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The main topic of this thesis is how to approximate and compute spectra of linear
operators on separable Hilbert spaces. We consider several approaches including the finite
section method, an infinite-dimensional version of the QR algorithm, as well as pseudospec-
tral techniques. Several new theorems about convergence of the finite section method
(and variants of it) for self-adjoint problems are obtained together with a rigorous analy-
sis of the infinite-dimensional QR algorithm for normal operators. To attack (and solve)
the long standing general computational spectral problem we look to the pseudospectral
theory and introduce the complexity index. A generalization of the pseudospectrum is
introduced, namely, the n-pseudospectrum. This set behaves very much like the original
pseudospectrum, but has the advantage that it approximates the spectrum well for large
n. The complexity index is a tool for indicating how complex or difficult it may be to
approximate spectra of operators belonging to a certain class. We establish bounds on
the complexity index and discuss some open problems regarding this new mathematical
entity.

As the approximation framework also gives rise to several computational methods, we
analyze and discuss implementation techniques for algorithms that can be derived from
the theoretical model. In particular, we develop algorithms that can compute spectra of
arbitrary bounded operators on separable Hilbert spaces, and the exposition is followed
by several numerical examples. The thesis also contains a thorough discussion on how
to implement the QR algorithm in infinite dimensions. This is supported by numerical
computations. These examples reveal several surprisingly nice features of the infinite-
dimensional QR algorithm, and this leaves a number of open problems that we debate.
We also include a chapter on how the infinite-dimensional QR algorithm can be improved,
in particular, how to speed it up. This approach is based on adapting the techniques used
in finite dimensions to an infinite-dimensional setting.
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Preface

The question I would like to address in this thesis is how to compute, or approximate,
spectra of arbitrary linear operators on Hilbert spaces. When confronted with this chal-
lenge one does not only meet mathematical obstacles, but one is also faced with the task
of balancing between pure and applied mathematics. As most of the interesting operators
in mathematical physics act on infinite-dimensional Hilbert spaces, one must leave the
classical theory of matrix computations and analysis and enter the more pure discipline
of functional analysis and operator theory. However, as actual computations and design
of algorithms are also important parts of this thesis, one cannot abandon the theory of
matrix computations, but rather mix the two disciplines in the best possible way. This
is a nontrivial task as the audience in the two different areas may have different interests
and emphasis, and more importantly, different mathematical backgrounds and opinions.
As Peter Lax said in his mathematical talk on the occasion of his acceptance of the Abel
prize :“...and the relationship between the two disciplines (pure and applied mathematics)
is delicate.”

In order to please both pure and applied mathematicians I have chosen to give the
two different communities what they appreciate, namely, mathematics written in their
own language. The thesis is therefore organized in two parts; Part I-Theory and Part
II-Applications. Part I contains the results that are intended for cross-disciplinary math-
ematical journals (pure and applied mathematics) and is written in a language expected
for journals such as Journal of the American Mathematical Society or Communications
on Pure and Applied Mathematics. Knowledge of functional analysis at graduate level is
assumed. In Part II the emphasis is on mathematical results in application, where the
design and execution of algorithms are the main topics. These results are intended for
applied mathematical journals such as IMA Journal of Numerical Analysis or Proceedings
of the Royal Society A. In this part graduate level functional analysis is not assumed, how-
ever, the reader is expected to know graduate level numerical linear algebra and numerical
analysis.

I must emphasize that this does not mean that all the theory is presented in Part I,
whereas the numerical examples are shown in Part I1. The second part of the thesis contains
theorems and proofs as well as theoretical mathematical discussions, but the emphasis is
on mathematics in applications and theorems are often motivated by the desire to analyze
algorithms. Even though the material in both parts is intimately connected, both Part I
and Part II are self contained and can be read independently of the other.

This dissertation is the result of my own work and includes nothing which is the
outcome of work done in collaboration except where specifically indicated in the text.
Every lemma, proposition or theorem followed by a proof is original. There are quotes
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from other work, however, in those cases there are references to either the original paper or
book and no proofs are displayed. The thesis is based on a series of articles, in particular:

Part I-Theory

On the approximation of spectra of linear operators on Hilbert spaces (Han08).

On the complexity index, the n-pseudospectrum and construction of spectra of linear
operators (Hanl11).

Part 1I-Applications

Infinite-dimensional numerical linear algebra; theory and applications (Han10).

The infinite-dimensional QR algorithm (Hanb).

Hessenberg reduction and the infinite-dimensional QR algorithm (Hana).
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Chapter 1

Introduction

The main theme of Part I is how to construct and approximate spectra of arbitrary closed
operators on separable Hilbert spaces. This task is a fascinating pure mathematical prob-
lem, but it is strongly motivated by applications. The reason is as follows. After the
triumph of quantum mechanics, operator and spectral theory became indispensable math-
ematical disciplines in order to support quantum theory and also to secure its mathematical
foundations. There is a vast literature on how to analyze spectra of linear operators and
the field is still very much active.

So far, so good, the only problem is that the theoretical physicist may not only want
theorems about structural properties of spectra, one may actually want to determine the
spectra completely. When faced with this problem the mathematician may first recall that
even if the dimension of the Hilbert space is finite, this is not trivial. One quickly realizes
that, due to Abel’s contribution on the unsolvability of the quintic using radicals, one is
doomed to fail if one tries to construct the spectrum in terms of finitely many arithmetic
operations and radicals of the matrix elements of the operator. However, in finite dimen-
sions, there is a vast theory on how to obtain sequences of sets, whose construction only
require finitely many arithmetic operations and radicals of the matrix elements, such that
the sequence converges to the spectrum of the desired operator. Thus, at least in finite
dimensions, one can construct the spectrum, and this construction automatically yields a
method for approximating the spectrum. Even though this may be difficult in practice,
one has a mathematical theory that guarantees that up to an arbitrarily small error, one
can determine the spectra of operators on finite dimensional Hilbert spaces.

There is no automatic extension from the finite dimensional case, and the problem
is therefore; what can be done in infinite dimensions? Moreover, how does one handle
the case of an unbounded operator? Keeping the Schrodinger and Dirac operators in
mind, one realizes that the unbounded cases may be the most important ones. We must
emphasize that quite a lot is known about how to approximate spectra of Schrédinger and
Dirac operators, but, as far as we know, even in the self-adjoint case, one still only knows
how to deal with special cases, and current methods lack generality. To illustrate the
present situation on how how to construct and approximate spectra of arbitrary operators
we have chosen quotes from two of the leading authorities in operator and spectral theory.
Bill Arveson points out that “Unfortunately, there is a dearth of literature on this basic
problem, and so far as we have been able to tell, there are no proven techniques” (Arv94a).
Also, Brian Davies (Dav05) has expressed his concern due to the following example. Let

3
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A 1 13(Z) — I*(Z) be defined by

ef(n+1) n=0

(Af)(n) { et
Now for € # 0 we have o(A¢) = {z : |z| = 1} but for e = 0 then o(A4p) = {2z : |2| < 1}.
Davies argues as follows: “If € is a very small constructively defined real number and
one is not able to determine whether or not ¢ = 0, then the spectrum of A. cannot be
computed even approximately even though A, is well-defined constructively. This implies
that there exist straightforward bounded operators whose spectrum will probably never
be determined.”

We will emphasize that these quotes are concerned with the general problem, and if one
has more structure available e.g. self-adjointness, then much more can be said. However,
during the last two decades the importance of non-normal operators and their spectra has
become increasingly evident. In particular, the growing interest in non-Hermitian quantum
mechanics (HN97), (HN96), non-self-adjoint differential operators (Dav02), (DSZ04) and
in general non-normal phenomena (TC04), (TE05) has made non-self-adjoint operators
and pseudospectral theory indispensable. This emphasizes the importance of the general
problem and poses a slightly philosophical problem, namely, could there be operators
whose spectra we can never determine. If such operators are indispensable in areas of
mathematical physics it may lead to serious restrictions to our possible understanding of
some physical systems.

In Chapter 2 we will discuss two well known approaches, namely, the finite section
method and the infinite dimensional QR-algorithm. There is a vast literature on the finite
section method, and we will only give reference to a selection of the written work on this
topic (Arv9l), (Arv93b), (Arv93a), (Arv9da), (Arv94b), (Bro06), (Bro07a). Our approach
is very much inspired by the work of Arveson and Brown.

The infinite dimensional QR algorithm occurred first in the paper “Toda Flows with
Infinitely Many Variables” (DLT85) by Deift, Li and Tomei. The Toda Flow is normally
associated with tridiagonal self-adjoint matrices, and therefore, the emphasis in (DLT85)
is on self-adjoint problems. In Chapter 2 we will show some new results regarding the
convergence of the infinite dimensional QR algorithm for normal operators. Also, it should
be pointed out that even though the results presented here are very close in spirit to the
theory presented in (DLT85), the mathematical approaches deviate substantially.

Chapter 3 is devoted to the general non-normal spectral problem, and the most im-
portant tool used is the Complexity Index. The Complexity Index is meant as a device for
classification of spectral problems. To be more explicit one would like to determine how
difficult it is to approximate spectra of operators in a certain class, e.g. it may be easier to
approximate spectra of compact operators than non-compact, and the Complexity Index
is suited for these issues.

The last chapter in Part I is devoted to Szegé-type theorems (Sze20) on convergence
of densities, where we start by extending some of the results by Arveson in (Arv93a),
(Arv94a), (Arv94b) to unbounded operators. These results are exclusive to self-adjoint
operators, but by using some very intriguing developments by Haagerup and Shultz (HS07)
we are able to introduce some non-normal Szego-type theorems. The crucial ingredient in
this framework is the Brown measure (Bro86).



1.1 Background and Notation 5

1.1 Background and Notation

We will in this section review some basic definition and introduce the notation used in the
dissertation. Throughout the thesis H will always denote a separable Hilbert space, B(H)
the set of bounded linear operators, C(H) the set of densely defined closed linear operators
and SA(H) the set of self-adjoint operators on H. For T' € C(H) the domain of 7" will be
denoted by D(T') and the spectrum by o (7). Also, if T'— z is invertible, for z € C, we
use the notation R(z,T) = (T — z)~!. We will denote orthonormal basis elements of H
by e;, and if {e;};en is a basis and £ € H then & = (£, e;). The word basis will always
refer to an orthonormal basis. If H is a finite-dimensional Hilbert space with a basis {e;}
then LT0s(H) will denote the set of lower triangular matrices (with respect to {e;}) with
positive elements on the diagonal. The closure of a set 2 € C will be denoted by Q or
cl(Q). Throughout the thesis we will only consider operators T such that o(7T") # C and
o(T) # 0, hence this assumption will not be specified in any of the upcoming theorems.

Convergence of sets in the complex plane will be quite crucial in our analysis and hence
we need the Hausdorff metric as defined by the following.

Definition 1.1.1. (i) For a set ¥ C C and 6 > 0 we will let ws(X) denote the 0-
neighborhood of ¥ (i.e. the union of all 0-balls centered at points of X2).

(ii) Given two sets ¥, A C C we say that ¥ is d-contained in A if ¥ C ws(A).
(iii) Given two compact sets 3, A C C their Hausdorff distance is
di(X,A) = max{supd(\,A),supd(\,X)}
AEX A€A

where d(\, A) = inf,cp [p — Al

If {A,}nen is a sequence of compact subsets of C and A C C is compact such that
dig(An,A) — 0 as n — oo we may use the notation A,, — A.

As for the convergence of operators we follow the notation in (Kat95). Let £ C B and
F C B be closed subspaces of a Banach space B. Define

5(B.F) = sup inf [z~ ]
. €
=1

and

N

(E,F)=max[d(E, F),i(F, E)].
If A and B are two closed operators, with domains D(A) and D(B), their graphs
G(A) ={(&n) e K x H: £ € D(A),n = A} (1.1.1)

and G(B) are closed subspaces of H x H. We can therefore define (with a slight abuse of
notation) the distance between A and B by

5(A,B) = 6(G(A),G(B)).

If {T, }nen is a sequence of closed operators converging in the distance suggested above to
a closed operator T then we may sometimes use the notation

5
T, — T, n — 00.
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Note that ¢ is not a metric. To define a metric on C (H) there are several possibilities.
We will discuss two approaches here that will be useful later on in the paper. For closed
operators A and B define

d(A, B) = max | sup dist(&, Sp), sup dist(§, Sa)| ,
£€SA £€Sp

where dist(§,54) = inf,es, |€ — 7|l and Sa and Sp are the unit spheres of G(A) and
G(B), respectively. As shown in (Kat95) d is a metric on C(H) with the property that

6(A, B) < d(A, B) < 26(A, B).

A more practical metric for our purpose is the one suggested in (CL63). The definition is
as follows

p(A, B) = [|Ra — Rp|* + |Rar — Rp+||* + 2| AR4 — BRg|*]"/?,

where R4 = (1+ A*A)~L. For our purposes it is important to link p to § and that follows
from the fact, as proved in (CL63), that p and d are equivalent as metrics on C(H) . In
particular we have

d(A, B) < V2p(A, B) < 2d(A, B).

The following fact will be useful in the later developments.

Theorem 1.1.2. ((Kat95) p.204) Let T, S € C(H) and A € B(H). Then

S(S+AT+A) <201+ ||AI2)(S,T).



Chapter 2

Finite Sections and Infinite QR

This chapter follows up on the ideas initiated by Arveson in (Arv94a) and (Arv9l),
(Arv93b), (Arv93a), (Arv94b) on how to approximate spectra of linear operators on sep-
arable Hilbert spaces using the finite section method. We extend several of the theorems
initiated by Arveson and also introduce some new variants of the finite section method
that are beneficial for some special structured problems. These new ideas come from well
known techniques in matrix analysis and we show how to extend these approaches to in-
finite dimensions. We also investigate the method introduced by Deift, Li and Tomei in
(DLTS85), namely, the infinite-dimensional QR algorithm. The work done here was devel-
oped independently of the work in (DLTS85), and the author is indebted to Percy Deift
for pointing out the connection. However, Deift et al. should be credited for being the
first to discover the surprisingly useful infinite-dimensional version of the QR algorithm.
Our techniques involve normal operators whereas the theory in (DLT85) focuses on the
self-adjoint case, and thus our frameworks deviate substantially.

2.1 Quasidiagonality and the Finite-Section Method

The finite-section method for approximating the spectrum of bounded self-adjoint opera-
tors on Hilbert spaces is a well-known technique and has been studied in several articles
and monographs (Arv94a), (Bro07a), (BS99), (HRS01). The approach is to first find a
sequence of finite rank projections {P,} such that P,y; > P, and P, — I strongly, and
then use known techniques to find the spectrum of the compression A, = P, AP,.

The most obvious approach is to use some orthonormal basis {e,} for the Hilbert space
‘H and then let P, be the projection onto sp{ei,...e,}. Given a self-adjoint A € B(H)
and {e,} we may consider the associate infinite matrix (a;;)

aij = (Aej, ey, i,j=1,2,....

In this case the compression becomes A, € B(H,), where H, = P,/H, A, = P, A[n,,

where the matrix with respect to {e1,...,e,} is
ail a2 Q1n
asr a22 ... Q2n
An - .
anl  An2 Ann
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The operator-theoretical question is to analyze how the spectrum o (P, A|p,#) evolves as
n — oo.

Definition 2.1.1. Given a sequence {A,} C B(H), define
A={XeR:3N, €0(4y), \n — A}

Also, for every set S of real numbers let N,,(S) (and N, (S)) denote the number of eigen-
values counting multiplicity (and not counting multiplicity respectively) of Ay, which belong

to S.

Definition 2.1.2. (i) A point A € R is called essential if, for every open set U C R
containing A, we have

lim N,(U) = oo.

n—oo

The set of essential points is denoted A,
(ii) A € R is called transient if there is an open set U C R containing A such that

sup N, (U) < oo.
n>1

Theorem 2.1.3. (Arveson)(Arv94a) Let A € B(H) and let {P,} be a sequence of projec-
tions converging strongly to the identity such that P11 > P,. Define A, = P, Al p,x and
let A and A be as in definitions 2.1.1 and 2.1.2. Then o(A) C A and 0.(A) C A..

Definition 2.1.4. (i) A filtration of H is a sequence F = {H1, Ha, ...} of finite dimen-
stonal subspaces of H such that H,, C Hp+1 and

G Ho=H
n=1

(ii) Let F = {H,} be a filtration of H and let P, be the projection onto H,. The degree
of an operator A € B(H) is defined by

deg(A) = suprank(P, A — AF,).
n>1

Arveson gave in (Arv94a), (Arv94b) a complete theory of the finite-section method
applied to operators of finite degree, which is an abstraction of band-limited infinite ma-
trices. We will not discuss that theory here, but refer the reader to the original articles.
We will however present the following theorem, which is a special case of Theorem 3.8 in
(Arv94a), to give the reader an impression of what one can expect to get when using the
finite-section method.

Theorem 2.1.5. (Arveson)(Arv94a) Let A € B(H) be self-adjoint and
F ={H1,Ha,...}

be a filtration with corresponding projections {P,}. Define A, = P,A[p, 1 and let A and
Ac be as in definitions 2.1.1 and 2.1.2. Suppose that A has finite degree with respect to F.
Then
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(i) oe(A) = A
(i) Every point of A is either transient or essential.

In this section we will investigate how the finite section method can be applied to
quasi-diagonal operators. First we recall some basic definitions as well as some well know
results.

Definition 2.1.6. An operator A on a separable Hilbert space is diagonal if there exists
a complete orthonormal set of eigenvectors of A.

Definition 2.1.7. An operator A on a separable Hilbert space is quasi-diagonal if there
exists an increasing sequence {P,} of finite rank projections such that P,H C D(A),
P, — I, strongly, and |P,A — AP,|| — 0. The sequence {P,} is said to quasi-diagonalize
A.

Before the next definition we need to recall that an unbounded operator A is said to
commute with the bounded operator T if

TAC AT.
This means that whenever £ € D(A), then T¢ also belongs to D(A) and ATE = T AE.

Definition 2.1.8. An operator A on a separable Hilbert space is said to be block diagonal
with respect to an increasing sequence {P,} of finite-dimensional projections converging
strongly to I if A commutes with Ppy1 — P, for all n.

Note that if A is self-adjoint and P, H C D(A) then Definition 2.1.8 is equivalent to
each of the assertions

(i) P, commutes with A for every n.
(i) AP, H C P,/H.
The following theorem assures us the existence of a vast set of quasi-diagonal operators.

Theorem 2.1.9. (Weyl,von Neumann, Berg)(Ber71) Let A be a (not necessarily bounded)
normal operator on the separable Hilbert space H. Then for € > 0 there exist a diagonal
operator D and a compact operator C such that |C|| < € and A= D + C.

Corollary 2.1.10. FEvery normal operator is quasi-diagonal.
We will need a couple of basic lemmas.

Lemma 2.1.11. (Davies, Plum)(DP04) Let A € B(H) be self-adjoint, P be a projection
and € > 0 such that ||PAP — AP|| <e. If A\ € 6(PAP) then (A —e,A\+¢€)No(A) # 0.

Lemma 2.1.12. Let A € B(H) be self-adjoint and compact. Let {P,} be a sequence of
finite-dimensional projections such that P, — I strongly. Then P,AP, — A in norm.

Proof. Since P;- = I—P, is a sequence of projections tending strongly to zero, || AP || — 0.
Since P;-A is the adjoint of AP, its norm tends to zero as well, so that

n

1A= P AP, || = [Py A+ Py AP || < ||PF Al + AP — 0, n— .
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Lemma 2.1.13. Let A be a self-adjoint (not necessarily bounded) operator on a separable
Hillbert space H with domain D(A) and a quasidiagonalizing sequence {P,}. Then A =
D + C where D is self-adjoint with domain D(D) = D(A) and block diagonal with respect
to some subsequence {P,, }. Also, C is compact and self-adjoint.

Proof. To see this we can extend Halmos’ proof in (Hal70) to unbounded operators. Now,
by possibly passing to a subsequence, we may assume that > ||P,A — AP,|| < co. The
fact that P, > P,_1 assures us that P, — P,_1 is a projection. Thus, we may decompose
H =@, (Py+1 — P,)H and define D on

D(D) =sp{§ € H: £ € (Poy1 — Po)H}

in the following way. If £ € (P,+1 — P,)H then D = (P41 — Pp)A(Ppt1 — P)€. Now D
is densely defined, with D(D) C D(A), and obviously (by definition) block diagonal with
respect to {P,}. Define the operator C' on D(C) = D(D) by C = A — D. We will show
that C' is compact on H. Indeed, by letting

Cy = Pyi1(AP, — P,A)P, — P,(AP, — P, A) Py

we can form the operator C' = 3", C), since |Cy,|| < 2||AP,— P, Al and 3", || P,A— AP, || <
00, hence the previous sum is norm convergent. Also, since C,, is finite dimensional and
therefore compact it follows that C' is compact. A straightforward calculation shows that
C' = C on D(C) which is dense, thus we can extend C' to C' on H. It is easy to see that
C,, is self-adjoint since A is self-adjoint and hence C is self-adjoint. Let D = A — C. Then
D(D) = D(A) and D is a self-adjoint extension of D. Also, since D is an extension of D
(which is block diagonal with respect to {P,}) it follows that D is block diagonal with
respect to {P,}. O

Theorem 2.1.14. Let A be a self-adjoint operator (not necessary bounded) on the sepa-
rable Hilbert space H and let {P,} be a sequence of projections that quasi-diagonalizes A.
If K C R is a compact set such that o(A) N K # 0, then

o(P,AlpH) N K — o(A)NK, n— oo
i the Hausdorff distance.

Proof. To prove the assertion we need to establish the following; given § > 0 then
o(PA[p,r) NK Cws(o(A)NK)

and
ws(o(PhAlp,H) NK) Do(A)NK

for all sufficiently large n. The second inclusion follows by Theorem VIII.24 ((RS72), p.
290) if we can show that P, AP, — A in the strong resolvent sense. By Theorem VIII.25
((RS72), p. 292) it suffices to show that P,AP,§ — A for £ € D(A), which is a common
core for { P, AP, } and A, and this is easily seen. To see the first inclusion note that it will
follow if we can show that

0(Pay Al o, 1) N K C wspa(0(4) NK) (2.1.1)
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when £ is large, for some subsequence {P,, }. Indeed, if that is the case we only need to
show that

o(PnAlp,1) C wsya(o(Po, Al P, 1))
for large m and n; where m < nj. Now this is indeed the case because we may assume, by
appealing to Lemma 2.1.13 and possibly passing to another subsequence, that A is block
diagonal with respect to {P,, }. Thus,

| P P, APy, Py — Py, APy Pool| = | PmAP,, — APy — 0, m — o0,

by assumption, and hence the desired inclusion follows by appealing to Lemma 2.1.11.

Now we return to the task of showing (2.1.1). Note that by the spectral mapping
theorem, the spectra o(P,A[p,7) and o(A) are the images of o((P,(A +i)[p,%)"!) and
o((A +1i)71), respectively, under the mapping f(z) = 1/z — i. Note that

FHoBAlp ) NK),  fHws((0(4) N K)))

are both compact and neither contain zero. Thus, by the continuity of f on C\ {0} and
again the spectral mapping theorem, the assertion follows if we can prove that

o((Pa(A+)[p,n) ") Cws(o((A+1)71) (2.1.2)

for arbitrary § > 0 and large n. By Lemma 2.1.13 we have that A = D + C where D is
self-adjoint and block diagonal with respect to some subsequence {P,, } and C' is compact
and self-adjoint. To simplify the notation we use the initial indexes for the subsequence.
We first observe that

(D+P,CP,+i) ' = (D+C+id)! (2.1.3)
in norm. Indeed, an easy manipulation gives us
|(D+C +i)™t = (D + P,CP, + i)
<D +C+0)THC = PaCPll|(D + PuC Py + )7,

where ||(D+ P,CP, +i)~!|| is bounded by the spectral mapping theorem since C' — P,CP,
is self-adjoint. Since, by Lemma 2.1.12, ||C' — P,CP,|| — 0, (2.1.3) follows. The normality
of (D+ C+4)~! and (D + P,CP, +i)~! assures us that for any § > 0 we have

o((D + PoCPy+14)7") Cws(o((D+C+14)7h)
for sufficiently large n. Hence, to finish the proof we have to show that
o(Pu(A+19)[pn)"") Co((D+ P,CPy+i)71).
In fact we have
o((D+ PuCPy+ )71 = o((Pa(A+ ) p3) ) Ua(((D + 1) pra) ™).

Indeed,
(D+ P,CP,+1i)=((D+ P,CP,+1)[p,n) ®(D+1i) (PHLH.

So
(D + PuCPy+i) ™ = (D + PuCPy+i)[pn) ™ @ (D +14) [ pigg)
= (Pu(A+D)[pn) "t @ (D +)[prp) "

implying the assertion. O
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As for the convergence of eigenvectors of the finite-section method, very little has been
investigated, however we have the following:

Proposition 2.1.15. Let {A,} be a sequence of self-adjoint bounded operators on H
such that A, — A strongly. Then if {\,} is a sequence of eigenvalues of Ay, such that
An = A€ 0(A), and if {€,} is a sequence of unit eigenvectors corresponding to {\,}, such
that {&,} does not converge weakly to zero, then there is a subsequence {&, } such that
Enn 5 € where A = \E

Proof. Since {&,} does not converge weakly to zero and by weak compactness of the unit
ball in ‘H we can find a weakly convergent subsequence such that &,, 5 € #0. To see
that A = A¢ we observe that this will follow if we can show that A, & . A¢. But
the latter follows easily if we can show that A,, &n, — A& -0, Ap, & — AL — 0 and
An & — Ann, —, 0. The first two are obvious and the last follows from the fact that for
n € 'H we have

as k — oo. O

2.2 Divide and conquer

The divide-and-conquer technique has its origin in finite-dimensional matrix analysis. The
idea was originally to divide the problem into smaller problems for simplicity reasons, a
concept we will not discuss here. Since the crucial assumption for the procedure is that
the operator acts on a finite dimensional space, we can not use it directly and we will not
discuss its details here, but refer the reader to (Cup81). However, one can use the concept
of the method to improve the results of Theorem 2.1.5 for tridiagonal infinite matrices.
How to reduce the original spectral problem to a spectral problem for tridiagonal operators
is discussed in section 2.4.

Definition 2.2.1. Let A € B(H) and {e;} be an orthonormal basis for H. A is said to be
tridiagonal with respect to {e;} if (Aej,e;) =0 for |i —j| > 2.

Let A € B(H) be self-adjoint and {e;} be an orthonormal basis for H. Suppose that A
is tridiagonal with respect to {e;} and suppose that a;; = (Ae;,e;) fori,j5 =1,2,...is real.
It is easy to see that this is no restriction. Let P, be the projection onto sp{ei,...,e,}.
In the finite-section method one decomposes A into

A= P,AP, ® PLAP+ +T, T e B(H),

and then computes the spectrum of P, AP,. The idea of the divide-and-conquer approach
is to decompose A into

A:AI,H@AQ,n"i_ﬁn@na "767'(7

where Ay, € B(P,/H), A2 € B(P;H), n = e, + enp1 and then compute o(Ayy). It is
easy to see that the divide and conquer technique is very close to the finite-section method
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i.e. we have (P,AP,ej,e;) = (A1 nej,e;) for all i,j except for i = j = n. The goal is to
improve the results in Theorem 2.1.5.

In finite dimensions one has the following theorem (Cup81) which gave us the idea to
a more general theorem in infinite dimensions.

Theorem 2.2.2. (Cuppen) Let D be a diagonal (real) matriz,
D = diag(dy,...,d,)

wheren > 2 and dy < dg < ...<d,. Letn € R" withn; #0 fori=1,...,n and 3 > 0 be
a scalar. Then the eigenvalues {1, ..., \p,} of the matriz D + Bn ® n satisfy

di <\ <dy <Ay <...<dp <N <dy+ 8|0l

Some of the techniques in the proof of the next theorem are inspired by the proof
of Theorem 2.2.2 which can be found in (Cup81). Before we can state and prove the
main theorem we need to introduce the concept of Householder reflections in an infinite-
dimensional setting.

Definition 2.2.3. A Householder reflection is an operator S € B(H) of the form

S=1 : M.
H£H2£®§ <€

In the case where H = Hy ® Hy and I; is the identity on H; then

v=te(L-pEeed) e

will be called a Householder transformation.

A straightforward calculation shows that S* = S~! = S and thus also U* = U~! = U.
An important property of the operator S is that if {e;} is an orthonormal basis for H and
1 € H then one can choose £ € H such that

(Sm,ej) = (I - ‘2€®§)?7, e) =0, j#L

€]

Indeed, if y1 = (n, e1) # 0 one may choose £ = n=£||n||¢, where ¢ = n1/|mle1 and if if n; =0
choose £ = n =+ ||n|le1, The verification of the assertion is a straightforward calculation.

Theorem 2.2.4. Let A, ,, be defined as above and let {dj};?:l = 0(A1,n) be arranged such
that dj < dj+1.

(i) If dj,di41 ¢ 0(A), for some | < k, then there is a A € o(A) such that dj < \ < dj41.

(ii) If dj € o(Ay,) has multiplicity m > 2 then d; € o(A) and d; is an eigenvalue. Also,
ma, ,(d;) < ma(d;) + 1, where ma, , (d;) and ma(d;) denote the multiplicity of d,;
as an element of 0(A1 ) and o(A) respectively.
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Proof. We will start with (i). Suppose that dj,dj11 ¢ o(A). We will show that o(A4) N
(di,diy1) # 0. We argue as follows. Let € > 0, I, = (—a,a] be an interval contain-
ing 0(Asz,,) and let g be a step function on I, of the form g = Z;nzl X(a;b;] Such that
SUPger, |2 —g(x)| < e. Let Ay = g(As). Then o(As,) contains only isolated eigenvalues
and ||Ag, — Ag || < €. Also, let

A=A1,® Ay, + By

Then A is self-adjoint and || A — A|| < € so

di(o(A),0(A)) <e

where dp denotes the Hausdorff metric. Also, by choosing e small enough we have

di,diy1 ¢ o(A). Note that, since € is arbitrary and o(A) is closed, the assertion that

o(A) N (dy, dj+1) # 0 will follow if we can show that o(A) N (d;, dj1) # 0.
Let P, be the projection onto Sp{ej};?’:l. Now, choose a unitary operator )1 on P,’H

such that Q1A;,Q* = Dy where D is diagonal with respect to {ej};?zl. Since O'(Agm)
contains only finitely many eigenvalues we may choose a unitary (2 on ranP.- such that
Q242 ,Q5 = Dy is diagonal with respect to {ej}?inﬂ- Thus,

(Q1 9 Q2)(A1n ® Az + B @) (QF & Q3) = D1 & Dy + BEDE,

where a straightforward calculation shows that £ = Q1e, ® Q2ep41. Let D = D1 & Ds.
Claim1: There exists a unitary operator U and an integer N such that

<U§, €i> = O

fori> N+1 and (U&, e;) # 0 for i < N, and also that UDU* is diagonal with respect
to {e;}. Note that the claim will follow if we can show that there is a unitary operator V'
such that (V¢ e;) # 0 only for finitely many js and that VDV* = D. Indeed, if we have
such a V then we can find a unitary operator V that permutes {e;} such that U = VV is
the desired unitary operator mentioned above.

To construct V' we first note that, since D is diagonal with respect to {e;}, the spectral
projections (D), A € o(D) are also diagonal with respect to {e;}. Note that

D= P (D).

Aeo(D)
We will use this decomposition to construct V. Let
ix = nf{j : xa(D)ej # 0},

If xa(D)§ =0let V) =1 on x\(D)H. If not, choose a Householder reflection on xx(D)H,

Szl—HfHQcm, ¢ € a(DYH,

such that
(Sxa(D)&,ei,) #0 and (Sxa(D)&,e;) =0, i>iy+1. (2.2.1)
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Let V), = S. The fact that xx(D) for A € (D) is diagonal with respect to {e;} gives
Vixa(D)Vy = xa(D). Letting
@ Vi (2.2.2)

A€o (D

we get VDV* = D and thus we have constructed the desired unitary operator V' whose
existence we asserted. As argued above, this yields existence of the unitary operator U
asserted in Claiml. Let N = max{j : (U e;) # 0}, let Py be the projection onto
Sp{ej}] L and D = UDU*.

Claim2: If )\ € O‘(PND“DNH) then \ has multiplicity one. We argue by contradiction.
Suppose that A\ € o(PyD[pyy) has multiplicity greater than one. Then (De,,e,) =
<l~)eq, eq) = A for some p,q < N. Also, (U¢, e,) # 0 and (UE, e4) # 0. Thus, it follows from
the construction of U that (Dep, e5) = (Deg, eq) = A for some integers p and ¢, and hence
ep, 5 € rany (D). Also (VE&,e5) # 0 and (VE, e5) # 0 and thus it follows that

<V/\X)\ 57 e] @ V)\€7 e] j = ﬁa q~7
A€o (D)

and this contradicts (2.2.1). Armed with the results from Claim1 and Claim2 we can now
continue with the proof.
Let ¢ = U€&. We then have

U(D + B¢ ® §)U* = (PyDPx + BPnC ® PC) [ pyn@Pa D piygs

since Py (¢ ® () = (¢ ® )Py = 0. So, with a slight abuse of notation we will denote Py¢
just by (. Note that

o(A) = o((PNDPy + B¢ @ C)[pyr) U o (Py Dl py) (2.2.3)

and hence our primary goal to prove that U(A)ﬂ (di,di41) # 0 has been reduced to showing
that

o((PvDPy + 5C® Q) piyg) N (diy disa) # 0. (2.2.4)

Before continuing with that task note that
dy,diy1 € o(PnDIpyn). (2.2.5)

Indeed, it is true, by the construction of D, that dj,diy € o(D). But by (2.2.3) it follows
that J(PLDPL) C o(A) and since dy, dj41 ¢ o(A) the assertion follows. This observation
will be useful later in the proof.

Now returning to the task of showing (2.2.4), let D = PyD[py3 and then let A be an
eigenvalue of D+ B¢ ® ¢ with corresponding nonzero eigenvector 1. Here ¢ ® ¢ denotes,
with a slight abuse of notation, the operator (( ® ¢)[py#. Then we have

(D+B(@Cn=M so (D—X)n=—B3nq)X. (2.2.6)

Note that D — A is nonsingular. Indeed, had it been singular, we would have had A = d;
for some i < N, where {d } V.| = o(D). Hence, by (2.2.6), we have

(D =MD, e) = —B(n,(){C ei) =0
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But, since ¢ = U¢ and by Claiml, it is true that (C,e;) # 0,80 (n,¢) = 0. Thus, by (2.2. 6)
it follows that (D —AI)n = 0, so <(D M1, e;) = 0 for j < N. Note that, by Claim2, o(D)

contains only eigenvalues with multiplicity one, thus we have A = d; only for one such 1.
Thus, (n,e;) =0 for j # i, so

<777 C> = <C7 €i><77, ei) = 0.

