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Chapter 1

C*-algebras

’ Lecture 1, September 14, 2026‘

1.1 Definition and first examples

Definition 1.1. An algebra A (over a field K) is a ring that is a linear space over K,
and the addition in the definition of a ring and in the definition of a linear spaces are
the same, and multiplications are connected by the relation A(ab) = (Aa)b for all A € K,
a,b e A

We will consider algebras only over the field of complex numbers C.

Definition 1.2. An algebra A over C is called a Banach algebra, if the underlying linear
space is a Banach space and ||ab|| < ||a||||b|| for any a,b € A.

Problem 1 (easy). Show that in this case the multiplication is continuous (as a mapping
AxA— A).

Definition 1.3. A mapping *: A — A, a — a* is called an involution if
1.

2.

ot
2
_*
|
B

for any a,b € A, A € C. A Banach algebra with involution is called involutive Banach
algebra.

Definition 1.4. An involutive Banach algebra A is called a C*-algebra, if the involution
satisfies the equality ||a*a|| = ||a||* for all a € A (this equality is called the C*-property).

5



6 CHAPTER 1. C*-ALGEBRAS

Problem 2. Give an example of an involutive Banach algebra that is not a C*-algebra.

Problem 3 (easy). Show that property (5) of the definition 1.3 follows from properties
(1 — 4) and the C*-property.

Definition 1.5. An element 1 € A is called a (left) unit, if la = a for any a € A. A
C*-algebra A is called unital or algebra with unit, if it has a (left) unit (identity element).

Problem 4. Show that a left unit element is also a right one, which has 1* = 1; that the
identity element is unique and that ||1|| = 1. It is called the unit of algebra.

Problem 5. Verify that the algebra C'(X) formed by all continuous complex-valued
functions on a compact space X and the algebra Cy(X) of all continuous complex-valued
functions on a locally compact space X tending to 0 at infinity (that is, f: X — C such
that for any € > 0 there exists a compact K C X such that sup{|f(z)| |z € K} < ¢)
are commutative C*-algebras if the supremum-norm: ||f|| = sup,cx |f(2)|, is taken as
the norm and the pointwise multiplication is taken as the multiplication. Moreover, the
algebra C'(X) is unital.

Problem 6. Verify that the algebra B(H) of all bounded operators acting on a Hilbert
space H is a C*-algebra with identity. Here as a norm we take the operator norm ||a|| =
SUPyep n<1 l|@(h) ||, and the multiplication is the composition of operators.

These examples of C*-algebras are the most important, as we will see later.

1.2 Unitalization, or attaching of a unit

If an involutive Banach algebra A does not have a unit, then it can be embedded into an
involutive unital Banach algebra A as follows. Let AT = A @ C be a linear space (the
direct sum of linear spaces). Let’s define a structure of an involutive Banach algebra on
A" by formulas

(a, A)(byp) = (abi—)\b—l—,ua,)\u), (1.1)
(@, A" = (a",A),
@, VI = llall + A

for any (a, A), (b,u) € A® C.
We further assume that the initial algebra A is a C*-algebra.

Problem 7. Show that this norm turns A" into an involutive Banach algebra, but not
into a C*-algebra. (To check completeness, use the completeness of the subspace A C A"
of finite codimension (one), this follows from Problem 337(b) in [7].)

Definition 1.6. A subset B C A is called a subalgebra of a (Banach) algebra A if B is
an algebra with respect to the operations (and norm) of A.

A subset of B C A is called (C*-)subalgebra C*-algebras A, if B is a C*-algebra with
respect to the operations and the norm of A. In particular, B is closed in A.
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Definition 1.7. A subalgebra I C A is called a (two-sided) ideal, if al C I and Ia C I
for any a € A.

Problem 8. Prove that A is an ideal in A™.
Lemma 1.8. There is a norm on A% such that
1) it is equivalent to the one defined above;
2) on A it coincides with the original norm:

3) it is a C*-norm.

Proof. For b = (V/;\) € A", consider the linear mapping L, : A — A according to the
formula Ly(a) = ba, a € A. For L,, we can thus define the operator norm: || L,|| :=
Uoe faget [Lofa)][. 1D € A, then Ly < [b]. Since [|ILy®)] = 0] = [b]°. we
have || Ly|| = ||b]]. For every b = (V',\) € A" we set ||b]|new = || Ls]|. Note that the above
reasoning shows that ||.||,ew satisfies condition 2) from the formulation of the lemma.

First of all, let’s check that || - ||,ew is a norm. Obviously, the axioms of linearity and
triangle are satisfied (that is, this is a semi-norm, or pre-norm), so it remains to check
the nondegeneracy.

| Lecture 2, September 21, 2026

Let ||b][new = 0 for some b = (b', ) € AT, Tt means that (b',\) - (a,0) = (Va+ Aa,0) =
(0,0) for any a € A, so —3V' - a = a and —3V' is the unit of A. But A does not have a
unit. This means that || - ||4ew is the norm. Like any operator norm, the new norm is a
norm of a Banach algebra, that is,

[bclnew < [[b]lnewllc/lnew (1.2)

for any b,c € A" (Easy problem: check this). We do not claim yet that the involution is
an isometry.

This new norm is equivalent to the previously defined norm on A", since A C A" is
a subspace of codimension 1. Indeed, by the triangle inequality, we have ||(a, \)|[new <
lal| + |A| = ||[(a + A)||, so it is sufficient to show that there is a constant ¢ > 0 such
that ||(a, A)||new = ¢||(a, N)||. Let’s assume the opposite: there are such pairs (a,, A,) and
numbers ¢,, > 0 such that lim,,_,., ¢, = 0 and

[(@ns An)[new < enll(an, An)l-

Since none of A, is zero, we can assume (by dividing both sides by A, # 0 if necessary)
that A, = 1. Applying the triangle inequality again, we get

“anu —-1< H(ana 1)||new < Cn(HanH + 1)7

whence [|a, || < {22, and for sufficiently large n we have [la, || < 2. But then for these n

we have [|(an, 1)||new < 3¢n, SO

lim (a,, 1) =0. (1.3)

n—o0
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Now recall that A*/A = C, and all norms on C are equivalent (moreover, they differ only
by a constant multiple). Thus, the quotient norm on A /A given by ||(a, A) + Allnew :=
infaea ||(a, A)|lnew is equivalent to the usual norm on C. So inf,ecx [|(a, 1)||new = @ > 0,
what contradicts (1.3).

Now we need to check the C* property. By definition, for any b € A™ and any ¢ > 0
there is an element a € A such that |la|| = 1 and

[Lo(a)|| = (1 —&)||Lsll,  thatis  [ballnew = [|ball > (1 — &)[[bllnew-
We also have
16°b]lnew > [|a* (b*b)allnew = lla*(b*b)al| = [|(ba)*(ba)|| = [[ba]|* > (1 — )?||b]|3..,

(where the first inequality is satisfied by virtue of (1.2), the next equality is satisfied by
virtue of that A is an ideal in A", and then we apply the C*-property in A). Passing to
the limit as e tends to zero, we obtain ||b*b||,ew = [|0]|%.y- In particular, |[0* || new * [0l new =

new*

16Dl lnew = [[llacws 50 10*lnew = [1Dllnew- Therefore [[bllnew = [[(6*)*{lnew = [[0[|new- Thus,

new’

the involution is an isometry and, by (1.2), [|6*b|lnew < [|10%||lnew||bllnew = 110])? This

new-*

means that this is a C*-norm. O

Definition 1.9. An element a € A is called self-adjoint, if a* = a, unitary, if a*a = aa* =
1 (here the algebra A is assumed to be unital), normal, if a*a = aa*.

Definition 1.10. In a unital C*-algebra, an element a is called invertible, if there is an
element a’ € A such that aa’ = a’a = 1. There is only one o’ with this property (check!),
called the inverse to a and is denoted by a™!. The set of invertible elements G(A) is a

group.
Problem 9. Check this.

Lemma 1.11. If |1 —al| < 1, then a™! exists and is equal to a’ =" (1 —a)", and the
series converges in norm.

Proof. Convergence immediately follows from the domination by a geometric progression.
Next we calculate: d'a = ad' = —(1—a)d' +d' == " (1—a)"+> <~ (1—-a)"=1. O

Problem 10. Prove in a similar way that if ap € A is invertible and ||a — ag|| < m,
0

then a is also invertible, and a=! = 3" /lag " (ag — a)]"ag '

Corollary 1.12. The subset G(A) C A is an open set. Taking the inverse element
as a' is a continuous map G(A) into itself.

Problem 11. Prove the corollary using the formulas established above.
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1.3 Spectrum and functional calculus

Definition 1.13. Let A be a unital Banach algebra. For any a € A we call the set
Sp(a) = {X € C: (a — A1) is not invertible} the spectrum of the element a. The function
Ry(A\) = (a — AX1)7! is called the resolvent of a. If A is a non-unital C*-algebra, then
quasi-spectrum Sp'(a) of an element a € A is assumed to be equal to the spectrum of a
as an element of the algebra A™.

Problem 12. Show that the quasi-spectrum always contains zero.

Theorem 1.14. The spectrum of any element is a compact non-empty set. The resolvent
is an analytic function outside the spectrum (that is, for any point of the completed complex
plane from the complement of the spectrum, it can be represented by a power series with
coefficients from the algebra, uniformly convergent on some closed disk).

Proof. 1f |)\| > ||a||, then the series >"°° / A=("*1g" converges in norm, and converges to
—(a — A1)71, since —(a — A1) Zn oA = 1 — A=+ gk converges to 1. Thus,
R,(A) is analytic in the neighborhood of infinity, defined by |A| > ||a||, and

1

7 Tal ~
Al — I

lim ||[R,(N)| < hm
A—00

In particular, Sp(a) is contained in a closed disk of radius ||a|| and thus, is a bounded set.

If a — Aol is invertible (that is, Ao ¢ Sp(a)) and |A — Ag| < m then, the same
way,

(=AD"= (A= Xg)"(a— A1)
n=0
is the Taylor series R, in a neighborhood of A\, so R,(A) is analytic outside Sp(a). The
same reasoning shows, in particular, that the complement to Sp(a) is open, that is, Sp(a)
is closed. Since the spectrum is bounded, it is compact.

Since R,(A) is analytic, then the complex-valued function A — @(R,())) is also
analytic for ¢ being an arbitrary bounded linear functional on A. If Sp(a) is empty,
then ¢(R,()\)) is an analytic function on the entire C. However, it is bounded because
lo(Ra(N)] < ||l - [|Ra(N)|| and || Ry (A)] is bounded: we estimate separately on a compact
disk of radius A\g > ||a|| and outside it using the estimation obtained above

1 1
[Ra(N)] < < :
Al =llall = ol = [lall

This means ¢(R,(A)) = 0 for any ¢, so R,(A) = 0 (see problem 13 below) for all
A € C. This is impossible (it turns out that A\;1 — Ao1 = 0 for A\; # \y). O

Problem 13. For an element x # 0 of a normed space X, there is a continuous linear
functional ¢ that does not vanish on z. (This is a theorem from the standard course, a
corollary of the Hahn-Banach theorem, see, for example, Corollary 2 on page 189 in [8]).
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Problem 14. Let a and b be commuting elements of a Banach algebra. Then the product
ab is invertible if and only if each of the elements a and b are invertible.

Theorem 1.15 (Spectral mapping theorem). If p(z) is a polynomial, then Sp(p(a)) =
p(Sp(a)).

Proof. For ac € C we decompose p(z) —« into linear factors p(z) —a = ¢[[,(z — ;). Then
pla)—al = c][,(a—p;1) and p(a) —al are invertible if and only if all a— ;1 are (applying
inductively Problem 14). Then o € Sp(p(a)) if and only if at least one of §; belongs to
Sp(a). On the other hand, substituting this f;, into the above representation of p, we
obtain p(8;,) —a = c[[,(8i, — Bi) = 0, that is, @ = p(B;,). So Sp(p(a)) C p(Sp(a)). The

inverse statement is similar. Il

Lemma 1.16. Let A be a C*-algebra (unital). Then Sp(a*) = Sp(a). If a is unitary,
then Sp(a) C S*, where S* C C is the unit circle.

Proof. Since a*(a™1)* = (a7'a)* = 1* = 1, and similarly, in a different order, then the
element is invertible if and only if we invert its conjugate. This gives the first statement.

Now let a be unitary, in particular, invertible. Then [la||? = ||a*a|| = 1, so for |A\| > 1
we have A ¢ Sp(a). If |A| < 1, then 1 — Aa* is invertible, which means that a(1 — Aa*) =
a — M is also invertible. Thus, Sp(a) C S*. O

Definition 1.17. The number r(a) = sup{|A| : A € Sp(a)} is called the spectral radius
of a.

Problem 15. Show that r(a) < ||a|| for any a € A.

Lemma 1.18. r(a) = lim,,_,., [|a"||*/™.

n

Proof. Let us expand the resolvent R, in a neighborhood of infinity: Ra(X) = > 55
This function is analytic for [A| > 7(a), so for any p > r(a), terms tends to zero:
limy, 00 Hpﬁ—ilH = 0. That’s why lim,,_,«||a™||'/" < p for any p > r(a), so

Mmoo [|a™[|V™ < 7(a). (1.4)

On the other hand, due to compactness of the spectrum, there is « € Sp(a) such that
|a] = r(a). According to the spectral mapping theorem, o € Sp(a™), therefore |a™| <
r(a™). By Problem 15, r(a™) < ||a™||. Combining, we get

r(a) = laf = (Ja")"/" < (r(a")V" < [|a"|/"
for all n, so
r(a) < inf, ||la™||*/". (1.5)
n||1/n

exists and is equal to r(a).
[

Comparing (1.4) and (1.5), we conclude that lim,,_, ||a
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1.4 Multiplicative functionals and maximal ideals of
commutative Banach algebras

Recall that an algebra A is called simple, if it doesn’t have proper (i.e., distinct from {0}
and A) ideals.

Lemma 1.19. The algebra of complex numbers C is the only simple commutative algebra.

Proof. 1f A # C, then there is a non-scalar element a € A (that is, a # Al for any ).
Let’s take some o € Sp(a) and set I = (a — al)A, so that I # {0} is closed (two-sided)
ideal in A. For any b € A, the element (a — a1)b is not invertible (see Problem 14), so by
Lemma 1.11 ||(a — a1)b — 1|| > 1. Therefore 1 ¢ I and we arrive to a contradiction with
the simplicity of A. O

Definition 1.20. A multiplicative functional on A is a nontrivial homomorphism ¢ :
A — C. The set of all multiplicative functionals is denoted by M 4.

Problem 16. Prove that ¢(1) = 1. You can use a simple general observation: image of
an idempotent (p* = p) under homomorphism it is always idempotent.

Lemma 1.21. A multiplicative functional on a commutative unital Banach algebra A
has norm 1. The mapping that associates to each multiplicative functional its kernel is
a bijection onto the set of maximal ideals of A, that is, such proper ideals that are not
contained in any other ideal except the entire algebra A

Proof. Since, according to Problem 16, ¢(1) = 1, we have [|¢|| > 1. Let ||¢|| > 1, so
there is an element a € A such that |a|| < 1 and ¢(a) = 1. Then the series b = >~  a”
converges and a + ab = b. This means that p(b) = ¢(a)(1 4+ p((b)) = 1+ ¢(b). A
contradiction. We obtained ||¢]|| = 1.

