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C*-Algebras in Numerical Analysis

ALBRECHT BOTTCHER

These are the notes for two lectures I gave at the Belfast Functional
Analysis Day 1999. The purpose of these notes is to give an idea of
how C*-algebra techniques can be successfully employed in order
to solve some concrete problems of Numerical Analysis. I focus my
attention on several questions concerning the asymptotic behavior
of large Toeplitz matrices. This limitation ignores the potential
and the triumphs of C*-algebra methods in connection with large
classes of other operators and plenty of different approximation
methods, but it allows me to demonstrate the essence of the C*-
algebra approach and to illustrate it with nevertheless nontrivial
examples.

Prologue

The idea of applying C*-algebras to problems of numerical analy-
sis emerged in the early 1980’s. At the beginning of the eighties,
Silbermann [54] discovered a new way of translating the problem
of the stability of the finite section method for Toeplitz operators
into an invertibility problem in Banach algebras. Using powerful
Banach algebra techniques, in particular local principles, he was so
able to prove a series of spectacular results. Soon it became clear
that the prevailing Banach algebras are or can be replaced by C*-
algebras in many interesting situations. As C*-algebras enjoy a lot
of nice properties that are not shared by general Banach algebras,
it was possible to sharpen various known results of numerical analy-
sis significantly, to give extremely simple and lucid proofs of several
profound theorems, and to open the door to a wealth of new insights
and results. The first explicit use of C*-algebras in connection with
a problem of numerical analysis was probably made in the paper [17]
by Silbermann and myself.

Meanwhile the application of C*-algebras to numerical analysis
has grown to a big business. Here, I confine myself with quoting Roch
and Silbermann’s paper [51], Arveson’s articles [3], [4], and Hagen,
Roch, and Silbermann’s monographs “Spectral Theory of Approxi-
mation Methods for Convolution Operators” and “C*-Algebras and
Numerical Analysis” ([33] and [34]).



58 ALBRECHT BOTTCHER

In connection with the numerical analysis of Toeplitz matrices,
C*-algebras are substantially used in my books [18] and [19] with
Silbermann. In a sense, the present text is an extract of some ideas
of these books, supplemented and completed by some recent ideas of
Roch and Silbermann.

I am very grateful to Roland Hagen, Steffen Roch, and Bernd
Silbermann for providing me with the manuscript of their book
[34] and allowing me to benefit from this inexhaustible source when
preparing these notes. I am also greatly indebted to Martin Math-
ieu and Anthony W. Wickstead for their perfect organization of the
Belfast Functional Analysis Day 1999 and for inviting me to write
these notes. The first Belfast Functional Analysis Day took place
in 1998, and I would be happy if the Belfast Functional Analy-
sis Day would become a traditional annual meeting throughout the
years to come, with the same pleasant and stimulating atmosphere
as this time.

1. Finite sections of infinite matrices

Let B(I?) denote the set of all bounded linear operators on the Hilbert
space [? :=12({1,2,3,...}). Given A € B(I?), we consider the equa-
tion

Az =y. (1)

This equation amounts to a linear system with infinitely many equa-
tions and an infinite number of unknowns:

ail aiz aiz ... Z1 U1
a1 ag2 a3 ... T2 Y2

azp az2 ass X3 - Y3 . (2)

We replace the infinite system (2) by the finite system

(n)
aix ... Qin Ty 1

ap1  --- Qnn I’»SZL) Yn
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Passage from (2) to (3) is a special projection method. For n =
1,2,3,... define the projection P, by

P, : 1?2 =12 (21,29,23,...) = (21,22,...,7,,0,0,...). (4)

In what follows we will freely identify Im P,,, the image of P,,, with
C". In particular, we always think of C" as being equipped with
the 12 norm. The matrix

a1 oo Q1p
A, = : : (5)
an1 .. Qpp

can now be identified with P,, AP,, and equation (3) can be written
in the form
Ape™ = Py, a e Cn. (6)

Convergence of the finite section method. Suppose the opera-
tor A is invertible. Are the matrices A,, invertible for all sufficiently
large n and do, for every y € I2, the solutions z(™) of (6) converge
to the solution x of (1) ? Here we regard (™) as an element of I2,
and convergence of (™ to x means that (™ — z in (2. If the
answer to the above question is yes, then one says that the finite
section method is convergent for the operator A. Equivalently, the
finite section method converges if and only if the matrices A,, are
invertible for all sufficiently large n and if A, ! converges strongly
(= pointwise) to A~!. In this and similar contexts, A1 is thought
of as being extended by zero from C™ to all of [2, so that A, ! may
be considered as an operator on [2. Thus, the strong convergence
At — A~! actually means that AP,y — A=ty for all y € I2.

Stability. A sequence {A,}%2; of n x n matrices A,, is said to be
stable if the matrices A,, are invertible for all sufficiently large n, say
n > ng, and if

sup ||A; | < oo.

n>no
Here || - || is the operator norm on C" associated with the /2 norm
(in other terms: ||-|| is the spectral norm). Throughout what follows

we put ||[B~!|| = oo if B is not invertible. With this convention, we

can say that the sequence {4, }°% is stable if and only if

limsup || 4, < oc.

n—oo
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The following fact is well known and easily proved.

Proposition 1.1. If A is invertible, then the finite section method
for A is convergent if and only if the sequence {A,}52 1 consisting
of the matrices (5) is stable. B

Notice that this result is a concretisation of the general numerical
principle

convergence = approximation + stability.

Since A,, = P,AP, — A strongly, the approximation property is
automatically satisfied, and hence the question whether the finite
section method converges comes completely down to the question
whether the sequence {4, }5° ; is stable.

As the following result shows, the sequence of the matrices (5) is
never stable if A is not invertible.

Proposition 1.2. If the sequence {A,}22, of the matrices (5) is
stable, then A is necessarily invertible.

Proof. Let ||A;1]] < M for n > ng. Then if z € I2 and n > ny,

1Pazll = 147" Anz|| < M| Anz|| = M||P, APz,
1Pa]l = [1(A7) T Asall < M| Aall = M| PyA™ Py,

and passing to the limit n — oo, we get
=] < M| Az, |lz|| < M||A%|| (7)
for every x € [2. This shows that A is invertible. m

Spectral approximation. The spectrum sp B of a bounded linear
operator B is defined as usual:

spB:={\ € C: B— Al is not invertible}.

For A € B(I?), let the matrices A, be given by (5). What is the
relation between the spectra (sets of eigenvalues) of the matrices A,
and the spectrum of the operator A7 Do the eigenvalues of A,, for
large n, for n = 1000 say, tell us anything about the spectrum of A?
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Or conversely, if the spectrum of A is known, does this provide any
piece of information about the eigenvalues of A,, for very large n?

Condition numbers. Again let A € B(I?) and define A,, by (5).
What can be said about the connection between the condition num-
ber
K(A) = [|A] A7
and the condition numbers
K(An) = [[An]l A1)

for large n 7 Clearly, this question is much more “numerical” than
the question about the sole stability of the sequence {A,}52 ;. Since
Al = |PnAP,]| — ||All as n — oo, the question considered here
amounts to the question whether || A, | is close to [|A™1]| for suffi-
ciently large n.

Proposition 1.3. If the sequence {A,}22, of the matrices (5) is
stable, then
|ATH| < liminf || A7), (8)

Proof. If ||A; Y]] < M for infinitely many ny, the argument of the
proof of Proposition 1.2 yields (7) and thus (8). ®

2. Compact operators

The answers to the questions raised in the preceding section are well
known in the case where A = I + K with some compact operator K.
Let K(I?) denote the collection of all compact operators on [2. In
what follows, P, always stands for the projection defined by (4).
Notice that P, is the identity operator on C"; to emphasise this
fact, we write I + P, K P, for P, + P,KP,.

Proposition 2.1. Let K € K(I?). The sequence {I + P, KP,}>
is stable if and only if I + K is invertible. Moreover, we have

i (T4 PuK P = (T + K) 7'
This follows easily from the observation that the compactness

of K implies that P,KP, converges uniformly (i.e., in the norm
topology) to K. m
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Things are a little bit more intricate when considering the prob-
lem of spectral approximation. We first recall two standard defi-
nitions. Given a sequence {E,}>2, of sets E, C C, the uniform
limiting set

liminf F,,

is defined as the set of all A\ € C for which there are \; € E1, Ay €
E5 A3 € Ej3, ... such that A\, — A, while the partial limiting set
limsup ),

n—oo

is the set of all A € C for which there exist n; < no < nsg < ... and
An, € By, such that A, — X. Obviously,

liminf E,, C limsup F,,.

n—00 n—oo

If operators A, € B(I?) converge uniformly to some operator A €
B(I?), then, by the upper semi-continuity of the spectrum,

limsupsp 4, C sp A4, (9)

n—oo

but in general equality need not hold in (9). This phenomenon does
not occur for compact operators.

Proposition 2.2. If K € K(I?), then
liminfsp (I + P,KP,) =limsupsp (I + P,KP,) =sp (I + K).

Proof (after Torsten Ehrhardt). A moment’s thought reveals that it
suffices to show that
liminfsp (P, KP,) D sp K.

n—oo
As K is compact, sp K is an at most countable set and the origin is

the only possible accumulation point of sp K. Fix an isolated point
Ao in sp K. If € > 0 is sufficiently small, then

|(P,KP, —XI)"' — (K = XI)"'| =0 as n — o0
uniformly with respect to all A on the circle |\ — )\g| = €. Hence, the
Riesz projections

1

I, = — (P,KP, —XI)~*d\
270 J)x—xg|=<
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converge in the norm to the Riesz projection

1

= (K —AI)~tdA.
270 Jia-xal

=¢
The projection II is nonzero, because Ag is in sp K. It follows that the
projections II,, are nonzero for all sufficiently large n, which implies
that the disk |A — Ag| < € contains a point of sp (P, K P,) for every
n large enough. As € > 0 can be chosen arbitrarily small, it results
that
Ao € liminfsp (P, KP,).
n—oo

This completes the proof in the case where the origin is an isolated
point of sp K. If the origin is an accumulation point of sp K, it must
belong to liminf sp (P, K P,) because this set is closed. B

3. Selfadjoint operators

In the case of bounded selfadjoint operators, partial answers to the
questions raised in Section 1 can be given by invoking standard func-
tional analysis. Throughout this section we assume that A € B((?)
is a selfadjoint operator, A = A*, and that A, = P, AP, is defined

by (5).

Proposition 3.1. There exist selfadjoint and invertible operators
A € B(I?) for which the sequence {A,}2°, is not stable. Moreover,
giwen any numbers a,b such that 0 < a < b < oo, there exists a
selfadjoint operator A € B(I%) such that

||A_1H =a, limsup ||A;1|| =b.

n—oo

(In connection with the requirement a < b, recall Proposition 1.3.)

Proof. Put

B = < (1) (1) > and A =diag(B, B, B,...).
Then A is selfadjoint and invertible, but the matrices A,, contain a
zero column and are therefore not invertible whenever n is odd. This
shows that the sequence {A4,}2°; is not stable.
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Now let
C— 1/b 1/a+1/b
"\ 1/a+1/b 1/b
and
A =diag (C,C,C,...).

The eigenvalues of C' are A\; = 1/a and Ay = 1/a + 2/b, whence
AT = C7H I =1/M = q,
and

A = max(||C1||,b) = max(a,b) =b if n is odd,
" IC7t=a if n is even.

Thus, limsup |41 =b. =

As for stability and convergence of the condition numbers, every-
thing is well for definite operators.

Proposition 3.2. Let A = A* € B(I?) be positive definite,

(Az,2) > ez

with some € > 0 for all x € 1. Then {A,}5° is stable and we have

[Anll < [|[A]l for all n=>1, Jim [[Ap[| = [1A],
JAZH < [[ATH] for all n > 1, lim [|AZH] = [[A7Y.
Proof. Put
A A
m = inf ATy gy AT (10)
z#0 (.T,SL‘) z#£0 (JT,ZL‘)
(AP, P,z) (ApPpz, Pyx)
= Rl M, = - (11
m zr;‘léo (Ppx, Pyx) ii% (Ppz, Pyx) (11)
By assumption, m > e > 0. We have
P
m, — inf (PyAP,x, Pyx) i (AP,z, P,x) wf (Ay,y) —m,

=i
a#0  (Pyz, Pyr) «#0 (Poz, Phx) — v#0 (y,y)
and, analogously, M,, < M. Because

Al =M, [|Anll = My, AT =1/m, AT =1/mn,
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we arrive at the inequalities [|A,| < [[A]l and [|A; 1] < [[A™Y]| for
all n. It is clear that ||A,|| — ||4]|, and since

[A™H] < lim inf | AZH| < limsup [| A < A7,
n—oo

it follows that || A, 1] — ||A7!|. =

Spectral approximation is a delicate problem for general selfad-
joint operators, and the reader is referred to [3], [4], [34] for this
topic. We here confine ourselves to a few simple remarks.

Given a selfadjoint operator A € B(I?), define the real numbers
m and M by (10). Furthermore, let Apin(Ay) and Apax(Ar,) be the
minimal and maximal eigenvalues of A,,, respectively. Of course,
with m,, and M, given by (11), we have

)\min(An) = Mp, )\max(An) = Mn

Proposition 3.3. If A € B(I?) is selfadjoint, then

m S )\min(An) S )\max(An) S Ma (12)
Hm Apin(An) =m, lm Apax(A4n) = M, (13)

{m,M} CspACliminfsp A4,, ClimsupspA4,, C [m,M]. (14)

n—oo n—oo

Proof. The validity of (12) and (13) was established in the proof of
Proposition 3.2. The only nontrivial part of (14) is the inclusion

spA C liminfsp A4,,. (15)

n—oo

So assume A € R is not in liminfsp A,,. Then there is an € > 0 such
that

U (M) NspA, =0 for all n > nog,
where Uz (\) :={z € C: |z—\| < e}. Hence U.(0)Nsp (A, — ) =0
for all n > ng, and since (A,, — AXI)~! is Hermitian, and therefore its
norm coincides with the spectral radius, we get

(A, — )\I)_lH < 1/e for all n > ny.

