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In this book the reader is provided with a tour of the principal results and
ideas in the theories of completely positive maps, completely bounded maps,
dilation theory, operator spaces, and operator algebras, together with some of
their main applications.

The author assumes only that the reader has a basic background in functional
analysis and C*-algebras, and the presentation is self-contained and paced
appropriately for graduate students new to the subject. The book could be
used as a text for a course or for independent reading; with this in mind, many
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for all who want to know more.



Already published

K. Petersen Ergodic theory

P.T. Johnstone Stone spaces

J.-P. Kahane Some random series of functions, 2nd edition

J. Lambek & P.J. Scott Introduction to higher-order categorical logic

H. Matsumura Commutative ring theory

C.B. Thomas Characteristic classes and the cohomology of finite groups
M. Aschbacher Finite group theory

J.L. Alperin Local representation theory

P. Koosis The logarithmic integral I

S.J. Patterson An introduction to the theory of the Riemann zeta-function
H.J. Baues Algebraic homotopy

V.S. Varadarajan Introduction to harmonic analysis on semisimple Lie groups
W. Dicks & M. Dunwoody Groups acting on graphs

L.J. Corwin & E.P. Greenleaf Representations of nilpotent Lie groups and their applications
R. Fritsch & R. Piccinini Cellular structures in topology

H. Klingen Introductory lectures on Siegel modular forms

P. Koosis The logarithmic integral I1

M.J. Collins Representations and characters of finite groups

H. Kunita Stochastic flows and stochastic differential equations

P. Wojtaszczyk Banach spaces for analysts

J.E. Gilbert & M.A.M. Murray Clifford algebras and Dirac operators in harmonic analysis
A. Frohlich & M.J. Taylor Algebraic number theory

K. Goebel & W.A. Kirk Topics in metric fixed point theory

J.F. Humphreys Reflection groups and Coxeter groups

D.J. Benson Representations and cohomology 1

D.J. Benson Representations and cohomology 11

C. Allday & V. Puppe Cohomological methods in transformation groups
C. Soule et al. Lectures on Arakelov geometry

A. Ambrosetti & G. Prodi A primer of nonlinear analysis

J. Palis & F. Takens Hyperbolicity, stability and chaos at homoclinic bifurcations
Y. Meyer Wavelets and operators 1

C. Weibel An introduction to homological algebra

W. Bruns & J. Herzog Cohen-Macaulay rings

V. Snaith Explicit Brauer induction

G. Laumon Cohomology of Drinfeld modular varieties I

E.B. Davies Spectral theory and differential operators

J. Diestel, H. Jarchow, & A. Tonge Absolutely summing operators

P. Mattila Geometry of sets and measures in Euclidean spaces

R. Pinsky Positive harmonic functions and diffusion

G. Tenenbaum Introduction to analytic and probabilistic number theory
C. Peskine An algebraic introduction to complex projective geometry

Y. Meyer & R. Coifman Wavelets

R. Stanley Enumerative combinatorics I

1. Porteous Clifford algebras and the classical groups

M. Audin Spinning tops

V. Jurdjevic Geometric control theory

H. Volklein Groups as Galois groups

J. Le Potier Lectures on vector bundles

D. Bump Automorphic forms and representations

G. Laumon Cohomology of Drinfeld modular varieties 11

D. M. Clark & B. A. Davey Natural dualities for the working algebraist
J. McCleary A user’s guide to spectral sequences 1l

P. Taylor Practical foundations of mathematics

M.P. Brodmann & R.Y. Sharp Local cohomology

J.D. Dixon et al. Analytic pro-P groups

R. Stanley Enumerative combinatorics IT

R. M. Dudley Uniform central limit theorems

J. Jost & X. Li-Jost Calculus of variations

A.J. Berrick & M.E. Keating An introduction to rings and modules

S. Morosawa Holomorphic dynamics

A.J. Berrick & M.E. Keating Categories and modules with K-theory in view
K. Sato Levy processes and infinitely divisible distributions

H. Hida Modular forms and Galois cohomology

R. Iorio & V. Iorio Fourier analysis and partial differential equations

R. Blei Analysis in integer and fractional dimensions

F. Borceaux & G. Janelidze Galois theories

B. Bollobas Random graphs



COMPLETELY BOUNDED MAPS
AND OPERATOR ALGEBRAS

VERN PAULSEN

University of Houston

f% CAMBRIDGE

AAAAA

&/ UNIVERSITY PRESS



CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sao Paulo

Cambridge University Press

The Edinburgh Building, Cambridge cB2 2ru, United Kingdom

Published in the United States of America by Cambridge University Press, New York
www.cambridge.org

Information on this title: www.cambridge.org/9780521816694

© Vern Paulsen 2002

This book is in copyright. Subject to statutory exception and to the provision of
relevant collective licensing agreements, no reproduction of any part may take place
without the written permission of Cambridge University Press.

First published in print format 2003

ISBN-13  978-0-511-06103-5 eBook (NetLibrary)
ISBN-10  0-511-06103-x eBook (NetLibrary)

ISBN-13  978-0-521-81669- 4 hardback
ISBN-10 (0-521-81669- 6 hardback

Cambridge University Press has no responsibility for the persistence or accuracy of
URLs for external or third-party internet websites referred to in this book, and does not
guarantee that any content on such websites is, or will remain, accurate or appropriate.


http://www.cambridge.org
http://www.cambridge.org/9780521816694

To John, Ival, Effie, Susan, Stephen and Lisa.
My past, present and future.






O 00 N AW =

—_— = =
W o = O

14
15
16
17

18
19

Contents

Preface

Introduction

Positive Maps

Completely Positive Maps

Dilation Theorems

Commuting Contractions on Hilbert Space

Completely Positive Maps into M,

Arveson’s Extension Theorems

Completely Bounded Maps

Completely Bounded Homomorphisms

Polynomially Bounded and Power-Bounded Operators

Applications to K-Spectral Sets

Tensor Products and Joint Spectral Sets

Abstract Characterizations of Operator Systems
and Operator Spaces

An Operator Space Bestiary

Injective Envelopes

Abstract Operator Algebras

Completely Bounded Multilinear Maps and the Haagerup

Tensor Norm
Universal Operator Algebras and Factorization
Similarity and Factorization
Bibliography
Index

vii

page ix
1

9
26
43
58
73
84
97
120
135
150
159

175
186
206
225

239
260
273
285
297






Preface

This book is intended to give the reader an introduction to the principal results
and ideas in the theories of completely positive maps, completely bounded
maps, dilation theory, operator spaces, and operator algebras, together with
some of their main applications. It is intended to be self-contained and accessible
to any reader who has had a first course in functional analysis that included an
introduction to C*-algebras. It could be used as a text for a course or for inde-
pendent reading. With this in mind, we have included plenty of exercises.

We have made no attempt at giving a full state-of-the-art exposition of any
of these fields. Instead, we have tried to give the reader an introduction to many
of the important techniques and results of these fields, together with a feel for
their connections and some of the important applications of the ideas. However,
we present new proofs and approaches to some of the well-known results in
this area, which should make this book of interest to the expert in this area as
well as to the beginner.

The quickest route to aresult is often not the most illuminating. Consequently,
we occasionally present more than one proof of some results. For example,
scattered throughout the text and exercises are five different proofs of a key
inequality of von Neumann. We feel that such redundancy can lead to a deeper
understanding of the material.

In an effort to establish a common core of knowledge that we can assume
the reader is familiar with, we have adopted R.G. Douglas’s Banach Algebra
Techniques in Operator Theory as a basic text. Results that appear in that text
we have assumed are known, and we have attempted to give a full accounting of
all other facts by either presenting them, leaving them as an exercise, or giving
areference. Consequently, parts of the text may seem unnecessarily elementary
to some readers. For example, readers with a background in Banach spaces or
C*-algebras may find our discussions of the tensor theory a bit naive.

‘We now turn our attention to a description of the contents of this book.

ix



X Preface

The first seven chapters develop the theory of positive and completely pos-
itive maps together with their connections with dilation theory. Dilations are
a technique for studying operators on a Hilbert space by representing a given
operator as the restriction of a (hopefully) better-understood operator, acting on
a larger Hilbert space, to the original space. The operator on the larger space is
referred to as a dilation of the original operator. Thus, dilation theory involves
essentially geometric constructions. We shall see that many of the classic theo-
rems that characterize which sequences of complex numbers are the moments
of a measure are really dilation theorems.

One of the better-known dilation theorems is due to Sz.-Nagy and asserts that
every contraction operator can be dilated to a unitary operator. Thus to prove
some results about contraction operators it is enough to show that they are true
for unitary operators. The most famous application of this idea is Sz.-Nagy’s
elegant proof of an inequality of von Neumann to the effect that the norm of a
polynomial in a contraction operator is at most the supremum of the absolute
value of the polynomial over the unit disk.

Ando generalized Sz.-Nagy’s and von Neumann’s results to pairs of com-
muting contractions, but various analogues of these theorems are known to fail
for three or more commuting contractions. Work of Sarason and of Sz.-Nagy
and Foias showed that many classical results about analytic functions, including
the Nevanlinna—Pick theory, Nehari’s theorem, and Caratheodory’s completion
theorem are consequences of these results about contraction operators. Thus,
one finds that there is an operator-theoretic obstruction to generalizing many of
these classic results. These results are the focus of Chapter 5.

W.E. Stinespring introduced the theory of completely positive maps as a
means of giving abstract necessary and sufficient conditions for the existence
of dilations. In many ways completely positive maps play the same role as posi-
tive measures when commutative C*-algebras are replaced by noncommutative
C*-algebras. The connections between completely positive maps and dilation
theory were broadened further by Arveson, who developed a deep structure
theory for these maps, including an operator-valued Hahn—Banach extension
theorem.

Completely positive maps also play a central role in the theory of tensor prod-
ucts of C*-algebras. Characterizations of nuclear C*-algebras and injectivity
are given in terms of these maps. In noncommutative harmonic analysis they
arise in the guise of positive definite operator-valued functions on groups.

In spite of the broad range of applications of completely positive maps, this
text is one of the few places where one can find a full introduction to their theory.

In the early 1980s, motivated largely by the work of Wittstock and Haagerup,
researchers began extending much of the theory of completely positive maps to
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the family of completely bounded maps. To the extent that completely positive
maps are the analogue of positive measures, completely bounded maps are the
analogue of bounded measures.

This newer family of maps also allows for the development of a theory that
ties together many questions about the existence or nonexistence of similarities
or what are sometimes referred to as skew dilations. Two famous problems of
this type are Kadison’s and Halmos’s similarity conjectures. The theory of com-
pletely bounded maps has had an enormous impact on both of these conjectures.
Kadison conjectured that every bounded homomorphism of a C*-algebra into
the algebra of operators on a Hilbert space is similar to a *x-homomorphism.
Halmos conjectured that every polynomially bounded operator is similar to a
contraction.

In Chapters 8 and 9, we develop the basic theory of completely bounded
maps and their connections with similarity questions.

In Chapter 10 we study polynomially bounded operators and present Pisier’s
counterexample to the Halmos conjecture. The Kadison conjecture still remains
unresolved at the time of this writing, but in Chapter 19 we present Pisier’s
theory of similarity and factorization degrees, which we believe is the most
hopeful route towards a solution of the Kadison conjecture.

Attempts to generalize von Neumann’s results and the theory of polynomially
bounded operators to domains other than the unit disk led to the concepts
of spectral and K-spectral sets. We study the applications of the theory of
completely bounded maps to these ideas in Chapter 11.

In Chapter 12 we get our first introduction to tensor theory in order to further
develop some of the multivariable analogues of von Neumann’s inequality.

In order to discuss completely positive or completely bounded maps between
two spaces, the domains and ranges of these maps need to be what is known as an
operator system or operator space, respectively. Such spaces arise naturally as
subspaces of the space of bounded operators on a Hilbert space, and this is how
operator systems and operator spaces were originally defined. However, results
of Choi and Effros and of Ruan gave abstract characterizations of operator
systems and operator spaces that enabled researchers to treat their theory and the
corresponding theories of completely positive and completely bounded maps
in a way that was free of dependence on this underlying Hilbert space.

These abstract characterizations have had an impact on this field similar to
the impact that the Gelfand—Naimark—Segal theorem has had on the study of
C*-algebras. These characterizations have also allowed for the development of
many parallels with ideas from the theory of Banach spaces and bounded linear
maps, which have in turn led to a deeper understanding of many results in the
theory of C*-algebras and von Neumann algebras.
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We present these characterizations in Chapter 13 and give a quick introduction
to the rapidly growing field of operator spaces in Chapter 14, where we carefully
examine some of the more important examples of operator spaces.

The abstract characterization of operator spaces led to the Blecher—Ruan—
Sinclair abstract characterization of operator algebras. The last chapters of this
book are devoted to a development of this theory and some of its applications.

We give two separate developments of the Blecher—Ruan—Sinclair theory.
First, we present a new proof based on Hamana’s theory of injective envelopes,
which we develop in Chapters 15 and 16. We then develop the theory of the
Haagerup tensor product and the representation theorems for multilinear maps
that are completely bounded in the sense of Christensen and Sinclair, and give
a proof of the Blecher—Ruan—Sinclair theorem based on this theory. Our de-
velopment of the Haagerup tensor theory also uses the theory of the injective
envelope in a novel fashion.

The remaining two chapters of the book develop some applications of the
Blecher—Ruan-Sinclair theorem. First, we develop the theory of the universal
operator algebra of a unital algebra and its applications, including new proofs
of Nevanlinna’s factorization theorem for analytic functions on the disk and
Agler’s generalization of Nevanlinna’s theorem to analytic functions on the
bidisk. Finally, in the last chapter, we present Pisier’s theory of the universal
operator algebra of an operator space, his results on similarity and factorization
degree, and their applications to Kadison’s similarity conjecture.

This book grew out of my earlier lecture notes on completely positive and
completely bounded maps [161], that have been out-of-print for over a decade.

I would like to acknowledge all the friends and colleagues who have helped
to make this book possible. David Blecher, Ken Davidson, Gilles Pisier,
and Roger Smith have been tremendous sources of information and ideas.
The reader should be grateful to Aristides Katavolos, whose proofreading
of selected chapters led to a further polishing of the entire manuscript. Ron
Douglas has been a constant source of support throughout my academic career
and provided the original impetus to write this book. The author would also
like to thank the Mathematics Department at Rice University where portions
of this book were written, Roger Astley of Cambridge University Press for
his support and advice, the proofreaders at TechBooks for making many of
my thoughts flow smoother without altering their mathematical content, and
Robin Campbell who typed nearly the entire manuscript and contributed much
to its overall look. Finally, without my family’s patience and endurance this
project would have not been possible.

While writing this book I was partially supported by a grant from the National
Science Foundation.



Chapter 1

Introduction

It is assumed throughout this book that the reader is familiar with operator
theory and the basic properties of C*-algebras (see for example [76] and
[8, Chapter 1]). We concentrate primarily on giving a self-contained exposition
of the theory of completely positive and completely bounded maps between
C*-algebras and the applications of these maps to the study of operator alge-
bras, similarity questions, and dilation theory. In particular, we assume that the
reader is familiar with the material necessary for the Gelfand—Naimark—Segal
theorem, which states that every C*-algebra has a one-to-one, *x-preserving,
norm-preserving representation as a norm-closed, *-closed algebra of opera-
tors on a Hilbert space.

In this chapter we introduce some of the key concepts that will be studied in
this book.

As well as having a norm, a C*-algebra also has an order structure, induced
by the cone of positive elements. Recall that an element of a C*-algebra is
positive if and only if it is self-adjoint and its spectrum is contained in the
nonnegative reals, or equivalently, if it is of the form a*a for some element a.
Since the property of being positive is preserved by x-isomorphism, if a C*-
algebra is represented as an algebra of operators on a Hilbert space, then the
positive elements of the C*-algebra coincide with the positive operators that are
contained in the representation of the algebra. An equivalent characterization
of positivity for an operator on a Hilbert space is that A is a positive operator
provided that the inner product (Ax, x) is nonnegative for every vector x in the
space. We shall write a > 0 to denote that a is positive.

The positive elements in a C*-algebra A are a norm-closed, convex cone in
the C*-algebra, denoted by A™. If & is a self-adjoint element, then it is easy to
see, via the functional calculus, that / is the difference of two positive elements.
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Indeed, if we let

x, x>0,

0, x<0O,

AR B

() —
fr = { x, x <0,
then using the functional calculus we have that h = fT(h) — f~(h), with f1(h)
and f~(h) both positive. In particular, we see that the real linear span of the
positive elements is the set of self-adjoint elements, which is also norm-closed.
Using the Cartesian decomposition of an arbitrary element a of .4, namely,
a=h+ik with h = h*, k = k*, we see that

a=(p1— p2)+i(p3 — pa),

with p; positive, i = 1, 2, 3, 4. Thus, the complex linear span of A" is A.

In addition to having its own norm and order structure, a C*-algebra is also
equipped with a whole sequence of norms and order structures on a set of
C*-algebras naturally associated with the original algebra, and this additional
structure will play a central role in this book.

To see how to obtain this additional structure, let A be our C*-algebra, let
M,, denote the n x n complex matrices, and let M, (A) denote the set of n x n
matrices with entries from 4. We’ll denote a typical element of M,,(A) by (a; ;).

There is a natural way to make M,(.A) into a *-algebra. Namely, for (a; ;)
and (b; ;) in M, (A), set

(aij) - (bij) = (Z ai,kbk,j>
k=1

and
(a; )" = (a},).

What is not so obvious is that there is a unique way to introduce a norm such
that M,,(A) becomes a C*-algebra.

To see how this is done, we begin with the most basic of all C*-algebras,
B(H), the bounded linear operators on a Hilbert space H.

If we let H™ denote the direct sum of n copies of H, then there is a natural
norm and inner product on A that makes it into a Hilbert space. Namely,

A\ I°
: = 17>+ - + [l
I,
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and
hy ky,
< B > = (hy, ki) + -+ (s ks
hy kn ) ' HO
where
hy k1
: and :
hn ky

are in H™. This Hilbert space is also often denoted £2(H). We prefer to regard
elements of H™ as column vectors, for reasons that will become apparent
shortly.

There is a natural way to regard an element of M,,(B(H)) as a linear map on
H™, by using the ordinary rules for matrix products. That is, we set

STy h;
I s inj
Tipl| @ | = ,
hﬂ z
> Tujh;
j=1
hy
for (7;;) in M,(B(H)) and < : ) in H"™. It is easily checked (Exercise 1.1)
hy

that every element of M,,(B(H)) defines a bounded linear operator on A and
that this correspondence yields a one-to-one *-isomorphism of M,,(B(H)) onto
B(H™) (Exercise 1.2). Thus, the identification M,,(B(H)) = B(H™) gives us
a norm that makes M, (B(H)) a C*-algebra.

Now, given any C*-algebra A, one way that M, (A) can be viewed as a C*-
algebra is to first choose a one-to-one *-representation of A on some Hilbert
space H so that A can be identified as a C*-subalgebra of B(H). This allows
us to identify M, (A) as a x-subalgebra of M,(B(H)). It is straightforward to
verify that the image of M,,(A) under this representation is closed and hence a
C*-algebra.

Thus, by using a one-to-one *-representation of 4, we have a way to turn
M, (A) into a C*-algebra. But since the norm is unique on a C*-algebra, we see
that the norm on M,,(A) defined in this fashion is independent of the particular
representation of A that we chose. Since positive elements remain positive
under *-isomorphisms, we see that the positive elements of M, (A) are also
uniquely determined.
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So we see that in addition to having a norm and an order, every C*-algebra
A carries along this extra “baggage” of canonically defined norms and orders
on each M, (A). Remarkably, keeping track of how this extra structure behaves
yields far more information than one might expect. The study of these matrix
norms and matrix orders will be a central topic of this book.

For some examples of this structure, we first consider M;. We can regard
this as a C*-algebra by identifying M; with the linear transformations on k-
dimensional (complex) Hilbert space, C*. There is a natural way to identify
M, (My) with M,;, namely, forget the additional parentheses. It is easy to see
that, with this identification, the multiplication and *-operation on M, (M}) be-
come the usual multiplication and *-operation on M, that is, the identification
defines a *x-isomorphism. Hence, the unique norm on M,,(M};) is just the norm
obtained by this identification with M,,;. An element of M,,(M;) will be positive
if and only if the corresponding matrix in M, is positive.

For a second example, let X be a compact Hausdorff space, and let C(X)
denote the continuous complex-valued functions on X. Setting f*(x) = f(x),
we have

IfII' = sup{|f(X)|: x € X},

and defining the algebra operations pointwise makes C(X) into a C*-algebra.
An element F = (f; ;) of M,(C(X)) can be thought of as a continuous M,-
valued function. Note that addition, multiplication, and the x-operation in
M, (C(X)) are just the pointwise addition, pointwise multiplication, and point-
wise conjugate-transpose operations of these matrix-valued functions. If we
set

£l = sup{ll F(0)||: x € X},

where by || F(x)|| we mean the norm in M,,, then it is easily seen that this defines
a C*-norm on M,(C(X)), and thus is the unique norm in which M, (C(X)) is a
C*-algebra. Note that the positive elements of M, (C(X)) are those F' for which
F(x) is a positive matrix for all x.

Now, given two C*-algebras A and BB and a map ¢: A — B, we also obtain
maps ¢,: M,(A) — M, (B) via the formula

ou((a;, ) = (d(a; ;)).
In general the adverb completely means that all of the maps {¢,} enjoy some
property.
For example, the map ¢ is called positive if it maps positive elements of .4
to positive elements of B, and ¢ is called completely positive if every ¢, is a
positive map.
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In a similar fashion, if ¢ is a bounded map, then each ¢, will be bounded,
and when || @]l = sup,, [|¢. || is finite, we call ¢ a completely bounded map.

One’s initial hope is perhaps that C*-algebras are sufficiently nice that every
positive map is completely positive and every bounded map is completely
bounded. Indeed, one might expect that ||¢|| = ||¢, || for all n. For these reasons,
we begin with an example of a fairly nice map where those norms are different.

Let {E,-,j}iz,j:1 denote the system of matrix units for M, [thatis, E; ; is 1 in
the (7, j)th entry and O elsewhere], and let ¢: M, — M, be the transpose map,
so that ¢(E; ;) = E;;. It is easy to verify (Exercise 1.9) that the transpose of
a positive matrix is positive and that the norm of the transpose of a matrix is
the same as the norm of the matrix, so ¢ is positive and ||¢| = 1. Now let’s
consider ¢p: My(M>) — My(M5).

Note that the matrix of matrix units,

En Epn|
Ey Ex

—_0 O =
S O O O
S O O O
—_0 O ~

is positive, but that

1 0 0 O

" E;n Ep _ ¢(E11) ¢(En) _ 0 01 0
|| En Ex $(Ex) (Ex)| |0 1 0 0
0 0 0 1

is not positive. Thus, ¢ is a positive map but not completely positive. In a similar
fashion, we have that

Eyy Ey

Eyy Ex

while the norm of its image under ¢, has norm 2. Thus, |2 || > 2, so ||¢2|| #
ll¢|l. It turns out that ¢ is completely bounded, in fact, sup,||¢,| = 2, as we
shall see later in this book.

‘21’

To obtain an example of a map that’s not completely bounded, we need to
repeat the above example but on an infinite-dimensional space. So let H be
a separable, infinite-dimensional Hilbert space with a countable, orthonormal
basis, {e,},2,. Every bounded, linear operator 7 on H can be thought of as
an infinite matrix whose (i, j)th entry is the inner product (Te¢;, ¢;). One then
defines a map ¢ from the C*-algebra of bounded linear operators on , B(H), to
B(H) by the transpose. Again ¢ will be positive and an isometry (Exercise 1.9),
but ||, || > n. To see this last claim, let {E,-,j};f‘}.:1 be matrix units on H, and
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for fixed n, let A = (E;;), that s, A is the element of M,,(B(H)) whose (i, j)th
entry is E;;. We leave it to the reader to verify that |A|| =1 (in fact, A is a
partial isometry), but ||¢,(A)|| = n (Exercise 1.8).

There is an alternative approach to the above constructions, via tensor prod-
ucts. A reader familiar with tensor products has perhaps realized that the algebra
M, (A) that we’ve defined is readily identified with the tensor product algebra
M, ® A. Recall that one makes the tensor product of two algebras into an al-
gebra by defining (a1 ® by) - (a2 ® by) = (a1az) ® (b1by) and then extending
linearly. If {E; ;}! =1 denotes the canonical basis for M,,, then an element (a;_ ;)
in M,(A) can be identified with >/ ,_, a; ; ® E; j in M, ® A. We leave it
to the reader to verify (Exercise 1.10) that with this identification of M, (A)
and M,, ® A, the multiplication defined on M,,(A) becomes the tensor product
multiplication on M, ® .A. Thus, this identification is an isomorphism of these
algebras.

We shall on occasion return to this tensor product notation to simplify
concepts.

Now that the reader has been introduced to the concepts of completely posi-
tive and completely bounded maps, we turn to the topic of dilations.

In general, the key idea behind a dilation is to realize an operator or a mapping
into a space of operators as “part” of something simpler on a larger space.

The simplest case is the unitary dilation of an isometry. Let V be an isometry
on H, and let P = Iy — VV* be the projection onto the orthocomplement of
the range of V. If we define U on H & H = K via

vV P
U= ,

then it is easily checked that U*U = UU™* = I, so that U is a unitary on /C.
Moreover, if we identify H with H & 0, then

V"= PyU"|y forall n>0.

Thus, any isometry V can be realized as the restriction of some unitary to one
of its subspaces in a manner that also respects the powers of both operators.
In a similar fashion, one can construct an isometric dilation of a contraction.
Let T be an operator on M, |T|| < 1, and let Dy = (I — T*T)"/?. Note that
ITh|> + | Drhll* = (T*Th, h) + (D7h, h) = |[h]*.
We set

o0
C(H)={(h. ha....): hy € Hforalln, Y ||ha]* < +oo .

n=1
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This is a Hilbert space with ||(h1, k2, ...)|I*> = Y o, ||k, ||, and inner product
<(h17 h2, s )7 (kl’ k29 . ')) = Z:O:] (hrl? kﬂ)'

We define V: €2(H) — €*(H) via V((hy, ha, ...)) = (Thy, Drhy, ha, ...).
Since  [[V((h1, ha, .. NP = TR + I Drhill> + 1ho|* + - - - = [|(h1, ha,
..)|I%, V is an isometry on £2(H). If we identify H with H © 0 & - - -, then it
is clear that 7" = Py V"|y for alln > 0.

Combining these two constructions yields the unitary dilation of a contrac-
tion.

Theorem 1.1 (Sz.-Nagy’s dilation theorem). Let T be a contraction operator
on a Hilbert space 'H. Then there is a Hilbert space K containing H as a
subspace and a unitary operator U on K such that

T" = PyU"|y.

Proof. Let K = 02(H) ® £>(H), and identify H with (H®0& ---) D 0. Let
V be the isometric dilation of T on £2(H), and let U be the unitary dilation of V
on £2(H) @ ¢2(H). Since H C €>(H) @ 0, we have that Py, U" |5 = Py V" |y =
T" foralln > 0. d

Whenever Y is an operator on a Hilbert space /C, H is a subspace of /C, and
X = PyY|y, then we call X a compression of Y.

There is a certain sense in which a “minimal” unitary dilation can be chosen,
and this dilation is in some sense unique. We shall not need these facts now, but
shall return to them in Chapter 4.

To see the power of this simple geometric construction, we now give
Sz.-Nagy’s proof of an inequality due to von Neumann.

Corollary 1.2 (von Neumann’s inequality). Let T be a contraction on a
Hilbert space. Then for any polynomial p,

PN < sup{|p(2)[: |z] < 1}.

Proof. Let U be a unitary dilation of T. Since T" = PyU" |y for all n > 0,
it follows, by taking linear combinations, that p(T) = Py p(U)|y, and
hence ||p(T)|| < ||[p(U)|l. Since unitaries are normal operators, we have that
I p(W)]| = sup{|p(A)|: A€o (U)}, where o(U) denotes the spectrum of U.
Finally, since U is unitary, o (U) is contained in the unit circle and the result
follows. O
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In Chapter 2, we will give another proof of von Neumann’s inequality, using
some facts about positive maps, and then in Chapter 4 we will obtain Sz.-Nagy’s
dilation theorem as a consequence of von Neumann’s inequality.

Exercises

1.1 Let (7;;) be in M, (B(H)). Verify that the linear transformation it defines
on H™ is bounded and that, in fact, [|(T;)| < O}, IIT;; 12)1/2.

1.2 Let w: M,(B(H)) — B(H™) be the identification given in the text.

(i) Verify that 7 is a one-to-one *x-homomorphism.

(ii) Let E;: H — H™ be the map defined by setting E;(h) equal to the
vector that has i for its jth component and is O elsewhere. Show
that E7: H™ — "H is the map that sends a vector in H™ to its jth
component.

(iii) Given T € B(H™), set T;; = E}TE;. Show that 7 ((7;;)) = T and
that consequently 7 is onto.

1.3 Let (T;;) be in M,,(B(H)). Prove that (T;;) is a contraction if and only if
for every choice of 2n unit vectors xi, ..., X,, Y1, - - -, ¥ in H, the scalar
matrix ((7;;x;, y;)) is a contraction.

1.4 Let (T;;) be in M, (B(H)). Prove that (7};) is positive if and only if for
every choice of n vectors xi, ..., x, in H the scalar matrix ({(T;;x;, x;))
is positive.

1.5 Let A and B be unital C*-algebras, and let 7: A — B be a *-homomorph-
ism with (1) = 1. Show that 7 is completely positive and completely
bounded and that ||| = ||, || = |7l = 1.

1.6 Let A, B, and C be C*-algebras, and let ¢: A — B and ¢: B — C be
(completely) positive maps. Show that ¥ o ¢ is (completely) positive.

1.7 Let {Ei,j}l’{j:l be matrix units for M,, let A = (Ej,i)z"l,j:w and let B =
(E;,j):.szl be in M, (M,,). Show that A is unitary and that %B is arank one
projection.

1.8 Let {Ei,j}ﬁizl be a system of matrix units for B(H), let A = (Ej,[);szl,
andlet B = (Ei,j)f",_,':l be in M, (B(H)). Show that A is a partial isometry,
and that %B is a projection. Show that ¢,(A) = B and ||¢,,(A)|| = n.

1.9 Let A be in M, and let A’ denote the transpose of A. Prove that A is
positive if and only if A’ is positive, and that |A|| = ||A"||. Prove that
these same results hold for operators on a separable, infinite-dimensional
Hilbert space, when we fix an orthonormal basis, regard operators as
infinite matrices, and use this to define a transpose map.

1.10 Prove that the map m: M,(A) - M, ® A defined by n((a;;)) =

Z?J:l a; ; ® E; ; is an algebra isomorphism.



Chapter 2
Positive Maps

Before turning our attention to the completely positive or completely bounded
maps, we begin with some results on positive maps that we shall need repeatedly.
These results also serve to illustrate how many simplifications arise when one
passes to the smaller class of completely positive maps.

If S is a subset of a C*-algebra .4, then we set

S*={a:a* € S},

and we call S self-adjoint when S = S*. If A has a unit 1 and S is a self-
adjoint subspace of .4 containing 1, then we call S an operator system. If S
is an operator system and / is a self-adjoint element of S, then even though
ft(h) and f~(h) need not belong to S (since these only belong to the norm-
closed algebra generated by %), we can still write & as the difference of two
positive elements in S. Indeed,

1 1
h==(h|-14+h)—=(&|-1—=nh).
SIAl- 1+ k) = (Al )

If S is an operator system, BB is a C*-algebra, and ¢: S — B is a linear map,
then ¢ is called a positive map provided that it maps positive elements of S to
positive elements of 5. In this chapter, we develop some of the properties of
positive maps. In particular, we shall be concerned with how the assumption of
positivity is related to the norm of the map, and conversely, when assumptions
about the norm of a map guarantee that it is positive. We give a fairly elementary
proof of von Neumann’s inequality (Corollary 2.7), which only uses these ob-
servations about positive maps and an elementary result from complex analysis
due to Fejer and Riesz.

If ¢ is a positive, linear functional on an operator system S, then it is easy
to show that ||¢|| = ¢(1) (Exercise 2.3). When the range is a C*-algebra the
situation is quite different.
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Proposition 2.1. Let S be an operator system, and let B be a C*-algebra. If
¢: S — B is a positive map, then ¢ is bounded and

ol < 2llg(Il.

Proof. First note that if p is positive, then0 < p < ||p||- 1 andso 0 < ¢(p) <
Il - #(1), from which it follows that [[¢(p)l| < lIpll - l¢(1)]l when p > 0.

Next note thatif p; and p, are positive, then || p; — p2|| < max{||p1ll, || p2Il}-
If A is self-adjoint in S, then using the above decomposition of %, we have

1 1
¢(h) = Z¢(llrll -1+ h) = S¢(llhll - 1 = h).

which expresses ¢ (/) as a difference of two positive elements of 3. Thus,

1
le@ll = 5 max{li¢(llall- 1+ W) lgCinl -1 = mI} < liall - l¢DI.

Finally, if a is an arbitrary element of S, then a = h + ik with ||A]], ||| <
lall, h = h*, k = k*, and so

@l < lleMIl + o)l < 2fjall - l¢(DII- 0

Let us reproduce an example of Arveson, which shows that 2 is the best
constant in Proposition 2.1.

Example 2.2. Let T denote the unit circle in the complex plane, C(T) the con-
tinuous functions on T, z the coordinate function, and S € C(T) the subspace
spanned by 1, z, and Z.

We define ¢p: S — M, by

$(a + bz + cz) = [ ’ Zb].
2c a
We leave it to the reader to verify that an element al + bz + ¢z of S is
positive if and only if ¢ = b and @ > 2|b|. It is fairly standard that a self-adjoint
element of M, is positive if and only if its diagonal entries and its determinant
are nonnegative real numbers. Combining these two facts, it is clear that ¢ is a
positive map. However,

2ipMI =2 = llp@I = lI#ll,
so that [|¢]| = 2{|p(1)]|.

The existence of unital, positive maps that are not contractive can be roughly
attributed to two factors. One is the noncommutativity of the range, the other
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is the lack of sufficiently many positive elements in the domain. This first
principle is illustrated in the exercises, and we concentrate here on properties
of the domain that ensure that unital, positive maps are contractive.

Lemma 2.3. Let A be a C*-algebra with unit, and let p;,i = 1,...,n, be
positive elements of A such that

anl’i <L
i=1

IfAi,i =1,...,n, are scalars with |1;| < 1, then

Z)»il?i <L
i=1
Proof. Note that
S hipi 0 -0 0 p”? op
o 0 --0|_ |0 ... o0
0 0 0 0 0
M0 0 P70 0
N . :
o o
’ ’ ’ 1/2
0 ... 0 2] Lp7 0 0

n

The norm of the matrix on the left is || Y ;_, A; p;||, while each of the three
matrices on the right can be easily seen to have norm less than 1, by using the
fact that ||a*a|| = |aa*|| = |al. O

Theorem 2.4. Let B be a C*-algebra with unit, let X be a compact Hausdorff
space, with C(X) the continuous functions on X, and let ¢: C(X) — B be a
positive map. Then ||¢] = ||¢(1D)]].

Proof. By scaling, we may assume that ¢(1) < 1. Let f € C(X), || f|l <1,
and let € > 0 be given. First, we note that, by a standard partition-of-unity
argument, f may be approximated to within ¢ by a sum of the form given in
Lemma 2.3. To see this, first choose a finite open covering {U;}?_, of X such that
| f(x) — f(x;)| < e for x in U;, and let { p;} be a partition of unity subordinate
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to the covering. That is, {p;} are nonnegative continuous functions satisfying
Yoo pi=1land pi(x)=0forx ¢ U;,i =1,...,n.SetA; = f(x;), and note
that if p;(x) % O for some i, then x € U; and so | f(x) — ;| < ¢. Hence, for
any x,

0 =Y aim)] = [ - 2opi)|
<Y O If@) = Ailpix) < Y e pilx) =

Finally, by Lemma 2.3, | > A:¢(p:)|| < 1, so that

16HI < [o (=D 2mi)| + |2 metwn

and since ¢ was arbitrary, ||¢] < 1. O

<I+e-lol.

As an application of Theorem 2.4, we now prove an inequality due to von
Neumann, which will be central to many later results. First we need a prelimi-
nary lemma.

Lemma 2.5 (Fejer-Riesz). Ler t(¢') =YY | a,e™ be a strictly positive
function on the unit circle T. Then there is a polynomial p(z) = Z;V:O pnZ"
such that

(') = |p(e'”)*.

Proof. First note that since t is real-valued, a_, = a, and qy is real. We may
assume a_y # 0. Set g(z) = ;,ZV_N a,7"*", so that g is a polynomial of de-
gree 2N with g(0) # 0. We have g(e'?) = t(e?)- ¢'M? #£ 0. Notice that the

antisymmetry of the coefficients of g implies
g(1/2) = 27Vg(2).

This means that the 2N zeros of g may be written as zy, ..., 2zn, 1/Z1, ...,
1/zZn.

We set q(z) =(z—z1)--(z—z2n), h(z) = (z—1/Z1)---(z — 1/Zy), and
have that

g(z) = anq(2)h(2),
with

_1\W=N, 15
mz (=D"z Q(l/z).
21 IN
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Thus,
w(e”) = e g(e”) = Ig(e)] = la] - Ig(e")] - [(e™)]
= | P,
so that T(e'?) = | p(e?)|?, where p(z) = |—2—|1/2¢(z). O

212N

Writing p(z) = ag + - - - + ayz", we see that T(e'?) = ZZk:O ol e’ R0
so that the coefficients of every strictly positive trigonometric polynomial have
this special form.

The above results can be shown to hold for positive trigonometric polynomi-
als as well as strictly positive trigonometric polynomials. To do this, one must
carefully examine the roots of the polynomial g that lie on the circle.

Theorem 2.6. Let T be an operator on a Hilbert space H with ||T| < 1, and
let S C C(T) be the operator system defined by

S = {p(e'?) + q(ei?): p, q are polynomials}.

Then the map ¢: S — B(H) defined by ¢(p + q) = p(T) + q(T)* is positive.

Proof. First, note that it is enough to prove that ¢ () is positive for every strictly
positive 7. Indeed, if 7 is only positive, then 7 4 €1 is strictly positive for every
€ > 0, and hence we have ¢(t) + €l = ¢(t +€1) > 0 for every € > 0, and
it follows that ¢(7) > 0. Let t(e'?) be strictly positive in S, so that T(e?) =
> o cede’ P9 We must prove that

+n
$(r)= Y @ Tk

£,k=0

is a positive operator, where we define

. T/, j=>0,
T = , -
) {T*—J, j<o.
To this end, fix a vector x in our Hilbert space H and note that
I 1% ... T* _ _
T .. .. : a1xX a1x
<¢><r>x,x>=< e > ()

™ ... T I
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where the matrix operator on the right is acting on the direct sum of n copies
of the Hilbert space H™.

Thus, if we can show that the matrix operator is positive, we shall be done.
To this end, set

0 0

T .
R=1]0 )

0O ... 0 7T O

and note that R"*! =0, |R|| < 1.
Using I to also denote the identity operator on ™, we see that the matrix
operator in (x) can be written as

I+R+R+ - +R' +R + - +R"=(U~-R '+ -RY"'— L

To see that this latter operator is positive, fix 4 in H™, andleth = (I — R)y
for y in H. One obtains

(T =R7"+U=RH"=Dh,h)
=, U -Ry)+{U—-R)y,y)—{I—-R)y, - R)y)
= |lyI* = IRyl = 0,

since R is a contraction. O
We can now give our second proof of von Neumann’s inequality.

Corollary 2.7 (von Neumann’s Inequality). Ler T be an operator on a Hilbert
space with ||T|| < 1. Then for any polynomial p,

Ip(DI = lpll,

where || p|| = sup | p(e')].
0

Proof. Note that the operator system S defined in Theorem 2.6 is actually a
x-algebra and separates points. Hence, by the Stone—Weierstrass theorem, S is
dense in C(T). By Proposition 2.1, the map ¢ is bounded and hence extends
to C(T). By Exercise 2.2, the extension will also be positive. Hence, ¢ is
contractive by Theorem 2.4, from which the result follows. O
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Excercises 2.15 and 2.16 present two other proofs of von Neumann’s in-
equality.

We let A(D) denote the functions that are analytic on D and continuouson D~
By the maximum modulus principle the supremum of such a function over D~ is
attained on T'. Thus, we may regard A(ID) as a closed subalgebra of C(T). Since
the polynomials are dense in A(ID), the above inequality guarantees that the
homomorphism p — p(T) extends to a homomorphism of A(ID), and we denote
the image of an element f simply by f(T'), so that one has || f(T)|| < || f]| for
all fin A(D).

Another consequence of Theorem 2.6 that we shall frequently use is that if
a is an element of some unital C*-algebra A, |la|| < 1, then there is a unital,
positive map ¢: C(T) — A with ¢(p) = p(a). This observation is used in the
following two results.

Corollary 2.8. Let B,C be C*-algebras with unit, let A be a subalgebra
of B,1e A and let S = A+ A*. If ¢: S — C is positive, then |p(a)|| <
le(D||-lla|l for all a in A.

Proof. Leta bein A, |la|| < 1. By Proposition 2.1 and Exercise 2.2, we may
extend ¢ to a positive map on the closure S~ of S. As remarked above, there
is a positive map r: C(T) — B with ¥(p) = p(a). Since A is an algebra, the
range of ¥ is actually contained in S~.

Clearly, the composition of positive maps is positive, so by Theorem 2.4,

lp@)ll = g o Y&l < lip o (DNl = Ip(D]I- 0

If (1) = 1 in the above, then ¢ is a contraction on A. It is somewhat sur-
prising that ¢ need not be a contraction on all of S. We shall see an example of
this phenomenon in Chapter 5.

Corollary 2.9 (Russo-Dye). Let A and B be C*-algebras with unit, and let
¢: A — B be a positive map. Then ||¢|| = ||¢(1)].

Proof. Apply Corollary 2.8. O

So far we have concentrated on positive maps without indicating how positive
maps arise. We close this discussion with two such results.

Unlike our previous results, we shall see (Exercise 2.9) that the hypothesis
that our map is unital is crucial to the next three results.
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Lemma 2.10. Let A be a C*-algebra, S A an operator system, and f: S —
C a linear functional with f(1) = 1, || f|l = 1. If a is a normal element of A
and a € S, then f(a) will lie in the closed convex hull of the spectrum of a.

Proof. Suppose not. Note that the convex hull of a compact set is the intersec-
tion of all closed disks containing the set. Thus, there will exista A and r > 0
such that | f(a) — A| > r, while the spectrum o (a) of a satisfies

o(@) S {z:lz— Al <r}.

But then o(a — A - 1) € {z: |z| < r}, and since norm and spectral radius agree
for normal elements, ||a — A1|| < r, while | f(a — A - 1)| > r. This contradic-
tion completes the proof. O

Since the convex hull of the spectrum of a positive operator is contained in
the nonnegative reals, we see that Lemma 2.10 implies that such an f must be
positive.

Proposition 2.11. Let S be an operator system, B a unital C*-algebra, and
¢: S — B a unital contraction. Then ¢ is positive.

Proof. Since B can be represented on a Hilbert space, we may, without loss
of generality, assume that B = B(H) for some Hilbert space H. Fix x in
H, |lx|l = 1. Setting f(a) = (¢(a)x, x), we have that f(a) =1, [ f] < ll#].
By Lemma 2.10, if a is positive, then f(a) is positive, and consequently, since
x was arbitrary, ¢(a) is positive. O

Proposition 2.12. Let A be a unital C*-algebra, and let M be a subspace of A
containing 1. If Bis a unital C*-algebra and ¢: M — B is a unital contraction,
then the map ¢: M + M* — B given by

$la +b*) = ¢(a) + (b)",
is well defined and is the unique positive extension of ¢ to M + M*.
Proof. If ¢ does extend to a positive map @, then by the self-adjointness of
positive maps (Exercise 2.1), ¢ necessarily satisfies the above equation. So we
must prove that this formula yields a well-defined, positive map.

Note that to prove that ¢ is well defined, it is enough to prove that if a and
a* belong to M, then ¢(a*) = ¢(a)*. For this, set

S ={a:a e Manda* € M};
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then S is an operator system, and ¢ is a unital, contractive map on S; and hence
positive by Proposition 2.11. Consequently by Exercise 2.1, ¢ is self-adjoint
on S; and so ¢(a*) = ¢(a)* for a in S;. Thus, ¢ is well defined.

To see that ¢ is positive, it is sufficient to assume that B = B(H), fix x
in H with ||x|| = 1, set p(a) = (¢(a)x, x), and prove that 5 is positive. Let
p: M — C be defined by p(a) = (¢(a)x, x); then ||p|| =1 and so, by the
Hahn-Banach theorem, p extends to

oM+ M- C with |pill =1.

But by Proposition 2.11, p; is positive, and so pi(a + b*) = p(a) + p(b) =
p(a + b*). Hence, p is positive. O

Note that the above result also shows that there is a unique, norm-preserving
Hahn—Banach extension of p to M + M?*,

Example 2.13. A positive map need not have a positive extension unless the
range is C (Exercise 2.10). Indeed, if the positive map of Example 2.2 had a
positive extension to C(T), then by Corollary 2.9, this extension would be a
contraction.

If S is an operator system, contained in a C*-algebra A, and ¢ is a linear
functional on S with ¢(1) = 1, then by Exercise 2.3 and Proposition 2.11, we
see that ¢ is contractive if and only if ¢ is positive. These maps are called states
onS.

Spectral Sets

There is a natural way that positive maps on operator systems arise in operator
theory, and that is in the study of spectral sets for operators.

Let X be a compact set in the complex plane, and let R(X) be the subalgebra
of C(X) consisting of quotients p/g of polynomials, where the zeros of g lie
off X. Note that two quotients of polynomials can be equal as functions on X
even though they may be distinct as elements of the formal algebra of quotients.
Indeed, in the extreme case where X is a singleton, X = {A}, thenz — A =0
as a function on X.

If T is in B(H), with the spectrum o (T") of T, contained in X, then for any
quotient p/q as above we have an operator p(7 )g(T)~". Thus, we can attempt to
define a homomorphism p: R(X) — B(H) by setting p(p/q) = p(T)g(T)~".
In the extreme case that X = {A}, this homomorphism will be well defined if
andonlyif T = A- 1.
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If p is well defined and || p|| < 1, then X is called a spectral set for T. When
p is well defined and only bounded with || p|| < K, then X is called a K-spectral
set for T.

We may also regard R(X) as a subalgebra of C (9 X), the continuous functions
on the boundary of X. By the maximum modulus theorem, this endows R(X)
with the same norm as if we regarded it as a subalgebra of C(X).

We let S = R(X) + R(X) regarded as a subset of C(dX). Thus, f; + g =
f>» + g if and only if they are equal as functions on d X, and are positive if and
only if they are positive on 9 X.

The concept of spectral sets is partially motivated by von Neumann’s in-
equality, which can be interpreted as saying that an operator T is a contraction
if and only if the closed unit disk is a spectral set for 7.

By Proposition 2.12, if X is a spectral set for T, then there is a well-defined,
positive map g: S — B(H) given by g(f + g) = f(T) + g(T)*. Conversely,
if the above map p is well defined and positive, then by Corollary 2.8, X is a
spectral set for 7.

Nonunital C*-Algebras

Let A be a nonunital C*-algebra. We wish to make some comments on positive
maps in this case. Let 5 be a C*-algebra, and let ¢: A — B be a positive
map. We claim that ¢ is automatically bounded. To see this, note that it is
enough to prove that ¢ is bounded on A*. To this end, suppose that ¢ is not
bounded; then there exists a sequence p, in A", || p,|| < 1, with ||¢(p,)| > n3.
Letp=>)_, n~2p,; then we have that n=2p, < p and so

n <l 2p)l < llop(p)ll

for all n, an obvious contradiction. Thus, ¢ is bounded.

The second observation is that every nonunital C*-algebra A embeds into a
unital C*-algebra, A; [73]. Furthermore, positive maps from A to BB extend to
positive maps from A; to B;.

To see this second statement, first note that A is a closed, two-sided ideal in
Ay, and so the map a + A1 — A, for a in A, is a x-homomorphism. Thus, if
a + A - 1is positive, then A > 0. Now, let ¢p: A — B be positive; then since ¢ is
bounded, ¢p(p) < ||¢]| - 1 for all positive p with || p|| < 1. Define ¢1: A — B
by ¢1(a + A1) = ¢(a) + Aq where ¢ = ||¢|| - 1. This map is positive, since if
a+ Al >0, then —A"'a < 1, so that p(—1"'a) < qgor0<¢(a)+ rq.

Note that if we let A =15 denote the compact operators on an infinite-
dimensional Hilbert space, then there is no extension of the identity map to
a positive map from A, to B.
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Toeplitz Matrices and Trigonometric Moments

We close this chapter with another application of the Fejer—Riesz lemma. A
sequence of numbers {ak}k_
provided there exists a positive Borel measure p on the circle (equivalently, on
[0, 277]) such that

" o 1s called a trigonometric moment sequence

2
a; = / e du(d)
0

for all k in Z. Note that in this case a_; = a; and ag = ([0, 27]) > 0. Hence,
w is automatically bounded. We call y a representing measure for {ay. },J;'ioo. By
the Riesz representation theorem, there is a one-to-one correspondence between
positive, bounded Borel measures p on the circle and positive linear maps
¢: C(T) — C given by ¢(f) = [ f du. Thus, {ae}{2° ., is a trigonometric
moment sequence precisely when setting ¢(z*) = a, k € Z, extends to give a
positive linear functional on C(T).

We shall call an infinite matrix (b;, j)?j:o formally positive if each of the
finite matrices By = (b;, j){Y j=o 1s positive. (Recall that in this book positive
means positive semidefinite.) Note that we are making no requirements about
boundedness of B.

Theorem 2.14. The sequence {a;}>°
if and only if the Toeplitz matrix (a;_; )i,j:() is formally positive.

is a trigonometric moment sequence

Proof. If {ap )i r—- o 1s a moment sequence with measure w, and py, ..., py are
scalars, then

Z ai-jPjpi = / P> du > 0,

i,j=0

where p(z) = po + - - - + pnz". Hence (a;_ $i=o 1s formally positive.

Conversely, assume that (a; )7 _ is formally positive. Let S € C(T) be the
span of z¥, k € Z, which is a dense operator system in C(T). Define ¢: S — C
by ¢(z*) = a,. We wish to prove that ¢ is a positive linear functional on S. As
in the proof of Theorem 2.6, it will be enough to assume that T € S is strictly
positive and prove that ¢(t) > 0.

By the Fejer—Riesz lemma, 7(z) = ZlN j—o Pip;jz"~? for some scalars,
po, -- ., pn-Hence p(tr) = Z, _j=0 PiDjai-j = 0by the positivity of the matrix

(a- —j ), ,j=0"
Now by Exercise 2.2, the positive map ¢ extends by continuity to a positive
map on S~ = C(T), and hence by the Riesz representation theorem we have a

bounded, positive Borel measure with a; = ¢(z¥) = i zF dp for all k in Z.
g
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There is another characterization of trigonometric moment sequences that is
often useful. If {a; }°° _ is a trigonometric moment sequence with representing
measure /i, thenitis easily seen that |a; | < w([0, 27r]) = ap and hence the power
series f(z) = ap/2 + Y ;o axz* converges to give an analytic function on the

unit disk . For |z| < 1 the Poisson kernel

1 n 1
—efz  1—e

P(z,0) = — —
( ) 1 —LQZ

defines a positive function on the circle, and hence

f(z)+m=/P(z,9)du(0)zo.

Thus, we have shown that if {a;};>° . is a trigonometric moment sequence

then f(z) is analytic on the disk and maps the disk into the right half plane.

The converse of this result holds as well, and we sketch the proof. If
f, as above, is analytic on D and has nonnegative real part, then g,(eie) =
f@re'?y + f(rei®), r <1, is continuous on T and nonnegative. Hence the oper-
ator of multiplication by g, on L?(T) is a positive operator. But the matrix
of this operator with respect to the standard orthonormal basis {e}7>°
is (a;_jrlHUHF2 . Letting r tend to 1 yields the formal positivity of the
Toeplitz matrix (a;—;); 2.

Notes

For a survey of the theory of positive maps, see [222].

The idea of using von Neumann'’s inequality to prove the Russo—Dye result
seems to have originated with Choi. The usual proof involves another important
result of Russo and Dye, namely, that the extreme points of the unit ball of a
unital C*-algebra are the unitary elements [206] (see [173] for an elegant proof
of this result).

Lemma 2.10 is a minor adaptation of [8].

Von Neumann’s original proof of his inequality [152] first showed that the
inequality was met for the Mdbius transformations of the disk, and then reduced
verifying the inequality for a general analytic function to this special case. A
later proof by Heinz [114] is based on the classical Cauchy—Poisson formula.
Most other presentations rely on Sz.-Nagy’s dilation theorem (Theorem 1.1).
The Fejer—Riesz lemma can be found in [89].

Foias [99] has shown how particular von Neumann’s inequality is to the
theory of Hilbert spaces. He proves that if a Banach space has the property
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that every contraction operator on the Banach space satisfies von Neumann’s
inequality, then that space is necessarily a Hilbert space.

A result of Ando [5] implies that von Neumann’s inequality holds for pairs
of commuting contractions, that is,

Ip(Ty, Tl < sup{|p(z1, z2)I: lzi] < 1, i = 1,2},

where 7| and 7, are commuting contractions and p is an arbitrary polynomial
in two variables. Thus, by Proposition 2.12, there is a positive map

d(p+q)=pT, 1)+ q(T1, )"

It would be interesting to know if a proof of this latter fact could be given
along the lines of Theorem 2.6. Such a proof could perhaps shed some addi-
tional light on the rather paradoxical results of Crabbe and Davies [69] and of
Varopoulos [236], that for three or more commuting contractions, the analogue
of von Neumann’s inequality fails. We shall examine these ideas in detail in
Chapter 5.

Exercises

2.1 Let S be an operator system, B be a C*-algebra, and ¢: S — 3 a positive
map. Prove that ¢ is self-adjoint, i.e., that ¢(x*) = ¢(x)*.

2.2 Let S be an operator system, B be a C*-algebra, and ¢: S — B be a
positive map. Prove that ¢ extends to a positive map on the norm closure
of S.

2.3 Let S be an operator system, and let ¢: S — C be positive. Prove that
ol < ¢(1).[Hint: Givena,chosen X, |A| = 1,suchthat|¢p(a)| = ¢(ra).]

2.4 Let S be an operator system, and let ¢: S — C(X), where C(X) denotes
the continuous functions on a compact Hausdorff space X. Prove that if
¢ is positive, then [|¢[| < [|¢(D)].

2.5 (Schwarz inequality) Let A be a C*-algebra, and let ¢: A — C be a
positive linear functional. Prove that |¢(x* y)|2 < p(x*x)p(y*y).

2.6 Let T be an operator on a Hilbert space ‘H. The numerical radius of
T is defined by w(T) = sup{|(Tx, x)|: x € H, ||x|| = 1}. Prove that if
¢: S — B(H) is positive and ¢(1) = 1, then w(p(a)) < |la|-

2.7 Let T be an operator on a Hilbert space. Prove that w(7") < 1 if and only
if 24+ (AT) + (AT)* > O for all complex numbers A with |A| = 1.

2.8 Prove that w(T') defines a norm on B(H), with w(T) < ||T| < 2w(T).
Show that both inequalities are sharp.

2.9 Let S be an operator system, B a C*-algebra, and ¢: S — B a linear
map such that ¢(1) is positive, [|¢(1)|| = ||¢||. Give an example to show
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that ¢ need not be positive. In a similar vein, show that if M is as in
Proposition 2.12, and ¢(1) is positive with ||¢(1)|| = [|¢||, then ¢ need
not be well defined.

2.10 (Krein) Let S be an operator system contained in the C*-algebra A, and
let ¢: S — C be positive. Prove that ¢ can be extended to a positive map
on A.

2.11 Prove that for the following element of M, |,

ap 0o ... 0

ardo < inflllag + a1z + -+ + a2 +r @I},
rz

a, ... dip Qo

where r(z) is a polynomial whose lowest-degree term is strictly greater
than n, and the latter norm is the supremum norm over the unit disk.

2.12 (Jorgensen) Show that C = {p>(¢): p is a polynomial with real coef-
ficients} is dense in C([0, 1])*. Let S = {p + G: p, q are polynomials},
and set ¢(p + §) = p(2) + q(2). Show that ¢ is positive on C and well
defined on the dense subset S of C([0, 1]), but still does not extend to a
positive map on C ([0, 1]). Compare with Proposition 2.1 and Exercise 2.2.

2.13 Let X be a compact subset of C. Prove that if X is a finite set, then X is a
spectral set for T if and only if T is a normal operator with o (T") contained
in X. Prove that if X is a subset of R, then X is a spectral set for T if and
only if 7 = T* and o(T) is contained in X. Prove that if X is contained
in the unit circle, then X is a spectral set for T if and only if T is a unitary
with o (T) contained in X.

2.14 (von Neumann) Let X be a compact subset of C, with R(X) dense in
C(0X). Prove that X is a spectral set for T if and only if 7 is normal and
o(T) is contained in 0 X.

2.15 In this exercise we give an alternative proof of von Neumann’s inequal-
ity. We assume that the reader has some familiarity with integration of
operator-valued functions. Let T € B(H) with ||T|| < 1, and let p and ¢
denote arbitrary polynomials.

(i) Let Pt;T)=(1—e"T) '+ (1 —e'T*)"! — 1, and show that
P(;T) > Oforallt,
(ii) Show that p(T) + q(T)* = 5= [ (p(e') + q(e) P(1; T) dr,
(iii)) Deduce von Neumann’s inequality.

2.16 (Wermer) In this exercise we give an alternative proof of von Neumann’s
inequality that is only valid for matrices. We assume that the reader
is familiar with the singular-value decomposition of a matrix. Let
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T € M, with |T|| <1, and write T = USV with U, V unitary and
S = diag(sy, ..., s,) apositive diagonal matrix,0 <s; < 1l,i =1,...,n.
Define an analytic matrix-valued function 7' (zy, ..., z,) = UZV where
Z = diag(z1, ..., 2n), lzil < 1,i =1, ..., n. Fix a polynomial p.
(1) Letx,y € C", and let f(z1,...,2,) = (p(T(z1,...,20))x, y). De-
duce that f* achieves its maximum modulus at a point where |z;| =

-+ = |z,] = 1. Note that at such a point 7'(zy, ..., z,) is unitary.
(ii) Deduce that sup, | |p(T(z1, ..., za))|l occurs at a point where
T(zi, ..., zs) is unitary.

(iii) Deduce that || p(T)|| < sup || p(W)|| over W € M,,, unitary.
(iv) Show that for W unitary, || p(W)|| < || pllco-
(v) Deduce von Neumann’s inequality for T € M,,.
217 LetT =(§5) € My, a # b.
(i) Show that for any polynomial p,

(T = p(a) c(p(a) — p(b))/(a — b) .
0 pb)

(ii)) Show that if |a| < 1,1b] <1, f € A(D), and p, is a sequence of
polynomials with || f — pu|lec = O, then

fl@) c(f(a)— f(b))/(a—Db)
0 f ()
entrywise and hence in norm.

(iii) Assume |a|, |b| < 1.Let@(z) = (z — b)/(1 — bz). Show that || T || <
1 if and only if

pn(T)—><

lp@)*(la — b)> + |c]*) < |a — b|*.

(iv) What can you say when |a], |b] < 1?7
218 Let T = (§5) € M».
(i) Show that for any polynomial p,

pla) cp'(a)
T)= .
p(T) ( 0 p(a))

(i) Show thatif|a| < 1, f € A(D), and p, is a sequence of polynomials
with || f — pullec = 0, then

() > <.f(a) cf/(a))

0  fla)

entrywise and hence in norm.
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(iii) Let |a| < 1 and ¢(z) = (z — a)/(1 — az). Show that ||T|| < 1 if and
only if |c] < 1 — |a|?.

(iv) What can you say when |a| = 1?

(v) Let |a| < 1, setc = 1 — |a|?, and use von Neumann’s inequality to
deduce that if || f|| < 1, then | f'(a)] < (1 — | f(@)[*)/(1 — |a]?).

a b c
T:(O a b>€M3.
0 0 a

Obtain necessary and sufficient conditions for ||T|| < 1.
2.20 (Korovkin) Let f e C([0, 1]) and let g, (¢) = (t — x)?
(1) Given € > 0, show that there exists a constant ¢ > 0 depending only
on € and f such that

2.19 Let

[f(t) — f(x)] <e€+cget) forall 0<t,x<I.

[Hint: Thereisa é > O such that | f(#) — f(x)| < eforall |t — x| <
8.]

(i1) Let¢: C([0, 1]) — C([0, 1]) be a positive map with ¢(1) = 1. Show
that

—€ — c(g)(x) = p(f)(x) — f(x) < € + cdp(g:)(x),

and deduce that [[¢(f) — f| < € + csup, |p(gx)(x)].
(iii) Let¢,: C([0, 1]) — C([0, 1]) be a sequence of positive maps. Prove
that if ||¢,(fi) — f:|| = Oasn — oo for fi(t) =1¢,i =0, 1,and 2,
then ||¢,(f) — fIl = 0asn — oo forall f € C([O0, 1]).
2.21 The Bernstein maps ¢,: C([0, 1]) — C([0, 1]) are defined by

& k
G OEDD (Z) ! (;) (1 =y,

k=0

(i) Verify that the Bernstein maps are positive maps with ¢,(1) = 1,
Gu(t) = 1, ¢,(t?) = 1 + =C [Hint: Use ()% = (171))]
(ii) Deduce that ||¢,(f) — flleo = O forall f € C([0, 1])
(iii)) Deduce the Weierstrass theorem, i.e., prove that the polynomials are
dense in C([0, 1]).
2.22 A sequence {a,},2 of complex numbers is called a Hausdorff moment
sequence if there exists a positive (finite) Borel measure u on [0,1] such
that @, = [ 1" dju(r) for all n. Set by = Y _o(")(= 1 asm, for all

n,m > 0.
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(i) Assuming the existence of such a measure p, show that b, ,, =
fol t"(t — 1)"du(t), and deduce that necessarily b, , > 0 for all
n,m=>0.

(i) Let P < C([O0, 1]) denote the span of the polynomials, and define
¢: P — C by setting ¢(t") = a,. Show that if b, ,, > 0 for all
n,m > 0 then ¢ is a positive map. (Caution: You do not know ¢ is
continuous! You must use Exercises 2.20 and 2.21.)

(iii) Prove that {a,}72, is a Hausdorff moment sequence if and only if
by, >=0foralln,m > 0.



Chapter 3
Completely Positive Maps

Let A be a C*-algebra, and let M be a subspace. Then we shall call M an
operator space. Clearly, M,(M) can be regarded as a subspace of M, (A),
and we let M, (M) have the norm structure that it inherits from the (unique)
norm structure on the C*-algebra M, (A). We make no attempt at this time to
define a norm structure on M, (M) without reference to .A. Thus, one thing
that distinguishes M from an ordinary normed space is that it comes naturally
equipped with norms on M, (M) for all n > 1. Later in this book we shall give
a more axiomatic definition of operator spaces, at which time we shall begin
to refer to subspaces of C*-algebras as concrete operator spaces. For now we
simply stress that by an operator space M we mean a concrete subspace of a
C*-algebra, together with this extra “baggage” of a well-defined sequence of
norms on M, (M). Similarly, if S C A is an operator system, then we endow
M,,(S) with the norm and order structure that it inherits as a subspace of M,,(A).

As before, if B is a C*-algebra and ¢: S — B is a linear map, then we define
On: M,(S) — M, (B) by ¢,((a; ;) = (¢(a; ;). We call ¢ n-positive if ¢, is
positive, and we call ¢ completely positive if ¢ is n-positive for all n. We call
¢ completely bounded if sup, ||¢, || is finite, and we set

@llco = sup lpnll-

Note that ||-||c, is @ norm on the space of completely bounded maps. We use the
terms completely isometric and completely contractive to indicate that each ¢,
is isometric and that ||¢||.p < 1, respectively. We note that if ¢ is n-positive,
then ¢ is k-positive for k < n. Also, ||¢r|| < ||¢.|l for k < n (Exercise 3.1).

In this chapter we investigate some of the elementary properties of these
classes of maps and prove some theorems about when positive maps are auto-
matically completely positive. We begin by relating some of the results of the
previous chapter to these concepts.

26
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Lemma 3.1. Let A be a C*-algebra with unit, and let a and b belong to A.
Then:

(i) llall < 1if and only if

is positive in My(A).
(ii) [al* 21 1is positive in My(A) if and only if a*a < b.

Proof. We represent A on a Hilbert space H via w: A— B(H) and set A =
w(a).
If |A]| < 1, then for any vectors x, y in H,

(L 1] 2] = oo om0 +
y y

> [lxI® = 21l A NIy x| + 1y 1% = 0.

Conversely, if ||A] > 1, then there exist unit vectors x and y such that
(Ay, x) < —1 and the above inner product will be negative.
The proof of (ii) is similar and is left as an exercise [Exercise 3.2(ii)]. O

Proposition 3.2. Let S be an operator system, B a C*-algebra with unit, and
¢: S — B a unital, 2-positive map. Then ¢ is contractive.

Proof. Leta € S, |la]| < 1. Then

1 a 1 ¢

o | = .

a 1] | gy 1
is positive and hence ||¢(a)| < 1. O
Proposition 3.3 (Schwarz inequality for 2-positive maps). Ler A, B be
unital C*-algebras, and let ¢. A— B be a unital 2-positive map. Then
d@)*¢p(a) < ¢(a*a) for all a in A.
Proof. We have that [} §1*[} ¢1=1[, .4, 1> 0and hence

o],
9@ plaa)| "

By Lemma 3.1(ii), we have the result. a
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Proposition 3.4. Let A and B be C*-algebras with unit, let M be a subspace
of A, 1e M, and let S = M + M*. If : M — B is unital and 2-contractive
(i.e., |pa|l < 1), then the map ¢: S — B given by ¢p(a + b*) = ¢(a) + ¢(b)* is
2-positive and contractive.

Proof. Since ¢ is contractive, ¢ is well defined by Proposition 2.12. Note that
M>(S) = Mr(M) + M>(M)* and that (@), = (¢»). Since ¢» is contractive, we
have again by Proposition 2.12, that ¢, is positive and so ¢ is contractive by
Proposition 3.2. O

Proposition 3.5. Let A and B be C*-algebras with unit, let M be a subspace
of A, 1e M, and let S = M + M*. If ¢: M — B is unital and completely
contractive, then ¢: S — B is completely positive and completely contractive.

Proof. We have that ¢, is positive, since ¢, is unital and contractive, and @,
is contractive, since @, = (¢,), is positive. O

We’ve glossed over one point in the above proof. Namely, we’ve identified
M>,(S) with M,(M,,(S)). It’s obvious how to do this: one simply “erases”
the additional brackets in an element of M,(M,,(S)). One must check, how-
ever, that the norms one defines are the same in each instance. One has that
M,(M,,(S)) inherits its norm from M,(M,,(A)), while M5, (S) inherits its norm
from M;,(A). However, this “erasure” operation defines a *-isomorphism be-
tween M»(M,,(A)) and M,,(A); thus the norms are indeed the same.

Now that we’ve seen some of the advantages of considering maps in these
two classes, let’s begin by describing some maps that belong to them. Let .4
and B be C*-algebras. First, note that if 7: A— B is a x-homomorphism,
then 7 is completely positive and completely contractive, since each map,
7T M, (A) — M, (B), is a x-homomorphism, and *-homomorphisms are both
positive and contractive. For a second class of maps, fix x and y in A and define
¢: A— Aby ¢(a) = xay. Note that if (a; ;) is in M,(A), then

@n((ai NIl = l[(xai j )i
x 0 ... 0 y 0 ... 0
) ’ - 0 a,;l a,-m coe 0
0O ... 0 «x 0O ... 0 vy

A

< el - i DI - NIyl
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Thus, ¢ is completely bounded, and ||¢||cp < |lx|| - |¥]l. A similar calculation
shows that if x = y*, then ¢ is completely positive.

Combining these two examples, we obtain the prototypical example of a com-
pletely bounded map. Namely, let H; and H; be Hilbert spaces, let v;: H; — Ha,
i = 1,2, be bounded operators, and let 7: A — B(H;) be a *-homomorphism.
Define a map ¢: A— B(H,) via ¢(a) = vim(a)v;. Then ¢ is completely
bounded with ||@¢||cp < |lvi]l - [lv2|l, and if v; = vy, then ¢ is completely posi-
tive. We shall prove in Chapter 8 that all completely bounded maps have this
form.

In each of the above examples, we see that the completely positive maps are
all completely bounded. This is always the case.

Proposition 3.6. Let S C A be an operator system, let B be a C*-algebra,
and let ¢: S — B be completely positive. Then ¢ is completely bounded and

oIl = lloll = lPllcb-

Proof. Clearly, we have that |[¢(1)|| < [l¢]| < ||®]lcb, O it is sufficient to show
l¢llco < ll¢(1)]|. To this end, let A = (g; ;) be in M,(S) with ||A]| < 1, and let
I, be the unit of M,,(A), i.e., the diagonal matrix with 1’s on the diagonal. Since

I, A
A* I,
is positive, we have that

5 I, A _ &n(ly)  Pu(A)
Ao, (A (1)

is positive. Thus, by Exercise 3.2(iii), [|¢,(A)| < ll¢.(1)| = ll¢(1)||, which
completes the proof. O

Schur Products and Tensor Products

As an application of the above result, we study the Schur product of matrices.
If A = (a; ), B = (b; ;) are elements of M,,, then we define the Schur product
by

Ax B = (ai,j 'bi,j)~
For fixed A, this gives rise to a linear map,

Sa:M,— M,, via Ss(B)= A xB.
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In order to study this map, we need to recall a few facts about tensor products
of matrices. Let A be in M, and B be in M,,, so that A and B can be thought of
as linear transformations on C" and C”, respectively. Then A ® B is the linear
transformation on C" @ C" >~ C"", which is defined by setting A ® B(x ®
y) = Ax ® By and extending linearly. Writing A ® B = (A ® I)(I ® B),itis
easy to see that [A ® B|| = || Al - | B]|-

Let {e1,...,e,} and {f1,..., fi} be the canonical orthonormal bases for
C" and C™, respectively. If we order our basis for C" by e¢; ® fi,e1 ®
o1 ® fea® fi, ..., e, ® fi,then the matrix for A ® B with respect
to this ordered basis is given in block form by

a“B alnB

anB ... a.B

This last matrix is often referred to as the Kronecker product of A and B.

On the other hand, if we order our basis for C" by e/ ® fi,e2 ®
flooien @ fl,e1Q fr,e2® fo, ..., e, ® fu,then the matrix for A ® B with
respect to this ordered basis is given in block form by

bi1A ... b,A

bmA ... buma

which is the Kronecker product of B and A.

Since the two block matrices given above represent the same linear trans-
formation, they are unitarily equivalent. The unitary matrix that implements
this unitary equivalence is simply the permutation matrix corresponding to the
given reordering of the basis vectors.

Note that one obtained the (i, j)th block of the second matrix, b;; A, by taking
the (i, j)entry of the (k, £)th block, ax ¢ B, of the first matrix. We shall encounter
this rearrangement of matrix entries repeatedly in this book. We’ll refer to it as
the canonical shuffle.

Now let A and B be in M,,, and define an isometry V: C" — C" @ C" by
V(e;) = e; ® e;. A simple calculation shows that

V*(A® B)V = A x B.
To see this, note that

(VI(A® B)Vej,e;) = (A® B(e; ® ¢)), (¢; ® €))
= <A€j,€i> . <B€j,€i> =a, ~b,',j = (A* Bej,ei).
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Thus, [[SA(B)I = I[V*(A® B)V|| < ||A]l - [|B]| and so [[Sall < [[A]l.
Similarly, if (B; ;) is in My(M,), then

(Sak((Bij)) = (V(AQ B j)V)

v 0 ... 0 v 0 ... 0
0 - e By ... B 0 .
=|. . . ]A®| : S
) ’ ! 0 Bnl Bnn ) . . 0
o ... 0 v o ... 0V

and so, [[(Sa)ell < |All also. Thus, [[Salles < [ A]l-

This estimate is not very good in general. For example, the identity map is
the Schur product against the matrix of all 1’s, and this matrix has norm 7.

