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Abstract

We are concerned with several group theoretical questions in the context of unitary groups of
functional analytic type. Our main focus lies on unitary groups of II; factors. II; factors are
special von Neumann algebras, which are by reduction theory of von Neumann algebras often

and by many concerns the most interesting case of those mathematical objects.

For any (noncommutative) group G one can ask under which condition an element g € G
is a product of conjugates of another element h € G. We are able to provide a necessary and
sufficient criterion for

(i) the projective unitary group PU(n) of the n x n matrix algebra over C;

(ii) the connected component of the identity of the projective unitary group of the Calkin

algebra;
(iii) the projective unitary group PU(M) of a II; factor M.
Our criteria are formulated in terms of so called projective generalized s-numbers. It is known
that one can generalize the classical s-numbers for compact operators to the case of semifinite

factors M with faithful normal semifinite trace 7 by setting

T) = inf x forx e M, t> 0.
e () J— T(l_p)gtll pll >

Using this we define the ¢-th projective generalized s-number of x € M by
b(z) = inf pm(l—Ax) fort>0.

AeU(1)

A typical criterion on products of conjugates in this thesis then reads:

Let u,v € G. If y(u) < ml(v) for all t € [0, s] and for some m € N, then
= (”UG U UfG)cm(l/slv

where ¢ € N is a constant independent of m, s, u and v. On the other hand, if u is a product

of k conjugates of v, then £y (u) < kf;(v) for all ¢ > 0.

Having such a criterion, one may further ask if a given element u € G is a uniform normal



generator for G, i.e. if there exists k € N such that
G = (uf Uu )k,

Analogously we say that an element u in a topological group G is a topological uniform normal

generator if there exists £ € N such that
G = (uC Uu-G)k.

It turns out that the unitary group U(H)x(x) of compact perturbations from the identity,
despite being topologically simple, does not have any topological uniform normal generator.
In contrast, the projective unitary group PU(?) on a separable Hilbert space is not sim-
ple but does have uniform normal generators (e.g. symmetries with two infinite-dimensional
eigenspaces by a modification of a theorem of Halmos and Kakutani).

If every nontrivial element in G is a uniform normal generator, then we say that G has
the bounded normal generation property, or property (BNG). Using our result on products of
conjugates in PU(H) we deduce that the connected component of the identity of the projective
unitary group of the Calkin algebra has property (BNG). A modification of a theorem of Broise
shows that every symmetry of trace 0 is a uniform normal generator for the projective unitary
group PU(M) of a (separable) II; factor. As a vast generalization of this result we show that
PU(M) has property (BNG) for any separable II; factor.

A group property, which recently has drawn a lot of attention of several experts in descrip-
tive set theory, is the so called automatic continuity property, or property (AC). Automatic
continuity comes out of a question of Cauchy, asking whether every endomorphism of the ad-
ditive group of the reals is continuous. We say that a topological group G has property (AC)
if every homomorphism from G to any separable topological group is continuous. Motivated
by a recent result of Tsankov showing that U(#), endowed with the strong operator topology,
has property (AC), we attack this question for projective unitary groups PU(M) of separable

IT; factors. We are able to show that any homomorphism from the groups
e PU(n), n € N, endowed with the uniform topology,
e PU(M), endowed with the strong operator topology,

into any separable topological group with bi-invariant metric is continuous. Our proof uses our
results on products of conjugates for PU(M). As an easy application we obtain the uniqueness
of the bi-invariant Polish group topology on these groups. Our techniques allow us to further
show that PU(M) has a unique Polish group topology - this has previously been unknown even
in the hyperfinite case. It is worthwile mentioning that PU(n), n € N, does not have property



(AC).

A group is called extremely amenable if any continuous action on a compact space has a
fixed point. This is a very rigid property which can never be observed in the universe of locally
compact groups by a theorem of Veech. Gromov and Milman discovered that the unitary group
U(H) of a separable infinite-dimensional Hilbert space is extremely amenable, when endowed
with the strong operator topology. In modern formulation the proof of this can be boiled down
to showing first that U(#) is a Lévy group and second that every Lévy group is extremely
amenable. The first step in Gromov and Milman’s work is based on growth of the (infimum
over unit tangent vectors of the) Ricci curvature of SU(n) with n. We present an alternative
and elementary proof of the first step by estimating concentration inequalities on the groups
U(n) of unitary n x n matrices. Our proof yields extreme amenability of the unitary group of
the hyperfinite II; factor with the strong operator topology, which was first observed, building

on results of Gromov and Milman, by Giordano and Pestov.
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1 Introduction

The topic of this PhD thesis is about algebraic and topological properties of unitary
groups of I1; factors. Before we come to the specific algebraic and topological properties
that we prove in this thesis, we explain why one should generally care about these
groups. Let us first encourage the readers interest in type II; factors.

Motivated by the study of group representation theory, ergodic theory and quantum
mechanics, John von Neumann introduced in [Ne 30| the so called rings of operators
on a Hilbert space. These objects are nowadays called von Neumann algebras. Large
parts of the theory of von Neumann algebras were developed in a series of papers of
Murray and von Neumann, see [MN 36|, [MN 37|, [Ne 40|, [MN 43|, [Ne 43|, [Ne 49].
By reduction theory the study of von Neumann algebras can be reduced to the study of
so called factors, which are von Neumann algebras with trivial center. There are three
types of factors - type I factors (these are algebras of bounded operators on a finite- or
infinite-dimensional Hilbert space), type II factors and type III factors. The study of
type III factors can be reduced to the study of type II factors by the Tomita-Takesaki
theory. The class of type II factors can be split into II; factors and Il factors, the
latter being tensor products of a type I and a type II; factor. Thus the study of von
Neumann algebras can basically be reduced to the study of I factors.

One of the major open problems in the theory of operator algebras is the so called
Connes’ embedding problem, raised in his ingenious article |[Co 76|. It asks whether
every II; factor can be embedded into an ultrapower of the hyperfinite II; factor.
It is worthwile mentioning that this problem has equivalent reformulations in many
different areas of mathematics, see e.g. the recent accounts [Oz 13| and [CL 13]. An
open question connected to Connes’ embedding problem is if every countable discrete
group is hyperlinear (i.e. its group von Neumann algebra embeds into an ultrapower
of the hyperfinite II; factor).

Another famous open problem is the isomorphism problem for free group factors by

Murray and von Neumann. It asks if the group von Neumann algebras of nonabelian



1 Introduction

free groups (which are factors of type II;) of diverse rank are isomorphic. This led

Voiculescu to the discovery of free probability theory around 1985.

As every von Neumann algebra is linearly spanned by its unitary group, the above
explains why the study unitary groups of II; factors is crucial to understand von Neu-

mann algebras.

However, the unitary group U(M) of II; factor M is an interesting object to study
not only from an operator algebraic point of view. For example, U(M) is a non-locally
compact Polish group in the strong operator topology, which makes it an interesting
object in descriptive set theory. Even more, the strong operator topology on U(M)
is induced from a bi-invariant metric. A problem of Popa (coming from the study of
cocycle superrigidity theory) asks for a necessary and sufficient criterion for a Polish
group to be isomorphic as a topological group to a closed subgroup of the unitary group
of some II; factor. Further motivation for (and account on) Popa’s problem, due to
Ando and Matsuzawa [AM 12|, can be found in the theory of infinite-dimensional Lie

algebras associated with unitary groups of II; factors.

Another reason for studying unitary groups of II; factors can be found in represen-
tation theory. In some cases the representations of a group on the whole unitary group
on a Hilbert space cannot be classified while representations on the unitary group of a

I1; factor can - cf. [PT 13| and references therein.

Let us explain the main questions that we explore in this thesis. In order to keep this
introduction at reasonable length we refer the reader for detailed introductions with

historical background and precise statements of our results to Chapters and

In Chapter 3] we are concerned with the property of extreme amenability. A topo-
logical group is extremely amenable if every continuous action on a compact space has
a fixed point. This a very rigid property only occuring in the universe of non-locally
compact topological groups. A milestone was set by Gromov and Milman |[GM 83|, who
proved the extreme amenability of the unitary group on a separable infinite-dimensional
Hilbert space. Building on the seminal work of Gromov and Milman, Giordano and
Pestov |[GP 06| have shown (amongst other results in this area of research) that the
unitary group of the hyperfinite II; factor, endowed with the strong operator topology,

is extremely amenable. We present a more elementary and natural proof of this result



in Chapter 3] Using estimates on the Ricci curvature of SU(n), Gromov and Milman
have shown that (SU(n), tin, dn)nen forms a Lévy family, where p, denotes the Haar
measure and d,, the unnormalized Hilbert-Schmidt metric. We instead focus on esti-
mates of concentration functions for U(n) with regard to the normalized trace metric

di, to obtain that (U(n), tn, di,n)nen forms a Lévy family.

It is a fundamental question in group theory to ask under which conditions one
element of a given group G is the product of conjugates of another element of G. We
are interested in this question in the context of unitary groups of functional analytic
type, see Chapter @l Particular examples are finite-dimensional projective unitary
groups, the projective unitary group of the connected component of the identity of the
Calkin algebra and the projective unitary group of a II; factor. In all of these cases we
provide necessary and sufficient criteria for an element to be a product of conjugates of
another element. Let us call such a result a (PC)-criterion for short. However, in some
cases our criterion allows only to decide whether an element in a topological group G

is in a certain closure of some power of the conjugacy class of some g € G and of g~ 1.

Finding such a result allows us to ask further if the conjugacy class of an element and
of its inverse generate the whole group in finitely many steps. We call such an element
a uniform normal generator. If every nontrivial element of a group G is a uniform
normal generator we say that the group has the bounded normal generation property,

or property (BNG) for short.

Using a Baire category argument it is not hard to show property (BNG) for compact
simple groups. But to quantify the number of steps one needs to generate the whole
group with a conjugacy class, i.e. to find a normal generation function in our terminol-
ogy (see Definition , is hard work even in the case of finite simple groups - it was
done by Liebeck and Shalev in the main theorem in their seminal article [LS 01]. The
normal generation they found is basically given by log ’gG’ /log |G| for g € G\ {1}.
In the context of compact connected simple Lie groups, Nikolov and Segal [NS 12]
managed to obtain quantitative estimates, their normal generation function is given by
averaging over angles in maximal tori. Using some ideas of Stolz and Thom [ST 14| we
prove a rank-independent criterion for an element in the projective unitary group PU(n)
of finite rank to be a product of conjugates of another. In general, rank-independent

versions of finite-dimensional results give hope for infinite-dimensional analogues.



1 Introduction

In contrast to compact simple groups it is not at all clear for a non-locally compact
simple groups to have property (BNG) (even qualitatively). There are examples of
simple groups which do not have property (BNG), e.g., the group of finitely supported
permutations on N. In Section we prove a (PC)-criterion for PU(n) in terms of
what we call projective generalized s-numbers for PU(n), the reason being that this
setting is suitable for a generalization to semifinite von Neumann algebras. With the
help of this result we can prove topological (PC)-criteria. This is done in Section
for II; factors. The topological (PC)-criterion for unitary groups of II; factors allows
us to conclude that the projective unitary group of any II; has the topological bounded
normal generation property (in the strong operator topology).

We are able to provide algebraic (PC)-criteria for
e the projective unitary group PU(n), where n € N;

e the connected component PU;(C) of the identity of the projective unitary group
of the Calkin algebra in Section

e the projective unitary group of a separable II; factor in Section

We also have a topological (PC)-criterion for the unitary group U(#) on a separable
infinite-dimensional Hilbert space H for elements that are not compact perturbations

of the identity. The corresponding statements are roughly of the following form:

An element v € G is a product of conjugates of v € G and v~! if the
graph of the projective generalized s-numbers of v covers the box of height
determined by the projective operator norm distance from 1 and length
determined by the rank of the group.

Conversely, if u is a product of conjugates of v, then the graph of the
projective generalized s-numbers of u can be covered by that of v by finite

expansion along the axes.

It is worthwhile noting that the unitary group U(H )iy of compact perturbations
of the identity, despite being topologically simple, does not possess any topological
uniform normal generator in the uniform topology. In contrast, the group U(H) has
uniform normal generators, but is not simple since it contains the normal subgroup
U(H) k) A well-known theorem of Halmos and Kakutani [HK 58| states that every

unitary operator on H is the product of four symmetries (having infinite-dimensional



eigenspaces corresponding to 1 and —1). Since those symmetries are conjugate, their
result can be reformulated into: every symmetry s € U(H) with infinite-dimensional
eigenspaces corresponding to 1 and —1 is a 4-uniform normal generator for U(#). From
the algebraic (PC)-criterion for PU;(C) we deduce that this group has property (BNG).

In Section [4.3| we obtain the following modification of Broise’s result [Br 67, Theorem
1]: Every symmetry s in the projective unitary group PU(M) of a II; factor M is a
32-uniform normal generator. Using our algebraic (PC)-criterion for unitary groups
of II; factors together with the just mentioned result we can show that the projective
unitary group PU(M) has property (BNG). Our work on the bounded normal genera-
tion property for projective unitary groups of II; factors is applied in Chapter 5], whose

content we will describe now.

Chapter || is concerned with the phenomenon of automatic continuity, which goes
back to the work of A. L. Cauchy. Cauchy analyzed the question whether every endo-
morphism of the additive group of the reals is continuous. However, using the axiom
of choice one can show that there are discontinuous homomorphisms R — R. Cauchy’s
problem drew a lot of attention around the beginning of the 20th century - for example,
M. Fréchet, S. Banach, W. Sierpiriski and H. Steinhaus published articles around 1920.
In the 1930°s A. Weil extended some results of Steinhaus to all locally compact groups.

A very general form of Cauchy’s question reads:

When is a homomorphism 7 : G — H between separable topological groups

continuous?

We say that a topological group GG has the automatic continuity property, or property
(AC), if every homomorphism from G to any separable topological group is continuous.
This is not at all a trivial property, for example, some matrix groups such as SO(3,R)
embed discontinuously into the group Soo of all bijections on N by the work of R. R.
Kallman [Ka 00] and S. Thomas |[Th 99|, cf. [Ro 09b, Example 1.5] in Rosendal’s survey
article on automatic continuity.

One of the first general automatic continuity theorems was found around 1950 by
Pettis [Pe 50]. He proved that any Baire measurable homormophism between Polish
groups is continuous. Since then important contributions were made by J. P. R. Chris-
tensen |Ch 71], R. M. Dudley [Du 61], A. S. Kechris and C. Rosendal [KR 07|, C.
Rosendal and S. Solecki [RS 07|, I. Ben Yaacov, A. Berenstein and J. Melleray [BY BM
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13], T. Tsankov [Ts 13|, and M. Sabok [Sa 13|, to name a few. Kechris and Rosendal [KR
07] proved that groups with ample generics (that is, for each n € N there is a comeager
orbit for the diagonal conjugacy action of G on G™) have the automatic continuity
property. A countably syndetic set for a group G is a subset of G spanning G with
countably many left-translates. A group is called Steinhaus if some fixed power of every
countably syndetic set contains an open neighborhood of the identity. Rosendal and
Solecki |RS 07] found that Steinhaus groups have the automatic continuity property.
Steinhaus groups are the largest known class of groups to have this property. Of partic-
ular interest to us is the recent [Ts 13, Theorem 1], stating that the unitary group on a
separable infinite-dimensional Hilbert space, endowed with the strong operator topol-
ogy, has the automatic continuity property (by showing that it is Steinhaus). Many
of the results from Kechris, Rosendal, Solecki, Tsankov and Sabok crucially depend on
the existence of comeager conjugacy classes. In some cases, e.g. U(H) with the strong
operator topology, the group itself does not have comeager conjugacy classes, but can
be compared to a group (e.g. by a homeomorphic embedding) having comeager conju-

gacy classes (or a weaker form, so called ample topometric generics, see [BYBM 13]).

Motivated by the automatic continuity property of U(H) [Ts 13, Theorem 1|, we
analyze unitary groups U(M) of separable II; factors M, endowed with the strong
operator topology, with respect to property (AC). A difficulty to handle this case stems
from the fact that every conjugacy class is meager. Our approach uses instead our
results on products of conjugates for PU(M). However, we are forced by our approach
in showing property (AC) to restrict our attention to conjugacy-invariant countably
syndetic sets and separable SIN target groups (i.e. separable topological groups such
that the topology is induced from a bi-invariant metric). We call this phenomenon
invariant automatic continuity. In particular, we show that these groups are invariant
Steinhaus in the sense that we need the additional condition of conjugacy-invariance

on countably syndetic sets. We are able to show that the groups
e PU(n) and SU(n), 2 <n € N, with the uniform topology,
e U(M) and PU(M), M a separable II; factor, endowed with the strong operator
topology,

have the invariant automatic continuity property. This allows us to conclude the

uniqueness of the Polish SIN topology on these groups. In particular this shows that



PU(n) is a group with invariant automatic continuity but not automatic continuity. In
the II; factor case it is open if it has property (AC).

Combining techniques from our proof of invariant automatic continuity with a result
of Gartside and Peji¢ |[GP 08| we are able to prove the uniqueness of the Polish group
topology for the projective unitary group of a separable II; factor. This was previously

unknown even in the hyperfinite case.

Structure of the thesis

The introduction in Chapter [I] is followed by a survey on the necessary preliminaries
in Chapter 2] In Chapter [3] we treat the topic of extreme amenability and provide an
alternative proof to the original one by Giordano and Pestov. The main part of this
thesis is formed by Chapter [, where we prove for several unitary groups G of functional
analytic type necessary and sufficient criteria for an element of G to be a product of
conjugates of another element in G. Moreover, we are concerned with (topological)
uniform normal generators and the (topological) bounded normal generation property.
Finally, in Chapter 5 applying some results of Chapter [, we prove invariant automatic
continuity for PU(n) and SU(n), 2 < n € N, endowed with the uniform topology, and
the projective unitary group of a separable II; factor, endowed with the strong operator
topology. This again is applied to prove the uniqueness of the Polish SIN topology on
PU(M). We conclude our thesis with an outlook on open problems either arising from
Chapters [4] and [5] or being closely linked, see Chapter [6] At the end of the thesis the

reader will find a list of symbols, a detailed bibliography and an index of notation.

Notation

Some remarks on notation. We try to use standard notation whenever possible. We
denote the natural numbers {1,2,...}, integers, rationals, reals and complex numbers
by N, Z, Q, R and C respectively. The symbol H always denotes a (complex) Hilbert
space, which is usually assumed to be separable. We denote by B(#) the algebra of
bounded operators on H. The operator norm on B(H) is denoted by ||-||. M always
denotes a von Neumann algebra, often assumed to be semifinite or more specifically a
IT; factor. A semifinite von Neumann algebra M is always equipped with a faithful

normal semifinite trace 7. If M is a II; factor, it is always assumed to be the unique
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normalized faithful normal finite trace. The unitary group of a von Neumann algebra
M is written as U(M), the projective unitary group of M as PU(M). The conjugacy
class of an element g in a group G is denoted by ¢“ and the conjugacy class of g~* by

g~ €. For a metric space (X,d) we define the e-neighborhood of a subset A C X by
(A)e ={z € X |d(z,a) < e for some ac A}.

If we want to specify the metric d (or norm |[|-||) used we write (A):q (or (A)|.|)-

We will often use the ceiling function for x € R:

[z] =min{n € Z|n>uz}.



2 Preliminaries

This chapter represents a short survey on some definitions and facts from topological
group theory and operator algebra theory that will be freely used in the remaining

chapters.

2.1 Topological groups

We assume some familiarity with general topology. Nonetheless we will repeat a few
important definitions and results from [Bo 89, Chapters II and III], [Ga 09, Chapters
1 and 2|, [Ke 95, Chapter I] and [Pe 06, Chapter 1].

Let us start right out with a crucial definition.

Definition 2.1. A topological group is a group G with a topology such that the
map (g, h) — gh™! of G x G into G is continuous.

For every u € G, the left translation g — ug (respectively the right translation)
is a homeomorphism. Moreover, the mappings g — ugv with u,v running through G

form a group of homeomorphisms. The mappings g — ugu ™"

with w running through
G form a subgroup.

Clearly every group is a topological group when endowed with the discrete topol-
ogy. This is not an interesting topology for the purpose of our questions - we will be
concerned with more sophisticated topologies (e.g. the strong operator topology and

the uniform topology on the unitary group of a Hilbert space) introduced in Section

A topological space X is called Hausdorff if for any given distinct points z,y € X,
there are open sets U,V C X such that z € U, y € V,and UNV = (. X is called
homogeneous if for every z,y € X, there exists a homeomorphism f of X to itself

such that f(z) =y. Every topological group G is homogeneous, since, given g,h € G,
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1

the map x — hg™ "z is a homeomorhism from G to G mapping g to h. For a topolog-

ical group, being Hausdorff is equivalent to {e} being a closed set in G, by homogeneity.

Recall that in a topological space X, a fundamental system of neighborhoods
of a point z € X (respectively a subset U C X) is a set of neighborhoods N of
x (respectively U) such that for each neighborhood V' of x (respectively U) there
is a neighborhood W € N such that W C V. A basis B of the topology can
be characterized as a set of open subsets of X such that for every © € X the set
{V € B|x €V} is a fundamental system of neighborhoods of x.

A topological group G is first countable if and only if the identity element 1 of G
has a countable neighborhood base. Every topological group G has an open base at
the identity consisting of symmetric neighborhoods. A connected topological group is

generated by any neighborhood of the identity element.

If H is a normal subgroup of a topological group G, then the quotient by H of the
topology of G is compatible with the group structure of G/H. The quotient group
G/H is Hausdorff if and only if H is closed in G. It is discrete if and only if H is open
in G. In our situation, H will always be normal and closed - usually H is the center of

a unitary group G of functional analytic type.

Definition 2.2. A group G is simple if it has no nontrivial normal subgroup, i.e., for
every normal subgroup H of G one has either H = {1} or H = G. A topological group

is topologically simple if it has no nontrivial closed normal subgroup.

2.1.1 Uniform spaces

In the context of Lévy groups (cf. Chapter |3)) we will make use of the concept of
uniform spaces. The conceptual advantage over topological spaces is that one has a
notion of closeness between points. We repeat the definition of a uniform space. More

information can be found in [Bo 89, Chapter 11| and [Pe 06, Chapter 1|.

Definition 2.3. A uniform space is a pair (X, ) consisting of a set X and a uniform
structure (or uniformity) ¢/ on X. A uniform structure is a family of subsets of

X x X, called entourages, satisfying the following properties:

(i) U is closed under finite intersections and supersets (if Ve Y and V C U C X x X,

10
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then U € U).
(ii) Every V € U contains the diagonal A := {(z,z) |z € X}.
(iii) If V €U, then V71 = {(z,9) | (y,z) € V} € U.

(iv) For every V € U there exists U € U such that

UoU:={(z,2) | yeX: (x,y) €U, (y,2) eU} C V.

For an entourage V' € U we express the relation (z,y) € V by saying that z and y are
V-close.

A subfamily B C U is said to be a basis of the uniformity U if for every U,V € B there
exists W € Bwith W C UNV, and every entourage V € U contains an element U € B

as a subset.

Given an element V of a uniform structure U on a set X we define the VV-neighborhood

V[z] of a point z € X by
Vigl ={y e X[ (z,y) € V}.

The sets V[z] with V € U form a neighborhood basis for = with regard to a certain
topology on X that we call the topology determined by U. We say that an uniformity
U determining the topology of a given topological space X is compatible. FEvery
compact space admits a unique compatible uniformity consisting of all neighborhoods
of the diagonal.

Of course, the notion of an uniformity can be carried over to the context of topological
groups, see [Bo 89, Section II1.3] and [Pe 06, Chapter 1]. The left uniform structure
of a topological group G, denoted by U (G), is an uniformity on G which has as a basis

of entourages of the diagonal the sets
Vi ={(z,y) € Gx G| 7y e Vi,

where V' is a neighborhood of the identity. Analogously one can define the right uni-

form structure of a topological group.

11
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2.1.2 Metrizable groups

Let G be a metrizable group, that is, GG is a topological group admitting a compatible
metric d. By compatible we mean that it induces the group topology. Then d is called
left-invariant if

d(gu, gv) = d(u,v) for all g,u,v € G.

Analogously d is called right-invariant if
d(uh,vh) = d(u,v) for all h,u,v € G.
Finally, d is called bi-invariant if it is both left- and right-invariant, that is,
d(guh, gvh) = d(u,v) for all g,h,u,v € G.

If G be a topological group and d a left-invariant metric generating the topology of G,

then the corresponding uniform structure is the left uniform structure.

The Birkhoff-Kakutani theorem states that a topological group G is metrizable if
and only if it is Hausdorff and first countable. Moreover, if G is metrizable, then G

admits a compatible left-invariant metric.

If G is a group and d a bi-invariant metric on G, then G is a topological group in
the topology induced by d. Any compact metrizable group admits a compatible bi-

invariant metric.

The groups we are concerned with all admit a bi-invariant metric - however this metric
does not in all cases introduce the topology of our interest. For example, unitary groups
of von Neumann algebras (see Section can be endowed with the topology induced
from the operator norm, which is bi-invariant but not separable if the von Neumann

algebra is not of type I,, n € N.

Definition 2.4. A neighborhood V' at the identity of a topological group G is called
invariant if it is invariant under all inner automorphisms, that is, if gV ¢~! = V for
all g € G. A topological group G is called SIN if it has a neighborhood basis of the

identity consisting of invariant neighborhoods of the identity.

12
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In the above definition SIN stands for small invariant neighborhoods. Note that a
topological group G is SIN if and only if the left and right uniformities on G coincide.
In particular, for every SIN group we have LUCB(G) = RUCB(G), where LUCB(G)
(respectively RUCB(G)) stands for the space of left (respectively right) uniformly con-
tinuous bounded functions on G.

A first countable Hausdorff topological group is SIN if and only if it admits a com-

patible bi-invariant metric.

2.1.3 Polish groups

Definition 2.5. A topological space is Polish if it is separable and completely metriz-

able. A topological group is called Polish if it is Polish as a topological space.

Any Polish group G admits a compatible complete metric. The Birkhoff-Kakutani
theorem implies that it admits a compatible left-invariant metric, which is not neces-
sarily complete. If a Polish group G admits a compatible bi-invariant metric d, then d
is complete. If G is a Polish group with bi-invariant metric d and H is a closed nor-
mal subgroup of G, then G/H as a topological group admits a compatible bi-invariant

metric.

Ezamples. (i) (R™,+) and (C",+) are Polish groups. But (Q, +) with the topology
induced by the absolute value is no Polish group.

(ii) All countable groups with discrete topology are Polish groups.

(iii) All Lie groups (see Subsection are Polish groups.

(iv) Seo = {f:N —= N| f is a bijection} with compatible complete metric p(x,y) =
d(z,y) + d(z71,y~t), where d(x,y) = 27" ! for x # y and n the least number
such that x, # y,, is a Polish group.

(v) The unitary group U(#) of a separable infinite-dimensional Hilbert space, en-
dowed with the strong operator topology, is a Polish group.

(vi) The unitary group U(M) of a separable II; factor M (see Section [2.2), endowed
with the strong operator topology, is a Polish SIN group. The same holds for the
projective unitary group PU(M) = U(M)/U(1) - 1.

(vii) The universal Urysohn space is a universal Polish space, i.e., it contains every
Polish space as a closed subspace. The isometry group of the Urysohn space is

a universal Polish group, that is, every Polish group is isomorphic to a closed

13
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subgroup of it. For the construction and interesting facts see [Ga 09, Chapter 1

and 2| and [Pe 06, Chapter 5.

IBK 96|, Theorem 1.2.6] implies that every bijective continuous homomorphism be-
tween Polish groups is a homeomorphism.

Not every group can be be endowed with a Polish group topology. For example,
the free group on a continuum of generators cannot be equipped with a Polish group

topology, see Corollary 3.3 in [Ro 09b].

2.1.4 Lie groups

Let us briefly collect some information about Lie groups, taken from [Kn, Chapter IV].

