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Abstract

The aim of this thesis is to present and explore a symplectic approach to Gabor
analysis — Gabor analysis is a subject in time-frequency analysis with close
ties to information and communication technologies as well as to theoretical
and applied physics. Whereas the structure of Gabor frames over the two-
dimensional time-frequency plane is well-understood, the higher-dimensional
cases remain much more elusive. We present and develop a classification
scheme for lattices in arbitrary dimensions; we show that the structure of
Gabor frames over a given lattice is uniquely determined by a set of symplectic
forms determined by the lattice. This framework is built on the metaplectic
representation, which relates Gabor systems over lattices determining the
same symplectic forms via unitary transformations.

It is becoming increasingly clear that equivalence bimodules over noncom-
mutative tori provide a powerful framework for Gabor analysis. We also lift
this classification scheme to the setting of such bimodules by constructing
isomorphisms between equivalence bimodules associated to lattices which
determine the same symplectic forms. We do this by extending metaplectic
transformations. In addition to this, we explore how the notion of Morita
equivalence of noncommutative tori relates to duality in Gabor analysis from
a novel point of view. This leads us to consider the notion of partially adjoint
lattices.

The thesis also contains a detailed introduction to the theory of C*-
algebras, Hilbert C*-modules and the equivalence bimodules that feature
in Gabor analysis. We have attempted to build the theory in a systematic
manner while assuming minimal prerequisite knowledge.



Sammendrag

Malet med denne avhandlingen er a presentere og utforske en symplektisk
tilneerming til gaboranalyse — gaboranalyse er et emne innen tid-frekvens-
analyse som er nart knyttet bade til informasjon- og kommunikasjonste-
knologier og til teoretisk og anvendt fysikk. Teorien om gaborrammer over
det todimensjonale tid-frekvens-planet er godt utviklet, men tilfellet med et
vilkarlig antall dimensjoner har vist seg a veere mer komplisert. Vi gjor rede
for og videreutvikler et system for klassifisering av gitter i et vilkarlig antall
dimensjoner; vi viser at strukturen til gaborrammer over et gitt gitter kun er
avhengig av en mengde med symplektiske former bestemt av gitteret. Dette
rammeverket bygger pa den metaplektiske representasjonen, som relaterer
gaborsystemer over gitter som bestemmer de samme symplektiske formene
via uniteere transformasjoner.

Det blir stadig mer tydelig at ekvivalens-bimoduler over ikkekommutative
toruser utgjgr et nyttig rammeverk for gaboranalyse. Vi lgfter ogsa dette
klassifiseringssystemet til disse ekvivalens-bimodulene ved a konstruere iso-
morfier mellom ekvivalens-bimoduler assosiert med gitter som bestemmer
de samme symplektiske formene. Dette gjgr vi ved a utvide metaplektiske
transformasjoner. I tillegg til dette utforsker vi hvordan moritaekvivalens
mellom ikkekommutative toruser er relatert til dualiteten i gaboranalyse fra
et nytt perspektiv. Dette forer oss til a betrakte konseptet delvis adjungerte
gitter.

Utover dette inneholder avhandlingen en detaljert introduksjon til teorien
om C*-algebraer, Hilbert C*-moduler og ekvivalens-bimodulene som inngar i
gaboranalyse. Vi har forsgkt a bygge teorien pa en systematisk mate som
antar feerrest mulig forkunnskaper.
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Introduction

Gabor analysis is a subject in time-frequency analysis. As an independent
branch of mathematics, time-frequency analysis is quite modern — emerging
only around the year 1980. Its historical roots, however, stretch across the
20th century and are deeply entangled with the origins of quantum mechanics
as well as the development of information and communication technologies.
It is a rapidly growing and already vast interdisciplinary subject, of interest
to mathematicians, physicist and engineers alike.

The aim of time-frequency analysis, broadly construed, is to provide a
framework for analysing the frequency spectrum of a signal locally. While
the Fourier transform lets us study the frequency spectrum of a signal, it
provides only global information — it cannot answer the question of when a
given frequency is prominent. In this manner, time-frequency analysis is a
refinement of Fourier theory: the two domains of Fourier theory, the time
and frequency domains, unify to form the time-frequency plane. A function
no longer has one representation in the time domain and another in the
frequency domain, but a single time-frequency representation: a function on
the time-frequency plane.

The subject of Gabor analysis is where the historical and contemporary
ties to engineering and signal processing are most apparent. Indeed, the
person after which the subject is named, Dennis Gabor, was an electrical
engineer (as well as a physicist). The foundational idea is to replace the
time-frequency plane with a discrete set, typically a lattice. This is of course
a prerequisite for numerical time-frequency analysis. In mathematical terms,
we are studying classes of highly structured and countable bases for spaces
of functions on the time-frequency plane. To be more precise, we are not
studying bases, but frames, which generalize the notion of bases. The frames
that feature in Gabor analysis are known as Gabor frames. For every choice
of lattice, there is an associated set of Gabor frames supported by that lattice.

There is a notion of duality that shapes the subject of Gabor analysis: for
every lattice on the time-frequency plane, there is an associated lattice, referred
to as its adjoint lattice. The properties of a lattice and its adjoint, from the
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vantage of Gabor analysis, are in many ways dual to each other. Over the last
two decades, my advisor, Franz Luef, has uncovered an intriguing connection
between duality in Gabor analysis and the notion of equivalence bimodules.
These are quite abstract constructions motivated by the representation theory
of C*-algebras, which are particular kinds of algebras of operators. Just as
Fourier theory benefits greatly from the abstract theory of Hilbert spaces,
Gabor analysis is enriched by the theory of C*-algebras. This connection
between duality and equivalence bimodules is a fascinating and promising
aspect of this relationship.

Much is know about Gabor frames in the case of one-dimensional signals,
corresponding to a two-dimensional time-frequency plane. The general case,
with signals of arbitrary dimension, has proven to be much more unwieldy.
The main argument of this thesis is that the structure of Gabor frames
supported by a given lattice is uniquely determined by a certain symplectic
structure determined by the lattice. This leads to a classification scheme
for lattices in Gabor analysis. This is not really relevant in the case of one-
dimensional signals, for there is essentially a unique symplectic structure in
that case. Our goal is to show how precise and powerful this classification
scheme is in the general case. In particular, we will show how this method
of classification can be lifted to the setting of equivalence bimodules. This
approach is based on ideas by Luef.

Symplectic geometry is a deep mathematical subject with close ties to both
classical and quantum mechanics. We will spend the first chapter introducing
those parts of the subject that will be of relevance to us. Because the theory of
C*-algebras features so prominently in our constructions, we have devoted the
second chapter to a detailed introduction to the subject. The third chapter
serves as an introduction to time-frequency analysis and Gabor analysis. In
particular, we wish to highlight Subsection this is where we provide a
more precise outline of our classification scheme. The reader who is already
familiar with Gabor analysis may want to peek at this subsection in order to
get a better understanding of what we aim to achieve.

The equivalence bimodules introduced into Gabor analysis by Luef are
particular kinds of Hilbert C*-modules over noncommutative tori. Chapters
4 and 5 are spent introducing these notions and constructing the relevant
bimodules in great detail. In Chapter 5, we also spend some time further
exploring the connection between duality and equivalence bimodules.

Finally, in Chapter 6, we introduce metaplectic transformations. These
are the transformations that facilitate our classification scheme — hence the
title. The final subsection, Subsection [6.1.3] contains the precise formulation
of this scheme. In the end, the proofs are fairly simple; it is the development
of all the required background material that fills the pages.
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Notation and conventions

Throughout this thesis, d will denote an arbitrary positive integer and {e; }?il
will denote the standard basis for R??. The set of all 2d x 2d matrices over
R will be denoted by Ms;(R) and we will write GL(2d, R) for its group of
invertible elements. We will frequently identify elements of Myy(R) with the
linear transformations they represent with respect to the standard basis. We
will write Ny and N; to denote the natural numbers including and excluding
zero, respectively — we will simply write N when the distinct doesn’t matter.
For sequences N — X (for any set X), we may write either (z,)nen, (Zn)n
or simply (z,,). When it comes to linear maps, we may or may not use
parentheses for evaluations and we may or may not use the symbol o when
considering compositions; the particulars of each situation dictate our choices.
Finally, overlines will be used for complex conjugation and for the closures of
sets in topological spaces (and sometimes for completions).
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Chapter 1

Linear Symplectic Algebra

This chapter is intended to serve as an introduction to the subject of linear
symplectic algebra. Our presentation is largely shaped by our needs; the
reader may consult our main source, de Gosson [15], for a much more complete
treatment.

1.1 | Symplectic Vector Spaces

1.1.1 Symplectic Forms

The structure studied in linear symplectic algebra consists of a real vector
space equipped with a symplectic form, a notion we now introduce.

1.1.1 Definition (Symplectic forms). Let V' be a vector space over R. A
bilinear map €2: V x V — R is called a symplectic form on V if it is

(i) antisymmetric: Q(w,v) = —Q(v,w) for all v,w € V.
(ii) nondegenerate: Q(v,w) =0 for all v € V implies that w = 0.

The pair (V, ) is referred to as a symplectic vector space. For w € V| we
will write Q(—, w) to denote the linear map V' — R defined by Q(—, w)(v) =
Qv,w).

We will almost exclusively restrict our attention to the case V = R4, A
choice of basis lets us represent symplectic forms on R?? in terms of matrices.
We will use the standard basis {e; }?dzl for R??. Fix a symplectic form © on
R2? define

0;; = Qej,e;) forl<i j<2d (1.1)
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and consider the 2d x 2d-matrix 6 = (0;;). For z = (z1,...,224) and w =
(wy, ..., wy) in R?? we find that
2d 2d 2d  2d
Qz,w) = Q(Z z;€;, wiei): Z Z wibiiz; = wloz.
j=1 i=1 j=1 i=1

The conditions for €2 to define a symplectic form translate into conditions
on the matrix . We capture this relationship between symplectic forms and
matrices in the following lemma and the subsequent definition.

1.1.2 Lemma. Let € Myg(R). The bilinear map Qp: R?*?xR* — R defined
by

Qo(z,w) = w0z  for z,w € R* (1.2)

15 a symplectic form if and only if 0 is antisymmetric and invertible, i.e. if

and only if 7 = —0 and det 0 # 0.

Proof. Assume that 2y is a symplectic form. Inserting standard basis elements
into Equation (1.2]) gives 6;; = Qq(e;, €;), so

0 = Qolei,ej) = —Qylej,e;) = —0;; for 1 <i,j<2d.

Thus, 6 is antisymmetric. If 8z = 0 for some z € R?¢, then Qy(z,w) = 0 for
all w € R??, 50 z = 0 by nondegeneracy of €y. This shows that 6 is invertible.
Assume now that 6 is antisymmetric and invertible. Then,

Qo(w, 2) = 270w = (W0 2)T = w072 = —w'hz = —Qy(2,w)

for all z,w € R?*, so )y is antisymmetric. Nondegeneracy follows from the
fact that Qp(z,0772) = 2707102 = 2T 2 for all z € R*. O

1.1.3 Definition. Consider the set Msy(R) of all 2d x 2d-matrices over R
and define the subsets

Toa = {A € My(R) : A" = —A} and Spy = TN GL(2d, R).

For 6 € Sy4, we refer to the symplectic form Qg defined by Equation ((1.2) as
the symplectic form represented by 6.

Lemma [1.1.2} along with the discussion prior to it, shows that symplectic
forms on R?? are in bijective correspondence with the elements of Say.
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We now turn our attention to a particularly simple symplectic form. Let
I; denote the d x d identity matrix. The matrix

(o L
(50 13

is known as the standard symplectic matriz. It satisfies
JP=1 and J'=J" =-]

where [ is the 2d x 2d identity matrix. The symplectic form €2; represented
by J is called the standard symplectic form on R??. If we write z = (z,w)
and w = (y,n) with z,w,y,n € R?, it is given by

Qz,w)=w'Jz=y-w—n-u, (1.4)

where the dot denotes the standard inner product on R¢.

It turns out that any symplectic form is related to 2; by a change of
basis. This is the content of Proposition [1.1.8, Before we show this, we collect
some basic facts from linear algebra regarding dual spaces and introduce some
convenient terminology.

Let V be a finite dimensional vector space over R. Linear maps 7: V' — R
are referred to as linear functionals on V| and the vector space of all linear
functionals on V' (with addition and scalar multiplication defined pointwise)
is called the dual space of V' and denoted by V*.

1.1.4 Lemma. Let V be a finite dimensional vector space over R and assume
that T, ..., 7. € V* are linearly independent (for some integer k > 1). Then,
the following statements are true.

(i) T € span{ry,..., 7} < ﬂle Kerr; C Kerr.
(it) There exist vectors v, ..., v in'V such that 7;(vj) = 0;; for 1 <i,j <k.
(111) We have dim (ﬂle Kerr;) =dimV — k.
Moreover, we have dim V* = dim V.

Proof. The forward direction ( = ) of the first point is immediate. For
the converse, we use induction on k& > 1. For k£ = 1, the claim is that if
Ker; C Ker 7, then there is some r € R such that 7 = r7. Let w € V be
such that 7 (w) = 1 (linearly independent vectors are nonzero). Then,

T(v) = T(Tl(v)w + (v— Tl(v)w)> =7 (v)T(w) forallveV
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since v — 7 (v)w € Kery C Ker 7. Thus, 7 = 7(w)7, which proves the base
case.
Let now k£ > 1. Our induction hypothesis is the following: for any

collection of k£ — 1 linearly independent functionals 71, ..., 7,_,, we have that
k-1
ﬂ Ker7; CKer7' = 7' €span{r,...,7;_;} (1.5)
j=1

for all 7 € V*. We need to show that for any collection of k linearly
independent functional 71, ..., 7, we have that

k

ﬂKerTj CKerr = 7 €&span{r,..., 7%}
j=1

for all 7 € V*.

If 74,...,7 are linearly independent, then 7; (for 1 < i < k) is not in
the span of {7y, ..., 7 }\{7:}. The contrapositive of our induction hypothesis
(1.5) (with 7" = 7 and {7{,..., 7.1} = {7,..., %} \{7}) therefore implies
that

ﬂ Kerr; ¢ Kerr;, (for1<i<k).
Je{1,...k\{i}

Thus, we can find vy, ..., v; such that 7;(v;) = d;; for 1 <4, 7 < k. This also
shows how (i) implies (ii) in general. We then have that

k k
v— Zvjrj(v) € ﬂ Kerr; forallveV.
=1 j=1
Now, if 7 € V* is such that ﬂle Ker 7; C Ker, then
k
o) =r( Lm0 + (v - L um) ) = X rwnto),
j=1 j=1 j=1

for all v € V. Thus, 7 = Z?:l 7(v;)7; € span{r, ..., 7}, which completes
the proof of the first point.

We have already seen that (ii) follows from (i). To prove (iii), consider
the linear map T: V — R¥ defined by

T(v) = (r1(v),...,7(v)) forveV.
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Since ﬂle Ker 7; = Ker T', the rank-nullity theorem applied to 7" implies that

k
dim ( (M) Ker Tj) +dimT(V) = dim V.

Jj=1

The result now follows if we can show that dim7T(V) = k, i.e. that T
is surjective. By (ii), we can find vy,...,v; such that 7;(v;) = §;;, and
then T'(vy),...,T(vg) is the standard basis for R*, so T is surjective. This
concludes the proof of (iii) and also shows that dim V* < dim V' (if we could
take k£ > dim V/, the rank nullity theorem would imply that dim(Ker T") < 0).

In order to see that dimV* > dimV, let n := dim V" and let (vy,...,v,)
be a basis for V. We can define linear functionals 7, ..., 7, by 7j(v;) = ;;
for 1 <4,j < n. This gives ;e .y Ker7; & Kerr; (consider v;), so
{71,..., 7.} is a linearly independent set by (i), hence dim V* > n. This
concludes the proof. O

We will frequently appeal to the first part of the following lemma. We
will have no use for the second part, but it gives us an alternate view of
symplectic forms which seems worth mentioning.

1.1.5 Lemma. Let Q) be a symplectic form on R??. The linear map

RZd N (RQd)*
w = Q(—,w)

1s then an isomorphism.

Conversely, if S: R*® — (R?*®)* is a linear isomorphism such that w €
Ker S(w) for all w € R?!, then the bilinear map (z,w) — S(w)(z) is a
symplectic form on R??.

Proof. By nondegeneracy of 2, we have Q(—,w) = 0 if and only if w = 0.
This proves that the map in question is injective, so it is an isomorphism
since dim R?? = dim(R?¢)* by Lemma [1.1.4,

If S: R — (R*)* is as in the statement of the lemma, then (z,w)
S(w)(z) is nondegenerate since S(w)(z) = 0 for all 2 € R?*? implies that
S(w) = 0 and S is injective. Finally, antisymmetry follows from

0=Sw+z2)(w+2)=Sw)(w)+ S(w)(z) +S(z)(w) + S(2)(2)
= S(w)(z) + S(2)(w)

for all z,w € R??. O
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The following terminology will be useful. It is borrowed from differential
geometry.

1.1.6 Definition (Pullbacks of bilinear maps). Let V' and W be vector spaces
over R let T: V' — W be a linear map and let I': W x W — R be a bilinear
map. The bilinear map

T°T:VxV =R
(v,w) =TT (v,w) = TI'(Tv, Tw)
is called the pullback of I' by T.
In the case that V = W = R?? and A € Myy(R) represents a linear map,

we will write A*I" for the pullback of I' by the linear map represented by A,
ie. A*T(z,w) =T'(Az, Aw).

Pullbacks are a very natural and simple notion, for T*I" is essentially just
the composition “I" after 77, but accounting for the fact that I' takes two
arguments. This is made precise by introducing the map T'x T : V x V —
W x W defined by (v,w) — (Tv,Tw), for then T*"I' = I'o (T' x T'). The
ordering-reversing property shown in the following lemma is a reflection of
this fact.

1.1.7 Lemma (Basic properties of pullbacks). Let A, B € My;(R) and
let T be a bilinear map on R*?. Then, (AB)*T' = B*(A*T"). Moreover, if
A € GL(2d,R), then (A~1)*(A*T) =T.

Proof. Let z,w € R??. Then,
B*(A'T)(z,w) = A'T'(Bz, Bw) = '(ABz, ABw) = (AB)*TI'(z,w),

so that B*(A*T) = (AB)'T. If A € GL(2d,R), then (A~')*(A°T) = I follows
from B*(A*T') = (AB)*T by setting B = A~'. O

We have now gathered the tools we need to see how all symplectic forms
relate to the standard symplectic form.

1.1.8 Proposition (Q-symplectic bases). Let Q be a symplectic form on R??.
Then, there exists a basis {vy, ... ,vg,wr, ..., wq} for R®*? such that

Q(vi,vj) = Q(’U)i,’w]') =0 and Q(’Uji,’Uj) = 67Lj

for 1 <4,7 <d. A basis of this form is referred to as an Q-symplectic basis.
Moreover, the matriz A € GL(2d,R) defined by

Avj=e; and Aw;=-eq4; forl1<j<d

satisfies 0 = A*Qy . If Q is represented by 0 € Saq, then @ = A*Q; s
equivalent to ATJA = 0.
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Proof. We will prove the existence of the 2-symplectic basis by induction
on the integer d > 1. We begin with the base case d = 1. Pick any non-
zero w € R?. Then there exists some v € R? such that Q(w,v) # 0, for
otherwise {2 would be degenerate. Scaling v and using bilinearity, we can
assume that Q(w,v) = 1. By antisymmetry, Q(v,v) = 0 = Q(w, w). Since
Q(w, rw) = rQ(w,w) = 0 for all € R, v and w must be linearly independent.
Thus, {v,w} is a basis of the desired form.

Assume now that d > 1 and that the result has been shown for R2(¢-1),
Using the same argument as for the base case, we can find two (necessarily
linearly independent) vectors v; and w; such that Q(w,v;) = 1. We will
show that

R* = Ru; @ Rw; & (Ker Q(—, vy) N Ker Q(—, wy)). (1.6)
If t,s € R were such that tw; + sv; € Ker Q(—, v1) N Ker Q(—, w;), then
0=Q(—, vl)(twl + svl) = tQ(wy,v1) + sQ(v1,v1) = ¢,

and similarly we find that s = 0. This shows that the sum on the right
hand side of Equation is direct. To see that it adds up to R?*?, we
count dimensions. The linear functionals Q(—,v;) and Q(—, w;) are linearly
independent (by Lemma @ and linear independence of v; and w;). Thus,
by point (iii) of Lemma [1.1.4] we can conclude that

dim (Ker Q(—,v;) NKer Q(—,wy)) = 2d — 2,
which gives Equation ((1.6)).
By the induction hypothesis, we can choose a basis {vg, . .., v4, wa, ..., wg}
for Ker Q(—,v;) N Ker Q(—,w;) = R4~ such that
Q(’Ui,Uj) = Q(U)Z, wj) =0 and Q(wi,vj) = 57§j for 2 S Z,] S d.
Since we know that

{vg, ..., vg,wa, ..., wy} C Ker Q(—,v;) N Ker Q(—,w)

and that Q(wq,v) = 1, the basis {vy,...,vg, w1, ..., wq} has the desired form.
This concludes the proof that there exists an 2-symplectic basis.

We now turn to the matrix A € GL(2d,R) defined by Av; = e; and
Awj = eqqj for 1 < j < d. We have

QJ(AU)@,AUj) = QJ<€d+i;€j) = 61’]’ = Q(U)i,Uj> for 1 S Z,j S d,
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and similarly
Qs(Av;, Avj) =0 = Q(v;,v5) and  Qy(Aw;, Aw;) = 0 = Q(w;, w;)

for 1 <i,j < d. This shows that the two bilinear forms A*(); and () agree
on all pairs of the basis {vy,...,vq, w1, ..., wq}, so they must be equal.

Finally, if Q is represented by 6 € Saoq, i.e. Q = Qy, then A*Q; = Qy means
that

w0z = Qp(z,w) = A*Qy(z,w) = (Aw)T J(Az) = wT (AT JA)z

for all z,w € R??. Taking z and w to be standard basis elements, we see that
this holds if and only if 0;; = (AT JA);; for 1 <i,j < 2d, i.e. if and only if
0= ATJA. m

1.1.2 Lagrangian Subspaces and Polarizations

In Lemma we saw how a symplectic form on R?? determines an iso-
morphism between R?? and its dual. We will now investigate a more subtle
relation between symplectic forms and duality. We will show that a symplectic
form Q on R2? decomposes R?*® as the direct sum of R? and its dual (R%)* in
such a manner that €2 takes a particularly nice form. We should note that
this decomposition is far from unique. In the next section we will obtain
a precise characterization of the redundancy (see the paragraph preceding
Lemma [1.2.7).

To introduce the topic, let’s momentarily widen our perspective and
consider an arbitrary finite-dimensional vector space L over R. There is a
canonical symplectic form ¢ on the (external) direct sum L @& L* given by

Q: (Lel)x (LeLl")—R

((U1,7’1), (11277'2)) — 7o(v1) — 71 (v2) (1.7)

Symplectic forms of this kind appear naturally and play a central role in the
Hamiltonian formulation of classical mechanics.
Note that

Q°((v1,0), (v2,0)) =0 for all v, v, € L
and Q°((0,71),(0,72)) =0 forall 7,7 € L*.
In the terminology of the upcoming definition, the subspaces L & {0} = L

and {0} & L* = L* would be referred to as Q- Lagrangian subspaces of L & L*
and the pair (L @& {0}, {0} & L*) as an Q°-polarization of the space.
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1.1.9 Definition (Lagrangian subspaces). Let 2 be a symplectic form on
R2d,

(i) A d-dimensional subspace L C R?? is called Q-Lagrangian if Q|xz = 0
(we say that Q vanishes on L).

(ii) Two Q-Lagrangian subspaces L and L' are said to be transversal if
V = L@ L. In this case, we refer to (L, L') an Q-polarization of R??

When 2 = €, we will omit the Q-prefix and speak of Lagrangian subspaces
and polarizations of R??.

We note that our main reference, de Gosson [15], does not use the termi-
nology of polarizations, but speaks of pairs of transversal Lagrangian planes
instead.

We will now see that all Q-polarizations (L, L) of R?? determine a de-
composition of R?? as a direct sum of L and its dual L*, with the symplectic
form 2 taking the canonical form. Note that Proposition [1.1.8 on symplectic
bases shows that there exists an ()-polarization for any symplectic form €2 on
R?* (take L = span{vy,...,v4} and L' = span{wy, ..., ws}).

1.1.10 Proposition. Let Q be a symplectic form on R*? and let (L,L') be
an Q-polarization of R*:. The linear map

T:L — L*
w = Q(—,w)g
15 then an isomorphism. Moreover, introducing the isomorphism

I¢T:LeLl' - L L”
v+w— (v,Tw) (wherev e L and w € L)

and letting Q¢ denote the canonical symplectic form on L & L* defined by
Equation (L.7), we have that Q = (I & T)*Q°.

Proof. To verify that T is an isomorphism, all we need to show is that it is
injective, since dim ' = d = dim L and dim L = dim L* by Lemma [1.1.4]

Let w € L be such that Q(—,w)|, = Tw = 0. For any z € R¥ = L@ L/,
we can write z = zy, + 2z, with z;, € L and z;, € L'. We now find that

Qz,w) = Qzp, w) + Qzp,w) = QU—,w)|(z1) + Lz, w) =0,

where Q(zp, w) = 0 since z,w € L' and L’ is Q-Lagrangian. Since z € R
was arbitrary and €2 is nondegenerate, we must have w = 0, so T is injective.
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For the identity 2 = (I & T)*Q¢, let vy, vo € L and wy,wy € L'. Then,

(I ®T) Q% (v1 + w1, v 4+ wa) = Q((v1, Twn), (v, Twy))
= Twy(vy) — T'wy(v2)
= Q(vy, wy) — Qvg, wy)
= Q(vy + wy, vy + wa),

where the last equality relies on the fact that L and L' are Q-Lagrangian.
This concludes the proof. n

Consider now the canonical symplectic form Q¢ on R? @ (R?)*. If we
identify (R%)* with R? using the standard inner product, we obtain the
standard symplectic form Q; on R??. This is one reason as to why the
standard symplectic form is particularly natural.

Before embarking on the study of linear maps preserving symplectic forms,
which will lead to the notion of symplectic groups, we introduce the symplectic
analogue of orthogonal complements.

1.1.11 Lemma (Q-complements). Let Q be a symplectic form on R* and let
V C R* be a subspace. Define the Q2-complement of V to be the subspace

VE={z e R*™:Q(z,v) =0 for allv € V}.
Let V,W C R?? be subspaces. Then,
(i) {0} =R (R?*)® = {0} and (VL =V.
(is) VENWE = (V + W)2.
(iii) (V NW)? =Ve W,
(iv) dimV + dim V¢ = 2d.
(v) V is Q-Lagrangian if and only if V¢ =V.

Proof. We begin with (i). The equalities {0} = R* and (R?*))® = {0}
follow from bilinearity and nondegeneracy of €2, respectively. If v € V', then
Q' v) = —Q(v,v") =0 for all v/ € V (by definition of V%), so v € (V)2
Thus, V C (V). The opposite inclusion is more subtle, but the results we
have developed makes the proof fairly quick.

If V = {0}, then (V9)? = (R>)? = {0}, so we assume that V # {0}. Let
{vi,..., v} be a basis for V. If v € (V)% then V¢ C Ker Q(—,v), and so

k
ﬂ Ker Q(—,v;) = V¥ C Ker Q(—,v).
j=1
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By Lemma [1.1.5] (i.e. the fact that w — Q(—,w) is an isomorphism), the
linear functionals Q(—,vy),...,Q(—,vg) are linearly independent, and so

Q(—,v) € span{Q(—, V1) ,Q(—,vk)}

by point (i) of Lemma . Appealing again to Lemma , this gives
v € span{vy,...,v} = V.

For (ii), assume first that u € VN W2 If v € V and w € W, then
Qu,v +w) = Qu,v) + Qu,w) = 0, so u € (V+ W)L For the converse
inclusion, let u € (V +W)%. Since V.CV +W and W C V + W, we find
that u € V2N W,

Point (iii) follows from (ii) and (i) by noting that

Vaw =2 nwH? = (V2 +w)?

and taking Q-complements (note also that VS + W* is a subspace).

We now turn to (iv). If V= {0}, the result follows from (i). If V is
nonzero, let {vy,...,v;} be a basis for V. Then, V% = ﬂ?zl Ker Q(—,v;).
As in the proof of (i), Lemma implies that Q(—,v1),...,Q(—,v) are
linearly independent, and point (iii) of Lemma implies that

k
dim V* = dim (ﬂ KerQ(—,vj)) =92d—k=2d—dimV,
j=1
as desired.

We are now left only with (v). If V is Q-Lagrangian, then V' C V* since
Qlyxy = 0. Since V¥ has dimension 2d — d = d, we must have V = V.
Conversely, if V = V% we must have dimV = d and Q|yxy = 0, so V is
)-Lagrangian. O]

1.2 | The Symplectic Group

1.2.1 Definition and Characterizations

We now introduce the notion of structure preserving maps in linear symplectic
algebra.

1.2.1 Definition (2-symplectic matrices). Let Q be a symplectic form on
R?. A matrix S € Msq(R) is called Q-symplectic if

Q(Sz, Sw) = Q(z,w) for all z,w € R*,

ie. if S*Q = Q. We write Spq(2d,R) for the set of all 2-symplectic matrices.
When 2 = Q;, we will omit the Q-prefix and speak of symplectic matrices
and write Sp(2d, R) for the set of all symplectic matrices.
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1.2.2 Proposition. Let Q be a symplectic form on R?*?. The set Spg(2d, R)
of all Q-symplectic matrices is a subgroup of GL(2d,R).

Proof. Tt is clear that Spg(2d,R) is closed under multiplication of matrices
and that it contains the identity, so we only show that Sp,(2d, R) C GL(2d, R)
and that the inverse of an (2-symplectic matrix is {2-symplectic.

Let S € Spo(2d,R) and assume that z € R?? is such that Sz = 0. Then
Q(z,w) = Q(Sz, Sw) = 0 for all w € R?*?, so z = 0 by nondegeneracy of Q.
This shows that S is injective, hence invertible. Since S is 2-symplectic, we
find that

Q(S™'2, S7'w) = Q(S(S7'2), S(S7'w)) = Qz,w) for all z,w € R*,
so S71is Q-symplectic as well. O

We will refer to Spg,(2d, R) as the Q-symplectic group and Sp(2d, R) simply
as the symplectic group. The following lemma shows that there is no loss of
generality in restricting our attention to Sp(2d,R), as we often will.

1.2.3 Lemma. Let Q be a symplectic form on R?*? and let A € GL(2d,R) be
such that A*Qy = Q (see Prop.[1.1.8). Then

Spq(2d,R) = A~ (Sp(2d,R)) A
and ASpq(2d,R) = Sp(2d,R)A.

Proof. Let S € Sp(2d, R). By Lemma([l.1.7 on pullbacks, we have (A~1)*Q =
QJ and

(A71SA)Q = (SA) ((A7)Q) = (SA)"Q, = A*(S°Q)) = A"Q, = Q,

so A71SA € Spg(2d,R). Thus, A~'(Sp(2d,R))A C Spq(2d, R).
If Sq € Spg(2d, R), a similar calculation gives ASqA™! € Sp(2d,R), so

So = AN (ASqA™Y)A € A7 (Sp(2d,R)) A,

which shows that Spg,(2d, R) = A~(Sp(2d,R))A.

Since GL(2d,R) is a group, left multiplication by A is a bijection of
GL(2d,R). Since Sp(2d,R) and Spg(2d, R) are subsets of GL(2d,R), we find
that ASpq(2d,R) = Sp(2d,R)A as well. O

Recall that symplectic forms on R?? correspond precisely to antisymmetric
matrices in GL(2d, R), the set of which is denoted by Sy, (Definition |1.1.3]),
and that we write {2y for the symplectic form represented by 6 € Syyq. To avoid
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towers of subscripts, we will write Spy(2d, R) := Spg, (2d, R). This is in line
with our convention of identifying matrices with the linear transformations
they represent; here, we are identifying matrices with the bilinear forms they
represent.

We now characterize membership in Sp,(2d, R) in terms of a simple matrix
equation.

1.2.4 Lemma. Let § € Syy and S € Myy(R). Then, S € Spy(2d,R) if and
only if STOS = 0. In particular (when 6 = J), we have S € Sp(2d,R) if and
only if STJS = J.

Proof. We have S € Spy(2d,R) if and only if Qy(Sz, Sw) = Qy(z, w) for all
z,w € R*. In other words, S € Spy(2d,R) if and only if

w? (8709)z = (Sw)T0(Sz) = Q(Sz, Sw) = Q(z,w) = w' 0z

for all z,w € R??. Taking z and w to be standard basis elements, we see that
this holds if and only if (S7605);; = 6;; for 1 < i,j < 2d, i.e. if and only if
STHS = 0. O

Since JT = —J = J~1, we have JT.JJ = J, so J € Sp(2d,R). Calling J
the standard symplectic matrix is therefore consistent with our definition
of symplectic matrices. We emphasize that J appears in our theory in two
distinct ways: it is both the matrix in Soy representing the standard symplectic
form, and it represents a linear transformation preserving the standard
symplectic form. It is important to understand the distinction between
matrices representing symplectic forms, i.e. Saq, and matrices preserving the
standard symplectic form, i.e. Sp(2d,R). Symplectic matrices refers to the
latter kind.

Since J has a simple block-structure, Lemma [1.2.4] suggests that it may be
advantageous to block-decompose symplectic matrices. The following lemma
shows that this indeed is this case.

1.2.5 Lemma. Let S € GL(2d,R) and write
A B
S = ( D) where A, B,C, D € My(R).

We then have

B DT —BT
S €Sp(2d,R) <= S'= (—C’T AT )

Moreover, if S € Sp(2d,R), then ST € Sp(2d,R).
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Proof. Using the fact that J=! = —.J, we have
STJS=J = (=JSTNH)S =1 < —-JSTJ=5"".

The claimed equivalence now follows from the calculation
0 -1 AT CT 0 I
—JS" ) = ‘ ‘
Iy 0 BT DT —I; 0
(0 =1 —CcT AT B pr BT
-\ 0 )\-pT BT] \-CcT AT |’
If S~ = —JSTJ, then (using that J7 = —J)

(7)™ = (ST = (=JSTI) = (ST (=) = —J(STYTT

shows that ST € Sp(2d, R). O

1.2.2 A Convenient Set of Generators

Our goal for this subsection is to prove the following proposition, which gives
us a very convenient set of generators for Sp(2d, R).

1.2.6 Proposition (Generators of the symplectic group). For each symmetric
matriz PT = P € My(R) and invertible matriz L € GL(d,R), define

I, 0 Lt 0
Vp — d M, = .
P (—P Id) ane L < 0 LT>

G={Vp:PT=Pc MyR)}U{M:LcGL(d,R)} U{J}

Then,

generates Sp(2d,R), which is to say that G C Sp(2d,R) and that every
S € Sp(2d,R) can be written as a finite product of elements of G.

The proof of Proposition turns out to be somewhat involved, for it
relies on another factorization of symplectic matrices which seems difficult to
describe explicitly. This factorization is the content of Lemma [1.2.10] after
which we will prove Proposition [1.2.6, There is another proof of Proposition
which relies on topology, but which would be be no less involved at our
stage of development. An instance of this proof can be found in Folland |14}
Proposition 4.10 on p. 174]. We have opted for the algebraic proof given by de
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Gosson [15, Corollary 63 on p. 40], which has the added benefit of deepening
our understanding of Q-polarizations of R??.

It is not difficult to show that if S € Spg(2d,R) and if (L, L) is an Q-
polarization of R??, then (S(L), S(L')) is also an Q-polarization of R??. The
following lemma shows that any two Q-polarizations of R?? are related by an
()-symplectic transformation. Thus, if we are given one (2-polarization, we
obtain all of them by acting with the 2-symplectic group.

1.2.7 Lemma. Let Q be a symplectic form on R*? and let (L, L) and (K, K')
be two Q-polarizations of R*. Then, there exists an S € Spg(2d,R) such that
S(L)=K and S(L') = K.

Proof. Let {wi,...,wq} be a basis for L'. By Lemma [1.1.10] the linear
functionals {Q(—,wy)|r, ..., Q2(—,wq)|r} form a basis for L*. By point (ii)
of Lemma we can now find vy,...,vg € L such that Q(v;, w;) = d;;
for 1 < 4,7 < d. These vectors must be linearly independent, for if some
v; was in the span of the other v’s, we would have Q(v;,w;) = 0. Thus,
{v1,...,vq} is a basis for L. Since L and L’ are Lagrangian and R?*? = L& I/,
{vi,...,vq, w1, ..., wq} is an Q-symplectic basis for R%, i.e.

Q(vi,vj) = Q(wi,wj) =0 and Q(wi,vj) = 61']‘

for 1 <1i,5 < d. By Proposition [1.1.8, the matrix A € GL(2d,R) mapping

{v1,...,vg, w1, ..., w4} to {e; ?il satisfies 0 = A*Q);.
Repeating the argument for K and K’, we similarly obtain an Q-symplectic
basis {v],..., v}, wi,...,w)} such that

K =span{v},...,v;} and K’ =span{wy,...,w}}

and the matrix B € GL(2d, R) mapping this basis to the standard one also
satisfies 2 = B*();.

If we set S = B™'A, then S maps the basis {vy,...,vq,w1,...,wq} to
the basis {v],..., v, w],...,wh}, so S(L) = K and S(L') = K'. Moreover,
appealing to Lemma, on pullbacks, we find that (B~1)*Q = Q; and that

S*Q) = (B7tA)*Q = A*((Bfl)*ﬂ)) = A"Q; =,
so S € Spg(2d,R), which concludes the proof. n

We will need the following simple lemma from linear algebra.

1.2.8 Lemma. Let V,V; and Vs be subspaces of R*. If V\(ViUVy) =0,
thenV.C Vi or V. C Vs,
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Proof. First of all, it suffices to show that
V\(W1UW2>:® — VCcWoorVCW,

in the case that W; and W, are subspaces of V. To see this, set W, =V NV,
and Wy =V NV,. Then,

VA(ViUVa) = VA\((VNT) UV NTa)) = V\(W U Wy),

andif VCcW,=VnViorVCW,=VnNnVl,,thenVCViorV CV,. We
will show the contrapositive statement, namely that for subspaces W; and
Wy of V| we have

%4 gZ Wy and V gZ Wo - V\(Wl U WQ) 7£ 0.

If Wy € Wy or Wy C Wy, then V\(W; U Ws) is either V\W; or V\Ws,
both of which are nonempty by assumption (V\W = < V C W), so
the claim follows in this case. Assume therefore that Wy ¢ Wy and Wy ¢ Wj.
We can then choose w; € Wij\Wy and wy € Wy\W;, which implies that
wy + wy € V\(W7 UW,) since

wy + wy € Wy — w2:(wl+lU2>—U)1€W1
and w;+wy €Wy = w; = (wy + ws) —wy € Wy,

and either case contradicts our choice of v; and vs. O

The following lemma is the last ingredient we need to prove the factor-
ization result needed for the proof of Proposition . In particular (with
Ly = L), this lemma shows that any Q-Lagrangian subspace L C R?? is part
of an Q-polarization of R?? (there are much simpler proofs of this fact).

1.2.9 Lemma. Let L, and Lo be two Q2-Lagrangian subspaces of R?*?. Then,
there exists an Q2-Lagrangian subspace L which is transversal to both Ly and
Lo, i.e. suchthat L& L, =R* =L & L,.

Proof. By points (iv) and (v) of Lemma [1.1.11] a d-dimensional subspace
L C R?? satisfying L C L must be Q-Lagrangian. We are therefore looking
for a d-dimensional subspace L C R?* satisfying

LcL? and LNL ={0}=LnN L (%)

(the second condition, along with the dimensions involved, implies that
L® L =R* = L& Ly). We will say that a subspace M C R?*? (of any
dimension) satisfies condition () if M C M® and M N L, = {0} = M N L.
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Thus, our goal is to show that there exists some d-dimensional subspace
satisfying .

It is simple to find a one-dimension subspace satisfying (|«), for if we
choose any m € R?!\(L; U Ly) (which is nonempty by Lemma [1.2.8)), then

M = Rm does the job. We will now show that we can inductively increase
the dimension of M until we obtain a d-dimensional subspace satisfying .
To be precise, we will show that the following statement is true.

If M c R?? is a subspace satisfying and dim M < d, then
MN((Ly + M) U (Lo + M)) # 0,

and for any m € M\((Ly + M) U (Ly + M)), M + Rm is
a (dim M + 1)-dimensional subspace satisfying ().

We will show the contrapositive of the first part, namely that for a subspace
M C R* satisfying (), we have

MAN(Li+M)U(Ly+ M) =0 = dimM >d.

By Lemma [1.2.8] emptiness of M®\((L; + M) U (L + M)) implies that M
is contained in either L; + M or Ly + M. Let’s say M® C L, + M for
concreteness. Since M N Ly = {0}, Lemma [1.1.11f on Q-complements gives

R* = {0}" = (M N L))" = M? + L} = M" + Ly,

so R* C (Ly + M)+ Ly = M + Ly, which implies dim M > d, as desired.

Assume now that m € M\ ((Ly + M) U (Ly + M)). First of all, m ¢ M,
for m € M implies that m € Ly + M. Thus, dim(M + Rm) = dim M + 1.
Let now

mi +rim,mg +1rom € M +Rm  with my,ms € M and r{,7, € R.
Then,
Q(m1 + r1m, mo + T’Qm) = Q(ml, mg) + T'QQ(TTLl, m) + T19<m, mg) =0

because M C M and m € M®. Thus, (M + Rm) C (M + Rm)®?. All that
remains is to show that (M +Rm)N Ly = {0} = (M + Rm) N Lo.

Let v € (M 4+ Rm) N Ly, so that v = m, + r,m for some m, € M and
r, € R. If r, # 0, then m = (r,) "' (v — m,) € L; + M, which contradicts our
choice of m. We must therefore have v = m,,, but then v € M N Ly, = {0}, so
v = 0. This shows that (M + Rm) N L; = {0}. An identical argument shows
that (M + Rm) N Ly = {0}, which concludes the proof. O
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We are now ready for the factorization result which we will use to prove
Proposition [1.2.6] Free symplectic matrices are important in their own right
and they deserve a much more detailed treatment. Again, we refer the reader
to de Gosson [15]. Let

Ly ={(z,0) € R*: 2z c R} and L, :={(0,w)cR*:weR},
so that (L,, L,,) is a polarization of R??.

1.2.10 Lemma (Free symplectic matrices). We say that a symplectic matriz
S € Sp(2d,R) is free if S(L,) N L, = {0}.

(i) Let S € Sp(2d,R) and write

A B
5:( ) with A, B,C, D € My(R).
C D

Then S is free if and only if det B # 0.

(ii) Any S € Sp(2d,R) can be written as the product of two free symplectic
matrices.

Proof. We begin with (i). With S written in block form, the condition
S(Ly) N L, = {0} becomes

{(Bw, Dw) € R*: w € R} N {(0,u) € R*: ' € R} = {0}.

If det B = 0, then we can find w # 0 such that Bw = 0. Since S is
invertible, we cannot have Dw = 0 (for then S maps (0,w) to zero), so
(Bw, Dw) = (0, Dw) # 0 shows that S is not free. If det B # 0, then Bw =0
implies that w = 0 (and Dw = 0), so S is free. This proves the claimed
equivalence.

For (ii), use Lemma to fix a Lagrangian plane L that is transversal
to both L, and S(L,), so that (L, L) and (L, S(L,)) are polarizations of
R??. By Lemma , there exists Sy € Sp(2d, R) such that

So(Ly) =L and Sp(L) = S(Ly).
This gives So(L,) N L, = LN L, = {0} and
(S5 '9)(Lw) M Ly = S5 (S(Lw)) N Ly = LN Ly, = {0},

so both Sy and S5 'S are free. Since S = Sy(S;'S), we are done. O
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We are now finally ready to prove Proposition [1.2.6]

Proof of Proposition[1.2.6. Recall that
G={Vp: Pl =Pc MyR)}U{M:LecGL(dR)}U{J}.

We first show that G C Sp(2d,R). We have already remarked that J €
Sp(2d,R) (see the paragraph following the proof of Lemma [1.2.4). Using
the characterization of Sp(2d,R) in terms of inverses written in block-form
(Lemma [1.2.5), it is straightforward to check that Vp € Sp(2d,R) and M}, €
Sp(2d,R) for all PT = P € My(R) and L € GL(d,R).

We now show that G generates all of Sp(2d, R). Because of Lemma [1.2.10]
it suffices to show that any free symplectic matrix can be written as a finite
product of elements of G. Let therefore S € Sp(2d, R) be free. Lemma

shows that we can write

A B
S:( ) with B € GL(d,R).
C D

Now, multiplying out shows that

I, 0 B 0 0 Iy Iy 0
S = . (1.8)
DB~ I, 0 DB 'A-C)\-1; 0 B7'A I,

By Lemma [1.2.5] the equation SS~! = I = S~1S becomes

A B DT—BT_[dO_DT—BTAB

¢ p)J\-cT AT )] \o I,) \-cT AT J\C D)
Multiply out the products above, we find that

BAT —ABT =0=D"B—-B"D and DAT —CBT =1,

which implies that

(B*A) = B Y(BAT)B™T
(DBY! = BT(D*B)B™!

B Y ABT)B™T = B! A,
B (B"D)B™' = DB,

and that

BT =(DA" -CB") BT =D(B'A)" -C=D(B'A4)-C.
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Combining the last three equations with Equation (|1.8]), we have shown that

L, o\[/B o o I\N{ L, o0
S =
DB! 1 0 BT —I; 0 B~'A 1

with (DB™)T = DB™! and (B7'A)T = B7!'A. In other words, we have
S =V_pp-1yMp-1JV_(g-14). This shows that any free symplectic matrix is
a finite product of elements of G, which concludes the proof. O]



Chapter 2

Banach Algebras and
C*-Algebras

The goal of this chapter is to give the reader an introduction to the theory
of Banach algebras and C*-algebras. We will assume that the reader is
familiar with the basics of complex analysis, Banach spaces and functional
analysis. Statements of those results we need from functional analysis, along
with references to proofs, can be found in Appendix [A]l For a general and
approachable introduction to functional analysis, we recommend Bowers and
Kalton [7]. Our development of Banach algebras and C*-algebras is largely
based on Murphy [23].

The Banach algebras and C*-algebras we will encounter in Gabor analysis
will all be algebras of bounded operators on complex normed spaces. In the
development of the theory, it may be useful to think of Banach algebras as an
abstraction of algebras of bounded operators on Banach spaces and to think
of C*-algebras as an abstraction of algebras of bounded operators on Hilbert
spaces. The simplicity of Hilbert spaces compared to general Banach spaces
is reflected in the theories of C*-algebras and Banach algebras; C*-algebras
are much better behaved (or more constrained) than general Banach algebras.

2.1 | Involutions and Banach Algebras

This section is mainly concerned with the development of Banach algebras.
Involutions and x-algebras will not be of relevance until we consider C*-
algebras in the next section. Nevertheless, they are introduced alongside
algebras and spectra in the following subsection. This grouping of topics is
meant to emphasize that algebras, spectra and involutions are purely algebraic
constructions, whereas the theories of Banach algebras and C*-algebras are

25
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shaped by the interplay between algebra and topology.

2.1.1 Algebras, Spectra and Involutions

Some of the proofs in this subsection are quite scant; we assume that the
reader is already somewhat familiar with algebras.

2.1.1 Definition (Algebras). An algebra A is a nonzero vector space A over
C with a bilinear and associative product A x A — A (typically denoted by
juxtaposition). We also require that there be an element 14 € A such that
laa =a=aly for all @ € A. The element 14 is called the unit of A.

Let A and B be two algebras. A map ®: A — B is an algebra homomor-
phism if it is C-linear,

e preserves the product: ®(ab) = ®(a)®(b) for all a,b € A,
e and preserves the unit: ®(14) = 1p.

An algebra homomorphism is an isomorphism of algebras if it is a bijection.
We refer to the existence of an isomorphism ®: A — B of algebras by saying
that A = B as algebras.

There are a couple of remarks we wish to make regarding this definition.

e We are conforming to quite restrictive conventions and packing a lot of
content into the word algebra. What we are calling an algebra would
more generally be called an associative nontrivial unital algebra over C.
The requirement that our algebras be unital is not typical in the theory
of operator algebras[l]

e An algebra is, in particular, a ring. All the basic algebraic results for
rings therefore hold for algebras as well. For example: the unit is unique,
Oa = 0 = a0 (where 0 € A is the additive identity), (—=1a)a = —a =
a(—14) for all a € A, etc.

e We are not considering the “trivial algebra” A = {0} as an algebra.
This implies that 14 # 0 in any algebra A.

'A foundational feature of nonunital C*-algebras is that they contain approzimate units.
These are nets of elements which, when acting on the algebra via the product, behave like
a unit in the limit. The existence of approximate units ensures that the theory of nonunital
C*-algebras greatly resembles the theory of unital C*-algebras.
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e The inverse of an isomorphism of algebras is necessarily an algebra
homomorphism (and indeed an isomorphism of algebras), and a com-
position of algebra homomorphisms is an algebra homomorphism as
well.

We now briefly discuss the notion of inverses in an algebra. Let A be an
algebra and fix any a € A. If there exists an element b € A such that ab = 14,
we say that a is right invertible and call b a right inverse of a. Similarly, a is
left invertible with a left inverse ¢ € A if ca = 14.

An element may in general have multiple right inverses or multiple left
inverses. However, assume now that a € A has both a right inverse b and a
left inverse c. Then,

b=14b= (ca)b=c(ab) =cly=¢, sob=c.

There cannot be any other left or right inverses, for they must all equal b.
In this situation, we say that a is invertible, write a=! := b and call a~! the
inverse of a. In summary, a~! (if it exists) is the unique element such that
ala =14 =aa"!, and whenever a,b,c € A satisfy ab =14 and ca = 1y, it
follows that b = ¢ = a~!.

We will denote the set of all invertible elements in A by Inv(A). It is
straightforward to verify that

1) =14, (@) '=a and (ba)'=a'b7",
and that Inv(A) is a group with respect to the product.

2.1.2 Example (Shift operators). Consider the Banach space ¢*(N) and the
shift operators L, R € B({*(N)) defined by

Lv = (vg,v3,...) and Rv=(0,v1,vy,...) forv=(v;);2, € Y(N).

In the algebra B(¢!(N)) (with composition as the product), these satisfy
LR = Idpxy = 1@y, while RL : v = (0,v2,vs,...) is not injective and
hence not invertible.

We say that two elements a,b € A commute if ab = ba. If all elements of
A commute with each other, then A is called a commutative algebra. The
factors of an invertible product need not be invertible in general, as illustrated
by the example above.

2.1.3 Lemma (Inverses and products). Let A be an algebra, let N > 2 be an
integer and suppose that aq,...,ay € A all commute with each other. Then,
the product ay -- - ay s invertible if and only if the factors ay,...,an are all
wnvertible.
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Proof. Assume first that N = 2. If a; and as are invertible, it is an immediate
consequence of associativity that a;'a;' is the inverse of ajas. For the
converse, assume that ajas is invertible. Then,

aq (ag(al(lg)_l) = (alag)(alag)_l = 1A = (a1a2)_1(a1a2) = (((1161,2)_1@2)(11.

By our discussion of inverses prior to the lemma, this means that a; is
invertible and that a;' = ay(a1as)™' = (aias) tay. A similar calculation
shows that as is invertible. This proves the lemma for N = 2.

For N > 2, we may write a; ---ay = (a;---ay_1)ay. Thus, the N = 2
case shows that aq . ..ay is invertible if and only if a1 - - - ay_1 and ay are both
invertible. The general case now follows by a simple inductive argument. [

We now consider substructures and quotients of algebras. For a subset S
of an algebra A and an element a € A, we write aS = {as: s € S}.

2.1.4 Definition (Subalgebras and ideals). Let A be an algebra.

(i) A subalgebra of A is a vector-subspace B C A such that 14 € B and
such that ab € B whenever a,b € B.

(ii) An ideal of A is a vector-subspace I C A satisfying al C I and Ia C I
for every a € A. An ideal I C A is proper if I # A.

Let A be an algebra. It is straightforward to verify that a vector-subspace
of A is a subalgebra of A if and only if it is an algebra in its own right (with
the product restricted from A) with the same unit as A.

Ideals are precisely those vector-subspaces we can quotient out if we want
the product on A to descend to the quotient vector space. In order to avoid
A/I = {0}, we have to restrict attention to proper ideals.

2.1.5 Proposition (Quotients of algebras). Let A be an algebra and let I C A
be a proper ideal of A. Then, the quotient vector space AJ/I ={a+1:a € A}
is an algebra with respect to the product defined by

(a+1)(b+1)=ab+1 forallabel.

The unit of A/ is 14 + I and the quotient map q: A — A/I is an algebra
homomorphism.

Proof. We only show that the product is well-defined, for then associativity,
bilinearity and the claimed unit are simple verifications. The definition of the
product on A/I is equivalent to the quotient map preserving the product, so
it is immediate that the quotient map is an algebra homomorphism.
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If a; +1 =ao+ I and by + I = by + I for some aq, as, by, by € A, then
as(by —by) € I and (a3 —ag)by € 1
by the defining properties of ideals. Thus,
ashy + I = aghy + as(by — b)) + (a1 — az)by + I = a1by + 1.
This shows that the product is well-defined. O

It is straightforward to show that the kernel Ker ® of any algebra homo-
morphism ®: A — B is an ideal in A. Moreover, it is necessarily a proper ideal
because our algebra homomorphism preserve the unit and we are excluding
the possibility that 15 = 0.

2.1.6 Theorem (The first isomorphism theorem for algebras). Let ®: A — B
be an algebra homomorphism. Then, Ker ® is a proper ideal of A, ®(B) is a
subalgebra of B and the map

$: A/ Kerd® — d(A)
a+ Ker ® — &(a)

15 an isomorphism of algebras.

Proof. From the corresponding theorem for vector spaces, we already know
(by C-linearity of ®) that Ker ® is a vector-subspace of A, that ®(B) is a
vector-subspace of B and that d is a well-defined linear bijection of vector
spaces. The remaining verifications are quite immediate consequences of ®
preserving the product and the unit, so we omit them. O

2.1.7 Example. (The evaluation map) Let X be a nonempty set and let C*
denote the vector space of all functions from X to C (with the vector space
operations defined pointwise). Equipping C* with the pointwise product,

C*xC¥ =¥
(f,9) = (fg:a = fg(a) = f(x)g(2)),
turns C* into a commutative algebra with the constant function lex: o+ 1
as the unit.

Fix now some x € X and consider C as an algebra with the usual vector
space structure and product. The evaluation map at x, defined by

ev,: CX = C

[ eva(f) = f(z)
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is an algebra homomorphism: we find that ev,(1cx) = 1 and that

evo(fg) = fo(x) = f(z)g(x) = evy(f)eva(g) forall f,g € C*.

Clearly ev,(CX) = C, so the first isomorphism theorem tells us that the
map

C*/Ker(ev,) — C
g+ Ker(ev,) — g(x)

is an isomorphism of algebras. There is no mystery here;
Ker(ev,) = {f € C* : f(z) =0},

so the only information remaining in a coset g + Ker(ev,) is the common
value of all its elements at the point z.

If X has additional structure, there may be interesting subalgebras of CX.
For example, if X has a topology, we can consider the subalgebra C'(X) of all
continuous functions on X. This will be our main example of commutative
algebras going forward.

We now introduce the notion of the spectrum of an element in an algebra.
This notion, as we will see, lies at the heart of the theory of Banach algebras
and C*-algebras.

2.1.8 Definition (The spectra of elements). Let A be an algebra and let
a € A. We define the spectrum of a to be the set

o(a) ={Ae€C:Als—a¢gInv(A4)}.
We also define the spectral radius of a to be the (possibly infinite) number
r(a) = sup{|A| : A € o(a)} € [0, 00].

We will give multiple examples of spectra when we discuss Banach algebras.
In Example the spectrum of a function f € C¥X is given by its image, i.e.
o(f) = f(X). This is because an inverse in CX corresponds to a pointwise
inverse, and Algcx — f has a pointwise inverse if and only if it never vanishes,
which happens if and only if A ¢ f(X).

We now prove some basic properties of spectra.

2.1.9 Lemma (Basic properties of spectra). Let A be an algebra. Then, the
following statements are true.
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(1) We have o(ab) U {0} = o(ba) U {0} for all a,b € A.
(ii) If a € Inv(A), then X\ € o(a) if and only if X' € o(a™1).

(117) If ®: A — B is an algebra homomorphism, then o(®(a)) C o(a) for all
a € A.

