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1 Introduction

Coarse geometry is the central subject of this thesis. This is the study of coarse spaces, i.e. spaces
with a large-scale geometric structure. For example, we can turn a metric space into a coarse space
by forgetting the fine-scale geometry. The main aim of this thesis is to develop rigidity in the
setting of coarse geometry.

This thesis contains a wide range of original results. We prove combinatorial results about graph
sequences with geometric property (T). We give an in-depth study of geometric property (T) for
non-discrete spaces. We develop property (T) for bornological groups and give various applications.
We make an important starting point for the study of amenability for bornological groups. We also
give new criteria for when a sequence of graphs can be embedded into a Hilbert space.

We will now give a more detailed overview of the chapters of this thesis. In Chapter 2 we recall
the background required for the results in the subsequent chapters. That chapter contains no new
results.

Chapters 3 and 4 are concerned with geometric property (T). This was introduced in [57] as
a property for uniformly locally finite coarse spaces. In Chapter 3, which is based on my paper
[55], we consider combinatorial properties that are shared by all sequences of graphs with geometric
property (T). In particular, we show that such a sequence of graphs always contains a large amount
of small cycles. Furthermore, we show that every expander sequence which is a small perturbation
of a sequence with geometric property (T) also has geometric property (T).

In Chapter 4, which is based on my paper [54], we develop geometric property (T) for non-
discrete spaces, i.e. spaces which need not be locally finite. It turns out that the definition of
geometric property (T) for this class of spaces is surprisingly technical, as we first need to construct
a measure on the space with desirable properties, and we also need to show that the definition
is independent of this measure. We prove various results about geometric property (T) in this
setting. One particularly important result is invariance under coarse equivalence. The theory
developed in this chapter allows geometric property (T) to be studied much more widely than
before. In particular we consider geometric property (T) for (sequences of) Riemannian manifolds
and for warped cones.

In Chapter 5, which is based on the joint preprint [51] with Romain Tessera, we develop Kazh-
dan’s property (T) in the context of coarse geometry. We define property (T) for bornological
groups, i.e. groups with a left-invariant coarse structure. We show that this generalises the classical
definition of property (T) for locally compact groups. We derive numerous consequences, such as
the fact that property (T) is open in the marked group topology, and that property (T) holds for
any compactly generated locally compact group where every affine action on a Hilbert space has
almost invariant vectors. These results continue to hold in the more general setting of actions on
uniformly convex Banach spaces. We also prove a version of Serre’s theorem about the stability of
property (T) under central extensions. We introduce the bounded product of a sequence of groups
and investigate when it has property (T) as a bornological group and as a topological group. Many
results in this chapter depend on finding a suitable notion of the centre of a bounded set in a
(Hilbert) space.

In Chapter 6 we use a similar technique to prove a result about amenable groups acting on
measure spaces. We show that under a mild condition, every measure-preserving action of an
amenable locally compact group on a finitely-additive measure space admits an invariant mean.
This is significant because it gives a characterisation of amenability that does not depend on the
Haar measure of the group. In particular this result could potentially be used to introduce a notion



of amenability for bornological groups. This could be a fruitful direction for future work.

The last two chapters of this thesis contain partial results on an unfinished, challenging project.
The aim of this project was to find a sequence of graphs with uniformly bounded degree which
allows a coarse embedding into some ¢P-space but not a Hilbert space. This is a fundamental
open question in the field (see e.g. [2]). As shown in [50], such a sequence necessarily contains a
generalised expander. In Chapter 7 we study these generalised expanders in detail. We introduce
p-expanders and we show that their covers cannot be coarsely embedded into a Hilbert space. It
may be possible to generate p-expanders whose covers can be coarsely embedded into an ¢P-space
using random graph methods. This would require a model of a random graph embedded in a
higher-dimensional torus.

In Chapter 8 we develop one possible method to generate random graphs embedded in a man-
ifold. Since it is difficult to analyse the behaviour of random graphs embedded in a torus, the
problem of finding sequences of graphs with uniformly bounded degree which embed into an ¢P-
space but not into a Hilbert space remains open. However, Chapter 8 contains results about random
graphs embedded in R™ which are of independent interest.

Chapter 2 contains no new results. Chapter 5 is based on the preprint [51], which is joint work
with Romain Tessera. Large parts of this paper are reproduced verbatim. All other results in
this thesis are my own. Chapter 3 is based on the paper [55] and large parts of it are reproduced
verbatim. Chapter 4 is based on the paper [54] and large parts of it are reproduced verbatim. The
results in Chapters 6, 7 and 8 appear for the first time in this thesis.
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2 Preliminaries

In this chapter we introduce the background that is used in the subsequent chapters of this thesis.
This chapter contains no new results.

2.1 Coarse geometry
2.1.1 Coarse spaces

Coarse geometry is a central topic in this thesis. It is the study of coarse spaces. These are spaces
equipped with a “large-scale” geometric structure. They were introduced in [23]. We take most
results in this section from [44]. We start with the definition and then we will give some motivation
and examples. In what follows, we use the following notation: for any set X and a subset £ C X x X
we denote

E7' ={(z,9) | (y,z) € E}.
For subsets F, ' C X x X we denote

EoF ={(z,z) € X x X | there is y € X such that (z,y) € F and (y,z) € F'}.

Definition 2.1.1. Let X be a set. A coarse structure on X is a subset &€ C P(X x X) satisfying
the following conditions:

(i) the diagonal {(z,z) | z € X} is an element of &;
(ii) for F € £ and E C F we have F € &,
(iii) for F € €& we have E~! € &;

)
)

(iv) for E,F € £ we have EUF € &,

(v) for E,F € £ we have Eo F € £.

A set equipped with a coarse structure is called a coarse space. Instead of writing F € £, we may
write “FE is a controlled set” if the coarse structure £ is clear from the context.

Note that o is an associative operation: for E, F,G C X x X we have (FoF)oG = Eo(FoG) =
{(z,w) | there are y, z € X such that (z,y) € E, (y,2) € F, (z,w) € G}. Thus we may write this
simply as EFo F o Q.

Example 2.1.2. Every set X can be equipped with a trivial coarse structure which consists of all
subsets of the diagonal. We can also equip X with the coarse structure containing all subsets of
X x X.

Many important examples come from metric spaces. Consider a set X with a metricd: X x X —
R>o U {oo}. Note that for us, a metric is allowed to take infinity as a value. This induces a coarse
structure &g, given by

Ei={E CP(X x X) |sup{d(z,y) | (z,y) € E} < 0}.



It is easy to see that this is indeed a coarse structure; for example, to check condition (v) from the
definition, suppose that E and F' are controlled. Then for all (a,c) € E o F there is b € X with
(a,b) € E and (b,c) € F, thus d(a,c) < d(a,b) + d(b,c) < sup{d(z,y) | (x,y) € E} + sup{d(z,y) |
(2,9) € F}. Thus sup{d(z, ) | (z,) € Fo F} < sup{d(z,) | (z,) € E} +sup{d(z,y) | (z,) €
F} < o0, and therefore E o F is also controlled.

We can think of controlled sets as sets whose elements are within a bounded distance from the
diagonal. ~

For any metric d, we can define a new metric d by

~ 0 if x =y;
d(z,y) =
(@) {max(l,d(x,y)) else.

Then for any subset £ C X x X that is not contained in the diagonal, we see that

sup{d(z,y) | (z,y) € E} = max(1,sup{d(z,y) | (z,y) € E}).

So we see that the coarse structures £; and £; coincide.

The metric d forgets all ‘small-scale’ structure of the space; indeed, different points are always
at distance at least 1 now, so there can be no notion of convergence, for example. On the other
hand, the large-scale structure of the space is maintained. We still have a notion of bounded sets.

Definition 2.1.3. Let (X, &) be a coarse space. A subset C' C X is called bounded if C x C'is a
controlled set.

Now it is easy to see that for a metric space (X, d), a subset C is bounded for £; exactly when
it has a bounded diameter.

The intersection of a family of coarse structures is again a coarse structure. Thus we can make
the following definition.

Definition 2.1.4. Let X be a set and let & C P(X x X). The coarse structure generated by
&’ is the smallest coarse structure containing £’. It equals the intersection of all coarse structures
containing &’.

A coarse structure € is countably generated if there is a countable subset of P(X x X) that
generates it.

Many, but not all coarse spaces come from metric spaces. The following result and proof have
been taken from [44, Theorem 2.55].

Proposition 2.1.5. A coarse space (X, E) is countably generated if and only if there is a metric d
on X (possibly taking infinity as a value) such that & = &.

Proof. Suppose & = &;. For r € N let E,, be the controlled set {(z,y) € X x X | d(z,y) < n}.
Then the F,, generate the coarse structure £ since each controlled set is contained in one of the E,,.
Conversely, suppose that F4, Es, ... generate £. Define recursively Fy to be the diagonal and

F,=(F, 10F, 1))UE,UE;!

for n > 1. Note that all F;, are symmetric and controlled, they contain the diagonal and F,,_1 C F,.
Now let d(z,y) = inf{n | (x,y) € F,}. This is infinite if (z,y) ¢ U, F» and 0 if and only if
x = y. Since the F}, are symmetric, d is symmetric. We show that d satisfies the triangle inequality.



Let z,y, z € X be distinct elements and suppose (z,y) € Fy, and (y, z) € F;. Then (z,2) € FoF; C
Fmax(k,l) © Fmax(k,l) c Fmax(k,l)+1~ Thus d(.’l?, Z) < max(d(x, y)a d(y7 Z)) +1< d(I, y) + d(ya Z) This
shows that d is a metric.

Now we show that £ = &£;. First note that all F,, are in £ by construction. Any FE € &, is a
subset of F,, where n = sup{d(z,y) | (z,y) € E}, so & C €. Moreover, all E,, are contained in &g,
since sup{d(z,y) | (z,y) € E,} < n. So &4 is a coarse structure containing all E,,, showing that
EsDE. O

The primary reason to consider coarse spaces, rather than metric spaces, is that there is more
flexibility in the morphisms between coarse spaces. A morphism between coarse spaces is called a
controlled map (in [44] this is called a bornologous map).

Definition 2.1.6. Let (X, &) and (Y, F) be coarse spaces. A function f: X — Y is called controlled
if for all £ € £ we have

fu(B) ={(f(2), f(a") | (z,a') e E} € F
For later reference we show what this concept means for functions between metric spaces.

Proposition 2.1.7. Let (X,d) and (Y,d') be metric spaces. Equip X andY with the corresponding
coarse structures Eq and Eg. Then a function f: X — Y is controlled if and only if there is a
function p: R>g — R>q such that whenever d(z,z') < r < oo we have d'(f(z), f(z')) < p(r).

Proof. Suppose f is controlled. For r > 0 let E, = {(z,2') € X x X | d(z,2’) < r}. This is a
controlled set for X, so f.(F,) is also controlled. Let p(r) = sup{d'(y,v’) | (y,9’) € f«(E,)}. Then
for z,2’ € X with d(z,z’) < r we have (z,2') € E, so (f(z), f(z')) € f«(E,), so d (f(x), f(z')) <
p(r).

Conversely suppose that a suitable p exists. Let £ C X x X be a controlled set. Let r =
sup{d(x,2’) | (z,2') € E} < co. Then for all (z,2') € E we have d'(f(z), f(2')) < p(r). Thus
sup{d'(y,v") | (v,¥') € f«(E)} < p(r), which shows that f.(F) is controlled, so f is controlled. O

We see that controlled maps are quite flexible, when compared for example with isometries or
with Lipschitz functions.
2.1.2 Coarse equivalences

Next we will consider coarse equivalences.

Definition 2.1.8. Let (X, &) and (Y, F) be coarse spaces. A map f: X — Y is a coarse equivalence
if f is controlled and there is a controlled map g: Y — X such that

{(gof(z),z)|xeX}el
and
{fog(y)y) lyeY}terF
We say that (X, &) and (Y, F) are coarsely equivalent if such a map exists.

Example 2.1.9. Let X =Z" and Y = R"”, with the coarse structures induced from the Euclidean
metric. Then the embedding f: Z™ — R™ is a coarse equivalence. We may take g to be the function

g(@1,..yxn) = (l21], .oy [2n])-



While coarse equivalences are quite flexible, there are still many interesting properties that are
invariant under coarse equivalences. We will see examples of this later in Section 2.4.

A subset Y of a coarse space (X,€) has an induced coarse structure {EN (Y xY) | E € £}.
An easy way to create coarsely equivalent spaces is to take a coarsely dense subset, equipped with
this induced coarse structure.

Definition 2.1.10. Let (X, &) be a coarse space and let Y C X. We say Y is coarsely dense if
there is a controlled set E € £ such that for all z € X there is y € Y with (z,y) € E.

Lemma 2.1.11. Let (X, &) be a coarse space andY C X a coarsely dense subspace. Equip Y with
the induced coarse structure F. Then the embedding i: Y — X is a coarse equivalence.

Proof. Tt is clear that i is a controlled map. Let E € & such that for all € X there is y € Y with
(x,y) € E. For all © € X we choose g(z) € Y with (z,g(z)) € E.

We show that g is controlled. Let F' € £ and (z,2’) € F. Then (g(x),z) € E~%, (z,2') € F and
(2, g(2")) € E. Therefore (g(z),g(z")) € E=1o Fo E. Thus we have ¢.(F) C E~' o F o E, showing
that g is controlled.

Now {(z,i(g(x)) | x € X} C E is controlled, and {y, ¢(i(y)) | y € Y} C EN(Y xY) is controlled,
so 1 is a coarse equivalence. O

Moreover, every coarse equivalence can be built up out of two coarse equivalences of this form
and a coarse isomorphism (i.e. a bijection between coarse spaces that preserves the coarse structure).
This is convenient because coarsely dense subspaces are easier to understand than the general case
of coarse equivalence.

Proposition 2.1.12 ([58], Lemma 4.1). Let (X, &) and (Y, F) be coarse spaces and f: X —Y be a
coarse equivalence. Then there are a coarsely dense X' C X, a coarsely dense Y' CY, with induced
coarse structures £ and F' respectively, and a bijection h: X' — 'Y satisfying h.(E') = F'.

Proof. Let g be as in Definition 2.1.8. Let X’ be the image of g. This is coarsely dense in X because
the set {(z,g(f(x)) | x € X} is controlled. For each € X' choose h(z) € Y with g(h(z)) = =.
This defines an injection from X’ to Y. Let Y’ be its image. The set F1 = {(y, f(g9(y)) | y € Y}
is controlled and so is its subset Fao = {(h(g9(y)), f(g(h(9(¥))))) | y € Y}. We have f(g(h(9(y)))) =
f(g(y)). So the set {(y,h(g(y))) | y € Y} is contained in the composition F} o F; ' and is controlled.
So Y is coarsely dense in Y.

Now we need to show that h and its inverse are controlled. We have {(h(x), f(z)) | = €
X'}y = {(h(9(v), flg(y)) | y € Y} = F, which is controlled. Then for any £ € &£ we have
h(E) C Fyo f.(E)o F; ', showing that h is controlled.

The inverse of h is also controlled, since it is a restriction of g. So h is a coarse isomorphism
between (X', &) and (Y, F'). O

2.1.3 Bornological groups

To study groups from the perspective of coarse geometry, it is suitable to define a bornology on the
group.

Definition 2.1.13. Let G be a group. A bornology is a subset B C P(G) satisfying the following
conditions:

(i) For each g € G we have {g} € B.

10



(ii) For A € B and B C A we have B € B.

(iii) For A € B we have A~' ={a"1|a € A} € B.

(iv) For A, B € B we have AU B € B.

(v) For A,B € B wehave A-B={ab|a€ A be B} € B.

Instead of writing A € B we may write A is bounded if the bornology is clear from the context. A
bornological group is a group equipped with a bornology.

Example 2.1.14. For any group G we can define the discrete bornology which consists of all finite
subsets of G, and the trivial bornology B = P(G) for which every subset of G is bounded.

Bornologies are closely related to coarse structures. Any bornological group (G, B) has a left-
invariant coarse structure &, for which a subset £ C G x G is controlled if and only if the set
{z=Yy | (z,y) € E} is bounded. It is generated by the sets E4 = {(ga,g) | a € A,g € G} for
bounded A C G. Similarly, there is a right coarse structure generated by the sets {(ag,g) | a €
A, g € G}. Since they may not coincide in general, the coarse structure is not the most convenient
and we prefer to work with the bornology directly. Many concepts of coarse geometry can be
directly stated in terms of the bornology.

Definition 2.1.15. Let (G, B) be a bornological group and let H C G be a subgroup. We say that
H is coarsely dense if there is a bounded set A satisfying HA = G.

It can easily be checked that this coincides with our earlier definition of coarsely dense when G
is equipped with either the left- or right invariant coarse structure induced by B.
Topological groups are an important source of examples for bornological groups.

Example 2.1.16. Let (G, 7) be a (Hausdorff) topological group. The pre-compact bornology is the
bornology I consisting of all subsets of G whose closure is compact.

In Section 5.1.1 we will see another way to construct a bornology on a topological group.

2.2 Property (T)

Much of this thesis will be about variations of property (T). We start by introducing the classical
setting of property (T), which applies to groups. It concerns the representations of groups on
Hilbert spaces. For a Hilbert space H, we denote by U(H) the group of unitary maps:

UH)={T:H — H | T continuous and linear, T*T =TT = I}.

Definition 2.2.1. Let I" be a group. A representation of I' consists of a Hilbert space H and a
homomorphism 7: T' — U(H).

Note that the representations we consider are always unitary. If (7, ) is a representation of I
and g € T',v € H, we will sometimes write g - v as an abbreviation for 7(g)(v) if the map 7 is clear
from the context. Note that 1-v=v and (g-h)-v =g (h-v), because 7 is a homomorphism. An
important example is the left-regular representation.

11



Definition 2.2.2. Let I' be a group. The Hilbert space {°T is the set of functions

PL=Sf:T > C| Y If )P <oy,

ger

equipped with the inner product

(1Y =Y F9)l(9).

gel’
The left-regular representation of I' is the representation A\: I' — U(I?T") given by (A(g)(f))(¢') =
flg™tg).
Definition 2.2.3. Let I" be a group and (7, 1) a representation of I'. A unit vector v € H is called
an invariant vector if g-v =wv for all g € T'.

We can always decompose a representation (7, H) into a part where all unit vectors are invariant
and a part without invariant vectors: consider the closed subspace H. = {v € H | g-v=wv for all g €
['}. Then for all g € T we have g - H. = H. and also g - HX = HZE. We can then define the
representations 7.: I' — U(H.) by me(g)v = v and 7t: T — U(HZE) by 7 (g)v = m(g)v. Then
all unit vectors of H, are invariant vectors while (71, H}) does not have any invariant vectors.
Moreover, we have 7 = 7. ® 7.

Now we would like to have a good notion of what it means for a representation (7, H) to have
almost invariant vectors. We have the following Proposition, which is taken from [5, Proposition
1.1.5).

Proposition 2.2.4. Let T’ be a group and (m,H) a representation of T. Let 0 < € < /2 and let
v € H be a unit vector such that||g-v —v|| < e for all g € T'. Then there is an invariant vector
w € H with||lv —wl| <e.

Proof. Let C be the closed convex hull of 7r(I")v. Since C'is closed and convex there is a unique vector
u € C with minimal norm: to see this, let u,, be a sequence of vectors with lim, ||u, || = inf.cc||c]|.
For any m and n, the midpoint “=F“: js also in C, therefore } Ynttn || > infeecll|. Using

the parallellogram identity we have ||%H2 = uml? + Hunll® = YHlwm — un]? So we have
lum — un|)? < %HumH2 + %HunH2 — infeec||c]|®. This shows that (u,) is a Cauchy sequence, and

since C' is closed, it converges to a vector u with ||u|| = inf.cc||¢||. This vector is clearly unique,

u+u'
2

because if there were two different vectors u, v’ € C' with minimal norm, then the vector would
also be in C' and have smaller norm, giving a contradiction.

For any g € I' we have n(g)m(I")v = m(I")v, and taking the convex closure of both sides gives
7(g)C = C. Since 7w(g) is a unitary map, and u is the unique vector with minimal norm in C, we
see that 7(g)u is the unique vector with minimal norm in 7(g)C' = C. So 7(g)u = u.

Now we have to show that u is non-zero. For all g € T" we have ||g-v —v|| < e. We have
llg-v —v||* =2 —2Re((g - v,v)), and combining this with the inequality gives

52

Re({g-v,v)) >1— 5

Since C is the convex closure of 7(T")v, we get the inequality
&2
Re({w,v)) > 1 — 5
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for all w € C. In particular, we have Re({(u,v)) > 1— % > 0, so u # 0. We can then define x = ‘L”

|u
Then z is an invariant vector. Since ||u|| < 1 we get

v —z)®=2—2Re((z,v)) =2 —

O

The concept of “almost invariant vectors” only asks the vectors to be almost invariant with
respect to the action of group elements in a finite set at the same time.

Definition 2.2.5. Let I' be a group and (7, H) a representation of I'. We say that the representation
has almost invariant vectors if for every finite set F' C I' and every € > 0, there exists a unit vector
v € H satisfying ||7T(g)v — v|| <eforallgeF.

Now there are groups for which there are representations with almost invariant vectors but
without invariant vectors. We can consider the left-regular representation of Z as an example.

Example 2.2.6. The left-regular representation \: Z ~ [2Z has almost invariant vectors, but no
invariant vector. To see this, let F' C Z be finite and € > 0. Let n be a large enough integer that
M < ¢ for all k € F. Let v, € I>Z be the function given by

L oif1<m<
on(m) = I Hfl1<m<n
0 else.

Then v, is a unit vector. For k € F we see that A(k)v, — v, is supported on 2|k| integers,
20k

== < e. This shows that the left-regular
representation has almost invariant vectors. There are no invariant vectors, since they would

necessarily be a non-zero constant function on Z and thus not square-summable.

taking a value of :I:ﬁ there, thus [[A(k)v, — va|| =

For some groups, however, the existence of almost invariant vectors in a given representation
guarantees the existence of an invariant vector.

Definition 2.2.7. A group I' has property (T) if every representation with almost invariant vectors
has an invariant vector.

Example 2.2.8. By Proposition 2.2.4, all finite groups have property (T). As we saw in example
2.2.6, Z does not have property (T). More generally, no infinite amenable groups have property (T);
see Proposition 2.3.4. The group SL,,(Z) of n X n matrices with integer coefficients and determinant
1 has property (T) if and only if n > 3 (see [5, Example 1.7.4]).

Property (T) is inherited by quotients.

Proposition 2.2.9. Let I be a group with property (T) and let N be a normal subgroup. Then
I'/N has property (T).

Proof. Let m: T/N ~ H be a representation with almost invariant vectors. Precomposing with
the projection I' = I'/N gives a representation of I" with almost invariant vectors. Thus H has a
I-invariant vector, which is then also I'/N-invariant. O

Example 2.2.10. The free group F,, on n generators does not have property (T) for any n > 1,
since there is a surjective homomorphism from Fj, to Z.

13



2.2.1 Property (T) for locally compact groups

So far in this section the group I' did not have a topology. There is a variant of property (T) that
applies to locally compact groups. Here we restrict our attention to continuous representations.
Moreover, in the definition of “almost invariant vectors”, we consider compact sets instead of finite
sets.

Definition 2.2.11. Let (G, 7) be a locally compact group. A continuous representation of G is a
representation 7: G — U(H) such that for all v € H the map G — H, g — 7(g)v is continuous. It
has almost invariant vectors if for all compact K C G and all € > 0 there is a unit vector v € H
such that H7r(g)v — ’UH < ¢ for all g € K. We say that (G, 7) has property (T) if every continuous
representation with almost invariant vectors has an invariant vector.

From Proposition 2.2.4 we know that all compact groups have property (T).

Definition 2.2.12. Let (G, 7) be a locally compact group. A compact set K C G and an € > 0
form a Kazhdan pair if the following holds for every continuous representation 7: G — U(H): if
there is a unit vector v € H satisfying H7T(g)v — UH < ¢ for all g € K, then there is an invariant
vector.

Clearly G must have property (T) if a Kazhdan pair exists. It turns out that the converse is
true as well.

Proposition 2.2.13. Let (G,7) be a locally compact group with property (T). Then there exists a
Kazhdan pair (K, ¢).

Proof. Suppose it is not true. Then for each pair (K, e) consisting of a compact subset of the group
and a positive real number, there exists a representation nx .: G ~ U(Hk ) without invariant
vectors and a unit vector vi . € Hg . such that H7r(g)vK75 — UKTEH < ¢ for g € K. Now consider
the direct sum representation
™= @ TK,e-
K,e

This contains the v and thus it has almost invariant vectors. Since G has property (T), there
must be an invariant vector v. This must have a non-zero component vy in some Hg .. But then
rescaling vg gives an invariant vector in Hx ., a contradiction. O

In Chapter 5, we will prove that the continuity assumption in Definition 2.2.11 is not necessary.
Indeed, if a locally compact group has property (T), then any non-continuous representation with
almost invariant vectors (as in 2.2.11) necessarily has an invariant vector. Moreover we will develop
property (T) for bornological groups (see Section 2.1.3).

2.3 Amenability

We introduce amenability for locally compact groups. We will use it later in Chapter 6. Since it is
not a central topic in this thesis we only state some important results and refer to [49] for details.

Let G be a locally compact group. Then there exists a non-trivial, regular, left-invariant measure
1 on the Borel sigma-algebra of G. It is unique up to scalar multiplication and it is called the (left)
Haar measure. For p € [1,00] we write LPG = LP(G, ). The group G acts isometrically on these
spaces by left-translation. For p = 2 this is the left-regular representation.

14



Definition 2.3.1. Let GG be a locally compact group. A mean on L°°G is a positive linear map
@: L*G — C satisfying ¢(1) = 1. It is an invariant mean if it satisfies p(Agf) = @(f) for all
f € LG and g € G, where )\, denotes left-translation by g. The group G is amenable if there
exists an invariant mean on L*°G.

There are also many other characterisations of amenable groups. An important one is the
existence of Fglner sets.

Definition 2.3.2. Let G be a locally compact group, let K C G be a compact subset and let € > 0.
A (K, e)-Fglner set is a measurable subset U C G with 0 < p(U) < oo satisfying % < e.
Here A denotes the symmetric difference.

Now we have the following well-known result. We do not give the proof here, but a proof of a
more general result can be found in Chapter 6.

Proposition 2.3.3. Let G be a locally compact group with left Haar measure u. The following are
equivalent.

(i) G is amenable.
(i) For every compact K C G and every € > 0 there is a (K,¢)-Folner set.

(iii) The left-regular representation of G on L*G has almost invariant vectors (see Definition
2.2.11).

Proof. See Proposition 6.3.1, applied to the measure-preserving action of G on (G, ). O

All abelian groups are amenable. More generally, all solvable groups are amenable. Any group
containing the free group F5 as a subgroup is not amenable.

Proposition 2.3.4. A non-compact amenable group does not have property (T).

Proof. By Proposition 2.3.3(iii) the left-regular representation of G on L2G has almost invariant
vectors. An invariant vector in L2G would correspond to a non-zero constant function on G, which
would not be square-integrable because G is not compact. Therefore there are no invariant vectors
and G does not have property (T). O

2.4 Geometric property (T)
2.4.1 Expander sequences

Let X = (V, E) be a finite simple graph. This means that V' is a finite set and E is a set of pairs
{z,y} with x # y € V. We will write  ~ y as a shorthand for {z,y} € E. To this combinatorial
object we can associate a matrix called the Laplacian A.

Definition 2.4.1. Let X = (V, E) be a finite simple graph. The Laplacian is the matrix A, whose
rows and columns are indexed by the elements of V', satisfying

deg(z) ifz=y;
Agy=1<¢ -1 if x ~y;

0 otherwise.

Here deg(z) denotes the degree of vertex x.
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Clearly the graph can be recovered from its Laplacian, since {z,y} € F if and only if A,, = —1.
Note that the sum of every row is zero and the sum of every column is zero. The Laplacian A acts
on the vector space R[V] = RY. For a function v € RV we have (Av)(z) =Y., __v(z) —v(y). We
get

Y~

{Av,0) =Y (Ao)(z)o(z) =YY vle) —olyo(e) = Y Ju(z) —o(y)f.

z z oy~ {zy}eE

This quantity measures the variance of v on edges. We see that A is a positive semi-definite
operator. Moreover Av = 0 exactly when v is constant on each component of V. We denote the
eigenvalues of A by 0 = Ao < A\; < -+ < \jyj—; (with multiplicities). Then A\; > 0 exactly when
the graph is connected. The value of A\ is related to a combinatorial feature of the graph, called
the Cheeger constant.

Definition 2.4.2. Let (V, E) be a finite simple graph. For A C V' let A be the set of edges with
exactly one vertex in A. The Cheeger constant of the graph is

(|04] 1
=inf{— | AC Al < = .
p=int {10 e vio<iai< g

The following inequality is called Cheeger’s inequality and was shown in [12].

Proposition 2.4.3. Let (V,E) be a finite simple connected graph. Suppose the degree of every
vertex is at most d. Let A1 be the smallest positive eigenvalue of the Laplacian and let h be the
Cheeger constant. We have

h2
— <A\ <2h
24 = 1 =
O
Now we will consider sequences of finite graphs X,, = (V,, E,). We will assume that all of the
X, are finite simple connected graphs, and that lim, |V, | = co. Moreover, we assume that the

sequence has uniformly bounded degree, i.e. there is a constant d such that for all n, all vertices of
X, have degree at most d.

Definition 2.4.4. Let (X,,) be a sequence of connected graphs with uniformly bounded degree
and number of vertices tending to infinity. We say that (X,,) is an expander sequence if there is a
constant ¢ > 0 such that for all n, all positive eigenvalues of the Laplacian of X, are at least c.

By Proposition 2.4.3, we see that X,, is an expander sequence if and only if there is a constant
¢’ > 0 such that the Cheeger constant of all X, is at least ¢/. So we have both an algebraic and a
combinatorial characterisation of expander sequences. We can see expander sequences as sequences
of graphs which are well connected.

Explicit examples of expander sequences can be constructed from Cayley graphs. Let I' be a
group and S a symmetric subset of I, i.e. a subset satisfying s € S if and only if s~ € S. Then
the Cayley graph Cay(T', S) is the graph with vertex set equal to I', where different vertices g and
h are connected if g~'h € S.

Example 2.4.5. Let k > 3 and consider SL(Z), the group of k x k-matrices with integer coefficients
and determinant one. Let S C SL;(Z) be a finite, symmetric generating set. For an integer n let
X, be the Cayley graph Cay(SLy(Z/nZ),S), where S denotes the image of S in SLy(Z/nZ). Then
the sequence (X,,) is an expander sequence (see [28, Theorem 4.3.1]).
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Example 2.4.6. We can do a similar construction for £ = 2. Let S be a finite, symmetric generating
set for SLy(Z). For a prime number p let X, be the Cayley graph Cay(SL2(Z/pZ),S). Then the
sequence (X)) is an expander sequence, where p ranges over all prime numbers (see [28, Theorem
6.1.1]). This example is considerably more technical to prove than the previous one.

We refer to e.g. [32] for more details on expanders.

2.4.2 Geometric property (T)

In this section (X,) = ((V,,E,)) is a sequence of finite, simple, connected graphs satisfying
lim, |V,| = oo and for all n, every vertex of X,, has degree at most some natural number d.
We denote the union of all these graphs by X and the union of the vertex sets by V. For x,y € V,,
let d(x,y) denote the length of the shortest path in X,, connecting x and y. Let 2V}, denote the
Hilbert space of functions on V,.

Definition 2.4.7. Let T}, € B(¢?V,,) be a matrix. The propagation of T, is defined as

prop(Ty,) = sup{d(z,y) | z,y € Vo, (Tn)a,y # 0}

We denote the matrix norm of T}, by||T,||. Let £2V denote the Hilbert space of square-summable
functions on V. If we have a sequence of matrices T}, € B(¢£2V,,) with sup,, || T,.|| < oo we can combine
them into an operator T' = [],, T,, € B(¢*V), with norm ||T|| = sup,, ||T,. |-

Definition 2.4.8. Let T' = (T,) € [[, B({*V,,) N B(¢*V). The propagation of T is prop(T) =
sup,, prop(Ty,). If prop(T) < oo we say that T is a finite propagation operator. We denote by
Ces[X] the set of all finite propagation operators.

Note that if S and T are finite propagation operators, then prop(S+7") < max(prop(.S), prop(T))
and prop(ST) < prop(S) + prop(T) and prop(T™*) = prop(T). Thus Cc[X] is a *-subalgebra of
B(L?V) (it is not closed). It is called the algebraic uniform Roe algebra (introduced in [43]).

Let A,, € B(L?V,,) denote the Laplacian of X,, and let A =[], A,. Then we have prop(A) = 1,
so A is an element of Cc[V]. The spectrum of A in the C*-algebra B(¢?V) is the closure of the
unions of the spectra of the A,,. Thus we see that the X,, form an expander sequence if and only
if there is ¢ > 0 such that o(A) C {0} U [c, 00).

This characterisation of expander sequences considers the spectrum of A in the C*-algebra
B(£2V), so it does not make use of the algebra Ces[X]. Since this subalgebra is not closed, we can
equip it with the maximal norm, which we explain now.

Definition 2.4.9. A representation of C.s[X] consists of a Hilbert space H and a *morphism
m: Ces[X] — B(H). The mazimal norm on C.[X] is given by ||T| = sup(ﬂVH)HW(T)H, where
the supremum ranges over all representations.

max
It turns out that the maximal norm takes only finite values (see [19, Section 3] or Corollary

4.6.4). From this it is easy to see that it indeed defines a norm on Cgs[X].

Example 2.4.10. The inclusion Ces[X] < B(¢2V) defines a representation.

We denote the completion of Cs[X] with respect to the maximal norm by C . (X) (see e.g. [56]).
The spectrum of A in this algebra is denoted by omax(A). It contains o(A).
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Definition 2.4.11. Let (X,,) be a sequence of finite graphs with bounded degree and number of
vertices going to infinity. The sequence has geometric property (T) if there is a constant ¢ > 0 such
that omax(A) C {0} U e, 00).

This is strictly stronger than being an expander. The following proposition is from [58]. It
relates geometric property (T) with property (T) for groups (see Section 2.2).

Proposition 2.4.12. Let I" be a finitely generated group and let S be a finite, symmetric set of
generators of I'. Let Ny O Ny D --- be a sequence of normal, finite-index subgroups of I satisfying
N,, Nn = {1}. Consider the sequence of Cayley graphs X, = Cay(I'/N,,S/N,,). This sequence has
geometric property (T) if and only if the group T’ has property (T).

Proof. See [58, Theorem 7.3], or Theorem 5.H for a slightly more general result. O

Example 2.4.13. Let k& > 2 and let S be a finite, symmetric generating set for SLi(Z). For
prime numbers p let X, = Cay(SLx(F,), S) where S denotes the image of S in SLk(F,). Then the
sequence (X,) has geometric property (T) if and only if k¥ > 3 (see Example 2.2.8). Compare this
with Examples 2.4.5 and 2.4.6, which say that the X, form an expander sequence for all k > 2.

We only have an algebraic definition for geometric property (T). It would be very interesting
to have a combinatorial characterisation as well. This is not known to exist, but there are some
combinatorial properties that all graph sequences with property (T) share. For example, for any
such a sequence there is an integer R such that all but finitely many of the graphs contain an
R-cycle. This is proven in [57, Corollary 7.4]. In Chapter 3 we generalise this result; indeed, we will
prove that there is an integer R such that all but finitely many of the graphs have a lot of R-cycles
(see Theorem 3.A).

If (X,,) is a sequence of graphs with geometric property (T), and we modify this sequence of
graphs by adding or removing a small number of edges and/or vertices to get a new sequence (Y;,),
then the new sequence need not have geometric property (T); indeed, it may not be an expander.
However in Chapter 3 we show that if (Y,) still is an expander sequence, then it also still satisfies
geometric property (T). See Theorem 3.B for more details.

A sequence of graphs can be seen as a metric space (using the shortest-path distance). Then we
can also see it as a coarse space (see Section 2.1). In [58, Proposition 4.6] it is shown that geometric
(T) is invariant under coarse equivalences.

Proposition 2.4.14. Let (X,) and (Y,) be sequences of graphs, whose number of vertices go to
infinity, and with bounded degree. Assume that the coarse spaces X = ||, X, andY =], Y, are
coarsely equivalent. Then X has geometric property (T) if and only if Y has geometric property

(T).

O

Geometric property (T) can also be defined directly for coarse spaces, without making use of

a graph structure (see [58]). The coarse space should then be assumed to be uniformly locally

finite: this means that for every controlled set F C X x X there is an integer N such that

#{y | (z,y) € E} < N for all z € X. Still if X and Y are coarsely equivalent spaces satisfying this

condition, X has geometric property (T) if and only if Y has geometric property (T). However,

being locally finite is not invariant under coarse equivalence, so this needs to be assumed for both
X and Y.
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In Chapter 4 we study the more general setting of coarse spaces with bounded geometry. A
coarse space has bounded geometry if and only if it is coarsely equivalent to a uniformly locally
finite coarse space. In particular, bounded geometry is invariant under coarse equivalences. We
develop geometric property (T) for all coarse spaces with bounded geometry, and we show that it
is invariant under coarse equivalences (see Theorem 4.A).

2.5 Embeddings of sequences of graphs into Hilbert spaces

Let (X,) be a sequence of graphs with uniformly bounded degree such that the number of vertices
of X,, converges to infinity. We will identify the graphs with their vertex sets and view them as a
metric space using the shortest path distance. Let X be the union of all X,,. We can view X as a
metric space, where two vertices in different elements of the sequence have distance infinity.

Let (V,d) be another metric space. We call a map F: X — V a coarse embedding if there is
a constant L and an increasing unbounded map p: N — [0, 00) such that for all n and z,y € X,
we have d(F(z), F(y)) < L if  and y are adjacent, and d(F(x), F(y)) > p(d(z,y)), where d(z,y)
denotes the shortest path distance between x and y.

It is an interesting question to ask whether a certain sequence of graphs can be embedded into
a Hilbert space. It turns out that this is impossible for expander graphs (see for example [44,
Proposition 11.29]).

Lemma 2.5.1. Let (X,,) be an expander sequence. Then there is no coarse embedding of X = | | X,
into a Hilbert space H.

Proof. Let A,, denote the Laplacian of X,, and let ¢ > 0 be such that ¢(A,) C {0} U [¢, c0) for all
n. Let d be the maximal degree of all vertices of all X,,. Then for all functions f: X,, — C with

Y eex, f(x) =0 we have (Af, f) > c|lfII>. We also have (Af, f) = %Z(I’y)eE(Xn) |f(x) — f(y)|?
and || fI* = X, e, [F (@) = 5507 Xayex, (@) = F©)[2 So we get

> F@) = f@P > 5 Y 1f@) - F)
| X
z,ye€Xny

(z,y)EE(Xn)

nl

Since neither side changes when we add a constant to f, this inequality holds for all functions
f+ X, —C.

Now suppose there is a coarse embedding F': X — H. Let (e;) be an orthonormal basis for H.
Then for all n we have

o lF@-Fo| =Y. Y [F@) - Fy).e))

(z,y)EE(Xn) i (z,y)EE(Xn)
>3 S [(F@) - F(y),en)?
‘Xn| i x,yeXy
== 3 |F@ - F)
‘Xn|w>yeXn

Since the function F is L-Lipschitz for some L, the left-hand side is at most d|X,,|L?. At the same
time, since F is a coarse embedding, there is some R such that if d(z,y) > R then||F(z) — F(y)|| >

2\/gL. Moreover, for large enough n, more than half of the pairs (z,y) € X2 have a distance more
than R. Thus the right-hand side is at least 2d|X,,|L?, a contradiction. O
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More generally, an expander sequence cannot be coarsely embedded into any ¢P-space for 1 <
p < oo (see [36, Equation 6]). Clearly then, any graph sequence that allows a coarse embedding
of an expander sequence can also not be coarsely embedded into any ¢P-space. It is also known
that, for p > 2, a Hilbert space can be coarsely embedded into an ¢P-space but an ¢P-space does
not embed into a Hilbert space (see [40] and [25]). Thus coarse embeddability in ¢P is in general
weaker than coarse embeddability in a Hilbert space. Hence, a natural question is: does there exist
a sequence of graphs with uniformly bounded degree that coarsely embeds into some ¢? space, for
2 < p < 00, but not into £2?

This would necessarily be a graph sequence that contains no coarsely embedded expander. In
[2, Theorem 7.1], as well as in [10], graph sequences with uniformly bounded degree are constructed
that cannot embed into a Hilbert space, and also contains no coarsely embedded expander sequence.
However they do not coarsely embed into an ¢P-space either.

We explore this question in Chapter 7. The approach we take there requires a model of random
graphs embedded in the torus T™. Since no suitable model is known, we develop a model of random
graphs embedded in a manifold. This model is described in Chapter 8. Unfortunately we were only
able to accurately describe such random graphs embedded in the manifold R™. Thus the question
above remains open.
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3 Cycles in graphs with geometric property (T)
This chapter is based on the article [55]. Large parts of it are reproduced verbatim.

Chapter summary
We show that a sequence of graphs with uniformly bounded vertex degrees, number of
vertices going to infinity, and with geometric property (T) has many small cycles. We also
show that when a small part of such a sequence of graphs with geometric property (T) is
changed, it still has geometric property (T), provided that it is still an expander. We use this
to give an example of a sequence of graphs with geometric property (T) that has large cycle-free
balls.