Since Ker ¢ has codimension 1, it is a maximal ideal.

Any functional ¢ is completely determined by its kernel and the condition ¢(1) =1
(see Problem 17 below), so the indicated correspondence is a bijection onto the image.

Let us show that it is an epimorphism. If M C A is a maximal ideal, then dist(M, 1) =
1, since the unit open ball with center 1 consists of invertible elements (Lemma 1.11),
and M cannot contain invertible elements (if a € M is invertible, then 1 € M, and
hence M = A). Then the closed ideal M (the closure of M) also does not contain
1, so by maximality M = M. Consider the factor algebra A/M being simple (since
otherwise M would not be maximal) commutative unital Banach algebra. Therefore,
according to Lemma 1.19, A/M = C. The corresponding factorization map is a non-zero
homomorphism, that is, a multiplicative functional (with kernel M). O

Problem 17. Prove that any functional ¢ is completely determined by its kernel and the
condition (1) =1 (factor by kernel and consider the induced functional on C).

Since multiplicative functionals are bounded by 1, M, is a subset of the unit ball in
the dual Banach space A’ (the space of all bounded linear functionals on A). The space A’
can be equipped with the x-weak topology, determined by the prebase of neighborhoods



12 CHAPTER 1. C*-ALGEBRAS

of the form Uy o = {0 € A" 1 [(¢p — o)(a)| < €}, po € A, a € A, ¢ > 0. In terms of
directed nets: a directed net ¢, converges to ¢ if ¢, (a) converges to p(a) for each a € A.
The unit ball of space A" is compact and Hausdorff with respect to the x-weak topology
(Banach-Alaoglu theorem, see [5, Theorem 5, p. 325]).

Problem 18. Verify that M, is x-weakly closed.
Therefore M, is also x-weakly compact.

Problem 19. The following example describes a typical situation, as it will become clear
a little further. Let A = C]0, 1], so the multiplicative functionals correspond to points of
[0, 1]. Namely, ¢(g) = g(t). Show that for the “ordinary” norm of the dual space for any
two points ¢t # s, the distance between ¢, and ¢, is 1. That is the set of multiplicative
functionals is discrete, non-compact. There is no limit points, unlike the situation with
the x-weak topology.

If A does not have unit, consider the Banach algebra AT = A @ C (with the orig-
inal norm (1.2), not the C*-norm from Lemma 1.8). In it, A is itself a maximal ideal
corresponding to the multiplicative functional ¢g((a, \)) = A. Any other maximal ideal
I of the algebra AT must have a proper intersection with A. Then I N A is an ideal of
codimension 1, since I had codimension 1 in AT. Thus, I N A is a maximal ideal in A.
Since its codimension is 1, then the quotient mapping is defined being a nonzero homo-
morphism to C. Conversely, if ¢ : A — C is a (nonzero) multiplicative functional on A,
then the formula ¢((a, \)) = ¢(a) + A defines a unique extension of ¢ to a multiplicative
functional on A™ (Problem 21). We obtain a bijective correspondence between M, and

Mas \{#o}-

Problem 20. Prove that M, is a locally compact Hausdorff space, and M4+ is its one-
point compactification.

Problem 21. Check that if ¢ : A — C is a (non-zero) multiplicative functional on A,
then the formula ¢((a, \)) = ¢(a) + A defines a unique extension of ¢ to a multiplicative
functional on AT.
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1.5 Gelfand transform

Definition 1.22. For a commutative Banach algebra A we define Gelfand transform
[': A — Co(My) by the relation I'(a) = a, where a(p) := ¢(a) (the necessary properties
will be verified in the next lemma).

Lemma 1.23. The Gelfand transform is a (non-strict) contraction homomorphism of
algebras and the image A separates the points My, that is, for any two points M, there
s a function from the image with distinct values at these points.

Proof. Functions a are continuous by the definition of the x-weak topology. The mapping
is contractive because

IT(a)|| = sup [p(a)| < sup [lof| - flall = sup |a] = [a.
pEM4y pEM 4 pEM4y

The separation of points is obvious since two (multiplicative) functionals are distinct if
and only if their values on some element a are distinct. If A is not unital, then we note
that a(0) = 0(a) = 0, where M4+ = M4 U0. Therefore a € Co(My). O

Problem 22. If an algebra is unital, then I'(1) = 1.

Corollary 1.24. Let A be a commutative unital Banach algebra. Then a € A is invertible
if and only if a is invertible, and if and only if a(p) # 0 for any ¢ € Ma. Therefore
Sp(a) = Sp(a) = {¢(a) : ¢ € Ma} and ||a]| = r(a).

Proof. 1f a is invertible, then a is invertible by Problem 22. If a is not invertible, then
consider the ideal I = aA. As discussed above (see the proof of Lemma 1.19), this ideal
cannot contain 1, so it is proper. Let Ij; be the maximal ideal containing I (see problem
23 below), and ¢ be the multiplicative functional corresponding to Iy . Then ¢(a) = 0
and a is not invertible in C'(My,).

The remaining statements are immediately obtained from what has been proven. [J

Problem 23. Any ideal I of a commutative unital Banach algebra is contained in some
maximal ideal. Hint: consider the union of J of all proper ideals I, containing I partially
ordered by inclusion. For each chain (a completely ordered subsystem) I, using, as
above, by the fact that 1 does not belong to every [, , make sure that it does not belong
to U1, , so this is its proper ideal. Then apply Zorn’s lemma.

Theorem 1.25. Let A be a commutative C*-algebra. Then the Gelfand transformation
is an isometric x-isomorphism of A onto Cy(Ma,).

Proof. Let us prove the theorem for a unital algebra. The necessary adaptation for the
case without a unit is left to the reader as Problem 24.
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Let ¢ € M4. Let us first consider a self-adjoint element a* = a € A. Let us set

U=y, (“n“!)n, t € R. It is easy to check by considering partial sums and passing to

the limit that u} = u; ', so u; € A is unitary. Then

o0

itp(a))” , I
1> [p(u)| = Z%' = |eztw(a)| _ o tImep(a)
n=0 :

Due to the arbitrariness of ¢ € R in this estimate, we conclude that Im ¢(a) = 0, that is,
v(a) € R.

We write an arbitrary element ¢ € A in the form ¢ = a + ib, where a = (c+ ¢*)/2 and
b= (c — ¢*)/2i are self-adjoint. According to what has been proven, p(a), ¢(b) € R, that
means p(c*) = p(a) —ip(b) = ¢(c), so the Gelfand transformation preserves involution
and is thus a *-homomorphism.

For a self-adjoint element (a = a*) we have ||a||? = ||a*a|| = ||a?||, therefore
Al o 2n|1/2" _ 1 2m\1/27 _
Jall = (@) = Tim fla 12" = i (a2} = [a].
For an element b € A of general form we have [|b]|2 = ||b*b]| = ||b*b|| = ||b*b]| = ||b]|?, so

the Gelfand transformation is an isometry (onto its image).
Therefore I'(A) is norm closed and involutive subalgebra with identity in C'(M4) sep-
arating the points. By theorem Stone-Weierstrass', T'(A) = C(M,). O

Problem 24. Prove the theorem for a non-unital algebra.

So in particular there is an inverse mapping for the Gelfand transform, which is also
an isometric *-isomorphism.

Let a € A be a normal element. Let us denote by C*(1,a) (respectively, C*(a))
C*-algebra generated by 1 and a (resp., only a). Due to normality, these algebras are
commutative, with the first definition supposing that A is unital.

Let us clarify that by a C*-algebra generated by a set we call the minimal C*-subalgebra
of A containing the set, that is, the intersection all C*-subalgebras of A containing this
set.

Problem 25. Verify that the C*-algebra generated by a set is indeed a C*-algebra.

Problem 26. If a is an invertible element, then the algebra C*(a) is unital. In this case
C*(a) = C*(1,a).

Corollary 1.26. If a* = a, then Sp(a) C R.

Proof. As we know, Sp(a) = Sp(a) and @* = a. But a self-adjoint function is exactly a
function with real values, while the spectrum of a function is the set of all its values. [J

Corollary 1.27. The algebra C*(1, a) is isometrically x-isomorphic to the algebra C(Sp(a))
under a mapping that takes a to the function z(t) =t, z : Sp(a) C C — C. The algebra
C*(a) is mapped onto Cy(Sp(a) \ {0}).

!The theorem is not always included in the standard course on functional analysis, so we present its
proof in Section 1.6.
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Proof. For a commutative C*-algebra C*(1,a) we find X = M¢+(1,4). Any multiplicative
functional ¢ € X is determined by its value p(a) = A on a. Moreover, due to multiplica-
tivity ¢(p(a,a*)) = p(\,\) for any polynomial p. Thus, X is identified with the set of
all possible values A that ¢(a) = a(p) takes for ¢ € X. According to Corollary 1.24, we
have a(X) = Sp(a). We obtain the identification Sp(a) = X using the correspondence
Sp(a) 2 A = ¢y € X, where p, is determined by the condition y(a) = A.

This identification carries over to functions: every continuous function on X is identi-
fied with a continuous function on Sp(a), namely, the function b= IS((p) is associated with
the function argument A € Sp(a), specified as A — ¢, (b). For example, if we take the poly-
nomial p(a,a*) = b, then the corresponding function will be A — ) (p(a, a*)) = p(A, ).
In particular, the function @ is mapped to A — py(a) = A, so the Gelfand transform
identifies a with the identity mapping of X C C. By Theorem 1.25, this mapping is an
isometric *-isomorphism.

If a is invertible, then by Problem 26, C*(a) isometrically *-isomorphic to C'(Sp(a)).
If a is not is invertible, then C*(a) does not have unity (see Problem 27). It corresponds
under the constructed mapping for C*(1,a) = C*(a)™ to the ideal C'(Sp’(a)) consisting of
functions, tending to 0. m

Problem 27. Prove that if a is not invertible, then C*(a) does not have a unit. Hint: if
there is a unit, then it has to be approximated by a polynomial in a and a*, which cannot
be an invertible element.

Corollary 1.28 (continuous functional calculus). Let a be a normal element of a unital
C*-algebra A, and f is a continuous function on Sp(a). Then the element f(a) € A is
defined as the inverse image of f under the Gelfand transformation: ' =T, : C*(1,a) —
C(Sp(a)), f(a) := (T,)"'(f). If 0 € Sp(a) and f(0) = 0, then f(a) € C*(a). Moreover,
f(Sp(a)) = Sp(f(a)) and if g is a continuous function on f(Sp(a)), then g(f(a)) =
(95 f)(a)

Proof. Everything has already been proven except the last statement. Let’s first consider
the polynomial p(\,A) as f = f(A). Then I'(p(a,a*)) is a function A — p(A, ), so
Sp(p(a,a*)) coincides with the set of values of this function, {u : = p(\, ), A € Sp(a)}.
Approximating f by polynomials, we get f(Sp(a)) = Sp(f(a)) (Problem 28).

Similarly, consider a polynomial ¢(A, \) as g. It’s easy to see that

q(f(a)) = lim(g(pa(a)) = lim(g © pa)(a) = (¢ o f)(a).

Now we approximate g by polynomials and use the isometricity of the inverse Gelfand
transform. O

Problem 28. Prove that f(Sp(a)) = Sp(f(a)) in the proof above, approximating f by
polynomials, and correctly stating what it means that the image is continuous under a
uniform approximation, and using the isometricity of the Gelfand transform.

Corollary 1.29. If a is a normal element, then ||al = r(a).

Proof. ||al| = [|a]l = supgenr, |a(#)] = supsesp(a) [A| = 7(a). =
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1.6 Addition: Stone-Weierstrass theorem

Let us first consider the algebra Cgr(X) over R formed by all continuous real-valued
functions on a compact Hausdorff space X.

Theorem 1.30. Let A C Cg(X), where X is a compact Hausdorff space, is a closed
subalgebra® such that A separates the points X and contains 1 € Cr(X) (and hence all
constant functions). Then A = Cr(X).

Proof. First of all, we note that the condition for separating points can be strengthened,
namely: for any = and y from X and any w and v from R there is a function g € A
such that g(z) = w and g(y) = v. Indeed, since there is f € A with the property
u = f(x) # f(y) =/, then g can be taken equal

U —v uw'v —v'u

1.

g:
u — v uw —

For f,g € A we define continuous functions f V g, f A g, v(g) as
(f Vg)(s) =max{f(s),g(s)},  (fAg)(s) =min{f(s),9(s)},  ~(g)(s) = lg(s)-

According to Weierstrass’s theorem on the approximation of continuous functions by
polynomials, there is a sequence of polynomials p,, such that

with —n <A < n.

SRS

| IA = pa(N)] <
Then

[19(s)] = pulg)(s)] = [ lg(s)| = Pnlg(s))] < for —n < g(s) <n.

S|

So v(g) € A. Therefore, fVge A, f Agé€ A, since

_f+g  wf -9 _f+g (f-9)
R R A A 9

Vg

Let us now consider an arbitrary F' € Cgr(X) and, by the remark from the beginning of
the proof, find for arbitrary x,y € X a function f,, € A such that f,,(z) = F(x) and
f2y(y) = F(y). Having temporarily fixed y, we find for each x € X a neighborhood U,
such that f,,(u) > F(u) — ¢ for u € U,. Let us choose a finite subcover U,,,...U,, and
define fy = fo, V-V fo,y- Then f,(u) > F(u)—¢ for any v € X. Since f,,,(y) = F(y)
for any ¢ = 1,...,p, then f,(y) = F(y). This means that there is a neighborhood V,, of a
point y such that f,(u) < F(u)+ ¢ for u € V. Let’s choose a finite subcover V...,V
and define f := f,, A--- A f,,. Since every f,.(u) > F(u) — ¢ for any u € X, then
f(u) > F(u) — ¢ for any u € X. On the other hand, for any v € X there is V}, > u, so
f(u) < f,,(u) < F(u) +e. Combining the inequalities, we obtain that |f(u) — F(u)| < e
for any u € X. Due to arbitrariness € we obtain the required result. O

2this condition can be weakened
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Theorem 1.31. Let A C C(X) (where X is a compact Hausdorff space) be a closed
involutive subalgebra such that A separates the points X and contains 1 € C(X) (and
hence all constant functions). Then A = C(X).

Proof. The involution has the form f*(z) = f(z). Let Ag consist of real-valued functions
belonging to A. Note that this is a unital subalgebra of the algebra Cg(X). Since Agr
coincides with the kernel of a continuous R-linear mapping f — f — f*, then it is closed
in A, and hence in C(X). Therefore Ap = AN Cg(X) is closed in Cg(X). Finally, Ag
separates the points X. Indeed, if f(x) # f(y), where f € A, then f = f; + ifs for
fi=(f+[f9/2€ Ar, f1 = (f — [*)/2i € Ag, so at least one of fi, f, separates x and y.

