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ABSTRACT
COMPLETE POSITIVITY IN OPERATOR ALGEBRAS

Ali Samil KAVRUK
M.S. in Mathematics
Supervisor: Assoc. Prof. Aurelian Gheondea
July 2006

In this thesis we survey positive and completely positive maps defined on oper-
ator systems. In Chapter 3 we study the properties of positive maps as well as
construction of positive maps under certain conditions. In Chapter 4 we focus
on completely positive maps. We give some conditions on domain and range
under which positivity implies complete positivity. The last chapter consists of
Stinespring’s dilation theorem and its applications to various areas.

Keywords:  C*-Algebras , Operator systems, Completely positive maps, Stine-
spring representation.
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OZET

OPERATOR CEBIRLERI VE TAMAMEN POZITIF
OPERATORLER

Ali Samil KAVRUK
Matematik, Yiiksek Lisans
Tez Yoneticisi: Doc. Dr. Aurelian Gheondea
Temmuz 2006

Bu tezde operator sistemleri tlizerinde tamimli pozitif ve tamamen pozitif ope-
ratorleri inceledik. 3. boliimde pozitif operatorlerin 6zelliklerini ve belli kosullar
altinda bunlarin nasil elde edilebilecegini ¢alistik. 4. boliimde tamamen pozi-
tif operatorleri inceledik. Pozitifligin tamamen pozitifligi verebilmesi i¢in tanim
ve goriintii kiimesi tizerindeki bazi kogullar1 verdik. Son kisimda Stinespring
genlegme (dilation) teoremini sunduk ve bu teoremi gesitleri alanlara uyguladik.

Anahtar sozciikler: C*-Cebirleri, Operator sistemleri, Tamamen pozitif opera-

torler, Stinespring temsili.
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Preface

In 1943, M.A. Naimark published two apparently unrelated results: the first
was concerning the possibility of dilation of a positive operator valued measure
to a spectral measure [14] while the second was concerning a characterization of
certain operator valued positive functions on groups in terms of representations on
a larger space [15]. A few years later, B. Sz.-Nagy obtained a theorem of unitary
dilations of contractions on a Hilbert space [18], whose importance turned out
to open a new and vast field of investigations of models of linear operators on
Hilbert space in terms of a generalized Fourier analysis [19]. In addition, Sz.-
Nagy Dilation Theorem turned out to be intimately connected with a celebrated
inequality of J. von Nuemann [16], in this way revealing its spectral character.
Later on, it turned out that the Sz.-Nagy Dilation Theorem was only a particular

case of the Naimark Dilation Theorem for groups.

In 1955, W.F. Stinespring [I7] obtained a theorem characterizing certain op-
erator valued positive maps on C*-algebras in terms of representations of those
C*-algebras, what nowadays is called Stinespring Representation, which was rec-
ognized as a dilation theorem as well that contains as particular cases both of
the Naimark Dilation Theorems and, of course, the Sz.-Nagy Dilation Theorem.
The Stinespring Dilation Theorem opened a large field of investigations on a new
concept in operator algebra that is now called complete positivity, mainly due to
the pioneering work of M.D. Choi [9, [10, T1I]. An exposition of the most recent
developments in this theory can be found in the monograph of E.G. Effros and
Z.J. Ruan [12].

The aim of this work is to present in modern terms the above mentioned
dilations theorems, starting from the Stinespring Dilation Theorem. In this en-
terprise we follow closely our weekly expositions in the Graduate Seminar on
Functional Analysis and Operator Theory at the Department of Mathematics of
Bilkent University, under the supervision of Aurelian Gheondea. For these pre-
sentations we have used mainly the monograph of V.I. Paulsen [4], while for the

prerequisites on C*-algebras we have used the textbooks of W.B. Arveson [I], 2.
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In this presentation we tried to be as accurate and complete as possible, work-
ing out many examples and proving auxiliary results that have been left out by
V.I. Paulsen as exercises. Therefore, for a few technicalities in operator theory
we used the textbook of J.B. Conway [3] and the monograph of K.E. Gustafson
and D.K.M. Rao [§], as well as the monograph of P. Koosis [6] on Hardy spaces.

We now briefly describe the contents of this work. The first chapter is a
review of basic definitions and results on C*-algebras, spectrum, positiveness
in C*-algebras, adjoining a unit to a nonunital C*-algebras, as well as tensor

products (for which we have used the monograph of A.Ya. Helemeskii [7]).

In the second chapter, we present the basics on the C*-algebra structures on
the algebra of complex n X n matrices, the tensor products of C*-algebras and
in particular, C*-algebras of matrices with entries in a C*-algebra, and a certain

technical aspect related to the so-called canonical shuffle.

The core of our work starts with the third chapter which is dedicated to
operator systems and positive maps on operator systems. Roughly speaking, an
operator system is a subspace of a unital C*-algebra, that is stable under the
involution and contains the unit. The main interest here is in connection with
estimations of the norms for positive maps on operator systems, a proof of the von
Neumann Inequality based on the technique of positive maps and the Fejer-Riesz

Lemma of representation of positive trigonometric polynomials.

Chapter four can be viewed as a preparation for the Stinespring Dilation
Theorem, due to the fact that it provides the background for the understanding
of completely positive maps on operator systems. The idea of complete positivity
in operator algebras comes from the positivity on the tensor products of a C*-
algebras with the chain of C'*-algebras of square complex matrices of larger and
larger size. This notion is closely connected with that of complete boundedness,
but here we only present a few aspects related to our goal; this subject is vast by
itself and under rapid development during the last twenty years, as reflected in the
monograph [12]. In this respect, we first clarify the connection between positivity
and complete positivity: completely positivity always implies positivity, while the

converse holds only in special cases, related mainly with the commutativity of the



CONTENTS ix

domain or of the range.

In the last chapter we prove the Stinespring Dilation Theorem and show how
many other dilation theorems can be obtained from here; we get from it the
Sz.-Nagy Dilation Theorem and the von Neumann Inequality, we indicate the
connection with the more general concept of SPECTRAL SET (due to C. Foiag
[13]), and finally prove the two Naimark Dilation Theorems, for operator valued
measures and for operator valued positive definite maps on groups, as applications

of Stinespring Dilation Theorem.



Chapter 1

C*-Algebras

C*-algebras are closely related with operators on a Hilbert space. As a concrete
model, B(H) is a C*-algebra for any Hilbert space H. One first defines abstract
C*-algebras and then, by a celebrated theorem of Gelfand-Naimark-Segal, it can
be proven that any abstract C*-algebra is isometric *-isomorphic with a norm-
closed, selfadjoint subalgebra of B(H) for some Hilbert space H, which can be
defined as concrete C*-algebra. Defining abstract C*-algebras has the advantage
of allowing many operations like quotient, direct sum and product, as well as

tensor products.

1.1 Definitions and Examples

Definition 1.1. A complex algebra A is a vector space A over C with a vector
multiplication a,b € A — ab € A satisfying

(1) (a+ pb)c = aac+ Bbe and c(aa + [b) = aca + [3 cb;

(2) a(be) = (ab)c
for all a,b,cin A and «, § in C.

Definition 1.2. A Banach algebra A is a Banach space (A, || - ||) where A is also

a complex algebra and norm || - || satisfies ||ab|| < ||al|/||b]| for all @ and b in \A.
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Definition 1.3. Let A be a complex algebra. A map a +— a* is called an invo-
lution on A if it satisfies

(1) (a*)" = a;

(2) (ab)" =b"a™;

(3) (aa+ Bb)* = aa* + Bb*
for all @ and b in A, and all «, 3 in C. A complex algebra with an involution x

on it is called *-algebra.

Definition 1.4. A C*-algebra A is a Banach algebra A with an involution

satisfying ||a*a|| = ||a||* for all a in A.

If A is a C*-algebra then we have ||a*|| = ||a|| for all a in A.

A complex algebra A is said to have a unit if it has an element, denoted by 1,
satisfying la = al = a for all a in A. Existence of such unit leads to the notion of
unital x-algebra, unital Banach algebra and unital C* algebra. A complex algebra
A is said to be commutative if ab = ba for all a and b in A. In the following we

recall some related definitions.

Definition 1.5. A C*-algebra A is said to be unital or have unit 1 if it has an

element, denoted by 1, satisfying la = al = a for all a in A.

If A is a nontrivial C*-algebra with unit 1, then 1* =1 and ||1]| = 1.

Definition 1.6. A C*-algebra A is said to be commutative if ab = ba for all a
and b in A.

We briefly recall basic examples of C*-algebras.

Example 1.7. Let H be a Hilbert space. Then B(H) is a C*-algebra with its
usual operator norm and adjoint operation. Indeed, it is easy to show that adjoint
operation T' — T™ is an involution. We will use the usual notation, I for the unit.

B(H) is not commutative when dim(H) > 1.

Example 1.8. Let H be Hilbert space. A subalgebra of B(H) which is closed

under norm and under adjoint operation is a C*-algebra. We will see that such
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C*-algebras are universal. For example K(H), the set of all compact operators

on ‘H, is a C*-algebra and it has no unit when H is infinite dimensional.

Example 1.9. Let X be a compact Hausdorff space. Then C(X), the space
of continuous functions from X to C, is a commutative unital C*-algebra with

sup-norm and involution f*(z) = f(z). We will see that this type of C*-algebras

are universal for commutative unital C*-algebras.

Example 1.10. Let X be a locally compact Hausdorff space which is not com-
pact. Then Cy(X), the space of continuous functions vanishing at infinity, is a
commutative non-unital C*-algebra with sup-norm and involution f*(z) = f(z).

Such C*-algebras are universal for commutative non-unital C*-algebras, e.g. see
[21).

Definition 1.11. Let H be a Hilbert space. A subalgebra of B(H) which is

closed under norm and under adjoint is called a concrete C*-algebra.

As we see in Example any concrete C*-algebra is a C*-algebra. In section
1.3 we can see that the converse is also true by the theorem of Gelfand-Naimark-

Segal.

Definition 1.12. Let A and B be two C*-algebras. A mapping 7 : A — B is
called *-homomorphism if 7 is an algebra homomorphism and 7 (a*) = 7(a)* for
all @ in A. A mapping ¢ : A — B is called isometric x-isomorphism if ¢ is a
bijective x-homomorphism and preserves norms. In this case A and B are said

to be isometric x-isomorphic.

Two isometric *-isomorphic C*-algebras can be considered as the same C*-
algebra, since the isometric *-isomorphism preserves every possible operations

bijectively.

Definition 1.13. Let A be a C*-algebra with unit 1. An element a of A is
said to be wnwvertible if there exists an element b such that ab = ba = 1. Such b
(necessarily unique) is said to be the inverse of a and denoted by a~!. The set

of all invertible elements of A is denoted by A~
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Definition 1.14. Let A be a C*-algebra. An element a of A is said to be
selfadjoint if a = a*, and normal if aa* = a*a. If A has unit 1, then a is called

unitary if aa* = a*a = 1.

1.2 Spectrum

In this section we recall the notion of spectrum of an element and state basic
theorems about this. Finding spectrum of an element of a C*-algebra (or B(H))

is still a continuing part of researches. For proofs we have used [I]).

Definition 1.15. Let A be a C*-algebra with unit 1 and a € A. We define the
spectrum of a by
ola)={A€C: a—-A1¢ A}

Theorem 1.16 (Spectrum). Let A be a C*-algebra with unit and a € A. Then

o(a) is a nonempty compact subset of {z : |z| < ||a||}.

Definition 1.17. Let A be a C*-algebra with unit and a € A. We define the

spectral radius of a by
r(a) =sup{|A| : A € o(a)}.

Theorem 1.18 (Spectral radius). Let A be a C*-algebra with unit and a € A,
then

r(a) = lim |a"|*/".
n—oo

A subset of a C*-algebra is called C*-subalgebra if it is C*-algebra with in-
herited operations, involution and norm. The following theorem states that the
spectrum of an operator does not change by considering the spectrum in a C*-

subalgebra.