But we have assumed that  # 0 so (n,e;) # 0 and therefore (, e;) = 0, a contradiction.
We therefore deduce that D — Al is nonsingular and (7, ¢) # 0. Thus, by (2.2.6), it follows
that

n=—B{nC(D - \)"¢
and

(1, Q)L+ (D = AT, Q)) = (n, Q) fF(A) =0,

where

N elk
F)=148> 21— G ={(e)
j:ldj_)‘

Since (n,¢) # 0 it follows that f(\) = 0. Note that, by (2.2.5), it is true that d;,d;11 €
{d } —, and so by the properties of f it follows that there is at least one

Aeo(D+BC®C)

such that d; < A\ < dj41, proving (2.2.4).

To show (ii) we need to prove that if o(A;,) has an eigenvalue d with multiplicity
m > 1 then d € o(A) and ma, , (d) < ma(d)+1. To prove that we proceed as in the proof
of (i). Let P, be the projection onto sp{ej} Now, choose a unitary operator ()1 on
P, H such that Q1A41,Q7 = D1 where D is dlagonal with respect to {e]} _, so that

(Q1 8 L) (A1, ® Ao +0n @ 1) (QF & I2)
=D @ Ay + BB ent1) ® (6 D ent1),

where I is the identity on P:-H and ¢ = Q1e,. For any set S let #S denote the number
of elements in S. Note that the assertion will follow if we can show that there is a unitary
operator V on P,H, such that VD;V* = D;, and that

#{e; : (xa(D1)V(,e;) #0,1<j<n} <1 (2.2.7)
Indeed, if so is true, we have that
D1 @& Ay + B(C® ent1) @ (C B enya)
is unitarily equivalent to
B=D1® A2, +B(VCD eny1) ® (VCD enya),

and A = {e; : (V(,ej) = 0} are all eigenvectors of B. Also, the eigenvalue corresponding
to the set

A ={ej € A:xa(D1)ej # 0}
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is d. Thus, by (2.2.7), we get the following estimate

mA(d) > #]\
> dim(ranxq(D1)) — #{ej : (xa(D1)V(,e;) #0, 1 < j <mn}
> ma, ., (d) -1,

and this proves the assertion. The existence of V' follows by exactly the same construction
as done in the proof of Claiml in the proof (i) by using Householder reflections. O]

Note that the following theorem is similar to Theorem 2.3 and Theorem 3.8 in (Arv94a)
and the proof requires similar techniques. Since the divide-and-conquer method is different
form the finite-section method, we cannot use the theorems in (Arv94a) directly. However,
one should note that the following theorem gives much stronger estimates on the behavior
of the false eigenvalues that may occur.

Theorem 2.2.5. Let {A;,} be the sequence obtained from A as in Theorem 2.2.4 (recall
also definitions 2.1.1 and 2.1.2).

(i) o(A) C A.
(ii) Let a € o.(A)¢. Then a is transient.

(i4i) If U C R is an open interval such that U No(A) = 0 then N,(U) < 1. If UNo(A)
contains only one point then N,(U) < 3.

(iv) Let X be an isolated eigenvalue of A with multiplicity m. If U C R is an open interval
containing X such that U \ {\} No(A) =0 then N,(U) < m+ 3.

(v) 0e(A) = A,
(vi) Every point of R is either transient or essential.

Proof. Now, (i) follows from the fact that A;, — A strongly (see Theorem VIII.24 in
(RS72), p. 290), which is easy to see. Also, (iii) follows immediately by Theorem 2.2.4
and (ii) follows by (iii) and (iv). Indeed, assuming (iv) we only have to show that if
a € o(A)° then a is transient and this follows from (iii). Hence, we only have to prove
(iv). Let A be an isolated eigenvalue of A with multiplicity m. If U C R is an open interval
containing A such that U\ {A\} No(A) = 0 then, by (iii), we have N,(U) < 3. But, by
Theorem 2.2.4, we can have N,(U) < 3 and N,(U) > 3 only if A € 0(A;,). Also, by
Theorem 2.2.4, my, ,(A\) < m+ 1, and this yields the assertion.

To get (v) and (vi) we only have to show that o.(A) C A. Indeed, by (ii), we have
oe(A)¢ C AE, so if 0.(A) C Ae then (v) follows. But then R\ Ac = R\ 0(A4). and the
left hand side of the equality is, by (ii), contained in the set of transient points, thus we
obtain (vi).

To show that o.(A) C A, we will show that AS C o.(A)°. Let A € AS. We will show
that A € o.(A)¢. Note that, by the definition of the essential spectrum, this follows if we
can show that there is an operator T' € B(H) such that T(A — X)) = (A—- )T =1+ C,
where C is compact.

Since A € A there is a subsequence {n;} C N, an ¢ > 0, and an integer K such that
for @ = (A — €, A +¢) then N, () < K. Let Py be the projection onto sp{e;};%, and
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Er = xa(A1n,). Then A, ,,, P, and Ej all commute, so we can let By = (A1, — A)|#,
where Hy, = ran(P,E;-). Note that By, must be invertible with HBk_1 | < et Since PyEj- =
P, — Ej, we deduce that

(A1, — M)B; (P, — Ex) = B, (P, — Ex)(A1,n, — M) = P, — E. (2.2.8)

Since {B, '} is bounded and norm closed, while bounded sets of B(H) are weakly sequen-
tially compact, we may assume, by possibly passing to a new subsequence that

WOT lim B\ (P, — Ey) =T € B(H), WOT Jim By =C € B(H).

The fact that Ay, — A strongly together with the uniform boundedness of B, 1(Pk —Ey)
allow us to take weak limits in (2.2.8) and we get T(A— X)) = (A—- )T =1+ C.

Note that C' is compact, in fact it is trace class. For dimE) < K so trace(Ey) < K
and {H € B(H) : trace(H) < K} is weakly closed. O

Corollary 2.2.6. Let A € 0.(A) be an isolated eigenvalue. Then X € o(Ai,) for all
sufficiently large n. Moreover, m,(\) — oo, where my,(\) is the multiplicity of A as an
element of o(A1).

Proof. Since, by Theorem 2.2.5, 0.(A) = A, for any open neighborhood U around \ we
have N, (U) — co. Let U be an open interval containing A such that (U \ {\})No(A4) = 0.
Then, by Theorem 2.2.4, U No(A;,,) cannot contain more that three distinct points, and
since N,,(U) — oo it follows that A; , must have eigenvalues in U with multiplicity larger
than two. Using Theorem 2.2.4 again it follows that A € o(A;,) for all sufficiently large
n. The last assertion of the corollary follows by similar reasoning. ]

2.3 Detecting false eigenvalues

Let A € B(H) be self-adjoint. The fact that both the finite-section method and the divide
and conquer method may produce points that are not in the spectrum of A poses the
question; can one detect false eigenvalues? The phenomenon of false eigenvalues is well
known and is often referred to as spectral pollution.
Let A € R. The easiest way to determine whether A € o(A) is to estimate
dist(\,0(A)) = inf (A — N)2¢,€).
(. o(4) éeH,II§I\=1<( ) )

Let {P,} be an increasing sequence of finite-dimensional projections converging strongly
to the identity. Let v(\) = dist(\,0(A)) and

inf (A —\)2,¢).

Tn(A) =
n(Y) gePH, |l =1

It is easy to show that v and ~,, are Lipchitz continuous with Lipchitz constant bounded
by one. This implies that =, — 7 locally uniformly and hence one can use v,(\) as an
approximation to dist(A, o(A)). Obtaining 7, () is done by finding the smallest eigenvalue
of a self-adjoint (finite rank) matrix. In fact -, can be used alone to estimate o(A) and
that has been investigated in (DP04). However, it seems that a combination of the finite-
section method or the divide-and-conquer method, accompanied by estimates as in the
previous sections and in (Arv94a), with some computed values of 7, will give more efficient
computational algorithms, especially for detecting isolated eigenvalues.
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2.4 'Tridiagonalization

In the previous section the crucial assumption was that the operator was tridiagonal
with respect to some basis. We will in this section show how we can reduce the general
problem to a tridiagonal one. In the finite-dimensional case every self-adjoint matrix is
tridiagonalizable. This is not the case in infinite dimensions, however, it is well known
that if a self-adjoint operator A € B(H) has a cyclic vector £ then A is tridiagonal with
respect to the basis {e;} constructed by using the Gram-Schmidt procedure to {A"£}22,.
The problem is that our operator may not have a cyclic vector, however the following
lemma is well known.

Lemma 2.4.1. Let A € B(H) and let A be the complex algebra generated by A, A* and
the identity. Then there is a (finite or infinite) sequence of nonzero A-invariant subspaces
Hi,Hs ... such that:

(i) H=H1®Ha® - --
(ii) Each H, contains a cyclic vector &, for A: H, = A, n=1,2,....

Thus, if we knew the decomposition above we could decompose our operator A into
A= Hy® Hy®--- where H, would have a cyclic vector and hence be tridiagonalizable.
Also, we would have (A) = [J; o(H;). The problem is: how do we compute H,? This is
what we will discuss in this section.

Definition 2.4.2. Let A € B(H) and let {e;} be an orthonormal basis for H. A is said to
be Hessenberg with respect to {e;} if (Aej,e;) =0 fori > j+2.

Theorem 2.4.3. Let A be a bounded operator on a separable Hilbert space H and let {e;}
be an orthonormal basis for H. Then there exists an isometry V such that VAV = H
where H is Hessenberg with respect to {e;}. Moreover V.= SOT-lim V,, where V,, =

n—o0

Up---Up and Uj is a Householder transformation. Also, the projection P = V'V satisfies
PAP = AP.

Proof. We will obtain H as the strong limit of a sequence {V,*AV,,} where V,, =U;---U,
is a unitary operator and Uj; is a Householder transformation. The procedure is as follows:
Let P, be the projection onto sp{ei,...,e,}. Suppose that we have the n elements in
the sequence and that the n-th element is an operator H, = V,* AV,, that with respect to
H = P,H @ P;-H has the form

C, N,

where N,, = PnLHnPnl, lEIn is Hessenberg and Cje; = 0 for j < n. Let ( = Cye,. Choose
¢ € P-H such that the Householder reflection S € B(P;-H) defined by

_ 2
€112

gives S¢C = {(1,0,0,...}, and let H, 1 = U, H,U,. Hence,

S=1 @& and U,=P,® S, (2.4.1)

_ _ ﬁn BnS _ Hn+1 Bn+1
Hni1 = UnHnUn = (SCn SNnS> B <Cn+1 Nn+1> ’ (24.2)
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where the last matrix is understood to be with respect to the decomposition H = P, 1 H&
P2 | H. Note that, by the choice of S, it is true that H,, 11 is Hessenberg and Cy,4 1e; = 0 for
j < n+1. Defining H; = A and letting V,, = Uy - - - U,, we have completed the construction
of the sequence {V,r AV, }.

Note that H, = VAV, is bounded, since V,, is unitary (since U; is unitary). And
since a closed ball in B(H) is weakly sequentially compact, there is an H € B(H) and a
subsequence {H,, } such that H,, “— H. But by (2.4.2) it is clear that for any j we
have Hpe; = Hye; for sufficiently large m and n. It follows that SOT-lim, H, = H.
Also, by(2.4.2) H is Hessenberg. By similar reasoning, using the previous compactness
argument (since V,, is bounded) and the fact that, by (2.4.1), V,,e; = Vj,e; for any j and
m and n sufficiently large, we deduce that there exists a V' € B(H) such that

SOT-lim V,, =V, WOT-lim V] =V™".
n—oo n—oo
Since V is the strong limit of a sequence of unitary operators, it follows that V is an
isometry. We claim that V*AV = H. Indeed, since multiplication is jointly continuous
in the strong operator topology on bounded sets and H, = V, AV,, so V,,H,, = AV,, we
have AV = V H. Since V is an isometry the assertion follows. Note that PAP = AP also
follows since PAP = VV*AVV* =V HV* = AP. O

Corollary 2.4.4. Suppose that the assumptions in Theorem 2.4.3 are true, and suppose
also that A is self-adjoint. Then there exists an isometry V' such that VAV = H where H
is tridiagonal with respect to {e;}. Moreover V.= SOT-lim V, where V,, = U, ---U, and

n—oo

Uj is a Householder transformation. Also, the projection P = VV™* satisfies PA = AP.
Proof. Follows immediately from the previous theorem. O

In the case where A is self-adjoint, by the previous corollary we have that PA = AP,
where P = VV*. Now, the “part” of A, namely P+ A, that we do not capture with the
construction in the proof of Theorem 2.4.3 can be computed by the already constructed
operators i.e. we have

PLA=A—-VHV*

Thus, we may apply Theorem 2.4.3 again to PA. And, of course this can be applied
recursively. In other words; consider V;*AV; = H;, where H; is tridiagonal w.r.t {ej}. Let
P, =V1Vi*. Then PLA = AP, and Pf‘A =A—-VH,V;. Let Hy = Vi‘Pf‘AVQ. In general
we have

Hysr = Vi (A= ViHV — - = Vo H V) Vi

n

Using the previous construction we can actually recover the whole spectrum of A. More
precisely we have the following;:

Theorem 2.4.5. Let A be self-adjoint and let

Hn+1 = V*+1(A - V1H1V1* - VanV:)Vn—H

n

be defined as above. Then
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Proposition 2.4.6. Let {P;} be a sequence of projections described above i.e. Pj = VJ*V}
Then sp{ei,...,en} C ran(Py,) for m > n.

Proof. The proof is an easy induction using the fact that e; € ran(P;), which follows by
the construction of Vj. ]

Proof. Proof of Theorem 2.4.5 Let P; = V"V and recall that by the construction of H,,
we have
H, =V P, - -PlAV,, (2.4.3)

where we have defined recursively

PnL 1 PILA =A— Vlel‘/l* — nlenflvg—lv

and by Corollary 2.4.4 it follows that
P,P-,...PLtA=P- ...PLAP,. (2.4.4)

Note that o(H,) = o(P;- |-+ P{-A[p,3). Indeed, by Corollary 2.4.4, V;, is an isometry
onto P, H, thus {V,,e;} is a basis for P, H, so for

A= (Piy - PrA)pn
it follows, by (2.4.3), that

(AVej, Vnei) = (Piy -+ - Pl AVie;, Vnes) = (Hpej, e;),

n

yielding that o(H,) = (P, --- P{-A[p,%). Let us define the projection
En=P,ANP- A---ANP, E =Py,

and note that F; L FE; for ¢ # j. Now the theorem will follow if we can show that

AE, = E,A,
A= @ E,A
neN
and
PPt .. -PltA=E,A.

We will start with the former assertion (this is immediate for n = 1 by Corollary 2.4.4).
Indeed, if £ € ran(E,,) for n > 2 then, by Corollary 2.4.4,

A¢ = APL ... PL \P6=P,PL .. -PfAc =P .. .PAP¢

2.4.5
= Pl ,---PtAP (P& = ---etc. (2.45)

Thus, it follows that Aran(E,) C ran(E,). Since A is self-adjoint we have that AE, =
E,A. We can now show that A = F1A® E; A& - - - . First, an easy induction demonstrates
that for any n € N we have

A=FEA®- - -®E,A® P - -PlA.



22 Chapter 2. Finite Sections and Infinite QR

Note that, by Proposition 2.4.6 and (2.4.4), it follows that P;---- Pi-Ae; = 0 for j < n
thus Ae, = (E1A @ --- ® E,A)ey. Also, E,1A4e; = 0 for j < n. This gives us that if
T:ElA@EQ@ . Then

Te, =F1A® - @ E,Ae, = Ae,

yielding the assertion.

Finally, we will show that P, P~ ;--- Pl A = E,A. Note that in (2.4.5) we have also
shown that P, P | --- Pt A& = A¢ when € € ran(FE,,). So, to show that P, P+ | --- PrA =
E,A, we only have to show that P,PL |--- P-An = 0 when 1 € ran(E;-). But, by the
definition of E,, we have n € U?;ll PiHU P:-H and an easy application of Corollary 2.4.4
gives

Pnpqill”'PlLA:PnP;lQ"'PlLAPé:l:PRP#71P#73"'P11_AP#72:"'etcy

which combined with (2.4.5) results in P, P | --- P{-An = 0. O

2.5 The QR algorithm

The crucial assumption in the previous sections has been self-adjointness of the operator.
Even when detecting false eigenvalues the tools we use rely heavily on self-adjointness.
When we do not have self-adjointness the finite-section method may fail dramatically, the
shift operator being a well known example. In fact the finite section method can behave
extremely badly as the following theorem shows. First we need to recall a definition.

Definition 2.5.1. Let A be a bounded operator on a Hilbert space H. Then the numerical
range of A is defined as

W(A) = {(A&€) : [I€ll = 1},
and the essential numerical range is defined as

We(A)= [ WHA+K)

K compact

Theorem 2.5.2. (Pokrzywa)(Pok79) Let A € B(H) and {P,} be a sequence of finite-
dimensional projections converging strongly to the identity. Suppose that S C W.(A) then
there exists a sequence {Qn} of finite-dimensional projections such that P, < @ (so
Qn — I) strongly) and

di(o(A) US,0(A,)) =0, n— oo,

where

An = PnA(Pn'Ha An = QnA[QnH
and dg denotes the Hausdorff metric.
What Theorem 2.5.2 says is that if the essential range of a bounded operator A contains

more than just elements from the spectrum, the finite section method may produce spectral
pollution. As there is no restriction on the set S in Theorem 2.5.2 (e.g. S could be
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isolated points or open sets), there is no hope that the finite section method can give any
information about either the essential spectrum or isolated eigenvalues.

The next question is therefore; is there an alternative to the finite-section method in
the case where the operator is not self-adjoint? Another important question is; can one
find eigenvectors? These are the issues we will address when introducing the QR algorithm
in infinite dimensions.

2.5.1 The QR decomposition

The QR algorithm is the standard tool for finding eigenvalues and eigenvectors in finite
dimensions. We will discuss the method in detail, but first we need to extend the well
known QR decomposition in finite dimensions to infinite dimensions.

Theorem 2.5.3. Let A be a bounded operator on a separable Hilbert space H and let {e;}
be an orthonormal basis for H. Then there exists an isometry Q such that A = QR where
R is upper triangular with respect to {e;}. Moreover

Q = SOT-lim V,
where V,, = Uy ---U, and U; is a Householder transformation.

Proof. We will obtain R as the weak limit of a sequence {V,7A} where V,, is unitary and
the unitary operator is Q = SOT-lim,_,V},,. The procedure is as follows: Let P, be the
projection onto {eq,...,e,} and suppose that we have the n elements in the sequence
and that the n-th element is an operator R, = VA such that, with respect to the
decomposition H = P, H @ P-H, we have

Ro= (0 ). Ru= PaRuP By = PuRAPE o = PERAP
n n

where N,, = PR, P and R, is upper triangular and Cej =0for j <n—1.Let ¢ = Ce,.
Choose ¢ € P.-H and define the Householder reflection S € B(PH),

2 _
S:I—W@@f, and U,=P,®59, (2.5.1)
such that S¢ = {(1,0,0,...}. Finally let R, 41 = U,R,. Hence,
B _ R, B, . Rn—i—l By
R A N T 252

where the last matrix is understood to be with respect to the decomposition H = P, 1 H&
PnLHH. Note that, by the choice of S it is true that ];?n“ is upper triangular and
Cry1ej = 0 for j < n. Defining R = A and letting V,, = U; ... U,, we have completed the
construction of the sequence {V,*A}.
Note that R, = VA is bounded, since V,, is unitary (since U; is unitary). And
since a closed ball in B(H) is weakly sequentially compact, there is an R € B(H) and a
woT

subsequence {R,, } such that R, — R. But by (2.5.2) it is clear that for any integer
Jj we have P;R, P; = P;R,,P; for sufficiently large n and m. Hence WOT-lim,R,, = R.
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Now, by (2.5.2) R is upper triangular with respect to {e;} and also Re; = R,e; for large
n, thus SOT-lim, R,, = R. By similar reasoning, using the previous compactness argument
(since V;, is bounded) and the fact that, by (2.5.1), for any integer j we have Vy,e; = Vine;
for sufficiently large m and n, it follows that there is a V' € B(H) such that V,, v
and, being a strong limit of unitary operators; V is an isometry. Let Q = V. Therefore,
A = QR since A = V,, R, and multiplication is jointly strongly continuous on bounded

sets. O

2.5.2 The QR algorithm

Let A € B(H) be invertible and let {e;} be an orthonormal basis for H. By Theorem
2.5.3 we have A = QR, where @ is unitary and R is upper triangular with respect to {e;}.
Consider the following construction of unitary operators {Qk} and upper triangular (w.r.t.
{e;}) operators {Rk} Let A = @Q1R1 be a QR decomposition of A and define As = R1Q1.
Then QR factorize Ay = (Y2 Ry and define A3 = Rs(Q2. The recursive procedure becomes

Am—1=QmBRm, Am=RnQn. (2.5.3)

Now define

Qm=Q1Qz2...Qm, Ry =RnRpu-1...Ri. (2.5.4)

Definition 2.5.4. Let A € B(H) be invertible and let {e;} be an orthonormal basis for H.
Sequences {Q;} and {R;} constructed as in (2.5.3) and (2.5.4) will be called a Q-sequence
and an R-sequence of A with respect to {e;}.

The following observation will be useful in the later developments. From the construc-
tion in (2.5.3) and (2.5.4) we get

A= QiR = Q1Ry,
A% = Q1R1Q1R1 = Q1Q2R2R; = Q2 Ry,
A% = Q1R1Q1R1Q1 Ry = Q1QaR2Q2Ro Ry = Q1Q2Q3R3Ra Ry = Q3R3.

An easy induction gives us that
A™ = QmRm.

Note that R,, must be upper triangular with respect to {e;} since R;, j < m is upper
triangular with respect to {e;}. Also, by invertibility of A, (Re;, e;) # 0. From this it
follows immediately that

sp{Amej}é-V:l = sp{Qmej}é-Vzl, N eN. (2.5.5)
In finite dimensions we have the following theorem:

Theorem 2.5.5. Let A € CN*N be a normal matriz with eigenvalues satisfying |A1| >
. > |An|. Let {Qm} be a Q-sequence of unitary operators. Then QnmAQY, — D, as
m — oo, where D 1is diagonal.

We will prove an analogue of this theorem in infinite dimensions, but first we need to
state some presumably well-known results.
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2.5.3 The distance and angle between subspaces

We follow the notation in (Kat95). Let M C B and N C B be closed subspaces of a
Banach space B. Define
M,N) = inf ||z —
0(M,N) = sup inf |lz —y]

zeM Y
[lzf|=1

and

0(M,N) =max[6(M,N),6(M,N)]|.
Given subspaces M and {M;} such that (M, M) — 0 as k — 0o, we will sometimes use
the notation )
M, LN M, k — oo.
If we replace B with a Hilbert space H we can express J and B conveniently in terms

of projections and operator norms. In particular, if £ and F are the projections onto
subspaces M C ‘H and N C H respectively then

§(M,N) = sup inf |lz—y|| = sup |[Fz| = |F E|.
ceM YEN zEM
[|lz]|=1 [|lz]|=1

Since the operator E— F' = F LE — FE" is essentially the direct sum of operators F-E @
(—=FE%'), its norm is 0(M, N), i.e.

0(M, N) = max(||F* El|, [| B+ F|[) = max(||F*E|, || FE*|)) = | E — F||. (2.5.6)
These observations come in handy in the proof of the next proposition.

Proposition 2.5.6. Let {A,,} be a sequence of N-dimensional subspaces of a Hilbert space
H and let B C 'H be an N-dimensional subspace. If 6(Ay,, B) — 0 or 6(B, A,) — 0 then

0(An, B) — 0.

Proof. Suppose that §(A,,B) — 0. Let E,, and F' be the projections onto onto A, and
B respectively. We need to show that ||E, — F|| — 0 as n — oo. Now E,, and F are
N-dimensional projections such that ||E;-F|| — 0 as n — oo. Thus, in view of (2.5.6), it
suffices to show that |+ E,| — 0. For the proof, note that

|F — FE,F| = |[FELF| <|ELF| — o0, n — oo.

Since F Ef;F can be viewed as a sequence of positive contractions acting on the finite
dimensional space F'H, it follows that trace(F' — FE,F) — 0. Hence

|FLE, || = |E, — E.FE,| < trace(E, — E,FE,)
= N — trace(E,FE,) = N — trace(FE, F)
= trace(F' — FE,F) — 0, n — o0o.

The proof that if §(B, A,) — 0 then (A, B) — 0 is similar to the previous argument.
0
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Proposition 2.5.7. Let £ = E1®...®©E); where the Ejs are finite-dimensional subspaces
of a Hilbert space H. Let Fy, = Ey j, + ...+ Eny where 5( E;r, Ej) — 0 as k — oo. Then

P B

Proof. Note that for projections P and @ on a Hilbert space where |P — Q|| < 1 implies
that dimP = dim(). So writing E; for the projection onto the space Ej; etc., the hypothesis

|Ejr — Ej|| = 5( ik, Bj) — 0 implies that dimF;;, = dimF; for large k. The assertion
now follows by Prop051t10n 2.5.6 and the fact that

M
(B, Fr) <Y |Ej— Ejx — 0, k— oo,
=1

O]

Theorem 2.5.8. Let A € B(H) be an invertible normal operator. Suppose that o(A) =
wUS is a disjoint union such that w = {/\i}ﬁ\il and the A\;s are isolated eigenvalues of finite
multiplicity satisfying |Ai| > ... > |An|. Suppose further that sup{|y| : v € Q} < |[An|.
Let {&}M, be a collection of lmearly independent vectors in H such that {x,(A)& M, are
linearly independent. The following observations are true.

(i) There exists an M -dimensional subspace B C ranx,,(A) such that
sp{A*& 1L, 2, B, k— occ.
(ii) If
sp{AFEMT 2D CH, k- oo,
where D is an (M — 1)-dimensional subspace, then
b
sp{A"G )L > Dasp{e}, k- oo,
where & € rany,(A) is an eigenvector of A.

Proof. We will first prove (i). Consider the following construction of B: Let A€ Y,
be the largest (in absolute value) element such that

{xz, (&L, # {0}

If {x5, (A)& 1M are linearly independent let B = {xz, (A& M Ifnot, then {xs, (A)EM,
are linearly dependent spanning a space of dimension k1 < M. By taking linear com-
binations of elements in {&}M, we can find a new basis {&,;}4, for sp{&}}, such

that sp{x)\ (A )511} = sp{X)\l( )5, ¥, and X3, (A1 = 0, for k1 +1 < @ < M.
Let A € {1V, \ {)\1} be the largest element such that {x; (4 ){M}i]‘iklﬂ # {0}. If
{x5,(4 )517,}2:191 41 are linearly independent let

B = sp{xs, (D&} @ spixs, (A)éritiy, 1.
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If {XZ\Q (A)fu}ﬁ\i k41 are linearly dependent, spanning a space of dimension k2, we pro-

ceed exactly as in the previous step. Repeating this process until {X;\M1 (A)&n it M fp 1 18

linearly independent (note that this is possible by the assumption that {y.,(A)&}, are

linearly independent) we get

(A)énity o1, n<N-—1,

n+1

n
k.
B = @SP{X;j(A)Sj,i}iikj,ﬁl D sp{x;
j=1

where kg = 0. We claim that sp{A*¢} M, %, B as k — oo. Since
dim(sp{AR&},) = M = dim(B),
(recall that A is invertible) and
n L
sp{AEHL, =Y sp{A%a0, o +sp{A iy,
j=1
by Proposition 2.5.7, we only have to demonstrate that
kj 5 k; .
Sp{Akfj,i}iikj71+1 B SP{XS\]. (A)§j7i}iikj71+1a k— oo, j<mn, (2-5'7)

and
(A)nitil, i1- (2.5.8)

To prove (2.5.7), by Proposition 2.5.6, we only need to show that

5
Sp{Akgn,i}i]\iknJrl - Sp{XS\nﬂ

sup inf ||C - 77” = 5(E7Ek) - 07 k — o0,
cee MEL

Icli=1 (2.5.9)
k. k;
Ek = Sp{Ak{j,i}iik]._l_i_p E = Sp{XS\] (A)fjvi}iikj_l"rl’

since dim F = dim Fj. It is easy to see that (2.5.9) will follow if for any sequence {(;} C F
of unit vectors there exists a sequence {ny}, where n, € Ej, such that ||(x — nx]| — 0. To
show this, note that by compactness of the unit ball in £ we can assume, possibly passing
to a subsequence, that (; — (. Thus, the task is reduced to showing that we can find {7}
such that || —nx|| — 0. Now, ( =), Oéin\j(A)ﬁj,i, for some complex numbers {«;}, and
we claim that the right choice of {n;} is

e =Y _ o ARg; /AL
Indeed, by the previous construction, &;; L ranx; (A) for I > j. Thus,
&= (6, (A + X0 A)Ga 0= (A€ a(A): 1A < N1
This gives AF¢;; = 5\?)(;\]. (A& + AFxp(A)E; ;. Now, by the assumption on o(A), we have

p=sup{|z| : z € 8} < |\j].
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Thus, since
1A xo (A&l /INS] < 1o/ 21" xa(A)ésll,

we have
AFRE i N = ()\kXA (A)&i + AFxo(A)E0) /Ny — X3, (A)&ji k= oo,

which yields our claim. Now (2.5.8) follows by a similar argument.
To show (ii), note that, by the argument in the proof of (i) and our assumption, we
have

sp{Ak& i]\il —’D SP{X)\ g] 2}1 k.
]691 g1+l (2.5.10)

@SP{XS\nH( )gnz}z kn+1a k — oo,

for n < N—2, where ko = 0, {\;} and {;;} are constructed as in the proof of (i). Now,
there are two possibilities:

(1) There exists A € A =w \ {S\J}’;ill such that x(A4)&w # 0.
(2) We have that xa(A)&y = 0.
Starting with Case 1 we may argue as in the proof of (i) to deduce that

Sp{Akfl}z 1 H@Sp{x)\ 5] l}z kj_1+1

7j=1
®sp{xs, ., (Aénititers @spixs, ,(Aéu}, k- oo,

where \,19 € w {&}?ill is the largest element such that X;\n+2( )m # 0, (note that

the existence of An4o is guaranteed by the assumption that {xw(A)& M, are linearly
independent) and this yields the assertion.
Note that Case 2 has two subcases, namely,

(1) xa(A)érr =0, but {XS\,LH (A)€n+1,i}?i;j+1 and XSis (A)&ps are linearly independent.

(I1) xa(A)épr =0 and~{X5\n+l(A)§n+17i}ij\i;n1+1 and~X5\n+l(A)§M are linearly dependent,
but there exists a A;, the largest eigenvalue in {}; };Lill such that {x;, (A)flvi}fl:kl_ﬁl
and X;\Z(A)ﬁ M are linearly independent.

Note that we cannot have x(A)&y = 0 and also have that
kj .
{XS\J (A)gj,i}i;kj71+1 and XS\J (A)ng J < n,

are linearly dependent as well as {X;Wr (A )67”'}1 ko +1 and x5 +1(A)§M are linearly de-
pendent at the same time because that would violate the linear independence assumption

on {xu(A)&HL,-
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To prove (IT) we may argue as in the proof of (i) and deduce that

5 k
Sp{Akfll}z ki1 SP{XXZ(A)fl,i}il:kl_1+1r k — o0

and
sp{AF& )L, tsp{Afxr(A)én}
)
— sp{Xj, (A)gl,i}f’;‘l:kl71+]_ +sp{xy, (A)&m}, k— o0

where I' = w \ {)\ } . Thus, using (2.5.10), it is easy to see that this gives

sp{A"¢;}, 2, @SP{X,\ )&, z}z kj_1+1

7j=1

& (sp{xs, ()&}, o + 00X, (A)6ar )}

n

D splxs, (D& @splxs,,, (A&l

j=l+1

Thus, letting P be the projection onto SP{XS\Z(A)fl,i}fl:kl_ﬁp it follows that

SP{Akfz}z 1 ;@SP{XA 5]1}1 kj_1+1

7=1
& sp{xs, (A&t 11 @ Prsplxs, (A)éu}

n

D v, (Agatite, 11 @spixs,,, (Dt il

j=l+1
Now Case (I) follows by similar reasoning. O

Theorem 2.5.9. Let A € B(H) be an invertible normal operator and let {e;} be an
orthonormal basis for H. Let {Qr} and {Rx} be a Q- and R-sequences of A with respect
to {ej}. Suppose also that o(A) = wUQ such that wNQ =0 and w = {\;}¥,, where the
A\is are isolated eigenvalues with finite multiplicity satisfying |A\1| > ... > |An]|. Suppose
further that sup{|0| : 6 € Q} < |An|. Then there is a subset {éj}j]‘il C {e;} such that
sp{Qré;} — sp{q;} where §; is an eigenvector of A and M = dim(ranx,(A)). Moreover,
sp{cjj}j]‘il =ranx,(A). Also, if e; ¢ {e]}] 1, then xu(A)Qre; — 0.

The theorem will be proven in several steps. First we need a definition.

Definition 2.5.10. Suppose that the hypotheses in Theorem 2.5.9 are true and let K be
the smallest integer such that dim(sp{xw(A)ej}JK:l) = M. Define

Ay ={ej : xw(A)e; #0,j < K} Ag={ej: xw(A)e; =0, <K}

and A, = {e; € Ay i xw(A)ej € sp{xw(A)ei}g;ll
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The decomposition of A into

M

DN ®EG | BxalA)A, ) ew.

j=1
where {@};’;1 is an orthonormal set of eigenvectors of A as well as the following two
technical lemmas will be useful in the proof.

Lemma 2.5.11. Let {é1,...,ép} = Ay \ Ay If e, € Aq U A, then
sP{Xw(A)qk,j}jey = SP{XW(A)dk,j}j(:TT), Ay = Qrej,  Grj = Qréj,
where s(m) is the largest integer such that {éj};(ﬁ) C {1y

Proof. We will show this by induction on the set {éi,...,é,} = Ag U A,,. Consider
éu € {€1,...,6p}. Then €, = e for some integer m. Suppose that sp{xw(A4)gx;}jL; =

sp{xw(A )qk]}s(m We will show that

sP{Xw(A)qk,;}1 = sp{xw(A )Qk,y}j 1

where e,, = €,41.

First, note that sp{xw(A)q,; ;” 11 = sp{xw(A)cij};(ﬁ) follows from the induction
hypothesis. Indeed, let 3 be the largest integer such that § < m and eg € A, \ A, ie.
if &, = eg then t = s(m). Observe that since ez = €, and e, = €,41, it follows that if
m < a < m then e, GAW\[XUJ. So if B < m — 1 then there is no e, € A, \]\ such that
m < a <m. Thus, m =m — 1 and so t = s(m) = s(m), yielding the assertion.

