply the precise manner of decribing the amalgamation C of the two structures
B1 and B, over their common substructure A (with the additional diagram of em-
beddings). Thus, symmetry says that the amalgamation should not depend on the
order of the structures B; and B, while functoriality states that the amalgama-
tion should commute with embeddings of the B; into larger structures B/. With
this concept at hand, for finite subsets A, By, B, of the Fraissé limit K, we may
define B; and B; to be independent over A if Bj = (AU B;) and B, = (AU By)
are amalgamated over A = (A) in K as given by ©(ida: A < By,ida: A — By).
More precisely, we have the following definition.

Definition 35. Suppose K is a Fraissé class with limit K, A C K is a finite subset and
© is a functorial amalgamation on K over A = (A). For finite subsets By, By C K with
B; = (AUB;), D= (AUB;UBy) and

@(idAZ A — Bl,idAZ A — Bz) = (gl: B, — C,gzl B, — C),

we set
B; | B,
A

if and only if there is an embedding 7t: D — C so that {; = rtoidg, fori =1,2.
With this setup, we readily obtain the following result.

Theorem 36. Suppose K is a Fraissé class with limit K, A C K is a finite subset and
© is a functorial amalgamation of K over A = (A). Let also | 4 be the relation defined
from © and A as in Definition 35. Then | , is an orbital A-independence relation on K
and the open subgroup V4 has property (OB) relative to Aut(K). In particular, Aut(K)
admits a metrically proper compatible left-invariant metric.

Proof. Symmetry and monotonicity of | 4 follow easily from symmetry, respec-
tively functoriality, of ©. Also, the existence condition on | 4 follows from the
ultrahomogeneity of K and the realisation of the amalgam © inside of K.

For stationarity, we use the ultrahomogeneity of K. So, suppose that finite a, b
and B C K are given so thata | 4 B, b | 4 B and tp¥(a/A) = tpX(b/A). We set
By = (@aUA), B =(bUA),B, = (BUA), D= (@UBUA) and D' = (hUBU A).
Let also

@(idAZ A — Bq,idpa: A — Bz) = (g12 By — C,07: By — C),

@(idA: A — Bll,idA: A — Bz) = (éﬁ B'l — C',@é: B, — C’)
and note that there is an isomorphism :: By — B/ pointwise fixing A so that
(@) = b. By the definition of the independence relation, there are embeddings
m:D — Cand 7': D’ — C' so that {; = woidp,, {] = 7'c’oidB/1 and ), = o
idg,. On the other hand, by the functoriality of ®, there is an embedding o: C —
C'sothatco; =jorand 0o, =} cidp,. Thus, comoidg, = 7r’oidB/1 ol
and 0 o roidg, = 7’ oidp, oidg,, i.e., co7t|g, = ' orand g o 7|, = 7|p,. Let
now p: 7'[D'] < D’ be the isomorphism that is inverse to 7r’. Then port|g, = ¢
and por|g, = idg,. So, by ultrahomogeneity of K, there is an automorphism
¢ € Aut(K) extending pom, whence, in particular, g € Vg, C Vp, while g(@) = b.
It follows that tp¥(a/B) = tp¥(b/B), verifying stationarity. O
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Example 37 (Urysohn metric spaces, cf. Example 2.2 (c) [11]). Suppose S is a
countable additive subsemigroup of the positive reals. Then the class of finite
metric spaces with distances in S forms a Fraissé class K with functorial amalga-
mation over the one-point metric space P = {p}. Indeed, if A and B belong to S
and intersect exactly in the point p, we can define a metric d on A U B extending
those of A and B by letting

d(a,b) =da(a,p) +ds(p,b),

for a € A and b € B. We thus take this to define the amalgamation of A and B
over P and one easily verifies that this provides a functorial amalgamation over
P on the class K.

Two important particular cases are when § = Z, respectively & = Q, in
which case the Fraissé limits are the integer and rational Urysohn metric spaces
ZU and QU. By Theorem 36, we see that their isometry groups Isom(ZU) and
Isom(QU) admit compatible metrically proper left-invariant metrics.

We note also that it is vital that P is non-empty. Indeed, since Isom(ZU) and
Isom(QU) act transitively on metric spaces of infinite diameter, namely, on ZU
and QU, they do not have property (OB) and hence the corresponding Fraissé
classes do not admit a functorial amalgamation over the empty space @.

Instead, if, for a given S and r € S, we let K denote the finite metric spaces
with distances in S N [0, 7], then K is still a Fraissé class now admitting functorial
amalgamation over the empty space. Namely, to join A and B, one simply takes
the disjoint union and stipulates that d(a,b) =r foralla € A and b € B.

As a particular example, we note that the isometry group Isom(QUj) of the
rational Urysohn metric space of diameter 1 has property (OB) (Theorem 5.8 [9]).

Example 38 (The ended Rj-regular tree). Let again T denote the Ry-regular tree
and fix an end ¢ of T. That is, ¢ is an equivalence class of infinite paths (vg, v1, v, . . .)
in T under the equivalence relation

(vo,v1,02,...) ~ (W, w1, W, ...) <= Ik, 1Vn vg,, =Wy

So, for every vertex t € T, there is a unique path (vg,v1,v2,...) € ¢ beginning
at vg = t. Thus, if r is another vertex in T, we can set t <. r if and only if
r = v, for some n > 1. Note that this defines a strict partial ordering <. on
T so that every two vertices t,s € T have a least upper bound and, moreover,
this least upper bound lies on the geodesic from ¢ to s. Furthermore, we define
the function ¢: T x T — T by letting &(t,s) = x1, where (xo, x1,X2,...,Xx) is the
geodesic from xg =t to x; = s, for t # s, and O(¢t,t) = t.

