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Introduction

The consideration of the spectra of operators is an elegant means to transform an
intricate and abstract object like an operator in a Banach space into a subset of the
complex plane which is much easier to grasp and can be handled more intuitively.
Theoretical significance abounds in this concept, as the analysis of the spectrum
yields valuable insights into the properties of the corresponding operator. This
leads to a wide range of applications across diverse domains where spectral theory
has had far-reaching impacts and remains a dynamic field of ongoing research.

However, the exact determination of an operator’s spectrum, whether through
analytical or computational methods, is only possible in rare cases. Moreover, the
susceptibility of the spectrum to perturbations poses a substantial challenge, intro-
ducing uncertainties from model variations, approximations, and computational
errors.

In this thesis, we will explore various approaches aimed to address these chal-
lenges. Our primary tools are spectral supersets which provide more opportunities
for numerical computation strategies and / or exhibit greater resilience with regard
to perturbations. These supersets navigate a fine line, as they still need to be precise
enough to offer insights into key properties of the operator under consideration.

One way to construct a perturbation-resistant superset of the spectrum of an
operator A is to consider the union of the spectra of slightly perturbed versions of
A. The resulting set is called the e-pseudospectrum defined as

o(A)= |J o4+ P)

IPll<e

for some € > 0. See [51] for an in-depth treatment of pseudospectra, their applica-
tions and many examples. The numerical computation of o.(A) has been intensively
studied in the matrix case. However, for infinite-dimensional operators the usual
procedure is to compute the pseudospectra of finite-dimensional approximations
but so far convergence properties remain unproven in the general case.

Our approach, considering Hilbert spaces, is based on the idea to establish an
enclosure of the pseudospectrum using the well-known numerical range

W(A) = {{Az,z) |z € D(A), [lz| = 1},

see [23] for an overview. More precisely, we utilize the numerical ranges of the

xi



xii Introduction

inverses of shifted versions of A and first show that

oe(4) < () [Bs. W (A= 5)7) " +35] (1)

ses

for e > 0 and S C p(A). Furthermore, we prove that, depending on the choice of
S, this enclosure can be remarkably precise in the sense that it is contained in the
closure of the pseudospectrum under optimal selection of shifts.

To obtain a numerically computable superset of o.(A), we refine our approach
further. We demonstrate that it suffices to calculate the numerical ranges of
approximating matrices, i.e.

oe(4) € () [(Bs. (W (An = 5)7) " +35] (2)

seS

for n sufficiently large, where (A,,), is a sequence of matrices which approximates
the operator A strongly and S is a finite subset of g(A). At this point, we can
leverage the existence of highly effective algorithms in the literature for computing
numerical ranges of matrices.

The introduction of a decomposition H = H1 @ Ho of a Hilbert space H gives
the opportunity to take the concept of the numerical range one step further. In
this scenario, every bounded operator «: H — H can be expressed as a block
operator matrix of the form

C D

where A: H1 — H1, B: Ho — H1, C: H1 — Ho, D: Hs — Ho are bounded
operators. With this at hand, the quadratic numerical range (QNR) is defined by

wien= U e b))

2€S1,,YESH,

it

where Sy, = {x € H;|||z| =1}, i = 1,2. The monograph [52] provides a detailed
overview of many properties of the QNR and in [45] and [46], approximation
schemes for unbounded operators are established and convergence theorems are
proven relating the QNR of an operator to the QNR of its finite-dimensional
discretizations.

However, to the best of our knowledge, there are no effective algorithms for
numerical computation available even for the matrix case prior to this work.
The prevailing method relies on random vector sampling, which is not only very
expensive but also tends to yield bad results, particularly for higher-dimensional
matrices.

We present a novel computational method that achieves superior results in
less time. The key innovation lies in the strategic selection of the utilized vector
pairs (z,y) € Sy, X Su,, resulting in a point cloud that represents a high-quality
approximation of the image of the actual QNR, even with a relatively small
set of vectors. This selection process places particular emphasis on those (z,y)



xiii

that correspond to points near the boundary of the QNR. At the heart of this
methodology is the maximization of a purposefully tailored objective function. This
enables us to seek the boundary of the quadratic numerical range when moving
from an interior point in a specified direction. With the application of speedup
techniques, we demonstrate through various examples that the resulting algorithm
outperforms the random vector method in both quality of the produced images
and computational speed.

This thesis unfolds as follows: Chapter 1 lays the groundwork with known results
about the spectral theory for unbounded operators. We present the contents in a
manner tailored to meet the requirements of the subsequent chapters. Alongside
explanations of the fundamental principles, we place particular emphasis on the
theory of spectral perturbations, certain spectral subsets, and the spectra of
compact operators.

Moving forward to Chapter 2, we delve deeper into the three aforementioned
spectral supersets that underlie the entirety of this thesis. For each of these sets,
we start by outlining their basic properties and especially their relation to the
spectrum. Subsequently, we provide an overview of the current state-of-the-art
techniques for their numerical computation, summarizing the key principles of the
algorithms available in the existing literature. Each of the three sections ends with
a consistent example, enabling us to make meaningful comparisons between the
spectral supersets.

In Chapter 3, we expand upon the content presented in the article [18]. This
chapter details the process of obtaining the enclosure (1) and specifies how it can be
designed in an optimal way. Additionally, we explore various approximation schemes
enabling the derivation of a computable enclosure (2) for the pseudospectrum of
an infinite-dimensional operator that is expressed in terms of finite-dimensional
matrices. We commence with a more general strong approximation scheme, pro-
gressing to a uniform approximation scheme that provides an additional estimate
for the starting index ng at which (2) holds on bounded sets. The requirements for
both of these schemes are satisfied for example by finite element discretizations as
we show. In subsequent sections, we study two classes of structured block operator
matrices and explain how to derive strong approximations for them. The obtained
results are applied to the advection-diffusion operator, the Hain-Liist operator and
a Stokes-type operator and then discussed on the basis of the plotted enclosures.
Afterwards, in the concluding section of this chapter, we explore the relationship
between the pseudospectra of a third class of structured block operator matrices
and the pseudospectra of their Schur complements.

Moving on to the final Chapter 4, which builds upon the article [30], we focus
on the development of the novel algorithm for computing the quadratic numerical
range of matrices. Beginning with foundational analytical considerations, we
establish conditions under which segments of the QNR can be expressed through
explicit formulas. We also delve into the analysis of curves and their derivatives
within the QNR. Subsequently, we outline our approach for seeking the boundary
through the maximization of an objective function and describe how this function
can be chosen and why it needs to be adapted to the size and shape of the QNR
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in order to deal with non-convex regions. We support our method by proving
that this adaptation can in in fact result in the obtainment of a given boundary
point up to a small error whenever a weak regularity condition is satisfied. The
resulting algorithm at this point enables us to progress towards the boundary of
the quadratic numerical range after specifying an arbitrary point in the interior
and an arbitrary search direction. Building upon this foundation, we then develop
an algorithm that computes an approximation of the QNR of any given matrix
while automatically adapting the objective function in the process. Additionally,
we introduce a speedup technique that significantly reduces computational effort.
Multiple examples illustrate the high efficacy of this approach, particularly in
comparison to the random vector sampling method. We conclude this chapter with
a section devoted to the question why random vector sampling yields suboptimal
results for higher-dimensional matrices. We show that the probability that a point
in the QNR, determined by the random vector method, lies outside of a small
neighborhood of the expected value decreases exponentially with an increase in the
dimension of the matrix if its norm remains constant.



Chapter 1

The Spectra of Operators

Knowledge about the eigenvalues of a matrix or more generally about the spectrum
of a linear operator is a powerful tool in analysis and numerics and is of great
importance in many different areas. These range from more abstract problems
in functional analysis and control theory or stability analysis of linear dynamical
systems to applied settings in mechanics, chemistry, physics, economics and ecology.

In this chapter, we will outline the basis of the theory surrounding the spectra of
operators. Our focus is on the aspects that will be most relevant to the scope of this
thesis, like the influence of perturbations, certain spectral subsets and the special
case of compact operators. For more information we refer to [15, 32, 47, 51, 56]
where this topic is treated on a much broader scale.

1.1 The Spectra of Unbounded Operators

In linear algebra, a point A € C is said to be an eigenvalue of a square matrix M
if M — A is not injective (or equivalently not surjective) where I is the identity
matrix. In this section we give a brief overview on how the concept of eigenvalues
can be extended to the concept of spectra of potentially unbounded linear operators
A: D(A) C X — X acting on a potentially infinite dimensional complex Banach
space X.

Let I denote the identity on X.

Definition 1.1.1.  a) The resolvent set p(A) is the set of all A € C for which
A — M is bijective and the resolvent operator

R(AN) = (A=)t
is bounded.
b) The spectrum of A is defined by
a(A) =C\ o(4),
i.e. it is the set of all A € C for which A — Al does not have a bounded inverse.



2 1. The Spectra of Operators

In the following we will abbreviate an expression like A —AI by A — A whenever
its meaning is clear from the context.
It is immediate from the definition that

o(a+ BA) =a+ Bo(A) (1.1)

for a, g € C.

The concept of spectra is of interest only, if the operator under consideration is
closed, i.e. if its graph G(A) = {(x, Az) |z € D(A)} is a closed subset of X’ x X.
This is because if A is not closed, we always have o(A) = C due to the fact that in
this case none of the A — X with A € C is closed either and if A — X is invertible,
we have

G((A=N7") ={((A= Nz, x)|z € D(A)}

and thus (A —\)~! is not closed too and therefore not bounded. On the other hand,
if A is closed, the boundedness of (A — \)~! follows directly from the surjectivity
of A — X by use of the closed graph theorem.