It follows that {A,, — AI);>n, is stable, and therefore A — AI must
be invertible (Proposition 1.2). Consequently, A & sp A, which com-
pletes the proof of (15). m
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Example 3.4 (trivial). The limiting set limsup A, may be much
smaller than [m, M]: if A = diag(0,1,1,1,...), then m =0, M =
1,spA=14{0,1}, and spA,, = {0,1} foralln > 2. m

Example 3.5 (less trivial). There are selfadjoint operators A €
B(I?) for which the limiting set liminfsp A4, is much larger than
sp A. To construct an example, let a,, be the nth Fourier coefficient
of the characteristic function of the upper half of the complex unit
circle T,

. 1/2  if n=0
1 . 1—-(=1)"

an= o [eoag = L2V 8y yminy it s oda
T Jo o 0 if n#0is even,

and put

ap a_1 a1 a_9 ag a_s as
ay aop a9 a_1 as a_9g ay
a_1 | a_o ap a_s aq a_4 a9
as ay as ao ay a_q as
a_2 | a_3 a_-1 | A_4 ap a_s5 aq
as as Qy (5] as ap Qg
a_3 | a_4 Qa_9 |Q_5 a_1 | Q_g Qo

One can show that A induces a bounded selfadjoint operator on [?
for which

spA=1{0,1},
liminfsp A,, = limsupsp 4,, = [0, 1].

n—oo n—oo

We will return to this example (and give the mystery’s resolution)
in Section 12. m
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4. Toeplitz operators

These are the operators on {2 generated by matrices of the form

Qo a_1 a_—»o
aq an a_1

(aj*k)j,kzl = 4z a aw ... | (16)

that is, by matrices which have equal entries on the parallels to
the main diagonal. Notice that (16) is completely specified by the
complex numbers {a,}52 _ in the first row and the first column.

Theorem 4.1 (Toeplitz 1911). The matriz (16) induces a bounded
operator on 1% if and only if the numbers a,, (n € Z) are the Fourier
coefficients of some essentially bounded function, i.e., if and only if
there exists a function a in L™ on the complex unit circle T such

that
1 2

an a(em)e_me df for all n € Z.

= % ;
A proof can be found in [18, Theorem 2.7], for example.

If the function @ € L*> := L*°(T) of the preceding theorem exists,
it is unique (as an equivalence class of L>°). This function is usually
referred to the symbol of the operator (or of the matrix) (16), and in
what follows we denote this operator/matrix by T'(a).

In the case where a is a trigonometric polynomial,

N
a(ew): Z akezk97

k=—N

the matrix T'(a) is a band matrix. Rational functions a (without
poles on T) induce Toeplitz matrices whose entries decay exponen-
tially: a, = O(e~°") with some 6 > 0. In these two cases we
have to deal with continuous symbols. The symbol of the so-called
Cauchy-Toeplitz matrix

1
Y =1+
( 1 )Oo f o 1+ ( \ )
— v v —1+v
- = yeC\Z
] 7k+'—)/ j,k=1 1 714{7
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is the function
. T . .
0y _ e iy0 )

ay(e sin 7y

This is a piecewise continuous function with a single jump. The
jump is at e = 1:
T s

1+0) = o 1-0) = i
a,(1+0) sinﬂ’ye » ol ) sin7r'ye

Proposition 4.2. Let a € L.

(a) The operator T'(a) is compact if and only if a vanishes iden-
tically.

(b) The operator T'(a) is selfadjoint if and only if a is real-valued.

Proof. Part (b) is trivial. To prove part (a), consider the projections
Qn =1-P,

Qn : 12 — l2, ($1,$2,£C37. . ) = (0, .. .,0,(En+1,.’£n+2,. . )

Obviously, @, — 0 strongly and therefore, if T'(a) is compact,
QT (a)Qn|| — 0. But Q,T(a)@n|ImQ, results from T'(a) by
erasing the first n rows and columns and hence Q,T(a)@Q,|Im @,
has the same matrix as T'(a). Consequently,

IT(a)|| = 1QnT(a)Qn[Im Qn || = [QnT(a)Qnl| = o(1),
implying that T'(a) is the zero operator. m

Proposition 4.2 tells us that the standard arguments we employed
in Sections 2 and 3 for compact and selfadjoint operators are not ap-
plicable to Toeplitz operators with properly complex-valued symbols.
In fact Toeplitz operators are a very beautiful source for illustrating
and motivating several advanced topics of functional analysis and
operator theory, including the index theory of Fredholm operators
and the use of C*-algebras.

An operator A € B(I?) is said to be Fredholm if it is invertible
modulo compact operators, that is, if the coset A+ (?) is invertible
in the Calkin algebra B(I?)/K(1%). The essential spectrum sp. A is
defined as the set

SPess A = {A € C: A — A is not Fredholm}.
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One can show that A € B({?) is Fredholm if and only if the kernel
Ker A:={z € ?: Az = 0}
is of finite dimension and the image (= range)
ImA:={Az:z €l?}

is a closed subspace of [? with a finite-dimensional complement in /2.
If A € B(1?) is Fredholm, the integer

Ind A := dim Ker A — dim (1% /Tm A)

is referred to as the index of A.

Theorem 4.3 (Coburn 1966). Let a € L. The operator T(a) is
invertible if and only if it is Fredholm of index zero.

Proofs of this theorem can be found in [18, Theorem 2.38] or [19,
Theorem 1.10], for example.

Theorem 4.3 splits the problem to study invertibility of Toeplitz
operators into two “simpler tasks”: into finding Fredholm criteria
and into establishing index formulas.

Continuous symbols. Let C' := C(T) be the set of all (complex-
valued) continuous function on T. We always think of T as being
oriented in the counter-clockwise sense. If a € C has no zeros on T,
we denote by wind a the winding number of the closed, continuous
and naturally oriented curve a(T) with respect to the origin.

Theorem 4.4 (Gohberg 1952). Let a € C. The operator T'(a) is
Fredholm if and only if a has no zeros on T'. In that case

IndT(a) = —wind a.

Proofs can be found in [18, Theorem 2.42], [19, Theorem 1.17], and
many other works devoted to Toeplitz and related operators. Since
T(a) — M = T(a — A), Theorems 4.3 and 4.4 imply that if a € C,
then

SPess 1'(a) = a(T),

spT(a) = a(T)U{)\eC\a(T):wind(a—)\);«éo}.
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Piecewise continuous symbols. We denote by PC := PC(T)
the set of all (complex-valued) piecewise continuous functions on T.
Thus, a € PC if and only if a € L* and the one-sided limits

a(t +£0) := liH:lt a(te™)

e—0

exist at every point t = e € T. We remark that PC is a closed
subset (even a closed subalgebra) of L>°. If a € PC, then for each
€ > 0 the set

{teT:|a(t+0)—a(t—O)|>5}

is finite. In particular, functions in PC have at most countably many
jumps.

The essential range R(a) of a function a € L* is the spectrum
of a as an element of the Banach algebra L>°. If a € PC, then the
essential range is R(a) = {a(t £0) : t € T}. Given a € PC, we
denote by a* (T) the closed continuous and naturally oriented curve
that results from R(a) by filling in the line segment [a(t—0), a(t+0)]
whenever a(t — 0) # a(t + 0). If a*(T) does not contain the origin,
we let winda? stand for the winding number of the curve a*(T)
about the origin.

Theorem 4.5. Let a € PC. The operator T(a) is Fredholm if and
only if 0 ¢ a”(T). In that case

IndT'(a) = —wind a.

This result was discovered by many people, including Calderdn,
Spitzer, Widom, Gohberg, Krupnik, and Simonenko. Full proofs are
in [18, Theorem 2.74] or [19, Theorem 1.23], for instance. In the
language of spectra, Theorems 4.3 and 4.5 show that if a € PC,
then

a*(T) U {)\ e C\ a*(T) : wind (a — \)# # o}.

Spess T(a)
spT(a)

Large finite Toeplitz matrices. The above theorems tell us a lot
about Toeplitz operators, that is, about infinite Toeplitz matrices.
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For a natural number, consider the n x n Toeplitz matrix

ap a_q [SPN a,(n,l)
ai ag cee A (n=2)
pp— n —
To(a) := (aj—k)j,k:1 =
ap—-1 apn—2 ... ap

Our goal is to study the problems formulated in Section 1 for Toeplitz
operators. Thus, we want criteria for the stability of the sequence
{T,(a)}>2; and we are interested in the behavior of spT,(a) and
k(T (a)) for large n. The purpose of what follows is to demonstrate
how these questions can be tackled with the help of C*-algebras.

5. C*-algebras

In this section we summarize a few results on C*-algebras that will
be needed in the following. Most of the results are cited without a
source because they are well known and can be found in the standard
books. My favorite references are Arveson [2], Dixmier [24], Douglas
[25], Fillmore [27], Mathieu [42], and Murphy [44].

C*-algebras

A Banach algebra is a complex Banach space A with an associa-
tive and distributive multiplication satisfying |lab|| < ||a| ||b]| for all
a,b € A. If a Banach algebra has a unit element, which will be de-
noted by 1,e or I, then it is referred to as a unital Banach algebra.
A conjugate-linear map a — a* of a Banach algebra A into itself is
called an involution if a** = a and (ab)* = b*a* for all a,b € A. Fi-
nally, a C*-algebra is a Banach algebra with an involution subject to
the condition ||al|? = ||a*a|| for all a € A. C*-algebras are especially
nice Banach algebras, and they have a lot of properties that are not
owned by general Banach algebras.

Examples

We will see many examples of C*-algebras in the forthcoming sec-
tions. We here only remark that if H is a Hilbert space, then B(H),
the set of all bounded linear operators on H, and K(H ), the collec-
tion of all compact linear operators on H, are C*-algebras under the
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operator norm and with passage to the adjoint as involution. The
sets L, C, PC are C*-algebras under the || - || norm and the invo-
lution a — @ (passage to the complex conjugate). The C*-algebras
L*>,C, PC are commutative, the C*-algebras B(H) and K(H) are
not commutative in case dim H > 2.

Spectrum of an element

The spectrum of an element a of a unital Banach algebra A with the
unit element e is the compact and nonempty set

Spa Q= {/\ € C:a — Aeis not invertible in A}.

Of course, invertibility of an element b € A means the existence of
an element ¢ € A such that bc = cb = e.

C*-subalgebras

A subset B of a C*-algebra A is called a C*-subalgebra if B itself is
a C*-algebra with the norm and the operations of A. The following
useful result tells us that C*-algebras are inverse closed.

Proposition 5.1. If A is a unital C*-algebra and B is a C*-
subalgebra of A which contains the unit of A, them spgb = spub
for every b € B.

By virtue of this proposition, we will abbreviate sp4 a to spa.

Ideals

A C*-subalgebra I of a C*-algebra A is called a closed ideal of A if
aj € I and ja € [ for all a € A and all j € I.

Proposition 5.2. If Iy and Iy are closed ideals of a C*-algebra A,
then their sum

L+ I :={j1i+jo:h €, j2 € L1}

s also a closed ideal of A.
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Quotient algebras

If Ais a C*-algebra and I is a closed ideal of A, then the quotient
algebra A/T is a C*-algebra with the usual operations and the norm

I|| := inf |-
lla+ 1| = inf fla + j]

Morphisms

A x-homomorphism is a linear map ¢ : A — B of a C*-algebra A
into a C*-algebra B satisfying p(a)* = ¢(a*) and ¢(ab) = ¢(a)p(b)
for all a,b € A. In case A and B are unital, we also require that
a *-homomorphism maps the unit of A to the unit of B. Bijective
*-homomorphisms are referred to as x-isomorphisms.

Proposition 5.3. Let A and B be C*-algebras and let ¢ : A — B
be a x-homomorphism. Then the following hold.

(a) The map ¢ is contractive: ||p(a)|| < ||al| for all a € A.

(b) The image p(A) is a C*-subalgebra of B.

(c) If @ is injective, then @ is an isometry: ||p(a)| = ||a|| for all
a€ A

(d) If A and B are unital and ¢ is injective, then ¢ preserves
spectra: sp p(a) =spa for all a € A.

(e) If A and B are unital and ¢ preserves spectra, then ¢ also
preserves norms: ||p(a)|| = ||a|| for all a € A.

Gelfand theory

Let A be a commutative unital C*-algebra. A closed ideal I of A
is called a maximal ideal if I # A and if A and I themselves are
the only closed ideals of A which contain the set I. A multiplicative
linear functional is a *-homomorphism of A into the C*-algebra C
of all complex numbers. The map

p—Kergp:={ac A:p(a) =0}

is a bijection between the set of the multiplicative linear functionals
of A and the set of the maximal ideals of A, and therefore maximal
ideals and multiplicative linear functionals are freely identified. Let
M(A) stand for the set of all multiplicative linear functionals of A.
The coarsest topology on M (A) for which the maps

M(A)—C, ¢ p(a)
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are continuous for all a € A is referred to as the Gelfand topology,
and M (A) equipped with the Gelfand topology is called the mazimal
ideal space of A. The map

I': A= C(M(A)), (Ta)(p) = ¢(a)
is known as the Gelfand transform of A.

Theorem 5.4 (Gelfand and Naimark). If A is a commutative
unital C*-algebra, then the Gelfand transform is a x-isomorphism of

A onto C(M(A)).

Central localization

The following theorem is an easy-to-use generalization of Theorem
5.4 to non-commutative C*-algebras. The center of a C*-algebra
A is the set of all elements z € A satisfying az = za for all a €
A. Note that the center and every C*-subalgebra of the center are
commutative C*-subalgebras of A.

Theorem 5.5 (Allan and Douglas). Let A be a unital C*-algebra
with the unit e and let Z be a C*-subalgebra of the center of A which
contains e. For each mazimal idealm € M(Z), let J,, be the smallest
closed ideal of A which contains the set m. Then an element a € A
is invertible in A if and only if the elements a + J,, € A/J,, are
invertible in A/ Jy, for allm € M(A).

We remark that we consider a + J,, as invertible in A/J,, if
Im = A.
The C*-algebras A/.J,, are referred to as local algebras, the spec-

trum of a + J,,, is called the local spectrum of a at m, and every
element a,, € A for which

am + I = a + I

is said to be a local representative of a at m. Theorem 5.5 is a
so-called local principle.

If A itself is commutative, we can take Z = A, and since then
AlJyp =A/m —C, a+m— ¢(a) (m=Keryp)

is a *-isomorphism (Gelfand-Mazur theorem), Theorem 5.5 gives the
same conclusion as Theorem 5.4: an element a € A is invertible if
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and only if ¢(a) # 0 for all ¢ € M(A). Clearly, the larger the center
of a C*-algebra is, the finer we can localize using Theorem 5.5. In
case the center is trivial, that is, equal to {\e : A € C}, Theorem 5.5
merely says that a is invertible if and only if a is invertible.