Proof. We will write X instead of A1, (for any A € C) for parts (i) and (ii) of
this proof.
We begin with (i). Suppose that A € C\{0} and A — ab € Inv(A). Then,

(A =ba)(1+bA—ab)"'a) = X+ Ab(X — ab)~'a — ba — bab(A — ab)'a
— At b()\()\ —ab) "t —1— ab(\ — ab)—l)a
— A+ b((A —ab)(\ —ab)~! — 1)a —

A very similar calculation yields (1 + b(A — ab)~'a)(\ — ba) = X. Thus, since
A # 0, we see that A — ba € Inv(A). The same result clearly holds with a and
b swapped, so we find that A — ab € Inv(A) if and only if A — ba € Inv(A), as
long as A # 0. Thus, o(ab) U {0} = o(ba) U {0}, which proves (i).

For (ii), suppose that a € Inv(A) and let A € o(a). Then A # 0 (since
0 — a = —a is invertible) and

Mt —at=-2Tta (A —a) € Inv(A), so A €oa(at).

The fact that (a™')™' = a gives the converse inclusion and concludes the
proof of (ii).

For (iii), fix any a € A. We will show that o(®(a)) C o(a) by contraposi-
tion. If A ¢ o(a), then A\14 — a is invertible in A, and so

1 = (I)(lA) = (I)(()\lA — a)’l()\lA — CL)) = (I)(()\lA — a)’l)q)()\lA — CL).

This shows that ®(Al4 —a) = A1 — ®(a) is left-invertible in B. A similar
calculation shows that it is right-invertible as well. Thus, A1 — ®(a) is
invertible in B, so A\ ¢ o(®(a)). This gives o(®(a)) C o(a), which concludes
the proof. O

We now introduce the notion of an involution on an algebra. The star-
superscript in “C*-algebra” refers to the presence of an involution. Thinking
of a C*-algebra as an algebra of bounded operators on a Hilbert space, the
involution corresponds to the function mapping each operator to its adjoint.

2.1.10 Definition (Involutions and x-algebras). An involution on a algebra
Ais amap x: A — A, denoted z* := x(x), that satisfies
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(i) a* = (a*)*=a
(ii) (Aa+b)* = Aa* +b*  (conjugate-linearity)
(iii) (ab)* = b*a*

for all a,b € A and A € C. If an algebra A is equipped with an involution,
we call it a x-algebra.

If A and B are two x-algebras, a map ®: A — B is a x-algebra homomor-
phism if it is an algebra homomorphism which also preserves the involution,
meaning that

®(a*) = P(a)" foralla e A.

A x-algebra homomorphism is an isomorphism of x-algebras if it is a bijection.
We refer to the existence of an isomorphism ®: A — B of x-algebras by
saying that A = B as %x-algebras.

The inverse of an isomorphism of x-algebras automatically preserves
the involution, so it is a x-algebra homomorphism as well (and indeed an
isomorphism of *-algebras). A composition of x-algebra homomorphisms is
also a %x-algebra homomorphism.

Note that 1% = 14 in any x-algebra A:

ha=(a"14)" =a= (14a")" =aly forallac€ A,
from which uniqueness of the unit gives the result.
2.1.11 Definition (x-subalgebras and -ideals). Let A be a x-algebra.

(1) A *-subalgebra of A is a subalgebra B C A such that b* € B whenever
be B.

(ii) A *-ideal of A is an ideal I C A such that b* € I whenever b € I.

Let A be a x-algebra. It is straightforward to verify that a subalgebra of
A is a x-subalgebra of A if and only if it is a x-algebra in its own right (with
the involution restricted from A).

If I C A is an ideal of A, the property that b* € I for every b € I is
precisely the condition we need in order for the involution to descend to the
quotient algebra. The first isomorphism theorem for x-algebras is precisely
what one would expect. We will meet its incarnation for C*-algebras later.
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2.1.2 The Very Basics of Banach Algebras

We begin by recalling some basic facts about linear maps between normed
spaces. We will implicitly assume that all normed spaces in this chapter are
nonzero and over the complex numbers (these are the conditions required for
their algebras of operators to be algebras in our sense of the word).

For a linear map T': V' — W between normed spaces, the operator norm
|T|| of T is defined by

|T|| = sup {||Tv| : v € V with ||| <1} = ”81”151 | Tv|| = ”31”1p1 | Tv]|.
Equivalently, ||7’|| is the least number M € [0, 00| such that ||[Tv|| < M||v||
for all v € V. The map T is called norm-decreasing if ||T'|| < 1 and it is called
isometric (or said to be an isometry) if ||Tv|| = ||v|| for all v € V.

If we let B(V, W) denote the vector space of all linear maps T: V — W
such that ||7|| is finite, then the operator norm is indeed a norm on B(V,W).
If W is a Banach space, then B(V, W) is a Banach space as well.

Regardless of whether V' is Banach or not, B(V) :== B(V, V) is an algebra
with the product given by composition, and we have that

STl = sup [[STo]| < sup [S[[T[[o]l = [ISIIT] for all S,T"€ B(V).

llvl<1 flvll<1
This is a highly desirable property for normed algebras to possess.

2.1.12 Definition (Submultiplicativity of the norm). Let A be an algebra
equipped with a norm || - ||. We say that the norm on A is submultiplicative if

llab|| < ||a||||b]] for all a,b € A.

The term normed algebra is often reserved for an algebra with a submulti-
plicative norm. We will spell out “an algebra with a submultiplicative norm”
so as not to further overload our language just yet.

Submultiplicativity allows us to write products of limits as limits of
products, as the following proposition shows.

2.1.13 Proposition (Continuity of multiplication). Let A be an algebra with
a submultiplicative norm and let a,b € A. If (an),(b,) C A are sequences
such that a,, — a and b,, — b, then a,b, — ab.

Proof. By submultiplicativity of the norm, we find that
lanbn — abll < flan(bn = ) + [[(an — )bl < {lan[[[|bn — bl + llan — al[[[b]]

s0 ||apb, — ab|| — 0 as n — oo (where we have also used continuity of the
norm: |la,| — ||al]). O
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This property is referred to as continuity of multiplication because it is
equivalent to the statement that the algebra product A x A — A is continuous
when A x A is equipped with the product topology. This property will be
referenced by name and not by number if referenced at all.

We have seen that if V' is a Banach space, then B(V) is a Banach space
which is also an algebra with a submultiplicative norm.

2.1.14 Definition (Banach algebras). An algebra B with a submultiplicative
norm | - || is called a Banach algebra if (B,|| - ||) is a Banach space and
5] = 1.

An isomorphism of Banach algebras is a bounded algebra isomorphism
(between two Banach algebras) with a bounded inverseﬂ We will refer to the
existence of an isomorphism ®: B — B’ of Banach algebras by saying that
B = B’ as Banach algebras.

We emphasize that a Banach algebra is not simply a Banach space which
is also an algebra, for we are also requiring the norm to be submultiplicative
and the unit to be normalized. Note also that any closed subalgebra of B(V)
(where V' is a Banach space) is a Banach algebra as well. More generally, any
closed subalgebra of a Banach algebra is a Banach algebra.

Any Banach algebra B can be realized as a closed subalgebra of operators
acting on a Banach space V, for we may take B = V' (which leads to the slightly
unfortunate notation B(V) = B(B)) and define the algebra homomorphism

¢: B — B(B)
a (Lg i b Ly(b) = ab),

where B acts on itself by “multiplication from the left”. Submultiplicativity
of the norm and the existence of a normalized unit straightforwardly lead
to the conclusion that ||L,| = ||a|| for all a € B, so that ® is an isometric
algebra homomorphism “embedding” B as a closed subalgebra of B(B).

Nevertheless, Banach algebras occur naturally outside the context of oper-
ator algebras. Here are some examples of relevance to us:

2As our notion of isomorphism reveals, we are considering bounded algebra homomor-
phism to be homomorphisms of Banach algebras, but we will simply call them bounded
algebra homomorphisms. There is a good argument to be made that homomorphisms
of Banach algebras should be algebra homomorphism which are not only bounded, but
norm-decreasing. This would make isomorphisms of Banach algebras isometric algebra
homomorphism. The choice depends on whether one wants to consider equivalent norms
as isomorphic or not (equivalently: whether one wants to emphasize the particular norm
or the set of Cauchy sequences it determines).
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2.1.15 Example (Banach algebras).

(i) The complex numbers C form a commutative Banach algebra with
respect to the usual vector space structure, product and norm.

(i) Let X be a topological space that is compact and Hausdorff[}| Then, the
algebra C'(X) of continuous C-valued functions on X with pointwise
operations (see Example [2.1.7)) and the supremum norm

I/ lloo = sup{|f(x)| cx € X} for f € C(X)

is a commutative Banach algebra. The supremum norm determines the
topology of uniform convergence on X, so completeness is a consequence
of the fact that a uniform limit of continuous functions is continuous.

(iii) The Banach space ¢*(Z) with its usual £!-norm and the product given
by convolution,

(axb)(n) = Za(j)b(n —4) foralln € Z and a,b € (*(Z),

JEL
is a commutative Banach algebra.

Whenever we refer to C or C'(X) (for some compact Hausdorff space X) as
Banach algebras, these will be the structures we have in mind.

Let B be a Banach algebra. We call a series >~ a, with (a,) C B
absolutely convergent if >~ ||a,|| < co. The standard proofs that absolute
convergence implies convergence for C-valued series can be adapted to B-
valued series simply by replacing absolute values with norms: for any N, M €
N with N > M we see that

N M N
D= am| < D laal,
n=0 m=0 n=M+1

so the fact that the partial sums of ) ° . |/a,|| are Cauchy implies that the
partial sums of >~  a, are Cauchy, and so ) a, converges by complete-
ness.

Similarly, by using submultiplicativity of the norm, we can mimic the
standard proofs for C-valued series to show that we have

(Z) () -5 ()

n=0 = =0

3The Hausdorff requirement is not necessary, but it makes the algebra C'(X) more
pleasant, so it is often included as an assumption is examples.
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in B whenever both series on the left converge absolutely. See Rudin [28|
Theorem 3.50 on p. 74] for a particular proof that straightforwardly generalizes
to the setting of a general Banach algebra.

In fact, equipped with submultiplicativity of the norm, we can lift a sur-
prising amount of complex analysis to the setting of a general Banach algebra.
We will barely scrape the surface; we recommend Rudin [30, Chapter 10] for
further exploration.

2.1.16 Lemma (Power series and the exponential function). Let B be a
Banach algebra and let Y~  A,2" be a power series with complex coefficients
and radius of convergence R € [0,00]. If a € B satisfies ||a|| < R, then
Yo g Ana™ is an absolutely convergent series in B.

In particular, the exponential function

[o¢] a/n
a .__ -
=) w
n=0
1s absolutely convergent for all a € B. Moreover, if a,b € B commute, then
e%el = ett,

Proof. Suppose a € B satisfies ||a|]| < R. Submultiplicativity of the norm
gives ||a™|| < Jla||”, so the fact that Y 2 \,2z" converges absolutely for
|z] < R gives >~ ||/\na”|| <3 o [Anlllal|™ < oo. That is, we have absolute
convergence of > >° /A a"

The radius of convergence of Y~ 2"/(n!) is infinite, so e* is absolutely
convergent for all a € B. By the discussion preceding the lemma, we have

regardless of whether a and b commute or not. If they do commute, then the
binomial expansion (a + b)™ = >_7_ (})a*b" " holds. Inserting this above
gives ee? = 21t ]

We can now say a fair bit about the structure of the group Inv(B) of
invertible elements in a Banach algebra B.

2.1.17 Proposition (Invertible elements in Banach algebras). Let B be a
Banach algebra. Then, the following statements are true.

(1) If a € B satisfies ||la|| < 1, then
lg—a€lnv(B) and (lg—a)” Za

In particular, Inv(B) contains the open unit ball centered at 15.
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(ii) The set Inv(B) is open in B.
(iii) If (a,) C Inv(B) converges to a € Inv(B), then a;' — a™*
We will refer to (iii) as continuity of the inverse.

Proof. We begin with (i). By Lemma[2.1.16| ">, a™ is convergent whenever
lla]| < 1. Now, for any N € N, we have

N N
(15 — a)(Za") =1z —adVtt = <Zan>(13 —a)
n=0 n=0

because of a pattern of cancellations that is easily observed by expanding out
the products for small values of N (or proved by induction, if one wants to be
precise). Taking the limit of this equation as N — oo, using continuity of the
product and the fact that a™ ' — 0 (since ||a]| < 1 and ||V Y| < ||a]|¥ 1),
we obtain (15 —a)™! =Y a", as desired.

For (ii), let a € Inv(B). We will show that a — b is invertible whenever
b € B satisfies ||b]| < ||la7!||~!. Then, Inv(B) must be open, for it contains
the open ball of radius |la™||~ centered at a.

If b € B is such that [|b]| < |la™'||7!, then |[ba=t]] < [|b]|||a™!]] < 1, so

1 —ba™! € Inv(B)

by point (i). Since a € Inv(B), we have a — b = (15 —ba"1)a € Inv(B) as well.
This concludes the proof of (ii).
For (iii), we define b, :== a — a,, so that b, — 0 and

anat = (a—by)a"' =15 — ba .

For large enough n € N, we will have ||b,a™!|| < 1 (b,a™' — 0 by continuity
of the product), and so

a'=a N apa ) P =a (g —bpa ) P =at Z(b a t)*

k=0
by point (i). Thus, for such n, we find that

lat =o' = a-l(lg—ana-l)k) <o e @)
k=0 k=1

Now, since b,a™! — 0, we have

boa™ |
b —1 1k || 0
ZH " = T— b

as well, from which Equation gives a;! — a~! and concludes the
proof. n

o0

D _(bua

k=1
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We now begin our exploration of spectra in Banach algebras. We begin
with a couple of examples

2.1.18 Example (Examples of spectra). The following examples illustrate
the notion of spectra in various Banach algebras.

(i) When B = B(C") = M,(C) (for some n € Ny), the spectrum of an
operator 7' € B(C™) is the set of its eigenvalues. This is because a linear
operator on C" fails to be invertible precisely when it is not injective,
and any non-zero vector in the kernel of AMcn — T' (for some A € C)
is an eigenvector for T with eigenvalue A. The spectral radius of T is
therefore the absolute value of its largest eigenvalue.

(ii) When B = B(V) for an infinite dimensional Banach space V/, the situa-
tion is more complicated, for an operator may fail to be invertible while
still being injective (consider e.g. the shift operator R in Example [2.1.2)).
Bowers and Kalton |7, Example 8.16 on p. 187] show that the spectrum
o(T) of T € B(V) consists of the eigenvalues of T', the eigenvalues of its
transpose T : V* — V* and the approzimate eigenvalues of T', which

are A € C for which there exists a sequence (v,) C V of unit vectors
such that (7" — Ady)v, — 0.

(iii)) When B = C(X) for a compact Hausdorff space X, the spectrum of a
function f € C(X) is simply its image: o(f) = f(X). This is because a
function in C'(X) has an inverse in C'(X) if and only if it has a pointwise
inverseﬁ from which our discussion of spectra in CX gives the result
(see the paragraph preceding Lemma . It now follows from our
definitions that 7(f) = || f||cc-

On a finite-dimensional complex vector space, any linear operator has an
eigenvalue. This is a foundational result in linear algebra, but it is not true
for bounded linear operators on infinite dimensional Banach spaces (consider
e.g. the shift operator R in Example [2.1.2)). The following theorem, whose
importance can hardly be overstated, shows that spectra are capable of filling
the void left by eigenvalues in the infinite-dimensional case. Murphy [23]
suggest that we think of this as the fundamental theorem of Banach algebras.

2.1.19 Theorem. Let B be a Banach algebra and let a € B. Then, o(a) is
nonempty and compact. Moreover,

r(a) = inf [la"[¥"* = lim [ja""/"
n>1 n—00

4The pointwise inverse of a continuous function is continuous by continuity of the map
C\{0} — C defined by A +— A~1. The absolute value of a continuous function attains its
minimum on a compact space, so the inverse of a nonzero continuous function is bounded.
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and, in particular, we have r(a) < ||al|.

Proof. This is a rather long proof, so we have divided it into three parts. In
this proof, and throughout this thesis, B* will denote the continuous dual of
B as a Banach space.

Part 1: The spectrum is nonempty

We will prove this by contradiction, so assume that o(a) = (). If this is the
case, then A1z — a is invertible for every A € C, so we have a well-defined
map

g C— B
A= ()\13 — a)fl.
We claim that for any 7 € B*, the map 70 g: C — C is an entire function
that is also bounded. Before we show this, let’s see how this results in a
contradiction.

Liouville’s theorem states that the only entire and bounded functions are
constants. Thus, we get

T(—a ) =70g(0)=70g(1)=7((1g—a)™") forall T e B
By the Hahn-Banach theorem (see Corollary [A.2.2)), this implies that —a™! =
(1 —a)~!. Taking the inverse of both sides gives 15 = 0, which is a possibility

we have excluded by our definition of algebras. Thus, if we can show that
T o g is entire and bounded for each 7 € B*, then we will have shown that

o(a) # 0.

We first show that the 7 o ¢g’s are entire. For the remainder of this part of
the proof, we will write A instead of Alg (for any A € C). Let A\j, Ay € C be
arbitrary but distinct. We find that

g(2) —g\) = e —a)™ = (M —a)”!
=N —a)” 1(13— (A —a)(A; —a)” 1)
=A—a) ' (M—a)—(A—a)(\ —a)
= (A —a) (M = X) (M —a),

(2.2)

and so
9()\2) - 9(/\1) _
Ao — A\

as Ay — A;. Fix any 7 € B*. Since 7 is linear and continuous, we can conclude
that

—<)\2 — a>_1(>\1 — a)_l — —(>\1 — a)_2

T e (v ) EL GRS
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as Ay — A1 (by continuity of the product and the inverse). This shows that
7 o g has a complex derivative at the arbitrary point \; € C, so it is entire.

We now show that 7o g is bounded. As an analytic function, it is certainly
continuous, so it is bounded on any compact subset of C, e.g. the closed disk
of radius 2||a|| centered at the origin. It suffices therefore to show that 7o g
is bounded outside of this disk: let A € C be such that |A| > 2||a||. Setting
Ao = X and A\; = 0 in Equation , we find that

a

9N =9(0) + (A= N0 = g0+ (1-5) e

Since |A| > 2||a||, Proposition gives (1 —a/\) " = 32 (a/A\)" and

hence
a
1— =
[(:-5)

Thus, we see that

ool < oo+ (1-4)

Since |10 g(A)| = |7(g(N\)| < ||7]|[lg(N)]|, this concludes the proof that 7o ¢
is bounded, and moreover the proof that o(a) # 0.

Z”“/ A" = 7oy <

la™" 11 < llg(O)II + 2fla™".

Part 2: The spectrum is compact

We will show that o(a) C C is compact by showing that it is closed and
bounded. If \; ¢ o(a), then \;15 — a € Inv(B). Since

(Ml —a) — (M1l —a)|| =|N— | forall A eC,

the fact that Inv(B) is open (point (ii) of Proposition implies that
for X sufficiently close to A1, we will have Az — a € Inv(B) and so A ¢ o(a).
This shows that the complement of o(a) in C is open, so o(a) is closed.

We now show that o(a) is bounded. If A € C satisfies |A\| > ||a||, then
point (i) of Proposition tells us that 15 — A~'a is invertible, so A1z — a
is as well, hence A ¢ o(a). Thus, we have shown that o(a) is bounded and
that r(a) < [|a]|.

Part 3: The formula for the spectral radius
Our goal is to show that

lin sup|a /" < r(a) < inf fla"[/", (2.3)

n—oo
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from which the general fact that

nHl/n n”l/n n”l/n

inf ||a < liminf ||a < limsup ||a
n>1 n—00

- n—oo
(which holds by virtue of the definitions) gives the result. The first inequality
in ([2.3) will require much more work than the second, so we show the second
and simplest first.
The well-known formula for the difference of two nth powers gives

ANl —a" = (Mg —a) Z N R for any n € Ny and A € C.

k=1

By Lemma on products and inverses (everything commutes here), this
implies that if A1z — a is not invertible, then \"1z — a™ cannot be invertible
either. In other words, A € o(a) implies that A" € o(a™). We have shown
that r(a™) < ||la”|| (see the last sentence of Part 2 of this proof), so this gives

Aeo(a) = A" =N <r(a") < |a"| for all n € N;.

Taking nth roots and then the supremum over all A € o(a), we find that
r(a) < |la™||¥/™ for all n € N;. Thus, r(a) < inf,> [|a™|/".

All that remains is the first inequality in Equation . With slightly
sloppy notation, let {|A| < r(a)~'} C C denote the open disk of radius r(a)™*
centered at the origin, with the agreement that r(a)™' = oo if r(a) = 0. We
claim that the function

h: {JAl <r(a)”'} =B
A= (13 — )\a)_l
is well-defined. At A = 0 there is no problem, so consider 0 # || < r(a)~.
Since |A7! > r(a), we must have A™! ¢ o(a). This means that A'15 — a is

invertible and so 15 — Aa is as well. Thus, A is well-defined.
The exact same factorization trick that we used in Equation (2.2]) gives

h()\g) — h()\l) = (13 — )\2@)_1()\2 - )\1)&(13 — )\1&)_1

for all Ay, Ay € {|\| < 7(a)™}. The same reasoning as in Part 1 of this proof
shows that 7 o & is holomorphic on {|\| < r(a)~!} C C for all 7 € B*.

By point (i) of Proposition [2.1.17, we have (1g — Xa)™' = >">° (Aa)"

whenever || < |la| ™. Fix any 7 € B*. Linearity and continuity of 7 gives

Toh(\) = ZT(@”))\" whenever |\ < ||al| ™"

n=0
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This is a power series expansion for 7oh centered at the origin. A power series
representation of a holomorphic function converges in the largest possible disk
where the function is holomorphic, and we know that 7 o h is holomorphic
on {|A| < r(a)~'}, so 307, 7(a™)A\" must converge whenever |A| < r(a)~'.
This requires |7(a™)\"| — 0 as n — oco. In particular, there must be some
constant M, such that |7(a™)\"| < M, for all n € N,

We have now shown that the set {A\"a"},en is weakly bounded when-
ever |\ < r(a)”!. By the uniform boundedness principle (see Corollary
[A.2.5), {\"a"},en must then also be bounded in norm. That is, there must
exist some constant M > 0 such that ||A"a™|| < M for all n € N. Since

limsup,,_,,, MY/™ =1 for any M > 0, we have shown that

|A|lim sup ||a”||"/™ = limsup || \"a"||*/™ <1 whenever |A| < r(a)~".
n—oo n—oo
This gives

1
limsup ||a”||"/™ < inf {— LAl < T(a)_l} =r(a),

which completes the proof of Equation ([2.3) and the theorem as a whole. [
Here is an immediate and important corollary of Theorem [2.1.19]

2.1.20 Corollary. If B is a Banach algebra such that every nonzero element
15 invertible, then B = Clp.

Proof. Let a € B. By Theorem [2.1.19) we can find some A € o(a). This
means that A1z — a is not invertible, but then A1z —a = 0 by our assumption.
Thus, a = Ag. Since a was arbitrary, we have B = Clp. O]

We now consider quotients of Banach algebras; let B be a Banach algebra
and let I C B be a proper ideal. We know from Proposition that the
quotient space B/I has the structure of an algebra. If I is closed in B, then
B/1 is a Banach space when equipped with the quotient norm (see e.g. Bowers
and Kalton [7, Proposition 3.47 on p. 54]). The following proposition shows
that these structures combine to yield a Banach algebra.

2.1.21 Proposition (Quotients of Banach algebras). Let B be a Banach
algebra and let I C B be a proper and closed ideal. Then, the quotient algebra
B/1 equipped with the quotient norm

la+1|lq:=inf{lla+b||:bel} foracB

15 a Banach algebra.
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Proof. By the paragraph preceding the proposition, we only need to verify
that the quotient norm is submultiplicative and that the unit is normalized.
Fix any € > 0. Let a,b € B and choose ¢, ¢, € I such that

la+cal| <lla+I|;+€¢ and |[[b+cl| <o+ I],+ €.
Submultiplicativity in B gives
[(a+ca)(b+a)| < lla+calllo+ el < (la+ I+ €)([[b+I]g+€).
Since (a + ¢q)(b+ ¢p) = ab+ ¢ with ¢ := (ac, + c,b + c4cp) € I, we find that
lab+ Iy < [lab+ ¢l = |[(a+ ca)(b+ )| < (la+ Illq+€)([b+ I, +¢€).

Taking the limit € — 0 gives submultiplicativity of the quotient norm.
As for the normalization of the unit, submultiplicativity in B/I gives

115 + Illg = I(1s + I)llg < 15+ 1|3,

which implies that either |15+ |, > 1 or |15+ ]|, = 0. However, we already
know that 15+ I # I (since I is proper, for if 15 € I, then Blg C I) and that
the quotient norm is nondegenerate. Thus, we must have ||15+ ||, > 1. The
fact that 0 € I gives |1z + ||, < ||15]| = 1, so we find that |15+ I||, = 1,
which concludes the proof. O

2.1.3 The Gelfand Representation

In this subsection we will focus exclusively on commutative Banach algebras.
We have seen that if X is a compact Hausdorff space, then C(X) is a
commutative Banach algebra (see Example [2.1.15). These are algebras that
we understand particularly well. We have e.g. seen that the spectrum of a
function f € C(X) is its image: o(f) = f(X) (Example 2.1.18).

In this subsection, we will ask the question: given a commutative Banach
algebra B, can we construct a compact Hausdorff space X such that B = C'(X)
as Banach algebras? The answer to this question in general is no, as is revealed
by the existence of a commutative Banach algebra where o(b) = {0} does not
imply that b = 0, as it would have to in a Banach space of the form C(X )E|

Nevertheless, we will comes as close to achieving this as is possible:
given any commutative Banach algebra B, we will construct a compact

>The matrix N = (J ) generates a commutative Banach algebra in M>(C), namely the
closed span of {N™ : m = Ny}. One may verify that (\I — N)~! = A\=2(AI + N) for all
A # 0, so that o(N) = {0} although N # 0.
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Hausdorff space X and a norm-decreasing algebra homomorphism B — C(X)
whose kernel is precisely those b € B for which o(b) = {0}. The Gelfand
representation will refer to this algebra homomorphism B — C'(X).

Given a compact Hausdorff space X, each x € X determines an algebra
homomorphism ev,: C(X) — C given by evaluation at = (see Example [2.1.7)).
Thus, given a commutative Banach algebra B, it is natural to build the
corresponding topological space out of algebra homomorphisms B — C. The
kernels of such algebra homomorphism are maximal ideals, which is where we
will begin our development of the Gelfand representation in earnest.

An ideal I of an algebra A is called maximal if it is a proper ideal that
is not properly contained in any other proper ideal (thus, it is a maximal
element among proper ideals ordered by inclusion). Maximal ideals are
typically denoted by the letter M. We emphasize that all maximal ideals are
proper by definition.

2.1.22 Lemma (Maximal ideals). Let B be a commutative Banach algebra.
Then, the following statements are true.

(i) If I C B is a proper ideal, then there ezists a maximal ideal M C B
such that I C M.

(11) Any mazimal ideal M C B is closed and B/M = C as Banach algebras.

Proof. Point (i) is a consequence of Zorn'’s lemma. We assume that the reader
is familiar with the required terminology.

Zorn’s lemma. Let P be a nonempty partially ordered set (i.e.
a set with a reflexive, antisymmetric and transitive relation). If
every nonempty chain (i.e. totally ordered subset) of P has an
upper bound in P, then P contains a maximal element.

Let P be the set of all proper ideals of B which contain [ and order P by
inclusion (i.e. let the partial order < be given by the subset relation C). Then,
I € P, so P is nonempty. If J C P is a nonempty chain, we claim that
UJ € P and that | JJ is an upper bound for J (where | JJ denotes the
union of all elements of J). We first show that | JJ € P.

If a,b € |JJ then there are Ji,J; € J such that a € J; and b € Js.
Since J is a chain, either J; C Jy or Jo C Ji. Since both J; and J, are
subspaces, we have Aa +b € J; U Jy C |JJ for all A € C. This shows that
|J J is a vector-subspace of B. Since all elements of 7 are ideals, we have
aUJ),UT)a c UJT for all a € B, so |JJ is an ideal. To see that it
is proper, note that if 15 € |JJ, then 15 € J for some J € J, but then
B =J e J C P, which contradicts our definition of P as a collection of
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proper ideals. This shows that | JJ is a proper ideal, and hence an element
of P.

It is now immediate that |JJ is an upper bound for J: J C |JJ for
all J € J. Thus, we have verified that P satisfies the hypothesis of Zorn’s
lemma, so there is a maximal element M € P. This means that M is a
proper ideal of B that contains I and is not contained in any other proper
ideal containing I. However, since M contains I, it cannot be contained in
any proper ideal not containing I either. Thus, M is a maximal ideal and we
have proved (i).

For (ii), let M C B be a maximal ideal. We will show that M (the closure
of M in B) is a proper ideal. Since M C M, maximality of M will then imply
that M = M.

The closure of any subspace is a subspace by continuity of addition.
Similarly, the closure of an ideal is an ideal by continuity of the product. To
see this, let m € M and b € B. Choose a sequence (m,) C M such that
m, — m. Continuity of the product gives bm,, — bm and m,b — mb. Since
M is an ideal, we have (bm,,), (m,b) C M, so their limits, mb and bm, are in
M. This shows that M is an ideal.

We now show that M is proper, i.e. M # B. We first note that no
element of a proper ideal can be invertible: if m € M is invertible, then
b= (bm™1)m € M for all b € B, so M = B. If we had M = B, then we could
find a sequence (m,,) C M such that m,, — 1z. But any element of the open
unit ball centered at 15 is invertible (Proposition , so then M would
contain invertible elements. The fact that M is proper therefore prevents
M = B.

We have now shown that M is a proper ideal, so M = M by maximality
of M, as remarked at the beginning of our argument. It remains to show that
B/M = C as Banach algebras.

We claim that every nonzero element of 5/M is invertible. For now, let
a € B be arbitrary. Using the fact that B is commutative, it is simple to
verify that Ba = {ba : b € B} is an ideal in B. Moreover, the sum (as vector
spaces) of two ideals is clearly an ideal, so M + Ba is an ideal as well.

An element a + M € B/M is nonzero precisely when a ¢ M, so assume
now that a ¢ M. Then, Ba ¢ M, because a = 1ga € Ba. Thus, M + Ba
is an ideal of B properly containing M. By maximality of M, we must
have M + Ba = B. This means that there exists some b € B and m € M
such that m + ba = 1z. But then (b4 M)(a + M) = 1z + M = 1g/m. By
commutativity of B (and hence B/M), this shows that the arbitary nonzero
element a + M € B/M is invertible, which is what we wanted to show.

By Corollary 2.1.20} it now follows that B/M = Clgu, so clearly B/M =
C as Banach algebras. m
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2.1.23 Definition (Characters and the spectrum of an algebra). Let B be a
commutative Banach algebra. An algebra homomorphism p: B — C is called
a character on B. We write Mg for the set of all characters on B and call it
the spectrum of B.

The following lemma clarifies the relation between the spectrum of an
algebra and the spectra of its elements. Once it has been proved, the Gelfand
representation and its properties will follow without much effort.

2.1.24 Lemma. Let B be a commutative Banach algebra. Then, the following
statements are true.

(i) For any a € B, we have that
o(a) = {ula) : p € Mg} = Mg(a).
In particular, Mg is nonempty.

(ii) Characters are continuous and
Mp ={r € B\{0} : 7(ab) = 7(a)7(b) for all a,b € B}.
In fact, |p|| =1 for all p € Msg.
Proof. We begin with (i). Let p € Mp. If b € Inv(B), then u(b) # 0 because

1= p(lg) = p(0b™") = pb)u(d™).

Let now a € B. Since pu(u(a)lg —a) = 0, the element p(a)lg — a cannot be
invertible, so Mp(a) C o(a). The opposite inclusion, which we now wish to
show, is less obvious.

Let a € B be nonzero (c(0) = {0} = Mz(0) is trivial) and fix A € o(a).
We will construct a character p such that u(a) = .

Since Alg — a is not invertible, the ideal B(Als — a) is proper, because
none of its elements are invertible (by Lemma[2.1.3| on inverses and products).
By Lemma[2.1.22] B(Alz —a) is contained in a maximal ideal M and there is
an algebra isomorphism ®: B/M — C. The quotient map ¢: B — B/M is an
algebra homomorphism, so the composition = ® o g: B — C is a character
on B.

Since Kerq = M and ® is an isomorphism, Ker u = M. Finally, since
(Mp—a) € B(Alg—a) C M = Ker p, we have u(Ag—a) =0,s0 A = pu(a) €
Mg(a). Since A € o(a) was arbitrary, we have shown that o(a) C Mg(a),
which concludes the proof of (i).
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For (ii), we first note that if 7 € B*\{0} and 7 preserves the product, then
it preserves the unit. This happens because

7(1g) = 7(15) = 7(15)°

and the only complex numbers which square to themselves are 0 and 1, so we
must have 7(15) = 1, for otherwise 7 = 0. With this in mind, elements of
B*\{0} are characters if and only if they preserve the product, so the equality

Mp = {7 € B\{0} : 7(ab) = 7(a)7(b) for all a,b € B}

follows if we can show that characters are bounded, i.e. that Mz C B*.

Fix any u € Mpg. By point (i) we have p(a) € o(a), so |u(a)] < r(a) < ||all
by Theorem [2.1.19] This shows that ||u|| < 1. Since p(15) = 1, we must have
||| = 1, which concludes the proof. ]

Let B be a Banach algebra and consider B* with the weak* topology. The
weak™® topology is just the topology of pointwise convergence, so we have that

T, > 7inB" <<= 7,(a) >7(a)inCforalaechB

for all sequences (and nets) (7,) C B and 7 € B*. If we fix some 7 € B*, the
sets

Wlar,...,anse) = {7 € B* : |7(a;) — 7'(a;)| <efor 1 <j < N} (2.4)

(for all N € Ny, ay,...,ay € B* and € > 0) form a local base at 7.

Having identified the spectrum My as a subset of B*, we may equip it
with the subspace topology (w.r.t. the weak™ topology). From now on, we
will always assume that Mp is equipped with this topology. In other words,
convergence in Mp is precisely pointwise convergence.

2.1.25 Proposition (The spectrum is compact Hausdorff). Let B be a com-
mutative Banach algebra. Then, its spectrum Mg is compact and Hausdorff.

Proof. The weak* topology on B* is Hausdorff, so My is Hausdorff (this
claim follows quite easily from consideration of the sets in Equation )

The Banach-Alaoglu theorem (Theorem tells us that the closed
unit ball in B* is compact in the weak™ topology. Closed subsets of compact
sets are compact, so if we can show that Mg is closed in B* (and hence in
the closed unit ball of B*), then we are done. The fact that M is closed in
B* is very simple to show if one is familiar with nets. For the benefit of a
potential reader who is not, we give an alternate proof.
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Suppose 7 € B* is in the closure of Mp. Let a,b € B and fix any € > 0.
Since 7 € Mp, its neighborhood W (a, b, ab; €) must intersect Mpg. Thus,
there is some character u € Mg N W, (a,b,ab;€). But then

|7(ab) = 7(a)7(b)| < |7(ab) — p(ab)| + |p(a)p(b) = 7(a)7(b)|
< e+ |p(a)u(b) — m(a)p®d)] + |7(a)u(b) — (a)7(b)]
= e+ |p(a) = 7(a)[|u(®)] + [7(a)[|u(b) — (b)]
< e(l+]u®)| + |r(a)])
< e(1+ 1Bl + [7(a)l).

where we used ||p|| =1 in the last step (see Lemma [2.1.24)). Since € > 0 was
arbitrary, we must have 7(ab) = 7(a)7(b). Since W.(15;¢€) is a neighborhood
of 7 for any € > 0, we similarly find that 7(15) is arbitrarily close to 1, so
that 7(15) = 1. Thus, 7 € Mp.

We have now shown that My contains it closure, so it must be closed. By
the second paragraph of the proof, we are done. O

We motivated our investigation of characters with the following observation.
If X is a compact Hausdorff space, then ev,: C(X) — C is an algebra
homomorphisms for each x € X. Thus, in order to realize a commutative
Banach algebra B as an algebra of the form C(X), it would be wise to
investigate algebra homomorphisms p: B — C. We have now built a compact
Hausdorff space out of such algebra homomorphisms, namely its spectrum
M.

In the example of C'(X), we can think of a function f € C(X) as an
evaluation on evaluations. That is, for every f € C(X), we have a map

evp:{evy,:x e X} = C
ev, — evy(evy) = evy(f) = f(x).
This is the idea behind the Gelfand representation.

2.1.26 Theorem (The Gelfand representation). Let B be a commutative
Banach algebra. Then, the evaluation map

ev: B— C(Mp)
a > (eve: g eva(p) = p(a))
1s a norm-decreasing algebra homomorphism. Moreover,
o(a) = evo(Mp) and r(a) = [levall
for all a € B.
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Proof. We first show that the evaluation map is well-defined, which amounts
to showing that evaluation at a € B is a continuous map on Mp. This is
immediate using nets, but we will give an alternate argument.

Let u € Mg, let € > 0 be arbitary and let B(u(a),e) C C denote the open
ball of radius e centered at p(a) = evy(u). We will show that the preimage of
this ball under ev, is a neighborhood of p, which means that ev,: Mg — C
is continuous. This is immediate, for

v, (Bleva(p), €)) = {1 € Mg : eva(i) = p'(a) € B(u(a),€) }
= {1 e Mg : |pla) — p'(a)] < e} = Wyla;e) N M

is a neighborhood of p in Mg.
For any a € B, we find that

levalloo = sup {leva(p)] : € Mg} < sup {{lullllall : p € Ms} = |al]

since ||p|| = 1 for all u € Mp (Lemma [2.1.24)). This shows that the evaluation
map ev: B — C(Mp) is norm-decreasing. The fact that ev(1z) = evy, =
1()(/\48) and that

evap(p) = p(ab) = p(a)p(b) = eva(p)eve(u) = (evaeve)(u)

for all p € Mp and all a,b € M shows that it is an algebra homomorphism
as well (linearity should also be shown, but this is even simpler).

In Lemmal[2.1.24 we proved that o(a) = {u(a) : 4 € Mg}. The claim that
o(a) = evy,(Mp) is just different notation for this fact, since p(a) = ev,(u).
The claim that r(a) = ||ev,||o is now just a matter of recalling definitions:

r(a) =sup {|\: A € a(a)} =sup {|A] : X € evo(Mp)} = [levy ||
This concludes the proof. O

As we have remarked, the Gelfand representation need not be injective;
its kernel clearly consists of those b € B for which o(b) = {0}. Another
shortcoming is that ev(B) need not be closed in C'(Mp), so our representation
of B need not be a Banach algebra. We will eventually see that both of these
problems are remedied if the commutative Banach algebra in question is a
C*-algebra.

This is not that to say that the Gelfand representation in the general
setting of Banach algebras is not important or profound. Indeed, there are
deep ties to Fourier theory. We recommend Deitmar and Echterhoff [11] for
further exploration.
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2.2 | C*-Algebras

We are now fully prepared to explore the wonderful world of C*-algebras. As
in the previous section, we are mainly following Murphy [23].

2.2.1 The Very Basics of C*-Algebras

Let H be a Hilbert space and consider the Banach algebra B(H) equipped
with the involution given by the adjoint. For any T' € B(H ), we have that

IT||* = sup [Tv|* = sup (T"Tv,v) < || 7T < || 77|17,

[vll<1 [vll<1

and so ||T|| < ||T*||. Applying this to T™* gives ||T*| < ||T**|| < ||T||, so we
must have ||T'|| = |[|T%||. We now find that

|71 < |77l < 1T IIT) = TP,
and so | T*T|| = || T||*

2.2.1 Definition (C*-algebras). A Banach algebra A equipped with an
involution x: a + a* satisfying

la*a|| = ||a|* forallac A (2.5)
is said to be a C*-algebra. Condition ({2.5)) is called the C*-equality.

There is some redundancy in our definitions: normalization of the unit is
superfluous, since 0 # 14 and ||14]| = ||1%1.4]] = ||1.4]|* by the C*-equality.

The C*-equality is extremely powerful, for it not only relates the algebraic
structure of a C*-algbera to its norm (as submultiplicativity does), but it
implies that the norm is uniquely determined by the algebraic structure.
A fantastic consequence of this, as we will see, is that injective x-algebra
homomorphisms between C*-algebras must be isometric.

The manner in which the algebraic structure determines the norm is part
of Lemma Before we state it, we introduce some basic terminology for
distinguished elements of x-algebras and C*-algebras. The inspiration from
Hilbert space theory should be clear.

2.2.2 Definition. Let A be a x-algebra. An element a € A is called
e normal if aa™ = a*a.

*

o unitary if aa* = 14 = a*a, ie. if a™! = a*.



2.2.1. The Very Basics of C*-Algebras 51

e self-adjoint if a* = a.

Let A be a x-algebra. Then, any a € A can be written as a = a; + ias,
where a; and ay are self-adjoint:

a+a* w a—a*
a= ) .
2 21

We will use this on a couple of occasions.

2.2.3 Lemma (Basic properties of C*-norms). Let A be a C*-algebra. Then,
the following statements are true.

(1) If a € A is self-adjoint, then ||a|| = r(a).

(ii) There is no other norm on the x-algebra A with respect to which it is a
C*-algebra.

(i1i) The involution is an isometry: we have ||a*|| = ||a|| for all a € A.

Proof. For (i), let a* = a € A. Then, ||a®|| = ||a||* by the C*-equality. Since
any power of a is self-adjoint, we can use induction to show that [|a®"|| = |la|*"
for all n € N. By our formula for the spectral radius (Theorem [2.1.19)), we
obtain

r(a) = lim fJa"[|V" = lim [|a*|['*" = lim [Jal| = [la],
n—oo n—oo n—oo
as desired.
For (ii), assume that || - ||’ is a (possibly different) norm on A which turns

it into a C*-algebra. For any a € A, the element a*a € A is self-adjoint, so
(i) implies that

(lall)* = lla*all" = r(a*a) = |la*a]| = ||a]*

(recall that the spectral radius is defined purely in terms of the algebraic
structure on A and makes no reference to the norm). Thus, || - ||"= || - ||.

For (iii), let a € A be any nonzero element. The C*-equality and submul-
tiplicativity of the norm gives

lall* = lla*all < lla*[[llall, so flall < [la*l.
The same result applied to a* instead of a gives ||a*|| < ||a™| = ||al|, so we
must have ||a|| = ||a*||, which concludes the proof. O

We now define a class of Banach algebras with involutions which are not
necessarily C*-algebras, but for which the involution is an isometry.
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2.2.4 Definition (Banach *-algebras). A Banach algebra B equipped with
an involution x: a — a* is a Banach x-algebra if ||a*|| = ||a|| for all a € B.

By point (iii) of the lemma we just proved, all C*-algebras are Banach
*-algebras. We have now defined three kinds of algebras with deceptively

simple names. We summarize our definitions in Table and then provide
some examples.

Table 2.1: Central structures, listed in decreasing order of generality.

Structure Compatibility condition
Banach algebra Banach space  Submultiplicative norm
and algebra and normalized unit

Banach x-algebra Banach algebra Isometric involution
with involution

C*-algebra Banach algebra C*-equality ( =
with involution isometric involution)

2.2.5 Example (C*-algebras and Banach x-algebras). See Example [2.1.15
for the underlying Banach algebra structures.

e The Banach algebra C with the involution given by complex conjugation
is a C*-algebra.

e Let H be a complex nonzero Hilbert space. Any closed subalgebra of
B(H) that is also closed under the taking of adjoints is a C*-algebra
(where the involution is given by the adjoint).

e Consider the Banach algebra C'(X) of continuous functions on a compact
Hausdorff space X. This is a C*-algebra with the involution given by
pointwise complex conjugation. For f € C(X), we will denote the
pointwise complex conjugate of f by either f or f*.

e The convolution algebra ¢!(Z) with the involution defined by
a*(n) =a(-—n) foralln € Z and a € (*(Z)

is not a C*-algebra (the C*-equality does not hold), but it is a commu-
tative Banach x-algebra.

Whenever we refer to C, B(H) or C'(X) as C*-algebras, these are always the
structures we will have in mind.



2.2.1. The Very Basics of C*-Algebras 53

The following proposition begins to reveal the convenience of having a
norm determined by algebraic structure.

2.2.6 Proposition. Let B be a Banach x-algebra, let A be a C*-algebra and

let ®: B — A be a x-algebra homomorphism. Then, ® is norm-decreasing.
In particular, *-algebra homomorphisms between C*-algebras are norm-

decreasing and *-algebra isomorphisms between C*-algebras are isometric.

Proof. Let b € B. By point (iii) of Lemma [2.1.9] we have o(®(b*b)) C o(b*b)
and hence r(®(b*b)) < r(b*b). Thus,

1R@®)]* = [[@®) @(B)]| = r(®(bb)) < r(bb) < [Ib°b]| < [Ib"[[lb] = lIb]*,

where the second equality follows from point (i) of Lemma and the
second inequality follows from Theorem on spectra in Banach algebras.
This proves that ® is norm-decreasing.

By what we have already shown, a x-algebra isomorphism ®: A — B
between C*-algebras (which are Banach x-algebras) must both be norm-

decreasing and have a norm-decreasing inverse, so |la| = [|[®71®(a)| <
|®(a)|| < |la|| for all a € A. Thus, such algebra isomorphisms are isometric.
O]

This result makes it clear that x-algebra isomorphisms are the correct
notion of isomorphisms for C*-algebras — we obtain isometry for free! We
may refer to the presence of a x-algebra isomorphism ®: A — A’ between
C*-algebras by saying that A = A" as C*-algebras.

We now investigate the spectra of distinguished elements in a C*-algebra.
We will use the symbol T to denote the unit circle in C.

2.2.7 Proposition. Let A be a C*-algebra.
(i) If a € A is unitary, then o(a) C T.
(i1) If a € A is self-adjoint, then o(a) C R.

Proof. We begin with (i). Let a € A be unitary, i.e. a* = a~'. By point (ii)
of Lemma [2.1.9, we have A\ € o(a) if and only if A™! € o(a™!). Now, the
C*-equality gives ||al|? = ||a*a|| = ||14]] = 1, so we have

r(a) <lla] =1 and r(a™") =r(a") < [la’]] = [la]] =1

by Theorem [2.1.19| and the fact that the involution is isometric.
Let now A € o(a). Since A™! € o(a™'), we obtain both [A\| < r(a) =1 and
A7 < r(a™t) = 1, which gives |A| = 1. This shows that o(a) C T.
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For (ii), let a € A be Self—adjoint i.e. a* = a. Since ia and —ia trivially
commute, we have e“e™ = e = 14 and e "¢ = 14 (see Lemma [2.1.16)).
That is, (e'*)~! = 7. Since the involution is an isometry, it is also continuous,
SO

() = (fﬁ %) 5 <%> S s

n=0 n=0 n=0

This shows that €™ is unitary. By (i), we now know that o(e’®) C T.
For any A € C, we have

. , . . (@ — )\1
elAlA — el — 6”‘(1',4 _ ez(a—)\lA — e Z A
= i@ — A1)
_ (az 2 )(MA_@.
n=1

In the last step, we could just as well have written A1 4 — a to the left of the
sum, so A\l 4 — a commutes with the sum. By Lemma [2.1.3| on inverses and
products, we see that if A1 4 — a is not invertible, then e*1 4 — €’® cannot be
invertible either. In other words: if A € o(a), then ¢ € o(¢) C T. Thus,
we must have o(a) C R, which is what we wanted to show. O

We now consider C*-subalgebras.

2.2.8 Definition (C*-subalgebras). Let A be a C*-algebra. A C*-subalgebra
C of A is a x-subalgebra C C A that is closed.

C*-subalgebras of a C*-algebra A are of course precisely those subalgebras
of A which are C*-algebras in their own right (with the norm and involution
restricted from A).

Let now C be a C*-subalgebra of A. Since the spectrum of an element
is defined with respect to invertibility in the C*-algebra containing it, an
element ¢ € C C A will have one spectrum with respect to C and a potentially
different spectrum with respect to A. We will denote these spectra by o¢(c)
and o 4(c), respectively.

Clearly Inv(C) C Inv(.A) NC, for an inverse of ¢ € C in C is an inverse of ¢
in A as well. Thus, for any A € C and ¢ € C, we have that

Myg—c¢Inv(A) = Ay —c¢ Inv(C).

This shows that o4(c) C o¢(c) (recall that 1 = 14 by our definitions). We
will now see that these spectra in fact must be equal. This means that we
are free to drop the subscripts going forward.
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2.2.9 Proposition (Spectral permanence). Let A be a C*-algebra and let
C C A be a C*-subalgebra of A. Then,

Inv(C) =Inv(A)NC and oc(c) = oalc) forall c € C.

Proof. Assume first that ¢ € C is self-adjoint. We will show that o¢(c) =
o4(c). As noted before the proposition, o4(c) C o¢(c) is immediate from the
observation that Inv(C) C Inv(A) NC. We will show that oc(c) C o4(c) by
contraposition.

For any t € R, self-adjointness of ¢ implies that

(t + %) lg—celnv(C) forall n € Ny, (2.6)

for otherwise the non-real number t + i/n would be in o¢(c), which cannot
happen since o¢(¢) C R (Proposition [2.2.7)). If t ¢ o4(c), then t14 — ¢ is
invertible in A, and by continuity of the inverse we see that

-1

<(t+%>1,4—c) — (tlA—c)fl in A as n — oo.

The sequence on the left is in C by Equation . Since C is closed, we can
conclude that (t14 —c¢)~! € C. This shows that ¢ ¢ oc(c) whenever t ¢ o 4(c),
so oc(c) C ou(c).
We have now shown that o¢(c) = g 4(c) for all self-adjoint ¢ € C. The next
step is to show that Inv(.A) NC C Inv(C), so that these sets must be equal.
Let ¢ € Inv(A) NC. Then,

(o) (cHe™)) =1a= (¢ (")) (c"c), socceInv(A).

Now, c¢*c is a self-adjoint element of C, so we know that o¢(c*c) = o4(c*c) by
the previous part of the proof. Since

cfcelnv(A) <= 0& o4(c’c) and c'ceInv(C) < 0¢ oc(cc),
we obtain ¢*c € Inv(C) from ¢*c € Inv(.A). Finally, we have
c((cFe)™'e*) = e(cHe ™)) =1a= ((c'e) '),

so ¢! = (¢*¢)7te* € C (since (¢*c)™' € C and ¢* € C). This concludes the
proof that Inv(A) NC = Inv(C).
For any ¢ € C and A € C, the fact that Inv(.A) NC = Inv(C) gives

Mg—cg¢Inv(C) <= Ayu—cé¢Inv(A),

so o¢(c) = o4(c), which concludes the proof. O
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2.2.2 The Continuous Functional Calculus

In this subsection, commutative C*-algebras will be denoted by C and general
C*-algebras by A. We will always specify our assumptions, but this should
make the text more transparent. We have already seen that x-algebra isomor-
phisms between C*-algebras are isometric (Proposition , but we will
nevertheless speak of “isometric isomorphisms of x-algebras” for emphasis.
We begin by revisiting the Gelfand representation in the case that our
commutative Banach algebra is a C*-algebra C. Recall that we have defined
characters on C to be algebra homomorphism p: C — C. The following lemma
shows that characters on C must be x-algebra homomorphisms as well.

2.2.10 Lemma. Let C be a commutative C*-algebra and let u € Mc be a
character on C. Then, pu preserves the involution:

u(c?) = ple) forallceC.

Thus, characters on (commutative) C*-algebras are x-algebra homomorphisms.

Proof. Let ¢ € C and write ¢ = ¢; + icy with ¢; and ¢y self-adjoint (see the
paragraph following Definition [2.2.2)). We know that p(c;) € o(c;) C R and

p(ea) € o(c2) C R (Lemma [2.1.24] and Proposition [2.2.7)). Since ¢* = ¢ — icy,

we find that

p(c”) = pler) —iplea) = pler) +ipez) = pler +ica) = p(e),
which is what we wanted to show. O

2.2.11 Theorem (The Gelfand representation). Let C be a commutative
C*-algebra. Then, the Gelfand representation

ev: C — C(M¢)
¢ (eve: i eve(p) = p(c))

is an isometric isomorphism of x-algebras.

Proof. We already know that ev: C — C(M¢) is an algebra homomorphism
by Theorem [2.1.26l We need to show that it preserves the involution and
that is isometric and bijective.

Let ¢ € C. By Lemma [2.2.10, we have

eve () = p(c") = p(c) = eve(p) = (eve)"(n) for all p € M,
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S0 ever = (ev.)*, which shows that ev preserves the involution. To see that

it is isometric, we use the C*-equality and the fact that r(c*c) = ||evee|oo
(Theorem [2.1.26)):
el = lle*ell = r(c*e) = lleverclloo = Il(eve)*evelloo = llevellz.

As an isometry between complete spaces, ev is injective and its image
is closed. If we can show that its image ev(C) is dense in C'(M¢), then
it must be surjective, which will conclude the proof that is is an isometric
isomorphism of x-algebras.

To conclude that ev(C) is dense in C'(M¢), we appeal to the Stone-
Weierstrass theorem (Theorem . The Stone-Weierstrass theorem applies
because ev(C) is a x-subalgebra of C'(M¢) such that

e cv(C) separates points of Me: as functions on C, u and p' are distinct
if and only if they differ on an element of C.

e ev(C) vanishes at no point of C: evy (1) = pu(le) = 1 # 0 for all
we Me.

This concludes the proof. O
We now turn to the continuous functional calculus.

2.2.12 Definition (The C*-algebra generated by a set). Let A4 be a C*-
algebra and let S C A be a subset. The C*-algebra generated by S is the

smallest (w.r.t. inclusion) C*-subalgebra of A containing S. It is denoted by
C*(S). We will write C*(a) == C*({a}) for all a € Af]

The C*-algebra generated by S C A equals the intersection of all C*-
subalgebras of A containing S. It always exists, as A is a C*-subalgebra
of itself containing any of its subsets, and an arbitrary intersection of C*-
subalgebras is a C*-subalgebra. These claims are straightforward to verify.

Let A be a C*-algebra and let a € A be a normal element. Then,

C*(a) =spang{a™(a*)™ € A: (n,m) € Ny x Ny}, (2.7)

because the closed span on the right hand side is a C*-subalgebra of A
containing a, and any C*-algebra containing ¢ must contain this closed span.
Note that this is a commutative C*-algebra (by normality of a).

6As our C*-algebras are unital, 1 4 € C*(a) by definition. When working with nonunital
C*-algebras, what we are calling C*(a) would be denoted by C*(1.4,a) and C*(a) would
carry a different meaning.
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The continuous functional calculus refers to an identification of C*(a)
with the C*-algebra C(o(a)) of continuous functions on the spectrum of a.
The Gelfand representation identifies C*(a) with C(Mc=(q)). To obtain the
continuous functional calculus, we will identify M¢-(4) and o(a) as topological
spaces. The following lemma provides the link.

2.2.13 Lemma. Let C be a commutative C*-algebra that is generated by a
single element a € C. Then, (the corestriction ofﬂ evaluation at a,

eva|” @ Me — a(a)

= p(a),
1s a homeomorphism.

Proof. We will write ev, instead of ev,|”® for the duration of this proof.
From the construction of the Gelfand representation for commutative
Banach algebras (see Proposition and Theorem [2.1.26]), we know that
M, is compact, that ev, is continuous and that ev,(M¢) = o(a).
We now show that ev, is injective. Suppose that pu, u’ € C are such that
p(a) = evy(p) = evy(p') = p'(a). This implies that pu(a*) = p/(a*) (Lemma
and we know that p(1le¢) =1 = 1/(1¢). Now, since

C = C*(a) =spang{a™(a*)™ € C: (n,m) € Ny x Ny},

continuity of 1 and p’ implies that u = p'.

We have now shown that ev, is a continuous bijection of the compact
space M onto o(a). This is enough to conclude that ev,! is continuous, as
the following argument shows.

Let E C Mg be any closed set. As a closed subset of a compact space, E
is compact, so by continuity of ev,, the set

((eve)™) (E) = eva(E)

is compact and hence closed in o(a) (compact subsets of Hausdorff spaces
are closed). Thus, the preimage by ev, ! of any closed set is closed, so ev,*
is continuous. This show that ev, is a homeomorphism and concludes the
proof. O]

"We have defined evaluation at a as the map ev,: M¢ — C. We have seen that
eve(Mec) = o(a), so we are free to restrict the range of ev, to o(a). This is called
corestriction (restriction of range) and is what is meant by the notation ev,|?(®).
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For a continuous map F': X — Y between topological spaces, we define
the transpose of F' to be the map

F': C(Y) — C(X)
f=F(f)=foF.

In words, F* is simply precomposition with F.

2.2.14 Lemma. Let X and Y be compact Hausdorff spaces. If F: X —Y
is a homeomorphism, then F': C(Y) — C(X) is an isometric isomorphism
of x-algebras.

Proof. The fact that F* is a x-algebra homomorphism requires only straight-
forward verifications like

F'(fg)(@) = (f9)(F(x)) = f(F(x))g(F(2))
= F'f(z)F'g(z) = (F'f)(F'g))(z) forall z € X;

we omit the rest. Since
(F Y oF)(f)y=foFoF '=f forall feC(Y),

we have (F71)' o F' = Id¢(yy. Similarly, F* o (F71)" = Id¢(x). Thus, F" is
bijective and hence an isomorphism of x-algebras. Since C'(X) and C(Y") are
C*-algebras, F*' must be isometric (Proposition [2.2.6)). O

We now obtain the continuous functional calculus simply by putting the
pieces together.

