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Abstract

Kazhdan’s Property (T) is a fundamental notion in the study of groups and has applications
in a number of different fields of mathematics. It is initially defined in terms of unitary
representations on Hilbert spaces, but was shown to be equivalent with a fixed-point property
for affine actions of the group on Hilbert spaces. In this thesis, we study fixed-point and
rigidity properties in the broader context of actions of groups on Banach spaces. We study
the relations between two such properties for group actions on LP-spaces — a class of Banach
spaces where many of the tools from the study of actions on Hilbert spaces also applies.
Furthermore, we study spectral conditions for Property (7') and for the related fixed-point
property for actions on LP-spaces.

Resumé

Kazhdan’s egenskab (T') er et fundamentalt begreb i studiet af grupper og har anvendelser i
en rackke forskellige grene af matematikken. Egenskab (7T') er oprindeligt defineret i termer af
uniteere representationer pa Hilbertrum, men viste sig at veere sekvivalent med en fikspunkt-
segenskab for affine gruppevirkninger pa Hilbertrum. I dette speciale studerer vi fikspunkts-
og rigide egenskaber i den bredere kontekst af gruppevirkninger pa Banachrum. Vi stud-
erer relationerne mellem to sadanne egenskaber for gruppervirkninger pa LP-rum — en klasse
af Banachrum hvor mange af veerktgjerne fra studiet af gruppevirkninger pa Hilbertrum
ogsa kan benyttes. Ydermere studerer vi spectrale betingelser for egenskab (7') og for dens
relaterede fikspunktsegenskab for gruppevirkninger pa LP-rum.
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Introduction

Property (T') was introduced by D. Kazhdan in his paper [26] from 1967 and concerns how
a group may act on a Hilbert space. It has proved to be a fundamental notion with applica-
tions in a number of different fields such as geometric group theory, ergodic theory, operator
algebras and combinatorics among others. Despite its relevance, it took almost 40 years
from its introduction until the study of similar rigidity properties for groups in the broader
framework of Banach spaces was initiated. The first paper in this direction, by D. Fisher and
G. Margulis in 2005 (see [18]) considered actions of Kazhdan groups on LP-spaces. Prop-
erty (T'x) and (Fx) were then introduced as generalizations of Property (7') by U. Bader,
A. Furman, T. Gelander and N. Monod in 2007 (see [2]). In their paper, relations between
these properties for superreflexive Banach spaces, and in particular for LP-spaces, are studied
systematically.

Concrete examples of infinite groups with Property (7') are sparse and often complicated.
A celebrated result by A. Zuk gives a sufficient condition for Property (T') in terms of the
spectral properties of the link graph associated to a generating set (see [55]). In the same
paper, A. Zuk gives an application of this result to random groups showing that, though
they may be hard to construct, infinite groups with Property (T") are abundant. It is beyond
the scope of this thesis to study random groups, but this application does motivate studying
Zuk’s condition and, further, the question if there exists a similar condition for the Banach
space versions of Property (7). Very resently, in [14], T. de Laat and M .de la Salle gave
such a sufficient condition for Property (Frp»).

Property (7') has many equivalent reformulations, and in Chapters 1 to 3, we study a
number of the different forms it takes. We hereby acquire a range of tools that we shall see in
Chapter 4 are applicable when studying Banach space relatives of Property (T') for the class
of superreflexive Banach spaces. We include an introduction to superreflexivity of Banach
spaces in Appendix A. The main goal of Chapter 4 is to present the main results of the
paper [2] by U. Bader, A. Furman, T. Gelander and N. Monod. The main goal of the final
chapter of this thesis is to present the mentioned sufficient condition for Property (Frr) due
to T. de Laat and M .de la Salle in [14]. Central in their proofs is the use of techniques from
complex interpolations, and we therefore include a short review of this theory in Appendix B.

For the purpose of this thesis, we choose to focus on discrete groups only. This is because
we wish to avoid the extra layer of technicalities added when discussing more general locally
compact groups. However, many of the results do hold for locally compact groups, as well.
We refer the interested reader to [5] for details.

Chapter 1: We introduce Property (7') choosing to define it in terms of invariant and
almost invariant vectors for unitary representations. We introduce the notion of a Kazh-
dan pair and show that Property (T') is equivalent with the existence of a finite such.
Further, we introduce Fell’s topology on the unitary dual and proof that Property (T) is
equivalent with the existence of a so called Kazhdan projection and with the isolation of



the trivial representation in the unitary dual. The latter characterization is Kazhdan’s
original definition.

Chapter 2: We introduce Property (F'H), which is the property that all affine actions on
a real Hilbert space have a fixed point. We give a thorough introduction to affine actions
on general vector spaces and to the 1-cohomology of a group with coefficients in a linear
isometric representation on a Banach space. We also give an introduction to the theory
of positivity of functions on groups including a famous theorem by Schoenberg. In the
end of the chapter, we specialize to Hilbert spaces and show that Property (F H) is equiv-
alent to Property (7"). This is a result due to P. Delorme in [15] and A. Guichardet in [20].

Chapter 3: We discuss measure preserving group actions on probability spaces (p.m.p.
actions). We introduce ergodicity and strong ergodicity of such actions and show that
Property (T) is equivalent with the property that every ergodic p.m.p. action is strongly
ergodic. This is a result due to A. Connes and B. Weiss in [11].

Chapter /: We introduce two generalizations of Property (7') to the realm of Banach
spaces: Property (T'x), which generalizes the definition of Property (T') in terms of in-
variant and almost invariant vectors, and Property (Fx), which generalizes Property
(FH). We shall see that (Fx) is always stronger that (Tx), but that they are not, in
general, equivalent. We further discuss their relations when X is an LP-space.

Chapter 5: We discuss the mentioned spectral condition for Property (7") due to A. Zuk,
as well as the spectral condition of the same flavor for Property (Fr») due to T. de Laat
and M .de la Salle. A short introduction to graphs and their spectrum is included. Along
the way, we introduce the regular norm of operators on (finite) ¢P-spaces, we introduce
p-uniform convexity, and we discuss Poincaré type inequalities.

The reader is assumed to be familiar with measure theory and with functional analysis.
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Chapter 1

A rigidity property for group
actions on Hilbert spaces

Property (T) was first introduced by D. A. Kazhdan in [26] and concerns actions on Hilbert
spaces. We give in Section 1.2 an introduction based mainly on [9]. In Section 1.3, we
study the relation between Property (7') and the trivial representation, recovering, in Propo-
sition 1.3.18, the original definition by Kazhdan along with a characterization in terms of
the existence of a so called Kazhdan projection. We start by reviewing the basics of the
representation theory of groups on Hilbert spaces.

1.1 Representations of groups on Hilbert spaces

Definition 1.1.1. A (linear) representation of a discrete group I is a tuple (7, V') consisting
of a vector space V and a map 7 : I' — GL(V') which is multiplicative and unital.

Even though we have formally defined a representation to be a tuple (m, V'), we shall
often refer to the map m as a representation. When V is a normed vector space, we say
that a representation (w,V’) of ' is isometric if 7(g) is an isometry, for all g € I'. In that
case we shall also refer to (7,V') as a (linear) isometric representation or say that 7 is a
representation by surjective isometries.

Let H be a Hilbert space. If H is complex, the surjective isometries on H are referred
to as unitary operators, and the group of all such operators are denoted U(H). If H is
real, we refer to the surjective isometries instead as orthogonal operators, and the set of all
such operators are denoted by O(H). Following this terminology, we refer to an isometric
representation on a Hilbert space as a unitary representation, respectively, an orthogonal
representation depending on whether the Hilbert space is complex or real

Example 1.1.2. The possibly simplest example of a unitary representation of a group I is
the trivial representation 1p : I' — C, given by

Ir(g) =1, forall g €T o

Example 1.1.3 (A unitary representation from an action). For a left action I' ~ X of a
discrete group I' on a set X, we may construct a unitary representation 7 of I" on the Hilbert
space (?(X) as follows: For each g € T and x € X, set m(g9)(0z) = dgz. AsT ~ X is a left
action, we see directly that 7 : T — U(¢?(X)) is a group homomorphism. o

Example 1.1.4. Any discrete group I' has a left action on itself: The left translation action
given by left multiplication. By Example 1.1.3, this gives rise to a unitary representation



A: T — U(L*(T)), given by
Ag(6n) = Ogn, for all g,h € T.
This important special case of Example 1.1.3 is refered to as the left reqular representation. o

Let (m, H) be a representation of the discrete group I'. A subspace K C H is said to
be T'-invariant if 7(g)K C K, for all g € T'. Any representation has the trivial [-invariant
subspaces H and {0}. For a I'-invariant subspace K C H, we obtain a representation of I" on
K by restriction of . We refer to this representation as the subrepresentation of m defined
by K. If 7 is unitary (orthogonal), then so is every subrepresentation.

Remark 1.1.5. If (7, H) is unitary and K C H is -invariant then K= is T-invariant, as well.
Indeed, for all ¢ € K+, n € K and g € T', we have (7(g)¢,7n) = <£,7T(g_1)77> =0.

Definition 1.1.6. We say that a representation (7, H) of a discrete group I' is irreducible
if H contains no non-trivial I'-invariant subspaces.

An intertwining operator between two representations (mw, H) and (p, K) of a discrete
group I is a bounded linear operator T : H — K satisfying Tn(g) = p(g)T, for all g € T".

Remark 1.1.7. Let (w,H) and (p, K) be unitary representations of a discrete group I'. If
T : H — K is an intertwining operator between 7 and p, then so is T* : K — H. Indeed, for
each g € T', we have T*p(g) = (p(¢~HT)* = (Tw(g~1))* = w(g)T*. Tt follows, in particular,
that T*T intertwines m with itself, and that TT™ intertwines p with itself.

Definition 1.1.8. The representations (7w, H) and (p, K) are said to be equivalent if there
exists an intertwining operator between them which is isometric and onto. In that case we
write m ~ p. We say that 7 is contained in p, and write 7 < p, if 7 is equivalent to a
subrepresentation of p.

Lemma 1.1.9. Let (mw, H) be a unitary representations of a discrete group I', and suppose
that T € B(H) intertwines m with itself. Then so does f(T), for any continuous function on
the spectrum of T

Proof. By continuity of the functional calculus, it is enough to show the statement on a
dense subset of C(o(T")). The statement is clear for polynomials, by induction, and the set
of polynomials is dense in C(o(T)), by the Stone-Weierstrass theorem. O

Proposition 1.1.10. Let (m,H) and (p, K) be two unitary representations of the discrete
group T, and let T : H — K be an intertwining operator. Then (ker T)J- and ImT are closed
mvariant subspaces of H and K, respectively. Moreover, the subrepresentation of w defined
by (ker T)* is equivalent with the subrepresentation of p defined by ImT.

Proof. We start by showing that (kerT)* and ImT are I'-invariant. For each & € H and
g € T, we have Tr(g)¢ = p(g)T¢. This shows I'-invariance of Im T directly. Further, if
¢ € kerT, the so is m(g)§. Therefore, ker T' is I'-invariant, and as (7, H) is unitary, then so
is (ker T)*, by Remark 1.1.5.

By Remark 1.1.7, T*T intertwines 7 with itself and therefore, |T| = (T*T)'/? intertwines
7 with itself, by Lemma 1.1.9. Let T' = U|T| be the polar decomposition of T. Then U is
a partial isometry on H with initial space (ker T)* and final space ImT. We claim that U,
viewed as an isometry U : (kerT)+ — Im T, intertwines the subrepresentations of 7 and p
defined by these subspaces. Let ¢ € (ker T)*. Then U¢ € Im T, so that U& = Ty = U|T|n,
or, equivalently, £ = |T'|n, for some n € H. For each g € I', we derive that

p(9)UE = p(g)Tn =Tw(g)n = U|T|m(g9)n = Un(g9)|T|n = Un(g)§.

Hence, p(g)U = Un(g), for all g € T', where p and 7 are the subrepresentations on the
mentioned I'-invariant subspaces. ]



In the following subsections we remind the reader briefly of a few standard constructions
for how to construct new representations from existing ones.

1.1.1 Extension and restriction of scalars

We show here how one may construct a unitary representation from an orthogonal one and
vice versa using extension, respectively, restriction of scalars.

Given an orthogonal representation (w, H), one can construct a unitary one by taking
its complexification. The complexification of the real Hilbert space H, denoted by Hc, is
obtained from H by extension of scalars to the complex numbers — precisely we define H¢
as the tensor product H ®g C. The complexification of a representation (m, H) of the group
I" is then the representation m¢ on H¢ defined by

mc(9)(ERN) =m(g)E @ A, forgel, € H,and A € C.

For a unitary representation (p, K), we obtain an orthogonal representation as follows:
We may view the complex vector space K as a real vector space by restriction of scalar
multiplication to R. Viewed as such we equip K with the inner product

(€, mr=Re(,n), &nekK.

The obtained real Hilbert space is denoted by Kr. We denote by mr the representation
considered as acting on Kg. It is straight forward to verify that (mr, Kg) is an orthogonal
representation.

1.1.2 The contragredient representation

Let H be a Hilbert space. The conjugate Hilbert space, denoted by H, is the Hilbert space
which is identical to H as an additive group, with scalar multiplication given by

(X, €) = A, for N\e Cand £ € H,

and an inner product given by

<§,77>ﬁ:<77a5>1{ fOTgJIG}L

Let (m, H) be a representation of I'. The contragredient representation, denoted by 7, is
the representation of I' on H which is identical to 7 as a set-theoretic transformation.

We remark that the contragredient representation of a unitary representation is again
unitary. Observe also that T = .

Lemma 1.1.11. If a unitary representation (w, H) is the complexification of an orthogonal
representation on a real Hilbert space, then it is unitarily equivalent to its contragredient
representation.

Proof. By assumption, H = H' ® C, for some real Hilbert space H'. The map H — H
defined on elementary tensors by & @ A — & ®@ A, for ¢ € H and X\ € C, is a C-linear. It is
clear that it is an isometric bijection and that it intertwines m and 7. O

1.1.3 Direct sums of representations

7
the inner product on H; and by |- |, the corresponding norm. The Hilbert space direct sum

of this family is the Hilbert space

@Hi = { (&i)ier € HHz

el i€l

Let (H;);c; be a family of Hilbert spaces over either R or C. For each i € I, denote by (-, -),

oLl < oo } )

el



with inner product given by
((&ier > i)ier) = D_ (& om) -
el
The direct sum of a family of representations (m;, H;);cr of a (discrete) group I' is the
representation @©;m; of I' on &, ; H; given by
®imi(9) ((i)icr) = (mi(9)&)ser »
for each g € I" and each (&;);c; € P,c; Hi-

Remark 1.1.12. If (m;, H;)ics is a family of unitary representation then their direct sum is a
unitary representation, as well.

Example 1.1.13. For a representation (m, H) of a (discrete) group I' and a I'-invariant
subspace K C H, one easily verifies that 7 is equal to the direct sum of the subrepresentations
defined by K and its orthogonal complement. o

Proposition 1.1.14. Let (m;, H;)icr be a family of unitary (orthogonal) representations of
a discrete group I' and let (m, K) be an irreducible unitary (orthogonal) representation of T
If m is contained in @B;m; then w is contained in m;, for some i € I.

Proof. Set H = @,.; H; and suppose T': K — H is an intertwining operator between 7 and
@;m; which is isometric onto a subspace of H. For each i € I, denote by p; the orthogonal
projection onto H; and let T; = p; oT. Then T = &®;T;, and so, there exists an iy € I such
that Tj, is non-zero. Moreover, (®;m;) o T = @®;(m; o T;), and so,

ﬂooﬂ-:pioo<Toﬂ—>:piooeai(ﬂ—ioiri):ﬂ—iooﬂo-

That is, T;, is an intertwiner of m and m;,. In particular, ker 7, is an invariant subspace for
T, so as w is irreducible and Tj, is non-zero, ker T;, = {0}. By Proposition 1.1.10, it follows
that 7 is equivalent with the subrepresentation of @;m; defined by Im 7;,, which is clearly a
suprepresentation of . OJ

1.1.4 Tensor products of representations

Let H and K be Hilbert spaces and let H ® K denote their algebraic tensor product. The
Hilbert space tensor product, which we denote by H ® K, is the completion of H ® K with
respect to the unique inner product satisfying

<§1 ®771 7£2 ®772> = <§1 )§2> <771 7n2>7
for all &1,&2 € H, and all ny,n2 € K.

Definition 1.1.15. Let (7, H) and (p, K) be unitary representations of the discrete group
I'. Their tensor product is the (unique) unitary representation 7 ® p of I' on H ® K given
on elementary tensors by

(m @ p)(9)(§ ®@n) =7m(g)§ @ p(g)n,
forall ¢ €e Hine K and g €T

Let (7;);c; be an orthonormal basis for K. We denote by HS(K, H) the set of space of
bounded linear operators form T : K — H satisfying

Te(T*T) = Z (T*Tm; yni)7e < 00.
el



This is a Hilbert space with inner product
(T,S)="Te(S*T), for S,T € HS(K,H).

The operators in HS(K, H) are referred to as Hilbert-Schmidt operators. We define a map
® on the elementary tensors in H ® K with values in the space of bounded linear operators
K — H by setting, for each pair of vectors n € K and £ € H,

eE@n)(C) =M. (k& forCeEK.

Then ® is an isometry of set of elementary tensors onto the set of rank 1 operators. The linear
extension of ® to the algebraic tensor product, H ® K, is an isometry onto the set of finite
rank operators, and so, ® extends to a linear Hilbert space isomorphism H® K — HS(K, H)
(see [37, Theorem VI1.22(f)]). Thus, HS(K, H) can be viewed as an alternative realization
of the tensor product of H and K. From this point of view, the unitary representation ™ ® p
on H ® K corresponds to the unitary representation on HS(K, H) given by

T n(g)Tp(g™ "),  for T € HS(K,H). (1.1)

To see this, let T : K — H be the rank 1 operator given by T = (n, D&, forn € K and
€€ H. For each ( € K and each g €T,

m(9)Tp(g~ ")) = (n,p(g7)C) e T(9)€ = (p(9)n, Q) T(9)€ = ®(m(9)€ ® p(g)n) (C).

The correspondence of equation (1.1) follows.
Lemma 1.1.16. For any finite dimensional representation w, Tt @7 has an invariant vector.

Proof. Let (m,H) be a finite dimensional representation. Since H is finite dimensional,
HS(H, H) contains the identity operator, and the identity operator is clearly invariant under
the map given in equation (1.1) with p = 7, for any group element, g. O

Proposition 1.1.17. Let (7, H) and (p, K) be unitary representations of the discrete group
I'. Then m ® p contains the trivial representation 1p if and only if there exists a finite
dimensional representation of I' which is contained in both m and p.

Proof. If o is a finite dimensional representation of I' contained in both 7 and p, then 0 ®
is contained in m ® p. It then follows directly from Lemma 1.1.16 that m ® p contains the
trivial representation.

Conversely, supper that m ® p contains the trivial representation. Then we may find a
non-zero T € HS(K, H) such that 7(g)Tp(g~!) = T, for all g € I'. Rearranging, we see
that such a T intertwines 7 and p. By [37, Theorem VI.21], T*T is a compact operator on
K. As T*T is also non-zero and positive, it has an eigenvalue A\ > 0, and the corresponding
eigenspace E) C K is finite dimensional and closed. Recall from Remark 1.1.7 that 77T
intertwines 7w with itself. Hence, F) is an invariant subspace. It remains to show that the
finite dimensional subrepresentation of 7 defined by FE) is contained in rho, as well. We
have, for each £ € Ey, |T¢|* = (T*T¢€,¢) = A |€|*. Hence, A"Y/2T is an isometry from Ej
onto the closed subspace T'(F)) of H. This finishes the proof. O



1.2 Kazhdan’s Property (T)

Definition 1.2.1. Let (7, H) be a unitary representation of the discrete group I'.

« A non-zero vector £ € H is called invariant if w(g)§ = &, for all g € T'. If such a vector
exists, we say that the representation (mw, H) has a non-zero invariant vector.

« A net (&), of unit vectors in H is called almost invariant if |w(g)&; — & — 0, for all
g € I'. If such a net exists, we say that the representation (m, H) has almost invariant
vectors.

Definition 1.2.2. Let I be a discrete group. We say that I" has property (T') if any unitary
representation of I' with almost invariant vectors has a non-zero invariant vector.

Example 1.2.3. All finite groups have Property (T') — see Corollary 1.2.15. o

In [55, Theorem 3 and 4], A. Zuk showed that there are plenty of infinite groups with
property (7). However, not many concrete examples are known. It is beyond the scope of
this thesis to proof Property (T') for concrete groups, and we mention here only the most
well known example:

Example 1.2.4. The special linear group over the integers, SL,,(Z), has Property (T'), for
n > 3. This was shown by Y. Shalom in [45]. o

For a discrete group I' and a unitary representation (m, H), we denote by H (1) the closed
subspace of H defined by

H™ W .= {¢cH|n(g)¢ =¢ forallgel}.

That is, H™T) is the set invariant vectors for the representation of I on H. Whenever either
the group or the representation is clear from context, we shall write H™ or H' instead of
H™T) Tt is clear that this is an invariant subspace for T.

Remark 1.2.5. For each g € T, w(g) commutes with the orthogonal projection onto H™D),

Indeed, if P is this projection, invariance of the subspace H™I) (and its complement) implies
that Pr(g)¢ = m(g)¢, for € € H™D) and Pr(g)¢ =0, for &€ € (H™M)L. For € € H, it follows
that Pr(g)¢ = Pn(g9)P¢+ Pr(g)(1 — P)¢ = n(g)P¢. Hence, Pr(g) = w(g)P.

Given a unitary representation (7, H) and a closed I'-invariant subspace M C H, we get
a canonical induced unitary representation of I' on the quotient Hilbert space H/M.

Lemma 1.2.6. Let H be a Hilbert space and let M be a closed subspace. The quotient space
H/M is isometrically isomorphic to M*.

Proof. Let P be the orthogonal projection onto M. Observe that if £ — & € M, then
(1—P) = (1—P)¢. The map ® : H/M — M+~ given by ®([¢]) = (1 — P)¢, for each
¢ € H, is therefore well-defined. It is clearly an isomorphism. Further, each £ € H can be
decomposed uniquely as & = &'+ ¢”, for & € M and ¢” € M, and we see that ®([¢]) = £".
It follows from Pythagoras that [®([¢])] = 1€"] = 1[E]l g/nr- O

Proposition 1.2.7. A discrete group T has property (T) if and only if, for every unitary
representation (w,H), the induced representation on the quotient H/H”(F) does not have
almost invariant vectors.

Proof. Let (m, H) be a unitary representation of I" and let 7’ denote the induced representa-
tion on H/H”(F). Let P be the orthogonal projection onto H™ ™). By Lemma 1.2.6, H/H’T(F)
is isometrically isomorphic to (H™)L through the map [¢] — (1 — P)¢, for ¢ € H.

10



Suppose ([&])ier is a net of almost invariant vectors in H/H™!). For each i € I, let =
P& e H™W and & = (1-P)& € (H™M)1. For cach i € I, we have [&]'| = |[&i]l ) precr) = 1.
Further, by Remark 1.2.5,

In(9)&f = & =10 = P)((9)& — &I = Im(9)& = &l g/ mrmr
= |='(9)[&] = (&l 11 gg=cr) — O

Hence, (&/)ier is a net of almost invariant vectors in (H™()L. By restricting 7 to the
invariant subspace (H™1))+, we obtain a unitary representation of I' which has almost
invariant vectors but no non-zero invariant vectors. Hence, I" does not have (7).
Conversely, suppose I' does not have (T") and let (7w, H) be a unitary representation with
almost invariant vectors but no non-zero invariant vector. Then H™T) is trivial, and so
H/H™T) = H has a net of almost invariant vectors for T'. O

1.2.1 Kazhdan pairs

Definition 1.2.8. Let (7, H) be a unitary representation of the discrete group I'. A non-zero
vector £ € H is said to be (E, k)-invariant, for a subset £ C I" and a constant k > 0, if

sup [m(g)§ — & < k€]
geE

If such a vector exists, we say that (m, H) has a non-zero (F, k)-invariant vector.

Proposition 1.2.9. A representation (w,H) of a discrete group T' has almost invariant
vectors if and only if, for every finite subset FF C ' and every € > 0, there exists a (F,¢)-
invariant vector for (m, H).

Proof. Suppose we may, for every finite subset F' C I" and every € > 0, find an (F, ¢)-invariant
vector §(p) for (m, H). We may take each {r) to be a unit vector. This defines a net (§(r))
indexed by the set of all tuples (F,¢), where F' C T is finite and ¢ > 0. We equip this index
set with a direction by setting (F,e) < (F',¢') if F C F’ and &’ < e. It is straight forward to
verify that ({(r,)) is a net of almost invariant vectors. The converse statement is trivial. [

Definition 1.2.10. Let I' be a discrete group. A pair (E, k), where E C T" and k£ > 0,
is called a Kazhdan pair for T if every unitary representation which has a non-zero (E, k)-
invariant vector, has a non-zero I'-invariant vector.

Remark 1.2.11. If (E, k) is a Kazhdan pair then so is (E, k'), for all 0 < k&’ < k.

We shall see in a moment that (T',/2) is a Kazhdan pair for any discrete group I'. The
existence of a Kazhdan pair is therefore nothing special. However, the existence of a Kazhdan
pair with a finite Kazhdan set turns out to be equivalent with property (7).

Proposition 1.2.12. Let T be a discrete group. Then T has property (T) if and only if there
exists a Kazhdan pair (F,k) for I' with F C T finite.

Proof. Suppose first that there exists a Kazhdan pair (F, k) for I' with F' C T finite, and
let (&);c; be a net of almost invariant vectors for a given unitary representation (m, H) of
I'. Then, for all g € T, there exists i, € I such that |7(g9)& — & < k, for all @ = i;. Since
I is directed and F' is finite, we can take i9 € [ such that ig = i4, for all g € F'. Then
I7(9)&iy — &ioll < k, for all g € F, and so &;, is (F, k)-invariant. Since (F, k) is a Kazhdan
pair it follows that the representation (7, H) has a non-zero invariant vector, and hence that
I" has property (T).
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Suppose instead that I' has no Kazhdan pair (F,k) with F' finite. Then, for all finite
subsets F' C I" and all k£ > 0, there exists a unitary representation with an (F, k)-invariant
vector but with with no non-zero invariant vectors. Let

I={(Fk)|FCT finite, k> 0}.

For (F1,k1),(F2,k2) € I, set (Fl,kl) < (FQ,]CQ) if 1 C F5 and ko < ki. Then (I,%) is a
directed set. For each i = (F;, k;) € I, let (m;, H;) be the aforementioned existing unitary
representation of I', and let & € H; be an (Fj, k;)-invariant unit vector, i.e.,

Imi(9)&i — &l < ki, t e F

Set H = @,.; H;. Then H is a Hilbert space, and each vector &; can be viewed as a unit
vector in H through the inclusion H; — H. Moreover, 71 = @,.;m : I' — B(H) is a
unitary representation of I on H. For all i € I and for all g € ', we see that |7(g)& — & =
|mi(g)& — & — 0. Hence, (&),c; is a net of almost invariant unit vectors.

Suppose that £ € H is a non-zero invariant vector. For each i € I, let P; : H — H; be
the orthogonal projection onto H;. Then, for all g € I" and all ¢ € I,

mi(9)Pi§ = Pim(9)§ = Pi€.

Hence, P;¢ is invariant with respect to the representation (m;, H;). But (m;, H;) has no non-
zero invariant vectors, and so P;§ = 0. Since this is true for all ¢ € I, we deduce that
§ =2 ;cr Pi¢ = 0. Hence, (7, H) has no non-zero invariant vectors, and we conclude that I’
does not have property (7). O

We proceed to show in Lemma 1.2.14 the already mentioned result that all discrete
groups have a Kazhdan pair. To show this, we shall need the so called circumcenter lemma
for Hilbert spaces.

For a Hilbert space H and a non-empty bounded subset S C H, we define the radius of
S to be the number

rad(S) =inf {7 >0 ‘ S C B((,r), for some ( € H }.
An element ¢ € H is called a circumcenter of S if S C B((,rad(95))

Lemma 1.2.13 (The circumcenter lemma for Hilbert spaces). Any bounded subset S C H
of a Hilbert space H has a unique circumcenter. Morover, this circumcenter lies in the closed
convez hull of S.

Proof. For each n € N, take &, € H such that S C B(&,,rad(S) + %) We claim that the
obtained sequence (§y),,>; is Cauchy.

For each n € H and each n,m € N, the parallelogram identity yields that

§n+§m En_fm
2

2
If n € S, we have |&, —n| < rad(S)+ 1/n, for each n € N. Hence, forn € S and 1 <n < m,

§n_77 2
2

2 2 2
n +’ :2’ +2‘

ém_n
2

gn_gmz_l 2 1 2 gn'i‘gm 2
el = el Gl ol - |5
2 2
< (s + 1Y Jten
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Fix 1 <n < m. For each § > 0, we have S ¢ E(%,rad(b”) — 5), and so, we may find
n € S such that |(& 4+ &m)/2 —n| > rad(S) — 6. Combining this with our preparations
above, we see that

fn — b C (rad(S) ; 1>2 ~ (rad($) — 6)?

n

It follows that (fn)n21 is, indeed, Cauchy. Let ¢ be the point of convergence. For nn € S and
e > 0, pick n € N such that n > 2/¢ and such that |, — (| < &/2. Then

In =<l < n—=&al + [€n — ¢ <rad(5) +e.

We conclude that S C B((,rg). This shows existence of the circumcenter. To see that the
circumcenter is unique, suppose ¢’ € H is also a circumcenter. Let

¢ ifnisodd
n =

¢’ if nis even

Clearly, S C B(nn,ro + %), for all n € N. By our previous argument, the sequence (1)~
is Cauchy, and so, we must have { = ('.

It remains to show that ( lies in conv(S). Suppose for contradiction that this is not
the case. Since conv(S) is closed and convex there exists a unique vector & € conv(S)
such that |( — &o| = dist((,conv(S)) > 0. Moreover, for each ¢ € conv(S), it holds that
Re(C —&,6—&) < 0. Let M = {¢ — &}, For & € conv(S), we may uniquely write
E—E& =MN(—¢&)+mn, for some A € C (or R, if H is real) and some n € M. Observe that

Re(\) [¢ — &f* =Re (¢ — &, & — &) < 0.

Hence, Re(\) < 0. Isolating £ — ¢ on one side of the decomposition of £ — &y, we see that

€ = 1P = A= 17 1¢ = &ol* + [n1* = (A +1 = 2Re(V)) ¢ — &ol* + [0l
> (AP + 1) ¢ = &l + Inl* = 1€ — &l” + ¢ — &

The last equality follows from the decomposition of {—&y. Set R = sup { | — & | € € conv(S) }.
This is a finite number because S is bounded, and we have that

_ 2
le— P > I¢ - &ol” (1 + ”<R§°”> ,

for each ¢ € conv(S). Set § = (1 +[¢ — &ﬂz JR*)~Y2 Then |€ — & <6 € —¢| < drad(S),
for all £ € conv(S). But then conv(S) C B(&o, drad(S)), which contradicts the definition of
rad(S) as 0 < 1. Thus, we must have ¢ € conv(.S). O

Lemma 1.2.14. For any discrete group ', the pair (T, \/5) 18 a Kazhdan pair.

Proof. Let (m, H) be a unitary representation of I' and suppose that ¢ is a non-zero (T, v/2)-
invariant vector. We may take £ to be a unit vector. Let O¢ = m(I')§ denote the orbit of &.
This is clearly a I'-invariant subset of H. Moreover, as 7 is isometric, O¢ is bounded, and so,
there exists a unique circumcenter of O¢, by Lemma 1.2.13. Let ¢ be this circumcenter. Then
7(g)¢ is a circumcenter for w(g)O¢, for each g € T, since 7 is isometric. But 7(g)O¢ = O,
and so m(g)¢ = ¢, by uniqueness of the circumcenter. Hence, ( is an invariant vector. It
remains to show that ¢ # 0. For this, recall from Lemma 1.2.13 that ( € conv O¢. If
¢ € conv O¢ we may write = Y " | a;m(g;)§, where each a; >0 and )" ; a; = 1. Then
n ) 1 5
Re (¢, () =Y a;Re (S, m(g:)€) > Inf Re (€, m(g)¢) =1 — 5 sup ¢ —w(9)¢]",
i=1 g
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where we in the last equality use that £ is a unit vector. This inequality holds for ¢ € conv O¢
as well, by continuity. Since ¢ is (", v/2)-invariant, it follows that Re (¢, ¢) is strictly positive.
In particular, ¢ # 0, as we wanted to show. O

Corollary 1.2.15. FEvery finite group has property (T').
Proof. This is immediate from Lemma 1.2.14 and Proposition 1.2.12. O

Proposition 1.2.16. Let (E,k) be a Kazhdan pair for the discrete group ', and suppose
that (w, H) is a unitary representation of I' with the property that there exists a non-zero
vector & € H such that w(g)¢ =&, for all g € E. Then & is T'-invariant for w.

Proof. Let Hy be the set of all I'-invariant vectors in H, and let K = HOL. Since H = Hy® K,
we can find unique vectors &y € Hy and ng € K such that £ = &y + 19. Then, for all g € F,

£ =m(9)€ = 7(9)0 + m(g)1m0 = o + 7(g)70-

Hence, 7(g)no = no, for all g € E, by the uniqueness of the decomposition & = &y + 7.
Observe next that both Hy and K are invariant under m, that is, 7m(g)Ho C Hp and
m(g)K C K, for all g € I'. We can then define a unitary representation (7', K) of I" on K
by setting 7'(g) = 7(g)|, for all g € I'. By construction of K, this representation has no
non-zero ['-invariant vectors. As (F, k) is a Kazhdan-pair for I' it follows that, for all n € K,
there exists g € E such that |7'(g)n —n| > k|n|. In particular, we can find such a g € £
for the vector g € K. Hence, ng = 0, and so £ = &y € Hy. We conclude that £ is I'-invariant
for the representation (7, H). O

Corollary 1.2.17. Let E C T' be a subset of the discrete group I'. If there exists a k > 0
such that (E, k) is a Kazhdan pair then E is a generating set for T'.

Proof. Let I'g < T' be the subgroup generated by E, and let m be the unitary representation
of T on #2(I'/Ty) induced by the left translation action of T on the set I'/Ty of left cosets
(see Example 1.1.3). By construction of 'y, the trivial coset is left invariant by all elements
of E. Tt follows from Proposition 1.2.16 that dr, € ¢*(I'/T) is an invariant vector for 7.
Hence, I'y =T L]

Corollary 1.2.18. FEvery discrete group with Property (T') is finitely generated.
Proof. This follows immediately from Proposition 1.2.12 and Corollary 1.2.17. O

Proposition 1.2.19. Let I" be a discrete group and let A<D be a normal subgroup. IfT' has
property (T) then so does the quotient I'/A.

Proof. Let ¢ : T' — T'/A be the quotient homomorphism. If = : I'/A — U(H) is a unitary
representation of the quotient group I'/A then moq: ' — U(H) is a unitary representation
of I'. If, moreover, 7 has almost I'/ A-invariant vectors then so does mogq. In fact, if (§;);c; is
a net of almost I'/A-invariant unit vectors in H, then it is almost I'-invariant as well. As I’
has property (T) we can find a non-zero vector £ € H such that 7(q(g)){ = moq(g)¢ =&, for
all g € I'. We deduce that ¢ is I'/A-invariant, and it follows that I'/A has property (T). O

Remark 1.2.20. Let I be a discrete group, let A<I" be a normal subgroup and let ¢ : I' — I'/A
be the quotient homomorphism. If (E, k) is a Kazhdan pair for I" then (¢(E), k) is a Kazhdan
pair for the quotient.
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1.3 Property (7) and the trivial representation

We point out, in Proposition 1.3.1 below, the easy observation that a unitary representation
has invariant vectors if and only if it contains the trivial representation. We shall see hereafter
that it is possible to define a weaker notion of containment that captures having almost
invariant vectors.

Proposition 1.3.1. A unitary representation (m,H) of the discrete group T' contains the
trivial representation if and only if there exists a non-zero I'-invariant vector in H.