3.1 Introduction and main results

A sequence of finite graphs (X,,) has large girth if for every R > 0 there is a positive integer N
such that for n > N, the graphs X,, do not have any cycles of length shorter than R. It was shown
in [57, Corollary 7.5] that a sequence of graphs with geometric property (T) can never have large
girth, using properties of K-theory. We give a quantitative version of this result: there is some R
such that all of the X,, have “many” R-cycles.

Let us make this more precise. As in [13], we define the cycle spaces of a graph.

Definition 3.1.1. Let X be a graph with edge set E. Let C[E] be the free R-vector space generated
by E. We use the convention that (z,y) = —(y,z). Let Z(X) be the subspace of C[E] generated
by the cycles, where a cycle (x1,x2,...,x,) corresponds to the element (x1,x2) + (x2,23) + ...+
(Tn—1,2n) + (xn,x1). For any integer R, let Zr(X) be the subspace generated by the cycles of
length at most R.

We can now state the first theorem of this chapter.

Theorem 3.A. Suppose X = (X,,) is a sequence of finite connected graphs with uniformly bounded
degree and with number of vertices going to infinity. Suppose that X has geometric property (T).
Then there are constants R > 0 and € > 0 such that for all large enough n, we have dim Zr(X,) >
e|lV(Xn)l-

The cost of generating an equivalence relation is introduced by Levitt in [30]. Taking the
supremum of all equivalence relations generated by probability measure preserving actions of a
group gives the cost of this group, as introduced by Gaboriau in [16]. Combinatorial cost is a
variant on this concept for sequences of graphs which was defined by Elek in [13]. It measures the
number of edges necessary to induce the coarse structure of a sequence of graphs.

Definition 3.1.2. Let (X,,) and (Y,,) be sequences of finite connected graphs, such that X,, and
Y,, have the same vertex set. For x,y € V(X,,) denote by dx(x,y) the path distance in X,,, and
by dy (x,y) the path distance in Y,,. We say that (X,,) and (Y;,) induce the same coarse structure
if there is a constant L such that dx(x,y) < Ldy(z,y) and dy(x,y) < Ldx(z,y) for all n and
x,y € V(Xn).

Definition 3.1.3 ([13]). The combinatorial cost of a sequence X = (X,,) of graphs is defined as

o(X) = irl}f limninf m
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where the infimum is taken over all sequences of graphs (Y;,) on the same vertex sets as X,,, which
induce the same coarse structure as (X,,).

In [24], it was shown that any group with property (T) has cost 1. This raises the question if a
similar theorem can be proved in the combinatorial context. From Theorem 3.A it already follows
that the infimum in Definition 3.1.3 is not attained for sequences of graphs with geometric property
(T) (see Proposition 3.2.7). The question, whether sequences of graphs with geometric property
(T) necessarily have cost 1, remains open.

Theorem 3.A also raises the following question: is it true that for every sequence (X,) with
geometric property (T), there is an R such that all vertices have a cycle in their R-neighbourhood?
We show that if two graph sequences (X,,) and (Y,,) “mostly” agree, and one of them has geometric
property (T) and the other one is an expander, then the other one has geometric property (T) too.
This can be used to answer the above question negatively (see Corollary 3.3.2).

Definition 3.1.4. Let X = (X,,) and Y = (Y,,) be sequences of finite connected graphs with in-
creasing number of vertices and uniformly bounded degree. We say that X and Y are approzimately
isomorphic if there are subgraphs X, C X,, and Y,, CY,, such that X/, and Y, are isomorphic for

all n, and

VX)L B L VL B
lim ———2~ = lim ———24& = lim " = lim no—
n=oo [V(Xp)|  nooo [E(Xy)|  nooo [VI(Ya)] nooo [E(Y,)

It is easy to see that we may take X/ and Y, to be induced subgraphs (that is, subgraphs that
contain all edges between their vertices that are present in the ambient graph).

If X and Y are approximately isomorphic and X has geometric property (T), then Y need
not have geometric property (T); indeed, it does not even need to be an expander (it is only
an asymptotic expander, as defined in [27]). For example, if (X,,) is a sequence of graphs with
geometric property (T) with |X,,| > n?, and we attach a path of length n to each X,,, then it will
not be an expander anymore. However, this is the only thing that can go wrong.

Theorem 3.B. Let X = (X,,) and Y = (Y,,) be approximately isomorphic sequences of finite
connected graphs with uniformly bounded degree and number of vertices going to infinity. Suppose
X has geometric property (T) and Y is an expander. Then Y has geometric property (T).

3.2 Short-cycle spaces in graphs with geometric property (T)

Let (X,,) be a sequence of graphs. The algebraic Roe algebra C.s[X], as recalled in Section 1, has
a standard representation on £2X. Other representations are harder to describe explicitly. We will
see how to construct a representation of Ces[X], starting from a representation of only part of the
matrix algebra B(¢?X,,), for each n.

Definition 3.2.1. Let X be a graph and let Br(¢?2X) be the set of bounded operators on ¢2X
of propagation at most R. An R-representation is a Hilbert space H together with a linear map
7: BR((?X) — B(H) satisfying 7(T*) = «(T)* and 7(TS) = «(T)=(S) if T, S and TS have
propagation at most R.

Suppose X = (X,,) is a sequence of graphs and suppose we have a sequence of r,,-representations
7 of X, on H,. If r,, — 00, we can make a representation of Ces[X] as follows: let U be a free
ultrafilter on N and define the ultraproduct H = [[, Hn/U. Define n(T) = limy 7, (T|s2x, ) €
B(H). Then 7: Ces[X] — B(H) is a representation.
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We can use these representations to prove that a sequence of graphs with property (T') does not
have large girth (which was also already proved in [57] using K-theory). Below we first give the
proof below for d-regular graphs with an even integer d, to avoid technicalities. It is true in greater
generality; this will follow later from Theorem 3.A.

Proposition 3.2.2. Let X = (X,) be a sequence of d-regular finite connected graphs and an
increasing number of vertices. Suppose that X has geometric property (T) and that d is even. Then
X does not have large girth.

Proof. Suppose that X has large girth and let ¢ € R. Let r, denote the girth of X,,. There
is an Eulerian cycle on X,. This defines a direction on each edge of X,,. So we can define a
function p: E, — {—1,1}, where E,, denotes the edge set of X,,, such that for each x € X,, we have
Zyw p(z,y) = 0. For all pairs (z,y) € X2 choose a shortest path Vay) = (T =T0,21,. -, Ti(zy) =
y) from = to y. Choose it in such a way that 7, ,) is the inverse of 7, . Define p: X2 — Z by
p(z,y) = p(xo, 1) + ... + P(Td(z,y)—15 Td(e,y))- Then p(z,y) = —p(y,z), and if d(z,y) + d(y, 2) +
d(z,z) < rp, we have p(z,y) + p(y, 2) = p(z, 2). Now define 7, : B({*X,,) — B({*X,,) by
mn(T)E(x) =Y Tuy explitp(z, y))E(y).
y

Then m, (T™*) = m,,(T)*, and if the propagations of S and T and T'S are at most 7, then m,, (T'S) =
Tn(T) 7 (S). So m, defines a ir,-representation.
Consider the constant unit vector &, € £2X,, with &, (z) = m This satisfies 7, (Ax)&, =

d(1 — cost)&,. Let m: Ces[X] — B(H) denote the limit of the m,. This is a representation. Let
&= (&) € H. Then m(Ax)¢ = d(1 — cost), so d(1 — cost) € omax(Ax). Since ¢ can be any real
number, we conclude that [0,2d] C opax(Ax). Then X does not have geometric property (T), and
we have arrived at a contradiction. O

If the graph is not d-regular for an even d, we do not necessarily have a Eulerian cycle. In this
case, we can still prove the result. We need Lemmas 3.2.3 and 3.2.4 below to construct a cycle
v € Z(X) that will play a similar role as the Eulerian cycle above. We will use it to prove something
even stronger, namely that there are “many” small cycles in X (Theorem 3.A).

Note that, if X is a finite connected, then dim(C[E]) = |E| and dim(Z(X)) = |E| —|X|+1 (this
is clear for a tree, and any time an edge is added to a graph, both sides increase by 1). We will
also use the standard inner product on C[E], such that edges have norm 1 and are perpendicular
to each other. An edge in a connected graph is called a bridge if the removal of this edge would
render the graph disconnected.

Lemma 3.2.3. Let X be a finite connected graph with edge set E. There is v € Z(X) satisfying
the following conditions:

(i) For all e € E we have v(e) € {—1,0,1}.
(i) Of all edges e € E' that are not bridges, at most half satisfy v(e) = 0.

Proof. Let Zy,...,Zk be cycles in X such that each edge that is not a bridge is contained in
one of the cycles Z;. Choose ¢1,...,ex € {0,1} uniformly and independently at random. Let

w = Zfil £;Z;. For each e € E that is not a bridge, we have Plw(e) is odd] = 1. So E[#{e € E |
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w(e) is odd}] is equal to half the number of edges that are not bridges. So there is some w € Z(X)
such that w(e) is odd for at least half the number of edges that are not bridges. Now let E' C E be
the subset of E consisting of the edges for which w(e) is odd. Then each vertex of X has an even
number of adjacent edges in E’. So each component of (V(X), E’) has a Eulerian cycle. Let v be
the sum of these Eulerian cycles. Then v satisfies the conditions. O

Lemma 3.2.4. Let X be a finite connected graph with edge set E and maximal degree d. Suppose
there is a constant h > 0 such that for all subsets A with 1|V(X)| < |A| < $|V(X)|, we have
|0A| > h|A|. Then there is a constant ¢ > 0, only depending on d and h, such that if |V (X)| is
large enough, the number of edges that are not bridges in X is at least c|E)|.

Proof. For b a bridge, define K}, and G} to be the two components of the graph (V(X), E\ {b}),
with |Kj| < |Gy|. Since 0K, = {b}, and h- 2[V(X)| > 1 for |V(X)| large enough, we must have
|Ky| < 1]V(X)|. Now let G = MG, and K = V(X) \ G, where the intersection ranges over all
bridges b. If z,y € G, then all the vertices of any minimal path from = to y are also in G. In
particular, G is connected.

We show that G is non-empty. Let b be a bridge such that K} is maximal. Let « be the endpoint
of bin Gp. Then z € G: for if there is another bridge &’ with x € K}, we have either K, U{z} C Ky,
or Gy C Ky, and then Ky is too large.

Note that all bridges of X must have at least one vertex in K. Therefore the number of edges
that are not bridges is at least |G| — 1. So if we find a constant ¢’ > 0 such that |G| > ¢/|V(X)]|, we
are done.

Let G = {b1,...,bn}. These are all bridges. For each 1 < i < N we have |K,,| < 1|V(X)|.
The Kj, are pairwise disjoint: if Kj, and K, were not disjoint for ¢ # j, then we would find
a cycle with b; and b;. Then we can choose some 1 < M < N such that min(|K], 2[V/(X)|) <

ZjM:l |Ky,| < 3|V(X)]. If |[K| < |V(X)|, we have |G| > 2|V (X)|, and we are done. Suppose
that [K| > {|V(X)|. Then we can apply the assumption of the lemma to A = UM K, . We
have [0A| = M < N = |0G| < d|G|, therefore |[A| < #|G|. So |G| > 2|V(X)|. This finishes the
proof. 0

Corollary 3.2.5. Let X be a finite connected graph with edge set E and mazimal degree d. Suppose
there is a constant h > 0 such that for all subsets A C V(X) with 1|V (X)| < |A| < 3|V(X)], we
have |0A| > h|A|. Then, provided that |V (X)| is large enough, there are a constant ¢ > 0, only
depending on d and h, and v € Z(X) satisfying the following conditions:

(i) For all e € E we have v(e) € {—1,0,1}.
(ii) We have #{e € E | v(e) # 0} > c|E]|.
Proof. This follows directly from Lemmas 3.2.3 and 3.2.4. O

Theorem 3.A. Suppose X = (X,,) is a sequence of finite connected graphs with uniformly bounded
degree and with number of vertices going to infinity. Suppose that X has geometric property (T).
Then there are constants R > 0 and € > 0 such that for all large enough n, we have dim Zr(X,) >
elV(Xn)l.

Proof. Let v > 0 be such that oy (Ax) € {0}U[y,00). Let d be the maximal degree of all vertices
of X. Since X has geometric property (T), it is in particular an expander sequence by Cheeger’s
inequality: for each subset A C X,, with |A| < 1|V(X,,)| we have |0A| > Z|A|. Only finitely many
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of the X, can be trees (this follows from Lemma 3.2.4, for example). We can then assume without
loss of generality that none of the X, is a tree.

Define h = 7. Let ¢; be the constant from Corollary 3.2.5, using the constants d and h. Let
co > 0 be such that

1, o (1 > o 1 1\°
03:Zd _<1_2d) <2d+02d> —2d<2d+02d—2> > 0. (1)
Let ¢ > 0 be small enough such that
dt* < (2)
and also

1
exp(it) — 1 — it + 5152 < et (3)

Let € > 0 be such that the following conditions are satisfied:

1
8ed? < 5cgzt4, (4)
&1
2 < —&
es 50 (5)
4e < h. (6)

Suppose for a contradiction that for each R, there is an n such that dim Zr(X,,) < ¢|V(X,,)].
Let E, be the set of edges of X,,. Note that Z(X,) C C[E,] consists of the functions p: E,, — C
satisfying >, p(z,y) = 0forallz € V(X,,). The subset Zr(X,)* C C[E,] consists of all function
p: E, — C satistying p(x1,z2) + p(z2,23) + ... + p(xq,z1) = 0 for all g-cycles (x1,z9,...,24) with
qg<R.

Let p € ZR(Xn)J-. We will construct a %R—representation 7, of X,. First, we extend p
to a function on V(X,)? as follows: for each pair (x,y) € V(X,)?, choose a shortest path
(r = 20,%1,...,%4(ay) = y) from x to y and define p(x,y) = p(wo,z1) + p(x1,72) + ... +
P(Zd(z,)—15 Td(z,y)). Since p € Zr(X,)*, this satisfies the following: if z,y € V(X,,) satisfy
d(z,y) < R, then p(x,y) = —p(y,x), and if x,y, z € V(X,,) satisfy d(z,y) + d(y,2) + d(z,z) < R,
then p(z,y) + p(y, z) + p(z,x) = 0.

Now we define 7, : B(¢*X,,) = B({?X,,) by

Tp(T)E(x) = D Ty exp(ip(z,y))é(y)-

This is a %R—representation.

For a subset B C E,, denote by X,,\ B the graph (X,,, £,\B). Choose edges b1, ..., bdim(z(x,.))
recursively in such a way that b, is an edge in a cycle in Zg(X,,) N Z(X, \ {b1,...,bj—1}). Then
Zp(X,)NZ(X,\{b1,...,bj—_1,b;}) has one dimension fewer than Zg(X,,)NZ(X,, \{b1,...,b;—1}).
Thus, with B = {b1,...,bdim(zr(x,))} We have Zg(X,) N Z(X, \ B) = 0. Then we also have
Zr(X,)NC[E, \ B] =0, and counting dimensions, Zr(X,,) ® C[E,, \ B] = C[E,]. Since C[B] L
C(E, \ B) and Zr(X,)* L Zg(X,), it follows that C[B] N Zr(X,)* = 0. Counting dimensions
again, we get Zr(X,,)* @ C[B] = C[E,].

Since each b; is an edge in a cycle in Z(X,, \ {b1,...,bj_1}), it follows by induction that X,, \ B
is still a connected graph. Let A C V(X,,), with |V(X,)| < |A| < 3|V(X,)|. Denote by dx,\pA
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the set of edges in X, \ B with exactly one vertex in A. Then we have |0x \pA| > |0x,A| — |B| >
Al = e|lV(Xn)| > (3 — 49)|A| = (2h — 4¢)|A| > h|A] by inequality (6). So X, \ B satisfies the
conditions of Corollary 3.2.5. We can also assume V(X,,) is large enough to apply the corollary, by
taking R large enough.

Now let v € C(X,, \ B) be as in Corollary 3.2.5. Recall that Zg(X,)* ® C[B] = C[E,]. Hence
there is a unique function p € Zg(X,,)* such that p(e) = v(e) for all e ¢ B.

Now we consider the %R—representation Tp. Let Ay = mp(Ax) € B((?X,). Let &, € (X, be
the constant function with &,(x) =1 for all x € X,,. Then we have

Atfn(x> = Z(l - exp(itp(:v,y)))

Y~z

for all z € X,,.

We define a partition V(X,,) = A; U Ay U Az. We can think of the vertices in A; as the ‘good’
vertices, the vertices in A, as the ‘neutral’ vertices and the vertices in As as the ‘bad’ vertices.
Luckily, A3 will be small. The sets are defined as follows:

As ={z € X, | (z,y) € B for some y ~ x},
Ay ={x e X, \ Az | v(z,y) # 0 for some y ~ x},
Ay = X, \ (A1 U A3).

Since |B| < €|V (X,,)|, we have |A3| < 2¢|V(X,,)|, and since at least ¢1|E,| edges e satisfy v(e) # 0,
we have |A;]| > GE,| — [A3| > (5 — 2¢)[V(X,)| > 55|V (X,)| by inequality (5).

We will estimate |A;&, (z)— 2dt?|, finding increasingly good estimates in the cases z € As, Ao, 4;
respectively. For all z € X,,, we have |A&,(z) — 1dt?| < 2d. For = ¢ A3 we have p(z,y) = v(z,y)
for all y ~ z. Since 37, v(z,y) = 0, we have

Akn(a) = 3 (1 + ito(z, y) — explito(z, ).

y~z

Then, using inequality (3) we have:

1 . d ‘
A& (x) — 5dt2 < ; 1+idtv(z,y) — th - exp(ztv(x,y))’
< Zl+itv(z )—LF—(H%( )—th( )| | + codt?
< Y 3 dea(s) itv(z,y) — 5t7v(z,y )
Yy~
< 1dt2 + codt? — 1 Z v(x,y)?t2.
-2 2 = ’

For x € As, this is at most (%d + cod)t?. For x € Ay, there is y ~ x with v(z,y) # 0, and we find
that [A&,(z) — 3dt?| < (3d+ cod — )2
Using inequalities (1) and (4), we now have:

2
— Z |At§n(z)f%dt2|2

zeX,

HAtsn - e,
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2 2
1 1 4 1 4 2
< E <2d+62d—2> "+ E <2d+62d> "+ E 4d

TEA; r€EA2 T€A;3

((1 - 2d) (;d+ cgd) + 271 ( d+ cod — 1>2> [V (X,,)[t* + 8ed?|V (X))

1
= (d2 — c3> |V (X,)[t* + 8d?|V (X))

< (3¢ o) W

2
()l

For each R we have found an ng, a % R-representation m,, : B((*X, ) — B({*X,,), and

a vector &,, € B({?X,,) satisfying ||7rnR(AX)£nR — %dt%nRH < (1- @ || dt2§nR|| Let U

be a free ultrafilter on N and define the ultraproduct H = [, B(¢? nR)/Z/{ Let m = limy mp,

and £ = limy ﬁ Then 7 is a representation of C.[X], and we have H7r Ax)E— ld752§H <
"R

(1— 2¢)z || 1dt3¢||. 1t follows that o(m(Ax)) N [Edt?(1 — (1 — 2;23) ), 2dt?(1+ (1 — 2%)3)] # 0. So

Umax(A x) contains a positive element that is at most dt®. This is a contradiction with inequality
(2). O

Remark 3.2.6. Note that in the above proof, € only depends on d and ~.

We have shown that each sequence of graphs with geometric property (T) has many small cycles.
It follows that we can remove a large number of cycles of the graph, while still keeping the same
coarse structure. In particular, the infimum in the definition of cost is not attained (see Definition
3.1.3).

Proposition 3.2.7. Let X = (X,,) be a sequence of graphs with degree at most d Suppose there

are R,e > 0 such that dim Zg(X,,) > €|V (X,)| for all n. Then ¢(X) < liminf, (f( ;‘I JR=T -
|

In particular, if X has geometric property (T), the infimum c¢(X) = infy liminf,, |V((§ ))I over all

sequences (Yy,) inducing the same coarse structure as X, is not attained.

Proof. Consider the set of all subgraphs of X,,, on the same vertex set, without R-cycles. Let Y,
be a maximal element of this set. If two vertices z,y are connected in X,,, then either they are
connected in Y, or adding the edge (x,y) to Y;, would create an R-cycle in Y;,. So dy (z,y) < R—1.

It follows that dy (z,y) < (R — 1)dx(z,y) for any two vertices z,y € V(X,). Since Y,, is a
subgraph of X,,, we also have dy (z,y) > dx(z,y). This shows that X and Y induce the same
coarse structure.

Since dim Zg(X,,) > €|V (X,,)|, there are in particular at least €|V (X,,)| cycles of length at most
R in X,,. Of all these cycles, at least one of its edges is not in Y,,. One edge can be contained
in at most d~! cycles of length at most R. So |E(Y,)| < |E(X,)| — z#=<|V(Xn)|. This gives
lim inf,, ||5((Yn))|| < liminf,, ;Eg(( ;‘I =t~ S0 ¢(X) < liminf, E‘E,E);Zgl‘ =

The last statement of the lemma follows from Theorem 3.A and the fact that if X and Y induce
the same coarse structure, also Y has geometric property (T) (see [58, Theorem 4.1]). O
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3.3 Behaviour of geometric property (T) under small changes

A natural question in light of Theorem 3.A is the following: if a sequence of graphs (X,,) has
geometric property (T), is it necessary that there is an R such that every vertex has a cycle in its
R-neighbourhood? In this section we will see that the answer is no. We will do this by proving that
if we change a sequence of graphs a small amount (see Definition 3.1.4) while keeping expansion,
we also keep geometric property (T).

Theorem 3.B. Let X = (X,,) and Y = (Y,,) be approximately isomorphic sequences of finite
connected graphs with uniformly bounded degree and number of vertices going to infinity. Suppose
X has geometric property (T) and Y is an expander. Then Y has geometric property (T).

For the proof we need the following proposition.

Proposition 3.3.1. Let X = (X,,) be an expander sequence with mazimum degree d, and let h > 0
such that o(Ax) C {0}U[h,00). Let m: Ces[X] — B(H) be a representation and suppose that v € H
is a unit vector with Axv = nv for some n > 0.

(i) Let F,, CV(X,) be such that lim,,_, % =0, and let Pp € Cys[X] denote the projection
on the vertices of the F,,. Then||Ppv|| < 2idzh~2n7.

(ii) Let G = (Gy) be a sequence of subgraphs of X, such that limnﬁw% = 0. Then

(Agu,v) < 23dh~1n% and|Agu| < 23dzh~ 293,

Proof. (i) We can assume that n < h. Let § > 0 and let N be an integer such that |F,|/|V(X,)| <
§ for n > N. Let Px_, € C.[X] be the projection on the vertices of X; up to Xy. Then we
have Ay Px_,v = nPx_,v. Since 7 is not an eigenvalue of AxPx_,, we have Px_ v = 0.
So Prv = P}>Nv, where Pr_, is the projection on the union F\y = Un>N F,. N
We can colour the edges of X in 2d colours such that no two intersecting edges have the
same colour. For each colour ¢ define the involution 7; of X that sends each vertex in an
edge with colour i to the other vertex of this edge, while fixing the other vertices. This
defines an element in C.s[X] that we also denote by 7;. Since Tf =1, wehave 0 <1—7; <
2. This inequality holds in C}_ (X). We have Ax = Zfil(l — 7;): we can check this
by computing the matrix coefficients. For any z € X we have Z?il(l — Ti)ax = #{i |
x has an edge with colour i} = deg(z), and for different z,y € X we have Zfil(l — Ty =
—#{i | (x,y) is an edge with colour 7} which is —1 if (x,y) is an edge and 0 otherwise.

For f € £ X, denote the corresponding multiplication operator in B(¢2X) by M;. Define the
positive unital linear map ¢: £*°X — Cby ¢(f) = (Mv,v). For each i we have ((1—7;)v,v) <
n, so||(1 — 73)1)”2 = ((2 — 27;)v,v) < 2n. Then for f € £*°X we have

We get |(1—7:)e(f)] < 2l fllcllo = mivll < 2v/20llfll o, s0[|(1 = 7)e|| < 2v2n.
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So ¢ is almost invariant for the involutions 7;. Note that ¢ is a unit vector in the Banach
space ({*°X)*. By the Goldstine theorem, ¢ is in the weak closure of the set P(X) C /1 X
of probability measures on X. We will use some functional analysis to show that we can
approximate ¢ by a probability measure ¢ € P(X), in such a way that it will still be almost
invariant for the involutions ;.

Let B be the real Banach space @fﬁl ¢Y(X,R) with norm ||(¢;)|| = max;||1s]|;. Define the
convex set B C B by

B={((1=m)¢) ¥ ePX),[0(lry) = @(Lr )| <0}

There is a net ¢y € P(X) converging weakly to ¢. For large A we have | (1. ) —¢(1r )| <
0. Now (1 — 7;)9» converges weakly to (1 — ;)¢ € ((°X)* for all i. So ((1 — 7;)¢) € B** is
in the weak closure of B.

Let A be the open ball {a € B |||a|| < 24/27+3d}. Suppose A and B are disjoint. By the Hahn-
Banach separation theorem, there is f € B* and a positive real number s with f(a) < s < f(b)
fora € Aand b e B. Now ((1—7;)p) € B** is in the weak closure of B, so f(((1—7)p)) > s.

On the other hand, ||((1 — 7;)¢)| < 2v/27, so ((1 — 7)) is in the weak closure of 2%614

showing that f(((1 —7)p)) < %s, giving a contradiction.

Therefore AN B # (), so there is ¢ € P(X) with [¢(1r ) — ¢(Lp. )| <6 and ||(1 — 73)y|| <
221 + 6 for all i. Let £ =2 € (2X. Then for all i, we have

(1=7)68) = > (&) — &(rim))E(x)

=2 Y (@)~ )’
rzeX
<3 Y le@) — ey
zeX
1
= 5”“ - Ti)¢||1
< VI + 5

Summing over all ¢ gives (Ax&, &) < 2dv/2n + dd. Let & be the projection of ¢ on the locally
constant functions in £2X. We get (Ax (€ —&.),& — &) = (AxE, &) < 2dy/2n + d6, but also

(Ax (6 —&),6 — &) > hlle — &|l5. Soll€ — &l < £(2dv/2n + df).

Since V‘(I;(LL) < ¢ for n > N, we have ||{.|p. ’ < V5. We get
]]-F>N - Z 6
rzeFs N
= > (€-&)@*+2 D L@E-&)@)+ Y &)
zeFs N reEFs N cEFS N
2
2
<llg = &l + 2|, -l - ol + fc|F>NH2
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< —(2d\/2n + db) +2V6 + 4.

==

Finally, we have

(2d+\/21+ d&) +2V/5 + 26.

S =

1Proll* =1 Pesnoll* = (M, v,0) = o(Ley) < $(Lpy) +6 <
Letting § — 0 gives the desired conclusion.
(ii) We recursively define Fy = J,, V(G,,) and
Fry1 ={z e V(X)\ F<i | = is adjacent to a vertex in F}}

for k > 1. Here we write F<j, for Fy U...U Fj. Let 6 > 0. Since there are infinitely many Fj,
and they are all disjoint, there is k£ > 1 with "Ppk_lquvH < 4. Since the graphs have uniformly

bounded degree, we have lim,,_, “5%)’“{1)\ = 0. By part (i), we have || Pr_, ,v|| < Z%d%h’%n%.
Denote by Ar_, the Laplacian operator of the induced subgraph with vertex set F<j. Then
we have

Pp_, Ax = Pp., Ar., = Ar,, — PR Ap,, = Ap, — Pr, Ap,, PR up,
It follows that

(Aguv,v) < (Afp,v,v)
= <PF§k71AXU7v> + <PFkAF§kPFk—1UFkv’v>
< 77<PF§1C71U7'U> +”PFkAFSk

.||PFk—1UFk,U|| HU”
< 235dh~'n*% + 2ds.
Similarly, we have
[Agv]| <[|Fexvl]

< HPFSk_lAXU

+HPF1¢AF§1CPF7¢71UFICU

< 2id2h~7ni + 2d6.

Since these inequalities hold for all § > 0, the conclusion follows.
O

Proof of Theorem 3.B. Since X and Y are approximately isomorphic, we can identify the isomor-

phic subgraphs and assume there are induced subgraphs Z,, C X,, NY,, with lim, ||X(()Z(n))l| =
lim,, 00 l\“;EYZ/:))I‘ = 1. Let d be the maximum degree in XUY, let v > 0 with opax(Ax) C {0}U]y, 00)

and let h > 0 with o(Ay) C {0} U [h,00). Suppose that ¥ does not have geometric property (T).
Then the maximal spectrum of Ay contains arbitrarily small positive numbers. Let 0 < n < h
be in the maximal spectrum of Ay. Then there is a representation p: Ces[Y] — B(H) and a unit
vector v € H with Ay v = nu.
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We will first apply Proposition 3.3.1 to bound v on some small subsets of Y. Then we will
construct a representation of Cs[X] containing a vector 1 ® v, that we will show is almost constant.
Since X has geometric property (T), it follows that 1 ® v is close to some constant vector. This will
give a contradiction because v is perpendicular to all constant vectors.

We have

e

(Ay\zv,v) < 25dh™ 'y

and

o

HAy\ZUH <o2%din-iy

by Proposition 3.3.1(ii).
Let F = {z € Z | z adjacent to some z € X \ Z}. Since the degree of the vertices of YV

EStl = 0. By Proposition 3.3.1(1), we have | Pro|| <

is uniformly bounded, we have lim,,
4d h— 2774

Now we construct a representation of Cs[X]. Consider the map E: Ce[X]| — Ces[Z] given
by E(T) = PzTPz. This is a conditional expectation, meaning that for T' € C[X] and S €
CeslZ], we have E(TS) = E(T)S and E(ST) = SE(T). We can construct the tensor product
H' = Ces[X] ®c 21 H, as in [42, Theorem 1.8]. We repeat the construction here. First we consider
the algebraic tensor product Ces[X]| ® H. We equip this with a conjugate symmetric form given on
simple tensors by

<T1 O) V1, Tg ® U2> = <E(T2*T1)1}1, 1}2>.
It can be shown that this is positive semi-definite (see [42, Lemma 1.7] and its proof). Define the
semi-norm [[w]| = (w,w)? for w € Ces[X] © H. Let H' = Ces[X] ®c,. 171 H be the Hilbert space
we get by taking the quotient with respect to the kernel of ||-|| and then taking the completion.
Let Th ® v; denote the image of T3 ® vy in H'. It is easy to see that for S € C.[Z], we have
TS ®v; = T1 ® Sv;. We now have a representation m: Ces[X] — B(H’), given on simple tensors
by 7T(T1)(T2 X ’Ul) =T\T5 ®v.
Consider the unit vector 1®v € H'. We have

(Ax(180),180) = (Azv,0) + (B(Ax2)v.v)
= (Azv,v) + (E(Ax\z)Prv, Prv)
Ayv,v>+H <AX\Z | -1Peor?

provided 7 is small enough. Let w € H/, be the projection of 1 ® v on the space of constant vectors
H/ = ker(p(Ax)). Then we have

(Ax(1®0),100) = (Ax(1®v—w),10v—w) >~|[[1ov—w|’.
Combining these inequalities, we get
[1@v—w|?< 8d2h 1y I3,
Finally, we have

n= <Ay’U, U>
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= (Azv,v) + (Ay\zv,v)
Az(1®v),w) +(Az(1®v),1Qv —w) + (Ay\zv, )
Az(1®v),1®v —w) + (Ay\z0,)

N1®v),10v —w) = (1 Ay\zv,1®v — w) + (Ay\ zv,v)

(
(
(
= {

3
2

<nltee —wl® +| Ay o] 10w - w] +28an
< (8an~tyt 2t atn Tty d  2han ) g
This gives a contradiction if 7 is small enough. Hence Y must have geometric property (T). O

Using the theorem, we can construct a sequence of graphs with geometric property (T) such
that the graphs locally have arbitrarily large girth.

Corollary 3.3.2. There is a sequence of graphs (X,,) with uniformly bounded degree and number
of vertices converging to infinity, satisfying geometric property (T), with a designated vertex p, €
V(X,), such that the n-ball around p, does not contain any cycles.

Proof. We start with a sequence of finite connected graphs (Y;,) with geometric property (T) and
maximal degree d. We will construct the graphs X,, by attaching new trees to each Y.

Let (R,) be an unbounded sequence of integers with lim, WQ(R%)‘ = 0. Let (T, pn) be a
rooted tree of depth R,, such that each vertex except for the leaves has degree 3. Connect each
leaf of the tree to a different vertex in Y,,. We call the new graph X,,, and we show that (X,)
is still an expander sequence. Note that the maximal degree of X, equals d + 1. For a subset
A C V(X,,), denote by OoutA the outer vertex boundary, that is the set {z € V(X,) | = ¢
A, z adjacent to a vertex in A}. Since (Y;,) is an expander sequence, there is h > 0 such that for
all n and all B C V(Y,,) with |B| < 2|Y,|, we have [0ouB| > h|B|. Now let C C V(X,,) with
|C| < 3|V(X,)|. Write A=CNV(T,) and B =CNV(Y,). Note that [B| < 2|V(Y,,)| (provided
n is large enough). We have |0out A| > %|A\7 and all vertices in Jyyt A are also in 9y, C' unless they
are in B, 50 |0ou;C| > 3|A| — |B|. We also have |9,uC| > |05t BNV (Y;,)| > h|B|. Taking a convex
combination, we conclude that

3\ /1 3 h
> = —|A| - = =—|C|.
|00t C| > (1 + 2h) (2|A |B| + 2hh|B|) 2h+3\0\

Hence, (X,,) is an expander sequence.

By the condition on R,,, we see that (X,,) approximates (Y;,). By Theorem 3.B, the sequence
(X,) has geometric property (T). The R,-neighbourhood of p,, is the tree T}, so it does not contain
any cycles. After taking a subsequence and renumbering the graphs, we get the sequence of graphs
we wanted. O
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4 Geometric property (T) for non-discrete spaces

This chapter is based on the article [54]. Large parts of it are reproduced verbatim.

Chapter summary

Geometric property (T) was defined by Willett and Yu, first for sequences of graphs and later
for more general discrete spaces. Increasing sequences of graphs with geometric property (T) are
expanders, and they are examples of coarse spaces for which the maximal coarse Baum-Connes
assembly map fails to be surjective. Here, we give a broader definition of bounded geometry
for coarse spaces, which includes non-discrete spaces. We define a generalisation of geometric
property (T) for this class of spaces and show that it is a coarse invariant. Additionally, we
characterise it in terms of spectral properties of Laplacians. We investigate geometric property
(T) for manifolds and warped systems.

4.1 Introduction and main results

In their paper [57], Willett and Yu introduce geometric property (T) for sequences of graphs, in
order to provide examples of coarse spaces for which the maximal coarse Baum-Connes assembly
map fails to be surjective. The concept is studied further by the same authors in [58]. There,
geometric property (T) is defined for coarse spaces that are uniformly locally finite, monogenic,
and countable. Such a space has geometric property (T) if each unitary representation of the
translation algebra C,[X] (we call it C¢s[X], see Definition 4.5.3) that has almost invariant vectors,
has a non-zero invariant vector. For increasing sequences of finite graphs, this is a strictly stronger
property than being an expander. In fact, in this case it is equivalent to the graph Laplacian having
spectral gap in the maximal completion of C,[X] (see [58, Proposition 5.2]). A sequence of finite
graphs with geometric property (T) can never have large girth (see [57, Corollary 7.5]).

The aim of this chapter is to generalise geometric property (T) to spaces satisfying a broader
notion of bounded geometry, see Definition 4.6.7. This broader notion of bounded geometry is
explained in Section 4.3. Spaces with bounded geometry include sequences of graphs with bounded
degree, manifolds whose Ricci curvature and injectivity radius are uniformly bounded from below,
and warped systems coming from an action of a finitely generated group on a compact manifold.
We do not assume monogenicity of the spaces. However, we do assume that the spaces are covered
by a countable number of “bounded” sets.

In [58], translation operators are used extensively to study geometric property (T) for discrete
spaces. For non-discrete spaces, these operators do not behave as nicely. Therefore we introduce
the concept of “operators in blocks”, which are operators with a convenient decomposition (see
Definition 4.5.5).

Any coarse space with bounded geometry can be equipped with a measure p that is uniformly
bounded and for which a gordo set exists (see Definition 4.3.6 and Proposition 4.3.7). We will firstly
define geometric property (T) for a coarse space X equipped with such a measure u. However,
Theorem 4.A will show that it is in fact independent of the chosen measure p.

We will consider the Hilbert space L?(X,u). An operator T in B(L?(X,p)) has controlled
support if the support of a function is not changed much by T (see Definition 4.5.1). Let C.[X] C
B(L?*(X, 1)) be the algebra of operators with controlled support. A representation of this algebra is
a unital *-homomorphism p: Ccs[X] — B(H) for some Hilbert space H. For such a representation,
the subspace of constant vectors H. is defined (see Definition 4.6.6). The coarse space X has
geometric property (T) if every unit vector v € HZ  is “moved enough” by a suitable operator in
Ces[X] (see Definition 4.6.7).
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An important notion in coarse geometry is that of coarse invariance (see Section 4.2). In [58],
it was shown that geometric property (T) is a coarse invariant (see [58, Theorem 4.1]). In this
chapter we show that our generalisation of geometric property (T) is still a coarse invariant. This
gives evidence that we have the “right” definition of property (T).

Theorem 4.A. Suppose (X, p) and (X', u') are coarsely equivalent spaces with bounded geometry,
equipped with uniformly bounded measures for which gordo sets exist. Then (X, ) has property
(T) if and only if (X', u") has property (T). In particular, whether X has property (T) is independent
of the chosen uniformly bounded measure u for which a gordo set exists.

Analogous to [58], we establish a complete characterisation of geometric property (T) in terms of
non-amenability for connected coarse spaces of bounded geometry. In fact, for unbounded connected
spaces, geometric property (T) is the complete converse of amenability for coarse spaces. This
generalises [58, Corollary 6.1]. The notion of amenability for coarse spaces with bounded geometry
is introduced in Lemma 4.9.1.

Theorem 4.B. Let X be a connected coarse space and let g be a uniformly bounded measure for
which a gordo set exists. If X is bounded, then it is amenable and has geometric property (T). If
X is unbounded, it has geometric property (T) if and only if it is not amenable.

Towards the end of this chapter we investigate geometric property (T) for Riemannian manifolds.
Let M be a Riemannian manifold or a countable disjoint union of Riemannian manifolds with the
same dimension. The Riemannian metric defines a coarse structure on M. If the Ricci curvature
and the injectivity radius of M are uniformly bounded from below, then M has bounded geometry
(see Section 4.10). In this case the manifold Laplacian A,y is an element of the algebra C} . (X),

and the manifold M has geometric property (T) if and only if Ay; has spectral gap in this algebra.

Theorem 4.C. Let (M,g) be a Riemannian manifold of bounded geometry equipped with the
coarse structure coming from the geodesic metric. Then M has geometric property (T) if and only
if the Laplacian Ay, has spectral gap in C, (M).

max

In the last section we discuss warped systems. A group I' acting by homeomorphisms on a
Riemannian manifold M gives rise to a coarse spaces called a warped system, see Section 4.11.
In Section 4.11 we will show that warped systems have bounded geometry if the manifold M is
compact. One might expect that the warped system has geometric property (T) if and only if the
group has property (T) and the action is ergodic. This remains an open question, though some
partial results are given.

4.2 Notation on coarse spaces

Coarse spaces are spaces with a large-scale geometric structure. See Section 2.1 for the definition
of coarse spaces and coarse equivalences. In this chapter we will use the following notation:

Definition 4.2.1. Let X be a coarse space and F C X x X a controlled set.
(i) The controlled set E is called symmetric if E~! = E.
(ii) For any z € X, we write F, = {y € X | (y,z) € E}.

(iii) For any U C X, we write Ey =,y E-
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(iv) A subset U C X is called bounded if U x U is a controlled set.
(v) A subset U C X is called E-bounded if U x U C E.
(vi) We write E°" for the n-fold composition Fo Eo---o E.

)

(vii) The set E generates the coarse structure if for any controlled set F, there is an integer n such
that F' C E°™.

For later use we give some basic properties using these definitions.
Lemma 4.2.2. Let X be a coarse space.
(i) Each controlled set is contained in a symmetric controlled set.
(ii) A subset U C X is bounded if and only if it is E-bounded for some controlled set E.

(i) If E is a controlled set and x € X then E, is E o E~'-bounded (though it is not necessarily
E-bounded).

(iv) If U is an E-bounded set, it is contained in E, for any x € U.
Proof. These follow directly from the definitions. O

Most of the time, we will only consider symmetric controlled sets.

4.3 Bounded geometry

Consider a coarse space X. It is uniformly locally finite if for every controlled set E C X x X there
is an integer N such that #E, < N for all z € X. We will define geometric property (T) for a
wider class of spaces. We still need a concept of bounded geometry, which we define below.