Theorem 1.1.2. Let A € o(A). Then the following assertions hold:
a) R(A,\) — R(A, p) = (A = n)R(A, N R(A, p) for all pu € o(A);
b) The function R(A,-): o(A) — L(X), A — R(A, ), is analytic;
) [[R(A, N[ > m-

Proof.  a) From the definition of the resolvent we see that

z = (A— NR(A Nz = R(A,\) (A - Nz

holds for every « € D(A). In other words, A and R(A,\) commute on the
domain of A. Furthermore, we have

R(A, 1) = (AR(A, X) — AR(A, \))R(A, )
also by definition of the resolvent. Subtracting these two equations and

using the commutation property just mentioned yields the desired resolvent
equation.

b), ¢) Let p € C with A — pu| < m for some § € (0,1). We will show that

u € o(A) and
R, = w—A)"R(A, )" 1.2
n
n=0

coincides with R(A, u). For z € X we have

5’”

= N"R(AN" || € ————||R(4,N)|"
= A" R(A N0 < s RO )

= 0" [[R(A, M|l
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and thus the series (1.2) converges with ||R, || < M. By using a) we
0 1-5
have
(A=) R(AN) = (A= p)R(A,N) + 1.
This can be used to obtain

oo o0

(A= Ry == (1= N"RAN™ + 3 (1= \)"R(A, )"
n=0 n=0
=17
and similarly
Ry(A—pr =z
for all € D(A), which concludes the proof. a

Corollary 1.1.3. o(A) is a closed subset of C.

Proof. o(A) is open because by Theorem 1.1.2 ¢) we know that for every A € o(A)
the open ball around A with radius 1/|r(4,))| is contained in o(A). a

Theorem 1.1.4. If A is bounded, then o(A) is compact. More precisely we have

I n 1/"_ : n 1/"
max {|A| | A € 0(A)} = nl;n;o||A |7 = ;rellfVHA |7 <Al

r(A) = infneNHA"Hl/n 18 called the spectral radius of A.
The proof of Theorem 1.1.4 requires the following lemma about sequences in R.

Lemma 1.1.5. Let (a,)n, C R be a sequence that satisfies 0 < apym < anay, for

all m,n € N. Then
lim a, = inf Va, = a.

n— 0o neN

Proof. Let ¢ > 0 and choose N € N such that Yay < a +e. Let b =
max{as,...,any} and write n € N in the form n = kN + r with k¥ € N and
1 <r < N. Then we have

Y =l < (ahar) < (at o) opt
=(a+e)(a+e) b <a+2

for n large enough. a

Proof of Theorem 1.1.4. By choosing a,, = ||A"H in Lemma 1.1.5 we have that
||A”||1/" converges to 7(A) = inf,en||A™||/" for n — co. Let |A| > 7(A). Then

n 1/71
lim sup H (A)
n—o0o )\

n n
i AT ()

nooo Al A

<1
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n
ensures the convergence of Ry = —A\"1 > (%) . Moreover,

(A= MRy = _Z)\*(n+1)An+l +Z)\ann —7
n=0 n=0

and similarly Rx(A —A) = I. Thus, A € o(A), Rx = R(A, ) and 0(4) C B,.(4)(0).
Hence, with Corollary 1.1.3, o(A) is compact and rq := max {|A| | A € o(A)} exists
with rg < r(A).

It remains to show rg > r(A). Let therefore |u| > 9. For an arbitrary [ € L(X)’
we consider the function

fil(A) = L(R(A, X))
which is analytic on {A € C||A| > ro} by Theorem 1.1.2 b). As we have already
seen, this function can be represented as

A ==Y (A= (13)

n=0

on {\ € C||A| > r(A)}. From [11, Theorem V.1.11] we know that the series
representation of a complex-analytic function is unique and so the equality (1.3)
also holds on the larger set {\ € C||A| > ¢} and in particular in 4. Due to the
convergence we conclude

lim z(A"u—("“)) —0

n—oo

which makes (A"p~("*1) a weak null-sequence since [ € £(X)’" was chosen ar-

bitrarily. Hence, (A"/f("“)) is bounded therefore there exists a K > 0 such
that y
n|lY/n 1/n n+1)/p
[l < K )

Thus, |p| > r(A) for every |u| > ro which implies ro > r(A). a

Theorem 1.1.6. Let X be a Hilbert space with inner product (-,-) and A € L(X)
normal, i.e. A*A = AA*. Then we have

r(A) = [|A]].
Proof. We have || A*A| < ||A*||||A]| = ||A]|? and
||A:10H2 = (Az, Ax) = (A" Az, z) < ||A" Ax||

for every x € X with ||lz|| = 1. Hence, || A*A|| = ||A||* and thus also ||(A*A)?|| =
|A* Al|2. With this at hand we see

147 = [|(42)" 42| = [|(4"4)2] = 14" Al = (lAl2)°,

i.e. ||A%|| = [|A?, and because A" is normal for every n € N as well we have
142" = HAzk | for all k € N. Hence,

r(A) = lim ||4"|

n—oo

= dim 4% = 4], 0
k—o0
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Lemma 1.1.7. Let A be closed and X € o(A). Then we have
o(R(A,\)\ {0} = (o(4) = N)7".
Proof. For a u € C\ {0} we have
R(AN) — = —(A— A+ 1)uR(AN).

Note that R(A,\): X — D(A) is bijective and therefore R(A,\) — pu: X = X
is bijective if and only if A — (A + i) D(A) — X is bijective. Hence, we have
p € o(R(A,N)) if and only if A + i € o(A) if and only if = (v — A\)~! for some
v e p(A). Q

Corollary 1.1.8. Let X be a Hilbert space, A € L(X) normal and X € o(A). Then

we have
1

[R(A N = dist(\, o (A))”

Proof. Since R(A, \) is normal as well this is a direct consequence of Theorem 1.1.6
and Lemma 1.1.7 because

IR(A, V)| = max {|u| | € o(R(A,\)) }

—max{miAl W e a(A)}

1
- dist(\, 0(A))" -

We conclude this section with the consideration of block operator matrices.
The following results can be found in [52] and we also include the proofs here for
convenience of the reader. Let X} and X5 be Banach spaces such that X = A7 x Ab.

Definition 1.1.9.  a) An operator «7: D(&/) C X — X that can be written in
the form

Cc D

with linear operators A: D(A) C X1 — &1, B: D(B) C &y — &1, C: D(C) C
X1 — Xy and D: D(D) C Xy — X, such that

ax

D(«/) = (D(A) N D(C)) x (D(B) N D(D))
is called block operator matrix;
b) Let o/ be a block operator matrix. Then the operator function S defined by
SA)=D—-X—C(A=X)"'B for \ecp(A)

is called Schur complement of <7
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c) o(5) = {r € e(4)|0€a(SA)};

d) o(S) ={r € o(A)[0 € o(S(N)}-

Such a block operator matrix does not need to be closed or closable even if we
assume all of its entries A, B, C' and D to be closed. It is therefore natural to
ask under which conditions &7 is closed or closable and how this closure can be
obtained.

Theorem 1.1.10. Let &7 be a block operator matrixz and assume that C' is closable,
D(A) C D(C), o(A) # @, D(B) is a dense subset of Xo and that for some (and
hence for all) X € o(A), the operator (A — \)"'B is bounded on D(B). Then o is
closable (closed, respectively) if and only if S(X\) is closable (closed, respectively)
for some (and hence for all) X € o(A). In this case, the closure < is given by

Y

(1.4)

=A+{ ! OHA—A OHI (A—N B

C(A-N)"t T 0 S| |o I

independently of \ € o(A) where

D() —{ m € X x Xy

z+(A—N"1ByeD(A), yc D(S()\))}.

Proof. We start by noting that the assumptions on (A — )71 B and S(\) do not
depend on the choice of A € p(A). This is because from the resolvent identity
Theorem 1.1.2 a) we get that for A\g € o(A) the differences

(A=X)'B—=(A=XN)"'B=(MN—N(A—-X) (A4A-)N"'B,
S(X0) = S(N) = (Ao = NI +C(A =) (A= N)"'B)

are bounded. Next, (& — A) can be written in the form

S A= {O(Afx)—l ﬂ [AO_A S?)\)} [é (A_?)_lB} (1.5)

where (A—X)"'B = (A — X\)~'B|p(p) can be replaced by (A — X\)~!B because for
the domain of the middle factor we have

D(A) x D(S())) = D(A) x (D(B) N D(D)) C D(A) x D(B).

With this, the first and last factor in (1.5) are bounded and boundedly invertible in
Xj X Xy. Therefore, o/ — ) is closable (closed, respectively) if and only if the middle
factor is. Now since p(A) # @ implies that A is closed, we have that &/ — X is
closable (closed, respectively) if and only if S(A) is and the closure of & — A is then
given by taking the closure of the middle factor in (1.5). Lastly, the independence
of &/ on X implies the independence of the right hand side of (1.4) on . d
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Corollary 1.1.11. Under the assumptions of Theorem 1.1.10 we have
o()\o(A) =0o(S)
and, for A € o(S) = o(«/) N o(A) C o(),

(o =N

{1 —(A=NB] [A-N"1 0 [ roo0
0 I 0 SO\ -CA-N" 1

_ [((ﬂ—w)l ((ﬂ—»-l)Q]
(=), (@ =N),]

where

(=07, =(A- N+ A-NTB5N) C(a-N7,

(7 =N, =—(A-NTBS0)

(7 =N, =-50) ca-n"

(@ ~X7), =50

Proof. This is a direct consequence of Theorem 1.1.10 because the first and last
factor in the right hand side of (1.4) are bounded and boundedly invertible in
Xl X XQ. a

In [52], results like Theorem 1.1.10 and Corollary 1.1.11 are also given for
differently structured block operator matrices but the versions stated here suffice
for the scope of this thesis.

1.2 The Spectra of Perturbed Operators

Let us come back to the consideration of general linear operators A: D(A) C X — X
and study the influence of perturbations of A on the spectrum o(A).

Theorem 1.2.1. Let A € p(A). Then the following assertions hold:
a) A € o(A+ P) for any P € L(X) that satisfies ||P|| < m;
b) Conversely, for any e > m, there exists a P € L(X) with |P]| < & such
that (A4 P)x = Az for some v € D(A), x #0, i.e. A€ 0(A+ P).
Proof. a) Let P € L(X) with ||P|| < m and rewrite

A+P—-A=T+PA-N"1HA-)N).