2.2.15 Theorem. Let C be a commutative C*-algebra that is generated by a
single element a € C, and let ev: C — C(Mc) be the Gelfand representation.
Then, the map

T, = ev o (ev,[7@)t C(o(a)) = C
e evi(foevy|7™)

is an isometric isomorphism of x-algebras. Moreover, if z: o(a) — C denotes
the inclusion of o(a) into C, then I'y(2) = a.

Proof. The evaluation map ev: C — C(Mc) is an isometric isomorphism of
x-algebras by Theorem [2.2.11] Combining Lemma [2.2.13] with Lemma
implies that (ev|”®)t: C(o(a)) — C(My) is an isometric isomorphism of
x-algebras. The composition I', = ev™' o (ev,|?®)* is then an isometric
isomorphism of x-algebras as well.
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Finally, if 2: 0(a) — C denotes the inclusion, then z o ev,|”® = ev,, so
To(2) = ev iz 0evy|"@) = evl(ev,) = q,
which concludes the proof. O

2.2.16 Corollary (The continuous functional calculus). Let A be a C*-
algebra and let a € A be a normal element. Then, there is an isometric
*-algebra isomorphism

[y C(o(a)) = C*(a)
such that Ty(2) = a.

Proof. If a is normal, then C*(a) is commutative (see Equation (2.7]) and the
surrounding discussion). By spectral permanence (Proposition [2.2.9)) we have
0c+(a)(@) = 04(a), so Theorem [2.2.15| with C = C*(a) gives the result. O

In the situation of the corollary, we will write
f(a) = To(f) for any f € C(o(a).
This is sensible, because we can think of I', as the identification of
C(o(a)) =spang{z"z" € C(o(a)) : (n,m) € Ny x No}

(see Corollary [A.1.2)) with
C*(a) = spang{a”(a*)™ € A: (n,m) € Ng x Ny}

obtained by mapping a — z (and consequently a* — Z). It is the map
[y: C(o(a)) = C*(a) (potentially followed by the inclusion C*(a) — A) that
is referred to as the continuous functional calculus at a.

We now give a characterization of f(a) which will be useful in proving the
next result.

2.2.17 Lemma. Let A be a C*-algebra, let a € A be a normal element and
let f € C(o(a)). Then, f(a) is the unique element in C*(a) such that

u(f(a)) = f(ua))  for all p € Mes(a).
Proof. This is just a matter of unwrapping our definitions. Recall that
[,: C(o(a)) — C*(a) is defined by the composition
C(O’(CL)) — C(Mc*(a)> — C*(CL>
f —  foev,|7@
g — ev i(g).
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This means that I', maps f € C(o(a)) to the unique (by bijectivity) element
fla) =T,(f) € C*(a) such that

€Vf(a) = fo eVa|J(a) c C(MC*(Q))
This is precisely the statement that u(f(a)) = f(u(a)) for all p € Mes(q). O

The following result shows that the continuous functional calculus interacts
nicely with compositions and spectra.

2.2.18 Theorem (The spectral mapping theorem). Let A be a C*-algebra,
let a € A be a normal element and let f € C(o(a)). Then,

o(f(a)) = f(o(a)), and (gof)(a)=g(f(a))

for all g € C(a(f(a))).

Proof. By Lemma [2.1.24] and spectral permanence (Proposition [2.2.9)), we

have o(f(a)) = {u(f(a)) : p € Mc=@)} and o(a) = {p(a) : p € Me=@}. By
Lemma [2.2.17, we now find that

o(f(@) = {f (1(a)) : 1 € Mewiw} = £ (0(a)).

For the other assertion of the theorem, note that C*(f(a)) C C*(a) because
f(a) € C*(a). Moreover, f(a) is normal, for both f(a) and f(a)* = f(a) are
contained in the commutative C*-algebra C*(a). By Lemma g(f(a))
is the unique element in C*(f(a)) such that

(9(f(a) = g(u(f(a)) forall u € Mc-(f)-

Since every character on C*(a) restricts to a character on C*(f(a)), this
means that g(f(a)) € C*(f(a)) C C*(a) satisfies

1(g9(f(a)) = g(u(f(a))) = g(f(u(a))) = (go f)(u(a)) for all p € Mc-(q)

(where we have used Lemma [2.2.17| applied to f for the second equality). But
(go f)(a) is the unique element in C*(a) such that u((go f)(a)) = (go f)(u(a))
for all u € Mc+(q), so we must have g(f(a)) = (go f)(a). O

Finally, we show that the continuous functional calculus interacts nicely
with x-algebra homomorphisms. Note that our notation is somewhat sloppy
with regard to restrictionsf]

8This will often be the case when working with the continuous functional calculus.
Restrictions of continuous functions are continuous, so this leads to no harm.
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2.2.19 Proposition. Let &: A — A’ be a x-algebra homomorphism between
C*-algebras and let a € A be a normal element. Then, ®(a) is normal, any
feC(a(a)) restricts to f € C(o(P(a))), and we have

®(f(a)) = f(®(a))
for all f € C(o(a)).

Proof. The calculation ®(a)*®(a) = ®(a*a) = P(aa*) = P(a)P(a)* shows
that ®(a) is normal. We know that o(®(a)) C o(a) (point (iii) of Lemma
, so the claimed restriction poses no problems.

By the Stone-Weierstrass theorem, we can find a sequence (p,,) of polyno-
mials in z and Z such that p, — f uniformly on o(a) (see Corollary [A.1.2).
The continuous functional calculus at a is continuous (even isometric), so we
have p,(a) = f(a) in A.

Since ® is an algebra homomorphism, we have ®(p,(a)) = p,(®(a)) for all
n € N. We know that ® is norm-decreasing and hence continuous (Proposition

®(f(a)) = @(lim p,(a)) = lim ®(p,(a)) = lim p,(®(a)

Finally, if p, — f uniformly on o(a), then p, — f uniformly on o(®(a)) C
o(a) as well. Thus, we find that p,(®(a)) = f(®(a)) in A" by continuity of
the continuous functional calculus at ®(a). This gives ®(f(a)) = f(P(a)) and
concludes the proof. O

2.2.3 Positive Elements

In Proposition we showed that any self-adjoint element in a C*-algebra
has a spectrum consisting entirely of real numbers. We now consider those
self-adjoint elements whose spectra consists entirely of nonnegative numbers.

2.2.20 Definition (Positive elements). Let A be a C*-algebra. An element
a € A is called positive if a is self-adjoint and o(a) C [0,00). We will write
a > 0 to signify that a is positive and we will denote the set of all positive
elements in A by A™.

If C is any (not necessarily commutative) C*-subalgebra of A, then ¢ € C
is positive in C if and only if it is positive in A, because of spectral permanence
(Proposition [2.2.9).

In analogy with the complex numbers (where o(A) = {\} for all A € C, so
that A > 0 carries the usual meaning), positive elements have unique positive
square roots.
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2.2.21 Proposition (Square roots of positive elements). Let A be a C*-
algebra. Then, for any a € A", there exists a unique element b € A' such

that b* = a. We write a*/? = b and call b the positive square root of a.
Moreover, a'/? € C*(a).

Proof. Fix a € AT. We first show that the condition that b € A" satisfies
b?> = a determines b uniquely. Define sq: [0,00) — C and sqrt: [0,00) — C
by sq(A) = A? and sqrt(A) = vA. Then, sq(b) = b* = a. Since o(sq(b)) =
o(a) C [0,00), we have sqrt € C(o(sq(b))). The spectral mapping theorem

(Theorem [2.2.18]) now gives
b = (sqrt o sq)(b) = sqrt(sq(b)) = sqrt(a) = I'y(sqrt).

This means that any b > 0 such that > = a must be the result of applying
the continuous functional calculus at a to the square root function, which
proves uniqueness.

We now show existence. We have sqrt € C(o(a)), and the continuous
functional calculus at a gives

(sart(a))® = (Ta(sart))® = Tu(sqrt®) = Tu(z) = a

as well as sqrt(a)* = sqrt(a) = sqrt(a). Finally, the spectral mapping theorem
gives o(sqrt(a)) = sqrt(o(a)) C [0,00), so b = sqrt(a) is a positive element
which squares to a, as desired, and we clearly have b € C*(a). ]

We now collect a handful of simple but useful results regarding positive
elements.

2.2.22 Lemma. Let A be a C*-algebra and let a € A. Then, the following
statements are true.

(i) If a* = a and ||t14 — al| < t for some t € R, then a > 0.
(i1) If a > 0, then, for allt € R: t > |la|]| = |[t1la —al| < t.
(11i) The sum of two positive elements is positive.

(iv) If a is normal and f € C(o(a)), then:

fla)>0in A < f>0inC(o(a)) < f(o(a)) C[0,00).

(v) If a > 0, then ||a|| € o(a).

(vi) If a* = a, then we can write a = ay — a_, where ay,a_ € A" and
ara_ = 0.
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Proof. In both (i) and (ii), we are assuming that a is self-adjoint, so we
are free to apply the continuous functional calculus at a, and we know that
o(a) C R by Proposition [2.2.7]

If there exists some ¢t € R such that ||[t14 — a|| < ¢, then (letting ¢
denote the constant function at ¢) we have ||t — z||oc <t in C(o(a)), since
the continuous functional calculus is an isometry. For this to be true, the
inclusion z: o(a) — C cannot take negative values, so o(a) C [0, 00), which
proves (i).

For (ii), suppose that a > 0 and let ¢t € R. We have o(a) C [0, ||al|] by
Lemma [2.2.3] so if ¢ > ||al|, then ||t — 2| < ¢ in C(co(a)). Thus, ¢ > ||al]
implies that ||t14 — a|| < t by isometry of the continuous functional calculus.

For (iii), let a,b € A*. Then,

[llallLa —af| < llall and [[[[bl14 = b]| < o]
by (ii). We now have (a + b)* = a + b and
[(lall + 18114 = (a + b)|| < |[llallta = afl + [[Ioll1a = bf| < llall + (18]I

so a+b >0 by (i), which proves (iii).
For (iv), let a be normal and f € C(o(a)). It is quite immediate that

flo(a)) C[0,00) <= f >0 in the C*-algebra C(o(a)). (2.8)

To see this, note that f(o(a)) = o(f) (see point (iii) of Example and
that f* = f = f if f(o(a)) C [0,00).

By the spectral mapping theorem (Theorem [2.2.18)), we have o(T,(f)) =
o(f(a)) = f(o(a)) = o(f), so the continuous functional calculus I', preserves
spectra. As a x-algebra homomorphism, it also preserves the involution, so it
is now immediate that it preserves the positivity condition (in both directions).
Thus, I, (f) = f(a) > 0 if and only if f > 0 in C(c(a)), which concludes the
proof of (iv).

For (v), the facts that

o(a) C [0,00), o(a)is compact and 7r(a)=||all

(Theorem[2.1.19/and Lemma [2.2.3)) together imply that ||a|| € o(a). To see this,
choose a sequence (A,) C o(a) such that |A,| = r(a) = ||a||. By compactness,

there is a convergent subsequence () C o(a) such that lim, ., A/, € o(a),
and we must have A/, — ||a]| since o(a) C [0,00). This gives (v).

For (vi), the fact that a* = a implies that o(a) C R (Proposition [2.2.7).
We can write the inclusion z: R — C as z = z, — z_, where

zy =max{0,z} and z_ = max{0,—z}
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are continuous functions on R. We then have z,(o(a)) C [0,00) and
z_(o(a)) C [0,00) as well as 2z, z_ = 0. Define

ar =T4(zy) =24(a) and a_ =T4(2-) = z_(a).

By (iv), we have a; > 0 and a_ > 0. Finally, since I', is an algebra
homomorphism, we have a = a, —a_ and a,a_ = 0, which concludes the
proof. O

The following theorem is of great importance.
2.2.23 Theorem. Let A be a C*-algebra. Then, a*a > 0 for all a € A.

Proof. Fix any a € A. By point (vi) of Lemma [2.2.22] we can write a*a =
(a*a)y — (a*a)- with (a*a)4, (a*a)—- > 0 and (a*a)y(a*a)- = 0. We wish to
show that (a*a)_ = 0, for then a*a = (a*a); > 0.
Set b := a(a*a)-. We will show that b*b = 0, and then explain why this
implies that (a*a)_ = 0. We find that
b*b = (a*a)_a*a(a*a)- = (a*a)_((a*a); — (a*a)_)(a*a)- = —(a*a)?

(2.9)

Since o((a*a)_) C [0,00), we have —b*b = (a*a)® > 0 by point (iv) of Lemma
2.2.22 and hence o(b*b) = —o(—b*b) C (—00,0].

Write b = by + by with by and by self-adjoint (see the paragraph following
Definition [2.2.2). Then, b* = b; — iby, and we find bb* + b*b = 2b% + 2b3 by
multiplying out. Now, b3 = T'y (2?) > 0 and b3 = T',(2%) > 0 by point (iv)
of Lemma[2.2.22] Since sums of positive elements are positive (point (iii) of

Lemma [2.2.22]), this gives
bb* = 2b7 + 203 + (—b*b) > 0.

By point (i) of Lemma [2.1.9] we have o(bb*) U {0} = o(b*b) U {0}, so bb* > 0
gives o(b*b) C [0, 00).

We have now shown that o(b*b) C (—o0,0] N [0,00) = {0}. Since b*b
is self-adjoint, we have ||b*b|| = r(b*b) = 0 (Lemma [2.2.3)), so b*b = 0. By
Equation (2.9), we now see that (a*a)? = 0. By the continuous functional
calculus, this means that 2% and 0 are equal as functions on o((a*a)_), so
o((a*a)_) = {0}. This gives (a*a)_ = 0 by the same reasoning that we
just used for b*b. This concludes the proof, for we have now shown that
a*a = (a*a)y > 0. O

We can now give an alternate description of positive elements, which does
not appeal to spectra. This is an important result that we may use without
reference.
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2.2.24 Corollary (Alternate description of positivity). Let A be a C*-algebra.
Then, At = {a*a:a € A}.

Proof. By Theorem [2.2.23) {a*a : a € A} C AT. Conversely, let a € AT. By
Proposition [2.2.21] there is a unique b € A" such that a = b* = b*b. This
gives the other inclusion, so A" = {a*a : a € A}. O

Let A be a C*-algebra. By combining the fact that a*a € A" for alla € A
and the fact that every positive element has a unique positive square root,
we can define absolute values: for any a € A we write |a| := (a*a)'/? and call
la| the absolute value of a.

We can also use the set A" to define a partial order on the set of all
self-adjoint elements in A, which we now introduce a symbol for:

A ={a e A:a" =a}.

By a partial order, we mean a relation that is reflexive, antisymmetric and
transitive.

2.2.25 Proposition (The partial order on Ag,). Let A be a C*-algebra. For
a,b € As,, we will write a > b to signify that a — b € A*. Then, the relation
> is a partial order on As,.

Moreover, for any a,b,c € As, and t € [0,00), the following implications
are true.

(i) a>b = a+c>a+c
(i) a>b = ta>1b
(iii) a>b = —b> —a

Proof. Let a,b,c € As,. We have a —a = 0 € AT, so > is reflexive. If
a—be A" and b—a € AT, then o(a — b) C (—00,0] N [0,00) = {0}. Thus,
|la —b|| = r(a—b) =0 (Lemma [2.2.3) and so a = b. This shows that > is
antisymmetric. If a—b € A" and b—c € A*, then a—c = (a—b)+(b—c) € A,
since the sum of positive elements is positive (Lemma [2.2.22). This shows
that > is transitive and concludes the proof that > is a partial order on As,.

Properties (i), (ii) and (iii) are immediate: (i) follows from a — b =
(a+c)—(b+c); (ii) follows from the fact that a—b € A* implies t(a—b) € A";
(iii) follows from a — b = (=b) — (—a). O

We now prove some less obvious properties of this partial order.

2.2.26 Proposition. Let A be a C*-algebra and let a,b € As,. Then, the
following statements are true.
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(i) If a > b, then c*ac > c*be for all c € A.
(ii) We have ||a||14 > a. Moreover, if a > b >0, then ||a|| > ||b].
(iii) If a > b >0 and a,b € Inv(A), then b=' > a=! > 0.

Proof. We begin with (i). If a —b € AT, then a — b has a positive square root
(Proposition [2.2.21]), and we find that

(a—b)e=((a— b)l/Qc)*((a —b)2c) >0,

which proves (i).

For (ii), we have o(a) C [—||a|, ||a]|] by Lemma [2.2.3} so ||a| — z > 0 in
C(o(a)). Thus, ||lal|la —a > 0 by point (iv) of Lemma [2.2.22] so we obtain
lal1s > a.

Assume now that a > b > 0. We have ||la|[14 > a > b, so ||a]|14 —b > 0.
By points (iv) and (v) of Lemma [2.2.22] we have [ja|| — z > 0 in C(o(b)) and
||b]| € o(b). This gives ||a|| — ||b]] > 0, which concludes the proof of (ii).

We now turn to (iii). By Proposition[2.2.9] we have Inv(C*(b)) = Inv(A)N
C*(b), so since b is invertible in A, its inverse is in C*(b). By the continuous
functional calculus at b, it is now clear that b > 0 implies b~! > 0 (see point
(iv) of Lemma. Thus, b~! has a positive square root b=1/2 € C*(b™') C
C*(b) which commutes with b. We now have

b—1/2ab—1/2 > b—l/be—1/2 _ 1.,4

by (i). Note that (b='/2)~' = b'/2, since (z7/2)~! = 2/2 in C(o(D)).
Consider now the element ¢ := b='/2ab~'/2. This is self-adjoint, invertible
and satisfies ¢ > 1 4. This means that z > 1 in C(o(c)), so z is invertible in

C(o(c)) and 1 > 271, Thus, 14 > ¢! by point (iv) of Lemma [2.2.22, This
means that

1A > et = (Y 2ab~V2) 7t = /2 1pt2,
from which another application of (i) gives
b*l _ b*1/21Ab71/2 > a/fl.

The fact that a=! > 0 follows by the same reasoning that we used to conclude
that b1 > 0 in the previous paragraph. This concludes the proof. O

We will close this section with an alternate characterization of positivity
when our C*-algebra is an algebra of operators on a Hilbert space. To prove
it, we need a simple lemma from the theory of Hilbert spaces. Our inner
products are linear in the first entry.
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2.2.27 Lemma. Let H be a complex Hilbert space with inner product (-, -)
and suppose that T' € B(H) satisfies

(Tv,v) =0 forallv e H.
Then, T = 0.
Proof. Our assumption on 7' gives
0=(T(wv+w),v+w)=(Tv,w) + (Tw,v) forall v,w e H,
and so
2(Tw, w) = (Tv,w) + (Tw,v) +i((Tv,iw) + (T(iw),v)) = 0+i0 =0

for all v,w € H. With v € H arbitrary and w = T, this gives |[|[Tv|]* =
(Tw,Tv) = 0,50 T = 0. 0

2.2.28 Proposition. Let H be a complex Hilbert space with inner product
(-,-) and let T € B(H). Then,

T>0inB(H) <= (Tv,v)€0,00) forallve H.

Proof. The forward implication is easy: if T > 0, then T" has a positive square

root in B(H) (Proposition [2.2.21]), so
(Tv,v) = (TY?*)v,v) = (T2, TV = | TY*||> >0 forallv e H.
For the converse, assume that (T'v,v) € [0,00) for all v € H. Then,

(T —T")v,v) = (Tv,v) — (T"v,v) = (Twv,v) — (Tv,v) =0 forallve H,

so we have T' = T* by Lemma [2.2.27] Thus, o(T") C R (Lemma[2.2.7)), so it
suffices to show that tIdy — 7" is invertible in B(H) whenever ¢ < 0, for then
o(T) C [0, 00).

Let t < 0. We first show that tIdy — T is injective. For this, it suffices to
show that there is some constant C' > 0 such that

|(tIdg — T)v|| > Cljv|]| and all v € H. (2.10)
We find that
I(t1d = T)vll[loll > (T = tldg)v, v) = (Tv,v) = tl|v]|* > [¢][Jv]|*

since (T'w,v) > 0 and ¢ < 0. This gives Equation (2.10|) with C' = |¢|.
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We now show that tIdy — T is surjective. It is clearly self-adjoint. Now, if
v € (S(H))* for some self-adjoint S € B(H), then 0 = (S(Sv),v) = (Sv, Sv),
so v € Ker(S). Thus, we see that

((t1dy — T)(H))" C Ker(tldy — T) = {0}.

By Equation (2.10)), the range of tIdy — T is closed[] As a closed subspace
whose orthogonal complement is {0}, (tIdy — T)(H) = H, so tldg — T is
surjective.

We now know that tIdgy — T' is bijective. It is always the case that a
bounded linear bijection on a Hilbert space has a bounded inverse, but we
need not rely on this powerful result here: if we let w € H be arbitrary and
set v = (tIdy — T)'w in Equation (2.10)), we obtain

|wl|| > C||(tIdg — T) 'wl|| for all w € H,

so (tIdg — T)~! is bounded, which concludes the proof. O

2.2.4 Ideals and Quotients of C*-Algebras

In the general theory of C*-algebras, where units are not assumed to exists,
the results of this subsection are typically proved by way of approximate
units. Approximate units are instances of nets, a notion we have avoided in
order to make the treatment as accessible as possible.

The following lemma affords us with “local approximate units” in the form
of sequences; these will be sufficient for our purposes. This is the approach
taken by Arveson |2, Section 1.3]. This subsection is largely based on his
exposition.

2.2.29 Lemma. Let A be a C*-algebra. Suppose that I C A is a closed ideal
of A and that a € I. Then, there ezists a sequence (e,) C I such that:

(1) e, is self-adjoint and o(e,) C [0,1] for all n € Ny,
(11) lim,_, e,a = a.

Proof. We first assume that @ > 0. Then, o(a) C [0,00), and we are free to
apply the functional calculus at a.
Define a sequence (fy,)nen, € C(o(a)) by

fn(t> =

nt if0<t<1/n
1 if1/n <t

9If a sequence ((tldg — T)v,,), is Cauchy, then so is (v,), and if v,, — v, then we have
(tldg — T)v, — (t1dg — T)v € (tIdyg — T)(H) by continuity.
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and let e, = f,(a) for all n € N;.

Fix any n € N;. We will show that e, € I. Since f,(0) = 0, there is
a sequence of polynomials (p,,) without constant terms such that p,, — f,
uniformly on the compact set o(a), which is precisely the statement that
Pm — [n in C(o(a)). We have (p,,(a)) C I since a* € I for all integers k > 1
(a € I and I is an ideal). Now, p,,(a) — fu.(a) in A by continuity of the
functional calculus at a, so e, = f,(a) € I since I is closed.

Now, f, is real-valued, so e = f,(a)* = f.(a) = f.(a) = e,, proving that
e, is self-adjoint. Moreover, we have o(e,) = o(f.(a)) = fu.(o(a)) by the
spectral mapping theorem (Theorem [2.2.18)). Since f,(c(a)) C [0,1], we get
o(en) C [0, 1].

We now show that ae,, — a in A. Consider the functions

gn(t) = t(l — fn(t)) € C(o(a)) forn e Nj.

For arbitrary n € N;, we have ¢,(0) = 0 and g,(t) = 0 for all ¢ > 1/n.
For 0 <t < 1/n, we have g,(t) = t(1 — nt). Differentiating shows that g,
(which is always positive) has a global maximum at ¢ = 1/(2n) and that
g(1/(2n)) = 1/(4n). Thus, ||gnllec < 1/(4n). Since the continuous functional
calculus is an isometry, we find that

1
la = aeql = [la(la = fa(a))]l = llgn(a)l] = llgnlloo < ;- — 0

as n — 0o. This concludes the proof in the case that a € I is positive.

For a general a € I, we have a*a € I and a*a > 0. We can therefore
find a sequence (e,) C I of self-adjoint elements with o(e,) C [0, 1] such
that (a*a)e, — a*a. Note that ||e,|| = r(e,) < 1 (Lemma [2.2.3]). Now, the
C*-equality gives

la — aeall” = fla(La — e)[2 = (14 — en)a’a(la — e,)]
< 2l|(a"a)(La — ea)]|

so (a*a)e, — a*a implies that ae, — a, which concludes the proof. O

If we want to form quotient C*-algebras, we clearly need to quotient
out closed x-ideals. The following propositions shows that closed ideals of
C*-algebras are x-ideals by default.

2.2.30 Proposition. Let A be a C*-algebra and let I C A be a closed ideal.
Then, I is a *-ideal of A.

Proof. Let a € I. We need to show that a* € I. By Lemma [2.2.29 we can
find a sequence (e,) C I of self-adjoint elements such that e,a — a. Now, we
have (e,a)* = a*e, € I since e, € I. Moveover, (e,a)* — a* by continuity of
the involution, so a* € [ since [ is closed. O
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2.2.31 Theorem (Quotients of C*-algebras). Let A be a C*-algebra and let
I C A be a closed ideal. Then, the quotient algebra A/I equipped with the
quotient norm and the involution (a+ I)* = a* + I is a C*-algebra.

Proof. By Proposition [2.1.21] on quotients of Banach algebras, we already
know that the algebra A/I equipped with the quotient norm is a Banach
algebra. Appealing to Proposition [2.2.30] it is straightforward to check that
the involution on A/I is well-defined and indeed an involution; we omit the
details. The only remaining verification is the C*-equality.

Define

E:={eecl:e" =cando(e) Cl0,1]}
We claim that
la+ 1|l :=inf{|la+c|:c€ I} =inf{|la—ael :ec E} (2.11)

for all @ € A. Since E C I, we have —ae € [ for all e € F, which gives the
inequality < between the infima above. For the opposite inequality, fix a € A
and ¢ € I. Using Lemma [2.2.29] fix a sequence (e,) C E such that ce, — c.

Note that any e € F satisfies (14 —e) =1—o(e) C [0, 1] by the spectral
mapping theorem (Theorem and hence |14 —e|| =r(lg—e) <1by
Lemma [2.2.3] Submultiplicativity now gives [|(a + ¢)(14 — e,)|| < ||a + ¢|| for
all n € N, and hence:

la+c|| > liniinf l(a+c)(1a—en)l
= liminf ||a(1l4 —e,) + c(1a —en)]|
n—oo
= liminf ||a(14 — e,)|| > inf ||a — ae, ||,
n—00 n>1

where the transition to the last line follows from the fact that ¢(14 —e,) — 0
by our choice of (e,) C E. Since ¢ € I was arbitrary, this shows that

inf {[la+¢|| : c €I} >inf{|la —ael| : e € E},

so we have now proven Equation (2.11]).
Applying Equation (2.11]) to a and a*a, we obtain one inequality of the
C*-equality:
la+ 1|2 = inf {|la(lqa—¢€)||* : e € E}
= inf {||(14 — e)a*a(ls —€)|| : e € E}
<inf {|la*a(ls—e€)||: e € E} = |la*a+ I,
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where we again have used the fact that |14 —e| < 1 for all e € E.
Finally, the inequality we just proved, along with submultiplicativity, gives

la+ 13 < lla*a + Illy = l[(a+ D)*(a+ Dlly < lla” + Ilglla+ I,

so |la+I|, < |la* + I||, (assuming a + I # I; the C*-equality is trivial for
the zero-element). Another application of submultiplicativity now gives the
remaining inequality:

la*a + Illy < lla™ + Illglla + ]y < la+ |

Thus, the quotient norm satisfies the C*-equality and we are done. O

We now come to the long promised result that injective x-algebra homo-
morphism between C*-algebras are necessarily isometric.

2.2.32 Theorem. Let ®: A — A’ be an injective x-algebra homomorphism
between C*-algebras. Then, ® is isometric.

Proof. By Proposition [2.2.6] we already know that ® is norm-decreasing.
That is, ||®(a)| < |la] for all a € A. We will show that if there is some a € A
such that ||®(a)|| < ||a||, then ® cannot be injective. The result then follows
by contraposition: ® injective = ||®(a)|| > ||a|| for all a € A.

Suppose that [|[®(a)| < [la]|. We know that both a*a and ®(a*a) =

P (a)*®(a) are positive (Theorem [2.2.23)). Invoking Lemma [2.2.3) we find that

o(a*a) C [0,7] with r :=r(a%a) = ||la"all
and o(®(a*a)) C [0,s] with s :=r(P(a*a)) = ||P(a*a)|.

Our assumption, along with the C*-equality, gives s < r:
s = ®(a*a)|| = [@(a)|* < [la]* = [la*al| = 1.

Let f: R — C be a continuous function such that f(r) = 1 and f(t) =0
whenever |t —r| > 1 — s > 0. We have r = ||a*a|| € o(a*a) by point (v) of
Lemma , so this means that f|s(a=a) 7# 0, wWhile f|o(@(a=a)) = 0.

The continuous functional calculus is injective, so we now have f(a*a) # 0
and f(®(a*a)) = 0. By Proposition 2.2.19 we have ®(f(a*a)) = f(®(a*a)),
so 0 # f(a*a) € Ker ®. Thus, ® is not injective, which is what we wanted to
show. O

We will now see that the first isomorphism theorem holds for C*-algebras.
Indeed, the assumption of the theorem is purely algebraic: it states that
if the domain and target of any x-algebra homomorphism happen to be
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C*-algebras, then the isomorphism afforded by the algebraic isomorphism
theorem is necessarily an isometric isomorphism between C*-algebrasm

2.2.33 Theorem (The first isomorphism theorem for C*-algebras). Let
&: A — A be ax-algebra homomorphism between C*-algebras. Then, Ker ®
is a closed ideal of A, ®(A) is a C*-subalgebra of A', and the map

$: A/ Ker® — ®(A)
a+ Ker ® — ®(a)

is an (isometric) x-algebra isomorphism between C*-algebras. In particular,
A/ Ker ® = &(A) as C*-algebras.

Proof. Using the fact that ® is a x-algebra homomorphism, it is straightfor-
ward to check that Ker ® is a *-ideal of A, that ®(A) is a x-subalgebra of
A’ and that ® is an isomorphism of x-algebras; we omit the details. This
amounts to the first isomorphism theorem for x-algebras (which we chose to
mention but not state in Subsection .

Continuity of ® (Proposition implies that the ideal Ker ® C A is
closed, so the quotient A/ Ker @ is a C*-algebra by Theorem [2.2.31] The
only remaining verification is that the x-subalgebra ®(A) C A’ is closed (and
hence a C*-subalgebra of A" and a C*-algebra in its own right), for then d is
isometric by Proposition [2.2.6

Consider now the canonical map ®,: A/ Ker & — A’ induced by &, i.e.
®: A/Ker® — ®(A) followed by the inclusion ®(A) — A’. By the last
two paragraphs, ®,: A/ Ker & — A’ is an injective x-algebra homomorphism
between C*-algebras, so by Theorem [2.2.32 it is an isometry.

This means that ®(.A) is closed, for if (®(a,)) C P(A) is a Cauchy sequence
(and hence convergent in A’), then

() — D(ay)| = [[Dy(a + Ker &) — b, (a, — Ker @)
= ||(ay, + Ker ®) — (a, — Ker ®)||,

shows that (a, + Ker ®) is a Cauchy sequence in the C*-algebra A/ Ker ®,
and hence convergent, say with limit a + Ker ®. Continuity of ®, now implies
that
lim ®(a,) = lim ®,(a, + Ker®) = ®,(a + Ker &) = &(a) € &(A).
n—oo

n—o0

This concludes the proof that ®(A) is closed and hence the proof as a
whole. []

10This is quite incredible: there is no analogous result for Banach algebras, even if require
the algebra homomorphism to be norm-decreasing in the first place (its image need not be
a Banach space). This is another reflection of the fact that the norm of a C*-algebra is
entirely rooted in its algebraic structure.
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2.2.5 The Gelfand-Naimark Theorem

Before we conclude our discussion of C*-algebras, there is one more founda-
tional result we wish to establish, namely the Gelfand-Naimark theorem. We
have motivated C*-algebras as an abstraction of certain algebras of bounded
operators on Hilbert spaces. In particular, we have seen that for a Hilbert
space H, closed subalgebras of B(H) which are also closed under the taking
of adjoints are C*-algebras (Example [2.2.5). These are C*-algebras we un-
derstand particularly well, given the well-developed theory of Hilbert spaces.
The Gelfand-Naimark theorem states that any C*-algebra can be realized as
a C*-algebra of this form.

The Gelfand-Naimark theorem is a result that belongs to the representation
theory of C*-algebras. A proper introduction to representation theory would
take us too far afield, so we only introduce those parts of the theory that we
will need in order to properly state and prove this result.

2.2.34 Definition (Representations of C*-algebras). Let A be a C*-algebra.
A representation of A is x-algebra homomorphism ®: A — B(H), where H
is a Hilbert space.

Whenever we refer to a map ®: A — B(H) as a representation, it should
be implicitly understood that A is a C*-algebra and that ® is a representation
of A.

2.2.35 Definition (Unitary equivalence). Two representations ®;: A —
B(H,) and ®y: A — B(H,) are said to be unitarily equivalent if there exists
a unitary transformation U: H; — H, such that

$y(a) = UPy(a)U*  for all a € A. (2.12)
We will write ®; ~ ®, to signify that ®; and ®, are unitarily equivalent.
Equation (2.12) is equivalent to the statement that the diagram

H1L>H2

o4 (a)l l@z (a)

H1T>H2

commutes for every a € A. Unitary equivalence is clearly an equivalence
relation among the representations of A[M]

HThe class of all Hilbert space does not form a set, so neither do the representations
of A. Thus, unitary equivalence is not a relation on a set. The point is that the usual
conditions which define an equivalence relation hold for any three representations ®;, ®,
and ®3. The same situation arises when considering isomorphism as an equivalence relation
among e.g. groups or vector spaces.
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Suppose now that we have a representation ®: A — B(H) and fix any
nonzero h € H. We then obtain a linear map

h: A— C

ar— (®(a)h, h). (2.13)

We will quickly sketch how to realize the orbit of h, i.e. the vector-subspace
®(A)h = {P(a)h € H:a € A} C H,

as a vector space quotient of A. We will also reconstruct the inner product
and the maps ®(a) (restricted and corestricted to ®(A)h) on this quotient,
and we will see that the only information we really need for all of this is the
map Tp.

First of all, note that ®(A)h is the image of the linear map 7: A — H
defined by T'(a) = ®(a)h. Thus, the linear map

T: A/KerT — ®(A)h
a+KerT — T(a) = ®(a)h

is an isomorphism of vector spaces. We can use this isomorphism to transfer
the inner product and the maps ®(a) on ®(A)h to A/ KerT. For any a,b € A,
we find that

(a+KerT,b+ KerT) = (®(a)h, ®(b)h) = (®(b*a)h,h) = 7,(b*a) (2.14)

and, with ®'(a) .= T~'®(a)T,
®'(a)(b+Ker T) = T ®(a) (®(b)h) = T~ (®(ab)h) = ab+ Ker T. (2.15)

We see that 0 = T'(a) = ®(a)h if and only if 0 = (P(a)h, P(a)h) =
(®(a*a)h, h) = m,(a*a). This means that

KerT = {a € A: m(a*a) =0},

so indeed, the map 7, is all we need to define KerT' and construct the
quotient A/ KerT. Moreover, Equation shows that the inner product
on A/ KerT depends only on 73, and Equation shows that the maps
®’(a) depend only on the algebraic structure of \A.

If we are given only the map 73, this construction allows us to recover
part of the representation ®, namely the part corresponding to the orbit of A.
The inner product space A/ Ker T' = ®(A)h need not be complete (the inner
product need not induce the quotient norm), so in order for ¢’ to become an
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actual representation of 4, we must extend the operators ®'(a) € B(A/ KerT)
to the Hilbert space completion of A/ Ker TF_ZI

Said another way, the only representations we can hope to fully recover
by this method are of a very particular form:

2.2.36 Definition (Cyclic vectors and representations). Let ®: A — B(H)
be a representation. A vector h € H is said to be cyclic for @ if

H =spanc{®(a)h : a € A},

and the representation ® is said to be cyclic if there is a vector in H that is
cyclic for ®.

We now define the class of functionals in A* which will turn out to
correspond to maps of the form given by Equation (2.13]), with the additional
(and harmless) condition that ||h] = 1.

2.2.37 Definition (States). Let A be a C*-algebra. A state on A is a linear
functional 7 € A* such that

(i) 7 is normalized: ||7|| = 1.

(ii) 7 is positive: T(a*a) > 0 for all a € A (or, equivalently: 7(a) > 0 for all
a€ A").

We write S(A) to denote the set of all states on \A.

Our goal now is to construct a representation from any given state
7 € S(A). This procedure is known as the GNS-construction, and the
representation we obtain is known as the GNS-representation associated to 7.
The idea is simply to follow the recipe outlined above.

We begin by showing that the map (a,b) — 7(b*a), which will become
our inner product, has some desired properties.

2.2.38 Lemma. Let A be a C*-algebra and let 7 € S(A). Then, for all
a,b € A, we have the following relations:

(i) T(b*a) = 7(a*b) (conjugate symmetry)

(ii) |7 (b*a)|? < 7(a*a)T(b*b) (the Cauchy-Schwarz inequality)

12We will assume that the reader is familiar with Hilbert space completions. However,
in Chapter [4) we will introduce a vast generalization of Hilbert spaces, and a detailed
construction of their completions can be found in Appendix E}
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Proof. We begin with (i). Let A € C be arbitrary. We find that

0 < 7((a+Ab)*(a+Ab)) = 7(a*a) + At(a*b) + A7 (b*a) + |A[*T(b*b). (2.16)
Since 7(a*a) + |A\|?>7(b*b) € R, the imaginary part of A7(a*b) + A7 (b*a) must
vanish. Now,

A=1 = 0=Im(r(a"b) +7(b*a)) = Im(7(a*d) — 7(b*a)),

A=i = 0=Im(ir(a’b) —ir(b*a)) = Re(r(a’b) — 7(b*a)),

so 7(a*b) = 7(b*a), which proves (i).
For (ii), suppose first that 7(b*b) = 0. If we let t € R and set A =t or
A =it in Equation (2.16]), we find that
0 < 7(a*a)+ 2tRe(7(b*a)) and 0 < 7(a"a)+ 2tIm(7(b%a))

for all ¢ € R. For this to be possible, we must have 7(b*a) = 0. This proves
(ii) in the case that 7(b*b) = 0. If 7(b*b) # 0, then

7(b*a) 1 2 2
D) <7(@a)+ gy (—2ArEAF + T 7o),
which after some slight rearranging gives (ii). O

We are now prepared to construct the GNS-representation associated
to a state 7 € S(A). As remarked, we will be forced to consider Hilbert
space completions. Now, Hilbert space completions are unique precisely up
to unitary transformations. Thus, different explicit constructions of Hilbert
space completions will yield different representations of A, but they will all
be unitarily equivalent. Thus, the GNS-representation associated to a state
is really defined up to unitary equivalence.

2.2.39 Theorem (The GNS construction). Let A be a C*-algebra, let T €
S(A) and define N, = {a € A:7(a*a) =0}. Then, N is a vector-subspace
of A and the map
A/N; x A/N; — C

(a+ N;,b+ N;) — 7(b%a)
is a well-defined inner product on the vector space quotient A/N,. Moreover,
the map"]

o, A— B(A/N;)
a > (@T(a) b+ N, — ab—i—NT)

13We repeat that the norm on A/N,, which defines B(A/N.), is not the quotient norm,
but the norm induced by the inner product.
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is a well-defined algebra homomorphism such that ®,(a*) = ®.(a)* for all
a€ A

Finally, if we let H, be the Hilbert space completion of A/N., then each
®,(a) € B(A/N,) extends to an operator ®.(a) € B(H,) and the map

o.: A— B(H,)
o O.(a) = D.(a)

is a representation of A. Moreover, the vector h =14+ N. € H; is cyclic
for @, and we have that 7(a) = (®.(a)h, h) for all a € A.

Proof. We will drop the 7-subscripts for the duration of this proof.

The fact that |7(b*a)|* < 7(a*a)7(b*) for all a,b € A (Lemma
implies that, for any given a € A, we have 7(a*a) = 0 if and only if 7(b*a) = 0
for all b € A. Thus,

N={aeA:7(b*a) =0 for all b € A}. (2.17)

Linearity of 7 now immediately implies that N is a vector-subspace of A.
If a € N, so that 7(b*a) = 0 for all b € A, then for any ¢ € A, we find
that 7(b*(ca)) = 7((c*b)*a) = 0 for all b € A. This means that

aceN = cacNforallce A (2.18)

We now check that the claimed inner product is well-defined and indeed an
inner product. If a+ N =d'+ N and b+ N =0+ N, thena’ —a,b/ —b € N,
so Equation (2.18) (along with Lemma [2.2.38)) implies that

r(b’a) = 7(b*a) + 7 (1"(@’ ~ a)) + 7 ((@) (b~ 1))
_T(b*a+b*(a—a) + (V' = b)*a ) ((b,)* ,)

which proves well-definition. Linearity in the first entry follows from linearity
of 7, conjugate symmetry corresponds to point (ii) of Lemma , nonneg-
ativity corresponds to positivity of 7 and nondegeneracy is immediate from
our definition of N,. Thus, the axioms of an inner product are all satisfied.

We now consider the map ®: A — B(A/N). We begin by showing well-
definition. Fix any a € A. We first need to show that ®(a) : b+ N +— ab+ N
is well-defined, but this follows immediately from Equation (2.18]):

b—bVeN = ab—al=alb-V)eN.

14Because of incompleteness of A/N,, we can’t necessarily speak of B(A/N,) as a
*-algebra, hence the clumsy formulation.
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It is clear that ®(a) is linear; we will show that it is bounded.
Fix any b € A. By point (ii) of Proposition [2.2.26) we know that ||a*a||14—
a*a > 0in A. By point (i) of the same proposition, we find that

llal[?b*b — (ab)*(ab) = b*||a*al|b — b*(a*a)b > 0.

Since T is positive, this gives 7((ab)*(ab)) < ||al|?*7(b*b), which is exactly the
statement that

(®(a)(b+ N),®(a)(b+ N)) < |la|*(b+ N,b+ N).

Thus, ||®(a)|| < ||a||, so ®(a) € B(A/N). This proves that ®: A — B(A/N)
is well-defined.

It is quite immediate that ®: A — B(A/N) is a linear map preserving
the product and the unit. With a, b, c € A, the calculation

(®(a)(b+ N),c+ Ny =7(c*(ab)) = 7((a*c)*b) = (b+ N, ®(a*)(c+ N))

shows that ®(a)* = ®(a*).

By Corollary [B.1.5] the “extension map” Ext: B(A/N) — B(H) which
maps each T € B(A/N) to its unique bounded linear extension Ext(T") :=
T € B(H) is an algebra homomorphism. Thus, ® = Ext o ® is an algebra
homomorphism as well. To see that it preserves the involution, consider any
a € Aand g,h € H, choose sequences (h,), (g,) C A/N such that h, — h
and g, — g and use continuity of the inner product on H to conclude that

@(a)h.g) = lim (@(a)h,.9,) = lm (b, D(a*)g) = (b, Ba*)g).

n—oo

This proves that ® is a x-algebra homomorphism and hence a representation
of A.

Since ®(a)(14+ N) =a+ N for all a € A, we see that ®(A)(14 + N) =
A/N,so h =14+ N is cyclic for ®. Finally, for any a € A, we find that

7(a) = 7(15a) = (a + N, 14+ N) = (®(a)h, h),
which concludes the proof. O

Having shown that cyclic representations of a C*-algebra A can be con-
structed from states on A, we now wish to show that there exists an abundance
of states on \A. To do so, we need the following characterization of states.

2.2.40 Lemma. Let A be a C*-algebra and suppose that T € A* is normalized.
Then, T € S(A) if and only if T(14) = 1.
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Proof. Assume first that 7 € S(A) and fix any a« € A. By point (ii) of
Proposition [2.2.26] we have ||a||*14 — a*a = ||a*a||14 — a*a > 0 in A, which
implies that [|a||*r(14) > 7(a*a). By the Cauchy-Schwarz inequality for
states (Lemma [2.2.38)), we now find that

()" = r(14a)* < 7(141a)7(a%a) < [la]*r(La).

Since a € A was arbitrary, this implies that 7(14) |7]] = 1. Since
7(14) < ||7|| = 1, we can conclude that 7(14) = 1.
Conversely, suppose that 7 € A* satisfies ||7|| =1 and 7(14) = 1. We will
show that 7(a) > 0 whenever a € A™.
Fix a € AT and let t € R be arbitrary. We find that

|7(itla — @) < [[itls — a|l* = ||(itla — a)*(itla — a)|| = [[t*La + a°||
< t*+ lal?

Now, since 7(itl4 — a) = it — 7(a), we see that
(t —Im7(a))® + (Re(a))” = [r(it14 — a)]* < £ + |la]®,
which after some rearranging becomes:
—2t(Im7(a)) < |al|* - (ReT(a))2 — (ImT(a))Q.

Since this holds for all ¢ € R, we must have Im7(a) = 0.
With the knowledge that 7(a) € R, we find that

lall = 7(a) = 7 (llal[1a — a) < [[llal|La — al| < ||a],

where the last inequality follows from point (ii) of Lemma [2.2.22| (and the
assumption that a > 0). This gives 7(a) > 0, so we are done. O

We now obtain the promised existence result more or less for free.

2.2.41 Proposition. Let A be a C*-algebra. Then, for any a € A, there exists
some T € S(A) such that T(a*a) = ||a||*>. Moreover, the GNS-representation
@, associated to T satisfies ||®,(a)| = ||a|.

Proof. Fix any a € A and consider the commutative C*-algebra C*(a*a) and
its spectrum M+ (4+q). By Lemma [2.1.24 we know that

o(a*a) = {p(a*a) : p € Me-(awa) }-

By point (v) of Lemma [2.2.22) we have ||a*a|| € o(a*a), so there must exist
some jt € Mcx(grq) such that p(a*a) = |la*a|| = ||a||*. Lemma [2.1.24] also
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tells us that ||p|| = 1, and we have p(14) = 1 by our definition of functionals
as algebra homomorphisms.

Now, u is a bounded linear functional on C*(a*a) C A. By the Hahn-
Banach theorem (Theorem [A.2.1)), there exists an extension fi € A* such that
|zl = |||l = 1. As 1 extends p, we have fi(a*a) = ||a]|* and fi(14) = 1. By
Lemma [2.2.40 this implies that g € S(A).

Finally, with 7 = g, let ®,: A — B(H,) be the GNS-representation
associated to 7. Then,

lall* = r(a*a) = {a + Nr,a+ N;) = [@-(a)(1a + No)[I* < [|@-(a)|l?,

because |14 + N,|> = 7(1%14) = 1. The x-algebra homomorphism ®, is
norm-decreasing by Proposition [2.2.6] so the displayed equation implies that
|a|]| = || (a)||, which concludes the proof. O

With this result, we can construct a representation ®: A — B(H) such
that any given element of A is not mapped to zero. In order to obtain an
injective representation, we will construct a direct sum of such representations.
To do this, we must consider direct sums of a possibly uncountable collection
of Hilbert spaces, so we briefly discuss this notion before stating the Gelfand-
Naimark theorem.

Given an arbitrary family {H;},c; of Hilbert spaces (meaning that [ is
an arbitrary index set), we quickly sketch how to construct their direct sum
D, Hi as Hilbert spaces. Consider their direct product [[,., H; as vector
spaces[™”| We define the subset

@Hi = {(hi)iel € HHZ : Z ||hz||2 < OO};

icl icl icl

where the sum is defined as the supremum over all finite sums. In order
for such a sum to be finite, (h;);c;r can only have countably many nonzero
componentsm By standard ¢*-norm considerations (indeed, this is just an
(*-space over a possibly uncountable set), it is now fairly straightforward to
show that @, ., H; is a vector-subspace of [[,.; H; and that

((hi)ier, (h;)jel> = Z(hia hi)-

el

el

!5This is the vector space of all maps ¢: I — (J,c; H; such that ¢(i) € H; for all i € I
with pointwise operations. We write (h;);cr to denote the map ¢ € [[..; H; satisfying
¢(i) = h; for all ¢ € 1.

16 A quick proof: If the supremum over finite sums is to be finite, then there can only be
a finite number of terms with values between 1/(n + 1) and 1/n, for any given n € Ny. For
this to hold, there can only be countably many nonzero terms.

iel
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defines an inner product on €, ; H; which turns it into a Hilbert space.
If {T;}ier is a collection of operators such that T; € B(H;) for each i € 1
and sup,; || Ti]| < oo, it is straightforward to see that we obtain an operator

D, Ti € B(@D,e, Hi) defined by

@T i zEI = (T;hi)ier.

el

Moreover, one may easily verify the identities:

EPrn) =Pr1, POT+8)=rPT.+PSs.

el iel iel iel el
PTio5)=(EPT)o(PS) and ldg_, n =D idy,
icl iel iel el

where A € C and {S;}ic; is another such collection of operators.
The proof the Gelfand-Naimark theorem is now simple.

2.2.42 Theorem (The Gelfand-Naimark theorem). For any C*-algebra A,
there exists an injective representation ®: A — B(H). By Theorem o
is then isometric and A= ®(A) C B(H) as C*-algebras.

Proof. Consider the direct sum H = @ __ S(A) H_ of Hilbert spaces, where H,

is the Hilbert space corresponding to the GNS-representation 57_1 A — B(H,)
associated to 7 € S(A). For each a € A, we know that ||D.(a)| < |al|

for all 7 € S(A) (by Proposition [2.2.6]), so we obtain a bounded operator
D. . S(A) ®.(a) on H. By our discussion prior to the theorem, the map

d: A— B(H)

a P @

TES(A)

is a x-algebra homomorphism, hence a representation of A. Finally, for each
a € A, Proposition tells us that there exists some 7 € S(A) such
that ®,(a) # 0, and this straightforwardly leads to the conclusion that this
representation is injective. 0



Chapter 3

Time-Frequency Analysis and
Gabor Analysis

In this chapter, we introduce the main subject of the thesis, which is Gabor
analysis. Gabor analysis is a subject in time-frequency analysis, which we
therefore introduce first. In many ways, time-frequency analysis is a refinement
of Fourier theory. The basic idea is to combine the time and frequency domains
(which are treated as separate entities in ordinary Fourier theory) in such
a manner that we can study the frequency content of a signal locally. We
refer to Grochenig [17] for a thorough and accessible introduction to both
time-frequency analysis and Gabor analysis; our exposition of these topics is
largely based on his book.

Subsection is a pivotal part of the thesis: it is where we outline our
main argument.

3.1 | Time-Frequency Analysis

The goal of this section is to give the reader a quick introduction to those
parts of time-frequency analysis that we will need in order to discuss Gabor
analysis properly.

3.1.1 Preliminaries

We will assume familiarity with basic Fourier theory and measure theory.
From measure theory, we will mainly need Fatou’s lemma, the monotone
and dominated convergence theorems as well as Fubini’s and Tonelli’s theorems.
To make sure that we are on the same page: by Tonelli’'s theorem, we refer
to the fact that we may freely change the order of integration as long as the

83
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integrand is nonnegative, and by Fubini’s theorem, we refer to the fact that
we may change the order of integration as long as the integrand is absolutely
integrable. The conditions for these results to hold (such as o-finiteness and
measurability) will always be trivially satisfied in our setting. There are
many great introductions to measure theory: Cohn [9] is a detailed and broad
classic; Axler [5] is a recent and very accessible introduction.

Our convention for the Fourier transform on R? will be that

Ffw)= [ ft)e?™“dt forallw e R and f € L'(RY).
Rd

Its unitary extension/restriction to L?*(R?) will also be denoted by F. For
f,g € L*(RY) we will write (f, g) for their standard inner product and f - g
or fg for their pointwise product. Inner products will be linear in the first
entry and complex conjugation will be denoted by an overline.

We will write . (R%) to denote the Schwartz space, which is the space of
all infinitely differentiable functions whose every derivative decays faster than
any polynomial. We will freely appeal to basic facts regarding . (R%), such
as invariance under the Fourier transform and the fact that .7 (R?) is dense
in L2(RY).

As for general Fourier theory, we will assume knowledge of pretty much
everything up to the Poisson summation formula (which we will prove).
Whenever we invoke such results, we will try to point them out. Everything
we need can be found in the accessible introduction [31] by Stein and Shakarchi.

3.1.2 Translations, Modulations and Time-Frequency
Shifts

The most basic operations performed on functions in time-frequency analysis
are translations and modulations. The latter is a translation of a functions
frequency spectrum, i.e. its Fourier transform. This subsection serves to
introduce these operators and their basic properties.

For any z,w € R? we define operators T, and M,, on L*(R%) by

(Tof)(t) = f(t—x) and (M,f)(t) =™ f(1),

for all t € R? and f € L*(R?). The dot denotes the standard inner product
on R%. We refer to T, as a translation operator and M, as a modulation
operator. These are unitary operators with adjoints/inverses given by

Mi=M*=M_, and T:=T,'=T_,.
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For any z = (z,w) € R?*? we further define the composition
m(2) = M,T,,

which we refer to as a time-frequency shift. In this context, we will refer to
R2? as the time-frequency plane. Thus, the time-frequency plane parametrizes
the set of all time-frequency shifts. We may also write 7(z,w) for m(z), and
whenever we write something like “(z,w) € R it should be understood
that z,w € RY,

Those parts of time-frequency analysis of relevance to us are built entirely
upon these operators, so it is their algebraic structure that shapes the subject.
We collect some basic identities in the following lemma. We will feel free to
use these properties without reference. We may on occasion refer to property
(iii) as the basic commutation relation.

3.1.1 Lemma (Basic identities). Let z = (x,w),w = (y,n) € R*. Then, the
following relations hold.

(i) T,M,, = e~ N[ T,

(ii) 7(z +w) = 2™ (2)m(w)
(i) m(2)m(w) = v 10 n(w)r(2) = 2™ (w)m(2)
(iv) m(2)" = 7m(2)"" = e 2w (—z)

In (iii), Qj refers to the standard symplectic form on R*?, as defined by
Equation (|1.4)).

Proof. The first three relations are straightforward calculations. We find that
Txwa(t) _ e27ri(tfz)-wf<t . .CI]) _ e*2ﬂix-waTxf<t)’

for all t € R and f € L*(R?), which gives (i). Noting that M, M, = M,
and T, T, = T,+,, we use (i) to find that

m(2)m(w) = M,T, M, T, = e >™"* M, M, T, T, = e ™" 1(2 + w),
which is (ii). Appealing to (ii) twice, we find that
m(2)m(w) = e TN (2 4 w) = e T (w + 2) = e T Y r (W) (2).

Noting that Q;(z,w) = w -y — n -z, we obtain (iii).
As a composition of unitary operators, 7(z) is unitary. Using (ii), we find
that

e i (—2)m(2) = 7(0) = e T r(2)m(—2).

Since 7(0) = Id 2(ra), we see that 7(z)* = w(2)"! = e ™1 (—z), which
gives (iv) and concludes the proof. O
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The following lemma verifies that modulations are translation of a functions
frequency spectrum.

3.1.2 Lemma. For all z,w € R?, we have that
FT:c:M—xfa FMw:wav

as well as Fr(z,w) = e*™“1(w, —x)F.

Proof. Let f € .7(RY) and n € R%. We find that
FT,.f(n) = f(t —z)e ™ dt = f(s)e 2misralndqs = M_, Ff(n)
R4 Rd
and that

FM.f(n) = / M f(t)e At = Ff (n — w) = TLF f(n).
Rd

For any f € L%*(R%), we can choose a sequence (f,) C .#(R?) such that

fn — fin L*(RY). Appealing to continuity of all the operators involved, we

then find that

FI,( lim f,) = lim FT,f, = lim M_,Ff, = M_,F( lim f,),
n—oo n—oo n—oo n—oo

so that FT,f = M_,Ff. By a similar calculation, FM, f =T, Ff as well.
This proves the displayed relations of the lemma.
Finally, using what we have proved, we find that

Fr(r,w) = FM,T, = T,M_,F = ™ “M_,T,F = ¥ “x(w, —x)F,
which completes the proof. O

Before we move on to the next topic, there is one more class of operators
we wish to introduce. We define

U(z) = My Ty M, /s = e ™rr(z)  for z = (z,w) € R*.

These are known as Heisenberg- Weyl operators. They can be thought of as
“symmetrized” time-frequency shifts; a compromise between T, M, and M,T,.
Heisenberg-Weyl operators occur naturally in quantum mechanicsH For more
on this topic, we refer the reader to de Gosson |15, Chapter §].

In time, we will find that Heisenberg-Weyl operators are more convenient
than time-frequenecy shifts for our purposes. Nevertheless, time-frequency

1We have chosen the symbol % mainly as a nod to this fact.
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analysis and Gabor theory is traditionally phrased in terms of time-frequenecy
shifts, so we will stick with those for now. As a sneak peek at the property
that will make Heisenberg-Weyl operators preferable, we observe that Lemma

implies that
Fi(r,w) = e ™Y Fr(r,w) = " r(w, —)F = (w, —z)F,

so that the phase factor disappears when working with Heisenberg-Weyl
operators!