Definition 2.6. A Lie group is a separable topological group with the additional

structure of a smooth manifold such that the multiplication and inversion are smooth.

We will deal with some special Lie groups in Section .5l For n € N denote by
M« (C) the algebra of n x n matrices over the complex field C. Given a group G we

write Z(G) for the center of G. We are interested in the Lie groups

U(n) == {u € Mpxn(C) |u*u =uu* =1}, n €N,
SU(n) == {u € U(n) | det(u) = 1},
PU(n) = U(n)/Z(U(n)) = U(n) /U(1) - 1,

all of which are compact and connected. One can show that PU(n) = SU(n)/Z(SU(n)).
A torus is a product of circle groups U(1). Every compact connected abelian Lie group
is a torus. In a compact Lie group G one can look for tori as subgroups. Tori are
partially ordered by inclusion and thus any torus is contained in a maximal torus of G.
Any two maximal tori in a compact connected Lie group are conjugate. For example,

the diagonal matrices in U(n) form a maximal torus in U(n).

Theorem 2.7. Let G be a compact connected Lie group and T a mazximal torus in G.

Then each element of G is conjugate to an element of T'.

2.2 Von Neumann algebras

The material presented in this section can be found in [Bl 06|, |[Di 81|, [KR 83|, [KR
86| and [Ta 03].

14



2.2 Von Neumann algebras

We assume the reader to be familiar with basic functional analysis as found e.g.
in [Ru 73|. Some of the results that are assumed to be known by the reader are the
Baire category theorem, Borel functional calculus and the spectral theorem for normal
operators on a Hilbert space. Let H be an finite- or infinite-dimensional separable
Hilbert space with scalar product (-,-) and induced norm ||-||,,. We denote by B(H)
the algebra of bounded operators. The identity operator is denoted by 1 € B(#H) and
it will be always clear from the context whether 1 refers to the identity operator or the
complex number. If not stated explicitly, we will always denote by ||| the operator

norm on B(#) defined by

[zl = sup [zl
EEH,”&HHZI

There are several interesting topologies on B(H). The topology induced from the
operator norm (i.e. the topology of uniform convergence) is called the uniform topol-
ogy, or norm topology. The strong operator topology on B(#) is the topology
of pointwise operator norm convergence, i.e. the topology induced from the separating
family of semi-norms ||-£|,, with £ € H. A net {z;},.; is strong operator convergent to
wg if and only if ||(z; — x0)||,, converges to O for every { € H. The weak operator
topology on B(H) is the topology induced by the family {{-£,n)}¢ s It is readily
checked that uniform convergence implies strong operator convergence, which in turn
implies weak operator convergence. For other interesting topologies as for example
the o-strong-, o-weak-, and o-strong® operator topology we refer the reader to the

literature.

Let us repeat the definitions of important classes of operators. An operator z € B(H)

is said to be

e self-adjoint if x = z*;

normal if x*x = zx*;

positive if (z£, &) > 0 for all £ € H;

e a projection if x = z* = 2

an isometry if z*x = 1;

a partial isometry if z*z is a projection;

unitary if z*x = zz* = 1.

e a symmetry if z = 2* =2~
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A Banach algebra is a (complex) algebra A which is a Banach space under a
submultiplicative norm ||| (i.e. ||zy|| < ||z| ||ly|| for all z,y € A). An involution on a
Banach algebra A is a conjugate-linear isometric anti-automorphism * : A — A, z —
x*, of order two, that is, for all z,y € A, A € C one has (z + y)* = z* + v*, (xy)* =
y*r*, (\z)* = \z*, (2*)* =z, ||2*|| = ||z|. A C*-algebra is a Banach algebra A with

an involution * such that
|z*z| = ||z||* for all z € A.

Every C*-algebra can be realized as a (not necessarily unital) operator norm closed
«-subalgebra of B(H) by the Gelfand-Naimark-Segal construction - see Theorem 1.9.18
in [Ta 03]. For our purposes, the most important examples of (concrete) C*-algebras

are
o the two-sided ideal K(#H) C B(H) of compact operators;
e the Calkin algebra C(#) defined by C(H) :== B(H)/K(H).
The compact operators form the largest two-sided ideal in B(H).

Definition 2.8. A norm ideal K is a two-sided ideal of B(H) equipped with a norm
|-l such that [lzf| < |lz]lx = |lz*[|x for 2 € K and [lazb| < lafl |[z]/x [|b] for

a,b e B(H).

All nontrivial norm ideals in B(H) are contained in IC(H). Some particularly im-
portant examples of norm ideals are the C*-algebra of compact operators and the
Hilbert-Schmidt operators (or Schatten 2-class operators).

We state a result showing the importance of unitary operators in unital C*-algebras.

Proposition 2.9. Every element in a unital C*-algebra A is a linear combination of

four unitary elements of A.
The commutant of a set M C B(H) is
M ={xeM|zy=yxforalyecB(H)}.
The bicommutant of M is then defined as M"” := (M')’. It is obvious that M C M"

and M} C M| if My C M. Thus M’ = (M")" for any set M C B(H).

16



2.2 Von Neumann algebras

Definition 2.10. A x-subalgebra M of B(#) such that M = M" is called von Neu-

mann algebra. A factor is a von Neumann algebra such that M N M’ =C - 1.

The definition implies that every von Neumann algebra is unital. We say that a
von Neumann algebra is separable if it acts on a separable Hilbert space. We will
usually be interested in separable von Neumann algebras. Von Neumann algebras were
introduced by John von Neumann in [Ne 30]. He was motivated by his study of group
representation theory, ergodic theory and quantum mechanics. Much progress on the
theory von Neumann algebras was achieved in a series of papers of Murray and von
Neumann, see [MN 36|, [MN 37|, [Ne 40|, [MN 43|, [Ne 43|, [Ne 49|.

One of the most crucial results is the double commutant theorem.

Theorem 2.11. If M is a unital x-subalgebra of B(H) then M" coincides with the

weak-, strong-, o-weak- and o-strong closure of M.

In particular every von Neumann algebra is closed in all above topologies. We note
here that the original definition of a von Neumann algebra involves the weak closure.
In particular, every von Neumann algebra is a C*-algebra (i.e. it is closed with respect
to the operator norm). But, for example, the C*-algebras K(H) and C(H) are not

x-isomorphic to any von Neumann algebra.

The double commutant theorem indicates that there is a rich interplay between
algebraic and topological techniques in analyzing von Neumann algebras. Any von
Neumann algebra M contains an abundance of projections, in particular M contains
all spectral projections of any element in M. Denote the set of unitary operators in

M by U(M) and the set of projections in M by P(M). Then we have
M =UM)" =P(M)".

Remark. The last mentioned fact marks a major difference between general C*-algebras
and von Neumann algebras. A C*-algebra may contain no other projections than 0

and 1 - e.g. the C*-algebra of continuous functions on the unit interval [0, 1].

Simple examples of von Neumann algebras are finite-dimensional matrix algebras
M« (C) over C and the algebra B(H) of bounded operators on an infinite-dimensional

Hilbert space. If M is an abelian von Neumann algebra on a separable Hilbert space H,

17
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then there exists a second-countable compact Hausdorff space X and a positive measure
w on X such that M is x-isomorphic to the algebra L>°(X, ) of (equivalence classes
of) essentially bounded complex-valued measurable functions on X (with the usual
pointwise-defined operations and the essential supremum norm). More sophisticated

examples are presented in Subsection below.

2.2.1 Type classification

Von Neumann algebras can be characterized by their projections. Before being able
to give a complete classification of factors, we need to distinguish various classes of
projections. To this end, we introduce an equivalence relation on P(M). The set of

projections in a von Neumann algebra forms a complete lattice.

Definition 2.12. Two projections p and ¢ in a von Neumann algebra M are called
equivalent if there exists a partial isometry x € M such that z*z = p and zz* = ¢.
In this case we write

p~q.

p and q are called, respectively, the initial projection and the final projection.
If p~q € M with ¢ < ¢ then we write p S qor ¢ p. If p 3 qand p»q (pisnot

equivalent to ¢) then we write p < g or ¢ = p.

The relation ~ defines an equivalence relation on the set of projections in M. Fur-
thermore, one can show that p = ¢ and p = ¢ imply p ~ q. Let x € M. The smallest
projection p € M such that pz = x is called left support of x and is denoted by s;(z).
The right support s,(x) of x is the smallest projection ¢ € M such that zq = z. By
polar decomposition, s;(z) ~ s.(x).

Let us state the following powerful theorem.

Theorem 2.13. (Comparability Theorem) Let M be a von Neumann algebra and p,q

projections in M. There exists a central projection z € M such that

zp 3 2q and (1—2)p 7 (1-2)q.

If M is a factor, then exactly one of the following relations holds:

p=¢ pP~qg DpPrg.
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2.2 Von Neumann algebras

Definition 2.14. A projection p in a von Neumann algebra M is said to be

e finite if p ~ ¢ < p implies p = ¢;

infinite if p is not finite;

purely infinite if there is no nonzero finite subprojection ¢ < p in M;

properly infinite if zp is infinite for every central projection z € M with zp # 0;

abelian if pMp is abelian.
With these definitions in hand, we can completely classify von Neumann algebras.

Definition 2.15. A von Neumann algebra M is called finite, infinite, properly

infinite or purely infinite if its identity 1 has the corresponding property.

Definition 2.16. A von Neumann algebra M is of
e type I if every nonzero central projection in M majorizes a nonzero abelian
projection in M. M is of type I, for some cardinal n (finite or infinite) if 1 is
the sum of n equivalent abelian projections;
e type II if M has no nonzero abelian projection and every nonzero central pro-
jection in M majorizes a nonzero finite projection of M;
— M is of type II; if M is of type II and finite;
— M is of type Il if M is of type Il and has no nonzero central finite
projection;

e type III if there is no nonzero finite projection in M (i.e. M is purely infinite).

Any von Neumann algebra is uniquely decomposable into the direct sum of von
Neumann algebras of type I, type II, type I, and type III. A von Neumann algebra
without type III summand is called semifinite. There is a crucial structural difference
between semifinite and type III von Neumann algebras - it is given by the existence of

a so called semifinite trace.

Definition 2.17. Let M be a von Neumann algebra. We say that a positive linear
functional 7 : M — C is a trace if 7(zy) = 7(yx) for all x,y € M. A trace 7 is
o faithful if 7(z*z) = 0 implies x = 0;
e normal if 7(sup; z;) = sup; 7(x;) for every bounded increasing net {z;},.; of
positive operators in M;

o finite if 7(1) < oc.

19



2 Preliminaries

A semifinite trace is a positive linear functional 7 : M — CU{occ} such that 7(zy) =
7(yx) for all x,y € M and such that every nonzero positive z € M majorizes some

nonzero positive y € M with 7(y) < oo;

For a von Neumann algebra it is equivalent to be semifinite and to admit a faithful

normal semifinite trace.

A semifinite von Neumann algebra M with faithful normal semifinite trace T natu-
rally acts on the Hilbert space L?(M,7) obtained from the GNS construction (named
after Gelfand, Naimark and Segal). (Since 7 is a positive linear functional, one can
define a pre-inner product on n; = {x € M| 7(2*z) < oo} by (x,y), = 7(y*z) for
x,y € M. Faithfulness of 7 implies that (-,), is an inner product. The completion of

n, with respect to (-,-), is then a Hilbert space denoted by L*(M,T).)

It is worth mentioning that a priori, the existence of type Il and type I1I von Neumann
algebras is not at all clear. Since we will be interested in II; factors, we will focus on

examples of those in Subsection [2.2.2]

2.2.2 Type II; factors

A TI; factor M admits a unique faithful normal normalized trace 7. Any isometry in
M is unitary. The notions of (Murray von Neumann) equivalence of projections and
unitary equivalence of projections coincide. Denote the set of projections of M by
Proj(M). Elements in Proj(M) can take any value in [0, 1]. For p € Proj(M) one has
p=0if 7(p) = 0 by faithfulness and p = 1 if 7(p) = 1. A projection p € Proj(M) can
always be halved, i.e. one can find subprojections p1,p2 = p such that p; +ps = p and
7(p1) = 7(p2). The fact that 7 takes continuous values on Proj(M) is often referred to
as continuous dimension. For any nonzero projection p € Proj(M) the algebra pMp is
a 1Ty factor (acting on pH). For a spectral projection p € Proj(M) of an operator we
call 7(p) € [0, 1] the spectral weight or weight for short.

For 2 € M we let |z| :== (x*x)"/2. We define the 1-norm |||, on M by

|z||; := 7(|z]) for z € M.
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The 2-norm |||, is defined by
]y == 7(x*2)"/? for z € M.

We will use without further notice that the metric ds induced from the 2-norm defines
a bi-invariant metric on M, which follows from the trace property 7(zy) = 7(yx) for

x,y € M. Note that the metrics induced from ||-|| and ||-||; are also bi-invariant.

We will need the following inequalities between the 1-norm and the 2-norm. For

convenience, we provide its easy proof.

Proposition 2.18. Let M be a II; factor. Assume that u,v € U(M) and z € M.
1) |7(@)] < 7(|=]).
(i) fu—olf < llu—vll3 <2 Ju—of.

(iii) ||-|l; and ||-]|, induce the same topology.

Proof. (i) Let = w|z| = w(z*z)"/? be the polar decomposition of z. Using the

Cauchy-Schwarz inequality |[Ta 03, Proposition 1.9.5], we obtain

7 (@)| = [r(w[x])]

= |r(w|z|"? |2|/?)

IN

T(‘LIZ|1/2 ww |ZL‘|1/2)1/2T(|$‘1/2 ‘$|1/2)1/2
= r(w*w [z])"/*7(|2|)"/?

= 7(|z)-

In the last step, we used that w*w is unitary on ker(|z|)* = ker(z)*.

(ii) Using the Cauchy-Schwarz inequality, we obtain
lu = olly < 7(ju = of* fu = o) Pr(11)V2 = |lu— o], .
The second inequality follows from (i) and the bi-invariance of ||-||;:

Ju—vl3 =7(1 —u*v+1—v*u)
=7(1—uv)+7(1—0v"u)

<|r(l = o)+ |7 (1 = v'u)
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< 7(I1 = w]) +7(]1 = v ul)

=2 [lu—wl,.

(iii) This is clear from (ii). O

Now we describe a way to construct II; factors. Let G be a countable discrete group.

Then the left regular representation A : G — U(£(G)) is defined by

Ng)én = &gn for g,h € G, &, € *(G).

The group von Neumann algebra of G is defined as
L(G) = {Xg) | g € G}".

The canonical trace on L(G) is given by 7(-) = (-£1,&1). We say that a group is ICC if
the conjugacy class of every nontrivial element is infinite. It can be checked that L(G)
is a I factor if and only if G is ICC. Elementary examples of ICC groups are

e the group Sy;, of finitely supported permutations on N;

e the free group F,, on n > 2 generators;

e the “ax + 0" group {(811’) |a,beQ,a> 0}.

An interesting fact is that all amenable ICC groups (e.g. Spin) give isomorphic
group von Neumann algebras, called the hyperfinite II; factor, usually denoted by
R. The hyperfinite II; is the unique smallest II; factor in the sense that every II;
factor contains a copy of R. We note that Ozawa [Oz 03| has proved that there are
uncountably many non-isomorphic separable II; factors (and that there is no universal
separable II; factor). There are several equivalent ways of describing R, see [Ta 03|
Theorem XIV.2.4|. For example, R can be constructed as an infinite tensor product
(see |Ta 03, Section XIV.1]) of the matrix algebras Max2(C) with unique normalized
trace. Or equivalently, R is generated by an increasing sequence of finite-dimensional
x-subalgebras of R.

The von Neumann algebraic infinite tensor product Ry of Max2(C) with the state
oa, A € (0,1), defined by

oa((aij)) = Tyt
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gives a type III factor. The factor Ry is called Powers factor after its inventor R.
Powers. There is a finer classification of type factors into type IIIx, A € [0, 1], with the
help of Connes’ invariant S(M). It turns out that Ry, A € (0,1), is of type III, and
that R is not isomorphic to R, for A # p € (0,1).

Historically the group measure space construction by Murray and von Neumann was
the first construction which proved the existence of non-type I factors. The construction
is a special case of a W*-crossed product. The interested reader is referred to the
literature.

A longstanding open problem (the so called free factor problem) asks whether L(F,,) =
L(F,,) for n # m. Note here that F,,, n > 2, is not amenable and thus L(F,) # R. It
led Voiculescu to the discovery of free probability theory, a noncommutative analogue

of classical probability theory.

2.2.3 Reduction theory

The reduction theory of von Neumann algebras is concerned with the decomposition
of von Neumann algebras into smallest parts. We mentioned already that every von
Neumann algebra can be uniquely decomposed into the direct sum of those of type I,
114, Il and III. Every factor is of one of these types. On a separable Hilbert space,
any von Neumann algebra is a direct integral (a “measurable direct sum”) of factors.
The theory of direct integrals requires considerable technical effort and can be found
in [Di 81, Part II], [KR 86, Chapter 14| and |[Ta 03, Chapter IV]. Our short account is
taken from [Bl 06, Section II1.1.6].

Let (X, 1) be a standard measure space and (H, (-, -)z)zex a separable Hilbert space
for p-almost all z € X. A measurable field is a vector subspace V' C [], H, closed
under multiplication by L% (X, u), such that x — ({(z),n(z)), is measurable for all
¢&,neVand [ (&(x),&(x))2dpu(x) < oo and such that V' is generated as an L>(X, u1)-
module by a countable subset {&,,}, .y € V such that the completion of span {&, () },,cx
is H, for p-almost all x € X. The completion of V is a separable Hilbert space H,
which can be identified with the space of equivalence classes of measurable section of

the field (H;)) written
52
H= / Hadp(z).
X

For T, € B(H.), (I;) is a measurable field of bounded operators if (T,£(z)) is

a measurable section for each measurable section . Assume that |7 is uniformly
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bounded. Then (7}) defines an operator T € B(H), which is called decomposable

T = /GB Tydp(z).

X

and written

The algebra of diagonalizable operators is the image of L*>(X, u) via
@
fe /X f(x)1zdu(z).

Let M be a von Neumann algebra on a separable Hilbert space H and A an com-
mutative von Neumann subalgebra of M’. As A is an abelian von Neumann algebra
on a separable Hilbert space H, it is generated (as a von Neumann algebra) by a single
bounded operator 7" on H. There exists a measure p on X = o(7"), a measurable field

of Hilbert spaces (H;) over (X, i), and a unitary

S5
u:H — / Hudp(z)
b's

such that A is mapped onto the set of diagonalizable operator and for all T' € A’ the

element

D
uTu* :/ T.du(z)
X

is measurable.

2.2.4 Generalized s-numbers

We summarize some facts on generalized s-numbers for semifinite von Neumann alge-
bras, collected mainly from |[FK 86]. The definition and several properties of generalized
s-numbers are crucial for understanding Chapter

Throughout this section, let M denote a semifinite von Neumann algebra acting on
a Hilbert space ‘H with faithful semifinite normal trace 7. Fack and Kosaki provide a
more general framework in [FK 86|, using 7-measurable operators (which are special
possibly unbounded operators affiliated with M). For our purposes, it suffices to con-
sider operators in M itself.

The classical s-numbers of compact operators can be generalized in the following way.

Definition 2.19. Let T € M and t > 0. We define the t-th generalized s-number
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wue(T) of T as
pe(T) == 1inf {||Tp|| | p € Proj(M) such that 7(1 —p) < t}.

We aim at presenting various expressions for y; in this section. For T' € M we define

the distribution function of T by
M(T) =7 (Epoo)(IT])) , t >0,

where E(; )(|T]) is the spectral projection of |T'| corresponding to the interval (¢, c0).

If T'e M, then \(T) < oo for ¢ large enough and lim;—, \¢(T) = 0. Since 7 is
normal and E, oo\(|T|) /* Eg00)(|T]) strongly as t, ¢ (by strong right continuity
of E400)(IT])), the map [0,00) > ¢+ A\ (T) is non-increasing and continuous from the

right.

For t > 0, let Ry :== {S € M | 7 (supp(|S|)) < ¢}, where supp(|S]) denotes the sup-
port projection of |S|. The approximation number d(7,%R;) of T' € M is defined

as

d(T, %) =inf {||T — S| | S € R} .
Let us collect important characterizations of the above defined generalized s-numbers.

Proposition 2.20. Let T be an element of the semifinite von Neumann algebra M.
(i) If MV is any von Neumann subalgebra of M containing the spectral projections of

|T|, then
m(T) = inf ( sup !T€H>-

 peProj(N), r(1-p)<t gepH, [1€]|=1

(ii) For any ¢ > 0, we have
i(T) = inf {5 > 0| A(T) < 1},

and this infimum is attained.

(iii) pe(T) = d(T', Re).

We list some more important properties of generalized s-numbers.
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2 Preliminaries

Lemma 2.21. Assume that S,T € M.

(i) The map (0,00) 3 ¢ — us(7') is non-increasing and right continuous. Moreover,

lim 1 (T) = | T :
Jim pu(T) = I T] € [0, o0]

(i1) pe(T) = we(|T]) = pe(T*) and pe(aT’) = o e (T') for t > 0 and « € C.
(iii) pe(T) < pue(S) for t > 0,if 0 < T < S.
(iv) we (f(|T)) = f(,ut(|T\)), t > 0, for any continuous increasing function f on
[0,00) with f(0) >
(v) pegs(T+5) < ut(T) + us(S) for s,t > 0.
(vi) p(STR) < ||S| R pu(T), t > 0.
(vil) pre45(TS) < pe(T)ps(S), 5,8 > 0.

Lemma [2.21{i) shows that we can actually define p; for all ¢ > 0. The following
lemma contains the following statement, which will be implicitly used in Chapter [}

If M is a Il; factor and 7" € M then we have (7)) =0 for t > 1.

Lemma 2.22. If T € M and p € Proj(M), then we have
wu(Tp) =0 for t > 7(p).
In particular, if 7(1) = a < oo, then
we(T) =0 for t > a.

We actually get a new expression for the trace 7.

Proposition 2.23. (i) Assume that 7' € M is positive. Then

o) = [ i

(ii) Assume that 7' € M and let f be a continuous increasing function on [0, c0)

satisfying f(0) = 0. Then
FTD = [

26



2.3 Basic properties of unitary groups of 111 factors

and in particular,

00 1/p
I, = ([ mrra) " torpe 0.0
0

Corollary 2.24. For positive operators S,T € M, the following conditions are equiv-

alent:

If M is a factor, then the above are equivalent to

(IV) E(s,oo) (T) :j E(s,oo) (S)a s > 0.

2.3 Basic properties of unitary groups of II; factors

In this section we collect some fundamental and important known properties of unitary
groups of II; factors. Throughout this section, M denotes a II; factor if not explicitly
stated.

As mentioned already in Section every element in M is a linear combination of
four unitary elements in M. Any unitary operator in a von Neumann algebra is the
exponential of a self-adjoint operator in the algebra. (This is wrong for general C*-
algebras due to the lack of enough spectral projections.) It is not hard to see that the
unitary group of a von Neumann algebra is pathwise connected in its norm topology
and thus in particular in the strong operator topology, see e.g. [KR 86, Exercise 5.7.24].

One can show that on U(M) the strong-, weak-, o-weak, o-strong and o-strong-x

topologies coincide. We will implicitly use the following result.

Proposition 2.25. The topology induced by the 2-norm coincides with the strong
operator topology on U(M). Moreover, U(M) is complete in this topology.

Let M for a moment be a separable II; factor, that is, H := L?(M, 1) is separable.
To obtain that U(M) is a Polish group with the strong operator topology, it only
remains to show that U(M) is separable. By Corollary 3 to Theorem IV.2.1 in [Bo
66|, the unit ball B(H); of the bounded operators on a separable Hilbert space is
compact (separable, since metrizable) for the weak topology. As U(M) is a subset of
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2 Preliminaries

the separable set B(H);, it is again separable for the weak topology, and hence for
the strong topology. It is well-known that U(M) is not locally compact in the strong
operator topology.

Theorem 2.26. The unitary group U(M) (respectively projective unitary group PU(M))
of a separable 11 factor, endowed with the strong operator topology, is a non-locally

compact Polish group.

We remark here that if U(M) is equipped with the uniform topology, then it is not
separable and hence not a Polish group.

The following [Br 67, Theorem 1] of Broise plays an important role in Chapter 4| and
in particular in Section [4.3]

Theorem 2.27 (Broise). Fvery unitary operator of M is the product of 32 symmetries.

Broise concluded from the above theorem that U(M) admits no nontrivial character.
In Section we present the proof of Theorem with slight modifications in order
to obtain that every unitary in U(M) is the product of 32 conjugates of any symmetry

of trace 0.

Kadison |[Ka 52| has shown that PU(M) is topologically simple in the uniform topol-
ogy. De la Harpe |Ha 79| was able to show more:

Theorem 2.28 (de la Harpe). PU(M) is simple.

The proof of Theorem [2.28] crucially depends on Theorem Let us explain de la
Harpe’s strategy. He first shows that any normal subgroup H # {1} of PU(M) contains
at least one nontrivial symmetry, then concluding that H contains all symmetries of
PU(M) which in turn completes the proof by Theorem [2.28

It was also noticed by de la Harpe that Theorem implies that U(M) admits no

nontrivial finite-dimensional unitary representation.

We will reprove the following result of Giordano and Pestov [GP 06| in Chapter

Theorem 2.29. Let R be the hyperfinite 11;-factor. Then U(R), endowed with the

strong topology, is extremely amenable.

We close this section by mentioning that Popa and Takesaki [PT 93] managed to

prove contractibility of U(M) for some classes of II; factors. It is very surprising
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2.3 Basic properties of unitary groups of 111 factors

that this result could not be proved by II; factor techniques but instead by type III
factor techniques. In the following theorem, we call a II; factor strongly stable if it is

isomorphic to the tensor product of itself with the hyperfinite II; factor.

Theorem 2.30 (Popa-Takesaki). The unitary group U(M) of a 11y-factor M is con-
tractible in the strong operator topology iof M is either hyperfinite, strongly stable, iso-
morphic to the factor L(Fy) associated with the free group Fy of infinite generators,

or isomorphic to the tensor product of L(Fy) with any other factor.

It is still open whether U(M) is contractible in the strong operator topology for any
II; factor.
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3 Extreme Amenability

This chapter is concerned with an alternative proof of extreme amenability of the
unitary group U(R) of the hyperfinite II; factor, endowed with the strong operator
topology. Let us start right out with the main definition of this chapter.

Definition 3.1. A topological group G is extremely amenable (or has the fixed
point on compacta property) if every continuous action of G on a compact space

X admits a fixed point.

Recall that a topological group G is amenable if every affine continuous action G
on a compact convex set X admits a fixed point. Thus, extreme amenability is a con-

siderably stronger property.

Let us present a short account on the history of the subject following Pestov [Pe 06].
Extreme amenability for semigroups was first considered by Granirer [Gr 65|, [Gr 66|
and Mitchell [Mi 66]. Granirer and Mitchell found examples of semigroups (but not
groups) which are extremely amenable. Mitchell [Mi 70, Footnote 2| asked whether
extremely amenable groups exist at all.

Ellis has proved in [El 60| that every discrete group acts freely on a compact space,
i.e. no discrete group can be extremely amenable. Granirer and Lau |Gr 71| showed
that no locally compact group can be extremely amenable. A celebrated theorem of
Veech, see [Ve 77| (or [Pe 06, Section 3.3| for a simplified proof) states that any locally
compact group acts freely on a compact space.

Herer and Christensen [HC 75| provided the first example of a nontrivial extremely
amenable group in 1975. Their example was more in the spirit of a counterexample
than a naturally occuring topological group: Let G be a topological group and p a
non-atomic probability measure on R. We denote by Lo(R, u; G) the group of all pu-
equivalence classes of measurable maps from R to G. Herer and Christensen showed

that Lo(R, u;R) is extremely amenable whenever p is a pathological submeasure (i.e.
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3 Extreme Amenability

& is nontrivial but dominates no nontrivial measure).

