C*—Algebras

Christian Bar! and Christian Becker?

! Tnstitut fiir Mathematik, Universitit Potsdam, baer@math.uni-potsdam.de
2 Institut fiir Mathematik, Universitit Potsdam, becker@math.uni-potsdam.de

In this chapter we will collect those basic concepts and facts related to C*—
algebras that will be needed later on. We give complete proofs. In Sections 1,
2, 3, and 6 we follow closely the presentation in [1]. For more information on
C*—algebras see e. g. [2, 4, 5, 7, 8].

1 Basic definitions

Definition 1. Let A be an associative C-algebra, let || - || be a norm on the
C-vector space A, and let x : A — A, a — a*, be a C-antilinear map. Then
(A, |l -1, %) is called a C*—algebra, if (A, | - ||) is complete and we have for all
a, be A:

l.a"* =a (x is an involution)

2. (ab)* = b*a*

3. [lab|| < ||al| [|b]| (submultiplicativity)
4. |la*| = |lal] (x is an isometry)

5. la*all = |la? (C*—property).

A (not necessarily complete) norm on A satisfying conditions (1) to (5) is
called a C*—norm.

Remark 1. Note that the Axioms 1-5 are not independent. For instance, Ax-
iom 4 can easily be deduced from Axioms 1,3 and 5.

Ezample 1. Let (H,(-,-)) be a complex Hilbert space, let A = L(H) be the

algebra of bounded operators on H. Let || - || be the operator norm, i. e.,
lall ;= sup [lax].
e H
llell=1

Let a* be the operator adjoint to a, i. e.,
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(az,y) = (z,a"y) for all z, y € H.

Axioms 1 to 4 are easily checked. Using Axioms 3 and 4 and the Cauchy-
Schwarz inequality we see

lall? = sup [laz|? = sup (az,az) = sup (,a"az)

[|z]=1 [|z]]=1 [|z]|=1
AXiO 3 A 4
< s ol -l = faall " o] - ) 2l
x||l=

This shows Axiom 5.
Ezample 2. Let X be a locally compact Hausdorff space. Put

A:=Cy(X) :={f: X — C continuous | Ve > 03K C X compact, so that
Vee X\ K:|f(z)| <e}.

We call Cy(X) the algebra of continuous functions vanishing at infinity. If X
is compact, then A = Co(X) = C(X). All f € Cyp(X) are bounded and we
may define:

If|I:= sup |f(z)].
reX

Moreover let

fr(x) = f(x).

Then (Co(X), || - ||, *) is a commutative C*—algebra.
Ezample 3. Let X be a differentiable manifold. Put
A:=CF(X) :=C®(X)NCy(X).

We call C§°(X) the algebra of smooth functions vanishing at infinity. Norm
and * are defined as in the previous example. Then (C§°(X), || - ||, *) satisfies
all axioms of a commutative C*—algebra except that (A, ||-]|)) is not complete.
If we complete this normed vector space, then we are back to the previous
example of continuous functions.

Definition 2. A subalgebra Ag of a C*—algebra A is called a C*—subalgebra
if it is a closed subspace and a* € Ag for all a € Ag.

Any C*-subalgebra is a C*—algebra in its own right.

Definition 3. Let S be a subset of a C*—algebra A. Then the intersection of
all C*—subalgebras of A containing S is called the C*—subalgebra generated
by S.

Definition 4. An element a of a C*-algebra is called selfadjoint if a = a*.
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Remark 2. Like any algebra a C*-algebra A has at most one unit 1. Now we
have for all a € A

1*q = (1*0,)** — ((L*l**)* _ ((1*1)* —a** —q

and similarly one sees al* = a. Thus 1* is also a unit. By uniqueness 1 = 1%,
i. e., the unit is selfadjoint. Moreover,

11l =22 = [,

hence ||1]] = 1 or ||1]| = 0. In the second case 1 = 0 and therefore A = 0.
Hence we may (and will) from now on assume that ||1|| = 1.

Ezample 4. 1. In Example 1 the algebra A = £L(H) has a unit 1 =idp.
2. The algebra A = Cy(X) has a unit f = 1 if and only if Cy(X) = C(X),
i. e., if and only if X is compact.

Let A be a C*-algebra with unit 1. We write A* for the set of invertible
elements in A. If a € A*, then also a* € A* because

Cl* . (afl)* — (afla)* — 1* — 1’
and similarly (a=1)*-a* = 1. Hence (a*)™! = (a71)*.
Lemma 1. Let A be a C*—algebra. Then the maps

AxA— A, (a,b)—a+d,
CxA— A, (a,a) aa,

AxA— A, (a,b)—a-b,
A 5 A aa Tt

A— A, awa’,
are continuous.

Proof. (a) The first two maps are continuous for all normed vector spaces.
This easily follows from the triangle inequality and from homogeneity of the
norm.

(b) Continuity of multiplication. Let ag, by € A. Then we have for all a,
b e A with |la — agl] < e and ||b — by < e:

lab — aobol| = [[ab — aob + aob — aobo |
< [la = aoll - [l + [laol| - [[b — bo|
< e(llb—boll + [boll) + llaoll - £
< e(e+boll) + llao| - &

(c) Continuity of inversion. Let ag € A*. Then we have for all a € A* with
la — aoll < & < flag"||*:
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la™" —ag 'l = lla™" (a0 — a)ag ||
Slla*II llao —all - flag |
< ([la™ = ag ' + llag'l) - - llag*|l.

Thus
(1—celag'l) e —ag'l <e-llag*|?
—————

>0, since e<|lay | -?

and therefore

la™" —ag || <

lag 1.

|| 1—cllag 'l

(d) Continuity of * is clear because * is an isometry.

Remark 3. It (A, ||-||, *) satisfies the axioms of a C*—algebra except that (A, |-
|l) is not complete, then the above lemma still holds because completeness has
not been used in the proof. Let A be the completion of A with respect to the
norm || - ||. By the above lemma +, -, and * extend continuously to A thus
making A into a C*-algebra.

2 The spectrum

Definition 5. Let A be a C*—algebra with unit 1. For a € A we call
ra(a):={AeC|A-1—ac A"}
the resolvent set of a and
oa(a) :==C\ra(a)
the spectrum of a. For A € ra(a)
A-1-a)yteAa
1s called the resolvent of a at \. Moreover, the number
pala) :=sup{|A| | A € 0a(a)}
1s called the spectral radius of a.
Ezample 5. Let X be a compact Hausdorff space and let A = C(X). Then

*={feCX)| f(x) £0 for all z € X},
oox)(f) = f(X) CC,
rox)(f) = C\ f(X),

pex)(f) = [Ifllec = maxzex [f(z)]-
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Proposition 1. Let A be a C*-algebra with unit 1 and let a € A. Then
oa(a) C C is a nonempty compact subset and the resolvent

rala) — A, )\b—>()\-1—a)_1,

is continuous. Moreover,

pa(a) = lim [la"|= = " < al.
Proof. (a) Let Ag € r4(a). For A € C with
A =20l < [(hol —a) 77} (1)
the Neumann series
> (o= A"l —a) !
m=0

converges absolutely because
1o =A™ (Aol = a) ™" 7H < [Ag =A™ - [(Ao1 = a) 7™

= 101 a1 (M=)

<1 by (1)

Since A is complete the Neumann series converges in A. It converges to the
resolvent (A1 — a)~! because

(AL=a) > (A= A"l —a)™"
m=0
=[A= )1+ Mol —a)] Y (Ao — A" (Aol —a)™
m=0
== > Mo=N"T Nl =a) "+ > o= A" (Al —a)™"
m=0 m=0
=1.

Thus we have shown A € r4(a) for all A satisfying (1). Hence r4(a) is open
and o4(a) is closed.

(b) Continuity of the resolvent. We estimate the difference of the resolvent
of a at Ao and at A using the Neumann series. If X satisfies (1), then
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A1 =) = (ol — )| = H 3" (Ao =A™ (Aol — ) ()\ol—a)_lH
m=0
< 37 o= A" (o1 = a) 7t
m=1

Ao = Al [[(Aol —a) 7|
L= X0 = Al [[(Aol = a) 7!
[(Aol —a)”*|?

T=ho — Al 10l — ) 7]
— 0 for A — Ag.