3.1.3 The Short-Time Fourier Transform

We now introduce the short-time Fourier transform (the STFT for short).

3.1.3 Definition. Let f,g € L*(RY). We define the short-time Fourier
transform of f with window g to be the function V,f on R?? defined by

Vof(2) = (f.m(2)g) = F(f - Tug)(w) for z = (z,w) € R*.
We will also write V, f(z) =V, f(z,w).

The STFT V, f is a complex-valued function on the time-frequency plane.
As the rightmost expression suggest, for fixed x € R? we can think of
w — Vyf(x,w) as a Fourier transform of a weighted version of f. If g is a
Gaussian centered at the origin, then f -7T,g represents a “snippet” of f in
the vicinity of z € R?. Taking its Fouier transform gives us information about
the frequency spectrum of f in the vicinity of x. Thus, the STFT allows us
to obtain localized frequency information about f. The variable x represents
the location at which we wish to probe f.

We may think of the STFT operationally in the following manner. First,
pick a window function g € L*(R?), which will be our “probe”. Then, apply
the entire time-frequency plane worth of operators to g in order to produce
the set

{n(2)g: 2 € R*} ¢ L*(RY) (3.1)

consisting of time-frequency shifted version of our probe. We can now study
an arbitrary function f € L?(RY) by considering its “components” with
respect to this set. If we fix z and let w vary, the components (f, 7(x,w)g)
represent the frequency content of f in the vicinity of x (assuming that g is
localized near the origin). Of course, some probes will obscure our original
signal more than others; much of Gabor theory is concerned with finding
suitable probes/windows.
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We will now develop some basic properties of the short-time Fourier
transform. We begin by exploring the interplay between the STFT, time-
frequency shifts and the ordinary Fourier transform. Grochenig refers to the
first property of the following lemma as the covariance property of the STFT
and to the second as the fundamental identity of time-frequency analysis. The
latter shows that the Fourier transform is related to a 90 degree rotation of
the time-frequency plane (which seems natural, as it should exchange the
roles of time and frequency).

3.1.4 Lemma. Let f,g € L*(RY). Then,
(i) (Vom(y,n)f)(z,0) = e 2"V, fla —y,w — 1)
(ii) V,f(z,w) = e Ve, F f(w, —7)
for all (z,w), (y,n) € R,
Proof. Freely using the basic identities of Lemma we find that

(m(y,mf, m(z,w)g) = (f,7(y,n)7(z,w)g)
— (f, e (—y, —p)7(z,w)g)
= (. e~ 2w W (z — y,w — 19)
= e (f (g w — n)g).

Recalling the definition of the STFT, we obtain (i). The fact that F is unitary,
along with Lemma [3.1.2 implies that

(f,m(@,w)g) = (Ff, Fr(z,w)g) = (Ff, e “n(w, —z)Fg),
which proves (ii). O

For any f,g € L*(R?), the ability to evaluate V, f at points is immediate
from its definition (in contrast to the Fourier transform of an L?(R?)-function).
The following lemma shows that V, f is uniformly continuous as a function
on the time-frequency plane.

3.1.5 Proposition. Let f,g € L*(R?). Then, V,f is uniformly continuous
on R4,

Proof. We first show that the function R¢ — L?(R?) defined by z + T,g is
uniformly continuous (with respect to the Euclidean norm on R?). Our proof
of this fact imitates the proof given by Rudin [29, Theorem 9.5 on p. 182].
Fix any ¢ > 0 and choose a continuous function § with compact support
that moreover satisfies ||g — G|l < €. This can always be done, as such
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functions are dense in L?(RY). For any r > 0 and t € R%, let By(r) C R?
denote the closed ball of radius r centred at ¢ and let |B;(r)| denote its volume.

Let R > 0 be such that supp(g) C Bo(R). A continuous function with
compact support is uniformly continuous, so there exists some § € (0, R) such
that, for all z,y € RY,

€

<
| Bo(3R)|'/?

le =yl <o = lg(x) = 9(y)|

Assume from now on that x,y € R satisfy ||z — y|| < d. Since, in particular,
|z —y|| < R, we find that

supp(T,g — T,,g) C B,(R) U By(R) C B,(3R). (3.2)

The last two displayed equations imply that
2

_ € _
| Bo(317)]

:67

I = T3l = [ 1t =) = it ~ ) < |B.(3R)
which (along with our choice of §) gives:

1Teg = Tyglls < I Teg = Tagll2 + Teg = Tyglla + 1 Tyg — Tyl
=2llg = gll2 + (T> — T,)gll2 < 3e.

This proves that for any € > 0, we can find some ¢ > 0 such that ||[x—y|| < 0
implies that ||7,g — T,¢||2 < €. In other words, the map x + T}, ¢ is uniformly
continuous. Since g € L*(RY) was arbitrary, the same result applies to the

function Ff € L?(R%). Lemma implies that
(T = Tog) Ffllz = [[F (Moo = M_y) fll2 = [[(M—oy = M_p) 2,

so we also obtain uniform continuity of the map w +— M_ f.
Let now z = (z,w),w = (y,n) € R*. Then,

Vo f(2) = VoS (w)] = [{f, (MJT, = M,T,)g)|
= [{f, (M,T, — M,T, + M, T, — M,T,)g)]|
< [{f, Mu(T = T,)g)| + [(f, (M, = M) T,g)]
= [(M_of, (To = T))g)| + [{(M-os = M_y) £, T,9)]
< fll2lTeg = Tygllz + [[M—wf — My fll2[|g]l2-

Thus, uniform continuity of V, f follows from uniform continuity of the maps
x+— Tygand w— M_,f. m
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The next result we wish to prove is known as Moyal’s identity. It is
a foundational and extremely useful result. In order to derive it, it will
be convenient to have an alternate description of the STFT. The following
paragraph introduces the necessary machinery.

For any f,g € L*(RY), define their tensor product

f®g¢:R¥® - C
(z,t) — f(z)g(t) (where z,t € RY).
By Tonelli’s theorem, we find that || f®gll2 = || fll2[lgll2, hence f@g € L*(R*).

Let Fp: L?(R?*?) — L?%(R??) denote the Fourier transform with respect to the
last d variables only. That is, for any F' € L'(R?*?), we define

FoF (z,w) = / F(x,t)e 2™ dt for all (z,w) € R*,

Rd

and then extend F, to L?(R?) in the usual manner. Again, by Tonelli’s
theorem, along with the fact that the regular Fourier transform is unitary
(and that if F' € L*(R??), then F(z,—) € L*(R?) for almost every z € RY),
we find that

||]-"2F||§:/ |.7:2F(m,w)|2d(x,w):/ / |f2F(x,w)|2dwdm
R2d Rd Rd
— [ [ PP = Fpg
Rd JRd

so that F» is unitary (invertibility is also quite immediate from invertibility
of the usual Fourier transform). Finally, let T: R?*? — R2? denote the
transformation (x,t) — (¢t,t — x) and define

T': L*(R*) — L*(R*)
F—TF=FoT.

Then, T" is clearly unitary as well (it is just a coordinate transformation).
Now, for any f,g € L*(R%), we find that

(AT @ @) @) = [ (Foate— et =V, ()

so that FoT!(f ®g) = V,f P
We are now prepared to prove Moyal’s identity.

2We have been slightly sloppy with the domain of F in this paragraph. In order to be
completely rigorous, one should use approximating sequences for these calculations.
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3.1.6 Proposition (Moyal’s identity). Let fi, f2, 91,92 € L*(RY). Then,
Vi 1, Vip f2 € LA(R?*%) and we have that

ViVt = [ Vo (Vo a2 s = g o )

R

Proof. By the discussion preceding the proposition, we find that

Voo f1, Vg fo) = (FT (L @ 1), Fo T (f2 ® 52))
= <f1 @ g1, f2 ®g_2> = <f17f2><ﬁ?%>7

where the last equality is a simple application of Fubini’s theorem. O

We will now see how to recover any function in L*(R?) from its short-time
Fourier transform (w.r.t. any nonzero window). We will do this via a weak
integral, a notion we quickly introduce before stating the result.

Let H be a complex Hilbert space and let X be a measure space. We say
that a function ¢: X — H is weakly integrable if the following two conditions
are satisfied:

(i) for every k € H, the function

(p(=),k): X = C
v = (p(x), k)

is integrable (i.e. a member of L'(X));
(ii) the conjugate-linear map
H—C
k — / (p(x), k) dx
X

is bounded. A sufficient but not necessary condition for this is that
Jx llo(@)|ldz < oo.

If ¢ is weakly integrable, then the Riesz representation theorem guarantees
the existence of a unique element f € H such that

(f, k) = /X<¢(:c),k> dr forall k € H.

We then define the weak integral of ¢:

lA¢@Mx>ﬂ
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so that

</ o(z) de, k:> - / (6(z), k) for all k € H.
X b's
We are now ready to state the promised result, often referred to as the
reconstruction formula or the inversion formula.
3.1.7 Corollary. Let g, h € L*(R?Y) be non-orthogonal, i.e. {h,g) # 0. Then,
1
= — V. hd
o o IR
for all f € L*(R?).

Proof. We are weakly integrating the map ¢: R?? — L?(R?) defined by

1
o(z) = ——=V, f(z)m(2)h.
(2) = Vo ()
By Moyal’s identity (Proposition [3.1.6)), we have that
1
(f.k) = —/ Vo f(2){m(2)h, k) dz for all k € L*(R%).
<h,g> R2d

Since V, f, Vak € L*(R?*?), and hence V, f - V,k € L'(R?*?), condition (i) for
the definition of a weak integral is satisfied. This equation also immediately
implies that condition (ii) is satisfied and that the conclusion of the corollary

holds. O

There is another way to interpret the reconstruction formula, which we
now describe. Fix a nonzero window g € L?(R?) and consider the linear map
V,: L*(RY) — L*(R*)

f=Vef

By Moyal’s identity (Proposition [3.1.6)), this is a well-defined and bounded
map whose norm equals ||g|[. Consider the (suggestively named) map

Vi L*(R*) — L*(RY)
F— F(z)m(2)gdz.
R2d

Since, for every F' € L*(R*) and f € L*(R%),

(FEn(0. ) de = [ PTG = (V).

R2d R2d
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the weak integral defining V) F' is well-defined. Moreover, this shows that
(Vi F, ) = (F,V,f), which means that V; is the adjoint of V.
We can now write the reconstruction formula as follows:
1
(h, )

In particular, for any nonzero g € L*(R%), we find that the short-time Fourier
transform V, : L2(R?) — L?(R??) is injective.

Id 2 gy = ViV, forall h,g € L*(R%) s.t. (h,g) # 0.

3.2 | Gabor Analysis

We are finally prepared to introduce the main subject of this thesis: Gabor
analysis. The first subsection introduces the basic notions, the second outlines
our proposed approach to the subject, while the third and fourth will be spent
proving more subtle (though still foundational) results.

3.2.1 Gabor Systems, Frames and Associated Opera-
tors

This subsection is not based on any particular reference, but it is inspired by
Grochenig [17], Grochenig and Koppensteiner [19] as well as lecture notes by
Luef.

Before we discuss Gabor systems, we must introduce the notion of a lattice.
A lattice A C R?? is an additive subgroup of R?? of the form

A= A7 = {Ak: k € Z*'} for some A € GL(2d,R).

In this context, we will call A a lattice matriz (for A) and say that the
matrix A determines the lattice A. We also define the volume of the lattice:
vol(A) := | det A.

Distinct matrices can determine the same lattice. The following simple
lemma clarifies when this is the case.

3.2.1 Lemma (Lattice matrices). Two matrices A, B € GL(2d,R) determine
the same lattice, i.e. AZ** = BZ*, if and only if A='B € GL(2d,Z).

Proof. For any A, B € GL(2d,R), we have the following equivalences:
A7*! = B7* «— 7*' = A7'B7* «— A7'B c GL(2d,7).

The first equivalence holds because A is a bijection on R?? and the second
equivalence holds because A™!'B is additive/Z-linear (and hence additively
invertible if and only if it is bijective). O
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As a simple corollary to this lemma, we observe that vol(A) depends
only on A, meaning that it is independent of our choice of lattice matrix:
if we have AZ* = BZ*, then det B = det(A)det(A™'B) = +det A, for
A7'B € GL(2d, Z) implies that det(A™'B) = £1f]

A Gabor system for L*(R?) is a set of the form

A)={r(N)g:Xe A}

where g € L*(R%) and A C R?? is a lattice. In connection to the STFT, we
can think of this as a discrete analogue of the set in Equation . That is,
we wish to replace the entirety of the time-frequency plane with a lattice, so
that we may study the localized frequency content of a function f € L?(RY)
by considering only a countable number of components V, f(X) = (f, 7(\)g).
This is of course a prerequisite for numerical time-frequency analysis.
Gabor analysis deals with the spanning properties of Gabor systems; the
spanning properties of G(g, A) tell us how suitable g and A are for the purposes
outlined above. Whenever we refer to a “Gabor system G(g, A)”, it should be
implicitly understood that g € L*(R?) and that A is a lattice on R??.

3.2.2 Definition (Bessel sequences and Gabor frames). Let G(g,A) be a
Gabor system. We say that G(g,A) is a Bessel sequence if there exists a
constant B > 0 (called a Bessel bound) such that

S 7N < B|IfII3 forall f e LA(R?). (3.3)

AEA

Similarly, we call G(g, A) a Gabor frame for L*(R?) if there exist constants
A, B > 0 such that

AIFIE <Y KEmNGP < BIfIE forall fe LXR™).  (34)

AEA

In this situation, we refer to A as a lower frame bound and to B as an upper
frame bound for the Gabor frame G(g, A). A Gabor frame is said to be tight
if we can choose A = B, and we call it a Parseval frame if we can choose
A=B=1.

Ultimately, we wish to identify lattices A and pairs of functions g, h €
L*(R?) such that

=Y (f.( Mh  for all f e L*(RY)

A€A

3 A matrix over a commutative ring R, such as Z, is invertible if and only if its determinant
is invertible in R. The only invertible elements in Z are 1 and —1.
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(we will define such sums soon). This is a discrete analogue of the reconstruc-
tion formula (Corollary [3.1.7). In Proposition we will see that whenever
G(g,A) is a Gabor frame for L?>(R?), there is a canonical choice for h such
that this holds.

Given a Gabor system G(g,A), we can describe the passage from f to

> (fm(Nghm(Wh. (3.5)

AEA

in two steps. First, we extract the coefficients ((f, 7(A)g))rea from f, and
then we form the linear combination above. These processes are called analysis
(extracting the coefficients) and synthesis (forming a function from a set of
coefficients). They are discrete analogues of the STFT V, and its adjoint Vs
as described after Corollary We will define them properly soon.

In the Bessel condition , the sum can be defined as the supremum
over all finite sums. Alternatively, one can choose any enumeration of A and
define it as an ordinary limit. Non-negativity of the terms implies that the
enumeration doesn’t matter, as absolute convergence implies unconditional
convergence. In Equation (3.5), we are summing functions in L?(R%), so a
precise definition requires more care. We will define the infinite sum as a
limit. In general, convergence will depend on the enumeration of A. However,
we will only consider such sums when G(g, A) and G(h, A) are assumed to be
Bessel sequences, and the upcoming Lemma |3.2.4] shows that the result is
independent of the enumeration in this case.

In the following definition, #*(A) denotes the usual Hilbert space of func-
tions a: A — C (with ay := a(\)) such that [|a]|3 = > c, Jax]* < oo.

3.2.3 Definition (Analysis, synthesis and frame operators). Let G(g, A) and
G(h,A) be Bessel sequences. We define the following operators.

(i) The analysis operator:
Cr: LP(RY) — (*(A)
f= ((£m(N9)) sen-
(ii) The synthesis operator:
Di: (2(A) — L*(RY)
(@x)aer = Y aam(A)h,

AEA

where the sum is defined by an arbitrary enumeration of A (see Lemma

for well-definition).
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(iii) The mized-type frame operator:
S, =Dy o C2: L*(RY) — L*(RY)

Fe Y (fmNgmA)h

A€A

The condition that G(g,A) be a Bessel sequence is precisely the condition
that the analysis operator C’gA is well-defined and bounded. Indeed, we can
rewrite the Bessel condition (3.3)) as:

HCé\sz < \/EHfHQ for all f € L*(R%).

The smallest possible Bessel bound B will therefore be the square of the
operator norm ||C2||.

3.2.4 Lemma. Let G(g,A) be a Bessel sequence. Then, D2 is well-defined
(i.e. independent of enumeration of A) and it is the adjoint of C’;\. That is,
we have that

> ax(CM)x = (a,C)f) = (Dja, f) = N Dla(t)f(t) dt
AEA

Jor all a = (ax)xea € 2(A) and f € L*(R?). In particular, | Dy|| = [|C}|.

Proof. Let coo(A) C £%(A) denote the space of finite sequences, i.e. sequences
with only finitely many nonzero terms. If a € ¢oo(A), then

@O0 ) =S an(FrNg) = Y ot Ng. ) = (3 wr(Mg, f)

AEA AEA A€A

since the sums are finite. Moreover, since Y, , axm(A)g € L*(R?), we now
find that

H Y at(Ng

= sup{‘<z a,\7r()\)g,f>‘ : f € L*(RY) with || f|l. = 1}
AEA

= sup{|(a, CAf)| : £ € LA(R?) with | fl, = 1}

< [lall2ICH -
This shows that the linear map D: coo(A) — L*(RY) defined by a
> sen aam™(A)g is bounded (with operator norm || D] < [|C2]]). Since coo(A)

is dense in (%(A), this implies that D extends to a bounded linear operator
D: (2(A) — L*(R?) (Theorem |B.1.2).
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Suppose that (A, ),en is an increasing sequence of finite subsets of A such
that |, ey An = A. In particular, we could choose A, = {A;}7_, for some
enumeration (A, )nen of A. For any a € £2(A), we can now define a sequence
(an)nen C coo(A) such that a, — a by setting (a,)y = ay) if A € A, and
(an)x = 0 otherwise. By continuity of D, we find that

Da = 7}1_{120 Da,, = nll_)n;lo/\ezjX axm(A\)g.

This proves that the enumeration doesn’t matter, as Da is independent of
our choice of subsets A,,. We also see that D = D;\. By continuity of the
inner product, we find that

(Dda, f) = lim (Da, f) = Tim (a,, G2 ) = (0, C2 ),

n—o0
which shows that D2 is the adjoint of C. The fact that ||[D}| = ||C2}|
now follows from a foundational result from Hilbert space theory (which we
essentially proved in the beginning of Section , so we are done. [

3.2.5 Corollary. Let G(g,A) and G(h,A) be Bessel sequences. Then, the
mized-type frame operator S;\,h is bounded and (S;\,h)* = Sﬁg.

Proof. By Lemma and the paragraph that preceded it, C*, C*, D2 and
D2 are all bounded, and

(S)" = (D o C)* = (C)" o (D) = Dy o Cf =SB,
as desired. O

In particular, the corollary we just proved shows that S;g is a self-adjoint
operator in L?(R?) whenever G(g,A) is a Bessel sequence. We now show
that the frame condition can be phrased in terms of conditions on the frame
operator. For the rest of this subsection, we will use I to denote the identity
operator on L?(R%).

3.2.6 Proposition. Let G(g,A) be a Bessel sequence. Then, the following
statements are equivalent.

(a) G(g,\) is a Gabor frame.

(b) There exist constants A,B > 0 such that AI < S» < BI in the
C*-algebra B(L?(R%)).

A e NPy d
(¢) The frame operator Sy, is invertible in B(L*(R?)).
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Proof. By Corollary , S;\,g is bounded and self-adjoint. Let f € L*(RY).
By continuity of the inner product, we have that

(S29f. 1) = (U 7N T(Ng, £) = S (.7 (V) (r(N)g, £)
AEA A€A (36)

= ST mNg)

A€A

Thus, the condition that G(g,A) be a Gabor frame may equivalently be
written as: there exist constants A, B > 0 such that

(Af.f) S ASpof. f) <(BF.f) forall fe L*(RY).

By Proposition , this is equivalent to the condition that both BI — S:]\,g
and S} — AI are positive elements of B(L*(R?)). Since S? is self-adjoint,
we may write this condition as Al < S;\’g < BI, which proves that (a) and
(b) are equivalent.

We now wish to prove the equivalence of (b) and (c). We see from Equation
. that SA is posmve (appealing again to Proposmon . This implies
that S § H 41 by point (ii) of Proposition so we only need to
prove that 1nvertibility of 51\79 is equivalent to the existence of a constant
A > 0 such that AT < S2 .

We know that o(S},) C [0,00). By definition of spectra, Si, is invertible
if and only if 0 ¢ (S, ‘{7 ',). By compactness of spectra, this happens if and
only if there exists some constant A > 0 such that o (S . »,) C A, 00).

If we apply the continuous functional calculus at S, we find that Al <
Sp, (for any constant A € R) if and only if A < z as functions on (S,
(pomt (iv) of Lemma - order preservation of the continuous funetlonal
calculus). Since A < z on U(SA ) if and only if o(S2,) C [A,00), we can
conclude that AI < SA if and only if O'(SA ) C [A, oo). By the previous
paragraph, we obtain the equivalence between (b) and (c). O

The following is an important lemma for the structure of the theory. We
will soon see an application.

3.2.7 Lemma. Let G(g,\) be a Bessel sequence. Then, the frame operator
S2, commutes with w(\) for every A € A.

Proof. Since time-frequency shifts are unitary, the claimed commutation is
equivalent to the condition that w(A)S) m(A)* = S2 for all X € A. This is
what we will prove.
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Fix any A € A and let f € L?(R%). We find that

(TS m(N)) f = () (3w £, w()gde(10)g)

= (f V() gy (N (p)g
= (f,mA+ wgym A+ m)g = Sp,f,

where the transition to the last line follows from point (ii) of Lemma [3.1.1]
(the phase factors that arise immediately cancel, since the inner product in
conjugate-linear in the second entry). This proves our claim. O]

Recall that we wish to identify lattices A and pairs of functions g, h €
L*(R?) such that

f= Z fym( Mh o for all f € L*(R%).

A€A

Supposing that G(g, A) and G(h,A) are Bessel sequences, we can now write
this condition simply as SAh = 1. Since (S2,)* = S, we now know that this
happens if and only if Sp = I. We will refer to the statement that S%, = I
by saying that g and h are dual atoms.

We now show that every Gabor frame gives rise to both a dual pair of
atoms and a Parseval frame. This result crucially relies on the commutation
property of the previous lemma.

3.2.8 Proposition (Canonical dual atom and Parseval frame). Let G(g, A)
be a Gabor frame. Then, the following statements are true.

(i) Let h = (S2,)"'g. Then, G(h,A) is a Gabor frame and Sy, = (S2,)7".
Moreover, g and h are dual atoms.

(ii) The Gabor system G((S2, )7Y2g,\) is a Parseval frame.

Proof. Throughout this proof, we will simply write S for SAg
We begin with (i). We know that S is 1nvert1ble by Proposition . As

the inverse of a self-adjoint operator, S™! is self-adjoint. By Lemma .
we know that S~iw()\) = w(\)S~! for all A € A. Thus, with f € L*(R?) and
A € A, we find that

(f.m(Nh) = (f,m(N)S™ g) = (.S n(N)g) = (ST f.7(N)g).  (3.7)
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Now, the fact that G(g, A) is a Bessel sequence implies that

> lfm( =Y ST mNg) P < BISTHIP < BISTHPI P

AEA AEA

for all f € L?>(R?), where B is a Bessel bound for G(g, A). This proves that
G(h, A) is a Bessel sequence as well. Thus, we know that the frame operator
S,IL\ ,, 1s well-defined and bounded.

Using Equation (3.7) again, along with the definitions of S and S oy We
find that

(ST fY = (57" ) = (S(S~ =Y WS m(N)g)?

A€A

=2 WL AN = (S )

AEA

for all f € L*(R?) (see Equation for more details). By Lemma [2.2.27,
this proves that Sp, = S7' (= (S},)™"). Thus, since S~ is invertible, G(h, A)
is a Gabor frame by Proposition [3.2.6]

Finally, for duality of ¢ and h, we again appeal to Equation and find
that

=887 =Y (ST 7N n(Ng =D _(f,7(Nh)m(N)g

AEA AEA

for all f € L?*(R?), which concludes the proof of (i).

For (ii), recall that S~!/2 denotes the unique positive square root of the
positive operator S~!, as afforded by Proposition (by (i), we know that
S~1is a frame operator for a Gabor frame, so it is positive by Proposition
[3.2.6). Since S~1/2 € C*(S~1) = C*(S){] the operator S~/? commutes with
both S and 7(\) for every A € A. Using these facts, we find that

1115 =, £) = (S(STV2h), (5720 = Y USTV2 (N g) P
AEA
=D [f (S

A€A

for every f € L?(R?). This proves that G(S™'/2g, A) is a Parseval frame and
concludes the proof. O

4We didn’t explicitly state or prove the equality C*(S~1) = C*(S) anywhere. However,
using the fact that 0 is not in the spectrum of an invertible element, this is a straightforward
consequence of the continuous functional calculus, as z~! is continuous on C\{0}.
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3.2.2 Trading Lattices for Symplectic Forms

Suppose we fix a lattice A C R??. We now ask the question: for which
g € L*(R?) will G(g,A) be a Gabor frame? We will refer to the supposed
answer to this question as “the structure of Gabor frames over A” or as “the
structure of Gabor frames supported by A”. This is an extremely difficult
question in general; much is known, but there are many open questions. For
example, it is known that vol(A) < 1 is a necessary and sufficient condition for
the existence of some g € L?(R?) such that G(g, A) is a frame. Gréchenig and
Koppensteiner [19] offer an excellent and accessible overview of the current
state of knowledge.

We will not concern ourselves with questions of existence. Rather, our
goal is to present a powerful framework/method for grouping lattices which
support identical structures of Gabor frames. The purpose of this subsection
is to outline the basic idea behind this framework.

Consider the set m(A) = {m(\) : A € A} C B(L*(R?)) of time-frequency
shifts. We have the following basic commutation relation (restricted to the
lattice):

r(Nm(p) = 2O (1)w(N) for A\, pu € A, (3.8)

where €27 denotes the standard symplectic form on R??, as defined by Equation
(1.4). If we choose a lattice matrix A € GL(2d,R) for A, then this becomes:

m(Ak)m(Al) = 2" AR (AN (AK)  for k,1 € 7%

Now, the map (z,w) — Q;(Az, Aw) is also a symplectic form on R?¢, Indeed,
it is simply the pullback A*Q); of €27 by A. Let’s introduce the notation

ma(k) = n(Ak) for k € Z*.
Then, we can write the basic commutation relation as follows:
Ta(k)ma(l) = "N ED L (D (k) for k1 € 2. (3.9)

All of this amounts to a change of basis for the time-frequency plane R?? such
that the lattice A is mapped to the standard lattice 7Z*¢. We can think of
this transition, from Equation to Equation , as trading a general
lattice for a general symplectic form. Loosely stated, our goal is to prove the
following statement:

The structure of Gabor frames over a lattice A = AZ?*? depends
only on the symplectic from A*(2;.
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Consider the mappinﬂ

(27).: GL(2d,R) — Symp(R??) := {Symplectic forms on de}

3.10
A A*Qy. (3.10)

We will say that A determines A*Q);. Note that a matrix representing a
symplectic form is different from a matrix determining a symplectic form; if A
determines €2, then AT .JA represents ), and if § € S,y represents €2, then any
matrix A € GL(2d,R) such that AT JA = 6 determines 2 (see Proposition
. Under the isomorphism Symp(R??) & S,; (which maps a symplectic
form to the matrix representing it), this mapping becomes A — AT JA. We
may also identify 6 with Qy and say that A determines 0 = ATJA.

Our claim is that the mapping isolates the property of AZ?? that
determines the structure of Gabor frames over AZ??. The usefulness of this
result stems from the fact that this mapping is many-to-one. Moreover, it is
simple to give a precise description of the resulting classification:

3.2.9 Proposition. Let A, B € GL(2d,R). Then, the following statements
are equivalent.

(a) A and B determine the same symplectic form: A*Q; = B*Q;
(b) We have B € Sp(2d,R)A.
(c) With Q = A*Q,, we have B € ASpq(2d,R).
Proof. The statement that A*Q2; = B*(); is equivalent to:
w (AT JA)z = w" (BT JB)z for all z,w € R*,
which is equivalent to AT JA = BTJB. In turn, this is equivalent to:
J=A"T(B"JB)A™ = (BA Y J(BA™Y),

i.e. the statement that BA™! € Sp(2d,R) (or, equivalently: B € Sp(2d,R)A).
This gives the equivalence of (a) and (b).
Finally, by Lemma [1.2.3] we have that

ASpq(2d,R) = Sp(2d,R)A, where Q = A*Q;

This proves that (b) is equivalent to (c). O

°To the degree that the map Q; — A*Q; is pre-composition with A (see the discussion
following Definition [1.1.6)), the map A — A*Q; is post-composition with Q;. This is our
reason for choosing the notation (£2;)., as it is commonly used for post-composition.
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In other words, the foregoing proposition shows that, for any A €
GL(2d,R), we have that

(), (A"2)) = ASpo(2d, R) = Sp(2d, R) A,

That is, we can describe the set of matrices determining the same symplectic
form as A both as a left coset of Sp,(2d, R) in GL(2d,R) and as a right coset
of Sp(2d, R). In yet other words, (€2;). groups lattice matrices by their orbits
under the symplectic group (acting from the left).

There is a slight complication which we wish to address. If AZ?* = BZ*
for some A, B € GL(2d,R), it does not follow that A*Q2; = B*Q2;. That is,
even though a lattice matriz determines a unique symplectic form, a lattice by
itself does not. However, it is also simple to characterize the set of symplectic
forms determined by a fixed lattice:

3.2.10 Proposition. Let A € GL(2d,R) and set A = AZ*?. Then,
(2).({B € GL(2d,R) : B2 = A}) = {R'(4'2) : R € GL(2d,2)}.

Moreover, with 0 .= AT JA, this is precisely the set of forms
(a) represented by {RTOR € Syq : R € GL(2d,Z)}, and
(b) equivalently: determined by {AR : R € GL(2d,Z)} = AGL(2d,Z).
Proof. By Lemma [3.2.1] we have that
{B € GL(2d,R) : BZ* = A} = {AR: R € GL(2d,Z)} = AGL(2d, Z),

from which (2;).(AR) = (AR)*Q; = R*(A*Q) give the inclusion C (for the
displayed equation of sets in the proposition). For the converse inclusion,
suppose that Q = R*(A*Q;) for some R € GL(2d,Z) and set B .= AR. This
means that

Q= R"(A"Qy) = (AR)"Qy = B*Qy = (U)«(B),

and since R € GL(2d,Z), we have that BZ?! = (AR)Z*® = AZ?? = A. This
proves the displayed equality of sets in the proposition. The first sentence
of the proof now implies (b), and the simple equality R70R = (AR)T J(AR)
gives the equivalence between (a) and (b). O

We will now describe what we mean by the statement that the structure
of Gabor frames over a lattice A = AZ?? depends only on the symplectic from
A*Qy. Tt turns out that if A, B € GL(2d,R) are such that A*Q; = B*Q,
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then there exists a unitary map U € B(L*(R?)) such that G(g, AZ*?) is a
Gabor frame if and only if G(Ug, BZ??) is a Gabor frame. Moreover, the
mixed-type frame operators are related byﬁ

SEE, = USH U=,
Thus, this correspondence is as precise as one could hope for. The maps U
will be metaplectic transformations, which we will introduce in Chapter [6]

Now, this is not an original result. The case where A = I (and hence
A*Q; = Q) is included in Grochenig’s textbook [17, Proposition 9.4.4
on p. 199], and the general case is included in de Gosson’s textbook [15|
Proposition 163 on p. 113]. We will prove a slight extension of de Gosson’s
result in Chapter |§] (see Theorem . However, to the knowledge of the
author and his advisor Franz Luef, this point of view has not been thoroughly
explored in the literature on Gabor frames.

Moreover, Luef |21} [22] has initiated the use of equivalence bimodules for
the study of Gabor frames, and we also wish to show this correspondence can
be lifted to the setting of such bimodules. These bimodules are particular
kinds of Hilbert C*-modules over noncommutative tori. Much of this thesis
will be spent introducing these notions and explicitly constructing the relevant
bimodules. Our goal is to show that if two such bimodules arise from lattice
matrices which determine the same symplectic form, then they are isomorphic
as bimodules. These isomorphisms will be extensions of metaplectic trans-
formations. The idea of exploring in this direction has been suggested by
Chakraborty and Luef in [8], where they are working with the same structures
in a different setting and proving part of the desired result.

Another avenue of exploration afforded by this correspondence is the use
of symplectic methods for Gabor analysis. We will not pursue this in any
depth. However, we wish to state and prove one preliminary result showing
how these subjects are related.

Some classes of lattices are easier to work with than others in Gabor
theory. Particularly convenient are lattices of the form

A=A Z% x AZT for Ay, Ay € GL(d,R).

These are called separable lattices. Many results in Gabor theory have
been proven only for separable lattices. Again, we refer to Grochenig and
Koppensteiner [19, Section 4.6] for examples of such results. The following
proposition characterizes those symplectic forms which are determined by
separable lattices. One characterization is quite abstract and formulated in

5Don’t worry; we will clean up our notation soon.
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terms of symplectic geometry, while the other describes the explicit form of
matrices representing such forms (and is a quite immediate consequence of
Proposition [3.2.10)). The idea of seeking a result of this form was suggested
to the author by his advisor. To our knowledge, this is a novel result.

3.2.11 Proposition. Let 0 € Sy and let Qy be the symplectic form it
represents (Definition m) Then, the following statements are equivalent.

(a) There exists some A € GL(2d,R) such that Qy = A*Q; and

AZP = A Z% x AyZY for some Ay, Ay € GL(d,R).

(b) There exists a basis {by, ..., by} for Z** (as an abelian group) and an
Qg-polarization (L, L") of R* such that

{bl,...,bgd}CLUL,.

(c) The matriz 0 is of the form

0 K
0 =R" R

for some K € GL(d,R) and R € GL(2d,Z).

Proof. We will show the following chain of implications: (a) = (¢) =
(b) = (a). As always, {e;}3%, will denote the standard basis for R**. We
define

L, ={(z,00eR*: 2 eR'} and L, ={(0,w)eR*:weR'},
so that (L, L,,) is a polarization of R??.

Assume (a) holds, so that AZ?* = A;Z¢ x AyZ% = (A; ® Ap)Z**. The
matrix K’ € Syq representing (A; @ Ay)*Q; is given by

AT 0 0 I\ (4 0
K =A@ JA @A) ="
(4 & A T4 & 4o) (0 A2T> (—Id 0)(0 Ay

0 ATA 0 K
- ( ATA o 2) - ( KT o) with K = A{ A, € GL(d,R).
AT A, _

Thus, since AZ?*! = (A; @ A)Z*, (c) follows from Proposition |3.2.10L This
proves that (a) implies (c).
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Assume now that (c) holds. We will show that (b) follows. Set

0 K
K = .

Clearly L, and L, are Qg -Lagrangian planes. Since § = RT K’R, this implies
that L == R~Y(L,) and L' := R7Y(L,) are Qy-Lagrangian.

Since L, and L, are transversal, it follows that L and L’ are transversal
as well:

R =R ' R*) =R Y L,®L,) =R '(L,)®R '(L,) =L@ L.

In other words, (L, L’) is an Qg-polarization of R*. Since R € GL(2d,Z), we
find that

bj = R_lej for1 <j<2d
defines a basis for Z??. Moreover, we have that
bj=R'e;je R (L,UL,)=R*(L,)UR ' (L,)=LUL

for 1 < j < 2d. Thus, we have shown that (c¢) implies (b).

Finally, we need to show that (b) implies (a), so assume that (b) holds.
Since {by,..., by} is a basis for R* = [ @ L’ that is contained in L U L/,
and L and L’ are both d-dimensional, there must exist some permutation
o € Sym(2d) (the symmetric group on 2d elements) such that

L= spanR{bU(l), e bg(d)} and L, = spanR{bU(dH), ce ,bg(gd)}. (3.11)

Choose B € GL(2d,R) such that § = BTJB, i.e. Qy = B*Q; (Proposition
1.1.8)). This implies that

Qg(ba(i),ba(j)) = QJ(BbU(Z‘), Bba(j)) for 1 S] S 2d.
Since L and L' are Qy-Lagrangian planes, this shows that B(L) and B(L/)
are {);-Lagrangian (i.e. just Lagrangian). Since B is invertible and L and L’
are transversal, B(L) and B(L') are transversal as well. Thus, (B(L), B(L'))

is a polarization of R??.
By Lemma [1.2.7] there exists some S € Sp(2d,R) such that

SB(L)=L, and SB(L)=L,.
By Equation (3.11)), this implies that

L,=SB(L)= spanR{SBba(l), e SBba(d)}
and L, = SB(L) = spanR{SBbU(d+1), . ,SBba(gd)}.
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We can now find change-of-basis matrices Ay, Ay € GL(d,R) such that
ej = (A7 & A;1)SBby(;y for 1< j < 2d.

Since both {ei, ..., e} and {by(1), - .., by(2a)} are bases for Z**, we must
have that

R:=(A7'® A;Y)SB € GL(2d, 7).

Since S is symplectic, we also know that (SB)TJ(SB) = BT JB = 6. If we
now set A =SB € GL(2d,R), then Qy = A*Q); and

AZ* = SBZ* = (A, @ A)RZ* = (A @ Ay)Z* = A\Z% x A1

(since (A; @ A2)R = SB). This shows that (b) implies (a) and concludes the
proof. O]

Before we close this subsection, we introduce some notation that is better
suited to our needs. Given a lattice matrix A € GL(2d,R) and windows
g,h € L*(R?) such that G(g, AZ*?) and G(h, AZ*?) are Bessel sequences, we
define the following variants of the synthesis and analysis operators:

Ch: LA(RY) — (2% Dyt 3(Z7%) — L*(RY)
[ (<f7 WA(k)9>>kEZQd (k) kezza — Z axma(k)h
kez2d

as well as their composition S, == Dj! o C:1. If we set A = AZ?, then these
are just the operators C’é\ and D up to an isomorphisms between ¢2(A) and
(%(Z*%), and so Sﬁh = Sﬁh. In particular, all the results of Subsection m
hold for these operators as well.

3.2.3 The Feichtinger Algebra and the FIGA

In this subsection we introduce a space of particularly well-behaved windows,
namely the Feichtinger algebra. This space was first introduced in 1981 by
Feichtinger [12]. It will be central to our construction of Hilbert C*-modules
over noncommutative tori.

Throughout this thesis, gy will always denote the normalized Gaussian on
R?. That is, go(t) = 2%~ for all t € R?.

3.2.12 Definition. We define the Feichtinger algebra:
So(RY) = {f € LA(RY) : V,, f € L'EX)},

and equip it with the norm || f||s,.40 == |Vyo fll1-
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We quickly argue that || - |5, actually defines a norm on Sp(R?). Since
[+ V, f is a linear mapping, Sp(R?) is a vector space, and homogeneity
and the triangle inequality are immediate. By Moyal’s identity (Proposition

3.1.6)), we have that
Vo fllz = llgollzllfll2~ for all f € L*(R?).

If [[fllsoge = Ve flli = 0, then Vg f = 0 almost everywhere on R?, so
|Vgo fll2 = 0 as well. Thus, by the displayed equation, we obtain ||f|| = 0.
This gives nondegeneracy, so || - ||sy.g 15 indeed a norm.

The following lemma shows that, once Sy(R?) has been defined, the
Gaussian no longer plays a privileged role.

3.2.13 Lemma (Equivalent norms). Let g € So(R?) be arbitrary but nonzero.
Then, there exist constants Cy,Coy > 0 such that

CillVao Fll < Vo fll < CollVio fll - for all f € L*(RY).
Thus, the norms || ||sy.00 and f = | fllse.g = IVafll1 are equivalent on Sy(RY).

Proof. Fix any f € L*(R%) and z € R??. Moyal’s identity and the covariance
property of Lemma implies that

. 9047 7(2)a0l] = (Vi . Vyr(2)ao)
< [ Wl @)llVir(egnlw)] du

- / 1V, () |Vygolw — 2)] duo.
R2d

If we now integrate over z (and change the order of integration, which is
permitted by Tonelli’s theorem), we find that

g2l Voo flln < IVaf I Vagolls

With €y = [|gl3/IIV,90ll1 (V,g0 # 0 by Moyal’s identity), this gives the
inequality C1[|Vy, fll1 < ||V, f|l1. The same exact argument with the roles of
g and gg interchanged gives the other inequality and concludes the proof. [J

The Feichtinger algebra turns out be a very well-behaved and natural space
of functions for time-frequency analysis. In fact, it is a Banach space consisting
entirely of continuous functions and it is closed under both convolutions and
pointwise products. We will have no need for these facts, so we refer the
interested reader to Grochenig [17, Chapter 11]. Moreover, Sp(R?) is invariant
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under the Fourier transform and . (RY) C Sp(RY) (which we will show).
As a Banach space of continuous functions, Sy(R?) provides a simplifying
alternative to . (R?) for the study of distributions with a well-defined Fourier
transform.

3.2.14 Lemma. The following statements are true.

(i) So(RY) is mapped to itself by the Fourier transform.
(ii) So(RY) is mapped to itself by all time-frequency shifts.

(iii) We have the inclusion #(R?) C So(R?). In particular, So(R?) is dense
in L*(RY).

Proof. Fix any f € So(R?) and z € R?*®. By point (i) of Lemma we see
that

|(Voom(2) ) (w)| = Vo f (w — 2)|  for all w € R*.

Integrating over w, we find that [|7(2)fllss.0 = [Vam(2)fllh = Ve [l =
I fll0.60- Thus, 7(2)f € So(R?), which proves (i).

For (ii), recall that Fgy = go (this is a basic result in Fourier theory).
Point (ii) of Lemma implies that

Voo f (2, w)] = [Vrgo Ff (w, =2)| = [Vyu F f (w, —)|  for all (z,w) € R*.

Thus, [ F fllsugn = Voo F i = Voo £l = 1 5005 50 Ff € So(R) as well,
proving (ii).

Finally, for (iii), consider the description V,f = FT(f ® g) of the
STFT introduced just prior to Proposition . If f,g € S(RY), it is
straightforward to check that f ® g € (R??). Similarly, one checks that
(R??) is invariant under both T* and F, (the latter holds for the same
reason that .%(R??) is invariant under the usual Fourier transform). Thus,
if f,g € S(R%), then V,f € (R*). Clearly gy € (R?) and #(R*) C
LY(R?%), so (iii) follows. O

We now introduce a notion of great importance, namely that of the adjoint
lattice. This is the notion underlying the duality inherent to Gabor theory,
which we will discuss more in the next subsection. The FIGA, which is right
around the corner, is also a manifestation of this duality.

3.2.15 Lemma. Let A € GL(2d,R) and consider the lattice A = AZ*. If
we define

A= {z e R*: n(M\)7(2) = m(2)m(X) for all X € A}, (3.12)
then A° = —JA~T72,
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Proof. By the basic commutation relation, we see that z € A° if and only
if €250 = 1 for all A\ € A, which is equivalent to the condition that
Qs(2,\) € Z for all X € A. Since A = AZ*!, this, in turn, is equivalent to:

KT (AT D)z = (Ak)TJz = Qy(2, Ak) € Z for all k € Z*.

Taking k to be standard basis elements, we see that this happens if and
only if (ATJ)z € Z*, or, equivalently, if and only if z € (ATJ)"1Z% =
—JATT724, O

3.2.16 Definition (The adjoint lattice). For a lattice A C R??, we define
the adjoint lattice A° by Equation . Similarly, for a lattice matrix
A € GL(2d,R), we define the adjoint lattice matriz A° = —JA~T. Thus, by
Lemma[3.2.15} A = AZ% — A° = A°72.

Our main goal for the remainder of this subsection is to prove the following
identity, referred to as the fundamental identity of Gabor analysis, or the

FIGA for short.

3.2.17 Theorem (The fundamental identity of Gabor analysis). Let A €
GL(2d,R) and let fi, f2,91, g2 € So(R%). Then,

LS V(AR (AR,

2 Vo W ARVo f(AR) = rao
kez?d

kez2d
with absolute convergence of both sums.

Following Feichtinger and Luef [13], we will prove Theorem [3.2.17| via
symplectic variants of the Fourier transform and the Poisson summation
formula.

3.2.18 Definition (The symplectic Fourier transform). Let F € L'(R?).
We define the symplectic Fourier transform F*°F of F by

st(Z) _ / F(w)€27riQJ(z,w) dw = / / F(y, n)€27ri(w-y—17.m) dy dT]
R2d Rd JRdA

for all z = (z,w) € R%,

Since Q;(z,w) = wl'Jz = w - (Jz), we see that the symplectic Fourier
transform of F' is given by F*F(z) = FF(—Jz), where FF is the ordinary
Fourier transform of F' and J is the standard symplectic matrix.
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Unlike the ordinary Fourier transform on R?¢, the symplectic Fourier
transform (extended /restricted to L*(R??)) is its own inverse: if F, FF €
LY(R?%), then,

(F*)F(2) = F(FF)(=Jz) = | F*F(w)e ™ 7% dw
R2d
_ FSF(w)GQF’i(—Jw)'Z dw = / FSF(JU)/)62TFiU)/'Z dw'
R2d R2d

o
_ FF(w/)e%nw z dw’,
R2d

which equals F'(z) via the usual Fourier inversion formula. Our main mo-
tivation for introducing the symplectic Fourier transform is the following
result.

3.2.19 Lemma. Let f1, f2, 91,92 € L*(R%). Then,

F (VoS- Vauf2) = Var92 - Vi f
pointwise.

Proof. Since V, f1,V,, fo € L*(R*!) by Moyal’s identity (Proposition [3.1.6)),
we know that Vj, fi - Vi, fo € L' (R?*?). Let z € R?**. We find that

F Vi fr - Vi Fo) () = / fr. () 1) o (@) g) 27520 0) dug

R2d

[ o~ ) T rTaTem d
:/1;{ <7T(Z)f1,ﬂ(w)ﬂ(z)gl>mdw

(VW(Z)917T(Z)f1) (w)Vy, fo(w) dw
= (7(2)g1, 920 (m(2) 1. o) = (Viugz - Vi ) (2),

where we have used the basic commutation relations of Lemma B.1.1] and
Moyal’s identity (Proposition [3.1.6)). O

Before introducing the symplectic Poisson summation formula, we prove
the ordinary Poisson summation formula. There are many different variants
of this result, with differing assumptions and notions of convergence; we will
prove a variant that is convenient for our proof of the FIGA.

For any subset S C R??, we will write yg for the characteristic function
of S. That is, xs(z) =1 if z € S and xs(z) = 0 otherwise.
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3.2.20 Proposition (The Poisson summation formula). Let F € L'(R??)
be a continuous function. Assume that there exists some (cg)pezea € (1 (Z*)
such that

PR < Y lerhvsoapa(z) for all = € R, (3.13)

kez2d
and that Y, 0a | FF ()| < 0o. Then,
Y F(z+k)= Y FF(k)e™*  forall z €[0,1]*,
kez2d kez2d
with absolute pointwise convergence of both sums.

Proof. Fix any k € Z*!. Since F is continuous and |F(z)| < |e| for all
z € k+[0,1)%?, we have that |F(2)| < |ci| for all z € k+0, 1]?¢. Equivalently:

|F(z 4+ k)| < |cx| forall z € [0,1]*.

Let (k;)jen be an enumeration of Z** and fix any € > 0. Since >, z2q [cx] <
o0, there exists some N € N such that

n
Z lck;| <€, whenever n >m > N.
j=m+1
By our observation in the previous paragraph, we find that

SIFG4 k) - LIFE R = 3 IRk 3 ol <o

for all z € [0,1]** and n > m > N. This shows that >, . |F(z + k)| is
pointwise Cauchy (for any enumeration of Z>¢) and hence pointwise convergent.
Taking the limit n — oo in the last displayed equation, we also see that the
convergence is uniform on [0, 1]??. Since each term |F'(z +k;)| is continuous on
[0, 1]?¢, the uniform convergence implies that Y, _;.q |F(z+k)| is a continuous
function on [0, 1], Since

m

zn:F(z + k) =) F(z+ k)

i=1

< ) |F(z+ k)],

j=m+1

the same argument shows that

G(z) = Z F(z+k) for ze[0,1]*

kez2d
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defines a continuous function G': [0,1]*¢ — C.

We now calculate the Fourier coefficients of G. We will use the dominated
convergence theorem twice, and both instances will be justified after the
calculation. Let [ € Z??. Then,

G(l) = / G(z)e ™= dz
[0 1]2d

= Z / F(z+ k)e 2™ dz
[0 1]2d

kez2d

= Z/ Xk+[01]2d (2 )_27”[( M a

ke ZQd
_ / F()e 2% 42 — FR(1)
R2d

where we used the fact that e?™* =1 for all k£ € Z?? in the last step, before
applying the dominated convergence theorem for the second time. The first
instance of the dominated convergence theorem (going from the first to the
second line) is justified by >, 24 |F(z + k)| being continuous on [0, 1]*
and hence in L*([0, 1]?¢) (we proved continuity in the previous paragraph).
The second instance of the dominated convergence theorem is justified since
|F| € L'(R%*).

We have now shown that G(k) = FF(k) for all k € Z2%. Since G is
continuous and ), ;04 |G(k)| < oo by our assumption on FF, the Fourier
series of G converges uniformly to G on [0, 1] (this is a foundational result
from Fourier theory). Thus, we have that

Y FGE+R) =GR =) GR)e™ =) FF(k)em=h,

kez?2d kez2d keZz2d

for every z € [0,1]?¢. We have proved that the leftmost series converges
absolutely (and uniformly) pointwise, and the same is true of the rightmost
series since ), ;24 |FF(k)| < oo by assumption. Thus, we are done. O

We now state and prove the symplectic Poisson summation formula over
an arbitrary lattice AZ2?.

3.2.21 Proposition (The symplectic Poisson summation formula). Let
A € GL(2d,R) and let F € LY(R?) be a continuous function. Assume that
there exists some (cx)pezza € (1(Z*) such that

[F(A2)] < ) lerlXpsioyea(z)  for all z € R*, (3.14)

kez2d
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and that ), 04 | FPF(A°k)| < 0o. Then,

Z F(Az + Ak) — ; Z ]:5F<Aok)ef27riQJ(A°k,Az)

kez2d | det A| kez2d

for all z € [0,1]%?, with absolute pointwise convergence of both sums.

Proof. Let k € Z**. The idea is to apply the ordinary Poisson summation
formula to the function F4 on R?? defined by z — F(Az). We have F,y €
L'(R?*?) by a simple change of variables calculation.

We calculate the Fourier transform of F4 evaluated at k:

FFa(k) = / F(AZ)e ™% 42
R2d
1

- |det A| R2d
B 1
a |det A| R2d
1 - -7 1
_ F 2miQdy(JA k,z)d — S (— A°k).
et A] Jous T B P Taera)” FEAR)
This shows that ), ;.. [FFa(k)| < 0o, since D, s |[F*F(A%k)| < oo by

assumption. Equation (3.14]) is simply Equation (3.13]) for F4, so F4 satisfies
all the conditions for the Poisson summation formula (Proposition (3.2.20]).

Since

zow=(Az) - (=JPA Tw) = (Az) - (JA°w) = Q;(A°w, A2)

F(Z)efQWi(A_lz)-k dz

F(Z)e%riz-(JQA_Tk) dz

for all z,w € R?!, we can write the Poisson summation formula for F, as
follows:

Y Falz+k) =) FFak)e*™ ="

kez2d kez2d
1 ) (A
— FSF(—A°k 2712 7 (A k,Az)'
|det A > FF(=Ak)e
kez2d
The simple relabelling k — —k now gives the desired result. O]

If one recalls Lemma [3.2.19] one can now see that the FIGA will follow
from the symplectic Poisson summation formula applied to F' =V, fi -m
and evaluated at z = 0. However, we still need to show that symplectic
Poisson summation formula holds for V,, f; - V,, fo when all four functions
are in Sp(R?). To do this, we will need three additional lemmas, whose
statements and proofs have all been adapted from Grochenig [17]. First up is
an inequality that we will have use for later as well.
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3.2.22 Lemma. Let fi, f,91,90 € L*(R?) and suppose that {gi,gs) # 0.
Then,

1
Vah(9) € s | Vo @) Vgl = w)ldu

1

= Tar g Vo fil * Vagal) (2)

for all z € R?** (where the right hand side may be infinite).

Proof. By the reconstruction formula (Corollary and the subsequent
discussion), we find that

<f177T<Z>f2> = <V;2Vg1f177r<z)f2>

—~

92791>

([ Vet du.n(2) 1)

<g27 g1>
1 / Vo Fr(w) (m(w) g2, 7(2) fo) duw

1 *

B (g2, 91) /]R?d Vo fi(w)(ga, m(w) 7 (2) f2) dw

<g27 91>
1 2miln—w)y
= Tm ) e Vo [1(w)V5,92(2 — w)e dw,

where w = (y,n) (as integration variables) and z = (z,w) € R?%. In the last
step, we used points (ii) and (iv) of Lemma [3.1.1] Taking absolute values
gives the desired result. O]

Next up is a simple lemma (with a tedious proof) regarding the STFT
Vg 3o. The subsequent lemma will transfer this result to V, f, for arbitrary
f,g € Sp(R%), which will give us the last piece we need to prove the FIGA.

3.2.23 Lemma. With go(t) = 2%, we find that
V;:ogo(z) _ e—ﬂiz-we—ﬂz2/2 fO?“ all z = (:v,w) c RQd.

Moreover, for any A € GL(2d,R) there exists some (ci)pezea € (H(Z2*?) such
that

—T z 2
Viogo(Az)| = e ™A2°/2 < Z || Xhtio,y20(2)  for all z € R4,
kez2d
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Proof. Recall that Fgo = go, let D, f(t) = f(rt) for r > 0 and f € L*(R?),
and recall also that FD, = r=¢D, 1 F (these are basic properties of the
Fourier transform). With z = (z,w) € R?*?, we calculate:

Vgogo(ﬂf,w) :/ 2d/26—7rt2lerit-we—ﬂ-(t,x)Q dt
Rd
- 2d/4€77m2 / 2d/4672”(t2*t'$)e*2ﬁit-w dt
R4

_ 2d/46—7ra;2/2/ 2d/46—27r(t—m/2)26—27rit~w dt
Rd

_ od/d—ma?/2 (FTy/aDa11290) ()
_ Qd/4@—7r$2/22_d/2 (M_z/2D2—1/2]:90) (w)

— 2 i, 2
— o T /26 LW = TW /2'

This proves the first claim of the lemma.

As for the second claim, we first show that there exists some (dy)pez2d €
(Y(Z*%) such that

e~ )2 < Z |di|Xptp01)24(2) forall 2z € R*, (3.15)
kEZ2d

The Gaussian h(z) = e ™/? (for z € R*?) decreases radially from the origin.
Thus, for every k € Z*¢, there exists some vector n;, € R?*! whose entries are
only zeroes and ones such that

o~ /2 < e )2 for all 2 € k+ [0, 1)2d

simply choose ny, such that k + ny is the corner of k + [0, 1]*¢ that is closest
to the origin. With {n; : k € Z*!} chosen in this manner, we have that
lnx]] < v2d for all k € Z** and that

6777'22/2 < Z eiﬂ(kJrnk)Q/QXkHO,l)Qd(Z) for all z € R*". (3‘16)
kez2d

Temporarily fix k € Z?%. If z € k + [0,1)%?, then ||z < ||k|| + v'2d. Thus,
1E + nll = [[El = lInell = (lzll = v2d) — Il = [l2]l — 2v2d,

which implies that e~ ™k+m)%/2 < =m(llz1-2v20%*/2 whenever ||z|| > 2v/2d (and
z € k+[0,1)*). Thus, for some constant C' > 0, we have that

Z |e—7r (k+ny)? /2 / Z m(ktni)? /2Xk+[o,1)2d(z)

kez2d kez2d

<C4 / o-mllizl-2v202/2 g,
R2d
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Changing to polar coordinates, we obtain a one-dimensional integral over
|| 2|24 te~mUFI=2v24)%/2  \which is finite. By Equation (3.16)), we have now
established Equation (3.15)) (with dj = ek tnk)?/2)

Now, Equation @D implies that

6—71’(142’)2/2 < Z |dk|Xk+[0,1)2d(Az) = Z |dk|XA*1(k+[0,1)2d)(z) (317)

k‘EZ2d k‘EZ2d

for all z € R??. For every | € Z*?, let
my = max {|dk| ke Z st (1+1[0,1)°) nA ™ (k+1(0,1)*) # @}.

Clearly there is a positive integer N, independent of k& € Z??, such that
A7 (k+[0,1)*) intersects at most N cubes of the form I +[0,1)% for | € Z**.

This implies that
D m <N Y dyl, (3.18)

lez2d kez2d

because for any given [, there is some k € Z?¢ such that m; = |dy|, and each
k € Z*? contributes (in this manner) to at most N terms in Y, zq my.