Here, ||-P(A — A7} < ||P|I[I(A = X)7Y| < 1 implies the invertibility of
I+ P(A—X)~! by a Neumann-series argument. Hence, A+ P — ) is invertible.
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b) Let e > m. Then |[eR(A, )| > 1 and thus there exist u € D(A) and

v € X with |lu]| > 1 and ||v|| = 1 such that eR(A, \)v = u or equivalently
€v u
R(AN)— =
lull - flul
This proves the existence of © € D(A) and y € X with ||z]| =1 and ||y|| < e
such that y = (A — A)a. Now take S := span{z} and consider the functional
Ps € S’ that maps an element of S, i.e. a scalar multiple uzx of x, to u. We
have ||Ps|| = 1 and by the Hahn-Banach theorem, Pg can be extended to
a functional P on X with the same norm and P|s = Pg. Multiplying the
scalar value of P to —y results in an operator P € L(X) with || P|| = |ly|| < e
such that (A + P)z = A\x. a

The results of Theorem 1.2.1 are also referred to as the upper semicontinuity
of the spectrum. Roughly speaking, it says that a small perturbation of A can
only result in a small enlargement of o(A). However, the spectrum can be lower
simidiscontinuous in general as the following example from [32, p. 210] shows. Here,
the spectrum of A shrinks suddenly when it is subject to a small perturbation.

Example 1.2.2. Let X = (P(Z), p < 1 < oo, and let {z,, },ez be the canonical
basis on &, i.e. £, = (d,;);. Define A € L(X) via Azg = 0 and Az, = 1
for n # 0. Then ||A|| = 1 and thus o(A) is a subset of the unit disk in C by
Theorem 1.1.4. Due to the fact that for any A € C with |[A| < 1 the vector
u = Y o0 A"z, satisfies (A — A\)u = 0 and because o(A) is closed, we have
equality, namely

o(A)={reC||N <1}.

Now let € > 0 and consider the perturbation P € L(X') with || P|| = & defined via
Pxg = ex_; and Px, = 0 for n # 0. Then we have (A + P)™x,, = ex,_, for
0<n<mand (A+P)"x, = Tp_pm for n € Z\ [0, m[, which implies ||(A+P)™| =
max{1,e} for all m € N. Hence, (A + P) = lim,, o0 ||(A 4+ P)™||/™ = 1 and thus

o(A+P)c{reC|N<1} (1.6)

as before. However, 0 € o(A+ P), because A+ P is invertible with (A+ P)~lz_; =
e tzg and (A+ P)~lz, 1 = x, for n # 0. Moreover, we have ||(4 + P)7!|| =
max{1,e7'} for all m € N, which implies 7((A + P)~') = 1 as above. Thus,
o((A+P)7') c {A e C||A| <1} and by Lemma 1.1.7 this and (1.6) yield

o(A+P)={xeC|]x =1}

Hence, an arbitrarily small perturbation of A can result in the shrinkage of the
spectrum from the whole unit disk to the unit circle.

In the matrix case however, this can not happen as the following result shows.
Before we we state it, we have to clarify the notion of the distance between two
sets in C.
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Definition 1.2.3. For two nonempty sets K,L C C we define the distance
dist(K, L) via
dist(K, L) = inf ||k — 1
(s, 1) = sup (1~ 1]
and the Hausdor(f-distance dy(K, L) via
dy (K, L) = max {dist(K, L), dist(L, K)} .

Note, that K C B.(L) whenever dist(K, L) < € and dist(K, L) < ¢ whenever
K C B.(L).

Theorem 1.2.4. Let X be finite dimensional. Then o(A) is a continuous function
of A in the sense that

(i di(o(A + P),o(4)) =0.

Proof. This is [32, Theorem I1.5.14]. a

However, for some A, o(A) can still be very sensitive with regard to perturba-
tions even though there is a continuous dependence.

Example 1.2.5. Consider the n X n matrix

1 1 0 0
0

A= 0
: . o1
o ... ... 0 1]

with its only eigenvalue A = 1 and consider the perturbed version

11 0 ... 0
0 :
A+P=11 0
0 |
le O .. 0 1]
with some € > 0. Then, for x = [5* S 1] T we have

(A+ P)x = (1+5%) x.

Therefore, a perturbation of order O(e) produced a perturbation of an eigenvalue
of order O(z—:%).
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1.3 Spectral Subsets
The spectrum can be decomposed into different subsets, depending on the reason
why A — A is not boundedly invertible.

Definition 1.3.1.  a) The point spectrum o,(A) consists of all A € C for which
A — X is not injective. The elements in o,(A) are called eigenvalues of A.

b) The continuous spectrum o.(A) consists of all A € C for which A — X is
injective, not surjective and has dense range.

¢) The residual spectrum o,(A) consists of all A € C for which A — X is injective,
not surjective and does not have dense range.

If A is closed, we have 0(A) = 0,(A) Uoc(A) Uo(A), and if dim X < oo, we
have o(A) = op(A).

Lemma 1.3.2. Let A be closed and densely defined. Then we have
o (A) = o (4'),

where A’ denotes the adjoint of A.

Proof. Let A € C. By the Hahn-Banach theorem we know that

(A= ND(A) £ &
if and only if there exists a continuous linear functional 0 # 2’ € X’ with
2 ((A=Nzx)=0 (1.7)

for all x € D(A). This is equivalent to «'(Axz) = Az/(z) for all © € D(A) which
means that ' € D(A’) and (A’ — A\)z’ = 0. a

Remark 1.3.3. If A: D(A) C H — H is a closed and densely defined operator on a
Hilbert space H with inner product {-,-), the result of Lemma 1.3.2 can also be
expressed in terms of the Hilbert space adjoint A* of A, namely

ax(A) = (op(A7))".

The complex conjugation on the right hand side of this equation stems from the
fact that in this case (1.7) can be rewritten as

(A= Na,y) =0

with some y € H by the Fréchet-Riesz theorem. Due to the antilinearity of the

inner product in the second argument we now obtain (A4* — \)y = 0.

Let A € C. If there exists a nonzero x € D(A) (called eigenvector) with
(A— Xz =0 we have X € 0,(A). If we weaken this condition and assume instead
that there exists no constant ¢ > 0 such that ||(4 — A)z|| > ¢||z|| for all z € D(A)
then A is an element of another — potentially larger — subset of o(A) that will be
defined next.
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Definition 1.3.4. The approzimate point spectrum oap,(A) is defined as the set
of all A € C for which there exists a sequence (z,,), C D(A) with ||z,| =1 for all
n € N such that (A — X)x,, converges to 0 as n — oco. The elements in o,,,(A) are
called approzimate eigenvalues of A and the corresponding sequences (), are
the approrimate eigenvectors.

The spectrum, point spectrum and approximate point spectrum are related by
op(A) C oapp(A4) C o(A).
Lemma 1.3.5. We have
00 (A) C oapp(4),
where do(A) denotes the boundary of o(A).
Proof. Let A € Jo(A). Then there exists a sequence (Ap,), C o(A) with

lim A, = A

n—oo

By Theorem 1.1.2 we have
lim ||R(A, \)|| = o0

n—oo

and therefore there exists a sequence (yn ), C X with ||y,|| =1 for all n € N such
that

lim [|R(A, An)yn || = 0.

n—oo

Let z,, = HR(I‘LIWR(A’A")ZJ"' Then ||z,|| =1, , € D(A) for all n € N and
. . 1
Hence, A € gapp(4). a

Lemma 1.3.6. Let A be a closed operator. Then the following assertions hold:
a) Oapp(A) = 0p(A)U{A € C|(A—N)D(A) is not closed in X};
b) 0(4) = 0upp(4) Uar(A),
Proof. Let A ¢ 0app(A). Then there exists a constant ¢ > 0 such that
(A= Nz]| = cfz| (1.8)

for all z € D(A). Let (yn)n = ((A — N)x,)n be a sequence in (A — \)D(A) with
lim, oo ¥ = y € X. Then the inequality (1.8) implies that (z,,), is a Cauchy
sequence and therefore we have lim,, o, x,, = x for some z € X'. By the closedness
of A we obtain x € D(A) and y = (A — X\)z and therefore (A — A\)D(A) is closed.

If on the other hand, (A — A\)D(A) is closed and (A — )\) is injective, then
(A — X))~ exists on (A — X\)D(A) and is closed because A is. Hence, (4 — \)~1 is
bounded by the closed graph theorem and therefore

lz]l = [1(A = 2)7H(A = Nz < ¢ll(A = V]

holds for all x € D(A) and thus we have A ¢ o,p,,(A). This proves a) which implies
b). a
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1.4 The Spectra of Compact Operators

A linear operator A: X — X is called compact, if one of the following equivalent
conditions is satisfied:

a) A maps every bounded set to a relatively compact set;
b) A maps the closed unit ball to a relatively compact set;

¢) For every bounded sequence (z,), in X, the sequence (T'z,), contains a
converging subsequence.

Theorem 1.4.1 (Riesz, Schauder). Let A be compact. Then the following assertions
hold:

a) The possibly empty set o(A)\{0} contains at most countably many eigenvalues
>‘j Of A,’

b) If o(A) is infinite, then A\; — 0 as j — oo.
Proof. See [47, Theorem 2.10]. Q

Corollary 1.4.2. Let A be a closed operator with compact resolvent. Then the
following assertions hold:

a) o(A) is either empty or o(A) = o,(A) contains at most countadbly many
eigenvalues Aj;

b) If o(A) is infinite, then |\;| = oo as j — oo.

Proof. Let p € p(A). From Lemma 1.1.7 we obtain

o(R(A, 1)) \ {0} = (o(A4) — u)~".

Moreover, by replacing "bijective’ with ’injective’ in the proof of this lemma, we
also get the equality

ap(R(A, 1)) \ {0} = (0 (A) — )"

From Theorem 1.4.1 we know that o(R(A, p)) \ {0} contains at most countably
many eigenvalues p; of R(A, 1) that converge to zero if there are infinitely many.
Hence, we have

(o(4) = )" = o(R(A, 1)) \ {0} = o (R(A, 1)) \ {0} = (o (A4) — )~

These facts imply assertions a) and b), where A\; = p+ ,uj_l. a



Chapter 2

Spectral Supersets

The explicit computation of the whole spectrum of a linear operator by analytical
or numerical techniques is only possible in rare cases. Moreover, the spectrum
is in general quite sensitive with respect to small perturbations of the operator.
Therefore, one is interested in supersets of the spectrum that are easier to compute
and that are also robust under perturbations.

In this chapter, we recall what is known about these desired properties when it
comes to the e-pseudospectrum, the numerical range and the quadratic numerical
range. For each of these we start by giving the definitions and basic properties.