= ol — )]

= o —Al-

Hence the resolvent is continuous.

(c) We show pa(a) < inf, [|a”||» < liminf, . |la”||=. Let n € N be
fixed and let |A|™ > |la™||. Each m € Ny can be written uniquely in the form
m=pn+q,p, ¢ €Ny, 0<q<n—1. The series

R LIRSS

M

ll-<1

converges absolutely. Its limit is (A1 — a)~! because

)\1 _ a (Z \—m—1 m) _ A~ Z A—m1lgmtl g
m=0

and similarly

M2

0

3
Il

( i )fmflam) . ()\1 — a) =1.

m=0
Hence for |[A|™ > ||a™|| the element (A1 — a) is invertible and thus A € r4(a).

Therefore . .
pa(a) < inf |la™|| < liminf ||a™|".
neN n— o0

(d) We show p4(a) > limsup,, . ||a”||=. We abbreviate p(a) := limsup,, .._||a™| .
Case 1: p(a) = 0. If a were invertible, then

L= 1 = lla"a™"] < fla™[| - fla™"|

would imply 1 < p(a) - p(a=!) = 0, which yields a contradiction. Therefore
a ¢ A*. Thus 0 € 0 4(a). In particular, the spectrum of a is nonempty. Hence
the spectral radius p4(a) is bounded from below by 0 and thus

pla) = 0 < paa).

Case 2: p(a) > 0. If a, € A are elements for which R,, := (1 — a,)~!
exist, then
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a, —0 < R, —1.

This follows from the fact that the map AX — A%, a — a~!, is continuous

by Lemma 1. Put
S:={reC|[A = pla)}.

We want to show that S ¢ r4(a) since then there exists A € o4 (a) such that
|A| > p(a) and hence
pala) = |Al = pla).

Assume in the contrary that S C r4(a). Let w € C be an n-th root of unity,
i.e., w” =1.For A € S we also have 2 € S C ra(a). Hence there exists

(Gri-a)"=50-59"

and we may define

We compute

(=)o =L 23 (S - 5) (-5

_ a I-1\k
T A—1 Z(w )
1=1 k=1
—_———
Joifi>2
nifl=1
=1.

n

a

Similarly one sees Ry (a,)(1 — %) = 1. Hence

Rn(a,\) = (1 - %:)71

for any A € S C ra(a). Moreover for A € S we have
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0= 5) - (-5

@

M:n

<yle-25) - 0-5

) R O
SR

< [pla) = Al-flal - sup (1 )

The supremum is finite since z — (21 — a)~! is continuous on r4(a) D S by

part (b) of the proof and since for |z| > 2 - ||a|| we have

S(E)”

Outside the annulus Byjq) (0)—Bj(a)(0) the expression ||(z1—a)~!|| is bounded
by m and on the compact annulus it is bounded by continuity. Put

= lall - sup [I(1 = @)™ .

We have shown
[1Rn(a, pla)) — Ru(a, M| < C - |p(a) = A|
for all n € N and all A € S. Putting A = p(a) + % we obtain

H(lf ﬁ(aa)")_l - (1* (ﬁ(a)a:)")_1 H = %

————
—0 for n—oo

S

—1 for n—oo

thus
an

hisolip H (1 B p(a)")_l B 1” = %

for all 7 € N and hence

a’ﬂ

hffisolip H (1 B p(a)">_1 B 1” =0
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For n — oo we get

and thus -
oD 2)
On the other hand we have
a7 < [laf| 7 - [|a” |7
— a7 - [|a” | T - o ®
< |la|| 7 - ||a||"FETD - (o ||
= [|a™[|.

1 . . . .
Hence the sequence (||a”|\ ﬁ) is monotonically nonincreasing and therefore
neN

p(a) = limsup [|a® || % < ||a"|* for all n € N.
k— o0
Thus 1 < % for all n € N, in contradiction to (2).
(e) The spectrum is nonempty. If o(a) = (), then p4(a) = —oo contradict-
ing pa(a) = lim, o [Ja™|% > 0.

Definition 6. Let A be a C*—algebra with unit. Then a € A is called

e normal, if aa® = a*a,
e an isometry, if a*a =1, and
e unitary, if a*a = aa™ = 1.

Remark 4. In particular, selfadjoint elements are normal. In a commutative
algebra all elements are normal.

Proposition 2. Let A be a C*—algebra with unit and let a,b € A. Then the
following holds:

1.oa(a*) =0cala) ={N€C|X€aala)}.

Ifae AX then oa(a™t) = oa(a)t.

. If a is normal, then pa(a) = |la|.

. If a is an isometry, then pa(a) = 1.

. If a is unitary, then o4(a) C S* C C.

If a is selfadjoint, then oa(a) C [—|al,]|lal]] and moreover o(a?) C
[0, lla]l?].

7. If P(z) is a polynomial with complex coefficients and a € A is arbitrary,
then

S Gr A Co o

UA(P(a)> = P(O’A(a)) = {P()\) | AE O’A(a)}.
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8. o a(ab) — {0} = o(ba) — {0}.

Proof. We start by showing assertion (1). A number A does not lie in the
spectrum of a if and only if (A1 —a) is invertible, i. e., if and only if (A1 —a)* =
Al — a* is invertible, i. e., if and only if A does not lie in the spectrum of a*.

To see (2) let a be invertible. Then 0 lies neither in the spectrum o 4(a) of
a nor in the spectrum o4(a™!) of a=!. Moreover, we have for A # 0

M —a=Xa(a"! =271

and
A —at =X "taHa - A1).

Hence A1 — a is invertible if and only if A™'1 — ¢~ ! is invertible.

To show (3) let @ be normal. Then a*a is selfadjoint, in particular normal.
Using the C*—property we obtain inductively

" |12 = [[(a®")*a®" || = [|(a")*"a®"|| = [|(a*a)®"|
n—1 n—1 n—1
= [(a*a)®" " (a*a)®" | = (a*a)*" |2
== Ja*a]* = |la)>""".

Thus

pala) = lim [a®"

7 = lim |al| = ||a].
n—oo n—oo

To prove (4) let a be an isometry. Then
la™* = ll(a")*a"™|| = [[(a")"a" | = |I1]| = 1.

Hence )
pala) = lim [la" ¥ = 1.

For assertion (5) let a be unitary. On the one hand we have by (4)
oala) c{AeC| N <1}

On the other hand we have

oala) W oa(a*) =oc4(a™1) = oa(a)
Both combined yield o4(a) C S.

To show (6) let a be selfadjoint. We need to show og4(a) C R. Let A € R
with A=! > |la||. Then | —iA™ = A7! > p(a) and hence 1+iXa = iA(—iA "1+
a) is invertible. Put

U:=(1—iXa)(1+ira)" "

Then U* = ((1+iXa)"H)*(1—ida)* = (1—iXa*) "1 (1+iXa*) = (1 —iXa) -
(1 +4Xa) and therefore
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UU = (1 —iXa)™ - (1 4+iXa)(1 —ida)(1 +ida) "
(1 —iXa) (1 —iXa)(1 +iXa)(1 +iXa) ™
1

Similarly UU* = 1, i. e., U is unitary. By (5) c4(U) C S'. A simple compu-
tation with complex numbers shows that

[(1—idp)(1+idp) =1 & pekR.
Thus (1 —iAu)(1 +iAu)~t -1 — U is invertible if u € C\ R. From

(1—ixw)(T+idp) ™t -1-U

= (1+id\) (1 —idp) (1 +ixa)l — (14 iAp) (1 —iXa)) (1 +iXa) ™"

= 2IN(1 + i) Ha — p)(A +iXa) !
we see that a — pl is invertible for all p € C\ R. Thus u € ra(a) for all
p € C\ R and hence o4(a) C R. The statement about c4(a?) now follows

from part (7).
To prove (7) decompose the polynomial P(z) — A into linear factors

P(z)—)\:a-H(aj—z), a,a; € C.
j=1
We insert an algebra element a € A:
Pla)— M=« H(ozjl —a).
j=1

Since the factors in this product commute the product is invertible if and only
if all factors are invertible.? In our case this means

A € 04(P(a)) < at least one factor is noninvertible
& a; € 04(a) for some j
& X = P(a;) € P(oa(a)).

