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Abstract

Stinespring’s representation theorem is a fundamental theorem in the theory of com-
pletely positive maps. It is a structure theorem for completely positive maps from a
(C*—algebra into the C*—algebra of bounded operators on a Hilbert space. This theo-
rem provides a representation for completely positive maps, showing that they are simple
modifications of *—homomorphisms. One may consider it as a natural generalization of
the well-known Gelfand-Naimark-Segal thoerem for states on C*—algebras. Recently, a
theorem which looks like Stinesprings theorem was presented by Mohammad B. Asadi
in for a class of unital maps on Hilbert C*—modules. This result can also be proved by
removing a technical condition of Asadis theorem. The assumption of unitality on maps
under consideration can also be remove. This result looks even more like Stinesprings
theorem.
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Chapter 1

Basics of Banach algebras

1.1 Banach Algebras

In this section, we will provide the basic information about Banach algebras and of
spectral theory. The most important of these are the non-emptiness of the spectrum,
Beurling’s spectral radius formula and the Gelfand reprsentation theory. Thoroughout
this thesis, the field for all vector spaces and algebras is the complex field C.

Definition 1 (Algebra). Let A be a non-empty set. Then, A is said to be an algebra, if
1. (A, +,) is a vector space over the field F.
2. (A, +, %) is a ring, and
3. (a-a)xsb=a-(axb) =ax(a-b)Va € F,Va,b e A.
we will write ab instead of a * b and aa in place of « - a.

Definition 2. An algebra A is said to be commutative, if the ring (A, +, %) is commuta-
tive.

Definition 3. An Algebra A is said to be unital, if (A, +,*) has a unit. Let A be unital
algebra and a € A. If there exist b € A such that ab = ba = 1, then b is called inverse

of a.

Remark 1. The unit element in an algebra is unique, denoted by 1. Also, if a € A has

an inverse, then it is unique, denoted by a™".

Definition 4. Let A be an algebra and B C A. Then B is said to be a subalgebra of A,
if B itself is an algebra with respect to the operations of A.

Definition 5 (Normed Algebra). If A is an algebra and || - || is a norm on A satisfying
|labl] < [lalll[b]], for all a,b € A,

then ||-|| is called an algebra norm and (A, ||-||) is called a normed algebra. A complete
normed algebra is called a Banach algebra.

11



12 CHAPTER 1. BASICS OF BANACH ALGEBRAS

Remark 2. In a normed algebra A, if (a,,) C A, (b,,) C A such that a,, — a,and b, — b
then a,b — b, ba,, — ba and a,b, — ab as n — oo. Thus, multiplication is left, right
and jointly continuous.

Proof. 1t can be proved using the norm condition on algebra. ]
Remark 3. Assume ||1|| = 1.

Now, let us see, some examples of algebras, Banach algebras, subalgebras and unital
commutative Banach algebras.

Example 1 (Function Algebras). In these examples we consider algebras of functions.

1. Let A = C. Then with respect to the usual addition, multiplication of complex
numbers and the modulus, A is a commutative, unital Banach algebra.

2. Let A = C(K), where K is compact Hausdorff space. For f,g € C(K), define
(f +9)(x) == fx) + g(x)

(af) (@) == af ()
fo(x) = f(x)g(x)
[ flloo := sup{|f(t)] : t € K}.

Then A is commutative unital Banach algebra with unit f(x) = 1, forall x € K.

3. Let S # 0 and B(S) ={f : S — C: fis bounded}. Then, B(S) is a commutative
unital Banach algebra with unit f(x) = 1, forall v € K.

4. Let ) be a locally compact Hausdorff space and A = Cy(Q2) :={f € C(Q) : fis
bounded}. Then A is unital commutative Banach algebra with unit f = 1.

5. Let Q be a locally compact Hausdorff space and A = Cy(2) := {f € C(Q) : f
vanishes at co}. Then A is a commutative Banach algebra and A is unital iff Q) is
compact.

6. Let Q) be a locally compact Hausdorff space and A = C.(Q2) == {f € C(Q) : f
has compact support}. Then A is commutative normed algebra but not Banach
algebra and it is unital iff Q) is compact.

7. Let X = [0,1]. Then C'[0,1] C C[0,1] is an algebra but (C"[0,1], || - ||o0) is not
complete. Now define,

1A= 11flloo + [1flloos f € C'[0,1].

Then (C'[0,1], || - ||) is a commutative unital Banach algebra with unit f(z) = 1,
forall x € K.

8 LetD := {2z € C: |z| < 1}. Consider, A(D) := {f € C(D) : flp is analytic}.
Then A(D) is a closed subalgebra of C(D). Hence it is a commutative, unital
Banach algebra, known as the Disc algebra.



1.1. BANACH ALGEBRAS 13

Example 2 (Operator Algebras). Here we consider algebras whose elements are opera-
tors on a Banach space. In this case the multiplication is the composition of operators.

1.

Let A = M,(C),(n > 2) with matrix addition, matrix multiplication and Frobe-
nius norm defined by

1Al =

is a non-commutative unital Banach algebra.

Let X be a Banach space, then B(X), the space of all bounded linear opeartors with
composition of operators as multiplication and with respect to the opeartor norm,
B(X) is non-commutative unital Banach algebra with identiy operator being the
unit in B(X).

Let X be Banach space and K(X) :={T € B(X) : T is compact}. Then K(X)
is a closed subalgebra of B(X). Hence, K(X) is non-commutative Banach alge-
bra and it is unital iff dim(X') < oo.

Recall that T € B(X) is compact iff T(B) is compact for every bounded subset B
of X.

Let A = M, (C). Define

14l = max ;|

is a norm on M, (C) but not an algebra norm.

Let A = M5(C) and B := { {i ﬂ tx € C}. Then A is a unital non-commutative

Banach algebra with unit = [(1) (1]] while B is non-commutatice unital Banach

o 12712
sub-algebra of A with unit = {1/2 1/2} .

Definition 6. Let I C A. Then I is called an ideal (two sided) if

1.

I is a subspace of A over F.

2. I is anideal in the ring A.

An Ideal 1 is said to be maximal, if I # {0} and I # A and J is any ideal of A such that
I C J, then either J =1 or J = A.

Remark 4. Every ideal is a subalgebra but a subalgebra need not be an ideal.
Let A := {(a;;) € M,(C) : a;; = 0,1 # j}. A is not an ideal of M,,(C), but it is
subalgebra.

Example 3. [. Let H be a complex Hilbert space, then K(H) is closed ideal of

B(H).
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2. Let K be a compact, Hausdorff space and F' be a closed subset of K. Then
Ir ={feCK): flr=0}
is a closed ideal.

3. M, (C) has no ideal, for all n € N.

Throughout we assume that A to be a complex unital Banach algebra. Now, we
discuss the definition of Multiplicative group and its properties.

Definition 7. Let G(A) := {a € A : a is invertible in A}. Since, 1 € G(A), so G(A) #
0 and 0 ¢ G(A), hence the set G(A) is a multiplicative group.

Exampled4. [. Let A = C(K), where K is compact Hausdorff space. Then G(A) =
{feC(K): f(t) # 0 foreacht e K}.

2. Let A = M,(C). Then G(A) = {A € M,(C) : det(A) # 0}.

Recall that if z € C such that ||z|| < 1, then (1 — z) is invertible and (1 — 2)~! =
> o2 o 2™ This result can be generalized to the elements of Banach algebra.

Lemma 1. If a € Awith ||a|| < 1. Then

l-a€GA) and (1 —a) ' = ia".

n=0

Furthermore,

1
1A —a) ] < :
1= fal]

This inequality is called Neumann’s Inequality.

Proof. We can prove that this series )~ a” is convergent using the result that the
absolute conevrgence implies convergence of the series iff the space is complete. Let
y =y~ a,. The sequence of partial sums criteria and the result for ||a|| < 1, a” — 0,
as n — oo implies

(1-a)y=1=y(1—a).
Hence,1 —a € G(A) and (1 —a)~' =>"77  a™. Also,

N N oo
1
— -1 = ] n < i "= "= .

10—l = 1 i, Sl < i Sl =3l = = O
Corollary 1. 1. Let A be unital Banach algebra and a € A. Let A € C\{0} such that

lal| <[], then

o A"
M —a€G(A), and A1 —a) ' = Z R
n=0
Furthermore,

1

11— @) < o=
A= Tlall
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2. Let a € A such that ||1 — a|| < 1, then

o0

a€G(A) anda' = Z(l —a)".

n=0
Proposition 1. The set G(.A) is open in A.
Proof. Leta € G(A) and B == {b € A |la — b]| < 5} Now,

— _ _ 1
11— a0l < fla™"[].|la — bl < [|a 1||'||a—1|| =1
Thus, a='b € G(A). Hence, b = a.a™'b € G(A). ]
Proposition 2. The map a — a~! is continuous on G(A).
Proof. Let (a,) C G(A) such that a, — a € G(A).
lla, —a™ M| = lla, " (a — an)a™ ]| < lla, ' [].]|a — ax|-[la”"]].
Corollary [1} implies ||a;;*|| < M. Hence, a;' — a~!asn — oo. O

Definition 8 (Topological Group). A topological group G is a topological space and
group such that the group operations of product:

GxG—G:(z,y)—~xy

and taking inverses

G—-G:x—ax!

are continuous functions.

Remark 5. As the maps (a,b) — ab from G(A) x G(A) into G(A) and a — a™!
from G(A) into G(A) are continuous, hence we can conclude that G(A) is a topological

group.

In this section we define the concept of spectrum and resolvent of an element in a
Banach algebra.

Definition 9. Ler A be a unital Banach algebra and a € A. The resolvent p(a) of a
with respect to A is defined by

pala) ={AeC:(A\1—-a)eG(A)}.
The spectrum o 4(a) of a with respect to A is defined by o 4(a) = C\o 4(a). That is
oala):={AeC:(a—A1) ¢ G(A)}.

Example5. 1. Let f € C(K) for some compact Hausdorff space K. Then o(f) =
range(f).

2. Let A € M,(C). Then o(A) = {\ € C: \is an eigenvalue of A}.
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Now, we will show spectrum of an element in a Banach algebra is non-empty.
Theorem 1. Let A be unital Banach algebra and a € A. Then o(a) # 0.
Proof. Leta € A.

1. If a ¢ G(A), then 0 € o(a). Hence, o(a) # ¢

2. Suppose, a € G(A) and o(a) = (). Hence, p(a) = C. Let, ¢ € A*and f : C(=
p(a)) — C defined by

FO) =o((a—A1)7).

We can show that f is entire and bounded and |f()\)| — 0 as |A\| — oo. Then, by
Liouville theorem, f = 0. That is, ¢((a — X\.1)7!)) = 0,V ¢ € A*. Hence, by
Hahn Banach theorem, (¢ — A\.1)~! = 0, a contradiction. O

Remark 6. 1. If A\ € C such that |\| > ||al|, then (a — X\.1) € G(A). Hence o(a) C
{z € C: |z|] <||a||}. Hence o(a) is bounded subset of C.
o(a) is closed, since the map f : C — A given by f(\) = (a — A.1) is continuous

and p(a) = fH(G(A)).
2. Let p € A* and a € A. Define g : p(a) — C by
g(\) = ¢((A1—a)™h).
Then g is analytic in p(a).

Theorem 2 (Gelfand-Mazur Theorem). Every Banach division algebra A is isometri-
cally isomorphic to C.

Proof. If a € A, then o(a) # (). Let A € o(a). Thus, \.1 —a ¢ G(A) and A\{0} =
G(A). Hence, \.1 —a = 0i.e. A.1 = a. Define f : C — Aby f(\) = \.1. Then, f is
isometrically isomorphism. ]

Proposition 3. Let A be a unital Banach algebra and a,b € A. Then 1 — ab €
G(A) <= 1—ba € G(A).

Proof. Let (1—ab) € G(A). Letc = 14+b(1—ab) 'a, then c(1—ba) = 1 = (1-ba)c. [

Corollary 2. Let A be a unital Banach algebra and a,b € A. Then o(ab)\{0} =
o(ba)\{0}.

Definition 10 (Spectral Radius). Let A be a unital Banach algebra and a € A. Then the
spectral radius of a is defined by r(a) := sup{|\| : A € o(a)}.

From Remark|6] it follows that 0 < r(a) < ||a].

Example 6. 1. Let A= C(K)and f € A. Thenr(f) =sup{|\| : A € range(f)} =
[ 1o

2. LetT € B(H) be normal. Then r(T) = sup{|\| : A € o(T)} = ||T|].
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01 . Since A is nilpotent, 0(A) = {0} and hence

3. Let A = M,(C). Let A = 0 O]

r(A) = 0. But || A|| = 1.