Therefore, by the previous theorem, Cr(X) = Ar C A. Using the representation
f = fi+ifs again, but for the entire C'(X), we see that C-linear combinations of elements
of Cr(X) give C(X) and, at the same time, give A by virtue of what has been proven.
So A =C(X). O
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1.7 Positive elements

Definition 1.32. A self-adjoint element a in a unital C*-algebra A is called positive, if
Sp(a) C [0,00). If A is not unital, then a is called positive, if it is positive in AT.

Positivity is written as a > 0. For two self-adjoint elements a,b € A we say that a > b
ifa—5b2>0.

Problem 29. Show that if a > 0 and 0 > «, then a = 0; and also that —||a||1 < a < ||a|/1
for every self-adjoint a.

Now let’s look at applications of continuous functional calculus to positivity.

Corollary 1.33. Let a € A be a positive element. Then there exists a unique positive
square root b of a, that is, b > 0 such that b* = a.

Proof. The function f(z) = 1/z is defined and continuous on [0, 00), so b = f(a) is defined.
It is self-adjoint and even positive (since f maps [0, 00) to itself) and b* = f(a)? = a (by
corollary 1.28). If ¢ is another positive square root of a, then ¢ = f(¢*) = f(a) =b. O

Corollary 1.34. Let a € A be a self-adjoint element. Then there are positive elements
ay,a_ € A, such that a =ay —a_ and aya_ = 0.

Proof. Let us define a continuous function f : R — [0,400), putting f(x) = z= for
x > 0 and f(x) = 0 for x < 0. Let’s denote g(x) = f(—x). These functions satisfy
f(z) —g(x) =z and f(x)g(z) = 0. It remains to put ay = f(a), a_ = g(a). O

Corollary 1.35. For a self-adjoint element a € A the following conditions are equivalent:

(i) a

(i) a = b* for some self-adjoint b;
(iil) [|pl — all < p for every p > |al|;
(iv) |l —all < p for some p > |lal.

Proof. By Corollary 1.33, from (i) it follows (ii). Moreover, (iii) implies (iv) by evident
reasons.

Let us show that (ii) implies (iii). By assumption, a = f(b), where f(z) = x°.
Moreover, the norm of f on Sp(b) is equal to ||al|, so 0 < u — 2* < p for any u > |af|
and x € Sp(b). Since ul —a = (u— f)(b), then ||(x — f)(b)|| equals the norm of p — f on
Sp(b), which does not exceed .

Let us finally show that (iv) implies (i). Since, for some u > ||a||, we have |u — x| =
SUD,esp(a) |14 — | < g1, then no x € Sp(a) can be negative. O
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Corollary 1.36. If a and b are positive, then a + b is positive.

Proof. Let us choose some p > ||al|, v > ||b]|. Then |la + || < p + v and the item (iii) of
Corollary 1.35 implies

[ +v)l=(a+b)[ = [(pl —a)+ (w1 =b)| < [lpl —al + vl = bl < p+v.
Therefore, by item (iv) of Corollary 1.35, a + b is positive. O

Problem 30. If 0 < a < b, then |la]| < ||b|. Hint: As we know, b < [|b]| - 14. Thus
a < ||b|| - 14, i.e. Sp(||b]| - 14 —a) C [0,+00)]. From Sp(uls —a) = p — Sp(a) deduce
that ||a|| = max{\ € Sp(a)} equals min{p: Sp(u-14 —a) C [0,4+00)}. This implies the
statement.

The following Proposition 1.38 is almost obvious for operators in a Hilbert space, but
is very nontrivial for elements of a C*-algebra. We will need the following result about
spectra of products.

Lemma 1.37. Ifa,b € A, then Sp(ab) U {0} = Sp(ba) U {0}.

Proof. Let 0 # A ¢ Sp(ab). This means that (ab — A1) = —\(1 — A~'ab) is invertible, so
there exists an element u € A such that (1 — A 'ab)u = 1. Let us set v = 1 + A" 'bua.
Then

(1 —=A"tba)v = (1 — A7'ba) (1 + A tbua) = 1 — A ba + A tbua — A\ *babua =
=1—-X"1ba+ A1 = Xtablua =1 —X"tba — A\ 'ba =1,
so A ¢ Sp(ba). O
Proposition 1.38. The element a*a is positive for every a € A.

Proof. Since a*a is self-adjoint, we can write a*a = by — b_ by Corollary 1.34. Let
¢ := y/b_, t := ac. Note that f(0) = 0 for f(z) = /z, so c¢ is approximated by
polynomials in b_ without a free term, this means that cb, = 0. We have:

—t*t = —c(by —b_)c=1. (1.6)

Therefore, —t*t is positive.

Let us write ¢ in the form ¢ = x + iy, where x and y are self-adjoint elements of A
(that is z = (t+t*)/2, y = (t —t*)/2i). Then t*t+tt* = 2(z*+y?) is positive by Corollary
1.36. By the same Corollary, we see that the element

" = (£t + t*) — t°t = ("t + 1) + b*

is also positive, that is, Sp(tt*) C [0,00). By Lemma 1.37, Sp(t*t) C [0,00), so t*t is
positive. But it is also negative by (1.6), so t*t = 0 for problem 29. This means that
b_ = 0, since positive square root is unique. ]

Corollary 1.39. If b < ¢, then a*ba < a*ca for any a € A.
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Proof. Since ¢ — b is positive, then ¢ — b = d? for some self-adjoint d. That is why
a*(c —b)a = a*d*a = (da)*(da) > 0. O

Corollary 1.40. If a and b are invertible and 0 < a < b, then b= < a™'.

Proof. Let us first consider the special case b = 1. Then Sp(a) C [0, 1]. According to the
spectral mapping theorem, we see that Sp(a™') C [1,00), so a=! > 1. Let’s pass to the
general case. Since, by Corollary 1.39, b=1/2ab~'/2 < 1, then b'/2a1b/2 > 1 by the first
part of the proof. Multiplying this inequality by b='/2 on both sides and again applying
corollary of 1.39, we obtain a=* > b~ O

1.8 Approximate identity

Let A be a directed set. A family (uy)rea elements of the C*-algebra A is called an
approzimate identity (unit), if limy ||zuy — x| = 0 for © € A (and therefore limy [|uyz —
z|| = 0). If A is unital, then we can take uy = 1 for any A, so this concept is of interest
only for non-unital algebras. In the definition of an approximate unit also include the
conditions 0 < uy < 1 and uy < uy, for all A < p from A.

Theorem 1.41. Every C*-algebra has an approrimate unit.

Proof. Let A={a € A|a > 0;|al <1}. An order on A is given by <. Let us show that
the set of elements A, indexed tautologically (a has index a), is an approximate unit.

First of all, we need to check that A is a directed set, that is, for any two elements
a,b € A there is a ¢ € A such that a < c and b < c. Let f(t) := 15 and g(t) == 5.
Moreover, the function f is defined on [0,1), the function g is defined on [0,00) and
g(f(t)) =t. Let us put x := f(a), y := f(a) + f(b), ¢ := g(y). Since 0 < g(t) < 1, then
c € A. The inequality z <y implies 1+ x < 1+y,s0 (1+z)"' > (1+y)~! and

a=1-(1+2)"'<1-(1+y *'=c

The inequality b < ¢ can be obtained similarly, so we have verified that the set A is
directed.

Now let’s check that lim, ||z — az|| = 0 for every x € A. Since by Corollary 1.34 each
element can be decomposed into a linear combination of four positive elements:

_x+x*+.x—m*_ T+ z* T+ z* L Tz —x* fx—a* (1.7)
Ty Ty T2 ), U ) T U ), )

then it is sufficient to verify the statement for z > 0. Since for a € A we have 0 < 1—a < 1,
then by Corollary 1.39, (1 —a)"/?(1 —a)(1 — a)"? < (1 —a)'/?(1 —a)/? =1 — a. That’s
why (see Problem 30)

11 = a)al® = J|l2"(1 = a)’z|| < [|l2"(1 — a)a]],

and it is sufficient to verify that lim, [|2(1 — a)z|| = 0 for any « > 0 from A, and without
loss of generality we can assume that ||z|| = 1.
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Similar to the previous reasoning, if a,b € A and a < b then ||z*(1 — b)z| < ||lz*(1 —

a)x||, so, for = > 0,
sup |lz(1 = b)z|| = [lz(1 — a)z]]
beA, b>a

Therefore we need to show that, for any positive z € A of norm one and for any £ > 0, there
is an element a € A such that ||z*(1 — a)z|| < e. Let us put a, := g(nz), n € N (see the
beginning of the proof). Then |z(1—a,)z| = ||h(x)||, where h(t) := t*(1 — g(nt)) = lfm.
For any ¢ € [0, 1], we have 0 < h(t) < £, so ||h(z)]| < +. Hence,

1
sup [Jz(1 = b)z| = [lo(1 — an)z]] < —
beA, b>ay, n
for any n, so limpep ||2(1 — b)z|| = 0. O

Definition 1.42. An approximate unit is called countable, if the set A is countable.
Corollary 1.43. A separable C*-algebra has a countable approrimate unit.

Proof. Let us choose a dense sequence (z,)neny in A. Then there is an element a; € A,
0 < ay, |jai|| < 1 such that ||z1a; — 21]] < 1 (see the proof of the previous theorem).
Suppose by induction that we have already found such as, ..., a,, a1 < as < ... < ay,
such that, for all k& = 1,2,...,n, the inequalities [laz| < 1 and |lz;a, — ;]| < 1 are
satisfied for i = 1,2,... k. Now let’s find an element a,,1 > a, with norm ||a,,1|| < 1,
such that [|z;an41 — 2]| < 5 for i = 1,2,...,n+ 1. Because the sequence (z,,) is dense
in A, then by induction we obtain a non-decreasing sequence (a,),en positive elements of
the unit ball with lim,,_, ||za, — x| = 0 for each z € A. Indeed, for any € > 0 we can
find an element x; such that ||z — z;|| < £/3, and for z; we can find a number j such that

|ziar — x;]| < €/3 for all k > j. Then for these k
lzar = zl| = |ziar =z + (2 — w)ay + 7 — @il <e/3+¢/3|an]| + /3 <e.
[

Problem 31. Prove that the converse is not true: an algebra with countable approximate
unit does not have to be separable.
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1.9 Ideals, factors and homomorphisms

Under an ideal of C*-algebra we will always mean norm-closed two-sided ideal (for maxi-
mal ideals in in the commutative case this happens automatically).

Lemma 1.44. FEvery ideal I in a C*-algebra is self-adjoint: I = I*.

Proof. f I C A is an ideal, then B := I N I* C A is a C*-subalgebra. In this case,
B D I-1I*. Let (uy) is an approximate unit in B, and j € I. Then

Lim [ 7%ux — 777 = L flua (777 us = 757) = (77us = 3571 < 2lm fl777us — 57|
Since uy € I, then j*uy, € I, so j* € I, since [ is closed. O

The following technical lemma is often used.

Lemma 1.45. If v*x < a is in A, then there is an element b € A such that ||b]| < ||a|/*/*
and x = ba'/*.

Proof. Let us put b, := z(a+ £1)7/2a!/* (this element lies in A, even if A does not have
a unit, but in this case it is convenient for us to carry out calculations in A™). Let also

1\ /2 1 —-1/2 1\ /2
dpm = (a + —1> - <a + —1) , fal(t) =134 (t + —) :
n m n

Then the sequence of functions {f,(t)} converges to f(t) := t'/* uniformly on [0, |al|],
since due to u? + v? > 2uv we have

iyt Tt 1/ntt =282+ 1/n)
t o)) = <

t+1/n t+1/n
<t1/2t+1/n+t—2t _ 1/n _ 2 t/n 1 o 1
t+1/n t+1/n  t+1/n 2yn = 2yn
We have
16n, — bm||2 = |]xdnma1/4\|2 = ]\a1/4dnmx*xdnma1/4|] < \|a1/4dnmadnmal/4|] =
= |duma®?|> = || fu(a) = fm(a)|* = t ?Slm | fa(t) = f(D)]-
€(0,||la

Thus, since f, is a Cauchy sequence, so is b,. Let us put b := lim,_ o b,. Then ba'/* =
hmn—)oo bnafl/4 = hmn—)oo .73(0, + %1)_1/%1/2 =xT. ]

Problem 32. Verify that the last limit is indeed x. This can be done in a similar way to
the calculation for f,, in the proof, using x*z < a.



1.9. IDEALS, FACTORS AND HOMOMORPHISMS 23

Definition 1.46. A subalgebra B C A is called hereditary if for any positive b € B and
a € A, from the condition 0 < a < b it follows that a € B.

Problem 33. Prove that a positive element of an arbitrary C*-subalgebra is a positive
element of the entire algebra.

Lemma 1.47. Let I C A be an ideal and 7 € I a positive element. If a*a < j, then
a € I. In particular, any ideal is a hereditary subalgebra.

Proof. Let us represent a = bj'/4

C*(j) C I, and therefore a € 1.

in accordance with Lemma 1.45. Moreover, j/*

om

If I C Aisanideal, then we can define Banach factor algebra A/I with norm |ja+I|| :
inf;c; ||a + j||. This is an involutive algebra: since I is self-adjoint, then ||(a + I)*|| =
|la* + I|| = ||a + I||. To be short we will denote a + I by a € A/I.

Theorem 1.48. The involutive algebra A/I is a C*-algebra.

Proof. Only the C* property needs to be verified. Let (uy)xea be an approximate unit of
I (note that ideals typically do not have a unit, and in any case, a proper ideal does not
contain the unit of A, even if the latter exists). Let us first show that

]l = lim | — au]. (18)

Indeed, since uy € I, then ||a]| < ||a — au,||. To prove the reverse inequality, we choose
arbitrarily € > 0. Then there is an element j € I such that ||a|| > |ja — j|| — . We have

: _ <1 _ s . g _ s '
fim o — aun | < lim (o — aus — (= jun)| + 1 — Gual) = limn [l — any — (G — )|
Writing in AT, where the equality a — auy — (j — juy) = (a — j)(1 — uy) holds, we obtain
the estimation [[(a — j)(1 — uy)|| < [la — j|| < ||la]| + . Due to arbitrariness of € > 0 we
obtain (1.8).

Now, calculating in A™, we find the estimation

e —__— S 1 B _—— _
la*all = lim[la”a(l —wy)[| = lim [(1 —uy)a”a(l — )|
_ _ 2 _ 1502
= lim|[(a(l —w)[]" = fla]”
The inverse inequality ||a*al| < ||a||? is true in any involutive Banach algebra. O

Definition 1.49. Let A and B be C*-algebras. A x-homomorphism from A to B is any
homomorphism ¢ preserving the involution: ¢(a*) = ¢(a)*. If both algebras are unital,
¢ is called wunital, if p(14) = 1p.

Problem 34. Let ¢ : A — B be a x-homomorphism of non-unital algebras. Prove that
there is a unique unital *-homomorphism ¢ : AT — B*, extending ¢. Note: The only
way to determine ¢ is the requirement to be unital: ¢ (1) = 1.
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Problem 35. Let ¢ : A — B be a x-homomorphism of algebras, with A non-unital, and
B unital. Prove that there is a unique unital *-homomorphism p(*) : A* — B, extending
. Hint: the same as above.