If A is positive, then we shall prove below that S, is completely positive.
Hence, for positive matrices we can obtain || S4 ||, explicitly, by invoking Propo-
sition 3.5. Namely,

1S4l = 1Sa(DIl = ISallee = max{a;;:i =1,...,n}.

It is more difficult to calculate || S4 ||, When A is not positive. We return to
this topic in Chapter 8. Clearly, if one decomposes A = (P; — P>) + i(P; — Py)
with P; positive, then Sy =(Sp, —Sp,)+i(Sp, — Sp,). Thus, |[[Sallcy <
1Sp llecb + ISP, llcb + ISP llcb + 1Sk, llcb, and each of the right hand terms is
given by the maximum diagonal entry of the corresponding matrix. However,
we shall see in Chapter 8 that this estimate can be far from ||.S4 ||cp.

The following characterizes when a Schur product map is completely
positive.

Theorem 3.7. Let A = (a;;) be in M,,. Then the following are equivalent:

(i) A is positive,
(ii) Sa: M, — M, is positive,
(iii) Sa: M, — M,, is completely positive.

Proof. Clearly (iii) implies (ii). Note that the matrix J, all of whose entries are
1, is positive, and that S4(J) = A. Hence, (ii) implies (i). It remains to prove
that (i) implies (iii).

First note that if A and B are positive then A ® B is positive. To see this,
note that A ® B = (A2 ® B'/?)?>. Now if B € M,, is positive, then

S4(B)=V*(A® B)V =[(A"*®@ B"*)V]'[(A"* ® B'*)V]

is positive. Hence, (i) implies (ii). To see that (i) implies (iii), let B = (B;;) €
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M (M,) be positive, write B = (X;;)*(X;;), and observe that
(Sak(B) = (V*(A® B;j)V) =Y"Y,

where Y = (A2 ® X;)V). O

There is an analogous theory of Schur product maps on B(£%) where we re-
gard bounded operators as infinite matrices. If we demand that A be a bounded
positive operator, then the arguments above can be used to show that S, is
completely positive. However, the requirement that A be bounded is very re-
strictive. For example, the identity map on B(¢?) is the Schur product against
the infinite matrix of all 1’s, and this is not the matrix of a bounded operator.
We shall leave these more delicate questions until we return to Schur product
maps in Chapter 8.

We now return to results about general completely positive maps. The next
result shows that for linear functionals, the adverb “completely” introduces
nothing new.

Proposition 3.8. Let S be an operator space, and let f: S — C be a bounded
linear functional. Then || f ||co = || f|I. Furthermore, if S is an operator system
and f is positive, then f is completely positive.

Proof. Let (a; ;) be in M,(S), and let x = (x1,...,Xx,), y = (Y1, ..., y») be
unit vectors in C". We have that

[(fu((ai j)x, y)| =

= ‘f (Z ai,jxj)_’i> ‘

iJ
Zdi,jxj)_’i
i,j

Thus, we must show that this latter element has norm less than ||(g; ;). To see
this, note that the above sum is the (1,1) entry of the product

Z f(ai j)x; i
i

=Isn-

yi-1l ..oyl
ylo yo an oan ] pab 00
(:) 0 anpl --. Qpn x,,~1 0 ... 0

and that the outer two factors each have norm equal to one, since x and y were
chosen to be unit vectors.

To prove that f is completely positive whenever f is positive reduces to
showing that { f,,((a; ;)x, x) = f(zi‘j a;,jX jX;) is positive whenever (a; ;) is
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positive. But using the above product with x = y, we see that the summation
that f is being evaluated at is the (1,1) entry of a positive matrix and hence is
positive. O

Let X be a compact Hausdorff space, and let C(X) be the C*-algebra of
continuous functions on X. Note that every element F' = (f; ;) of M, (C(X))
can be thought of as a continuous matrix-valued function and that multiplication
and the x-operation in M,,(C(X)) are just the pointwise multiplication and -
operation of the matrix-valued functions. Thus, one way to make M,(C(X))
into a C*-algebra is to set || F|| = sup{|| F(x)||: x € X}, and by the uniqueness
of C*-norms, this is the only way. With these observations, the following is a
direct consequence of Proposition 3.8.

Theorem 3.9. Let S be an operator space, and let p: S — C(X) be a bounded
linear map. Then ||@||c, = ||@||. Furthermore, if S is an operator system and ¢
is positive, then ¢ is completely positive.

Proof. Let x € X, and define ¢*: S — C by ¢*(a) = ¢(a)(x). By the above
observations,

Ipull = sup{ |6} ||: x € X} = sup{lI¢*Il: x € X} = | $]l.

Similarly, ¢, ((a;, ;)) is positive if and only if ¢} ((a; ;)) is positive for all x € X,
from which the second statement follows. O

Thus, when the range C*-algebra is commutative, the concepts of bounded
and completely bounded coincide, as do positive and completely positive. A
commutative domain is also enough to ensure that positive maps are completely
positive, as we shall prove shortly. However, we show in Chapter 14 that it is not
enough to guarantee that bounded maps are completely bounded.

Lemma 3.10. Let (p; ;) be a positive scalar matrix, and let g be a positive
element of some C*-algebra B. Then (q - p; ;) is positive in M, (B).

Proof. Straightforward. o

Theorem 3.11 (Stinespring). Let B be a C*-algebra, and let ¢: C(X) — B
be positive. Then ¢ is completely positive.

Proof. Let P(x)be positive in M,,(C(X)). We must prove that ¢,,(P) is positive.
Given ¢ > ( and arguing as in Theorem 2.4, we obtain a partition of unity {u,(x)}
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and positive matrices Py = ( pf j) such that

< é.

P(x) =) u(x)P,

14

But ¢, (g - Pp) = ¢u((ue - pf;)) = (@(ue) - pf ;), which is positive by Lemma
3.10. Thus, ¢, (P), to within &||¢, ||| P|l, is a sum of positive elements. Since
M,(B)" is a closed set, we have that ¢, (P) is positive. O

The original proof of Theorem 3.11 [221] is quite different.
As an immediate application of Theorem 3.11 we have the following matrix-
valued version of von Neumann’s inequality.

Corollary 3.12. Let T be an operator on a Hilbert space H with ||T|| < 1, and
let (pi,;) be an n x n matrix of polynomials. Then

ICPi i (T sy < sup{ll(pij@)lin,: |zl = 1}.

Proof. The map given by ¢(p + g) = p(T) + q(T)* extends to a positive map
¢: C(T) — B(H). By Theorem 3.11 this map is completely positive, and so by
Proposition 3.6, ||¢]leo = ||¢(1)]| = 1. Hence,

1(pij (TN By = 1P ((Pi; DI < N(Pi M, Ty

and the result follows. ]

We’ve seen that for a commutative domain or range, positivity implies com-
plete positivity. We shall see that if the domain or range isn’t too badly non-
commutative, then slightly stronger hypotheses than positivity will be enough
to imply complete positivity. For now we restrict the domain.

Lemma 3.13. Let A be a C*-algebra. Then every positive element of M,,(A)
is a sum of n positive elements of the form (a’a;) for some {a, ..., a,} C A.

Proof. We remark that if we let R be the element of M,(.A) whose kth row is
ai, ..., a, and whose other entries are 0, then R* R = (aa;), so such an element
is positive. Now let P be positive,so P = B*B,and write B = R| + --- + Ry,
where Ry is the kth row of B and O elsewhere.

We have that P = B*B = R{R; + --- + R}R,, since RfR; =0 when
i #j. O
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We note that by the above lemma, to verify that ¢: A — B is n-positive it is
sufficient to check that (¢(a;a;)) is positive for all {a;, ..., a,} in A.

Theorem 3.14 (Choi). Let B be a C*-algebra, let ¢: M, — B, and let
{Eij}} j=1 denote the standard matrix units for M,,. The following are equiva-
lent:

(i) ¢ is completely positive.
(ii) @ is n-positive.
(iii) (¢(E,<’j))f"j=1 is positive in M, (B).

Proof. Clearly, (i) implies (ii), and since (E ,-,_,-)l’f, =1 is positive, (ii) implies (iii).
Thus, we shall prove that (iii) implies (i).

For this it is sufficient to assume that B = B(H). Fix k, and let xq, ..., x;
belong to ‘H and By, ..., By belong to M,,. By the above lemma, it is sufficient
to prove that Zi,j (¢(B]Bj)xj, x;) is positive.

Write By = > .+ _, by E, so that

r,s=1

n
Bi*Bj = Z Er,s,ibr,r,jEs,t-

r,s,t=1

k
Set y,, = ijl by, jx;; then

D (GBI Bxj, xiy =Yy <¢><Es.t> (Z Br,s,ibr,,,jx_,->,x,~>
ij

i,j r=1 s,t=1

= Z Z<¢(Es,t)}’z,r, Vsr)-
r=1 s,t

But for each r, this last sum is positive, since (¢(Es,f))?,z:1 is positive. Thus,
we’ve expressed our original sum as the sum of n positive quantities. This
completes the proof. O

By combining the results of this chapter with the technique used in the proof
of Theorem 2.6, some fairly deep operator theory results can be readily obtained.
Recall that if T is in B(H), then we define the numerical radius of T by

w(T) = sup{[(Tx, x)|: [|lx|| <1, x € H}.

The following result is essentially due to Berger [15].

Theorem 3.15. Let T be in B(H), and let S C C(T) be the operator system
defined by S = {p + q: p, q polynomials}. The following are equivalent:
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(i) w(T) < 1.
(ii) The map ¢: S — B(H) defined by

¢(p +q) = p(T) + q(T)* + (p(0) + qg(O)I

is positive.

Proof. We first show that (i) implies (ii). Let R, be the n x n operator matrix
whose subdiagonal entries are 7 and whose remaining entries are 0. It is not
difficult to show that w(R,) < w(T) (Exercise 3.13).

Mimicking the first part of the proof of Theorem 2.6, we see that the above
map ¢ is positive, provided that the operator matrices

2 T* ... T

T . :

. .. (%)
™ ... T 2

are positive for all n.
Note that as in Theorem 2.6, R,’IH'1 = 0 and so the matrix (*) can be written
as(I — R+ — R,’;)‘l. Fix a vector x = (I — R,)y, and compute

(= R)™+ U = RH Hx,x) =2]ylI* — 2Re(R,Y, y).

Thus, (x) is positive if and only if w(R,) < 1 (Exercise 3.13 (iv)).

If w(T) < 1, then w(R,) < 1 and so (x) is positive, which implies that ¢ is
positive.

Conversely, if ¢ is positive, then, since S is dense in C(T), ¢ will be com-
pletely positive by Theorem 3.11. Note that the matrix

1z .o 1 0 ... 0
R 0 R
¢ 1 |05 (35)
. Z . : :
7" Z 1 0 . 0o z7
10 0
1 . )
0 z
X . . .
1 -0
0 0 =

is positive in M, (C(T)), and so its image under ¢, will be positive. But the image
of (xx) under ¢, is (x). Thus, () is positive for all n, and hence w(R,) < 1.
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Letx € H,||x| =1,andlet y = (x @ --- ® x)/+/n be a unit vector in the
direct sum of n copies of H. We have that
n—1
1= Ry, )| = TI(Tx,X)I,

from which it follows that w(T') < - for all n.
Thus, w(T') < 1, which completes the proof of the theorem. d

Note that if w(7T) <1 and ¢ is as above, then since ¢ is positive, ||¢| =
l¢(DIl = 2. Thus, if p is a polynomial, then ||p(T)[| = ll¢(p) — p(O)I]| <
3| pll. In particular, if w(T) < 1, then the functional calculus can be extended
from polynomials to the disk algebra A(D).

Corollary 3.16 (Berger-Kato-Stampfli). Let T be in B(H) with w(T) < 1,
and let f be in A(D) with £(0) = 0. Then w(f(T)) < || fI-

Proof. Tt is sufficient to assume that f is a polynomial and that || f|| < 1. Let
¢ be the map of Theorem 3.14 for 7. We must show that the map ¥ (p 4+ g) =
p(f(T)) + qg(f(T)* + (p(0) + q(0))I is positive. Butif p + g is positive, then
po f+q o fispositive, and thus,

Y(p+q) = p(f(T)) + q(f(T)* + (p0) +qONI =d(po f+qo f)

is positive. U

Corollary 3.17 (Berger). Let T be in B(H). Then w(T") < w(T)".

Proof. We may assume w(7) = 1, but then applying Corollary 3.16, with
f(z) = 7", yields the result. 0

Actually, the proof of Theorem 3.15 yields a matrix-valued generalization of
the Berger—Kato—Stampfli theorem. If w(T') < 1 and F = (f;;) is in M,,(A(D))
with F(0) = 0, then w(F(T)) < || F|.

Module Mappings and Multiplicative Domains

In later chapters an increasingly important role will be played by module ac-
tions and module mappings. Several key facts about module mappings are
consequences of the Schwarz inequality, and so we present them here.

Let . Abe aunital C*-algebra, and assume that C is a subalgebra with 1o = 1 4.
Then we can regard A as a left C-module with module action ¢ o a = ca.
Similarly, we can regard A as a right C-module or a C-bimodule. If B is another
C*-algebra containing C as such a subalgebra and ¢: A — B is linear, then we
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call ¢ a left C-module map provided ¢(ca) = cp(a) foreverya € Aand c € C.
We define right C-module maps and C-bimodule maps analogously.

One of our main interests is in finding conditions that guarantee a map ¢ is
a module map.

Theorem 3.18. Let A and B be unital C*-algebras, and let ¢: A— B be
completely positive with ¢(1) = 1. We have the following:

(i) {a € A: p(a)*¢p(a) = ¢p(a*a)} = {a € A: ¢(ba) = p(b)p(a) for all b €
A} is a subalgebra of A, and ¢ is a homomorphism when restricted to this
set.

(ii) {a € A: ¢p(a)p(a)* = ¢p(aa™)} = {a € A: ¢p(ab) = ¢p(a)p(b) for all b
A} is a subalgebra of A, and ¢ is a homomorphism when restricted to this
set.

(iii) {a € A: ¢(a)*¢(a) = ¢(a*a) and Pp(a)p(a)* = ¢(aa*)} = {a € A:
¢(ab) = ¢p(a)p(b) and ¢(ba) = ¢(b)p(a) for all be A} is a C*-
subalgebra of A, and ¢ is a *-homomorphism when restricted to this
set.

Proof. We prove (i). The proofs of (ii) and (iii) are similar.

First, if a belongs to the set on the right, then choosing b = a* yields ¢(a*a) =
¢(a*)p(a) = ¢p(a)*¢(a), since ¢ is self-adjoint. Thus, a belongs to the set on
the left.

So assume ¢(a)*¢(a) = ¢p(a*a), and apply the Schwarz inequality to the map
#® and the matrix [§ 2 ]. We obtain

p@ 0| [e@ 967 _ ¢<z)<<a*a a*b*))
0 0 0 0 - ba  bb*

d(a*a) — Pp(a)'pa) ¢(a*b*) — Pp(a) ¢p(b*) >0
dpb)p(a) — p(ba)  P(b)p(b*) — d(bD*) | —
Since the (1,1) entry of this matrix is 0, it follows that the (2,1) entry must be

0 as well. Thus, ¢(b)¢p(a) = ¢(ba), and we have that the two sets are equal.
The remaining claims are trivial. O

and so

Corollary 3.19. Let A, B, and C be unital C*-algebras, and assume that C is a
C*-subalgebra of both Aand Bwith 1o = 14 = 1g.If ¢: A— Bis completely
positive and ¢(c) = c for every ¢ € C, then ¢ is a C-bimodule map.

We call the set given in Theorem 3.18(i) the right multiplicative domain of
¢ and denote it by R. Note that if we define a right R-module action on 3 via
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boa=b¢(a)forbeB,acR,then ¢ is a right R-module map. Similarly, we
call the set in Theorem 3.18(ii) the left multiplicative domain of ¢, denoting it
by L, and the set in Theorem 3.18(iii) the multiplicative domain of ¢, denoting
itby C. We have that £ = R* and C = R N R* and that ¢ is a C-bimodule map.

It is perhaps worth remarking that the above proof only used 4-positivity of
the map ¢.

Notes

Lemma 3.1 is an observation used in the work of Choi and Effros [48].

Proposition 3.5 appears in Arveson [6], which is the source for many of the
applications of complete positivity to operator theory.

Theorem 3.11 is due to Stinespring [221], where the term “completely posi-
tive” is introduced and used. Stinespring’s proof was measure-theoretic.

Theorem 3.14 can be found in Arveson [9] and Choi [41, 43].

Theorem 3.15, Corollary 3.16, and Corollary 3.17 can be found in Berger
[15], Kato [130], and Berger and Stampfli [17]. For some related work see
[16], [118], and [239]. These ideas were further generalized by the theory of
C, operators in Sz.-Nagy and Foias [231] (see Exercises 4.16 and 8.10). For an
elementary proof of Corollary 3.16, see [172]. Further results in the direction
of Exercise 3.10 can be found in Tomiyama’s survey article [235].

Exercise 3.6(iii) appears in Choi [43] with a different proof. Exercise 3.9(v)
is Walter’s 3 x 3 matrix trick [240], which yields a simple proof of 3.9(vi).
Exercise 3.11 is an unpublished result of Smith [215].

Theorem 3.18 and Corollary 3.19 are due to Choi [42].

Exercises

3.1 Prove that ||@, || < ||¢x|l for n < k and that if ¢ is positive, then ¢, is
positive.
3.2 Let P, Q, A be operators on some Hilbert space H with P and Q positive.
(i) Show that [ 1. 3] > 0 if and only if [(Ax, y)|> < (Py, y)- (Qx, x)
for all x, y in H.
(ii) Prove Lemma 3.1(ii).
(iii) Show thatif [ ;= 5] > 0, then for any x in H we have that

0<((P+A+ A+ 0O)x,x) < (/(Px,x) +/(0x, x))?

and hence || P + AA* + Q|| < (IP]|'> + | QII'/*)*.
(iv) Show that if [ f. 4] >0, then A*A < | P||- P and in particular
IAl =< [P
3.3 Prove a nonunital version of Proposition 3.2.
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3.4 (Modified Schwarz inequality for 2-positive maps) Let A and B be C*-
algebras, and ¢: A — B 2-positive. Prove that ¢p(a)*¢p(a) < ||¢p(1)||p(a*a)
and that ||<z§(a"‘b)||2 < l¢(a*a)| - |¢p(d*b)|. (Hint: Consider [(1) ¢1 and
[§ 61

3.5 Let A be a C*-algebra with unit. Show that the maps Tr, o: M,,(A) - A
defined by Tr((a; ;) = Y, a;; and o((a; ;) = Zi’j a; ; are completely
positive maps. Deduce that if ||(a; ;)|| < 1, then | Zi.j a; jll <n.

3.6 (Choi) Let A be a C*-algebra, let A be a complex number with [A| = 1,
let U, be the unitary element of M, (A) that is diagonal with u;; = AL
and let Diag: M,,(A) — M,(A) be defined by Diag((a; ;)) = (b; ;), where
bi; =0,fori # jand b;; = a;;.

(i) Show that U (a; )U, = A ay ;).

(i) By considering the nontrivial nth roots of unity, show the map ®:
M, (A) — M, (A) defined by ®(A) = n Diag(A) — A is completely
positive.

(iii) Show that the map ®: M, —> M, defined by P(A)=(n —
1) Diag(A) — A is not completely positive.

3.7 Let A and 5 be C*-algebras with unit, and let ¢, ¢,: A — 5 be bounded
linear maps with ¢+ ¢, completely positive. Prove that |¢;|p <
ll¢1 (D). [Hint: Use Lemma 3.1 applied to a and —a and Exercise 3.2(iv).]

3.8 Let A be a C*-algebra with unit. Define Ty, T5: M, (A) — M, (A) by
T\((a;,j)) = (bi,j) where bi; =), ae ¢, bij =0,i # j, and Tx((a; ;) =
(ci,j) where ¢; j = a;;. Fix k and £, k # £, and define U,fg to be 1 in the
(k, £) entry and %1 in the (¢, k) entry and O elsewhere.

(i) Show that

1 o
Ti(A) — Th(A) = 3 Z Ui AU,
k=t

(i) Show that

1 .
Ti(A) + Tr(A) = 5 Z U, AU, + Diag(A).
kL

(iii)) Deduce that T} = T, are completely positive and that || T3 || < 7.
(iv) By considering A = C, show that || T3]/, = 7.
3.9 Let A be a C*-algebra, and let A°P denote the set A with the same norm
and x-operation, but with a multiplication defined by a o b = ba.
(i) Prove that A is a C*-algebra.
(i1) Prove that M, and M2Op are *x-isomorphic via the transpose map.
(iii) Show that the identity map from A to A is always positive.
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(iv) Prove that the identity map from M, to M," is not 2-positive.
(v) (Walter) Let U, V, and X be elements of A with U, V unitary. Prove

that
I U X
U* I V|>0 ifandonlyif X =UV.
xX* v I

(vi) Prove that the identity map from A to A is completely positive if
and only if A is commutative.
3.10 (Tomiyama) Let.4 and BB be unital C*-algebras, and let (a; ;) be in M, (A).

i/2
() Prove that li, DIl < Ihaws 01 < (S e 12) < il
and give examples to show that all of these inequalities are sharp.
(ii)) Let M be an operator space in A, and let ¢: M — BB be bounded.
Prove that [|¢,[| < n|¢].
3.11 (Smith) Let M be an operator space, and let ¢: M — M,, be bounded.
Prove that ||¢]|c, < n|l¢||. [Hint: Write

$@) =) ;@) ®E,,
i,j=1
where ¢; j: M — C.]

3.12 Let X be a compact subset of C, and let R(X) be the quotients of polyno-
mials with poles off X. We may regard R(X) as a subalgebra of C(9X)
or of C(X). Prove that with respect to these two embeddings, the identity
map from R(X) to R(X) is completely isometric. Use this result to deduce
that the real part of a function in R(X) is positive on X if and only if it is
positive on 9 X.

3.13 Let S, denote the cyclic forward shift on C". That is, S,e; = e;4+; (mod

n), where ey, . .., e,_; is the canonical basis for C".
(i) Show that S, is unitarily equivalent to a diagonal matrix whose entries
are the nth roots of unity.

(i) Let T be in B(H). Show that w(T) = w(T ® S,).

(iii) Let R, be the n x n operator matrix whose subdiagonal entries are
T and that is O elsewhere. Show that w(R,) < w(T ® S,). (Hint:
Consider x; = Ax; @ --- D A'x, with |A| = 1.)

(iv) Show thatRe(R,y, y) < 1forall |y|| = 1 if and only if w(R,) < 1.

3.14 In this exercise we outline an alternative proof of Theorem 3.14. Let
T € B(H) with w(T) < 1, and let p and g be arbitrary polynomials.

(1) Show directly that o(T") is contained in the open unit disk. (Hint:
Recall Exercise 2.7.)
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(ii) Let
Ot;T)=(1—e ") +(1—€'TH,

and show that Q(¢; T) > 0O for all 7.
(iii) Show that

p(T)+q(T)* +(p(0) +q(O)] = 5= 02”(p(ei’) +q(e")Q(t; T)dt.
(iv) Deduce Theorem 3.14.

3.15 Let {A, ,f:o‘i « be a sequence in B(H). Prove that ¢(z") = A, extends
linearly to a completely positive map ¢: C(T) — B(H) if and only if the
n x n Toeplitz matrix (A;_;) is positive for all n. A sequence {A 02 o
satisfying these conditions is called an operator-valued trigonometric
moment sequence.

3.16 Prove that the equivalent conditions of Exercise 3.15 are also equivalent to
the operator-valued power series F(z)= Ao/2 + Y -, AxzX converging
on D and satisfying F(z) + F(z)* > 0 for |z| < 1.

3.17 Let{A,};2,beasequencein B(H). Provethat ¢(t") = A, extends linearly
to a completely positive map ¢: C([0, 1]) = B(H) if and only if B, ,, =
ZZzO(Z)(—I)kAm+k > 0 for all n, m > 0. We call such a sequence an
operator-valued Hausdorff moment sequence.

3.18 Let A be a unital C*-algebra, and let (b;;) be in M,,(A). Prove that (b;;)
is positive if and only if for every n-tuple (ay, ..., a,) of elements of A,
we have that Z;fj:l a;b;jaj is a positive element of A.
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Dilation Theorems

We saw our first example of a dilation theorem in Chapter 1. Sz.-Nagy’s dilation
theorem (Theorem 1.1) showed that every contraction operator on a Hilbert
space H was the compression of a unitary operator on a Hilbert space K that
contains H. In this chapter we focus on dilation theorems that characterize
various classes of maps into B(H) as compressions to H of “nicer” maps into
B(KC), where K is a Hilbert space containing 7. One of the most general dilation
theorems of this type is Stinespring’s theorem, which characterizes completely
positive maps from C*-algebras into B() in terms of *-homomorphisms into
B(K) for some other Hilbert space /.

Theorem 4.1 (Stinespring’s dilation theorem). Let A be a unital C*-algebra,
and let ¢: A — B(H) be a completely positive map. Then there exists a Hilbert
space K, a unital x-homomorphism nw: A— B(K), and a bounded operator
V:H— K with ||¢p(1)|| = ||V ||? such that

¢(a) = Vi (a)V.

Proof. Consider the algebraic tensor product A ® H, and define a symmetric
bilinear function (, ) on this space by setting

(@a®x,b®y) = (p(b a)x, y)n

and extending linearly, where (, )4 is the inner product on H.
The fact that ¢ is completely positive ensures that (, ) is positive semidefinite,
since

n n X1 X1
<Zaj®xj,zai®xi>=<¢n((a;kaj)) I > >0,
H(Vll

J= i= Xn Xn

43
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where (, )5 denotes the inner product on the direct sum H™ of n copies of
‘H, given by

X1 Y1
< I > = (X, yodu + -+ (s Yadne
H(”)

Xn Yn
Positive semidefinite bilinear forms satisfy the Cauchy—Schwarz inequality,
[, V) < (, ) - (v, 0).
Thus, we have that
ue AQH | (u,u)=0}={uec AQH | (u,v) =0forallv e A® H}

is a subspace, \V, of A ® H. The induced bilinear form on the quotient space
A ® H/N defined by

(u+N,v+N)=(u,v)

will be an inner product. We let XC denote the Hilbert space that is the completion
of the inner product space A ® H/N.
If a € A, define a linear map 7 (a): AQ® H— A Q® H by

(a) (Zai ®xi> = Z(aai) ® x;.

A matrix factorization shows that the following inequality in M,(A)* is
satisfied:

(afa*aa;) <|la*al - (a]a)),

and consequently,

<n(a) (Zaj @xj) ,7(a) (Zai ®Xi>>

=Y (p(afa*aaj)x;, xi)x < lla*all - Y_(plaia;)x;, xi)n

iJ iJ

= llal? (Y aj@x;, Y ar @ ).

Thus, 7(a) leaves A invariant and consequently induces a quotient linear
transformation on A ® H /N, which we still denote by 7 (a). The above in-
equality also shows that m(a) is bounded with ||z (a)|| < ||a||. Thus, 7 (a) ex-
tends to a bounded linear operator on XC, which we still denote by 7 (a).

It is straightforward to verify that the map n: A— B(K) is a unital
*-homomorphism.
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Now define V: H — K via
Vix)=1Q0x +N.
Then V is bounded, since
IVl = (1@x, 1®x) = (d(Dx, )3 < D] - x>

Indeed, it is clear that ||V ]]? = sup{{dp()x, x): ||lx|| < 1} = |l¢(D)].
To complete the proof, we only need observe that

(V'r(@Vx,yhn = (@1 ®@x,1®y) = (pla)x, y)n
for all x and y, and so V*m(a)V = ¢(a). O

There are several remarks to be made. First, any map of the form ¢(a) =
V*m(a)V is easily seen to be completely positive. Thus, Stinespring’s dilation
theorem characterizes the completely positive maps from any C*-algebra into
the algebra of bounded operators on any Hilbert space.

Second, note that if ¢ is unital, then V is an isometry. In this case we may
identify H with the subspace V'H of K. With this identification, V* becomes
the projection of /C onto H, Py;. Thus, we see that

¢(a) = Purm(a)ln.

If T is in B(K), then the operator Py T | in B(H) is called the compression of
T to 'H. If we decompose K = H @ H* and, using this decomposition, regard
T as a2 x 2 operator matrix, then the compression of T to H is just the (1,1)
entry of this operator matrix for 7. Thus, when ¢(1) = 1, Stinespring’s theorem
shows that every completely positive map into B(H) is the compression to H
of a *-homomorphism into a Hilbert space that contains H.

The third point to be made is that Stinespring’s theorem is really the nat-
ural generalization of the Gelfand—Naimark—Segal (GNS) representation of
states. Indeed, if H = C is one-dimensional so that B(C) = C, then an isome-
try V: C — K is determined by V1 = x and we have

d@)=d@!-1=Vr@Vl-1=(m@Vl], V) = (n(a)x, x).

In fact, rereading the above proof with H = C and A ® C = A, the reader will
find a proof of the GNS representation of states.

Finally, we note that if H and .4 are separable, then the space K constructed
above will be separable as well. Similarly, if { and A are finite-dimensional,
then /C is finite-dimensional.

We now turn our attention to considering the uniqueness of the Stinespring
representation. We shall call a triple (7, V, K) as obtained in Stinespring’s
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theorem a Stinespring representation for ¢. Given a Stinespring representation
(, V, K), let Ky be the closed linear span of 7w (A)V'H. It is easily verified that
ICy reduces 7 (A) so that the restriction of 7 to Ky defines a x-homomorphism,
Ty A— B(K:l ).

Clearly, V'H € Ky, so we have that ¢(a) = V*mi(a)V,i.e., that (1, V, K1)
is also a Stinespring representation. It enjoys one additional property, namely,
that /C; is the closed linear span of 7r;(A)V H. Whenever the space of the repre-
sentation enjoys this additional property, we call the triple a minimal Stinespring
representation. The following result summarizes the importance of this mini-
mality condition.

Proposition 4.2. Let A be a C*-algebra, let ¢: A— B(H) be completely pos-
itive, and let

(T[ia ‘/i”(:i)v i:]’zy

be two minimal Stinespring representations for ¢. Then there exists a unitary
U: Ky — K; satisfying UV, = V, and Umr | U™ = m,.

Proof. If U exists, then necessarily,

U <Z m(aovlh,-) = Zm(a»vzh,-.

Thus, it will be sufficient to verify that the above formula yields a well-defined
isometry from K; to /C;, since by the minimality condition, U will have dense
range and hence be onto.

To this end, note that

Hzﬂl(ai)vlhi

2
= Z(Vl*m(ai*aj)Vlhj, hi)

i

2

’

=Y (plafaph;, hi) = | Y ma(a)Vah
i i

so U is isometric and consequently well defined, which is all that we needed to

show. O

We now show how some other dilation theorems can be deduced from
Stinespring’s result.

The following is a slightly refined version of Theorem 1.1. It is interesting
to compare the proofs.
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Theorem 4.3 (Sz.-Nagy’s dilation theorem). Ler T € B(H) with |T| <1.
Then there exists a Hilbert space KC containing H as a subspace and a unitary
U on K with the property that K is the smallest closed reducing subspace for
U containing 'H such that

T" = PyU"|y for all nonnegative integers n.

Morveover, if (U’, K') is another pair with the above properties, then there is
a unitary V: K — K' such that Vh = h forh € Hand VUV* = U".

Proof. By Theorem 2.6 and Exercise 2.2, the map ¢(p + q) = p(T) + q(T)*,
where p and ¢ are polynomials, extends to a positive map of C(T) into B(H).
This map is completely positive by Theorem 3.11.

Let (;r, V, K) be a minimal Stinespring representation of ¢, and recall that
since ¢(1) = 1, we may identify V'H with H. Setting 7 (z) = U, where z is the
coordinate function, we have that U is unitary and that

T" = ¢(Z") = Py (") = PrU"|n.

The minimality condition on (i, V, K) is equivalent to requiring that the span
of

({U'H:n=0,+1,£2, ...}

be dense in K, which is equivalent to the requirement that there be no closed

reducing subspace for U containing H other than K itself.
The final statement of the theorem is a consequence of the uniqueness of a
minimal Stinespring representation up to unitary equivalence, Proposition 4.2.
[

The techniques used to prove Theorem 4.3 can be used to prove a far more
general result. Let X € C be a compact set, and let R(X) be the algebra of
rational functions on X. An operator 7 is said to have a normal 0 X -dilation if
there is a Hilbert space K containing 7 as a subspace and a normal operator N
on IC with 6 (N) C 39X such that

r(T) = Pur(N)ly

for all 7 in R(X). We shall call N a minimal normal 0 X -dilation of T , provided
that /C is the smallest reducing subspace for N that contains H.
Clearly, when T has a normal 9 X dilation N,

7 (D) < [lr(N)|| < sup{[r(z)|: z € X},



48 Chapter 4. Dilation Theorems

and so a necessary condition for 7 to have a normal d X-dilation is that X is a
spectral set for 7. It is a long-standing problem to determine if this condition is
also sufficient [231]. That is, if X is a spectral set for T', then does it necessarily
follow that T has a normal d X-dilation?

No compact subsets of C are known where this fails to be true. Yet the col-
lection of sets X for which this statement is known to always hold is somewhat
limited. It has been verified that this condition is sufficient for X an annulus [1],
but the answer to this question is still unknown even when X is a nice region
with two holes and T is a finite matrix. On the other hand, if T is restricted to
be a2 x 2 matrix, then this statement is known to be true [63] for every set X.

If S = R(X) 4+ R(X) is dense in C(3X), then R(X) is called a Dirichlet
algebra on 9 X. For example, if C/X has only finitely many components and
the interior of X is simply connected, then R(X) is a Dirichlet algebra on 9 X.
See [68] for this and further topological conditions on X that ensure that R(X)
is a Dirichlet algebra on 0 X.

Theorem 4.4 (Berger-Foias-Lebow). Let R(X) be a Dirichlet algebra on
0X. If X is a spectral set for T, then T has a minimal normal 0 X-dilation.
Moreover, any two minimal normal 0 X -dilations for T are unitarily equivalent,
via a unitary which leaves H invariant.

Proof. Let p: R(X) — B(H) be the unital contraction defined by p(r) = r(T),
so that 5: S — B(H) is positive, where S = R(X) 4+ R(X). Since S is dense
in C(dX) and positive maps are bounded, g extends to a positive map ¢ on
C(0X). But by Theorem 3.11, ¢ is completely positive. The remainder of the
proof proceeds as in Theorem 4.3. O

When R(X) is not a Dirichlet algebra, minimal normal d X-dilations of an
operator need not be unitarily equivalent [165].

To state the next dilation theorem, we need to introduce some notation. Let
X be a compact Hausdorff space, and let 5 be the o-algebra of Borel sets on X.
A B(H)-valued measure on X is amap E: B— B(H) that is weakly countably
additive, that s, if { B; } is a countable collection of disjoint Borel sets with union
B, then

(E(B)x,y) =Y (E(B)x,y)

L

for all x, y in H. The measure is bounded provided that

sup{ E(B)|I: B € B} <00,
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and we let | E|| denote this supremum. The measure is regular provided that
for all x, y in H, the complex measure given by

txy(B) = (E(B)x, y) (%)

is regular.
Given a regular bounded B(H)-valued measure E, one obtains a bounded,
linear map

¢g: C(X)— B(H)
via
(d)E(f)xs y) = / fdﬂx,y- (k%)

Conversely, given a bounded, linear map ¢: C(X) — B(H), if one defines reg-
ular Borel measures {1, ,} for each x and y in H by the above formula (),
then for each Borel set B, there exists a unique, bounded operator E(B), de-
fined by the formula (x), and the map B — E(B) defines a bounded, regular
B('H)-valued measure. Thus, we see that there is a one-to-one correspondence
between the bounded, linear maps of C(X) into B(H) and the regular bounded
B(H)-valued measures. Such measures are called

(i) spectralif EMNN)= E(M) - E(N),
(i) positive if E(M) >0,
(iii) self-adjoint it E(M)* = E(M),

for all Borel sets M and N.

Note that if E is spectral and self-adjoint, then E (M) must be an orthogonal
projection and hence E is also positive.

The following proposition, whose proof we leave to the reader (Exercise
4.10), summarizes the relationships between the above properties of measures
and the properties of their corresponding linear maps.

Proposition 4.5. Let E be a regular bounded B(H)-valued measure, and let
¢: C(X) — B(H) be the corresponding linear map. Then:

(i) ¢ is a homomorphism if and only if E is spectral;
(ii) ¢ is positive if and only if E is positive;
(iii) @ is self-adjoint if and only if E is self-adjoint;
(iv) ¢ is a x-homomorphism if and only if E is self-adjoint and spectral.

The correspondence between these measures and linear maps leads to a
dilation result for these measures.
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Theorem 4.6 (Naimark). Let E be a regular, positive, B(H)-valued measure
on X. Then there exists a Hilbert space IC, a bounded linear operator V: H — I,
and a regular, self-adjoint, spectral, B(K)-valued measure F on X, such that

E(B) = V*F(B)V.

Proof. Let ¢: C(X)— B(H) be the positive, linear map corresponding to E.
Then ¢ is completely positive by Theorem 3.11, and so we may apply Stine-
spring’s theorem to obtain a -homomorphism 7: C(X) — B(K) and abounded,
linear operator V: H — K such that ¢(f) = V*z(f)V forall f in C(X). If we
let F be the B(K)-valued measure corresponding to 7, then it is easy to verify
that F has the desired properties. O

As another application of Stinespring’s theorem, we shall give a characteriza-
tion of the completely positive maps between two matrix algebras. In contrast,
there is an entire panoply of classes of positive maps between matrix alge-
bras and much that is not known about the relationships between these various
classes (see, for example [46] and [244]).

We begin by remarking that if 7: M, — B(K) is a *-homomorphism, then
up to unitary equivalence, K decomposes as an orthogonal, direct sum of n-
dimensional subspaces such that 7 is the identity representation on each of the
subspaces (Exercise 4.11).

Now let ¢: M,, — M, = B(C¥), and let (rr, V, K) be a minimal Stinespring
representation for ¢. By the construction of the space K given in Theorem 4.1,
we see that dim(X0) < dim(M,, ® C*) = n’k.

Thus, up to unitary equivalence, we may decompose K into the direct sum of
fewer than nk subspaces, each of dimension n, such that 7: M,, — B(K) is the
identity representation on each one. So let us write C = Zle @®CH L <nk,
and let P; denote the projection of K onto C}. We have that for any A in M,,,

Pir (Al = A.
Now, if we let V;: Ck — C? be defined by V; = P;V, then

¢ ¢
$(A) = V'm(A)V = Y VIm(AV; = ) VAV,
ij=1 i=1
after identifying each C} with C".
We summarize these calculations in the following:

Proposition 4.7 (Choi). Let ¢: M, — M, be completely positive. Then there
exist fewer than nk linear maps, V;: C* — C", such that ¢(A) = > VFAV, for
all Ain M,,.
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There is another dilation theorem due to Naimark whose proof is closely
related to the proof of Stinespring’s theorem. Let G be a group and let ¢: G —
B(H). We call ¢ completely positive definite if for every finite set of elements
g1, ..., &n of G, the operator matrix (q&(gflgj)) is positive.

If G is a topological group, then we call a map ¢: G — B(H) weakly con-
tinuous provided (¢(g)x, y) = (¢(g)x, y) for every pair of vectors x, y in H,
and every net {g:} in G converging to g. Similarly, ¢ is called strongly con-
tinuous provided ||¢(g;)x — ¢(g)x|| — 0, and *-strongly continuous provided
llp(g2)x — ¢(g)x|| — 0 and [|¢(g1)*x — p(g)x || — 0.

Theorem 4.8 (Naimark). Letr G be a topological group, and let ¢: G — B(H)
be weakly continuous and completely positive definite. Then there exists a
Hilbert space IC, a bounded operator V: H— K, and a *-strongly continu-
ous unitary representation p: G — B(H) such that

d(g) =V p(g)V.

Consequently, ¢ is automatically x-strongly continuous.

Proof. Consider the vector space Co(G, H) of finitely supported functions from
G to 'H and define a bilinear function on this space by

(fis o) =D (e &) filg), @

8.8

As in the proof of Stinespring’s theorem, we have that ( f, f) >0 and that the
set N'={f|(f, f) =0} is a subspace of Co(G, H). We let K be the completion
of Co(G, H)/N with respect to the induced inner product.

For h in H, define Vh by

ifg=e,
0 ifg#e,

where e denotes the identity of G, and let p: G — B(K) be left translation, that
is,

h
(Vh)(g) = {

(P(®)f)g) = flg”'g).

It is straightforward to check that V is bounded and linear, that p is a unitary
representation, and that ¢(g) = V*p(g)V.

Now we show that p is weakly continuous. Let {g,} be a net in G that
converges to go. Since p is a unitary representation, it will suffice to show that
p(g,) converges weakly to p(go) on a dense subspace.
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Let fi, f> be in Co(G, 'H). Then

P fir f2) = Y (0 ) fi(8'8). Fr@n

8.8

= (b 28" fig). fr(D)n

2.8

which, since both sums involved are finite, converges to

D (o2 208"V f1(8"), fo(@)m = (p(g0) f1. f2).

2.8"

Thus, we see that p(g; ) converges weakly to p(go).

Now it is easily checked that if a net of unitaries converges in the weak
operator topology to another unitary, then it converges x-strongly. Thus, p
is *-strongly continuous. The *-strong continuity of ¢ now follows from the
representation and the *-strong continuity of p. O

It is useful to consider the special case of the above theorem when G = Z,
the group of integers. Setting ¢p(n) = A,,, we see that ¢ is completely positive
definite if and only if (A, -, )ff, j=1 1s positive for every choice of finitely many
integers ny, ..., n; with k arbitrary. Taking n; = i, we see that this implies the
formal positivity of (A;_ j)szo = T. A little careful reflection shows that an
arbitrary choice of ny, .. ., n is simply restricting 7 to the entries represented
by the set {ny, ..., n;} and then permuting these entries.

Thus, a completely positive definite function on Z is just an operator-valued
trigonometric moment sequence (Exercise 3.15). Naimark’s dilation theorem
now tells us that there exists a unitary U = p(1) and V such A, = V*U"V for
all n.

As with Stinespring’s representation, there is a minimality condition that
guarantees the uniqueness of this representation up to unitary equivalence
(Exercise 4.12).

A map ¢: G — B(H) will be called positive definite if for every choice of n
elements g1, ..., g, of G, and scalars, «/, ..., «,, the operator

> @a;o(g'gs)
i

is positive. We remark that this is equivalent to requiring that for every x in
‘H, the map ¢,: G — C, given by ¢,(g) = (¢(g)x, x), be completely positive
definite.

We caution the reader that our terminology is not standard. What we have
chosen to call completely positive definite is usually called simply positive
definite, and the concept that we have introduced above and called positive
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definite is usually not introduced at all. Our rationale for this slight deviation
in notation will be clear in the section “Group C*-Algebras” at the end of
this chapter, where we will show a correspondence between the two classes of
maps on G that are defined above and maps on a certain C*-algebra associated
with G, C*(G). Not surprisingly, this correspondence will carry (completely)
positive definite maps on G to (completely) positive maps on C*(G).

‘We begin by describing this correspondence in one case of particular interest.
Let Z" be the Cartesian product of n copies of the integers, and let T" be the
Cartesian product of n copies of the circle. Let J = (ji, ..., j,) bein Z", and let
z; be the jth coordinate function on T". We set z/ = z{ ... zJ'. Note that there
is a one-to-one correspondence between unitary representations p: Z" — B(H)
and *-homomorphisms 7: C(T") — B(H), given by 7 (z;) = p(e;), where ¢;
is the n-tuple that is 1 in the jth entry and O in the remaining entries.

Proposition 4.9. Let ¢: Z" — B(H) be (completely) positive definite. Then
there is a uniquely defined, (completely) positive map : C(T") — B(H), given
by ¥ (z7) = ¢(J). Conversely, if the (completely) positive map  is given, then
the above formula defines a (completely) positive definite function ¢ on Z".

Proof. First, we consider the case where ¢ is completely positive definite.
Let (o, V, K) be the Naimark dilation of ¢, so that ¢(J) = V*p(J)V, and let
: C(T") — B(H)be the x-homomorphism associated with p. If we set Y (f) =
V*rn(f)V, then we obtain a map y: C(T") — B(H), which is completely pos-
itive. Moreover, ¥ satisfies ¥ (z/) = V*n(z))V = V¥ p(J)V = ¢(J).

The proof of the converse in the completely positive case is identical.

Now, suppose that ¢ is only positive definite. If we fix x in H and set ¢, (J) =
(¢(J)x, x), then ¢, is a completely positive definite function on Z". Thus, by the
above there is a positive map v,: C(T") — C with ¥, (z/) = ¢,(J). For fixed
fin C(T"), the function x — v, (f) as x varies over H is a bounded, quadratic
function (see Exercise 4.18), and hence there exists a bounded operator ¥ ( f)
such that (¥ (f)x, x) = ¥, (f). This defines a linear map ¥: C(T") — B(H),
which is easily seen to be positive.

The converse in the positive case is similar. O

Corollary 4.10. For Z", the sets of positive definite and completely positive
definite operator-valued functions coincide.

Proof. Clearly, every completely positive definite map is positive definite. Now
let ¢: Z" — B(H) be positive definite. Then v: C(T") — B(H), given ¥(z’) =
¢(J) is a positive linear map. By Theorem 3.11, v is completely positive and
hence ¢ is completely positive definite. O
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Again it is useful to understand what this corollary says in the case of Z.
Setting ¢(n) = A,, we have seen that ¢ is completely positive definite if and
only if (A; )75 _, is formally positive. But ¢ is positive definite if and only if ¢
is positive definite for all x, which is if and only if ((A;_ ;x, x));;_ is formally
positive for all x. Thus, for Toeplitz operator matrices, formal positivity of
(A;_;) is equivalent to formal positivity of ((4;_;x, x)) for every vector x.

Corollary 4.10is a generalization of this observation to multivariable Toeplitz
operators. We now wish to discuss the analogue for more general groups.

Group C*-Algebras

The above results are part of a more general duality. Let G be a locally compact
group, and let dg be a (left) Haar measure on G. The space L!(G) of integrable
functions, on G can be made into a x-algebra by defining

fix () = [ S e e ds.
and a x-operation by

(g = A(®) ' f(g™h),

where A(-) is the modular function. It is then possible to endow L'(G) with
a norm such that the completion of L!(G) is a C*-algebra, denoted by C*(G)
(see [73] or [173]).

There is a one-to-one correspondence between weakly continuous, uni-
tary representations p: G — B(H), and *-homomorphisms 77: C*(G) — B(H),
given by

(f) = / F(@)o(g)dg

when f is in L'(G). See [173] for a development of this theory.

In a similar fashion, there are one-to-one correspondences between the
weakly continuous, (completely) positive definite, operator-valued functions
on G and the (completely) positive maps on C*(G), given by

v(f) = / f(®)o(g)dg

for f in L'(G). The proof that the above formula defines a one-to-one corre-
spondence between these two classes of maps is similar to the proof of Propo-
sition 4.9 and is left as an exercise (Exercise 4.16).

Proposition 4.9 follows from the above correspondence and the fact [173]
that C*(Z") = C(T").
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Paralleling Corollary 4.10, we see that when G is commutative the positive
definite and completely positive definite functions correspond.

Notes

Naimark’s two dilation theorems ([150] and [151]) preceded Stinespring’s
dilation theorem [221]. Stinespring [221] defined completely positive maps
on C*-algebras, proved that positive maps on C(X) were completely positive
(Theorem 3.11), and then proved Theorem 4.1 as a generalization of Naimark’s
dilation theorem for positive, operator-valued measures.

Arveson [6] realized the important role that the theory of completely positive
maps can play in the study of normal dX-dilations and gave the proofs of
Theorems 4.3 and 4.4 that are presented here.

Other proofs of Sz.-Nagy’s dilation theorem have used the theory of pos-
itive definite functions on Z or the “geometric” technique that we presented
in Chapter 1, where the unitary and the space that it acts on are explicitly
constructed ([228] and [210]). Two beautiful results of the geometric dilation
techniques are Ando’s dilation theorem for commuting pairs of contractions [5]
and the Sz.-Nagy—Foias commutant lifting theorem [231]. We will present these
topics in Chapter 5.

The correspondence between bounded, regular, operator-valued measures on
a compact Hausdorff space X and bounded, linear maps on C(X) is discussed
in Hadwin [109].

Proposition 4.7 was proved by Choi [43], who also developed the theory of
multiplicative domains [42] (Exercise 4.2).

See Bunce [37] for more on Korovkin-type theorems (Exercise 4.9).

Exercise 4.16 is from Berger [15].

The material distinguishing positive definite and completely positive definite
functions on groups seems to be new.

Exercises

4.1 Use Stinespring’s representation theorem to prove that ||V ||> = ||¢||co
when ¢ is completely positive. Also, use the representation theorem to
prove that ¢(a)*¢(a) < lp(D)|*p(a*a).

4.2 (Multiplicative domains) In this exercise, we present an alternative proof
of Theorem 3.18. Let A be a C*-algebra with unit, and let ¢: A — B(H)be
completely positive, ¢(1) = 1, with minimal Stinespring representation
(, V, K).

(1) Prove that ¢(a)*¢(a) = ¢p(a*a) if and only if V'H is an invariant
subspace for 7 (a).
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(i1) Use this to give another proof that {a € A: ¢(a)*¢(a) = ¢p(a*a)} =
{a € A: ¢p(ba) = ¢p(b)¢(a) for all b € A}. Recall that this set is the
right multiplicative domain of ¢.

(iii) Similarly, show that ¢(a)*¢(a) = ¢(a*a) and ¢(a)p(a)* = ¢p(aa™)
if and only if V'H is a reducing subspace for 7 (a). Deduce that the
set of all such elements is a C*-subalgebra of 4. Recall that this
subalgebra is the multiplicative domain of ¢.

4.3 (Bimodule Maps) Let A, B, and C be C*-algebras with unit, and suppose
that C is contained in both A and B, with 1o = 14 and 1¢ = 1. A linear
map ¢: A — Bis called a C-bimodule map if ¢(ciac;) = ci¢p(a)c; for all
c1, ¢ inC. Let ¢: A — B be completely positive.

(i) If ¢(1) = 1, then prove that ¢ is a C-bimodule map if and only if
¢(c) =cforall cinC.

(ii) Prove, in general, that ¢ is a C-bimodule map if and only if ¢(c) =
¢ - ¢(1) for all ¢ in C. Moreover, in this case ¢(1) commutes with C.

4.4 Let D, be the C*-subalgebra of diagonal matrices in M,,. Prove that a
linear map ¢: M, - M, is a D,-bimodule map if and only if ¢ is the
Schur product map Sy for some matrix 7.

4.5 Let ¢: A — A be a completely positive projection with ¢(1) = 1.

(i) Show that if ¢(a) = a, then ¢(ax) = ¢(agp(x)) for every x.

(i) Show that B = {a: ¢(a) = a} is a C*-algebra, in the producta o b =
¢(ab), but thatin general, B is distinct from the multiplicative domain
of ¢.

(iii) Show that ¢ is a (B, o)-bimodule map.

4.6 Let ¢: G — B(H) be completely positive definite. Prove that ¢ is weakly
continuous if and only if ¢ is strongly continuous.

4.7 Let¢: G — M, be continuous. Prove that ¢ is completely positive definite
if and only if there exists a Hilbert space { and continuous functions
xi:G—>H,i=1,...,n,suchthat p(g~'g) = ({x;(g", xi(g))).

4.8 A semigroup G with an involution g— g* satisfying (g1g2)" =
8587, 1 =1 is called a x-semigroup. A function ¢: G — B(H) is
called completely positive definite if (¢(g’g;)) is positive for ev-
ery set of finitely many elements gj,..., g, of G, and bounded if
(Pp(gfg*ggj)) < My (¢(gfg;)) where M, is a constant depending only on
g. Show that every group is a *-semigroup if we set g* = g~!. Prove a
version of Naimark’s dilation theorem for *x-semigroups.

4.9 Let A be a C*-algebra with unit, and let ¢,: A — B(H) be a sequence
of completely positive maps such that ¢, (1) — 1 in the weak operator
topology.
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(1) Prove that {a: ¢,(a)*¢.(a)—p,(a*a)— 0 and ¢,(a)p,(a)* —
¢n(aa*)— 0 in the weak operator topology} is a C*-subalgebra
of A.

(i1) (Korovkin) Prove that if ¢,,: C([0, 1]) = C([O0, 1]) is a sequence of
positive maps such that ¢,(1), ¢,(¢), and dn(t?) converge in norm to
1, ¢, and ¢2, respectively, then ¢, ( f) converges in norm to f, for all f.

4.10 Prove Proposition 4.5.

4.11 Let w: M, — B(K) be a unital *-homomorphism. Prove that up to uni-
tary equivalence, C = H, ® --- ® H,,, with' H; = H,i =1, ..., n, such
that 7 (E; ;) is the identity map from H; to H;. Show that up to unitary
equivalence, 7 is the direct sum of dim(’H) copies of the identity map.

4.12 Give a minimality condition for the Naimark representation of completely
positive definite functions on a group, and prove uniqueness of minimal
representations up to unitary equivalence.

4.13 Lett — A(t), t > 0, be a weakly continuous semigroup of contraction op-
erators, A(0) = I. For t <0, set A(t) = A(—t)*. Prove that this extended
map is completely positive definite in R. What does Naimark’s dilation
theorem imply? (Hint: Recall the proof of Theorem 2.6.)

4.14 (Trigonometric moments) Let {A,}>° _ be a sequence of bounded linear

n=—o00

operators on a Hilbert space H. Prove that {A,, },/>°
trigonometric moment sequence if and only if there exists a Hilbert space
IC, a unitary operator U on K, and a bounded linear operator V: H — K
such that A,, = V*U"V for all n.

4.15 (Hausdorff moments) Let {A,,}:;’g be a sequence of bounded linear op-
erators on a Hilbert space H. Prove that {A,}!% is an operator-valued
Hausdorff moment sequence if and only if there exists a Hilbert space /C,
a positive contraction P on X, and a bounded linear operator V: H — K
such that A, = V*P"V forall n > 0.

4.16 Verify the claims of the subsection on group C*-algebras.

4.17 (Berger) Let T be an operator on a Hilbert space H. Prove that w(7T) <1
if and only if there exists a Hilbert space X containing H and a unitary
operator U on /C such that 7" = 2Py U"|y for all n > 1.

4.18 Let 'H be a Hilbert space, and let y: H — C be a function. We call y
quadratic provided that y(Ax) = [A[>y(x) and y(x +y) +y(x —y) =
2(y(x) 4+ y(y)) for all A in C and for every x and y in H. If, in addition,
there exists a constant M such that |y (x)| < M|x||? for all x in H, then
we call y bounded. Prove that y is a bounded, quadratic function on H if
and only if there exists T in B(H) such that y(x) = (Tx, x), and that T
is unique.

is an operator-valued



Chapter 5

Commuting Contractions on Hilbert Space

In this chapter we study families of commuting contractions on Hilbert space.
For pairs of commuting contractions there is an analogue of Sz.-Nagy’s unitary
dilation theorem due to Ando, and consequently a two-variable analogue of
von Neumann’s inequality. Unlike the case of Sz.-Nagy’s and von Neumann’s
theorems, there is really only one proof known of Ando’s dilation theorem, and
this proof is geometric. It is similar in spirit to the proof of Sz.-Nagy’s theorem
given in Chapter 1. Given this fact, it is somewhat surprising that the analogues
of von Neumann’s inequality fail for three or more commuting contractions.
This difference between the cases with two and with three (or more) variables is
still not very well understood and is the source of a number of open questions.
We begin with a dilation theorem for sets of commuting isometries.

Theorem 5.1. Let {Vi, ..., V,} be a set of commuting isometries on a Hilbert
space H. Then there is a Hilbert space KC containing H and a set of commuting
unitaries {Uy, ..., U,} on IC such that

m m, __ mi my,
v v = Py Ut U |H

for all sets {m1, ..., m,} of nonnegative integers.

Proof. LetU,; on K| be the minimal unitary dilation of V; given by Theorem 4.3.
Recall that the span of {U]"H: n € Z} is dense in ;.

Fori # 1 we claim that there is a well-defined isometry W;: IC; — K given
by the formula

+N +N
W, ( > U{'h,,) = Y U'Vih.
n=—N n=—N

58
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To see this note that

2
= > (U™ Vil Vi) + Y " (Vihy, U™ " Vi)

n>m n<m

= > (V" Vihw, Vi) + Y (Vihy, V""" Vih,)

n>m n<m

= Z(‘/l Vln_mhn, V,I’lm> —+ Z (Vzhn, Vivlm_nhn)

n=m n<m

=3 (V" b ) + Y (B VIR

n>m n<m

- Z (U, h) + Z (R, U hy)

n>m n<m

+N
> Uik,

n=—N

2

+N
> Uh,
n=—N

This equality of the norms proves that W; is well defined and an isometry. Note
that if V; is unitary, then W; is onto a dense subspace of ; and hence is also
unitary.

It is easy to see that {U;, W», ..., W,} commute and that

V{”‘ ---Vn'”" = PHU{"'WZ"” - W"Z"n

H

Now continue by next taking the unitary dilation of W, on K, and extending
Uy, Ws, ..., W, to be isometries on /C,. Since U] is unitary, its extension will
also be a unitary on /C,. Thus, after n such dilations and extensions we shall
obtain an n-tuple of unitaries on a space X, with the desired properties. O

We arrive at the first of several results that rely on the above construction.

Corollary 5.2. Let {Vy, ..., V,} be a set of commuting isometries on a Hilbert
space 'H, and let p;j, i, j =1, ..., m, be polynomials in n variables. Then

I(pi,j(Vi, ..o, Vi)l eremy

S Sup{”(pl,](zla AR 7Z71))||Mm: IZkl E 1’ 1 E k S n}‘

Proof. For Uy, ..., U, as in Theorem 5.1 we have

Pi,j(Vi, ... Vi) = Pupij(Uy, ..., Up)ly



60 Chapter 5. Commuting Contractions on Hilbert Space

and hence

l(pi Vi, oo, VDIl < W (pi (UL, - UL
and the proof is completed by using the *-isomorphism of C*({Uy, ..., U,})
with C(X) for some compact subset X of the n-torus T". O
Corollary 5.3. Let {V, ..., V,} be a set of commuting isometries on a Hilbert

space 'H. Then (V].*Vi) > (V; VJ?‘) > (.

Proof. Let{U,, ..., U,}be asin Theorem 5.1, and decompose K = H & H".
Since each V; is an isometry, U;H € ‘H, and hence relative to this decom-

position,
Vi X;
U; = .
0 Y

Since U;U; = U; U}, computing the (1, 1) entry of their operator matrix yields
Vj*V,- = V,V;" + X,X}" Hence,

(VIVD) = (ViVH) + (X;XD)
= (Vi VY (VE L VS (X XD (XE, LX),

n

and both inequalities follow. O

These inequalities allow us to generalize Theorem 5.1 considerably.
Let G be an abelian group. We shall write the group operation as addition.
We call P € G a spanning cone provided:

(i) 0eP,
(i) if gy, g2 €P, then g1 + g, € P,
(iii) if g € G, then there exists g;, g» € P such that g = g; — g».

Some key examples of abelian groups with spanning cones are G = Z" with
P = (Z*)" and any subgroup G C (R, +) with P = G N R™.

Note that conditions (i) and (ii) make P a semigroup.

We call p: P— B(H) a semigroup homomorphism if p(0) =1 and
p(g1 + &2) = p(gp(g2).

Theorem 5.4. Let G be an abelian group with spanning cone P, and let
p: P— B(H) be a semigroup homomorphism such that p(g) is an isometry
for every g € P. Then there exists a Hilbert space K containing H and a uni-
tary representation w: G — B(K) such that p(g) = Pym(g)|x for every g € P.



Chapter 5. Commuting Contractions on Hilbert Space 61
Proof. Letg) — g = g3 —gawithg; € P,i =1,2,3,4. Then
p(82)"p(g1) = p(82)"p(g3)" p(g3)p(g1) = p(g2 + 3)"P(g1 + &3)
= p(g1 + 84)"p(g1 + g3) = p(ga)* p(g1)* p(81)p(g3)
= p(g4)"p(g3).

This calculation shows that there is a well-defined map ¢: G — B(H) given by
setting ¢(g) = p(g2)"p(g1) where g = g — g with g, g> in P.

We claim that ¢ is completely positive definite. To see this, choose g1, . . ., g,
in G, and write g; = p; — q; where py, ..., Pu,q1, - - -, gy are in P. We have
that

(P(—=8i + &) = @(=pi +4i + pj — q;)) = (p(pi + ;)" p(gi + P)))
= (p(p1)"p(g;)*p(gi)p(p;)) = D*(p(q;)" plg))D,

where D is the diagonal matrix whose (j, j) entry is p(p;). Setting p(g;) =

V; and applying Corollary 5.3, it is now easily seen that (¢(—g; + g;)) = 0.

Hence ¢ is completely positive definite. By Naimark’s dilation theorem there

exists a Hilbert space K, an operator V: H — K, and a unitary representation

m: G — B(K) such that ¢(g) = V*n(g)V. Since I = ¢(0) = V*V, we have

that V is an isometry, and the proof is completed by identifying H with V'H.
g

We now return to arbitrary commuting contractions.

Theorem 5.5 (Ando’s dilation theorem). Let T\ and T, be commuting con-
tractions on a Hilbert space H. Then there exists a Hilbert space IC that contains
‘H as a subspace, and commuting unitaries Uy, U, on K, such that

T'Ty" = PyU U,

for all nonnegative integers n, m.

Proof. By Theorem 5.1 it will be enough to find a pair of commuting isometries
V1, V5 such that

T'T) = PuV'Vy',, (%)
The concrete isometric dilations of Chapter 1, V;: £2(H) — £2(H) via

Vi(h, ha, ...)) = (T;hy, Dihy, hay, ..), Dy = (I = TFTH'V? i=1,2,
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satisfy (%), but these isometries need not commute. Indeed, we have
ViVa((hy, ha, . ..)) = (T'Tohy, D\Tyhy, Dyhy, hy, . ..)
while
VoVi((hy, ha, . ..)) = (T3 Tyhy, DyTvhy, Dihy, by, ...

Assume for the moment that there exists a unitary U: H & H — H & H such
that U((D, T>h, Dyh)) = (DT h, Dih). Let W: £2(H) — £2(H) be the unitary
defined by

W((hy, ha, ...)) = (hy, U((ha, h3)), U((hs, hs)), . ..).
Note that WV, V,W~! are still isometries satisfying (+) and that
WViVaW~ ((hy, ha, ..))
= W(Ti Thy, Dy Tohy, Dohy, U™ ((ha, 13)), U ((ha, hs)), ..
= (' Txhy, U(D1 Tahy, Dahy)), ha, b, ...)
= WaVi((h1, ha, ...))
= (VLW HWV((hy, ha, ..)),

and so WV;, V,W~! commute.
To obtain the desired unitary U, we note that
IDIT2hI> + I D2h|* = (IT5(I = T{ T)T> + (I = T To)lh, h)
= ([T = T;T)Ti + I — T T))]h, h)
= D2 Tih|* + || D).
Thus, setting U((DT2h, D>h)) = (D,T1h, D1h) defines an isometric map be-
tween two subspaces of H @ H. When the codimensions of these two subspaces
agree, then this isometry extends to the desired unitary on H @ H. This is the
case for example when the dimension of H is finite.
When H is infinite-dimensional, however, these two codimensions can be

different, and a more complicated argument is needed.
One begins by redefining the basic isometries, via

Vi((hy, ha, ...)) = (T;hy, Dihy,0, hy, .. ).

Comparing V;V, with V, V|, one now finds that a unitary U: HD > HW is
needed satisfying

U((D1T7h, 0, Dyh, 0)) = (D,T1h, 0, D1k, 0).
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The extra 0’s guarantee that when H is infinite-dimensional then both subspaces
are of the same infinite codimension and so the desired U exists. Defining

W((hy, ha, ...)) = (hy, U((ha, hs, hy, hs)), U((hs, h7, hg, ho)), ...),

one finds that WV, and V, W~ commute and satisfy (). a

Corollary 5.6. Let T\ and T, be commuting contractions on a Hilbert space
H, and let p; , 1, j = 1,..., m, be polynomials in two variables. Then

(pi,j (T1, ) gy < sup{ll(pi,j(z1, 22)lm,,: 121] <1, |z2] < 1}

Proof. The proof is similar to Corollary 5.2. O

We shall refer to the above result as the two-variable von Neumann inequality.

Surprisingly, Ando’s construction cannot be generalized to more than two
commuting contractions. For if it could, then one could prove an n-variable
von Neumann inequality, and the analogue of von Neumann’s inequality fails
for three or more commuting contractions. There are several such counter-
examples in the literature. The following appeared in [236] and is perhaps the
simplest.

Example 5.7 (Kaijser—Varopoulos). Consider the following operators on C°:

0 0 0 0 0
1 0 0 0 0

Ar=l0 o 0 0o o,
0 0 0 0 0
0 1/v/3 —1/v/3 —1/4/3 0
0 o 0 0 0
0 0 0 0 o0

Ar=|1 0 0 o o],
0 0 0 0 0
0 —1/3/3 1/4/3 —1/4/3 0
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and
0 0 0 0 0
0 0 0 0 0
A;=1]0 0 0 0 0
1 0 0 0 0
0 —1/v/3 —=1/v/3 1/4/3 0

It is easily checked that ||A;|| < 1 and that A;A; = A;A;, for1 <i,j <3.1If
one considers the polynomial

p(z1,22,23) = 20 + 25 + 23 — 22120 — 22123 — 22223,

then ||plleo = supf{|p(z1, 22, 23)|: |zi| <1} =35, as a little calculus shows.
However,

p(A1, Ay, A3) =

=l eoloBol=)
S O O O O
S O O o O
S O O O O

Soooo
(O8]

3

and since 3+/3 > 5, the analogue of von Neumann’s inequality fails.

Of course, once it fails for n = 3, it also fails for all n > 3.

In spite of the many examples of commuting contractions for which
von Neumann’s inequality fails, it is still unknown whether or not it could
hold up to some constant. That is, it is not known if for each n there exists a
finite constant K, such that for any commuting contractions 77, ..., T, and any
polynomial p in n variables one has

||P(T1, RN Tn)” =< Kn”p”om

where || p|| denotes the supremum of p over |z;| < 1,1 <i < n.Itis generally
believed that there does not exist such a constant.

Some lower bounds on the possible values of K, are known. For example, it
is known that K, > ¥ [75].

In a similar vein, one can consider the problem for matrices of polynomials,
i.e., seek constants C, such that for any commuting contractions 71, ..., T,
one has

||(Pi.,j(T1, ey Tn))” < Cn”(pi,j)”om
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where ||(p;, ;)]s denotes the supremum of the norm of the matrix over |z;| <
1,1 <i < n, and the sizes of the matrices are arbitrarily large. Clearly, C, >
K, and so if there is no finite constant K, then it should be easier to prove
that there is no finite constant C,,; but this is also still unknown.

These questions lead naturally to our first abstractly defined operator algebra.
Let P, denote the algebra of polynomials in 7 variables. Given a polynomial
p, we set

Ipllu = supllp(Th, ..., T

where the supremum is taken over the family of all n-tuples of commuting
contractions on all Hilbert spaces.

It is easy to see that || p||, is finite, since it is bounded by the sum of the
absolute values of the coefficients of p, and that this quantity defines a norm
on P,.

For a fixed polynomial p, there is always an n-tuple of contractions where
this supremum is acheived. To see this, first choose a sequence of n-tuples
(T ks - -+ Tnx) such that || plly, = supllp(Ti ks - -, Tui)ll. If we then let T; =
Zk @ T, i =1,...,n,bethen-tuple of commuting contractions on the direct
sum of the corresponding Hilbert spaces, then || p(T1, ..., T)|l = ..

Now, if for each polynomial p we choose a commuting n-tuple of contrac-
tions where || p||, is attained and form the direct sum of all such n-tuples, then we
have a single n-tuple of commuting contractions (71, . . ., T,,) on a Hilbert space
‘H such that || p|l, = || p(T1, ..., T,)| for every polynomial. Consequently, the
map 7 : P, - B(H) defined by 7 (p) = p(T1, ..., T,) is an isometric homo-
morphism of (P,, |-||,) into B(H).

In a similar fashion, if for (p; ;) in M (P,) we set

1(Pi Mk = supll(pi,j (T, ..., T,

then we obtain a sequence of norms on the matrices over P,,. We call (P,,, ||-|l,.x)
the universal operator algebra for n-tuples of commuting contractions.

To justify this terminology, note that, arguing as above, we can choose a single
Hilbert space ‘H and a single n-tuple of commuting contractions (771, . .., 7,) on
that space such that ||(p; jDIlu.x = (pi,j(T1, ..., T,))| for every k and every
k x k matrix of polynomials. The corresponding map 7, will now be a com-
pletely isometric homomorphism of the matrix-normed algebra P, into B(H).
Hence, (P, ||-]l..x) can be realized completely isometrically as a concrete al-
gebra of operators.

We now turn our attention to further applications of Ando’s theorem. We
begin with some re-formulations due to Sz.-Nagy and Foias [231].
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Theorem 5.8 (Commutant lifting theorem). Let T be a contraction on a
Hilbert space, and let (U, K) be the minimal unitary dilation of T . If R commutes
with T, then there exists an operator S commuting with U such that |R|| = || S||
and RT" = Py SU" |y forn > 0.

Proof. By scaling we may assume that | R|| = 1. Hence, by Ando’s theorem
there exists commuting unitaries Uy, U, on a Hilbert space Ky containing H
such that T"R™ = Py U U} |3. Let K be the closed linear span of vectors
of the form Ulh,n€Z,h e H. Then K is a reducing subspace for Uj, and
U = Pi U |k is the minimal unitary dilation of 7.

Relative to K; = K @ K we have operator matrices

U 0 S B
w=(ov) =)

Since U; and U, commute, it follows that U and S commute and that
PKUQUHK = SU". Thus

PySU" |y = Py, UY|,, = RT".

Finally, 1 < [R|| < IS|| < [|U2]l = 1 and so [|R[| = ||S]|- O

The following equivalent re-formulation of Ando’s resultis also useful. Given
T, € B(H;),i = 1,2, and A € B(H,, H;,), we say that A intertwines T) and T,
provided that AT = T>A. Note that this is equivalent to ( § ) commuting with

T\ 0
(o )

Corollary 5.9 (Intertwining dilation theorem). Ler T;, i = 1, 2, be contrac-
tion operators on Hilbert spaces H; with minimal unitary dilations (U;, KC;). If
A intertwines Ty and T, then there exists R intertwining Uy and U, such that
IAll = IRl and

AT = T;A = Pi,RU}|,, = Pi,UyR|,,

|,
foralln > 0.

Proof. First note that the minimal unitary dilation of
R 7, 0
T =
0 T

N U, 0
U= ( ! ) acting on K; @ ;.

is

0 U
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Applying commutant lifting to A = (9 3), we obtain R = (4 B) satisfying
AT" = Py on, RU™ |+,eH,- Equating the (2,1) entries of these operators yields
AT" = Py, RU{ |y, forn > 0. The other relations follow from the intertwining
condition.

Finally, Al < | R]| < [[R]| = [|A]| = | A and so || All = | R]. O

We now apply these results to characterize the norms of some operator-
valued matrices. First, some formalities are in order. Let’s assume that H is a
separable Hilbert space and that f: T — 7H is measurable and square integrable.
Defining h, € H via h, = (1/2mi) fozne_ingf(eie) d@ yields a formal Fourier
series Y7 ¢infp  with

n=—00
1 2 . +oo 5
— ! do = h, -
271/0 £ (™)l E Al

n=—0o0

This leads to identifications
L*(T;H) = L(T) @ H = £5(H).

If A, € B(H) is a norm-bounded sequence of operators and for 0 <r <1 we
set

. +w .
B,(e’e) — Z Anr\nlemé7
then the series converges uniformly to define a continuous operator-valued
function B,: T — B(H). For f € L*(T;H) we have that § — B,(¢'?) f(e'?) €
L*(T;H) and that multiplication by B,, Mp_,is a bounded operator on L¥(T;H)
with

| M5, || = supl| B, (eIl = || B, Il
0

where B, (e'?) € B(H). With respect to the identification L*(T;H) = Z%(H),
the operator Mp_becomes the doubly infinite operator-valued Toeplitz matrix
(rl =71 A;_ )2 _ .. It can be verified that

i,j=—00

I(Ai— Il = su;1>|| (F"1Ay)| = SUI?H Mg | = sup [ B, [l oo-

Thus, when ||(A;_;)|| is finite, we identify this operator-valued Toeplitz ma-
trix with the operator of multiplication by B(e/®)= 3" A, and write
ICA;—)Il = | Bllc, €ven though the convergence of this latter series can be a

touchy business. Thus, one should always interpret || B|loo = sup,_; || Br || oo-
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We shall need the following operator-valued version of Nehari’s theorem in
Chapter 10.