If ¢ is inverse to 1 — ab, then (1+bca) - (1 —ba) =1 —ba+be(l —ab)a =1
and (1 —ba) - (1+bca) =1—ba+b(1l —ab)ca = 1. Hence 1+ bca is inverse to
1 — ba, which finally yields (8).

Corollary 1. Let (A,] - ||, *) be a C*—algebra with unit. Then the norm || - ||
1s uniquely determined by A and *.

3 This is generally true in algebras with unit. Let b = a; - - - a, with commuting
factors. Then b is invertible if all factors are invertible: b~' = a;'---a;'. Con-
versely, if b is invertible, then a;' = b7' . Hj# a; where we have used that the
factors commute.
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Proof. For a € A the element a*a is selfadjoint and hence
« 1 203) *
lal* = lla*all =" pa(a”a)

depends only on A and .

3 Morphisms

Definition 7. Let A and B be C*—algebras. An algebra homomorphism
m:A— B

1s called *—morphism if for all a € A we have

A map m: A— A is called x—automorphism if it is an invertible x—morphism.

Corollary 2. Let A and B be C*—algebras with unit. Each unit-preserving
x—morphism m : A — B satisfies

[w(a)ll < flall
for all a € A. In particular, w is continuous.
Proof. For a € A*
m(a)r(a™") = m(aa™ ) =7(1) =1

holds and similarly w(a=!)7(a) = 1. Hence 7w(a) € B* with w(a)™! = 7(a™1).
Now if A € 74(a), then
Al —7(a) =7(A\l —a) € 7(4A*) C B*,

i. e., A € rg(w(a)). Hence r4(a) C rg(n(a)) and op(n(a)) C oca(a). This
implies the inequality

p5(n()) < pala).
Since 7 is a *—morphism and a*a and 7 (a)*7(a) are selfadjoint we can estimate
the norm as follows:

Im(@I? = lim(@)*7(a)]| = ps(r(a)*n(a)) = pi (n(a"a))
< pa(a*a) = lal?

Corollary 3. Let A be a C*—algebra with unit. Then each unit-preserving *—
automorphism 7 : A — A satisfies for all a € A:

(@)l = llall
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Proof.
In (@)l < llall = =~ (n(a)|| < [I7(a)].

If P(2) = >7_y¢;#’ is a polynomial of one complex variable and a an
element of an algebra A, then P(a) = Z;'L:o cja’ is defined in an obvious
manner. We now show how to define f(a) is f is a continuous function and a
is a normal element of a C*—algebra A. This is known as continuous functional
calculus.

Proposition 3. Let A be a C*—algebra with unit. Let a € A be normal.

Then there is a unique x—morphism C(ca(a)) — A denoted by f — f(a)
such that f(a) has the standard meaning in case f is the restriction of a
polynomial. Moreover, the following holds:

1 [f @l = I fllcoa(ay for all f € Cloala)).

2. If B is another C*—algebra with unit and © : A — B a unit-preserving
x—morphism, then 7(f(a)) = f(w(a)) for all f € C(oa(a)).

3. oa(f(a)) = f(oa(a)) for all f € C(oa(a)). *

Proof. For any polynomial P we have that P(a) is also normal and hence by
Proposition 2

[1P(a)]l = pa(P(a)) = sup{|ul | p € oa(P(a))}
= sup{|[PA)[ [ A € 0a(a)} = [IPllcoaa) 3)

Thus the map P +— P(a) extends uniquely to a linear map from the closure
of the polynomials in C(c4(a)) to A. Since the polynomials form an algebra
containing the unit, containing complex conjugates, and separating points,
this closure is all of C'(o 4(a)) by the Stone-Weierstrass theorem. By continuity
this extension is a *—morphism and assertion 1 follows from (3).

Assertion 2 clearly holds if f is a polynomial. It then follows for continuous
f because 7 is continuous by Corollary 2.

As to assertion 3 let A € g4(a). Choose polynomials P, such that P, — f
in C(o4(a)). By Proposition 2 P,(\) € ca(P,(a)), i.e. Py(a) — P,(A\) -1 &
A*. Since the complement of A* is closed we can pass to the limit and we
obtain f(a) — f(A\) -1 ¢ A*. Hence f(A\) € oa(f(a)). This shows f(oa(a)) C
oa(f(a)). Conversely, let u & f(oa(a)). Then g := (f — u)~t € C(o(a)).
(From g(a)(f(a) — p-1) = (f(a) — p-1)g(a) = 1 one sees f(a) —pu-1€ AX,
thus 1 & o(f(a)).

We extend Corollary 3 to the case where 7 is injective but not necessarily
onto. This is not a direct consequence of Corollary 3 because it is not a priori
clear that the image of a *—morphism is closed and hence a C*-algebra in its
own right.

* Recall from the proof of Corollary 2 that o (m(a)) C oa(a). Strictly speaking,
the statement is 7(f(a)) = (flop(r(a)))(7(a))
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Proposition 4. Let A and B be C*—algebras with unit. FEach injective unit-
preserving x—morphism w : A — B satisfies

()l = llall
for all a € A.

Proof. By Corollary 2 we only have to show ||7(a)|| > ||a||. Once we know this
inequality for selfadjoint elements it follows for all a € A because

Im(@)|* = lIx(a)*m(@)|| = |[r(a*a)ll > a”all = [la]*.

Assume there exists a selfadjoint element a € A such that ||7(a)|| < |al-

By Proposition 2, we have o4(a) C [—|a|,|lal]] and pa(a) = |a]|, hence
lall € oa(a) or —|la]| € 0a(a). Similarly, op(w(a)) C [—[7(a)ll, [7(a)ll]-
Choose a continuous function f : [—|a|,|lal]] — R such that f van-

ishes on [—||7(a)]|, |7 (a)|]] and f(—l|la])) = f(||la]]) = 1. {From Proposi-
tion 3 we conclude 7(f(a)) = f(m(a)) = 0 because f|o,(r(a) = 0 and
If(a)ll = Ifllc(ea@)) = 1. Thus f(a) # 0. This contradicts the injectivity
of m.

Remark 5. Any element a in a C*—algebra A can be represented as a linear
combination a = a1 + ias of self-adjoint elements by setting a; := 1 - (a +a*)
and ag 1= 2% “(a—a*).

Lemma 2. Let a € A be a self-adjoint element in a unital C*—algebra A.
Then the following three statements are equivalent:

1. a=b? for a self-adjoint element b € A.
2. a = c*c for an arbitrary element c € A.
3. oala) C[0,00).

Proof. If a = b? for a self-adjoint element, we have by Proposition 3
oala) =ca(?) = {N?| N €oa(b) C[0,00),

which proves the implication 1 = 3.

If 04(a) C [0,00), we can define the element b := y/a using the continuous
functional calculus 3. We then have b* = b and b* = a, which proves the
implication 3 = 1.

The implication 1 = 2 is trivial.

Let a = ¢*c and suppose g 4(—a) C [0, 00). By assertion 8 from Proposition
2, we have o4 (—cc*) = o4(—c*c)—{0} C [0, 00). Writing ¢ = ¢1 +icy with self-
adjoint elements ¢y, ¢z, we find ¢*c+cc* = 2¢24-2¢2, hence c*c = 2¢3+2c2 —cc*,
which implies o4(c*c) C [0,00). Hence o4(c*c) = {0}, which implies c¢*c =
a=0.

Now suppose a = c*c for an arbitrary element ¢ € A. Since a = c*c is self-
adjoint and o4 (a?) C [0,00), by the continuous functional calculus 3, there
exists a unique element |a| := Va2 with
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oa(d) = {VA| X € ga(a®)} C [0,00).

By the same argument, the elements a.. := 3-(|a|+a) and a_ := %-(|a|—a) are
self-adjoint and satisfy o4(a;) C [0,00). We then have a = a; — a_. Further,
for the element d := ca_, we compute

—d*d=—a_c'ca_ = —a_(ay —a_)a_ = —a_aya_ + (a_)® = (a_)?,

since aya_ = 1(|a|+a)-(la|—a) = (|a|*—a?) = 0. We thus have o4 (—d*d) =
oa((a_)?) C [0,00), which yields d = 0. Hence ¢ = 0 or a_ = 0, thus a = a
and o4(a) = o4a(as) C [0,00). This proves the implication 1 = 3.