4. Let A= C'[0,1] and f € A. Define || f|| = || flloo + | ||oo- Let g : [0,1] — C be
the inclusion map. Then r(g) = 1 and ||g|| = 2. -

Proposition 4. Let A be a unital Banach algebra and a € A.Then,

1. Ifa € G(A), theno(a ') ={\"t: A€ a(a)}.
2.0a+1)={A+1:Xeo(a)}.

3. 0(a®) = (c(a))> ={N?: A€ o(a)}.

4. r(a™) = (r(a))*,Vn € N.

5. If p is a polynomial with complex coefficients, then o(p(a)) = p(c(a)) = {p(A) :
A€ o(a)}.

6. r(ab) = r(ba), where b € A.

Theorem 3 (Gelfand spectral radius formula: Beurling’s proof). Let A be a complex
unital Banach algebra and a € A. Then r(a) = lim ||a”||%.
n—o0

Proof. Let A € o(a). Then A" € o(a"). Then, |\"| < r(a™) < ||a™||. This implies,
IA| < ||a”||*. Hence, r(a) < liminf |[a”||7. Let A := {A € C : |\| < T(la)}. Suppose,
A€ A.Thenl— Xa € G(A).

Suppose ¢ € A*. Define, f : A — Cby f(A) = ¢((1 — Xa)™'). Then f is analytic
in A and hence f has Maclaurian series expansion, f(\) = Y~ a,\". For |A\| <
al|~! < (r(a))™!, (1 — Xa) € G(A). This implies, (1 — Xa)~* = > 72  A"a". Thus,
FO) = X5 dlam)a.

On comparing, o, = ¢(a™), for all n > 0. Hence the sequence (¢(a™\")) converging
to 0, for each A € A, therefore it is bounded and this is hold for all ¢ € A*, by the
uniform boundedness theorem A\"a" is a bounded sequence. Hence, there exist M > 0
such that |[A\"a™|| < M, for all n > 0, Therefore |[a”||= < M /|A|, for A\ # 0. This
implies

limsup||a”||% < 1/|A| < r(a).

Therefore, r(a) = lim ||a”||". O
n—o0

1.2 The Gelfand Map

Definition 11 (Multiplicative Functionals). Let A be a unital Banach algebra and ¢ €
A*, then ¢ is multiplicative functional, if ¢(ab) = ¢(a)p(b),Va,b € A.

If ¢ is non-zero, then ¢(1) = 1.
The set of all multiplicative functionals on 4 is denoted by M 4.
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Example7. [. Let A = C(K), where K is compact Hausdorff space. Let x € K.
Define, ¢, : A — C by ¢.(f) = f(x). Then ¢, is multiplicative. Infact, we can
show that all multiplicative linear functionals on C(K) are of this form only.

2. For A = M,(C), M4 = 0. Because, the trace is the only linear functional on
M,,(C). But this is not multiplicative. Hence A has no multiplicative linear func-
tional.

Proposition 5. Let ¢ € M 4. Then ||¢|| = 1.

Proof. Since ¢(1) = 1, ||¢|| > |¢(1)] = 1. Thus ||¢|| > 1. Suppose, ||¢|| > 1. Then
there exist a; € A with ||a,|| = 1 and |¢(a;)| > 1. Let a = a1 — ¢(ay). Then ¢(a;) =0
and || 75 || < 1. Thus, 1 — s € G(A), implies that a € G(A). Hence, ker ¢ contains
invertible elements, which is a contradiction. Thus ||¢|| = 1.

This shows, ¢ is continuous on A. O

Proposition 6. M 4 is compact and Hausdorff subset of A*.

Recall that if X is a Banach space and f : X — C be linear, then f € X* if and only
if ker(f) is closed . In this case, X/ ker(f) = C. We have a similar kind of result for
multiplicative functionals on a Banach algebra.

Proposition 7. Let A be unital commutative Banach algebra. Then, there is a one-one
correspondence between M 4 and the maximal ideals of A.

Remark 7. If A is non commutative, then M 4 may be trivial. For example A =
M, (C),n > 2 has no non trivial ideals and hence no multiplicative functionals on it.
But if the Banach algebra is commutative, then it has non trivial maximal ideals and
hence non zero multiplicative functionals.

Now, the following theorem characterizes all the multiplicative functionals on com-
plex Banach algebras.

Theorem 4 (Gleason-Kahane-Zelazko Theorem). Let A be unital Banach algebra and
¢ € A*. Then p € M4 iff p(1) =1, and ¢(a) # 0 forall a € G(A).

Definition 12 (Gelfand Map). Let A be unital Banach algebra. Then, I' : A — C(M4)
defined by, I'(a)(¢) = ¢(a), for all € A'is called Gelfand map.

Now, we discuss the properties of Gelfand map.

Proposition 8. Let I" be the Gelfand map defined on a unital commutative Banach alge-
bra A. Then

1. T'is linear.
2. T'is multiplicative.
3. I'is bounded and ||T'|| = sup{||T'al| : a € A, ||a|| <1} < 1.

4. T(1) =1.
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5. I' maps invertible elements of A into the invertible elements of C(M 4).
6. T preserves spectrum, i.e. o(a) = o(T'a). And r(a) = ||T'al|-

Theorem 5 (Spectral Mapping Theorem). Let A be a unital Banach algebra, © € A. If
f(2) is analytic in a neighbourhood of D, then

o(f(x)) = flo(x)) = {f(N) : A € ()}
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Chapter 2
C*-Algebras

This chapter begins with the study of C*-algebras. As Hilbert spaces has rich struc-
ture compared with general Banach spaces, the same is true for the C*-algebras as com-
pared with Banach algebras. The main results of this chapter are the Gelfand-Naimark
Representation Theorem for Commutative C*-algebras and Gelfand-Naimark-Segal Rep-
resentation Theorem for non-commutative C*-algebras.

2.1 (*-algebras

Definition 13 (x-algebra). A complex algebra A together with involution operation * :
A — A maps a — a*, forms an *-algebra, if

I1. (a+b)*=a"4+0b"Vabe A

2. (aa)* =a@a*,YVaeC,ac A
3. (ab)* =b*a*,V a,b € A.
4. (a*)* =a,Va€ A

The element a* is called the adjoint of a.

Definition 14 (C*-Algebra). Let A be a *x algebra which is also a normed algebra. If
norm on A satifies C*-condition:

la*al| = [|al|*,V a € A,
then it is called C*-norm. If with C*—norm A is complete, then A is called C*-Algebra.

Definition 15 (C*-subalgebra). A closed subalgebra of a C*-algbera which is closed
under involution is called C*-subalgebra.

Properties 1. Let A be a C*-algebra, then

1. xis an isometry, i.e. |z*|| = ||z||, for all x € A.

Proof. Forevery x € A, ||z||* = ||zz*|| < ||z||.||z*||. This implies, ||z|| < ||z*|].
Replace = by x*, we get ||z*|| < ||z|| and hence ||z|| = ||=*]. O

21
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2. 1" =1, where 1 is the multiplicative unit in A.

Proof. Forevery z € A, 1*z = (2*1)* = (2*)* = z, and 21* = (12*)* = (2*)*
x. But uniqueness of the unit in an algebra implies 1* = 1.

LIl

r € GA) iff v* € G(A) and (z*)~! = (z71)*.

Proof. Let z € G(A). Then z*(z™1)* = (z7'2)* = 1* = 1 and (z7!)*z* = 1.
This implies, z* € G(A) and (z*)~! = (z7H)*.
Similarly, we can show that if x* is invertible, then z is invertible. ]

o(z*) =o(x) = {\: X €a(x)}, and r(z*) = r(z).

Proof. Let A € o(x). Then \.1 —z ¢ G(A). From (3),\.1 — 2" = A1 —z%) ¢
G(A). Hence, A € o(z*) and o(x) C o(z*). Similarly, we can prove that o(x*) C
o(z).
Finally, we have r(z*) = sup{|\| : A € o(z*)} = sup{|\| : X € o(x)}
r(x).

LIl

Example 8. /. Let A = C with 2* = Z is a C*—algebra.

2.

Let A = C(K), where K is compact Hausdorff space. Clearly, C(K) is commu-
tative unital Banach algebra w.r.t pointwise addition, multiplication and sup norm.

If we define f* = f, then C(K) is commutative C*-algebra. In fact, we will see
later that every commuattive C*-algebra is in this form only.

Let A = B(H) with the adjoint operation as an involution is a C*-algebra. Later,
we will see every C*-algebra can be thought as a C*-subalgebra of B(H).

A = C'0,1] with ||f|] = ||fllse + |If |lsc is Banach algebra. But it is not C*-
algebra w.r.t f*(z) = f(z). Because f(z) = z is not closed under involution.

Definition 16. Suppose A is a C*-algebra and x € A. Then,

1.

AN

x is self-adjoint if x* = x.

x is unitary if v*x = xva* = 1, or equivalently x* = x 7!,
x is normal if vx* = x*x.

x is positive if v = y*y for some y € A.

x is a projection if v* = v = x°.

Remark 8. [. Projection = positive = self-adjoint =—> normal.

2.
3.
4.

Unitary — Normal.
We write x > 0 iff x is positive.

Every unitary element is a unit vector.
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5. A subset of a C*-algebra is said to be self-adjoint if it contains all the adjoints of
its elements.

6. Every element in a C*-algebra can be uniquely written as a x| + v, where r1 =

* — * . .
T and xo = 2 5~ are self adjoint elements.

Theorem 6 (Spectral Radius Formula). If z is normal in C*-algebra A, then r(x) = ||z||.

Proof. First assume that x is self-adjoint i.e. x = z*. In this case,

2% = [Jzz*]| = ||z
Then by Induction, ||z2"|| = ||z||*", n € N. By the Spectral Radius formula, r(z) =
lim [|22" (|27 = |||
n—oo

Now, assume zx is normal. In this case,
r(@)? < [[all? = [Jaa”|| = r(za®) = lim ()"
< Tim (|| (@)= ||2"]|%) = r(@)r(x) = (r())”.
This implies r(z) = ||z||. O
Consequences:

1. In C*-algebra, the spectrum of a normal element contains at least one point on the
circle |z| = ||z||.

2. If x is normal and 2" = 0, then x = 0.

3. There is atmost one norm on the *-algebra which make it as a C"*-algebra.

Proof. Let || - ||; and || - ||2 be two norms on a *-algebra making it a C*-algebra.
Then

lalli* = [laa*||y = r(aa”) = sup{|A| : A € o(aa")} = [|aa”||> = |lall,"
Thus, ||al|; = ||al|2, forall a € A. Hence || - ||1 = || - ||2- O

Proposition 9. Suppose x is in C*-algebra A.
1. If x is unitary, then o(z) C {z € C| |z| = 1}.
2. If x is self-adjoint, then o(x) C R.
3. If x is projection and x # {0, 1}, then o(x) = {0, 1}.
Proof. 1. Since x is unitary, = is normal and r(x) = ||z|| = 1. Hence,
olz) c{A e C| I\ <1}

Now, o(z*) = o(z~ ) = {A1 € C| A€ a(x)} C {reC|[N>1}

Since, o(z*) = o(x), this implies that o(z) C {\ € C | |A| > 1}.
Hence o(z) C {\ € C| |\ =1}.
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2. Let x is self-adjoint and y = exp(ix). By the power series multiplication, yy* =
y*y = 1, so yis unitary. So, o(y) C {z € C | |z| = 1} and by the spectral mapping
theorem, o(y) = {exp(i\) : A € o(z)}. This clearly implies that o(x) C R.

3. Since, x is a projection, so x = z*, implies that o(z) C R.

Now, o(z — 2?) = {A—=A* : X € o(x)} and o(0) = 0, implies that o(z) =
{0,1}. O

2.2 Commutative C*-algebras

Let A be a C*-algebra. If A is commutative ring, then A is called commuatative C*-
algebra. For example, C'(K) is commuattive C*-algebra, where K is compact Hausdorff
space. In this section, we will show that every commutative C*-algebra is isometrically
isomorphic to C'(K') for some suitable compact Hausdorff space K. This result is called
the Gelfand Naimark Representation of Commutative C*-algebras.

Definition 17. Let A and B be two C*-algebras, then ® : A — B is called a C* —homomorphism,
if

1. ®(ax + By) = ad(z) + BO(x), forall z,y € Aand o, 3 € C.
2. ®(xy) = B(x)D(y), forall z,y € A.

3. ®(z*) = ®(x)*, forall z € A.

4. Iflq€ Aand 15 € B, then ®(14) = 15.

If @ is 1-1, then ® is a C*—isomorphism. Two C*—algebras are C*—isomorphic if there
exists a C*—isomorphism from one onto the other.

