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Preface

This work primarily provides some detail of results on domain properties of closed (un-
bounded) derivations on C*- algebras. The focus is on Section 4: Domain Properties
where a combination of topological and algebraic conditions for certain results are illus-
trated. Various earlier results are incorporated into the proofs of Section 4.

Section 1: Basics lists some basic functional analysis results, operator algebra theory
(of particular importance is the continuous functional calculus and certain results on the
state and pure state space) and a special section on operator closedness. Some Hahn-
Banach results are also listed. The results of this section were obtained from various
sources (Zhu, K. [24], Kadison, R.V. and Ringrose, J.R [8], Goldberg, S. [6], Rudin, W.
[20], Sakai, S. [22], Labuschagne, L.E. [10] and others). The development of the repre-
sentation theory presented in Section 1.1.7 was compiled from Bratteli, O. and Robinson,
D.W. [3], Section 2.3.

Section 2: Derivations provides some background to the roots of derivations in quan-
tum mechanics. The results of Section 2.2 (Commutators) are due to various authors,
mainly obtained from Sakai, S. [22]. A detailed proof of Theorem 45 is given. Section 2.3
(Differentiability) contains some Singer-Wermer results mainly obtained from Mathieu,
M. and Murphy, G.J. [13] and Theorem 50 is proved in detail. Section 2.4 deals with
conditions for bounded derivations (Sakai, S. [22]) and (Johnson-Sinclair, cf. (Sakai, S.
[22])), and Theorem 51 is proved in detail. Section 2.5 deals with the well published
derivation theorem (Sakai, S. [22], Section 2.5 and Bratteli, O. and Robinson, D.W. [3],
Corollary 3.2.47) and a slightly weaker version of the W*- algebra derivation theorem as
published in Bratteli, O. and Robinson, D.W. [3], Corollary 3.2.47, is proved here.

Section 3: Derivations as generators first introduces some basic semi-group theory (ob-
tained from Pazy, A. [16], Section 1.1 and 1.2) after which the well-behavedness property
is introduced in Section 3.2. Some general results mainly obtained from Sakai, S. [22],
Section 3.2, is detailed. The proofs of Theorems 61 and 62 makes use of various previ-
ous results and were conducted in detail. Section 3.3 (Well-behavedness and generators)
draws a link between the well-behavedness property and conditions for a derivation to
be a semi-group generator. The results are obtained from Pazy, A. [16], Section 1.4, and
Bratteli, O. and Robinson, D.W. [3], Section 3.2.4. Special care was taken in the outlined
proof of Theorem 68. A proof of a domain characterization theorem (due to Bratteli, O.
and Robinson, D.W. [3], Proposition 3.2.55) is provided (Theorem 69) and used in the
construction of the counter example of Section 4.6.
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Section 4: Domain properties is occupied with un-bounded derivations on C*- algebras
and their domain properties. Some initial complex function theory is developed after
which four important domain preserving theorems are proved in full detail: the inverse
function (Section 4.2), the exponential function (Section 4.3), Fourier analysis on the
domain (Section 4.4) and C?- functions on the domain (Section 4.5). The non domain
preserving C' function counter example is presented in Section 4.6.

The results of Section 4 appear in Bratteli, O. and Robinson, D.W. [3], Section 3.2.2,
and Sakai, S. [22], Section 3.3, and the counter example is due to McIntosh, A. [11]. All
the results in Section 4 are presented in full detail not available in this format from any
of the sources used. Some Toeplitz operator theory is used with reference to Brown, A.
and Halmos, P.R. [4], 94, and the Fourier coefficients of a required function is calculated.
Some results on direct sum spaces and the core of a linear operator were used from Kadi-
son, R.V. and Ringrose, J.R. [8], Section 2.6 and page 160, as well as Zhu, K. [24], Section
14.2.
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Unless otherwise specified, the following notation is adopted. Where symbols have more

than one definition, the relevant one will be clearly specified in the context of the appli-

cation.

X’y)W)IC
T,y

linear functional, state, pure state, multiplicative linear functional
multiplicative linear functional

Hilbert space

element of a Hilbert space

bounded linear operators on a space H

C*- algebra or a Banach algebra

a *-morphism

a *-automorphism

a *-isomorphism

a *-homomorphism

continuous functions

normed linear spaces

elements of a Banach algebra

elements of a C*- algebra

elements of a normed linear space

elements of R

the domain of a linear operator T

indexing numbers

range of a linear operator T’

kernel of a linear operator T’

graph of a linear operator T

core for a linear operator T’

elements of C

real numbers

complex numbers

once continuously differentiable functions on R
twice continuously differentiable functions on R
continuous functions on R vanishing at + infinity
integrable functions on R ([, |f] < o)

square integrable functions on R ([, |f|* < o0)
Fourier transform of f

inverse Fourier transform
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1 Basics

1.1 Operator algebra

This section lists some of the standard operator algebra results used later in this work.
The most important results are contained in the subsections on states and representations
and the continuous functional calculus which is used in a number of proofs throughout.

1.1.1 Banach algebras

Definition 1 (Banach algebra) A Banach algebra is a unital algebra A with unit 1

and with a complete norm || - || satisfying the following conditions:
I =1
lzz < [lzllllyll Vz,y € A

The complex field C with ||z]| = |z| is the simplest example of a Banach algebra. B(H),
the space of bounded linear operators on a Hilbert space H together with the operator
norm is another example of a Banach algebra.

The spectrum (denoted as o(z)) of an element z in a Banach algebra is defined as the
set of all complex numbers A such that I\ — z is not invertible in A. The compliment of
o(z) in C is called the resolvent of z. The spectrum of any z € A is non-empty (Zhu, K.
[24], 17), is a compact subset of the complex field C and is contained in the closed disk
{z € C||z| < ||z||} (Zhu, K. [24], 18). The spectral radius r(z) for z € A is defined as

r(z) = sup{|)\||)\ €o(z)}

1.1.2 Multiplicative linear functionals

Definition 2 (Multiplicative linear functional) A linear functional ¢ on a Banach
algebra A is called o multiplicative linear functional if ¢ is non-triviel and ¢(zy) =
o(x)p(y) for every x,y € A. Denote

My = {6 € Alo(ay) = $(@)d(y) fora,y € A}

It will be shown later that in the case of A commutative, M 4 corresponds to the maximal
ideal space of the algebra A.

Theorem 1 For a multiplicative linear functional ¢ on a Banach algebra A we always
have that ||¢|| = 1.
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Proof: From [|¢] > [¢()] = [¢(L1L)| = |¢(1)* we have [$(1)| = 1 and [|4]| > 1.
Now assume ||¢|| > 1. Then there exists an element z € A with ||z|| = 1 with |¢(z)| >

1. Put g = ¢ — ¢(x)1. Then ¢(z9) = ¢(x) — ¢(z) = 0. Also ||1 + %H = ||ﬁ|| =
| qlsl(wwll)l < 1 which implies that ;75 is invertible. Thus #(z0)p(z5 ') = 1 which contradicts

¢(xo) = 0 earlier.

Remark 1 From Theorem 1, it is clear that M 4 is contained in the closed unit ball of the
continuous dual space A*. Naturally, M 4 is topologized by the weak™ topology inherited
from the continuous dual A*. The following result follows from Alaoglu’s theorem.

Theorem 2 M 4 is a weak™- closed and compact Hausdorff space contained in the closed
unit ball of A*.

Proof: It is easy to verify that M 4 is closed in the weak* topology of A*. From
Alaoglu’s theorem, it follows that B« is weak*- compact. Since M4 is a closed set
contained in a compact Hausdorff set B 4+, it follows that M 4 is weak*- compact and
Hausdorff as well.

1.1.3 Maximal ideal space

Proposition 1 If 7 is a proper mazimal ideal in a unital Banach algebra A, then T is
norm closed and the quotient algebra A/T is a Banach algebra. If A is commutative then
A/T is a division algebra isomorphic to C.

Proof: If 7 is a proper maximal ideal in 4, then no element in 7 is invertible. From
(Zhu, K. [24], 10) we have ||l — z|| > 1 for every € Z which shows that 1 is not in the
closure of 7 so that the closure of 7 is a proper ideal in A. From the maximality of Z it
follows that Z = T which implies that Z is closed. The quotient algebra .A/Z is a Banach
algebra with norm ||[z]|| = inf{||z — yl|||y € Z} where [z] € A/Z.

If A is commutative and 7 a maximal ideal in A, then A/7Z is a division algebra so that
from the Gelfand - Mazur theorem (Zhu, K. [24], 19) we know that A/Z is isometrically
isomorphic to C.

Proposition 2 If A is an arbitrary Banach algebra and p is a multiplicative linear func-
tional on A, then the kernel M (= N (p)) of p is a proper mazimal ideal in A.

Proof: It is clear that A(p) is a proper ideal for all p € M 4. For maximality, let
z € A— N(p). Then

10
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The vector in parentheses is in A/(p) so that the linear span of x and N(p) contains 1
so that any ideal containing both A(p) and z must be the whole algebra. Thus N (p) is
maximal.

Theorem 3 (Commutative Banach algebras) If A is a commutative Banach algebra
then the set of mazximal ideals is in one-to-one correspondence with M 4, the multiplicative
linear functionals on A.

Proof: From Proposition 2 it follows that we can always associate a multiplicative
linear functional of A with a maximal ideal in A.
Assume that 7 is a proper maximal ideal in A. From Proposition 1 it follows that 7
is closed. Since A is commutative and Z is closed it follows from Proposition 1 that
A/T is a division algebra. Again by Proposition 1 there exists an isometric isomorphism
¢: A/ZT — C. Let 7 be the quotient mapping from A onto A/Z. Then the composition
¢ o 7 is a multiplicative linear functional on A with kernel Z. This correspondence is
one-to-one: Let p; and p2 be multiplicative linear functionals on .4 with common kernel
Z. For any z € A we can write

(p1(2) = p2(2))I = (2 — p2(2)1) — (z — pu(2)1)

Both terms on the right are in 7 and therefore (p1(z) — p2(z))1is in Z so that p1(p1(x) —
p2(z))1) = 0. Therefore p1(z) = p2(z) and p1 = pa.

Remark 2 The commutativity of the algebra A is important here: If A is not commuta-
tive and T is o mazimal ideal in A, then A/Z may not be a division algebra so that there
might be no multiplicative linear functional associated with T.

The following result gives some more connections between the multiplicative linear func-
tionals and the spectrum of an element z € A:

Theorem 4 (Multiplicative linear functionals) Let z be an element of a commuta-
tive Banach algebra A, o(x) the spectrum of x in A, r(x) the spectral radius of z, d € M4
a multiplicative linear functional on A and G(A) the invertible elements in A. Then:

X € o(z) & ¢z) = \ for some ¢ € My

z € GA) & ¢(x) #0 Vo € My

o(z) € o(z) Ve € A, ¢ € My

6(2)] < (@) < lle] Vo € A ¢ € Ma
Proof: Rudin, W. [20], 364

11
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1.1.4 The Gelfand Transform

Definition 3 (Gelfand transform) Let A be a Banach algebra. The mapping T :
A — C(M_,), where M 4 is topologized with the weak*- topology inherited from A*,
defined by

I(z)(¢) = ¢(z) == (¢, z)

mapping the Banach algebra A into the continuous complex valued functions on M 4, is
called the Gelfand transform.

Remark 3 From I(zy)(¢) = ¢(zy) = é(x)d(y) it is clear that the Gelfand transform
is a homomorphism. From ||T(x)(®)|| = |lz(d)| < [1Dllllz]] = ||zl (¢ is multiplicative)
it also follows that T is contractive.

Theorem 5 If A is a commutative Banach algebra, then x € A is invertible in A if and
only if T'(z) is invertible in C(M.4). It then follows that

oalz) = oema(l(z)) = R(T(z))
where R(I'(z)) denotes the range of I'(x), and

r(@) = |T(@)lleec = sup{|d(z)|d € Mu}

Proof: If z is invertible in A, then I'(z71)(¢) = ¢(z~ ') and ¢(z71)p(z) = ¢(1I) = 1
V¢ € My so that I'(x) is invertible in C(M 4).
If z is not invertible then z is in a proper maximal ideal Z in A. By Theorem 3 there
exists a multiplicative linear functional ¢g € M4 with T = N (¢g). Now

L(z)(do) = ¢o(z) =0

so that I'(z) is not invertible in C(M 4).

Any z in the range of I'(z) will be in o 4(x) because if I'(z)(¢) = ¢(x) = =z, we have that
ozl — z) = 0.

Conversely take any z € o(x). Then the element 21 — z must be in a maximal ideal 7
of A so that by Theorem 3 there exists ¢ € My with ¢(z1l — z) = 0. Then ¢(z) = 2
so that z is in the range of T'.

Theorem 6 (Spectral mapping theorem) If z is any element in a Banach algebra A

and f is an analytic function in |z| < ||z||, then

o(f(z) = {f(2)lz € o()}

12
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Proof: Zhu, K. [24], 29.

Theorem 7 (Spectral radius theorem) For every element x in a Banach algebra A
we have

. ES
M) = lim ")

Proof: Zhu, K. [24], 31.

1.1.5 C*- algebras

Definition 4 (Involution mapping) A mapping x — z* on a Banach algebra A is
called an involution on the algebra A if it satisfies the following:

(i) (z*)* =z forall z € A
(ii) (ax + by)* = az* + by* forall x,y € Aanda,b € C
(1i1) (zy)* = y*z* forallz,y € A

Definition 5 (C*- algebra) A C*- algebra is defined as a Banach algebra A with an
involution mapping x — z* on A satisfying ||z*z|| = ||z||? for allz € A. The involution
preserves the norm and the mapping x — x* is therefore a continuous mapping on A.

Definition 6 (Special elements of a C*- algebra) For z in a C*- algebra A,
x s self-adjoint if ¢ = z*

z 4s normal if zz* = x*

x
T 4s positive if x = y*y for somey € A
For a C*- algebra A, we have the following inclusions:

{r € Alz = y*y,y € A} C {z € Alz = 2"} C {z € Alz"z = 22"}

Remark 4 (General decomposition) Any general element x of a C*- algebra A has a

unique decomposition in terms of self-adjoint elements x1, x2 € A such that
T = T, + 1To

The real part of x is given by 1 = (z + x*)/2 and the imaginary part is given by
xo = (z — x*)/2i. Clearly 1 and zo are self-adjoint.

13
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The square root 1/z (or w%) of a positive element x € A can be defined as the unique
positive element y € A such that y> = x. More specifically, for self-adjoint z € A,
the modulus (or absolute value) || can be defined as v22. This leads to the following
orthogonal decomposition theorem:

Theorem 8 Let x = x* be a self-adjoint element of a C*- algebra A. Define x1 =
(|z| £ z)/2 where |z| is defined as above. Then xy is a unique positive map under the

conditions listed below:
T =Ty — T
zyrx_ =0
lall = max (jlz+ ] llz_)
Proof: Bratteli, O. and Robinson, D.W. [1], 35, or Zhu, K. [24], 37.
Theorem 9 Let z € A be a normal element in a C*- algebra A. Then r(z) = ||z|.
Proof: Zhu, K. [24], 52.
Theorem 10 Let x be a self-adjoint element in a C*- algebra A. Then o(z) C R.
Proof: Zhu, K. [24], 53.

From Theorem 9 and 10 and Remark 4, it follows that for any self-adjoint x in a C*-
algebra A,

2
&
N

[= Il [l«ll] and
[0, [l

X
8

\_9
N

1.1.6 States and Pure states

The states of a C*- algebra A is a special class of linear functionals that takes positive
values on the positive elements of A and one on the unit of A. The states and pure
states on A play an important role in representations of C*- algebras. First some basic
functional analysis:

Theorem 11 (Hahn-Banach) If f is a bounded linear functional on a subspace M of
a normed linear space X, then f can be extended to a bounded linear functional F on X
so that || f|| = [IF]|.

14
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Proof: Rudin, W. [20], 104.

The following corollary to the Hahn-Banach theorem is used in the proof of Theorems
62 and 63. Here d = d(z, M) = infycp ||z — y|-

Corollary 1 (Hahn-Banach) Let M be a subspace of a normed linear space X. For
every x € X with d(x, M) > 0, there exists a bounded linear functional f on X such
that

I/l =1
fM) =0
fz) = d(z, M)

Proof: Goldberg, S. [6], 20.

Definition 7 (Positive linear functionals and states) Let ¢ be a linear functional
on a C*-algebra A. Then:

¢ is positive if ¢(z) > 0 for all z > 0 (positive)
¢ is a state if ¢ is positive and ¢(1l) = 1

Positivity of a linear functional ¢ can also be defined by the requirement ¢(zz*) > 0 for
all z in a C*- algebra A. The Schwartz inequality holds for all positive linear functionals:

o z)|? < dle*z)d(y*y)

The following result for positive linear functionals is required in the proof of Theorem 62:

Theorem 12 If ¢ is a bounded linear functional on a C*- algebra A with ¢(z) = ||9||||z]|
for some positive x € A, then ¢ is a positive linear functional.

Proof: Sakai, S. [21], 9.

Theorem 13 A linear functional ¢ on a C*- algebra A is positive if and only if ¢ is
bounded with ||¢|| = #(1). Therefore, ¢ is a state on A if and only if ||¢|| = #(1) = 1.

Proof: Zhu, K. [24], 80.
Let S(A) denote the space of all states on a C*- algebra A. Then S(A) is contained in
the closed unit ball of the dual space (linear functionals) of A. S(A) is topologized with

the weak star topology inherited from the dual space of A. S(A) is always non-empty:

15
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Theorem 14 (State space) If x is any element in o C*- algebra A, then for each \ €
o(z) there exists a state ¢ on A with ¢(z) = A.

Proof: Zhu, K. [24], 80.

This correspondence between the spectrum of an element z € 4 and the states allows
the following useful characterization of positive, self-adjoint and normal elements in terms

of S(A):

Theorem 15 (S(A)) Let A be a C*- algebra with S(A) the state space of A. Then for
T € A,

T

0 ¢(x) =0 Vo € S(A)
z=1" & ¢) €R Vo € S(A)
>0 ¢(x) >0 Vo € S(A)
ze* = o'z = 3¢ € S(A)|llzl| = |¢(z)|

Proof: Zhu, K. [24], 81.