Definition 4.3.1. Let X be a coarse space. A controlled set ' C X x X is called covering if it is
symmetric and for every controlled F there is an N such that each E, can be covered by at most
N sets that are F-bounded.

Lemma 4.3.2. Let X be a coarse space and F C X x X a symmetric controlled set. The following
are equivalent:

(i) The controlled set F' is covering.

(i) For each controlled set E there is a constant N such that each E-bounded set U can be covered
by at most N sets that are F-bounded.

Proof. Suppose F' is covering and let E be a controlled set. Let N be such that each E, can be
covered by at most N sets that are F-bounded. Let U be a non-empty E-bounded set. For any
x € U we have U C E,, so U is also covered by at most NV sets that are F-bounded.

Conversely, suppose that (ii) is true and let E be a controlled set. There is a constant N such
that each E o E~!-bounded set can be covered by at most N sets that are F-bounded. Then each
E, can also be covered by at most IV sets that are F-bounded. O

Definition 4.3.3. A space X has bounded geometry if there is a controlled covering set FF C X x X.
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The definition above is easily seen to be equivalent to the definition given by Roe in [44, Defi-
nition 3.8].

Example 4.3.4. Consider a metric space X with the corresponding coarse structure. If there
exists a controlled covering set, we can enlarge it to E for some R > 0. Therefore, X has bounded
geometry if and only if Fg is covering for some R > 0.

In fact, for many examples of metric spaces, Fr will be covering for any R > 0.

Example 4.3.5. A uniformly locally finite space certainly has bounded geometry in this definition,
as we can take F' to be the diagonal.

A different way to characterise bounded geometry is by the existence of a measure on X satis-
fying certain properties. We will study measures on any sigma algebra on the set X, with as only
condition, that singletons must be measurable. A controlled set £ C X acts on the set of subsets of
X, by sending U to Ey. Accordingly, given a measure on X, we say that a controlled set E is mea-
surable if Ey is measurable for all measurable U C X. In particular, E, is then measurable. Note
that (Eo F)y = Ep,, therefore the composition of measurable controlled sets is again measurable.

Definition 4.3.6. Let (X, £) be a coarse space, and let p be a measure on X, for any sigma algebra
that contains all singletons.

(i) The measure is called £-uniformly bounded or simply uniformly bounded if for each controlled
set F there is a constant C' > 0 such that each F-bounded measurable set U has measure at
most C.

(ii) A symmetric controlled set F is called p-gordo or simply gordo if it is measurable and p(E,)
is bounded away from zero independently of z, for all z € X.

Proposition 4.3.7. Let X be a coarse space. The following are equivalent:
(i) The space X has bounded geometry.
(i) There is a uniformly bounded measure p on X and a gordo set E for pu.
(#ii) There is a coarsely dense subspace Y C X that is uniformly locally finite.

Proof. Suppose X has bounded geometry and F' C X x X is a controlled covering set. By Zorn’s
Lemma there is a maximal subset Y C X satisfying (y,y') € F for all y # ¢’ € Y. By maximality
we know that for each x € X there exists y € Y such that (x,y) € F, so Y is coarsely dense in
X. To see that Y is uniformly locally finite, consider a controlled set £ C X x X. There exists N
such that every £, can be covered by F-bounded sets Uy, ...,Uy. Since each F-bounded set can
contain at most 1 element of Y, we see that #(F, NY) < N, so Y has bounded geometry, proving
(i) = (iii).

Suppose Y C X is a coarsely dense, uniformly locally finite subspace and let p be the counting
measure of Y. Any controlled set £ on X restricts to a controlled set on Y. Since Y is uniformly
locally finite any E-bounded set can contain a bounded number of points of Y. This shows that u
is uniformly bounded. Now let £ C X x X be a symmetric controlled set such that for all x € X
there is y € Y with (x,y) € E. Then each E, has measure at least 1, so E is gordo, showing
(iii) = (ii).

36



Finally, let © be a uniformly bounded measure on X and let F' be a gordo set for pu. We will
show that F°4 is a covering set. There is € > 0 such that u(F,) > ¢ for all x. Let E be a symmetric
controlled set. Since p is uniformly bounded, there is a constant C' such that p(V) < C for all
F o FE o F-bounded measurable V. Now let U C X be E-bounded. Then Fy is F o E o F-bounded,
so all its measurable subsets have measure at most C. Let ¥ C U be maximal such that the F}, are
pairwise disjoint when the y range over Y. Since the F}, are all contained in Fyy and have measure
at least € we have #Y < N, with N = C Since Y is maximal we know that for all z € U there is
ayeY with F, NF, #0, so (z,y) € FoF This implies that the sets (F o F),,y € Y cover U.
These sets are F°4- bounded By Lemma 4.3.2 we see that F°* is covering, showing (ii) = (i). O

4.4 Blocking collections

From now on, let X be a coarse space of bounded geometry that can be covered by a countable
number of bounded sets. Let p be a uniformly bounded measure on X for which a gordo set exists.
This measure exists by Proposition 4.3.7; in applications, there is often already a measure given
that satisfies the condition above. For example, if X is a metric space and p is a Borel measure,
then p satisfies the conditions if there is a radius R > 0 such that R-balls are bounded from below
in measure, and for all radii R > 0 the R-balls are bounded from above in measure.

The definition of geometric property (T) uses the measure p, but we will show later that it does
not depend on it (see Theorem 4.A).

We will start by defining the notion of a blocking collection of subsets of X and proving some
elementary results about them.

Definition 4.4.1. Let E be a controlled set and let € > 0. A collection (A;) of measurable subsets
of X is called (E,¢)-blocking if | J, A; x A; C E, the A; are pairwise disjoint and p(A;) > ¢ for all 4.
A collection (A;) of measurable subsets of X is called blocking if it is (E, €)-blocking for some F, €.

The conditions on the measure p ensure that there are sufficiently large blocking collections:
Lemma 4.4.2. There is a blocking collection (A;) with union X.

Proof. Let E C X x X be a gordo set for u. By Zorn’s Lemma, there is a maximal subset I C X
such that all the F; are pairwise disjoint when ¢ ranges over I. Then for all z € X there exists an
i € I such that E, N E; # 0, so (x,i) € Eo E. So the (E o E); cover X, while the E; are pairwise
disjoint. Hence, we can find measurable A; with E; C A; C (E o E); such that X = | |, 4;. To
construct the A; explicitly, choose a well-ordering on I and define

A=EU|(EoE);\ | |JEUJEoE)
) i <1

Now the measure of the A4; is bounded from below because F is gordo, and the A; are E°*-bounded,
showing that the A; form a blocking collection. O

Definition 4.4.3. Let F C X x X. We say that E is a controlled set in blocks if E is of the form
Ll; Ai x A;, where the (A4;) form a blocking collection.

Note that | |, A; x A; is always a controlled set if the (A4;) form a blocking collection.
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Lemma 4.4.4. Let E C X x X be a controlled set. Then E is contained in a finite union of
controlled sets in blocks.

Proof. Assume without loss of generality that E is symmetric. By Lemma 4.4.2; there is a blocking
collection (A;) with union X. Let F' = | |; A; x A; which is a controlled set. Define a graph structure
on the index set I by connecting i and j if E4, N Ea; # 0.

If ¢ and j are connected by an edge, then (E o E)a, N A; # (), and since A; is F-bounded it
follows that A; C (FoEoFE)y,. Since y is uniformly bounded and the A; are F-bounded, we know
that the measure of (F o E o E) 4, is bounded from above, say by M, where M does not depend
on ¢. Moreover, the measure of A; is bounded from below uniformly in j, say by € > 0. Since the
A; are also pairwise disjoint, the degree of any vertex 4 in the graph can be at most % Then we
can colour the graph in N colours, for some integer N, such that no two adjacent vertices have the
same colour. Now for 1 < k < N define

Cr = {Ea, | i is coloured with the k-th colour}.

Then because of the way we coloured the graph, the sets in Cy are disjoint. Moreover they are
FE o F o E-bounded and bounded from below in measure, so Cy is a blocking collection for each k.
For 1 <k < N we now define

Ey = |_|{EA1. x E 4, | i is coloured with the k-th colour}.

These are controlled sets in blocks. For all (z,y) € E, there is an ¢ with y € A;. Let k be the colour
of i. Then (z,y) € Ea, x Ea, C Ex. So E is contained in | |, Ej. O

4.5 The algebra of a coarse space

Analogous to the discrete setting, we now define the algebra of operators with controlled support.
We will use the Hilbert space L2X = L?*(X, p).

Definition 4.5.1. Let E C X x X be a measurable controlled set and T' € B(L?X). We say that
T is supported on E if for all measurable U C X, all £ € L2X supported on U and all € L2X we
have

We say that T has controlled support if it is supported on some measurable controlled set.
We can give some equivalent definitions for this:

Lemma 4.5.2. Let E be a measurable symmetric controlled set and T € B(L*X). The following
are equivalent:

(i) The operator T is supported on E.
it) For all measurable U C X, all £ € and all m € supported on U we have
i) For all ble U C X, all L?X and all I2X ted U h

<£7T77> = <§‘EU7T77>

(iii) The operator T™ is supported on E.
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(iv) For all measurable U C X and all n € L?>X supported on U the function Tn is supported on
Ey.

Proof. To prove (i) = (ii), we have
(& Tn) = &lpo, Tn) + Elx\ee- T) = Elpo, ) + Elx\Bo TlEx 5, ) = €lE0, TN)-

The other direction is similar, and the equivalences (ii) <= (iii) and (ii) <= (iv) are clear. O

Clearly linear combinations of operators with controlled support again have controlled support,
as does a product of operators with controlled support. So the operators with controlled support
form a unital x-algebra.

Definition 4.5.3. Denote by C.s[X] the subalgebra {T' € B(L>X) | T has controlled support} of
B(L?X). We will denote it C.s[X, p] when the measure is not clear from the context.

Remark 4.5.4. In the case that X is uniformly locally finite, the algebra C.s[X] is the same as in
Definition 2.4.8.

Definition 4.5.5. Let T € C.[X], let E be a controlled set and let ¢ > 0. We say that T is
an operator in (E,¢e)-blocks if it is supported on | |, A; x A; where (A;) is some (E,¢)-blocking
collection. We say that T is an operator in blocks if it is supported on some controlled set in blocks.

For a measurable subset U C X, denote by my: L2X — L2U the restriction map and by
iv: LU — L?X extension by 0. An operator T that is supported on | |; A; x A; can be written as
T =%, T;, where T; = wa,Tia,: L*A; — L*A;, using Lemma 4.5.2. This decomposition makes it
very convenient to do computations with operators in blocks. Moreover, every operator in C.s[X]
can be written as a finite sum of operators in blocks:

Lemma 4.5.6. LetT € C5[X]. We can write T as a finite sum Ty +. . .+Tn where each T; € C5[X]
is an operator in blocks.

Proof. Let T be supported on the measurable and symmetric controlled set E. Let (A;) be a
blocking collection as in the proof of Lemma 4.4.4 and consider the same colouring on I as in that

proof. Let
Tho= >,  waT

i with colour k

Then T}, is controlled on L; with colour k4, X E4,, so it is an operator in blocks. Moreover we have
T=T1+...+Tn. O

We define some spaces of functions on X:
Definition 4.5.7. (i) Let L?X denote the L?-functions on X with bounded support.

(ii) Let LL?X denote the measurable functions on X that are locally L?: for each p € LL?X and
each bounded measurable U, we have [, [¢]* < co.

Lemma 4.5.8. The dual of L} X can be identified with LL*X .

39



Proof. For any ¢ € L} X and n € LL?X, the inner product (n,£) is finite, so 7 defines a function in
(L2X)*.

Conversely, let ¢ € (L?X)*. For any bounded measurable U, the function ¢ can be pulled back
along the inclusion L2U < L?X to an element of (L?U)*, which may be viewed as a function
ny € L?U. If U C V are bounded and measurable, then we find that 7y = ny|y. Therefore, the
nu may be glued together to a function n € LL2X. O

If T € B(L?X) has controlled support, it sends LgX to LEX, and so does the dual T*. Taking
the dual of T*: L}(X) — L3(X) gives a map LL?X — LL?X which we denote by T again. Now
define the linear map ®: Cos[X] — LL2X by ®(T) = T(1x) € LL?X. Explicitly, if T is supported
on a controlled set F then we have

(T)(z) = (T, ) (x)-
For all T, S € Cs[X] we have ®(ST) = SO(T).

Lemma 4.5.9. Let T € Cg[X] be such that ®(T) is bounded. Then we can write T =T1+...+Tn
where the Ty, are operators in blocks and ®(Ty,) is bounded.

Proof. Construct T}, as in the proof of Lemma 4.5.6. Then the ®(7}) are bounded. O

4.6 Geometric property (T)

Definition 4.6.1. A representation of Cgs[X] consists of a Hilbert space X and a unital x-
homomorphism p: Cs[X] — B(H). If no confusion arises we will omit the map p from the notation.

The standard representation of Ces[X] is the inclusion Ces[X] < B(L?X). Note that we do not
ask the map p to be continuous with respect to the norm on Ces[X], inherited from B(L?X).

Definition 4.6.2. Let T, S € C[X].
(i) We write T' > S if this inequality holds in B(L?X).

(i1) We write T >max S if for every representation (p,H) of Ccs[X], we have the inequality
p(T) > p(S).
(iii) Let||T|| = be the norm of T in B(L*X).

(iv) Define || T, = sup||p(T)]|, where the supremum is over all representations (p, ). We will
see in Corollary 4.6.4 that this is always finite, and hence it also defines a norm on Cgs[X].

Lemma 4.6.3. Let T € Cs[X] be an operator in blocks.
(i) If T >0, then T >pax 0.
(i) We have||T| > =||T|| -
Proof. (i) Suppose T is supported on | |, A; x A; where (A;) is a blocking collection. Write
1
T =Y, T; with T;: L?A; — L*A;. Then T: = > T;? is again an operator in blocks. Now
for any representation (p,H) we have p(T) = p(T'2)% > 0, so we have T' >y 0.
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(ii) Clearly we have ||T||;> <||T||,,.- Note that T*T is again an operator in blocks. We have 0 <
T < |\T||2Lz, and by part (i), it follows that 0 <pax 7T <max ||TH%Z So for any representa-

1 1
tion (p, M), we have 0 < p(T*T) < |T|2,. So [o(T)]| =[loT)p@)|* =[loT*D|[* <IT,2.
and hence ||T'|| ;. =T

max”*

O
If T is an operator in blocks we will simply write ||| for both the norms ||T'|| ;. and |||, .-
Corollary 4.6.4. For any T € C[X], the mazimal norm ||T|| .. is finite.
Proof. This follows directly from Lemma 4.6.3 and Lemma 4.5.6. O

Therefore ||-|| ... defines a norm and we can define the maximal C*-algebra:

max

Definition 4.6.5. The maximal C*-algebra C*

% ax(X) is defined as the completion of Ccs[X] with
respect to the maximal norm ||-||

max "’

ax(X) is the same as the one defined
n [58] (there it is called C}, .. (X)). For f € L>°X denote by M; € B(L?X) the multiplication

u,max
operator by f. Similar to [58], we define the subspace of the constant vectors.

For a uniformly locally finite space X the C*-algebra C}

Definition 4.6.6. Let H be a non-degenerate representation of Ccs[X], and let v € H. We call v
a constant vector if Tv = Mg ryv for all operators T' € Ces[X] for which ®(T') is bounded. Here &
is as defined at the end of Section 4.5. The constant vectors form a closed subspace H. of H.

Since we can replace T by T' — Mg ), it is enough to ask that Tv = 0 for all T' with ®(7") = 0.
Now we are ready to define geometric property (T).

Definition 4.6.7. Let X be a coarse space with bounded geometry and let p be a uniformly
bounded measure for which a gordo set exists. We say that (X, u) satisfies geometric property
(T) if there are a controlled set E and constants €, > 0 such that for every non-degenerate
representation (p, H) and every unit vector v € H. there is an operator T in (E,¢)-blocks with

®(T) bounded and H(T - M@(T))UH > ~|T]-

In the definition, it is necessary to ask that ®(7’) is a bounded function, because otherwise Mg )
would not be defined. By considering the operator T'— Mg 7y, we see that we can equivalently ask
there to be an operator T in (E,¢)-blocks with ®(T') = 0 and ||Tv|| > ~||T|.

If X is uniformly locally finite with a generating controlled set, and p is the counting measure,
we retrieve the definition of [58] (cf. Proposition 3.1 in that paper):

Lemma 4.6.8. Let X be a uniformly locally finite space for which there is a generating controlled
set, and let p be the counting measure. The following are equivalent:

(i) The space (X, ) satisfies geometric property (T).

(i) There exists a controlled generating set E and a constanty > 0 such that for any representation
H and unit vector v € HL, there is an operator T € Cqs[X] with support in E such that

| = Mar)o| > ysup Tev ),

where T, denotes the value at (x,z) of the matriz corresponding to the operator T .

41



Proof. We certainly have ||T|| ;> > sup, , |T,.|. With this, the direction (i) == (ii) is trivial, since
we may enlarge the controlled set F to make it generating.

Now suppose (ii) is true, take E,v satisfying the condition, and let ¢ = 1. Without loss of
generality, we may assume E to be symmetric. There is an integer N such that #FE, < N for
each € X. Let H be a representation and v € HL a unit vector. We know there is T' € Ces[X]
supported on E such that ||(T — ®(T))v|| > ysup, . |T-|. For each pair (z,2) € E there are fewer
than 4N other pairs (2, 2') € E with {x, 2z} N {2’, 2’} # 0. By a graph colouring argument we may
write T =T + ...+ Tyn as a sum of operators controlled on E with for each k: if (z,2) € F and
(z',2") € E are different pairs where Ty is supported, then {z,z} N {z’,2'} = 0. Moreover we get
sup,, , |Tz| = supy||Tk|| .. We then have

> (T — Maz,))v|| = H(T - M<I>(T))UH > 78up [ Toz| = 7 sup|Til 12 ,
& T,z

hence there is a k with H(Tk - M¢(Tk))vH > || Tk|| .2, proving (i). 0

4.7 Laplacians

In this section we will give a different characterisation of geometric property (T) using spectral
properties of Laplacians.

Definition 4.7.1. Let E be a measurable symmetric controlled set. Define the Laplacian A¥ €
B(L*X) as

AP (E)(x) = / (€(x) — £())du(y).

By

The Laplacian corresponding to E is obviously supported on E, in particular we have A¥ ¢
C¢s[X]. The Laplacians are positive operators, as is shown by the following lemma.

Lemma 4.7.2. For any measurable symmetric controlled set E we have 0 <pax AF <jax 2M
where M = sup,, 1(Ey).

)

Proof. A straightforward computation shows that for all measurable symmetric controlled sets F,
we have

(AFE €)= / AFED)E(x)dp(z)
X
- / / @) —EW)E(@)du(y)du(x)
X JF,

1
s (€= + €= emnew) dutanta

- %/F|§(x) — () Pd(p x p)(2,y)
03

>
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so AT > 0. Since |£(x) — £(y)|? < 2/€(2)|? + 2|€(y)|? we also have
(AT, €) < /F(|§($)\2 €)M d(n x ) (z,y) = 2/F [€(@)Pd(p x p)(2,y)

by symmetry. This is equal to 2 [, [£(z)[*1(Fy)dp(z), which is at most 2/1€11? sup,, w(Fy), so we
have HAF || 12 < 2sup, w(Fy). Moreover, if Fy, F» are disjoint measurable symmetric controlled sets,
we see directly that AF1VF2 = AP 1 AF2,

Let E be any measurable symmetric controlled set. By Lemma 4.4.4, there are symmetric
controlled sets in blocks E1,. .., Ey whose union contains E. Let Ef, ..., Ey be pairwise disjoint
measurable sets such that E; C Ej, for each k and E = | |, E}.. For each k, the operator APk is an

operator in blocks, so by Lemma 4.6.3 we have 0 <.« AEL < .02 sup, ((E})z). Taking the sum
from k = 1to N, we get 0 <pax AF <inax 2sup, u(Ey). O

Lemma 4.7.3. Let E be a controlled set in blocks and let T € Cgs[X] be a positive operator
supported on E such that ®(T) = 0. Then

17| E
inf, (u(E,)) ’

where the infimum is taken over all x with E, # ().

T Smax

Proof. Write E = | |, A; x A; and T' = ), T; with T;: L?A; — L?A;. Tt is enough to prove the
inequality T; < %A& for each i, where F; = A; x A;. The space L?A; can be written as the
direct sum of the constant functions and the functions with zero integral. For any & € L?A; write
&€ =&+ & where & is constant and [ &g = 0. Then T;¢ = T;¢; and AFi¢ = p(A4;)€. So we have

(136,€) <| Tl -|1€all? = (LT APig, €) showing that T; < LEL AP, 0

Since ®(AF) = 0, we have AFv = 0 for all v € H,., where H is a representation of Cg[X].

Moreover, we have the following lemma, which shows the converse.

Lemma 4.7.4. Let (p,H) be a representation of Cs[X]. Then
7'Lc =NEg ker(p(AE))

where the intersection ranges over all the measurable symmetric controlled sets E.

Proof. Let v € Npker(p(AF)) and let T € C[X] such that ®(7T) is bounded, we will show that
Tv = MgTyv, showing that v € H.. By Lemma 4.5.9, we can assume that T" is an operator in
blocks. We can also assume that ®(7") = 0 by considering the operator T'— ®(7T'). By Lemma 4.7.3,
there is a measurable symmetric controlled set E and a constant ¢ such that T*T <.« cAF, since
T*T is a positive operator in blocks. Then AZy = 0 and we get || Tv||> = (T*Tw,v) < ¢(AFv,v) =0,
so Tv = 0. U

Definition 4.7.5. Let T € C} .. (X) be a positive operator. We say that T has spectral gap if

there is a constant v > 0 such that oyax(T) € {0} U [y, 00), where oymax denotes the spectrum of T
in the maximal C*-algebra.

Now we can prove the generalisation of [58, Proposition 5.2].
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Proposition 4.7.6. Let X be a coarse space of bounded geometry and let u be a uniformly bounded
measure for which a gordo set exists. Then (X, u) has geometric property (T) if and only if there
exists a measurable symmetric controlled set E such that for each representation (p,H) we have
He = ker(p(AF)) and AF has spectral gap.

Proof. Suppose X has property (T). Let E be a controlled set and e, > 0 constants such that
for every representation H and every unit vector v € HZ, there is an operator 7' in (F, ¢)-blocks
such that ®(T) = 0 and ||Tv|| > 7||T||. We will show that for each representation (p,H), we have
H. = ker(p(AF)) and AF has spectral gap.

Let v € HE: be a unit vector. Let T be an operator in (E,¢)-blocks with ®(T) = 0 and
|Tv|| > ~||T||. Let T" be supported on the blocks (4;) and let £/ = | ], A; x A; C E. By Lemma

4.7.3, we have T°T < TS AP < TIEAE Now

2
17l

T 2
PITIE <ol = - 7v,0) < L (674, 1y < 2 o,

F

S0 HAEUH > ~2¢. This shows that ker(p(AF)) N HE = {0}, so ker(p(AF)) = H.. Moreover, it
shows that o(p(AF)) C {0} U [y%e,00). Since this holds for every representation (p,H), we get
Tmax(AF) C {0} U [y%€, 00), hence A has spectral gap.

Now suppose that F is a measurable symmetric controlled set such that for each representation
(p,H) we have H. = ker(p(AF)) and AF has spectral gap, say omax(AF) C {0} U [y,00). By
Lemma 4.4.4 there are controlled sets in blocks F1,..., Exy whose union contains F. Let ¢ =
miny, inf, p((Ex),) > 0, where k ranges from 1 to N and x ranges over all elements in X with
(Ex)e # 0. Now let (p,H) be a representation and let v € HZL be a unit vector. Then v €
ker(p(AF))L so (AFv,v) > ~. We also have AP < AP1 .+ AEN 50 there is 1 < k < N such
that (AP, v) > L. Now APk is an (E,e)-operator in blocks and ||AFPkv|| > 2, so we see that X
has geometric property (T). O

In [58, Proposition 5.2] it is actually shown that H. = ker(p(AF)) holds for all generating
symmetric controlled sets E and that if X has geometric property (T), then AP has spectral gap
for all generating symmetric controlled sets F. In our case, we have a similar result, for which we
first need another lemma and its corollary.

Lemma 4.7.7. Let E be a gordo set and F' a symmetric measurable controlled set containing E
and satisfying FoE = EoF. Let f € L>(X) be the function f(x) = u((E o F),). Then there is a
constant § such that

(SAFOF <inax (2Mf _ AEOF)M%AEOF.

Proof. For every £ € L?X and x € X, we have

(M — APF)e(z) = f(2)€(x) + / E(W)dn(y).

(EoF),

Then we have

(2Mf _ AEOF)M% AEOFf(x)

=ATT(2) + / o

o f(y)AE°F §(y)duly)
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1

=f(z)é(z) — /( EoF)mé“(y)du(y)ﬁL /( EoF)xé(y)du(y) - /( ) /( EoF)yé(Z)du(Z)du(y)

—f(0)E(x) - / a(z, 2)€(2)du(z),

(BoF)3?

1
alx, z) = —d .
(z:2) /(EoF)xm(EoF)z f() u)

Let z € (F o F),. Thereis y € X with (z,y) € F and (y, 2) € F. It follows that E, C (Eo F), N
(EoF)., s0a(z,z) > [, ﬁdu(y’). Since E is gordo and f is bounded from above, there is a

constant ¢ such that a(z,z) > 0 for all z € (F o F),. Now define

Bz, 2) = alz,z)—6 if (z,2) € Fo I,
T alx, 2) otherwise.
Then S is symmetric, §(z,z) > 0 for all (z,2) € X x X and
(QMf _ AEOF)M%AEOF —_ 5AFOF + T,

where T' € C.,[X] is the operator defined by
Tew) = [ e €0

It remains to show that T >;,.x 0. This is proved similarly to Lemma 4.7.2. Let Eq,..., Enx be
controlled sets in blocks whose union contains (E o F)°2. Let Ef, ..., E), be measurable symmetric
subsets of Fy, ..., Ey respectively, that are disjoint from each other and whose union is (E o F)°2.
For 1 < k < N define T}, € C5[X] by

Tiew) = [ By — E0)in)
An easy computation shows that
Tt =5 [ Ble)(E@) - )P (),

so Ty > 0. Since T} is an operator in blocks, we get Ty >max 0 by Lemma 4.6.3. So we have
T = Z;If:l Tk Zmax 0. O

Corollary 4.7.8. Let E be a gordo set and F a symmetric measurable controlled set satisfying
FoE = FEoF and E C F. Then for every representation (p,H), we have ker(p(AF°F)) =
ker(p(AE°F)). Moreover, A¥°F has spectral gap if and only if AP°F has spectral gap.

Proof. Since E C F we have Eo F C F o F, and therefore AP°F < .. AF°F Tt follows that
ker(p(AF°F)) C ker(p(AF°F)) and that if AP°F has spectral gap, then AF°F also has spectral gap.
The other direction follows from Lemma 4.7.7. O
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Proposition 4.7.9. Let X be a coarse space of bounded geometry and let u be a uniformly bounded
measure. Let E be a gordo set that generates the coarse structure on X. Let E' = E°3. Then for
every representation (p, M) of Ces|X], we have ker(p(AF")) = M., and X has geometric property
(T) if and only if AE" has spectral gap.

Proof. We apply Corollary 4.7.8 with F' = E°™" for n > 2. By induction it follows that for all n > 3
we have ker(p(AF°")) = ker(p(AF")) and that AF”" has spectral gap if and only if A" has spectral
gap.

If X has geometric property (T), then there is a controlled set G’ such that ker(p(A%)) = H.
for every representation (p,H) and A has spectral gap. Since E is generating, there is some
n such that G C E°". Then AS <. AF™". So ker(p(AF")) = ker(p(AF™")) = H, for every
representation (p, ) and AP"" and AF' have spectral gap. O

We will now give a third characterisation of geometric property (T) based more directly on the
C*-algebra Cf . (X). Note that ker(®) is a left ideal in Ces[X]. Let I.(X) = CF . (X) ker(®) be
the left ideal in C? . (X) generated by ker(®).

max

Proposition 4.7.10. Let X be a coarse space of bounded geometry and let p be a uniformly bounded
measure for which a gordo set exists. Then (X, u) has geometric property (T) if and only if there
is a projection p € C . (X) generating I.(X).

max

Proof. First suppose that (X, 1) has geometric property (T). Let (p, H) be a faithful unital repre-
sentation of Cf,, (X). By Proposition 4.7.6 there is a controlled set E such that ker(p(AF)) = H..
and AF has spectral gap. By functional calculus there is a projection p € I.(X) such that pv = 0
for all v € H,. and pv = v for all v € HE. Now for any ¢t € I.(X) we have tv = 0 for all v € H,,
hence ¢t = tp. So p generates I.(X).

Conversely, suppose p € C} . (X) is a projection that generates I.(X). Then we can write

p = Zj{zl t;S; where K is an integer and t; € Cy,. (X) and S; € ker(®) C C[X]. Choose
< A Let T =Y 1| T;8;, then T € Ce[X], and &(T) = 0, and

T} € CarlX] with [t ~ T3 | < st

T —pll < Zleutj - TJ/H ISl < 1. Write T = Ty + ... + Tiy as a sum of operators in blocks

and choose a controlled set E and a constant € > 0 such that they are all in (F, £)-blocks. Now let
(p,H) be any representation. For any v € ker(p) we have sv = 0 for all s € I.(X), hence v € H..
So ker(p) = H.. Now let v € H} be a unit vector. Then pv = v so ||[Tw|| > L. Then there is

5-
1 < k < N such that ||Tyv|| > 5%, showing that (X, u) has geometric property (T). O

4.8 Coarse invariance

In this section, we will prove that geometric property (T), as defined in Definition 4.6.7, does
not depend on the measure y chosen, and moreover, that it is a coarse invariant. Our method is
inspired by the one employed in [58]. Let X be a coarse space with bounded geometry, and let
1 be a uniformly bounded measure for which a gordo set exists. We will start by constructing a
uniformly locally finite space Y that is coarsely dense in X, with an appropriate measure v. We will
show a correspondence between representations of C.s[Y] and some of the representations of C.[X].
This will allow us to see C .. (Y) as a subalgebra of C},. (X). Then we can apply the criterion for
geometric property (T) given in Proposition 4.7.10 to conclude that (X, ) has geometric property
(T) if and only if (Y, v) has geometric property (T). After this we will show that geometric property
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(T) does not depend on the measure as long as the space is uniformly locally finite. Finally, we will
conclude that if X is coarse equivalent to another space X', with a uniformly bounded measure
w' for which a gordo set exists, then (X, u) has geometric property (T) if and only if (X', u') has
geometric property (T).

By Lemma 4.4.2, there is a blocking collection with union X. Write X = |_|er Uy, where
(Uy) is a blocking collection and y is a point in Uy, (the notation U, is not to be confused with
the notation E, introduced in Definition 4.2.1(ii)). Note that Y is coarsely dense in X and that
w(Uy) is bounded from above and below, uniformly in y. Let v be the measure on Y defined by
v({y}) = u(Uy). We will first show that (X, ) has property (T) if and only if (Y, r) has property
(T).

Lemma 4.8.1. Let X be a coarse space with bounded geometry and let p be a uniformly bounded
measure on X for which a gordo set exists. Let Y be a coarsely dense, uniformly locally finite sub-
space of X with a measure v. Suppose X = |_|y Uy can be written as a disjoint union of measurable
sets with y € Uy and v(y) = p(Uy) and such that | ], Uy x Uy is a controlled set. Then (X,u) has
property (T) if and only if (Y,v) has property (T).

We need some preparation before we can prove Lemma 4.8.1. For z € X, let y(x) € Y be the
unique point such that « € Uy,. Define the linear maps a: L2X — L*(Y,v) and b: L*(Y,v) — L?*X
by a&(y) = m ny ¢ and bn(z) = n(y(z)). Note that these are adjoint to each other and that ab
is the identity on L?(Y,v). Let A = ba. This is a projection in Ces[X]. The maps a: AC[X]A —
CeslY], a(T) = aTb and B: C[Y] = AC[X]A, B(S) = bSa are x-isomorphisms and inverse
to each other. Now if H¥ is a representation of Ces[X], then HY = AHX is a representation of
ACs[z]A and via 8 also a representation of Ccs[Y]. Conversely, every representation of C.s[Y] gives
rise to a representation of Ces[X].

Lemma 4.8.2. Let (p¥,HY) be a representation of Cos[Y]. Then there is a representation (p~ , HX)
such that AHX = HY, and such that p¥ equals the restriction of pX o f to AHX. Here HX is
a completion of a quotient of the algebraic tensor product C.s[X] © HY that we will denote by
Ces[X]@HY .

Proof. First consider the algebraic tensor product Ces[X]®H?Y . We equip this with the sesquilinear
form defined on simple tensors by

(TOv, T ®v) = (a(A(T) ' TA)v,v")

and extended to (Ces[X] ® HY)? by sesquilinearity. It is easy to see that this is well defined and
defines a conjugate symmetric sesquilinear form. We will now show that it is positive semi-definite.

For any operator T' € C.[X] there is an integer M, such that for every y € Y there are at most
M different 3’ € Y such that mu, Tiv, # 0 or my ,Tiy, # 0. By a graph colouring argument we
may write T =T} + ... 4+ Ty, such that for every 1 < k < N, and every y € Y, there is at most
one y/ such that WUkain, 7& 0 or WUy/Tkin 7é 0.

It follows that each element of Cs[X]® HY is of the form ZIICV:1 T ©vg with Ty, € Ces[X], vx €
HY and the T}, satisfy that for every y there is at most one 3’ such that U, Tin, #0or wa,Tin =+
0. Let this ¢ be fi(y) if it exists, otherwise put fi(y) = y. Then each f is an involutive function
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(ie. fy o fr =idy) and T} sends L?U, to L2Ufk . Define

07w ... Tn
0 0 ... 0

Q=1. . . .| € BIL2X)® M 1(C) = B(L*(X x {0,1,...,N})).
0 0 ... 0

For y € Y define V, = ny{()}u(uff:l Uso () X {k}) C Xx{0,1,...,N}. Then Xx{0,1,...,N} =
LJ, Vi and @ sends each L?V, to L*V,. Let

A .00
Ael=|: - | eBL*X x{0,...,N}).
0 ... A

Then also (A®I1)Q*Q(A®I) sends each L2V, to L?V,. It is also a positive element so we can

1
define the square root R = ((A®Q*Q(A®I))* € (A®I)B(L*(X x {0,1,...,N}))(A®I). It
sends each L%V, to L?V,. Denote the entries of R by Ry € AB(L?X)A. Then Ry sends L2U,
to L2Ufk(fl(y))' So Ry has controlled support, and we have Ry € AC.[X]A. We have R? =

® ® I) and looking at the entry at (k,[) gives _q Rrs R = 1A an = Ry
ARNQ* QAR d looki h k,l) gi ileR ATyTiA and R, = R
forall1 <k, I<N.

Now we can compute

<2Tk®vk,ZTk®vk>

—Z (ATTiA)vr, vk)

—Z (Rps Rst)vr, vi)

ks
_Z sl Ul; sk)vk>
ks
—Z <Z R Ukaza(Rsk)Uk> = 0.
k

So the sesquilinear form is semi-positive definite. Define ¥ to be the Hilbert space obtained
by dividing Ces[X] ®HY by the kernel of the semi-norm ||v| = (v,v)2 and completing with respect
to the resulting norm. Now we will define the representation p* : Ces[X] — B(HX).

Let T € Cs[X]. This acts on Ces[X]OHY by T (S®v) = T'S®v and extending by linearity. To
show that this defines a bounded map on H¥X we need to show that there is a constant C' depending
on T such that ||Tw| < C -||w| for all w € Ce[X] ® HY. For this we can assume that 7" is an
operator in blocks, by Lemma 4.5.6. Then S = (|T||> = T*T)? is an element in Ces[X] and we have
for all w € Ces[X] © HY:

1T -[lw||* = | Twl|* = ((IT|* = T*T)w, w) = (Sw, Sw) = 0
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So | Twl|| <||T|| -|w]|, showing that the action of T' on Ces[X] ® HY defines a bounded linear map
pX(T) € B(HX). It is now easy to check that this defines a representation of Ces[X] on HX.
Finally, note that we have an injection HY < C.s[X]®H?Y sending v to 1 ®v. This respects the
sesquilinear form, so it induces an injection HY < HX. For a simple tensor T ® v € Cs[X] © HY
it is easy to check that A(T ®v) = AT ®v = 1 ® a(ATA)v, hence A(Cs[X] ® HY) = HY and
AHX =HY. Then it is also easy to check that the restriction of p* o 3 to AHX equals p¥ . O

Lemma 4.8.3. The map 3: Ces[Y] = ACcs[X]A extends to an isometry

B Crax(Y) = ACT . (X)A.

Proof. Let S € Cs[Y] and let (p¥,HY) be a representatlon such that [[S[|,... = [|e(S)]|. Now
HX = Cis[X]@HY is a representatlon of (CCS ] by Lemma 4 8 2. Moreover the restriction of
PX(B(S)) to B — AH oquals ¢ (), 50|55 = 0 BN 2 1 ()] =S .

Conversely, let (pX, HX) be a representatlon of Ces[X] such that || 3(S ||m(lx =|lp*(B(9))]|- We
have HX = AHX + (1 — )HX where HY = AHY is a representatlon of Ces[Y]. The restriction of
pX(B(S)) to HY equals p¥ (S) and the restriction of pX(3(9)) to (1 — A)HX equals zero, because
(5) € AC(X]A. So[S],0. > [0 ()] = 7> (3N = |3(S)]] .

Hence : C5[Y] — AC[X]A is an isometry for the maximal norms, and it extends to an
isometric embedding 8: Cf . (V) — Cf..(X). Its image is the closure of AC.[X]A, this is

ACE. (X)A. - 0

(X)Aker(®X)A = I.(X)A and B(I.(Y)) = AI.(X)A.
Proof. Recall that I.(X) = C;,..(X) ker(®%), so clearly C;:

* o (X)Aker(®X)A C I.(X)A. To show
the converse, it is enough to show that ker(®X)A C Cqs[X]Aker(®X)A. Let T € ker(®*)A. For
every v,y € Y the map WUyTin,I LQUy/ — LQUy does not change when it is composed with

Lemma 4.8.4. We have C*

max

in,Ain, : L2Uy/ — LQUy/, so it has rank at most 1. There is an integer IV, such that for every
y € Y there are at most N different y* € Y such that 7y, T v, # 0, because T has controlled
support. Therefore im(7") N L2U, has rank at most N. Write im(7) N L?U, = f1,C& - & fn,C
where the fy, are pairwise perpendicular elements of L?X (some of them may be zero). For all
1<k<Nandy€Y let By,: L?U, — L?U, be a rank-one isometry sending f,C to 1y, C (or let
By, =0 if fi, =0). Then B;yABky = By, Byy is the projection on fryC. Then Zgzl B;yABky
is the projection on im(7T) N L?U,. Now define By, = Zy By, This is a bounded operator with
controlled support so we have By, € Ces[X]. Moreover T'= 3" Zszl By, ABy, = Zszl B} ABT €
Ces[X]Aker(®X) A.

For the second claim note that for any S € C.[Y] we have ®Y (S) = 0 if and only if ®X(3(S))
0. Thus B(I.(Y)) = B(CF .. (Y) ker(®Y)) = ACH, (X)Aker(®X)A = AI(X)A.

max

o

Now we can prove Lemma 4.8.1.

Proof of Lemma 4.8.1. We will use the characterisation of geometric property (T) given in Propo-
sition 4.7.10.

Suppose that (X, ) has geometric property (T). Let p € C¥,.(X) be a projection generating
the left ideal I.(X). Since 1 — A € I.(X), it is a multiple of p, and from this it follows that

ApA is again a projection. Then we see that ApA € AI.(X)A and for all ¢t € AI.(X)A we have
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tApA =tA =t, so ApA generates AI.(X)A as a left ACY, (X)A-module. So, by Lemma 4.8.4 we
know that I.(Y") is generated by a projection, hence (Y, ) has geometric property (T).
Conversely, suppose that (Y, v) has geometric property (T). Let ¢ € C .. (Y) be a projection

generating the left ideal I.(Y'). By Lemma 4.8.4 we have 3(q) € AI.(X)A. In particular, 5(q)(1 —
A) =0, and from this it follows that S(q) + 1 — A is again a projection. We have

)(B(g) +1 - A)

max(
=Crax(X)B(q) + Chax (X)(1 — A)
_Cr;dx(X) ( )A+C;1ax( )(1_A)
I(X)A+ Cha (X)(1 = A)
:IC(X)
by Lemma 4.8.4, so (X, 1) has geometric property (T). O

Now we show that geometric property (T) is independent of the measure for uniformly locally
finite spaces.

Lemma 4.8.5. Let Y be a uniformly locally finite space and let v be a measure on Y such that
all points are measurable and have measure uniformly bounded from above and below. Denote the
counting measure on'Y by k. Then (Y,v) has property (T) if and only if (Y, k) has property (T).

Proof. Define N € L>(Y) by N(y) = v(y)2z. We will consider this as a multiplication operator in
Ces[Y]. Consider the linear map a: L*(Y,v) — L*(Y, k) given by a(n) = Nn. This is a unitary map
and it induces an isomorphism Cg[Y, k] — Cgs[Y, v] sending T to a*Ta. For any y € Y and large
enough V C Y, we have

@, (a"Ta)(y) = a’Ta(ly)(y) = N'TN(Ly)(y) = 8. (N~ TN)(y),

so ®,(a*Ta) = @, (NITN).