A milestone was set by Gromov and Milman |[GM 83| - they proved (answering a
question of Furstenberg) that the unitary group U(¢2) with the strong operator topology
has the fixed point on compacta property. U(¢?) is the first known example of a Lévy
group, see Definition [3.14] It is worthwile noting that de la Harpe has shown that
U(#?) is amenable in the strong operator topology, cf. [Ha 73|, and non-amenable in

the uniform operator topology, cf. [Ha 7§|.

Theorem 3.2 (Gromov-Milman). The unitary group of a separable infinite-dimensional

Hilbert space, endowed with the strong operator topology, is extremely amenable.
Several other groups have been proved to be extremely amenable in the past decades:

e the group Lo(R, u; T) is extremely amenable if p is a non-atomic measure, it is
also the second known example of a Lévy group and due to Glasner |Gl 98] and
independently Furstenberg and Weiss (unpublished); more examples of Lg-groups
have been found by Pestov [Pe 02|, Farah and Solecki [F'S 08| and recently by
Sabok [Sa 12|;

e the group Homeo, ([0, 1]) of order-preserving homeomorphisms of the unit inter-

val, due to Pestov [Pe 98];
e the isometry group Iso(U) of the Urysohn space U, due to Pestov [Pe 02];

e groups of the form Aut(M) for a large class of countable structures M, due to

Kechris, Pestov and Todorcevic [KPT 05];

e the unitary group U(M) of a finite continuous injective von Neumann algebra
M with separable predual and the group Aut([0,1],\) of measure-preserving
automorphisms of the Lebesgue space, due to Giordano and Pestov [GP 06];

The proof of extreme amenability of U(¢?) by Gromov and Milman linked extreme
amenability with the concentration of measure phenomenon. The concentration of
measure phenomenon roughly states that for a typical high-dimensional structure X
for any € > 0 the e-thickening A, of any set A C X containing at least half of the points
of X contains already almost all points. This is capured in the concept of Lévy families
and Lévy groups and will be explained in Section [3.I] Gromov and Milman proved
that U(¢?) with the strong operator topology is a Lévy group by treating SU(n) as a
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Riemannian manifold and showing that inf; Ric(¢,t) — oo as n — oo (showing that
(SU(n), dn, pr) forms a Lévy family with the unnormalized Hilbert-Schmidt metric d,
and Haar measure p, on SU(n)), where ¢ runs over all unit tangent vectors in the
tangent space of SU(n). This was also used in the proof of extreme amenability of
U(R) by Giordano and Pestov. Our approach uses instead estimates on the so called
concentration functions (see Definition and Theorem - this seems more natural
and clear to us.

Let us lose some words on its history. The concentration of measure phenomenon
was seemingly already used by Maxwell to obtain his Maxwell-Boltzmann distribution
law (around 1860), for an account on this cf. [Gr 93, Section 33.22]. The topic was
explicitly treated for Euclidean spheres in the book [Le 22| by Lévy. Important results
have been discovered by Dvoretzky [Dv 59] and Milman [Mi 67|, [Mi 71]. Let us mention
a version of a theorem of Milman which has been established via the concentration of

measure phenomenon, cf. [Pe 06, Theorem 0.0.2].

Theorem 3.3 (Milman). Let f be a uniformly continuous function from the unit sphere
S* of £2(N) to R. For every ¢ > 0 and every n € N there exists a n-dimensional linear
subspace V of 12(N) such that restriction of f to the unit sphere of V is constant within

€.

The above theorem says that the unit sphere of £2(N) is finitely oscillation stable, a
property closely related to extreme amenability. There is a combinatorial version [Pe
06, Theorem 0.0.4] of Theorem [3.3|deduced from the classical infinite Ramsey theorem

(see [Pe 06|, Section 1.5] for the classical Ramsey theorem and versions of it).

Theorem 3.4. Let v be a finite coloring (i.e. finite partition) of S°°. Then for every
€ > 0 there exists a sphere ST C S of arbitrarily high dimension n € N which is
monochromatic within €. That is, S™ is contained in the e-neighborhood of one of the

elements of .

In [MT 14] Melleray and Tsankov have generalized some ideas of [KP'T' 05] to establish
a characterization of extreme amenability in Fraisse-theoretic terms in the framework

of continuous logic.

A geometric account on the concentration of measure phenomenon can be found in

Section [Gr 93, 31]. Ledoux [Le 01| published a book on the topic more focusing on
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3 Extreme Amenability

quantitative and probabilistic aspects as well as applications, e.g., in statistical mechan-
ics, discrete and algorithmic mathematics. Pestov [Pe 06| has written a lecture series
volume treating the concentration of measure phenomenon from various perspectives

around dynamics of infinite-dimensional groups.

3.1 U(R) is a Lévy group
We provide an alternative proof for the following result.

Theorem 3.5 (Giordano-Pestov). U(R), endowed with the strong operator topology,

is extremely amenable.

The proof consists of two steps. The first is to show that U(R) is a Lévy group (see
Definition via showing that (U(n), d1n, in) is a Lévy family (see Definition [3.6)),
where dy 5, is the normalized trace metric and p,, denotes the normalized Haar measure
on U(n). The second step is to show that every Lévy group is extremely amenable.
While we present a different approach to the first step, the second step is taken from [Pe
06].

Following Gromov and Milman |[GM 83| we introduce some definitions. Note that

Definition iii), taken from [Pe 06, Section 1.2], is a generalization of Definition
i)

Definition 3.6. (i) A space with metric and measure, or a mm-space, is a
triple (X, d, u) consisting of a set X, a metric d on X and a probability Borel
measure on the metric space (X,d).

(ii) A family (X, dn, tin)nen of mm-spaces is a Lévy family if, whenever Borel
subsets A, C X, satisfy
lim inf p, (A,) > 0
oo

n—

one has

lim p,((Ap)e) =1

n—o0

for every € > 0. Here (A,). denotes the e-neighbourhood of A, that is,
(An): ={z € X, | Jy € A,, such that d,(z,y) < e}.

(iii) A net (pq) of probability Borel measures on a uniform space (X, ) has the Lévy
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3.1 U(R) is a Lévy group

concentration property, or concentrates, if for every family of Borel subsets
A, C X satisfying
liminf pq(Aq) >0
«

and every entourage V € Ux one has
ta(VI[Aa]) —a 1.

Omne can show that in Definition [3.6[ii) it is enough to ensure that the values pin(Ay),
A, C X, Borel, are bounded away from zero by any apriori chosen constant, e.g.
tn(Ay) > 1/2. This leads us to the concept of so called concentration functions by
Milman and Schechtman [Mi 86|, [MS 86].

Definition 3.7. The concentration function ax : [0,00) — [0, 1/2] of an mm-space

X, defined for € > 0 by

if e =0,

1
ax(e) =1 2
1

—inf{u(A;) | A C X is Borel , u(A4) > 1/2}, ife > 0.
The notion of a concentration function is closely related to that of a Lévy family.

Lemma 3.8. A family (X,,, dy, fin)nen is a Lévy family if and only if ax, (¢) —n—oc0 0

pointwise for all € > 0.

Agssume that H is a closed subgroup of a compact group G, equipped with a bi-
invariant metric d. Then the formula glv(ng, g2H) = infy, pn,em d(gi1hi, g2hs) defines a
left-invariant metric on the factor space G/H, see Lemma 4.5.2 in [Pe 06]. We refer to
d as the factor metric. Define the diameter diam(G/H) of the factor space G/H to

be

diam(G/H) := sup inf d(g1h1,g2h2).
g1,gg€Gh17h/2€

We repeat Theorem 2.9 in |[GP 06| which is an improved version of [MS 86, Theorem
7.8]. The proof is based on Martingale techniques, the interested reader finds it in [Pe
06, Sections 4.3, 4.5]. This theorem will be crucial for our proof that (U(n),d p, i)

forms a Lévy family.

35



3 Extreme Amenability

Theorem 3.9. Let G be a compact group equipped with a bi-invariant metric d and let
{e} =Hy< H; <...< Hy, =G be a sequence of closed subgroups. Equip every factor
space Hy/Hy_1, k = 1,...,n, with the factor metric of d and let ay, denote the diameter
of Hy/Hy_1. Then the concentration function of the mm-space (G,d, ), where p is

the normalized Haar measure, satisfies

2
ag(e) < exp ( S 0%)

Let d 5, denote the normalized trace metric on the space M,,x,(C) of n x n-matrices
induced from the normalized trace norm ||-||,,, where n € N. That is, with tr the

unnormalized trace on My, x,(C),
1
dl,n(ua U) = ||u - U||1,n = E tr(|u - U‘), u,v € Mnxn(c)

We first prove a inequality between the operator norm ||-[|,, ,, := suPeecn ¢ =1 €ll,,
on M, (C) and the normalized trace norm. Here, |||, = ({-,-),,)*/? denotes the norm

induced from the standard scalar product (,-), on C".

Lemma 3.10. Denote by rk(x) the rank of z. For every x € M,,x,(C) one has

tk()

21 < 121l op,r

Proof. Let {{}k=1,. n be an orthonormal base for C" such that {{}r—1, ik(z) is an
orthonormal base for the range of x. Recall that rk(z*z) = rk(x) and hence rk(|z|) =
rk(|z|" |z]) = rk(z*z) = rk(x). Using the Cauchy-Schwarz inequality, we conclude

tr(lz) = Z(Ix\ég,ﬁg)

]:

n rk(z)
=D ) 2l &k n i Ein
7=1 k=1
rk(z)
= (|| &k, Ex)n
k=1
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3.1 U(R) is a Lévy group

rk(x)

< > llel&ll, llgell,
k=1

S I‘k(l‘) ”xHop,n :

O

Proposition 3.11. Assume that 3 < n € N and u € U(n). Then there exists v €
U(n—1) CU(n) viav <= (§9) € U(n) such that

dy (1, uv) <

4
n

In particular, vu = 1 — x for some operator = of rank at most 2.

Proof. Denote by {ey}r=1,. n the standard orthonormal basis of C". If ue,, = ey, then
u € U(n — 1) and we can choose v = u* € U(n — 1) such that tr(uv) = tr(uu*) = n.
Hence assume that ue, = ¢ # e, and consider X := span(e,, &) = C2. There exists
an unitary operator w : X — X such that wé = e,. Define @ := 1y. @ w with X+
denoting the orthogonal complement of X in C" (with respect to the standard scalar
product). Then wu € U(n — 1), since wue, = (1x1 & w){ = ey. Define v := u*w* and

notethat 1 =1y &lx =w—0x1 G w+0x1 B 1x to obtain

tr(uv) = tr(vu)
=tr(u'w(w —0xr ®w+ 0x1 © 1x)u)
= tr(uv*w wu) + tr(v*w* (0x1 & 1x — 0x1 B w)u)

=n—tr(uw* (0xL ®w—0xL ® lx)u).
The rank rk(z) of the operator z := w*w*(0x1 @ w — 0x1 @ 1x)u is at most 2, since
rk(Ox1 @ w —0x1 @ 1x) < 2. The bi-invariance of d; ,, and Lemma imply that

4
dlm(l,uv) = Hl - qul,n = HxHLn < E’
since vu =1 — z and ||z||,, , < 2. O

op,n

Actually the proof shows that Proposition is also valid for the orthogonal groups
O(n), n > 3. The proof of Proposition additionally shows the following.
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Corollary 3.12. For every u € U(n), n > 3, there exists v € U(n — 1) C U(n) such
that Re(tr(uv)) > n —4 and |[Im(tr(uv))| < tr(|Im(uv)|) < 4.

Proof. Retain the notation of the above proof. We conclude Re(tr(uv)) > n — 4 from
the calculation . Since rk(z) < 2, x has at most two nonzero eigenvalues A\, Ao € C.
The inequality sprad(z) < |zl,, < 2, see [Be 09, Proposition 9.3.2], implies that
|A1l, [A2] <2, where sprad(z) denotes the spectral radius of z. We conclude that

[Im(tr(uv))| = [Im(tr(z))] < |tr(z)] < tr([z]) = [Ar] + [Ao] < 4.

O

Remark. If u € U(2) and v € U(1) C U(2), then tr(uv) might be 0, independ of v.

—za
Indeed, this is true for every u € U(2) of the form u = , where |a|,|z| =
0

1, a,z € C.

Theorem 3.13. (U(n),d1 n, pin), oy forms a Lévy family, where d1 ,, denotes the nor-

malized trace metric on U(n) and py, is the normalized Haar measure on U(n).

Proof. We want to use Theorem . Consider the compact Lie group U(n), 3 <n € N,
equipped with the bi-invariant trace metric dy;, induced from |-[|; ,. Embed U(k) in
u 0

U(n) via U(k) 5 u — € U(n), where k < n, k € N. We calculate the
0 1n—k

diameter ay, := diam(U(k)/U(k — 1)) of the factor space U(k)/U(k — 1) with regard to
the factor metric, where k = 1,...,n, U(0) := {1}. We use Proposition to obtain

ar, <2 sup  inf dy,(1,uv) <
ueU (k) v€U(k—1)

8
n

If k =1, we obtain a1 < 2sup,cy() infyeu(o) di,n(1, uv) = 28up,cya) din(l,u) = =
If £ =2, we obtain as < %, ie ap < % forallk=1,...,n.
Theorem 3.9 and the above calculations imply that the concentration function of the

mm-space (U(n),dq p, pn) satisfies

2
ay(n () < 2exp (-,h)
8 Zk:é ai

n2€2
S2exp | —omT
837 64
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2

ne
—2exp [~ ).
eXp( 512>

Hence, ay(,) —n—oo 0 pointwise on (0, c0) and thus Lemmaimplies that (U(n), din, ttn)
is a Lévy family. O

Observe that the proof of Theorem holds analogously for the orthogonal groups
O(n), thus showing that (O(n),d1 n, fin),,cy forms a Lévy family.
Let us now define the notion of a Lévy group [Pe 06, Definition 4.1.1], which is

basically a group admitting a Lévy family as an approximative structure.

Definition 3.14. A topological group G is called Lévy group if there is a family of
compact subgroups (G,) of G, directed by inclusion, with everywhere dense union and
such that the normalized Haar measures on GG, concentrate with respect to the right

(or left) uniform structure on G.
Theorem 3.15. U(R), endowed with the strong operator topology, is a Lévy group.

Proof. The directed family {U(n)},en of compact subgroups of U(R) is strongly dense
in U(R) and the strong topology in U(R) is induced from the 2-metric. Moreover, the
trace metric induces the same topology by Lemma [2.18] By Theorem [3.13] the family
(U(n), din, tn) concentrates with regard to the uniform structure of U(R). O

3.2 Every Lévy group is extremely amenable

This section is taken from [Pe 06, Chapter 2 and 4]. It is included for convenience. We

need [Pe 06, Lemma 2.1.5]. We omit its proof.

Lemma 3.16. Assume that G is a topological group acting continuously on a compact

space X. Then for every £ € X, the orbit mapping
Gogr—gteX
is right uniformly continuous, while the mapping
Gog—glteX

is left uniformly continuous.
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3 Extreme Amenability

Lemma is already enough to give a direct proof that every Lévy group is ex-
tremely amenable, cf. [Pe 06, Theorem 4.1.3].

Theorem 3.17. Every Lévy group is extremely amenable.

Proof. Let G be a Lévy group, {G,} compact subgroups directed by inclusion, equipped
with normalized Haar measure p,. Choose an arbitrary point xg in a compact G-space
X. Denote by v, the push-forward measure of the measure p, along the continuous
orbit map G 3 g — gzo € X (Lemma [3.16).

Let P(X) denote the space of all probability measures on X. Observe that P(X) is
compact since X is compact. Hence the net {v,} of elements of P(X) has a cluster
point v, which is left-invariant and non-zero, since all u, are left-invariant and non-
zero. Since G is a Lévy group, v has the following property: for all A C X such that
v(A) > 0 and all open neighbourhoods U containing A we have v(U) = 1 (take A,, := A
for all n € N in the definition of a Lévy group). To see this, suppose that the support
of v consists of at least two points z1,z2. Choose nonempty disjoint neighbourhoods
Uy of x1, Uy of 5. Then 1 > v(Uy UUsz) = v(Uy) + v(Usz) = 2. Thus the support of
v is a singleton, whose only element is a G-invariant point, i.e. a fixed point of the

continuous action of G on the compact space X. O
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4 Bounded Normal Generation

It is a fundamental question in group theory to ask under which conditions one element
of a (noncommutative) group G is the product of conjugates of another element in G. If
for every g € G, g # 1, its conjugacy class and that of its inverse generate G in finitely
many steps we say that G has the bounded normal generation property, or property
(BNG), see Definition See Section for precise definitions and more details. In
this chapter we address and answer both of these questions for many classes of unitary
groups of functional analytic type. In particular, we find a normal generation function
(see Definition [1.7), i.e. a function which for every g € G gives the number of steps

one needs to generate the whole group with the conjugacy class of g and g~ .

For compact metrizable simple groups it is not hard to obtain property (BNG) qual-
itatively (i.e. without an explicit normal generation function) via a Baire category
argument, cf. Proposition A finer qualitative result is given by the basic covering
lemma in group theory. It states that every finite simple group is generated in finitely
many steps by each nontrivial conjugacy class, see e.g. [AHS 85|. However, it is hard to
find a normal generation function even in the case of finite simple groups. Liebeck and
Shalev provided a minimal normal generation function (see Definition for finite
simple groups G in the main theorem of their seminal article [LS 01| and used this
result to obtain many interesting applications. Their normal generation function is of
the form f(g) = clog(|G|)/log(|g®|), where c is a constant and g the conjugacy class
of g € G. In 2012, Nikolov and Segal proved the bounded normal generation property
for compact connected simple Lie groups - see Proposition 5.11 in [NS 12|. They can
also provide a normal generation function, it is given by averaging over angles in max-
imal tori. We use [NS 12, Proposition 5.11| to get Theorem .47 i.e., a necessary and
sufficient criterion for an element in PU(n) to be an k-uniform normal generator. Our
in a sense rank independent version is suitable for generalization to obtain property

(topBNG) in the II; factor case. While the normal generation functions in [LS 01]
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4 Bounded Normal Generation

and [NS 12| are linear, our normal generation function is quadratic.

In general, having a rank independent version of some finite-dimensional result sug-
gests the existence of an infinite-dimensional analogue. Indeed, using our result for
PU(n) we can prove the topological bounded generation property for the projective
unitary group PU(M) of a II; factor M, endowed with the strong operator topology
(see Section . These results use finite-dimensional approximation to basically reduce
to the case of the projective unitary group PU(n), n € N. We deduce the topological
bounded normal generation property in both cases. This result on II; factors covers
the topological simplicity of their projective unitary groups by Kadison in [Ka 52].

Results on topological uniform normal generators for PU(H) (e.g. in the uniform
topology or finer) in Sectioncannot be settled with finite-dimensional approximation
and thus we have to carry the techniques to the infinite-dimensional setting. This
allows us to prove the bounded normal generation property for the projective unitary
group of the Calkin algebra in Section [£.6] Our result on PU(H) can be seen as a
generalization of the following modified version of Theorem 1 of Halmos and Kakutani
in [HK 58|. Every unitary operator on a separable Hilbert space H is a product of 4

unitary conjugates of a symmetry having infinite-dimensional eigenspaces.

The most interesting and hardest case to handle is that of uniform normal gener-
ators (see Definition for the projective unitary group of a II; factor, see Section
This is a generalization of several results. For example it implies the algebraic
simplicity of projective unitary groups of II; factors which was discovered by de la
Harpe in [Ha 76| and a modified version of Broise’s result in [Br 67| stating that ev-

ery unitary in a II; factor is the product of 32 conjugates of any symmetry with trace 0.

We need new ideas for each of these cases. The most important preliminaries are
covered in Section where we recall the definition and some important properties
of the generalized s-numbers for semifinite von Neumann algebras based on the article
of [FK 86| of Fack and Kosaki. We define generalized projective s-numbers in Section

[4.4]in this context and prove some properties that are required in the preceding sections.

Let us state the main theorems of this chapter. For ¢ > 0 and u an element of the

unitary group U(M) of a semifinite von Neumann algebra we define

/ = inf 1— du).
t(u) )\elrl}(l)ﬂt( u)
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The definition of ¢, is also presented in Definition For properties of ¢; we refer the
reader to Section We remark here that the easy direction in the following theorems
can be found as Proposition in Section {.4}

If u is a product of k conjugates of v then fx(u) < kf;(v) for all ¢ > 0.

It is valid for the projective unitary group of any semifinite von Neumann algebra.

In Section we present a result that corrects |[ST 14, Lemma 4.15|, see Theorem
For property (BNG) for PU(n) we refer to Corollary 4.44]

Theorem 4.1. Let G denote the projective unitary group of a factor of type 1, where
neN, n>2 LetuwveGandm e N. If by(u) < ml(v) for allt =0,1,...,8—1
then

= (UG U UfG)16m[(n71)/sl.

Conversely, if u is a product of k conjugates of v then Lyy(u) < kly(v) for all t > 0.
Moreover, G has property (BNG).

The projective unitary group PU(#) on an infinite-dimensional Hilbert space #, en-
dowed with the uniform topology, is not topologically simple, but there there are uni-
form normal generators (e.g. symmetries having two infinite-dimensional eigenspaces
by [HK 58|). We provide a criterion for an element to be a topological uniform normal
generator in the strong operator topology. For the proof and definition of ||-|| ; g-closure

see Section M.6l

Theorem 4.2. Let G denote the projective unitary group on a separable infinite-
dimensional Hilbert space, endowed with the strong operator topology. Assume that
u,v € G\ UH)kn) are elements satisfying lo(u) < mly(v) for all t > 0 and some
m € N. Then

1|
u 6 ((’UG U viG)20m)l| ”HS7

where ||| yg denotes the Hilbert-Schmidt norm. Moreover, if the elements v and v are
diagonal, then we have

u e (v Uy )20m,
If w is a product of k conjugates of v, then lg(u) < kli(v) for all t > 0.
Moreover, if 2 < mly(v) for all t > 0, then for any u € G we have
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4 Bounded Normal Generation

Let Less(u) = infycuq) [|[1 — M| In Section we derive the following collorary
of Theorem (4.2

Theorem 4.3. Let G denote the connected component of the identity of the projective
unttary group of the Calkin algebra on a separable infinite-dimensional Hilbert space.
Let u,v € G and assume that less(u) < mless(v). Then

ue (v¥Uuv)0m,

Moreover, G has property (BNG).

The hardest and most interesting case from our viewpoint is the II; factor case. The
proof is spread over Sections and A topological version that also holds for
non-separable IT; factors is given by Theorem .57

Theorem 4.4. Let G denote the projective unitary group of a separable 11y factor.
Let u,v € G and m € N. Assume that u has finite spectrum and rational weights. If
lo(u) < mly(v) for all t €[0,s], then

= (’UG U ,vfG)Cm(l/sW

for some constant C € N independent of u,v, m and s. If u is a product of k conjugates
v then if U (u) < kly(v) for all t > 0.
Moreover, G has property (BNG).

Some of these results allow a formulation in terms of a length function, a notion
introduced by Stolz and Thom in [ST 14], see also Definition 4.10| Let us state this in
the case of the Calkin algebra. For u € PU(C) we let

ess *

loss = inf |1 =M\
()= inf 1=

Theorem 4.5. Let G denote the connected component of the identity of the projective
unitary group of the Calkin algebra. If u € G is nontrivial, then one has

G = (u€ UuC)k,

for every k > 40/legs(u).
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4.1 Bounded normal generation

We now present a formulation of Theorem with a suitable normal generation

function. For x € M, M a II; factor, we define

L(x) = /te[o,u O (x)dt.

Corollary 4.6. Let G denote the projective unitary group of a separable II; factor.
For some constant C' € N the function f : G\ {1} — N given by

fo) = C-[—1In(L(v)/2)/L(v)], if L(v) <1/3,
c, if L(v) > 1/3,

defines a normal generation function for G. That is,
G(,—G\k
G = (v Uw )

for every k > f(v), v e G\ {1}.

Let us state here that as an main application of some of the above main theorems we
obtain results on invariant automatic continuity for PU(n), SU(n) and PU(M), where

M is a separable II; factor, see Chapter

4.1 Bounded normal generation

In this section we define the main notion of this chapter, the so called bounded normal

generation property for groups.

Definition 4.7. (i) Let g be an element of a group G. If there exists k € N such
that
G=(g"ug )

then we call g a uniform normal generator for G. If we want to emphasize
the number k& we will write that g is a k-uniform normal generator .

(ii) A group G has the bounded normal generation property or property
(BNG) if every nontrivial element is a uniform normal generator. That is, there

exists a function f: G\ {1} — N such that

G=(9"ug 9
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4 Bounded Normal Generation

for every g # 1. We call f a normal generation function. If there exists a
normal generation function f such that f(g) < k for all g € G\ {1} and some fixed
k € N, then we say that G has the k-bounded normal generation property
or property k-(BNG).

(iii) Let G be a topological group and g € G. If there exists k € N such that

G=(9¢Ug G

then we call g a topological uniform normal generator for G.
(iv) A topological group has the topological bounded normal generation prop-
erty or property (topBNG) if every nontrivial element is a topological uniform

normal generator of G. That is,
G = (gG U g*G)f(g)

for every g # 1, where f : G\ {1} — N is again called normal generation
function. If there exists a normal generation function f such that f(g) < k for
all g € G\ {1} and some fixed k € N, then we say that G has the topological
k-bounded normal generation property or property k-(topBNG).

For the sake of completeness we also define a stronger version of property (BNG).
Let us call an element g in a group G a strong uniform normal generator for G

or k-uniform normal generator if there exists £ € N such that
G = (99"

If every g € G is a strong uniform normal generator, then we say that G has the strong
bounded normal generation property. Analogously we say that a topological
group G has the strong topological bounded normal generation property if

every g € GG is a strong topological uniform normal generator, i.e.

G =(g%)F

for some k € N. We again call a function witnessing the strong (topological) bounded

normal generation property a normal generation function.
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4.1 Bounded normal generation

In the case of compact simple groups one can easily show property (BNG) via a
Baire category argument, see Proposition However, getting a quantitative result
(a normal generation function) is much harder even in the case of finite simple groups.

Given a group with property (BNG) or (topBNG) one can ask for the minimal (up
to a universal multiplicative constant) normal generation function. That is, a normal
generation function fy for GG is minimal if for every other normal generation function
f one has f(g) > cfo(g) for all g € G and some constant ¢ € N independent of g.
Analogously for a group with property k-(BNG) or k-(topBNG) one can ask for the
minimal k£ € N.

Let us list some known examples for the above definitions.

Ezamples. (i) Every finite simple group G has the strong bounded normal generation
property by the basic covering theorem, see e.g. [AHS 85|. In fact these groups
have strong k-bounded normal generation property, where k£ depends only on the
group in question. A minimal (up to a universal multiplicative constant) normal
generation function for every finite simple group is given in [LS 01, Theorem 1] -
it is given by

f(g) = Nog |G| /log |g5]1  for g € G\ {1}

(ii) Compact connected simple Lie groups have property (BNG), see Proposition
5.11 of [NS 12|. Nikolov and Segal also provide a normal generation function,
it is given by averaging over angles in maximal tori. We provide a different
normal generation function for PU(n) via a study of projective singular values

and reprove property (BNG) for PU(n), see Section In Corollary we

provide the following normal generation function for PU(n):
f(u) =16n[1/ inf |1 —Aul||]] foruePU(n)\{1l}.
A€U(1)

We also list some examples which will be obtained in the following sections of this

chapter.

Ezamples. (i) The connected component PU;(C) of the identity of the projective
unitary group of the Calkin algebra C has property (BNG), see Section .6 A
normal generation function is given by

() = 4071/ inf [1 =]

) o] foruePU(C)\ {1},
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4 Bounded Normal Generation

see Theorem .52

(ii) The projective unitary group of a II; factor has property (topBNG), see Section
If the II; factor M is separable, then PU(M) has property (BNG), cf.
To describe our normal generation function in this case, we need the definition
of generalized projective s-numbers /() from Section For u € PU(M) we
define

L(u) = /[0’1} li(u)dt.