If 3 = m — 1 then for every e; where m < j < m — 1 we have e; € Aw\[XW. So
it = Es(m)4v for m+v <m—1and v > 1, hence, gk m+v = Gk s(m)4v for m+v <m—1.
Also, €1 = és(m) 80 gk,m—1 = (jk,s(m)- Thus,

sp{xw(A) ;175" = sp{xw(A) k3T + sp{xw(A)Qk,j}}”?%H
= sp{xw(A) @k }]1 + sP{xw(A)dr, }j —s(m) 417

and by recalling the induction hypothesis this yields the assertion. Thus, we only need to
prove that X (A)qkm € sp{xw(A)qkﬁj};”:jl. To show this, note that

m
Xo(A)A e = rkixw(Darys Ty = (Rrem, €5).
j=1
Note further that, since A is invertible, we have 7y ,, # 0. In the case e, € Aqg we have

Xw(A)AFe,, = 0. So, since 7 m ;ﬁ 0, it follows that xw(A)gkm is a linear combination
of elements in sp{x.(4 )Qk,;}] 1 - In the case e, € A, note that, by again using the

fact that x,(A4)A¥e,, = Z] 1 TkjXw(A)qr; and 75, # 0, we only have to show that
Xw(A)A¥e,, € sp{xw(A )q;w}m 1. Now, this is indeed the case. Since e,, € A, we have
that xw(A)em € sp{xw(4)e; }]: . Thus, since A is invertible

Xw(A)Akem € Sp{Xw(A)Akej ;n:_ll
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Also, observe that, by (2.5.5),
sp{Afe; )75t = spfan 7,
Hence,
sp{xw(A)A 10 = sp{xw(A)ar, 15

and this yields the assertion.
The initial induction step follows from a similar argument and we are done. O

Lemma 2.5.12. Let {é1,...,éx} = Ay \ Aw. Suppose that sp{dr,;} — sp{q;} for all
J < p for some p < M, where §i, ; = Qré; and q; is an eigenvector of Zj\il A& ®§j. Let
e =€ur1- If ey € A U Ay, where m <1 then

X (A)G@m — 0, k— 00, qrm = Qrem-

Proof. Arguing by contradiction, suppose that x.,(A)gkm - 0. Since x,(A) has finite
rank we may assume that x.,(A)gk . — ¢. Note that by using the assumptions stated and
the fact that Q) is unitary (since A is invertible) it is straightforward to show that

R ) R
sP{Xw(A)drj iy — spixw(A)4iYin, b — oo

Also, by using the notation and results from Lemma 2.5.11 we have that s(m) = p and

spUXw (A Ty = sp{xw(A)dry 107,

and thus it follows that
qc SP{Xw(A)‘jj}?zl'

Now
| (X (A) @y Gg)| = [(Xw(A)g, 45)], & — o0, G < p

Also, observe that
<Xw(A)Qk,ma(§k,j> — 0, k— o0, j<p.

Indeed, this is true by the facts that gxm, L Gr,; and (X (A4)qkm,dr,;) — 0 for all j < p,
where the latter follows since sp{dx ;} — sp{g;} and xq(A4)g; = 0. Hence, it follows that
(xw(A)q,q;) = 0 for j < p. So since ¢ € Sp{Xw(A)qu}?:p we have that ¢ = 0, and we have
reached the contradiction. O

Proof. Proof of Theorem 2.5.9 Let {é1,...,ém} = Ay \ A,. We claim that this is the
desired subset of {¢;} described in the theorem, i.e. we claim that for &; € A, \ A, it is
true that sp{qr ;} — sp{¢;}, where i j = Qxé; and ¢; is an eigenvector of Z;‘il N ERE;
We will prove this by induction.

Suppose that sp{qx;j} — sp{¢;} for j < u. Suppose also that

sp{dFe | s spla ),  k— oo (2.5.11)



32 Chapter 2. Finite Sections and Infinite QR

We will show that sp{d.+1} — sp{du+1} and sp{A¥e;} ! LA sp{d;}/"] where .41 is
the desired eigenvector of Z]]Vil \j & ® & By using (2.5.11) and appealing to Theorem
2.5.8 it follows that

sp{AFe ) Lo sp{g Y, @sple}, € € ranx,(A), (2.5.12)

where ¢ is an eigenvector of A. Hence, to prove the induction assertion we need to show

that sp{gu1k} —sp{&}.
Let ¢; = é,41. Note that d(sp{g;};_; ® sp{f},sp{Akéi}f:f) — 0 implies

S(sp{ai M, @ sp{€},sp{A%e;}l_)) — 0,

since sp{Akéi}f:ll C sp{A¥e;}L_,. Thus, it follows that

5(sp{di i, Dsp{€}, sp{an.itici)

B - ko (2.5.13)
= 0(sp{di i=1 D spi¢},sp{A¥ei}i) — 0, k — oo,

since A is invertible, A¥ = Q; Ry, and Ry, is upper triangular with respect to {e;}. We will
use this to prove that sp{q,+1,1} = sp{ar} — sp{{}. Note that this, by Proposition 2.5.6,
is equivalent to proving 0(sp{{},sp{q;r}) — 0, which we henceforth do. Note also that

sup inf |[( —nll = (sp{¢}, sp{ak}),
CHECSIII){&} nesp{qx}
=1

thus the latter assertion follows if we can show that for any sequence {(x} of unit vectors
in sp{{} there exists a sequence {n;} of vectors in sp{q; 1} such that ||(; — nx| — 0. We
will demonstrate this. It is easy to see that we can, without loss of generality, assume
that ¢ = ¢ where ¢ € sp{¢} is a unit vector. Let ¢ > 0. By (2.5.13) we can find
e € sp{qiyk}ézl such that || — 7x|| < €/2 for sufficiently large k. Now, 7y = 2221 G ki k
where Zé:l |l k|> = 1. So

-1 -1
1 = kl® = 1¢ = avpauil® = 2Re(C — cvpain, Y airin) + Y loigl
i=1 i=1
-1 -1
= 1€ — cwkqill® = 2Re((, > ingin) + Y lovisl*.
i=1 i=1

Now ¢ L ¢ fori < pu and also ¢ € rany,(A). These observations together with the
induction hypothesis sp{dx i} — sp{d;} for ¢ < p and the fact that, by Lemma 2.5.12, if
em € Ao U Ay, where m < [ then Xw(A)qrm — 0, imply that (, Zi;i @; 1:q; k) becomes
arbitrarily small for large k. Thus for sufficiently large & we have
-1
I1¢ — aurqurl* + Z loi k|2 < €2
i=1

By choosing n, = oy 1qr,; € sp{qk,}, we have proved the assertion and hence the induction
hypothesis. The initial step is straightforward.
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We are left with two things to prove. Firstly we demonstrate that sp{(jj}j]‘/il =
sp{&; }]]Vil It is easily seen, from orthonormality of {gx;}*,, that {¢;}}£, are all orthonor-
mal. Hence, since they are eigenvectors of Zj\il A& ® éj it follows that sp{q}}é\i 1=
sp{fj}jjvil = rany,(A). Finally, we need to show that e; ¢ {éj}jj‘/il, then x.(A)Qre; — 0,
and this follows easily from Lemma 2.5.12. ]

As mentioned in the beginning of this chapter, the infinite dimensional QR algorithm
occurred first in the paper “Toda Flows with Infinitely Many Variables” (DLT85) by Deift,
Li and Tomei. Theorem 2.5.9 is related to Theorem 1 in section 4 of (DLTS85), however,
the techniques used in (DLT85) deviate quite substantially from the framework used in
this paper. This is natural since one considers only self-adjoint operators in (DLTS85).
Further connections between our results and (DLT85) are currently being investigated.






Chapter 3

The Complexity Index

The previous chapter considered self-adjoint and normal cases, while in this chapter we
will be focusing on non-normal operators. In the non-normal case very little has been done
and even the monumental “Spectra and Pseudospectra” by Trefethen and Embree (TEO05)
leaves the question on how to approximate spectra of arbitrary non-normal operators
open. Obviously, special cases have been considered e.g. several types of non-self-adjoint
Schrodinger operators have been investigated in (TE05) and one has been able to success-
fully determine their spectra and pseudospectra via approximation techniques. However,
these techniques are not suited for generality.

Now returning to the main question, namely, can one determine or compute spectra
of arbitrary operators, we need to be more precise regarding the mathematical meaning.
Given a closed operator T" on a separable Hilbert space H with domain D(T'), we suppose
that {e;}jen is a basis for H such that span{e;}jcy C D(T'), and thus we can form the
matrix elements z;; = (Tej, e;). Is it possible to recover the spectrum of T' through a
construction only using arithmetic operations and radicals of the matrix elements? (Much
more precise definitions of this will be discussed in Section 3.1.) This obviously has to be
a construction that involves some limit operation, but in finite dimensions this is certainly
possible. For a finite-dimensional matrix one may deduce that all its spectral information
can be revealed through a construction using only arithmetic operations and radicals of
the matrix elements. More precisely, for a matrix {a;;}ij<n one can form {2, },en, where
Q,, C C can be constructed using only finitely many arithmetic operations and radicals of
the matrix elements {a;; }ij<n, and £, — o({ai; }ij<n) in the Hausdorff metric as n — oo.
For a compact operator C' we may let P, be the projection onto span{e;} <y, and observe
that o(PnC|p,, 1) — 0(C) in the Hausdorff metric as m — oo. Thus, as we are now faced
with a finite dimensional problem that we can solve (at least as sketched above), we may
deduce that, yes, we can construct and determine the spectrum of a compact operator
using only its matrix elements. The question is: can this be done in general?

Another issue is the following. Supposing that one is able to construct the spectrum of
a class of operators as suggested above, it would be interesting to determine if such a con-
struction would be optimal in some sense. Now, suppose that one is interested in applying
such a construction in applications, such a tool for determining the optimality would be
useful. It turns out that the Complexity Index is a convenient tool for determining how dif-
ficult it is to construct or approximate spectra of a certain class of operators. For selected
papers related to this topic we refer to (DLT85)(DVV94)(Sha00)(Sze20) (BCNO1).

35
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3.1 Defining the Complexity Index

Recall the example from Chapter 1 that causes some headache when considering the
general non-normal problem. In particular, let A, : (?(Z) — [?(Z) be defined by

ef(n+1) n=0
f(n+1) n#0.

Now for € # 0 we have 0(A¢) = {z : |z] = 1} but for € = 0 then o(A4y) = {z : |z| < 1}.
Davies argues as follows in (Dav05): “If € is a very small constructively defined real number
and one is not able to determine whether or not € = 0, then the spectrum of A, cannot be
computed even approximately even though A, is well-defined constructively. This implies
that there exists straightforward bounded operators whose spectrum will probably never
be determined.”

A numerical analyst may express the same concern. One can argue that if one should
do a computation of the spectrum on a computer, the fact that the arithmetic opera-
tions carried out are not exact may lead to the result that one gets the true solution to
a slightly perturbed problem. As suggested in the previous example this could be disas-
trous. The problem above does not occur (in the bounded case) if we are considering the
pseudospectrum.

(Aef)(n) = {

Definition 3.1.1. Let T be a closed operator on a Hilbert space H such that o(T) # C,
and let € > 0. The e-pseudospectrum of T is defined as the set

0d(T) = o(T)U{z ¢ o(T) : [I(z = T)7H| > €'}

The reason is that the pseudospectrum varies continuously with the operator T if T’
is bounded (we will be more specific regarding the continuity below.) One may argue
that the pseudospectrum may give a lot of information about the operator and one should
therefore estimate that instead, however, we are interested in getting a complete spectral
understanding of the operator and will therefore estimate both the spectrum and the
pseudospectrum. We would thus like to introduce a set which has the continuity property
of the pseudospectrum but approximates the spectrum. For this we introduce the n-
pseudospectrum.

Definition 3.1.2. Let T be a closed operator on a Hilbert space H such that o(T) # C,
and let n € Z4 and € > 0. The (n, €)-pseudospectrum of T is defined as the set

one(T)=0(T)U{z¢ o(T): HR(Z,T)2n|]1/2n > 671}.

As we will see in Section 3.3, the n-pseudospectrum has all the nice continuity prop-
erties that the pseudospectrum has, but it also approximates the spectrum arbitrary well
for large n.

We will in this section give the precise definition of what kind of approximating con-
structions for the spectrum we will be using. The motivation for such definitions are
discussed in Example 3.1.5.

Definition 3.1.3. Let H be a Hilbert space spanned by {e;}jen and let

T ={T € C(H) : span{e; }nen C D(T)}. (3.1.1)
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Let AC T and Z: A — Q, where Q) denotes the collection of closed subsets of C. Let
Oa = {{zijlijen : 3T € A, 25 = (Tej, i) }.
A set of estimating functions of order k for Z is a family of functions

1 :HA _>Qv

Fnl 1A — ernl,ng A — Q... 7Fn1,...,nk
U, - Ui i j<N i) * 1%i5}ijen € A} — Q,
where N(nq,...,n;) < oo depends on ny,...,ng, with the following properties:

(i) The evaluation of I'y, . n, ({xij}) requires only finitely many arithmetic operations
and radicals of the elements {Zij}i j<N(ny,...np)-

(ii) Also, we have the following relation between the limits

(T) = lim Ty, ({z}),

nip—oo

Ly ({wij}) = nllinoo Loy ns ({245}),

[1]

Fnl,---ﬂk—l ({CCZ]}) = nilgloo Fnh---,nk ({xlj})

The limit is defined as follows, for w € Q0 then w = limy, 00 wy if and only if, for any
compact ball K such that w N K° # 0 we have dg(w N K,w, N K) — 0, when n — oc.

Definition 3.1.4. Let H be a Hilbert space spanned by {e;};en, define T as in (3.1.1),
and let A C Y. A set valued function

E:ACCH)—Q

s said to have complexity index k if k is the smallest integer for which there exists a set
of estimating functions of order k for Z. Also, Z is said to have infinite complexity index
if no set of estimating functions exists. If there is a function

T: {{{L‘Z]} 37T € A, Tij = <T€j,€i>} — Q

such thatT'({z;}) = Z(T'), and the evaluation of I'({x;;}) requires only finitely many arith-
metic operations and radicals of a finite subset of {x;;}, then Z is said to have complezity
index zero. The complexity index of a function = will be denoted by Cing(E).

Example 3.1.5. Let ‘H be a Hilbert space with basis {e;}, A = B(H) and Z(T) = o(T)
for T € B(H). Suppose that dim(H) < 4. Then = must have complexity index zero, since
one can obviously express the eigenvalues of T' using finitely many arithmetic operations
and radicals of the matrix elements x;; = (Te;, €;).

For dim(H) > 5 then obviously Cina(Z) > 0, by the much celebrated theory of Abel
on the unsolvability of the quintic using radicals.

Now, what about compact operators? Suppose for a moment that we can show that
Cind(2) = 1 if dim(H) < oco. (We consider this as a problem in matrix analysis and shall
not discuss it any further, nor will any of the upcoming theorems rely on such a result.)
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A standard way of determining the spectrum of a compact operator T' is to let P, be
the projection onto span{e;};<, and compute the spectrum of P, A[p,». This approach
is justified since o(P,A[p,x) — o(T) as n — oo. By the assumption on the complexity
index in finite dimensions, it follows that if A denotes the set of compact operators then
Cind(E) <2

The reasoning in the example does not say anything about what the complexity index
of spectra of compact operators is, it only suggest that the standard way of approximating
spectra of such operators will normally make use of a construction requiring two limits.
We will in this article discuss only upper bounds on the complexity index, as we consider
that the most important question to solve first, since as of today there is no general
approach to estimate the spectrum of an arbitrary bounded operator. Now, after having
established upper bounds, an important problem to solve would be to actually determine
the complexity index of spectra of subclasses of operators. These questions are left for
future work.

3.2 The Main Theorems

The main theorems in this chapter state that indeed it is possible to estimate spectra and
pseudospectra of all bounded operators given the matrix elements. For the unbounded
case this is also possible if one also has access to the matrix elements of the adjoint. In
this case the choice of bases is not arbitrary. We would like to emphasize that even though
determining spectra and pseudospectra is the mathematical goal, another set that may be
of practical interest is ws(o (7)) (the d-neighborhood) for T' € C(H) and § > 0. The reason
is that o(7") may contain parts that have Lebesgue measure zero, and therefore may be
quite hard to detect. An easier alternative may then be ws(o (7)), although mathematically
this set reveals less information about the operator.

Definition 3.2.1. Let {e, }nen be a basis for the Hilbert space H. By a weighted shift on
H we mean an operator W € C(H) with D(W') D span{ey nen with the property that there
is a sequence of complex numbers {a;}jen and an integer k such that for & € D(W) we
have (W§); = a;€ktj. The set of weighted shifts on H (with respect to {en}nen) will be
denoted by WS(H).

Theorem 3.2.2. Let {e;} en be a basis for the Hilbert space H and let
A={TeCH): T=W+A WeWS(H), AecB(H)
N{T € C(H) : |R(T,-)*"||"/*" is never constant for anyn}.

Define, for n € Zi,e > 0, the set valued functions Z1,Z29,23 : A — € is defined by
E1(T) = 0ne(T), Z2(T) = we(o(T)) and E3(T) = o(T). Then

Cina(Z1) < 3, Cina(Z2) < 4, Cina(Z3) < 4.
AZSO, ZfA = B(H) then Cind(El) < 2, Cmd(Ez) <3 and Cmd(Eg) <3.

Theorem 3.2.3. Let {e;}jen be a basis for the Hilbert space H, Py, be the projection onto
s.pann{ej}}n:1 and d be some positive integer. Let A C C(H) have the following properties:
For T € A we have
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(i) U, PuH C D(T), U,, PuH C D(T*).
(’LZ) <T6j+l,6j> = <Teja€j+l> =0, forl >d.

(iii) TPn& — TE, T*Ppn — T*n, as m — oo for £ € D(T') and n € D(T™).

Let € > 0 and n € Zy and Z1,E2,23 : A — Q be defined by Z1(T) = opn(T),
Eo(T) = we(o(T)) and Z3(T) = o(T). Then
Cind(E1) = 1, Cina(Z2) < 2, Cind(Z3) < 2

Theorem 3.2.4. Let {e;}jen and {€;}jen be bases for the Hilbert space H and let

A={TcCHOH): T=T13T,T1,Tr € C(H), T} =T}
A = {T € A : span{e;}jen is a core for Ty, span{é;} is a core for Ta}.

Let € > 0,21 : A — Q and Z2 : A — Q be defined by 21(T) = 0e(11) and Zo(T) = o(T1).
Then Cing(Z1) < 2 and Cina(Z2) < 3.

Corollary 3.2.5. Let {e;};en be a basis for the Hilbert space H and let
A ={A € SA(H) : span{e;}jen is a core for A}.

Let € > 0 and 21,23 : A — Q be defined by Z1(T) = o(T) and Z2(T) = we(o(T)). Then
Cinda(Z1) < 3 and Cina(Z2) < 2.

Remark 3.2.6. What Theorem 3.2.4 essentially says is that given the matrix elements
of the operator and its adjoint, where the matrix elements come from a reasonable choice
of bases, one can estimate the pseudospectra and the spectrum. Also, estimating the
pseudospectrum of an unbounded operator is on the same level of difficulty as estimating
the spectrum of a compact operator.

3.3 Properties of the n-pseudospectra of Bounded Opera-
tors

We will prove some of the properties of the n-pseudospectrum, but before doing that we
need a couple of propositions and theorems that will come in handy.

Proposition 3.3.1. Let v : C — [0,00) be continuous and let {v;}ren be a sequence of
functions such that v : C — [0,00) and v, — 7 locally uniformly. Suppose that one of the
two following properties are satisfied.

(i) vk — v monotonically from above.
(ii) Fore >0, then cl({z : v(z) < €}) ={z:v(2) <€}.
Then for any compact ball K such that {z : v(z) < e} N K° # () it follows that

cd{z:w(z) <e}) NK — cl({z: v(z) < e}) N K, k — oc.
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Proof. Let € > 0. We first claim that, in each case, for any v > 0 there exists an o > 0
such that

wy(cl{z:7(z) <e—a})NK) Dcl({z:v(z) < e}) N K. (3.3.1)
Arguing by contradiction and supposing the latter statement is false we deduce that there
must be a sequence {(,} C cl({z : v(z) < €})NK such that {, ¢ w,(cl({z:v(2) < e—a})N
K). By compactness, we may assume without loss of generality that ¢, — ¢ as @« — 0. By
continuity we have that y((,) — v(¢) and since (o ¢ wy,(cl({z : v(2) < e —a}) N K) it
follows that v(¢) = e. Note that we must have

¢e (N C\w(d({z:7(2) <e—a}) NK). (3.3.2)

a>0

But there is a £ € {z : 7(2) < €} N K such that | — (| < v. Now let a; = v(¢) — v(&).
Then v(§) = e —aq and hence ¢ € w,({z : ¥(2) < e —aa}), for some as < oy contradicting
(3.3.2). We are now ready to prove the proposition, which will follow if we can show that
for any v > 0 we have

cd({z:v(z) <e}) NK Cwy(cl({z: () < e}) NK)

and wy(cl({z : v(z) < e}) N K) D cl({z : v(z) < €}) N K, for all sufficiently large k.

Note that the first inclusion follows by using the claim in the first part of the proof
and the locally uniform convergence of v;. Indeed, by the locally uniform convergence it
follows that, for any a > 0, we have

cd({z:m(z) <e}) NK Dcl{z:v(2) <e—a})NK

for large k, thus by appealing to (3.3.1), we obtain the desired inclusion. To see the
second inclusion, we first assume (i). Then {z : y(z) < €} C {z: y(2) < €} and hence the
inclusion follows. As for the second case we assume (ii). By arguing by contradiction, we
suppose the statement is false and deduce that there is a sequence {z;} such that

z €cl{z:w(z) <eph) NK

and zp ¢ wy(cl({z : v(2) < €}) N K). By compactness we may assume that z; — z and
then (by (ii)) v(z) > € which contradicts the fact that vx(zx) — v(z) which follows by
continuity of v and the local uniform convergence of {v;}. O]

Theorem 3.3.2. (Sha08) Let Q be an open subset of C, X be a Banach space and'Y be a
uniformly convexr Banach space. Suppose A : Q) — B(X,Y) is an analytic operator valued
function such that A’'(z) is invertible for all z € Q. If ||A(2)|]] < M for all z € Q then
|A(2)|| < M for all z € Q.

Before we continue let us define some functions that will be crucial throughout the
paper.

Definition 3.3.3. Let {P,,} be an increasing sequence of projections converging strongly
to the identity. Define, for n € Z, and m € N, the function ®,,,, : B(H) x C — R by

By (S, 2) = min {AW”“ A€o (Pm((S —2)M)2(S — ) Lm) } .
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Define also
®,(5,2) = lim ®,,,(5,2),
and for T € B(H)
Yn(z) = min[®,, (T, z), ©, (T, 2)]. (3.3.3)

Theorem 3.3.4. Let T' € B(H), v, be defined as in (3.3.3) and € > 0. Then the following
18 true

(1) Ons1,e(T) C one(T).
(ii) Ope(T) = {2z € C:7n(2) < €}
(iii) cl({z 1 (2) < €}) = {2 : m(2) < €}
(iv) Let we(o(T)) denote the e-neighborhood around o(T). Then

dp(on,e(T),we(c(T))) — 0, n — o0o.

(v) If {T,} € B(H) and Ty, — T in norm, it follows that

dp(on,e(Ti), on,e(T)) — 0, k — oc.
Proof. Now (i) follows by the definition of o, ((7") and the fact that

n+1 n+1 n n+1 n n+1
VIR T 1M = 1/(|R(z, T V2" | Rz, ) *")

= 1/|R(=T)*" V%" .
To prove (ii) we have to show that v,(z) = 1/||R(z,T)*"||'/?" when z ¢ o(T) and that
Yn(2) = 0 when z € o(T). The former is clear, so to see the latter we need to show that
when z € o(T) then either |(T — 2)2"| or |((T — 2)2")*| is not invertible. To see that, we
need to consider three cases: (1) (T'— z)?" is not one to one, (2) (7 — 2)?" is not onto, but
the range of (T — 2)2" is dense in H or (3) (T — 2)?" is not onto and ran((T — 2)2" # H.

Case (1): Now, by the polar decomposition, we have (T — 2)?" = U|(T — 2)?"| where U
is a partial isometry, and it is easy to see that |(T — 2)2"| is not invertible when (T — 2)%"
is not one to one.

Case (2): Recall that U is unitary if and only if ((T' — 2)2")* is one to one. Thus,
since ran((T — 2)2") = H and ker(((T — 2)?")*) = ran((T — 2)?")*, we have that U must
be unitary. But that implies that |(T — 2)2"| cannot be invertible since (T — 2)?" is not
invertible.

Case (3): If ran((T — 2)2" # H it follows that ker(((T — 2)?")*) is nonzero, and since

(T =2)*") =U"|(T = 2)*")"]

we may argue as in Case (1) to deduce that |((T — 2)?")*| is not invertible and this proves
the claim.

To see (iii) we argue by contradiction and assume that cl({z : v,(2) < €}) = {z :
Yn(z) < €}. is false. Then there exists a Z € o(T)¢ such that v,(2) = € and also a
neighborhood 6 around Z such that v,(z) > € for z € 6. Now, for z € 6, it follows that
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1/vn(2) = ||R(z, T)%"||"/?". Thus, |R(2,T)*"|| = 1/€*" and |R(2,T)?"|| < 1/€*" for z € 6.
But z +— R(z,T)?" is obviously holomorphic and d%R(z, T)?" is easily seen to be invertible
for all z € 6. Thus, by Theorem 3.3.2, it follows that |R(Z,T)%"|| < 1/€*" for all z € 0,
contradicting ||R(Z,T)*"| = 1/€*".

It is easy to see that to prove (iv) it suffices to show that v, — 7 locally uniformly,
where

~v(z) = dist(z, o (T)).

To see the latter, let 6 > 0 and let ws denote the open d-neighborhood around o (7). Let
also © be a compact set such o(7") C Q° and Q5 = Q \ ws. Note that for z € Q\ o(T) we
have

1(2) = 1/p(R(z,T)),

where p(R(z,T)) denotes the spectral radius of R(z,T'), and also by (3.3.4) it follows that
Ynt+1(2) = vn(z). Thus, by the continuity of v and -, together with the spectral radius
formula we may appeal to Dini’s Theorem to deduce that v, — « locally uniformly on
Qs. By choosing n large enough we can guarantee that |v,(z) — v(z)| < 0 when z € Q.
Also, since v,(2) < y(z) for z € Q\ o(T) and v(z) = dist(z,0(T")) < § for z € ws we
have that |y,(z) — dist(z,0(T))| < 0 when z € Q\ o(T) Since, by (ii), it is true that
Yn(z) = dist(z,0(T)) = v(z) = 0 when z € o(T") we are done with (iv).

To see that (v) is true let v, (2) = min[®,, (T}, 2), 2, (T}, Z)]. Then, by (i), on.(Tk) =
{z € C: v, k(%) < €}. Also, since T is bounded and T}, — 7" in norm, there is a compact set
K C C containing both o, (T) and oy, ((T}). Thus, by appealing to (iii) and Proposition
3.3.1 we conclude that to prove (v) we only need to show that v, ; — 75, locally uniformly
as k —. It suffices to show that 772:,:1 — 7721%1 locally uniformly. Now

2n+1 2n+1 |

|y, (Tk, 2) — 0, (T,2)

<dy (o (T — 2))*" (Tp — 2)*") .o (T — 2))* (T - 2)*")) (3.3.5)
< 1T = 2))* (T = 2)*" = (T = 2)")" (T = 2)*"| — 0,
locally uniformly as k& — oco. Similar estimate holds for |®, (T}, E)QHH — P, (T, 2)2n+1|
and this yields the assertion. O

Remark 3.3.5. The advantage of the (n,e€)-pseudospectrum is that in addition to the
continuity property stated above, we now have two parameters n and € to tweak in order
to estimate the spectrum. It is quite easy to construct examples (even 2-by-2 matrices) of
operators {7;,} for which o1 ((T5) C 0¢/10n (1) And of course, in the self-adjoint case it
would not make sense to take n > 0 as 0y, (A) = oc(A) for self-adjoint A.

3.4 Properties of the n-pseudospectra of Unbounded Oper-
ators

The theory of n-pseudospectra for unbounded operators has a lot in common with the
theory of n-pseudospectra for bounded operators, however, there is a major difference; the
n-pseudospectrum of an unbounded operator can “jump”. We will be more specific about
this below.
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Theorem 3.4.1. Let T € C(H), n € Z4, € >0 and let K C C be a compact ball such that
o (T) N K° # 0. Then the following is true

(1) Ont1,e(T) C one(T).

(ii) Let w.(o(T)) denote the € neighborhood around o(T'). Then

dp(on,(T)NK,we(o(T))NK) — 0, n — oo.

Proof. Follows by almost identical arguments as in the proof of Theorem 3.3.4. O

The difference between the bounded and the unbounded case is that if T € C(H),

z € C and we define
{0 zeo(T)

1
e 2 € o)

then we might have that cl({z : 7,(2) < €}) # {2z : 7n(2) < €}. The reason is that there
exists unbounded operators for where the norm of the resolvent is constant on an open set
in C (Sha08). However, we have the following.

n(2) = (3.4.1)

Theorem 3.4.2. Let T € C(H) and let vy, be defined as in (3.4.1). Suppose that |R(-, T)?"||
can never be constant on an open set, then cl({z : y,(2) < e}) = {z : 1 (2) < €}.

Proof. Follows by arguing similar to the argument in the proof of Theorem 3.3.4 (iii). [

Theorem 3.4.3. Let T € C(H) with domain D(T) and let {T} C C(H) be a sequence
such that Ty, LN Define, for z € C

() = {0 1 z€o(T) Colz) = {O z € o(Ty)

Ty 2 € o) merr 2 €0, keN.

(i) If z € K, where K is compact, it follows that there is a Cx > 0 depending on K
such that

€(2)? = Gh(2)*] < Cr (1 +|2[*)8(Ts, T)
for sufficiently large k.

(ii) Suppose that |R(-,T)*"|| can never be constant on an open set. Then if K C C is a
compact ball such that K° N oy (T) # 0, then

da(on,e(Tp) N K, 0 (T)NK) — 0, k—o00, €>0.

Proof. To show (i) we first claim that

((2) = min [inf{VX: X € o((T — 2)"(T - 2))},
inf{vX: X € o((T = 2)(T — 2)")}]

Ck(z) = mm[mf{\f A€ o((Ty — 2)" (T — 2))},
inf{VX: \ € o((T} — 2)(T} — 2)*)}]

(3.4.2)
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We will show this for ¢, and the argument is identical for (j. Indeed, for z ¢ o(7T') this is
quite straightforward and hence we are left to show that either |T'— z| or (T — z)*| is not
invertible for z € o(7T). This is essentially the same argument as in Theorem 3.3.4, but
we include it for completeness and to make sure that the same conclusions can be drawn
using the polar decomposition of unbounded operators. We need to consider three cases.
(1), (T — z) is not one to one, (2), (T — z) is not onto, but the range of (T' — z) is dense
in H or (3), (T' — z) is not onto and ran((T" — z)) # H.

Case (1): Now, by the polar decomposition, we have (T'— z) = U|(T — z)| where U is
a partial isometry. Note that ker(T — z) = ker(|T" — z|) and |T — z| is not invertible.

Case (2): Note that (T"— z)* is one to one if and only if U is unitary and so U must
be unitary since ran((T — z) = H and ker((T — 2)*) = ran(T — z)*. But that implies that
|(T' — z)| cannot be invertible since (7" — z) is not invertible.

Case (3): If ran((T'—z) # H it follows that ker((I" — z)*) is nonzero, and since
(T — 2)* = U*|(T — 2)*| we may argue as in Case (1) to deduce that [(T — 2)*| is not
invertible, and thus we have shown (3.4.2).

Note that by the spectral mapping theorem we have that

o((T'=2)"(T = 2)) = V(o (Rr—z)), o((T =2)(T = 2)") = ¢Y(o(Rr—z-))

where ¢(x) = 1/x — 1 (recall that R(p_,) is short for (14 (T — 2)*(T — 2))~'). Now let
(%(2) = ((2)? and (?(2) = (x(2)?. Then it follows that

¢*(2) = min (inf{y)(\) : A € o(Rir—.))}, inf{p(A) : X € o(Rp—2)+)})
= min (Y([|Rr—)l), L[| Rer—2)- 1)
by self-adjointness of (T — 2)*(T — z) and (T — 2z)(T — z)*. Similarly,
G (2) = min ({$ (1R - 1), DI Rz —)-11)) -
Recall from the definition of p and Theorem 1.1.2 that for z € C we have

|RT,—= — Rr—2|* + | Rz —2)« — Rir—p+ II” < p(Th — 2, T — 2)?
< 85(Ty, — 2, T — 2)* (3.4.3)
< 24(1+ [2[*)%8(Ty, T)*.