Theorem 1.50. Let ¢ : A — B be a nonzero x-homomorphism. Then ||¢| = 1 (in
particular, it is continuous) and @(A) is a C*-subalgebra of B. If ¢ is injective, then it
is isometric (on the image).

Proof. If the algebra A is non-unital, then we will consider ¢+ from Problem 34 or ¢(*)
from problem 35. If the algebra A is unital, then we can assume that B is unital too (if
not — then we attach a unity without requiring the homomorphism to be unital). Then
©(14) = p is a self-adjoint idempotent (p® = p), the space B, := pBp is a subalgebra of
B (see problem 36) with identity p = p- 15 - p, and ¢, considered as a homomorphism in
B,, is unital.

Thus, in the proof we can restrict ourselves to the case of a unital homomorphism
¢ : A — B of unital algebras.

To distinguish the spectrum of an element in A and B, we will write Sp, (resp., Spg)
for the spectrum of elements in A (resp., in B).

Let a = a* € A. Then Spg(¢(a)) C Spy(a), since ¢ is a unital *-homomorphism of
algebras and ||¢(a)|| = r(p(a)) < r(a) = ||a||. For an element a € A of general form, we
have ||p(a)]|? = ||e(a*a)|| < |la*all = ||la||?, so ||¢|| < 1, that is, ¢ is continuous and does
not increase the norm.

Suppose now that ¢ is injective but not isometric. Then there is an element a € A
such that ||¢(a)|| < ||a||. This means ||¢(b)|| < ||b]| for b := a*a. Let us denote ||p(b)|| =: r
and ||b]| =: s. Let h be a continuous real function that satisfies the conditions ¢(t) = 0
for ¢ € [0,r] and h(s) = 1. Then [[p(h(b))[| = [|(x(b))|| = suPesp, o)) IR(A)] = 0, while
IRl = supjesp, ) IR(A)] = 1. A contradiction with injectivity. (The commutation
condition is obvious for polynomials, h,, uniformly approximating h, and in the limit we
obtain it for h.)

In the case of a general (not necessarily injective) s-homomorphism, note that that
I = Ker ¢ is closed since ¢ is continuous, so I is an ideal in A. Therefore ¢ induces an
injective x-homomorphism ¢ : A/l — B by the rule ¢(a) = ¢(a). Then, by what has
been proven, ¢ is isometric, and ¢(A) = $(A/I) is closed in B, so it is a C*-subalgebra.
Since ¢ is non-zero, then there is a € A with ¢(a) # 0. Since ¢ is isometric, we have the

equality ||a]| = ||¢(a)]] = ||¢(a)]| . Moreover, for any € > 0 there is an element ¢ € A such
that ¢ = a and ||c|| < ||@|| + e. Thus, |J¢(c)|| > |||l — . Since € is arbitrary, we obtain
lell = 1, so [lel| = 1. a

Problem 36. Prove that the algebra B, is closed, first obtaining the equality pBp =
Ker(Ly_,) N Ker(Ry_,), where Ly_, and R;_, are the linear operators of left and right
multiplication by 1 — p in B, given by L;_, : b+— (1 —p)b and Ry, : b+— b(1 —p).

Problem 37. Develop the result of the previous problem by verifying the decomposition
into a direct sum of closed subspaces B = pBp ®pB(1—p)® (1 —p)Bp® (1—p)B(1—p).
Moreover, if we write down the quadruple (a, b, ¢, d), representing an element of a given
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direct sum in the form of a matrix ( CCL , then the multiplication in B passes under

d
this isomorphism to the matrix multiplication according to the standard rule.

Problem 38. Derive from Theorem 1.50 the statement ¢(f(a)) = f(¢(a)) for any normal
a and f, which is continuous on the appropriate set (not only for a polynomial).

Problem 39. Obtain a proof of Theorem 1.50 via a reduction to a map of commutative
subalgebras.

Corollary 1.51. Let I C A be an ideal, and B C A be a C*-subalgebra. Then I + B
coincides with the C*-subalgebra C*(I, B) generated by I and B.

Proof. 1t is obvious that I + B C C*(I, B) is an involutive subalgebra. Let ¢ : A — A/I
be the *-homomorphism of factorization. We know from the previous theorem that ¢(B)
is closed in A/I, so I + B = ¢ '(q¢(B)) is closed in A. This means that I + B is a
C*-algebra, contained in C*(I, B). O

So far we were very careful when considering spectrum of an element in a C*-algebra
and its C*-subalgebra. The next lemma shows that this is not so important.

Lemma 1.52. Let B C A be a unital C*-subalgebra of a unital C*-algebra, 14 = 1g, and
a € B. Then Spg(a) = Spy(a).

Proof. Obviously, if an element has an inverse in B, then so does A, whence Sp,(a) C
Spp(a). The reverse inclusion follows from the statement: if a is invertible into A, then its
inverse belongs to B. To prove this, consider first the case a = a*. Then the C*-algebra
C = C*(a,a™ ') generated by a and ¢!, is a commutative unital C*-subalgebra of A, and
therefore it is isomorphic to some algebra of functions C'(X). Let a denote the image
of a under this isomorphism. Then 0 ¢ Spg(x)(@) C R. Let us choose polynomials p,

—

such that p,(t) converges uniformly to t=! on Spg(x(@). Then a=! = lim, o pa(@), so
a™t =1im, o pu(a) € C*(a) C B.

For a general element a, if a™! exists in A, then a™'(a*)™' = (a*a)™! € B as proven.
That is why a™! = (a*a)"'a* € B. O

Problem 40. Show with an example that, without the condition 14 = 15, the previous
proposition does not hold.
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1.10 Topologies on B(H) and von Neumann algebras

Besides the norm topology, there are other useful topologies on the C*-algebra B(H).

Definition 1.53. Strong topology is defined by a system of seminorms a — ||a&||, £ € H.
Weak topology is defined by a seminorm system a — (a&,n), &,n € H.

Theorem 1.54. For a linear functional ¢ : B(H) — C the following conditions are
equivalent:

(i) There exist &,y € H, k = 1,...,n, such that p(a) = > ,_ (ak,nK) for any
a€B(H);

(i1) ¢ is weakly continuous;
(#i) @ is strongly continuous.

Proof. 1t is obvious that (i)==(ii) ==-(iii). Let us show that (iii) implies (i).

The strong continuity of ¢ means that the preimage {a : |p(a)| < 1} of the open unit
disk is an open set in the strong topology, that is, there are positive constants ¢1,...,¢,
and vectors &1, ...,&,, such that for any a € B(H) the condition ||a| < ek (for all
k =1,...,n) implies |¢(a)| < 1. Changing the length of these vectors if necessary, we
see that in an equivalent way we can say, that there exist vectors &, ..., &, such that, for
any a € B(H), from maxy ||a&x|| < 1 it follows that |p(a)| < 1. Then

n 1/2
(a)] < (Z ||a£k\|2) : (1.9)

Indeed, if |¢(a)|? > >r_; |[|ak||? for some a, then |p(a)| > |la&|| for all k, so since the
number of them is finite, one can find o € R such that |p(aa)| > 1, and maxy, [|eagy|| < 1
(for example, o' := (Jp(a)| + max ||a&||)/2 ). A contradiction.

Let K := @&}_,H. The algebra B(K) can be identified with the algebra of n x n-
matrices with elements from B(H). Let p : B(H) — B(K) map a € B(H) to a diagonal
matrix with all diagonal elements equal to a.

Let us denote £ := & @ ... ® &, € K and note that, putting ¥ (p(a)f) = p(a), we
obtain a linear functional on the closed subspace L C K, where L is the closure of the
space Lo := {p(a)¢ |a € B(H)}. Indeed, first we need to verify that ¢ is well defined on
Ly: if p(a)(€) = p(b)(€), then (a — b)¢x = 0 for k =1,...,n. In particular for arbitrarily
large R > 0 we have ||R(a — b)&|| < 1, and therefore |p(R(a — b))| < 1. Therefore
lo(a — b)| < 1/R. Due to the arbitrariness of R, we obtain that ¢(a — b) = 0 and thus
¢ is well defined on Ly. From (1.9) we see that [¢(p(a))| < ||p(a)é]|, so |¥(C)] < ||<|| for
any ¢ € Lo, and hence L. So, v is a bounded functional on L. By the Riesz theorem
on representation of functionals, there is a vector n € L C K such that ¢(¢) = (¢,n)
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for all ( € L (we assume the Hermitian product to be linear in the first argument),
so (a) = (p(a)é,n). Decomposing it into components n = n @ ... © n,, we obtain

(p(a)é,m) = D p_i(alk, nk)- O

Corollary 1.55. In B(H) a convex set is closed for the weak topology if and only if it is
closed for the strong one.

Proof. This immediately follows from the previous theorem, since, according to the Hahn-
Banach theorem, closed convex sets are obtained as the intersection of closed half-spaces,
corresponding to linear functionals. O]

Definition 1.56. A von Neumann algebra is a C*-subalgebra B(H) containing unity
(identity operator) and closed in the weak topology.

The simplest examples are C and B(H) (in fact, the first algebra is a special case of
the second).

Definition 1.57. For the set S C B(H) we denote by S’ its commutant, that is, the set
of all operators a € B(H) such that as = sa for every s € S.

Problem 41. Verify that
e If S is self-adjoint, then so is 5.
e The commutant of any set is a unital algebra.

e The commutant of any set is weakly closed.

Thus, S’ is the von Neumann algebra for any self-adjoint set .S.

If Sl C SQ, then Si D Sé

Always S C 5.
e Therefore S’ = 5", §" = 5", etc.

Theorem 1.58 (von Neumann bicommutant theorem). Let A be a C*-subalgebra of B(H)
containing the identity operator. Then the following conditions are equivalent.

(i) A=A";
(ii) A is weakly closed;
(11i) A is strongly closed.

Proof. Since A is a convex subset, then (ii) and (iii) are equivalent as a consequence 1.55.
Since A” is weakly closed, then (ii) follows from (i). It remains to show that (iii) implies
().

For a vector & € H we denote by p the projection onto the closure V' of the linear
subspace formed by vectors a&, a € A.
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Thus, pn =n forn € V. Since 1 € A, then £ € V', so p§ = £. Therefore papl = pan =
an = ap( for any ( € H, where we denote n = p( € V. So pap = ap for any a € A. From
here pa = (a*p)* = (pa*p)* = pap and we get ap = pa, that is p € A’. Let b € A”. Then
pb = bp, so pb& = bp& = b& and b¢ € V. Thus, for every € > 0 there is an element a € A,
for which ||(b — a)¢]| < e.

Now consider some &;,...,¢, € H and define{ . =& ... 06, e K =H&...&H.
Let p: B(H) — B(K) be the diagonal embedding. It is easy to see that p(A)" consists of
all nxn-matrices with elements from A’, and p(A”) = p(A)” (Problem 42). Applying the
first part of the proof to this situation, we obtain that for any b € A” and every € > 0
there is an element a € A such that ||[(p(b) — p(a))€]] < e. Then Y ;_, |[(b — a)&|* =
1 (p(b) — p(a))€]|* < €2, so we can strongly approximate b € A” by some a € A. O

Problem 42. Check that p(A)" consists of all nxn-matrices with elements from A’, and
p(A") = p(A)".
Corollary 1.59. If A is a von Neumann algebra, then A’ is a von Neumann algebra.

Definition 1.60. The center of an algebra is the set of its elements that commute with
all its elements.

Corollary 1.61. If A is a von Neumann algebra, then its center Z is also a von Neumann
algebra.

Proof. For a subalgebra A C B(H) we have Z = AN A'. O

Let A C B(H) be a C*-algebra containing the identity operator. Then the bicom-
mutant theorem states that A is weakly (strongly) dense in A”. This result has the
disadvantage that the approximation is done by elements with, generally speaking, an
uncontrollable norm. This is overcome by the following theorem, which we present with-
out the proof, which can be found in [10, § 4.3].

Theorem 1.62 (Kaplansky density theorem). The unit ball of A is weakly (strongly)
dense in the unit ball of A”. The same is true for the sets of positive elements in these
unit balls and for sets of unitary elements.

Definition 1.63. If the center Z of the von Neumann algebra A consists only of scalar
operators (that is, Z = C1), then A is called a factor.

Remark 1.64. It should be noted that besides the continuous functional calculus for self-
adjoint operators, there is a Borel functional calculus: instead of norm approximation of
continuous functions by polynomials here Borel functions are approximated by polynomi-
als, and the corresponding operators will converge in the weak topology. More precisely,
let the polynomials p; converge monotonically and pointwise to a Borel function f on
the spectrum of a self-adjoint operator a € B(H). Then {p;(a)} is a strongly convergent
sequence of operators (this is a statement from the standard course, see for example [15,
§§ 7 and 11]). Since all polynomials commute with the commutator of the self-adjoint
operator, then for any Borel function f on the spectrum of a self-adjoint operator a, the
operator f(a) lies in {a}”.



Chapter 2

Representations of C*-algebras

2.1 Definition and basic properties

Definition 2.1. A representation of a C*-algebra A on a Hilbert space H is a x-homomorphism
from A to B(H).

Definition 2.2. A representation of a C*-algebra A is called algebraically irreducible, if
there is no proper invariant linear subspace in H (when operated by operators from the
image of the representation). A representation is topologically irreducible, if there is no
proper closed invariant subspaces.

We will see soon that for C*-algebras these two concepts coincide.
Lemma 2.3. A representation m is topologically irreducible if and only if m(A) = C1.

Proof. 1f m(A)’ contains something other than scalars, then it also contains a self-adjoint
non-scalar operator (this immediately follows from the expansion of a non-scalar operator
into a linear combination of two self-adjoint ones a = % + - %) Using Borel
functional calculus (see note 1.64) for this self-adjoint operator b, we can obtain a proper
projection p in m(A)’. Namely, if an operator is nonscalar, then it has at least two distinct
points in the spectrum, say, ty and ¢;, and we need to consider a Borel function f, taking
values 0 and 1, and f(tg) = 0, f(t1) = 1 ( task 43). (You can also not use calculus,
but simply take suitable spectral projections from the standard spectral theorem, that by
construction have the necessary commutation properties). Then pH is a closed invariant
subspace, since p € w(A)'.

Conversely, let L C H be a closed m(A)-invariant subspace, and p € B(H) is a pro-
jection onto this subspace. Then 7(a)p = pm(a)p for any a € A. Therefore pr(a) =

(m(a*)p)* = (pr(a*)p)* = pr(a)p = w(a)p and p € 7(A)". Moreover, p is not a scalar. [

Problem 43. Verify in the proof above that f(b) is a proper projection, since f? = f
and Sp((5)) = {0, 1}

29
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Problem 44. Prove a more general fact: if a self-adjoint element a in a unital C*-algebra
has Sp(a) = {0, 1}, then a is a nonscalar idempotent.

Lemma 2.4. Let w be a topologically irreducible representation of a C*-algebra A in a
Hilbert space H. Then for anyt € B(H), a finite-dimensional subspace L C H and e > 0,
there is an element a € A such that ||a|| < ||t|L|| and ||(7(a) — )| < €.