Theorem 5.10 (Nehari-Page). Let H be a separable Hilbert space, and let
A, € B(H), n > 0, be a sequence of operators. Then the operator-valued
Hankel matrix (Ai+‘j)§f‘}=0 is bounded on (*(H) if and only if there exists
A, € B(H), n<0, such that |B|lo = sup,_, || B/|| <+oo, where B(e'’)=

;:'ioo A,e'"®. Moreover, in this case there exists a particular choice of

A, € B(H), n <0, such that

+0o0
A )N =[1Blloo.  Be)= > Ane™.

n=—00

Proof. We only prove thatif H = (A;4;)is bounded on 02(H), then there exists
A, € B(H),n <0, suchthat |H|| = || B|lco-

To this end let S: £2(H) — €2(H) via S((ho, h1, ...)) = (0, ho, hy, ...) with
adjoint S*((ho, hy, ...)) = (hy, ha, ...). These operators can be identified with
the operator matrices

0 ...
I 0 071 0 ...
=10 0 I O

s=10 1 " S*

We have that S*H = (A;;14;) = HS. It is straightforward to verify that the
minimal unitary dilations of § and $* are the forward and backward shifts $
and $* on K%(’H). By CorollaryA5.9 thereAexists R = (R;;): E%(H) — Z%(H)
with ||R|| = |[H]|| such that $*R = RS. This implies that R;; = R;;;
for some sequence R, € B(H),n € Z, with R, = A, for n > 0. Now let
W: Z%(H) — K%(H) be the unitary defined by

W((....,h-1, hos hyr, o) = (oo by, o by, - 0).
Then RW = (R;_;) and hence

IH|l = IRl = IRW] =

+oo
R einG
E n

n=—00

oo

When the sequence { A, } is just numbers, then the above theorem has a clearer
interpretation. We have B(e'”) = >""°° _a,e™, and ||B||s is just the norm

of B in L®(T). Thus, the theorem identifies the sequences {a,},>0 which can
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be “completed” by choosing {a,},<_1 to be the Fourier coefficients of an L™
function as those for which the corresponding Hankel matrix is bounded.
Set

2
Fon=—— [ e ao,
2mi Jo
andlet G = {f € L>(T): f(n) = Oforall n > 0}. Then the map Q: L*(T) —
B(?), 0(f) = (fG + j));ffio has kernel G, and by the above theorem Q:
L>®(T)/G — B(£?)is anisometric linear isomorphism onto the space of Hankel
matrices.
Alternatively, if we look at the map

P: L®(T)— B(£*),  P(f)=(f(=1—i—j),

thenker P = {f € L*: f(n) = 0foralln < —1} = H*(T), and by the above
theorem we have that P: L°(T)/H>°(T) — B(£?) is an isometric isomorphism
onto the space of Hankel matrices.

This last isomorphism gives rise to an important duality. Recall that the dual
of LI(T) is L>(T). If we let H'(T) = {f € L'(T): f(n) =0foralln < —1},
then the annihilator of H!(T) is

{f € L(T): f(n) =0foralln > 0} = €% H®(T).

Consequently we have isometric isomorphisms between the dual of H'(T)
and L®(T)/e'? H*(T) = L>(T)/H>(T), which is in turn isometrically iso-
morphic to the space of Hankel matrices. Explicitly, this dual pairing is given by

(A, f) =) anfn)
n=0

for A = (ai4;);%_, a bounded Hankel and f € HY\(T).

Notes

The fact that von Neumann’s inequality holds for two commuting contractions
but not three or more is still the source of many surprising results and in-
triguing questions. Many deep results about analytic functions come from this
dichotomy. For example, Agler [3] uses Ando’s theorem to deduce an analogue
of the classical Nevanlinna—Pick interpolation formula for analytic functions on
the bidisk. Because of the failure of a von Neumann inequality for three or more
commuting contractions, the analogous formula for the tridisk is known to be
false, and the problem of finding the correct analogue of the Nevanlinna—Pick
formula for polydisks in three or more variables remains open.
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Many results are now known to be equivalent to Ando’s theorem, but a truly
independent argument for proving any of these results that doesn’t ultimately
rest on dilating a pair of commuting operators has still not been found. For
example, we shall see in Chapter 7 that Ando’s theorem is equivalent to the
two-variable version of von Neumann’s inequality holding for matrices of poly-
nomials. That is, Corollary 5.6 implies Ando’s dilation theorem. In Chapter 18,
we shall see that Ando’s theorem is equivalent to a certain factorization formula
holding for matrices of polynomials in two variables. Cole and Wermer [66]
prove that Ando’s theorem is equivalent to another theorem about factoring
polynomials in two variables. Agler’s two-variable Nevanlinna—Pick result is
also equivalent to Ando’s theorem. Yet direct proofs of any of these results that
do not rely on Ando’s theorem, or one of its close variants, have not been found.

Moreover, because of the failure of the von Neumann inequality for three
or more variables, each of the above-cited results is known to fail for three or
more variables.

This operator-theoretic approach to results in classical function theory, as
represented by Theorem 5.10, Exercise 5.3, and the results cited above, owes
much to Sarason [209] and the book of Sz.-Nagy and Foias [231]. This continues
to be an active area of research with many engineering applications, particularly
to what has come to be known as H*-control theory. For an introduction to
this area we recommend the text of Foias and Frazho [100].

It is remarkable that we do not know whether or not a constant exists, for each
n, such that von Neumann’s inequality for » commuting contractions is true up to
that constant. This illustrates our lack of understanding of these important topics.

Exercises

5.1 Prove that if (Vy, K1) and (V,, K,) are any two minimal isometric dilations
of a contraction operator 7 on H, then there exists a unitary U: K| — K,
such that Uh = h forall h € H and UV,U* = V.

5.2 Let H;, H, be Hilbert spaces, let A, € B(H;, H,) be a sequence of oper-
ators, and let A = (A;;): €*(H;) — €*(H>) be the corresponding Hankel
operator. Prove the analogue of the Nehari—Page theorem in this setting.

5.3 (Carathéodory’s completion theorem) Let aq, ..., a, be in C. Use com-
mutant lifting to prove that

ap 0o ... 0
n o0
a‘l = inf Zajz]—}— Z bz’
0 =0 j=n+1 0o
a, ... dp Qo

My
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where the infimum is over all sequences {b;} such that the resulting power
series is bounded on D and the co-norm is the supremum over . More-
over, there exists a sequence {b;} where the infimum is attained. Thus, a
polynomial can be completed to a power series whose supremum over the
disk is bounded by 1 by adding higher-order terms if and only if the norm
of the corresponding Toeplitz matrix is at most 1. Deduce that the map

fO© 0 ... 0

f e H®(T) — f(.l) € M,4

: . . 0
foy .o f) fO
yields an isometric isomorphism of H>®(T)/e!"*V H®(T) into M, .

Generalize to the case where Ay, ..., A, are operators on a (separable)
Hilbert space. [Hint: The above finite Toeplitz matrix commutes with

0O ... ... ... 0
[ ;
S.=|o . - 1
0O ... 0 1 0
5.4 Let {T, ..., T,} be contractions on a Hilbert space H (possibly noncom-

muting). Prove that there exists a Hilbert space K containing  and uni-
taries {Uj, ..., U,} on K such that
TY T = PyUl U,
where m, ki, ..., k,, are arbitrary nonnegative integers, and 1 < i, < n for
L=1,...,m.

5.5 (Schaffer [209]) Let T be a contraction on a Hilbert space H, and let
A(H) = ::ioo @ H denote the Hilbert space formed as the direct sum
of copies of H indexed by the integers Z. Define an operator matrix
U= U2 bysettingUoo =T, Upy = —=TTH'2, U1 o= —
T*T)\/2, U_11=-T"Uppy1 =1forn>1orn < —2,and U; ; = 0 for
all other pairs (i, j). Prove that U defines a unitary operator on E%('H) and
that if we identify H with the Oth copy of H in 6%(7{), then 7" = PyU" |y
for all nonnegative integers n.

5.6 Fix n > 1, and let P, denote the algebra of polynomials in n variables.
For each p in P, we set || p|, = sup{||p(T1, ..., T,)|}, where for now
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5.7

5.8

5.9

Chapter 5. Commuting Contractions on Hilbert Space

the supremum is only taken over all commuting n-tuples of contractions

{T\, ..., T,} on the Hilbert space £.

(i) Prove thatif {71, ..., T,} are commuting contractions on any Hilbert
space, then || p(Ty, ..., T,)|l < ||pll. and consequently this is the same
norm as defined earlier.

(ii) Prove the corresponding result for matrices of polynomials.

(iii) Prove that the universal operator algebra for n-tuples of commuting
contractions (P, ||-|l..x) can be represented completely isometrically
as an algebra of operators on a separable Hilbert space.

Prove that ||-||,, is a norm on P, and that the completion of P, in this norm

is a Banach algebra. We denote this Banach algebra by A,(D"), whereas

we let A(D™) denote the Banach algebra of functions that are continuous

on the closed polydisk D" and analytic on D", equipped with the supremum

norm, ||-|leo. In fact, A(D™) € C(D") is the closure of P, in the supremum

norm.

(i) Prove that A,(D") C A(DD") as sets.

(i) Prove that A,(D") = A(D") if and only if there exists a constant K,
such that || p|l, < K,||p|le for every p in P,.

Let K C B(¢?) denote the ideal of compact operators on £2. Let A(D"; K)

denote the set of continuous functions from the closure of D" into K that

are analytic on D", and let P(D"; K) € A(D"; K) denote the functions that
are finite sums of the form Y_ z’/ K; with K ; in K. If we identify M, as the
subspace of operators in K that are supported on the first k x k block, then

we may regard M (A(D")) € My+1(AD")) € AD"; K).

(i) Prove that A(D"; K) equipped with the supremum norm and pointwise
product is a Banach algebra.

(i) Prove that P(D"; K) is dense in A(D"; K).

(iii) Prove that the union over k of M;(A(ID")) is dense in A(D"; K).

(iv) Give a definition of A, (ID"; K) and prove the analogues of (i), (ii), and
(iii).

(v) Prove that there exists a constant C,, such that for all matrices of
polynomials, [[(pi, )l < Call(pi, )l if and only if A,(D";K) =
A" K).



Chapter 6
Completely Positive Maps into M,

In this chapter we characterize completely positive maps into M,,. This char-
acterization allows us to prove an extension theorem for completely positive
maps and lends further insight into the properties of positive maps on operator
systems. These results are all consequences of a duality between maps into M,
and linear functionals.

Let M be an operator space, and let {e; }';_, be the canonical basis for cr. 1t
Aisin M,, thenlet A; ;) denote the (7, j) entry of A, so that A ;) = (Ae;, ¢;).
If $: M — M, is a linear map, then we associate to ¢ a linear functional s, on
M, (M) by the following formula:

1
se((a;, ;) = p Z o(ai, )i, j)-
i,j

Alternatively, if we let x denote the vector in CP=C"@---pC" given by
xX=e ®- - Pe,, then

1
se((ai ) = r—l(fﬁn((ai,j)))c, x),

where the inner product is taken in cr.

We leave it to the reader to verify that ¢ — s4 defines a linear map from
L(M, M,), the vector space of linear maps from M into M,, into the vector
space L(M, (M), C). If M contains the unit and ¢(1) = 1, then s4(1) = 1.

Finally, if s: M,,(M) — C, then we define ¢;: M — M,, via

(ps(a))i,jy =n-s(a® E; ),

where a ® E; ; is the element of M, (M) which has a forits (i, j) entry and is 0
elsewhere. We leave it to the reader to verify that the maps ¢ — s4 and s — ¢,
are mutual inverses.

73
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Theorem 6.1. Let A be a C*-algebra with unit, let S be an operator system in
A, and let ¢: S — M,,. The following are equivalent:

(i) ¢ is completely positive,
(ii) ¢ is n-positive,
(iii) s is positive.

Proof. Obviously, (i) implies (ii). Also, that (ii) implies (iii) is clear by the
alternative definition of s4. So assume that s, is positive, and we shall prove
that ¢ is completely positive.

By Krein’s theorem (Exercise 2.10), we may extend s4 from M,(S) to a
positive, linear functional s on M, (A). Since s extends s, the map y: A — M,
associated with s extends ¢. Clearly, if we can prove that ¢ is completely
positive, then ¢ will be completely positive.

To verify that ¥ is m-positive by Lemma 3.13, it is sufficient to consider a
positive element of M,,(A) of the form (aa;). Since ¥/,,((a;a;)) acts on C™",
to see that it is positive, it is sufficient to take x = x; & - - - @ x,,,, where each
Xj =Y Ajrex isin C”, and calculate

(Ym((@ap)x, x) =Y (W(afaj)xj, x;) ()
ij
= Y Mwhie(W(afa)er, e)
ikt
= Z )L_,-,k)_hi,gs(afaj ® E(,k)~
ikt
Let A; be the n x n matrix whose firstrow is (; i, . .., A; ,) and whose remain-

ing rows are 0. We have that
AfAj = Z)_w‘,é)\j,kEZ,k»
k¢

and thus (%) becomes

Zs(a;‘aj R ATA) =5 ((Zai ® Ai) (Za/‘ ® A.i)) ’
i J

iJ
which is positive, since s is positive. Thus, ¥ is m-positive for all m. O
Theorem 6.2. Let A be a C*-algebra with unit, S an operator system contained

in A, and ¢: S — M,, completely positive. Then there exists a completely posit-
ive map ¥: A— M, extending ¢.
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Proof. Let s4 be the positive, linear functional on M, (S) associated with ¢,
and extend it to a positive, linear functional s on M,(A4) by Krein’s theorem.
By Theorem 6.1, the map i associated with s is completely positive. Finally,
since s extends sy, it is easy to see that i extends ¢. O

We now restate these results for operator spaces with unit.

Theorem 6.3. Let A be a C*-algebra with unit, let M be a subspace of A
containing 1, and let p: M — M, with ¢(1) = 1. The following are equivalent:

(i) ¢ is completely contractive,
(ii) @ is n-contractive,
(iii) sy is contractive.

Proof. Let S = M + M*. Clearly, (i) implies (ii) and (ii) implies (iii). As-
suming (iii), since s4 is unital and contractive, we may extend it to a positive,
unital map §4 on M,(M) + M,(M)* = M,(S). By Theorem 6.1, the linear
functional §g4 is associated with a completely positive map on S. This map is
readily seen to be @, where ¢(x + v*) = ¢(x) + ¢(y)*. Hence, @ is completely
positive, and so ¢ must be completely contractive. O

Theorem 6.4. Let A be a C*-algebra with unit, let M be a subspace of A
containing 1, and let ¢: M — M,, be an n-contractive map with ¢(1) = 1. Then
¢ extends to a completely positive map on A.

Proof. In the proof of Theorem 6.3, we saw that ¢ is completely positive and
hence extends to a completely positive map on .4 by Theorem 6.2. O

There is one way in which the above correspondence between linear func-
tionals on M,,(S) and linear maps of S into M,, is not well behaved. Suppose
that s: M, (S) — C is positive and unital, so that ||s|| = 1. Then s gives rise to a
completely positive map ¢;: S — M, but ¢ is not necessarily unital. Indeed,
since

¢s(Di,jy =ns(1Q E; j) = ns(E; ),

we have that ¢y is unital if and only if

1 R
S(El‘,j) = { /n, l ]7
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Because of this fact, ¢, is not necessarily a contraction. In fact, it is not hard to
construct examples of a unital, positive s such that ||¢;|| = n (Exercise 6.1).
To obtain generalizations of the above results to the case where M,, is replaced
by B(H) requires some topological preliminaries, which we postpone until the
next chapter. We turn instead to some other applications of this correspondence
between linear functionals and linear maps.
Let S be an operator system and St its cone of positive elements. We define

S+®M:=:Zpi®Qiip,’€S+, Q,-GM: ,

where the sum is finite. Note that ST ® M, is a cone contained in the cone
M, (S)" of positive elements of M, (S).

We have seen above that if ¢: S — M,,, then ¢ is completely positive if and
only if its associated linear functional sy is positive on M, (S)*. The following
points out the relevance of the set defined above.

Lemma 6.5. Let ¢: S — M,. Then ¢ is positive if and only if sy: M, (S) —
C assumes positive values on ST @ M'.

Proof. Let¢: S — M, be positive, let p be in ST, and let Q be in M". In order
to prove that s, assumes positive values on ST ® M, it will be sufficient to

n>

prove that s4(p ® Q) is positive. Furthermore, since by Lemma 3.13 Q can be
written as a convex sum of matrices of the form (@;«;), it will suffice to assume
that Q = (&;«j). Thus, p ® Q = (@;«; p) and

n-ss(p® Q)= 245(&:'0!/‘1’)0,1’)
i

=Y @a;($(plej, &) = (p(p)x, x) >0,
i
where x = a1e; + - - - + e,
Conversely, assume that s, is positive on St ® M,F, let p be in ST, and let
x =aje; + -+ + aye, be a vector in C". We have that

(@(p)x, x) = Z(¢(diajp)ej» e;) =n-sg((@a;p)) >0,

iJj

since (&;; p) is in ST ® M. Thus, ¢ is positive. O

Theorem 6.6. Let S be an operator system. Then the following are equivalent:

(i) every positive map ¢: S — M, is completely positive,
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(ii) every unital, positive map ¢: S — M, is completely positive,
(iii) ST @ M, is dense in M,(S)".

Proof. Clearly, (i) implies (ii). The proof that (ii) implies (i) is left as an exercise
(Exercise 6.2). We prove the equivalence of (i) and (iii).

If St ® M\ is dense in M,(S)" and ¢: S— M, is positive, then, by
Lemma 6.5, 54 will be positive on M,(S)", and so, by Theorem 6.1, ¢ is
completely positive.

Conversely, if ST ® M| is not dense in M, (S)*, then fix p in M,(S)*,
but not in the closure of ST ® M,". By the Krein-Milman theorem, there will
exist a linear functional s on M, (S) that is positive on ST ® M, but such
that s(p) < 0. The linear map ¢;: S — M, induced by s, is then positive by
Lemma 6.5, but not completely positive. O

Corollary 6.7. Let S be an operator system. Then the following are equivalent:

(i) for every C*-algebra B, every positive ¢: S — B is completely positive,
(ii) for every n, every positive ¢: S — M,, is completely positive,
(iii) ST ® M, is dense in M,,(S)* for all n.

Proof. Clearly, (ii) and (iii) are equivalent and (i) implies (ii). To see that (ii)
implies (i), it is sufficient to consider B = B(H). Given (a; ;) in M,(S)", to
check that ¢,((a; ;) is positive, it is enough to choose xi, ..., x, in ‘H and
check that

> (gl x;. xi) = 0.
ij
Let F be the finite-dimensional subspace spanned by these n vectors, and let

¥: S — B(F) be the compression of ¢ to F. Identifying B(F ) with M}, where
k = dim(F), we have that i is completely positive by (ii) and hence

0< Z(W(ai,j)xj,xﬁ = Z(fp(ai,j)xjvxi),

iJ ij

as desired. O

As well as being related to complete positivity, the above cone ST ® M
determines the norm behavior of positive maps. Let S be an operator system,
and let x be in S. We say that S has a partition of unity for x, and say that
X is partitionable with respect to S, provided that for every ¢ > 0, there exist
positive elements py, ..., p, in S with Zi pi < 1,andscalars A, ..., A, with
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[A;] < llx||, such that

<é€.

X —Z)»ipi
;

We say that S has a partition of unity for a subset M of S provided that every
element of M is partitionable with respect to S.

Lemma 6.8. Let S be an operator system and let x be in S, with || x|| < 1. Then
the following are equivalent:

(i) x is partitionable with respect to S,
(ii) every positive map ¢ with domain S satisfies ||¢(x)| < ||l¢(D]|,
(iii) [ . *1is in the closure of ST ® M.

Proof. The proof that (i) implies (ii) is identical to the proof of Theorem 2.4.
To see that (ii) implies (iii), assume that (iii) is not met. Let s: M»(S) — C
be a linear functional such that

([- =0

while s is positiveon ST ® M, and let ¢: S — M, be the linear map associated
with s. By Lemma 6.5, ¢ is positive. Since

(lotor oo le]-[a]}== ([ 3])=0
px)* p(1) | Le2] ez x* o1 ’
we have that
1 x
()

is not positive. If we construct a unital, positive map ¢’ from ¢ as prescribed
by Exercise 6.2(i), then by Exercise 6.2(ii) we have that

’ I x _ 1 @' (x)
¢2<[x* 1D‘[¢/<x>* 1 ]

is not positive. Thus, by Lemma 3.1, ||¢'(x)|| > 1 = ||¢'(1)||, and so (ii) does
not hold.

Now suppose that (iii) is true, let £ > 0, and let p; in ST and Q; in M2+, i =
1,...,n, be such that

<e. ()

|:x1* ﬂ - Zpi ® Qi
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We have that
i A )
Qi=|:): :| , with >0, >0 foralli.
i i

Wesets; = (r; + t;)/2. Note thatif s; = 0,then A; = 0. The equation () implies
the following inequalities;

l1—e< Zr,-p,-<1+8,

l1—¢e< Zt,-pi<l+8,
i

<E€.

x —Z)»ipi
i

Thus,

1—-¢< Zs,-pi<1+s.
i

Setting A; /s; = 0 when s; = 0, we have

x =Y (hi/si)sipi

1

<eg,

with |A;/s;| < 1. These last two equations are clearly enough to guarantee that
X is partitionable. O

Theorem 6.9. Let S be an operator system, M a subset of S. Then every
positive map on S has norm ||¢(1)|| when restricted to M if and only if S has
a partition of unity for M.

Proof. The proof is an immediate application of the above lemma. O

Corollary 6.10. Let B be a C*-algebra with unit, let A be a subalgebra of B
containing the unit, and let S = A + A*. Then S has a partition of unity for A.

Proof. By Corollary 2.8, every positive map on S satisfies ||¢(a)| < [|¢p(D)] -
lla|| for a in A. Thus, by Theorem 6.9, S has a partition of unity for A. O

We now study two examples to illustrate the use of the above ideas. The sec-
ond arises from the theory of hypo-Dirichlet algebras, which we shall examine
in more detail in Chapter 11. A uniform algebra .4 on a compact Hausdorff
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space X is called hypo-Dirichlet provided that the closure of A + A is a finite-
codimension subspace of C(X).

Our first example is just a reexamination of an earlier one. Let S and ¢ be
the operator system and positive map of Example 2.2. Since ¢(1) = 1, while
l¢(2)]| = 2 with ||z]| = 1, we see that 7 is not partitionable with respect to S.
It is interesting to attempt to show this directly.

The second example is somewhat longer.

Example 6.11. Let 0 < R| < R», and let A denote the annulus in C with inner
radius R; and outer radius R», i.e.,

A={zeC: R <|z| <Ry).

We let R(A), as before, denote the algebra of rational functions on A, and let
S denote the closure of R(A) + R(A) in C(dA). By a theorem of Walsh [239],
S is a codimension 1 subspace of C(dA) and hence R(A) is a hypo-Dirichlet
algebra.

Welet I'; = {z: |z| = R}, j = 1, 2, denote the two boundary circles of A,
and define positive linear functionals s;, j = 1, 2, on C(3A) by

1 2w y
Sj(f) = E A f(Rje’ )dt.

If f(z) = >, axz" is a finite Laurent polynomial, then

s1(f) = s2(f) = ao.

Since the finite Laurent polynomials are dense in R(A) and since s, and s, are
self-adjoint functionals, we have that s,(f) = s2(f) for all f in S. Since S is
of codimension 1, we have that

S ={f € COA): 51(f) = s:(f)}.

We claim that S has no partition of unity for S. Before proving this claim,
let us explore some of the consequences of the claim.
Set

()_ 0, Zerh
pr= 1, Z€F27

so that s1(p) = 0 # 1 = s,(p). From this, we see that p ¢ S, and so the span
of S and p is all of C(3A).

We leave it to the reader to verify that the claim that S has no partition of unity
for § yields a positive, unital map ¢: S — M, with the following properties
(Exercise 6.4):
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(1) ¢ is not contractive.
(i1) ¢ is not completely positive.
(iii) ¢ has no positive extension to C(9A).
) Ly ={feS: f<p},Lo={f €S: f > p}, then there is no matrix
P in M, satisfying

(L) S P <o(f2)

for all fiin Ly, f, in L,.
(v) If = ¢|r(a), then ¥ is a unital contraction, but W = ¢ is not contractive.
(vi) ¥ has no contractive extension to S, and so none to C(9dA) either.
(vii) ¥ is not 2-contractive.

Part (vi), in particular, shows that a direct generalization of the Hahn—Banach
extension theorem to operator-valued mappings fails even when the domain is
commutative.

To verify the claim, it will suffice to construct an element of S that is not
partitionable. Fix a small positive number § >0 and set j = 1, 2,

X;={Rje":8 <t <m -6},
Y, ={Rje":m +8<t <2mw —§}.

Define a continuous function f on dA by setting f(X;) =1, f(Y}) = —1,
f(Xp) =1, f(Y») = —i, and extending f linearly on the remaining arcs, so
that || f|| = 1. It is easy to check that s;(f) = s2(f), so that f isin S.

Suppose that we were given scalars Ay, ..., A,, |A;[<1,j=1,...,n,and
positive functions py, ..., p, in S, summing to less than 1, such that f is not
merely approximated by the sum, but in fact

f= Z)»il?i-

Since f(X;) =1 and |A;| <1, we must have that some subset of the A;’s is
exactly equal to 1, which, after reordering, we may take to be A, ..., Ag. Itis
not difficult to see that the above equations imply that

pi(x) 4+ prx) =1

for all x in X;. Similarly, after reordering the remaining A;’s, we find a set
Ak+1s - - - » Ay that are all equal to —1, and

Prr1(x) + -+ pu(x) =1,
for all x in Y;. But this implies that

si(pr+ -+ pw) =1 —44,
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and since s; and s, agree on S,
$2(Pms1 + -+ pa) = 40
We have that Im(f) = Im(A,,, 1) piy1 + - - - + Im(A,) p,, SO
1 =45 < si(Im(f)]) < s2(pmy1 + -+ + pa) < 46,

a clear contradiction for § < 1/8.

Thus, we see that no sum of the above form could actually equal f. An
analogous, but somewhat more detailed, argument shows that for the same §
and ¢ sufficiently small, no sum of the above form can approximate f to within
&. We leave it to the reader to verify this claim.

Notes

The correspondence between linear maps from a space into M, and linear
functionals on the tensor product of that space with M,, is a recurring theme in
this subject (see for example, [46], [47], [134], [223]). Our presentation owes
a great deal to [6] and [218].

The study of ST ® M;F is adapted from [46], where it is used to study pos-
itive maps between matrix algebras. In contrast to Proposition 4.7, a num-
ber of unanswered questions and surprising examples arise in the study of
positive maps between matrix algebras ([46], [222], and [244]). For example,
positive maps between M,, and M are characterized by linear functionals on
M, (My), which are positive on M, ® M,j' . A decent characterization of the
matrices in M,(M;) = M, that belong to this cone is still not available. See
[46] and [245] for an introduction to this topic. Example 6.11 is adapted from
a similar example in [77]. The partition-of-unity techniques originate there
also.

Exercises

6.1 Let A be any unital C*-algebra. Give an example of a linear functional
s: M, (A) — C such that s is unital and positive, but such that the associated
linear map, ¢,: A — M,,, has norm n. (Hint: First consider the case A = C.)

6.2 Let ¢: S — M, be positive and set ¢(1) = P. Let Q be the projection
onto the range of P, and let R be positive with (I — Q)R =0, RPR = Q.
Let ¥: S — M, be any positive, unital map, and set ¢'(¢) = R¢p(a)R +
I = O)(a)I — Q).
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(i) Show that ¢’ is a unital, positive map.
(ii) Show that if (g, ;) is positive in M(S), but ¢x((a; ;)) is not positive,
then ¢, ((a;,;)) is not positive either.
(iii)) Deduce the equivalence of (i) and (ii) in Theorem 6.6.

6.3 Assume that the equivalent conditions of Theorem 6.9 are not met. Show
that then there always exists a unital, positive map ¢: S — M, that is not
contractive.

6.4 Verify the existence of a ¢: S — M, with properties (i)—(vii) of Exam-
ple 6.11.

6.5 Let S be an operator system. Prove that the following are equivalent:

(i) For every C*-algebra B, every positive ¢p: S — B is n-positive.
(i) ST ® M is dense in M,(S)".

6.6 Use Corollary 6.7 to give an alternate proof of the fact that every positive

map with domain C(X) is completely positive.



Chapter 7

Arveson’s Extension Theorems

In this chapter we extend the results of Chapter 6 from finite-dimensional ranges
M,, to maps with range B(H). We then develop the immediate applications of
the extension theorems to dilation theory. We begin with some observations of
a general functional-analytic nature.

Let X and Y be Banach spaces, let Y* denote the dual of Y, and let B(X, Y*)
denote the bounded linear transformations of X into Y*. We wish to construct
a Banach space such that B(X, Y*) is isometrically isomorphic to its dual. This
will allow us to endow B(X, Y*) with a weak™ topology.

Fix vectors x in X and y in Y, and define a linear functional x ® y on
B(X,Y*)by x ® y(L) = L(x)(y). Since |x @ y(L)| = [[L| - [lx]| - lyll, we see
thatx ® yisin B(X, Y*)* with [lx ® y|| < [lx|[[[y[l. Infact, [x @ yI| = llx [yl
(Exercise 7.1).

It is not difficult to check that the above definition is bilinear, i.e., x ®
Di+y2)=x@y+x®y, (X1 +x22)®@y=x1Qy+x2®y, and (Ax) ®
y=xQ Xy)=Alx ® y) for A € C. We let Z denote the closed linear span
in B(X, Y*)* of these elementary tensors. Actually, Z can be identified as the
completion of X ® Y with respect to a cross-norm (Exercise 7.1), but we shall
not need that fact here.

Lemma 7.1. B(X,Y™) is isometrically isomorphic to Z* with the duality
given by

(L,x®y)=xQ y(L).

Proof. 1t is straightforward to verify that the above pairing defines an iso-
metric isomorphism of B(X, Y*) into Z*. To see that it is onto, fix f € Z*,
and for each x, define a linear map, f,: ¥ — C, via f,(y) = f(x ® y). Since
[ < I FIIxllly]l, we have that f, € Y*. It is straightforward to verify

84
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that if we set L(x) = f, then L: X — Y* is linear, and that L is bounded with
LI <1l

Thus, L € B(X, Y*), and clearly under our correspondence L — f, which
completes the proof. O

We call the weak™ topology that is induced on B(X, Y*) by this identification
the BW topology (for bounded weak). The following lemma explains the name.

Lemma 7.2. Let {L;} be a bounded net in B(X, Y*). Then L, converges to L
in the BW topology if and only if L;(x) converges weakly to L(x) for all x in
X.

Proof. If L, converges to L in the BW topology, then

Ly (x)(y) = (L, (x ® y)) = (L, (x ® y)) = L(x)(y)

for all y in Y. Thus, L, (x) converges weakly to L(x) for all x.

Conversely, if L; (x) converges weakly to L(x) for all x, then (L;, (x ® y))
converges to (L, (x ® y)) for all x and y and hence on the linear span of the
elementary tensors. But since the net is bounded, this implies that it converges
on the closed linear span. O

If ‘H is a Hilbert space, then B(H) = B(H, H) is the dual of a Banach space by
Lemma 7.1. This Banach space can also be identified with the space of ultra-
weakly continuous linear functionals or with the trace-class operators (TC)
on H with trace norm, |T||; = tr(|T|), where tr(-) denotes the trace [68,
Theorem 1.4.5]. We prefer to focus on the duality with the trace class operators.

Under this duality, an operator A € B(H) is identified with the linear func-
tional Tr(AT) for T € TC. If h, k are in H, let R, denote the elementary
rank-one operator on H given by R ;(x) = (x, k)h. The linear span of these
operators is dense in TC in the trace norm (Exercise 7.2), and for A € B(H),

Tr(ARy) = (Ah, k).

Proposition 7.3. Let X be a Banach space, and let ' H be a Hilbert space. Then
a bounded net {L,} in B(X, B(H)) converges in the BW topology to L if and
only if (L;(x)h, k) converges to (L(x)h, k) for all h, k in H and x in X.

Proof. We have that {L,} converges in the BW topology to L if and only if
Tr(Ly(x)T) — Tr(L(x)T) forall T € TC and x € X. But again, since the net
is bounded, it is enough to consider T = Ry, 4. a
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Let A be a C*-algebra, S an operator system, M a subspace. We make the
following definitions:

B,(M, H) ={L € BIM, B(H)): |IL|l =r},
CB, (M, H) ={L € BIM, B(R)): ILllev =},
CP.(S,H) = {L € B(S, B(H)): L is completely positive, |L| < r},
CP(S, H; P) = {L € B(S, B(H)): L is completely positive, L(1) = P}.

Theorem 7.4. Let A be a C*-algebra, let S be a closed operator system, and
let M be a closed subspace. Then each of the four above sets is compact in the
BW topology.

Proof. Since the BW topology is a weak™ topology, the set B, (M, H) is com-
pact by the Banach—Alaoglu theorem. Since the remaining sets are subsets of
this set, it is enough to show that they are closed.

We argue for CB, (M, H); therestare similar. Let {L; } be anetin CB,(M, H),
and suppose {L,} converges to L. If (a;;) is in M,(M), and x =x; ®
@ X, Yy=Y1D-- @y, are in H@---@H, then ((L(a;;)x,y)=
lim, ((L; (a; ;))x, y). Hence, |[(L(a; ;)| <7 -l|l(a; ;)| for all n, and so
ILlleo <. ]

We’re now in a position to prove the main result of the chapter.

Theorem 7.5 (Arveson’s extension theorem). Let A be a C*-algebra, S an
operator system contained in A, and ¢: S — B(H) a completely positive map.
Then there exists a completely positive map, V: A— B(H), extending ¢.

Proof. Let F be a finite-dimensional subspace of H, and let ¢ =: S — B(F) be
the compression of ¢ to F, i.e., pr(a) = Prp(a)|r, where Pr is the projection
onto F. Since B(F)isisomorphic to M,, for some n, by Theorem 6.2 there exists
a completely positive map ¥ z: A — B(F) extending ¢r. Let ¢7: A— B(H)
be defined by setting 1/-(a) equal to ¥/r(a) on F and extending it to be 0 on
Ft.

The set of finite-dimensional subspaces of H is a directed set under in-
clusion, and so {1/%} is a net in CP,(A, H) where r = ||¢||. Since this latter
set is compact, we may choose a subnet which converges to some element
¥ € CP.(A, H).

We claim that 1/ is the desired extension. Indeed, if a € S and x, y are in H.
Let F be the space spanned by x and y. Then for any 7| 2 F, (¢(a)x, y) =
(w’f] (a)x, y), and since the set of such Fj is cofinal, we have that (¢(a)x, y) =
(Y(a)x, y).

This completes the proof of the theorem. O
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Corollary 7.6 (Arveson). Let A be a C*-algebra, M a subspace with
1 e M, and ¢: M — B(H) a unital, complete contraction. Then there exists a
completely positive map : A— B(H) extending ¢.

We’ve seen earlier that positive maps need not have positive extensions
(Example 2.13) and that unital, contractive maps need not have contractive ex-
tensions [Example 6.11(vi)] even when the range is finite-dimensional. These
facts make the above results all the more striking.

A C*-algebra B is called injective if for every C*-algebra .A and operator
system S contained in A, every completely positive map ¢: S — 3 can be
extended to a completely positive map on all of A. Thus, Theorem 7.5 is the as-
sertion that B(H) is injective. Exercise 7.5 gives an elementary characterization
of injective C*-algebras.

Corollary 7.6 is the basis for a general dilation theory. Let B be a unital
C*-algebra, and let A be a subalgebra (not necessarily *-closed) with 1 € A.
We shall call A an operator algebra. A unital homomorphism p: A — B(H) is
said to have a B-dilation if there exists a Hilbert space X containing H and a
unital x-homomorphism 7: 5 — B(K) such that

o(a) = Pym(a)ly forallain A.

This definition is motivated in part by the theory of normal dX-dilations.
Recall that if T € B('H), then a compact set X is a spectral set for X provided
that the homomorphism p: R(X) — B(H) given by p(r) = r(T) is contractive.
Itis clear that T has a normal d X-dilation if and only if p has a C(d X)-dilation.

Corollary 7.7 (Arveson). Let A be an operator algebra contained in the C*-
algebra B, let p: A— B(H) be a unital homomorphism, and let p: A + A* —
B(H) be the positive extension of p. Then the following are equivalent:

(i) p has a B-dilation,
(ii) p is completely contractive,
(iii) p is completely positive.

Moreover, in this case there exists a B-dilation 7w: B— B(K) such that

w(BYH is dense in K.

Proof. We have seen the equivalence of (ii) and (iii) in Chapter 3. If p has a
B-dilation, then the map ¢: B — B(H) defined by

¢(b) = Py (b)|n

is completely positive and extends p, so p is completely positive.
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Conversely, if g is completely positive, then we may extend g to a completely
positive map ¢: B — B(H). The Stinespring representation of ¢ gives rise to
the B-dilation of p.

A minimal Stinespring representation of ¢ will have the property that 7 (B)H
is dense in KC. O

A B-dilation with the property that 7 (B)H is dense in K will be called a
minimal B-dilation of p. These need not be unique (Exercise 7.3).

Let T € B(H), and let X be a spectral set for T. If the homomorphism
p: R(X)— B(H) is completely contractive, then we shall call X a complete
spectral set for T .

Corollary 7.8. Let T € B(H), and let X be a spectral set for T. Then the
following are equivalent:

(i) T has a normal 0 X -dilation,
(ii) X is a complete spectral set,
(iii) p is completely positive,
(iv) p has a positive extension to C(3X).

Moreover, in this case there is a normal 0 X -dilation N for T such that the
smallest closed, reducing subspace for N containing 'H is K.

Proof. The equivalence of (i)—(iii) is just Corollary 7.7. If p is completely
positive, then it has a (completely) positive extension to C(dX) by Arveson’s
extension theorem. Conversely, if § does have a positive extension to C(9X),
then that extension is automatically completely positive by Theorem 3.11, and
hence its restriction to S, g, is completely positive.

If K is the smallest closed, reducing subspace for N containing H, then
the representation 7: C(0X)— B(K) given by 7 (z) = N has no closed, re-
ducing subspaces containing . But this is equivalent to the requirement that
7 (C(0X))H be dense in /C, since this latter space is clearly reducing. O

A normal 0X-dilation of 7 with no closed, reducing subspace containing
'H is called a minimal normal d X-dilation of 7. Unlike the case of Sz.-Nagy’s
minimal unitary dilation of a contraction (Theorem 4.3), the minimal normal
d X -dilation of an operator need not be unique up to unitary equivalence. Exer-
cise 7.3 illustrates the difficulty.

A unital homomorphism of an operator algebra .4 into B(H) will be called
a representation of A. If A is a C*-algebra, then every contractive represen-
tation of A is automatically a *-representation. Corollary 7.7 gives a useful
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characterization of the completely contractive representations, for it shows that
these representations can be studied via the *-representation theory of . Conse-
quently, itis important to know when representations are completely contractive.

At present we have no natural source of contractive representations that are
not completely contractive. In general, such examples are hard to construct,
since in some sense they are the pathological cases that are difficult to fit
to a general theory. They can occur, however, even when the algebra is finite-
dimensional and the representation is on a finite-dimensional space. An example
of a subalgebra of M3 and a representation of it on C? that is not completely
contractive is given in [6].

An example of considerable importance to the theory of dilations of contrac-
tions was given by Parrott [156].

Parrott’s Example. Let U and V be contractions in B(H) such that U is unitary
and U and V don’t commute. We define commuting contractions on B(H @ H)

by setting
00 0 0 00
Gl R R P B

Let P(D?) be the algebra of polynomials in three variables z;, z», z3, regarded
as a subalgebra of C(T?), where T? is the 3-torus. In Chapter 5 we saw an
example of three commuting contractions such that the induced homomorphism
of P(D?) was not contractive. We claim that the homomorphism p: P(D?) —
B(H & H) defined by p(z;) = T;,i = 1, 2, 3, is contractive but not completely
contractive.

To see that p is contractive, let p(z;, 22, z3) be an arbitrary element of P(D?),
and write

p(z1,22,23) = ap + a121 + ax22 + a3z3 + q(z1, 22, 23),

where ¢(z1, 22, z3) contains all the higher-order terms of p. We have that

()_ ap 0
pP)= al +aU +a3V  ap ’

since T; - Tj = O for all i and ;.
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Let x = x; ® x; and y = y; @ y, be arbitrary unit vectors in H & H, and
calculate
[{p(p)x, y)| = lao(x1, y1) + (a1 + a2U + azV)xy, y2) + ao{x2, y2)|
=< laolllxtIyi Il + (ail + lazl + lasDllxi [yl + laollx2 [ y2l
_ <[ laol 0 ] [IIMII} [IIMIID
lai] + laz| + las| laol ] [lIx2ll | [lIv2ll |17

Thus, we have that

laol 0 :|H
< ’
le(pll < ”|:|a1|+|(12|+|a3| lao]

where the latter matrix is an element of M,.
But by Exercise 2.11,

lao| ]H
inf{lllao| + (la1| + laz] + laz)z + r@1I},
H[|a1|+|az|+|a3| lao| 0 IR

where r(z) is an arbitrary polynomial whose lowest-order term is at least of
degree 2, and the latter norm is the supremum norm over the unit circle. Let
Ao, A1, A2, A3 be numbers of modulus 1 such that Agag, Aia;, Araz, Azas are
positive; then

i+t + 1 |

lai| + laz| + las| laol

< lllaol + (la1] + laz] + las))z + og(Xor1z, Aoraz, Aor32)l|
= || p(kor1z, Aoraz, Aorsz)|l

< lp(z1, 22, 23)ll,

(Pl = ‘

where the third and fourth norms are the supremum over T and the last norm is
the supremum over T3, Thus, p is contractive.

Now assume that p is completely contractive. Consider an element of
M, (P(D?)) of the form (ai,jz1 + b jzo + ¢ jz3). Its image under p, is

i 0 0 --- 0 0]
anl +by U +ctV 0 - ap,l+b,U+c,,V O

0 0 0 0
_anll +byU~+cyV 0 - apd+b,,U+cp,V 0_

which is an operator acting on the direct sum of n copies of H & H.
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Think of this space as (H11 @ Ha1) @ - - - ® (Hi, @ Hay), whereeach™; ; =
‘H. If we reorder the spaces by writing

Hii®-- - ®Hin)® (Ho1 @ - - ® Hap),

then the matrix of this same operator will be

O-vvvvvvvnennnnn 0 [0 I 0
O-vvevvveveenennn 0 [0 I 0

anl +bpU+c V... apd +b,U + ¢,V - 0 """""""" 0

apd + b, U +ciV ... apl + b, U + ¢,V

Since p is assumed to be completely contractive, the operator matrix in the (2,1)
block of the above matrix has norm bounded by

lon((ai jz1 + bijzo + ci j23))l

< sup{ll(ai,jzi + bi jz2 +cijz3) s |21l = |z2] = |z3] = 1}.
But this latter supremum is equal to
sup{ll(a; j + bi jwi + ¢ jwa)|: [wi| = |wa| = 1}.

Let M be the subspace of C (T? spanned by 1, wy, and w,, where w; and w,
are the coordinate functions.

The above discussion shows that if p is completely contractive, then the map
Y: M — B(H) defined by ¥(1) = I, y(w;) = U, and ¢¥(w,) =V is com-
pletely contractive. By Arveson’s extension theorem, we may extend i to a
completely positive map on C(T?) and then obtain a Stinespring representation
(m, S, K) with S an isometry and 77: C(T?) — B(K) a x-homomorphism.

Identifying SH and H, we have that

V() = Py ()ln.

But since w(w;) and U = ¥(w;) are both unitary, this implies that H reduces
7 (wy). Finally, since 7 (w;) and 7w (w,) commute, and H reduces m(w;), this
implies that ¥ (w;) commutes with i (w,) — that is, that U commutes with V,
a contradiction. Therefore, p is not completely contractive.

If one chooses U and V to both be unitaries, then it is possible to show that
p is not even 4-contractive (Exercise 7.9).
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Another remark to be made is that there exist U and V in M, satisfying the
above conditions, and hence there are three commuting contractions in My for
which p is a contraction but not a complete contraction.

Parrott’s example also shows that we must be extremely careful about what
we mean by the expression “operator algebra.” Consider any *-isomorphism
7: C(T*)— B(K) and let A; =m(z;)® T;,i =1, 2, 3, where the T;’s are the
operators given above. For any polynomial p in three variables we have that
P(Ay, Ay, A3) = t(p) @ p(T1, Tr, T3) and hence ||p(Ay, Az, A3)ll = [ Pllco-
Thus, the algebra A C B(K @& H @ H) generated by A, A,, and Az and the
algebra P(D*) C C(T?) are isometrically isomorphic via the map y: P(D?) —
A, y(p) = p(Ay, Az, A3). Hence, we could regard them as the “same” Banach
algebra.

However, we should not regard them as the “same” operator algebra, because,
by the above calculations, we know that y is not a complete isometry. Thus, the
norms on M,(A) differ from the norms on M, (P(D?)). In fact, since p is not
4-contractive, we have that yy: M4y(P(D?)) = M4(A) is not an isometry. Thus,
P(D?) and A are distinct operator algebras, since in this book we are concerned
with their matrix norm structures.

This subtlety does not arise with C*-algebras. The discussion in Chapter 1
shows that if y: A — B is a *-isomorphism between two C*-algebras, then
Vu: M, (A) — M, (B) is also a *-isomorphism for all n. Hence every isomet-
ric isomorphism between C*-algebras is automatically a completely isometric
isomorphism.

Now that we’ve seen an example of a commutative operator algebra for which
every contractive representation is not necessarily completely contractive, we
would like to present an example in the opposite extreme. That is, some highly
noncommutative operator algebras for which every contractive representation
is completely contractive. In general, it is hard to test if a homomorphism is
contractive. Thus, the following theorem is quite nice.

Proposition 7.9 (McAsey—Muhly). Let A be the algebra of upper triangular
matrices in M, i.e.,

A={(a;;)aj=0 for i>j},
and let {E; ;} be the standard matrix units for M,,. Then every representation

p of Awith | p(Eip)|l < 1 fori < j is completely contractive.

Proof. Let p: A— B(H) be arepresentation. We define a map ¢: M,, — B(H)
by ¢(E;;) = p(E;j),i < j,and ¢(E;;) = p(E;;)*, i > j. We must prove that ¢
is completely positive.
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Since p is unital and a homomorphism, {o(E; ;)} will be projections that sum
to the identity. Since || p(E;;)|| < 1, they will be orthogonal projections. Let H;
be the space that p(E; ;) projects onto, so H = H; @ - -- ® H,,.

Since p(E; ;) = p(E;;)p(E; j)p(E;, ;), there will existoperators T; ; : H; —
"H; such that the operator matrix of p(E; ;) relative to the above decomposition of
His T; ; in the (i, j)th position and O elsewhere. Relative to this decomposition
we have that p((a;;)) = (a;;T;;). Set T; = T; ;11, and note that for i < j,

Tij=T -Tiy1---Tj.

By Theorem 3.14, to prove that ¢ is completely positive, it is sufficient to
prove that (¢(E; ;)) is a positive operator on the direct sum of n copies of
H,H'@® - & H". Decomposing each H' as H} & --- @ H'’, we have that
(¢(E; j)) is represented as an n? x n? operator matrix with each n x n block
having only one nonzero entry.

Reorder the subspaces so that H!, H3, ..., ‘H}; are listed first and the remain-
ing spaces occur in any order. The operator matrix for (¢(E; ;)) with respect to
this reordering is (7; ;) in the first n x n entries and 0 elsewhere.

Thus, it will be sufficient to prove that (7; ;) is positive. Set

o n 0 ... 0

0 0 T» :
R=]": 0 |;

: o Tl

0o ... ... ... 0

then |[R|| < 1,R"™ =0, and (T; ;) =(I — R)™'+ (I — R*)™' — I. Conse-
quently, as in the proof of Theorem 2.6, (T; ;) is positive. O

If we examine the Stinespring representation of p, then it can be seen to give
a factorization of the operator (7; ;). Indeed, if p(A) = V*m(A)V for some
s«-homomorphism 7: M,, — B(K) and isometry V: H — IC, then we know that
up to a unitary equivalence we have that IC = £™ for some Hilbert space £
and 7 (E; ;) is the operator matrix that is I, in the (i, j) entry and O elsewhere.
Writing V: H — L™ as Vh = (Vyh, ..., V,h) where V;: H — L, we have that
p(Ei ) = V]V;.

Since so many positive maps on M, are not completely positive, it is some-
what surprising that every map induced by a representation of .4 is completely
positive.
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Notes

The BW topology was introduced in [6], where the proofs of the extension
theorems also appear, as well as some material on B-dilations.

Parrott [156] originally proved that the set of operators in his example did not
have a set of commuting unitary dilations, i.e., that p(z1, z2, z3) = p(T1, T», T3)
does not have a C(T?) dilation, by examining spatial relations among the uni-
taries. By Corollary 7.7, this is equivalent to the fact that Parrott’s example
yields a contractive homomorphism that is not completely contractive. We’ve
avoided Parrott’s spatial proof in an attempt to cast a different perspective. It
is interesting to note that when V is also unitary, a direct proof of the noncom-
plete contractivity of the homomorphism simplifies (Exercise 7.9), as does the
spatial proof [231]. We do not know if the homomorphism is not 2-contractive
for arbitrary V.

Let us reinterpret the material on commuting contractions in light of Corol-
lary 7.7. Ando’s theorem [5] shows that every pair of commuting contractions
induces a completely contractive homomorphism of the bidisk algebra P(ID?).
So, in particular, every contractive homomorphism of that algebra is com-
pletely contractive. Parrott’s example shows that P(D*) differs in this respect;
contractive homomorphisms need not be completely contractive. The internal
properties of the algebra P(ID?) that lead to this difference do not seem to be
understood. Neither do the internal properties of the bidisk algebra. For exam-
ple, it is not known if every unital contraction (including nonhomomorphisms)
on P(D?) is completely contractive. This is the case for the disk algebra, since
it is a Dirichlet algebra. We shall see some additional explanation of the dif-
ference between the two- and three-variable situations in Chapter 18, but our
understanding of this situation is still not satisfactory.

The results of Crabbe and Davies [69] and Varopoulos [236] examined in
Chapter 5, that not every set of n >3 commuting contractions need satisfy
von Neumann’s inequality, reflect a different property of the polydisk algebras
than Parrott’s example. In Chapter 18, we will formalize this difference a bit
more.

Gaspar and Racz [104] have shown that every set of cyclically commuting
contractions has a set of cyclically commuting, unitary dilations. If given a
C*-algebraic interpretation, their result should add some additional insights.

Choi and Effros [50] prove that for a von Neumann algebra .4, semidis-
creteness (Exercise 7.14) is equivalent to the existence of a net of finite-rank,
completely positive maps R;: A — A such that R; (x) converges to x o-weakly
for all x. Connes [67] proves that semidiscreteness and injectivity are equivalent
for von Neumann algebras.

Proposition 7.9 is adapted from McAsey and Muhly [143].
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Exercises

Let X and Y be Banach spaces, and for f e X*, geY* define Ly, €
B(X,Y*)by Ls,(x) = f(x)g.By considering these operators, prove that
the map j: X ® Y — B(X, Y*)* defined in this chapter has the following
properties:

(1) j is linear,

) jx @yl = lixliyl,

(iii) j is one-to-one.

Since j is one-to-one, the identification of X ® Y with j(X ® Y) endows

X ® Y with a norm (rather than just a seminorm). Conclude that Z of

Lemma 7.1 can be identified with the completion of X ® Y with respect
to this norm. A norm on the tensor product of two normed spaces that
satisfies ||x @ y|| = x|yl is called a cross-norm.

Let Ry, i be the operator defined by R x(x) = (x, k)h. Show that R, j is
trace-class, that Tr(AR;, x) = (Ah, k), and that the linear span of {R), x: &,

k € H} is dense in TC in the trace norm.

Let A be an operator algebra contained in the C*-algebra B, let p: A —

B(H) be a completely contractive, unital homomorphism, and let 7z;: B —

B(KC;), i = 1,2, define minimal B-dilations of p. Define completely pos-

itive maps ¢;: B— B(H) by ¢;(b) = Pym;(b)|n,i =1, 2.

(i) Show that there exists a unitary U: Ky — K, with Uh = h for & in
‘H, and U*my(b)U = m(b) if and only if ¢; = ¢,. Such dilations are
called unitarily equivalent.

(ii)) Show that there is a one-to-one correspondence between unitarily
equivalent, minimal -dilations of p and completely positive exten-
sions of p to B.

(iii)) Show that the set of completely positive extensions of p is a compact,
convex set in the BW toplogy on CP(B, H).

(Extension of bimodule maps) Let A,C be C*-algebras, let S be

an operator system, and suppose that C € S C A. If C € B(H), then
¢: S — B(H) is a C-bimodule map provided ¢(cjacy) = c1¢(a)c,. Prove
that if ¢: S — B(H) is a completely positive C-bimodule map, then every
completely positive extension of ¢ to A is also a C-bimodule map.

Let B € B(H) be a unital C*-algebra. Prove that B is injective if and
only if there exists a completely positive map ¢: B(H)— B such that
¢(b) = b for all b in B. Show that ¢ is necessarily a B-bimodule map. A
map with the above properties is called a completely positive conditional
expectation.

(Sarason) Let A € B(K) be an algebra, and let H be a subspace of /I such
that A — Pj;A|y isahomomorphism on A. Prove that the subspaces H; =
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span{Ah: A € A, h € H}™ and H, = H; N H~* of K both are invariant for
every element of A, and that H; & H = H,. Conversely, show that if H
and H; are invariant for A and H; & H = H,, then compression onto H is
ahomomorphism on A. Such a subspace is said to be semiinvariant for A.

7.7 Let Q = (q;,j) be the element of M, given by ¢; ;11 =1,¢; ; =0 for
all other (7, j), and let N € B(H) satisfy ||N|| < 1, N" = 0. Prove that
Q — N defines a completely contractive representation of the algebra
generated by Q.

7.8 Prove that B is injective if and only if M,(B) is injective for some #.

7.9 In Parrott’s example, show that if U and V are both unitaries that don’t
commute, then p is not 4-contractive. (Hint: Consider [v: 7VU 1)

7.10 (Parrott) Prove that there exist three commuting operators, 71, 15, and T3,
with || ;|| < 1 such that von Neumann’s inequality holds, but that do not
have a commuting unitary dilation.

7.11 Prove that for every n > 3, there exist n commuting operators such that
IT;]| <1,i =1,...,n, and von Neumann’s inequality holds, but that do
not have commuting unitary dilations.

7.12 Let A C B(H) be a unital C*-algebra. If A is closed in the weak opera-
tor topology, then A is called a von Neumann algebra. Prove that every
von Neumann algebra has a predual. The induced weak* topology on .4
is called the o -weak topology.

7.13 Let A be a von Neumann algebra. If there exists a net of o-weakly con-
tinuous, completely positive maps, ¢: A— M,,, ¥,: M,, > A, with
¢, (1) = 1, ¥, (1) = 1, such that v, o ¢, (a) — a, o-weakly for all a in A,
then A is called semidiscrete. Prove that every semidiscrete von Neumann
algebra is injective.



Chapter 8
Completely Bounded Maps

In this chapter, we extend many of the results obtained in previous chapters con-
cerning completely positive maps to the completely bounded maps. Our main
technique is to realize completely bounded maps as the off-diagonal corners of
completely positive maps.

Let us consider for a moment M,,(M,,(A)). For a C*-algebra A, a typical ele-
ment of this algebra is of the form A = (Ai.,j)?fj=1’ where each A, ; isin M, (A).
Thus, A,'qj = (a,',j.k’g)zyezl, with Qi j ke in A. Setting Bk’( = (a,',j,k,e)zlj:l, we
obtain an element of M,,(A), and thus B = (By¢)} ,—, is in M,,(M,,(A)). Now,
M,,(M,(A)) and M, (M,,(A)) are both isomorphic to M,,,(A) by just deleting
the extra parentheses. With these identifications, A and B are unitarily equiva-
lent elements of M,,,(.A); in fact, the unitary is just a permutation matrix.

To see this, note that if we regard A as an element of M,,,(A), say A =
(Cs,z)?ff:p thenc,; = a; j e, wheres =n(i — 1) +k,t =n(j — 1)+ £; while
if we regard B as an element of M,,,(A), say B = (d; ; Zf;’:l, thend; = a; j 1.,
where s =m(k — 1) +i,t =m({ — 1)+ j.

Since the above operation for passing from M,,(M, (A)) to M,,(M,,(A)) is
just a permutation, it is a x-isomorphism. We shall refer to this x-isomorphism
as the canonical shuffle. It is important to note that since the canonical shuffle
is a x-isomorphism, it preserves norm and positivity.

Note that we’ve encountered this permutation earlier in Parrott’s example,
in the proof of Proposition 7.9, and in our discussion of the Kronecker product
in Chapter 3. It is also useful to understand this canonical shuffle in the tensor
notation. Let {E; ;}}" =1 and {Fj ¢}; ,—, denote the standard matrix units for
M, and M, respectively. Our element A of M,,(M,(A)) = (AR M,) ® M,,
isjust A = Zyjj:l A;j ® E; ;, where each A; ; is in A ® M, and has the form
Aij = %=1kt ® Fre Thus, A= ZT;=1 Y kit Gijkt ® Fry® Ei .
On the other hand, By, = ZT,‘:] aijxe® E; j, so that B = ZZ,Z:l Bie ®

97
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Fk’[ = ZZ,Z:I er'r,ljzl ai,j k.t ® Ei,j ® Fk’g, which lies in (A ® Mm) ® Mn =
M, (M,,(A)). When we regard A and B as elements of M,,,,(A), then we see that
B is the image of A under the following string of isomorphisms: M,,,(A) =
My (M (A) = (ARM,) @M, = AQ M, @M,) = AQ (M, ®M,) =
AR M,) M, = M,(M,(A) = M,,(A). Most of these isomorphisms are
so canonical that it is customary to ignore them. Setting 4 = C, it is interest-
ing to note that when we identify M,,, = M,,(M,)=M, ® M,, and M,,, =
M,(M,,) =M, & M,, then it is only the isomorphism between M,, ® M,, and
M, ® M, that leads to the permutation in M,,),.

The following lemma is central to this chapter and introduces the off-diagonal
technique.

Lemma 8.1. Let A, B be C*-algebras with unit 1, let M be an operator space
in A, and let ¢p: M — B. Define an operator system Sy; C Mp(A) by

Sy = Ma A ueC,a,b,e My,
b* ul

and ®: Sy — M>(B) via
® |:[M a ]:| _ |: Al ¢(a):|
b* il db)* pl |
If ¢ is completely contractive, then ® is completely positive.

Proof. Let (S; ;) be in M, (Sp), say

)\i,j a,-,j
Si!j = " .
bi,j Hi, j

Since M,,(S\4) is a subspace of M, (M,(A)), if we perform the canonical shuf-
fle, then (S; ;) becomes an element of M,(M,(A)). Indeed, if we set H =
(Aij), A = (a;;), B = (b;;), K = (1 ;), then the image of (S; ;) under the

canonical shuffle is
H A
[ B K] . 8.1

Similarly, after the canonical shuffle, ®,((S; ;)) becomes

H d’”(A). (8.2)
(B K

Thus, to prove that ® is completely positive, it is sufficient to prove that for all
n, if (8.1) is positive, then (8.2) is positive.
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Now, if (8.1) is positive, then A = B and H and K must be positive. Fix
e>0,andset H. = H +¢l, K, = K + ¢1, so that H, and K, are positive and
invertible. We have that

7 HS—I/ZAKS—I/Z H8—1/2 0
Kgl/ZA*Hgfl/Z It - 0 K;1/2

H A|[H'? 0
X
A* K, 0 K;l/Z

is positive, and consequently by Lemma 3.1,

|H AR <0

172

Also, ¢ (H: P AKT?) = H 2 ,(A)K'/? (Exercise 8.1), and so

He  ¢u)] _[HZ 0
(A K. | | 0 kM

|: I ¢H(H1/2AK1/2)i| |:H£1/2 0 i|
X .

(bn(H_l/zAK_l/Z)* I 0 I(g/2

But, since ¢ is completely contractive, ||¢,(H~/?AK~1/?)|| < 1, and so by
another application of Lemma 3.1, the middle matrix on the right of the above
equation is positive. Thus, the left hand side is positive for all ¢, and so (8.1) is
positive.

Consequently, ® is completely positive, which completes the proof. O

We can now prove a Hahn—Banach-type extension theorem for completely
bounded maps.

Theorem 8.2 (Wittstock’s extension theorem). Let A be a unital C*-algebra,
M a subspace of A, and let ¢p: M — B(H) be completely bounded. Then
there exists a completely bounded map : A— B(H) that extends ¢, with

@lleo = 1Y llco.

Proof. We may assume without loss of generality that ||¢||., = 1. Let Sy and
® be as in Lemma 8.1. Since ® is completely positive, by Arveson’s extension
theorem there exists a completely positive W: My(A) — Mp(B(H)) = B(H &
'H) extending &.
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oo iD= )

Clearly, ¥ is linear, and since W extends &, ¥ extends ¢. Also, since W is

unital,
0
v ([0 g])” < 191l lall < lal.
and so v is contractive.

To see that  is completely contractive, let A = (a;, ;) be in M,,(A); then

0 a ;17" | * vaiy) !
w([lo ) -1 el
i,j=1 i,j=1
After performing the canonical shuffle, the right hand side becomes
* Yn(A)
* x|’

where the asterisk now indicates an n x n rather than a 1 x 1 entry. Thus, by
the same inequality as above,

0 a1
H(A) < "
V. (A < HO 0 le

But after a canonical shuffle,

0 a ' becomes 04
0 O =1 0 0]

Thus, ||¥,,(A)|| < ||A|l, which is what we needed to prove. O

Define ¢ via

(@l <

If M is an operator space in the C*-algebra .4, B is another C*-algebra, and
¢: M — Bisalinear map, we set M* = {a: a* € M} and define a linear map

o M* — B, via ¢*(a) = ¢p(a™)*.
When M = M*, we set
Re¢ =(¢p+¢")/2, Ime = (p—9¢")/2i,

so that Re ¢, Im ¢ are self-adjoint, linear maps with ¢ = Re ¢ + i Im ¢. We
note that some care is needed, since, in general, (Re ¢)(a) # Re(¢(a)), but they
are equal when a = a*.
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The above lemma also yields the following decomposition theorem for com-
pletely bounded maps.

Theorem 8.3. Let A be a C*-algebra with unit, and let ¢: A— B(H) be
completely bounded. Then there exist completely positive maps ¢;: A — B(H)
with ||@illes = P llev, i = 1, 2, such that the map ©: M(A) — B(H & H) given

by
[[a bﬂ #1(a)  ¢(b)
b =
c d ¢*(c) ¢a(d)
is completely positive. Moreover, if ||¢llcv < 1, then we may take ¢(1) =
(1) = Iy

Proof. Clearly, we may assume that ||¢||., = 1. Applying Lemma 8.1 with
M = A, we obtain a completely positive map &: Sy — B(H & H) where
S4 € My(A).

By Arveson’s extension theorem, ® extends to a completely positive map on
all of M»(A), which we still denote by ®. Since [? §]is in S4, by the definition

of @,
[[0 bﬂ [ 0 ¢<b>] [ 0 ¢<b)}
() = = .
c 0 Y Cad W ¢*(c) 0

Now, let p be positive, p < 1; then since

e

ool =el 3]
<o[s o] =[o o]

A straightforward calculation shows that these inequalities taken together

imply that
p Of] | O
olls ol =L o]

we have
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Since A is the span of its positive elements, there must exist a linear map
¢1: A — B(H) such that

olle O] ¢i1(a) 0 .
00 0 O
By an argument similar to the proof in Theorem 8.2, that ¥ is completely

contractive, one obtains that ¢; is completely positive.
By analogous arguments, one obtains a completely positive map ¢,: A —

B(H) satisfying
0 0 0 o
CDHO dﬂz[o @(d)]

Thus, we see that any completely positive map & obtained via extension
from S 4 to M,(A) has the desired form,

a b]]_ _[[0 b a 0]]_|¢i@ o¢b)
o[ dll=oll2 ) olls 5= 3% )
for some ¢; and ¢»,.

Since ¢1(1) = ¢»(1) = 1, we have that [|p1 [lcy = ll$2]lco = [I¢lcv. This com-
pletes the proof of the theorem. O

An alternative way to prove the above theorem is to use the fact that ® fixes the
C*-subalgebra, C @ C, consisting of scalar diagonal matrices, and consequently
by Corollary 3.19 is necessarily a bimodule map over this algebra. An extension
of this idea is included in Exercise 8.6.

The above decomposition leads readily to a generalization of Stinespring’s
representation.

Theorem 8.4. Let A be a C*-algebra with unit, and let ¢p: A — B(H) be a com-
pletely bounded map. Then there exists a Hilbert space K, a x-homomorphism
m: A— B(K), and bounded operators V;: H — IC, i =1, 2, with ||@]lcr =
IVill - IVl such that

Pa) = Vim(@)V,

for all a € A. Moreover, if ||¢lleo = 1, then V| and V, may be taken to be
isometries.

Proof. Clearly, we may assume that ||¢||c, = 1. Let ¢y, ¢, and @ be as in
Theorem 8.3. Let (;r;, V, K;) be a minimal Stinespring representation for @,
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and note that since @ is unital, V may be taken to be an isometry and 7| to be
unital.

Since M(.A) contains a copy of M», the Hilbert space KC; may be decom-
posed as Ky =K @ K in such a way that the *-homomorphism 7;: M,(A) —
B(K & K) has the form

o119 bl| [#m@) =(®)
"l d]] T |7 m@]’
where 7: A — B(K) is a unital x-homomorphism (Exercise 8.3).
Thus, we have that V: H & H — K @ K is an isometry, and

¢1(a)  d(b) _ oy n(a) m(b) v
¢*(c) ¢a(d) n(c) m(d)

o) =[7" oJfe) =77 o] v[o
=[5 o)

and since V is an isometry, we must have that

vo] =[]

Thus, there is a linear map Vi: H — KC such that

For hin H,

(B-[2)
0 0
and V| must also be an isometry. Similarly, there exists V,: H — K such that
0 [0 ]
vl =)

Consequently,

¢i(a)  ¢(b) _yr m(a) n(b) v
¢*(c) ¢a(d) n(c) m(d)
_ VI*JT((Z)V] VI*JT(b)VQ
|\ Virevi Vir@Va |’

which completes the proof of the theorem. O
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Unlike the Stinespring representation of a completely positive map, there are
no extra conditions known to impose on the above representation of a completely
bounded map that will make it unique up to unitary equivalence. Given &, one
can always take its minimal (and hence unique) Stinespring representation,
but unfortunately & is not uniquely determined by ¢. Recall that ¢ uniquely
determines a completely positive map on the operator system

S = {()L a):k,u €C,a,b EA} C M(A)
b*

and that & is obtained by extending this completely positive map from S to
M;(A). Thus, in a certain sense the nonuniqueness of the representation is
parameterized by the set of possible completely positive extensions. It is pos-
sible to impose conditions on the above representation such that it is unique up
to conjugation by a (generally unbounded) closed, densely defined similarity
[171].

Theorem 8.5 (Wittstock’s decomposition theorem). Let A be a C*-algebra
with unit, and let ¢: A — B(H) be completely bounded. Then there exists a
completely positive map ¥: A — B(H) with ||l < |@lley sSuch that £
Re(¢) and = Im(¢p) are all completely positive. In particular, the completely
bounded maps are the linear span of the completely positive maps.

Proof. Let¢(a) = V"7 (a)V, be as in Theorem 8.4 with |V, || = || V|l = |11/,

and set Y (a) = (Vi (a)Vy + V,m(a)V,)/2, so that ¢ is completely positive
and (| [lco = [[¥ (DI < [I¢llcv- Notice that ¢*(a) = V; 7 (a) V1, so that

2¢r(a) £2Re ¢(a) = (Vi £ Vo)'m(a)(Vi £ V2),
2¢(a) £21Im ¢(a) = (Vi FiVo)'w(@)(Vy FiVa),

and each of these four maps is completely positive.
For the last statement, note that

20 =((y +Re ¢) — (¥ —Re ¢)) +i((Y +1Im ¢) — (¥ — Im ¢))

is a decomposition of ¢ into the span of four completely positive maps. O

Operator-Valued Measures

Let X be a compact Hausdorff space, let E be a bounded, regular, operator-
valued measure on X, and let ¢: C(X) — B(H) be the bounded, linear map
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associated with E by integration as described in Chapter 4. We call E completely
bounded when ¢ is completely bounded.

By Wittstock’s decomposition theorem, E is completely bounded if and
only if it can be expressed as a linear combination of positive operator-valued
measures.

When H is one-dimensional, that is, when E is a bounded, regular, complex-
valued measure on X, then the associated bounded, linear map ¢: C(X) — C
is automatically completely bounded by Proposition 3.8. Wittstock’s decom-
position becomes the statement that every complex measure is the span of
four positive measures. If we let i be defined by integration against the total
variation measure |E| associated with E, then i £ Re ¢ and ¢ 4+ Im ¢ are
completely positive maps, and ||/ [ = ¥ (D] = |EI(X) = l|¢ll = 1@ ]lco-

Thus, we see that in some sense, the ¢ of Wittstock’s decomposition can be
thought of as a total variation or an “absolute value” of the completely bounded
map ¢. This analogy is pursued in [139] and [171].

In a closely related development, Loebl [139] defines a self-adjoint map
¢: C(X) — B(H) to have finite total variation if

sup {Z ¢ fOIl: fi is a partition of unity}

is finite, and proves that every such map decomposes as ¢ = ¢; — ¢, with ¢,
and ¢, (completely) positive. In particular, this shows that such maps are com-
pletely bounded. However, Hadwin [109] has shown that there are completely
bounded, self-adjoint maps that are not of finite total variation.

Unfortunately, there is no known analytic characterization of the completely
bounded, operator-valued measures. To illustrate the difficulties, let us suppose
for simplicity that E is self-adjoint and completely bounded.

From Wittstock’s decomposition, we obtain a positive, operator-valued mea-
sure F such that F(B)+ E(B) > 0 for all Borel sets B. If E and F were
scalar-valued, this inequality would imply that F(B) > |E(B)|, but for oper-
ators, this is far from the case. In fact, it is possible for E to be completely
bounded while

P { HZ |ECB))I H B; disjoint, Borel} = +o0.

This phenomenon was first described by Hadwin [109], and we reproduce his
example here.

Let X = {x,}:;2, be a countable, compact Hausdorff space, and let A,,, n =
1,2, ..., be a sequence of self-adjoint operators on H. If these operators are
summable in the weak operator topology, then setting E({x,}) = A, defines a
self-adjoint, operator-valued measure on X.
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Now, let H be a separable Hilbert space with orthonormal basis, ey, e, .. .,
and define A,, via

1
Anf = ;((f’ er)e, + (fv en>€1),

so that

1
| Anlf = —({f. er)er + (f. enden).

It is easily checked that the A,’s are summable in the weak operator topology,
but that the |A,|’s are not, since (|A, | e, e1) is the harmonic series. Thus,
setting F({x,}) = |A,| will not define an operator-valued measure. However,
setting

1
B, f = ;(fs er)er + {f, ex)en

yields a sequence of positive operators that are summable in the weak operator
topology and satisfy

B,+ A, >0.

Thus, setting F({x,}) = B, yields a positive operator-valued measure such
that F £ E are positive.

It is easy to see that the linear map ¢: C(X) — B(H) induced by E is com-
pletely bounded, but not of finite total variation.

Note that the decompositionof A,, = (B, + A,)/2 — (B, — A,)/2 into the dif-
ference of two positive matrices is not the usual decomposition, A, = A}f — A,
for if it were, then necessarily, we should have B, = AIJ{ + A, =|A,l.