Also, since K is compact, there is a § > 0 such that
0¢Q=w;({y " oC*(2):2z € K},

where ws({¢)"10(?(2) : z € K}) denotes the §-neighborhood around {¢~1o(?(2) : z € K},
and by (3.4.3) it follows that

{v71oGi(x) 2z € K} Cws({yp o (®(2) s 2 € K})

for sufficiently large k. Let C be the Lipschitz constant of ¢[q. Then if z € C\ o(T') we
have that (| Rir—) ) = ¢([[R—2)-||) so by (3.4.3)

€(2)* = G (2)] < CV2A(L + |2[)d (T, T). (3.4.4)
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If 2 € o(T) then at least one of ||R7_)|| and [[R_,)-| is equal to one. Now, suppose
that [|Rir_. || = 1. If (Z(2) = (| R(7,—»)||) then (3.4.4) follows, so suppose that (7(z) =
V(1 R(1,—2)<1l) then [[Ripy _oy«|l > | Rep,—2 |l so

€(2)? = Gi(2)] < C(L = |Rzy—2p+ 1)) < CUIRw—2) | = Bz D
and hence (3.4.4) follows by (3.4.3). Similar reasoning gives the same result for
Gi(2) = V(I Rz —2)- 1)

and || R(r_.)+|| = 1 and we deduce that (3.4.4) holds for all 2z € K.
To show that

dp(on,(Te) NK,0n(T)NK) — 0, k—o00, €>0

in order to deduce (ii), we will deviate substantially from the techniques used in the proof
of Theorem 3.3.4 (v). Before getting to the argument note that, since for any zy € C we
have

One(T+20) ={z24+20:2€ 0ne(T)},

we may assume that 7' is invertible. For m € N consider the operator 7™ defined induc-
tively on
D(T™) ={¢: £ e D(T™ ), T ¢ € D(T)},

by T™¢ = T(T™1€). Then T™ is a closed operator (DS88). Also, since T is invertible
and T is densely defined, T~! has dense range and so has 7~™ which yields that T™ is
densely defined. Note also that since D(T™) C D(T™ 1) it follows that p(7T) is closed
and densely defined for any polynomial p and D(p(T)) = D(T?) where d is the degree of
the polynomial p. Thus for any z € C we can define the adjoint ((7°— 2)™)*. We can now
continue with the argument. The reasoning above allows us to define

Yn,k(2) =min [inf{)\l/Qn Aea(|(Th — 2%},
inf{A2" 2\ € o(|(Th — 2))*"}]-

Appealing to Proposition 3.3.1 and Theorem 3.4.2 (and recalling the assumption in (ii)),
it suffices to show that v,  — 7, locally uniformly, where

{0 zeo(T)

1
e 2 €0l

Yn(2) =

ClaimI: We claim that v, — 7y locally uniformly on o(7"). To see that, note that for
z € o(T) then, by the spectral mapping theorem for polynomials of unbounded operators
(DS88), (T — 2)?" is not invertible. Hence, by reasoning similar to what we did in the
proof of (i), either

inf (T —2)*¢h* =0,
léll=1,€eD(T2")

or inf I(T = 2)*)=¢*" =0,
lell=1,¢eD((72")")

(3.4.5)
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(or both are equal to zero). Suppose that the first part of (3.4.5) is true. Then, for § > 0, we
can find for any 29 € o(T) N K a vector &, € D(TQn) such that [|(T — 20)2" &, ||V/*" < 6/3.
Recall that, for any m € N we have §(T}", T™) = 6(T " T~™) and that R(T}") — R(T™)
if and only if 5(T,:”’,Tm) — 0, and since R(Ty) — R(T') so R(Tx)™ — R(T)™ we get that
) (17", T™) — 0. Hence, by the definition of 5, it follows that

s inf [l =l + 1T — Tl — 0, k- oo,
cep(rmy nED(IT)
lEl+NT™€l=1

Thus, there exists a sequence of unit vectors {n,, 1} in D(1}") such that 7., — &, and
Tz — TTE;, as k — oo. Now, since for any integer r we have 7,"" — T'~" in norm,
it follows that

—(m—1
Tkl;nzo,k = Tk (m )

T e — T-0T™E =T, k— 0.

for all I < m. In particular, it is true that z — (T — 2)2 N — 2 — (T — 2)2"&,
locally uniformly as k — oo. Note that z +— |(T — 2)2"¢,,|| is continuous. Thus, there
is a neighborhood O, around zg such that [[(T — 2)%"&,|| < 26 for z € O, and hence
|(Tx — 2)* Nkl <6 for 2 € @ZO and sufficiently large k. Covering ¢(7") N K with finitely
many neighborhoods {©; } 7 1, of the type just described, for some {z]} T, Co(T)NK
and some M € N, we deduce that there are sequences {7, x} and an integer ko such that

T, — ) <52n k> ko.
?ie}&(zse%p 1Ty = 2)* 02, il < 6%, = ko

And hence it follows that that for z € Uzj 0.,

A2 X € o(|(Th— 2 D = (_inf (Th— 22 €DV <6, k= ko.
€ll=1,6€H
Similar reasoning holds for the second part of (3.4.5) and hence we deduce that v, 1, — »
locally uniformly on o (7).
Note that we have actually proved more than what we claimed, namely that if § > 0,
29 € 90(T') and w is a neighborhood around zy such that ,(z) < /2 for z € w, then

Tni(2) <0, z € w, k> K, (3.4.6)

for some K.
ClaimII: We claim that -y, ;, — 7, locally uniformly on C\o(7"). Note that z — R(z,T)
is analytic on C\ o(7") and also, since

T, T

and o(T)¢ # 0, it follows that if B,(a) is an open disc with center a € C, radius r and
B, (a) C C\wy,(c(T)) for some v > 0 (recall that w, (£2) denotes the v-neighborhood around
Q C C), then R(z,T}) exist and is bounded on a neighborhood of B,(a) for sufficiently
large k and hence z — R(z,T}) is analytic there. Now,

R(z,Ty) — R(z,T), k— o0, z€ By(a) (3.4.7)
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pointwise. Let fi(z) = R(z,T}) then, by Cauchy’s formula, we have for z € B, (a)
[ fk(a) = fu( )||<*1
a z
k k =35

fi@a—2)
/aBr@ w-a)w—2" ‘
4M

< f ’CL - Z|7
where M is the bound on f; on B,(a). Hence, {fx} is locally uniformly Lipschitz and
therefore the convergence in (3.4.7) must be locally uniform. Using the reasoning above,
the fact that we have v, 1(2) = 1/||R(z,Ti)*"|'/*" for z € C\ w,(0(T)) and sufficiently
large k, and the reasoning leading to (3.4.6), then ClaimlI easily follows.
By adding Claim I and Claim II we deduce (ii). O

3.5 Proofs of the Main Theorems

We are now ready to prove the main theorems, but before we do that we need a couple of
preliminary results.

Proposition 3.5.1. T € B(H) and {P,,} is an increasing sequence of finite rank projec-
tions converging strongly to the identity. Let ®, ,, be as in Definition 3.3.3. Define, for
k € N, the functions Ynm:Ynmpk : C — R by

Vn,m(z) = mil’l[(I)n,m(Tv Z)? q)n,m(T*a 2)]7 (3 5 1)
Yom () = min[@p, 1 (PeT Py, 2), @y (P T* Py, 2)), o
and let vy, be defined as in (3.8.3). Then Ypm — Yn as m — 00 and Ypmk — Ynm @S
k — oo locally uniformly. The convergence Yp m — Yn s monotonically from above.

Proof. To see that 7, , — 7, monotonically from above and locally uniformly as m —
00, define 7111(Z) = (I)N(Tﬂ Z)7 '7721(2) = ¢H(T*72)7 VrlL,m(Z) = (I)’VZ,W(TJ Z) and Vg,m(z) =
O, (T, Z), where ®,, and ®,,,, are defined as in Definition 3.3.3. It follows, by the
definition of v, ,,, that to prove the claim it suffices to show that ’y,lhm — v}t and ’yfl,m —

42 monotonically from above and locally uniformly as m — co. Now, y4.m is obviously
continuous as well as 'yﬁ; and also, since P, 1 > P, and P, — I, we have that 'yfl’m n(z) <
fy,];’m(z) and limy, oo 7%,m(z) = ~4(2) for z € C. Thus, by appealing to Dini’s Theorem,
we deduce that 'y%,m — 7% locally uniformly.

To see that v, m i — Ynm as k — o0, locally uniformly we argue as follows. Using
self-adjointness of

Tpn(2) = Pu((T = 2)*)*" (T — 2)*" [PmH

Ton(2) = Pl (BT = 2)Pe)" ) (BT = 2P|
_ . § ™ (3.5.2)

Tn(2) = Pu(T = 27" (T =20

() = Pu(Pi(T = )P0 (P(T = 2) )" |

T

)

P’rnH
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and the fact that for self-adjoint A, B € B(H) we have dg(c(A),0(B)) < ||A — B|| it
suffices to show that T}, ;(2) — T}, (2) and fmk(z) — Tpn(2), as k — oo, uniformly for all
z in a compact set. To see that we observe that
SOT-ImPy(T — 2)P, =T — =, SOT-lim(Py(T — 2)Py)* = (T — 2)",
k—o00 k—o00

so since multiplication is strongly continuous on bounded sets and the fact P, has finite
rank it follows that the strong convergence implies norm convergence and we deduce that
T — T and ka — Tvm pointwise as k — oo.

A closer examination shows that the operator valued functions z — T, 1(2) and z —
ka(z) are Lipschitz continuous on compact sets with a uniformly bounded Lipschitz
constant, thus the convergence asserted is locally uniform. O

Theorem 3.5.2. (Tre04) Let Hy and Hy be Hilbert spaces and let Hy;, _,,, denote the set
of all bounded analytic function on the open unit disk D whose values are in B(Hy, Hz).
Let F' € Hy 4, and suppose that there is a § > 0 such that F*(2)F(z) > 61 for all
z € D. If there is a constant operator A € B(H1, Ha) such that

Sup A= F(2)F(z)[1 < oo,
FAS

where || - |[1 denotes the trace-norm, then there is a G € Hy, 4, such that G(2)F(z) =1
for all z € D.

Theorem 3.5.3. (Sha08) Let Qo be a connected open subset of C and Z a Banach space.
Suppose that F : Qo — Z is an analytic vector valued function, |F(2)|| < M for all z in
an open subset Q@ C Qo, and ||F(z0)|| < M for some zy € Qo. Then ||F(2)| < M for all
z € (L

We are now ready to prove the main theorems.
Theorem 3.5.4. Let {e;};en be a basis for the Hilbert space H and let

A={TeCH): T=W+A W ecWS(H), AcB(H)

1o (3.5.3)
N{T € C(H) : ||R(T, )" || is never constant for anyn}.

Define, for n € N,e > 0, the set valued functions Z1,Z2,23 : A — Q by Z1(T) = 0 (T),
Zo(T) = we(o(T)) and Z3(T) = o(T). Then

Cina(Z1) < 3, Cina(Z2) < 4, Cind(E3) < 4.
Also, if A = B(H) then Ciq(Z1) < 2, Cina(E2) < 3 and Cipg(E3) <3

Proof. Note that if T' € A it follows that, for a compact ball K C C with K? intersecting
on,e(T) or o(T) we have

n—o0

o(T)NK = lir% one(T)NK, we(o(T))NK = lim 0, (T) N K,

(the first assertion is obvious and the second follows from Theorem 3.4.1) thus, it suffices
to show, in both cases, the bound on Ciyq(Z1). We will first show that if A = B(H) then
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Cind(E1) < 2, and then use this to show that if A is defined as in (3.5.3) then Cjpq(Z1) < 3.
Let P, be the projection onto span{ey,...,e,} and z;; = (Tej,e;) for T € B(H). Also,
define the set

1
Or={2€C: Rz, Sz=7rd,r € Z,|r| <k}, 0= \/;, (3.5.4)

and define the set of estimating functions I'y, , and I',, in the following way. Let

Coyme({xij}) = {2 € Ony 1 PL € LTpos(PoyH), Tems, m( )=LL"}
U{2 € Op, : AL € LTpos(PryH), Teny iy (2) = LL*},
Py ({ij}) = {2 € C: (=00, 0] N0 (Ten, (2)) # 0}
U{z € C: (=00,0] N0 (Tem, (2)) # 03,

(3.5.5)

where LT}0s(PpnH) denotes the set of lower triangular matrices in B(P,,H) (with respect
to {e;}) with strictly positive diagonal elements and

ez (2) = Tnyne(2) — 52n+1ja
S (3.5.6)
Ten, (2) =Ty, (2) — 2, o
Ten, (2) = Ty (2) — 62"+1L

where T, ny> Tnymg> Tny and Ty, are defined as in (3.5.2). Note that, clearly, from the
definition, I'y,, , depends only on {x;;}; j<n,. We claim that I';,, ,({zi;}) can be evaluated
using only finitely many arithmetic operations and radicals of elements in {xi;}; j<n,.
Indeed, T¢ p, n,(2) and i,mm (z) are both in B(P,, 'H). Also, aij = (Ten, n,(2)ej, €;) and
aij = <1~}7m7n2 (2)ej, e;), for i,j < nq, are, by the definition of T, ,, n,(2) and imm (2),
polynomials in {;}; j<n,. Since the existence of L € LT}0s(Pp,) such that Tt ,, n,(2) =
LL* can be determined using finitely many arithmetic operations and radicals of {a;; }; j<n,
(this is known as the Cholesky decomposition), similar reasoning holds for T. e.n1.ms () and
the fact that ©,, is finite, the assertion follows.

Step I: We will show that for any compact ball K C C such that I'y, p, ({2 })NEK° # 0,
then

dH(Fn17n2({$ij}) NK, Fnl({:l"ij}) N K) — 0, ng — oo.

Note that since dg(©,, N K, K) — 0, as ng — 00, and by the observations that for ny > ny
we have

{Z eC: ﬂL S LTpos(Pan) enl,nz(z) = LL*}
U {Z ecC: EL € LTpos(Pan)a enl,nz( ) = LL*}
= {2 €€ (00, 0] N 0T ma()) £ 0} ULz € C: (~00,0] N o(Tomy () £ 0}
= {2 € C: ynno(2) <€},

where 7y, 1, n, is defined in (3.5.1), and

{z€Ciymm(z) <} ={z€C: (-00,0]No(Ten (2)) # 0}

(3.5.7)
U{z€C: (~00,00n € o(Tup, (2)) £ 0}
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where 7y, 5, is defined in (3.5.1), the assertion will follow if we can demonstrate that
da({z € C:ypmin.(2) < e NK {z€C:yypn(2) <e}NK)—0, (3.5.8)

as ny — 00. Now, by Proposition 3.5.1 it follows that v, n, n, — n,n, locally uniformly
hence, by Proposition 3.3.1, (3.5.8) will follow if we can prove the following.
Claim: We claim that

cd{z€C:ypn,(2) <e}) ={z€C:ypn (2) <€} (3.5.9)

Now, letting (i 5, and (2, be defined by (i, (2) = Ppn, (T, 2) and (o, (2) = Ppp, (T, 2),
where @, ,, is defined as in Definition 3.3.3. Then ~,, ,, = min[(; »,,(2,n,]. Thus, (3.5.9)
will follow if we can show that

cd{z€C:(jn (2) <e€}) ={z€C:(jn () <€}, j=1,2. (3.5.10)

We will demonstrate the latter, but before we do so we need to establish some facts about
the set of points where (; 5, does not vanish. Let

Q={ze€C:(n(2)#0},

then €2 is obviously open and we claim that C\ € is finite. To see that we argue by
contradiction and suppose that (i, vanishes at infinitely many points. If that was the
case we would have
. an

B I =27 Pl =0, (3.5.11)
for infinitely many zs. This is indeed impossible because, since P,, has finite rank, there
is a finite dimensional subspace H; C H such that ran(T — 2)*"~1P,, C H; for all z € C.
Thus , if E is the projection onto H; then, by (3.5.11), inf, ey, ||(ETE — zE)n|| = 0 for
infinitely many zs. But the infimum in the equation above is actually attained since H;
is finite dimensional and hence the finite rank operator ETE must have infinitely many
eigenvalues and this is impossible. Armed with this fact we return to the task of showing
(3.5.10). To do this for j = 1 we argue by contradiction and suppose that there is a

20 ¢ cl({z € C: (1n,(2) <€}) (3.5.12)

such that (j ,(20) = e. This implies that there is a neighborhood 6 around z, such that
Cin,(2) > € for z € §. We will now demonstrate that this is impossible. First note that
by the definition of (;,, we can make (j p,(z) arbitrary large for large |z|. In particular,
we can find an open set 6 C Q such that (j,,(2) > € for z € . Now choose a simply
connected open set Qg C Q such that U C Q and C1,n, does not vanish on cl(£2y). Note
that this is possible by the fact that C\ Q is finite. Now define, for z € Q, the operator

F(2):Py,H—H, F(2)=(T—2)?P,,.

Now, obviously F' is holomorphic. Note that, by continuity of (i ,, and the choice of €,
there is a § > 0 such that

i > 0.
zlenfgo Cing(2) >0
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By possibly composing F' with a holomorphic function we may assume that g = D, the
open disk with radius one centered at the origin. Hence we get that F' € HI%fHH_}H and
F*(2)F(z) > 41, for all z € D, where I is the identity on P,,’H. Obviously, since P,, is a
finite rank projection, it follows that

sup || F*(2)F(2)|1 < oo,

z€D
where || - ||; denotes the trace norm. Thus, we may appeal to Theorem 3.5.2 and deduce
that there is a G € Hﬁ’_,Pan such that G(2)F(z) = I for all z € D. Again, by possibly
composing with another holomorphic function (and with a slight abuse of notation) we
have a holomorphic function G on €y such that G(z) : H — P,,H and

1/Cm (2) = 1/( IE)EN = IGEIL 2 € Qo

inf
§EPL H,[|€]I=1
Then, by the reasoning above, it follows that |G (2)|| < 1/e for z € 0 and |G(2)|| < 1/e
for z € f. This implies, by Theorem 3.5.3, that ||G(2)|| < 1/e for z € 8, but ||G(z)|| = 1/€
and zp € 0 (recall (3.5.12)) and we have finally reached the desired contradiction. By a
similar argument one can show (3.5.10) for j = 2 and hence we are done with step I.

Step II: We will show that for any compact ball K C C such that o, (7)) N K° # 0,
then

dua(Th, ({zi}) N K, 00, (T)NK) — 0, n; — oo.
But, by (3.5.7) and Theorem 3.3.4 (ii), this will follow if

dp({z € C:ypm (2) <efNK {z€C:v(2) <e;NK)— 0, n; — oo,

where 7, is defined in (3.3.3), and by Theorem 3.3.4 (iii) and Proposition 3.3.1 this is true
if ¥,n, — Yn locally uniformly, which in fact was established in Proposition 3.5.1. Now,
adding Step I and Step II together we have shown that Ci,q(Z1) < 2 for Z1 : A — Q when
A = B(H), and we will now use this to establish the assertion of the theorem.

Step IIT: We will now show that if A is defined as in (3.5.3) then Cjyq(Z1) < 3.
Suppose that we have T' = W + A, where W is a weighted shift and A is bounded.
Letting x;; = (Tej,e;) we will define the set of estimating functions I'y, . ns,..., I,
in the following way. Now, for £ € H we may without loss of generality assume that
(W&); =z j+1&; for some integer k. Define a new set {Z;;(n)}, depending on an integer
n, in the following way: &;;1r(n) = n if |z; ;4] > n and Zij(n) = x;; elsewhere. Note
that {Z;;(n)} gives rise to a bounded operator S,, whose matrix elements are {Z;;(n)}.
Thus we can define

Pring ({l‘lj}) =I'nymy ({jw (nl)})v

where Iy, n, is defined as in (3.5.5). If we let I';,, ({z45}) = Z1(Sy,), and since we have
shown above that I'y, ,,, and I', is a set of estimating functions for = : B(H) — Q, it
follows that I'y, . pns,...,In, is a set of estimating functions for =; if we can show that

lim El(Snl) = El(T)

ni—o0

Note that, by Theorem 3.4.3 (and assumption), the latter will follow if we can show that

Sp—T, n— oo (3.5.13)
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Define the operator W,, by (W,.&); = Z; j+k(n); for £ € H. Then S, = W,, + A. Thus, by
Theorem 1.1.2, (3.5.13) will follow if we can show that §(W,,, W) — 0 and §(W,W,,) — 0
as n — 00. To show the former we need to demonstrate that

sup inf o —9| — 0, n — oo,
PEG(Wn),|lpl|<1 ¥EGW)

where G(W) denotes the graph of W as defined in (1.1.1). Let ¢ € G(W,) such that
o]l < 1. Then there is a £ € H such that ¢ = (&, W,€) and ||W,.€||+ |€]| < 1. Now, choose
n € D(W) in the following way:

b= & if T 546(n) =254k
J Zj i4+k(n) . ~
EEEG A Tik(n) # ke

Let also © = {j e N:p; =¢;} and 0 = {j € N:1; # &;}. Then,

€ = nl|+|Wn& — W

=> 1§ = nilP + 1&g —nyl?

JEO j€0
+ ) 18 ()E =z P+ D NE k()& — 255405
JjEO j€o
=Y 16—l + D |E k()& — wggeansl
jeo jeo

Now 3 .cq %4k (n)[21&]? <1 and & j1x(n) = n for j € 6 so > e &k < 1/n%. So by
the fact that |Z; j1x(n)/z k| < 1 and the choice of 7 it follows that

> 1&g —nl* <4/’
j€o

Also, 37 cp |Zj.j+k(n)&—x; j+xn;|* = 0, by the choice of n, and thus [|€—n||+|| W, =W <
2/n. Hence infycqwy |o — 9| < 2/n and so since ¢ was arbitrary we have

sup inf |l —9¢|| <2/n—0, n — 00.
PEG(AN) [0 <1¥EGA)

The fact that (W, W,,) — 0 as n — oo follows by similar reasoning. O

Remark 3.5.5. The assumption that |R(T,-)?"||'/?" is never constant for any n will be
satisfied e.g. if C\ o(T') is connected and the numerical range of 7" is contained in a sector
of the complex plane.

Theorem 3.5.6. Let {e;}jen and {€;}jen be bases for the Hilbert space H and let

A={TcCHOH): T=T13T,T1,Tr € C(H), T} =T}
A ={T € A : span{e;}jen is a core for Ty, span{é;} is a core for Tp}.

Let € > 0,21 : A — Q and Z2 : A — Q be defined by E1(T) = 0e(11) and Zo(T) = o(Th).
Then Cind(El) < 2 and Cind<E2) S 3.
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Proof. Arguing as in the proof of Theorem 3.5.4, it suffices to show that Cinq(Z1) < 2. Let
Py, and Py, be the projections onto span{e;}7"; and span{é;}}’, respectively and define

Sm:AXC— BPwH,H),  Sm:AxC— B(PyH, H)
by _
Sm(T,z) = (TE, — z)Pp, Sm(T,z) = (TEy — Z) P,
where F1 : H®H — H and Es : H®H — 'H are the projections onto the first and second
component, respectively. Also, define
Skt Ax C— B(PpH, H), Smk AxC— B( mHH)
by
Sm,k’(Ta Z) = (PkTEIPk - Z)Pm Sm(Tv Z) = (PkTE2Pk - Z)Pm

Now, for T' € A, let {z;;} be some ordering of the matrix elements

{{Thej, e} U {(T2é;, &) i jen,
and define the estimating functions I'y, , and I',, by

Loy ({mij}) = {2 € Ony : BL € LTyos(PayH), Tey ( )= LL*}
U{z €Oy, : BL € LTpos(Py, ) tnyms (2) = LL*},
Lny({#i5}) ={z € C: (—00,0] N0 (T, (2)) # 0}
U{z € C: (=00,0| N0 (Te, (2)) # 0},

where ©,,, is defined as in (3.5.4) and

Tf:”l»”Q (Z) = Snl,nz (z)*thnz (Z) - 62[7 Te,nl,nz (Z) = Snl,nz (Z)*thnz (Z) — el

and T.p, (2) = Sp,(2)*Sn, (2) — E1, Ten,(2) = Sp,(2)*Sn, (2) — €21. As argued in the
proof of Theorem 3.2.2, I, », depends on only finitely many elements in {x;;}, and its
evaluation requires finitely many arithmetic operations and radicals of the matrix elements
{z;;}. We are now ready to prove:

Step I. We will show that

Pny({aig}) = 1 Ty g ({245}).

Before we can do that, we must establish a couple of facts first. Now, let ®,, : AxC — R,
tAXC =R, @ AXCHRandfb kA x C — R be defined by

O (T, 2) = min{ VA : A € 0(Spn (T, 2)* Sy (T, 2)) },
®,, (T, 2) = min{VA: X € 0(S (T, 2)* S (T}, 2))},
O,k (T, 2) = min{ VA : X € 0(Sy, 1 (T, 2)* S (T}, 2)) },
<A15m7k(T,z) =min{VA: e G(Sm7k(T,z)*§m7k(T, 2))}
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Claim: We claim that
{z€C:9,(T,2) <e} =cl{z € C: P, (T, 2) < €}). (3.5.14)

Indeed, this is the case, and the proof is almost identical to the argument used in the proof
of Theorem 3.2.2. Let
Q={ze€C:9,(T,z) # 0},

then © is obviously open and we claim that C\ 2 is finite. To see that, we argue by
contradiction and suppose that ®,,(T,-) vanishes at infinitely many points. If that was

the case we would have

||5H311,fgew [(Th — 2)Pnél| =0 (3.5.15)
for infinitely many zs. But the infimum in (3.5.15) is attained since P,, has finite rank, so
this implies that the operator P,,,T1 | p, 7 has infinitely many eigenvalues. This is, of course,
impossible since P, has finite rank. Armed with this fact we return to the task of showing
(3.5.14). Observe that since Py, has finite rank we can make inf|¢|—1 ¢ [[(T1 — 2) Pré]|
arbitrary large for large |z|, and in particular, ®,,(T,-) can be made arbitrary large as
long as |z| is large. Using this we may argue exactly as in the proof of Theorem 3.2.2 and
deduce that if there is a

20 ¢ cl({z€C: ®,(T,2) < €})

such that ®,,(T, zp) = € then there is an open connected set 2y C € containing zy and an
operator valued holomorphic function G on €y such that we have G(z) : H — P,/ H,
1/@n(T,2) = |G(2)[l, 2 €,

and ||G(z1)]] < 1/e for some z; € . By the assumption on zg, there is a neighborhood 6

around zg such that
IG(2)|| < 1/e, z€0

and since ||G(z1)|| < 1/e it follows, by Theorem 3.5.3, that ||G(z)|| < 1/e for all z € §. But
IG(20)|| = 1/€ and this is a contradiction.
Note that similar reasoning gives that

{2€C:0,(T,2) < e} =cl({z € C: (T, 2) < €}). (3.5.16)
So, by observing that

Fm,nz({l‘ij}) = {Z € Oy, : min[q)nl,nz (T,:Z), Py s (Tv Z)] < E}a (3517)
Fn1({$ij}> = {Z €eC: min[q)nl (T7 Z)v Py, (T7 Z)] < 6}

it suffices to show, by Proposition 3.3.1 that

min[q)nl,nz (Tv Z)v &)nhnz (Tv Z)] - min[q)nl (T’ Z)’ (I)nl (Tv Z)]
locally uniformly as no — oo, which again will follow if we can show that the mappings

= <Sn1,n2 (T’ Z)*STMJLQ (Tv Z)€j7 6i> — 2 <Sn1 (T’ Z)*STH (T7 Z)ej’ 6i> (3 5 18)
= <§n1,m (Ta Z)*§n1,n2 (Ta Z)éj7 éi> — 2 <§n1 (Tv Z)*§n1 (Tv Z)éj7 éi) a
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locally uniformly as ny — oo, where ej,e; € P,,’H and €;,¢; € ﬁmH. Note that for £ > m
we have (Sp, no (T, 2)*Snyne (T 2)€4, €i) = (Pry (T — 2)e;, Pny (T — 2)e;), yielding the first
part of (3.5.18), and similar reasoning yields the second part.

Step II: We will show that

ni—o0

To do that we will first demonstrate the following;

v(z) = lim ®,,(7T,z), Y2(z) = lim ®,, (T, 2)

ni]— 00 ni—o00

exist, the convergence is monotonically from above and locally uniform and

0(Th) = {z € C: min[y1(2),72(2)] < €}. (3.5.20)
Now, note that
Oy (T,2) = min_ [[(T1—2)¢l, @ (T,2) = min [[(T1 = 2)"¢].
£€Pn M ¢ePy H

So, by the assumption that span{e;} en is a core for T7 and span{€;}cn is a core for T5,
it follows that the limits exist and that

y1(z) =inf{\: XA € o(|(T1 — 2)|}, v2(z) =inf{A: X € o(|(T1 — 2)*|) }.

By Dini’s theorem it follows that the convergence is as asserted. Using this fact and by
arguing as in the proof of Theorem 3.4.3 we get (3.5.20). The previous reasoning implies
that min[®,, (T, z), ®p, (T, z)] — min[y1(z),v2(z)] monotonically from above and locally
uniformly as n; — oo. So, by Proposition 3.3.4 and (3.5.20), it follows that, for compact

ball K such that o.(T7) N K° # (), we have

cl({z € C: min[®,, (T, 2), P, (T, 2)] < €}) N K — o.(T1) N K,

as np — oo. But by (3.5.14),(3.5.17) and (3.5.16) it follows that

I, ({zi5}) = cl({z € C: min[®y, (T, 2), n, (T' 2)] < €}),
and hence (3.5.19) follows. O
Corollary 3.5.7. Let {e;};cn be a basis for the Hilbert space H and let
A ={A € SA(H) : span{e;}jen is a core for A}.

Let € > 0 and Z1,Z3 : A — Q be defined by Z1(T) = o(T) and Z2(T) = we(o(T)). Then
Cind(Z1) < 3 and Cina(Z2) < 2.

Theorem 3.5.8. Let {e;}jen be a basis for the Hilbert space H, Py, be the projection onto
span{e;}L; and d be some positive integer. Let A C C(H) have the following properties:
For T € A we have

(i) U,, PuH C D(T), U, PnH C D(T*).
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(i) (Tejri,e5) = (Tej,ejpq) =0, forl > d.
(iii) TPn& — TE, T Ppn — T*n, as m — oo for £ € D(T') and n € D(T™).

Let € > 0 and n € Zy and Z1,52,23 : A — Q be defined by Z1(T) = one(T), Eo(T) =
we(o(T)) and E3(T) = o(T'). Then

Cind(E1) =1, Cind(Z2) < 2, Cind(Z3) < 2

Proof. As in the proof of Theorem 3.2.2 it suffices to demonstrate that Ciq(ZE1) = 1.
Now, obviously we have Cj,q(Z) > 0, so it suffices to show that Cjpq(E) < 1. We follow
the proof of Theorem 3.2.2 closely. Let P, be the projection onto span{es,...,e,} and
z;; = (Tej, e;) for T € A. For k € N define T* inductively by T*¢ = T(T*~1¢) on

D(T*) = {¢: £ e DT* ), T ¢ e D(T)},

and define D((T*)*) similarly. Then it is easy to see that |J,, PnH C D(T*), so Tk
is densely defined. The fact that T* is closed is well known (DS88)(p. 603), and it
follows (by a straightforward argument using the assumptions (ii) and (iii)) that {J,, PnH
is a core for T*. Similarly, we get that (7)* is closed and densely defined and that
U,, PnH C D((T*)¥) is a core for (T*)*. Using this, it is easy to see that we can, for
integers m, k, define T ,, (2) = Ty 1(2) — "I and i’mvk(z) = Tvmvk(z) — EQTLHI, where

T k(2) and fmk(z) are defined in (3.5.2). Let, for k € N, O, be defined as in (3.5.4) and
U ={2€C:HL € LTyos(PtH), Te g 2narr(2) = LL*} (35.21)
U{z€C: AL € LTpos(PH), T ponarr(z) = LL*}, o

where LT,0s(PyH) denotes the set of lower triangular matrices in P, ’H (with respect to
{e;}) with strictly positive diagonal elements. Now, define I';, by

Fk({x”}) =V, NOy.

By the same reasoning as in the proof of Theorem 3.2.2, it follows that Iy, ,, depends
only on finitely many of the z;;s and requires only finitely many arithmetic operations and
radicals of {z;;} for its evaluation. Now, to show that

2(T) = Jim Ir({zij}),

we need to show that for any compact ball K such that oy, ((T) N K° # () then
A (0o (T) O K Tx({2y) N K) — 0,k — o,
But, since obviously dy (0 N K, K) — 0 as kK — oo it suffices to show that

dy (¥ N K, O‘n,e(T) NK)— 0. (3.5.22)

To prove that, note that by the reasoning in the beginning of the proof we may define
®,;m: AxC—Rby

By (S, 2) = min {AW”“ A€o (Pm((S —2)M)2(S - ) Lm) } .
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Let v = min[®, 1 (T, ), @y (T, -)] and vy gy = min[Py, (P T Prry, -), P e (P T P, -]
Before we can continue with the proof of (3.5.22) we need the following fact.

ClaimI: We claim that ¥y, = {z € C: 7, x(2) < €}. To deduce the claim it suffices to
show that

771,]6(2) = 771,76,2”d+k(z)5 S (Ca (3523)
and why becomes clear after we make the observation that we have
Ui = {2 € C: (—00,0] N0 (Tek2mark(2)) # 0}
U{z € C: (—00,0]No(Teromitr(z)) # 0}
={z2€C:ypomark(z) <€}

Now (3.5.23) will follow if we can prove that

(T =2))*(T = 2)%"¢&m)
= ((Prnayk(T = 2)Prnayi)*)*" (Panayk(T = 2) Panayr)* €, m).
(T =2 ((T = 2))*" &)
= ((Porask(T = 2)Pangsr)” (Ponari(T — 2) Panasr)*)* & m),
for £,n € Py’H. To show the latter it is easy to see that it suffices to show that

(Pyn gk T Ponayr)'€ = T, e PH, <27,

. (3.5.24)
(PrraykT* Porair)'€ = T'¢, &€ PyH, 1<2"

To show the first part of (3.5.24), let u € N such that p > d, and note that, by assumption,
we can write T'[\j p, # as (with a slight abuse of notation)

d—1
T =P,TP,+ P TPy + Y (e,
j=—d

where (; € (P,+q — P,—q)H. Now this gives us that, for [ € N,

T" = (P, TP,)! + terms of the form
d—1
(PITPM+ > (G ®eu )’ x (P,TP,)"
j=—d
d—1
X (PrTPr+ Y G ®eu )P x (BTB)® x -
j=—d
d—1
x (PyTP; + Z ¢ ®euj)Pt x (P, TP,
j=—d

where ¢; <1 —1 and p; < [. Note that since T € A (using assumption (ii)) it is straight-
forward to show that

((P,TP,)%er, ej) =0, r<k, j>qd+k,
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for any integer ¢. Hence,

-1
(PsrgxTPararn + O G ® emark—j)’ X (PangpsT Pongyr)ier =0, (3.5.25)
j=—d

for r <k, g <2"—1 and p < 2" yielding the first part of (3.5.24). The second part of
(3.5.24) follows by similar reasoning.

Armed with Claiml we have reduced the problem to showing that if K is a compact
ball and K° intersects oy, (1), then

klim {zeC:mi(z) e NK =0,(T)NK. (3.5.26)
—00

Now, the fact that 7' € A and the reasoning in the beginning of the proof allows us to
define

Yn(z) = min {inf {)\2n+1 tAE a(|(T — z)Zn\)},
inf {V"“ A€ a(|((T - z)*)2"|) H
Note that, by arguing similarly as in the proof of (ii) and (iii) in Theorem 3.3.4, we deduce
that 0,(T) = {z € C : y,(2) < €}. By arguing as in Proposition 3.5.1, using the fact

that J,, PnH is a core for T* and (T*)* we deduce that 7, ; — 7, locally uniformly and
monotonically from above. By arguing as in the proof of Theorem 3.5.6 we deduce that

({2 € C: yp(2) < €}) = {2 € C : ya(2) < e}

Thus, using Proposition 3.3.1 we conclude that (3.5.26) is true, and we are done. O

3.6 Other Types of Pseudospectra

The disadvantage of the n-pseudospectrum is that even though one can estimate the
spectrum by taking n very large, n may have to be too large for practical purposes. Thus,
since we only have the estimate for T € C(H),e > 0 that o(T) C oy (T), it is important
to get a “lower” bound on o(7") i.e. we want to find a set Q@ C C such that Q C (7). A
candidate for this is described in the following.