We now identify the algebras Ces[Y, 5] = CgslY,v] =2 Ces[Y], just remembering that @, (T) =
O, (NTITN). We get C:,.(Y,v) = C..(Y,r). Moreover we have ker(®,) = N ker(®, )N~ and
therefore I.(Y,v) = NI.(Y, &)N L. We see that I.(Y,v) is generated by a projection if and only if
I.(Y, k) is generated by a projection. By Proposition 4.7.10 we are done. O

Finally we prove that property (T) does not depend on the chosen measure and is also a coarse
invariant.

Theorem 4.A. Suppose (X, ) and (X', /) are coarsely equivalent spaces with bounded geometry,
equipped with uniformly bounded measures for which gordo sets exist. Then (X, ) has property
(T) if and only if (X', u") has property (T). In particular, whether X has property (T) is independent
of the chosen uniformly bounded measure p for which a gordo set exists.

Proof. Construct Y and Y’ as before. Then Y, X, X', Y’ are all coarsely equivalent. Since Y and
Y’ are coarsely equivalent there are coarsely dense Z C Y and Z’ C Y’ and a coarse isomorphism
f+Z — Z' (see Proposition 2.1.12). Taking the counting measure on Z and Z’, it is easy to see
that f induces an isomorphism between the algebras C.s[Z] and C.s[Z’] commuting with ®Z and
®Z' | so that Z has property (T) if and only if Z’ has property (T).

We can write Y as a bounded disjoint union J,., V. such that z € V. Define the measure A
on Z by A(z) = v(V,). Similarly define a measure X' on Z’. Now by Lemmas 4.8.1 and 4.8.5 the
following are equivalent:
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— The space (X, ) has property (T).

— The space (Y, v) has property (T).

— The space (Z, A) has property (T).

— The space Z has property (T) with the counting measure.
— The space Z' has property (T) with the counting measure
— The space (Z’, X’) has property (T).

— The space (Y',v') has property (T).

— The space (X', 1/) has property (T).

4.9 Amenability

In this section, we will consider which connected coarse spaces X have geometric property (T).
Recall that a coarse space X is connected if {(z,y)} is a controlled set for all z,y € X. As in [58],
it turns out that an unbounded connected coarse space X has geometric property (T) precisely if
it does not satisfy a version of amenability. First, we give two equivalent definitions of amenability
for connected coarse spaces. It is a generalisation of amenability for uniformly locally finite metric
spaces, as defined e.g. in [58].

Proposition 4.9.1. Let X be a connected coarse space and p a uniformly bounded measure for
which a gordo set exists. The following are equivalent:

(i) There is a positive unital linear map ¢: L>°X — C such that if (A;) is a blocking collection
and f € L®X satisfies fA,; f =0 for all i, and f is zero outside of the union | |, A;, then
o(f) = 0.

(#i) For each controlled measurable set E C X x X and each & > 0 there is a non-empty bounded
measurable U C X such that p(Ey) < (1+e)u(U).

In this case, we say that X is amenable.

Proof. First assume (ii). Define the directed set
A={(E,e) | E C X x X symmetric, measurable, controlled and containing the diagonal, £ > 0}

with (E,e) > (E',¢') if E D E' and € < ¢’. For each A = (E,e) € A, choose a measurable set
Ux C X such that u(Ey,) < (14¢)u(Uy). Define ¢y € (L®X)* by oa(f) = ﬁ fUA f. Then the
@ form a net in the unit ball of (L*°X)*. By the Banach-Alaoglu theorem there is a limit point .

We will now show that ¢ satisfies the condition. So let (A;) be a blocking collection and f €
L>X such that [ a, J =0 foralliand f is zero outside LJ; Ai. Let E be the symmetric measurable
controlled set L;A; x A; U{(z,z) | z € X}. Let A = (E',¢) with E/ D E. Since Ey, is a union
of some of the A; and points outside of | |; A;, we have fEU}\ f =10. Then p)(f) = ﬁ J"UA f=
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E Uy) .
— 5857 S 0, £ and oa ()] < BEP £l, < el £l This shows that oa(f) — 0 as A — oo,

w(Ux)
hence ¢(f) = 0.

Conversely, assume (i). Let ¢: L>°X — C be a positive unital linear map satisfying the con-
dition. Let E be a gordo set and assume for contradiction that there is € > 0 such that for all
bounded measurable U C X we have pu(Ey) > (1 +&)u(U). Let (A;) be a blocking collection with
union X, such that each A; has measure at least ¢’ > 0. We may assume without loss of generality
that £ = {A; x A; | (A; x A;) N E # (}. Because of bounded geometry, we can use a colouring
argument to find involutions o1, ...,0n on the index set I such that Fa, = A, ;5 U---UA, ;) for
alli e I. For 1 <k < N let By, = | ]; Ai X Ag,(s)- Note that AFx can be viewed as an operator on

L' and also as an operator on L>®X. For any f € L>®X we have fA_UA o APk f =0 for all 4, so
T O‘k: k2

by the condition on ¢ we have p(APx f) = 0. Equivalently, (AFx)*p = 0.

Let P(X) C L'X denote the positive measurable functions on X with integral 1. We can view
L'X as a subset of (L°°X)* using the standard pairing between L'X and L>°X. By the Goldstine
theorem, ¢ is in the weak closure of P(X). Note that (AF*)* is a weakly continuous function on
(L>*X)* and on L'X it is the same as AF¥. Therefore, 0 is in the weak closure of the convex set

N
{(AP) | e P(X)} € P L

k=1

Since norm-closed convex sets are also weakly closed, it follows that 0 is also in the norm closure of
this set. So we can choose ¢ € P(X) such that all AF*1) are small in the L'-norm. In particular,
we can choose ¢ € P(X) such that >, M; <, where M; = sup,, ‘[Ai |AEx)| and we will choose
the constant n > 0 later.

Let § = Tlée < 1. For n € Z define U, = | [{A; | fAiw > 0"u(A;)}. Since [y = 1,
the U, have bounded measure, they consist of finitely many of the A; and they are bounded.
Moreover, U, = @ for n small enough. By assumption, we have pu(Ey, ) > (1 + ¢)u(U,) for each

n. For each i, define n; as the minimal number such that A; C EUw and N; as the maximal
number such that A; € Uy, (these may be oo). Then [, ¢ < 6"iu(A;), and there is k such that

Sy ¥ 2 0" 1l Agi(p)- Now
O'k(Z d) /

Miz/AimEkw:/

> /(6™ — 6N,

A;

Uk(l)
Define
Dn:EUn\UnJrl:'_l{Ai|ni§n§Ni—1}.
Then
n n n; N; 1 Ui
2" (Dn) = 3 A 25‘1_52“ 0™ =) < (g M S gy

For all n we have
(1+e)uUy) < p(Ev,) < p(Unt1) + p(Dn).
Multiplying this inequality by 6™ on both sides and adding it for all n we get

(1+e)) 6"u(Un,) < % > 6" u(Un) +> 6" (D
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SO

1
(1+e-5) ;anu(Un) < ﬁ

S 6" (U, < %

and

n

On the other hand, we have

1
t=fo=3 [ S S ) - i) = (5~ ) ()

n

Combining these inequalities gives 1 < 6255/' Picking n = ‘%TEI gives the desired contradiction. [

The following proposition is a generalisation of [58, Proposition 6.1]. It gives several character-
isations of amenability of a coarse space X in terms of its algebra.

Proposition 4.9.2. Let X be a connected coarse space and p a uniformly bounded measure for
which a gordo set exists. The following are equivalent:

(i) The space X is amenable.

(ii) There is a net £ of unit vectors in L*X satisfying HT{A - M(I)(T)é-)\H — 0 for all T € Cg[X]
for which ®(T) is bounded.

(i1i) For all T € Ces[X] with ®(T) =0, we have 0 € o(T).
(iv) For all gordo sets E, we have 0 € Typax(AF).

(v) There is a unital representation H of Ccs[X] that has a non-zero constant vector.

(vi) There is a positive unital linear map p: L®X — C satisfying o(Tf) = o(®(T*) - f) for all
T € Ces[X] for which o(T*) is bounded.

Proof. First, assume that X is amenable. We will use criterion (ii) from Proposition 4.9.1. As in
the proof of Proposition 4.9.1, define the directed set

A={(FE,e) | EC X x X gordo,e > 0}

with (E,e) > (E',¢') if E D E’ and € < ¢’. For each A = (E,¢) € A, choose a bounded measurable

subset Uy C X such that u((E o E)y,) < (14 &)u(Uy). Define £, = u(Uy)~ 21y, . This is a unit
vector in L2X.

Let T € Ces[X] such that ®(T) is bounded. We will show that H:PgA - Mé(T)gAH 0. We

can assume without loss of generality that ®(7) = 0. Let T be supported on E, let £/ O E
and € > 0. Then for A = (E’,¢), the function &, is constant on Ex\y,, so T¢, is supported on
Ey, . Since T]l(EoE)UX is zero on Ey, , we know that 1€ is the restriction to Ey, of =Ty, where

= M(UA)_%H(EOE)U/\\UA- Now

_1

1 1 1
ITEXN < Toall <ITI - llnall =T w(Ux) "2 p((E 0 E)u, \Ux)? <|[T -2,
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so indeed T¢y — 0.
The implications (ii) = (iii) = (iv) are trivial.
Suppose (iv) is true. Let A be the set

{(E,e) | E C X x X measurable controlled, e > 0}.

We equip this with the partial order (F,e) > (E’,¢’) if E D E’ and ¢ < &’. Then A is a directed
set. Let U be an ultrafilter on P(A) containing {A\ > A} for each A € A. By assumption, for
every A = (E, ) € A there is a representation Hy of C.s[X] and a unit vector vy € H, satisfying
HAEU,\H < ¢. Note that for M > )\ we also have HAEU,\/ < e. Now let H = [ cp Ha/U be the
ultraproduct of the H, and let v = limy; vy € H. Then v is a unit vector and for each measurable
controlled set £ we have AFv = limy AFvy = 0. By Lemma 4.7.4, v is a constant vector, showing
(iv) = (v).

For (v) = (vi), let v € H be a constant vector of norm 1 and define ¢: L*X — C by
o(f) = (Myv,v). Then ¢ is a positive unital linear map and for all f € L>*X and T € C[X] such
that ®(7*) is bounded, we have

o(T'f) = (Ma(rr;)v,v) = (TMyv,v) = (Myv, Mor+)v) = (Mw.ﬂv@ = o((T%) - f).

Finally, for (vi) = (i), let ¢: L>X — C be a positive unital linear map satisfying ¢(Tf) =
©(®(T*) - f) for all T € C.[X] such that ®(T*) is bounded. Let (A;) be a blocking collection and
E=|],A; x A;. Let f € L>X be a function such that fAi f =0 for all 4, and f is zero outside of
Ll; Ai. Then AP f = f and (AF) =0, so p(f) = p(AF f) = 0. Therefore, X is amenable (using
part (i) of Proposition 4.9.1).

O

Remark 4.9.3. If E’ is as in proposition 4.7.9, the properties in Theorem 4.9.2 are also equivalent
to 0 € omax(AF).

Now we can give the generalisation of [58, Corollary 6.1].

Theorem 4.B. Let X be a connected coarse space and let u be a uniformly bounded measure for
which a gordo set exists. If X is bounded, then it is amenable and has geometric property (T). If
X is unbounded, it has geometric property (T) if and only if it is not amenable.

Proof. If X is bounded, we have already shown that it has geometric property (T), and it is
amenable because 1x € L2X is a constant vector in the standard representation.

Suppose that X is unbounded and not amenable. Then there is a gordo set E such that
0 € omax(AF). Then for all representations (p,H) of Ces[X] we have ker(p(AF)) = H,. = 0 and
AP has spectral gap. By proposition 4.7.6 the space X has geometric property (T).

Suppose that X is unbounded, has geometric property (T) and is amenable. By Proposition
4.7.6 there is a measurable controlled set E such that for all representations (p, H) of C.s[X], we
have H. = ker(p(AF)), and AP has spectral gap. Since X is amenable, we have 0 € o(A¥), but
then 0 is an isolated point in the spectrum of A¥ € B(L?X). So there is a non-zero ¢ € ker(AF),
which is then a constant vector. Since ¢ € L2X and X is unbounded, ¢ can not be constant as a
function. So there are measurable sets A, B C X of positive measure such that the convex hulls of
&(A) and &(B) are disjoint. If we intersect A with all of the members of a blocking collection, one of
the intersections must have positive measure, since blocking collections are countable. Therefore,
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we can assume that A is bounded, and similarly, that B is bounded. Since X is connected, AU B
is also bounded. Let 7" € Cc5[X] be the operator defined by

1 1 . .
0 otherwise.

Then ®(T') = 0 but T¢ # 0, hence £ is not a constant vector and we have a contradiction. O

Corollary 4.9.4. Amenability for connected coarse spaces of bounded geometry does not depend
on the measure chosen and is a coarse invariant.

Proof. This follows from Theorem 4.A and Theorem 4.B. It is also straightforward to show it
directly, using criterion (ii) of Proposition 4.9.1. O

4.10 Manifolds

Let (M, g) be an n-dimensional complete Riemannian manifold, not necessarily connected. Consider
the geodesic distance d and volume p. The metric d defines a coarse structure on M, where
E C M x M is controlled if sup(, ,yep d(z,y) < oo. For any R > 0 let Er be the controlled set
{(z,y) € M x M | d(z,y) < R}. Let B(z,R) = (ER), denote the ball of radius R around a point
x € M. In [20], it is defined that M has bounded geometry if the injectivity radius is positive, and
the Ricci curvature is bounded below (by a possibly negative constant). In this section, we assume
that this is the case.

By Bishop’s inequality (see [17, Theorem 3.101.i]) there are constants B, B’ > 0 such that
w(B(z, R)) < Bexp(B'R) for every x € M and R > 0. Hence, the measure p is uniformly bounded.
There are also R, A > 0 such that u(B(z,R)) > A for all x € M, by [9, Proposition 14] (the
Proposition is stated for compact manifolds, but the proof works just as well in the non-compact
case if the injectivity radius is positive). In particular, the controlled set Eg is gordo, so we can
conclude that the manifold M has bounded geometry as a coarse space.

Let Aps be the (positive) Laplacian operator on M and let Ay = 1 — exp(—Ajs). Since the
spectrum of A,y is contained in [0, oo], the spectrum of Ay is contained in [0, 1]. In particular, Ay
is a bounded operator. We can write

Auf(x) = f(z) - / P, 9) () du(y)

M

where p(x,y) is the heat kernel on M. We need some estimates on this function.

Lemma 4.10.1. (i) There are constants ¢, R > 0 such that p(z,y) > ¢ whenever d(x,y) < R.
(1) The manifold is stochastically complete: for every x € M we have [, p(z,y)du(y) = 1.
(i1i) For every e > 0 there is an R such that fB(I,R)p(m,y)du(y) >1—c forallz e M.

Proof. (i) This follows from [20, Equation 7.43].

(ii) This follows from [20, Theorem 3.4] and the bound on p(B(z, R)) given above.
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(iii) The conditions of [20, Equation 6.40] are met, so there are constants C, D > 0 such that

—d(ﬂf, y)2
< -~ g7
p(z,y) < Cexp < D
for all x,y € M. Now for any x € M and R > 0 we have
7d(1‘, y)2
p(z,y)du(y) < C exp | — 5= | duly)
M\B(z,R) M\B(z,R)
[ee] 2 2
C ; ETeXp (DT> Vi (x)dr

2BC % —r?
< " exp (T ) dr.

IA

=D Ju D

As this last integral converges, we know that for every £ > 0 there is an R > 0 such that

fM\B(%R) p(z,y)du(y) < e. Then by part (ii) we get meva(a?,y)d,u(y) >1—cforallz e M.
O

Lemma 4.10.2. We have Ag € C*

max

(M).
Proof. For any R > 0 let Agr € Ces[M] be the operator defined by

Anrf(x) = / P, y) (F() — F)duly).

B(z,R)

Then for R’ > R we have

(D — Ann)f(x) = / D) (F(@) — F(y))duly).

B(z,R')\B(z,R)
For large enough R we have fM\B(IR) p(x,y)du(y) < e. Then we have

(Agr — Aug)§, &) = !

/ Pl y)[€(x) — £ P x ), y) < 26[€].
2 J{(@y)eM2|R<d(z,y) <R’}

So
0 Smax AHR’ - AHR Smax 2e.

Therefore the Ay g form a Cauchy sequence in Ces[M] with the maximal norm, and they converge
to A H- O

For any R > 0 let Agr = AP®. We will use the estimates of the heat kernel from Lemma 4.10.1
to prove estimates on Ay in terms of the Ag.

Lemma 4.10.3. We have the following estimates on Ap:

(i) There are constants ¢, R > 0 such that Ay >pax ¢AR.
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(ii) For every e > 0 there are constants d, R > 0 such that Ag <max € + dAR.

Proof. (i) Take the same constants ¢, R as in Lemma 4.10.1 part (i). Then

(Bn = cA)f@) = [ ale)(f@) = Fw)inm).
where a(z,y) = p(z,y) if d(z,y) > R and a(x,y) = p(z,y) — ¢ if d(x,y) < R. Since o > 0
everywhere we have Ay > cARg.

(ii) Let Aggr be as in the proof of Lemma 4.10.2. There is a large enough R such that Ay <jax
€ + Agg. The function p(x,y) is bounded from above by some constant d, and then we get
Appr <max dAg.

O

For any representation H of C%_. (M), we can consider the unbounded symmetric operator
Ay = —log(l — Ap) on H. We say that Aps has spectral gap if there is a constant v > 0 such
that the spectrum of this operator is contained in {0} U [y, 00) for each representation H.

Theorem 4.C. Let (M,g) be a Riemannian manifold of bounded geometry equipped with the
coarse structure coming from the geodesic metric. Then M has geometric property (T) if and only
if the Laplacian A, has spectral gap in C . (M).

max

Proof. For any R > 0, the controlled set Er generates the coarse structure on M and is gordo. So
we can apply Proposition 4.7.9 to see that M has geometric property (T) if and only if Ag has
spectral gap. Clearly, Ay has spectral gap if and only if Ay, has spectral gap. For the remainder
of the proof, we use the estimates of Lemma 4.10.3.

Suppose that M has geometric property (T). By Lemma 4.10.1 part (i), there are constants
¢, R > 0 such that Ay > cAgr. Now Ag has spectral gap, and so does Ay, and also Ajy.

Suppose that Ay has spectral gap. There is € > 0 such that opmax(Ag) C {0} U [2¢,00). By
Lemma 4.10.1 part (ii) there are b, R > 0 such that Ay < e+ bAg. Then Ag has spectral gap, so
M has geometric property (T). O

4.11 Warped systems

Let T be a finitely generated group with finite generating set S. Let (M, g) be a compact Riemannian
manifold. Let d be the distance function on M and p the measure on M defined by the metric
g. Let a: T~ M be an action by diffeomorphisms. Let CM = M x {1,2,...} be the discrete
cone. This is equipped with the Riemannian metric g¢ that is ¢t - g on My = M x {t}. Let dc be
the corresponding distance function, given by de(z,y) =t - d(z,y) when z,y € My = M x {t} and
de(z,y) = oo if z,y are in different M;. Now define the warped system Warp(T' ~ M) as the space
CM equipped with the largest metric dp for which ér(x,y) < de(z,y) and or(z,s-x) < 1 for all
seTl and z,y € CM. We will consider Warp(I' ~ M) as a coarse space.

In [53], it is shown that that X = Warp(I' ~ M) does not depend on the generating set of I as
a coarse space. It is also coarsely equivalent to the coarse disjoint union | |,., M x {t} of subspaces
of the warped cone as introduced by Roe in [45] (see [53, Lemma 6.5]).

Let u be the measure on X defined through the Riemannian metric g¢. Since the manifold M
is compact, the injectivity radius is positive and the Ricci curvature is bounded below. It follows as
in the previous section that Fr = {(x,y) € X x X | d¢(x,y) < R} is gordo for any R > 0, and that
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its balls are uniformly bounded. By Lemma 4.11.7 below, it follows that p is uniformly bounded.
In particular, X has bounded geometry.

Let Apr = ) g1 —s € C[[']. This can also be viewed as an element in Cc[X]. In [53], it is
shown that a uniformly locally finite, coarsely dense subspace of X is a family of expanders if and
only if there is a constant v > 0 such that (Ar&, &) > 'y||§||2 for all £ € L2M with fM &dp =0. We
want to consider when these graphs have geometric property (T), or equivalently by Theorem 4.A,
when X has geometric property (T).

Definition 4.11.1. Let T" be a group and (M, u) a measure space. Let a: I' ~ M be a measurable
action. The action is called ergodic if the only measurable I'-invariant subsets of M are the empty
set and M itself.

If T has property (T) and the action on M is ergodic, we might expect the warped system X
to have geometric property (T). At the moment, this is an open question.

Question 4.11.2. Suppose I' has property (T) and the action a: T' ~ M is ergodic. Does X have
geometric property (T)?

The measure-preserving action of I on M gives a map I' — U(L%X) given by g-&(z) = £(g™ )

for g € ', € L2X. The image is contained in C,[X]. Then the map I' — C.[X] gives rise
to a map C[I'] — C.[X]. Now every representation of C¢s[X] pulls back to a representation of
C[I'], therefore the map C[I'] — Cs[X] is contracting for the maximal norms. So it induces a map
Crox () = Ck (X). If T has property (T), then we know that Ar has spectral gap in C}_ (T").
So the image of Ar also has spectral gap in C} . (X). If ker(p(A)) = H, for any representation
(p,H) of Ccs[X], then we can conclude that X has property (T) by Proposition 4.7.6. We can prove
the following partial result.

Lemma 4.11.3. Suppose that T has property (T) and the action a: T ~ M is ergodic. Let H be a
representation of Ces[X], and v € H such that Arv = 0. For any f € L®X such that th fdp=0
for allt € N, we have (Myv,v) = 0.

Proof. We can assume without loss of generality that v is a unit vector.

The composition I' % Ces[X] £ B(H) gives an action of T' on #, still denoted by . For any
s € S, we have||(1 — ozs)v||2 =((1-a)(1—as)v,v) =((2—as—ak)v,v). Since 2 —ay —ak < Ap
it follows that (1 — as)v = 0. So v is I'-invariant.

Now define ¢ € (L>*X)* by ¢(f) = (Myv,v). Note that ¢ is a mean on L>X. Moreover, ¢ is
I-invariant: for any g € I, f € L X we have

plagf) = (Ma, jv,v) = {agMragu) = (Myv,v) = ¢(f).

Let P(X) ={¢ € L'X | ¢ >0, [ tpdu = 1}. By the Goldstine theorem, ¢ is in the weak closure
of P(X). Let f € L>°X such that th fdp =0 for all t € N. Let € > 0. Then 0 is in the weak
closure of the convex set

(1—a)p) € Y L'X |9 € P(X),[¢(f) —o(f) < e
seS
Since norm-closed convex sets are also weakly closed, 0 is also in the norm closure of the set above.

Hence there is ¢ € P(X) with [¢(f) — ¢(f)| < € and ||(1 — as)¢||, < e for all s € S. Now let
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&= ¢% € L?X. This is a unit vector satisfying

11— el = /X (E(s - z) — £(2))?dp(z) < /X (s 2)? = £(2)?] =|(1 — )|, <&

for all s € S. Then ||Arg|l, < e2|S|. Let & € L2X be the locally constant function defined by
() = ﬁfxt{ for x € X;. There is v > 0 such that o(Ar) C {0} U [y,00). Now & — &
is perpendicular to the locally constant functions, and the locally constant functions are the only
I-invariant functions in L2X, since the action of T' is ergodic. From ||Ar(¢ — &)||, < 2|9 it now

follows that H(f — &) Hz <y7let |5 Now

I

(NI <)l + €

‘/5 dp(x)

\ [ (€0 - &) @)iuta +2\ [ 60~ et wute)| +

<y72%lSP I flloe + 772 1S] 1 fllo +

+e€

Since this holds for any € > 0, we conclude that ¢(f) = 0. O

Remark 4.11.4. In the above, we only used that o(Ar) € {0} U [y,00) instead of the stronger
condition omax(Ar) € {0} U [y, 00).

Remark 4.11.5. To see why the Lemma is progress to the Question, consider that we have to prove
that every v € ker(p(Ar)) is constant. For this we can assume that v € H}, and try to show that
it is in fact 0. Now from the Lemma it follows that in this case, we have v € (p(L>*°X)H.)*, in
other words, v is a vector that is in some way quite far from being constant.

To see this, consider f € L>*X and w € H.. We can write f = f. + ¢g with f. constant on each
component of X and th gdp = 0 for all g. For all t € C we have v + tw € ker(p(Ar)), so by the
Lemma, we have (Mg (v + tw),v + tw) = 0. Using some different values of ¢ gives (v, Myw) = 0.
Also (v, My, w) = 0 since My, w is a constant vector. So (v, Mfw) = 0.

The converse is also an open question.

Question 4.11.6. Suppose the action « is free and X has geometric property (T). Is it necessary
that T has property (T) and that the action is ergodic?

We have some partial results on this question. Before we state them, we give some preliminary
results.

Lemma 4.11.7. For R > 0 and g € T’ define the controlled sets Er = {(z,y) € X | or(z,y) <
R}, E,={(g-z,xz) |z € X} and Fr = {(z,y) € X | dc(x,y) < R}. For any R > 0 there is R’ >0
such that Er C U, cgir) Frr o Ey.

Proof. For any s € S the map M — M, x — s-z is Lipschitz. So there is a constant L > 0 such that
de(s-x,8-y) < L-de(z,y). Let R" = LER. For any (y,z) € ERg, there are o = 2, 21,...,7, € X
and yo,y1,--.,Yn =y € X and s1, S2,...,8, € S such that sgyr_1 =z for k=1,2,...,n and

n+de(wo,yo) + ... +de(wn, yn) < R.
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It follows by induction that
de(sk -+ 82 8120, yk) < LFde(z0,90) + ... + Ldc(zr—1, Yr—1) + de(zr, yr)-
In particular
de(g - ,y) < L™de(x0,y0) + - .. + Ldc(Tp—1,Yn—1) + dc(2p, yn) < LFR = R’

for g = 8,82+ 51. Now (g-z,2) € E; and (y,g- x) € Fp so (y,z) € Fr o E,. Since g € SLF
this shows that
U FroE,.
gEeSLE]

Note that I = @,y B(L?X) is a two-sided ideal in Ces[X].

Lemma 4.11.8. Suppose that the action « is free. Then Ces[X]/I is naturally isomorphic to the
algebraic cross product Ces[CM]/I x T'.

Proof. The natural map Ces[CM] x I' — Ce5[X] descends to Ces[CM]/I x T — Ces[X]/1.

To show that it is surjective, let T' € C.s[X]. Then T is supported on Eg for some integer R > 0.
By Lemma 4.11.7, there is R’ > 0 such that Er C UgesR FrE,;. We can use this decomposition
to write 7' as a finite sum T' = 37 Aga,, with Ag € Co[CM] showing that the map is indeed
surjective.

For injectivity, suppose that deB Agag € I, with B C T finite and Ay € Co[CM]. Then we
will show that A, € I for all g € B. We may as well assume that ) 9B Agay = 0. Since the action
is free and by homeomorphlsms for any g € I we have min,eps d(g-x,z) > 0. There is some R > 0
such that all A, are supported on Fr. Now let T = 2R For any g € B

mingxpep Mingen d(gh=1-z,x)°
we know that Ajoy is supported on FrE,. We also have Ajay = — ZhGB\{g} Apan, so Agay is

supported on FrE4 N UheB\{g} FrE}. Suppose that (z,y) € FrE; N FrE),. Then de(z,9-y) < R
and de(x,h-y) < R,sodc(g-y,h-y) < 2R. For some t we have x,y € X; and then d¢(g-y,h-y) >
t-min,epr d(gh™t - 2,2) > 2?1?1_ So t < T. Hence we have FrE, N FrE}, C ;<7 Xt x X¢, and
FrE, ﬂUheB\{g} FrE;, C Uth X x Xy. So Agay, is supported on Uth X; x X;, and we conclude
that Ay € @,cy B(L2X,). O

Lemma 4.11.9. Suppose the action « is free. Then the natural map Ck . (T') — Cx . (X) is an
imjection.
Proof. The proof is similar to the proof of [58, Lemma 7.1]. Let I denote the closure of I in C% . (X).

The previous lemma gives Ces[X]/I = Cs[CM]/I x T, hence Cf . (X)/T = C o (CM) /T Xipax T
Now it suffices to prove that the composition

O:;lax( ) - C;ax( ) - C;;lax( )/T = max(CM)/I X max F
is injective.
For any t € N define the map ¢;: Cs[CM] — C by ¢(T) = #(X 705y (Ix,, Tlx,). This extends

to a positive unital map ¢;: C¥, (CM) — C. Let ¢ be a limit point of these maps. Then

max

o: Cr. (CM)/T — Cis a ucp map. Since maximal crossed products are functorial for ucp maps, this
glves amap Cr. (CM)/I Xpmax I' = Cf L (T). Now the composition C% . (T') — CJ . (CM) /T Xmax
I' = Cf () is the identity, so the first map is an injection. O
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* (X)) if and only if T has
property (T). So if I" does not have property (T), for any € > 0, there is some representation (p, H)
and a unit vector v € H with ||Arv|| < e. Suppose that ||[Agv|| < 1 for some 0 < R < 1. Then
one can show that |Agv|| — 0 as R — 0. Let u: L?X — L2X be given by u(¢)(z,t) = &(z, 2t).
Precomposing the representation p by the map 7: Ces[X]| — Ces[X], 7(T) = wTw* multiple times
gives vectors vy = v,v1, ... such that ||Apv,|| < & and ||Agvy,|| < . In this case it follows that X
does not have geometric property (T). A similar strategy would work for non-ergodic actions. The
main obstacle is, that there may be vectors v for which |Agv|| =1 for all 0 < R < 1.

As a result, we get that for free actions, Ar has spectral gap in C
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5 Fixed point properties for bornological groups

This chapter is based on the preprint [51], which is joint work with Romain Tessera. Large parts
of it are reproduced verbatim.

Chapter summary

We investigate fixed point properties for isometric actions of topological groups on a wide
class of metric spaces, with a particular emphasis on Hilbert spaces. Instead of requiring the
action to be continuous, we assume that it is “controlled”, i.e. compatible with respect to
some natural left-invariant coarse structure. For locally compact groups, we prove that these
coarse fixed point properties are equivalent to the usual ones, defined for continuous actions.
We deduce generalisations of two results of Gromov originally stated for discrete groups. For
Polish groups with bounded geometry (in the sense of Rosendal), we prove a version of Serre’s
theorem on the stability of coarse property FH under central extensions. As an application we
prove that the group Homeog (R) has property FH. Finally, we characterise geometric property
(T) for sequences of finite Cayley graphs in terms of coarse property FH of a certain group.

5.1 Introduction and main results

In this chapter we investigate rigidity properties of bornological groups (see Section 2.1.3). There
is a natural notion of controlled isometric action of a bornological group on a metric space (see
Definition 5.1.2). Given a class X' of metric spaces, we say that a bornological group G has coarse
property FX if every controlled action of G on a space from X admits a fixed point. For a topological
group G (which we always assume to be Hausdorff), we shall say that G has topological property
FX if every continuous isometric action of G on any space in X has a fixed point.

We shall work with metric spaces satisfying a certain convexity property: wuniformly convex
metric spaces (see Definition 5.2.1). This is motivated by the fact that such spaces admit a natural
notion of centre for bounded sets (see Lemma 5.2.2). This class encompasses a wide family of
complete geodesic metric spaces such as uniformly convex (real) Banach spaces (in particular LP-
spaces for 1 < p < co) and CAT(0) spaces. We recall that by the Mazur-Ulam theorem, isometric
actions on Banach spaces are affine.

This introduction is organised as follows.

— First, in §5.1.1, we introduce the bornology OB associated to a topological group (G, 7). We
also define a coarse version of Kazhdan’s property (T), and we state the relevant version of
the Delorme-Guichardet theorem relating coarse property (T) and coarse property FH.

— In §5.1.2, we state our main result regarding locally compact groups, which roughly says that
topological and coarse fixed point properties coincide. We use it to extend two theorems, that
were originally proved by Gromov for discrete groups, to locally compact groups.

— In §5.1.3, we consider bornological groups with bounded geometry. Besides locally compact
groups this class contains interesting examples of Polish groups studied by Rosendal [46]. We
prove an analogue of Serre’s theorem on the stability of property (T) under central exten-
sions for bornological groups with bounded geometry. We apply this to prove that certain
Polish groups which are quasi-isometric to Z, such as Homeo% (R), have coarse (and therefore

topological) property FH.
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— In §5.1.4, we consider a topological group naturally associated to a sequence of Cayley graphs
of finite groups. We show that topological and coarse property (T) of this group encode
expansion and geometric property (T) (in the sense of Willett and Yu) respectively.

5.1.1 Bornological groups

Recall from Example 2.1.16 that any topological group (G, 7) has an associated pre-compact bornol-
ogy K, consisting of all pre-compact subsets of G. There is another natural bornology on G.

Definition 5.1.1. (i) Let o : G~ X be an isometric action of a group G on a metric space X.
Then B, consisting of all subsets A such that o(A) - x has finite diameter for all x € X is a
bornology.

(ii) Let (G, 7) be a topological group. We can also make it a bornological group with the bornology
OB = N,B,, where o runs over all continuous isometric actions on metric spaces.

This bornology has been introduced in [46] (see Definition 5.3.3 for more details). For sigma-
compact locally compact groups, K = OB.

Definition 5.1.2. Let (G, B) be a bornological group. An isometric action o : G~ X is called
controlled if B C B,, i.e. for A € B, o(A) has bounded orbits. A bornological group has coarse
property FX if all its controlled isometric actions on X have a fixed point.

Note that a norm-preserving representation on a Banach space is automatically controlled (since
orbits are obviously bounded).

We now proceed to define a convenient notion of property (T) for bornological groups. We
recall that all unitary representations are controlled, so we will not impose any restriction on them.
However, we need to specify the meaning of “almost” invariant vectors. For simplicity, we focus on
Hilbert spaces in the introduction (see Definition 5.3.11 for a more general treatment).

Definition 5.1.3. Let G be a bornological group. A representation 7: G — U(H) has almost
imwvariant vectors if for each € > 0 and bounded A C G, there is a unit vector v € H such that
supaeAHﬂ'(a)v - UH <e.

Definition 5.1.4. A bornological group G has coarse property (T) if every representation with
almost invariant vectors has an invariant vector.

Adapting the proof of Delorme and Guichardet’s famous theorem, we prove that coarse property
(T) implies coarse property FH, and the converse is true if the bornology is generated by a single
bounded set (see Theorem 5.5.1).

5.1.2 The case of locally compact groups

The following result says that under a mild assumption, when studying isometric actions of topo-
logical groups on uniformly convex metric spaces, one can restrict to continuous ones.

Proposition 5.1.5 (see §5.3.1). Let G be a topological group and let U be an open neighbourhood
of the identity. Let X be a uniformly convex metric space. Let a: G ~ X be an isometric action.
Let ¢ > 0 and suppose there is x € X such that d(a(g)x,z) < ¢ for all g € U. Then there isy € X
with d(x,y) < 2¢, such that the restriction of a to the closed convex hull of a(G)y is continuous.
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If X is a Banach space, then the closed convex hull of a(G)y can be replaced by the closed
vector subspace spanned by «a(G)y in the proposition. We refer to the discussion in §5.7 for a
cohomological interpretation of Proposition 5.1.5 in the case where X is a Banach space.

We give two different proofs of this result, both based on certain notions of centres (see §5.2).
One of them only applies to actions of locally compact groups on uniformly convex Banach spaces.
However, this one exploits a new notion of centre of a finitely additive measure, which we believe
could be useful for future applications.

Proposition 5.1.5 has the following consequence, formulated in terms of bornological groups.

Theorem 5.A (See Corollary 5.3.14). Let X be a uniformly convex metric space. Equipped with
the precompact bornology, a locally compact group G has topological property FX if and only if it
has coarse property FX.

Note that coarse property FX is obviously stronger than topological property FX, hence The-
orem 5.A is really about the other implication. Similar statements can be derived for properties
defined in terms of norm-preserving representations (see Corollary 5.3.13).

We now present two consequences, which are new in general for locally compact groups, but
are due to Gromov [21, 3.8.B] for discrete groups. Before stating them, we will make the following
standing assumption on a family X of metric spaces:

(*) They must consist of uniformly convex spaces and be stable under the following natural op-
erations: ultraproducts; rescaling of the metric; taking closed geodesically convex subspaces (resp.
closed vector subspaces when working with Banach spaces).

The main examples one can have in mind are the following classes:

(i) the class of Hilbert spaces;
(ii) the class of closed subspaces of LP-spaces, for a fixed 1 < p < oc;

(iii) more generally: any class of uniformly convex Banach spaces which is stable under ultraprod-
ucts;

(iv) the class of CAT(0) spaces;
(v) the class of R-trees.

Theorem 5.B (See Theorem 5.4.12). Let X be a family of uniformly convex metric spaces, closed
under taking rescaled ultraproducts and closed under taking closed convex subspaces. Let G be
a compactly generated locally compact group such that every continuous isometric action on an
element of X has almost fixed points. Then G has property FX.

This theorem was proved by Shalom [48, Theorem 6.1] for isometric actions of locally compact
groups on Hilbert spaces (Shalom states it in terms of reduced cohomology).

Theorem 5.C (See Theorem 5.4.15). Let X be a family of uniformly convex metric spaces, closed
under taking rescaled ultraproducts and closed under taking closed convex subspaces. Let G be
a compactly generated locally compact group with property FAX. Then there exists a compactly
presented locally compact group G’ with property FX, and a continuous surjective homomorphism
G’ — G with discrete kernel.

Two remarks are in order:
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— Theorems 5.B and 5.C have natural versions for bornological groups: see Corollary 5.4.5 and
Theorem 5.4.7.

— Theorem 5.C is a special case of a more general result saying that property FX' is open in the
relevant marked group topology for locally compact compactly generated groups (see Theorem
5.4.13).

As a special case, we recover the following known result.

Corollary 5.1.6. Let G be a locally compact group with property (T). Then there exists a compactly
presented locally compact group G' with property (T), and a continuous surjective homomorphism
G' — G with discrete kernel.

Corollary 5.1.6 has been proved by Shalom [48, Theorem 6.7] for discrete groups. It has later
been proved by Fisher and Margulis for locally compact groups [15, Theorem 2.4.]. Recently, de la
Salle proved a version of Theorem 5.C for isometric actions of locally compact groups on certain
families of Banach spaces [47, Corollary 5.13.]. Like ours, the previous proofs are based on an
ultralimit argument. A difficulty comes from the fact that when defined naively, an ultralimit of
isometric actions may not be continuous. However, it remains easy to ensure that orbits of compact
sets are bounded, so in our case, we simply can apply Theorem 5.A to replace it by a continuous
one. The main interest of our proof is that it applies to isometric actions on non-linear geodesic
metric spaces.

5.1.3 Bornological groups with bounded geometry

We now consider a property of bornological groups which can be seen a coarse analogue of being
locally compact for topological groups.

Definition 5.1.7. A bornological group G has bounded geometry if there is a bounded set C such
that all bounded sets A can be covered by finitely many left translates of C. Such a C is called
gordo if it is also symmetric.

Remark 5.1.8. It is easy to see that G has bounded geometry precisely if it has bounded geometry
as a coarse space with the induced left-invariant coarse structure (cf. Definition 4.3.3).

Remark 5.1.9. If C is gordo, then all bounded sets A can also be covered by finitely many right
translates of C, for if A= C g;C' U---U g, C then A C C’_lgl_1 U---uU C"lg,;l.

Remark 5.1.10. If a bornological group G is such that its bornology is generated by a bounded set
S, then its bounded structure coincides with B, where o is the action of G on its Cayley graph
Cay(G,S). In other words, its coarse structure is the one associated with the left-invariant word
metric associated to S. Moreover G has bounded geometry if and only if S™ is contained in a union
of finitely many left-translates of S for all n > 1.

Equipped with the bornology /C, a locally compact group has bounded geometry: a gordo set is
given by any symmetric compact neighbourhood of the identity. More generally, any subgroup H of
a locally compact group G, equipped with the induced bornology from G, has bounded geometry.

A more interesting source of examples are Polish groups with bounded geometry in the sense of
Rosendal [46, Chapter 5]. Lots of explicit examples can be obtained from [38, Theorem 3], and we
will see one of them shortly.
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Recall that by a well-known theorem of Serre, if we have short exact sequence of locally compact
groups
1-C—-G—=>Q—1,

such that @ has (T), and C is central and contained in [G, G|, then G has (T) [5, Theorem 1.7.11].
A more general version of this result holds for property FE where £ is any class of uniformly convex
Banach space which is stable under ultraproduct [11, Theorem 6.3.]. We do not know whether [11,
Theorem 6.3.] holds for all bornological groups. However, we are able to prove a version of Serre’s
theorem for bornological groups with bounded geometry. For A, B subsets of a coarse group G, we
say that A is coarsely contained in B if there is a bounded C' C G with A C C - B.