Similarly, there is a positive integer M, independent of | € Z??, such that
[ +[0,1)*" intersects at most M sets of the form A~ (k +[0,1)%?) for k € Z**.
It follows by pointwise evaluation that

D ldilXa 1oy (2) < MDY muxpyoee(z)  forall z € R*, (3.19)

kez2d leZ2d

because if z € [ +[0,1)%, so that the right hand side is Mm;, then there are
at most M nonzero terms on the left hand side, and m; is defined to be the
largest of these terms.

Finally, equations (3.17) and (3.19)) combine to give:

e~ ™A /2 < £r Z My Xi4p0,1)24(2) for all z € R,
lez?2d

from which Equation (3.18) concludes the proof (with ¢, = Mmy,). O

3.2.24 Lemma. Let f,g € So(R?) and let A € GL(2d,R). Then, there exists
some (cg)pezza € (H(Z*) such that

Vof (A2)] < > lerlXarppaye(2)  for all = € R*.

kez2d

In particular, (V,f(Ak))pezea € (1(Z2).
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Proof. Let go be the normalized Gaussian on R?, as always. By Lemma|3.2.22
with g1 = g0, 92 = 90, f1 = f and f; = g, we know that

Vol ()] < Voo f % [Vagol(2)  for all z € R,

Applying the same lemma again, with g1 = go, 92 = 9o, f1 = go and fo = g,
we find that

Vol ()] < (Vo 1 (IVaogol % [Vagol ) (2) = (Voo f1 % [Vagol ) * [Vaugol(2)

for all z € R*. By our assumption that f,g € Sy(R?Y), along with the
equivalence of norms shown in Lemma [3.2.13| (and the fact that gy € Sy(R?)
by Lemma [3.2.23)), all these STFTs are in L!(R??). This implies that

\Vof| < F*|Vygo| for some F =|F| € Ll(Rd) (3.20)

(pointwise), since L'(R??) is closed under convolutions. The idea is now to
use the fact that |V, go| decays sufficiently fast to show that |V, f| does as
well.

For any k € Z*?, choose vy, € k + [0, 1]?? such that

|V, f(Avy)| = max{|V, f(Az)| : = € k+[0,1]*}.

We will show that ), ;.a |V f(Avi)| < oo, from which the result follows
immediately with ¢, == V, f(Avg). For the rest of this proof, we will exchange
sums and integrals freely. Since all terms will be nonnegative, this is justified
via the monotone convergence theorem applied to the partial sums. We will

also write |A| := | det A| to save space.
By Lemma [3.2.23] there exists some (dy,)pez2e € £1(Z*?) such that

Vo 90| (Az) Z |di|X110.1)24(2)  for all z € R*.

lez2d

Equation (3.20) implies that
D Vaf(Avl < 3 (F [Viugol) (Avi)

kez2d kez2d
= Z / 2| Vool (Avg — 2') d2’
b (3.21)
= X 1Al [ PRVl (v — A2)d:
kez2d
<AL Y [P S I - 2)

kez?2d lez2d



3.2.3. The Feichtinger Algebra and the FIGA 119

Temporarily fix k,l € Z**. We have v, € k + [0, 1]*%, so vy, — 2 € [ +[0,1)*
implies that

v —1—[0,)* Chk+[0,1]*—1-1[0,1)* Ck—1+(-1,1]*.
This means that
Xi+0,1)24 (Vk — 2) < Xp—i(—1,172¢(2) forall z € R,

Equation (3.21)) thus implies that

> WA <141 S 3 [ PRl e (322

keZz2d k€Z2d |72

Now, note that (—1, 1]?? is the disjoint union of 22¢ standard-lattice-translates
of (0,1]?? so that, for any [ € Z*? and z € R

Z Xk—l+(—1,1}2d(2) = Z Xk+(—1,1]2d(2) = 2% Z Xk+(0,1]2d(z> = 2%,

kez2d kez2d kez2d

Continuing where we left off and changing the order of summation (which we
may, as all terms are nonnegative), we now find that

> W (o) <141 Y Jail [ F(42) 3 xnscm(e)ds

kEZQd lEZ2d k€Z2d
= Al > |di| / F(A2)2*dz
leZ2d RQd
= 2| F|ly Y |di] < o0,
lez2d
which is what we needed to show. O

We are now finally ready to prove the fundamental identity of Gabor
analysis.

Proof of Theorem [3.2.17. Let fi, fo, 91,92 € So(R?) and let A € GL(2d, R).
Our goal is to show that the pointwise product Vi, fi -m satisfies the
conditions of Proposition on the symplectic Poisson summation formula.

By Lemma there exist (cg)pezed and (dp)jezza in £1(Z*?) such that

Vi [1(A2) <) Jerlxusppyea(z) and Vg, fo(A2)| <) [dilxiso,0)24(2)

kez2d lez2d



120 Time-Frequency Analysis and Gabor Analysis

for all z € R??. This implies that

Vu 1+ Vo fo| (A2) < (( Z |Ck|Xk+[0,1)2d> : ( Z \dl|Xl+[o,1)2d>)(2)

kez2d lez2d

= Z |l Xp+[0,1)24(2)

k‘EZQd

for all z € R??. Since ¢*(Z*?) C ¢*(Z*?), and since the pointwise product of
two (2(Z*%)-sequences is in 1(Z*?) by the Cauchy-Schwarz inequality, we can
conclude that (cpdy)pezea € €H(Z*?).

By Lemma |3.2.19] we know that

J—:s(‘/glfl : V92f2) = Vglg2 ’ Vf1f27

pointwise. Applying Lemma [3.2.24| to Vj, g2 and V/, fo, with A° in place of A,
and arguing as we did in the previous paragraph, we find that there is some
(ar)pezza € €1(Z*?) such that

\Varg2 - Vi, f2|(A%2) < Z |ak|Xpti0,1)24(2) forall 2z € R??,

k‘Esz
Thus,
S P Vo VAR = 37 Vogo VA RI(A%K) < Jax| < oo,
kez2d kez2d kez2d

We have now shown that V,, f; - V,, f satisfies all the requirements for the
symplectic Poisson summation formula (Proposition [3.2.21)). Evaluating this
formula at z = 0 gives:

L 1
2 Vol Veu ) (AR) = raor

kez2d

S (Viugs - Vi o) (%),

kez2d

with absolute convergence of both sums. This is precisely the conclusion of
Theorem [3.2.17], i.e. the FIGA, so we are done. n

As a corollary of the FIGA, we obtain the fact that all Gabor systems
with windows in Sp(R?) are Bessel sequences. This means that, as long as
we choose our windows from Sy(R?), we can consider analysis, synthesis
and mixed-frame type operators without worrying about whether they are

well-defined or bounded.

3.2.25 Corollary. If g € So(R?), then G(g,A) is a Bessel sequence for any
lattice A C R,
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Proof. Let A = AZ* for some A € GL(2d,R). Suppose first that f € Sp(R?).
Then, the FIGA implies that

> HLT(ARGP = D Vo f(Ak)V, f(Ak)

kez2d keZ2d

> Vog(Ak)V; f(A%k)

ke 7,2d

|det Al

and asserts that both sums converge absolutely. Since time-frequency shifts
are unitary, we find that

D Vag(AR)Vif(AR) = ) [Vag(Ak)(m(A°k) £, f)]

kez2d kez2d

<15 Y- Vog(AK)).

kez2d

Combining the last two displayed equations, we find that

> Uf m(Ak)g)* < BIIfII3 with B = | Lg(A%k)

kez2d kez2d

By Lemma [3.2.24] (V,g(A°k))pezza € (1(Z*?), so B < oo.
Fix now any f € L*(R%) and choose a sequence (f,) C So(R?) such that

fu — f (Lemma [3.2.14]). Define the functions

T:7% 5 R T,: 7> -5 R
ke [(f,m(Ak)g)|? ke |(fo, m(AK)g))?

for n € N. By continuity of the inner product, we see that 7,, — T pointwise.
By Fatou’s lemma (with the counting measure on Z??), we find that

D W m(ARg)l* = D lim [(f, m(Ak)g)[*

kez2d kez2d

< lim inf Z \(fn,W(Ak)QHQ

n—oo
kez2d

< liminf B f.[3 = B|I /5.

This shows that G(g, A) is a Bessel sequence and concludes the proof. ]
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3.2.4 Duality and the Janssen Representation

Duality in Gabor theory refers to the fact that the properties of Gabor systems
over a lattice A are related to the properties of Gabor systems over its adjoint
lattice A°. In particular, the duality theorem in Gabor analysis states that a
Gabor system G(g, A) is a frame if and only if G(g, A°) is something called a
Riesz sequence. In many instances, the latter condition is easier to check than
the former. Moreover, this interplay between A and A° greatly constrains the
class of lattices over which there can exist Gabor frames. An example of this
is the previously mentioned fact that vol(A) <1 is required for the existence
of Gabor frames over A.

We will not have need for the duality theorem, so we have chosen not to
include it. Nevertheless, it lies at the heart of Gabor analysis, so it should be
mentioned. Indeed, a central message of the survey article [19] by Grochenig
and Koppensteiner is that most (if not all) known characterizations of Gabor
frames for L*(R?) are consequences of duality.

There is one important manifestation of duality that we will need:

3.2.26 Theorem (The Janssen representation). Let g, h € Sy(R?) and let
A € GL(2d,R). Then, the mized-type frame operator S;fh can be written as:

1 (o] [e]
S = Tara] 2o (hm AR T(A%)

kez2d
where the sum converges absolutely in B(L*(RY)).

Proof. Let fi, fo € So(R?). By definition of frame operators (and bounded-
ness, which is afforded by Corollary |3.2.25)), we find that

SV AARVLR(AR) = > (fi, 7 (Ak)g)(m(Ak)h, f2) = (SPuf1, f2)
kez2d kez2d
and that
> Vh(Ak)Vy, fo(A%k) = > (h, m(A°k)g)(m(A°k) f, fo) = (S35, h, fo).

kEZQd k€Z2d
The FIGA now implies that

1 o
<S;]4,hf1 - msﬁflh, f2> =0 forall f, € So(RY).

By density of So(R?) in L?(R?) (Lemma|3.2.14), we can conclude that S}, f =
S£;lh/| det A|. Thus, we have shown that

SN = ’del—tA‘kZ (h, T(A°K)g)m(A°K) fo for all f, € So(RY).  (3.23)

EZ2d
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Now, we know that Sé\’h is a bounded operator on L?(R%), and that

!deltAy > (hm(AR)g)m(A%K)
k

€z2d

is as well, because (by Lemma [3.2.24])

S o a(Ak)gym(AR)| < 3 [Vh(A%K)] < .

kez2d kez2d

Equation (3.23) shows that these two bounded operators agree on the dense
subspace Sp(R?), so they must be equal (Theorem [B.1.2)). O






Chapter 4

Noncommutative Tori and
Hilbert C*~-Modules

In this chapter, we introduce noncommutative tori and develop the basic theory
of Hilbert C*-modules. Noncommutative tori have an alternate description
in terms of twisted group C*-algebras, which we will find it more convenient
to work with. We will first construct twisted group C*-algebras in detail,
show how they relate to Gabor theory, and then show that they are in fact
noncommutative tori. These are the contents of the first two sections.

In the third section, we begin our development of Hilbert C*-modules.
We will conclude this chapter by constructing those Hilbert C*-modules over
noncommutative tori that appear in Gabor analysis. In the next chapter,
Chapter [0, we will upgrade these to equivalence bimodules. As outlined in
Subsection [3.2.2] one of our main goals is to construct isomorphism between
such bimodules, which we will achieve in Chapter [6]

4.1 | Twisted Group C*-Algebras and Time-
Frequency Shifts

The purpose of this section is to provide a detailed construction of twisted
group C*-algebras and to show how they relate to Gabor analysis. We will
obtain our twisted group C*-algebras as completions of purely algebraic
twisted group algebras, which we therefore introduce first. No constructions
or results in this section are original, but the exposition is not based on any
particular reference.

In order to make the connection to Gabor analysis as explicit as possi-
ble, we will only consider group C*-algebras over the group (Z??,+). Our
constructions and results generalize immediately to arbitrary discrete groups

125
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(G,-) by mere notational changes. With some additional work, they can also
be generalized to arbitrary locally compact (Hausdorff) groups by working
with Haar measures. We refer the interested reader to Raeburn and Williams
[24, Appendix C.3].

Before we get to work, we establish some notation and conventions. For
any Hilbert space H, we will write B(H) to denote the C*-algebra of bounded
operators on H. All Hilbert spaces are assumed to be nonzero and over the
complex numbers. We will write U(H) for the group of unitary elements in
B(H) and we will use T to denote the unit circle in C.

4.1.1 Twisted Group Algebras

Twisted group algebras are intimately related to projective unitary repre-
sentations, which is where our development begins. As a sneak peek at
their relevance to us, we reminder the reader of the fundamental identity
(2 +w) = > r(z)mw(w) from Lemma [3.1.1} which, after the introduction
of a lattice matrix A € GL(2d,R), implies that

ma(k)ma(k') = e 2P PO ) (k4 k) for all kK € 7%,

where Pp, Py: R* — R? are projections (which will be defined properly in

Subsection |4.1.4]).

A projective unitary representation of Z** consists of a Hilbert space H
and a map ¢: Z>* — U(H) such that

o(k)p(K') = v(k, K )p(k + k') for some y(k, k') € T (4.1)
for all k, k' € Z??. Tt follows from this that ¢(0) = ~(0,0)Idy, for

#(0) = 6(0+0) = ~(0,0)¢(0)?,

from which composition with ¢(0)~! gives the result. Now, ¢’ = v(0,0)¢
defines a projective unitary representation such that ¢'(0) = Idy. Thus, there
is no real loss of generality in assuming that ¢(0) = Idy, which we will do
from now on.

We now deduce two properties of the map v: Z2? x Z*! — T associated
to a projective unitary representation of Z2¢. Inserting either k = 0 or &' = 0
into Equation , we see that y(k,0) = 1 = (0, k) for all k € Z??. The
relations

(¢(k1)¢(7€2))¢<k3) v(k1 + ko, k3)y(kq, k2)¢((k1 + ko) + ks)
and  B(k1)(p(ka)p(ks)) = y(kn, ko + k) y(ka, k) (k1 + (ko + k3))
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imply that
’7(]{31, ]{32)’7(]{31 + ]{72, k’g) = ’7(]{31, k?g + ]{73)’)/(]{32, ]{?3) for all ]{31, ]{?2, ]{73 < Z2d.

We will eventually see that any map Z?? x Z*¢ — T satisfying these two
properties gives rise to a projective unitary representation of Z2?.

4.1.1 Definition (2-cocycles). A map ~v: Z* x Z* — T is called a 2-cocycle
on Z* if

(i) v(k,0) =1 =~(0,k)
(i) v(k1, k2)y(k1 + ko, k3) = v(k1, k2 + k3)y(ka, k3)
for all k, kl, kg, kg € sz.

In the example preceding the definition, the 2-cocycle v: Z2¢ x 7?4 — T
would be called the 2-cocycle associated to the representation ¢: Z2* — U(H).
We may at times refer to certain 2-cocycles simply as cocycles.

In order to motivate the coming construction, there is one simple piece of
terminology we must introduce. Let H be a Hilbert space and consider the
C*-algebra B(H). We define the x-algebra generated by a subset S C B(H) to
be the smallest x-subalgebra of B(H) containing S. It may also be described
as the intersection of all x-subalgebras of B(H) containing S (see Definition
for the analogous notion for C*-algebras).

Now, fix a 2-cocycle v on Z?¢ and consider a projective unitary represen-
tation ¢: Z*¢ — U(H) with associated 2-cocycle v. Consider moreover the
x-algebra generated by ¢(Z??) in B(H). This %-algebra will clearly depend
on the specifics of the representation ¢: Z2¢ — U(H). Nevertheless, we may
ask what its “most general form” looks like (as ¢ varies).

The upcoming definition provides the answer to this question: the ~-
twisted group algebra C[Z??,~] is an abstract realization of the most general
x-algebra generated by the image of a projective unitary representation of Z2?
with 2-cocycle v (we will unravel this connection in detail). It is a variant of
the ordinary group algebra from the representation theory of discrete groups,
obtained by accounting for the 2-cocycle v as well as the involution on B(H).

By the symbol CZ*, we are referring to the set of all functions from Z2¢
to C.

4.1.2 Definition (y-twisted group algebras). Let v be a 2-cocycle on Z2¢,
The ~y-twisted group algebra C[Z??,~] is the x-algebra

Clz**,y) = {a € CZ" . |supp(a)| < 0o}
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with pointwise addition and scalar multiplicationﬂ product (a,b) — a*,b
given by

(axy 0)(k) = > a(Db(k = Dyl k —1)

lez2d

and involution %: a + a* given by a*(k) = v(k, —k)a(—k), for all k € Z>?,

As the definition claims, C[Z%¢, 7] is a x-algebra. We will obtain this as a
simple corollary of the upcoming Lemma |4.1.3
For any k € Z%¢, define the §-function at k, 8, : Z** — C, by

(W):{l if 1=k

0 otherwise.

Clearly, 6, € C[Z*!,~]. Moreover, D := {0, : k € Z*!} is a vector space
basis for C[Z*?,~]. Indeed, the ordinary group algebra C[Z*!] = C[Z??1] is
designed to be a vector space with a basis isomorphic to Z?? and a product
which is a bilinear extension of the group operation on Z2??. The twist
introduces an additional phase factor into the group operation: we have that

5k *y 6k/ = ’)/(/{7, k/)5k+k’ for all k’, ]{Z/ € Z2d. (42)

This follows from the simple calculation:

Oy O (1) = > 0x(I)op (1 = )y (1,1 = 1)
Vez2d
= b0l — By D — ) = (0 K)o (1).
If v = 1, so that C[Z%*!,~] = C[Z*!] is the ordinary group algebra, then
Equation (4.2)) shows that (D, ;) = (Z2?,+) as groups. In the general case,
D does not close under *., but we have the following result.

4.1.3 Lemma. With the notation of Definition and the subsequent
discussion, the set

TD = {6 : £ € T and k € Z**} C C[Z*, ]
is a group w.r.t. the product x., in C[Z*,~], which is given by

(&%) *y (nox) = (§n)0k oy Oy = Eny(k, k/)5k+k' (4.3)

for all &,m € T and k, k' € Z*?. The identity of TD is & and the inverse
of £6k is its adjoint (&0y)*. In particular, all elements of TD are unitary in
C[z*?, ).

!As a vector space, this is identical to the ordinary group algebra C[Z2¢]. Another
description is that it is the vector space of all finite “sequences” Z2¢ — C, typically denoted
by Coo (Z2d).
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Proof. The definition of the product *. in C[Z?¢,~] immediately implies that
it is bilinear. Thus, Equation follows from Equation .

The 2-cocycle properties of v are precisely the properties required for
Equation to define an associative binary operation on TD with §y acting
as the identity; property (i) of Definition is equivalent to Jy acting as
the identity, while property (ii) is equivalent to associativity.

Fix any k € Z*!. Using the definition of the involution on C[Z?*¢, 7], we
find that

§r(1) = (1, =0)6p(—=1) = v(—k, k)o_x(1) for all I € Z**,

so that 6y = vy(—k, k)o_x. Thus, we see that

Op %y O = Y(—k, k)O_j %+ O = Y(—k, k)y(—k, k)d_j+x = 0.

Inserting k1 = k3 = k and ko = —Fk in point (ii) of Definition and using
point (i) of the same definition, one finds that vy(k, —k) = v(—k, k). Using
this, a similar calculation to the one above show that 0y *, d; = do. Thus, for
any £ € T, we find that

(£0k) " = 0,1 = €6 = (E0n)".

We have now shown that TD has inverses, hence is a group, and moreover
that inverses are given by adjoints in C[Z??,4], so we are done. O

4.1.4 Corollary. The y-twisted group algebra C[Z*?,~] is a x-algebra.

Proof. It is immediate from its definition that . is bilinear. Expanding
a,b € C[Z?? ~] in terms of d-functions, we therefore find that

(Za(k)5k> o (%:b(k;’)ék/) - Xk: %:a(k)b(k’)ék % O

k

Associativity now follows easily from the associativity of . restricted to TD.
Moreover, the fact that dy is an identity in TD implies that is serves as a unit
for C[Z??,~]. This shows that C[Z??,~] is an algebra.

Properties (i) and (ii) of an involution (Definition are simple to
verify using the definition of the (claimed) involution on C[Z??, ], so we will
only show that (a *, b)* = b* *, a* follows. We know that

(61 %y Opr)* = (Op % )t = 0,0 %, 0,1 = 65 %, 0 for all kK € 7%
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Thus, expanding a and b in terms of §-functions as above and using conjugate-
linearity of the involution, we find that

(a %, b)* ZZ (O %y O )* ZZb (k) a(k)o;, *., 6}
<Zb 5k,> (Za k;)(;;) =b" %, a",
k

which concludes the proof. O

Let ¢: Z* — U(H) be any projective unitary representation of Z2? with
associated 2-cocycle v. If C[Z%?,~] is meant to represent the most general
structure of the x-algebra generated by ¢(Z>?) in B(H), we should be able
to construct from ¢ a %-algebra homomorphism C[Z?? 4] — B(H). Before
proving that this is the case, we introduce some convenient terminology.

4.1.5 Definition (Representations). Let v be a 2-cocycle on Z2?.

(i) A v-twisted representation of Z*? is a map ¢: Z** — U(H), where H is
a Hilbert space, such that

¢(k)p(K") = v(k, k") p(k + k)
for all k, k' € Z**.

(i) A representation of the y-twisted group algebra C[Z??, 7] is a x-algebra
homomorphism ®: C[Z??,~] — B(H), where H is a Hilbert space.

Note that a y-twisted representation is nothing but a projective unitary
representation with a notational emphasis on the associated 2-cocycle.

4.1.6 Theorem. Lety be a 2-cocycle on Z2?. If ¢: 72 — U(H) is a y-twisted
representation of Z2?, then there is a unique representation ®: C[Z*,~] —
B(H) such that ¢(k) = ®(6y,) for all k € Z*. Conversely, if ®: C[Z*,~] —
B(H) is a representation of C[Z*? ~], then

¢: 7 — U(H)

defines a y-twisted representation of Z.
These constructions are mutual inverses of each other, so there is a bijective
correspondence between ~y-twisted representations of Z*? and representations

of C[Z*%, 7).
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Proof. Let ¢: Z*¢ — U(H) be a ~-twisted representation of Z2?. Since
C[Z*,~] is a vector space with basis D = {4, : k € Z*}, we can define a
unique linear map ®: C[Z*,v] — B(H) by ®(6;) = ¢(k). Clearly, ®(TD) C
U(H). We also find that

@((h; >l<7 (5]4) = CI)(’}/U{?, k/)5k+k’) = ’y(k‘, k/)¢(k + k,)
= ¢(k)o(k) = ©(6) (0w ),

for all k, k" € Z*¢, so the restriction (and corestriction) ®|pp: TD — U(H)
is a group homomorphism. Since adjoints are given by inverses in both
TD and U(H), the map P|rp preserves the involution. Since the involution
and the product on C[Z??,~] are conjugate-linear and bilinear extensions
of their restrictions to D, it follows that the linear map ® is a x-algebra
homomorphism and hence a representation of C[Z*?, ~].

Assume now that ®: C[Z??,y] — B(H) is an arbitrary representation of
C[Z*,~]. Since all elements of D are unitary and ® is a *-algebra homo-
morphism, it follows that (D) C U(H). We can therefore define a map
¢: 72T — U(H) by ¢(k) = ®(6;). Letting k, k' € Z??, the calculation

P(k)p(K") = ©(0k)P(0rr) = POk *5 Or) = V(K &) P (Opsa)
= (k, K)o(k + k)
shows that ¢ is a y-twisted representation of Z2?.
The passage from a y-twisted representation ¢ to the representation @ is
achieved by a linear extension from the basis D, while the other direction is

achieved by restricting a linear map to D. These are clearly mutually inverse
operations. 0

We now define a canonical y-twisted representation of Z2¢ for any 2-cocycle
~v. This proves the assertion preceding Definition that any 2-cocycle
on Z?*¢ gives rise to a projective unitary representation of Z??, assuring us
that 2-cocycles are the correct characterization of the maps Z2? x 7% — T
associated to projective unitary representations.

4.1.7 Definition (y-twisted left regular representations). Let v be a 2-cocycle
on Z2*. The ~-twisted left reqular representation of Z*¢ is the map

Ly 22— U((Z*))
k— L,(k),
where L, (k) is defined by
(Ly(R)F) (1) = (k.1 = k) f (I — k)
for all f € ¢*(Z*?) and [ € 7%,
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It is immediate that L, (k

) € U(F?(Z*)) for any k € Z**. We also find
that, for all [, k, k' € Z*? and f € 3(

Z2d)
(L (k) Ly (K) £) (1) = 7k, U = k)y (K, (1= k) — k) f (L — k) — k)
= ~y(k, K )y (k+k’ I — k+k N f (1— k+k )
= (kK" (Lo (k + &) f) (1)

(setting k1 = k, ks = k' and ks = | — k — K/ in point (ii) of Definition [£.1.1]
gives the transition to the second line). This shows that L. is a y-twisted
representation of Z2?, as the name claims.

We conclude this subsection with a simple observation that we will need
in the next one.

4.1.8 Lemma. Let v be a 2-cocycle on Z*?. Then, the representation
L.,: C[Z** ] — B((*(Z*)) corresponding to the y-twisted left regqular repre-
sentation L. (see Them“em is 1njective.

Proof. For any a € C[Z* 4], write a, = a(k) for all k € Z*! so that
a =) pepea k0. Assume that

> apLy(k) = £y(a) =0.

keZ2d

Applying the operator £,(a) to & € ¢*(Z*?), we find that

0= ap(Ly(k)bo)(1) = > awy(k,1 = k)5p(l) = > arbi(l) = ay

k‘EZZd k‘EZ2d k‘EZ2d

for every | € Z*. Thus, £, (a) = 0 implies that a = 0, so £, is injective. [

4.1.2 Twisted Group C*-Algebras

Fix a 2-cocycle v on Z*@ and let ¢: Z?*? — U(H) be any 7-twisted repre-
sentation of Z2?. In this subsection, we will investigate the structure of the
C*-algebra C*(¢(Z2?)) C B(H) generated by ¢(Z2%).

Using the fact that the closure of a x-subalgebra of B(H) is a x-subalgebra
(which follows by continuity of all operations), it is straightforward to check
that the C*-algebra generated by ¢(Z??) is the norm-closure of the x-algebra
generated by ¢(Z>?). Thus, we can abstract the most general structure of
C*(¢(Z*?)) (as ¢ varies) by finding the largest possible C*-algebra in which
C[Z*?,~] is dense.

With the goal of making this precise, we introduce not-necessarily-complete
versions of C*-algebras and consider their completions.
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4.1.9 Definition (Pre-C*-algebras). A pre-C*-algebra is a *-algebra A
equipped with a submultiplicative norm that satisfies the C*-equality.

As we observed right after the definition of C*-algebras (Definition ,
the C*-equality implies that the unit is normalized, so pre-C*-algebras satisfy
all the defining requirements of C*-algebras except completeness.

A C*-algebra completion of a pre-C*-algebra A is a C*-algebra A along
with an isometric x-algebra homomorphism i4: A — A whose image is
dense. We may also refer to either A or the map i4 by itself as the C*-algebra
completion of A. The following proposition shows that C*-algebra completions
exist and that they can be obtained from any Banach space completion of A.
Moreover, it shows that such completions are essentially unique.

4.1.10 Proposition (C*-algebra completions). Let A be a pre-C*-algebra
and let ia: A — A be a Banach space completion of A. Then, there is a
unique product and a unique involution on A such that is: A — A becomes a
x-algebra homomorphism and A becomes a C*-algebra. In other words: such
that in: A — A becomes a C*-algebra completion of A.

Moreover, if jo: A — A’ is any other C*-algebra completion of A, then
there ezists a unique (isometric) x-algebra isomorphism ®: A — A’ such that
jA =do iA.

Proof. A thorough discussion of Banach space completions, C*-algebra com-
pletions and more can be found in Appendix [B] For a proof of this result, see

Proposition [B.2.10] O

With this terminology under our belt, our goal is to construct the largest
possible (or universal) C*-algebra completion of C[Z??,+]. Thus, we need to
equip it with the largest possible norm that turns it into a pre-C*-algebra.

Let a € C[Z*,~]. We define ||a||, (u for universal) to be the supremum
over all r € R such that there exists a representation ®: C[Z*,~y] — B(H)
with || ®(a)|| = 7.

4.1.11 Lemma (The universal norm). For any 2-cocycle v on Z*¢, the map

I+ [l C[2%¢,9] = [0, 00)
a lally

is a norm on C[Z*%,~] that turns it into a pre-C*-algebra.

Proof. For any a € C[Z??,~], let N(a) denote the set over which we are taking
the supremum. That is, r € N(a) if and only if there exists a representation
®: C[2*!,~] — B(H) such that ||®(a)| = r.
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The existence and the injectivity of the representation £, of Lemma
implies both that N(a) # () for any a € C[Z*?, ] and that ||a||, = sup N(a) >
0 whenever a # 0.

For any representation ®: C[Z?? ~] — B(H), we find that

|@(a |—H<1>( alk)s)|| < 3 8o = 3 lah

k:EZ2d

since ®(0x) € U(H) and unitaries are normalized. This shows that N(a) is
bounded (these sums are finite, so sup N(a) < >, ;24 |a(k)| < 00). We have
now proved well-definition and nondegeneracy.

Fix any a,b € C[Z*,~]. If r € N(a +b), then there is a representation
®: C[Z*,~] — B(H) such that

r=[®(a+0)[| < [[®a)l + 12O < llallu + 1]l

This implies that ||a + b||, = sup N(a + b) < |la|lu + ||b]|., so the triangle
inequality holds. A similar arguments shows that || - ||, is submultiplicative.
For any representation ®: C[Z?? ~] — B(H), we have that

[2(a”a)]| = [[@(a)*®(a)l| = [|®(a)]*.
Thus, for any r > 0 we have r € N(a) if and only if > € N(a*a). This gives:
la*all. = sup N(a"a) = (sup N(a))* = |lal3,

i.e. the C*-equality. Fixing A € C, a similar argument shows that N(\a) =
|A| NV (a), which gives homogeneity.

We have now shown that || - ||, is a well-defined submultiplicative norm
satisfying the C*-equality, so we are done. n

We are now ready to define the ~-twisted group C*-algebra C*(Z%,~).
To reiterate, this is an abstract realization of the most general C*-algebra
generated by the images of y-twisted representation of Z2.

4.1.12 Definition (y-twisted group C*-algebras). Let v be a 2-cocycle on
724 The v-twisted group C*-algebra C*(Z*?,~) is the C*-algebra completion
of the pre-C*-algebra (C[Z*%,~], || - |l.)-

As is customary, we will often identify C[Z??,~] with its (isometric) image
in C*(Z*, 7).

We now upgrade Theorem m (on the correspondence of representations)
from C[Z%, 4] to C*(Z*, ). Asin Subsection2.2.5| and in line with Definition
4.1.5) a representation of C*(Z*,v) is simply a x-algebra homomorphism
O: C*(Z*,~) — B(H), where H is a Hilbert space.
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4.1.13 Theorem. Let vy be a 2-cocycle on Z2%. If ¢: 72 — U(H) is y-twisted
representation of Z2¢, then there is a unique representation ®: C*(Z*,~) —
B(H) such that ¢(k) = ®(6;) for all k € Z*. Conversely, if ®: C*(Z*,~) —
B(H) is a representation of C*(Z*,~), then

¢: 72 — U(H)

defines a y-twisted representation of Z*?.
These constructions are mutual inverses of each other, so there is a bijective

correspondence between ~y-twisted representations of Z** and representations
of C*(Z*,~).

Proof. With Theorem [4.1.6]in mind, we will establish a bijective correspon-
dence between representation of C[Z?? 4] and of C*(Z?? ~). Any repre-
sentation ®: C*(Z*,v) — B(H) will clearly restrict to a representation
®|cpz2a.): C[Z*%,~] — B(H), so one direction of this correspondence is trivial.

For the other direction, suppose that ®: C[Z?*?,v] — B(H) is an arbitrary
representation of C[Z??,~]. By definition of the universal norm || - ||.,, we have
that

12(a)]| < llaflu for all a € C[Z**,1].

Thus, ®: C[Z*?,~] — B(H) is bounded. By Proposition[B.1.2] ® has a unique
bounded linear extensions ®: C*(Z?¢, ~) — B(H). By Proposition , )
is also a x-algebra homomorphism. Thus, ® is a representation of C*(Z%, ).

Now, @ is only unique as a bounded linear extensions of ®. However,
any %-algebra homomorphism from C*(Z%*,~) to B(H) must be bounded by
Proposition m Thus, @ is the only x-algebra homomorphism C*(Z*?, ~) —
B(H) that restricts to ®.

Restrictions and unique linear bounded extensions are clearly mutual
inverses, so this establishes the claimed bijective correspondence between
representations of C[Z??,~] and of C*(Z*?,~). The fact that the resulting
correspondence between representations of C*(Z?? «) and y-twisted repre-
sentations of Z?? takes the claimed form follows immediately from Theorem
and the fact that we are working with extensions and restrictions. [

We close this subsection with a useful lemma regarding isomorphisms
between twisted group algebras.

4.1.14 Lemma. Let v, and v, be two 2-cocycles on Z** and suppose that
®: C[Z*,v,] — C[Z*,~5] is a x-algebra isomorphism. Then, with respect to
the universal norms on C[Z*?,~,] and C[Z*,~,], ® is isometric. This means
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that ® extends to an (isometric) x-algebra isomorphism ®: C*(Z*,~,) —
O (Z2d7’72)'

Proof. Suppose that ®': C[Z%, ;] — B(H) is a representation of C[Z%*, ~,].
Then, & o ®: C[Z*!,~,] — B(H) is a representation of C[Z%*,~,], which
means that

12'(®(a))|| = [|®" 0 ®(a)]| < [la]l. for all a € C[Z*, 7],

by definition of the universal norm on C[Z??,v,]. Since ® was arbitrary, this
implies that

1®(a)]lu < llallu for all a € C[Z**, 7],

this time by definition of the universal norm on C[Z?¢,~5]. This shows that
® is norm-decreasing. Since we can apply the same argument to ®~!, ® must
be isometric: ||al|, = || 1®(a)|l. < ||P(a)|l. < ||all. for all a € C[Z?,~,].
By Theorem and point (iv) of Proposition [B.1.4] ® extends to a
bounded linear bijection ®: C*(Z*,v,) — C*(Z*,~,). By Proposition m
® is a x-algebra homomorphism and hence a -algebra isomorphism between
C*-algebras. We can use the isometry of ® to conclude that ® is an isometry,
but we can also just refer to Proposition [2.2.6] which means that we are

done. O

4.1.3 Twisted Convolution Algebras

Let v be a 2-cocycle on Z2¢. In this short subsection, we will introduce
an algebra that lies between C[Z%?,~] and C*(Z??,+). It will a completion
of C[Z*!,~] (w.r.t. another norm than || - ||,) that maps continuously into
C*(Z*?,~), but it will not be a C*-algebra; it will be a Banach x-algebra.
This algebra will be central to our construction of Hilbert C*-modules for
Gabor theory.

Consider the /!-norm on C[Z%*,~]:

lally = > la(k)| for a € C[Z*,4].

kez2d

If we take the Banach space completion of C[Z??, ~] with respect to this norm,
we clearly obtain a vector space isomorphic to ¢1(Z?). It turns out that the
product and involution on C[Z??,~] also extend to this completion and yields
a Banach x-algebra.
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4.1.15 Definition (pre-Banach x-algebras). A pre-Banach x-algebra is an
algebra B equipped with a submultiplicative norm that normalizes the unit
and an involution that is isometric.

A Banach %-algebra completion of a pre-Banach x-algebra B is a Banach %-
algebra B along with an isometric x-algebra homomorphism ¢5: B — B whose
image is dense. The following proposition does for pre-Banach x-algebras

exactly what Proposition [4.1.10| did for pre-C*-algebras.

4.1.16 Proposition (Banach x-algebra completions). Let B be a pre-Banach
*-algebra and let ig: B — B be a Banach space completion of B. Then,
there is a unique product and a unique involution on B such that ig: B — B
becomes a *-algebra homomorphism and B becomes a Banach x-algebra. In
other words: such that ig: B — B becomes a Banach x-algebra completion of
B.

Moreover, if jp: B — B’ is any other Banach x-algebra completion of B,
then there exists a unique isometric x-algebra isomorphism ®: B — B’ such
that jB =0 OiB.

Proof. See Proposition and Corollary [B.2.§ O

4.1.17 Lemma. For any 2-cocycle v on Z*¢, the ~-twisted group algebra
C[Z*, ] equipped with the (*-norm is a pre-Banach x-algebra.

Proof. Let a,b € C[Z*?,~]. By definition of the product in C[Z?,~], we find
that

oy bl = D7 |37 @btk = 0k = 1)

kez2d |c72d

> D lap(k =)

k€724 [€7.2d

= 5" 1a) 3= bk — )] = llalli o],

lez2d kez2d

IN

so || - |l; is submultiplicative. The unit in C[Z??,~] is &y, which is clearly
normalized. Similarly, it is immediate from its definition that the involution
is an isometry:

la*ll =Y vk, =K)a(=k)| = Y la(k)| = llal|:-

kez2d kez2d
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4.1.18 Definition (y-twisted convolution algebras). Let v be a 2-cocycle
on Z*. The vy-twisted convolution algebra ¢*(Z*?,~) is the Banach -algebra
completion of the pre-Banach x-algebra (C[Z? ~], || - ||1).

Since (*(Z*,~) = ((Z*?) as Banach spaces, all elements of ¢1(Z?, ~)
can be thought of as functions Z*¢ — C. This makes ¢*(Z*?,~) much more
manageable than the C*-algebra C*(Z%!,v). In particular, this means that
we can write explicit expressions for products and involutions in ¢*(Z%?, v).
Indeed, in terms of components, they are exactly the same as in C[Z??,~].

4.1.19 Lemma. For any 2-cocycle v on Z*?, there is a norm-decreasing
x-algebra homomorphism (*(Z*?,~) — C*(Z*,~) whose restriction (and
corestriction) to C[Z*?,~] is the identity.

Proof. In the proof of Lemma [4.1.11}, we showed that for any representation
®: C[Z*,~v] — B(H), we have that

1e(@)] < Y la(k)] = lal, for all a € C[Z*,7].

kez2d

Thus, by definition of the universal norm: |lal|, < ||a||; for all a € C[Z*?,~].

Consider now the identity map Id: C[Z?? 4] — C[Z*?,~]. If we equip
its domain with the ¢/!-norm and its target with the universal norm, then it
becomes a bounded linear map between normed spaces (because ||Id(a)l|, =
llall. < |la|l1). Thus, by Theorem [B.1.2] it has a unique bounded linear
extension Id: ¢(Z%¢,~) — C*(Z*?,~) that is also norm-decreasing. By Pro-
posoition [B.2.7] this extension is a x-algebra homomorphism. By construction,
the restriction to C[Z??,~] is the identity. O

In those cases of relevance to Gabor theory (i.e. for specific choices of
7, which we are about to introduce), we will see that the map afforded by
this lemma is injective. Thus, this inclusion of ¢(Z?? ~) into C*(Z*?,+)
affords us with a dense subset of C*(Z??,v) that is very convenient for explicit
calculations and constructions.

4.1.4 Connection to Time-Frequency Shifts

In this subsection, we will explore in detail how 2-cocycles, twisted repre-
sentations of Z%¢ and twisted group C*-algebras occur in the context of
time-frequency analysis and Gabor analysis.
Consider the canonical projections
P R* — R? Py R* — R?

d
(zx,w) —x o (x,w) = w.
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Recall from Lemma [3.1.] that
m(2)m(w) = e (2 +w) for z = (r,w),w = (y,1) € R*. (4.4)
Thinking of R?? as R? x (Rd)*, there is a natural bilinear form on R??, namely

((m,w), (yﬂ?)) = (Z7w) = PQ(w) : Pl(z) =n-,

and this is precisely the structure that determines the phase factor occurring
in Equation (4.4). We will refer to the map
B:R* x R* - T
(2.w) o Bz, w) = e PP

as the Heisenberg cocycle on R?*?. We define 2-cocycles on R?? precisely as
for Z*? (Definition ; it is not difficult to verify that g is a 2-cocycle on
R2?. Indeed, the imaginary exponential of any bilinear map R?? x R — R
is easily seen to be a 2-cocycle on R??.

We can now write Equation (4.4]) as follows:

m(2)m(w) = B(z,w)w(z +w) for z,w € R*. (4.5)
Letting €2 denote the standard symplectic form on R??, as defined by Equation
(1.4)), we moreover find that

2w — Bz w)B(w, z) for z,w € R*, (4.6)

since —Py(w) - P1(2) + Po(2) - Pl(w) = —n 24+ w-y = Qy(z,w) for z = (z,w)
and w = (y,n).

We now establish how these quantities appear under the lattice-induced
changes of basis described in Subsection (where we traded the variation
of lattices for the variation of symplectic forms).

4.1.20 Definition (Heisenberg and symplectic 2-cocycles). Let A € GL(2d,R),
set § = ATJA and let y denote the symplectic form represented by 6, i.e.
Qo(2,w) = wThz. The Heisenberg cocycle 4 determined by A is the 2-cocycle

Ba: R* x R* — T
(z,w) = Ba(z,w) = B(Az, Aw) = e 2miP2 (Aw)-Pi(Az)
We also introduce the 2-cocycle
pa: R xR 5T
(z,w) = pa(z,w) = ¥ z0)

which we will refer to as the symplectic 2-cocycle determined by A. We will
not distinguish B4 and p4 from their restrictions to Z2? x Z??, which are
2-cocycles on Z2?.
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4.1.21 Lemma. With the notation of the last definition, we have that
Ta(2)ma(w) = Balz, w)Ta(z + w) (4.7)
and that
palz,w) = 2T0E = 54 (2,w0)Ba(w, 2) (4.8)
for all z,w € R*,

Proof. Since B4(z,w) = B(Az, Aw) and Qy(z,w) = Q;(Az, Aw), equations
(4.7) and (4.8) follow immediately from equations (4.5) and ({4.6]). ]

The following result is immediate, but it is the reason for introducing all of
the machinery of this chapter, so we elevate its status to that of a proposition.

4.1.22 Proposition. For any A € GL(2d,R), the map

ma: 22" — U(L*(RY))
k— 7TA(]€)

is a Ba-twisted representation of Z*4.

Proof. Equation (4.7)). ]

Recall that C* (7 4(Z?)) denotes the C*-subalgebra of B(L?*(R?)) generated
by ma(Z?).
4.1.23 Corollary. For any A € GL(2d,R), there is a x-algebra homomor-
phism

Iy CH(Z*, Ba) — B(L*(RY))
5k — HA((Sk) = WA(/C).

Moreover, T14(C*(Z*, 84)) = C*(ma(Z*%)).

Proof. By Theorem [4.1.13] the B4-twisted representation of Z?¢ described in
Proposition [4.1.22 implies the existence of the x-algebra homomorphism II 4.
By continuity of IT4 (Proposition [2.2.6]), we have that

Iy (C*(Z2, B)) = Iy (@[Z%, ﬁA]”'”“) C T4(C[Z27, Ba)) © C*(ma(Z2),

where the last inclusions follows from the fact that IT4(C[Z%, 34]) is included
in the x-algebra generated by 74 (Z2?) (as is straightforward to verify). By
the first isomorphism theorem for C*-algebras (Theorem , the image
of Tl 4, which clearly contains m(Z??), is a C*-algebra. Thus, C*(m(Z*?)) C
[14(C*(Z*, B4)), which concludes the proof. O
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We now wish to show that II4 is injective, from which Corollary
(along with the first isomorphism theorem for C*-algebras) implies that
C*(Z*, Ba) = C*(ma(Z??)) as C*-algebras. This is a deep result, which we
will not be able to prove in full. We will reproduce an argument by Rieffel
[27], which in turn relies on a result by Green [16]. For this, we will need the
maps introduced in the following lemma.

4.1.24 Lemma. Let A € GL(2d,R) and let = € R?*?. Then, the map
CDpA(—,z): (C[ZZdHBA] - C[Z2daﬁA] deﬁned by

()4 (—»a) (k) = pa(k, 2)a(k) for all a € C[Z**,B4] and k € Z**
is an isometric x-algebra isomorphism (w.r.t. the universal norm).

Proof. Every statement in this proof should be quantified over all a €
C[Z??, B4] and k € Z*¢ (2 € R*? is fixed).

Since
(paioy0) (K) = palh, 2)80(k) = pa(0, =)0 (k) = do(k)

the map ®,,_.) preserves the unit. Bilinearity of the symplectic form €2y
(with @ = ATJA) implies that pa(—k, 2) = pa(k, z), so that

(pa—eya) (k) = Balk, k) (Dpu(ya) (—F)
= Balk, —k)pa(—k,z)a(—k)
(k
(k

,2)Balk, —k)a(—k)
72) ( )_< PA(*yZ)a*)(k)’

which shows that ®,,_ .) preserves the involution. Bilinearity of €2y also
implies that

PA
p

A

pa(l, 2)pa(k —1,2) = pa(l, 2)pa(k, 2)pa(=1, z) = pa(k, 2)

for any [ € Z*¢. With this in mind, it is simple to verify that ®,, (- preserves
the product. Thus, ®,,(_ .y is a x-algebra homomorphism. Bijectivity follows
from the fact that (®,,.)"" = ®,,( _.), as is easy to verify. Finally,

®,, (2 is isometric by Lemma [4.1.14] O

The crux of our proof that I1, is injective will be provided by the following
lemma. This is the result of Green referenced by Rieffel.
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4.1.25 Lemma. Let A € GL(2d,R). For each z € R* [et
quA(f,z) 1 C7 (Z2d7 BA) — C*(nga BA)

be the unique bounded extension of the x-algebra isomorphism from Lemma

4.1.24 Suppose that I C C*(Z*%,3,) is a closed ideal such that
®,, (1) C 1T for every » € R*.
Then, I is trivial: I = {0} or [ = C*(Z*%,34).

Proof. See Rieffel |27, Proposition 2.1 on p. 265] for context and Green [16,
Proposition 34 on p. 239] for the proof. One must also be familiar with
the basic representation theory of C*-algebras in order to understand how
Rieffel’s conclusion follows from Green’s result. n

Now for the promised result.

4.1.26 Proposition. For any A € GL(2d,R), the x-algebra homomorphism
IT4 of Corollary is injective. Thus, C*(Z??,B4) = C*(1a(Z*)) as

C*-algebras, with 114 as the isomorphism.

Proof. This proof is based on Rieffel |27, Proposition 2.2 on p. 265]. Let

z € R* be arbitrary. We will show that ®,,_.)(KerIl4) C KerIly, from

which Lemma implies that KerIl4 = {0} and hence gives the result.
By the basic commutation relation, we have that

Ta(k)Ta(2) = pa(k, 2)ma(2)ma(k) for all k € Z*%.

For any a = Y, _z2a a(k)dy, € C[Z*%, B4], we now find that

WA(Z)*HA(CL)WA(Z) = ’/TA(Z)* Z a(k)WA(k)WA(Z)

kez2d

= 3" palk, 2)alk)ma(k) = Wa(®,,.a).

kez2d

By continuity of IT4 and ®,,(_ ), along with density of C[Z?%, 34], we can
conclude that

7a(2) Ta(@)7a(2) = Lo (B, ) for all a € C*(Z7, Ba).

This implies that ®,,_ .)(KerIl,) C KerIl4, which is what we needed to
show. O
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Next up, we prove the result that allows us to think of £1(Z2? 3,4) as a
x-subalgebra of C*(Z??, 84). It is clearly dense, as C[Z?¢, 4] C (1(Z*?, B4).
Thus, if we equip ¢£1(Z?¢, 34) with the universal norm (defined in the same man-
ner as on C[Z2?, 3,], or simply restricted from C*(Z??, 84)), then (*(Z*, 34)
becomes a pre-C*-algebra whose C*-algebra completion is C*(Z%¢, 3,). This
is pretty much the only norm we will consider on ¢*(Z??, 34) going forward.

4.1.27 Corollary. For any A € GL(2d,R), the x-algebra homomorphism

(727, Ba) — C*(Z2%, B4) of Lemma is injective.
If we follow it with W : C*(Z*?, Ba) — B(L?*(R%)), we obtain the map

(N7, B4) — B(L*(RY))
a Z a(k)ma(k),

kez2d

where the sums (clearly) converge absolutely. Having identified (*(Z*, 34)
with the image of its inclusion into C*(Z*, B4), we will denote this map by
II4 as well.

Proof. Let’s denote the x-algebra homomorphism (1(Z2¢, 84) — C*(Z*?, B.)
in question by ®. By Proposition [4.1.26, ® is injective if and only if the
composition T4 o ®@: (1(Z?? B4) — B(L*(RY)) is injective; we will show that
the composition is injective.

We know that ®|c(z2a ,) is the identity (Lemma . Thus, by conti-
nuity of ® and Il4, we find that

Mao®(a) = Y a(k)Ia(0p) = Y a(k)ma(k) forall a € ('(Z*, B,),
kez2d kez2d
where the sums converge absolutely. We need to show that
Mao®(a) = Y a(k)ma(k) =0 = a(k)=0forall k € Z*,
kez2d

Our proof of this fact is based on Grochenig [18, Proposition 2.3 on p. 5].
Fix f,g € L*(RY) and let a € (*(Z*?, 34) be such that [T, o ®(a) = 0.
Then,

0= Z a(k)(ma(k)mae (2) f,7a0(2)g) for all z € R*.
kez2d

By the basic commutation relation and the fact that time-frequency shifts
are unitary, we find that

Tao (2) ma(k)m g0 (2) = e 70 A2 A0 0 (k) for all k € 72
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(note that z € R??; commutativity of m4(k) and 70 (2) only follows if z € Z%9).
Now, A° = —JA™T so Q;(A°z, Ak) = (AK)TJ(=JA™T2) = kT - 2. Com-
bining this with the last two displayed equations gives:

0= alk)(ma(k)f,ghe > = for all z € R*

kez2d

Now, [(ma(k)f, )| < I fllsllglls for all k € Z2 and 3=, cpa la(k)| < oo, s0 the
sum above is an absolutely convergent Fourier series on [0, 1]?¢. Thus, since
it vanishes, we must have that

a(k)(ma(k)f,g) =0 forall k € Z*.

Finally, f,g € L*(R%) were arbitrary, so this means that a(k) = 0 for all
k € Z** (one may e.g. take g = ma(k')f for k' € Z??), which is what we
wanted to show. O]

4.2 | Noncommutative Tori

Noncommutative tori are defined as C*-algebras that are universal with
respect to a set of relations. We will only concern ourself with what it
means for a noncommutative torus to be universal; we refer to Blackadar
[6, Section I1.8.3] for a discussion of universality of C*-algebras in a broader
context.

The noncommutative torus is a foundational example in the theory of
C*-algebras and operator algebras in general, and much is known about
its structure. Indeed, the central constructions of our text, the equivalence
bimodules which are Hilbert C*-modules over noncommutative tori, were
investigated by Rieffel [27] long before they were discovered to be of relevance
to Gabor theory by Luef [21} 22]. Thus, it is a fruitful endeavour to understand
the connection between time-frequency shifts and noncommutative tori in
detail. The main takeaway of this section will be that our S4-twisted group
C*-algebras C*(f4,Z??) are noncommutative tori.

4.2.1 Twisted Group C*-Algebras as Noncommutative
Tori
Recall that T4 denotes the set of antisymmetric matrices in Myq(R) (Definition

1.1.3), and that a subset S of a C*-algebra A is said to generate the smallest
C*-subalgebra of A containing S (Definition [2.2.12)).
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4.2.1 Definition (Noncommutative tori). Let 6 € Ta4. The noncommutative

torus Ay is a C*-algebra that is generated by unitaries Uy, ..., Usq satisfying
the NCT-relations

U;U; = ™50 for 1 <d,5 < 2d, (4.9)

which moreover has the following universal property: if A is any C*-algebra
generated by unitaries Vi, ..., Vo, satisfying the NCT-relations, then there
exists a x-algebra homomorphism ®: 4y — A such that ®(U;) = V; for
1<j<2d.

Assuming the existence of Ay (which we will prove), it is unique up to
*-algebra isomorphisms: if 4y and Aj both satisfy the universal property
of the definition, we are guaranteed x-algebra homomorphisms ®: 4y — Aj
and ®': Ay — Ay that are mutual inverses because of how they map the
generators (along with continuity of x-algebra homomorphism between C*-
algebras: Proposition . Moreover, to motivate the term wuniversal,
note that if A is any C*-algebra generated by unitaries satisfying the NCT-
relations and if ®: Ay — A is the x-algebra homomorphism guaranteed by
the universality of Ay, we have that

A= Ay/Ker® as C*-algebras

by the first isomorphism theorem for C*-algebras (Theorem [2.2.33). Thus,
all such C*-algebras are quotients of Ay.

The aim of this subsection is to prove the following theorem. This is a
well-known and commonly quoted result, but the author was unable to find
an explicit proof. Thus, the given proof, though certainly not original, is the
result of the author’s struggle to connect the dots.

Recall that {e;}2, denotes the standard basis for (R** and) Z*.

4.2.2 Theorem. Let 0 € Tz and let B: Z** x 724 — R be any biadditive
(i.e. Z-bilinear) map such that the 2-cocycle v = e*™P satisfies

e 1k — (k. )y(L k) for all k,1 € 7.

Then, C*(Z*,~) is the noncommutative torus Ag with de,,...,0.,, as the
unitary generators satisfying the NC'T-relations.

We will prove Theorem through a series of lemmas. Given unitaries
Vi,..., Voq satisfying the NCT-relations, in any C*-algebra A, the idea is to
construct a y-twisted representation ¢ of Z** such that ¢(e;) = V;, and then
use Theorem to extend this to a x-algebra homomorphism C*(Z?, ) —
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A such that d.; — Vj. By the Gelfand-Naimark theorem (Theorem
this is a valid application of Theorem for we can take A C B(H)
for some Hilbert space H. This will prove that C*(Z%*,~) has the desired
universal property. However, figuring out how to define ¢ will take a bit of
work.

We will have need for products of the form V¥ = V2. .. V;zfd for
k= (ki,..., kaq) € Z*?. We begin by seeing how the product V¥V relates to
VR (for k,1 € Z29).

4.2.3 Lemma. Let 0 € Toy and let Vi, . .., Vay be unitaries (in any C*-algebra)
satisfying the NCT-relations (4.9). Define

Vk — ‘/'lkl‘/'2k2 .. ‘/'2,2[2d f07’ k = (kjb RN k?d) < sz-

Then,
2d—1 2d
Vle = exXp (271'2 Z Z llez]l{]) Vk-H
i=1 j=it+1

fOT' all k = (kl, ey de),l = (ll, c. ,lgd) € ZQd.
Proof. Note the relations
V}—l‘/;—l — (V;‘/J)_l — (6271'2'9]-1-‘/;"/;)—1 — 627r'i9ij‘/;—1‘/j—1’
and ‘/jfl‘/i — ‘/jfl(‘/i‘/j)‘/;fl _ ‘/}71(6271-1.9].1"/}‘/;’)‘/]»71 — 67271'2'97;]"/1“/].71.

For n € Z\{0}, write s,, = sgn(n). These relations then show that

SnY/Sm __ Sm Y/ Sn 27ri0¢jsnsm

Vionyim = Vemvire for any n,m € Z\{0}, (4.10)
which gives:
ny;ym sn 7l sm\ M|
ViV = (Vi) ve)

_ ‘/ism (V;Sn) In| (‘/;sm) |m|7162m'9ijsmsn|n|

_ 1my/n 2w SmSn|n||m|
— ‘/Z V] e ijSmSn ,
since s,|n| = n and likewise for m. We can now observe that

ViV = ‘/;m‘/}"egmeij”m for all n,m € Z,
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because the cases n = 0 or m = 0 are easily seen to hold. Thus, with
k.l € 7% we find that

Vk:vl _ ‘/1k1 L. Vj{?dv’lll . ‘/Z%d
2d
= €xp (27Ti Z lleljkj) Vlkl"'llVQk? - ‘/2]22dvle .. ‘/;;d

Jj=2

2d—1 2d
“ep (20130 3 L U v

i=1 j=it+1
which is what we wanted to show. O

Let ¢ denote the v-twisted representation we wish to construct. We need
to define ¢(k) for any k € Z*?. We know that the extension of ¢ to the
representation ®: C[Z?¢,y] — C*(V4,...,Vaq) (Theorem will satisfy
¢(k) = ®(dx). We also know that we want ¢(e;) = ®(d,,) = V;. Since ® is a
*-algebra homomorphism, this means that

(05 wy .k O224) = VP,
Thus, we can figure out how to define ¢(k) in terms of V* by writing d; in
terms of 05! s, ... %, 6F2¢. This is the content of the following lemma. We will
not need really need this lemma in our proof, but it provides the motivation
for everything that follows, so we include it. It will be convenient to represent
the biadditive map B (defining the 2-cocycle v = €*™5) by a matrix.