Definition 8. A self-adjoint element a € A is called positive, if one and
hence of the properties in Lemma 2 hold.

Remark 6. By the reasoning of the preceding proof, any self-adjoint element
a € A can be represented as a linear combination a = a4 — a_ with positive
elements a; = % - (la| + a) and a— := § - (|a| — a) satisfying aya_ = 0.
Combining this observation with remark 5, we conclude that any *—subalgebra
of A is spanned by its positive elements (of norm < 1).

4 States and representations

Let (A,] -||,*) be a C*-algebra and H a Hilbert space.

Definition 9. A representation of A on H is a x—morphism n : A — L(H).
A representation is called faithful, if m is injective. A subset U C H is called
invariant under A, if

m(A)U :={w(a) - ula€a,uec U} CU.

A representation is called irreducible, if the only closed vector subspaces of H
invariant under A are {0} and H.

Remark 7. Let my : A — L(H)), A € A, be representations of A. Then

W:@TF)\ZAHE(@H)\),

AeA A€EA
(@) (@a)rea) = (Ta(@) - @2) s po
is called the direct sum representation.

Definition 10. Two representations m : A — L(Hy), me : A — L(Hz) are
called unitarily equivalent, if there exists a unitary operator U : Hy — Hs,
such that for every a € A:

Uom(a) =ma(a)oU.
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Definition 11. A vector 2 € H is called cyclic for a representation 7, if
{n(a) - 2]|a€c A} CH

is a dense subset.

Ezample 6. The commutative C*—algebra A = C(X) of continuous functions
on a compact Hausdorff space has a natural representation on the Hilbert
space H = L?(X) by multiplication. The constant function 2 = 1 is a cyclic
vector since the continuous functions are dense in L?(X).

Lemma 3. If (H, ) is an irreducible representation, then either 7 is the zero
map or every non-zero vector 2 € H is cyclic for w.

Proof. For every vector {2 € H, the space w(A){2 is invariant under A, hence
its closure is either {0} or H. If 2 is non-zero then either w(A)f2 = {0}, so
that the 1-dimensional subspace C- {2 is invariant under A, whence H = C- {2
and m = 0. Or their exists an element a € A such that m(a)f2 # 0, so that
7w(A) - 2 is dense in H and hence 2 is cyclic.

Definition 12. A state on a C*—algebra A is a linear funtional 7 : A — C
with
1. ||7]| :=sup{|7(a)| | a € A, ]la]| =1} =1 (t has norm 1).
2.7(a*a) > 0Va e A (T is positive).

The set of all states on A is denoted by S(A).

Ezample 7. Let X be a compact Hausdorff space, A = C(X). Let p be a Borel
probability measure on X, i.e. a measure on the Borel sigma algebra of X with
Jx dp=1. Then

Tu:A—C

fH/deu

is a state. For instance, the state ug, —corresponding to the Dirac measure at
Tg is the evaluation at xq:

ps,, (f) = f(o) .

Ezample 8. On the C*—algebra A = Mat(n x n;C) of complex matrices, we

have the state .
T(A) == — - tr(4).

n

Ezample 9. On A = L(H), a vector 2 € H with ||£2|| = 1 yields a so called
vector state
T(A):=(A-02,0).
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Proposition 5. Let 7: A — C be a state on a C*—algebra A with unit. Then
we have:

1.Ax A — C, (a,b) — 7(b*a), is a positive semi definite, hermitian
sesquilinear form.

2. |r(b*a)* < T(a*a)-T(b*b) Va,be A (Cauchy-Schwarz inequality).

3.7(a*)=7(a) VaeA.

4. |m(a)]? < 7(a*a) Va € A.

5.7(1) =7l =1.

Proof. Tt follows immediately from the definitions, that the form (a,b) —

7(b*a) is sesquilinear and positive semi definite. To show that it is hermitian,
we set ¢ = a - z + b for some z € C and compute

0 < 7(c*c)
=Zz-z-7(a%a)+ Z-7(a"b) + z - 7(b"a) + T(b"D). (4)
It follows, that Im(z - 7(a*b) + z - 7(b*a)) = 0. Setting z = 1, we obtain
Im7(a*b) = —Im 7(b*a), setting z = i, we obtain Re7(a*b) = Re7(b*a). Thus
7(a*b) = 7(b*a).
Setting z = —

7(a*b)
T(a*a)’

(4) implies the Cauchy-Schwarz inequality:

[T(a*b)[*  |r(a*b)*  |7(a*b)[? (bt
7(a*a) 7(a*a) T(a*a) +7(070).

0<

Since A has a unit, we have

7(a*) =71(a*1) = 7(1*a) = 7(a).
To show 4, we compute

[m(@)* = |r(1"a)] < 7(1"1) - 7(a”a) = 7(1) - 7(a"a)
<7l 1 - 7(a*a) < 7(a"a).

Using 7(1) = 7(1*1) > 0 and 7(1) < 1, we compute
[m(@)* < 7(171) - 7(a*a) < 7(1) - |7l - la*al = 7(1) - [|a]*.

‘We thus have

Ta2
wr <

1 =||7|* < sup
aexg Ha

az

hence 7(1) = 1.

Remark 8. The proof of assertion 5 shows that ¢(1) = ||¢|| holds for every
positive linear functional .
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Corollary 4. Let 1q,...,7, be states and A\y,..., , > 0 with Z?Zl Aj =1,
Then the convex combination 7 = Z?:l A - Tn 18 also a state.
Let 7;, i € N be states and define 7(a) := lim; .o 7(a). Then T is a state.

Proof. For the convex combinations, we have

n
T(a*a) = Z Aj -Ti(a*a) >0
jflv ~——
>0 >0

and
n

Il =r()=3_X n)=3 =1

Jj=1

Similarly, for the pointwise convergence, we have
7(a*a) = lim 7;(a*a) >0
71— 00
and

7] == sup{|7(a)| | a € A, |lal]| = 1}
= sup{| lim =(a)| | a € A,|a|| =1}

sup{ lim |r;(a)| | a € A4, |la|]| = 1}
= lim |||
=1.

Ezxzample 10. Let 1q,..., T, be vector states for vectors §24,...,2, € H. Then
for the state 7 = 3°7_ | Aj7; with A; >0, 377 | A; = 1, we find
n n
Aj-(a-£2;,02) =tr(o-a).
=1
Here 9 € L(H) is an operator of finite dimensional range with eigenvectors
2; and eigenvalues \;.

More generally, a positive trace class operator o € L(H) defines a state 7
on A= L(H) by 7(a) :=tr(o-a). States of this form are called normal.

Lemma 4. Let 7 be a state on a C*—algebra A. Then the following holds:

1. 7(a*a) =0 < 7(ba) =0 for any b € A.
2. 7(b*a*ab) < |la*al| - T(b*D).

Proof. 1. Suppose 7(a*a) = 0. Then the Cauchy-Schwarz inequality
|7(ba)|* < 7(a*a) -T(bb*) =0
0

implies 7(ba) = 0. The other direction is obvious.
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2. If 7(b*b) = 0, then 7(cb) = 0 for any ¢ € A, especially for ¢ = b*a*a. We

thus assume 7(b*b) > 0 and set o(c) := TT((I’;Cbb)). Then g is a positive linear

functional with ||g|| = o(1) = 1. Hence g is a state, and from Proposition 5
we have g(a*a) < ||a*a]|.

From every state 7 on a C*—algebra A we can construct a representation
of A by making the product (b,a) — 7(b*a) non degenerate. By assertion 1
in Lemma 4, the null space

N, :={a€ A|7(a"a) =0}

is a closed linear subspace of A. By assertion 2 in Lemma 4, N, is a left ideal
in A. Therefore, the pairing

A/N, x A/N, — C,
(lal, [b]) = 7(b%a),

is a well defined hermitian scalar product. Let H, be the completion of the
pre-Hilbert space A/N,. Then the map

7w A— L(A/N;),
mr(a) - [b] := [ad] ,

satisfies
7z (a) - [BlI* = 7(b"a*ab) < [la*al| - 7(6"b) = [lal| - |[b]]]*
50 ||7-(a)]] < |la|| and ||7-|| < 1. The map 7, thus extends to a representation
m:A— L(H;).