Proof. Since 7 is topologically irreducible, then by Lemma 2.3 w(A) coincides with scalars,
hence w(A)” = B(H). That is why 7(A) is dense in B(H) in the weak (strong) topology.
Without loss of generality, we can assume that ||t|.|| = 1. Let us put s = tpr, where
pr, is the projection onto L. Since L is finite-dimensional, then, by Kaplansky’s density
theorem, there is b € A such that ||7(b)|| < 1 and ||(7(b) — s)|z|]| < €/2. Then there is an
element ¢ € A such that w(c) = 7(b) and ||c|| < ||7(b)||(1 4+ €/2) (see Theorem 1.50). Let

us put a := 7% Then |la]] < 1 and

[(m(a) = DIl < [(w(e) = DIl + [I7(a) = 7o)l <e/2+e/2 =
O

Lemma 2.5. Let m be a topologically irreducible representation of the C*-algebra A in the
Hilbert space H. Then for any t € B(H), finite-dimensional subspace L C H and e > 0,
there is an element a € A such that w(a)|L = t|; and ||a|| < ||t]] + €.

Proof. By the previous lemma, there is an element ay € A such that ||ag|| < ||¢|| and
|(m(ao) —t)|L|| < e/2. By induction we can find for each n, an element a,, € A such that
lan]| < 27" and |3 _om(an) — t)prlll < 27" 'e. Indeed, suppose that the elements
are found for some n and all the smaller ones. Applying the previous lemma to s =
— > h_om(ax) +t, the same subspace L and 27" 2¢, we find an element a,; such that
ani]l < 27" e and ||(OS3F] m(ar) — t)pr|| < 27" 2. Now let’s put a = 3 7o ap. Then
a € A and it is evident that ||a]| < ||t|| + ¢ and a|p = #|L. O

Theorem 2.6. FEvery topologically irreducible representation of a C*-algebra is alge-
braically irreducible.

Proof. Let’s assume the opposite Let V' C H be a non-closed invariant space, and V is
its closure. It is also an invariant subspace (since the action is continuous), so V = H.
Let us take n € H \ V, of norm 1 for example. Let £ € V' is a nonzero vector, and ¢ is an
operator on H such that t£ = 7. Then, by the previous lemma, there is an a € A such
that 7(a)¢ = n. Contradiction with the invariance of V. O

2.2 Positive linear functionals
Definition 2.7. Linear functional (we do not require continuity, see Lemma 2.10 below)

¢ on the C*-algebra A is called positive, if ¢(a) > 0 for any a > 0. If a positive linear
functional is continuous and has norm 1, then it is called a state.
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Example 2.8. If 7 is a representation of A in the Hilbert space H and £ € H, then the
functional ¢(a) := (£, m(a)f) is positive. If A is unital and ||£]| = 1, then such ¢ is a state.

With every positive linear functional ¢ we can associate a sesquilinear form on A given
by the formula (a,b) := ¢(a*b), that is, the form (-,-) is linear in the second argument
is conjugate linear in the first argument. By definition of positivity of the functional
(a,a) = p(a*a) = 0 for any a € A. Therefore, by the following lemma it is Hermitian
symmetric: (b, a) = (a, b).

Lemma 2.9 (from linear algebra course). If a sesquilinear form has (a,a) € R for any
a, then it 1s Hermitian symmetric.

Proof. Let us write down the polarization identities
(a+b,a+0b) = {a,a) + {(a,b) + (b,a) + (b, b), (2.1

)
(a+1b,a+ib) = (a,a) + (a,ib) + (ib,a) + (b, ib) = (a,a)+i({a,b) — (b,a)) + (b,b). (2.2)

From the first we obtain that (a, b)+ (b, a) is real, and from the second — that (a, b) — (b, a)
is imaginary. So (a,b) = (b, a). O

Thus, (a, b) is a positive Hermitian form and, therefore, the Cauchy-(Schwartz-Bunyakovsky)
inequality holds for it: [{a,b)|> < (a,a)(b,b), that is, |¢(a*b)|* < w(a*a)p(b*D).

Lemma 2.10. Positive linear functionals are continuous. If uy is an approrimate unit
for A, then ||@|| = limyea @(uy). In particular, if A is unital, then ||¢| = ¢(1).

Proof. Let us first consider the unital case. If 0 < a < 1, then since ¢ is positive,
we obtain that 0 < p(a) < ¢(1). For z € A with ||z|| < 1 we have 0 < z*z < 1,
so [p(x)]2 = |o(1-2))? < o(1) - p(z*r) < ¢(1)* by the Cauchy-Schwartz-Bunyakovsky
inequality. Thus, |¢| < ¢(1) < |l¢]|-

Now consider the non-unital case. Suppose that ¢ is not bounded on the unit ball A.
Then it is not bounded on the subset of the unit ball consisting of positive elements (since
any element a is decomposable into a linear combination of four positive elements with
norms not exceeding ||a||, see (1.7)). Thus, for every k € N there is a positive element
ar € A such that |[a|| < 1 and ¢(ay) > 2. Let us put a := > ;- % € A. Then for any
n € N, we have a > ) | 5% and

n

o) > ¢ (z 2—) _yEw o,

k=1

that is impossible. Thus, ¢ is bounded in the non-unital case as well.

Let m := limyep ¢(uy), and the limit exists since the directed net is increasing and
bounded by |¢|| from above. Then, for any = € A with ||z]| < 1 we have |p(z)| =
limyep [p(urx)| due to the continuity of ¢. Therefore, by the Cauchy-Schwartz-Bunya-
kovsky inequality we have

lp@)l = lim lp(wa)|* < sup p(uX)e(a"z) < supplu)p(a'z) < mlle].
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For any € > 0 we choose an element x € A such that ||¢|* < |¢(z)]* + . Then |p|* <
ml|p|| +¢&. Hence, ||¢]|> < m|¢|| and ||| < m. Since for any & > 0 there is uy, for which
©(uy,) > m — e, we come to the equality ||¢|| = m. O

Corollary 2.11. If ¢ is a state on a unital C*-algebra, then p(1) = 1.

Proof. By the previous lemma, 1 = [|¢]| = ¢(1). O
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2.3 GNS-construction (Gelfand-Naimark-Segal)

Definition 2.12. A vector { € H is called cyclic for m: A — B(H), if m(A)¢ is dense in
H.

Theorem 2.13. Let ¢ be a positive linear functional on the C*-algebra A. Then there
exists a representation m, of the algebra A on the Hilbert space H and a cyclic vector
&y € H such that ||§,]|? = ||l and (&, mp(a)é,) = p(a) for all a € A.

Proof. Let N :={a € A: ¢(a*a) =0}. Then N = {a € A: p(b*a) =0 for all b € A} by
the Cauchy-Schwartz-Bunyakovsky inequality. Therefore N is closed as an intersection of
kernels of continuous functionals a — ¢(b*a)). Besides, N is a left ideal, since p(b*an) =
©((a*b)*n) = 0 for any a,b € A forn € N, so an € N.

Let us define an Hermitian inner product on the Banach quotient space A/N by the
formula (a, b) = ¢(a*b), where @ denotes the coset class a4+ N. This product is well defined
because if ny,ns € N, then ¢((a + n1)*(b+ n2)) = ¢(a*d) + ¢((a + n1)*na) + @(b*ny) =
o(a*b). Also (a,a) > 0 holds for @ # 0. Let H be the Hilbert space obtained from A/N
by the completion w.r.t. the norm given by this inner product. Let us denote by
the representation of A on A/N (here we slightly expand the concept of representation
to a pre-Hilbert space) by the formula my(a)i = (az), where £ € A/N. If n € N
then (a(x +n)) = (ax), so my is well defined. It is involutive, because (my(a)Z,y) =
o((az)*y) = p(z*(a*y)) = (&, m0(a*)y) = (mo(a*)*t,y) and mo(a*)* = mo(a). In this case,
|mo]] < 1. Indeed,

12 = sup Imo(@)il? = sup p(a*a‘a) <
l#]]<1 ll#]I<1

[[7mo(a)

< sup [la"allp(a"z) < lall*.

l£]l<1

Therefore my can be extended by continuity to a representation m, of the algebra A on H.

If the algebra A is unital, then we set &, := 1. Then (&, 7,(a)&,) = ¢(a) and &, is
cyclic since m,(A)E, = A/N is dense in H. Finally, ||¢| = ¢(1) = ||,

For a general algebra A, consider its approximate unit uy. Let us show that u, is a
Cauchy directed net. Let us choose an € > 0. Then there is an index o € A such that
©(ua) > |lp|| — € (since |||l = limyea p(uy) by Lemma 2.10). Now let us find an index
f € A such that § > « and ||uyu, — ua|| < € for any A > 8. Then

Re(p(uata)) = ¢(ua) + Re(p(urta — ua)) > [lof — 2.
That is why

lar — ol = @((ur = ua)?) = 0(u}) + @(u) — 2Re(p(urua)) <
< p(3) + o(ug) — 2([lell — 2€) < de.
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This means that for A\, u > 3, we have

litn = | < [lion = thal| + it — ]| < 42,
Thus, @, is a Cauchy net. Let £, := limyep @y € H. Then (&, m,(a),) = limyep p(urauy) =
p(a). Since m,(A)E, = A/N, then &, is cyclic. From a = 7m,(a), it follows that

LiemA To(ur)a = l\leH/{ To(un)mp(a)éy = mp(a)y = a
for any @ € A/N, so the directed net m,(uy) strongly converges to 1 on H, because it is
bounded. Therefore ||| = limyen p(uy) = limyea (§p, Tp(ur)Ey) = [IE1* - O

2.4 Realization of (*-algebras as operator algebras
on Hilbert space

Corollary 2.14. Any state ¢ on a non-unital C*-algebra A admits a unique extension to
a state on AT,

Proof. Let m, be the representation of A given by the GNS construction. Let us set
m,(1) = 1. Then 7, can be extended to a representation of A* and ¢(a) := (&, m(a),)
is a state. It is unique, since ¢(1) = 1 must hold (Corollary 2.11). O

Problem 45. Let uy, A € A, be some approximate unit in a unital algebra. Prove that
1= lim,\eA Uy.

Lemma 2.15. Let ¢ : A — C be a continuous linear functional such that ||¢] = 1 =
limyep p(uy) for some approximate unit uy. Then ¢ is a state.

Proof. Let us first reduce the proof to the unital case. Let ¢ be some extension (by the
Hahn-Banach theorem) functional ¢ to a continuous functional on A*. Let ¢(1) =: a.
Because the [|@¢|| = 1, then || < 1. From inequality [|2uy — 1]] < 1 it follows that
|2 — | = limpep [@(2uy — 1)| < 1. Thus, @ = 1. This means that we can assume that A
is unital and (1) =1 (if A was unital from the very beginning, then we use the problem
45).

Let us now show that ¢(a) € R if a = a* (and therefore contained in [—||a]|, [|a||]).
Let a be a self-adjoint element of norm 1. Then ||a & inl|* = [|a® + n?1|| = n? + 1, so
|p(a)tin| < vn? + 1 for any n € N. This means that ¢(a) is contained in the intersection
of all disks with centers at £in and radii v/n? + 1. This intersection is equal to the real
interval [—1, 1].

If 0 <a <1, then ||2a — 1|| < 1. Applying the previous reasoning to the self-adjoint
element 2a — 1, we obtain that —1 < 2p(a) — 1 < 1, so ¢(a) > 0 and ¢ is positive. [
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Lemma 2.16. Let a € A be a self-adjoint element. Then there is a state ¢ on A such
that [¢(a)| = |lall

Proof. If A is non-unital, then we will work in A™. Consider the commutative C*-algebra

C*(a). Then there is a multiplicative linear functional ¢y on C*(a) such that |pg(a)| = ||a||
(we must take as ¢ the mapping, which is the taking of the value of functions at that
point of Sp(a), where the function a reaches its maximum). Then (1) = 1 = ||po]l-
Consider the extension of ¢q by the Hahn-Banach theorem to a functional ¢ on A*.
Then, since ||| =1 = (1), then ¢ is a state by Lemma 2.15. O
Corollary 2.17. For any a € A there exists a representation w and a unit vector & in the
space of representation such that ||m(a)é|| = ||al|.

Proof. By the previous lemma, we find a state ¢ such that p(a*a) = ||a|*>. Let 7 = 7, and
£ = &, were obtained for ¢ using the GNS construction. Then ||7(a){||* = (&, m(a*a)§) =
p(aa) = [la]*. O

Theorem 2.18 (Gelfand-Naimark). Any C*-algebra is isometrically *-isomorphic to a
C*-subalgebra of B(H) for some Hilbert space H. If A is separable, then H can be chosen
to be separable.

Proof. Let us set m = ®,7,, where the direct sum is taken over all states on A. More
precisely, we consider the Hilbert direct sum H := &,H,, (completion with respect to the
{5 norm of the space of compactly supported mappings ¢ + h, € H,, that is, the sets
h = {hy,}, h, € H,, and only a finite number A, is nonzero, and the norm is defined
as [[h][* = 3, [hel?) with diagonal action m(a)({h,}) = {my(a)(hy)}. Then, as can
be seen from the proof of the previous consequences, |7(a)|| = sup, |7 (a)|| = [la]. If
A is separable, then it is sufficient to take the sum over a countable set {y,}, where
|7, (@) || = |lan||, for elements a, forming a dense subset in A. Then 7 = ®,en7,, , and
the corresponding Hilbert space is separable, since each H,, is separable (as a completion
of a factor-space of a separable space). n

Definition 2.19. The representation constructed in the theorem (in its first part) is
called the universal representation of A. The von Neumann algebra 7(A)”, where 7 is the
universal representation, contains m(A) = A as a dense subset and is called the enveloping
von Neumann algebra for A.

2.5 Jordan decomposition

Lemma 2.20. Let ¢ be a linear functional on A. Then ¢ = 1 + i)y, where 11 and 1o
are self-adjoint.

Proof. Let us take, in the same way as we did for elements of algebra, 1;(a) = (p(a) +
p(a*))/2 and Yo(a) = (p(a) — ¢(a*))/2i. O
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Let A,, denote the set of all self-adjoint elements of A. Then it is evident that A, is
a real Banach space.

Problem 46. There is a natural bijection between self-adjoint linear functionals on A
and (real) linear functionals on As,.

To prove the Jordan decomposition theorem, we need the following statement, which
is of independent interest.

Theorem 2.21 (on extension of positive functionals). Let B C A be a C*-subalgebra, and
¢ : B — C be a positive functional. Then there exists a positive functional ¢’ : A — C
such that that ¢'|p = ¢ and ||¢'|] = ||¢||-

Proof. The following cases are possible:

a) both algebras have a common unit,

b) A has one, but B does not,

)
)

c¢) both algebras do not have a unit,
)

d) B has one, but A does not.

e) both algebras with 1, but 14 # 1p.

By Corollary 2.14, (c¢) and (b) can be reduced by adjoining 1 to (a
noted that BT = B@® C1,). In turn, (d) obviously reduces to (e).

In case (a) we extend ¢ (using the Hahn-Banach theorem) to
the same norm. Then by Lemma 2.10, ||¢'|| = ||¢]] = ¢(1) = ¢'(1
Lemma 2.15.