Proof. Suppose 1p < m, and take T': C — H such that T1p = 7T. Let £ = T(1). Then
m(g)¢ = &. Conversely, suppose m(g)§ = &, for some non-zero vector £ € H. Set T(z) = 2§,
for z € C. Then w(g)T(z) = zm(9)€ = 26 =T(2) = T1r(g)(z), for all g € T. O

Denote by C[I'] the group ring of the discrete group T, i.e., the set of all finite formal
linear sums over I' with coefficients in C equipped, as usual, with the structure of a *-algebra.
Further, we denote by C*(I") the universal C*-algebra of T', i.e., the completion of C[I'] with
respect to supremum norm over all norms on C[I'] obtained from a unitary representation.
We refer the reader to [9, Section 2.5] for details on this construction.

A unitary representation (7, H) of I' induces a *-homomorphism C[I'] — B(H) simply by
extending 7 linearly. We shall denote this *-homomorphism by 7. By universality, we may
extend 7 further to a *-homomorphism C*(I') — B(H). With a slight abuse of notation, we
shall use 7 to denote the extension to all of C*(I), as well.

Definition 1.3.2. Let (7, H) and (p, K') be unitary representations of the discrete group I'.
We say that 7 is weakly contained in p if, for all x € C*(I'),

|7 ()] < a2l - (1.2)
In that case we write 7 < p.

Remark 1.3.3. Since the norm on C*(I") majorizes the norm on C[I'] induced by any repre-
sentation of I', it suffices in the above definition that equation (1.2) holds for all x € C[I].

Lemma 1.3.4. Let H be a complex Hilbert space. For any ¢ > 0 and any n > 2, there
exists a 6 > 0 such that, if &,...,&, € H are unit vectors with |y ;& > n — 4, then
16 — &l <e, foralll <i,j<n

Proof. Suppose &1,...,&, € H is a collection of at least two unit vectors satisfying the
inequality [>°7 ; &| > n — 4, for some § > 0. Then

(& 4) = Z@

k,l=1 i=1

2
> n? —2nd + 6.

On the other hand, as &1, . . ., &, are unit vectors, we have, for each pair of indices 1 < 4,5 < n,

n

> (&, &) <n® —242Re (&, G) .

k=1

Comparing the two inequalities, it follows that Re (§;,&;) > 1 — nd + §2/2. From this, we
derive the following inequality, for each pair of indices 1 < i,j < n:

|6 — &1* =2 —2Re (&, &) < 2nd — 6%

Given € > 0 and n € N, we may choose 0 < 6 < n(1 — /1 —£2/n?). Rearranging, we see
that, for such a J, the inequality 2nd — 6% < €2 holds. The statement of the lemma then
follows from our above derivations. O
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Proposition 1.3.5. Let (m, H) be a unitary representation of the discrete group T'. Then
Ir < 7 if and only if (w, H) has almost invariant vectors.

Proof. Suppose (&;),c; is a net of almost invariant vectors for the representation (m, H), and
let ¥ =3 cragg € C[I'] be a finite sum. For a given € > 0, we may choose i € I such that

I7(9)& — &l <&/ X ger lag|, for all i = dg. Then

Z aggio

gerl

|7 (@) = |7 (2)& | = >

>

gerl

—e=[1r(@)] —e.

> agm(9)is

gerl

— =

Since € > 0 was arbitrary, we deduce that |7 (z)| > |1p(x)|. This holds for all € C[I'], and
so, 1Ir < m, by Remark 1.3.3.

Conversely, suppose 1p < 7. Let F C T' be a finite set, put F. = F U {e}, and let
e>0.Setx=> geF, 9 By the triangle inequality, and since 7 is a unitary representation,
we have |r(z)| < > cp [7(9)] = |Fe|- On the other hand, since 1p < m, we see that
|m(z)| > |1r(x)| = |Fe|, and so |7 (z)| equals |F.|. Let § > 0 be as in Lemma 1.3.4 with
n = |F,|. By definition of the operator norm, we may take £ € H such that

3" w(g)e| = In(x)el = |F.| 6.

gEeFe

Lemma 1.3.4 then yields that |7(g)§ — w(h)§| < e, for all pairs of elements g, h € F,. Since
F, contains the identity and F' is finite, it follows that

sup |m(g)€ — &[] <e.
geF

It follows from Proposition 1.2.9 that (7, H) has almost invariant vectors. O

We obtain the following rephrasing of Property (T') as an immediate corollary to Propo-
sition 1.3.5 and Proposition 1.3.1.

Corollary 1.3.6. A discrete group I' has property (T') if and only if, whenever a unitary
representation weakly contains 1r, it contains 1r. Il

This is less of a characterization of Property (T') than it is a rephrasing of Definition 1.2.2
in fancy terms. Weak containment, however, allows us to define a topology on the unitary
dual of a group, namely Fell’s topology, and we shall see in Proposition 1.3.18 that isolation
of the trivial representation this topology is equivalent to having Property (7'). We shall take
a different route in defining Fell’s topology and make the connection to weak containment
in Lemma 1.3.9.

Let A be a unital C*-algebra. Recall that the kernel of any *-representation of A is
a closed two-sided ideal in A (see, e.g., [8, Paragraph 11.6.1.2]). A two-sided ideal which
arises as the kernel of an irreducible *-representation is called a primitive ideal. We denote
by Prim(A) the set of all primitive ideals of A, and we endow this set with a topology as
follows: For a subset S C Prim(.A), its closure is defined as

ﬂJcI}.

S = { I € Prim(A)
Jes

One easily verifies that this, indeed, defines a topology on Prim(.A) — see [16, Section 3.1.1].
This topology is known as Jacobsen’s topology.
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Definition 1.3.7. The unitary dual of a (discrete) group I', denoted by f, is the set of
equivalence classes of irreducible unitary representations of T

Let I' be a discrete group. Define a map & : T — Prlm(C'*( )) by setting ®(7) = ker (7).
The topology on r generated by all sets of the form ®~1(U), where U is an open set in
Prim(C*(I')), is known as Fell’s topology. With this definition of Fell’s topology we have
the following understanding of closures: If S C T and 7 € T then 7 € S if and only if
(pes ker(p) C ker(#). In Corollary 1.3.11 below, we characterize Fell’s topology in terms of
convergence of nets.

Lemma 1.3.8. Let (m;, H;)ier be a family of unitary representations of a discrete group I
Then the extension, (®;m;) , of their direct sum to C*(I') equals the direct sum, @;7;, of
their extensions. Moreover, for each x € C*(T'), it holds that

|&ifi(z)| = sup [7:(z)] -
1€l

Proof. The extension (@®;m;)" is the unique *-homomorphism C*(I') — B(H) satisfying
(®im;) (9) = ®mi(g), for all g € . On the other hand, for each i € I and each g € T,
7:(g) = mi(g), by definition of #;. Thus, the first statement of the lemma is direct from
uniqueness of (®;m;) .

Let z € C*(I"). By definition of the norm on the universal C*-algebra of I', it is clear
that sup;c; |7;(z)| is finite. For each & = (&);c; € @,c; Hi, we have, by definition of the
norm on the Hilbert space direct sum, that

2
[(@d@)e]? = lem@el = 3 @l < (sguﬁxx)u) €]

el

Hence, |®;7;i(z)| < sup;cr|7i(x)|. For the opposite inequality, recall that each H; embeds
isometrically into the direct sum @, ; H; by considering each vector { € H; as the vector in
P, Hi with £ in the i’th coordinate and the zero-vector elsewhere. Thus, for each ig € 1,

|®i7i(x)| = sup { |©iwi(x)S] | § € Hig, [Sil; =1}
= sup { [i (2)¢] | £ € Hig, [&ill; = 1} = |73 (2)] -

Taking the supremum over ig € I, we obtain the inequality |@;7;(z)| > sup;e; |7i(z)|. This
finishes the proof of the lemma. O

Lemma 1.3.9. Let (7;);c; be a net in L. The following are equivalent:
(1) Neqker(m;) C ker(7),

(i) T < Dierm;,

(i) supies V(@) > V@), for all z € C*(T).

Proof. The equivalence of (ii) and (iii) is clear by Lemma 1.3.8 and by definition of weak
containment. We proceed to show that (i) and (iii) are equivalent.
Suppose that (iii) holds, for all z € C*(I"). Then, if x € [;c; ker(#;), then

|7 (z)| < sup|@i(z)] =0,
el

and so, x € ker(7). Hence, (iii) implies (i). Suppose, conversely, that the inclusion in (i)
holds. It suffices to show that sup;c; |7 (x)| > |7 ()], for all positive elements of x € C*(T") 4.
Indeed, the inequality then follows for all x € C*(T") by the C*-identity for the norm. So let
x € C*(I')4 be a positive element. For each t € Ry, let f; : Ry — R4 be the continuous
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function given by fi(s) = max{s — ¢,0}. By the properties of the continuous functional
calculus, 7;(ft(z)) = fi(7i(z)), for all i € I and all ¢t € Ry. Set t = sup;c; |7i(z)|. Then, for
all i € I, f; equals zero on the spectrum of 7;(x), and so, ;(fi(x)) = fi(7i(z)) = 0. By our
assumption that the inclusion of (i) holds, it follows that fi(7(z)) = #(fi(x)) = 0. Thus, f;
equals zero on the spectrum of 7(x). But then the spectrum of 7(z) must be contained in
the interval [0,¢]. Because 7(z) is normal, the spectral radius formular implies that

|7 ()| <t =sup|i(z)] .
el
This shoes that (i) implies (iii). O

Proposition 1.3.10. Let (m;);c; be a net in T and let 7 € T. Then 7 is a cluster point for
(74);er if and only if one and hence all of the following equivalent conditions hold:

(i) For every iy € I, we have the inclusion () _; ker(#;) C ker(7),

(i4) For everyip € I, m < Dy, i,

(1i1) We have the inequality limsup,c; |7;(x)| > |7 (x)|, for all z € C*(T').

Proof. We have that 7 is a cluster point for (7;);c; if and only if 7 lies in the closure of
all sets {m; | i =19}, for i9p € I. Hence, 7 is a cluster point if and only if (i) holds. The
equivalence of (i) and (ii) is direct from Lemma 1.3.9.

Suppose that (iii) holds, for all x € C*(T"). Fix ip € I. If x € ., ker(#;), then

i>=10
|7 ()] <limsup [7;(z)] < sup |7i(z)] =0,
i€l iio
and so, x € ker(7), showing that (iii) implies (i). Suppose, conversely, that the inclusion in
(i) holds, for all ip € I. By Lemma 1.3.9, this implies that
sup [7i(2)| = |7 (2)] ,
12210
for all z € C*(I") and all iy € I. Thus,
limsup |7;(2)| = inf sup |7;(z)| = |7 (2)]
iel 0l iig

as we wanted to show. O

Corollary 1.3.11. Let (7;);c; be a net in T and let 7 € T. Then 7 is a limit point for
(mi);er i and only if, for every subnet (w;),c; of (mi);cr, one and hence all of the following
equivalent conditions hold:

(i) Mo ker(y) C ker(7),
(it) m < DBjec; ™5,

(iii) supje; | ()] = (@), for all z € C*(D).

Proof. The conditions are equivalent by Lemma 1.3.9. We show that 7 is a limit point if and

only if (i) holds. Suppose 7 is a limit point for (m;);c; and let (7;),.; be any subnet. Fix

jo € J. As m is, in particular, a cluster point for (ﬂ'j)jEJ, Proposition 1.3.10 implies that

[V ker(#;) € () ker(#;) C ker(%).

JjedJ josjed
Suppose, conversely, that (i) holds, for all subnets. Let (m;);c; be any subnet. For each
jo € J, (mj)joxjes is a subnet of (m;),.; and therefore also of (m;);c;. Our assumption
therefore gives us the inclusion (), _;c s ker(#;) C ker(#), for all jo € J. Thus, 7 is a cluster

point for (ﬂ'j)j c.» by Proposition 1.3.10. We deduce that 7 is a cluster point for all subnets
of (7;);cy, and so, 7 is a limit point, as we wanted to show. O
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Definition 1.3.12. A non-empty linear subspace I of a unital C*-algebra A is called an
algebraic (two-sided) ideal of A if axb € I, for all x € I and all a,b € A. An algebraic
two-sided ideal which is, moreover, closed in norm is called a (two-sided) ideal of A.

Let A be a unital C*-algebra. For a two-sided ideal I of A, the quotient A/ is an algebra
with addition and multiplication given by addition and multiplication of representatives.
Furthermore, the involution given by (a+I)* = a*+ I is well-defined and the quotient norm
on A/I is a C*-norm (see [36, Theorem 1.9.1]). We denote by n; : A — A/I the canonical
projection. It is clear that n; is a *-homomorphism.

Lemma 1.3.13. Let A be a unital C*-algebra. Let I and J be two-sided ideals in A and
denote by 7y : A — A/I and 75 : A — A/J the canonical quotient maps. The map
o A— A/ITDA/JT given by

®(a) = (m7(a), m5(a)), a€ A,
18 a *-homomorphism. Moreover,
(i) ® is injective if and only if I N J = {0},
(i) ® is surjective if and only if I + J = A.

Proof. 1t is clear that ® is a *-homomorphism because 7; and 7y are. To see that (i) holds,
observe that an element a lies in the intersection I NJ if and only if ®(a) = (0,0). It remains
to show (ii). Suppose I + J = A and let a,b € A so that (m7(a),7s(b)) is a generic element
of A/TI ® A/J. By assumption, a and b has decompositions a = a; + a2 and b = by + by,
for a1,b; € I and ag,be € J. Then w;(a) = wr(ag + b1) and 7;(b) = 7wy(as + b1). Hence,
® is surjective. Conversely, suppose I + J C A and take a € A\(I + J). We claim that
(rr(a), 77(—a)) is not in the image of ®. Indeed, if it were, we could find an element z € A
such that a — x € I and a + x € J. Adding these two equalities leads to a contradiction.
Hence, ® is not surjective. O

Remark 1.3.14. Since 1r : C*(') — C is a surjective *-homomorphism, we see that the
quotient C*-algebra C*(T")/ker(ir) is *-isomorphic to C. Specifically, the *-isomorphism is
the unique map optained from the universal property of the quotient making the following
diagram commutative:

ey i
ﬂ-kcril—\i /,’/’/

C*(I')/ ker Ip

Remark 1.3.15. The kernel of the trivial representation, ker(1r), is a maximal ideal in C*(T").
Indeed, if there were another ideal ker(1t) € J € C*(I"), we could find = € J\ ker(ir). Since
such an x cannot be 0, the image of [z],,, ) under the isomorphism C*(I')/ ker(Iy) = C
from Remark 1.3.14 is not zero, and so, by normalizing, we find an element z’ € J such that
[']xer(ip) maps to 1. But then 2’ =1+ y, for some y € ker(ir). As J contains ker(ir), we
deduce that 1 € J, and so, J = C*(I).

Definition 1.3.16. A two-sided ideal I of a unital C*-algebra A is called complemented if
there exists another two-sided ideal J in A such that I N J = {0} and such that I + J = A.

Remark 1.3.17. If I is a complemented ideal in a unital C*-algebra A, then Lemma 1.3.13
yields that A is *-isomorphic to A/I @ B, for some unital C*-algebra B.
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Let S C T be a subset. A representation w € S C [ is called an isolated point in S if the
singleton {7} is an open set in the subspace topology, or, equivalently, if 7 ¢ S\{w}. That
is, m is isolated in S if and only if

(] ker(p) ¢ ker(#) (1.3)

peS\{m}
Proposition 1.3.18. Let I' be a discrete group. The following are equivalent:
(i) T has Property (T'),
(i) The trivial representation, 1p, is an isolated point in the unitary dual, f,
(iii) The kernel of 1r is a complemented ideal in C*(T),

(iv) There is a central projection q in C*(I') such that ip(q) =1 and ugq = qug = q, for all
gel.

Proof. (i)=(ii): Suppose 1 is not an isolated point in I'. Then Ir lies in the closure of
I'\{1r}, and so, we may find a net (mi) ;e in I\{1r} converging to 1. Let 7 = @D, mi- Then
1r is weakly contained in 7, by Corollary 1.3.11. But 7 does not contain 1r, as otherwise,
1r would be contained in 7;,, for some ig € I, by Proposition 1.1.14. By construction, m;, is
an irreducible representation not equivalent to 1r, so this would be a contradiction. Hence,
7 is a unitary representation weakly containing but not containing 1p, and so, I' does not
have property (7'), by Corollary 1.3.6.

(ii)=(iii): Let Iy = ker(ip) and let Jo = ﬂwef\{lp
irreducible representations to separate the points of C*(I") (see, e.g., [54, Theorem 13.11(a)]
and recall that pure states correspond to irreducible representations via the GNS construc-
tion). Therefore, as the irreducible representations of I' are in 1-1 correspondence with the
irreducible representations of C*(I"), we see that

Ion Jo = () ker(#) = {0}.
WEf

}ker(fr). Recall that there are enough

If 1r is isolated in f, equation (1.3) yields that Jy ¢ Iy, and so, Iy + Jy is an ideal strictly
containing Iy. But Iy is a maximal ideal by Remark 1.3.15. Thus, Iy + Jy = C*(T"). That is,
ker(ir) is complemented in C*(T).

(iii)=-(iv): By Lemma 1.3.13, Remark 1.3.17 and Remark 1.3.14, we have a *-isomorphism
¢ : C*(I") — CaB, for some unital C*-algebra B. Moreover, we have 1p = mco®, where 7 is
the canonical projection C@ B — C. As ® is a *-isomophism, there exists a (unique) central
projection g € C*(T") such that ®(¢) = (1,0). We see immediately that 1p(q) = 7c(®(q)) = 1.
Further, for each g € T, mc(®(u,)) = 1r(uy) = 1, and so, we must have ®(u,) = (1,vy), for
some unitary element v, € B. It follows that qug = uy,q = ¢, for all g € T'.

(iv)=-(ii): Suppose for contradiction that 1 is not an isolated point and let (7;),.; be a
net in T\{1r} converging to ir. By Corollary 1.3.11, sup |#:(q)| > ’ip(q)’ = 1. Hence, we
may find an index i € I such that 7;(q) is non-zero. Let H; be the Hilbert space on which
7; acts. By the properties of ¢ and since 7; is a representation, we have, for each g € I' and
each £ € H;,

mi(9) (7i(Q)€) = Tilug) (7i(q)€) = 7i(ugq)E = Ti(q)E.

Hence, 7;(¢)¢ is a T-invariant vector for m;, for all £ € H;. As 7;(¢) is non-zero, this implies
the existence of a non-zero I'-invariant vector for 7;. But x; is irreducible, and so, we must
have that 7; is equivalent to 1p. But this contradicts that (7;);c; is a net in I'\{1r}. O

Remark 1.3.19. The projection in Proposition 1.3.18 is known as a Kazhdan projection.
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1.4 Literature

The brief introduction to representations on Hilbert spaces in Section 1.1 is based on [5,
Appendix A]. In the introduction to Kazhdan’s Property (7") in Section 1.2 we follow mainly
[9, Chapter 12.1 and Chapter 6.4]. Another reference for an introduction to Property (7') is
[5, Chapter 1]. In the introduction to this book, the reader may also find more references
to the literature on the topic. The results of Section 1.3 can be found in [5, Section 1.2 and
Appendix F]. The presentation given in Section 1.3 is based mainly on private communication
with my supervisor, Magdalena Musat.
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Chapter 2

Property (T') as a fixed-point
property

We introduce in the last section of this chapter, Section 2.5, a property regarding the existence
of fixed points for affine actions on real Hilbert spaces. Our aim is to show that this property,
known as Property (F H), is equivalent with Property (7). In the first four sections we shall
develop the tools needed to study affine actions and, in particular, to proof the mentioned
equivalence. These tools will also be useful to us when studying group actions on Banach
spaces in Chapter 4, and we shall therefore not restrict ourselves to the Hilbert space setting
before in the final section. In Section 2.1 we introduce what we mean by an affine map and
discuss how this set of maps on a normed vector space relates to the set of isometric maps. In
Section 2.2 we discuss affine actions of a group on a general vector space, and we define and
study the vector space of 1-cocycles with respect to a (linear) representation. In Section 2.3,
we introduce the first cohomology of a group with coefficients in a (linear) representation,
and we discuss how one may use analysis to study this object for representations on Banach
spaces. In Section 2.4, we give an introduction to the theory of positivity of functions on
groups. At first, this section might seem misplaced, but we shall see that the tools developed
here will be very useful to us in the final section of this chapter.

2.1 Affine maps and isometries

Definition 2.1.1. A map f: V — W between vector spaces over the same field K(= R or
C) is said to be affine if

FAz+ 1 =XNy)=Af(x)+ (1 -Nf(y) (2.1)
for all ,y € V and all A € K. We denote by Aff(V') the group of affine bijections on V.

Example 2.1.2. The following are two easy but important examples of affine maps on a
vector space V:

« Any linear map is affine. In particular, the set of affine bijections Aff(V') contains the
general linear group of V.

« A translation on V is a map T, on V of the form T,,(z) = = + zo, for some fixed
vector g € V. All translations are affine. Moreover, all translations are bijections
with T, 1 =T, o

Remark 2.1.3. We can, equivalently, define a map f : V — W to be affine if the map
fo: V. — W given by

folz) = f(x) — f(0), forxz eV, (2.2)



is linear. If f is affine, then fy is called the linear part of f and the vector f(0) is called the
translation part of f. Clearly, an affine map is linear, if its translation part is zero.

Remark 2.1.4. An affine map is injective (respectively surjective), if and only if its linear
part is injective (respectively surjective).

Definition 2.1.5. A map f: V — W between normed vector spaces is called an isometry if

1f(z) = FW)l =z —yl,
for all z,y € V. We denote by Isom (V') the set of bijective isometries on V.

Remark 2.1.6. Isometries are always continuous and injective.

An affine map is an isometry if and only if its linear part is. Isometries, on the other
hand, need not be affine. However, a famous result due to S. Mazur and S. Ulam in [29] show
that bijective isometries between real vector spaces are always affine. We present below a
proof following [50].

Lemma 2.1.7. A map f:V — W between real vector spaces is affine if and only if
flz+ 1 =t)y)=tf(z) + (1 -t)f(y) (2.3)
for all z,y € V and all t € [0, 1].

Proof. We need only proof that, if equation (2.3) hold for all ¢ € [0, 1], it holds for all ¢t € R.
So let z,y € V and let ¢t € R\[0,1]. We may assume without loss of generality that ¢ < 0
(otherwise, exchange the role of x and y). Then 1/(1 — ¢t) lies in [0, 1], and so,

1) =1 (2o a=0m) + (1- 12 ) o)

- %f{m%— (1—t)y) + (1 - 11_t> f(x).

equation (2.3) follows by rearrangement. O

Lemma 2.1.8. Let V and W be normed real vector spaces. If f :' V. — W is continuous,
then f is affine if and only if

FGe+3y) = 3f (@) + 3/ W), (2.4)
forallx,y e V.

Proof. Suppose the condition of equation (2.4) hold. We obtain equation (2.3), for all dyadic
rationals ¢ in [0,1] and all z,y € V, by induction. Since the dyadic rationals are dense in
[0, 1], continuity of f implies that f is affine. O

Let V be a real vector space. For each z € V, we define the map r, : V — V by
r,(x) = 2z — x. The map r, is called the reflection of V in z. It is an affine map, and it
clear that 72 = idy.. Thus, 7, is bijective with 7' = r,. Moreover, z is a fixed point for r,,
and it is the only fixed point. If V' is normed, the following equalities are direct from the
definition:

Irz(z) — 2| =z — 2],  |r:(z) —z| =2]z - 2], (2.5)
forall z € V.

Theorem 2.1.9 (Mazur-Ulam). Every bijective isometry between real normed vector spaces
is affine.
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Proof. Let f : V. — W be a bijective isometry between real normed vector spaces. For
x,y€V,set z=(z+y)/2€V and 2/ = (f(z)+ f(y))/2. We show that f(z) = 2’. This will
imply that f is affine by Lemma 2.1.8.

Let Isom(V; z,y) denote the set of all bijective isometries on V' keeping the points = and
y fixed. For each such map g, we have |gz — x| = |gz — gz| = |z — x|, and so

lg(z) = 2| < |g(z) — 2| + |o — 2| = 2|z — 2] .
Hence,
¢ =sup{lg(z) — 2| | g € Tsom(V3,y) } < oo.

For g € Isom(V;z,y), let ¢ = r.g~'r.g, where r, is the reflection of V in z. Then § €
Isom(V;z,y), as well, and so |g(z) — 2| < c¢. Using this together with the equalities in
equation (2.5) and the fact that g~! is an isometry, we deduce that

209(2) — 2| = |r2(9(2)) = 9(2)|| = |97 r29(2) — 2] = 13(2) — 2| < .

Taking the supremum of the left hand side over all g € Isom(V; z,y), we obtain that 2¢ < c.
As c is non-negative and finite, we must therefore have ¢ = 0. Hence, z is a fixed point, for
all g € Isom(V;x,y).

Let r./ be the reflection of W in z/. Then g = r,f~!r. f is in Isom(V;x,%), and our
preparations above then implies that g(z) = z. It follows that r,. f(2) = f(z), so as 2’ is the
only fixed point for r,,, we conclude that f(z) = 2/, as we wanted to show. O

2.2 Affine actions and 1-cocycles

Definition 2.2.1. Let I' be a discrete group and let V' a vector space. An affine action of
I' on V is a group homomorphism I' — Aff(V).

Example 2.2.2. Let V be a vector space. We may reformulate Example 2.1.2 in the language
of affine actions:

« The inclusion GL(V') C Aff(V) is an affine action of GL(V') on V.
« Any additive subgroup of V acts on V' by translation. o

Let T" be a discrete group and « : I' — Aff(V) be an affine action. For each g € T, let
m(g) : V. — V be the linear part of a(g), and b(g) be the translation part of a(g). Then = is
a representation of I' on V', and b : I' — V satisfies the relation

b(gh) = b(g) + m(g)b(h), (2.6)

for all g,h € T', because « is a homomorphism. This relation is called the 1-cocycle relation
(with respect to 7). The representation 7 is called the linear part of «, and the map b is
called the translation part of «.

We shall change our perspective now and fix a representation 7w of I' on a vector space V.

Definition 2.2.3. A map b : I' — V satisfying the 1-cocycle relation of equation (2.6) is
called a I-cocycle with respect to w. The set of all 1-cocycles with respect to 7 is denoted
by Z1(T, 7).

Remark 2.2.4. The set Z'(I',7) of 1-cocycles with respect to a fixed representation 7 has
the structure of a vector space with addition and scalar multiplication given pointwise.

24



Proposition 2.2.5. Let I" be a discrete group and (w, V') a representation of I'. An action
a of I' on V is an affine action with linear part w if and only if there exists a 1-cocycle
b:T' — V with respect to m such that

a(g)z = m(g)z +b(g), (2.7)
forallgel and allx € V.

Proof. If o is an affine action with linear part 7w then the translation part of a has the
required properties. Conversely, suppose there exists a map b : [' — V satisfying the 1-
cocycle relation with respect to 7 and such that equation (2.7) hold, for all g € I" and all
x € V. Then each map «a(g) : V — V, for g € T, is affine, and the 1-cocycle relation ensures
that « is a homomorphism. O

Remark 2.2.6. Given a representation 7 of a discrete group, Proposition 2.2.5 shows that
the set of affine actions with linear part 7 corresponds exactly to the set of 1-cocycles with
respect to m. For a 1-cocycle b € Z(T', 7r), the action « defined by equation (2.7) is referred
to as the affine action associated to m and b.

Lemma 2.2.7. Any 1-cocycle b € Z*(T', ) has the following properties:
(i) b(e) =0,
(ii) m(g)b(g~") = —blg), for all g € T.

Proof. Since, for any representation 7, m(e) = id, we have

We must therefore necessarily have b(e) = 0. Then, for all g € T,

0=b(e) =blgg~ ") = blg) + m(g)blg™").
This finishes the proof. O
The following is an important example of a 1-cocycle:

Example 2.2.8. Let 7 be a representation of the discrete group I' on a vector space V, let
xog € V,and let b: ' — V be the map given by

b(g) = m(g)xo — xo, for all g € I (2.8)
Then, for each g,h € T,
b(gh) = m(gh)zo — w9 = m(g)(w(h)xo — z0) + 7(g)x0 — 20 = 7(g)b(h) + b(g).

Hence, b is a 1-cocycle with respect to . Any 1-cocycle which has the form of equation (2.8),
for some vector xg, is called a I-coboundary with respect to w. The set of all 1-coboundaries
with respect to 7 is denoted by BY(T, ). o

Remark 2.2.9. The set of 1-coboundaries, B(T',7), is a subspace of the vector space of all
1-cocycles, ZY(T', 7).

Definition 2.2.10. Let o be an affine action of the discrete group I' on a vector space V.
A fized point for a in V' is a vector x € V satisfying a(g)x = z, for all g € T.

Lemma 2.2.11. Let ' be a discrete group, V' a vector space, and let a be an affine action
of I' on V with linear part m and translation part b. The following are equivalent:
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(i) o has a fized point in V,
(ii) b is a 1-coboundary,
(11i) « is conjugate to m via a translation.

Proof. If —xy € V is a fixed point for o then

b(g) = a(g)(—zo) — 7(g)(—z0) = 7(g)w0 — 0.

That is, b is the 1-coboundary associated to xg. Further, if b is the 1-coboundary associated
to xg € V, then « has the following form:

a(g)r = m(g)z +b(g) = (g)(x + z0) — w0 = Ty, 0 m(g) 0 Ty,
for all g € I' and = € V. That is, « is conjugate to 7 via the translation T7,. Finally, if
o= Ta;)l omoTy,, for some z¢ € V, then

a(g)(—w0) = Ti! 0 7(g) © Ty (—0) = Ty (0) = —p.

Hence, —x¢ is a fixed point for a. O

2.3 1-cohomology

For a fixed representation 7 of a discrete group I' on a vector space V', we define the first
cohomology of I' with coefficients in 7 as the quotient vector space

HYT',7) = Zz'(T,n)/BYT, 7).

When all 1-cocycles with respect to m are 1-coboundaries, the first cohomology group van-
ishes. By Lemma 2.2.11, this vanishing therefore captures that all affine actions of I' on V'
with linear part 7w has a fixed point. We state this observation in Lemma 2.3.1 below.

Lemma 2.3.1. Let I" be a discrete group and let w be a representation on a vector space V.
Then HY(T',w) = 0 if and only if all affine actions of T' on V with linear part © has a fived
point in V.

Proof. We have that H'(I', ) = 0 if and only if all 1-cocycles on V with respect to 7 are 1-
coboundaries. By Proposition 2.2.5, the affine actions with linear part m correspond exactly
to the 1-cocycles on V with respect to w. Hence, by Lemma 2.2.11, H'(I',7) = 0 if and only
if all affine actions with linear part 7 have a fixed point. O

Let X be a topological vector space and let C(T", X') denote the set of all functions I' — X.
We say that a net (f;);c; in C(I', X') converges pointwise to f if fi(g) — f(g) as a net in
X, for all g € T. The defines a topology the C(T', X)) known as the topology of pointwise
convergence. When the topology on X comes from a norm, the induced topology of pointwise
convergence on C(I', X) is generated by the separating family of seminorms {pg}ger’ with
pg(f) = |f(z)|, for all g € T" and f € C(I', X). In particular, it is Hausdorff (see [19, Propo-
sition 5.16(a)]). If X is a Banach space, the topology of pointwise convergence on C(T", X) is
complete, as well. If X is normed and I' is countable, the topology of pointwise convergence
on C(I', X) is metrizable with a translation invariant metric (see [19, Proposition 5.16(b)]).

Let 7 be a representation of the countable discrete group I' on a normed vector space X.
The vector space of 1-cocycles, Z!(T', ), inherits the topology of pointwise convergence from
the inclusion Z}(T',m) € C(I', X). We show in the proposition below that, if X is Banach,
ZY(',7) is complete. Recall that a Hausdorff topological vector space whose topology is
generated by a family of seminorms is called a Fréchet space if it is complete.
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Proposition 2.3.2. Let (r, X) be a representation of the countable discrete group T’ by linear
surjective isometries on a normed vector space X. If X is a Banach space then Z(T', ) is
a Fréchet space in the topology of pointwise convergence.

Proof. We need only show that Z!(T',7) is closed in C(T, X). To show this, let (b,),~; be
a sequence in Z'(I",7) converging to b in C(I', X). Then, for each pair of group elements
g,h € T, by(gh) — b(gh). But also, b,(gh) = bn(g) + 7(g)bn(h) — b(g) + 7(g)b(h). Since
the topology of pointwise convergence on C(I', X) is Hausdorff we deduce that b(gh)
b(g) + m(g)b(h). Hence, b is a 1-cocycle.

Ol

Remark 2.3.3. In general, the set of 1-coboundaries need not be closed in the set of 1-
cocycles. If BY(I',7) is not closed in Z!(T', ) it follows, in particular, that H'(I',7) # 0.
Hence, by Lemma 2.3.1, showing that B'(I',7) is not closed provides a mean for showing
the existence of an affine action with linear part = which does not have any fixed points.
Loosely speaking, topologizing the vector space of 1-cocycles allows us to use analysis to
study fixed-point properties for group actions on Banach spaces.

We show in the proposition below that the closure of B*(T', ) is connected to the existence
of almost invariant vectors for .

Proposition 2.3.4. Let (7, X) be a representation of a countable discrete group T' by linear
surjective isometries on a Banach space. Assume that m does not have any non-zero invariant
vectors. Then T has almost invariant vectors if and only if B (T, ) is not closed in Z'(T', )
with respect to the topology of pointwise convergence.

Proof. For each x € X, denote by b, the 1-coboundary given by b,(g) = 7(g)x —z, for g € I.
By definition of BY(T', ), each 1-coboundary has this form. Define a map 3 : X — B(T,7)
by setting S(x) = b,. Then f is clearly a linear and surjective map. It is also clear that § is
continuous as, for each g € I' and each z,y € B, py(by — by) < 2|z — y|. Further, when 7
has no non-zero invariant vectors, we see that 3 is injective.

Suppose that m does not have almost invariant vectors. Then there exists a group element
go € I and an ¢ > 0 such that |7(go)x — x| > e|z|, for all z € X. Let (2;),c; be a net in X
such that the corresponding net (b, );c; in BY(T', 7) converges pointwise to some b € Z!(T', 7).
We may then extract a subnet in the form of a sequence (zy,),~, such that pg, (b, —b) — 0.
For each n,m € N, we see that -

[ — 2m] < eV m(go) (@n — 2m) — (20 — 2m)|
< 5_1(||7T(90)33n —xn — b(go)| + [7(g0)zm — Tm — b(go)”)
=c! (pgo (b, — ) + pgy(ba,, — b))

Thus, (2y,),~; is Cauchy. Let zg be the point of convergence. For each g € T, py(bs,, —bg,) <
2 |xn — 20, and so, (bs,)n>1 converges pointwise to by,. Further, for g € T and £ > 0,
take ng € N such that py(bs, — bzy) < €/3, for all n > ng, and take ig € I such that
Pg(bz; — ) < €/3, for all i = iyg. Denote by ¢ : N — I the index map defining (£,),,~, as a
subnet and take nq € N such that ¢(n) 3= ig, for every n > ny. Let n. = max{ng,n1}. Then

Pg(be; — bey) < pg(bz; —b) + 1y (b - b:%(ns)) + Pg(bz,. = bxy) <,

for all 7 »= ip. Since g € I" and & > 0 was arbitrary, this shows that (by,);cr converges to
bz, We deduce that b = b, as the topology of pointwise convergence is Hausdorff. Hence,
BY(T', ) is closed in ZY(T, 7).

Conversely, suppose BY(T, 7) is closed in Z*(T', 7). Then BY(T', ) is Fréchet by Proposi-
tion 2.3.2. Moreover, since I' is countable, the topology of pointwise convergence is metriz-
able by a translation invariant metric. It follows by the open mapping theorem (for complete
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topological vector spaces whose topology is induced by a translation invariant metric) that
B is open (see [40, Corollary 2.12(a)]). In particular, the set

B(Bx(0,1)) = {b, € BNI, ) | || <1},

where Bx(0,1) is the open unit ball in X, is open in B*(T, 7). Hence, we can find a finite
subset F' C T' and an € > 0 such that, whenever b, € B'(T',7) satisfies sup e pg(bs) < ¢,
then |z| < 1. For each non-zero x € X, we deduce that

sup [7(g)z — x| = 2| sup||w(9)(z/ |]) — (z/ [])| = [2] sup pg(besja)) > € 2] -
geF geF geF

We conclude that (7, B) does not have almost invariant vectors. O

Remark 2.3.5. The assumption that I' is countable in Proposition 2.3.4 above is used to show
one of the implications of the proposition only: if 7 has almost invariant vectors then B (T, 7)
is not closed. Specifically, it is used in the application of the open mapping theorem. When I’
is not countable, the topology of pointwise convergence on C(I', X') need not be metrizable,
and we do therefore not have the open mapping theorem, as stated in [40, Corollary 2.12(a)].