4.2.4 Lemma. Let B = (B;j) € M»4(R) and define the 2-cocycle y(k,l) =
2™ Bk Then, for any k = (ky, ..., ksq) € Z2%, we have that

2d—1 2d 2d
5.’4: = exp (—27TZ Z Z ]{JZ(BT)ZJI{?] — Z szzz(kz — 1)) 5511 >|<7 cee *"/ 55225
i=1 j=i+l i=1

in C[Z*1,~] (where 55; = O¢, %y -+ %y 0, denotes the k;th power of o, in
C[z*,4]).
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Proof. We calculate (using Equation :

0, = 5k1€1+2§i2 kje;

2d
= Okyer %y 52?12 kjeﬁ<klela Z kjej)
j=2

(4.11)
2d—1 2d
= Ohyer %+ %5 Okggens | | 7(’%% > k‘jej)
i=1 j=it+1
2d—1 2d
= exp ( — 27TZ Z Z k?]Bﬂkil) 519161 >X<,y e *’Y 5k’2(i€2d‘
i=1 j=i+1

Let now 1 <7 < 2d and n € Z. Assume first that n > 2. Then,

6nei - 5ei+(n—1)ei
= 561. >l<,7 (5(,1_1)61.7(61'7 (n — 1)61)

= @) [T 7(e (= e
= exp ( — 2mi Z(n — j)Bu‘) (5e,)"

~ exp ( — riBun(n — 1)) (6.0)",

where the last equality follows from the fact that

n—1 n—1
2> (n—j)Bi=2B; » j = Bin(n—1).
j=1 =1

Suppose now that n < 2. Then, since (d_p,;)* = y(ne;, —ne;)one, (almost by
definition of the involution, see the proof of Lemma for details) and
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—n > 2, our previous result implies that
One, = (s, —ne;) (6_ne,)
— exp (2mi(=n) Ban )exp (= 7iBi(—n)(—n — 1)) ((6.)™")’
— oxp (miBi( = 207 + 0 4 ) ) ((8.) ™) 7

= exp ( — m‘Bim(n — 1)> (0e,)".

Since the cases |n| < 1 are readily verified by insertion (along with the fact
that (0.,) " = (0,)* = v(—e€i,€;)0_¢, ), we find that

One; = €XPp ( — miB;n(n — 1))62 for all n € Z.

Combining this with Equation (4.11)) gives the result. O

We now know how to obtain our v-twisted representations. The following
lemma proves that everything works out as hoped.

4.2.5 Lemma. Let 0 € Taq and let B: 7Z** x 7Z*¢ — R be any biadditive map

such that the 2-cocycle v = e*™P satisfies
21k — (K )y(L k) for all k,1 € 7. (4.12)
Suppose moreover that H is a Hilbert space and that Vi, ..., Vaq are unitaries

in B(H) satisfying the NCT-relations (4.9)). Then, if we set

B;j = Blej,e;) for1l<i,j<2d, (4.13)
the map
¢: 72 — U(H)
2d—1
kHexp(—QmZZkBTU mZkB” P — )V,
i=1 j=i+1

defines a y-twisted representation of Z*?.

Proof. First of all, Equation (4.12)) implies that, for all k,l € Z%,

2milT(B—BT)k __ _2milT Bk —2kaBl (k l) (l k) 2m‘lT9k

€ =€

Y

where we have identified the bilinear form B with the matrix representing it.
Thus, we find that

(B—B");;=0; (mod1) forl<i,j<2d. (4.14)
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Fix now k,l € Z?!. We wish to show that

o(k)(1) = (k. Dk +1) = ™ PE(k + 1), (4.15)

for then ¢ is a y-twisted representation of Z2?.
By definition of ¢, we have that ¢(k + 1) = e ™aV**+ where

2d—1 2d
=2 > (ki + L) Bk + 1) +Z/~c+l Bii(ki+ 1 — 1),
i=1 j=i+1

and similarly that ¢(k)¢(l) = e ™V V! where

2d—1 2d

b=23" " (kBLk +1.BTL)) +Z(k Bis(ki — 1) + LBl — 1) ).

i=1 j=i+1
Appealing to Lemma 4.2.3, we now find that

BR)B(1) = V!

2d—1 2d
= eimb exXp (27’(’2 Z Z lﬂmkj) Vk+l

i=1 j=i+1
2d—1 2d
= ™) oy <27ri > zieijkj>¢<k +1).
i=1 j=it1
Equation (4.15)) therefore follows if we can show that
2d—1  2d
a—b=2"Bk-2) > lLifik; (mod2). (4.16)

i=1 j=i+1
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We take a deep breath and calculate:

2d—1 2d 2d
a=b=23" " (KBl + LBLk;) + 23 kiBul
i=1 j=i+1 i=1
2d—1 2d 2d—1 2d
(Z > kBl +Zk3”l) +2> > 1Bk
=1 j=i+1 =1 j=i+1
2d  2d 2d—1 2d
=2> > kBl +2> Y LBk
=1 j=t =1 j=1+1
2d 2d 2d i—1 2d—1 2d
= 2(2 > kBIL->) kiBgzj) +2> Y LBk
i=1 j=1 i=2 j=1 i=1 j=i+1
2d i—1 2d—1 2d
= 2k"B"1 - Q(Z > kB =" > LBk )
i=2 j=1 i=1 j=i+1
2d—1 2d
=2"Bk -2 > 1i(B— B")k;,

i=1 j=i+1

where we used the fact that 3277, Z;f ZM by —;+1 (and then relabelled)
in the last step. Finally, Equation (4.14)) now implies Equation (4.16|) and
hence Equation (4.15)), which concludes the proof. H

We are now ready to prove Theorem

Proof of Theorem [[.2.3. We begin by showing that C*(Z*¢,v) is generated
by the unitaries de,, ..., 0.,, and that theses satisfy the NCT-relations .

Clearly 6.,,...,0.,, generate C*(Z** ~) as a C*-algebra, for they form
a vector space basis for C[Z??, 7], the closure of which is C*(Z*,~). By
Equation (4.2)), we see that

8o 0y 01 = (K, DOpps = vk, 1)y, k)61 %, 6 for k1 € 7%

Thus, we find that

Oc; *v Oc; = (€5, €i)Y(€s,€5)0¢, %4 6, for 1 <1, j < 2d.

Since we are assuming that

7(6],61)7(6“6]) 271'2(€z) 96] — 627'('19”’

this shows that d.,, ..., d,, satisfy the NCT-relations.

€24
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Suppose now that A is a C*-algebra generated by unitaries Vi, ..., Vay
satisfying the NCT-relations. We can appeal to the Gelfand-Naimark theorem
(Theorem and take A to be a C*-subalgebra of B(H), for some Hilbert
space H. In other words, we can suppose that A = C*({V4, ..., Vaq}) C B(H).

By Lemma , we obtain a 7-twisted representation ¢: Z*? — U(H)
such that

¢(ej) =exp (—miBj(1—1))V;=V; forl1<j<2d.
By Theorem |4.1.13] this implies the existence of a x-algebra homomorphism
o: C*(Z*,~) — B(H) such that P(o;) = Vjfor 1 < j < 2d.
Now, we need ® to corestrict to ®|*: C*(Z*?,~) — A in order to conclude

that C*(Z*,~) has the universal property characterizing Ay. This is afforded
by continuity of ®, for:

®(C(2*,7)) = @(C[2*,7]) € (C22,7]) € C"(d(2*)) = A,

where the fact that ®(C[Z??,~]) is included in the x-algebra generated by

#(Z2?) gives the last inclusion. In fact, since ¢(Z??) C ®(C[Z*,~]), the first
isomorphism theorem for C*-algebras implies that the image of ® must be all
of A (this is the same exact argument that we gave in the proof of Corollary

4.1.23] just in a more general setting).
We have now shown that C*(Z??+) satisfies the requirements of Def-

inition [4.2.1) with unitary generators dy,...,d0s4. Thus, C*(Z*, ) is the
noncommutative torus and we have proved Theorem [4.2.2] O

Finally, we summarize the equivalences that tie together all of our work
in this chapter up until now. This will be the main takeaway from the work
we have done.

4.2.6 Corollary. If A € GL(2d,R) and 0 = ATJA, then
Ag = C*(ZZd,ﬁA) ~ O (7TA<Z2d)) as C*-algebras,
where the identifications are determined by
Uj = de; = male;)  for 1 <j < 2d.
Proof. The second identification is provided by Proposition [£.1.26] Since
Ba(k,1)Ba(l, k) = >kl = 20k for all k1 € 7

by Equation , the first identification is afforded by Theorem with
~v = B4. Finally, we note that x-algebra homomorphisms between C*-algebras
are uniquely determined by where they map a generating set for their domain,
because of continuity (Proposition [2.2.6). O
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4.3 | Hilbert C*-Modules and the Feichtinger
Algebra

In this section, we introduce Hilbert C*-modules. Theses are quite direct
generalizations of Hilbert spaces, where the complex number field is replaced
by a general C*-algebra. To a large extent, the first two subsections are
based on the excellent exposition of Raeburn and Williams [24]. In the third
subsection, we will follow Luef |21} 22] and construct Hilbert C*-modules
from the Feichtinger algebra.

As in Chapter [2| we are assuming that all algebras and algebra homomor-
phisms are unital. In particular, all C*-algebras are assumed to be unital.
For a complex vector space F, we will write End¢(E) for the vector space of
all linear maps £ — E. We also wish to alert the reader to a slight notational
conflict: the letter A is used both for arbitrary pre-C*-algebras and for lattice
matrices. This ultimately leads to the notation 4(-,-) having two distinct
meanings. These two topics are confined to separate subsections, so the
context will hopefully make matters clear.

4.3.1 Inner Product Modules and Hilbert C*-Modules

As the name suggests, we will require completeness of Hilbert C*-modules.
We must first introduce their not-necessarily-complete counterparts: inner
product modules. For the notion of a pre-C*-algebra, see Definition [4.1.9]

4.3.1 Definition (Inner product A-modules). Let A be a pre-C*-algebra. A
left inner product A-module is a (nonzero) complex vector space E equipped
with the following structure.

e An algebra homomorphism ®: A — End¢(FE), referred to as an action
of Aon E. We will write a - f = ®(a)f foralla € Aand f € E.

e Amap (-,): F x E — A, referred to as an A-valued inner product.

Moreover, we require the following conditions to hold for all A € C, a € A
and f,g,h € E:

i) (Af+g,h) =Xf,h)+ (g, h) (C-linearity in the first entry)
(ii) (a- f,9) =a(f,9) (A-linearity in the first entry)
(it) (f,9)" = (g, /) (conjugate symmetry)
(iv) (f, f) > 0 in the C*-algebra completion of A (positivity)
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V) (f;f)=0= f=0 (nondegeneracy)

If F is a left inner product A-module, conjugate symmetry and A-linearity
combine to yield:

<f7a'g> = <a’g7f>*:(a<g7f>>*: <f7g>a*

for all f,g € F and a € A. Similarly, we obtain (complex) conjugate-linearity
in the second entry.

A right inner product A-module (for a pre-C*-algebra A) is defined analo-
gously, but with the following modifications:

e The algebra homomorphism is replaced by ®: A°® — End¢(F), where
A°P is the opposite algebra of AE| and we write ®(a)f = f - a. We still
refer to this as an action of A (as opposed to A°P).

e Condition (i) is replaced by C-linearity in the second entry.

e Condition (ii) is replaced by (f, g -a) = (f, g)a, which we refer to as
A-linearity in the second entry.

The following is a simple but important observation, which is straightfor-
ward to verify. Suppose that A is a pre-C*-algebra and that F is a left inner
product A-module, whose action and inner product we will denote by

(I)Ai A— End@(E) and A(','>Z ExE — A.

If A" is another pre-C*-algebra and ®: A’ — A is an isometric x-algebra
isomorphism (so that it extends to an isomorphism of their C*-algebra
completions), then we can turn E into a left inner product A’-module by
defining

q)A’ = q)A od: A, — EIld(C(E)
and 4,y =0 (a(,)): Ex E— A

We will have need for this construction later.

We now provide some basic examples. These are clear illustrations of the
manner in which inner product modules generalize inner product spaces by
replacing C with a pre-C*-algebra A.

2We will define opposite algebras properly when the need arises to consider right inner
product modules in detail.



4.3.1. Inner Product Modules and Hilbert C*-Modules 155

4.3.2 Example (Inner product modules).

e With the convention that inner products are linear in the first entry,
every inner product space over C is a left inner product C-module. With
linearity in the second entry, we obtain right inner product C-modules.

e Let A be a pre-C*-algebra and let n > 1 be an integer. Then, A" =
A x --- X A as a vector space with pointwise operations becomes a left
inner product A-module when equipped with the following action and
inner product:

a-(a;)i_y = (aa;)j—, and <aJ o0 (b)) 1> ZGJ

where a,a;,b; € A for 1 < j < n. If we exchange aa; for aja and a;b}
for a%b;, we obtaln a right inner product A-module.

Assume now that E is a left inner product A-module. We wish to use
the A-valued inner product to define a norm on E. To do so, we need the
following lemma. It may be thought of as a generalization of the Cauchy-
Schwarz inequality (to which it reduces if A = C).

4.3.3 Lemma (The Cauchy-Schwarz inequality). Let A be a pre-C*-algebra
with C*-algebra completion A and let E be a left inner product A-module.
Then,

(9. N)(f, 9) < |IKF O IKg, 9)
holds in A for all f,g € E.
Proof. Fix f,g € F and let a € A be arbitrary. We find that
0< <af_gaaf_g> :a<f7f>a*_a<fag>_<g7f>a’*+<g7g>
By (i) and (ii) of Proposition 2.2.26} a(f, f)a* < a(||(f, f)||1a)a*. Thus,
0< CLH<f7f>HCL* - a’<fag> - <g7f>a* + <gag>

The lemma clearly holds for f = 0, so we assume that f # 0. If we now set

a = (g, [)/I(f. )], we find that

1
0<— ||<ff>“<gf><fg> (9,9),

from which the result follows (the required manipulations are all justified by
Proposition [2.2.25)). [
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Whenever we refer to a norm on an inner product module, it will be
the norm afforded by the following proposition. Note that the “ordinary”
Cauchy-Schwarz inequality follows from its generalization.

4.3.4 Proposition. Let A be a pre-C*-algebra and let E be a left inner
product A-module. Then, the map || - ||: E — [0,00) defined by

LA = 1KF A2 forall f € B
is a norm on E. Moreover, ||[(f,9)|| < || fllllgll for all f,g € E.

Proof. Let f,g € F and let A € C. By nondegeneracy of the A-valued inner
product and of the norm on A, we have that

f#0 = (LNH#0 = LNHIF#0.

This gives nondegeneracy of the claimed norm. Homogeneity similarly follows
from homogeneity of the norm on A and the fact that (Af, \f) = |A\*(f, f).

Before showing the triangle inequality, we show that ||(f, ¢)|| < || f|lllg]l-
Combining the Cauchy-Schwarz inequality of Lemma with point (ii) of
Proposition [2.2.26| we find that

ICF a1 = g, Y I < 1K HKg: o) = 1P Ngll?,

which proves the claim. Finally, the triangle inequality in A and the isometry
of the involution now implies that

1f+gll> =1L )+ (o) + (g, )+ {g.9)|l
< IFI2+20CE a)l + lgl? < (11 + Nlgll)

which verifies the triangle inequality and completes the proof. O

4.3.5 Corollary (Continuity of the inner product). Let A be a pre-C*-
algebra and let E be a left inner product A-module. Then, the inner product is
continuous: if f,g € E and (f,),(gn) C E are such that f, — f and g, — g,
then (fn, gn) — (f,g) in A.

Proof. Using Proposition [4.3.4] we have that

<\ fallllgn — gl + [1fn — FIlllgll

from which continuity of the norm (|| f.|| — || f]|) gives the result. O
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4.3.6 Lemma. Let A be a pre-C*-algebra and let E be a left inner product
A-module. Then, ||a- f|| < |la|ll|f|l for alla € A and f € E.

Proof. We find that

la- fI* = [Ka - £ra- Y1 = llalf, Hall < lallllf, ) llla”]l,

from which ||a*|| = [|a|| gives the result. O

This means that the action ®: A — End¢(F) associated to a left inner-
product A-module E corestricts to ®: A — B(E) when we equip E with
the norm determined by the A-valued inner product. In fact, we see that ®
becomes norm-decreasing.

We are now ready to define Hilbert C*-modules.

4.3.7 Definition (Hilbert C*-modules). Let A be a C*-algebra. A left Hilbert
A-module is a left inner product A-module that is complete with respect to
the norm defined in Proposition [£.3.4, We will refer to such modules as left
Hilbert C*-modules when we wish to leave the C*-algebra unspecified.

Right Hilbert A-modules and right Hilbert C*-modules are defined anal-
ogously. Note that Hilbert C*-modules require completeness of both the
pre-C*-algebra and the inner product module.

Given a pre-C*-algebra A and two left inner product A-modules E and
F,amap T: F — F is said to be A-linear if

Ta-f)=a-Tf foralla€e Aand f € E,
and it is said to preserve the inner product if

(Tf,Tg)=(f,g) forall figeE.

If T is A-linear, then it is also C-linear, for the fact that the action is an
algebra homomorphism implies that

T(Af) = T((\dp)f) = T((ALa) - f) = (ALa) - Tf = ATf

forall A e Cand f € F.

We now turn to completions. If A is a pre-C*-algebra with C*-algebra
completion A and E is a left inner product A-module, a (left) Hilbert C*-
module completion of E consists of a left Hilbert A-module E and an A-linear
map jp: E — E that preserves the inner product and has a dense image. For
this to be the case, jg must in particular be a Banach space completion of E
(for preservation of the inner product makes jg an isometry). We may also
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refer to either £ or the map jg by itself as the Hilbert C*-module completion
of F.

The following proposition shows that Hilbert C*-module completions exist
and that they may be constructed from any Banach space completion of E.

4.3.8 Proposition (Hilbert C*-module completions). Let A be a pre-C*-
algebra with C*-algebra completion is: A — A. Suppose that E is a left inner
product A-module with action ®4: A — B(E) and A-valued inner product
A{-, ). Suppose moreover that jp: E — E is a Banach space completion of E
(w.r.t. the norm determined by A(-,-)).

Then, there exists a unique action ®4: A — B(E) and a unique A-valued
inner product 4{-,-): E x E — A such that jg becomes an A-linear map
preserving the inner product and E becomes a left Hilbert A-module. In other
words: such that jg becomes a Hilbert C*-module completion of E. Moreover,
the Banach space completion norm on E equals the norm determined by 4(-,-).

Proof. This result and its proof can be found in Appendix [B.3] In particular,
see Proposition [B.3.1] O

We will consider uniqueness of such completions once the appropriate
notion of isomorphism has been introduced.

4.3.2 Morphisms of Hilbert C*-Modules

In the theory of ordinary Hilbert spaces, any bounded linear map between
Hilbert spaces has an adjoint. This is a foundational feature of the theory.
Indeed, our development of C*-algebras has illustrated how powerful the
structure of the adjoint really is, even in the absence of inner products. It
turns our that a bounded linear map between two Hilbert A-modules (for
some C*-algebra A) need not have an adjoint, even if we require A-linearity.

We will bypass this complication simply by restricting our attention to
those maps which do have adjoints. We will christen such maps “adjointable”.
The most general maps between Hilbert C*-modules we will consider will be
bounded A-linear adjointable maps. It turns out, however, that all we need
to require is the presence of an adjoint, for this implies both boundedness
and A-linearity.

For any two sets F and F, we write F'¥ to denote the set of all functions
from F to F. If £ and F are normed spaces, then B(E, F') denotes the
normed algebra of all bounded C-linear maps from E to F'.

4.3.9 Definition. Let A be a C*-algebra and let £ and F' be two left Hilbert
A-modules. We say that a function T' € F¥ is adjointable if there exits a
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function S € E¥ such that
(Tf,g)={(f,Sg) forall fe F andg¢€ F.
In this case, we call S the adjoint of T' (we will show uniqueness soon).

As promised:

4.3.10 Lemma. Let A be a C*-algebra and let E and F' be two left Hilbert
A-modules. If T € FF is adjointable, then T is both A-linear and bounded. In
particular, since A-linearity implies C-linearity, we have that T € B(E, F).

Proof. Suppose T € FF is adjointable, with adjoint S. We begin by showing
that T is A-linear: for any a € A and f,g € E, we find that

(T(af),g) - <a’f7Sg> - Cl<f,Sg> :CL(Tfug) - <G'Tf,g>,
which implies (set g =T(a- f) —a-Tf) that

(T(a-f)—a-Tf,T(a-f)—a-Tf)=0.

Nondegeneracy of the inner product now gives A-linearity. For the statement
that A-linearity implies C-linearity, see the discussion following Definition
437

It remains to show that 7" is bounded. We will show that if a sequence
(fn) C E converges to some f € E and the sequence (7'f,) C F' converges to
some g € F, then Tf = g. By the closed graph theorem (Theorem ,
this implies that T is bounded.

If f, = fe€ Fand Tf, — g € F, then, by continuity of the A-valued
inner products, we find that

(9.h) = 1im (T fu, ) = Tim (fu, Sh = (f, Sh) = (Tf, h)

for all h € F. As before, nondegeneracy of the inner product now implies
that g = T'f, which concludes the proof. O]

4.3.11 Definition (Adjointable operators). Let A be a C*-algebra and let
E and F be two left Hilbert A-modules. We write L(E, F') for the set of all
adjointable maps from E to F. By Lemma[£.3.10, £(E, F) C B(E, F) and
L(E, F) consists entirely of A-linear maps. We also write L(F) .= L(E, E).

Whenever we speak of a norm on L(F, F'), we will mean the operator
norm restricted from B(E, F') (where the norms on E and F' are defined via
their A-valued inner products).
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In order to speak of the adjoint of an operator T' € L(FE, F'), we should
verify that it is unique. If T has two adjoints, say Si, Sy € EF', then we find
that (f,(S1 —S2)g) =((T'—T)f,g) =0forall f € F and g € F, from which
nondegeneracy of the inner product gives S; = 55. Going forward, we will
denote the adjoint of T" by T™.

It is simple to verify that

(T =T, M\ +T)* =XIT+T; and (ST)* =T*S*,

for any T,1T1,T, € L(E,F), A € C and S € L(F,G), for any left Hilbert
A-module G. Indeed, the proofs are exactly the same as for ordinary Hilbert
spaces and adjoints. These simple identities imply that L(F, F') is a vector-
subspace of B(F, F') and that £(F) is x-algebra.

4.3.12 Proposition. Let A be a C*-algebra and let E and F be two left
Hilbert A-modules. Then, the following statements are true.

(i) | Tl = [IT*|| and |T||* = |T*T|| for all T € L(E, F).
(i1) L(E,F) is a closed vector-subspace of B(E, F).
(111) L(E) is a C*-algebra with the involution given by the adjoint.

Proof. Noting that ||{f,¢)|| < || f]|llg]| for all f,g € E (Proposition , the
proof of (i) is pretty much identical to the argument given in the beginning

of Section [2.2, where we proved that T' € B(H) satisfies these identities for
any Hilbert space H.

As for (ii), we have already remarked that L(E, F') is a vector-subspace
of B(E,F). To see that it is closed, suppose that T € B(E, F) is the
limit of a sequence (7,,) C L(E,F). In particular, (7},) is then Cauchy, so
(TF) € L(F,E) is as well, by (i). Thus, (7,,)* converges in B(F,E). By
continuity of our inner products, we find that

(T'f,g) = (lm T, f, g) = lim (T,, f, g) = lim (f, T g) = (f, lim T7g),
n—oo n—oo n—oo n—oo

for all f € E and g € F. Thus, T is adjointable with 7% = lim,,_,o, T¥. This
proves that L(E, F) is closed.

The proof of (iii) is now simple: we have already remarked that £(F) is
a x-algebra with the involution given by the adjoint, (ii) shows that L£(E)
is closed (in the Banach algebra B(E)) and (i) shows that the C*-equality
holds. [

Similarly to how we obtained a generalized Cauchy-Schwarz inequality
in the form of an inequality in A, we now obtain a generalized boundedness
condition for adjointable operators.
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4.3.13 Corollary. Let A be a C*-algebra and let E be a left Hilbert A-module.
Then, we have that

(Tf,TF) <|TI?(f, f) forallT € L(E) and f € E.

Proof. Since T*T is a self-adjoint element in the C*-algebra L£(F), point (ii)
of Proposition [2.2.26] implies that

|T|[*1dg — T*T = | T*T|[1dg — T*T > 0 in L(E).

Since positive elements have positive square roots (Proposition [2.2.21), there
exists some S* = S € L(F) such that ||T||?Idg — T*T = S*S. Now,

0 < (Sf,Sf)=(S"Sf. f) =TI, f) = {T°Tf. f)

gives the result. O

We now introduce a particularly simple kind of map between Hilbert
C*-modules (we will quickly shows that they are adjointable).

4.3.14 Definition (Rank-one operators). Let A be a C*-algebra and let E
and F' be two left Hilbert A-modules. For each f € F and g € F', we define
the map Kyg,: £ — F by

Kig(h)=<(h,f)-g foral heFE.

Operators of this form are referred to as rank-one operators.

The terminology of rank-one operators is borrowed from the theory of
Hilbert spaces. However, rank-one operators need not have one-dimensional
ranges over C. Instead, they have “one-dimensional ranges over A”, in the
sense that Ky ,(E) C A-g. In the special case where A = C and Hilbert
A-modules are ordinary Hilbert spaces, the terminology coincides. We will
always use this term in the sense of Definition [4.3.14]

We now show that rank-one operators are adjointable, and hence bounded
and A-linear as well.

4.3.15 Lemma. Let A be a C*-algebra and let E and F be two left Hilbert
A-modules. Then, all rank-one operators from E to F are adjointable. In
fact, we have that (Kyg)* = K, ¢ for all f € E and g € F.



162 Noncommutative Tori and Hilbert C*-Modules

Proof. Let h € E and k € F be arbitrary. Using only the basic properties of
our inner products, we find that

<Kf79(h)7k> = <<h>f> 9, k> = <h7 f><gak> = <ha <g> k>* ' f>
- <h’ (k.g) - f> - <thg,f(k7)>’

which gives the result. O]

We now consider the subspace of L(E, F') consisting of limits of linear
combinations of rank-one operators.

4.3.16 Definition (Compact operators). Let A be a C*-algebra and let E
be a left Hilbert A-module. We define

K(E,F) =span.{K;,: f€ Eand g € F} C L(E,F),

and we refer to the elements of IC(F, F') as compact operators. We will write
K(E)=K(E,E).

As with rank-one operators, the terminology of compact operators is
borrowed from Hilbert space theory. Our compact operators need not be
compact in the ordinary sense of the word (that is, they need not map bounded
sets to relatively compact sets). We will always use this term in the sense of
Definition [£.3.16l

The reader who is familiar with compact operators on Hilbert spaces
might now anticipate the following result.

4.3.17 Proposition. Let A be a C*-algebra and let E be a left Hilbert
A-module. Then, K(E) is a closed ideal in L(E).

Proof. 1t is clear from its definition that IC(E) is a closed vector-subspace of
L(E). To see that it is an ideal, let T' € L(E) and f,g,h € E. We find that

(TEK o) () = T((h, 1) - 9) = (h. f) - Tg = Kpry(h)
and  (KpgT)(h) = (Th, f) - g = (hT*f) - g = Kpopy(h)

where we have used A-linearity of 7" in the first line (Lemma [4.3.10]). Bilin-
earity and continuity of the product in £(£) now implies that I(E) is an
ideal, which concludes the proof. O

Before we close this subsection, we define the obvious notion of isomor-
phisms between Hilbert C*-modules. This is not a notion which appears (to
our knowledge) in Raeburn and Williams [24].
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4.3.18 Definition (Unitary operators). Let A be a C*-algebra and let £
and F be two left Hilbert A-modules. A map U: E — F is called unitary if
UeL(EF) and

U'U=1dg and UU" =Idp.

As is the case for all adjointable maps, we know that a unitary map
U e L(E,F) and its adjoint U* € L(F, E) are A-linear. It is clear that both
U and U™ preserve the inner product. Thus, a unitary operator is a bijection
between two Hilbert C*-modules which preserves all of the relevant structure
in both directions.

As a reflection of this fact, we see that Hilbert C*-module completions are
unique precisely up to unique unitary maps (clearly any Hilbert C*-module
completion jp: E — E followed by a unitary map U is another Hilbert
C*-module completion of E):

4.3.19 Proposition. Let A be a pre-C*-algebra and let E be a left inner
product A-module. If jp: E— E and kp: E — E are two Hilbert C*-module

completions of E, then there exists a unique unitary map U € L(E, E’) such
that kg = U o jg.

Proof. This result and its proof can be found in Appendix [B.3] In particular,
see Corollary [B.3.3] O

4.3.3 The Feichtinger Algebra as an Inner Product
Module

We are now finally ready to construct the long promised Hilbert C*-modules
over noncommutative tori. We will find that much of the work has already
been done. In this subsection, we are following Luef [21] 22].

What we will explicitly construct is an inner product £1(Z??, 4)-module,
for any A € GL(2d,R) (recall that 54 denotes the Heisenberg cocycle de-
termined by A; Defintion . Thus, we will consider ¢*(Z%*, 3,) as a
pre-C*-algebra whose C*-algebra completion is C*(Z2?, 34) (see Corollary
and the paragraph preceding it). The vector space underlying the
module will be the Feichtinger algebra Sp(R?) from Subsection [3.2.3] The
completion of this inner product £*(Z??, 84)-module will be the desired Hilbert
C*-module.

Note that it is quite natural that So(R?) pairs with ¢1(Z?, 84): both are
defined by an absolute integrability /summability condition, and Lemma
shows that sampling the STFT V, f for f,g € So(R?) over AZ* produces an
element of ¢1(Z2%).
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4.3.20 Theorem (The Feichtinger algebra as an inner product module). For
any A € GL(2d,R), the Feichtinger algebra So(R?) is a left inner product
(Y(Z2?, Ba)-module with respect to the action

a-f=Tala)f = > alk)walk)f forae (2 Ba) and f € Sp(RY),

k‘EZ2d

and the (*(Z*, B4)-valued inner product A{-,-) defined for f,g € So(R?) by

alf, 9) (k) = (f,ma(k)g) = Vo f(Ak)  for all k € Z*°.

We will prove this theorem soon. But first, we wish to highlight how
the canonical operators from Gabor theory appear in this construction. Let
f,9,h € So(R%) and let a € ¢*(Z*,3,4). Recall the analysis, synthesis and
mixed-type frame operators, C;‘,Dg‘ and S;h, introduced at the end of
Subsection [3.2.20 We find that

CAf) = alfg) and Dia)=ah

Thus, we see that the inner product represents the analysis operator (or the
discrete STFT, if you will), while the action represents the synthesis operator.
Moreover, combining these, we see that

Spn() = (Di o CNf = alf.g) - h = Kgu(f),

so the mixed-type frame operator S, is precisely the rank-one operator

K, ! Of course, in this context, these are operators between/on Syp(R?) and

(7%, B4), as opposed to L*(R?) and (*(Z*®). Nevertheless, this is a clear
illustration of how these modules encapsulate and reflect the basic structure
of Gabor theory.

Before we prove Theorem in full, we capture the fact that the
module action is well-defined in a lemma.

4.3.21 Lemma. If f € Sy(RY) and a € (*(Z*?, B4), then

Ma(a)f = Y a(k)ma(k)f € So(RY),

kez2d
where the sum converges absolutely in L*(R?).

Proof. Absolute convergence is immediate since ||w4(k)f||2 = || f]|2 for every
k € Z?*. We need to verify that V,, (Il4(a)f) € L'(R??) (recall that gy denotes
the normalized Gaussian; see Definition (3.2.12)).
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The continuity of the STFT V,,: L*(R?) — L?(R?*®) implies that

vgo( 3" alk)ma(k) f) (2)= Y a(k)(Vyym(Ak)f)(z) for all z € R™.

kez2d kez2d

Using the covariance property of Lemma [3.1.4] we now find that

V@l < [ (X lal0Va s = b)) az

kez2d
= 3 lal®l [ Wz = 4Bz = 3 Jalb)l[Vo 1
kez2d kez2d
which is finite because f € Sy(R?) and a € ¢*(Z*, B34). O

Finally, as a last note before we prove Theorem [4.3.20, we recall the
explicit form of products and involutions in *(Z2¢, 84), since we will need
them. We have:

(a x5, D)(K) = > alD)b(k = 1)Ba(l.k = 1)

lez2d

and a*(k) = Balk, —k)a(—k)
for all a,b € (1(Z*,3,) and k € Z*.

Proof of Theorem [{.3.20, The action of ¢*(Z*!, B4) on Sy(R?) is the just the
map I14: (2(Z%, B4) — B(L*(RY)) afforded by Corollary [4.1.27, but with
the operators in its image restricted to act on Sp(R?) instead of L?*(RY).
Lemma is the statement that this restriction is well-defined. We already
know that IT4 is a x-algebra homomorphism (Corollary , so there is
nothing more to prove regarding the action. As for the ¢}(Z*?, 34)-valued
inner product, we have already proved that it is well-defined: see Lemma
All we need to do is to verify the axioms of the inner product.

Fix any f,g € So(R?). The C-linearity of the first entry follows imme-
diately from linearity of the STFT V,: L?(R?) — L*(R??). For conjugate
symmetry, point (iv) of Lemma gives:

ma(k) = Ba(k, —k)Ta(—k) for all k € Z*,
so that

alf59)* (k) = Balk, —k)(f, ma(—k)g) = (Balk, —k)ma(—k)g, [)
= (g, ma(k)f) = alg, ) (k)
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for all k € Z?.
We now turn to ¢1(Z*, 34)-linearity. With the definition of 84 in mind,
the covariance property of Lemma [3.1.4] implies that
(Vym(AL) £) (AR) = Ba(l. k — DV, f(Ak — AL) for all k,1 € Z*,
Thus, with a € (1(Z%,84), we find that
ala- £,0) (k) = (D alhma()f, malk)g)

lEZ2d

= Z a(l)(ma(l) f,ma(k)g)

lez2d

=Y a(l)(Vym(Al)f)(Ak)

1€72d

= 3 alDBall. k= DV, (AR — Al
=3l (k= DBall,k —1) = (axs, alf,g))(k)

for all k € Z*?, which proves ¢*(Z*?, B4)-linearity.

All that remains is positivity and nondegeneracy. For positivity, recall
that we require 4(f, f) > 0 in the C*-algebra completion of £}(Z>?, 3,), i.e. in
CH(Z%, B4) = C*(m4(2*?)) C B(L*(RY)). Under the inclusion £}(Z*?, 34) —
B(L?(R%)) (Corollary 4.1.27| and Proposition [4.1.26)), we have that

Alfo )= D Al Hk)malk) = Y Vif(Ak)ma(k).
kezz2d kezz2d
By Proposition [2.2.28 we know that, for any T € B(L?(R%)),
(Tg,g) >0foral ge L*(RY) = T >0in B(L*RY)).

Let now T' = ", 720 Vi f(Ak)ma(k). We will show that T' > 0 in B(L*(R?)),
which is equivalent to T > 0 in C*(m4(Z%%)) by spectral permanence (Propo-

sition [2.2.9)).

By continuity of inner products and the fact that 7' is a continuous
operator on L?(R%), it suffices to show that (T'g,g) > 0 for all g stemming
from a dense subspace of L2(R?), e.g. for g € Sp(R?) (Lemma [3.2.14). With
g € Sp(R%), we find that

(Tg.g) = (D Vif(AR)mak)g.g) = Y Vif(AK)Vy9(AR)

keZQd kez2d

> Vig(A°k)Vig(A°k) > 0,

ke 7,2d

" Jde tAy
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where we have used the FIGA (Theorem in the last line. This proves
positivity of (-, ).

Finally, if f € Sp(R%) is nonzero, then A(f,f) is nonzero, because
A ) = {f, f) = |Ifll5- This gives nondegeneracy and concludes the
proof. O

By Proposition m on Hilbert C*-module completions, we may complete
So(R%) to a left Hilbert C*(Z2¢, 84)-module. We will denote this completion by
4€. We may also consider 4&€ as a left Hilbert Ag-module (where § = AT JA),
via the isomorphism Ay = C*(Z*?, 34) of Corollary .

A priori, 4€ is an abstract completion, and we cannot interpret its ele-
ments as functions. However, it has recently become clear that 4&€ embeds
continuously into L?(R?). This was first shown by Austad and Luef [4] (in a
preprint). Austad and Enstad [3] has used this insight to further explore how
A€ fits into the framework of Gabor frames in the L*(R%)-setting. Thus, there
is an ongoing exploration and illumination of the naturality and usefulness of
these modules in Gabor theory.






Chapter 5

Morita Equivalence and Lattices

The purpose of this chapter is twofold. First, we introduce the notion of
Morita equivalence of C*-algebras via equivalence bimodules and show how
to upgrade the Feichtinger algebra to an equivalence bimodule. This is
the content of the first section. Afterwards, in the second section, we have
included some tangential considerations about how Morita equivalence relates
to duality in Gabor theory.

5.1 | Morita Equivalence and the Feichtinger
Algebra

Except for a brief encounter in Subsection 2.2.5 on the Gelfand-Naimark
theorem, we have not properly introduced representations of C*-algebras.
Indeed, representation theory is a vast and important topic that is front and
center in the deeper study of C*-algebras.

The notion of Morita equivalence originates in ring theory, where two
rings are said to be Morita equivalent if their categories of modules are
additively equivalent. We will not unpack this; we refer the interested reader
to Anderson and Fuller [1] for an approachable introduction to these topics.
Modules can be viewed as representations of rings, so, loosely stated, Morita
equivalence equates rings with isomorphic structures of representations. It
turns out that if two rings R and S are Morita equivalent, then there exists a
certain R-S-bimodule which one can use to turn representations of R into
representations of S and vice versa. The existence of such a bimodule is
also sufficient for Morita equivalence, so one can phrase Morita equivalence
entirely in terms of the existence of certain bimodules.

The notion of Morita equivalence for C*-algebras is similar to the notion
of Morita equivalence for rings, but there are important differences. Two

169
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C*-algebras are called Morita equivalent if there exists a certain Hilbert
C*-bimodule that relates their categories of representations, known as an
equivalence bimodule. However, there may exist C*-algebras whose categories
of representations are equivalent but for which no such bimodule exists.
Originally, C*-algebras with equivalent categories of representations were
called Morita equivalent, and the term strong Morita equivalence was used
to refer to the existence of an equivalence bimodule. These bimodules have
become so central to the subject that it has become common to omit the
adjective “strong”, which is a convention we will adopt. Equivalence bimodules
were developed by Rieffel [26], who called them imprivity bimodules (a term
that is still very much in use).

We will not develop the machinery needed to transfer representations
between Morita equivalent C*-algebras. We will simply introduce equivalence
bimodules as an interesting topic in their own right. The rest of the story can
be found in Raeburn and Williams [24], who we will follow in our development
of equivalence bimodules.

5.1.1 Opposite Algebras and Equivalence Bimodules

Let A and B be two C*-algebras. An A-B-equivalence bimodule will be a
complex vector space F that is both a left Hilbert A-module and a right
Hilbert B-module that moreover satisfies a couple of conditions relating these
structures. In order to properly introduce the topic, we need to discuss
opposite algebras and right inner product modules in some detail.

5.1.1 Definition (The opposite algebra). Let A be a %-algebra with the
product denoted by juxtaposition. We define the opposite x-algebra of A to
be the same vector space A equipped with the same involution x: A — A,
but with the product ¢: A x A — A defined by

aob=9o(a,b) :=ba forallabec A

We will write A° for this x-algebra. Thus, A = A° as vector spaces, but
their products differ.

It is straightforward to check that A°P actually is a x-algebra. In order to
illustrate the notation, we include a couple of the required calculations:

e (aob)* = (ba)* =a*b* =b"oa’ (Property (iii) of Def. [2.1.10)),

e (aob)oc=c(ba) = (cb)a=ao(boc) (associativity of the product).
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Moreover, it is clear that (A°P)°P = A as algebras.
If A is a pre-C*-algebra, then A°P is as well, with respect to the same
norm. Submultiplicativity of the norm is immediate, and

la* o all = flaa|| = |(a*)"a”]| = [la*]]” = Jlal}?

gives the C*-equality. Moreover, if A denotes the C*-algebra completion of
A, then A is the C*-algebra completion of A°°. To be more precise: if
iqa: A — Ais a C*-algebra completion of A, then, the same map i: AP —
AP (A = A°® and A = AP as sets) is a C*-algebra completion of A°P. This is
immediate: the only structure that differs is the product, and that calculation

iA(a) OiA(b) = iA(b)iA(a) = z'A(ba) = ’iA(GOb) for all a,b c AP =A

shows that the product on A extends the product on A°P.
We now show that right inner product A-modules correspond to left inner
product A°°-modules and vice versa.

5.1.2 Lemma. Let A be a pre-C*-algebra. Suppose that E is a right inner
product A-module with action ®: A°® — Endc(E) and A-valued inner product
(-,)x. Then, the same vector space E with the same action ®: AP —
Endc(F) and an A°P-valued inner product «(-,-) defined by

X(gaf> ::<f7g>>< forallf,gEE

is a left inner inner product A°°-module.

Conversely, if F' is a left inner product A-module with action ®: A —
Endc(F) and A-valued inner product (-,-). Then, the same vector space F
with the same action ®: (A°P)? = A — Endc(F) and an A°P-valued inner
product (-, )« defined by

<f7g>>< ::X<guf> fOT'CLHf,gEF

is a right inner product A°®-module.

Proof. We show the first half of the statement, regarding right inner product
A-modules. The proof of the second half is almost identical, one just needs
to break apart the equations and shuffie the pieces around.

Let ¢ denote the product in A°?. There is nothing to verify regarding the
action, for it doesn’t change. Note, however, that although the action of A in
the right module and the action of A°P in the left module are given by the
same algebra homomorphism ®: A°® — End¢(F), we write them differently:

a-f=f-a foralaec A=A and f € F.
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This is sensible, because

(aob)- f=2(aob)(f) = (2(a)2(h))(f) = 2(a)(2(B)(f)) =a-(b- f)

while

f - (ab) = ©(ab)(f) = ®(boa)(f) = ®(b)(R(a)(f)) = (B)(f-a) = (f-a)-b

for all a,b e A= A°® and f € E.
We need to check that the inner product «(-,-) satisfies the required

properties (see Definition4.3.1]). The following statements should be quantified
over all f,g,h e E, A€ C and a € A.

(i) C-linearity in the first entry:

(A +g.h) = (b A+ g)x = M, flx + (h, g)x = A fo h) + < (g, ),
(i) A°P-linearity in the first entry:

xla-f.9)=(g.a-f)x =(9,[-a)x = (g, [)xa = «(f,9)a=ao(f,g).

(iii) Conjugate symmetry: (f,9)* = (g, )% = (. 9)x = (9, [)-
(iv) Positivity: «(f, f) = (f,f)x >0
(v) Nondegeneracy: »(f,f) =0 = (f,f)x =0 => f=0.
This concludes the proof. O

This correspondence has the following wonderful consequence: for every
result we have for left inner product modules, we obtain a corresponding
result for right inner product modules. Indeed, given a right A-module E,
we can import the desired result from the corresponding left A°P-module
structure on E. For example, the Cauchy-Schwarz inequality of Lemma
holds without change, because

(9, 1) {f>9)x = {f:9)x 049, [)x = (9, f) ([, 9)
< (L D9, 9) = 1K P <[, 9) -

Similarly, we can translate our definitions for left Hilbert C*-modules into
definitions for right Hilbert C*-modules by seeing how our definition for a
left Hilbert A°P-module appears in the corresponding right Hilbert A-module
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structure. For example, if we let * K, denote a rank-one operator in a left
Hilbert A°°-module F (so f,g € E), then

XKfag(h) = ><<h7f> 9=g- <f7h>><7

shows that we should define the rank-one operator corresponding to f,g € F
in the right Hilbert A-module E by h+— g - (f, h)x.

Now, similarly to how we change our notation for the action when passing
from left to right modules, we wish to make a slight notational change for
rank-one operators. It seems natural to define K; ;= “Kjyg, so that the
order of the subscripts matches the order in which they appear in the defining
expressions. That is, we take

Ki,(h)=[-{g,h)x forallheE

as a definition of the rank-one operator corresponding to f,g € F in a right
Hilbert A-module E.

If we similarly include subscripts for the spaces of adjointable and compact
operators, we find that L(E) = L4(F) and that (K(F) = K«(E). That
is, adjointable operators for a left Hilbert A°°-module are exactly the same
as adjointable operators for the corresponding right Hilbert .A-module, and
likewise for compact operators. There is no more substance to this than
simple observations such as:

(Tf,9)x = x(g.Tf) = x(T"g, f) = ([, T*9)«.

This concludes our discussion of the left A°°-module and right A-module
correspondence for now.

There is only one more notion we need before we are ready to study
equivalence bimodules.

5.1.3 Definition (Fullness of inner-product modules). Let A be a pre-C*-
algebra. A left or right inner product A-module F is said to be full if

Spﬁc{<fug> : f’geE}:A

We are now ready for the main definition of this section. We emphasize
that the notion of equivalence bimodules, which we are about to introduce, is
entirely distinct from the left A°P-module and right A-module correspondence
we just discussed. Considering a left Hilbert 4°P-module as a right Hilbert
A-module does not turn it into an A°P- A-equivalence bimodule in general.

5.1.4 Definition (Equivalence bimodules). Let A and B be two C*-algebras.
An A-B-equivalence bimodule is a complex vector space E with the following
structure.
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(i) £ is a full left Hilbert .A-module and a full right Hilbert B-module. We
will denote the A-valued inner product by (-, -) and the B-valued inner
product by (-, ).

(ii) A acts as adjointable operators w.r.t. (-,-)s and B acts as adjointable
operators w.r.t. ¢(-, -), meaning that

<a'fag>o: <f>a*'g>o and 0<fb7g> :o<fagb*>
forallae A, be B and f,g € E.

(iii) The inner products satisfy the following associativity condition:

{fr9)-h=1[-(g,h)e
for all f,g,h € F.

Whenever we speak of an “A-B-equivalence bimodule” it should be im-
plicitly understood that A and B are C*-algebras. We reiterate that two
C*-algebras A and B are called Morita equivalent if there exists an A-B-
equivalence bimodule.

We will write ®4: A — Endc(F) and ®p: B® — Endc(E) for the
two actions that make up part of the bimodule structure. We also need to
notationally distinguish the maps T': ' — FE that are adjointable with respect
to the A-valued inner product from those that are adjointable with respect to
the B-valued inner product. We will write £ 4(F) for those operators that are
adjointable w.r.t. ¢(-,-) and Lz(E) for those that are adjointable w.r.t. (-, -),.
Note that a map may have one adjoint with respect to 4(-,-) and another
adjoint with respect to (-, -)s, S0 we need to be careful with our notation.

With regard to rank-one and compact operators, we define, for f,g € E:

KA (h) = olh f) g and KB (h) = f-(g,h)a, (5.1)

and we write K 4(F) and ICg(F) for the respective spaces of compact operators
(see Definition [4.3.16)).

It turns out that equivalence bimodules intertwine inner products and
compact operators in a very particular manner:

5.1.5 Proposition. Let E be an A-B-equivalence bimodule. Then, the
associated actions ® 4: A — Endc(F) and ®p: BP — Endc(FE) satisfy

Du(olf.9) = KF, and s({(g,h)s) = K\, (5.2)
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for all f,g,h € E. Moreover[] Ka(E) = LA(E) and Kg(E) = Ls(E), and
the actions corestrict to (isometric) x-algebra isomorphisms

(I)AZ A — ,CB(E) and by BP — EA(E)

Proof. We will prove the claims that pertain to ® 4. The claims for &z are
proved analogously. Alternatively, one may note that an A-B-equivalence
bimodule is exactly the same as a B°P-A°-equivalence bimodule, so that
exactly the same argument (applied to a B°P-A°P-equivalence bimodule) gives
the result.

With our definition of rank-one operators in mind (Equation (5.1)), con-
dition (iii) in Definition becomes:

K5(f) = Pa(e(f,9)) (h) = ®5((g, h)e) () = K7 y(h)

for all f,g,h € E, which gives Equation (/5.2]).

Condition (ii) in Definition is precisely the statement that ®4: A —
Endc(F) satisfies @ 4(A) C Lp(E) and that the corestriction ® 4: A — Lp(E)
preserves the involution. This means that we have a x-algebra homomorphism
Dy A — ﬁB(E )

By fullness of the left Hilbert A-module structure, along with continuity
of ®4: A — Li(E) (Proposition [2.2.6), we now find that

(I)_A(A) == (I)A(WC{O(fu(D : fag € E})
Cspanc{®4(s(f.9)) : f.g € E}
=spanc{K7,: f,g € E} = Kg(E).

Now, we know that Idp = ®4(14) € P4(A) C Kg(FE) (by our requirement
that algebra homomorphisms be unital). Since Kg(E) is an ideal in Lz(FE)
(Proposition [4.3.17)), this implies that Kg(E) = L(E).

By the first isomorphism theorem for C*-algebras (Theorem [2.2.33)), we
know that ® 4(.A) is a C*-subalgebra of Lz(FE). In particular, ®4(A) C Ls(E)
is closed. Thus, since spanC{ng : f,g € E} C ®4(A) by Equation (5.2)), we
find that Lp(E) = Kp(E) C ®4(A) C Lp(F), from which we can conclude
that ®4(A) = Lp(E).

All that remains is to show that ® 4 is injective (it is then automatically
isometric by Proposition . Suppose that a € Ker ® 4 and let € > 0 be

!This part of the result depends crucially on our convention that all algebra ho-
momorphisms are unital! In the nonunitial theory, we obtain x-algebra isomorphisms
D y: A— Kg(E) and 5: B® — K 4(E), which map inner products to compact operators
in the same fashion, but it need not be the case that K 4(E) = L4(F) and Kg(F) = Lp(E).
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arbitrary. By fullness of the left Hilbert A-module structure, we can find
fi,g: € E (for 1 <i < N, where N is some integer) such that

HlA - ZN: o(fir 9i)

1=

N
<€, and hence Ha - aZ.(fi,gZ) < |lalle.
i=1

But a € Ker ® 4 implies that

N

N
GZ-<fi,9i> = Z.(a fig) =

i=1 =1

Mz

0 fl?.gl - a

so we find that ||a|| < ||a|le for any € > 0. This means that a = 0, so ® 4 is
injective and we are done. O

We now explore an alternative to condition (ii) in our definition of equiva-
lence bimodules. Note that we have two potentially different norms on an
A-B-equivalence bimodule E. We will write

AFIF =Nl O and  IfI5=I{f, flall forall fe E.

We will soon find that these norms must in fact be equal, but for now, we
must distinguish them.

5.1.6 Lemma (Alternate condition). Consider Definition |5.1.4. In the
presence of conditions (i) and (iii), condition (ii) is equivalent to the following:

(- foa-fle < lal*(f. fle and o(f -0, f-b) < [bI(f, f) (5.3)
forallae A,be B and f € E.

Proof. We first note that Equation holds in any A-B-equivalence bimod-
ule E: Proposition shows that ®4: A — L(F) and $p: B® — L4(E)
are (isometric) x-algebra isomorphisms, so Equation follows immediately
from Corollary [4.3.13

We must now show that condition (ii) of Definition follows from
conditions (i) and (iii) along with Equation (/5.3]).

Let f,g,h,k € E. Using only condition (iii) and the Hilbert C*-module
axioms, we find that

<‘<f>g>h7k>.:<f<g7 k> < f k> < >‘<f>k>‘
= (g (f.k)), = < fr-k)e=(holfr9)" k),
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This shows that condition (ii) holds for ¢(f, g) € A. By linearity of ® 4 and
sesquilinearity of (-, -),, we can conclude that

(a-h,k)e=(h,a" - k), forall a€ spanc{.(f,g): f,g€ EF} C A.

Now, spanc{.(f,g) : f,g € E} is dense in A by condition (i), so for any
a € A, we may choose a sequence (a,,) for which condition (ii) holds and such
that a,, — a.

By Equation (5.3) (and point (ii) of Proposition [2.2.26]), we find that
la- flI2=Ka- fra- ol < allPlI{f, £l < llalPlIfII

for all @ € A and f € E. This means that a,, - f — a - f in the right Hilbert
B-module structure on E whenever a,, — a in A. If we now fix any a € A and
choose a sequence (a,) for which condition (ii) holds and such that a,, — a,
we find that

(a-h,k)e = lim (a, - h,k)e = lim (h,a) - k)e = (h,a” - k)

’'n
n—oo n—oo

by continuity of (-, ), and the involution on A.

Finally, a very similar argument with the roles of A and B interchanged
(or an appeal to left /right correspondence, as outlined in the beginning of the
proof of Proposition concludes the proof. n

When considering not-necessarily-complete versions of equivalence bimod-
ules, as we now will, one finds that the alternate condition of Lemma [5.1.6
is stronger than condition (ii) of Defintion and that one must assume
the alternate condition in order for completion to work. The problem is that
condition (ii) imposes no boundedness on the action of A with respect to the
right B-module norm, whereas Equation does.

5.1.7 Definition (Pre-equivalence bimodules). Let A and B be two pre-C*-
algebras. An A-B-pre-equivalence bimodule is a complex vector space E with
the following structure.

(i) E is a full left inner product A-module and a full right inner product
B-module. We will denote the A-valued inner product by (-, ) and the
B-valued inner product by (-, ).

(ii) We have that

<CL ' faa : f>0 S H&H2<f7 f>0 and 0<f : baf : b> S HbH20<f7 f>

for all a € A, b € B and f € FE, where the left inequality is an
inequality in the C*-algebra completion of B and the right inequality is
an inequality in the C*-algebra completion of A.
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(iii) The inner products satisfy the following associativity condition:

o{frg) - h=[-(g,h)o
for all f,g,h € E.

Suppose we have an A-B-pre-equivalence module F, whose actions and
inner products we will denote by

®,: A— Ende(E), ®p: B® — Ende(F), a(-,) and (-, )p.

Then, if ®;: A’ — Aand ®y: B’ — B are two isometric x-algebra isomorphism
between pre-C*-algebras (which will extend to isomorphisms between their C*-
algebra completions), we can turn F into an A’-B’-pre-equivalence bimodule
by defining the actions

(I)A/ = (I)A o (I)li A — End(c<E) and (I)B’ = (I)B o (I)Qi (B/)Op — End(c<E)
and the inner products

ar() =07 (al) and ()p =257 (()8).

This is a simple but useful observation, which is straightforward to verify.

If A and B are C*-algebras, Lemma implies that an A-B-equivalence
bimodule is an A-B-pre-equivalence bimodule as well. Thus, the following
lemma implies that the two norms || - || and || - ||« on an A-B-equivalence
bimodule coincide, as claimed.

5.1.8 Lemma. Let E be an A-B-pre-equivalence bimodule. Then, the norm
ol - || on E determined by A agrees with the norm || - ||, determined by B. In
other words, o||fI| = [lo{f, "> = IILf, HollV/? = (I fllo for all f € E.

Proof. We first note that condition (ii) in the definition of pre-equivalence
bimodules implies that, for any b € B and f € E:

oIS B = o -0, f ) < IR CF A = TP CILAN)Y, (54)

and hence that .| f - || < |b]| (|| f]|) (where we again have used point (ii) of
Proposition [2.2.26| to convert an inequality in the C*-algebra completion of

B to an inequality of norms).
We also find that

loCf PP = Hlo (s ol fs O =

oLl ) LD =

o<f' <f7f>oaf>H
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Appealing to the Cauchy-Schwarz inequality for .(-,-) and Equation (5.4)
with b = (f, f)o, we can now conclude that

Lol P < (lLE - (Dl GIAD < ICE Dl G

By our definitions, this is the statement that .|| f||* < (||.f]lo)?(||f])?, so we
obtain o | fI| < [ f]lo-

The same argument with the roles of A and B interchanged now gives the
result. O]

Before we consider completions, we introduce the appropriate notion of
isomorphisms for equivalence bimodules. This is not a notion we have seen
elsewhere, but it seems natural and convenient to introduce it. For the notion
of a unitary map between Hilbert C*-modules (i.e. an isomorphism of Hilbert

C*-modules), see Definition |4.3.18|

5.1.9 Definition (Biunitary maps). Let £ and F' be two A-B-equivalence
bimodules. A map U: E — F' is called biunitary if it is unitary both as a
map between left Hilbert A-modules and as a map between right Hilbert
B-modules. In other words, a biunitary map U: E — F' is an invertible map

UeLA(E,F)NLs(E,F)
whose inverse equals its adjoint in both of these spaces.

A biunitary map U: E — F is both A-linear, B-linear and preserves
both inner products. This implies that it preserves the equivalence bimodule
conditions as well. For example, we see that

and JUf-b,Ug) = U(f b),Ug) = (f-b,g)

for all f,g,h € Eand b € B.

We now turn to completions. Suppose that A and B are pre-C*-algebras
with C*-algebra completions A and B. If F is an A-B-pre-equivalence
bimodule, then an equivalence bimodule completion of E consists of an A-B-
equivalence bimodule E along with a map jg: £ — E that makes E (along
with jg) a Hilbert C*-module completion of both module structures on E
(meaning that jg is both A- and B-linear, preserves both inner products and
has a dense image). As always, we may refer to either £ or the map jz by
itself as an equivalence bimodule completion of E.