Theorem 5.D (See Theorem 5.5.7). Let (G, B) be a bornological group with bounded geometry,
whose bornology is generated by a single set. Let p: G — @ be a surjective morphism and equip @
with the induced bornology p(B8). Assume that the kernel A = ker(p) is central in G and coarsely
contained in the commutator [G,G]. Then G has coarse property (T) if and only if @ has coarse

property (T).

Note that even for locally compact groups equipped with &, the condition on A is weaker than
the one in Serre’s theorem, so in particular we recover it.

To showcase the power of Theorem 5.D, we will use it to study certain Polish groups considered
in [46]. First, let Homeo‘Z"(]R) be the group of all lifts of orientation-preserving homeomorphisms h
of the circle S', equipped with the compact open topology. It is one explicit example of a Polish
group with bounded geometry that can be obtained from [38, Theorem 3]. Equipped with OB, this
Polish group is coarsely equivalent to Z, and hence has bounded geometry (see [46, §3.4.]).

Theorem 5.E (See Corollary 5.5.8). The group Homeog (R) equipped with OB has coarse property

(T). Hence, it also has coarse property FH (and in particular topological property FH).

We get similar results for groups such as the group Autz(Q) of lifts of order-preserving per-
mutations of Q/Z and the group AC(R) of lifts of absolutely continuous orientation-preserving
homeomorphisms of the circle whose inverses are absolutely continuous.

We turn to an important step in the proof of Theorem 5.D. Let us say that an isometric action
of a bornological group is well controlled if the orbits of bounded sets are relatively compact. Note
that this notion is more demanding than being controlled. In particular it is non-empty for linear
actions: if G is a locally compact non-discrete group, then the regular representation of G as a
discrete group (on £2(G)) is never well controlled.

Definition 5.1.11. A bornological group G has coarse property (T-) if every well-controlled repre-
sentation with almost invariant vectors has an invariant vector. It has coarse property FH- if every
well-controlled isometric action on a Hilbert space has a fixed point.

As for coarse property (T), we prove the relevant version of Delorme-Guichardet’s theorem (See
Theorem 5.5.1).

Clearly coarse property (T) implies coarse property (T-). Since both properties are stronger than
usual property (T) for locally compact groups, we deduce from Theorem 5.A that they are equivalent
for locally compact groups. It turns out that this equivalence can be extended to bornological groups
with bounded geometry.

Theorem 5.F (See Theorem 5.5.4). For bornological groups with bounded geometry, coarse (T)
and coarse (T-) are equivalent. Similarly, coarse FH and coarse FH- are equivalent for these groups.
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Proposition 5.1.12 (See Proposition 5.5.3). Let G be a bornological group with bounded geometry
and let a: G ~ H be a controlled affine action on a Hilbert space. There is a non-empty invariant
closed subspace H' such that the restriction of o to H' is well controlled.

They are also equivalent for the bounded products appearing in Theorem 5.H. In fact, we have
no example where they are not equivalent, although we suspect they exist.

Theorem 5.F is a consequence of the following result of independent interest, which is in the
same spirit as Proposition 5.1.5.

Contrary to Proposition 5.1.5, which has a version for actions on very general geodesic metric
spaces, we do not know whether this one holds beyond actions on Hilbert spaces. This comes from
the method of proof: Proposition 5.1.5 exploits a notion of “centre” of bounded subsets which
makes sense in a wide class of metric spaces. By contrast, the proof of Proposition 5.1.12 is based
on a more subtle notion of centre: shopping centres, which we could only define in Hilbert spaces.

5.1.4 Bounded products

We now turn to a class of topological groups for which topological (T) and coarse (T) are distinct
(and similarly for property FH). Let T',, be a sequence of (discrete) groups, and let S, be a symmetric
set of generators of T',,. For each z € I'), we define the length I(x) to be the least natural number

such that z € Sfl(‘r).

Definition 5.1.13. The bounded product of a sequence of groups I';, with symmetric generating
sets Sy, is the group

H{ansn} = {(gn) € HFn | Slipl(gn) < oo}

Let G =[], {I'x, S»}. This has a canonical bornology B, where A C G is bounded if and only

if sup(y, ye.a SUP,, 1(gn) < o0
There is also a natural topology on G: for any proper function p: N — Zx, define

Up ={(gn) € G | U{gn) < p(n)}.
The sets U,, together with their translates, form a basis for the topology on G.

Proposition 5.1.14 (See Proposition 5.6.1). With respect to this topology, we have B =K = OB,
provided that all S, are finite.

We shall say that a topological group G has topological property (T) if all continuous unitary
representations with almost invariant vectors (relative to compact subsets) have invariant vectors
(see Definition 5.3.4).

If the T, are all finite groups and |S,| is bounded, we can characterise exactly when G has
coarse or topological property (T).

Theorem 5.G (See Theorem 5.6.2). Let ', be a sequence of finite groups with symmetric generator
sets S,,. Suppose that sup,, |S,| < co. Let X be the coarse disjoint union of the Cayley graphs
Cay(T',,, Sp,). Then the bounded product G has topological property (T) if and only if X is an
expander sequence.
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Given a non-principal ultrafilter ¢/ on N there is an equivalence relation ~ on G, with (g, ) ~ (hy)
if {n | gn = hn} € U. Taking the quotient by this equivalence relation gives a group Gy =
[L.AT%, Sn}/U, generated by the image of [], S,,. We will view it as a discrete group. If |S,| = &k
is a fixed integer, then the groups obtained as Gy have a natural interpretation in terms of the

space of marked groups, i.e. quotients of the free groups on k generators: indeed, it consists of the
closure of {(I, S,) | n € N}.

Theorem 5.H (See Theorem 5.6.6). Let I';, be a sequence of finite groups with symmetric generator
sets Sp,. Suppose that sup,, |Sn| < co. Let X be the coarse disjoint union of the Cayley graphs
Cay (T, Sp). The following are equivalent:

(i) The coarse space X has geometric property (T).
(ii

(iii

All ultraproducts Gy = [[,, I'n /U have property (T) with uniform spectral gap.
All ultraproducts Gy, have property (T).

(iv
(v
(vi

The equivalence between (i) and (ii) are proved in [37, Theorem 1]. To the best of our knowledge
the equivalence between (i) and (iv) is new, but is reminiscent of a similar statement proved in [57]:
if ', = T'/A,, where A,, is a decreasing sequence of finite index normal subgroups of I" such that
Nn A, = {1}, then the coarse space X has geometric property (T) if and only if I' has (T).

There is a finitely generated group I" with property (T) such that all I',, are a quotient of I'.

The bounded product G has coarse property (T).

)
)
)
)
)
)

The bounded product G has coarse property (T-).

5.2 Centres in uniformly convex metric spaces

Let E be a Banach space. It is reflezive if the natural map to the double dual E — E** is an
isomorphism. It is called superreflexive if all its ultrapowers are reflexive. A Banach space is
superreflexive if and only if it has an equivalent norm that is uniformly convex, i.e. for every ¢ > 0

there is § > 0 such that if z,y are unit vectors with ||z — y|| > €, then “‘éﬂH < 1— 4. Moreover,

for any isometric action o of a group G on a superreflexive space X, there exists an equivalent
uniformly convex norm | - || on X such that o is isometric on (X, | - ||’), see [14]. Examples of
superreflexive Banach spaces are Hilbert spaces and all LP spaces with 1 < p < co.

Even more generally, we can consider a uniquely geodesic complete metric space X. For any
z,y € X, the geodesic between them is denoted by [z,y| and the midpoint by mg,. The distance
between z and y is denoted by |zy|. A subset A C X is convex if x,y € A implies [z,y] C A. For
any A C X, the convex hull co(A) is the smallest convex set that contains it. Its closure is denoted
by co(A).

We take the following notion of uniform convexity from [39, Definition 7.1].

Definition 5.2.1. A uniquely geodesic complete metric space X is uniformly convex if for each

e > 0 there is 6 > 0 such that for all z,y,z € X with |zy| > e max(|zz|, |yz|), we have |zmg,| <
(1 — &) max(|zz|, |yz]|).

We will say “uniformly convex metric space” as short-hand for “uniformly convex uniquely
geodesic complete metric space”. This generalises uniform convexity for Banach spaces. As a
matter of notation, we will write d. for a 0 that works.
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5.2.1 Centres of bounded sets

Let X be a uniformly convex metric space. Let A C X be a non-empty bounded subset. For x € X
let 7(x) = sup,c 4 |az|. Let p(A) = inf e x r(x). Asshown in [39, Proposition 7.2], there is a unique
point Z(A), called the centre, that satisfies r(Z(A)) = p(A). There are no additional regularity
requirements for A. It is an isometric invariant, meaning that whenever u € Aut(X) is an isometry,
we have Z(uA) = uZ(A). In this section we describe this centre and some of its variants, which
will be the key ingredient in many of our proofs.

For convenience we provide the construction of the centre.

Lemma 5.2.2. Let A C X be a non-empty bounded subset of a uniformly convexr metric space.
There is a unique point Z(A) satisfying r(Z(A)) = p(A).

Proof. Let z,, € X be a sequence of points satisfying lim,,_, . 7(z,) = p(A). We will show that it is
a Cauchy sequence. Let € > 0 and let m, n large enough that r(z,,), r(z,) < (14 0:)p(A4) < 2p(A).
Suppose that |z,z,| > 2ep(A). Let y be the midpoint between z,, and x,,, then we get by uniform
convexity |ya| < (1 — d.) max(|zmal, |zpal) < (1 —62)p(A) for all a € A. Thus r(y) < p(A), a
contradiction. So we have |z, x,| < 2¢p(A), showing that x,, is a Cauchy sequence. Then the limit
x satisfies r(z) = p(A), and the same inequality shows that x is unique with this property. O

Lemma 5.2.3. Let A C X be a bounded subset of a uniformly convexr metric space.
(i) Let € > 0 and consider the annulus D = {a € A | |a, Z(A)| > p(A) —e}. We have Z(D) =
Z(A).
(ii) Let B C A non-empty and € > 0. Then
1Z2(A)Z(B)| < ep(A) + ke(p(A) = p(B))

— 2—¢
where k. = ; e ey depends only on e and o..
—exp Tog 2

(i11) If X is a Hilbert space then Z(A) € co(A).

Proof. (i) Since D C A we have p(D) < p(A), and we also have supycp [dZ(A)| = p(A). Assume

for a contradiction that Z(D) # Z(A). Let z be a point on the geodesic [Z(D), Z(A)] with
0 < |zZ(A)| < e. Let m be the midpoint between xz and Z(A). Let &’ = ‘mpz(%)‘. Fora e D
we have [aZ(D)| < p(D) < p(A) and |aZ(A)| < p(A). By convexity, |az| < p(A). By uniform
convexity, lam| < (1—6./)p(A). Fora € A\ D we have [aZ(A)| < p(A)—eso |am| < p(A)—5.
This shows that m is a better centre for A then Z(A), giving a contradiction.

p(B) —log(1-4.
Then (1 —d.)" < %7 and |Z(A)Z(B)| > 2" tep(A). Let mg = Z(A) and for 1 < k < n,
let my, be the midpoint between my_1 and Z(B). For b € B we have |Z(B)b| < p(B) and
|Z(A)b| < p(A). By uniform convexity and induction we get |mb| < max((1—6.)¥p(4), (1 —
d:)p(B)). We get sup,cp |mnpb| < max((1 —0.)"p(A), (1 — 6:)p(B)) < p(B). Thus m, is a
better centre for B then Z(B), a contradiction.

log(2)
(ii) Let e > 0 and suppose |Z(A)Z(B)| > ep(A) (p(A)) T Letn = \_log(p(A))(_IO%(’;(B)) +1].

log(2)
So |Z(A)Z(B)| < ep(A) (%)710g(1755). Since any point in B is at distance at most

p(
p(A) from both Z(A) and Z(B) we also have |Z(A)Z(B)| < 2p(A). Using the inequality
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max (#) st ,251> < 1+ e tkex for x € [0,1) we get |Z(A)Z(B)| < ep(A) +

1—z

re(p(A) = p(B)).

(iii) Suppose Z(A) ¢ ©o(A). Then there is a unit vector w with (Z(A),w) < inf,ca(a, w). But
then Z(A) + ew is a better centre for A for small e, contradiction.
O

Remark 5.2.4. If X is a Hilbert space and B C A are non-empty bounded subsets we can find the
simpler estimate |Z(A)Z(B)| < v/p(A)? — p(B)2.

We record the following easy fact.

Proposition 5.2.5. Let G be a bornological group and H C G a coarsely dense subgroup. Let G
act isometrically and controlled on a uniformly convex metric space X and suppose there is a point
in X fized by H. Then there is also a point fized by G.

Proof. There is a bounded C' C G with CH = G. Let a: G ~ X be the isometric action and x € X
the point which is fixed by H. Now «(G)z = «a(C)z which is bounded, so « has bounded orbits.
By Lemma 5.2.2; there is a unique centre Z(a(G)x). This is a fixed point for G: of any g € G we
have gZ(a(G)x) = Z(ga(G)z) = Z(a(G)x). O

5.2.2 Mean centre

The next variant of the centre allows us to talk about some kind of average of a mean on a uniformly
convex Banach space, without additional regularity properties. It generalises both the centre of a
bounded set, and the barycentre of a probability measure. This notion will be used to provide
an alternative proof of Proposition 5.1.5 in the special case of an isometric action of a locally
compact group on a uniformly convex Banach space. However we believe it could be useful for
future applications.

Construction 5.2.6. Let X be a closed convex subset of a uniformly convexr Banach space. Let
C C X be a bounded subset. Let ¥ be an algebra on C' and let p: X — [0,00) be a finitely additive
measure with u(C) > 0. We construct the mean centre Z(u) € X with the following properties:

(i) for A € X we have

By 3 A) -
210) = 23 20 + M2 2o 0

(ii) For any isometry g € Isom(X) we have Z(g.u) = g - Z(1).

Proof. For a bounded subset B C X, recall the definitions of Z(B) and p(B) from Lemma 5.2.2.
For any finite partition P = (4;) of C' into subsets in X, we define

~ 1

and

- 1
Pr) = Z p(Ai)p(A).
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We will define Z(p) as a limit of Zp (), so we have to show convergence as P gets more refined.
Let € > 0 and k. as in Lemma 5.2.3(ii). Then HZ(A) - Z(B)H < ep(A) + ke(p(A) — p(B)) for
al) #BCACC.
Let P = (A;) be a finite partition of C' and let Q = (B;;) be a refinement of P. Then we have

|20 - Zatn)| = 5| S | S utB)2(B,) | - w24

i

1
<0 ;u(Bij)l}Z(Bij) — Z(A)|
< ﬁ ;M(Bij)(p(Ai) + e ko (p(Ai) — p(Bij)))

=epp(p) + ke (Pp() — Po(K))-

Besides, we observe that pg (1) < pp(p). Now let Py, P, ... be a sequence of partitions, such that
P41 is a refinement of P,, and pp (1) converges to the infimum of pp (i) taken over all partitions

P. Then the computation above shows that Z p, (1) is a Cauchy sequence: for large m,n, we will

have pp, (1) — P, (1) < =, and then HZp" (1) — Zp, (,u)H < ep(C) + ¢, and this works for any

m

e > 0. So the sequence jp, (1) converges to a point Z(u) € X which is independent of the chosen
sequence P,.

Now let A € ¥. We can choose the partitions P,, to be refinements of the partition {A,U \ A}.
Then they split into a partition of A and one of U \ A, and we see that

5 n(A) - nUN\A)
—=Z(ua) + ————=Z(u .
The equivariance of Z by isometries follows directly from the definition. O

Remark 5.2.7. If ¥ = {0, C}, then Z(u) = Z(C). Moreover, one can check that if C' is weakly
compact, and p is a Radon probability measure on C' (equipped with the weak topology), then
Z () coincides with the barycentre of .

Remark 5.2.8. The above construction does not quite work for any uniformly convex metric space
X because there is no linear structure on X. However, instead of constructing Z(u) as a point in
X, it is possible by a similar construction to construct a Radon probability measure on X.

5.2.3 Shopping centres

In this section, we prove a technical result which will be central to the proof of Proposition 5.1.12,
hence of Theorem 5.F. Recall that given a controlled action ¢ of a bornological group G with
bounded geometry on a Hilbert space H, we need to find v € H such that o(A) - v is relatively
compact for all bounded A C G. Example 5.2.12 below gives a hint that simply taking the centre
Z(o(A)) for some gordo subset A does not seem to be a good approach. Instead, we will need
another concept of centre which tries to ignore finite-dimensional subspaces of H.

For a finite-dimensional subspace V' C #H, let py,. be the projection onto V+. For a bounded
set A C H, let sy (A) = p(py(A)). Let s(A) = infy sy (A), taking the infimum over all finite-
dimensional subspaces. Note that s(A) = 0 if and only if A is relatively compact.
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Definition 5.2.9. Let A C H be a bounded subset. A point z € H is called a shopping centre for A
if for all finite-dimensional V C H and all £ > 0 we have z € @o({v € A | ||py+ (v — 2)|| > s(A) —€}).

We first prove the existence of shopping centres.
Lemma 5.2.10. Every non-empty bounded subset of a Hilbert space has a shopping centre.

Proof. Let A C H be bounded. We write sy = sy (A) and s = s(A). We can assume that s > 0,
because the statement is trivial otherwise. For any finite-dimensional V' C H and ¢ > 0 define

Av.={acH|aco({veAl|pyi(a—v)|]|>s—e})}

First we show that Ay . is non-empty.
Let 2 = Z(py . (A)) € V*. Since p(py 1 (A)) = sy > s, we have

zeco({pyrv|veA, |pyrv—zl|>s—3})

by Lemma 5.2.3(i) and (iii). So we can find y € co({pyrv [ v € A, [[pyrv—z| > s — 5})
with [ly — 2| < §. Write y = Y5, eipyrv; with ¢; > 0 and Y2 ¢; = 1 and v; € A and
lpyrvi — || > s — 5 for all 4. Let a = Zle ¢;v;. Then

a € CO({U eA|lpyrv—zl > s — %})
We have [|pyra —z|| =[ly — z| < §, so
fveA|lpyiv—z|>s— 5} C{veA||lpyilv—a)|| > s—e,

so a € Aye.

Note that, if ¢’ < e and V' D V, we have Ay o+ C Ay.. So now we already know that any finite
intersection of the Ay . is non-empty.

We can bound the diameter of py1 Ay.. Assume ¢ < s. Let 2 = Z(py1A) € V* and let
a € Ay,. Since a € @({v € A ||[pv2(a—v)|| = s —¢€}), we can find, for every n > 0, a vector

v € A with |[pyi(a—v)|| > s — ¢ and (pyi(a — v),pys(a) —2) < n. Then H.’L'—pvj_(’l))H2 =
lpv- @ =) + e = pvs @] — 20y (@ =).pvi(a) = 2) = (s = 9)* + |l — pya(@)|| ~ 20. On
the other hand we have || — pvJ.(’U)H2 < st s0||py(a) — acH2 < s2,—(s—¢e)?+2n. This holds for all

n > 0so|pys(a) —z| < \/s% — (s —£)2. So the diameter of py.» Ay, is at most 21/s% — (s — ¢)2.
This then also holds for the diameter of the weak closure of py 1 Ay.
Let b be in the weak closure of Ay,.. Then for any a € Ay, we have HpVL(a —b)H <

2¢/s% — (s —€)?, s0
{fveA]|pyila—v)|[[>s—e} S{veA||[pve(b—v)||>s—e—2y/s% — (s —¢)?}.
This shows that
Ay Ceo({v e Al|pve(b—v)|| = s —e—2y/s3 — (s —€)2}).
Since convex closed sets are also weakly closed, we find that b € Av,g BN p So the weak

closure of Ay is contained in AV,E-&-%/W'
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This shows that any Ay also contains the weak closure of another Ay o: just take ¢ small
enough that &' +2./(s +¢’)2 — (s — &/)2 < ¢ and V' large enough that sy < s +¢&’. Now the weak
closure of Ay is weakly compact, and any finite intersection of them is non-empty, so there is z
that is contained in the weak closure of every Ay .. By the above, z € Ay . for all finite-dimensional
V CH and € > 0, so z is a shopping centre for A. O

Shopping centres are not unique, but the set of shopping centres is relatively compact. In fact
we can prove a stronger result, which we will use later to prove Proposition 5.1.12.

Lemma 5.2.11. Let A C H be a non-empty bounded subset. Let f1,..., fr: H — H be isometries,
and let A = Ule fi(A). We say z € H is a possible shopping centre if there exists an isometry
f:H — H such that f(A) C A and z is a shopping centre of f(A). Let M be the set of possible
shopping centres. Then M is relatively compact.

Proof. We write sy = sy (A) and s = s(A). Let € > 0. Choose a finite-dimensional affine subspace
V C H with sy < s+ ¢ and Z(py1(A)) € V. Then for all v € A we have d(v, V) < s +e.

Let W be the affine hull of the union Ule fi(V). This is again a finite-dimensional affine
subspace. For all v € f;(A), we have d(v, f;(V)) < s+¢€, so for all v € A we have d(v, W) < s +e.

Now let z € M be a possible shopping centre. We will show that z is close to W. Let w be
the projection of z on W. To simplify notation, let us assume that z = 0. There is an isometry
f+H — H such that f(A) C A and 0 is a shopping centre of f(A). Then there is v € f(A) such
that (v, w) < e and ||pyy» (v)| > s — . Then

2
d(v, W) =||pw (v — w)||
2 2
=|lpwe@)|” +|lpw (W) — 2w (v), w)
2
=|lpw+ )] +llw]|* = 2(v, w)
> (s — &) max(0, s — &) +|Jw]||® — 2.
On the other hand, we have v € A, so d(v,W) < s+e. So we get d(0,W) = |jw|]| < n =
\/4e max(s, €) + 2¢.
So M is contained in an 7-neighbourhood of W. Since M is also bounded, we can cover M with

finitely many balls of radius 27. As € gets smaller, 1 gets arbitrarily small, so M is totally bounded,
which is the same as relatively compact. O

To justify our relatively complicated notion of shopping centre, we give an example showing
that Lemma 5.2.11 is not true for the usual centre.

Example 5.2.12. Let H be a separable Hilbert space with basis vy, va,vs,.... Let B(0,1) denote
the closed ball of radius 1 around the origin and let A be the bounded set B(0, 1)U{10v; +va, —10v; +
va}. Let f1: H — H be the identity, let fo be the isometry given by adding 10v; and let f3 be
the isometry given by subtracting 10v;. Then A = B(0,1) U B(10v1,1) U B(—10v1,1) U {2001 +
vy, —20v; 4+ v2}. Note that Z(A) = ve. Now for n > 2 let g,,: H — H be the isometry switching
vy and v,, while fixing all other basis vectors. Then g,(A) C A. The centre of g,(A) is v,. The
set {vg,vs,...} is not relatively compact, showing that Lemma 5.2.11 does not hold for the usual
centre. Note that the origin is the unique shopping centre of A.
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5.3 Topological versus controlled actions

In this section we will mainly be concerned by topological groups (G, 7), i.e. groups equipped with a
topology making the multiplication and inverse maps continuous. We will also always assume that
the topology is Hausdorff. Each topological group (G, ) has two natural bornologies associated to
it, K and OB, as described in [46].

Definition 5.3.1. Let (G,7) be a topological group. The bornology K consists of all relatively
compact subsets of G.

This is a bornology because the product of compact sets is again compact.
Another bornology comes from considering continuous left-invariant pseudometrics on G. The
following proposition is [46, Proposition 2.7]:

Proposition 5.3.2. Let (G,T) be a topological group and A C G. The following are equivalent:
(i) For every continuous left-invariant pseudometric d on G we have diamg(A) < oco.

(i) For every continuous isometric action a: G ~ X on a metric space X, and every x € X, we
have diam(a(A)r) < co.

(iii) For every sequence of open sets Vi C Vo C Vi--- C G of open subsets with Vn2 C Vit1 and
U,V = G, we have A C'V,, for some n.

O

Definition 5.3.3. The bornology OB consists of all subsets A of G that satisfy the conditions of
Proposition 5.3.2.

We have K C OB. For o-compact locally compact groups, we have K = OB (see [46, Corollary
2.8]).

We want to study the relationship between topological fixed point properties and coarse fixed
point properties. We have already defined in the introduction the notions of topological versus
coarse fixed point properties. Since the bornologies we shall consider will always be contained in
OB, all continuous isometric actions are controlled, so that topological FX is always stronger than
coarse FX (for any metric space X).

Now if we turn to property (T), it is less clear how topological (T) should be defined: indeed,
even if we focus on continuous representations, there are more than one way of defining almost fixed
points. A solution is then to define topological property (T) for a topological group equipped with
a bornology (contained in OB).

Definition 5.3.4. A topological bornological group is a triple (G, 7, B) such that (G, ) is a topo-
logical group and (G, B) is a bornological group, and B is contained in OB(7). Let &£ be a family of
Banach space. We say (G, 7, B) has topological property (TE ) if every continuous (wrt 7) isometric
representation on an element of £ with almost invariant vectors (wrt 55) has a fixed point.

For any topological group (G, 7) there are the natural bornologies K and OB, and we can consider
topological property (T) for the triples (G, 7,K) and (G, 7, OB) separately. For a o-compact locally
compact group (G, 7) we have X = OB, and the properties above reduce to their usual versions
when we take this bornology.
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5.3.1 Proof of Proposition 5.1.5

To be able to prove anything about topological bornological groups, we need some relation between
the topology and the bornology. It turns out that all we need is the following.

Definition 5.3.5. A topological bornological group (G, T, B) is locally bounded if there is a non-
empty open bounded set.

For an action of G on a topological space X, let Xcont = {z € X | ¢ — gz is continuous} be the
continuous part of the action.

Lemma 5.3.6. Let (G, 7) be a topological group acting isometrically on a uniformly convex metric
space X. Then Xcont @s an invariant closed convex subspace of X. If X is a Banach space and the
action is linear, Xcont 1S also a linear subspace.

Proof. Since the action is isometric, the continuous part is invariant and x € X oy if and only if
g — gx is continuous at the identity.

Let © € Xcont and € > 0. There is y € Xcone with |zy| < e and there is an open neighbourhood
of the identity U C G such that |gy,y| < € for all ¢ € U. Then for g € U we have |gz,z| <
lg, gy| + gy, y| + |yz| < 3¢, showing that x € X ons.

To show that X .o is convex, it is enough to show that if z,y € Xcon then the midpoint
Mgy is In Xeont. Let € > 0 and let U be a neighbourhood of the identity such that g € U
implies |gz,z| < i|azyld. and |gy,y| < i|zyld.. Let g € U. Since the action is isometric we
have Mgy gy = gmgy,. We have |z, gmay| < |z, gz| + |9z, gmay| < |oyl(1 + 6.). Let n be the
midpoint between mg, and gmg, and suppose that |mgy, gmg,| > %s|xy|(1 + J:). By uniform
convexity we have |zn| < (1 — 6.)1|ay|(1 + 6.) and similarly |yn| < (1 — 6.)3|zy|(1 4+ 6.). So
lzy| < |zn|+ yn| < |zy|(1 - 6.)(1+6.), a contradiction. So we have |[may, gme,| < selzy|(1+6.),
showing that mg;y, € Xcont-

Lastly, if the action is linear it is clear that X . is closed under addition and scalar multipli-
cation. U

So the continuous part always forms a uniformly convex subaction. Of course, it might be
empty, or in the linear case, consist of just the origin. However in some cases we can prove that the
continuous part is non-trivial. To do this we need the following lemma. For open neighbourhoods of
the identity U,V C G we write U < V if there is an open W such that WU C V. Every topological
group has a large chain of open neighbourhoods.

Lemma 5.3.7. Let G be a topological group and U C G an open neighbourhood of the identity.
Then there are open neighbourhoods of the identity Vi for t € (0,1] with Vi = U and Vi < V if
t<t.

Proof. Let Uy = U and for n > 1 we pick open neighbourhoods of the identity U, recursively with
U2 CU,_1. Fort € [0,1] let o; be the set of finite sequences of integers {(ny,na,...,ns) | ng >
ng>--+>ng>0and Y . 27" <t}. Define

V= U  U.Un-Un

(n1,n2,...,n5) €0t

s

Note that when ¢t = 27" +27"2 ... 4+ 27" is a dyadic rational with ny > ns > --- > ng we have
Vi =Un,Up, -+ - U,,. In particular, Vi =U.
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For t < t' we have V; C Vi. Moreover, there is a dyadic rational 27"t + ... + 27" with
ng>--->ngandt <27 4... 427" < ¢/, Thereis also ng > nq with 2770 42771 ... 197" < ¢/,
Then U,,,V; C U, Uy, - U,, € Vy. So Vi < V. O

Now we can show Proposition 5.1.5, which for convenience, we restate below.

Proposition 5.3.8. Let G be a topological group and let U be an open neighbourhood of the identity.
Let X be a uniformly convex metric space. Let a: G ~ X be an isometric action. Let ¢ > 0 and
suppose there is x € X such that d(a(g)x,z) < ¢ for all g € U. Then there is y € X with
d(x,y) < 2¢, such that the restriction of a to the closed convexr hull of a(G)y is continuous.

Proof. Let (V;) be as in Lemma 5.3.7. We will consider the centres of the sets «(V;)(z). For
€ (0,1) define r(t) = p(a(V;)(x)). This is an increasing function, so there is some to € (0,1)
where 7 is continuous. Define y = Z(a(Vy,)(z)). Since |az| < ¢ for all a € a(V;,)(z), we have
r(a(Vi,)(x)) < ¢ and |zy| < 2¢. We will show that the map ¢ — a(g)y is continuous. Since
la(9)y, a(h)y| = |a(g~th)y,yl, it is enough to show that |a(g)y,y| is small for g close to the
identity.
Let € > 0 and t > to. Let k. be as in Lemma 5.2.3(ii). There is an open W with WV;, C V;.
Let g € W. We get
alg)y = Z(a(9)a(Viy)(®)) = Z(a(gVi,)(@)).

We have gV, C V4. Since p(a(g)a(Vi,)(x)) = p(a(Vi, ) (x)) = r(to), we get

la(g)y, Z(a(Vi)(2))] < er(t) + re(r(t) — r(to))

and also
ly, Z(a(Ve)(2))] < er(t) + ke(r(t) —r(to))
la(g)y — y| < 2er(t) + 2k (r(t) — r(to)).

Since r is continuous at tg, the right-hand side goes to zero as € — 0 and ¢t — ty. This shows that
g — a(g)y is continuous, 80 y € Xeont. By Lemma 5.3.6, the restriction of a to the closed convex
hull of «(@)y is continuous. O

Below is an alternative proof for locally compact groups acting on uniformly convex Banach
spaces. The existence of a Haar measure allows us to use a regularization procedure based on our
notion of mean centre.

Proof. Assume that G is locally compact and that X is a uniformly convex Banach space. Let
K C U be a compact neighbourhood of the identity. Let u be the left-invariant Haar measure. Let
f: U — X be the orbit map f(a) = a(a)z. We will use it to push-forward the Haar measure. Let
Yy = Z((f|K)*u) be the mean centre in X (see Construction 5.2.6). Then ||z —y| < 2¢. We will
show that Ha(g)y — y|| is small for g close to the identity.

Let € > 0. Since p is outer regular, there is K C U’ C U with u(U’) < (1 + e)u(K). Let
V' be an open neighbourhood of the identity with VK C U’. Let g € V. Let A\j: K — gK
be left multiplication by g. Then A, is a measure-preserving map and a(g) o fix = flgx © Ag SO

a(g)y = Z((e(g) o fir)ett) = Z((flgx)+h)- We get

a(9)y —y=Z((figr)ett) — Z((f1x)xh)
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_ M(g((ﬂgm,{)*u) - Z((f\K\gK)*M))'

p(K)
> 4K\ gF) AelulU) = ()
(K \ g c(u(U") —
alg)y —y|| = pla(U)z) < < dece.
This shows that the map g — a(g)y is continuous near the identity, so y € Xcont. By Lemma 5.3.6,
the restriction of « to the closed convex hull of a(G)y is continuous. O

This theorem gives us some corollaries such as the ones mentioned in the introduction. To state
more of them, we need first to introduce good notions of isometric actions for bornological groups.

5.3.2 Isometric actions of bornological groups

Given a bornological group G, a metric space X, and an action o of G by isometries on X, we shall
consider two natural notions of “compatibility” of the action with the bornology on G.

Definition 5.3.9. Let G be a bornological group and let o be an action of G by isometries on a
metric space X. We say that the action is controlled (resp. well controlled) if the orbits of bounded
sets are bounded (resp. are relatively compact).

Note that a unitary representation is trivially controlled, but not necessarily well controlled.
Given a bornological group G and a metric topological space X, a map ¢ : G — X is called proper
if the preimage of a bounded set is bounded.

Definition 5.3.10. Let G be a bornological group and let o be an action of G by isometries on
a metric space X. We that o has almost fixed points if for every £ > 0 and every bounded subset
B C G, there exists € X such that d(o(g)z,z) < ¢ for all g € B.

Definition 5.3.11. Let m be a norm-preserving representation of a bornological goup G on a
Banach space E. We that 7 has almost invariant vectors if the isometric action induced by 7 on
the unit sphere has almost fixed points.

Definition 5.3.12. Let G be a bornological group, let X be a family of metric spaces, and let £
be a family of Banach spaces.

(i) We say that G has coarse property FX (resp. FX ™) if every controlled (resp. well-controlled)
isometric action of G on a space from X has a fixed point.

(ii) We say that G has coarse property (TE) (resp. (TE7)) if all its norm-preserving representations
(resp. well-controlled representations) on elements of £ with almost invariant vectors have a
non-zero invariant vector.

We are now ready to list some consequences of Proposition 5.1.5, which in particular applies to
locally compact groups.

Corollary 5.3.13. Let £ be a family of uniformly convex Banach spaces closed under taking closed
linear subspaces. Let X be a family of uniformly convex metric spaces closed under taking convex
closed subsets. Let (G,7,B) be a locally bounded topological bornological group.
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(i) The topological bornological group (G,T,B) has topological property (TE) if and only if the
bornological group (G, B) has coarse property (TE ).

(i) The topological bornological group (G,T,B) has the topological fix-point property FX if and
only if the bornological group (G, B) has the coarse fix-point property FX.

Proof. (i) Suppose (G, 1, B) has topological property (TE). Let E € £. Counsider a representation
m: G ~ F with almost invariant vectors. Let U be an open bounded set in G. Let A € B
and € > 0 and let v € E be a unit vector with ||gv — v|| < e for all g € U U A. By Proposition
5.1.5, there is w € Econy with |Jv — w|| < 2e. In particular ||w|| > 1 — 2¢, and for g € K we

have ||gw — w]|| <|lgw — gv|| +]lgv — v|| +||v — w| < 5e, so Hg”wi” — ey < 25—, This shows
that Econt has almost invariant vectors, so it has an invariant vector, showing that (G, B) has

coarse property (T'E). The other direction is trivial.

(ii) Suppose (G, 7, B) has topological property FX. Let a: G ~ X be a controlled isometric action
on an element of X. Since « is controlled, we can apply Proposition 5.1.5 on any element of X
to find that X on is non-empty. Then X.one has a fixed point, so (G, B) has coarse property
FX. The other direction is trivial.

O

Corollary 5.3.14. Let £ be a family of uniformly convex Banach spaces closed under taking closed
linear subspaces. Let X be a family of uniformly convex metric spaces closed under taking convex
closed subsets. Let G be a compactly generated locally compact group, and H be a dense subgroup,
and let U be a relatively compact open symmetric generating subset G.

(i) Assume G has property (TE). Then any norm-preserving representation of H on a space
E € & with (U N H)-almost invariant vectors has an invariant vector.

(i) Assume G has property FX. Then any affine isometric action of H on some space X € X
such that (U N H)-orbits are bounded has a fized point.

Proof. We equip H with the topology ¢ induced by the topology on G, and the coarse structure g
induced by the coarse structure I on G. This makes (H, 7, K¢) is a locally bounded topological
bornological group. Since U is open, and H is dense, for all n > 1, (U" N H) = (U N H)". But
since U is symmetric and generates G, for any compact K C G, there exists n € N such that
K c U™. Combining these two remarks, we get that K N H C (U™ N H). Hence U™ N H generates
the bornology of (H,Kqg). Moreover, since H is dense in G, any continuous isometric action of
H on some complete metric space extends to G. Hence topological (T'€) and topological FX for
(H,7¢,K¢g) are equivalent respectively to (T€) and FX for G. Now we deduce from Corollary
5.3.13 that (H,7q,Kg) has coarse (TE) under the assumption of (i), and that (H,7g,Kqg) has
coarse FFX' under the assumption of (ii). We conclude from the fact that the assumption of (i)
that the representation of the bornological group (H,Ks) has almost invariant vectors, while the
assumption of (ii) implies that the action of (H,Kq) is controlled. O

5.4 Applications of Proposition 5.1.5 for locally compact groups

The main goal of this section is to prove applications of Proposition 5.1.5 such as Corollary 5.1.6, as
well as others in the same spirit. In order to do so, we need to consider ultraproducts of isometric
actions, which will be better defined in the setting of bornological groups.
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5.4.1 Ultraproduct of isometric actions of bornological groups

Let (G, S) be a group equipped with a symmetric generating subset S. A controlled isometric affine
action of (G, S) on a metric space X is an action whose S-orbits are bounded. Now, let G; be an
I-indexed net of groups and for each i € I, let S; be a generating set of G;. Let U be a free ultrafilter
on I, and denote (Gy, Sy) the bounded ultraproduct of the net (G;,S;). The displacement of a
controlled isometric action o of (G, S) is the infimum over all € X of d(z) := sup,cg d(co(s)z, x).
We have

d(z) —d(y) = sup dx(o(s)z,x) — sup dx(o(s)y,y) < ilelg(dx (o(s)z,z) — dx(a(s)y,y)).

By triangular inequality, we have
dX (0’(8)1’, LC) < dX(O-(S):Ev U(S)y) + dX (U(S)y7 y) + dX (y7 LL') = 2dX(y7 .17) + dX (U(S)y7 y)

We deduce that
d(z) — d(y) < 2dx(z,y).

Hence d : X — R, is 2-Lipschitz, hence continuous.

Definition 5.4.1. We let X be a family of metric spaces. We say that X is stable under rescaled
ultraproducts if for every I-indexed net of triples (X;, \;, x;), where z; € X; and A; > 0, every
ultrafilter on I, the ultraproduct of pointed metric spaces (X;, \;dx,,x;) belongs to X.

Lemma 5.4.2. Let o be an isometric action without fixed points of (G,S) on X. Then for all
a <1 and all R >0, there exists x such that inf|,y < ra(z) d(y) > ad(x).

Proof. Assume by contradiction that there exists a < 1 and R > 0 such that for all x,

inf  d(y) < ad(z).
|zy| <Rd(x) ) @)

Fix some zy and choose recursively x,+1 € B(z,, Rd(x,)) such that d(z,+1) < ad(z,). By an
immediate induction we get d(x,) < a"d(xg). This implies that |z,412,| < Ra™. Therefore (z,,)
is a Cauchy sequence, and let = be its limit. We deduce by continuity of d that d(z) = 0, meaning
that x is a fixed point: contradiction. O

Given some isometric actions without fixed points of groups G;, we will construct an isometric
action with positive displacement (in particular without fixed point) on an ultraproduct of these
groups. Since we do not want to restrict to separable metric spaces, we will have to consider nets
in full generality, rather than just sequences. For technical reasons we can only use ultrafilters that
are not o-complete. Recall that an ultrafilter & on a set I is not o-complete precisely when there
is a function f: I — N such that f=!(n) € U for all n € N. If there are no measurable cardinals,
then every non-principal ultrafilter is not o-complete, and this is consistent with ZFC. Actually, we
only need the existence of suitable not o-complete ultrafilters and we can just prove this.

Lemma 5.4.3. Let (I, <) be a directed set without mazimum. There is a net n; indexed on I with
values on N, and a cofinal ultrafilter U such that limy n; = co.
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Proof. We will first prove there are n; such that for all N and all 7 there is some j > i with n; > V.
For each ¢ € I, we choose an element ¢(i) € I which is larger. This gives I the structure of a
directed graph, with an arrow from ¢ to ¢(i). Choose a set A C I that contains exactly one element
of each connected component of the graph. For i € t"(A), we put n; = n. Since A contains only
one element of each component, we are not trying to label an element twice, and it is well-defined.
Put n; = 0 for all 7 that did not get a number yet. Now for any ¢ € I there is a € A in the same
component. Then there is a path from a to ¢ in the graph (possibly taking edges in the opposite
direction), and this path contains a vertex that is above a and i. Then for any large enough N, we
see that t%(a) > 4, and nyn(,) = N.

Consider the sets {j | j > i} N{j | n; > N} for alli € I, N € N. By construction of the n; these
sets are all non-empty, and they generate a filter F. Let U be any ultrafilter containing F, then U
is a cofinal ultrafilter converging to oc. O

Proposition 5.4.4. Let X be a family of metric spaces which is stable under rescaled ultraproducts.
Let (G, S;)icr be a net of groups equipped with symmetric generating subsets. For every i € I, let
o; be a controlled isometric action without fized points of (G;,S;) on X;. For each i, there exist a
cofinal ultrafilter U on I, a space Xy € X, and a controlled isometric action oy of the ultraproduct
(Gu, Su) on Xy with positive displacement.