2.4 Positivity of functions on groups

When studying groups it is often useful to consider the set of complex valued functions
on the group of interest instead of looking at the group directly. In particular, studying
functions with certain positivity properties will proof to be a useful tool for us. We study
in the following two subsections functions of positive type and functions conditionally of
negative type. In Theorem 2.4.27, which is due to I. J. Schoenberg in [43], we show a
connection between the two notions. We show immediately hereafter a consequence of this
theorem allowing us to construct, from any affine action on a Banach space, a family unitary
representations on complex Hilbert spaces with a set of properties that might at first seem
technical, but that will later allow us to establish a connection between Kazhdan’s Property
(T') (or its generalization to the Banach spaces setting) and a property regarding fixed points
for affine actions.

2.4.1 Functions of positive type
Definition 2.4.1. Let I" be a discrete group. A function of positive type on I' is a function
@ : I' = C satisfying

n

> eielg;ta) =0, (2.9)

,5=1

foralln € N, g1,...,9, € ' and ¢y, ...,¢, € C. We denote by P(I") the set of all functions
of positive type on I.

Remark 2.4.2. We remark that condition (2.9) is equivalent to requirering that all matrices
of the form

o) wlg'a) - elonte)
elorg2)  wle) - w(9n'92)
elgr o) ©l93'gn) - wle)

for g1,...,9, € I', are positive semidefinite.
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Remark 2.4.3. We see directly from the definition of positive type that P(I") is a convex cone
with addition and scalar multiplication defined pointwise. That is, if ¢ and v are of positive
type, then so is ¢ + ¢ and ty, for all ¢ > 0.

Remark 2.4.4. When ¢ : ' — R is real-valued, it suffices for ¢ to be of positive type that
equation (2.9) hold for all g1,...,g, € I' and all collections of real numbers c1,...,c, € R.

As a subset of the set of all complex valued functions on I', P(I") inherits the topology of
pointwise convergence. This topology is Hausdorff and, when I' is countable, it is metrizable
with a translation invariant metric (see [19, Proposition 5.16]). Proposition 2.4.5 below shows
that P(T) is closed in the set of all complex valued functions on T

Proposition 2.4.5. Let (pr),~; be a sequence of functions of positive type on I'. If the
sequence converges pointwise to a function ¢ : I' — C, then ¢ is of positive type, as well.

Proof. For each finite n € N, and any collections ¢1,...,¢, € C and g¢1,...,g9, € I', we have
n n n
_ 1 . _ . _ _
> citiele; o) = ) ety lim or(gy'gi) = lim > 7 cicion(gy ' g:).
,j=1 t,j=1 5,j=1

If (¢r)r>q is a sequence of functions of positive type, the sum on the right-hand side is
non-negative, for each k € N, and so, the limit is non-negative as well. Hence, if ¢ is the
pointwise limit of a sequence of functions of positive type, it is itself of positive type. O

We shall give a few examples of functions of positive type in a moment. Before doing so,
we record the following easy observation:

Lemma 2.4.6. Let I' be a discrete group and let ¢ € P(I'). For all g € T, it holds that
(1) le(g)] < wle),
(it) (g7") = ¢(9)-

Proof. Consider the 2 x 2-matrix

( v(e) 90(9)> .

p(g") wle)

This is a positive matrix by the assumption that ¢ is of positive type. In particular, it is
hermitian and has a positive determinant. ]

Example 2.4.7. The function z — €% is of positive type on R as an additive group, for

any § € R. Indeed, for n € N and z1,...,2, € R, let v € M;,(C) be the row-vector

(e=®=1 . e~"%n) Then (ew(zj’x’c))j x = v™v. By Remark 2.4.2, this shows the claim. o

Example 2.4.8. Let (7, H) be a unitary representation of the discrete group I' and let
¢ € H. The function (r(-)&,&) is of positive type. Indeed, for each choice of g1,...,g9, € T
and ¢q,...,c, € C, we have

n

> eiti(n(g; )€, &) = <Z cm(gz')ﬁazca'ﬂ(gj)§> > 0.
1 =)

3,j=1 i=

Hence, (7(-)&,€) is of positive type. A function of this form is called a function of positive
type associated to m. We denote by P™(I") the set of all such functions. o

Our second example is of particular importance. It turns out that every function of
positive type on a discrete group is associated to some unitary representation through a
GNS-type construction.
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Theorem 2.4.9 (GNS construction for functions of positive type). Let ¢ be a function of
positive type on a discrete group I'. There exists a unitary representation (7, H,) of I' and
a cyclic unit vector §, in H, such that

tp(g) = <7Tsa(g)§<p a£@> ’ fO’F a’” g € I.

Moreover, the triplet (my,, Hy,&y) is unique in the sense that, if (7, H,§) is any other such
triplet, then there exists a Hilbert space isomorphism T : H, — H intertwining m, and m
and which satisfies TE, = &.

Proof. The case where ¢ is zero is trivial, so we may assume that this is not the case. For
each g € T, define ¢, : I' — C by setting ¢4(h) = p(h~1g), for all h € T'. Observe that

pg(h) = p(h~1g) = w97 h) = ¢n(9), (2.10)
for all g,h € ', by Lemma 2.4.6. Set

V =spanc{p,|gel}.

This is a linear subspace of the vector space of all complex valued functions on I'. For
=3 i1 aipg and =377 bipp, in V, set

() = <Zai(pngbj90hj> = Zzaibijsogi(hj)‘ (2.11)
i=1 j=1

i=1 j=1

By equation (2.10), we see that

m n

(1) =Y biplhy) = anb(g:).

j=1 i=1
Hence, (p,1) does not depend on the representation of ¢ and ¢ in V', and (-, -) is therefore
well-defined. Moreover, it is clear that (-, -) is conjugate symmetric and linear in the first
entry. Further, since ¢ is of positive type, it is positive semi-definite. We show next that it
is, in fact, positive definite, and so defines an inner product on V.

For any g € I', we have (pg4,¢4) = ¢(e). By Lemma 2.4.6, this is non-zero because ¢ is

non-zero by assumption. Let ¢ € V. For any g € I, it follows from Cauchy-Schwarz that

[0(g) = {2, 09) I < (g, 09) (0, 0) = ©(€) (0, 60) -

Hence, if (¢, ¢) = 0, we must have ¢ = 0.

Let H, be the completion of the pre-Hilbert space V' with respect to (-, -). For each
g €T, set m,(9)pn = @gn, for all h € T, and extend linearly to V. It is a straight
forward computation to check that m,(g1)m,(g2) = 7,(g192), that m,(e) = idy and that
T,(9)* = m,(g7 1), for all g, g1, g2 € T. It follows that m,(g) is well-defined and inner product
preserving, for all ¢ € I'. Hence, m,(g) is bounded and may therefore be extended to a
unitary operator on H,. Let {, = ¢, € H,. It is clear that {, is cyclic and that

©(g9) = (pg, Pe) = (Tp(9)Pe s Pe) » for all g € T.

The triplet (7, Hy, &) then has the desired properties.
Suppose (m, H,§) is another triplet with the given properties. Define 77 : V. — H by
setting T"(¢y) = m(g)¢ and extending linearly. We have, for Zg agpg €V,

()

2
= > agan (r(h7'9)6. &) = > agan (mp(h'9)€,€)
g,h g,h

2 2
g

Z ag7o(9)Ee
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Hence, T" extends to a well-defined isometry T' : H, — H. Moreover, since T(V) =
span{7(g)¢ | g € T}, which is dense in H, we see that T is onto. Hence, T is a Hilbert
space isomorphism. Finally, it is clear that T'¢, = &, and it is straight forward to check that
T intertwines 7, and . O

Remark 2.4.10. In the proof of Theorem 2.4.9, we see that, if ¢ is a real-valued function of
positive type, then (7, H,) is the comlexification of an orthogonal representation.

The next three propositions illustrate how one may construct new functions of positive
type from old ones.

Proposition 2.4.11. Let ¢ and ¥ be functions of positive type on the discrete group T'.
Then their entrywise product, ¢ - 1, is a function of positive type on I', as well.

Proof. Recall that the Schur product of two positive semidefinite matrices is, again, positive
semidefinite. Hence, the statement is direct from Remark 2.4.2.

Alternatively, the statement can be proved from Theorem 2.4.9. Let (7, Hy,&,) and
(my, Hy,my) be the GNS constructions associated to ¢ and 1), respectively. Let 7 be the
unitary representation of I' on H, ® H, given on elementary tensors by

m(9)(§ ®@n) = 7,(9) @ my(g)n, for all £ € H, and n € Hy.

Then, for all g € T,

v - 9(9) = @(9)¥(9) = (mp(9)Ep s Eo) (mp(9) s s o) = (m(9)(Ep @ 1) 5 Ep @ 11y) -
Hence, ¢ - 9 is of positive type by Example 2.4.8. O

Proposition 2.4.12. If o : I' — C is a function of positive type, then so is e#?, for all real
numbers 6 € R.

Proof. For § € R, €’ is real. Thus, for any n € N, ¢1,...,¢, € C and gy, ..., g, € I', we have

n n
-1, — 5/0 -1
E Ci?j6¢(9j gi)+0 — § 0160/2Cj€9/2€§0(gj gl)'

Hence, it is enough to show the statement for 6 = 0.

Observe that €’ is the pointwise limit of the sequence (), ~; with ¢, = S p_, ©*/k!.
By inductive use of Proposition 2.4.11, we see that ¢* is a function of positive type, for each
k € N. Since P(I) is a convex cone, it follows that ¢, is of positive type, for all n € N, and
so, €’ is of positive type by Proposition 2.4.5. O

Proposition 2.4.13. If o : ' — C is a function of positive type, then so is Re .

Proof. Let A be any positive semidefinite square matrix and denote by Re A its entrywise real
part. For any hermitian square matrix, entrywise complex conjugation amounts to applying
the transpose map. Hence, Re A = %(A + AT). Recall that both the identity map and the
transposition map are positive maps. Thus, Re A is a convex combination of two positive
semidefinite matrices, and therefore, it is itself positive semidefinite. The statement of the
lemma follows by Remark 2.4.2. O

Example 2.4.14. Applying Proposition 2.4.13 to Example 2.4.7 yields that x +— cos(fz) is
a function of positive type on the additive group of R, for any 6 € R. o
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2.4.2 A theorem by Schoenberg

Definition 2.4.15. Let I" be a discrete group. A function ¥ : I' — C is said to be condi-
tionally of negative type if it has the following properties:

(i) ¥(e) =0,
(i) ¥(g™t) = w, for all g €T,
(iii) For any finite selection of elements ¢1,...,g, € I' and numbers cy,...,¢, € C with
Z?:l ¢; = 0, it holds that

n

> ai(g g <0. (2.12)
ij=1
Remark 2.4.16. We see directly from the definition that the set of all functions conditionally
of negative type on a discrete group I is a convex cone.
Remark 2.4.17. As with functions of positive type, when ¢ : I' — R is real-valued, it suffices

that equation (2.12) hold for all collections of real numbers c1, ..., ¢, € R summing to zero.

Example 2.4.18. Let ¢ : I' — C be a function of positive type on I', and consider the
function ¢ : I' — C given by ¥(g9) = ¢(e) — ¢(g), for g € I'. It is clear that ¥ (e) = 0,
and further that ¥(g~!) = 9(g), for all g € I, by Lemma 2.4.6. Let gi,...,9, € I’ and
ci,...,cn € Cwith ' | ¢; = 0. We have

n
> edils 00 = D emiele) = D emele;a) = - D emela; ) <0

4,j=1 1,j=1 4,j=1 4,j=1
Hence, 9 is conditionally of negative type. o

Example 2.4.19. Let H be a real Hilbert space. Let &;1,...,&, € H and let ¢1,...,¢c, € R
with > ; ¢; = 0. We have

2
n n
Yoacile =GP = acilalP + D cici gl =2 ) cie (&,6) = =2 | Y ek <0
ij=1 ij=1 ij=1 ij=1 i=1
Hence, |- | is a function conditionally of negative type on the additive group of H. o

Proposition 2.4.20. Let (¢;);c; be a net of functions conditionally of negative type on the
discrete group I'. If (1;);c; converges pointwise to a function ¢ : I' — C, then v is a function
conditionally of negative type on I.

Proof. Let g1,...,9, € I' and let ¢q,...,c, € C with Z?:l ¢j = 0. Define,

n n
T = Z cj@w(gk_lgj), and T = Z cj@dji(gk_lgj), for each i €
Jk=1 jk=1

Since v; — 1 and the above sums are finite, 2; — 2. We have, by assumption, that (z;),.;
is a net in (—o0, 0], and therefore, < 0. Hence, 1 is conditionally of negative type. O

Definition 2.4.21. A function ® : I' x I' — C is called a positive kernel on the (discrete)
group I if
n
> ici®(gi,95) > 0. (2.13)
ij=1

for all g1,...,9, € " and all ¢y,...,¢c, € C.
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Remark 2.4.22. For a function @ : I'xI" — C and a selection of group elements g1, ...,g, € I,
let Ma(g1,...,9;) denote the matrix whose (i,7)'th entry is ®(g;,g;). Then ® is a positive
kernel if and only if Mg (g1,...,9n) is positive, for all choices of ¢1,...,g9, € T

Example 2.4.23. For a complex valued function ¢ on a (discrete) group I', define a function
®: T x I' — C by setting ®(g,h) = p(h~1g), for all g,h € . If © is of positive type then ®
is a positive kernel. o

Proposition 2.4.24. Let &,V : ' xI' — C be positive kernels. Then their pointwise product
D V. I'xI'— C is a positive kernel, as well.

Proof. Take gi1,...,9, € I' and write M¢y = Ma(g1,...,9n) and My = My(g1,...,9n). By
Remark 2.4.22, Mg is a positive matrix, and so, its corresponding Schur multiplier Ty, is
positive. Since, by assumption, My is also positive, we deduce that Me.¢ = T, (My) is
positive. Then & - U is a positive kernel, by Remark 2.4.22. O

Proposition 2.4.25. Let (®;);c; be a net of positive kernels on the discrete group T'. If
(®i);c; converges pointwise to a function ® : ' x I' — C, then ® is a positive kernel.

Proof. For g1,...,9, € I' and ¢y, ..., ¢, € C, define,

n n
x = Z cick®(95, k), and T = Z cick®i(95, 9k)s for each ¢ € 1

Gk=1 Gk=1
Since ®; — ® and the above sums are finite, z; — x. We have, by assumption, that (z;);c;
is a net in [0, 00), and therefore, x > 0. Hence, ® is a positive kernel. ]

Lemma 2.4.26. Let I" be a discrete group and ¢ : T' — C be a function with ¥ (e) =0 and
Y(g™Y) = ¥(g), for all g € T. Then 1 is conditionally of negative type if and only if, for
each go € I, the function ® : I' x I' = C given by

©(g,h) = —(h™g) + gy '9) +¥(h go),  forallg,h €T,
is a positive kernel.

Proof. Fix go € T'. Suppose first that ® satisfies equation (2.13). For ¢1,...,9, € I' and
ci,...,cn € Cwith 37" | ¢; =0, we have

n

n
0< Z cic;®(9i, 95) = — Z Ci?j¢(gflgi)-
ij=1 ij=1
Hence, 9 is conditionally of negative type.

Conversely, suppose v is conditionally of negative type. Fix g9 € I'. For ¢1,...,9, € T
and c1,...,¢, € C, set cg = —> 7", ¢;. Then

0> cicjile; ' 9i)

1,7=0

= ciciblg; 'g:) + a0y cindlay g0) + o Do (g5 go)
=1

4,j=1 J=1

= Z Cicij(w(gj_lgi) — (g0 tgi) — w(gj_lgo))

ij=1
n
i =1

Hence, the function ® corresponding to go satisfies equation (2.13). Since gy € I' was
arbitrary, this finishes the proof. ]
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Theorem 2.4.27 (Schoenberg). Let ¢ : T' — C be a function on the discrete group T' with
P(e) =0 and ¥(g~t) = (g), for all g € T. Then 1) is conditionally of negative type if and
only if, for every t > 0, the function e *¥ : T' — C is of positive type.

Proof. Assume that e~ is of positive type, for all ¢ > 0. By Example 2.4.18, the function
g — 1 — e ™09 is conditionally of negative type, and then so is g — (1 — e~®(9))/t, by
Remark 2.4.16. This holds for all £ > 0, and so, the pointwise limit

1—e W
t—0+ t
is conditionally of negative type, as well, by Proposition 2.4.20.
Conversely, assume that ¢ is conditionally of negative type. Since the set of functions

conditionally of negative type is a convex cone, it suffices to show that e~¥ is of positive
type. Consider the function ® : I' x I' — R given by

®(g,h) = —v(h'g) +v(g) +¥(h™"),  forallg,h €T,

This is a positive kernel by Lemma 2.4.26. Then ®" is a positive kernel, for all n € N, by
Proposition 2.4.24, and so, e® is a positive kernel, by Proposition 2.4.25. For ¢1,...,g, € '
and cy,...,c, € C, it follows that

n n n
Z Cic—jefdf(g]lgi) — Z Cic—jecb(gi,gj)fw(gi)fw(gfl) — Z Ci€*¢(gi)cje*w(gj)6¢(9i79j) > 0.
i,j=1 i,j=1 i,j=1
This shows that e~ is of positive type. O

2.4.3 A consequence of Schoenberg’s theorem

Definition 2.4.28. Let V be a vector space. A function ¢ : V — C is said to be of
positive type (respectively, conditionally of negative type) if it is a function of positive type
(respectively, conditionally of negative type) on the additive group of V.

Lemma 2.4.29. Let T" be a discrete group and let p be a linear isometric representation of
T on a Banach space X. If | - |? is conditionally of negative type on X, for some p > 1, and
ifb: T — X is a 1-cocycle, then the map g — ||b(g)||g s conditionally of negative type.

Proof. Since p is an isometric representation, we have, for g, h € I,
(™ g) | = [b(h™") + p(hH)b(g) || = [|p(R)b(A™) +b(g)]|,, = [b(g) — b(R)] -

Here, the last equality follows from Lemma 2.2.7. It follows directly that g — [b(g)|? is
conditionally of negative type. O

Proposition 2.4.30. Let I' be a discrete group. Let X be a Banach space and assume
that | -|? is conditionally of negative type on X, for some fized p > 1. Let (p,X) be a
representation by linear surjective isometries of I' on X, and let o be an affine isometric
action of I' on X with linear part p. For each t > 0, there exists a unitary representation
(m¢, Hy) of T' on a complex Hilbert space, and a continuous map ®; from X to the unit sphere
of Hy such that the following properties hold:

(7’) <(I)t(x) ’(I)t(y» = e—t"x—y”p’ fOT all T,y € X}
(ii) m(g)Pi(x) = P(a(g)x), for allg €T and x € X,

(7ii) the linear span of ®4(X) is dense in Hy.
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Moreover, the pair (my, Hy) is unique up to isomorphism.

Proof. Consider the semidirect product X x I' of the additive group of X with I'. Recall
that the group operation is given by

(z,9)(y,h) = (p(9)y + =, gh), for z,y € X, g,h €T.

Let p be the representation of X x I' by linear surjective isometries given by
p(z,9) = plg),  for (z,h) € X xT.

Let b be the translation part of o and define a map b: X xT — X by setting

b(z,g) =b(g) + =, for (x,h) € X xT.
For z,y € X and g, h € I', we have

b((z,9)(y,h)) = b(p(g)y + ., gh) = b(gh) + p(g)y + x = b(g) + x + p(g)(b(h) +y)
b(z,g) + px, 9)b(y, h).

Hence, b is a 1-cocycle on X x I' with respect to . Define ¢ : X xI' — R by
U(w,g) = bz, 9)|" = Ib(9) + 2",  for (z,9) € X x T

Then 1 is conditionally of negative type, by Lemma 2.4.29. By Schoenberg’s theorem,
Theorem 2.4.27, the function e * on X x T' is of positive type, for each t > 0. Fix t > 0
and let (Hy, II;, &) be the GNS triple associated to e *¥ (see Theorem 2.4.9). Since I sits
inside X x I' via the embedding g — (0, g), we obtain a unitary representation m; of I on H,
by restriction of II; to I'. Define &, : X — H; by

Py (x) = ILe(w,€)&,  forz € X.
We claim that the triple (¢, Hy, ®;) has the desired properties.

Property (i) is direct from our construction. Indeed, for z,y € X, we have

(Pi(z), Pu(y)) = (i, €)&, T (y, €)&s)
(y(y, €)'z, €)&, &)
= (Ili(x — y,e)&, &)

— e_t¢($_yve)

— o ta—yl”
For the last equality, we use that b(e) = 0, as shown in Lemma 2.2.7.

For g € I', observe that

(@¢(b(g)) , m(9)&) = (TL(b(g), )&t , T11(0, 9)&r) = (Ie(p(g)b(g), 9~ )&k, &)
— (T (=b(g™ "), g7 )&, &) = e (M0 — 1

Since ®;(b(g)) and m(g)&; are unit vectors, we obtain that |®.(b(g)) — m:(g)&| = 0. Hence,

I (b(g), )& = P4(b(g)) = m(9)&t, (2.14)
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for all g € I'. Using this, we deduce, for g € I and x € X, that

m(9) P () = T (9) i (z, €)& = Hi(p(g)x, e) i (9)Es
= (p(g)z, )l (b(g), e)& = i(p(g)x + b(g), )&t
= ®(a(g)§)-

This shows property (ii).

Using equation (2.14) again, we derive, for each g € I' and each = € X, that
Iy (z, )& = My(x, e)me(9)&e = i (x, )T (b(g), )& = 1L (b(g) + =, €)& = P4(b(g) + )

Property (iii) follows directly, as & is cyclic for II;.

Suppose (pt, K¢, ;) is another triplet satisfying the properties (i)—(iii). Going backwards
through our calculations, we see that (pg, Ki, U¢(0)) is a GNS triplet for e7*¥. Uniqueness
of the representation (7, Hy) then follows from uniqueness of the GNS construction. O

Remark 2.4.31. Since the unitary representation (7, Hy) in Proposition 2.4.30 is (a restric-
tion) of the GNS representation associated to a real-valued function of positive type, it follows
from Remark 2.4.10 that it is the complexification of an orthogonal representation.

Proposition 2.4.32. Let (p, X) be representation of the discrete group I' by linear surjective
isometries on a Banach space X and suppose that p > 1 is such that | - | is conditionally of
negative type. Let o be an affine isometric action of I' with linear part p, let t > 0 and let
(7, Hy, ®¢) be the associated triple from Proposition 2.4.30. If (xy),~, 5 a sequence in X
diverging in norm to infinity then (94(£,))n>1 tends weakly to zero in H,.

Proof. Let (xy),~, be a sequence in X such that |z,| — oo as n tends to infinity. By
Proposition 2.4.30(i), we have, for every z € X and every n € N,

(By(n) , By(2)) = e Hlonmel”,

Hence, (®4(zy,), Pi(x)) — 0 as n tends to infinity, because t > 0. Let ( € H; and let € > 0.
Since span{ ®:(x) | x € X } is dense in H;, by Proposition 2.4.30(iii), we may find z € X
such that | — ®¢(z)| < /2. Take n. € N such that (®y(z,), P(x)) < €/2, for all n > n..
Then, as |®:(xy,)| = 1, for all n € N, we have

[(®i(zn) , O < (Pelzn) , Pi(x)) + ¢ — u(2)] <e,
by Cauchy-Schwarz. Hence, (®,(&,),() — 0 as n tends to infinity, for all ¢ € H;. O

Proposition 2.4.33. Let o be an affine isometric action of the discrete group I' on a Banach
space X and suppose that p > 1 is such that |- |V is conditionally of negative type. For each
t >0, let (my, Hy, ®t) be the triple from Proposition 2.4.30 associated to o. If (t,),~; is a
sequence of strictly positive real numbers tending to zero, then @, m,, weakly contains the
trivial representation.

Proof. For each n € N, let &, = ®;,(0) € Hy,. Then |§,| = 1, by Proposition 2.4.30(i).
Further, by Proposition 2.4.30(ii),

I, (9)6n = &nllzr,, = 191, (a(9)0) = By, (0)]F, =2 — 2e~ ' 12@)OF,

Hence, for each g € T, |1, (9)én — &n|* — 0 as n tends to infinity. Let H = P,, H:, be the
Hilbert space direct sum and let @ = ,, m,,. Each H;, embeds canonically into H, and
so, we may view each &, as a vector in H. Note that 7(g)&, = 7, (9)én, for all g € I' and
all n € N. Hence, (&,),,~; is a sequence of almost I'-invariant vectors for 7. By Proposition
1.3.5, this implies that = weakly contains 1p. ]
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2.5 Affine isometric actions on Hilbert spaces

Let I' be a discrete group. An isometric action, respectively, an affine isometric action of I’
on a vector space V' is a group homomorphism of I" into Isom(V'), respectively Aff Isom(V).
We remark that, if V' is a real vector space, any isometric action on V is automatically an
affine action, by the Mazur-Ulam theorem, Theorem 2.1.9.

Definition 2.5.1. A discrete group I' has property (F'H) if every affine isometric action of
I" on a real Hilbert space has a fixed point.

We have seen already in Lemma 2.3.1 that the existence of a fixed point, for all affine
actions of a discrete group I' with the same orthogonal (or unitary) representation 7 as
linear part, is captured by the vanishing of the first cohomology group with coefficients in 7.
It will therefore be no surprise to the reader that Property (FH), as defined above, can be
reformulated in terms of the vanishing of all the first cohomology groups of I' with coefficients
in some orthogonal representation of I' on a real Hilbert space.

Proposition 2.5.2. A discrete group T has Property (FH) if and only if H*(T',7) = 0, for
every orthogonal representation m of I' on a real Hilbert space.

Proof. By Lemma 2.3.1, T has Property (FH) if and only if H*(T',7) = 0, for all orthog-
onal representations 7 which is the linear part of any affine isometric action of I'" on a real
Hilbert space. Since an affine action is isometric if and only if its linear part is an isometric
representation, the statement of the proposition follows. O

Our aim is to show that Property (F'H) is equivalent to Property (7). First, we show in
the next two propositions two characterizations of the affine isometric actions on real Hilbert
spaces that have fixed points.

Proposition 2.5.3. Let a be an affine isometric action of the discrete group I' on a Hilbert
space H and let b be its translation part. The following are equivalent:

(i) The action a has a fized point in H,
(ii) b is a 1-coboundary.
(#ii) b is bounded,

(iv) All orbits of a are bounded,

(v) Some orbit of « is bounded,

Proof. The equivalence of () and (i) is proven in Lemma 2.2.11. Suppose b is a 1-coboundary
and take £ such that b(g) = w(g)—¢&, forall g € I'. Then |b(g)| < 2]£], and so, b is bounded.
This proves (i7) = (i7i). Further, for £ € H, we have that

lelg)éll = Im(9)€ + b(g)]l < €] + [b(g)] -

Thus, if b is bounded then all orbits of a are bounded. This shows (ii¢) = (iv). The
implication (iv) = (v) is trivial. Finally, assume that £ € H is such that the orbit

Oc={a(g)lgel}

is bounded. Let ¢ € H be the unique circumcenter of O¢ from Lemma 1.2.13. For each
g € T, the center of a(g)O¢ is a(g)¢, because « is an isometry. But clearly a(g)O¢ = Og,
and so, uniqueness of the center yields that a(g)¢ = ¢. That is, ¢ is a fixed point for «. This
establishes the implication (v) = (7). O
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Recall from Example 2.4.19 that, when H is a real Hilbert space, |- |* is a function
conditionally of negative type on the additive group of H. Hence, given an affine isometric
action on a real Hilbert space, we may apply Proposition 2.4.30.

Proposition 2.5.4. Let o be an affine isometric action of the discrete group I' on a real
Hilbert space H. For each t > 0, let (my, Hy) be the unitary representation from Proposition
2.4.30 associated to . The following are equivalent:

(i) The action « has a fized point in H,
(i) For allt > 0, (m:, Hy) has a non-zero invariant vector,
(i1i) For some t > 0, (m, Hy) has a non-zero invariant vector,

Proof. Suppose « has a fixed point £ € H. It follows directly from Proposition 2.4.30(ii)
that, for each t > 0, ®,({) is an invariant vector for 7;. Suppose instead that o does not have
any fixed points in H. Fix ¢t > 0 and suppose that ( € H; is an invariant vector for m;. By
Proposition 2.5.3, all orbits of a are unbounded. Hence, for £ € H, we may find a sequence
(gn)y,>1 in I' such that |a(g, )| diverges to infinity. Then (®4((gn)§))n>1 converges weakly
to 0 , by Proposition 2.4.32. Since ( is invariant, we have, for all n € N,

(®4(€),¢) = (Pe(&) ,m(g, 1)) = (7(gn) e (£) . ¢) = (Pe((gn)€) . C) -

The last equality is direct from Proposition 2.4.30(ii). We have that (®;(a(gn)§),¢) — 0,
and so, we deduce that (®,(£),() = 0. As the vector £ € H was arbitrary, we see that ( is
orthogonal to the set ®,(H). By Proposition 2.4.30(iii), the linear span of ®;(H) is dense in
H;, and so, we may conclude that ( = 0. This finishes the proof. O

With these preparations, we are ready to proof the equivalence between Property (77)
and Property (F'H) for countable groups. The implication (T) = (FH) was proven by P.
Delorme in [15, Théoréme V.1]. The other implication (FH) = (T) is due to A. Guichardet
in [20, Théoreme 1].

Theorem 2.5.5 (Delorme-Guichardet). A countable discrete group I' has property (T') if
and only if it has property (FH).

Proof. Assume that I does not have Property (F H) and let o be an affine isometric action
on a Hilbert space H without fixed points. For each ¢t > 0, let (my, H;) be the unitary
representation from Proposition 2.4.30 associated to « and t. By Proposition 2.5.4, it holds
for all t > 0, that (m, H;) has no non-zero invariant vectors. Set

o0
m=Dmm
n=1

By Proposition 1.1.14, m has no non-zero invariant vectors. However, by Proposition 2.4.33,
7 does have almost invariant vectors, and so, I' does not have Property (7).

Assume instead that I' does not have Property (7). Then we may find a unitary rep-
resentation (7, H) with almost invariant vectors but no non-zero I'-invariant vectors. The
orthogonal representation (mg, Hr) defined in Subsection 1.1.1 is then also a representation
with almost invariant vectors but no non-zero invariant vector. Proposition 2.3.4 implies
that B'(I', mg) is not closed. As discussed in Remark 2.3.3, it follows that H (T, 7g) # 0,
and so, I does not have Property (FH), by Proposition 2.5.2. ]

Remark 2.5.6. The assumption that I' is countable in Theorem 2.5.5 is needed for the im-
plication (FH) = (T) only. The above proof of this relies on the implication from Propo-
sition 2.3.4 that the existence of almost invariant vectors implies non-closure of the set of
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1-coboundaries — for the use of countability in the proof of this implication, see Remark
2.3.5. When T is not countable, Property (F'H) need not imply Property (T"). Examples of
uncountable discrete groups with Property (F H) but without Property (7') where provided
by Y. de Cornulier in [12].

We end this chapter with yet another characterization of Property (7'), which the equiv-
alence with Property (FH) allows us to show. Recall from Corollary 1.3.6 that Property
(T') can be rephrased as the property that any representation weakly containing the triv-
ial representation contains the trivial representation. A seemingly weaker property is, that
weak containment of the trivial representation implies containment of some finite dimensional
representation. For countable discrete groups, this is equivalent with Property (7).

Lemma 2.5.7. Let o be an affine action of the discrete group I' on a real Hilbert space
H. Let A(a) be the associated diagonal affine action of ' on H & H. For each t > 0, let
(m¢, Hy) and (pg, Ky¢) be the unitary representations from Proposition 2.4.30 associated to «
and A(a), respectively. Then p; is unitarily equivalent to m ® 7.

Proof. Fixt >0, let ®; : H — H; be as in Proposition 2.4.30 and let V; : H ® H — H; ® H;
be given by

Uy (&,&) = @4(8) @ D4(E), for £,¢ € H.

We show that the triplet (m; ® my, Hy ® Hy, W) has the properties of Proposition 2.4.30 with
respect to A(a). First, since the linear span of ®;(H) is dense in Hy, it is clear that the linear
span of U,(H @ H) is dense in H; ® H;. Property (i) is easily derived using the definitions
of norms on tensor products and direct sums. Indeed, for all g € T and all £,&', 7,7 € H,
we have

(Du(, &), ol )y = e=HEI o=t =01 _ =€) =(na )
Finally, for all g € T and all £,&',n,7' € H,

Vi(A()(9)(€,€) = Te(alg)s, a(gs)) = Pi(a(g)§) ® Pi(a(g)S)
= 7e(9)®e(&) ® m(g)Pe(€) = (e ® m)(9)We(§,E).

This shows that property (ii) holds for the triplet (m ® m, Hy ® Hy, V). The uniqueness
statement of Proposition 2.4.30 then implies that p; and 7 ® m; are unitarily equivalent. [

Theorem 2.5.8. Let I be a countable discrete group. Then T has Property (T') if and only
if any unitary representation of I' weakly containing the trivial representation contains a
non-zero finite dimensional subrepresentation.

Proof. The ‘only if’ statement is direct from Corollary 1.3.6. Conversely, suppose that any
unitary representation of I' weakly containing the trivial representation contains a non-zero
finite dimensional subrepresentation. We show that I has Property (F'H), which, by the
Delorme-Guichardet theorem, Theorem 2.5.5, implies that I" has Property (7).

Let « be an affine isometric action of I' on a real Hilbert space H. For each t > 0, let
(m¢, Hy, ®4) be the triplet from Proposition 2.4.30 associated to . Let (t,),~, be a sequence
in (0,00) converging to 0. To ease notation we will write 7, instead of m;,, for n € N. The
representation m = @, m, weakly contains 1r, by Proposition 2.4.33. By assumption, this
implies that 7 contains a non-zero finite dimensional representation, and so, 7®7 contains 1r,
by Proposition 1.1.17. We have 7Q@7 = @nl,nz Tn, @7y, and so, 1r is contained in 7y, @7y,
for some ni,ne € N, by Proposition 1.1.14. Applying Proposition 1.1.17 again, we deduce
that m,, contains a finite dimensional representation. Since m,, is the complexification of an
orthogonal representation (see Remark 2.4.31), Lemma 1.1.11 implies that the same finite
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dimensional representation is contained in 7,,. Applying Proposition 1.1.17 once more, we
deduce that 1r is contained in m,, ® m,,. By Lemma 2.5.7, m,, ® m,, is unitarily equivalent
to the representation (pi,, K3,) from Proposition 2.4.30 associated to the diagonal action
A(a) on H® H. Hence, py, has a I'-invariant vector. By Proposition 2.5.3, we conclude that
A(a) has a fixed point in H @ H, and so, « has a fixed point in H. Thus, I' has property
(FH), which was what we aimed to show. O

2.6 Literature

Section 2.1, Section 2.2, Section 2.3 and Section 2.5 are all based on [5, Chapter 2] and
Section 2.4 is based on [5, Appendix C]. In Proposition 2.4.11 and Proposition 2.4.24 we use
that the Schur product of two positive semidefinite matrices is, again, positive semidefinite.
This is a well-known result attributed to I. Schur in [44, Theorem VII]. For a different proof,
see [21, Proposition 2.6]. The consequence of Schoenberg’s theorem stated in Proposition
2.4.30 and its proof can be found in [5, Proposition 2.11.1].
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Chapter 3

Property (T) and ergodic actions

We present in Theorem 3.3.1 a characterization of Property (7T') in terms of how a group
acts on probability spaces. Central to this characterization is understanding the connection
between orthogonal representations and actions on probability spaces. We investigate this
connection in Section 3.2. First, we present two properties of actions on probability spaces:
ergodicity and strong ergodicity. We show in Proposition 3.1.8 that ergodicity is equiva-
lent with that a certain representation does not contain the trivial representation, and in
Proposition 3.1.15 that strong ergodicity is equivalent with this representation not weakly
containing the trivial representation.