In fact, since {|A,|} is not summable, either {A}} or {A;} must not be
summable. This happens in spite of the fact that we can decompose each A,
into a difference of positive operators, namely (B,, &+ A,)/2, with both of these
sequences of positive operators summable.

Bimodule Maps
At the moment we have many results about completely bounded maps, but
few tools for determining when bounded maps are completely bounded. For
bimodule maps there is a nice theory.
Let C € Bbe C*-algebras. We shall call C matrically norming for B provided
for every (B;;) in M, (B) and every n we have that

1B = sup{ > CiBy;D,
i,j=1

2C,‘,Dj€C}
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with |37, C;CF|| < 1 and || Z'}zl D3 Dj|l < 1. This condition looks strange
until one realizes that
D,
Y CiBijD; = (Cy. ..., Cy)(Bij)
i,j Dn
and the above inequalities are simply the requirement that the row of C’s and
column of D’s each have norm less than or equal to 1. Thus

Dy
< ICry ot COINBP : < 1Bl
D,

Z CiBijD;
i

and C is matrically norming for B precisely when we can achieve ||(B;;)| as
the supremum of such products. Note that C plays the same role as the complex
numbers play for computing the norms of scalar matrices.

For an easy example of this phenomenon, consider B= C(X), and let C
be the constant functions, which can be identified with C. By compactness
we have that for (f;;) € M,(C(X)) there exists xo with |[(fi)|l = I(fi; (xo))l.
One can then choose unit vectors & = (cy, ..., ¢,), k = (d, ..., d,) such that

I(fij oDl =132 ; ci fij(x0)d;| and hence [[(fip)ll = | 2=, ; ci fij djll-
Proposition 8.6. Let A, 3, and C be C*-algebras with C a subalgebra of both
A and B. If C is matrically norming for B and ¢: A — B is a C-bimodule map,
then ||@ll = || @]lco-

Proof. For any (A;;) in M,(A) we have that

1@l =supl| Y- cipainp; |- ..oy e | Y ccr| <1
and | D*D; | < 1}. But
|>-ciocainn;| = |o (32 ciaun;)| <16l A
and the result follows. U

Since every linear map is a C-bimodule map, the above result gives another
proof of the fact that for maps into 5 = C(X) the norm and cb norm are the
same.

There is another instance in the theory of completely bounded maps where
the usual decomposition of a self-adjoint operator A into A™ and A~ is not the
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“best” decomposition into a difference of positive operators. This occurs in the
theory of Schur products.

Schur Products Revisited

Let A be in M, and let S4: M,, - M, be given by Ss(B) = A * B. Note
thatif D = diag(d;) is a diagonal matrix, then SA(DB) = (a;;d;b;j) = DSa(B)
and similarly Sq(BD) = Sa(B)D. Thus, Schur product maps are bimodule
maps over the C*-algebra D,, of diagonal matrices. In fact, by Exercise 4.4, if
¢: M, - M, is a D,-bimodule map, then ¢ = S, for some matrix A. Using
the representation theorem for completely bounded maps and Proposition 8.6,
we can now characterize the norm of Schur product maps.

Theorem 8.7. Let A = (a;;) be in M,,. Then the following are equivalent:

(i) IS4l =1,
(i) 11Salles < 1,
(iii) there exist 2n vectors Xi, ..., Xy, Y1, ..., Yn, in the unit ball of some

Hilbert space such that a;; = {(x;, y;).

Proof. Clearly (ii) implies (i). To see that (i) implies (ii), we will prove that D,, is
matrically norming for M,,. Suppose that we can prove that for every hy, ..., hy
in C" with || ]| + - - - + ||Ax]|> < 1 there exists a unit vector s and Dy, ..., Dy
such that h; = D;h for all j and || 3_ DjD;|| < 1. Then given B = (B;;) in
M (M,), there will exist hy, ..., h, hy, ..., ¢ with |h])2 4 - 4 |he])? =
IAaill> + - - + |Ae])> = 1 such that

IBI = (Bijhj. hi).

iJj

For these vectors we choose Dy, ..., Dy, Dy, ..., Dy, h, and & as above and
find that | B|| = Y, ;(Bi; Dk, Dih). Consequently, || B|| = || >, ; Di Bi; D, |,
and we will have that D, is matrically norming for M,,.

To establish the claim, let &y, ..., h; be as above, and let ¢ denote the
vector all of whose entries are 1’s. Set H; = diag(h;), so that h; = H;e and
Ti(H}Hj) = [AjlI>. Let P =Y H}Hj; set h = P'2¢ and D; = H;P~'/%,
Then ) DD, = P2 H;.FHJ)P*I/2 =1,Djh = (H;P~'/?)(P%e) =
h;, and |h|]? = (P/%e, P1/2e) = (Pe, ¢) = Tr(P) = Zj ||hj||2 <1, and we
have shown the claim. Thus, (i) implies (ii), and ||Sa|| = [|Salley for every
Schur product map.

To prove that (ii) implies (iii), use Theorem 8.4 to write Ss(B) =
Vi'm(B)V, where V;: C" — H,i = 1, 2, are isometries and 7: M, - B(H)isa
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*-homomorphism. Let ey, ..., e, be the canonical basis for C", set E; = E};
and define 2n vectors in H via

)Cj:ﬂ.’(Ej)Vze‘j, j:l,...,}’l,
yi = n(E;)Viey, i=1,...,n.
We have
Ix; 1> = (V' (ES - Ej)Vae. e))
= (V;n(Ej )Vaej, e))
<1, j=1...,n,
and similarly that
lyil> <1, i=1,....n.
Let a; ; denote the (i, j)th entry of A; then
(xj, yi) = (V[ m(E]Ej)Vze;, e;)
= (V' (E; j)Vze;, e;)
= (Sa(Ei jej, ;)
= Cli,j.
Thus, if ||Sa|lcs < 1, then there is a Hilbert space and 2n vectors in its unit ball
such that

A = ((x), yi))-
Thus, (ii) implies (iii).
Finally, we prove that (iii) implies (i). Assume that A = ({x;, y;)), where
lx;]l < 1and ||y;]l <1,1<1,j <n, are vectors in a Hilbert space H. Given

BeM, h=(ay,...,a,), and k = (B4, ..., B,) in C", we must prove that
[{(Sa(B)h, k)| < | Bllllk]l[lk]l. We have

[(Sa(BYR, k)| = | D (xj, yidubi st Bi

iJ

ax Biyi
= <(bi,j1H) ] : >

ApXn /3" Yn H

1610l (e 1) (X 1)

< IBIl- 1] - Ik,

IA

since [lo;x ]| < |oej| and ||B;y; |l < |B;| foralli and j. Thus, |[S4]l < 1, and the
proof of the theorem is complete. O
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We are now in a position to characterize completely bounded Schur product
maps on B(£?). We leave the analogous result for completely positive maps to
the exercises.

Corollary 8.8. Let A = (a;;);_, be an infinite matrix. Then the following are
equivalent:

(i) Sa: B(£?) — B(£?) is bounded with || S| < 1,
(ii) Sa: B(?) — B(£?)is completely bounded with ||Sallep < 1,
(iii) there exists a Hilbert space 'H and vectors {xj};?‘;l and {y;}2, in H with
lx;jll < 1and |yl <1foralliand j, such that a;; = (x;, y;).
Proof. Given B = (b;j);5_; let B, = (bi,;); ;_,. Itis easily checked that B is
a bounded operator on £ if and only if sup,, || B, | is finite and that in this case

| BIl = sup, || Byl

Consequently, S4 is bounded if and only if sup,, [|S4, |l is finite and [|Sa|| =
sup,[|Sa, |1

Similarly, one can see that || S4||c, = sup,||Sa, llco and so |Sall = |Sallc. by
applying Theorem 8.7. The proofs that (ii) implies (iii) and (iii) implies (i) are
as in Theorem 8.7. O

From the above two results we see that for Schur product maps,
[1Sall = [ISallep = inf sup{{lx; Iy [I},
XY i,j

where the infimum is over all sets of vectors X ={x;}, Y ={y;} satisfying
(xj, ¥i) = a;;. Moreover, the infimum is attained.

The following criterion for an infinite matrix to give rise to a bounded Schur
product map is often useful.

Theorem 8.9. Let A = (aij)i‘}zl, and set bij =a;j — ait+1,j — 4i,j+1 +
Ait1,j+1- Ifthe limits hm] aij =S, lim; ajj =1tj, limy; s, hmj t; allexistand{bij}

is absolutely summable, then S4: B(#?») — B(£?)is completely bounded.

Proof. First note that

o0 o0 o0
E E bex = E Qi — btk — Qi k1 + by
=) =i =

=da

ij —Si—1j +li]£ntk,
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while

o0
Zb(,k =a;; — S —tj+ lilInSg.

i k=j

2

o~
I

Hence the absolute summability of {b;;} implies that lim; s; = lim; #; = w.

Choose complex numbers {c;;}, {d;;} such that |c;;| = |d;;| and ¢;;d;; = b;;.
Fix a Hilbert space and a set of orthonormal vectors {e;; }?3:1 U{e, f, g}. Define

M2

Xj=-—we+t;f+g+ Creere,

yi=e+ f+sig+ dreepe.

NgE
M 1D

~
Il

1

o~
I

Then it is easily checked that {x;} and {y;} are norm-bounded sets with

NgE
M2

(j,yi) =—w+t;+s + bke = ajj,

1

~
Il
~
Il

J

and the proof is complete. O

Itis interesting to see how the decomposition in Theorem 8.3 relates to Schur
product maps. If A = ({x;, y;)) with |lx;]| <1, |ly;|| <1 for all i, j, then let
Py = ({x;, x:)), P» = ({y}, yi)), and note that

P1A>().
A P| ™

By Exercise 8.7, we have that Sp, and Sp, are completely positive and this is
the decomposition of Theorem 8.3 for S4.

Itis interesting to see how Wittstock’s decomposition of S for A self-adjoint
relates to the usual decomposition of a self-adjoint matrix as a difference of
positive matrices. Suppose that A = A*, so that the usual decomposition of A
into a difference of positive matrices is given by A = 1(|A| + A) — 1(|A| —
A) = AT — A~ From this it follows that S|A‘ + S4 > 0,that Sy = Sp+ — Sa-
is a decomposition of S, as the difference of two completely positive maps
and that [[Sallco < IIS)4)llco- If equality holds in this last inequality, then §)4,
could play the role of v in the Wittstock decomposition theorem for ¢ = Sy.
However, we shall see [Exercise 8.7(vii)] that, in general, ||Salleo < [IS)4)llcb-

Thus, the usual decomposition of a self-adjoint matrix into a difference of
positive matrices, while minimal in some senses, is not minimal for the Wittstock
decomposition of S4. This makes it somewhat surprising that when A = A%,
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then there always is a positive matrix P with P = A > O and ||Sp|lev = [|Salleb
[Exercise 8.7(v)].

Let M be an operator space, let ¢: M — B, and let ® and Sy be as in
Lemma 8.1. It is easy to see that if ||¢x|| < 1, then the proof of Lemma 8.1
shows that @ is k-positive. Thus, if ¢: M — M, and ||¢2,]| < 1,then : Sy —
M>(M,)) = M, will be 2n-positive, and consequently completely positive. But,
if ® is completely positive, then ¢ must be completely contractive. Hence,
ld2: 1l = llpllep for maps into M,,. Because of the special nature of the subspace
S, it turns out that if ® is n-positive, then it is completely positive, and
consequently, ||¢,|| =||¢|len- To obtain this more delicate result, we need a
preliminary lemma.

Lemma 8.10. Let A be a C*-algebra, and let P = (Pi,j)i2,13'=1 be a positive
element in M, (M>(A)) where

Then

n
aij  bijin
Citn,j di+n,j+n ij=1

Pl"OOf Set A = (a,‘,j), B = (bi,j)v C = (Ci,j), and D = (di,j) fOfi, J = 1, veey
2n. After the canonical shuffle, P becomes [ é g], and so this latter matrix
is positive. Now partition each of the 2n x 2n matrices into 2 x 2 matrices
consisting of n x n blocks in the natural fashion. That is,

Ay Al2]
A= ,
|:A21 A

where Ay = (a;,))} i1 Az = (@i j4n); 1 A2t = (@ign,j)} j=y, and Ay =
(Ai+n.j+n)fj=1 with the same definitions for B, C, and D. Thus,

is positive in M,(M,(A)).

Ay Ap Bu B
|:A Bi| Ay Ay By By
¢ D Cn Cn D Dnp
Cy Cxn Dy By

is positive.
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A moment’s reflection shows that if such a matrix is positive, then the four
corners will form a positive matrix, that is,

Ay By
Cy Dy
will be positive.

The result follows by performing the canonical shuffle on this last
matrix. O

Proposition 8.11 (Smith). Let M be an operator space, and let p: M — M,
be a linear map. Then ||¢, || = ||®||cb-

Proof. 1t is sufficient to assume that ||¢, || = 1 and prove that ®: Sy — My,
is completely positive, where @ and Sy are defined as in Lemma 8.1. By
Theorem 5.1, to prove & is completely positive, it is sufficient to prove that the
associated linear functional S¢: M»,(Spr) — C is positive.

Thus, let P = (Pi,j)iz,r;=1 be positive in M5, (Sxq), with

)\,[’j Cl,"j
Pij=1_, ,
by i

2n - Se(P) = D(P; j)i.j +
i j=1

and calculate

QP jn )i, j+n)
ij=1

n n
+ Z D(Pijn, j)itn, jy + Z D(Pitn, j+n)i+n, j+n)
=1 =1

n n
= Z)»i,i + Z (@i jrn)i.j+n)
i=1 ij=1

n n
+ Z ¢(bi,j)?[+n,j) + Zl: Mi+n,i+n
i=

ij=
n
= Z ¢(Aij)i.j)
ij=
where

A Aij o Gijn
ij = b .
i+n,j Mitn,j+n

By the above lemma, A = (A4; ;) is a positive element of M, (Sx(), and if we set
x =e; @ --- @ e,, then the last sum above is easily recognized as (P, (A)x, x).
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But this last expression is positive, because the assumption that ||¢,|| = 1 is
enough to guarantee that ® is n-positive, as observed in the remarks proceeding
Lemma 8.10. O

The counterpart of Theorem 3.14 for completely bounded maps is not true.
If ¢: M, — B, then, in general, ||¢, || # l|¢ ||, and in fact, there does not exist
any integer m = m(n) such that ||¢,, || = ||¢|le for all ¢. This follows from
work of Haagerup [108].

Combining Proposition 8.11 with Exercise 3.10(ii), we see that for maps into
M, l1®llcv < n||l¢]l, which gives another proof of Exercise 3.11.

Notes

Wittstock obtained his decomposition theorem for completely bounded maps
in [242] and proved the extension theorem for completely bounded maps in
[243]. His proofs used his theory of matricial sublinear functionals, which is a
generalization of the Hahn—Banach theorem to set-valued mappings into B(H).

Haagerup [107] obtained these same results by exploiting the correspondence
between maps from M into M,, and linear functionals on M, (M), as was done
for completely positive maps in Chapter 6. The difficult part of this approach
in the completely bounded case is that the norm of the associated linear func-
tional and the cb norm of the mapping into M, are not very closely related.
Thus, for example, to obtain an extension of a map from M into M,, to A into
M,,, where M C A, with the same cb norm, one must extend the associated
linear functional on M,, (M) to M, (A), but in a very particular fashion. This
technical stumbling block was the main obstruction to the theory of completely
bounded maps developing simultaneously with the theory of completely pos-
itive maps. To overcome this difficulty, Haagerup used a technique that even-
tually led to the definition of the Haagerup tensor norm, which is studied in
Chapter 17.

The proofs that we have presented here using the off-diagonal technique
appeared in [158] and [159].

The generalization of Stinespring’s representation theorem to completely
bounded maps is referred to as the factorization theorem for completely bounded
maps in some other texts. This result first appeared in [107] and [159]. Although
this result can be deduced from Wittstock’s decomposition and extension the-
orem, it is a bit tricky to get the statement about the equality of the norms via
that approach. Even in the abelian case and with C for the range, it is difficult
to express the norm of a measure in terms of inequalities involving its real and
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imaginary parts. Arguably the only way to achieve this in the noncommutative
case is via the off-diagonal trick.

The results in [107], [159], and [243] were obtained independently and within
about a six-month time period. It is certain that Wittstock obtained his proofs
first, and in any case his early work was the inspiration for [107] and [159].

Proposition 8.11 was obtained by Smith [214].

Haagerup [107] was the first to prove that for Schur product maps, [|S4| =
[ISAllcb- Smith [217] later gave a simpler proof that contained the idea of a
matricially norming subalgebra. This concept has subsequently been devel-
oped further by Pop, Sinclair, and Smith [195] and has many applications to
computing cohomology.

Theorem 8.9 is a slight variation of a result of Bennett [14].

The generalization of the off-diagonalization technique to C-bimodule maps
(Exercise 8.6) is in Suen [225]. Wittstock had proved the decomposition and
extension theorems in this more general setting earlier ([242] and [243]).

Exercise 8.8 is proven in Haagerup [108], where a partial converse of the
Wittstock decomposition theorem is obtained. Namely, if a von Neumann alge-
bra has the property that the span of the completely positive maps from it into
itself is the completely bounded maps, then it is injective. An example is given
by Huruya [125] of a C*-algebra that is not injective, but is such that every
completely bounded map into it is in the span of the completely positive maps.
However, this decomposition does not meet the norm inequality in the state-
ment of the Wittstock decomposition property. It is known that a C*-algebra
that has the Wittstock decomposition property, including the norm inequality,
is injective. See [220] and [193] for more on this topic.

Smith [214] proved that the C*-algebra C([0, 1]) has the property that not
every completely bounded map from it to itself is in the span of the completely
positive maps.

Exercises

8.1 Show that Re(¢,) = (Re ¢),,, and that (¢*),, = (¢,)*.

8.2 Letp: M — B, let H, K be in M,, and let A be in M, (M). Prove that
¢.(H-A-K)=H -¢,(A)- K. Thus, ¢,: M,,(M) - M,(B) is an M,,-
bimodule map.

8.3 Verify the claim of Theorem 8.4.

8.4 Show that if ¢ is completely bounded, and ¢(a)=V'm(a)V, is the
representation of Theorem 8.4 with || V| = || V2], then setting ¢;(a) =
V*m(a)V; yields the map ® of Theorem 8.3.
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8.5 Prove that the conclusions of Theorems 8.2, 8.3, and 8.5 still hold when
the range is changed from B(H) to an arbitrary injective C*-algebra.

8.6 Let A, B, and C be C*-algebras with unit, with C contained in both A
and B, and 14 = 1¢, 15 = 1¢. Let M C A be a subspace such that
ci-M-co C Mforall ¢y, ¢; in C, and set

S:H:Cl a:|:a,b€./\/l, C1,6‘2€C}.
b* C

(i) Provethatif ¢: M — Bisacompletely contractive C-bimodule map,
then ®: S — M,(B) defined by

ol |- ] @ ¢(a)
b* b)Y o

is completely positive.

(ii) Prove thatif B is injective, then the conclusions of Theorems 8.2, 8.3,
and 8.5 still hold with the additional requirement that the maps be
C-bimodule maps. (Hint: Use Theorem 3.18.)

8.7 Let A = (q; j)l‘.’j.zl. Prove that the following are equivalent:

(i) Sa: B(£?) — B(f?)is positive,

(i) Sa: B(f?) — B(£?)is completely positive,

(iii) there exists a Hilbert space H and a bounded sequence of vectors
{x;} in H such that a;; = (x;, x;).

8.8 Let S4: M,, > M, be the Schur product map Ss(B)=A * B. Let A=

H + i K be the decomposition of A into its real and imaginary parts.

(i) Show that Re(S4) = Sy.

(ii) Prove that there exist positive matrices P; and P, such that ¢; =
Sp.,1=1,2, satisfy the conclusions of Theorem 8.3 for ¢ = S4.
(Hint: Recall Exercise 4.4.)

(iii) Prove that P; and P, are such a pair of positive matrices if and only
if |Sp, lleb = [1Sp,lle = 1Salleo and [ ;1 7 1is positive.

(iv) Let [|Salleo <1, and write A = ({x;, y;)) as in Theorem 8.7. Show
that Py = ({y;, yi)), P = ({xj, x;)) are such a pair of positive
matrices.

(v) Let d(B) denote the maximum diagonal element of a matrix.
Conclude that

. Pl A P1 A
ISallep = inf {d : >0¢.
A* Pl |ar P
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|[A*| A
>0
A* Al T

(vii) Give an example where [ Ss|lco < max{d(JA*|),d(]A])}, with
A= A*
8.9 (Haagerup) Let ¢y, ¢, ¢: A — B. Prove that ®: M(A) — M,(B), de-

fined by
q)|:a b]z $1(@) $(b)
c d P*e) ¢a(d) |’

is completely positive if and only if W: A — M,(B), defined by

W) = di1(a) P(a) ’
o*(a) ¢a(a)

(vi) Show that

is completely positive.
8.10 Let ®: M(M,)) — M,(B) be given by

o [a b} [er@ o)
c d ¢ (@) ¢~ ()]’
and let £ = (E; ;) be in M,(M,,), where E; ; are the canonical matrix
units. Prove that ® is completely positive if and only if

(E)  ¢(E)
¢, (E) ¢, (E)
is positive.
8.11 Let¢p: M, — B, set B = (¢(E; ;) in M,,(B), and let |B*| = (p; ;), |B| =
(gi,j)- Define linear maps ¢y, ¢: M, — Bby ¢1(E; ;) = pij, p2(Ei ;) =

qi,j-
(1) Prove that ®: M,(M,) — M,(B), defined by

|:|:a bﬂ ¢i1(a) (D)

P = ,
¢ d ¢*(c)  ha(d)

is completely positive.

(ii) Prove that ()13, < pi1 + -+ panll*-llgu + - - + gl and
that this estimate is sharp.
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(iii) Let B*B = (c; ;). Prove that |[c;y + - - +cpull <1 ||¢>||§b, and that
this estimate is sharp.

8.12 Prove directly that if ¢: C(X) — B(H) has finite total variation, then ¢
is completely bounded.

8.13 Let E be a completely bounded, operator-valued measure. Prove that
E has finite total 2-variation, i.e., that sup{_ |||E(B;)|*||: B; disjoint,
Borel} < +o0.

8.14 (Sakai) Let A be a C*-algebra, and let f: A — C be a bounded, self-
adjoint linear functional with || f|| < 1. Show that f = f| — f,, with f;
and f, positive linear functionals and || f; + f>|| = 1.

8.15 Let A=(a;;){-,, and assume that S, is bounded. Prove that if
lim; lim; a;; and lim; lim; a;; both exist, then they must be equal. (Hint:
Write a;; = (x;, y;), and use the weak* compactness of the ball in Hilbert
space.)

8.16 Prove that if for every B = (b;;) on B(¢£?) the matrix

0, i>}],
C = (Cij) where Cij = {bij, ; < j,
is in B(£?), then S, is bounded, where
0, i>j
A = (a;j), aij:{l’ i<

Use Exercise 8.15 to show that S, is not bounded, and deduce that there
exists B in B(£?) for which C is unbounded.

8.17 Fix asubset P C {1,...,n} x {1, ..., n}, and define a subspace Mp C
M, viaB € Mpifandonlyif B = (b;;) withb;; = O whenever (i, j) ¢ P.
Show that M € M,, is a D,-bimodule if and only if M = Mp for
some P.

8.18 Let P, Mp be as in Exercise 8.17, and assume we are given complex
numbers (g;;) for every (i, j) € P. Such a matrix is called partially de-
fined. Show that there is a well-defined D,-bimodule map ¢: M, — M,
given by ¢((b;;)) = (a;;b;;) and that every D,-bimodule map arises this
way. Prove that ¢l = [l¢lleo = infx.y supg;cp{llx; 1111}, where the in-
fimum is over every set X = {x;}, Y = {y;} satisfying (x;, y;) = a;; for all
(i, j) € P. Given a partially defined matrix A = (qg;;) as above, a choice
of the remaining undefined entries is called a completion of A.

8.19 Show that M p is an operator system if andonly if (i, i) € Pforl <i <n
and if (i, j) € P then (j, i) € P. Let M p be an operator system, and let
¢: Mp — Mp and A = (g;;) be as in Exercise 8.18. Prove that the
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following are equivalent:

(1) ¢ is positive,

(ii) ¢ is completely positive,
(iii) A has a positive completion.

8.20 Say E has finite total p-variation if sup{>_ ||E(B;)|”|: B; disjoint,
Borel} < +00. Does E have finite total 1-variation if and only if its associ-
ated map, ¢: C(X) — B(H), has finite total variation? If E is completely
bounded, must E have finite total p-variation for all p > 1?



Chapter 9
Completely Bounded Homomorphisms

In Chapter 7 we saw that if 3 is a C*-algebra with unit, and .4 is a subalgebra
of B containing 15, then the unital, completely contractive homomorphisms
of A into B(H) are precisely the homomorphisms with B-dilations. In this
chapter, we prove that the unital homomorphisms of .4, which are similar
to homomorphisms with B-dilations, are precisely the completely bounded
homomorphisms.

If Ais a C*-algebra, then every unital, contractive homomorphism is a posi-
tive map and hence a x-homomorphism. Thus, for unital maps of C*-algebras,
the sets of contractive homomorphisms, completely contractive homomor-
phisms, and x-homomorphisms coincide. In this case, the above result says
that a unital homomorphism of a C*-algebra is similar to a *-homomorphism
if and only if it is a completely bounded homomorphism.

Let’s begin with a simple observation. Suppose that S is a similarity, p is a
homomorphism of some operator algebra A, and 7(-) = S~!p(-)S is a com-
pletely contractive homomorphism. Letting S,, denote the direct sum of n copies
of S, we have that S, ' = (S71),,, IS, = S|, and p,(-) = S,7,(-)S, . Thus, p
is completely bounded with ||p|lcy < [|S7'|l - ||S||. So any homomorphism that
is similar to a completely contractive homomorphism is necessarily completely
bounded with

lollew < inf{IS~H - I1SI1: S~ p()S is completely contractive}.

The next result proves that not only is the converse of the above statement true,
but the above infimum is achieved and gives the cb norm of p.

Theorem 9.1. Let A be an operator algebra, and let p: A — B(H) be a unital,
completely bounded homomorphism. Then there exists an invertible operator
S with |S|I- ISl = llplley such that S™'p()S is a completely contractive

120
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homomorphism. Moreover,

lollew = inf{|R7Y - |RIl: R™' p(-)R is completely contractive}.

Proof. The remarks preceding the statement of the theorem yield the last
equality.

Let A be contained in a C*-algebra B. By the extension and represen-
tation theorems for completely bounded maps, we know that there exists a
Hilbert space K, a x-homomorphism 7: B — B(K), and two bounded operators
ViiH— K,i=1,2, with [|[plles = [IV1]l - | V2|, such that p(a) = Vi'm(a)V>
for all @ in A.

For h in ‘H, we define

h| = inf{HZn(ai)Vzhi

23 plaph; = h, a; € A, by € H},

where the infimum is taken over all finite sums. It is easy to see that |-| defines
a seminorm on .

Ifth =3 pla)h;, then ||h|l = || 3 plahill = || 2 Vim(a)Vahill < V|-
| > mw(a;)Vah;|, and thus ||k]| < || V] - |h]. Similarly, the equation p(1)h = h
yields || < [[Vall - [|A].

Thus, |-| is equivalent to the original norm on . Hence |-| is also a norm on
H, and (H, |-|) is complete.

We claim that (H, |-]) is also a Hilbert space. By the Jordan—von Neumann
theorem, it is enough to verify that |-| satisfies the parallelogram law

\h+ k> + |h — k> =231 + |k]P)

for all 4 and k in H.
Let h = Y plaphi, k = Y p(b)ki, then h £k = Y p(ah; £ 3 p(biki,
and so

2
[ kP 1= kP < | 3w @) Vahi + Y wbo)Vak

2

+ Do m@nvans = Y vk

s ‘)Zn(ai)vzhi ‘12 HZ:T(b,-)Vzk; H2 .

Taking the infimum over all such sums yields
\h+ k2 + |h — k|* < 2|k + 21k

The other inequality follows by substituting & + k and & — k for h and &,
respectively. Hence, (H, |-|) is also a Hilbert space.
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Let S: (H, |-]) = (H, || - |I) be the identity map. Then S is bounded and
invertible, S [IS] < [Vl - IVall = llpllen, and S™'p(-)S is just the ho-
momorphism p, but with respect to the |-|-norm. Thus, to complete the proof
of the theorem, it is sufficient to prove that p is completely contractive with
respect to this new norm. (To see this, let U: (H, || - ||) — (H, | - |) be a unitary,
andset R=US.)

It is not difficult to see that p(-) is contractive with respect to the |-|-norm,
forifa € A,h € H,and h = )_ p(a;)h;, then

Ip@hl = | ptaah| = |3 w(aaV:

and so |p(a)h| < lla|| - |hl.

To see that p( ) is completely contractive in the |-|-norm, fix an integer n, and
letH=H® - ®H”n copies). Let |-|,, denote the Hilbert space norm on fak
induced by |-|, that is,

< lall- | Y- w(aVahi

’

hly =1+ -+ [l
forh = (hy, ..., h,)in H. We must prove that if A = (a; ;) is in M,,(A), then
lon (Al < Al - 7).
Consider H with its old norm,
1812 = Iyl + - - + [l

Since p is completely bounded, p,: M, (A) — BH, |||, is a completely
bounded homomorphism, and so, by the first part of the proof, we can endow 7{
with yet another norm |-|” such that p, is contractive in the |-|’-norm. By the first
part of the proof, to define |-|’, we need a Stinespring representation of p,. To this
end,letK =K @ --- @ K(ncopies),f/i =Vi®---®ViH—>K,i=1,2,
and 7,: M,,(A) — B(K), so that p,(-) = VTJT”(~)‘72. If we define

Ifll’=inf{Han i 2 D a(AD; =fz},

where the infimum is taken over all finite sums, then o, (-) will be contractive
in |-|". The proof of the theorem is now completed by showing that |-|" = |-|,,,
which we leave to the reader (Exercise 7.1). O

Corollary 9.2. (Haagerup). Let A be a C*-algebra with unit, and let p:
A — B(H) be a bounded, unital homomorphism. Then p is similar to a
x-homomorphism if and only if p is completely bounded. Moreover, if p is
completely bounded, then there exists a similarity S with S™'p(-)S a *-
homomorphism and ||S™'| - IS = llollcb-
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The above result sheds considerable light on a conjecture of Kadison [128].
Kadison’s conjecture is that every bounded homomorphism of a C*-algebra into
B('H) is similar to a -homomorphism. Haagerup’s result shows that Kadison’s
conjecture is equivalent to determining whether or not bounded homomor-
phisms are necessarily completely bounded. At the present time the similarity
question is still open, although there are a number of deep partial results (see
[12], [35], [55], and [106]). In Chapter 19 we will return to this question and
study the recent contributions of Pisier to this problem.

There are several important cases where bounded homomorphisms of a C*-
algebra are completely bounded. These are closely tied to the theory of group
representations. Let G be a locally compact, topological group, and let L*°(G)
denote the C*-algebra of bounded, measurable functions on G. Given g in G, we
define the (right) translation operators R,: L*°(G) — L*®(G) by (R, f)(g') =
f(g'g). A state m: L*°(G)* — C is called a (right) invariant mean on G if
m(R, f) = m(f) forall gin G. The group G is called amenable if there exists
an invariant mean on G.

Note that if G is compact, then it is amenable, since we may define

m(f) = /G Fle)ds.

where dg denotes Haar measure.

Another important class of groups that are amenable are the commutative
groups. To see this, note that the adjoint maps, R;: L*(G)* — L*(G)* are
weak*-continuous and map states to states. Since the space of states is weak*-
compact and convex, and since the maps R; form a commutative group of
continuous maps on this space, by the Markov—Kakutani fixed point theorem
[78] there will exist a fixed point. This fixed point is easily seen to be an invariant
mean.

The importance of the existence of an invariant mean is best illustrated in the
following result.

Theorem 9.3 (Dixmier). Let G be an amenable group, and let p: G — B(H)
be a strongly continuous homomorphism with p(e) = 1, such that || p| =
sup{llp(g)|l: g € G} is finite. Then there exists an invertible S in B(H) with
ISI- 1S~ < llpll? such that S~ p(g)S is a unitary representation of G.

Proof. Letm denote an invariant mean on G, and note that for each pair of vec-
tors x, y in H, the function f; ,(g) = {p(g)x, p(g)y) is a bounded, continuous
functionon G. Set (x, y); = m(fy,,), and note that since the map (x, y) = fx
is sesquilinear, (, ); defines a sesquilinear form on . Also, since m is a positive
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linear functional, and f, , is a positive function, this new sesquilinear form is
a semidefinite inner product on H.

We shall show that it is bounded above and below by the original inner prod-
uct. To see this, set M = || p|| and note that since || p(g)|| < M and || p(g)~!| <
M, we have that

1/M?* < p(g)*p(g) < M*.

Hence, (1/M?){(x, x) < f...(g) < M?(x, x), and applying m to this inequality
yields

#(x, x) < (x,x) < MP(x, x).
Thus, (x, y); is an equivalent inner product on H.

If we let (H, |-|1) denote our Hilbert space with the norm induced by this new
inner product, then just as in the proof of Theorem 9.1, the map S: (M, || - ||) —
(H, |-];) is bounded and invertible, with || S| - ]S~ < M? = ||p||>.

Finally, note that with respect to this new inner product,

(p(g)X, p(g)y)l = m(Rgfx,y) = m(fx,y) = ()C, y)17

and so p(g) is a unitary on (H, |-|1). O

Corollary 9.4. (Sz.-Nagy). Let T be an invertible operator on a Hilbert space
such that ||T"|| < M for all integers n. Then there exists an invertible operator
S, with ||S7Y| - IS|| < M?, such that S™'T'S is a unitary operator:

Proof. Let Z denote the group of integers, define p(n) = T", and apply
Theorem 9.3. U

In a number of cases, similarity results for homomorphisms of C*-algebras
can be obtained from Theorem 9.3 by restricting attention to the group of
unitaries in the C*-algebra. The following result demonstrates this principle.

Lemma 9.5. Let A be a C*-algebra. Then every element in A is a linear
combination of at most four unitaries.

Proof. Let h = h* be a self-adjoint element of A, with ||| < 1. Then u =
h +i+/1 — h? is easily seen to be unitary, and & = u + u*. This shows that
every self-adjoint element is in the span of two unitaries. Using the Cartesian
decomposition, we obtain the result. O
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Lemma 9.6. Let A and B be C*-algebras, and let p: A — B be a homomor-
phism with p(1) = 1. If p maps unitaries to unitaries, then p is a *-homo-
morphism.

Proof. Let u be unitary in A; then p(u*) = p(u)™! = p(u™") = p(u)*, and so
p is self-adjoint on the unitary elements of .A. By Lemma 9.5, p is self-adjoint
on A. O

Theorem 9.7. Let A be a commutative, unital C*-algebra. If p: A — B(H) is
a bounded homomorphism, then p is completely bounded and || plle < || |*

Proof. Let G denote the commutative group of unitary elements of A. By
Theorem 9.3, there is a similarity S, with || S| [|S™'|| < [lp]l?, such that
S~'o(u)S is unitary for all # in G. By Lemma 9.6, S~!'p(:)S is a
s*-homomorphism. U

Corollary 9.8. Let T be an operator on a Hilbert space. Then T is similar to a
self-adjoint operator if and only if for some interval, [a, b], there is a constant
K such that

Ip(D)Il = K - sup{|p(1)|: ¢ € [a, b]}

for all polynomials p with real coefficients.

By Theorem 9.3 and Lemma 9.6, if A is a C*-algebra, G is an amenable group
contained in the group of unitaries of .4, and B is the C*-subalgebra generated
by G, then for any bounded homomorphism p: A — B(H) there is an invertible
S, with |S|I1IS~!| < |l ll? such that S~!p(-)S is a x-homomorphism on B.

An affirmative answer to Kadison’s conjecture for C*-algebras is known to
imply an affirmative answer to two other questions concerning derivations and
invariant operator ranges. Consequently, these problems have an analogous
status, they have affirmative answers if and only if certain bounded maps are
completely bounded, but at the present time, both questions are still open. We
discuss the derivation question in this chapter. For a discussion of invariant op-
erator ranges and their connections with completely bounded maps, see [158].

Let Abea C*-algebra and w: A — B(H) a unital x-homomorphism. A linear
map §: A — B(H)iscalled aderivationif S(AB) = m(A)S(B)+ 8(A)r(B).Itis
known that every derivation is automatically bounded [199]. If X € B(H), then
setting 6(A) = m(A)X — Xm(A) defines a derivation, and such a derivation is
called inner. The derivation question asks whether every derivation into B(H)
is necessarily inner.
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Given a derivation 8, if we define p: A — B(H & H) by

[ry s
p(A)—[ 0 Ww]

then p will be a homomorphism of A. In fact, it is not difficult to see that p is
a homomorphism if and only if § is a derivation.

Proposition 9.9. The derivation § is inner if and only if p is similar to a
sk-homomorphism.

Proof. First, suppose that § is inner, so that §(A) = w(A)X — Xw(A). Setting
1 X 1 1 —X
S O R P

7(A) O
0 x|’

we have that
Sp(A)S~! = [
which is a x-homomorphism.

Conversely, if S is a similarity such that y(A) = S~!'p(A)S is a
x-homomorphism, then set X = SS*. We have that

p(A)X = Sy(A)S™ = (Sy(AH)SH)" = (p(AH)SS™)" = Xp(A™)".

Xn X
X = i vt
X, X»
the above equation becomes

7 (A)X11 +8(A)XT, m(A)X12+8(A)Xn
T(A)XT, m(A) X2

Writing

Xnm(A) + X128(A%)* X1 (A)
X5,m(A) + X0n8(A*)*  Xapm(A) |

But since X is positive and invertible, X, must also be positive and invertible.
Equating the (1,2) entries of the above operator matrices yields

8(A) = 8(A)XnX5' = (X1nm(A) — m(A)X12) X5,
= X2 X5, m(A) — 1 (A)X 12X,

since X,, commutes with A. O
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Corollary 9.10 (Christensen). Let A be a unital C*-algebra, m: A — B(H)
a unital x-homomorphism, and §: A — B(H) a derivation. Then § is inner if
and only if § is completely bounded.

Proof. By using the canonical shuffle, it is easy to see that p is completely
bounded if and only if § is completely bounded. But by Proposition 9.9 and
Corollary 9.2, § is inner if and only if p is completely bounded. O

Thus, for a given C*-algebra A, we see that if every bounded homomor-
phism of A is similar to a *-homomorphism, then every derivation of A is
inner. Kirchberg [132] has proven the converse of this result. Namely, if a
C*-algebra has the property that every derivation into B(H) is inner, then nec-
essarily every bounded homomorphism is similar to a x-homomorphism. Thus,
for C*-algebras, Kadison’s conjecture and the problem of determining if every
derivation from a C*-algebra into the bounded operators on some Hilbert space
is inner are equivalent.

Turning our attention to some non-self-adjoint algebras, Theorem 9.1 can be
used to give a characterization of the operators that are similar to a contraction.
Let P(D) denote the algebra of polynomials with the norm it inherits as a
subalgebra of C(T).

Theorem 9.11. Let T € B(H). Then T is similar to a contraction if and only
if the homomorphism p: P(D) — B(H) defined by p(p) = p(T) is completely
bounded. Moreover, if this is the case, then

lollew = inf{ISIL- IS~ 1= 1S TSI < 1),

and the infimum is attained.

Proof. If p is completely bounded, then there is a similarity S, with ||S~!|| -
I1S]l = llolleb, such that S~!p(-)S is completely contractive. Thus,

IS TS = 1157 ()81 < Jzll = 1,

where z is the coordinate function.

Conversely, if R = S™!TS is a contraction, then 8: P(D) — B(H), given
by 6(p) = p(R), is a contractive homomorphism by von Neumann’s in-
equality, and is completely contractive by Sz.-Nagy’s dilation theorem. But
o() = SO(-)S~!, and so p is completely bounded with

ol < IS IS

The statement about the infimum follows from the corresponding statement
in Theorem 9.1. O
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An operator for which p(p) = p(T) is a bounded homomorphism of P(DD),
that is, an operator for which the closed unit disk is a K-spectral set, is called
a polynomially bounded operator. It is quite natural to refer to the operators
for which this p is completely bounded as completely polynomially bounded.
Halmos [111] conjectured that every polynomially bounded operator is similar
to a contraction. The above result shows that Halmos’s conjecture is equivalent
to determining whether or not bounded homomorphisms of P(ID), or equiv-
alently A(DD), are completely bounded. Pisier [191] produced an example, in
fact, a whole family of examples, of a polynomially bounded operator that is
not completely polynomially bounded. Thus proving that Halmos’s conjecture
is not true. We shall present these examples in Chapter 10.

Holbrook [122] gave the first example of a matrix 7', which is similar to a
contraction such that

lpll < inf(IS~ - IS11: 1S~ TSI < 13,

where p(p) = p(T) is the induced homomorphism of P(ID). The theory of
completely bounded maps at least gives a basis for explaining such phenomena,
since the right-hand side of the above equation is || p||» and, in general, there is
no reason to expect equality of these two norms. Using the theory of completely
bounded maps, there are now quite good estimates on how large the ratio of
llolleb to [|po|l can be when T is an n x n matrix. See for example [193].

The above theory sheds further light on the theory of K-spectral sets. Let X
be a compact set in C, let R(X) be the algebra of quotients of polynomials, and
let T be in B(H) with o(T) contained in X. Recall that if there is a bounded
homomorphism p: R(X) — B(H)defined by p(r) = r(T) with || p|| < K, then
X is called a K-spectral set for T. If p is completely bounded with ||p|c, <
K, we shall call X a complete K -spectral set for T. Recall also that X is a
complete spectral set for T if and only if 7 has a normal d X -dilation. Translating
Theorem 9.1 into this language yields the following result.

Corollary 9.12. A set X is a complete K -spectral set for T if and only if T is
similar to an operator for which X is a complete spectral set. Moreover, there
exists such a similarity satisfying ||S7'|| - |S| < K.

In fact, we have that for p as above,

lollew = inf{IS~" - IS]: X isa complete spectral set for s7Tsy,

and the infimum is attained.
The full picture of how these concepts are related is still not complete. As
discussed earlier, it is still not known, if a subset X of C is a spectral set for
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an operator, whether or not X must be a complete spectral set for the operator.
However, we saw in Chapter 5 that higher-dimensional analogues of this ques-
tion, when say X is a polydisk, can fail. It is known that if a set is a K -spectral
set for an operator, then it need not be a complete K’-spectral set for the
operator, for any K’. Halmos’s conjecture was the special case of this question
where X = D, and Pisier’s counterexample shows that the above fails even
on this simple domain. However, there exist sets for which it is the case that
whenever the set is a K-spectral set for an operator, then it is a complete
K’-spectral set for some K'. For example, when R(X) is dense in C(dX), then
this is the case. But it is unknown if this is the only situation where this occurs.

Maps which are defined by some type of analytic functional calculus are often
completely bounded. Recall the Riesz functional calculus. If G is an open set
containing o (T") and dG consists of a finite number of simple, closed, rectifiable
curves, then for any function in R(G), we have that

1
r(T)=-— [ r@)@&l-T)"dz.
2mi 3G
This functional calculus can be used to derive what is referred to as the gener-
alized Rota model of an operator.

Theorem 9.13 (Herrero—Voiculescu). Let T be in B(H), and let G be an
open set in the complex plane such that o (T) is contained in G and such that
dG consists of a finite number of simple, closed, rectifiable curves. Then T is
similar to an operator that has a normal 0 G-dilation. Moreover, the similarity
may be chosen to satisfy

1
1S ISH < E/ Il — Ty "1dal.
G

Proof. By Corollary 9.12, we need only prove that G~ is a complete K -spectral
set for T with

1
K= 2—/ Iz — T)~"|lldz].
T JaG
Let p: R(G™) — B(H) be the homomorphism defined by p(r) = r(T). We

must prove that || o], < K.
By the Riesz functional calculus,

1
oIl < 2—/ Irz)- @I —T) '|ldz| < K - |Ir]l,
T Jyc

so |lpll < K. Let T denote the direct sum of n copies of T and note that
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I(zI = T)~"|| = |(zI — T)"|. Thus, for (ri,7) in M,,(R(G™)), we have that
1 -1
pu((rip)) = o= [ (ij@) -l =T) )dz
Tl JyG
1 2 -l
=— | ;@) -T) dz,
2mi 3G

and so, by the same inequality as above, ||p,|| < K, which proves that G~ is a
complete K -spectral set for 7. O

Corollary 9.14. (Rota’s Theorem). Let T be in B(H) with o (T) contained in
the open unit disk. Then T is similar to a contraction. Moreover, a similarity
may be chosen satisfying

_ 1 _
NN 55/ Izl — T)~"|||dz].
T

Proof. By Corollary 9.12, T is similar to an operator with a unitary dilation,
and that operator is necessarily a contraction. O

The original proof of Rota’s theorem gives much more particular informa-
tion on the unitary dilation and similarity than this proof does. In fact, the
unitary can always be taken to be the bilateral shift, and the invertible S can be
chosen to belong to the C*-algebra generated by T (see, for example, [97] or
Exercise 9.15). One difference is that the above proof can give quite different
estimates on ||S~!|| - [|.S]].

Recall the spectral radius formula,

sup|z|: z € o(T)} = lim .
So if o(T) is contained in ID, then
(ei(')l _ T)71 — e*ie Zn(efi(')T)n’

and the latter series converges by the root test. Thus, we see that the integral
estimate on ||S~'|| - ||S|| obtained in Corollary 9.14 satisfies

1
— I —T)Ydz| < .
zn/T”(Z ) lldzl <Y 1T

The proof of Rota’s theorem in Exercise 9.15 leads to an upper bound on
S-S~ of 32, 1T
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Notes

Kadison’s study of homomorphisms of C*-algebras [128] was motivated in part
by Dixmier’s study of whether or not bounded representations of groups are
similar to unitary representations [72]. Dixmier’s question is known to have a
negative answer, that is, there exist bounded representations of groups that are
not similar to unitary representations. This result was obtained by Kunze and
Stein [133]. The original proof of Sz.-Nagy’s result characterizing operators
that are similar to unitaries (Corollary 9.8) contains the elements of Dixmier’s
result on amenable groups (Theorem 9.3). This proof is outlined in the exercises
(Exercise 9.7) and can be found in [226].

Hadwin [109] proved that a unital homomorphism of a C*-algebra into B(H)
is similar to a x-homomorphism if and only if the homomorphism is in the span
of the completely positive maps from the algebra to B(H), and conjectured that
the span of the completely positive maps was the completely bounded maps.
At the same time, Wittstock [242] proved his decomposition theorem, which
verifies this conjecture.

Independently, Haagerup [106] proved directly that a unital homomorphism
of a C*-algebra into B(H) is similar to a x-homomorphism if and only if it is
completely bounded, and moreover, that there exists a similarity S such that
IS~ - 1S]l is equal to the cb norm of the homomorphism. It is not clear if
this sharp equality can be obtained by combining the results of Hadwin and
Wittstock. Haagerup applied his result to obtain the analogous characterization
of inner derivations (Corollary 9.10). The result on inner derivations had been
obtained earlier by Christensen [54].

In [159], the extension theorem for completely bounded maps into B(H)
and the generalization of Stinespring’s representation theorem were proven in
order to extend the techniques of Hadwin and Wittstock to operator algebras.
It was proven that a unital homomorphism of an operator algebra into B(H) is
similar to a completely contractive homomorphism if and only if it is completely
bounded. The prime motivation was to prove that an operator is similar to a
contraction if and only if it is completely polynomially bounded (Theorem 9.11),
which had been conjectured by Arveson. The extension theorem had been
obtained earlier by Wittstock [243].

The fact that the similarity could be chosen such that || S| - ||S s equal to
the cb norm of the homomorphism for a general operator algebra (Theorem 9.1)
was obtained later [160]. The key new technique can be found in a paper of
Holbrook [120].

The problem of characterizing the operators that are similar to contractions
has been considered by Sz.-Nagy. After obtaining his characterization of the
operators that are similar to unitaries, he conjectured that an operator 7 was
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similar to a contraction if and only if ||7"| was uniformly bounded for all
positive integers n. Such an operator is called power-bounded. Foguel [98] (see
also Halmos [110]) gave an example of a power-bounded operator that is not
similar to a contraction, and Halmos conjectured that the right condition was
polynomially bounded.

Exercises

9.1 Verify the claim of Theorem 9.1, that |-|' = |-|,..

9.2 Let A be an algebra (not necessarily unital), and let p: A — B(H) be a
homomorphism. If p(A)H is dense in H, then p is called nondegenerate.
Show that if A is unital, then p is nondegenerate if and only if p(1) = 1.

9.3 Let P be in B(H) such that P> = P.

(1) Show that relative to some decomposition of H,

S

1 X
=l 1]

then SPS~! is an orthogonal projection.
(iii) Define p: C® C — B(H) via p(A1, A2) = AP + A,(1 — P), and
show that p is a completely bounded homomorphism, but that in

(i) Show that if

general, [[pller < IIS7']I- S]]
(iv) Compute ||p][cb.
(v) Can you construct an operator R such that || R||||R™"|| = [lo]le, and

RP R~ is an orthogonal projection?

9.4 Let B be a C*-algebra with unit, let A C B be a subalgebra that does
not contain the identity of 5, and let p: A — B(H) be a homomor-
phism. Set A; = {a + Al: a € A, A € C}, and define p;: A; — B(H)
by pi(a + A1) = p(a) + A - 1. Prove that p; is a completely bounded
homomorphism if and only if p is a completely bounded homomorphism.

9.5 Let A be a unital operator algebra, and let p: A — B(*H) be a bounded
homomorphism with p(1) = 1.

(i) Show that if there exists x and y in H such that p(A)x = H and
p(A)*y = 'H, then p is completely bounded.

(ii) Show that if there exists xi,...,x, and yi,...,y, in H such
that p(A)xy + - - - + p(A)x, = Hand p(A)*y1 + - - p(A)*ym = H,
then p is completely bounded.
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A subalgebra B of B(H) with a vector x such that Bx = H is called a
strictly cyclic algebra. When there exists a finite set of vectors such that
Bxi + - -+ Bx, = 'H, then B is called strictly multicyclic.

9.6 Prove that if 7 is a n x n matrix and X is a K-spectral set for T, then
X is a complete (n K )-spectral set for 7. Characterize those matrices for
which D~ is a K-spectral set for some K in terms of their Jordan form.

9.7 (Sz.-Nagy) This exercise gives a more direct proof of Corollary 9.4. Let
T be an invertible operator on H such that ||T"| < M for all integers n,
and let glim be a Banach generalized limit [34].

(i) Show that (x, y); = glim(T"x, T"y) defines a new inner product on
H and that (1/M?*){x, x) < (x, x); < M*{x, x).
(ii) Show that T is a unitary transformation on (H, (, )1).
(iii) Prove that there exists a similarity S on , with |S~!|| - ||S|| < M?,
such that S~'7'S is a unitary.

9.8 Prove that a finite direct sum of operators 77 @ - - - & T, is similar to a
contraction if and only if each operator in the direct sum is similar to a
contraction. Moreover, prove that

inf{|SI- 1S~ IS (T @ --- @ TS| < 1)

is achieved by an operator S that is itself a direct sum.

9.9 Let Ty, T,, Tz be the operators of Parrott’s example, and let p be the
contractive homomorphism of P(ID?) defined by p(z;) = T;. Prove that p
is completely bounded.

9.10 (Sz.-Nagy-Foias) An operator T in B(H) is said to belong to class C,, if
there exists a Hilbert space K containing H, and a unitary U on X, such
that

T" = pPyU"|,

for all positive integers n. Prove that such a T is completely polynomially
bounded and that there exists an invertible operator S such that S~'T'S is
a contraction with ||S|| - |[S™!|| <2p — 1 when p > 1.

9.11 Let X be a compact set in the complex plane such that R(X) is dense in
C(0X). Prove that X is a K-spectral set for some operator T if and only
if T is similar to a normal operator and o (7T) is contained in d X. Show
that the similarity can always be chosen such that || S|| - ||S~'|| < K>.

9.12 Let T be an operator with real spectrum. Prove that 7T is similar to a
self-adjoint operator if and only if the Cayley transform of 7, C = (T +
)T —i)~', has the property that for some constant M, ||C"|| < M for all
integers n.
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9.13 Let P be a family of (not necessarily self-adjoint) commuting projections
on a Hilbert space H satisfying:

(@) If P e P,then(l — P) € P.

(b) If P, Q € P, then PQ € P.

)P, QeP,PQ=0,then P+ Q e P.

(d) ||P|| = sup{||P||: P € P} is finite.

(i) ForP,QeP,setPAQ=1—P — Q+ 2PQ, and show that this
is an element of P. We call P A Q the symmetric difference of P
and Q.

(i1) Prove that (P, A) is a commutative group.

(iii) Prove that p(P) = 2P — 1 defines a representation of this group and
that || o]l = 2[IP].

(iv) Prove that there exists a similarity S with ||S|| - [|S™"|| < 4/|P||?> such
that S~! P S is a self-adjoint projection for all P in P.

(v) Use (iv) to give an alternative proof of the fact that every homo-
morphism of a commutative, unital C*-algebra is similar to a *-
homomorphism. What estimate can you obtain on ||S|| - |S~!||?

9.14 Let A be a finite-dimensional C*-algebra, and let p: A — B(H) be a
homomorphism, p(1) = 1. Show that p is completely bounded and that
lolles < lloll*.

9.15 Let T be in B(H) with o(T') contained in the open unit disk. Prove that

P = Z,fio T* Tk is a norm-convergent series with |PY2T P12 < 1.



Chapter 10

Polynomially Bounded and Power-Bounded
Operators

Polynomially bounded and power-bounded operators have played an impor-
tant role in the development of this area, and there are a number of interesting
results, counterexamples, and open questions about these operators. In partic-
ular, we will present Foguel’s example [98] of a power-bounded operator and
Pisier’s example [191] of a polynomially bounded operator that are not similar
to contractions.

Recall that an operator T is power-bounded provided that there is a constant
M such that ||[T"|| < M for all n > 0. Clearly, if T = S~'CS with C a con-
traction, then 7 is power-bounded with || 7" < ||S~!||||S].

It is fairly easy to see (Exercise 10.1), by using the Jordan form, that a
matrix T € M, is power-bounded if and only if it is similar to a contraction.
Sz.-Nagy [229] proved that the same characterization holds when T is a compact
operator. This led naturally to the conjecture that an arbitrary operator is similar
to a contraction if and only if it is power-bounded. Foguel provided the first
example of a power-bounded operator that is not similar to a contraction.

Recall that an operator is polynomially bounded provided there is a con-
stant K such that ||p(T)|| < K| plleo for every polynomial p, where the oco-
norm is the supremum norm over the unit disk. By von Neumann’s inequality,
if T = S~!CS with C a contraction, then T is polynomially bounded with
K = ||IS7"||IIS]l. So it was natural to conjecture that an operator is similar to a
contraction if and only if it is polynomially bounded. Lebow [136] proved
that Foguel’s operator was not polynomially bounded, so that it could not
serve as a counterexample to this stronger conjecture. This conjecture, in fact,
became one of Halmos’s [111] “ten problems” and remained unsolved for about
25 years until Pisier provided a counterexample.

Foguel’s counterexample and Pisier’s counterexample share some common
features, and a number of researchers have studied operators in this general

135
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family, so we shall present some general results about operators of what are
often called “Foguel type.”
We begin with Sz.-Nagy’s result. The reader should also recall Corollary 9.4.

Theorem 10.1 (Sz.-Nagy). Let T be a compact operator on a Hilbert space.
Then T is similar to a contraction if and only if T is power-bounded.

Proof. Clearly every operator similar to a contraction is power bounded. If T
is power bounded, say || 7"| < M, then by the spectral radius formula, we have
that 7(T) = lim,, ||7"||'/?> < lim,, M'/" = 1. Since T is compact, there can be
at most a finite number of points in the spectrum of 7' on the unit circle.

If one encloses these by a curve and integrates the resolvent of 7' about
this curve, then by standard facts from the Riesz functional calculus [68],
one obtains an idempotent E that commutes with T such that 6 (ET |g)) =
o(T)NT,o( — E)T|1-gym) S D.

If we choose an invertible S such that S™'ES = P is an orthogonal projec-
tion, then P commutes with S~'7 S and hence reduces it. Thus, S™'7S = T} &
T,, where o(T}) = o(T)N T, o(T,) € D, and T acts on a finite-dimensional
space. Since S™!T'S is power-bounded, T is power-bounded and hence by
Exercise 10.1 there exists S; such that SflTl S| is a contraction. By Rota’s
theorem (Corollary 9.14) there exists an invertible S, such that S5 1T252 isa
contraction.

Setting R = S(S; ® S,) we have that R~ TR is a contraction. O

We now focus on the types of operators arising in Foguel’s and Pisier’s
counterexamples. Let Sy;: £2(H) — £%(H) be the forward shift, so that Sy, ((ho,
hi,...)) =0, ho, hy, ...), with adjoint S¥,((ho, h1, ...)) = (h1, ha, ...).

Let X = (A;;) € B(£*(H)) where Ajj € B(H) fori, j > 0.

We shall call an operator of the form

F= (SH X) on (*(H) @ *(H)
0 Sy
a Foguel operator over H with symbol X. Of special interest will be when
X = (A;4+;) has the Hankel form, and we call these Foguel-Hankel operators
over H with symbol X. To simplify notation we generally write S for Sy,.
It is easily seen that for n > 2,

S*n X n—1
F" = "1, here X, =) SYXx§"'7.
( 0 S") whnere n ;

Setting X¢ = 0, X| = X, the formula holds for all n > 0.
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Note that when X has the Hankel form, then S*X = XS and consequently
Xy =nXS5"" = n(Aisjpnr).

Since ||S*|| = ||S"|| = 1 for all n > 0, we see that X is power-bounded if
and only if sup,, || X,|| < M for some M.

Let P as usual denote the space of polynomials, and define a linear map
8: P — B(£*(H)) by setting §(z") = X,, and extending linearly. When X has
the Hankel form, we have §(p) = Xp’(S), where p’ is the derivative of p. We
now have that

p(s*)  (p)
F)= :
p(F) ( 0 p(S")>

and since || p(SM)|| = | p(S")l = IPllo, F is polynomially bounded if and only
if § is a bounded linear map.

Analogously, applying the canonical shuffle, we have that F is comple-
tely polynomially bounded if and only if § is a completely bounded linear
map.

One final property that is useful is that § obeys a certain derivation property.
Indeed,

(p-9)(S"  8(pq)
0 (p-9)S)

) = (p-q)(F) = p(F)q(F)

_ (PSS ) (a(S) b(q)
0 p(S) 0 q(S)

_ [P(5M)a(S™) p(5M)d(q) + 8(p)g(S)
0 p(S8)q(S)

and we have

8(pq) = p($)3(q) + 8(p)q(S)

for any polynomials p and g.

We begin with Pisier’s counterexample. Our presentation follows [71]. We
start with a family of Foguel-Hankel operators that are easy to analyze.

To this end, set H = £, and let {E;, j}if?io denote the usual matrix units
regarded as elements of B(¢;). To simplify notation we set E; = E;(. Since
ETE; = §;; Eo, we see that for any vector 1 = (co, ¢1,...) € £2, the operator
T(h) =Y 2, ciE; is bounded and in fact

IR = 1T TN = | Y e, ELE; | = | Y 1P Eo | = 112,
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Thus, T: £2 — B(£?) defines an isometric linear map that identifies a vector
with the infinite column matrix.

There is one subtle distinction to be made. For while £2 is a Hilbert space,
T (¢?) is an operator space. In particular, given vectors (v; ) in £2, we have a
well-defined norm for (7'(v;;)). To compute its norm one simply substitutes the
corresponding column matrix for each vector. We shall encounter the operator
space T (£?) again in Chapter 14, where it is called column Hilbert space.
Theorem 10.2. Fix a sequence {a,,}:;’g, and consider the Foguel-Hankel oper-
ator F over €2 with symbol X = (a; jEit ;). Thenthe following are equivalent:

(i) F is similar to a contraction,
(ii) F is polynomially bounded,
(iii) F is power-bounded,
(iv) sup, n(>_;=. | lax|?) is finite.

Proof. Clearly, (i) implies (ii), and (ii) implies (iii). Recall that F is power-
bounded if and only if sup,, || X, || is finite, where

n—1
X, =nXS"" =n@irjin1Eivjrn1)

We have that

00
* 2 = *
X, Xn=n (E ai+k+n—laj+k+n—lEi+k+n_1Ej+k+n—l>
k=0

o0
2 -
=n ( ai+k+n1aj+k+nl5ion>-
=0

Thus, X X, is a diagonal operator matrix whose diagonal entries are

00 00

2 2 2 2

n Z|ai+k+n—l| =n Z [
k=0 k=i+n—1

Thus, | X} X, |l = n*Y 1o, lax|*, from which the equivalence of (iii) and (iv)
follows.

Finally, to prove that (iv) implies (i), we consider the operator matrix ¥ =
(jai+j-1Ei+j—1) where we set E_; = 0. Assume for the moment that Y is
bounded. We have that

YS — 8*Y = ((j + Daitj+1-1 Eivrij-1) — (JaG+1+i-1 Eqn4j-1)
= (ai+;Eitj) = X.
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Thus, if we set R = (4 V), then R™' = (} 7') and we have

i (T =Y\ (S X\ (I +Y

K FR_(O 1><0 s)\o 1
C(S* X—YS+SY) _ (S 0
—\o S —\o s/

Hence, we have that F is similar to a contraction.
It remains to prove that Y is bounded. Computing

Y'Y = (@i j-1 Efy o )dirj1 Eivj1)

o0
L .
= (Z lJai+k—1ak+j—1E,-+k_1Ek+j—1>,

k=0

we see that Y*Y is a diagonal operator matrix whose diagonal entries are
St oilaisk—11*Eo. Thus, [|[Y*Y| = sup, n®> 2, |aksn-1]>, and so (iv)
implies (i). o

Theorem 10.2 shows that the above family of operators could not possibly
provide an example of a polynomially bounded operator that is not similar to
a contraction. However, to obtain Pisier’s counterexample we will swap the
above sequence of operators {E;} for a different sequence {W;}. The follow-
ing propositions will allow us to prove that statements (ii), (iii), and (iv) of
Theorem 10.2 are still equivalent for the Foguel-Hankel operators obtained
from this new sequence of operators, but their equivalence to (i) will no longer
hold.

Proposition 10.3. Let H and K be Hilbert spaces, and let ®: B(H) — B(K)
be a bounded linear map. If (A;y;) = A is a bounded Hankel operator on
2(H), then Ay = (®(A;+))) is a bounded Hankel operator on 2(K). In fact,
Aol < IPINAL

Proof. By the Nehari—Page theorem (Theorem 5.10) there exists a sequence
{A,}1 . such that

+00

§ : rlnlemﬁAn

n=—0o0

[All = sup

r<l

[e¢]
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Hence, sup,_, | 37 r"le d(A,)|l00 < | ®|I|All. Applying the Nehari—

n=—0oo —
Page theorem again, we have that

—1

00
Z r\nlein@Bn + Zrlnleian)(An)

n=—00 n=0

)

| Aol = infsup
B <1

o0

where the infimum is over all sequences B ={Bn};:1,oo in B(K). Hence,
Aol < [IP[IA] O

The above result shows that even though ® may not be a completely bounded
map, for Hankel matrices it acts completely bounded.

Proposition 10.4. Let H and K be Hilbert spaces, and let ®: B(H) — B(K)
be a bounded linear map. Let F be a Foguel-Hankel operator over H with
symbol X = (A;4;), and let Fg be the corresponding Foguel-Hankel operator
over K with symbol X¢ = (P(A;1;)). Then:

(i) F power-bounded implies Fo power-bounded,
(ii) F polynomially bounded implies Fg polynomially bounded.

Proof. We only prove (ii); the proof of (i) is similar. Recall that F is poly-
nomially bounded if and only if the map 8: P — B(£*(H))8(p) = Xp'(S) is
bounded. For the operator F, we need to consider the map 8¢(p) = X¢ p'(S).
But Xp'(S) = (B;;) is a Hankel operator matrix, and X p'(S) = (®(Bi4)).
Hence,

18P < ICINBia DI = I PNSNI 2lloo-

Thus, 8¢ is abounded map with ||6¢ || < [|P||||8]], and hence Fg is polynomially
bounded. O

The analogous conclusion for completely polynomially bounded operators
is false, and that will be the source of our counterexamples.

Our construction uses a particular choice of a sequence of operators related
to the CAR operators. The reader already familiar with sequences of operators
satisfying the CAR and their properties might wish to skip directly to Theo-
rem 10.5 and substitute any CAR sequence for the operators {W;} occurring in
Theorem 10.5.

A sequence {C,}2, of operators on a Hilbert space H is said to satisfy the
canonical anticommutation relations (CAR) provided

(CAR a) CC;+C;C;=0
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and
(CARD) CiCi+ CiCi = ;1

for all i and j, where §;; denotes the Kronecker delta.
Given such a sequence and h = (g, a1, ...) in £2, set A(h) = Zioio «;C;.
This defines a bounded operator with || A(h)||?> < ||k]||?, since

AMARY* + AhY Ah) = Y a;@;(C;C;+CjC) =D loil* - 1.
i,j=0 i=0

by (CARb). However, if welet P = A(h)*A(h), Q = A(h)A(h)*, then | P| =
O]l and PQ = A(h)*A(h)>A(h)* = 0, since A(h)*> = 0 by (CAR a). Hence
IPI =10l =P+ Qll = > leil?, and it follows that A = |Al|.
Thus, A: €2 — B(H) is an isometry, and A(£?) is another operator space,
isometrically isomorphic to Hilbert space.

To construct a sequence of operators satisfying the CAR, we first need a finite
sequence of operators on a finite-dimensional space that satisfy them.

To construct these operators we begin with three 2 x 2 matrices,

1 0 00 1 0
v=[o O] e=[0 o) ma n=[g ]

We have that V> =1, C?>=0, C*C = E;;, CC* = Ey»p, VC = —C, and
CV =C.For0 <i <n— 1, we define matrices in M, @ - -- ® M, = M by
setting

i ®(n—i—1)
Ci=VeIRCRI ,
where X®® denotes the tensor product of X with itself k times. Note that
(1) CZ _ (V2)®(i) ® (C2) ® I®("*i*1) — 0
(2) C*C _ (V* )®(1) ®(C*C)® I®(” i—1) I®(1) ® E H® I®(" i—1) and
3 CC =" @En® ;" o)
while for0 <i < j <n — 1, we have

@4 cCc;,=129covei-i-VgCce "/ =—c;c,
%) Cic;f=1§">®0®v®<f Decre "V = —cic.

Now (1) and (4) are seen to imply (CAR a), while (2), (3), and (5) yield
(CARDb).

Given h = (ag, ..., 0,—1), set A(h) = Z"_Ol «; C;. From the above relations
we have that A is an isometry from n-dimensional Hilbert space into My, and
{C;} span a Hilbert space.
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Next we show that {C; ® C;} nearly span an £!-space, that is, given scalars
aop, . .., a,—1 we will show that

6) 3300 lail < 1120 aiCi ® Cill < Y7 lail.

Now up to a unitary equivalence, we have that C; @ C; = (V ® V)®D @ (C ®
O® IF("#*U inM,® - Q® My = M. Let ey, e; denote the basis for C2,
and choose w;, 1 <i < n, constants of modulus one such that a;w; = |a;|.
Then x; = (e; @ e; + wier @ ez)/ﬁ will be a unit vector in C*, and x =
X1 ® - ® x, willbe aunit vectorinC* . Since V @ V(e; ® ¢;)) = ¢; ® ¢;, C @
Cler®e)=e; ®ep,and C ® C(e; ® ey) = 0, we have that

n—1 1 n—1 1 n—1
<;aici ® Cix, X> =5 ;aiwi =3 ; |a;].
Thus, | Y/ aiCi ® Cill = L 372 |a;|, and since |C; ® C;|| = 1, the other
inequality follows.

So far we have only constructed, for each n, a finite sequence Cy, . .., C,_; of
finite matrices satisfying the CAR. To obtain an infinite sequence one generally
uses an infinite tensor product of Hilbert spaces.

To avoid discussions of infinite tensor products we use a slightly different
approach. Relabel the 2" x 2" matrices constructed above as Co p,, . . ., Cy—1 2,
and fori > nset C; , = 0. Define bounded operatorson y .- | & C? by setting
Wi =02, & Ci,. Itis readily verified that

(@) 1| g i Will? = 3% le|? for any (e, 1, ... ) in €2,
(i) 53050 lail < 12215 aiCi ® Will < Y2150 lai| for any (a, - - s da-),
(lll) Wl' Wj + Wj W[ = 0’
iv) WiW: + WiW; = §;;(I — P)),
where P; is the finite-rank projection onto Z;zl @ C?'. Thus, although {W;} do

not quite satisfy the CAR, their images in the C*-algebra obtained by quotienting
out the ideal of compact operators do satisfy them.

Theorem 10.5 (Pisier). Fix a sequence {a,}.2,, and consider the Foguel—
Hankel operator F over H with symbol X = (a;j;;Wiy;), where {W;}2, are
the operators constructed above. Then the following are equivalent:

(i) F is polynomially bounded,
(ii) F is power-bounded,
(iii) sup, n (O g, _; lax|?) is finite.

However, if Z:ozo(k + 1)?|ax|? is infinite, then F is not similar to a contraction.
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Proof. Clearly (i) implies (ii). To see that (ii) implies (iii), recall that F' is
power-bounded if and only if sup, | X,| is finite, where X, =nXS""! =
n(a,‘+j+n71 Wi+j+n71). We haVe that

XX, + X, X*

00
2 ~ * *
=n E ai+k+n—laj+k+n—l[W/i+]<+,1_] Wj+k+n—l + ‘/Vi+k+n—lW,‘+k+n_1]‘
k=0

By (iii), the off-diagonal terms are 0, and hence the norm of this operator matrix
is just the largest norm of a diagonal entry. Since each diagonal entry is a sum
of positive operators, the supremum occurs when i = 0. Thus,

]

2 * *
§ |@ktn—1] Wk+n71Wk+n—1 + Wk+n—1Wk+n71
k=0

XX, + X, X5 = n?

[ee]

= sup n?
m

2 * *
|ak+n—l| (Ck+n_],mck+n—l,m + Ck-&-n—l,mck.kn_],m)
k=0

o0
2 2
=n Z |ak+n—l| )
k=0

using the fact that C,’fyka,m + Cky,nC,f,m = [ for k < m. Hence, sup, || X,||
finite implies that sup,, | XX, + X, X}|| = sup, n® Y reo larin—1 |2 is finite.

To prove that (iii) implies (i), we use Proposition 10.4. Define ®: B({?) —
B(H) by ®((a;,;)) = Zﬁo a; oW;. Since the norm of a matrix is larger than the
norm of any column, we have that || ®((a; ))I* = Y o laiol* < ll(a;j)||* and
hence ||®|| < 1.

Assuming sup, n Y o |akin—1]* is finite, by Theorem 10.2 we have that
the Foguel-Hankel operator with symbol (a; ; E; ;) is polynomially bounded,
and hence by Proposition 10.4, the Foguel-Hankel operator with symbol
(ai+jP(E;1;)) = (ai+j Wiy ;) is polynomially bounded.

Finally, to see that F is not similar to a contraction when Z,fio(k + 1)?|ai|?is
infinite, it is sufficient to show that the map §: P — B(¢2(H)) is not completely
bounded for this operator. Note that the (0,0) entry of 8GNy is (0 + Da; Wi
Thus, if we can show that the map 8: P — B(H), 8p(1) = 0, $o(z'*) = (i + 1)
a; W;, is not completely bounded, then § will fail to be completely bounded,
too.

If we consider the 2" x 2" matrix-valued polynomial P(z) = Z?zo(i +1)
@;Cinzit!, then 85 (P) = Y7 (i 4+ 1)?|a;|*Ci,, ® W;. By the definition of
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W; and (6) for the operators C; , we have that

Z([ + 1)2|ai|2Ci.n ® Ci,n
i=0

1 n
> 52 i+ DPlail’.

i=0

[567 )] =

Since A is an isometry, we have that || Pllec = O/ + 1)2]a;1*)"/2. Hence,
180 llcp > %(Z:’l:O(i + 1)%|a;1?)'/?, and letting n tend to infinity we have that &,
is not completely bounded. O

The above result leads us to Pisier’s counterexample to Halmos’s conjecture.