Theorem 1.19 (Spectral permanence for C*-algebras). Let A be a unital
C*-algebra and B be a C*-subalgebra of A with 14 = 15. Then for any b € B

op(b) = a4(b).
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Now we recall one of main result in the theory, the spectral theorem for normal
operators. First we need the following remarks. By C*{1, a} we mean the smallest
C*-subalgebra containing 1 and a. It can be characterized as the closure of the
set of all polynomials in 1, a and a*. Also notice that if X is a compact subset
of C then polynomials in z and z are dense in C'(X), by the Stone-Weierstrass

Theorem.

Theorem 1.20 (Spectral theorem for normal operators). Let A be a C*-
algebra with unit 1 and a € A be normal. Then C(o(a)) and C*{1,a} are iso-

metric x-isomorphic via the map uniquely determined by

N N
n =k n(, *\k
Cok" 2" — Cnra™(a®)".
n,k=0 n,k=0

Another result about C*-algebras is the uniqueness of norm, that is:

Remark 1.21 (Uniqueness of the norm of a C*-algebra). Given a x-algebra
there exists at most one norm on it so that it is a C*-algebra. The proof of this
result can be seen in [I]). We should also notice that C'(R) the x-algebra of
continuous functions from R to C cannot be a C*-algebra with a norm. Indeed

if f(x) = €” than o(f) = (0, 00) which is not possible in a C*-algebra.

1.3 Fundamental Results, Positiveness

In this section we recall some basic results on positive elements. The first result
states that commutative unital C*-algebras have a special shape and the next

result (GNS) shows that concrete C*-algebras are universal.

Theorem 1.22. Let A be a commutative unital C*-algebra. Then A is isometric

x-isomorphic to a C(X) for some compact Hausdorff space X.

Theorem 1.23 (Gelfand-Naimark-Segal). Let A be a C*-algebra. Then A is

isometric x-isomorphic to a concrete C*-algebra.

This simply means that a C*-algebra A is a C*-subalgebra of B(H) for some
Hilbert space H. We will write A < B(H) if this representation is necessary.
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Definition 1.24. Let A be a unital C*-algebra and a € A. We say a is positive

if a is selfadjoint and o(a) C [0,00). We will write @ > 0 when a is positive.

Remark 1.25 (Partial order on selfadjoints). Let A be a unital C*-algebra.
We write a > b when a and b are selfadjoint and @ — b > 0. Then > is a partial
order on selfadjoint elements of A. Also we will use notation a > b > 0 to

emphasize a and b are also positive.

Definition 1.26. Let A be a unital C*-algebra. Then the set of all positive
elements of A is denoted by A™.

Theorem 1.27. A" is a closed cone in A. That is, for any a, b in AT and

nonnegative real numbers o, 3, aa + Bb € AT and A" is closed.

The following theorem gives other characterizations of positive elements.

Theorem 1.28 (Positiveness criteria). Let A be a C*-algebra with unit 1 and
a € A. The following assertions are equivalent.

(1) a>0.

(2) a=c*c for somec€ A.

(3) (ax,x) >0 forallz € H (if A— B(H) ).

Theorem 1.29 (n'* root). Let A be a C*-algebra with 1 and a € A*. Then for

any positive integer n there exists unique ¢ € A% such that a = c".

Let T'€ B(H). Then numerical radius of T is defined by

w(T) = sup {|(T.)]).
If T is normal then ||T|| = w(T') ([§])). By using this result and Theorem [1.2§]

we can obtain the following,

Remark 1.30. Let A be a C*-algebra with unit 1 and let a,b € A.
(1)  If a is selfadjoint then a < ||al| - 1.
(2) If0<a<bthen |al <.
(3) Ifa,be A" then |la — b|| < max(||al],||b]])
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Proof. By GNS we may assume that A4 is a concrete C*-algebra in B(H). It is
easy to see that a is selfadjoint if and only if (ax,z) € R for all x € H. Since
{(la]] - 1 = a)z,z) > 0 we obtain (1). To see (2), by Theorem [I.28 we have
0 < (ax,z) < (bx,z) for all x € H. This means that w(a) < w(b) and so
lall < |b]|. For (3), notice that a — b is selfadjoint. For any ||z|| = 1,

[{(a = b)z, )| = | {azx, x) = (b, 2) | < max((az,z), (br, x)) < max([|al], |[b])-

So the result follows if take supremum over such =x. O

1.4 Adjoining a Unit to a C*-Algebra

Assume that the C*-algebra A does not have a unit. It is possible to add a unit
to A, which is denoted by A; and A is a two sided ideal in A; with dim.A;/A=1.
For a in A, define L, : A — A by b +— ab. Clearly L, is a bounded linear operator
on A. We define

A1 ={L,+Al: ae A \eC}

where 1 is identity operator on A. Then A; becomes a unital complex algebra.

If we define involution by (L, + A1)* = Le- + Al and norm by
[|La + AL, = sup{[lab + Ab[| - b€ A, [b]| < 1}

(the usual operator norm) then A; becomes a C*-algebra ([1] pg. 75). It is easy
to see that {L, : a € A} is a selfadjoint two sided ideal in A; of codimension 1.
m: A— A; by a— L, is an isometry so its image {L, : a € A} is closed in A;.
This means that {L, : a € A} is a C*-subalgebra of A;. It is easy to see that =
is isometric *-isomorphism. So A and {L, : a € A} are isometric *-isomorphic.

Notice also that if L, + A1 = L; + a1 then we necessarily have a = b and \ = a.

1.5 Tensor Products

In this section we recall tensor products of vector spaces, algebras, x-algebras,

Hilbert spaces and C*-algebras. We used [7]) for the proofs.
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Let A and B be two vector spaces over C. Define A o B as the vector space
spanned by elements of A x B. Consider the subspace N of A o B spanned by

the elements of the form
(a+d',b) — (a,b) — (d',b), (a,b+V) — (a,b) — (a,b),
(Aa,b) — A(a,b) and (a,A\b) — A(a,b).
We define the tensor product of A and B, A ® B, as the quotient space Ao B/N
and define elementary tensors by
a®b=(a,b)+ N.

It is easy to show that tensors satisfy the following relations.

(a+d)@b=a®b+d @b
ab+bV)=ax@b+axl (1.1)
(M) ®@b=a® (Ab) = Na®Db).

So we obtain the following definition.

Definition 1.31 (Tensor products of vector spaces). Let A and B be two
vector spaces over C. The tensor product of A and B, denoted by A ® B, is the
vector space spanned by the elemetary tensors a®b satisfying the equations (|1.1).

Third relation implies that 0 ® b =a ® 0 = 0.

Remark 1.32 (Tensor products of complex algebras). Let A and B be two

complex algebras. Then the vector space A ® B becomes a complex algebra if we
define

(a®b)-(d @b)=ad b
and extend linearly to A ® B.

Remark 1.33 (Tensor products of x-algebras). Let A and B be two *-
algebras. Then the complex algebra A ® B becomes a x-algebra if we define

% A
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Remark 1.34 (Tensor products of Hilbert spaces). Let H and K be Hilbert

spaces. Then the vector space H ® KC becomes an inner product space if we define
<Z Ti® %, Y Y ® wj> = (i, ) (20, wy).
i J Y]
By tensor products of Hilbert spaces we mean the completion of this space.

Remark 1.35 (Tensor products of C*-algebras). Let A and B be C*-
algebras. Let A — B(H) and A — B(K). Then an element > . a; ® b; of
the x-algebra A ® B can be viewed as an operator on the inner product space
H ® I if we set

(Z a; ® bi)(z T ®Y;) = Z a;izj @ byy;.
i J 2%

With respect to the operator norm on B(H ® K), A ® B becomes a x-algebra

with norm satisfying
luv]| < [lullllv]| and |luul] = [|ul®

Hence the completion of A ® B becomes a C*-algebra.



Chapter 2

Introduction

2.1 Matrices of (*-algebras

Let A be a C*-algebra (with or without unit). For a positive integer n we define
M, (A) as follows
M (A) = {[ai]

ii=

) ta;; € Afor 1 <i,j <n}.
Sometimes we will use the following notations for the elements of M, (.A)

aix -+ Qip

n

lai], = lay] =

Ap1 -+ App

It is easy to show that M, (A) is a vector space over C if we define
alay;] = loay] and [a;;] + [bi;] = [ai; + by]-
Also by defining vector multiplication and involution by

[ai;][bi] = [Z az‘kbkj] and [a;]" = [a};]

k=1
we obtain a x-algebra. From the previous chapter we know that the x-algebra
M, (A) can have at most one norm on it in order to be a C*-algebra. Now we

will show that such a norm always exists.

10
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Let H, (-,-) be a Hilbert space. By H{™ we mean the direct sum of n copies

of H (with elements in column matrices) with inner product defined by

It is easy to show that H™ is also a Hilbert space. Notice that the norm of an

element of H™ is given by
x
= (ol + -+ [lzal* )72
T,
Let T;; be bounded linear operators on H for 1 < ¢,7 < n. We define (T35) =
(T)fj=1 H™ — H™ by

T
(Tij)?,jzl : =

n
x
" E Tk

L k=1 i

- n
g Tpxy
=1

Clearly (7};) is also linear. We show that it is bounded. Let z = (z1,...,2,)7,

where 7 means the matrix transpose, then
1Tl = 1> Tiwel® +- -+ 1D Tl
k=1 k=1
< O ITlP) O llell®) + -+ (O MTel) (D llell?)
k=1 k=1 k=1 k=1
= (D117 [l

ij=1
So we obtain [|(T3)|| < ( X7 Tyl )12 which simply means that (7};) is
bounded. Conversely, we can show that any bounded linear operator on H" is of
this form. Let T' € B(H™). Define, for j = 1,...,n, P, : H — H™ by P is

the column where i*" row is # and 0 elsewhere. So Py : H™ — H is the map
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(1, .o, xn)” = . Set Ty; - H — H by T;; = P/TP;. Clearly T;; € B(H). We
claim that 7" = (T;;). Letting x = (21, ...,2,)” and y = (y1, ..., y,)” We obtain

<TZL’,y> - <T(P1:L’1 + "'ann)7ply1 + Pnyn>

n

= Z (T'Pjxj, Piyi)

ij=1
n

= > (PTPuxj,y)

ij=1

= ((Ty)z,y).

We also have the inequality ||7;| < ||(Zi;)|| for any 1 < 4,5 < n. This is

T

easy to show if we consider the elements of the form = = (0,..,z;,..0)" and

Yy = (O, - Yiy O)T

Finally, it can be easily verified that (Ti;)(Us;) = (32, TiUss) and (Ty;)* = (T7;).
Hence M, (B(H)) and B(H™) are *-isomorphic *-algebras via [T};] < (T3;). This
means that M, (B(H)) is a C*-algebra if we define the norm on it by considering

the elements as operators on H™.

Given an arbitrary C*-algebra A, by GNS, we know that A is a closed selfad-
joint subalgebra of B(H) for some Hilbert space H. This means that M, (A) is a
closed selfadjoint subalgebra of C*-algebra M,,(B(H)), and hence a C*-algebra.

Notation We will use notation diag(a) in M, (.A) for

We should remark that if A is a C*-algebra with unit 1 then M, (.A) is unital
with unit diag(1). Also the inequality [la;|| < [[[ai;]l| < (327, llai;[|* )*/? holds
for any [a;;] € M,(A). [a;;] is called diagonal when a;; = 0 for i # j. If [a;]
is diagonal then ||[a;;]|| = maxy ||ak||. To see this, set A = [a;;] then it can be
shown that o(A*A) = o(ajya1)U---Uo(al,an). So |A]]? = ||A*A| = r(A*A) =

maxy, [|axe||?. We recall some examples with description of the norms.
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Example 2.1. We use the notation M,, for the C*-algebra M, (C) = M, (B(C)) =

B(C™). The norm here is called M,-norm and we will use || - ||, if necessary.