Remark 9. If © is a C*—homomorphism, then ker(®) is self-adjoint ideal in A and
®(A) is a C*-subalgebra of B.

Example 9. 1. Let A be a C*-algebra and u € A be unitary. Define, ® : A — A by
O (z) = uzu*. Then ® is C*-homorphism.

2. The Gelfand map is a C*-isomorphism.

3. Let A = B(H) and B = My(B(H)). Suppose (T;;)* = (T};), so B forms an
x-algebra. Define ® : A — B by

o= (3 )

Then ® is C*-homomorphism.

Proposition 10. Let A and B be two unital Banach algebras, ® : A — B be a homo-
morphism with ®(1 4) = 1. Then

1. a € G(A) implies (a) € G(B).
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2. If ® is an onto isomorphism, then the converse of (1) also holds.

Corollary 3. Let A and B be two unital C*-algebras and ® : A — B be C*-homorphism.
Then forall x € A,0(®(x)) C o(z) and ||P(z)|| < ||z|| (i.e. ® is a contraction).

Proof. Letx € Aand A € o(®(z)). Thatis A\.1z — ®(x) ¢ G(B), hence (A\.14—x) ¢
G(B). From Proposition 2.2.4, we have \.14 — = ¢ G(A). Hence A € o(x). Thus
o(®(z)) C o(z). Hence

|2|[* = [|za™]| = r(zz*) > r(®(z2")) = r((®(z) ®(x)) = ||®(z)* P(2)|| = ||(2)|.
Hence ||z|| > ||®(x)]]. O

Note 1. 1. Since,

|| < 1, therefore  is bounded, hence continuous.
2. ® is contractive.

3. If®: A — C, then ® is multiplicative functional and ||®|| = 1.

Corollary 4. Let & : A — B be an onto C*-isomorphism. Then o(®(z)) = o(x) and
|12(@)[] = []|, Ve A

Proof. This is because ® ! is also a C*-isomorphism. ]

In fact, we will prove later that this corollary also holds when @ is only a C*-
homorphism from A into B.

We shall now completely determine the commutative C*-algebras using the Gelfand
map. This result can be thought of as a preliminary form of the Spectral Theorem. It
allows us to construct the functional calculus, a very useful tool in the analysis of non-
commutative C*-algebras.

Theorem 7 (Stone-Weierstrass Theorem:Complex Version). Let K be a compact Haus-
dorff space and let A be a closed self-adjoint subalgebra of C' (K, C) which contains the
constant functions and separates the points of K. Then A = C(K).

Theorem 8 (Gelfand-Naimark Representation Theorem). Every commutative C*-algebra
is C*-isomorphic to C(K) for some compact Hausdorff space K. Specifically, for a
commutative C*-algebra A, the Gelfand transform is a C*-isomorphism from A onto

C(M.).

Proof. Let A be a commutative C*-algebra. As we know, for a commuative Banach
algebra A, M 4 # (), hence C(M 4) # {0}.

LetI' : A — C(My) by I'(a)(¢) = ¢(a) be the Gelfand transform. We know that
I" is an algebraic homomorphism. We need to show that I" is 1-1, onto and preserves the
involutions.

Let z € A, then x = x| + ix9, where 1 = (%) and 7o = (’”‘2“3) Clearly, x,
and z, are self-adjoint and z* = 1 — ixy. And, for k = 1,2; we have range(I'(zy)) =
o(I'(zx)) = o(zx) C R. Thus, I'(x;) and I'(x2) are real valued functions in C' (M 4).
Therefore, I'(z*) = T'(xy — ixg) = T'(21) — il'(22) = (21 +ixe) = (T'(2))*, so T
preserves the involutions.
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By the spectral radius formula for normal elements,
IT(@)[% = 1IT(@) T (@) ]|oc = [IT(z27)||oc = r(227) = ||z2"]] = [|2]|*,

implying I is an isometry, hence I is one-one and range(I'(x)) is closed subalgebra of
C(M).

Since, ['(14) = 1, C (M 4) contain constant functions. Let ¢1, ¢ € M 4 be such that
¢1 # ¢ i.e. there exist a € A such that ¢1(a) # ¢o(a). It means I'(a)(¢1) # T'(a)(p2).
Thus, there exist a non-zero continuous function I'(a) € C(M_4) such that it separates
¢1 and ¢ in M 4. So, by the Stone-Weierstrass theorem, I is onto. ]

So, this theorem says that the study of commutative C*-algebras is equivalent to the
study of their maximal ideal spaces. Hence the commutative C*-algebra theory is the
theory of commutative topology.

Proposition 11. Suppose B is a unital C*-subalgebra of a C*-algebra A. Let 1 4 = 15
and x € B. Then o 4(z) = op(x).

2.3 The Spectral Theorem and Applications

Let A be a C*-algebra and S C A. The C*-algebra generated by S, denoted by
A[S], is the smallest C*-subalgebra of A containing S. It is the intersection of all C*-
subalgebras of A containg S. In particular, A[z] is the C*-subalgebra generated by z, x*
and 1 and it is equal to span{p(x, x*)}, where p is a polynomial in two variables.

Proposition 12. 1. If x is normal in a C*-algebra A, then Alx] is commutative.

2. Lety € A. Then y € Alx] iff y can be approximated in norm by polynomials in x
and z*.

Proof. 1. Since, every element of .A[z] is linear combinations of polynomials in z, z*
and (z")* = (a*)", 2™ (z*)" = (*)"z™, for every m,n € N. So, we can easily
show that A[x] is commutative.

2. Follows by the definition of A[z].
[

Now we will prove the spectral theorem for a normal element in C*-algebra. It says
that the maximal ideal space of .A|x] is homeomorphic to o(x).

Theorem 9 (The Spectral Theorem). Let A be a C*-algebra and x € A be a normal
element. Then the maximal ideal space of A[x| is homeomorphic to o(x). Moreover, the
Gelfand transform I" on Alx| has the property that

L(p(z,27)) = p(2,Z)

for every polynomial p of two variables.
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Proof. Let M be the maximal ideal space of A[z| and I" : A[z] — C(M) be the Gelfand
transform. Since, x is normal, so A[z]| is commutative. Hence A[z] is isomorphic to
C(M), by the Gelfand-Naimark theorem.

Now define, & : M — o(x) by

() =T'(z)(p) = p().

Clearly, p(z) € o(z) because p(z) € range(I'(z)) = o(I'(z)) = o4 (z) = o(x), from
corolarry 2.2.7. And, we can see that ¢ is well-defined.

Let A € o(x) = range(I'(x)). Then there exist ¢ € M such that A = ¢(x) and
® () = A. Hence, @ is surjective.

Suppose, ®(¢1) = P(p2) or p1(z) = @o(x). We Claim that ¢; = ¢y in M. Since,
fork=1,2

pr(x™) = T(2") () = T(2) () = er(@) = (er(2))".

We have @1 (%) = @o(x*) and ¢ (p(x, 2*)) = wa(p(z, 2*)). This shows that ¢ = ¢, on
a dense subspace. So, ® is injective.

If o, — @ in M, then ¢, (y) — (y) for every y € Alz]. In particular, p,(z) —
o(x). Thus ®(p,) — P(¢) and P is continuous. Being a bijection continuous func-
tion from a compact Hausdorff space to another compact Hausdorff space, & must be a
homeomorphism.

Since, Alz] = C(M) 2 ¢(o(z)) by
nol(z) =Tzod®d !

where Tz o @1 : g(z) — C satisfies ' 0 ! (p(x)) = p(z). Thus no I'(x)(2) = 2 for
all z € o(x) and nol'(z*)(2) = Z. Since ol is C*-homomorphism, nol'(p(z, 2*))(z) =
p(z,%Z) for every polynomial p of two variables. O

Since, for a normal element, we can identify the maximal ideal space of A[z] with
o(x). Under the appropriate composition map, this identification the Gelfand transform
become

T Alz] — C(o(z))

is a surjective C*-isomorphism. This allows us to define f(z) for every function f €
C(o(z)).

Definition 18 (The Continuous Functional Calculus). Suppose x is normal in a C*-
algebra A. For every f € C(o(x)) we define

J@) =T

The mapping f — f(z) from C(o(x)) onto Alz| is called the continuous functional
calculus for x.

In the following theorem, we list some of the basic properties of the continuous func-
tional calculus.

Theorem 10. Suppose x is normal in a C*-algebra A. The continuous functional calcu-
lus for x has the following properties:
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1. f— f(z)is a C*-isomorphism from C(o(x)) onto Alz].

2. If f(2) = p(2,2), then f(x) = p(z,x*). In particular, if f(z) = z is the identity
function on o(x), we have f(x) = x.

Proof. Proof of (1) and (2) are trivial from the spectral theorem. O

3. o(f(x)) = f(o(x)), forall f € C(o(z)).
Proof. Since, I lis C*-isomorphism, therefore

o(f(x)) = a(f) = range(f) = f(o(z)).

4. If ® : Alz] — B is a C*-homomorphism, then

forall f € C(o(x)).

2.3.1 The continuous functional calculus

Now, we will derive some consequences of the spectral theorem and the continuous
functional calculus for the normal elements in a C*-algebra.

Theorem 11. Suppose x is normal in a C*-algebra A. Then

1. x is self-adjoint iff o(x) C R.

Proof. If x is self-adjoint, we already proved that o (z) C R. Conversly, let o(z) C
R and f(t) =t, forall t € o(z). Then the inverse image of f under the continuous

functional calculus is f(x) = x. Since, f is real-valued, therefore f(t) =t = f(t)
and it’s inverse image is f*(z) = «*. Therefore x = z*. O

2. wis unitary iff o(z) C OD.

Proof. We already proved that in first section that if z is unitary, then o(z) C JD.

Conversly, assume o () C dDand f(t) = t,forall t € o(x). This implies f(t) =7
and inverse image of f and f are f(x) = z and f*(x) = z* respectively. Since,

f()f(t) = tt = |t|> = 1, therfore, zz* = 1 and x*x = 1. Hence r is unitary. [
3. xis a projection iff o(x) C {0, 1}.

Proof. Forward implication, we proved in first section. Now assume o(z) C
{0,1}. Clearly, z = x* from (1). Now let f(t) = t, for all ¢ € o(x). This im-
plies f%(t) = t = f(t), so from continuous function calculus x> = z, hence z is
projection. [
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Example 10. Let A = B(H) and z € C. DefineT : H — H by Tx = zx, forallx € H.
Clearly, T*x = Zx,T is normal in B(H) and o(T) = {z}. Then

1. T is self-adjoint iff z € R.

2. T is unitary iff |z| = 1.

3. T is positive iff = € RT.

4. T is projection iff = € {0, 1}.

5. For z € C such that imaginary part of z # 0, then T is normal but not self-adjoint.

6. If z € R™, then T is self-adjoint but not positive.

As we know, for every positive real number, there exist a unique positive square root.
Similarly, in a C*-algebra A, positive element has unique positive square root in .A.

Theorem 12. Let A be a C*-algebra and x € A such that x > 0. There exists a unique
positive y € A such that > = x.

Proof. Since, x is positive, therefore o(x) C R*. Define, f(t) = v/, forall t € o(z). So,
it’s inverse image is f(x) = \/z = y (say,) and f?(t) = t. Therefore by the continuous
functional calculus, 3> = z and o(y) = {V/A: A € o(z)} € R*, implies y > 0.

To prove the uniqueness of ¥, let there exist positive 4, € A such that y? = .
We claim that y; = y. Let (p,,) be a sequence of polynolmials converging uniformly to
f(t) = v/tono(x). Let q,(t) = p,(t?). Since, o(y;) C RT and

o(x) =o(y}) ={t*  t € o(y)},
we have
lim g, () = lim p,(1*) = f(t*) = t,

n—00

for all ¢ € o(y;). By the continuous functional calculus,
. . . . 2 . . _ .
yr = lim g, (y1) = lim p,(y7) = lim po(z) = f(2) = y.
Therefore, y; = y. ]

The positive element y in the theorem above is called the positive square root of x
and will be denoted by \/z or z2. And, for every = € A, define || := v/z*z is called the
modulus of z. By the above theorem, it is clear that |z| > 0, for all z € A.

Theorem 13. Let A and B be two C*-algebras and ® : A — B be an injective C*-
homomorphism, then for all x € A, ||®(z)|| = ||z|| and o(P(x)) = o(z).