In case (e), consider the C*-subalgebra B := BGC 1, = BOC (14—1p) and extend ¢
to ¢y : By — C, setting p1(14—15) = 0. Then ¢;(a) = ¢(15-a), where a € B;. Indeed, if
a € B, then pi(a) = ¢(1g-a) = p(a), and if a = 14 — 15, then py(a) = p(1p(1l4—1p)) =

) (for (b) it should be

0 some <p : A — Cof
) and ¢’ is positive by

©(0) = 0. In this case, the unit of By is 14. Moreover, |lp1] < |l¢l - [|[18] = ¢, and
¢1(1a) = ¢(15) = [l¢l|. This means that [[¢1]| = [[¢f| = ¢1(1a) = ¢1(1p,) and, by
Lemma 2.15, ¢ is positive. Thus, case (e) is also reduced to the proven case (a). O

The Jordan theorem about decomposition of a measure in the sum of positive and
negative ones [8, Ch. VI, §5, Theorem 1] in the functional language (in the sense of the
Riesz-Markov-Kakutani theorem [5, Ch. I, §6, Theorem 4]) can be written as: for any
bounded real linear functional 7 : C(Q,R) — R there are positive linear functionals 7,
and 7_ such that 7 = 7. — 7 and ||7]| = ||7| + ||7—||, where €2 is a compact Haudorff
space and C(€2,R) is the real algebra of all real continuous functions on €.

Theorem 2.22 (Jordan decomposition). Let ¢ be a self-adjoint linear functional on
A. Then v = ¢y — @_, where @, and p_ are positive linear functionals on A and

191 = Tl Il + N1l
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Proof. Denote by K the set of all self-adjoint linear functionals of norm < 1, i.e., K C
(A*)sq. Then K is a x-weak closed subset of the unit ball and hence it is *-weak compact.
Define an R-linear map

0: Ay — CK,R),  0(a)(r) = 1(a),

so,if a € A, a > 0, then §(a) > 0 in K. By Lemma 2.16 the mapping 6 is an isometry
onto its image.

There is a natural isometry 7 — 7’ of real spaces (A*)s, and (As,)x (real functionals)
(see Problem46). By the Hahn-Banach theorem there is a functional p € (C(K,R))x
such that po 6§ = ¢ and ||p|| = ||| (an extension of a functional from the closed
subspace 6(As,)). Then by the Jordan theorem for measures (as it is explained above
before the formulation) there are positive functionals p; and p_ such that p = p, — p_
and [|p|| = [|p+|| + ||p—||. Consider ¢’ := py o6 and ¢’ := p_ o 6. These are functionals
from (Ag)i. Let ¢, and p_ correspond to them under the identification with (A*),.
Evidently they satisfy all the conditions, except maybe the norm property. Let us verify
it:

[ =19 = llpll = ol + o=l = Il L+ 11l = el + -1 = (11l

2.6 Linear topological spaces

Definition 2.23. A subset M of a linear space is called balanced, if for any v € M the
vector Av belongs to M for any |A| < 1. In particular, M is a star set relative to the zero
of space.

Definition 2.24. A subset M of a linear space is called absorbing, if for any vector v of
the space there is a number o > 0 such that v € M for |5] > «a.

Definition 2.25. A linear space equipped with a topology is called linear topological
space (LTS), if the operations of linear space are continuous.

In the basic course of functional analysis, the following simple statements are proved:
(see [8, Chapter III, §5]):

Proposition 2.26. 1). A base of LTS consists of shifts of neighborhoods of zero.
2). Any vector of LTS and a closed set not containing it have disjoint neighborhoods.

Definition 2.27. An LTS L satisfies the homothety condition, if for any neighborhood
of zero W its homothety AW is also a neighborhood of zero for any A # 0 from the main
field.

Remark 2.28. Obviously, the topology of a normed space satisfies the homothety con-
dition.

Proposition 2.29. For any neighborhood of zero U of an LTS L with the homothety
condition, there is a balanced neighborhood contained in it.
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Proof. Consider the continuous mapping C x L — L (multiplication) mapping (0,0.) —
Or. Then, by virtue of continuity, there are 6 > 0 and a neighborhood of zero W such
that AW C U for |\| < § (a non-strict inequality can be achieved by reducing 0 from the
standard definition). Let W’ := Upc|x<iAW. By virtue of 2.27, this W’ is what we are
looking for. O

Remark 2.30. In fact, it can be proven that the base of neighborhoods of zero of an LTS
L can be chosen from absorbing balanced sets, and also that the homothety condition is
in fact not a condition, but we will not need this (see [9, Chapter II, §4]).

We will need the following important result.

Theorem 2.31. Let L be a finite-dimensional space, dim L = n. Then any Hausdorff
topology T making L a linear topological space L. with the homothety condition coincides
with the topology of the Euclidean norm ||v||* = Y1, [v'|?, where eq,. .., e, is some base
of L, and v = vle; + ---v"e,.

Proof. The space L with Euclidean (or unitary) topology will be denoted by L,, and
neighborhoods of zero of two topologies (7 and Euclidean) will be denoted by 7" and U,
respectively.

Consider an arbitrary 7. Then there is a neighborhood Ty such that To+---+Ty C T
(n terms) due to the continuity of the addition operation. For every k there is g > 0 such
that v*ey € Ty for |v,| < ex (k=1,...,n). Let € := ming gy, and U := {v € L||[v| < &}
Then v*e, € Ty for any v € U and any k = 1,...,n. Thus, U C T. From what has been
proved, in particular, it follows that the identity mapping ¢ : L, — L, is continuous.

Conversely, let U be an arbitrary neighborhood, we can assume that U = B(0, ) is an
open ball of radius € with boundary (sphere) S, which is a compact set. Then S = ¢(5)
is compact in L,. This means that it is closed, since the topology is Hausdorff. Then
there is a stellar neighborhood of zero T' (for example, balanced) that does not intersect
S by virtue of propositions 2.26 and 2.29. Moreover, T' C U, since otherwise there exists
a vector v € T such that ||v]| > ¢, and if we put o := ¢/||v||, w := awv, then a < 1, so
w € T by the star property. But ||w|| =¢,sow € TNS = &. A contradiction. ]
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’ Lecture 10 ‘

2.7 Finite-dimensional C*-algebras

Consider the x-weak topology on A defined by the seminorm system a +— |p(a)| for
all linear functionals ¢. From Lemma 2.20 and Theorem 2.22 it follows that the same
topology can be obtained by using only seminorms, defined by states.

Note also that the corresponding L'T'S has the homothety property 2.27.

Lemma 2.32. A finite-dimensional C*-algebra is always unital.

Proof. 1If A is finite-dimensional, then the topology of the norm coincides with the x-weak
topology according to Theorem 2.31. Let u, be an approximate unit of the algebra A.
Then for any state ¢ the sequence ¢(u,) is non-decreasing and bounded, hence has a
limit. Passing to linear combinations, we obtain the cinvergence for any functional on the
finite-dimensional vector space A, in particular, for functionals 1, ... @ of the dual base
for some base aj,...,a;. Then there exists an element a € A with ¢;(a) = lim,, p;(u,).
Considering linear combinations of ¢;, we conclude that p(a) = lim, ¢(u,) for any .
Therefore u,, converges to a in x-weak topology, and therefore in norm. Then ax = za =z
for any x € A, so a = 1. ]

Lemma 2.33. Let I C A be an ideal in a finite-dimensional C*-algebra A. Then I = Ap
for some central projector (=idempotent from the center) p.

Proof. Since [ is finite-dimensional, it is unital by Lemma 2.32. Let p € I be the unit
of I. Then for every z € A, one has xp € I, so p(zp) = zp. Hence pz*p = z*p for any
x € A, whence zp = prp = px and p belongs to the center of A. Obviously, p? = p. n

Lemma 2.34. A simple finite-dimensional C*-algebra A is isometrically x-isomorphic to
the matriz algebra M, for some n.

Proof. First of all, note that aAb # 0 for any non-zero a,b € A. Indeed, AaA is a non-
zero ideal (since A is unital and 0 # a = 1-a-1 € A), so by simplicity, AaA = A.
Therefore 1 = ) zay; and b = > . x;ay;b. Hence, if ayb = 0 for any y € A, then
b=>,z;(ay;b) = 0. This contradicts the assumption.

Let B be some maximal commutative subalgebra of A. Then it can be identified
with C(X) = C" = C-e;® ... ® C - ¢, for some n, where X consists of n points,
and e; € B denotes the element corresponding to the characteristic functions at point
i. Here e; are projections with the relations e;e; = 0 for ¢ # j and )"  e; = 1. Since
e;Ae; - e; = ej - e;Ae; = 0 and B is maximal, then e;Ae; C B. Therefore e¢;Ae; = C - ¢;
(since, obviously, 0 # e;Ae; 5 e;, or you can use the statement from the beginning of the
proof).

For any i, j there is x = z;; € A such that x = e;ze; # 0, ||z|| = 1. Indeed, by virtue
of the statement from the beginning of the proof, e;Ae; # 0, so we have z = e;ye; with
|z|| = 1. In this case e;ze; = e;e;yeje; = e;ye; = x. Then x*z = ejx*e;e;ve; € e;Ae;, and
therefore, according to what has been proven, this element has the form ae;, o € C. Since
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x*x is a positive element with norm equal to one, then av = 1, so 2"z = ¢;. Likewise, xx* =

e;. Let us denote such x = x;; for j = 1 by w;, so that u; = e;xe; = e;uzer. Then ufu; = ey,

wu; =e;, 1 =1,...,n. Let us set u;; 1= u,u;“ In this case, ue1u] = wujuu; = e;e; = e;,

So ujug = wiwjuju; = wieyu; = e;. Also ejuy = ujujujuy = ujeiu; = ujuiuu; = ugie;,
_ * * * * *

and €il; = UiUy; uiuj — uieluj = uiujujuj.

If x € e;Aej, that is, x = e;ae;, then zuj = e;aejuy; = eauje; € e;Ae;, so xuj; = Ne;
for some A € C. Then z = xe; = zuju;; = Ae;u;; = Auy;, so for any x € A there is a
number Ai;(z) € C such that e;re; = Ajj(v)ui;. Thus, z = 7, ewe; = 3 0 Ai(w)uy;.
The correspondence x — (\;;(x)) defines an isomorphism x : A — M,, (Problem 47). [

Problem 47. Check the bijectivity and necessary algebraic properties of .

Theorem 2.35. If A is finite-dimensional, then A = ®Apg, where py are central pro-
jections, and each Apy, is a matriz algebra M,y .

Proof. For a simple algebra, the result follows from Lemma 2.34. If A is not simple,
then I = Ap by Lemma 2.33, where p is a central projection. Then A = I & J, where
J := A(1l —p). Then J is also an ideal, since (1 — p) is also a central projection, so
A(l — p)A = AA(1 — p) € A(1 — p). In this case, the center of A, being a finite-
dimensional commutative algebra, is isomorphic to C™ (functions on finite set), and char-
acteristic functions correspond to the projections. Next, we argue by induction, reducing
the dimension, until we arrive to the sum of simple algebras. O

2.8 Non-degenerate representations

Definition 2.36. Let 7 be a representation of a C*-algebra A on a Hilbert space H. We
denote by m(A)H the (possibly non-closed) linear space of finite linear combinations of
the form ), 7(a;)&;, where aq,...,a, € A, &,...,&, € H. A representation 7 is called
non-degenerate, if m(A)H is dense in H.

Problem 48. If A is unital, then 7 is non-degenerate if and only if 7(1) = 1.

Lemma 2.37. Let I C A be an ideal and © a non-degenerate representation of I on a
Hilbert space H. Then there is a unique extension ™ to a representation 7 of the entire
algebra A on H.

Proof. Let us first define 7 on vectors from the dense subspace w(I)H C H by the formula
7(a) (Z W(iz’)fz’) = Zﬂ(aji)fi- (2.3)
This is well-defined because if Y . w(j;)& = >, 7(j;)&;, then

7(a) (Zw(ﬁ)&) = lim 7(a) (Zw(um@) = lim m(au,) (ZW(M&)
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and, similarly, 7(a)(}_, m(77)&)) = limyea m(auy) (2, 7(5))E;), where uy € I is an approx-
imate unit of I. Note that the existence of the last limit in the chain follows from the
existence of the penultimate limit. Hence, for each of the two cases it should be proved
separately. Since

1

)

(a) (Zﬂ-(jz)fz>|| = }\IEIIX m(auy) (ZW(]Z)Q“Z) < ritelgﬂw(au,\)” Zw(ji)@- <
< all sup [Juall - Zﬂ(ji)& = |al| - ‘ Zﬁ(ji)fi :

7 is bounded, i.e., 7(a) extends to a bounded operator in H.

At the same time, it is easy to check 7(ab) = 7(a)7(b) and 7(a*) = 7(a)* for any
a,b € A, so 7 is a representation of A. Uniqueness follows from the fact that any extension
of  has to satisfy (2.3). O

Lemma 2.38. Under the conditions of Lemma 2.37 the representation 7 is irreducible if
and only if 7 is wrreducible.

Proof. Let m be reduced by a proper invariant subspace L. C H. Then, due to non-
degeneracy, H = w(I)(L + Lt) C «(I)L + w(I)L+. Since L' is also invariant, then

n(I)L*+ C L+, so m(I)L = L. Then 7#(A)L = 7#(A)n(I)L = n(I)L = L and L reduces 7.
The opposite statement is trivial. O

Lemma 2.39. Let w be a representation of A on a Hilbert space H, and I C A is an

ideal. Then the orthogonal projection p onto w(I)H lies in the center of w(A)". If m is
irreducible and 7(I) # 0, then 7| is also irreducible.

Proof. Since m(A)m(I)H = w(I)H, then w(I)H is an invariant space for w(A), hence p €
m(A)" (see the end of proof of Lemma 2.3). If z € w(I)’, then a7 (5){ = n(j)z€ € n(I)H
for any j € I, £ € H, so pH is an invariant subspace of w([)" and, therefore, p € 7(I)".
So,

pen(I)' Nr(A) Cm(A)" Nnr(A),

that is the center of m(A)".

If 7 is irreducible, then p is a scalar operator (that is, 0 or 1) (cf. Lemma 2.3),
and since 7(I) # 0, then p = 1. Thus, 7|; is non-degenerate. So by Lemma 2.38 it is
irreducible. O
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Chapter 3

Special classes of C'*-algebras

\ Lecture 11 \

3.1 (*-algebra of compact operators

In this section we will consider C*-subalgebras of C*-algebra K(H) of compact operators
on the Hilbert space H. We will say that C*-subalgebra of the algebra B(H) irreducible,
if its identical representation is irreducible.

Definition 3.1. The projection p is called minimal, if there is no projection ¢ # 0, ¢ # p
such that gp = ¢. In other words, p does not dominate any non-trivial projection.

Lemma 3.2. Any nonzero C*-algebra A consisting of compact operators contains a min-
imal projection e and eAe = C -e. If A is irreducible, then e is a rank 1 projection (as a
projection in Hilbert space).