Lifting of ideals

The following theorem is concerned with the so-called lifting of an
ideal J, that is, with conditions under which the invertibility of a € A
can be deduced from the invertibility of a modulo an ideal J.

Theorem 5.6 (Roch and Silbermann). Let A be a unital C*-
algebra and let {Ji }rer be a family of closed ideals of A. Denote by J
the smallest closed ideal of A which contains all the ideals J; (t € T).
Suppose for each t € T we are given a unital C*-algebra By and
a x-homomorphism ¢, : A — By whose restriction | J; to Jy is
injective. Then an element a € A is invertible in A if and only if
a + J is invertible in A/J and :(a) is invertible in By for every
tefT.

Proofs of this theorem are in [51] and [34, Theorem 5.26].

Irreducible representations

Let A be a C*-algebra. A representation of A is a pair (H,7) of a
Hilbert space H and a s-homomorphism 7 : A — B(H). A closed
subspace K of H is said to be invariant for a representation (H,7)
if 7(a)K C K for all @ € A. A representation (H, ) is called irre-
ducible if 7 is not the zero map and if {0} and H are the only closed
subspaces of H which are invariant for (H, 7). Two irreducible rep-
resentations (Hi,71) and (Hs,m2) are unitarily equivalent if there
exists a unitary operator U : H; — Hs such that

mo(a) = Uy (a)U™" for all a € A.

Unitary equivalence is an equivalence relation in the set of all irre-
ducible representations of A. The set of the equivalence classes of the
irreducible representations of A with respect to unitary equivalence
is referred to as the spectrum (or the structure space) of A, and we
denote this set by Spec A. In what follows we denote the equivalence
class of Spec A which contains the representation (H,r) simply by
(H,m).
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Theorem 5.7. Let A be a unital C*-algebra and let {(Hy, m¢) }respec A
be a family of irreducible representations of A which contains one
element from each equivalence class of Spec A. Then an element
a € A is invertible if and only if mi(a) is invertible in B(H) for
every t € Spec A.

Spectrum of ideals and quotients
Given a C*-algebra A and a closed ideal J of A, put

Spec; A = {(H,w) € SpecA: 7w(J) = {0}},
Spec’ A = {(H, ) € Spec A : w(J) £ {0}}.
Obviously,
Spec A = Spec; AU Spec” A, Spec; AN Spec’ A= 0. (17)
If (H,7) € Spec; A, then the map
w/J:A)J — B(H), a+J— w(a)

is a well-defined *-homomorphism, and if (H, ) € Spec’ A, then the
map

|l J— B(H), j— 7(j)

is also a *-homomorphism.

Theorem 5.8. Let J be a closed ideal of a C*-algebra A. Then the
maps
SpecJ A— Spec (A/J)v (H7 7T) = (H7 7T/J)
and
Spec” A — SpecJ, (H, ) = (J,m|J)

are bijections.

Here is a useful result on the spectrum of the sum of two closed
ideals (recall Proposition 5.2).

Theorem 5.9. Let A be a C*-algebra and let Jy, Jo be closed ideals.
Then
Spec (J1 + J2) = Spec J; U Spec Js.
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Moreover, if Jy N Jo = {0}, then
Spec J; N Spec Jy = 0.

Note that in Theorem 5.9 the elements of Spec Jy are identified
with elements of Spec’* A as in Theorem 5.8.

There are two simple cases in which the spectrum of a C*-algebra
can be easily described.

Theorem 5.10. (a) If A is a commutative unital C*-algebra, then
Spec A can be identified with the set M(A): every multiplicative lin-
ear functional p : A — C = B(C) is an irreducible representation of
A, and every irreducible representation of A is unitarily equivalent
to exactly one multiplicative linear functional of A.

(b) If H is a Hilbert space, then the spectrum of the C*-algebra
K(H) is a singleton: every irreducible representation of IC(H) is uni-
tarily equivalent to the identical representation id : K(H) — B(H),
a— a.

6. Toeplitz algebras

Given a C*-subalgebra B of L>°, we denote by A(B) the smallest
C*-subalgebra of B(I?) which contains all Toeplitz operators with
symbols in B. Because AT'(a) = T'(Aa) and T'(a) + T'(b) = T(a + b)
for a,b € L™ and X\ € C, the C*-algebra A(B) is the closure in B(I?)
of the set of all operators of the form

ZHT(bjk), bjk S B,
ik

the sum and the products finite. We are interested in the struc-
ture of the C*-algebras A(C) and A(PC'), which correspond to the
continuous and piecewise continuous symbols.

Given ¢ € L™, we define ¢ € L™ by ¢(t) := ¢(1/t) (t € T). In
terms of Fourier series we have

c(t) = cat”, )= cont" (teT).

ncZ nez
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The Hankel operator H(c) generated by ¢ € L is the bounded
operator on [? given by the matrix

C1 C2 C3
C2 €3

H(c) = (¢j4kb—1)7k=1 = o

Obviously,

cC_.1 C_9 C_3

C_2 -3
H(e) = (cjort)iim = | ..

With these notations, we have the following nice formula for the
product of two Toeplitz matrices:

T(a)T(b) = T(ab) — H(a)H(b). (18)
This formula can be easily verified by computing the corresponding
entries of the matrices of each side.
Proposition 6.1. If ¢ € C, then H(c) and H(¢) are compact oper-

ators.

Proof. This can be shown by taking into account that ||H(c)|| <
lclloo and [|H (©)|| < ||¢|loo and by approximating ¢ by trigonometric
polynomials, which induce finite-rank Hankel matrices. B

Continuous symbols. It is easy to check that A(C) contains all
rank-one operators and hence the set K := K(I?) of all compact
operators (see, e.g., [18, p. 155]). From formula (18) and Proposition
6.1 we infer that if a,b € C, then

T(a)T(b) = T(ab) + compact operator, (19)
and hence A(C) is the closure in B(I?) of the set
{T(c)—i—K: cec, Ke/c}. (20)
But the set (20) is closed. Indeed, the map
C — B(I*)/K, c—T(c)+K
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is a *-homomorphism by virtue of (19), and hence its image, the set
{T'(c) + K : c € C}, is closed due to Proposition 5.3(b). As the map

B(2) — BUA/K, A A+K
is continuous, the pre-image of {T'(c) + K : ¢ € C'}, that is, the set
(20), must also be closed. In summary,

A(C) = {T(c)+K: ceC, KEIC}. (21)

Theorem 6.2. The C*-algebra A(C)/K is commutative, its maxi-
mal ideal space can be identified with T, and the Gelfand transform
is given by

I AC)/K — C(T), (T(T(a)+K))(t) = a(t).

Proof. The commutativity of A(C)/K results from (19) and (21).
The map
C—-AO)Y/K, c—T()+K

is a *-homomorphism due to (19), it is surjective by virtue of (21),
and it is injective because of Proposition 4.2(a). Hence, this map is
a *-isomorphism. H

Piecewise continuous symbols. The C*-algebra A(PC) also con-
tains IC, but as (19) is in general no longer true if a and b have jumps,
we have no such simple description of A(PC) as in (21).
Proposition 6.3. The C*-algebra A(PC)/K is commutative.
Proof. We have to show that if a,b € PC, then

T(a)T(b) —T(b)T(a) € K. (22)

It suffices to prove (22) in the case where a and b each have only one
jump, at « € T and B € T, say. Suppose first that a # 3. There
are functions ¢, € C such that

¢’ + 97 =1, pla) =1, p(8) =0, ¥(a) =0, Y(B8) = L.
We have
T(ab) — T(a)T(b)
= T(ag?) + T(ay?b) - T(a) (T(¢?) + T(@))T(b). (23)
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By (18) and Proposition 6.1,

T(ap?b) = T(a)T(¢*)T(b)
= T(apypb) — T(ap)T(pb) + K

— H(ap)H (@) + K (24)

with K € K. Since ¢b € C, it follows from Proposition 6.1 that (24)
is compact. Analogously one can show that

T(ayy®b) — T(a)T (*)T(b)

is compact. This implies that (23) is compact and therefore proves
(22). If & = f3, there are A € C and ¢ € C such that a = Ab+ c.
Hence, by (18),

T(@)T(b) = TO)T(a) = T()T() = TR)T(c)
= T(cb) — H(c)H (D) — T(be) + H(b)H (@),

and the compactness of H(c) and H(¢) gives (21). m

Theorem 6.4 (Gohberg and Krupnik 1969). The C*-algebra
A(PC)/K is commutative, its mazimal ideal space can be identified
with the cylinder T x [0, 1] (with an exotic topology), and the Gelfand
transform

I': A(PC)/K — C(T x [0,1])

acts on the generating elements T'(a) + K (a € PC) by the rule
(D(T(a) + K))(t, 1) = a(t — 0)(1 — ) + a(t + O)p.
Proof. The commutativity of A(PC)/K was established in Proposi-

tion 6.3.

Let ¢ be a multiplicative linear functional of A(PC)/K. Since
the restriction of ¢ to A(C)/K is a multiplicative linear functional
of A(C)/K, Theorem 6.2 implies that there is a ¢ € T such that

o(T(c) +K) =c(t) forall ceC. (25)

Let x; be the characteristic function of the arc {te?® : 0 < < 7/2}.
Since

sp (T(xt) + K) = spees T(xt) = [0, 1] (26)
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by Theorem 4.5, we deduce from Theorem 5.4 that thereisa u € [0, 1]
such that

P(T(xe) +K) = p. (27)
Every a € PC can be written in the form
a=a(t—0)(1—x¢) +a(t+0)x:+cb (28)
with c € C, ¢(t) =0, b€ PC. As

T(cb) =T(c)T(b) + H(c)H(b) € T(c)T(b) + K
by (18) and Proposition 6.1, we obtain from (25), (27), and (28) that
o(T(a)+K) = alt—0)(1—p)+alt+0)u+c(t)p(T(d)+K)
= a(t—0)1—p)+alt+0)u. (29)

Thus, every multiplicative linear functional ¢ is of the form (29) for
some (t, ) in the cylinder T x [0, 1].

Conversely, suppose we are given (¢,u) € T x [0,1]. Let now x;
be any function which is continuous on T \ {t} and satisfies

Xe(t=0)=0, xi(t+0) =1, x(T\{t})N[0,1] = 0.

From Theorems 4.5 and 5.4 we deduce that there exists a multiplica-
tive linear functional ¢ such that (27) holds. The restriction of ¢ to
A(C)/K must be of the form

p(T(c) + K) = e(7)

for some 7 € T. Suppose 7 # t. If ¢ € C is any function such that
c(t) =0 and ¢(7) # 0, then ¢y, € C and consequently,

co(T)xe(r) = (T(ext) + K) = o(T()T (xt) + K) = e(7)p.

Since x:(7) ¢ [0, 1], this is impossible. Thus, 7 = ¢, which implies
that (25) holds. But having (25) and (27) at our disposal, we see as
in the preceding paragraph that ¢ satisfies (29) for all a € PC. ®

Combining (17) and Theorems 5.8, 5.10, 6.2, 6.4 we arrive at the
conclusion that
Spec A(C) = T U {id},
Spec A(PC) = (T x [0,1]) U {id}.
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7. Algebraization of stability

Let S be the set of all sequences {4,,}5° ; of operators 4,, € B(C"™)
(equivalently, of complex n x n matrices A,,) satisfying

sup || A, < oo.
n>1

In what follows we abbreviate {A4,}°; to {A,}. The set S is a
C*-algebra with the operations

{4} +{Bn} ={4,+ Bn}, MA,}:={ 4,} (A€C),
{AnH{ B} == {AnBn}, {An}* = {4,}

and the norm
[{An}| = sup [|An||.
n>1

An element {A,} € S is invertible in S if and only if the matrices
Ay, are invertible for all n > 1 and sup,,>; [|4;!|| < oo. This is much
more than stability.

Now denote by N (the N is for “null”) the set of all sequences
{4,} € S for which
lim ||A,| =0.
n—oo
In other terminology, S is the [*°-direct sum (= direct product) and

N is the cp-direct sum (= direct sum) of the family {B(C")}5,.

Obviously, N is a closed ideal of S. If {A,,} € S, then {4,} + N
is invertible in the quotient algebra S/N if and only if there exists a
{By} € S such that

and this is easily seen to be equivalent to the existence of an ng > 1
such that A,, is invertible for all n > ng and

sup ||A;1|| < o0.

n>ngo

Thus, {A,} + N is invertible in S/N if and only if {A,} is stable.
At this point we have rephrased the question of stability in terms
of invertibility in some C*-algebra, and we could now have recourse
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to the tools of Section 5. However the algebra S/N is too large and
therefore useful results (which would be results for every approxi-
mating sequence {4, } € S) cannot be obtained in this way.

So let us replace S by a smaller sequence algebra which, however,
contains all the sequences we are interested in. For a C*-subalgebra
B of L*® (e.g., B= C or B = PC), let S(B) denote the smallest C*-
subalgebra of S which contains all sequences of the form {7, (b)}52,
with b € B. Thus, S(B) is the closure in S of the collection of all

elements o
SI1 {Tn(bjk)}n:1 with bj; € B, (30)
ik

the sum and the products finite. One can show that N C S(C)
(see [18, p. 293]) and hence N C S(B) whenever C C B. By
Proposition 5.1, a sequence {A,} € S(B) (C C B) is stable if and
only if {A,} + N is invertible in S(B)/N.

In the following two sections we will see that the C*-algebras
S(C)/N and S(PC)/N can be described fairly precisely.

8. The Silbermann ideals

Suppose B is a C*-subalgebra of L which contains C. In order to
understand the C*-algebra S(B)/N, we look for closed ideals of this
algebra.

The analogue of formula (18) for finite Toeplitz matrices is due
to Widom [64] and it is

T (a)T(b) = To(ab) — PuH(a)H(B) P, — W H@ HB) W, (31)

Here we encounter the Hankel operators introduced in Section 6, and
the operators W,, are given by

Wy 12 =12 {z1,20,23,...} — {Tp,2n_1,...,21,0,0,...}.