A normal generation function is given by (see Corollary [4.67)

Flu) = C-[—In(L(u)/2)/L(u)], if L(u)<1/3,
c, if L(u) > 1/3,

where u € PUM) \ {1} and C € N is a constant.

(iii) There are groups which have uniform normal generators but do not have property
(BNG). The unitary group U(H), where H is a separable infinite-dimensional
Hilbert space, provides such an example - see Section Some special uniform
normal generators are symmetries with two infinite eigenspaces, which follows
from Theorem 1 in [HK 58| - Halmos and Kakutani could additionally prove that
the minimal number such that these symmetries are uniform normal generators

is 4.

Let us state some properties of groups which have property (BNG). We omit the

proof - (i) and (ii) are easy to see and (iii) is a consequence of Theorem 5.5 in |[Dr 87].

Proposition 4.8. (i) If a group G has property (BNG) then it is simple. If G is a
topological group with property (topBNG) then it is topologically simple.

(i) Assume that G and H are topological groups and G has property (BNG). If
m: G — H is a continuous homomorphism with dense image, then H has property
(topBNG).

(iii) Every group can be embedded into a group with 2-bounded normal generation

property and the same cardinality.

The infinite alternating group of all finitely supported even permutations on N pro-
vides an example of a simple group which does not have property (BNG). In [DTW

99| the authors have shown that there are simple automorphism groups of cycle-free
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4.1 Bounded normal generation

partial orders which do not have property (BNG). The interested reader can find the
definitions and details in [DTW 99].

Using a Baire category argument one can show the following qualitative result for
compact simple groups. To give an quantitative result with a normal generation func-

tion is far more complicated, cf. the proofs of the above mentioned examples.
Proposition 4.9. Every compact simple group G has property (BNG).

Proof. The compact simple groups are classified into discrete finite nonabelian simple

groups, discrete cyclic groups of prime order, and (centerfree) compact connected simple

Lie groups, see [HM 06]. In the first two cases it is obvious that G has property (BNG).

So assume that G is a compact connected simple Lie group. Observe that for any

g € G\ 1 the set {J,c5(g%)" forms a nontrivial normal subgroup of G' and note that
G

g~ is compact as the continuous image of the compact set G under conjugation. Due

to the fact that G is simple we have

G=JwH"

neZ
For k € N we define C¥ = U‘nKk(gG)”. Since G is Polish we can apply the Baire
category theorem to obtain the existence of m € N such that

int (C™) £ 0.

Assume that U € C™ is open and let V = UU~' C C?™. Since 1 € V we have
C™ CVCO™. Thus {J,,cny VC™ is an open covering of G. Now compactness of G implies
that there exists a m’ € N such that

¢G=|J verc | o

In|<m/ In|<m/

Thus G has property (BNG). O
Actually every topologically simple compact topological group has property (BNG),

since topological simplicity implies algebraic simplicity for compact groups by [HM

06, Theorem 9.90].
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4 Bounded Normal Generation

4.2 Length functions

Natural candidates for a normal generation function are closely related to so called

length functions. They were introduced by Stolz and Thom in [ST 14].

Definition 4.10. Let G be a group. We say that a function
(:G — [0,00)

is a pseudo length function on G if for all g, h € G the following properties hold:
(i) £1) = 0;
(i) £(g) = £(g™");
(i) £(gh) < £(g) + £(h).
If ¢ is a pseudo length function which additionally satisfies that ¢(g) = 0 implies g = 1,
then ¢ is called length function. A pseudo length function ¢ is called invariant if

one has

((hgh™") = (g) for all g,h € G.

We collect some basic properties of length functions (see [ST 14]), the proofs are easy

and will be omitted.

Proposition 4.11. Let ¢ be a (pseudo) length function on a group G.

(i) d(g,h) = £(gh™'), g,h € G, defines a (pseudo) metric on G. Conversely a
(pseudo) metric d on G induces a (pseudo) length function on G by £(g) =
d(1,9), g € G.
£ is invariant if and only if d is bi-invariant.

(ii) Let H be a normal subgroup of G and assume that ¢ is invariant. Then

lo/u(gH) = inf £(gh)

defines an invariant (pseudo) length function on the group G/H.
Conversely if £,y is a pseudo length function on G//H, then

la(g) = Llg/u(gH), g € G,

defines a pseudo length function on G. If {g/p is invariant, then {¢ is invariant,

t00.
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4.2 Length functions

(iii) Assume that £ is invariant. Then the set {g € G | £(g) = 0} is a normal subgroup
of G.

We present some examples of (pseudo) length functions.

Ezxamples. (i) Let G be a finite simple group. Then the conjugacy length fconi(g) =
% defines an invariant length function. In fact, Liebeck and Shalev [LS 01]
showed that [1/lconj(+)] is (up to a multiplicative constant) the best possible
normal generation function for finite simple groups. More precisely, for every

nontrivial g in a finite simple group G one has
G = ()"

for every m > ¢/lconj(g) and some constant ¢ € N independent of g.

(ii) Let C denote the Calkin algebra on the separable infinite-dimensional Hilbert
space H. Write PU(C) for the projective unitary group of C. The essential norm
on C given by ||z
PU(C) via

ess = fyccy |7 —yll, @ € C, induces a length function on

less(u) == inf ||1 — Au||.,u € PU(C).

AeU(1) oss
In Theorem .52 we show that 40[1/fess(+)] defines a normal generation function.

(iii) Let M be a IT; factor. By Proposition [£.11{i) the norms ||-|| ,[-||; and [|-||, induce
invariant length functions on U(M). Namely, ||1 —ul|;, v € U(M), defines an
invariant length function on U(M). It follows from Proposition 4.11fii) that

) = inf 1= dul, ., u € UM),

defines an invariant length function on PU(M) (and an invariant pseudo length
function on U(M)). However, our normal generation function for PU(M) is of a

different form, cf. Corollary {4.67}
Let us present a lower bound on normal generation functions.
Proposition 4.12. Let G be a group with property (BNG) and normal generation

function f. Assume that ¢ is an invariant length function on G. Then there exists a

constant ¢ € R such that

Cc

f(g)Z@ for every g € G\ {1}.
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4 Bounded Normal Generation

Proof. Let g € G be a uniform normal generator and assume that h € G = (¢ U

g_G)f(g). Since £ is an invariant length function, we have

Thus
flg) =2 )

Since g € G was an arbitrary uniform normal generator, we are done by taking ¢ := ¢(h)

for some fixed nontrivial h € G. O

Proposition allows us to conclude that our normal generation function in The-
orem is the best possible normal generation function (up to a multiplicative con-
stant). In Corollary we provide an upper bound on the best possible normal

generation function in the case of 11 factors.

4.3 Products of symmetries

This section can be seen as a warm-up for the remainder of this chapter (in particular
for our results on II; factors). Our aim is to modify |[Br 67, Theorem 1| by Broise.
The original version states that every unitary element in a II; factor can be written as
U =11 ... Un, Wwhere v; = s;r;s;7; and r;, s; are symmetries. From his formulation it
is not clear whether n depends on u. However, going through his proof carefully one
finds that n = 8, independent of the unitary w in question.

We present his proof with few extra ingredients to obtain that every unitary in a II;
factor M is the product of 32 conjugates of any symmetry of trace 0, see Theorem [4.19]
In the terminology we have developed in Section this means that every symmetry
of trace 0 is a 32-uniform normal generator for the projective unitary group of M. We
conclude Corollary from the proof of Theorem [.19] which will become useful in
the proof of property (BNG) in the II; factor case, see Theorem [.65

In Subsection we prove the fact that symmetries in a II; factor are conjugate if
and only if they have the same trace. This fact is certainly well-known, but we include
it for the readers convenience. In Subsection we present the proof of Broise with
few changes in order to combine with the results from Subsection [4.3.1]
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4.3 Products of symmetries

4.3.1 Conjugate symmetries

In this subsection, we analyze when symmetries in a II;-factor are conjugate. It turns
out, see Proposition 4.15], that this is the case if and only if they have the same trace.
This result will help us to refine |Br 67, Theorem 1].

Lemma 4.13. Every symmetry s in a von Neumann algebra M is of the form s = 1—-2p

for some projection p € Proj(M).

Proof. Let s be a symmetry (i.e., a self-adjoint unitary). Define p = 1/2(1 —s). We

have to show that p is a projection. We have

1
*:717 *k —
P 2( s*) =p,

1 1
p2:z(1—25+32):1(2—2s):p,

which proves the claim. O

We recall that the notions of equivalence of projections and unitary equivalence of
projections coincide in finite von Neumann algebras. This statement can be found as

Exercise 6.9.11 in [KR 86].

Proposition 4.14. Asume that the von Neumann algebra M is finite. Then for each
pair of equivalent projections p and ¢ in M, there is a unitary operator u € U(M)
such that upu®™ = ¢. That is, the notions of equivalence and unitary equivalence of

projections coincide in finite von Neumann algebras.

Now we have gathered the necessary results to prove the main result of this subsec-

tion.

Proposition 4.15. Let M be a finite von Neumann algebra with faithful finite normal

trace 7. Two symmetries s,t € M are conjugate if and only if they have the same trace.

Proof. If s = utu* for some u € U(M), then clearly 7(s) = 7(utu*) = 7(¢). Assume
that 7(s) = 7(t). It follows from Lemma that there exist projections p,q €
Proj(M) such that s = 1 —2p, t = 1 — 2¢. Hence 7(p) = 7(g). By Proposition [1.14]
there exists a unitary u € U(M) such that ¢ = upu*. This implies

t=1—-2¢=1-2upu” = u(l —2p)u*,

as claimed. O
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4 Bounded Normal Generation
4.3.2 Products of symmetries with trace 0

The aim of this subsection is to prove that every unitary element in a II;-factor is a
product of at most 32 symmetries, all of which have trace 0 and are thus conjugate by

Proposition The results and proofs are taken and refined from |Br 67].

First, let us state [Di 81, Proposition 1.12].

Proposition 4.16. Every abelian von Neumann subalgebra of a von Neumann algebra

M is contained in a maximal abelian von Neumann subalgebra of M.
We state [Br 67, Lemma 4]. As we do not modify this result we omit its proof.

Lemma 4.17. Assume that M is a II;-factor with normalized trace 7 and N a maximal
abelian von Neumann subalgebra of M. Let p € Proj(N) be a nonzero projection in

N. Then there exist orthogonal pi, ps € Proj(N') such that p; ~ py and p = p1 + po.
The next lemma is a strengthened version of [Br 67, Lemma 5].

Lemma 4.18. Assume that M is a II;-factor and p € Proj(M). Let n € {2,3}.
Suppose that {wi;},; ;, and {wi},<;<,, are families of elements in M satisfying the
following three conditions:
(1) wiywy; = w;; and (w; ;)" = w;
(2
(3

) j—wjiforalllgijgn.

) pand {w;;}, <i<n are pairwise orthogonal projections.

) p+ > wi € UM) and wjw; ; = w; jw; = w; for all 1 < i < n.

(i) If n = 2 and wy = wowiwi 2, then p + wy + wy = stst for some symmetries
s,t € U(M) satistying 7(s) = 7(t) = 0.

(ii) If n =3 and ws = w3 pwiwy jwiws 3, then p+ wy + wo + w3 = s1t151ty - satasats

for some symmetries s1, s2,t1,t2 € U(M) satisfying 7(s;) = 7(t;) =0, i = 1,2.

Proof. Consider first the case p = 0. Put My = w1 Mwy; and N == M1 ®
Myxn(C). Then ¢ : M — N, =+ (z;;) = (w1,;zwj1) is a homomorphism from M to
the matrix algebra /. Conditions (1),(2) and (3) imply that 4 is an isomorphism. By
corollary to Proposition I.2 in [Di 81|, M ; is again a II;-factor, hence N is a II;-factor
by [KR 86, Proposition 11.2.20].
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4.3 Products of symmetries

(i) The assumptions imply that

W WIWL1 W1 1W1w2 W1 WaW1 W1 1WaW2 1
¢(w1 + wz) = +
W1 WIW11 W1 2W1W2 1 W1 pWoW11 W1 2WaW2 1
[ wiawiwiy 0
0 wW1,2W2,1 W W1 2W2 1
w1q 0

0 wl,lwfwl,l

w1 0

*
0 wj

By condition (3), wy + wy is unitary in M, hence w; = wy 1 (wy + wa)wr 1 is unitary
in M 1. Thus by functional calculus there exists an element u € U(Mj1) such that

u? = w;. It follows that

w; 0 w0 0 w\ (0 1) [0 u
— — = stst,
0 wi 0 u*? w* 0/ \1 0/ \u* 0/ \1 0
0 u : . : :
where s = and t := . Since 9 is an isomorphism,
u*

wy+wz =97 ()T (YT ()T (),

and 1~ !(s) and ~!(t) are again symmetries. Here we used that although % is no
x-isomorphism, we have that if ¥ (x) = ¢ (x)* for x € M, then z = x*.

Note that the trace of s and ¢ in Mj 1 ® M, x,(C) vanishes. The fact that 1 is an
isomorphism between M and N and that isomorphisms between II; factors are trace-

preserving imply that the trace of ¢ ~!(s) and ¥ ~1(¢) also vanish.

(ii) Put wy = w; 2wows 1. The condition ws = w3 qwiws jwiw 3 implies that

w1 0 0
w(wl + wag + w3) = 0 W1 2WaW2 1 0
0 0 W1 3W3 2Wy W2 1 W W 3W3, 1
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4 Bounded Normal Generation

wy O 0

=10 w 0

0 0 wiwj

1 0 0 w; 0 0
=10 we O 0 1 0
0 0 w; 0 0 wj

Note that w; and wy are unitary in M; ;. From the above calculation and the case (i)
we conclude that wy + wg + w3 = s1t151t1 - Sotasato, where s;,t; are symmetries in M
having trace 0, ¢ = 1, 2.

Now consider the case p # 0, i.e., 7(p) > 0. Decompose p into » ., p;, where
p; are equivalent orthogonal projections. Then define w; = w; +p;, i = 1,...,n.
Hence ) " ; w; € U(M) by condition (3). Adjust the system {w; ;} by setting w; j :=
w; j +x;x;, where x; are the partial isometries such that z;z; = p; and x;z; = p1. The
families {w; ;} and {w;} clearly satisfy conditions (2) and (3). We check condition (1).

We have (w; ;)" = wj; + riz; = wj,; and

—~ —~ * * * *
Wi, W5 = Wi j + T LT T = Wi + Ty Til; T

= wiuj'

That is, we may use the first part of the proof on the adjusted families. Finally, let us

show that if the assumptions of (i) are satisfied for ws, then we have

~ ~ ~ * * * * * *
W2 W W12 = W 1WjW1 2 + TpT1P1T X2 = W2 + ToX1T1T2 = W2 + ToX2

= Ws.
Analogously one can check that if ws satisfies the assumptions of (ii), then
W3 = W3 2WyWo 1 W] W1 3
O

We have gathered all necessary results to prove the modified version of [Br 67, The-
orem 1|. The main idea of its proof is to construct families of elements in the II;-factor

satisfying the conditions in Lemma [4.1§]
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4.3 Products of symmetries

Theorem 4.19 (Broise). Let M be a factor of type 11;. Then every element in U(M)
is the product of 32 conjugates of any symmetry s € U(M) satisfying 7(s) = 0.

Proof. Assume that v € U(M). Using Lemma we conclude that there exists
a projection pg in maximal commutative von Neumann subalgebra containing u such

that po ~ 1 — pg. Since pg commutes with u, we have

u = (upo + 1 — po)(po + u(1 — po)).
Put ug := upg. It suffices to show that ug + 1 — pg is a product of 16 conjugates of a
symmetry of trace 0 (just replace pg by 1 — po in the following construction).
Let now {po(n)}nen, be a sequence of pairwise orthogonal projections satisfying
po(0) =po,  (po(n)) =270V S py(n) =1.
neNp

Let N7 denote the von Neumann algebra generated by ug. Using Lemma [£.17], we
conclude that there exist two orthogonal projections pi(1),p2(1) € N{ N M such that

pr(1) +p2(1) = po(0),  7(pr(1)) = T(p2(1)) = 7(po(1)) = 27°.

Since the projections po(1),p1(1) and p2(1) are equivalent and pairwise orthogonal,

there exists a family {v;;(1)}o<; ;<o Of clements in M such that
Uiﬂ‘(l) = pi(l), vi,l(l)vl,j(l) = Ui,j(1)7 (Ui,j(l))* = Vy,i for all 0 S i,j,l S 2.
Putting uy = vg1(1)uovi 2(1)ugv2,0(1), we obtain

uyuy = (vo,1(1)uov12(1)uovz,0(1))(vo2(1)ugz (1)ugie(1))
= v0,1(1)uov12(1)p2(1)uouguz, (1)ugur,o(1)
= vp,1(1)ugvr,2(1)ve2(1)va 1 (1)ugvr (1)
= vo,1(1)v1,1(L)v1,0(1)
= po(1)

= ujuq.
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4 Bounded Normal Generation

Inductively on can construct the following objects:

/V%, pl(nJ7 pg(n), {Utj}ogaj§n7 Un-

Here N, is the von Neumann algebra generated by u,_1, p1(n) and ps2(n) are orthogonal

projections in M satisfying
p1(n) + p2(n) =po(n —1), pi(n) ~ pa(n) ~ po(n),
{vijto<i j<n is a family of elements in M satisfying
vi.i(n) = pi(n), vig(n)vj(n) =v;;(n), (v;;(n))* =wv;j(n) for all 0 <i,j,1 <2,

and

Up, = v0,1(N)Un—101,2(n)Un—102,0(n).

We show that for all n € N we can assume the following properties of these objects:
(i) N, is commutative;
(ii) pi(n) and pa(n) belong to N;, (and hence commute with u,—1);
(iil) wnpu) = whu, = po(n).
These properties have been verified for n = 1. We proceed by induction on n € N.
Suppose the assertion holds for n € N. We show that it holds for n + 1.
Property (iii) for n implies property (i) for n + 1. Lemma and property (i) for
n + 1 show that we can suppose that (ii) holds for n+ 1. Since (ii) holds for n+ 1 and
(iii) holds for n € N, we have

*
Un+1Up 41

= (vo,1(n + Dupvi2(n + Dugvzo(n + 1)) (vo2(n + Dupvaa(n + Dugvip(n + 1))

= vp.1(n + 1)uyvi 2(n + Duppe(n + L)ujv1(n + 1)uyvi g
= v0,1(n + Dupvi2(n + 1)po(n)ve,1(n + 1)uzvio(n + 1)
= vo.1(n + 1)uppi(n + 1)uyvi o(n+ 1)

= vo,1(n + 1)po(n)vio(n +1)

=vp1(n+ 1)vii(n+ 1)vip(n+1)
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4.3 Products of symmetries

that is, (iii) holds for n + 1, as claimed.

Put
w; j = Z vig(2m+1), w;; = Z vi j(2m).

m>0 m>1

Then wq,9, wi,1, waz2, respectively po, wy o, wjq, wh, are mutually orthogonal pro-

jections and

_ o * - / ! _ /
Wi jWl,j = Wi,j, Wy 5 = Wi, W, Wy 5 =W it

] and (w; ;)" = w

-
VR
Define the following elements:

wp = Z Upp i1, W= Z u2mp1(2m + 1), Wy = Z u2mp2(2m + 1),

0<m 0<m 0<m
/. * /. /.
wh = U, W= Usmapi(2m42), whi= Y tgmiipa(2m +2).
1<m 0<m 0<m

The equation pi(n + 1) + pa(n + 1) = pp(n) implies that

wi +wy = Z Uz (p1(2m + 1) + p2(2m + 1)) = up + Z UzmPo(2m) = ug + g,
m>0 m>1

and

wh 4+ why = Z Uam+1p0(2m + 1) = wy.
m>0

Using these two formulas as well as u,u,, = 0 for all n # m (since u,, = po(n)u,po(n)),

we obtain

(w1 + w2 +wo)(po + wi + wsy +wy) = (uo + wo + wy") (po + w + wp)
= ug + wowg + wiwy,

= up + Z po(m)
m>1

ZUO+1—p0.

Using Properties (ii),(iii) and the fact that pj(n)Lpa(m) for all n,m € N, we conclude
that

(w1 4+ w2 + wo)* (w1 + wa + wo)
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4 Bounded Normal Generation

= wiwy + wiws + wiwo

= > po@m)(pr(2m+1) +pa(2m+1)) + > po(2m+1)

m>0 m>0

= Y po(m)

m>0

=1.

Analogously one has (w; + wa + wp) (w1 + we + wp)* = 1. That is, w1 + wy + wyp is

unitary. Similarly, po + w} + w) + wy{, is unitary. Observe that

wgvgwéwg,lwfwm = Z 1)[)72(2771 + 1)u§mv271(2m + 1)u’2‘mv170(2m + 1)
m>0

= Wo,

and similarly wj = wg ;w5 wy ;wiw} ;. Hence we can apply Lemma {4.18(ii) to obtain
that ug + 1 — pg is a product of four elements of the form stst, where s,t € M are
symmetries satisfying 7(s) = 7(¢) = 0. Thus, u is a product of eight such elements,

i.e., of 32 conjugates of a symmetry of trace 0 by Proposition O

The proofs of Lemma (.18 and Theorem show the following, which will become
useful in the proof of Theorem [{4.64]

Corollary 4.20. Let M be a II; factor. Every u € U(M) can be decomposed into
factors u = uy - ... ug with u; € UM), i = 1,...,8, such that for each u; there is
a projection p; € Proj(M), 7(p;) = 1/3, such that under an isomorphism of M to
piMp; @ Msx3(C) such that u; has the form

1 0 0
0 W; 0
0 0 w;

for some w; € U(p;Mp;). If ||1 — u|| < € for some £ > 0, then

11— willy < Zmin {2,22”5} 9= (2n+2)
n>0

In particular, for arbitrarily small § > 0 there exists ¢ > 0 such that ||l —u| < ¢
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4.3 Products of symmetries

implies

11— wil|, < 0.

Proof. The decomposition follows from the proofs of Lemma (.18 and Theorem [£.19]
Now assume that |1 — u|| < e. We retain the notation of the proof of Theorem {.19} in
particular, u = (ug + pg)(po +up®) and po(0) = po. It is clear that Hl —ug — pOLH < €.

For uy = vg,1(1)upv1 2(1)ugva,0 we then get

[Po(1) — ua|
= [lvo,1(1)(Po(0) — uo)v1,2(1)v2,0(1) + vo,1(1)uov1,2(1)(Po(0) — uo)v2,0 (1)
< vr2(Dvzo (W) - [lvo,1 (1) (po — o) || + [Jvo,1 (V)uovr2 (1) - [|(Po — uo)v2,0(1)]]
< vo, (1) (po — uo)ll + [I(po — uo)v2,0(1)]|
< llpo = woll - [[poll + [[po — wol| - llpoll

<2e.

It follows by induction on n € N (with the analogous calculation) that for w, =

00,1(n)Up—1v1 2(n)un—102,0(n) we have
po(n) — unll, < 2.

Now consider wy =}, - u2np1(2n + 1), the other w;’s can be treated similarly. From

the above estimate we conclude

D opn+1) =) uspin+ 1)) <> [I(1—ugn)p1(2n+ 1),

n>0 n>0 n>0

= " (po(2n) — uan)p1(2n + 1),
n>0

<> lIpo(2n) —uanll - p1(20 + D]l

n>0

< min{2,2%"} - 27 ),
n>0

2

That is, we have

(

<> min{2,2%} - 272,

11 = wl, = \
2 >0
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4 Bounded Normal Generation

It remains to show that for arbitrarily small 6 > 0 there exists ¢ > 0 such that
|1 — u|| < e implies

11— willy < 0.

Therefore we estimate the sum ano min {2, 22"6} .27(n+2)  Let k € N be suffiently

large such that

)
—(2n+2) e
E 2 < 5"
n>k

Then we choose € > 0 small enough such that

Z min {2, 22”5} 9~ (n42)
n<k

N|

This implies

Z min {2, 22"5} L9~ (nt2) 5
n>0

ie. |1 — iy < 0.
]

Let us conclude the this subsection with some remarks on similar results for different
types of von Neumann algebras. Halmos and Kakutani proved the following result by

a different method, see [HK 58, Theorem 1]|.

Theorem 4.21 (Halmos-Kakutani). Every unitary operator on an infinite-dimensional

Hilbert space H is the product of four symmetries on H.

They were able to show that on every Hilbert space there exists a unitary which is not
the product of three symmetries, cf. [HK 58, Theorem 2]. The symmetries constructed
by Halmos and Kakutani in their proof of Theorem have infinite eigenspaces for 1
and —1. As those symmetries are conjugate by a unitary on H, Theorem also al-
lows a reformulation: every unitary operator on H is the product of four conjugates of a
symmetry having infinite-dimensional eigenspaces. Tsankov used this reformulation in
his proof of automatic continuity of the unitary group of a separable infinite-dimensional

Hilbert space [Is 13, Theorem 1].

Fillmore [Fi 66| has generalized Theorem to the case of properly infinite von

Neumann algebras.
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4.4 Generalized projective s-numbers

Theorem 4.22. Every unitary operator in a properly infinite von Neumann algebra

M is the product of at most four symmetries.

These results suggest that the number 32 in Theorem is not optimal. However,
the proof of Theorem cannot be adapted in a straight forward way.
Remark. In the finite-dimensional case, e.g. for the Lie groups U(n), n € N, we have
the concept of a determinant. Every symmetry in U(n) has determinant +1, while a
unitary can have any determinant in T. This implies that there cannot be a finite-
dimensional analogue of the above theorem.
However, U(n) is generated by the symmetries and the scalar unitaries. Using this
and |Pe 63, Theorem 1], one can show that every finite type I-factor is generated by its

centre and its symmetries.

4.4 Generalized projective s-numbers

Throughout this section, let M denote a semifinite factor with faithful normal semifinite
trace 7, acting on a separable Hilbert space H. Let PU(M) denote the projective
unitary group of M, ie., PUM) = UM)/Z(U(M)), where Z(U(M)) denotes the
center of U(M). In particular, for factors we have Z(U(M)) = U(1) - 1.

In this section we develop the notion of generalized projective s-numbers and prove
some useful properties of these. Some of these properties will be freely used in the

following sections.
Lemma 4.23. Let M denote a semifinite factor. Let x € M. The function (1 — A\x)
is continuous in A € U(1) for all ¢ > 0.
Proof. Let € > 0 be arbitrary. We claim that there exists 6 > 0 such that ||A\; — A2|| <
§ for \; € Z(UM)), i = 1,2, implies [|ue(1 — Az) — pe(1 — Aoz)|| < 6. We may as-
sume without loss of generality that inf, ;)< [|(1 — A2)pl| > inf_gy<; [[(1 — Xaz)q]|-
1— — (1 — —| mf [|(1- — inf (1—
(1= M) = (1 = Da)| = | i1 Aualpll = nt (1= Aol

< [[(1=Az)goll — [I(1 = A2z)goll

<11 = Aiz)go — (1 = A2z)qol|

= [[A1 = A2l llqoll

< 4,
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4 Bounded Normal Generation

where qo is chosen such that it realizes inf,_g<; [[(1 — A2z)q||. Choosing ¢ = ¢, we

are done. O

Definition 4.24. Let M be a semifinite factor with faithful normal semifinite trace 7.
We define

l = inf 1—Az)fort>0, x € M,
t(x) Aé%(l)”t( z) fort >0, x

and call ¢; the t-th generalized projective s-number of x € M.

For a projection p € Proj(M) we denote the restriction of ¢, to pMp by fgp), that is

(PN (@) = inf pue(p — Apap) for ¢ > 0.

o (@)= b pe(p = Aprp) for ¢ =
We call the unique smallest number s = s(x) € [0, oo] such that ¢ (x) # 0 if and only
if t € [0, s) the projective rank of z.