Definition 3.6.1. Let T € B(H) and ®g be defined as in Definition 3.3.3. Let (1(z) =
O4(T, 2) (2(z) = Po(T™,2). Now let € > 0 and define the e-residual pseudospectrum to be
the set

Ures7e(T) = {Z : Cl(z) > €, <2(Z) = 0}
and the adjoint e-residual pseudospectrum to be the set
Ures*,e(T) = {Z : Cl(z) =0, <2(Z) > 6}‘

Theorem 3.6.2. Let T € B(H) and let {T},} C B(H) such that T, — T in norm, as
k — oo. Then for € > 0 we have the following,

(i) o(T) D U5>0 Ores,e(T) U Ores,e(T)
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(i) cl{z€C:((2) <e}) ={2€C:(2) <e€}
(i17) cl({z € C: (2(z) < €}) ={z € C: (a2(2) <€}
() For any compact ball K C C such that cl(oves,c(T)) N K° # 0 it follows that

dp (cl(Ores,e(Tk)) N K, cl(0res e (T)) N K) — 0, k — oo.

(v) For any compact ball K C C such that oyes+ (T) N K° # 0 it follows that

dp (cl(Ores e(T)) N K, cl(0res (T) N K)) — 0, k — oo.

Proof. Note that (i) follows by arguing as in the proof of Theorem 3.3.4, so we will not
be repeating that reasoning here. Now, we will show (ii), namely, that

{zeC:G(z)<e}=cl{z €C: (1(2) <€}). (3.6.1)

We argue by contradiction. Suppose that there is a zg € C\ cl({z € C: (1(2) < €}) such
that (1(z0) = €. Then, there is a neighborhood w around zy such that (;(z) > € for z € w.
We claim that this is impossible. Indeed, let ¢ be defined on w by ¢(z) =1/{;(z). Now

o2) =1/ inf (T =),

so T' — z is bounded from below by € for z € w. Let H; = ran(T — 29) and let H be an
infinite dimensional Hilbert space. Choose an isomorphism V : H — Hf‘ @ H, and define
the following operator

TC:(T—zo)@cV:Heﬂﬁ—ﬂﬁ@Hf@ﬁ, ceR.

Note that 7T, is invertible and for sufficiently large ¢ we have @(zo) = 1/ inf)j¢)=1,cem IT¢|.
Moreover, for z sufficiently close to zg it follows that

pz)=1/ inf T~ (20— 2.

Let G(z) be the inverse of T, — (29 — z) for z in a neighborhood @ around zy. Then
o(z) = |G(2)]|. Now ¢(z9) = 1/e and p(z) < 1/e for z € ©. But, clearly, G'(z) is invertible
for all z € @ so by Theorem 3.3.2 it follows that ||G(z)| < 1/e for z € @, contradicting
©(z0) = 1/€ and we have shown (3.6.1). To show (iii) one argues almost exactly as in the
proof of (ii).

We will now prove (iv). Firstly, to see the fact that dp(oves e(Tk) N, Ores e (T)NK) — 0,
as k — oo, define ®¢ as in Definition 3.3.3 and let (i 4(2) = ®o(T}%, 2). Note that (1 1 — 1
locally uniformly as k — oo, by reasoning as in (3.3.5). Secondly, note that, for 6 € (0, ¢),
we have

A({z €C: G1(2) > 6 Ga(2) < 61) = cl({z € C: (=) > &, Galz) = O)).
So if we define (3 ;(2) = ®o(T}, 2), it suffices to show that

du(cl{ze€C:Gi(z) >e}) NK,cl{z€C:(i(2) >e})NK) — 0, k—o0 (3.6.2)
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and, by (ii), that dg({z € C: (op(2) <P NK,{z€C: ((z) <6} NK) —0as k — oo.
The latter follows from arguing similarly to the proof of Theorem 3.2.2, and hence we will
concentrate on the former. Now, it is easy to see, by the definition of the Hausdorff metric
and (ii), that (3.6.2) follows if we can show that

dp({z € C: Qi(2) <€}, {z€C:G(2) <€e}) — 0, k— o0,

but the latter follows by the locally uniform convergence of {¢; 1} and Proposition 3.3.1.
Also, (v) follows by similar reasoning, and we are done. O

Theorem 3.6.3. Let {e;}jen be a basis for H and define =1,Z5 : B(H) — Q, for e > 0,
by Z1(T) = cl(Ores,e(T)) and Z2(T') = cl(0res (). Then Cina(Z1) < 2 and Cina(Z2) < 2.

Proof. To show that Cinqa(Z1) < 2 let O be defined as in (3.5.4) and define the estimat-
ing functions Iy, ,, and I',, in the following way. Define P, to be the projection onto
span{ei, ..., ey}, choose § € (0,¢) and define

Ty ({2j}) = {2 € Oy : 3L € LTpos(PayH), Tomymy (2) = LL*}
N{z € On, : AL € LTpos(PoyH), Tsny .y (2) = LL*},
Ly ({zi5}) = cl{z € C: (—00,0]No(Ten, () = 0})
N{zeC:(—o0,0]N U(Tgm(z)) # 0},

where T¢ », no, Tv&nl,m, T n, and Tv(gm as defined as in (3.5.6). As the rest of the proof is
just epsilon away from the proof of Theorem 3.2.2 we will just sketch the ideas. By letting
C1,n1 (Z) = Do, (Tv Z)v C27n1 (Z) = Do, (T*’ 2) and

Cl,nl,ng (2) = (I)O,nl (PTLQTPn27 Z)a C2,7L1,n2 (Z) = q)O,nl (PnQT*PTLQa 2)7
where @ is defined as in Definition 3.3.3, one observes that

{Z €O, : C1m1 iz (Z) > €, C2,n1,7L2 (z) < 5}
= {z eC:dL e I/Tpos(Pm']'(),Te’nhn2 (Z) = LL*} (3.6.3)

N{z € C: AL € LTpos(PoyH), Tspymp(2) = LL*},

and
Loy ({@i}) = cl({z : Qni (2) > €,Gony (2) < 63).

Now, let ¢; and (2 be defined as in Definition 3.6.1. By using (ii) in Theorem 3.6.2 and
reasoning as in the proof of Theorem 3.2.2 (Stepl and Stepll) using arguments similar to
the last part of the proof of Theorem 3.6.2 one deduces that, for compact ball K C C with
K intersecting the appropriate sets,

cd{z€C:(pn(2) >e) NK —cl({z€C:G(2) >e})NK
{zeC:(n(2) <d}NK —{2zeC:((z) <i}NK, n3 — oo,

{z€0n, 1 Cmn(2) > NK —cl({z€C:(1n(2) >e}) NK
{2 €0, 1 Gonin(2) <HNK —{2€C: (o (2) <IINK, ny— oo,
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hence
A({z € C: s (2) > €, o (2) SO N K — ({2 : Gi(2) > €.Ga(2) <6} N K
as ny — oo, and

{Z € ®n2 : CL”I,TLZ (Z) > EaCZ,nl,nz(z) < 5} NnK
—cl({z2 € C: Cin(2) > € Cnn(z) <6})NK

as ng — o0o. But

c({z: Ci(2) > €,C(z) <0}) =cl{z: CG(z) > € C(z) =0}) = cl(ores,(T)),

and hence we have shown that Cj,q(Z1) < 2. The fact that Ciyq(Z2) < 2 follows by similar
reasoning. ]

3.7 Applications to Schrodinger and Dirac Operators

Non-Hermitian quantum mechanics has been an increasingly popular field in the last
decades (TEO05). As the importance of non-hermitian operators in physics has been es-
tablished, the spectral theory of such operators has been given a substantial amount of
attention (Dav99), (Dav02), (DK04). Since the spectral theory of non-hermitian operators
is very different from the self-adjoint case, very little is known in general, and the same
is true for the theory of approximating spectra. In fact it is an open problem how to
approximate the spectrum and the pseudospectrum of an arbitrary Schrodinger operator.
In this section we will show how to use the theory from the previous sections to get some
insight on how to estimate spectra and pseudospectra of non-hermitian Schrédinger and
Dirac operators with bounded potential. Let

0

P = —i— (; = multiplication by x;
dxj
with their appropriate domains in H = L?(R?) . Let v € L®(R?) be a complex valued,
continuous function, and define the Schrédinger operator

1
H=2 > P} +v(Q....Qa), D(H)=Wp(RY),
1<j<d

where Wy 2(R?) is the Sobolev space of functions whose second derivative (in the distri-
butional sense) is square integrable.

Similarly we can define the Dirac operator. Let H = @;_, L*(R?) and define (for-
mally) Pj on H by

4

- d

Pi=Epr, Pj=—io—,  j=12.3,
k=1 J

where P; is formally defined on L%(R3). Let

3
Hy=> a;P;+ 8,
i=1
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where o; and 3 are 4-by-4 matrices satisfying the commutation relation
ajoy + apoy = 2051, jk=1,2,3,4, ag = 0. (3.7.1)
Then it is well known that Hy is self-adjoint on @i:l Wa 1(R?) where
W21 (R?) = {f € L*(R®) : Ff € L{(R®)}

and L3(R3) = {f € L*(R3) : (1 + |- [H)Y2f € L2(R3)}. Let v € L®(R?) and define the
Dirac operator

4 1
Hp = Ho+ P v(Q1,Q2,Q3),  D(H) = P Wai(R?).
k=1

k=1
Note that H is closed since v is bounded. It is easy to see that
* 1 P *
H' =2 % PP +0(Qu....Q0), DH")=Waa(R)
1<j<d

and
1 4
Hp = Ho+ P o(Q1,Q2,Qs),  D(Hp) = P Wau(R?).
k=1 k=1

Thus, in order to estimate the pseudospectra of H and Hp, we may follow the ideas
in the proof of Theorem 3.5.6. We will give a description of this for H and note that the
procedure is exactly the same for Hp. Choose an orthonormal basis {;} for W2 2(R?) and
let P, be the projection onto span{y;}7_;. Now let {z;;} be defined by z;; = (Hpj, ¢:)
and note that if we let Z;; = (H*¢j, ¢;) then Z;; = Z;;. This allows us to define the set of
estimating functions in the following way. Let € > 0 and define

Fm,nz({wij}) ={2€0y,: ﬂL € LTpOS(PmH)aTE,m,m (2) =LL"}
U{z€On,:BL € LTpos(PoyH), Terymy(2) = LL*}

and

I, ({ij}) = {z € C: (—00,0] N o(Te iy (2)) # 0} U{z € C: (—00,0] N0 (Tem, (2)) # 0},
where where ©,,, is defined as in (3.5.4) and
Ty ino(2) = Sny (PrgH Pry, 2)* Sy (Pry H Py, 2) — €71,

i,nl,nz (2) = Sny (Ppg H* Pry, 2)*Spy (Pry H Py, 2) — 1

and T, , (2) = Sn, (H, 2)*Sn, (H, 2) — €I, ﬁnl(z) = S, (H*,2)*S,, (H*z) — €I, where
Sm A x C — B(PyH,H) is defined by S,,(T, 2) = (T — 2z)P,, and A denotes the set of
closed operators having Wa2(R?) as their domain. Arguing as in the proof of Theorem
3.5.6 one deduces that

oc(H) = lim Ty ({zij}),  Tn({2i})

nip—oo n

lim Fnl,m ({xl]})
2—00

Hence we get the following corollaries to Theorem 3.5.6.
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Corollary 3.7.1. Let {¢;}jen be a (not necessarily orthogonal) basis for Wa2(R?) that
is orthogonal in L?(RY) and let A denote the set of Schridinger operators on L?(RY) with
potential function in L°(R?). Let e > 0, Z1 : A — Q and Z5 : A — Q be defined by
El(H) = Ug(H) and EQ(H) = U(H) Then Cind(El) < 2 and Cmd(EQ) < 3.

Corollary 3.7.2. Let {;}jen be a (not necessarily orthogonal) basis for @_, Wa.1(R?)
that is orthogonal in @i:l L?(R?), and let A denote the set of Dirac operators on the
Hilbert space @_, L*(R3) with bounded potential function. Let € > 0, 2y : A — Q and
91 A — Q be defined by Z1(Hp) = 0.(Hp) and E2(T) = o(Hp). Then Cipna(E1) < 2 and
Cina(Z2) < 3.

Remark 3.7.3. As the proof of Theorem 3.5.6, and hence also the proofs of Corollaries
3.7.1 and 3.7.2, are constructive, we have a constructive way of recovering spectra and
pseudospectra of a large class of important operators in mathematical physics and hence
the previous results may have impact in applications.






Chapter 4

Convergence of Densities

We finish Part I by extending some of the results in (Arv94a) from bounded to unbounded
operators and also to non-normal operators. In this section we change the point of view
from single operators to algebras of operators. Let us recall some basics and useful facts.

By a state 7 on a C*-algebra A with identity we mean a positive linear functional on
the positive elements of A such that 7(I) = 1 (I denoting the identity). The state 7 is
tracial if 7(BB*) = 7(B*B) for all positive B € A and faithful if B = 0 when 7(B) = 0.

Let A C B(H) be a C*-algebra with a unique tracial state. Then a self-adjoint operator
A € A determines a natural probability measure 4 on R by

/R f(@) dpa(z) = 7(f(A)),  f € Co(R).

Also, if 7 is faithful then supp(pa) = 0(A) and one refers to 4 as the spectral distribution.
As we have seen above, we can approximate the spectrum of A by using the techniques
demonstrated in Chapter 3. We now turn the attention to the task of approximating pu.

4.1 The Self-Adjoint Case

If A C B(H) is a C*-algebra with a unique, faithful tracial state and A € A, then
supp(pa) = o(A). Thus, if {4,} is a sequence of self-adjoint elements in A converging
in some sense to a self-adjoint element A € A and we are interested in determining the
behavior of o(A,) as n — oo, the behavior of u4, is of great interest. In particular, we
consider under which conditions can we guarantee that

/ Z f@)dpa, (@) — [ Z F(@)dpiaa),

for all f € Cy(R).

As our goal is to extend some of the theorems in (Arv94a) from bounded to unbounded
operators, the C*-algebra framework sketched above must be modified slightly. Since
collections of unbounded operators can never form a C*-algebra we have to look at C*-
algebras affiliated with unbounded operators.

Definition 4.1.1. Let A be a self-adjoint, unbounded operator on H. The operator A is
affiliated with the C*-algebra A if and only if A D {f(A): f € Co(R)}.

65
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We will also be needing some preliminary theory.

Definition 4.1.2. (i) A filtration of H is a sequence F = {H1, Ha, ...} of finite dimen-
stonal subspaces of H such that H,, C Hp+1 and

U Ha=r
n=1

(ii) Let F = {H,} be a filtration of H and let P, be the projection onto H,. The degree
of an operator A € B(H) is defined by

deg(A) = suprank(P, A — AF,).

n>1

Definition 4.1.3. Let A C B(H) be a C*-algebra. An A-filtration is a filtration of ‘H
such that the x-subalgebra of all finite degree operators in A is norm dense in A.

Proposition 4.1.4. (Arveson) Let A C B(H) be a C*-algebra with a unique tracial state
7 and suppose that {H,} is an A-filtration. Let T, be the state of A defined by

1
n(A) = d—traee(PnA), dy, = dim(H,,).

n

Then
(A) — 7(A), for all A€ A.

Proposition 4.1.5. (Arveson) Let F = {Hi,Ha,...} be a filtration of H, let P, be the
projection onto H,, and let Ay, Aa,..., Ay be a finite set of operators in B(H). Then for
everyn =1,2,... we have

p
trace| P, A1 Ay ... ApPy — Py A1PaAgPy . PaApP| < [|Ax]l .. | Ap] D degAy.
k=1
Now, suppose that A C B(H) is a C*-algebra with a unique tracial state 7 and {P, } is

an increasing sequence of finite rank projections on H converging strongly to the identity.
Define the tracial state

1
(B) = d—trace(PnB), d, = dim(P,H), B € B(H).

n

Now 7, restricts to the normalized trace on P,B(H)P,, and, similar to 7, induces a measure
P, A[p, 5 O0 R such that

/R F () it Ay (8) = Tl (PaATR10)), [ € ColR). (4.1.1)
The question is then: what is the relationship between pp, a7, ,, and pa. In particular,
under which assumptions (if any) can one guarantee that

weak™*
,uPnA(an > HA,  T— OQ.

This has been investigated in (Arv94a)(Béd97)(Han08). In particular using Proposition
4.1.4 and Proposition 4.1.5 Arveson showed that
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Theorem 4.1.6. (Arveson)(Arv94a) Let A C B(H) be a C*-algebra and let F = {H,} be
an A-filtration. For a self-adjoint operator A € A denote the spectral distribution by pra
and let pp, Arp, 5, be defined as in (4.1.1). Then

weak™
:U'PnA[an — pHaA, n — oo.

The next theorem will be crucial in the sequel and replaces Proposition 4.1.5 in our
framework, which deviates from Arveson’s theory in order to include unbounded operators.
Firstly, some notation. We let trace denote the trace on the set of trace class operators
and || - ||z denote the Hilbert-Schmidt norm. Let also W2 denote the Sobolev space of
measurable functions on R with second derivative (in the distributional sense) being L.

Theorem 4.1.7. (Laptev, Safarov)(LS96) Let A be a self-adjoint, unbounded operator
on H and let P be projection such that PA is a Hilbert-Schmidt operator. Then for any
Y € W2, we have that

[tr(Py(A)P — Py(PAP)P)| < [[v" ||| PA(I = P)|3.

Note also that, if A C B(H) is a C*-algebra with a unique tracial state, the result
discussed in the introduction to this chapter extends to unbounded operators, namely, if
A is self-adjoint and affiliated with A then

/R f(2) dpa(z) = 7(f(A)),  f € Co(R),

where 4 is a probability measure on R. The next theorem is an extension of Theorem
4.1.6 (which is Theorem 4.5 in (Arv94a)) to unbounded operators.

Theorem 4.1.8. Let A be a self-adjoint, unbounded operator with domain D(A) and let A
be a C*-algebra with a unique tracial state T. Suppose that {H,} is an A-filtration, where
H,, C D(A), and that A is affiliated with A. Let d,, = dim(H,,) and A1, Ag, ..., \g, be the
eigenvalues of A, = P, A[n,,, repeated according to multiplicity. Suppose that one of the
following s true.

(i) ”PTLA(I_Pn)‘b/\/ﬁ—’O, as n — 0o.

(i) A= D + C, where D commutes with P, and C € A C B(H) and A is a C*-algebra
such that {Hy} is also an A-filtration.

Then for every f € Cp(R),

where pa denotes the Borel measure induced by T.

Proof. Define
1
™(T) = d—trace(PnT), T e A

n

Since 7, restricts to the normalized trace on P, B(H)P, and since, by Proposition 4.1.4

(B) — 7(B), n—oo, BeA
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it follows that, in both cases (i) and (ii), it suffices to show that
Tn(f(A)) - Tn(f(PnAPn)) — 0, n— oo. (4.1.2)

To show this for (i), note that we can approximate f in the L> norm by elements from
W2 Combining that fact with the observation that the linear functional

fr=7(f(A) = mu(f(PrAP,))

has norm less than two, we reduce the problem to showing (4.1.2) when f € W2 . Now,
by Theorem 4.1.7,

|Tn(f(A)) - Tn(f(PnAPn))‘ = d1n|tI"aC6(Pnf(A)Pn) - trace(Pnf(PnAPn)Pn)|

< o I sl PAA — PR
n
where the right hand side of the inequality tends to zero by assumption.

To prove the theorem when (ii) is assumed, note that, by the Stone-Weierstrass the-
orem, polynomials in (x + i)~ and (x — 1)~! are dense in Cy(R). Thus, by arguing as
above, we can assume that f(z) = (z + i) "¥(x — i)' for some positive integers k, 1. It is
not too hard to show that (D + C #+4)~! — (D + B 44)~! is small when ||C — B|| is small
and B € B(H) is self-adjoint. Thus, for € > 0 we have

[f(Pa(D + C)Pp) = f(Pa(D + B)P)|| <€, [[f(D+C) = f(D+ B <e¢

for B € Aand when ||C — B|| is sufficiently small. Hence, since 7, is uniformly bounded,
we can assume that C has finite degree. Arguing as above we get

70 (f(A)) = Tu(f(PaAP,))| < 2CllnHf”lloollpn(D +O)I = Pu)ll3

1
< || 2
< g 1" llee deg(@)CIF,

can be found in the proof of Lemma 3.6 in (Arv94a). O

and this yields the assertion. The proof of the fact that ||P,C(I — P,)||3 < deg(C)||C||?

4.2 The Non-Normal Case and the Brown Measure

Our next goal is to prove an analogue of Theorem 4.1.6 for non-normal operators. But
as there is no spectral distribution for non-normal operators we first need to introduce
the Brown measure. Let M be a finite von Neumann algebra of operators on H with a
faithful, normal tracial state 7. Let T' € M, then the Fuglede-Kadison determinant A(7")
(FK52) is defined as

A(T) = exp ( I 1ogtdu|T<t>) |

where
wr|(w) = 7(Ejr(w)), w € Borel(R),
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and Ej7| denotes the spectral projection measure corresponding to |T'|. Now define
f(z) =log(A(T — 2)), z e C. (4.2.1)

It can be shown (HS07) that f is subharmonic and therefore gives rise to a measure (see
Section 3 in (HK76))

1
d:uT = 7v2fdm)
2w

where m denotes the Lebesgue measure on R? and V?2f is understood to be in the dis-
tributional sense i.e. [@pdur = [ fV2pdm, for ¢ € C°(R?). The measure up satisfies
supp(pr) C o(T) and is often referred to as Brown’s spectral distribution measure. Now
the inclusion supp(pr) C o(T") can be proper, but (by Remark 4.4 in (Bro86)) if A € o(T)
is isolated then pr({A}) # 0. Thus, knowing 7 would be a nice tool for locating isolated
eigenvalues of 7.

Note that if M is normal, then pup = 7o Ep, and also, if M = M,,(C) for some n € N
then the Fuglede-Kadison determinant and the Brown measure is defined for 7' € M and

1 1<
A(T) = |detT|=,  pr =~ > 6,
=1

where ) ; denotes the point measure at A; and Ay, ..., A, are the eigenvalues of T', repeated
according to multiplicity.

Our approach is to extend Arveson’s ideas regarding approximating the spectral dis-
tribution of self-adjoint operators to Browns spectral distribution. Let F be a filtration
with corresponding projections {P,}, and define the tracial state

To(B) = ditrace(PnB), B € B(H), d,=dim(P,/H).

n

In order to approximate f defined in (4.2.1), it could be tempting to define, for z € C and
T € B(H), a measure by

1y (T—2) P | (W) = Tn (B p, (17— 2) P, (W), w € Borel(R),

but knowing how bad the spectrum of P,T'P, may approximate o(7") when 7" is non-self-
adjoint we abandon that idea immediately and instead define the measure p7 . , by

U zn(w) = Tn(Epn(T_Z)*(T_Z) (Pnﬁ(w)), w € Borel(R). (4.2.2)
Using this measure we obtain the following results.

Theorem 4.2.1. Let M be a finite Von Neumann algebra with a unique, faithful, normal
tracial state 7. Suppose that A C M is a C*-alebra and that {Hy,} is an A-filtration with
corresponding projections { P, }. Define the tracial state T, by

1
(B) = d—trace(PnB), BeM, d,=dim(PH).

n

For z € C and T € A, define the measure pr . as in (4.2.2). Let

1 o0
fule) =5 [ o tduroalt
0
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and dv, = %Vandm, where m is Lebesque measure on R?. Then v, defines a positive
Borel measure on R? satisfying v,(C) < 1. Moreover, there exists a positive Borel measure
v on R? with supp(v) C o(T) and a subsequence {v,, } such that

weak™
Vp, — U, k — oo.

Theorem 4.2.2. Suppose the assumptions in Theorem 4.2.1 are true and that T € A.
(i) Then, if p: C — C defined by

0 . p o
p<z>:{1 /1T = 2)71) =€ C\a(T)

—00 zeo(T)

is locally integrable, the measure v from Theorem 4.2.1 is equal to the Brown measure

pr, and

weak ™
Vn — HT, n — oo,

where vy, is defined as in Theorem 4.2.1.

(it) Suppose that w C C is an open set such that wNo(T) = {A1,... A\x}, where A; is an
isolated eigenvalue. Suppose also that there is an a > 0 such that

inf 1 T—2)")>r
Lt AT =27 =
for all sufficiently small r, where D(\;,r) denotes the disk with center \; and radius
r. Then

weak™
Vn|r<.u_> MT[wa n — oo.

If one actually wanted to use the Brown measure pr to estimate the position of the
isolated eigenvalues one is faced with the task of evaluating an integral of the form

. fVipdm. € C®. (4.2.3)

As we may not know f explicitly this may not be possible. However, an approximation
may help us. Now suppose that we have established that v, — pr (weak®™) as n — oo,
where v, is defined as in Theorem 4.2.1, we could approximate (4.2.3) by

/ an2<pdm,:/ %traee(log(Pn(T—z)*(T—z)Pn)V2<p(z) dm(z). (4.2.4)
R2 R2 n

Note that as P, has finite rank, it may be possible to evaluate f,, on a discrete set of
points in R? and use quadrature formulae to approximate (4.2.4).

Proof. (Proof of Theorem 4.2.1) The proof will be done in several steps.

Step I. We first need to show that v, indeed is a positive Borel measure. To prove
that, it suffices, by Lemma 3.6 and Section 3.5 in (HK76), to demonstrate that f, is
subharmonic. To do that, let ¢ > 0 and define

Gn,e(2) = %Tn(log(Pn(T —2)"(T = 2)P, + €l)).
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We claim that g, ¢ is subharmonic. The method we use here is quite close to the techniques
used in (HSO7). Note that g, . is infinitely smooth. Indeed, since

2+ Po(T —2)"(T — 2) P, + €l
is obviously infinitely smooth and so is log on {z : ez > €} so
z +— trace (log( Py (T — 2)*(T — 2)Pp, + €l) [ p, 1)

is infinitely smooth, thus g, ¢ is infinitely smooth. Thus, we need to show that V2gm6 = 0.
This we will do using brute force computations. Using the standard notation

o _1(0 0N 0 _1(0 .0
oN 2\ o\ O\ N 2\ o\ OXg

and letting z = A1 + i\ we have

v (LT,
gTL,G - a)\% aA% g’fL,E - a)\a)\gne

Let ¢(z) = Po(T — 2)*(T — z)P,, + €l. By the definition of the derivative, linearity and
boundedness of 7,, we have that

0% Gn.c B 162Tn(log op) 1 (82 log o<p)

MON 2 oxox 2\ axona

so it is straightforward to show that

82971,6 . 17_ ~109¢ 71890 4ot 32@
aaox 2\ ax” ax Y axax
1 —1/2 dp —1% & —1/2
= 3™ (“” < n T )
Thus, it suffices to show that — 5 gofl 9o 4 38,\50,\ is positive. Now,
9y Dy ¢
v = —P(T - *an —~ = —Pu(T = 2) Py, 3 = P,.
N (T'=2) o (T'=2) IAON

Thus, we can compute

_Op 09 %
XS YD)
= P (T — 2)Py(Py(T — 2)"(T — 2)P, + eI)'P,(T — 2)*P, + P,

= —P,B(B*B+¢el)"'B*P, + P,, B=(T-2)P, (4.2.5)
= —P,((BB* 4+ ¢I)™'BB* +I)P,

= —P,(—e(BB* +el)" )P,

= €P,((T — 2)Po(T — 2)* + €I) "' Py,
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which is clearly positive. Observe also that

fn(z) = %Tn(log(Pn(T —2)"(T — 2)P,)) = ;/000 log t dpr, 2 pn(t)

and

1 oo
gne(2) = 2/0 log(t + €) dpr, 2 n(2).

In particular g, decreases pointwise to f, as € — 0. Thus, f,, must be subharmonic or
identically —oo. But f,,(z) > —oo for z ¢ o(T), and thus f,, must be subharmonic.
Step II. We will now show that v,(C) <1 for all n. Define

log R |z| <1
Un(z) = {log(£) 1< s <R
0 |z| > R.

Then, since @IZ)R increases monotonically to 1, it follows by monotone convergence that

1
C)= 1
va(C) e c log R

YR dvy,.

Now, by Lemma 2.12 in (HS07) it is true that

1 B 1 1 2m 0 2 »
/tclongRdV"_ log R (27r( 0 fn(Re )da_/o fn(e )d9)>-

Thus, it suffices to show that limp_, m( 02” fn(Re®)do < 1. Now,

1 2 " 1 2T " "
n(Re¥))df = n(log(| Py (T — Re*)* (T — Re™)P,]))) df
s R0 = ([ Qos(PT — Re) (T~ R)P))
< Tnl|log( sup ||| P (T — Re'N* (T — R P,
Sog I 1108( s 1PA(T — Re)'(T — Re) )

1
< ——log((||T|| + R)? 1, R :
< S DE(IT] + B — 1. R— o
Step III. The existence of v now follows from the weak* compactness of the unit ball
of Cp(C)* since we have proved in Step II that {1, } is uniformly bounded as elements in
Co(C)*.
We are left with the task of proving that

supp(v) C o(T), (4.2.6)

and this will be done in Step IV and V.
Step IV. We will show that f,,(2) — f(z) when z ¢ o(7T) and f is defined in (4.2.1).
To prove that we need to demonstrate that

o0

lim 1 logt dpr, . 5 (1) :/ logt dpyr—zy(t), =z ¢ o(T). (4.2.7)
0

n—oo 0
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Before we can prove (4.2.7) we need the following observation. Note that since z ¢ o(T")
then there is an € > 0 and M < oo such that

o(IT —2%) Cle,M],  o(Pu(T —2)"(T = 2)[p,1) C [e, M]. (1.258)
Indeed, letting
€= (g dnt (T = 2)"(T = ). €)'
and
= (g 08 (Pa(T =2 (T = 2) P, €)'

then o(|T — z|) C [e,00) and o (P, (T — 2)*(T — 2)P,,) C [y, 00) s0

M\sz|([07 €)) = T(E|sz\([07 €))) =0
MT,Z,N<[O’ 6)) - Tn<E|Pn(T—z)*(T—z)Pn([07 e’ﬂ))) =0,

since (E|sz|([07 6)) = EPn(T*Z)*(T*Z)Pn(I:(]? 671)) = 0. Also,

en=( inf ((P(T —2)"(T — Z)Pn£,§>)1/2

" Yel=Leen
B anzifgennw —2)*(T - 2)¢,6)"/?
Z (g I, (T = 2)"(T = 2)¢, en'?
= €.
Thus, since
€= (it (T =2)"(T = 22 = 1/I(T =271 >0

and T is bounded then (4.2.8) follows. We can now return to the task of proving (4.2.7).
Now, using (4.2.8), we have that

fn(z) = ;/Ooo IOgthT,z,n(t) = 7—n(X[e,M] log og(Pu(T — 2)*(T — 2) [ p,1))
f(2) = /0 T logt djugr (1) = T(xiean log og (T — 2)*(T — 2))),

where g(t) = \/t, t € [0,00). Thus, we are left with the task of showing that

i 7y, ((X[e, a1 10g 0g(Po(T — 2)"(T — 2)[ p,1)) = T((Xje,any log 0g) (T — 2)*(T — 2))).

n—oo

But, by the uniqueness of 7 and Proposition 4.1.4 we have that

lim 7,,(B) = 7(B), B e A,

n—oo

thus our problem is reduced to showing

Jim |7 (X ey log © (T = 2) (T = 2))) (4.2.9)

= Tn((Xje,m1 108 09) (Pu(T — 2)"(T' = 2) P,))| = 0.



74 Chapter 4. Convergence of Densities

Thus, by the fact that the norm of the linear functionals

f e Cle, M] =7, (f((T = 2)"(T — 2)))
= Tn(f(Pa(T = 2)"(T = 2) )" (Pu(T = 2)"(T = 2) P)))

is bounded by 2, the Stone-Weierstrass Theorem, (4.2.8) and linearity of 7, it is true that
(4.2.9) follows if we can show that

T [ (T = 2)*(T = 2)?) = 7a((PalT = 2)Pa)* (PalT = 2)Pa))P)| = 0
for p=1,2,.... Also, since the sequence of p-linear forms

Bn(T17T27 cee ;T2p) = Tn(TlTQ te TQn) - Tn(PnTIPnT2Pn cee PnTZn)a 7} cA

is uniformly bounded (by 2) we may assume that 7" and 7™ have finite degree. By Propo-
sition 4.1.5 we have that

70 (T = 2)"(T' = 2))P) = T ((Pa(T = 2) Pa) " (Pa(T = 2) Pn))"))|

* 1 k
ST = 2lPI(T = 2)"[I"—-p(deg(T) + deg(T™)) — 0, 1 — oo,

where d,, = dim(H,,), and thus we have shown Step IV.
Step V. We claim that

/R2 V2o dm — /]R2 fVipdm, n—oo, @eC>, (4.2.10)

when supp(p) C C\ (7). Let § > 0 and
Qs ={z € C:dist(z,0(T)) < d}.
We claim that there is a constant C' > —oo such that
inf{fn(2) : 2 € C\ Qs} > C. (4.2.11)

Indeed, this is the case. Firstly, observe that for z ¢ o(T) it follows that

1 1
fulz) > / log t duz.n (1),
0

thus (4.2.11) will follow if we can show that there is an € > 0 such that
supp(pr,zn) C [e,00) forall ze C\ Q.

Secondly, note that
inf{1/|(T —2)7Y|: 2 € C\ Qs} > 0.

So let

I . _ * o 1/2 _ _ -1y .
= _dnt (it (=2 (T - 26.€) = m(1/|(T - =) -2 €€\ 03}
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Then, as argued in Step IV, we have that
,uT,Z,n([Ov 6)) = TTL(EPn(T—z)*(T—z)Pn([Ov 6n))) =0,
since o (| P (T — 2)*(T — 2)P,|) C [én, 0), where

= i i — (T — 1/2
en = b ik, (Po(T = 2T = 2)Pa)§, €))7 2 e

Pick § > 0 so small that supp(¢) C C\ Q5. Let

(2) = inf{f,(2): 2€ C\Qs} 2z€C\Qs
g 0 2 € Q.
Then, by the reasoning above, g is integrable and dominates {f,} from below. Hence,
(4.2.10) follows by Step IV and dominated convergence.

Note that (4.2.6) follows from Step V and the fact that supp(ur) C o(7"), and thus we
have proved the theorem. O

Proof. (Proof of Theorem 4.2.2) To prove (i) we need to show that

/ fnV2pdm —>/ fV2pdm, n—oco, ¢eC>, (4.2.12)
R2 R2
where f is defined in (4.2.1). Now, for z ¢ o(T') we have

() = inf 7, (108(Po(T = 2)"(T = 2)[ p,20)

dn
= dln Z Aj(log(Pn(T — 2)*(T — 2)[ P,w))

dn
= dln Z log(Aj (Po(T = 2)"(T — 2)[ p,))
dn
> LS g _pin, OW(PAT )" (T =) 10))
= log(( I (T = 2)"(T = 2)Fus, oY)
0 n —2)"(T — = /
> log((|, inf (T =2)"(T )EENT?)