Proof. Let n; and U be as in Lemma 5.4.3. By Lemma 5.4.2; there exist points x; € X; such that

. > (1 — Nl (5
\wiy\glgidi(xi)dl(y) > (1= 1/n;)d;i(x;)
We can consider the ultralimit o;; = limy; o, which defines a controlled isometric action oy, of Gy
on the metric space Xy = limy(X;,dx,/di(x;), ;). For any y = (y;) € Xy there is k € N with
|xiy;| < kd;(z;) for all i. For all ¢ with n; > k we get d;(y;) > (1 — 1/n;)d;(x;), so there is s; € S;
with [s;y;, yi| > (1 — 2/n;)d;(z;). Now (s;) € Sy and dx,, ((s:) - (i), (y:)) > 1. Sod(y) > 1. In
particular oy, has positive displacement. O

We can reformulate the proposition as follows.

Corollary 5.4.5. Let X be a family of metric spaces which is stable under rescaled ultraproducts.
Let G; be a net of bornological groups such that the bornology of G; is generated by S; C G;.
Suppose that the G; do not have property (Fx ). Then there is a cofinal ultrafilter U such that the
ultraproduct Gy, with bornology generated by Sy, does not have property (Fx ). Better: Gy admits
a controlled isometric action with positive displacement on some element of X .

See also [8, Proposition 1.1] for a similar result.

5.4.2 Boundedly presented groups

Definition 5.4.6. A bornological group G is boundedly presented if there is a bounded symmetric
set S which generated the bornology, and a set of relations R consisting of words in S with a
bounded length, such that G = (S | R).

In this section, we show that every bornological group with FH is a quotient of a boundedly
presented group with FH. More generally, we make this statement for FX where X' is any fam-
ily of uniformly convex metric spaces closed under taking closed convex subspaces and rescaled
ultraproducts.
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Theorem 5.4.7. Let X be a family of uniformly convex metric spaces closed under taking closed
conver subspaces and rescaled ultraproducts. Let G be a bornological group with bounded geometry
and bornology generated by a single set. Assume G has property FX. There is a boundedly presented
bornological group G’ with bounded geometry and property FX together with a quotient map G’ — G.

Proof. By assumption there is a symmetric subset S C G generating the bornology, which we can
also take to be gordo. Then S? C g;SU---UgiS. Let N large enough that g; € S for 1 <i < k.
Let R be the set of all words in S that evaluate to the identity in G, so that G = (S | R). For
n > N + 3, let R,, be all words in R of length at most n, and let G,, = (S | R,,). Note that G
is a quotient of G,,. Since n > N + 3, we already have S%2 C ;S U--- U giS in G,,, showing that
G, has bounded geometry. Suppose that none of the G,, have property FX. Then by Corollary
5.4.5, there is a free ultrafilter & on N such that the ultraproduct Gy, does not have property FX.
We have a map f: G — Gy as follows: for each g € G, write g = s1--+s with [ minimal, and
put f(g) = (s1---8) € Gy. The choice of representation of g is not unique, but the element
s1-+- 8 € G, will be unique for large enough n, thus giving a well-defined map. Now let (g,) € Gy
be any element. Note that the g, are all in S for some fixed I, and S’ is covered by finitely many
left translates of S. So there are hq,...,h, € G and for each n thereis 1 < i, < m and s, € S
such that the equality g, = h;, s, holds in G. For large enough n, this inequality then holds in G,,
as well. Then there is one ¢ such that {n |4, =i} € U, and (g,) = f(h;) - (sn). So Gu = f(G)Su,
showing that G is coarsely dense in Gy;. By Proposition 5.2.5, we get a contradiction. So one of
the G,, satisfies our criteria. O

5.4.3 Marked locally compact groups

Since there exists no good notion of free group in the category of compactly generated locally
compact groups, we shall rather work with a relative notion of marked groups in this setting.

Given a locally compact compactly generated group, a generating subset S will be called ad-
missible if it is symmetric, compact, equal to the closure of its interior, and a neighbourhood of the
identity.

Definition 5.4.8. Let GY be a locally compact compactly generated group and let SO be an
admissible generating subset.

(i) A (GY, S%)-marked group is a pair (G,7g), where 7g : G° — G is a continuous surjective
homomorphism whose kernel does not intersect the interior of S°.

(ii) An isomorphism (G,7g) — (G',7g:) is a continuous isomorphism ¢ : G — G’ such that
pomg = mgs. An isomorphism class is completely determined by the kernel of 7.

iii) We denote by M(G?, S?) the set of isomorphism classes of (G, S%)-marked groups.
(iii) g
(iv) We equip M(G?, S°) with the Chabauty topology on closed subgroups of G°.

Note that the subgroups kerg are (uniformly) discrete, in particular they are closed. Let H a
closed subgroup of G. We recall a basis (Qv,x(H))x,v of neighbourhoods of H for the Chabauty
topology, where V' are neighbourhoods of 1o and K are compact subsets: each set Qy g (H)
consists of all closed subgroups H' such that HNK C (H'NK)V and H' N K C (HN K)V. The
space of closed subgroups of a locally compact group is well-known to be compact for the Chabauty
topology. Since the condition that the subgroups avoid the interior of S° is a closed condition, this
turns M(G9, S%) into a compact topological space.

81



Proposition 5.4.9. [7, Proposition 8.A.15. L] We let G be a locally compact group, and let S C G
be an admissible generating set. Let G be the group defined by the presentation (S | R), where R
consists of all words of the form syssss such that s1s2s3 =1 in G. Then G admits a unique locally
compact group topology such that the projection m : G- Gisa homeomorphism in restriction to

S.
O

Corollary 5.4.10. We let G be a locally compact group, and let S C G be an admissible generating
set. Then (G,mg) € M(G°,S%) for some compactly presented G°. Moreover, every open set in
M(G°, 8%) containing (G, mg) contains an element (G',mg) such that ker(mg:) C ker(ng) and G’
is compactly presented.

Proof. The first statement is an immediate consequence of Proposition 5.4.3. For the second state-
ment: let H, be the normal subgroup of GY spanned by ker 7g N (S°)" and let G,, := G°/H,, for
all n > 2. Clearly H,, converges to ker mg in the Chabauty topology. By construction, we have
H,, = kerng,. This shows that (G, g, ) converges to (G, 7). So we can put (G', ;) = (Gn, 7a,,)
for some large enough n. Besides, a compact presentation for (G, wg/) is given by (S° | ROU R,,),
where (SY | R?) is a compact presentation of G* and R,, is the set of words of length < n in S°
representing elements of ker mg. O

Lemma 5.4.11. Let (G;,7g,)icr € M(G,5°) be a net converging to (G, ), and let U be a cofinal
ultrafilter on I. Denote S; = ng,(S), and let (Gy, Sy) be the bounded ultraproduct with respect to U
of (G;,5;). There is a surjective homomorphism p : Gy — G such that p(Sy) = nc(S). Moreover
ker(p) C Su.

Proof. Let (G, Syy) denote the bounded ultraproduct of the constant sequence (G, S°) with re-
spect toU. Consider the canonical surjective homomorphism my = limy 7g, : (GY, S5y) — (Gu, Su)-
Let N° be the subset of GY, consisting of sequences g; € S° such that limy g; = 1go.

We note that N = 7/ (N?) coincides with the subset of Gy, consisting of nets 7g,(g;) € S; such
that limy g; = 1g. Since G is locally compact, for all bounded nets (g;) in G°, there exists a
unique g € G° such that limy g; = g, or equivalently such that limy ¢ 'g; = limy gig~" = 1go.
This implies that N is a normal subgroup and that G§ /N is canonically isomorphic to G°. It
follows that N is a normal subgroup of Gy;. We have the following commutative diagram, which
we want to complete by adding the arrow p.

N Gy —— @°
[T
N Gu —2 G

Now for all bounded nets (k;) € II;G;, let (g;) be a bounded net in G such that 7g, (g;) = k;, and
let k = m(g) where g = limys g;. We need to show that k& does not depend on the choice of lifted net
(gi), or equivalently, that if (h;) is a bounded net such that h; € ker 7g,, then 7g o p°((h;)) = 1g.
By assumption, ker g, converges to ker mg, hence limy h; € kermg, so this is proved. Setting
p((g:)) = k, this shows that p is a well-defined morphism.

It is clear by construction that p is surjective (since p° is surjective). We are left to checking
that NV = kerp. The inclusion N C ker p follows by commutativity of the diagram. For the other
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inclusion, let (k;) € kerp. Let (g;) be a lift of (k;) in Gy,. We have that p"((g;)) belongs to the
kernel of mg, meaning that limy, g; € kermg. But since ker mg, converges to ker mg, this means
that there exists h; € ker g, such that limy h;'g; = 1go. On replacing (g;) by (h; 'g;), which is
another lift of (k;), we have that (g;) € N°. Hence (k;) lies in m;(NY) = N. This ends the proof of
the fact that N = ker p.

Since N C Sy, we also get the last statement of the lemma. O

We recall for convenience the statement of Theorem 5.B before proving it.

Theorem 5.4.12. Let X be a family of uniformly convex metric spaces, closed under taking rescaled
ultraproducts and closed under taking closed convexr subspaces. Let G be a compactly generated
locally compact group such that every continuous isometric action on an element of X as almost
fized points. Then G has property FX.

Proof. Let us argue by contradiction and assume G does not have property FX. By Corollary 5.4.5,
Gy has a controlled action o on some X € X with positive displacement. We let p : Giy — G be
the projection from Lemma 5.4.11. Since ker(p) C Sy and the action is controlled, we deduce that
the orbits of ker p are bounded. Hence the closed convex set Y of ker p-fixed point is non-empty
and o(Gy)-invariant. Moreover the restriction of ¢ to Y factors through G. Applying Proposition
5.1.5, we find a closed convex subspace Z C Y on which the action of G is continuous. Since this
action is a subaction of ¢ it still has positive displacement: contradiction. O

Another corollary of Lemma 5.4.11 is the following.

Theorem 5.4.13. Let X be a family of uniformly conver metric spaces which is stable under
rescaled ultraproduct and closed under taking closed geodesic subspaces. The subset of S-marked
groups (G, m¢g) such that G has property FX forms an open subset of M(G°,S?).

Corollary 5.4.14. The subset of S-marked groups (G,w¢g) such that G has property (T) forms an
open subset of M(G?,S°).

Proof. We shall prove that groups without FA form a closed subset of M(G?, S°). Let (G;,7g,) €
M(G°, 8%) be a net converging to (G, mg), and let U be a cofinal ultrafilter as in Proposition 5.4.4.
Denote S; = 7, (S). We deduce from Corollary 5.4.5 that the bounded ultraproduct (G, Syy) of
the net (G;,S;) does not have FX. Let o be a controlled isometric action without fixed points of
the bornological group (G, Syy) on some X € X. Since Sy has bounded orbits, the kernel N of the
surjective homomorphism p : Gy — G given by Lemma 5.4.11 has bounded orbits, hence admits a
fixed point v. Since N is normal in Gy, the set X of o(N)-fixed points is a closed o(Gy)-invariant
subspace of X. We observe that in a uniformly convex metric space, any pair of points is joined
by a unique geodesic, hence it follows that the set of o(N)-fixed points is convex, and therefore
Xy € X. The restriction of ¢ to X induces an action of GG, and by Proposition 5.1.5, we may find
a closed convex subspace of X on which the action of G is continuous. Hence G does not have
property FX and we are done. O

Finally, we restate Theorem 5.C before proving it.

Theorem 5.4.15. Let X be a family of uniformly convex metric spaces, closed under taking rescaled
ultraproducts and closed under taking closed convex subspaces. Let G be a compactly generated locally
compact group with property FX. Then there exists a compactly presented locally compact group G’
with property FX, and a continuous surjective homomorphism G’ — G with discrete kernel.
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Proof. Let S C G be a compact symmetric generating neighbourhood of the identity. We then
conclude by applying Corollary 5.4.10 and Theorem 5.4.13. O

5.5 A focus on actions on Hilbert spaces

The main goal of this section is to relate our two versions of coarse property (T) and coarse
property FH, and to prove Proposition 5.1.12. The first one is an adaptation the classical argument
by Delorme and Guichardet, and while Proposition 5.1.12 might hold for actions on more general
Banach spaces, we were only able to prove it for Hilbert spaces.

5.5.1 Delorme-Guichardet for bornological groups

Just like in the topological case, there is a connection between properties (T) and FH. The proof
is similar to the proof of the Delorme-Guichardet Theorem, as seen in [5]. We say the bornology
of a bornological group G is generated by a single set if there is some bounded set A such that for
each bounded set C' C G, there is some n with C' C A™. In particular, A generates G as a group.

Proposition 5.5.1. Let G be a bornological group.
(i) If G has coarse property (T-) (resp. (T)) then it has coarse property FH- (resp. FH).

(ii) If G has coarse property FH- (resp. FH) and its bornology is generated by a single set, then
it has coarse property (T-) (resp. (T)).

Proof. First suppose that G has coarse property (T-). Asin [5, Proposition 2.11.1], we ca construct
a real Hilbert space H;, a map ®;: H — H; and an orthogonal representation m;: G — O(H:)
satisfying

(@ (v), By (w)) = exp(—t]v — w||*)

and
T (9)®i(v) = Pe(a(g)v)

and the linear span of ®;(#) is dense in H;.

Consider the direct sum of all these representations @,.m: G — O(P,.,H:). This has
almost invariant vectors: let A C G be bounded and ¢ > 0. Consider the vector ®;(0) for some
t > 0. It satisfies

(me(a)@4(0), 2¢(0)) = (@(t)(x(a)(0)), 2¢(0)) = exp(—t/[a(a)(0)[]")

for each a € A. Since « is controlled, we can choose t > 0 such that the right-hand side is always
at least 1 —e. Then Hﬂt(a)@t(()) - @t(O)Hz =2 — 2(m(a)®:(0), P4(0)) < 2¢, showing that $.(0) is
an almost invariant vector.

Since G has coarse property (T-) there is some invariant vector. This has to have a non-zero
coordinate in some H;, so there is some t > 0 for which a non-zero invariant vector w € H; exists.
Suppose the orbits of « are unbounded. Let v € H be a vector and let g, € G be a sequence such
that {a(gn)v} is unbounded. Then the sequence (P:(a(gn)v)) converges weakly to 0. For each n
we have

2

(w, ®4(v)) = (W, m(gn) (P2 (v))) = (w, Bi((gn)v))-
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Taking the limit as n — oo shows (w, ®;(v)) = 0. Since ®;(H) is dense in H; it follows that w = 0.
This is a contradiction, so « has bounded orbits, and has a fixed point as well. So G has property
FH.

Suppose G has property (T-). We use the same construction as above, but we start with an
affine action « that is well controlled, and we need the representation 7; to be controlled. So let
A C G be bounded and w € H;. We need to show that m;(A)w is relatively compact. First consider
the case that w = ®;(v) for some v € H. The map ®;: H — H; is continuous, and a(A)v is
relatively compact, so m(A)w = ®(a(A)v) is relatively compact as well. Now if w is in the span
of ®,(H) it follows that m(A)w is still relatively compact. Finally, since the span of ®;(H) is dense
in H; it follows that 7(A)w is relatively compact for all w € H;. The rest of the argument is the
same as above and it follows that G has coarse property FH-.

Now suppose the bornology of G is generated by some bounded set A, and that G has coarse
property FH. Let m: G — O(H) be an orthogonal representation to a real Hilbert space H, and
suppose that it has almost invariant vectors, but no invariant vector. Then for any natural number
n we can find a unit vector v,, € H with H7r(a)vn — vnH < 27" for all a € A. Now define the map
b: G — @, H by blg) = (7(g)vn — vn). We have b(gh) = n(g)b(h) + b(g), and for a € A, we have
Hb(a)“ < 1 by the inequality above. If C' C G is bounded, there is some n with C C A", and it
follows that ||b(c)|| < n (in particular, the norm is finite, and b is well-defined).

Now define the affine action a: G ~ @, H by a(g) = @, 7(9) + b(g). We see that « is
controlled, so it has a fixed point (w,,). For large enough n we must have ||w,|| < 1. For such n we
have a(wy,) = wp, 80 Wy, = 7(g)(wn)+7(g)(vn)—vy, for all g € G. This gives 7(g) (wn+vy) = Wp+vy,.
But 7 has no fixed point, so w,, = —v,, which as norm 1, a contradiction. So G has coarse property

(T).

Lastly, suppose the bornology of G is generated by some bounded set A, and that G has coarse
property FH-. We use the same construction again, and we just have to show that if 7 is controlled,
then « is well controlled. So let (1,) € €@, H and let C' C G be bounded. For each n, the set
{m(C)ny} is relatively compact. So the set {(w(c)n,) | ¢ € C} is also relatively compact. The set
7(C)&, is also relatively compact for each n, so {(7(c)(&,) — &(n) | ¢ € C} is relatively compact as
well. Tt follows that a(C)(n,) = {(w(c)n, + 7(c)(&,) — &(n) | ¢ € C} is relatively compact. So « is
well controlled. The rest of the argument is the same as before, and it follows that G has coarse
property (T-). O

For bornological groups with bounded geometry, coarse property (T-) implies already that the
bornology is generated by a bounded set.

Proposition 5.5.2. Let G be a bornological group with bounded geometry. Suppose G has coarse
property (T-). Then the bornology is generated by a bounded set.

Proof. Let (A, ) be a Kazhdan pair. We can assume that A is also gordo. Let H be the subgroup
generated by A. Consider the representation m: G — U(I*(G/H)), given on basis vectors e,pu
by 7(9')egrr = €ggr. We show that this is a controlled representation. Let C' C G' be bounded
and consider a basis vector e,y € [?(G/H). since A is gordo, we can find g, ..., g, with Cg C
grAU---UgpA. Then 7(Clegu = {ecgu | c € C} C {eg,m | 1 < i < n} is finite. It follows that
7(C)¢ is compact for all € € [?(G/H), so 7 is a controlled representation.

The basis vector ey € 12(G/H) satisfies w(a)ey = ey for all a € A. Since (A, ¢) is a Kazhdan
pair, it follows that the representation has a constant vector. But this means that G/H is finite.
So if we add finitely many elements to A, we can generate the whole group with a bounded set A’.
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To finish the proof we need to use bounded geometry again. For a bounded set C we can write
C CgAU---Ug,A. We can find k£ such that g; € A¥ for 1 < i <mn. Then C C A*t1 So the
bornology is generated by a bounded set. U

5.5.2 Proof of Theorem 5.F

Let us recall the statement of Proposition 5.1.12.

Proposition 5.5.3. Let G be a bornological group with bounded geometry and let a: G ~ H be a
controlled affine action on a Hilbert space. There is a non-empty invariant closed subspace H' such
that the restriction of o to H' is well controlled.

Proof. Let C' C G be gordo. Let A = a(C)(0). Let v be a shopping centre of A. We will show that
a(D)(v) is relatively compact for all bounded D C G.

Since C is gordo we can write DC' C ¢g1C' U goC U ---U g C, with g; € G. Let A = a(DC)(0) C
Ule a(g;)A. Every element of a(D)(v) can be written as a(g)v with g € D, and this is a shopping
centre of a(g)A C A. By Lemma 5.2.11, we see that a(D)(v) is relatively compact.

Now it follows easily that a(D)w is relatively compact for all w € a(G)v. Then this also holds
for w in the affine hull of a(G)v. Let H’ be the closure of the affine hull of a(G)v. Then it follows
that the restriction of o to H’ is well controlled. O

Theorem 5.5.4. For bornological groups with bounded geometry, coarse (T) and coarse (T-) are
equivalent. Similarly, coarse FH and coarse FH- are equivalent for these groups.

Proof. Suppose G has coarse property FH-. Consider a controlled affine action a: G ~ H. By
Proposition 5.1.12, there is a non-empty closed invariant subspace H’ such that the restriction of
a to H’ is well controlled. Then there is a fixed point in H’. So G has coarse property FH.

Now note that G has coarse property (T) if and only if its bornology is generated by a bounded
set and G has coarse property FH, while G has coarse property (T-) if and only if its bornology is
generated by a bounded set and G has coarse property FH-. So coarse (T) and coarse (T-) are also
equivalent. O

We will use this theorem to prove the following result. For a bornological group G and an
ultrafilter U on any index set I, we consider the bounded ultraproduct Gy, which is the quotient
of bounded sequences {(gn) | {gn} is bounded} by the equivalence relation (g, ) ~ (hy) if {n | g, =
h,} € U. This has a natural bornology generated by the images of A? for bounded A C G.

Proposition 5.5.5. Let G be a bornological group with bounded geometry and let U be an ultrafilter
on I. Then G has coarse property FH if and only if Gy has coarse property FH.

Proof. Let C C G be a gordo set. Assume that G has property coarse (FH). We have an embedding
j: G — Gy. Consider (g;) € Gy. Since all g; must be contained in a bounded set and C is gordo,
we can find finitely many hq,...,h, € G such that for all i there is 1 < k; < n and ¢; € C with
gi = hi,c;. Then thereisone 1 < k < nsuch that {i | k; = k} € U. We find (g;) = hi(c;) € J(G)Cy.
Thus j(G)Cy = Gy, showing that G is coarsely dense in Gy;. Now consider a controlled action
a: Gy ~ H on a Hilbert space. Precomposing with j yields a controlled action of GG, which must
have a fixed point v. Then the orbit «(Gy)v is bounded, so its centre must be a fixed point for a.
So Gy has coarse property (FH).
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Now suppose that G, has coarse property (FH). We will show that G has coarse property (FH-),
which will be enough by Theorem 5.F. So let a: G ~ H be a well-controlled action. We define the
new representation 8: Gy ~ H by the formula

B((gi))v = liLr{n a(gi)v.

For any element (g;) of Gy the set {(g;)} is bounded, so the set {«(g;)v} C H is relatively compact,
showing that the limit on the right hand side exists. So f is well-defined, and then it is straight-
forward to check that it defines a well-controlled affine action. Therefore § has a fixed point v,
which is then a fixed point for « as well. O

5.5.3 Proof of Theorem 5.D

We need the following well-known lemma.

Lemma 5.5.6. Let m: G ~ H be a unitary representation of a group G. Denote by p the
projection on the G-invariant vectors. Then pSuv belongs to the closed convex hull ©(G)v for all

v EH.

Proof. There exists a unique vector vy of minimal norm in the closed convex hull of 7(G)v, which
is then 7(G)-invariant. For all w € m(G)v we have that w — v is perpendicular to the G-invariant
vectors. So this holds for vy as well, showing that vy = p©v. O

Theorem 5.5.7. Let (G,B) be a bornological group with bounded geometry, whose bornology is
generated by a single set. Let p: G — Q be a surjective morphism and equip Q@ with the induced
bornology p(B). Assume that the kernel A = ker(p) is central in G and coarsely contained in the
commutator |G, G]. Then G has coarse property (T) if and only if Q has coarse property (T).

Proof. If G has property (T) then so does @), since it is a quotient. So suppose @ has property (T),
and therefore also property (FH). Let U be a free ultrafilter on N. First we show that any affine
action of the bounded ultraproduct Gy on a Hilbert space H has almost invariant vectors. Note
that we have a surjective morphism Gy — @y with central kernel Ay,.

So let o: Gy ~ H be an affine transformation. By Proposition 5.1.12 we may assume that o is
well controlled. We write o(g)v = 7(g)v + b(v) where 7 is a representation and b is a cocycle for 7,
i.e. it satisfies b(gh) = 7(g)b(h) + b(g) for g, h € Gy,.

Let HY be the subspace of H consisting of 7(Gy)-invariant vectors and let b denote the
projection of b onto H¢. Then the cocycle condition gives b (gh) = b%(g)+b%(h), so b%: Gy — HE
is a morphism to an abelian group. Since A has bounded geometry, we can prove similarly to the
proof of 5.5.5 that A is coarsely dense in Ay. Since A is coarsely contained in [G, G| it follows that
Ay is also coarsely contained in [Gy, Gy]. Since b€ is a controlled map we find that b& is bounded
on Ay. But then for any a € Ay and n € Z we have b%(a") = nb“(a) and boundedness implies
that b is 0 on Ay.

Now let H* be the subspace of H consisting of 7(Ay)-invariant vectors and let p* be the
projection onto H4 and b4 = p? o b. The projection of the cocycle condition gives b (gh) =
7(g)bA(h) + b2 (g) for g, h € Gy. Using that Ay is central in Gy we find, for a € Ay and g € Gy

b (g) + b*(a) = w(a)b?(9) + b*(a) = b*(ag) = b (ga) = m(g)b" (a) + b™(9)

87



so b4(a) is a 7(Gy)-invariant vector. This implies that b(a) = b%(a) = 0. The cocycle condition
then gives b (ga) = b%(a) for ¢ € Gy and a € Ay. Hence b factorizes through a cocycle
b': Qu — HA. This gives a controlled affine action of @y on HA. Since @ has property (FH)
it follows that there is an invariant vector vg € H*. This vector satisfies p* (o (g)vg)) = v for all

g € Gy.
Let B C Gy be a bounded set and € > 0. Since o is well controlled, o(B)(vy) C (p?)~(vo)
is relatively compact, so we may select finitely many vy,...,vx € (p?)7(vg) such that o(B)(vo)

is contained in a union of balls U1<j<k B(vj,5). We apply Lemma 5.5.6 to the representation

Ay ~ H* and the vector (vi,...,v). We find ai,...,a, € A and t1,...,t, € [0,1] with sum 1
such that ||>7 t;m(a;i)v; — vo| < 5 for 1 < j < k. Let w = Y_"", t;0(a;)(vo). Then for g € B we
have [|o(g)(vo) — v;]| < & for some j, and then

n

lo(g)w = wl| =Y (tio(ga;)(vo) — tio(a:)(vo))

i=1

n

= (tio(a:)a(g)(vo) — tio(a:)(vo))

i=1

= Ztﬂ(ai)(a(g)(ﬂo) — )

= Ztﬂ(ai)(g(g)(ﬂo)) — o

n

S Ztﬂr(ai)vj — Vo —+ %
=1

<e.

So w is an almost invariant vector for B. This shows that any affine controlled representation of
Gy has almost invariant vectors.

Now to finish the proof we use Proposition 5.4.4: if G would not have property (FH), we find
a controlled affine action of the ultraproduct Gy, with positive displacement, and thus not with
almost invariant vectors. So G must have property (FH) and hence property (T) since it has
bounded geometry and its bornology is generated by a single set. O

5.5.4 The group Homeo; (R)

Let Homeo%(]R) be the group of lifts of orientation-preserving homeomorphisms of the unit circle,

as described in [46, §3.4]. It can be described explicitly as
Homeo, (R) = {f: R — R homeomorphism | f(z +n) = f(x) +n for all z € R,n € Z}.

Rosendal shows that the bornology OB can be described as follows: a subset A C Homeo (R)
is bounded exactly when the set {a(0) | a € A} C R is bounded. In particular it follows that
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Homeo‘Z"(R) is coarsely equivalent to Z. We can use Theorem 5.D to prove that this group has

property (T) as a bornological group.

Corollary 5.5.8. The group Homeo, (R) equipped with OB has coarse property (T). Hence, it also
has coarse property FH (and in particular topological property FH).

Proof. There is a short exact sequence of Polish groups:
1 — Z — Homeo, (R) — Homeo™ (R/Z) — 1,

where 7Z is central. Here Z has the discrete bornology and Homeo™ (R/Z) is bounded. From the

explicit description of the bornology on Homeo (R) it is clear that Homeo™ (R/Z) is the image of

a single bounded set. Moreover, the bornology of Homeo‘Z"(R) is generated by the single bounded
set S = {a € Homeoy(R) | 0 < a(0) < 1}.

For x € R denote by {z} the fractional part of x. Consider a,b € Homeoy(R) given by a(x) =
v — 1 and b(z) = x + 2{z} if {2} < § and b(z) = x + 2 — 2{az} if {&} > 1. Then [a,b](0) = %
and [b~1,a7!)(3) = 1. So [b~',a"!][a,b] sends 0 to 1. Then ([b=*,a'][a,b])" sends 0 to n. So
the collection {([b=*,a"!][a,b])" | n € Z} is coarsely dense in Homeo} (R), so in particular, the
commutator subgroup is coarsely dense. So the conditions of Theorem 5.D apply, and Homeo™t (R/Z)
has coarse property (T). It also follows that this group has topological property FH, because this

is a weaker statement. O
In the same chapter of his book, Rosendal considers two other similar examples of Polish groups:

— the group Autz(Q) of order-preserving permutations of Q commuting with integral transla-
tions, equipped with the permutation group topology.

— the subgroup AC%(R) of Homeo, (R) consisting of all h so that h and h~! are absolutely
continuous when restricted to [0, 1], equipped with a certain topology (see [22]).

For similar reasons, these two groups equipped with OB are quasi-isometric to Z, and satisfy the
assumptions of Theorem 5.D, and so they have coarse property (T) as well.

5.6 Bounded products

In this section we prove Proposition 5.1.14 and Theorems 5.G and 5.H.

Proposition 5.6.1. Let T',, be a sequence of groups with finite sets of generators S,,. Let G =
[L,{Gn,Sn} be their bounded product, with the bornology B and topology T introduced in the Intro-
duction. Then we have B= 0B =K.

Proof. Let A € B. We show that A is relatively compact for 7 by showing that every ultrafilter U
on A has a limit point. Since A is bounded there is an integer L such that for all (a,) € A we have
a, € SL for all n. Then we can define the ultralimit c,, = limy a,, € SL. Then (c,) € A. We show
that it is a limit of #. Let (¢y) - U, be an open set containing (c,,). Then there is an N such that
p(n) > 2L for all n > N. Then (c,) - U, N A2 {(a,) € A| a, = ¢, for all n < N}, and since the
latter is in U, so is the former, showing that U converges to (¢,,) and that A € K.

We always have K C OB so it remains to show that OB C B. We use Proposition 5.3.2(iii).
Suppose that A ¢ B. Then for any positive integer ¢ we can find ((a;),) € A and n; € N with
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I((a;)n,) > i2%. Let p: N = Z>1 be a proper function satisfying p(n;) < i for all positive integers
i. For k > 1let Vi = Usr,. Then V2 C Vigq and J, Vi = G. For all i we have ((a;),) € A, but
1((a;)n,) > 128 > 2'p(n;) so ((a;)n) € Vi. So A € V;, showing that A ¢ OB.

O

We recall the statement of Theorem 5.G:

Theorem 5.6.2. Let I',, be a sequence of finite groups with symmetric generator sets S,. Suppose
that sup,, |Sn| < 0o. Let X be the coarse disjoint union of the Cayley graphs Cay(I',,, Syn). Then
the bounded product G has topological property (T) if and only if X is an expander sequence.

Proof. Suppose G has topological property (T). For each n, let L3T',, denote the Hilbert space of
functions on T',, with sum zero. The group I', acts by multiplication on LZT',,. Precomposing
with the projection G — T',, gives a representation of G on L3T,,. Taking the direct sum gives a
representation of G on @,, L3T',,. This is a continuous representation without any invariant vectors.
By property (T), there are also no almost invariant vectors. This shows that X is an expander
sequence.

Conversely, suppose that X is an expander sequence. Let M, be the normalized adjacency
matrix of T';,. There is a constant h > 0 such that the spectrum o(M,,) is contained in [h — 1,1 —
h] U {1} for all n. Then the normalized adjacency matrix of the product group I'y x -+ x I'y
is Mi®---®My. Its spectrum is still contained in [h — 1,1 — h] U {1}. For any representation
I't x -+ xT'ny ~H, denote by p<n the projection on the invariant vectors. Then we get

hlp<ve = o] <llo = penv] = [(M1®- - & M) (v = p<nv)|
<|[|(My®--@My)v—v
< sup  ||lsv —].
s€S1 XX SN
Now let m: G — U(H) be a continuous representation with almost invariant vectors. Let

C =TI, Sn C G. Let kg = [2h~!']. Since the representation has almost invariant vectors, there is
a unit vector vg, € H such that ||svg, — vg, || < 1?10 for all s € C. We will recursively construct unit
vectors vy, € H for k > ko, with||svy — v < ¢ for s € C, and ||vg41 — vi|| < 75=. Suppose vy, exists.
Since the representation is continuous, there is an integer N such that for every s € [],,- y Sn, we
have ||svg — vi| < k(#l) Let

We know that ||p§va — ka < ﬁ, SO H<kk2 + %pg;v) Vg — Vg

< 3. In particular we get

k=2 | 2 2 4
H (T + Ep§N> vk|| > 1 — 57z and hence |[vgp 41 — || < 57z
on

Now let s € C and let s~y denote the projection of s SNt+1 X Sny2 X ---. We get
E2 (svp — k) + 2p<n(s>n0k — Uk)

’(k,f + %pgzv) Uk

lsvk41 — Vit ]| =
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k—2 2
Rl

<

Tl

k24

- k2 —2p!

K-k 1

k2 —2h"1 k41
1

< —.

“k+1

So vy satisfies the desired inequalities.
Now the vy form a Cauchy sequence, so there is a limit v, and this will be an invariant vector.
O

Remark 5.6.3. We could also consider the product topology on G in this Theorem, which is weaker
than 7, because the representation constructed in the first part of the proof is also continuous for
this topology.

If we take all possible finite quotients (up to isomorphism) of I' (of which there are necessarily
only countably many), we find a new criterion for property (7).

Corollary 5.6.4. Let I be a finitely generated residually finite group, generated by the symmetric
set S. Let I'1,T'a,... be all finite quotients of I' and let G be their bounded product. Then T' has
property (1) if and only if G has topological property (T).

Proof. 1t is well known that I' has property (7) if and only if the sequences of Cayley graphs
Cay(T',, S) is an expander sequence [33]. By Theorem 5.G, this is equivalent to G having topological
property (T). O

Now we turn to the coarse property (T) for the bounded product G. For a sequence of finitely
generated groups (I'y,,S,) and an ultrafilter & on N, we denote by [[,, I',/U the (bounded) ul-
traproduct, that is, the quotient of the set of sequences G = {(gn) € Ty, | sup,, l(gn) < oo}
by the equivalence relation (g,) ~ (hy) if Yynlg, = hyp]. This is again a finitely generated
group. If the S, are bounded in size, we can identify them all with a fixed symmetric set S,
and view I',, as a quotient ¢,: Fg — I',. Then [] I',/U is equal to Fs/limy ker(p;,), where
limy, ker(¢y,) = {g € Fs | Vyn: g € ker(p,)}. For any quotient T of Fg, we say the spectral gap
of I is the largest 7 € R such that the spectrum of the operator Ag =3 o1 —s € C;  (T) is
contained in {0} U [y, 00).

Before proving Theorem 5.H we need a lemma. It is clear that any finite product of groups with
property (T) has property (T) again. The lemma quantifies this. For a finitely generated group
I, generated by a symmetric set S containing the identity, let Mg € C[I'] denote the averaging
operator Mg = ﬁ ZSGS s. Denote by opmax(Mg) the spectrum of Mg in the maximal C*-algebra

C.x(T). Then T has property (T) if and only if there is € > 0 with opax(Ms) C e—1,1—e]U{1}.

max

Lemma 5.6.5. Let I'y, 'y be finitely generated groups, with symmetric generating sets Sy and Ss.
Suppose omax(Mg,) C [e — 1,1 —e]U {1} for i € {1,2}. Then the group T'y x 'y is generated by
Sy x Sy and omax(Ms, xs,) C e —1,1 —e]U{1}.
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Proof. Consider a representation of I'y x I'y on a Hilbert space ‘H without constant vectors. Let
v € H. Note that the subspace H " of T'y-invariant vectors is a subrepresentation, and it contains
no [y-invariant vectors. Let w be the projection of v onto H'*. Then || Mg, x5, w|| =||Ms, Ms, w|| =
[Ms,w|| < (1 —¢)||w|. We also have || Mg, xs, (v —w)|| =||Ms,Ms, (v—w)|| <|[Ms,(v—w)| <
(1 —¢e)|lv—wl|. we get

2 2 2 2
M, x5,0]I" = | M, x5,w||” +||Ms, x5, (v = w)]||” < (1 —&)?[|o]|”
This shows that omax (Mg, xs,) C e — 1,1 —e]U{1}. O
We now recall the statement of Theorem 5.H.

Theorem 5.6.6. Let '), be a sequence of finite groups with symmetric generator sets S,. Suppose
that sup,, |S,| < co. Let X be the coarse disjoint union of the Cayley graphs Cay(T'y,Sn). The
following are equivalent:

(i) The coarse space X has geometric property (T).
(i1) All ultraproducts Gy =[], T'n/U have property (T) with uniform spectral gap.
(111) All ultraproducts Gy have property (T).
(iv) There is a finitely generated group T with property (T) such that all T, are a quotient of T.
(v) The bounded product G has coarse property (T).
(vi) The bounded product G has coarse property (T-).

Proof. We can assume without loss of generality that |S,,| is constant. Then, we can view each I';,
as a quotient ¢, : Fg — I';,. The ultralimit of these maps is ¢y : Fs — Gy.

Suppose (i) holds. Let C.s[X] denote the Roe algebra of X, and let v > 0 such that o(n(Ag)) C
{0} U [, o0) for all representations 7. Let U be an ultrafilter on N and consider a unitary represen-
tation 7: Gy — U(H). Suppose there is a unit vector v € H, and n with 7(Ag)v = nv. We will
show that n € {0} U [y, 00), which implies that Gy, has property (T) with spectral gap at least ~.

For any n, consider the Hilbert space ¢?(X,,H). The group Fs acts on this by g - £(x) =
m(g)(&(g x)) for £ € (*(X,,H) and € X,. Now let H = [] (*(X,,,H)/U. We define a
representation 7': Ces[X] — B(H') as follows. Any element of Cs[X] can (usually non-uniquely)
be written as a finite sum > . fog with f; € £°°X. In other words, C¢s[X] is a quotient of the
x-algebra >°(X) x Fg. We define 7’ by

T D fg | (N = | D for(g-6n)

gE€Fs g€Fs

for ((¢,)) € I1,, ¢*(X,, H)/U. This is a well-defined *-representation of £>°(X) x Fs. To see that it
induces a representation of C.s[X], suppose that deFs fq9 = 0 in C[X]. For any g,h € Fs we
know that if ¢, (g9) = ¢, (h) modulo U, then 7(g) = w(h). Since only finitely many g occur in the
sum, we know that there is A € U such that for all n € A and all g, h with f; # 0 and f, # 0, we
have that ¢,,(g) = ¢n(h) implies m(g) = w(h). Now for n € A and = € X,, we have

Yo folg-&a)@ = D fel@)m(9)(En))-

ge€Fs y€Xn glgy=z
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Now if g, h both satisfy gy = « and hy = = we have ¢, (g) = ¢n(h), so 7(g) = w(h). Moreover by
the assumption that - . fg9 = 0 we know that >° . fo(x) =0 for all z,y € X,,, we see that
the inner sum is zero for each y. Therefore, the map 7’ is well-defined representation of C.s[X].

Consider the unit vector ((£,)) € M’ given by &,(z) = |X,| 2v for all 2 € X,. Then
7' (Ag)((&r)) = n((€,)). This shows that n € o(7'(Ag)) C {0} U [y,00), as we wanted to prove.

The implication (ii) = (iii) is trivial. Now suppose (iii). First we prove that there is an integer
R such that the group Fs/(ker(¢,) N ST) has property (T), for all n. If this is not the case, then
for every R there is an ng € N such that Fg/(ker(p,,) N S%) does not have property (T). Let U
be a non-principal ultrafilter and consider the ultraproduct H =[], I',,,/U. This (discrete) group
has property (T) by assumption. By the main theorem of [41], we can write

—As = ZsaeR

for some v > 0 and & € R[H]. Let & be lifts of & in R[Fs]. For large enough R, the supports of
the & will be contained in S®/4, Now for most R (in the sense of the ultrafilter) we have

k
A% =5 — Y €& € ker(R[Fs] — RITu,]) NRIS™?] C ker(R[Fs] — R[Fs/(ker(ony) 1 S™))).

i=1

So we see that for these R the spectral gap of Fis/(ker (i, ,)NSE) is at least v, giving a contradiction.

So let R be such that Fs/(ker(p,) N ST) has property (T) for all n. Let Ay,...,A,, be all the
groups that can arise in this way. There are only finitely many since there are only finitely many
subsets of ST. All these groups have property (T). Then their product I' has property (T), and all
T, are a quotient of I', showing the implication (iii) = (iv).

Now suppose (iv) is true, so all T',, are quotients of a single group I with property (T). We can
also assume that I' is generated by S and S, is the image of S. We will show that G has coarse
property FH, which is equivalent to coarse property (T) since the bornology of G is generated by
the bounded set [],, Sy.

We can assume that S is symmetric and contains the identity. Then there is € > 0 such that
Omax(Mg) C [5 1,1—¢]U{1}. Let a: G ~ H be a controlled affine action. Let v € H andlet C' >0
such that ||a v — UH < Cforall s € [],, Sn. Let g € G. We will show that ||a v — UH < 2C/e,
showing that a has bounded orbits.

Since g is in the bounded product, there is an integer & such that g € (], S,)k. Each coordinate
of g is then an image of an element in S*. Since S* is finite, this means there is an integer m and
a homomorphism f: '™ — G and an element x € ' with f(z) = ¢g. By Lemma 5.6.5, we have
Omax(Mgm) C e — 1,1 —e]U{1}.