In what follows we freely identify the image of W,, with C™ and W,
itself with the n x n matrix

0 ... O
1
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Notice that W2 = P, that W,, — 0 weakly, and that
WnTn(a)Wn = 4dn (a)a (32)

where, as in Section 6, a(t) := a(1/t) (t € T). We remark that all
the following constructions have their roots in formula (31).

It can be shown that if K and L are compact operators, then
the sequences {P, K P,} and {W,, LW, } belong to S(C) (see [18, p.
293]). Thus, we can consider the two subsets

Jo = {{PnKPn}+N K€ /c}, Iy = {{WnLWn}+N: Le ic}
of the C*-algebra S(B)/N.
Theorem 8.1 (Silbermann 1981). The sets Jo and J1 are closed
ideals of S(B)/N and the maps

wo: K—Jg, K—{P,KP,}+N,

p1: K—Jy, Le—{W,LW,}+N
are *x-isomorphisms.
Proof. Let Q,, = I — P,,. We have

P,KP,P,LP, = P,KLP, — P,KQ,LP,.

As @, — 0 strongly, it follows that ||Q,L| — 0 whenever L is
compact. Hence

{P,KP,}{P,LP,} — {P,KLP,} € N

for all K, L € K. This shows that ¢ is a *-homomorphism. Con-
sequently, by Proposition 5.3(b), Jo = ¢o(K) is a C*-subalgebra of
S(B)/N. Since |P,KP,|| — ||K]||, the map ¢ is injective. Thus,

o is a k-isomorphism.
Analogously, the map 7 is a *-homomorphism, because
WKW W, LW, =W, KP, LW, =W, KLW, — W, KQ,LW,

and ||@QnL|| — 01if L is compact. It follows as above that J; = ¢1(K)
is a C*-subalgebra of S(B)/N. The injectivity of ¢; results from the
observation that if L is compact and ||W, LW, | — 0, then

”PnLPn” = HWanLWanH < ”WnLWnH = 0(1)»
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whence ||L|| = lim ||P,LP,|| = 0. The map ¢; is therefore also a
*-isomorphism.

To prove that Jy and J; are ideals, let K € K and a € B. We
have

P,KP,T,(a) = P,KP,T(a)P, = P,KT(a)P, — P,KQ,T(a)P,,

and as KT (a) € K and ||KQ,| — 0, we see that Jg is a left ideal
of S(B)/N. Analogously one can verify that Jo is a right ideal of
S(B)/N. That J; is an ideal can be proved similarly using that

W, LW, Ty (a) = Wy LW, T(a) P, = Wy LW, T(a)W,, W,
= WoLP,T(@)W,, = W, LT(@)W,, — W, LQ, T (@)W,

(recall (32)). m
Proposition 5.2 now implies that
J=Jo+J, = {{PnKPn +W,LW,} +N: K,L ¢ /c}

is also a closed ideal of S(B)/N. Thus, we can consider the C*-
algebra (S(B)/IN)/J. Before proceeding its investigation, we remark
that this C*-algebra may be interpreted in a slightly different man-
ner. We define the subset I of S(B) as

{{PnKPn + W, LW, +Cn}: Kek, Lek, {C,} € N}. (33)
Proposition 8.2. The set I is a closed ideal of S(B) and the map
S(B)/I— (S(B)/N)/J, {A,}+1I— {A}+N)+J

is a well-defined x-isomorphism.

Proof. The canonical homomorphism
S(B) = (S(B)/N)/J, {An}— ({An} +N)+J

is a x-homomorphism. Its kernel is just I, which gives all assertions.
|

We are now in a position to reveal the structure of the elements

of S(C).
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Theorem 8.3. The C*-algebra S(C) coincides with the set of all
sequences of the form

{Tn(c) + Py K Py + Wo LW, + Cn} (34)
withce C, Ke K, LeKk, {C,} e N.

Proof. From (31), Proposition 6.1, and Proposition 8.2 we infer that
S(C) is the closure of the set of all elements of the form (34). We
are therefore left with showing that this set is closed. The map

C—S(O)/1, c—{T,(c)}+1

is a x-homomorphism by virtue of (31) and Proposition 6.1. Conse-
quently, by Proposition 5.3(b),

{{Tn(c)}JrI: ce c} (35)

is a C*-subalgebra and thus a closed subset of S(C')/I. Its pre-image
under the (continuous) canonical homomorphism S(C) — S(C)/I is
the set of all elements of the form (34). Hence, this set is also closed.

|

Now we are ready for the “sequence analogues” of Theorems 6.2
and 6.4.

Theorem 8.4. The C*-algebra (S(C)/N)/J is commutative, its
maximal ideal space can be identified with T, and the Gelfand trans-
form is given by

(r(({Tn(C)} + N) + J)) (t) = c(t) (ce ).

Proof. From (31) and Proposition 6.1 we infer that the algebra is
commutative. The map

C— (S(C) /N) /3. e ({Tn(c)} + N) +3J (36)

is a *-homomorphism (again (31) and Proposition 6.1), which is sur-
jective due to Theorem 8.3. The kernel of (36) consists of the func-
tions ¢ € C for which

T,(c) = P,KP, + W, LW, + C, (37)
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with certain K, L € K and {C,} € N. As P,KP,, — K in the norm
and W, LW,, — 0 strongly (note that L is compact and W,, — 0
weakly), passage to the strong limit n — oo in (37) gives T'(¢) = K,
whence ¢ = 0 due to Proposition 4.2(a). Thus, (36) is injective. This
proves that (S(C)/N)/J is #-isomorphic to C = C(T). m

Theorem 8.5. The C*-algebra (S(PC)/N)/J is commutative, its
mazimal ideal space can be identified with the cylinder T x [0, 1]
(with the same exotic topology as in Theorem 6.4), and the Gelfand
transform acts at the generating elements by the rule

(F({Tn(a)} +N) + J) (t, 1) = a(t — 0)(1 — ) + alt + O)p.

Proof. Using (31) in place of (18), one can verify the commutativity
of the algebra as in the proof of Proposition 6.3.

Let ¢ be a multiplicative linear functional. From Theorem 8.4
we infer that

(p(({Tn(C)} + N) + J) — () forall ceC (38)

with some ¢t € T. Let x; be the characteristic function in the first
part of the proof of Theorem 6.4. If A & [0,1], then R(x: — A) =
{=X\,1—\} is contained in an open half-plane whose boundary passes
through the origin. It follows that there is a v € T such that YR (x:—
A) is a subset of the open right half-plane. We can therefore find
g € (0,1) such that ¢gyR(x:—A) is contained in the disk |z —1| < r for
some r < 1. Consequently, [|[I—¢vT,(xt —MN)|| < I1—a7(xt =) |loo <
1, which implies that T, (x; — A) is invertible and that ||, !(x; —
M < qlyl/(1 =r) =q/(1 —r). Thus, {T,,(x: — A)} is stable, and we
have shown that

sp <({Tn(xt)} + N) + J) Csp ({Tn(Xt)} n N) cl0,1. (39

From (39) and Theorem 5.4 we obtain the existence of a u € [0,1]
such that

o((1a00 V) +3) = (10)
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Using (38) and (40) we can now proceed as in the proof of Theorem
6.4 to show that

@(({Tn(a)} +N) +J> =a(t—0)(1—p) +alt+0)u  (41)

for all a € PC.

Conversely, let (t,u) € T x [0,1]. From Theorem 6.4 we know
that there is a multiplicative linear functional n on A(PC)/K such
that

n(T(a) + /c) = a(t —0)(1 — ) + alt + 0)

for all @ € PC. Sequences in S(PC') have strong limits in A(PC).
The map

£:S(PC)— A(PC), {A,}v—slim A4,

is a *-homomorphism. Let I be the ideal (33). Because £(I) C K,
the quotient map

E/1:S(PC)/I— A(PC)/K, {A}+1I-E({AL)+K
is a well-defined *-homomorphism. By Proposition 8.2, we can iden-
tify S(PC)/I and (S(PC)/N)/J. It follows that ¢ := no&/Iis a

multiplicative linear functional on (S(PC)/N)/J such that for all
a € PC,

ap(({Tn(a)}+N>+J> - n(T(a)—HC) = a(t—0)(1—p)+a(t+0)u. m

9. Toeplitz sequences algebras
Theorems 8.4 and 8.5 describe the C*-algebras
(S(O) /N) /3 and (S(PO) /N) /3, (42)

but in order to study the stability of sequences in S(C') and S(PC),
we need invertibility criteria in the C*-algebras

S(C)/N and S(PC)/N. (43)
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Thus, we must somehow “lift” the ideal J. This can be managed with
the help of Theorem 5.6 (the lifting theorem) or, alternatively, by
determining the irreducible representations of the C*-algebras (43)

(Theorems 5.7 to 5.10).
Let B=C or B= PC. If {4,,} € S(B), then the two strong
limits _

A:=¢slim A,, A:=s-lim W,A,W, (44)

n—oo n—oo

exist and belong to A(B). Indeed, for the strong limit A this was
already observed in the proof of Theorem 8.5. From (32) we see that

s—T}LIr;OWnZ [ 7)W= s-lim_ S I 7@on) =D T 7@50n)
ik Jj k Jj k

for finite sums of finite products, and an e/3-argument again gives
the existence of the strong limit A € A(B) for all {A,} € S(B).
Throughout what follows we assume that A and A are given by

(44).
It is readily seen that the two maps
Vo: S(B)/N—A(B), {AJ+N—A  (45)
b S(B)/N—AB), {AJ+N—4 (46
are well-defined *-homomorphisms.

We begin with the question of what invertibility in the C*-algebras
(42) means.

Theorem 9.1. Let B = C or B = PC and suppose {A,} € S(B).
Then the coset ({An} + N) + J is invertible in (S(B)/N)/J if and
only if the operator A is a Fredholm operator.

Proof. It A,, = Ty,(a) with a € B, then A = T(a), and we have
F(({Tn(a)} + N) + J) =I(T(a) + K)

by virtue of Theorems 6.2/6.4 and 8.3/8.4. Since I' is a *-homomor-
phism, it follows that

F<({An} +N> +J) —T(A+K)
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for all {A,} € S(B). The assertion is therefore immediate from
Theorem 5.4. m

Here is the desired invertibility criterion for the C*-algebras (43).

Theorem 9.2. Let B=C or B= PC and let {A,} € S(B). Then
{An} + N is invertible in S(B)/N if and only if the two operators A

and A are invertible.

First proof: via the lifting theorem. We apply Theorem 5.6
to the C*-algebra S(B)/N and the two ideals Jo and J;. Clearly,
J = Jo + J; is the smallest closed ideal of S(B)/IN which contains
Jo and J;. The maps ¢y and t; defined by (45) and (46) are *-
homomorphisms and it is clear that ¢g|Jo and v1|J; are injective.
Hence, by Theorem 5.6, {4,} + N is invertible in S(B)/N if and
only if

vo({An} +N) = 4, w1 ({4a} +N) = 4,

and ({A4,} + N) + J are invertible. But Theorem 9.1 implies that
({A,}+N)+J is automatically invertible if A is invertible (and thus
Fredholm).

Second proof: via irreducible representations. We determine
the spectrum of S(B)/N. From (17) we deduce that

Spec (S(B) /N) = Spec; (S(B) /N) U Spec? (S(B) /N)

is a partition of Spec (S(B)/N) into two disjoint subsets. From The-
orem 5.8 we get the identification

Specy (S(B) /N) =~ Spec ((S(B) /N) /J),
and since (S(B)/N)/J is a commutative C*-algebra whose maximal

ideal space is described by Theorems 8.4 and 8.5, we infer from
Theorem 5.10(a) that we have the identifications

Spec ((5(0) /N) /J) ~T,
Spec ((S(Po) /N) /J) > T x [0, 1].
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Hence, we are left with Spec” (S(B)/N). Again by Theorem 5.8,
there is an identification

Spec? (S(B)/N) & SpecJ = Spec (Jo + J1),
and Theorem 5.9 tells us that
Spec (Jo + J1) = Spec Jy U Spec Jy,
the partition being disjoint because JoNJ; = {0}. Theorems 8.1 and
5.10(b) imply that SpecJy and SpecJ; are singletons; irreducible

representations are

70 * JO_)B(Z2)7 {PnKPn}J'_N'_)Kv
I — B(?), {W,LW,}+ N L.

Obviously, 79 = ¥o|Jo and 7 = 1|J1 where 9y and 1)1 are the

representations (45) and (46). Putting things together, we arrive at
the partitions

Spec (S(C)/N) = TU {uio} U {11}, (47)
Spec (s<p0) /N) ~ (T % [0, 1}) Ul U{er).  (48)

By virtue of Theorems 5.10(a) and 8.4/8.5, we can rewrite (47) and
(48) in the form

Spec (S(B)/N) = M(A(B)/K) U {wio} U {un}.
Now Theorem 5.7 shows that {4, } + N is invertible if and only if
(F(A + IC))(m) £0 forall me M(A(B) //c) (49)

and

A= ¢0<{An} +N), A= ({An} +N)

are invertible. As (49) is implied by the invertibility (or even the
sole Fredholmness) of A, we arrive at the assertion. ®
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Although this will not be needed in the following, we remark that
(47) and (48) yield the identifications

oo

SpecS(C) = TU{oo}U{or}U | J{m}, (50)
SpecS(PC) = (T x[0,1]) U{oo}U {01} U U{?Tn} (51)

Here t € T and (t,u) € T x [0, 1] correspond to the representations
S(C) = B(C), {Au}— (D(({An} +N) +3)) (1),
S(PC) = B(C), {An} = (T(({Au} +N) +3)) (1)

where I' is as in Theorems 8.4 and 8.5, og and oy are the represen-
tations

— B(I%), {A,}+— A,
o1: S(B) — B(1?), {A,}— 4,

and 7y, is the representation
Tk - S(B) - B(Ck)7 {An} = Ak-
The proof of (50) and (51) follows from the decomposition

SpecS(B) = Specy S(B) U Spec™ S(B)
Spec (S(B)/N) U Spec N;

Il

the spectrum Spec (S(B)/N) is given by (47) and (48), while

Spec N = G {mn}.

n=1

10. Stability criteria

We are now ready for the harvest.

Recall that given {A,} € S(PC), we let A and A always stand
for the two operators (44):

A=sgslim A,, A=s-lim W,A,W,.

n— o0 n— oo
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Theorem 10.1. A sequence {A,} € S(PC) is stable if and only if
the two operators A and A are invertible.