=log(1/|(T - 2)~*)),

where d,, = dim(H,,) and \;(B) denotes the j-th eigenvalue of B € B(H,) according to
some ordering, where the eigenvalues of B are repeated according to multiplicity (obvi-
ously, the ordering is irrelevant in this context). Hence, f,, is dominated from below by p
and since p is integrable, (4.2.12) follows by dominated convergence.

Now (ii) follows by noting that z — log(|z|*) is locally integrable and arguing as in
the proof of (i) using dominated convergence. O
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Chapter 5

Introduction

Mathematical scientists have been successfully computing eigenvalues and eigenvectors of
linear operators since the 1950s. Such computations are a mainstay of the fields of acous-
tics, computational quantum chemistry through the Schrédinger operator and quantum
mechanics. These are self-adjoint examples, but spectral analysis of non-self-adjoint op-
erators is equally central to the stability calculations of fluid dynamics and non-hermitian
quantum mechanics. The algorithms involved in applications like these are usually based
on discretization of partial differential equations, and sometimes, though not always, they
are accompanied by theorems guaranteeing convergence to the correct result as the dis-
cretization is refined.

A mathematician, however, may ask a broader question: what about the computation
of spectra of arbitrary linear operators, not necessarily defined by derivatives and not
necessarily consisting of just eigenvalues? In this generality much less has been done, even
in the self-adjoint case, especially if one insists upon theorems guaranteeing convergence.

The purpose of these chapters is to shed light on this fundamental question in oper-
ator theory that has received some attention in the last decade (see (Arv9l) (Arv93b),
(Arv93a), (Arv94a), (Arv94b), (Bro06), (Bro07a) and (DP04), (Dav00), (Dav98), (B5t00),
(HRS01), (LS04), (Bou06)(Bou07)), namely, how to compute the spectrum of a linear op-
erator on an infinite dimensional, separable Hilbert space. The question is fundamental
in the sense that our understanding of most physical phenomena in quantum mechanics,
both relativistic and non-relativistic, depends on the understanding of the spectra of linear
operators. However, to obtain complete understanding of such physical phenomena we not
only need mathematical descriptions of the behavior of spectra of linear operators, we also
need a mathematical theory on how to find explicit approximations to such spectra. If we
compare our understanding of classical mechanics and quantum mechanics from computa-
tional point of view, there is only one restriction in the classical case, namely, computing
power. In the classical case one needs to integrate a vector field on a manifold and there is
a vast literature on how to prove rigorously that one can get arbitrarily close to the exact
solution given a sufficiently efficient computer. In the quantum case much less is known, in
fact it is a completely open question how to compute the spectrum of an arbitrary linear
operator as pointed out in (Arv94b): “Unfortunately, there is a dearth of literature on this
basic problem, and so far as we have been able to tell, there are no proven techniques.”
Since this observation was made, there have been new developments in the self-adjoint
case (Dav00), but for the general non-self-adjoint case techniques for computing spectra
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are not known. The lack of such techniques presents therefore a serious limitation of our
possible understanding of quantum systems since non-self-adjoint operators are ubiquitous
in quantum mechanics (HN96), (HN97).

In (Dav05) Davies questions whether one can actually compute the spectrum of a
bounded operator on a Hilbert space. The example that Davies presents and that gives
rise to the question is the following: Let A, : 1?(Z) — I2(Z) be defined by

ef(n+1) n=0

(A m) {f(n +1) n#0.

Now for € # 0 we have o(A¢) = {z : |z| = 1} but for € = 0 then o(A4p) = {2z : |2| < 1}.
Davies argues as follows: “If € is a very small constructively defined real number and
one is not able to determine whether or not ¢ = 0, then the spectrum of A, cannot be
computed even approximately even though A, is well-defined constructively. This implies
that there exist straightforward bounded operators whose spectrum will probably never
be determined.”

A numerical analyst may express the same concern. One can argue that if one should
do a computation of the spectrum on a computer, the fact that the arithmetic operations
carried out are not exact may lead to the outcome that one gets the true solution to a
slightly perturbed problem. This type of analysis is often referred to as Backward Error
Analysis in the numerical linear algebra literature. As suggested in the previous example,
getting the answer to a slightly perturbed problem could be disastrous.

This poses a slightly philosophical question; is it impossible to compute spectra of
arbitrary operators? And if so, does that mean that there are operators, whose spectral
theory might be crucial for understanding physical phenomena, yet their spectra will never
be determined? This would imply that there is a rather unpleasant barrier between what
we can compute and what we want to compute. In Chapter 2 and Chapter 3 several
new methods for estimating spectra and pseudospectra of operators were presented. Our
goal in this part is to show that these results can be used for actual computations, and
that, indeed, it is possible to compute spectra of arbitrary bounded operators on separable
Hilbert spaces. We will emphasize the computational task and refer to Chapters 2 and 3
for justifications of the mathematical statements that will be presented.

Our theory is very much inspired by the pseudospectral theory that has emerged
through the last two decades (TE05). The main reason is that to overcome the disconti-
nuity problem suggested above, one is forced to consider the computation of a different set
than the spectrum, even though estimating the spectrum may be the main goal. This is
the main theme of Chapter 6 where we will see that variants of the pseudospectra, namely
the n-pseudospectra, are excellent candidates for sets that approximate the spectrum well.
Also, these sets do not behave discontinuously with the operator (we will be more specific
about this later). We will in Chapter 6 also consider implementation details of algorithms
that compute the n-pseudospectra and show how these can be used to compute spectra of
arbitrary bounded linear operators.

In Chapter 7 we deviate from the pseudospectral theory and focus on the Infinite
Dimensional QR algorithm (or the Infinite QR algorithm for short). The reason why
the Infinite QR algorithm is a valuable supplement to the pseudospectral methods in-
troduced in Chapter 6 is that spectral approximation methods based on pseudospectral
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theory may struggle with very non-normal problems. The Infinite QR algorithm exhibits
surprisingly good qualities when handling non-normal problems, and, although the Infinite
QR algorithm can never reveal the whole spectrum of an operator, it turns out to be an
indispensable tool.

Chapter 8 is a direct continuation of Chapter 7 and is devoted to the task of imple-
menting the Hessenberg reduction of an infinite matrix. The Hessenberg reduction in
infinite dimensions is motivated (as in finite dimensions) by the desire to speed up the
QR algorithm. As expected, the Hessenberg reduction together with the Infinite QR algo-
rithm cut the computational cost dramatically and therefore allow for more complicated
problems. Several numerical examples follow at the end of that chapter.

5.1 Background and Notation

In this section we will briefly recall some basics from functional analysis and some notation.
Throughout the thesis, H will always denote a separable Hilbert space and B(H) the set
of bounded linear operators on H. If ' € B(H) and T — z is invertible, for z € C, we
use the notation R(z,T) = (T — z)~!. We will denote orthonormal basis elements of H
by e;, and if {e;};en is a basis and £ € H then & = (£, e;). The word basis will always
refer to an orthonormal basis. If 7' € B(H) then T is uniquely determined by its matrix
elements (T'e;, e;) and hence we will use the words bounded operator and infinite matrix
interchangeably.

A couple of basic topological aspects of B(H) will be useful in the future developments
((KR97) gives a good overview of the ideas sketched here). Recall that a sequence {T,,} C
B(H) converges to T' € B(H) in the strong operator topology, denoted by

SOT-lim T, =T,

n—oo

if and only if T}, — T as n — oo for all £ € ‘H. Also, {T},} C B(H) converges to T' € B(H)
in the weak operator topology, denoted by

WOT-lim T, =T,

n—oo

if and only if (T,,¢,n) — (T¢,n) as n — oo for all £, € H. In connection with the weak
operator topology, the following proposition will be useful in the future developments.

Proposition 5.1.1. Let H be a Hilbert space. Then
{TeBH) T <1}
1s sequentially compact in the weak operator topology.

This proposition means that if {7},} is a bounded (in the operator norm) sequence in
B(H) then there is an operator T € B(H) and a subsequence {7}, } such that

WOT-lim T, =T

k—o0

Another part of basic operator theory is the functional calculus, namely, for a normal
operator T' € B(H) and f € L>°(C) we can form the operator f(T') € B(H). The functional
calculus has several key features e.g. for f,g € L°°(C we have

(fo)(T) = f(T)g(T),  F(T)" = F(T).
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This means that, if we let w C C and x, denote the characteristic function on w, then
Xw(T') must be a projection when 7 is normal.

The spectrum of T € B(H) will be denoted by o(T), and o4(T") denotes the set of
isolated eigenvalues with finite multiplicity. In connection with the spectrum we need to
recall some definitions.

Definition 5.1.2. Let T € B(H), then the essential spectrum is defined as

vss(T)= (| o(T+K).

K compact

Definition 5.1.3. Let T be a bounded operator on a Hilbert space H. Then the numerical
range of T' is defined as

W(T) = {(T€, &) « IE]l = 1},
and the essential numerical range is defined as

W(T)= (] W(T+K)

K compact

Definition 5.1.4. Let T € B(H) then the essential spectral radius is defined as
Tess(T) = sup{|\| : A € 0ess(T) }.

Definition 5.1.5. Let T' be a closed operator on a Hilbert space H such that o(T) # C,
and let € > 0. The e-pseudospectrum of T' is defined as the set

0(T) =o(T)U{z ¢ o(T): ||(z = T) 7' > e}

Convergence of sets in the complex plane will be quite crucial in our analysis and hence
we need the Hausdorff metric as defined by the following.

Definition 5.1.6. (i) For a set ¥ C C and 6 > 0 we will let ws(X) denote the 0-
neighborhood of ¥ (i.e. the union of all 0-balls centered at points of X2).

(ii) Given two sets ¥, A C C we say that 3 is d-contained in A if ¥ C ws(A).

(iii) Given two compact sets 3, A C C their Hausdorff distance is

dig(X,A) = max{supd(\,A),supd(\,X)}
AEX A€A

where d(\, A) = inf,cp [p — Al

If {A,}nen is a sequence of compact subsets of C and A C C is compact such that
di(Ap, A) — 0 as n — oo we may use the notation A,, — A. The closure of a set Q@ C C
will be denoted by Q, however, when convenient, the notation cl(€2) may be used.

The fact that arithmetic operations may not be carried out exactly on a computer is
crucial in our analysis, and €y, Will always denote the machine epsilon in the computer
software used. The software of choice is MATLAB, and in that case epaen = 10716 .



Chapter 6

Pseudospectral Theory

Let T € B(H), {e;} be a basis for H, and suppose that we wish to compute the spectrum
of T'. As discussed at the beginning of Chapter 5, we are faced with the slightly unpleasant
problem of computing something that may depend discontinuously on the matrix elements
(Tej,e;). The fact that roundoff errors always will play a part in the computation may
result in the fact that one gets the solution to a perturbed spectral problem, and this may
be far from the solution of the original problem if the desired spectrum we wish to compute
varies discontinuously with the operator. Thus, this seems like almost an impossible task
to handle numerically.

The solution to the problem is to look to the pseudospectral theory. Note that if we
were considering estimating the pseudospectrum instead of the spectrum, the problem
suggested by the example in Chapter 5 would not occur. The reason is that the pseu-
dospectrum varies continuously with the operator 7" if T' is bounded (we will be more
specific regarding the continuity below.) One may argue that the pseudospectrum may
give a lot of information about the operator and one should therefore estimate it in place of
the spectrum, however, we are interested in getting a complete spectral understanding of
the operator and will therefore estimate both the spectrum and the pseudospectrum. We
hence wish to introduce a set which has the continuity property of the pseudospectrum but
approximates the spectrum, and this motivates our definition of the n-pseudospectrum.
As we will see in Section 6.2, the n-pseudospectrum has all the nice continuity properties
that the pseudospectrum has, but it also approximates the spectrum arbitrarily well for
large n.

Before we continue with pseudospectral theory we would like to make a short detour
via the finite section method and try to convince the reader that the finite section method
is not a serious contender to the “method of the month” award among algorithms for the
general computational spectral problem.

6.1 The Finite Section Method

Suppose that we have an operator A € B(H) and that we know the matrix elements
a;j = (Aej, e;) with respect to some basis {e;}. The question is then how do we compute
the spectrum and the pseudospectra of A using {a;;}. A natural thought may be to reduce
this to a finite-dimensional spectral problem by constructing (using {e;}) a sequence of
finite rank projections {P,,} such that P,4+1 > P, and P, — I strongly, where I is
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the identity, and then compute the spectrum and pseudospectra of P, Al p, #. Typically
P,, would be the projection onto span{ei,...,e;}. This is often referred to as the finite
section method in the literature. Now, this may work in some cases e.g. if the operator
is compact or in the case of computing pseudospectra, if one is considering a Toeplitz
operator. However, one must be very careful using the finite section method and it should
not be used unless accompanied by a rigorous analysis that justifies the convergence

o(PnAlp, 1) — o(A), oc(PnAlp, 1) — 0c(A), e>0, m— oo.

It is quite easy to find elementary counter examples to show that the finite section method
can fail dramatically. Consider the shift operator defined by Se, = e,;1 on I2(N). This
operator has the following matrix representation

o O O O
o O O
O O = O
O = OO

Thus, if P, is the projection onto span{e, ..., e}, we would get that o((P,,S[p,,#) = {0}
for all m, but o(.9) is the closed unit disc. To find examples where the finite section method
fails when wanting to compute the pseudospectrum, one does not have to go very far away
from the Toeplitz operators. The finite section method may have serious trouble finding
the right pseudospectra of Laurent operators. Note that if we have a Laurent operator
Ay given in its matrix representation with respect to the basis {e; };";_OO and choose Py,
to be the projection onto

span{e_m, ..., em}
then P, A[p, % is a Toeplitz matrix. So, if Ap is the Toeplitz variant of Ay, meaning that
it has the same matrix elements but is an operator on I?(N) instead of I2(Z), then
oc(PmAL[ P, 1) — 0c(Ar), m — 00,
but we may have that

oe(AL) # 0c(Ar),

and in this case the finite section method will fail. This is visualized in the following
example. Define the Laurent operator by

0 1 00
0 0 10

Ap = 1—i 0 01 ’
0 1—-i 00

then o (PnAL|p, 1) is far from o.(Ar) as visualized in Figure 6.1 for e = 0.1.
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Figure 6.1: The first figure shows o.(Ar) and the second figure shows o (P, Ar[p, #) for e = 0.1
and m = 1000.

6.2 The n-pseudospectrum

Given a closed operator T on ‘H, the motivation for the n-pseudospectrum is the desire to
approximate the function
z — dist(z, 0 (7)),

in order to estimate o(7"). A convenient formula for this is

-
p(R(z,T))’

where p denotes the spectral radius. Thus, in principle, we have reduced the problem of
estimating the distance from z to o(T') to a problem of estimating the spectral radius of
a bounded operator. Now, numerically that is a nontrivial task, but keeping in mind the
spectral radius formula, namely,

dist(z,0(T)) =

p(A) = lim [|A"|V", A e B(H),

we can approximate the spectral radius by estimating the norm of powers of the opera-
tor. By choosing a subsequence of {||A"|'/"}, namely, {||A%"||'/2"} we get a decreasing
sequence

| A2 = AT and p(A) = lim (A%

Hence, we have
V||R(z, T)" |V < 1/||R(z, T2 |2 < 1/p(R(2,T)) = dist(z,o(T))

and

lim L

n—=oo [|(R(z,T))%"[|V/*"
This gives the motivation for the following definition of the (n, €)-pseudospectrum, or the
n-pseudospectrum for short.

= dist(z,0(T)).

Definition 6.2.1. Let T be a closed operator on a Hilbert space H, and let n € Z, and
€ > 0. The (n,€)-pseudospectrum of T is defined as the set

One(T) =a(T)U{z ¢ o(T) : |R(z, T)>"|V/*" > 1},
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Figure 6.2: The figure shows o.(H) (left) and o1 ((H) (right) for e = 0.1.

As we see, the n-pseudospectrum is just a generalization of the pseudospectrum. By
the analysis above, one can deduce that the n-pseudospectrum should be a better ap-
proximation to the spectrum than the pseudospectrum, and hopefully also share its nice
continuity properties. In particular one should expect

On,e (T) D On+tl,e (T)’

and hope for

dp(on,e(T),we(o(T))) — 0, n — oo,

where w(o(T)) denotes the e-neighborhood around (7). A famous example in pseu-
dospectral theory is the complex harmonic oscillator (DK04)

Hf(x) = —f"(x) + ez’ f(x)

acting on L%(R). To visualize the difference between the pseudospectrum and the n-
pseudospectrum we have computed the pseudospectrum and the 1-pseudospectrum for
H when ¢ =i in Figure 6.2.

6.3 Properties of the n-pseudospectra of Bounded Opera-
tors

Theorem 6.3.1. Let T € B(H) and define for z € C and n € Z.

Yn(z) = min imf{)\l/zn+1 TAE a(((T —2)")2(T - z)2n>},
) . . (6.3.1)
inf{\V/2" ) € a((T —22(T - 2)*)? )}}
Then the following is true.
(1) ont1,e(T) C ope(T).
(i1) One(T) = {2 € C: 7u(2) < .

(i13) {z:m(z) < e} ={z:7m(z) <€}
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(iv) We have that

di (on,e(T), we(o(T))) — 0, n — 00,
where we(o(T)) denotes the e-neighborhood around o(T).

(v) If {Tx} € B(H) and Ty, — T in norm, it follows that
A (on,e(Tk),one(T)) — 0, k — oo.
Proof. This is Theorem 3.3.4 in Chapter 3 and a proof can be found there. O

Theorem 6.3.1 provides several important observations. Firstly, the fact that

A (on,e(T),we(o(T))) — 0, n — 0o

allows us to use the n-pseudospectrum as an approximation to the spectrum. Secondly,
the problem of inexact arithmetic is solved by the fact that for each fixed n we have

dH(Un,e(Tk)a Un,e(T)) — 0, k— oo,

when Ty, — T in norm. Thus, in theory, we can get arbitrarily close to the spectrum
by computing the n-pseudospectrum and still allow the computation to be in inexact
arithmetic. Now, of course the €,,c Will have to decrease as n grows.

The function 7, and the fact that o, (T) = {z € C : y,,(2) < €} provide us with a tool
for estimating the n-pseudospectrum. In fact, by recalling (6.3.1), we have now reduced
the problem of finding the spectrum of a non-normal operator to a problem of finding the
smallest element in the spectrum of a self-adjoint operator. In the following examples we

will show some of the properties of the pseudospectra listed in Theorem 6.3.1

Example 6.3.2. To demonstrate the property o,41,(7) C 0y(T") of the pseudospectra
we have chosen the following operator:

aq b1 0 0
Cc1 Qa2 b2 0
T=10 c2 a1 b3
0 0 C3 Qa2

142
j1/6
operators where one is compact and the other one has only essential spectrum and thus A
should have plenty of isolated eigenvalues. The four largest eigenvalues with corresponding

n-pseudospectra are displayed in Figure 6.3.

1/2

where a1 = 2, as = 0.5, bj = and c¢; = 1/5/2. Now, T can be written as a sum of two

Example 6.3.3. To visualize the property that if {T}} C B(H) and T — T in norm, it
follows that

dH(Un,e(Tk)a O'n,e(T)) — 0, k— oo,

a natural test object is the example by Davies introduced in Section 5. The discontinuity
of the spectrum shown in that example was a strong motivation for the introduction of
the n-pseudospectrum. Recall that we define A5 : 12(Z) — [*(Z) by

_Jof(n+1) n=0
(Aaf)(”)—{f(n+1) n£0,
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Figure 6.3: The first figure shows the first four eigenvalues, and the following figure shows o (T), o1,¢(T),
02,e(T) for e = 0.05.

Figure 6.4: The figure shows 02,c(Ao), 02,c(A19-16), 01,e(A0.005), and o2,¢(Ao.005), for € = 0.025.
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and that for 6 # 0 we have 0(As) = {z : |2| = 1} but for § = 0 then o(A4p) = {z : |2] < 1}.

We have computed the n-pseudospectrum of Ag for € = 0.025 and n = 2 which co-
incides with the closed e-neighborhood of the unit disk. We have also computed the
n-pseudospectrum of A;y-16 to demonstrate that, at least up to the accuracy of the grid
size we have chosen, the computed results are identical.

Now, if we actually wanted to compute the spectrum of A;j-16 we would have to
choose computer software with higher precision and also take n much larger. The €pacn
in MATLAB limits us to take n < 2 since our computation requires operations with
(emach)l/Qn+1 )1/23+1 = 0.1, we may experience that for n = 3, our
computation will be accurate only up to the first decimal. However, we have visualized (in
Figure 6.4) (iii) in Theorem 6.3.1 by computing the n-pseudospectra of Ag gos for n = 1,2,
in which case the n-pseudospectra approximates the spectrum of Ag g5 quite well even for
small values of n.

. Hence, since (€mach

6.4 Computing the n-pseudospectrum

6.4.1 Designing the Algorithm

Numerically, a self-adjoint spectral problem is much easier to deal with than a non-self-
adjoint problem, but we cannot attack the task of computing (6.3.1) as it is, since this
is an infinite-dimensional problem. We therefore need to find an approximation to v, (as
defined in (6.3.1)) that is suitable for computations. A natural choice seems to be to choose
a sequence of finite rank projections {P,,} such that P,,+1 > P, and P,, — I strongly,
e.g. we may choose a basis {e;} and let P, be the projection onto span{ei,...,en}. Now
we can try to approximate 7, by the function

Yn,m(z) = min min{)\l/Qn+1 A€o | Pn((T —2))Y (T - 2)* 1,
< L””H> (6.4.1)

min{A\/?"" 1A eo (Pm(T —2)2'(T - )" L H) }},
and if v, ., — ¥, in some sense we can hope that
{2z Yam(2) < €} — 0ne(T), m — oco.

In fact so is almost the case as the following theorem guarantees.

Theorem 6.4.1. Let T € B(H) and let {P,,} is an increasing sequence of finite rank
projections converging strongly to the identity such that Pyy1 > Ppy,. Define vy as in
(6.4.1), then Yy m — Yo locally uniformly as m — oo, and for a compact ball K C C such
that oy, (T) N K° # 0 we have

{z:9m(z) <e)NK — op(T)NK, m— oo,
where the convergence is understood to be in the Hausdorff metric.

Proof. The proof can be found in the proof of Theorem 3.5.4 in Chapter 3. 0
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Now, computing 7y, , still involves the products
(T =2 (T=2)*, (T-2"(T-2)",

which may be challenging to compute as T" acts on an infinite dimensional space. However,
there is a solution to this problem. Instead of computing the products ((T—z)*)?" (T'—z)*"
and (T — 2)%" ((T — 2)*)?" we will compute

(Pe(T = 2)Pe)* )" (Po(T — 2)Po)*",  (Pe(T = 2)P)”" (Pe(T — 2) Pe)*)*",

where Py is a finite rank projection as in Theorem 6.4.1. As P, has finite rank this is
feasible, in particular, we can define the function

Yn,m k(%)

= min (min{)\l/ZnH A€o (Pm((Pk(T —2)P)" ) (P(T = 2)B,)* [P,,J—l)}? (6.4.2)

min{)\l/2”+1 Neo <Pm(Pk(T — 2)P)* (PL(T — 2)Pp)*)*" {PmH> }),

and argue that vy, .k — Yn,m as k — oo. In fact we have:

Theorem 6.4.2. Let T € B(H) and let {P,,} be an increasing sequence of finite rank
projections converging strongly to the identity such that Ppi1 > Pp. Define vy m i as in
(6.4.2), then Ypmk — Ynm locally uniformly as k — oo, and for a compact ball K C C
such that {z : ypm(2) < €} N K° # () we have

{2 Ymr(2) CeNK — {z: 7y m(z) <efNK, k— oo,
where the convergence is understood to be in the Hausdorff metric.
Proof. The proof can be found in the proof of Theorem 3.5.4 in Chapter 3. O

For a full infinite matrix, 7y, , % can be a tough challenge to compute, since there are
two limit processes going on at the same time, namely k£ — co and m — oo. It is therefore
important to take advantage of structured problems.

Definition 6.4.3. Let {e;};en be a basis for H and let T € B(H). If
<T€j+l7€j> = (Tej,ej_H) =0, l>d,
then T 1is said to be banded with bandwidth d.

The following theorem is important for the computation of 7, ,, , when the infinite
matrix is banded.

Theorem 6.4.4. Let T € B(H) and {e;} be a basis for H. Let P, be the projection onto

span{ei,...,em}.

Define vpm and Ypmk as in (6.4.1) and (6.4.2). Suppose that the matrixz representation
of T with respect to {e;} is banded with bandwidth d. Then, for m > d,

'Yn,m(z) = 'Vn,m,Q"d—&-m(Z), z € C.

Proof. The proof can be found in the proof of Theorem 3.5.8 in Chapter 3. O



6.4 Computing the n-pseudospectrum 91

6.4.2 The algorithm

As Theorem 6.4.1 suggest, the estimation of the n-pseudospectra can be done by computing
values of 7, 1 on a grid in the complex plane. Also, by Theorem 6.4.4, if the matrix T'
is banded with bandwidth d then

’)/an(Z) = 7n,m,2”d+m(z), A (C,

where d is the number of off diagonals. Thus, we are left with the task of computing

min {AW”“ ‘A€o (Pm((Pk(T — 2)P)")? (P(T — 2)Pp)*" Lm{) } (6.4.3)
and

min {)\1/2"+1 ‘A€o <Pm(Pk(T — 2)P)? (P(T — 2)Py)*)*" L,m{) } : (6.4.4)
As m becomes large, both (6.4.3) and (6.4.4) are difficult to compute since

(Pu((PU(T = 2)Pi) )" (BT = )P |, o1

Pu(PUT = 2)P)” (PUT = 2)P)V|
may have many eigenvalues very close to zero, and standard numerical routines as MAT-
LAB’s eigs will have trouble detecting the smallest eigenvalue to sufficient precision (at
least that is our experience). If one wants a contour plot of the n-pseudospectrum, there is
no way around the previous problem, but if one only wants the n-pseudospectrum for one
specific € > 0, it is unnecessary to compute the smallest eigenvalue in (6.4.3) and (6.4.4).
In fact, since we are only interested in knowing whether ~,, ,,, x(2) < € for some complex
z, we only need to check if the self-adjoint matrices

n+1
62

(Pu((PA(T = 2)P) )V (P(T = )P)*" | =1

PnH

and
n+1

Pl Pu(T = 2)Po)? (P(T = 2)P)")”" | I

PnH
are both positive definite. If they both are, then z ¢ {z : v, m 1(2) < €}.

6.4.3 The Cholesky Decomposition

It is well known that a self-adjoint matrix A € C™*™ is positive definite if and only if it
has a Cholesky decomposition
A = GG,

where G is lower triangular with positive elements on the diagonal (GVL96). Thus, to
determine whether A is positive definite or not, we need to find out if the decomposition
A = GG* exists. This can be done in the following way. Let

A= (3 79) - (vfﬂ Ino_l) (é B - Sv*/a> (g 3}1?) : (6.4.6)
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where a¢ > 0 if A is positive definite, so § = /a. If @« < 0 we conclude that A is not
positive definite and we are done. Now, B — vv*/a is positive definite if and only if A is
positive definite since it is a principal submatrix of U* AU, where

(1 —v*/a
v=(p 7).
If there is a Cholesky factorization G1G7 = B — vv*/a then it follows from (6.4.6) that

A = GG*, where
g 0
G= .
(U/ﬁ Gl>

We can continue this argument with G and do this recursively to obtain {G1, G2, ... Gp—1}.
Thus, if all Gjs turn out to be positive definite then A is positive definite, and if there is
a G that is not positive definite then A cannot be positive definite. The standard algo-
rithm for this requires n®/3 flops. A neat tool for determining whether or not A is positive
definite is MATLAB’s chol routine that has an build in check for positive definiteness of
matrices.

Suppose that T is a banded infinite matrix with bandwidth d, the following MATLAB
program will plot the the following set

{Z : 7n,m,2"d+m(z) < 6} NnK,
where K is a rectangle in C and vy, m 2nd+m is defined in (6.4.2).

Algorithm 6.4.1.

%Computes {z : gamma_n,m,2"nd+m(z) <= epsilon} \cap K,
%for an infinite matrix A with bandwith d=diag, where K is
%a rectangle with coordinates left, right, up, down.

%The size of the section of A must be 2°nd+m.

function s = n_pseu_chol(A,epsilon,left,right,down,up,grid_eps,n,diag)
r (right-left)/grid_eps; e = grid_eps; si = size(A,2);
1 = (up - down)/grid_eps;

for j=1:r
for k=1:1
left + j*grid_eps + (down + k*grid_eps)*i;
= (((A-zx*speye(si))~(27n))’)*(A-z*xspeye(si)) " (2°n);
= (A-zxspeye(si))~(2°n)*((A-z*speye(si))~(2°n))’;
= B_1(1:si - (diag*(2°n)),1:si - (diag*(2°mn)));
= B_2(1:si - (diagx(2°n)),1:si - (diag*(2°m)));
size(C,2); lambda = epsilon” (2" (n+1));
[R,p_1] = chol(C_1 - lambdaxspeye(w));
[R,p_2] = chol(C_2 - lambda*speye(w));
if abs(max(p_1,p_2)) ==
else
plot(z,’k.’);
hold on
end
end
end

s QQ W wN
N =N =
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Figure 6.5: The first figure is the curve of the symbol f; with winding numbers, the second is the
spectrum of the Laurent operator corresponding to fi computed with ¢ = 0.15, n = 2, m = 3000 and
grid-size being 0.1. The third figure is the spectrum of the Toeplitz operator corresponding to fi with the
same numerical parameters as for the Laurent case.

6.4.4 Tests on Laurent and Toeplitz matrices

The spectral theory of Laurent and Toeplitz operators is very well understood, and they
are therefore a natural choice when it comes to test objects for numerical algorithms.
We briefly recall some of the basics from Laurent and Toeplitz operator theory. Given a
Laurent operator Ay on 1%(Z)

ayp a—-1 a—_9 a_3
...ooag a a-1 a-o2 ...
Ar )

oo Qa9 al aq a_1
asz a2 ai ao

it is well known that Ay, is a bounded operator if and only if there is a function f € L*°(T),
where T denotes the circle, such that {a,}52 _ . is the sequence of Fourier coefficients of

f,eg. 1
ap = — / (e ™dp, neZ.
27

Also, 0(Ar) = R(f), where R(f) denotes the essential range of f. For a Toeplitz operator
A7 on 12(Zy), given by

ap a—-1 a—92 a_s3
aq an a_1 a_—9
Ap=|a2 a1 a0 a—
as as [25] ag

we have a similar result, namely, A7 is bounded if and only if there is a function f € L*°(T)
such that its Fourier coefficients are the sequence {a,},ecz. The function f is called the
symbol of the Laurent or Toeplitz operator.

As for the spectrum of A, note that t — f(e'), t € [0,27] is a curve in C, and hence
we can assign a winding number to every point z € C with respect to the curve. We
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Figure 6.6: The first figure is the curve of the symbol f» and the second figure is the spectrum of the
Laurent operator corresponding to f2 computed (inside the rectangle) with e = 0.1, n = 2, m = 3000 and
grid-size being 0.1.

then have that o(Ar) is equal to R(f) together with all complex numbers with non-zero
winding number with respect to the curve.

In our examples (displayed in Figure 6.5 and Figure 6.6) we have chosen Laurent and
Toeplitz operators with symbols

fi(z) =223 — 272 4 2027 — 422 — 2423

and
fo(z) =224 27 41422,

where the corresponding winding numbers are displayed on the figures. Our numerical
computation is done as suggested in Algorithm 6.4.1, where we check whether

Ynm(2) = min[min{)\l/zn+1 tAEo (Pm((T - Z)*)Qn (T - z)Qn L,ﬂi) 2

min{A/?" A€o <Pm(T — 27" (T - 2)")* [PmH> i

is less than or equal to €, for some € > 0, on a grid in the complex plane, where T here is
either Ay, or Ap. If 4, m(2) < € the point z is assign a black color.

The choice of the projections is the natural one, namely, in the case of Laurent opera-
tors; P, is the projection onto the span of {e;}7 _, where {e;} ez is the obvious basis for
I>(Z) (i.e e; has one on the j-th coordinate and zero elsewhere). For Toeplitz operators
this is done similarly, but with P, being the projection onto span{e;}7.; and {e;}jen
being the obvious basis for I2(N).

The computational costs of these figures are quite high due to large numbers of grid
evaluations, and the computational time for some of them can typically take one night on
a desktop computer. It is therefore difficult to get really accurate results. However, the
computations done with the symbol f; in Figure 3 are done with a small grid-size to show
accuracy.

6.5 Other Types of Pseudospectra

Even though the previous examples show very good results when computing spectra of
Laurent and Toeplitz operators, one must be aware that the n-pseudospectrum can only
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give an estimate on the position of the spectrum. The reason why the computations in
the previous section are so close to the spectrum is simply because the n-pseudospectrum
is close to the spectrum even for small n. This may of course not be the case in general,
and we will now show how one can use the computations of 7, ,, to determine subsets of
the spectrum. The disadvantage of the n-pseudospectrum is that even though one can
estimate the spectrum by taking n very large, n may have to be too large for practical
purposes. Thus, since we only have the estimate for T' € B(H), e > 0 that o(T') C 0y,.(T),
it is important to get a “lower” bound on o (7T') i.e. we want to find a set 2 C C such that
Q C o(T). A candidate for this is described in the following.

Definition 6.5.1. Let T € B(H) and define
Gi(z) = min { A2 h € o (T = 2)"(7 = )},
(o(2) = min {)\1/2 ‘A€o ((T—2)(T - z)*)} .
Let € > 0 and define the e-residual pseudospectrum to be the set
Ores,e(T) = {2 : C1(2) > €, (2(2) = 0},
and the adjoint e-residual pseudospectrum to be the set
Oreste(T) = {2 : C1(2) = 0, C2(2) > €}.

Theorem 6.5.2. Let T € B(H) and let {Ty} C B(H) such that Ty — T in norm, as
k — oco. Then for e > 0 we have the following,

(i) o(T) D Uesg Tres,e(T) U Orest (1)
(ii) {2z € C: Gi(2) <e}) ={z € C: Q1(2) < €}
(iir) cl({z € C: Qa(2) <e€}) ={z2 € C:(a(z) < €}
(iv) For any compact ball K C C such that cl(ovese(T)) N K° # 0 it follows that

dp (cl(Ores,e(Tk)) N K, cl(0res (1)) N K) — 0, k — oo.

(v) For any compact ball K C C such that oyes+ (T) N K° # 0 it follows that

A (cl(ores e(T)) N K, cl(ores (T) N K)) — 0, k — oo.