Let vg denote the orthogonal projection of v on the subspace of H consisting of I'™-fixed vectors.
Define 7: I'™ ~ H by w(y)w = a(f(y))(w+vo) —vo. This defines a representation of w on H. Since
v — vy is perpendicular to the constant vectors of this representation, we have HT{'(M gn)(v— vO)H <
(1 —¢)||v — vgl|. We also have

7 (Mg )(w — o) 2l — voll - ﬁ S alf(s)o — o] >lo— ol - C
sesm
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This gives ||[v — vo|| < C/e. Finally we have
||a(g)v — v|| zHoz(f(a:))v — ’UH = ||7T(J:)(v —vp) +vo — ’UH < 2|jvg — || < 2C/e.

This shows that « has bounded orbits, thus G has coarse property FH, and coarse property (T)
as well, showing (iv) = (v).

Suppose G has coarse property (T). We will prove that X has geometric property (T). Let
(A,e) be a Kazhdan pair for G. Let N = sup, jc 4 sup,, [(g,) which is finite since A is bounded.
Let m: Ces[X] — B(H) be a representation. Let v € HL be a unit vector, perpendicular to all
constant vectors. Note that G acts on L?X, and this gives a natural embedding G — C.[X]. Thus
7 restricts to a representation of G. The constant vectors form a subrepresentation, so Hi‘ is also
a representation of G. It does not have any constant vectors. So there is a € A with |jav — v|| > «.
Now a can be viewed as an element in C.;[X] with propagation at most N. So it follows that X
has geometric property (T), showing (v) = (i).

The implication (v) == (vi) is trivial. We will finish by showing (vi) = (iii). Suppose G has
property (T-), or equivalently FH-, and let a:: Gyy ~ H be an affine action. Then the composition
G — Gy — U(H) gives a well-controlled action, because the image of any bounded subset of G is
finite. This shows that a fixed point exists, so Gy has property FH and property (T). O

5.7 Further remarks and questions

Cohomological interpretation. By the Mazur-Ulam theorem, an affine isometric action of G
on a Banach space E corresponds a pair (m,b), where 7 is a norm-preserving representation
of G on E, and b € Z'(G,n) is 1-cocycle, i.e. a map b : G — E satisfying the cocycle relation
b(gh) = m(g)b(h)+b(g) for all g, h € G. The subspace B (G, ) of Z1(G, ) consists of coboundaries,
i.e. cocycles of the form b(g) = v—7(g)v where v € E (this corresponds to the affine action fixing the
point v). The first cohomology groups with values in 7 is defined as H*(G, ) = Z1(G, 7)/BY(G, ).

Assume that G is a bornological group. Note that an affine action given as o(g)v = m(g)v+b(g).
Hence o is controlled if and only if b is “controlled”: i.e. bounded on bounded sets. The subspaces
of controlled cocycles will be denoted by Z! . (G,w). Note that B*(G,n) C Z} . (G,7). The
controlled first cohomology will be defined as H}_  (G,7) = Z} . (G,7)/B (G, ).

If G is a topological group, and 7 is a norm-preserving representation (not necessarily con-
tinuous), we let Zl (G, m) be the subspace of continuous 1-cocycles, and let H} (G, 7) =
ZL 1 (G,m)/BY(G,m). If G is locally compact, equipped with the bornology K, then the inclu-
sion ZL (G, m) — ZL . (G,7) gives rise to an injective linear map H} (G, 7) — HL . (G, ).

cont born born

orn

Theorem 5.7.1. Let G be a locally compact group. Let m be a norm-preserving (not necessarily
continuous) representation on a uniformly convex Banach space E. Then every controlled 1-cocycle
is cohomologous to a continuous one. In other words, the map HL, (G, 7) — H} (G, 7) is an
isomorphism.

Proof. Let b € Z} . (G,n), and let o be the corresponding (controlled) affine action. Proposition
5.1.5 implies that there is v € E such that g — o(g) - v is continuous. Let ¢ be the 1-coboundary
defined by ¢(g) = m(g)v—v. Then the cocycle b’ = b+c satisfies b'(g) = b(g)+m(g9)v—v = o(g)-v—w.
It is therefore continuous. O

Note that the previous definitions extend to higher degree cohomology groups. In particular,

we have a injective map HE (G, 7) — HE (G, ).
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Question 5.7.2. Under the assumptions of Theorem 5.7.1, is the map HE (G, 7) — HE. (G, )

cont
surjective (hence bijective) for all k > 17

Shopping centres for Banach spaces. The proofs of Theorems 5.F and 5.D rely on the notion
of shopping centre (see §5.2.3) which attach to every bounded subset of a Hilbert space a relatively
compact subset which satisfies a crucial property stated in Lemma 5.2.11. We have not been able
to define an analogous notion for uniformly convex Banach spaces.

Question 5.7.3. Is there an analogous version of Lemma 5.2.11 for uniformly conver Banach
spaces?

Question 5.7.4. Are Theorems 5.D and 5.F wvalid for uniformly convexr Banach spaces?

Bounded products. The notion of bounded product makes sense for a family of groups equipped
with a left-invariant pseudo-metric. It would be interesting to investigate it more systematically
(see also [54]). In particular:

Question 5.7.5. Can Theorems 5.G and 5.H have analogues for sequences of compact groups
equipped with suitable left-invariant metrics?

Stability of coarse FH. Among locally compact groups, property FH is invariant under taking
closed cocompact unimodular subgroups. In particular this holds if the subgroup is closed cocom-
pact and normal. The unimodulaityr assumption is crucial as for example, SL3(R) has property
FH, but the closed cocompact subgroup of upper-triangular matrices does not (as it is solvable).
The situation is even worse among Polish groups: indeed we have seen that Homeo, (R) has (even
coarse) property FH but contains Z as a coarsely dense discrete subgroup. Note that for locally
compact groups, the unimodularity assumption of the subgroup H < G is here to ensure that G/H
have a G-invariant probability measure.

Question 5.7.6. Is there a reasonably natural restriction on pairs (G, H), where G is a bornological
group and H is a subgroup which ensures that property FH for G implies property FH for H?
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6 Actions of amenable groups on measure spaces

Chapter summary
We show that every controlled action of a locally compact amenable group on a finitely-
additive measure space has an invariant mean. This gives a characterisation of amenability
that does not use the Haar measure. In fact, it only relies on the bornological structure of
the group, making it an excellent starting point for the systematic study of amenability for
bornological groups.

6.1 Introduction and main results

Recall that a locally compact group G is amenable if there exists an invariant mean on L>*G. In
this chapter we consider a locally compact group G with a measure-preserving action on a finitely-
additive measure space (X, v). We do not require that this action is continuous or even measurable
(it is also not clear what continuity would mean in this context). Instead we just require that the
action is controlled.

Definition 6.1.1. Let G be a locally compact topological group and let (X, v) be a finitely-additive
measure space. A measure-preserving action a: G ~ X is called controlled if there is a measurable
subset A C X with 0 < ¥(A) < oo such that the following condition is satisfied: for every compact
subset K C G and all ¢ > 0 there is a measurable subset B C X with v(B) < oo and with
v(gANB) > (1 —e)v(A) for all g € K.

Example 6.1.2. For every locally compact group G with left-invariant Haar measure y, the action
of G on (G, p) by left-multiplication is controlled. We can take A to be any compact neighbourhood
of the identity, and for a compact K C G, let B = KA, which is still compact, so it has finite
measure.

Definition 6.1.3. Let G be a locally compact topological group and (X, v) be a finitely-additive
measure space. Let a: G ~ X be a measure-preserving action. An invariant mean on X is a
finitely-additive measure ¢ on the same algebra as v satisfying ¢(X) = 1 and p(gA4) = p(A) for all
measurable A and g € G.

Theorem 6.A. Let GG be a locally compact topological group. Then G is amenable if and only if
for all controlled measure-preserving actions G ~ (X, v) on a finitely-additive measure space there
is an invariant mean on X.

Interestingly, this gives a characterisation of amenability that does not use the Haar measure.
It also does not require continuity of the action.

We will prove Theorem 6.A first for a o-additive measure v. For this the idea is to choose a vector
in L?X, take the orbit under a Fglner set in G and take the average. This should give a vector in
L2X with good invariance properties, and taking a limit will give an invariant mean. The challenge
is that the action of G on L2X has no regularity properties like continuity or measurability, so we
can not straightforwardly take this kind of average. We introduce the L!-mean centre to tackle this
problem.

Then we extend the result to finitely-additive measure spaces by taking an ultraproduct of X
and equipping it with the Loeb measure. This is a o-additive measure, even if the original measure
was only finitely additive. Then we can apply the case of og-additive measures to get an invariant
mean on the ultraproduct and we show that from this we can construct an invariant mean on X.
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6.2 L'-mean centre

We introduce the L'-mean centre. This construction is similar to the construction of the mean
centre in Section 5.2, but the mean is taken in a different way. Because there is an interplay
between L' X and L2X in the construction, we need to require the subset that we take the mean of
to consist of positive functions. For a o-additive measure space X, we denote by (L?X)™ the cone
consisting of all functions f € LPX with f > 0.

Construction 6.2.1. Let (X,v) be a measure space. Let C C L>?X™T be a bounded subset. Let X be
an algebra on C and p: X — [0,00) a finitely additive function with u(C) > 0. Then we construct
the L'-mean centre Z(u) € L2(X,v)" satisfying the following property:

If A €% then
2 (A - 5 WMCOC\A) - 2
1) = —=LZ(wa)” + = Z(ena)”
(1) te) A) ite) \a)
Proof. Recall from Section 5.2 that a non-empty bounded subset A C H of a Hilbert space has a
unique centre Z(A) and a radius p(A) = sup,e4|ja — Z(A)||. Let s = sup,eqz,. Let P = (4;)
be a finite partition of C' in elements of ¥. We define

Nl

Zo = | S M 247 ) €

el = | o4 | e o.oc)

We want to take a limit as P gets more refined, so we need to prove an inequality to show conver-
gence. Let P = (A;) be a finite partition of C' in elements of ¥, and let ) = (B;;) be a refinement.
Then we have, using the Cauchy-Schwarz inequality and Remark 5.2.4:

Ze) - Zow||. <]|Zp(w)? - Zo(w?
2

- ﬁ Z ZM(Bij)(Z(Ai)Q — Z(By;)?)

1

IN

ﬁ %:“(Bij)HZ(Ai)Z - Z(Bij)2H1

IN

ﬁZuwij)Hzm» = 2By, [|12(4) + 2(By)

2s
= W0 ;“(Bij)}’Z(Ai) — Z(Byy)|,
2s ) %
T Bij)||Z(A:i) = Z(Byj) ||,
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M

2s
n(C)

s(pp(p)? — po(u)?)z.

<

SIS

Z 1(Bi;)(p(Ai)? = p(Bij)?)

[\

In particular we see that pp(u) > po(p). Now let P, be a sequence of finite partitions of C in
elements of ¥, each a refinement of the next, such that pp, (1) converges to the infimum of gp(u)
taken over all finite partitions P of C' in elements of ¥. Then the above computation shows that
Zp(p) converges to an element Z(y), that is not dependent on the chosen sequence of partitions.

Now let A € . We may take the P, to be refinements of the partition {A,C\ A}. Then these
partitions split in a partition P, ; of A and a partition P, o of C'\ A, and we get

~ A) - C\A) -
Zp, (n)? = ZEC;ZPn,l(M|A)2 + M(N((\J))ZPTL,Q(MC\A)2
and
1(A) p(C\ A)

pp, (1) = mﬁPn,l(M|A)2 + WﬁPTL,Z(M\C\A)Q'

Taking the limit as n — co we get

Z(p)?* = %Z(MIA)Q + WZ(MC\A)Q-

6.3 The o-additive case

Consider a measure-preserving action of a locally compact group on a c-additive measure space.
As usual, there are multiple characterisations of the existence of an invariant mean.

Proposition 6.3.1. Let G be a group and G ~ (X,v) be a measure-preserving action. The
following are equivalent:

(i) There is a G-invariant mean on X.
(ii) There are almost G-invariant vectors in L>X.

(iii) For every finite F C G and € > 0, there is a measurable A C X of finite measure with
v(ig- A\ A) <ev(A) forallg e F.

Proof. We start by proving (i) = (iii). Assume (i) and let ¢ be a G-invariant mean on X. Let
F C G be a symmetric finite subset and let ¢ > 0. Assume for a contradiction that for every
measurable A C X with finite measure we have v(F - A\ A) > ev(A).
Let P(X) = {¢ € L' X | ¢ > 0, [ ¢ = 1}. Note that, by the Goldstine theorem, ¢ is in the weak
E:l};)lsuretof P(X). Consider the Banach space B =Y _, L*X, with the norm ||(1},)| = Zg“ingl.
e se

geF

{0 —g") e Bl ¢ e P(X)}
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is convex. If ¥ — ¢ weakly, then ¢ — g*1) — 0 weakly, since ¢ is G-invariant. So 0 is in the weak
closure of this set. Since it is convex, it is also in the norm closure. We can then pick ¢ € P(X)
with }° cpllY — g"¢[l; < n, where we will choose 7 > 0 later. We also pick a fixed representative
function for ¢, which we also denote by .

Let (1+¢)"'<d<1. ForneZ,let

A, ={x e X |¢(x)>d"}.

Clearly, v(A,) < coso v(FA,\A,) > ev(A,) foralln. Let D,, = FA,\ A, 11. For each z € X there
are ng, ny such that x is contained in Dy, D41, - - -, Dp, and no other D,,. Then we have 1(gx) >

6" for some g € F, and ¢(x) < 6™ F. So X°_ |[(fx) —(x)| > om0 —dmHt =370 g — gL
We get )
n> an gl > Z — 6" u(Dy) = (1-6) Y 6"u(D

We also have
(1+ew(A,) <v(FA,) <v(Ani1) +v(Dy).

Multiplying by é and summing over all n gives

(L+)> 0"v(An) <> 8"v(Ang1) + Y 6"U(Dy).

So

(1+e—46 25” ) <> 8"w(Dy) < (1—6)""n.

On the other hand, we have

1:2/ ¢<Z Apt1) — v(Ay))6" = Zan Tl4e—-0"H

An+1 \A

Picking n small enough gives a contradiction.

The implication (iii) = (ii) is straight-forward: let A be a measurable set with finite measure
and v(g- A\ A) < ev(A) for all g € F. Let ¢ = v(A)~Y/?14 be the normalized characteristic
function of A. Then [|€ — g*¢| = v(A)~V2v(AAgA)Y/? < V/2e.

Lastly, we prove (ii) = (i), so we assume that there are almost G-invariant vectors in L2G.
Let

A = {F C G finite ,& > 0}.

This is a directed set where (F,¢) < (F',¢') if F/ C F and ¢ > €. For A = (F,e) € A let &, € L*G
be a unit vector such that ||y — g*&\|| < € for all g 6 F. We can assume that the £, are real-valued.
Let @y € (L™X)* be the unit vector given by ¢x(h) = [y h( (x)%dv(x). Then for g € F~1
have

ox(F7h) — oa(h) = /X h(a)(Ex(92)? — € (2)?)di(z)

SO

lea(g™h) —ex(h)| <|lA] - /X [€x(g2)? — €x(@)?|dv(z)
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So [lgea — @all < (22)2. The unit ball in (L>X)* is compact, so the net ¢y has a limit point .
Then ¢ is an invariant mean. O

Proposition 6.3.2. Let G be a locally compact topological group. Then G is amenable if and only
if for all controlled measure-preserving actions G ~ (X,v) on a o-additive measure space there is
an invariant mean on X.

Proof. One direction follows from Example 6.1.2. For the other direction, suppose that G is
amenable and let a: G ~ (X, v) be a controlled action. Let A C X be as in Definition 6.1.1.
Let f: G — L?X be the function f(g) = 1,4. Let C C G be a fixed compact neighbourhood of the
identity and let B C X be such that v(gAN B) > 1v(A) forall g € C.

Let € > 0 and F' C G a finite set. There is a compact Kazhdan set K C G satistying u(KAgK) <
ep(K) for all g € F. Let n = npe = Z((fu()*u)2 € LY(X,v)T. We will show that 7 is almost
invariant for F'. First we will find a lower bound for ||5]|;.

Since K is compact, we may write K as a finite partition K = ||, ¢;C;, with g; € G and
C; C C measurable. Consider any partition P = (A;;) subordinate to this one. For any a € A;;
we have fg,-Bf(a)dV = v(aANg;B) = v(g; 'aAN B) > $v(A). Since Z(f(A;;)) € T0(f(Aqj)) we

get [ 5 Z(f(Aij))dv > 3v(A) as well. From this we conclude that HZ(f(Aij))H; > Ly(4)%v(B)~ L.
Since
,u i 2
flK ] 1] )H27
we get
. 2 -
|2 (i), = gr(AP(B) .

2 4

Taking the limit as P gets more refined, we conclude that |||, > Jv(A)*v(B)~ .
Now let g € F. We have ay(n) = Z((g)«(fixc)«1t)? = Z((figic)«t)%. Then we get

_ ugKNK) - 2, MK\ gK) - 2
= WZ((ngmK)*M) + WZ((fK\gK)*M)
and
_ MgKNK) - ngK\ K) -
ag(n) = WZ((ngﬂK)*M)Q + WZ((ng\K)*M)%
We find
pgK\ K)

ag(n) —n= W( ((f|gK\K) ) - Z((fK\gK)*M)Q)

50 [|org () — ||, < 2HLENDHA) < 2 4),
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Now let (p. = ﬁ be the normalisation of 1. Then by the estimates above, we get that
F,e 1

Hag((pyg) - CF’E||1 < 4dev(B)v(A)~! for all g € F. Since (. € L' (X, )" has integral one it defines
a mean on X. Let ¢ be a weak limit point of these means as F' increases to G and € decreases to
zero, then ¢ is an invariant mean on X. O

6.4 The Loeb measure

An important construction is that of the Loeb measure on an ultraproduct of measure spaces, as
described in [31] and [52], for example. We describe the construction in detail for ultraproducts
indexed on arbitrary directed sets, rather than just on the natural numbers.

Let (A, <) be a directed set without maximum. By Lemma 5.4.3, there is a cofinal ultrafilter I/
on A and a net ny with values in the natural numbers, such that limy, ny = co. Suppose for each
A € A we have a space X, an algebra Xy of subsets of X, and a finitely additive function vy on
Y. Consider the ultraproduct Xy =[], Xx/U.

Suppose we have subsets By C X, for every \. We denote by limy; By C X, the subset consisting
of equivalence classes (x) of sequences with x € Bj for most A (with respect to U). Such a set is
called a quasibox. Note that limy,(BxNBY}) = limy BxNlimy B} and Xy, \limy By = limg (X \ By).
Therefore the set of quasiboxes forms an algebra A of subsets of X;;. We can define the finitely
additive function v on A by

V(th}lBA) = lilﬁnuA(BA) € [0, o0].

To show that v can be extended to a o-additive measure, we need the following Lemma (see [52,
Proposition 1.1]).

Lemma 6.4.1. Let B be a sequence of quasibozes in Xy.

(i) If Np<ry B™ # 0 for all N, then (N, B™ # 0.

(i) If v(MNp<n B™)Y > ¢ for all N, then N, B™ contains a quasiboz A with v(A) > c.
(n)

Proof. Recall there is a net ny with limy ny = co. Write B(™ = limy, B,".

(i) For every A € A, let Ny < ny be maximal such that (1, -y, Bg\") # 0. Pick ay € N,<n, B/(\n).
We claim that (ay) € B™) for every N. To see this, note that (), <y B™ = limy ), < v BE\"),
so for most A we have [, - B;n) # (. Also ny > N for most A. For these A we have Ny > N,
80 ax € (,<n, B/(\") C BE:N). This shows that (a)) € BY) for all N, so (), B™ # 0.

(ii) For every A € A, let Ny < ny be maximal such that V)\(ﬂnSNA Bg\n)) > c. Let A, =
Nn<n, Bg\n) and A = limy Ay. Then we have v(A) > ¢, and we claim that A C (0, B(™.
To see this, let N be a natural number and (ay) € A. We have ¢ < v([,<x BM) =

limy v((),,< v B/(\")), so for most A we have vx([,<x BE\TL)) > ¢. Also for most A we have

nx > N and ay € Ay. For such A we have Ny > N. Then a) € Ay = ﬂngNA Bg\n) - BE\N).

So (ay) € BN, showing that A € B™Y), and A C N, B™),
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Now we can construct a measure on Xy.

Proposition 6.4.2. Let (A, <) be a directed set, and let U be a cofinal not o-complete ultrafilter on
A. For all X\, let X be a set, let X2y be an algebra on Xy and let vy be a finitely additive function
on Xx. Then there is a o-additive measure v, called the Loeb measure, on the o-algebra o(A)
generated by the quasiboxes in Xy, such that

lim By) = li B
v(lim By) = limvy(By)

for every quasibox limy, B .
For every A € o(A) with finite measure and € > 0 there is a quasibor B C A with v(A\ B) < e.

Proof. We already have a finitely additive function on the algebra A. It is trivially countably
additive on A: suppose we have a quasibox B that can be written as a disjoint union of nonempty
quasiboxes B(™ . Then the quasiboxes X \ B (") and B have the finite intersection property, so by
Lemma 6.4.1(i), their intersection is empty, contradiction. So we can use Carathéodory’s extension
Theorem to extend v to a g-additive measure on o(A).

We say A € o(A) is approachable by quasiboxes if for every A’ € o(A) with finite measure and
for every ¢ > 0 there is a quasibox B C A with finite measure and v(A\ BN A") < e. We will
show that all sets in o(A) are approachable by quasiboxes. Clearly all quasiboxes are approachable
by quasiboxes, since we can take B = A. Since the quasiboxes are already closed under taking
complements, we just have to show that this property is closed under countable intersections and
countable unions.

So suppose A =, A and the A™ are approachable by quasiboxes. Let A’ € o(.A) with finite
measure. For all n let B(™ C A(™ be a quasibox with finite measure satisfying v(A™\ BN A’) <
2-"¢. By Lemma 6.4.1(ii) there is a quasibox B C N, B satisfying v(B) > v(N,,B™) —¢. This
quasibox satisfies B C A and it necessarily has finite measure. Moreover we have

V(A\BNA) <e+v(A\N,BMWNA)<e+> v(A™\BMNnA) <2

So A is approachable by quasiboxes.

Now let A = |J,, A and suppose that the A(™) are approachable by quasiboxes. Let A’ € (A)
with finite measure. There is N such that v(|J, .y A™NA’) > v(ANA")—e. Forn < N let B™ C
A be a quasibox with finite measure satisfying v(A™ \ B™ N A") < £. Let B = J, .y B™.
This is a quasibox with finite measure and a subset of A. We have

v(A\BNA) <e+v(|J AMW\BNA) <) v(AM\BMWNA)+e< 2.
n<N n<N

This shows that A is approachable by quasiboxes.
Therefore, all A € 0(.A) are approachable by quasiboxes. In particular, if ¥(A) is finite we can
take A’ = A and it follows that for every £ > 0 there is a quasibox B C A with v(A\ B) <e. O

Remark 6.4.3. In general, Carathéodory’s extension Theorem does not say that there is a unique
extension v. However it gives a canonical way to construct this extension, and this is the one we
will refer to as the Loeb measure.
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6.5 Proof of Theorem 6.A

In this section we combine Proposition 6.3.2 with the results about the Loeb measure in the previous
Section to prove Theorem 6.A. We restate the Theorem for convenience.

Theorem 6.A. Let G be a locally compact topological group. Then G is amenable if and only if
for all controlled measure-preserving actions G ~ (X, v) on a finitely-additive measure space there
is an invariant mean on X.

Proof. Again the ‘if’ direction follows from Example 6.1.2. Let (X, v) be a finitely-additive measure
space and let a: G ~ X be a controlled measure-preserving action. Let U be a free ultrafilter on
N and let v be the Loeb measure on the ultraproduct X;;. Then (X, vy) is a o-additive measure
space. The group G acts on X;; and for any quasibox B C X;; and g € G it is easy to see that
vy (gB) = vy(B). From this it follows that the action G ~ Xy, is measure-preserving.

Since « is controlled, the action on the ultraproduct is also controlled: let A be as in Definition
6.1.1. Then we consider the quasibox limy; A, which has finite measure. For compact K C G
and & > 0 there is a measurable B C X with finite measure and v(gAN B) > (1 — ¢)v(A) for
g € G. Then we take the quasibox limy, B, this has the same measure as B and we see that
vy (glimy ANlimy B) > (1 — )y (limgg A).

By Proposition 6.3.2 there is an invariant mean on Xy. Let F' C G be finite and 0 < € < %
By Proposition 6.3.1 there is a subset A C Xj; such that v(gA \ A) < evy(A) for all g € F. By
Proposition 6.4.2(ii) there is a quasibox B = limy B™ with B C A and vy(B) > (1 — )y (A).
Then for g € F we have vy (gB\ B) < vy(gA\ A) + vy (A\ B) < 2evy(A) < 4evy(B). Thus for
most n we have v(B(™) > 0 and v(gB™ \ B™) < 4ev(B™). Pick such an n and define the mean

y (n) B y ~1p0n)
vre on X by pp.(C) = %. Then for g € F~1 we have pp.(gC) = %

v(a—1 B\ B
get |pre(g0) — pr(0)] < % < 4e

Taking a weak limit point of the ¢r. as F' increases to G and e decreases to zero gives an
invariant mean on X.

, and we

O
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7 Embeddings of sequences of graphs into Hilbert spaces

Chapter summary
We give a combinatorial obstruction for a sequence of graphs with bounded degree to
coarsely embed into a Hilbert space. We introduce p-expanders and show that their covers do
not coarsely embed into a Hilbert space. Finally, we discuss how it might be possible to use
random graph methods to construct a sequence of graphs with bounded degree that cannot be
embbed into a Hilbert space, but can be embedded into an ¢P-space for all p > 2.

7.1 Introduction and main results

Let (X,,) be a sequence of graphs with uniformly bounded degree, such that the number of vertices
of X,, converges to infinity. We will identify the graphs with their vertex sets and view them as a
metric space, using the shortest path distance. Let X be the union of the X,,. Let (V, d) be a metric
space. Recall that a map F': X — V a coarse embedding if there is a constant L and an increasing
unbounded map p: N — [0, 00) such that for all n and z,y € X,, we have d(F(z),F(y)) < L if x
and y are adjacent, and d(F(z), F(y)) > p(d(z,y)), where d(x,y) denotes the shortest path distance
between x and y.

An interesting question is whether there exists a coarse embedding of X, when V' can be chosen
from a certain class of metric spaces. The article [50] addresses this question for Hilbert spaces. In
fact, it gives a criterion for when it is possible to embed X coarsely into a Hilbert space. We will
state it after giving the definition of generalised expanders from [50].

Definition 7.1.1 ([50]). Let (X,,) be a sequence of graphs with bounded degree and number of
vertices going to infinity. The sequence is a generalised expander if there exists a symmetric measure
aon ||, X, x X, satisfying the following conditions:

(i) We have a(X,, x X,) =1 for each n.
(ii) For all R > 0 we have a(FrNX,, xX,,) = 0asn — oo, where Er = {(z,y) € X | d(z,y) < R}.

(iii) There is a constant K such that for all Hilbert spaces H and all L-Lipschitz functions F': X —
H we have the inequality

> aley)|F@) - F)|* < K22
z,yeX,
for all n.
If a symmetric measure « satisfies the first two conditions, we call it a far-away measure for X.
Theorem 7.1.2 ([50], Theorem 1.3). The following are equivalent:

(i) The coarse space X does not embed coarsely into any Hilbert space.

(i) There is a generalised expander (Y,,) and a coarse embedding j: Y — X.

O
In fact, the criterion above is a bit more complicated than it needs to be: if X = (X,,) allows a
coarse embedding of a generalised expander, there is a subsequence of (X,,) that is itself a generalised
expander (see Lemma 7.2.1).
Now we give a different algebraic and a combinatorial criterion that are obstructions for X to
embed in a Hilbert space. If X is a box space they are equivalent criteria.
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Definition 7.1.3. Let I be a residually finite group, finitely generated by a symmetric set S. Let
Ny, Na, ... be a sequence of normal subgroups with increasing index and N,I",, = {0}. Then each
group I'/T',, can be given a graph structure, where the class of g is adjacent to the class of s - g,
for g € T',s € S. The box space of T is the sequence of graphs (I'/T,,). As a coarse space, it is
independent of the choice of S (but not independent of the choice of the I'y,).

We will use the Laplacian of the graph, and also the Laplacian of a measure on | |, X,, x X,,.

Definition 7.1.4. Recall that the graph Laplacian is the operator Ax on X given by Ax&(x) =
>y (&(2) — &(y)), for € € 02X,z € X and the sum is over the y that are adjacent to z. For a
symmetric measure « on | |, X, X X, let A, be the operator on £2X given by

Aozg(x) = Z O[(iC,y)(g((E) - f(y))

yeXy
for £ € 12X,z € X,,. Note that Ax and A, are always positive operators.

Proposition 7.1.5. Let X = (X,,) be a sequence of graphs with bounded degree and increasing
number of edges. Consider the following conditions on X.

(i) There is no coarse embedding of X into a Hilbert space.
(#i) Some subsequence of (X,) is a generalised expander.

(iii) There is a far-away measure « for a subsequence of (X,), and a constant ¢, such that the
inequality | X,| - Ay < ¢+ Ax holds in B((2X,,) for all n.

(iv) There is a far-away measure « for a subsequence of (X,,), and a constant ¢, such that for all
A C X,, we have
| Xn| - a(Ax X, \A) <c-Ex(A X, \A).

Here Ex (A, B) denotes the number of edges between subsets A, B of X.

We have (i) = (iv) = (i) = (ii). Moreover, for boz spaces, the implication (ii) = (iii)
holds, meaning that all the conditions are equivalent.

We will prove this proposition in the next section. Now we will introduce p-expanders. Recall
from Chapter 3 that Z(X) denotes the cycle space of a graph X. Let m be a positive integer and
let p: Z(X) — (Z/2)™ be a group morphism. Then we can construct the p-cover of X, denoted by
X, defined as follows: let E be the set of edges of X and let T be the set of edges of a spanning tree.
Then we can identify Z(X) with the free abelian group generated by E \ T. The vertex set of X is
X x (Z/2)™. Two vertices (z,r), (y,r) are connected if (z,y) € T, and (z,7), (y,s) are connected
if (z,y) € E\T and s =r + p((z,y)).

Let 7: X — X be the projection sending (z,7) to z. It can be shown that the graph X does
not depend on the choice of the spanning tree T', up to isomorphism preserving 7 (see [26]). For
i=(x,7) € X,and s € (Z/2)™, let s-% = (z,5+ 7).

Now let (X,,) be a sequence of graphs and p,: Z(X) — (Z/2)™. We are interested whether
the sequence X,, embeds coarsely into a Hilbert space. In [26] it is shown that this is the case when
pn is the projection Z(X) — (Z/2)"™ where 7, is the rank of Z(X). We now give a combinatorial
obstruction that prevents coarse embedding into a Hilbert space. First we give some preliminary
definitions.
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Definition 7.1.6. Let X be a graph and p: Z(X) — (Z/2)™ a map. The p-girth of X is the length
of the minimal loop v with p(y) # 0.

Definition 7.1.7. For x € ((Z/2)™)*, let 7(x) = #{i € {1,...,m}: x(e;) = —1} where ¢; denotes
the i-th basis vector of (Z/2)™.

Definition 7.1.8. Let A be a (not necessarily induced) subgraph of X. We denote by |A| the
number of vertices in A and by A the number of edges not in A, but with at least one vertex in
A. We will view Z(A) as a subgroup of Z(X).

Definition 7.1.9. Let (X,,) be a sequence of graphs with uniformly bounded degrees, with maps
pn: Z(Xp) = (Z/2)™. We call it a p-expander if the following conditions are satisfied:

(i) The p,-girth of X, tends to infinity.

(ii) There is a constant ¢ > 0, such that for every n, every x € ((Z/2)™)*, and every subgraph
A of X, satisfying x o pp|z(a) = 1, the inequality

OA > ¢/ 7004
M,

Now we can show that the p-cover of a p-expander does not coarsely embed into a Hilbert space.
Let o, be the measure on X,, x X,, given by

holds.

1
a m|Xn|

an(Z,e; - &)

for 1 <4 < m, and «(Z,y) = 0 for all other pairs. If the p,-girth of X,, tends to infinity, then the
union « of the a, is a far-away measure.

Theorem 7.A. Let (X,) be a sequence of graphs with uniformly bounded degrees, with maps
pn: Z(X) — (Z/2)™. If (X,,) is a p-expander then the sequence X, is a generalised expander with
the far-away measure «. In particular, it does not coarsely embed into a Hilbert space.

We do not have interesting examples of p-expanders. Possibly they could be constructed using
probabilistic methods, similar to the way the first examples of expander sequences were constructed.
For this we would need a model of a random graph embedded in a torus T™. This would then
give rise to a map Z(X) — H.(T™) = Z™ — (Z/2)™. We introduce a model of random graphs
embedded in an arbitrary manifold in the next chapter. However, we can only describe these
random graphs aptly when the manifold is R™.

7.2 Obstructions for coarse embeddability into a Hilbert space

In this Section we prove Proposition 7.1.5. First we show that any sequence of graphs that allows an
embedding of a generalised expander is already a generalised expander, up to taking a subsequence.
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Lemma 7.2.1. Let X = (X,,) and Y = (Y,) be sequences of graphs, with bounded degree and
increasing number of vertices. Suppose that j: Y — X is a coarse embedding sending Y, to X,,
and suppose that'Y is a generalised expander. Then X is also a generalised expander.

Proof. Let 8 be a measure on | |, Y, x Y, satisfying the conditions from Definition 7.1.1, for some
constant K. Define the measure a on ||, X,, x X, by a(A4) = B((j xj) "1 (A)) for A C ||, X5 X X
We check now that this measure satisfies the conditions from Definition 7.1.1. We see directly
that a(X, x X,) = B(Y, xY,) = 1 for all n. For any controlled set ¥ C X x X and any n
we have a(EN X, x X,,) = B((j x j) "X (E)NY, xY,). Since j is a coarse embedding, the set
(1 x 7)"YE) CY x Y is a controlled set, so 3((j x j) "} (E)NY, x Y,) converges to 0 as n — oc.

Lastly, since j is a coarse embedding, it is M-Lipschitz for some M. Let F': X — H be an
L-Lipschitz map into some Hilbert space. Then F o j is LM-Lipschitz, and we get

3 afe,o)|Fle) - = Y Bw.y)||[Fit) - Fit)||* < KM2L2.
z,x'€X y,y' €Y

So « satisfies the conditions from Definition 7.1.1 with the constant K M?, hence X is a gener-
alised expander. O

Proof of Proposition 7.1.5. The equivalence (i) <= (ii) follows from Theorem 7.1.2 and Lemma
7.2.1.

Suppose we have (iii). Then for each & € £2X,, we have (A&, &) < c(AxE,€). If we apply this
on an indicator function £ = 14 with A C X,,, we get | X,,| - (A x X, \ 4) < c¢-Ex(4,X,\ A).
Hence (iv) is true.

Suppose we have (iv), and that there is a coarse embedding F': X — H for some Hilbert space
H. Let n be a positive integer. Since F(X,) C H is a finite set, it is isometric to a subset of
R™ for some finite m. Therefore we assume without loss of generality that F(X,) C R™. For
any unit vector v € R™ and ¢t € Rlet A, = {z € X,, | F(z)-v < t}. We then know that
[ Xn|a(Aps x X\ Apt) < c- Ex(Ayt, Xn \ Aui). Integrating this inequality from —oo to oo gives

X S e, 9) [ F(x) v — F(y) - o] = 21X, / a(e, y)dt

X F(x)-v<t F(y) >t

= 2|X71| / a(AU,t x Xy \ Av,t)dt

< 20/ Ex(Ay i, Xn \ Ay )dt

:2c/oo > dt

T wvy, F(z)-v<t,F(y)-v>t

=Y [F(@)-v - F(y) ol

T~y

Now we will choose v uniformly at random from the unit sphere. There is some constant b, depending
on m, such that E,|w - v| = b|jw|| for all w € R™. Now

Xl 3 e, w)|[Fl@) - Fw)|| =

Xl S Evata )| F(a)- 0~ Fy) -0l

z,y
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<P D F(@) v —Fly) -l
=c) ||F(z) - F(y)|.

However, since F is a coarse embedding, we have HF(m) - F(y)” < L for some constant L. So this
gives >, a(z,y) HF(x) — F(y) H < icdL, where d is the maximal degree of any vertex in X. There
is some R > 0 such that for all ,y with d(z,y) > R we have |F(z) — F(y)|| > c¢dL. Now if we pick
n large enough that a(Er N X, x X,) < 5, we have dory o(z,y)||F(z) - F(y)H > 2cdL, and we
have a contradiction. This shows (iv) = (i).

Finally, suppose that X is the box space of a group I', with the sequence of subgroups I';,, so
X, =T/I';,. Suppose moreover that (ii) holds for some measure o and constant K. We can assume
that « is invariant for the left-action of I on X, by replacing it with its average. Let v € £2X,, and
define the map

F: X, - RX F(z)(2) =v(z-2)

where x,z € X,,. Then we have for all x € X,,,s € S the inequality

|F(z) = Fz-s)|” = Yo lozw)—o(zzs)F =Y foly) —oly - 9P < (Aro,v),

z2€Xn yeXn

so F is Lipschitz with the constant (Arwv, v}é. On the other hand, we have

Yo a@y)|F@ -Fo) = Y a@yllz-2) - oz y)P

z,ye€Xn z,y,2€ Xy,

— 1% Y a@y)l@) - o)

z,yeX,

= | X, [{Aqv,v).

So by assumption we know that |X,[(Aqsv,v) < K(Arv,v). This shows (iii) with the constant
c=K. O

Remark 7.2.2. If we take a to be the uniform probability measure on each X,, x X,,, then conditions
(ii),(iii),(iv) are well-known different criteria to be an expander.

Remark 7.2.3. For (iiil) = (iv) = (ii) we can take the same measure each time. However, even
if (iii) holds, there may be far-away measures « for which (iv) holds and (iii) does not hold (see
Example 7.2.4).

Example 7.2.4. Let Y = (Y},) be an expander sequence, with maximal degree d and Ey (A,Y, \
A) > ﬁ|A|(|Yn| —|A]) for A CY,,. Let m = |Y,,| and label two different points in Y,, by yo, y1.

Construct the graph X, as follows: take n disjoint copies of Yy, labelled (Y3,)1,..., (Yn)n. Let
(yi ) be the point y; in (Yy,)k, for i € {0,1} and 1 < k < n. Now, in addition to the edges inside
of the (Y,)x, connect the point (y1)x with the point (yo)r41, for 1 <k < mn — 1. If we do this for
all n, we get a sequence X = (X,,) of graphs with degree at most d + 1, and increasing number of
vertices. We will now define a far-away measure on X that satisfies condition (iv) but not condition
(iii) above.
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Define the measure o on X,, x X,, as follows: for z,y € (Yy,)x, set a(z,y) = 7:1”3;21 Moreover,
set &((y0)1, (y1)n) = -, and set a(x,y) = 0 for all other pairs. Note that « is a far-away measure.

Let A C X, be a non-empty proper subset. Since X, is connected, we have Ex (A, X,, \ A) > 1.
Write A = Ay U---UA,, with A, = AN (Y,,)r. Then

n n

cBx(A, X\ A) 2 €30 Bx (A (V) \ A) 2 3 |4l (m — |Ax)

k=1 k=1
while
=~ 1
Xpla(Ax X, \A) <1 —|A — |Ak|)-
Kalol4x X0\ A) <1432 A m — 4]
Hence | X, |a(A x X, \ A) < (14 ¢)Ex(A, X, \ A). So condition (iv) of Proposition 7.1.5 holds for
a.

However, consider the function ¢ € £2X,, given by &(z) = k for € (V,,). Then | X, [(Aag, €) =
n? while (Ax&,€) =n — 1. So condition (iii) does not hold for «.

7.3 Proof of Theorem 7.A

Now we can prove Theorem 7.A, which we restate for convenience.

Theorem 7.A. Let (X,,) be a sequence of graphs with uniformly bounded degrees, with maps
pn: Z(X) — (Z/2)™. If (X,,) is a p-expander then the sequence X, is a generalised expander with
the far-away measure «. In particular, it does not coarsely embed into a Hilbert space.
Proof. Let ¢ be the constant of Definition 7.1.9. We need to show that /A > |X,[A,. These
are operators on L2X,. We have a decomposition 12X, = @X Lan where the sum ranges
over all characters x: (Z/2Z)™ — 7Z/2, and Lif(n consists of all functions f: X,, — C satisfying
f(s-#) = x(s)f(z) for & € X,, and s € (Z/2Z)™. For f € Lij(” we have A, f(Z) = m > flei
=) — 1 N7 = D (s 2y Y — X
z) = sl Yoixl(e)f(z) = len‘f(:v). So on Ly X, we have |X,|A, = =°*. We need to show
that for f € L2X,, we have (Ag f, f) > ¢/ 7| ||,

Solet f e L2 (X,,) and consider the set of “forbidden edges”

F ={(&¢) € E: f(Z) and f(§) have different signs, or one of them is 0},

where E denotes the set of edges in X. Let F' = 7, (F). Let v = &g, &1,..., %) be a path in X with
m(Z) = m(Zo). Then Ty, = p(mey) - To. So if x(p(mey) = —1 then f(Zr) = —f(Zo). In this case,
~ has to contain a forbidden edge. So any subgraph A of X that does not contain an edge in F
satisfies the condition x o p;z(4) = 1.