2.1 The e-Pseudospectrum

Let X be a complex Banach space and A: D(A) C X — X a linear operator. As we
have already seen in Section 1.2, the spectrum of A tends to be quite sensitive with
respect to small perturbations of the operator. It is therefore natural to consider
the union of the spectra of versions of A that have been slightly perturbed.

Definition 2.1.1. The e-pseudospectrum of A is defined as

o:(A)= |J oA+ P).

IPl<e

The notion of the e-pseudospectrum has been independently introduced by
Landau [35], Varah [54], Godunov [33], Trefethen [49] and Hinrichsen and Pritchard
[25]. Besides the fact that the pseudospectrum is robust under perturbations, it is
also suitable to determine the transient growth behavior of linear dynamic models
in finite time, which may be far from the asymptotic behavior. For an overview on
the pseudospectrum and its applications we refer the reader to [51] and [14].

Scaling and shifting of the operator A translates to the pseudospectrum in the
following way: We have

o-(a+ BA)=a+ fo <. (4)

13
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for o, B € C because of (1.1).
From Theorem 1.1.2 ¢), we have
1

IWMJW2$QXRES

for all A € g(A). Thus, ||R(A, \)| approaches co when A approaches the spectrum.
We will therefore introduce the following notational convention that will tacitly be
used throughout this thesis.

‘If A € o(A), we write ||R(A, \)|| = oo. ‘

Theorem 2.1.2. The e-pseudospectrum can be equivalently defined by
1
n.) = {xec|IRan] > 1},

Proof. This is a consequence of Theorem 1.2.1. Let A € J;pj. 0(A + P). Then
there exists a P € L(X) with | P|| < € such that

Aea(A+P). (2.1)

Now suppose ||R(A,\)|| < 1, ie. ‘R(i/\)” > ¢. Then Theorem 1.2.1 a) implies
).

A € o(A + P), which contradicts (2.1). The other inclusion follows directly from
Theorem 1.2.1 b). a

For two sets K, L C C we define
K+L={k+l|keK, leL}.
Theorem 2.1.3. The following spectral inclusion properties hold:

a) In general, we have
0:(A) D o(A4) + B.(0);

b) If X is a Hilbert space and A € L(X) a normal operator, then
0:(A) = o(A) + B.(0).

Proof.  a) o.(A) D o(A) is obvious. Let A € g(A) with dist(A,0(A)) < e. Then
Theorem 1.1.2 ¢) yields

1 1
AN > >~
IBA NI 2 Foa) ~

Hence, A € 0.(A) by Theorem 2.1.2.

b) Let A € 0.(A) \ 0(A). Then

1 1
- _IR(A.\ e
Tt oAy — IEANT> 2

by Corollary 1.1.8 and Theorem 2.1.2. d
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Figure 2.1: 0.(A) from Example 2.1.4 computed with EigTool

The numerical computation of the pseudospectrum of a matrix has been inten-
sively studied in the literature. Most algorithms use simple grid-based methods,
where one computes the smallest singular value of A — z at the points z of a grid, or
path-following methods, see the survey [50] or the overview at [14]. Both methods
face several challenges. The main problem of grid-based methods is first to find
a suitable region in the complex plane and then to perform the computation on
a usually very large number of grid points. The main difficulty of path-following
algorithms is to find a starting point, that is, a point on the boundary of the
pseudospectrum. Moreover, as the pseudospectrum may be disconnected it is
difficult to find every component. However, there are several speedup techniques
available, see [50], which are essential for applications.

The usual procedure to compute the pseudospectrum of a linear operator on
an infinite-dimensional Hilbert space is to approximate it by matrices and then
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to calculate the pseudospectrum of one of the approximating matrices. In [51,
Chapter 43], spectral methods are used for the approximation, but no convergence
properties of the pseudospectrum under discretization are proved. So far, only
few results are available concerning the relations between the pseudospectra of the
discretized operators and those of the infinite-dimensional operator. Convergence
properties of the pseudospectrum under discretization have been studied for the
linearized Navier-Stokes equation [19], for band-dominated bounded operators
[40] and for Toeplitz operators [7]. Bogli and Siegl [4, 6] prove local and global
convergence of the pseudospectra of a sequence of linear operators which converge in
a generalized resolvent sense. In [10], Colbrook et al. introduced a way of computing
pseudospectra of operators that can be written as an infinite-dimensional matrix.
Here, the operator A gets truncated and the algorithm produces subsets of the
pseudospectrum that converge to o (A) with a form of error control as the size of the
truncation increases. Further, Wolff [57] shows some abstract convergence results
for the approximate point spectrum of a linear operator using the pseudospectra of
the approximations.

Example 2.1.4. Let us consider the matrix

0 0 0 2i
0 0 0 0
0 0 —1+2i 2-2i
3 0 2-21 —-142i

A:

Figure 2.1 depicts the boundaries of the sets 01 (A),...,01(A) computed with the
EigTool Matlab package from [13]. Here, the black dots represent the eigenvalues
of A. As we see, the level sets differ from o(A) + B.(0) and if € is small enough,
0-(A) consists of several disconnected components.

2.2 The Numerical Range

Another well-established and thoroughly studied superset is the numerical range.
It is always convex which comes with both advantages and disadvantages as we will
see in the following short overview on its fundamental properties and in compari-
son to other spectral supersets later on. More details can be found in [22, 23, 27, 32].

Let H be a Hilbert space over C and let (-,-): H x H — C denote the inner
product on H. We will consider a linear operator A: D(A) C H — H.

Definition 2.2.1. The numerical range of the operator A is defined by
W(A) = {{Az,z) | x € D(A), [lzf| =1}.
In the literature, this set is sometimes also referred to as the field of values of A.
It is immediate form the definition that

W(a + BA) = a+ BW(A) (2.2)
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for a, B € C. If the operator A is bounded, then W (A) is bounded as well because
of

[(Az, z)| < [|A]
for all x € H with ||z|| = 1 by the Cauchy-Schwarz inequality. If in addition
dim H < oo, then W(A) is compact since it is the image of a compact set under a
continuous mapping.

Theorem 2.2.2 (Toeplitz-Hausdorff Theorem). The numerical range W(A) is a
conver set.

Proof. Let A and k be elements of W(A). We will show that the line segment
between A and x is also included in W(A). Due to the linearity of the numerical
range (2.2) we can assume without loss of generality that A =0 and x = 1, so let
x,y € D(A) with ||z|| = |ly|| = 1 such that (Az,z) =0 and (Ay,y) = 1. Our goal
is to find coefficients «, 8 € R such that for z = ax + Sy € D(A) the system

{||z||2 =a? + % + 206R(z,y) = 1, (2.3)

(Az,2) = B* + ap((Az,y) + (Ay,z)) =7
with 0 < r < 1 is satisfied. (2.3) is clearly solvable whenever B := (Ax, y) + (Ay, x)
is real. In the other case, if B € C\ R, we can multiply 2 by an appropriate scalar

factor in order to obtain a version of (2.3) with a real B. To this end consider
T = px where p = a + ib satisfies the system

{|u|2 =a?+ b =1,

3B(z) = aSB(x) + bR((Az,y) — (Ay,x)) =0

which is clearly solvable. d
Theorem 2.2.3. The following spectral inclusion properties hold:

p(A) CW(A);

a

) o
b) Tapp(A) € W(A);

¢) If A is bounded, we have o(A) C W(A);

d) If A is closed and has compact resolvent, we have o(A) C W(A).

Proof.  a) Let A € 0,(A) with corresponding eigenvector € D(A) such that
|z]| = 1. Then (Az,z) = A.

b) Let A € gapp(A). Then there exists a sequence of approximate eigenvectors
(xn)n C D(A) such that lim,,_,||(A — A)z,|| = 0. By the Cauchy-Schwarz
inequality we obtain

(Azp, ) — A= ((A— N)ap, zn)
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and therefore
lim (Az,,z,) = A.

n—r oo
This yields A € W(A).

¢) From Theorem 1.1.4 we know that o(A) is bounded and from Lemma 1.3.5
we have 00 (A) C oapp(A). This together with b) proves the assertion.

d) This follows immediately from a) and Corollary 1.4.2. a

Theorem 2.2.4. If A € L(H) is a normal operator, then the closure of the
numerical range coincides with the convex hull of the spectrum, i.e.

W(A) = conv(c(A)).

Proof. W(A) coincides with conv(c(A)) if and only if every closed half plane in
C containing o(A) also contains W (A). Since rotating and shifting A rotates and
shifts o(A) and W(A) accordingly, it suffices to consider the case where

o(A) € {A € C|RA < 0}. (2.4)

Suppose, W(A) ¢ {\ € C|RX < 0}, i.e. there exists a+ib € W(A) with a > 0. Let
x € D(A), |z|| = 1, with (Az, ) = a+1ib and take y € H such that Az = (a+ib)z+y
and (x,y) = 0.

For any A € R with A > 0 we have A € 9(A4) by (2.4) and

1

At AN = ey =

A= Nz

by Corollary 1.1.8. This implies

A < dist(N, 0(A)? < (@ — A +ib)z + y|?
= (a =N +0" + |lyl*.

Hence, 2aX < a? + b% + ||y||*> with @ > 0 for every A € R with A > 0. This is
impossible. a

Let us now consider a bounded linear operator A: H — H where dim H < oo,
i.e. the case in which H is isomorphic to C™ for some n € N and A has a matrix
representation. Over the years, several approaches for the numerical computation
of W(A) in the matrix case have been developed and they are based on at least
one of the two following core ideas. Note, that the convexity of the numerical range
is exploited in all of them.

The first method has been introduced by Johnson in [31] and is based on the
following observation: If 0 < # < 27 and xy is a unit eigenvector associated to
the largest eigenvalue of the hermitian matrix 3 (A 4 e7%A*), then (Azg, x9) €
OW(A). An approximation to W(A) is then obtained by choosing a mesh 6; = (j —
1)%, j=1,...,k, and the computation of the boundary points py, = <Al’9_] 0;)
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Figure 2.2: The numerical range and the eigenvalues of A from Example 2.2.5

such that the union of line segments that join py, to py,,,, 7 = 1,...,k, can be
plotted. In [12], Cowen and Harel paid particular attention to the case in which a
flat segment occurs in the boundary of W(A) and in [8], Braconnier and Higham
applied a specific implementation of the Lanczos method to optimize the required
eigenvalue solves for the hermitian matrices. Loisel and Maxwell developed an
algorithm for the computation of OW (A) that is based on tracking the dominant
eigenpair of the Hermitian part of e* A by solving an ordinary differential equation,
see [41].