The state space S(A) is a convex, weak-star compact and Hausdorff subspace of A*
- the dual space of A (Zhu, K. [24], 81). Therefore, from the Krein-Milman theorem
(Zhu, K. [24], 6), S(A) is the weak-star closed convex hull of the set of extreme points of
S(A). The set of extreme points of S(A) is denoted by P(A) and elements in P(A) are
called pure states of A. Every ¢ € S(A) can therefore be approximated in the weak-star
topology by elements of the form t;¢; + taga +...+ t,¢p with ¢; € P(A) and t; € (0, 1)
with ¢t; + t2 +...+ £, = 1. In other words, a pure state is a state that cannot be written
as a convex combination of other states.

Like the state space, the pure state space is sufficiently large to distinguish certain
properties of elements of 4. Theorem 15 can be re-stated with S(A) replaced by P(A).

Theorem 16 A non-trivial linear functional ¢ on a commutative C*-algebra A is a pure
state if and only if ¢ is multiplicative.

Remark 5 From Theorem 16 it can be seen that (for a commutative C*-algebra A) the
pure states (multiplicative linear functionals / mazimal ideals) is a weak-star closed sub-
space of the state space of A

16



University of Pretoria etd — Holm, R (2005)

1.1.7 Representations

This section lists a short summary of basic representation theory. The main result is the
Gelfand, Neumark, Segal representation construction which states that every C* algebra
A is C*- isomorphic to a C*- subalgebra of B(H) for some Hilbert space H. First some
definitions: (B(#) denotes the bounded linear operators on a Hilbert space H)

Definition 8 (*- morphism) A x-morphism between two x- algebras A and B is a map-
ping 7 defined for all x € A — 7(x) € B such that:

(i) m(az + By) = an(z) + Br(y)
(it) m(zy) = m(z)m(y)
(1ii) w(x*) = mw(x)*
forz,y € Aanda, p € C.
For C*- algebras, * - morphisms are continuous:

Theorem 17 (* - morphisms) For C*- algebras A and B, and a * - morphism © of A
into B we have

z > 0 = w(x) > 0 (positivity preserving)
m is continuous with ||m(x)|| < ||zl Ve e A

Proof: Bratteli, O. and Robinson, D.W. [3], 42.

The range {7 (z)|x € A} is a closed C*- subalgebra of B (in the setting of Theorem
17). If {n(z)|z € A} = B and each element of B is the image of a unique element in
A (onto and one-to-one), then 7 is called a *- isomorphism. A * - morphism 7 of a C*-
algebra A onto a C*- algebra B is a *- isomorphism if N (7) = {z € A|nr(z) = 0} = {0}.

The kernel N(7) = {z € Alr(z) = 0} is a two-sided ideal of A: For z,y € A
and y € N(n) we have n(zy) = n(z)n(y) = 0 and n(yzr) = «w(y)w(z) = 0. Also,
from the inequality ||7(z)|| < ||z|| it follows that A'(w) is closed. This leads to the
construction of the quotient C*- algebra A, = A/N(w) with the equivalence classes
defined as & = {z + k|k € N(m)}. The morphism 7 induces a morphism 7 from A, to B
by (%) = w(x) and since N (7) = {0}, 7 is a isomorphism between A, and 7(A;) C B.

Definition 9 (Basic representation) A representation of a C*- algebra A is defined
as a pair (H, ©) where H is o Hilbert space and 7 a * - morphism of A into B(H), the
bounded linear operators on the Hilbert space H.

17
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A representation (H, 7) is faithful if and only if 7 is a * - isomorphism between A
and 7(A) (if and only if N'(m) = {0}). The terminology 7 is a representation of A on
‘H is also often used. Every representation (H, ) of a C*- algebra A defines a faithful
representation of the quotient algebra A,.

A % automorphism 7 of a C*- algebra A is a * - isomorphism of A into itself. 7 is a
* - automorphism if it is a * - morphism of 4 with range equal to A and kernel equal to
{0}. Each * - automorphism is norm-preserving - ||7(z)|| = ||z||Vz € A.

A trivial representation of a C*- algebra A is given by the trivial * - morphism 7 = 0
with 7(z) = O0Vz € A. A representation may be non-trivial (in general) but still have
trivial (invariant) parts. If Ho C H is defined as Ho = {p € H|r(z)p = 0Vz € A}
then Hy is invariant under 7 and the corresponding representation mg = Py, w Py, is triv-
ial (Py, is the orthogonal projector with range Ho). A representation 7 is non-degenerate
if Hy = {0}. In general, a set of bounded linear operators B acts non-degenerately on H
if {¢ € H|z(p) = 0Vz € B} = {0}.

An element ¢ € H is cyclic for a set B of bounded linear operators on H if the set
{z(p)|x € B} is dense in H.

Definition 10 (Cyclic representation) A cyclic representation of a C*- algebra A is a
triple (H, m, ) where (H, 7) is a representation of A and o € H is cyclic in the Hilbert
space H for the set {n(z)|z € A}.

Theorem 18 (Cyclic representation) FEvery non-degenerate representation (H, 7) of
a C*- algebra A is the direct sum of a family (Ha, To)acr of cyclic representations of A.

Proof: Bratteli, O. and Robinson, D.W. [3], 46.

Theorem 18 allows a reduction from general representations to cyclic representation.
This is useful in the construction of representations.

Definition 11 (Irreducible representation) A set B of bounded linear operators on
a Hilbert space ‘H is irreducible if the only closed subspaces of H invariant under B is
H and {0}. A representation (H, w) of a C*- algebra A is irreducible if the set w(A) is

irreducible on H.

The following theorem establishes some identification of irreducible sets of operators.
The commutant M’ of a set of bounded linear operators M on a Hilbert space H is
defined as M' = {y € B(H)|zy = yz Vz € M}.

18
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Theorem 19 (Irreducible sets) Let B be a self adjoint set of bounded linear operators
on o Hilbert space H. Then B is irreducible if and only if B' consists of multiples of 1l

Proof: Bratteli, O. and Robinson, D.W. [3], 47.

Positive linear functionals, and in particular the states and pure states play an im-
portant role in the existence proof and construction of representations. Let (#, 7) be a
representation of a C*- algebra A and ¢ € H a non-zero unit vector. Define

we(z) = (o, m(x)p)

for all x € A. Then w,, is a vector state on w(A). Every representation therefore has a
(vector) state associated with it. The following theorem shows that the converse is also
true: every state ¢ over a C*- algebra is a vector state in a suitable representation.

Theorem 20 (State representation) If ¢ is a state on a C* - algebra A, then there
ezists a cyclic representation (Hg, 7¢, py) of A such that

P(z) = (g, ms(2)py)
for all x = A, so that [log|I* = lI4]l = 1.

Proof: Bratteli, O. and Robinson, D.W. [3], 56.

This cyclic representation (Hg, 74, @) constructed from the state ¢ on A is defined
as the canonical representation of A associated with ¢.

The nature of pure states and their canonical representation is given in the following
theorem:

Theorem 21 (Pure state representation) Let ¢ be a state over a C* - algebra A with
(Hg, Ty, o) the associated cyclic representation. Then (Hy, my) is irreducible if and only

if ¢ is a pure state.

Proof: Bratteli, O. and Robinson, D.W. [3], 57.

1.1.8 Commutative C*- algebras

Theorem 22 Let A and B be C*- algebras and 7 : A — B a C*- homomorphism. Then
for every x € A, o(n(z)) C o(z) and ||x(z)]| < [|z]|.
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Proof: Zhu, K. [24], 55.

Theorem 23 Let © be a C*- isomorphism of C*- algebras A onto B. Then o(m(z)) =
o(z) and ||m(z)|| = ||z|| for every x € A.

Proof: Zhu, K. [24], 56.

Theorem 24 (Gelfand transform) Every commutative C*- algebra is * - isomorphic
to C(K) for some compact Hausdorff space K. In particular, for a commutative C*-algebra
A, the Gelfand transform is a C*- isomorphism from A onto C(My).

Proof: Let I' : A — M4 be the Gelfand transform: I'(z)(¢) =< z, ¢ >= ¢(z)
for every ¢ € M4 and £ € A. From Remark 3 we know that I is an algebraic homo-
morphism into C(M 4). It needs to be shown that I" is one-to-one, onto and involution
preserving.

Involution preserving: (To prove: T'(z*) = T'(z). Z denotes the complex conjugate for
z € C.) Define for every z € A

T = and

T2 = -
21

Now z = x1 +izs and 2* = x; — iz and both 2, and x5 are self adjoint. Since A is com-
mutative it follows from Theorem 5 that the range of I'(x;) is o(z;) which is (by Theorem
10) contained in Rfor i = 1, 2. Now I'(z*) = I'(z1) —il(z2) = T'(z1) + il (x2) = [(=).

One-to-one: (To prove: ||T'(z)||loc = [|#||) From Theorem 5 we have r(z) = [|T(z)||oo-
Now |IT(z)[3, = IT(z)* T(@)llc = [IT(zz*)llc = r(z*z). But clearly (z*z) = (zz*) so
that (z*z) is self adjoint and normal. From Theorem 9 it follows that r(z*z) = ||z*z| =

|z]|? so that T is norm preserving and hence one-to-one.

Onto: (To Prove: Image I' equal to C(My4[,1)). Since A is a Banach algebra and T
is an isometry, we know that the image of I in C(M4) is a closed *- subalgebra of
C(M_4) which contains the constant functions. Furthermore, for any two distinct ele-
ments ¢; and ¢ of M 4, we can choose an £ € A not in the kernel of ¢; — ¢ so that
T(p1 — ¢2)(x) = (41 — P2)(x) # 0 so that ¢1(x) # ¢2(x) which shows that the image
of I separates points of M 4. By the Stone-Weierstrass theorem, I' is onto.

Remark 6 From Theorem 16 we know that M 4 = P(A) for a commutative C*- algebra
A where P(A) is topologized with the weak*- topology. Therefore, Theorem 24 can be
restated with M 4 replaced by P(A).
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Theorem 25 Let A be a C*- subalgebra of a C*- algebra B with x € A. Then x is
invertible in A if and only if x is invertible in B. From this it follows that o 4(x) = op(x).

Proof: Zhu, K. [24], 59.

1.1.9 Continuous functional calculus

Let Afz] denote the C*- subalgebra generated by x € A. If z is a normal element of a
C*- algebra A, then A[z] is commutative. The next theorem will make it clear that an
element y € A is in A[z] if and only if y can be approximated in norm by polynomials

in 1, z and z*.

Theorem 26 (Spectral theorem) Let z be a normal element of a C*- algebra A. Then
M 4jz) is homeomorphic to o(z). If we identify M 4[5 with o(z), then the Gelfand trans-
form T on A[z] has the property that I'(p(z, z*)) = p(z, Z) for every polynomial p of two
variables (z € C).

Proof: From Theorem 24 and Remark 3 at the beginning of this section if follows that
T: Alz] — C(My,) is a surjective C*- isomorphism. From Theorem 5 and Theorem 25
we can define the mapping

U M.A[z] 4 J(.’E)

U(p) = T(2)(9) = ¢(x)

with ¢ € My, so that ¥ is well defined and onto. To show that ¥ is one-to-one,
suppose U(¢1) = ¥(¢2) or ¢1(x) = ¢2(z). From the proof of Theorem 24 we have that
¢1(z*) = ¢a(z*) so that

¢ (p(z, 27)) = ¢2(p(z, 27))

for every polynomial p of two variables. Such polynomials are dense in A[z] and hence
¢1 = ¢ so that ¥ is one-to-one.

For ¥ to be a homeomorphism, we need to show that ¥ preserves convergence (the
topology). Therefore, take any net ¢, in M 4[] converging to ¢ with respect to the
weak*- topology. Then clearly ¢, (y) — ¢(y) for every y € Alz]. Also ¢o(z) — ¢(zx)
since x € Alz], so that ¥(¢,) — ¥(¢) which shows that ¥ is continuous. Now ¥ is
a one-to-one continuous function from one compact Hausdorff space M 4, to another
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compact Hausdorff space o(x) and therefore ¥ is a homeomorphism.
By the above we can identify M 4[,) with o(z) and then the Gelfand transform

I: Alz] - C(o(x))

(z) = zfor all z € o(x). (Note that z € o(x) is identified with ¢ € My
z) = z (Theorem 14)). Since I' is a C*- homomorphism, it follows that

satisfies I'(x)
such that ¢(
D(p(z, z*))(2) = p(z, Z) for every polynomial p of two variables.

Theorem 27 Let © € A be normal in the C*-algebra A and C(o(z)) the continuous
complex valued functions on o(x). Definer € C(o(z)) by(t) = t for allt € o(x). Then
there exists a unique x-isomorphism «© : C(o(x)) — A such that (1) = x. For each
f € Clo(x)), n(f) is normal in A and w(f) is the limit of a sequence of polynomials in
1, x and x*. The set

Alz] = {n(H)|f € Clo(2))}
is the smallest commutative C*-subalgebra of A that contains x.

Proof: Existence of C*- isomorphism:
Let B be any commutative C*-subalgebra of A that contains . Then (by Theorem 24)
there exists a *- isomorphism 7 from B onto C(X) where X is compact Hausdorff. With
u = 7(z) in C(X), it follows from Theorem 24 that

op(x) = ocxy(n(x) = oewy(u) = {u(z)|z € X}

For every f € C(op(z)) = C({u(z)|z € X}), the composite function f ou is continuous
on X. Thus the mapping f — fow is a % isomorphism from C(o(z)) into C(X). From
the x- isomorphisms f — fowand 7~ ! :C(X) — B, the composition ¢ : f — 7~ 1(fou)
is a *- isomorphism from C(o(z)) into A. Also

P@) =77 ou) = 7)) =

Uniqueness of the C*- isomorphism 7 follows from the fact that 7 : ¢+ — =z implies that
polynomials in » are mapped to polynomials in z. By the Stone-Weierstrass theorem, this
determines the action of 7 on all of C(o(z)).

1.2 Closedness

Some very interesting parts of the study of derivations relates to unbounded, closed deriva-
tions. A short introduction to closed operator theory with definitions, properties and some
results are given here. Theorem 28 is used often throughout this work.
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1.2.1 Open mapping theorem

Assume throughout the rest of this section that D(T") C X and R(T) C Y, where X and
Y are normed linear spaces. Also, let T denote a linear operator mapping the domain
D(T) into ).

Definition 12 (Closed operator) Let X x Y be the normed linear space of all ordered
pairs (z,y) withx € X andy € Y and norm given by ||(z, y)|| = maz{||z|, ||ly||}. Let
T be a linear operator mapping from X into Y with D(T) C X. Define the graph of T as
G(T) = {(z,Tx)|xz € D(T)}. If G(T) is closed in X x Y then the operator T is said to
be closed.

Theorem 28 (Closedness) An operator T is closed if and only if: z, € D(T); zp — z
and Tx, = y implyx € D(T) and Tx = y.

Proof: For every x € D(T), z = (z, y) is in the graph G(T) of T if and only if T2 = y.
For every z, € D(T), (zn, T2,) — (z,y) € G(T) if and only if z, — = and Tz, — .
Therefore, if T is closed, then z, — z and Tz, — y imply (z,, Tz,) — (z,y) €
G(T) = G(T) which implies Tz = y. Conversely, if 2, € D(T), 2, — = and Tz, = y
imply z € D(T) and Tz = y, then (z,y) € G(T) and (z,, Tz,) = (z,y) € G(T) so

that G(T) = G(T).

Definition 13 (Closable operator) Let T be a linear operator mapping from X into
Y with D(T) C X. T is closable if there exists a linear extension of T which is closed in
X.

Theorem 29 (Closability) An operator T is closable if and only if for anyy # 0 in

Y, 0, 9) ¢ 6(T).

Proof: Goldberg, S. [6], 54.

This result is often used to prove closability by assuming (0, y) € G(T) and showing

y = 0. The assumption (0, y) € G(T) implies the existence of z,, € D(T) with z,, — 0
and T(xz,) — y # 0. Therefore, Theorem 29 can be restated as:

A linear operator T mapping from a normed space X into a normed space ) with

D(T) C X, is closable (pre-closed) if and only if the existence of a sequence {z,} € D(T)
with z,, — 0 and Tz,, — z implies z = 0.
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Remark 7 (Partially defined inverse) In the following theorem the notation T—1 refers
to a ‘partial inverse’ of T whereby T is only required to be 1-1. T is neither onto nor
defined on the whole of X. This inverse injectively maps R(T) onto D(T') and will exist
if T is 1-1.

Theorem 30 (T 1-1 and closed) If T mapping D(T) into Y is 1-1 and closed, then
T~ is closed.

Proof: Suppose T is 1-1 and closed. Clearly T~! exists. Also T': D(T) — R(T)
is onto and T~1 : D(T~') — R(T™!) is onto. Consider G(T~!) = {(Tz, T 'Tz)|x €
D(T)} = {(Tz, z)|lz € D(T)}. Since G(T) = {(z, Tx)|x € D(T)} is closed in X x Y
we have that G(T~1) is closed in ) x X so that T~! is closed.

Definition 14 (Open mapping) An operator mapping from X intoY is called open if
it maps open sets in X onto open sets in Y. An operator is called relatively open if it
maps open sets in X onto sets open in R(T).

Remark 8 (Open mapping) The notion of openness (resp. relatively openness) of an
operator T mapping from X into Y can also be characterized as an operator that maps
interior points of an arbitrary set W C X onto interior points of TYW C Y (resp. interior
points of TW C R(T)). For if this is the case, then clearly all open sets in X will be
mapped onto open sets in Y (resp. R(T)).

Adopt the following notation:

SX (T)
S (r)

{z]z € X,||z|| < r} and
{zlz € &, |lz[] < r}

withr € R, r > 0. Note that S%(r) denotes the set of interior point of Sx(r) with Sx(r)
a neighborhood of 0 in X.