The scalar product induced by ([a], [b]) — 7(b*a) on H, will be denoted by

<'>'>T-

Definition 13. Let 7 be a state on a C*-algebra A. The representation
(Hyy ()7, mr) constructed above is called the Gelfand-Naimark-Segal re-
presentation, or GNS representation for short.

Example 11. For A = C(X) with a state 7, given by a probability measure
poas 7,(f) = fX f du, the representation space of the GNS representation is
HT = L2 (X7 /’L)

Remark 9. Let T be a state on a C*—algebra A with unit. Then we have:

1. The vector §2, := [1] € H; is cyclic for 7., since
7 (A)- 2. =A/N, C H,

is dense.
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2. 7 can be represented as a vector state on the GNS representation because
7(a) = 7(1%al) = ([al], [1])7 = (7-(a) - 2, 2:),

Definition 14. Let A be a C*—algebra A. The direct sum representation

@ 7T7—:A—>,C( @ HT)

TES(A) TES(A)
1s called the universal representation of A.

Remark 10. The universal representation is faithful. Hence every C*—algebra
A is isomorphic to a subalgebra of the algebra £(H) of bounded linear oper-
ators on a Hilbert space H.

Definition 15. A state 7 on a C*—algebra A is called pure, if for every pos-
itwe linear functional o : A — C with o(a*a) < 7(a*a) Ya € A, there exists
A€ 0,1] witho=\-T.

Remark 11. A pure state 7 cannot be written as a convex combination of
different states 7 # 7o: If 7 = A1+ (1= A) - 7o with A € [0, 1], then 7 > A-7y
impliecs A\=0and T=mor A=1and 7 = 7y.

Definition 16. Let S C A be a subset of a C*—algebra A. The space S’ :=
{a € Al|la,s] =0Va € A, s € S} is called the commutant of S. Here [a, s] :=
as — sa is the commutator of a and s.

Remark 12. If S C A is a x—invariant subset, i.e. S* := {s* |s € S} C S, then
the commutant S’ is also *—invariant. S’ is closed, since for every s € S, the
map A — A, a +— [a, s] is continuous. Hence S’ is a C*—subalgebra of A.

Theorem 1. Let (H, ) be a representation of a unital C*—algebra. Then the
following two statemenst are equivalent:

1. 7 is irreducible
2. (r(A)) =C-idgy.

Proof. Suppose 7 is irreducible and b € L£(H) commutes with all elements
of 7(A). By Remark 5, we may write b = by + iby with self-adjoint elements
b1,be € L(H). We need to show that 0.4 (b1) and o 4(b2) each consist of a single
point. Suppose to the contrary, that c4(b;) contains two different numbers
A # p1. Then we choose functions f,g € C(o.4(b1)) such that f(X) = g(u) =1
and f-g = 0. By the continuous functional calculus 3 in the C*-algebra
(m(A))", we have f(b1)-g(b1) = (f-g)(b1) = 0, and f(b1), g(b1) # 0. Since g(b1)
commutes with every element of w(A) and 7 is irreducible, g(by) - H is an A-
invariant, dense subspace of H. The vanishing of f(b;) on this subspace implies
f(b1) =0, which contradicts the fact that the continuous functional calculus
3 is an isometry. Thus o4 (b1) consists of a single point, hence C(o4(b1)) is
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one-dimensional. Since the continuous functional calculus C(c(b1)) — A is
an isometric embedding with by, idg in its image, we conclude that by = Aid g
for a A € C. By the same argument, b and hence b is a multiple of the identity.

Now suppose (7(A4)) = C-idy. Let K C H be a closed subspace invariant
under A, and let p be the orthogonal projection from H onto K. The invariance
property m(A)K C K yields that p commutes with every operator in 7(A).
Hence p is of the form p = A -idg, A € C. Since p is a projection, p? = p thus
A2 =\ Hence K = {0} or K = H.

Theorem 2. Let 7 be a state on a C*—algebra A. Then the following two
statements are equivalent:

1. 7 1s a pure state.
2. The GNS representation (H., ;) is irreducible, i.e. H. has no nontrivial
closed A-invariant subspace.

Proof. Suppose 7 is a pure state and v € L(H) is a positive element of norm
<1 that commutes with every element in 7 (A). Then the function

0:A—Ciar (m:(a) v, 02;)
is a positive linear functional on A, satisfying o(a*a) < 7(a*a) for all a € A.
Hence o = A - 7 for a A € [0,1]. Thus for arbitary a,b € A, we obtain in the
pre-Hilbert space A/N.:

(v-(a+ Ng),(b+ Ny)),

(v-mr(a)2:, 7 (b)82;),

= (v -7, (b*a)2:, 2,

o(b*a

A-1(b%a)

— Oidy, - (at N,), (b4 N,))s

This implies v = Aidg_, since A/N; is dense in H,. By Proposition 1, we
conculde that 7, is irreducible.

Now suppose that g is a positive linear functional on A such that g(a*a) <
7(a*a) for all @ € A. Then the pairing

(a+ N;,b+ N;) — po(b*a)

is a positive semi-definite, hermitian sesquilinear form on A/N,. Being ma-
jorized by (-,-)r, it extends to another inner product (-,-), on the Hilbert
space H,. Hence there exists a bounded positive operator m € L(H) such
that

(x,y), = (x,my), Va,y € Hr.

Now the estimate

0 < o(a*a) = (- (a)2,mm,(a)2(,< 7(a*a) = (7. (a)2, 7, (a)2(;
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together with the Cauchy-Schwarz inequality yields ||m| < 1. For every
a,b,c € A, we have

(mr(a),mmr(b)mr(b)(- = o(a"bc)
= o((b%a)"c)
= (rr(a), 7 (b)ymm, (b){; .

Hence m commutes with every m(c), ¢ € A.

Now suppose the functional o is not a mutiple of the state 7. Then the
operator m is not a multiple of idg_. By Theorem 1, this contradicts the
irreducibility of the representation 7.

Lemma 5. In a unital C* —algebra A, every state is a pointwise limit of convex
combinations of pure states.

Proof. By Corollary 4, convex combinations pointwise limits of states are
states. Hence S(A) is a closed convex set in the topology of pointwise con-
vergence. By the Banach-Alaoglu theorem from functional analysis, S(A) is
thus a compact subset of the closed unit ball in the dual space of A (in the
topology of pointwise convergence). The Krein-Milman theorem then implies,
that S(A) is the closed convex hull of its extreme points, which be Remark
11 contain all pure states. Now let 7 € S(A) be an extreme point of S(A), o
a positive linear functional on A satisfying g(a*a) < 7(a*a) for all a € A, and
suppose T # o # 0. Then setting t = ||g|| € (0,1), we find

t) (Tﬁ Q)

0
lloll T = oll

since |7 — o]l = 7(1) — o(1) = ||I7|| — |lell = 1 — ¢t by Remark 8. Hence H—gH =
(r—0) _
el )
and hence 7 is a pure state.

T, since by assumption 7 is an extreme point of S(A). Thus ¢ = t7

5 Product states

In this section, we consider states on the tensor product of C*—algebras.
The norms making the algebraic tensor product into a C*—algebra are highly
nonunique. However, the norm making the algebraic tensor product of Hilbert
spaces into a pre-Hilbert space is unique. So it seems natural to study norms
on the algebras by means of norms on representation spaces. We will work
here with the finest norm topology, making the algebraic tensor product of
C*—algebras into a C*—algebra. Throughout this section, we assume the C*—
algebras in question to have a unit.

Remark 15. Let (H,(-,-)g) and (K, (-, ")k ) be Hilbert spaces. Then there is a
unique inner product (-,-) on the algebraic tensor product of H and K such
that
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(r@y,2 @y)=(x,2"Yug - (y,y )k  Va,2' € Hy,y € K.

The completion of the algebraic tensor product with respect to this inner
product is called the tensor product of the Hilbert spaces and is denoted by
H® K. Moreover, for bounded operators a € L(H) and b € L(K), there exists
a unique operator a ® b € L(H ® K) such that

(a@b)(x®@y) =a(z) @ b(y) Vee HyeK.
This operator satisfies ||ja @ b|| = ||a||z - ||b]| k-

Given two C*-algebras (4, ||-||a,*) and (B, |- ||z, *), we want to construct
C*—norms on the algebraic tensor product A ® B. The simplest way to do so
is by using the universal representations. The C-antilinear map *: A ® B —
A ® B defined by (a ® b)* := a* ® b* on homogeneous elements and extended
bilinearly to A ® B makes the algebraic tensor product into an involutive
algebra.