The second method for the computation of the numerical range is based on
the fact that W (A) is always an ellipse if dimH = 2, see [23, Lemma 1.1-1]. For
a bounded operator A, Theorem 2.2.2 can also be deduced from this property
by showing that W (A) is equal to the union of the numerical ranges of all two-
dimensional compressions of A, see [23, Theorem 1.1-2]. In [42], Marcus and Pesce
showed that for matrices it is sufficient to consider the compressions derived from
pairs of real orthonormal vectors, i.e.

W(A) =W (4s,)

where
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with x and y varying over all pairs of real orthonormal vectors. They utilized
this result to develop an algorithm for the computation of the numerical range
by generating a random set of real orthonormal vector pairs and computing the
union of the sets W (A, ). Bebiano et al. improved this approach by using suitably
chosen vectors which generate boundary points of W (A), see [2], and Uhlig made
use of Johnson’s algorithm to select x and y such that each ellipse is more likely to
constrain the boundary, see [53].

Example 2.2.5. Let us consider the matrix

0 0 0 2i
A= 0 0 0 ' 0 .

0 0 —1+21 2-2i

3 0 2-21 —-142i

from Example 2.1.4 again. Figure 2.2 depicts the numerical range W (A) as a blue
set and the eigenvalues of A as red crosses. The computation of the numerical
range was done in Matlab using Johnson’s algorithm.

2.3 The Quadratic Numerical Range

In [37], Langer and Tretter introduced the quadratic numerical range (QNR) as a
new concept to enclose the spectrum of a block operator matrix in a Hilbert space.
The QNR is a subset of the numerical range that is not necessarily convex and
consists of at most two connected components which need not be convex either. See
[36] and the monograph [52], where many more properties are proven as well. For
applications of the QNR, we refer to [17], [29], [34] and [39] where the superset is
exploited for Krylov type methods, damped systems, spectral perturbation results
and the location of zeros of polynomials. In [45] and [46] approximation schemes
for possibly unbounded operators are established and convergence theorems are
proven relating the QNR of an operator to the QNR of its finite-dimensional
discretizations.

This section is devoted to state the definition and basic properties of the
quadratic numerical range. Let therefore H be a Hilbert space over C, let (-,-): H X
‘H — C be the inner product on ‘H and consider an arbitrary but fixed decomposition
of H denoted by H; & Ho = H. Furthermore, let <7 : H — H be a bounded linear
operator that will henceforth be written in the block operator matrix form

A B
7=[é 3]

where A: Hy — Hi, B: Ho — Hy, C: H1 — Ho, D: Hy — Ho are bounded
operators. Note, that every bounded operator on A can be written in such a form
once a decomposition H = Hi & Ho is chosen.
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Definition 2.3.1. The quadratic numerical range (QNR) is given by

Az, z) (By,x)
W)= | a<[< ’ ’
C ) D ) ’
resn pesn, \HCTY) (Dy.y)
where Sy, = {z € H;|||z|| =1}, i=1,2.
In other words, the QNR consists of the solutions A of the quadratic equations

N = ((Az,2) + (Dy, y)A + (Az,x)(Dy,y) — (By,2)(Cx,y) =0 (2.5)

with (z,y) € Sy, X Sp,.
Just as for the numerical range and the spectrum itself, we have

W2(a+ ) = a+ W?()

for o, 8 € C.
In order to shorten the notation we will henceforth use the abbreviations

— <A£E,LE> (By,x) 2X2
My = [<Cx,y> (Dy.y)| €©

for (z,y) € Sy, X Su,. This matrix can also be written in the form M, , = P</ |ranp,
where P is the orthogonal projection to the two-dimensional subspace of Hi ® Ho
T

] and {0 . Hence, we have
0 Y

spanned by [

W2() c{re ClAl < ||} (2.6)

The eigenvalues of a matrix depend continuously on its entries, see Theorem 1.2.4,
and therefore the mapping

Sy X Sy, 3 (z,y) = o(Mgy) (2.7)

is continuous as well. Thus, if dim H < oo, W?(&/) is compact since it is the image
of a compact set under a continuous mapping. Moreover, the continuity of (2.7)
explains the fact, that the QNR consists of at most two connected components.

Theorem 2.3.2. We have
W2() C W().

Proof. Let A € W2(«7). Then there exist (x,y) € Sy, X Sy, such that X € o(M,,),

i.e. there exists a vector {zl} € C? with |v1|? + |v2]? = 1 such that
2

ez Bl =)
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Taking the scalar product with [21} yields
2
A B [viz viz|\ _ A\
C D |vay]’ |v2y ‘
This implies A € W (/) because [515] H =1. Q
2

Theorem 2.3.3. The following spectral inclusion properties hold:
a) op(/) C W();
b) o(e/) C W2().
The proof of Theorem 2.3.3 requires the following lemma about 2 X 2 matrices.
Lemma 2.3.4. Let M € C?*2. If there erists a vector x € C? such that
lz]| =1 and |Mz| <€ (2.8)
for some & > 0, then dist(0,0(M)) < \/|[M]e.

Proof. We only have to consider the case in which 0 ¢ o(M). Then we can
transform (2.8) into an estimate for the norm of M~! via

_ _ 1 Mz
M= sup gl > [ |
lyll=1 [ M x|
(2.9)
:H v ‘: el 1
[Mz|||  [Mz]| ~ e
Moreover, because M ! can be written as
M= vy
det M

0 1
-1 0
matrix does not change the norm, we obtain

with the unitary matrix U = { } and because taking the transpose of a

M| (M)
|detM| |/\1/\2|

1M1 =

where A; and Ay are the eigenvalues of M. Combining this with (2.9) yields

min{|A], Az} < V[ M]le. u
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Proof of Theorem 2.58.5.  a) Let A\ € o,(«7). Then there exists an eigenvector
(z,y) € H1 @ Ha such that

Ax + By = Az,
Cz + Dy = \y.

By choosing (Z,9) € Sy, X Sy, such that z = ||z||Z and y = |ly||y (with
Z € Sy, arbitrary if e.g. © = 0) this gives us

which can be rewritten as

||$} [xll}
M, — .
N [Hyl Iyl
Hence, A € 0,(M; 3) C W ().

b) By Lemma 1.3.6 b) we have 0(%/) = 0,p, (%) Uo, (&) and we split the proof
into two cases according to this decomposition.
Let A € oapp(e). Then there exists a sequence (2, Yn)n C Hi & Ho with
|zl + lynl* = 1 for all n € N such that

lim H(ﬂ’ — ) {x”} =0.

n—oo Yn

Choosing (Zn,9n) € Su, X Sy, as in part a) of the proof, we obtain

lim (Ms 5 — A ”z"” —0.
Jim, (5. =) [
This together with || M3, 5.1 < ||<7| for alln € N (c.f. (2.6) and the reasoning
above) yields

lim dist(\, 0(Mjz, 4,)) =0

n—roo

by Lemma 2.3.4, i.e. A € W2(&)

Let now A € 0,(<7). Then by Remark 1.3.3 we have A € o,,(</*) and therefore
A € W2(a/*) by part a). W2(a/*) coincides with W?2(&7)*, because all the
coefficients in (2.5) are complex conjugated. Hence, A € W?2 (/). a

Example 2.3.5. Let us consider the matrix

00 o0 2i
00| o0 0

0 0[-1+2 2-2
3 0 2-2 —1+2i
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-3 -2 -1 0 1 2
Figure 2.3: The QNR and the eigenvalues of 2/ from Example 2.3.5

from Examples 2.1.4 and 2.2.5 again with the decomposition C* = C? @ C2.
Figure 2.3 depicts the quadratic numerical range W?(.7) as a blue set and the
eigenvalues of &7 as red crosses. The computation of the QNR was done in Python
by use of the algorithm introduced in Chapter 4.



Chapter 3

Pseudospectrum Enclosures
by Discretization

As described in Section 2.1, the e-pseudospectrum of an operator is defined as the
union of the spectra of slightly perturbed versions of the operator. This superset
of the spectrum is robust under perturbations and preserves valuable information.
Unfortunately, it is hard to compute in the infinite-dimensional case, which is why
we are interested in a computable yet tight enclosure.

A simple method to enclose the pseudospectrum is in terms of the numerical
range. More precisely, under an additional weak assumption, the e-pseudospectrum
is contained in an e-neighborhood of the numerical range of the operator, see
Remark 3.1.9. While this superset is easy to compute for matrices, it can not
distinguish disconnected components of the pseudospectrum as the numerical range
is convex.

In this chapter, we propose a new method to enclose the pseudospectrum via
the numerical range of the inverse of the matrix or linear operator. More precisely,
for a linear operator A on a Hilbert space and € > 0 we show

oe(A) < () [Bs. (A= 5)7) " +5], (3.1)

ses

see Theorem 3.1.3. Here, S is a suitable subset of the resolvent set of A and the
inverse of a subset B C C is defined via B~! := {b='|b € B\ {0}}. This inclusion
holds for matrices as well as for linear operators on Hilbert spaces. Further, we
show that the enclosure of the pseudospectrum in (3.1) becomes optimal in the
sense that it is contained in the closure of the pseudospectrum if the set S is chosen
optimally, see Theorem 3.1.6. The idea to study the numerical range of the inverses
stems from the fact that the spectrum of a matrix can be expressed in terms of
inverses of shifted matrices [26].