Remark 9 (Interior points) The following theorem makes use of the inclusion Sg, (r) C
TSx(1) withr € R, r > 0. This inclusion implies that 0 € X, an interior point of
Sx(1), is mapped onto the interior point 0 € Y of TSx(1), because clearly S$(r) is a
neighborhood of 0 in Y that is contained in TSx(1). Observe that for any open setV C X
and anyx € X, x + V is also open. By linearity of T, it follows for any point x of D(T)
that T(z + Sx(1)) D Tx + S5(r) so that Tx is an interior point of T(x + Sx(1)).
Remark 8 and 9 together thus yield:

T open < SY(r) C TSx(1)

for somer € R, r > 0. T is called nearly open when S3(r) C TSx(1) for somer € R
and r > 0.
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Theorem 31 (Nearly open implies open) Let X' be complete and T : X — ) be

closed. If for some r > 0, SY(r) C TSx(1) then S(r) C TSx(1).

Proof: Assume first that for every 0 < e < 1 we have S5(r) C TSX(%_E)- Since

5% (r) is open, y € S$(r) implies that 2= € S5,(r) for € small enough. Hence there exists
z € Sx(1=) such that Tz = = or T((1 — €)z) = y. Since (1 — €)z|| < 1, we have
y € TSx(1). Therefore S§(r) C TSx(=) VO < e < 1 implies S%(r) C TSx(1).
It needs to be shown that S$(r) C TSx(1) implies S§(r) C TSx(;=) for every
0<e< 1

Assume S$(r) C TSx(1) and T is closed and let y € S$(r) be given. Since for ev-
ery set K C X, aK = aK for a > 0 a scalar and S$(r) C TSx(1) given, it fol-
lows that S (re”) C TSx(en). Taking n = 0, there exists zop € Sx(1) such that

ly — Txol| < reory — Tz € SY(re). Takingn = 1, there exists z; € Sx(e) such that

ly = Tzo — Tx1|| < re? ory — Txo — Tz € SY(re®). Proceeding in this manner, there
exists a sequence z; € Sx(€') with [ly — Y, Tz;|| < re"*'. Now define the sequence
Zn = Y=o ®i Where ||lz;]] < €. Then ||zo|| < 1, [lz1]] < €, [lz2]] < € and so on, so
that 320 |lzill < & < oo (geometric series). Thus, {z,} is Cauchy and since X is
complete, it follows that there exists z € X such that z, — z with [|z|| < {&-. Clearly
Tz, = T(X " (zi)) — y, and since T is closed, z € D(T) N Sx(i=) and Tz = y.
Thus y € TSx(1=) and hence S§(r) C TSx (7).

Lemma 1 (T nearly open) Let YV be of the second category and T onto. Then T is
nearly open.

Proof: It needs to be shown that there exists r > 0 such that S5, (r) C T'Sx(e). Since
R(T) = Y, we may write ) = U2 ;nT'Sx(1), and since )Y is of second category, at least
one of the sets pT'Sx(1) has a non-empty interior. The map g, defined by g,(x) = pz

is homeomorphic. Therefore T'Sx(1) must also contain an open set (non-empty). Also

95 (T'Sx(1)) = TSx(5) and thus T'Sx(5) also contains a non-empty open set V. Now

0eV-VcC TSX(g) - TSX(g) C TSx(e)

The second inclusion above is justified by noting that TSx(5) — TSx(5) = T(Sx(35) —

S;\{(é)) C TSX(G) C TSX(C).
Now V — V is an open set around 0, which indicates that there exists r > 0 such that

S5%(r) cV =V C TSx(e).

With Baire’s category theorem in mind, the open mapping theorem now follows:
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Theorem 32 (Open mapping theorem) Let X be complete and ) of second category.
If T is closed and onto, then T is an open mapping.

Proof: Goldberg, S. [6], 45.

1.2.2 Closed graph theorem

Theorem 33 (Closed graph theorem) Let X and Y be Banach spaces and T a closed
operator mapping X into Y. Then T is continuous.

Proof: Since G(T') is closed in the Banach space X x ), G(T') is complete. Define
the mapping f : G(T) — X by f((z, Tx)) = z. f is bijective and since ||f((z, Tz))|| =
lz|]| < ||(z, Tz)||, f is continuous. (The norm on X x Y is defined as ||(z, v)|| = (||z||* +
lyl|?)%). From Theorem 32 we know that f~1: X — G(T) is continuous. Now

ITz]| < i@, To)| = IF 7 @) < 17 ]

so that T is bounded (continuous).

Theorem 34 (Extension of closed graph theorem) Let X and Y be complete. Any
two of the following imply the third:

1. D(T) is closed
2. T is closed
3. T is continuous

Proof:(1,2 = 3) Let D(T) be closed and T mapping D(T") into Y be closed. Since
D(T) is closed, we have that D(T) is complete and by the closed graph theorem, T is
continuous.

(1,3 = 2) Suppose D(T) is closed and T continuous. Now for z, € D(T) and z,, =
we have z € D(T), since D(T) is closed. Furthermore, if also Tz, — y, then since by
continuity, Tz, — Tz, we get Tx = y. Thus by Theorem 28 we have that T is closed.

(2,3 = 1) Let T be closed and continuous. Now for x € D(T), there exists =, € D(T)
such that z,, — z. Consider

||Txn - Tmm“ = ||T(:L'n - xm)” < ”T””xn - 27m||

Therefore Tz, is Cauchy and Tz, — y(€ V) since ) is complete. Since T is closed,

it follows from Theorem 33 that x € D(T) (and Tz = y). Therefore D(T) = D(T)

because x € D(T) was arbitrary.
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Theorem 35 (Kernel of a closed operator) The kernel N(T) of an operator T is
closed if T is closed.

Proof: Suppose T is closed. Take any € N(T). Then there exists {z,} € N(T) C
D(T) such that z, — z. Clearly Tz, = 0 for all n and therefore Tz, — 0. Since T is
closed, it follows from Theorem 28 that z € N(T) (since Tz = 0) so that N'(T) = N(T)
and NV(T) is closed.

Theorem 36 (Induced operator) Let N'(T) be closed and T : D(T)/N(T) — Y the
1-1 operator induced by T defined as T([z]) = Tz where [x] € D(T)/N(T). Then T is
closed if and only ifT is closed.

Proof:(=) If T'is closed, suppose [z,] — [z], with [z,] € D(T)/N(T), and T([z,]) —
y. Then there exists {v,} € N(T) such that z,, — v, = 2. Now T'(z,) = T(xr, — vy) =
T([zn]) — y. Since T is closed, z € D(T) and T(z) = y by Theorem 28. Thus
[2] € D(T) and T([z]) = y. Hence T is closed.
(<) Let T be closed. Suppose z, — z and Tz, — y. Then [2,] — [z] and
T(lzn]) = Tz, — y. By the closedness of T, it follows that [z] € D(T) and T([z]) = y.
Thus z € D(T) and Tz = y and hence T is closed by Theorem 28.

Theorem 37 (Existence of the inverse - 1) Let D(T) = X. T~! exists and is con-
tinuous if and only if there exists m > 0 such that ||Tz|| > m||z|| for every z € X.

Proof: (<) Suppose ||Tz|| > m||z||. Then z # 0 implies Tz # 0 so that T is injec-

tive. Hence T~ ! exists. Now ||[T"'Tz| = ||z|| < m~!||Tz||. Therefore T~! is bounded
and continuous.

(=) Let T! be continuous. Then ||z|| = ||T Tz| < [T !||||Tz| for every z € X.
Choosing m = ﬁ, the desired property follows.

Theorem 38 (Existence of the inverse - 2) Let X and ) be Banach spaces and T
closed. Then T~! exists (as a map from R(T) to D(T)) and is bounded if and only if T
is 1-1 and R(T) is closed.

Proof:(=) Suppose T has a bounded inverse. Suppose Tz, — y € Y. From the
existence of the bounded inverse it follows from Theorem 37 that there exists m > 0 such
that || Tz, — Txn|| > m||z, — 2| which shows that {z,} is Cauchy in X and hence
converges to some ¢ € X. Since T is closed, z € D(T) and T2 = y by Theorem 28.
Thus R(T) is closed.
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(<) Suppose T is 1-1 and R(T) is closed. Then T~ is closed (by Theorem 30) as an
operator from R(T') into X. Since R(T') is closed and hence complete in the Banach space
Y, it follows from the closed graph theorem that T—! is continuous.

1.2.3 Minimum modulus

The following consideration leads to the definition of a number «(T) associated to each
operator 1" having a closed kernel. Let T be a closed operator and X and ) com-
plete. Let T' be the 1-1 operator induced by T. Since T' is closed, we have from
Theorem 35 that A'(T) is closed and hence D(T')/N(T) is a normed linear space with
norm ||[z]|| = d(z, N(T)). Now by Theorem 38, R(T) = R(T) is closed if and only
if 7 has a bounded inverse (T is 1-1). By Theorem 37, this means that there ex-
ists an > 0 such that for every [z] € D), m|[z]|] < ||T[z]ll. Equivalently
0 < inf {Iel|[] € D(F), = ¢ N(T)}. Since |T[e]]| = |Te]| and [[2]]| = d(z, N(T))
it follows that 0 < inf {%M € D(T),z ¢ N(T)}. This infimum is called the
minimum modulus of the operator T'.

The following observation will be used in Theorem 39. Consider the normed linear
space D(T)/N(T) with elements [z]. Then y € [z] if and only if Ay € [Az]. This can be
seen by noting that y € [z] implies x —y = m for some m in N'(T). Then Az — \y = Am
and since Am € N(T) if and only if m € N(T) (from linearity), it follows that Ay € [\z].

Definition 15 (Minimum modulus) Let N'(T) be closed. The minimum modulus v(T)
of T is defined as v(T) = inf,cp(r) %’E(”TT where 3 is defined to be cc.

Theorem 39 (Minimum modulus) T is relatively open if and only if v(T) > 0.

Proof:(«<) Let v(T) > 0 and assume T # 0 to avoid y(T) = oo. By definition
of ¥(T') = inf, ¢ n (1) %(— A > 0) we have ”if(”T)) > )\Vw §E N(T') which
implies ||Tz|| > Ad(z, N(T)). Now if ||Tz|| < A = infycpr 5 W@ then since
1Tz < A < % it follows that ||Tz| < d(acllqj;f(”:,,)) from which it follows that
d(z, N(T)) < 1. From ||Tz|| < X we have that Tz € )\SR(T)(I). Now let n € N(T)
be such that ||z — n|| < 1 (n exists, since d(n, N(T')) < 1). Then z — n € Sp(r)(1).
Callz =z — n (J|]z|| £ 1). Now T(2) = T(x — n) = Tx — Tn, but Tn = 0. Thus
Tz = Tx where 2 € Sp(r)(1), so that ASg(1)(1) C TSp(r)(1). This shows that the
interior point 0 of Sp(r)(1), is mapped onto the interior point 0 of Sg(r)(1). It follows
that T is relatively open.
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(=) If T is relatively open then there exists a A > 0 such that

S’?{(T) () c T(S%(T)(l)) (1)
Choose y = Tz € Spy(A) (z € D(T)) sothat A — e < [[Tz] < A (A > € > 0).
Then (from equation (1)) there exists z € S%(T)(l) (2]l < 1) with Tz = Txz. But
Tz —Te = 0sothatn = z — x € N(T). Now d(z, N(T)) = infpcpnmllz — 0| <
le — 2 — || = ||2|| < 1. Then

| T'|]

d(z, N(T))
Theorem 40 (Extension of open mapping theorem) Let X and) be complete. Any

0<A—€e<

two of the following three imply the third:

1. R(T) is closed
2. T is closed
3. v(T) >0

Proof: (1,2 = 3) Let R(T') be closed in ) and T closed. Since ) is complete, R(T) is
complete and by the open mapping theorem, T is relatively open so that v(T) > 0.
(2,3 = 1) Let T be closed and y(T') > 0. By Theorem 39 we have, since v(T') > 0, T is
relatively open. Now define the 1-1 operator 7" induced by T where D(T) = D(T)/N(T)
and T : D(T) into Y, by T[z] = Tx. Since N(T) is closed by Theorem 12, D(T) /N (T)
is a normed linear space with norm ||[]|| = d(z, N(T)). Clearly R(T) = R(T). R(T)
will be closed if (and only if) 7' has a bounded inverse, by Theorem 38. Now

o@) = it (I el € D). @ ¢ ()
T2

- e, vy
= (T) >0

z € DT,z ¢ NT)}

Therefore there exists ¥ > 0 such that ||7[z]|| > ~||[z]|| for all [z] € D(T)/N(T). Since
T is 1-1, we have that 71 exists. Clearly ||T-'T[z]|| = ||[z]|| < %”T[Z‘]” which shows
(by Theorem 38) that 7! is bounded. Therefore R(T) = R(T') is closed.

(3,1 = 2) Let 4(T) > 0 and R(T) closed. Then T is relatively open. As before, let T
be the 1-1 operator induced by T. Since R(T) is closed and T is 1-1, T~ exists and
is bounded (by Theorem 38), and hence continuous. Furthermore D(T') = R(T) is
closed in Y and therefore 7! is closed by Theorem 34. Since 71 is 1-1 and closed,
(T~1)"1 = T is also closed (by Theorem 30). Hence by Theorem 36, T is closed.
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2 Derivations

2.1 Introduction

Definition 16 Let A be a Banach algebra and 6 a linear mapping in A. Then § is a

derivation if:
1. D(0) is a dense sub-algebra in A

2. §(ab) = d6(a)b+ ad(b) VYa,b e A

If A is a *- Banach algebra, then § is a x- derivation if
3. 8(a*) = 6(a)* Vae A

Derivations with the property d(z*) = §(x)* are also referred to as symmetric deriva-
tions. Derivations that can be expressed as a commutator (§(b) = ab — ba) for allb € A
and for a € A, are called inner derivations.

Derivations in operator algebras originate from quantum mechanics where the coordi-
nates of particle momentum and position are identified with operators p and g respectively,
satisfying the commutation relations

pipj — pipi = 0
949 — ¢ = 0
and
pig; — ¢;pi = —ihdyll

where h is Planck’s constant. These operators p and ¢ were tentatively proposed (by
Heisenberg) in terms of matrix operators. It will be shown shortly that the relation
pq — gp = —ihll cannot hold for both p and ¢ bounded. Thus operators p and g were
assumed to act on an infinite dimensional Hilbert space H. Physically each vector ¢p € H
corresponds to a state of the system and for ¢ normalized, the inner-product (¢, A1)
corresponds to the expected value of the observable A at time ¢. The equation determining
the change of any such observable A with the time t was specified as

% _ Z-(HAt;AtH) 2)
where
o= L v ®
2m
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is the Hamiltonian, combining kinetic and potential energy as functions of p and g respec-
tively.

The theory of commutators in quantum mechanics stimulates the study of bounded
derivations on operator algebras in the following way: Let z,y € B(A) where A is a
Banach space. (B(A)) denotes the algebra of bounded linear operators on A). Define the
derivation d, by

d:(y) = zy —yx

That ¢, is a derivation, follows from the associativity of the algebra B(A) and the obser-
vation that if d,(y) = zy — yz and 6,(2) = xz — zx then

6(yz) = x(yz) — (y2)z
= (zy)z — y(zz)
= (0(y) + y2)z — ylzz — 0.(2))
= 0,(y)z + yxz — yxz + Yy (2)

The observation ||0;(y)|| < 2||zy|| < 2||z||||ly|| shows that §, is bounded.
Consider the Schrédinger operators p and ¢ on the Hilbert space £2[—o00, +00] defined by
df

p(f) = —ig

q(f)(=) = =zf(x)

Then the commutation relation for p and ¢ yields

(rg —gp)f = (@o)f — (o)f

= plef) - a(-id)

d d

. . d . d
= —zf—zx£f+wf£f
= —if

= —i

This study of derivations begins with some general results on derivations as commu-
tators.
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2.2 Commutators

The following result is used in the proof of some of the commutator results as well as
elsewhere in this work:

Theorem 41 (Kleinecke-Sirokov, cf. (Sakai, S. [22], Theorem 2.2.1)) Let A bea
Banach algebra and & a bounded derivation on A (D(8) = A). Suppose that §?(z) = 0
for some x € A. Then 6(z) is a generalized nilpotent - i.e. (||6(z)"||)» — 0 asn — oo.

Proof: The proof that §"(z™) = n!d(x)™ makes use of induction of §"(z"). For n =1
we have 6'(z') = 1!6(z)!. Now suppose that §*(z") = n!d(z)". Consider Leibniz’s
formula:

" /n
on = 8*(v)6"* (u where
w0 = 3 (1)t
ny _ nn-1)n-=2)..(n—k+1)
k) k!
Then, for the case n + 1 we have that
6n+1($n+1) — 5n+1 (mnx)
n+1
=Y (" Z 1) (&™)t * ()
k=1

- (”T 1)5@")5"(3:) + (";1)52(;5")5"—1(3:) + ..
+ (Zti)&”_l(x”)y(x) + ("“)6%”)6@) + ("“)6"“(@96

n n+1
= &Mz + (n+1)6"(2™)d(x)
= §(0"(z")z + (n + L)n!é(x)"

= 6(n! é(z) - 8(x))x + (n+ 1)!5(z)
n times

= n! [*(@)é(@)"" + §(x)8*(2)8(z)" "% + ... + 8(2)" 8% (2)] + (n+ 1)!S(z)" T

~ v

~~
n—1 times

= (n+ 1))
Thus

o"(x™) = nléx)" forn =1,2,3---.
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Therefore

16(z)" ||

1
I

167 (=)

1
n!

IN

1.1
”5””'75”(5)" =0 n — oo

Theorem 42 (Wielandt-Wintner, cf. (Sakai, S. [22], Corollary 2.2.2)) Let A be
a Banach algebra. Then there exist no two elements a, b € A such that ab — ba = 1.