Lemma 6. Let (H, ) and (K,v) be representations of A and B, respectively.
Then there is a unique x—homomorphism m: A® B — L(H ® K) such that

m(a®b) = p(a) @ Y(b) VYa € A,b € B.
Moreover, if the representations ¢ and ¢ are faithful, then so is .

Proof. The map Ax B — L(H®K), (a,b) — p(a) ®¢(b) is bilinear and thus
yields a unique linear map 7 : AQ B — L(H ® K) as claimed, which is indeed
a x—morphism. If both ¢ and v are injective and z € A® B satisfies (z) = 0,
then by writing z = Z?:1 a; ® b; with linearly independent b;, we conclude
¢(a;) =0for j=0,...,n. Hence a; =0 for j =1,...,n and thus z = 0.

By this Lemma, it is natural to make use of the universal representation
from Definition 14 to obtain a C"*"-—norm on the algebraic tensor product.

Definition 17. Let (A, || - ||a,*) and (B,| - |5, *) be C*—algebras with the
universal representations 7 : A — L(H) and 78 : B — L(K). The injective
C*—norm || - ||, on the algebraic tensor product is defined by

el := llm (el

where m: A® B — L(H ® K) is the unique *-morphism induced by 7 x
as in Lemma 6. The completion of the algebraic tensor product with respect
to the C*—norm || - ||, is called the injective C*~tensor product and is denoted
by A®, B.

B

Since the s—morphism 7 constructed via the universal representations is
injective, || - ||, is indeed a C*—norm on A ® B. Another natural C*-norm on
A® B is constructed by taking the supremum over all C*—norms. By Remark
2, a unit preserving sx—morphism 7 from the algebraic tensor product A ® B
to a C*-algebra C satisfies ||7(z)|| < ||z||, with respect to any C*—norm |||
on A® B. This yields the following characterization of the maximal C*—norm
on A® B:
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Definition 18. Let (A4, - ||a,*) and (B, || - ||B,*) be C*—algebras. The pro-
jective C*—norm || - ||z on the algebraic tensor product A ® B is defined by

n n
lellr == inf $ > " flajlla-llbjlls | c=Y a; @b
j=1 j=1

The completion of A ® B with respect to the C*—norm || - ||x is called the
projective C*~tensor product and is denoted by A @, B.

Remark 14. The projective C*-norm || - ||, satisfies |[a ® bl = |la||la - [|b||5
for all @ € A, b € B. Clearly, any other C*norm || - ||y on A ® B satisfies
llelly < Jlellx for all ¢ € A ® B, hence the projective C*—norm is maximal
among all C*—norms on A ® B. One can show that the injective C*—norm
|l - ||, on the other hand is minimal among all C*—norms on A ® B.

The projective C*—tensor product has the following universal property:

Lemma 7. Let A, B and C be C*—algebras, and let p: A — C andy : B — C
be x—morphisms such that p(a) and ¥(b) commute for alla € A, b € B. Then
there exists a unique *—morphism 7 : A @, B — C such that

m(a®b) = p(a) - (b) Vae Abe B. (5)

Proof. The bilinear map A x B — C, (a,b) — ¢(a) - ¥(b) induces a unique
linear map 7 : A® B — C satisfying (5). This map is a s—morphism. The map
|-y : A® B =R, ¢ ||m(c)|, is a C*—norm, hence it satisfies ||c||y < ||c||~
for all ¢ € A ® B. Hence 7 is continuous with respect to the projective C*—
norm and thus uniquely extends from the dense subset A® B to the projective
C*—tensor product A ®, B.

Now we study states on the projective C*~tensor product A ®, B. Taking
linear functionals p: A — C and v : B — C, setting

(n@v)(a®b) = pa) - v(b)

on homogeneous elements and extending bilinearly, we obtain a linear func-
tional on A® B. In the projective C*—norm, we have [|[u@v| = ||ulla- V|5
Furthermore, for the homogeneous elements a ® b, we have:

(10 v)((a®b) (a0 b) = (10 v)(a'a® bb) = pla*a) - v(5'D)
Hence the functional p ® v : A ® B — C is positive, if u and v are.

Definition 19. Let A and B be C*—algebras, and let u € S(A) and v € S(B)
be states. The unique extension of u @ v to a state on the projective tensor
product A @, B is called a product state.
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If A and B have a unit, then we can restrict a state 7 € S(A ® B) to one
of the factors by setting:

T (a®1) Vaec A
T (1®0b) Vbe B
Obviously, for any two states p € S(A) and v € S(B), there is a state 7 €
S(A®, B) such that 74 = p and 72 = v, namely the product state 7 = u®v.
Hence in this case, 7 = 74 ® 78, i.e. the measurement in the state 7 of an

observable in A ®, B simply results in the product of measurements in the
states 74 and 7, respectively. In general this is not the case, so we set:

Definition 20. A state 7 € S(A ®, B) is called correlated, if there exists
ac€ A andb € B such that T(a ® b) # 74(a) - 7B (D).

Definition 21. A state 7 € S(A ®, B) is called decomposable, if it is the
pointwise limit of convex combinations of product states. A state 7 € S(A Q@
B) is called entangled, if it is not decomposable.

Remark 15. In the literature, the pointwise limit of linear functionals is re-
ferred to as the weak*-limit. Stated this way, the set of decomposable states
is the weak*—closure of the convex hull of the product states.

Ezxzample 12. A pure state on A®, B cannot be written as convex combination
of different states. It can neither be written as a pointwise limit of such convex
combinations. Hence a pure state is decomposable if and only it is a product
state.

The set of decomposable states is a convex subset of the set of all (positive)
linear functionals on the projective C*—tensor product A ®, B. One aims
at a characterization of this convex set by inequalities. While a complete
characterization is unknown, a simple such inequality has been deduced from
the work of Bell in the late 1950’s on the Einstein-Podolsky-Rosen paradox.
Therefore, inequalities of this type are often referred to as (generalized) Bell
inequalities.

Lemma 8. Let A and B be C*—algebras and let T be a decomposable state on
the projective C* —tensor product A @, B. Then

[T(a® (b—b)|+|7(d @ (b+V))] <2 (6)
holds for all self-adjoint elements a,a’ € A, b,b’ € B of norm < 1.

Proof. For a product state 7 = p ® v, we have

r(a® (b)) = ula) - v(®) - p(a) - v(¥)
— (@) - v(B) - (1 (@) - v(b)) — () - v(®) - (1 £ pla) - v(b).
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By assumption, |u(a)|, |u(a’)], [v(b)], [v(b)] < 1, so we have
[r(a@ (b—V)) < |1+ pu(a’)  v(b)]+ |1 £ p(a’) - v(b)|
— 1 pa) - () + 1+ p(a) - v(b)
=2+7(d @ (b+V)).

Hence, (6) holds for all product states. If 7 is a convex combination of product
states, 7 = >_"_| A\jji; @ v;, we obtain:

r(a® (b=b))+|7(ad @ (b+V))|
n
<3N { evae b -) + (@)@ e b+b)}
j=1
< 2.
Taking pointwise limits of convex combinations, the inequality holds by con-
tinuity.

Ezample 13. Let A = B = Mat(2 x 2; C) be matrix algebras. Let e1, es be the
standard basis of C?>. On A ® B, we have the Bell state 7, which is the vector
state with the vector

1
02 := —(61®61+62®62).

V2

It is easy to see, that the Bell state is entangled. For instance, the observables

(1) = (D)o (1) 5 ()

in the state 7 yield:

T(@® (b -V))=V2r(a®a) = V2{(a®a)(2),0)
=V2(2,0) = V2

and similarly
(@' ® (b+V)) = V2,

hence
IT(a® (b—b))| +|7(a’ @ (b+ b)) =2vV2 > 2.

Thus the state 7 violates Bell’s inequality and is therefore entangled by
Lemma 8.

Bell inequalities are often referred to as inequalities which a priori hold
for all states in a classical system. The existence of entangled states may thus
be considered as a characterizing phenomenon of quantum systems. In fact, if
one of the observable algebras is abelian — e.g. if it corresponds to a classical
system — then there are no entangled states in A ®, B:
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Proposition 6. Let A and B be C*—algebras with unit. If A or B is abelian,
then all states on the projective C* —tensor product A ®, B are decomposable.