We choose the notation ¢; because it serves as a weaker notion of a length function
in our context. Note that the infimum is attained Lemma[4.23] One can imagine ¢ (),
x € M, as a measure of the size of the spectrum of = after cutting out a piece of size
t > 0 (which reduces the size of the spectrum of x as much as possible).

It follows immediately from the definition that f;(x) = ¢;(Ex) for all £ € Z(U(M))
and t > 0. Observe that we have ¢; = 0 for ¢t > 7(1) by Lemma [2.22]

By Lemma [2.21fii) we have ¢;(z) = £;(z*) for every t > 0 and z € M.

Remark. (i) The following sections deal with various unitary groups of functional
analytic type. II; factors are (by definition) always equipped with a unital trace
and thus the generalized projective s-numbers may take nonzero values only for
t € [0,1). However, we usually equip the compact Lie groups U(n), n € N, with
the unnormalized trace in order to count the generalized projective s-numbers
from 0 to n — 1. This is just a matter of notational taste. When U(n) is embed-
ded in U(M) we usually view the eigenvalues as constant functions on intervals
[i/n, (i +1)/n).

(ii) If working with general semifinite von Neumann algebra M one might define the

generalized projective s-number by

() = /\Ezi(%f('M))ut(l —Az) for t >0, z € M.
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4.4 Generalized projective s-numbers

Using Lemma [2.21}(vi), we conclude

li(grg™) = Aei%%)m(g(l —Az)g") < Aeirl}fl) gl g™ I e (1 — Ax) = £(x)

for all g € PUM), z € M and ¢t > 0. Replacing now x by g*zg, we obtain that ¢, is

invariant under conjugation, i.e.,
li(gxg®) = £y(x) for all t > 0.
Now let p € Proj(M)\ {0} and assume that x € M commutes with p. Then we have
6P (z) < £,(x) for all t > 0.
To see this, we use submultiplicativity of the operator norm. Fix ¢ > 0. We have

(P (x) = inf u(p — App)

AEU(1)
= 8L aeproir g e P A
< 2 oot e P11 = A2l
- ,\ei%%) qEProj(,/\i/(rifT(l—q)St I(1 = Az)q]
= ly(x).

Lemma 4.25. (s ¢(xy) < ls(x) + 4(y) for all z,y € M and s, > 0. In particular, ¢

is non-increasing in ¢t > 0.

Proof. Since U(1) compact and since u(1 — Az) is continuous in A € U(1), we can
choose Az, Ay € U(1) such that ¢;(x) = (1 — A\px) and 4(y) = p(l — Ayy). Using
Lemma [2.21fi),(v), we obtain

Cori(wy) = Lore(AazAyy)

= inf s 1= 2x) Ay + (1— A

e 1(11(M)),u +e(( x) vy ( yy))
< inf s((1T = Adzx)A + (1= A

e 1(n(M)),u (( ;U) yy) t( yy)
= inf (1= Agz) + ¢

. 1(n(M)),u, ( ac) t(y)
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4 Bounded Normal Generation
= ls(z) + Le(y).

To see that ¢; is non-increasing in ¢, let y = 1 and use that obviously ¢;(1) = 0 for all

t > 0 to obtain lsi¢(x) < £;(z) for all ¢t > 0. O

Lemma 4.26. ¢;(z) is right continuous in ¢ € [0, 00|, where x € M.

Proof. Since p; is right continuous in ¢ € [0, 00], for all A € U(1) and all € > 0 there
exists ¢ > 0 such that

pe(l = Az) — pyy5(1 — Ax) < e.

Now fix arbitrary ¢ > 0 and € > 0. By Lemma for every t > 0 we can choose
A € U(1) which realizes infycy(1) ue(1 — Az). We denote this element by A;. Moreover,

for every A we can choose §) > 0 such that
pe(l = Ax) — pugs, (1 — Ax) < e.

We claim that 0 := infycy)da > 0. Assume to the contrary that § = 0, i.e., there
exists 1o 6 > 0 such that (1 — Az) — ty,5(1 = Az) < e for all A € U(1). Then there
exist sequences {A,}, ey and {0, },cns On = Oy, such that
e A\, — Aand 4, — 0 for n — oo,
o ut(1—Apz) — pipys, (1 — Apz) > € for all n greater than some ng € N (by uniform
continuity in A, see Lemma and right-continuity of p; in t).
On the other hand we have

pe(1 — Az) — prgs, (1 — Ax) < ¢ (4.1)

with dy > 0. Thus there exists n; € N such that §, < §) for all n > ny. But this

implies
€ > (1 = An@) = pegsy (1 = An®) = (1 = An) — iy, (1 — An) 2 €,

whenever n > max {nog,n1} which is a contradiction to Inequality (4.1). Hence 6 > 0

and

€ > (1 — Aepo) — pars (1 — Mpo) = pu(l — Aessz) — Liys(2) = li(x) — Liys ().
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4.4 Generalized projective s-numbers
Since t > 0 and € > 0 were arbitrary, we are done. O

Before coming to the easy direction in the main theorems on products of conjugates

we collect the above proven properties of generalized projective s-numbers.

Proposition 4.27. Let M be a semifinite factor with faithful normal semifinite trace
7. Let z,y € M and u € UM).
(i) le(x) = £e(z*) for all t > 0.
(i) l¢(x) =0 for all ¢t > 7(1).
(iii Et(ua:u ) = {(z) for all ¢ > 0.
( ) < {(z) for all £ > 0.
5+t(azy) ls(x) + 4 (y) for all s, > 0.

(iv

(v

) ¢
)
) £
)
(vi) 4 is non-increasing in t > 0.

(vii) £; is right continuous in ¢ > 0.

The following proposition is the easy direction in the main theorems on products of
conjugates. The proof is a straight forward application of some properties of generalized

projective s-numbers.

Proposition 4.28. If u € G := PU(M) is a product of k conjugates of v € G and
v™L, then £ (u) < k- £(v) for all t > 0.

Proof. Let t > 0. By assumption we can write u = g,v°1 g7 g,v°2g5 - - - g, v* g5, for some
gi € Gand ¢; € {1,—1}, where i = 1,...,k . Using ¢;(gwg) = {;(w) for all g,w € G
and that ¢;(w) = £;(w*) for all t > 0, we deduce

Cri(u) < L9107 97) + Li—1)e (9207 G5 - - - grv* g5;)
< (V1) + (92072 95) + L2y (95v72 95 - - gvF )
= Le(v) + (997 93) + Lk—2)t (9350793 - 9kV* g5

S k- Et(v),

which proves our claim. O

The following Markov-type inequality turns out to be useful in the proof of Lemma

4.0
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Lemma 4.29. If 7(|z|) = f[o Ly He(@)dt < €, then puy(x) < e/t for all £ > 0.

Proof. Assume to the contrary that u,(x) > e/to for some ty > 0. Since y; is non-
increasing in ¢, this implies i (x) > e/ty for all t € [0,t9]. Hence, by positivity of
ot

a contradiction. I

The following lemma analyzes the behaviour of projective generalized s-numbers
under approximation in the operator norm and in the 2-norm. It will be very useful in

proving some of our main results.

Lemma 4.30. Let M be a semi-finite von Neumann algebra.

(i) Assume that u,u’,v,v" are elements of M satisfying ||u — /||, |[v — v'|| < € and

Uit (u) < max {mt,(v) — ¢, 0} for all ¢ > 0 and some m,k € N, § > 0. Then
U (v') < max {ml(v') — 6 + (m+1)e, 0}  forall t > 0.

(ii) Assume that u,u’,v,v" are elements of M satisfying ||u — «/|, |[v — v'||; < € and
Cro(t+0) (1) < max {mly(v) — 6, 0} for all t > 0 and some m, k € N, §p >0, § > 0.
Then

m+1/k

€4k(t+50)(u') < max {mﬂt(v’) — 0+ v

e, 0} for all t > 0.
Proof. (i) For t > 0 we obtain

bi(u') = inf (1= A’ = u +u))
< -1yt () + iy (v —u')
< max {ml(n_1)/nk(v) = 6 + pir/n(u — '), 0}

< max {mg(n—l)Qt/rﬂk U/) -0+ mﬂ(n—l)thﬂk(v - ’U/) + :ut/n(u - u/)7 O}

, 0}

(
< max {mﬁ(n_l)zt/nzk(v’) —0+m Hv — U/H + Hu —
(

< max {mf(n—n?t/n?k V') =86+ (m+ 1), 0}.
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4.4 Generalized projective s-numbers

This implies
Cp2gt ) (n—1y2(0') < max {mly(v") =6 + (m+ 1), 0}.

By right-continuity of ¢;, see Lemma letting n tend to 400, we arrive at
Uy (v') < max {mly(v') — 6 + (m+ 1)e, 0}.
(ii) For ¢ > 0 and n > 2, we conclude

Ce(u') < Lpryeym () + pregn(u — ')
< max {ml 1)t nk—(n—1)50/n (V) = 6 + pieyn(u— '), 0}

< max {ml,_1)2¢ /n2k—(n—1)50/n (V") = 0 + Mpt(_1ytn2i (v — V) + pryp (u — '), 0}
Hence
Cp2i(t450) ) (n—1)2 (1) <max {mly 50— n-1)/m) (V") = 6 + Mpss0)/(n—1) (v — V')
Flk(t-480) /(n—1)2 (U — '), 0},

and using Lemma (and that ||u — ||, < e implies ||u — /||, < ¢) yields

. n—1)e . n—1)e
gan(t+5o)/(n—1)2 (’LL/) < mﬁt(v’) -0 + m - min {(75_+_50)7 2} + min {li(t-i—(s)o)’ 2} .

Putting n := 2 completes the proof. O

Let us conclude this section by proving that products of e-thickened conjugacy
classes of topological groups with compatible bi-invariant metric behave well under
e-thickening. This result will be needed for some of the main theorems, namely those

which rely on finite-dimensional approximation.

Lemma 4.31. Let GG be a topological group equipped with a compatible bi-invariant
metric d. Let € > 0. Then (((¢%)-)"). C ((gG)”)(,Hl)8 for all n € N.

e =

Proof. Let h € ((g¢)"). and assume that g;. for i = 1,...,n, are elements of g&

satisfying d(h,gi1c---gne) < €. Then there are elements gi,...,g, € g% such that
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d(gi, gie) < €. Using the bi-invariance of d, we obtain

d(h,gr---gn) < d(h,g1e gne) +d(Gre Gner 91926~ Ine)
+...+ d(gl Gn—19ne, 91 * 'gn)
<&+ d(gl,avgl) +...+ d(gn,aagn)

< (n+ 1,

which shows that h € ((gG)")(nH)E. O

4.5 Bounded normal generation for type I, factors

Property (BNG) for compact connected simple Lie groups (e.g. the projective uni-
tary group PU(n)) has been settled quantitatively in [NS 12|. We repair the rank-
independent result [ST 14, Lemma 4.15] for PU(n) and clarify in Proposition why
this is necessary. Some arguments are borrowed from these articles but our path fo-
cuses on the PU(n)-case and our version of [ST 14, Lemma 4.15] as well as its proof
differ considerably. Recall that every type I,, factor is isomorphic to the matrix algebra
Mipsn(C).

In this section we fix the following notation. Let T denote the maximal torus of

diagonal entries in U(n), 2<n €N, ie.,
T = {diag(eieo7 ey 6, €00,20), i=0,1,...,n— 1} )
Decompose 1" into n — 1 subgroups 7}, j =0,...,n — 1, which are defined as follows.

To == Z(U(n)),
T; = {diag(1,...,1,A,...,A) [ A€ U(1)},

where A is on the positions 5+ 1,...,n — 1.

Observe that every element u = diag(Ao,...,A\p—1) € T' can be decomposed into the

product of commuting factors w = wug - ... up—1, where u; € T;. Here,

Uy = diag()\o, )\0, SN /\0),

U; = diag(l, ey 1, Aixi,b )\Z'Xifl, e ,)\i)\ifl) for ¢ Z 1.
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4.5 Bounded normal generation for type 1, factors

We call this decomposition the one-parameter torus decomposition of u. Let
us point out that when working in PU(n), the factor up in the decomposition u =
ug - ... Un—1 actually can be left out since ug is central.

We will use another decomposition for u € SU(n) (respectively v € PU(n)). For
j=0,...,n—2let Sj, denote the subgroup of U(n) of matrices of the form

su@) |,

where the SU(2)-copy sits at the entries (j + 1,7+ 1),(j +2,7+1),(j + 1,7+ 2) and
(j+2,j+2). Then u can be decomposed into factors u; € S;, i =0,...,n — 2, where

ug = diag(Ao, Ao, 1,...,1),

ui:diag(l,...,l,)\o-...-)\i,)\o-...-Ai,l,...,l).

This decomposition is called the SU(2) product decomposition. Note that the fac-

tors in the SU(2) product decomposition mutually commute.

We will need both of the above introduced decompositions in order to get the desired
rank-independent result. Actually the error that is hidden in [ST 14, Lemma 4.15]
stems from an incorrect use of these decompositions. To see that [ST 14, Lemma 4.15]

is wrong, we provide the following result.

Proposition 4.32. Let u = diag(A™" 1, \,\,...,A\) and v = diag(p "%, p, gty . .., 1)
be nontrivial elements in G := PU(n). Assume that arg(\)/arg(u) is irrational.
Ifue (fUv @)Fk then k >n—1.

Proof. Assume that v € (v¥ Uv™%)F ie u = glvglgl_l Ca -gkvskgk_l with g; €
G, €; € {1,—1}. Then there exists a lift of u into SU(n) such that zu is a product of

k conjugates of zpv € SU(n) for some z,z9 € Z(U(n)) (actually 2,20 = 1 if u,v are

k

written down as in the assumption). Hence u’ := g~ "u is a product of k conjugates of

19 is a rank one perturbation of the identity and thus v’ is

v = p~tvin U(n). Now pu~
at most a rank k perturbation of the identity in U(n). But n — 1 diagonal entries of v’

k

are of the form A\p~", which are different from 1. Hence 1 — v’ has rank at least n — 1

and this implies £ > n — 1. O
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4 Bounded Normal Generation

Let us now come to the first step in the proof of our rank-independent result. For

convenience we repeat the proof of the following SU(2)-result from |[NS 12].

Lemma 4.33 (Nikolov-Segal). Let u = (egp e,%,) and v = (62)9 6_%) be noncentral

elements in G = SU(2). If |p| < m 6] for some even m € N, then u € (v&)™.
: o : . 2 2
Proof. Consider the realization of SU(2) by unitary matrices { (_al—) f_’l) | la]” + [b]” = 1}.
The conjugacy class of v is uniquely determined by the normalized trace tr(v) = cos 6
with 6 € [0,71]. As m is even, we have (v¥)™ = ((—v)%)™ and hence we may assume
that 0 € [0, 7/2].

If w € SU(2) is diagonal with tr(w) = cos+y, then we can choose v/ € v such
cos O+isin 61 b )

SU(2)

—b cos f—isin 0

that tr(wv’) = cosy; for any 1 € [y — 0,7 + 0], namely o' == (
for 6; € [—0, 0], where |b|* = 1 — cos? # — sin® §; = sin? § — sin®; > 0.

Observe that multiplication of diagonal elements by v adds the angle 6 while multipli-
cation with v~! subtracts the angle §. Thus, regarding the given inequality || < m |6],
we can use v and v~! in the first m — 1 steps and a possibly nondiagonal element
v’ € v3U®) to obtain an possibly nondiagonal element with the same trace as u. Using
again that elements of the same trace are conjugate in SU(2), we conclude that u is

the product of m conjugates of v. O

Note that in particular, 1 € (uSU®)2 for every u € SU(2).

Let us now analyze how to use the above lemma on a single factor u; € S; in PU(n).

Lemma 4.34. Let G := PU(n) with n > 2, n € N. Let u = diag(e'¥°, ... el¥n-1) v =
diag(eieo, . ,619”*1) € G and assume that ug-. . .-up—1 with u; € S;. If |1 + ... + wi—1]

m|0j—1 — 6| for some 7,5 € {1,...,n — 1} and even m € N then
u; € (V¥ UG,

Proof. Write vg - ... v,_1, v; € 1} in its one-parameter torus decomposition. Let
g € Sj be the permutation swapping the diagonal entries at the positions j,j + 1.
Then [v,g] = [vj,9] € S;. Let h € G such that u? € S;. Using the given inequality
|g01 + ...+ Soi71| <m |‘9j71 — Qj’ (note that o1 + ... + @;—1 is the angle of ul) and

Lemma (.33 we conclude

u; € h_l([vj,g]sj U [vj,g]_sj)mh C (’UG U U_G)Qm.
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4.5 Bounded normal generation for type I, factors
This concludes the proof. O

The following result is a crucial point in simultaneous generation with the help of
SU(2)-copies. Our proof differs from that of Stolz and Thom - in fact, the error was
hidden in the proof of this result. An important point to notice is that we have to
decompose the generating element v in the following Lemma into elements of the one-
parameter tori 7T; to generate simultaneously. But the generated element u needs to be

decomposed into elements of S;.
Lemma 4.35. Let G :=PU(n), n > 2, m € N even and s € Ny. Let
u = diag(e'¥0, ..., e ) =ug - ug ..Uy
be the SU(2) product decomposition of u and let
160

v = diag(e ,...,619"*1):vo-vl-...-vn_l

with v; € T; be the one-parameter torus decomposition of v. For 0 < k < s and
0 <1 < s let i and j; be elements of {0,...,n—1}. If |ix — 4|, |jk — 51| > 2 for all
k #1 and

|(,00+(,01+...+(,07;k| §m|0jk_0jk+1‘ for k,le,...,s.

Then
NN
Ujp * Ujy * v v * Uiy € (vGUv G) ",
Proof. Write v = vj, -...-v;, -0 where v commutes with S;,,...,S;,. Note that S, and
S;, commute elementwise for k£ # [. Moreover, v commutes with S;, forallk =1,...,s.
Thus we get
Sy Sy \™ (. Si Sjs =85 S N S \™ Sis\™ ~m

(le J) —<va -...-vj: VA J~> —<vj1 AR KL% TR

Let gj, € Sj, be a permutation switching positions ji and jx4q for £ =0, ..., s. Define
g=9j - 9gj, ESjl'...-Sjk.

Consider now the commutator [v,g] = vgv~tg™! € (v& Uv™%)2. Observe that [v,g] €
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4 Bounded Normal Generation

Sj - ...-Sj,. Let h € G be a permutation such that Sf; =9 forall k =1,...,s.
Using Lemma we obtain u?k € ([vjk,gjk]sjk U [vjk,gjk]_sik)m forall k=1,...,s,
and hence

Uiy - uj, € BT (([v,g]sjl'“"sﬂ'S)m) hc (¥ U @)m,
This completes the proof. O

In order to have a relation between projective s-numbers and angles, we need the

following lemma.
Lemma 4.36. For all § € [—m, 7], one has |0] /2 < /2(1 — cosf) < |6].

Proof. By symmetry of cos, it suffices to check the case 6 € [0, 7].

To see the first inequality, define f(0) := 1 —cos@—60?/8. We have f'(0) = sin0 —0/4
and f/(0) = 0. Since f”(0) = cosf — 1/4 is monotone decreasing in the interval [0, 7],
f” has a unique zero in [0, 7] (note that f”(0) = 3/4 > 0). Hence f’ has a unique
extreme point in [0, 7], which is a maximum in [0,7]. Thus f has at most two zeroes
in [0, 7], one of which is 0. We have f(7) > 0 and thus f(6) > 0 for all § € [0, x]. This
implies |0] /2 < 1/2(1 — cos ).

To prove the second inequality, observe that cosf = Z;’io(—l)jﬁw/@j)! >1-62%/2
and hence 1/2(1 — cosf) < /2(1 — (1 — 62/2)) < 0. O

The following definition is crucial in order to obtain estimates between projective

s-numbers and eigenvalue differences, which in turn will be compared to angles.

Definition 4.37. Assume that u € G == U(n), 2 < n € N. Let us say that v =
diag(No, - - - An—1) € u¥ N T is optimal if
e [\ — A\1| > |xg — 21] for all v = diag(zo, ..., Tn_1) € u NT;

[ ’)\z — /\i+1| = \xl — xi—i—l’ for all i = 0, .. .,k—l implies ‘)\k — Ak—i—l‘ > ]xk - $k+1’.

This defines a lexicographic order on the eigenvalue differences, hence for every u €
U(n) respectively PU(n), there exists an optimal element w. For two different optimal
elements @, v, we have |\; — A\iy1| = |x; — 2541 for all i € {0,...,n — 2}.

For an optimal element u there exists a permutation o € Sx, where X = {0,...,n — 2}

and Sy denotes the group of permutations on X, such that

1Ao0) = Ao)+1] = [Aot) = Aoya1] = -+ = | Aoa—2) — Ao(n—2)+1] -
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4.5 Bounded normal generation for type 1, factors

We call such a permutation the permutation associated to the optimal element w.

Note that our definition of optimality slightly differs from the one given in [ST 14].

Lemma 4.38. Let u = diag(XAo,...,A\p—1) € T'C U(n) and o a permutation such that

}/\J(i) — )\J(i)ﬂ‘ is monotone decreasing in ¢ =0,...,n — 2, where n > 2, n € N. Then

1
3 | Ao(2i) = Ao(2iy1| < Liw).

If » is optimal with associated permutation o then

1 ,
5 P\a(2i) - )\J(gi)+1’ < ﬁz(u) < P‘a(i) - )\J(i)Jrl‘ for all ¢ = O, e, — 2.

Proof. To prove the first inquality, let zp = diag(z,...,2) € Z(U(n)) be arbitrary and
fix a permutation 7 € Sy, Y := {0,...,n — 1}, such that ’z — )\r(o)’ > }z — )\7(1)| >
R |z — )\T(n,l)}. Assume to the contrary, that {/\U(Qi) — )‘a(2i)+1} > 2 ‘z — )\T(i)}.
Hence

2= Aoy | 12 = Aoy1] 2 Aoty = Aoy1] > 2|2 = Ari)|

for all & = 0,...,2i by the choice of ¢. This implies o(k) € {7(0),...,7(i — 1)} or
o(k+1) e {r(0),...,7(: —1)}. Since {7(0),...,7(i — 1)} contains i elements but the
inequality holds for 2¢ + 1 elements by assumption, we arrive at a contradiction. Since
zp was chosen arbitrarily, the first inequality follows.

Now assume that u is optimal. To see the last inequality, let 7 be a permutation such
that ‘)\n_l — )\7(0)‘ > ‘)\n_l — )\7(1)‘ >...> ‘)\n_l — )\T(n,2)‘. By optimality of u, we
have [A; — A\jx1| > |\ — Aj| for all j > ¢+ 1. Observe that for all 7(i) =0,...,n — 2,

Gi(u) < pihn—t —u) = [Anc1 = Ay | < Ay = Ay

)

while for 7(i) = n — 1, we get ¢;(u) = 0. Thus for each i, ¢;(u) can be estimated from
above by ‘)\T(i) = Ar(i)+1 ‘ Since both ‘)\U(i) — )\U(i)+1| and ¢;(u) are decreasing in i, we
obtain

6i(u) < Aoy = Ao(iy11] -
L]

The above two lemmata imply the following important corollary which relates pro-

jective singular values and angles of elements in U(n).
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4 Bounded Normal Generation

Corollary 4.39. Let u = diag(el®, ... eif-1) o = diag(el,..., 1) € T C
U(n) be optimal with associated permutation o, 7. Then f;(u) < mt;(v) for all
1= 0, ey, — 1 and some k, m € N 1mphes ‘90.(2]%') - 90(2;“)4_1‘ S 4dm "}/T(z) — ’YT(i)—l—l‘

foralli=0,...,n — 1. Here we set 6; = ~; = 0 for all i > n.
Proof. We use the above two lemmata to prove this. First we conclude that

el0o(2ks) — el0o(2k)+1

<2m ‘e”f(ﬂ — e”r(j)+1| )

Using now the estimates

‘1 _ ei(ga(2kj)_ao(2kj)+1)

< |bs2s) — Oo(ary1)| >

‘1 _ ei(’Yr(ij)*'Yr(zkj)H)

> |Vr2kj) — Vrki)+1)| /2,

we obtain the claimed inequality. O

We need the following combinatorial lemma to control sums of angles (occuring in
the SU(2) product decomposition of an element in SU(n) (respectively PU(n)) rank-
independently.

Lemma 4.40. Let n € N. Assume that ag,...,a, € R satisfy Z?:l a; = 0. Then

there exists a permutation o € S,, such that for every k € {1,...,n} one has

k
Z Qo (i)

=1

< max |a4].
i=1,...,n

Proof. Without loss of generality we have oy = max;—1, 5 |a;| > 0 and o; # 0 for all
1 =1,...,n. Moreover, we may assume that a1 > ... >a;>0and oq41 < ... < ap <
0 for some I < n. We now construct the permutation o € S,,. We let o(1) = 1 and
0(2) =1+ 1. Then ay1) + a2 > 0.

(1) Let 1 < j; < n be the (unique) smallest number such that
a1+a1+1+...+al+j1 > 0.

Set o(1+1) =141, wherei=1,...,71.

(2) If there are no «’s left, then we are done. Else we let 1 < jo <[ be the unique
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4.5 Bounded normal generation for type 1, factors

smallest number such that
artop+ .ot taet oo+, > 0.
Puto(l1+j1+1i)=1+ifori=1,..., 7.
We obviously have for k£ < 1+ j1 + ja
k

Z Qo (i)

i=1

< max |ai| = o).

Proceed inductively interchanging steps (1) and (2) until o is defined on {1,...,n}.
This finishes the proof. O

Definition 4.41. Let u = diag(e'%, ..., e'%-1) € SU(n) such that Z?:_Ol 0; = 0. Let
o € S, be as in Lemma [4.40, Then we say that the element diag(ef« ..., elfam-1)
angle sum optimal. The permutation « is said to be associated to the angle sum

optimal element u.

Lemma 4.42. Assume that u = diag(el?, ..., e'%-1) € SU(n) with Z?:_(]l 6; = 0.
Then we have

20p(u) >  max |0;].

1=0,...,n—1

Proof. We may assume that v is optimal and thus |6y — 6] > |0; — 6;] for all i,j =
0,...,n—1. Since Z?;ol 0; = 0 we obtain
|90 — 01‘ > limax |(91| .

1=0,...,n—1

Thus by Lemma we have 20p(u) > max;—g,._n—1|0;| as claimed. O

For Lie group PU(n) we obtain the following rank-dependent result by successive

application of Lemma [{.34]

Theorem 4.43. Let G == PU(n), n > 2, and assume that u,v € G\ {1} satisfy
lo(u) < mly(v) for some m € N. Then

ue (¥ yup@)smn,
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4 Bounded Normal Generation

Proof. Without loss of generality,
U= diag(eieo, .. .,610"*1) =Uy:... Up—2 €S- ...-Sp_2
is angle sum optimal with associated permutation « and
v = diag(el?, ..., el Tm-1)

is optimal with associated permutation 7. Since fo(u) < mly(v), we conclude from

Corollary and the definition of optimality that for all ¢ = 0,...,n — 1 we have

4m | vr0) — Yr(o)+1| = e 10; — Okl > |0a0) + Oa) + -+ Oai)| -

=U,..

Now we can apply Lemma for each u; and hence obtain
u; € (V¥ UvTG)Em,
Proceeding the same way for all n — 1 terms u; we have
u € (vG U U_G)Sm("_l) - (vG U v_G)Sm”.

O]

Remark. Theorem can actually be sharpened in the sense that one does not need
the conjugacy class of v~!. To see this, observe that one may choose n permutations

T, ..., Th—1 € G such that
vmony e et = diag(el0 et Ll @0 el 1) = .