Proof. Since A is nonzero, it contains a nonzero positive operator (see (1.7)), which (as
is known from the basic course of functional analysis, see [5, Theorem 1, p. 360]), has a
discrete spectrum (except of 0) with eigenvalues of finite multiplicities. Let us consider the
spectral projection for a non-zero point of the spectrum. Since the characteristic function
of this isolated point is continuous on the spectrum, then this projection belongs to A.
Then among the nonzero projections dominated by it there is some projection e € A of
minimal rank among the dominated (since they have finite ranks). Then e is minimal (the
uniqueness of the minimal and even the equality of ranks of different minimal projections
is not supposed). If eAe consists not only of C- e, then in the same way we can construct
a projection dominated by e and arrive to a contradiction.

Now suppose that A is irreducible, but the rank of e is greater than 1. Let us choose a
pair of nonzero orthogonal vectors £, 7 in the image e. Since for any a there is a number
A € C such that eae = Ae, we have (£, an) = (e&, aen) = (£, eaen) = N(&,n), that is an L £
for any a € A. Considering all £ from the image e being orthogonal to 7, we see that the
subspace An is a proper invariant subspace. A contradiction. O

Lemma 3.3. The only irreducible C*-subalgebra of K(H) is itself.

43
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Proof. Let A be an irreducible C*-subalgebra of K(H ), and e € A a minimal projection of
rank 1. Then there is a unit vector £ € H such that en = £(&,n) for any n (we take £ from
the image of e). Due to irreducibility, for any 7, ( € H there are elements a,b € A such that
a& =1, b§ = ( (see Lemma 2.5). Moreover, A 3 aeb* and aeb*(k) = a&(&,b*k) = n((, k),
k € H. Thus, A contains all operators of rank 1. Such operators generate K(H) (any
compact operator is approximated by finite-dimensional), so A = K(H). H

Corollary 3.4. The algebra K(H) is simple.

Proof. Since K(H) is irreducible, then any non-zero ideal is also irreducible (by Lemma
2.39), so it coincides with K(H) (by Lemma 3.3). O

Corollary 3.5. Let A be an irreducible C*-subalgebra of B(H) containing a nonzero
compact operator. Then K(H) C A.

Proof. Since ANK(H) is a nonzero ideal of A, it is irreducible by Lemma 2.39. By Lemma
3.3 this subalgebra of K(H) should coincide with the entire K(H). O

3.2 AF-algebras

Definition 3.6. Let us call a C*-algebra an A F-algebra (approximately finite-dimensional),
if it is the closure of the union of an increasing sequence of its finite-dimensional C*-
subalgebras.

Problem 49. Prove that the matrix algebra M,, is simple for any n (this does not follow
from Lemma 2.34, from which one can deduce that M,, is simple for some n). Hint: for
any ideal I # {0} consider a matrix from it with a;; # 0. By multiplying on the left and
right by matrices with 1’s in one place and zeros in the rest, you obtain a matrix of I with
a single nonzero element a;;. Multiplying by permutation matrices, get similar matrices
with all possible 7, j. Their linear combinations give the entire M, algebra.

Problem 50. Deduce from Problem 49 and Lemma 2.34 that the image of the matrix
algebra M,, under a *x-homomorphism is either a zero algebra or an algebra isomorphic to
M,,.

Problem 51. Prove the following almost obvious fact: if p and ¢ are projections of the
same rank in M,,, then there exists a unitary matrix u such that ¢ = u*pu.

Lemma 3.7. Let ¢ : M,, — M, be a non-zero x-homomorphism, so that p := ¢(1,) is a
self-adjoint projection, where 1,, is the unit of M,. Then rk(p) = Trace(p) is divided by
n = rk(1,) = Trace(1,).

Proof. Consider some one-dimensional orthogonal (self-adjoint) projection e € M,,. Then
©(e) is a self-adjoint projection in Mj. Its rank does not depend on the choice of e, since
any other €’ is equal to u*eu (by problem 51), where w is unitary, so

Trace(p(€')) = Trace(p(u*eu)) = Trace(p(u*)p(e)p(u)) =
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= Trace(p(u)p(u)p(e)) = Trace(p(uu*e)) = Trace(p(e)).

If this (one for all) rank is zero, then ¢ would be zero. This means it is equal to ¢ > 1.
Let us now consider an orthonormal basis ey, ..., e, (for example, canonical) in C" and
denote the corresponding one-dimensional orthoprojections by [e;], so [e;] [e;] = 0 for

i # j. Then, since p([e;])e([e;]) = ¢([ese;]) = 0 for i # j, we get
Trace(p) = rk(p(1n)) = rk(p([er] @ -~ @ [en])) = rk(p([ea])) + - -+ + rk(p([en])) = en.

O

Definition 3.8. The ratio ¢ := @ will be called multiplicity of .
Along with the standard left action of M,, on C", we consider the left action of M,, on
itself by multiplication, so the canonical expansion

M, 2C'® - 8C" = Me1| ® - & M,en]
—

n times

is a decomposition into simple modules (=irreducible representations), where [e;] € M,
is an orthogonal projection onto the basis vector e; of the standard basis. Another way
to write it is [e;] = e; ® e (considering matrices as endomorphisms), where e* is the
Hermitian conjugate functional for e, so [e;]v = (e; ® ef)v = e;(e;,v). For different vectors
we get the matrix unit e;; = e; ® (e;)*, so [e;] = ey;.

Lemma 3.9. Any irreducible left module M in M, has the form M,(¢® f*) =C"® f*,
where g, f are some unit (can be taken to be unit) vectors.

Proof. For the left action, the module M,(¢ ® f*) = C" ® f* is isomorphic to C" with
the standard action, and therefore is irreducible. Therefore, if ¢ ® f* € M, then M =
M, (g ® f*). It remains to show that M contains an element of the form g @ f*. But
this form describes any operator of rank 1. Indeed, if a is an operator of rank 1, then we
must take as f the unit vector perpendicular to its kernel, and g = a(f). Finally, if M is
nonzero and 0 # b € M, then choose f # 0 from its image. Then (f ® f*)b is an operator
of rank 1 from M. O]
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Theorem 3.10. Let ¢ be a (unital) x-automorphism of the C*-algebra M,. Then it is
inner: p(a) = vav* for any a, where v € M, is unitary.

Proof. Note that ¢ is an isomorphism between M, considered as a left module over
M, with the standard action a - x, and M,,, considered as a module with the action
axx = @(a)-x, since p(a-x) = @(a)- p(r) = ax*p(x). Since p(M,) = M,, then the
invariant and irreducible modules for both actions are the same (the latter are described
by Lemma 3.9), and p(C®e;) = C® h;, moreover, since the automorphism takes a direct
sum to a direct sum, then h; form a basis in C™ and, thus, an isomorphism u : C* — C"
is defined by u : e; — h; (even if we assume ||h;]| = 1, then u is uniquely defined
only up to multiplication by a diagonal matrix of complex numbers modulo one). Thus,
@(e;;) = rij @ h;, where 1;; € C" are some elements. Similar reasoning with right modules
shows that ¢(e;;) = g; ® (si;)*, where v : C* — C", v : ¢; = g;, is an isomorphism, and
s;; € C™ are some elements. From these two relations we obtain that ¢(e;;) = Xijg;®(h;)*,
where )\;; are some numbers. Moreover (see the proof of Lemma 3.7) ¢([e;]) = X\iigi ® (h;)*
is a self-adjoint projection, so h; = pg; and g; = (\ij7) (9 ® (9:)*)(9:) = (Nijfi)g; and
Aijft = 1. Thus, we can assume that h; = g;, v = v and (new) \;; satisfy \;; = 1 for any
i. In this case, g; form an orthonormal basis (see the proof of Lemma 3.7), so u : ¢; — g;
is unitary. Since the homomorphism ¢ preserves the equalities e;je;; = e; = [e;] and
e;; = €ji, we obtain that Aj;\;; = 1, )\_” = \j;, S0, in particular, A;; are complex numbers
of norm 1.

Consider the matrix A = ||\;;||. Passing, if necessary, from vectors g; to (A;) 'g; =
A;g; fori=2,...,n, we can consider A\j; = \j; = 1 fori =2,...,n. At the same time, the
image ¢(a) of a matrix a = ||a;;|| can be written down with respect to the orthonormal

basis {g;} as ||\ija;;||, and if the matrix a was unitary, then ¢(a) must also be unitary.
Let some \;; # 1 (that is possible only for i # j, i # 1). Taking for these 7, j the unitary
matrix a with ay; = 1/v/2, a; = 1/v/2, ai = 1/v/2, a;; = —1/v/2 (and the rest in these
rows and columns, of course, is formed with zeros), we obtain the orthogonality condition
for these rows in the form 0 = (1/v/2-1)(1/v2- 1)+ (=1/v/2-2;)(1/v/2-1) = (1= \;)/2,
so A;j; = 1. Contradiction.

So, for any i, j we get that (e; ® (e;)*) = v(e;) ®(v(e;))* = v-(e;®(e;)*)-v*. Since any
matrix is a linear combination of such matrix units, by linearity we obtain the required
equality p(a) = vav*. O

Lemma 3.11. Let the homomorphism o be unital under the conditions of Lemma 3.7.
Then ¢ is determined by multiplicity up to a unitary equivalence (conjugation) in My.

Proof. Let fl,..., f¢ be an orthonormal basis in the image of the projection ¢(e;),
s = 1,...,n. Denoting by [f/] the corresponding one-dimensional pairwise orthogonal
projections, we have ¢(e;) = [f!] 4+ -+ [ff]. Then {f/},i=1,....,n,j=1,...,¢ is an

orthobasis C*, 1, = > Lf1]. If u € My is a unitary matrix taking {f/} to the canonical
basis of C*, where ufl-j = €(i—1)n+j, then

[G(i—l)nﬂ']l' = e(i—l)n—i-j(e(i—l)n-i-ja T) = Uff (Uff7 T) = Ufz]( ij7 u'z) = u[ff]u*x (3.1)
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for any x € C*. That is why

Thus,

up(a)u™ = : : (block diagonal matrix), (3.3)
0 . SOC(G)

where ; : M,, — M, is a non-zero homomorphism, and therefore an isomorphism (i =
1,...,c¢). Therefore, we can apply Theorem 3.10 to it and find a unitary v; € M, such
that ¢;(a) = viav’. Denoting v = v; & - - @ v, (a unitary element from M), we obtain
that vup(a)u*v* = S.(a) for any a € M, where S. : M,, — My, k = cn, is the standard
homomorphism of multiplicity c:

a - 0
Se(a)=1 + -, (block diagonal matrix with ¢ blocks equal to a),

as desired. O

Lemma 3.12. Let ¢ be a unital x-homomorphism of a finite-dimensional C*-algebra
A=M,, &...®&M,, into a finite-dimensional C*-algebra B = M,,, ®...® M,,,. Then ¢
is given (up to unitary equivalence in B) by some Ixk-matriz C' = (¢;j) with nonnegative
elements, and 2521 ciing = m.

Proof. Let ¢; : B — M,,, be the canonical epimorphism, and o : M,,; — A the canonical
embedding, i = 1,...,l, j = 1,...,k. Then ¢ o ¢ is a unital homomorphism of A into
M,y,,. Let c;; be the multiplicity of ¢;; = ;0000 : M, — M,y,, in the sense of Definition
3.8.

Note that o;(1,,) are pairwise orthogonal self-adjoint projections in A with their sum
equal to one, 80 p;; 1= ;;(1,,) are pairwise orthogonal self-adjoint projections in M,,,, also
with their sum equal to one. Therefore, as before, their direct sum is unitarily equivalent
with the help of w; in M,,, to the sum of the corresponding diagonal projections u;p;;u;.
Applying Lemma 3.11 to each of a — w;¢;;(a)u}, we find that €; o ¢ is unitarily equivalent
(in M,,) to the homomorphism id' ©... @ id* = S, & --- & S,. Comparison of
dimensions gives the equality 2521 cijnj = m;. Since ¢ is determined by the direct sum
€ o, 1=1,...,1, the statement is proven. O

Problem 52. Suppose that in the previous lemma we exclude the requirement of unitality.
Prove an analogue of the lemma in this case. Namely, take instead of B the subalgebra
©(A) = pp(A)p in B, where p = ¢(1,4), apply the previous lemma to ¢ : A — p(A) and
obtain the statement of the lemma with inequalities Zle cijny < m; instead of equalities.



48 CHAPTER 3. SPECIAL CLASSES OF C*-ALGEBRAS

Definition 3.13. Any A x-homomorphism between finite-dimensional C*-algebras can
be represented in the following graphical way. Let’s represent A in the form k-tuple
{(1,1) =nq,...,(1,k) = ng} corresponding A = M, & ... M,,, and B — in the form
I-tuple {(2,1) = mq,...,(2,]) = my} corresponding to B = M,,, & ... ® M,,,. Let us
represent ¢ using arrows between the elements of sets, and from (1, 7) to (2,7) we draw
c;; arrows, the number is equal to the partial multiplicity. A sequence of such pictures for
a sequence of homomorphisms A; C Ay C ... C A, C --- is called the Bratteli diagram
of this sequence. It is sometimes called the Bratteli diagram of an algebra, but the same
algebra can be obtained from different sequences.

Problem 53. Draw Bratteli diagrams (for some defining sequences) of the following AF-
algebras:

1) of the algebra of compact operators K(H);
2) of its unitization K(H)™;

3) the closure of the union of A, = My, with embeddings A, C A, of multiplicity 2

a O

according to the formula a — ( 0 4 ) (CAR algebra);

4) C(K), where K is the Cantor set obtained from [0, 1] by successive removing the
middle third of the corresponding intervals. If K, is a set, obtained at the pth step
of this process, then A, is an algebra of continuous functions constant on intervals
of K,;

5) C(X), where X := {0} U{% : n € N}, and A, consists of all functions constant on
[0,1/2"].

Lemma 3.14. If two Bratteli diagrams coincide, then the corresponding AF-algebras are
isometrically *-isomorphic.

Proof. Let A, and B,, be two sequences of finite-dimensional C*-algebras with inclusions
an t Ay — Anyt, Bnt B, — Bpyq. Since the Bratteli diagrams are the same, then for each
n there is an isomorphism ¢, : A, — B,,. Consider ¢, .1 o «,, and 5, 0 ¢, : A, — Bpi1.
They can differ only by unitary u,41 € By, that is 8, o ¢, = Ady,,, ¥nt1 © @y, Where
Adun+1 (a) = un-i-la(un-i-l)*'

Let’s put 11 = 1, v;7 = 1. Let us define inductively v, 1 = B(vn)uns1 € B,
Yny1 = Ady, ., @nt1. Then

@ﬂbn = ﬁn Advn Pn = Adﬂn(vn) ﬁngpn = Adﬂ(vn) Adun+1 Pn+10n

Adﬁn(vn)’uwrl Pn4+10pn = ¢n+1an-

In this case U2 1), @ USC A, — Uy B, is an isometric *-isomorphism, so the closures
are also isomorphic. O
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One should not think that AF-algebras are “small” and that C*-subalgebras of AF-
algebras are AF-algebras again. For example, C|0, 1] is not an AF-algebra (since its only
finite-dimensional C*-subalgebra consists of constant functions), but it is a C*-subalgebra
of the AF-algebra C'(K) functions on the Cantor set. Indeed, let f be a function on K
that has a dense set of rational numbers in the interval [0, 1] as its values. For example,
the restriction of the Cantor function f : [0,1] — [0,1] [8, Ch. VI, §4] on K has all
rationals of the form p/2° as its values. Its spectrum is a closure of this set, that is,
equal to the entire interval [0, 1]. Thus, C*(1, f) C C(K) is isometrically *-isomorphic to

C(Sp(f)) = C[0,1].
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’ Lecture 13 ‘

3.3 Multipliers

We will call a C*-subalgebra B(H) non-degenerate, if its natural representation in the
Hilbert space H is non-degenerate.
Everywhere in this section A, B C B(H).