We will then refine the enclosure (3.1) of the pseudospectrum of linear oper-
ators further and show that it is sufficient to calculate the numerical ranges of

25
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approximating matrices. More precisely, we show in Theorem 3.2.6 that

oe(A) € () [(Bs. (W (4n = 5)7) " +35] (32)

ses

if n is sufficiently large. Here (A,,), is a sequence of matrices which approximates
the operator A strongly. We refer to Section 3.2 for the precise definition of strong
approximation. If we even have a uniform approximation of the operator A, then we
are able to prove an estimate for the index n such that (3.2) holds in intersections
with compact subsets of the complex plane, see Section 3.3. In Section 3.4 we
show that finite element discretizations of elliptic partial differential operators yield
uniform approximations. Further, as an example of a strong approximation we
study in Sections 3.5 and 3.6 two classes of structured block operator matrices.
Subsequently, in Section 3.7, we apply our obtained results to the advection-
diffusion operator, the Hain-Liist operator and a Stokes-type operator by plotting
and discussing the computed supersets.

From a numerical point of view this new method faces similar challenges as
grid-based methods as a suitable set S of points has to be found and then the
numerical ranges of a large number of matrices have to be computed. However, this
new method has the advantage that it enables us to enclose the pseudospectrum of
an infinite-dimensional operator by a set which is expressed by the approximating
matrices.

In the final section we investigate the relation of the pseudospectrum of a block
operator matrix to the pseudospectrum of its Schur complement.

This chapter is an extended version of the article [18]. Here, some of the
results have been improved, newly added or are accompanied by more detailed
explanations.

Let H be a Hilbert space with inner product (-,-). If not explicitly stated
different we assume that A: D(A) C H — H is a closed and densely defined linear
operator throughout this chapter.

3.1 Pseudospectrum Enclosures using the Numer-
ical Range

In this section we present the basic idea of considering numerical ranges of shifted
inverses of an operator in order to obtain an enclosure of its pseudospectrum.

The central idea is the following: If A € C is such that 1/ has a certain positive
distance § to the numerical range of the inverse operator A~!, then this yields an
estimate of the form

(A= Nz|| = elz],  =eD(A),

with some constant € > 0. This will in turn be used to show A € p(A) with
[(A=X)7Y <1 ie A€o-(A). We make this explicit with the next proposition:
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Proposition 3.1.1. Suppose that 0 € 9(A). Then for every 0 < & < ﬁ and

12 e
o> ToA- T We have

-1

o-(A) C (Bs(W(A™)))

Proof. The inclusion is trivial for § = oo, so we can assume § < co. Let us denote
U= (B(;(I/V(Afl)))f1 G C. As a first step we show that

(A= Nz|| >e forall AeC\U, zeDA), |z =1 (3.3)

So let A € C\ U. We consider two cases. First suppose that |\ > ﬁ —e.
Then A # 0, A=! & Bs(W(A™1)) and hence dist(A\™1, W(A™1)) > 4. For z € D(A),
|z|]| =1 we find

§< AT = (A7) = (AT = AT e, )| < (I - AT,

Consequently,
—1 -1 |)\| -1 -1
(A =N = M[AAT = A7 )z|| = AT AT = A7)zl
o 0 ( 1 —5) 61— [|[AMe) .
A=A [0 S

In the other case if |A| < ﬁ —¢ then |M||A7Y|| < 1—||A7!||e and hence [ —AA~!
is invertible by a Neumann series argument with |[(I — XA™1)7Y| < ﬁ. For
x € D(A) with ||z|| =1 this implies

|| > ! >
x| > —— ———— >
[AZHII(T = AA=H) =]

1(A = Na|| = | AT = AA™H)

We have thus shown (3.3). In particular, A € C\ U implies A € 0app(4), i.e.
Tapp(A)NC\U = @. (3.4)

By Theorem 2.2.2 and because A~! is bounded, the set Bs(W (A™1)) is convex and
bounded. Therefore, C \ Bs(W (A™1)) is connected and hence also

1y -1

C\U = (C\Bs(W(A™)))

On the other hand, the boundedness of Bs(W (A~!)) implies that a neighborhood
around 0 belongs to C\ U. Consequently, the set C\ U is connected and satisfies
0 € o(A)NC\U. Using (3.4) and the fact that do(A) C gapp(A) (see Lemma 1.3.5),
we conclude that

C\ U C o(A).

Now (3.3) implies that if A € C\ U then [|(A — X)7!|| < 1 and therefore we obtain
Ao (A). Q
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The following simple example demonstrates that the é-neighborhood around the
numerical range is actually needed to obtain an enclosure of the pseudospectrum.

Example 3.1.2. Let A = diag(—1+i,—1—i,1+1i,1—14) € C***. Then A~! =
%diag(—l —4,—1+14,1—14,1+414) is normal and because of the compactness of the
numerical range in finite dimensions and Theorem 2.2.4, its numerical range is
simply the convex hull of its eigenvalues. Thus, W (A~!) is the following square:

Then, using the fact that z — % is a Mobius transformation, we obtain for
W (A=)~ the following curve plus its exterior:

We see that W(A~1)~! touches the spectrum of A. This is of course clear: if an
eigenvalue 1/)\ of A~! is on the boundary of W (A1), then the eigenvalue \ of A
is on the boundary of W(A~1)~!. In particular in this example we do not have
o.(A) C W(A=1)~! for any € > 0 since 0.(A) contains discs with radius & around
the eigenvalues, see Theorem 2.1.3.

Applying Proposition 3.1.1 to the shifted operator A — s and then taking the
intersection over a suitable set of shifts, we obtain our first main result on an
enclosure of the pseudospectrum:
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Theorem 3.1.3. Consider a set S C o(A) such that

M =sup||(A—s)!| < .
seS

Then for 0 < e < ﬁ we get the inclusion

oe(A) < () [Bs. (A= 5)7) " +5], (3.5)

ses

[(A—s)""|%e

where (53 Z m

Proof. For every s € S we can apply Proposition 3.1.1 to the operator A — s and

obtain
1

0:(A) —s=0.(A—s) C (BgS(W((A—s)*l)))f . a

Proposition 3.1.4. For s € p(A) and 0 < § < oo we have that

By, ()N [(BsW((A=9)71) " 45| = 2

_ 1 1
where ps = A=y 2 A e ere:

w((A—s)7") = hnd (A= s)""2,2)]

denotes the numerical radius.
Proof. Let s € o(A) and ¢ € (Bs(W ((A — s)’l)))i1 + s. Then
1
7=, € Bs(W((A- 5)7))
and we can estimate

1 1
—— <04 sup {(A—s)tr,z)| =04+ w(A—s)"t) = —.
|t — s lz=1 Ps

This implies |t — s| > p, and therefore t ¢ B,_(s). a
The sets (Bs, (W ((A — s)_l)))_1 in Theorem 3.1.3 are unbounded whenever

6s > inf [((A—s) 'z, 2)| = m((A—-s)"1)

~=zl=t

and this will always be the case if

. m((4 - 5)7")
A=) H(I(A = )7 +m((A—s)71)
due to 6, > %. This phenomenon is very common as we will see in the
next and other examples.
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Figure 3.1: Improvement of pseudospectrum enclosure by shifts

Example 3.1.5. Let us consider the matrix
A =diag(—1+4i,—1—4,1+1i,1—i) e C¥4

from Example 3.1.2 again. Figure 3.1 depicts the eigenvalues of A as red crosses, the
boundary of o.(A) with e = /2 as dotted black lines, the shifts S as green crosses

: EEENY T _ A=)t %
and the boundaries of the sets (B, (W((A—s)7!))) "~ with 6, = T T(A—s~T] 28
blue lines. In the top left, we have S = {0}, i.e. we are in the case of Proposition 3.1.1
without any shifts. As we can see, this only enables us to exclude a neighborhood
of 0 from the pseudospectrum. However, the introduction of shifts in the top right

and bottom of the figure causes a drastic improvement of the enclosure.

The following theorem shows that the enclosure of the pseudospectrum in
Theorem 3.1.3 becomes optimal if the shifts are chosen optimally. In particular,
the enclosure can be a superset of o.(A) and a subset of o.(A).

Theorem 3.1.6. Lete >0 and S, = {s € o(A)

)%
—s)~ e

(A=)~ = lerv} fory > 0.

Let further ”(A; < s < 0. Then the following assertions hold:

1=
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3 o () N [Bavia—s) ™+

v>0s€S,
1
C {)\ € (C’ (A=) > 5};
b) If e=1 is not a global minimum of the norm of the resolvent of A, we have

{reclia-n= 1) —om

c) If et is not a global minimum of the norm of the resolvent of A, we have

=N N |EE-sm)

v>0s€8,

-1

+s];

d) If A is normal with compact resolvent and L > 0, there exists an g9 > 0
(depending on L) such that for all € < gy we have

oo (A)NBLO) = () () [B5(W((A-9)71) " + 5| NBLO),

¥>0s€S,

S l(A-s)"%e
where 55 = W

Proof.  a) The first inclusion follows from Theorem 3.1.3. In order to prove the
second inclusion first note that

S0 () [BoW((A=9)) " +5] =2

s€S,,
for every v > 0 by Proposition 3.1.4. Hence,

N N [@va-9) " +s] c Neus,

v>0s€S, ~>0

egs-efensfiu-rie)

v>0

~{sec|ia-a1=1}.

b) From [6, Theorem 3.2] we have that the norm of the resolvent can only be
constant on an open subset of g(A) at its minimum. Since by assumption
¢~! is not this minimum, we obtain the equality

€CHIA=NT= < = o=(A),
\ 1
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c¢) Taking the closure in Theorem 3.1.3 yields

se(d)c () N [(B55<W<<A—s>—1>>)1+s].

¥>0s€S,
The other inclusion can be shown as in part a) since we also have

S0 () [BoW({A=51) " +5] =2

s€8,

for every v > 0 as a consequence of Proposition 3.1.4.

d) By a) it suffices to show that A € o(A) NBL(0), [[(A— )7t = I implies

A ¢ (B&(W((A - 5)_1)))_1 + s for some v > 0 and s € S,. Let

€1 = %min {dist(u, o(A)\ {u}) ‘ ue o(A) ﬂm} .

Since A has compact resolvent, Corollary 1.4.2 yields that the minimum
exists and is positive. With

g0 = %min {dist(u,0(A) \ {u}) | € () NBLiz, () (36)

we then have 0 < gg < e;1. Let now € < g9 and A € p(A) NBL(0) with ||(A —
M) = 1. Since A4 is normal, we get dist(\,o(A)) = € by Corollary 1.1.8
and hence there exists a y € o(A) such that |A — u| = €. In particular, we
have p € Br4¢,(0). Choose now v € (0,69 —€), i.e. € < €+ 7y < &9, and set

€+
SZAH‘TV(/\—M)

Then s € B, (1) and
dist(s,0(A)) =|p—s|=ec+1.