Thus 1 € (v%)", which implies v=! € (v¥)"~1,

Corollary 4.44. Assume that v € G := PU(n) is nontrivial, where n > 2. Then for
every k > 16n/lp(v) we have
G = (¥ uv 9",

In particular, PU(n) has property (BNG).

Proof. Since v is nontrivial we have {y(v) > 0. It is trivial that for any v € G one has
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4.5 Bounded normal generation for type 1, factors

lo(u) < 72-0o(v) = 2. Using Theorem we conclude

€ (V& UGy 2]

From this we conclude that G = (v& U v=@)8" 12/ and in particular that G has

property (BNG). O

Now we come to the main result of this section. The main ingredient is Lemma [4.35

Theorem 4.45. Let G := PU(n), where n > 2. Assume that u,v € G satisfy lo(u) <
mly(v) for somem €N andt=0,1,...,s —1<n—1. Then

u € (vG U U_G)lﬁm“”_l)/‘ﬂ.

Proof. Since we are in PU(n) we may assume, multiplying with a central element if
necessary, that the angle sums of u and v add up to 0. Without loss of generality « is
angle sum optimal and v is optimal with associated permutation a and 7 respectively.
The first step is to generate most of u = ug-. .. up—2 (in the SU(2) product decomposi-
tion) simultaneously. Assume that n — 1 is divisible by two (if not, the following works
equally well for n — 2 instead since we are generous with the number of conjugates).
We split the set A := {0,...,n — 2} of indices into two sets A; C A with cardinality
(n —1)/2 and such that |a — b] > 2 for any distinct a,b € A;, i = 1,2. Let N denote

the unique largest integer divisible by s such that N < . Further decompose each

n—1
2
A; into 2N/s sets A;; of cardinality s/2. Then 4; \ Uj_; _ onys Aiy has at most s — 1

elements.

By Corollary 4.39, for all j =0,...,s — 1, we have

J

> bagi)

1=0

<4m h’T(z) - 77(i+1)| .

Let B == Ui:1,273’ 1=1,...n Aiy and observe that the cardinality of A\ B is at most s— 1.
Applying now Lemma to all 2- 2N /s sets A;; we have

H uj € ('UG U ,UfG)4m-4N/s.
jEB
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4 Bounded Normal Generation

Using again Lemma for the remaining factors of u we obtain

H uj € (V¥ Up=G)Im2,
jEA\B

Thus from N < (n—1)/2and (N+s/2)/s < (n—1+4+s)/(2s) < (n—1)/s we conclude

= (UG U U—G)leN/s+8m C (UG U ,U—G)IGm[(n—l)/s]

Let us explain in what sense Theorem [{.45]is rank-independent. Retain the notations
of Theorem If s = 1, then the rank of PU(n) is clearly involved. However,
if s = (n—1)/p with p € N, then one needs at most 16mp conjugates to generate
u, which is independent of the rank if, e.g., p = 2. This will be useful to prove the
topological bounded normal generation property for projective unitary groups of II;

factors in Section .1

4.6 Bounded normal generation for the Calkin algebra

Let M be a separable type Io-factor. Then M = B(H) for some infinite-dimensional
separable Hilbert space H by Corollary V.1.28 in [Ta 03]. In this section, we consider
G = PU(M) endowed with the strong operator topology. In this topology G is a
Polish group. However, we also need to consider Hilbert-Schmidt perturbations in this
group in the proof of Theorem The topology induced from the Hilbert-Schmidt
norm does not even make U(M) respectively PU(M) a topological group.

We explain the notion used in Theorem £.51] Let u,v € G, n € N and denote by
|-l ;7 the Hilbert-Schmidt norm. The notion u € mw}[s used in Theorem
4.51| means that u lies in (v¥ Uv~%)" up to an arbitrarily ||| ;g-small Hilbert-Schmidt

perturbation.

There is an obstruction for the bounded normal generation property of PU(H) which
we will now describe. Let K denote the norm-ideal of compact operators K(H) on H,

endowed with the operator norm. We define U(H)x as the group of unitary operators
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4.6 Bounded normal generation for the Calkin algebra

on a Hilbert space H such that 1 — u is an element of K,
UH)k ={ueUH)|1l-—ue K}.
We endow U(H)x with the topology given by the operator norm.

Obviously, U(H) g is a normal subgroup of U(H) which contains every finite-dimensional
unitary group U(n), n € N. The center of U(H)x does not contain the circle rota-
tion group U(1), in fact it only consists of the element 1. Since U(H)x is naturally

embedded in U(H), we consider the generalized projective s-numbers

l(u) = )\e;(nUf(H))pt(l —Au) = Aehlqul) pe(1 — Au).
Observe that for any u € U(H)g we have {;(u) < pi(l —u) — 0 for t — oo by
compactness of 1 — u. In particular, for elements u,v € U(H)g there usually does not
exist a number m € N such that ¢p(u) < mf(v) for all ¢ > 0. This is the obstruction
for the bounded normal generation property of PU(#). Thus we can only hope for
property (BNG) for the connected components of the projective unitary group of the
Calkin algebra.

We embed u € U(n) into U(H)x in the usual way by U(n) > u — (49) € UH)k.
It is not hard to show that the unions (J,, .y U(n) as well as [ J, oy SU(n) are dense in

U(H) in the uniform topology.

It is known that U(H)x is topologically simple in the uniform topology. However,
there is no topological uniform normal generator for U(H)x. Suppose the contrary
and let v be a topological uniform normal generator for U(H)x. Then one can replace
the sequence of singular values of 1 — v € K with their square roots and obtain a
corresponding element u € U(H)g. But then there exists no k € N such that fx(u) <
kl:(v) for all ¢ > 0, which contradicts Proposition [4.28

Analogously to the finite-dimensional case we deal with two different decompositions.
If w = diag(Xo, A1,...) € U(H) is a diagonal element, then we can again write u =

[1;en, v in the SU(2) product decomposition with u; defined as follows:

Uj:diag(l,...,l,)\o'...')\j,)\o-...-)\j,l,l,...), j € Np.

81



4 Bounded Normal Generation

Then we have

n
[T w =diagho, - An X0 Xy L1, ) —poe w
§=0
strongly (but not uniformly). We can also define the one-parameter torus decomposi-

tion [[;en, @j of u by setting
ﬂo = diag(/\o, )\0, ‘e .), ﬁj = diag(l, ceey I,Xj_l/\j,Xj_l)\j, .. .), j < No.

Then in the strong operator topology (but not in the uniform topology) we have
n
H ﬁj = (/\07 )\1, - ,)\n_l, )\n, An, .. ) —n—oo U.
§=0

That is, when U(H) is endowed with the strong operator topology, then we have

,— Py .
o = 11w =11 w

7€Np J€Np

Let us prove an infinite-dimensional analogue of Lemma [4.35] As in the previous
section we denote by S; a copy of SU(2) embedded in U(#) around the diagonal
entries 7,7 + 1.

Lemma 4.46. Consider u = diag(el®,...),v = diag(el™,...) € G := U(H), G en-

dowed with the strong operator topology. Assume that [] u; is the SU(2) product

1€Np
decomposition of v and v = HieNo v; is the one-parameter torus decomposition. Let
I,J C Ny be countable index sets such that |ip — 4|, |jx — ji] > 1 for all k£ # | € Ny,

where i, € I,ji,51 € J. Assume that ’Zi’;l 0:| < mlvj, —vj,+1| for some even

number m € N and all k,] € Ng. Then

Hui S (’UG U v_G)Qm .
i€l

Proof. Write as above u = u[[p2; u;, where u = [Liew s w and analogously v =

v[[;2, vj,- Note that S;, and Sj, commute elementwise for k # . Moreover, ¥ com-
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4.6 Bounded normal generation for the Calkin algebra

mutes with Sj, for all j, € J. Thus we get

m

H'eJ Sj " — ~H'EJSj S; _om Sj m
(o) = (s T ) o T ()"

jeJ jedJ

Let w € U(H) be an unitary operator such that S;) = S, for all k¥ € Ny. Using Lemma

S m
4.33| and the given inequality, we obtain u; € (Uj:"’) for all £ € Ny, i.e.,

[Tw e (o (s10%)") "

el

Since

e I (5) - ()

jeJ
we conclude
m m ’LU*
[Tuce (r5)" () ) o 00
i€l
This finishes the proof. .

In Section[f.5|we defined for elements in U(n) the notions of optimality and angle-sum
optimality in order to be able to apply the local SU(2)-result of Nikolov and Segal, cf.
Lemma at several positions simultaneously. We want to apply the same strategy
at infinitely many positions and hence need to transfer the just mentioned notions to
the unitary group U(H).

Let us now adapt the concept of optimality. The main reason for the following more
complicated definition is that a diagonal (unitary) operator might have infinitely many

cluster points.

Definition 4.47. Assume that u = diag(e!?%,e'%,...) € G = U(H) and let A C Ny
be an index set the form ), or {0,1,...,d} for some d € Ny or Ny. Let (ep,)nen, be a
sequence of elements ¢, € [-1/2,1/2] and ¢, == 0 for all n € Ny \ A. We say that a
diagonal operator u/ = diag(ei(®0te0) ¢i01te) "y is (g,),c 4-optimal for u if

o el 2 lenial:

. ‘ei(9j+€j) - ei(9J+1+6j+1)‘ =2 for all j € A;

e if v = diag(e!70,...) € u¥ such that v; = 6; for i = 0,...,n and |e'% — elfi+1| =
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4 Bounded Normal Generation
‘e”ﬂ' —e”ﬂ*l‘ forall j=0,...,d,d+1,...,k — 1, then

o0k _ Okt

> ‘ei'wc _ ei’wc+1| )

If A= 0, then we also call u’ optimal for u.

Moreover, to an (&, )ne4-optimal element u' we associate an injective map o : Ny — Ny

with «/, such that the differences |¢!(%- ) +2e@) — ¢ilo+1F20()+1)| are decreasing.

The map o in the above definition can be inductively constructed as follows. We
set 0(0) = 0. Suppose that o(i — 1) is constructed. Then o(i) takes the value of the

smallest index j which satisfies

eleyteow) — oillomy+1teow+1) > el0ites) _ oi0j41+e541)

> |elOrter) _ pi(Oht1+erti)

)

forall ] <i—1and k ¢ {0(0),...,0(i —1)}. There are cases where o cannot be
constructed surjectively and hence not as an element of the infinite permutation group

Sco. Namely if infinitely of the above differences are bigger than some others.

We need (5 )nea-optimality in order to have Corollary[4.39] Note that for a diagonal
element u € U(H) there always exists an (&, )ne4-optimal element, the set A and the
possible values of each ¢, depend however very much on the spectrum of u. Observe
that an (&, )ne4-optimal element u’ as above lies in (uG)2‘€O| with respect to the operator
norm, by continuity of !1 — ei€0|, where G := U(H). The third condition in the above

definition defines a lexicographic order starting from the (d + 1)th entry.

Definition 4.48. Let u € U(H). If A1, A2 lie in the spectrum of u, then we call the
multiplicity of A; minus the multiplicity of Ay the relative (A1, A2)-multiplicity of w.
We denote this integer by vy, , or simply v if Aj, A2 are clear from the context. The
multiplicity of a non-eigenvalue is always set to be zero. If the multiplicities of both A;
and Ao are infinite, then v := 0. For notational convenience we always set e_,, := 0 for
n € N and gp := 0 if the relative (A1, A2)-multiplicity is less than 1. Moreover, we set

en =0foralln > wv.

For example, an element v € U(H)g might have —1 in its spectrum, and 1 € o(u)

as a limit point or with lower multiplicity than —1. In any case, if the relative (—1,1)
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4.6 Bounded normal generation for the Calkin algebra

multiplicity is positive, then it is finite, by compactness of 1 — u.

Before being able to define an infinite-dimensional variant of angle-sum optimality,

we need to imitate Lemma F40

Lemma 4.49. Let {an},cy, € R be a sequence with infinitely many positive and
infinitely many negative real numbers such that both the sum over all positive a,, and

over all negative «,, diverge. Then there exists a permutation o € S, such that

< sup |oy| for every n € Ny.
Jj€No

Z Yo (i)
i=0

Proof. The construction of ¢ is analogous to that in Lemma We divide
No into three sets Ay = {neNy|a, >0}, A2 = {neNy|a, =0} and A3z =

{n €Ny | a, <0}. Define o inductively. First put o(0) = min,eq, n, o(l) =
mingea,n and o0(2) = mingea,n. If Z?:o gy > 0, then set o(2 + i) =
Ml A3\ {0(2),0(3),...0(+1)} 7 for © = 1,...,j1 with j; the smallest number such that
2+j S .
>3t (i) < 0. Now let /(2 + j1 + i) = Milye A\ (0(0),0(245141),0(2Hj1+i—1)} 7 TOT
i =1,...,jo with js the smallest number such that Z?:gl+j2 Qg > 0. Put o(2+j1 +
Jo+1) = minge 4.\ (o(0)} 7 and o (34 j1 + j2 +14) = Milpe A3\ (0(0),....0 (3151 +jo+i—1)} 1 fOT
i =1,...,7j3 with j3 the smallest number such that Z?:glﬂﬁj‘“’ (i) < 0. Proceed by

induction (alternating the above steps). O

Let w € PU(H) \ UH)k, u # 1. Observe that there is A\ € U(1) such that \u
has infinitely many positive and infinitely many negative angles. For example, if the
spectrum o(u) of u is {ei”/2, 1}, where ¢7/2 and 1 have infinite multiplicities, then

one can choose A = e~ 1™/4 to obtain o(A\u) = {ei“/4, e_i”/4}.

Definition 4.50. Let u = diag(e!%,e'% ..) € PU(H)\ UH)k, u # 1, and o € S
as in Lemma Then we say that diag(e!%©,el%0 .. ) is angle sum ordered

with respect to wu.

Note that by Lemma .49 and the remark preceding the above definition, given any
u € PUH)\U(H)x, u # 1, there exists an element in u®, G := PU(H), which is angle

sum ordered with respect to u. In fact, there exist infinitely many such elements.

Theorem 4.51. Let H be a separable infinite-dimensional Hilbert space. Consider
the projective unitary group G = PU(H) of B(H), endowed with the strong operator
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4 Bounded Normal Generation

topology. Assume that u,v € G \ U(H)x are nontrivial elements satisfying lo(u) <
mly(v) for all t > 0 and some m € N. Then

we (0 Uy aymm s

Proof. Since v € PU(H) \ U(H)xk, ¢(v) does not tend to zero as ¢ — oo. Hence
there exists 0 > 0 such that {p(u) < 2mli(v) — 0 for all t > 0. We choose € > 0 such
that € < d/(2m+2). Using a version of the noncommutative Weyl-von Neumann-type
theorem by Voiculescu, see [Vo 79, Theorem 2.4], we obtain the existence of diagonal

elements

u' = diag(el%, €%, .. ), o = diag(el™?, el ™, .. )

and g, h € G such that gu’g~! and hv'h~! are e-close to w and v in the Hilbert-Schmidt
norm ||-|| ;g respectively. By Lemma and since the Hilbert-Schmidt norm is always

greater or equal than the operator norm, we have

lo(u') < 2mly(v") — 5+ 2(m + 1)e

< 2mly(v') for all t > 0.

We now describe how to get an (&,,)pea-optimal element for v'. Let (c¢p)pear de-
note the (possibly empty, finite or countably infinite) sequence of cluster points ¢, in
the set {ei'yo,ei“, . } (starting from 1 in mathematically positive direction). Con-
sider the corresponding sequence (1,) of relative (¢,, ¢,) multiplicities and throw out
the nonpositive ones. Here we set v, := 0 if both —¢, and ¢, have infinite multi-
plicity. We obtain a subsequence (v)near of (Vn)near, where A” C A”. The index
set A in the definition of (&,)neca-optimality is now empty if A’ is empty, and else
A={0,1,...,2> c 4 vn — 1}, in particular, A = Ng if 2}, _ 4, vy is not finite.

Now we may choose arbitarily small €,, decreasing in absolute value, such that ¢ >
len| > 0 for n € A and |e,| — 0 and such that v” = diag(el0+20) . ) is (,)nen-
optimal for v" with associated permutation 7, where we assume without loss of gener-
ality that the eigenvalues are ordered in such a way, that this is possible (follows from

bi-invariance of the operator norm and renumbering if necessary).

Assume that u” € (u')% is angle sum ordered with respect to u’ (with corresponding

permutation o). Then we have 2{y(u") > ’ZLO 90(2-)’ for all n € Ny. Using Corollary
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4.6 Bounded normal generation for the Calkin algebra

[4.39 we obtain for all n € Ny and ¢t > 0

< 26o(u") < 8m V) + €ty — Vrt)+1 — Ery+1] -

> o)
1=0

Hence by the triangle inequality, assuming e, to be sufficiently small,

< 8m |vr() = Ve 1| + 8m |erry — Er(ry 41

> o)
=0

< 10m ‘%(t) — %(t)+1’ for all t > 0, n € Ny. (4.2)

Before being able to generate u” from v”, we need to decompose both elements in
an appropriate way. Decompose u” = Hz’eNO u; into its SU(2) product decomposition
and v = HZ-GNO v; into its one-parameter torus decomposition. In order to generate
infinitely many entries of «” simultaneously, we partition Ny into disjoint sets A; and
Ay, where Ay == {2n | n € No} and Ay = {2n+1 | n € No}.
We use Lemma and Inequality to obtain

[T we (@)uw)%"™, i=1z2

JEA;

and thus
u” c ((UH)G U (U//)—G)Qom'

Since u” € (u')%, v" € (V)% C ((v))%)e and o/ € (UG)E:H'HHS’ (NS (UG)‘S’ll"‘HS’ we
get
20m
G G -G
u€ ((u)%), C (((U )2 |l g5 Y (v )25,\\-||Hs) >
allllas
Thus by Lemma |4.31| we have u € ((vG U v_G)20m> .
(20m+1)2¢, ||| g 5
Letting € tend to zero, we arrive at
——oomlll
ue (vGUp=G)Hom
This completes the proof. O

In Theorem we actually do not need the condition u ¢ U(H)x. The only problem
that can arise for u € U(H ) is that the angle sum increases for every possible SU(2)

decomposition of u. Hence the assumption has to be changed to 2 < mf;(v) (instead
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4 Bounded Normal Generation

of lo(u) < ml(v)) for all t > 0. The proof works equally well. Thus one can interpret
Theorem as a criterion to be a topological uniform normal generator for PU(H),
endowed with the strong operator topology.

Remark. Fong and Sourour showed in [FS 85| that every proper normal subgroup of
U(H) is contained in the normal subgroup U(H )i (y) and that if u € U(H)\ U(H) ),
then u is a product of a finite number of operators, each of which is unitarily equivalent.
So Theorem on the one hand can be considered weaker than the result of Fong and
Sourour because it involves the Hilbert-Schmidt norm closure, but on the other hand
we give quantitative estimates. Our version will allow us to prove the bounded nor-
mal generation property for the connected component of the identity of the projective

unitary group of the Calkin algebra.

Let ‘H be an infinite-dimensional separable (complex) Hilbert space. By C we de-
note the Calkin algebra on H, i.e., C = B(H)/K(#H). Moreover, we write U(C) for its
unitary group and PU(C) for its projective unitary group. Each equivalence class in
U(C) contains a diagonal element by the Weyl-von Neumann-Berg-Voiculescu Theorem,
see [Vo 79, Theorem 2.4|. By [Mu 90, Theorem 4.1.6] C is a simple C*-algebra (but
not a von Neumann algebra). The (projective) unitary group of the Calkin algebra is
not connected (recall that in contrast, the unitary group of a von Neumann algebra is
always connected in the uniform topology and hence also in the strong operator topol-
ogy, see |[KR 86|, Exercise 5.7.24(ii)|). Its connected components are characterized by
the Fredholm index. Since we want to use Theorem .51l we need to ensure that the
elements of consideration in PU(C) can be lifted to U(#). This lift exists precisely if
the elements have Fredholm index 0, that is, they are in the connected component of

the identity.

The essential norm |||, on C is the norm defined by

€ss

T = inf ||z — where z,y € C.
o= 306l = y

For u € PU(C) we let

ess °

less(u) == inf ||[1— A
(u) Aé%(l)” ull

Theorem 4.52. Let G denote connected component of the identity of PU(C). Assume
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4.6 Bounded normal generation for the Calkin algebra

that u,v € G\ {1} satisfy less(u) < mless(v). Then
ue (¥ Uup)2om,
In particular, if less(v) > 0, then
G =@ uv)m,

for every m > 40/less(v). That is, G has property (BNG).

Proof. Let H := PU(H). Since u and v are of Fredholm index 0, there exists a lift
into H. We denote the corresponding elements by «’ and v’. Since the eigenvalues of

u, v have infinite multiplicity, we have £;(u’) < m#;(v') for all ¢ > 0. Hence by Theorem
we have

u e (U/H U Ufo)zomH'”HS‘
We may pass back to PU(C) by using the quotient map, so that we obtain
G)QOm

ue (¥ U

as claimed.

To see the second claim, note that if fegs(v) > 0, then trivially

fess (U) <

This holds for arbitrary u € G, i.e. G has property (BNG). O

The following corollary was also found by Fong and Sourour in [F'S 85].

Corollary 4.53. The connected component G of the identity in PU(C) is algebraically

simple.

Fong and Sourour actually showed more, see |[F'S 85, Theorem 3|: the normal sub-

groups of U(C) are its center and the groups

N, = {u € U(C) | n divides the Fredholm index of u}, n € Np.
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4 Bounded Normal Generation

4.7 Topological bounded normal generation for II; factors

This section deals with property (topBNG) for projective unitary groups of II; factors,
endowed with the strong operator topology. This section is mainly included because
our proof of property (topBNG) is easier to understand than our proof of property
(BNG) which is treated in the next section.

The strategy of the proof of property (topBNG) is to approximate both u and v
(arbitarily close) with elements having finite spectrum and rational weights and then
map them to the same element in PU(n) via partial isometries. This allows us to use
Theorem Letting the approximation be finer and finer and using Lemma we

conclude that w is in the strong closure of a product of conjugates of v and v*.

Our first step is to prove the following approximation result.

Proposition 4.54. Assume that v € U(M) and ¢ > 0. There exists an element
u’ € U(M) having finite spectrum and corresponding spectral projections of rational
trace such that

Ju—], <.

Proof. Choose pairwise distinct elements Ay, ..., A, € U(1), n > 2, such that for every
A € o(u) there exists i € {1,...,n} such that |\ — \;| < /4 and arg(\;) < arg(Ai+1)

mod 27. Denote by p, the spectral measure of u and define

pi = pu({A [ arg(A) € [arg(Xi), arg(Ait1))})

fori=1,...,n—1and p, == pu([An, \1)) =1 — Z?:_ll p;. If p; has rational trace we
set g; = p;. Without loss of generality we may assume that p; # 0 and 7(p;) € R\ Q.
Fori=1,...,n—1 let ¢; be a subprojection of p; with rational trace and such that
Ipi — qilly < €/(n—1). Set g, =1 — """ ¢; and observe that 7(¢,) € Q and p, is a

subprojection of ¢, such that

lpn — anQ =

n—1 n—1
1= n— (=3 a)
i=1 i=1

n—1
<D llpi - aill, < e
2 =1

Now set «' := Y ;" | Aig;. From the inequality [|zyl|; < |z| - ||y, for z,y € M and
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4.7 Topological bounded normal generation for 11; factors

Proposition [2.1§[ii) we conclude

lzylly < flzylly < [l - llylly < 2l - 21yl -

Hence we obtain

n

> (ugi — Nigi)

i=1

n
<> llug — Mgl
i=1

!/

e = w'fl, =

1

n
<3 llugi — Miaill -2 il
=1

n
€
< Z 12 llgilly
i=1
£

By Proposition [2.18[ii) we thus have
il < 2 u ], <
as desired. n

Remark. Using similar arguments as in the proof of Proposition one can show
that if the connected components of the spectrum of u € U(M) have rational weight,
then for arbitrary e > 0 there exists v’ with finite spectrum and spectral projections of
rational trace such that

u—| <e.

The proof of Theorem [4.57] uses the following technical lemma, which allows us
estimate singular values for sufficiently close 2-norm approximations of a given element

in a II; factor M.

Lemma 4.55. Let z,2/ € M. There exists € > 0 dependent only on z such that if
|z — 2’|, < e, then

loy(x) < 204(2) for all t > 0.

Proof. Let s denote the projective rank of x. Put § := f3,/4(7)/2. Assuming ¢
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4 Bounded Normal Generation

to be small enough we have a sufficiently fine 2-norm approximation z’ of z such
that £y/5(2') > 26 > 0. Right continuity (see Lemma [4.26) implies that there exists
do € (0, /2] such that

lo(z) — b(x) <5 for all ¢ € [0, &)
Thus for all ¢ € [0, d] we conclude

lo(z) < ls,(z)+ 6
< 650/2(1",) + M(So/?(x - x/) +4

< Ly(2") + 2 + 4.
do
Thus if € is small enough, we have 2¢/dy < ¢ and hence
() < Le(x') + 20 < Ly(2') 4 Lyo(2") < 26(2")  for all ¢ € [0, do].
For t € [dp, s/2] we obtain
lor(z) < lp(2)) + pe(x — ) < b (2)) + 55 < 20(2).
0

Thus for all t > 0
egt(.%') S 2&(1’/),

as claimed. O

Assume now that u,v € G := PU(M) satisfy o(u) < ml(v) for all ¢t € [0,s] and

some m € N. We want to show that under these circumstances we have

u € (vG Uy=G)32m[1/s] ”'”2_

Let € > 0 be arbitrarily small. By Proposition there exist elements u/,v' €
U(M) such that [|u —u/[ly, [lv—2'|l; <eand u' =370, \ipi, o' =37, (jq5, where
i, ¢ € U(1) and p;, q; € Proj(M) satisty 7(p;) = ri/si, 7(qj) = 7j4n/Sj4+n for some
rE, sk € N\ {0}.

Let so denote the least common multiple of s1, ..., Sp4m. Take subprojections p/ of the
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4.7 Topological bounded normal generation for 11; factors

pi and ¢ of the g; such that 7(p}) = 7(¢j) = 1/s0 and

S0 S0
=S =3,
i=1 j=1
where multiplicities are taken into account. We need the following easy lemma.

Lemma 4.56. Let p} and ¢, be as defined above. There exists w € U(M) such that

wpiw* = ¢ for all i =1,..., so.

Proof. Since p; ~ ¢; for all 4,5 = 1,...,s0, we may choose partial isometries z;
(respectively y;) with initial projection p} (respectively ¢;) and final projection p}. Let

w = Z,’f:l y;x;. We claim that w is unitary.
wrw = szyzyf% + inyiijj = Zl’fplxi = Zl’fﬂ?ﬁf% = sz‘ =1,
i i#j i i i

and analogously ww* = 1. O

Using the above lemma, we obtain that

S0

50

3 !/ / ! !

wuw :E A, v ZE G4
i=1

i=1

We assume that «’ is such that we have £y(u’) < £p(u). Note that this is always possible

by choosing the eigenvalues of the approximating element v’ such that

sup A=< sup [A—(].
A CEa(u) A C€Eo(u)

Using Lemma for v,v’ and assuming ¢ to be sufficiently small we obtain for all
t € [0,s/2] that

lo(wu'w*) = Lo(u) < lo(u) < mlay(v) < 2mby(v'). (4.3)

We may assume that s is rational. Indeed, if s is irrational, using right continuity and
the fact that the inequality fo:(v) < 26,(v") for t € [0,s/2] is strict, we replace s by
some rational § > s such that fo;(v) < 26,(v') for all ¢ € [0,5/2]. Replacing sg by a

multiple of sy if necessary, we may also assume that s(sgp — 1)/2 € N. Using Theorem
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4 Bounded Normal Generation
for the elements «/, v’ with Inequality (4.3) we conclude that

wu'w* € (UG U U—G)16mf(sofl)/(8/2)(soflﬂ — (UG U UfG)32m[1/s‘\‘

Hence

w € ((19)e U (0792l

where G :== PU(M). Using Lemma [4.31], we obtain
ue ((v9u UﬁG)Bzmws])(32m[1/s]+1)a~

Now letting ¢ tend to zero, i.e. approximating both u and v finer and finer in the

2-norm, we obtain

= (UG U U—G)32mfl/s] HHZ
Summarizing the above discussion, we have proven the following theorem.