3.1 Actions on measure spaces and ergodicity

Let I be a discrete group and let {2 be a measurable space. An action of I" on  as a set is
a group homomorphism from I' to the group of bijections of 2. We say that an action of I’
on 2 is measurable if the map

I'xQ —Q

(9,) —— gz

is measurable, when I is equipped with the power set o-algebra. We denote by I' ~ € that I’
acts measurably on (2. When (2 is equipped with a measure p, we shall also use the notation
I' ~ (2, p) for an action of ' on Q.

Let © and ' be measurable spaces. For a measurable map 0 : Q — € and a meaure pu
on ), we define the image measure 0,1 on Q' as follows:

0.u(B) = u(6~1(B)), for all measurable B C .

Let (2, ) and (€, 1') be measure spaces. A measurable map 6 : Q — ' is said to be
(1, p')-measure preserving if 6, = /. Whenever the measures are understood from context,
we shall simple say that 6 is measure preserving. If € is a measure preserving transformation
on (Q, u), we say that u is invariant under 6.

Lemma 3.1.1. Let (Q, 1) and (2, 1) be a measure spaces, and let 0 : Q — ' be a measure
preserving map. If f: Q' — R is integrable then so is fof :Q — R, and

/foedu: J i
Q Q7

Proof. 1t is enough to show the lemma for simple functions. But this is clear as 1p/ 00 =
lyp-1(pr), for any measurable subset B" C 0'. O
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Definition 3.1.2. A measure preserving transformation of the measure space (2, ) is a
measure preserving bijective map 6 : ) — Q with measurable inverse.

Remark 3.1.3. If 0 is a measure preserving transformation on some measure space then its
inverse is also measure preserving.

Suppose I' acts measurably on a measurable space 2 and let p be a measure on ). For
each g € I', we denote by g.u the image measure of y on 2 under the transformation w — g.w.
That is, g.u(B) = u(g~'B), for each measurable subset B C Q. This defines an action on
the set of all measures on . Indeed, e.u = p trivially, and, for each g,h € I' and each
measurable set B C (2,

(gh).u(B) = pu((gh) "' B) = p(h™'g~'B) = h.u(g™ ' B) = g.(h.p1)(B).

We say that the measure p is I'-invariant if @ is a fixed point for this action. In that case,
the action I' ~ (2, p) is said to be measure preserving. If p is a probability measure we
say that the action is probability measure preserving, or, p.m.p. in short. Put differently, a
measure preserving action of I' on a measure space (€2, 1) is a group homomorphism from I"
to the group of measure preserving transformations of 2.

3.1.1 Ergodicity and invariant vectors

A measurable subset B C € is said to be I'-invariant for the action I' ~ Q if gB C B, for
all g €T

Definition 3.1.4. A measurable action of a discrete group I' on a probability space (€2, u)
is said to be ergodic if all I'-invariant subsets B C ) are trivial in the sense that pu(B) = 0
or u(B) = 1.

Let (Q, 1) be a probability space and denote by L?((2, 1) the Hilbert space of square
integrable complex valued functions on €2. For a p.m.p. action of a discrete group I' on 2,
define a unitary representation 7, of I on L%(2, 1) by setting

Tu(9)f(x) = f(g_lx), for f € LQ(Q“LL), gel, and z € Q. (3.1)

It follows from Lemma 3.1.1 that 7(g), for each g € T, is an isometry, and it is then clear
that (m,, L*(2, 1)) is a unitary representation.

Remark 3.1.5. Let L?(Q, u;R) denote the Hilbert space of all square integrable real valued
functions on 2. The restriction of m, to this subspace is an orthogonal representation.
Moreover, , is the complexification of this restriction.

We say that a function f € L*(Q,p) is T-invariant if m,(g)f = f a.e., for all g € T.

Equivalently, f is I-invariant if, for each g € I', there exists a null-set N, C 2 such that
f(gz) = f(x), for all z € Q\N,. The set of all such functions is denoted by L?(€2, u)™

Lemma 3.1.6. For each I'-invariant function f € L?(Q, u)™ there exists a measurable
function f with f = f a.e., and such that f(gz) = f(x), for all g € T and all x € Q.

Proof. For each g € T', set Ny = {x € Q| f(gz) # f(x) }. This is a measurable set with
pu(Ng) = 0, by assumption. Set N = UgEF Ngy. Suppose x € N but that gx ¢ N. In
particular, gx ¢ N,-1, and so f(z) = f(g_l(ga:)) = f(gx). Take h € T" such that x € Np,.
Then f((hg ')gx) = f(hx) # f(z) = f(gx). But this shows that gz € Nj,—1, which is a
contradiction. Therefore, if z € N then so is gz, for all ¢ € I'. The function f = f Ioww
satisfies the required properties. ]

Remark 3.1.7. In the proof of Lemma 3.1.6 above, it is only important that f is measurable
and not that it is square-integrable.
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Let L3(, i) be the subspace of L%(f2, u) consisting of all functions with zero mean, i.e.,

L3(Q, p) = {fGLQ(Q,u)'/QfdMZO}-

This is a closed I'-invariant subspace. Since u is a finite measure, all constant functions
belong to L*(Q, i), and we see that L3({, i) is the orthogonal complement to 1. Denote
by 7r2 the restriction of m, to L3(£2, u).

Proposition 3.1.8. Let ' be a discrete group and (2, 1) a probability space. An action of T’
on ) is ergodic if and only if the unitary representation 7r2 has no non-zero invariant vectors.

Proof. Suppose f € L3(Q, u) is T-invariant. By Lemma 3.1.6, we may assume that f(gz) =
f(x), for all g € T and all x € Q. Let O, denote the orbit of z. For ¢ > 0, n € Ny and
m € {0,1,...,n— 1}, let

Anme = {Ten“e ‘ r € [ne, (n+1)e), § € [, ) } :
Since f is constant on the orbits, each preimage f _1(An7m75) is the union of a collection of
orbits. Hence, f~1(Ay, me) is [-invariant. Further, note that, for a fixed ¢ > 0, the family
(An,m.c)n,m is a partition of C, and so (f_l(An,m,s))mm is a partition of (2.

If the action of I on 2 is ergodic, we must, for each € > 0, have ,u(ffl(Anmmo,e)) =1,
for some ny € Ny and my € {0,1,...,n9 — 1}, and ,u(f_l(An,m,g)) = 0, for all (n,m) #
(no,mg). For k € N, let g, = £/2% and take n; € Ng and my, € {0,1,...,n; — 1} such that
(" (A mpe)) = 1. Then (Ap, e )k>1 is a decreasing sequence of sets of Lebesgue
measure tending to zero. Hence (V,~q Anympe, = 12}, for some z € C. By continuity of
measures from above, N

p(F (1)) = inf (™ (T )) = 1

k>1

Hence, f is constant almost everywhere. As f has mean zero, f is equivalent to 0.
Conversely, if f not equivalent to 0, it must take at least two distinct values on non-null-
sets, because it has mean zero. Hence, we can find an € > 0 and two pairs of non-negative
integers (ny,m1) # (ng,m2) with m; < ny and ma < ng such that f~1(A4,, m, ) > 0 and
f7H(Anyms.e) > 0. But then the action cannot be ergodic. O]

3.1.2 Diagonal actions and ergodicity
If ' acts on 2, we define the associated diagonal action on €2 x by
'x (2xQ) —— QxQ

(9, (@,y)) —— (g92,99)

If o is the action of I" on §2, its associated diagonal action is denoted by A(«). Observe that
if a is measurable, then so is A(«).

Remark 3.1.9. A diagonal action, A(«), induces a unitary representation g, on L?(Q x
Q, u® ), as defined in equation (3.7). This representation is given by

Tueu(9)f(x,y) = flg~ 2,97 'y),

for f € L2(QxQ, u®p), g € T and z,y € Q. We remark that L?(2 x Q, u®p) is isometrically
isomorphic to L?(€2, 1)®? and that Tueu is unitarily equivalent to 7T§’2 with this isomorphism
as an intertwiner.
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Definition 3.1.10. We say that a measurable action of a discrete group I' on a probability
space (€2, u) is weakly mizing if the diagonal action of I' on the product measure space
(Qx Q,u® p)is ergodic.

Proposition 3.1.11. Let I" be a discrete group and (2, u) a probability space. An action of
' on Q is weakly mizing if and only if the unitary representation (7T2)®2 on LE(Q, 1)®? has
no non-zero invariant vectors.

Proof. This follows directly from Proposition 3.1.8 and Remark 3.1.9. O
Corollary 3.1.12. Every weakly mixing action is ergodic.

Proof. Let I' ~ Q be a non-ergodic action. Then 7'(‘2 contains 1p, by Proposition 3.1.8.
Y is the complexification of an orthogonal representation (see Remark 3.1.5), its

Since m,
contragredient representation fg contains 1p, as well. Hence, (772)®2 also contains 1, by

Proposition 1.1.17. It follows from Proposition 3.1.11 that I' ~  is not weakly mixing. [

3.1.3 Strong ergodicity and almost invariant vectors

Let ' ~ (Q,p) be a pm.p. action. A sequence (B,),~; of subsets of § is said to be
asymptotically invariant if

lim p(9B,ABy) =0.
n—0o0

Note that y1(gBAB) < u(gB)+u(B) = 2uu(B) and u(gBAB) < p(B%)+u((9B)¥) = 2u(BL),
for all measurable subsets B C © and all g € T'. Hence, if either u(B,) — 0 or u(B,) — 1,
as n tends to infinity, then (B,),~; is trivially asymptotically invariant. If (By),~; is an
asymptotically invariant sequence, we say that (Bp),,>; is non-trivial if -

o C
hglelélf“(B”M(B") > 0.

Definition 3.1.13. A p.m.p. action is said to be strongly ergodic if there are no non-trivial
asymptotically invariant sequences.

Remark 3.1.14. Suppose I' ~ (2, 1) is a p.m.p. action on the probability space (€, u). If
B C Q is I'-invariant, then the constant sequence (B),>1 is asymptotically invariant. Hence,
if ' ~ (2, ) is strongly ergodic then (B),>1 cannot be non-trivial, and so either u(B) =0
or u(B) = 1. That is, any strongly ergodic action is ergodic.

Proposition 3.1.15. Let I" be a discrete group, (2, u) a probability space and T' ~ (2, 1) a
p.m.p. action. If I' ~ (Q, u) is not strongly ergodic then 1p < 71'2.

Proof. Suppose (By,),,~; is an asymptotically invariant sequence in (€2, ). We may assume

that N(Bn)M(BEL) > 0, for all n € N. Otherwise, remove the finitely many sets from the
sequence which do not satisfy this. For each n € N, define the function f, : 2 — R by

fn = 1Bn - N(Bn)lﬂ

It is straight forward to compute that f, € L3(Q, i), and that

Ul = [ (0= B i+ [ (B de = (B (BY).

n
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Further,

<7r2(9)fn7fn>_/ﬂfn(g1ar)f(:c)du(a;)

= 1(gBnAB) (1 — 1(By)) (—u(Bn)) + u(gBn 0 B) (1 = u(By))”
+ (1= p(gBn U Bn)) u(Bn)?

Since p is I'-invariant, we have the equalities:
/L(anABn) + /L(an N Bn) = /L(an U Bn) = ZM(Bn) - M(an N Bn)

Using these, we derive that

(T (@) fn s fu) = —1(gBpABn) (1 = u(Bn)) (Bn) + (1(Br) — 51(gBnABy)) (1 — pu(Bn))
+ (1= u(Bn) + 31(9BuABy) — (g BnABn)) u(Bn)?
= —u(9BpABa)(Bn) — 51(9BaSABy) (1 = 2(By)) + (1 — 11(Bn)) i(By)
= —31(gBaABy) + (B (BY).

From this, we deduce that that

2

1709) f = full* = 21 ful? = 2(x%(9) i fu) = 1(gBaAB).

For each n € N, let f,, = fu/|fn]. Then ( fn)n>1 is a sequence of almost invariant vectors

for 7r2. It follows by Proposition 1.3.5 that 1 is weakly contained in 7T2. ]
Remark 3.1.16. The converse of the above statement is not true. An example of a strongly
ergodic p.m.p. action of the free F3 where the associated representation 712 has almost

invariant vectors were provided by K. Schmidt in [42, Example 2.7].

3.2 Orthogonal representations and actions on measure spaces

We present here a way to construct, from any orthogonal representation 7 of a discrete group,
a p.m.p. action with the property that the associated unitary representation, as defined in
equation (3.7), is equivalent with the extension of 7 to the symmetric Fock space, which we
define in Subsection 3.2.2 below. Our first step towards establishing this connection between
arbitrary orthogonal representations and actions on probability spaces is to show that any
real Hilbert space is isometrically isomorphic to a subspace of an L?-space. This is the
content of Lemma 3.2.9.

3.2.1 Gaussian Hilbert spaces

We recall very briefly a few definitions and basic facts from probability theory that we shall
need. Let (€, 1) be a probability space. A (real-valued) random variable on € is a measurable
function on Q with values in R. The distribution of a random variable X : @ — R is the
image measure px on R given by

px(B) = n(X1(B)), for all Borel subsets B C R.

If there exists a measurable function fx : R — R such that, for all Borel subsets B C R,

MX(B)Z/BfXd)\,
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where A is the Lebesgue measure, we say that X has density and refer to fx as the density
function for X. If X is integrable or positive valued, we define its expectation value as

:AXM:AMM@.

If E[X] = 0, we say that X is centered. If X € L%(Q, u; R), the variance of X is the number
V[x] = E[(X — E[X])?] = E[X?] - E[X]%.
We define its characteristic function, px : R — C, of a random variable X by
ox(t) = E[e~%X], for t € R.
Remark 3.2.1. A random variable is uniquely characterized by its characteristic function (see

[25, Theorem 14.1]).

Two random variables X and Y are said to be independent if the probability of the event
that X € A and Y € B equals the product of the probability of the individual events, for all
Borel sets A, B C R.

A real-valued random variable X is said to be Gaussian if it is either constant or has a
density function of the form

1

—(z—m)? /202
Qﬂ_e( )?/20% (3.2)

fx(z) = .

for some real numbers ¢ > 0 and m € R. If X is Gaussian with density as in equation
(3.2) then E[X] = m and V[X] = 02. The standard Gaussian distribution is the Gaussian
distribution with m =0 and o = 1.

Remark 3.2.2. If X and Y are independent Gaussian random variables on the same prob-
ability space with mean and variance (mx,o%) and (my,0%), respectively, then their sum
is again a Gaussian random variable with mean and variance (my + my, 0% + 0%). In par-
ticular, the sum of two independent centered Gaussian random variables is also a centered
Gaussian random variable.

Lemma 3.2.3. The L?-limit of a sequence of centered Gaussian random variables is a cen-
tered Gaussian random variable.

Proof. Let (X,),~; be a sequence of centered Gaussian random variables on a probability
space (€, p), auad_let7 for each n € N, v, be the distribution of X,, and let 02 = V[X ].
Suppose that (X,,),~, converges in L?(2, u; R) to a random variable X. Then clearly (02),>1
is a converging sequence with limit 02 = V[X]. As (£, ,u) is a finite measure space, |- [; <
|- |5, and so, E[X] = lim, E[X,,] = 0. Then V[X] = | X3, and so, if V[X] = 0 then X = 0.
Otherwise, the Lebesgue Dominated Convergence theorem implies that, for every f € C.(R),

—x2/20 $) dz,

1 276 2
dv = lim dv, = lim e~ 2% f(2) da
/ / n—00 f n—00 g,/ 2T /R /(@) J\/ 2T

1 —x2/20?
—5¢ . ]

Definition 3.2.4. A Gaussian Hilbert space is a closed subspace of L?(Q, u;R), for some
probability space (€2, 1), consisting of centered Gaussian random variables.

Remark 3.2.5. Let (X;);c; be a family of pairwise independent Gaussian random variables
on some probability space (€2, ). The closed linear span Spanp { X; |i € I} is a Hilbert
subspace of L2(€,;R). By Remark 3.2.2 and Lemma 3.2.3, this is a Gaussian Hilbert
space. We refer to this space as the Gaussian Hilbert space generated by the family (X;);c;-.
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Definition 3.2.6. A measurable space (2, B) is said to be standard Borel if there exists a
metric d on 2 such that (€2, d) is a complete separable metric space and such that B is the
Borel o-algebra associated to d.

Definition 3.2.7. Let 2 be a measurable space. A measure y on ) is said to be non-atomic
if u({w}) =0, for all w € Q.

Definition 3.2.8. Let €2 be a topological space equipped with a o-algebra. A measure y on
Q) is said to be outer regular if

w(B) =1inf{ u(U) | B C U, U open and measurable } ,

for all measurable sets B C €.

Lemma 3.2.9. Any real Hilbert space is isometrically isomorphic to a Gaussian Hilbert sub-
space of L*(Q, u; R), for a standard Borel space 2 and a non-atomic outer reqular probability
measure (L.

Proof. Let H be a real Hilbert space and let (e;),.; be an orthonormal basis. Denote by v
the standard Gaussian distribution and by B; the Borel o-algebra on R. Let Q = [[,c;R.
We equip © with the product o-algebra B = ),c; B1 and the product measure p = ®;erv.
For each i € I, let X; : @ — R be the canonical 7’th projection, i.e., Xi((wj)jel) = wj.
Then each X; is a standard Gaussian random variable and the family (X;),.; is pairwise
independent and form an orthonormal set in L?(€2, i1;R). Let K =span{X; | i € I} be the
Gaussian Hilbert space generated by the family (X;),.; (see Remark 3.2.5). Then (X;);;
is an orthonormal basis of K and the map H — K given by e; — X, is an isometric
isomorphism. O

Let 2 be a set, 0 a measurable set and let (X;),.; be a family of maps Q — €'. The
o-algebra generated by (X;);c; is the smallest o-algebra on € containing all sets of the form
T, '(B), where i € I and B C ' is measurable. We denote this o-algebra by o(X; : i € I).

If (€2, B) is a measurable space, we say that the family (X;),.; generates the o-algebra on
ifo(X;:1el)=08.

Remark 3.2.10. Let K be a Gaussian Hilbert space in L?(€), B, u). If Bx denotes the o-
algebra generated be the members of K then K C L?(Q, By, u;R) C L*(Q, B, u; R). If K is
generated by the family (X;),.; then Bx = o(X; :i € I).

Lemma 3.2.11. Let X € L*(Q, 1;R) be a centered Gaussian random variable with variance
0? =E[X?] > 0. Then X € L?(Q, 1;R) and

E[eX] = e2 BIX], (3.3)

X

Proof. Note first, that as = — e* is continuous, e* is a measurable map on 2. For a,b € R,

& 2 e 2 2 ™ 2
/ ebxe—ax de = / e—a(:c—b/Qa) e—b /4a dr = \/76—13 /4a’
oo o a

where the last equality follows from the change of variables y = x — b/2a. We deduce that

L /OO 6167:22/202 do = 602/2

oV2T J_x

This is exactly equation (3.3). O
Lemma 3.2.12. Let K be a Gaussian Hilbert space in L*(Q, u;R). If K generates the
o-algebra on ) then the linear span of the set {eX ‘ X e K} is dense in L?(, u; R).
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Proof. Let Y € L?(Q, u;R) be orthogonal to {eX ‘ X e K} We show that then Y is
necessarily zero. The set map v given by

v(B) = / Y dp, for all measurable B C (2,
B

is a bounded signed measure on Q. Let (X;);.; be an orthonormal basis of K. For a finite
subset {i1,...,i,} C I, let v be the image measure of 7 under the map Q — R™ given by

w (X (W), ..., X5, (w)).

For each a = (ay,... ,an)T € R", the random variable a; X;, +--- + a,X;,, is in K, and so,

/ ) dy(z) z/ealxil(w)+"'+“nXin(“’) dv(w)
n Q

= / e@ Xy @ FanXin (W) y () dp(w) = 0.
Q

Further, for each a = (ay,...,a,)’ € C", UR" elz-a) dl/(ac)’ < Jgn el Rea) qy(z) = 0. Hence,
v is the distribution of a random variable with characteristic function equal to zero. Since
random variables are characterized by their characteristic functions, we deduce v = 0. By
construction of v, this implies that  vanishes on the o-algebra generated by {X;,,..., X;, }.

Let D be the union of all o(Xj,, ..., X;, ) over all finite subsets {i1,...,4,} C I of indices.
Then D is stable under finite intersections and

oD)=0(X;:i€l)=0(X:X €K).

What we have showed is that o vanishes on D, or, equivalently, that the non-negative mea-
sures 7T and 7~ associated to the positive, respectively, negative parts of Y agree on all sets
of D. Therefore, by uniqueness of measures (see [41, Theorem 5.7]), o+ and U~ agree on
the o-algebra generated by K. By the assumption that K generates the o-algebra on (2, it
follows that 7 = 0 on all measurable subsets of {2. Hence, Y = 0, as we wanted to show. [

3.2.2 The symmetric Fock space

Let H be a Hilbert space. For each n € N, we denote by S,, the symmetric group on
{1,...,n}. BEach o € S, induces an operator T, on H®™ defined on elementary tensors by

To(61® - ®@&) =)@ ®&m),  for&,....6 € H

Note that T}, is a surjective isometry and that T, o Ty = Tyor, for all o, 7 € 5.

The n"th symmetric tensor power of H is the closed subspace of H®" defined by
SMH)={¢e H® ‘ T, =¢foralloe S, }.

The orthogonal projection P, : H®" — S™(H) is given by

Pn:%ZTU.

’ G’GSn

For &,...,&, € H, we denote by &1 @ --- ©® &, the image of {1 ® - - - ® £, under P,.

Set S°(H) = R if H is real and C if H is complex.
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Definition 3.2.13. The symmetric Fock space of H is the Hilbert space direct sum:

S(H) =5 s"(H).

n>0

Let T : H — H be a linear map. We define the n’th tensor power of T as the map
T®" . H®" — H®" given by T®"(§ ® - ® &) = Té @ - @ TE,. We get a canonical
extension of 7' to the symmetric Fock space by taking the direct sum of (the restrictions
of) all tensor powers of T. We denote this extension by S(7"). Note that if T is injective,
surjective or an isometry, then so is T®", for all n, and therefore so is S(T).

Define the map Exp : H — S(H) by

1
Ex = —_¢on for all H.
p(é) ;mﬁ ,  forall¢e

Remark 3.2.14. For all £, € H, it holds that

o0

(Exp(), Exp(n) = 3 - (€, )" = elé ) (3.4)

n=0

Lemma 3.2.15. The set {Exp(§) | £ € H} is linearly independent and its linear span is
dense in the symmetric Fock space, S(H).

Proof. We start by proving linear independence. We denote by K either R or C depending
on whether H is real or complex. Suppose there exists a finite collection of distinct vec-
tors &1,...&, € H, and, for these vectors, a collection of scalars A1,..., A, € K such that
Yoy AiExp(&) = 0. Consider the sets

Eij={neH|{&—-&,n #0},

where 1 < 4,57 <n and i # j. These are open and dense sets in H. Hence, ﬂi# E; ; is dense
in H, by the Baire Category Theorem. In particular, this intersection is non-empty, and so,
we may find n € H such that (& ,n) # (& ,n), whenever ¢ # j. Then, for all z € C,

0= <Z Ai Exp(&) ,EXp(zn)> = N,
=1

i=1

Linear independence of the set { Exp(§) | £ € H } then follows from linear independence of
the set of functions of the form z — ¢ on C.

We proceed to show that span{Exp(§) | £ € H } is dense in S(H). For each £ € H,
define a function fe : R — S(H) by fe(t) = Exp(t§). For each n € N, it is straight forward
to check that the n’th derivative of f in zero is

1&7(0) = Val g

Since f¢(t) € span{ Exp(€) | € € H }, for all ¢t € R and any vector £ € H, it follows that £ €
span{ Exp(§) | £ € H }, forall§ € H and alln > 0. We conclude that span { Exp(§) | £ € H }
equals the direct sum of all the n’th symmetric tensor powers of H as vector spaces. Hence,

span { Exp(§) | £ € H } is dense in S(H). O
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3.2.3 Measure preserving transformations and isometries of L*-spaces

For a measure preserving transformation 6 of the measure space (€2, 1), we define a linear
map 0% : L?(Q, u; R) — L2(Q, 1; R) by setting

0*(f)=fo07',  for fe L*(QuR).

By Lemma 3.1.1, this is a surjective isometry, and we see that (0*)~! = (§71)*.
The induced surjective isometry #* has the following property: For every pair of measur-
able subsets A, B C Q,

9*(11413) = 0*(1AQB) = 1lanB 09_1 = (1A 09_1)(13 09_1) = ‘9*(1A)9*(1B)-

Moreover, since (0*)7! = (#~1)*, the similar equality follows for (#*)~!. We shall see in
Lemma 3.2.21 that the converse is true when 2 is a standard Borel space and p is an outer
regular non-atomic probability measure.

Lemma 3.2.16. If a measure preserving transformation 6 on a finite measure space (§2, )
is equal to the identity transformation of Q almost everywhere then 0*(1g) = 1p, for all
measurable B C Q. If Q is standard Borel, the converse is also true.

Proof. We have, for any measurable B C (2, the following equality in L?(Q, p):
0*(1p) = 1p o6 " = lyp).
Hence, 0*(1p) = 1p if and only if the measurable set
B={weQ|1lp(w) # lyp)(w) } = BAO(B)

has measure zero. Further, 6 is equal almost everywhere to the identity transformation if
and only if the measurable set A = {#(w) # w} has measure zero.

For a subset B C Q, if w € BAG(B), we have, in particular, that w # 6~!(w). Hence,
for any subset B C €, the symmetric difference BAG(B) is contained in A. Therefore, if
w(BAO(B)) > 0, for some measurable subset B C €, then A has strictly positive measure,
as well. This shows the first statement of the lemma.

Assume that 2 is a standard Borel space, let (w;),.; be a countable dense set and denote
by d the metric on €2 inducing the Borel o-algebra on 2. Suppose 6 is not equal almost
everywhere to the identity transformation so that A has strictly positive measure. Then
we can find an a € A with the property that, for each ¢ > 0 there exists an i € I with
a € B(wj,¢) such that u(B(wj,e)) > 0. Since Q is Hausdorff and (a) # a, we may find an
open neighborhood a € V' C Q such that V N O(V) = (. Take € > 0 such that B(a,e) C V.
Take i9 € I such that a € B(w;,e/2) and p(B(wi,e/2)) > 0. If w € B(wj,e/2), then
d(w,a) < d(w,w;) + d(w;,a) < . Hence, B(w;,e/2) C V. We conclude that V is a set of
strictly positive measure. Since V also have the property that V N 60(V) = (), it follows that
ly # 1p(v). This shows the second statement of the lemma. O

Remark 3.2.17. It follows directly from the above lemma that two measure preserving trans-
formations #; and A2 of the same finite standard Borel measure space are equal almost
everywhere if and only if 67(15) = 65(1p), for all measurable B C ). Indeed, this is clear
using the easy observation that (6 o 62)* = 67 o 65.

Let (2, B, 1) be a measure space. We define an equivalence relation on B by setting
A ~ B whenever y(AAB) = 0.
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Remark 3.2.18. For any pair of measurable sets A, B € B, their indicator functions 14 and
1p are equal in L?(£2, y; R) if and only if A ~ B.

Denote by B the quotient of B with this relation, and by B the equivalence class of a
set B C Q. For A,B € B with A ~ B, we have 0 < pu(A\(AN B)) < p(AAB) = 0, and
so, 1(A) = u(A N B). By symmetry, it follows that pu(A) = p(B). We may therefore define
an induced measure i on B by setting ji(B) = u(B), for each set B C Q. The pair (B, fi)
is called the measure algebra associated to the measure space (2, B, ,u)N.The operations of

complementation, intersections and countable unions of the elements of B are defined in the
natural way:

B® = B, for B € B,

Emé:m, for A, B € B,

U B; = U B;, for I countable and (B;),.; C B.
iel iel

Definition 3.2.19. A measure algebra automorphism of (g, ) is a measure preserving bi-
jection B — B which preserves complements and countable unions.

Let (Q,B,u1) be a measure space. A measure preserving transformation 6 : Q@ — Q
induces in a natural way a measure algebra automorphism as follows: We may define a set
map © : B — B by setting O(B) = §(B), for B € B. Note that this is well-defined by
the requirement that 6 is a bijection with measurable inverse. For any map n : Q@ —
we have the set inclusion n(A)An(B) C n(AAB), and, if 1 is a bijection, the inclusion is
an equality. Hence, if A ~ B, we see that u(6(A)A0(B)) = u(6(AAB)) = n(AAB) = 0,
so that §(A) ~ 6(B). Therefore, © descends to a well-defined map © : B — B given by
@(é) = Hf(é/) By the assumption that 6 is bijective, it is clear that O is a measure algebra
automorphism of (B, i).

For standard Borel spaces with o-finite outer regular non-atomic measures, the converse
is also true. That is, any measure algebra automorphism is induced by a measure preserving
transformation as described above. This result is due to J. von Neumann in [51], and we
state it below without proof.

Proposition 3.2.20. Let (Q,B, ) be a standard Borel space equipped with a o-finite outer
reqular non-atomic measure, and let © : B — B be a measure algebra automorphism. There

erists a measure preserving transformation 0 : @ — Q such that @(E) = @, forall B € B.

We are now ready to state and proof the announced result characterizing the surjective
isometries on a given L2-space coming from a measure preserving transformation.

Lemma 3.2.21. Let (2, B, 1) be a standard Borel space equipped with a non-atomic outer
regular probability measure. If T : L?(, i1; R) — L2(Q, i1; R) is a surjective isometry satisfy-
ing the equalities

T(141) =T(14)T(1g)  and T '(1x1p) =T 11T (1p),

for all pairs of measurable subsets A, B C (), then there exists a measure preserving trans-
formation 6 of Q such that T = 6*.

Proof. For B € B, we have T(1p)? = T(1%) = T(1p), by assumption. Hence, T(1g) takes
values in {0,1}, and so, there exists B’ € B such that T(1p) = 1p. For each B € B, we
make such a choice, and wefine a map © : B — B by setting

©(B) =B, for B€B.
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By Remark 3.2.18, this map is well-defined. We claim that it is a measure algebra automor-
phism. First, it is clear that © is measure preserving because T is an isometry. Let B € B.
Using linearity of T', we see that

T(lQ) = T(lB) + T(lBB) = 1B’ + 1(3[})/ = 1B’U(BC)’ + 1B’ﬁ(BD)”

Since T is an isometry T(1g) = 1¢y, for some set €' of measure 1. Hence, (B’ N (BL)) =0
and (B’ U (BYY) = 1. Using the easy fact that AA(CC) = (AAC)L, it follows that

0<u(BYn@BYY)=1-uB n(BY)<1-wB UM@Y) =0

This shows that (B')¢ ~ (BY)’, and so, © preserves complements. Finally, let (Bi);er be a
countable family of pairwise disjoint sets in B. By linearity and continuity of T', we have

g => T(p)=T (Z 1Bl.> =T(ly,_, 5) = Ui 5)”

el i€l i€l

Since the right-hand side is an indicator function, we can find a set A € B of measure 1 such
that the sets (B; N A);cr are pairwise disjoint, and we have

Wier B = WeerBnn) = Ly 5)"

in L2(Q, u; R). By Remark 3.2.18, this shows that © preserves countable unions. Thus, © is
a measure algebra automorphism. By Proposition 3.2.20, there exists a measure preserving

transformation 6 of Q such that @(E) = 0(B), for all B € B. Hence, for any B € B,
6(B) ~ B'. By Remark 3.2.18, this is equivalent to

0"l = 19(3) =1lp = T(IB).

Hence, 8* and T agree on all simple functions, and therefore on all measurable functions. [

3.2.4 Construction of a p.m.p. action from an orthogonal representation

Theorem 3.2.22. Let H be a separable real Hilbert space and let (2, ) be a standard Borel
probability space such that p is non-atomic. Let K C L*(Q, u;R) be a Gaussian Hilbert
space generating the o-algebra on Q. Let ® : H — K be an isometric isomorphism. Then
® extends to an isometric isomorphism ® : S(H) — L%(Q, p; R) with the property that, for
every surjective isometry T : H — H, there exists a measure preserving transformation O
of (, 1) such that ® o S(T) = 07 o &. Moreover, O is unique up to null-sets.

Proof. Let £,m € H and set X = ®(¢) and Y = ®(n). By Lemma 3.2.11, the random
variables X, ¥ and eX*Y are in L?(€, u; R), and we have

<€X§1E[X2] 76Y511<:[Y2}> _ / eXféE[Xz]er%E[Yz] Ay
Q

— o3 (EXZHE[Y?) E[eX*Y]

= D=

=e 2 (]E[X2]+1E[Y2})€% E[(X+Y)?]

— EIXY] _ (XY) _ (2(8),2(n))
Further, using that @ is an isometry together with Remark 3.2.14 we deduce that

1 1
<€X2]E[X2] 76Y7§ E[Y2]> — el&m — (Exp(€),Exp(n)) . (3.5)
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Define a map @ : { Exp(¢) | € € H} — L%, 3 R) by

~ 1
D(Exp(€)) = 2O 2BP@°] for ¢ € .

By equation (3.5), ® is an isometry on { Exp(¢) | € € H }. Hence, ® extends to an isometric
linear map S(H) — L?(2, u;R), by Lemma 3.2.15, which we also denote by ®. By Lemma
3.2.12, this extension is surjective.

Let T : H — H be a surjective isometry. Then its canonical extension, S(7), to the
symmetric Fock space of H is a surjective isometry, as well. Therefore, R = ® o S(T) o =1
is a surjective isometry on L?(€2, u; R). For any ¢ € H, we have,

R(®(Exp(¢))) = ®(S(T)(Exp(¢))) = ®(Exp(TC)) = (T~ 3 ELR(TC)?] (3.6)
Let £,n € H and set X = ®(Exp(¢)) and Y = &(Exp(n)). We have, by definition of ®,
XY = O3 EB(©)?] B(n)— 3 E[®(n)?]
@)~ 5 BIB(E+1)?] JE[®(E)D(n)]
= P2 (Exp(¢ + n)).

Hence, XY lies in L?(£2, u; R). By equation (3.6), we see that

)

and that
R(XY) = eE[q’(é)‘?(n)]e‘I’(T(Hn))—%E[¢’(T(5+W))2]

_ B(T(e )~ 5 (E[R(TE)?+EI®(Tn)?)) ()% (n)]~E[L(TE)B(Tn)]

Since ® and T are isometries, we have
E[(€)®(n)] = (€.n) = (T€, Tn) = E[D(TE)®(Ty)).
Together with our above derivations, we deduce that
R(XY)=R(X)R(Y).

By continuity, this equality holds for all X and Y in L?(, u;R). In particular, for any
pair of indicator functions 14 and 1p with A and B measurable. Further, as T" was any
surjective isometry and since R~! = doS (T~Y) o &1, the same equality holds for R~!.
Hence, by Lemma 3.2.21, there exists a measure preserving transformation 07 of (2, 1) such
that R = 07. This finishes the proof of the theorem. ]

Remark 3.2.23. Let H, K C L?(Q,;R) and ® : H — K be as in Theorem 3.2.22 above.
Consider the 1-dimensional subspace S°(H) of the symmetric Fock space of H. It is clear from
Lemma 3.2.15 that this is the subspace spanned by the vector Exp(0), where 0 is the zero-
vector in H. By definition of ® in the proof of Theorem 3.2.22, we see that ®(Exp(0)) = 1q.
Hence, ®(S°(H)) = Rlq. Since ® is an isometric isomorphism, it follows that the restriction
of ® to the orthogonal complement of S°(H) is an isometry onto L2(2, 1; R) = 15.
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Let (m,H) be an orthogonal representation of the discrete group I' on a real Hilbert
space. For each n € N, let 7®" be the representation of I' on H®" given on elementary
tensors by 7®"(g)(§1 ®@ -+ ® &) = 7(9)&1 ® -+ ® 7(g)&,. Clearly, the n’th symmetric
tensor power of H, S™(H), is a I-invariant subspace of H®™. The restriction of 7®" to
S™(H) is called the n’th symmetric tensor power of m and is denoted by S™(w). For n = 0,
let SY(7) be the trivial representation on R. The representation (7, H) then induces in
a canonical way a representation on the symmetric Fock space of H by taking the direct
sum S(m) = @,~, S™(m) of all n’th symmetric tensor powers of . Precisely, S(m) is the
representation on S(H) given by S(m)(g) = S(n(g)), for each g € T.