Corollary 10.6. (Pisier). Let ax_, = 2% and a; = 0 otherwise. Then the
Foguel-Hankel operator with symbol (a;4 ;Wi ;), where the W's are defined
as above, is polynomially bounded, but not similar to a contraction.

Proof. We have that sup, (n + 1) Y72, | |ax|* = sup; 2/ Zzij(sz)z =4/3,
while

S+ Dar = 3 @)Y = oo,
k=0

j=0

and so we are done by Theorem 10.5. O

For another example, one can set a; = (k + 1)~3/2. Then

o 172
sup (n + 1) ( Iak|2> <V2
n k=n
but
o0
(k 4+ 1)?|ax|* = +o0.
k=1

The same results as above hold when the sequence {W,} is replaced by an
actual CAR sequence {C,}.

Necessary and sufficient conditions on the sequence {a,} for the Foguel—-
Hankel operator with symbol (a;4;C;4 ;) to be similar to a contraction were
only recently obtained. In [197], it is shown that Z,fio(k + 1)?|ay|* finite is a
necessary and sufficient condition for similarity to a contraction. Earlier [11] it
had been shown that if Z,fil(k + 1)’[log(log(k + 1))]**€|ay|? is finite for any
€ > (0, then one has similarity to a contraction.

We now turn our attention to the problem of exhibiting a power-bounded op-
erator that is not polynomially bounded. Examples of such operators generally
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rely on some nontrivial results about A(D). The work of Peller [174] shows
that there exist Foguel-Hankel operators with scalar symbol that are power-
bounded but not polynomially bounded. However, partly for historical reasons
and partly to minimize the amount of function theory that is needed, we shall
present Foguel’s operator [98], which was the first known example of an op-
erator that is power-bounded, but not similar to a contraction. Later, Lebow
[136] proved that Foguel’s operator is not even polynomially bounded, and we
reproduce this result in Theorem 10.9.

To understand Foguel’s example, it is best if we start by looking at the Foguel

Operator
S* E,.,
F, r = ' s
0o S

where E,, denotes the standard matrix unit. We have that
o S*n Xn,r
N0 s )
n—1

n—1
*k n—1-k
Xn,r = E S Er,rS = E Er—k,r—n+k+1»
k=0 k=0

where

and we have adopted the convention that E; ; denotes the standard matrix units
provided that i, j > 0 and is 0 otherwise.
Note that X, , = X is a matrix all of whose entries are 0 or 1 and that

n,r

the 1’s occur along part of the antidiagonal where i 4+ j = 2r —n + 1. For

2 2r+1—n
nr =2 t—r—n Eec Thus, we

see that || X, .|| < 1 for all n and hence F, is power-bounded.

n > 2r 4+ 1, we have X, , = 0 and, in general, X

Given r and ¢, compute

n
Xn,an,t = E Er—k.r'—n+k+lEt—n+£+l,t—£'
k,£=0

We see that each term in this productisOQunlessr +k =t +€ >n—1,r >k,
and ¢ > £. These inequalities imply that 2r > r and 2¢ > r. Thus, if2r + 1 < ¢
or2t+1 <rthen X, , X,, =0.

Theorem 10.7 (Foguel). Let {k;} be a sequence of integers satisfying 2k, +
1<keyy, and let X = ZZI Ey, .k, Then the operator F = (S(; ’S() is power-
bounded.
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Proof. 'We have that
S X, >
F" = , where X, = Xk
( 0 S”) ; e

Since either 2k, + 1 < k,, or 2k,, + 1 < k, for £ £ m, we have that

[e'e) oo 2k¢+1-—n
XnX" - Xn,ngn-kf - EJ»J’
(=1 {=1 j=k¢—n

Because the intervals {[k, — n, 2k, + 1 — n]};2, are all disjoint, we have that
XiX, <1 0

To prove that the operators of the above type are not polynomially bounded,
we shall need a result from function theory.

Theorem 10.8. Let {k;} be a sequence of integers satisfying 2k, + 1 < kyyy,
and given f(z) = Z/Sio aZ* in AD), define I'(f) = (ak,, ak,, ...). Then
I: A(D) — ¢2 is contractive and onto.

Proof. Since (3 ;2 lax/)'? = || fll2 < | f loo» T is contractive. Consider the
matrix B = (} 7). Note that

1+ |al? 0
B*B =
0 1+ |a)?

and so we have that ||B|| = /1 + |a|?.

Fixh = (hy, ..., h,,0,...), afinitely supported vector in £ with || i, = 1,
and let
By(e" Lok 1<
7Y = <{<
e(e™) et | or 1<{¢<n.

Then by the above calculation, we will have that || B ||e = sup{|| B¢(¢'®)|: 0 <
0 <2m} =+/1+ |h¢|>. Foreachm, 1 <m < n, let

Fu(e') = Bi(€"?) - - B (e');

then || F, |12, < TTom, (1 + 1hel®) < exp(Xy_ lhel®) = e
By induction (Exercise 10.3) one shows that

b @) pule®)
Fu(e') = ‘ .
‘ <fm(e19> qm(e'0>>

where g, fum, Pm» qm are polynomials satisfying
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(1) gm(0) =1, deg gm < ki,

2 Qm(o) = Ldeng <k,

(3) deg pm < ki,

@ T(fu)=h1, .., hy,0,...).

Since || full < | Fullo < /e, by the linearity of I" we have that for every
finitely supported h € €2 there exists f € AID) with I'(f) =h and | f| <
Jellh]).

Given an arbitrary & € £2, one can choose a sequence of vectors {/,} with
finite support such that > °2, ||h,|l < 2||k|| and Y .~ h, = h. For each h,,
choose f, € A(D) with '(f,) = h, and || foll < /ellh,|l. Then f =372, f,
converges in A(D), and T'(f) = h. O

Theorem 10.9 (Lebow). Let {k;} be a sequence of integers with 2k, + 1 <
keyi, and let X =Y)°, Ey, x,. Then the operator F = (% %) is power-
bounded, but not polynomially bounded.

Proof. Let h =(1,1/2,1/3,...), which is in ¢2. Since 22k, + 1)+ 1 <
2ke+1 + 1, we see that the sequence {2k, + 1} satisfies the hypotheses of
Theorem 10.8. Hence there exists f(z) = Z/fio axz* in A(D) with Aofpt1 =
1/¢.

If F were polynomially bounded, then Y = 2,3,021 a,, X, would be abounded
operator, where X,, = Y poy Xk, -

Using the formula for X, , we see that

0 ifn#2r+1,

(Xn,reve):
o :1 itn=2r+1.

Hence,

0 ifm # 2k, 4+ 1 for some £,

(Xmeo, e0) =
00 {l if m = 2k, + 1, for some £,

and thus (Yeo, e0) = > oo dok,+1 = 2 gy 1/£, which diverges.
Thus, Y is not a bounded operator, and consequently, F is not polynomially
bounded. O

Notes

Theorem 10.5 with a CAR sequence of operators in place of the sequence {W,,}
follows from Pisier [191]. The proof given here follows that of Davidson and
the author [71] closely.
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Some earlier attempts at finding a counterexample focused on how large the
ratio of the complete polynomial bound to the polynomial bound could be for
an n X n matrix, together with obtaining asymptotic estimates of the growth of
this ratio as »n tended to infinity. See [184] for details of this work.

There is an extensive literature on Foguel-Hankel operators over C with many
deep connections to function theory. See Peller [174] for the earliest published
work on this family of operators, where the question arises of determining pre-
cisely for which sets of symbols these operators are, respectively, polynomially
bounded or similar to contractions. Bourgain [33] proved that such operators
are polynomially bounded if and only if the derivative of the symbol is in BMO.
Later, Aleksandrov and Peller [4] proved that such operators are polynomially
bounded if and only if they are similar to contractions.

This led naturally to the study of Foguel-Hankel operators over general
Hilbert spaces. In a remarkable paper Pisier [191] generalized many of the
function-theoretic results to obtain operator-valued versions, which allowed
him to construct his counterexample to the Halmos’s conjecture.

In an earlier unpublished work, Foias and Williams [101] studied general
Foguel operators and proved that such an operator is similar to a contraction if
and only if it is similar to S @ S*. This result motivated the simplification of
Pisier’s original proof found by Davidson and the author [71].

The result of Foias and Williams has a homological interpretation as the
vanishing of a certain Ext group for modules over the disk algebra. The study
of this group of extensions was begun by Carlson and Clark [38, 39], and only
later was the connection with this unpublished manuscript realized, resulting in
[40]. Further contributions were made by Ferguson ([90], [91], and [93]). There
are still many open questions about the computation of these Ext groups and
their relations to higher-order Hankel forms. See for example [65]. In particular,
the study of these groups over polydisk algebras is related to questions about
the relationships between the families of “big” and “small” Hankel operators
and generalizations of Nehari’s theorem. See for example [96], [94], and [92].

Exercises
10.1 Let
A1 0 0
=10 0] € M
: 1
0 0 A

be an elementary Jordan block.
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(i) Show that the (1, k) entry of J;" is the kth derivative of z" evaluated
at 1. Deduce that J; is power-bounded if and only if |A| < 1.
(i) Prove that if |A| < 1 then J, is similar to a contraction.
(iii) Let T € M, be power-bounded. Prove that T is similar to a contrac-
tion if and only if 7 is power-bounded.

10.2 Let T be an operator on a Hilbert space such that (7)) = C; U C, with
C, and C, closed, C; € D, and C, finite. Prove that T is similar to a
contraction if and only if 7 is power-bounded.

10.3 (i) Showthatgy, f1, p1, q1, satisfy (1)—(4) in the proof of Theorem 10.8.
(i) Show thatif g,,, fiu, Pm, gm satisfy (1)—(4), then g,,+1, fint1> Pm+is

gm+1 satisfy (1)—(4).

10.4 Let I': A(D) — ¢2 be the map of Theorem 10.8. Prove that I': A(ID)/
kerI' — ¢2 is a Banach space isomorphism with [|[I"|| < I, [T~ < J/e.

10.5 Let Cy, ..., C, denote the 2" x 2" CAR matrices, let Eyq, ..., E,; be
the standard matrix units in M,, and let ®(ME  +---+ A, E, ) =
M Cy + -+ A,Cy, so that ® is an isometry. Prove that | ® ||y, > /1/2.



Chapter 11
Applications to K-Spectral Sets

In this chapter we apply the results of Chapter 9 to the study of multiply con-
nected K-spectral sets. We show that for a “nice” region X with finitely many
holes it is possible to write down a fairly simple characterization of the family
of operators that, up to similarity, have normal 9 X -dilations. This constitutes a
model theory for these operators. In contrast, if X has two or more holes, then
it is still an open problem to determine whether or not every operator for which
X is a spectral set has a normal d X-dilation, i.e., is a complete spectral set. A
further difficulty with the theory of spectral sets is that it is quite difficult to
determine if a given set is a spectral set for an operator. We will illustrate this
difficulty in the case that X is an annulus and 7 is a 2 x 2 matrix.

Thus, even if it is eventually determined that the properties of being a spectral
set and being a complete spectral set are equivalent, the use of the theory might
be limited by the impossibility of recognizing operators to which it could be
applied.

It is easier to determine when a “nice” set with no holes is a spectral set for
an operator. If a compact subset X of the complex plane is simply connected
with boundary a Jordan curve, then one can define an analytic homeomorphism
f from X to the closed unit disk. In this case it is easily seen that X is a spectral
set for an operator T if and only if f(T) is a contraction. For this reason, criteria
for operators to have a simply connected set as a spectral set are fairly readily
available.

For many finitely connected sets, there is a simple criterion for the set to be a
K-spectral set for an operator. To develop this criterion, we first need to extend
the definition of spectral sets to include closed, possibly unbounded proper
subsets of the complex plane.

To motivate this extended definition, suppose that S is an invertible operator
and || S|| < R, so that the closed disk of radius R is a spectral set for S. The

150
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fact that this disk is a spectral set for S only tells us that || S|| < R and loses the
information that S is invertible. The statement that will capture both pieces of
information about S, when appropriately defined, is that the complement of the
open disk of radius R~! is a spectral set for T = S~!.

Let X be a closed, proper subset of C, and let X denote the closure of X R
regarded as a subset of the Riemann sphere. That is, X = X when X is compact,
and otherwise X is X together with the point at infinity. We let R(X) denote
the quotients of polynomials with poles off X, that is, the bounded, rational
functions on X with a limit at infinity. We regard R(X) as a subalgebra of
C(B)A(), which defines norms on M, (R(X)).

If X is a closed, proper subset of C, and T € B(H) with o(T) C X, then we
still seek a functional calculus, i.e., a homomorphism p: R(X) — B(H), given
by p(p/q) = p(T)q(T)~'. We say that X is a (completely) K-spectral set for
T, provided that p is well defined and ||p|| < K (respectively, ||plleo < K). We
use the term (complete) spectral when K = 1.

Let ¢ be a linear fractional transformation regarded as a map from the sphere
to the sphere, let X be a closed, proper subset of C, and suppose that the pole
of ¢ lies off X, so that w()A() =Y (X)” =Y is a compact set in C. If f is in
R(Y), then f o ¢ defines an element of R(X), and the map ¢*: R(Y) — R(X),
given by ¥*(f) = f o ¥, defines a completely isometric algebra isomorphism
between these algebras. The following results are immediate.

Proposition 11.1. Let X be a closed, proper subset of C, and let  be a linear
fractional transformation with pole off X. Then X is a (complete) K-spectral
set for some operator T if and only if (X))~ is a (complete) K-spectral set for
W (T).

Proposition 11.2. Let T be an operator. Then T is invertible with |T~'|| < R
ifand only if {z: |z| = R~} is a complete spectral set for T.

It is now quite easy to illustrate one of the subtleties involved in the study of
finitely connected spectral sets that is eliminated by the study of K-spectral sets.
Let X ={z: R !'<|z]<R},R>1,bea spectral set for some operator T, so
that necessarily ||7|| < R and ||T~'|| < R. This last statement is equivalent to
the statement that X; = {z: |z] < R}and X, = {z: |z| = R~} are both spectral
sets for 7. Since X = X N X», it is natural to ask: If X; and X, are spectral
sets for T, then is X a spectral set for 7? The answer, as we shall show in a
moment, is no. Thus, ||T|| < R and || T~!|| < R is not enough to guarantee that
X is a spectral set for T'.
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On the other hand, if X; and X, are, respectively, (complete) K-spectral
and (complete) K,-spectral sets for 7', then we shall show that X is always a
(complete) K-spectral set for 7', for some K (Theorem 11.5).

To construct an example where X is not spectral for 7', let

|1t |1 =t
S O R i

It is not difficult to calculate that, if t = R — R™', then ||T|| = |T~"|| = R.
Thus, X; and X, are both spectral sets for 7. However, |z — 7 1< R+R™!
on X,while |[T-T'|=2t=2(R— R ")>R+R 'forR > V3. Thus,

X is not a spectral set for T when R > /3. Computing the largest value of ¢
such that X is a spectral set for T involves a considerable knowledge of the
function theory of X.

The proof of Theorem 11.5 requires the introduction of the concept of de-
composability. Let X be a closed, proper subset of C. We call a collection { X; } of
closed, proper subsets of C a decomposition of X provided that X = (] X; and
every f € R(X) can be written as a uniformly convergent series f =, fi,
where each f; isin R(X;)and ), || fill < K| f1|, where K is independent of f.
The least value of K satisfying the above inequality we call the decomposition
constant, relative to the decomposition {X;}. If there is a constant K such that
the above inequality holds for all ' in M,,(R(X)) and all n, then we say that
{X;} is a complete decomposition of X and call the least such K the complete
decomposition constant.

Of course every set has a trivial decomposition, namely itself. However, we
shall see that many sets have more interesting decompositions. Before proceed-
ing, we point out the relevance of the above definitions.

Proposition 11.3. Let X be a closed, proper set in C with (complete) decom-
position {X;} and (complete) decomposition constant K. If T is an operator
such that each X; is a (complete) K;-spectral set for T and L = sup;K; is finite,
then X is a (complete) K L-spectral set for T.

The algebra R(X) is called a Dirichlet algebra if R(X) 4+ R(X) is dense in
C (3)? ). We shall call a set X for which R(X) is a Dirichlet algebra a D-set.
This concept should not be confused with the concept of a Dirichlet set. A set
X is called a Dirichlet set if every continuous function on dX has a harmonic
extension to the interior of X. For example, an annulus is a Dirichlet set that is
not a D-set.

Let X be a compact set in C whose boundary consists of n 4 1 disjoint,
rectifiable, simple, closed curves (i.e., Jordan curves). Such a set will be called
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a nice n-holed set. If X is a nice n-holed set, let {U;}!_, denote the open
components of C\ X, with U, the unbounded component, and let X; = C\U;,
sothat X;,i =0, ...,n,is aclosed set with X, compact. Note that X = Xy N
XiNn---NX, We call {Xi}i_, the canonical decomposition of X.

Proposition 11.4. Let X be a nice n-holed set. Then the canonical decompo-
sition of X is a complete decomposition of X.

Proof. Let {X;}_, be the canonical decomposition of X, and let I'; = 9.X,
with 'y oriented counterclockwise, and I';, j =1, ..., n, oriented clockwise.
If F € My(R(X)), then for z ¢ T';, set

1
Fi(x) = %/r F(w)(w —2)~" dw.

Since F(z) = Fy(z) + - - - + F,(z) for z in the interior of X, it is not difficult
to see that each F;(z) extends to define a function in M (R(X ;)), which we still
denote by F;(z), and that with this extended definition, F'(z) = Fo(z) +--- +
F,(z) forall z € X.

For i # j, let d; ; denote the minimum distance between I'; and I';, and let
£; denote the length of T; times (2m)~'. Fori # j,and 7 € I'j, we have that
IFi() < tid; ||F|| Thus, forz € T';,

IF@I = |F@) =) Fi)

J#

<IFI+)_€d ] IFI,
J#i

and so we have that || F;|| < ¢;|| F||, where c¢; is a constant independent of k.
Hence, Y, | F;|l < (co+ -+ ¢, F|l, and we have that the canonical de-
composition is a complete decomposition. O

Theorem 11.5. Let X be a nice n-holed set with canonical decomposition
{Xi}'_y and let T € B(H). The following are equivalent:

(i) X is a (complete) K-spectral set for T, for some K,
(ii) each X; is a (complete) K;-spectral set for T.

Proof. A straightforward application of Propositions 11.3 and 11.4. O

In Chapter 10 we proved that the hypothesis that X is a K-spectral set for
T does not imply that X is a complete K'-spectral set for T for some K’ even
when X is the unit disk.

There is another, more geometric version of Theorem 11.5.
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Corollary 11.6. Let X be a nice n-holed set, with canonical decomposition

(XY o and let T € B(H). Assume that there exist analytic homeomorphisms

fi:X; > D™, i=0,...,n. The following are equivalent:

(i) there exists an invertible operator S such that S™'T S has a normal 3X-
dilation,

(ii) there exist invertible operators {S;}!_, such that ||Sf1ﬁ(T)Si|| <1 for
i=0,...,n.

Proof. By Corollary 9.12, statements (i) and (ii) above are equivalent to state-
ments (i) and (ii) of Theorem 11.5, respectively. |

The two results above reduce determining whether or not a nice n-holed
set, with canonical decomposition {X;}7_, is a complete K-spectral set for an
operator T to a finite set of conditions.

As a consequence of these result we have:

Corollary 11.7. Let T be an invertible operator, and assume that there are
invertible operators S| and S, satisfying ||S1_1TSI | <R, ||S;1T’1S2|| <rl
withr < R. Then there is an invertible operator S such that ||S~'T S| < R and
IS~'7-1s| < r L

Proof. When r < R, this is a direct consequence of Corollary 11.6, by letting
X ={zr<|z] <R}, folm) =z and fi(z) =z

It r =R, then [|(T/R)"|| < IIS7"[I- 1Su]l, and [(T/R)™" < 1S5 - IS2l.
Hence, by Corollary 9.4, there exist an invertible operator S such that
S~Y(T/R)S is a unitary. Thus, [|ST!TS|| < Rand |S~!T~!S| <r~ . O

Theorem 11.8. Let X be a nice n-holed set with canonical decomposition
{Xi};_, and (complete) decomposition constant K. If T € B(H) and each X;
is a spectral set for T, then X is a (complete) K-spectral set for T.

Proof. Since each X; is a D-set, the hypothesis that X; is a spectral set im-
plies that 7 has a normal 9 X;-dilation, by Theorem 4.4. That is, X; is a com-
plete spectral set for 7. The remainder of the proof is a direct application of
Propositions 11.3 and 11.4. O

Let X ={z: r <|z| < R},r < R, be an annulus, so that the canonical de-
composition of X is Xo = {z: |z|] < R} and X| = {z: r < |z|}. We have that X
is a spectral set for 7 if and only if ||T'|| < R, and X, is a spectral set for T
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if and only if |7~'|| < r~'. We have seen in an earlier example that |T| < R
and |[T7'|| <~ ! is not enough, in general, to guarantee that the annulus is a
spectral set for 7. However, by the above theorem, the annulus will be a com-
plete K-spectral set for 7' and so, up to conjugation by a similarity, 7 will have
a normal d X-dilation.

It is not difficult to see from the proof of Proposition 11.4, that 2 + % gives
an upper bound on the complete decomposition constant for the canonical
decomposition of X. It is interesting to contrast this with [211, Proposition 23],
where it is shown that the decomposition constant for this annulus is bounded
by 2 + (%)1/ 2. However, that proof does not appear to generalize to other
sets.

Precise values for the decomposition constant and complete decomposition
constant are not known, even for an annulus. Neither is it known whether these
constants are achieved by operators. That is, for T an operator with ||T|| <
R, ||IT7"|| <r ' let p: R(X) — B(H)be the homomorphism given by p(f) =
f(T), where X = {z: r < |z| < R}, and set

K =sup{llpll: ITI| <R, IT7"| < R7"}
and
K. =sup{llpllew: IT < R, T <r 7'}

By Proposition 11.3, K and K, will be less than or equal to the decomposition
constant and the complete decomposition for X, respectively, but it is not known
if these inequalities are strict or are in fact equalities.

There are sets besides nice n-holed sets for which these decomposition tech-
niques are valuable. For example, the sets

Xo = {z: |z] <1 and

and

1
Z+ =

Xlz{ZZ 2

1
> _
=4

are D-sets [68, VI.11.11], and the proof of Proposition 11.4 can be suitably
modified to show that these sets define a complete decomposition of X = Xy N
X . Consequently, the conclusions of Theorems 11.5 and 11.8 apply to these
sets as well.

Another approach to finitely connected regions involves the concept of a
hypo-Dirichlet algebra. If X is a compact, Hausdorff space, then any subalgebra
A of C(X) that separates points on X and has the property that the closure of
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A + Ais of finite codimension 7 in C(X) is called a hypo-Dirichlet algebra on
X of codimension n.

Gamelin [103, Theorem IV.8.3] shows that if X is a compact subset of C
whose complement has n bounded components, then R(X) is a hypo-Dirichlet
algebra on 0X of codimension m, with m < n. In fact, if points {z j}?zl are
chosen, one from each bounded component of the complement of X, then the
span of the union of R(X), R(X), and {In |z — Zj |}’}=1 is dense in C(0 X).

We shall show that unital, contractive homomorphisms of hypo-Dirichlet
algebras are necessarily completely bounded.

Lemma 11.9. Let A be a unital C*-algebra, and let S C A be an opera-
tor system of codimension n. Then for every ¢ > 0, there exists a completely
positive map ¢: A — S and a positive linear functional s on A such that
ol <n+1+e¢ |Isll <n+e and p(x) =x +sx)-1forx €S.

Proof. Letw: A — A/S be the quotient map. It is not difficult to show that
there exist self-adjoint linear functionals £{, £5, .. ., £, on A/S and self-adjoint
elements A, I}, ..., h), in A/S that form a basis, such that ||£}|| = [|A}]| =1
and Ki(hfj) = §;,j, the Kronecker delta. Let iy, ho, ..., h, be self-adjoint ele-
ments in A such that 7 (h;) = h and ||h;|| < 1+ ¢&/n. Also,let £; = £; o, so
that S ={y e A: 4;(y) =0,i =1,2,...,n} with |4;]| =1 and £;(h;) = & ;.

By Exercise 7.14, we can write £; = f; — g;, where || fi|| < 1, |lg|l < 1,and
| fi + &l <1, with f; and g; positive linear functionals on A. If for x in A,
we set

Y@ =x—>_ Li(x)h,
i=1

then y is a projection of 4 onto S.
Hence the completely positive map ¢: A — A defined by

¢(x) =x+ Y gl + ki) + Y fE Rl — ki)
i=1 i=1

= y(@)+ Y (@) + fie)lhi] -1
i=1

has range in S.
If we set s(x) = >__  (fi(x) + gi(x))||h;]l, then

n
Isll < Y I fi + gillllhill < n +e,
i=1
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and ¢(x) = x + s(x) - 1 for x in S. Finally, since ¢ is completely positive, we
have |¢p]l = l¢p(DI =14+s(1) <n+1+e. O

Theorem 11.10. If A C C(X) is a hypo-Dirichlet algebra of codimension n,
and p: A — B(H) is a unital contraction, then || p|ls < 2n + 1.

Proof. Lete > 0, let S be the closure of A+ A in C(X), and let ¢: C(X) —
S and s be as in the previous lemma. If we extend p to g: S — B(H) by
A(f +8)=p(f)+ p(g)*, then § will be positive by Proposition 2.12. Thus,
p o ¢: C(X) — B(H) is positive and hence completely positive. Finally, for f
in A, we have

p(f)=pod(f)—=s(f) ln,

so that

lolleo < 15 0 @lico + lIslico = 150 (DIl + Is(DIl < 2n + 1 4 2,

since p o ¢ and s are completely positive. O

Corollary 11.11. If A € C(X) is a hypo-Dirichlet algebra of codimension n,
and p: A — B(H) is a unital contractive homomorphism, then p is similar to
a homomorphism that dilates to C(X). Furthermore, the similarity S may be
chosen such that ||S|| - |S7'| < 2n + 1.

Corollary 11.12. Let X be a compact subset of C such that X is a spectral set
for T in B(H). If R(X) is a hypo-Dirichlet algebra of codimension n on dX,
then there exists an invertible operator S in B(H) with ||S74| - |IS]| <2n +1
such that S~'T S has a normal 3 X -dilation.

When X is a nice n-holed set, it is interesting to contrast Corollary 11.12
with Theorem 11.8. If X is a spectral set for T, then both theorems allow us to
deduce that X is a complete K-spectral set for 7. Corollary 11.12 gives an upper
bound on K of 2n + 1, while the bound on K in Theorem 11.8 comes from the
complete decomposition constant for X relative to the canonical decomposition
of X. The proof of Proposition 11.4 gives a bound on the complete decompo-
sition constant, but the bound one obtains in this manner is always larger than
2n 4+ 1. However, it should be recalled that the hypotheses of Theorem 11.8 are
considerably weaker than those of Corollary 11.12.
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Notes

Most of the results of this chapter were obtained by Douglas and the author in
[77]. Exercise 11.3 is from [241].

Exercises

11.1 Let T be in B(H) and let X = {z: Re(z) > 0}. Prove that the following
are equivalent:
(i) X is a complete spectral set for 7T'.
(i) X is a spectral set for T'.
(iii) C = (T — 1T + 1)~" is a contraction and 1 ¢ o (C).
(iv) Re(T) = 0.
W (T =DXNT —=1) <(T + DT + D).
Let X be a closed, proper subset of C, T € B(H), and suppose X is a
spectral set for T. We say that T has a normal dX-dilation provided
that there exists a Hilbert space K containing H and a bounded normal
operator N in B(K), with o(N) C 90X, such that f(T) = Py f(N)|x.
11.2 Let X = {z: Re(z) > 0} be a spectral set for 7.
(1) Prove that T has a normal dX-dilation if and only if the minimal
unitary dilation U of the contraction C = (T — 1)(T + 1)~! satisfies
1 ¢o(U).
(i1) Give an example of an operator T such that X is a complete spectral
set for 7', but T has no normal 0 X -dilation.
(iii) Let p: R(X) — B(H) be given by p(f) = f(T). Show that if X is
a complete spectral set for T, then p has a C(d X)-dilation.
11.3 Let X be a proper, closed subset of C, A € X,and T € B(H) witho(T) C
X.Set R, (X) ={f € R(X): f(A) =0}.
(1) (Williams) Show thatif || f(T)| < || f|l forall f € Ry (X), then X
is a spectral set for T'.
(i) Show thatif || f(T)|| < K| f| forall f € R,(X), then X isa (2K +
1)-spectral set.
(iii) Give an example where || f(T)|| < K || f|| forall f € R, but X is not
a K-spectral set.
a)* If | (I < I f] for all f € M,,(R;(X)) and all n, then is X a
complete spectral set for 7?7
11.4 Let X;,i =1, ..., n, be disjoint, compact sets, and let X be their union.
Show that if X is a K-spectral set for 7', then T is similarto 77 & - - - & T,
where X; is K;-spectral for T;.
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Tensor Products and Joint Spectral Sets

In this chapter we outline some of the theory of tensor products of C*-algebras,
operator spaces, and operator systems, and apply this theory to multivariable
dilation theory. An n-tuple of operators (71, .. ., T,,) is said to doubly commute
provided that 7;7; = T;T; and T,-Tj* = Tj*Ti for all i # j. We shall see that,
for doubly commuting operators, a natural setting for generalizing the theory
of spectral sets from a single-variable theory to a multivariable theory is the
theory of tensor products of operator systems.

Let.A and B be unital C*-algebras. Then their tensor product can be made into
a x-algebra by setting (¢ ® b)* = a* ® b* and extending linearly. By a cross-
norm, we mean a norm |-, on A ® B with the property that |a ® b, =
llallllb]l for @ € A and b € B. By a C*-cross-norm, we mean a Cross-norm
on A ® B that also satisfies the C*-algebra axioms, [xyll, < [lxIl, |lyll, and
lx*x|l, = ||x||f, = ||lx*||, for x,y € A® B. The completion of A ® B with
respect to a C*-cross-norm y is a C*-algebra, which we denote by A @, B.

In general, there are many possible C*-cross-norms on A ® B, but there are
two that we shall be interested in, the maximal and minimal C*-cross-norms.

In order to construct the minimal C*-cross-norm, we recall the theory of
tensor products of Hilbert spaces. Suppose that H and K are Hilbert spaces.
It is well known that if we set (h @ k, h’ ® k') = (h, h')y(k, k') and extend
linearly, then we obtain an inner product on H ® /C. The completion of H ® K
with respect to this inner product is a Hilbert space, which we still denote
by H® K. If T and S are operators on H and X, respectively, then setting
(T ®sp S)(h ® k) = (Th) ® (Sk) extends to define a bounded, linear operator
onH @ K with | T @ S|l = [IT IS

It is fairly easy to check that (T1 ®sp S1)(T2 ®sp 52) = (T172) Rsp (5152) and
that (T Qg S)* = T ®sp S*.

If A; € B(H;),i = 1,2, are two C*-subalgebras, then we define the spatial
tensor product, Ay ®g, Az, to be the subspace of B(H ® K) spanned by the
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operators T @, S with 7 € A; and S € A,. It can be shown that the map
from the tensor product A; ® A to A; ®sp, A, is one-to-one and hence setting
17 ® Sillsp = 1 X T; ®sp Sill defines a cross-norm. From this it follows
easily that ||-||sp is a C*-cross-norm. See [233] for proofs of these facts.

Ifmry: Ay — B(H;)and myp: A; — B(H;) are unital x-homomorphisms, then
we get a unital, x-preserving homomorphism 71 ® 75: A; ® A, — B(H; ® H»)
by setting 71 ® mo(a ® b) = mi(a) s ma(b). Thus, if for x € 4; @ Ay we
set ||x|Imin = sup{llm; ® ma(x)||: 7;: A; — B(H;) unital, x-homomorphism,
i = 1, 2}, then we obtain a C*-cross-norm on A; ® A,. This norm is called the
minimal norm, and the completion of A; ® A, in this norm is denoted A; ®nin
A, . Note that it has the property thatif 7;: A; — B(H;),i = 1, 2, are any unital
s-homomorphism, then 7| ® m,: A; ® A, — B(H; ® H>) can be extended,
by continuity, to a unital x-homomorphism of A; Quin A, denoted 1 Qpin 772.

The following result is explains the name of this C*-cross-norm. For a proof,
see [233, Theorem IV.4.19].

Theorem 12.1 (Takesaki). Ler A, and A, be unital C*-algebras. If v is a
C*-cross-norm on Ay @ Ay, then ||x ||lmin < ||lx|l, forallx € A} ® As,.

Corollary 12.2. Let A and A; be unital C*-algebras. If w;: A; — B(H;) are
one-to-one, unital x-homomorphisms, then for x € A1 ® Az, |1 X ||lmin = I771 ®
(X))

Proof. By definition, [x|min > |71 @ m2(x)[l. But setting [x[, = [l71 ®
m,(x)|| defines a C*-cross-norm, from which the other inequality follows. O

Thus, when A; € B(H;) are concrete C*-subalgebras the minimal and spatial
C*-cross-norms are equal.

Suppose that 3;,i = 1, 2, are unital C*-algebras and that A; C B;,i =1, 2,
are unital C*-subalgebras. For x € A; ® A, C B; ® BB, we have two possible
definitions of || x || min, depending on whether we view it as an element of A; ®
A, or of By ® B,. However, if we fix w;: B; — B(H,;),i = 1, 2, unital, one-
to-one x-homomorphisms, then since their restrictions are also unital, one-to-
one *-homomorphisms of A4;,i = 1,2, by Corollary 12.2 we have ||x||pin =
|1 ® ma(x)], independent of whether we regard it as an element of A; ® A,
or B ® B,.

This observation can perhaps best be summarized by saying that the natural
inclusion of A; ® A; into B; ® B, extends to a x-isomorphism of A; Qi Az
onto the norm closure of A; ® A, in By ®min B>. Because of this last fact, the
minimal C*-cross-norm is also often called the injective C*-cross-norm.
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We use this observation to define a min norm on tensor products of operator
spaces. Suppose that 4;, i = 1, 2, are unital C*-algebras and that S; C A;,i =
1, 2, are subspaces. We then define the min norm on §; ® S, to be the restriction
of the min norm on A; ® A, and let S| ®umin S; denote this operator space.
Note that if S; and S, are operator systems, then S| ®in S» is also an operator
system.

It is important to note that since we are defining S| ®min S2 as a concrete
subspace of the C*-algebra A; ®pnin A», it is endowed with a matrix norm and,
in the case of operator systems, a matrix order.

Theorem 12.3. Let A; and B; be unital C*-algebras, let S; C A; be subspaces,
andlet L;: S; — B; be completely bounded, i = 1, 2. Then the linear map L, ®
Ly: 81 ® Sy — By ® By, givenby (L1 ® Lay)(ar ® az) = Li(a1) ® La(ay), de-
fines a completely bounded map Ly Quin L2: S| ®min S2 = Bi ®min Ba, with
L1 ®min L2llcb = lIL11lebl| L2 llcb- If S1 and Sy are operator systems and L
and L, are completely positive, then L ®min L is completely positive.

Proof. Let B; € B(H;),i = 1,2. If we can show that L; ® L,: §; ® S, —
B(H; ® H,) is completely bounded in the min norm with ||[L; ® Ly|lc =
ILillevllL2]lchs then we shall be done by the injectivity of the min norm.
By the extension theorem for completely bounded maps, we may extend
L; to Li: Aj — B(H;) with ||Li|lco = |Lillcv, i = 1,2. Now applying the
generalized Stinespring representation, we obtain unital x-homomorphisms
;. A; = B(K;), and bounded operators V;: H; — K;, W;: ‘H; — K; with
IVillIWill = I L llcb, such that

Li(a) = Vimi(@W;, a; € A;, i=1,2.

Consider V] [ VQI H] ®H2 e IC] ®IC2, W] [ Wzl H] ®H2 e IC] ®/C2,
and ) Qmin 72 A Qmin A2 = B(K; ® K). We have that (V] @ Vo)* (1 ®
m)(a; ® a)(W ® W) = Li(a;) ® La(az). Thus, ||L; ® Lzl < |VI ® V2|
Wy & Wal| = |ILillebll L2]lch on S ® S». We leave it to the reader to verify
that [[ Ly [leblI L2lleb < IL1 & Lal|cb-

If §; and S; are operator systems and L and L, are completely positive, then
we argue as above, using the extension theorem for completely positive maps.
In this case, we find that V; = W;, i = 1, 2, from which the result follows. [

Corollary 12.4. Let S| and S, be operator spaces, x € S| ® S,. Then

IXllmin = sup{lIL1 @ Lo(x)|I: Li: §; = B(H;), [ Lillew = 1, i =1,2}.
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Furthermore, if S and S, are operator systems, then we may take L; to be
completely positive, i = 1, 2.

The above corollary shows that the min norm on tensor products of operator
spaces is invariant under completely isometric isomorphisms of those operator
spaces.

Let X be a compact, Hausdorff space and let A be a unital C*-algebra. We
let C(X;.A) denote the continuous functions from X into .4, equipped with the
norm || F|| = sup{||F(x)||: x € X} for F € C(X;.A). It is easy to check that if
we define multiplication, addition, and the x-operation pointwise, then C(X; A)
is a C*-algebra.

Now define a x-homomorphism from C(X) ® A into C(X;.A) by

Y fi®ai— Fx) =) filo)a;.
i=1 i=1

It is straightforward that setting || >/, fi ® a;|l, = || F|| defines a C*-cross-
norm on C(X) ® A. Furthermore, a standard partition-of-unity argument shows
that the image of C(X) ® A is dense in C(X;.A). Thus, the above mapping
extends to a *-isomorphism of C(X) ®, A with C(X; A).

We can now show that y is actually the minimal C*-cross-norm. To see
this, note that for each fixed x € X, the map f — f(x) extends to a contractive,
linear map on C(X). Thus by Exercise 12.1, the map f ® a — f(x)a extends to
a contractive linear map from C(X) Qmin A to A, andso || Y7, fi ® @i |lmin >
| 3%, fi(x)a;||. This shows that the min C*-cross-norm is greater than the
y C*-cross-norm, and consequently they must be equal.

We have shown the following:

Proposition 12.5. Let X be a compact, Hausdorff space and let A be a uni-
tal C*-algebra. Then the map f ® a — f(x)a extends to a x-isomorphism
between C(X) Qmin A and C(X; A).

We note that in the particular case where A = C(Y) for a compact Hausdorff
space Y, the usual identification of a continuous function on X x Y with a
continuous function from X into C(Y) is a *-isomorphism of C(X; C(Y)) and
C(X x Y). Thus, C(X x Y) is x-isomorphic to C(X) ®min C(Y).

IfS; € C(X;)isasubspace,i = 1, 2,thenthe minnormon S} ® S, isjust the
norm one obtains by viewing an element of S| ® S, as a function on X x X».
Furthermore, if S| and S, are operator systems, then an element of M,(S; ® S»)
will be positive if and only if it is a positive matrix-valued function on X x X».
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We now turn our attention to the max norm. Let A and B be unital C*-
algebras, and let 71: A— B(H), mp: B — B(H) be unital x-homomorphisms
such that ry (a)my(b) = mo(b)mi(a) foralla € Aand b € . We may then define
a unital s-homomorphism 7: A® B — B(H) viam(x) = Y :_, i(a;)m2(b;),
where x = ) _, a; ® b;. Conversely, if we’re given a unital x-homomorphism
m: A® B — B(H) and we define m((a) = w(a ® 1), m2(b) = w(1 ® b), then
we obtain a pair of unital x-homomorphisms of .4 and B, respectively, with
commuting ranges such that 7 (a ® b) = m1(a)m, (D).

We define

1 lmax = sup{llw(x)||: 7: A Q® B — B(H) unital x-homomorphisms}.

Thus, if 7;: A— B(H), mp: B— B(H), are unital x-homomorphisms with
commuting ranges, then we have a unital x-homomorphism 777 ®ax 72: A max
B — B(H) satisfying 7} ®@max m2(a ® b) = mi(a)ma(b).

Proposition 12.6. Let A and B be unital C*-algebras, let x € A Q B, and let
Y be a C*-cross-norm on A® B. Then ||x |, < [I*]lmax-

Proof. By the Gelfand—Naimark—Segal theorem, there is a unital -
homomorphism 7: A ®, B— B(H) with |x||, = [[w(x)||. Since [z (x)| <
[Ix lmax by definition, the proof is complete. O

If we have C*-algebras A; C B;,i = 1, 2, then the natural inclusion A; ®
As C By ® By C By Qmax B> induces a C*-cross-norm y on A; ® A,. The C*-
algebra A; ®, A, can be identified with the closure of A; ® A in Bi ®max
BB,. Thus, by Proposition 12.6, we have a x-homomorphism A; Q. Az —
B ®max B2, which, in general, can be norm-decreasing.

Moreover, if 7;: A; — B;,i = 1,2, are onto x-homomorphisms, then
Qmax T2: A1 Omax A2 = B Qmax B> is onto, but not necessarily one-to-one.
For these reasons, the max norm is often referred to as the projective C*-cross-
norm.

Unfortunately, the max norm on tensor products is not compatible with com-
pletely bounded maps. Huruya [123] has given an example of a completely
bounded map L: A; — A, and a C*-algebra B such that the map L ® id:
A ® B — A, ® B, defined by L ® id(a ® b) = L(a) ® b, does not even ex-
tend to a bounded map from A; ®uax B into Ay ®umax B. However, it is the case
that the tensor product of completely positive maps yields a completely positive
map on the tensor product in the max norm. This fact is a consequence of the
following commutant lifting theorem of Arveson [6].
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ForasetS C B(H),letS' = {T € B(H): TS = ST forall S € S} denote the
commutant of S. Note that S’ is always an algebra and that when S is self-
adjoint, S’ is a C*-algebra.

Theorem 12.7 (Arveson). Let H and IC be Hilbert spaces, let B € B(K) be
a C*-algebra containing 1y, and let V: ' H — K be a bounded linear transfor-
mation with BV H norm-dense in K. Then for every T € (V*BVY, there exists
a unique Ty € B’ such that VT = T\V. Furthermore, the map T — Ty is a
x-homomorphism of (V*BV) onto B' N {VV*}.

Proof. Let Ay,..., A, bein B, and let iy, ..., h, be in H. Note that if a T}
with the desired properties exists, then

T] (Xn: A,‘Vh,‘) = Xn:AiVThi. (*)
i=1 i=1

Since the vectors appearing in the left-hand side of the above formula are dense
in /C, this shows that such a Tj, provided that it exists, is necessarily unique.
Thus, we need to prove that the above formula yields a well-defined, bounded
operator. Note that if P and Q are commuting positive operators and x is a
vector, then (P Qx, x) = (PQY?x, Q'2x) < || P||{Qx, x). We have that
n
= Y (T*V*A7A;VTh;, h;)

ij=1

n
= Y (T*TV*A;A;Vhj. h;) = (PQx. x),
ij=1
where Q = (V*AFA;V)!,_,x =h1 & - @ hy,, and P is the diagonal n x n
operator, whose entries are 7*T'. Thus, P and Q are positive and commute, and

SO

< IPIQx, x) = |IT|- ZA Vh
This equation shows that the formula () yields a well-defined, bounded operator
with [Ty ]| < [IT']].

From the formula (%) it is clear that the map =, given by n(T) = T, is
a homomorphism into B'. To see that it is a *x-homomorphism, calculate

(r(T)A1Vhy, AyVhy) = (V*ASAVThy, hy)
— (TV*A3AVhy, hy) = (A\Vhy, AsVT o) = (A Vhy, 1(T*) AV hy).
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Since linear combinations of vectors of the above form are dense in &, we have
that 7 (T)* = n(T*).
To see that 7} is also in the commutant of V V*, observe

nVV*=VTV*=V{VT" =V{;V) = VV*T.

Finally, to see that 7t is onto B’ N{VV*}, let X e B'N{VV*} and let
V*=W*P be the polar decomposition of V*, so that X commutes with
P=(VV"2 LetT = W*XW; then for A € B,

TV*AV = W*XWW*PAPW = W*XPAPW = W*PAPXW
=V*APWW*XW = V*AVT,

so that 7 is in the commutant of V*BV. Also, VT = PWW*XW = PXW =
XPW = XV, sothat 7(T) = X. Thus, the x-homomorphism 7 is indeed onto
B N{VVv*Y. O

Note that T is in the kernel of the above x-homomorphism 7 if and only
if VT = 0. Thus, if V has trivial kernel, then 7 is a *-isomorphism. It is also
worthwhile to note that even when the map 7 has a kernel, the map 6(X) =
W*XW defines a completely positive splitting of 7, i.e., r 00(X) = X.

Theorem 12.8. Let A, Ay, and B be unital C*-algebras, and let 0;: A; —
B,i =1, 2, be completely positive maps with commuting ranges. Then there
exists a completely positive map 61 Qmax 02: Al Qmax A2 —> B with 0] Quax
0r(a1 ® az) = 01(a1)02(az).

Proof. Clearly, we may assume that 5 = B(H). Let (7, Vi, ;) be a mini-
mal Stinespring representation of 0y, and let y;: (V{7 (ADV1) — mi(A1) N
{V1 VY be the x-homomorphism of Theorem 12.7. We then have that r;: A; —
B(K1), 0, = y1 06,: Ay — B(IC)) are completely positive maps with commut-
ing ranges.

Let V" = WP, be the polar decomposition of V}*. By the remarks fol-
lowing Theorem 12.7, 6,(a;) — Wl*éz(az)Wl is in the kernel of y; and conse-
quently, V(62(az) — Wféz(az)Wl) = 0. Thus, V165(a2) = Vi W0x(a) Wy =
P162(a)Wy = 02(a) PLW, = 02(az) V1, since 0>(ap) commutes with V Vi =
P} and hence with P;. Hence, we have that

Vitmi(a))fa(ax) Vi = Vi (a)Vifa(az) = 01(ar)62(an).

Repeating the above argument, we let (12, K5, V,) be a minimal Stinespring
representation of 0, and let y»: (Vyma(A2)Va) — ma(Az) N {Va V5. Then
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1 = ypom: Ay — B(K,) is a *-homomorphism whose range commutes
with 72(Ay). Also Vy'ma(ax)#1(ar)Va = Bx(az)m(ay).

Finally, by the universal property of the max norm, we have a -
homomorphism, 7: A; ®mu A — B(K,) with w(a; ® ax) = 71 (ar)m(az).
Let V: H — K, be defined by V = V,Vy, so that 6: A Quax A — B(H),
defined by 6(x) = V*m(x)V, is completely positive. Finally,

0(a) ® ax) = V' V571 (a)ma(a) Vo Vi = Vimi(a)d2(a2)Vi = 01(ar)b2(az).

Thus, 0; ®max 02 = 0 is the desired completely positive map. O

Because of the different properties of the max and min norm, it is important
to know when they coincide, that is, when there is a unique C*-cross-norm
on A® B. A C*-algebra A that has the property that the max and min C*-
cross-norms coincide for every unital C*-algebra B is called nuclear. There is
a deep and elegant theory characterizing these C*-algebras. See Lance [135]
for an excellent survey. For our current purposes it will be enough to know
that commutative C*-algebras are nuclear. It is also valuable to note that M,, is
nuclear (Exercise 12.4), so that the norm we defined on M,(A) = M, ® A is
the unique C*-cross-norm.

Proposition 12.9. Let X be a compact Hausdorff space. Then C(X) is nuclear.

Proof. Let B be a unital C*-algebra, and let 7;: C(X) - B(H), mp: B —
B(H), be x-homomorphisms with commuting ranges. It will be sufficient to fix
Yo', fi ® b; in C(X) ® B and show that its max and min norm coincide. By
Proposition 12.5 we have that

xeX } .

Y fi®b =sup{ Y fob;
i=1 min i=1

Let E be the B(H)-valued spectral measure associated with the -
homomorphism ;. If B is a Borel set in X, then the projection E(B) will
commute with 7,(13), since 7,(B) commutes with 771 (C(X)). This implies that

= sup { E(B) (Z m(ﬁm(b,-))
i=1
(E(X\B) (Z m(f,-m(bi)) H} .
i=1

3

> mfmab)
i=1
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Consequently, if {U,} is any open cover of X,

= sgp{ EWU,) (Z m(ﬁ)ﬂz(h)) } :
i=1

Now fix ¢ > 0, and for each x € X, choose an open neighborhood U, of
x such that | f;(x) — fi(y)] <& for y e Uy,i =1, ...,n. This implies that
|EU)m(fi) — fitkx)EU,)|l < e. Thus,

> mf)mab)
i=1

< e(llbill +- - + bl

i=1

E(U,) (Z(m(ﬁ) — ﬁ(x»nz(b,-))

Since the collection {U,} forms an open cover, we have
< sup [ xeX }

+e(llbill + -+ 1bal)

D H®bi| el 4+ lbal).

i=1

Finally, using the facts that ¢ was arbitrary and that the max norm is

the supremum over all such m; and m,, we have || Z?zl fi @ bi|lmax <
I 3%, fi ® billmin, Which completes the proof. O

> m(fmab) D fitomab)
i=1 i=1

=

min

We are now in a position to discuss some of the applications of the tensor
theory to operator theory. Recall that a set of operators {7;} is said to doubly
commute if 7*T; = T;T and T;T; = T;T; for i # j. This is equivalent to
requiring that the C*-algebras generated by each of these operators commutes
with the C*-algebra generated by any of the other operators, but does not require
that each of these C*-algebras be commutative.

Theorem 12.10 (Sz.-Nagy-Foias). Let {T;}?_, be a doubly commuting family
of contractions on a Hilbert space H. Then there exists a Hilbert space K con-
taining H as a subspace, and a doubly commuting family of unitary operators
{Ui}_, on K, such that

T, k>0

where T (k) =
®) T * k <0.

Ti(ky) - - - Ty(ky) = Py U - Uk

H

n
i=1

ing H, then {U;}!_, is unique up to unitary equivalence. That is, if {U!}!_, and

Moreover, if K is the smallest reducing subspace for the family {U;}!_, contain-
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K’ are another such set and space, then there is a unitary W: KK — K’ leaving
H fixed such that WU;W* =U/,i =1,...,n.

Proof. First, assume that n = 2. Then we have completely positive maps
62 C(T) — B(H) defined by 6,(p + ) = p(T}) + ¢(T})*, i = 1, 2. Since the
range of #; commutes with the range of 6, there is a completely positive
map 61 ®max 02: C(T) Qmax C(T) — B(H) satisfying 6] Qmax 2(f1 @ f2) =
01(f1)02(f2)-

However, we have that C(T) ®max C(T) is sx-isomorphic to C(T x T).
Thus, we have a completely positive map §: C(T?) — B(H) with Q(leﬂ z’?) =
T, (k1) T»(ky), where z; and z, are the coordinate functions on T2. The result
now follows for n = 2 by considering the Stinespring representation of 6.

For n > 2, by using the associativity of the tensor product (Exercise 12.7),
and arguing as above, one obtains a completely positive map 6: C(T") — B(H)
with 0(z% - 26) = Ty (ky) - - - Ty (k). O

The above result, for n = 2, is weaker than Ando’s Dilation Theorem, since
that result does not assume that the operators doubly commute.

Foroperator systems S; € A;, i = 1, 2, we wish to define acommutative max
norm. Because of the projective properties of the max norm, it is not sufficient
to just consider the norm induced by the inclusion S| ® S; € A; Qmax Az.
Instead we take Theorem 12.8 as our defining property. If 6;: S; — B(H),i =
1,2, are maps with commuting ranges, we always have a well-defined map
01 ® 6: S1 ® S, = B(H). For (x; ;) € M,,(S1 ® S»), we set

1(xi, ) lImax = sup{l|(01 ® 62(x; NI 6e: Se — B(H), £ =1,2},

where 6, and 6, are unital, completely positive maps with commuting ranges and
‘H is an arbitrary Hilbert space. By considering the direct sum of sufficiently
many of the maps 6; ® 6,, we can obtain a unital map y: S| ® S, — B(H)
with the property that || (x; j)lmax = (¥ (x;, ;)| forall (x; ;) € M, (S ® S) and
all n.

We then define 1 ®max Sz to be the concrete operator system that is the
image of ¥ (51 ® S7).

Note that if S| and S, were actually C*-algebras, then by Theorem 12.8, the
norms on M,(S; ® S;) as above would correspond to the original definition.
Thatis, given two C*-algebras, their maximal tensor product as operator systems
coincides with their maximal tensor product as C*-algebras.

We summarize the properties of S| ®max S> as follows:
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Proposition 12.11. Let S; and S, be operator systems, B be a C*-algebra,
and 0;: S; — B, i = 1, 2, be completely positive maps with commuting ranges.
Then:

(i) there exists a completely positive map 67 Qmax 02: S| Qmax Sz —> B with
01 Qmax 2(a1 ® az) = 61(a1)02(az);

(ii) an element (x; ;) in M, (S1 Q@max S2) is positive if and only if the matrix
(01 @max 02(xi,})) is positive in M, (B) for every pair 61, 6, of completely
positive maps with commuting ranges and every C*-algebra B.

Proof. Exercise 12.5. O

As with C*-algebras, it is important to know when the min and max norms
coincide on operator systems. If 4 is a nuclear C*-algebra, then for every
operator system S, the min and max norms on A ® S coincide (Exercise 12.6).
Thus, we define an operator system S to be nuclear if for every operator system
7, the min and max norms coincide on S ® 7.

We now have all the necessary concepts to discuss joint spectral sets and joint
dilations. Let X; € C be compact, i = 1,...,n. Weset X = X| x --- X X,
and define 9;X = 90X x --- x 0X,. We let R4(X) denote the subalgebra
of C(94X) spanned by functions of the form ri(z;)---r,(z,), i € R(X;),
and let R(X) denote the subalgebra of C(d;X) consisting of the rational
functions, R(X) = {p(z1, ..., 20)/q(21, - - -+ Z0): P, q are polynomials, g # 0
on X}.

The algebra R;(X) is contained in R(X), is algebraically isomorphic to the
tensor product R(X;) ® --- ® R(X,), and, in general, is not dense in R(X).
Suppose that T; € B(H), X; is a K;-spectral set for 7;,i =1, ..., n, the set
{T;}?_, commutes, and we have a well-defined homomorphism, p: R4(X) —
B(H), givenby p(ry - - - r,) = ri(Ty) - - - r,(T,,). In this case, we call X a joint K -
spectral set for {T;}/_, provided that || p|| < K, and a complete joint K -spectral
set provided that || p||sp < K.

If there exists a family of commuting normals {N;}?_, on a Hilbert space
KC, containing H with o'(N;) € 9X;, then we call {N;}!_, a joint normal 94X -
dilation of {T;}}_, provided that r((T}) - - - ¥, (T,) = Pyri(Ny) - - - 14(N,)|3 for

all r; € R(X;). The following is immediate.

Proposition 12.12. Let {T;}!_, be a family of commuting operators. Then
{T;Y/_, has a joint normal 94X -dilation if and only if X is a complete joint
spectral set for {T;}!_,. There exists an invertible S with IS~ - IIS|| < K such
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that {S7'T; S}'_, has a joint normal 3, X -dilation if and only if X is a complete
Jjoint K-spectral set for {T;}!_,.

Theorem 12.13. Let {T;}_, be doubly commuting operators, and let X; be
a complete spectral set for T;. If R(X;) + R(X;) is dense in C(3X;) fori =
1,...,n—1, then {T;}/_, has a joint normal 8, X -dilation.

Proof. Assume n=2, and let S; denote the closure of R(X;)+ R(X;) in
C(0X;),sothat S; = C(dX,). By hypothesis, we have completely positive maps
0;: S; — B(H) satisfying 6;(f + &) = f(T;) + g(T;)*, with commuting ranges.
Thus, we have a completely positive map 6; ®max 62: S| ®max S2 — B(H). But
S1 Omax S2 = 81 Omin S2 and S| ®uin Sy is completely isometrically embed-
ded in C(0X|) Qmin C(0X5) = C(34X).

Thus, for (f;,;) € Ma(Ra(X)), wehave [(p(fi /DIl = 1161 @max 62(fi, DIl <
1Cfi, ) ) lmax = I1(fi, j)llmin, Where p: Ry(X) — B(H) is the homomorphism de-
fined by o(r1(z1)r2(z2)) = r1(T1)r2(T2). But since ||(f;,;)lImin iS just the norm
of (fi,;) in M,(C(34X)), we have that X is a complete joint spectral set for
{1, Ir}.

The proof for n > 2 is analogous. O

Lemma 12.14. Let X be a compact Hausdorff space, S C C(X) an operator
system of codimension n, and T another operator system. Then for (a; ;) €
Mk(S &® T)) one has ”(ai,j)”max < (2}’1 + 1)”(ai,j)||min~

Proof. By Lemma 11.9, for any ¢ > O there is a completely positive map
¢: C(X) — S with the property that for f € S, ¢(f) = f + s(f) - 1, where
s is a positive linear functional with ||s|| <n +¢, ||¢|| <n+1+¢. Leta =
Zf:, fi ® bj € S ® 7T, and note that we have a completely positive map ¢ ®
id: C(X) @max T = S @max 7 with [[¢ @ id|| = ¢ @id1 @ || <n+1+
. Note that a can also be regarded as an element of C(X) ® T. But since C(X)
is nuclear and since the min norm is injective, the max and min norms of a in
C(X)® 7T and the min norm of a in S ® 7 all coincide. Thus, we have that
¢ ® id(@)llmax < (2 + 1 + &)|allmin- But ¢ @ id(a) = a + Y1, s(f)1 ® b;,
and so

Il < 16 @ i@l +| 3 5/t

=+ 1+8)|allmin + (n+ €)@l min-

The last inequality follows by noting that § ®min id: S ®min 7 — 7 satisfies
IS ®min 1d|| = |Is]]. Thus, ||@|lmax < 21 + 1)||a||min, Since & was arbitrary.
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The proof for matrices is similar and uses the complete positivity of all the
maps. g

Theorem 12.15. Let { T,-};.’;rl1 be doubly commuting operators with X; a com-
plete spectral set for T;. If R(X;) is a hypo-Dirichlet algebra of codimension
ki on 3X;,i =1,...,n, then there exists a similarity S with ||S|| - |S7'| <
2ky + 1) --- 2k, + 1) such that {.S’_lTiS}l’.';rl1 has a joint, normal 9, X -dilation.
Proof. First assume that n = 1. Let S; = R(X;) + R(X;), and let ¢;: S; —
B(H) be defined by ¢;(f + &) = f(Ti) + g(T;)*. Then ¢; and ¢, have com-
muting ranges, and so there is a completely positive map ¢ Qmax P2: S1 Omax
S, — B(H) and ||¢1 ®max $21lco = 1. But by the above lemma, the map
01 ® 6,: S| ® S, — B(H) will extend to be completely bounded in the min
norm, with ||0; ®min 62|| < 2k; + 1. Thus, X is a complete, joint (2k; 4 1)-
spectral set for {77, T}, from which the result follows.

To argue for an arbitrary n, note that by repeated applications of Proposi-
tion 12.11 and the above lemma, the identity map on S| ® - - - ® S,, extends to
a completely bounded map from S; ®min * + * Qmin Sn 10 ST Omax * * * Pmax Sn»
with [id® --- ®id||ep < (2ky + 1) - - - (2k,, 4 1). The proof is now completed
asin the n = 1 case. O

Theorem 12.16. Let {T;}!_, be doubly commuting operators with X; a spectral
set for T;. If R(X;) is a hypo-Dirichlet algebra of codimension k; on 9 X;, then
there exists a similarity S with || S| - |S7'|| < 2k, + 1)--- 2k, + 1) such that
{STIT; SY_, has a joint, normal 3, X -dilation.

Proof. Fixe > 0,andlet¢;: C(0X;) — S;, where S; is the closure of R(X;) +
R(X;),and s; be as in Lemma 11.9. Since X; is spectral for 7;, we have positive
maps 6;: §; = B(H) with commuting ranges. Hence o; = 6; 0 ¢;: C(0X;) —
B(H) are completely positive. Set 8; = 6; o s;. Again using the nuclearity of
C(0X;), we may form the min tensor of any combination of the maps «; and
B; and obtain a completely positive map on C(d,X). But for f; in S;, 6;(f;) =
o;(f;) — Bi(fi). Hence on S§1 ®@ -+ ® S, 01 @ ® O, = (1 —P1)® -+ @
(o, — B), which, when the right hand side is expanded, expresses 0 ® - - - ® 6,
as a difference of sums of completely positive maps on C(d,X). Computing
the sum of the norms of each of these maps and letting ¢ tend to 0 yields the
result. O

We close this chapter with one final result. Although the hypotheses of the
theorem look quite restrictive, many operators that arise in operator theory
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have the property that the C*-algebra that they generate is nuclear. For exam-
ple, Toeplitz operators, subnormal operators, and essentially normal operators
usually generate nuclear C*-algebras.

Theorem 12.17. Let {T,-}l'.';rl1 be doubly commuting operators with X; com-
pletely K;-spectral for T;. If the C*-algebra generated by each T; is nuclear,
i =1,...,n, then there exists a similarity S with ||S|| - |S7'| < K1 -+ Kpt1
such that {S~'T; S };’i,l has a joint normal 9, X -dilation.

Proof. By hypothesis, the map p;: R(X;) — B(H) given by p;(f) = f(T;) is
completely bounded. Extend p; to 6;: C(dX;) — B(H) with ||6;|lco = | pillcb-
We may then form

01 Pmin * * * min On = 0: C(adX) g B(H) QOmin * * * Omin B(H),

and we shall have that |01/, < [|p1]leb - - - | On+1llcb- However, for f € Ry(X),
0(HH=p1 Q@ put1(f)isin C*(T1) ® - - - @ C*(T,+1), and the min norm
on this latter algebra is the restriction of the min norm on B(H) ®min * - - ®min
B(H).

Hence we have that
P = pP1 ®--® Pn+1: Rd(X) - C*(Tl) Qmin * * * Omin C*(TnJrl)

is completely bounded with ||p[|cp < ||0]|cb- Now the min and max norms will
agree on this latter tensor product, and the tensor product in the max norm maps
completely contractively to the C*-algebra generated by T1, ..., T,,1;. Thus,
we have that the map p: R4(X) — B(H) defined by o(f1(z1) - -« fur1(zns1)) =
fi(Ty) - -+ fur1(T,41) is completely bounded, from which the result follows. O

There is a parallel theory for the maximal tensor product of operator alge-
bras studied in [169]. Given unital operator algebras A;,i = 1,2, and unital
completely contractive homomorphisms 7;: A; — B(H),i = 1, 2, with com-
muting ranges, one defines a homomorphism 7: A; ® A; — B(H) by set-
ting w(a; ® ay) = mwi(ay)ma(ay). Conversely, given any unital homomorphism
7. A1 ® Ay — B(H), if we set w1(a;) = (a1 ® 1) and mr(an) = 7 (1 Q@ a),
then 7y and 77, are unital homomorphisms of A and A, with commuting ranges.

Consequently we call a unital homomorphism 7: A; ® A, — B(H) admis-
sible provided that r; and 7, are completely contractive.

For (x;) € M,(A; ® A,), we define

Il xij)lmax = sup{[l( (x;;))||: wadmissible}

and let A; ®uax A denote A; ® A, endowed with this family of matrix
norms. By considering the direct sum of a sufficiently large set of admissible
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homomorphisms, one obtains a completely isometric unital homomorphism
70 Al ®max A2 — B(H) for some Hilbert space H. Thus A; Quax A can be
identified, completely isometrically isomorphically, with the concrete operator
algebra (A Qmax A2)-

The universal operator algebra for n-tuples of commuting contractions
(Pr, I-llu), discussed in Chapter 5, can be identified with the maximal ten-
sor product P(D) @max * - - ®max P(D) (n copies), where P(D) is the operator
algebra of polynomials in one variable equipped with the supremum norm over
the unit disk.

In Chapter 16 we will give an abstract characterization of operator algebras,
in analogy with the Gelfand—Naimark—Segal characterization of C*-algebras.
This characterization will allow us to discuss abstract operator algebras like
Al Qmax Az, even in cases where we may not be able to explicitly exhibit a
completely isometric representation as an algebra of operators on a Hilbert
space.

Notes

For a more thorough treatment of tensor products of operator systems, see
Choi and Effros [49]. In particular, they obtain an abstract characterization of
operator systems, which we shall present in Chapter 13.

Lance’s survey article [135] and Takesaki’s text [233] are two excellent
sources for a further introduction to tensor products and nuclearity.

See Dash [70] and Pott [196] for further results on joint spectral sets.

Power and the author [169] prove that for any unital operator algebra A, we
have that A Quin P(D) = A Quax P(D) if and only if A Quin 7, = A Qmax 7
for all n, where 7, denotes the algebra of n x n upper triangular matrices.

Exercises

12.1 Let A;,i = 1,2, be unital C*-algebras, and let f: A} —C be a
bounded linear functional. Prove that there exists a completely bounded
map F: A; ®umin A2 — Ay with || Flep = || fI] such that F(a; ® ay) =
flapay. If f is positive, prove that F is completely positive.

12.2 Let A and B be unital C*-algebras. Prove that if there exists a constant
¢ such that ||x||max < ¢||X|lmin for all x € A® B, then || x|lmax = |X |l min-

12.3 Let A and B be unital C*-algebras. Verify the following containments:

{Zai,]‘ ® b j: (ai ;) € My(A)T, (b)) € Mn(B)+}

iJ

- (A & B) N (A Qmax B)+ - (A ® B) N (A Qmin B)+



174 Chapter 12. Tensor Products and Joint Spectral Sets

12.4 Prove that every finite-dimensional C*-algebra is nuclear.
12.5 Let S;, i = 1, 2, be operator systems, and let 3 be a unital C*-algebra.
(i) Prove that if 6;: S; — B,i = 1, 2, are unital, completely positive
maps with commuting ranges, then there exists a unital, completely
contractive map 0; Qmax 62: S1 Qmax S2 — B with 6] ®nax 02(a ®
b) = 61(a)62(b).

(ii) Deduce that ) ®max 0 is also completely positive.

(iii) Let6;:S; — B(H), i = 1, 2,be completely positive maps with com-
muting ranges, and let 6;(1) = P;. Prove that there exist unital,
completely positive maps 6;: S; — B(H),i = 1, 2, with commut-
ing ranges such that 6, = P4, P'* i = 1,2.

(iv) Prove Proposition 12.11.

12.6 Let A be a C*-algebra. Prove that if A Quax B = A Qmin B for every

C*-algebra B, then A Qpnax S = A ®min S for every operator system S.

12.7 Let S;,i = 1, 2, 3, be operator systems, and let  denote either the min

Or max norm.

(i) Prove that S| ®, (S ®, S3) and (S) ®, S,) ®, Sz are completely
isometrically isomorphic.

(i) Prove that if S} and S, are nuclear, then S; ®max S2 = S1 min >
is nuclear.

12.8 (Holbrook—Sz.-Nagy) Let S and T be operators that doubly commute.
(i) Provethatif S € C, and T € C,, then ST € Cpq.
(ii) Prove that w(ST) < ||S||w(T).

(iii) Prove that w(ST) < 2w(S)w(T), and give an example to show that
this inequality is sharp.

12.9 Let S; and S; be operator systems, let (p;;) € M,(S1)", and let (i) €

M,,(S>)". Prove that (pij ® gke) € Mum(S1 Qmax S2)*.

12.10 Let S; and S, be operator systems, and let 6;: S; — B(H),i = 1,2, be
unital complete isometries with commuting ranges. Define 8(S; ® $,) =

01(S1)0,(S»). Prove that for all n,

M,y (S ®max S2)T C {(xi)) € Myu(S1 ® S): (B(x;;)) > 0}
g Mn(Sl ®min 52)+~



Chapter 13

Abstract Characterizations of Operator
Systems and Operator Spaces

The Gelfand—Naimark—Segal theorem gives an abstract characterization of the
Banach x-algebras that can be represented *-isomorphically as C*-subalgebras
of B(H) for some Hilbert space H. Thus, the GNS theorem frees us from always
having to regard C*-algebras as concrete subalgebras of some Hilbert space.
At the same time we may continue to regard them as concrete C*-subalgebras
when that might aid us in a proof. For example, proving that the quotient of
a concrete C*-subalgebra of some B(H) by a two-sided ideal can again be
regarded as a C*-subalgebra of some B(K) would be quite difficult without
the GNS theorem. On the other hand defining the norm on M,(4) and many
other constructions are made considerably easier by regarding .4 as a concrete
C*-subalgebra of some B(H).

In this chapter we shall develop the Choi-Effros [49] abstract characteriza-
tion of operator systems and Ruan’s [203] abstract characterization of operator
spaces. In analogy with the GNS theory, these characterizations will free us
from being forced to regard operator spaces and systems as concrete subspaces
of operators.

We begin with the theory of abstract operator systems. We wish to char-
acterize operator systems up to complete order isomorphism. To this end, let
S be a complex vector space, and assume that there exists a conjugate linear
map s — s* on S with (s*)* = s for all s in S. We call such a space a *-
vector space. We let S, = {s € S: s = 5*} and note that every element x in S
can be written x = h + ik with h = (x + x*)/2 and k = (x — x™)/2i both in
Sy For (x;5) in M,(S) we set (x;;)* = (x;fi), so that M, (S) is also a *x-vector
space.

Clearly, if we wish S to be an operator system, then for each n we shall
need a distinguished cone C, in M,,(S); that plays the role of the “positive”
operators. Moreover, as n varies, these sets should have certain relationships.
For example, if p; is “positive” in S, then () g) should be “positive” in M,(S).

175
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Note that, since S is a vector space, there is a natural action of scalar matrices,
of the appropriate sizes, on matrices over S. Namely, for A = (a;;) anm X n
matrix and X = (x;;) an n x k matrix with entries in S, we define an m x k
matrix over Sby A - X = (ZZ:1 ajexej). We define multiplication on the right
similarly. Thus, for example,

it A=(1.0). then Apa*=(P" "
3 ) pl 0 0 .

These considerations motivate the following definition. Given a x-vector
space S, we say that S is matrix ordered provided that:

(i) for each n we are given a cone C, in M,(S);,
(i) C, N (—=C,) = {0} for all n,
(iii) for every n and m and A an n X m matrix, we have that A*C, A C C,,.

We call the collection {C,} a matrix order on S.

We adopt the same terminology for maps between matrix ordered *-vector
spaces as for operator spaces. Thus, given two matrix-ordered *-vector spaces
S and S’ with cones C, and C;,, we call a linear map ¢: S — S’ completely
positive provided that (x;;) € C, implies that (¢(x;;)) € C,. Similarly, we call
¢ a complete order isomorphism provided that ¢ is invertible with both ¢ and
¢~ completely positive.

Finally, we need to axiomatize the role that 1 plays in an operator system.
Let S be a matrix-ordered *-vector space. We call ¢ € S, an order unit for S
provided thatforevery x € S, there exists apositivereal » suchthatre + x € Cy.
We call an order unit e Archimedean if re + x € C; for all r > 0 implies that
x € C,. We call e a matrix order unit provided that

e O 0

0 .o
[n: . .

0 0 e

is an order unit for M,(S) for all n, and an Archimedean matrix order unit
provided each I, is Archimedean.

We begin with a few trivial observations. Since there exists r > 0 such that
re +e € Cy,itfollows thate = (r + 1)~'(re + ¢) is in C;, because C; is a cone.
Similarly, I, € C,. If re + x € Cy, then for any s > r we have se +x = (s —
r)e 4+ (re + x) € Cy. Finally, if x € S, then there exists r > 0 such that re £+
x € Cyand hence x = (re + x)/2 — (re — x)/2. Thus, S, = C; — C;, which is
the condition needed for C; to be a full cone in S. Similarly, C,, is a full cone in
M,,(S) for all n.
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Our goal is to prove the following:

Theorem 13.1 (Choi-Effros). If S is a matrix-ordered x-vector space with
an Archimedean matrix order unit e, then there exists a Hilbert space 'H, an
operator system S| € B(H), and a complete order isomorphism ¢: S — S
with ¢(e) = I. Conversely, every concrete operator system S is a matrix-
ordered x-vector space with an Archimedean matrix order unit e = Iy.

Before proving this theorem we need two preliminary results.