Definition 3.15. An operator x € B(H) is called left multiplier A if xA C A. It is called
right multiplier, if Ax C A and double (or double-sided) multiplier or simply multiplier,
if both conditions are met.

If A is unital, then every left (right) multiplier lies in A.
Since A is weakly dense in A”, we can proceed to the closure tA C A and get xA” C A”.
If A” is equal to one, then x € A”.

Definition 3.16. The linear mapping o : A — A is called left centralizer, if o(ab) = o(a)b
for any a,b € A. Linear mapping o : A — A called right centralizer, if o(ab) = ac(b) for
any a,b € A. Pair (01, 09) called double centralizer, if o is a right centralizer, o9 is a left
centralizer and o1(a)b = aoy(b) for any a,b € A.

Lemma 3.17. Any left centralizer is bounded.

Proof. Let us assume the opposite. Then for any n € N there is an element z,, € A
such that ||z,|| < 1/n and ||o(x,)| > n. This means that the series a = >~ x,x}
converges, so a € A and x,x < a. According to Lemma 1.45, z, can be written as
z, = a*/*u,, where |[u,| < ||a|*/*. Therefore, for any n we have ||o(z,)|| = [|o(a'/*)u,|| <

a(aM)|| - |la'/4||. A contradiction. |
lo(

Theorem 3.18. If A is non-degenerate, then there is a bijective correspondence between
left (right, double) multipliers and left (right, double) centralizers.

Proof. 1f x is a left multiplier, then the mapping A 5 a — xa € A is a left centralizer. If
xa = ya for any a € A, then (z —y)a =0 for any a € A", so x =y in A”.

Let o be a left centralizer, and u, be an approximate unit for A. Since the directed net
{o(uy)} is bounded, then it has a point of accumulation in A” (bounded sets are weakly
compact in B(H) and accumulation points must lie in the closure of A). Let us denote
one of the accumulation points by x. For any a € A, the directed net {uya} converges
in norm to a, so that o(uya) = o(uy)a converges to o(a). Then za = o(a) € A, so x is
a left multiplier. If xA = 0, then 0 = 0. Note that if y € A” is another accumulation
point, then za = o(a) = ya for any a € A, and (v — y)a = 0 for any a € A” (due to the
strong density of A in A”), so x = y in A”. Therefore, in this case there is only one point
of accumulation.

A similar proof works also for right multipliers and right centralizers.

Let now = be a double multiplier. Then the mappings o3 : @ — za and oy : a — ax
are left and right multipliers, with o1(a)b = (ax)b = a(xb) = aoy(b) for any a,b € A, so x
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defines a double centralizer. Conversely, if (01, 02) is a double centralizer, then, by what
has been proven, o; determines a right multiplier x;, and oy a left multiplier x,. Since
ax1b = o1(a)b = aos(b) = axsd for any a,b € A, we have x1 = x9, and 1 = x5 is a double
multiplier. O

Problem 54. Let 7 : A — B(H) be a degenerate representation. Let us denote by H
the invariant subspace Hy := {{ € H: m(a)(£)0 for any a € A}. Prove that m induces
a representation ' : A — B(H/H,), and if © was a faithful representation (an injective
homomorphism), then so is 7’

Remark 3.19. Accordingly, until the end of this section we will consider non-degenerate
A CB(H), so that (double) multipliers coincide with double centralizers.

The set of all left (right) multipliers of A is denoted by LM (A) (RM(A)), and the set
of all multipliers of A by M(A).

Problem 55. Check that RM(A) = (LM (A))* and that M(A) = LM(A) N RM(A), so
that M(A) is symmetric with respect to the involution.

It follows directly from the definition that all three sets are norm closed. Thus, M(A)
is a C*-algebra (and the other two are, in the general case, only Banach algebras).

Problem 56. Let X be a locally compact space, and let Cy(X), as before, be the
C*-algebra of continuous functions tending to 0 at infinity. Prove that the algebra
M(Cy(X)) € L>®(X) can be identified with the C*-algebra C,(X) of all bounded contin-
uous functions on X.

Example 3.20. If A = K(H), then M(K(H)) C B(H), but any bounded operator is a
multiplier (since K(H) is an ideal in B(H)), so M(K(H)) = B(H).

Definition 3.21. An ideal A C B is said to be essential if any nonzero ideal B has a
nontrivial intersection with A.

Let AL C B denote the set At = {z € B: Az = 0}.
Lemma 3.22. An ideal A C B is essential if and only if A+ = 0.

Proof. Suppose that A+ = 0, but A is not essential. Then there is a nonzero ideal J C B
such that AN J = {0}. Let us take j € J, j # 0. For any a € A we have ja € JN A, so
ja=0and 0 # j € A. A contradiction.

Conversely, let A be essential, but A+ # 0. Then there is an element z € A such
that © # 0. Consider the ideal BxB (the closure of the set of all linear combinations
of elements of the form ) . bxb], b;,b; € B) and take an arbitrary y € BeB N A. As
it is known (for example, from Lemma 1.45), any element of the C*-algebra admits a
decomposition into the product of two of its elements, so we can write y = z - a, where
z,a € BtBNA. We write z = ) bjab,, soy = za = ), bjz(bla) = 0, since bja € A, hence
xbia = 0, because x € At. Therefore, BtBN A = 0 and we arrive to a contradiction. [
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Lemma 3.23. Let A C B be an essential ideal. Then there is an embedding B C M(A)
that is identical on A.

Proof. Consider b € B. Then b defines the left and right centralizer A (since A is an ideal)
o9 1 a+— ba and oy : a — ab, and oy(a)d’ = (ab)a’ = a(ba’) = aoy(a’) for any a,d’ € A,
so b defines a double centralizer, and hence a multiplier. So the mapping 7 : B — M (A)
is defined, identical on A. This mapping is obviously a x-homomorphism. It remains to
check whether 7 is injective. If b € Kerm, then oy = 0 and gy = 0 (see proof of theorem

3.18), s0 bA =0, Ab =0 and b € A+, which means b = 0. a

Note that the correspondence A — M (A) is not a functor. For example, for A = K(H)
and B = A*, consider the embedding A C B. Wherein M(A) = B(H), and M(B) = B.
Obviously, the embedding does not continue to these multiplier algebras. However, in
some cases the transition to multipliers has some functorial properties.

Lemma 3.24. Let ¢ : A — B be a surjective x-homomorphism of two C*-algebras. Then
it continues to a x-homomorphism ¢ : M(A) — M(B).

Proof. Let o € LM(A) be aleft centralizer. For any b € B we set ¢(c)(b) := ¢(a(¢1(D))).
It is necessary check that the map is well defined, that is, its independence of the choice
of a representative in ¢ ~1(b) C A. Due to linearity, it suffices to check that o maps Ker ¢
to itself. Let a € Ker¢. Let us represent it in the form a = a; - as, a1, as € Kerp. Then
v(o(a)) = p(o(ar)ay) = 0, since Ker ¢ is an ideal.

Thus, a left centralizer o defines the mapping @(o), which is the left centralizer of B.
The same is done for right and double centralizers (Problem 57). O]

Problem 57. Prove that ¢(o) is a left centralizer. Construct an extension of a right
centralizer in a similar way. Check that for a double centralizer we get a double centralizer.

Problem 58. Check that in the situation of the previous lemma the extension ¢ is also
surjective.

Problem 59. Prove that a representation = : A — B(H) is non-degenerate if and only
if for some approximate unit u, of the algebra A the following condition is satisfied: for
any vector £ € H there is a A such that that uy(§) # 0.

Lemma 3.25. Let B C A be an algebra and its C*-subalgebra with a common approximate
unit uy. Then M(B) C M(A).

Proof. 1f A is non-degenerate, then B is also non-degenerate by Problem 59. So M(B) C
B" C A”. For any z € A, y € M(B), yxr = limyuyz € A, and similarly, zy € A, so y is a
multiplier of A. n
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’ Lecture 12

3.4 Hilbert C"*-modules

Definition 3.26. Let M be a Banach space (with norm ||-||), which at the same time is a
right module over a C*-algebra A (the action of A on M is assumed to be continuous). Let
(-,-) : M x M — A be a sesquilinear form (called an inner product) with the properties:

1. (m,na) = (m,n)a for all m,n € M, a € A;

2. (m,n) = (n,m)* for all m,n € M;

3. (m,m) € A is positive for all m € M, and if it is equal to 0, then m = 0.
We call M a Hilbert C*-module if ||m|* = ||(m, m)|| for every m € M.

Example 3.27. The algebra A is a Hilbert C*-module over A if we define its inner
product by the formula (a,b) := a*b, a,b € A.

Example 3.28. The module A™ is a Hilbert C*-module over A with an inner product,
given by the formula ((ay,...,a,), (b1,...,by)) :==> 1, aib;.

]

Lemma 3.29 (Cauchy(-Schwarz-Bunyakovsky) inequality). We have |[{n,m)[]* < ||n||*||m/|?
for any n,m € M.

Proof. For all A € A we have (m —na,m —na) > 0, so (m,m) —a*(n,m) — (m,n)a +

a*(n,n)a > 0. Let’s take a = ”nl”g (n,m). Then

2 1
(m,m) — W(m,n><n,m> + ||n||4<m,n><n,n><n, m) = 0.
Since [|n||*> = |(n,n)|| = (n,n), we obtain that (m,m) — W(m,m(n,m) > 0, so
(m,n)(n,m) < |[n||*(m,m). From this we obtain the required inequality. O

Example 3.30. Let M consist of all sequences (a;), a; € A for which the series > ;% afa;
converges in A (in norm). The inner product is given by formula ((a;), (b;)) := >, a;b;.
By the previous lemma, this series converges. This Hilbert C* module is very important
for applications. It is usually denoted by l3(A) and is called the standard Hilbert C*-
module.

A mapping 7' : M — M is called a (bounded) operator on a Hilbert C*-module M if
it is linear and A-linear (that is, T'(ma) = T(m)a for any m € M, a € A). If M = A,
then this definition coincides with the definition of left centralizers.

Definition 3.31. An operator T is called adjointable if there is an operator S such that
(m,T(n)) = (S(m),n) for any m,n € M. In this case, S is called the adjoint operator for
T and is denoted by T*. Let IB%:(M ) denote the set of operators admitting an adjoint.
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Unlike Hilbert spaces, in Hilbert C*-modules there are bounded operators that do not

admit an adjoint.

Problem 60. Construct an example of an operator that does not admit an adjoint.

Problem 61. Prove that ||z| = sup,cp, ) [(%,y)|, where By(M) C M is the unit ball.

Theorem 3.32. The algebra BX (M) is a C*-algebra.

Outline of proof. The following points are the key ones.
1) The involution % : B¥ (M) — BX (M) is an isometry. Indeed, by Problem 61,

[T = sup [Tz||= sup [Tz, y) =
x€B1 (M) z,y€B1 (M)
= sup |z, T*y)|| = sup [T*y| = [IT*]|.
z,yeEB1(M) yEB1(M)

2) The norm satisfies the C*-property. This follows from the equality

IT*T|| > sup [(T*Tz,z)|| = sup |(Tz,Tz)|=|T|>
x€B1(M) z€B1 (M)

(in the opposite direction is a general property of the operator norm, taking into account
item 1).

3) The algebra IB%X(M ) is closed as a subalgebra of the Banach algebra B of all bounded
C-linear operators M — M (with operator norm). Really, first of all, note that the Banach
algebra B (M) of all operators is closed in B as the intersection over all x € M, a € A, of
closed sets Ker(f,q), where f,,: B — M, f..(T) =T(za) — T(x)a, is a bounded linear
mapping, ||feall < 2|lz| |lall. Let a directed net of elements T, € B¥(M) converge to
T € BA(M), in particular, be a Cauchy directed net. According to item 1), the directed
net T is also Cauchy directed net, and therefore has a limit S € Ba(M). It is easy to
see that S = T* and T € B¥(M). O

Problem 62. Complete the proof of Theorem 3.32.

If M = A, then the definition of an operator admitting an adjoint coincides with the
definition of a double centralizer.

Definition 3.33. The operator 6, ,, defined by the formula 6, ,(2) = x(y, z), called
elementary.

Problem 63. Prove that 6, , € B:(M ) by providing an explicit formula for the adjoint.

Definition 3.34. The closure of the set of C-linear combinations of elementary operators
is denoted by K4(M). Its elements are called A-compact operators.

Problem 64. Prove that K, (M) is an ideal in BX(M).

Problem 65. Prove that K4(A) = A. Note that if A is non-unital, then K4(A) = A #
BX(A) = DC(A) (algebra of double centralizers).
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3.5 Calkin algebra

If a Hilbert space H is not separable, then B(H) can be quite complex, in particular,
have more than just one proper ideal. For example, the set of operators with separable
image is an ideal. This does not happen in the case of separable H, which we will usually
restrict ourselves to.

Definition 3.35. The factor-C*-algebra Q(H) = B(H)/K(H) is called Calkin algebra.

Definition 3.36. The factor-C*-algebra M (A)/A is called algebra of external multipliers,
or generalized Calkin algebra.

Lemma 3.37. Calkin algebra is simple.

Proof. We must prove that K(H) is the only ideal of B(H). Let an ideal I C B(H) contain
at least one non-compact operator. We can assume that this operator is positive (since
any operator is a linear combination of four positive ones). Let us denote it by ¢. Note
that since K(H) is simple (by Corollary 3.4), then either K(H) C I or K(H) NI = {0}.
Since t ¢ K(H), then we can assume that there is a number o« > 0 such that both
spectral projections p; = pjoa) and ps = pla,00) are of infinite rank. Indeed, if there is
no pe with the specified property, then ¢ is compact, contrary to assumption. If p; = 0,
then ¢ is invertible, which means I = B(H), as required. If p; # 0, but its rank is finite,
then we have a finite number of eigenvalues, less than «, so that for some function f
continuous on the spectrum, we have 0 # f(¢) € K(H). Hence, K(H) C I. Therefore
p1 € I and t + p; € [ is invertible and I = B(H). So, both projections p; and p, are
of infinite rank. Let H; = Imp;, ¢ = 1,2. Then H; L Hy and H = H; & H,. Since
H, and H, are isomorphic due to the separability of H, then there is a partial isometry
w € B(H) such that w|g, = 0 and w|y, maps H; isometrically onto Hy. Since spectral
projections commute with ¢, then tpy > a - 1p,, where 1y, is the identity operator in Hs.
Also, w*tw > « - 1g,, so tpy + w*tw = « - 1. Therefore tps + w*tw € I is invertible, so
I =B(H). m
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