Proof. This is immediate from Theorem 9.2 and from what was said
in Section 6. W

For pure Toeplitz matrices, we arrive at the following.

Corollary 10.2 (Gohberg 1967). Let a € PC. The sequence
{T.(a)} is stable if and only if T'(a) is invertible.

Proof. If A,, = Ty,(a), then A = T(a) and A= T(a). As T'(a) is the
transpose of T'(a), the operator T'(a) is invertible if and only if T'(a)
is invertible. ®

We remark that in general A is not the transpose of A. For
example, if A,, = T},(a)T,(b), then

A=T()TOb), A=T@T(®),

and the transpose of A is T'(b)T'(a).
In several applications one encounters perturbed Toeplitz matri-
ces. An especially interesting case is the one in which
An =Tp(a) + PaK P, + W, LW, (52)

with a € PC, K € K, L € K. If the matrices of K and L have
only finitely many nonzero entries, then A, results from T, (a) by
constant perturbations in the upper left and lower right corners. For
instance, if

2 912
1 2|5 2
37 5 2
37 5 2

A, = 3 7 5 2 ,
3 715 2
311 9
5 4

we can write A, in the form (52) with

a(t)=3t+7+5t7 42072 (t€T),
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-5 4 0 -3 2 0
-2 -5 0 4 -6 0
K= 0O 0 O » L= 0 0 O

Corollary 10.3 (Silbermann 1981). Let a € PC and K,L € K.
Then the sequence {T,(a)+ P, K P, + W, LW,} is stable if and only
if the operators T'(a) + K and T'(a) + L are invertible.

Proof. This is a straightforward consequence of Theorem 10.1. m

In particular, the sequence {I + P, K P, + W, LW, } (with K, L €
KC) is stable if and only if I + K and I 4+ L are invertible. Clearly,
given any two finite subsets M and N of C, we can find operators K
and L whose matrices have only finitely many nonzero entries and

for which sp(I + K) =M U {1} and sp(I + L) = N U {1}.

11. Condition numbers

Theorem 9.2 in conjunction with a simple C*-algebra argument yields
more than—the already very interesting—results of Section 10: it
gives the limit of the norms || A, || and ||A,!|| for sequences {A,} €
S(PC).

Theorem 11.1. If {A,} € S(PC), then
Tim_[[ A, = max((JA]L [l A]).
Proof. The direct sum B(I%) @ B(I?) of all ordered pairs (B, C) with
B,C € B(I?) is a C*-algebra under the norm
(B, C)| := max([|BI|, [C])-
Let 1o and 11 be the x-homomorphisms (45) and (46). The map
b=t ®¢1: S(PO)/N = B(I*) & B(I%), {An} + N — (4, 4)

is also a *-homomorphism, and Theorem 9.2 tells us that i preserves
spectra. Hence, by Proposition 5.3(e), 9 also preserves norms, which

means that B
lim sup || 4, | = masx (|1 4], 4] ) (53)
n—oo
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As A,, — A strongly, we have

[A|] < Tim inf [| Ay, ], (54)

and because W, A, W,, — A strongly and ||W,|| = 1, we obtain that
| A|| < liminf ||[W, A, W, | < liminf ||A,]|. (55)

Combining (53), (54), (55), we arrive at the assertion. W

Recall that we put || B~} = oo in case B is not invertible.

Theorem 11.2. If {A,} € S(PC), then
Jim (A7) = max (JlA7Y, A7)
Proof. Suppose first that
max (|| A, [|A™]) = oo.
Then {A,} is not stable by virtue of Theorem 10.1, and hence

limsup || A, = oo. (56)

n—oo

If there would exist a subsequence {ny}?2 ; such that

limsup [|A; ]| < oo, (57)
k—o0

then also
hlrcn sup (W, An, W, ) "M = limsupy,_.oo W, Ar_Lkl W, |l

< limsupy_ o, |45 < o0,

and proceeding as in the proof of Proposition 1.2, only with the
natural numbers replaced by {ni,ng,ns,...}, it would follow that
A and A are invertible. Thus, (57) cannot hold, and (56) therefore
shows that actually lim || A, || = co.

Now suppose

max (|| A, A7) < oo,
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Then {A,} + N is invertible in the C*-algebra S(PC)/N due to
Theorem 9.2. Let {B,} + N be the inverse. Then A,! = B, + C,
with ||Cy || — 0, and Theorem 11.1 gives

Tim 471 = Y [|By 4+ Coll = lim || Ball = max(|BI, | B]).
As, obviously, B = A~! and B = A~!, we get the assertion. m

Corollary 11.3. Ifa € PC, then
i (|7 (@) = 77 (@),

Proof. In this case A = T(@) is the transpose of A = T(a), whence
[A=H = A7 =

The equality lim [|T),(a)|| = ||T'(a)] is trivial. We therefore see
that if a € PC, then
lim &(T,(a)) = k(T (a)). (58)

Corollary 11.4. Leta € PC,K € K, L € K, and put
An = n(a) + P, KP, +W,LW,.

Then
Tim (|4, = max (| T(a) + K|, T(@) + L),
Tim (A7) = max (I(T(@) + K) 7L IT@) + L))

Proof. Because A =T(a) + K and A = T(d) + L, this is immediate
from Theorems 11.1 and 11.2. ®

In the case where a = 1 identically, we encounter the operators
I+K, I+L, (I+K)™', (I+L)™"
Let
K= diag(O,—i,0,0, . ..),

1
L= diag(2,—2,0,0,...>.
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Then for n > 4,

1 1
A, =1+P,KP,+W,LW, = diag(l, - 1,...,1, ,3)
4 2
n—4
We have
[Anll =3, 4,1 =4,
JAl =T+ K[ =1, A7 =[+K)"=4,
JAl =T+ L[| =3, [A=IT+L)7"=2
and hence

lim x(A,) =12, max (H(A),H,(Av)) =6, k(A)=4.

n—oo

This shows that, in contrast to (58), for general {A,} € S(PC) the

limit of k(A4,,) may be larger than max (x(A), k(A)) and hence larger
than k(A).

Moral. The reasoning of this section demonstrates the power of the
C*-algebra approach fairly convincingly. The problem of computing
the limit of ||7);%(a)|| for an individual Toeplitz operator T(a) is,
of course, much more difficult than the question about the stability
of the individual sequence {T,(a)}. We replaced this more difficult
problem for an individual operator by a simpler problem, the stabil-
ity, for all sequences from a C*-algebra, namely for the sequences of
S(PC). Having solved the simpler problem for the C*-algebra (The-
orem 9.2), it was an easy C*-algebra argument (Proposition 5.3(e))
which led to the solution of the more difficult problem for the given
operator T'(a). Into the bargain we even got the solution of the more
difficult problem for all sequences in S(PC') (Theorem 11.2). The
following strategy seems to be not very promising at first glance,
but it is a standard approach in operator theory, and as the present
section shows, it may also be successful in numerical analysis.
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’ difficult problem for an individual operator ‘

!

’ simpler problem for a C*-algebra ‘

!

’ result for the C*-algebra ‘

!

’ desired result for the individual operator ‘

12. Eigenvalues of Hermitian matrices

We now apply Theorem 10.1 to the problem of studying the asymp-
totic eigenvalue distribution of sequences of matrices. Note that, in
contrast to Section 3, we now let A,, stand for an arbitrary sequence
in S(PC) and not necessarily for sequences of the form {P,AP,}.
We begin with a simple result for general sequences in S(PC).

Proposition 12.1. If {A,} € S(PC), then

lim inf sp (4,,) C limsupsp (4,) C sp AUsp A.

n—0o0 n— oo

Proof. Let A ¢ SpAUSpAV. Then A—AI and (A—XI)~ = A— I are
invertible, and hence Theorem 10.1 implies the existence of a natural
number ng and a positive number M such that

(A, — /\I)_lH < M for all n > nyg.

It follows that the spectral radius of (A, — AI)~! is less than M,
which gives that

Ui/m(0) Nsp (A — M) = (0 for all n > nyg;
here Us(u) :={¢ € C: | — pu| < ¢}. Consequently,

Uiym(A)Nsp A, =0 for all n > no,
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and this shows that A & limsup A,,. ®

In the case Hermitian matrices, all inclusions of Proposition 12.1
become equalities.

Theorem 12.2. If {A,} € S(PC) is a sequence of Hermitian ma-
trices, A, = A} for all n, then

liminfsp A,, = limsupsp 4,, =sp AUsp A.

n—oo n— o0
Proof. The operators A and A are necessarily selfadjoint, and all
occurring spectra are subsets of the real line. By virtue of Propo-
sition 12.1, it remains to show that if A is a real number and A ¢
liminfsp A, then A\ € spA UspA. But if X\ is real and not in
liminf sp A,,, then there is a § > 0 such that

Us(A\) NspA,, =0 for infinitely many ny,
whence
Us(0) Nsp (A, — M) =0 for infinitely many ny.
As A, — M is Hermitian, the spectral radius and the norm of (A, —
AI)~! coincide, which gives

1
(A, — A7 < 5 for infinitely many ny.

Thus {A,, — AI)}2, is a stable sequence. The argument of the
proof of Proposition 1.2, only with the natural numbers replaced by
{nk}72,, shows that A—AI is invertible. As {W,,, (An, —A)W,, }32,
is stable together with {A,, — AI}?,, it follows analogously that
A — M is invertible. m

Corollary 12.3. If a € PC is real-valued, then

liminf sp T, (a) = limsupsp T,(a) = spT(a) = [essinf a, esssup a.
n—oo n—oo
Proof. Theorem 12.2 tells us that the limiting sets coincide with
spT(a) UspT(a). Because T'(a) is the transpose of T'(a), we have
spT(a) = spT(a). Finally, Theorem 4.5 implies that spT(a) =
[essinf a,esssupal. ®
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Corollary 12.4. Let a € PC be real-valued and let K and L be
compact and selfadjoint operators. Put

A, =T,(a)+ P,KP, + W,LW,.
Then

liminf sp 4,, = limsupsp A, =sp (T(a) + K)Usp (T(a) + L).

n— 00 n—oo

Proof. Immediate from Theorem 12.2.. B

Notice that, by virtue of Theorem 4.3 (or, again, in view of Theo-
rem 4.5), spT'(a) is a subset of both sp (T'(a)+ K) and sp (T'(a) + L).

Once more Example 3.5. Let x be the characteristic function of
the upper half-circle. The spectrum of the operator of multiplication
by x on L?(T) is R(x) = {0,1}. An orthonormal basis in L?(T) is
constituted by the function {e;}22 _ where ex(t) = t"/V2r (t €
T). The matrix representation of M () with respect to the basis

{607 €1,6-1,€2,€6_2,€3,€_3,.. ~}

is just the matrix A we encountered in Example 3.5. Thus, sp A =
{0,1}. On the other hand, there are permutation matrices II,, such
that IL,, A, I1,, = T, (x), whence

sp A, =T, (x).

From Corollary 12.3 we therefore see that the uniform and partial
limiting sets of sp A,, are both equal to [0,1]. m

13. Singular values

The singular values of an operator or a matrix A are the points in
the spectrum of the selfadjoint and positively semi-definite opera-
tor/matrix (A*A)'/2. We denote the set of the singular values of A
by X(A4).

Clearly, (T*(a)T}(a))"/? is in general not a Toeplitz matrix. But
the sequence {(T*(a)Ty(a))'/?} certainly belongs to the C*-algebra
S(PC), and as this sequence consists of Hermitian matrices, we can
have recourse to Theorem 12.2.
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Theorem 13.1. If {A,} € S(PC), then

lim inf $(A,,) = limsup 2(A4,,) = £(A) US(A).
Proof. This follows from applying Theorem 12.2 to {AXA,} €
S(PC), which gives

liminf sp (A% A,) = limsupsp (A% A,) = sp (A*A) Usp (A*A),

n— o0 n—00

together with the observation sp (B*B) = {0? : 0 € X(B)}. m

Corollary 13.2. Ifa € PC, then

liminf 3(T,,(a)) = limsup £(Ty,(a)) = X(T'(a)) UE(T(a)). m

We remark that the identity
5(T(a)) U0} = 5(T(a)) U {0}

always holds, but in general X(T'(a)) and (7T (a)) may be different
sets. Indeed, letting a(t) =t (t € T), we have

0 0 0 0
1 0 0 0

T@=| 0 1 0 0 ,
0 0 1 0
0 1 0 0
0 0 1 0

T@=| 0 0 0 1 ,
0 0 0 0

so T*(a)T(a) and T*(a)T (a) are equal to

&

=

(o}
o O o o
oo = O
o= OO
o o o
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respectively, whence 3X(T'(a)) = {1} and X(7T'(a)) = {0,1}.

14. Eigenvalues of non-Hermitian matrices

This section does not deal with the application of C*-algebras to
numerical analysis, its purpose is rather to motivate the next section,
where we will again reap the harvest of the work done by C*-algebras
in Section 11.

As a matter of fact, only little is known about the limiting sets
of spT,(a) for general (complex-valued) symbols a € PC.

It turns out that in the case of rational symbols a the spectra
sp T, (a) need not at all mimic sp7'(a). The simplest example is

0 0 0 0
1 0 0 0 ..

T@=| 0 1 0 0 .. |,
0 0 1 0

where spT'(a) is the closed unit disk (which follows from Theorem
4.4), whereas sp T}, (a) = {0} for all n.

For the sake of simplicity, let us consider Toeplitz band matrices,
that is, let us assume that a is a trigonometric polynomial:

q
a(t) = Z agt® t€T), p>1, q¢>1, a—pag 7 0.
k=—p

Given r € (0,00), define the trigonometric polynomial a, by

ar(t) = zq: arr®t® (t € T)

k=—p

(note that if a would have infinitely many nonzero Fourier coef-
ficients, then such a definition of a, runs into problems with the
convergence of the Fourier series). Since

T, (ay) = diag (1,72, ..., 7™) Tp,(a) diag (r =1, 772, ..., 77 "),

we have spT,(a,) = spT,(a). Thus, if there were any reason for
T, (a) to mimic spT(a), this reason would also force spT,(a) to
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mimic spT(a,). As the spectrum of T'(a) is determined by a(T)
and the spectrum of T'(a,) is dictated by a(rT), it is clear that in
general both spectra are distinct. The equality sp T}, (a,) = sp T, (a)
and Proposition 12.1 give

liminf sp T),(a) C limsupsp Ty, (a) C ﬂ spT(a).

r€(0,00)

Actually we have the following.