Indeed, if 4/ € 0(A) NBrise, (0) with pu # 1/, then B, (u) NBe, (') = @ and
hence |p' —s| > eg. If 4/ € 0(A) and |p'| > L+3¢eq, then dist(u/, B, (1)) > €1
since B, (1) C Brye,+e0(0) and thus |’ — s| > &1 > &¢. Due to |u — 5| < &g
we therefore obtain dist(s,o(A4)) = | — s| and because A is normal we can
conclude

1

A—s) = ——
(A4=97=

by Corollary 1.1.8 again, i.e. s € S,. Since

1 (A=) N
S+ (A—s)"1 (1 (As)16>
1 _ (3.7)

(A—s)71
=7,



3.1. Pseudospectrum Enclosures using the Numerical Range 33

Proposition 3.1.4 implies

By our choice of s we have A € B, (s) and thus

M (Br(W(A=9)1)) " +s. Q

Remark 3.1.7. i) Note that €y in part d) depends on L. For instance, if we
consider an operator A with

we have lim,, o0 [t — tin+1| = 0, limy, o0 pt, = 00 and from (3.6) we obtain
eo — 0 for L — oo.

ii) The cutoff with the large ball Bz, (0) in part d) is not needed in the matrix case
(i.e. dimH < o00), or if the eigenvalues of A satisfy a uniform gap condition.
On the other hand, the equality in d) will typically not hold for all £ > 0, i.e.
the restriction € < g¢ is needed, even in the matrix case. This is illustrated
with the next (counter-)example.

Example 3.1.8. Let the normal matrix A be given by

()

and consider ¢ = 1. Then o.(A4) = B1(1) UB;1(—1), see Corollary 1.1.8, and in
particular 0 ¢ o.(A). See Figure 3.2 for the pseudospectrum with an enclosure.
We will show now that 0 € (B(;AS(W((A - s)_l)))_l +sforall s € S,, v >0, where

~ A_g)—1)2
0 = %. Hence,

e S M N [BrW(a=s)) " +5]
v>0s€S,

1

= we have

in this case. First observe that for s € S,, ie. [[(4A—s)7| =
m =, see (37) This lmphes

~ 1 1 1 e 1
55 = - — A — S -1 = — — =
v It N v ety qlet+y) y(147)

since € = 1. We also have
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-2.5

Figure 3.2: Exemplary enclosure of the 1-pseudospectrum of A from Example 3.1.8.
The blue lines depict the boundaries of the sets (Bs (W ((A — S)_l)))_1 + s for
some s in an S,,.

and hence
W((A-s)"1 = {T(l —s) (1 =r)(-1-5)"" ‘7‘ € o, 1]}

Due to A being normal, S, is the boundary of the (1 + 7)-neighborhood of {—1,1}.
Thus by taking so € S, with fso = 0 we have

|52 > [so]* = (1 +7)° =12 = 9> + 2y
and hence |s| > =, see Figure 3.3. From

1 1
+1—s) = (=s Y= |———+ =
(G107 = (7 = | s +

1 1
= <
sl £ 1 —s] = [s[(1+7)

we get

dist(— s~ W((A—s5)""))
< min r|(1—s)"" = (=sTH)|+Q=r)|(-1=5)"" = (=)

r€(0,1]
1 1

< <
[s|(T+7) (1 +7)
This shows that —s~' € By (W((A —s)")) and therefore

:6/;_

0 (B (W((A—s)1) " +s.

Remark 3.1.9. Note that under the assumption o(A4) C W(A) (which holds for
example if A has a compact resolvent by Theorem 2.2.3) it is known (see e.g.
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Figure 3.3: 1-pseudospectrum of A from Example 3.1.8 with S,

[51] for the matrix case) that the pseudospectrum can also be enclosed by an
e-neighborhood of the numerical range, namely

0-(A) C B-(W(A)). (3.8)
Indeed, for A € 0.(A)\ 0(A) we have ||[(A— X)~!|| > L and therefore
(A= Nzl <e  forall 2 € D(A), |z] = 1.
This implies
[(Az, z) = Al = [{((A = Nz, z)| < [[(A - Nzl <e

for © € D(A), ||z|]| = 1. See Remark 3.7.3 for a comparison of the enclosure (3.8)
with our method (3.5).

3.2 A Strong Approximation Scheme

In this section we consider finite-dimensional approximations A,, to the full operator
A. Our aim is to prove a version of Theorem 3.1.3 which provides a pseudospectrum
enclosure for the full operator A in terms of numerical ranges of the approximating
matrices A, ; this will allow us to compute the enclosure by numerical methods.

We suppose that 0 € 9(A) and consider a sequence of approximations A, of
the operator A of the following form:

a) U, C H, n € N, are finite-dimensional subspaces of the Hilbert space H;

b) P, € L(H) are projections (not necessarily orthogonal) onto Uy, i.e. R(P,) =
U, such that
lim Pox == for all x € H; (3.9)

n— oo
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c) A, € L(U,,) are invertible such that

lim A 'P,x= A1 for all x € H. (3.10)

n—r oo

In this case we say that the family (P, A, )nen approzimates A strongly. Note
that (3.9) implies that |J, .y Uy, is dense in H and that sup,,cy || P[] < oo by the
uniform boundedness principle.

Lemma 3.2.1. LetU,, P, be such that (3.9) holds and let A,, € L(Uy,) be invertible.
Then the following assertions are equivalent:

a) lim, oo A Pyx = A~y for all x € H, i.e. (3.10) holds;

b) sup,en 147 | 2@,) < 00 and for all x € D(A) there exists a sequence (Ty)n
with x,, € U, such that

lim z, =z, lim A,z, = Ax.
n—oo n—o0

Proof. a) = b). The uniform boundedness principle yields

sup || A, Pyl £py < 00
neN

Since [|A; tull = |A;  Poull < [|AL Poll 2o lJull for all w € U, this shows the first
part. For the second, let x € D(A) and set y = Az and x, = A,'P,y. Then
z, - A 'y =2 and A,z, = P,y — y = Ax as n — oo.

b)=> a). Let y € H. Set z = A~y and choose z,, € U, according to b). Then

A Py = A P Ar = AN (P Az — Anxy) + 2y

Since both P,Ar — Az and A,z, — Az as n — oo and ||A,'|| is uniformly
bounded, we obtain a). a

The following lemma shows that if A is approximated by A, strongly, then
A — ) is approximated by A,, — X strongly too, provided ||(A4, — A)~!|| is uniformly
bounded in n.

Lemma 3.2.2. Suppose that (P, Ap)nen approzimates A strongly. If A € o(A) is
such that A € o(Ay) for all n € N and sup,,cy || (An — N) 71| < oo, then

lim (A, =\ 'Paz=(A-XN"'2  forall z€HN.

n—oo

Proof. This follows immediately from Lemma 3.2.1 since

lim Apz, = Az <= lim (A4, — Nz, =(A—- Nz

n—oo n—oo

whenever lim,, soo T, = . |
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Remark 3.2.3. In the literature there is a variety of notions describing the approxi-
mation of a linear operator. Two notions that are close to our definition of a strong
approximation scheme are generalized strong resolvent convergence, considered
in [3, 4, 55], and discrete-stable convergence, see [9]. There are however subtle
differences between these two notions and our setting: First, we do not assume that
P,(D(A)) C D(A,,). Second, in Lemma 3.2.1 b) we do not have the convergence of
A, P,z to Az, which would be the case for discrete-stable convergence. Up to these
differences, the results of Lemmas 3.2.1 and 3.2.2 are well known in the literature,
see [3, Lemma 1.2.2, Theorem 1.2.9] and [9, Lemma 3.16].

We now prove a convergence result for the numerical range of the inverse
operator under strong approximations.

Lemma 3.2.4. Suppose that (P, Ay)nen approzimates A strongly. Then the
following assertions hold:

a) For every x € H with ||z|| = 1 there exists a sequence (Yn)n with Y, € Uy
and ||yn |l = 1 for all n € N such that

. —1 _ —1 .
Jim (A7 g, gn) = (A7, 2);

b) For all § > 0 there exists an ng € N such that

W(A™Y) c Bs (W(A,Y)  for all n > ne.

Proof.  a) We set y, = P,a/||Ppz||. Note that y, is well defined for almost all
n since ||Ppz|| — ||z]| = 1. We get y, — = as n — oo and

(AT 2, 2) — (AT Y, yn)| < (AT e — AT Paz, 2)| + (AL Pay 2 — )|
+ (AT (Pt = yn), yn)|
< A7 — A Pz + 1A Paz (|2 — gl
+ A 1 Paz =y,
which yields the assertion.

b) Since W(A™!) is bounded, it is precompact and hence there exist points
21y 2m € W(A™Y) such that

W(A™Y c U By 2(z5).

For every j € {1,...,m} we have z; = (A~'xz;,z;) with some z; € H,
lzj]| = 1, and by a) there exists n; € N such that for all n > n; there is a
y; € Uy, with ||y;]| = 1 such that

(A g, z5) — (A My, 50| <

NS
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Hence,
C U Bs ((A,:lyj,yﬁ) C Bs (W(A,:l))

for all n > ng := max{ny,...,nm}. a

The previous lemma allows us easily to prove an approximation version of the
basic enclosure result Proposition 3.1.1.

Proposition 3.2.5. Suppose that (P, An)nen approzimates A strongly. For
O<e< HA T and 0 > ﬁ there exists an ng € N such that

o:(A) C (B(;(I/V(A;Ll)))_1 for all n > ng.
Proof. By Proposition 3.1.1 we have
oe(4) © (B(W(a™))
where § = 1”1L|1\A71H Since § — 6 > 0, Lemma 3.2.4 yields a constant ny € N such

that
W(A ) cB; s (W(A,Y)) forall n>ng.

-5
Consequently, Bs(W(A™")) C Bs(W(4;,')) for n > ng and the proof is complete.
a

Combining the previous proposition with shifts of the operator, we get our
second main result. It is analogous to Theorem 3.1.3, but provides an enclosure
of the pseudospectrum of the infinite-dimensional operator in terms of numerical
ranges of the approximating matrices.