The following proposition shows existence and uniqueness of equivalence
bimodule completions. We have usually deferred proofs of such results to
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Appendix [B] but this result is so intertwined with the contents of this section
that we give the proof here. Note that Lemma [5.1.§| allows us to speak of the
Banach space completion of an equivalence bimodule E.

5.1.10 Proposition (Equivalence bimodule completions). Let A and B be
pre-C*-algebras with C*-algebra completions A and B. Suppose that E is an A-
B-pre-equivalence bimodule and let jp: E — E be a Banach space completion
of E. Then, there exist a unique A-B-equivalence bimodule structure on E
such that jg: E — E becomes a Hilbert C*-module completion of both inner
product module structures on E. In other words: such that jg becomes an
equivalence bimodule completion of E.

Moreover, if kp: E' — E is another equivalence bimodule completion of E,
then there exists a unique biunitary map U: E — E such that ky = U o jg.

Proof. By Proposition (and its appropriate translation to the setting of
right modules), we can give E the structure of a left Hilbert A-module and a
right Hilbert B-module in such a manner that jz: E — E becomes a Hilbert
C*-module completion of both module structures on E. Moreover, these
structures are unique. We must verify that E, equipped with this structure,
satisfies the equivalence bimodule axioms of Definition [5.1.4]

Since E' is full as a left inner product A-module and as a right inner
product B-module, it is clear that E is full both as a left Hilbert A-module
and as a right Hilbert B-module (for a set which is dense in A is dense in A
and likewise for B and B).

For the following, keep in mind that there is a single topology on E. We
know that the A- and B-valued inner products ¢(-, ) and (-, -)s are continuous
(Corollary and that the actions of A and B are continuous (Lemma

4.3.6). Thus, the fact that
0<fag>'h:f'<g7h>0 fOI‘&Hf,g,hGE

straightforwardly implies (via approximating sequences) that the correspond-
ing equation holds in E. This gives axiom (iii) of Definition [5.1.4]
Similarly, the fact that

<CL ’ f7a ’ f>0 < ||a||2<f7 f)o and o<f ’ b7f ' b> < ||b||20<fa f> (55)

for all a € A, b € B and f € E implies that the corresponding equation
holds in E. To see this, one must also invoke the fact that a limit of positive
elements in a C*-algebra is positive.ﬂ This shows that the alternate condition

2A proof of this fact can be found in the third to last paragraph of the proof of

Proposition [B:3.1}
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of Lemma holds in E. Thus, by the contents of that lemma, we have
shown that F is an A-B-equivalence bimodule. B

As for the claim of uniqueness, suppose that kg: £ — E is another equiv-
alence bimodule completion of E. Then, as jg and kg are both Banach space
completions of E (the assumption that kg preserves the inner product implies
that it is an isometry), Corollary on the uniqueness of Banach space
completions implies the existence of a unique isometric linear isomorphism
U: E — FE such that kg = U o jp. By Proposition (and its appropriate
translation to right modules), this map must be unitary with respect to both
module structures, for otherwise U would not be unique. O

5.1.2 The Feichtinger Algebra as a Pre-Equivalence
Bimodule

Let A € GL(2d,R). The goal of this section is to turn the Feichtinger algebra
So(R?) into an ¢1(Z*, B4)-0*(Z*?, B 40 )-pre-equivalence bimodule and to con-
sider its completion. Throughout this section, we are following Luef [21, [22],
who is translating a bimodule construction by Rieffel [27] into the language of
Gabor theory and exploring the implications of this correspondence. Rieffel’s
constructions are in terms of Schwartz spaces, while Luef is working with the
Feichtinger algebra.

We will obtain the right ¢!(Z?¢, 3,.)-module structure on Sy(R?) from the
left ¢*(Z%¢, B40)-module structure afforded by Theorem [4.3.20} For this, we
need the following lemma.

5.1.11 Lemma. Let v be a 2-cocycle on Z**. Then,
I €[z, 7] - €[z, o)
av a*
(where the involution is taken in C[Z*,7]) is a x-algebra isomorphism which
extends to an (isometric) x-algebra isomorphism I': C*(Z21,7) — C*(Z*4,~)°P.

Proof. For the duration of this proof, we will write a(k) = aj for all k € Z*
and any a € C[Z*?,5] or a € C[Z*¢,~]°P. Moreover, since we are dealing with
two distinct involutions, we will denote the involution on C[Z%,~]°P by *, so
that

(@) =7(k,—k)a_y = v(k,—k)a_x and (a®)r = y(k,—k)a_y.
We find that

T(a), = () = v(k, —k)a_r = v(k, —k)a_; for all k € Z*". (5.6)
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It is quite clear that T is bijective (C[Z??,7] and C[Z??,~]°P are the same as
vector spaces, and both complex conjugation and the involution are bijections).
We need to verify that I is a x-algebra homomorphism.

Since dy is the unit in both C[Z??,7] and C[Z??,~]°P, the calculation

L(do)r = v(k, —k)do(—k) = 7(=0,0)do(k) = (d0)&

shows that I' preserves the unit. The calculations

D(a)} = (b, —F)T(@) 1 = (k, —k)7(—k, k)ax
and (") = (k, —k)(a")—x = 7(k, —k)y(—k, k).

show that I' preserves the involution.
Preservation of the product requires a bit more work. Let a,b € C[Z*?,7]
and k € Z*!. Note that the identity to verify is:

(a5 D), = (T(b) %, T(a)),,

because of the opposite structure on the target. We find that

T(a w5 b)r = v(k, —k)(a*5b)_ = v(k, —k) > _ ap_p_y(l, =k 1)

lez?d
and that (I'(b) *, I'(a)), equals

> T (a)k-ry(l,k —1)
lez2d

= A =Dboy(k =11 = k)l k= 1)
lez?d

= Ak + 1~k = by (=1, apy(k + 1, 1),
I'ez2d

Thus, preservation of the product follows if we can show that

vk +1 =k —=Dy(=LO)y(k+1,—=1) = vk, —k)y(l,—k =) (5.7)

for all k,1 € 724
By the defining properties of 2-cocycles (Definition [4.1.1]), we find that

yk+1,—k—=1)=~vk+1,—k—0v(0,k)
=yk+1,—k—=1l+k)y(—k—-1k)
=y(k+1,=D)y(—k—1k)
and that (I, =) = v(l, =)7(0, =k) = ~(l, =1 — k)v(—1, —k).
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This gives (using also that v maps into T, so that conjugates are inverses):
yk+1 =k =Dy -Dvk+1,=1) =v(=k =1, k), =l — k)y(=L,—k).
Finally, noting that
V=l =Ry (=k =L k) = (=l =k + k)y(=k k) = y(=k, k) = 7(k, —F)

gives Equation (5.7) (for the last equality, see the proof of Lemma [4.1.3).
Thus, we have proved that I' is a x-algebra isomorphism.

To conclude that I' extends to a x-algebra isomorphism I': C*(Z*,7) —
C*(Z2?,~)°P, it is tempting to appeal to Lemma which states that
*-algebra isomorphisms between twisted group algebras are isometric w.r.t.
their universal norms. We cannot use the lemma as stated, because of the
opposite structure on the target of I'. However, it turns out that we can use
the exact same argument as we did for its proof.

The proof of Lemma clearly carries through if we equip C[Z2¢,~]°P
with the universal norm (defined as the supremum over the norms of all
representations), but we need to know that this equals the universal norm
on C[Z*!,~], which is the norm we use to form the completion C*(Z? )
(which defines C*(Z*?,~)°, as well as its norm). The Gelfand-Naimark
theorem (Theorem saves the day: if ®: C[Z*?,~]°P — B(H) is any
representation of C[Z?? v]°P, we may interpret the same map ® as a x-algebra
homomorphism ®: C[Z??,~] — B(H)°P, and since B(H) is a C*-algebra, we
can consider B(H)°P to be a C*-subalgebra of B(H'), for some Hilbert space
H'. This argument shows that every representation of C[Z??,+]°? can be
turned into a representation of C[Z??,~] and vice versa. Thus, their universal
norms agree, which means that the argument from Lemma carries
through and concludes the proof. O]

Consideration of the £!-norm that defines the x-subalgebras ¢'(Z??, B4.) C
C*(Z24, Bpo) and (1(Z29, B40)P C C*(Z*%, B45)°° makes it clear that the
isomorphism I' from Lemma [5.1.11] restricts and corestricts to a x-algebra
isomorphism I': £1(Z%?, B40) — (*(Z?%, Bas)°P.

Invoking Lemma we now immediately obtain a right ¢*(Z2?, 540) =
(7%, B a0 )°P-module structure on Sp(R?) from the left ¢*(Z?, 540)-module
structure afforded by Theorem [£.3.20f However, some consideration of the
isomorphism T': £1(Z%?, B40) — (*(Z?%, B45)°P will be required.

5.1.12 Proposition. For any A € GL(2d,R), the Feichtinger algebra Sp(RY)
is a right inner product (*(Z*?, Bao)-module with respect to the action

Fob="Y bk)mae(k) f forbe (2> Bao) and f € So(RY),

kez2d
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and the 01 (7%, Bao)-valued inner product defined for f,g € So(R?) by

1
(f,9)a0(k) = Tdet A|

Proof. As discussed prior to the proposition, Lemma turns Sp(R?) into
a right £*(Z%*, 840)°P-module with inner product

(f,9)x (k) = x{g, [Y(k) = ac{g, [)(k) = (g, mae(k) f) for k € Z**

and action IT40: £1(Z??, Bas) — Ende(So(R?)). By the construction outlined
after Definition (of inner product modules), we can use the (isometric,
w.r.t. the pre-C*-algebra norms) x-algebra isomorphism T': ¢*(Z?, B40) —
(1 (Z*, Bxo)°P to transfer this to a right £!(Z?¢, B40)-module structure. The
action and the inner product become

(mas(k)g, f)  for all k € 72

Moo and <','>A°:F_1(<'7'>><)

(note that we may equivalently consider the same map I' as a %-algebra
isomorphism I': £1(Z??, B40)°P — (*(Z*?, B40), which is more appropriate for
the action). All we need to do is to verify that the action and the inner
product take the claimed forms.

We begin with a couple of useful observations. We see that

Tao(—k)* = Bao(k, —k)mao (k) for all k € 7% (5.8)
by point (iv) of Lemma Appealing to Equation (5.6)), we find that
(Ib)(k) = Bac(k, —k)b(—k) and (I'"'c)(k) = Bas(—k, k)c(—Fk)
for all b € £1(Z*, B40), ¢ € £1(Z*, B40)°P and k € 729
Since 140 o I'(b) = [140(I'b), we now find that

Fob=Te0)f = > (T0)(k)aas(k)f = > b(—k)Bas(k, —k)mae (k)

kez2d kez2d

Zb )mae(—K)" f,

kez2d

which gives the claimed form of the action (relabel k — —k). As for the inner
product, we note that Sa0(k, —k) = B40(—k, k) and find that

(f:9) a0 (k) =T7H((f, 9)x) (K )_/BAO(_ k){g, mac(—Fk)f)
= (Bao(k, —k)mae(—k)*g, [) = (mas(k)g, ).

In the proposition, we have scaled this inner product by a positive number. We
are free do to so, because the inner product axioms will remain satisfied. [J
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Before we state and prove that we actually obtain a pre-equivalence
bimodule, we record the fullness of the left inner product ¢1(Z2¢, 34)-module
structure on Sp(R?) in a lemma. By the left/right correspondence of Lemma
5.1.2L this clearly implies that Sy(R?) is full a as a right inner product
(1(Z?4, 3 40 )-module as well.

5.1.13 Lemma. For any A € GL(2d,R), the left inner product (*(Z*?, B4)-
module Sy(R?) is fullf]

Proof. For this, we must again appeal to Lemma [4.1.25] which states that
any ideal I C C*(Z*!, B4) satisfying ®,,(_.)(I) C I for all z € R*? is trivial.
Fix z € R??. The basic commutation relation implies that

Ta(2)ma(k)ma(2)* = pa(z, k)ma(k) = pa(k,2)ma(k) for all k € Z*.
Thus, for f,g € Sy(R?) and k € Z??, we find that
(Poa—e) (a(f90)) (k) = palk, 2)(f, ma(k)g) = ([ palk, z)ma(k)g)
= (ma(2)" fyma(k)ma(2)"g) = al{ma(2)" f, ma(2)"g) (k)

where we are allowed to write the last expression because Sp(R?) is closed
under time-frequency shifts (Lemma [3.2.14)). Thus,

Cpu)(alf.9)) = alma(z)" foma(2)"g) forall fg€ S(RY).  (5.9)

Now, the vector-subspace

J = spanc{a(f.9) : fg € So(R)} C £1(Z, Ba)

is an ideal by (1(Z??, 34)-sesquilinearity of the inner product. Let a €
C*(Z*,3,) and b € J, where J denotes the closure of J in C*(Z*?, 3,).
Choose sequences (a,), C £*(Z*?, 84) and (b,), C J such that a, — a and
b, — b in C*(Z**, B4). Then, (a,b,), C J, so ab C J by continuity of the
product (and similarly ba € J). Thus, J is an ideal in C*(Z*?, 84).

By continuity of ®,,_ .) and Equation (5.9)), we can now conclude that

P, n(J) C®,, () CJ forall z € R™

Thus, J = C*(Z*, 34) by Lemma [4.1.25, which gives the result. O

3Keep in mind that we are considering ¢!(Z2?, 34) as a pre-C*-algebra, so that the
fullness condition requires the linear span of inner products to be dense w.r.t. the norm
1(Z*4, B4) inherits from C*(Z2?,84), i.e. the universal norm.
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5.1.14 Theorem (The Feichtinger algebra as a pre-equivalence bimod-
ule). Let A € GL(2d,R). Then, So(R?) equipped with the left inner product

(Y(Z*, Ba)-module structure of Theorem |4.5.20] and the right inner product
5.1.14

(H(Z*, Bao)-module structure of Proposition |5.1.14 becomes an (*(Z*%, 34)-
(Y7, B 40 )-pre-equivalence bimodule.

Proof. Lemma [5.1.13) verifies condition (i) of Definition [5.1.7, we need to
verify conditions (ii) and (iii) of that definition.
We begin with (iii): we wish to show that

A(fvg>h:f<g7h’>z4° for all fuguhESO(Rd)’

If we unpack our notation, this becomes:
1 *
> (fmalk)g)ma(k)h = Tdot 4] D (mac(k)h, g)mac (k)* f. (5.10)
kez2d kez2d
Using Equation (|5.8), we find that
(mac (k)h, g)mae (k)" = (h, mae (k)" g)Tac (k)" = (b, Tao (—k)g)mao (—F)
for all k € Z??. Thus, Equation (5.10]) is equivalent to:

> (. malblgh Al = o PIERCTCE

k‘Esz

which is precisely the Janssen representation of the frame operator S;ﬁh
(Theorem |3.2.26))! Thus, condition (iii) certainly holds.
Condition (ii) becomes:

(@ fra-flae < llal*(f, fae (5.11)

for all a € (1(Z??,84) and f € Sp(R?), in addition to a similar statement
regarding the action of ¢'(Z??, B4.) and the inner product 4{-,-). These two
statements are proved similarly, so we only prove the one displayed above.

Now, Equation is an equation in C*(Z?? B4.). The action of
(1(Z*, B0) extends to an action of C*(Z??, B4.) by Proposition m This
action is defined by the composite map

O (2, Bar)*® = C*(Z, fae) —* Ende(So(R),
where I is the isomorphism from Lemma [5.1.11] and Il4. is the usual map
[ao: C*(Z%, Bac) — B(L*(RY)), only with the operators in its image re-
stricted to act on Sp(R?). We know Il to be injective (Proposition |4.1.26)),

so the composite x-algebra homomorphism

O (22 B}~ (227, B o) e B(L2(RY))
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is injective as well. If we apply this composition to Equation (j5.11]), we obtain
the equation

> la-foa- flac(k)mas (k) <Y allP(f, £)ae (B)mae (k)* (5.12)

kez2d kez2d

in B(L?(R%)). By the first isomorphism theorem for C*-algebras (Theorem
, we can consider C*(Z??, 5,40)°P as a C*-subalgebra of B(L?(R?)). By
spectral permanence, Equation (5.11]) now holds in C*(Z??, 54 )°P if and only
if Equation (5.12)) holds in B(L*(R?)). Finally, the spectrum of an element in
C*(Z*4, Bro)°P equals its spectrum in C*(Z%?, B40) (invertibility in one implies
invertibility in the other), so the positivity condition is the same as well.
Thus, we can conclude that Equation holds in C*(Z??, B4.) if we can

prove Equation ((5.12) in B(L?*(R?)).
By Proposition [2.2.28|and the density of So(R?) in L?(R?) (Lemma|3.2.14]),

it now suffices to check that

(g-{a-foa-flac,g) < llall*(g- (f. flae,g) forall g€ So(RY). (5.13)

Applying condition (iii) twice, we find thatﬂ
(g-(a-fra-[ac,g9) = (alg.a-f)-(a-[),g)= < fA g.a-f)"-g)
=(a- f,a{a fg g>—<a f) (9, 9) a0)-

Now, (g, g)4o > 0, so we can consider its unique positive square root afforded
by Proposition [2.2.21, This square root will be an element of C*(Z??, 34.),

but need not be in ¢*(Z*?, B4.). Thus, the action by (g, g}i{f is part of the
extended action. Continuing our calculation, we find that

(g-(a-fra-fhae,g) = {(a- 1) (g, 904 (@ F)-{g, ). (5.14)
We claim that

(a-f) g, )i =a-(f (9.9 %),

which is equivalent to the operator IT4(a) commuting with the operator

defining the action of (g, g)AO . Now, anything that commutes with (g, g) 4o
commutes with its square root, and (g, g) Ao acts as

> (mac(k)g, g)mac(k)*,  while Ta(a) = > a(k)ma(k),

kez2d Lez2d

4Note that we did not use condition (ii) for equivalence bimodules for the second
equality, for this is the L?(R?) inner product, and we know that the action IT40 o T is a
*-algebra homomorphism.



188 Morita Equivalence and Lattices

and these operators commute by definition of the adjoint lattice (see Lemma
and the subsequent definition).

Finally, continuing where we left off with Equation , and using the
fact that ||IT4(a)|| = ||a||, we find that

(g-{a-fra-flao,g) = (a-(f-{g.9)4) a- (f-{9,9)4))
< [lalf® < 9. 904 S (9, 9V i)
= [lall*(f, f - (g, 9)a0) = llall*(f, a({f. 9) - 9)
= [lall*Calg. ) - f£.9) = lall*(g - {f, Fac, 9).
This gives Equation , which means that we are done. O]

There is one part of the proof which we wish to emphasize, namely that
the associativity condition for the inner product, i.e. the condition that

Alf.g) -h=f-(g,h)ao forall f,g,he Sy(R?),

amounts the Janssen representation of the frame operator. This highlights
how deeply related the concrete duality in Gabor theory is to these equivalence
bimodules, which are quite abstract constructions motivated by representation
theory. We also saw how the proof relied on the defining commutativity
property between a lattice and its adjoint.

For any A € GL(2d,R), we may now consider the equivalence bimodule
completion of Sy(RY) as an ¢*(Z??, B4)-0*(Z*?, B0 )-pre-equivalence bimodule.
This yields a C*(Z%*, 34)-C*(Z*, B4o)-equivalence bimodule which we will
denote by 4€40. As a left Hilbert C*(Z2¢, 84)-module, 4&4- is precisely 4&,
which we discussed at the end of Subsection [4.3.3 Now, we have seen that
we can consider 4€ as a left Hilbert Ag-module (where § = AT JA), because
of the isomorphism afforded by Corollary [£.2.6, The following proposition
shows that we can think of 4€4- as an Ag-Ay-1-equivalence bimodule.

5.1.15 Proposition. Let A € GL(2d,R) and let 0 = ATJA. Then,
Agr 2 CH(Z* Be)  as C*algebras
via the identification U — dc,; for 1 < j < 2d.
Proof. We find that
(AT JA° = (—JA Y J(-JA ) = A7 JAT = —(ATJA) ' = 071,

so that the symplectic form determined by the lattice matrix A° is —0~1.
Certainly =1 € T54, and we have that

PO = 2t 0 = (k1) = B (k1) Ba (L, )

for all k,1 € Z** (by Equation (4.8) and the fact that Qp-1 = —Q_g-1). Thus,
Theorem [4.2.2| gives the desired result. [
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5.2 | Relating Morita Equivalence to Lattices

We have now seen how the duality in Gabor theory, based on the interplay
between a lattice A = AZ?? and its adjoint A° = A°Z??, is reflected in the
existence of an equivalence bimodule between the noncommutative tori Ay
and Ay-1. This means that certain instances of Morita equivalence between
noncommutative tori are connected to duality in Gabor theory. However,
there are pairs of Morita equivalent noncommutative tori Ay and Ag for
which @’ # 6~1. In this section we take a slight detour from our main objective
and explore how the general notion of Morita equivalence of noncommutative
tori may be connected to Gabor theory and to duality in particular.

5.2.1 Morita Equivalence of Noncommutative Tori

As we mentioned when introducing noncommutative tori in Section they
are well studied objects and much is known about their structure. This
subsection provides an example of this: there is a good understanding of when
two noncommutative tori are Morita equivalent. In particular, we will see a
sufficient condition for Morita equivalence. This condition is not necessary,
but it comes close to being necessary, for there is a strengthening of the notion
of Morita equivalence of noncommutative tori for which it is both necessary
and sufficient. More on this can be found in our reference for this subsection,
Li [20], who is proving a conjecture of Rieffel and Schwarz [25].
We define the group SO(2d,2d | Z) to be the set of all matrices

o= (1 ¥) e

where K, L, M, N € My,(Z) satisfy the following conditions:
K'M+M"K=0=L"N+N"'L and K'N+M'L=1  (515)

Of course, based on this description, it is not obvious that such matrices form
a group. We will not be concerned with the group structure, so we omit the
verifications.

The advertised sufficient condition for Morita equivalence is based on
an action of SO(2d,2d|Z) on the set 754 of all antisymmetric matrices in
Moy(R).

5.2.1 Theorem. Let § € 5. Suppose that g € SO(2d,2d|Z) (with blocks
K,L,M,N € My;(Z) as above). If M0 + N € GL(2d,R), set

g-0:=(K0+ L)(M§+N)"
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Then, g -0 € Taq and Ay is Morita equivalent to Ay.

Proof. The fact that g - 0 € T34 can be shown quite easily by using the
generators for SO(2d, 2d | Z) which we are about to introduce. For the claim
about Morita equivalence, see Li |20, Theorem 1.1] (who uses the term strong
Morita equivalence for what we are calling Morita equivalence). O

We now define three classes of elements in SO(2d, 2d | Z):

RT 0
p(R) = B for R € GL(2d,7), (5.16)
0 R
Iy N : :
v(N) = 01 for antisymmetric N € My (Z) (5.17)
2d
Iy — P. P
and 09, = 2d 2P 2P for 1 <p<d, (5.18)
P2p ]2d - PZp

where P, = Iy, ® 0y4—p) denotes the projection onto the first 2p factors
of R??. In [25], Rieffel and Schwarz show that oy (p = 1) together with
all elements of the form p(R) and v(N) generate SO(2d,2d |Z) as a group.
We have slightly modified their definition of p(R) so that it is more in line
with our conventions (we have replaced R with RT, which we may, since the
transpose is a bijection of GL(2d,Z)).

In the following two subsections, we will attempt to interpret the Morita
equivalences afforded by Theorem in terms of relations among lattice
matrices. If we expand our conception of Gabor analysis and replace R?
by an arbitrary locally compact abelian group, then there already exists
a very satisfactory explanation of how these Morita equivalences relate to
lattices (see the discussion of embedding maps by Li [20], which is a notion
that appears already in Rieffel’s work [27]). However, this connection relates
lattices in R?¢ via lattices in larger groups. We wish to explore what can be
said purely in terms of lattices on R??. To our knowledge, this has not been
done before.

Although Theorem holds for all 6 € 754, we are concerned only with
those matrices representing symplectic forms, so we will mostly restrict our
attention to the case where 6, g - 0 € Syq.

5.2.2 Linear Permutations and Combinations of Lat-
tices

In this subsection we consider generators of the form p(R) and v(N) for
R € GL(2d,Z) and NT = —N € M4(Z), as defined by equations (5.16)) and
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(15.17)).
The first of these, the p(R)’s, correspond to an equivalence we have already
met. If we let § € Syy, then

{p(R)-0:ReGL(2d,Z)} = {R"0R : R € GL(2d,Z)} C Ssa,

and this is precisely the set of matrices representing those symplectic forms
determined by a fixed lattice A; see Proposition The action of p(R) on
6 = AT JA corresponds to a linear permutation of the lattice AZ??. Indeed,
the equivalence between (a) and (b) in the following proposition is precisely
the content of Proposition [3.2.10, However, since the notation and setting is
slightly different and the proof is so simple, we include it here as well.

5.2.2 Proposition. Let 0,0 € Syq. Then, the following statements are
equivalent.

(a) There exists some R € GL(2d,7Z) such that 8’ = p(R) - 0.

(b) There exist A, B € GL(2d,R) such that 6 = ATJA, ¢ = BTJB and
A7 = B72.

Moreover, if (b) holds, then (a) holds with R = A~'B, we have that
Op: C*(Z*, Bp) — C*(Z*, Ba)
(Sk — (SRk
is an (isometric) x-algebra isomorphism, and Ay = Ay as C*-algebras.

Proof. Suppose that (a) holds. Choose A € GL(2d,R) such that § = AT JA
(by Proposition [1.1.8) and set B = AR. Then,

BTJB = (AR)"J(AR) = R"0R = p(R) - 0 = ¢,

and AZ* = A(RZ*?) = BZ*!. Thus, (b) follows from (a).
Now, suppose that (b) holds. Then, since AZ?*® = BZ*!, we must have
A7'B € GL(2d,Z) (Lemma[3.2.1)). Thus, with R := A~!'B, we find that

p(R)-0 =R (ATJAR = (AR)"J(AR) = B"JB =¥,

so (a) follows. This proves the equivalence of (a) and (b).

Suppose now that (b) holds and set R = A~'B. Our proof that (b) implies
(a) shows that (a) holds with this choice of R. Since AZ?? = BZ>?, we have
that

Ta(Z*) = {7(Ak) : k € Z°*} = {m(Bk) : k € Z**} = mp5(Z*%)
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and hence that C*(m4(Z*®)) = C*(r(Z*?)) (these are just two descriptions
of the exact same C*-subalgebra of B(L?*(R?))). Noting that B = AR and
recalling the x-algebra isomorphisms of Proposition 4.1.26] the composition

C* (2%, 55) 225 € (np(22) = € (ma(2*)) ~ (22, )
Sk mp(k) = Ta(Rk) = ORk

provides an isomorphism of C*-algebras, as claimed. Finally, by Corollary

4.2.6,, we also have that
Ay = C*(m4(Z*) = O*(mp(Z*") = Ay as C*-algebras,
which concludes the proof. O

We now see how the fact that a single lattice A C R?? determines multiple
symplectic forms fits into the framework of modules over noncommutative tori.
The two modules that result from two arbitrary choices A, B € GL(2d,R)
of lattices matrices for A = AZ?*? = BZ2? are related by an isomorphism
Aprya = Agr g of C*-algebras. Thus: even though a fixed lattice does not
determine a unique symplectic form, it determines a unique noncommutative
torus, up to isomorphisms of C*-algebras. Moreover, we can easily go between
the resulting modules via the transition procedure outlined shortly after
Definition of inner product modules.

As for generators of the form v(N), with NT = —N € My4(Z), as defined
by Equation , it seems difficult to give a complete description in terms
of lattices on R?¢. To see why this is the case, note that the action of v(N)
on Tyq corresponds to the map

g—v(N)-0 =0+ N,

which means that €™ = 2™ (N)0)i; for all 1 < 4,5 < 2d. While this
changes the symplectic form, it does not change the noncommutative torus
at all: Ay = Ay (n).g, since the NCT-relations only involve the exponentiated
version of the symplectic form. Thus, this correspondence seems to have more
to do with the fact that noncommutative tori only depend on exponentiated
symplectic forms than it has to do with the symplectic forms themselves, and
this is not true of lattices.

However, we can exploit this correspondence to derive some consequences
for Gabor theory. To do so, we should introduce some terminology which
we could have introduce in Chapter [T, on linear symplectic algebra. Given
a symplectic form Q: R? x R?* — R, a subspace V C R?*® is called -
isotropic if Qyyy = 0 (ie. if Q(v,w) = 0 for all v,w € V). In particular,
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()-Lagrangian subspaces are 2-isotropic (and can in fact be characterized as
maximal Q-isotropic subspaces).

In the following proposition, we will write 4 := AT JA for any A € Myy(R).
Note that in order for 64 to represent a symplectic form, we must have
A € GL(2d,R). The value of the following proposition is that it gives us
means to modify a lattice without changing the noncommutative torus it
determines, which may have implications for the structure of Gabor frames
over that lattice.

5.2.3 Proposition. Let A € GL(2d,R) and let K,L € Myy(Z). Then, we
have that

Oariaer, =V(N) - (Oar + 0aor) for some N = —NT ¢ Msy(Z).

In particular, Ag, . 1o, = Agax+6,0,-
As a special case, we find that

9A+A°L = V(N) : 9A if@AoL =0.

Geometrically, A+ A°L is obtained by adding to the columns of A a set of
vectors from the adjoint lattice A°Z>? that belong to an Q-isotropic subspace.

Proof. Expanding out, we find that

Oarcsnor = (AK + ALY J(AK + A°L)
= Our + (AK)TJ(AL) + (A°L)T J(AK) + 0 401..

Let now

N = (AK)TJ(A°L) + (A°L)T J(AK)
= KT(ATJA°)L + LY (A°)TJA)K.

Recalling that A° = —JA~T, we find that
ATJA = ATJ(—JAT) =1 and (A°)TJA=—(ATJA)T = —1I,

and hence that N = KL — LK = KTL — (KTL)". The fact that K and
L are integer-valued now implies that N = —N7T € My4(Z), and the first
displayed equation of the proof shows that

Oarciner, = 0ax +0a0r, + N=v(N)- (0ax +0a01),

as desired.
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As for the geometric characterization of the special case, note that 640, = 0
if and only if

0= (0acp)ij = €] (A°L)TJ(A°L)e; = (A°Le;)" J(A°Le;),
or equivalently:
Qy(A°Le;, A°Lej) =0 forall 1 <i,5 <2d.

Since L € May(Z), the columns {A°Le;}??, of A°L belong to the set A°Z*?,
and the last displayed equation shows that L must be chosen so that these
span an () ;-isotropic subspace. O

In particular, given any A € GL(2d,R), this proposition shows that we
can add any single vector from the adjoint lattice A° = A°Z?? to any column
of A without changing the torus Ay,, since all one-dimensional subspaces
are {2 -isotropic by antisymmetry of {2;. Note, however, that the resulting
matrix A + A°L could fail to be invertible.

5.2.3 Partially Adjoint Lattices

In this subsection we consider generators of the form o9,, as defined by
Equation ({5.18]). We first consider the case where p = d, as this will give us
some valuable insight.

5.2.4 Proposition. Let 0 € Soq. Then, 09q-0 = 071, and if A € GL(2d,R)
determines 0 (i.e. if 0 = ATJA), then A° determines —0~'.

Proof. The fact that o9q - 0 = 671 is immediate from the definitions. We
have already seen that § = ATJA = —07! = (4°)TJA° in the proof of

Proposition [5.1.15] O

We now see that this particular Morita equivalence is implemented by
the Ag-Ay-1-equivalence bimodule we constructed in Subsection The
action by o9q on To4 therefore corresponds precisely to the duality between a
lattice and its adjoint. The fact that it is Ag-1 and not A_y-1 that is Morita
equivalent to Ag, even though A° determines —0~!, stems from the fact that
AZI_H >~ A_y-1. This last fact is obvious with regard to the NCT-relations, and
may also be understood in terms of twisted group C*-algebras and 2-cocycles
via the isomorphism C*(Z??, £40)°P =2 C*(Z*?, B40) from Lemma .

We now consider the cases where 1 < p < d—1. Let 0 € Syq, set ¢ :==d—p

and write
g (fn O : (5.19)
021 O
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where 011 € Tap, 022 € Ta, and 619 is a 2p x 2q matrix. Note that 6y = —67,.
For the rest of this subsection, unless otherwise stated, all matrices written
in block form will have blocks of these sizes.

If 617 is invertible, then there is a formulaic way of block-diagonalizing 6,
namely:

T
0 — [2p 9{11(912 911 0 B Igp 0;11912 . (520)
0 _[2q 0 022 — 021911 912 0 ng

The main result of this subsection will be a straightforward consequence of
this decomposition. We will refer to Equation (5.20) as the block-diagonal
decomposition of 6.

5.2.5 Lemma. Let 1 < p < d— 1 and partition 0 € Say as in Eq. (5.19).
Then, o9y, - 0 exists if and only if 011 is invertible. In this case, we have that

0 — vy —071 612
O2p V= 1 B 1
921911 022 921011 912-

Ty
_ IQp _012 011 0 Igp —012
0 Iy 0 0O 0 Iy )
In particular, o9y, - 0 is invertible if and only if O is invertible.

Proof. The definitions of o9, and o9, - 0 imply that

-1
oo — I, 0 O b
9y - 0 = )
Y Oa1  ba 0 Iy

With A, B,C, D € Ms;(R) arbitrary, we see that

611 (912 A B . 911A+612C 0113+912D
0 Iy,)\C D C D ’

The right hand side is equal to the identity matrix if and only if C' = 0,

D = I,,, 04, is invertible, A = 0 and B = —0;'60,,. Both expressions for

o9y - 0 are now straightforward to verify. The second expression is just the

block-diagonal decomposition of o, - 6 determined by Equation (5.20).
Finally, one may check that

-1
I2p _912 _ IQp 912
0 Iy, 0 Iy )’

which gives the claim regarding invertibility. O]
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In order to interpret the relation between 6 and oy, - 0 in terms of lattices,
we will change basis in R?? such that J becomes

J: 0
JQP@J?Q:(SP Jg)’
q

where Jy, and Jy, are the standard symplectic matrices of dimensions corre-
sponding to their subscripts. Note that, by Proposition [5.2.4, it is natural
to seek a relation between lattice matrices determining ¢ and —oy9), - 6. Since
the d = p case corresponds to the relation between a lattice and its adjoint,
the idea is that the d < p case should be describable in terms of “partially
adjoint” lattices (or a “partial dualization”, if you will).

5.2.6 Proposition (Partially adjoint lattices). Let 1 < p < d—1 and assume
that o4y, - 0 € Syq for some 0 € Syq. Write 0 in block form as in Eq. (p.19).
Then,

011, 0O and 922—92191_11912

are all invertible. Let Ay, Ay and By be invertible square matrices (quaranteed

to exist by Proposition such that
A{JgpAl = 911, AgJQQAQ = 022 — 02191_11012 (md B;JQqBQ = 022,

and let X be any 2qx2q matriz such that X* Jou X = —Jo,, €.9. X = (—1,)®1,.
Then, with respect to the basis defined just prior to this proposition,

A _ Al A?@lg and B— A(l) —Ai@lg
0 Ay 0 XB,

(where AS = —Jy, ATT) determine the symplectic forms (represented by) 0
and —oqp, - 0, respectively. That is,

AT(Jop ® Jog)A =0 and BT (Jap ® Joy)B = —03, - 0.

Proof. Our assumption is that 6 € Sy and that o9, - 0 exists and is invertible.
By Lemma [5.2.5] we know that 6;; and 6,5 are invertible. Since 6 is invertible,
the block-diagonal decomposition of 8 given by Equation ([5.20f) implies that
By — 621(91’11912 is invertible as well. The matrices 011, 0oy — 9210f11<912 and Oy
are all in Syy (recall that 6%, = —6y;), so Proposition guarantees the
existence of A;, Ay and B,, as claimed.



5.2.3. Partially Adjoint Lattices 197

The block-diagonal decomposition of # also shows that

A': Al O IQp 9ﬂ1012
SN0 A N0 I

determines 6, since A; ® Ay determines 07 @ (g9 — 02101,'012). Since
(AT JopAS = =07 and (X Ba)! Jog(X By) = —04,

the block-diagonal decomposition of o9, - § given in Lemma similarly

shows that
B — AT 0 Igp —012
0 XB, 0 Iy

determines —oy, - 6. Multiplying out these expressions for A and B and using
the fact that 0} = A;'(—Jop)A;T = Aj'AS yields the forms given in the
proposition. 0

We now attempt to formulate this result in more geometric terms and to
show how everything connects to the passage from A; to Aj and hence from
011 to —07;' (which we will refer to as the dualization of 6y;).

Let 0 and o9, - 0 be as in Proposition . If we introduce ¢ = 01_11612,

we can write the block-diagonal decomposition of 6 as

T
o_ Iy, ¢ 011 0 Ly, ¢
0 Iy, 0 By — ™01 0 Iy)’

where ¢*0; = ¢*0,1¢6. We use this notation because the matrix ¢*#;; repre-

sents the pullback by ¢: R?? — R?* of the form represented by ;. In other

words: ¢*(lg,, = (y+g,,. This decomposition shows that the symplectic form

Qp on R?*24 can be described geometrically by the restricted forms €p,, and

Qp,, on R? and R?? along with the linear transformation ¢: R?? — R?.
The block-diagonal decomposition of o, - § can be written as

Y
0 Iy 0 0 0 Iy)
where 1) == —0;5. Now, the linear transformations ¢, 1): R — R? are related

by:
¢*0n = (011'012)" 01107, 012) = 0150, 010 = —0150,, 010 = 9" (=07,
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We can also write this as
(A10)"Q = 6"y, = 'y = (A7)

Thus, we see that ¢ and ¢ are directly related by the dualization of 6.
Moreover, with this notation, the lattice matrices A and B of Proposition

[£.2.6l become
A A A A
A= 19 and B=|[ " 1 ’
0 A 0 XB,
and we can determine By (to the degree that By is determined by the propo-
sition, namely up to symplectic transformations) via the equation:

(Ba)*Qy = (A2)"Qy + (A19)*Qy = (A2)"Qy + (ATY)"Qy

(this is just the equation fay = (6 — 021077 012) + 02,607,015 in different
notation).



Chapter 6

Metaplectic Transformations

6.1 | Metaplectic Transformations and Equiv-
alence Bimodules

This final section consists of three subsections. In the first, we introduce
metaplectic transformations and discover the convenience of Heisenberg-Weyl
operators (introduced in Subsection over time-frequency shifts. In the
second, we show how to reformulate our equivalence bimodules from Chapter
in terms of Heisenberg-Weyl operators. In the third, we make good on our
promises from Subsection [3.2.2] and show the structure of Gabor frames over
a lattice depends only the symplectic form determined by any of its lattice
matrices. This statement takes two forms: we state one result with regard to
the general L?(IR?)-theory and one with regard to our equivalence bimodules.
In particular, we will construct isomorphisms between equivalence bimodules
arising from lattice matrices related by a symplectic transformation.

6.1.1 The Metaplectic Representation

The subject of the metaplectic group is beautiful and subtle, and deserves a
proper introduction. This is not a simple task, so we will settle for a simpler
presentation that suffices for our needs and refer the interested reader to de
Gosson |15 Chapter 7], who is our main source for this topic.

Recall Proposition which states that the symplectic group Sp(2d, R)
is generated by all elements of the form

0 I I, 0 L7t 0
J = N, ve=| and M, = . (6.1)
—I; 0 —P I 0 L7

199
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where PT = P € My(R) and L € GL(d,R). Recall also the Heisenberg-Weyl
operators from Subsection [3.1.2

V(z) = MyTp My = e ™ “r(z) for z = (z,w) € R, (6.2)
Shortly after introducing these operators, we noted the identity:
Fi(x,w) = Y(w, —x)F for all z = (z,w) € R*,

where F denotes the Fourier transform on R?. One may now notice that we
can write this identity as Fi(z) = ¢(Jz)F. That is, we have the commutative
diagram

LX(RY) —L— L2(RY)

W)l lwua

L*(RY) —— L*(RY)

for each z € R,
This is but the tip of an iceberg: for any symplectic transformation
S € Sp(2d,R), we can find a unitary operator U on L*(R?) such that

Up(z) = (S2)U  for all z € R,

Of course, if U satisfies this identity, then, for any £ € T, (U is another
unitary operator satisfying this identity. It turns out that there is a way to
choose exactly two such operators for each S € Sp(2d, R) (differing only by a
sign) in such a manner that their collection forms a double covering group
of the symplectic group Sp(2d,R). This is the metaplectic group Mp(2d, R),
realized as a subgroup of U(L?(R%)). This realization is also referred to as
the metaplectic representation.

We will not go into the details of this construction; we will settle for an
ad hoc definition that is sufficient for our purposes. We first introduce the
metaplectic operators associated to each of the generators from Equation
(6.1), and then we simply define the metaplectic group as the subgroup of
U(L*(RY)) generated by these operators

We have already seen that the Fourier transform F satisfies the desired
relation for J. In order to obtain the metaplectic group, we have to multiply
it by a certain phase. The correction choice turns out to be e ™%/4,

'For a proof that this method gives the same result as the usual definition, see de
Gosson [15, Corollary 112 on p. 83].
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6.1.1 Definition (Generators of the metaplectic group). Let MT = M €
My(R) and let L € GL(d,R). Choose m € {0,1,2,3} so that i"/|det L| is
a square root of det L (that is, choose m € {O 2} if det L > 0 and m € {1,3}

if det L < 0). We define the operators J. Vp and My, m on L?(R%) by

° jf(t) — efrrid/élff(t) — e*ﬂid/ll f(x)efQﬂ'ix-t dx
Rd
o Vpf(t)=e (1)

o Mp,.f(t) =i™/[det L|f(Lt)

for all t € R? and f € L*(R?).

With the unitarity of F in mind, it is straightforward to see that all of
these operators are unitary; we omit the details. We will show that they
behave as advertised:

6.1.2 Lemma. We have that
o JU(z) =(J2)]
o Vph(z) = 9(Vp2)Vp
o Mynih(z) = (Myz) My,

forall z € R* MT = M € My(R), L € GL(d,R) and m € {0,1,2,3} (where
the m’s are chosen in accordance with Definition m)

Proof. Since J = e~mid/AF , 1t follows immediately from our discussion in the
opening of this subsection that Ji(z) = 1(Jz)J holds. As for the remaining
identities, we must calculate.

Let f € L?(R%) and t € RY. We first calculate with time-frequency shifts,
because they involve less phase factors. With z = (z,w) € R??, we find that

(VPW(Z)f) (t) = ‘713 (627riw-tf(t _ m)) _ effri(Pt)-te27riw-tf(t — )

and moreover that

(W(VPZ)‘/}P]C) (t) = 7T(.Q?, w — Px) (e_m(Pt)'tf(t»
e27ri(w7Px)-tefTri(PtfPa:)-(tfx)f(t i .CIZ')

— o~ 2mi(P)t mi(Pt)-x  mi( Pr)-(t—2) (Vpﬂ(z)f) (t)
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Since P = PT,
—2(Pz)-t+ (Pt)-z+ (Pz)- (t —2) = —(Px) - x,
from which we can conclude that m(Vpz)Vp = e_”i(P””)“‘A/pﬂ(z). Using the

relation between time-frequency shifts and Heisenberg-Weyl operators (Equa-
tion (6.2])), we now see that

~

W(Vp2)Vp = h(z,w — Pr)Vp = e ™ P (V) Vp
= e ™ Vpr(z) = Vpi(2),

which proves the second identity.
When it comes to the last identity, the constant i"4/|det L| plays no

role. Without this constant, M, is just the operator L: L*(R?) — L?(RY)
defined by L'f = f o L. We find that

(Ltw(z)f) (t) — It (effrix-we%riw-tf(t . l’)) _ e*ﬂim-we%riw-(Lt)f(Lt . 33')
and that
(W(Mp2)L'f) () = (L™ 2, L'w) (f(Lt))
_ e—m(Lflx)(LTw)e2m‘(LTw)~tf (L(t o L_lm)).

The fact that w- (Lt) = (LTw) -t and (L7'x) - (L'w) = z - w implies that
these two expression are equal, so that L'i)(z) = ¢(Mpz)L'. Multiplying by
i" /| det L| now gives the third identity and concludes the proof. O

6.1.3 Definition (The metaplectic group). We define the metaplectic group
Mp(2d, R) to be the subgroup of U (L*(R%)) generated by the set of operators
from Definition [6.1.11

6.1.4 Proposition. For each S € Sp(2d,R), there exists a metaplectic
operator S € Mp(2d,R) such that

Sv(z) =1(S2)S  for all z € R*.

FEquivalently: such that the diagram

L3(RY) — L2(RY)

)| Jotsn

L(RY) —— L*(RY)

commutes for each z € R*. We refer to this situation by saying that Sisa
metaplectic operator associated to the symplectic matrix S.
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Proof. Suppose that we have two symplectic matrices Sp, Sy € Sp(2d, R), and
that we have metaplectlc operators S, Sy € Mp(2d, R) associated to these
matrices. Then, 515'2 is a metaplectic operators associated to the product
5155, because

§1§2¢<Z) = §1w(522)§2 = w<51522>§1§2 for all z € RZd.

By Proposition [1.2.6, any S € Sp(2d, R) can be written as a finite product
of elements from the set

{(Vp: P =P e My(R)}U{M: L e GL(«d,R)}U{J},

and by Lemma [6.1.2] every element of this set has an associated metaplectic
operator. A simple inductive argument modelled on the previous paragraph
now provides the proof. O

We emphasize that the foregoing proposition does not hold for time-
frequency shifts. Recalling the canonical projections
P R* - R? Py R* — R?

d
(x,w) — x o (x,w) — w,

we can write the relation between time-frequency shifts and Heisenberg-Weyl
operators as follows:

Y(z) = e PREPE () for all 2z € 72,

For any S € Sp(2d,R), with associated metaplectic operator S e Mp(2d,R),
we now find that

~

W(SZ)S _ eﬂin(Sz)-Pl(Sz)w(Sz)é\: em’Pg(Sz)-Pl(Sz) —miPs(z Sﬂ'( )

and these phase factors will generally not cancel. Because of the explicit
dependence on z, we cannot absorb these phase factors into our metaplectic
operators either.

6.1.2 Heisenberg-Weyl Operators and Bimodules

Having begun to see the advantage of Heisenberg-Weyl operators over time-
frequency shifts, we now wish to recast our equivalence bimodules from
Chapter 5 in terms of Heisenberg-Weyl operators. This will give us a nice
opportunity to recap the overall story as well.
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Let A € GL(2d,R). For time-frequency shifts, we have seen that the
identity

ma(2)ma(w) = e P APUAD L) (0 ) = Ba(z, w)ma(z + w) (6.3)

is of fundamental importance: it lead us to S4-twisted representations of Z2?,
the Ba-twisted group C*-algebra C*(Z2¢, 3,) and its dense subset £*(Z*?, 3,),
which we used to imbue the Feichtinger algebra Sy(R¢) with the structure of
an (1(Z%, B4)-01(Z*, B 40 )-pre-equivalence bimodule.

We now tell the same story with Heisenberg-Weyl operators in place of
time-frequency shifts. Using the relation ¢(z) = e ™" “7(z), where z = (z,w),
we find that

w(z)w<w) — e*ﬂiw-xe*ﬂ’in-yef%rin-zﬂ,(z 4 UJ)

_ eff”‘w'xe*“i”'ye*%i”'zem(”y)'(w+n)w(Z + w)
_ 6wi(y~w—n~$)¢(2 +w) = emQJ(Z’w)l/J(Z + w)

for all z = (z,w),w = (y,1) € R*. We now introduce the notation
Ya(z) = (Az) for all z € R*,

and with 0 := ATJA, we define the Heisenberg-Weyl cocycle determined by
A to be the map

791 R? x R* — R?
Qg (z,w)

(z,w) = Yo(z,w) =€ )
Then, for all z,w € R??, we have that

Ya(2)pa(w) = ANy (2 4 w) = (2, w)palz +w). (6.4)

This it the analogue of Equation for Heisenberg-Weyl operators. We see
that the cocycle £4 has been replaced by vg = ya7 4.

A convenient simplification has occurred already at this stage: the explicit
dependence on A has disappeared from the cocycle. Indeed, the cocycle
depends only on the symplectic form determined by A. Not only is this more
in line with our philosophy of emphasizing symplectic forms over lattices,
but it makes it much easier to consider maps between modules, for while
C*(Z??,B4) and C*(Z*?, Bp) are isomorphic whenever ATJA = BT JB, the
corresponding twisted group C*-algebras for Heisenberg-Weyl operators will
be equal, since Yy r ;4 = VBT 1B

Moreover, the isomorphism C*(Z??, 34) — C*(Z*, Bg) is not as simple
as one might hope, for 0, + J, is generally not an algebra homomorphism.
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Indeed, it seems that the overall simplest isomorphism is obtained by re-
lating each of these C*-algebras to their common Heisenberg-Weyl coun-
terparts (via the upcoming Lemma . Because of the isomorphisms
C*(Z*,8,) =2 Ag = C*(Z*, Bg) from Corollary , we also know that
there is an isomorphism C*(Z*%, 84) — C*(Z**, fp) determined by 6., — &, .
However, if one wants to relate 8, € C*(Z*?, 34) to 6, € C*(Z*, Bp) under
this isomorphism, one will encounter complicated phase factors such as those
from Lemma [4.2.4]
Returning to the main story: Equation shows that the map

Ya: 2% — U(L*(RY))

defines a ~yg-twisted representation of Z?¢. By Theorem [4.1.13] this determines
a unique x-algebra homomorphism

Ua: CH(Z*,v9) — B(L*(RY))
(Sk — ‘IJA<(5k) = 1/1,4(]{3)

Like IT4, this map will be injective, and we can use it to equip the Feichtinger
algebra Sp(R?) with a left inner product £*(Z??, ~v4)-module structure and
then obtain an appropriate pre-equivalence bimodule structure. One can do
all of this by retracing our steps from the previous chapters (and appropriately
adapting the crucial Lemma by Green). Indeed, not much changes: by
cancellations of phase factors, the FIGA and the Janssen representation will
continue to hold with Heisenberg-Weyl operators in place of time-frequency
shifts. However, so as not to sweep too many details under the rug, we
will build on the results we already have and show how to transfer the
familiar ¢'(Z2¢, 34)-€1(Z?¢, B 4o )-pre-equivalence bimodule structure to the
Heisenberg-Weyl setting.
The following lemma simply shows that the correspondence

¢(Z) _ e—ﬂ'iac-w,]r(z) _ e—m’Pz(z)Pl(z),]r(Z)
leads to the expected isomorphism C*(Z%, ~,) = C*(Z*, 3,4).
6.1.5 Lemma. Let A € GL(2d,R) and let 0 = ATJA. Then, there is a

*-algebra isomorphism

Ea: C*(Z*,v9) — C*(Z*, Ba)

514: — e—mPg(Ak)-Pl (Ak)(sk

Moreover, U4 =114 02=4.
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Proof. Recall that D = {0, : k € Z*?} is a vector space basis for any twisted
group algebra C[Z?? ~]. Consider the linear map defined by

Ea: C[Z*,~9] — C[Z*, B4]

5k — efﬂin(Ak)-Pl(Ak)(sk.

This is clearly a bijection, for we can eyeball its inverse. We will show that it
is a x-algebra homomorphism as well.
For any k € Z*?, we find that
EA((SZ) _ EA (,}/0(_16,7 k’)(S_k) _ EA((S—]C) _ e—wiPz(—Ak)-Pl(—Ak)é_k
and  E(0r)" = Ba(—k, k)e mPAR PUARS

from which the fact that B4(—k, k) = e~ 2mP2(AR)-PL=4k) implies that Z4(5}) =

=4(0k)*. Since the involutions on these algebras are conjugate-linear exten-

sions of their restrictions to D, this implies that =4 preserves the involution.
For any k,l € Z*?, we find that

Ea(0k #y, 1) = 7o (K, 1)Za(0p41)
= (kf, l>e—7TiP2(Ak'+Al)-P1 (Ak+Al) 5k+l
_ eﬂi(PQ(Ak))-Pl (Al)*PQ(Al)-Pl (Ak))efﬂ'iPQ(Ak+Al)-P1 (Ak+Al) 5k+l
_ o= 2miPa(Al)-Pi(AK) ,~miPy(AK)- Py (AK) ,—miPa(Al)- Py (AD) §

= Za(0) #5, Za (1),

k+1

where we used that Qg(k, 1) = Q(Ak, Al) = Py(Ak) - Pi(Al) — Py(Al) - P (Ak)
(Equation ) Since the products on these algebras are bilinear extensions
of their restrictions to D, this implies that =, preserves the product.
Preservation of the identity is clear, so we have proved that =, is a -
algebra isomorphism. By Lemma [£.1.14] we can conclude that it extends to
the desired x-algebra isomorphism =4: C*(Z2%,~y) — C*(Z*?, Ba).
Finally, since

HA o EA((S]C) — HA(efﬂiPQ(Ak)Pl(Ak)(sk) — efﬂ'iPQ(Ak)-Pl(Ak)ﬂ_A(k» — wA(k)

for any k € Z, and since any x-algebra homomorphism from C*(Z??,v,) is
determined by where it maps the generators J.,,...,d.,,, we can conclude

that HAOEA:\I/A. ]

The previous lemma will allow us to transfer the left /*(Z¢, 84)-module
structure on Sy(R?) to the Heisenberg-Weyl setting. The following lemma
does the same for the right ¢!(Z2¢, 540)-module structure.
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6.1.6 Lemma. Let A € GL(2d,R) and let 0 = ATJA. Then, there exists a
*-algebra isomorphism

o C*(Z%, yg-1) — C*(Z*%, Bao)

5y s eTIPAATRYPLA) 5

Proof. Because (A°)TJA° = —07! (see the proof of Proposition [5.1.15)),
Lemma [6.1.5] gives us a x-algebra isomorphism

Eao: ON(Z2 y_g1)P — C*(Z*?, B 40)°P

5]@ — e—ﬂiPz(AOk)‘Pl(Aok)é‘k

Y

(a x-algebra homomorphism remains a x-algebra homomorphism if we take
the opposite algebra for both its domain and its target). By Lemma|5.1.11
(with v = v_g-1 and v = [4¢), we have x-algebra isomorphisms:

CH(Z* F=g=1) = C* (L%, 7--1)"  C*(Z*, Bae)™ = C*(Z*, Bao)
5k — ’}/,9—1(—16, k)(;,k 5k — BA"(_k: k)éfk,

where the expressions for §; can be deduced from Equation (5.6). Now,
v—_g-1(—k, k) = 0 by antisymmetry of symplectic forms, so the first of these
maps reduces to oy — d_j. If we now compose these three maps (Z4. goes
in the middle), we obtain a x-algebra isomorphism =y, : C*(Z*", 7 51) —
C*(Z*?, B40) such that

=0 (0) = e MRATRPUATK) g (k)6

R o). o _ . [ IAN __ A0 . o1.). )
—e wiPa(A°k)-P1 (A k)e 2miPa(A°k)-P1(—A k)ék — eﬂ'le(A k)-P1(A k)ék

Finally, we need only note that ¥_g=t = -1 to conclude the proof. O
We are now prepared to transfer the bimodule structure.