Proof. We first assume that © = z*. It is clear that o(®(z)) C o(z). Assume that the
inclusion is strict that is o(®(x)) C o(z). Then by the Urysohn’s lemma, there exist
non-zero f € C(o(x)) such that f(t) = 0, for all £ € o(®(x)). Then by the continuous
functional calculus, f(z) # 0 and ®(f(z)) = f(P(x)) = 0, a contradiction to the fact
that & is injective. Thus o(®(z)) = o(x) and r(x) = r(P(x)). By the spectral radius
formula for normal elements, ||z|| = r(z) = r(®(x)) = ||®(x)|| (since, P(x) is also
normal).

For general x, we have ||z||? = ||zz*|| = ||®(zz*)|| = [|®(2)]|?. O
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Above theorem shows that @ is an isometry, hence range(®) is closed. But, in the
case of C*-algebras, the image of any C*-homomorphism is always closed.

Theorem 14. Let A and B be two C*-algebras and ® : A — B be a C*-homomorphism,
then range(®) is closed in .

Proof. Lety € range(®) C B. Then there exist (z,,) C A such that ||®(x,) —y|| — 0
as n — 0o0. We claim that there exist x € A such that y = ®(x). By expressing y and z,,
in terms of their real and imaginary parts, we may as well assume that y and z,, are all
self-adjoint. Passing to a subsequence if necessary, we may assume that

1
19(@ns1) = Szl < 50 2 L.

1
> 5
1
2—n< t <

1
on)
t, L

1
— == t < — o

Define, f,(t) = o
1
n

57> fu(t) = t, for all

t € o(®(zpy1) — P(2,)). So, by the continuous functional calculus,

)
D(p11) — P(2n) = fu(@(zny1) — P(20))
= fn(q)(wnJrl - xn))
= (I)(fn(xn—i—l - xn))

Also by the continuous functional calculus,

Since ®(z,,41) — ®(z,) is self-adjoint and has norm less than -
)

[ n(anss = 2)ll = sup{lf )]+ ¢ € 0w =)} < 50

And,
) ) 1
n\Ln+l — Ln < — < .
Sl sl < Y- < 0

This shows that Y ° | f, (2,41 — x,) is absolutely convergent and since A is complete,
we have > | fn(z,41 — x,,) is convergent.
Let

=214 Y folTngr — ).
n=1

Then z € A and

O(z) = ®(21) + ) O(fulwnr1 — 2a))

n=1

= d(zy) + Z(‘I)(l’nH) — ()
= lim #(r,)

This completes the proof. O]
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Theorem 15 (Positive and Negative Parts of an Element). Suppose x is self-adjoint in a
C*-algebra A. Then there exist unique self-adjoint elements x* and x~ in A such that
1. x=a"—2".
2. jz|=at + 2.
3. o(zT),o(x”) C RT.
4. xtx =zt =0.
5. |Jz]] = max{{[|z ], ]2~ |[}.

Now we will show that a normal element in a C*-algebra is positive if and only if its
spectrum is contained on R*.

Theorem 16. Suppose x is normal in a C*-algebra A. Then z is positive if and only if
o(z) C RT.

2.4 States

Definition 19. Suppose A is a C*—algebra and ¢ € A*. Then
1. @ is Hermitian or self-adjoint, if for all z € A, ¢(z*) = ¢(x).
2. pis positive, if p(x) > 0, whenever x > 0.
3. @ is a state, if p is positive and p(1) = 1.

Proposition 13. Let ¢ be a linear functional on a C*-algebra A. Then ¢ is Hermitian iff
o(x) € R for every self-adjoint x € A..

Proof. 1If ¢ is Hermitian and = € A be self-adjoint, then ¢(z) = ¢(z*) = ¢(x). Thus
p(x) € R.

Conversly, let for all self-adjoint x € A, ¢(z) € R. Then p(z*) = @(x1 — ixe) =
o(x1) —ip(xs) = p(z). Here x1 and z, are self-adjoint, so (z1) and ¢(z5) are real. [

Proposition 14. Eve ositive linear functionals on a C*-algebra is Hermitian.
|Y ryp 8

Proof. Suppose ¢ is a positive linear functional on a C*-algebra A and z is self-adjoint
in A. Since |z| + x and |x| — x are positive in A by the continuous functional calculus, it
follows that

p(lz] +2) 20, ¢(jz] —z) >0

Hence 1
olw) = 5(e(lal +2) = (o] - o)
is real, so that ¢ is Hermitian by Proposition 2.4.2. ]

Example 11.  [. Let A = M,(C) and ¢ : A — C is given by p(A) = Ztrace(A).
Then ¢ is state.
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2. Let A = B(H), where H is a Hilbert space and x € H with ||z|| = 1. Define
¢: B(H) = Cby ¢(A) = (Az,x). Then ¢ is a state, called vector state.

3. Let A = C(K), where K is comapct Hausdorff space. Let v € K and ¢ : C(K) —
C is defined as o(f) = f(x). Then  is state.

4. Infact, by the Riesz representation theorem for bounded linear functional F' on

C(K),
F(f)= [ fdu fec)
K
where |1 is finite regular complex Borel measure on K. Then, F' is positive.

Proposition 15. If ¢ is a Hermitian linear functional on a C*-algebra A, then

lol] = sup{p(z) : 2" =, [[z]| < 1}.

Proposition 16. For every positive linear functional ¢ on a C*-algebra A we have
lp(z*y)|* < ez 2)p(yy), @,y € A.
Proof. Since, ¢ is a positive linear functional on A. Define
(x,y) == p(y*x), forall z,y € A,

defines a semi-inner product on the linear space .A. The desired result is then a conse-
quence of the Cauchy-Schwarz inequality. ]

Theorem 17 (Characterization of Positivity). Suppose ¢ is a linear functional on a C*-
algebra A. Then y is positive iff ¢ is bounded with ||p|| = ¢(1).

Corollary 5. A linear functional on a C*-algebra A is a state if and only if ||¢|| =
p(1) = 1.

2.4.1 The State Space

First, we recall the notion of the weak and the weak-star topologies on a normed
linear space.

Definition 20. Let X be a set and F be a family of functions from X into a topological
space Y. The weak topology on X induced by F is the smallest topology on X which
makes every function in F continuous. Thus a net (z,,) in X converges to some v € X
in this weak topology if and only if (f(x,)) converges to f(x) for every f € F.

Definition 21 (Weak-Topology and Weak-star Topology). Let X be a Banach space and
X* be the Banach dual of X. By the weak topology on X, we mean the weak topology
induced by the family of a bounded linear functionals on X.

The weak-star topology (or W*—topology) is simply the weak topology on X* induced
by the family F = {f, : v € X}, where f, : X* — C by f.(¢) = ¢(x). Thus a net
(ha) C X* convergesto ¢ € X* in W*—topology iff (¢ (x)) converges to ¢(x) for every
r € X.
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Remark 10. If X is a Banach space, then both the weak topology on X and weak-star
topology on X* are Hausdorff.

Theorem 18 (Banach Alaoglu’s Theorem). Suppose X is a Banach space and X* is its
dual. Let (X*); be the closed unit ball in X*. Then (X*); is compact in the W*—topology.

Now, let A be a C*-algebra, the S(A) denote the space of all the states on 4. We
topologize S(.A) with the weak-star topology inherited from .A* and S(.A) is a subset of
closed unit ball in A*. Now, we will prove that the state space is always non-empty.

Theorem 19. Let A be a C*-algebra and x € A. Then for every A € o(x), there exist
v € S(A) such that p(x) = .

Proof. Letx € Aand X\ € o(x). Consider
M ={ax+bl:a,be C}.
Then M is a subspace of A. Define ¢ : M — C by
wolazx + bl) = aX +b.

Clearly, ¢y is linear with ¢g(x) = A, po(1) = 1.
Fora,b € C, |aX + b| < r(az + bl) < ||ax + b1||. Therefore

ol = sup{|¢o(az + b1)| : ||az + b1|| < 1} = 1.

So, by Hahn-Banach Extension theorem, ¢, extends to a bounded linear functional ¢
on A with ||¢|| = 1. Thus the linear functional ¢ satifies ¢(z) = A and is a state from
Corollary(5). L]

Proposition 17. S(.A) is a convex, compact and Hausdorff space.
Proof. Let p1,p9 € S(A), t € (0,1,) and ¢ = tp; + (1 — t)ps. Clearly, ¢ is linear and
sup{lp(@)] : [[z]] = 1} = sup{ b1 ()] + (1 — O)eala) 5 [Jzl] = 1}
< tllerll + (1 = D)lleal| = 1.

Thus, ||¢|| < 1. Also ¢(1) = 1 which implies ||¢|| = ¢(1) = 1, this shows that
¢ € S(A) and hence S(A) is convex.
Clearly, S(.A) is Hausdorff and

S(A) ={p e (A : w(z) 20,2>0,¢(1) =1}

is closed in (LA*);. So, S(.A) must be compact in the weak star topology. O

The following theorem shows that the state space on a C"*-algebra is not only non-
empty, it is also large enough to reveal many properties of an element in the algebra.

Theorem 20. Let A be a C*-algebra and x € A. Then
1. 2 =0iff p(x) =0forall p € S(A).
2. x=z"iff o(x) € Rforall p € S(A).
3. x> 0iff o(x) > 0forall p € S(A).
4. If x is normal, then ||z|| = |p(z)| for some p € S(A).
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2.4.2 Pure States
First we recall the Krein-Milman theorem

Definition 22. A vector space X together with a Hausdorff topology such that the vec-
tor addition and scalar multiplication are both continuous is called topologiacal vector
space.

A topological vector space X is called locally convex if the origin of X has a local
base whose elements are convex.

Definition 23. Suppose X is a locally convex topological vector space and S'is a convex
subset of X. Then x € S is called an extreme point of S if x cannot be written as
x =txy + (1 —t)xo, witht € (0,1) and x1, x2 are different points in S.

The following theorem assures the existence of extreme points for compact convex
subsets of a locally conves space.

Theorem 21 (Krein-Milman’s Theorem). Let S be a compact convex set in a locally
convex space X. Then the set E of extreme points of S is non-empty and S is the closed
convex hull of E i.e. S is closure of the set {> ;. jax; : x; € E,a; > 0,0 a; =
1,n € N}.

Since A* is locally convex space and the state space S(.A) is convex and weak-star
compact subset, then by Krein-Milman’s theorem S(.A) has extreme points and it is the
weak-star closed convex hull of the set P(.A) of its extreme points. Elements of P(.A)
are called Pure states of .A.

The following result shows that the set of pure states of a C'*-algebra is also suffi-
ciently large enough to describe the C*-algbera.

Theorem 22. Let A be a C*-algebra and x € A, then
1. 2 =0iff op(x) = 0forall p € P(A).
2. z=z"iff o(x) € Rforall p € P(A).
3. 2> 0iff (x) > 0forall p € P(A).

4. If v is normal, then ||x|| = |¢(z)| for some ¢ € P(A).

2.5 The G-N-S Construction

In this section we will show that every C*-algebra is C*-isomorphic to a C*-subalgebra
of B(H ) for some Hilbert space H. The proof is constructive. This construction is usually
called the G-N-S (standing for Gelfand, Neumark, and Segal) construction.

Proposition 18. Let A be a C*-algebra and p € S(A). Let
L,={x € A:p(z*x) =0}

Then L, is a closed left ideal in A and ¢(z*y) = 0, whenever x or y is in L. Thus,
L,={xecA:p(z*y) =0, Vy e A}
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Proof. If x € L, then Proposition 2.4.6 implies that ¢(2*y) = 0. From this we can con-
clude that L, is subalgebra of A. Lety € A,z € L, then ¢((yz)*yz) = p(x*y*yz) <
@(x*||y||.12) = 0. This implies, yz € L, hence L, is a left ideal of .4 and it is easy to
check that L., is closed in A. O

Letz,y € A, thenx ~ yiff v —y € L. This is an equivalence relation and suppose
Hg = A/ L, is the quotient space and [z] represents the coset of z in H¢. Define an inner
product on HZ by

([2], [y]) = o(y"x), =,y€c A

We can see that (H, (,)) forms an Inner Product Space. Let H,, be the completion of H;
with respect to this inner product and H_ is dense in H,,. Now, we will define a bounded
linear tranformation on H_.

Proposition 19. Let A be a C*-algebra, p € S(A) and v € A. Define T, : H) — H_
by
To(y]) = [zyl, ye A

Then T, is well-defined bounded linear operator and extends on H, with ||T,|| < ||z||.

Proof. Since L, is left ideal, we can check that T}, is well-defined and linear. It remains
to show that ||, [yl[| < [|2[[|[[y]]]- So,

T (WD = zyll* = ([zy], [zy]) = o((zy) zy)
oy z zy)
o(y*| |zl 1y)

IN

|| (y*y)
IERN

Theorem 23. Let A be a C*-algebra and ¢ € S(A). Then the mapping ®, : A —
B(H,) defined by ®,(x) =T,, x € Aisa C*-homomorphism.