Remark 2.2. [¢%] € M, is positive if and only if a,d > 0, ¢ = b and its deter-

minant is nonnegative.

Proof. Since any positive element is of the form

L]

we have a,d > 0, ¢ = b and determinant is nonnegative. Conversely let such

lz|* + |y]*  zz+yw

2z +wy |22+ Jw)?

a,b,c and d are given. If a = 0 then necessarily b = ¢ = 0 and clearly [99] is

positive. If a > 0 then choosing

r=+a, y=0, z=
implies that the above multiplication is [¢5]. O

Example 2.3. Let X be a compact Hausdorff space. We know that C'(X) is a C*-
algebra. We claim that the norm (which is unique) of the C*-algebra M,,(C(X))

18

Ifl I = sup || [fii(@)] [,
zeX
It is easy to verify that || - || is a complete norm on M, (C(X)). We see that

M, (C(X)) is a Banach algebra with this norm as follows:

I fiallo) 1 =11 DY Faas] | = sup | [} fa(@)gns(@)] |

= sup | [fij ()] [gi; ()] |
= sup | [fis(2)] | sup | [gi(2)] |

= | i) M i) -

Similarly we can show that ||[fi;][f;]*l = I[fi;]|I>. Hence M,(C(X)) is a C*-

algebra with the norm above.
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Remark 2.4. Let [f;;] in M, (C(X)). Then [f;] is selfadjoint if and only if

[fij(z)] is selfadjoint for all = and we have

a([fi)) = | o([fis(2))).

rzeX

Consequently, [f;;] is positive if and only if [ f”(x)} is positive for all z € X.

Proof. Clearly we have that [f;;] = [¢;;] if and only if [f;;(x)] = [gi;(x)] for all
x € X. This means that

[fij] = [f;] if and only if [fi;(7)] = [fi(x)] Vo€ X.
This proves first part. For the second part it is enough to show that [f;;] is
invertible if and only if [f;;(x)] is invertible for all z € X. Observe that [f;;][g:;] =
[hi;] if and only if [f;;(x)][g:;(x)] = [hij(z)] for all x. This means that if [f;;] is

invertible, with inverse [g;;], then

[fi3(@))lgis ()] = [gi3 ()] fi5(2)] = 1

for all + € X. This shows one part. Conversely let [f;;(z)] be invertible for all
x. Let [g;;(z)] be its unique inverse. Define ¢,5 : X — C by = — g,5(x), the rs
entry of [g;;(2)], for 1 <r,s < n. It is enough to show that g, is continuous since
this implies [g;;] € M,(C(X)) and certainly it is inverse of [f;;]. We will use the
following fact (see [1] pg. 15). If a) and a are invertible elements of a C*-algebra

1

such that ay — a then a)' — a~'. We have

19r5(@) = grs (W) < g3 (2) =955 = g3 ()] = gis I =1 Lfi ()] = [fig ()] "I

So when z — y, we know that f.s(z) — frs(y) for all 1 <r, s <mn, so [f;;(z)] —
[fi;(y)]. Hence the last term of the above inequality tends to 0 by the previous

argument and so g, is continuous. O
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2.2 Tensor Products of C'*-Algebras

Let A be a C*-algebra. In the previous section we defined the x-algebra M, (.A).

This x-algebra can be expressed by tensor products.

Claim: M, (A) and A ® M, are x-isomorphic *-algebras via

n

[aij] — Z aij & Eij

i,j=1

where E;;’s are the matrix units of M,,.

Clearly the map is linear and it is multiplicative since
laij)lbig] = D ainbrs] = > aubiy) ® By
k ij k
= > O aunby) ® ExEy

1,7 k

= Z (aikbsj) ® EpwEs;

i7j7k7s

= (Z aij @ Eij)(z bij @ Eyj).

2% 2%
We also have
lai ] = [a},] = > a, @ Ey; =Y a; @ B = (D a; ® Ey)*.
i i i
This means that the map is a *-homomorphism. Surjectivity follows from the

fact that any element of A ® M, is of the form Z” a;; ® Fy; for some a;; € A.
To see the injectivity let >, ; a;; ® Ei; = 0. Then

(b® Br)( Y aij ® Eyj) (¢ ® Eyy) = bty @ By, = 0
ihj
that is bag,c = 0 for all b,c € A and 1 < k,m < n. Hence ax,, = 0 and so
[ai;] = 0.

Particularly, M, (B(H)), B(H™) and B(H) ® M,, are all the same *-algebras

via the quite natural mappings that we introduced in previous and this section.
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2.3 Canonical Shuffle

For any C*-algebra A, M, (M,(A)) is isometric *-isomorphic to Mj,(A) via re-
moving the additional brackets (See [4] pg.4). It follows that My (M, (A)) =
M, (My(A)) by just changing the brackets without touching the elements.

There is another identification of My (M, (A)) and M, (M;(A)) which is called
canonical shift. We first deal with the case My (M,,) and M, (M})

Let Ei(f), 1,7 = 1,...,n, denote the elementary unit matrix of M,,. Then

(B @ B i =1,0m rs = 1,..,m}

is a basis for the x-algebra M, ® M;. It is easy to show that M, ® M, and

M, ® M, are x-isomorphic via
Y B @ BT = 3 ay BT @ B,
9,7,T,S ©,7,7,S

Now the result follows from the fact that My (M,) and M, ® M) *-isomorphic

and the norm on a C*-algebra is unique.
By this observation we conclude My (M, (A)) = M, (My(A)). In fact,

My (M, (A) & M (A® M,) = (A®M,)® M
~ A® (M, ® M,)
> A®(M,® M, =..2 M, (M(A).

This process (an isometric *-isomorphism) is called canonical shuffle. As an
example consider M5(My(A)) and My(M;(A)). The correspondence is

[an a12] [bn b12i| [011 612} a11 b cn a2 biz ci2
as1 a2 bo1 bas C21 Co2 di en fu diz e12 fi2
[dn dm} [611 612] |:f11 f12] JEN g hu i 912 hiz ji2
doy dao €21 €22 for fo2 a1 bar 21 a2 by ca2
911 g12 hi haa Ji1 Ji2 dy €21 f21 doz €22 fa2
[921 922] [hm hQQ} [j21 jQQ] g21 h21 ja1 g22 hoo Joo



Chapter 3

Operator Systems and Positive

Maps

In this chapter we consider operator systems and positive maps. If S is a subset
of a C*-algebra then we define S* = {a* : @ € S}, and S is said to be selfadjoint
itS =385

Definition 3.1. Let A be a C*-algebra with unit. A subspace S of A which is

selfadjoint and containing the unit of A is called an operator system.

If S is an operator system in a C*-algebra A then an element of S is called
positive (selfadjoint) if it is positive (selfadjoint) in A. Notice that any selfadjoint
element a of § is the difference of two positive elements in S since

g llall-1+a faf-1-a
2 2

Definition 3.2. Let S be an operator system and B be a C*-algebra with unit
then a linear map ¢ : § — B is called positive if it matches positive elements of

S to positive elements of B, that is, ¢(S*) C B*.

We should remark that we did not assume the continuity of the map but the

following proposition shows that a positive map must be continuous.

17
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Proposition 3.3. Let S be an operator system and B be a C*-algebra with unit.
If ¢ : § — B is positive then

[e(WIF < llell < 2[lo(D)]l

Before the proof recall by Remark that if p is positive then p < ||p| - 1,
if 0 < a < b then |la|| < ||b]| and if p; and py are two positive elements then

P2 = pe| < max({lp], [lp2l])-

Proof. Let p be positive in S. Then 0 < p < ||p|| - 1. By using linearity of ¢ we
obtain that 0 < ¢(p) < ||p||l.¢(1). So by the above remark ||¢p(p)|| < ||p|| ||¢(1)]].

Now let a € S be selfadjoint. Again by linearity

llal|.1+ a
2

|al].1 —a

#(a) = o .

) — & )-

So ¢(a) is the difference of two positive elements. By the above discussion and

first part of the proof we see that

lal| -1+ a
2

lall -1 —a

l¢(a)]| < max([|o( 5

) o D) < llallllo(WI]

Finally let a be an arbitrary element in S. We can write a = b + ic where b

and c are selfadjoint with [|b||, ||c|| < ||a||. Hence

lp(a) ]l <l + I < ol + llellllo(IF < 2f[allllg(LI]

This shows that ||¢]| < 2||¢(1)||. Since the other inequality is trivial we are
done. 0

The following example is due to Arveson and it shows that the latter inequality

in Proposition [3.3]is strict. As usually we set T={z€ C: |z]| = 1}.

Example 3.4. Consider the operator system S in C(T) defined by
S =span(l, z,Z). Define ¢ : S — M by

a

a 2b
gb(al—l—bz—i—c?):[ ]
2c
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It is easy to show al + bz +cZz > 0in S if and only if ¢ = b and a > 2|b|. And we
know that an element [ 4] is positive in My if and only if a,d > 0, ¢ = b and its

determinant is nonnegative, by Remark 2.2] So clearly ¢ is positive. But

2ol =2 = llo()]l < lloll < 2[lo(L)]]
So [[oll = 2[[o(V)]

Let ¢ : S — B be positive. Clearly S is also an operator system. Since ¢ is
bounded it has a natural linear extension to S which we still denote by ¢. We
claim that this linear extension is also positive. Let p € S be positive. It is
enough to find a positive sequence {p,} in S converging to p because positiveness
of ¢(py) and lim ¢(p,,) = ¢(p) together imply that ¢(p) is positive. Let {a,} be a
sequence in S converging to p. We may assume that {a,} is a selfadjoint sequence
because otherwise we can replace it by {%} Now let p, = a, + [|[p — anl| - 1.
Clearly {p,} is a selfadjoint sequence in S converging to p. To see the positivity
of the sequence, by GNS, we may assume that elements of S are operators on a

Hilbert space ‘H. If x € 'H then

(anz, 2) = (pz,7) — ((p — @n)z,7) > —|p — anll]z]*.
So (ppx, x) = ((an + ||p — an|| - 1)z, x) > 0 which proves the claim.

A positive map ¢ is selfadjoint in the sense that ¢(a*) = ¢(a)* for all @ in S.
This is easy to see if we write a = p; — ps + i(ps — ps). We now focus on the

domains of positive maps which guaranty that ||¢|| = ||¢(1)]|.

Lemma 3.5. Let A be a C*-algebra with unit 1 and p., ..., p, be positive elements
of A such that

ipi <L
i—1

If Ay, ..., A are complex numbers with |A\;| < 1, then

Z Aipi
=1

<1
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Proof. Consider the following multiplication in M, (.A).

YuApi 0 - 0 pi/Z 10111/2 A 0O -0 p}/2 0
0 0O --- 0 B 0o .- 0 0 A .l pé/z 0 0
' : : : : : .0 Do :
0 0 --- 0 0 0 0 ... 0 A, p}/2 0 ... 0

The norm of the first matrix is || >, A\;p;|| and the norm of each matrix on right
hand side is less than 1. Indeed if A denotes the leftmost matrix on the right side
then the third matrix is A* and ||AA*|| < 1. O

Theorem 3.6. Let B be a unital C*-algebra and X be a compact Hausdorff space.
If ¢ : C(X) — B is positive then ||¢]| = ||¢(1)]].