Proof: For z € A let §,(z) = az — za = [a, z]. Then §,(z) is continuous since for
every & < 0 there exists € = 2||a||6 < 0 such that if ||z — z¢|| < § then ||d,(z) — dq(x0)|| <
2||al|||x — zo|| = 2||a||d = €. Hence d,(z) is continuous at x¢ and linear; and thus bounded
on A.

Now if ab — ba = 1, then

52(b) = d,(ab — ba)

= 611(]1)
= a-—a
= 0

But then d,(b) is a generalized nilpotent (as in theorem 41) which contradicts the fact
that ||6,(0)"||= = ||(ab — ba)"||= = 1 for all n.

As noted in the introduction, the physical significance of this result is that the rela-
tion pg — gp = —ih1l only holds for at least one of p or ¢ unbounded, which leads to the
unbounded-operators-on-Hilbert-space formalism proposed by Heisenberg.

In terms of derivations as operators on normed algebras, this result reveals that the iden-
tity element of A can not be expressed as the commutator of two elements in the algebra.
Also, if we define 6,(b) = ab — ba, then no such derivation can map onto the identity op-
erator. We extend the trivial fact that if A is commutative, we have that ab — ba = 0 for
all a, b € A and therefore all derivations defined as 0,(b) = ab — ba will equal the trivial
operator. This result is formalized in Theorem 46 and following are some required results.

Theorem 43 (Rosenblum, cf. (Sakai, S. [22], Theorem 2.2.5)) Let A be a C* -
algebra and & a bounded, everywhere defined derivation on A. Suppose §(x) = 0 for some
normal x (x*x = zx*) of A. Then 6(z*) = 0.

Proof: Consider the representation 2 — e***. Then
5(ei)\w*) — 6(ei)\w*ei5\w67i5\w)

— 6(ei)\ac*ei5\z)e—i5\z + ei/\z*ei:\m(s(e—ﬂz) el (4)
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It is given that §(z) = 0. Now suppose §(z™) = 0. Then §(z"t!) = §(z")z + 2™(x) = 0.
Thus by induction in n we have 6(z") = 0 for (n = 1,2,3 ---). We have 6(11) = 0 and
since § is bounded,

B(e) = B + 8(—i%e) + 8( (~i%e)?) + 35 (~i%e)®) + -+
=0

Therefore (4) reduces to

6(eikw*) — 6(ei/\w*ei/_\z)efi5\w
But

d(ez’/\z*)e—z’)\x* — a(ei)\z* ei:\z)e—i/_\ze—i)\z*

é(ei()\z*+;\z) )e—i(Xz—f-/\x*)

Normality of z is used to show that e?®"eir® = i(A"+A2)  Now put
f()\) — 6(ei()\w*+5\w))e—i(5\w+)\w*)
— 6(61')\1:* )e—z'/\z*
Then f(A) is differentiable on the whole plane C and

IF M

||5(ei)\w )efi)\w ”

”(S(ei(Aw* + Xz))e—i(Xz +Az*) I

”(SHHei(Az*+5\z)”|le—i(5\z+)\z*)”

IA

1411

so that f()) is a constant by Liouville’s theorem. But f(0) = §(e¥®*")e=#02" = 0 since

(1) = 0. Hence 6(e**") =0 and s0 0 = £(5(e*"))[x=0 = 6(%eP*")[x0 = 8(iz).

Theorem 44 (Fuglede, cf. (Sakai, S. [22], Corollary 2.2.6)) LetT be a bounded nor-

mal operator on a Hilbert space H and S a bounded operator on H. If[S, T) = ST-TS =0
then [S, T*]| = ST* —T*S =0 for allz € H.

Proof: Consider the C*- algebra B(#) and define the derivation ds on B(#H) by
0s(T) = ST —TS for T and S € B(H). We have that d5(T") is bounded. Now by
Theorem 43, since ds is bounded on B(#), we have that given §5(T) = 0 it follows that
3s(T*) = ST* — T*S = 0.
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Theorem 45 (Sakai, S. [22], Theorem 2.2.7) Let A be a C* algebra and 6 a deriva-
tion on A. If [6(x), ] = 0 for some normal x € A, then 6(x) = 0.

Proof: From Theorem 44 it follows that if [6(z), 2] = 0 for normal z € A, then
[6(z), z*] = 0. Then

0(z*)x + z*6(z) = d&(z*x)
= d(zz™)
= §(z)z* + zd(z*)

From this we get

§(z*)z — 26(z*) = &(z)z* — 2*(z)
[6(z*), 2] = [6(z),z*] =0

so that again by Theorem 44 [6(z*), ] = 0 implies [6(z*), 2*] = 0. Now z is in the
center of the sub-algebra B of A generated by {1, z, z*, 6(z), 6(«*)}. The idea is to show
that ¢(d(x)) = 0 for every ¢ € P(A), the pure states on A, so that §(z) = 0.

Since B is a C*- algebra, we can write £ = x; + ixy where z; and z2 are both
self-adjoint (Theorem 8). From Subsection 1.1.7 there exists a pure state ¢ € P(B) and
an irreducible representation (H, m4) of B generated by the GNS construction, which
implies that 7r¢(B)' (the commutant of 74(B)) consists of multiples of 1. Therefore,
the center Z(my(B)) = my(B) N 7T¢(B)I consists only of multiples of 1. (Note that
mo(Z(B)) = Z(mo(B)).

Since x = x1 +1i 2 is in the center of B, then (because by normality z1, 2 € Z(B))
wo(x1) € Z(my(B)) which implies my(z1) = All for some X\. But then y = z; — Al €
N (), the kernel of mg which is a closed ideal in B. Now y = 2y — Al = y; — y_ and
by letting \/y+ = a1 and \/y— = ap, we obtain 21 — A\l = af — a3 with ay, az € N (my)
(because /yx € N(my)). Then

0(z1) = 6(z1 — AL) = d6(a1)ar + a16(a1) — 6(az)az — azd(as)
and d(a1), d(az) € B. From the Cauchy-Schwartz inequality we get

6(3(z1))| |6(8(ar)ar)| + [p(ard(ar))| + [$(8(az)as)| + |$(a2d(az))]
$(8(a1)*8(a1)) * p(a12)? + p(6(az)*8(a2)) plaz?)?
+(8(a1)3(a1)*) 2 $(a1?)? + p(d(az)d(az)*) % az?)?

0

ININA
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so that 6(z1) € N(¢). Since this holds for arbitrary ¢, we have §(x;) = 0. Similarly
0(z2) = 0 so that é6(z) = 0.

Theorem 46 (Singer, cf. (Sakai, S. [22], Corollary 2.2.8)) Let A be a commuta-
tive C*-algebra and let & be a bounded everywhere defined derivation on A. Then 6 = 0.

Proof: Since A is commutative, zz* = z*z and
[6(z), z] = d(x)z—zé(z) =0

for every x € A. Then by Theorem 45 we have that §(z) = 0 for every z € A.

Theorem 47 (Putnam, cf. (Sakai, S. [22], Corollary 2.2.9)) Let T be a bounded
normal operator on a Hilbert space H and let S be a bounded operator onH. If [T, [T, S]] =
0 then [T, S] =0.

Note that (by expansion) [T, [T, S]] = [[S, T], T].

Proof: Let B(#) be the C*- algebra of all bounded operators on H. Then T, S €
B(H). Put §s(X) =[S, X] where X € B(H). Now

5S(T) = [S= T]
= ST-TS
and therefore
[0s(T), T] = 0s(T)T —T6s(T)
= [S,TIT-T[S, T
= [[S’ T]> T]
= _[T7 [S, T]]

Now if [[S, T'], T] = 0 then [0s(T"), T] = 0 and by Theorem 45, since T is a normal element
of the C*- algebra B(H), we have that ds(T) =[S, T] = 0.

Corollary 2 (Putnam, cf. (Sakai, S. [22], Corollary 2.2.10)) Let A € B(H) and
suppose [A, [A*, A]] =0. Then [A*, A] =0 -i.e. A is normal.
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Proof: Put d4(X) = [4, X] with X € A. Now consider

§5(4%) da([A, A7)

A, (AA* — A*A4)]

A, —(A*A — AA")]

A, —[A*, A

= —[A[A*, A] — [A*, A]A]
= —[4, [47, 4]

= 0

Then by Theorem 41, §4(A*) is a generalized nilpotent. Thus
r(AA* — A*A) = lim ||(44* — A*A)"||x = 0
n—oo

Now since (AA* — A*A)* = (AA*)* — (A*A)* = AA* — A* A, it follows that AA* — A*A
is self adjoint and hence normal. Therefore

|AA* — A*A|| = r(AA* — A*4) = 0

which leads to AA4* — A*4 = 0.

2.3 Differentiability

After this brief look at derivations as commutators, we now investigate the differentiation
properties inherent in derivations. The conclusion from this section is that if a process
of differentiation behaves as intuitively expected and is everywhere defined and bounded,
then it is trivial (6 = 0). Therefore, any reasonable non-trivial process of differentiation
must admit elements which are not differentiable. The Singer- Wermer theorem is the

main result.

The commutation relation [a, 6(a)] = ad(a) — d(a)a = 0 for every a, holds if and
only if §(p(a)) = p'(a)d(a) for every a and p a polynomial in a. This intuitive chain rule
can therefore be translated into the requirement [a, é(a)] = 0.

First some commutative Banach algebra basics:

e Every maximal ideal M of a commutative Banach algebra A is the kernel of some

homomorphism of A onto the complex plane (multiplicative linear functionals).
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e For x € A we have A € o(z) if and only if h(z) = A for some h € My

e From these two results and the spectral radius formula, lim,_,o [|z"|* = 0 implies
that z is in the radical of A (the intersection of all maximal ideals of 4).

The notation radA refers to the radical of a Banach algebra A. A Banach algebra is
said to be semi-simple if radA4 = {0}.

The Singer-Wermer theorem states that bounded derivations on semi-simple commu-
tative algebras are trivial:

Theorem 48 (Singer-Wermer, cf. (Sakai, S. [22], Corollary 2.2.3)) If A is a com-
mutative Banach algebra and § a bounded derivation on A, then §(A) C radA.

Proof: Sakai, S. [22], 20.

The following two results derive a local version of the Singer-Wermer theorem for non-
commutative Banach algebras. The notation Q(A) denotes the set of all quasi-nilpotent
elements of A: Q(A) = {z € A|lim, ||z"||= = 0}.

Theorem 49 (Mathieu, M. and Murphy, G.J. [13], Theorem 2.2) Let§ be a bounded
derivation on a Banach algebra A. If [a,6(a)] = 0Va € A then §(A) C Q(A).

Proof: Let B = B(A) be the Banach algebra of all bounded linear operators on
A. If 6 € B is a derivation, then it can be extended uniquely to a bounded derivation
on the unitization of A by setting 6(1) = 0. Now .A may be considered as a closed
subalgebra of B by means of the representation a — L, defined by L,(b) = ab. Under

this identification § becomes an inner derivation as Ls(q) = —[La, 9]
Consider
6%,1 (5) = [Laa [Laa 6]] = _[La7 L5(a)]
= —Lp,sa)
= 0
because [a, 6(a)] = 0 is given. By the spectral mapping theorem we have r(d(a)) =

7(Ls(a))- It follows from Theorem 41 that r(Ls,)) = r(6(a)) = 0, or equivalently
(I6(@)")* — 0asn — oo.
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This result will now be used to somewhat relax the restrictions in the statement of
the Singer-Wermer theorem.

Theorem 50 (Mathieu, M. and Murphy, G.J. [13], Theorem 3.6) Let A be a Ba-
nach algebra and & a derivation on A. Suppose §(A) C Q(A). Then §(A) is contained
in the radical of A.

Proof: The following facts are used to reduce the proof to the invertible elements of

A: Obviously §(11) = 0 and therefore for A > ||a|| we have §(a + ALl) = §(a) for every
a € A. Thus §(A) = §(AN A1) ((a + AL) is invertible in A since A ¢ o(a)).
For X a Banach space, consider the homomorphism 7 : 4 — B(X) defined by 7(a)(z) =
a(z) for every a € A, x € X, which is an irreducible representation of A in B(X )
By composition of 7 and 8§, we may define the map § = mod : A — B(X) b
m(d(a))(z) = d(a)(z). Now, fora, b € A
(0) (ad
(6(ab))
(6(a)b + ad(b))
(6(a))m(b) + m(a)m(5(b))
)

(a)m

0

3

é(ab) =

|
3 3 3

|
on

)
(
so that 4 is a ‘derivation-like’ operator from A to w(.A).

It is given that 6(A) C Q(A). Since 7 is a continuous homomorphism, it follows that

1

Ix@@)™z = lm(E@m)l
< bl 16 a1
=22 0
which shows that 6(A) = 7(6(A)) C Q(w(A)) for every irreducible 7 : A — B(X).

Therefore, showing 6(A4) = 7(8(A))
is the same as showing 6(.A) C rad(A). The intersection of the kernels of all irreducible

{0} for every irreducible representation m of A,

representations 7 is contained in the radical of 4. We may therefore assume that A is
unital and that it acts irreducibly on a Banach space X.

The proof is conducted in two steps: Step one shows that for any z € X, az and §(a)z
are linearly dependent; and step two uses this fact to show that w(d(a)) = 0 for the
invertible elements a in 4, and for every irreducible 7.

Step one: We want to show that 7(a)(x) and w(d(a))(z) are linearly dependent. Take
a € Aand z € X such that w(a)(z) = 0. Then 7(6(a))(z) = 0, because if not,
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then since 7 is irreducible, there exist b € A such that w(b(d(a)))(z) = z. Hence
w(6(ba))(z) = w(bd(a))(x) + w(6(b)a)(x) = x so that 1 is an eigenvalue of §(ba), which
contradicts r(d(ba)) = 0. Thus if w(a)(z) = 0 then 7(d(a))(z) = 0.

Consider for any © € X and a € A the vectors a(z) and d(a)(z). We claim that
there exists A(z) € C such that §(a)(x) = A(x)a(z). For if not, then by the Jacobson
density theorem (Palmer, T.W. [15], 465), there exists b € A such that ba(z) = 0 and
bé(a)(z) = —a(x). Then (6(b)a)(z) = (6(ba) — bd(a))(x). But from the previous para-
graph we have that §(ba)(z) = 0. Thus (d(b)a)(z) = a(x) so that 1 is an eigenvalue of
0(b), which contradicts nil-potency.

Step two: Take a € A invertible, then for every z € X we showed that 7(§(a))(z) =
A(z)m(a)(z) for some A(z) € C. We need to show that X is independent of z.
Choose any linearly independent z,y € X -ieif ax + fy = 0 then @« = g = 0 for
a, B € C. Now

a))(z + y)

)(z) + (@)~ 7(d(a))(y)

Mz +y)(z+y) = n(a)'n(s
m(a) " mw(8

(a)
(a)

a

so that

Az +y) — M)z = M) — Mz + )y

From the linear independence of z and y it follows that A(z) = Az + y) = A(y).
Therefore

w(a) '7(8(a)) = A (5)
Now if A # 0, then

r(m(a)~'7(6(a)))

1

lim [|( (@)~ m(8(a)))" ||~
> Al >0

It is given that 6(A) C Q(A) (for all a € A, ||6(a)"||= — 0). Tt follows from the
commutativity of m(a)~! and 7(6(a)) (equation (5)) and the spectral radius theorem that

r(m(a) " 7(5(a)))

IA

r(n(a) " )r(x(5(a)))
lim lw(@) ™| lim [|=(3(a))"[|»

=0
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which contradicts A(z) # 0. Therefore 7(d(a))(x) = 0 (for every z) whenever a is in-
vertible.

Remark 10 Let A be a Banach algebra and suppose that for every a € A, [a, d(a)] €
rad(A) would imply §(A) C Q(A) without requiring § to be bounded. Then, from the

previous result, an unbounded version of the Singer-Wermer theorem would be proved.

2.4 Boundedness

This study of bounded derivations is limited (as will become evident later) and the focus
of this work is on unbounded derivations. This section briefly states when derivations can
be expected to be bounded.

Theorem 51 (Sakai, S. [22], Theorem 2.3.1) Let A be a C* algebra and 6 a deriva-
tion on A. Then 0 is bounded.

Proof: It can be assumed that A has an identity because if not, then an identity can
be added to A to form the new algebra A. Define on A the derivation § with §(1) = 0 and
let §*(x) = §(x*)* where z € A. Clearly 6* is also a derivation. Then § = % +iWT_i5,
which shows that every derivation is a unique combination of *-derivations. Henceforth
we may assume d to be a *- derivation.

Take z € A,, - i.e z = z*. Let ¢ be a state on A such that |¢(z)| = ||z]|. We shall see
that ¢(0(z)) = 0 for z € As. (From |¢(z)| = ||z||, we may assume that ¢(z) = ||z]|,
otherwise consider —z instead of z.)

Put ||z||1 — 2z = h? with (h > 0, h € A). Then

¢(h*) = ¢(|lzl|1 - =)
= llzllo(1) — ¢(x)
= llzll = ll=[[ =0

From

S(llell — 2) = 8(lz]1) ~ 5(a)
= [lzo(1) ~ &)
= ()
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we have

| =o(0()] = [o(([«]IN - z))|

by the Cauchy-Schwarz inequality. Hence ¢(d(z)) = 0.

We want to show that § is a closed (or closable) linear operator. Then since D(d)
(= A) is complete, it will follow from the closed graph theorem (Theorem 33) that ¢ is
bounded.

Therefore suppose that z, = z}, — 0 and d(z,) — y. y is self adjoint since J is a *-
derivation. From the discussion following Theorem 29 we need to show that y = 0.
Let ¢, € S(A) such that |¢p,(y+z,)| = |J[y+2,||- Then by equation (6), |pn(0(y+2z,))| =
0. Let ¢, be an accumulation point of (¢,) in the weak*- topology of S(A) (compact).
Now

|6n; (y + Tn;) — do(y)] |6n; (y + 2n;) = In; () + 6, (y) — do(¥)]
|n; (U + Zn;) = Gy ()] + [Dn; () — Do (y))]
= |¢n; (@n;) + dn; () = do(y))]

< ||xn]|| + |¢n1 (y) - ¢0(y)| -0

IA

for some subsequence (n;) of (n).