Remark 3.2.24. For any pair of non-negative integers k,l € Ny, and any real Hilbert space
H,, we have the inclusion S**!(H) c S¥(H) ® S'(H). In particular, for a representation 7
of a discrete group I' on H, S¥*!(r) is a subrepresentation of S*(7) ® S!(r).

Corollary 3.2.25. Let (7, H) be an orthogonal representation of the countable discrete group
I" on a real and separable Hilbert space. There exists a probability space (2, 1) and a measure
preserving action of T' on Q such that the associated representation of T' on L%(Q, u;R) is
equivalent with the representation of I' on the symmetric Fock space of H induced by 7.

Proof. By Lemma 3.2.9, we may find a Gaussian Hilbert space K C L?(Q, u;R), where
Q) is a standard Borel space and g is a non-atomic probability measure, and an isometric
isomorphism ® : H — K. Further, by Remark 3.2.10, we may assume that K induces the
g-algebra on (2. Then, Theorem 3.2.22 implies that ® extends to an isometric isomorphism
® : S(H) — L*(Q,u;R). Moreover, for each g € T', n(g) is a surjective isometry of H,
and so induces a measure preserving transformation 6, of (€, ) with the property that
do S(m(g)) =050 ®. In particular, for g = e, we see that 07 = idp2(q k). Further, for every
g,h € ', we have

o =005(m(gh) 0@ = Do S((g) 0 ® ' 0 Do S(m(h)) 0 D =0} 0 6.

Hence, by Lemma 3.2.16 and Remark 3.2.17, ., = idg a.e., and 0, 0 0, = 0, a.e., for all
g,h € I'. Define

Q= () {we Q| 0e(8y(w)) = by(w) }
gel

Then Qg is a I'-invariant set of measure 1. We equip 2y with the trace o-algebra. Define
an action o of I' on Qg by setting a(g,w) = b4(w), for all g € I' and w € €. For each
measurable B C g, we see that

a'(B) ={(g,w) €T xQ | Oy(w) € B} = | J{g} x 0, (B).
gel

Hence, o is a measurable action. The unitary representation of I' on L?(Qq, j1; R) = L2(€, u1; R)
associated to this action is given by

Tu(9)f = foby— = 05(f), (3.7)

for f € L2(Qo, ;R) and g € T. Thus, it is clear that ® intertwines D, 5" (m) and m,. O

3.3 The Connes-Weiss characterisation

With the preparations of the two previous sections, we are ready to state and proof a char-
acterization of Property (T') in terms of ergodicity of actions on measure spaces. This
characterization is due to A. Connes and B. Weiss in [11]. We follow the proof presented in
[5, Theorem 6.3.4].
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Theorem 3.3.1 (Connes-Weiss). Let I' be a discrete group. The following are equivalent:
(i) T has property (T),

(ii) every p.m.p. ergodic action of I is strongly ergodic,

(117) every p.m.p. weakly mizing action of T' is strongly ergodic.

Proof. If T' ~ (Q, 1) is a p.m.p. ergodic action then 7r2 does not contain 1p, by Proposition
3.1.8. Therefore, if I' has (T'), then 772 does not weakly contain 1, and it follows from Propo-
sition 3.1.15 that I' ~ (Q, u) is strongly ergodic. This shows (i) = (ii). The implication
(79) = (i74) is direct from Corollary 3.1.12. We proceed to show the implication (iii) = (7).

Assume that T does not have (T') and let (7, H) be a unitary representation with almost
invariant vectors but no non-zero invariant vector. Note that H must then necessarily be
infinite dimensional, as otherwise its unit ball would be compact. By Theorem 2.5.8, we
may assume that (7, H) contains no non-zero finite dimensional representations. Moreover,
it is clear from the proof of Theorem 2.5.8 and Remark 2.4.31 that we can also assume
this representation to be the complexification of an orthogonal representation. That is,
H = H'®C, for some real Hilbert space H', and m = 7., for some orthogonal representation
7' of I" on H'.

By Corollary 3.2.25, we may find a probability space (£, ) and a p.m.p. action on €
such that the associated representation WL on L?(Q, u;R) is equivalent to the representa-
tion @, ,S"(n’) of ' on the symmetric Fock space of H' induced by 7. This equivalence
naturally lifts to the complexifications 7, on L*($, ) and .-, S"(7) on S(H). Using Re-
mark 3.2.23, we obtain the following isometric isomorphisms intertwining the corresponding
subrepresentations:

P () = L3 p).
n=1

Suppose .-, S™(m) contains a finite dimensional subrepresentation, p. We may as-
sume that p is irreducible, as any finite dimensional representation contains an irreducible
one. By Proposition 1.1.14, we may find an n € N such that S™(7) contains p. Since
7 is the complexification of an orthogonal representation, then so is S™(w). Therefore,
Proposition 1.1.17 implies that S™(7) ® S™(7) contains the trivial representation. Therefore,
S(r) @ (8" (7) ® S™(m)) contains the trivial representation, by Remark 3.2.24. Observ-
ing that S'(7) = m and applying Proposition 1.1.17 to 7 ® (S”_l(w) ® S"(Tr)) then yields
that (7, H) contains a finite dimensional subrepresentation. But this is a contradiction.
Hence, @;7, S"(m) contains no finite dimensional subrepresentation, and so neither does
7r2. Recalling that 7r2 is the complexification of an orthogonal representation and applying
Proposition 1.1.17 and Proposition 3.1.11 to 7r2, we deduce that the action of I' on (2, u) is
weakly mixing.

Let (£,),,~; be a sequence of almost invariant (unit) vectors for (7, H). We may assume
that each &, lies in the real Hilbert space H’. Then, for each ¢ € T' and each n € N,

[7(9)6n = &ul® = 21 = (m(9)én , &n))- As |m(9)én — &l — 0, we see that
lim (m(g)én, &n) = 1,
for all g € T. By Cauchy-Schwarz, we have (7(g)&, ,&n) € [—1,1]. Define ay,(g) € [0,1] by
(m(9)én , &n) = cos(an(g)T).
Note that as (7(g)&n , &) — 1, we have

lim a,(g) =0.

n—oo
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In particular, a,(g) € [0,1/2], for n large enough.
Let ® : S(H') — L%*(Q, u;R) be the isometric isomorphism from Theorem 3.2.22 and
Corollary 3.2.25 intertwining @,2, S™(7’) and 7/,. For each n € N and each g € T, set

X, =®(&,) and  XI =7 (9)Xn.

Since ® extends an isometric isomorphism of H’ onto a Gaussian Hilbert space in L?(Q, u; R),
we see directly that each X, is a centered Gaussian random variable. Further, for each
n € N, each g € T and each Borel set B C R, we see that w € (X7)~!(B) if and only if
g lw e X7Y(B). Thus, (X{)"Y(B) = gX 1(B). Since the action of I on (£, u1) is measure
preserving, this implies that the distribution of X, is the same as the distribution of X,,, for
each g € T'. Hence, each X9 is a centered Gaussian random variable on . The variance of
each of these random variables is given by |X7|, = HWL(Q)‘E(&@)HQ =& ] = 1.

Fix n € N and g € I, and write X, in its orthogonal decomposition with respect to the
subspace spanned by X,;:

X = (X7, X,) X + Zy, = cos(an(9)m) X + Z,
with Z, € X;-. If an(g) = 0, then Xj] = X,, and Z, = 0. Otherwise, X,, and Z, are
independent Gaussian random variables (see [25, Corollary 16.1]). In the latter case, set
1
n=— T~ %
sin(av, (9)7)
Then Y,, is a centered Gaussian random variable with variance 1. Moreover, X,, and Y,, are
independent and Xj, = cos(a,(g)m) X, + sin(ay,(g)m)Y,. We see that the joint distribution

m of X,, and Y,, on R? is the standard Gaussian measure.
Set

Zn.

Ap={weQ| X,(w)>0}.

Observe that gA, = {w € Q| Xi(w) >0}, for all g € T'. Since the distribution of each Xj, is
centered and symmetric, we see that u(gA,) = 1/2, for each n € N and each g € I". Further,
we see immediately that

gARAA, ={X2 >0 and X, <0} U{X? <0 and X,, > 0}.
For each n € N and g € I, let B,, ; be the subset of R? given by

Bng={(z,y) eR? | cos(an(g)m)x + sin(ay(g)7)y > 0 and 2 < 0 }
U{(z,y) € R? | cos(an(g)m)x + sin(an(g)m)y < 0 and z >0} .

By the abstract change of variables formula, we see immediately that u(gA,AAy) = m(Byg).
Rearranging, obtain the following expression for the set B, 4:

1
Bn,g:{($,y)€R2 yz—tan(a(g)ﬂ)xandx<0}
R? - > )
U{(:):,y)e y < tan(a(g)ﬂ)x andx_O}

Since m is rotation invariant, a simple geometric consideration yields that m(By 4) = an(g).
But an(g) — 0, for each g € T', as n tends to infinity. Hence, (4,),~; is a non-trivial
asymptotically invariant sequence in 2. O

3.4 Literature

This chapter is based on [5, Section 6.3 and A.7].
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Chapter 4

Kazhdan type rigidity properties
for actions on Banach spaces

After our survey on Kazhdan’s Property (7') in its different forms, we proceed to study
this type of rigidity property in the more general setting of actions on Banach spaces. We
shall study two such properties: Property (T’x ), which generalizes Property (7') as stated in
Proposition 1.2.7, and Property (Fx) with generalizes Serre’s Property (F'H). Both gener-
alizations are due to U. Bader, A. Furman, T. Gelander and N. Monod in [2]. We define
these properties in Section 4.1 where we also discuss their relations. In Section 4.2 we dis-
cuss Property (Tx) in the setting where X is a superreflexive Banach space. Superreflexive
Banach spaces, which includes the LP-spaces, is a class of Banach spaces with very nice prop-
erties. For example, we shall see that for isometric representations on superreflexive Banach
spaces, the subspace of invariant vectors is complemented. We provide a brief introduction
to superreflexivity in Appendix A. In Section 4.3, we study affine actions on superreflexive
Banach spaces. We show that, for this class of Banach spaces, all bounded subsets have a
unique circumcenter, and this allows us to show that the existence of a fixed point is equiv-
alent with all orbits being bounded. We remark that these two properties of superreflexive
Banach spaces — complementation of the subspace of invariant vectors and the existence of
a unique circumcenter — will allow us to use some of the tools we developed in the previous
chapters when studying Property (7') in the Hilbert space setting. We end the chapter by
discussing, in Section 4.4, the relations between Property (7'), (Tx) and (Fx) when X is
an LP-space. We remark that, for actions on LP-spaces, the consequence of Schoenberg’s
theorem discussed in Subsection 2.4.3 applies.

4.1 Property (T) in the Banach space setting

4.1.1 Property (Tx)

For a Banach space X, we denote by O(X) the set of linear surjective isometries on X.
Note that for a real Hilbert space, H, O(H) is the set of orthogonal operators (justifying
the notation), and for a complex Hilbert space, it is the set of unitary operators. A linear
isometric representation of a discrete group I' is then a tuble (p, X) consisting of a Banach
space X and a group homomorphism p: I' — O(X).

The notions of I'-invariant and almost I'-invariant from Definition 1.2.1 carries over di-
rectly to the setting of linear isometric representations on Banach spaces. For a linear
isometric representation (p, X) of a group I, let X P() denote the set of [-invariant vectors:

XM ={zeX|plgr==x forallgel}.

This is a closed linear subspace of X invariant under the action of I' through p.
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Definition 4.1.1. Let I' be a discrete group and let % be a class of Banach spaces. We say
that I has property (T) if, for all linear isometric representations (p, X) with X € 4, the
induced representation of I' on X/X?() does not have almost invariant vectors. When %
consists of only one Banach space X, we write property (Tx) instead of (T%).

Remark 4.1.2. For the class 52 of all Hilbert spaces, Proposition 1.2.7 states that Property
(T,r), as defined above, is equivalent to property (7).

4.1.2 Property (Fy)

Let X be a Banach space and let I' be a discrete group. As in Chapter 2, Aff Isom(X)
denotes the set of affine isometries on X, and an affine isometric action of I' on X is a group
homomorphism I" — Aff Isom(X).

Definition 4.1.3. Let I" be a discrete group and let Z be a class of Banach spaces. We say
that I" has property (Fg) if all affine isometric actions of I' on any X € 2 has a fixed point.
When £ consists of only one Banach space, X, we write (Fx) instead of (F).

Remark 4.1.4. When £ is the class of all real Hilbert spaces, we recover Serre’s Property
(FH) (see Definition 2.5.1).

We saw in Proposition 2.5.2 that property (F H) is equivalent to the vanishing of the first
cohomology group with coefficients in an orthogonal representation. The proof relies on our
analysis in Section 2.2 of affine actions on general vector spaces, and so, generalizes easily to
the Banach space setting.

Proposition 4.1.5. Let X be a Banach space. A discrete group I' has property (Fx) if and
only if HY(T, p) = {0}, for all linear isometric representations p of I' on X.

Proof. For a linear isometric representation p of I' on X, we have, as in the proof of Propo-
sition 2.5.2, that H*(T, p) = 0 if and only if all affine actions with linear part p have a fixed
point. Moreover, we remark that the affine isometric actions on X are in 1-to-1 correspon-
dence to the 1-cocycles with respect to the linear isometric representations on B. Therefore,
HYT,p) = 0, for all linear isometric representations p of I' on X if and only if all affine
isometric actions of I' on X has a fixed point. O

4.1.3 Relations between Kazhdan type rigidity properties

In the Hilbert space setting, we have seen that Property (7') and Property (F H) are equiv-
alent (for discrete groups) — this is the content of the Theorem 2.5.5 by P. Delorme and
A. Guichardet. In the general setting, where we consider actions on the members of any
specified class of Banach spaces 4, only one implication remains true: Property (Fz) is, in
general, stronger than Property (7). The proof of this is a straight forward generalization
of the proof for the case where &8 = € is the class of all Hilbert spaces.

Theorem 4.1.6. For any Banach space X, Property (Fx) implies Property (Tx).

Proof. Let I be a discrete group, let X be a Banach space, and assume that I does not have
property (Tx). We may then find an isometric representation (p, X) of I on X such that
the induced representation on X/X P() has almost invariant vectors. By Proposition 2.3.4,
B(T, p) is not closed. By Remark 2.3.3 and Proposition 4.1.5, this implies that I' does not
have Property (Fx). O

We illustrate the failure of the opposite implication in the example below, which is taken
from [2, Example 2.22]. We remark that we don’t need to look outside the class of Hilbert
spaces for an example.
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Example 4.1.7 ((Tx) # (Fx)). Consider the Banach space R with the usual Euclidean
norm. On this space, we have only two linear isometries: the identity map and the antipodal
map x — —z. Composing the antipodal map with itself yields the identity map, and so, we
see that O(R) is isomorphic to Z/2Z as a group. If I is any discrete group acting on R by
linear surjective isometries then either the action is trivial, in which case all vectors in R are
fixed, or there exists a g € I' for which g.x = —z, for all z € R. In the latter case, the action
has no non-zero fixed points, but neither does it have almost invariant vectors. Hence, all
discrete groups have property (Tg). Let I' C R be a non-zero additive subgroup of R, e.g.,
I' =Z or R, and consider the affine isometric action of I' on R by translation (see Example
2.2.2). Clearly, such an action has no fixed-points, and so, I constitutes an example of a
group with Property (Tgr) but without Property (Fg). o

We proceed to discuss the relations of the classical Property (T') with Property (Tx),
respectively Property (Fx), for a given Banach space X. In general, the existence of fixed
points for any affine action on a given fixed Banach space X, or the property that, for any
linear isometric representation p on X, the induced representation on X/X? does not have
almost invariant vectors, does not say anything about how a group may act on other Banach
spaces. In particular, Property (Tx) and (Fx) do not, in general, imply Property (7"). The
example below, which can be found in [2, Example 2.25] and in [13, Examples 2.5], show
that (7) is also not stronger that (T’x).

Example 4.1.8 ((T') # (Tx)). Let I" be any finitely generated infinite discrete group and
let ¢o(I") be the subspace of £°°(I") consisting of complex valued functions on I' tending to
zero. Consider the left regular representation of I' on £*°(T"), i.e.,

g.a(h) = a(g~'h), a€(>*T),g,herl.

It is straight forward to verify that this is an action by linear surjective isometries. If
a € ¢>(I") is invariant under this action, then a(g) = g~'.a(e) = a(e), for all g € I'. That
is, any invariant function is a constant function. Hence, the left regular representation on
¢o(T") has no non-zero invariant vectors. It does, however, have almost invariant vectors. To
see this, let F} be a finite generating set containing the identity, and set, for each k € N,
F, = Flk This gives us an increasing sequence Fy; C Fy C --- of finite sets in I' such that
I = UkeN Fy.. For notational convenience we set Fy = (). Define a sequence of functions
(an),>; in co(I") by setting, for each h € T,

1
an(h)zm7 lfheFk\kal,k21

We claim that (ay),~; is a sequence of almost invariant vectors. For g € I, let ¢(g) be the
word length of g with respect to F}. We have

lg-an = an] oo = suplg.an(h) — an(h)]
hel’

< sup |g.an(h) —an(h)|+ sup |g.an(h) — an(h)]
heFyg) he Fy(g)

Given ¢ > 0, pick n. € N such that 1 — 1/k'/" < £/3, for all k < 2((g). If h € Fyg) then
g 'h e Fyy(y), and so, we see that the first term in the above inequality is bounded by 2¢ /3.
Turning our attention to the latter term, suppose h € Fi\ Fi_1, for some k > ¢(g). Then

1
kl/n (k‘ . E(g))l/n :

1 _ 1
k1/n (k‘—i—f(g))l/n

)

lg.an(h) — an(h)| < max{
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Consider the function 1/z'/" — 1/(z 4+ r)*/™ on [1,00) for a fixed r > 0. The differential
quotient is negative on the entire interval (1,00). Hence, the maximum of this function is
attained at x = 1. From this we deduce that

1
(1+£(g))"™

for all h ¢ Fy,y. Hence, [g.an — an|,, <2e/3+¢/3=c¢,foralln>n.. Asgel ande >0
were arbitrary, we deduce that (a,),,~; is, indeed, a sequence of almost invariant vectors.
We have now shown that, for any finitely generated infinite discrete group I, the left-
regular representation on ¢o(I") has almost invariant vectors but no non-zero invariant vectors.
Hence, no such group can have Property (T, r)). However, finitely generated infinite discrete
groups with Property (T') do exist: SL3(Z) is a well-known such example. o

|g-an(h) —an(h)| <1 —

Since (Fx) = (Tx), this also show that (7') is not stronger that (Fx). A more direct
example is given in [53] — see also [13, Example 2.7].

When X is an LP-space, there is more to say about the relation between Property (7') and
its Banach space relatives. We shall use the notation (T7») and (Fr») for a fixed 1 < p < oo,
to mean that a group has Property (T’x), respectively (Fx), for any LP-space X. The aim
of the rest of this chapter is to establish the following implications for a discrete group I':

o If " has Property (1) then I" has Property (Fr»), for all 1 <p < 2.

« I has Property (7) if and only if it has Property (T7»), for all 1 < p < oo.

4.2 Property (Tx) for superreflexive spaces

4.2.1 The dual representation

Let T be a discrete group. We associate to each linear isometric representation (p, X) of T’
a dual representation p* of I' on X* by setting

(P (@M (@) = Aplg~Hz), gel eX zeX. (4.1)

Proposition 4.2.1. Let (p, X) be a linear isometric representation of the discrete group T
The dual representation p*, as defined in equation (4.1), is a linear isometric representation
of ' on X*.

Proof. For each g € T" and each A € X™, it is clear that p*(g)A is a linear functional on X.
Furthermore, it is bounded, as verified by the following straight forward computation:

[0* (@Al = sup { [(p"(9) M) ()| | # € X, || =1}

sup { [A(p(g™H)2)| [z € X, o] =1}

sup { Al [o(g™D)a)|| | = € X, o] =1}

= [Al- (4.2)

IN

Hence, p*(g) is a well-defined map on X*. Moreover, it is clear that p*(g) is linear.
To see that p*(g) is an isometry, let ¢ > 0 and take x € X with |z| = 1 such that
|IA(z)| > |A] —e. Then

["(9)Al = 1("(9) M) (p(g)2)| = [A(z)| > [A] —e.

Since £ > 0 was arbitrary, we deduce that |p*(g)A| > |A|. This together with the inequality
of (4.2) implies that p*(g) is an isometry.
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Finally, we show that p* is a group homomorphism I' — O(X™*). Unitality follows directly
from unitality of p, and so, it remains to show that p* is multiplicative. For g,h € I', A € X*
and z € X, we have

(*(gm)M)(x) = A(p(h g™ H)z) = A((p(h™ ) 0 plg™ 1)) = ((p*(9) 0 p*(h)A) ()
Hence, p*(gh) = p*(g) o p*(h), as we wanted to show. O

Let (p, X) be a linear isometric representation. Write p** for the double dual represen-
tation (p*)* on X**. For each x € X, denote by & the corresponding element of X**. Then,
forge ', A€ X* and z € X, we have

(P (9)2)(N) = 2(p"(g7)N) = (p" (97 HN)(@) = Ap(9)z) = (p(g)z) ().

Hence, when restricted to X (viewed as a subspace of X**), p**(g) agrees with p(g). In
particular, when X is reflexive, p** = p.

Remark 4.2.2. When X is a reflexive Banach space, it follows from the above discussion that
there is a 1-1 correspondence between the set of linear isometric representations on X and
the set of linear isometric representations on its dual X*.

4.2.2 Splitting off of the invariant vectors

Definition 4.2.3. A closed subspace M of a Banach space X is said to be complemented if
there exists another closed subspace N of X such that X = M + N and M NN = {0}.

A very convenient property of Hilbert spaces is that all closed subspaces are comple-
mented. In more general Banach spaces, this need not be true. In fact, J. Lindenstrauss
and L. Tsafriri showed in [27] that there exists a non-complemented closed subspace in any
infinite dimensional Banach space not isomorphic to a Hilbert space. This lack of guaran-
tee poses a challenge when moving from the Hilbert space setting to the general setting of
Banach spaces.

Let X be a Banach space, let I' be a discrete group and let (p, X) be a linear isometric
representation of I' on X. We aim to show that, when X is superreflexive, the closed subspace
of I'-invariant vectors is complemented.

Proposition 4.2.4. Let (p, X) be a linear isometric representation of the discrete group T’
on a superreflexive Banach space X. For each x € X, respectively A € X*, be non-zero, and
denote by x*, respectively \*, the unique functional of Proposition A.2.5.

(i) If x € XPU) then o* € (X*)P" (1),
(ii) If X € (X*)P" M) then \* € XP(I),

Proof. Suppose z € XP() is T-invariant. For each g € I, p*(g)z* is a linear functional on X
with |p*(g)z*| = |z*| = 1. Moreover, I'-invariance of x implies that

(p*(9)2") (@) = 2" (p(g~ ")z) = 2*(x) =[] .

By uniqueness of the linear functional associated to x in Proposition A.2.5, we deduce that
p*(g)x* = x*. As g € I was arbitrary, this shows (i). The proof of (ii) is analogous. O

For a subset M of X, the annihilator of M is the subset of X* given by

Mt={feX*"|MCkerf}.
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For a subset N C X*, the pre-annihilator of N is the subset of X given by
N, ={zeX|NCkerz}.

We remark that, if X is reflexive, the pre-annihilator of any subset N C X* coincides with
the annihilator under the identification of X with X**.

We denote by X’(p) the pre-annihilator of (X*)?" () ie.,
qu=4xwf“%={mex‘szﬂx&nmxe(Xﬁfm}.

This is a closed linear subspace of X (see [30, Proposition 1.10.15(a)]). Further, it is clear
that X’(p) is invariant under the action of T through p.

Lemma 4.2.5. Let (p, X) be a linear isometric representation of the group T' on a super-
reflexive Banach space. For all x € XPU) | dist(z, X' (p)) > || .

Proof. Let x € X P() be non-zero and let z* be the unique linear functional of Proposition
A.2.5. By Proposition 4.2.4, z* € (X*)*"() and so, for every y € X'(p), z*(y) = 0.
Therefore,

|z] =2"(z) =a2%(x —y) <[z —y|.
The statement of the lemma follows by taking the infimum over all y € X'(p). O
Lemma 4.2.6. If X is reflevive and if A € X* vanishes on X'(p) then X is invariant for p*.

Proof. Let A\g € X* and suppose that \g is not invariant for p*. As (X *)p*(F) is a closed
subspace of X*, the Hahn-Banach Theorem (see [19, Theorem 5.8(a)]) yields the existence
of an element x € X** such that 2(\g) # 0 and z()\) = 0, for all A € (X*)?" ). As X is
reflexive, we may view 2 as an element of X. Then x € X'(p) and we see that Aol y, (p) Is not
equal to zero. ]

Proposition 4.2.7. Let (p, X) be a linear isometric representation of the discrete group T.
If X is superrefiexive then

X =x"D g X'(p).
In particular, the subspace of I'-invariant vectors is complemented.

Proof. We start by showing that the intersection of the two subspaces X”(I) and X’ (p) is
zero. Solet z € XPNX'(p). Since x € X1 Lemma 4.2.5 yields that |z < dist(z, X(p)).
But as z € X'(p), as well, the distance on the right-hand side of this inequality is zero. Thus,
2 =0, and we conclude that X*(") 0 X’(p) = {0}.

We proceed to show that XP() + X’(p) is a closed subspace. It is clear that it is a
subspace, so we need only show that it is closed. Let (z,),,~; be a sequence in X r() and
(Yn),>; a sequence in X'(p) such that @, + y, — z, as n tends to infinity, for some z € X.
We claim that the sequence (r),, is Cauchy. Indeed, for every n,m € N, Lemma 4.2.5
implies that -

|zn — 2| < dist(z, — xm,X/(p)) < |(zn — xm) — (Yn — Ym)|
<|(zn —yn) — 2| + |(zm —ym) — 2] .

It follows that (:):n)n21 is Cauchy using convergence of (z, + yn)n>1 to z. Let = be point
of convergence for (z,,),5,. Since XP() is closed, z € X?("). The sequence (y,),~; then
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converges to z — x, and so, z — x € X'(p), as this subspace is also closed. We conclude that
XPI) 4 X'(p) is closed, as well.

Finally, we show that X?() + X’(p) equals all of X. Assume for contradiction that this
is not the case. By the Hahn-Banach Theorem (see [19, Theorem 5.8(a)]), there exists a
linear functional A € X* with |A\| = 1 and such that Alxomy s xrp = 0- Let A" € X =X
be the unique linear functional of Proposition A.2.5 with |[A*| = 1 and A*(\) = |A| = 1.
We have, in particular, )\|X,(p) =0, and so, A € (X*)?"(") by Lemma 4.2.6. Proposition
4.2.4 then implies that A* € X?("), But this contradicts that Al xpy = 0. We conclude that
XA 4 X'(p) = X. This finishes the proof. O

Remark 4.2.8. As a direct consequence of Proposition 4.2.7 above, we see that, when X is a
superreflexive Banach space, a discrete group I' has property (T’x) if and only if, for every
linear isometric representation p on X, the restriction of p to X’(p) does not have almost
invariant vectors.

4.2.3 Property (15) and the dual space

Lemma 4.2.9. Let (p, X) be a linear isometric representation of the group T'. If X s
superreflerive then

forallx € X and all g € T.

Proof. For each g € ', we see that |p*(g)z*| = |z*| = 1 and, further, that

p*(9)*(p(g)z) = " (p(9~ ) (p(g)2)) = 2*(x) = |z = |p(g)z] -
The claim follows by the uniqueness part of Proposition A.2.5. O

Proposition 4.2.10. Let (p,X) be a linear isometric representation on a superreflexive
Banach space. The dual representation p* has almost invariant vectors if and only if p does.

Proof. 1t suffices to show one direction as p** may be identified with p, for any linear isometric
representation on a reflexive Banach space. Recall that, since X is superreflexive, it has an
equivalent uniformly smooth norm. The norm on X* with respect to this equivalent norm is
then uniformly convex. Let (z,),,~; be a sequence of almost invariant vectors for p. Uniform
continuity of (-)* : X — X* on the unit sphere of X (see Proposition A.2.7) together with
Lemma 4.2.9 implies that (z},),,~, is a sequence of almost invariant vectors for p*. O

Theorem 4.2.11. Let X be a Banach space and let M C X be a closed subspace.
(i) (X/M)* is isometrically isomorphic to M*.
(ii) M* is isometrically isomorphic to X* /M.

Proof. (i): Let m : X — X /M denote the quotient map. For each f € (X/M)*, for € X*
and we have, for each x € M, fon(x) = f([0]) = 0. Hence, f om € M*. Therefore,
7% (X/M)* — M+ given by ©*(f) = fom, for f € (X/M)*, is a well-defined map. If
g € X* is such that M C kerg, then g factors through X /M, by the universal property of
the universal property of the quotient. We see directly from this that 7* is surjective. Since
the quotient map is a contraction, we have |7*(f)| < |f|, for all f € (X/M)*. For the
opposite inequality, let (z,),~,; be a sequence in X with |[z,]| < 1, for each n € N, and
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such that | f([z,])] — | f]|- By definition of the norm on the quotient X/M, we may, for each
n € N, find y,, € M such that |z, — y,| < 1. It follows that

|7 ()] = sup |7 (f)(zn — yn)| = sup [f([za])| = [ /] -
neN neN

Hence, 7* is a linear isometry of (X/M)* onto M.

(ii): For each f € M*, the Hahn-Banach extension theorem ensures the existence of a
linear functional F' € X* such that F'|,, = f — we may even choose I' with |F| = [ f]. We
remark that if F' and F’ are both extensions of f, then (F — F')(x) =0, for all z € M, and
so, F — F" € M*. Hence, the map & : M* — X*/J\/[L given by

O(fy=F+ M+,  for fe M,

does not depend on the choice of extension F' € B* of f. Linearity of ® is immediate from
this independence. Since, for every F' € X*, F extends F|,, € M* to all of X, it is clear
that @ is surjective. Finally, for f € M*, let F' € X* be an extension with |F| = |f|. Then

|F+ M| =if{|F'| | F-F eM"}<|F|=|f].
Further, if F’ is any extension of f, then F' = F + G, for some G € M, and we have that

|F'|| = IF + Gl =sup {|(F + G)(@)] | € X, |2 =1}
> sup {|(F+G)(@)] | € M, |2 =1}
—sup{|f(@)] |z € M, Jo] =1} = | f].

It follows that ® is an isometry. This finishes the proof. O

Proposition 4.2.12. Let (p, X) be a linear isometric representation of the discrete group
I' on a superreflexive Banach space X. Then there exists an isometric isomorphism between
(X'(p))* and (X*) (p*) intertwining the associated subrepresentations of p and p*.

Proof. Recall that X'(p) is a closed subspaces of X. Hence, by Theorem 4.2.11, (X'(p))* is
isometrically isomorphic to X*/X’(p)*. Since (X*)?"(M) is a closed subspace of X* in the
weak*-topology, [40, Theorem 4.7(b)] implies that

X (ot = (X)) = (xr®.

Hence, (X'(p))* is isometrically isomorphic to X*/(X*)?" ("), As X* is superreflexive, it
decomposes into the direct sum (X*)*" ) @ (X*)'(p*), by Proposition 4.2.7. Hence, the
quotient X*/(X*)?" (") is isometrically isomorphic to (X*)(p*).

It remains to show that the isometric isomorphism described above intertwines the actions
of T on (X'(p))* and (X*)(p*), respectively. Let @ : (X'(p))* — (X*)(p*) denote this
isometric isomorphism. Let f € (X'(p))*. If Fy € X* is any extension of f, then ®(f) is the
part of Fy which lies in (X*)(p*). Precisely, Fy decomposes (uniquely) as Fy = F + F”, for
some F € (X*)(p*) and F' € (X*)?" ()| and we have ®(f) = F. For each g € T, it is clear
that p*(g)Fp is an extension of (p\X,(p))*(g)f, because X'(p) is [-invariant. Further p*(g)Fpy
decomposes as p*(g)F + F’, where p*(g)F € (X*)'(p*). Hence

(0l 1) () F) = P OV F = P xoy1(,) (9B (S)

This holds for all f € (X'(p))*, and so we may conclude that ® o (p|X,(p))* = p*](X*),(p*) 0®.
This concludes the proof. ]

Corollary 4.2.13. Let X be a superreflexive Banach space and let I' be a discrete group.
Then T' has Property (Tx) if and only if it has Property (Tx~).
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Proof. Recall from Remark 4.2.8 that I' has Property (Tx) if and only if, for any linear
isometric representation p on X, the restriction of p to X’(p) does not have almost invariant
vectors. By Proposition 4.2.10 and Proposition 4.2.12, we see that p| X'(p) has almost invariant
vectors if and only if p*|( X*Y(p%) does. So, as the dual map is a 1-1-correspondence between
representations on a given reflexive Banach space and its dual (see Remark 4.2.2), we may
deduce that I" has Property (T'x) if and only it has Property (T'x+). O

4.3 Affine isometric actions on superreflexive spaces

For affine actions in the setting of Hilbert spaces, we saw in Proposition 2.5.3 that having
a fixed point is equivalent to all orbits being bounded. We show in Proposition 4.3.2 below
that this result holds more generally for all superreflexive Banach spaces.

For a Banach space X and a non-empty bounded subset S C X, we define the radius of
S to be the number

rad(S) =inf {r > 0| S C B(z,r), for some z € X }.
An element = € X is called a circumcenter of S if S C B(z,rad(9)).

Lemma 4.3.1. If X is a reflexive Banach space then any non-empty bounded subset has a
circumcenter. If, moreover, X is uniformly convex, then the circumcenter is unique.

Proof. Assume that X is reflexive so that each closed ball of X is weakly compact (see [17,
Theorem 3.31]). For each n € N, take x,, € X such that S C B(2,,rad(S)+ ). Fix yo € S.
Then (z5,),; is a sequence in the weakly compact set B(yo,rad(S)+1). Hence, there exists
a point x € X and a subsequence (2, ),~, converging weakly to . We show that this x is a
circumcenter of S. Let y € S. If y = z, y trivially lies in E(m, rad(S )) Therefore, suppose
y # x. By Hahn-Banach’s Theorem (see, e.g., [19, Theorem 5.8]), there exists f € X* with
If] = 1 such that f(y —x) = |y — z|. For € > 0, take n. € N such that |f(z, — z)| < €/2,
for all n > n., and such that 1/n. < ¢/2. Then, for all n > n.,

ly — | = fly —2) <|f(y = 2z)| + |f(2n —2)] < |y — 0] +€/2 <rad($) +¢.

Since, ¢ > 0 was arbitrary, we deduce that |y — x| < rad(S). Hence, S C B(z,rad(S)),
which is exactly what it means for x to be a circumcenter.

Assume now that X is uniformly convex and suppose x and z’ are two different circum-
centers of S. Set ¢ = |x —2/| > 0. By uniform convexity (see Lemma A.2.3), we may
find a § > 0 such that, whenever y,y’ € X are such that |y|, |v'| < rad(S) and such that
ly—v'| > e, then |[(y+v')/2| <rad(S)— 4. For each y € S, |x —y| and |2’ — y| are both
bounded by rad(S) while |(z —y) — (' —y)| = | — 2’| = . Thus,

(z—y)+ @ —y)
2

x4+
2 YT

H <rad(S) — .
We deduce that S is contained in B((z + z’)/2,rad(S) — §). But this contradicts the mini-
mality of rad(S), and so, we must have x = 2. O

Lemma 4.3.2. Let a be an affine isometric action of a discrete group I' on a superrefiexive
Banach space X and let b be its translation part. The following are equivalent:

(i) The action a has a fized point in X,

(ii) b is a 1-coboundary.
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(#ii) b is bounded,
(iv) All orbits of a are bounded,
(v) Some orbit of v is bounded,

Proof. The proof of Lemma 2.5.3 generalizes directly to this setting replacing Lemma 1.2.13
with Lemma 4.3.1 and using that X has an equivalent uniformly convex norm. O

4.4 Kazhdan type rigidity properties for L’-spaces

We are now ready to show the announced relations between Property (T), (Tr») and (Frr).
We show in Theorem 4.4.4 that Property (T') implies Property (Fr»), for 1 < p < 2. The
proof of this implication follows the same lines as the proof of the implication (T") = (FH) in
Theorem 2.5.5. Recall that this proof is based on the consequence of Schoenberg’s theorem
presented in Proposition 2.4.30. To apply this proposition in the same way, we need to show
that, for any LP-space with 1 <p <2, |- Hg is a function conditionally of negative type.