Proof. By dividing ¢ by a positive constant we may assume that ¢(1) < 1. Let
f € C(X) such that ||f]] < 1. We will show ||¢(f)|| < 1. Let € > 0. Since
{B(f(z),€)}zex is an open covering for the compact set f(X), there exists finite
points x1, ..., z,, in X such that {B(f(x;),€)}", is a finite subcover of f(X). Let
Ui = f"YB(f(z;),€)). Clearly {U;}", is an open covering for X such that if
x € U; then |f(x) — f(z;)] < e. Let {p;} be nonnegative real valued continuous
functions such that >, p; =1 and p;(x) = 0 for = ¢ U, for i = 1,...,n. Note that
forany x € X, | f(x)— f(x;)|pi(x) < ep;(x) because, if x € U; then | f(x)— f(z;)] <
e, while if not p;(z) = 0. So, if x € X then

@) =Y @) = [F@) Y pile) = 3 fwom(a)]
= [ @ - r@w)|
< € ‘sz(x)‘ =e.

Since ||f]] < 1, |f(z;)] < 1. So || > f(xz)é(pi)|| < 1 by the previous lemma.

Hence
< [l¢lle+1.

loHll < || (£ = D2 £@ams)|| + ¢ f@ow)

Since € is arbitrary we obtained ||¢(f)|| < 1. So ||¢|| < 1. O

We know that any commutative unital C*-algebra is isometric x-isomorphic

to a C*-algebra of continuous functions on a compact set X. So Theorem is
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valid for any commutative unital C*-algebra. By using this result one can obtain
some further results. Indeed, whenever the operator system is a C*-algebra then

||l = ||¢(1)]| for a positive map.

Lemma 3.7. If p is a polynomial such that ITmp(e®®) = 0 for all real  then p is

a real constant.

Proof. Poisson’a formula states that if f is a harmonic function on {z : |z| < R}

for some R > 1, then for any 0 < r < 1,

f(rew) _ /ﬂ (1 — Tz)f(ew) dt

1 +7r2—2rcos(f —t)

(See [6]). We know that Imp is harmonic on C. The above formula implies that
imaginary part of p is 0 in unit disk. By Cauchy-Riemann equalities, real part
of p must be a real constant in the unit disc. So p is real constant in the unit
disc and consequently it must be a real constant on C by the uniqueness of power

series. O

Lemma 3.8 (Fejer-Riesz). Let p, q be polynomials such that p(e®) +q(e?®) > 0

for all real . Then there exists a polynomial r such that

P(E) +4(e®) = [r(e)* for all 0 € R,

Proof. Let p(z) = ap+ a1z + - - + a,2" and q(z) = by + byz + - - - + b, 2™. First

we claim that n = m, ag — by is real and a; = b; for i = 1,2, ...,n(= m). In fact, if

p+¢q > 0 on unit circle then p 4§ = p + ¢ on unit circle and hence p—q¢=p —¢q
on unit circle. So Im{p — ¢} = 0 on the unit circle which means that p — ¢ is a
real constant by the previous lemma. This proves the assertion that we claimed.

Hence we see that
() +q(e®) = a+ are? + -+ ape™ + e + -+ e ™ with o € R.

We may assume a,, # 0. Let

f(2) =8p+aurz+ -+ a2+ az" + a2 + a2
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Clearly f(0) # 0 and f(e%) = [p(e?) + q(e?)]e™® # 0. By the antisymmetry of

the coefficients of f we have

f1/2) =2 f(2).
So the 2n zeros of f can be written as 21, ..., z2p, 1/Z1, ..., 1/Z,.
Let g(z) = (z — #z1)...(z — z») and h(z) = (z — 1/Z1)...(z — 1/Z,). So

f(2) = ang(2)h(2).

It is easy to show

(z #0).

Hence

p(e”) +q(e?) = f(”)e ™ = | f(e”)] = |an| [g(e”)] [1(e7)] =

ARERY o)
So if we define the polynomial r = ]Zlf‘_—flzn\l/2g then p+¢q = |r|? on unit circle. O

Theorem 3.9. Let T be a linear operator on a Hilbert space H with ||T| < 1
and let S be the operator system in C(T) given by

S ={p+q:p and q are plynomials}.

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

Proof. 1t is enough to show that ¢(p +q) > 0 when p+G > 0. Indeed, if p+7q is
only positive then p+gG+¢e > 0 for all e > 0 and so ¢(p+G+€) = d(p+q)+el >0
for all € > 0 which implies that ¢(p+q) > 0. So let p+7q be strictly positive. So by

Fejer-Riesz Lemma there exists a polynomial 7 such that p(e®)+q(ei?) = |r(e)|?.

Let 7(z) = ap + a1z + - - - + a,2". Then

n
Pe) + ) = ) = 3 g U
J:k=0

So we must show

op+7) = Z a; ap T, where T;_j, =
5,k=0

Tk j—k>0
T j— k<0
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is positive. Let x € ‘H. Then

R Qo Qo
i T | .
<¢(p+Q)x7'r> = . . . : ) : )
anT and

where the inner product on the right side is taken in H®™*V. It will be enough to

show that the matrix operator on the right hand side is positive. If we set

0 0 ... 0
T
R:
0
0 - T 0|

then [ + R+ R?+4--- 4+ R"+ R* + R** + .- + R*" is exactly the matrix operator.

Since R™*! = 0 it is easy to show
I+R+R*+ +R"+R+R°+ - +R"=(I-R 7' +(I-R)"'- I

Also notice that ||R|| < 1 which can be shown easily when RR* is considered.
Now let h € H™"!. There exists y € H""! such that h = (I — R)y. Hence

(I-R)™"4+ (I —R) "' =1Dh,hn)

= (y.(I = R)y) + (I = R)y,y) — ((I = R)y, (I - R)y)
= |lyll* = Ryl* = 0. O

This theorem has many corollaries.

Corollary 3.10 (von Neumann’s Inequality). Let T be a linear operator on
a Hilbert space such that ||T'|| < 1. Then for any polynomial p,

[p(T)|| < [Ipll = sup [p(2)].

l2|<1

Proof. The operator system S in previous theorem separates the points of T so
by Stone-Weierstrass theorem S is dense in C(T). This means that the positive
map ¢ as in Theorem has a positive extension to C(T). Since the domain is
commutative ||¢|| = ||¢(1)|| = 1 which proves the claim. O
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Corollary 3.11. Let B and C be unital C*-algebras and let A be a subalgebra of
B such that1 € A. If ¢ : A+ A* — C is positive then ||¢| = [|¢(1)]|.

Proof. Set S = A + A*. ¢ extends to a positive map on S. Fix a € S with
|lal]] < 1. Theorem tells us that ¢ : C(T) — B given by (p) = p(a) is
positive. Since S is itself a C*-algebra, the range of v is contained in S so the

map ¢ o is well-defined. Clearly it is positive. So

lo(a)ll = llg 0w ()l < llg 0w (D)l le”]] = ll¢(1)].
O

This corollary implies the following important fact whose proof is now trivial.

Theorem 3.12. Let A and B be unital C*-algebras. If ¢ : A — B is positive
then |||l = [lo(1)]-

Up to here we obtained basic properties of positive maps. We now look for
relevant examples. First, positive maps. For example any unital contraction is
necessarily positive. Moreover, a unital contraction defined from a subspace M

has a unique positive extension to M + M*.

Lemma 3.13. If f : S — C is a unital contraction then f is positive.

Proof. Let a > 0. It is enough to show f(a) €co(o(a)). Since o(a) is compact,
co(o(a)) is the intersection of all closed discs containing o(a). Let K = {z :
|z— Al <r} contain (a). Then o(a— A1) C {z: |z| <r}. Since a — Al is normal
|la — Al|| = r(a— A1) < r, and consequently |f(a—A1)| = |f(a) =\ < ||f]|r = .
So f(a) in K. O

Proposition 3.14. Let B be a unital C*-algebra and ¢ : S — B be a unital

contraction. Then ¢ 1s positive.

Proof. By GNS we may assume that B is a concrete C*-algebra in B(H) for
some Hilbert space H. Fix = in H satisfying ||z|[=1. Then f:S — C defined
by f(a) = (¢(a)z,x) is a unital contraction and so positive by the lemma above.
Hence a > 0 implies f(a) = (¢(a)z,z) > 0. And so ¢ is positive. O
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Proposition 3.15. Let A and B be unital C*-algebras and M be a subspace of A
containing the unit. If ¢ : M — B is a unital contraction then ¢ : M+ M* — B
defined by

ola+0") =o¢(a)+ o), a,be M,

15 well defined and is the unique positive extension of ¢ to M + M*.

Proof. 1f a positive extension of ¢ exists then it must satisfy the above equation
since a positive map must be selfadjoint. Thus, such an extension is unique. To
see that it is well defined we must show that if a + b* = ¢+ d* with a,b,¢,d € M
then ¢(a + b*) = ¢(c + d*). This equivalent to the following: if a,a* € M then
¢(a*) = ¢(a)*, i.e. ¢ is selfadjoint. Let S; = {a € M : a* € M}. Then S is an
operator system and ¢|s, is a unital contraction. By the above proposition, ¢|s,

is positive. So ¢ is selfadjoint.

To show that ¢ is positive, by GNS, we may assume that B = B(H). Fix
x € H with ||z]| = 1. Set f(a) = (¢(a)x, x) from M 4+ M* to C. It is enough to
show that f is positive. Define fla) = (¢(a)z,z) from M to C. Since || f|| =1,
by the Hahn-Banach Theorem f extends to a map f; to M + M?* satisfying
|f1l = 1. So fi must be positive by Lemma [3.13] This means that for any a,b
in M, fi(la+b*)=fi(a)+ f1(b)* = fla)+ f(b)*= f(a+b*). That is, f; = f and so

f is positive. m



Chapter 4

Completely Positive Maps

In Chapter 3 we introduced operator systems and positive operators. Recall that
an operator system is a selfadjoint subspace of a unital C*-algebra that contains
the unit of the C*-algebra and a positive map is a linear operator defined from
an operator system to a C*-algebra, which maps positive elements to positive
elements. In this chapter we will consider completely positive and completely

bounded maps.

As we saw in Chapter 2, by M,,(A) we denote the set of all n x n matrices with
entries from the unital C*-algebra A. By GNS we know that A is isomorphic *-
isometric to a concrete C*-algebra, that is, A can be thought as a C*-subalgebra
of a B(H). By using this fact we obtained the unique norm of the C*-algebra
M,(A) by a quite natural map to B(H™).

Let A be a unital C*-algebra and S be an operator system in .A. By M,,(S) we
mean the subset of M, (A) with entries only from S. It is easy to see that M, (S)
is an operator system in M, (A). The norm on M, (S) is taken from M, (A) and,
as usually, an element of M, (S) is called positive or selfadjoint if it is positive or
selfadjoint in M, (.A).

Let A and B be unital C*-algebras and let S be an operator system in A. If

26
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¢ : S — B is a linear map then for any positive integer n we define

On : Mn(S) — My (B) by ¢n(la]) = [¢(ai;)]-

It is easy to see that ¢, is also linear for all n. ¢ is called n-positive if ¢, is
positive and called completely positive if ¢ is n-positive for all n. We define the
complete bound of ¢ by ||¢||s = sup,, ||¢n] and ¢ is called completely bounded if
this supremum is finite. Similarly, ¢ is called n-contractive if ¢, is contractive.
The following proposition shows that if ¢ is n-positive, that is, if ¢,, is positive
then ¢ = ¢, ..., ¢,_1 are all positive and if ¢ is n-contractive then ¢4, ..., ¢, 1 are

all contractive.

Proposition 4.1. Let A and B be unital C*-algebras and let S be an operator
system in A. If ¢ : S — B is a linear map then:

(1) Nénll < [@nsall for all n.
(2) |lonll < nl|@| for all n.
(3> If ¢, 1s positive then ¢y, ¢o,...,0n—1 are all positive.

Proof. Consider the following subspaces of M,,(S) defined for k > 1 by

a1 A1k 0 0
0 0
ME Sy = 1| ™ Uk e M, (S)}.
(&) =A{ 0 0 0 (S)}
0 - 0 0 - 0|

It is easy to see that M" (S) and Mj(S) are isometric #-isomorphic. So (1) and

(3) come from this identification. To see (2), recall that we showed in Section 2.1
masy gl < fas]ll < (S lag )2, so

(D Nolas)]?)