Therefore |¢o(y)| = ||ly|| and from equation (6) we have ¢o(d(y)) = 0. But 0 =
On; (0(y + 2n;)) = ¢n; ((6(y) + 6(2n;)) = d0(6(y) +y) = do(6(y)) + ¢o(y) which leads
to ||ly|l = ¢o(y) = 0 so that y = 0. Therefore § is a closed linear operator and since

D(d) = A, by the closed graph theorem (Theorem 33) we have that d is bounded.
Theorem 52 (Johnson-Sinclair, cf. (Sakai, S. [22], Theorem 2.3.2)) Let A be a

semi-simple Banach algebra and § o derivation on A. Then § is continuous.

Proof: Sakai, S. [22], 23.
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2.5 Derivation Theorem

The derivation theorem is well documented in Sakai, S. [22], Section 2.5 and Bratteli, O
and Robinson, D.W. [3], Corollary 3.2.47. The version proved here was obtained from
Bratteli, O and Robinson, D.W. [3], Corollary 3.2.47, slightly relaxed by not requiring
the result to include ||h]| < ||d]|/2, where h is the element in M given below.

Theorem 53 (Bratteli, O. and Robinson, D.W. [3], Corollary 3.2.47) Letd be an
everywhere defined, bounded, symmetric derivation of a Von Neumann algebra M. Then
there exists a self-adjoint h = h* € M such that §(x) = ih, x] for every z € D(§) = M.

Proof: The proof of the derivation theorem depends on results in the next section and
is therefore deferred to after Corollary 3 in Section 3.
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3 Derivations as generators

Derivations arise as generators for various operator groups. This section provides some
basic semi-group theory required for the understanding of derivations as generators, and
the well known Lumer-Phillips theorems for derivations are only arrived at after the
introduction of well-behavedness.

3.1 Semi groups

Definition 17 A one parameter family T'(t) of bounded linear operators from a Banach
space A into A is a semi-group of bounded linear operators on A if:

roy =1
D(t + s) = T(t)T'(s) for everyt, s > 0

The linear operator A defined by

T -
D(A) = {ze A ltiﬁ)l 7@)3; ad exists}, and
. t)r —z dtT(t)z
Az = ltlg)l ; = 7 |t:0 forz € D(A)

is the infinitesimal generator of the semi-group T'(t) and D(A) the domain of A.

3.1.1 Uniform continuity

A semi-group of bounded linear operators is uniformly continuous (continuity at I) if

lim |T(¢) — I|| =
im [1(6) — 1| = 0

Characterization of the generators and conditions that will ensure a linear operator to be
a generator is important and in the case of uniform continuity, the answer is quite simple:

Theorem 54 (Pazy, A. [16], Theorem 1.2) A linear operator A is the infinitesimal
generator of a uniformly continuous semi-group if and only if A is a bounded linear oper-
ator.

Proof: Pazy, A. [16], 2.

Thus, everywhere defined derivations will always be a generator of a uniformly con-
tinuous semi-group. It is easy to verify uniqueness of the generator, and uniqueness of
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the semi-group can be shown. By uniqueness of the semi-group we mean that if two
semi-groups have the same infinitesimal generator, then they must agree.

Theorem 55 (Pazy, A. [16], Theorem 1.4) If I'(t) is a uniformly continuous semi-
group of bounded linear operators, then there erists a unique bounded linear operator A
such that T(t) = €' and A is the infinitesimal generator of T'(t).

Proof: From Theorem 54 we know that the generator A of I'(¢) is bounded, and from
the (norm converging) series expansion

A _ N~ (A"
¢ Zo n!

it follows that A is also the generator of €4 so that by the uniqueness of the semi-group
we have T'(t) = e!4.

From Theorem 51 (Bounded derivations) and Theorem 54, we have the following corol-
lary for derivations:

Corollary 3 (Uniform continuous generators) Let A be a C*- algebra. Then a lin-
ear operator § defined on A is an everywhere defined symmetric derivation of A if and
only if § is the generator of a norm-continuous one-parameter group of x- automorphisms

of A.

Proof: The proof of this result is a simplification of the proof of Theorem 68 and will
therefore not be expounded in any detail.

The derivation theorem (Theorem 53) from the previous section can now be proved:

Proof of Theorem 53 : Since § is a bounded * - derivation, it follows from Corollary 3
that § is the infinitesimal generator of a uniformly continuous group of * - automorphisms
on M. Let ay, t (> 0) € R be the group of * - automorphisms on M. Then, by Theorem
55

From (Pederson, G.K. [17], 324), the uniform continuity of a; assures the existence of a
uniformly continuous unitary group {u;} C M such that

a(z) = waup
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for every x € M. Let A be the infinitesimal generator of the unitary group w;. Then
from Stone’s theorem (Pazy, A. [16], 41), it follows that h = h* where A = ih (since A
is skew adjoint) so that we can write

u = et Vit

Uniform continuity of u; implies (from Theorem 54) that h is bounded and

1 1 .
Z(Ut—]l) = ;(ezth—]l)

— ih

in the strong operator topology on M. Since uy — 1 € M Vit and M is strong-operator
closed, it follows that h € M. We now have

e(x) = wzu}
—  pithpe—ith
and with differentiation at ¢ = 0:
d 5
%'t:oew(x) = o¢ ($)|t:0
= §(x)
and
d ith, . —ith _  (:pith,. —ith _ :1 _ith, —ith
atzoe’ ze " = (ihe™ze ™" — ihe™ e )| _,
= thx — izh
= i[h, 1]

so that §(z) = i[h, z].

Since we are more interested in unbounded (closed and densely defined) derivations,
uniform continuity is too general and we therefore need to look at strongly continuous
semi-groups.

3.1.2 Strong continuity

A semi-group of bounded linear operators on a Banach space A is strongly continuous

(Co) if

imP(t)x =2 Vzed
10
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Theorem 56 (Pazy, A. [16], Theorem 2.2) Let I'(t), 0 < t < o0, be a Cy semi-
group of bounded linear operators on a Banach space A. There exists constants w > 0
and M > 1 such that

(@)l < Met foro <t < oo (7)

Proof: Assume that there exists an > 0 such that ||T'(¢)|| is bounded for 0 < t < 5.

= 0 and ||T'(¢,)|| > n. From
uniform boundedness it follows that for some z € A, ||T'(¢,)z|| is unbounded, which
contradicts the definition of Co- continuity. Therefore, [|[T'(¢)|| < M for 0 < ¢t < 5. Since
ITO) =1, M > 1. Let w = %ln(M) > 0. Given t > 0 we have t = nn + & where
0 < § < n and therefore by the semi-group property,

If not, there is a sequence t, with ¢, > 0, lim, , t,

[ITON = [TETm)"| < M™ < Me!

Characterization of the generator of a Cyp- semi-group is not so obvious and the Hille-
Yosida or Lumer-Philips theories needs to be developed to present a full account of the
generator character. The following ‘one-way’ result is however useful and sufficient for
the construction of the counter example in Section 4.

Theorem 57 (Pazy, A. [16], Corollary 2.5) If A is the infinitesimal generator of a
Co- semi-group T'(t) then the domain D(A) is dense in A and A is a closed linear operator.

Proof: Pazy, A. [16], 5.

The ‘closed, densely defined’ character allows for unbounded derivations to be in-
finitesimal generators of Cyp- semi-groups.

The proof of Theorem 57 requires the following standard semi-group result. A is a
Banach space.

Theorem 58 (Pazy, A. [16], Theorem 2.4) Let I'(t) be a Co- semi-group on A and
A its infinitesimal generator. Then:

(i) Forx € A,
1 t+h
llzli%ﬁ/t [(s)zds = T'(t)x

with the convergence in norm vV z.
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(i) Forxz € A, %fg [(s)zds € D(A) and

A(/tF(s)xds) =Tt)r — =«
0
(1ii) For x € D(A), I'(t)x € D(A) and

%F(t)x = AT(t)z = I'(t)Azx

(iv) For x € D(A),
¢ ¢
I(t)z — T'(s)z = / T(v)Azdy = / AT (y)zdy
Proof of Theorem 57:

e (Denseness) Set for every z € A, z; = %f(f I['(s)zds. Since zy € D(A) and z; — =

ast | 0, D(A) is dense in A.

e (Closedness) Let ©, € D(A), z, — = and Az, — y asn — oo. From (iv) in
Theorem 58

Tt)x, — T(0)x,

t
| T Az
0

¢
Letn — oo: ) —z = / L(vy)ydy
0

Since Az, — y in norm and I'(y) is continuous for every v > 0, we may write
lim,, fot T(y)Az,dy = f(f I'(v)lim,, Az,dy to obtain the above. Then

Ttz — = 1t
% = ;/ L(v)ydy.
0
Lett| 0: Az = y.

Soz € D(A) from (i) in Theorem 58 and the definition of the semi-group generator.

As mentioned previously, more semi-group theory is required for proper generator char-
acterization. More applicable to derivations would be the development of the well-
behavedness of derivations.

3.2 Well-behavedness

Before we can continue with the study of derivations as generators, the notion of well-
behavedness needs to be introduced. Well-behavedness properties are also relevant in
minima-maxima, problems.
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3.2.1 Definitions

Definition 18 (Well-behaved element) Let & be a x- derivation in a C*- algebra A.
Then © = x* € D(6) is well-behaved with respect to 0 if there is a state ¢, on A such
that |¢x(z)| = ||zl and ¢.(6(x)) = 0.

The existence of ¢, € S(A) with |¢z(z)] = ||z| is guaranteed by z = z* (or
||z]| = r(z)) and the fact that the compactness of o(z) implies the existence of a A € o (z)
such that ||z]| = |\| and the fact that for every A € o(z) there is a ¢ € S(A) such that
¢(z) = A. Well-behavedness therefore intuitively refers to the behavior of the derivation
at a minimum / maximum.

Definition 19 (Well-behaved derivation) A x- derivation § on a C*- algebra A is
well-behaved if every x = z* € D(d) is well-behaved with respect to &. (§ is then also
called conservative and both —§ and +6 are dissipative).

Let Co(R) be the continuous functions on R (complex valued) which are vanishing at
+ infinity, and let C§(R) be the subset of elements in Co(R) that are once continuously
differentiable. If 4 = Cop(R) and § = % with D(8) = C§(R), then § is well-behaved.

Definition 20 (Quasi well-behaved derivation) A x- derivation is quasi well-behaved

if the self-adjoint portion in D(8) has a dense open subset of well-behaved elements.

If A =C(0,1]) and § = % with D(d) = C([0, 1]), then J is quasi well-behaved.
This follows from the observation that, for f € C'[0, 1] to be well-behaved, it must attain

its maximum or minimum on the interval (0, 1). Such functions are dense in C'[0, 1].

3.2.2 General results

The first result stated connects closability of a derivation to the well-behavedness prop-
erty. The proof of Theorem 51 can be simplified using this result:

Theorem 59 (Sakai, S. [22], Theorem 3.2.9) If a *-derivation § in o C*-algebra A
is quasi-well-behaved, then § is closable and its closure & is again quasi-well-behaved.

Proof: Sakai, S. [22], 60.

Theorem 60 (Sakai, S. [22], Corollary 3.2.10) If § is well-behaved, then J is also
well-behaved.
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Proof: Sakai, S. [22], 61.

Theorem 61 (Sakai, S. [22], Proposition 3.2.12) Let § be a *-derivation in a C*-
algebra A with identity. Then & is well-behaved if and only if for every x € D(§)*
(positive) there is a state ¢, € S(A) such that ¢, (z) = ||z|| and ¢,(d(z)) = 0.

Proof:(=) Positive elements z € D(§)T are self-adjoint and the result follows from
the definition of well-behavedness.
(<) Let y be a self adjoint element of D(4) and y = y4+ — y— be the orthogonal decom-
position of y. Then y; and y_ are positive (and self-adjoint), y1y_ = y_y+ = 0 and
llyl] = max(||ys]l, [ly—|])- From the self-adjointness of y it follows that o(||y[|1 £ y) € R
so that the elements [|y||1l + y are positive. By assumption, there exist states @|y|u+y

with @yy)n+y (IWIIT £ y) = [[[lyl|1 £ y[| and ¢y u+y (S([[YIIT £ y)) = djyjusy (6(y)) = 0.

If ||ly]| = ||ly+|| then consider

Byury(lyllT+y) = [yl +ys —y-||

By the continuous functional calculus we can assume that y; and y_ are real valued
functions, so that the right hand side can be reduced to

sup  |([ly+ll +y+ —y-) @O = 2[ly+l|
tesupp(y+)
= 2|yl
But,
Ay (WIT+y) = Dty (Y10 + By jusy (¥)
and
Byuy (lyll) =yl
so that we get ¢yju4y(y) = llyll. A similar argument shows that if ||y|| = [|ly_|| then

Dy -y @) = llyll-
The following three theorems establish the connection between well-behavedness and

the requirements of a linear operator to be a generator of a strongly continuous group of
automorphisms, to be used in the Lumer-Phillips results (see Theorem 68).

Theorem 62 (Sakai, S. [22], Proposition 3.2.17) Let § be a *-derivation in A. An
element © € D(8)T is well-behaved if and only if ||(11 + X8)(z)|| > ||z|| for all X € R.
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Proof: (=) Suppose z (= z*) is well-behaved. Then (from Theorem 61)

M+ A8) (@) > [d=((T1+ Ad)(2))| = |¢2(2)] = ||]]

(<) Given z > 0 and ||(11 + X)(z)]| > ||z|| for X € R, define B as the subspace of A
spanned by 6(z). Then, since Re((1 + Ad)(x) + ipd(x)) = (1 + Ad)(=),

M+ A +ip)d) (@) = [[(T+rd)(x) +iud(2)
(T + A8) (=)

2
> =

forall \, 4 € Rsothatd(z, B) > ||z|| > 0. From Corollary 1 we can choose a linear func-
tional ¢ on A with [|@]| = 1, ¢(z) = d(z, B) and ¢(B) = 0. But ¢(z) = d(z, B) < ||z]|
so that ¢(z) = ||z||. Since z > 0 and ¢(z) = ||¢||||=]|, it follows from Theorem 12 that ¢
is bounded and positive. By the Hahn-Banach theorem (Theorem 11), ¢ can be extended
to a bounded, positive linear functional on A. ¢ is a state since ||¢|| = 1.

Theorem 63 (Sakai, S. [22], Proposition 3.2.18) If a *-derivation § in A with iden-
tity is well-behaved, then there is a ¢ € S(A) such that ¢(6(z)) =0 for all z € D(6).

Proof: Since § is well-behaved, we have that for every self-adjoint z(= z*) € D(J),
there exists ¢, € S(A) such that |¢,(z)| = ||z|| and ¢, (d(z)) = 0. Assume that for
z = z* € D), ||[1—4(z)|| < 1. Then

l¢e()] = [¢o(1) — $2((2))|
= |¢z(1 = 4(2))|
< = ()]
< 1

so that ¢,(11) < 1 which contradicts the fact that ¢, € S(A). Therefore d(1l, §(A)) =
inf{||1 — é(z)|||]x = z* € D(§)} > 1. From the proof of Theorem 62, we can choose a
bounded linear functional ¢ on A with ||¢|| = 1, (1) = 1 and ¢(d(a)) = 0 for every
a € D(9).

Theorem 64 (Sakai, S. [22], Proposition 3.2.19) Let 6 be a *-derivation in A and
suppose that & is well-behaved; then ||[(11+ \o)(z)|| > ||z|| for all z € D(6) and X € R.

Proof: Take the state ¢+, as in the definition of well-behavedness. Then
Goeo (L + A0)(2™) (L + A0)(z)) = oo((z™ + A0(27))(z + A(2)))
= Qpea(x*z + N(2™)x + A2* () + A26(2*)é(x))
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But §(z*)z + 2*d(z) = 6(x*z), thus
Gz (L4 X0) (@) (W +X0)(2)) = Poea(z*z + M(2" ) + A?6(2*)5(2))
and since ¢z, (6(2*)3(x)) = Pur(|6(z)]?) > 0 we have

Goea (L +A0)(2*) (M + A0)(2)) > ¢orol(a”z + Ao(2"2))
= Grra(2°) + Adora (0(272))

But ¢g+5(6(z*z)) = 0 since z*z € D(J) and § is well-behaved, so that

Pooa (L 4+ A0) (%) (L + Xd)(2)) 2 ¢oea(27)

= "l = ||=||*

Therefore ||(11 + A3)(z)[|? > ||z||>

3.3 Well-behavedness and generators

We now return to the classification of derivations as generators for strongly continuous
one-parameter semi-groups. The well-behavedness property and results from the previous
subsection is utilized in the Lumer-Phillips theorems.

First some definitions:

Let I'(t) be a Cp semi-group. From Theorem 56 we know that there exists constants
w > 0and M > 1 such that ||T(¢)]| < Me“t. When M = 1 and w = 0, then ['(¢) is
called a Cy semi-group of contractions.

If A is a Banach space with dual A*, we denote the value of x* € A* at £ € A by the
inner-product {(z*, ) or {x, *). For every x € A the duality set F(zx) C A* is defined
as

F(z) = {2*|z* € A% (2", 2) = |ll]” = |l=z*[|*}

From Hahn-Banach, F(x) # 0 for every z € A.

Definition 21 (Dissipativeness) A linear operator A is dissipative if for every = €
D(A) there exists a x* € F(x) such that Re(Ax, z*) < 0.
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The following standard semi-group theory result is a useful characterization of dissi-
pative operators:

Theorem 65 (Pazy, A. [16], Theorem 4.2) A linear operator A is dissipative if and
only if

[|[(AL — A)z|| > Al|z]| forall x € D(A), A >0
Proof: Pazy, A. [16], 14.
The following three versions of the Lumer-Phillips theorem were compiled from Pazy,

A. [16], Theorem 4.3, and Bratteli, O. and Robinson, D.W. [3], Theorem 3.2.50. The
result for Banach space contractions is as follows:

Theorem 66 (Lumer-Phillips for contractions) Let A be a linear operator with a
dense domain D(A) in a Banach space A.