Recall the correspondence between linear functionals s: M,,(S) — C and
linear maps ¢: S — M,, of Chapter 6. We omit the factor of n used in Chapter 6.
Thus, given ¢, we define s4: M, (S) — C via

n
sp((xi)) = Y (i pe;. e,
ij=1
where {ey, ..., e,} is the canonical basis for C". Conversely, given s: M, (S) —
C, we define ¢5: S — M, via ¢,(x) = (s;;(x)), where s5;;(x) = s(x ® E; ;) and
E; ; are the canonical matrix units for M,. These two operations are mutual
inverses, i.e., ¢,) = ¢ and s¢) = s.

Proposition 13.2. Let S be a matrix ordered x-vector space, let s: M,,(S) — C,
and let ¢: S — M, with ¢ = ¢;. Then the following are equivalent:

(i) s(Cy) = 0,
(ii) ¢: S — M, is n-positive,
(iii) ¢: S — M, is completely positive.

Proof. The proof is similar to the proof of Theorem 6.1. It is routine to verify
that (iii) implies (ii) and that (ii) implies (i).

So we prove that (i) implies (iii). First note that, if h = (8, ..., B,) and k =
(crr, ..., o), then (@R, k') = s((@;xB;)) = s(k*xh). Thus, if X = (x;;) €
Cnand vf, ..., v, € C", then

m

Z ¢(xlj)vls U Z s(vf‘x,-jv‘,-) = S(A*XA),

i,j=1 i,j=1

where

A=1]:
Um

is m x n. Hence, (¢(x;;)) is positive, and so ¢ is completely positive. O
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Proposition 13.3. Let S be a matrix-ordered *-vector space with Archimedean
matrix order unit e and for X € M, (S) set

. rl, X
||X||n=mf{r: (X ﬂ)ech}.

Then |||, is a norm on M,(S), and C, is a closed subset of M, (S) in the
topology induced by this norm.

Proof. We only do the case n = 1.
First we prove that ||x|; > 0. If

re x
< . ) € Gy,
x* re
set A =} 9); then

(’6* —X)ZA*(T x)AeCZ.
—x* re x* re

Adding these two matrices yields 2r I, € C,. Now using I € C;, C; a cone, and
C, N (—Cy) = {0} yields r > 0.

Next we show that || x||; = 0 implies x = 0. If ||x]|; = O, then
(ri x) e, forall r > 0.
x* re
Hence

(1, %) (;ﬁ rxe> G) =r(1 + [AP)e+Ax + (x)* € G

for every complex number A and any r > 0. By the Archimedean property,
Ax 4+ (Ax)* € C;. Setting A = £1 yields x + x* = 0, and setting > = =i yields
ix + (ix)* = 0. Hence, x = 0.

Similar tricks show that [[Ax|l; = [Alllx]l1, lx + ylli < llxlly + Iy ], and
lx*lli = llx|l1, so we leave them to the reader (Exercise 13.5).

Finally, we show that C; is closed. Let x,, € C1, x € S with ||x — x, ||y — O.
*, we have x = x*. Given any r > 0, choose n so that ||x —

n?
re X — X
" GCQ,
X — X, re

X,|l1 < r.Then
and picking A = ( {) yields 2re + 2x — 2x, € C;. Hence, re + x € C, since
X, € Cy and C, is a cone. Thus, x € C; by the Archimedean property. O

Since x, = x
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We shall refer to the norm given in Proposition 13.3 as the matrix norm
induced by the matrix order. Because of the link between norm and order for
operators on a Hilbert space, viz., [|T|| < 1 if and only if (/. T) > 0, we see
that any complete order isomorphism ¢ onto a concrete operator system with

¢(e) = I must be a complete isometry of this induced matrix norm.

Proof of Theorem 13.1. Assume S is a matrix-ordered *-vector space with an
Archimedean matrix order unit e. Let P, = {¢: S — M, | ¢ completely posi-
tive, ¢p(e) = I}, and define J =32 | >, » @ P: S — 32 >, p @ My,
where the latter direct sum is in the £*° sense.

Since the latter direct sum is a C*-algebra, to prove that S is completely
order-isomorphic to an operator system, it will be enough to prove that J is
a complete order isomorphism between S and J(S). To prove this we must
show that for (x;;) € M,(S), we have (x;;) € C, if and only if (J(x;;)) > O in
the latter C*-algebra.

Clearly, by the choice of ¢’s, (x;;) in C, implies (J(x;;)) > 0. To complete
the proof it will be enough to show that if (x;;) is not in C, then there exists k
and ¢ € Py with (¢(x;;)) # 0.

Since C, is closed in the norm topology of M,,(S), by the Krein—Milman the-
orem (for cones) there exists a linear functional s: M,(S) — C with s(C,) > 0
but s((x;;)) < 0. Consider ¢5: S — M,,; then

n

D (bripes. ) = s((xiy)) < 0.
ij=1
Hence, (¢;(x;;)) is not positive.
All that remains is to replace ¢ with a unital completely positive map.
Let ¢s(e)= P € M. If P is invertible, we may choose A so that A*PA=1.
Setting ¥ (x) = A*¢py(x)A, we have that y(e) = I,

n

D WA e, Aler) <0,

ij=1

and we are done.
If P is not invertible, let ||x|| < 1. Then (& }) € C; and hence

Poa)
MO

From this it follows that if Ph = 0 then ¢;(x)h = 0.
Let Q be the projection onto ker(P)*t, so that Q¢,(x)Q = ¢,(x). Let
rank(Q) = k, and choose an n x k matrix A and a k x n matrix B so that
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A*PA = I, AB = Q. Setting ¥/(x) = A*¢p,(x)A, we have that : S — M,
is completely positive with ¥(e) = I; and

D (W(xij)Bej, Bey) = Y (py(xi))Qe;, Qei) = Y (dy(xij)e;, ei) < 0.
i,j=1 i,j=1 i,j=1

Thus, ¥ € Py with (Y (x;;)) Z 0.
We leave the proof of the converse statement to the reader. O

For an illustration of the uses of the abstract characterization of operator
systems, we return to the question examined in Chapter 6 of determining when
an operator system S has the property that every positive map with domain S
is automatically completely positive.

Recall that if 7 is any other operator system and §: S — 7 is a positive map,
then 6 is necessarily positive on the subset ST ® M, of M,(S)* and hence on
its closure. Let C, denote the closure of St ® M7, with C; = ST.

Clearly, for every n and m, C, is a cone, C, N (—C,) = (0), and given any
m x n matrix B, we have that B*C,, B C C,. Thus, the collection {C,},> is a
(possibly new) matrix order on S.

We let Sy denote this new matrix-ordered space.

We leave it as an exercise (Exercise 13.4) to show that the Archimedean
matrix order unit e is also an Archimedean matrix order unit for S;;. Hence,
Sy is an abstract operator system.

Clearly, the identity map from S to Sy is a positive map. If the identity
map from S to Sy is completely positive, then C, = M,,(S)™ for all n, and
consequently every positive map with domain S is completely positive. Con-
versely, if every positive map with domain S is completely positive, then we
must have that the identity map from S to Sy, is completely positive and hence
Co = M, (ST,

Thus, we have obtained a new proof of the equivalence of (i) and (iii) in Corol-
lary 6.7. Note that this new proof avoids the need for a separating-functional
argument. This essentially happens because the separating-functional argument
is built into the proof of the characterization of operator systems.

We now turn our attention to the abstract characterization of operator spaces.
It will be convenient to consider rectangular, as well as square, matrices. Given
a vector space V, we let M,, ,(V) denote the vector space of m x n matrices
over V.

We call V a matrix normed space provided that we are given norms |- ||,
on M,, ,(V) such that whenever A = (a;;) € M}, ,, X = (x;;) € M,, ,(V), and
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B = (b j) € My 4, then |A- X - Bllpq < [Al| Xlm.nllBIl, where

A-X.B= (ZZaikxubej) € M, q(V)

k=1 ¢=1

and ||A|l, ||B] are the operator norms on M, ,, =B(C",C?) and M, , =
B(C?, C"), respectively.

The above axioms guarantee, among other things, that if a matrix is en-
larged by adding rows and columns of 0’s, then its norm will remain unchanged
(Exercise 13.1). We abbreviate M,, ,(V) = M,(V) and |||, = |||ln-

Let V be a matrix-normed space, and for X € M,, ,(V),Y € M, ,(V) de-
fine X & Y:()é )9) € My p niq(V), where the 0’s indicate matrices of 0’s
of appropriate sizes. We call the matrix norm on V an L*-matrix norm,
and call V an L*-matrix-normed space provided that [|X @ Y |l,nqpntq =
max{|| X\, I1Y 4} forallm,n, p,q, X, and Y.

Note that for any matrix-normed space, max{||X|l, ., I¥],q} =<
I1X @ Y llm+p,n+q» s0 it suffices to prove the other inequality.

Theorem 13.4 (Ruan’s theorem). Let V be a matrix-normed space. Then there
exists a Hilbert space H and a complete isometry ¢: V — B(H) if and only if
V is an L*°-matrix-normed space.

Proof. 1t is easy to see that every concrete subspace of some B(H) is an L*°-
matrix-normed space. Thus, if V is completely isometric to such a subspace, it
must be an L°°-matrix-normed space.

So assume that V is an L*>°-matrix-normed space. We shall create an abstract
operator system S, i.e., a matrix-ordered *-vector space with an Archimedean
matrix order unit e, that contains V as a vector subspace and such that the matrix
norm induced by the order structure restricts to the matrix norm on V.

By Theorem 13.1, S will be completely order-isomorphic to an operator
system. But this complete order isomorphism will necessarily be a complete
isometry of this induced matrix norm. Thus, if we can create such an “abstract”
operator system S, the representation of S as a “concrete” operator system will
give us the desired complete isometry of V. We now construct S. The idea is to
“abstractly” recreate the operator system Sy of Lemma 8.1 that comes from a
concrete operator space M.

To this end, let V* denote a complex conjugate copy of the vector space V,
i.e, V* = {v*:v e V}withvf +v] = (vi + v2)* and Av* = (Av)*. Asavector
space, S willbe C® C @ V @ V*, but it is easiest to understand the matrix
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order if we write

S:{(A* Z):)L,,U,G(C,UGV, w*eV*}.

w

We make S a *-vector space by setting

so that

We set

r v 2
Cl={(* ):rl,rzzo, vl §r1rz}.
v r

This definition is motivated by the following fact for S, when M is a concrete
operator space: For i,y > 0, (; :';) > 0 if and only if

7?0 rnom\ (0
0o ' \m n 0o '”

1 r1—1/2r2—1/2m -0
B rl_l/zrz_l/zm* 1 -

and this latter occurs if and only if ||r1_1/2r2_1/2m|| <L

To define C,, note that after a canonical shuffle we may write
A X * *
M, (S) = v B A, BeM, XeM,(V), Y €M (V"

and that M,(S),, consists of the above matrices with A = A*, B = B*, and
Y*=X*"= (x}*i). Thus, we define C, as the set

{(;{D Z) 1P, Q= 0and (P +eD) " 2X(Q+eD) | <1

for all real ¢ > 0} .

We now show that S is matrix-ordered and that e = ((1, ?) is an Archimedean
matrix order unit.
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To this end, suppose that § = (S;;) is in M,,(S), that A = (a;;) € M, », and

that
i X
Sij = ( J ]>’
Yij  Hij

with § = (£ ¥) after the canonical shuffle. Then

(AL AX
A-S= (Zaffs@f) - (AY* AM)‘
Thus, if § = (y- ) is in C,, we must show that

ASA* = (APA AXA)

AX*A* AQA*

isin C,. We have AX*A* = (AX A*)*, and it remains to show that for ¢ > 0,
[(APA* + e)" 2(AXA*)AQA* + )™ < 1.

Since

(APA* +eI) V2 (AXA*)AQA* +e)™'/?
=[(APA* + )" 2A(P + 81)*'/?]
x[(P+8D)7'?X(Q + 1) ']

x[(Q+8D)'? A*(AQA* +eI)”'?],

it will be enough to show that for § > 0 suitably chosen, each factor in brackets
has norm less than 1.

By hypothesis [|[(P + 81)~'/2X(Q + 81)~'/?|| < 1for any § > 0.

Now [[(APA* +eI)"Y2A(P + 81)"/?|| < 1if and only if A(P + §I)A* <
APA* + ¢l, which holds for any § < ¢/||A*A||. Similarly, it can be seen that
I(Q +8D'2A*(AQA* 4+ eI)~'/?|| < 1 for any § < &/||A*A||. Thus, for any
A € M,, , we have that AC,A* C Cy,.

We use this fact to see that C, is a cone. Clearly, tC, € C, for t > 0. If
S;,i = 1,2, are in C,, then the L*> condition implies that S; & S; is in Cy,.
Taking A = (1, I,) we have that A(S; @ S;)A* = S; + S, € Cy, and so C,, is
a cone.

We claim that e = (} 9) is a matrix order unit. We must show that if (£ ¥
is in M,(S);, then there exists » > 0 so that

I 0\, (H X
"\o 1, X* K
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isin C,. Let r; = max{||H||, | K|}, r» = || X||; then

rl,+H 0 rnl, X
! e€C, and : e C,,
0 nl, + K X* nl,

and so r = r; + r, suffices.

The fact that e is Archimedean is trivial from the use of & > 0 in the definition
of C,.

Finally, if we embed V into S via v — () §), then this mapping is easily
seen to be a complete isometry from V into S equipped with the matrix norm
induced by the order.

Thus, we have produced the desired “abstract” operator system &, and the
proof is complete. O

In Chapter 14 we shall take a closer look at abstract operator spaces, focusing
on a few important examples and classes of operator spaces that serve as an
introduction to the field.

Notes

Since the time that Ruan’s theorem first appeared, it has been customary to
identify L°°-matrix-normed spaces and operator spaces as one and the same
thing. In fact, many books start by defining the term “operator space” to mean an
L*-matrix-normed space and then prove that such objects can be represented
completely isometrically as spaces of operators on some Hilbert space. From
this viewpoint, a theory of operator spaces can be developed that parallels much
of the classical theory of Banach spaces. Two excellent such texts are Pisier’s
[193] An Introduction to the Theory of Operator Spaces (Cambridge University
Press) and Effros and Ruan’s [88] Operator Spaces (Oxford University Press).
In keeping with standard usage, from this point on we shall generally refer to
L*>-matrix-normed spaces simply as operator spaces. Occasionally, we shall
use the terms abstract operator space to emphasize that we are dealing with an
L*>°-matrix-normed space, and concrete operator space for an actual subspace
of the space of operators on a Hilbert space.

Similarly, we shall identify matrix-ordered s-vector spaces with
Archimedean matrix order units and operator systems, using the terms abstract
operator system and concrete operator system when we wish to emphasize the
difference.
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Exercises

13.1 Let V be a matrix-normed space, let X € M, ,(V),andletY € M, ,(V)
be a matrix obtained from X by introducing finitely many rows and
columns of 0’s. Prove that || X||,,, = Y|4

13.2 Let V be a vector space, and assume that we are given a sequence of norms
[I-ll. on M, (V) satisfying:

@ IAXBl, < IAIIXI. B for X € M,(V), A € My, and B € My;
(i) for X € M,(V), || X ® O|l,usn = | X|l, where O denotes an m x m
matrix of 0’s.
For X e M,, ,(V) set | X||lm.n = 1 X|l¢, where £ = max{m, n} and X is
the matrix obtained by adding sufficiently many rows or columns to X to
make it square. Prove that (V, ||-||».») is a matrix-normed space. These
alternate axioms are often given as the axioms for a matrix-normed space,
and consequently no mention is made of the norms of rectangular matrices.

13.3 Let V be an operator space, let W be a closed subspace, and let ¢g: V —
V /W denote the quotient map g(v) = v + W. Prove that if we define
norms on M, ,,(V /W) by setting

1q i)l = inf{[|(vi j + wi Mnm: wi,; € W},

then V /W is an operator space.
13.4 Prove that Sy, is an operator system.
13.5 Verify the claims of Proposition 13.3.



Chapter 14
An Operator Space Bestiary

In the last chapter we obtained an abstract characterization of operator spaces
that allows us to define these spaces without a concrete representation. This
result has had a tremendous impact and has led to the development of a general
theory of operator spaces that parallels in some ways the development of the
theory of Banach spaces.

In this chapter we give the reader a brief introduction to some of the basics
of this theory, focusing on some of the more important operator spaces that we
will encounter in later chapters.

We have already encountered one example of the power of this axiomatic
characterization. In Exercise 13.3, it was shown that if V is an operator space
and W CV a closed subspace, then V/W is an operator space, where the
matrix norm structure on V /W comes from the identification M,, ,(V/W) =
M, ,(V)/M,, ,(W). Yet in most concrete situations it is difficult to actually
exhibit a concrete completely isometric representation of V /W as operators on
a Hilbert space.

The first natural question in the area is as follows: If V is, initially, just a
normed space, then is it always possible to assign norms |||, to M,, ,(V) for
all m and n in such a fashion that V becomes an operator space? The answer
to this question is yes. Consider the dual space V* of V, and let V;* denote
its unit ball, equipped with the weak™ topology. The continuous functions on
this compact, Hausdorff space C (V") constitute an abelian C*-algebra, and the
map j: V — C(V]")definedby j(v)(f) = f(v)for f € V}"isalinearisometry.
Since subspaces of C*-algebras are operator spaces, identifying V with j(V)
induces a particular family of norms on M,, ,(V) that makes V an operator
space. Thus, for (v;;) in M), ,(V) we have that

i lmn = NG @iDlmon = sup{lI(f WijDlIa,,: f € Vi),

186
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where ||(f(vij)lm,, indicates the norm of the scalar m x n matrix (f(v;;))
viewed as a linear transformation from n-dimensional Hilbert space to
m-dimensional Hilbert space.

Clearly, we need a way to distinguish between the ordinary normed space
V and the operator space j(V). It is standard to let MIN(V') denote the op-
erator space j(V) € C(V{"). This operator space is often called the mini-
mal operator space of V, for reasons made apparent below. For an arbitrary
m X n matrix over V, we simply write [|(v;;)llmmy) to denote its norm in
M, ,(MIN(V)).

Theorem 14.1. Let V be a normed space, H be a Hilbert space, andlet 9: V —
B(H) be an isometric map. Then for (v;;) in M,, ,(V) we have

; . 2

(D) liplvwey = sup{lIDin, Do eiviBillv: Y00 leul® < 1,

Z?Zl 1B; |2 < 1}, where the supremum is over all o;, B; in C satisfying the
inequalities;

(ii) @il g gy = (Vi) IMiNy)-
Proof. We have that

| lIvneyy = sup{l(f Wij)Im,,,.: f € V')

= supr (ZZaivi,-ﬂj>‘: feVEY lalP <L) I8P < 1}
i=1 j=1 i=1 j=1
=sup{ :fm;ﬂsl[njwnzsl},
j=1

v =l
which proves (i).
To see (ii), note that

m n

Zzaiﬂjvzj

i=1 j=I

< i Dl (200 3m)

Olll’l ,B]k
> sup <(<P(Uij)) I >
anh Bnk

hokeH, =1, 0kl=1,Y lal <1, ) B> <1
i=1 j=1
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i=1 j=1

i=1

hokeH, Ihll=1,kl=1Y |l <1, Y g <1
j=1

m n m n
= sup w(ZZaiﬂjvi,) Y P =LY IR0
i=1 j=1 By = j=1
= (i) lImMmy),
by (i) and the fact that ¢ is an isometry. O

The beauty of (i) is that it gives a formula “internal” to V to compute MIN(V).

Now that we have a “minimal” way to represent a normed space as an operator
space, it is not difficult to create a “maximal” representation. We shall denote
this operator space by MAX(V).

To define MAX(V), given (v;;) in M, ,(V), we set

l(wiDlImaxvy = sup{ll(@i;))Il B, 1emy: @: V — B(H) isometric},

where the supremum is taken over all Hilbert spaces H and all linear isometries
¢: V — B(H). This operator space is called the maximal operator space of V.

The construction of MIN(V') guarantees that the collection of such isometries
is nonempty and hence |[v]ly = [[vllmax(v). Since every “abstract” operator
space, can be represented as a “‘concrete” operator space, any L*-matrix-norm
structure that we could endow V with must be smaller than MAX(V). The
following gives a more concrete realization of these matrix norms.

Theorem 14.2. Let V be a normed space and let (v;;) be in M, ,(V).
Then [|(vij)limaxv) = inf{||A[[|Bll: A € My, B € My, yi €V, Ilyill =1,
1 <i <k, and (v;j) = A Diag(yy, ..., yv) B}, where Diag(y1, ..., yi) repre-
sents the k x k diagonal matrix with entries y, . .., Yk, and the infimum is taken
over all ways to represent (v;;) as such a product.

Proof. Let |[(vij)|lm,, denote the infimum appearing on the right hand side
of the above equation. If ¢: V — B(H) is any linear map and (v;;) =
A Diag(yy, ..., yx)B is any such factorization, then

(¢(vij)) = A Diag(p(y1). - ... () B,
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and consequently,

(@il (20 oy < IIANIBI-max{lloyoll. - ... le(voll}-

Hence, [|(vij)llmaxvy < 10i) llm,n-

To prove the other inequality, since MAX(V) is the largest of all possible
L*-matrix norms, it will suffice to prove that V equipped with {||-||,,..} is an
L*>°-matrix-normed space.

First, to verify that |||, is a norm on M, ,(V), let (v;;) and (w;;) in
M,, ,(V) be given, and fix € > 0. Then there exist integers ki, k», elements
lyill <1, 1 <i <ki, |lxjll £1,1 < j < ko, of V, and matrices Ay € M, x,,
By € My, 1, Ay € My, k,, By € My, , such that (v;;) = Ay Diag(yi, ..., yr,)Bi
and (w;;) = A, Diag(xi, ..., x;,)By with |A([[lI1B1ll < (ij)llmn + € and
1A211Boll < Iwip)llma + €. Replacing Ay, By by rA;, r™'By with r =
BN/ A1], we may assume that ||A;|| = || B || and similarly that ||A;| =
|| B2]|. We have that

. B
(vij) + (w;;) = (A, Az) Diag(yr, ...\ Yo X1, -+ -5 Xky) ( 1)

(5)

< |A1A} + AL A%|'?||BY By + By B||'?

and hence

i) + (Wipllmn < I(A1, A2l

< (1AL + 1421 A B + 11 B2
< ”(vij)”m,n + ”(wij)”m,n + 2e.

Since € was arbitrary, the triangle inequality follows. It is clear that
1A i llmn = [A(Wij)llm.n and hence |||/, is @ norm.

If (v;j) = A Diag(y1, ..., yx)B, and C and D are scalar matrices of appro-
priate sizes, then C(v;;)D = (CA) Diag(y1, ..., yu)(BD). Thus,

IC i) DI < AICIIDIDAIANIBID.

and taking the infimum over all such representations of (v;;) yields

ICi)DI < ICIIDIIi)llm,n- Hence (V, {I[lm,»}) is a matrix norm.
Finally, to see the L* condition, let (v;;) € M,, ,(V), (wi;) € Mp, 4(V), and

factor (v;;) = Ay Diag(y1, ..., Y&, )B1, (w;j) = Ay Diag(xy, ..., xt,)B, with

IALl = I1Bill = /Il ij)llmn + € and [|Az]l = [ B2]| < /l[(wij)llp.q + €. Then
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(vij) ® (wi;) = (A ® Ay) Diag(y1, ..., yk,» X1, - - ., X, )(B1 @ B») and hence
l(vij) @ Wi llmspntg < Max{|(Vij))llmn + € (Wil p.q + €},

from which the L condition follows.
This completes the proof. O

Note that while the original definition of MAX(V') was “extrinsic” in the sense
thatitrequired looking at all representations of V as operators on a Hilbert space,
Theorem 14.2 gives an “intrinsic” characterization of this norm. Also, since
the original formula for MAX(V) involved a supremum while Theorem 14.2
involves an infimum, we have methods for obtaining upper and lower bounds
on norms in MAX(V).

The main idea of the above proof was to “guess” a factorization formula for
MAX(V) and then to verify it by showing that it satisfied Ruan’s axioms. Such
factorization formulas will appear frequently in later chapters and are one of
the main tools of this field.

Since every operator space structure on a normed space V lies between
MIN(V) and MAX(V), it is natural to wonder to what extent MIN(V) and
MAX(V) differ. One way to measure this difference is to regard the identity
map on V as a map i: MIN(V) - MAX(V) and attempt to compute its cb
norm. This number is denoted «(V), that is,

e {”(vz‘j)”MAX(V)' N . }

a(V) = |lille = sup \——————: (v;j) € M, ,(V), m, n arbitrary ¢ .

I (Vi) lImMiNey)

Thus, (V) = 1 if and only if the identity map is a complete isometry from
MIN(V) to MAX(V), which is equivalent to there existing a unique operator
space structure on V. Currently, there are only two normed spaces known
with (V) = 1, namely, £5° and Zé, which denote C? equipped with the norms
I(x1, x2)|lo0 = max{|x;], |x2|} and ||(x1, x2)||1 = |x1| + |x2], respectively. It is
still unknown if there exist any other normed spaces V for which a(V) =1,
but if they exist, they must be of dimension 2, since it is known that ¢ (V) > 1
whenever dim(V) > 3. See [163] and [193] for these results.

Exact values of o (V) are still unknown for most important finite-dimensional
normed spaces. While an extensive development of this constant is beyond our
current interests, we do record some of the important facts taken from [163],
[164], and [193]. We adopt the convention that £5 denotes C" equipped with
the p-norm.

Theorem 14.3. Let V be a normed space and V* denote its dual space. Then

(i) a(V) = a(V"),
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(ii) if V is n-dimensional, then /n/2 < a(V) < n,
(iii) if V is infinite-dimensional, then a(V) = 400,
(iv) for all n, a(@ﬁ) < n/\/z, while (n+1)/2 < a(é%) for n odd and
Vn? +2n/2 < a(€?) for n even,
(v) foralln > 2, /nj2 < a(tl) </n—1,
vi) if dm(V) =dim(W), then a(V) <d(V, W)a(W), where d(V,W) =
inf{|TIINT~": T: V— W is invertible}.

Theorem 14.3(iii) implies that if dim(V') = 400, then there always exists
a Hilbert space H and a bounded linear map ¢: MIN(V) — B(H) that is not
completely bounded. When dim(V) < +o0 and ¢: MIN(V) — B(H), then
(Exercise 14.2) ||¢llep < a(V)|l@]l, so that «(V) gives the best estimate of the
ratio of the cb norm to the norm.

Combining the lower bounds on «(£2) with the fact that d(¢2, V) < /n for
every normed space V of dimension »n and applying Theorem 14.3(vi) yields
the fact, cited earlier, that (V) > 1 for dim(V) > 3.

One difficulty in computing o (V) is that concrete representations of MAX (V)
are known for few normed spaces V. For example, no concrete representation
is known for MAX(E%), which is the main obstruction to computing an exact
value for ar(£2).

One of the rare exceptions is ). If F, denotes the free group on n gener-
ators {ui, ..., u,} and C;(IF,) is the universal C*-algebra of this group, then
(Exercise 14.3) it can be shown that the map ¢: MAX(E},) — Ci(IF,) given by
oMy ..oy XAy)) = Xqug + - - - + X,u, is a complete isometry.

By comparison, if T" = R" /Z" denotes the standard n-torus, so that C(T") is
the abelian C*-algebra generated by {zy, ..., z,} — where z; = e 1 <k<n,
is unitary — then the map : MIN(E,Il) — C(T") given by ¥ ((Ay, ..., Ap)) =
A1z1 + - -+ 4+ X,z 1s a complete isometry (Exercise 14.4).

Thus, MIN(¢)) is represented by the “universal” n-tuple for commuting uni-
taries, while MAX(¢}) is represented by the “universal” n-tuple for noncom-
muting unitaries.

We shall now take a closer look at MAX(V) and MIN(V) for a general
finite-dimensional normed space V.

To this end, let B € C" be the closed unit ball of some norm on C"; equiv-
alently, let B be a bounded, closed, absorbing, absolutely convex set. If we
set

x| = inf{t: t'x € B, t > 0},

then ||-|| is the norm on C" and B is the (closed) unit ball of this norm. We shall
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write (C", B) when we want to indicate this normed space. Thus, for example
(C",D")=+¢> and (C",B,)=¢2,

where B, = {(A, ..., A): &> + - - - + |A.]? < 1} is the (complex) Euclidean
ball. The polar of B is the set

B*={yeC" |y -x| <1forallx € B},

where y - x is the usual dot product. The polar of B is easily seen to be the
closed unit ball of the dual of (C", B), so that (C", B)* = (C", B¥).

Let {ey, ..., e,} denote the standard basis for C". Given (v;;) € M, ,(C"),
let Ap = (v;j - ), 1 < £ < n, denote the scalar p x ¢ matrices obtained by
taking the coefficients of the vectors (v;;) with respect to the £th basis vector.
With respect to the identification M, ,(C") = M, , ® C" we have that (v;;) =
A ®e + -+ A, ®e,. In this manner we also identify M, ,(C") with
n-tuples of p x g scalar matrices, and also write (v;;) = (Ay, ..., Ay).

Now to specify an operator space structure on (C", B) it is enough to define
the unit ball of M, ,(C") for all p and g and then verify that the resulting
families of norms satisfy Ruan’s axioms. Thus for a clearer understanding of
MIN((C", B)) and MAX((C", B)) we wish to identify the n-tuples of matrices
(Ay, ..., A,) that belong to their unit balls.

Theorem 14.4. Let B C C" be the unit ball of some norm on C", let V =
(C",B)andlet Ay, ..., A, be p x q matrices. We have:

(i) [Ai®@er + -+ Ay @enllminy) < 1 if and only if ||wiAy+---+
MnAn”MW, <1forall (uy,..., u,) € B,

(ii) A1 ®@ e+ -+ Ay ® enllmaxy) < 1 if and only if |A1 @ C1+ -+
An ® Cyllm, By < 1forall Hilbert spaces H and n-tuples (Cy, .. ., Cy)
of operators on H satisfying ||MCi + -+ + L,Cu|| <1 for all
(A, ..., Ayp) € B.

Proof. We first prove (ii). Note that ¢: V — B(H) is contractive if and only if
the n-tuple C; = g(e;) satisfies [|A{Cy + - - + 1, Cy|| < 1forall(Ay, ..., Ay) €
B.Nowif (v;j) =A1 ®e; +---+ A, ® ey, then

(i) =A1Qple)+---+A4,00,)=41QC+---+A4,C,.

Since [|[A1 ® e+ -+ A, ® eyllmaxyy < 1if and only if [|[A| @ ¢(e)) + - --
+ A, ® ¢(e,)|l <1 for all Hilbert spaces H and ¢: V — B(H) contractive,
(i1) follows.

To prove (i), recall that MIN(V') is the operator space structure obtained by
the embedding j: V — C(V}"). But the unit ball of V* is just the polar B* and
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Jle)((pr, - .., ) = p;. Hence,

A ®er + -+ Apenllmm)
=141 ® jler) + -+ Ay ® jlen)llm, cs+)

= sup{llu1 A1 + - + i Anllm,,: (U1, - - -, n) € B},

and (i) follows. d

As an application of these concepts we consider a generalization of the clas-
sical Schwarz inequality from complex analysis. Recall that the Schwarz in-
equality says that if f: D — ID is analytic with f(0) = 0, then | f'(0)| < 1.
Moreover, by considering functions of the form f(z) = az we see that the set
of possible values of f/(0) is exactly D~. Suppose now that G C C" is the open
unit ball of some norm on C". Given F = (f;;): G — M, , analytic, we let
D F(0) denote the n-tuple of p x g matrices

afi; (0 af;; (0
o= ((%0)-- (42)

We are interested in determining the set of all possible n-tuples D F(0) for
F: G — ball(M, 4) with F(0) =0. A description of these n-tuples can be found
in most books on several complex variables; see [205] for example. But those
descriptions should be compared with the following for clarity and the ease
with which it can be recalled.

Proposition 14.5 (Generalized Schwarz lemma). Let G C C" be the open
unit ball of some norm; let V.= (C", G7). There exists F': G — ball(M, ;)
analytic, F(0) = 0, such that DF(0) = (Ay,...,A,) if and only if
[Ai ®er +---+ A, ® el < 1.

Proof. Assume ||[A; ® e +--- + A, ® ey]lminv-) < 1. Since V* = (C", G¥)
and (G*)* = G, by Theorem 14.4 (i) we have ||AjA; + -+ -+ A, A,]| < 1 for

all(Ay,...,1,)€G™.Define F:G— M, ,by F((z1, ..., za) =A1z1 + - +

A,z,. Then F(G) C ball(M, ,), FF(0) =0,and DF(0) = (A, ..., A,).
Conversely, assume F': G — ball(M, ;) is analytic, F(0) = 0,and DF(0) =

(Ay,...,A,). Fix unit vectors h € C?, k € C’ and a point (A{,...,A,)

€ G,and define f: D — Cyvia f(z) = (F(AMz, ..., Au2)h, k). Since f(0) =0
and f(D) € D, by Schwarz’s lemma we have that | f'(0)| = [{((AjA; +--- +
Apin)h, k)| < 1. Since h and k are arbitrary unit vectors, we have that
JAA 4+ -4+ A ]| <1forall (Aq,...,X,) € G. Thus, |[A; Qe +---+
A, ® e, |lmmv+ < 1 by another application of Theorem 14.4 (i). a
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The following is yet another way, in operator space language, to interpret the
generalized Schwarz lemma. Let H*°(G) denote the space of bounded analytic
functions on G. If for (f;;) € M, ;(H*(G)) we set

I(fiDlloo = sup{li(fij(zDlm,,: z € G},

then H*°(G) is an operator space. Let H;°(G) = {f € H*(G): f(0) = 0} and
Hi(G) = {f € H*®(G): f(0) =0, Df(0) = 0} denote the corresponding op-
erator subspaces. The map D: H°(G) — C", f — Df(0) has kernel Hg; (G)
and so induces a quotient map D: H°(G)/HG5(G) — C". It is now easy to
see that Proposition 14.5 is equivalent to the statement that D is a complete
isometry between the quotient operator space H;°(G)/Hy; (G) and MIN(V™).

The space H;°(G)/Hy;(G) is often called the cotangent space of G at 0.
Thus, the generalized Schwarz lemma is simply one way to describe what the
natural operator space structure is on the cotangent space.

The generalized Schwarz lemma and Theorem 14.4 also make it possible to
generalize the phenomenon in Parrott’s example.

Theorem 14.6. Let G C C" be the open unit ball of a norm on C", and let
V = (C", G™). Then there exists a Hilbert space H and a unital contractive
homomorphism p: H*(G) — B(H) with ||p|lcs > (V).

Proof. Given a Hilbert space H and operators Ay, ..., A, € B(H), we define
p: H®(G) - B(H @ 'H) via

o (FO1 a0
0 FO)1

Using the product rule, it is easily checked that p is a homomorphism.

We claim that if ||Ajpu; + -+ - + Ayl < Lforall (uyg, ..., u,) € G*, then
el < 1.

To prove this claim, first consider the case where f(0) =0, || flloo < 1.
Then Df(0) = (11, ..., 4y) € G* by Proposition 14.5, and so ||p(f)| =
NAypy + -+ Ay, |l < 1. For arbitrary f € H*(G), with || f|le < 1, let
a = f(0) and let @, (2) = (z — a)(1 — &z)~'. It is easily seen that o(p(f)) =
f(0) = « and that

2u(p(f) = (p(f)—aD)I —ap(f)~" = p((f —al)(1 —af)) = p(@y o f).
Since @y 0 f(0) =0 and [|¢ga 0 fllo = 1, we have that [lgs(0(/))I < 1.

Clearly, p(f) = ¢—a(@s(p(f))), and hence we may apply von Neumann’s in-
equality to deduce that || o(/)Il = ll¢—a(@a(p(/IDI = 1.
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Applying Theorem 14.4 (i), we see that
A ®er + -+ A, ® e, llmineyy < 1 implies o] < 1.

Given any p x g matrices By, ..., B, such that |[BjA; + -+ B, A, || <1,
we have that F((zi,...,2,)) = Bizi +---+ Byz, € M ,(H*(G)) and
IF|l <1.Since DF(0) = (By, ..., B,), setting I = (f;;), we have

O A]®B]+"‘+An®Bn>

(p(fij)) = (O 0

Thus, [lpllee < |1A1 ® Bi + -+ A, ® B,||. Taking the supremum over all
such (By, ..., B,) and applying Theorem 14.4 (ii), we obtain ||p|lc» > [|[A1 ®
e + -+ A, ® e, llmaxv). Since this holds for any

Ay ®er + -+ A, ® enllvneyy < 1,

we may take a sequence of such A’s, with ||A(1k) Qe+ + AP e, IMiny)
<1 and lim; [AY @ e; 4 -+ AD @ ¢,|lmaxv) = (V). Finally, setting
Ag=>72, @Ai,k) and using these operators to define a homomorphism p,
we have that ||p|| = 1 while ||p||e = a(V). O

Applying this construction to the polydisk G = D", we obtain an n-tuple of
commuting contractions that induce a contractive homomorphism p of H*°(D")
with [|plley > @(£2°) > /n/2. When n = 3, we find that this construction es-
sentially reduces to the example of Parrott presented in Chapter 7.

As mentioned earlier, (V) > 1 whenever dim(V) > 3. Thus, for every
G C C", n > 3 as above, there exists a unital contractive homomorphism
p: H*®(G) — B(H) with ||pllcy, > 1.

If we let P(G) C H*(G) denote the subalgebra generated by the polynomi-
als in the coordinate functions, then it is not hard to see (Exercise 14.10) that
the analogue of Theorem 14.6 holds with P(G) in place of H*°(G). Thus, for
such a set G there always exists an n-tuple of commuting operators such that
G~ is a joint spectral set for the n-tuple, but not a complete spectral set.

These considerations show how special Ando’s dilation theorem is, since the
bidisk is one of the very few possible domains for which contractive homomor-
phisms can be completely contractive.

An important feature of normed spaces is that the space B(V, W) of bounded
linear maps between two normed spaces V and W is again a normed space and
that, in particular, the dual V* = B(V, C) of anormed space V is again anormed
space. This feature is shared by operator spaces and completely bounded maps.
That is, if E and F are operator spaces, then there is a natural way to make
CB(E, F), and hence E*, into operator spaces.
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To see how this is done suppose that (¢;;) € M, ,(CB(E, F)). We identify
(¢ij) with a map ®: E — M,, ,(F) by setting ®(e) = (¢;;(e)), and define a
norm on M,, ,(CB(E, F)) by setting

(@i m,,..cBE. F)) = | Pl CBE, Myn(F))-
In short, we identify M,, ,(CB(E, F)) = CB(E, M,, ,(F)). It is not difficult to

see that

(@i m,,..ccBE.F))
= sup{||(@ij(exe ) m,, ., k)" (ere) € Mp 4(E), ll(exe)ll < 1},

where the matrix (¢;;(ex¢)) can be interpreted as the p x g matrix of m x n
matrices

D(e) ... Dlery)

Dlep) ... Dleyy)

or as the m x n matrix of p X ¢ matrices

(p11(exe)) ... (@ulere))

(@mi1Cexe)) ... (Pmn(ere))

since these two matrices differ by a canonical shuffle.

Proposition 14.7 (Ruan). Let E and F be operator spaces, and equip matrices
over CB(E, F) with the norms obtained by the identifications

My 1 (CB(E, F)) = CB(E, My n(F)).

Then CB(E, F) is an operator space.

Proof. We leave it to the reader (Exercise 14.5) to verify that CB(E, F) satisfies
the axioms of an L*°-matrix-normed space. O

One special case of the above result is when F' = C. Recall that for every
linear ¢: E — C we have ||¢|| = ||¢|leo- Thus, E* = B(E, C) = CB(E, C),
isometrically. Hence, by the above result there is a natural way to endow the
Banach space dual of an operator space with a matrix-normed structure such
that the dual of an operator space is again an operator space. In short, we identify
My, 1 (E*) = CB(E, M, ). Thus, if (¢;;) € M,, ,(E*), then we identify it with
the map ®: E — M,, , given by ®(e) = (¢;;(e)) and set ||(¢;;))|| = | Dllcp-
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In the future we shall refer to the Banach space dual, endowed with this
matrix-normed structure, as the dual operator space. We shall write E* for the
dual operator space of E as well as for the Banach space dual of E, and hope
it will be clear from the context which dual we are referring to.

Proposition 14.8. Let E be an operator space, and let j: E — E** be the
canonical embedding j(e)(@) = @(e) for ¢ € E*. Then j is a complete isometry.

Proof. If X = (x;j) € My x(E), then (j(x;;)) € M, ,(E**) is identified with
the map X: E* > M,, , defined by X(p) = (¢(xi;)). Thus, we must prove
1 Xlleb = N(xij)ll. Now if (k) € Mpy(E™), then

X (kD = pre eI < 1@ len 1 Cxip)l

where ®: E — M, is given by ®(x) = (¢re(x)). Since [[(gre)ll = [|Pllcp, We
have that | X lep < [ICxij)]]-

Now to prove the other inequality we shall need Ruan’s theorem. So
let y: E— B(H) be a complete isometry. Pick subspaces H,; C H,4 with
dim(H,) = ¢ such that [|(x;j)ll = (¥ (i)l = sup, [(Pyy (xij)Py)ll, where
P,: H — 'H, denotes the projection. Choosing an orthonormal set {e;}72 | such
that span{ey, ..., e¢;} = H,, we obtain linear functionals yie(x) = (y(x)eq, ;)
such that P,y (x)P; = (yi.e(x))f ;- Hence (yio)f o € My(E*). Iyl <
¥l =1, and

I1Xllev = sup (X (el = sup [(Pyy (i) PN = l(xip)ll- 0
q q

Blecher [19] proves the deeper fact that the image of the unit ball of M,,, ,(E)
is weak*-dense in the unit ball of M,, ,(E**) for all m and n.

Not surprisingly, some of the most important operator spaces are those that
as normed spaces are Hilbert spaces. We have already met two ways to make
n-dimensional Hilbert space €2 into an operator space: MIN(£2) and MAX(¢2).
By Exercise 14.5, MIN(£2)* = MAX(¢2) and MAX(¢2)* = MIN(£2), so these
are a dual pair. Another important dual pair are row and column Hilbert space.

Consider the identification of ¢2 with the operator space M, of the n x 1
matrices, i.e., column vectors of length n. A p x ¢ matrix of vectors (v;;)
is normed by writing it as a pn X g scalar matrix under the identification
M, M, )= Mp,,. When the Hilbert space 22 is equipped with this oper-
ator space structure, we call it column Hilbert space, and it is generally denoted
C, instead of M,, ;.

Similarly, if we identify €2 with the operator space Mj ,, i.e., row vectors of
length n, thena p x g matrix of vectors (v;;) is normed by writingitasa p x gn
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scalar matrix under the identification M, ,(M; ,) = M, ,,. The Hilbert space
2 equipped with this operator space structure is called row Hilbert space, and
itis denoted R, instead of M ,.

For a quick example of how these two structures differ, let {e, . . ., e,} denote
the canonical basis vectors for Ei, and consider the 1 x n matrix of vectors
(e1,...,e,). We have M, ,(C,) = M, ,, and this is identified with the identity
matrix, while M, ,(R,) = M, ,> and hence is identified with a row vector of
length n.

Hence we have |(e1, ..., e)llu, ) =1, while ||(e1,...,e)llm k) =
/1, and thus the natural isometric identification of C,, with R,, is not a complete
isometry. In fact, if an n x n matrix A is regarded as a linear map from C, to
R, then ||A||cp is equal to the Hilbert—Schmidt norm of A. For a proof of this
fact, see [140].

We now wish to examine these two operator space structures from another
viewpoint. Formally, C,, can be thought of as the image of Z,% under the isometric
map ¢: Eﬁ — C, given by ¢(e;) = E; ;. Given a matrix (vg,) € Mp,q(ﬁ,zl), let
A; = ({(vke, €:)), 1 <i < n,denotethescalar p x g matrices obtained by taking
the coefficients of (vi,) with respect to the ith basis vector. The identification
M, ,(2) = M, , ® £2 identifies (vi) = Y 1, A; ® e;, and

(p(vre)) = idy,, @ @ (Z A ® €i> = Z Ai @ yple)
i=1 i=1

n
:ZAi®Eil in Mp,q®Mn,l :Mpn,q-
i=1
Thus (¢(vge)) is identified with the pn x g matrix
Ay
A,
and we have

||(vke)||ﬁ4,,,,,(c,,> = H (Z A ® En) (Z Aj® Eji) ”
i=1 j=1

> ArA

i=1

A similar analysis for R, shows thatif (vx,) = Z?:l A QeisinM, , ® 22

n’

then its image in R, is ) ;_; A; ® E\;, which can be identified with the p x gn

Xn:AfAi ® Enn

i=I
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matrix (A, ..., A,), and

n n * n
o)y, k) = H (Z A ® EU)(Z A; ® E ,-) D AAT
i=1 j=1 i=1

Given v € R,, define y(v): C, — C, via y(v)(w) = v - w, where v - w de-
notes the matrix product of the row vector v with the column vector w. This
gives amap y: R, — CJ, which is clearly an isometry.

n’

Proposition 14.9. The map y: R, — C, is a complete isometry.

Proof. Let (v;j) € M, 4(R,) = Mp 4. Then ® = (y(vij)): C, — M), 4 is the
map given by ®(w) = (v;; - w), and we must prove that [|¢lc, = I|(vij)llm
First note that if we form the gn x g matrix

paqn

w 0 ... 0
R 0 w :
w = . . ’
oo . 0
0O ... 0 w
then [|[W] = [|w| and ®(w) = (v;;) - W is the actual matrix product. Thus,

IP)lin,, < Wiy, &) - W]l
Now if (wi¢) € M, (C,), then
(v,-j) 0 wll ‘e 12)15
(D(wk,e)) = ((vij) - Wie) = 3 : ,
0 (vij) wrl e wrs

and hence

(i DN < N1i I a, RN @k 0, ()

A moment’s reflection and a canonical shuffle show that [[(Wge) |l pm, (.

gng) —
lwre) aa,, )

Hence, | ®@lco < |(vij)llm,,(R,)-

To see that | P||cp > ||(vl-j)||Mp.q(R“), consider (Eyy, ..., E;1) € My ,(Cy).
Then ||(Eqq, ..., E;)|| = 1, and so

1Dlley = I(PE ), -, PEaD I, = Iij - E1)s -y Wij - EsDllm, ,,
= ||(A1, ey An)“Mp‘qlx'
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But the scalar matrices Ay, ..., A, are easily seen to be the coefficients of
(vij) = >_/_; A; ® e;, and so this last quantity is (ij)lim, &, by the above
calculation. O

In a similar fashion the matrix product pairing defines a complete isometry
of C, onto R}.

It is valuable to look at the above pairing from the tensor viewpoint. Keep-
ing the notation as above, if ®(w) = (v;; - w) with (v;;) = Z?:l A; ® ¢; and
(wre) = Y| Bi @ e;, then (P(wye)) = Y i A; ® B; where A; @ B; is the
Kronecker tensor product of matrices discussed in Chapter 3.

One of the most important properties of a Hilbert space is that it is conjugate
linearly isometrically isomorphic to its own dual. Thus, given a Hilbert space
‘H, one would like an operator space structure on H such that the map from H
to H* is a conjugate linear complete isometry. Pisier [176] proved that such an
operator space structure exists and is unique. The resulting operator space is
called the operator Hilbert space and is denoted OH.

If {ey,...,e,} denotes the standard basis for K,zl and 27=1 A; ®e; is in
M,,,q(ﬁ,zl), then

3

’ZlAi ® e iAi ® A;
i=1 i=1

where A denotes the complex conjugate of the matrix A, and A ® A is the
p? x g? Kronecker tensor encountered earlier. That is, A ® A is the matrix
whose ((i1, i2), (j1, j2))entryisa;, ; d;, j, forl <ij, i, < pandl < ji, j» <gq.

Pisier’s proof rests on a pretty Cauchy—Schwarz-type inequality for
Kronecker tensors due to Haagerup [108] namely,

Xn:A[(X)Bi Xn:A,‘@Ai iBi®Bi
i=1 i=1 i=1

In addition to the five operator space structures that we have already discussed
on Hilbert space, there are many more. Among these the most natural to study
are the homogeneous operator space structures. An operator space X is called
homogeneous provided every bounded linear map 7: X — X is completely
bounded and || T ||, = || T||.

For example, MIN(X) and MAX(X) are homogeneous operator spaces for
every normed space (Exercise 14.1). In addition, row, column, and Pisier’s

2

O@H Mpznqz

1/2 1/2

=<

operator Hilbert space are homogeneous operator spaces.
There exist many “exotic” homogeneous operator space structures on Hilbert
space. Zhang [248] exhibits, for each integer n, two homogeneous operator
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space structures on Zi, say H; and H,, such that if T: H; — H, is linear with
rank(T) <n — 1, then ||T||c, = |T||, but || 1||cp 7 ||I]|, where I denotes the
identity. In addition, every pair of (n — 1)-dimensional subspaces of H; and
'H, are completely isometrically isomorphic, yet H; and H, are not completely
isometrically isomorphic.

For each symmetrically normed ideal J in the sense of Gohberg and Krein
[105], Mathes and the author [142] exhibit two homogeneous operator space
structures on £2 say ‘H; and H,, such that T: H; — H, is completely bounded
ifand only if T € J and the completely bounded norm of T is equivalent to its
norm in 7.

Thus, in particular, for 1 < p < +oo there existhomogeneous operator space
structures on ¢2 such that T: H; — H, is completely bounded if and only if
it belongs to the Schatten p-ideal C, with | T ||, equivalent to (3 oo, si)V/?,
where {s,} is the sequence of singular values of T'.

A characterization of the set of symmetric norms that one can achieve
exactly as the cb norm between two homogeneous operator spaces is not
known.

It is also not very well understood how nonhomogeneous an operator space
norm can be made. That is, given an operator space X, how small a subset
CB(X, X) can be of B(X, X) is not clear. The most definitive result in this
direction is due to Oikhberg [154]. He exhibits an operator space structure on
Hilbert space such that the completely bounded maps from the space back to
itself are just the scalar multiples of the identity plus the compacts. On the other
hand it is quite easy to show that, independent of the operator space structure
on Hilbert space, every map that is the sum of a scalar multiple of the identity
and a trace class operator is necessarily completely bounded. These results are
in sharp contrast to the Banach space setting, where it is still unknown if any
Banach space X exists such that every operator in B(X, X) is a scalar multiple
of the identity plus a compact.

Hilbert C*-Modules

We close this chapter by studying some objects that play an important role
in the study of C*-algebras. To this end, let A be a unital C*-algebra and
let V be a vector space that is also a left A-module. Thus, in particular,
we assume a; - (v; +v2) =a; - vy +a; - vy, (@ +ax) vy =a; - v +ax - vy,
(a1a) -vi = ay - (az - v1), and (Aay) - v = A(a; - v1), for aj, a; € A and vy,
v, € V,and A € C. We also assume that 1 - v = v for every v in V. Sometimes
modules satisfying this latter condition are called unitary A-modules, but we
find this terminology can be confusing.
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We call V a Hilbert C*-module provided it is equipped with a map
(, )V xV — Asatisfying:

(i
(ii

)
)
(i) (v1, avy) = (v, v2)a”,
)
)

V1 + v2, v3) = (v1, v3) + (V2, V3),
avy, v2) = a(vy, v2),

(iv) (v1, v2) = (v2, v1)%,
(v) (v, v1) > 0and (vy, vy) = 0ifand only if v; =0,

for every v, vy, v3 € V and a € A. We call such a map an A-valued inner
product.

We note that we have made no attempt to present a minimal set of axioms.
For example, (ii) and (iv) taken together imply (iii).

Thus, a Hilbert C*-module is like a Hilbert space, where the role of C is

played by A.

Perhaps the simplest example of a Hilbert C*-module over A is to let
V ={(a,...,a,): a; € A} with module action given by a(ay,...,a,) =
(aay, ..., aa,) and an A-valued inner product given by

((alv "'aan)a (bla "'7bn)) =alb>]k + - +aan
Note that if we identify V =M, ,(A), then V* = M, 1(A) and for v; =
(ai,...,a,)and v, = (by, ..., b,) in V we have that
b
<v]7v2>:(ala"'aan)' E ZUIUS.
b*

n

Thus, we see that V is identified with an operator space M, ,(A) in such a
way that the A-valued inner product becomes an actual product between V and
V*. It is a well-known result in the theory of Hilbert C*-modules that such a
representation is always possible. Thus, in particular, every Hilbert C*-module
has a “natural” operator space structure.

Using Ruan’s theorem, it is possible to give an intrinsic description of this
operator space structure on a Hilbert C*-module. Clearly, if we want (v, v;) =
v1v3, then for any X = (v;;) € M, ,(V) we should have that XX* € M, ,(A)
is the element given by

q q
){)()k = <Z U,’[Uj() = (Z(vifa Uj[)) .
=1 =1

Thus, we need that this latter matrix should be a positive element of M,(A) and
1X]1? = ||(ZZ=1 (vie, vje))ll. This hopefully motivates the following theorem.
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Theorem 14.10. Let V be a Hilbert C*-module over A. Then for every p, q
and X = (v;;) € M, ,(V) the matrix (3_{_, (vie, vje)) € M,(A)T. If we define
1Xlpq = ||(Zz:1 Vi, ng))||1/2, then V endowed with this family of matrix
norms is an operator space.

Proof. To verify that the matrix (Zz=1<vi5, vj¢)) is a positive element of
M,(A), by Exercise 3.18 it is sufficient to prove that for every p-tuple
(ai,...,a,) of elements of A, we have that Zﬁjzl Y ai(vie, vje)a; is a
positive element of A. Setting x, = > _| a;v;¢, we see that this latter sum is
>0, {xe, x¢), which is positive by property (v).

To see that ||v|| = ||{v, v)||'/? is a norm on V, we note that ||Av] = |A|||v]|
is clear and establish the triangle inequality. To this end, let v, w € V and set
X =(},) € My (V). Since

(w,v) (w, w)

XX* = <<v’ v o, w>> € My(A)T,

by Exercise 3.2 (ii) we have that

(v +w, v+ w)l = (v, v) + (v, w) + (w, v) + (w, W)

< (v, )17 + [ w, w) ]| 2)?

and thus [[v + w|| < [lv]| + [lw]|.

To see that the above quantity defines anorm on M, ,(V), simply note that the
“natural” matrix product makes M, ,(V) a left M,(A)-module. For X = (v;;)
and Y = (w;;) in M, ,(V)set (X, Y),, = QO 7_; (vik, wjk)) € M,(A). Since,
formally, (X,Y),, = X - Y*,itisreadily seen that (-, -) , , is an M, (A)-valued
inner product on M, ,(V). Thus, by the last paragraph, we know that setting

q
<Z(Uiks Ujk))

k=1

1/2
IX1pq = (X, X)pqll'? = ‘

Mp(A)

defines a norm on M, ,(A).

The fact that this system of norms satisfies Ruan’s axioms is straightforward.
In particular, notice that the L* condition follows from the fact that for X €
M, ,(V),and Y € M, (V) we have that

IX® Ylptrgis = X BY, X DY) pirgisl'?
= (X, X) g ® (Y, Y), 5" = max{[| X[, IY}. O
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Notes

The theory of operator spaces is currently a very exciting and rapidly expanding
area. See [88] and [193] for two recent texts in this field.

The constant « was first introduced and studied in [163], where many of the
early estimates of its values were obtained. Some small improvements can be
found in [164], and the key improvement on the lower bound for a(¢2) appears
in [193].

The geometry of finite-dimensional operator spaces now plays an important
role in many questions in the general theory of C*-algebras. One of the most
exciting breakthroughs was its use by Junge and Pisier [127] to prove that the
maximal and minimal C*-tensor norms of B(7{) with itself are different, thus
settling an old conjecture.

Exercises

14.1 Let V be anormed space, X an operator space, and let : X — MIN(V),
Y: MAX(V) — X be linear maps. Prove that ||¢| = ||¢|le and [|¢/]| =
|V ||cb- Deduce that MIN(V') and MAX(V') are homogeneous.

14.2 Let V be a normed space, X an operator space, and let ¢: MIN(V) — X.
Prove that [[¢[lco < a(V)lle]l.

14.3 (Zhang) Let IF,, denote the free group on m generators

{u(lm), cul)

Prove that the maps ¢: MAX(¢!) - C*(F,) and ¢: MAX({)) —
Ci(F,_1) given by @((A1, ..., Ap)) = Auf + -+ - + A,ul and
Y(Oan - h)) = 2+ au ™ 4 T T

n

are complete isometries.
[Hint: Prove that the map sending u
isomorphism of C;;(IF,_;) into C};(IF,).]

14.4 Prove that the maps ¢: MIN(¢}) — C(T") and y: MIN(¢}) — C(T"")
given by (A1, ..., ) =A1z1 + -+ A2, and (A1, ..., Ap) =
Mz + -+ Ay—12Z0—1 + A, are complete isometries.

14.5 Prove Proposition 14.7.

14.6 (Blecher) Let V be a normed space. Prove that MIN(V)* = MAX(V*)
and MAX(V)* = MIN(V*), completely isometrically. Use these identi-
fications to prove that «(V) = a(V*).

14.7 Recall that for H, IC Hilbert spaces, B(H, K) is an operator space. The
map ¢: B(C, H) - Hviap(T) = T(1)for T € B(C, H)is an isometry.

(n—1)

i

— u™ 4™ induces a %-
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Prove that B(C, £2) is completely isometrically isomorphic to C,,. Show
similarly, that B(¢2, C) is completely isometrically isomorphic to R,,. We
set H. = B(C, H) and H, = B(H, C), and call these operator spaces
Hilbert column space and Hilbert row space, respectively.

14.8 Let y: C, — R, be the map y(}_'_, A Ei1) = >, A Ey;. Prove that
y is an isometry and ||y o = |y "' [l = /7.

14.9 Let V be a Hilbert C*-module over .A. Prove the following analogue of
the Cauchy—Schwarz inequality: (v, w){w, v) < [[{w, w)||{v, v).

14.10 Prove the analogue of Theorem 14.6 with H*°(G) replaced by P(G).
Prove that the inclusion of P(G) into H*°(G) induces a completely
isometric isomorphism between the quotient spaces Py(G)/Poo(G) and
the quotient space H5°(G)/Hyy (G).



Chapter 15

Injective Envelopes

In this chapter we take a closer look at injectivity and introduce injective en-
velopes and C*-envelopes of operator systems, operator algebras, and operator
spaces. Loosely speaking, the injective envelope of an object is a “minimal”
injective object that contains the original object. The C*-envelope of an opera-
tor algebra is a generalization of the Silov boundary of a uniform algebra. The
C*-envelope of an operator algebra A is the “smallest” C*-algebra that contains
A as a subalgebra, up to completely isometric isomorphism. These ideas will
be made precise in this chapter. Many of the ideas of this chapter are derived
from the work of M. Hamana [112].

Injectivity is really a categorical concept. Suppose that we are given some
category C consisting of objects and morphisms. Then an object I is called
injective in C provided that for every pair of objects E C F and every morphism
¢: E — I, there exists a morphism : F — [ that extends ¢, i.e., such that
Y(e) = ¢(e) forevery ein E.

If we let G denote the collection of operator systems and define the morphisms
between operator systems to be the completely positive maps, then since the
composition of completely positive maps is again completely positive, we shall
have a category, which we call the category of operator systems. Arveson’s
extension theorem (Theorem 7.5) for completely positive maps is equivalent to
the statement that B(H) is injective in the category &. The earlier definition of
injectivity for C*-algebras that was given in Chapter 7 was really injectivity in
the category .

Similarly, we let O denote the category whose objects consist of operator
spaces and whose morphisms are the completely bounded maps. Wittstock’s ex-
tension theorem (Theorem 8.2) for completely bounded maps shows that B(H)
is also injective in the category O. However, note that for it to be injective in O,
we only need that every completely bounded map has a completely bounded
extension, but not necessarily of the same cb norm! To capture the full force of

206
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Wittstock’s extension theorem, we need a slightly different category. We let O,
denote the category whose objects are operator spaces and whose morphisms
are the completely contractive maps. Now by a simple scaling argument, it is
easy to see (Exercise 15.1) that [ is injective in O; if and only if every com-
pletely bounded map into / has a completely bounded extension of the same cb
norm. Thus, Wittstock’s extension theorem is equivalent to the statement that
B(H) is injective in O;.

In this chapter we focus on injectivity in O;.

For operator systems it might seem natural to also study injectivity in &
or in the category G, consisting of operator systems and unital completely
positive maps, but it turns out that for operator systems injectivity in these three
categories is equivalent (Proposition 15.1).

We begin with an elementary characterization of injectivity for operator
systems.

Proposition 15.1. Let S € B(H) be an operator system. Then the following
are equivalent:

(i) S is injective in Oy,
(ii) S is injective in S,
(iii) S is injective in &1,
(iv) there exists a completely positive projection ¢: B(H) — S onto S.

Proof. We begin by proving that (i) is equivalent to (iv). Assuming (i), then the
identity map from S to S extends to a completely contractive map ¢: B(H) — S.
Since ¢ extends the identity map, ¢ is a projection onto S. Since ¢(1) =1, ¢
must be completely positive.

Conversely, assume (iv), and suppose we are given operator spaces £ C F
and a completely contractive map, y: E — S. Then y has a completely con-
tractive extension ¥: F — B(H), and ¢ o ¥: F — S is the desired completely
contractive extension of y into S.

The proof of the equivalence of (ii) and (iii) to (iv) is similar. a

Thus, for operator systems we have that injectivity in G, in &, and in O,
are all equivalent. For this reason we shall continue to simply call such systems
injective. However, it is important to remark that there is an example due to
Huruya [125] of a C*-algebra that he proves is not injective, but is easily seen
[102] to be injective in O. Currently, there is little that is known about the C*-
algebras that are injective in O. Every C*-algebra that is completely boundedly
linearly isomorphic to a C*-algebra that is injective in O; can be easily seen to
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be injective in O, but it is not known if this characterizes the C*-algebras that
are injective in O.

The following result shows that every injective operator system is in an
appropriate sense a C*-algebra.

Theorem 15.2 (Choi-Effros). Let S € B(H) be an injective operator system,
and let ¢: B(H) — S be a completely positive projection onto S. Then setting
a ob = ¢(a - b) defines a multiplication on S, and S together with this multi-
plication and its usual x-operation is a C*-algebra. Moreover, the identity map
from S to the C*-algebra (S, o) is a unital complete order isomorphism.

Proof. Clearly, for a,b in §,a o b is in S. Distributivity is clear, and clearly
aol =1o0a = a. To show that o defines a multiplication on § it remains to
show associativity, @ o (b o ¢) = (a o b) o ¢, i.e., that ¢p(ap(bc)) = ¢(¢p(ab)c).

We claim for any x in B(H) and a in S that ¢(¢(x)a) = ¢(xa) and p(ap(x)) =
¢(ax). Assuming the claim, we have that

plag(bc)) = plabe) = p(P(ab)c),

and thus associativity follows.

To prove the claim recall the Schwarz inequality, ¥ (y*y) — ¥ (y)*¢¥(y) > 0
for any unital completely positive map . Applying this to ¢y = ¢® and y =
(4 &) yields

paa*)  ¢lax)\ [ aa* ag(x) '\ _ 0
d(x*a*) P(x*x) p(x)a* Px)d(x))
Applying ¢® to this inequality yields

0 ¢ax) — plap(x)) -
d(x*a*) — p@p(x) a*) d(x*x) — p(dp(x)*p(x))) —

The positivity of this matrix forces ¢(ax) — ¢p(a¢p(x)) = 0, and hence, since ¢
is self-adjoint, the claim follows.

Next we verify the C* condition, ||a* o a| = |la|?. Clearly, |a* o a| =
|¢(a*a)| < |la*a| = ||a|/’>. But, again by the Schwarz inequality, ¢(a*a) >
P(a)*¢(a) = a*a and hence |la* o a|| = [|p(a*a)| = |la*all = |la||*, and the

proof that (S, o) is a C*-algebra is complete.

Clearly the identity map from S to (S, o) is an isometry. We now argue that
it is a complete isometry. To this end consider M,,(S) € M, (B(H)) = B(H™)
and ¢™: B(H™) — M,,(S). By the above, M,,(S) is a C*-algebra with product
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Ao, B=¢"(A- B), and this C*-algebra is isometrically isomorphic to the
operator system M, (S). But for A = (a;;), B = (b;;) we have

Ao, B=¢™ <Z aikbkj> = (Z ¢(aikbkj)> = <Z @iy © bkj) :
k=1 k=1 k=1

Thus, (M, (S), o,) is the C*-algebra tensor product of M,, and (S, o), and hence,
by the uniqueness of the C*-norm on M, ((S, o)), the identity map from S to
(S, o) is an n-isometry for all n. Since the identity map is a unital complete
isometry, it is a complete order isomorphism as claimed. O

We now turn our attention to operator spaces. Since in this chapter we are
mainly concerned with injectivity in O}, we shall also simply refer to an operator
space as injective when it is injective in O,. This is also consistent with the
terminology used in most of the operator space literature. Arguing as in the
proof of Proposition 15.1, it is easily seen that an operator space E C B(H) is
injective if and only if there exists a completely contractive projection of B(H)
onto E (Exercise 15.2).

We wish to construct the injective envelope of an operator space. There are
many equivalent ways to define these objects. We prefer to take a definition
with the fewest hypotheses and deduce the other properties as consequences.

Given an operator space F', we say that (E, k) is an injective envelope of F
provided that

(i) E isinjective in Oy,
(ii) «: F — E is a complete isometry,
(iii) if E; is injective with k(F) C E; C E, then E| = E.

Any (E, k) satisfying (ii) is called an extension of F. When (E, k) satisfies
(i) and (ii), then it is called an injective extension of F. Identifying F with «(F),
we often simply regard E as containing F’, with the understanding that now « is
simply the inclusion of F into E. Thus, an injective envelope of F is, loosely,
a minimal injective containing F.

To prove the existence of such an object, one would like to simply invoke
Zorn’s lemma. But to use this approach it would be necessary to prove that
if {E,} is a decreasing chain of injectives with F C E,, then ﬂ/\ E, is also
injective, and this is not clear. The use of minimal F-seminorms, which we
define below, is a way to finesse this problem.

Assume that F € B(H). Wecallamap ¢: B(H) — B(H)an F-map provided
that ¢ is completely contractive and ¢(x) = x for all x in F. An F-map ¢
such that ¢ o ¢ = ¢ is called an F-projection. Thus, an F-projection ¢ is a
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completely contractive projection onto E = ¢(B(H)), with F C E, but we do
not demand F = E.

We define a partial order on F-projections by setting ¥ < ¢ provided that
Vop=y=¢po.

Given an F-map ¢, we define a F'-seminorm p, on B(H) by setting p,(x) =
lle(x)]. There is a natural partial order on seminorms, defined by p < ¢ if and
only if p(x) < g(x) for all x.

Proposition 15.3. Let F C B(H) be an operator space. Then there exist min-
imal F-seminorms on B(H).

Proof. Let,: B(H) — B(H)be F-maps such that p,, is a decreasing chain of
F-seminorms. Recall the BW topology of Chapter 5. Since C B1(B(H), B(H))
is BW-compact, {¢;} has a subnet {g; ,} converging to, say, ¢. Clearly, ¢ is an
F-map, and since |[(¢(x)h, k)| = lim, [{¢;,(x)h, k)| < liminf, [lg;, C)IIA]
lk|l, it follows that p, < p,, for all A. Thus, every decreasing chain of F-
seminorms has a lower bound, and it follows by Zorn’s lemma that minimal
F-seminorms exist. O

Theorem 15.4. Let F C B(H) be an operator space. If p: B(H) — B(H)isa
F-map such that p, is a minimal F -seminorm, then ¢ is a minimal F -projection
and the range ¢(B(H)) of ¢ is an injective envelope of F.

Proof. We begin by proving that ¢ is a F-projection. Since ¢ o ¢ is also an
F-map and [lo(e(x))]l < llo(x)]l, we must have that [|¢ o p(x)| = [le(x)]|
for all x € B(H). Set ¢*tD =p® o, then [|p®(x)] = |lo(x)| for all
k> 1. Set ¥, (x) = [9(x) + - - - + 9" (x)]/n; then ||, (0] < l¢(x)], and so
[Vl = lle(x)]l, too. Hence,

lo(x) =@ o)l = llox — eIl = [1Yu(x — @)l

— H o(x) + -+ o™ (x) _ PP@) + -+ 0" D(x)
n n

- 2|l R
- n

0.

Thus, ||@(x) — ¢ o @(x)|| = 0, and it follows that ¢ is an F-projection.
Now suppose that v is a F-projection with Yy < ¢, sothaty op =9 =@ o .
Since ([ ()]l = Y (@)l = lle(x)ll, we have that || (x)]| = lle(x)|l for

all x. Finally, [[@(x) — ¢ )| = lleex) — )l = 1Y (@x) — )l =
[ (x) — ¥ (x)|| =0, and hence ¢(x) = (x) for all x. Thus, ¢ is a minimal

F-projection.
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Since B(H) is injective in Oj, and ¢ is a completely contractive projec-
tion, it follows readily that ¢(B(H)) is injective in O; as well. Now as-
sume that F C E; C o(B(H)) with E; injective in O;. Then the identity
map from E; to E; extends to a completely contractive projection y from
B(H) to E;. Since y o ¢ is a F-map and ||y (¢(x))|| < |l¢(x)||, we have that
ly o @(x)|l = llo(x)]| by minimality of the seminorm p,,. Since y is an isom-
etry on ¢(B(H)) and since y(¢(x) — y o ¢(x)) = 0, we have ¢p(x) = y(¢(x)),
and it follows that £ = ¢(B(H)). Hence, ¢(B(H)) is an injective envelope
of F. d

Note that we do not assert that if ¢ is a minimal F-projection then p,, is a
minimal F-seminorm.

Now that we know the existence of an injective envelope, we turn our attention
to its uniqueness and further properties.

Lemma 15.5. Let F € B(H) be an operator space, with ¢: B(H) — B(H) a
F-map such that p, is a minimal F-seminorm. If y: ¢(B(H)) — @¢(B(H)) is
completely contractive and y(x) = x for all x in F, then y(¢(x)) = ¢(x) for
all x in B(H).

Proof. Since ||y (¢(x))Il < llo(x)]l, we have that [y (p(x))]| = [l¢(x)]| by min-
imality of p,. Hence y is an isometry and, in particular, one-to-one. Since
Dyop = Dy 1s a minimal F-seminorm, Theorem 15.4 implies that y o ¢ is a
projection. Hence yogp =y opoy op =y oy oy, because ¢ is the iden-
tity on the range of y o ¢. Thus, y o (¢ — ¥ o ¢) = 0. Butsince y is one-to-one,
@ = y o ¢ and the result follows. U

Theorem 15.6. Let (Ey, k1) and (E,, k3) be two injective envelopes of the
operator space F. Then the map i: k1 (F) — k2(F) given by i(k1(m)) = kp(m)
extends uniquely to a completely isometric isomorphism of E| onto Ej.

Proof. Let F € B(H) with ¢: B(H) — B(H) a F-map such that p, is a min-
imal F-seminorm. If we can prove that the map «;: F — E; has a unique
extension to a completely isometric isomorphism y;: ¢(B(H)) — E|, then the
result will follow, since )/2_1 o y; will then yield the desired map between E;
and E».

By injectivity of E;, a completely contractive map y;: ¢(B(H))— E;
extending «; exists, and since ¢(B(H)) is injective, there is a completely
contractive map B: E| — ¢(B(H)) with B(k;(x)) = x for all x in F. Now
Boyi: o(B(H)) = ¢(B(H)) is completely contractive and fixes, F' so by
Lemma 15.5 it is the identity on ¢(B(H)).
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Since $ and y,; are both completely contractive, it follows that y; must be
a complete isometry. But the range of y; will then be an injective operator
subspace of E|, and so, by the minimality of E|, y; must be onto. Hence, y; is
a completely isometric isomorphism. O

The above result shows that the injective envelope really only depends on the
operator space up to complete isometry. Thus, if F C B(H),x: F — B(H;)is
a complete isometry, and ¥: B(H;) — B(H;) is a «(F)-map such that p, is
a minimal « (F)-seminorm, then (1 (B(H;1)), k) is an injective envelope of F
and so completely isometrically isomorphic to ¢(B(H)) for any F-map ¢ with
D, aminimal F-seminorm.

Corollary 15.7 (Rigidity). Let (E, ) be an injective envelope of F, and let
Y: E — E be completely contractive with Yr(k(x)) = «(x) forall x in F. Then
Y(e) =eforalleinE.