Theorem 4.4.1. The function e *"1* is positive definite on R, for 0 < o < 2 and t > 0.
Proof. For 0 < o < 2 and for any fixed x € R, the integral

* 1 —-coszs
/ 14+« ds
oo 8]

is convergent. Indeed, o > 0 ensures convergence over the domain away from zero while o < 2
ensures convergence around zero. The substitution h(s) = zs together with a symmetry

observation yields
1 1 oo
— CcOsS TS o 1 —coss
[ as =2 [ s
o s 0 s

The integral on the right-hand side depends only on a. We let
1 1 —coss -1
Ca = 5 (/0 W dS) N

cosxs — 1
—|z|* = Cq / s |l+a ds (4.3)

so that

Fix 0 < a < 2 for a moment, let ¢ > 0 and define, for each n € N, a function ¢, on R by

1 1
on(z) = tCy % ds =tC, cosJar:s ds — tC, —rads
ls|>1/n |$] is1>1/n |s|" |s|>1/n |5

Observe that the removal of a neighborhood around zero ensures that the two integrals on the
right-hand side of the last equality converge. The latter of these is a number independent of x.
Recall from Example 2.4.14 that cos is positive definite on R. Linearity and monotonicity of
the integral then implies that z — f|s|21/n coszs/ |s|' T ds is positive definite. We deduce
by Proposition 2.4.12 that e¥" is positive definite, as well. By the Lebesgue Dominated
Convergence Theorem and by equation (4.3), ¢, (x) converges to —t|z|*, for each z € R.
Hence, e®" converges pointwise to e */"1*, by continuity of the exponential function. Hence,
e 1" is positive definite, by Proposition 2.4.5. Using Proposition 2.4.5 and continuity once
more gives us the statement for &« = 0 and o = 2, as well. O
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Remark 4.4.2. For a > 2, the function ¢ = e~ 1"l is not positive definite on R — see [52,
Corollary 4.11].

Corollary 4.4.3. The function el op 4, (P(N) respectively on LP(S), ), is positive
definite, for 1 < p <2 and for all t > 0.

Proof. Fix 1 <p <2 and t > 0. Consider first e 15 a function on /5, for some n € N. For
each n-tuble x = (x1,...,2,) € £, we have

n

e~tlely = T et

=1

Hence, positive definiteness of e I'l5 as a function on /5 follows directly from Theorem 4.4.1
and Proposition 2.4.11.
p
Next, consider el ls a function on P(N). For each n € N, define ¢, : #(N) — R by

n
_ .|P
on(x) = He Heal”, T = (2i);>1 € L"(N).

i=1
Then ¢, is positive definite by the same argument as above. Clearly, (<pn)n21 converges
pointwise to et \\57 which is therefore positive definite, by Proposition 2.4.5.

P
Finally, consider e Il a function on LP(€), ). For a finite collection of simple functions

fiy.ooy fn € LP(2, p), we may pick a finite collection of pairwise disjoint subsets Aj,..., A,
of Q such that each of the simple functions can be written as f; = > /" | a; Ak, for numbers
ai1,-.-,0;m € C. For each 1 <i <n, set z; = (M(Al)l/pai,l, ... ,M(Am)l/pa@m). Then each
x; lies in #4,, and

uﬁ—ﬁgzﬂyﬁw> WP du = §ka—%mpc%>

m

p
= > A0 P ais = a4 YP| = s =yl

k=1
Hence, for any collection cq,...,c, € R,
- - i1
—t|f—Fi P —tl|T;—;
g cicje 1Fi=1ily = g cicje T >0,
ij=1 ij=1

because e~ ' Ip is a positive definite function on #%,. Since the simple functions are dense in

any LP-space, and since the norm and the exponential function are continuous functions, it
T .. . .

follows that e~ I7 is positive definite as a function on LP(Q, u). O

Theorem 4.4.4. Property (T) implies Property (Fr»), for all1 <p < 2.

Proof. Assume that I' does not have Property (Frp(,)), for some 1 < p < 2, and let a be an
affine isometric action of I' on LP(u) without fixed points. By Corollary 4.4.3 and Theorem
2.4.27, | - |} is conditionally of negative type on LP(u), and so, we may apply Theorem 2.4.30.
For each t > 0, let (7, Hy) be the unitary representation from Proposition 2.4.30 associated
to @ and t. By Proposition 2.5.4, it holds for all ¢ > 0, that (7, H;) has no non-zero invariant
vectors. Set

o0
=P mm
n=1

By Proposition 1.1.14, 7 has no non-zero invariant vectors. But by Proposition 2.4.33, 7
does have almost invariant vectors, and so, I" does not have Property (7). ]
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We end the chapter by showing that Property (7') and Property (T7r) are equivalent.
The proof of the implication (T") = (T7») is based on Theorem 4.4.4 together with a duality
argument. The implication (T7») = (T') is based on the Connes-Weiss characterization
presented in Theorem 3.3.1.

Let I" be a discrete group. Given a p.m.p. action of I' on a probability space (2, ) we get
in a canonical way an induced isometric representation of I' on the Banach space LP(2, )
of complex-valued p-integrable functions, for each 1 < p < oo, by setting

pu(9)f(z) = flg~'w),  for fe LP(Qp), g€, and z € Q.

Lemma 3.1.1 ensures that p,(g) is an isometry, for each g € T, and it is then clear that
(pu, LP(Q, 1)) is an isometric representation. Notice that for the case p = 2, we recover the
definition of equation (3.7). The closed subspace of fixed points for the representation p, is
denoted by LP(§, p)P». Further, let LE(Q, ) be the subspace of LP(f2,u) consisting of all
functions with zero mean, i.e.,

Lo(Q,p) = {fGLp(Q,u) ’ /Qfdu—o}-

This is a closed I'-invariant subspace. Since p is a finite measure, all constant functions
belong to LP(£2, u). Denote by pg the restriction of p, to L5(Q, u).

Lemma 4.4.5. Let T be a discrete group acting on a probability space (2, p), let 1 < p < 0o
and let p,, denote the induced representation on LP(S2, ). If the action is ergodic then the
set of fixed points for p, equals the set of constant functions.

Proof. It is clear that all constant functions are fixed points for p,. Conversely, if I' ~ (€, 1)
is ergodic we may find z¢ € € such that the measure of its orbit O, is 1. Let f € LP(Q, )P+
be a fixed point. By Lemma 3.1.6 and Remark 3.1.7, f is a.e. equal to a function which is
constant on the orbits, and, in particular, which is constant on O,,. Hence, f is a.e. equal
to a constant function. O

Theorem 4.4.6. Let I be a discrete group. Then T' has Property (T) if and only if it has
Property (Trr), for some and hence for all 1 < p < co.

Proof. If T has Property (7T') then I' has Property (Frp»), for all 1 < p <2, by Theorem 4.4.4.
Since any LP-space with 2 < p < oo is the dual of an L%-space with 1 < ¢ < 2, it follows
from Corollary 4.2.13 that I has Property (77»), for 2 < p < 0o, as well.

Suppose I' does not have property (7). By Theorem 3.3.1, there exists a probability
space (2, 1) and a p.m.p. action of I' on (€, 1) which is ergodic but not strongly ergodic.
Let (Bn),~; be a non-trivial asymptotically invariant sequence of measurable subsets of €2.
By the proof of Theorem 3.3.1, we may take this sequence such that u(B,) = 1/2. For each
n € N, define f, : Q@ — C by

fo=21p, —1.

Observe that |f,| = 1o, and so, f, lies in LP(, ), for all 1 < p < oo with |fu], = 1.
Moreover, each f, satisfies that fﬂ fndp =0.

Fix 1 < p < oo and consider the canonical representation p,, of I" on LP(€, u) induced by
the action I' ~ (€2, ). Since this action is ergodic, LP(2, u)P* = Clq, by Lemma 4.4.5. The
set of constant functions is complemented in LP(€2, 11), and its canonical complement is

L§(Q, p) = {fGLp(Q,u) ’ /Qfduzo}-
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Hence, LP(Q,pu)/LP(Q, p)Pr = LE(Q, ). As already mentioned, (fn),>; is a sequence in
L5(2, ). For each g € T, pu(9)fn — fr = 2(pu(9)1B, — 1B,) = 2(14p, — 1p,), and so

10u(9) fu — Full? = 27 /Q o5, — 1, dji = 2u(gBuAB,).

As (Bn),>; is asymptotically invariant, we see directly that [p.(g)fn — fnl, — 0. Hence,
(fn)p>1 is a sequence of almost invariant vectors, and so, I' does not have (7r). O

4.5 Literature

This chapter is based on the paper Property (T) and rigidity for actions on Banach spaces by
U. Bader, A. Furman, T. Gelander and N. Monod [2], and all results regarding the relations
between Property (T'), (T'x) and (Fx) that we present are first published in this paper. We
remark that the implication (T') = (F») can also be proved without considering Property
(Frr) (see [2, Section 4.a])- A reference for circumcenters in Banach spaces can be found
in [6, p. 26-27]. The proof that the p-norm is conditionally of negative type (see Corollary
4.4.3) can be found in [52, Theorem 4.10].
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Chapter 5

Spectral conditions

We present in Section 5.2 a sufficient condition for Property (T) due to A. Zuk in terms of
the spectral properties of a certain graph associated to a generating set. In Section 5.1 we
give a brief introduction to graphs and their spectrum. In Section 5.3, we present a sufficient
condition for Property (Fr») of the same flavor as Zuk’s condition. This result is due to
T. de Laat and M. de la Salle in [14], and we follow the proof of their paper. A central
tool in their proof is complex interpolation. A brief overview of the needed results from this
theory is given in Appendix B.

5.1 Graphs

We give here a short introduction to graphs and their spectrum, the main purpose of which
is to fix notation and terminology.

5.1.1 Basic definitions

Definition 5.1.1. A graph G is an ordered pair (V, E') consisting of a set V' of vertices and a
set F of edges equipped with two maps s,t: E — V referred to as the source and the range
map, respectively.

Unless we have explicitly named the vertex and the edge set of a graph G, we shall use
the notation V(G), respectively, E(G) to refer to these. A graph is said to be finite if the
size of its vertex and edge sets are finite.

Let G = (V, E) be a graph. An edge e € F with s(e) = s and t(e) = t is interpreted as
a (directed) edge from vertex s to vertex ¢, and s and ¢ are called the source respectively
the range of e. We shall often write (s,t) for an edge in E from s to t. The edge (s,t) is a
multiple edge if it occurs more than once in . The graph G has no multiple edges if the map
E — V x V given by e — (s(e),t(e)) is injective. We remark that if a graph has multiple
edges, writing (s,t) is ambiguous. For the purpose of this thesis, we are only interested in
graphs with no multiple edges. If s(e) = t(e) we say that e is a loop.

Definition 5.1.2. A graph with no multiple edges and no loops is said to be simple.

Definition 5.1.3. A graph G = (V, E) is said to be undirected if whenever (s,t) € E then
(t,s) € E as well, and if, in that case, (s,t) and (¢, s) occurs equally many times in E. A
graph is directed if it is not undirected. A directed graph is said to be oriented if it has no
symmetric edges, i.e., if whenever (s,t) € E it follows that (¢,s) ¢ E.

Remark 5.1.4. A graph G may be graphically represented by drawing a point for every vertex
and an arrow from vertex s to vertex ¢ if (s,t) is an edge of G. An undirected graph is then,
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by our definition, a graph where the arrows come in pairs. Alternatively, one may define an
undirected graph by letting the edges be unordered pairs instead of ordered tuples. In this
picture an undirected graph is represented by connecting two vertices with a line whenever
there is an edge between them. The two pictures are, of course, equivalent.

Definition 5.1.5. Let G = (V, E) be a simple undirected graph. An orientation of G is a
simple oriented graph G = (V, F) obtained from G by assigning an orientation to each edge.

Let s and t be two vertices in a graph G = (V, E). If (s,t) € E we say that t is a direct
successor of s, and that s is a direct predecessor of t. If ¢ is a direct successor of s, we write
t ~ s. Two vertices are said to be adjacent if one is the direct successor of the other.

Definition 5.1.6. Let G = (V, E) be a graph. For a vertex s € V we define the neighborhood
of s to be the set Ny of all its direct successors, i.e., Ny ={t € V | (s,t) € E}.

Definition 5.1.7. Let G = (V| E) be a graph. The degree of a vertex s € V' is the number
degg(s) = |Ns|. The map degg : V' — Ny is referred to as the degree function. If the graph
is clear from context, we shall omit it from the notation and write deg instead of degg. If all
vertices in a graph have the same degree, we say that the graph is regular, or, more explicitly,
d-regular when the degree is d.

Definition 5.1.8. A path in a graph is a finite or infinite list of edges ejes--- such that
t(e;) = s(ej+1), for all i. A graph G is said to be connected if there is a path between any
two distinct vertices of G. A maximal connected subgraph of G is called a component of G.
5.1.2 The spectrum of a finite graph

For a set S, we denote by C° the set of complex valued functions on S.

Definition 5.1.9. Let G be a finite simple graph. The (discrete) Laplace operator on G is
the operator A on CY(9) given by

A(s) = 1) = g [ Sw, e

for all f e CV(9).

Remark 5.1.10. The canonical representation of A as a matrix is referred to as the discrete
Laplacian matriz. Its entries are given by

~ ey I (s,1) € E,
if s =t,

As t = 1
0, otherwise

I )

Definition 5.1.11. The spectrum of a finite simple graph G is the spectrum of the discrete
Laplace operator. We denote this spectrum by o(G).

For a finite graph G on n vertices, the adjacency matriz Ag = (as) is the n x n-matrix
with the (s,t)’th entry equal to the number of edges from vertex s to vertex t. We remark
that the sum of the entries of the s’th row of Ag equals the degree of vertex s. If G is an
undirected graph, then Ag is a symmetric matrix. If G is simple, Ag consists of zeros and
ones, and its diagonal entries are zero.

The degree matriz Dg = diag(deg(1),...,deg(n)) is the diagonal matrix containing in-
formation on the degree of each vertex. The normalized adjacency matrixz is the matrix

Mg = D;lAg.
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All rows of Mg sum up to 1. If G is an undirected graph, then Mg is self-adjoint with respect
to the inner product on CY(9) weighted by the degree matrix. Considered an operator on
CV9), we refer to Mg as the Markov operator. We denote by 1, the n x n identity matrix.
By Remark 5.1.10, we see directly that the discrete Laplacian matrix is given by

A=1,— M.

Lemma 5.1.12 (Gershgorin’s circle theorem). Let A = (a;;) be a complex n x n matriz.
For each i € {1,...,n}, let R; = 3, |aij|. If A is an eigenvalue of A then there is an
i € {1,...,n} such that A € B(a, R;). The closed ball B(ay;, R;) is called a Gershgorin disc.

Proof. Suppose A is an eigenvalue of A and let v be a corresponding eigenvector. We may
choose v such that one of its entries equal 1, say v; = 1, and such that |v;| <1, for 1 < j < n.
Otherwise, divide v by the entry which is numerically largest. We have that

n
A= = (A’U)z = Z iV = Qi + Z Q;jVj.
Jj=1 J#i

Rearringing, taking the absolute value and applying the triangle inequality, it follows imme-
diately that |A — ay| < Zj# la;j| = R;. Hence, X\ € B(ai;, R;), as we wanted to show. O

Remark 5.1.13. Let G be a finite graph. If G is simple, the s’th Gershgorin disc associated
to the adjacency matrix Ag is centered with radius equal to the degree at vertex s. Hence,
all Gershgorin discs of Mg are equal to the closed unit ball in C.

Corollary 5.1.14. Let G = (V, E) be a simple finite graph. The spectrum of G is contained
in B(1,1). If, moreover, G is undirected, its spectrum is contained in [0,2].

Proof. Since 1,, and Mg trivially commutes, we have o(A) C 1 — o(Mg). It is then direct

from Lemma 5.1.12 together with Remark 5.1.13 that 0(G) = o(A) C B(1,1).
For the second statement, observe that

1/2 A n—1/2 ~1/2 ~1/2
D ADg """ =1, — Dg /" AgDg """

If G is undirected, the matrix on the right-hand side is symmetric. Being similar to a real
symmetric matrix, we deduce that the discrete Laplacian matrix has real eigenvalues. O

Definition 5.1.15. The gradient on G is the operator V : CV(9) — CE9) given by
Vi(s,t) = f(s) = f(t),  (s,t) € E(9),
for all f e CV(9).

Lemma 5.1.16. Let G be a finite simple undirected graph. For each f € CV9) it holds that

2 f(9)Af(s)deg(s) = Y |Vf(s,1)]*.
(G)

seV (s,t)EE(G)

Proof. Let f € CV(9). The assumption that G is undirected ensures the following equality:

o 0= Y. fe)f).

(s,t)€E(9) (s,t)€E(9)
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In particular, the above sum is real. Further, since there is a bijective set correspondence
between E(G) and (J,cg{s} x Ns, we see that

STOVEsPE = Y Ife)—folP=2 Y fePF -2 Y fef0)

(s,t)EE(9) (s,t)€E(G) (s,t)EE(G) (s,t)EE(G)

=2 |f(s)Pdeg(s) —2> > F(s)f

seS s€S t~s
2Z<|f )I* —d Zf )deg()
eg(s

ses

=2 Z F(s)Af(s) deg(s)-
seV (G

This proves the claimed equality. ]

Corollary 5.1.17. Let G be a finite simple undirected graph. Then the kernel of A consists
of all functions that are constant on the components of G. In particular, if G is connected,
then ker(A) = Cly (g).

Proof. 1t is straight forward to verify using the definition of A that ker(A) contains all
functions which are constant on the components of G. The other inclusion follows directly
from Lemma 5.1.16. O

Definition 5.1.18. The smallest non-zero eigenvalue of a finite simple undirected graph G
is referred to as the spectral gap of G and is denoted by A1 (G).

5.2 A spectral condition for Property (7'

5.2.1 A spectral characterization

Let T be a discrete group and let S C I' be a finite subset. For a unitary representation
(m, H), we define an operator h, € B(H) by

hx =1 Zd (5.1)

sES

where d : S — R is a strictly positive function and |d| = > .gd(s). One can view h, as
the average of the representation over the subset S with respect to the weight given by the
function d. We proof in Proposition 5.2.6 a characterization of Property (7") for finitely
generated groups in terms of the spectrum of an operator of this form.

Remark 5.2.1. Let H be a Hilbert space, let &1,...,&, € H be a finite collection of unit
vectors and let £ = Y " | a;&; be a convex combination. For each unit vector n € H, the
Cauchy-Schwarz inequality gives us the estimate

> In—&I* =2-2Re(n,&) =2Re(n,n—¢& <|n—¢f.
1=1

Hence, if |n —&| < e, for some unit vector n € H and some € > 0, then |n — &| < /2¢/a;,
for each 1 <17 < n. Loosely speaking, if € is close to a unit vector 7, then all §; are close to
n, as well.
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Lemma 5.2.2. Let I" be a finitely generated discrete group and let S be a finite symmetric
generating set. Let d : S — R be a strictly positive symmetric function and set |d| =
Y segd(s). Then hy, as defined in equation (5.1), is a self-adjoint operator with spectrum
o(hz) C [-1,1]. Moreover, a non-zero vector & € H is invariant for (mw, H) if and only if £
is a an eigenvector for hy with eigenvalue 1, and a net (&);c; in H is almost invariant for
(m, H) if and only if (hz& ,&) converges to 1 in C.

Proof. Since (m, H) is unitary, S is a symmetric set and d is a symmetric function, we see
directly that h, is self-adjoint. Further, being a convex combination of unitaries, h, has
norm bounded by 1, and since its spectrum is real, it follows that o(h,) C [—1,1].

If ¢ € H is a non-zero invariant vector, we see directly that £ must be an eigenvector for
h, with eigenvalue 1. Conversely, if £ € H is any unit vector, Remark 5.2.1 yields that

1

T > d(s) [m(s)€ — &I = 2(1 = Re (&, he)) < |h& —¢] . (5.2)

SES

Hence, if £ is a unit eigenvector for h, with eigenvalue 1, then |7 (s)¢ —&| =0, for all s € T".
Since S is a generating set for I', it follows that £ is invariant. The general case for non-unit
eigenvectors of h, with eigenvalue 1 follows by rescaling.

The statement regarding nets of almost invariant vectors follows directly from the first
equality in equation (5.2) using that S is a finite set and that S generates T'. O

Definition 5.2.3. Let I be a discrete group. A unitary representation (7, H) of I' is said
to be universal if it weakly contains all other unitary representations.

Remark 5.2.4. Universal representations always exist. Take, for instance, the direct sum of
all GNS-representations (see Theorem 2.4.9) corresponding to functions of positive type on
the group.

Remark 5.2.5. Suppose (7, H) is a universal representation of the discrete groups I', and
let (p, K) be any other unitary representation of I'. Since p < 7, we have a well-defined
*-homomorphism & : 7(C*(I')) — p(C*(I")) given by ®(7(z)) = p(x), for all z € C*(I).
If I' has a finite symmetric generating set S and if d : S — R is a fixed strictly positive
symmetric function, let h; and h, denote the operators from Lemma 5.2.2 belonging to
(r,H) and (p, K), respectively. Then h, = ®(h,). In particular, we have the inclusion
o(hy) C o(hx) (see, e.g., [54, Proposition 9.1]).

Proposition 5.2.6. Let I' be a finitely generated discrete group and let S be a finite sym-
metric generating set. Let (m, H) be a universal representation and let h = h, € B(H) be
as in equation (5.1), for some strictly positive symmetric function d : S — R. Then I' has
Property (T) if and only if 1 is an isolated point in o(h). Moreover, if o(h) C [-1,1—e]U{1},
for some 0 < & < 1, then (S,V2¢) is a Kazhdan pair for T.

Proof. Suppose I has property (7). Since (m, H) is universal, 1p < 7, so as I" has Property
(T'), we deduce that 1p < 7 (see Corollary 1.3.6). Then 7 has a non-zero invariant vector, by
Proposition 1.3.1, and so, Lemma 5.2.2 yields that 1 is in the spectrum of h. We must show
that 1 is isolated. Because h is a finite linear combination of operators of the form m(s), for
s € I', any I'-invariant subspace of H is reducing for h (see Remark 1.1.5). In particular,
HT™ is a reducing subspace for h, and we may therefore consider h a direct sum of the its
restrictions to H™ and its compliment. Thus,

a(h) = o (h|y.) U U(h‘(HW)i)'

By Lemma 5.2.2, h|, is the identity operator on H™, and so, J(h\H,r) = {1}. Since o(h)
is a compact subset of [—1,1], it therefore suffices to show that 1 ¢ O'(h’(H,,)J_). Suppose
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for contradiction that 1 is contained in the spectrum of A/ )L SO that h| (Hm)L — 1 is not
invertible. Since this is a normal operator, it follows that there exists a sequence of unit
vectors (&), in (H™)* such that |(h — 1)&,] — 0 (see [40, Theorem 12.12(c)]). By Cauchy-
Schwarz, we see that (h&, ,&,) — 1. But then (&,),,- is a sequence of almost invariant vectors
for (m, H), by Lemma 5.2.2. Since (&), lies in (H™)*, this contradicts Proposition 1.2.7.

Suppose now that the spectrum of h is contained in [—1,1 — ] U {1}, for some 0 < ¢ < 1.
Let (p,K) be any unitary representation of I" and let h, be as in Lemma 5.2.2. Then
o(hy) C [-1,1 — €] U {1}, by Remark 5.2.5. Let P be the spectral projection of h, onto the
spectral subset {1}. Notice that P coincides with the projection onto K, by Lemma 5.2.2.
By the spectral theorem, h, has a spectral decomposition h, = P + Zl ;i P;, where each
i € [-1,1—¢]. Clearly, >, P, <1— P, and so,

(1—hy) —e(1—P)=(1-¢)(1 Z/\P> 1—5( ZP)
Hence, (1 — P) <1 — hy,. It follows, for each { € K, that

2 (1= P)EJ* =2(e(1 - P)E, &) <2((1 - =0 oS dls) (1€ - Re{p(s)¢.6))

SES

MZd ) Io(s)€ — €I < max[p(s )E— €[

seSs

Thus, if ¢ is a (S, v/2¢)-invariant vector for (p, K), then |(1 — P)¢| < |€|. This implies that

P is a non-zero projection so that K” is non-trivial. As (p, K) was an arbitrary unitary
representation, we may conclude that (S, v/2¢) is a Kazhdan pair for T'. O

5.2.2 (*-spaces on finite graphs

Let G be a finite simple undirected graph. The degree function induces a finite discrete
measure on the vertex set of G by assigning a subset of vertices, S C V(G), the measure
> scg deg(s). Observe that

We shall in the following consider any finite graph G a probability space equipped with
the normalized measure induced by the degree function. We denote by ¢?(G) the ¢-space
of complex valued functions on the vertices of G equipped with inner product and norm
obtained using the described probability measure. Notice that £2(G) equals CV(9) as a
vector space because G is finite — the notation therefore merely indicates the additional inner
product structure. For a complex Hilbert space H, we denote by ¢2(G; H) the tensor product
2(G)® H. As a set, £2(G; H) consists of all functions on the vertices of G with values in H.
We see that ¢2(G; H) is, again, a Hilbert space with inner product given by

1
[E(9)]

> (£(5),9(s)) deg(s),

seV(G)

for all f,g € £%(G; H), where (-, -) denotes the inner product in H.

We have an isometric inclusion of H into ¢?(G; H) given by & ly(g)®&, where 1y(g)®¢
is the function that takes the value £ everywhere. To ease notation we shall in the following
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identify the subspace of constant functions with H and simply write § instead of 1y (g) ® &.
For each f € ¢%(G; H), we denote by

E(f)

the mean of f. Then E is a map £2(G; H) — H. With the identification of the subspace of
constant functions and H, we may also consider E an operator on ¢2(G; H).

Lemma 5.2.7. Let G be a finite simple undirected and connected graph, and let H be a
complex Hilbert space. Considered an operator on (?(G; H), the mean, E, is the orthogonal
projection onto the subspace of constant functions.

Proof. Let f € ¢%(G; H). For each ¢ € H, we have

(f —E(f),&egen = |E(1g)| > <f(8) - |E(19)| D ft) deg(t)7£> deg(s)

seV(G) teV

1
= fE@ X, 0wt - o 3 <Zf ) deg(1) >deg<s>

seV(G) \teV

=0.

Hence, E(f) is, indeed, the orthogonal projection of f onto the subspace of constant functions
on G with values in H (see, e.g., [41, Theorem 21.5]). O

Remark 5.2.8. By the Pythagoras theorem, the equality

1f =BG = 112 — 1B

holds, for all f € (3(G; H).

It is sometimes interesting to consider spaces of functions on the edges of a graph instead
of the vertices. For a finite graph G, we make E(G) into a probability space by equipping
it with the normalized uniform discrete measure. We denote by ¢2(E(G)) the ¢2-space of
complex valued functions on the edges of G equipped with the 2-norm associated to this
probability measure. For a Hilbert space H, we denote by ¢2(E(G); H) the tensor product
(2(E(G)) ® H. This is, again, a Hilbert space with inner product given by

1
BN, X, 09

for all f,g € (2(E(G); H), where (-, -) denotes the inner product in H.

For a Hilbert space H with identity operator I, we define the discrete Laplace operator
on £?(G; H) as the tensor product A® I, and the gradient operator £2(G; H) — (*(E(G); H)
as the tensor product V ® Iy. We remark that, for any probability spaces Q and ', and
any bounded linear operator T : L?(Q) — L?(£), the tensor product operator T ® Iy is a
bounded linear operator L?(Q; H) — L%*(QY; H) with norm |T ® I| = |T'| and spectrum
o(T ® Ig) = o(T). These observations hold, in particular, for the discrete Laplace operator
and the gradient operator. Whenever the context admits it, we shall omit ®/Ig from the
notation. Lemma 5.1.16 generalizes to this setting as follows:
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Lemma 5.2.9. Let G be a finite simple undirected graph and let H be a complex Hilbert
space. For each f € (2(G; H), it holds that

2(Af, P = IV (s )2 @m@)m

Proof. Let f € EQ(Q; H). Since G is undirected, we have

ST ) = D (fs), f@).

(s,t)EE(S) (s,t)EE(S)

In particular, this implies that the above sum is real. Since there is a bijective set correspon-
dence between E(G) and sy (g){s} % Ns, we see that

SOV = > (f(s) = f(), f(s) — (1))

(s,t)EE(G) (s,t)EE(G)
=2 Y (f&.f)) -2 Y (1), f()
(s,t)EE(9) (s,t)EE(9)
=2 > (f(s), f(s))deg(s) =2 D > (f(
seV(9) SEV(G) trs
1
= gj ( () = deg(s);wt),f(s») deg(s)
= Z (s)) deg(s)
ev(g
= ’ ()‘<Af f>£2 (9, deg)
This proves the claimed equality. ]

Proposition 5.2.10. Let G be a finite simple undirected and connected graph, and let H be
a complex Hilbert space. For each f :V(G) — H, it holds that

1
M(G) If = B < @] > Vs (5.3)

(s,t)€E(G)

Proof. Denote by Iy the identity operator on H and by Ig the identity operator on £2(G). Let
P be the orthogonal projection in B(¢*(G)) onto the subspace Cly () of constant functions
on G. Then E = P® Iy. By Lemma 5.1.17 and by the assumption that G is connected, P is
the spectral projection of A onto the simple eigenvalue 0. Hence, the spectral decomposition
of A has the form A =" | \;P;, for some 1 < n < |V(G)|, where P+ Y " | P, = Ig and
where the eigenvalues 0 < A(G) = A1 < -+ < )\, < 2 are ordered non-decreasingly. It
follows that

Aoly=Y NPielp>M(G)Y Pely=MG)Ig—P)® I
i=1 i=1
From this, we deduce that
M(9) | f —E(f )”Z?(QH = M) If = (P& In) Flg.m)
<A INF . Fegm -

Equation (5.3) then follows from Lemma 5.2.9. O
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5.2.3 Zuk’s condition for Property (T)

For a group I and a subset S C T, the link graph associated to S, denoted by L(S), is the
graph defined as follows:

« The vertices of L(S) are the elements of S.
« The edges of L(S) are the ordered pairs (s,t) € S x S satisfying s~t € S.

We denote by V(S) and E(S) the set of vertices, respectively, edges of L(S). By definition,
the graph L(.S) is finite if and only if S is. In this case, observe that

" deg(s) = [E(9)]

seS

If S contains the identity element, e, then all vertices have self-loops. Otherwise, no vertices
do. If S is symmetric then L(S) is undirected. Moreover, in this case the degree function
is symmetric, i.e., deg(s) = deg(s™!), for each s € V(S). If L(S) is connected the degree
function is strictly positive.

Assume that T is finitely generated, and let S be a finite symmetric generating set not
containing the identity, so that L(S) is a finite simple undirected graph. We may assume
that L(S) is connected. Otherwise, (S U S?)\{e} is another generating set with the stated
properties and such that the associated link graph is connected. In [55], A. Zuk proved a
sufficient condition for Property (7") in terms of the spectrum of the link graph. We state
and proof this condition in Theorem 5.2.11 below following [9, Theorem 12.1.15].

Theorem 5.2.11 (Zuk’s condition). Let T' be a discrete finitely generated group, and let S be
a finite symmetric generating set not containing the identity and such that L(S) is connected.

Let \1 = Al(L(S)) If A1 > 1/2 then

(s./2(2-27Y)

Proof. Let (w, H) be a universal representation of I and let h = h, be as in Lemma 5.2.2 using
the degree function as the strictly positive symmetric function on S. Set d = ) ¢ deg(s).
By Proposition 5.2.6, it suffices to show that

is a Kazhdan pair for I

o(h) C [-1, A7 = 1Ju {1}

Fix ¢ € H and define f : S — H by f(s) = m(s)¢. As an element of ¢?(S,deg), f has mean
is equal to h¢ and norm | f|p2(g geq) = I€]- Proposition 5.2.10 yields the inequality

AL(IEF* = 18E1%) = M (17 125, eg) — IECHI?) < % PR FOENIOl

(s,t)EE(S)
1 1
=5 2 lle=mtT0el = 55 D 1E - ()¢l de(s)
(s,t)EE(S) s€S
1
= [€1* = 5 D (n()¢,€) deg(s) = [¢]* — (¢, €).

seSs

Or, using that h is self-adjoint, Ay <(IH — h?)¢, §> <A{((Ig — h)¢,¢&), for any vector £ € H. If
A is any eigenvalue of h, we see directly that A;(1 — A?) < 1 — \. Further, since & is normal,
all points in its spectrum are approximate eigenvalues (see, e.g., [40, Theorem 12.12(c)]), and
so, this inequality holds for all A € o(h). The roots of the polynomial z +— —Aj2?+x+ A1 —1
are 1 and 1 — A\['. Thus, o(h) N (A7 —1,1) = 0, which was what we aimed to show. O
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5.3 A spectral condition for Property (Fi»)

Zuk’s condition states that a sufficiently large spectral gap of a link graph associated to a
(nice) generating set ensures property (7). We discuss in this section a condition of this
flavor which ensures Property (Frr). This condition is due to T. de Laat and M. de la Salle
n [14].

5.3.1 (P-spaces on finite graphs

For finite set S equipped with a probability measure v on its power set, a 1 < p < oo and
a normed space X, we denote by ¢P(S,v; X) the tensor product ¢7(S,rv) ® X equipped with
the p-norm

1 sy = D 1P v({s}),

seSs

for f € €7(S,v; X), if p < oo. For p = oo, the norm is given by | f{se (g, x) = maxses [f(s)].
Since S is finite, it is straight forward to verify that, whenever X is a Banach space, #(S, v; X)
is, again, a Banach space. Whenever the measure is clear from context, we shall omit it from
the notation.

Let G be a finite graph. As before, we consider G (or rather, the vertex set of G) a
probability space equipped with the normalized measure induced by the degree function.
For each 1 < p < oo and each Banach space X, /P(G; X), as defined above, is the Banach
space of X-valued functions on the vertices of G with norm given by

Wl = gy S0 M deas).

seV(9)

for all f € ¢P(G; X). As we have equipped G with a probability measure, the map x — 1lg®x
is an isometric embedding of X into ¢P(G; X), and we shall, as in the Hilbert space setting,
identify X with the subspace 1g ® X of constant X-valued functions on V(G). With this
identification in mind, we write z instead of 1g ® x for the function which is equal to x
everywhere.

We shall keep the notation from the Hilbert space setting and denote by [E the operator
on /P(G; X) given by

E(f)

Zf ) deg(s

SEV
for all f € ¢P(G; X). We denote by ¢5(G; X) the kernel of E, i.e.,

> f(s)deg(s }

seV(9)

eg(g;X)—{feepg X)

It is easy to see that E is continuous, and so, ¢5(G; X) is a closed subspace of 7(G; X).
Moreover, £;(G; X) is complemented. Specifically, the complement is the closed subspace of
constant functions, 1g ® X, and we have a vector space isomorphism

P(G; X) — £5(G: X) @ (1g ® X)
foo—= (F=E(f),E(f))
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Hence, as a vector space, £{(G; X) is isomorphic to the quotient of /(G; X) by the constant
functions. There are therefore two norms which are natural to put on £;(G; X): The subspace
norm and the quotient norm. In general, they are related by

DS = el < 1~ EDls@x)- (5.4)

Recall that when p = 2 and X is a Hilbert space, E is the orthogonal projection onto the
subspace of constant functions. In particular, equation (5.4) is an equality.

Another class of function spaces associated to a finite graph G that is of interest to us are
the ¢P-spaces of Banach space valued functions on the edges of the graph. As in the Hilbert
space setting, we equip F(G) with the uniform probability measure. For a Banach space X,
P(E(G); X) is the P-space of X-valued functions on E(G) with norm given by

1
”f”gp(E(g);X) = m Z ”f(s,t)”p.