(i) If A is dissipative and there is a Ao such that R(A1 — A) = A, then A is the
infinitesimal generator of a Cy semi-group of contractions.

(ii) If A is the infinitesimal generator of a Co semi-group of contractions on A, then
R(A1 — A) = A for all X > 0 and A is dissipative.

Proof: Pazy, A. [16], 14.

The result for Banach space isometries is as follows:

Theorem 67 (Lumer-Phillips for isometries) If § is an operator on a Banach space
A, then 6 is the infinitesimal generator of a strongly continuous group of isometries Ty if
and only if 0 is closed, D(d) is dense, and

(A - ad)z|| > =l
R -ad) = A

for all @ € R and z € D(9).

Proof: Pazy, A. [16], 14.

The result for closed operators on C*- algebras and automorphisms is as follows:
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Theorem 68 (Lumer-Phillips for - automorphisms) Let d be a norm-closed oper-
ator on a C* algebra A with dense domain D(6). § is the generator of a strongly continuous
one-parameter group of x- automorphisms of A if and only if:

(i) D(6) is a x- algebra and & is a symmetric derivation
(i) (1 + X6)(D(9)) = A for every A € R\{0}
(11) [|(1 + AO)A|l > ||All for every A € R and A € D(9)

Proof outline: (=) Assume first that ¢ is the generator of a strongly continuous
one-parameter group ¢ — I'; of x automorphisms of A. Property (i) (the derivation
property) is arrived at by differentiation of the x- automorphism properties at ¢ = 0. Let

A, B € D(d).
Since
STAB)|, = SIT(ATBY,,
= §(AB) = %Ft(A)|t:0F0(B) + FO(A)%I‘t(B)|t:0
= §(AB) = 6(A)B + Aé(B)
and since
Ft (A*) = Ft (A)* then (9)
90 (A, = oTo(A%) = 5(4")
d

2T,y = dTo(4)*

Il
>
~
b
e
*

Il
>
—~
b
*
N—

Properties (ii) and (iii) of the theorem follows from the Lumer-Phillips theorem by noting
that I'; and I'_; are inverses of each other and hence isometric by Theorem 67 since both

are contractive.

(<) Next assume conditions (i), (ii) and (iii) hold. Again from the Lumer-Phillips the-
orem it follows that conditions (ii) and (iii) suffices for § to be a generator of a strongly
continuous one-parameter group I'; of isometries. It remains to be shown that condi-
tion (i) implies the *- automorphism properties 8 and 9. This is done by proving the
result on the dense set of analytic elements for §, from first principles. An element
A € D*(0) = NS, D(6™) is analytic with respect to ¢ if there is a positive number ¢
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(depending on A) such that 3°°  £7||67(A)|| < oo.

n=0 n!

o0

* tn n *
Iy(A%) = ZH‘S (A7)
’ t? t3
= A" +t6(A%) + Edz(A*) + 563(A*)...
» »
= ()7 H6(A)" + 584"+ 50°(4)".
= Iy(A4)

The second property (9) requires the use of Leibniz’s formula:

T(AB) = Zgén(AB)

n=0
oo t,n n n
= — (n—Fk) (k)
DS (LRl
n=0 k=0
to tl tl t2 N t2 t2 R
—— ~ DN - g
n=0 n=1 n=2
_ 1P aB+ LB+ s
= [W +ﬁ()+@()+...]
k:O
t! 2 $
+ [TO!A(S(B) + ﬁé(A)é(B) + ﬁ(s (A)5(B) + ...
k=1
t2 ) t3 ) t4 R 2
+ [girAS*(B) + 578 (40 (B) + 55 6* (40> (B) + -] + .
k=2
S s () B S s (ay o~ s a)1 L s ®
- [E_:OH‘S (4)] ;B + [ZOH‘S (4)] 375(B) + [2_:055 (4)) 5,63 (B) + ...
= [X @)Y 599 B)]
n=0 k=0
= Ty(A)T¢(B)

The un-conditional convergence (to allow inter changing the arrangement of n and k
terms above) follows from the absolute convergence of the series
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O n!
i = L SN
Jim ISl = n}gnoollzo - Zm(n_k)!a (A)8® (B)]]|
S dm Zn. Bl B
n=0 k=0
< o©

The last step follows from the assumption that A and B are analytic. Note that con-
dition (iii) is equivalent to well-behavedness (from Theorem 64).

The following theorem characterizes the domain of a generator and is required in the
construction of the domain property counter example of Section 4:

Theorem 69 (Bratteli, O. and Robinson, D.W. [3], Proposition 3.2.55) Let H be
a self-adjoint operator on a Hilbert space H and let

i (A) = et fe~itH A € B(H)

be the corresponding one-parameter group of automorphisms of B(H). If § is the in-
finitesimal generator of oy, then A € D(S) if and only if A(D(H)) C D(H) and
¢ = §(A)¢ = i[H, Al¢ (¢ € D(H)) is bounded; i.e |HA — AH|| < oc.

Proof: Assume A € D(d) and ¢, ¢ € D(H). From Definition 17 we have

(0, 8(4)8) = lim < {lp, AT g) — (o, Ad))
= 1155% t{< th(p, AeiitH¢> - <(P7 Aeiiths) + <Soa AeiitHgb) - <(105 A¢>}
= Jim (T D, AeTTG) + (o, Al — D)g))

= (—iHyp, Ap) + (¢, A(=iH)¢)

which implies that the sesqui-linear form |o (g, ¢)| = [{p,d(A)@)| is bounded, since

(0, 6(A)p)| = |i(Hyp, Ag) — i{p, AH9)|
I5CA) Il NIl

lo(p, )]

IA

Therefore,

a(p, ¢) = (p, 0(A)9)
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This can be re-written as (Hp, A¢) = (@, AHP) — i{p, §(A)¢) for v, ¢ € D(H). Then

(H(p1 — 92), Ap)| < [{p1 — 2, AHQ)| + [i{p1 — 2, 6(A)9)]
< ller — @2lll[AHS|| + [lor — @2ll6(A) 4|
= llpr = p2ll(lAH@]| + [l9(A)4l])

so that the mapping ¢ — (H¢p, A¢) is continuous for fixed ¢ € D(H). Further, we then
have that Ap € D(H*) = D(H), that ¢ — (p, H*A¢) is continuous, and (Hp, A¢p) =
(¢, HA¢p). Equation (10) can now be written as (p, 6(4)¢) = i{p, [H, A]¢). Therefore
¢ — §(A)¢ = i[H, A]¢ is bounded.

Conversely, if A(D(H)) C D(H) and ||[HA — AH|| < oo, then (to prove A € D(J))
we need to show that

lim () — A
sl0 S

exists.
If B is the bounded extension of HA — AH to all of #, then with a similar argument as
before one gets

d

a(‘;o) at(A)¢) = <(P; at(B)¢)

for all ¢, ¢ € D(H). So on integrating (ap(A4) = LU(A))

(@, [as(4) — Alg) = (o, / " n(B) )

By the density of D(H) we get

as(A) — A= | a(B)dt
0
Then
lim as(4) — A = lirn1 a¢(B)dt
510 s 510 s Jo
= B

by Theorem 58(i) so that A € D(§) with §(A) = B.
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4 Domain properties

This section investigates the domain properties, and specifically the so-called ‘chain-rule’,
on the domain D(§) of a closed *-derivation § defined in a general C* - algebra A. Consider
first the case where A is an Abelian algebra and let A = A* € D(§). (Unless otherwise
stated, in this section A, B will denote elements of a C*- algebra and z, y elements in R).

By commutativity we have
5(A™) = nA™Y§(A)
and thus for any polynomial P(A) with A € D(J) we have

§(P(A) = 6(ao) + a16(A) + a26(A?) + a36(43) + ... + an,6(A™)
= a16(A) + a22A5(A) + a334%6(a) + as4A36(A) + ... + a,nA"15(A)
= §(A)]ar + a224 + a33A% + as44® + ...+ annA"_l]

j=n

= 5(A)) (Na; A" (11)
j=1

so that P(A4) € D(4) and §(P(A)) = 6(A)P'(A). From A = A* we know that A[A] (the
smallest C*- algebra containing A) is commutative and M 414), the maximal ideal space
of A[A], can be identified with o(4) C [—]||4|,|]A]l]]. The continuous functional calculus
mapping each f € C(0(4)) to an element in A[A], is defined by f(A) = T71(f) (T the
Gelfand transform). For example, the function f(t) = #2 is in C(o(A4)) and therefore
there exists a (unique) B € A[A] with B = f(A) and B = A?.

Because A = A*, we know that 6(A) C R is closed, bounded and hence compact and
(given f € C'(c(A))) from the Stone-Weierstrass theorem we can select polynomials P,
with P, — f and P, — f' on the spectrum of A. Replacing P, into P earlier, it follows
from the closedness of § that f(A) € D(d) and

This result relies heavily on two assumptions: the commutativity of D(d) C A and
the function f € C!. Firstly, if we drop the commutativity assumption, then equation
(11) above fails to hold and the argument is no longer valid. Section 4.6 provides an
example of an f € C! on a non-commutative algebra with f(A4) ¢ D(J).

Less obvious, however, is the effect of the choice of functions f for which the result is
still valid. If we restrict the functions to f € C?(o(4)) and maintain the commutativity of
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A then of course the property still holds, but relaxing commutativity immediately raises
the following questions:

1. Is the domain property valid for non-commutative A and f € C2?

2. If 1 holds, by how much can the restrictions on f be relaxed without ruining the
result for non-commutative A7

4.1 Background

Consider the complex function fy(z) = 3% where ), z € C - the complex plane. By
Taylor series expansion there exists a unique power series expansion of fy around a € C
of the form
oo
ar(z — a)*
k=0
where
k
= W@
TR

If we consider a = 0, then agp = 0 and a; = ﬁ for k > 1 so that

o 2
(7)) = Z(X)k (12)
k=0
The limit limy, o0 [5F] = + and the series converges on |z| < A and diverges on

lz] > A

Let A = A* € A (aC*-algebra) so that o(A4) C [—||4], ||Al]] (C R) and consider the
element A(All — A)~!. By the continuous functional calculus for A = A*, this element

corresponds to the element f : 2z — in C(o(A)). Therefore, from equation (12) we

zZ
A—2z
can write

AA) = 3 St (13)
k=0

where A € C, A € A. This series converges for all |A| > ||A|| (outside the spectrum of
A). (Equation (13) is a so called Neumann series and its convergence can also be estab-
lished as a convergent geometric series for all [A| > ||4]|)

We now restrict the focus to the subalgebra D(d) - domain of a closed x-derivation
in a C*- algebra A - and we wish to investigate the behavior of functions on D(d). Both
the inverse and the exponential function are fundamental to functional analysis and the
following two sections deal with them.
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4.2 The inverse function on D(J)

Theorem 70 (Bratteli, O. and Robinson, D.W. [3], Proposition 3.2.29) Let¢ be
a norm closed derivation on a C*-algebra A with identity 1. If A = A* € D(d) and
A ¢ o(A), then AAL — A)~! € D(6) and

S(A — A)7Y) = A — A)~15(A)(AT — A)~

Proof: This theorem is proved in three steps.
Step 1 proves the result for all |A|] > ||A4| -i.e |A| larger than the spectral radius of
A = A~
Step 2 proves the result for A in a small neighborhood of each \g with |Ag| > [|A]|-
Step 3 consists of an analytic continuation argument proving the result for general A ¢
o(A).

First consider the function fy(A) = A(AIl — A)~! = A, (as before). By the contin-
uous functional calculus on o(A) for A = A* we know that A(A1l — A)~! corresponds to
the element in C[o(A)] defined by f : # — 2 for A ¢ o(A). We then have

Al = IAQL = 7Y = [|fllo = sup | |

yEa(A) A —

This representation always reduces the complexity of problems in that we only need to
investigate functions on C (the complex plane).

Step 1: Set Ay = AAL — A)71 (= fA(A)) and let |A| > ||A||. As shown before, the

Neumann series (geometric series)

A
S = Z(X)n
n=1
converges to Ay = A(All — A)~! and
B = A, A A, A, A,
lAN] = ”7;1()‘) =I5+ G+ )7+ "+l
WAL Al AL
< AL, AL, AL,
Al Al Al
= (AL = (14!

because |A| > [|Ax||. Furthermore, A"*! € D(§)Vn so that S, € D(§). Finally we
need to look at §(Sy,). From §(A"+1') = 337 AP§(A)A™ P and the Neumann series

Sm = 3 o(2)" ! we construct the double series (sum)

@ = 3 3 S GrIAG
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Now

16(Sm)l

123 S sy

n
n>0 p=0
n

1 & A B
WZZIIXI”IM IR II"”

n>0 p=0

= ||5 IIZZII—II"

n>0 p=0

n>0

IN

and with the ratio test

A
N _ (m+ 25
lim lim ot UAR
m—oo S, m—00 (m+ 1)||X||m

14 <1
A

this double series also converges. An expansion of §(A4,) yields

R
sy = 5| O]+ [ + (o] + [ + 3003 + (D] +..

and by grouping terms with equal p- indexes together, we get

N HWA) F A + A ] + [ + () +(

so that for each fixed value of p (say p = 2), n can assume p, p+1, p+2.. (2,3 4,..

.). The

following matrix indexation helps to visualize the fact that no terms are gained or lost in

the re-arrangement. For any pair (p, n), there is only one term:

B
w N = O
B W N =
SR W N T
S Ot W

The absolute convergence of §(S;,) implies its un-conditional convergence, which assures

the same limit irrespective of the arrangement. It follows from the closedness of § that
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Ay € D(§) and

>

54 = 5 S Y

p>0 n>0

= A — A)TISA)AL — A)7

Step 2: Assume now that 0 # Ao > ||A|| so that Ag is outside the disk in C with
radius equal to the spectral radius of A. From step 1 we know that Ay, € D(J) and

8(Ax,) = Aol — A)716(A)(Noll — A)7F

We will now prove the result of step 1 for all A with |%| < ||Ax,||7Y, i-e we prove the
result for all A inside a (small) neighborhood of [Ao| > ||A[|. Since |2 A | > [|Ax]|, we
may substitute )\ 5 for A into the Neumann series discussed in step 1 to get the series

; A(Ao —)\ )n+1

This can be expanded and manipulated as follows:

[AOAE A][A"; A+ (A(’; Mgz oy AT A
= R+ PO, + RCTINA, +
= 2+ DA+ (A3, + 0P, ]
2 3
- %Axo [+ (j%) + (A:;_*;)O)Q + ()\:i—)\i)3 + ]
= %Axo(ﬂ - (:ﬁ)‘))l since |)\0/\_ )‘| < [|Ax |l
- %Axo( m)—l
= 2o, MS <A0A— NAro 1

= Xodxn (AT — (Ao — N)Ay,) 7!

= XAl — A) (AT — AAQol — A) ! + AL — A) 1)
— MARAol — A) — XA + AA)

= A — A

-1

(14)

so that we have

Ao A — A
Ay = Ay,)n+
YT - /\ngo( A )
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Again by the closedness of ¢ it follows that Ay € D(J) and
Ao — A Ao — A

8(Ay) = ()‘A—O)I;0 [(— )AAO]P(S(A)\O)HEO It V)"
= Aopty - Bom Vhegmigg, Ay - Po = My
- A_,\O[((AO]l -4 - (Ayo — DAYl — A) "] 6(Ax,)
[((Goll — 4) - (% — Aol — 4]
= )‘—/\0)‘—/\0[()\0]1 — A - A)_l]é(AAO)%[()\OH A = 4]

From step 1, 8(Ay,) = Aol — A)16(4) Mol — A)~' so that
5(A)) = AAL — A)~15(A)(A1 — A)~

Step 3: Recall |Ag| > [|A]| and the region |/\0+)‘| > ||Ax,|| from step 2. By the
continuous functional calculus for A = A*, A(Xe1l — A) corresponds to an element
f: A= XX — N tforall X € C(c(A)). This allows us to investigate the region in C
for which

A — Aol 1
— A
|)\| ” /\0”

1%
= (s

up
v€o(A)

A

| h~

g
Ao — ¥
To continue the proof for general A ¢ o(A,), we need to be able to select a sequence \,, ¢
o(A) with A, — X such that Ay, € D(d) and §(A4y,) = A\ (A1l — A)"15(A) (N1 —
A)~1) so that the result for general A ¢ o(A,) then follows from an analytic continuation
argument.

Therefore, we have to understand the region introduced in step 2 a little better. To
simplify matters we set ||f||52 = a. Let A\g = (Zo, yo) and A\ = (z, y) with z, y, xo, yo
all real numbers. Then

|(230, yO) — (.Z', y)l

= «
(z, y)
l(mo — z), (yo — y)| = |z, yla
zy — 2xmo + 20 + yp — 2y + > = (27 + ¢y’ (15)
Now investigate the following three cases:
Casel: aa =1
xg — 2xx9 + yg —2yy = O
2 2
X0 Ty + Yo
= ——2x +
Y Yo ( 2yo )
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which describes a line perpendicular to the line joining (zg, yo) and (0, 0) and intersecting

it in (%IL’(], %yo).

Cases 2 and 3 require completion of the squares (a # 1) in equation (15):

220 — 2% + y?a® — y? + 22z + 2yyo = :1:(2, + y§
becomes
2
2 To 12 Zo 2 Yo 12
-1 - -1 _J0 2 _
2
Y
2 2 9 2
Zg 2 Yo 2 _ zg Yo xg 0
R e IR U reay | 21T @ 1 @12 (@1
_ 9@+ w)
(2 = 1
This is a circular region with center on the line joining (zo, yo) and (0, 0) and radius
ay/z2 +y2
laZ —1] -
Case2: a>1

Select Ag on the positive imaginary axis. Then (a® — 1) > 0 so that >~ > 0 and

a2
/> — 00 as a | 1 so that the center of the circle approaches —oci as a | 1. Also, the
2 2
radius a‘i‘m - ooasall.

Case 3: a<1

Here o> — 1 < 0 so that =5 < 0 and a—ZO_Ll — —o0 as a T 1 so that the center
of the circle approaches +00i as a 1 1.