Theorem 4.57. Let M be a 11;-factor. Assume that u,v € G = PU(M) satisfy
lo(u) < mly(v) for all t € [0, s] and some m € N. Then

u € (vG Uy=G)32m[1/s] H'”{

If both u and v have finite spectrum and rational spectral weights, then

ue (v U U_G)32m[1/s].

Lemma 4.58. Let M be a finite von Neumann algebra with normalized trace. For
any two elements u,v € PU(M) \ {1} there exist k,m € N such that 5 (u) <
max {mf;(v) — ¢, 0} for all ¢ > 0 and some 6 > 0. In particular, for every v €
PU(M) \ {1}, there exist k,m € N such that (g (u) < max{ml;(v)— 9, 0} for all
t > 0 and for all u € PU(M).

Proof. Since v # 1, we have £;(v) at least for ¢ = 0. Right continuity of y; in ¢ implies
that there exists an interval [0,d¢) such that ¢;(v) # 0 for all ¢ € [0,dp). There exist
d1,€ > 0 such that ¢;(v) > € for all ¢t € [0,01]. Since ¢;(u) < 2 for all £ > 0, there exists
m € N such that me > 2+ 4. Clearly, there also exists k& € N such that kd; > 1 (recall
that ¢, = 0 for all t > 7(1)). That is, we have {p;(u) < max{m¥;(v) — 4, 0} for all
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4.8 Bounded normal generation for 111 factors
t>0. O

Theorem 4.59. The projective unitary group G of o 111-factor, endowed with the strong
operator topology, has property (topBNG).

Proof. Let v € G\ {1} be arbitrary. By Lemma there exist 6 > 0 and € > 0 such
that
li(v) > e for all t € [0,0].

Let w € G be arbitrary. Since ¢;(u) < 2 for all ¢ > 0 and ¢;(u) = 0 for all ¢ > 1 we have
lo(u) < [2/elly(v) forall t €[0,0].

Using Theorem we conclude

ue (vGuU U—G)32(2/51.(1/51)H'Hg.

Since u was an arbitrary element, this implies that G has property (topBNG). O

An immediate corollary of Theorem is the topological simplicity of the projective
unitary group in the strong operator topology. This was discovered for the uniform

topology by Kadison in [Ka 52].

Corollary 4.60. The projective unitary group of a II; factor is topologically simple

in the strong operator topology.

We remark here that Theorem implies that the projective unitary group of a
metric ultraproduct of a IT; factor has property (BNG). However, in the next section
we will prove that the projective unitary group of any separable II; factor has the

bounded normal generation property.

4.8 Bounded normal generation for II; factors

This section deals with the proof of the bounded normal generation property of projec-
tive unitary groups of II; factors. The proof of this algebraic property is considerably
more complicated than that of its topological counterpart in the previous section.

In this section M will always denote a separable II; factor.
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The following result is a first observation on the spectral behaviour under taking

appropriate commutators.

Lemma 4.61. For every u € U(M) there exists v € U(M) such that

1— 0¥l > inf |1 — Aull, .
1wl > int 1= vl
Proof. Apply |Po 81, Lemma 2.3] (see also [Ta 03 Lemma XIV.5.6]) to the element

u — 7(u) in order to obtain for arbitrary ¢ > 0 the existence of v € U(M) such that
* 2 x12 2
[o(u = 7(w)v" = (u = 7))z = llv = wou; = (2 =€) [lu = T(u)[l5-
For € > 0 sufficiently small, we obtain

2 — - 2> inf |1 — ul?
(2—¢)lu T(U)Hz_Aelg(l)H ully,

as claimed. O

However, Lemma does not reveal information about the generalized projective
s-numbers of the commutator. It is much harder to keep track of that information
under commutators. We now construct for a given unitary w another unitary v such
that the commutator [u, v] retains much of the spectral information of u. On the one
hand this result is crucial for our proof of property (BNG) in the II; factor case, on
the other hand it is of independent interest since it allows to consider commutators
instead of the original element without qualitatively changing the (projective) spectral

information.

Proposition 4.62. Let M be a IT; factor. For every u € U(M) there exist v € U(M)
such that
logi(u) < 44 ([u,v]) for all ¢ > 0.

Proof. If u € Z(U(M)), then the claim is trivial. So assume that w is noncentral.
Right continuity of ¢; in ¢t implies that there exists s € (0, 1] such that ¢;(u) > 0 for all
t €[0,s) and £;(u) =0 for t > 5. For § := £;/5(u) > 0 we obtain

lor(u) < 204 (u) — 0 for all t € [0,5/2).
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Using the right continuity of ¢; once again we get the existence of dp > 0 satisfying

N &

lo(u) — Llagsy(u) <
and thus

for all ¢t € [0, dp). (4.4)

N

loge(u) — logs,(u) <

Let € > 0 such that € < §9p/40. By Proposition we can find u' such that
Ju— '], < e and v’ = Y274 Ajp; with orthogonal projections p; and 7(p;) = 1/n for
i =0,...,n — 1. Relabelling if necessary, we may assume that diag(\o,...,Ap—1) is
optimal with associated permutation 7. Taking orthogonal subprojections p; 1, p; 2 of p;
with trace 1/(2n), the multiplicities of the eigenvalues are divisible by 2. We write \;
for the eigenvalue corresponding to p; ;, j = 1,2. Note that A\; ; = A; for j = 1,2 and
alli =0,...,n — 1. We consider A\; ; = A\ as a right-continuous function in ¢ € [0, c0)
which is constant on the intervals [0,1),...,[n —1,n), Ay = \; for t € [i,7+ 1), and
zero for t > n. We now construct a permutation o € Sx, X ={0,...,n — 1} x {1,2},
as follows. Set

Ao(i,1) = Ait1,1, Ao(n—1,1) = Ao,1, Ao(i,2) = Ai2-

For notational convenience we can consider o(t,7) as a right-continuous function in

t € [0,00) which is zero if ¢ > n and constant on the intervals [i,i+ 1), i =0,...,n.
Let v € U(M) be such that vp; jv* = p,-1; ;- Then
[/, v] = > AijPij > NedPo1(kt) = D AigAo(ig)Pig-
i=0,...,n—1, j=1,2 k=0,...n—1, I=1,2 i\j

Put X” = Aiva,(i,j) and observe that X@g = 1. We want to have an inequality between
the projective singular values of [u/,v] and u/. It is clear that ¢ ([u/,v]) is constant in
the intervals [i/n, (i + 1)/n), i = 0,...,n — 1, and zero for ¢ > 1. Therefore we use

Lemma [4.38] (recall that 7 is normalized). We have

1
5 ‘)‘71'(21‘,71) - )‘ﬂ(2tn)+1‘ < Et(u/) < |A7r(tn) - >‘7r(tn)+1{ for t > 0.

Let & be a permutation on {0, ...,n — 1} such that A5(j),1 — A5 (j),2

X&(i),l - XE(i),Q‘ >

97



4 Bounded Normal Generation

for i < j. Analogously to \; and o(t,j) we view o(t) as a right-continuous func-
tion in t € [0,00) being constant on the intervals [i,7 + 1). We claim that for ¢ €
{0,1/n,...,(n —1)/n} we have

([ v]) > X&(Qtn),l - Aa(zm),z‘ . (4.5)

DN =

Assume the contrary that there exists t € {0,1/n,...,(n —1)/n} such that the above
inequality does not hold. We conclude analogously to Lemma [4.38] Let z € U(1) be
arbitrary and 7 be a permutation of {0,...,n — 1} such that

‘Z - X77(0),1‘ = ‘Z =) 1‘ 2 2 ‘Z - X77(1%1),1‘ :

)

Thus by assumption |[Az(2:),1 — Xg@i)’z‘ > 2 ‘z - Xn(i)71‘ for some i € {0,...,n —1}.

Hence for kK =0,...,2¢ we have

Az (k)1 — X’&(k),2’ >2

zZ = Ay(i)a

z — f)\vg(j%l‘ +

)

z— X&(j),Q’ >

that is, o(j) or &(j) lies in {n(0),...,n(i — 1)} (which has only i elements). Since the
inequality holds for 2i 4+ 1 elements we conclude a contradiction. Since z € U(1) was

arbitrary, Inequality (4.5 follows.

We conclude

1
2

G([u',v]) > = Az — Xa(zt),z‘

1 _
=3 | Az 20,1520 +1,1 — 1

1
=5 | Az 2t) — Ag26)+1]

1
5 ‘)\W(Qt) - )‘F(Qt)+1|

v

for all ¢t € [0,(n — 1)/n) except possibly t > (n — 1)/2n - namely if 6(n —1) =n —1
(thuso(o(n—1)+1) =1) and |Ap—1 — M| < })\ﬂ(n_l) - )\7r(n—1)+1‘- Hence 24, ([u/, v]) >

P‘ﬂ(Stn) - )\7r(3tn)+1’ and

O31(u") < 264([u', v]) for all t > 0. (4.6)
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4.8 Bounded normal generation for 111 factors

The following calculation uses the fact that ||zy||, < ||z - ||y|, for any z,y € M.

| [, v] — [u',v]HQ < lw*[| - |Juvu* — won”™ + wou”™ — u'vul*HQ

< ol - [ — [, + o] -

e = o[l

< 2e.
Using Lemma we have the following estimates for every ¢ > 0:

li(u) = ir;fut(l —AMu—u +u))

< ft/2(ul) + pe2(u — u').
From Lemma and the inequality ||-||; < ||-||; we further conclude

C(u) < Lyp(u) +2¢/t

20y 6([u', v]) + 2¢ /1. (4.7)

The same calculation with u replaced by [v/,v] and ' replaced by [u,v] shows that
G([u'v]) < yo(fu,v]) +2- 2/t (4.8)
Combining Inequalities and we get
ly(u) < 20/19([u, v]) + min {10e/¢,2}  for all £ > 0. (4.9)

From the inequality fo;(u) < 2¢;(u) — 0 for all ¢t € [0,s/2) and the above estimates we
conclude for ¢ € [0, s/24) that

logp(u) < 2l194(u) — 9

Using Equation (4.4) we obtain from the above inequality that for all ¢ € [0, d¢)

1)
los(u) < logsy(u) + =

2
20 ]
< 4l ([ 0)) + - 045
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4 Bounded Normal Generation

If s/24 >t > 6y we have

20
Coat(u) < 46y ([u,v]) + TE _5

2
< 46y([u,0]) + 22 5
do

< 44 ([u, v]).
Since fa4¢(u) = 0 for all ¢ > s/24 we can summarize our estimates to
loge(u) < 44 ([u,v]) for all £ > 0,

which concludes the proof. O

Remark. The proof of Proposition shows that v can be chosen such that it has finite
spectrum and rational spectral weights. If u has finite spectrum and rational spectral

weights itself, then v can be defined on subprojections of the spectral projections of w.
We need the following Borel measurable version of Lemma [4.33]
Lemma 4.63. Let (X,r) be a Borel measure space and let u = (ei(f e,ow> , U=

0
for some even m € N and v-almost every z € X, then u € (v&)™.

(7). %) € G = U(Mayn(C) @ L(X, )) be nontrivial elements. If [(x)| < m |9(x)

Proof. The proof follows closely the proof of Lemma [4.33] but we need to ensure that
the steps are Borel. This will be clear from the construction.

Observe that multiplication of diagonal elements by v(z) adds the angle §(z) while
multiplication with v~!(z) subtracts the angle (). If w(x) € SU(2) is diagonal with
tr(w(z)) = cosy(x), then we can choose v'(z) € v(x)SV?) such that tr(w(z)v'(z)) =
cos7i(z) for any v1(z) € [y(x) — 0(x), v(x) + 0(x)], namely

o (z) = (cos@(x)—&:isinel(w) b() )

—b(z) cos 0(x)—isin 01 (z)

for 01(x) € [—0(x),0(x)], where |b(z)]* = 1 — cos?O(x) — sin?6;(z) = sin?O(x) —

100



4.8 Bounded normal generation for 111 factors

Assume that ¢(z) and 0(x) have the same sign for v-almost all x € X (else one
needs to replace v by v* in the following). Multiply v(z) n € {1,...,m — 1} times by
itself until either p(x) < nf(x) or p(x) > (m —1)0(z). In the second case, multiplying
v™~1(z) by the right element v/(z) one obtains u(z) = v~ !(x)-v'(z). In the first case,
if n = m — 1 then we also get u(z) = v !(x)-v'(x). If n < m — 1 then we multiply
interchangingly by v*(z) and v(x) until one step is left. The last step is to use the
conjugate v'(z) of v(x) to obtain u(z) = v"(z)v*(x)v(x) - ...  v*(z)v(z) - v'(x). This
gives an algorithm which determines in finitely many steps and divides X into Borel

sets in each step. O

Before proving the main result of this section we want to outline the strategy of the
proof. We want to generate an element u € PU(M) having finite spectrum and rational
weights with an arbitrary element v € PU(M) under the assumption of an inequality
between their projective s-numbers. Our first step is to map v via an isomorphism
into 2 x 2 matrices over pMp, 7(p) = 1/2, such that they have diagonal form. Then

v = (%0 191 ) = (%) (1)) . ((1] 191 ) Using Propositionwe can ensure that the projective

wo 0

o 1), are still comparable with those of the

singular values of [vg, wo], where w = (

_1g_1 to construct a

original element v. We then use two conjugates of [v, w]g[v, w]
unitary v’ which has finite spectrum and rational spectral weights, where g permutes
the diagonal entries of the 2 x 2 matrix [v, w]. Using now Theorem we can generate

u with o'

Theorem 4.64. Let M be a separable 111 -factor and u,v € G := PU(M). Assume that
u has finite spectrum and rational spectral weights. If lo(u) < mly(v) for all t € [0, s]
and some m € N, then

= (UG U UfG)24576m(1/s]'

Proof. First note that for § := £5(v) > 0 we have
lo(u) < m(2;(v) —6) for all t €0, s].

Put ¢ .= §/4. Let (1,...,(, be n roots of unity with arg((;) < arg((i+1) such that
for every A € o(v) there is an i € {1,...,n} such that |\ — (;| < e. We may assume
that there exists no (; satisfying |A —(;| > € for all A € o(v). Denote by p; the
spectral projection of v corresponding to the set {ew | ¢ € [arg(&), arg(§i+1))}, where
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4 Bounded Normal Generation

Cnt1 = (1 and i € {1,...,n}. Define f(v) = Zzil Gipi- Tt follows that

lo = f(v)ll <e.

Now take subprojections p} of p; with 7(p}) = 37(p;). Let p == Z?;O pi. Then 7(p) =

1/2 and p commutes with v.

Denote in the following by Kip) the restriction of ¢, to pMp, i.e., El(tp) (z) = infy e (p—

Apzp) for x € M. We conclude from Lemma that
lae(v) < Lay(F(v)) + € = L7 (f(v)) + ¢ for every ¢ > 0.

Since we also have || f(v)p — vp|| < € we obtain Egp)(f(v)) < Egp) (v)+eforallt > 0and
thus

ly(v) < eip) (v) + 2¢ for every t > 0. (4.10)

We have v = (9 0) = (0 9) . (§2) € UlpMp ® Mays(C)) for vy == vp and

0 v 0 vy

some vy € U(pMp). By Proposition applied to the algebra pMp there exists
w=("%"9) e UpMp® Msy2(C)) such that

(5 (w) < 40P ([, w)) for all ¢ >0,

where

o, w] = (oo 0.

Let g € U(pMp ® Max2(C)) be such that

-1 -1 1 0
g[v,w] 19 = (0 (vowov(’;wfj)*1> :

Then under the identification of G with its image under the isomorphism M — pMp®
Ms42(C) we have

7= [v,w]glv,w] tg7t € (¥ UG

In particular,

69 (v) < 40P (v, w]) = 40P () for all ¢ > 0. (4.11)
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4.8 Bounded normal generation for 111 factors

By Theorem I1.6.1 in [Di 81| we can decompose L*°(o(v),v) into a direct integral
such that v is represented as fjﬁﬁ) (6\%) dv(\).
Now we can use Lemma to generate an element v with discrete spectrum and

rational spectral weights such that ¢,(v") + e > £,(v) for all t > 0 and
v e @ U9 C (¥ uvTE)s,

In the following, we describe how to generate such an element explicitly.

e First note that right continuity of ¢; in ¢ > 0 implies that there exists dyp € (0,1)
such that ¢o(v) < 5,(v) + /4. Let €9 € (0, 1) be such that eg < Jpd/24 and such
that there exists A\ € o(v) with |1 — A| > ep.

e Let \g:=1and \,..., A\, € U(1), n € N, such that

L |]1=X|>epforallie{l,...,n}and |1 — \;| =¢¢ for i = 1,n,

2. for every A\ € o([v,w]) with |1 — A\| > g¢ there exists ¢ € {1,...,n} such that

|)\ — )\z’ < €o,

3. @il < lpiri| < 2|pil for all i € {1,...,n — 1}, where ; = arg(\;).

e Denote the subprojections of the spectral projections of v corresponding to the

parts

(901/27 901}7 ((pla @2], (9023 903]a R (Sonfla 9071]’ (SDm (:01/2]

by p1,...,pn.po. Then > (p; = 1. Without loss of generality all these projec-
tions are nontrivial (else we can leave out some parts and renumber). Let ¢; 3 p;
for i = 0,...,n be subprojections of rational trace such that 7(p; — ¢;) < €o/n.

e Using Lemma we can generate

n

V= Mg+

1=0

in two steps, where ¢:==1—->"" (¢, 7(¢) <1— (1 —n-eo/n) = eo.
We have generated a unitary with finite spectrum and rational spectral weights. The
inequality

lzylly < Nl - llyll,
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4 Bounded Normal Generation

allows us to conclude

Il =2l < Ml = Daill, + 0" = )],
1=0

<D @ =0)gl| - llally + [Jo" | - l1gll,
1=0

n
<eo- Y llaill, +2 1l
i=0

< 380.
Thus for ¢ € [0,9/2) we conclude

U1 (V) < ls5,(0) +0/4

6
< 5,0 (0) + % +6/4
0

< Lsys2(v') +6/2.
For t > §p/2 we obtain

(o(3) < G(0') + % <00 +6/4,
0

so that we have

Oo1 (V) < 4 (V') +6/2 for all t > 0, (4.12)

as well as

ﬁé’i) (v) < €§p) (v") +§/2 for all t > 0.

From £p(u) < m(26;(v) — ) for all t € [0, s] and from Equation (4.12]) we conclude
for all t € [0, s] that

b(u) < m(26(v) —9)

@10)

< m(200)(v) + 2 — )
@) ) ~

< (8L (D) + 26 — 0)
@.12)

< m(8EN() +8/2 + 2 — 0)
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4.8 Bounded normal generation for 111 factors

IN

SmBE%G(U’)

IN

8mty g6 (v").
Summarizing these estimates we have
lo(u) < 8mllP (v') < 8mel,(v')  for all t € [0, 5/96). (4.13)
Since u has finite spectrum and rational weights we can use Theorem to obtain:

= ((U/)G U (v/)—G)32mf96/s] C ((U’)G U (v/)—G)3072m|'1/s'|

C (UG U ,U—G)24576m(1/s].
This concludes the proof. ]

In Theorem we required the element u to have finite spectrum and rational
spectral weights. So in particular, we can generate any symmetry of trace 0. To prove
that PU(M) has property (BNG) it then suffices then to combine Theorem and
Theorem [4.641

Theorem 4.65. The projective unitary group of a separable 111 factor has property
(BNG).

Proof. Let v € G := PU(M) \ {1} be arbitrary and denote by s its projective rank.
Let w be a symmetry of trace 0. By Lemma there exist m € N such that fp(w) <
mly(v) for all ¢ € [0, s/2]. Using Theorem we obtain

we @ U U—G)24576m(1/s1_
Using now Theorem we obtain
ue (w Uw %)

for any v € G. That is,
G = (v€ Uy~ C)T86432m[1/s],

This finishes the proof. O
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4 Bounded Normal Generation

Theorem easily implies the algebraic simplicity of PU(M) which was first dis-

covered by de la Harpe - see the main theorem in [Ha 79).
Corollary 4.66. The projective unitary group of a II; factor is simple.

We now present a formulation of Theorem with a suitable normal generation

function. For x € M we define

L(x) = /te[o,l] O (x)dt.

Corollary 4.67. Let G denote the projective unitary group of a separable II; factor.
For some constant C' € N the function f: G\ {1} — N given by

o) = C-[—1In(L(v)/2)/L(v)], if L(v) <1/3,
¢ if L(v) > 1/3,

defines a normal generation function for G. That is,
G(,—G\k
G=(v"uv)
for every k > f(v), v e G\ {1}.

Proof. Observe that ¢.(v)/2 : [0,1] — [0,1] is non-zero and monotone decreasing.
Assume that L(v) < 1/3. From [Th 14, Lemma 2| we conclude that there exists some
to € [0, 1] such that

L(v)/2
toly, (v) > W

As in the proof of Theorem we conclude that

G = (vG U UfG)786432-[1/£t0(v)1-(1/:ro1 C (UG U v7G>786432-[(781n(L(v)/2))/L(v)]‘

Now if L(v) > 1/3, then (for to = 1/6) we even have £, /5(v)/6 > 1/36. Assume to the
contrary that ¢, 6(v) < 1/6, then we would have

1 1 1 1 1
L(v </ 1dt+/ L
) [0,1/6] (/6,1 6 6 6 36 3

a contradiction to L(v) > 1/3. It follows that there is a constant C' € N such that the
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4.8 Bounded normal generation for 111 factors

function f: G\ {1} — N defined by

fo) = C-[—1In(L(v)/2)/L(v)], if L(v) <1/3,
C, if L(v) > 1/3,

is a normal generation function. O
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5 Invariant Automatic Continuity

The aim of this chapter is to prove that every homomorphism from the group

e PU(n), n € N, endowed with the norm topology,

e PU(M), M a separable II;-factor, endowed with the strong operator topology,
into any separable SIN group is continuous.
In general we say that a Polish group G has automatic continuity if every homomor-
phism of G into any other separable topological group is continuous. It is known that
PU(n) does not have automatic continuity.

Another goal is to prove the uniqueness of the Polish group topology of the projective

unitary group of a separable II; factor. To the author’s knowledge this was previously
unknown even for the hyperfinite II; factor.

Throughout this chapter II; factors are assumed to be separable.

In the following introduction on automatic continuity we follow to some extent

Rosendal’s excellent survey [Ro 09b] on the subject.

The question of automatic continuity goes back to A. L. Cauchy, who analyzed
the question whether every function 7 : R — R satisfying the equation n(z + y) =
m(x) + 7(y), z,y € R, is of the form 7w(z) = rx for some fixed » € R. He proved
that any continuous solution is of this form. So in modern terminology his question
asks if every endomorphism of the additive group of the reals is continuous. Using the
axiom of choice one can show that there are discontinuous homomorphisms. In fact,
Cauchy’s question drew a lot of attention around the beginning of the 20th century.
Several mathematicians attempted to find additional assumptions on the function 7
which imply that the solution is continuous. Successful attempts were provided around
1920, e.g., by M. Fréchet (any Lebesgue measurable solution is continuous), S. Banach,
W. Sierpiniski and H. Steinhaus. A result of Steinhaus was extended in the 1930’s by
A. Weil to all locally compact groups.
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5 Invariant Automatic Continuity

A very general form of the question is:
When is a homomorphism 7 : G — H between Polish groups continuous?

One the one hand, the motivation to study this question is intrinsic, since it is the study
of close connections between algebraic and topological structure of Polish groups. On
the other hand, there are connections to many other fields, such as operator algebras,

ergodic theory, geometry and model theory and dynamics of large Polish groups.

We note that the general form of this question is nontrivial, i.e. there are many dis-
continuous homomorphisms between Polish groups - see [Ro 09b|. For example some
matrix groups such as SO(3,R) embed discontinuously into the group S, of all permu-
tations on N (this is [Ro 09b, Example 1.5], it follows from results of R. R. Kallman [Ka
00] and S. Thomas [Th 99]).

One of the first general results on automatic continuity in group theory can be found
in Pettis’ article [Pe 50| (cf. also the book of Kechris [Ke 95, Theorem 9.10]). To state
the result let us recall some definitions. A subset A of a Polish space X has the Baire

property if there is an open set B C X such that the symmetric difference
AAB = (A\B)U(B\ A)

is meagre. We say that a map 7 : X — Y between Polish spaces is Baire measurable

if 7=1(V) has the Baire property for every open set V C Y.

Theorem 5.1 (Pettis). Any Baire measurable homomorphism between Polish groups

18 continuous.

Christensen has archieved a general measurable automatic continuity result in [Ch
71]. Before stating it, we repeat some notion. A subset A of a Polish space X is called
universally measurable if for any Borel probability measure v on X, A differs from
a Borel set by a set of v-measure zero. A map m : X — Y between Polish spaces
is universally measurable if 7=!(V) is universally measurable for every open set

VC_y.

Theorem 5.2 (Christensen). Suppose that 7 : G — H is a universally measurable
homomorphism from a Polish group G to a Polish group H, where H admits a bi-

inwariant metric compatible with its topology. Then  is continuous.
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Another early general automatic continuity result was proved by Dudley in [Du 61].

Recall that a norm on a group G is a function ||-|| : G — N such that
@) g sl < llgh + 1I£1;
(i) el = 0;

(i) llgll = flg~*];

(i) llg"|l = max{n, ||g[|} for all g # 1.

Examples of normed groups are free groups with word length function.

Theorem 5.3 (Dudley). Any homomorphism from a Polish group G into a normed
group H equipped with the discrete topology is continuous.

Slutsky has recently generalized this theorem in [SI 13| to homomorphisms into free
products. Kechris and Rosendal [KR 07, Theorem 1.10] have shown the following

general result.

Theorem 5.4 (Kechris-Rosendal). Any homomorphism from a Polish group with ample

generics into any separable topological group is continuous.

A Polish group G has ample generics if for each n € N there is a comeager orbit for

the diagonal conjugacy action of G on G™:

g-(g15--,90) = (99195, 99ng ™)

This notion has been generalized in [KR 07| from the notion of ample generics intro-
duced in [HHLS 93| (for the purpose of studying the small index property of some
automorphism groups). Groups having ample generics also have the small index prop-
erty by |[KR 07, Theorem 1.6], i.e., any subgroup of index less than 2% is open. An
important example for a group having ample generics is the group So. The authors
prove in |[KR 07| that the group of Haar measure-preserving homeomorphisms of the
Cantor space and the group of Lipschitz homeomorphisms of the Baire space have
ample generics.

It is very rare that a group has ample generics. For example, (projective) unitary
groups of I1; factors do not have ample generics - even more they do not have comeager
conjugacy classes (which can be seen from the bi-invariance of the trace).

In [RS 07] Rosendal and Solecki develop a more general framework for groups having

automatic continuity.
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5 Invariant Automatic Continuity

Definition 5.5. A topological group G is Steinhaus (with exponent k) if there
exists an element k& € N such that W contains an open neighbourhood of 1 for any

symmetric countably syndetic set W C G (see Definition .
In Proposition 2 of |[RS 07| the authors can show the following.

Proposition 5.6 (Rosendal-Solecki). Every homomorphism from Steinhaus topologi-

cal group into any separable topological group is continuous.

For example, topological groups with ample generics are Steinhaus with exponent
10 (see [KR 07, Lemma 6.15]). Rosendal and Solecki show that the group Aut(Q, <)
of order-preserving bijections of the rationals and several homeomorphism groups are
Steinhaus. Their proofs crucially use the existence of comeager conjugacy classes (the
group Homeo, (S?) of orientation preserving homeomorphisms on the unit circle S! only
has meager conjugacy classes, but the proof heavily uses that the group Homeo, (R)
of increasing homeomorphisms of R is Steinhaus, which in turn relies on the existence
of comeager conjugacy classes). This indicates that we need some new ideas to show

an automatic continuity result for unitary groups of II; factors.