Proof. For x1, x5,y € Aand a,b € C. Then we have

Fax1+bz2([y]) = [a’zly + bx?y]
= alr1y] + blzay]
= al'y, ([y]) + 0L, ([y])-

Since, H is dense in H,, we have
O(axy + bxy) = ad(z1) + bP(x9),
so that @ is linear. Similarly,

Frlm([y]) = [le?g} = Fm([ny]) = lerfﬂz([y])v

implies that
P(x122) = P(21)P(22),
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so that ® is multiplicative. It is clear that (1) = 1. For y;, y» and z € A we have

(T ([t1]), [w2]) = (ya2"y1)
= o((zy2)"y1)
= ([y1], [z1e])
= (T3 ([11]), [we])

This shows that ®(z*) = &(x)*. O

2.5.1 Review on Direct Sums of Hilbert spaces

Suppose {H,} is a family of Hilbert spaces, then

H:@QGAHQZ{‘T:{J;&}QGA : ||ZL’H2:Z||ZE@||2<OO}

aeA

Define an inner product on H as

(@,9) =Y (Tar Ya)-

acl
Suppose {7, } is a family of bounded linear operators on H, for each o € A. Define
®a€ATa : ®a€AHa — @aGAHa

by
DaecrTla ({xa}) = {Taxa}'

Then @©,en1y 18 linear on By e gy, H, With
| Baea Tall = sup{||Tallm, : o € A}.

A representation of a C*-algebra A is a pair (H,, ®,) where H,, is a Hilbert space
and &, : A — B(H,) is a C*-homomorphism. To define its universal represenattion,
we take the direct sum of all the representations (H,,, ®,,), where ¢ € S(A).

2.5.2 A Representation of C'*-algebras

Theorem 24 (Universal GNS Representation of C*-algebras). Let A be a unital C*-
algebra, then it has a faithful representation i.e. there exist a Hilbert space H such that
A is injective C*-homomorphic to B(H).

Proof. Let S(A) be the state space and
H = QpesaH,
and define  : A — B(H) by

O(2) = BpesTy,
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where T)? : H, — H, is defined by

T7(ly]) = [zyl, ye A

By Theorem (18) and the properties about direct sums of operators, the mapping @ is a
C*-homomorphism. Next we show that ® is one-to-one.

Suppose (x) = 0. Then T¥ =0 Vy € S(A). It follows that T7([y]) = 0, y €
A peS(A)ie. [zy] =0, ye A ¢ € S(A). This implies that zy € L, or

p((zy)*(zy)) =0, y€ A p e S(A).

By Theorem (15), we have (zy)*(zy) = 0. This implies ||zy||> = ||(zy)*(zy)|| = 0, and
hence zy = 0, for all y € A. In particular, zz* = 0. This implies x = 0. Therefore, ¢
is injective. This shows that .4 is C*-isomorphic to range(®) which is C*-subalgebra of
B(H). O

Note 2. In proving Theorem (19) we do not need the whole state space S(A). It suffices
to use the space P(A) of pure states when forming the direct sum H.

Example 12. Let H be a Hilbert space and H™ denote the orthogonal sum of n copies
of H. We can check that M,,(B(H)) and B(H™) forms *-algebras, where the involution
on M,(B(H)) is given by (a;;)* = (a};).

Define, ® : M, (B(H)) — B(H™) by

n

O(T)(z1,+ -, wn) = (ZTU(%‘),'“ > Tl)),

J=1

where v = (x1,--+ ,x,) € H™. Then ® is *-isomorphism. We call ® the canonical
*_isomorphism of M, (B(H)) onto B(H™). If v is an operator in B(H™) such that
®(u) = v, where u € M, (B(H)), we call u the operator matrix of v. We can define a
norm on M, (B(H)) making it a C*-algebra by setting ||u|| = ||P(u)|].
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Chapter 3

Positive Maps

Before turning our attention to Stinespring theorems, we begin with some results on
positive maps. Let A be a unital C*—algebra and S is a subset of A, then define

S*:={a:a" € S},
and we call S self-adjoint when S = S*.

Definition 24 (Operator System). If S is a self-adjoint subspace of A containing 1, then
S is called an operator system.

First, let us discuss some examples of operator system:
Example 13. A unital C*—algbera is an operator system.

Example 14. Let M be a subspace of A. Then S := M + M* + C.1 is an operator
system.

Example 15. Let H be an infinite dimensional Hilbert space. From example (13) B(H)
is an operator system. Consider K(H) := {T € B(H) : T is compact} a subspace of
B(H). Since, 1 ¢ K(H), therefore K(H) is not an operator system.

Example 16. LetD := {z € C: [2] < 1} and C(D) := {f : D — C|f is continuous onD}.
Clearly, C(D) is an operator system with f*(z) := f(z). Suppose, A(D) := {f : D —
C : fisanalytic on D} is a closed subspace of C(D). and f(z) := 2,Vz € D. Then

f € AD) but f* ¢ A(D). Therefore, A(D) is not an operator system.

Example 17. If f*(2) := f(Z), then A(D) forms an operator system.

Note 3. Let S be an operator system and h be self-adjoint in S, then we can write h as
the difference of two positive elements in S, i.e.

1 1
h= SR+ B) = SRl = B),

where (||h||.1 4 h), 1(||h|].1 — h) are positive in S.

Definition 25 (Positive Map). Suppose S is an operator system, B a C*—algebra and
¢ S — Bis a linear map, then ¢ is called a positive map, if it maps positive elements
of S to positive elements of BB.

39
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Example 18. Let H be a Hilbert space and X € B(H). Define ¢ : B(H) — B(H) by
o(T) = X*TX, forall T € B(H).
Then ¢ is positive, since if T' > 0 in B(H), then (T'z,x) > 0, for all * € H. Hence,
(p(Tx,x) = (X' TXzx,z) = (T Xx,Xx) >0, forallx € H.
Therefore ¢(T) is positive.
Example 19. Let K be a compact Hausdorff space and ¢ : C(K) — C is defined by

o(f) = /K f(2)dp(z)

where, |1 is Borel measure. Then by the Riesz representation theorem, ¢ is positive func-
tional.

Example 20. The Map ¢ : M,,(C) — M,,(C) given by

1
o(A) = =Trace(A) - I
n
is a positive map.
Note 4. If p is positive, then 0 < p < ||p||.1 This is because, o(||p||.1 —p) = {||p|| — A :
Aeo(p)} SR, since |A| < ||pl|-

Proposition 20. Let S be an operator system and ¢ : S — C be a positive linear
functional, then ||¢|| = ¢(1).

Proof. Leta € S. Since, ¢(a) = |p(a)|e?, for some § € R. We have |¢(a)| = \p(a) =
#(Aa), where X = e~%. Similarly, |¢(a)| = ¢(Aa) = ¢((\a)*). Now,

1 *
|#(a)l = 5 (¢(Aa) + &((Aa)"))

_(Aa+(Aa)”

w0 ()

= ¢(Re(Aa)), where Re represents real part.

< o(||Aal]-1) ( from Note (@) and ¢ is positive)

= [lal[- &(1)  (since, [A] = 1)
This implies, ||¢|| < ¢(1), hence ||¢|| = ¢(1). O

Thus, for positive linear functional ¢, ||¢|| = ¢(1). But, when the range of positive

linear map is C*—algebra then the situation will be different.
Note 5. If0 < a < b, then 0 < ||a|| < |[b]|.

Proof. From Note), 0 < a < b < ||b||.1. Let A € o(a), then ||b|| — A > 0. This implies
|A| < ||b]|. Since, a > 0, therefore it is self-adjoint. Hence spectral radius, r(a) = ||al|.
Thus, ||a|| < ||b]], because r(a) = sup{|\| : A € o(a)}. O
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Remark 11. Ifa,b € A such that a = a* and b = b*, then Note (5)) need not be true.
Leta = —5.1 and b = —3.1. Clearly, a < b, but ||a|| £ [|b]|.

Note 6. If a, b are two positive elements, then
|la — b|| < max{]|al], [[b]|}.

Proof. From the Gelfand Representation for C*—algebras, A C B(H), for some Hilbert
space H. So, we treat a,b € A as positive operators of B(H ). Now, using the fact that
for any two positive real numbers t;, to, we have |t; — to| < max{t;,f,}, we obtain

lla =0l = sup {[{(a =), x)| : x € H}

z||=1

= sup {|[{az,z) — (bx,z)| : 2 € H}

[|z||=1
< HSLHq:)l{maX{(ax, x),(br,z)} :x € H}
= maX{HSL‘lq:)l{(ax, x)}, Hshlzpl{(bx, x)}}

= max{|[al], [b][}.
Thus ||a — b]| < max{]|al], [[b][}- [

Proposition 21. Let S be an operator system and let B be a C*—algebra. If ¢ : S — B
is a positive map, then ||¢|| < 2||¢(1)]].

Proof. First, note that if p is positive in S, then 0 < p < ||p||.1 (from Note (@)) and so,

0 < é(p) < ||p||-#(1) since ¢ is positive. Hence from Note (3), ||o(p)|| < [|o(D)]] - ||p]]-
If h is self-adjoint in S, then using the decomposition of / as a difference of two
positive elements (refer Note(3)), i.e.

h= 5 QIR+ B) = 3 (L1 B)
8(h) = 56(IRllL+B) = Zo(I]L1 ~ B)

We can express ¢(h) as a difference of two positive elements of 5. Thus,

lo(h)] < %max{llcb(HhH-l + )l [[o([[nl[.1=n)[[}  (from Note(6))
< [loI[ - [[A]-

Finally, if a is an arbitrary element of S, then a = h + &k with ||k, ||k|| < ||a||,h =
h* k= k*. So,

(@) < [[e(m)]] + [[o(R)I] < 2[[o(L)]] - lall-
Hence, ||o]| < 2[[¢(1)]]. O

An example of Arveson shows that 2 is the best constant in Proposition (21)).
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Example 21. Letr T denote the unit circle in complex plane, C(T) the continuous func-
tions on T, z the coordinate function, and S C C(T) the subspace spanned by 1, z, and

Z.
We define ¢ : S — My (C) by

a

dla+bz+cz) = ( 2ac 2b>.

An element, al + bz + ¢Z of S is postive if and only if ¢ = b and a > 2|b|. A self-adjoint
element of Ms(C) is positve if and only if its diagonal entries and its determinant are
non-negative real numbers. Combining these two facts it is clear that ¢ is a positve map.
However,

2le(MI =2 = [lo(=)I] <Il9ll;
so that ||]] = 2[[p(1)]|-

Now we are going to show that if S = C'(X), where X is compact Hausdorff space,

then [|¢]] = [[o(1)]]

Lemma 2. Let A be a unital C*—algebra and p;,i = 1,2,--- ,n be positive elements of

A such that
Zpi <1
=1

If\ €Cli=1,2,--- nwith|X\| <1, then

Z)\ipi <1
i=1
Proof. Note that
Z?:l)\lpl 0 te O pi/z p;!'l/Q >\1 O e 0 pl/2 0 o O
0 0 oo 0] o S I .
: Lot : : o 0 2, :

The norm of the matrix on the left is || > ., \;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|| =
llaa™|| = [lal|*. O

Theorem 25. Let B be a unital C*—algebra and let X be compact Hausdorff space. Let
¢ : C(X) — B be a positive map. Then ||¢|| = ||p(1)]].

Proof. By scaling, we may assume that ¢(1) < 1. Let f € C(X),]|f]| < 1, and let
e > 0 be given. Since, X is compact and ¢ is continuous, f(X) is compact. Hence, for
any r € X, there existi € {1,--- ,n},n € Nsuch that |f(z) — f(z;)| < e.
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Let {p;} be non-negative continuous functions satisfying > " ; p; = 1 and p;(z) =0
for |[f(x) — f(x;)| >€,i=1,2,--- ,n.Set \; = f(x;). Note that if p;(x) # 0, for some
i=1,2,--- n,then |f(z) — \;| < e. Hence for any z € X,

/() = Z Aipi(@)] = | Z(f(fc) = Ai)pi()|
< |f(z) = Ailpi(z)
< Z e.pi(r) =e.