1

Recall a = (sup,cqa) 550" = inf,yeg(A)|*°’Y_'V| = inf,ye(,(A)ij—“ — 1] and re-
strict A\g to the positive imaginary axis. Then (since o(A) C R is compact) it follows
that |%Q — 1] = /1 + (£)? > lforally € o(A) sothat a > 1 for Ag on the imaginary

axis. This is case 2 above and we see that the circle will intersect the imaginary axis at

2,,2
Yo 2 Yo
v+ 1 T @ow
Yo Yo
= =+
v+ a? —1 a? — 1
y = — Ayo + Yo
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"‘707A0| — 1 <

For A9 on the positive imaginary axis, we have that a > 1 and therefore
2
a shows that 42 is also in the region |22=2| < a. A similar argument shows that if A
is on the negative imaginary axis, then %l is also in this region. Furthermore, for any A
in the half plane given by sgnImA = sgnlmAo and |[ImA| > |ImMg|, we have
|)\0_)‘| — |(07y0)_($7y)|
A (z, y)
z? + (Yo — y)?
:1;.2 + y2
1 <a

IA

because |[ImA| > [ImXo| and (yo — y)? < y>.

To conclude, we now have the following: Given any A ¢ o(A), there exists a se-
quence A\, ¢ o(A) with A, — X such that Ay, € D(0) and 6(4Ax,) = A(A 1l —
A)715(A) (A1l = A)~! for all n. Thus

Ay, € D)
Ay, = AL - AT
- A — A)7! = Ay
in norm as A\, — A (since (\,11 — A)~t — (A1 — A)~1).
Also

>,

§(Ax,) = Al — A)75A) 1 — A7
= AL — A)7TISA) A — A7t
so that by the closedness of § (Theorem 28), it follows that
Ay € D)
S(Ax) = AL — A)7LS(A) (A — At
for all A ¢ o(A) and A = A* € D(J).

Remark 11 If 1l € D(9), then the result of Theorem 70 can be restated with the element
A — A)~! replaced by (M — A)~1. We write
1 (Al — A1 — A)!
= AAI — At — A0 — 41
so0 that A1 — A)~! = )\()\]l A)~ — 1. Since 1 € D(5), we have (A1 — A)~! € D(F).
Also, §(AM — A)~1) = A6((A\1 — A)~1) since 6(11) = 0.
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4.3 The exponential function on D(J)

Theorem 71 (Bratteli, O. and Robinson, D.W. [3], Lemma 3.2.31) Let ¢ be a norm
closed derivation of the C*- algebra A and let A = A* € D(5). Define U, = e*4 for
2 € C. Then U, € D) and §(U.) = z [ Up6(A)Up—y.dt.

Proof: The proof follows the following steps:
Step 1 uses the binomial theorem for general r € R to show that lim, _,  ||[U, — (1 —
=7 = o.
Step 2 sets f(t) = U.6(A)U1 )z, defines fir(t) = (1 — %)*"6(14)(]] - %)f"
and shows that f,(t) — f(¢) uniformly on [0, 1].
Step 3 defines a partition Py, of [0, 1] and shows that for all Riemann-integrable g(t) we
have S(Py, g(t)) — fol g(t)dt where S(Py, g(t)) = an:c;@m — Pm —1)9(pm)- This step
involves looking at the adjusted left sums over the interval [0, 1].
Step 4 combines steps 2 and 3 and implements the double limit (iterated limit) theorem
to show that limg[S(Py, lim,, fr(¢))] = limg[lim, S(Py, fr(t))] = Umg[S(Pk, f(t))] =
2 [} F(t)dt.

Step 1: Consider the binomial series expansion for powers of general r € R: If [z| < 1,
then

(1+2)" = i (;) o (16)

k=0

where (}) is defined as

N\ _r(r=1)(r—=2).(r—k+1)
k k!
For n large enough we have ||( 7;2‘4

in 16. Then

—zA

n

)|| < 1 so that we can replace z := ( Yand r := —n

1+ (_ZA))*" i (;") (_2A)k

k

I
NE
N\
= 4
N——
A~
s| L
=
=
=
ol

The first two coefficients of the right hand side is 1, and

For k = 2:
e = T
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n?+n
2In?
w 1
For k = 3:
-n\,—1l3  —-n(-n—-1)(-n-2) -1,
( 3 >( n ) B 3! ( n )
_ n® +3n% + 2n
B 3In3
w 1
In general,
-n\ ,—1k (=n)(—n —1)..(—n —k+1) k
- - 1
( k >( n ) klnk (=1
_ 1nn+1) (n+k-1)
- kKlm on T n
o 1
%
Therefore,
A zA, ., X 1lnan+l n+k-1 1 .
—a-*= < —nnEl — 2|4
L B M L2
llzAll\ -~ llzA]l
= (1- —el=
(- LAl
=2 0
so that lim, , [|U, — (1 — %)*"H = 0.
Step 2:
o0 tzA _, 1-¢)zA _,
1 (Vs oy - (1= Eh)maaym - C0E )y -
o0 tzA, _, 1-¢t)zA _,
1 U0 (A) Vs oy - (1= Eh)maaym - B2 )n
tzA, _, tzA _,
(1 - T) I(A)Ua—p. + (1= T) (A Uq—p:ll =
o tzA _, tzA _, 1-t)zA,_,
i 1[0 — (0= Z) =000y + (1= ER) 54 Uy, — (1 - L2 <
o0 tzA._, o0 1—t)zA _,
im0 — (1= Z2 16Ul + KIS Uy — (1~ T2

= 0
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follows from step 1, the continuity of multiplication of the Banach algebra and the bound-
edness of {(11 — %)_"}. K (above) is chosen as an upper bound for ||(11 — %)”H

Step 3: Define a partition Py of [0, 1] by tg = 0, 1 = %, .y tg = 1 s0 that t,, = .

Now construct the lower (left) sum as follows:
1 .
2 /0 Vb4V yedt = T > mZ_OU%Zé(A)U(l,%)Z
.
= limo mZ::O Uz 0(A)Uk-m)(3)
k—1
= limel=Z Z(]U(m)%‘S(A)U(k—m)(%)

k—1
© 2z
= Hm e > Unin) 16 Ukomp) (17)
m=0

The last step above is achieved by multiplying (from the left) by U: = er*4 without
affecting the limit in k, since limy_, er? A 5 1.

Step 4: From the formula (Leibnitz) §(A™) = S 7-0 A¥§(A)A"~'=* and an applica-
tion of Theorem 70 (Remark 11) it follows that
(-2 = gw - 2y - 2@ - 2y
= (2)7:2:(11 Ryt ay(n - Eye
- (%)Zé(u Sy ey eem g

We now construct a double limit from equations (17) and (18) and in each term of
the Darboux sum, we have (from step 2) (11 — 22)=(m+1) = [(1 — 24)=2|(m+D 2 with
(11— 2)=% 5 etasn — oo. Also (11— 24)~(r=m) = [(1] — 24)=2]("=™) % Consider

the sequence

zA

Zymmmn kg - 22y kemit

In order for the iterated limit theorem to be applicable, we need to show that both
limy g, = 2z, and lim, x, = y; exist, and that for at least one set of limits the con-
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vergence is uniform.

For the limit in k, we use the partition as defined in step 3 and construct an adjusted

left sum:
! zA,_, ZA -
z/o (1= 22y nt5a) (1~ Z2) gy
k—1
= 1) Sl - SR - T
k—1
= tmG)a - Y- sy - 2
m=0
P ZA| . 1tm ZA| . k=m
= tip() (- T s - S
so that
lilgn.z-;m = Z/o (n- %)_"té(A)(]l— %)_"(l_t)dt = 2n
with

k—1
limzg, = = 3 eI 5 A)eh—m)F —
n k
m=0
The uniform convergence of lim, f,(t) = lim, (1 — 24)~ " = ¢**4 for t € [0, 1] assures
the uniform convergence in n of the series z,r — yx above, so that the iterated limit
theorem applies.
Now from step 3 and equation (18) it follows that

lim & (11 — %)‘") = lirrbn(g) mizo(ll - %)‘(M”&(A)(n - %)—("—m
k—1
= pin g S - CR I - e

k—1
z zA zA
— limZ2 (m+1) A (k—m)
im o mEZOe *d(A)e *

1
= Z/ Utz(s(A)U(l—t)zdt
0

From the closedness of 6 (Theorem 28), we now have the following:

(1- =) " € D)
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lim, (1 — 24)=" = U,

(L= ZA) ") — 2 [ Up0(A)U—py.dt

which implies

U, € D(0)

8(U.) = 2 [y Upd(A) U1y dt

4.4 Fourier analysis on D(¢)

Theorem 72 (Bratteli, O. and Robinson, D.W. [3], Theorem 3.2.32) Let § be a
norm-closed derivation of a C* -algebra A with identity 1 and assume 1 € D(5). Let
f € LYR) be a function of one real variable so that f erists, and assume further the
condition

[1i@llaids < oc

is satisfied. If A = A* € D(9), then f(A) € D(6) and

) = @nh [ faetds
5(f(4) = —%/f .CII{/ ztwA(s 1(1 t:cAdt}dm

Proof: The proof follows the following steps:
Step 1 proves f € Co(R) by means of the dominated convergence theorem.
Step 2 proves that fe El( R).
Step 3 proves f exists, f = f a.e and f € Co(R). §
Step / involves a Riemann sum construction of f = f, shows that YN (f(A) € D)
and then shows that 6(}_ 5 f(A)) converges (the previous exponential function theorem
is used here). The result follows from the closedness of 4.

Step 1: By definition, f(t) = [ f(z)e *'dz. If t, — t € R, then
) = Fol = | [ @it = fyeas|

[ls@llei=t — et

R

IA
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Now |e~#@in — e~ < 2 implies the integrand is bounded by 2|f(z)| and tends to 0 for
every  as n — oo. From the dominated convergence theorem (Rudin, W. [20], 29) we
have

n n R
= /hm I:lf(g’}')”e_iwtn _ C_iwt”d;[]
R n
= 0VzeR

so that f(t,) — f(t) which implies f is continuous. To prove vanishing at infinity, note
that e™ = —1 so that

f(t) /_Oo f(z)eimeim it gy
— _/oo f(m)e—it(w-i-%)dx

/ f(z e " dy

(Note the substitution z := x + 7). Hence

/ {f )}e—itzdx

The map §¥ — f- = f(z — T) is uniformly continuous (Rudin, W. [20], 182), so that

2f(t) < NIf-fzll »F<=0

Step 2: From step 1, f is continuous on the compact subset [—1, 1] so that f is

bounded. Now
L= ae [T [T

and clearly |f(z)| < |2||f(z)| on R\[-1, +1] so that
-1 -1 R 00 R
/ WMS/ allf@l < [ lallf@)] < oo
by assumption. [, | f(z)| < oo follows from a similar argument.
Step 8: Since f, f € Li( ) (steps 1 and 2) it follows from the inversion theorem

(Rudin, W. [20], 185) that g(x ff Yei@tdt, g € Co and f = g = f a.e. Since f is

continuous on R, we can replace f by f if necessary and assume f to be continuous.
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Step 4: Since f € L£1(R) N Co(R), we can construct a Riemann sum

N
Z(f) = Z(a:] — 'rj—l)f(-’lfj)eiij

N j=1

From f € £1(R) it follows that 3" (f) is convergent. Looking at d(3 5 (f)), it follows
from the exponential function theorem that

1
6(62'113'14) — lx‘]/ eitanA(S(A)ei(l—t)mjAdt
0

so that

N 1
Z = Z — Tj_1) :EJ)ZLUJ/ eitEfA(S(A)ei(l_t)zfAdt
= 0

N

From the closedness of §, we now have that the following (Theorem 28):
Sn(f(4) € Do)
Sa(f(A) = X
[N ()] = Y
imply
Xzﬂmzﬂmzf?ﬂmwmmema
5(X) = 6(F(4)) = i [, f@)a [ eitrAo(A)ei1-DaAdy

which concludes the theorem.

Note that from first principles and step 3

Py = iy fe40) = J@
— ,llli% h/ [ez (z+h)t _ eizt] f(t)dt

The integrand is bounded by 2|f(¢)| (f € £1(R)) so that the dominated convergence

theorem implies

},(x) _ /_oo i %[ei(ﬁh)t _ em] Fat

oo h—0

= / Tt ft)e=tdt

— 00

Also | [ atf(t)etdt| < [ |t||f(t)|dt < oo by assumption, implying §(3" x(f)) con-
verges. This shows that the conditions for f in the hypothesis is stronger than C!.
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4.5 (? functions on D(¢)

The following theorem illustrates the domain preserving nature of C? functions on D(4):

Theorem 73 (Sakai, S. [22], Theorem 3.3.7) Let A = A* € D(d) (4 is norm-closed)
and f € C2([-||All, ||A]]]) e twice continuously differentiable function. Then f(A) €
D(9).

Proof: The theorem can be proved by showing that the conditions for f given, implies
ffooo ||| f ()] < oo, which will imply the result from the previous theorem.

Define g(z) = |z +i|™! and h(z) = |22 + iz||f(z)|. Then

o0 2 . .
[ i@

ceo T
_ /Oo 7"5’34"'$2| f(2)|dz
—0o VI2+1

/O; M)lf(x)|dm

[ slii@las

<g,h>

Looking at [|g][[|A]l;

ol = ([ o) ([ inopan)

—o0 —0
> 112 1 > 2 A 2 1
= ([ i i) ([l +isllf@) )
—o0 —o0
The first integral can be reduced to [* |z +i|72dz = [ 1+1w2 dx = .

For the second integral, note that the function f € C?([—||4]|, ||All]) can be extended
to f € C%(R) with the support f1((0, 0o)) compact, by adding polynomial pieces to the

end points (at x = —||A|| and z = +||4||) so that for some r > ||A]||, the polynomial
extensions are C? on the interval [—r, r] with f®)(+r) = 0 for i, = 0,1, 2. If we set
f = 0 on R\[-7, 7], then f extends to a C? function on R with compact support.
Now

67.\]0 Cz\f SN2 7 P

— - —)(t) = t t) —atf(t

Ca-Tyo = @pfon-ifo

= —(+it)f(t)
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Applying Parseval’s identity (Rudin, W. [20], 187), the second integral therefore reduces
to
= : TR df
2 02 2 _ 2
[ isPl@ras = [ 135 - TP

< o®©

where the support {z|f(x) # 0} C [-r, r].

By the Cauchy-Schwarz in-equality (| < g, h > | < ||glll|h]]) it follows that f €
C2[—||All, || A]]] implies [°_|z||f(z)|dz < oo, and hence f(A) € D(J).

4.6 A counter example

In this section it is shown that the results obtained in Section 4, can not be extended for
functions f € C!. The counter example uses a function of the form f(z) = |z| (suitably
smoothed at £ = 0) defined on a closed interval in R containing the spectrum of A = A*
and a derivation arrived at as the infinitesimal generator of a strongly continuous one-
parameter group of - automorphisms of a C*- algebra A. A boundedness property for
the elements in the domain D(d) of the derivation is then violated by the element f(A),
proving the results of Section 4 false for general f € C!.

The function used is defined for all @ > 0 on [—e~!, e7!] as

|z| -1
fa() = Vo< |z| <e
(1n|ln|e—1|a:|||)a

fo = |z| and f, € C' when a > 0.

The following three results are required in the proof of the counter example. We want
to construct two operators A and B in a Hilbert space with A bounded, A(D(B)) C D(B)
and AB — BA bounded, but fo,(A)B — Bf,(A) un-bounded.

The proof of Theorem 74 requires some background on Toeplitz matrices and their
corresponding functions. A brief summary of (Brown, A. and Halmos, P.R [4], 89-94) is
listed here. Let T denote the unit circle in C and I the disk in C with radius 1 and consider
the orthogonal basis {e,} for £3(T) defined by the bounded functions e, (z) = z, for all
|z = land n = 0, £1, £2, +3,.... A function f € £2(T) is analytic if the negatively
indexed Fourier coefficients vanish - i.e if [ fe, = 0forn = —1, —2, —3.... The analytic
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functions in £2 is denoted by $2. A bounded function ¢ on T induces two operators in
the following ways:

For every f € £2, define the Laurent operator L = Ly : £2 — £2by Lf = ¢f

For every f € £2, define the Toeplitz operator T = T : $? — $? as the compres-
sion of L to % by Tf = PLyf = P(¢f), where P is the orthogonal projection
from £2 onto $2.

Clearly [|Lfll2 < [|¢]lco||f[l2- Thus [Tyl < [[Lg]l < [I6lleo

Laurent operators

The special Laurent operator L., is called the bilateral shift - denoted by W. The
description ‘shift’ is evident from the fact the We,, = e,41 for n, £1, +2, +3 ...

Result 1: An operator L on £? is Laurent if and only if L commutes with the bilateral
shift operator.

Every operator A on £ has an infinite matrix [a;;] with respect to the basis {e,}
given by [a;;] = (Ae;j, e;). Now if Ly = A for some bounded function ¢, then the matrix
[ai;] of A has an expansion in terms of the Fourier coefficients of ¢:

¢ = aie

where

a; = <¢a ei)

For a Laurent operator L we have

aij = (Aej, ei) = (dej, ei) = (e, e;)
= (Wi, e) = (¢, WHe;) = (o, eij) = i

which motivates the definition of a Laurent matrix:

Define a Laurent matriz as a two way infinite matriz [a;;] (i, j = 0, £1, £2, £3, ...)

with [a;y1, j+1] = [asj]

Result 2: An operator L on £* is Laurent if and only if the matriz [a;;] of L with
respect to the basis {enln = 0, £1, £2, £3, ...} is a Laurent matriz.
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How do we recapture ¢ from the matrix of A? Since ¢ = Aeg, it follows that the
Fourier coefficients of ¢ are the matrix (Aeg, e;) which is the 0- column of the matrix of A.

Toeplitz operators

The following results for Toeplitz operators follows from the preceding:
If ¢ =1, then Ty is the identity.
If ¢ = ap + By then Ty = oT, + BT,.
If $ = ¢ then Ty = T;.
The mapping ¢ — Ty is one-to-one.
Ty is positive if and only if ¢ is positive.