6.1.7 Theorem. Let A € GL(2d,R) and let 6 = ATJA. Then, the Fe-
ichtinger algebra So(RY) becomes an (*(Z*¢,~p)-L*(Z??, yg-1)-pre-equivalence
bimodule when equipped with the actions and inner products defined by

a-f= ak)pak)f and f-b="> " b(k)ae(k) f

kez2d kez2d

A(f,9) (k) = (f,vYa(k)g) and (f g)a-(k)= 1

| det A|

(Va0 (K)g, f)

for all f,g € So(R?), a € £X(Z*,~y), b € (1(Z?,v9-1) and k € 7.
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Proof. As advertised, the idea is to use the x-algebra isomorphisms from
lemmas |6.1.5{and |6.1.6|to transfer the £1(Z>??, 5,4)-0'(Z*?, 345 )-pre-equivalence
bimodule structure afforded by Theorem to an (1(Z2 vp)-01(Z*, vp-1)-
pre-equivalence bimodule structure. The isomorphism =4 and Z/j. clearly
restrict to isometric (Proposition *-algebra isomorphisms:

EA: gl(Zmi?’y@) — €1(22d7614) Ef%lo: gl(ZQdJ’YQ*l) — EI(Z%[?m)

—miPy(AK) PL(AR) 5 miPo(Ak) PL(A%K) 5

(5kf—)6 5k'_>6

Thus, we may use the method of transfer that we outlined immediately after
Definition 5.1.7

Let 4(-,-) and (-,-),c be the ¢1(Z%! B,)- and ¢'(Z*®, Bs0)-valued inner
products, respectively. The (1(Z??,~,)- and (*(Z?*?,v5-1)-valued inner prod-
ucts will then be defined by

alf ) =23 (alf,9)) and (fig)ae = (Ee) " ((f, 9)ae)-
Similarly, denoting the “old” actions by IT,: ('(Z**,84) — Endc(E) and
Ilyo: 01(Z*, B0)°P — Endc(E), the new actions will be defined by
Iy 0Z4: (12, ~9) — Endc(E)
and Iy 0 Z4e: £1(Z*, 79-1)° — Ende(E).
Our task is to verify that these become the actions and inner products

described in the statement of the theorem.
We have already seen (Lemma [6.1.5)) that 14 0 =4 = W4, so that

T4 0Z4(a) = Tala) = \IJA< 3 a(k)5k> =Y alk)ya(k)

kez2d kez?2d

for all a € £*(Z*,,), as claimed. As for the right action, we find that

kez2d

Z b 7rzP2 (A°)- P1(AO Z b @Z)AO

kez2d kez2d

for all b € £'(Z*?,y5-1) (see Proposition [5.1.12) for the form of the right action
of *(Z*, Bao), which we are denoting by IT’;. here). This verifies that the
actions take the stated forms.
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As for the inner products, we let f, g € Sy(R?) and k € Z*¢, and find that

AlF ) (k) = 23" (alf 9)) (B) = Z31 (D (s mall)g) ) (k)

lez2d

(D2 (F mall)g)emPAPns, ) ()

€724

= (f, ma(k)g)e™ AR PUAR) — (£ 4, (k)g)

and that

(g 0) = Ea)™ gy 2 frae (g 113 ) 4

lez2d

1 ; o o
- (! det A] D (mac(l)g, e AT A ”51) (k)

lez2d

1 ; o o 1
- - o(k —miPy(A°k)-Py(A%k) _ o(k
]detA]<7TA ( )g,f)e \detA|<¢A ( )gaf>7
which concludes the proof. O

For any A € GL(2d,R), recall that 4€4. denotes the completion of Sy(R9)
as an (1(Z%4, 34)-0*(Z?%, 3 40 )-pre-equivalence bimodule (Theorem and
the subsequent discussion). We now do the same with our new pre-equivalence
bimodules. The completions are afforded by Proposition [5.1.10]

6.1.8 Definition. Let A € GL(2d,R) and let § = AT JA. We will write 4&40
to denote the equivalence bimodule completion of Sy(RY) equipped with the
(1724, ~p)-L(Z??, 75-1)-pre-equivalence bimodule structure of Theorem [6.1.7}
We will view 4&40 as a C*(Z%?, vy)-C*(Z*¢, vp-1)-equivalence bimodule.

6.1.3 Metaplectic Transformations for Gabor Analysis

We are now finally in a position to make good on our promises from Subsection
. Recall from Propositionthat two lattice matrices A, B € GL(2d, R)
determine the same symplectic form A*Q); = B*Q);, represented by 0 =
ATJA = BT JB, if and only if

B € Sp(2d,R)A = ASp,(2d,R), or, equivalently: BA™! € Sp(2d,R).

There are two central results which we wish to prove. Both of these results
will follow solely from the assumption that A € GL(2d,R) and that B €
Sp(2d,R)A. This is precisely the statement that A and B determine the
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same symplectic form, it is just a convenient way of formulating our results,
as it becomes immediately apparent that BA™! € Sp(2d,R), which will
play an important role. The first result is a very explicit confirmation that
the structure of Gabor frames over AZ?? depends only on the symplectic
form determined by A. The second result lifts this correspondence between
“symplectically related” lattices to the setting of equivalence bimodules by
providing isomorphisms between these modules.

First of all, we make a simple but important observation: symplectic
transformations are compatible with duality. Despite its simplicity, we have
not seen this observation elsewhere.

6.1.9 Lemma. For any A € GL(2d,R) and S € Sp(2d,R), we have that
(SA)° = SA°.

Proof. Since S € Sp(2d,R), we know that ST € Sp(2d,R) by Lemma [1.2.5
This means that SJST = .J, and hence SJ = JS~T. Thus,

(SA)° = —J(SA) T =—JSTA T = -SJA T = 5A°,
as claimed. N

We are now fully prepared to prove the first of our central results. Except
for the statement about duality, the essence of this result is contained in
de Gosson’s book [15, Proposition 163 on p. 113]|. There is an unfortunate
congregation of S’es in this theorem, seeing as we are dealing with both
frame operators and symplectic/metaplectic transformations. The sub- and
superscripts that go along with frame operators hopefully make matters clear.

6.1.10 Theorem (Metaplectic transformations for Gabor systems). Let
A € GL(2d,R), suppose that B € Sp(2d,R)A and let S € Mp(2d,R) be a
metaplectic operator associated to S = BA™! € Sp(2d,R). Then, for any
g,h € L*(RY), the following statements are true.

(i) G(g, AZ*?) is a Bessel sequence if and only if Q(§g, BZ2?) is a Bessel
sequence. Moreover, their optimal Bessel bounds are equal.

(ii) G(g, AZ2%) is a Gabor frame if and only if G(Sg, BZ*) is a Gabor frame.
Moreover, their optimal frame bounds are equal.

(iii) If G(g, AZ*?) and G(h, AZ*?) are Bessel sequences, then

SB

o/ cA \a-1
5 =SS

Moreover, all of these statements are true with A° and B® in place of A and
B, with the same metaplectic operator S.
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Proof. We begin with a couple of observation. First of all, by Proposition
6.1.4] we have that

Up(k)S = ga(k)S = p(SAK)S = Sy(Ak) = Sia(k) for all k € 727,

Because a time-frequency shift differs from the corresponding Heisenberg-Weyl
operator only by a phase factor, we find that, for all f,g € L?(R?),

[, 7e(k)Sg)| = |(f. Smalk)g)l = 1(5 " f.mak)g)| for all k € 22,

If we now assume that G(g, AZ*?) is a Bessel sequence, with Bessel bound
C > 0, we find that

Y KfmsR)Sg)lP = D (ST fma(k)g) < CISTHIP = Cl I,

keZz2d kez2d

for all f € L2(RY), since S is unitary. This shows that G(Sg, BZ*%) is a
Bessel sequence. Moreover, it shows that any Bessel bound for G(g, AZ*?)
is a Bessel bound for G (§ g, BZ??). A very similarly argument shows that if
G(g, AZ2%) is a Gabor frame, then G(Sg, BZ%) is a Gabor frame with the
same frame bounds. Finally, since AB™' = (BA™')™! = S~! € Sp(2d,R),
there is a metaplectic operator associated to AB™! (indeed, we can choose
S ~1), so the situation is symmetric with respect to A and B. This proves (i)
and (ii).
We now turn to (iii). We first note that, for all f, g, h € L*(R?):

(fm(2)ghm(2)h = (f,d(2)g)b(2)h  for all z € R*,

because of cancellation of phase factors. This means that mixed-type frame
operators are unchanged if we replace all time-frequency shifts by Heisenberg-
Weyl operators. Thus, assuming that G(g, AZ*®) and G(h, AZ*?) are Bessel
sequences, so that the frame operators are well-defined and bounded, we find
that

53, Sh(Sf) = Z <§f7 wB(k)§g>¢B(k:)Sh

kez2d

= 3" (51, 8¢a(k)g) St a(k)h
k‘EZZd

= > (£ 4ak)g)Swatk)h = S5, f)
kez2d

for all f € L?(RY), which proves (iii).
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Finally, for the remark regarding A° and B°, we use Lemma to see
that B° = (SA)° = SA° € Sp(2d,R)A° and that

BO(AO)_l _ (SA)O(AO)—]. _ SAO(AO)—]. — S,

so that A° and B° satisfy the conditions of the theorem with the exact same
choice for S. ]

We now turn to the task of constructing isomorphisms between our equiv-
alence bimodules. They will be constructed from metaplectic transformations.
In order to apply metaplectic transformations to our pre-equivalence bimod-
ules, we must first show that the Feichtinger algebra is invariant under such
transformations.

6.1.11 Lemma. Let S € Sp(2d,R) and let S e Mp(2d,R) be a metaplectic
operator associated to S. Then, S(Sy(R%)) = So(R?), so that S is a linear
bijection of So(R?).

Proof. Our proof of this fact is based on Grochenig |17, Proposition 12.1.3
on p. 247].

Let f € Sp(R?). By Lemma[3.2.13 on the equivalence of norms for Sp(R?),
we have that V;f € L'(R*). We will use this lemma multiple times without
mention in this proof. Since ¢(z) is related to 7(z) by a phase factor, we
have that

Ve, SF(S2)| = [(Sf.m(S2)Sf)| = [(SF, Sx(2) )| = [(f, 7 () )] = Vi £(2)]

for all 2 € R*. If we now integrate over z, we find that V§f§ f e LY(R*).
By the density of Sp(R?) in L*(R?) (Lemma |3.2.14), we can certainly

~

choose some g € Sy(R?) such that (g,Sf) # 0. By Lemma [3.2.22 (with
fi=8f, fo=f, g1 =58f and go = g), we have that

. 1 N
ViSf(z)| < ———(|Ve,Sf| = |Vigl)(2), for all z € R*.
(Sral

The function on the right is a convolution of two functions which we know
to be in L'(R??), so it is in L'(R?*¥) as well. Thus, V;Sf € L*(R?*®), which
means that Sf € Sp(R?).

This proves that S(S(R?)) C So(R?). Since Mp(2d,R) is a group, we
have S~ € Mp(2d, R). Since

()8 = S (Sz) for all z € R*,
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we find that
P(S712)5 = S P(SS T 2) = S Mp(z)  for all z € R

This shows that S—! is a metaplectic operator associated to S~ € Sp(2d, R).
By what we just proved, applied to St instead of S, we can conclude
that S~1(Sp(RY)) C Sp(RY). This implies that S(Sy(R?)) = Sy(R?), which
concludes the proof. O

We are now finally ready to prove the result we have been building towards
for most of this thesis. For finite subgroups of Sp(2d, R), Chakraborty and
Luef [8] have proved this result with regard to the left module structure. The
result regarding the right module structure is, to our knowledge, entirely
new. The crucial observation is Lemma [6.1.9] Without this lemma, it is
not even clear that B° = (SA)° and A° will determine the same symplectic
form and hence that 4&4 and p&po are equivalence bimodules over the
same C*-algebras. For the notion of a biunitary map (an isomorphism of

equivalence bimodules), see Definition .

6.1.12 Theorem (Metaplectic transformations for equivalence bimodules).
Let A € GL(2d,R) and set § = ATJA. Suppose that B € Sp(2d,R)A and let
Se Mp(2d,R) be a metaplectic operator associated to S = BA™! € Sp(2d,R).
Then, S: So(RY) — So(RY) extends to a biunitary map . aExo — pEpo. In
other words,

S e ,CC*(sz;yg)(AéaAo, B(gaBo) N ,CC*(szﬁg_l)(AéaAo, BgBO)

15 an invertible map whose inverse equals its adjoint in both of these spaces.
Proof. By Lemma [6.1.11], the restriction and corestriction S: So(RY) —
So(R?) is well-defined. We wish to obtain an extension .7: 4840 — p&pe, S0
we should of course equip the domain of S with the ¢1(Z2¢, ~v4)-0*(Z??, yp-1)-
bimodule structure determined by A and its target with the (1(Z2? ~y)-
0H(Z22 4y-1)-bimodule structure determined by B (via Theorem note
that § = ATJA = BTJB and —0~! = (A°)TJA° = (B°)T JB®).

We begin by verifying that S is £}(Z??, ~)-linear and that it preserves the
(*(Z2?, ~g)-valued inner product. By Proposition [6.1.4, we have that

Vp(k)S = hsa(k)S = Y(SAK)S = Svy(Ak) = Spu(k) for all k € Z*2.
With f,g € So(R%) and a € (1(Z*?, ), we find that

Sa- ) =3( 3 alkwa®)f) = > alk)Sva(k)f

kez2d kez2d

= 3" alk)es(k)Sf =a- (Sf)

kez2d
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and that

5(Sf,Sg)(k) = (Sf,¥n(k)Sg) = (Sf, Spa(k)g)
= <f= 1/)A(k)9> = A<f7 9>(k)

for all k£ € Z2dA. This verifies that the left inner product module structure is
preserved by S. R

We now verify that S is ¢1(Z%¢, v5-1)-linear and that it preserves the
(1(Z2? ~p-1)-valued inner product. We first note that |det S| = 1, so that
|det A| = | det B|P| This follows from the calculation:

1 = |det J| = |det(STJS)| = | det ST||det S| = | det S|*.

Recall from Lemma that B° = (SA)° = SA°, so that Proposition
[6.1.4] gives

Vo (k)S = Y(SA°K)S = S(A°k) = Sipae(k) for all k € Z*4.  (6.5)
Thus, for f,g € So(R?), we find that

(81.80)(4) = 7 (W (950, 51) = T (S (9.51)
1
= m(dmo(’ﬁ)g, [y ={(f.9)a°(k)

for all k € Z??. Now, Equation (6.5)) implies that
S g (k)" = (e(k)S)™ = (Svae (k)" = vae (k)"

and hence that ¢Bo(k)*§ = §@Z)Ao(kz)*, for all k € Z*¢. Thus, with f € Sy(R?)
and b € (1(Z*?,~y-1), we now find that

S(F-b) = S( D blk)eas (k) F) = 3 blk)Stoae (k)" f

kez2d kez2d
= b(k) s (k)"Sf = (Sf) -b.
kez2d

This verifies that the right inner product module structure is preserved by S
as well.

By Lemma [6.1.11] S is bijective on So(R%). By Proposition m, the
unique bounded linear extension of S, which we will denote by . : 4840 —

2In fact, we always have det S = 1, so that Sp(2d,R) C SL(2d,R), but we will not have
need for this fact — which is trickier to prove.
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p&po, is unitary as a map between left C*(Z??, v5)-modules. Using the left-
right correspondence of Lemmal5.1.2, or just adapting the proof of Proposition
to the right module setting, we find that .# is unitary as a map between
C*(Z*,~45-1)-modules as well, which concludes the proof. O

We can summarize our result as follows:

6.1.13 Corollary. Let A € GL(2d,R). Then, whenever B € Sp(2d,R)A, we
have that

A8 p0 = g&po  as equivalence bimodules,

where the isomorphism is given by the bounded linear extension of a metaplectic
operator associated to BA™! = B°(A°)~! € Sp(2d, R).

Proof. Immediate from Theorem [6.1.12} O]

Using Theorem [6.1.12 we can now easily prove a result similar to Theorem
6.1.10|in the context of these bimodules. Given A € GL(2d,R), let’s denote
the two rank-one operators associated to g,h € 440 by

AKgn: freralfog) - b and K)o f e g-(h, f)ae.

Note that we are now working in the completion 4&40 of So(R?) (without
modifying our notation). When g,h € Sy(R?), we have seen that 4K,
corresponds to the ordinary frame operator S ;ﬁh:

ARKgnf = alfrg) - h=">_ (falk)g)a(k)h = S f for all f € So(RY).

kez2d

We repeat that the frame operators are unchanged if we replace time-frequency
shifts with Heisenberg-Weyl operators (because of cancellations of phase
factors). Similarly, we find that

K5 =0 fae = o 3 b B i)
1

| det A|

* * 1 o
D (frtoas (k) h)tpae (k)" = msﬁgf

kez2d

for all f € Sy(R?), so that K ;}; corresponds to the frame operator S;:‘,; (up
to a constant).

With this correspondence between rank-one operators and frame operators
in mind, the following corollary recovers much of Theorem [6.1.10] for windows
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in Sp(R?) (or its completion, if one takes into account the embedding 4&40 —
L*(R9) discussed towards the end of Subsection which seems simple to
recast in terms of 4&40, based on the method of proof in Luef and Austad
[4] and Austad and Enstad [3]). The main takeaway of this corollary is how
simple the proof becomes with the machinery of Theorem [6.1.12

6.1.14 Corollary. Let A € GL(2d,R), suppose that B € Sp(2d,R)A and let
S 4B r0 — & be one of the isomorphisms afforded by Corollary|6.1.15.
Then, for any g,h € 4&40, we have that

S (M Kyp) S =PKggon and F(K})S ' =K5, 4
Proof. For any f € s&40, we find that
(LK) (f) = F(alf,9) - 1) = (L f,Lg) - Sh = (PKygn7)(f)
and that
(SEpn)(f) =L (g (h flae) = L g (S h, S [pe = (KSgonS ),
which is what the corollary claims. O]

Finally, before we bow out, we note that Theorem [6.1.12] likely provides a
concrete example of a general framework developed by Combes [10]. Further
insights may be gained by exploring this connection.



Appendix A

Functional Analysis

This appendix contains two short sections. The first section is devoted to the
Stone-Weierstrass theorem, which plays an important role in the construction
and interpretation of the continuous functional calculus in Subsection [2.2.2]
The second section is a hodgepodge of foundational results from functional

analysis. These are appealed to at various points in the thesis, but mostly in
Chapter [2|

A.1 | The Stone-Weierstrass Theorem

For any topological space X, we write C'(X) to denote the algebra of all
continuous functions on X (see Example [2.1.7). If X is compact, then C'(X)
is a C*-algebra with respect to the supremum norm (see Example and
with the involution given by pointwise complex conjugation. The supremum
norm determines the topology of uniform convergence on X.

A.1.1 Theorem (Stone-Weierstrass). Let X be a compact topological space
and let A be a *-subalgebra of the C*-algebra C(X) with the following proper-
ties:

o A separates points of X: if x,y € X are two distinct points, then there
is some f € A such that f(z) # f(y).

o A wvanishes at no point of X : there is no v € X such that f(x) =0 for
all f € A.

If this is the case, then A is dense in C(X).

Proof. See Rudin |28, Theorem 7.33 on p. 165]. O
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We will now apply the Stone-Weierstrass theorem to compact subsets of C.
Let z denote the identity z: C — C and let Z denote the complex-conjugation
map % : A — \. Clearly, z and Z are in the algebra C(C). We will refer to
member of the set

P(z,%) == spanc{z"z™ : (n,m) € Ny x No} C C(C)
as polynomaials in z and Z.

A.1.2 Corollary. Let K C C be a compact set and let f € C(K). Then,
there ezists a sequence (p,) of polynomials in z and Z such that p, — f
uniformly on K.

Proof. The set P(z,%Z) (viewed as a set of functions on K, by restriction) is
a x-subalgebra of C'(K) satisfying the assumptions of the Stone-Weierstrass
theorem. Thus, P(z,%) is dense in C'(K), which is exactly what the corollary
claims. ]

A.2 | Results from Functional Analysis

In this section we state four foundational results from functional analysis
and derive the consequences we need. We have by no means provided their
most general forms. In this subsection, as in Chapter [2] we assume that all
vector spaces are over C. If V' is a normed space, then V* denotes the space
of bounded linear functionals on V, i.e. its continuous dual space.

We begin with the Hahn-Banach theorem, which lets us extend bounded
linear functionals defined on subspaces of normed spaces.

A.2.1 Theorem (The Hahn-Banach theorem). Let V' be a normed vector
space. If W C V' is a vector-subspace and 7: W — C is a bounded linear
functional, then there exists a bounded linear functional 7: V — C such that
Tlw =7 and ||7]] = |||

Proof. See Bowers and Kalton |7, Subsection 3.2]. O

The following corollary states that the dual space of a normed space
separates points.

A.2.2 Corollary. Let V be a normed vector space and suppose that v, v9 € V'
are such that 7(vy) = 7(va) for all T € V*. Then, vy = vs.
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Proof. Consider the subspace C(vy —v1) C V. We can define a linear func-
tional 7: C(vy — v1) = C by 7(A(vg — v1)) = A|vg — vy|| for all A € C. The
functional 7 is bounded since

i7(A(v2 — v1))| = [\[[|vs — v1]] = [[A(v2 — v1)|| for all A € C.

By the Hahn-Banach theorem, we can now find some 7 € V* such that
T(vy —v1) = 7(vy — v1). By assumption, we know that 7(vy) = 7(v1), so then
||U2—U1|| :%(UQ_U1> =0. ]

Next up is the Banach-Alaoglu theorem, which we need to prove that the
spectrum of a Banach algebra is compact.

A.2.3 Theorem (The Banach-Alaoglu theorem). Let V' be a Banach space.
Then, the closed unit ball {T € V*: ||7|| < 1} C V* is compact in the weak™
topology (we say that it is weak*-compact).

Proof. See Bowers and Kalton [7, Theorem 5.39 on p. 105]. ]
We now turn to the principle of uniform boundedness.

A.2.4 Theorem (The uniform boundedness principle). Let V and W be
Banach spaces and suppose that {T;};cr C B(V, W) is a collection of bounded
linear maps from V' to W (where I is an arbitrary index set). If the collection
1s pointwise bounded, in the sense that for every v € V we have that

sup {||T;(v)| 14 € I} < o0,
then it is bounded in operator norm: sup{||T;|| : i € 1} < oc.
Proof. See Bowers and Kalton |7, Theorem 4.10 on p. 65]. O
We will need the following corollary.

A.2.5 Corollary (Weakly bounded implies bounded in norm). Let V' be a
Banach space and let S C'V be any subset. If S is weakly bounded, in the
sense that for every T € V* we have that

sup {|7(s)| : s € S} < o0,

then S is bounded in norm: sup{||s|| : s € S} < oc.
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Proof. For each s € S, let evy, € (V*)* denote the evaluation functional
T+ evs(T) = 7(s). We quickly argue that |levg|| = ||s|| for each s € S: the
inequality ||evs|| < [|s]| follows from the fact that |evs(7)| = |7(s)| < ||7]|[|s]],
while the Hahn-Banach theorem affords us with functionals 7, € V* such that
I7s]] = ||s]] and evy(s) = 74(s) = ||s|* (extend linear functionals Cs — C
defined by As — Al|s|?).

Our assumption becomes:

sup {levy(7)|: s € S} =sup {|7(s)| : s € S} <0 forall T € V*

By the uniform boundedness principle, applied to the Banach space V* and
the collection {ev,}ses C (V*)* = B(V*,C), we find that

sup {||s|| : s € S} =sup {|lev,]| : s € S} < o0,
which concludes the proof. O

The last result we will need is the closed graph theorem.

A.2.6 Theorem (The closed graph theorem). Let V' and W be Banach spaces
and let T:V — W be any linear map. Suppose that, whenever we have a
sequence (v,) C V' such that both (v,) and (Tv,) converge (in V and W,
respectively), it follows that lim, . Tv, = T(lim, o v,). If this is the case,
then T is bounded.

Proof. See Bowers and Kalton |7, Theorem 4.35 on p. 76]. O



Appendix B

Completions and Extensions

The contents of this appendix, completions and extensions, are often relegated
to exercises (our treatment might reveal why — these are simple but tedious
arguments). Since completions play such a central role in our constructions,
we have chosen to included a detailed treatment.

In the first section, we construct Banach space completions and extensions
of bounded linear maps and prove that they are unique. In the second section,
we show how to furnish Banach algebra, Banach *x-algebra and C*-algebra
completions from ordinary Banach space completions. Finally, in the third and
last subsection, we show how to complete inner product modules. Completions
of pre-equivalence bimodules are so intertwined with the surrounding theory
that we have chosen to include this topic in the main text (Proposition [5.1.10).

It is quite difficult to prove all of these results without either resorting to
extremely repetitive calculations with approximating sequences or omitting
most of the required calculations. With the goal of providing fairly exhaustive
proofs, we have attempted to trade approximating sequences (where possible)
for arguments by uniqueness of bounded extensions. The hope is that this
will make the proofs slightly more interesting.

B.1 | Banach Space Completions and Bounded
Linear Extensions

This section covers Banach space completions as well as extensions of bounded
linear (and bilinear) maps. As it is the only case of interest to us, we will
assume that all of our normed spaces are nonzero and over the complex
numbers. We will frequently use the letter 7 to denote an inclusion; we will
never have need for the imaginary unit in this appendix.

Given a normed space V', a Banach space completion of V is a Banach
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space V along with a linear isometry i: V' — V such that i(V) is dense in V.
We may refer to either V or the map ¢ by itself as a Banach space completion
of V. The following theorem shows that Banach space completions exist. We
will soon see that they are unique up to unique isometric linear isomorphisms

(Corollary B.1.3).

B.1.1 Theorem (Banach space completions). Let V' be a normed space.
Then, there exists a Banach space V and a linear isometry i: V — V such
that i(V') is dense in V. In other words: such thati:V — V is a Banach
space completion of V.

Proof. Let || - ||o denote the norm on V' and consider the vector space VY of
all sequences in V' with addition and scalar multiplication defined pointwise.

Let C' C VY denote the set of all Cauchy sequences in V. If (vy,), (w,) € C
and A € C, then

[(Avm + W) = (Avn +wn)llo < [Allvm = vnllo + [lwm — wnllo

shows that A(v,,) + (w,) = (Av, +w,) € C as well. This shows that C' is a
vector-subspace of VY. A similar argument shows that

Co = {(v,) € C: nh_)nc}o [vnllo =0}

is a vector-subspace of C'. The quotient V := C'/Cjy with the norm defined by
[(v) + Coll = Tim flouflo for (v,) € C

will be our Banach space completion of V. We first show that this is well-
defined and indeed a norm.

The norm of a Cauchy sequence converges by the reverse triangle inequality,
lvllo = llwllo] < [|[v — w|o, S0 limy, 00 ||vn||o exists for all (v,) € C. It is also
independent of representative: if (v],) + Cy = (v,) + Cp, this means that
(v, — v,) € Cy, so that

lim [|v/ |lo = lim |[v), — v, + vallo
n—oo n—oo
< lim ||v), — vp]lo + Lm ||o,lo = lim |Ju,]lo,
n—oo n—o0 n—oo
and the same argument with the roles of (v,) and (v/,) interchanged gives
the opposite inequality. Positivity, homogeneity and the triangle inequality

are simple verifications; we omit the details. Nondegeneracy follows by our
definition of Cj.
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We now define the isometry i: V' — V. For v € V, we let i(v) be the
equivalence class of the constant sequence at v, i.e. i(v) = (v)peny + Co.
Constant sequences are certainly Cauchy, so i is well-defined. It is clearly
linear, and [|i(v)|| = lim,— o ||[v|lo = ||v]|o shows that it is an isometry.

To see that (V) C V is dense, let (v,) € C and fix any € > 0. Since (v,)
is Cauchy, we can find some N € N such that ||v, — vy|o < € for all n > N.
We then find that

1((a) + Co) = i(ww)|| = lim ||vn —vxllo <,

which shows that (V) is dense in V.
We now show that V' is complete. Let (v*), C V be a Cauchy sequence
(of equivalence classes of sequences in V') and write

v = (vF), +Cy for each k € N.

Since i(V) is dense in V, we can find wy € V such that [|[v* —i(wy)| < 1/k.
We now claim that

(W) € C and  v* = (vF), +Co — (wy)p + Coin V.
To see that (wy,)nen is Cauchy, note that
[wm — wallo < [Jwm — v lo + [[vr" = viillo + [l — wallo

for all m,n,k € N, and that each of these terms are arbitrarily small for
sufficiently large m, n, k, because

lim [l — oo = [[v™ — v"],
k—o0
. - 1
Jin = ol = [iCwn) = 0™ < -
and - Jim [lw, — vfflo = [li(wn) — " <
k—o00 n

(and (v*), C V is Cauchy). To see that (w,), + Cp is the limit of (v*); in V,
note that

[#* = ((wn)n + Co) || = Lim [Joy; — walo
< lim (J|of — willo + [|wr — wallo)
n—oo
= [[v* —i(wy)]| + lim Jlwy —wyllo — 0
n—r0o0

as k — oo (the first term is < 1/k by our choice of wy, and the last tirm
goes to zero because (wy,), is Cauchy). This concludes the proof that V' is
complete and the proof as a whole. O
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We now turn our attention to extensions of bounded linear maps.

B.1.2 Theorem (Bounded linear extensions). Let T': V. — W be a bounded
linear map between normed spaces and let i:'V — V and j: W — W be

Banach space completions. Then, there exists a unique bounded linear map
T:V — W such that joT =T oi. Moreover, ||T|| = ||T|.

Proof. Suppose first that T: V — W is any continuous function such that
joT =Toi. For any v € V, choose a sequence (v,) C V such that i(v,) — v.
Then, by continuity of T,
Tv = nh_}n;() Ti(v,) = nh_)IIC}OjT(Un),

so these conditions determine 7' uniquely. We will verify that the map
Tv = lim,_,o jT(v,) is well-defined, linear, bounded with norm ||T|| and
that it satisfies j o T'= T oi. In the following, we will frequently use the fact
that ¢ and j are isometries without mentioning it.

If i(v,) — v € V, then the sequence (v,) is Cauchy. Since T is bounded,
(Tv,) is Cauchy as well, so lim,_, j(Tv,) exists in the complete space
W. If we have another sequence (v,) C V such that i(v),) — v, then
i(v), —v,) =i(v),) —i(v,) — 0, so that v/, — v, — 0 in V. Since T" is bounded,
this implies that j7'(v)) — jT(v,) = jT(v), — v,) — 0. We have now shown
that T is well-defined and independent of our choice of sequences.

Knowing that T is independent of our choice of sequences, it is straight-
forward to verify that it is linear:

T\ +w) = 71113010 JT(Av, + wy,)
= AJi_)rngT(vn) + nli_}rgojT(wn) = A\Tv + Tw.

The following calculation shows that T is bounded, with ||| < ||T|:

[Tl = lim (57 (u,) ] = lim [[To,)|
< T ([T lonll = 7] Jimn [li(w) | = | T o]

Now, for any v € V, let (vn)n = (v), C V' be the constant sequence at v.
Then, since i(v,) = i(v) — i(v) in V, we find that

T(i(v)) = lim jT(v) = jT(0)

which shows that T oi = j o T. If we now choose a sequence (vy,), C V of
unit vectors such that || Tv,| — ||T||, then (i(v,)), C V is a sequence of unit
vectors such that || Ti(v,)|| = ||iT(v,)|| = ||T||. Thus, |T|| = ||T| and we are
done. O
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We now obtain the claimed uniqueness of Banach space completions.

B.1.3 Corollary (Uniqueness of Banach space completions). Let V' be a
normed space and suppose thati: V — V and j: V — V are two Banach space

completions of V.. Then, there exists a unique isometric linear isomorphism
T:V —V such that j =T o.

Proof. Consider the identity map Idy: V' — V. When applying Theorem
to Idy, we may use either i: V — V or j: V — V for the completion
of its domain, and similarly for its target. All in all, there are four possible
choices. Thus, we obtain four bounded linear maps

T VoV, Ty:VoV, T3: VoV and Ty: V-V
satisfying
‘]':71102.7 j:TQOj, i:T30j and i:T40i,

and we are assured that these are unique. By uniqueness, we can immediately
conclude that Ty = Idy and that T} = Idy;. However, we also find that

j:Tloi:Tlo(T30j>:(T10T3)Oj and i:(T3OT1>O'i,

from which we can conclude that T} o T3 = Idy and that T3 o Ty = Idy
(again by uniqueness). Thus, 7" := T is an isomorphism, and it is the unique
bounded linear map such that j =T o 1.

Finally, || T|| = 1 and ||T7'|| = ||T3|| = 1, since both maps are bounded
linear extensions of Idy. This immediately implies that T is isometric:
o]l = [|T7'T(v)|| < |Tv|| < ||v|| for all v € V. Thus, we are done. O

The following proposition shows that bounded linear extensions act as
one would hope and expect.

B.1.4 Proposition (Properties of extensions). Let
TW.V->W TV--W S W=7

be bounded linear maps between normed spaces. The following statements are
true.

(i) Extension is linear: NT} + Ty = NTy + Ty for all A € C.
(ii) Eaxtension preserves compositions: So Ty = S o Ty.

(iii) Extension preserves identities: Idy = Idy.
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(i) Extension preserves inverses: if T1 is invertible and Tt is bounded,
then Ty is invertible and (Tl)_l =T
Proof. Let i: V — V,_j: W —-W and k: Z — 7 be Banach space comple-
tions. Then, joTy =Ty 04, joTy =Ty o4 and koS = 5o j. Thus,
JoATW +Ty) =ANjoTy) +joTy=ATyoi+Thoi= (N} +Ty)oi
and ko(SoTy)=(koS)oTi =80 (joT))=(SoT)oi.
The fact that AT} + T3 and S o T} are bounded linear maps satisfying these
equations implies (i) and (ii) by uniqueness of bounded linear extensions.

Since ioldy =i = Idy-0i, we see that Id;s = Idy,, which gives (iii). Finally,
(iv) follows by combining (ii) and (iii):

Idy =T 0Ty =T oT, and Idy=TioT; =T 0T},

and so (Tl)fl = F (note that we need boundedness of T} ' for the existence
of T/ ). O

For the case where V' = W, we can summarize the proposition we just
proved as follows.

B.1.5 Corollary. Let V' be a normed space. Then, the bounded linear
extension map B(V) — B(V) defined by T +— T is an isometric algebra
homomorphism.

Proof. Points (i), (ii) and (iii) in Proposition [B.1.4| (along with the fact that
IT| = ||T||, as shown in Theorem [B.1.2)). O

We now turn to extensions of bilinear maps between normed spaces. These
will be useful for extending inner products, algebra products and more. For
normed spaces V, W and Z, we will say that a bilinear map B: V x W — Z
is bounded if there exists some M € [0, 00) such that

| B(v,w)|| < M|v||||w]] for allv eV and w € W,

and we will write ||B]| for the infimum over all such M.

B.1.6 Theorem (Bounded bilinear extensions). Let V,W and Z be normed
spaces with Banach space completionsi:V —V, j: W =W and k: 7 — Z.
Suppose that B: 'V x W — Z is a bounded bilinear map. Then, there exists a
unique bounded bilinear map B: V x W — Z that extends B, in the sense
that

k(B(v,w)) = B(i(v), j(w)) forallveV and w e W.
Moreover, ||B|| = || B]|.
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Proof. Fix any v € V. Then, the map

B(v,—): W —=Z

w+— B(v,—)(w) = B(v,w)
is a linear map with operator norm || B(v, —)|| < || B||l|v|. By Theorem B.1.2}
there is a unique linear extension B(v,—): W — Z with the same operator
norm || B(v, =) || = [|B(v, =)[| < [|B[[[v]]

Consider now the map
By:V — B(W, ?)
v~ By(v) = B(v,—).

This is a linear map, because

BOw +w,—) = AB(v, —) + B(w, —) = AB(v, —) + B(w, -)

by Proposition [B.1.4  We find that ||By| < [|B|| because ||By(v)|| =
|B(v, —)|| < ||B][||v]| for all v € V. Since Z is a Banach space, B(W, Z) is a

Banach space as well. Thus, we get a unique bounded linear extension
By: V — B(W,Z)
which satisfies | By || = || By || < || B||, and hence
[Bv () ()| < By ()[[l[w]l < IBv[lllvlllwl < [IBl[[o]wl] (B.1)

forallv eV and w e W.
We now define

%I
1
= NI

B:V x
( (v,w) := By (v)(w),
and claim that this our desired extensions of B. Equation (B.1]) shows that

|B|| < ||B]|. The fact that B(v,—) extends B(v,—) and By extends By
means that

vw)

B(v,—)(j(w)) = k(B(v,w)) forallveVandwe W
and By (i(v)) = By(v) = B(v,—) forallv eV,

and these combine to give

B(i(v),j(w)) = By (i(v)) (j(w)) = B(v, =) (j(w)) = k(B(v,w)),
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as desired. By this equation (and the fact that i, j and k are isometries), the
norm of B cannot be less than that of B, so we must have ||B| = || B].

We have had uniqueness at each step of our construction, but it is not a
prior obvious that we could not have arrived at another extension by another
method, so we will give a quick proof of uniqueness.

Fix any v € V. Suppose we have a (potentially different) bounded bilinear
map B:VxW—2Z satisfying

E(z’(v),j(w)) = k(B(v,w)) for all v € V and w € W.
Then, for each v € V', the maps
W —Z W —Z
. and ~
w > B(i(v),w) w — B(i(v), w)
are both bounded linear extensions of the map W — Z defined by w
B(v,w). Thus, they must be equal:

B(i(v),w) = E(z(v), w) forallveV and we W.

Finally, for each w € W, the maps

V-7 V7

— and ~

v = B(v,w) w +— B(v,w)
are both bounded linear extensions of the map V' — 7 defined by v
B(i(v),w) = B(i(v),w), so they must be equal as well. This shows uniqueness
and concludes the proof. O]

We close this section with a note on conjugate-linearity. Given a complex
vector space V| we define the complex conjugate of V', which we will denote
by V¢ this is the same set as V' with the same abelian group structure, but
with scalar multiplication defined by (A, v) + Av (where the juxtaposition
denotes scalar multiplication in V). If V' is a normed space, then V¢ is a
normed space as well (with the same norm), and V¢ is clearly complete if and
only if V is complete. If i: V — V is a Banach space completion of V', then
the exact same map i: V¢ — (V)¢ is a linear isometry with a dense image, so
Ve (V)e

Now, a conjugate-linear map 7": V — W is exactly the same as a linear
map T: V¢ — W. The unique linear extension T': (V)¢ = Ve — W will there-
fore be a unique conjugate-linear extension 7: V — W. The same holds for
sesquilinear and conjugate-bilinear maps (i.e. maps which are conjugate linear
in both entries). Thus, our proposition on the unique bounded extensions of
bilinear maps gives us unique bounded extensions of sesquilinear maps and
conjugate-bilinear maps as well.



B.2. Completions of Various Algebras 229

B.2 | Completions of Various Algebras

In this section we will consider not-necessarily-complete versions of Banach
algebras, Banach x-algebras and C*-algebras, and show how to complete them.
We will also consider bounded extensions of bounded algebra and x-algebra
homomorphisms. The appropriate place to read this section is during or after
Chapter [2| where the relevant concepts are introduced. The results of this
section are not needed until Chapter [4

Consider a normed algebra A and let iy: A — A be a Banach space
completion of A. If we want to turn A into an algebra and think of A as
an algebra completion of A, the natural requirement is that i4 should be an
algebra homomorphism. That is, 74 should preserve the unit and the product.

Now, let p: A x A — A denote the product on A and 7i: A x A — A
denote the (suggestively named) product on A. Preservation of the product
by i4, i.e. the condition that

ia(a)ia(b) =ia(ab) forall a,be A
is equivalent to the condition that
B(ia(a),ia(b)) =ia(p(a,b)) forall a,be A, (B.2)

which is precisely the condition that @ be a bilinear extensions p (as in

Theorem [B.1.6)).

We begin with not-necessarily-complete version of Banach algebras.

B.2.1 Definition (Pre-Banach algebras). A pre-Banach algebra is an algebra
B equipped with a submultiplicative norm that normalizes the unit.

Given a pre-Banach algebra B, a Banach algebra completion of B is a
Banach algebra B along with an isometric algebra homomorphism ig: B — B
whose image is dense. We may refer to either B or the map ip itself as a
Banach algebra completion of B.

The following proposition shows that Banach algebra completions exist
and that they can be obtained from any Banach space completion of B. Note
also that any Banach algebra completion of B is, in particular, a Banach
space completion of B.

B.2.2 Proposition (Banach algebra completions). Let B be a pre-Banach
algebra and let ig: B — B be a Banach space completion of B. Then, there is a
unique product on B such that ig: B — B becomes an algebra homomorphism
and B becomes a Banach algebra. In other words: such that ig becomes a
Banach algebra completion of B.
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Proof. By Theorem m (and submultiplicativity of the norm), the algebra
product p: B x B — B extends uniquely to a bilinear map u: B x B — B
satisfying

[72(a, D) < flafl[jb]]  for all a,b € B.

We first prove that 1 is associative. By the opening of this section, the fact
that 71 extends u is equivalent to ip preserving the product. Thus, we have
that

iB(a) (ZB(b)ZB<C)) = @'B(a)iB(bc) = iB(abc) = (ZB((I)ZB(b))ZB(C)
for all a,b,c € B. This shows that, if we fix ¢ € B, the maps

BxB—B and BxB—DB
(a,b) — (ab)ip(c) (a,b) = a(bigp(c))

are both bounded bilinear extensions of the bounded bilinear map Bx B — B
defined by (a,b) — abc. By uniqueness of such extensions, they must be
equal. If we now fix a,b € B, we may conclude that the maps

B—B B—B

d
c— (ab)c o ¢ — a(bc)

are both bounded linear extensions of the bounded linear map B — B defined
by ¢ — (ab)ig(c) = a(big(c)). Thus, they must be equal, which proves
associativity.

Similarly, one finds that

iB<1B)iB(CL> = iB(lga) = iB(a) = ’LB(IdB(CL)): iB((I)iB(lB)
for all a € B. This means that the maps

B—B B—B
) and ]
a»—MB(lB)a CL|—>CLZB<1B)

are both bounded linear extensions of the identity on B, so they must be the
identity on B (Proposition [B.1.4). Thus, 15 =ip(1g) and ||15| = ||15] = 1.

We have now verified that @ turns B into a Banach algebra and that ip is
an algebra homomorphism, so we are done. O

It is useful to know that bounded linear extensions of bounded algebra
homomorphisms are algebra homomorphisms.
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B.2.3 Proposition. Let &: B — B’ be a bounded algebra homomorphism
between pre-Banach algebras and let ig: B — B and ig : B’ — B’ be Banach
algebra completions. Then, the unique bounded linear extension ®: B — B’ is
also an algebra homomorphism.

Proof. For any maps f: X — Y and g: X — Y between sets X and Y,
we will write f x g: X x X — Y x Y for the natural map defined by
(21, 22) = (f(21), 9(22))-

Let pup and g denote the products on the pre-Banach algebras indicated
by their subscripts and let i and 7ip denote the products on their Banach
algebra completions (then, iz is a bounded bilinear extension of pp, and
likewise for B’, as we have seen).

We already know that ® preserves the unit:

6(13) = (6023)(13) == (iB’ e} @)(13) = iBl(lB/) = 13/.

The statement that ® preserves the product is equivalent to the statement
that

g o(®x®)=>doig

as maps B x B — B’. Now, the calculations

figr o (P X P)o (i Xipg) =

B’ © ((EOZ'B) X (602.3))
B’ © ((iB’ o CID) X (iB’ ¢} q)))
npr o (iB/ X iB/) ¢} ((I) X (I))
iB’O,UB’O(q> X @)

I
|5 §

and
Dojfigo(ipxipg)=Poigoug =i odPopug

show that Jig' o (® x ®) and ® o i are both bounded bilinear extensions of
the bounded bilinear map pp o (® x ®) = ® o pp. Thus, by uniqueness of
such extensions, they are equal. This proves that ® preserves the product
and concludes the proof. O

B.2.4 Corollary (Uniqueness of Banach algebra completions). Let B be a
pre-Banach algebra and suppose that ig: B — B and jg: B — B’ are two
Banach algebra completions of B. Then, there exists a unique isometric
algebra isomorphism ®: B — B’ such that jp = ® oip.
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Proof. Both 15 and jp are Banach space completions, so Corollary
guarantees the existence of a unique isometric linear isomorphism ®: B — B’
such that jp = ® oig. The equation jp = ® o015 means that ® is a linear
extension of the identity Idg: B — B (where ip is taken to be the completion
of its domain and jp is taken to be the completions of its target). Since Idp
is an algebra homomorphism, so is ®, by Proposition [B.2.3] O

We now turn to not-necessarily-complete versions of Banach x-algebras.

B.2.5 Definition (pre-Banach x-algebras). A pre-Banach *-algebra is an
algebra B equipped with a submultiplicative norm that normalizes the unit
and an involution that is isometric.

Given a pre-Banach %-algebra B, a Banach x-algebra completion of B
is a Banach %-algebra B along with an isometric x-algebra homomorphism
ip: B — B whose image is dense. The usual variants of the terminology
apply here as well.

B.2.6 Proposition (Banach *-algebra completions). Let B be a pre-Banach
*-algebra and let ig: B — B be a Banach space completion of B. Then,
there is a unique product and a unique involution on B such that ig: B — B
becomes a *-algebra homomorphism and B becomes a Banach x-algebra. In
other words: such that ig becomes a Banach x-algebra completion of B.

Proof. By Proposition we already know that there is a unique product
on B turning ig: B — B into an algebra homomorphism and B into a Banach
algebra. Thus, we only need to verify the existence of a unique involution on B
that turns B into a x-Banach algebra and ip into a *-algebra homomorphism.

By Theorem [B.1.2] the involution x: B — B extends to a unique conjugate-
linear map x: B — B satisfying ||[x(a)|| < ||a|| for all @ € B. Since * is its own
inverse, Proposition guarantees that * is as well, so (a*)* = a for all
a € B. Note that * extending x means that ig(a*) = ig(a)* for all a € B, so
we can conclude that ip is a x-algebra homomorphism once we have shown
that x defines an involution.

The map xo p: B x B — B defined by (a,b) — (ab)* = b*a* is a bounded
conjugate-bilinear map. The maps

BxB—B BxB—B
and

(a,b) — (ab)* (a,b) — b a*

are both bounded conjugate-bilinear extensions of this map, as

(ZB<CL>ZB(b)); = iB(ab)¥ = ZB((ab)*) = zB(b*a*) = iB(b);iB(a)*.
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Thus, Theorem guarantees that they are equal. This proves that * is
an involution on B. Finally, since * is norm-decreasing and is its own inverse,
it is isometric: ||al| = ||[%*(a)| < |*(a)|| < ||a|| for all a € B. O

B.2.7 Proposition. Let ®: B — B’ be a bounded *-algebra homomorphism
between pre-Banach x-algebras and letig: B — B andig : B' — B’ be Banach
*-algebra completions. Then, the unique bounded linear extension ®: B — B’
15 also a x-algebra homomorphism.

Proof. Because of Proposition , all we need to check is that ® preserves
the involution. Write xg and g/ for the involutions on B and B’ and write x5
and % for their extensions. The statement that ® preserves the involution
is equivalent to the statement that xg/ o ® = ® o x5. The calculations

*B/O(I)OiB:*B/OiB/O(I):iB/O*B/O@

and Poxgoig=Poigokxg=igodoxp

show that both ¥z o ® and ® o x5 are bounded conjugate-linear extensions
of the bounded conjugate-linear map *g 0 ® = ® o xg. Thus, they are equal,
so ® preserves the involution. O

B.2.8 Corollary (Uniqueness of Banach x-algebra completions). Let B be a
pre-Banach x-algebra and suppose that ig: B — B and jg: B — B’ are two
Banach x-algebra completions of B. Then, there exists a unique isometric
*-algebra isomorphism ®: B — B’ such that jp = ® oip.

Proof. All we need to check is that the unique isometric algebra isomorphism
®: B — B afforded by Corollary preserves the involution. Since it is
a bounded linear extension of the identity Idg: B — B, this follows from
Proposition [B.2.7] (see the proof of Corollary for details). O

Finally, we consider not-necessarily-complete versions of C*-algebras. Most
of the work is already done, so this will be swift.

B.2.9 Definition (Pre-C*-algebras). A pre-C*-algebra is a *-algebra A
equipped with a submultiplicative norm that satisfies the C*-equality.

A C*-algebra completion of a pre-C*-algebra A is a C*-algebra A along
with an isometric x-algebra homomorphism i4: A — A whose image is dense.
Again, the usual variants of the terminology apply here as well.

As we observed immediately after the definition of C*-algebras (Definition
, the C*-equality implies that the unit is normalized. Moreover, if one
examines the proof of point (iii) of Lemma , where we showed that
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the involution on a C*-algebra is isometric, one will see that we only used
the C*-equality and submultiplicativity. Thus, the proof carries over to the
setting of pre-C*-algebras. By these observations, a pre-C*-algebra is, in
particular, a pre-Banach x-algebra. This fact makes the following proposition
almost immediate.

B.2.10 Proposition (C*-algebra completions and uniqueness). Let A be a
pre-C*-algebra and let iq: A — A be a Banach space completion of A. Then,
there is a unique product and a unique involution on A such thatis: A — A
becomes a *-algebra homomorphism and A becomes a C*-algebra. In other
words: such that iy becomes a C*-algebra completion of A.

Moreover, if jo: A — A’ is any other C*-algebra completion of A, then
there ezists a unique (isometric) x-algebra isomorphism ®: A — A’ such that
ja=Poiy.

Proof. By Proposition and Corollary [B.2.8| we only need to verify that
the C*-equality holds in A, where A is a Banach x-algebra completion of A.
The rest of the proposition follows from the fact that pre-C*-algebras are
pre-Banach x-algebras.

To do this, we resort to approximating sequences: let a € A be arbitrary
and choose a sequence (a,) C A such that i4s(a,) — a in A. Using the fact
that 74 is an isometric x-algebra homomorphism, along with continuity of the
norm and the algebraic operations on A, we find that

la*all = || lim ia(aga,)| = lim |[ia(agan)l| = lim [laga,|
n—o0 n—o0 n—00

= T fla | = Tim [lia(an)|? = | lim ia(an)|? = ol

which verifies that the C*-equality holds on A in virtue of it holding on A. [J

B.3 | Completions of Inner Product Modules

In this section we consider completions of inner product modules to Hilbert
C*-modules. The appropriate place to read this section is during or after
Section [£.3] where the relevant concepts are introduced.

Suppose that A is a pre-C*-algebra with C*-algebra completion A. Given
a left inner product A-module E, a (left) Hilbert C*-module completion of E
is a left Hilbert A-module E along with a map jg: £ — E that is A-linear,
preserves the inner product and whose image is dense. By preservation of the
inner product, jg must be an isometry, and A-linearity implies C-linearity, so
JE is necessarily a Banach space completion of E.
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B.3.1 Proposition (Hilbert C*-module completions). Let A be a pre-C*-
algebra with C*-algebra completion is: A — A. Suppose that E is a left inner
product A-module with action ®4: A — B(E) and A-valued inner product
A{-, ). Suppose moreover that jp: E — E is a Banach space completion of E
(w.r.t. the norm determined by A(-,-)).

Then, there exists a unique action ®4: A — B(E) and a unique A-valued
inner product 4{(-,-): E x E — A such that jg becomes an A-linear map
preserving the inner product and E becomes a left Hilbert A-module. In other
words: such that ji becomes a Hilbert C*-module completion of E. Moreover,
the Banach space completion norm on E equals the norm determined by 4(-,-).

Proof. Part 1: Extending the action

By Corollary , the extension map Ext: B(E) — B(E) defined by
Ext(T) = T is an isometric algebra homomorphism. Since B(E) is a Ba-
nach space, we can think of the map Ext: B(E) — B(FE) as a Banach space
completion of B(E) followed by an inclusion of its image into B(E).

Lemma [4.3.6) shows that ||®4(a)|| < ||a|| for all a € A, so @, is certainly
bounded. By Proposition [B.2.3] we now obtain a unique bounded linear
extension (followed by an inclusion) ®4: A — B(E) that is also an algebra
homomorphism.

With our choices of completions, the fact that ® 4 extends 4 means
that Ext o ®4 = ® 4 0i4. That is, Ext(®aa) = P 4(i4(a)) for all a € A. By
definition of the extension map, we now find that

Jje o (Paa) = Ext(Pga) o jp = Pylia(a)) o jp foralla € A,

which is precisely the statement that jg is A-linear (we must identify A with
ia(A) for A-linearity to be a sensible notion here).

As for uniqueness of the action ® 4, we note that jg-linearity, i.e. the
requirement that

jro (Paa) = Py(ia(a)) ojp forall a € A,

along with the fact that ® 4 must be bounded (by Lemma 4.3.6|), implies that
D 4(ia(a)) = Ext(Paa) for all a € A. This shows that our definition of ® 4 is
forced upon us.

Part 2: Extending the inner product

The inner product 4(-,-): E' X E — A is a sesquilinear map that is bounded
by Proposition so it has a unique bounded sesquilinear extension
E x E — A (see Theorem and the subsequent discussion).
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The requirement that jz: £ — E should preserve the inner product is
precisely the requirement that 4(-,-) should be an extension of 4(-,-):

A<jE(f)7jE(g)> :ZA<A<f7g>) for all f)gEE'

Since any A-valued inner product on E must be bounded by Proposition
our inner product 4(-,-) must be the extensions afforded by Theorem
[B.1.6, We need to verify that it satisfies the axioms of an A-valued inner
product (Definition [£.3.1)).

We begin with A-linearity (this will be a two-step procedure similar to
our proof of associativity for Banach algebra completions). Fix any a € A.
The maps

B12EXE—>A BgiEXE—)A
and

(f,9) = ia(a)a(f, g) (f,9) = alia(a)- f,g)

are both bounded sesquilinear extensions of the bounded sesquilinear map
E x E — A defined by (f,g) — aa(f,g9) = ala- f,g), because

Bi(je(f),je(9)) =iala)a(je(f),je(9)) = ia(a)ia(a(f. 9))
= iA(aA<f7 g))

and By (ju(f),je(9)) = a(iala) - je(f), je(9)) = a(ela- f),je(g))
=ia(ala- f,9)).

By Theorem [B.1.6) we can conclude that B; = Bs. This only gives us
ia(A)-linearity. However, if we now fix f, g € F, then the maps

A— A A— A

a— afa- f,g) A aalf,9)
are two bounded linear extensions of the bounded linear map A — A defined
by a— 4(ia(a) - f,g9) =ia(a)4{f,g), so they are equal, which concludes the
proof of A-linearity.
To show conjugate symmetry, we apply the standard argument to the
bounded sesquilinear map E x E — A defined by (f,g9) — a(g, f) = a(f, 9)*
and its two bounded sesquilinear extensions:

ExE— A i ExE— A
(fag) '_>.A<gaf> (f?g) '_>.A<fug>*

For positivty, we resort to approximating sequences: let f € E and choose
a sequence (f,) C E such that jg(f,) — f. We know that

Alde(fa), de(fo)) =ia(alfn, fa)) =0 forallneN
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by positivity in the A-module E (recall that we require positivity in the
C*-algebra completion of A). Moreover, we know that 4(jg(f.), je(f.)) —
A(f, f) by boundedness of the claimed inner product (the proof is identical
to that of Corollary we only need sesquilinearity and boundedness).
Thus, positivity follows if we can show that a limit of positive elements in A
is positive.

Suppose that (a,) C A" and that a,, — a € A. By point (ii) of Lemma
2.2.22, we know that

llanll1a = an|| < llan| for alln € N,

from which taking the limit gives ||||a||14 — a|| < ||a||. We already know that
a* = a by continuity of the involution, so by point (i) of the same lemma, we
find that a > 0, as desired.

We will show nondegeneracy, but first we show that the Banach space
completion norm on E, say || - || 3, agrees with the norm determined by 4(-,-).
Appealing again to the continuity of 4(-,-), as well as the continuity of all
norms involved, we find that (whenever jg(f,) — f € E)

113 = i p(f0llE = lm (£l = T (L4, £l

= lim [[ia(alfu fa) || = Y [LaGe (o). de ()] = Iladf. A1,

which proves the claimed equality of norms.
Nondegeneracy of the Banach space completion norm on £ and the norm
on A now gives:

F#0 = L DI=IAE#0 = af.f)#0

This shows nondegeneracy of 4(-,-) and concludes the proof. O

There are many results one could formulate with regard to extensions of
bounded maps between inner product modules. All we have need for is the
following result, which essentially asserts that isomorphisms between inner
product modules extend to isomorphisms between Hilbert C*-modules. For
the notion of an isomorphism between Hilbert C*-modules, i.e. a unitary map,

see Definition [4.3.18]

B.3.2 Proposition. Let A be a pre-C*-algebra and let E and F be two left
inner product A-modules. Suppose that U: E — F is an A-linear bijection
preserving the inner product. Let E and F be Hilbert C*-module completions
of E and F. Then, U € B(E, F), and the unique bounded linear extension of
U is a unitary map U € L(E, F).
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Proof. Since U preserves the inner product, it must be isometric: |Uf|* =
KU LUNN = I, Ol = |1 f|]? for all f € E. Since A-linearity implies C-
linearity, we can conclude that U € B(E, F'). Thus, U has a unique bounded
linear extension U: E — F. As a bijective isometry, its inverse has a bounded
linear extension as well.

Preservation of the inner product also implies that

(f,U'g) = (UF,UU"g)) = (Uf,g) forall f€ EandgeF
This means that the bounded sesquilinear maps
ExF— A ExF— A
N and —
(f.9) = (f,U"g) (f,9) = Uf 9)

are both extensions of the bounded sesquilinear map F x F' — A defined
by (f,g) — (f,Ulg) = (Uf,g), so they must be equal. This proves that
U is an adjointable map with adjoint U—1 and A-linearity now follows from
Lemma . Finally, U = U1 = [ by Proposition . This shows
that U € L(E, F) is unitary and concludes the proof. ]

As a corollary, we obtain uniqueness of Hilbert C*-module completions.

B.3.3 Corollary (Uniqueness of Hilbert C*-module completions). Let A be a
pre-C*-algebra and let E be a left inner product A-module. If jp: E — E and
kp: E — E are two Hilbert C*-module completions of E, then there exists a
unique unitary map U € L(E, E) such that kg = U o jg.

Proof. The argument is the same as always. A unique linear isometry U : E—
E such that kg = U o jg exists by uniqueness of Banach space completions.
The equation kg = U o jp means that U is an extension of the identity
Idg: E — E (with appropriate choices of completions) and Proposition m
then implies that U is unitary. O]
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