Since, p; > 0 and > | p; = 1, therefore > " | ¢(p;) = ¢ 1 pi) = #(1) < 1 and
il = £ ()| < |[f]] < 1. By Lemma @), [| 322 Aib(ps)|| < 1. Now

DI < 11607 = 3" w1+ 11D Al

<lell-[lf = Z)\z'pz‘H +1
i=1
< ||¢||.€ + 1, forall e > 0.
This implies, ||¢|| < 1. O

Proposition 22. Let S be an operator system and let ¢ : S — C(X), where C(X)
denotes the continuous functions on a compact Hausdorff space X. If ¢ is positive, then

1911 = {le(L]]-

Proof. For x € X, define 7, : C(X) — C by m,(f) = f(x). Clearly, 7, is positive,
hence 7, o ¢ : S — C is positive. Now for a € 5,

|6(a)(2)] = |7z 0 $(a)]
< [[mz 0 p(D)][-lall = ll(1)(@)[|-[]al]
< [loI[-llall-l|=[|

Thus ||¢(a)]] < [[¢(1)]|-[al], for all a € 5. Hence ||[| = [[¢(1)]]. =

Theorem 26. 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(e”) : p, q are polynomials }.
Then the map ¢ - S — B(H) defined by ¢(p + q) = p(T) + q(T)* is positive.

Proposition 23. Let S be an operator system, B be a C*—algebra and ¢ : S — B be a
positive map. Then ¢ extends to a positive map on the norm closure of S.

Proof. Positivity of ¢ implies that it is bounded, hence, there exist unique map ¢S —
B such that ||¢'|| = ||¢|| and ¢'|s = ¢. Now claim is ¢’ is positive on S.
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Let p be positive element in S. Then there exist a sequence (x,,) in S such that ||z, —
pl| = O0asn — coand |[[p— ;|| = ||(p—x.)*|| = ||p— 2n||. Let hy, = 3(z, +},), then

(Ilp = zall + [lp = 23][) = Oasn — o0

N | —

1 *
1D = hall = lp = 5 (@ + )] <

Let ¢ > 0 be given. Therefore, there exist N, € N such that ||p — h,|| < €/2, for all
n > N.. Since, h,, + €.1 are elements of C*—algebra, so they can be treated as operators
in B(H), for some Hilbert space H. Let z € H. Then

((hp + ez, x) = ((hp+el—p—el)z,z) + ((p+el)x, x).

Now, ((p+ e.1)z,x) = (pz,x) + €||z||* > €||z||?, since p is positive in S. And, from the
Cauchy-Schwartz inequality, we have

(b +el—p—ela,z)| < ||h, +el—p—elll||z|]?
= || = pl|-I[2|[*
< %HxHQ, forall n > N..

Therefore, ((h, +e€.1)x, ) > (e — 5)||z||* = §||«||*. This implies, h,, + €.1 are positive
in S, hence ¢(h, + €.1) for all n € N, since ¢ is positive. Therefore, ¢'(p + €.1) =
limy, 00 @(hy, +€.1) > 0in B, for all e > 0 i.e. ¢’ is positive. O

Proposition 24. Let A be a unital C*—algebra and a € A with ||a|| < 1. Then there is
a unital positive map ¢ : C(T) — A with ¢(p) = p(a).

Proof. By GNS representation for C*—algebras, A C B(H), for some H. Let a € A
with ||a|| < 1and S = {p(e*) + q(e*?) : p, q are polynomials}. Clearly, S is an operator
system. Define, ¢’ : S — B(H) by

¢'(p+q) = pla) +q(a)".

By Theorem(31)), ¢’ is positive and unital. Since, polynomials is dense in C(T), there
exist a unital positive map ¢ : C(T) — B(H) such that ||¢|| = ||¢|| and ¢’ is the
restriction of ¢. From definition, ¢(p) = p(a). O

Corollary 6. Let B,C be two unital C*—algebras, let A be a unital subalgebra of B.If
¢ A+ A" — Cis positive, then ||¢(a)|| < ||o(1)]] - ||al| for all a € A.

Proof. Letabein A, ||a|]| < 1and S = A+ A*. By Proposition (2I)) and Proposition
([23), we may extend ¢ to a positive map on the closure S of S. As remarked above, there
is a positive map ¢ : C(T) — B with ¥(p) = p(a). Since A is an algebra, the range of
1 is actually contained in S. Clearly, the composition of positive maps is positive, so by

Theorem 2.4, [[¢(a)|| = [|¢ 0 P(e'0)|| < [|¢ o (1| - [le*6]] = l|o(D)]]- N

If (1) = 1, in the above, then ¢ is a contraction on .A.

Corollary 7. Let A, B be two unital C*—algebras and let ¢ : A — B be a positive map.
Then ||| = [[¢(1)]].
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So far we have concentrated on positive maps without indicating how positive maps
arise. We end this chapter with two such results.

Lemma 3. Let A be a C*—algebra, S C A an operator system, and f : S — C be a
linear functional with f(1) =1, || f|| = 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 o(a) is the intersection
of all closed discs containing the set o(a). Thus, there will exist a A and > 0 such
that |f(a) — A| > r, while spectrum of a satisfies o(a) C {z : |z — A\| < r}. But
then o(aX.1) C {z : |z| < r}, and since the norm and spectral radius agree for normal
elements, we have ||a — A.1|| < r. But,

r<|[f(a) = Al =[fla = AD] <[|f|l[la = AL]] <.
This contradiction completes the proof. [

Since the convex hull of the spectrum of a positive operator is contained in the non-
negative reals, we see that Lemma (3)) implies that such an f must be positive.

Proposition 25. 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 C B(H) for some Hilbert space H. Fix z in H, ||z|| = 1. Setting f(a) =
(p(a)x,x), we have that f(1) = 1,||f]| < ||#|||- By Lemma (3)), if a is positive, then
f(a) is positive and consequently, since = was arbitrary, ¢(a) is positive. [

Proposition 26. Let A be a unital C*-algebra and let M be a subspace of A containing

1. If B is a unital C*-algebra and ¢ : M — B is a unital contraction, then the map
¢ M + M* — B given by

¢'(a+b") = ¢(a) + ¢(b)",
is well-defined and is the unique positive extension of ¢ to M + M*.

Proof. First we will prove that ¢’ well defined. For this, it is enough to show that if a and
a* belong to M, then ¢(a*) = ¢(a)*. For this, set

Si:={a:a€ Manda* € M} =MnNM".

Then 5 is an operator system and ¢ is unital, contractive map on .S; and hence positive
by Proposition (25)). Hence ¢ is self-adjoint on Sy, thus if a € Sy, then ¢(a*) = ¢(a)*.

Now we will claim that ¢’ is positive. By GNS theorem, B C B(H), for some
Hilbert space H. Let x € H with ||z|| = 1 and a € A be positive element. Set p'(a) =
(¢'(a)x,x). Let p: M — C by

Therefore,

p(a)| = [o(a)z, 2)| < [[¢(a)]| < 1.[[a].
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This implies ||p|| < 1 and p(1) = 1. Therefore ||p|| = 1. So, by Hahn Banach extension
theorem, there exist p; : M + M* — C such that ||p1|| = ||p|| = 1 = ||p1(1)]| and
p1|lm = p. Thus, p; is positive and hence Hermitian.

pi(a+b") =

Thus p; = p/, hence p’ is positive functional. This shows that ¢/(a) is positive in B that
is ¢’ is positive linear map. O]



Chapter 4

Completely Positive Maps

Let A and B be C*—algebras, .S an operator system and M be a subspace of .A. Then
clearly, M, (M) can be regarded as a subspace of M,,(A). Let ¢ : S — B be a linear
map. Then define a linear map ¢,, : M,,(S) — M, (B) by

dn((aiy)) = (d(aiy))-

Definition 26. We call ¢ n—positive if ¢,, is positive and we call ¢ completely positive if
¢ is n—positive for all n.

Definition 27. We call ¢ completely bounded if sup,, ||¢y,|| is finite (or, the sequence (¢y,)
is uniformly bounded) and set

19l]eo = sup [|¢nll.

Note that || - || is @ norm on the space of completely bounded maps.

Definition 28. We say ¢ is completely isometric and completely contractive, if ¢, is
isometric for all n and ||¢||, < 1, respectively.

Remark 12. If ¢ is n—positive, then ¢ is k—positive for k < n. Also,
k<n.

Okl < [|onl] for

Let us begin the study of completely positive maps with some examples.

Example 22. Let m : A — B be a x—homomorphism, then 7 is completely positive and
completely contractive. Since, m, is also x—homomorphism, for all n, so it maps positive
elements to positive elements of B and ||m,|| < 1, for all n.

Example 23. Let x,y € A and define ¢ : A — A by
¢(a) = zay.

Then ¢ is completely bounded. Since, ¢,,((a; ;) = (za; ;y), we have

r 0 - 0 y 0 - 0
0 = --- 0 0y - 0
on((aig)ll =|||. . | aag] :
0 x 0 Y

47
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This implies, ||pn|l < |lz||-||yll|, for all n € N. Thus ¢ is completely bounded and

o llew < ][ Iy]l-
If v = y*, then ¢ is completely positive. This is because if (a; ;) is positive in M,,(A),
then there exist B € M,,(A) such that (a; ;) = B*B. Hence ¢,((a;;)) = (BD)*BD,

y 0 - 0
0 y - 0

where D = || which is positive in M.,,(B).
0 y

Example 24. Let Hy and H, be Hilbert spaces and V; € B(Hy, Hy),i = 1,2 and T :
A — B(Hs) is x—homomorphism. Define ¢ : A — B(H,) by

o(a) = Vim(a)Wy, forall a € A.

Then ¢ is completely bounded and ||¢||a < ||Val|-||V1]].
If Vi = V5, then ¢ is completely positive.

In this chapter we study some of the elementary properties of completely positive
maps, some theorems about when positive maps are automatically completely positive
maps and about Tensor and Schur products. At the end, we will see Stinespring dilation
theorem for completely positive maps.

Lemma 4. Let A be a C*—algebra with unit and let a,b € A. Then:

1. ||la|]| < 1ifand 0nlyif< al* Cll ) is positive in Ms(A).

2. ( al* Cbl ) is positive in Ms(A) if and only if a*a < b.

Proof. By GNS construction, A C B(H), for some Hilbert space H, so elements of A
can be treated as operators in B(H ).
If ||a|| < 1, then for any =,y € H, it follows that

<( al ClL) (g)’(i)>:<“>+<ay’w>+<my>+<y,y>

> ||2]* = 2llall-[ly[]]] + [ly|* = 0.

Conversely, if ||a|| > 1, then there exist unit vectors = and y such that (ay, ) < —1 and
the above inner product will be negative.
The proof of second, is similar to that of the first. L]

Proposition 27. 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, ||a|]| < 1, then

(1) %)

is positive and hence ||¢(a)|| < 1, from Lemma (4). O
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Proposition 28. (Schwarz Inequality for 2-positive maps).
Let A, B be unital C*—algebras and let ¢ : A — B be a unital 2-positive map, then
d(a)*¢(a) < ¢(a*a) foralla € A.

Proof. We have that ( (1) 3 ) ( (1) 8 ) = ( al* aila ) > (0 and hence

By Lemma (4)), we have the result. O

Proposition 29. Let A and B be C*—algebras with unit, let M be a subspace of A, 1 €
M, andlet S = M + M*. If ¢ : M — B is unital and 2-contractive (i.e., ||¢|]» < 1),
then the map ¢' : S — B given by

¢'(a+b") = ¢(a) + ¢(b)*

is 2-positive and contractive.

Proof. Since ¢ is contractive, ¢ is well-defined by Proposition (26)). Note that My (S) =
Mo (M) + My (M)* and that (¢')2 = (¢4). Since ¢, is contractive, again by Proposition
(26), ¢, is positive and so ¢’ is contractive by Proposition (31). U

Proposition 30. Let A and B be C*—algebras with unit, let M be a subspace of A,1 €
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 ¢, = (¢!,)2 is positive. O

4.1 Tensor Products and Schur products

We study tensor products from a purely algebraic viewpoint. We define tensors as
functionals that act on bilinear forms.

Let X, Y, Z be vector spaces over the field C. Amap A : X x Y — Z is bilinear if it
1s linear in each variable, that is,

A(alml + Qo@, y) = O‘/lA(xla y) + a2A<x2a y) and
Az, Biyh + Bay2) = BrA(z, p1) + B2 A(x, o)

forall z;,z € X,y;,y € Y and all scalars o, 8;,7 = 1,2. We write B(X x Y, Z) for the
vector space of bilinear mappings from the product X x Y into Z; when Z is the scalar
field we denote the corresponding space of bilinear forms simply by B(X x Y).