(st)€E(G)

For Banach spaces X and Y, we denote by L(X,Y") the space of bounded linear operators
from X to Y. When X =Y, we write L(X) = L(X, X). Unlike in the Hilbert space setting,
for Banach spaces X,Y, X’ and Y/, the operator norm on L(X,Y)® L(X',Y") inherited from
L(X ® X' Y ® Y') need not be a cross norm. That is, for T: X — Y and S : X' — Y7,
IT ® S| need not be equal to |T'] |S].

Definition 5.3.1. Let S and S’ be finite sets equipped with probability measures on their
power sets. An operator T : (P(S) — ¢P(S’) is called regular if

IT),ey = sup{ IT ®1dx | pp(s;x)—r(s7:x) | X is a Banach space} < 00.
In that case, the number [T, is referred to as the regular norm of T

We show in Lemma 5.3.2 below that, for operators on an ¢?-space of a finite set, the
supremum in the above definition is attained at an £°°-space. For each 1 < p < oo, denote
by ¢, = (P({1,...,n}) the fP-space on n points. For a bounded linear operator A € B({?),
we denote by (4;;)7;_; € M, (C) its canonical matrix representation.

Lemma 5.3.2. For any n € N and bounded linear operator A on ¢2, it holds that

|Aleq = HA®id€%°HL(€2®€°°) [ (H4ss0)

reg

Proof. Let X be a Banach space and let z1,...,z, € X be such that >°7_, |z;|> < 1. By
the triangle inequality,

n
E :Ai,jxj

Jj=1

S 1Al

n j=1]j=1

Z Z [ A ||33J||
=1

2
=1

n
[A®idx zlpex =Y
=1

< sup

velZ

Taking first the supremum over all z € /2 ® X with norm 1 and then over all Banach spaces
X, it follows that

1Al .., = sup{ [A®idx|Le2ex) ‘ X is a Banach space} < H(|A”])n

ij=1 H (5.5)

reg

80



For z = (21,...,2,) € (2 ® (5, write z; = ($},,£L’?) € £, for 1 < j <n. We have

n n 2
HA ® idgeo xH2 Z ZA T = kgaxn ZAi’jx] (5.6)
i=11l7=1 e =1 7=1
Take v = (v1,...,v,) € £2 with |vfz =1 such that
2
1145 5o | = (40D (57)

For each pair of indices 1 < i,5 < n, choose 6;; € R such that A;; = etfii |A; j|. Then,

for each pair of indices 1 < j,k < n, set x? = e‘iekﬂ'v] Then z = (x1,...,z,) with
xj = (1:]1-,..., ?t), for 1 < j <n, defines a vector in 2 ® £ with
n 9 n
2 k 2 2
l2lG e = D max [af]" = Jo;f* = Joliy = 1.
J=1 j=1

For each fixed 1 <i <n,

ZAUQC

Summing over i, inserting equations (5.6) and (5.7) and taking the square root yields the
inequality HA ® idgoe xH > H (14 )7 Because z € 2 ® £° has norm 1, it follows that

i
[ (14
Putting together the inequalities (5.5) and (5.8), we have showed that

”A”'reg — H (|A ,J

where the last inequality is trivial. Hence, all inequalities are equalities, which is what we
aimed to show. O

max in;'
7 7

n 2
=) |4 v
j=1

Jijm |l < [A@idez |

2 9050 - (5.8)

) ij= 1” < HA®1df°°HL 2 R05°) <|4]

reg’

For a fixed Banach space X, we define, for each ¢ € [0, 1], a number
AJ(e) = sup { IT @ idx sy | S fmite, [Tl pagsy) <0 [Tl <1} (59)

Then Af(m is a non-decreasing function on [0, 1].

Lemma 5.3.3. Let X be an LP-space with p > 2. Then
Afin(e) < &/v, (5.10)
for all e € [0,1].

Proof. Let X = LP(u) be an LP-space with p > 2. Then X is 2/p-interpolation space between
L?(p) and L>®(u). Let S be any finite set equipped with a probability measure on its power
set and let T be a bounded linear operator on ¢%(S) with |T| < &, for some ¢ > 0 and
|7, < 1. We have HT®idL2(u)H = |T| < e, since £2(S; L?(p)) is a Hilbert space, and
|7 ®id oot | < [T,y < 1, by definition of the regular norm. equation (5.10) then follows
directly from the Riesz-Thorin theorem for Bochner spaces, Theorem B.3.2. O
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5.3.2 Poincaré type inequalities and fixed points

For a Banach space X and for 1 < p < oo, we define the discrete Laplace operator on
(P(G; X) as the tensor product A ® idx, and the gradient operator /P(G; X) — (P(E(G); X)
as the tensor product V ® idx. A central part of the proof of Theorem 5.2.11 is the validity
of the inequality (5.3) of Proposition 5.2.10. This is a so called Poincaré type inequality.
More generally, for 1 < p < 0o, a p-Poincaré inequality associated to a finite graph G and a
Banach space X, is an inequality of the form

zlg)f< If - fU”ep(g;x) <C ||Vf”ep(E(g);X) ) (5.11)

for some constant C' > 0, which holds for all f € /(G; X). Rearranging equation (5.3), we see
that this is, indeed, a 2-poincaré inequality with constant C' = 1/1/2A1(G). We remark here
that this constant is strictly less than one if and only if A\;(G) > 1/2. Hence, the criterion in
Zuk’s theorem that a group I' admits a (nice) link graph with spectral gap strictly greater
than 1/2 exactly ensures the validity of a 2-poincaré inequality with constant strictly less
than 1. With this in mind, we show in Theorem 5.3.4 below how one can construct a fixed
point of an action on a Banach space from a p-Poincaré inequality on the fP-space of the link
graph with a constant strictly less than one.

Theorem 5.3.4. Let I be a discrete finitely generated group, and let S be a finite symmetric
generating set not containing the identity and such that L(S) is connected. Let X be a
Banach space. If, for some 1 < p < 0o, there exists a constant 0 < C < 1 such that

:clg)f( If = 2lenwisyxy < ClIVFlems)x) - (5.12)

forall f:S — X, then T has Property (Fx).

Proof. Suppose 1 < p < oo and 0 < C < 1 are such that equation (5.12) hold, for all
f:8 — X, and let ' ~ X be an action by affine isometries. Let £ be the set of all functions
I' — X satisfying ¢.f(s) = f(ts), for all s,t € I'. Observe that £ is a convex set. For each
x € X, denote by f, : I' — X the function f,(s) = s.x, for all s € T'. It is clear that &
contains all functions of this form. In particular, £ is non-trivial.

We may regard any f € £ as an element of (P(L(S); X) by restriction of its domain.
Since X is a Banach space and S is finite, P(L(S); X) is a Banach space, as well. Denote
be d the metric on ¢P(L(S); X) induced by the norm, i.e., for any f, f' € &,

1/p
/ ! 1 ! p
d(fa f) = Hf - f HKP(L(S);X) = <d Z Hf(s) - f (S)H deg(8)> .

seS
For any two functions f, f': S — X, we define

1/p

B =[5 X 15 - rof

(s,t)eE(S)

To simplify notation, we shall write E(f) = E(f, f). Notice that E(f) = [V f|wgs),x)- In
particular, the map ¢P(L(S); X) — R given by f — E(f) is continuous. Furthermore, we
remark that E is symmetric as a map X° x X° — R. This is because S is symmetric, by
assumption.

Fix a constant ¢ € (C,1). For any non-zero function f € £, we may pick € X such that

If = $”£P(L(S);X) <c ||Vf||ep(E(5);X) : (5.13)
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Then

B L =2 3 U6 —talP =3 S i)

(s,t)EE(S) (s,t)EE(S)
1

=d§yﬂ@—xwwa@=w oAy 1510
se€

Hence, E(f, fz) < cE(f). Further, by the Minkowsky inequality on ¢?(E(S); X),

1/p
(wa ! Hf ) —ta+ sz — f(O)

|

( (s,t)eE(S
1/p 1/p
1 1
< el ) S sa— fOF
(s,t) eE (s,t)EE(S)

SH
SHN

E(f fx + E(fxaf) - E(f7 faz)
Summerizing, we have established the following inequalities:

f+fe
p(L%

)SE%hhwﬂﬂ, (5.14)

for any f € £ and with x chosen such that equation (5.13) is satisfied. Furthermore,

fif v
a(1.155) = 205 - lowss, ( > 150 —txwdmaw>

tes
1/p
1/(1
=513 S f) = f(s) + f(s) — ]
(s,t)EE(S)
1/p 1/p
_11 » 1(1 »
<507 X wo-ser| +50; X e -tal
(s,t)€E(S) (s,)€E(S)
SV sy + 5 B ) < B(). (5.15)

Here, the inequality in the third line is Minkowsky’s inequality on ¢P(E(S); X), and the last
inequality follows from equation (5.14) using that ¢ < 1.

Pick any non-zero function fy € £. As £ is a convex set, we obtain a sequence (f,),,~,
in £ by inductively defining B

_ fatt,
frr =

for each n € Ny, where x,, is chosen such that equation (5.13) is satisfied with f,, and z, in
place of f and z. By equation (5.14), this sequence satisfies, for each n € N,

E(fa) < cB(fat) < - < "E(fo). (5.16)

Together with equation (5.15), it follows that d(fy, fn+1) < E(fn) < "E(fo). As0<c< 1,
this implies that (fy),~; is Cauchy when considered a sequence in P(L(S); X). Let fu
denote its limit in P(L(S); X). Moreover, as 0 < ¢ < 1, we see from equation (5.16)
that (E(fn))n>0 is a strictly decreasing sequence in [0,00), so as E : P(L(S); X) — R is
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continuous, we have F(f) = lim, o0 E(fn) = 0. Hence, | fso(s) — foo(t)| = 0, for all pairs
(s,t) € E(S). As L(S) is connected, we deduce that fo, is constant. Let x € X be the
constant value of f,. Because no vertex of L(.S) is isolated, and because S is symmetric, we
may, for each s € S, find a t € S such that st € S. Then, for all n € N,

|s.z — x| = |5.foo(£) — foo(s1)]
< s foo(t) = 5. fu(O)] 4 [ fulst) = foo(st)]
< 2| foo = fulew(r(sy:x) »

and it follows that x is fixed by S. Since S is a generating set, we conclude that x is a fixed
point for the action by I". Hence, I" has Property (Flx). O

5.3.3 From small Markov operators to p-Poincaré inequalities for L-spaces

To obtain a spectral condition for Property (Fx) from Theorem 5.3.4 with the same flavor as
that of Zuk’s criterion, what we need is a condition on the spectrum of the link graph which
ensures the validity of inequality (5.12) with a constant strictly less than one. Recall that the
spectrum of a finite graph G is closely related to that of its Markov operator — we saw in the
proof of Corollary 5.1.14 that o(G) C 1 —o(Mg). With the assumption that G is undirected,
the spectrum of Mg is real and contained in [—1,1]. If, moreover, G is connected then 1
is a simple eigenvalue and the eigenspace in ¢P(G; X) is the subspace of constant functions.
It is clear that a spectral gap of G strictly greater than ¢ is ensured by the condition that
o(Mg) C [-1,1 — ) U {1}. A stronger condition is to require that the restriction of the
Markov operator to £(G; X) has norm bounded by some 0 < € < 1, or, equivalently, that its
spectrum away from the simple eigenvalue 1 is contained in [—¢,¢]. Such a condition leads
to a 2-sided spectral gap of the Laplace operator. When X is p-uniformly convez, which we
define in a moment, we shall see in Theorem 5.3.14 that a (large enough) 2-sided spectral
gap leads to the validity of a p-Poincaré inequality with constant strictly less than one. With
this discussion in mind, consider the following lemma:

Lemma 5.3.5. Let G be a finite graph and let X be a Banach space. If the restriction of the
Markov operator to ¢5(G; X) has norm bounded by 0 < & < 1 then

Iflegix) = 72 1Al gix) - (5.17)
for all f € 05(G; X).
Proof. Let f € €5(G; X). Recall that A = Ig — Mg. By the triangle inequality,

1 £l gix) S NAFlewgixy + 1M flepgixy < 1Aflewgixy + € 1Flewg:x) -
The claimed inequality follows by rearrangement. O

Recalling equations (5.4) and (5.11), we see that a bound on the norm of Af in terms of
the norm of V f will turn equation (5.17) into a Poincaré type inequality. In fact, we always
have such a bound: Let f € (P(G; X). For any fixed s € V(G), the triangle inequality yields

Hf(s)—degl(s);f( < = S 1
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This together with Holder’s inequality on ¢! (E(G); X) yields

B 1Al grx) < Hf - ML H deg(s)"/?
seV(G) g
< Y SIS - £0)] des(s) 7!
SEV(Q) trvs

< |E@IV floaeg)x)y < TE@IVFlaEg);:x) -

Since |E(G)| > 1, it follows that [Af]mg.x) < |V flw(g.x)- This, however, is not strong
enough, because we need a p-Poincaré inequality with constant strictly less than one. We
shall see in Proposition 5.3.12 that an improvement of this inequality is possible when X is
a p-uniformly convex Banach space. For a Banach space X, denote by dx : (0,2] — [0,1]
the modulus of convexity as defined in equation (A.2).

Definition 5.3.6. A uniformly convex Banach space X is said to be p-uniformly convex, for
a fixed 2 < p < oo, if there exists a constant ¢ > 0 such that dx(g) > ceP.

Remark 5.3.7. There is nothing preventing us from defining p-uniform convexity for p be-
tween 1 and 2. However, this definition would be empty as no p-uniformly convex spaces
exist, for 1 < p < 2.

Example 5.3.8. The LP-spaces are p-uniformly convex, for p > 2. o

The following useful reformulation of p-uniform convexity is due to [3, Proposition 7].
We state it here without proof.

Lemma 5.3.9. A uniformly convex Banach space X is p-uniformly convex, for a fized 2 <
p < 00, if and only if there exists a constant K > 1 such that

[z +y[" + |z —y]”

2 )
for all x,y € X. The infimum over all K > 1 such that equation (5.18) holds, for all
z,y € X, is denoted by K,(X).

1 |
Jol? + — Iyl < (5.18)

The improvement of the inequality |Af| wgx) < IV f ng(g; x) for p-uniformly convex
Banach spaces is based on an improvement of the inequality |E(f)| < [f|pg,x)- We state
and proof the improvement of this basic inequality of the Bochner integral in the setting of
Banach space valued functions on a general probability space (£2,v). Here, the mean is given
by the integral E(f) = [ fdv. The proof is due to G. Pisier in [35, Proposition 2.4]. We
follow the proof in [31, Lemma 6.5].

Proposition 5.3.10. Let X be a p-uniformly convex Banach space, for p > 2, and let (Q,v)
be a probability space. There exists a C' > 0 such that, for every f € LP(Q,v; X),

IEHIP+CIf =ENI, < 1115 - (5.19)

Proof. Define a constant C' depending only on p and X by

1712~ [EG)IP
C=inf{ —2 — "
{ I/ —EDI

Then C is non-negative by Jensen’s inequality. Fix C’ > C and take f € LP(Q,v; X) with
If - E(f)HZ > 0 such that

fe Qv X), If — B> 0 }

C'If =EWNDI, > 11, = 1ESIP.
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Fix K > K,(X). Inserting the vectors 3(f + E(f)) and 3(f — E(f)) into equation (5.18)
yields the inequality

2P|+ EHI +

21—17 p p p
7o W —ENDP < IIP+1EWNIP

Putting these inequalities together, we derive that

1—
cr =B > [(27017 B + T 1f ~EOP =2 P ) o
21-p
KP

=277 (If + B - RE(AIP) + S If ~EWIE.

Further, by definition of C, we have

P
If +EWNI — 12EWNIT = 1f +EWNI, - H/(f +E(f) dv| >C|f =E(NI;-
Inserting this into the inequality above, we get
1
C'f =Bl > 20 (04 3 ) 1 - B

By assumption on f, it follows that C' > 217P(C'+1/KP). As K > K,(X) and C’ > C were
arbitrary, we may replace K with K,(X) and C’ with C. Rearranging, it follows that

1

TR,

In particular, C' > 0, and it is clear by construction that equation (5.19) is satisfied with this
constant, for all f € LP(Q,v; X). O

Proposition 5.3.10 holds, in particular, when X is an LP-space, for p > 2. In this case, one
can proof inequality (5.19) using interpolation theory. This yields a more explicit constant
than what we obtained for general p-uniformly convex spaces.

Proposition 5.3.11. Let p > 2, let LP(u) be an LP-space, and let (2, v) be a probability
space. Then equation (5.19) holds, for all f € LP(Q,v; LP(u)), with C = 2277,

Proof. Consider the sum space L>(u) + L?(u), and recall from Proposition B.1.1 that this
is a Banach space. Define, for each z € S, an operator

T, : LNQ,v; L°(p) + L () — (L°(p) + L () ® L' (v L () + L* (1))

by setting

T.(f) = (E(f), 2 (f - E(/))) -

The direct sum in the codomain of T, is, a priori, algebraic. We may equip this direct sum
with any p-norm to consider T, an operator between normed spaces; we shall decorate the
symbol @ accordingly. Regardless of the chosen norm, it is clear that the resulting operators
(T.),cg will constitute an admissible family of bounded linear operators.

For any 2 < ¢ < oo, Proposition B.1.6 and Theorem B.2.1 implies that L?(u) is embedded
continuously into L>(u) + L?(ut). Since (€2,v) is a probability space, it follows that

LU, v; L () — LY (Q, v L (p) + L* (),
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where the embedding is continuous. We may therefore consider T, as an operator on any
of the Bochner spaces on the left-hand side above. Observe that, for 2 < ¢ < oo and
f e Lt (Q,u; Lq(u)), Holder’s inequality yields the following bound on the norm of the
Bochner integral of f:

IECS) ”Lq(Q,u;Lq(p,)) = ”E(f)HLq(#) < ﬁ’f(w)”/:q(“) dv(w) < ”f”Lq(Q,u;Lq(u))' (5.20)

It follows that the codomain of T, as an operator on L? (Q, v, Lq(u)) may be restricted to
L9(p) ©g L1(Q,v; LI(p)).
By Theorem B.2.1, we have the following isometric isomorphisms:

(L9, 05 L (1)), L2 (2, 5 L2 (1) )]y = LP (9,05 LP (1)),
[L%°(1) Boo L (Q0,v3 L (), L? (1) ®2 L (2, v; L (1)) )2y = LP (1) ©p LP (R, v; LP (11)).

For Re(z) = 0, consider T, an operator on L™ (€2, v;L>(u)). For each ¢t € R and each
f € L>(Q,v; L>®(p)), we derive from equation (5.20) that

1
I it f1 oo (uy@ oo (@520 () —maX{HE P poeuy - 3 essup | f(w) = (f)”LOO(,u)}

1
< max {1+ 5 W i @i + 5 BB i

< ||fHLoo(Q,u;L°°(u))‘
Hence, for all t € R,

1Tt o (0,051 () — Lo @ Low (@uizee () < 1

For Re(z) = 1, consider T, an operator on the Hilbert space L? (Q, v; LQ(,u)). For each
f € L*(Q,v; L*(p)), it is straight forward to verify that f and f — E(f) are orthogonal. An
application of Pythagoras then yields that
ITie+1 £ 17200012 @01200) = VB T2 + 1 = B 2020
= 1B 220220 + 1 = ED 202200
= ||f”L2(Q,1/;L2(M)) :

Hence, for all t € R,

[Totr1l L2 (0050200 — 2@ L2 (@2 () = 1

All requirements for Stein’s interpolation theorem, Theorem B.2.4, are then fulfilled, and
we deduce that Ty, is bounded as an operator on LP(Q, v; LP(u)) — LP(p) & LP (Q,v; LP(p)).
Going through the proof of Theorem B.2.4, we see that

HTQ/pHLP(Q’V;LP('LL))HLIJ(H)@Lp(ﬂyy;Lp(u)) <L (5.21)
For each f € LP (Q, v; LP(,u)), we have
P 2/p—1(p _ P
HT2/prLp(ﬂ YOLP(Qv;LP (1 = |E(f )HLP( + H2 g (f E(f)) Le(Qv;LP (1))

— By + 27 [1f =B d
Hence, inequality (5.21) is exactly the inequality of equation (5.19) with C' = 22P. O
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Proposition 5.3.12. Let p > 2 and let X be a p-uniformly convexr Banach space. Let G be
a finite simple unoriented graph. There exists a C > 0 such that, for every f € (5(G; X),

C
A1 .x) < IV I (56):x) TIB©)| Do ) = Mg f)l- (5.22)
(s,t)€E(9)

Proof. Let f € £5(G; X). For each fixed t € V(G), we may consider the function Vf(-,¢) an
element of /P(N;; X)) — the ¢P-space of X-valued functions on Ny with N; equipped with the
uniform probability measure. Denote by E the mean operator on /?(Ny; X). Then

E(V/(-t deg Z Vf(s,t) = deg Zf = Mgf(t) = Af(2),

and

V£ ) = B(VLC ) vy = deg ZHstt f&) = Mg f(t)["

0 PILLYCENCIS

Since V(G) is finite, we can take C' > 0 such that equation (5.19) of Proposition 5.3.10 holds
on P(Ng; X), for all t € V(G). Then

[ECVFC DI+ CIVEC ) =BV ) S IV Dl ingx) -

Inserting our above preparations this inequality reads,

|AF@)IP + an — Mgf(t)|” <

(5.23)

Each term in this inequality is a function of ¢, and may, as such, be viewed as elements of
?P(G). We integrate each term over t separately:

D 1AL deg(t) = [AF 17 g.x) -

teVv(G)

1 ) e N )
EQ)| Z(: (deg Z!If — Mg f( )!I)deg(t)—|E(g)| > 1f(s) = Mgf)l”,

tev (s,t)EE(G)

\E(lg)\ > (WZHV,}”(S,@”P) deg(t) = [V I guxy -

teVv(G)

1
[E(9)]

Inserting this into equation (5.23) and rearranging yields equation (5.22). O

Remark 5.3.13. Let G and X be as in Proposition 5.3.12 above. Denote by 7, : E(G) — V(G)
the k’th projection, for k& = 1,2. For each function f € (P(G; X), the composition f o 7
lies in /P(E(G); X) and has norm equal to the norm of f. An application of the triangle
inequality on P(E(G); X) yields that

1/p

1
FG 2 MO -MfOF | =Ifom = Mof omalmpgyx)
(s,t)EE(G)

2 | fleegixy = Mg fllew(g:x) -

Inserting this into equation (5.22) gives us the inequality

[AF1 < IVF = C(Mlagx) = 1Mo Flwgix)" (5.24)
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Theorem 5.3.14. Let X be a p-uniformly convex Banach space, for p > 2. There exist
g,0 > 0 (depending on X ) such that the following holds: If G is a finite simple undirected
and connected graph with | Mg ”B(ZS(Q;X)) < ¢ then

[flerigixy < (L= IV flov(iz0):x) (5.25)
for all f € 05(G; X).

Proof. Suppose the norm of Mg restricted to ¢5(G; X) is bounded by some 0 < & < 1. Let
f € (G; X). By Lemma 5.3.5, Proposition 5.3.12, and Remark 5.3.13, we have that

112 (. SO—ep ) [AS 12 g x) < a—ep HVfII = Clf o g.x)

where C > 0 is a constant depending only on p and X. Rearranging and taking the p’th
root, we obtain the inequality

1

the constant in the above inequality is strictly smaller than 1. The
O

1

theorem then follows with § =1 — W
Remark 5.3.15. Recall from Proposition 5.3.11 that, when X is an LP-space, we may choose

C = 227P, Hence, any € < 1 — m will suffice in Theorem 5.3.14. We remark further

that the strict inequality —2 oor <1-— m
e < 2/(p2P) in Theorem 5.3.14 when X is an LP-space with p > 2.

holds, for all p > 2. Hence, we may use any

Lemma 5.3.16. Let I' be a discrete finitely generated group, and let S be a finite symmetric
generating set not containing the identity and such that the associated link graph, L(S), is
connected. Let 2 < p < oo. If, for any LP-space X,

|Ms @idx | per(Lis)xy < 2/(02)
then T' has Property (Frp).

Proof. Fix p > 2 and suppose I' admits a finite generating set with the stated properties
and such that ”MS”B(ES(L(S);X)) < 2/(p2P), for any LP-space X. By Theorem 5.3.14 and
Remark 5.3.15, we may find a § > 0 such that equation (5.25) holds. We obtain from this
the p-poincaré inequality

xlg)f( If = $||ep(L ) < |f—E(f )”ep L(S);X) = <(1-9) va”ZP(E (S);X) >

which holds for all f € ¢P(L(S); X). Since X is any LP-space, it follows from Theorem 5.3.4
that I" has Property (Fr»). O

Lemma 5.3.17. Let G be a finite simple undirected graph and let X be a Banach space. If
| Mg ||B(zg(g)) <eg, for some e >0, then

[ Mg @idx| gz (g;x)) < 28x (¢/2).

Proof. Denote by P the orthogonal projection onto ¢3(G) and consider the operator MgP
on /?(G). By assumption,

Mg P g2y = 1Mglpzg) < €
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Further, recall that P is given by Pf = f — E(f), for all f € ¢2(G), so as the constant
functions are invariant for Mg, we see that MgP = Mg — E. Both Mg and E are operators
on ¢%(G) with operator norm equal to 1, and their canonical matrix representations have all
non-negative entries. Thus, by the triangle inequality and by Lemma 5.3.2,

|MgP|,cq < [Mgl, ey + |El,eq = 1Mol g2 gy + 1Bl p2(gy) = 2-
It follows directly from the definition of Ax that
Mg @ 1dx| pzg:x)) = IMgP @idx|pe(gx)) < 28x (€/2),
as we wanted to show. O

Theorem 5.3.18. Let " be a discrete finitely generated group, and let S be a finite symmetric
generating set not containing the identity and such that the associated link graph, L(S), is
connected. Let 2 < p < oo. If

2
I Mslpezwisy) < pp?/420% /4

then T' has Property (Frp).

Proof. For each ¢ > 2, we denote by P the projection onto ¢¢(L(S)) along the subspace of
constant functions, i.e., Pf = f — E(f), for all f € ¢4(L(S)). Let X be an LP-space. If
”MSHB(Z?)(L(S))) < g, for some € > 0, Lemma 5.3.17 and Lemma 5.3.3 gives us that

[MsP @idx|pee(ris)xy) = 1Ms ©1dx| ez pis)x)) < 2 (/2)*/P = /Pl =2/p,

As the constant functions are invariant for Mg, we see that MgP = Mg — E. One easily
verifies that Mg ®idy and E ®idx both have norm 1 as operators on ¢>°(L(S); X) (without
any assumptions on X ). Hence,

|MsP ®1dx | g (r(8),x)) < [Ms @ idx | g ris),x)) + IE @idx | geeer5).x)) = 2-

By complex interpolation of Bochner space, Theorem B.3.1 and by the Riesz-Thorin theorem
for Bochner spaces, Theorem B.3.2, we deduce that MgP ® idx is bounded as an operator
on P(L(S); X), and we have the following bound on the norm:

. - Loopl=2
< A/P%92/p—4/p?91=2/p _ _4/p?9l-4/p?
For £ = 2/(p?"/42P°/4) we obtain the bound

2

|Ms ® idX”B(Eg(L(S);X)) = |MsP ® idX”B(EP(L(S);X)) < 2

The theorem therefore follows from Lemma 5.3.16. O

5.4 Literature

The proof of Zuk’s condition for Property (T') presented in Theorem 5.2.11 can be found in
[9, Theorem 12.1.15]. Section 5.3 follows the paper by T. de Laat and M. de la Salle [14].
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Appendix A

Geometry of Banach spaces

We assume the reader is familiar with ultrapowers. We shall use U to denote a free ultrafilter
on some (infinite) index set.

A.1 Superreflexivity

Definition A.1.1. A Banach space is said to be superreflexive if every ultrapower is reflexive.

Remark A.1.2. Superreflexive Banach spaces are, in particular, reflexive. To see this, note
that the principal filter on the one-point set is an ultrafilter, and that the ultrapower of any
Banach space with respect to this filter equals itself.

We state and proof below some permanence properties of superreflexive Banach spaces.
Later, in Theorem A.4.4, we shall present a different characterization of superreflexive Banach
spaces in terms of certain properties of the norm.

Proposition A.1.3. Let X be a superreflerive Banach space. Then any Banach space
isomorphic to a closed subspace of X is superreflexive, as well.

Proof. Let M be a closed subspace of B and let My be an ultrapower of M. Then M, is
a closed subspace of Xy;. Since X is superreflexive, My, is reflexive, and we deduce that M
is superreflexive. The statement follows for any Banach space isomorphic to M, as Banach
space isomorphisms lift to ultrapowers and as reflexivity is an isomorphism invariant. O

Theorem A.1.4. Let X be a Banach space over K(=R or C), I an index set and U a free
ultrafilter on I. The map j : (X )y — (Xu)* given by

J(f)ie)([(@i)igf]) = lim filwi), — for [(fi)ier] € (XN and [(2:);e;] € Xu,

is a well-defined isometric embedding of (X ™)y into (Xy)*. If, moreover, the ultrapower Xy
is reflexive, then j is surjective.

Proof. Let [(x;);c;] € By and [(fi);c;] € (X*)u. For every i € I,

e < 1Al el < (sup ||fi||> (sup ||xz-||) < o,
el el
Hence, the net (f;(x;))ier is contained in Bg(0, M), for M = | (fi);es loo = | (@i)ses loo- As

Bg(0, M) is compact, the limit limy, f;(z;) exists, and a K is Hausdorff it is unique.
Define a map j : (X*)yy — (Xy)* by setting

J((F)ie((2i)ies]) = Lim filz:),
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for every [(fi);cr] € (X*)y and [(7;),c;] € Xy It is direct from the linearity of the ultralimit
that j([(fi);c;]) is a linear map. To see that j([(f;);c;]) is bounded, note that |-|: K — R is
continuous, and so, |limy, f;(x;)| = limy | fi(x;)|. Further, multiplicativity and monotonicity
of the ultralimit ensures that

e (D] = i i) = lim |G| < im £l ]

= timn | il il = (il (el -

Hence, [j([(fi)ie)| < I1(£)ier |-
We proceed to show that j is an isometry. Let ¢ > 0. For every ¢ € I, take x; € X

with |z;| = 1 such that |fi(z;)] > [fi| —e. Then (2i);c; € loo({,X) and H(%)zel]uu =
limy |z;| = 1. We may assume that f;(x;) is real and positive, for each i € I, (otherwise,
multiply x; with the appropriate phase). Then

[3([(Fie D] = |3 ((Fie D(@e)ie D] = [lim filwi)| = lim fi(z:)
> lim(|fi - &) = [[(£)ierly — -

It follows that ||5([(fi);e/])] = H[(fl)zelmu Hence, j is an isometry.

Assume now that Xy, is reflexive, and suppose for contradiction that j((X*)y) is a proper
closed subspace of (Xz/)*. By the Hahn-Banach Theorem (see [19, Theorem 5.8(a)]), we may
find ¢ € (Xy)™ with || = 1 such that the restriction of ¢ to j((X™*)y) equals zero. If Xy,
is reflexive, then ¢ = &, for some x € Xy with |z|,, = |o| = 1. Let (x;);c; € £>°(1, X)
be a representative of . Invoking the Hahn-Banach Theorem once more (see [19, Theorem
5.8(b)]), we find a net (f;);c; in (X*)y with |f;| = 1 and fij(x;) = |=;|, for each i € I.
Then f = [(fi);c;] is an element of (X*); with |f];, = limy | fi] = 1, and we arrive at the
contradiction

0= 2(j(f) = J()x) = lim fiCes) = lim |ai] = fly, = 1.
Hence, we must have that j is surjective. O

Corollary A.1.5. A Banach space is superreflexive if and only if its dual is, as well.

Proof. Suppose X is a superreflexive Banach space. Then (X™*), is (isometrically) isomorphic
to (Xy)*, for any ultrafilter &, by Theorem A.1.4. Since reflexivity is an isomorphism
invariant, we deduce that X™ is superreflexive, as well. Conversely, if X* is superreflexive,
then X** is superreflexive, by the above argument. Since superreflexive Banach spaces are,
in particular, reflexive (see Remark A.1.2), we may deduce by Proposition A.1.3 that X is
superreflexive. O

A.2 Uniform convexity

Definition A.2.1. A Banach space X is said to be uniformly convez if, for every ¢ > 0 there
exists a d(¢) > 0 such that, for all elements z,y € X with |z| = |y| =1 and |z —y| > ¢, it
holds that

r+y

Hg1—aa. (A1)

Observe that if § > 0 is such that inequality (A.1) is satisfied for two given elements
z,y € X of norm 1, then any smaller 6’ > 0 also satisfies this inequality for these elements,
and the biggest 6 > 0 can be is 1 — |[(x 4+ y)/2|. This leads us to define the modulus of
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convezity as the biggest d(¢) satisfying inequality (A.1) for all norm 1 elements of X at least
€ apart:

Sx () = inf { 1-

r+y
2

MMzMﬂzlJM—yHZa}- (A.2)

Remark A.2.2. The modulus of convexity is a monotonically increasing function in € > 0.
Indeed, as € increases, the infimum is taken over a smaller set. Further, we remark that X
is uniformly convex if and only if the modulus of convexity is strictly positive, for all € > 0.

Lemma A.2.3. Let X be a Banach space. Then X is uniformly convex if and only if, for
all ¥ > 0 and for every e > 0 there exists a 0(¢) > 0 such that, whenever x,y € X with
lz|, |yl <7 are such that |x — y| > e, it holds that

r+y

” <r - b(e).

Proof. 1t is clear that the stated condition implies that X is uniformly convex. Suppose, con-
versely, that X is uniformly convex. Set r = 1 and fix e > 0. Put gy = min{e/4, 16x(e/2), 1}.
Then € — 2eg > /2 so that dx (e — 2e9) > dx(£/2) > 0. Set

d(e) = min{ep/2,0x (e — 2e09) —€0}-

Then 0 < d(g) < 1. Let 2,y € X elements with |z|,|y| < 1 and such that |z —y| <e. If
either |z| <1 —¢p or |y| <1 —¢p (or both) then

r+y
2

Hgl—?gl—é(s).

Suppose therefore that x,y € X are such that 1 —eg < |z|, |y| < 1. Set 2/ = z/|z| and
v =vy/|y|. We have |2’ — z| =1 — |z| < o, and similarly for y. Hence,
[o =yl =l =yl = ]2 = =] = ' =] = = = 220.

By construction, e — 2g¢ > 0, and so, uniform convexity implies that |(z' +v¢')/2] < 1 —
dx (e — 2g9). It follows that

r+vy
2

IN

1
H < i(Hx =2+ =y + |y +y|) <1 (6x(e—2e0) —e0) < 1—6(e).
We conclude that the stated condition holds for » = 1. Finally, let 7 > 0 be arbitrary. For
e > 0, let x,y € B be such that |z|, |y| < r and such that |z —y| > e. Set 2/ = z/r and
y' =y/r, then |2/, |v/| <1and |2’ — /| > e/r. By our above derivations, this implies that

/ /
x;_yH:r Ty <r—ri(e/r),
where §(¢) is as constructed above. Hence, the stated condition holds for all » > 0. O

A.2.1 The duality map

Recall from the Hahn-Banach Theorem (see [19, Theorem 5.8(b)]) that, for each element x
of a Banach space X, there exists a linear functional z* € X* with |z*| = 1 and 2*(z) = |z|.
A useful fact in uniformly convex Banach spaces, which we show in Proposition A.2.5 below,
is that this functional is unique with these properties. In fact, this result is true in the larger
class of strictly convexr Banach spaces defined below.
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Definition A.2.4. A Banach space X is said to be strictly convez if, whenever z,y € X
with |z| = |y| = 1 are distinct elements, then |(z + y)/2| < 1.

Proposition A.2.5. Let X be a Banach space with a strictly convex dual. For every non-zero
x € X there exists a unique linear functional x* € X* with |z*| =1 and 2*(z) = |z|.