[¢n ([ai]) | = [ [#(ai)] | <
ij=1
< N8I Nlas 1)
ij=1
< [Iglln maxjai;|| < nllglH[ai]ll
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If ¢ is positive then this does not imply that ¢ is completely positive. Indeed
the following example shows that there exists a positive map which is not 2-

positive.

Example 4.2. Define ¢ : My — My by A — A", the transpose of A. Recall
that an element [‘; g] of M, is positive if and only if a,d > 0, b = ¢ and its
determinant is nonnegative by Remark [2.2] So clearly ¢ is positive. But ¢, :
My (My) — My (M) is not positive. We have My(Ms) = M, with a very natural

identification namely removing the additional brackets. So

Ell E12
E21 E22

_ o O =

0 0
00
0 0
0 0

_ o O =

is positive since it is selfadjoint and the spectrum is {0, 1} but

¢2< )_

is not positive since its spectrum contains —1. So ¢ is not 2-positive.

Ell E12
E21 E22

_ o O O

0
0
1
0

o O O =
o O = O

The above example also shows that even if we allow the operator system to be
whole C*-algebra then this still does not imply that a positive map is 2-positive.
In Proposition [4.1| we have an estimation ||¢,| < n||¢||. In the following example
we see that this estimation is sharp for all n. Of course, this is also an example

of a bounded map which is not completely bounded.

Example 4.3. Let ‘H be an infinite dimensional separable Hilbert space with
orthonormal basis {e,}7°,. Define J : H — H by J(D>_ ane,) =Y ane,. Clearly
J is conjugate linear and J? = I. J also satisfies | Jz| = ||z| and (Jz,y) =
(z, Jy) for all z and y in H. We claim that for any T in B(H), JT'J is also in
B(H) such that ||T'|| = ||JTJ|| and T" > 0 if and only if JT'J > 0. Let x = ) ae

and y = " Bue, in H and « in C. Write 7 = Y ane, and j = 3. B,e,. Then

JTJ(ax +y)=JT(az +79) = J(aTz +Ty) = aJTZ + JTy = «JTJx + JT Jy.
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For any z in H,

[JTJ z|| = | T 2| < [|T|[[|Jz]| = [|T]|[|]-
So |[|JTJ|| < ||T'||. This also means that

||l = |77 = [T (JTT)J|| < [|[JT ]|
and consequently ||T|| = ||JTJ||. Finally if 7" > 0 then

(JTJx,x) = (TJx,Jzr) >0 forallz € H

and so JT'J is positive. Similarly, if JT'J > 0 then J(JTJ)J > 0, that is, T is

positive.

Define ¢ : B(H) — B(H) by ¢(T) = JT*J. Since T' > 0 implies T' = T* > 0,
¢ is positive and also ||¢|| = 1 by the above part. Now we will show ||¢,| = n
for all n. We know that [|¢,|| < n||¢|| = n by Proposition [4.1] so it is enough to
show ||¢,|| > n. Consider E;; € B(H) defined on the basis by Ejje; = e; and 0
elsewhere. It is easy to show Ez*j =J E;‘jJ = Ej; and B E,s = 0, E;5. Recall that

la|| = |laa*||*/? in a C*-algebra. So
x11/2
Ell e Enl Ell Tt Enl Ell e Enl

= |[diag(Ey1 + -+ + Enn)||'?
= (||E11+"'+Enn”>1/2:1

in M,,(B(H)). But its image under ¢,, has norm n. Indeed,
I on (L)) | = llo(EI T = [ 1Bl ]
= || [B)[Ey)" 1V
= || nEg] 1" = V|l [y 2.

The equality of third and last terms implies || [E};] || = n and so by the equality
of first and third terms ||¢,([Ej])|| = n. This shows that ||¢,|| > n.



CHAPTER 4. COMPLETELY POSITIVE MAPS 30

Sometimes, in order to obtain more general results we define the linear map
from a subspace and extend it to the smallest operator system that contains the
subspace. So some of the above definitions can be extended for subspaces. If M
is a subspace of A then M, (M), the subset of M, (A) with entries from M, is
also a subspace of M, (A). If B is a C*-algebra and ¢ : M — B is linear then we
define

Pn : Mp(M) — My (B) by ¢n([ais]) = [d(as;)]-

Similarly, ¢ is called completely bounded if ||¢||la = sup, ||¢n|| < oo and n-
contractive if ||¢,|| < 1. By a similar argument in the proof of Proposition
[4.1] one can show that {||¢,|} is an increasing sequence such that [|¢,|| < n||¢].
But in this case we do not have a notion of positivity because M and M, (M)
may not be operator systems. However, we should remark that if M is a subspace
of A containing the unit of A then S = M + M* is an operator system in A.
Moreover, M, (S) = M, (M) + M,(M)*.

Lemma 4.4. Let A be a C*-algebra with unit 1 and let a,b € A. Then

> 0.

1
a'a < b+
CL*

1
> 0. Particularly, ||a]] <1 <= [
a

Proof. By GNS we may assume that A is a concrete C*-algebra in B(H). Let
[ L ¢] be positive. Then for any z € H,

<[ . b] [_ax]’[_ax]>20:»<<b—a*a>x7x>20:b—a*a20-

Conversely, if b — a*a > 0 then [, %,] > 0. Also [§a]"[8¢] = [+ 4] > 0.

So their sum must be positive. The second part now follows from the first part
and the fact that ||a|| < 1 iff a*a < 1. O

Proposition 4.5. Let S be an operator system and let B be a unital C*-algebra.

If ¢ : S — B is unital and 2-positive then ¢ is a contraction.

Proof. Let a € S with ||a|| < 1. Then

X
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So ||¢(a)|| < 1 by the previous lemma. O

Proposition 4.6 (Schwarz inequality for 2-positive maps). Let S be an
operator system and let B be a unital C*-algebra. If ¢ : S — B is unital and
2-positive then ¢(a)*¢(a) < ¢(a*a) for all a in S.

Proof. Since [} 8}* [§¢] =1L .%] = 0and ¢ is unital 2-positive,

(22Dl 2l
o aa bla) ola%a)
So ¢(a)*¢(a) < ¢(a*a) by Lemma [4.4] O

Proposition 4.7. Let A and B be unital C*-algebras and let M be a subspace
of A with 1 € M. If ¢ : M — B is unital and 2-contractive then the map
b : M+ M =8 — B defined by ¢pla +b*) = ¢(a) + ¢(b)* is 2-positive and

contractive.

Proof. Both ¢ and ¢, are unital contractions. So both ¢ and ¢, are positive by
Proposition [3.14] Clearly (¢)s = ¢ since My(S) = My(M) + My(M)*. So ¢ is

2-positive. Since it is also unital, ¢ is contractive by Proposition |4.5] O

Proposition 4.8. Let A and B be unital C*-algebras and let M be a subspace of
A with 1 € M. If ¢ : M — B is unital and completely contractive then the map
b: M+ M* =8 — B defined by ¢(a+b*) = ¢p(a) + ¢(b)* is completely positive

and completely contractive.

Proof. Since ¢, is unital and 2-contractive, ¢, is 2-positive and contractive, par-

ticularly it is positive, by Proposition . Clearly (&)n = én, so we are done. []
The following proposition states that a completely positive map must be com-
pletely bounded. In its proof we need the following

Lemma 4.9. If [ }] is positive then |ja|| < ||p]|.
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Proof. If p = 0 then necessarily a = 0, indeed [2 ¢] +[43] = [La] > 0, so
a*a <0, that is, a = 0 by Lemma [£.4] Let p # 0. Firstly notice that p must be

selfadjoint. So [|p|| - 1 — p is positive. This means that [IPI1=7 0] is also positive

hence their sum [/PI! 2] > 0. If we multiply this vector by 1/||p[| and apply
Lemma [1.4] then we obtain a*a < ||p||p and so |a| < ||p]|. O

Lemma 4.10. Let A and B be unital C*-algebras and let S be an operator system
in A. If ¢ + S — B is a completely positive map then ¢ is completely bounded

with ¢V = [|o[l = [|#l]c-

Proof. Clearly [[¢(1)]| < [|¢]] < [|¢]lep- So it is enough to show [|p[le < [|o(1)]]
Let A = [a;j] be in M,(S) with ||A|| < 1. And let I be the unit of M, (S). By
Lemma [£.4] we know [ L. 4] is positive in My(M,(S)) = Ma,(S). So

o ( 1A ) _[ e e ],
AT on(A)* dn(I)
Hence by the above discussion ||¢,(A)|| < ||on(I)]] = ||¢(1)]]. O

By an operator space we mean a subspace of a C*-algebra. It may not contain
the unit of the C*-algebra.

Proposition 4.11. Let S be an operator space and let f : S — C be a bounded
linear functional. Then ||f||w = || f||. Moreover, if S is an operator system and

f s positive then f is completely positive.

Proof. It is enough to show | f,|| < ||f|| for all n. Fix [a;;] in M,(S). Let

x=(x1,....,2,)" and y = (y1, ..., Yn)". Then
B ‘f < aijxjyi) ‘
j

< LAy el

[(fullailz, y))| =

Z flaij)z;yi

g AT Y

ij

< Il
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To see the last inequality notice that ) a;;z;4; appears in the 11-entry of the

following product

nl - gl

0 o ay - ap, il 0 - 0
Upi - G z,1 0 -+ 0

0O --- 0

and clearly the norms of the first and third matrices are ||z|| and ||y||.

Now let S be an operator system and let f be positive. Fix [a;;] > 0in M, (S).
We must show (f,([a;;]z, x)) = f (O a;jx;z;) > 0. Notice that the above matrix
multiplication in M, (S) is positive when x = y. Since ) a;;x,;%; appears as its

11-entry > a;x;7; > 0 and, since f is positive we are done. O

The above proposition is valid whenever the range is a commutative unital
C*-algebra. Remind that such a C*-algebra has a special shape, they are of the
form C'(X) for some compact Hausdorft space X. And also remind that if [f;;]
is in M,,(C(X)) then ||[fi;]|| = sup{|| fi;(z)|| : © € X} and [fi;] > 0 if and only if
[fij(x)] > 0in M, for all z in X by Example and Remark [2.4]

Proposition 4.12. Let S be an operator space and let f : S — C(X) be a
bounded linear map. Then ||f||e = ||fl|. Moreover, if S is an operator system

and f is positive then f is completely positive.

Proof. Let x € X and set ¢ : & — C by ¢*(a) = ¢(a)(z). Clearly ||¢”] < ||¢]|
and so ||¢Z|| < ||¢|| for all n by the previous proposition. This means that
19n(lasDll = Wgta)lll = sup [[lp(as) (@)l
= sup [[[¢"(ai)]l

zeX
= sup [|¢n([ai)I < [[ag]llsup [|¢5 ]| < llai;]llol-
rzeX reX

To see the second part, notice that positivity of ¢ implies that ¢* is positive
for all x in X. So by the previous proposition ¢* is completely positive. By a

similar argument as before the result follows. m
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Now we will see that if the domain is commutative then positivity implies

complete positivity. In the proof of the following theorem we need the following.
Remark 4.13. If [a;;] is positive in M,, and p is positive in a C*-algebra B then
la;;p] is positive in M, (B).

Proof. Let [b] = [ai;]"/?. Then [by;p*/?][bijp*/?]* = [ai;p)- O

Theorem 4.14 (Stinespring). Let B be a unital C*-algebra. If ¢ : C(X) — B

15 positive then ¢ is completely positive.

Proof. Let [f;;] be positive in M, (C(X)). We must show that ¢, ([f;;]) is positive.
We first claim that given € > 0 there exists an open covering Uy, ..., U, of X and
A, ..y A in X with \; € U; such that

| fij(x) = fi;(Ap)]| < eforall x € Uy and forall k=1,...m 4,j=1,...,n.
This is easy to see if we consider [fi;] : X — M, by x — [fi;(z)].