Proof. This is Theorem 3.6.2 in Chapter 3 and a proof can be found there. 0

The previous theorem shows that the residual and the adjoint residual pseudospectra
have similar continuity properties as the pseudospectra. Hence, these sets are suitable for
computations. The approximations are very similar to the techniques we have used in the
previous sections.
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Theorem 6.5.3. Let T' € B(H) and suppose that {P,,} is a sequence of finite rank pro-
jections converging strongly to the identity such that P41 > P,. Define

Cim(2) = min {)\1/2 Aco <Pm(T — (T - 2) {Pmﬁ) } ,
Com(2) = min {)\1/2 Aeo <Pm(T — (T - 2)* Lmn) }
and
uma(s) =min {N2 3 o (Po(mUT - Py (T - 2P0, )}
Co.m k() = min {)\1/2 ‘A€o (Pm(Pk(T — 2)P)(Py(T — 2)Pp)* {PmH) } .
Let § € (0,€). Then we have the following.

(i) If K is a compact ball such that oves (T) N K° # () then

cd({z: Gm(2) > €,m(2) <0} NK — Ores e (T) N K, m — 00.

(1t) If K is a compact ball such that ovess (T) N K° # 0 then

cd({z: Cm(2) <6,0m(z) > e}) N K — ores (T) N K, m — 00.
(111) If K is a compact ball such that cl({z : C1,m(2) > €,Com(2) < 6}) N K # ) then

Cl({Z : Cl,m,k(z) > € C?,m,k’(z) < 5}) NK
—cl({z : Gm(2) > €, Gm(z) <0} NK, k — oo.

() If K is a compact ball such that cl({z : C1.m(2) < €,lom(2) > €}) NK° # 0 then

c({z : Gmk(2) <0, Cmi(z) > €}) N K
— cl({z : (1m(2) < 9, (om(2) > €}) NK, k — .

Proof. A proof of this theorem can be found in the proof of Theorem 3.6.3 in Chapter
3. O

We now have a computational tool for estimating the spectrum both from “above”
and “below”, meaning that for T' € B(H) we have

Ures,e(T) U Ures*,g(T) C U(T) - Un,G(T)'
Thus, it would be natural to compute, for € > 0 and § € (0, €), both
{2 Qmk(2) > € Qumi(2) <6 U{z: Cmur(2) <6, Cmu(z) > €}

and
{2 Ymi(2) <€},
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Figure 6.7: The figure shows on the first row €. 19-103000(71) (¢ = 0.01),
9675_1071073000<T2> (6 = 00005), QE7€_1071073000(T4) (6 = 000001) and on the second row
{z : 70,m(2) < €} (m =3000) for the same operators and es as on the first row.

where v, 1 is defined as in (6.4.1) to get an estimate for the spectrum. To simplify the
notation we define

Qesm(T) = {2 : C1m(2) > €, m(2) <}U{z: (m(2) < 6,Com(z) > €} (6.5.1)

and

Qe,5,m,k(T) = {Z : Cl,m,k(z) > €, C2,m,k(z) < (5} U {Z : Cl,m,k(z) < 57 C2,m,k(z) > €}~ (652)

Example 6.5.4. Given an infinite matrix 7', we will in this example show how computa-
tions of

Ures,e(T) U Ures*,e(T)p On,e (T)

can give quite good estimates on the position of the spectrum. As test objects we have
chosen Toeplitz like operators, where we have kept much of the Toeplitz structure, but
let some of the subdiagonals have alternating numbers instead of constants. As we are
left with few (if any) mathematical tools to estimate the spectrum, we can only rely on
the computed estimate, which in some cases seems quite acceptable. Consider the three
infinite matrices

0 a b c 00 0 a b ¢ 00

d 0 a b ¢ 0 d 0 a b c O

f e 0 a b c f e 0 a b c
Tw=19 f d 0 a b . Th=1|9 f d 0 a b ,

0 g f e 0 a ¢ g f e 0 a

0 0 g f dO0 0 ¥y g f d 0
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and
0 a b c¢c 0 0
d 0 a b ¢ 0
0 e 0 a b ¢
Ts5=19 0 d 0 a b ’
o1 g 0 e 0 a
0 1 g 0 4 O
where a = 1+2i,b= -1, c=5+i,d=—-2,e =142 f= -4 g = —1— 24,

p; = -2+ % and ¥; =1+ 21 + 5;}?’ Figure 6.7 shows computations of Q s, (7))
(where Q¢ 5 (-) is defined as in (6.5.2)) and

{z :7v0m(z) <€}

for T; (j = 1,2,3), m = 3000 and € = 107°, § = ¢ — 1071%. Since

Qe,(s,m(T) I Ures,e(T) U Jres*,e(T) C O-(T)7 m — oo

and
{z:70m(2) <€} — o(T), m — oo,

it is reasonable to believe that the computation displays the following relation
Qesm(T) Cwy(a(T)) C{z: v0,m(2) <€}, v >0,

for some v. As we tried this with several larger values of m up to m = 10000 without
noticing any change, it suggests that v is small in the experiment with 77, where “small”
here means relative to the resolution of the figures displayed.

6.6 Discrete Schrodinger Operators

6.6.1 The Non-self-adjoint Almost Mathieu Operator

An important operator in non-self-adjoint spectral theory is the non-self-adjoint harmonic
oscillator H, defined by

Hf(z) = —f"(x) + c*f(x),

acting on L2(R). One of the motivations for this operator was that one wanted to take
a well known self-adjoint operator, alter it slightly so that it becomes non-self-adjoint,
and then see how the spectral properties change. Indeed, the spectral properties of the
non-self-adjoint harmonic oscillator are very different from the usual harmonic oscillator,
as discussed in (DKO04)(TEO05). Our approach is to do the same with discrete Schrédinger
operators.

The almost Mathieu operator on [?(Z) is known from the Ten Martini Problem, a
problem that was initiated in 1981 by Kac and Simon and finally solved in 2003 by Puig
(Pui04). The operator is defined as

(Hp,0T)n = Tpe1 + Tp—1 + beos(2mwn + ¢)xy, n ez,



6.6 Discrete Schrodinger Operators 99

a6
00
* \ \V
0
o
0 N o2
— o ) D.—+—.—-+—.
02 \ o2
o4
a | f\
os
R I R L B I S R e I T T e
0s
o
* \ \V,
0
04
. ~ | .
—_ , ) . of = % % -
o3 \ N
o4
o
o /'\
B I B T B e = T T S s R R B T B TR

Figure 6.8: The first row shows oc(H; 2 7/4), 0c(H11i2x/4) and oe(H, , ) for e = 0.005.
The second row shows o1 ¢(Hp4,,) for the same values as in the first row.

where w > 0 is an irrational number, ¢ € T = R/27Z and b € C. The usual almost
Mathieu operator has b € R, so that Hj 4 is self-adjoint and the Ten Martini problem was
to show that for real non-zero b then o(Hy4,,) is a cantor set.

We do not claim anything about the spectral properties of the non-self-adjoint almost
Mathieu operator (NSAM operator), but we rather use it as an example of an operator
where we before did not have computational tools at hand to handle the problem of
numerically estimating the spectrum. Arveson gave a complete theory in (Arv94a) on
how to handle the computational aspects of the spectral theory of the self-adjoint almost
Mathieu operator. However, self-adjointness is crucial in Arvesons theory and therefore
not suitable for our problems. But with the techniques suggested in the earlier sections
of this chapter we can get numerical approximations to the spectra of these non-self-
adjoint Schrodinger operators. In Figure 6.8 we have computed pseudospectra and 1-
pseudospectra of the NSAM operator for different values of b and w.

6.6.2 Random Non-self-adjoint Schrodinger operators

In this section we will consider the non-self-adjoint Anderson model that has several ap-
plications in physics (Dav01)(TE05). More specifically we will consider the operator H
on [2(Z) defined by

(Hzx)p = e xp_1 + e9xpi1 + Van,

where g > 0 and V is a random real valued potential taking values from an interval [-B,B]
according to some probability measure p on [-B,B]. Faced with the problem of computing
the spectrum or pseudospectra of H we immediately discard the finite section method
due to Davies’ analysis of the problem in (Dav01). In particular Davies pointed out that
one must resist the temptation of projecting down to [?(—N, N) and impose boundary
conditions because the spectrum of H on I>(—N, N) as N — oo may have little to do with
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Figure 6.9: The first row shows {z : y0.m(2) < €} for B = 1,0.5,0.1 and the second row
shows {z : y0.m(2) < €} for the same values of B. In both examples m = 20000 and
e = 0.05.

the spectrum of H on [?(Z) regardless of the choice of boundary conditions. Having left
the finite section approach, the method of computing the function v, ,, comes in handy
as this will at least help us estimating the n-pseudospectrum of H.

Davies showed in (Dav01) that if B < e9 — e~ 9 then

oc(H)N{zeC:|z|<r} =1,
where r =e9 —e 9 — B > 0 Also, if B > ¢9 4+ e 9 then
o(H)=E+[-B,B], as.,

where E = {e91 +¢797% . 9 € [0,27]} and a.s. means almost surely. But the question is
what happens when ed —e™9 < B < e94e797 The purpose of our numerical computation is
not to investigate this seriously, but rather demonstrate that we now have a tool that could
be used if one wants to use numerical simulations to get some insight on this problem. We
have tested this only for one sample of H, and of course, since H is a random operator,
one has to compute o(H) sufficiently many times to get a reliable result. However, this is
just an example, and we postpone more serious computations for future work.

In this example we have estimated o.(H) and o1 ((H ), where V' is uniformly distributed,
by computing

{z:7vm(2) <€}, {z:71m(z) <€}

for g = 0.1 (so that e97% 47979 = 2,01 and €97 — =979 = 0.2003), ¢ = 0.05, m = 20000
and B = 1,0.5,0.1. An interesting observation is that for B = 0.5 the computation in
Figure 6.9 suggests that the spectrum has a hole.



Chapter 7

The Infinite-Dimensional QR
algorithm

In numerical linear algebra the QR algorithm (Wil65) (Par65) (PK69) (Wat82) represents
the state of the art in the computation of the algebraic eigenvalue problem. The algorithm
is exceedingly powerful, and is now the core of, for example, the MATLAB command eig.
Now, all is well with the QR algorithm as long as the matrix we are working with has
finitely many entries, but the problem is that not all matrices may have this nice prop-
erty. In fact, most of the operators in mathematical physics act on an infinite dimensional
space and hence a matrix representation of such an operator results in an infinite matrix.
The problem of computing the spectrum of an infinite matrix may be very different from
the finite dimensional case, however, it is not less important, as the set of infinite dimen-
sional problems contains e.g. Schrodinger spectral problems and other problems related
to quantum mechanics. In Chapter 6 several new methods for computing spectra of in-
finite matrices were introduced. The theoretical framework in Chapter 6 and Chapter 3
shows how one can compute the spectrum of an infinite matrix as long as it is a bounded
operator on [?(N). Although this gives a way of computing spectra of arbitrary infinite
matrices, there is a slight disadvantage, namely, the framework is based on pseudospectral
theory, and isolated eigenvalues are therefore difficult to detect. Often one may not be
able to determine the difference between an isolated eigenvalue or a small neighborhood
of the eigenvalue. This will become increasingly difficult with non-normal operators. An
alternative to the pseudospectral framework in Chapter 6 is the Infinite dimensional QR
algorithm or just the Infinite QR algorithm as we will call it. The algorithm in infinite
dimensions is very similar to the finite dimensional case, and the implementation is based
on Householder transformations. Theoretically one can analyze the convergence of the
algorithm as if it was carried out on an infinite computer (meaning that we allow storage
and multiplication of infinite matrices), however, in practice there are tricks one can use to
avoid this impossible assumption. In fact, as we will see later, there are no truncations or
approximations done in the algorithm, and the information provided by the computation
is (up to €macn) as if it was done with an infinite computer. Thus, one can conclude that,
indeed, this is infinite dimensional numerical linear algebra.

The Infinite QR algorithm has existed as a pure mathematical concept for more than
twenty years and it first appeared in the paper “Toda Flows with Infinitely Many Vari-
ables” (DLTS85) in 1985. However, the framework presented here and in Chapter 2 was

101
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developed independently and the author is indebted to Percy Deift for pointing out the
connection to (DLT85). We will in this paper concentrate on the applied and computa-
tional properties of the Infinite QR algorithm and refer to Chapter 2 and (DLT85) for a
more theoretical exposition.

7.1 Pollution in the Finite Section Method

Let us recall the basic ideas of the finite section method as discussed in Chapter 6.
Suppose that we have an operator A € B(H) and that we know the matrix elements
a;j = (Aej, e;) with respect to some basis {e;}. A quite common idea is to reduce this to a
finite-dimensional spectral problem. One constructs (using {e;}) a sequence of finite rank
projections {P,,} such that P,y > P, and P,, — I strongly, where I is the identity,
and then compute the spectrum and pseudospectra of P, A[p, . Typically, P, would be
the projection onto span{ei,...,en}, but other choices are also possible. This is often
referred to as the finite section method in the literature. It is well known that this may
work in some cases e.g. if the operator is compact, or in some cases when the operator
is self-adjoint. However, one must be very careful using the finite section method, and it
should not be used unless accompanied by a rigorous analysis that justifies the convergence

d(o(PnAlp, 1), 0(A)) — 0, m — o0.

As discussed before in Chapter 6, it is quite easy to find elementary counter examples
to show that the finite section method can fail dramatically. Consider the shift operator
Sen = eny1 on [2(N). This operator has the following matrix representation

(7.1.1)

o O O O
O O O
O O = O
o= O O

Thus, if P, is the projection onto span{ey, ..., en}, we would get that o((PnS[p,,x) =
{0} for all m, but o(S) is the closed unit disc. This example showed that we can have
o(Py,T[p,#) C o(T), where the inclusion is proper for all m, and T € B(H). But we can
also have that o(P,,T[p, 1) € o(T), as the following example shows. Let

00 0 0 O 0

1 0 a23 a4 0 0

01 o o0 0 O

A= 0 0 1 0 ass  a46 ,

00 O 10 O

00 0 O 1 0
where agjj+1 = 1. Also, agj2j4+2 = —i if j is prime and agj2j42 = 0 otherwise. If
we let P, be the projection onto span{ej, ..., ey} and compute o(PyA[p, #) then the

phenomenon “spectral pollution” occurs, namely, that o(P,, A[p, ) contains elements
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Figure 7.1: The first figure shows o.(A) for ¢ = 0.02 and the next figures shows
o(PnAlp, 1) for m =700 and m = 900 with the false eigenvalue.

that have nothing to do with o(A). This is visualized in Figure 7.1. The phenomenon
described in this example is often referred to as spectral pollution and is well known. As
the following theorem suggest, the “pollution” can be arbitrarily bad.

Theorem 7.1.1. (Pokrzywa)(Pok79) Let A € B(H) and {P,} be a sequence of finite-
dimensional projections converging strongly to the identity. Suppose that S C W(A).
Then there exists a sequence {Qn} of finite-dimensional projections such that P, < Qn
(so Qn — I strongly) and

di(o(A) US,0(A,)) =0, n— oo,

where 3
An = PnA(Pyﬂ-h An = QnA(QnH

and dg denotes the Hausdorff metric.

However, life is not completely dark for the finite section method as the following result

shows. (Also, in the self-adjoint case the finite section method sometimes perform quite
well (Arv94a) (BroO7b) (Han08)).

Theorem 7.1.2. Let T € B(H) and {P,} be a sequence of finite-dimensional projections
converging strongly to the identity. If X ¢ We(T) then A € o(T) if and only if

d\,o(P.T[p,nH) — O, n — 00.

However, if we want to use the finite section method and rely on Theorem 7.1.2 we
must know W,(T), and that may be unpleasant to compute. Or we could hope that
0e(T) = We(T) and try to estimate 7.(7"), but that may also be a highly non-trivial
problem. Now, it is known that if an operator T" is hypo-normal (T*T — TT* > 0) then

conv(oe(T)) = We(T),

where conv(o¢(7T')) denotes the convex hull of o.(7T"). But what if we have a “very non-
normal” operator? Another problem we may encounter using the finite section method
is that even though o4(7) may be recovered, one may get a very misleading picture of
the rest of the spectrum. Such problems are illustrated in the following examples. Unless
otherwise stated P, will denote the projection onto span{ey,...,en}. Let
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Figure 7.2: The first figure shows o (P, A p,, 1) for m = 500 and the second figure shows
oe(A) for e = 0.02.

25+05 0 O 0 0 0 0
1 3-05 0 0 0 0 0
0 1 1.7 005 0 0 0
0 0O 005 1 0 0 0

A= 0 0 0 1 1 ag 0 ;
0 0 O 0 1 1 0
0 0 o 0 0 1 1

where agj_12; = ¢ for j > 3. Now, A can be written as a compact perturbation of the
operator )
I+ S*+ B, B=0®B on P,H®PiH, m=4,

where S is the shift operator (recall (7.1.1)) and
(Bégj,é9i-1) =i, (Bé;,&) =0 elsewhere, i,j €N,

where {é;} is the basis for P.iH. Thus, A should have some isolated eigenvalues of fi-
nite multiplicity as well as some essential spectrum. Using the techniques introduced in
(Han10) we can compute the pseudospectrum of A (Figure 7.2) to reveal that at least some
of the isolated eigenvalues produced by the finite section method appear to be correct. Al-
though, without the support from the picture of the pseudospectrum, the information from
the finite section method would have been useless since one does not know the essential
numerical range of A.

Another example of misleading information from the finite section method is the foll-
wing. Let

25405 0 0 0 0 0 0
1 3-05 0 0 0 0 0
0 1 17 005 0 0 0
0 0 005 t4 0 0 0

T= 0 0 0 0 t; 0 O )
0 0 0 0 1 tg 0
0 0 0 0 0 1 t
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Figure 7.3: The first figure shows o(T), the second o(P,T [ p,,7¢) and o(PyuT[p, #) (they
are identical) and the third shows o.(T) (or rather a desperate try) for e = 5 x 1078,

where t; = 1+ 0.5(sin j, cos j). Using techniques from (Hanl0) we can compute the spec-
trum of 7', and this is shown in Figure 7.3. Now, using the finite section method on 7', we
observe that, even though all the points that are displayed (Figure 7.3) are actually in the
spectrum of 7', the result is far from correct. To complicate the task slightly we perturb
T by introducing a large number on the subdiagonal. In particular let

25405 0 0 0O 0 0 0
1 3-05 0 O 0 0 0
0 1 1.7 005 0 0 0
N 0 0 005 t, 0 0 0
T = 0 0 0 5x10° t5 0 0
0 0 0 0 1 t O
0 0 0 0 0 1 t

If we should use the pseudospectrum as a guide (as done in Figure 7.2) we see that this
is quite difficult (Figure 7.3) due to the fact that T is highly non-normal. The figure has
in fact very little to do with the pseudospectrum as the roundoff error interferes in the
computation. However, our point is that, in this case, very little can be said about the
spectrum of T if we should only rely on Figure 7.3. In Section 7.5.1 we will see that the
Infinite QR algorithm gives quite satisfactory results on these examples.

7.2 The QR decomposition

The QR decomposition is the core of the QR algorithm. If A € C"*", one may apply the
Gram-Schmidt procedure to the columns of A and store these columns in a matrix ) and

this gives us the QR decomposition
A=QR, (7.2.1)

where @ is a unitary matrix and R upper triangular. It is therefore no surprise that a
QR decomposition should exist in the infinite dimensional case, however, we need more
than just the existence. A key ingredient in the QR algorithm is the Householder trans-
formation, and for computational reasons one uses Householder transformations when
computing the QR decomposition. It is therefore crucial that we can adopt these tools in
the infinite dimensional setting. Our goal is therefore to extend the construction of the
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QR decomposition, via Householder transformations, to infinite matrices. And moreover,
to find a way so that one can implement the procedure on a computer.

7.2.1 Householder Reflections

Before we can state and prove the main theorem we need to introduce the concept of
Householder reflections in an infinite-dimensional setting.

Definition 7.2.1. A Householder reflection is an operator S € B(H) of the form

S=1 ”§H2§®§, £eM. (7.2.2)

In the case where H = Hy @ Hy and I; is the identity on H; then

vene(n-pgpeet)  cem

will be called a Householder transformation.

A straightforward calculation shows that S* = S~! = S and thus also U* = U~! = U.
An important property of the operator S is that if {e;} is an orthonormal basis for H and
1 € H then one can choose ¢ € ‘H such that

(Sn,e5) = (I — 2§®§)n,ej> 0, j#L

1€]]
Indeed, if y; = (n, e1) # 0 one may choose £ = n=£||n||¢, where ¢ = n1/|mle1 and if if n; =0
choose & = n + [|n|le1, The verification of the assertion is a straightforward calculation.
Note that the notation B

£®E, §eH,

deviates from what one is used to in finite dimensions. Recall that in finite dimensions a
Householder reflection is often expressed as

2 T

I— H$||2:U:E , r e C",

however, in a coordinate-free Hilbert space H the notation ££7 does not make any sense
for £ € H. One therefore uses the correct notation as in (7.2.2) and recalls that

E@EMm) =(&mE  neH.

7.2.2 Constructing the QR decomposition

We will now explain how to construct the QR decomposition in infinite dimensions. The
approach is for now on only mathematical and we will in Section 7.4 discuss how to use
certain tricks so that this procedure is actually implementable on a computer. First, we
recall how this is done in finite dimensions. Let A € C"*". We may construct R in (7.2.1)
by multiplying A from the left by Householder transformations Uy, ..., U, such that

U, ---UiA=R,
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and R is upper triangular. Now, the fact that every Householder reflection is a unitary
matrix makes

A=U,---U,R=QR

the desired composition. In infinite dimensions we will do exactly the same, however,
we are faced with the challenge of making sense of an infinite product of Householder
transformations. We will explain this more carefully. Let A € B(I*(N)). We will now
obtain R as a limit of the infinite matrices U, - - - U1 A, where U} is a Householder reflection
e.g.
R=1lim U,---UA,
n—oo

where the limit is understood to be in an appropriate topology on B(I?(N)). We will be more
specific about this topology later. First, let us concentrate on how to construct elements
Uy, ---UiA and worry about the limit later. Let P, be the projection onto {e1,...,e,}
and suppose that we have the n elements in the sequence and that the n-th element is an
operator R, = U, - - - U1 A such that, with respect to the decomposition H = P,’H & Pan,
(here we use H = [?(N) to simplify notation) we have

where N,, = P1 R, Pl and R is upper triangular and Cej =0for j <n—1.Let ( = Ce,.
Choose ¢ € P;-H and define the Householder reflection S € B(PH),

2 _
S=1- W& (%9 57 and Un+1 = P’I’L D S, (723)

such that S¢ = {(1,0,0,...}. Finally let Ry,+1 = Up41R,. Hence,

— _ Rn Bn _ Rn+1 Bn+1
Fn1 = Uny1fin = <SCn SNn) N <Cn+1 Nn+1) ’ (7:24)

where the last matrix is understood to be with respect to the decomposition H = P, 1 H®
P,f-HH. Note that, by the choice of S, it is true that Rn+1 is upper triangular and Cj,1e; =
0 for 5 < n. How to choose the initial U; follows from similar reasoning. Thus, we have
constructed the sequence {R,,}, and we can now turn the attention to finding a candidate
R such that

R= lim R,,

n—oo
in some apropriate topology on B(H), where R is upper triangular. Note that ||R,||
is uniformly bounded since U; is unitary. And since a closed ball in B(H) is weakly
sequentially compact, there is an R € B(H) and a subsequence {R,, } such that

wOoT
R,, — R, k — oo.

But by (7.2.4) it is clear that for any integer j we have P;R, P; = PjR,,P; for sufficiently

large n and m. Hence
WOT-lim R, = R.

n—oo
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Now, by (7.2.4) R is upper triangular with respect to {e;} and also Re; = R,e; for large
n, thus
SOT-lim R, = R.

n—oo
Hence, we have constructed the upper triangular infinite matrix R, and we now return to
the task of forming Q). Let

By similar reasoning, using the previous compactness argument (since V;, is bounded) and
the fact that, by (7.2.3), for any integer j we have Vj,e; = Vj,e; for sufficiently large m
and n, it follows that there is a V' € B(H) such that

SOT
Ve —V, n — o0.

And, being a strong limit of unitary operators; V is an isometry. Let ¢ = V. Then,
A = QR since A = V,, R, and multiplication is jointly strongly continuous on bounded
sets. We have just proved the following theorem.

Theorem 7.2.2. Let A be a bounded operator on a separable Hilbert space H and let {e;}
be an orthonormal basis for H. Then there exist an isometry @ such that A = QR where
R is upper triangular with respect to {e;}. Moreover

Q = SOT-lim V,

n—oo

where V,, = Uy --- U, and U; is a Householder transformation.

7.3 The QR algorithm

Let A € B(H) be invertible and let {e;} be an orthonormal basis for H. By Theorem
7.2.2 we have A = QR, where @ is unitary and R is upper triangular with respect to {e;}.
Consider the following construction of unitary operators {Qk} and upper triangular (w.r.t.
{e;}) operators {Ry}. Let A = Q1R be a QR decomposition of A and define Ay = R1Q;.
Then QR factorize Ay = (Y2 Ry and define A3 = Rs(Q2. The recursive procedure becomes

Amfl = Qmer Am = RQO (7'3'1)

Now define

A~

Om=Q1Q2...Qm, Rmn=RmRm_1...Ri. (7.3.2)

The recursive procedure (7.3.1) is known as the QR algorithm.

Definition 7.3.1. Let A € B(H) be invertible and let {e;} be an orthonormal basis for
H. The sequences {Q;} and {R;} constructed as in (7.8.1) and (7.3.2) will be called a
Q-sequence and an R-sequence of A with respect to {e;}.

The following observation will be useful in the later developments. From the construc-
tion in (7.3.1) and (7.3.2) we get

A= Q1R = Q1Ry,
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A? = QIR1Q1R1 = Q1Q2R2Ry = Q2R
A = QIRIQ1R1Q1 Ry = Q1Q2R2Q2RaRy = Q1Q2Q3R3Ro Ry = Q3R
An easy induction gives us that
A" = QmRm-
Note that R,, must be upper triangular with respect to {e;} since R;, j < m is upper
triangular with respect to {e;}. Also, by invertibility of A it is true that (Re;,e;) # 0.
From this it follows immediately that

span{Amej};VZI = sp{Qmej};V:h N eN. (7.3.3)
In finite dimensions we have the following theorem:

Theorem 7.3.2. Let A € CN*N be a normal matriz with eigenvalues satisfying |A1| >
. > |An|. Let {Qn} be a Q-sequence of unitary operators. Then QnAQY, — D, as
m — oo, where D 1is diagonal.

We will show that an analogue of this theorem is true in infinite dimensions. But
before we do that let us recall some basic Banach space geometry. We follow the notation
in (Kat95). Let £ C B and F' C B be closed subspaces of a Banach space B. Define

O(E,F) = sup inf ||z —y|
- €
Jefi=1

and

§(E,F) = max[0(E, F),§(F, E)).
Given subspaces E and {E}} such that 6(Ey, E) — 0 as k — oo we will sometimes use
the notation

EkLE, k — oc.

The reason why we introduce such convergence is the following. If we should prove an
infinite dimensional analogue of Theorem 7.3.2, we obviously have to abandon any deter-
minant based theory as in (Par65). Now, the ideas in (PP73) are much better suited for
use in infinite dimensions as that theory is based on convergence of subspaces, a concept
that is certainly not exclusive to finite dimensional spaces. Thus, having decided on using
the ideas in (PP73) as an inspiration, the best way of approaching the Infinite QR algo-
rithm is probably to think of it as an advanced power method. This is emphasized in the
following theorem.

Theorem 7.3.3. Let A € B(H) be an invertible normal operator. Suppose that o(A) =
wUS is a disjoint union such that w = {Ai}£i1 and the \;s are isolated eigenvalues of finite
multiplicity satisfying |A\1| > ... > |An|. Suppose further that sup{|y| : v € Q} < |An].
Let {&Y M, be a collection of linearly independent vectors in H such that {x,(A)& M, are
linearly independent. The following observations are true.

(i) There exists an M-dimensional subspace B C rany,(A) such that

span{A*¢ 1L, 5 B,k — oo,
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(ii) If
span{Ak& f\il_l .Dc H, k— oo,

where D is an (M — 1)-dimensional subspace, then

span{A*e M, D span{{}, k — oo,
where & € rany,(A) is an eigenvector of A.

Note that the previous theorem gives us some control on the behavior of span{A*¢; Z]\i 1
as k — oo, where & is as in Theorem 7.3.3. It is essentially that result combined with
(7.3.3) (and some more analysis) that lead to the following theorem. The theory and
proofs of both Theorem 7.3.3 and Theorem 7.3.4 can be found in Chapter 2.

Theorem 7.3.4. Let A € B(H) be an invertible normal operator and let {e;} be an or-
thonormal basis for H. Let {Qr} and {Ry} be a Q- and R-sequences of A with respect
to {e;}. Suppose also that o(A) = w U Q such that wNQ = 0 and w = {N\}Y,, where
the \is are isolated eigenvalues with finite multiplicity satisfying M| > ... > |An]|. Sup-
pose further that sup{|0| : 6 € Q} < |An|. Then there is a subset {éj}jj\il C {ej} such
that span{Qé;} — span{q;} where §; is an eigenvector of A and M = dim(ranx,(A)).
Moreover, span{q}-}jj\/il =rany,(A). Also, ife; ¢ {éj}j]\/il, then xu(A)Qre; — 0.
Remark 7.3.5. The previous theorem is a little pessimistic regarding convergence proper-
ties for the Infinite QR algorithm. The fact that one can only find a subset {é; }]]Vil C {e;}
seems a little worrying since one immediately thinks that there may be examples where
ey = ex and K is extremely large. We have to admit that such examples may exists,
but they are rarely encountered in practice. In fact as we will see in Section 7.5.1 that
the Infinite QR algorithm performs surprisingly well. Also, the rather strict (and some-
what unpleasant) assumption of normality required in Theorem 7.3.4 seem not to have
any effect in practice. And from numerical examples (in Section 7.5.1) it seems that the
Infinite QR algorithm works very well on non-normal problems, which are known to be
numerically difficult (TE05). In fact that is where the algorithm really has it strength.
We thus conclude that there is much more to be investigated form a theoretical point of
view to justify the numerical results.

7.4 Implementing the Infinite QR algorithm

The previous sections have given a theoretical justification for why the infinite QR algo-
rithm may work, but we are faced with the possibly unpleasant problem, namely, how to
compute with infinite data structures on a computer. Fortunately there is a way to over-
come such a problem. The key is to impose some structural requirements on the infinite
matrix.

Definition 7.4.1. Let T be an infinite matriz acting boundedly on I?(N) with basis {e;}.
We say that T has k subdiagonals if (Tej, e;) =0 when i > j + k.
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Theorem 7.4.2. Let A € B(I?(N)) have k subdiagonals and let A, be the n-th element in
the QR iteration, e.g. Ay = Qp - Q1AQT - - - Q;,, where

Qj = SOT-lim Ul U
and Ulj is a Householder transformation defined as in (7.2.3). Then A, has k subdiagonals.

Proof. Straightforward. O

Theorem 7.4.3. Let A € B(I?(N)) have k subdiagonals and let A, be the n-th element in
the QR iteration, i.e. Ay, = Qpn--- Q1AQ7T - Q}, where

Qj = SOT-lim U} --- U]
l—o0
and Ulj is a Householder transformation defined as in (7.2.3). Let P,, be the projection
onto span{ey,...,emn}. Then

X Uf-- U(ln—l)k+mU12 o U(Qn—Z)k:—i-m Y R Ug;é[]{% U Py (7.4.1)
and
Py APy = PuU - U{‘U,?J:;L . U{lfl . U(2n—2)k+m . U12U(1n—1)k+m . Ull
XPnk+mAPnk+mU11 - U(ln—l)k+mU12 .. U(zn—Q)k—i—m o U{“*l ... U;‘;}]U{l - U" P

(7.4.2)

Proof. Let {eé.} be the basis of P-H such that 6; = ej4+;. Note that, by the assumption
that A has k subdiagonals, it follows that each Ulj is of the form

2
€112

where (¢, e§~> = 0 for j > k and I;; is the identity on F;_1H and I;5 is the identity on
Pf; 1H. For | =1 then Ip; = Py = 0. This observation yields the following, namely,

Ul =1, <Il,2 — £ §> ¢ € PHH,

PU} =U/P., r>1+Fk,
. (7.4.3)
PU, =P, m>r.

First note that
PrAnPr = PonPotykim PoamPmQn - - Q1AQT - QP Prim - Pln—1)ktmPm
and, since multiplication is strongly continuous on bounded sets and by (7.4.3) then
P Ap Py, = SOT-limy Py Py 1y * Poam P U] - UT' Q1 -+ - Q1A
X Q7 -+ Qn_y (SOT-limy Uy - Ul" Pl 1)k * PhtmPrm)

= PoUy - Ul'Pln—1ykam  Porm@n—1--- Q14
X Q1 Qn1Brtm Pn—1)ktmUT - Uy P

(7.4.4)
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This type or reasoning may, of course, be repeated and, thus, by using (7.4.4), we obtain

P,A, Py,
= PRUp - UM (SOT-limy Py 1y -+ Pram U™+ UL ) Qpez - Q1A

X QF -+ Qh_o(SOT-limy UP ™"+ U P -+ Pl 1)) UL -+ Upt P
=P, U" - U?Pk+mU;?LL . Ulnflp(n_l)/,Cer o PopymQnosz - Q1A

X QF - QF _3Popim 'P(n—1)k+mU1n71 Loopgntl PyUT---U" Py

k+m
::}%nlﬁz..'(]?lﬂzgi"'[Lr_lfin—ﬂ)k+nm"'}5k+ﬂn(2n—3'"CQLA
X Q1 Qn_3Pokim 'P(n,l)kerUl"_l e ]?;%U{l U P,,.

Repeating the same ideas n — 3 more times eventually leads to
PoUpy - UPUL L UF T Pl tyeim - Pokem@n—3 -+ Q1A
X QF Q3 Popim - P(nfl)kerU{l_l ... U;;;}zU{l .U Py

=P,U"--- UFU;?J:;L e U;JI;L e U(2n—2)k+m e U12U(1n—1)k;+m - ULA

% Ull . U(ln—l)k—l-mU12 . U(Qn—Q)k—i-m . U{lfl ... U,:L:#IU{L - U" P,
and this yields (7.4.1). Now, (7.4.2) follows from (7.4.1) and (7.4.3). O

Thus, if the infinite matrix A has k subdiagonals, this result allows us to actually
implement the infinite QR algorithm because each U] only affects finitely many columns
or rows of A if multiplied either on the left or the right. In computer science it is often
referred to as “Lazy evaluation” when one computes with infinite data structures, but
defers the use of the information until needed, and hence solves the problem of infinite
storage. The author is indebted to Nick Trefethen for pointing out this connection to the
Infinite QR algorithm. A simple implementation is displayed in Algorithm 7.4.1.