Proof. ByLemma 15.5, this is true for ¢ (B(H)), but by Theorem 15.6, (B (H))
and E are completely isometrically isomorphic. Clearly, this property is pre-
served by completely isometric isomorphisms. O

This rigidity property can be used to characterize injective envelopes. Call
an extension (E, k) of F arigid extension if whenever ¢: E — E is completely
contractive and ¢(k(x)) = «(x) for all X in F, then the map ¢ is the identity
on E.

Rigid extensions are related to essential extensions. Let (£, k) be an extension
of F,let M be any operator space, and let p: E — M be completely contractive.
If pok: F— M a complete isometry implies that ¢ is a complete isometry,
then we call (E, k) an essential extension of F.

Formally, these definitions of rigidity and essentiality both depend on the
category ;, but since we will not be studying these concepts in any other
categories, we have omitted this dependence from the definition.

Finally, we say that (E, «) is the maximal extension of a space F with some
property, if (E, k) is an extension of F and whenever (M, §) is an extension of
E and (M, B o k) has the property, then B(E) = M. Similarly, we call (E, k)
a minimal extension of a space F with some property, if (E, k) is an extension
of F and whenever «(F) C M C E and M has the property, then M = E.

Theorem 15.8. Let F be an operator space, and let (E, k) be an extension of
F. Then the following are equivalent:
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(i) (E, k) is an injective envelope of F, i.e., a minimal injective extension
of F,
(ii) (E, k) is a maximal rigid extension of F,
(iii) (E, k) is a maximal essential extension of F,
(iv) E is injective and (E, k) is a rigid extension of F,
(v) E isinjective and (E, k) is an essential extension of F.

Proof. 'We only prove the equivalence of (i) and (iii); the remaining implications
are left as Exercise 15.4.

Assuming (i), let (M, ) be an extension of E, and assume that (M, § o k)
is an essential extension of F. Since E is injective, the inverse of 8 extends
to a completely contractive projection from M onto E. This map is a com-
plete isometry on 8 o k(F) and so must be a complete isometry on M. Hence,
B(E)=M.

Conversely, assume that (E, «) is a maximal essential extension of F, and let
(M, B) be an injective envelope of F. By the proof that (i) implies (iii), we know
that (M, B) is an essential extension of F. The map 8 o k! from k' (F) to B(F)
must extend to a completely contractive map y of E into M. But since E is
an essential extension of F, y must be a complete isometry on E. Thus (M, y)
is an extension of E and an essential extension of F. Hence, by maximality,
y(E) = M, and so (E, k) is an injective envelope of F. O

We let 1(F) denote the (essentially unique) injective envelope in O; of an
operator space F.

Some comments are now in order on injective envelopes of operator systems.
If S is an operator system, then it is also an operator space. Thus, it makes sense
to seek either a minimal injective in O, a minimal injective in S|, or a minimal
injective in S. To construct such an object in S, one could take 1 € S € B(H)
and consider completely positive S-projections and mimic the proofs of 15.3—
15.7. But since these maps are necessarily unital, they are completely contrac-
tive, and we are back to the situation of an operator space. Thus, we see that
there is nothing to be gained by reproving theorems about injective envelopes
of operator systems in S or S;. We do record one observation.

Proposition 15.9. Let S be an operator system. Then the injective envelope
1(S) of S in Oy is an injective operator system and hence is completely order-
isomorphic to a C*-algebra.

Proof. Letl € § € B(H). Then I(S) = ¢(B(H)) for some S-projection ¢ that
is completely contractive and hence completely positive. Thus, ¢(B(H)) is an
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operator system, and hence /(S) is a C*-algebra under the product a o b =
@(ab) by Theorem 15.2. O

One consequence of the above result is that if one “forgets” the order struc-
ture on S and only remembers the operator space structure, and embeds S com-
pletely isometrically via ¥: S — B(H) withsay ¥ (1) # 1, then I(¥(S))is com-
pletely isometric to /(S) and so is still completely isometrically isomorphic to a
C*-algebra.

The next few results record how injective envelopes respect algebraic and
C*-structures.

Proposition 15.10. Let 1 € A C S C B(H) with S an operator system and A
a subalgebra of B(H). Then the inclusion of A into the C*-algebra 1(S) is a
completely isometric *-isomorphism.

Proof. Let ¢: B(H) — B(H) be a S-projection such that ¢(B(H)) is a copy of
1(S). Then the multiplication on /() is given by x o y = ¢(xy). Hence for a, b
inA,aob=¢(a-b)=a-b. O

In the case of a unital C*-algebra A, if we set S = A, then the above result
implies that .4 is a C*-subalgebra of I(A). The next result explains the case of
nonunital C*-algebras.

Proposition 15.11. Let A C B(H) be a nonunital C*-algebra such that AH
is dense in 'H, and let A, denote the algebra obtained by adjoining the unit
to A. If 9: B(H) — B(H) is an A-map, then ¢ is an A -map. Consequently,
the inclusion of A into A, extends uniquely to define a complete isometry of
I(A) onto I(Ay). Thus, 1(A) is a unital C*-algebra in the o-product with A, a
C*-subalgebra of 1(A).

Proof. 1f every A-map is an .4;-map, then any minimal .A-seminorm is a
minimal 4;-seminorm and the last claim follows from the characterization of
the injective envelope in terms of minimal seminorms. Thus, it is enough to
prove that if ¢ is an A-map, then (/) = I.

Let {e,} be a contractive, positive approximate identity for A. Since AH is
dense in H, we have e, — I strongly. Since {e} is also a contractive approxi-
mate identity for A, we have e/, — I strongly for all 7.
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By considering the power series for e*, we see that for ¢ real

(e ) = (1)+Z “) — (1) + (" = DI

in the strong operator topology.

Since e''® is unitary and ¢ is contractive, we have that ||(¢(I) — I) + €I ||
< 1 for all . Now it is easy to check that || X + ¢/’ I|| < 1 for all ¢ implies that
X = 0. Hence ¢(I) = I and the proof is complete. O

Next we examine how the injective envelope respects module actions.

First suppose that 1 € A € S C B(H) with A a C*-subalgebra of B() and
S a concrete operator system such that A-S C S. In this case, we also have
thatS - A = S* - A* = (AS)* C §* = S, so that S is an A-bimodule. Clearly,
for any (a;;) € M,(A) and (s;;) € M, (S)* we have that (aij) - (sij) - (aij)* €
M, (S)". We wish to characterize such situations abstractly.

Assume we are given an abstract operator system S, with unit denoted by
e, and a unital C*-algebra A such that S is an A-bimodule. We denote the
bimodule action and multiplication by -, so that (a; - a3) - s = a; - (a» - 5), and
we assume 1 -5 = s.

We call such an S an operator A-system provided that, in addition, a - ¢ =
e - a and for all n and for any (a;;) € M,(A), (s;;) € M, (S)* we have that

(aij) - (sij) - (aij)* = <Z Qik + Ske 'a;g) € M,(S)".

k=1

Theorem 15.12. Let A be a unital C*-algebra, let S be an operator A-
system, and let (1(S), o) denote the injective envelope of S, with o denot-
ing the multiplication that makes 1(S) into a C*-algebra. Then the map
w: (A, ) — (I(S),0), m(a) = a - e, is a x-homomorphism.

Proof. 'We must show that (a;a,) - ¢ = (a; - e) o (a; - e). Because the unitaries
span A, it will be enough to verify the above identity when a, is unitary.
Fix a unitary u € A, and define ®: M,(S) — M,(S) via

o S| S5 o fu-sp-ut ou-so\  fu 0 [s1 os2\ (ut O
s3 sa)) O\ s3eout sa ) \0 1) \s3 s4J\O 1)
Since S is an operator .A-system, & is completely positive. Thus, we may extend
® to acompletely positive map on I (M,(S)) = M,(I(S)), which we still denote
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C@Cz{(ke 0):A,MGC},
0 e

it is a bimodule map over this C*-algebra by Corollary 3.20. Using the fact that
® is a bimodule map, or arguing as in the proof of Theorem 8.3, one finds that
there exist maps ¢;: I(S) — I(S),i =1, 2, 3, 4, such that

@ <<x1 xz)) _ <§01(x1) <P2(X2))
X3 X4 ©3(x3)  @a(xs)
Clearly, ¢; and ¢4 are completely positive.
Since @4(s4) = s4 for all 54 in S, by rigidity, ¢4 = id;(s). Thus, ® fixes

by ®. Since d fixes

Ae

core-(;

0): reC,xe 1(8)}
X

and so it is a bimodule map over this C*-algebra. Hence,
0 o)) 0 x _ 0 e 0 0
6 7)== (6 9)==(6 56 )
_ % 0 e . 0 0y (0 ¢re)ox
- 00 0 x/ \o 0 ’

Setting x = a - e, we have that

(u-a)-e=u-(ay-e)=gay-e) =gp(e)o(ar-e)=(u-e)o(a-e),

and the proof is complete. O

Corollary 15.13. Let A be a unital C*-algebra, and let S be an operator
A-system with unit e. Then there exists a Hilbert space H, a complete order
isomorphism y: S — B(H) with y(e) = Iy, and a unital x-homomorphism
w: A — B(H) such that w(a)y(s) = y(a - s).

Proof. Represent the C*-algebra (1(S), o) x-isomorphically on a Hilbert space,
and apply Theorem 15.12. O

We call (7, y) a representation of the operator A-system.

The next representation theorem concerns operator space bimodules. Sup-
pose that A C B(H), B C B(K) are unital C*-subalgebras and X C B(K, H)
is a subspace. If A- X - B C X, then X is an .A-B-bimodule. Given (a;;) €
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M,(A), (xij) € M,(X), and (b;;) € M, (B), we have that
”(aij) : (Xij) : (bij)” = ||(aij)||||(xij)||||(bij)||,
where
(ai) - (xij) - (bij) = <Z a,»kxub«,-) :
k=1

Such a module action is called completely contractive. We wish to charac-
terize this situation abstractly.

So let A, B be unital C*-algebras, and let X be an operator space that is
also an A-B-bimodule. We call X an operator A-B-bimodule provided that the
module action is completely contractive.

Theorem 15.14 (Christensen-Effros—Sinclair representation theorem). Let
A, B be unital C*-algebras, and let X be an operator A-B-bimodule. Then there
exist Hilbert spaces H and K, unital *-isomorphisms nw: A— B(H), p: B —
B(K), and a complete isometry y: X — B(K, H) such that y(a -x -b) =
m(a)y (x)p(b).

Proof. We imitate the proof of Ruan’s theorem with .4 and B playing the role
of the scalars. To this end let

Sz{(a* x):aeA,beB, x,yeX}.
y* b

Setting b - y* - a = (a* - y - b*)* makes X* an operator 53-.A-bimodule.
We wish to make S into a matrix ordered *-vector space with Archimedean

order unit
o 14 O
“\0 1/)°

a x\ _fa" y
y* b - X* b* )
and define C,, € M,,(S),, by saying
(aij) (xij)>
7)1 edC,
(()’fj) (bij)

if and only if (y};) = (x;;)* and
| @iy + 1) i) (i) + )™ < 1

Let

for all € > 0.
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If one copies the proof of Ruan’s theorem mutatis mutandis, then one finds
that all the axioms for an abstract operator system are satisfied by S (Exer-
cise 15.11). The identification of A @ B with {(§9): a € A, b € B} makes S
an operator A @ B-system. That is, define

a x _ [ ;maas aixb;
@ &b1)- <y* b> (@2 ®by) = <b1y*a2 blbb2> '

Now take any representation (6, y) of S on a Hilbert space. The x-homomor-
phism 6 of A & B decomposes the Hilbert space as H @ I so that

7@ O )
0 pb)’

where 7: A — B(H) and p: B — B(K). Since
0 x\\_ ({1 0y (0 x\ (00
Yo o/)=" o o)/ \o o) \o 1
(1) © 0 x\\/0 0
Lo 0o/"\\o o))\o o))
we see that

0 x\\ _ (0 »n) )
y((o 0>>_<O 0 > where y: X - B(KC, H).

It is readily checked that since y is a complete order isomorphism, y; is a
complete isometry, and that (a)y;(x)p(b) = y(axb). Note that = and p are
one-to-one, since A @ B is a subset of S. O

0(a€Bb)=<

We call (7, p, y) a representation of the operator A-B-bimodule X.

We turn our attention now to Hamana’s construction of the C*-envelope
of an operator algebra. To motivate this material we begin with the example
of the disk algebra, A(D). Clearly, A(D) can be regarded, up to completely
isometric isomorphism, as either the uniformly closed subalgebra of C(D7),
or that of C(T), generated by the coordinate function z. In both cases A(D)
separate the points on the underlying spaces, and so the C*-algebra gener-
ated by A(D) will be C(D7) in the first case and C(T) in the second case.
Thus, the C*-algebra generated by an operator algebra can depend on the
representation.

Restricting a function in C(D™) to 9D~ = T defines a x-homomorphism
from C(D™) onto C(T), which is the identity map on A(D). Thus, C(T) is a
“smaller” representation of A(DD) in the sense that it is a C*-quotient of C(D™).
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We shall prove that among all the possible C*-algebras that completely
isometric representations of an operator algebra can generate, there exists a
“smallest” such C*-algebra in the sense that it is a universal quotient. To be
more precise, given an operator algebra A, we shall prove that there exists a
completely isometric representation y: A — B(H) such that if p: A — B(K)
is any other completely isometric representation, then there exists an onto
x-homomorphism 7: C*(p(A)) — C*(y(A)) with 7 (p(a)) = y(a).

It is easy to see that if such a representation y exists, then C*(y(A))
is uniquely determined up to x-isomorphism. That is, if y; and y, were
two representations with the above property, then there would exist onto
x-homomorphisms 7;: C*(y;(A)) — C*(y2(A)) with m1(y1(a)) = y2(a) and
. C*(ya(A)) — C*(y1(A)) with ma(y2(a)) = yi(a), but these two equa-
tions force m o 1 = idc+(y, 4y and 7y o my = idc+(y,(4)), and so 7y and m
are x-isomorphisms.

Proposition 15.15. Let 1 € A C B(H) be an operator algebra. Then 1(A) =
I(A + A*) is a C*-algebra, and the inclusion of A into the C*-algebra 1(A)
is a completely isometric isomorphism.

Proof. Since 1 € A, any completely contractive ¢: B(H) — B(H) that fixes
A is completely positive, and hence for @ and b in A

@la +b*) = pla) + o) =a+b".

Thus, every A-map is actually an (A + A*)-map, and so 1(A) = I(A + A*).
The fact that the inclusion is a completely isometric isomorphism follows from
Proposition 15.10. O

It is worth noticing that if p: A — B(H) is a completely isometric isomor-
phism, then the operator systems A + A* and p(A) + p(A)* are completely
order-isomorphic via the map a + b* — p(a) 4+ p(b)*. Thus, the operator sys-
tem A + A* is really well defined independent of the particular representation
of A. This is not the case for the operator system A* A = span{a*b: a, b € A},
as can be seen by regarding A(D) € C(T) versus A(D) € C(D7).

Given an operator algebra A, we let C(A) denote the C*-subalgebra of 1(A)
generated by A. We call C(A) the C*-envelope of A.

Theorem 15.16 (Hamana’s theorem). Let A be an operator algebra with unit,
let p: A — B(H) be a completely isometric homomorphism, and let C*(p(A))
denote the C*-subalgebra of B(H) generated by p(A). Then there exists a
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unique onto x-homomorphism w: C*(p(A)) = CI(A) with w(p(a)) = a for
alla in A.

Proof. Once we show the existence of m, the fact that it is unique and onto
follows from the fact that the C*-algebras are generated by p(A) and A,
respectively.

By injectivity of 1(.A), there is a unital completely contractive (and hence
completely positive) map ¢: B(H) — I(A) with ¢(p(a)) = a for a in A. Sim-
ilarly, there is a completely positive map v: 1(A) — B(H) with ¥(a) = p(a)
for a in A. Since ¢ o ¥(a) = a for a in A, by rigidity ¢ o ¢ = id;(4).

We claim that p(p(a)*p(a)) = a*a and ¢(p(a)p(a)*) = aa*. Indeed, by the
Schwarz inequality, ¢(p(a)*p(a)) > ¢(p(a))*¢(p(a)) = a*a, while Yy(a*a) >
Y(a)*¥(a) = p(a)*p(a). Applying ¢ to the second inequality yields

a*a=goy(a*a) > g(pla)*pa)) > a*a

and so ¢(p(a)*p(a)) = a*a. Similarly, p(p(a)p(a)*) = aa*.

Recalling Theorem 3.18 (iii), on the multiplicative domains of completely
positive maps, these equalities imply that ¢ is a x-homomorphism when re-
stricted to C*(p(A)). O

Thus, by the above theorem we see that C(A) is a universal quotient for the
C*-algebra generated by any completely isometric representation of A.

Some examples are helpful. We begin by showing how the classic theory of
the Silov boundary of a uniform algebra follows from Hamana’s theorem. Recall
that if X is a compact Hausdorff space, then a closed subalgebra, A C C(X)
is called a uniform algebra on X provided that 1 € A and A separates points,
i.e., for every x # y there exists f € A with f(x) # f(y).

Corollary 15.17 (Silov). Let A € C(X) be a uniform algebra on X. Then there
exists a unique compact subset Y C X such that:

(i) the restriction homomorphism r: C(X) — C(Y),r(f) = fly is isometric
on A,
(ii) if W C X is any other set such that (i) holds, then Y C W.

Moreover, if p: A — C(Xy) is any isometric isomorphism such that p(A) is a
uniform algebra on Xy, and Y, C X is the corresponding set for p(A), then
there exists a homeomorphism h: Yy — Y such that p(f)|y, = f o h.

Proof. Since the range of p is a commutative C*-algebra, any isometric map
is automatically completely isometric.
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By Hamana’s theorem, there exists a x-homomorphism 7: C(X) — C}(A),
onto. Hence, C}(A) = C(Z) for some compact Hausdorff space Z. By the
characterization of x-homomorphisms between commutative C*-algebras (see
[76]), there exists a one-to-one continuous function h: Z — X such that 7 (g)
= goh.LetY="h(Z), and we have (i).

Now suppose W satisfies (ii). Regarding A € C(W), via the restriction
map, we obtain 7y: C(W) — C(Z) and hy: Z — W such that 71(g) = g o h;.
Let r: C(X) — C(W) denote the restriction map, so that r(g) = g o i, where
i: W — X denotes the inclusion. Since m = 7y o r, it follows that 2 =i o I,
and so Y = h(Z) = i(h(Z)) must be a subset of W.

The remainder of the proof follows similar arguments. O

The set Y, which only depends on A up to homeomorphism, is called the
Silov boundary of A and denoted d5.A.
It can be easily shown that dsA(D) = T (Exercise 15.8).

Corollary 15.18. Let A be a uniform algebra. Then C¥(A) = C(d5.A).

By the above result we see that any time we represent a uniform algebra
completely isometrically as an algebra of operators on a Hilbert space, the
C*-algebra generated by the image has a commutative C*-algebra as a quotient.

The following is another case where it is easy to recognize C;(A). Recall
that a C*-algebra is simple if it contains no nontrivial two-sided ideals.

Proposition 15.19. Let A € B(H) be an operator algebra. If C*(A) is simple,
then C}(A) = C*(A).

Proof. There exists a x-homomorphism from C*(A) onto C;(A), but because
C*(A) is simple, this map must be one-to-one. O

Thus, for example if A C M, is the algebra of upper triangular matrices,
then C}(A) = M,,.

The existence of the C*-envelope of an operator algebra with the properties
of Hamana’s theorem was conjectured by Arveson [6], and he attempted to
prove its existence by developing the theory of what are called boundary rep-
resentations. Surprisingly, Hamana’s theorem does not guarantee the existence
of boundary representations, and so many questions remain unanswered. We
discuss these issues now.

Assume A4 is an operator algebraand B = C*(.A). Any irreducible representa-
tion of C¥(.A) on a Hilbert space would give rise to an irreducible representation
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of . Since to determine the structure of C;(A) it is enough to know all its irre-
ducible representations, we would like a condition that guarantees an irreducible
representation of B corresponds to an irreducible representation of C;(A). We
call an irreducible representation 7w : B — B(H) a boundary representation pro-
vided that if ®: B — B(H) is a completely positive map such that ®(a) = 7 (a)
for all a in A, then 7 = ®.

Assume that 7 is a boundary representation; then 7|4 will have a com-
pletely positive extension y: C*(A) — B(H). Let p: B — C3(A) be the onto
*-homomorphism, so that y o p: B — B(H) is a completely positive map that
extends 7| 4. Hence, y o p = m, and it follows that y must be a homomorphism
and also be unique. Thus, every boundary representation of 3 gives rise to an ir-
reducible representation of C;(A) that is also a boundary representation. Thus,
one would hope that there exist enough boundary representations so that if one
took the direct sum over all boundary representations, then that would yield a
faithful, one-to-one representation of C(.A). Whether or not sufficiently many
boundary representations exist is still unknown.

To illustrate the difficulties, we consider the compact Hausdorff space X =
D~ x [0, 1] and the uniform algebra .4 on X given by

A={f € C(X): f(z,0) € A(D)}.

It can be shown that X = 9.4, so that C}(A) = C(X). Since C}(A) is commu-
tative, the irreducible representations are all one-dimensional and are given by
1.(g) = g(x) for points x in X. The boundary representations can be shown to
correspond to evaluation at points of the form (z, ¢),t > 0, and (z, 0), |z] = 1,
but none of the points (z, 0), |z| < 1, correspond to boundary representations.
To see this last fact recall the Poisson kernel for |z]| < 1,

1
— + — —
_ 6710Z 1 — e+u9z

We have that P,(#) > 0 and for f € A(D),

Pz(e) = 1

2

1 .
f@)= 7 FP.(0)do.
7 Jo

Thus, the map ®.: C(X)— C defined by ®.(g) = 5 02” g€, 0)P.(0)d6 is
a completely positive map such that ®,(f) = 7,(f) = f(z,0) for f € A, but
@, # 7(;.0)- Thus, 7(; 0), |z] < 1, is not a boundary representation.

For a general uniform algebra .4, Arveson’s boundary representations can be
shown to correspond to evaluations at what are called peak points, and these

points are known to form a dense subset of ds.4 called the Choquet boundary
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(see [103] for definitions and results). Thus, a successful theory of boundary
representations would lead to some noncommutative analogues of the fact that
peak points are dense in the Silov boundary.

Notes

The theory of the injective envelope of an operator system, in the category &,
was developed in the work of M. Hamana [112]. Hamana not only recognized
their importance, but used them to prove the existence of the C*-envelope. The
analogue of Theorem 15.8 for operator systems also appears in that work. These
ideas were subsequently extended to the setting of operator spaces by Z.J. Ruan
[204]. We will take a deeper look at these topics in Chapter 16.

The original proof of the Christensen—Effros—Sinclair representation theorem
used a representation theorem for multilinear completely bounded maps, which
we will examine in Chapter 17. The proof that we present here seems to be new.

There is still much to be understood about injectivity in the category O.
For an operator space E C B(H) to be injective in this category it is necessary
and sufficient that there exist a completely bounded projection of B(7{) onto E
(compare with Exercise 15.2). As mentioned earlier, there exist C*-algebras that
are not injective in the usual sense (i.e., in Op) but are injective in O. However,
it is known that for von Neumann algebras injectivity in O; and injectivity in O
are equivalent [61, 182]. A natural question that still remains open is whether or
not every C*-algebra that is injective in O is completely boundedly isomorphic
to a C*-algebra that is injective in O;. All the known examples of C*-algebras
that are injective in O have this property.

M. Frank and the author [102] pursue the study of injectivity in the category
whose objects are left operator .A-modules and whose morphisms are the com-
pletely bounded left .A-module maps for a fixed C*-algebra A. In contrast to
the above results, if A C B(H) and there exists a completely bounded projec-
tion of B(H) onto A that is also a left A-module map, then A is injective in
the usual sense. It is shown that the usual injective envelope, I(A), is still the
injective envelope in this new category. The authors also show that the theory of
multipliers follows from properties of the injective envelope. In particular, if J
is any essential ideal in A, then every multiplier of J is given as multiplication
by a unique element of (. A). See [173] for the definitions of multipliers and
essential ideals.

M. Hamana [113], C. Zhang [247, 249], and D.P. Blecher [23] have deve-
loped the analogue of Hamana’s C*-envelope of an operator algebra for operator
spaces.
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Exercises

Verify that an operator space / is injective in O if and only if every
completely bounded map into / has a completely bounded extension of
the same completely bounded norm.

Let E € B(H) be an operator space. Prove that E is injective if and
only if there exists a completely contractive map ¢: B(H) — E such
that (e) = e forall e € E.

Let M C B(H) be an operator space, and let ¢: B(H)— B(H) be an
M -projection with p, a minimal M-seminorm. Assume that u € B(H)
is a unitary that commutes with M. Prove that if y(x) = u*¢(x)u, then
Dy is a minimal M-seminorm and y is a projection onto u*@(B(H))u.
Prove that if ¥ (x) = ¢(u*xu), then py is a minimal M-seminorm and
Y is a (possibly different) projection onto ¢(B(H)).

Complete the proof of Theorem 15.8.

Let ¢: B(H)— B(H) be a unital completely positive map that fixes the
compacts. Prove that ¢ is necessarily the identity map. [Hint: Let0 < P,
and set P ={0 < K < P: K compact}. Prove that if K < Q for all
K € P,then P < Q.]

Let S € B(H) be an operator system that contains the compacts. Prove
that 1(S) = B(H).

Let A € B(£?) be the algebra of upper triangular operators. Prove that
C*(A) = B(¢?).

Prove that dgA(ID) = T.

Prove that if A € M, then C(A) is finite-dimensional.

Let A and B be unital C*-algebras, and let ¢: A — Bbe a complete order
isomorphism with ¢(1) = 1. Prove that there exists a x-homomorphism
7. C*(p(A)) - A with 7 (p(a)) = a for all a in A.

Verify that the set S defined in the proof of Theorem 15.14 is a matrix-
ordered *-vector space with complete Archimedean order unit e.

Let {u;, ..., u,} denote the unitaries that generate C(F"), and let M
denote the (n + 1)-dimensional subspace generated by these unitaries
and the identity 1. If A € M,(C}(IF")) denotes the (n + 3)-dimensional
operator algebra

A={<“ x):keC,MeC,xeM},
0 ul

then prove that C¥(A) = M,(C;¥(F")). Thus, a finite-dimensional oper-
ator algebra can have an infinite-dimensional C*-envelope.



Chapter 16
Abstract Operator Algebras

In previous chapters we have given abstract characterizations of operator sys-
tems and operator spaces. In this chapter we wish to give an abstract characteri-
zation of operator algebras. That is, given an algebra .4 and norms on M, ,,(A),
we desire necessary and sufficient conditions for there to exist a Hilbert space
‘H and a completely isometric isomorphism 7: A4 — B(H). We present a
theorem of Blecher, Ruan, and Sinclair (BRS) [31] that gives such necessary and
sufficient conditions. Thus, the BRS theorem plays exactly the same role for
operator algebras that the celebrated Gelfand—Naimark—Segal theorem plays
for C*-algebras.

Moreover, like those in the GNS theorem, the conditions in the BRS theorem
are natural and quite often easy to verify. Briefly, the BRS theorem says that the
matrix norms on .4 must satisfy Ruan’s axioms for operator spaces (otherwise
there wouldn’t even exist a linear complete isometry) and, for all n, the induced
multiplication on M, (A) must be contractive. That is, for A = (a;;), B = (b;;)

in M, (A) one has
<Z aikbkj>
k=1

This last condition is often summarized by saying that the multiplication on A
is completely contractive.

It is important not to confuse these results with other work on algebras
of operators, where no matrix norms are assumed. In particular, Varopoulos
[237] gives necessary and sufficient conditions for a Banach algebra to have
an isometric representation as an algebra of operators on a Hilbert space. This
result has not been as widely used, perhaps because of the difficulty of verifying
the conditions.

< Al Bll:-

n
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There is still one outstanding problem in the isometric theory of operator
algebras. If a unital Banach algebra B has the property that there exists a
Hilbert space H and a unital isometric isomorphism 7: 53— B(H), then by
von Neumann’s inequality, for every b € I3 with ||b]| < 1, and for every poly-
nomial p we have || p(D)|| < || pl|le, Where the supremum is over the unit disk.
A Banach algebra with this latter property is said to satisfy von Neumann’s in-
equality. Thus, Banach algebras that are isometrically isomorphic to an algebra
of operators on a Hilbert space must satisfy von Neumann’s inequality. The
problem is whether or not the converse is true. That is, if 5 is a Banach algebra
that satisfies von Neumann’s inequality, then is BB isometrically isomorphic to
an algebra of operators on a Hilbert space? See [74] and [168] for two recent
contributions to this problem.

The key to the proof of the BRS theorem that we present here is a better
understanding of the injective envelope of the “canonical” operator system
associated to an operator space.

Recall thatif X € B(IC, H) is a (concrete) operator space, then we may form
the (concrete) operator system, in B(H & K),

Al
SX:{(%‘i)A,MeC, x,yeX}.
yo |k

Given a complete isometry ¢: X — B(K, H,), the operator system

Al
S(p(X)Z H]* (p(X) Z)\.,/,LG(C, x,yeX
()" wlg,

is completely order-isomorphic to Sy via the map ®: Sx — S, (x) defined by

of (M * ) (M @
o) ] \eyr ulx, )

One way to see that @ is a complete order isomorphism is to recall that by
Lemma 7.1, since ¢ and go’l are completely contractive, ® and ®~! are com-
pletely positive. Thus, the operator system Sx only depends on the operator
space structure of X and not on any particular representation of X. This can
also be seen in the proof of Ruan’s theorem, where for an arbitrary abstract
operator space X we constructed this same operator system, abstractly, with
only reference to the operator space structure of X.

Since
AL 0
C@C;{( & ):A,MG(C}
0 ,bLI/C
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is a C*-subalgebra of Sy, by Proposition 15.10 C @ C will still be a C*-
subalgebra of the C*-algebra I(Sx), with

(IH O) and (0 0)

0 0 0 I

corresponding to projections e; and e, respectively, in the C*-algebra I(Sx).
We have that e; + e; is equal to the identity and e; - e, = 0.

A few words on such a situation are in order. Let .4 be any unital C*-
algebra with projections e; and e, satisfying e; +e, =1,¢e;-e, =0, and
let 7: A — B(H) be a one-to-one unital x-homomorphism. Setting H; =
m(e1)H, Hy = m(ex)H, we have that H = H; @ H,, and relative to this de-
composition every T € B(H) has the form T =(T;;) where T;; € B(H;, H,).
In particular, identifying A with 7 (A), we have that

a a
A= 1 12 IaijG.Aij ,
ar ax

where A;; = e; Ae;, with A;; € B(H;) unital C*-subalgebras and Ay = Aj,.
The operator space A1, € B(H,, H1) will be referred to as a corner of A. Note
that A, - Az - Axn € Ao, so that A, is an A;;—A4,,-bimodule.

Returning to 1(Sy), relative to e; and e,, we wish to identify each of these
four subspaces. Note that X C e11(Sx)es = 1(Sx)12-

Theorem 16.1. Let X be an operator space, and Sx, 1(Sx), e1, and e, be as
above. Then I(Sx)11, I(Sx) are injective C*-algebras, and 1(Sx)1» is the
injective envelope of X.

Proof. Since the maps y;;: I(Sx) — I(Sx);; defined by y;j(a) = e;ae; are
completely contractive projections, it follows that /(Sx);;, i, j = 1, 2, are in-
jective operator spaces and so I(Sx )11 and I(Sx )2, are injective C*-algebras.
To prove the final claim it will be enough to prove that /(Sx),» is a minimal
injective extension of X.
Tothisend, letp: I(Sx)12 — 1(Sx)12 be completely contractive, and suppose
¢(x) =x forall x € X. Let

R = {(A* 2)2)»,,11«6@, Z,WEI(Sx)lz} C I(Sx),

w

and let ®: R — R be defined by

o(e )= )
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Then & is completely positive and so extends to a completely positive map,
which we still denote by @, from I(Sx) to 1(Sy). Since @ is the identity on
Sx, by rigidity of the injective envelope of Sx, ® is the identity on /(Sx) and
hence ¢ must be the identity on I(Sx)2. If X € Y C I(Sx)12 with Y injective,
then there would exist a projection ¢ of I(Sx);» onto Y. By the above, ¢ would
be the identity on /(Sx);» and hence Y = I(Sx)12. Thus, 1(Sx)1» is a minimal
injective extension of X, i.e., an injective envelope. O

Using the uniqueness of the injective envelope, we see that if X C I with
I a minimal injective, then there exists a completely isometric isomorphism
between I and I(Sx), that, restricted to X, is the identity. Thus, we may
identify I(Sx)i2 with I(X), and under this identification, /(X) is a corner of
the C*-algebra I(Sx).

We define 1;{(X) = I(Sx)11 and I»»(X) = I(Sx)2. Thus we have the fol-
lowing picture of the C*-algebra I(Sx):

1(Sx) = {(U‘)’ 2): aelnX), belnX), z,we I(X)}

where 1;1(X) and I,»(X) are injective C*-algebras and I(X) is an operator
111(X)-1»(X)-bimodule. Moreover, the fact that /(Sx) is a C*-algebra means
that for z, w € I(X),

0 z 0 z) (fzw* O
w* 0 \w* 0]\ 0 w*z/]’

and consequently there are natural products z - w* € I1;(X), w* -z € I (X).
It is interesting to note that setting (z, w) = zw™* defines an /,;(X)-valued
inner product that makes /(X) a Hilbert C*-module over /;;(X), but we shall
not use this additional structure.
This rather complete picture of /(Sx) has some immediate consequences.

Corollary 16.2 (Youngson). An operator space is injective if and only if it is
completely isometrically isomorphic to a corner of an injective C*-algebra.

Proof. If X is an injective operator space, then X = I(X), which is a corner of
the injective C*-algebra /(Sy).

Conversely, every corner of an injective C*-algebra is the image of a com-
pletely contractive projection and hence is injective. O
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If X is an operator space, then it is clear that all of the spaces M,, ,(X) are
themselves operator spaces. Technically, the matrix-norm structure on M,, ,(X)
comes from the identification M, ;(M,, ,(X)) = Mpp g0 (X). We set C,, (X) =
M,, 1(X) and R,(X) = M, ,(X) and call these the column and row operator
spaces of X, respectively. In the following results, we characterize the maps
from X to itself that are given as multiplication by elements of the corners of
I(Sx). All products in the following results are defined by the picture of 1(Sx)
outlined above.

Lemma 16.3. Let X be an operator space and let a € 1,1(X). Ifa - x = 0 for
all x € X, then a = 0. Similarly, if b € I,)(X) and xb = 0 for all x € X, then
b=0.

Proof. Without loss of generality we can assume that ||a|| < 1.Let p = a*a so
that 0 < p < 1, where 1 denotes the unit of 7;;(X). Define ¢: I(X) — I(X) by
¢(z) = (1 — p)z. Since ||1 — p|| < 1, ¢ is a completely contractive map. But
for x € X we have ¢(x) = x, and hence by rigidity ¢(z) = z for all z € I(X).
Hence, pI(X) = 0.

Now let K denote the two-sided ideal in 1(Sx) generated by (6’ g). Since

p 0 _[pIn(X) O p 0\ (InX)p O
(0 o)I(SX)_( 0 0) and I(SX)(O o)‘( 0 0)’

we see that
k O
K = ke Ky,
(o 0)er]

where K is the two-sided ideal in /;;(X) generated by p.
For a; pa; € K, and z € I1(X) we have that,
(a1paz)z = a1 p(az) =0,

since apz € 1(X). Thus, K| # I;(X), and the quotient C*-algebra I(Sx)/K is
isomorphic to

X)/Ky  1(X)
1X)* In(X))’

From this it is clear that the quotient map 7: I(Sx) — I(Sx)/K is a complete
order isomorphism on Syx. Hence, there is a complete isometry y: 7 (Sx) —
1(Sx) such that y o 7 is the identity on Sy.
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By the injectivity of /(Sx) we may extend y to a completely contractive
map, which we still denote by y, from I(Sx)/K to I(Sx).

However, since y o 7 is the identity on Sy, by rigidity it must be the iden-
tity on all of /(Sx). But this implies that 7 is one-to-one and hence K = (0).
Therefore, p = 0 and soa = 0.

The proof for b € I,(X) is similar. O

Theorem 16.4. Let X be an operator space, let ¢: X — X be completely
bounded, and define t: Cr(X) — Co(X) via

. <<x1>> [ el
X2 ll@llcbx2
Then ||tlleb = ll@lley if and only if there exists a unique a € I1(X), |la| =
l@llch, Such that ¢(x) = ax for all x € X.

Proof. By scaling it is enough to consider the case ||¢|lc, = 1. If such an
element a exists, then it must be unique by Lemma 16.3. In this case

T X1 _ a 0 X1
X2 - 0 1 X2 ’
and since ||(§ ‘1))|| <1 in M>(1;;(X)), it follows easily that t is completely

contractive.
So assume that 7 is completely contractive, and consider

X)) IhiX) I(X)
B=|1u(X) InX) IX)
I(X)* I(X)* Inp(X)

Since

nX) X)) I1(X) I(X)
Xy InXx) I1X) 1I(X)
1(X)" 1(X)" Ia(X) In(X)
(X)) 1(X)" LX) In(X)

My(1(Sx)) =

we see that B is the upper 3 x 3 corner of this injective C*-algebra. Hence B is
also an injective C*-algebra, since it is the image of a completely contractive
projection applied to an injective C*-algebra .
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Let S C B be the operator system

C 0 X
=10 C X
X* X C

It is also useful to think of S as

( D,  CyX)

, here D, =Ca®C,
Co(X)* C ) where h (&)

and to regard C»(X) as a D,-C-bimodule. Here the left action is given by
)Ll 0 X1\ _ )Ll X1
0 X/ \x2 Ay-xo )’

and the map 7 is a D,-C-bimodule map.
If we define ®: S — S via

M0 x Al 0 o(x1)
() 0 X x = 0 A X2 s
Yoy A o) ¥y A3

then since 7 is a completely contractive D,-C-bimodule map, ® is completely
positive.

By injectivity we may extend ® to a completely positive map from B to B,
which we still denote by ®. Since & fixes the diagonal C*-subalgebra D3 =
C & C & C of B, ® must be a D3-bimodule map. This implies that there exist
maps ¢; j, i, j = 1, 2,3, such that ®((z;;)) = (¢ij(zi;)), where the 3 x 3 matrix
(zij) represents a typical element of 3.

In particular, ¢13: 1(X) — I(X) is an extension of ¢: X — X, and ¢y3:
I(X) — I(X) is an extension of the identity map on X.

Now the map

((pzz (P23> . Ill(X) I(X) N III(X) I(X)

e ¢3) \IX)* In(X) I(X)* In(X)

is completely positive and is the identity on ( % X) = Sx. Thus, by rigidity it
must be the identity on

In(X) 1(X)
= I(Sx).
<I(X>* 122<X>> (&)
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This means that ® is the identity on the C*-subalgebra

C 0 0
0 Inx) I(X)
0 I(X)" InX)

and hence a bimodule map over this C*-algebra.
Finally, for x € X we have that

0 0 @) 010\,/000
00 O = 000 0 0 x
00 O 000 000
010 000
=& 000 0 0 x
000 000
=10 0 0 0 0 x
0 0 0 0 00
0 0 @p()x
=10 0 0 )
0 0 0

and we see that necessarily ¢ is left multiplication by the elementa = ¢;»(1) €
1,1(X). Since ® is unital and completely positive, |@i2(1)]] < 1, which com-
pletes the proof. O

Corollary 16.5. Let X be an operator space, let ¢: X — X be completely
bounded, and define y: Ry(X) — Ry(X) via

Y ((x1, x2)) = (9(x1), l@llebx2)-

Then ||y llev = ll@llcy if and only if there exists a unique b € I (X), |b|| =
l@llch, Such that ¢(x) = xb for all x € X.

Proof. The proof follows similarly, or by taking adjoints. O

We are now in a position to prove the BRS theorem. If A4 is an algebra,
then M, (A) is also an algebra with product given by (a;;)(b;;) = (O aixbx;).
When A is a normed algebra, we call the product contractive provided that
lab]l < |la|||lb|| for every a and b in A. If A is an algebra and an operator space,
we call the product completely contractive provided that the product on M,,(.A)
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is contractive for every n, and we call A an abstract operator algebra. If A also
has a unit e and ||e|| = 1, then we call A an abstract unital operator algebra.
The following theorem shows that every abstract unital operator algebra is in
fact, a concrete operator algebra.

Theorem 16.6. Let A be an abstract unital operator algebra. Then there exists
a unital completely isometric homomorphism w: A — I11(A).

Proof. Leta € A, and let ¢,: A — A be left multiplication by a, i.e., ¢, (x) =
ax. Since multiplication is completely contractive, ||¢|l, < |la|, but |la| =
o)l < llgller and so @]l = [|la]l. Consider the map 7: C2(A) — C2(A),

T ((Q» i (('/')“(”xxlz)) ) (g ||a0||e> (2)
H (g ||t10||e) H = lall

and the multiplication on 4 is completely contractive, it follows that || t||c, =
llall = l¢lleb- Thus, by Theorem 16.4, there is a unique element m(a) €
I11(A), |Iw(a@)]| = |la||, such that ax = m(a) o x, where we let o denote the
action of 7;1(A) on I(A).

Thus, there is a well-defined map 7: A — I1(A) satisfying || (a)| = |la||
andw(a) o x = ax forall x. By Lemma 16.3, it follows that 7 (a + b) = w(a) +
7 (b), m(ab) = w(a)m(b), and 7 (e) = 1, since their differences annihilate A.
Hence 7 is an isometric homomorphism.

It remains to show that 7 is a complete isometry. To see that 7 is n-contractive,
apply the same reasoning to obtain a contractive map

Since

B: My (A) — (M, (A) = M, (111(A))

satisfying B((a;;)) o (x;;) = (a;;)(x;;). Then, again by Lemma 16.3, 8((a;;)) =
(7 (a;;)) and hence m is n-contractive, for all n. On the other hand,

e 0
G (aij)ll = ||(w(aij)) o = [l(aij)ll,
0 e
which shows that r is a complete isometry. O

Corollary 16.7 (Blecher-Ruan-Sinclair Theorem). Let A be an abstract
unital operator algebra. Then there exists a Hilbert space H and a unital
completely isometric homomorphism w: A — B(H).
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Proof. Since I,;(A) is a unital C*-algebra, by the Gelfand—Naimark—Segal
theorem there exists a Hilbert space 7 and a unital *-isomorphism of /;;(.A)
into B(H). Since *-isomorphisms are complete isometries, the result follows.

(]

We are now in a position to generalize the Christensen—Effros—Sinclair rep-
resentation theorem. Let X be an operator space, and let A and B be unital
operator algebras. We call X an operator A-B-bimodule provided that X is an
A-B-bimodule and

(@i )i ) Bl < @i )G )G

for every m, n, p, q, and every (a;;) € My, »(A), (xij) € M,p(X), and (b;;) €
M,y (B).

When B = C, we call X a left operator A-module, and when A = C, we
call X a right operator B-module. 1t is important to recall that, generally, there
is a difference between X being an .A-B-bimodule and X being both a left
A-module and a right 5-module. The difference is that a bimodule action is
assumed to be associative, i.e., (a o x) o b = a o (x o b), whereas if X is only a
left A-module and a right 5-module, then no associativity is assumed. Thus, to
be an A-B-bimodule is, generally, a stronger condition. However, as we shall
see, in this situation it is all the same.

Theorem 16.8. Let X be an operator space, with A and B unital operator
algebras. If X is a left operator A-module (respectively, right operator BB-
module), then there is a unique completely contractive homomorphism w: A —
I1(X)(p: B — (X)) such that w(a)-x = a o x(x - p(b) = x o b), where o
denotes the module action and - denotes the product in 1(Sx).

Proof.  As in the proof of Theorem 16.6, for a € A the map

X1 aoxy a 0 X1
T = = o
X2 llallxz 0 llale X2
is completely bounded with ||t ||, = |la|| and so is given as multiplication by
a unique element of 7;{(X). This defines 7: A — I;(X).

To define p one uses similar arguments on y ((x1, x2)) = (x; o b, ||b||x2) and
invokes Corollary 16.5. O
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One consequence of the above theorem is that the associativity condition for
bimodule actions is automatic.

Corollary 16.9. Let X be an operator space, and let A and BB be unital operator
algebras. If X is a left operator A-module and a right operator B-module, then
X is an operator A-B-bimodule.

Proof. Let 7 and p be as above. Then for any a € A, b € B, and x € X, we
have

ao(xob)=mn(a)xp)) = (m(a)x)pb)=(aox)ob. O

The following result generalizes the Christensen—Effros—Sinclair represen-
tation theorem (Theorem 15.14).

Corollary 16.10. Let A and B be unital operator algebras, and let X be an
operator A-B-bimodule. Then there exist Hilbert spaces H and IC, unital com-
pletely contractive homomorphismsw: A — B(H), p: B — B(K), and a com-
plete isometry ¢: X — B(KC, H) such that w(a)e(x)p(b) = ¢p(axb).

Proof. Represent the C*-algebra 1(Sx) as a C*-subalgebra of a Hilbert space
L,setH=e L, K= e[, and apply Theorem 16.8. O

A representation of an operator .A-B-bimodule of the form given by Corollary
16.10 is called a Christensen—Effros—Sinclair representation. Theorem 16.8 is
much stronger than Corollary 16.10; it shows that every .A-B-bimodule action
of operator algebras on an operator space X factors through the actions of 7;;(X)
and I>(X) on X. To be more precise, let

My(X) ={a € I11(X):aX C X}
and
M, (X) = {b € In(X): Xb C X};

then these sets are easily seen to be unital subalgebras of the C*-algebras I;(X)
and I (X), respectively. We call these operator algebras, respectively, the left
and right multiplier algebras of X.We have that X is an operator M(X)-M,(X)-
bimodule. By Theorem 16.8, if X is an operator .A-B-bimodule, then there exist
completely contractive homomorphisms 7: A — My(X) and p: B — M,(X)
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such thata - x - b = w(a)xp(b). Thus, in this sense, M,(X) and M, (X) are the
“universal” operator algebras that can act on X.

It is also possible to give an “extrinsic” characterization of multipliers. Fol-
lowing Blecher [22], we call a linear map ¢: X — X a left multiplier provided
that there exists a Hilbert space H an operator 7 in B(H) and a completely
isometric map ¥: X — B(H) such that ¥ (¢(x)) = Ty (x) for every x in X.
When this is the case, we say that (¥, T) is an implementing pair for ¢. Thus,
a map is a left multiplier exactly when, after a suitable representation of the
operator space X, the map is given as multiplication by an operator. If ¢ is a
left multiplier, then we define its multiplier norm | ¢||,, to be the infimum of
IT] over all such representations. The next result shows that this infimum is
always attained.

Proposition 16.11. Let X be an operator space, and let ¢ be a left multiplier
of X. Then there exists a Hilbert space 'H, a complete isometry ¥: X — B(H),
and an operator T in B(H) such that (¢, T) implements ¢ and |¢|,, =
171

Proof. Let (Y, T,) be a sequence of implementing pairs on Hilbert spaces H,,
for ¢ with ||¢|,, = lim, || T, ||. Let F be the vector space of bounded sequences
of vectors h = (hy, hy, ...) with h, in H,. Fix a Banach generalized limit
glim, and define a sesquilinear form on F by setting (%, k) = glim, (h,, k,) for
h = (hy,hy,...)and k = (k;, kp, ...) in F. Let ‘H denote the Hilbert space
obtained by forming the quotient of F by the null space of this sesquilinear
form and completing.

If we define ¥: X — B(H) and define T in B(H) by setting (Th, k) =
glim, (T, h,, k,) and (Y (x)h, k) = glim, (Y, (x)h,, k,), thenitis easily checked
that (¥, T') is an implementing pair for ¢ with ||¢|l,, = ||T . O

These “extrinsically” defined maps have the following “intrinsic” character-
izations.

Theorem 16.12 (Blecher—Effros—Zarikian Theorem). Let X be an operator
space, and let ¢: X — X be a linear map. Then ¢ is a left multiplier with
l@llm < 1ifand only if the map t: C2(X) — C,(X) defined by

()=

is a complete contraction.
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Proof. If T is a complete contraction, then by Theorem 16.4 there exists an
element a € I1;(X) such that ¢(x) = ax with ||a|| = 1. Representing I(Sx) as
operators on a Hilbert space, letting ¢ be the induced mapping of X, and letting
T be the image of a yields the desired implementing pair.

Conversely, if ||¢||,, < 1, then by using an implementing pair (¢, T') with
llellm = IIT] it is easy to see that T is completely contractive. O

Combining Theorem 16.4 with the above result completes the description of
multipliers.

Corollary 16.13. Let X be an operator space, and let ¢: X — X be a linear
map. Then ¢ is a left multiplier if and only if there exists a unique a € I,1(X)
such that ¢(x) = ax. Moreover; in this case ||¢|, = llall.

Thus, we see that “extrinsically” defined left multipliers are exactly the maps
given as left multiplications by the elements of M,(X). There is a parallel theory
for right multipliers.

Notes

The original proofs of the BRS theorem and the representation theorem for
operator bimodules (i.e., the generalization of the Christensen—Effros—Sinclair
representation theorem) made use of a representation theory for completely
bounded multilinear maps, which we shall study in the next chapter.

In [102] it was shown that the left multiplier algebra of an ideal J of a
C*-algebra A can be represented as the subalgebra {x € I(A): xJ C J}.

Blecher [23] developed the study of multipliers of operator spaces. Many of
these ideas were developed, independently, by Werner [250]. The techniques
of [102] were then extended to multipliers of operator spaces in [30], where
Theorem 16.8 appeared. But this earlier proof of Theorem 16.8 still used the
representation theory for completely bounded multilinear maps in an essential
way.

Blecher, Effros, and Zarikian [25], in their proof of Theorem 16.12, intro-
duced the use of the map t. Theorem 16.4 is implied by Theorem 16.12 together
with Theorem 16.8, which both appeared earlier.

The proof of Theorem 16.4 given here is new and avoids reliance on the repre-
sentation theory for completely bounded multilinear maps. The key ingredients
are the 7-trick of [25] and the methods from [102].

The important role played by /(Sx) for many results about operator spaces
was recognized earlier in [204], [113], and [249].
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Exercises
16.1 Let C, denote n-dimensional column Hilbert space. Prove that /(S¢,) =
M, 4+ in such a way that
Ill(Cn) = Ml(cn) = Mn
and
IZZ(Cn) = Mr(cn) =C.

16.2 Prove, by showing that the BRS axioms are met, that the matrix-normed
algebra (P,, |||l..x), introduced in Chapter 5, is a unital operator algebra.

16.3 Let .Abe a unital operator algebra, and let J be a nontrivial two-sided ideal
in A. Prove that the algebra .4/ J equipped with the quotient operator space
structure is an operator algebra.



Chapter 17

Completely Bounded Multilinear Maps
and the Haagerup Tensor Norm

In many parts of analysis an important role is played by multilinear maps. Recall
that if E, F, and Z are vector spaces, then a map y: E x F — Z is bilinear
provided that it is linear in each variable, i.e., y(e; + ez, f1) = y(e1, f1) +
y(ea, f1), v(er, fi + f2) = y(er, fi) + v(e, f2), and y(her, f1) =
y(e1, Af1) = Ay(ey, f1) for any e; and e, in E, for any f] and f; in F, and for
any A in C. If one forms the algebraic tensor product E @ F of E and F, then
there is a one-to-one correspondence between linear maps I': E ® F — Z and
bilinear maps y: E x F — Z given by setting '(e ® f) = y (e, f).

Consequently, if one endows £ ® F with a matrix norm, then the completely
bounded linear maps from £ ® F to another matrix-normed space Z correspond
to a family of bilinear maps from E x F to Z that one would like to regard as
the “completely bounded” bilinear maps. In this fashion, one often arrives at an
important family of bilinear maps to study. Conversely, if one starts with a family
of bilinear maps into Z that one chooses to regard as the “completely bounded”
bilinear maps, then often there is a corresponding matrix-normed structure on
E ® F such that these maps are precisely the completely bounded linear maps
from E ® F to Z, and in this fashion one often arrives at an important tensor
norm.

There are several important cases in the literature where operator space norms
on tensor products of operator spaces and the corresponding families of bilinear
maps are examined in detail. Among these are the spatial tensor norm, also
called the operator space injective tensor norm, the operator space projective
tensor norm, and the Haagerup tensor norm. We touched on some of these
tensor norms in Chapter 12.

For the remainder of this book only the Haagerup tensor norm and its cor-
responding family of “completely bounded” bilinear maps play a crucial role.
So we will develop the properties of this norm and the corresponding maps in

239
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some depth. We refer the interested reader to [88] and [193] for a more in-depth
study of the tensor theory of operator spaces.

The original proofs of the Blecher—Ruan—Sinclair characterization of oper-
ator algebras, and the various characterizations of operator bimodules, such
as the Christensen—Effros—Sinclair theorem, used the Haagerup tensor theory.
In particular, these proofs used a Stinespring-like representation theorem for
the corresponding family of bilinear maps, which we shall prove later in this
chapter. The Haagerup tensor theory is also closely connected with the theory
of free products of C*-algebras.

Consequently, we begin this chapter with an analysis of the Haagerup tensor
norm followed by some discussion of free products. We then present alternate
proofs of several of the results of Chapter 16. In particular, we present proofs
of the BRS characterization theorem of operator algebras (Corollary 16.7) and
of the characterization theorem for operator bimodules (Corollary 16.10) that
use this Stinespring-like representation theorem for the corresponding family
of completely bounded bilinear maps. The Haagerup tensor norm also will play
a central role in Chapter 19.

In a certain sense the Haagerup tensor norm is the “universal norm for prod-
ucts.” To make this clear we introduce a “faux” product operation, denoted
©. Given an element e of E and an element f of F, we do not necessarily
have a way to take their product, but the element ¢ ® f obeys the same bi-
linear relations as a product. Extending this idea, given (e;;) € M,, x(E) and
(fi,j) € My (F), we define an element (¢;;) © (fi;) of M,, ,(E ® F) by setting

k
(eij)) © (fij) = (Z e ® flj>~
=1
For (x;;) € M,, ,(E ® F) we define the Haagerup norm by setting

IGei)lln = inf{ll e DN (xij) = (ei) © (fi)}

where the infimum is taken over all possible ways to represent (x;;) = (e;;) ©
(fij) with (e;;) € My, x(E), (fij) € My ,(F), and k arbitrary. We let E ®;, F
denote E ® F equipped with this set of norms. It is important to note that
the above infimum is nonempty, that is, given (x;;), there is always a k, a
(eij) € My(E), and a (fjj) € My, (F) such that (x;;) = (e;;) © (fij). To see
this, note that if x = Y s_, e; ® f; in E ® F then

fi
-x:(elv"'3ek)® ’

Ji
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while
fi 0
(e1®f1 ez®f2>=<e1 e 0 O)@ 0 5
e3®f; e ® fy 0 0 e3 34 fi 0
0 fa
Combining these two tricks allows one to express an arbitrary (x;;) as (e;;) ©
(fij)-

We wish to show that the Haagerup norm is indeed a norm on E ® F and
that £ ® F is an L°°-matrix-normed space, i.e., an abstract operator space,
when endowed with the family of Haagerup norms. To do this a few lemmas
are useful.

Lemma 17.1. Let (e;;) € My, i (E), (fij) € My ,(F), and let A, B, and C be
scalar matrices with A = (a;j) € My, m, B € My, and C € M, ,,,. Then,

(i) A-[(eij) © (fip)] = [Ale;)] © (fij),
(ii) (e;j)B O (fij) = (eij) © B(fij)
(iii) [(e;j) © (fij))]-C = (eij) O [(fij)C].

Proof. Straightforward. O

We shall call a family of norms on M, ,(V) satisfying all the axioms for an
L -matrix norm except that ||x|| = 0 implies x = 0 for x € V an L*-matrix
seminorm. If we let W = {x: ||x|| = 0}, then these induce an L°°-matrix norm
on V/W and it becomes an abstract operator space (Exercise 17.1).

Proposition 17.2. Let E and F be operator spaces. Then the Haagerup norm
is an L*™°-matrix seminormon E ® F.

Proof. By Lemma 17.1 we have for (x;;) e M, ,(E ® F), A€ M,, ,,, and
B €M, , that [|A(x;;)Blln < ANl Bl
Next we show the triangle inequality. Given (x;;) and (y;;) in

My (E ® F),

and € > 0, choose (¢;;) € My, 1, (E), (fij) € My, o(F), (é;j) € My, 1,(E), and
(fij) € My, o(F) such that (x;) = (e;;) © (fi;), (vij) = (&i;) © (fi;), and

ICEDINCADI = NG lin + €,
@D DI < Nipla + €.
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Replacing (e;;), (fi;) by r(e;j), {_l(ﬁj), we may assume that [|(e;;)[| = (i)l
and similarly that ||(é;;)|| = ||(fi;)|l. Now consider
) (fij)
e =((eij), (éij)) € My i+6,(E) and [ = = | € My iy n(F).
ij

We have that (x;;) + (y;;) = e © f and hence

Gxij) + Giplln < llellll fII = \/ll(ei_;)ll2 + I@pI*- \/Il(fij)ll2 + DI
< NGxiplln + N1illn + 2e.

To see |lell* < [I(e;;)I* + I1(é;)II%, it is perhaps useful to represent E as a con-
crete operator space. Since € was arbitrary, the triangle inequality follows.

Finally, to see the L™ condition, note that if (x;;) = (¢;;) © (fi;) and (y;;) =
(i) © (fi)), then

(x;j) O _ (eij) AO o (fi)) f) ' .
0 (i) 0 (&) 0  (fip)

The Haagerup tensor norm has many useful identifications. We introduce one
for future use. Note that if £ and F' are operator spaces then C,,(E) = M,, 1(E)
is an operator space. Similarly, R,(E) = M, ,(F) is an operator space. Hence,
there is a Haagerup norm on C,,(F) ® R, (F).

Proposition 17.3. Let E and F be operator spaces. Then the map
I: Cm(E) ®h Rn(F) - Mm,n(E ®h F)

given by
€l

r UL f) | =@ ® f)

€m

is an isometry of the Haagerup norm on C,,(E) @ R,(F) with the Haagerup
norm on the m x n matrices over E ® F.

Proof. One notes that to compute the Haagerup norm of an element of C,,(E) ®

R, (F), one represents it as a row of, say, k columns, which is really an m x k

matrix over E, “times” a column of k£ rows, which is a k x n matrix over F'.
Now one checks that I" preserves this identification. O

Before preceding further in our analysis of the Haagerup norm, it is es-
sential to make a few observations about representations of elements of a
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tensor product. First recall that if E and F are vector spaces and ¢: E — C
is any linear functional, then there is a linear map ¢ ® id: £ ® F — F with
(e ® f) = ¢(e)f. Now suppose that

n m
X=Z€i®fi=25z®fe
=1 =1

are two ways to express x and that {e;,...,e,} are linearly independent.
Choosing functionals ¢; such that ¢;(e;) = §;; we see that f; = ¢; ® id(x) =
Z’zn=1 <pi(ég)fe. Hence, span{fi, ..., fu} C span{fl, e, fm}. Thus, if all the
sets are linearly independent in both representations, then span{ fi, ..., f,} =
span{fl, R f,,}, spanf{ei, ..., e,} = span{éy, ..., é,},and n = m.

Also note that one can always write x = Z?:l e; Q@ f; with {ey,...,e,}
and { fi, ..., fu} linearly independent. For if, say, e, = Aje; + -+ 4+ A—1€,—1,
then x = Z;’;ll e; ® (fi + A; f,) and we proceed inductively. The unique in-
teger n such that x = Z?:l e; @ f; with both {eq,...,e,} and {fi, ..., fu}
linearly independent is called the rank of the tensor x, denoted rank(x).

Those more familiar with Banach space approaches to tensor theory know that
x=>!,6® f;in EQ® F is often identified with a linear map 7,: E* — F
given by T,(p) = Y _._, ¢(e;) f; and that rank(x) = dim range(7}). The fact
that the map 7T is independent of the particular representation of x as a sum of
elementary tensors is essentially equivalent to our observations above.

Theorem 17.4. Let E C E\and F C F) be operator spaces. Then the inclusion
of E @y F into E| @, Fy is a complete isometry.

Proof. Let x be in E ® F. Write |x||o for its Haagerup norm as an element
of E®y F, and ||x||; for its Haagerup norm as an element of E| ®; F;. We
wish to prove that ||x||p = ||x||;. By the definition of the Haagerup norm as an
infimum, we have that ||x|[; < ||x]|lo.

Now letx =) " e; ® f; withe; € E; and f; € Fy. To prove that | x[lp <
lx]I1, it will be enough to prove that

S
lxllo < liCer, ..., el ||| :
In
Note that the rank of x must be the same whether we regard it as an element

of E® Forof E1 ® F;.Soletrank(x) = m < n, and write x = Z;"zl é; ®fi
with {¢1,...,é,} C Eand {fi,..., fu} C F.
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If {e;,...,e,} and {fi, ..., f,} are linearly independent, then necessarily
m=n,{e,...,e,} S E,{f1,..., fu} € F, and hence

fi
Ixllo < liCers ..o el || :
In
Thus, we can assume that there are some linear dependences. Say {ey, ..., e}

is a maximal linearly independent set of {ey, ..., e,}. The linear equations
expressing {ey, ..., e,} as linear combinations of {ey, ..., e;} can be written as

(e1,....en) =(e1,...,e)B

for some k x n scalar matrix B.
Polar-decompose B = PW with W a k x n partial isometry satisfying
WW* = [,. We have that

fi
x=(e,...,ex) PWQO| :
I
fi fi
=(et,...,en) POW| - | =, ....en0 ) : |,
In fr
where
fi fi
1,....éx)="(e1,...,e)P and l=w
fu In
Note that ||(é1, ..., )|l = |I(e1, ..., ey)|l, and that
fi fi
: = :
fu In
Thus, we have that
/i fi
@1, eoll |l = || = lers ..o el
fi S
Now repeat this process if necessary on {f, ..., fx} until one achieves a

situation where both sets {é1, . . ., é;} and { f Lo vvns f « } are linearly independent
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and hence lie in E and F, respectively. Since these elements lie in E and F,
one has

fi Si
lxllo < @1, ..., el || <ler,.. el || :
fk fn
and hence [lx|lo < [lx]l;.
This proves that the inclusion of £ ®,, F into E| ®;, F isisometric. To prove
thatitis acomplete isometry, one notes that C,,,(E) < C,,,(E}), R,(F) € R,(F})
and applies the result just proven to conclude that the inclusion of C,,(E) ®;,

R, (F) into C,,(E|) ®;, R,(F)) is isometric. Now, applying Proposition 17.3,
we conclude that

Mm,n(E ®n F) = Cm(E) ®n Rn(F) - Cm(El) ®n Rn(Fl) = Mm,n(El Rn Fl)

isometrically.
Hence the inclusion of E ®;, F into E| ®;, F} is a complete isometry. a

Corollary 17.5. Let E and F be operator spaces, andlet x € E @ F be a rank
k tensor. Then there exists a representation x = Zle e; ® f; such that

i
lxlln = liCer, ..., el :

Ji

In particular, || x|, # 0, and so the Haagerup norm is indeed a norm.

Proof. By the proof of Theorem 17.4, the expression in the Haagerup norm is
reduced by making the terms used in the expression of x as a sum of elementary
tensors linearly independent. Thus, if rank(x) = k, then

fl k
Ixlls = inf { iCer, ... el ||+ ||:x=D e f
fr =1
But if
k k y
x=Z€i®ﬁ=Zéi®fia
i=1 i=1
then span{ej,...,e;} = span{éi,...,é} = E; and span{fi,..., fx} =

span{fl, ...,fk} = Fi.
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Thus, one can choose sequences of bases for Ey, {e],..., ¢/}, and for
Fi, {fl',..., f{’}, suchthatx = Zf‘:l el ® f" and
1 U 1
1/2 . 1/2
(el ovef) | < el + =, S =+ =
n . n
I
Since E; and F; are finite-dimensional, these bounded sequences will have a
common convergent subsequence. Letting ey, ..., e, f1, ..., fr denote their
limits, we have that
k fi
x=Ye®f with [(er.....edll || i || = lxl-
=t T
Since rank(x) = k, the sets {e|,..., e} and {f1, ..., fi} are bases. Thus,
lle:ll # O, || fjll # O foralli and j, and hence
S
lxlln = liCer, ..., el ||| : # 0. O
S

Combining Proposition 17.2 with Corollary 17.5 establishes that the
Haagerup tensor product of two operator spaces is again an operator space. We
now wish to give a more concrete realization of the Haagerup tensor product.
Since operator spaces E and F can be represented as subspaces of C*-algebras
A and B, and since E ®, F C A®; B completely isometrically, it will be
sufficient to understand A ®;, B more clearly when A and BB are C*-algebras.

To this end we introduce the free product of algebras. Given two algebras A
and B, their free product [10] is another algebra, denoted A * B, that contains
A and B as subalgebras and satisfies the following universal property: If C is
any algebra, and 7: A — C and p: B — C are algebra homomorphisms, then
there exists a unique algebra homomorphism y: A x B — C with y(a) = 7 (a)
and y (b) = p(b).

The map y is denoted 7 * p.

Alternatively, one can regard A * I3 as consisting of linear combinations of
words in A and B,

AxB = span{al,bl,ag>|<b2,b3*a3,a4*b4*a5,...},

where the a;’s and b;’s are arbitrary elements of .4 and B, respectively, subject
to certain relations. Among these relations we would have that the product
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ww,, for a word w; ending in a different letter than w, begins with, is simply
their concatenation, while, for example, the product of w; = a; % b; with w, =
by x ay is wiw, = ay * (b1by) * ay. Also, these words behave multilinearly in
each variable, e.g., a; * by xay +ay x by x a; = a; * (b) + by) x a, and a; *
(Aby) *x ap = (Aay) * by * ay = a; * by * (Aay) for any scalar A.

When A and B both contain a common subalgebra C, then one can also
form the free product amalgamated over C, denoted A x¢ B, which satisfies
the following universal property: If D is any algebra, and 7: A — D and
p: B — D are algebra homomorphisms with 7 (c) = p(c) for every ¢ in C, then
there exists a unique algebra homomorphism y: A x¢ B — D with y(a) = 7 (a)
and y (b) = p(b).

One can also give A *¢ B a definition in terms of words where one allows
elements of C to commute with concatenation — for example, (ac) *b = a *
(cb).

Now assume that A and B3 are unital C*-algebras (we will consider operator
algebras later) that both contain the algebra C = C- 1. We endow A *¢ B with
a seminorm by setting

x|l = supllz * p(x)],

where the supremum is over all Hilbert spaces H and all unital *-homomor-
phisms 7: A— B(H) and p: B— B(H). Clearly, A xc B is a x-algebra
and ||x*x| = ||x]|%. If J = {x: ||x]| = O}, then J is a two-sided *-ideal, and
(A *c B)/J is a pre-C*-algebra. We denote its completion by A x; 5. It turns
out that 7 = {0}, but we shall not need this harder fact here. See [10] for a
proof of it and more on representations of A x; .

This construction allows us to introduce another tensor (semi)norm on op-
erator spaces. If E € A and F C B are concrete operator subspaces, then
there is a linear map y: E ® F — A % B defined by setting y(e ® f) =
e * f and extending linearly. For (x;;) € M), ,(E ® F) we define ||(x;;)|l; =
ICy (xij ) m,, (A% 5y and shall refer to this as the induced amalgamated free
product norm.

Without citing [10], it is only apparent that ||-||; is a seminorm. But we
shall prove that it is equal to the Haagerup norm and, consequently, give an
independent proof that it is a norm. More importantly, this will also prove that
[I-ll1 is independent of the particular representations of E and F as subspaces
of C*-algebras.

There is a third way to define a tensor norm on operator spaces, which we wish
to prove equals the Haagerup tensor norm. This definition was first introduced
in [170], where it is called the Brown tensor norm, but has since come to be
widely known as the factorization norm.



248 Chapter 17. Completely Bounded Multilinear Maps

To define this tensor norm, first suppose that we are given three Hilbert spaces,
‘Hi, H,, and H3, and linear maps ¢: E — B(H,, H3) and : F — B(Hy, Ha).
Then there is a linear map ¢ -¢¥: E® F — B(H;, H3) defined by setting
o-Y(e® f)=eple)Y(f) and extending linearly. Thus, we may define the
factorization (semi)norm of (x;;) in

My W (EQ F)
by setting

1)l = supll(@ - ¥ xi))I,

where the supremum is taken over all H;, H», H3 and all pairs of completely
contractive maps ¢: E — B(H,, H3), ¥: F — B(H, H»).

Since the C*-algebra A *; B can be represented on a Hilbert space and
since the inclusions £ € A and F C B yield completely contractive inclusions
¢: E— A% Band ¢: F — A % B, we see that the map y = ¢ - used to
define the induced amalgamated free product (semi)norm is just one example
of amap ¢ - . Hence, we have that

el < Gl ¢

for all (x;;) in M,, ,(E ® f).

Now assume that ¢ and ¢ are as in the definition of the factorization norm
and that (x;;) € M,, ,(E ® F)isrepresented as (x;;) = (e;;) © (f;;) with(e;;) €
M,  (E), (fij) € My n(F). Then we have that

k k
(¢ ¥ (x;j) = (go-x/f <Ze,~k ® fkj>> = (Zw(eik)wkj))
=1 (=1
= (p(ei))W (fij)-
Hence, [|(¢ - ¥ (x| < eI (fi)Il < e II(fi)]l. Taking the in-

fimum over all factorizations and then the supremum over all ¢ and ¢ yields

Gl < NGl < NGl

We now wish to prove that ||(x;;)|l» < |[(x;;)ll1, so that all of these matrix
norms are equal.

Theorem 17.6 (Christensen-Effros—Sinclair-Pisier). Let A and B be unital
C*-algebras, andlet E C A, F C Bbe subspaces. Thenthemap y: E @), F —
A x) B given by y(e ® f) = e* f is a complete isometry.



Chapter 17. Completely Bounded Multilinear Maps 249

Proof. By Theorem 17.4, it will be sufficient to prove the case E = A, F = B.
To this end we show that .A ®, B is an operator .A-B-bimodule.

Define an .A-B-bimodule action on A ®; B by setting a-(c®d)-b =
(ac) ® (db). We wish to show that this module action is completely contrac-
tive. To see this, note that if (x;;) € M, ,(A® B), (aij) € My, m(A), (b)) €
M, ,(B), and (x;;) = (¢;j) © (d;;), then

(@ij) - (xij) - (bij) = [(aij)(cij)] © [(dij)(bij)].
Hence,

l(aij) - (xij) - (bipln < inf{|[(a;j)(cip)I - 1(dij)Dipll: (xij) = (cij) © (d;j)}

=< @@ - i) la-

Thus, by the Christensen—Effros—Sinclair representation theorem (Theorem
15.14 or Corollary 16.10), there exist Hilbert spaces H and K, unital
x-homomorphisms 7: A — B(H), p: B — B(K), and a linear complete isom-
etry ¥: A®, B — B(K, H) such that ¥ (a - x - b) = mw(a)¥(x)p(b).

Let T = ¢(1 ® 1). Then ||T|| = 1, and for any x = Zle a; ® b; we have
that

k
Y(x) =Y m(@a)Tpb).
i=1

Now assume that the spaces H and K are large enough so that there exist
unital x-homomorphisms

m: A— B(K), p1: B — B(H).

If this is not the case, then one can always replace (7, p, ¥) by a representation
such that it is (Exercise 17.2). Let # = 7w @ w1, p = p1 @ p, and let

U JI—TT* T
B —T* JT=T*T)]’

so that U is unitary. We then have that

k
> #@)Upiby) = (: ‘”i”) .
i=1
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Let p(b) = U p(b)U*, so that
k

Z (@)U p(bi)

i=1

o)

The same calculation applies for a matrix (x;;), and so we have that y is a
complete isometry. O

k

> #anpb)

Ixlln = 1Yl <

< llxll-

A bilinear map g is called completely bounded if and only if there exists a
constant C such that

= Cllepnicsipl

k
(Z p(eir, fz,,‘))
=1

for every n, k, m and every (e;;) € M (E), (fij) € My, (F). The least such
constant C is denoted ||@||cp-

Of course, as discussed at the beginning of this chapter, every linear map
¥ on E ® F corresponds to a bilinear map ¢ on E x F by simply setting
Y(e® f) = gle, f).Itis easily checked (Exercise 17.3) that ¥ is completely
bounded on E ®;, F if and only if ¢ is a completely bounded bilinear map, and
that the norms coincide. Thus, completely bounded bilinear maps are precisely
the family of bilinear maps that correspond to the Haagerup tensor norm in the
sense discussed at the beginning of this chapter.