Let p1, ..., pm be a partition of unity subordinate to {U;}. Then

‘: S p@)Fa@)] = 3 e ()]

1

H [Fi@)] = o) [fi(0)]

—_

= Zpk flj [fz]()‘k)] )H

k=
m
Z |pk(x)|ne = ne.

k=1

IA

From this we deduce the following

Pn (Z[fij@\k)%]) = [fii(M)o(po)] + - + [fij(Am)d(pm)] = 0

k=1

< ne.

fzg Z fzg /\k pk
k=1

Also we have



CHAPTER 4. COMPLETELY POSITIVE MAPS 35

since each term on the right hand side is positive by the previous remark. Hence

6u((a]) = (3 Wspd) | <l H[fw S O]
k k=1
pos‘igive

< [l ne < [lglln%e.
N——

<nll¢|l

We know that the set of all positive elements constitute a closed set so we are
done. 0



Chapter 5

Stinespring Representation

Stinespring’s Dilation Theorem is one of the main theorem that characterizes the
completely positive maps in terms of unital x-homomorphisms. In Section 2 we
will apply this result to obtain some other dilation theorems in various areas. We

also have Naimark’s dilation theorem for groups and some of its applications.

Let KC be a Hilbert space and H be a Hilbert subspace of K. If U is in B(K)
then PyUly, where Py is the projection onto H, is in B(H). Set T' = PyU|x.
Then U is said to be a dilation of T and T is said to be compression of U. Cer-
tainly, any 7" € B(H) has many dilations in B(K'). For example it can be shown
that a contraction has an isometric dilation and a isometry has a unitary dila-
tion. A constructive proof for these can be found in [4]. Combining these results
we obtain the Sz.-Nagy Dilation Theorem which states that a contraction has a
unitary dilation. In section 2 we will prove this by using Stinespring’s Dilation

Theorem.

36
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5.1 Stinespring’s Dilation Theorem

Theorem 5.1. Let A be a unital C*-algebra and let H be a Hilbert space. If
¢ A— B(H) is completely positive then there exists a Hilbert space KC, a unital

x-homomorphism m : A — B(K), and a bounded linear operator V : H — K with
le()[| = IVII*, such that

o(a) =V*r(a)V for all a € A.

Proof. Consider the vector space A ® H. Define the sesquilinear form [-;-] on
A ® H by
a®z,b®y = (600, abe A nyeH.

and extend it linearly, where (-, )4 is the inner product on H.

Since ¢ is completely positive it follows that [-,-] is positive semidefinite.
Indeed for any n > 1, aq,...,a, € A and 1, ..., z, € H we have

n n
E a; & Zj, E a; @ T4
j=1 i=1

n

= > (9la} )y,

ij=1

= <¢n([a§aj]) S N > > 0.

Tp Tn ()

Positive semidefinite sesquilinear forms satisfy the Cauchy-Schwarz inequality,

hence
N={ue AQH : [u,u] =0} ={ue AQH : [u,v]=0Vv e ARH}
is a subspace of A ® H. This means that
(u+N,v+N) = [u,v]

is an inner product on the quotient space A® H/N . Let K be the completion of
this space to a Hilbert space.
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For any element a in A, define 7(a) : A@ H — A® H by

7(a) (Z a; ® xl> = Z(aai) ® x;.

Linearity of 7(a) is clear. w(a) also satisfies the following inequality
[m(a)u, m(a)u] < ||a||*[u,u] for all u € A® H. (5.1)
To see this, observe that a*b*ba < ||b]|?a*a in any C*-algebra. It follows that
(aia*aa;] < lallafa;)  (in Ma(A)).

Therefore,

[W(a) (Z a; ® afj) ,7(a) <Z a; ® mz)] = Z (p(aja”aas)x;, x4),,
HaH Z a;a;)x;, i)y,
= Ha“2 [Zaj Qz;, Zai ®xz} .

The inequality (5.1) shows that the null space of 7(a) contains N and, conse-

IN

quently, 7(a) can be viewed as a linear operator on A® H /N, which we will still
denote by 7(a). Again by the inequality (5.1) it is easy to see that the quotient
linear operator m(a) is bounded, actually ||7(a)|| < |la||. Therefore it extents to

a bounded linear operator on K and we will denote it again by 7 (a).

Let us define 7 : A — B(K) by a — 7(a). It is easy to verify that 7 is a

unital x-homomorphism.

Also, define V: H — K by Vo =1®x + N. Clearly V is linear and we have

Val* = 1@z, 1 @) = (d(Lz,2)n = ($(1)z,2)x
= ((1)!%2, ¢(1) )2
lo(1) 22, = e X,

so [V = [lo(1)"1* = [le(1)]]-
Finally

(Vim(a)Va, y)n = (n(a)1 @ 2,1 @ y)x = (d(a), y)n

for all z and y in H and hence V*7(a)V = ¢(a), which completes the proof. [
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Several remarks have to be made.

Remark 5.2. If 7 : A — B(K) is a unital x-homomorphism and V' € B(H, K)
then the map ¢ : A — B(H) defined by ¢(a) = V*r(a)V is completely positive.

So Stinespring’s Dilation Theorem characterizes the completely positive maps.

Remark 5.3. When ¢ is unital we may assume that K contains H as a sub-
Hilbert space. Indeed,

I=¢(1)=Va()V =V*V

implies that V is an isometry. So, instead of K = V(H)®V (H)* we may consider
K'=H® V(H)*. Thus we have

¢(a) = Pym(a)|y for all a € A.

In other words, any completely positive unital map is a compression of a unital

x-homomorphism.

Remark 5.4. When A and H are separable then we may assume that IC is
separable. Similarly, when A and H are finite dimensional then I may be taken

finite dimensional.

Definition 5.5. The triple (7, V, K) obtained in the Stinespring’s Dilation The-

orem is called a Stinespring representation for ¢. If
T(A)VH ={n(a)Vz:a € Aand x € H}

has dense span in K then the triple (m,V,K) is called a minimal Stinespring

representation for ¢.

Remark 5.6. Given a Stinespring representation (7, V,K) for ¢ : A — B(H),
it is possible to make it minimal. Let IC; be the closed linear span of w(A)V'H
in IC. Since 7 is unital, V'H lies in Ky so we may assume that V : H — ;.
Also 7(a)(Ky) lies in K; for all a € A since 7 is multiplicative and continuous.
So m : A — B(K;) defined by 7 (a) = 7(a)|x, is well defined and still a unital
s-homomorphism. It is easy to see that (m,V,K;) is a minimal Stinespring

representation for ¢.
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The following proposition shows that minimal Stinespring representations are

unique up to unitary equivalence.

Proposition 5.7. Let A be a unital C*-algebra and let ¢ : A — B(H) be com-
pletely positive. If (w1, V1, K1) and (mwa, Vo, KCo) are two minimal Stinespring rep-
resentations for ¢, then there exists a unitary operator U : Ky — Ko such that
UVy =V, and Umy (1) U* = .

Proof. We know that spanm; (A)Vi’H and spanms(A)VoH are dense in K and /Ca,

respectively. First define

U : spanm (A)ViH — spanmy(A)VoH by Y mi(a)Vis — > mo(a;) Vaw;.

The following calculation shows that U is an isometry (which also implies that U
is well-defined):

Clearly U is onto. We may extend it linearly from K; to Ky, and the extension

2
= Y (Vymi(aja))Viz;, =)

i3

= Z(Gﬁl(@?aj)xjaxi) = ‘

]

Zﬂ-l<ai)‘/1xi

2

ZWQ(CLZ')VQ%‘

is still an onto isometry, and so a unitary operator. The remaining part of the

proof just follows from the definition of U. n

5.2 Applications of Stinespring Representation

5.2.1 Unitary dilation of a contraction

Theorem 5.8 (Sz.-Nagy’s Dilation Theorem). Let T € B(H) with ||T|| < 1.
Then there exists a Hilbert space K containing 'H as a Hilbert subspace and a

unitary operator U € B(K) such that {UH : k € Z} has dense span in K and

T" = PyU"| 1y for all nonnegative integers n.
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Moreover, if (K',U’) is another pair satisfying the above properties, then there
exists a unitary operator V : K — K' such that Vh = h for all h € H and
Vv =U".

Proof. By Theorem 3.9 ¢ : C(T) — B(H) defined by p + g +— p(T) + ¢(T)* is
positive. So by Theorem ¢ is completely positive. Let (7, V, K) be minimal a
Stinespring representation for ¢. Since ¢ is unital, by Remark [5.3] we may assume
that K contains H as a Hilbert subspace and V' is the imbedding H — K so

¢(f) = Pum(f)ly for all f e C(T).

Set U = m(z), where z is the coordinate function. Since 7 is a unital *-homo-

morphism, U is unitary and we have
T" = ¢(2") = Pur(2")|n = Pur(2)" | = PU" | for all n > 0.

The minimality condition of (7, V, K) means that span of 7#(C(T))VH is dense in
K. Equivalently, span of {r(2*)VH : k € Z} is dense in K. Since VH = ‘H and
m(2%) = U*, we obtain that {U"H : k € Z} has dense span in K.

Let (K',U’) be another pair satisfying the properties in the theorem. Set
m'(p+ q) = p(U") 4+ q(U")* for the polynomials p,q € C(T) into B(K'). It is easy
to show that 7’ is a unital *-homomorphism (so it must be bounded since it is

positive). Hence 7" extends to a unital x-homomorphism on C(T). Notice that

o(p+q) =p(T)+q(T)" = Pu(pU") + q(U")*) |1y = Prr’ (p + Q.

So, necessarily, ¢(f) = Pyn'(f)|y for all f € C(T). This means that (7', V', K’),
where V' is the imbedding of H into K’, is a Stinespring representation for ¢.
Moreover, the condition {U*H : k € Z} ensures that it is minimal. Now the
result follows from Proposition [5.7] which states that the minimal Stinespring

representations are unitarily equivalent. O

5.2.2 Spectral Sets

In this part we have an application of the Stinespring representation to spectral

sets. We first recall some definitions.
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Let X be a compact subset of C. Let R(X) be the subalgebra of C(X)

containing the rational functions, that is,
R(X)={fX—>C: f= P for some polynomials p, ¢ and ¢(z) #0Vz € X}.
q

Note that the above representation of a function f € R(X) may not be unique,
for example if X = {A} then 0/1 and z — A\/1 are the same functions in R(X).

Let T'€ B(H) with o(T) € X. We may define the homomorphism

p: R(X)— B(H) by p(p/q) = p(T)q(T)~".

However this definition may not be correct since the representation by polyno-
mials may not be unique. As an example if o(7) = {A\} and X = {\} then p
is well defined if and only if 7= AI. When X is infinite compact set then p is
well-defined, indeed if p/q = r/s on X then ps = ¢gr on X and so on the complex
plane. Hence we obtain p(T)q(T)™! = r(T)s(T)~'. When X is a finite set, say
X ={A1, ..., \n}, then p is well defined if and only if (T"— A1) -...- (T'— A\, 1) = 0.
Note that ||p|| > 1 since it is unital. When ||p||=1 X is called a spectral set for
T, and when p satisfies ||p|| < K, then X is said to be a K-spectral set for T.

We can consider R(X) as a subalgebra of C'(0X) since the maximum modulus

principle implies that the norms of a rational function on X and on 9.X are same.