If ¢ is a bounded function, then Tyf = PLgyf for every f € $2. Therefore, for
i, 7 > 0 we have (as before)

(Tyej, e) = (PLgej, €) = (Lgejy1, €it1)
= (PLgejt1, eir1) = (Tpeji1, €iy1)
which leads to the definition of a Toeplitz matrix:

Define a Toeplitz matriz as a one way infinite matriz [a;;] (i,j = 0,1, 2, ...) with

[@it1,5+1] = [aij]

Result 3: An operator T on $? is a Toeplitz operator if and only if the matriz [a;;] of
T with respect to the basis {en|n = 0, 1, 2, ...} is a Toeplitz matriz.

The proof is listed in (Brown, A. and Halmos, P.R [4], 93), and the proof of sufficiency
is briefly as follows:

Assume A is an operator on $? such that (Aeji1, e;41) = (Aej, e;) for 4,j =
0,1, 2, .... It needs to be shown that A is a Toeplitz operator. Consider the operator on
£2 given by

A, = W*APW" Vn >0
(19)

where W is the bilateral shift operator. It can be shown (Brown, A. and Halmos, P.R
[4], 93) that the sequence {4, } of operators on £2 is weakly convergent to a bounded
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operators Ao, on £2, that A, has a Laurent matrix which implies that Ao is a Laurent
operator, and that

PAof = Af Vien

Therefore, A is the compression to $?2 of the Laurent operator A, and is hence a Toeplitz
operator.

How do we recapture ¢ from the matrix of A? If A = Ty, then A, = Ly (as in the
proof of Result 3) so that the Fourier coefficients of ¢ are the entries in the 0- column of
the matrix of A,,. An expression in terms of A is evident from the following: If i, j > 0,
then

(Aej, e) = (Axcey, i) = (), €i—j)
so that
(¢, ei) = (Aeo, €i) Vi>0
and
(¢, e—;) = (Aej, €o) Vi>0

Therefore, ¢ is the function who’s positively indexed Fourier coefficients are the entries
of the 0- column of the matrix of A, and who’s negatively indexed Fourier coefficients are
the entries of the 0- row of the matrix of A.

In particular, given the (Toeplitz) matrix W with

13
1 0 1
0

it needs to be shown (Brown, A. and Halmos, P.R [4], 94) that the function f(z) =
i(m — xz)Vx € (0, w) has its forward Fourier coefficients (positive index) equal to the
terms in the 0 - column of the matrix of W and its backward Fourier coefficients (negative
index) equal to the 0 - row of the matrix of W.

The general Fourier series expansion of f(z) is as follows:

flx) ~ Z cne'™® where
; 2m .

en = — flz)e """ dx
2w 0
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Therefore, for f(z) = i(r — z)Vz € (0, 27) we have

1 2w
o = — i(r — x)de =0
271' 0
and
1 2w ) 1 2w .
Chn = — ime "dy — — ize "™ dx

271' 0 27T 0
7: 27I' 3 i 27I' .

= = e " dy — — e "™dr
2 0 271— 0

Partial integration (factor integration) yields the following;:

Integral 1 :

and

Integral2: =

t,—1
2

)e—inz 27

in 0

—5-leos(nz) —isin(nz) 7]

5 l1-0) — (1~ 0]

i —inz _ L —inx 2m
%x/e dx 5 /[/e dw]ldm|0

i —1 —inz i -1 —inz 2m
271'( in Je 27 ( in Je d$|°
— P —inz i —ing |27

2nm 2n2m 0

[% + 271’2”] (cos(na) — isin(nz))|2"

—27 ] )
— 2 — 1
[2n7r 2n27r] cos(2n) [0+ 2n27r]( )
1 ) )
n  2n?m  2n2w
1
n

Replacing 1 and 2 back into equation (20) yields the required result

Cn

-1
= 0- —
n

1
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Toeplitz matrix operators and their corresponding functions are useful in deriving the
norm of the matrix operator. The following theorem makes use of this connection:

Theorem 74 (MclIntosh, A. [11], Theorem 1) For every integer m > 3 there is a
self-adjoint operator U = U* and a skew-adjoint operator V in the Hilbert space C™
satisfying e ™1 < U < e 11, |[UV + VU|| < =, and ||fo(U)V — VO >
s (log(zm))' = for 0 < a < 1.

Proof: Define a skew-adjoint operator W on C™ by W;; = (j — 4)~! when i # j and
Wii = [0] when ¢ = j

1 1

0 1 2 m—1
1

-1 0 1 L

w=| -3 -1 0 =
—1 —1 —‘1 0

W is a mxm Toeplitz matrix with corresponding function g(d) = i(r —6)on0 < 6 < 27
so that ||[W]| < =.
Define U by the diagonal matrix Uy;; = u; = et

Define the skew-adjoint operator V by the matrix V;; = W;;(u; +u;)™t = Wii(e™ +

e~ )L

0 (et +e2) 1 %(671 +e3)L %(671 +e 4yt

—1(e 2 e 1)L 0 1(e 2 +e3) 1 %(672 +e 4yt

V= _%(673 +e )l —1e34e2)! 0 1(e 3 +e 41
_%(674 +e 1)t _%(674 +e 2t (e t+e?)? 0

Then

79



University of Pretoria etd — Holm, R (2005)

0 [ _1+6_2] 2[ —1+e—3]
e 0 —
UV +VU) = [ feifes ] e=%yem b =W
[ _1+6_3] _[ _3] 0

e~ 2+e

so that |[UV + VU|| < m. Now put S = fo(U)V — Vfo(U). Then S;; = (fale™®) —
fale™9))W;j(e~t + e77). We need to show that S is unbounded as m — oc.

—i

First, observe that fo(e ) = mmieme=rs = mirmy= S that
e ¢ —J
5, — WEDE ~ GGy

(G —i)(e7" +e)

so that S;; > 0Vi,j = 1,2, ..., m. Looking at the upper triangle only (i < j), then
In(i +1) < In(j +1) and e=% > e~7 so that

et — e
% 2 G i2e G O
1— e Jti
© 2 =)@ + D]
1—e!

2(j —9)[In(G + 1))

Hence for2 < j <m

i:ZISij > ZSu 2 5 l—e Hn@G +1)]7*{1 + % +%+...+j%2 +,7—L1}
> %(1 —e (G +1)]7* /IJ %dt
- %(1 — e H[In(j +1)]7 In(j)

> 2672(In(j + 1))}~

The last step follows from the fact that 1;11&(1)1) > iﬁgg for 2 < j < m which is motivated
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by noting that log,(j) = :E ;g and logs(j +1) = lnlg(g)l) and setting £ = log,(j)- Then
for (j > 2, 2 > 1)

jo= 2
j+1 = 2241
< 3

which implies z > logs(j + 1).

Let L = [1,1, 1, ..., 1] be a vector in C™ so that ||L||> = m and

26m||S|1* = 26| LI*ISI* > 26]S(L)II* = 2{25”}2

j=1 i=1

m
> Zlng+1 )22
Jj=2

S 1
> Y. (n(gm))**e
j=L(m+1)/2]

> (gm)(in(zm)*~*

It follows that ||fo(U)V — Vi (U)| = |IS]| > (ln( m))'=* > L(In(zm))'~e.

Theorem 75 (McIntosh, A. [11], Theorem 2) There exists for every integer m > 3
self-adjoint operators A, and B, in the Hilbert space C>™ satisfying e ™1 < |An| <
e ', |AnBm — BuAnll < 7 but ||fa(Am)Bm — Bmfa(Am)ll > %(ln(%n))l_a for
0<ax<l.

Proof: Define 4,, and B,, as

A, = voo and B,, 0 v
0 -U V* 0
with U and V as defined in Theorem 74. Then
-Uv* 0 V*U 0
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so that (since U = U*) it follows that

A B, — BnA = 0 Uuv +VvU
—(UV +VU)* 0
Again from Theorem 74 we have
[|[AmBm — BnAnll = |[UV + VU|| < w. Also (since f, is an even function) we have
« U 0 « U 0
iy | FO _[ @
0 fa(=U) 0 fa(U)
so that
0 «(U)V =V fo (U
fa(Am)Bm - Bmfa(Am) = * f ( ) f ( )
_(fa(U)V - Vfa(U)) 0

It then follows from Theorem 74 that

| fa(Am)Bm — Bmfa(Am)ll > §(n(%)

We now want to construct an infinite dimensional case from the cases C2™, A,, and
B,, and some direct sum techniques for Hilbert spaces are required.

Suppose {Hm}men is a family of Hilbert spaces. The direct sum H = @,y Hm
consists of elements £ = {Zy, }men with 2, € Hyy, such that

2> = > lleml® < oo

meN

H = @D,,cn Hm is a Hilbert space with the inner product defined as

@y = D (Tm ym) with z,y € H
meN
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If A, is a bounded linear operator defined on H,, for every m € N with sup,, ||An|| <

00, define
P An : P Hm = P Hnm
meN meN meN
as
P An({zm}) = {Amzm} ={Ai121, A2z, .., AT, ...}

meN

Then @,y Am is linear on @, . Hm with norm defined as

1D Anlly = suplldnlbilm e N = sup{ sup (I4nailbfm € N)
meN m m Tmll=

The direct sum of bounded linear operators have the following properties:

PDadn + 84n) = a@P An + 8D Am

(D 4An)" = P4,
(D An) (D Bm) = D AnBn

meN meN meN

The notion of a core C(B) of a linear operator B is required in the proof of the following

theorem:

Definition 22 (Core) Let B: D(B) C H — H be a linear operator. A subset C(B) of
D(B) is a core of B if it is graph norm-dense (|- |z = |- || + |B(:)I|) in D(B).

Remark 12 (Core) The definition of a core can be re-stated as follows:
A subset C(B) is a core for a linear operator B if for every x € D(B) there ezists a
sequence {x,} € C(B) such that

Tn — T and
B(z,) — B(x)
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Definition 23 (Symmetric operator) Let B : D(B) C H — H be a linear operator
with dense domain in the Hilbert space H. If (Bx, y) = (z, By) Vz, y, € D(B), then B
is called symmetric.

Remark 13 (Symmetric operator) Since B* (the adjoint of B) is always closed (Re-
mark 2.7.6 Kadison, R.V. and Ringrose, J.R. [8], 157) and G(B) C G(B*), it follows
that B is closable if it is symmetric. If B = B* (self-adjoint), then B is symmetric and
closed. Conditions for a closed (closable) operator B to be self-adjoint is given in Theorem
2.7.10 of Kadison, R.V. and Ringrose, J.R. [8], 160.

Theorem 76 (McIntosh, A. [11], Theorem 3) There exist self-adjoint operators A
and B in a Hilbert space H such that ||A|| < e~, A(D(B)) Cc D(B), |AB — BA|| < 7
but fo(A)B — Bf,(A) is unbounded for 0 < a < 1.

Proof: Define H = @,,.;C™, A = @,,53 Am and B = @, ,~; By, with A, and
B,,, as defined in Theorem 75. The proof is conducted along the following steps:

Step 1 Show that ||A|| < e~!

Step 2 Show that there exists a core C(B) for B with A(C(B)) C C(B).

Step 8 Show that ||[AB — BA|| < =

Step 4 Show that A and B are self-adjoint and hence closed.

Step 5§ Show that AD(B) C D(B) from A(C(B)) C C(B), closedness of B and the
boundedness of A and AB — BA on C(B).

Step 6 Show that f,(A)B — Bf,(A) is un-bounded.

Step 1: From Theorem 75

[l All2 sup{[|Am||czm | m > 3}

< e
Step 2: Consider the set C(B) = {x = {zn,}|all but finitelymany of the x,, are zero}.

According to Definition 22, this set is a core of B if for every z = {z,,} € D(B) =
D(P B,,), there exists a sequence z,, € C(B) such that z, —» = = {z,,} (m > 3)

m>3 "~ m
and B(z,) — B(z) = @ng B, ({zm}). Choose z, = {z3, x4, Ts5, -.., Tpn, 0, 0, ...}
Then clearly z, € C(B), z, = x = {zn} € D(B) and
an = {B3.’E3, B4.’L’4, B5.’L’5, ---;ann; Bn+10; Bn+20; } — Bz

asn — oo. From the boundedness of A it is clear that Az, — Az and B(Az,) — BAxz.
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Step 8: To show that ||AB — BA|| < 7, note that since AB — BA is densely defined
and bounded on C(B), @,,>3(AmBm — BnAn) extends AB — BA to H and we have

I @(AmBm = BnAp)lli = sup{||AmBm — BrnAm|lem |m > 3}
m>3 m
< 7

from Theorem 75.

Step 4: The self-adjointness of A follows from the self-adjointness and boundedness
of A,, Vm and Theorem 75:

A=PAan=PA4;, =(PAan) =4

Since || By, || V m is un-bounded, the same argument cannot be used to show self-adjointness
for B. It needs to be shown that B is symmetric ((Bz, y) = (z, By), B C B*, B is
closable) and the operator B =+ i1l has a dense range, because then from Theorem 2.7.10
(Kadison, R.V. and Ringrose, J.R. [8], 160)) B can be extended to a self-adjoint (closed)
linear operator on D(B).

To show that B is symmetric (and closable), we know from Theorem 75 that B,, is
self-adjoint and hence (closed and) symmetric (Kadison, R.V. and Ringrose, J.R [8], 160).
By definition of the inner product on H = @, Hm it follows that (Vz, y € C(B))

(Bz, y) = Z(Bmmm; Ym) = z<$m: Bmym) = {(z, By)

m m

so that B is symmetric.

To show that (B + 71l) has a dense range, note that with B,,, self-adjoint (symmetric
and closed), it follows from Theorem 2.7.10 (Kadison, R.V. and Ringrose, J.R. [8], 160)
that Vm,

(B £ illy) Him) = Hm

Then VN > 3
(Biin)(ENB'Hm)@( D {0}) - (é(Bm:tiﬂ)Hm)@( D {0})
m=3 m>N+1 m=3 m>N+1
= (D)= & )
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so that the range of (B =+ 41l) is dense in @m23 Hp, = H. The closedness of B can now
be used in the following step:

Step 5: The following is true at this point: For any x € D(B), there exists a sequence
z, € C(B) with z, = = and Bz, — Bz and from the boundedness of A, we also have
ABx, — ABz and Az, — Ax.

If we can show that B(Az,) — y (for some y), then by the closedness of B (from
Step 3) it follows that Az € D(B) so that we have the result A(D(B)) C D(B).

To show that B(Ax,) converges, consider (for z,, € C(B))

BAxz, = BAzxz, - ABz,+ ABz,
= —(AB - BA)z, + ABz,

Now ABz, — ABz and (AB — BA) is bounded (step 3) so that BAx,, is convergent.

Step 6:

||fa(A)B_Bfa(A)|| = ”fa(@Am)@Bm_GaBmfa(@Am)”

m

= ” @ (fa(Am)Bm - BMfa(Am))ll

sup{||fa(Am)Bm — B fa(Am)|[lm 2 3}

and un-boundedness follows again from Theorem 75.

The counter example is given in the following theorem:

Theorem 77 (McIntosh, A. [11], Theorem 4) There is a closed symmetric deriva-
tion 0 of a C*- algebra A with dense domain D(d), an element A = A* € D(6), and a
function f € C! on a closed interval containing the spectrum of A, such that f(A) ¢ D(6).

Proof: Choose A, B and H as above and define the one parameter family T'y : £(H) —
L(H) by T4(C) = e*BCe B foreach t € R, C € L(H). Let A be the C*- algebra gen-
erated by {T'1(A)|t € R}. The construction of the counter example follows the following
steps:

Step 1 shows that T'y is a group of x automorphisms of A.
Step 2 shows that I'y is strongly continuous.
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Step 3 shows that the infinitesimal generator § for I'y is a symmetric derivation with the
required domain properties D(8) = {C € A|C(D(B)) C D(B)and||BC — CB|| < oo}.
step 4 shows that ¢ is closed and D(4) is dense in A.

By taking f as one of the functions f, defined earlier with o € (0, 1), it then fol-
lows that A € D(d), but f(A)B — Bf(A) is unbounded (from Theorem 76) so that

f(4) ¢ D(5).

Step 1: To show that for any given ¢, I'; is - automorphic on the larger algebra
L(H) is straight forward: For example for C, D € L(H), T4(CD) = e*BCDe 48 =
ez’th[efitBeitB]DefitB — Ft(C)Ft(D) and Ft(C)* — [eitBCefz'tB]* — (efitB)*(eith)*
etBC*e B = T,(C*). From I‘t(e“’BAe*“IB) = eit+)B go—i(t+1)B it is clear that
the generators of A is mapped into A. Also, I'_;(e?®PAe~#B) = A, so that the map-
ping is one-one and surjective. The semi-group properties I'g(4) = A and Ty ys(4) =
e(t+s)iB go—(t+5)iB — T (eisB Ae~15B) = T(T',(A)) are easily verified.

Step 2: Strong continuity follows directly from the continuity of e*® on the Hilbert
space H: limy_,o < e®BAe Bz, y > = limy_,o < Ae”#Bz, e7#By > =< Az, y >.

Step 3: The infinitesimal generator § of I'; is obtained by differentiating I'; at ¢t = 0:

itB Ae—z’tB

d
E|t=oe
— iB(eitBAe—’itB) +eitBA(_iB)e—itB|t:0
— i(BA— AB)

d
dat |t=0rt (4)

for A € D(§). Then from Theorem 69, § is a symmetric derivation with domain
D) = {C € A|C(D(B)) C D(B) and |BC — CB|| < oo}.

Step 4: It follows from Theorem 57 section 3.1.2 that D(d) is dense in A and ¢ is
closed.
Now select A, B and H as in the previous theorem and a function f € C; from the
family f, with a € (0, 1). Clearly A € D(d), but f(A4) will result in the unbounded
element f(A)B — Bf(A) (from Theorem 76), violating the domain restrictions so that

f(4) ¢ D(5).
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