Theorem 14.1 (Schmidt and Spitzer 1960). If a is a trigono-
metric polynomial, then

liminfspT,(a) = limsupsp T, (a) = ﬂ spT(a;).

re(0,00)

One can show that (,¢( o) SpT(ar) is always connected and
that it is the union of at most finitely many analytic arcs.

A result similar to Theorem 14.1 was proved in 1975 by K.M.
Day for rational symbols. For non-rational symbols, rigorous results
were established by Widom [66], Basor and Morrison [5], [6], Tyr-
tyshnikov and Zamarashkin [61], and Tilli [59], to cite only a few
sample papers (also see [19]). These results are about clusters and
Szegd type formulas for the eigenvalues of T),(a) for large n.

We confine ourselves to citing a pretty nice recent observation by
Tilli [59]. For a € L*, let R(a) denote the essential range of a. The
complement C\ R(a) is the union of connected components, exactly
one which, say )y, is unbounded, while the other components, say
01,Q0,..., are bounded. The extended essential range ER(a) is
defined as

ER(a)=R(a)UQ1 U U....

If C\ R(a) has no bounded components, we put ER(a) = R(a).

Theorem 14.2 (Tilli 1999). For every a € L™, the set ER(a)
is a cluster for the eigenvalues of Ty (a), that is, if U is any open
set which contains ER(a) and if v(U,n) stands for the number of
eigenvalues of T (a) in U (multiplicities taken into account), then

lim v(U,n)

n—oo n

=1.
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In other words, only o(n) of the n eigenvalues of T}, (a) lie outside
U as n — oco. If, for example, a € PC and R(a) is a finite set,
Theorem 14.2 implies that liminf sp T}, (a) contains a point of R(a);
Tilli showed that even all of R(a) is contained in lim inf sp T}, (a).

15. Pseudospectra

Theorem 14.1 tells us that the spectra spT,(a) need not mimic
spT'(a) as n goes to infinity. In contrast to this, pseudospectra be-
have as nicely as we could ever expect.

For ¢ > 0, the e-pseudospectrum sp, B of a bounded Hilbert
space operator B is defined as the set

1
sp. B := {)\ eC: |(B-XD)7Y > 6};

here, as usual, ||(B — M)~ = oo if B — AI is not invertible. Thus
sp B C sp,. B for every € > 0.

In the same way the question “Is B invertible ?” is in numerical
analysis better replaced by the question “What is [[B~|| ?” (or,
still better, by the question “What is x(B) ?”), the pseudospectra of
matrices and operators are, in a sense, of even greater import than
their usual spectra.

The following theorem provides an alternative description of pseu-
dospectra.

Theorem 15.1. Let A be a unital C*-algebra and b € A. Then for
every € > 0,

1
A : - >t =
{ €C: [[(b—Ae) ||_E} U sp0+o0),
llell<e
the union over all ¢ € A of norm at most €.

Taking A = B(H), the C*-algebra of all bounded linear operators
on a Hilbert space H, we get

sp. B = U sp(B+C). (59)
ICl<e
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Equality (59) is one of the reasons that the plots we see on the
computer’s screen are sometimes closer to pseudospectra than to the
usual spectra. On the other hand, equality (59) can often be used to
get an idea of the e-pseudospectrum of a matrix B: simply perturb
B randomly by (say 50) matrices C satisfying ||C|| < e and look
at the superposition of the plots of the spectra (= eigenvalues) of
B+C.

Clearly, to understand the behavior of sp_ T}, (a) for large n, we
need precise information about the norms ||T,, *(a — \)|| as n — oo.
But just such kind of information is given by Theorem 11.2. Here is
the result of this section.

Theorem 15.2. If {A,} € S(PC) and ¢ > 0, then

liminf sp, (4,) = limsupsp, (A,) = sp. A U sp, A.

n—00 n— oo

Proof. We first show that sp, A C liminfsp_ A4,,. If A € sp A, then
(A, — A\I)71|| — oo by virtue of Theorem 11.2, which implies that
A belongs to liminfsp, A,. So suppose A € sp. A\ spA. Then
[(A—=X)~'| > 1/e. Let U C C be any open neighborhood of .
As the norm of the resolvent of a Hilbert space operator cannot be
locally constant (see, e.g., [19, Theorem 3.14]), there is a point p € U
such that ||[(A — uI)~!|| > 1/e. Hence, we can find a kg such that

(A= pD)7H >

1
for all k > kqg.
E—l/k‘ or a. -~ Ko

As U was arbitrary, it follows that there exists a sequence A1, Ag, . ..
such that Ay € sp._y,, A and Ay, — A. By Theorem 11.2,

1
li Ap = NI)7H| > .
Jim [[(Ap — ArT) H_E_l/k

Consequently, |[(A, — A\l)7t|| > 1/e and thus A, € sp, A, for all
n > n(k). This shows that A = lim A; belongs to liminfsp, 4,,.
Repeating the above reasoning with W, A,,W,, and Ain place of

A, and A, respectively, we obtain

SP. A C liminf sp, WnAp,Wi,.

n—0o0
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Obviously, sp, W, A, W,, = sp. A,. In summary, we have proved
that B
sp. AUsp, A C liminfsp, 4,.
n—oo

In order to prove the inclusion limsupsp, A, C sp. A Usp, A,
suppose A is not insp. A Usp. A. Then [(A — X)7!|| < 1/e and
(A=A~ < 1/e, whence

1 1
(A, — A7 < - —-0< - for all n > ng

with some § > 0 due to Theorem 11.2. If n > ng and |u — A| <
e6(1/e — §)~1, then

- [(An — A~
(A = uD) 7 < -
1—[p = A (An = AD) |
1/e—0 1

ST e6(1/c—0)1(1/c—0) &

thus p & sp, A,,. This shows that A cannot belong to limsupsp, A4,.
|

Corollary 15.3. Ifa € PC, then for each € > 0,

liminfsp, T, (a) = limsupsp, T, (a) = sp, T'(a).

n— oo n—00

Proof. 1t is clear that sp, T'(a) = sp. T'(a). &

16. Asymptotic Moore-Penrose inversion

The purpose of this section is to show how a look at the C*-algebras
behind the scenes may help us to distinguish between good and no
so good questions of numerical analysis.

Let B be a C*-algebra. An element a € B is said to be Moore-
Penrose invertible if there exists an element b € B such that

aba =a, bab=>b, (ab)* =ab, (ba)* = ba. (60)

If (60) is satisfied for some b € B, then this element b is uniquely de-
termined. It is called the Moore-Penrose inverse of a and is denoted
by a™.
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Theorem 16.1. An element a of a wunital C*-algebra is Moore-
Penrose invertible if and only if there exists a number d > 0 such
that

sp (a*a) C {0} U [d?, o).

Such a result is implicit in Harte and Mbekhta’s paper [35]. As
far as I know, it was Roch and Silbermann [52], [53] who were the
first to state the result explicitly. A full proof is also in [19, Theorem
4.21].

Corollary 16.2. Let B be a unital C*-algebra with the unit e and
let A be a C*-subalgebra of B which contains e. If a € A is Moore-
Penrose invertible in B, then at € A.

Proof. Combine Proposition 5.1 and Theorem 16.1. B

Now let H be a Hilbert space and consider the C*-algebra B(H)
of all bounded linear operators on H. It is well known that an
operator A is Moore-Penrose invertible (as an element of B(H)) if
and only if it is normally solvable, that is, if and only if its range is
closed. In particular, if dim H < oo, then every operator in B(H) is
Moore-Penrose invertible. The following result is also well known.

Theorem 16.3. Let a € PC. The operator T'(a) is normally solv-
able if and only if it is Fredholm.

Heinig and Hellinger [36] studied the following problem.

Question I. Let a € PC and suppose T'(a) is normally solvable. Do
the Moore-Penrose inverses T,f (a) of Ty, (a) converge strongly to the
Moore-Penrose inverse T (a) of T'(a)?

The answer is as follows.

Theorem 16.4 (Heinig and Hellinger 1994). Let a € PC and
let T(a) be normally solvable and thus Fredholm. Suppose also that
IndT(a) # 0. Then T, (a) converges strongly to T (a) in exactly
two cases, namely,

(a) if IndT(a) > 0 and the Fourier coefficients (a™'),, of a™*
vanish for all sufficiently large m,
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(b) if IndT(a) < 0 and the Fourier coefficients (a™')_,, of a=*
vanish for all m large enough.

Clearly, (a) or (b) are satisfied in rare cases only. As the next
result shows, for properly piecewise continuous functions, these con-
ditions are even never met.

Corollary 16.5. If a € PC\ C and T(a) is normally solvable, then
the following are equivalent:

(i) T, (a) — T (a) strongly;

(ii) T'(a) is invertible, T, (a) is invertible for all sufficiently large
n, and T, *(a) — T~Y(a) strongly.

Proof. The implication (ii)=-(i) is trivial. To prove the reverse impli-
cation, assume (i) holds. If T'(a) is invertible, then (ii) follows from
Corollary 10.2 and Proposition 1.1. So assume T'(a) is not invertible.
Then, by Theorems 16.3 and 16.4, the function ¢! is a polynomial
times a function in

H> U H> :{fELOO: fn=0 for n<0}
U{fGLOO: fn=20 for n>0}.

By a theorem of Lindel6f functions in H*>° U H* do not have jumps.
As we supposed that a € PC'\ C, this completes the proof. B

Consequently, for symbols in PC' \ C Question I does not go
beyond stability and the finite section method.

In algebraic language, Question I asks the following: if T'(a) is
normally solvable, is {T},(a)} Moore-Penrose invertible in S(PC') ?
Indeed, if {T},(a)} is Moore-Penrose invertible in S(PC), then there
is a sequence {B,} € S(PC) such that

To(a)BpTh(a) — Tp(a) =0, B,Tn(a)B, — B, =0, (61)

and
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(Tn(a)Bn)* — Tu(a)Byp = 0, (BpTw(a))* — BaTn(a) =0  (62)

for all n > 1. From (61) and (62) we infer that B, = T, (a), and
passing to the strong limit n — oo in (61) and (62), we get

T(a)BT(a) —T(a) =0, BT(a)B—B =0,
(T(a))* —T(a)B=0, (BT(a))"—DBT(a)=0,

which shows that the strong limit B of T} (a) coincides with T (a).
Conversely, suppose the answer to Question I is in the affirma-
tive. Then (61) and (62) are satisfied for B,, = T, (a), and since
B, — T7*(a) strongly, the Banach-Steinhaus theorem implies that
sup ||Bp|| < oo. Thus, {T,(a)} is Moore-Penrose invertible in the
(big) C*-algebra S introduced in Section 7. From Corollary 16.2 we
deduce that {T},(a)} is even Moore-Penrose invertible in S(PC).

We know that invertibility in S(PC') /N amounts to stability and
thus to a more natural question than invertibility in S(PC). Ques-
tion I is equivalent to Moore-Penrose invertibility in S(PC). This
led Silbermann to asking what the Moore-Penrose invertibility of
{T»(a)}+Nin S(PC)/N means. Arguing as in the preceding para-
graph, it is easily seen that this is just the following question.

Question II. Let a € PC and suppose T(a) is normally solvable. Is
there a sequence {B,} of n X n matrices such that

1Tn(a)BnTy(a) — Tr(a)|| — 0, ||BpTy(a)By — Byl — 0, (63)
(T (a)Bn)* = Tn(a)Ba|l — 0, [[(BnTn(a))" = BnTn(a)|l — 0, (64)
and B, — T (a) strongly?

Here is the answer to Question II.

Theorem 16.6 (Silbermann 1996). If a € PC and T(a) is nor-
mally solvable, then there is a sequence {B,} € S(PC) such that
(63) and (64) hold and B,, — T (a) strongly.

The proof of Theorem 16.6 is based on the following nice result,
which is certainly of independent interest.
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Theorem 16.7 (Roch and Silbermann 1996). Let a € PC. If
T(a) is Fredholm of index k € Z, then the |k| first singular values
of Ty (a) go to zero, while the remaining n — |k| singular values of
T, (a) stay away from zero.

An “elementary” proof of this theorem is in [19, Propositions 4.7
and 4.8].

Proof of Theorem 16.6. By Theorem 16.3, we may assume that T'(a)
is Fredholm of some index k € Z. Let

(0<) 51(T(0)) < 52(T0(@)) < ... < 54(Tu ()

be the singular values of T}, (a) and put

S, := diag (sl(Tn(a)), $2(Th(a)), ..., sn(Tn(a))>.
There are unitary n x n matrices U, and V,, such that
To(a) = U,SnVa

(singular value decomposition). Let S# be the diagonal matrix that
arises from S, by replacing the first || singular values s1 (T}, (a)), . ..,
81k| (T (a)) with zero, and put
A# = U, S*V,.
Theorem 16.7 shows that
1T (a) = AFNl = 1180 = SEIl = 81 (Tn(a)) = 0(1),

whence

{Tw(a)} + N = {A#} + N. (65)

The eigenvalues of (A7)*A# = V,*(S#)*S#V,, are the diagonal en-
tries of the diagonal matrix (S#)*S7#, that is, they are the numbers

0,...,0, (sWH(Tn(a)))Q, o (sn(Tn(a)))z.

%]

From Theorem 16.7 we therefore see that

sp ({47} (AL} ) € {0} U [, ox)
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for some d > 0, and Theorem 16.1 now shows that {A#} is Moore-
Penrose invertible in S(PC). It follows that {A#} + N is Moore-
Penrose invertible in S(PC)/N, and (65) now implies that {T},(a)}+
N is Moore-Penrose invertible in S(PC)/N. ®

17. Quarter-plane Toeplitz operators

Let Q@ = {(i,7) € Z® : i > 1,j > 1}. For a € L>(T?), the quarter-
plane Toeplitz operator T,y (a) is the bounded operator on [2(Q)
which acts by the rule

(T++ (G)ZL')” = Z Aj—k,j—1Tkl,

k>1
1>1

where {@mn }oy = 18 the sequence of the Fourier coefficients of a,

G, = % /27T /27r a(e?,e)e” im0 dh dp.
@m)2 Jo Jo
We define the projections P, ® P, on [2(Q) by

i i1 <i< <i<
((Pn®Pn)g;) :{xw ifl<i<nand1<j<n,

ij 0  otherwise,

and we put
Tpn(a) == (Po ® Po) Ty (a) (P ® P)|Im (P, @ Py).
The sequence {7}, »(a)}>%, is said to be stable if
lim sup HTn_,lL(a) (P ® P < 0.