Proof. The existence of such a functional is ensured by the Hahn-Banach Theorem (see [19,
Theorem 5.8(b)]). To show uniqueness, assume that |z| = 1 and suppose A\, \' € X* are
both functionals with |[A| = |[N| =1 and A(z) = N (x) = |z| = 1. Then

A+ N A+ N 1 1,
> == —\ =1
257 = 45 @ = po+ e
Thus, if X* is strictly convex, we must have A = ). Finally, if z € X is any non-zero
element and A is a linear functional with |A| = 1 and A(z) = |z|, then A(z/|z]|) = 1.
Hence, uniqueness of the functional associated to x follows from uniqueness of the functionals
associated to the unit elements. O

For a strictly convex Banach space X, we shall refer to the map *(-) : X — X* which
maps each element z € X to the unique functional z* € X* with |2*| = 1 and z*(z) = ||
as the duality map. We remark that this map may be defined for all Banach spaces; only
in general it is a set-valued map. Returning to uniformly convex Banach spaces, we shall

end our short discussion on this map by showing a useful continuity property in Proposition
A.2.7 below.

Lemma A.2.6. Let X be a Banach space, let x,y € X and let x*,y* € X* denote functionals
with 2| = |y*| =1, 2*(x) = || and y*(y) = [yl If |z = [yl =1 then

|z* + " + |z =yl = 2. (A.3)
Proof. For any =,y € X, we have

(@ +y") (@ +y) + (" —y") (@ —y) =2(|=] + Jy])-
Therefore, if |z| = |y| = 1, we see that
4= +y)(e+y) + (@ —y)(@ —y)

<[e" +y e +yl + 2" = vl |z = vl
<2z +y| + 2]z -yl

Inequality (A.3) follows by rearrangement. O

Proposition A.2.7. Let X be a Banach space. If X* is uniformly convex, the duality map
*(+): X — X* is uniformly continuous on the unit sphere of X.

Proof. Let ¢ > 0. Since X™* is uniformly convex, we may take ¢ > 0 such that, whenever
f, f € X* with |f| = |f’| =1 are such that |f + f'| > 2 —§ then |f — f/| < e. For each
pair of elements z,y € X with |z|, |y| = 1 such that |z — y| < J, Lemma A.2.6 yields that

lz* + 4" 22 = | —y| >2 -0 (A4)

By the choice of § > 0, this implies that |z* — y*| < e. Hence, the duality map is uniformly
continuous on the unit sphere of X. ]
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A.3 Uniform smoothness

Uniform convexity is not preserved under taking duals, but it does have a dual property:
uniform smoothness. We define this property below and proof that uniform convexity and
uniform smoothness are, indeed, duals of each other.

Definition A.3.1. Let X be a Banach space. The modulus of smoothness of X is the
function pp : (0,00) — [0, 00) defined, for each ¢t > 0, by

pp(t) = gsup {[o +tyl + |z —ty| =2 | |z] =yl = 1}.
The Banach space X is said to be uniformly smooth if px(t)/t — 0, as t — 0.

Remark A.3.2. The definition of the modulus of smoothness is equivalent to the following;:
px(t) = gsup { |z +ty| + |z —ty| — 2| 2] = L |y| <1}.

In particular, it follows that px is a monotonously increasing function. Further, px is
bounded above by the identity function on (0, c0), and so, or every t > 0, px(t)/t lies in the
interval [0, 1].

The following lemma, which can be found in [4, Lemma 3, p. 208], establishes a connec-
tion between the modulus of smoothness of a Banach space and the modulus of convexity of
its dual.

Lemma A.3.3. Let X be a Banach space. For everyt > 0, the following equalities hold:

pxe(t) = s, (’; - 5X<e>) , (4.5)
px(t) = Sup, <t2€ — Ox+ (6)) : (A.6)

Proof. Fix t > 0. Let € > 0 and let z,y € X with |z| = |y| = 1 be such that |z —y| > ¢
and such that z # —y. By the Hahn-Banach Theorem [19, Theorem 5.8(b)], we may find
f,9 € X* with | f| = |g| =1 such that f(z +y) = |z +y| and g(z —y) = |z — y|. Then

20x+(t) > | f +tgl +|f —tgl —2 > |(f +tg) (@) + |(f —tg)(y)| — 2
> |f(z+y) +tglx —y)| —2> |z +y| +te —2.

Rearranging, it follows that px«(t) > te/2 4+ |z +y| /2 — 1. Since z,y € X were arbitrary
unit elements at least € apart, we deduce that px«(t) > te/2 —dx(¢). Taking the supremum
over 0 < € < 2 then yields that

px-(t)> sup (§—5X<s>).

0<e2

To show the converse inequality, take f,g € X* with |f| = |g| = 1. Let n > 0. We may find
z,y € X with [z] = |ly| = 1 such that (f+tg)(x) > |f +tg|—nand (f—tg)(y) = |f —tg|-n.
Then we see that

If +tgl +1f —tg] < (f +tg)(x)+ (f —tg)(y) +2n < |z +y| +t|z—y|+2n.

Assume that = # y and set ¢ = |z — y||. Then 2 — |z + y| > 26x(¢). Inserting this into the
above inequality, we get

te
If+tg] +f —tg] <2—205(c) +te+2n<2+2 sup <2 — 53(8)) + 2n.
0<e<2
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By definition of the modulus of smoothness, and since > 0 was arbitrary, we deduce that

px-(t) < sup (’; - 5X<s>) .
0<e2
The desired equality (A.5) follows.

We proceed to show equation (A.6). Observe first that, since X embeds isometrically
into X™*, px(t) < px=«(t), for all ¢ > 0. Hence, we need only show that the left-hand side of
(A.6) is greater than or equal to the right-hand side. For this, let € > 0 and take f,g € X*
with |f] = |g] =1 and |f — g| > €. Let n > 0 and take z,y € X with |z| = |y| = 1 and
such that (f +¢g)(z) = |f +g] —n and (f — g)(y) = |f — g] —n. Then

20x(t) 2 |z +ty| + |z —ty| —2 > [f(x +ty)| + |g(z — ty)| — 2
>|(f+9) @) +t(f -9 —2>|f +g| +te—2n-2.

Rearranging and recalling that n > 0 was arbitrary, it follows that px (t) > te/2+]|f + g| /2—
1. As f,g € X* were arbitrary unit elements at least ¢ apart, we deduce that px(t) >
te/2 — dx+(g). Taking the supremum over 0 < £ < 2 then yields that

px(t) > sup <t2€ - 5x*(€)> :

0<e<2
Equation (A.6) follows. O

Theorem A.3.4. A Banach space is uniformly convex (uniformly smooth) if and only if its
dual is uniformly smooth (uniformly convez).

Proof. Let X be a uniformly convex Banach space and suppose, for contradiction, that X* is
not uniformly smooth. Then we may find a decreasing sequence of positive numbers (t,),,~;
converging to zero and such that the sequence (px«(t,)/tn)n>1 converges to a number a > 0.
By Lemma A.3.3, it follows that

(5 _ dx(e)

2 tn

sup

)—>a as n — oQ.
0<e<L?2

Take N € N such that supg..<o(e/2 — dx(€)/tn) > a/2, for all n > N. We may then,
for each n > N, take 0 < &, < 2 such that ¢, — a > 20x (en)/tn. Since X is uniformly
convex, dx(e,) > 0, and so €, > a, for all n > N. On the other hand, we see that
tn(en — a) > 26x(en), by construction of &,. The left-hand side of this inequality clearly
tends to zero, as n tends to infinity, and then so does the right-hand side. But as dx is a
monotonously increasing function, it follows that dx(g) = 0, for £ € (0,a). This contradicts
that X is uniformly convex. Hence, we conclude that X* is uniformly smooth.

Let now X be any Banach space such that X* is not uniformly convex. Then we may
find an 0 < g9 < 2 such that dx+(g9) = 0. By Lemma A.3.3, it follows that

px(t) sup <; B 5X;(5)) S g0 dx+(e0) _ 2o

-2 t 2

This holds for all ¢ > 0, and so, px(t)/t does not converge to zero. Hence, B is not uniformly
smooth, and we conclude that uniform smoothness implies uniform convexity of the dual. [
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A.4 Renormings of superreflexive Banach spaces

Uniform convex, respectively uniformly smooth, Banach spaces form a subclass of the class
of superreflexive Banach spaces. We start by considering the former. Theorem A.4.1 below,
stating that uniform convexity implies reflexivity, was proven independently by D. Milman
[32] and B. J. Pettis [33]. We follow the shorter proof given by J. R. Ringrose in [39]. That
uniformly convex spaces are, furthermore, superreflexive, is a corollary to this.

Theorem A.4.1 (Milman-Pettis). Fvery uniformly convexr Banach space is reflexive.

Proof. Let X be a uniformly convex Banach space, and suppose, for contradiction, that X
is not reflexive. Let Sx and Sy« denote the closed unit spheres in X and X**, respectively.
Denote by S 'x the image of Sx in X** and recall that S 'x is closed in norm. If X is not
reflexive, we may find ¢ € X*™* with |¢| = 1 and € > 0 such that ¢ is at a distance of at
least 2¢ from S x. By Goldstine’s theorem, any element of Sx++ is in the weak*-closure of
S x. Therefore, if p € V. C X™ is any weak*-neighborhood of ¢, we see that ¢ is in the
weak*-closure of Sx NV. In particular Sx NV is non-empty.

Let 6 = dx(¢) be the modulus of convexity of X at e. We may find f € X* such that
lo(f) — 1] < 6. Define V.= {p € X** | |¢(f) — 1] <0 }. Then V is a weak*-neighborhood
of ¢, and so, it has non-empty intersection with S x. Observe now that any ¢ € V must, in
particular, satisfy ¢ (f) > 1—4§. Thus, if ¢ and ¢’ are both in V', we see that [ (f) + ¢'(f)| >
2(1 — ), and therefore, |(¢p +4')/2] > 1 —§. As X is uniformly convex, this implies that
| — 4’| < e. Hence, Sx NV C ¢+ eSy«~. But, as the former set is non-empty, this
contradicts that ¢ is at a distance of at least 2¢ from S x. Hence, we must have that X is
reflexive. O

Corollary A.4.2. Every uniformly convex Banach space is superreflexive.

Proof. Let X be a uniformly convex Banach space. Then X is reflexive, by Theorem A.4.1,
and then so is X*. Let U be an ultrafilter on some index set. We aim to show that the
ultrapower Xj; is reflexive. Note first that isomorphisms lift to ultrapowers, and so, we have
a canonical isomorphism Xz, & (X**). Let j: (X*)y — (Xy)* and k@ (X™)y — (X*))*
be the isometric isomorphisms of Theorem A.1.4 applied to X and X*, respectively. Note
that the adjoint of j is an isometric isomorphism j* : (X)** — ((X*)y)*. As usual, we
have an isometric embedding of X;; into its double dual. Now, one can easily check that the
following diagram commutes:

Xy —— (Xu)™
FoLb
(X* ) —— (X")u)*
Hence, the canonical isometric embedding Xz, — (Xz)** is an isometric isomorphism. ]

As a corollary to the above corollary, we obtain that uniformly smooth Banach spaces
are superreflexive, as well.

Corollary A.4.3. Every uniformly smooth Banach space is superreflexive.

Proof. Let X be a uniformly smooth Banach space. Then the dual X* is uniformly convex, by
Theorem A.3.4. Hence, X* is superreflexive, by Corollary A.4.2; and so, X is superreflexive,
by Corollary A.1.5. O
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Superreflexive Banach spaces are not, in general, uniformly convex. Indeed, if super-
reflexivity implied uniform convexity, the class of superreflexive Banach spaces would be
nothing but the class of reflexive Banach spaces, which is not the case. A counterexample
is given by the closure of the direct sum @, ¢} in the 2-norm. Superreflexive Banach
spaces are not, in general, uniformly smooth either. This is because uniform smoothness and
uniform convexity are duals of each other. However, a deep result due to Enflo and Pisier,
which we present below without proof, shows that superreflexivity can be characterized by
having an equivalent norm which is uniformly convex and uniformly smooth.

Theorem A.4.4. Let X be a Banach space. The following are equivalent:
(i) X is superreflezive,

(ii) There is an equivalent uniformly convex norm on X,

(11i) There is an equivalent uniformly smooth norm on X,

(iv) There is an equivalent uniformly convex and uniformly smooth norm on X.

A.5 Superreflexivity of L?
Lemma A.5.1. Let a,b € R.
(i) For every 1 <p <2, it holds that
la+ bl + |a—bP >2P71(|a]? + [b[P). (A.7)
(ii) For every 2 < p < oo, it holds that
la+ bl + |a—bP <2°71(|a]? + [b[P). (A.8)

Proof. We start by remarking, that for p = 2, equations (A.7) and (A.8), with the left- and
right-hand side being equal, is the parallelogram identity for the Hilbert space R.
For each z,y > 0 and each 0 < a < 1, we claim that the following inequality hold:

(z+y)* <z +y~ (A.9)

The case for o = 1 is trivial, so assume 0 < « < 1. Pulling the larger of x and y out of the
parenthesis, we see that it suffices to proof this claim for y =1 and 0 < x < 1. Consider the
function f(z) =1+ 2% — (1 + 2)?, for 0 < x < 1. The requirement that 0 < o < 1 ensures
that the derivative of f is positive, and so, inequality (A.9) follows as f(0) = 0.

For any 1 < ¢ <p < oo and any z,y € R, it follows from inequality (A.9) that

1 1
(2P + [y?) 77 = (l2f? + [y]?) """ < (|al? + [y]9) ", (A.10)
For 1 < p < 2, the parallelogram identity on R together with equation (A.10) yields
(Ja+ b +la—bP)"" > (Ja+ b + |a—b2)"/* = 22 (|a? + p2) /2.
Further, Holders inequality for the space Eg/ P and its conjugate yields
Jal? + (bl < 2772 (Jal® + [bf?)""”.

Putting this together and taking the p’th power yields inequality (A.7).
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For p > 2, use Holders inequality for the space Eg/ ? and its conjugate to derive
Jaf? + [bf* < 2177 (Jal” + [bf?)*".

Inequality (A.8) is then obtained analogously to inequality (A.7) using equation (A.10) and
the parallelogram identity on R.
O

Using monotonicity of the integral, we obtain the following inequalities, named after J.A.
Clarkson, as an immediate corollary to Lemma A.5.1.

Corollary A.5.2 (Clarkson’s inequality). Let f,g € LP(u).

(i) For 1 <p <2, it holds that
If + gy +1f = glp = 227 (I£1 + lgl)- (A.11)
(i) For 2 <p < oo, it holds that

1f+ gl + 1 = gl < 227 (15 + lal)- (A.12)

Theorem A.5.3. For any 2 < p < oo, the space LP(u) is uniformly convex.

Proof. We aim to show that, for f,g € LP(n) with |f[, = |g|, = 1 and [f —g], > &, it
holds that |f + g, < 2 — (), for some d(¢) > 0 depending only on e > 0. Let 0 < e < 2.
For f,g € LP(u) with the stated properties, we derive from Corollary A.5.2 the following
inequality:

If+alp <20 = |f—gly <27 —¢".

Set §(g) =2 — (2P — )/, Then | f +g[, <2 —4(e), as wanted. O
Corollary A.5.4. The LP-spaces are superreflexive, for all 1 < p < oo.

Proof. For 2 < p < oo, superreflexivity is a consequence of Theorem A.5.3 together with
Corollary A.4.2. Superreflexivity for 1 < p < 2 follows from Corollary A.1.5. O

Remark A.5.5. It can also be shown that all LP-spaces with 1 < p < 2 are uniformly convex
(see [10] and [23]). With this result at hand, superreflexivity of the LP-spaces follows directly
from Corollary A.4.2, for all 1 < p < 0.
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Appendix B

Complex interpolation

We give in this appendix a brief overview of basics of the theory of complex interpolation.
It is not our intention that this appendix constitutes a self-sustained introduction. Instead
we merely aim to provide the tools needed in Section 5.3. Most proofs are omitted and
the reader is referred to [7] and [28] for more thorough introductions, and to [24] for an
introduction to complex interpolation of Bochner spaces.

B.1 Complex interpolation

Let (Xo,|-]y,) and (X1,]-|x,) be Banach spaces over C. The pair (Xo, X1) is called
compatible if there exists a Hausdorff topological vector space V' and C-linear continuous
embeddings ¢; : X; — V, j = 0,1. We may in this case view Xy and X7 as vector subspaces
of V' by identifying them with the images of their respective embeddings. For a compatible
pair of Banach spaces (Xo, X1), we define their intersection space, respectively, their sum
space as the vector supspaces of V' given by

Xo N Xy :=10(Xo) Ne1(X1),
Xo + Xy :=10(Xo) + t1(X1).
We equip these vector spaces with the following norms:
|2l xynx, = max{lz]x, . |zlx,},
lwlx,1x, = inf { Jaolx, + lailx, | ¥ = to(ao) + t1(a1) },
for each z € Xg N X7 and each y € Xg + X;.

Proposition B.1.1. The sum space and the intersection space of two compatible Banach
spaces are Banach spaces.

B.1.1 Analytic functions on the strip

Denote by S the strip in the complex plane, i.e., S ={z € C| 0 < Re(z) <1}, and by S° its
interior. A central tool in the complex interpolation method, which we present in a moment,
is the three lines lemma attributed to J. Hadamard in [22]. Following [1], we shall proof the
three lines lemma as a corollary to a generalisation of the maximum-modulus principle due
to E. Phragmén and E. Lindelof in [34].

Theorem B.1.2 (Phragmén-Lindelsf). Let X be a complex Banach space and suppose that
f:8 — X is continuous and bounded on S and analytic on S°. Then

sup |f()] < max {sup 17 (it)]x »sup [ F(1L + z‘t)HX} | (B.1)
zE€S teR teR
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Proof. Suppose that X = C and assume that f(z) — 0 as Im(z) tends to plus or minus
infinity. Let A : S — C be the map given by
1Tz ;
hz) =Gy €S

Note that h is the composition of the analytic map z +— ¢ with the Cayley transformation.
The map z — €™ maps S bijectively to the closed upper half plane excluding {0} (the
interior of the strip is mapped to the open upper half plane). Hence, h maps S bijectively to
D = Bc(0,1)\{£1}. The composition g = f o h~! is therefore bounded and continuous on
D and analytic on the interior of D. Further, the assumption on the asymptotic properties
of f ensures us that lim, .11 g(z) = 0. We may therefore extend g continuously to Bc¢(0, 1).
The maximum modulus principle then yields that g attains its maximum modulus on the
boundary of its domain. Unless g is equal zero, the maximum modulus is not attained at
+1. The remaining boundary of D corresponds exactly to the boundary of S under the
transformation h. Hence, for each z € S,

|f(2)] < sup |g(2)] = max |g(2)| = max {Sup | f(it)| ,sup | f(1 + it)l} :
2€D |z[=1 teR teR

Next, let f : S — C be any function satisfying the assumptions of the theorem. For fixed
zp € S°and 6 > 0, let f,, 5 : S — C be the function given by f., 5(z) = e‘s(z*ZO)Qf(z), for all
z € S. For each z € S, we may write z — zg = a+ b, for some a € [—1, 1] and some b € R. In

terms of a and b, we see that ‘e‘;(Z*zO)Q = (=) Thus, f20,6(2) = 0 as Im(z) tends to plus

or minus infinity. Moreover, it is clear that }65(2 — 20)%| < €%, so that |f.,5(2)] = € |f(2)].
It then follows from the above preparations that

o)l = 0] < max {sup i) 500 £ 1 )}
teR teR

< e‘smax{sup |f(@it)| ,sup | f(1 + zt)|} .
teR teR

For each zg € S°, this inequality holds for all § > 0, and so, letting § — 0, we obtain
inequality (B.1) in the case where A = C.

Finally, let X be any Banach space and let f : S — X be as in the assumptions. For
29 € Sp such that f(z9) # 0, we may, by the Hahn-Banach theorem, find z* € X* with
|=*| = 1 such that |f(z0)| = |2*(f(20))|- Applying our above preparations to z* o f yields

1£(20)] = & o £(20)| < max {sup 2 o £(it)] sup|a* o F(1 + z‘t>|}
teR teER

< max {sup £ (it) . sup |1+ it) ||X} -
teR teR

Since zy € Sy was arbitrary, this ends the proof of the theorem. O

Lemma B.1.3 (Hadamard’s three lines lemma). Let X be a complex Banach space and
suppose that f : S — X is continuous and bounded on S and analytic on S°. For each
0<60<1, let Mg =supeg |f(0 +it)|y. Then

My < M3—0 MY, (B.2)

for all 0 <06 <1.
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Proof. For \ € R, define Fy : S — X by setting F)(z) = e f(z), for each z € S. Then
IF.(2)] 4 < max{Mo, > My},
by Theorem B.1.2. Hence,
170+ i)y = e [P0+ it)] < max{e™ Mo, X001},
for all t € R. For A = log(My/M,), this is equation (B.2). O

B.1.2 The complex interpolation method

Let (X, X1) be a compatible pair of Banach spaces. We denote by .% the set of functions
f:8 — Xo+X; that are continuous and bounded on S, analytic on S°, and which, moreover,
satisfy the following conditions:

. f(it) € X and f(1+it) € Xy, for all t € R,
o f(it) and f(1 + it) converges to 0 as |t| tends to infinity.
The set .Z is a vector space over C with addition and scalar multiplication given pointwise.

Proposition B.1.4. For any compatible pair of Banach spaces (Xo,X1), the associated
function space F is a Banach space under the norm

|f].7 = max {Sup | (@), » sup (1 + it)Hxl} o feZ (B.3)
teR teR

Definition B.1.5. Let 0 < § < 1. The complex interpolation space (of exponent ) between
compatible Banach spaces Xy and X is the complex vector space

(X0, X1lp={z € Xo+ X1 | x= f(0), for some f € .F},
equipped with the norm
|zlg =inf{|flz2z=[(0).feF}.

Proposition B.1.6. For a compatible pair of Banach spaces, (Xo, X1), we have the following
continuous inclusions:

XoNX; C [Xo,Xl]Q C Xo+ X3.

Proposition B.1.7. The complex interpolation space of any exponent between two compat-
ible Banach spaces is itself a Banach space.

B.1.3 Properties of interpolation spaces

Proposition B.1.8. Any Banach space X is compatible with itself. Moreover, [X, X]p = X,
for any exponent 0 < 6 < 1.

Proposition B.1.9. Let (Xg, X1) be a pair of compatible Banach spaces. Their complex
interpolation spaces have the following properties:

(’L) {Xo,Xl]g == [Xl,Xo]l_g, fOT all 0 S 0 S 0.
(i) If Xo C X1, then [Xo, X1]o, C [Xo, X1]o,, whenever 6y < 6.

Proposition B.1.10. The intersection space Xo N X1 of a pair (Xo, X1) of compatible Ba-
nach spaces is dense in their complex interpolation space [Xo, X1lg of any exponent 0 < 0 < 1.

Theorem B.1.11 (The duality theorem). If at least one of the compatible Banach spaces
Xy and Xy is reflexive, then

(X0, X1lp) ™ = [X5, X{1o,

for all 0 < 0 < 1, where the isomorphism is isometric.
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B.2 Interpolation of LP-spaces

For a measure space (2, 1), let M, (€2; C) denote the set of all (equivalence classes of) mea-
surable complex valued functions. We say that a sequence (fn),>; in M, (Q;C) converges
in measure to f € M, (;C) if, for each € > 0,

Tim g ({w € Q[ |fulw) — (@) 2 e}) =0,

This induces a topology on M, (€2; C): the topology of convergence in measure. Observe that,
for any 1 < p < oo, convergence in p-norm implies convergence in measure. Hence, every LP-
space embeds continuously into the corresponding topological vector space of all measurable
functions. Any pair of LP-spaces on the same measure space are therefore compatible.

Theorem B.2.1. Let 1 < p; < pyg < oo, let (2, p) be a measure space with a o-finite
measure, and consider the compatible pair of Banach spaces LP°(Q, ) and LP* (2, p). For
each exponent 0 < 6 < 1,

1 1-6 0

LPo(Q, ), LP (€2, = [P (Q, p), or — = +—,
[LPO(€2, ), LPM (€2, )] (Q, 1) f = e T

where the isomorphism s isometric.

We state and proof in Theorem B.2.3 a celebrated result in the theory of complex in-
terpolation concerning interpolation of operators on LP-spaces. The theorem was originally
stated by M. Riesz in [38] when p; > ¢; and proved using results from convexity theorems for
bilinear forms. It was then extended by G. O. Thorin in [49] to hold for all 1 < gg,q1 < 0.
The modern proof, which we present below, uses Hadamard’s three lines lemma and is due
to J. D. Tamarkin, and A. Zygmund in [48].

Lemma B.2.2. Let (2, ) be a measure space. Let 1 < qo,q1 < oo with qo # q1 and define,

for each 0 <60 <1,

1 1-6 6
+ N

@ o O
Then LP(Q, ) N LY (Q, u) C LY (Q, 1), and the following norm-inequality holds:

1-0 0
1 lge < 1Flge ™ 1f1g, »

for all f € LO(Q, u) N LT (Q, ).

Theorem B.2.3 (Riesz-Thorin). Let 1 < po,p1,qo0,q1 < oo and let (2, 1) and (', 1) be
measure spaces. Suppose that T : LPi(Q, u) — L% (Y, 1) is bounded and linear, for j =0, 1.
Then, for each 0 < 6 < 1, T : LP9(Q, u) — L% (Y, ') is bounded and linear, where
1 1-46 0 1 1-6 6

= —|— =

—, and — +—. (B.4)
Py Po b1 d0 q0 a1

Moreover, the following norm-inequality holds:

1-60 ‘

6
”THLPG(Q,/L)—»L‘IG(Q/,N/) S ”THLPO(Q’#)HL‘ZO(Q”#’) ‘T”Lpl(Q”u)Hqu (Q’”u,/) . (B5)

Proof. Assume that pg = p1 = p. If also gy = ¢q1, there is nothing to show, so assume this is
not the case. Let f € LP(Q, ). By Lemma B.2.2, Tf € L%(Q, 1), and we have that

—0 0
1T flg, < 1T flgg 1T £,

1-6 0
< ||THLP(Q,M)—>L‘ZO(Q’,H’) ||THLP(Q,H)—>L‘11 (Q,u") ”f”p

103



The statement for the case when pg = p; follows.

Assume that py # p1. Then py < oo, and so, the simple functions, S(2), are dense in
LPo(Q, p). For each number 1 < ¢ < oo, we shall denote by ¢’ its conjugate. Recall that, for
every a € LP9(Q, ),

(7l =sw { | [ @apan] |ve s@p, =1},
Q 0

It therefore suffices to proof that

' /Q (Taphau’

for all a € LP?(Q, u) and all b € S() with |b] g, = 1- By renormalization and by density of
the simple functions in LP? (€2, y1), it even suffices to proof this for a € S(€2) with [a[,, = 1.

Let a € S(Q) with [af,, = 1 and b € S(€') with ”qué = 1. Define two functions
a,B:5 — C by

1-9 0
< ||THLP0(Q,M)4>L‘10(Q/,M’) 1770 (Q,p)— L (") ||a||p8 ’

1—=z2 z 1—=z2 z
= +—, and B(z) = + .
Do D1 4o 4

Further, define f : S — LPo(Q, u) N LPL(Q, ) by

a(z)

a()°® g if alw) £

_ la(w)]
2)(w) =
fz)w) {0, if a(w) =
If g # oo, define g : S — Lo (Y, 1)) N L% (Y, 1) by

b)) 97 ED i b(w) # 0,
9(z)w) = {0, ifb(w) =0

As a and b are simple, it is clear that f(z) lie in L"(Q, u) and and g(2) lie in L"(€Y, i), for
all z € § and all 1 <r < oo. Hence, f and g are well-defined. Let ® : § — C be given by

B(2) = | THG)ot:)

and observe that ®(f) is the integral we wish to estimate. By Holder’s inequality, ® is
well-defined and we have, for j = 0, 1, that

@) < [Tf(2)g, 192y - (B.6)
Since a and b are simple, one easily checks that ® is bounded and continuous on S and

holomorphic on S°. Hence, the three lines lemma, Lemma B.1.3, applies, and we obtain that

teR

/(Ta)bd,u‘ = |®(0)] < sup|®(it)|" " sup |®(1 +it)|° . (B.7)
Q teR

Note that, putting together equations (B.6) and (B.7), we are already quite close to the
norm-inequality we aim to show. We need only a few more norm estimations.
For each t,7 € R and j = 0,1, we have

|a|p9 ( 17it7r+it+r)

PO P

pj —r
= [ Ui a

!l 1—/7‘+L/)
dp = /Q b!ng]( W 1) dp.

Irtie-+ )tz = [

Q

) q;
lotit + )1y = [
J 0

95

/ 1—it—r | it+r
QQ< — t+—7 )
|b| 90 9
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From this, we see that

1£Git)l,, = lal2/™
: — ||, Pe/P
| fGt+1)],, = lalpy™

. i96/46
lg(@)lgy = g ™
. ipq9e/4h
lg(it + 1)l = [l -

By assumption on a and b, these norms all equals 1. Plugging this into equation (B.6) yields
the following bounds:

[(it)| < [T oo (0, )— L0 (0 1)
(it + V)| < [T o1 ()11 (0001) -

equation (B.5) follows directly from equation (B.7) using the above estimates.
Finally, if g5 = oo, i.e., if g0 = 1 = 1, define g(z) = b. Then [g(2)], = Hb”qé =1, for
J
j=0,1and for all z € S. We obtain equation (B.5) by the same argument as above. O

The Riesz-Thorin theorem was extended to families of operators by E. Stein in [46]. We
present Stein’s result in Theorem B.2.4 below. Let (Q,u) and (€, ') be measure spaces.
A family (7%),.4 of bounded and linear operators from the set of simple functions on €2 to
the set of measurable functions on Q' called admissible if, for every pair of simple functions
a € S(Q) and b € S(), the map S — C given by

z— [ (T.a)bdy
Q/
is continuous on .S, analytic on S°, and if there exists a constant & < 7, which does not
depend on a and b, such that

sup e Flm 2150 < 00.

z€eS

/I(Tza)bd//

Theorem B.2.4 (Stein’s Interpolation Theorem). Let 1 < pg, p1,qo,q1 < oo and let (Q, p)
and (S, p") be measure spaces. Suppose that (T%.),.q is an admissible family of linear oper-

ators S(2) — M(Q) satisfying

|Tizal,, < Mo(2) |all,, — and  [Tiryral, < Mi(t)]al,, ,

for all simple functions a € S(Q) and where M;(t) > 0 are independent of a, for j = 0,1,
and satisfy

sup e log M;(t) < oo,
teR

for some k < m. Then, for each 0 < 0 < 1, there exists a constant Mg > 0 such that

|Tyal,, < Mo |al,, , (B.8)
for every simple function a € S(2), where
1 1-0 0 1 1-6 0
— = + —, and — = + —.
Po Po p1 de do q

To proof Stein’s interpolation theorem, we shall need the following extension of Hadamard’s
three lines lemma due to I. Hirschman. For a proof, we refer the reader to [47, Lemma 4.2].

105



Lemma B.2.5 (Hirschman). Let ® : S — C be a continuous function and suppose that ® is
analytic on S° and satisfies that

sup e F1m 2l og |&(2)] < oo,
z€S
for some konstant k < w. Then
sin 76 /°° log |®(it)] N log |®(it 4 1)|
2

log |®(0)| <
og |®(0)] < w coshmt —cosmh  coshmt + cosmh

forall0 < 6 < 1.

Proof of Theorem B.2.4. As in the proof of the Riesz-Thorin interpolation theorem, it suf-
fices to proof the existence of a constant My > 0 such that

/ (Tpa)bdyt

for all a € S(Q2) with [af,, = 1 and all b € S(Q') with ||qué = 1. So let a and b be such

functions, and define o, : S — C and f: S — S(Q) and g : S — S(Q') as in the proof of
the Riesz-Thorin theorem. Let ® : S — C be given by

#(2) = [ (Tr@)e()

Observe that ®(0) is the integral we aim to bound. As (7%), g is assumed to be an admissible
family, the function ® is continuous on S and analytic on S°. Moreover, there exists a
constant m < m such that

< My (B.9)

supe "2l og |B(2)] < .
z€S

We may then apply Lemma B.2.5 to obtain the following bound:
/ (Tya)pdy| < B m0 /°° log |®(it))| log |® (it + 1)]

2
For each 1 < r < oo, denote by 7’ its conjugate. We obtain the following bounds from
Holder’s inequality together with our assumptions:

| @@t)| < N\t f (i)l g l9(it) | g < Mo(E) |f (it)] [9Gt)] 4
|[@(it + D] < [Tirsr f (it + Dy, lg(it + Dy < Mu() [ £t + D, gt + 1), -
As in the proof of the Riesz-Thorin theorem, we have
1£ @)y, = lgC)ly = 1F (it + D), = lg(it + Dy = 1.
So the above bounds reduces to |®(it)| < My(t) and |®(it + 1)| < M (t). Set, for j =0,1,

<

log

dt (B.10)

oo Cosh 7t — cosmf ~ cosh wt 4 cos 76

»

M; = sup e *log M;(t) < oc.
teR

From our estimates on ®(it) and ®(it + 1), we obtain the following bounds:

/°° log |®(it)| dt</°° log Mo(t)

oo COshmt —cosmd = J_ coshmt — cosmd

oo ekt
< My / dt
oo Cosh t — cos

/OO log |® (it + 1)| dt</°° log M (t)

oo COShmt +cosmd  — J__, coshmt + cosmd

] ekt
< M, / dt
_oo Cosh 7t + cosml
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These integrals converge, and so, the constant My > 0 defined by

sin w6 /°° Myekt M ekt

log My = 5

_oo Cosh 7wt — cos + cosh 7wt 4 cos 6

is finite, and log My provides a bound on the integral on the right-hand side of equation
(B.10). Equation (B.9) follows directly. O

B.3 Interpolation of Bochner spaces

In the previous section, we discussed a few classical results for interpolation of LP-spaces.
These results apply, more generally, to Bochner spaces. The proofs are analogous to the ones
in the classical setting. We refer the interested reader to [24, Section 2.2] for details. For a
thorough introduction to Bochner spaces, see [24, Chapter 1].

Theorem B.3.1 (Complex interpolation of Bochner spaces). Let 1 < p; < py < oo and
let (Q, 1) be a measure space with a o-finite measure. For a compatible pair of Banach
spaces (Xo, X1), the Banach spaces LP°(Q, u; Xo) and LP* (2, u; X1) are compatible, as well.
Moreover, for each exponent 0 < 6 < 1,

1—-9 0

1
[LPO(QaM; XO)aLpl (Qalu; Xl)]9 = Lpg(Qaﬂ'; [X(]aXl]e)a fOT’ — = + —,
Pe Po P1

where the isomorphism is isometric.

Theorem B.3.2 (Riesz-Thorin for Bochner spaces). Let 1 < po,p1,q0,q¢1 < 00, let (Q, p)
and (Y, ') be measure spaces and let (Xg, X1) and (Yo,Y1) be compatible pairs of Banach
spaces. Suppose that T : LPi(Q, p; X;) — L% (Y, 1/;Y;) is bounded and linear, for j =0, 1.
Then, for each 0 < 6 < 1, T : LPo(Q, ;[ Xo, X1]9) — L2 (Y, 15 [Yo, Y1lg) is bounded and
linear, where

1 1-6 0 1 1-6 6
— = +—, and — = + —.
Po Po Y41 qo q0 a1
Moreover, the following norm-inequality holds:
1-60 6
170 226 (62,050, X100)— L0 (02 10, al0) S 1T N0 (2,5 50)— p90 02 ri30) 1T N2 (@, p0)— Lo (2 i -
(B.11)

Theorem B.3.3 (Stein’s Interpolation Theorem for Bochner spaces). Let 1 < po,p1,qo, 1 <
00, let (2, u) and (Y, 1) be measure spaces and let X and Y be Banach spaces. Suppose
that (T7) g is an admissible family of linear operators S(€2; X) — M, (;Y) satisfying

|Tizaly, < Mo(t) al,, — and — [Tiryral, < Mi(t)|al,, ,

for all simple functions a € S(§; X) and where M;(t) > 0 are independent of a, for j = 0,1,
and satisfy

sup e ¥t log M;(t) < o0,
teR

for some k < m. Then, for each 0 < 0 < 1, there exists a constant Mg > 0 such that

|Toaly, < Mo lal,, , (B.12)
for every simple function a € S(Q; X), where
1 1—-6 60 1 1-6 6
— = + —, and — = + —.
Po Pbo P qe q0 q1
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