For t > 0 let A; be the graph with vertex set {x € X: f(z,0)? > ¢} and all the edges between
these vertices, except the ones in F. Then we have

04, > ey TN 14, (7)
m
We can estimate the left-hand side as

OAy = #{x ~y: f(2,0)* <t < f(y,0°} + #{(x,y) € F: f(2,0)* > t, f(y,0)* >t}
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=27 H{E ~ G f(2) <t < (@)} +27H{(E,9) € F: (@) >, f(5) > t)
<OHE ~ G f(@)? << F@)P )+ #m ~ oy @) - f@)] > 27 )
‘We have
/ I~ 5 F@P 05 1@ = Y1)
and -
| e~ e 1@ = 1)) > 208yt = 1 1) -
and

| = ¥ ste0p =2 S g

Combining these equalities and integrating inequality (7) from 0 to co gives

VS @ < U@ @2+ Y@ - S 0

zeX g g

We will use the Cauchy-Schwartz inequality to estimate the first term on the right-hand side:

D@ = F@ = 1F@) — F@)-1F@) + £(D)]

Ty T~y

(z'f ) (o)
<W(Z|f ) (Zf )
<W(§N:f( )(ZM) .

Combining this inequality with inequality (8) we get

\/72f < v (Zlf )(Zf )+4102|f<5:>—

T~y g

=

[N

Now note that || f||* = >z f(2)? while (Ag f,f) = > iny 11(2) — f(7)|%. Then the inequality above

says that
z 1
V202 < 20y (g, 1) + Lag 1)

Some straight-forward computation gives ¢/ > 0 only depending on ¢ and d such that

( )

(A S )= T2 f)P
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So we have shown that X,, is a generalised expander with far-away measure «. By Proposition
7.1.5, we know that it does not embed into any Hilbert space. O

7.4 Embeddings in (7

A fundamental open question in the field (see e.g. [2]) is: does there exist a sequence of graphs
with bounded degree that cannot be coarsely embedded into a Hilbert space, but can be embedded
into an ¢P-space for some p > 27 In this section we briefly sketch a possible approach to answer
this question. This approach would use the probabilistic method, and in particular it hinges on a
model of a random graph together with an embedding into a high-dimensional torus. No applicable
models have been studied in the literature. We make an attempt to develop one in the next chapter
of this thesis. It turns out to be very difficult to analyse the small-scale and large-scale behaviour
of the random graphs produced by this model. Therefore, the problem remains open.

We would like to create a sequence of graphs X,,, on n(m) vertices, together with a function
pm: Z(Xm) = (Z/2Z)™, such that the cover (X,,) does not coarsely embed into a Hilbert space but
does allow a coarse embedding into an ¢P-space for all p > 2. To explain the approach, we assume
that we have a model of a “random d-regular graph X,, on n(m) vertices together with a function
f: X = T™. We will let n(m) grow exponentially fast in m. Moreover we will assume that this
model satisfies some desirable properties. In particular, for all x € X the point f(z) should be
uniformly distributed in T™. For an edge (z,y) we denote by v, , € R™ the lift of f(y) — f(z) with
smallest possible length. This should be (approximately) jointly normally distributed in R™ with
a mean of 0 and a mean length of 1. From this we can already conclude that if we have a sequence
X, of random d-regular graphs with a function to T™, that with probability one, the embedding
f: X, — T™ will be L-Lipschitz for some L. Thus the map f will be controlled. Now, we should
assume additionally that f is a coarse embedding, i.e. there is a proper non-decreasing function
p: N — R such that for all m and z,y € X,,, we have Hf(:z:) - f(y)” > p(d(x,y)).

The embedding f will give rise to a function p as follows: the v,, € R™ give a function
R[E(X)] — R™. This function takes integer values on cycles. So after composing with the projec-
tion Z™ — (Z/27)™ we get a map p: Z(X) — (Z/2Z)™. Now the most demanding assumption we
will make of our random model is that it produces p-expanders with high probability. This ensures
that the p-cover (Xm) cannot be embedded into a Hilbert space.

Now we explain how, for any p > 2, the p-cover (Xm) can be embedded into an ¢P-space. For
this we note that the /P-norm of a normally distributed variable in m dimensions is approximately
Cm = mr~7. In fact, a careful analysis shows that this norm is with high probability within a
constant factor of ¢,,,. Now consider the torus (R/2Z)™ (note the extra factor 2). We give this the
metric coming from the ¢P-norm, scaled by ¢,,. We can imagine X,, sitting inside the image of
[0,1]™ inside this torus. Now we can embed X, into this torus by sending (z, s) to z+s. Assuming
a suitable model of X,,, this will be a coarse embedding with high probability. Finally the torus
can be coarsely embedded into an ¢P-space of dimension 2m.
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8 Random graph embeddings

Chapter summary

We introduce a model for random regular graphs G together with a function from the vertex
set to a manifold M. We study the asymptotic behaviour of random graphs embedded in R™
as m — 00, and their local asymptotic behaviour in particular.

8.1 Introduction and main results

Let d > 3 be a fixed integer. Let M be either a compact Riemannian manifold or a Riemannian
manifold with a basepoint. In this chapter we will consider a novel way to construct random d-
regular graphs embedded in the manifold M. We will then specialise to the case M = R™, which is
the only non-trivial case where we have any idea what happens. We will consider d-regular graphs
on n vertices, and we will always assume that dn is even.

Let m be the dimension of M and let d be the metric on M. In this chapter we will consider
varying graphs on a fixed vertex sets X = {1,2,...,n}. The graphs will be denoted by G = (X, F)
where F is the set of edges. For integers n we consider the space GraphFunctions(n, M), whose
elements consist of a connected d-regular graph G = (X, E) on X = {1,2,...,n} together with
a function v: X — M. If M has a basepoint we also require that (1) is that basepoint. The
space GraphFunctions(n, M) is a manifold, isomorphic to a union of copies of M™ (if there is no
base-point) or M~ (if there is a base-point). For any element (G, ) € GraphFunctions(n, M) we
define the energy

B(G,y)= Y, d(v(z),7(y)"

(z,y)€E

Then we define the intensity of this embedding to be
L)OO(C;7 7) = exp(—mE(G, 7))
For a large class of manifolds the integral |, (G )€ GraphFunctions(n, M) PO (G, ) converges, so we can

define oo
¥ )Y

©(G,7) = 0 .

f(G,’Y)EGraphFunctions(n,M) 900( 37)

Define also ¢o(G) = fv 0o(G,7) and p(G) = f,y o(G,7).

Now ¢ defines a probability distribution on GraphFunctions(n, M). We shall call a random
variable in GraphFunctions(n, M) chosen according to this probability distribution a random graph
embedded in M. From now on we will always take M = R™ for some m. We will consider
the asymptotic behaviour of an sequence G, of d-regular graphs on n(m) vertices independently
randomly embedded in R™, as m — oco. It turns out that the local asymptotic behaviour of such a
sequence depends on the growth rate of n as a function of m.

8.1.1 Embeddings in R™

Consider the manifold M = R™ with base-point zero. For a d-regular graph G on n vertices, let T'(G)
be the number of spanning trees of G. Then we have p(G,R™) ~ T(G)~ 7%, i.e. there is a constant

m

C, which may depend on d, m and n but not on the graph G, such that p(G,R™) = CT(G) =z (see
Proposition 8.2.1).
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The number of spanning trees is not hard to determine algorithmically. However, to generate a
random graph embedded in R™ in practice, one needs to list all d-regular graphs first and compute
their number of spanning trees, which is infeasible. We do not know of a practical way to generate a
random graph embedded in R™. However, once the graph G is known, it is not difficult to generate
a random embedding of it in R™ (see Proposition 8.2.3).

8.1.2 Local ensembles

Let (G.,) be a sequence of graphs. To study the local behaviour of (G,,) we introduce the following
notation. We use the shortest path metric on the vertices of the graphs. Also, for a vertex z and an
edge e, the distance between = and e is the shortest distance between x and one of the endpoints
of e. We denote by Br(z) (resp. Br(e)) the induced subgraph on all vertices of distance at most
R from z (resp. e).

Definition 8.1.1. For an integer R > 1, let Lz be the set of isomorphism classes of graphs A with
a designated edge e, satisfying the following conditions:

(i) All vertices of A are at distance at most R from e,.

(ii) The degree of all vertices is at most d.
(iii) For all vertices of A with a distance smaller than R from e, the degree is exactly d.
(iv) There is a vertex with degree smaller than d.

These are exactly the graphs that can occur as an R-ball around an edge in a d-regular graph
with diameter larger than 2R. Let P(Lg) denote the set of probability distribution on Lg.

Definition 8.1.2. Let G be a finite d-regular graph with a diameter larger than 2R. For any edge
e of G we have (Bg(e),e) € Lg. Picking e uniformly at random gives a probability distribution
pr(G) € P(LR).

For R’ > R we have a restriction map from Lz to Lr. Let £ be the set of all isomorphism
classes of infinite connected d-regular graphs with a designated edge. This is the direct limit of the
Lr. Let P(L) be the direct limit of the P(Lg), which is also a set of probability distributions on
L. An element of P(L) is called a local ensemble. For u € P(L) we denote by pg the projection to
P(LR).

For pg,phy and € > 0 we write pgr ~ py if |pr(S) — r(S)| < € for all subsets S C Lg. The
following notion of local convergence was introduced in [4].

Definition 8.1.3. Let (G,,) be a sequence of d-regular graphs with number of vertices going to
infinity. Let p be a local ensemble. We say that (G,,) converges locally to p if for all £ > 0 and
R > 0 there is an N such that for n > N the diameter of G, is at least 2R and pr(Gp,) S R.

Not every probability distribution in P (L) is the local limit of some sequence of finite d-regular
graphs; those that are, are called sofic ensembles. We give some examples of sofic ensembles.

Examples 8.1.4. (i) There is a unique element (T, e,) € Lr where T is a tree. The free ensemble
Ufree 18 the limit of the delta distributions on P(Lg) supported on these trees. It is the local
limit of any sequence of d-regular graphs with large girth.
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(ii) Let H be a finite graph where every vertex has degree d except for two vertices xg, 1 which
have degree d—1. Consider the graph G which consists of countably many copies of H indexed
by Z, where moreover the z1 in H,, is connected to the z¢ in H,, 1. This is a d-regular graph.
We get a probability measure on L by taking a uniformly at random one of the edges of Hy
or the edge between Hy and Hi, and considering its R-neighbourhood. The limit as R — oo
is the linear ensemble Ag. It is a sofic ensemble: let G be the quotient graph we get by
identifying H,, with H,; for all n. Then the G}, converge locally to Ag. This construction
also works if all vertices of H have degree d except one which has degree d — 2.

We will try to describe the local behaviour of random graphs embedded in R™, i.e. we will try
to determine which sofic ensembles can be limit points of sequences of random graphs embedded in
R™. For this we need to describe the entropy of a local ensemble, as well as describe the number
of spanning trees of a graph in a local way.

Remark 8.1.5. Local ensembles may also be defined using finite graphs with a designated vertex,
instead of a designated edge. It is not difficult to go from one description to another, especially
when working with regular graphs.

8.1.3 Entropy of a local ensemble

A probability distribution pr € P(Lg) is called sofic if for each € > 0 there is a d-regular graph
G with diameter at least 2R such that pr(G) ~ ug. For such a probability distribution we try to
define an entropy which describes how many graphs G on n vertices approximate g locally. The
idea is similar to the entropy described in [6], but there only (not necessarily regular) trees are
considered, whereas we consider ensembles which may contain cycles.

Definition 8.1.6. Let up € P(Lr) be a sofic probability distribution. We say that pg has
entropy h(ug) if, for each & > 0, the number of d-regular graphs on n vertices with pr(G) ~ g is

exp((h(ur) + o(1))nlog(n)).

It remains unclear whether the entropy always exists. However, we can prove this under an
assumption regarding combinatorial cost. Recall the definitions about cycle spaces Zg(G) and the
combinatorial cost ¢(G) from Definitions 3.1.1 and 3.1.3. In [13, Proposition 2.3] it is shown that,
for a d-regular graph sequence G, the combinatorial cost can be bounded from below by the limit
of % — %’%(C’;T’J. Moreover they ask the following question:

Question 8.1.7 (from [13], Question 2.5, adapted to regular graphs). Is it true that for all d-reqular
graph sequences G, we have

c((Gm)) = H}lthn,lnmf 3 VG

Under the assumption that the answer to this Question is positive, we can prove the existence
of entropy.

Theorem 8.A. Suppose the answer to Question 8.1.7 is positive. Let ur € P(Lg) be a sofic
probability distribution. There exists 1 < h(ug) < %, called the entropy of ugr, such that for each

e > 0, the number of d-regular graphs on n vertices with pr(G) ~ ug is exp((h(ur)+o(1))nlog(n)).
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The implied constant in the o(1) notation depends on ¢ and n and goes to zero as n — o
and then ¢ — 0. For a sofic ensemble u, note that h(ugr/) < h(pug) for all R’ > R; after all, any
graph G for which pr/(G) ~ g also satisfies pr(G) ~ pgr. The entropy of p is then defined as
h(p) = infgr h(pur). We do not have a good way to compute h(ug), but for h(u) we have a good
upper bound. For a finite connected graph A, and an ordering < on A, the minimum spanning tree
MST(A, <) on A is the tree generated by Kruskal’s algorithm (see [29]): starting from the empty
graph on the vertex set of A, at each step the least vertex is added that does not create a cycle,
ending up with a spanning tree for A. Taking < uniformly at random from all possible orderings
we get the random minimum spanning tree RMST(A) (see e.g. [35] for more information).

Theorem 8.B. Let u be a sofic ensemble with an entropy. Let R > 0 and let (A, e,) be a random
element of Lp with probability distribution pr. Let RMST(A) be a random minimum spanning
tree on A. Then

h(p) < gP#R(e* € RMST(A)).

We will see in several examples that equality holds when we take the infimum over all R. In
fact, we have no counterexamples to this. Furthermore, in all examples we know, the right-hand
side also equals the average resistance distance of an edge (which can be defined in a similar way,
using a uniformly random spanning tree instead of a random minimal spanning tree).

Examples 8.1.8. (i) The free local ensemble uge has entropy equal to %. Indeed, almost

all d-regular graphs on n vertices have very few small cycles, and thus the local ensemble
d

approximates the free one. For all R we also have 4P, . .(e. € RMST(A)) = ¢
(ii) Consider a linear ensemble Agy. From Proposition 8.3.1 we see that h(Ag) > 1. Construct G
as in Example 8.1.4(ii). Let R be larger then the diameter of H. Pick e uniformly as one of the
edges of Hy or the edge between Hy and Hy. Then (Bg(e), ) is a random element of £ chosen
according to Ag. If e is the edge between Hy and H; then it is certainly in any spanning tree of
Bpgr(e). Any spanning tree of Br(e) is in particular a spanning tree of Hy, and then it contains

|V (Ho)| 2

|V (Hp)| —1 of its edges. Thus the probability that e is in this spanning tree is TB(H) 1] = -

We find that Py, ,(e. € RMST(A)) = 2. So h(Ay) = 4Py, (e € RMST(A)) = 1.

8.1.4 Spanning trees

Let G be a connected d-regular graph. For every vertex x and positive integer k, denote by py(z)
the probability that a random walk starting at x is at x after k steps. An important ingredient in
describing the local behaviour of the random graphs embedded in R™ is the following Proposition
by Lyons (see [34]).

Proposition 8.1.9 ([34], Proposition 3.1). Let G be a finite connected d-regular graph with n
vertices and number of spanning trees T(G). Then

Z pr(x) —1

zeV(G)

EN

log(T(G)) = —log(| E(G)]) +nlog(d) — )
k=1
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For a connected d-regular graph G on n vertices and x € V(G) we use the notation
oo

() = log(d Z < ;)

For an infinite connected d-regular graph G and x € V(G) we also define

7(x) =log(d) = Y -p
b1

Let (A,es) € Lg. Consider a random walk starting at a random endpoint of e,, which has a

w\'—k

\ —

probability of 1 — d%d(y) to stop each time it visits a vertex y. Denote by pi (A, e.) the probability
that this random walk goes on for at least k steps and is at its starting vertex after k steps. For
iR € P(Lg) we define

T(ur) =E,, | log(d k(A ey)

TTMg
w\'ﬂ

For a local ensemble y, note that 7(pur/) > 7(ug) for R > R. We let 7(u) = supp 7(ur). Then
we can prove that if G,, converges locally to p, then lim k{é(Tc(: T)HI) = 7(u) (see Proposition 8.5.1).

Also, 7 takes finite values (see [34, Corollary 3.9]).

Examples 8.1.10. (i) For the free ensemble g we have

(ptee) = (d— 1) log(d — 1) ~ (3 — 1) log(d(d ~ 2)),
see [34, Example 3.16].

(ii) For a linear ensemble Ay it is easier to compute 7(Ag) by computing the number of spanning
trees of the graphs G,, as defined in Example 8.1.4, and using Proposition 8.5.1. We get

T(Gp) ~T(H)™ and thus 7(Ay) = 1<|>{5/(TI§1;1|)

8.1.5 Local description of random graphs embedded in R™

Let (G,,) be a sequence of d-regular random graphs embedded in R™ with n(m) vertices. We
will study the aymptotic local behaviour of the sequence (G,,), under the assumption that every
sofic ensemble has an entropy. It turns out that it depends on the growth of n. Assume that
log(n)
m

¢ = lim,, exists.

Definition 8.1.11. A sofic ensemble p is called c-optimal if it attains the infimum
T(p) —c-h(p) =inf{r(u") —c- h(y) | 1’ sofic ensemble}.
By compactness, a c-optimal local ensemble exists for every c.

Theorem 8.C. Suppose that every sofic ensemble has an entropy. Let (G,,) be a sequence of
random graphs with n vertices embedded in R™, where n = n(m) satisfies lim,,_, log(n)/m = c.
Then almost surely every local limit point of the sequence (G,,) is c-optimal.
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For large c the only c-optimal ensemble is the free one (see Proposition 8.5.2). Thus if n
increases fast enough in m, we see that the sequence of graphs G,, will almost surely have large
girth. For ¢ = 0 the entropy is not relevant and the 0-local ensemble is pimin, the sofic ensemble
which minimises 7 (tmin)-

We did not find out what the c-optimal sofic ensembles are for all d and all ¢. However we put
forth some conjectures.

Conjectures 8.1.12. (i) For d = 3, let H be the simple graph on 4 vertices with 5 edges. The
minimal sofic ensemble is Ay .

(i) In general the minimal sofic ensemble is always a linear one.

(11i) There is a critical value ceriy > 0, such that for all ¢ < cei the only c-optimal ensemble is
tmin @nd for ¢ > ceit the only c-optimal ensemble is ceree-

If the second conjecture is true, then to find the minimal ensemble we need to minimise V()]
over d-regular graphs from which a vertex has been removed. See [1] for more information.

If the last conjecture is true then we can almost completely describes the local behaviour of the
graphs G, (except when ¢ = cqit). The idea is that, if the free ensemble is not the c-optimal one,
it is beneficial to add edges to the local graphs, because they reduce the number of spanning trees
more then they reduce the entropy. But then each new edge we add reduces the number of spanning
trees by more then it reduces the entropy, thus we want to keep adding edges until we have the
minimal number of spanning trees. It is however not easy to make these statements precise, let
alone prove them. It might be possible to prove the last conjecture using Theorem 8.B, in such a
way that it is not even necessary to prove the existence of entropy in general, thus avoiding the
need to answer Question 8.1.7.

8.2 Embeddings in R™

Now we will consider the manifolds R™ with base-point zero. For these manifolds, we can compute
©o(G,R™) in terms of the number T(G) of spanning trees of G.

Proposition 8.2.1. Let G be a graph on X. Then
p(G,R) ~ T(G)~2.

It follows that

¢(G,R™) ~T(G)"%.
Proof. Pick a direction for each edge of G. Let T be the set of edges of a spanning tree of G and
let B=FE\T. Then we consider the following pairing between B and T for b € B, consider the
unique path in T from the source of b to the range of b. Then put (b,t) = 1 if the path goes through
t in the positive direction and —1 if the path goes through ¢ in the negative direction. Otherwise,
put (b,t) = 0. Let C be the (n — 1) x (dn/2 — n + 1)-matrix corresponding to this pairing.

There is a one-to-one correspondence between functions v: X — R with v(1) = 0 and functions
with the same name v: C[E] — R with «(c) = 0 for every cycle c. This correspondence is given
by v(e) = v(y) — y(x) for every edge e = (x,y) € E. Next, every v: C[E] — R that is zero on all
cycles is determined by its values on T'. For b € B we have (b) = >, (b, t)¥(t).
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So

2

©o(G,7) = exp Zv Z Z(b, t)y(t) =exp | — Z (I +CCTYry(t)y(t)

teT beB \teT tt'eT

Now let @ be an upper triangular (n — 1) X (n — 1)-matrix with ones on the diagonal such that
QT(1+CCT)Q = D is a diagonal matrix. Then

0(G) = / e (= 3 (@ TDQ () (t)

tt'eT

By a linear change of variables, this is equal to

/eXP ( ZDW ) - \/det(D) - \/det(l +CCT) ~ \/det(HCTC)'

By [3, Theorem 5.7] we know that det(1 + CTC) equals the number of spanning trees in G, so it
follows that (G, R) ~ T(G)"=.
Now we consider the case that M = R™ for some m, with basepoint 0. Any function v: X — M

can then be written v = (71, ...,7v,) with each v;: X — R. We have

wo(Gy) = [ exp(=m|y(@),¥( H II ep(-mhvi@) - %@)P).

(z,y)EE 1(z,y)eE

So we see that for any graph G on X, we have

0(GLR™) = / I ep(-mb@) - @)
X—=R "/(1):0 (w7y)EE
_ m—"ﬂ/ [T e — 2w
v: X—R,y(1)=0 (z,y)€E

= m_n/Q(pO (Ga R)m

w3

using the substitution v — m~1/2y. So p(G,R™) ~ T(G)~ O

Remark 8.2.2. By Kirchoff’s matrix tree theorem, this is also proportional to the product of the
positive eigenvalues of the Laplacian operator Ag.

The asymptotic distribution of the number of spanning trees in a uniformly random regular
graph is computed in [18]. However, since the random graphs embedded in R™ according to our
model are heavily weighted towards having fewer spanning trees, this does not give us enough
information.

Now we consider how to construct a random function v: X — R according to ¢, when the
graph G = (X, FE) is already given. Let V: C[X]| — C[E] denote the function V(f)((z,y)) =
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f(y) — f(x) for f € C[X] and (z,y) € E. Let V: C[E] — C[X] also denote the function V(g)(x) =
> wayer 9(y,x)) for g € C[E] and z € X. These are adjoint in the sense that (Vf,g) = (f, Vg)
using the standard inner products on C[X] and C[E]. We also have Ag = V?: C[X]| — C[X]. Since
G is assumed to be a connected graph, we know that the kernel of Ag consists of the constant
functions on X. We denote by AZ' the pseudo-inverse of Ag. Define p: C[E] — C[E] by p =
VAZ'V. Tt is then easy to check that p is the projection on C(G)*, where C(G) = ker(V) C C[E]
denotes the cycle space. Define the bilinear form V' on C[E] by V (g, h) = (pg, h).

Proposition 8.2.3. The following give the same probability distribution on the space of functions
~v: X — R with v(1) = 0.

(i) Take each v: X — R with v(1) = 0 with probability proportional to

po(G,y) = [ exp(=mly(@) — ().

(z,y)EE

(i) Generate a random~y: E — R by drawing each v(e) independently from the normal distribution

with variation ﬁ Condition on the condition y(c) = 0 for each cycle. Then definey: X — R

by picking for each x € X a path ey, ..., ex from 1 to x and putting y(z) = vy(e1) +...+v(ex).

(iii) Generate a random function v: E — R from the joint normal distribution using the variance
matriz ﬁV, Then define v: X — R by picking for each x € X a path ey, ..., e from 1 to x
and putting v(z) = v(e1) + ... +y(ek).

Proof. Consider the second way to generate . The intensity of any function v: F — R that is zero
on cycles is equal to []..pexp(—m|y(€)[?). So we get the same distribution as in (i).

Now consider the third way to generate . We have C[E] = C(G) @ C(G)*, and for ¢ € C(G)
and g € C[E] we have V(c,g) = 0, while for g,h € C(G)* we have V(g,h) = (g,h). So any 7
that we generate with the joint normal distribution is zero on all cycles, and for any v: X — R
that is zero on the cycles, the intensity is proportional to exp(—mV ~1(v,7v)) = exp(—m(y,7)) =

[ecr exp(=mly(e)[?).
From this we can find the distribution of the distance between two fixed points in the graph.

Proposition 8.2.4. Let G be a graph and let v: X — R™ be a random embedding. Let x,y € X.

Then d(v(x),v(y)) is distributed as \/ L(AZH (@ — ), — y)Xm where X, is chi-distributed with

2m
m degrees of freedom.

Proof. Consider the first coordinate ~y;. It is distributed as in Proposition 8.2.3. Let ey, ...,ex be
a path from x to y in the graph. Then we have v1(y) —v1(z) = y1(e1 + ...+ ex). So v1(y) — 11 (x)
is normally distributed with variance

1

1 1
%V(el—i-. ctep,er+.. . teg) = %(VAE;V(@H—. cter),ert..teg) = %<A51(y—x),y—x>.

The same analysis holds for the other coordinates, and the coordinates are independent. So d(y(z)—
l . . . —
W) = (S0 i) = 3(w)P)* is distributed as (/21 (AGM (@ = y), 2 — y)xim- O
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8.3 Proof of Theorem 8. A

We will prove that h(ug) can be computed from the maximal dimension of the small cycle spaces
of graphs that locally approximate h(ug), assuming a positive answer to Question 8.1.7. First we
show two propositions, to give a lower bound and an upper bound.

Proposition 8.3.1. Let H be a graph on k wvertices satisfying dim Zoyr (H) = ak. For large n, the
number of graphs G on a set of n vertices satisfying pr(G) = pr(H) is at least exp((% —a)nlogn+
O(n)).

Proof. Let R’ = 2d®. For a subset E' C E(H) let H \ E’ denote the graph on the same vertex set
as H and with edge set E(H) \ E'. Let a = ak and choose recursively ey, ..., e, such that e;1; is
an edge in a cycle in Zg/ (H)NZ(H \{e1,...,e;}). Then dim Zr (H)NZ(H \ {e1,...,e;}) =a—j.
Let €41, -, €/pm) be the other edges of H.

We can assume that n is a multiple of k. Let X be the vertex set of H. We will create graphs
G on the vertex set X x {1,...,n/k}. For each edge (x,y) of H we will choose a permutation
Oxy of {1,...,n/k}, satisfying 0,, = o, }. Then in G we will connect (z,i) to (y,0, i) for all
ie{l,...,n/k}.

We will determine the o¢; backwards. For j > a we can choose them in any way. Then for
J < a, there is a cycle in Zr/(H) N Z(H \ {e1,...,e;_1}) containing e;. Let o, be the product of
the permutations corresponding to the other edges in this cycle. Then for any cycle €j11€jas- -y Ej,
in Zr(H) we then get Oej O0e,;, O 00 = 1. The o,; does not depend on the specific cycle we
choose.

Now we have a graph morphism G — H sending the vertex (z,4) to x. Moreover all cycles
in H that are visible in the R-neighbourhood around an edge have length at most R’, so they
lift to a cycle in G. So the R-neighbourhood of an edge ((z,%), (y,044%)) in G is isomorphic to
the R-neighbourhood of the edge (z,y) in H. So pr(G) = pr(H). We could choose the o, for
Jj > a in any way, and each different way will give a different graph on X x {1,...,n/k}. Thus

there are at least ((n/k)!)lE(H)lfa = exp((4 — a)klog((n/k)!)) possible graphs G. Using Stirling’s
approximation this is exp((¢ — a)nlog(n) + O(n)). O

Proposition 8.3.2. Suppose the answer to Question 8.1.7 is positive. Let o > 0 and let R be a
positive integer. There are at most exp((4 —a+o(1))nlogn) d-regular graphs G on X = {1,...,n}
satisfying dim Zr(G) > an.

Proof. Let ¢ > 0. Consider the sequence containing all possible d-regular graphs G satisfying
dim Zg(G) > «|V(G)| up to isomorphism. Our assumption entails that the combinatorial cost of
this sequence is % — . So there is a graph sequence which induces the same coarse structure, for
which every graph has at most g — a+¢ as many edges as vertices. Then there is a constant L such
that for every d-regular graph G on X = {1,...,n} with dim Zg(G) > an there is a graph H on
the same set of vertices, such that for all z,y € V(G) we have %dg(x,y) <dg(z,y) < Ldg(z,y),
and |[E(H)| < (4 —a+e)n.

There are exp((2 — o + ¢)nlogn + O(n)) graphs H on X satistying |E(H)| < (¢ — a +¢)n.
We claim that for any such H there are only exponentially many d-regular graphs G satisfying
+da(z,y) < dy(x,y) < Ldg(z,y) for all z,y € X. First of all note that if at least one such G
exists, then every vertex has at most d* neighbours in H. Now if (z,y) is an edge in G, then the
distance in H between them is at most L, so if = is fixed then there are at most ar’ possibilities
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for y. Since every vertex will have d edges the total number of possible graphs G is at most dL’dn
which is only exponential in n.

Thus the number of d-regular graphs on X satisfying dim Zgz(G) > an is at most exp((% —a+

). O

e)nlogn 4+ O(n)). Since this holds for all € > 0 it is also at most exp((4 — a + o(1))nlogn

Now we can prove Theorem 8.A.

Proof of Theorem 8.A. Let a. be the infimum of %}gfm, where H ranges over all graphs with

pr(H) S pur. By Proposition 8.3.1, the number of d-regular graphs G on n vertices satisfying
pr(G) ~ pg is at least exp((2 — . + o(1))nlogn). For all such graphs we have dim Zygr(G) >
.|V (G)|, so by Proposition 8.3.2 they also number at most exp((4 — o + o(1))nlogn). So their
number is exp((4 — a. + o(1))nlogn), and letting € — 0 we find h(ug) = 4 — sup, a.. O

8.4 Proof of Theorem 8.B

Now we give the proof of Theorem 8.B, which we restate for convenience. The idea of the proof is
to order the edges of G randomly and to draw them one by one. The edges that are contained in a
small cycle with preceding edges can then only be drawn in one way. Of course the problem with
this idea is that the edges of G can not be ordered if G is not already defined, so to get around
this we order them based on some neighbourhood. To make this possible we introduce decorated
neighbourhoods to make sure that edges that are close together will have a different neighbourhood.

Theorem 8.B. Let u be a sofic ensemble with an entropy. Let R > 0 and let (A, e,) be a random
element of Lp with probability distribution pr. Let RMST(A) be a random minimum spanning
tree on A. Then

h(p) < gpm(e* € RMST(A)).

Proof. Let k = d?>P+1. The set of decorated local graphs DLyg consists of all elements (A,ex) € Lag
together with an injective function from A to {1,...,k}. Similarly DLk consists of elements (A4, e,)
with an injective function from A to {1,...,k}. For a finite graph G, a function x from the edge set
E to {1,...,k} is called suitable if no two edges within distance 2R have the same colour. Every
d-regular graph has a suitable colouring, since for every edge there are less then k other edges
within a distance of 2R. For a graph G with suitable colouring x we let phr(G,x) € P(DLar)
be the corresponding decorated local ensemble: it is the probability measure on DLyr we get from
choosing a random edge in G and considering its 2R-neighbourhood. We also have a projection
p: P(DLor) — P(L2r) that simply forgets about the colouring. We have p(p55(G, x)) = p2r(G).

We will estimate the number of d-regular graphs G on n vertices for which pag(G) ~ poR. Since
the preimage p~(u2r) € P(DLag) can be covered by finitely many balls or radius €, and every
d-regular graph has a suitable colouring, it is enough to fix bz € p~*(u2r) and bound the number

of graphs G with a suitable colouring x for which por(G, x) 2 Lh -

Let < be a uniformly random total ordering of the finite set DLg. Let (A, ey, x) € DLag. Then
for all e € Bg(ex), the R-ball around e is an element of DLz. They are all different since they
have a different colour. Thus the edges in an R-neighbourhood of e, are ordered according to <.
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This is a uniformly random ordering. Let MST(=) be the corresponding minimum spanning tree
of Br(ex). Then for fixed (A, e, x) we have

Ple, € MST(=)] = Ple, € RMST(Bg(e,))].

The left-hand side depends on (A4, ey, x) but the right-hand side only depends on (Br(ex),ex) € Lg.
Taking a random element of DLyp according to php, we get

Py, lex € MST(X)] = P, (e. € RMST(A)).
Therefore we can fix an ordering <y of DLg for which
P, e« € MST(=0)] < Py, (e. € RMST(A)).

Let F C DLop be the set of (A, e, x) for which e, € MST(=y).

Now we will estimate the number of graphs G on X = {1,...,n} with a suitable colouring x

for which p) 5 (G, x) S php. We can assume that the number of edges e for which (Bzg, e, x) € F

is f, where f < (P, (e. € RMST(A)) 4 2¢)4. For each z € X we can decide the decorated 2R-
neighbourhoods of the edges adjacent to x. The number of ways to do this grows only exponentially
in n. Then we can draw all the edges whose decorated 2R-neighbourhoods are in F. There are
at most exp(flog(n)) ways to do that. Once we have done that, there can be at most one way
to construct G: to see this we construct the edges in the order < based on their decorated R-
neighbourhood. For each vertex x we already decided what the 2R-neighbourhoods of all of its
edges look like. When an edge gets added whose decorated 2R-neighbourhood is not in F', then
it is contained in a cycle contained in its R-neighbourhood with other edges which were already
decided before it. Thus in this case this new edge is also already decided.

This shows that the number of graphs G with a suitable colouring x for which p} (G, x) S Uhp
is at most exp((P,, (e € RMST) + 2¢)% log(n) + O(n)). In particular, the number of graphs G

for which pagr(G) ~ pag is also at most exp((P,, (e, € RMST) + 2e) % log(n) 4+ O(n)). Therefore

h1) < hiyiom) < 3Py, (e, € RMST(A))

8.5 Local description of random graphs embedded in R™

In this section we will prove Theorem 8.C. We will also determine the local behaviour of random
graphs G,,, with n vertices embedded in R when ¢ = lim 10% is large.
First we need this proposition.

Proposition 8.5.1. Let G, be a sequence locally converging to a sofic ensemble . Then

. logT(Gn)
lim —————= =7(p).
At VG T
Proof. This can be proved in essentially the same way as [34, Theorem 3.3]. O

Now we can prove the Theorem.
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Theorem 8.C. Suppose that every sofic ensemble has an entropy. Let (G,,) be a sequence of
random graphs with n vertices embedded in R™, where n = n(m) satisfies lim,,_,, log(n)/m = c.
Then almost surely every local limit point of the sequence (G,,) is c-optimal.

Proof. Let pg be a c-optimal sofic ensemble. Let € > 0. From Proposition 8.5.1 it follows that there
is an integer R such that for any d-regular graph G on n vertices, for n large enough, we have

log T(G)
n

—7(pr(G))| <e.

By continuity there is ¢’ > 0 such that if u,u’ € P(Lg) are &'-close, then |7(u) — 7(1')] < €
Then by compactness there are sofic ensembles py, o, ..., uny € P(Lr) such that for 1 <k < N
we have 7(pug) — ¢ - h(pur) > 7(po) — ¢ - h(po) + 8¢, and for every sofic ensemble p € P(Lg) with
(1) —c-h(p) > 7(po) —c- h(po) + 8 there is a 1 < k < N such that p is £’-close to .

Let m be large enough that every d-regular graph on n vertices has diameter larger than R.
Now we estimate the probability that pr(G,,) is &’-close to ug. The number of graphs G for which
pr(G) is €’-close to py is most exp((h(ur) + o(1))nlog(n)) < exp(mn(c- h(ur) + ¢€)) if m is large
enough. For such a graph G we have

T(G)™™ = exp(—mlog T(G)) < exp (mn(—7(pr(G) + €)) < exp (mn(—7(ux) + 2¢)) .
Hence
Z T(G)™™ < exp (mn (c- h(pe) — 7(pr) + 3¢) )
G with pR(G)iC#k
< exp (mn (¢ h(po) — (o) — 58))

Now we compare this with the contribution of graphs G for which pr(G) is €'-close to o g.
The number of such graphs is at least exp ((h(po,r) + o(1))nlog(n)) > exp (mn(c- h(uo) — €)) for
large m. For such a graph G we have

T(G)™™ = exp (mn(7(pr(G)) —€)) = exp (mn(7(po,r) — 2¢)) = exp(mn(h(po) — 3¢)).
So
S 1@z exp (mn (e hpo) — (o) — 42) )
G with pR(G)’E‘/‘HO,R
Comparing these sums, we find that

Plpr(Gp) is €'-close to ] < exp(—emn).

Since this decreases quickly as m — oo, we can conclude that this almost surely does not happen
for infinitely many values of m, for any k. So for large values of m we have almost surely that
hpr(Gn)) — ¢ - h(pr(Gr)) < h(po) — ¢ - h(po) + 8. Since the same inequality holds almost
surely for arbitrarily large R, we get that almost surely every local limit point p of (G,,) satisfies
T(p) — ¢ h(p) < 7(po) — ¢~ h(po) + 8¢. Since this holds for any € > 0, we conclude that almost
surely all local limit points of (G,,) are c-optimal. O

Finally we consider what happens for large c.
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Proposition 8.5.2. For large enough c the only c-optimal ensemble is fifree-

Proof. For (A, e.) € L and x one of the endpoints of e, consider the lazy random walk starting at
x, and at each step doing nothing with a probability of %, stopping with a probability of %dg(y)
when at vertex y and otherwise taking one of the edges at random. Let gx(x) be the probability
that this random walk takes at least k steps and is back at x after k steps. For any ensemble
1 we have 7(p) = limp_o B,y log(d) — Y07 +pi(x). By [34, Lemma 3.5], this is also equal to
limp o0 By log(§) — 202, 100 ().

Now let ¢ < R and suppose that x is not contained in any cycle of length smaller than g.
We will estimate the sum Y% 1qi(z). For g < k < g%, if the lazy random walk is to end up
at = after k steps, then the last g — 1 steps do not contain any cycles. Thus gx(z) is at most
the return probability of a lazy random walk in a d-regular tree after g — 1 steps. This decreases

exponentially in g. For k > g* we use the estimate qx(z) < \/idﬁ from [34, Lemma 3.6]. We

get Z;ig4+1 Tqr(z) < Z;igzlﬂ kadﬁ ~ g~2. Combining these estimates we see that there is a
constant a, independent of g, such that

=1
> paw(a) <agt.
k=g

Also, the first g — 1 terms >.7_; +qi(x) are the same in A as in a d-regular tree. Therefore, we see
that

T(p) > T(pttree) — SUP Ep By vertex of e, [ag™" | g length of smallest cycle containing =],
R

where this last term is understood to be zero if = is not contained in any cycle.

Now let ¢ > a and let p be any sofic ensemble that is not free. For any graph A and any edge
e that is contained in a cycle of length g, the probability that e is in a random minimum spanning
tree of A is at most 1 — g1, since it is not in the minimum spanning tree if it has a larger weight
than all other edges in this cycle. Therefore we have by Theorem 8.B:

d
hp) < i%f §P#R(e* € RMST(A))
Co.d
= I%f §]EHRE$ vertex of e*Ee random edge from xP(e € RMST(A))

d 2
< 3 iréf E,rEz vertex of e, [1 — gg_l | g length of smallest cycle containing x].

Combining this with the formula for 7(u) derived above we find that

cd

T(,LL) —C- h’(:u) > T(/J'free) - ? = T(Ufree) —C- h(,ufree)'

So p is not c-optimal. O

Remark 8.5.3. This proposition does not rely on the answer to Question 8.1.7, since it just bounds
the entropy using Theorem 8.B.
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8.6 Further remarks and questions

While the subject of random graphs embedded in R™ seems very interesting, it is difficult to prove
results and many questions remain open. In addition to the conjectures in 8.1.12 we put some other
open questions in this section.

Entropy
The notion of entropy described in Section 8.1.3 is central to the discussion of the local behaviour of
the random graphs embedded in R™. However, we were not able to prove the existence of entropy
in general.

Question 8.6.1. The existence of entropy for a sofic ensemble p is only proven under the assump-
tion of a positive answer to Question 8.1.7. Can we prove it unconditionally?

If the entropy indeed always exists, we can find an upper bound of the entropy using Theorem
8.B. If we can show that equality is always attained it gives a nice way to compute the entropy of
a sofic ensemble.

Question 8.6.2. Does the formula
d,
h(p) = 3 1%fPMRP(e* € RMST(A))

hold for every sofic ensemble pu?

Other manifolds
We described only random graphs embedded in R™. It would be interesting to consider other
manifolds, such as the torus T™.

Question 8.6.3. Can we describe the local and global behaviour of random graphs embedded in the
torus T™?
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