In texts that focus on additional norms on tensor products of operator spaces,
the completely bounded bilinear maps corresponding to the Haagerup tensor
product are sometimes called the multiplicatively completely bounded maps or
the completely bounded maps in the sense of Christensen and Sinclair, in order
to avoid confusion.

The above theorem leads to a representation theorem for these maps.

Corollary 17.7. Let A, B be unital C*-algebras, let E C A, F C B be sub-
spaces, and let H be a Hilbert space. Then a bilinear map ¢: E x F — B(H)
is completely bounded if and only if there exists a Hilbert space IC, unital *-
homomorphisms: A — B(K), p: B — B(K), and linearmapsV, W H — K
such that ¢(e, f) = V*m(e)p(f)W. Moreover, such a representation can be
chosen with |@lles = IIVIIW].

Proof. Thelinearmap ¥: E ®, F — B(H)with Y (e ® f) = ¢(e, f)is com-
pletely bounded with || ||, = [|¢]lcb- Regarding E ®;, F € A *; Bcompletely
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isometrically, we may extend v to a completely bounded map on A *; B of the
same cb norm.

The result now follows from the generalized Stinespring representation of
completely bounded maps and the fact that 7 * p is a x-homomorphism of
A *1 B. O

It is often convenient to think of the above result as a “factorization” theorem
for bilinear maps that are completely bounded. The following result makes this
more explicit.

Corollary 17.8. Let E and F be operator spaces, and let H be a Hilbert
space. Then a bilinear map y: E x F — B(H) is completely contractive if
and only if there exists a Hilbert space IC and completely contractive maps
Y: F— B(H,K)and ¢: E — B(K, H) suchthat y (e, f) = ¢(e)¥(f)forevery
ein Eand fin F.

Proof. If y is completely contractive, then by Corollary 17.7 we may write
y(e, )= V*a(e)p(f)W with [ V|| < Land [W| < 1.Setting p(e) = V*7(e)
and ¥ (f) = p(f)W yields the desired factorization.
Conversely, if y(e, f) = ¢(e)¥(f) then
= llpCeip)) - W (fiDI < eIl

H (Z v (eik, fkj)) H = ” (Z w(eik)llf(fkj)>
T 3

for arbitrary matrices (e;;) in M,,,(E) and (f;;) in M, (F). O

We are now prepared to present another proof of the abstract characterization
of operator algebras. First we recall the construction of an inverse limit of Hilbert
spaces.

Assume that we are given Hilbert spaces { M}~ and contraction operators
Ti: My — M;. We call a sequence (m, ms, ...) with my in My coherent
provided Tj(my41) = my, and bounded provided sup,, ||my/|| is finite. The set
M of bounded, coherent sequences with ||(m, ma,...)|| = sup; |[m| is a
Banach space, denoted M = lim; (M, T}). Since every T} is a contraction,
lmell = 1 Te(mie DIl < llmypr |l and so supy [mg|l = limy [my||. We claim M
is a Hilbert space. To see this one checks that the parallelogram identity holds.
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Indeed, for x = (xy,...)and y = (y1,...)in M,

Il =+ 1%+ llx = ¥ 117 = HmClbxe + vl + e = yell®)

= limQ2 [l + 2/lyel®) = 2/lx11* + 2l

The following theorem is a restatement of Corollary 16.7. The proof borrows
from ideas in [137].

Theorem 17.9 (Blecher-Ruan-Sinclair Theorem). Let A be a unital algebra
with unit e, and assume that A is an (abstract) operator space. If ||e|| = 1 and the
bilinearmap m: A x A — A given by m(a, b) = ab is completely contractive,
then there exists a Hilbert space M and a unital completely isometric algebra
homomorphism p: A — B(M).

Proof. Let ap: A — B(Ho, H1) be some linear completely isometric map of
the operator space .A. Applying Corollary 17.8, we have the completely contrac-
tive bilinear map y (a, b) = ap(ab) = Bi(a)a1(b) where a;: A — B(Ho, Ha)
and B;: A — B(H,, Hy) are completely contractive. Since

€aipll = liaolaije)ll = [I(Bi(aij)ar(eNl < [1(Bi(ai)

we see that 81, and similarly o, are complete isometries.

Inductively, we obtain complete isometries ax: A — B(Ho, Hyi1), Br: A —
B(Hi+1, Hy) such that a1 (ab) = Br(a)ok(b).

Now let My C Hy, k > 1, denote the closed linear span of vectors of the
form oy_1(a)h for a in A and h in Hy. Since Bi(e)ar(a)h = ar_1(a)h, we
have that Bi(e): My — M. Thus, we may form the Hilbert space M =
limg (M, Bi(e)).

If (m;, m,,...) is a bounded, coherent sequence, then we claim that for
any a in A, (81(a)m,, By(a)ms, ...) is another bounded coherent sequence.
Clearly, this sequence is bounded. To see that it is coherent note that if m,, =
Y g1 (bi)hy, then By (@)ymy i = ), ax(abi)h; € My and so

Be(@Birimial =Y Bele)a(abihi =Y ax_1(abi)h
= B@) Y aw(bdhi = Bi(@)Bry1()misa = Be(@myy.

Note that we have also shown that B;(e)B+1(a) = Br(a)Br+1(e) on Mys.
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Thus, there is a well-defined map p: A — B(M) given by

p)(my, ma, ...) = (Bi(b)my, Bo(b)ms, ...).

Note that p(e) = I since Br(e)my; = my.

To verify p(ab) = p(a)p(b) it is enough to compare the kth entry of any
vector. If m = (my, my, ...)is in M and myy» = Y _; ays1(c;)h;, then the kth
entry of p(a)p(b)m is

Be(@)Bir1(Bymesa = Be(@) Y BBl (cidhi = @) Y ai(beih
=Y alabeh =Y fulab)ar(chi = Belabymyyy,

which is the kth entry of p(ab)m.

To complete the proof, we must show that p is a complete isometry. Note
that to compute ||(p(a;;))|| we must apply this matrix to a column of vectors
from M, but the norm of each such vector is obtained by taking its norm in
M. and taking a limit on k. Moreover these norms are increasing with k. Thus,
ifvj=(0mj,my;,...),j=1,...,n,arein M and (a;;) € M,, »(A), then

vy Miy1,1
(paij) | - = li,fn (Br(aij))
Upn Mm) Mpy1,n M(km)

Mi41,1
< li{n l(Brlai M :
Mi+1,n M

V1

= [l@ipll

Un

Hence, [[(p(a;ij)|l < ll(a;i;)ll, and p is completely contractive.

Finally, since o is a complete isometry, given any € > 0 and (a;;) €
M, ,(A), there exists Ay, ..., h, in Ho, with ||a[|> + -+ + ||h,]|> = 1, such
that

h
(@il — € < |[(ao(e))
hy

Forming the coherent sequences v; = (ap(e)h;, @1(e)h;, ...), we have that
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lvill < ||kl and

| a(e)h;
lGotai NIl = | (olai)) | - H =1ilgn (Br(aij))
Un ai(eh,
a(e)h hi
> |[(Bi(aij)) : = | (ao(aij))
ai(e)h, hy

Since € > 0 was arbitrary, ||(0(a;))|l = [[(a;;)|| and we have that p is a complete
isometry. O

Note that by Exercise 17.3 the requirement that the multiplication map
m: Ax A— A be completely contractive is just the requirement that
Ity aiebepll < N@ip i for all (i) € My (A, all (bij) € Miu(A),
and all m, k, n. However, by filling matrices with 0’s to make them square it is
easily seen that it is sufficient to consider the cases m = k = n. In these cases,
{M,(A)},> are all algebras, and the above condition is just the requirement
that the product in these algebras satisfy ||(a;;)(b;j)Il < [[(a;)|II(b;;)|l. Thus,
Theorem 17.9 is really just a restatement of Corollary 16.7, as claimed earlier.

The Haagerup tensor theory has a multilinear generalization. We discuss the
trilinear case in enough detail that the multilinear cases should be transparent.
Given three operator spaces E, F, G, introduce a “faux” product by setting

(eij) © (fij) ©(gij) = (Z eir ® fre ® ng>
o

whenever (e;;) € My, (E), (fij) € My, »,(F), and (g;;) € M, ,(G). Using
this operation, we define for each m, n anormon M,, ,(E ® F ® G) by setting

i)l = inf{l[ (eI (xij) = (i) © (fij) © (i)}

where the infimum is over all ny, n, and all such representations of (x;;). We
let E ®; F ®;, G denote the resulting matrix-normed space.

On the other hand E ®;, F and F ®; G are operator spaces, and so we can
form (E ®;, F) ®;, G and E ®;, (F ®;, G).

Proposition 17.10. Let E, F, and G be operator spaces. Then the linear iso-
morphisms ¢: (E Q, F)®, G > EQ, F®;, G and V: E ®, (F ®, G) —
E @y F®nG given by p((e® f)®g) =e® fR@g=v(e®(f®g) are

complete isometries.
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Proof. Exercise 17.3. O

The above proposition is generally summarized by the statement that the
Haagerup tensor product is associative, and given operator spaces E1, ..., Ey
we write E| ®y, - - - ®, En with no further explanation.

In a similar fashion the amalgamated free product is associative. That is, if
Ay, A, and Aj; are unital C*-algebras, then one can define A; *; Ay %1 Aj3
and

(Ap 1 Ap) %1 A3 = Ap #1 A % Az = A % (Ap 1 Az)

x-isomorphically, via the natural identifications. This C*-algebra is the univer-
sal C*-algebra for triples of unital x-homomorphisms 7;: 4; — B(H). Con-
sequently, if A, ..., Ay are unital C*-algebras, we write A % - - - *x; Ay,
unambiguously.

The following results summarize the multilinear theory. We leave the details
of their proofs to the interested reader.

Theorem 17.11 (Christensen—Effros—Sinclair-Pisier). Let E|, ..., Ey be
operator spaces and Ay, ..., Ay unital C*-algebras, and assume that E| C
Ai, ..., Ey C Ay. Then the linear map ¢: E; ®p, - -+ Qp Exy — Aj %1 -+ - %
Ay given by p(e; ® -+ - Q ey) = ey * - - - * ey is a complete isometry.

Theorem 17.12. Let Ey, ..., Ey be operator spaces and Ay, ..., Ay unital
C*-algebras, and assume that E; C Ay, ..., Ey CAn. If ¢: E1 ®p, ... Qp
En — B(H) is completely bounded, then there exists a Hilbert space IC, unital
x-homomorphisms m;: A; — B(K), and operators S: K — H, T: H — K such
that p(e1 @ - - @ ey) = Smi(er) - - - n(en)T with ||@lleo = IISINT .

Just as in the bilinear theory, one defines a multilinear map
)/ZEl X - X EN—>B(H)

to be completely bounded if and only if it extends to give a completely
bounded linear map ¢: E| ®;, -+ ®, Ey — B(H) with ¢p(e; ® --- Q ey) =
y(ei,...,en), and one sets ||¥|lcb = ll@]lcb- As in the bilinear case, the com-
pletely bounded norm of a multilinear map can be characterized by using “faux”
products of matrices. The above theorem is generally referred to as the repre-
sentation or factorization theorem for completely bounded multilinear maps.

We close this chapter with an application of the trilinear theory by prov-
ing a result that is equivalent to the generalized Christensen—Effros—Sinclair
representation theorem (Corollary 16.10).
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Theorem 17.13. Let A and B be (abstract) unital operator algebras, and let
X be an operator space that is also an A-B-bimodule with e, - x - eg = x for
all x in X.

If the bimodule action (a, x, b) — axb is a completely contractive trilin-
ear map, then there exist Hilbert spaces H and K, unital completely isomet-
ric homomorphisms w: A— B(H), p: B— B(K), and a complete isometry
a: X — B(H, K) such that w(a)a(x)p(b) = a(a - x - b).

Proof. Consider the set

a X
C_{(O b>.aeA,beB,xeX}.
a X n a x2\ ar+a x1+x
0 b 0 bh) \ 0  b+b
a; X . a x2\ [aia ayx, + x1by
0 b 0 ] \o biby

then C clearly becomes an algebra.

Suppose we can introduce an operator space structure on C such that each of
the inclusions of A, B, and X into C are complete isometries and such that C
satisfies the hypotheses of the BRS theorem. Then it is easily checked that any
completely isometric isomorphism y: C — B(L) will lead to , p, « as above,
on setting

({5 a))e (@)
c=rar (o N, ow=rer (5 2)
wrr=rar () 3)))

Thus, it remains to show that we can endow C with the desired operator alge-
bra structure. To this end we embed A C C;, B C Cj as unital subalgebras and
embed X C C; as a subspace, where C;, C,, and C; are unital C*-algebras. This
allows us to regard .4 and B as unital subalgebras of C; x| C; *; C3 and identify

If we define

and

, and
K
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AR®, X ®,B=Zspanfaxx xb: a € A, x € X, b € B}, completely isometri-
cally.
The set

C‘:{(g Z):aeA, veA®hX®hB,beB}gMg(Cl*102*1€3)

is readily seen to form a subalgebra of this C*-algebra. Note that the map
@: C — C defined by

a Zai*xi*bi _ a Zaixibi
o b o b

is a homomorphism. We endow C with the quotient operator space structure
induced by this map, that is,

G )=l D))= 5

It is now easily checked that C endowed with this norm satisfies the hypotheses
of the BRS theorem and that each of the inclusions is a complete isometry. [

Note that when A and B are C*-algebras, the above result reduces to the
Christensen—Effros—Sinclair representation theorem.

Notes

A version of the representation theorem for multilinear completely bounded
maps (Theorem 17.12) was first obtained in the case that Ey, ..., Ey are C*-
algebras by Christensen and Sinclair [58]. Their proof used Wittstock’s set-
valued extension theorem [242]. Later this result was generalized to operator
spaces in [170], and the proof was simplified to the extent that the use of the
set-valued extension theorem was replaced by the ordinary extension theorem
for linear completely bounded maps. This multilinear representation theorem
implied an extension theorem for multilinear completely bounded maps (see
Exercise 17.5), which was in turn equivalent to the injectivity of the Haagerup
tensor norm (Theorem 17.4). One of the more difficult parts of the proofin [170]
was establishing that E| ®;, E, had arepresentation as a concrete operator space,
since Ruan’s abstract characterization of operator spaces came later. Indeed, in
some ways the proof of that fact in [170] anticipates Ruan’s theorem.

The direct proof of the injectivity of the Haagerup tensor norm presented in
Theorem 17.4 appeared later in [28].
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The connection between the Haagerup tensor product and free products
was first made by Christensen, Effros, and Sinclair [57], who proved that the
Haagerup tensor product embedded into the unamalgamated free product of the
C*-algebras. Pisier [193] was the first to realize that the embedding of E; ®;, E;
into the amalgamated free product is completely isometric (see [162]), which
leads to the cleaner realization of the Haagerup tensor product that appears
here (Theorem 17.6). However, both of these earlier proofs used either the
Christensen—Sinclair representation theorem for completely bounded multilin-
ear maps or its generalization to operator spaces.

The original proof of the Christensen—Effros—Sinclair representation theo-
rem for operator bimodules over C*-algebras (Theorem 15.14) also used the
Christensen—Sinclair representation theorem for completely bounded bilinear
maps.

The proofs given here are new in that we have used injective envelopes
to directly obtain the Christensen—Effros—Sinclair representation theorem for
operator bimodules and the embedding of A; ®; A, into A; *; A,, without
appealing to the Christensen—Sinclair representation theorem for completely
bounded bilinear maps. Using these results, we are then able to deduce the
Christensen—Sinclair representation theorem for bilinear maps and its general-
ization as a consequence of this embedding.

The Haagerup tensor norm first appeared in some uncirculated work of
Haagerup. Effros and Kishimoto [81] recognized its value and adopted the
name. This tensor norm was clearly inspired by Haagerup’s proof [107] of the
Wittstock extension theorem for completely bounded linear maps and his results
on Schur product maps. Indeed, Wittstock’s extension theorem can be deduced
from the injectivity of the Haagerup tensor norm, and this approach recaptures
the essence of Haagerup’s proof.

We outline how this can be done. One first shows that for an operator space E
there is an isometric identification between CB(E, M,,) and the dual of R, ®;,
E ®;, C,. Now, let E C F be operator spaces, so that by the injectivity of
the Haagerup tensor norm, R, ®;, E ®, C,, C R, ®, F ®;, C,, isometrically.
Thus, by applying the ordinary Hahn—-Banach extension theorem for linear
functionals to this latter pair of spaces, one may extend a completely bounded
map from FE into M,, to a completely bounded map from F into M,,. The details
of this approach appear in [28]. See also [162, Theorem 3].

Exercise 17.9 is a special case of the results in [85].

Exercises

17.1 Let V be a vector space, and let ||-||,,., be a family of norms on M,, ,(V)
that are L°°-matrix seminorms. Let W = {x € V: |x| = 0}. Prove that
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for (x; ;) € M, ,(V), we have ||(x;;)llm,» =0 if and only if (x; ;) €
M,, ,(W). Conclude that setting [|(x; j + W)llm,n = 1(Xi,j)llm,n gives a
well-defined L°°-matrix normon V/W.

17.2 Verify the claim in the proof of Theorem 17.6.

17.3 Verify that a bilinear map ¢: E x F — Z is completely bounded if and
only if the induced linear map ¢: £ ®;, F — Z is completely bounded
and that ||| cp is the least constant C satisfying

k
<Z plei, fe_;‘))
=1

for every n, k, m and every (e;;) € My (E), (fij) € My,,(F). Deduce that
if EC E| and F C F are operator spaces and ¢: E x F — B(H) is
a completely bounded bilinear map, then ¢ can be extended to a com-
pletely bounded bilinear map ¢: E; x F; — B(H) of the same comple-
tely bounded norm.

17.4 Prove the associativity of the Haagerup tensor product as asserted in Propo-
sition 17.10.

17.5 Extend Exercise 17.3 to the multilinear case, and deduce an extension

= Clieipliicfipl

theorem for completely bounded multilinear maps into B(H).

17.6 Let A and B be (abstract) unital operator algebras; let X be an operator
space that is also an A-5B-bimodule with e4 - x - ep = x forall x in X. Use
Exercise 17.5 to show directly that the bimodule action (a, x, b) — axb
is a completely contractive trilinear map if and only if X is an operator
A-B-bimodule.

17.7 Show directly that C,, ®, R, is completely isometrically isomorphic to
M,, , and that this isomorphism carries the tensor product of the standard
basis vectors ¢; ® e; to the standard matrix units E; ;.

17.8 Prove directly that R, ®; C, is isometrically isomorphic to the dual of
M,y p.

17.9 (Effros—Ruan) Let E and F be finite-dimensional operator spaces, and
let E* and F* denote their duals. Prove that (E ®, F)* is completely
isometrically isomorphic to E* ®, F*. Deduce Exercise 17.8 from this
result.



Chapter 18

Universal Operator Algebras and Factorization

In this chapter we examine some consequences of the BRS characterization
of operator algebras. The main theme of this chapter is that by using the
BRS theorem, we are able to give intrinsic formulas, similar to the descrip-
tion of MAX(X), for certain extrinsically defined universal operator algebra
norms. Among the results that we shall obtain as consequences of the theory
are Nevanlinna’s theorem characterizing the set of analytic functions that map
the disk to the disk in terms of positive definite functions, and Agler’s recent
generalizations of Nevanlinna’s theorem. In addition, we obtain formulas for
the norm in the full C*-algebra of a group.

We begin with the construction of the full operator algebra of a semigroup.
By a semigroup we shall mean a nonempty set S, together with a product
Sx8§— S, (s1,5)— s1-5, and a unit element e satisfyinge-s =s-e ==
forevery s in S. By the semigroup algebra C[S] we mean the vector space of all
finite linear combinations Y A;s;, &; € C, s; € S, equipped with the product

(Z Aisi) (Z thj) = Z()\ilij)(sitj)~

Note that e is the unit of this algebra. By a representation of S on H we mean
any map m: S — B(H) satisfying w(e) = Iy and m(s) - s52) = mw(s1)mw(sy) for
all s; and s, in S. Clearly, every representation m induces a unital algebra
homomorphism of C[S] into B(H), which we still denote by 7, on setting
T Aisi) = Y M (si).

We call w bounded if there is a constant C with ||z (s)|| < C for all s € S,
and contractive when C < 1.

If § = Z7, the nonnegative integers with addition for the product and e = 0
for the unit, then a representation 7 of Z* simply corresponds to an opera-
tor7T = n(l),sincer(n) =n(l+---+ 1) =n(1)" = T". The representation

260
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is bounded when T is power-bounded, and contractive when ||T'|| < 1. The
semigroup algebra C[Z"] can be identified with the algebra P of polynomials
in one variable. The map y: C[Z1] — P, y(Q_ A, -n) = Y A,Z", is an algebra
isomorphism between C[Z"] and the algebra of polynomials in one variable.

Similarly, if (Z*)" denotes the Cartesian product of N copies of Z*, then
a contractive representation 7: (Z*)N — B(H) is determined by choosing an
N-tuple of commuting contractions {77, . .., Ty }andsetting w ((ky, . .., ky)) =
le‘ e T,@N. The semigroup algebra C[(Z*)"] is isomorphic to Py, the algebra
of polynomials in N variables, via the isomorphism y: C[(Z1)V] — Py defined
by y((ki, ..., ky)) = Z]f]' : 'Z],(\}V.

In this chapter we focus primarily on contractive representations. Note that
every semigroup possesses at least one contractive representation, given by
setting 7 (s) = Iy for all s.

We now wish to endow M,, ,(C[S]) with a seminorm by setting

l(@ij)|l = sup|l((ai))l,

where the supremum is over all contractive representations : S — B(H) and
all Hilbert spaces.

It is easy to see that J = {a € C[S]: |la|| = 0} is a two-sided ideal and that
the above formulas define a matrix norm on C[S]/J that gives C[S]/J the
structure of an abstract operator algebra. We denote this algebra by OA(S).
We call OA(S) the full semigroup operator algebra and let ||-|loacs) denote the
norm on OA(S) induced by the seminorm on C[S]. When § = G is a group,
then every contractive representation is a unitary representation, since 7 (g) and
m(g)~" = m(g~") must both be contractions. So in this case the completion of
OA(G) is the full group C*-algebra, C*(G), of the discrete group G.

By the theorems of von Neumann and Ando, we have that OA(Z") = P
is completely isometrically isomorphic to the space of polynomials equipped
with the supremum norm over the unit disk, and OA((Z*)?) = P, is com-
pletely isometrically isomorphic to the space of polynomials in two variables
equipped with the supremum norm over the bidisk. However, for N > 3 we
have that OA((Z*)V) = Py is completely isometrically isomorphic to the al-
gebra of polynomials in N variables equipped with the norm obtained by taking
the supremum over all commuting N-tuples of contractions, and this norm is
strictly larger than the supremum norm over DV . This is the universal operator
algebra for N commuting contractions, (Py, ||-||.), which was first introduced
in Chapter 5.

The definition of the operator algebra structure on OA(S) given above is
extrinsic in the sense that it requires a supremum over all representations into
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another object. We now wish to give an intrinsic characterization of this norm,
which can be achieved internally to OA(S).

Theorem 18.1. Let S be a semigroup and let (a;;) € M,, ,(C[S]). Then

l(@ij)lloacs)y = inf{||Cy | - - - | Cell}, where the infimum is taken over all ways to
factor (a;;) = C1Dy --- Co_1 De_1Cy as a product of arbitrarily many matrices
over C[S] of arbitrary size, with C1, ..., Cy scalar matrices and D1, ..., Dy_;

diagonal matrices with entries from S.

Proof. Let ||(a;;)|  denote the infimum on the right hand side of the above
equation. Note that the set of such factorizations is nonempty. For example, if
a=7Y_ As; isin C[S], then

51 0 ... 0
o . . !
az()\.l,...,)\.n) . . . : s
o o 0 )
0 ... 0 s,/\U
and so [lall ; < /n(M 7+ 4 1)V
Given a diagonal matrix
S1
D =
Sn
as above and a contractive representation 7, set
7(s1)
(D) =
7(Sn)

and note that |7 (D)| < 1.
Given a factorization of (a;;) as in the statement of the theorem and a con-
tractive representation i, observe that

(w(a;j)) = Ciw(Dy) - - - Comyw(De—1)Cy
and hence
(@D < ICll -« I Cel-

Taking the supremum over all such 7 and the infimum over all such factoriza-
tions yields [|(a;j)lloas) < Il(aij)ll¢.
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Assume for the moment that we have proven that (C[S], ||-|| ) satisfies the
BRS axioms to be an abstract operator algebra seminorm. Then there must
exist a Hilbert space H and an algebra homomorphism 7: C[S] — B(H) with
@il y = |Gz (i)l for any m, n and (ai;) in My, ,(A). Since ||s|; < 1 for
s € §, we have that 77 is a contractive representation of S, and hence || (77 (a;;)) || <
l(@ij)lloacsy- Thus, [[(aij)lly < lI(aij)lloacs). and the result follows.

Thus, it remains to check that the axioms of BRS are satisfied by the algebra
(CLST, lI:ll ). Note that if L and M are scalar matrices of appropriate sizes and
(a;j) = C Dy --- Dg_1Cy is any factorization of the desired type, then

L(aij))M = (LC)D; - - Dy ((CeM)

and hence ||L(a;j))M |y < ILII(aipll flIM1I.
If (a;;) = Ci Dy - -- Dy_1Cy and (byj) = C| D} --- D}, _,C},, then

(aij)(bij) = C1Dy - -+ - Dy_1(C,CD} -+ Dy, Cy,

and hence [[(a;))(i)ll; < IC1ll- - ICeIIC}1l -~ ICp |l Taking the infimum
over all such factorizations yields |[(a;; )(b;j)|l r < lI(ai)|l r1I(bij)]l ¢, and so the
multiplication is completely contractive.

Finally, to see that the triangle inequality and L*° condition are met, note that
a given factorization can always be made to contain more terms by inserting
diagonal matrices of e’s and scalar identity matrices, and the product of the
norms remains the same. Thus, given (a;;) and (;;) and € > 0, it is enough to
assume that we have factorizations

(Clij) = C1D1 cee Dl*lck and (b,'j) = CiDi s D271C2

with [|[Cy |-+~ |Cell < aiplly + € ICLl -+~ ICyll < (i)l + €. Replacing
C; by r;C; with ry---r, = 1, we may assume that ||Cy|| = --- = ||C,| and
IC{ll = --- = |IC,]l. Hence,

(aij) ® (bij) =(C1® C))(D1 ® D))+ (De—1 & D,_)(C, ® Cy)
and so

l(aij)) ® Biplls < 1C1 ®CHll -+~ IC ® Cyl
< (max{||C, [, 1C}1ID* < max{l[(a:)ll . 1Bi))]l s} + e,
and the L condition follows.

Finally, assuming that (a;;) and (b;;) are the same size, to prove the triangle
inequality we scale so that |C1[I> = [[CclI* < l(@ills + ¢ IC1 1> = ICI1* <
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IGiplly + € and [Cofl = -+ = [|Ce—ill = ICll = -+ = IC;_; |l = 1. Then
(@ij) + (i) = (C1,CHD 1 ®DNC2,DCY) - (Co—1 ®Cp_ ) D1 ® D;_y)

Cy
( c ), and hence

, Ce
l(aij) + Bl < IICCr, CHI H (C/>
V4

< laipdllp + @il + 2¢.

‘ = JIciE e Jice? + e

Thus, the triangle inequality follows, and we have shown that (C[S], [|-]| s)
satisfies all the axioms of an operator algebra seminorm. O

The above theorem implies some factorization results for polynomials and
for analytic functions.

Corollary 18.2. Let (p;j(z1, ..., zn)) be a matrix of polynomials in N vari-
ables. Then ||(p;ij(T1, ..., Tn)| <1 for all commuting N-tuples of contrac-
tions if and only if there exists an integer £, scalar matrices C; with ||C;|| <
1,1 <i <¥, and diagonal matrices D;, 1 <i < { — 1, of monomials, such
that (pij(z1,...,2n)) = C1Dy -+ De_1Cy.

Proof. The first condition is equivalent to ||(p;;)|l, < 1 in the operator algebra
(P, II1l.). But Py = OA((Z*)Y), and the second condition comes from this
identification and Theorem 18.1. O

Corollary 18.3. Let (p;;) be a matrix of polynomials in N variables, N < 2.
Then sup{||(p;j(z)l: z € DN} < 1ifand only if there exists an integer £, scalar
matrices C; with ||C;i|| < 1,1 <i < ¥, and diagonal matrices D;,1 <i <
£ — 1, of monomials such that

(pij) =Ci1Dy--- D¢ Cy.

Proof. Apply Corollary 18.2 and the fact that the universal norm and supremum
norm are equal when N < 2. O

Very little is known about constructing such factorizations. It is natural to
wonder if there could exist an integer L such that every polynomial has a
factorization as above with £ < L. The existence of a power-bounded operator
that is not polynomially bounded (Theorem 10.9) implies that there cannot exist
such an integer L. A proof of this fact is contained in Exercise 18.1. But we do
not know a direct argument for the nonexistence of such an L.
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The factorization formula in Corollary 18.2 gives an alternative approach
to the questions of Chapter 5, namely, to determining if the operator algebras
Py, Il loo) and (P, |I]l.) are boundedly isomorphic. It is also unknown if
these two operator algebras are completely boundedly isomorphic.

The above results allow us to easily obtain results of Nevanlinna and Agler
characterizing polynomials p with || p||, < 1.

To this end we need to introduce the concept of a positive definite function.
Let X be a set, and let H be a Hilbert space. Then a function K: X x X — B(H)
is called positive definite provided that for every finite subset {xi, ..., x,} of
X, the operator matrix (K (x;, x;)) is positive definite. These functions should
perhaps be called “completely” positive definite, but we stay with the classical
definition.

The following elementary proposition makes it easy to produce examples of
positive definite functions.

Proposition 18.4. Let X be a set, and let H,, . .., H,, be Hilbert spaces.

(i) If F: X — B(H,, H) is any function, then K: X x X — B(H,) given by
K(x,y) = F(x)F(y)* is positive definite.

(ii) If K;: X xX — B(H;) are positive definite, then K: X x X —
B(H, @ ---® H,) givenby K(x,y) = Ki(x,y)® -+ & K,(x, y) is pos-
itive definite.

(iii) If K;: X x X — B(Hy),i =1, ..., n, are positive definite, then K| + - - -
+ K, is positive definite.

(iv) If F: X — B(Hy, H1) is any function and K: X x X — B(H,) is
positive definite, then Ki: X x X — B(H,) defined by K(x,y)=
F(x)K (x, y)F(y)* is positive definite.

Proof. Exercise 18.2. O

A factorization—representation theorem for positive definite functions implies
that for every positive definite function K: X x X — B(H,) there exists a
Hilbert space H;, and F: X — B(H,, H,) suchthat K(x, y) = F(x)F(y)*, but
we shall not need that here.

The scalar-valued version of the following theorem is due to Nevanlinna
[153].

Theorem 18.5 (Nevanlinna). Let F = (fi;) be an m x n matrix of analytic
functions on D. Then sup{||F(2)||: |z| < 1} <1 if and only if the function
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K:DxD — M, given by

I — F(2)F(w)*

is positive definite.

Proof. If K is positive definite, then 0 < K(z, z), which implies that || F(2)|| <
1. So assume that || F(z)|| < 1 for all z. It follows from standard techniques
in complex analysis that such a function F is a pointwise limit of a sequence
of matrices of polynomials {P,} with sup{|| P,(z)|: |z| < 1} < 1. Assume that
we can prove the theorem for such polynomials; then K(z, w) will be the
pointwise limit of the sequence of positive definite functions K, (z, w) = [ —
P,(z) P,(w)*]/(1 — zw) and hence will be positive definite.

Thus, it is enough to assume that F' = (p;;) is a matrix of polynomials with
sup{||F(z)||: |z| < 1} < 1. Hence by Corollary 18.3, we may factor F(z) =
C1D1(z2) - -+ Dg_1(2)Cy, with |Cy|| < 1.

First assume that F(z) is the constant function C;. Then K(z,w) =
[I — FQFw)*1/(1 —zw) = (1 —zw)~' P, where P =1 — C(C{ = 0. But
(1—zw)'P = Z/ﬁio zkw* P, and each term in this sum is a positive definite
function of the form G (z)G(w)* with G(z) = zFP'/2.

Now assume that F(z) = C; D;(z). We have that

(1 —zw)™'(I — F(2)F(w)")
=(1 —zw) '[I = C,C} + C,(I — Di(z)D1(w)*)C}]
=1 —zw) '(I — C,C}) + C1K(z, w)C}

with K (z, w) = (1 — zw)~'(I — D1(z) D1(w)*).

We have already seen that the first term in this sum is positive definite.
Note that K(z, w) is a diagonal matrix of functions of the form (1 — z"w")/
(1 —zw)=14zw + 2w> +---+ " 'w""! for various integers n. Each
term in this sum is positive definite by Proposition 18.4(i). Further applica-
tions of Proposition 18.4 yield that K (z, w) is positive definite and also that
C1 K (z, w)Cy is positive definite. Thus, (1 — zw)~'(I — F(z)F(w)*)is positive
definite.

The proof now proceeds by induction on £. By using an identity matrix if
necessary we can always write F(z) = C1D(z)--- C¢Dy(z). Now let F(z) =
C1D1(2)G(z) where G(z) is of length £ — 1. Then,

(1 —zw) ' = FQ)F(w)*) = (1 — zw)"'(I — C1D1(2) Dy (w)*C})
+ C1D1([(1 — zw) "' (I — G(2)G(w)")] D1 (w)*C}.
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The first term in this sum is positive definite by the above calculation, and the
factor (1 — zw)~'(I — G(z)G(w)*) is positive definite by the inductive hypoth-
esis. Hence, the second term in the sum and, consequently, the sum are positive
definite by Proposition 18.4. Hence, the inductive step follows, and our proof
is complete. O

Theorem 18.6 (Agler). Let F' = (f;;) beanm x nmatrix of analytic functions
on D%, Then sup{|| F(z1, z2)|l: |z1] < 1, |z2| < 1} < 1 if and only if there exist
positive definite functions P;: D? x D?> — M,, such that

I — F(z1, 22)F(wy, w2)* = (1 — z101) P1(21, 22, Wi, wa)
+ (1 — 22w2) Pa(z1, 22, Wi, wo).

Proof. If such a decomposition exists, then I — F(z1, z2)F(z1, z2)* > 0 and
so || F(z1, z2)|l < 1forall (z1, z2).

To prove the converse, as in the proof of Theorem 18.5, it is enough to
assume that F is a matrix of polynomials and that its supremum is strictly
less than 1. Thus, F can be factored as in the statement of Corollary 18.3. The
only difference between this factorization and the factorization appearing in the
proof of Nevanlinna’s theorem is that the diagonal factors are now monomials
in z; and z».

However, note that

ny_ns

ni ni
1— ' Zyaya] =1—z1'o] + 21" (1 — 252wy )w)

= (1 — 21w Pi(z1, wy) + (1 — 2202)[2}" Pa(z2, w)w'],

where Pi(zi, w1) = 1+ (z1w1) + -+ (z1w)" ™! and Py(za, wa) =1+
oWy + - -+ 4 (20W2)™ ™! are positive definite functions. From this it follows
that for each diagonal factor we have that

I — D(z1, 22)D(wy, wy)*
= —z1w1)Q1(z1, w) + (1 — 22w2) 02(z1, 22, W1, W2)

with Q; and Q; positive definite.
With these observations, the proof can now proceed by induction as in the
proof of Theorem 18.5. O

For functions of N variables, N > 2, we no longer have equality of the supre-
mum norm over DV and the universal norm for N commuting contractions. For
this reason Agler introduces the algebra H>°(DV). A function is in the unit ball
of M, ,(H>®(D")) if and only if it is the pointwise limit of a sequence of
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matrices of polynomials whose norms in

Mm,}l((PNv ” : ”u))

are less than or equal to 1. Thus A,(DV) € H>(DY) completely isometrically.
We also have that H>*(D"V) € H>(D"), but this containment is not isometric.
However, it is unknown whether or not the containment is strict.

In fact it is easily seen (Exercise 18.2) that H*(DV) = H>°(DY) if and
only if A,(DV) = A(D") if and only if there exists a constant Ky such that
Pl < Kn|lplloo for all polynomials. This is just another formulation of the
open problem raised in Chapter 5: whether or not the N-variable von Neumann
inequality holds up to a constant.

Theorem 18.6 has been extended to H>°(D"). However, the “easy” implica-
tion is no longer as obvious, and so we only record the result.

Theorem 18.7 (Agler). Let F' = (f;;) be an m x n matrix of functions in
H>®(DN). Then || F|l, <1 if and only if there exist positive definite functions

Pi:DV x DV - M,,,1 <i < N, such that
I —FQFw) =0 —-ziw)Pi(z,w)+ -+ (1 —zywn)Py(z, w),

where z = (z1,...,zy)and w = (wy, ..., wy).

The proof that || F||, < 1 implies that F' has the desired decomposition is
similar to the proof of Theorem 18.6 and is left as Exercise 18.3.

There are currently few criteria known for when two elements of a semigroup
can be separated by a contractive representation. Theorem 18.1 gives us at least
one new criterion.

Theorem 18.8. Let S be a semigroup and let sy, sy bein S. Then w(sy) = 7 (s2)
for every contractive representation of S if and only if for every € > 0 there
exists a factorization sy — sp = C{Dy - -- Dy—1Cy such that ||Cy]| - - - ||Ce|| < €
with C; scalar matrices and D; diagonal matrices of semigroup elements.

Proof. We have that 7 (s;) = 7 (s,) for every contractive representation if and
only if ||s; — s2]loacsy = 0. By Theorem 18.1, |[s; — s2|loacs) = O is equivalent
to the latter factorization condition. O

We now turn our attention to the analogous problem of determining when a
normed algebra B with an identity of norm 1 can be represented isometrically
as an algebra of operators on a Hilbert space.

To this end let Rep(3) denote the collection of unital contractive homomor-
phisms from B into B(H) for some Hilbert space . We wish to use Rep(B3)
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to define a “maximal” operator algebra structure on B, which we shall denote
MAXA(B), to distinguish it from the maximal operator space structure on the
normed space B. For (b;;) in M,, ,(B) we set

Bij)lImaxam) = sup{ll(z (bi)Il: = € Rep(B)}

when Rep(B) is nonempty, and set it equal to 0 when Rep(13) is empty. Note
that if J = {b: w(b) = 0 for all = € Rep(3)}, then J is a two-sided ideal, with
J = B when Rep(B) is empty, and that ||-[maxa(s) is only a seminorm on B
but a norm on B/J. Moreover, for b in B, ||b|lmaxam) < |10+ J 5,5, where
I-lls;; denotes the quotient norm.

Clearly, the vector space B/J equipped with this matrix norm satisfies the
axioms to be an operator algebra. We call this the maximal operator alge-
bra structure on B and denote this operator algebra by MAXA(B). Note that
MAXA(B) = MAXA(B/J) completely isometrically for J as above.

An example is in order. Let B be the space of power series with summable
coefficients,

o0 (o]
B:{Zanz”: Zlan| <+oo} with
n=0

n=0

00

=2 laul.

n=0

00
D
n=0

Itis well known that B, equipped with the usual Cauchy product of power series,
is a Banach algebra. In fact, B can be identified with £!(Z") equipped with the
convolution product. It is easily seen that 7 € Rep(83) if and only if 7 (z) is a
contraction. Hence, J = (0) in this case, and by von Neumann’s inequality,

o0 oo
> ad” < laul,
n=0

00 n=0
where the middle member is the supremum over the disk. Thus, MAXA(B),
in this case, can be identified, completely isometrically, with the norm-dense
subalgebra of A(ID) consisting of power series with summable coefficients.
The above definition of MAXA(B) is extrinsic, and we wish to describe it
intrinsically.

o0
a,7"
0

n=|

MAXA(B)

Theorem 18.9. Let B be a normed algebra with an identity of norm 1, and let
(bij) be in Mm,n(B). Then

1(Bij)Imaxasy = inf{[|Cy || - - - | Cell},

where the infimum is taken over all ways to factor

(bij) = C1D;1---Co_1De_1C
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as a product of arbitrarily many matrices over B of arbitrary size, with
Ci1, ..., Cyscalarmatricesand D1, . . ., Dy_1 diagonal matrices each of whose
diagonal entries is an element of B of norm less than or equal to one.

Proof. The proof is similar to the proof of Theorem 18.1. If we denote the
quantity on the right hand side of the above equation as [|(b;;)|| 7, then it suffices
to prove that these satisfy the BRS conditions. We leave the details of the proof
as Exercise 18.4. O

Corollary 18.10. Let B be a normed algebra with an identity of norm 1. Then
there exists a unital isometric homomorphism from B into B(H) for some Hilbert
space H if and only if for every b in B, ||b|| is given by the infimum appearing
in Theorem 18.9.

Corollary 18.11. Let A be a unital operator algebra and let K > 1. Then the
following are equivalent:

(i) every unital contractive homomorphism p from A into B(H) is completely
bounded with ||p||e < K,
(ii) the identity map id: A — MAXA(A) is completely bounded with ||id|cp
<K,
(iii) for everym, n and (a;;) in My, ,(A) with ||(a;j)|| < 1, for some £ there is a
factorization (a;j) = CDy -+ - Co_1 Dy Cy with C; scalar, ||Cy|| - - - ||Cy |l
< K, and D; diagonal with entries from A of norm less than or equal to 1.

Corollary 18.11 gives a new tool for answering questions about when contrac-
tive homomorphisms of operator algebras are completely contractive. Recall
that when X is a compact subset of C, and R(X) denotes the algebra of rational
functions on X, then it is still unknown whether or not every unital contractive
homomorphism of R(X) is completely contractive. Even for X a “nice” two-
holed region this is unknown. By Corollary 18.11, this question is equivalent to
deciding whether or not every matrix of functions from R(X) has a factorization
as in Corollary 18.11 with K = 1.

Agler [1] has proven that when X is an annulus, then every contractive ho-
momorphism is completely contractive. However, a direct proof of the annulus
case, using Corollary 18.11, is still unavailable. Such a proof might shed new
light on the unknown cases.

In Chapter 11, we proved that if X is a nice n-holed domain, then every
contractive homomorphism p is completely bounded with || p|lc, < 2n + 1, so
applying Corollary 18.11 yields certain factorizations on these domains.
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In Chapter 14, we saw that for G any absorbing, absolutely convex set
in C",n > 5, there exist unital contractive homomorphisms of A(G) that
are not completely contractive. Thus, there exist matrices of functions from
A(G) whose factorization norm is larger than their supremum norm. That is,
A(G) # MAXA(A(G)), completely isometrically.

Parrott’s example shows that MAXA((Pw, lI-lloo)) # (Pn, lIlleo), com-
pletely isometrically, for N > 3. In addition to it being unknown whether
(Pns I'lloo) and (Py, |I1l.) are completely boundedly isomorphic, it is also
unknown if MAXA((Py, |I-lls)) is completely boundedly isomorphic to either
(P Illso) o (P [I+11)-

We close this chapter with a factorization theorem that applies to many
situations. Suppose that we are given a unital algebra A together with unital
operator algebras A; and unital homomorphisms p;: A; — A such that the
union of the images, |_J; p;(A;), generates A as an algebra. For two examples of
this situation, consider the case where A = A; ® A, is the tensor product, with
p1(a)) = a1 ® 1 and py(ar) = 1 ® ay, and the case where A = A *¢ A, is the
free product amalgamated over C, with p;(a;) = a; * 1 and py(ay) = 1 * a;.

We wish to endow A with an operator algebra norm that respects the algebras
A;. To this end we call a unital homomorphism 7: A — B(H) admissible
provided that for every i, w o p;: A; — B(H) is completely contractive.

We endow A with a matricial seminorm by defining the norm of a matrix of
elements from A to be the supremum over all admissible representations into
all operator algebras. The set of elements of norm 0 is a two-sided ideal Z in A,
and the resulting matricial norm on the quotient .A/Z makes it into an operator
algebra. We shall call this operator algebra seminorm the maximal operator
algebra seminorm induced by the given family of inclusions.

In the case where A = A; ® A, is the tensor product of two operator alge-
bras, the maximal operator algebra seminorm induced by the inclusion of 4;
and Aj; into A is the maximal tensor norm of [169] discussed in Chapter 12.
When both algebras are C*-algebras, this is, of course, the maximal C*-tensor
norm. In the case where A = A; *¢ A, the maximal operator algebra semi-
norm induced by the inclusion of 4; and A, into A is the full free product
amalgamated over C introduced in Chapter 17.

The above definition of this norm is extrinsic, since it needs all representa-
tions into operator algebras. Using the ideas of this chapter, we would like to
characterize this norm intrinsically.

Theorem 18.12. Let A;, j =1, ..., m, be unital operator algebras, let A be
a unital algebra, and let wj: A; — A be unital homomorphisms such that the
union of their images generates A algebraically. If A is in M,,(A) for some n
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and if |A|| denotes the maximal operator algebra seminorm induced by these
algebras, then

Al = inf{|AL]l - - [[Am]l: A = 75, (A1) - - - 703, (A}

where the infimum is taken over all ways to represent A as a product of images
of matrices of elements from each A; in any order and involving matrices of
arbitrary sizes.

Proof. To prove this theorem one only needs to note that the inf on the right
hand side is larger than the maximal operator algebra seminorm induced by
these algebras, and then check that the right hand side defines a seminorm that
satisfies the BRS axioms of an abstract operator algebra. The inclusion of each
A; into this latter operator algebra will yield an admissible representation of
A. We leave the details of this proof as Exercise 18.6. O

Notes

Theorems 18.1 and 18.8 and Corollaries 18.2 and 18.3 were proven in [29].
Theorems 18.6 and 18.7 were first proven in [2].
Theorem 18.12 first appeared in [ 166], where it was applied to some questions
in interpolation theory. For further connections between interpolation and the
abstract theory of operator algebras see [167].

Exercises

18.1 Let T be a power-bounded operator, with || 7"| < C for all n. Show that if
p(2) has a factorization of the type given by Corollary 18.3, then || p(T)|| <
C*. Deduce that if every polynomial had such a factorization with £ < L,
then T would be polynomially bounded with || p(T)|| < C¥||p|leo for all
p. Apply Theorem 10.9 to deduce the nonexistence of such an integer L.

18.2 Prove Proposition 18.4.

183 Let F € Mm,n(H;’Q(DN)). Prove thatif | F||, < 1then ! — F(z)F(w)* can
be decomposed as claimed in Theorem 18.7.

18.4 Complete the proof of Theorem 18.9.

18.5 Let A denote the algebra of Laurent polynomials. Fix R > 1, and endow
A with the extrinsic operator algebra norm obtained by taking the supre-
mum over all representations 7 of the Laurent polynomials determined
by m(z) = T, where T is an invertible operator satisfying ||T|| < R and
IT~'|| < R. Use factorization to give an intrinsic formula for this norm.

18.6 Supply the details of the proof of Theorem 18.12.



Chapter 19

Similarity and Factorization

In the last chapter we saw how the abstract characterization of operator algebras
led to a number of factorization formulas for certain universal operator algebras.
However, this theory was an isometric theory. In this chapter we focus on the
isomorphic theory of operator algebras and applications to similarity questions.

We present Pisier’s remarkable work on similarity degree and factorization
degree, and Blecher’s characterization of operator algebras up to cb isomor-
phism.

Pisier’s work shows that for an operator algebra BB, every bounded homomor-
phism is completely bounded if and only if the type of factorization occurring
in the study of MAXA(B) can be carried out with uniform control on the num-
ber of factors needed. The least such integer is the factorization degree of the
algebra.

Pisier’s work has a number of deep implications in the study of bounded
representations of groups and in the study of Kadison’s similarity conjecture. We
focus primarily on Kadison’s conjecture, that every bounded homomorphism
of a C*-algebra into B(’H) is similar to a x-homomorphism. Thus, we will show
that Kadison’s conjecture is equivalent to the existence of an integer d such that
every C*-algebra has factorization degree at most d.

A pivotal role in Pisier’s work is played by the universal operator algebra of
an operator space. So we begin this chapter by examining the construction of
the universal algebra of a vector space in some detail.

Given a vector space V, let V®" denote the tensor product of V with itself
n times, and set V®° = C. Given an elementary tensor x = v ® --- Q v, €
Ve n#£0,and y=w; ® - Quw, € V¥ m#0, we set xOy=v; ®
QU AW Q- @Wy e VO Ifp=0and x =i, we set LQ y =
Aw)®--- Q@ wy,andifm =0andy = p,wesetx O u =v; ® - - - Q@ (Uvy).
This operation extends to give a bilinear pairing from V& x V®" into V®"+m),
which we still denote by ©.

273
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We let F(V) = Y 07, @V ®" denote the set of finite direct sums of the tensor
powers of V. For x = Y @®x, in F(V), we call x, the homogeneous term of
degree n of x.

Forx =) ®x,and y =) @y, in F(V) we extend the definition of our
bilinear pairing by setting x © y = Y ®z,, where z, = > ;_, Xk © ys—. This
formula now extends © to a bilinear map, still denoted ®, from F(V) x F(V)
to F(V).

It is easily seen that (V') equipped with its usual vector space structure and
the product ©® becomes a unital algebra. The algebra F (V) is called the Fock
algebra of V .1t has the following important universal property. If A is any unital
algebra and ¢: V — A is any linear map, then there exists a unique extension of
¢ to a unital homomorphism 7,: F(V) — A. Clearly, forx = v ® - -- ® vy,
an elementary tensor, ,(x) = @(vy) - - - @(v,). Note that if (Ap)(v) = Le(v),
then ;) (Y- B x,) = ) A"y (xn).

Now if V is an operator space, we wish to endow F(V) with a family of
operator algebra structures.

For each ¢ > 0 and for (x;;) € M, ,(F(V)) we set

xiplle = sup{ll(zy (xiy)I: l@lles < c},

where the supremum is taken over all Hilbert spaces H and all ¢: V — B(H)
satisfying ||¢|lc, < c. We let OA.(V) denote F(V) equipped with the above
operator algebra norm ||-||..

Alternatively, we could let V. denote the operator space V but equipped with
the norm ||(vi;)|lc = c|l(v;;)|l, so that ¢: V. — B(H) satisfies [¢|lc, < 1if and
only if ¢: V — B(H) satisfies ||¢||c, < c. Then itis easily seen that the identity
map i: V — V. induces a completely isometric isomorphism 7;: OA (V) —
OA (Vo).

The above definition of OA.(V) is extrinsic, and, following the ideas from
earlier chapters, we wish to give an intrinsic characterization of OA.(V) via a
factorization formula. By using V., as above, it will be enough to study OA (V).

To this end, we wish to consider all ways to factor elements of M,, ,(F(V)) as
products, using the operation ©, of rectangular block-diagonal matrices where
each block is either a scalar matrix or a matrix over V. For example,

ADv D (V2 Qv3+ Vs ® vs)

Olvy vy 4

:(1,1)®<A0 0 0)@
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In keeping with the L*>° condition, we wish to define the norm of such a rect-
angular block-diagonal matrix as the maximum of the norm of the matrix over
V and the norm of the scalar matrix.

Theorem 19.1. Let (x;;) € M,, ,(OA{(V)). Then

el = inf{lI Byl - - - | Bell}s

where the infimum is over all £ and all ways to factor (x;;) = B1 © --- © By as
a product in F(V) of rectangular block-diagonal matrices where each block is
either scalar or a matrix over V.

Proof. Let ||(x;;)|l s denote the infimum given on the right hand side. Given
such a factorization and a completely contractive map ¢: V — B(H), it is easy
to see that (7, (x;;)) = BY - - - By, where B! is obtained by replacing the scalar
part of B; by scalar multiples of /3; and each element v of V by ¢(v). Since
IBS || < 1Bl it follows that [|x;plli < 1Cxiy)ll -

To complete the proof it suffices to prove that 7 (V') equipped with the family
of matrix norms ||-|| ; satisfies the BRS axioms. For then we can represent
(F(V), lI-Il r) completely isometrically as an algebra of operators on B(H) via
p: F(V)— B(H), and let ¢: V — B(H) be defined by ¢ = p|y. Then 7, = p
and [[(e )N = eIl < Gl

The proof that (F(V), ||-|| r) satisfies the BRS axioms is similar to the proofs
in Chapter 18 and is left as an exercise (Exercise 19.1). O

For many applications of OA.(V) it is useful to have further information
about the norm structure. In particular, forx = ) @ x,, it is important to know
the relationship between ||x, || and ||x]|,.

Proposition 19.2. Forn > 0, define I',;: OA.(V) — OA.(V) via

r, (Z EBx_,-) = Xp.

Then T',, is a complete contraction.

Proof. Given ¢: V — B(H), l¢lle < ¢, let gp(v) = e@(v). Then for x =
2 o

XZ:nEij we have m,(x,) = 5 [ e ", (x)d6. Hence, | (x,)| < 5=

o 17g,(0NIdO < |Ix|lc, and it follows that I, is a contraction by taking the

supremum over all such ¢. The proof that I',, is a complete contraction is

similar. a
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Proposition 19.3. Let n > 1. If V®" is endowed with the Haagerup tensor
norm, then the inclusion of V®" into OA (V) is a complete isometry.

Proof. For x € V®" the Haagerup tensor norm of x is defined as the infimum
of x over certain ways to represent x using the “faux” product ©. Comparing
these factorizations of x with Theorem 19.1, we see that the factorizations used
to define the Haagerup tensor product are precisely the products of the form
used in Theorem 19.1 when no scalar matrices are allowed. Thus, || x|l; < [|x]5.

To prove the other inequality, pick unital operator algebras Ay, ..., A,
and complete isometries y;: V — A;. Let A= A; ¢ --- *c A,; then by
Theorem 17.6, the map y: V®" — Adefinedby y(v1 ® --- @ v,) = y1(v1) - - -
vn(v,) is a complete isometry from V®" endowed with the Haagerup norm
into A.

Define ¢: V. — M, 1(A) via

0 yw)y 0 --- 0
) =|: .0
0 -+ o 0 v
0 0 0
Then
0 -+ 0 yi(u)---yulvn)
0O --- 0 0
7T<p(v1 Q- @un) = @(v1)- - @(vy) = . : : >
0O --- 0 0
and hence [|xl; = ly()llx = l7,()| < llx]l for x in V&".
Thus, || x||; = ||x||; forx € V®". The proof for matrices over V ®" isidentical.

O

To obtain the analogous result for OA (V') one simply needs to use the iden-
tification of OA.(V) with OA(V,). Since the map ¢(x) = ¢~ 'x is a complete
isometry from V to V., we see that the inclusion of V®" into OA.(V) satisfies
lxlle = c*llx||; for x in V®",

The first application of the above result is to a generalization of the BRS
theorem. We wish to extend the theorem to obtain a characterization of operator
algebras up to complete isomorphism, characterizing algebras either lacking a
unit or having a unit of norm larger than one or having a product that is only
completely bounded.
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We claim that all of these cases can be subsumed under a single case, namely,
the case of an algebra with a unit e such that ||e|| = 1 but where we only have
that ||(a;;) )(bi)| < M||(a;p)I(b;)]l, i.e., that the multiplication is completely
bounded. For example, if ||e|| = ¢~! and 1(aij)Bipll < MI(ai)bij)l, then
setting ||a||l. = c|la|| yields a completely isomorphic norm such that |le||, = 1
but ||(a;))(bij)lle < c"M||(a,-j)||c||(bij)||c. For further details on the reduction
to this case, see Exercises 19.2 and 19.3. Exercise 19.4 illustrates some of the
further subtleties that arise when dealing with quotients of nonunital algebras.

Theorem 19.4. Let A be an L™ -matrix-normed algebra with unit e, |le|| = 1,
such that for all n and all (a;;), (b;;) in M, (A),

(@i )il < M@ ) D)l

Then there exists a unital operator algebra B and a unital completely bounded
algebra isomorphism 7w B — A such that |7 || |7 oo < (WM + 1)%.

Proof. LetV = A, fix0 < ¢ < 1 to be determined later, and let ¢: V — A be
given by ¢(v) = cv. By the universal property of F(V) there exists a homo-
morphism m,: F(V) — A that is onto. We wish to prove that i, is completely
bounded as a map from OA(V) to \A.

To this end, note that if (x;;) € M, ,(V®") with ||(x;;)Il; = II(x;)l» < 1,then
(x;;) factors as (x;;) = (vi]j) ) (vizj) O - O (v);) with ||(vfj)|| < lin My, 4,(V)
for some integers py, q,. Consequently,

(i) = (#(v;)) (@(v7)) -~ (9 (V) = " (vi;) (v7) - -~ (),

where the latter products are in A. Hence,
IGrpCenll < "M i) [ @2 - [ @) | < emmm ™,

and so |7yllc, < c"M" when restricted to the subspace of homogeneous
terms of degree n > 1. Note for n = 0, |7, ||, = 1. Now, given any (x;;) in
M, ,(OA(V)), we may decompose it as a sum of homogeneous terms of de-

gree n, (x;;) = Y, (x{"), and by Proposition 19.2, [|(x{"")l; < [|x;/)l1. Thus,

oo oo
I, Gl < D [ (o (x)) ]| = (1 + Zc"M'H) 1Geip)ll,
n=0 n=1
and so [yl < (1 —cM +¢)/(1 — cM) as a map from OA (V) to A. If we
let B = OA;(V)/ker(r,), then B is a unital operator algebra and the induced
map 7 = 7, is an algebraic isomorphism with |77 ||co = |7y [|cb-
Finally, given any a € A, we have m,(c'a)=a and so |7 7|l < 7.

Choosing ¢ = M+1\/M yields the desired result. O
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Itis not clear what the best constant for |77 || [|77 =" || is in the above theorem.
One can show that necessarily |7 |lcpll7 ™" [lcp > VM, where M is the least
constant bounding the norm of a product, but we have been unable to achieve
this bound.

Theorem 19.5 (Blecher). Let A be an algebra that is also an L*°-matrix-
normed space. If the product on A is completely bounded, then for every € > 0
there exists a Hilbert space H and a one-to-one completely bounded homomor-
phism w: A — B(H) such that 7' w(A) — A is also completely bounded
with ||7T||cb||7771 leo < 1+e.

Proof. Let V= A, fix 0 < ¢ < 1 to be determined later, and let ¢: V — A
be given by ¢(v) = cv as in the proof of Theorem 19.4. Let (V) C F(V)
denote the ideal obtained by deleting the C-summand.

The canonical homomorphism m,, restricted to F 9(V), which we denote by
713, is still onto. We let OA?(V) C OA (V) denote F°(V) equipped with the
L*-matrix norm that it inherits as a subspace.

Computing |77l as in the proof of Theorem 19.4, we have that ||77)]|c, <
Yo "M = —p7» Where M is the cb norm of the product map. If we let
J =0A%V)/ ker())), then the induced map 7 = 7 is an algebraic isomor-
phism between A and J with ||7 || < =55, while [|7 ™"l < ¢~ as before.

Since ker(ng) is an ideal in OA;(V), we have that J is an ideal in the unital
operator algebra 5 = OA;(V)/ ker(ng). The result now follows on choosing

1

¢ so that ;—; < 1+ € and representing B completely isometrically as an

algebra of operators on a Hilbert space. O

In situations where both Theorem 19.4 and Theorem 19.5 apply, the principal
difference is that Theorem 19.5 allows for representations of .4 such that 77 (A)
is a subalgebra of B(’H) whose unit is an idempotent of norm greater than one.
These more general representations allow for the lack of dependence on M in
17 llep 177~ flcb-

This lack of dependence on M implies that 77 (A) must have a product whose
cb norm is strictly less than 1. To illustrate how this can occur, consider B C
B('H) any unital subalgebra. Then for any ¢ > 0,

b th\.
Bt={<0 O).beB}gB(HEBH)

is an algebra with unit (} /) of norm +/1 + #2. This algebra has a “super”
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contractive multiplication, since

1696 D)= = GG D)

We now wish to turn our attention to Pisier’s theory of factorization and
similarity degree. This theory is a remarkable refinement of Corollary 18.11 to
the study of when bounded homomorphisms are completely bounded.

We say that a unital operator algebra A has factorization pair (d, K) provided
that for all m, n every (a;;) € My, »(A) with |(a;;)]l < 1 has a factorization

(ai./) =C1D1Cy---CyDgCyyy

where Ci,...,Cyy; are scalar matrices with ||Cq|---||Cys1ll < K and
Dy,..., D, are diagonal matrices with entries from the unit ball of 4. We
say that A has factorization degree d provided that d is the least integer such
that A has factorization pair (d, K) for some constant K.

We say that .4 has a similarity pair (d, K) provided that every unital bounded
homomorphism p: A — B(H) is completely bounded with | p|l, < K| o]“.
We say that A has similarity degree d provided that d is the least integer such
that A has a similarity pair (d, K) for some constant K.

One connection between factorization pairs and similarity pairs is immediate.

Proposition 19.6. Let A be a unital operator algebra. If A has factorization
pair (d, K), then A has similarity pair (d, K).

Proof. Let |[(a;j)ll <1. Then the factorization of (a;;) into d + 1 scalar
matrices and d diagonal matrices of norm less than or equal to 1 yields a
factorization of (p(a;;)) into the same scalar matrices and d diagonal matrices
each of norm less than or equal to || o||. Hence ||(o(a;;))| < Klpl“. O

We shall prove, conversely, that if A has similarity degree d, then A has
factorization degree d.

The first step in this process is to realize the connection between the Haagerup
tensor product of the operator space MAX(A) with itself and the factorization
degree. To this end, let Vy = MAX(A) ®j, - - - ®, MAX(A) denote the tensor
product of N copies of MAX(.A) endowed with the Haagerup tensor norm. Also,
let yy: Viy — A be the completely contractive map induced by the product, so
that yy(a; @ --- Qay) =a; - -ay.

If Ky denotes the kernel of yy, then, since yy is onto, Vy /Ky is linearly
isomorphic to A. We let ||- || denote the operator space structure induced on
A by this identification.
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Thus, for (a;;) € M, ,(A) we have that ||(a;j)ll1)= ll(ai;)lImaxc4) and
”(aij)”(N) <1 if and only if (Cll'j) = (yN(u,-j)) for some (u,-j) S Mm’,,(VN) with
l(uij)llv, < 1. The following summarizes the properties of these norms.

Proposition 19.7. Let A be a unital operator algebra, and let
(aij) € My, ,(A).
Then
(1) (@ij)llvy < 1if and only if (a;;) can be factored as
(aij) = C1D1CyD; -+ - CyDyCiryy

where Cy, ..., Cny1 are scalar matrices with ||C;|| <1 and Dy, ..., Dy
are diagonal matrices with entries from the unit ball of A,

(ii) forall N, |[(ai)llv+1) < @il

(iii) |[(aij)llmaxaca) = ngnoo Il vy

Proof. To prove (i), write (a;;) = (yn(u;;)) with ||(u;;)|lv, < 1. By the defini-
tion of the Haagerup tensor norm,

WWZQMQWQQp’

where [|(x}))lmaxc) < 1.

By Theorem 14.2, (x{‘j) = R Dy S, where Ry and S}, are scalar matrices with
IRl <1, |ISkll <1, and Dy is a diagonal matrix whose entries are from the
unit ball of A.

Since yy is the map that replaces the faux product © by the actual product
in A, we have that

(@;j) = RiD\S1RyD,S; - -- RyDy Sy,

and the proof of (i) is completed by taking C; = Ry, C, = S|Ry,...,Cy =
Sy—1Rn, Cny1 = Sy

Statement (ii) follows by noting that yn (1;;) = Yn+1(1;j ® e), where e de-
notes the identity of A.

Statement (iii) follows from (i) and Theorem 18.9. O

The following is an immediate application of Proposition 19.7 and illustrates
the importance of these norms.

Proposition 19.8. Let A be a unital operator algebra. Then A has factori-
zation pair (d, K) if and only if ||(a;j)|w) < K|(a;ij)ll for all m,n, and
(aij) S Mm,n(A)-
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We are now prepared to examine algebras for which every bounded homo-
morphism is completely bounded. Note that if this is the case, then for every
¢ > 1 there must exist a constant M = M, such thatif || p|| < cthen | p|ls < M.
For if this were not true, then one could form the direct sum of a sequence of
homomorphisms p, with ||p,|| < c and ||p,|lc, = 7 to obtain a single homo-
morphism with || p]| < ¢ but ||p||ep = +00.

Proposition 19.9. Let A be a unital operator algebra, let ¢ > 1, and assume
that for every unital homomorphism p: A— B(H) with ||p| < ¢ we have
lollcw < M. Then for every m, n and every A = (a;;) € My, ,(A) with ||A]l <
%, there exists an integer £ and elements Yy € M,, ,(A), 0 < k < £, such that

(i) A=Yo+ Y+ - +7Y,
(ii) Yy is a scalar matrix times the identity of A with || Y| < 1,
(iii) 1Yl < cFforl <k <@

Proof. Let MAX(A), denote the operator space MAX(.A) but with

1Cei ) Imaxcay. = cll(xij)IIMaxca)-

The identity map on A induces a completely contractive homomorphism
m: OA;(MAX(A).) - A. Let J denote the kernel of this homomorphism,
and let OA;(MAX(A).)/J be the quotient operator algebra, so that

77: OA|(MAX(A).)/J — A
is one-to-one and onto. Let
p=71"1A— OA(MAX(A).)/J

be the inverse of this map. Since || p(a)|| = lla + J|| < |lall. = c|la]|, we have
that || p|| = c.

Thus, since OA|(MAX(A).)/J is an abstract unital operator algebra, it must
be the case that | p|lc, < M. Consequently, if [|(a;;)ll < % in My, ,(A), then
there exists an element X = (x;;) in the open unit ball of OA;(MAX(A).)
with 7 (x;;) = a;;. Decomposing X = Xo+---+ X, as a sum of homo-
geneous terms, Xj € Mm,,,(MAX(A)?"), we have by Proposition 19.2 that
[ Xk lloa,maxcar) < I X lloa,maxca.) < 1.

Applying Proposition 19.3, we have that the norm of the element X, in OA,
(MAX(A),.) is the same as the norm of X; in the k-fold Haagerup tensor
product of MAX(A), with itself. Since each factor is multiplied by ¢ we see
that || X¢|lv, =c KX, lloa,Max(A4).) < ¢~*. Thus, if we let ¥} be the image in
M,, ,(A) of X; under the product map, then by definition || Y|k < c~* for
1<k<{,A=Yy+Y +---+ Y, and Y is as claimed. a
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We are now in a position to prove Pisier’s main factorization theorem. The
following elementary lemma is useful.

Lemma 19.10. Let V be a vector space with norms ||-|| and ||-|. If there
exists r,0 < r < 1, such that every v € V decomposes as v = v; + v, with
il < allvll, llvall < rlivll, then V]l < 151l

Proof. Exercise 19.5. O

Theorem 19.11 (Pisier). Let A be a unital operator algebra and let ¢ > 1. If
every unital homomorphism p: A — B(H) with ||p|| < c satisfies ||p|lc, < M,
then A has factorization pair

J M(Cd+1 D)
Yodtl _od _ M
for any d satisfying M < ¢ (c — 1).

Proof. Let A € My, ,(A) with |A|| < I/M. Writte A=Yy+Y,+---+Y,as
in Proposition 19.9. Then

1Yo+ -+ Yyllw < lIYoll@ + IYill@) + -+ I¥allw)
1Yoll + 1Yillqy + -+ - + 1 Yall@
I+ 4+,

IA

IA

while

1¥aer 4+ Yl < @D 4o et < =

by Proposition 19.7(ii).

Thus the hypotheses of Lemma 19.10 are met for |[|-|| = |I-lls) with
a=M(1+c '+ -+, r=Mc?/(c — 1).Hence, || Al 4 < K || A|| with
K = %, forevery m,n, and A € M,, ,(A). Thus, by Proposition 19.8, A has

factorization pair (d, K). O

Corollary 19.12 (Pisier). Let A be a unital operator algebra. Then A has
factorization degree d if and only if A has similarity degree d.

Proof. We have already seen that if .4 has factorization pair (d, K) then A has
similarity pair (d, K).

So assume that A has similarity pair (d, K). Then for any ¢ > 1, | p|| <c¢
implies || pllcy < Kc? = M. To verify that A has factorization degree d; we
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need Kc?< ¢ (c — 1); but ¢ is arbitrary, and taking ¢ > K + 1 allows us to
choose d| = d. d

It is interesting to note that given a similarity pair (d, K), the value of the
constant K; that one obtains for the factorization pair (d, K1) using the above
results is K; = K (¢! — 1)/[c — (K + 1)], which is always larger than K. It
is not known if similarity pair (d, K) implies factorization pair (d, K).

We now return to the topic of Kadison’s conjecture, mentioned in Chapter 9.
Kadison conjectured that every bounded homomorphism of a C*-algebra
into the algebra of bounded operators on a Hilbert space is similar to a
*-homomorphism. By the results in Chapter 9 we see that this is equivalent to
requiring that every bounded homomorphism of a C*-algebra be completely
bounded.

The above results lead to the following conclusions.

Corollary 19.13 (Pisier). The following are equivalent:

(i) the answer to Kadison’s conjecture is affirmative,

(ii) every bounded homomorphism of a C*-algebra into an operator algebra
is completely bounded,

(iii) for each ¢ > 1 there exists M > 1 such that if w is a bounded homomor-
phism from a C*-algebra into an operator algebra with ||| < c, then
I7llep < M,

(iv) there exists ¢y > 1 and My > 1 such that if w is a bounded homomorphism
from a C*-algebra into an operator algebra with ||| < cy, then || ||¢p <
M,

(v) there exists an integer d and constant K such that (d, K) is a similarity
pair for every C*-algebra,

(vi) there exists an integer d such that every C*-algebra has similarity degree
less than or equal to d,

(vii) there exists an integer d and constant K| such that (d, K1) is a factoriza-
tion pair for every C*-algebra,

(viii) there exists an integer d such that every C*-algebra has factorization
degree less than or equal to d.

Proof. We leave the proof as Exercise 19.6. O

Notes

Our presentation of similarity degree and factorization degree follows Pisier’s
([184], [188], and [193]) fairly closely. Equivalent versions of many of our
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propositions can be found there. Although the concepts of similarity pairs and
factorization pairs are not mentioned explicitly, they play a role in many of his
proofs.

Theorem 19.5 is due to Blecher [21], but the proof that we present here is
closer to Pisier’s [193]. Blecher’s original proof introduced and used the concept
of a quantum variable. Theorem 19.4 seems to be new, although its proof is
essentially the same as that of Theorem 19.5.

The factorization appearing in Theorem 19.1 does not seem to have been
noticed before.

Further results on the theory of factorization degree and similarity degree for
operator algebras and groups can be found in [188], [189], [190], and [193].

Exercises

19.1 Prove that (F(V), |||l r) of Theorem 19.1 satisfies the BRS axioms.

192 Let A be an L*-matrix-normed algebra such that [|(a;;)(b;;)]l <
M| (a;p)IIBipIl. Let A; =A@ C denote the algebra obtained by ad-
joining a unit e to A. Show that A; can be given an L*>°-matrix-norm
structure such that |le]| = 1 and for (a;;), (b;;) in M,,(A1), [I(a;j)(bi)| <
(M + 2)[[(@ DI Dip)l-

19.3 Let A be an L*°-matrix-normed algebra, let I3 be an operator algebra,
and let ¢: A — B be a completely bounded algebra isomorphism with
completely bounded inverse. Prove that for (a;;), (b;;) in M,(A), one has
@) Bipll < llg™ lewll@lZ @I Bip)ll-

194 Let Iy = {f € AD): f(0)=0},let0<r <1, and let Iy, = {f € A(D):
f(0) = f(r) = 0}. Prove that Iy/Iy, is an L°°-matrix-normed algebra
with a completely contractive multiplication and an identity e = r~'z +
Ip,. Show that |le| = r~! and that dim(fy/Ip,) = 1. (Thus, Iy/Ip, is a
one-dimensional algebra only completely isomorphic to C.)

19.5 Prove Lemma 19.10.

19.6 Prove Corollary 19.13.
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