Let T € B(H) and assume that o(7) lies in a compact set X. T is said to
have a normal 0X -dilation if there exists a Hilbert space K containing H as a
subspace and a normal operator N in B(K) with o(N) C 90X, such that

T(T) = PHT(N)|H

for any rational function r in R(X). N is called a minimal normal 0X -dilation
for T when {r(N)H : r € R(X)} has dense span in . When T has a normal
0X-dilation, X must be necessarily a spectral set for T since

Ir (T < lIr(N)I| = sup [r(z)] < sup |r(z)] = |||
z€o(N) 2€0X

However, the converse is not correct. That is, there exists T" and a spectral set

X for T', but T has no normal dilation with spectrum contained in 0.X, cf. [5].
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Let § = R(X) 4+ R(X). Then § is an operator system in C(0X). R(X) is
called a Dirichlet algebra on 0X if S is dense in C(0X).

Theorem 5.9 (Berger-Foias-Lebow). Let X be a spectral set for T such that
R(X) is a Dirichlet algebra on 0X. Then T has a minimal normal 0X -dilation.
Furthermore, two minimal normal 0X -dilations are unitarily equivalent in such

a way that the unitary map leaves invariant H.

Proof. Since p: R(X) — B(H) defined by p(r) = r(T') is a unital contraction, it
extends to a positive map pto S = R(X) + W We are given that S is dense
in C'(0X) so p extends to a positive map on C'(0X). This extension is completely
positive by Theorem [4.14] The rest of the proof is similar to the proof of the
previous theorem. The only difference is that if (I, V,7) is minimal Stinespring

representation for p then 7(z) = N is a normal dilation of T O

Sz.-Nagy’s Dilation Theorem is a very special case of the theorem above. In
fact, when ||T'|| < 1 then the closed unit disc is a spectral set for T" and it is a

Dirichlet algebra on T.

5.2.3 B(H)-valued measures

Another application of the Stinespring Representation Theorem deals with oper-

ator valued measures on a compact set X. We first give some related definitions.

Let X be a compact Hausdorff space and let B be the o-algebra of Borel sets
of X, that is, B is the smallest o-algebra containing all open subsets of X. A
map E : B — B(H) is called a B(H)-valued measure if E is weakly countably
additive, that is, for any disjoint sequence {B;} in B with union B

o0

(E(B)z,y) = Y (E(B)z,y) for all 2,y € H.

1=1

The B(H)-valued measure F is called bounded if sup{||E(B)|| : B € B} < co. We
put ||E|| for this supremum. Note that if we fix  and y in H then E, ,: B — C
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defined by
Ery(B) = (E(B)z,y)

is a complex measure. £ is said to be reqular if I, , is regular for all z,y € H.

Remark 5.10. There is a bijective correspondence between regular bounded
B(H)-valued measures and bounded linear maps ¢ : C(X) — B(H). Indeed,
let E be a regular bounded B(H)-valued measure. Fix f € C(X). Define the

sequi-linear form [-,-] on H by

0.0 = [ 1.,

It is easy to show that |-, -] is bounded, in fact,

|z yll < (IACECOz, )] < IATIE 2] yl-

So by Riesz Representation Theorem there exists unique Ty € B(H) such that

(Tyey) = [2,4] = / fdE,, (5.2)

Let ¢ : C(X) — B(H) be defined by f +— T}. It is easy to show ¢ is linear
and bounded.

Conversely, let a bounded linear map ¢ : C(X) — B(H) be given. Fix z and
y in ‘H. The map

fe(o(fzy)  fel(X)
is in the dual space of C'(X). So by Riesz-Markov Theorem there is a complex

valued finite Borel measure 1, , such that

(o(f)z,y) = /fdux,y for all f e C(X).

For any B € B, define a sequi-linear form [-,:] on ‘H by [z,y] = ps4(B). By a
similar argument above, there exists unique F(B) € B(H) such that

(E(B)z,y) = [2,y] = tay(B). (5.3)

It is easy to check that E : B — B(H) given by B — F(B) is a regular bounded

B(H)-valued measure.
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To sum up, the following equation gives this correspondence

(O(f)z,y) = / FA(EC)z.y.

We also remark that the above correspondence (5.2) and (5.3) are inverse one to

each other.

Definition 5.11. A regular bounded B(H)-valued measure F is said to be
(i) spectral it E(M N N) = E(M)E(N);
(ii) positive if E(M) > 0;
(iii) selfadjoint it E(M)* = E(M);

for all M, N € B.

Note that (i) and (iii) together imply (ii), since E(M)?* = E(M) = E(M)*
means that F(M) > 0 for all M.

The following proposition shows the connection between this kind of measures

and the linear map obtained by them.

Proposition 5.12. Let E be a bounded regular 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;
(i) ¢ is positive if and only if E is positive;
(iii) ¢ is selfadjoint if and only if E is selfadjoint;

(iv) ¢ is a x-homomorphism if and only if E is selfadjoint and spectral.

Proof. We first remark that if M is a Borel set, then (E(M N-)z,y) is a measure

such that for any measurable function g,
[ g = [gaEnrney) (5.4
M

(i) (<) Let E be spectral. It is enough to show that for any simple function ¢
and g € C(X),

/ g d(E()z,y) = / o dLE()6(g)z.y). (5.5)
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Indeed, if the equality holds for simple functions then it holds for any continuous
function f and we have (¢(fg)x,y) = (6(f)od(g)x, y), that is, ¢ is multiplicative.

Showing equation (5.5) is equivalent to show

[ aatBO) = [ dBCoe)0).

M

for any Borel set M. But the right hand side is (E(M)¢(g)z,y) and, by (5.4),
the left hand side is

/ g d(E(M 0 )z, y) = / g d(E()z, E(M)Yy) = (6(g)z, E(M)*y).

(=) Let ¢ be multiplicative. Fix z,y in H and N, M € B. For any continuous

function g,
(EN N M)z,y) — (E(N)E(M)z,y)|

V(B (), y) — (E(N)E(M)a. y>'

I
o

< | [ B - [ gt +
= | [ o~ By

[ oo - <E<N>E<M>x,y>\

~

+

[ atweiotory) - <E<N>E<M>x,y>\
= | 6 = 9EC.)| + [E@)6l0)2.3) — (B E)z,)

= /N(prg)d@(-)fv,w + [{¢(g)x, E(N)"y) — (E(M)z, E(N)"y)|

~

- /N(XM — g)d(E()z,y +'/gd<E(-)fff’E(N)*y>—/XMd<E(')1‘7E(N)*y>’

= | [ o = tE0m| + | [to - e B

So we can choose a continuous function g such that the last sum is arbitrarily

small.

(ii)(«=) Let E be positive. Then (E(-)z, x) is a positive measure. This means
that for any f > 0,
[ FatEo =0
since f can be approximated by simple functions having nonnegative real coeffi-

cients. So (¢(f)x,x) > 0, equivalently ¢ is positive.
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(=) Let ¢ be positive. Fix M € B. For any f € C'(X) and = € H,
(6(D.2) = EODe = | [ £ B0~ [ 00
< / 1 = xur | dI(EC), 7).

It is possible to make the last integral arbitrarily small by a choice of a continuous

function f. But since ||[Reft — x|l < |If — x| and [{E(:)z,z)| is a positive
measure, we may also assume f > 0. So (E(M)z,z) > 0, equivalently E is

positive.

(iii) If p is a bounded regular measure then fi is also a bounded regular measure

and for any measurable function f we have

Wz/fdﬂ-

It is easy to see that (y, E(-)x) is also a measure such that (E(-)z,y) = (y, E()z)
for all x,y. This means that

((6(f) = o(f))z,y) = (o(f )z, y) — (o(f

—/fd N, y) /fd )y, @
- /fd(E(-)x,y>—/fd<E

— /f d((E()z,y) — (z, E(")y)).

From here it follows that ¢ is selfadjoint if and only if F is selfadjoint.

(iv) By (i) and (iii). O

The following theorem states that a positive measure has selfadjoint spectral

dilation. We give a proof based on Stinespring Dilation Theorem.

Theorem 5.13 (Naimark). Let E be a positive B(H)-valued measure on X.
Then there exists a Hilbert space K, a bounded linear operator V : H — IC and a
selfadjoint spectral B(K)-valued measure F' on X such that

E(B) =V*F(B)V for every Borel set B.
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Proof. Let ¢ : C(X) — B(H) be the linear map corresponding to E. ¢ is
positive by the previous proposition and so ¢ is completely positive by Theorem
.14 Let (m, V,K) be a Stinespring representation for ¢. So 7 : C(X) — B(K)
is a unital *-homomorphism and V' € B(H,K) such that ¢(f) = V*r(f)V for
all f € C(X). Let F be the B(H)-valued measure corresponding to 7. By the
previous proposition F' is regular selfadjoint and spectral. It is clear now that F

has the desired property. O]

5.2.4 Completely positive maps between complex matri-

ces

If ¢ : M,, — M is completely positive then ¢ has a special shape, more precisely,
p(A) = Vi"AVy + - - - + VAV for some n x k matrices Vi, ..., Vj with j < nk. We

will prove this result by use of the Stinespring Representation Theorem.

Lemma 5.14. Let 7 : M, — B(K) be a unital x-homomorphism. Then there
exists a Hilbert space 'H such that

K=ZH&- - -&H (n copies)

and m : M, — B(K) = M,(B(H)) satisfies m(E;;) = Eij foralli;j =1,..,n
where E;; and Eij are the standard matriz units for M,, and M,(B(H)), respec-
tively.

Proof. Set H; = n(E;)K for i =1,...,n. Then K =H; & - & H,, as direct sum
of Hilbert spaces. (Indeed, it is easy to see that L = Hy +--- +H,, and H; L H;

for i # j and consequently the sum is direct and all subspaces are complete.)

We claim that H;, ..., H,, are isometric isomorphic. Since the range of w(Ej;)
lies in H;, Uj; = w(Eji)|n, is well-defined as an operator from H; to H;. We
claim that Uj; is an isometric isomorphism with U ];1 = U,; for all ¢, 5. Linearity
is clear. Since 7(E;;)K lies in H; and Uj;w(E;;)x = w(Ej;)z, Uj; is surjective. Uy

preserves inner-product and so it is one-to-one. A typical element of H,; is of the



CHAPTER 5. STINESPRING REPRESENTATION 49

form 7(E;;)z. So

(Ujim(E)x, Uim(Ei)y) = (n(Eji)z, 7(Ejy) y) = (7(Ei)x, y) = (7(Eiy)x, 7(Eqy)y)
m(Eij)*

where the last equality follows from 7 (E;;) = m(E;)n(Ey;) = m(Ey;)*n(Ey;). Fi-
nally, it is easy to see that Uﬁl = Uj:

(m(Ei)z, m(Ei)y) = (n(Ei)r,y) = (7(Ey Eji)a,y) = (w(Eji)z, 7(E5)y).

We can represent any operator on C = H; @& - - - & H,, by an n X n matrix with
operator entries. It is easy to see that m(F;;) corresponds to the matrix where

ij™" entry is U;; and 0 elsewhere. Since
K=Hi®&Hs® - OH,=H1 PUsH:1 D - - BU H1i =H,1 D B Hy,

7(E;;), as an operator on the last summand, corresponds to EZ] O

When K is finite dimensional we can say more.

Lemma 5.15. Let K be a finite dimensional Hilbert space and w : M, — B(K)

be a unital x-homomorphism. Then

K=Cte---aC" (r= - copies)

andm: M, - B(K)=ZB(C'"® . ---®C") = M, (B(C")) = M,.(M,) satisfies

4 0 ... 0|
0 A

m(A) =
0 .. . A

Proof. By the above lemma L = C" @ ---® C" (n copies) such that
m:M,— BK)ZBC @ ---&C") = M,(B(C") = M,(M,)

satisfies
0,11[ s aln[
m(lag)) =1 + . |,

amd - appd
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where I is identity in C". So if we apply the canonical shuffle between M, (M,,)
and M, (M,) (Section 2.3 ) then we obtain the desired result. O

Theorem 5.16. Let ¢ : M,, — M be completely positive. Then there exists at

most nk linear maps V; : CF — C" such that

G(A) = V7AV; for all A€ M,.