Proof. By Theorem 2, it suffices to show that every pure state 7 on AQ, B is a
product state. We first claim that 7(xy) = 7(z) - 7(y) holds for all x € A®, B
and all y € Z(A®x B), where Z(A ®, B) denotes the center of A®, B. Since
Z(A®y B) is spanned by its positive elements of norm < 1, it suffices to prove
the claim for y positive, i.e. y = 22 for a self-adjoint z € Z(A ®, B), with
llyl| < 1.1If 7(y) = 0, the Cauchy-Schwarz inequality

I (zy)|* = |7((22%)"2)]* < 7(22"22") - 7(2"2)
= 7(wyz”) - 7(y)

implies 7(zy) = 0. If 7(y) = 1, then 7(1 —y) = 0, thus 0 = 7(z(1 —y)) =

7(z) - 7(y) — 7(2y).
For 0 < 7(y) < 1, we have:

1 1
T(x) =7(y)- o) ~r(zy) +(1 = 7(y)) - -1 7(z(1—y)) Vze A®,B.
=71 () =:7m2(x)

Since y € Z(A®, B), we have 7y (z*z) = %T(x*xy) = %T((zx)*zx) > 0.

Similarly, m2(z*x) = ﬁ(y) ~7(z*x(1 —y)) > 0, since
T(x¥zy) = 7(x%2"zx) < ||2%2]| - T(x"x) < T(z¥2) .

Clearly, 71(1) = 72(1) = 1, hence 7, and 7 are states on A ®, B. Since 7 is a
pure state by assumption, we conclude 7 = 71 = 72. Hence 71(x) = 72(x) for
all z € A®, B, which yields 7(zy) = 7(y) - 7(x).

Now if A is abelian, then A ®, {1} C Z(A ®, B). As we have seen, every
pure state 7 on A ®, B satisfies

Ta®b) =7((a®1)-(1®b)) =7a) - 72(b) Yac AbeB.

Hence 7 is a product state.

6 Weyl systems

In this section we introduce Weyl systems and CCR-representations. They
formalize the “canonical commutator relations” from quantum field theory in
an “exponentiated form”. The main result of the present section is Theorem 3
which says that for each symplectic vector space there is an essentially unique
CCR-representation. Our approach follows ideas in [6]. A different proof of
this result may be found in [3, Sec. 5.2.2.2].

Let (V,w) be a symplectic vector space, i. e., V is a real vector space of
finite or infinite dimension and w : V x V — R is an antisymmetric bilinear
map such that w(é, ) =0 for all ) € V implies ¢ = 0.
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Definition 22. A Weyl system of (V,w) consists of a C*~algebra A with unit
and a map W : V. — A such that for all ¢, € V we have

() W(0) = 1,
(i)W (~6) = W(9)",
(Y (9) W (8) = e D2 W (6 + ),

Condition (iii) says that W is a representation of the additive group V in
A up to the “twisting factor” e~ (®%)/2 Note that since V is not given a
topology there is no requirement on W to be continuous. In fact, we will see
that even in the case when V is finite-dimensional and so V' carries a canonical
topology W will in general not be continuous.

Ezample 14. We construct a Weyl system for an arbitrary symplectic vector
space (V,w). Let H = L?(V,C) be the Hilbert space of square-integrable
complex-valued functions on V with respect to the counting measure, i. e.,
H consists of those functions F' : V' — C that vanish everywhere except for
countably many points and satisfy

1FI2: = D" |F(9)? < oo

PV

The Hermitian product on H is given by

(F.G)rz = Y F()-G(9).

PpeV

Let A := L(H) be the C*-algebra of bounded linear operators on H as in
Example 1. We define the map W : V — A by

(W(p)F) (1) 1= ™ @ V/2 P (¢ +1)).

Obviously, W(¢) is a bounded linear operator on H for any ¢ € V and
W(0) =idyg = 1. We check (ii) by making the substitution y = ¢ + -

(W(F,G)2 =Y (W()F) () G()

YeV

=Y @2 F(¢+ ) G()

vev
= 3" ew@x=AR F(x) G(x — ¢)

xeVv

= S @2 Fx) - Glx — 0)

xeV

= TG eV Gl - g)
xeV
= (F’W(_¢)G)L2~
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Hence W (¢)* = W(—¢). To check (iii) we compute

(W () (W () F))(x) = e @X/2 (W (4h)F) (¢ + x)
— i (¢:x)/2 piw(¥,9+X)/2 F(¢p+x+1)
— i (¥:9)/2 jiw(d+,x)/2 Flp+x+1)
= 7@ (W(p+ ) F)(x).

Thus W (@)W (1) = e~ (@2 W (p44p). Let CCR(V, w) be the C*—subalgebra
of L(H) generated by the elements W(¢), ¢ € V. Then CCR(V,w) together
with the map W forms a Weyl-system for (V,w).

Proposition 7. Let (A, W) be a Weyl system of a symplectic vector space
(V,w). Then

1. W(¢) is unitary for each ¢ € V,

2.[|[W(g) = W()|| =2 for all g, €V, ¢ # 1),
3. The algebra A is not separable unless V.= {0},

4. the family {W(¢)}g¢ev is linearly independent.

Proof. ;From W(¢)*W(¢) = W(—¢) W(¢) = e“=»)W(0) = 1 and simi-
larly W(¢) W(#)* = 1 we see that W(¢) is unitary.
To show (2) let ¢,9 € V with ¢ # 9. For arbitrary y € V we have

W) W6 =) W)™ = W) W(o— ) W()*
= OO (x4 — ) W (=)
= ¢ Weo=¥)/2 =SV =)/ 2 W (y + §p — 4p — )

= e WOV W (¢ — ).
Hence the spectrum satisfies
oa(W(p =) = oa(W)W(g =) W(x) ) = e 0 gy (W(ep — ).

Since ¢ — ¥ # 0 the real number w(x,¢ — ¥) runs through all of R as x
runs through V. Therefore the spectrum of W (¢ — ¢) is U(1)-invariant. By
Proposition 2 (5) the spectrum is contained in S* and by Proposition 1 it is
nonempty. Hence o4 (W (¢ — 1)) = S and therefore

aa(e“ NP W (G —y)) = 51

Thus o4 (e™¥9)/2 W (¢ —1p) —1) is the circle of radius 1 centered at —1. Now
Proposition 2 (3) says

@2 W (g~ ) = 1 = pa (“HO2W(H—p) —1) = 2.

(From W () — W() = W) (W(y)* W(¢) — 1) = W() (e 2 W (6~
1) — 1) we conclude
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W () — W ()|

= |(W(¢) = W ()" (W(¢) — W ()]l

= [[(e™ 2 W (¢ — ) — 1) W ()" W () (P2 W (¢ — ) — 1)
= [[(e“ W2 (¢ — ) — 1)* (P 2W (¢ — ) — 1)

= [l @2 W (p — ) — 12

= 4.

This shows (2). Assertion (3) now follows directly since the balls of radius 1
centered at W(¢), ¢ € V, form an uncountable collection of mutually disjoint
open subsets.

We show (4). Let ¢; € V, j = 1,...,n, be pairwise different and let
Z?=1 a;jW(¢;) = 0. We show a1 = ...a,, = 0 by induction on n. The case
n = 1 is trivial by (1). Without loss of generality assume «,, # 0. Hence

W) = Y. ~ W (s)

and therefore

L =W(¢n) W(dn)

= i) _?W(—m)wwj)

«

n—1
—i . v
=D et BW (o) — )
j=1 "

n—1
=Y BW(; — én)
j=1
where we have put 3; 1= —>Le™(#2:#:)/2_ For an arbitrary ¢ € V we obtain

n

L=W()- 1 - W(=)
— Z BiW (0)W (¢ — dpn) W (=)

n—1
=D Bje WOTIIW () — 6.

j=1

From . .
D BW(bs = dn) =D _ Bie” I (g — n)
j=1

j=1

we conclude by the induction hypothesis
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Bj = ﬁje*iww@j*%)

forall j=1,...,n—1.If some 3; # 0, then e~ w(¥¢i—¢n) = 1 hence

W(d)a ¢j - (ybn) =0

for all 1) € V. Since w is nondegenerate ¢; —¢,, = 0, a contradiction. Therefore
all 3; and thus all a; are zero, a contradiction.