The purpose of this section is to show how C*-algebra techniques
can be used to establish a stability criterion for {T}, ,,(a)} in the case
where a is piecewise continuous.

The space [?(Q) is the Hilbert space tensor product of two copies
of 12,

PQ)=1rFal%

This means that finite sums Zj ) @) are dense in 1?(Q), where,
for x = {z}} € 12 and y = {yr} € [?, the sequence z ® y € 12(Q) is
given by x ® y = {zpy1}.
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Given A, B € B(I?), the operator A® B € B(I?(Q)) is defined as
the linear and continuous extension to [?(Q) of the map defined for
x,y € 1% by

(A® B)(z®y) := Axz ® By.
One can show that | A®@ B|| = || A]| || B||. Also notice that if A € B((?)
and v € C, then

VIQA=T®vA, AR~y =~7ARI.
For b,c € L™, we define b ® ¢ € L>(T?) by

(b®c)(&m) = b(E)e(n), (&n) € T2

We let PC ® PC stand for the closure in L°(T?) of the set of all
finite sums
> bj®c;, bj€PC, c; € PC.
J
If a € PC ® PC is a finite sum a = Zj b; ® ¢; with bj,¢c; € PC,
then

T++ ZT ®T C] nn ZT )

Our aim is to prove the following result.

Theorem 17.1. Let a € PCQPC. The sequence {T,, n(a)} is stable
if and only if the four operators

Tyi(aoo); Tyi(aor), Tii(aro), Tyq(an) (66)

are invertible, where for (£,n) € T2,

aoo(f,ﬂ) = a(fa’?)a am(f,ﬂ) = a(€77771)7
alo(ﬁ»ﬁ) = a(gila 77)7 all(fﬂ?) = a’(gilvnil)'

Invertibility criteria for general quarter-plane Toeplitz operators
are not known. For symbols in PC ® PC, we have at least an effec-
tively verifiable Fredholm criterion. It is easily seen that for every
a € PC ® PC and each (¢,n) € T? the four limits

a(§+0,n=+0):= lim a(€e® ne®).

§—0+0
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exist. Thus, for a € PC @ PC each (r,u) € T x [0,1] we can define
two functions al , and ai , in PC by

ai’u(t): (1—=p)a(r—=0,t)+ pa(r +0,t), (67)
a?,(t)=Q1-p)a(t,T—0)+pa(t,7+0), teT.

Here is a Fredholm criterion.

Theorem 17.2 (Duduchava 1977). Let a € PC ® PC. The
operator Ty (a) is Fredholm on 1*>(Q) if and only if the operators
T(a},) and T(a2 ) are invertible for all (7, ) € T x [0,1]. In that

T H
case Ind T 4 (a) = 0.

We now proceed to the proof of Theorem 17.1. Let F stand for
the C*-algebra of all sequences {A,} -, of operators

A, € B(Im (P, @ Pn)>

such that
[{An ] := ngl) | Anll < oo,

and let M be the closed ideal of F which consists of all sequence
{4,,} for which ||A,|| — 0 as n — oco. Let S and N be as in Section
7. Given two C*-subalgebras E and G of S/N, we define the C*-
subalgebra E ® G of F/M as the closure in F/M of the set of all
finite sums of the form

> {E,@ ® Gﬁf)} +M, {EV}+NEcE, {GV}+NecG.

J

Put
A :=S(PC)/N.

It is easily seen that if a € PC ® PC, then the sequence {T;, ,,(a)}
is stable if and only if {T}, ,(a)} + M is invertible in A ® A.

In what follows, we use the abbreviations
{A}Y ={A.}+N, {4} ={A,} + M.

Lemma 17.3. Let a € PC ® PC. Then {T, ,(a)}* is invertible
in A ® A if and only if the four operators (66) as well as the two
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elements

{Tin(@) +IJOAEARA/TRA, (68)
{nn(a)} +ARIEARA/AR] (69)

are invertible.

Proof. The invertibility of the elements (68) and (69) is equivalent
to the invertibility of the element

(T} +IRIcARA/TRT. (70)

Indeed, the invertibility of (68) and (69) is obviously implied by the
invertibility of (70). Conversely, if (68) and (69) have the inverses
{Bp}' +J® A and {Cp,}' +A®J,
then i
{Bu+Cu= BuTon(@)Co} +3 23

is readily seen to be the inverse of (70).

Let Jo and J; be the ideals introduced in Section 8. The ideal
J ® J is the smallest closed ideal of A ® A which contains the four
ideals

Jo®Jo, Jo®J1, Ji®Jy, J1®J1.

The maps
oo { A} — s-lim (P, ® P,) A, (P, ® P,),
n—oo
Yo1: {An " — s-lim (P, @ W,,)Ap (P, @ W),
n—oo
10: { A} — s-lim (W ® Pp)A,(W, ® By,),
P11:{ A} — s-lim (W QW) An (W, @ W),

are well-defined *-homomorphisms from A ® A to B(I2(Q)), and the
restrictions

Y00]|Jo @ Jo, Yo1/Jo @ J1, Y10ld1 ® Jo, ¥11|d1 ® Jq

are injective. Let us, for instance, prove the injectivity of ¥p1|Jo®J1.
Finite sums of the form

> {P.K;P, @ W, LW}, K; €K, Lj K.
J



C*ALGEBRAS IN NUMERICAL ANALYSIS 115

are dense in Jo ® J;. Since
1> _K; @ Li|
J

= lim [|(P, ® W) Y (PuK ;P @ Wo LW, ) (P @ W) |

n—oo

J

< limsup||> (PuK; Py ® W, LiW,)||
J

= [ _APuK; P & Wi LW}
J

we see that every element of Jy ® J; is of the form
o
(A} = {(Pa @ W) APy @ W,) | (71)

with some A € K(I?(Q)). But if {A,}!" is given by (71), then
o1 ({An}) = A, and hence o1 ({A,}") = 0 implies that {A,,}'" =
0.

Thus, Theorem 5.6 shows that {7}, ,(a)}* is invertible if and only
if (70) (equivalently: (68) and (69)) and the four operators

Tii(aes) = Vos ({Tum (@), (6,0) € {01} x {0,1}
are invertible. H

Thus, to prove Theorem 17.1 we are left with showing that (68)
and (69) are automatically invertible if the four operators (66) are
invertible.

Let A ® C be the closure in A ® A of the set of all finite sums

Y {Ba@yP}, {B.}' €A, vyeC.
J

Since B, ® vP, = 7B, ® P,, it follows that A ® C coincides with
the closure in A ® A of the set of all finite sums

> {B.@ P}, {Bn}" €A.
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Clearly A® C is a C*-subalgebra of A ® A. By virtue of Proposition
5.3(b), the image of A ® C under the canonical *-homomorphism

ARA—-AQRA/T®A

is a C*-subalgebra of A ® A/J ® A. We denote this C*-subalgebra
by A® C/J® A.
Lemma 17.4. The map

A/J-ARC/I®A, {B,}'+I—{B, P, }+IJ®A (72
is a well-defined x-isomorphism.
Proof. The map

A—-A®C/I®A, {B,})' —{B, P} +J®A. (73)

is a surjective *-homomorphism, and we must show that its kernel
is J. So suppose {B,}” € A and

(B,oP}ecIoA (74)

Sequences in J and A have strong limits in K and A(PC), respec-
tively. Thus, on denoting by B € A(PC) the strong limit of B,,, we
infer from (74) that

B®IlecK® APC).
This implies that
IB=P.B|| = (B=F.B)@ 1| = BRI (P,@I)(B&I)|| =o(1)

asn — 00, and as P, B has finite rank, it follows that B € K. Conse-
quently, the Gelfand transform I'(B + K) vanishes identically. From
Theorems 6.4 and 8.5 we therefore deduce that T'({B,}” + J) is also
identically zero, and Theorem 5.4 so shows that {B,}* € J. m

Lemma 17.5. The C*-algebra A @ C/J @ A is a C*-subalgebra of
the center of the C*-algebra A @ A/J ® A.
Proof. For {B,},{Cy},{D,} € A we have

{C, ® D, }*{B,, ® P,}} ={C,,B, ® D, }"*,
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and since {B,C,, — C,,B,}” € J due to the commutativity of A/J
(Theorem 8.5), we arrive at the assertion. B

Lemma 17.5 enables us to have recourse to the local principle
of Allan and Douglas (Theorem 5.5). By virtue of Lemma 17.4 and
Theorem 8.5, we can identify the maximal ideal space of AQC/J®A
with T x [0,1]. In accordance with Theorem 5.5, we associate with
(1,p) € T x [0,1] the smallest closed ideal J,, of A ® A/J ® A
which contains the set

{{Bn QP +IQA: (F({Bn}” +J)>(T7 p) = 0},
Lemma 17.6. Let a € PC ® PC, (t,u) € T x [0,1], and define
at , € PC by (67). Then
({T (a)}"+J®A)+J = ({P @ T (al )}M+J®A> +J

n,n T — n n\%r T+

(75)
Proof. Since

o
{Tun(@} + 3@ A < limsup | T n(@)]] < llalloc

and

m
H{Pn ®Tn(ai’u)} +J ®AH < limsup‘

n—oo

Py ® Tn(a}_’u)H
< la} e = 50D (1 = )a(r = 0,8) + pa(r +0,6)
te

< A =pllallec + pllallc = llallso,

it suffices to prove (75) in the case where a is a finite sum

a:ij®cj7 bjGPC,ng.PC.
J

In that case we have, by Theorem 8.5,

ay, = (1—ﬂ)zbj(7—0)cj+ﬂzbj(7'+0)€j,
J J

- Z (F({Tn(bj)}” - J)> (1, 1)c;
=: Z’Yj(Taﬂ)Cj’
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= > { (T ~ v (r.)P) OTu(e)) +IeA. (76)
(r({r0) = mmr} +3) )
- (F({Tn(bﬂ}V +J)><w> — (7, ) =0,

we see from the definition of J. , that (76) belongs to J. ,. ®

Proof of Theorem 17.1. As already said, it remains to prove that
(68) and (69) are invertible if the four operators (66) are invertible.
The sole Fredholmness of the operator T 1 (ago) = T4+ (a) implies
that T'(al ,) is invertible for all (7, ) € T x [0,1] (Theorem 17.2).
Hence, {Tn(ai)u)}” is invertible in A (Theorem 9.2). Let {B,}”
be the inverse of {T,,(a} ,}". Then {P, ® B,}" is the inverse of
{P, ®Tn(al ,)}*, that is

m
{Pn ® Tn(ai,u)}

is invertible in A ® A for all (7,u) € T x [0,1]. From Lemma 17.6
we now deduce that

({Tn,n(a)}” 1I® A) +

is invertible for all (r,u) € T x [0,1], and Theorem 5.5 therefore
gives the invertibility of (68). Replacing in the above reasoning A ®
C/J® A by C®A/A®J, one can analogously prove that (69) is
invertible. ®
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18. Segal-Bargmann space Toeplitz operators

The Segal-Bargmann space A%(CY,du) is the Hilbert space of all
functions f which are analytic on CV and satisfy

12 = 1 on) P o) . die) < o

where du(z) = (277)_1e’|z|2dA(z) and dA(z) is area measure on C.
Let us first consider the case N = 1. We denote by C the com-

pactification of C by a circle at infinity. Thus, a € C(C) if and only
if the limit

(s (t) = lim a(rt)
exists for every t € T and if as, € C(T). For a € C(C), the Toeplitz
operator T (a) on A%(C,du) is defined by

(T () f)(2) = / a(w)e"™2 f(w) du(w), =€ C.
c
An orthonormal basis {e,}3>; of A%(C,du) is constituted by the

functions
—1/2
n

en(z) = (2"71(71 - 1)!) P

For a € C(C), let T°(a) be the bounded operator on A%(C,dpu)
whose matrix representation with respect to the basis {e, }>2 ; is the
Toeplitz matrix T'(aoo) = ((@oo)j—k)5%—1 constituted by the Fourier
coefficients of the function as,. One can show that

T'(a) =T%a) + K (77)

with some compact operator K on A%(C,du). We define the projec-
tions P, on A%(C,du) by

o0 n
P, : E Trep E Trek,
k=1 k=1

and we put T} (a) := P,T"(a)P,|Im P,. From Corollary 10.3 and
(77) we immediately obtain the following.
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Theorem 18.1. Let a € C(C). The sequence {T(a)}2>, is stable
if and only if T*(a) and T°(a®) are invertible, where a°(2) := a(%)
forzeC. m

We now turn to the case N = 2. The space A%(C?,du) is the
Hilbert space tensor product of two copies of A%(C,du). We let
0(62) stand for the closure in L>(C?) of the set of all finite sums
>_;bj ®¢; with bj,¢; € C(C). For a finite sum a = } . b; ® ¢; €
C(éz), we define four operators 77%(a) (v,8 € {0,1}) by

T (a ZTV ) @ T%(cj). (78)

One can show that ||77%(a)|| < ||a|les, Which allows us to extend

the definition of T7%(a) to all functions a € 0(62). The really
interesting operator is the operator 7%!(a), which can also be given
by the formula

T @NE = [ atw)e ™ fw)dutu), =€,

where 2w = z1w71 + 29w3 and du(w) = du(wi)dp(ws). The opera-
tor T%%(a) is obviously unitarily equivalent to the operator T 1 (a)
studied in Section 17. Put

T (a) = (P, ® P,)T7°(a)(Pn ® Pp)|Im (P, ® Py).
Taking into account (78), it is easy to see that
@ Pa)T* (a)(Pn
@ W,)T7°(a)(Py @ Wy) — TV (a'0) strongly,
)

(Pn

(Pn

(W, ® P,)T.) 5(a (W ® P,) — T%(a%') strongly,
(W, @ W, )T (a) (W, @ W,,) — T%9(a%°) strongly,

P,) — T7°(ab1) strongly,

where

a1’1(31722) = a(z1, 22), (11’0(21722) = a(z1,%2),

a0’1(21722) = a(Zz1, 22), ao’o(ZhZz) = a(z1,%2).