Proof. We are given that ¢ : M, — M, = B(C*) is completely positive. Let
(¢, V,K) be Stinespring representation for ¢. By the proof of Theorem we
know that dimK < dim(M, ® C*¥) = n%k. Since 7 : M,, — B(K) is a unital

x-homomorphism, by the above lemma, we can write
K=2C'@---@C" (r copies)

with r < nk such that = : M,, - B(K) =2 B(C"® ---® C") 2 M,.(B(C")) =
M,.(M,) satisfies

(4 0 - 0]
0 A

P(A) =
0 A

V:Cl - K=2C"® - --®C" can be represented as a column operator matrix
Vi
V;

for some V; : Ck — C". And so V* = [V}, ..., V*]. Therefore

: Vi ,
0 A :
P(A) = Vir(A)V = [V, ., V]| _ L =D A
: B i=1
Vi
0 A
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5.3 Naimark’s Dilation Theorem

Let G be a group and ¢ : G — B(H) be amap. ¢ is said to be completely positive
definite if for any finite number of elements gy, ..., g, of G the matrix [(b(g[ ! gj)} is
a positive operator in M,,(B(H)). If G is a topological group then ¢ : G — B(H)

is called weakly continuous if
(p(gr)x,y) — (Pp(g)z,y) for all nets gy, — g in G for all z,y in H.
Similarly ¢ is called strongly continuous if
lo(gxn)x — &(g)z|| — 0 for all net gy — ¢ in G for all z,y in H.
and x-strongly continuous if ¢ is strongly continuous and
llo(gxn)*z — ¢(g)*x|| — O for all net gy — ¢g in G and = in H.

Theorem 5.17. Let 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 unitary representation p : G — B(H) such
that

¢(g) =V'p(g)V forall g € G.

In particular, ¢ is x-strongly continuous.

Proof. Let F(G,H) be the vector space of finitely supported functions from G to
H. Define a sesquilinear form [-,-] on F(G,H) by

[f1, fo] = Z <¢9 q ) fi(g f2( )>

g9,9'€G

By a very similar argument used in the proof of Stinespring’s Dilation Theorem
[-,-] is positive definite and so N = {f : [f, f] = 0} is a subspace of F(G,H).
Hence

(=4 N4 AT
is an inner product on the quotient space F(G,H)/N. Let K be the completion

of this space.
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Define V' : H — K as follows. First, consider V : H — F(G,H) defined by

Vx as the function
r g=e
Vx(g) =

(9) { 0 ge
where e is the unit of G. Clearly V is linear. We can define V from H to
F(G,H)/N by x — Vz 4+ N. V is still linear and it is easy to show ||V <
|p(e)|[*/2. And finally we may assume V : H — K, since F(G,H)/N is contained
in K.

Let L, be the left translation on F(G,H) by g, that is, L,f is the function
satisfying L,f(¢') = f(g7'¢’). Since the null space of L, is contained in N, we
may assume L, is defined on F(G, H)/N via f+N — L,f+N. It can be shown
that the quotient operator satisfies ||L,|| < 1 so we may extend it linearly on I,
which we will still denote by L,. We have that L, = I and Ly, = LyLj,. Define

p:G— B(K); plg) =L,

Clearly p is a unitary representation. Indeed, p(g)* = p(g~!). We must show
that ¢(g) = V*p(g)V for all g in G. Fix g € G then for all z,y in H,

(Vop(g)Va,y)n = (p(g)Vx,Vy)x = (L Vx, Vy)
= Z (¢p(a™"b)LyVa(b), V:U(a)>H

a,beG

= Z <¢ ) Vﬂ:‘( )>H

a,beG

= (9(9)7, y)n-

To show that ¢ is x-strongly continuous, it is enough to show that p is *-

strongly continuous, since

lp(gr)x — é(g)ll < [lp(gr) (V) — plg) (V)| [V,

and
[o(gn)"z — ¢(g) || < llp(gr)" (V) — p(g)" (V)| [V

We know that if a unitary net converges weakly to a unitary operator then

it converges *-strongly. So we must show that p is weakly continuous. Since
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F(G,H)/N is dense in K it is enough to show that p is weakly continuous on
F(G,H)/N. Let gy, — ¢ in G, then f1, f» € F(G,H)/N we have

(g2 f1, f2) = Z<¢(G_lb)P(9/\)f1(b)7f2(a)>H

a,beG

= Y (ela” DAY, h@),

a,beG

= Y (6la gy ") f1(0), fola)),,

a,beG
The sum is finite and ¢ is weakly continuous. So the net converges to
> (#la'gh) fi(0), fola))y, = (p(9)fr, o).
a,beG

]

Remark 5.18. When ¢(e) = I in Theorem we may also assume that IC
contains H as a subspace and V' turns out to be an imbedding. Indeed, this holds

because V*V = ¢(e) So in this case we can write

(g) = Pup(g)ly  forall g € G.

The triple (p, V, K) is called a Naimark representation for ¢. It is said to be
a minimal Naimark representation when p(G)V (H) has dense span in K. Given
a Naimark representation (p,V,K), it is possible to make it minimal as we did
for Stinespring representation. In the following proposition we show that two

minimal Naimark representations are unitarily equivalent.

Proposition 5.19. Let (p1, V1, K1) and (p2, Vo, K2) be two minimal Naimark rep-
resentations for ¢ : G — H. Then there exists a unitary U : Ky — Ko such that
UV = Vs and Up,(-)U* = ps.

Proof. The proof is similar to the proof of Proposition [5.7 If we define
U = spanpy (G)Vi(H) — spanps(G)Va by Y pi(gi)Vi(he) = > pa(gi)Va(hi)

then U is well-defined and a surjective isometry. So it can be extended to a
unitary map from K; to Ko. The required equalities are satisfied since they are
satisfied on dense subsets of Ky and KCs. O
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A map ¢ : G — B(H) is said to be positive definite if for every finite number

of elements ¢y, ..., g, in G and aq, ..., a,, in C, the operator

n
> dia; (g gs)
ij=1
is positive. It is easy to show that a completely positive definite map is positive

definite.

Remark 5.20. We note that if ¢ : G — B(H) is positive definite and = € 'H
then the map ¢, : G — C defined by ¢,(g) = (¢(g)z, z) is completely positive

definite. Indeed, if g1, ..., g, in G and aq, ..., o, in C are given then

<[¢x<gz_lgj)} > = Z ¢x(gi_lgj)aj Q;

i,j=1
Qn Qn

n

= D (69" g)x, x)ay a;

1,j=1

= <( > aia; ¢(g{19j))x,w> :

1,j=1

As an application of Naimark’s Dilation Theorem we consider the special case
G = Z"™. Notice that any mapping from Z" to B(H) is weakly continuous since
Z™ has discrete topology. We will show that there is a bijective correspondence
between (completely) positive definite maps from Z" to B(H) and (completely)
positive maps defined from C(T") to B(H).

Let Z™ be the group defined as Cartesian product of n copies of Z and let
T" = {(a1, ..., ) : a; € T}. For J = (ji, ..., jn) € Z", we define 27 : T" — C by
(a1, ..., ) = o' - adn . Tt is easy to see that 27 € C(T") for all J € Z" and we

J K _ L J+K

have (27)* = 277/ and 2 z

Lemma 5.21. There is a one to one correspondence between unital -
homomorphisms m : C(T") — B(H) and (unital) unitary representations p :
Z" — B(H) determined by w(z7) = p(J).
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Proof. Let m : C(T™) — B(H) be a unital *-homomorphism. Define p : T" —
B(H) by p(J) = m(27). Then clearly p is unital and for any J in Z",

n(z)m(z77) = ¢(1) = L.

)
—~
<
~—

s
—~
<
~—
*

I

N
—~

I
<
~—

|
—~

N
<
~—
*

I

Similarly p(J)*p(J) = I, so p is unitary. Finally it is easy to show p(J + K) =
p(J)p(K). Thus, p is a unitary representation.

Conversely, let p : T" — B(H) be a (unital) unitary representation. By the
Stone-Weierstrass Theorem the subalgebra span{z” : J € Z"} is dense in C(T").
We define 7 :span{z” : J € Z"} — B(H) by

m(ayz™ + - 4 apz’™) = arp(Jy) + -+ aip(Jy).

Clearly the domain of 7 is selfadjoint. It is easy to show that ¢ is unital *-
homomorphism. So it extends to a unital x-homomorphism on C(T") and we
have 7(27) = p(J). O

Let 'H be a Hilbert space. A function v : H — C is said to be bounded
quadratic if it satisfies y(ax) = |a|*y(x) and y(z +y) +v(z —y) = 2(y(z) +7(y))
and there exists a constant M such that |y(z)| < M||z||* for all z,y € H and
aecC.

In the proof of the following proposition we will use:

Lemma 5.22. Let v : H — C be bounded quadratic. Then there exists unique
T € B(H) such that y(x) = (Tx,z). Conversely, for anyT € B(H), x +— (Tz,x)

18 bounded quadratic.

Proof. Define [-,-] : H x H — C by

[z, y] = %(v(w +y) = () = () —iv(x —iy) +iv(z) +iv(y)).

It is not difficult to show that [-,-] is a sesquilinear form on H. So there exists
T € B(H) such that (Tx,y) = [z,y]. This means that (Tx,z) = vy(z) for all =
(put y = z in above equality). Uniquenes of 7" and the converse implication of

the claim are easy to show. O]
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Proposition 5.23. Let ¢ : Z" — B(H) be a (completely) positive definite map.
Then there exists a unique (completely) positive map ¢ : C(T") — B(H) satisfy-
ing (z7) = ¢(J). Conversely, let 1 : C(T") — B(H) be a (completely) positive
map. Then ¢ : Z" — B(H) defined by ¢(J) = 1(27) is a (completely) positive
definite map.

Proof. Let ¢ : Z" — B(H) be completely positive definite. Let (p,V,K) be a
Naimark representation for ¢. So p : Z" — B(K) is a unitary representation.
Let m: C(T") — B(K) be the unital *-homomorphism satisfying 7(2”) = p(J).
Set ¢ : C(T") — B(H) by ¥(f) = V*n(f)V. Then ¢ is completely positive by
Remark and it satisfies ¢(z7) = V*r(27)V = V*p(J)V = ¢(J). Uniqueness

of v is easy to see.
The proof of the converse for the completely positive is similar.

Let ¢ : Z" — B(H) be positive definite. If we fix z € H then ¢, : Z" — C
is completely positive definite. By the above part there exists unique completely
positive map v, : C(T") — C such that 1,(z7) = ¢,(J) for all J € Z". Let S =
{27 :J € Z"}. We claim that for all f € S, v : H — C defined by ¢ (x) = 1,.(f)
is a bounded quadratic form. Indeed, if we write f = a;2”* + - -+ + azz’* then

Vf(x) = wr(f) = ¢x(alzJ1 + - akzjk) = alpm<<]1) + 4+ akpr(Jk)
= ((ap(1) + -+ +app(Jp))z, ).
So there exists unique Ty € B(H) such that (Trx,x) = v¢(z). It is easy to show

¥ : S — B(H) is linear. We also claim that v is positive (S is an operator system
in C(T™)). If f > 0 and x € H then

((f)z, x) = (Tyz,x) = y5(x) = ¢ (f) 2 0.
1) also satisfies
W)z, ) = 9o (27) = ¢2(J) = ($(J)z, 7)

for all z € H. So ¥(2”7) = ¢(J) for all J € Z™. The positive extension of 1) on
C(T™) is the desired map.

The proof for the converse of positive case follows from Theorem [4.14] n
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Corollary 5.24. Let ¢ : Z" — B(H) be a map. Then ¢ is positive definite if and
only if it is completely positive definite.

Proof. 1t is enough to show (=). Let ¢ : C(T") — B(H) be the positive map
satisfying 1(z7) = ¢(J). By Theorem 1 is completely positive. This means
that ¢ is completely positive definite. O
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