Forz € X,y € Y,z ® y, we call z tensor y is defined as

(z®@y)(A) = A(z,y),
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for each bilinear form A on X x Y. The tensor product X ® Y is the subspace of the
algebraic dual of B(X x Y') spanned by = ® y. That is, a tensor v € X ® Y has the form

u = z”: Aii @ Yi,
i=1

where n is a natural number, \; € K, z; € X and y; € Y. The representation of u is not
unique. If v = Z?:l Aix; ® y; is a tensor and A a bilinear form, then the action of u on
A is given by

u(A) = Z NA(xq,y;).

Now, we see tensor product of matrices.

Let A € M,(C) and B € M,,(C) so that A and B can be thought of as linear
transformations on C" and C™, respectively. Then A ® B is the linear transformations
on C" @ C™ = C™, which is defined by setting

A® B(x®y) = Ar ® By.

We can writt A®@ B=(A®I)({ ® B) and ||A® B|| = ||A|| - || B]|-
Now we will study about Schur products of matrices. If A = (a;;), B = (b;;) are
elements of M,,(C), the we define the Schur product by

A oB = (CLiJ . bi7j)-

Now let A and B be in M,,(C) and {e; : i = 1,2,--- ,n} be the standard basis of C".
Define an isometry V : C" — C" @ C" by

V(&L) = €; X €;.

Then
V*(A® B)V = Ao B.

To see this, note that

(V*(A® B)Vej,e;) = (A® B(e; Q¢j), (€; ® €;))
= <Aej,€i> . <B€j:€i>
= Q4 j - b@j = <A e} Bej, 61‘).

For fixed A, this gives rise to a linear map, S, : M, (C) — M, (C), defined by
Sa(B) = Ao B.

Thus, |[|[Sa(B)|| = ||[V*(A ® B)V|| < ||A]|l - ||B]|| and so ||Sa|| < ||A||.- Now the
following characterizes when a Schur product map S is completely positive.

Theorem 27. Let A = (a; ;) € M,(C). Then the following are equivalent:

1. As positive.
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2. Sy M,,(C) — M, (C) is positive.
— M, (C) is completely positive.

Proof. Clearly, (3) = (1). Note that J = (1),,x, is positive and that S4(J) = A.
Hence, (2) = (1). It remains to prove that (1) = (3).

First note that if A and B are positive, then A® B is positive . This is because AR B =
(AY?2 @ BY?)% Let B = (B, ;) € My (M,(C)) be positive, then B = (X;;)*(X, ), for
some X; ; € M,,(C). Observe that

(Sa)e(B) = (V*(A@ Bij)V) =YY,
where Y = ((AY2 @ X; ;)V). O

4.2 Stinespring’s Dilation Theorem

Stinespring’s representation theorem is a fundamental theorem in the theory of com-
pletely positive maps. It is a structure theorem for completely positive maps from a
(C*—algebra into the C*—algebra of bounded operators on a Hilbert space. This theo-
rem provides a representation for completely positive maps, showing that they are simple
modifications of *—homomorphisms. One may consider it as a natural generalization of
the well-known Gelfand-Naimark-Segal theorem for states on C*—algebras.

Theorem 28. (Stinespring’s Dilation Theorem) Let A be a unital C*—algebra and ¢ :
A — B(H) be a completely positive map. Then there exist a Hilbert space K, a unital
x—homomorphism 7 : A — B(K), and V € B(H, K) with ||V ||*> = ||¢(1)|| such that

¢(a) =V*r(a)V, foralla € A.

Proof. Let A be a unital C*—algebra, ¢ : A — B(H) be a completely positive map and
H be a Hilbert space. The proof of this theorem is constructive and it follows the same
steps as in the proof of Gelfand-Naimark-Segal construction for C* —algebras.

1. First, construct a Hilbert space K, which is the completion of an inner product of
quotient space.

2. Define a bounded linear map 7(a) on k, and a map 7 : A — B(K) defined as
a — 7(a), which is unital *—homomorphism.

3. Construct a bounded operator V : H — K with ||¢(1)|| = ||V||? such that

¢(a) =V*r(a)V, forall a € A.

Step 1. Consider the algebraic tensor product A® H. Define amap (-, ) : (A® H) X
(A® H) — Cby
(a@,by) = (¢(b7a)r,y)n, and

T n

<Z%®%Zbi®%>—<¢n((bf%)) S I > :

Ty Yo )
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where (-, -) g is an inner product on H, (bfa;) € M,(A), and (-, )z denotes the inner
product on the direct sum of n copies of H, H™, given by

I n
< : ) : > = (x1,y1)g + -+ (Tn, Yn)m

Tn Yn

Clearly, from the definition, (-, -) is well-defined. Let o, § € C, then

<Zo‘jaj ® zj, Zﬁz‘bi ® yi>
j=1 i=1
21 %

Ty Yn )

Tn Yn

( Sy d(Bibjagay)x; yi

H(™)

(
Z;L:1 ¢(El b;ozj(lj)xj Yn )

¢(Blb’{ozjaj):cj, y1>

+ <Z A(Bubrja;)z;, yn>
H

H j_l

<

=<(¢<Bz-brajaj>) x , y
<
<

:512 Hobiaj)xj, yi)m + - —i—ﬁnz% &b a;)T;, yn) 1

J=1

Sase

B
=1

Bi
=1

(b aj)zs, yi)m

1
Z Za]<aj®a:],b ® Ys)-
-1

( J

Thus, (-, -) is linear in first variable and conjugate linear in the second variable.
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Consider,

<Zaj ®:Uj,zb¢ ®yi> = ZZ (a; ® x;,b; @ y;)
=1 i—1

i=1 j—l

:ZZ o(biaj)x;, yiyu

=1 j=1

= 5" (o(@ib) )z, yim

i=1 j—1

— Z Z V@, yi)ir ( since ¢ is hermitian)

=1 j5=1

— Z Z(:vj, o(a3bi)yi)

i=1 j—l

= 3> it

=1 j=1

:Zzwz‘@yu%‘@%)

i=1 j=1

= <Zbi®yiazaj®l’j>-
i=1

This shows that (-, -) is conjugate symmetry. Now,

<Zaa‘®%zai®%>=<¢n((afaj>> S N >

j=1 =1 Tn Tn

v T
= <¢n(a*a) . , . > , where a = (aq, - -

I’n ITL Hn

v

0.

Since, a*a > 0in M,,(.A) and ¢ is completely positive, therefore ¢,,(a*a) > 0in B(H™),
and eq. 1 holds forall z € H. Alsoifa® z = 0, then (a ® z,a ® z) = 0. Hence, (-, -) is
positive semi-definite on A ® H.

Let NV ={ue A® H : (u,u) = 0}. Clearly, \V is closed subspace of A ® H. Since
positive semi-definite inner products satisfy the Cauchy-Schwartz inequality,

[u, v)* < (u, u) - (v,0)

Therefore, N = {u € A® H : (u,v) =0, forallv € A® H}. Consider the quotient
space A ® H/N and define map (-,-) on A ® H/N by

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

aa'n)lxn
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Clearly, the space (A ® H/N, (-,-)) will become an inner product space. Let K denote
the Hilbert space that is the completion of the inner product space A ® H/N .
Step 2. Leta € A. Define a linear map 7(a) : A® H — A® H by

Note that a*a < ||a*a||.1, this implies that ||a*a||.1 —a*a > 0. Let c*c = ||a*a||.1 — a*a,
for some ¢ € A. We want to show that (a}a*aa;),xn < ||a*al| - (afa;)nxn. Thus

al| — a*a)a,

lla”al[ - (aia;)nxn — (a;a*aa;)nxn = (4 Jnxn
*

1
e where, e = (cay, -+ ,can)1xn

Consider,

2

m(a) (Z ar ® :z:k>

n n

< ||la*al - Z Z(qﬁ(afaj)xj, Ti)H since, ¢ is positive.

Thus ||7(a)|| < ||a||, 7(a) leaves N invariant and, consequently, induces a quotient
linear transformation on A ® H /N, which we still denote by 7(a). The above inequality
also shows that 7(a) is bounded with || (a)|| < ||a||. Thus, 7(a) extends to a bounded
linear operator on K, which we still denote by m(a).

Define a linear map 7 : A — B(K) by
a— m(a).

We are claiming that 7 is a unital x—homomorphism. Clearly 7(1) is identity operator in
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B(K), hence 7 is unital. Now let a;, as € A, then

m(ajas) (Z(az) ® xl> = Z(alagai) ® x;

i=1 i=1

=m(ay) (Z(agai) ® a:z>

=1

= 7(ay) - m(as) <Z a; ® xl> )

Thus 7(ayaz) = m(ay) - w(az), and for m to be x—preserving, we need to show that
m(a*) = m(a)*. For a;,b; € A, x;,y; € H, we have

<7T(CL) <Z&j ®5L’j> ,Zbl ®yz> = <Z(aaj) ®$j,2bi ®y1>

j=1 i=1

=) (aa; ©z;,b; @ yi)

ij—l

= Z (byaa;)z;, yi)u

1]1

= CL] xj7y1>
ij=1

n

<Clj X Zj, (CL b) ® yl>
i1

= <Za3®x],z a bi)®yi>

This implies 7(a)* = 7(a*), for all @ € A. Thus 7 is a unital x—homomorphism from .4
into B(K).
Step 3. Existence of V. Now define V : H — K via

V) =10z +N,
then V' is bounded, since
Vel = 1@z, 1@z) = (p(1)z,x)n < [[o(1)]] - [«]]*.

Indeed, it is clear that ||V||*> = sup{(¢(1)z, z) 5 : ||z|] < 1} = [|6(1)]].
To complete the proof, we only need observe that

<V*7T((Z)V£L', y)H = <7T(CL)1 Rz,1® y>K - <¢(a)xa y>H7
for all z and y, and so V*7(a)V = ¢(a). O
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Remark 13. Any map of the form ¢p(a) = V*n(a)V is completely positive map.

Remark 14. Stinespring’s theorem is really the natural generalization of the Gelfand-
Naimark-Segal representation of states. Indeed, if H = C is one-dimensional so that
B(C) = C, then an isometry V : C — K is determined by V'1 = x and we have

o(a) =p(a)l -1 =V*1(a)V1-1=(m(a)V1,V1)k = (m(a)x, z).

Infact, re-reading the above proof with H = C and A @ C = A, one will find a proof of
the GNS representation of states.

Remark 15. Note that if H and A are separable, then the space K constructed above
will be separable as well. Similarly, if H and A are finite dimensional, then K is finite
dimensional.

We now turn our attention to considering the uniqueness of the Stinespring represen-
tation. We shall call a triple (7, V, K') as obtained in Stinesprings Theorem a Stinespring
representation for ¢. If L is a subset of a Hilbert space, then [L]| := Span(L). Given a
Stinespring representation (7, V, K), let Ky = [7(.A)V H]. Since, K, reduces 7(.A) so
that the restriction of 7 to K defines a *—homomorphisms, m; : A — B(K}).

Clearly, VH C K3, so we have that ¢(a) = V*mi(a)V, i.e. that (m,V, K) is also
a Stinespring representation. Whenever the space of the representation enjoys this addi-
tional property, we call the triple a minimal Stinespring representation. The following
result summarizes the importance of this minimality condition. It states that two minimal
representation for ¢ are unitarily equivalent.

Theorem 29. Let A be a C*—algebra, let ¢ : A — B(H) be completely positive and let
(7, Vi, K;), i = 1,2, be two minimal Stinespring representations for ¢. Then there exists
a unitary map U : K1 — K satisfying UV, = V5 and Uy = moU.

Proof. Define amap U’ : span{m (A)V1H} — span{my(A)V2H } by

U/ (Z Wl(ai)‘/lHi> = Z’/TQ((ZZ)‘/QhZ
=1 =1
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We will show that U’ yields a well-defined isometry.

2 n

- Z (m (aj)Vlhj, m1(a;)Vihy)

,j=1

Zm(ai)vlhi
i=1

n

- Z<771(&i)*771<aj)vlhj’v1hi>

ij=1

=) (m(aja;)Vihy, Vihs)

1,j=1

= > (Vrmi(aja;)Vihy, by

i,j=1

= (¢1(aja;)h;, hy)

1,j=1

= Y (Vima(aja;)Vahy, ha)

ij=1

Z 772(6%')‘/2]%
i=1

2

Y

so U’ is onto-isometric and consequently well-defined. By the Hahn-Banach extension
theorem, we can extend U’ to U : K; — span{ms(A)VoH } with ||U|| = ||U’||. There-
fore, U’ is also isometry. Lety € K», then there exist a sequence (y,,) C span{ms(A)VoH }
such that y,, — y as n — oo. Since, U is onto map, so there exist a sequence (z,,) C K
such that Uzx,, = y,,. Now, for m,n € N

l|zn — xml| = |Uxn — Uzpl| = ||Yyn — ym|| = 0 as n — oc.