Recently Tsankov has obtained in |Ts 13| the result which motivated us to check
if unitary groups of II; factors, endowed with the strong operator topology, have an

automatic continuity property.

Theorem 5.7 (Tsankov). Fvery homomorphism from the unitary group U(H) on a
separable infinite-dimensional Hilbert space H, endowed with the strong operator topol-

ogy, into any separable topological group is continuous.

The proof shows the Steinhaus property for U(H) and relies on the work of Ben-
Yaacov, Berenstein and Melleray in [BYBM 13| - namely it suffices to show that some
fixed power of a countably syndetic set contains an open set in the uniform topology
(instead of the strong operator topology). In fact, this result motivated us to check
if the (projective) unitary group U(M) of a II; factor M, endowed with the strong
operator topology, also has an automatic continuity property. We tried to adapt the
proof of Tsankov - showing that there exists a fixed power n € N such that W" contains
an open neighborhood of the identity for any countably syndetic set W. We managed to

transfer the setting and to prove (with the help of our modified version of Broise’s result,
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5.1 Invariant Automatic continuity

Theorem that some fixed power k£ € N of any countably syndetic set contains a
“small unitary group”, i.e. U(pMp) @ (1 —p) € W* for some nonzero p € Proj(M).
Unfortunately we were not able to control the trace of p - thus further steps might lead
to a dependence of the power n on the set W.

It is worth mentioning that Sabok has found in |[Sa 13| a more general result on
automatic continuity which implies Tsankov’s result as well as, e.g., that the isometry
group of the Urysohn space has the automatic continuity property. More precisely, he
has shown that the automatic continuity property holds for automorphism groups of
homogeneous complete metric structures that have locally finite automorphisms, the
extension property and admit islotated sequences, cf. [Sa 13| for definitions. The proof
relies on the work of Kechris and Rosendal [KR 07 and Rosendal and Solecki [RS 07].

However, this still does not resolve the II; case.

Let us close this introduction by mentioning that appearances of the phenomenon
of automatic continuity can also be found in the theory of C*-algebras and Banach
algebras. We list some examples.

e Any algebra homomorphism from an abelian unital Banach algebra A into C
is continuous. This can be eagily seen. If I is a modular maximal ideal of A
then A/I is isomorphic to C by [Mu 90, Lemma 1.3.2]. Hence the projection
A — A/I = C is a continuous isomorphism.
e Any isomorphism of a C*-algebra onto another C*-algebra is continuous, see [Ta
03, Corollary 1.5.6].
e Any derivation on a C*-algebra is norm-continuous, see [Sa 60)].
Dales has written an extensive monograph on automatic continuity in the context of
Banach algebras, see |[Da 00]. However, the techniques to analyze automatic continuity
for Banach algebras are quite different from those used to study automatic continuity

for groups.

5.1 Invariant Automatic continuity

Our strategy to prove automatic continuity of projective unitary groups of II; factors
(endowed with the strong operator topology) differs greatly from the ones mentioned in
the introduction of this chapter. One reason is the lack of comeager conjugacy classes.

The main ingredients in our proof are Theorem [£.65] and Propositon which en-
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5 Invariant Automatic Continuity

sures that a fixed power of any conjugacy-invariant countably syndetic set contains a
neighborhood of the identity. The rest of our proof is an adaption of Proposition
(cf. |[RS 07, Proposition 2|).

Recall that for a pseudometric space (X, d) and z € X we let
B(z) = {y € X | d(z,y) <r}.

In a semifinite von Neumann algebra M with faithful semifinite normal trace 7, one

can measure the size of the support of an element x € M as follows. We define

(2] = inf {~(p) + 7(q) | p,q € Proj(M), p*ag* =0}.

We observe that [z] equals the trace of the support projection s = s(z) of . It is clear
that 7(s) > [2]. We check that [z] > 7(s). Obviously we have p*2(1 —p)* = 0 for any
spectral projection of x. Thus if pta¢- = 0 then 7(p) + 7(s) + 7(¢) < 2. It follows
that 7(p) + 7(q) > 7(s) and so we have [z] > 7(s).

[Th 08, Lemma 2.1| implies that

dr(xvy) = [‘r - y]

satisfies the triangle inequality and thus defines a pseudometric on M. It is actually a
metric on M: if d,(z,y) = 0 then pt = ¢* = 1 and hence pt(z —y)g- =2z —y =0
implies z = y. (It is in general not a metric on M-bimodules!) Following Thom [Th
08, Section 2.1] we call d, the rank metric.

The work of Rosendal and Solecki in [RS 07] shows that the right sets to concider
in order to get an highly abstract automatic continuity result are so called countably

syndetic sets.

Definition 5.8. Let W be a subset of a group G. We say that W is symmetric if
W = W~L A symmetric set W is called countably syndetic if there exist countably
many elements g, € G, n € N, such that G = {J,,cy g W

Note that for a countably syndetic set W, there exists some n € N such that g, W

n

contains the identity element of G' (and hence g, !, g,, € W). An example of a countably

syndetic set in a separable topological group is any nonempty open symmetric set.
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5.1 Invariant Automatic continuity

To ensure that every countably set in the projective unitary group of a II; factor

contains “well-behaved” elements, we need the following proposition.

Proposition 5.9. (i) The (projective) unitary group of a semifinite von Neumann
algebra (not of type I,,, n € N) is not separable in the uniform topology.
(ii) The (projective) unitary group of a semifinite von Neumann algebra is not separable

in the topology induced by the rank metric.

Proof. (i) This is well-known. One can prove it directly or use that M contains an
uniformly inseparable abelian von Neumann algebra and then use Proposition to
conclude that the unitary group is also inseparable.

(ii) Set uy, = el¥p + € 2¢pt, where p € Proj(M) satisfies 7(p) = 1/2 and ¢ € [0, 7/4].
Then {Bf; 4(u¢)}¢€[0’ﬁ/4} defines an uncountable family of disjoint open sets in U(M)
as well as PU(M). Hence U(M) and PU(M) are not separable in the topology induced

by d,. O

Proposition will ensure that for every countably syndetic set W in PU(M), W?2
contains elements of some suitable length in the above two inseparable topologies. In

order to prove this, we need the following lemma.

Lemma 5.10. Suppose that (X, d) is an inseparable space equipped with pseudometric
d. Then there exists € > 0 such that for every countable subset A of X there exists
x € X with d(z, A) > e.

Proof. Suppose there exists no such e. Then there exists a sequence {A,}, cy of
countable subsets of X and a sequence {e,},cy, €n — 0 for n — oo such that for
every x € X we have ¢, > d(x, A,). But then d(z,J,,cy An) = 0 for all z € X. Thus

Unen An forms a countable dense set in X, which is a contradiction. O

Proposition 5.11. Let G be an inseparable topological group with compatible pseu-
dometric d. There exists € > 0 such that for every countably syndetic set W C G, W?2

contains an element u satisfying d(1,u) > e.

Proof. For the moment, let € > 0 be arbitrary. Recall that an e-separated set V C G
is a set such that every pair of distinct points u,v € V has distance d(u,v) > . Zorn’s
lemma implies that there exists a maximal e-separated set V.. Observe that V, is e-
dense in G' by maximality (the existence of a point u € G'\ V; such that d(u,v) > ¢ for

all v € V. obviously contradicts maximality of V).
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5 Invariant Automatic Continuity

We conclude from Lemma that there exists € > 0 such that V. is uncountable.
We may assume that 1 € V.. Since W is countably syndetic, there exists a sequence
{9n}nen € G such that G = |J,,cy 9.W. In particular we have V. = {J,,c Ve N g W
The pigeonhole principle implies that there exists m € N such that

Vo g W| > 2.

(Actually it implies that there is an intersection having uncountably many elements.)
Let u,v € Vo N guW. Since W? = (gnW) H(gmW) and 1 € W? we either have
d(1,u) > € or d(1,v) > e. This completes the proof. O

Let us come to the main definition of this chapter.

Definition 5.12. Let GG be a topological group. If every homomorphism from G to any
separable SIN group is continous, then we say that G has the invariant automatic

continuity property.

Closely related to invariant automatic continuity we define an invariant version of

the Steinhaus property.

Definition 5.13. A topological group G has the invariant Steinhaus property
(with exponent k) if there exists an element & € N such that W* contains an open
neighbourhood of 1 for any symmetric conjugacy-invariant countably syndetic set

W Cdq.

Following closely the proof of [RS 07, Proposition 2| we obtain the invariant automatic
continuity for groups having the invariant Steinhaus property. In order to see that, we

first recall following well-known result.

Lemma 5.14. Let 7 : G — H be a homomorphism between topological groups. If 7 is

continuous at the neutral element 15 of G, then 7 is continuous at every point g € G.

Proposition 5.15. Let G be a topological group with the invariant Steinhaus property.

Then G has the invariant automatic continuity property.

Proof. Let 71 : G — H be a homomorphism into a separable SIN group H. Assume
that G has the invariant Steinhaus property with exponent k. By Lemma it suffices

to show that m is continuous at 1. Suppose that U C H is an open neighbourhood of
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5.1 Invariant Automatic continuity

1g. Since H is SIN we can find a conjugacy-invariant symmetric open set V satisfying
lgy € V C V? C U C H. By separability of H, V covers H by countably many
translates {h,V }nen. For each n € N such that h,V N7 (G) # 0, choose g, € G such
that 7(gn) € hn,V. Thus h,V C 7(g,)V 1V = 7(g9,)V? and 7(g,,)V? cover 7(G).

For fixed g € G, choose n € N such that 7(g) € 7(g,)V?. Then 7(g,'g) € V2, thus
g, g € 77 1(V?) and hence g,7~1(V?) cover G. Moreover, since H is SIN we obtain
xg,tgr™t € 771 (V?) for every x € G. It follows that W := 7~ 1(V?) is symmetric,
countably syndetic and conjugacy invariant in G.

Since G has the invariant Steinhaus property, W* contains an open neighborhood of
the identity. Hence, 7(W?#) C V2* C U, and we obtain 1g € Int(7—%(U)), that is, w

is continuous at 1g. O

Let us verify the invariant Steinhaus property for finite-dimensional projective uni-

tary groups.

Proposition 5.16. The projective unitary group PU(n), endowed with the norm topol-

ogy, where n € N has the invariant Steinhaus property with exponent 32n.

Proof. The case n = 1 is trivial and so we assume n > 2. Put G = PU(n) and let
W C G be a symietric conjugacy-invariant countably syndetic set. By Propositions
and there exists v € W? such that d.(1,v) > e. Thus, d.(1,0) > 1 and
d :==Lo(v) > 0. We use v to generate a J-neighborhood of the identity in the operator
norm. So consider an arbitrary element u € G satisfying fp(u) < §. From Theorem
[4.45] we then conclude
u e (v¥ Up=G)on,

Since u € B!'” (1) was arbitrary, this shows that G has the invariant Steinhaus property
with exponent 32n. 0

Remark. Basically the same proof as above shows that SU(n) also has the invariant
Steinhaus property. The additional obstruction coming with SU(n) is that it has a
nontrivial center. However, the center is finite and thus one can generate a small

d-neighborhood of the identity with 6 > 0 and 6 < minyezsum))\q13 1T — All-

Propositions and together with the previous remark imply the following.

Theorem 5.17. PU(n) and SU(n), endowed with the norm topology, where n € N,

have the invariant automatic continuity property.
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5 Invariant Automatic Continuity

We feel obliged to explain that the compact connected Lie groups PU(n) and SU(n)
do not have the automatic continuity property, i.e. there is a need for an extra condition
on the class of target groups (also it is not clear if SIN groups form the most general
such class). We follow [Ro 09b, Example 1.5] to show this. Let G := PU(n). It is
enough to show that it there is a discontinuous embedding into the Polish group S
of all permutations of N. From [HHM 14, Theorem 2.3] we deduce the existence of a
non-open subgroup H C G of countably infinite index. Thus the set G/H of left cosets
is countable and we view S, as the group Sym(G/H) of all permutations of G/H. We

define a group homomorphism
m:G— Sym(G/H), w(g) =Ly,

where L¢(gH) = fgH, f € G, is the left multiplication. Note that [Ka 00, Theorem
1| (see also [Ka 00, Corollaries 9 and 10]) tells us that 7 is injective. We claim that =
is discontinuous. Obviously Ly(1H) = 1H if and only if f € H. Thus

7' ({o € Sym(G/H) | o(1H) = 1H}) = H,

which is not open by definition of H. Hence 7 is discontinuous.

Now we come to the core in our proof of the invariant automatic continuity property
of projective unitary groups of separable II; factors. A major difficulty in the proof
stems from the fact that we could prove Theorem in this quantitative version only
if the element that one wants to generate has finite spectrum and rational spectral

weights. Many of the techniques and results developed in Chapter ] are needed.

Proposition 5.18. The projective unitary group PU(M) of a separable I1; factor M,

endowed with the strong operator topology, has the invariant Steinhaus property.

Proof. Let W C G := PU(M) be a symmetric conjugacy-invariant countably synde-
tic set. We have to show that there exists a fixed k¥ € N such that W contains a
neighborhood of the identity. By Proposition and Proposition there exist

e 1 > 0 independent of W and u € W? with ||1 — \u|| > & for all A € U(1),

e 55 > 0 independent of W and v € W2 with £;(v) # 0 for all t € [0, &2).

Let ¢ denote the minimum of €1, €2. By right continuity of ¢; in ¢, see Lemma [4.26]
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5.1 Invariant Automatic continuity

there exist 6 > 0 such that
li(u) > e for all ¢ € [0, 4], li(v) > 6 for all t € [0,¢].

To generate an arbitrarily small neighborhood of the identity in the strong operator

topology we need several steps.

(1) First we use u and v to generate elements w with ||1 — wl||, < §2/2 which are of

the form

1 0 0
0 wo 0 (5.1)
0 0 w

in some (U(poMpo) ® M3x3(C))/(C-1) = G, where 7(pg) = 1/3. Let p be a

projection commuting with w such that
Hl —p— wle <0 and 7(p) =09

Decompose w = wiwy with wy = wp + pJ- and wo == p + pr. Hence fp(w;) <
2((u) for all t € [0,6]. Using Theorem we can generate a symmetry s of
trace 0 in U(pMp) with u, namely we obtain s € (u® U u=&)M/el for some
constant ¢ € N (e.g. ¢ = 24576). Theorem allows us to conclude that

wy € (sG U S*G)‘?’2 - (uG U u*G)CWEW.

It remains to generate we. By Lemma (together with Proposition we
have £o(wq) < 26%/26 = & < £;(v) for all ¢t € [0,¢]. Suitable approximation of v
in the operator norm, as in the beginning of the proof of Theorem allows us
to find a projection p € M which commutes with v, is equivalent to pg and such

that for ¢’ = §/8 we have
C3e(v) < 0P (v) + 2¢'.

Now view v as a (diagonal) element of U(pMp @ M3,3(C)). Using Proposition
100
4.62[ we can find an element v/ = <0 vh 0) € U(pMp ® Mzx3(C)) such that

001
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5 Invariant Automatic Continuity

120

Eg&(v) < 4£§p)([v,v’]) for all t > 0. Let g € U(pMp ® M3x3(C)) be a unitary

permuting the second and third diagonal entry. Consider the element
7= [v,v]g[v,v'] g7t € (¥ UvTE),
and observe that v satisfies
08) () < 40P ([, v'])) < 40P(F)  for all ¢t > 0.
Thus we have

lo(wa) < 0 < Ly(v) < 67L(v) + 220 < 46D (D) + g for all ¢ € [0,é].

As in the proof of Theorem [£.64] (restricting our attention to the lower 2 x 2 part)
we generate an element v € (0¥ U~ %)2 C (v¥ Uv~%)® that has finite spectrum
and rational weights such that

5 <4l (@) + g <4eh (") + 3; for all ¢ € [0, é].

In particular, 4€§p) (v") > 6/4 for all ¢t € [0,e/72]. Hence
lo(ws) < 166 (") for all t € [0,¢/72]. (5.2)

We restrict our attention to the lower 2 x 2 subalgebra g Mg in and pass
to the direct integral Maoyxo(L>(o(quws)),v), where que = f)\GO'(qUUQ) (6\%) dv()\)
(note that ¢ commutes with ws). Let p’ denote the projection that cuts v” down to
the lower 2 x 2 part. This allows us to conjugate p'v” into Mayo(L* (0 (qw2)), v).
Recall that Corollary gives us a relation between the projective s-numbers
and the angles of the eigenvalues (note that v” has finite spectrum and for ws we
only need the estimate for the 0-th projective s-number since ¢;(-) is decreasing
in t). We apply Lemma with the relation to generate ¢'wsy for a sub-
projection ¢’ < q, 7(¢') = eps/72 (and 1’s everywhere else). Thus using Lemma
on at most [72/e] parts (where relation holds) we obtain

wy € (WG Uy~ GY1IBIT2/E] C (4G = G364 TT2/e]



5.1 Invariant Automatic continuity

(the factor 4 comes from Corollary 4.39).
We conclude that

w = wywy € WE/el

for some constant ¢ € N (which is independent of §).

Assume that w such that |1 — w]||, < 6% has finite spectrum and rational weights.
This case follows in the same way as in the first step. Namely one decomposes w =
wiwy and generates w; with the element w (which has uniformly big projective
s-numbers) and wy with the element v (which has uniformly many nontrivial
projective s-numbers). This leads us again to w € Well/el for some constant
n € N (independent of 6).

Assume that w € BM(l) C U(M) for some gy € (0,6%) small enough such that
using Corollary we can decompose w into a product wy - ... wg of elements

w; € UM) of the form (b.1)) satisfying
11— will, <68, i=1,...,8

Note that ¢ depends on the countably syndetic set W. Using the first step, we
obtain

w=w ... wg € WS/l

Thus we can generate an £p-neighborhood in the operator norm in 8c[1/e] steps.
Now let w € B!'OHQ(l) be arbitrary. Approximate w by an element w’ with finite
spectrum in the operator norm, such that ||w — w'|| = |1 — ww™|| < &1. From
the third step we conclude that ww™* € W8¢lY/l. It remains to show that w’
can be generated from elements in WET'/¢l for some constant C' € N. Therefore,
using Proposition we approximate w’ with an element w” that has finite

spectrum and rational spectral weights such that
Hw' - w"H2 <e  and d.(1,w'w™) <4

The second step allows us to conclude w” € Wel/el for some constant ¢ € N.
We only have to generate the element w'w”* of small rank. It is clear that
Li(w'w”™) =0 for all t > §. Let ¢ denote the projection witnessing nontriviality

*

of w'w” and observe that 7(¢) < 4. As in the first step, we use u to generate a
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5 Invariant Automatic Continuity

symmetry s of trace 0 in gMgq such that
s € Wwelt/el
for some constant ¢ € N. From Theorem we conclude that
W' e Wirell/el

Summarizing the above three steps, we have shown that there exists a constant C € N
(independent of § and &¢) such that WET/¢l contains a neighborhood of the identity
in the strong operator topology. This shows that PU(M) has the invariant Steinhaus
property. [

Actually the proof of Proposition will allow us to conclude the uniqueness of
the Polish group topology of PU(M) in Section [5.2]
We can now conclude the main theorem in this section from Proposition and

Proposition

Theorem 5.19. The projective unitary group of a separable 111 factor, endowed with

the strong operator topology, has the invariant automatic continuity property.

Remark. We mention that |[Sa 13| Theorem 7.3] implies that homomorphisms from
the unitary group of a separable infinite-dimensional Hilbert space (endowed with the
strong operator topology, which is non-bi-invariant and Polish) into SIN groups are

trivial.

Our strategy to obtain Theorem mainly used that we could ensure the existence
of elements of a certain size in a fixed power of every conjugacy-invariant countably
syndetic set. The author hopes that this strategy leads to more new examples of groups

having the invariant automatic continuity property.

5.2 Uniqueness of the Polish group topology

As an easy application of Theorem we show that PU(M) has a unique Polish SIN
group topology. The proof is actually valid for any separable topological group with

the invariant automatic continuity property. In particular, PU(n) and SU(n) carry a
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5.2 Uniqueness of the Polish group topology

unique Polish SIN group topology. In the case PU(n) it is already known that it has a
unique Polish group topology, see |[GP 08, Theorem 11].

Proposition 5.20. The projective unitary group G of a separable II; factor carries a

unique Polish SIN group topology.

Proof. Assume that T is another topology on GG which makes it a Polish group with
a bi-invariant metric. Let id : (G, SOT) = (G, T) denote the identity homomorphism.
Since (G,T) is a separable SIN group, id is continuous by Theorem So it is a
continuous bijection and hence a homeomorphism by [BK 96, Theorem 1.2.6]. It follows
that 7 and the strong operator topology coincide: on the one hand id~}(0) = O is
open in the strong operator topology for any open O C (G, 7T) by continuity. On the
other hand whenever O C (G, SOT) is open, then id(O) = O is open in T since id is a

homeomorphism. O

Now we will make use of the proof of Proposition to conclude the uniqueness of
the Polish group topology on PU(M) for any separable II; factor. For this purpose,
we need [GP 08, Theorem 8|. We first clarify some notations. Let G be a group. An
identity set in G is a subset of G of the form

{9 € G|lw(g;ur,...,um)=1},

where w denotes a free word in G (i.e. without consecutive symbols of the form gg~! or

g 'g) and uy,...,uy € G. By definition identity sets can be viewed as inverse images
of 1 under the maps w(-;ug, ..., Up)-

A verbal set is a subset of G of the form

{w(gla"'agn;ula"'aum)|gl>"'7gn€G};

where w is a free word and w1, ..., un € G. Verbal sets are forward images under the
maps w.

ly=1 = 1} of an ele-

An example of an identity set is the centralizer { g€ G| gug”
ment u € G. For us the most important example of a verbal set is the conjugacy class

{gug™ | g € G} of an element u € G.
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5 Invariant Automatic Continuity

We say that a collection A of a topological space X is a network if for every z € V
with V open in X, there exists N € N such that x € N C V.
We can now state |GP 08, Theorem 8§|.

Theorem 5.21 (Gartside-Pejic¢). FEvery Polish group that has a countable network of

sets from the o-algebra generated by identity sets and verbal sets has a unique Polish

group topology.

Here is the main result of this section - it is based on the proof of Proposition
and Theorem 5211

Theorem 5.22. The projective unitary group G of a separable 111 factor has a unique

Polish group topology.

Proof. First recall that G is a Polish group in the strong operator topology. We
construct a countable network for G. For n € N we let €, := 1/n and § = d(n) <

ﬁ = #, where C' € N is the universal constant coming from the proof of

Proposition [5.18f Now choose u,v € G (only dependent on n) such that ||1 —u|, <
4,11 —v|, <0 and

li(u) > e, for all ¢ € [0, 4], li(v) > for all t € [0,e,).

Using the proof of Proposition we conclude the existence of dg = dp(n) € (0,9)
(independent of u and v) such that

B!;}HQ(l) C N, = (uG Uu %uvu U_G)CH/EM .

lI-ll2

1/ (1), since for every z € N,

However, we have N, C B
I1—all, < CT1/2415 < 1/n.
Fix a countable dense subset D C G. We claim that

N ={zN,, |z € D,n e N}

forms a countable network for G. First of all, N is formed by the o-algebra generated

from verbal sets
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5.2 Uniqueness of the Polish group topology

Now let w € V with V C G open. Since V is open, we can find € > 0 such that
B!'Hz(w) C V. Let n € N such that €, = 1/n < /2. By denseness of D we can choose
vo € D such that ||vg — w|y < dp. Then we have (note that dp = do(n) < &, < £/2):

(NS UoBL'(.)Hz(l) C v\,

C woB) 2 (1

)
C Bl (1)

Bl (1)

[l
C wBg, 2(1 /2

)
c wBl (1)
_ Bl )

cVv.

That is, for arbitrary w € V, V open in G, we find a set N € N such that w e N C V,
i.e., N is a network. Since D and N are countable, N is countable. Now from Theorem

we conclude that G has a unique Polish group topology. O

In a similar fashion we obtain the (already known) uniqueness of the Polish group

topology on PU(n).
Theorem 5.23. PU(n) has a unique Polish group topology for every n € N.

As a consequence of Theorem we obtain the following further automatic con-
tinuity results, which are equivalent to the uniqueness of the Polish group topology
by [Pe 07, Lemma 10, Lemma 13]. Of course, the results in Corollary also hold
true for PU(n), n € N.

Corollary 5.24. Let M denote a separable II; factor and let G be its projective
unitary group.
(i) Every isomorphism from G to a Polish group is continuous.

(ii) Every epimorphism from a Polish group to G with closed kernel is continuous.
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6 Outlook

Here we discuss some of the open problems that came out of our work or seem to be
closely linked.

In Chapter 4] we proved many results on products on conjugates in various unitary
groups of functional analytic type. Whenever possible, we concluded property (BNG)
or property (topBNG). Our methods seem sufficiently general to be applicable for many
other large (non-locally compact) groups.

We have defined projective generalized s-numbers for semifinite factors. Type III
factors do not admit a semifinite trace, but they behave to some extent similar to
Calkin algebras. This leads us to expect the following question to have a positive

answer.
Does the projective unitary group of a type III factor have property (BNG)?

We intend to further pursue this question in the future.

It is likely that the closure condition in our theorem on products of conjugates in
U(H) (see Theorem can be omitted. Then it would not be surprising to have an
algebraic criterion for products of conjugates in unitary groups of Il factors (which

are tensor products of I, and II; factors).

Necessary and sufficient criteria for products of conjugates are interesting in any
noncommutative non-compact group. We did not yet deeply study what the complete
absence of a (topological) uniform normal generator means for the structure of a group.
Note that we have already observed that the group PU(H) does have uniform normal
generators (namely symmetries with two infinite eigenspaces), although it is not simple

as U(H)x(x) is a nontrivial normal subgroup.

A group G has the strong uncountable cofinality if for every increasing sequence of

symmetric sets Wy C Wy C ... C G = |J,, Wy, there exist k,m € N such that WT’; =G.
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6 Outlook

If a group has propety (BNG) then the above condition is obviously satisfied whenever
some W, contains a nontrivial conjugacy class. It would be interesting to see how
property (BNG) compares in depth to the strong uncountable cofinality and the topo-
logical Bergman property, see e.g. [Ro 09a]. In particular, it is unknown whether the
(projective) unitary group of II; factor has the strong uncountable cofinality. In the

future we want to figure out if this is an application of our results on property (BNG).

We proved in Chapter 5| that the projective unitary group PU(M) of a separable I1;
factor M has the invariant automatic continuity property. It is still an open question
if PU(M) has the automatic continuity property. Probably some of our ideas can be
used to prove (or disprove) this - for example, if one can show the strong uncountable

cofinality and apply methods developed in the previous chapters.
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Index of Symbols

e-neighborhood of the set A
algebra of bounded operators on H
complex numbers

Calkin algebra

metric

group

conjugacy class of g € G

quotient group G modulo H
Hilbert space

norm ideal

compact operators

von Neumann algebra, II; factor
algebra of n x n matrices

positive integers, 1,2, ...

Nu {0}

operator norm

1-norm defined by the trace 7
2-norm defined by the trace 7
Hilbert-Schmidt norm

norm of the norm ideal K

set of projections of M

projective unitary group of the Calkin algebra
projective unitary group on H
projective unitary group of M
projective unitary group of n X n matrices

rational numbers
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R

Rt
RY
<‘7 >
SU(n)
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real numbers

positive real numbers, i.e. (0,00)

R U {0}

scalar product

special unitary group of n X n matrices
one-dimensional torus, U(1)

trace on a semifinite von Neumann algebra
group of unitary operators on H

group of unitary operators of K-perturbations from the iden-
tity on ‘H

unitary group of M

unitary group of n X n matrices

integers
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