Using arguments similar to those of Section 17, one can prove the
following.
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Theorem 18.2. Let a € C(éz) and let (v,6) € {0,1}%. The se-
quence {T.)°(a)}22, is stable if and only if the four operators

Tfy,zS(al,l)7 T'y,()(al,())7 TO,é(aO,l)7 TO,O(GO,O)
are invertible.
In the case (vy,d) = (1,1) we encounter the four operators
Tl,l(al,l) Tl,O(al,O) TO,l(a(),l) TO’O(CLO’O)

that is, the stability of the sequence {T}'}(a)} of the truncations
of a pure Segal-Bargmann space Toeplitz operator is determined
by this operator itself, by the pure quarter-plane Toeplitz opera-
tor 7%%(a%0), and by the two “mixed Toeplitz operators” 7% (a!?)
and 71 (a®1).

For (v,0) = (0,0), Theorem 18.2 is the C®C (and thus a special)
version of Theorem 17.1. Notice that the operators

TO’O(al’l) TO,O(al,O) T070(a071) TO’O((ZO’O)
are just the operators
Tii(aoo), Tyelaor), Tii(aro), Tit(ann)

(in this order).

In the case of general N, we associate with every a € C (EN) and
every € = (e1,...,en) € {0,1} the operator

and a function N
a® =a"ttN e C(C)

in the natural manner. We put

T:(a)=(Po®...0 P)T (a)(Pr®...Q P,)|Im (P, ® ... ® Pp).

Theorem 18.3. Let a € C’(éN) and ¢ € {0,1}". The sequence
{TE(a)}eo., is stable if and only if the 2V operators T (a’) (§ €
{0, 1}N) are invertible; here

e-0=1(e1,...,en) (01,...,0n) :=(€101,...,eNON).
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The proof of Theorem 18.3 is rather difficult. It is done by induc-
tion on N and based on ideas analogous to the ones of Section 17.
For pure Segal-Bargmann space Toeplitz operators, Theorem 18.3
reads as follows.

Theorem 18.4. Let a € C’(GN). The sequence {T}1(a)}5o
is stable if and only if the 2N operators T?(a®) (6 € {0,1}V) are
invertible.

It is certainly amusing to know that the proof of Theorem 18.3 is
much simpler than the proof of Theorem 18.4. To be more precise:
the only proof of Theorem 18.4 T have is first to prove Theorem 18.3
and then to deduce Theorem 18.4 as a special case from Theorem
18.4; T do not know how to prove Theorem 18.4 in a direct way.

The mystery’s resolution is “the researcher’s paradox”: some-
times a proof by induction does only work if the result to be proved
is sufficiently sharp. Here is an example of this experience taken
from [60].

We want to prove that
1-3~5...(2N—1)< 1
2-4-6...2N VN’

Since 1/2 < 1, this is true for N = 1. Suppose (79) holds for N. To
prove (79) for N + 1, we consider

(79)

1-3-5...(2N +1)
2.4.6...(2N +2)

(80)

and (79) for N tells us that (80) is at most
1 2N +1
VN2N +2°
But the inequality

L2N+1 1
VN2N+2 N +1

is equivalent to the inequality

AN + 8N? + 5N +1 < 4N3 + 8N? 4+ 4N,
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which is definitely not true.
Now let us replace (79) by the stronger assertion
1:3:5...2N-1) _ 1
2-4-6...2N VN+1

As 1/2 < 1/4/2, this is valid for N = 1. Assuming that (81) is true
for N, we get

(81)

1-3-5...2N+1) _ 1 2N+1
2.4-6...2N+2)  YNFI12N~+2’

and because the inequality

1 2N41 1
VN+12N+2 /N +2

is equivalent to the inequality

4N3 +12N? + 9N + 2 < AN3 + 12N? + 12N + 4,

we get indeed the desired result

1-3-5...(2N +1) 1
2.4-6...(2N +2) N +2

19. Notes and some history

The first treatise on the numerical analysis of Toeplitz matrices is
Gohberg and Feldman’s book [30]. This book has strongly influenced
the subsequent development, and it already contains such results as
Corollary 10.2.

In the sixties, I.B. Simonenko created his local principle for study-
ing the Fredholmness of so-called operators of local type. Inspired by
the success of this theory, V.B. Dybin proposed to apply local prin-
ciples to the investigation of the stability of approximation methods.
A.V. Kozak, a student of Dybin’s, carried out this program; he gen-
eralized Simonenko’s local principle to general Banach algebras and
used this new tool to dispose of the question of the stability of se-
quences of compressions of multidimensional convolution operators
with continuous symbols [38], [39]. For example, Theorem 17.1 for
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continuous symbols is a 1973 result of Kozak. Due to the work of
Gohberg, Feldman, and Kozak, to mention only the principal fig-
ures, the stability theory for one- and higher-dimensional Toeplitz
operators (on [? or on [P) with continuous symbols was essentially
complete in the middle of the seventies.

As the Fredholm theory of Toeplitz operators with piecewise con-
tinuous symbols is especially beautiful for [P spaces, people started
investigating the stability of {7, (a)} for a € PC on [P. In 1977,
Verbitsky and Krupnik [62] were able to prove that if a € PC has
only one jump, then for {7T},(a)} to be stable on {? it is necessary and
sufficient that T'(a) and T'(@) be invertible on [?. Clearly, this result
cried for a local principle, but all attempts to prove it for symbols
with at least two jumps failed.

In the late seventies, I became a student of Silbermann’s and
joined his research into the asymptotic behavior of Toeplitz deter-
minants (Szegd limit theorems). We then read Widom’s paper [64],
which contained formula (31):

T, ()T (b) = Ty (ab) — Py H(a)H(D) P, — Wy H(@) H(b)W,.

We soon understood how this formula can be used to study the stabil-
ity of {T},(a)} on I? for a € PC and extended the Verbitsky /Krupnik
result to symbols with a finite number of jumps [16]. T was satisfied,
but Silbermann went further. When tackling symbols with count-
ably many jumps, he realized that local principles work perfectly
modulo the ideal

3= {{PaKP, + W, LW, } + N K, L €K}

(note that already the idea of checking whether this is at all an
ideal is daring). In this way, Silbermann was able to prove results
like the [P version of Corollary 10.3, and at the same time he laid
the foundation for a new level of the application of Banach algebra
techniques to numerical analysis and thus for an approach that has
led to plenty of impressive results during the last 18 years.

Another problem people were working on at that time was quart-
er-plane Toeplitz operators with symbols in PC ® PC'. For symbols
in C ® C, the Fredholm theory was settled earlier by I.B. Simonen-
ko, R.G. Douglas, R. Howe, and V.S. Pilidi. In his 1977 paper [26],
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Duduchava localized over the central subalgebra
A(C)® C/K® A(PC) = C(T)

of A(PC)® A(PC)/K ® A(PC), arrived at local representatives of
the form
TO)@T(c)+1IxT(d),

and he was able to come up with these rather complicated local rep-
resentatives and to establish Theorem 17.2. It was again the attempt
of extending an [? result to the I? setting that moved things ahead:
I understood that localization over the larger central subalgebra

A(PC)® C/K @ A(PC) = C(T x [0, 1))

of A(PC)® A(PC)/K ® A(PC) results in local representatives of
the pretty nice form
1®T(d),

which simplifies Duduchava’s [2 theory significantly and, moreover,
also yields the [P version of Theorem 17.2 [7].

Together with Silbermann, we then realized that a localization
analogous to the one sketched in the previous paragraph should also
work when studying the stability of {T, ,(a)} for a € PC ® PC.
The result was our 1983 paper [17], in which we introduced the C*-
algebra

A =S(PC)/N,

established Theorem 8.5 for A/J, localized over
ARC/IJ®A=C(T x|[0,1]),

obtained local representatives of the form

{&@ﬂ@}

and arrived at Theorem 17.1. As to the best of my knowledge, this
was the first time C*-algebras were deliberately used in connection
with a question of numerical analysis.

Subsequently C*-algebras have been applied to many problems of
numerical analysis, and things have now become a big business. The
general strategy is always to translate the numerical problem into a
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question about invertibility in some Banach or C*-algebra and then
to find ideals so that the quotient algebras have a sufficiently large
center. Then one can employ a local principle (say Theorem 5.5), and
in the end one has to “lift” things back from the quotient algebras
to the original algebra. (e.g. by Theorem 5.6). The price one has
to pay is that one must pass from individual operators to algebras
of operators, and these usually contain objects that are much more
complicated than the original operator.

Working in C*-algebras is always more comfortable than being
in Banach algebras, and results obtained with the help of C*-algebra
techniques are often much sharper than those gained by having re-
course to Banach algebras. Moreover, frequently C*-algebras auto-
matically do a perfect job for us. For instance, Gohberg’s result

a € PC, T(a) invertible = limsup ||T,, ' (a)|| < oo

n—oo

is 30 years old — only 5 years ago it was observed that the simple
C*-algebra argument

preservation of spectra = preservation of norms
yields almost at once the undreamt-of improvement

a € PC = lim ||T,; (a)| = T (a)|.

The material of this text exhibits only a modest piece of the
business and is restricted to the few things I have participated in and
to my favorite operators, the Toeplitz operators. For more about the
topic the reader is referred to my texts [19] and [11] with Silbermann
and Grudsky and to Hagen, Roch, and Silbermann’s inexhaustible
books [33], [34]. An independent line of the development has its root
in Arveson’s works [3], [4]. The ideas of Arveson are also discussed
in [34].

In what follows I give a few sources for the result of the text.
Sections 1 to 3. Standard.

Section 4. The books [30], [25], [45], [18], [19] contain the results
of this section, historical comments, and much more. For Hankel
operators, we also refer to the books [46], [47].
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Section 5. Most of the results of this section are well known. Theo-
rem 5.5 is due to Allan [1], who established even the Banach algebra
version of this theorem. The theorem was independently discovered
by Douglas [25], who was the first to understand the relevancy of
such a theorem in operator theory. A special version of Theorem 5.6
is already in Silbermann’s paper [54]. In the form we cited Theorem
5.6, it appears in Roch and Silbermann’s works [49], [51].

Section 6. Theorem 6.2 is due to Gohberg [28] and Coburn [23],
Proposition 6.3 and Theorem 6.4 were established by Gohberg and
Krupnik [31].

Sections 7 to 10. Corollary 10.2 is a 1967 result of Gohberg [29],
Corollary 10.3 was obtained in Silbermann’s 1981 paper [54], and
Theorem 10.1 is from my 1983 paper [17] with Silbermann. Theo-
rems 8.1 and 9.1 are C*-algebra modifications of similar results by
Silbermann [54]. The C*-algebra (S/(PC)/N)/J was introduced in
[17]. In that paper we also proved Theorems 8.3 to 8.5 and Theo-
rem 9.2. The two proofs of Theorem 9.2 given here are from Ha-
gen, Roch, and Silbermann’s book [34]. They use heavy guns, but
they are beautiful concrete illustrations of the C*-algebra machin-
ery. More “elementary” proofs are in [17], [18, Theorem 7.11], [19,
Theorem 3.11].

Section 11. The results and the C*-algebra approach of this sec-
tion are from my article [9], which, I must admit, was essentially
influenced by Silbermann’s paper [55]. It should also be noted that
the goal of [9] was to give alternative proofs and extensions of the re-
sults by Reichel and Trefethen [48] on the pseudospectra of Toeplitz
matrices (see Section 15).

For sequences in S(C), that is, for continuous symbols, we now
also have proofs of Theorems 11.1 and 11.2 that do not invoke C*-
algebras [15]. The techniques developed in this connection allow
passage to operators on [P and, perhaps more importantly, they yield
good two-sided estimates for the differences

| A — max( AL [|A]), A7) — max(| A, |A~])

and, in particular, estimates for the speed with which the norms
T (a)|| converges to their limit ||[T1(a)l|; see [32], [11], [14], [13],
[12].
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Sections 12 and 13. Corollary 12.3 is even true for arbitrary real-
valued a € L™ and is a classical result: Szegd [58] and Widom [63].
Corollary 13.2 is due to Widom [65] and Silbermann [55]. Theorems
12.2 and 13.1 were established by Roch and Silbermann [50].

Section 14. The classical paper by Schmidt and Spitzer is [57].
An alternative proof of Theorem 14.1, which also gives the “limit-
ing measure”, is in Hirschman’s work [37]. Notice that both proofs
are nevertheless rather intricate and that a “transparent” proof of
Theorem 14.1 is still missing.

Section 15. Henry Landau [40], [41] was the first to study e-
pseudospectra of Toeplitz matrices, and Corollary 15.3 (for smooth
symbols a) is in principle already in his papers. Independently,
Corollary 15.3 (for symbols with absolutely convergent Fourier se-
ries) was discovered by Reichel and Trefethen [48]. These three au-
thors derived the result with the help of different methods. The
approach of Section 15 and Corollary 15.3 for symbols in PC' is from
my paper [9]. Theorem 15.2 appeared in the paper [51] by Roch and
Silbermann for the first time.

For matrices (= operators on C™), Theorem 15.1 is a simple fact.
In the form stated here it was probably first proved by T. Finck and
T. Ehrhardt (see [51]).

I also recommend
http://web.comlab.ox.ac.uk/projects/pseudospectra
which is a wonderful webpage by Mark Embree and Nick Trefethen.

Section 16. For symbols with absolutely convergent Fourier series,
Theorem 16.4 was proved by Heinig and Hellinger [36] using differ-
ent methods. For symbols in PC, the theorem was established by
Silbermann [56]. A very simple proof was subsequently given in my
paper [10]; this proof is also in [19, Section 4.10].

Several versions of Questions I and II have been studied for a
long time; see, for example, the paper [43] by Moore and Nashed.

In the context of Toeplitz operators, Question II was first raised
by Silbermann [56], who also obtained Theorem 16.6. The “splitting
property” described by Theorem 16.7 was discovered by Roch and
Silbermann [52]; their proof makes essential use of C*-algebras (and
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even gives an analogue of Theorem 16.7 for block Toeplitz matrices).
The “elementary” proof alluded to in the text was found in [10] (and
it does not work for block Toeplitz matrices).

Section 17. Theorem 17.2 was established by Duduchava [26] (a
simpler proof and the extension to I? are in [7]). All other results and
the reasoning of this section are from the paper [17] by Silbermann
and myself.

Section 18. These results were obtained in my paper [§8] and my
papers [20], [21], [22] with Wolf.
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