Therefore, (x,,) is cauchy in K and K being complete, hence x,, — x as n — oo, for
some x € K;. Thus, Uz = y and we can extend U : K; — K5 as onto isometry map.
Hence, U is unitary. And,

UVih = U(m (1)Vih) = m(1)Vah = Vah, forall h € H.

Hence, UV; = V5. [l



58

CHAPTER 4. COMPLETELY POSITIVE MAPS



Chapter 5
Hilbert C*-Modules

Definition 29. Let A be a C*—algebra. An inner-product A—module is a linear space
E which is a right A—module (with compatible scalar multiplication: \(xa) = (A\x)a =
x(Aa) forx € E, a € A\ € C), together with a map (v,y) — (z,y) : Ex E — A
such that forall x,y,z € E,a € Aand o, € C

(ax + By, z) = alz, 2) + By, 2).
2. (za,y) = (z,y)a.
3. {y,x) = (z,y)".

x) > 0;if (x,z) = 0, then x = 0.

1.

4. (z,

Note 7. Inner-product defined above is linear in first variable and conjugate linear in
second variable.

Note 8. Ordinary inner-product spaces and Hilbert spaces are inner-product C—module.

Remark 16. If E satisfies all the conditions for an inner-product A—module except for
the second part of 4. then we call E a semi-inner-product A—module.

Proposition 31. (Cauchy-Schwarz Inequality)
If E is a semi-inner-product A—module and x,y € E. Then

{y, )(x, y) < ||z, )| - (v, ).
Proof. Suppose, without loss of generality, ||(x, z)|| = 1. For a € A, we have
0 < (wa— y,za — )
= CL*<J],ZE>CL - <?J7 J]>(l - a*(x,y) + <y’y>

< a’|[{z,z)||a — (y,x)a — a™(x,y) + (y, )
=a'a—(y,z)a —a*(z,y) + (y,y).

Put a = (x,y), to get the required inequlaity. O

Remark 17. For v € E, we write ||z|| = ||(z, 2)||'/2. It follows from Proposition (31))
that ||{x, y)|| < ||z||.||y||- And, this define a norm on E.

59
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Definition 30. An inner-product A—module which is complete with respect to its norm
is called a Hilbert A—module, or a Hilbert C*—module over the C*—algebra A.

Example 25. If A is a C*—algebra, then A is itself a Hilbert A—module if we define
(a,b) = a*b, fora,b € A.

Example 26. If J is a closed right ideal in A then J is a sub-module of A and therefore
a Hilbert A—module.

Example 27. If {E;} is a finite set of Hilbert A—modules, then the direct sum Q| F;
forms a Hilbert A—module, if we define (x,y) = > (x;,y;), where v = (z;) and
y = (ui)-

Example 28. B(H,, Hs) is a Hilbert B(H,)—module for any two Hilbert spaces Hy, Hy
with the following operations:

1. module map: (T,S)— TS : B(Hy, Hs) x B(Hy) — B(Hy, Hs)

2. inner product: (T, S) — T*S : B(Hy, Hy) x B(Hy, Hy) — B(H,).

Definition 31. Let ¢ : A — B(H) be linear. Then ¢ is said to be a morphism if it is a
x— homomorphism and nondegenerate (i.e., p(A)H = H).

Definition 32. A map ¢ : E — B(H,, H>) is said to be a
1. ¢—map if (®(z), ®(y)) = ¢((z, y)) forall x,y € E.
2. ¢—morphism if ® is a p—map and ¢ is a morphism.
3. ¢—representation if ® is a p—morphism and ¢ is a representation.

Note 9. A p—morphism ® is linear and satisfies (ra) = ®(x)¢(a) for every x € E and
ac A

Several module versions of Stinespring theorem can be found in the literature. Typ-
ically they are structure theorems for completely positive maps in more general context.
The result we are going to consider here are for p—maps.

A theorem similar to first Stinesprings theorem was presented by Mohammad B.
Asadi for a class of unital maps on Hilbert C* —modules. This result can also be proved
by removing a technical condition of Asadis theorem. The assumption of unitarily on
maps under consideration can also be removed. Further we will see the uniqueness up
to unitary equivalence for minimal representations, which is an important ingredient of
structure theorems like GNS theorem and Stinesprings theorem. Now the result looks
even more like Stinesprings theorem.

Theorem 30. (Mohammad B. Asadi).

If E is a Hilbert C*—module over a unital C*—algebra A, ¢ : A — B(H,) is a com-
pletely positive map with (1) = 1 and ® : E — B(Hy, Hy) is a p—map with the
additional property ®(z,)®(z,)* = Ig,, for some x, € E, where Hy, Hy are Hilbert
spaces, then there exist Hilbert spaces K1, Ky, isometries V : Hy — K1, W : Hy — K,
a x—homomorphism p : A — B(K1) and a p—representation V : E — B(K1, Ks) such
that

o(a) =V*p(a)V, O(x) =WV (x)V, forallr € E,;a € A.
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5.1 Stinespring’s theorem for maps on Hilbert C*-modules

In this Section we strengthen Asadis theorem for a ¢—map ¢ and discuss the mini-
mality of the representations.

Theorem 31. Let A be a unital C*—algebra and ¢ : A — B(H;) be a completely
positive map. Let E be a Hilbert A—module and ® : E — B(Hy, Hs) be a p—map.
Then there exist a pair of triples ((m,V, Ky), (¥, W, Ks), where

1. K, and K, are Hilbert spaces;

2.1 A — B(Ky) is a unital *-homomorphism and V : E — B(Ky, Ks) is a
T—morphism;

3. V:H — Kyand W : Hy — K5 are bounded linear operators;

such that

o(a) = V*r(a)V, foralla € Aand ®(x) = W*U(x)V, forall z € E.

Proof. We prove the theorem in two steps.

Step 1. Existence of 7,V and K : Since ¢ is a completely positive map, by the Stine-
spring’s dilation theorem, there exist a minimal Stinespring representation (7, V, K;) for
¢, where K1 = span{n(A)V H,}.

Step 2. Existence of W, W and K, : Let Ky = span{®(E)H,}. Define, ¥ : £ —
B(Ky, K5) as follows:
For x € E, define ¥(x) : span{n(A)V H,} — span{®(E)H,} by

U(x) ( W(aj)th) = d(za;)h;, a; € Ah; € Hi,j=1,2,-- ,n.
j=1

J=1
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First we claim that ¥(z) is well-defined. Consider,

_ < (Zw a;)Vh; ) U(z) (Zw(ai)vm»

= <Z @(xa])hj, Z ¢($a1>h$>

= > (®(wa;)hy, D(za;)hi) i,

1,7=1

z) (Z 7?(%)th>

n

= Y (®(wa;)*®(za;)hy, hi)m,

Zi;w((mumﬂ )hj, i)
- bl b )
= Zn:lW*ﬂ(a (v, 2)pa;)Vhj hi)m, (. ¢la) = Vr(a)V)
=i<ﬂ(af) ((z,2)p)m(a;)Vhj, Vhi)r, (mis* —homm)

= D _(m(@) n({z, 2)p)m(a;)Vh;, Vhi) i,

= <7r((x,x>E) (Zw(aj)wlj> : (Z w(ai)vm>>
< ||lr({z,2)p)]|| - Zw(aj)mj ( C-S inequality)
< ||| m(a;)Vh; ('since ||7|| < 1).

This shows that if > | 7(a;)Vh; = 0, then ¥(x) (3.7, m(a;)Vh;) = 0, hence ¥(z) is
well-defined. Moreover, W(x) is bounded and ||¥(z)|| < ||z]|.

Since, span{m(A)V H,} is dense in K, U(x) can be extended uniquely to whole of
K7, call the extension V() itself.
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Clearly, 7 is a morphism. Now we show that ¥ is 7—map.

<\Il(x)*\11(y) (Zw(bj)wlj> ,Zﬂ(ai)Vgi>

j=1 i=1

= <‘1’(y) (Zﬂ(bj)‘/hj> , V() (
= <Z (I)(ybj)hj7zq)<xai)gi>

=1

1

W(@i)VQz) >

It

1

2

= Z Z<<D<5Uai)*q)(ybj)hj’gi>
- Z Z(qﬁ((mi, yb;))hj, gi)

= > (lai @ )by, g0

=" (el e, y)b)Vhy, g:)

=1 i=1
m

=3 (w(ag) m({w, y))m(b))Vhy, Vi)

=1 i=1
n m

=3 )l Vhy 7(ar) V)

=1 i=1

= <7T(<I72/>) <Z W(bj)Wh') ,Zw(ai)Vgi>.

This shows that (¥(x), ¥(y)) = ¥(x)*V(y) = 7n({z,y)), for all z,y € E on the dense
set span{m(,A)V H;} and hence they are equal on K. Note that Ky C Hy.

Let W := Pkg,, the orthogonal projection onto K,. Then W* : Ky — Hs is the
inclusion map. Hence WW* = Ik, . Thatis W is a co-isometry.

Now for z € E and h € Hy, we have

W*U(z)Vh =V(x)Vh =V(x)(p(1)Vh) = O(x)h.
[]

Definition 33. We say a pair (7, V, K1), (V, W, K5) is a Stinespring representation for
(¢, @) if the conditions 1 — 3 of Theorem(31)) are satisfied. Such a representation is said
to be minimal if

1. Ky = [r(A)VH|, and

2. Ky = [U(E)VH,.
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Note 10. The pair ((w,V, K1), (¥, W, K3)) obtained in the proof of Theorem (31)) is a
minimal representation for (¢, ®).

Theorem 32. Let ¢ and ® be as in Theorem (31). Assume that ((w,V, K1), (¥, W, K3))
and (7', V', K"), (W', W', K)) are minimal representations for (¢, ®). Then there exists
unitary operators Uy : K1 — K| and Uy : Ky — K such that

1. U,V =V'" Un(a) = 7'(a)Uy, forall a € A, and

2. UyW =W UV (x) = V' (2)Uy, forallx € E.
That is, the following diagram commutes, fora € Aand x € E :

1% w(a) w

H, K, K, 29, K, H,

N

K —o Ky Ko

Proof. Define U; : span(n(A)V Hy) — span(n'(A)V'H,) by

Uy (Z W(aj)Vh]) = ZW'(aj)V'hj, ajAhj e Hi,j=1,--- ,n,n>1,

J=1 J=1

which can be seen to be an onto isometry and the unitary extension of this is the required
map U; : K1 — Ks, refer Theorem (29).
Now define U, : span(V(E)V Hy) — span(V'(E)V'H;) by

Uy (Z m(xj)th) =Y V(@)V'hy, x;€Ehj€ H,j=1,--- ,nn>1.
j=1 j=1

Consider
2 n

= " (. VR (g ) V')

ij=1

n

> W (w)V'h

Jj=1

n

= Z(hj7v*ﬂ(<l'j,xi>)‘/hi>

4,j=1

> W(x;)Vh,
=1

2

Thus U, is well defined and is an isometry and can be extended to whole of /5, call the
extension U, itself,and being onto it is a unitary.

Since ((m,V, K;), (¥, W, K3) and ((#', V', K7), (W', W', K}) are representation for
(¢, @), it follows that

O(z) = WU (2)V = W (2)V' = WU ¥ (2)V
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and hence (W* — W'U,)¥(z)V = 0. Since [V(E)V H,] = Ko, it follows that UsW =
W'. As ¥ is a m—morphism and V¥’ is a 7’ —morphism, it can be shown that

n

Up¥(z) (Z W(aj)th> = U'(2)Us (n(a;)Vhy)

i=1

forallz € E,a; € A h; € Hi,j =1,--- ,n,n > 1, concluding U, ¥ (z) = V'(z)U;.
O

Example 29. Let A = My(C),H, = C* Hy, = C*and E = A® A. Let D =
1
( é i ).Deﬁne¢:A—>B(Hl)by

¢(A)=Do A, forall A€ A,

where o denote the Schur product. As D is positive, ¢ is acompletely positve map (see

L0 L 0
Theorem (7). Let Dy = *65 1 | and ‘65 1 | L Ky =Cland K, =
V2 V2

H,. Define ® : E — B(Hy, Hy) and V : E — B(ky, Ks) by
V3
¥3 Ay D

A B A) = | 2 I WA @A) = Ar 0l all Ay, Ay € A

7§A1D2 O Al
%3 4,D, 0 4

Clearly, ® is a p—map.
DefineV : Hy — Ky and 7 : A — B(K;) by

3
v =P, (A 0), forall A € A.
1D, 0 A

Clearly V is a m—morphism and ®(A; & As) = WV (A, & Ay)V, where W = Iy,. This
example illustrates the Theorem (31)).
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