As is easy to see, the expanded structure (T, <., 9) is ultrahomogeneous and
locally finite and hence, by Fraissé’s Theorem, is the Fraissé limit of its age K =
Age(T, <., 8). We also claim that K admits a functorial amalgamation over the
structure on a single vertex t. Indeed, if A and B are finite subtructures of (T, <,
,¥) and we pick a vertex in t5 and tg in each, then there is a freest amalgamation
of A and B identifying tp and tg. Namely, let 5 = a9 <. a1 <. a2 <¢ ... < ap
and fg = by <. b1 <. bp <, ... <, by be an enumeration of the successors of
ta and tg in A and B respectively. We then take the disjoint union of A and
B modulo the identifications a9 = by, ... ,dmin(um) = Vmin(n,m) and add only
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the edges from A and B. There are then unique extensions of <. and ¢ to the
amalgam making it a member of K. Moreover, this amalgamation is functorial
over the single vertex f.

It thus follows that Aut(T, <., ¢) has the local property (OB) as witnessed by
the pointwise stabiliser V; of any fixed vertex t € T. Now, as ¢ commutes with
automorphisms of T and <, and ¢ are interdefinable, we see that Aut(T, <., ?) is
simply the group Aut(T,¢) of all automorphisms of T fixing the end e.

5. COMPUTING QUASI-ISOMETRY TYPES OF AUTOMORPHISM GROUPS

Thus far we have been able to show that certain automorphism groups have
the local property (OB) and hence a compatible metrically proper left-invariant
metric. The goal is now to identity their quasi-isometry type insofar as this is
well-defined.

Example 39 (The Ny-regular tree). Let T be the Ry-regular tree and fix a vertex
t € T. By Example 28 and Theorem 30, we know that V; has property (OB)
relative to Aut(T). Fix also a neighbour s of t in T and let R = {O(¢,s)}. Now,
since Aut(T) acts transitively on the set of oriented edges of T, we see that, if
r € O(t) = T is any vertex and (vg,v1,...,0n) is the geodesic from vy = t to
vm = 7, then O(v;,v;11) € R for all i. It thus follows from Theorem 14 that
Aut(T) admits a maximal compatible left-invariant metric and, moreover, that

g€ Aut(T) — g(t) € Xyr

is a quasi-isometry. However, the graph X;  is simply the tree T itself, which
shows that

geAw(T) —g(t) eT

is a quasi-isometry. In other words, the quasi-isometry type of Aut(T) is just the
tree T.

Example 40 (The ended RWj-regular tree). Let (T,<e,19) be as in Example 38.
Again, if t is some fixed vertex, then V; has property (OB) relative to Aut(T, <.
,9) = Aut(T,¢). Now, Aut(T, <., ¥) acts transitively on the vertices and edges
of T, but no longer acts transitively on set of oriented edges. Namely, if (x,v)
and (v, w) are edges of T, then (v,w) € O(x,y) if and only if x <, y <> v <, w.
Therefore, let s be any neighbour of ¢ in T and set R = {O(t,s), O(s, t)}. Then,
as in Example 39, we see that X; g = T and that

g€ Aut(T,e) —g(t) €T
is a quasi-isometry. So Aut(T, ¢) is quasi-isometric to T and thus also to Aut(T).

Example 41 (Urysohn metric spaces). Let S be a countable additive subsemi-
group of the positive reals and let SU be the limit of the Fraissé class K of finite
metric spaces with distances in S. As we have seen in Example 37, K admits a
functorial amalgamation over the one point metric space P = {p} and thus the
isometry group Isom(SU) with the permutation group topology has the local
property (OB) as witnessed by the stabiliser Vy, of any chosen point xo € SU.
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We remark that O(xp) = SU and fix some point x; € SU\ {xp} and s =
d(xp,x1). Let also R = {O(xp, x1) }. By the ultrahomogeneity of SU, we see that
O(y,z) = O(xp,x1) € R forall y,z € SU with d(y,z) = s.

Now, for any two points y,z € SU, let ny, = [d(%z)} + 1. It is then easy
to see that there is a finite metric space in K containing a sequence of points
00, V1, -, Un,, SO that d(v;,v;y1) = s, while d(vg, vs,,) = d(y,z). By the ultraho-
mogeneity of SU, it follows that there is a sequence wy, w1, ..., W, € SU with
wo =Y, wy,, = z and d(wj, w;y1) = s, ie, O(w;, wiy1) € R for all i. In other
words,

1
PR (Y,2) < Sd(y,2) +2

and, in particular, the graph X, x is connected. Conversely, if o, = (y,z) =
m, then there is a finite path wy, wy,...,w,; € SU with wy = y, wy, = z and
d(w;, wiy1) = s, whereby d(y,z) < ms, showing that

1 1
gd(y,Z) < Pxr(Y,2) < gd(y,Z) +2.

Therefore, the identity map is a quasi-isometry between X, z and SU. Since, by
Theorem 14, the mapping

g € Isom(SU) — g(x0) € Xy, »
is a quasi-isometry, so is the mapping
¢ € Isom(SU) — g(xg) € SU.

By consequence, the isometry group Isom(SU) is quasi-isometric to the Urysohn
space SU.
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