Remark 16. Let (A, W) be a Weyl system of the symplectic vector space (V,w).
Then the linear span of the W(¢), ¢ € V, is closed under multiplication
and under *. This follows directly from the properties of a Weyl system. We
denote this linear span by (W(V)) C A. Now if (A’,W’) is another Weyl
system of the same symplectic vector space (V,w), then there is a unique
linear map 7 : (W(V)) — (W'(V)) determined by w(W(¢)) = W'(¢). Since
is given by a bijection on the bases {W(¢)}gev and {W'(4)}secv it is a linear
isomorphism. By the properties of a Weyl system 7 is a s—isomorphism. In
other words, there is a unique *—isomorphism such that the following diagram
commutes

(W'(V))
)
Wi
Remark 17. On (W(V)) we can define the norm

| X aw@)], =3 lal
¢ $

This norm is not a C*—norm but for every C*—norm || -||o on (W(V)) we have
by the triangle inequality and by Proposition 7 (1)

lallo < [lall (7)
for all a € (W (V)).

Lemma 9. Let (A, W) be a Weyl system of a symplectic vector space (V,w).
Then
[allmax := sup{llallo || - [lo is @ C*~norm on (W(V))}

defines a C*—norm on (W (V)).

Proof. The given C*-norm on A restricts to one on (W (V)), so the supremum
is not taken on the empty set. Estimate (7) shows that the supremum is finite.
The properties of a C*—norm are easily checked. E. g. the triangle inequality
follows from



32 Christian Bar and Christian Becker

l|a + bllmax = sup{[la +bljo | || - llo is a C*-norm on (W (V))}
< sup{[lallo + [Ibllo || - [lo is & C*—norm on (W (V))}
< sup{[lallo [ || - lo is a C*—norm on (W(V))}
+sup{||bllo ]| - llo is & C*—norm on (W (V)

3

= HaHmax + ||meax-
The other properties are shown similarly.

Lemma 10. Let (A, W) be a Weyl system of a symplectic vector space (V,w).
Then the completion <W(V)>max of (W(V)) with respect to || - ||max s simple,
1. €., it has no nontrivial closed twosided *—ideals.

Proof. By Remark 16 we may assume that (A, W) is the Weyl system con-
structed in Example 14. In particular, (W (V)) carries the C*—norm || - | op,
the operator norm given by (W (V)) C L(H) where H = L?(V,C).

Let I C (W(V))  be a closed twosided #—ideal. Then Iy := I N C - W (0)
is a (complex) vector subspace in C- W (0) = C- 12 C and thus Iy = {0} or
Iy = C-W(0).If Iy = C-W(0), then I contains 1 and therefore I = (W(V)>maX
Hence we may assume [y = {0}.

Now we look at the projection map

P:(W(V))—C-W(0 Z%W ) = agW(0).

We check that P extends to a bounded operator on (W(V)) . Let 6 €
L?(V,C) denote the function given by dy(0) = 1 and do(¢p) = 0 0therw1se For
a=3,asW(¢) and ¢ € V we have

(a-do)(® Z agW(9)do) ()

= Z%e wOD250 (¢ + 1)

—a_y B2 g

and therefore

((50,@ 60 L2 = Z (50 a 60 ) (a . (50)(0) = ag-.
YeV

Moreover, ||dg]| = 1. Thus

1P(@)[lmax = llaoW (0)[[max = laol = [(do,a-d0)r2| < llallop < l[a]lmax

max

which shows that P extends to a bounded operator on (W (V))
Now let a € I C (W(V))max. Fix e > 0. We write
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n
a=agW(0) + Zaj Wi(gp;) +r
j=1

where the ¢; # 0 are pairwise different and the remainder term r satisfies
I7]lmax < €. For any ¢ € V we have

n

I3 W) aW (=) =aW(0) + > _a;e W) W(g;) +r(v)

j=1
where [[7(¢)[lmax = [W(¥)rW (=¢)[[max < [[7[lmax < €. If we choose ¥ and

¥y such that e~ @ W1:én) = _e=w(¥2.én) then adding the two elements

agW(0) + > a; e W) W(g,) +r(yy) € I
j=1

agW(0) + > a; e W20 W(g;) +r(v) € I

j=1
yields
n—1
aoW(0) + Z a; W(g;)+r el
j=1

where [|71||max = Hwﬂmm < e

eventually get

= €. Repeating this procedure we

ag W) +r, €1

where |7 ||max < €. Since € is arbitrary and I is closed we conclude
P(a) = ap W(0) € Iy,

thus ag = 0.
Fora =73, as W(¢) € I and arbitrary ¢ € V we have W (y)a € I as well,
hence P(W(¢)a) = 0. This means a_, = 0 for all ¢, thus a = 0. This shows

I=1{0}.

Definition 23. A Weyl system (A, W) of a symplectic vector space (V,w) is
called a CCR-rrepresentation of (V,w) if A is generated as a C*—algebra by
the elements W(¢), ¢ € V. In this case we call A a CCR-algebra of (V,w)

Of course, for any Weyl system (A, W) we can simply replace A by the
C*—subalgebra generated by the elements W(¢), ¢ € V, and we obtain a
CCR-representation.

Existence of Weyl systems and hence CCR-representations has been es-
tablished in Example 14. Uniqueness also holds in the appropriate sense.
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Theorem 3. Let (V,w) be a symplectic vector space and let (Ay,W1) and
(A2, W3) be two CCR-representations of (V,w).

Then there exists a unique *—isomorphism w : Ay — As such that the
diagram

Wa A
w,
V—4
commutes.

Proof. We have to show that the *—isomorphism 7 : (W1 (V)) — (Wa(V)) as
constructed in Remark 16 extends to an isometry (Ai, | - |l1) — (A2, || - [l2)-
Since the pull-back of the norm || - ||2 on Az to (W1(V)) via 7 is a C*—norm
we have ||7(a)||2 < |la|lmax for all @ € (W1 (V)). Hence 7 extends to a x—
morphism (Wl(V)>ma — As. By Lemma 10 the kernel of 7 is trivial, hence m

T oo max

is injective. Proposition 4 implies that 7 : (W1(V)) || [lmax) — (A2, |- ]l2)
is an isometry.

In the special case (A1, | - |l1) = (Aa, || - ||2) where 7 is the identity this
yields || |lmax = || ||1- Thus for arbitrary Ao the map 7 extends to an isometry

(Azs [+ 1l1) = (Az, [ - l2)-

(From now on we will call CCR(V,w) as defined in Example 14 the CCR-
algebra of (V,w).

Corollary 5. CCR-algebras of symplectic vector spaces are simple, i. e., all
unit preserving x—morphisms to other C*—algebras are injective.

Proof. Direct consequence of Corollary 2 and Lemma 10.

Corollary 6. Let (Vi,w1) and (Va,ws) be two symplectic vector spaces and let
S : Vi — Vi be a symplectic linear map, i. e., wa(SP, Sv) = w1 (o, ) for all
¢, € V1.

Then there exists a unique injective x—morphism CCR(S) : CCR(Vy,w1) —
CCR(Va,wa) such that the diagram

Vi Z Va
Wll J/Wz
CCR(V,w1) — o COR(Va, w2)

commutes.

Proof. One immediately sees that (CCR(Va,ws), Wa 0 S) is a Weyl system of
(Vi,wy). Theorem 3 yields the result.

(From uniqueness of the map CCR(S) we conclude that CCR(idy) =
idcor(vyw) and CCR(S2051) = CCR(S2) o CCR(S1). In other words, we have
constructed a functor
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CCR : SymplVec — C*Alg

where SymplVec denotes the category whose objects are symplectic vector
spaces and whose morphisms are symplectic linear maps, i. e., linear maps A :
(V1,w1) — (Va,wq) with A*wy = wy. By C*Alg we denote the category whose
objects are C*—algebras and whose morphisms are injective unit preserving *—
morphisms. Observe that symplectic linear maps are automatically injective.

In the case V4 = V4 the induced s—automorphisms CCR(S) are called

Bogoliubov transformation in the physics literature.
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