Algorithm 7.4.1.

% The Infinite_QR(A,n,k,m) takes a section P_{nk+m}AP_{nk+m}

% of an infinite matrix A with k subdiagonals, performs n iterations
% of the infinite dimensional QR algorithm and returns

% J = P_mQ_nAQ*_nP_m.

function J = Infinite_QR(A,n,k,m)
d = size(4,2);

for j=1:n

A = Inf_QR(A,d-j*k,k); 7% The output in each loop is actually
end % U_(d-j*Kk)...U_1A_(§-1)U_1...U_(d-j*k)
J=A:m,1:m); % if A_j is the j-th term in the QR iteration.

Algorithm 7.4.2.

% Inf_QR(A,n,k) takes a matrix A with k subdiagonals and performs
% multiplication by n Householder transformation from the left and
% right, i.e. B = U_n...U_1AU_1...U_n.

function B = Inf_QR(A,n,k)
B =A; d=size(A,1);
for j = 1:n

u = House(A(j:j+k,j));
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AGi:j+k,j:d) = A(G:j+k,j:d) - 22kux(u’*A(j:j+k,j:d));

B(j:j+k,1:d) = B(j:j+k,1:d) - 2*u*x(u’*B(j:j+k,1:d));

B(1:d,j:j+k) = B(1:d,j:j+k) - 2*(B(1:d,j:j+tk)*u)*u’;
end

Algorithm 7.4.3.

% House(x) takes a vector x and creates a vector u

% such that (I + u*u’)x = ce_1 where c is some complex
% number (depending on x) and e_1 = [1,0...].

function u = House(x)
v = Xx;
if v(1) ==
v(1) = v(1) + norm(v);

end
u = v/norm(v);

7.5 Testing the Infinite QR algorithm

%This is the classical way
else %of creating Householder reflections
v(1) = x(1) + sign(x(1))*norm(x); %as in finite dimensions.

In this section we will see that the QR algorithm performs much better than what we have
been able to prove in Theorem 7.3.4. In fact, the normality required in Theorem 7.3.4
is not needed at all to get satisfactory results. This section is meant to visualize some
of the rather unexpected behavior of the Infinite QR algorithm and to give numerical
support to suggest results that we have not proved rigorously. Throughout this section
Q@ will denote the n-th “Q” matrix in the iteration i.e. if A is the initial matrix then

A, = QnAQ);, represents the n-th element in the iteration.

To illustrate the infinite QR algorithm we have tested it on an infinite matrix 7" of the
form T'= I + C, where C' is compact. This should give plenty of isolated eigenvalues and
is therefore a good testing candidate. More examples will follow in the next sections. Now

T is of the following form

1 ¢t 0 0 O

0 1 to3 0 O

t31 O 1 t33 O
T=10 tio O 1 tys

0 0 ts3 O 1

0 0 0 tgg O

where

taj—125 = i — (1+20) /], tajojr1 = (13 =)/ /G, taje1,2i-1 = =1, tajanp; = 1/j.

The plots shown in Figure 7.4 shows the elements of

PoQnTQ[p.1,  m=30,n= 1500,

that are larger than 1015 and 107,

o O o o
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Figure 7.4: The figure shows the elements of P,,Q,TQ;[p,+ (m = 30, n = 1500) that
are greater than 1071 and 1077, respectively.

7.5.1 The Magical Result

We will in this section show some rather spectacular and so far mathematically unex-
plained features of the Infinite QR algorithm. So far the theoretical results cover only
normal operators, but in practice the Infinite QR algorithm works very well for non-
normal problems. Now, if an infinite matrix 7" has m eigenvalues with multiplicity one
then, under some extra assumptions, one would expect that the eigenvalues will appear
on the diagonal of

PrnQiT Q%[ Par

as k — oo i.e. we would expect that

o(PnQikT Q%[ por) — 0a(T),  k— oo

But what happens with
o(PQuTQy[ pm)

when n > m as k becomes large? That is the theme of the next examples. Let us go
back to one of the examples in Section 7.1, where we computed the spectrum of the finite
section P, A[p, # of the infinite matrix A, where

25+05i 0 O 0 0 0 0
1 3-05 0 0 0 0 0
0 1 1.7 005 0 0 0
0 0 005 as 0 0 0
A= 0 0 0 0 a 0 O
0 0 0 0 1 ag O
0 0 0O 0 0 1 a

Recall that the problem with the finite section method in that case was that we do not
know anything about W,.(A) and hence could not deduce if the eigenvalues produced by
the finite section method were correct. Also, recall the slightly misleading circle that
appeared that had nothing to do with the boundary of the essential spectrum (see Figure
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05 * 05
oF * oF
05 * 05

Figure 7.5: The first figure shows o(FP,Alp,»n) and the second figure shows
0(Pn@QnAQ} | p, 1) (the fat line, the thin line is just to visualize the circle) for m = 500
and n = 1500.

7.5). We have plotted
o(PnAlpor),  0(Pn@QnAQ[p,.r), m =500, n= 1500,

in Figure 7.5 to see the difference. Note that o(P,,Q,AQ;[p,#) actually reveals part
of the correct boundary of the essential spectrum. We have also tested the Infinite QR
algorithm on the perturbed version of A from Section 7.1, namely A, where

25405 0 0 0O 0 0 0
1 3-05i 0 0O 0 0 0
0 1 1.7 005 0 0 0
i 0 0 005 a 0 0 0
A= 0 0 0 5x10° a5 0 0
0 0 0 0 1 ag 0
0 0 0 0 0 1 ar

Now, gess(A) = Jess(fl), but due to the fact that A is highly non-normal it is impossible
(at least with the €pacn in MATLAB) to use the pseudospectral techniques in Chapter 6
to compute the spectrum of A. However, the infinite QR algorithm seems to be able to
pick up parts of the boundary of the essential spectrum, as visualized in the first picture of
Figure 7.6. Also, as it seems that the Infinite QR algorithm is able to pick up the extreme
part of the spectrum, we were tempted to see what would happen when the Infinite QR
algorithm is applied to a shift of A? In particular, one would expect that

O-(Pan(A - 21)@: [PmH)

should contain the left part of the circle for appropriately chosen m and n. This is
visualized in Figure 7.6.
Finally, We have tested the Infinite QR algorithm on the infinite matrices from Section
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Figure 7.6: The first figure shows 0(PnQnAQ% p, ) (the fat dots) and the second figure
shows o(P,Qn(A —21)Q% [ p,, 1), for n = 1500, m = 500.

7.1, namely

00 0 o0 0 O
1 0 as23 a924 0 0
01 0 0 0 O o
T=100 1 0 a5 as , {aZj’2j+2 - v prme azjj+1 = 1,
0 0 O 1 0 0 aj2j42 =0  otherwise,
00 O 0 1 0
and
2.5+ 0.5¢ 0 0 0 0 0 O
1 3—05: 0 0 0 0 0
0 1 1.7 005 0 0 O
- 0 0 0056 1 0 0 O
= 0 0 0 1 1 asg O o agoipy =i, =3
0 0 0 0o 1 1 0
0 0 0 0 0 1 1

We have used techniques from Chapter 6 to compute the spectra of A and A and
also run the Infinite QR algorithm with 1500 iteration. In both cases we see the same
phenomenon, namely, that if one takes a finite section after running the Infinite QR
algorithm, then a part of the boundary of the essential spectrum also occurs. This is
visualized in Figure 7.7. Note that the part of the boundary that is captured is the
extreme part (meaning the points with largest modulus). It seems that after running the
Infinite QR algorithm the spectral information from the largest isolated eigenvalues and
the largest approximate point spectrum gets “squeeced up”. Although we can not explain
this phenomenon, it is not completely counter intuitive, as this is what normally happens
in finite dimensions.

Remark 7.5.1. As the numerical examples suggest, the Infinite QR algorithm seems to be
able to detect extreme parts of the boundary of the essential spectrum. This immediately
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°
@

°
&

Figure 7.7: The left figures show o(P,,T[p, 1)(top) and U(ij’ [p,,#) (bottom) for m =
500. The right figures (the dark plot) shows o(T') (top), o(7') (bottom) and (the light
plot) o(PnQnTQ} [ p,.1) (top), 0(Pm@QnT Q%[ p,,+) (bottom) for n = 900 and m = 600.

leads to the question of shifting as done in the computation visualized in Figure 7.6. This
approach is under current investigation and is also the theme of Chapter 8.






Chapter 8

The Hessenberg Reduction

After having established the Infinite QR algorithm, the first question that comes to mind
is how do we improve the algorithm, and, in particular, how can we speed it up? In finite
dimensions there are two approaches that are very common, namely, Hessenberg reduction
and shifting techniques. In fact the combination of these are actually the core in the
MATLAB command eig. We will in this chapter explore some of these ideas and see how
it may be possible to generalize these finite-dimensional techniques to infinite dimensions.
As we will see, the Hessenberg reduction is a great success and cuts the computational costs
dramatically. Unfortunately, shifting strategies may not give us any advantage regarding
speed. There is a natural reason why this approach cannot work in infinite dimension, and
this will be explained later. However, shifting strategies represent a great improvement on
the QR algorithm, but for different reasons than speed. In particular, using shifts we can
actually compute a larger part of the spectrum. There is no analogy to this phenomenon
in finite dimensions, and it must be admitted that the quite satisfactory results using shifts
in the infinite-dimensional case is quite surprising and not yet mathematically justified.

8.1 Constructing the Hessenberg Reduction

In finite-dimensional matrix analysis, a matrix is said to be upper Hessenberg if it has
only one nonzero leading subdiagonal. In infinite dimensions we adopt the the same idea
and hence consider the following definition.

Definition 8.1.1. Let A € B(I*(N)). Suppose that A satisfies
(Aej,ei>:0, t>7+1,

then A is said to be in upper Hessenberg form. If A € B(I*(N)) and A* is in upper
Hessenberg form, then A is said to be in lower Hessenberg form.

Throughout the chapter we will use a slightly incorrect terminology and just say that
a matrix is upper or lower Hessenberg.

When faced with the finite dimensional eigenvalue problem, one normally reduces the
matrix to upper Hessenberg form and then applies the QR algorithm. This is because the
vast amount of zeros in the Hessenberg form simplifies the QR algorithm and speeds it

119
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up. The desire to speed up the Infinite QR algorithm is the motivation for introducing
the Hessenberg reduction in infinite dimensions.

In finite dimensions, a matrix is always unitary equivalent to another matrix that is
upper Hessenberg, and the procedure to find this matrix is often referred to as the Hessen-
berg reduction. It turns out that the finite dimensional technique can be modified slightly
to fit into the infinite dimensional framework. In fact, the Hessenberg reduction technique
in infinite dimensions is quite similar to the finite dimensional approach. One needs to
multiply the infinite matrix by unitary operators on each side to introduce zeros under
the first subdiagonal. As usual these unitary operators are, as in the finite dimensional
setting, Householder transformations, which are chosen in the usual way. The procedure
can be visualized as follows.

Ur Uy =

O O O O X X X
O O O X X X X
O O X X X X X
O X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
OO OO O X X
O O X X X X X
O o X X X X X
O X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

U2 U2 =

O O O oo X X
S o X X X X X
O O X X X X X
O X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
O O OO O X X
O O O O X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

Us Us =

OO O o O X X
O O O o X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
O O O o o X X
O O OO X X X
O O O X X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

Now, in finite dimensions (say, the dimension of the Hilbert space is n) this procedure
terminates and one is left with a matrix H = U,,_9--- U1 AU7 ---U,,_9 in an upper Hes-
senberg form, where A € C™"*™. In infinite dimensions we are faced with the problem
that the procedure described above will not terminate. In particular, (assume now that
A € B(1%(N))) we may construct

H,=U,---UAU ---U,, neN, (8.1.1)
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as suggested above, but H, will never be upper Hessenberg. Thus, the only way to
overcome this problem is to interpret the construction (8.1.1) as a sequence leading to a
limit, i.e. we are searching for an element H € B(I?(N)) which is upper Hessenberg and
satisfies

H = lim H,

n—oo

in some appropriate topology on B(I2(N)). In particular, we will obtain H as the strong
limit of a sequence {V,; AV,,} where V,, = U, - - - U, is a unitary operator and U; is a House-
holder transformation. The procedure is as follows: (Note that the construction is very
similar to what we did in Chapter 7 regarding the construction of the QR decomposition,
however, as the reader may notice, there are some fundamental differences.) Let P, be
the projection onto sp{es,...,e,}. Suppose that we have the n elements in the sequence
and that the n-th element is an operator

H, = V}*AV,

that with respect to H = P,H ® P;*H (here we use H = [?(N) to simplify notation) has
the form

H’n - (Hn Bn) ) I:In = PanP’na B’n - PanP7i_7 Cn - PnJ_HnPn’

where N,, = P;-HnPﬁ;, ﬁn is upper Hessenberg and Cre; = 0 for j < n. Let ( = Cpey,.
Choose ¢ € P-H such that the Householder reflection S € B(P:-H) defined by

2 _
gives S¢ = {51,0,0, ...}, and let H,,1 = U, H,U,. Hence,
— _ ﬁn BnS _ ﬁn—&-l Bn+1
Hu1 = UnlinUn = (scn SNnS> - <Cn+1 NnH) ’ (8.1.3)

where the last matrix is understood to be with respect to the decomposition
H = Pn+1H D P#—Q—IH'

Note that, by the choice of 9, it is true that fInH is upper Hessenberg and C},1e; = 0 for
j < n+1. Defining H; = A and letting V,, = U; - - - U,, we have completed the construction
of the sequence {V,x AV, }.

Note that H, = VAV, is bounded, since V,, is unitary (since U; is unitary). And
since a closed ball in B(H) is weakly sequentially compact, there is an H € B(H) and a
subsequence {H,, } such that

wWOoT
H, — H, k — oo.

But by (8.1.3) it is clear that for any j we have Hy,e; = H,,e; for sufficiently large m and
n. It follows that
SOT-lim H, = H.

n—oo
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Also, by (8.1.3), H is upper Hessenberg. By similar reasoning, using the previous com-
pactness argument (since V,, is bounded) and the fact that, by (8.1.2), V,e; = Vj,e; for
any j and m and n sufficiently large, we deduce that there exists a V' € B(H) such that

SOT-lim V,, =V, WOT-lim V) =V™. (8.1.4)
n—oo n—oo
Note that in finite dimensions then V would always be unitary. This is not the case in
infinite dimensions, and this is probably the most important difference when going from
finite to infinite dimensions. As we will see later, V' is an isometry, a concept we recall in
the following definition.

Definition 8.1.2. Let T € B(H). If T satisfies

el =1gll,  §e™n,
then T is said to be isometric (or an isometry).

In finite dimensions, an isometry is also unitary. This is not the case in infinite dimen-
sions, however, we have the following. If T € B(H) is an isomtery then

T*"T =1,  TT*=P,

where P is the orthogonal projection onto ran(7"). (Note that the range of an isometry is
always closed.)

Now returning to the Hessenberg reduction in infinite dimensions, let V be as in
(8.1.4). Since V is the strong limit of a sequence of unitary operators, it follows that V is
an isometry. We claim that

V*AV = H.

Indeed, since multiplication is jointly continuous in the strong operator topology on
bounded sets we have AV = V H and since V is an isometry the assertion follows. Note
also that the range of V is invariant under A. In particular we have

PAP = AP, P=VV*
and this is easily seen by a direct computation as follows,
PAP =VV*AVV* =VHV* = AP.
The previous reasonings lead to the following theorem.

Theorem 8.1.3. Let A be a bounded operator on a separable Hilbert space H and let {e;}
be an orthonormal basis for H. Then there exists an isometry V such that VAV = H
where H is upper Hessenberg with respect to {e;}. Moreover V. = SOT-lim V,,, where

n—oo

Vo = Ur---U, and U; is a Householder transformation. Also, the projection P = VV*
satisfies PAP = AP.
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8.2 Implementing the Hessenberg Reduction

As we have pointed out before, there is a crucial difference between the result in Theorem
8.1.3 and the finite dimensional counterpart, namely, that in Theorem 8.1.3, V' is not
unitary but rather an isometry. This fact has dramatical consequences from a spectral
theoretical perspective. Now, the fact that for P = VV* we have PAP = AP means that
if we compute o(H) we actually get o(A[pp2(w)), and, of course, we may have that

o(A) # (Al prem))-

However, the Infinite QR algorithm is designed to get information about the boundary of
the spectrum, and we always have

Do (Al ppayy) C Do (A). (8.2.1)

But the fact that the inclusion in (8.2.1) may be proper is actually not going to harm us
at all. The idea is the following: Recall from Theorem 7.4.3 that if A € B(I*(N)) and A,
is the n-th output of the Infinite QR algorithm then

PnA,P,, =P, U - U U(2n—2)k+m ... U12U(1 ) "'U11

e e o (8.2.2)
X Pnk+mAPnk+mU1 e U(nfl)k+mU1 e U( —2)k+m " Ul e Uum

Thus, one uses only information from the section

Pnk-l—mAPnk—l—m

of A to compute Py, Ay, P, The idea is therefore to transform A into a new matrix H (via
unitary transformations) such that anmfj[ Poktm is upper Hessenberg. Then H and A
have the same spectrum and we may replace A with H in (8.2.2). Now the construction
of H can be done by the construction suggested in the argument leading up to Theorem
8.1.3. In particular, if

Hj :Uj-“UlAUl---Uj,

is constructed as in (8.1.1) and (8.1.3), then P, H;P,, is upper Hessenberg when j > m.
Moreover, we have the following theorem.

Theorem 8.2.1. Let A € B(I?(N)) have k subdiagonals and let A, be the n-th element in
the Hessenbeg reduction, i.e.

Hn:Un"'UlAUl"’Uru

where Uj is a Householder transformation defined as in (8.1.2). Let Py, be the projection
onto span{ei,...,emn}. If m > nk+ 1 then

PpHy Py = Uy -+ Uy P APy Uy - - Uy, (8.2.3)

and
P.H,P, = P U, - Ui Pyj12APx12U1 - - - U, P, (8.2.4)
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Proof. For 1 < j <mn, let
H; =U;---U AU, --- Uj,

It is easy to see that H; has k + j(k — 1) subdiagonals. Thus, each U; is of the form
2
[GE
where [ is the identity on P;H, I;2 is the identity on leH and

Uj=1I1® (1]-,2 — £€® 5) ¢ € PH,

(& el) =0, [ > jk+1,

where {e{ }en is the natural basis for PjJ-H inherited from the basis {ey}, and this yields
(8.2.3). Note that (8.2.4) follows immediately from (8.2.3). O

Thus, if A has only k subdiagonals, we only need information from the finite section
Pi+2AP, ;42 of Ain order to compute the section P, Hy, P, of H,,. The following algorithm
displays an easy implementation of the result in the previous theorem. Note that this
algorithm is almost like the finite dimensional case except that the output is a finite
section of the infinite Hessenberg reduction, rather than a Hessenberg reduction of a finite
section of the infinite matrix.

f&lgorith1n.8.2.1. %Computes a section of the Hessenberg reduction of an
%infinite matrix with number of subdiagonals = k.

function J = Inf_Hessen(A,k)

B = A;

d = size(4,1);

m = (d-1)/k - 1;

for j = 1:m
u = House(B(j+1:j*k + 1,3));
B(j+1:9%k + 1,1:d) = B(j+1:j*%k + 1,1:d) - 2*ux(u *B(j+1:j*k + 1,1:d));
B(1:d,j+1:j*k + 1) = B(1:d,j+1:jxk + 1) - 2x(B(1:d,j+1:j*k + 1)*u)*u’;

end
J =B({:m,1:m);

Algorithm 8.2.2. ¥ House(x) takes a vector x and creates a vector u
% such that (I + u*u’)x = ce_1 where c is some complex
% number (depending on x) and e_1 = [1,0...].

function u = House(x)

v = X;
if v(1) ==

v(1) = v(1) + norm(v); %This is the classical way
else %of creating Householder reflections
v(1) = x(1) + sign(x(1))*norm(x); %as in finite dimensions.
end

u = v/norm(v);

Remark 8.2.2. We would like to emphasize that the input of Algorithm 8.2.1 is not
an infinite matrix, but rather a section of an infinite matrix, where the choice of such a
section is justified by Theorem 8.2.1, e.g. if the size of the section P,AP; of the infinite
matrix A (with k-sub diagonals) is | = nk + 2, and P,AP, is put into Algorithm 8.2.1,
then the output of Algorithm 8.2.1 is an n-by-n section P, H,PF, of the n-th term H, of
the Hessenberg reduction of A.
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Figure 8.1: The first figure shows o(A) whereas the second and the third shows the output
of the Infinite QR algorithm without and with the Hessenberg reduction (the fat dots),
respectively. The thin line is the image of the symbol from (8.3.1).

8.3 Numerical Examples

Throughout this section with numerical examples we will, if A € B(I?(N)), let
An:QnAQ;kp Hy,=Uy---U AU, - - U,

denote the n-th iteration in the Infinite QR algorithm and the n-th term in the Hessenberg
reduction, described in (8.1.2), respectively. Also, P, will as usual always denote the
projection onto span{ei,...,en}.

8.3.1 Comparison

The purpose of these examples is to compare the classical Infinite QR algorithm without
Hessenberg reduction with the Infinite QR algorithm with Hessenberg reduction. Let

Now, A is a Toeplitz operator with symbol
f(2) = 8iz73 45272 + 20z — 2iz% + 223, (8.3.1)

and in this case the spectrum of A is well known and is visualized in the first picture of
Figure 8.1. In the second and third picture we have plotted (in fat dots)

o(PrnQnAQy, (PMZQ(N))v o (Pn@QnHrQy, (PmP(N))a

respectively (where m = 120, n = 750, k = 760), together with the image (the thin line)
of the symbol f. Note that up to the resolution of the picture the output is equivalent,
however, the computational cost of the third picture is roughly half the computational
cost (in CPU-time) of the second picture.
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Figure 8.2: The first figure shows o(B) whereas the second and the third shows the output
of the Infinite QR algorithm without and with the Hessenberg reduction (the fat dots),
respectively. The thin line is the image of the symbol from (8.3.2).

Let

Now, B is also a Toeplitz operator and has symbol
g(2) = 20272 + 5272 + 2iz — 2i2% + 22, (8.3.2)
Figure 8.2 shows o(B) (first picture) and

o(PnQnBQy [ b2 o(PmQnHQy [ p2)s

respectively (where Hy = Uy --- U1 BU; - -- Uy, m = 120, n = 750, k = 880), together with
the image of the symbol of B (thin line). Note that in this case the Infinite QR algorithm
with the Hessenberg reduction performs slightly better than the Infinite QR algorithm
without the Hessenberg reduction.

8.3.2 Shifting Strategies

A common technique to speed up the QR algorithm in finite dimensions is to use shifts of
the matrix as the algorithms proceed. The idea is roughly as follows. If one has a guess
of a possible eigenvalue A of the matrix A then one may use the QR algorithm on A — A\I
instead. The reason is that, in general when using the QR algorithm, the eigenvalues with
the largest and smallest modulus will need the least amount of iterations to get the desired
accuracy. One may say that one gets faster convergence to the largest and smallest (in
modulus) eigenvalues. Since the smallest eigenvalue of A — AI should be close to zero (if
A was a good guess), by the heuristic argument above, it may be more efficient (in order
to get the correct A for which A\ was an approximation to) to use the QR algorithm on
A — M rather than A. Usually, the shift is updated as the algorithm proceeds.
A natural question to ask is whether this approach can be used in the infinite-dimensional

case in order to speed up the convergence. Unfortunately, the answer is no. In the
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infinite-dimensional case it is only the “largest” (in modulus) part of the spectrum that is
dominating and not the smallest. However, one may use shifting strategies in the infinite-
dimensional case, not in order to increase efficiency, but in order to get more spectral
information from the operator.

The convergence of the Infinite QR algorithm is still a mystery. However, as the
numerical results suggest, one is able to capture the largest (in modulus) part of the
spectrum of the operator (the word “largest” here is used heuristically and due to the
lack of theoretical support we are forced to use vague vocabulary, however, we believe
the reader will understand the outline of the ideas from the examples) Now, of course, by
shifting and rotating the operator one shifts and rotates the spectrum as well. Hence, in
this way one should be able to capture other parts of the spectrum with the Infinite QR
algorithm. This is best visualized by an example.

Let
3.5 0 0 0 0 O
-2 =35 0 0 0 O
0.59 -2 44 0 0 O
A= 1 05 -2 —4¢ 0 O
0 1 05, -2 0 O
0

0 0 1 0.5t -2

Then A is a compact perturbation of a Toeplitz operator with symbol
f(z) =23 +05272 2271 (8.3.3)

and the spectrum of A is visualized in Figure 8.3. If one runs the Infinite QR algorithm on
A one gets the second figure in Figure 8.3. Here we have plotted the output of the Infinite
QR algorithm with fat dots and the image of the circle under the symbol f as the fine line.
Note that the “largest” part of the spectrum (in modulus) corresponds to the lower part
of the spectrum and is picked up by the algorithm. It is clear from the picture (and the
heuristically exposition in the introduction to this section) that by shifting the operator
to the left, using the Infinite QR algorithm and then map the output back according to
the shifting, one could hope to get the left part of the spectrum. This is visualized in the
second picture in Figure 8.3, where we have kept the output from the first computation as
well. The next two pictures in Figure 8.3 are made by using the shifting strategy suggested
to the right (third picture) and upwards (fourth picture). In both cases the output from
the previous computation has been kept, i.e. Figure 8.3 shows the following sets

o(A),
o (PnQ@QnAQy Py
0 (P QuAQyT i) U + w1 A € 0(PnQn(A — w1 Q[ pue)) 1
2
T (PmQuAQ  pe) U N+ wj 1 A € 0(PmQn(A — w1 Q5[ praeny) (8.3.4)
7j=1

3
7 (Pm@nAQy [ pu) U [ J{A +wj : X € 0(PrQu(A = w0 DQ [ 50}
=1
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Figure 8.3: The figure shows the sets from (8.3.4) (the fat dots) together with the image
of the symbol (8.3.3)(thin line).

where w1 = 5, wo = —57 and w3 = —5. Also, m = 135 and n = 660.
The ideas in the previous example can be summarized in the following “Rotate and
Shift”-algorithm.

Algorithm 8.3.1. YTakes an infinite matrix A of upper Hessenberg form
%and computes

A spec(P_mQ_1(exp (k*i*2*pi/n)*A + distance*I)Q*_1P_m) - distance
%for k = 1,...,n, where m = section_size.

function V = Rotate(A,n,section_size,distance)
s = size(A,2);
for k=1:n

J = exp(k*i*2%pi/n)*A;

J = J + distance*eye(s);

B = Infinite_QR(J,s-section_size,1);
f = eig(B);

h = size(f,1);

f = f - distance*ones(h,1);

f = exp(~k*ixm)x*f;

plot (£, k*’);

hold on

end

Remark 8.3.1. We would like to emphasize that the input in Algorithm 8.3.1 is actually
not an infinite matrix, but a section of the matrix according to Theorem 7.4.3. In par-
ticular, if A € B(13(N)) is an infinite matrix and the section P;AP; is put into Algorithm
8.3.1 together with the variable section size = m, then the number of iterations used in
the Infinite QR algorithm in Algorithm 8.3.1 is equal to s — m.

Note that one of the great strengths of the Infinite QR algorithm is that it is robust
with respect to perturbations, and this is why the Infinite QR algorithm is an important
supplement to the methods introduced in Chapter 6. If we introduce a perturbation of A,
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Figure 8.4: The figure shows the sets from (8.3.4) with A replaced by A (the fat dots)
together with the image of the symbol (8.3.3)(thin line).

namely, the highly non-normal matrix

35 0 0 0
108 —35 0 0
05 -2 4i 0

1 05 -2 —4
0 1 05 -2
0 0 1 050 -2

SN
I
cocoococo

OO oo oo

the shifting strategy and the Infinite QR algorithm work surprisingly well. In Figure 8.4
we have repeated the numerical experiment visualized in Figure 8.3, but replaced A with

A.

8.3.3 Shifting Strategies and Hessenberg Reduction

It is obvious, from the previous examples, that the success of the rotate and shift technique
presented above will depend on the geometry of the spectrum of the operator one is
considering. A star shaped spectrum is obviously going to be hard (most likely impossible)
to detect whereas shapes close to a circle may be much easier. In other words, the closer
the the shape of the spectrum is to a convex set, the better.

Now, the problem with the rotate and shift strategy is that for each rotation one has
to run the Infinite QR algorithm again, and this is computationally expensive when the
infinite matrix has many non-zero subdiagonals. To combat this obstacle the idea is that
if A € B(I>(N)) has more than one non-zero sub-diagonal, then one computes the semi
upper Hessenberg matrix

H, =U,-- U AUy - - - Uy,

namely, the k-th term in the Hessenberg reduction, described in (8.1.2). This infinite
matrix has the same spectrum as A, but because P Hy P is upper Hessenberg it is much
more suitable for computations. Hence, H is computed only once, and then the rotate
and shift technique is used on Hj rather than A. Obviously k& has to be chosen according
to n where n denotes the number of iterations used in the Infinite QR algorithm. We will
explore the strategy explained above in the following examples.

In this example we will demonstrate the rotate and shift technique on an operator with
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Figure 8.5: The first figure shows o(A), the second figure shows the output of the Infinite
QR algorithm, the third show the output of the Infinite QR algorithm together with
Hessenberg reduction and the shift and rotate techniqe.

a slightly more complicated shape of its spectrum. Let

0 2% -2 2 0 0 0
00 2% i 2 0 0
5 0 0 2 -2 2 0
% 5 0 0 2 i 2
A=10 2 5 0 0 2 -2
00 2% 5 0 0 2
00 0 2% 5 0 0

In this case A is not a usual Toeplitz operator, however, the spectrum of A can be computed
using the methods in Chapter 6, and this is visualized in the first picture of Figure 8.5.
The second picture in Figure 8.5 shows

O'(PanAQ:L ’VPmIQ(N))’ m = 120, n = 950,
and the third picture shows the output of Algorithm 8.3.1 applied to
H,=U---UAU; - - - Uy, k =960,

with four rotations i.e. the following set is visualized

4 - LS
U{ei%j/\ —wW:NE U(Pan(e%JHk + WI)Q:; {Pml(N))L
j=1

where m = 120, w = 7 and n = 950.

In the next example we use exactly the same strategy as in the previous example,
however we leave the “Toeplitz like”’-type of operators and also recall how poorly the
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D
1@,

Figure 8.6: The first picture shows the output of the finite section method, the second
picture shows o(B) (the dark plot) together with the output of the Infinite QR algorithm
applied to B (light plot) and the third picture shows the output of the rotate and shift
algorithm applied to B.

finite section may perform on non-self-adjoint problems. Let

25+05 0 0O 0 0 0 0
1 3-05 0 0 0 0 0
0 1 17 005 0 0 0
0 0 005 1 0 0 0
B = 0 0 0 1 1 ass O :
0 0 0 0 1 1 0
0 0 o 0 0 1 1

where azj—12; = i for j > 3. In the first picture of Figure 8.6 we have shown o (P, B[ p,.i2() ),
where m = 500, to recall the rather poor performance of the finite section method. The sec-
ond picture shows the spectrum of B (the dark color) together with o((PnQnBQ;, [ p,.12(v))
(light color), where m = 600, n = 900. The third picture shows the output of Algorithm
8.3.1 applied to

Hy=U---U1BUy - - Uy, k = 1400,

with four rotations i.e. the following set is visualized

4
U {6_%j/\ —Ww:NE U(Pan(e%ij + wI)Q: [Pml(N))L
j=1

where m = 200, w = 7 and n = 1400.

As we see from the numerical examples, the Infinite QR algorithm performs very well
on non-normal problems, and one is able to get large parts of the boundary of the essential
spectrum. If we should try to predict something about what we might expect to prove, a
guess would be that one should be able to recover

dconv(c.(T)) No(T), T € B(H)

with the Infinite QR algorithm, where T is assumed to have k subdiagonals with respect
to some basis and conv(oe (7)) denotes the convex hull of the essential spectrum.






Closing Remarks

The main result in this thesis is the development of methods that allow approximations
and computations of spectra and pseudospectra of a large class of operators, including the
whole B(H) and large parts of C(H). However, there are several important unanswered
questions related to both theory and applications.

Concluding Remarks on Theory

The main question that is left open is the following: What is the complexity index of the
spectrum when one allows operators from the whole C(H)? The first thing we need to
determine is whether or not it is greater than one. There is absolutely nothing that suggest
that it should be one, but we must not rule out the possibility. However, if it turns out
to be one, this would have a dramatic impact in applications. It would essentially mean
that, from a complexity point of view, it is just as easy to approximate the spectrum of
a finite dimensional matrix as it is to approximate the spectrum of an arbitrary closed
operator on a separable Hilbert space. This is slightly counter intuitive, however, this is
yet to be proved or disproved.

The previously suggested general problem is of course important, but with the estab-
lishment of the complexity index, the whole theory of classifying computational spectral
problems in terms of their complexity emerges. We have shown that the complexity index
for the spectrum, when considering self-adjoint operators, is less than or equal to three,
however, we believe strongly that it is strictly less than three.

The theoretical exposition of the QR algorithm in this thesis is probably just scratching
the surface. Note that the numerical examples suggest that much more than what we have
rigorously shown here is true. In our theoretical framework on the QR algorithm we only
consider normal operators. This is a natural extension of the work by Deift et al., however,
it is in the non-normal case that the QR algorithm really shows its strength, and thus
theoretical tools for proving convergence in this case are absolutely crucial.

Concluding Remarks on Applications

The main task left open regarding application is how to improve the algorithms, in partic-
ular, how to speed them up. As the reader may have observed, the algorithms suggested in
Part-II are (although robust) quite simple. One would therefore think that there is room
for vast improvements. Also, as the main goal for this thesis has been generality, special
cases have not been given priority. As we now have reliable general methods, it would be
important to take advantage of additional structure (typically other structural properties

133



134 Closing Remarks

than self-adjointness). This has been done in the case of banded infinite matrices, but
what about particular types of operators in mathematical physics?

Some applications to Schrodinger and Dirac operators have been discussed, but only
implemented in the discrete case. It would therefore be interesting to see if the methods
suggested here could be used in non-hermitian quantum mechanics. The framework indi-
cated in this dissertation is based on computing spectra from the matrix elements rather
than from discretizations of differential operators. This means that one must find reliable
ways of computing the matrix elements. In the case of operators in quantum mechanics,
one must compute inner products of elements in L?(R"), and hence, one should proba-
bly join forces with the numerical integration community in order to pursue this project
successfully.
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