Theorem 3.2.6. Suppose that (P, Ayn)nen approzimates A strongly. Let the shifts
S1y-+-58m € 0(A) be such that

sup [|(Ay, — 8;) | < oo forall j=1,...,m.
neN

1 , l(A=s;)~
Let 0 < e < o A=) and 0; > 17”(Aj ) 1”5 forall j =1,.

Then there exists an ng € N such that

o-(A) C m [(B(;j(W((An - sj)_l)))i1 + s]} for all n > ng.

Jj=1

Proof. In view of Lemma 3.2.2, Proposition 3.2.5 can be applied to every A — s;.
Hence, there exists an n; € N such that

o-(A—s;) C (Bs,(W((An —s;)"1)) " forall n>nj.
Since 0.(A) = 0.(A — s) + s;, the claim follows with

ng = max{ni,..., Ny} a
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3.3 A Uniform Approximation Scheme

In this section we pose additional assumptions on the approximations A,, of the
infinite-dimensional operator A, that will allow us to estimate the starting index ng
for which the pseudospectrum enclosures from Proposition 3.2.5 and Theorem 3.2.6
hold on bounded sets.

Throughout this section we assume that A has a compact resolvent, 0 € o(A)
and that D(A) C W C H where the Hilbert space W is continuously and densely
embedded into H. The closed graph theorem then implies A=t € £L(#,W). Further,
we suppose that there is a sequence of approximations of the operator A in the
following sense:

a) U, C H, n € N, are finite-dimensional subspaces of H;

b) There exist projections P,, € L(H) onto U,,, n € N, not necessarily orthogonal,
with sup, ey || Pall < 00 and |[(I — Pp)wllzowv,x) — 0 as n — oo;

c¢) There exist invertible operators A, € L(U,), n € N, such that ||[A~1 —
AP, — 0 as n — oo,

We say that (P, An)nen approzimates A uniformly. For |[(I — Pp)lwllzov,n) we
will write abbreviatory ||[I — Pyl o 3)-

Remark 3.3.1. i) Property c) already implies that A has compact resolvent:
Indeed, A~! is the uniform limit of the finite rank operators A,!P, and
hence compact.

ii) If (P, Ay )nen approximates A uniformly, then also strongly. Note here that
from b) we first obtain P,z — x for x € W, which can then be extended to
all x € H by the density of W in H and the uniform boundedness of the P,.
One particular consequence of the strong approximation is

sup [| A, | < oo,
neN

see Lemma 3.2.1.

iii) Property c¢) amounts to the convergence of A, to A in generalized norm
resolvent sense, see [3, 4, 55] for this notion. Note however that our setting
has the additional assumption that P, — I uniformly in L(W,H) where
D(A) C W C H. For generalized norm resolvent convergence this is not the
case, but it will be a crucial element in the following proofs.

In order to obtain improved enclosures of the pseudospectrum under a uniform
approximation scheme, that is, additional estimates of the starting index nq for
which the pseudospectrum enclosures from Proposition 3.2.5 and Theorem 3.2.6
hold on bounded sets, we refine the results from Section 3.1 in terms of certain
subsets of the full numerical range of A~!. For d > 0 we define

W(A™ d) = {(Aflx,;w | lzl=1,zeW, |lz|w < d}. (3.11)
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Clearly, we have W (A=, d) C W(A~1). Moreover, since W is dense in H we get

Uw@-ta=wAn. (3.12)

d>0

Proposition 3.3.2. Let L > 0 and d = L||A™Y|z¢,w). Then the following
assertions hold:

a) o(A)NBL(0) C W(A™!,d)~!

1

b) If in addition 0 < & < HA e L>¢eandd > ﬁ, we have
-1

JE(A) N BLfs(O) C (Bé(W(Ailv d)))

Proof.  a) Let A € 0(A) with |A] < L. Since A has compact resolvent, there
exists an © € D(A) with ||z|| = 1 and Az = Az by Corollary 1.4.2. This

implies
1

o lzllw = 1A 2w < A7 ezl = A7 ] 2em)

and thus we obtain
Izl < A7 2wy Al < LIA | 2wy = d.
Consequently, \=! = (A~ tz, z) € W(A~L,d).

b) The proof is similar to the one of Proposition 3.1.1. We set

U= (Bs(W (A1)

and first show

[(A—=XNz| > forall \AeBjp_ e()\U

(3.13)
and x € D(A) with ||z|| = 1.

Let therefore A € Br_.(0) \ U and = € D(A) with |z|| = 1. We consider
three cases. Suppose first that |A| > ﬁ —eand ||z|lw < d. Then A #0

and from A\ ¢ U we obtain dist(A~!, W (A1, d)) > &, which implies
§< N (A7) = (AT = AT D, )| < (I = AT a.
Thus,

4= A)all = MIAG — 47l 2

- (o _5)— 50— A7) .
[T AT [a-TE =

I = A7
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In the second case assume ||z||yy > d. Then
d < [lzllw < 1A 2w | Azll,

which in view of A € By_.(0) implies
d

A—-Nz| > ||Az|| — N > ———————
1€ )zl = [[Az] = [Al A T zowm)

-\ =L-A>e
Finally, if |A] < m, the same reasoning as in the proof of Proposi-
tion 3.1.1 can be applied. Indeed, [A|[|A7]| < 1—||A~}|e yields that —\A~!
is invertible by a Neumann series argument with |[(I — AA™1)7Y| < ﬁ.
For x € D(A) with ||z|| =1 this implies

1
> ¢

||(A_ /\)1‘” = ||A(I_ )‘A_l)xH > ||A*1||H(I*)\A*1)71|| =

Hence, we have ||(A—)\)x|| > & once again and therefore (3.13) is proven. Now,

since A has a compact resolvent, (3.13) yields that A € By_.(0) \ U implies
A € o(A) with [|(A— X\)7!| < £ by use of Corollary 1.4.2. Consequently,

o:(A)NBL_(0) CU. a
From Proposition 3.3.2 we get again a shifted version:
Theorem 3.3.3. Let S C o(A) be such that

My := sug I(A=s)"Y <oo and M := su[S) (A=)l 2w < oo
ELS sE

—12
For0<e< M%J, L>e¢e, d= LM, and §, > M@Sfm we get the inclusion

— _ —1
oo(A) 0 (VBre(s) © () [(Bs. (W (A =5)""a)) ™" +5].
seS seS
Proof. Apply Proposition 3.3.2 b) to A — s for all s € S and note that
A€o (A—s)NBL_-(0)

if and only if
A+ s€o.(A)NBr_c(s). Q

Remark 3.3.4. By the continuity of the embedding W — H, the condition M; < co
already implies My < oo.

For a uniform approximation scheme, the numerical range of A~! can now be
approximated with explicit control on the starting index ng:

Lemma 3.3.5. Suppose that (P, Ap)nen approzimates A uniformly and set
Co = sup (AT TPl + 61 A7 1 Pall?) - (3.14)

Then the following assertions hold:
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a) Ifd>0,0<0< % and ng € N are such that for every n > ng
A= = AP, || + dCo|l I = Pallcow ) < 6,
we have
W(A Y, d) C Bs(W(AY)) for all n > ng;
b) If§ > 0 and ng € N are such that for every n > ng we have |A~1 = A1P,|| <
0, then

W(AY) CBs(W(A™Y)  forall n > ny.

Proof. Let x € W with ||z]| = 1 and ||z||w < d. Then we obtain
(A e, z) — (A Pox, Py

<A™z — A Pz, x)| + |(A, Py, x — P,x)|
< AT = AT Pallllz ) + A NP 2L = Pall cow, o llllw
< AT = AP + AN PRI = Pall o,

as well as
1= [[Pozll] < [l = Paz| < [T = Pallzow o llzllw

< d[|I = Pullcowm)-

Let n > ng. Then

5
1= l1Pazlll < dllil = Pallcowy < &
0
1
< —
-2
and hence ||P,z|| > 1. Let z, = ”P - Then |zn|l = 1 and
‘1_ | ||Pn517||21‘ _ (IPuz]| + D[| Paz]| — 1]
[Pnz? [Pn]? [Pn]?
1 1 )
= + 1 — || Paz]l
(||an| | Poz||?
< 6|1 - ||PTLIH|

< 6d|[1 = Pollcow,m)-
This implies

—1
A Pa, Po) = (A )] = (A7 P Py B 2
7lx

1

=1~
‘ 1Paz]?
< 6d|1 — Pallcowan A7 12117,

|<A:11Pn937 Pyx)l
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and thus for n > ng we arrive at

|<A_1.7;,x> - <A;1xnvxn>|
<A™ = AP+ dIT = Pallzow, (1AL PRI+ 6] A5 PP
<A™ = APl + dCollT = Pollcow,m
< 4.

This yields (A~ 1z, ) € Bs(W (A 1)) if n > ng and proves a).
In order to show part b), let x € U,, with ||z|| = 1. As x = P,x we have

(A e, @) — (A7 e, 2)| < ||A e — A7 a|||z]| = |4, Poz — A2
<|JJ AT = AP

Thus, (A, 'z, z) € Bs(W(A™1)) for n > ng. a
Corollary 3.3.6. If (P,, Ap)nen approximates A uniformly, then

WAL = {)\ eC ‘ IO )nen with Ay € W(AZY) and lim A, = A}

n—oo

or, equivalently,

WA = U wiah.
meNn>m

Proof. We first show the inclusion ”D”. Let (A,)nen be a convergent sequence
in C with \,, € W(A, 1) and define A\ = lim,, .o \,. Let § > 0 be arbitrary.
Lemma 3.3.5 b) implies that there exists an ng € N such that A\, € Bs(W(4™1))
for every n > ng. This implies A € Bs(W(A™1)) for every § > 0, and thus
AeW(A-D).

Conversely, let A € W(A~1 d) for some d > 0. Using Lemma 3.3.5 a), we can
construct a sequence (A, )nen in C with A\, € W (A4, 1) and X = lim,, o A\, The
statement now follows from (3.12). a

The last result shows that W(A~1) can be represented as the pointwise limit
of the finite-dimensional numerical ranges W (A, !). Lemma 3.3.5 even yields a
uniform approximation, but this is asymmetric, since one inclusion only holds for
the restricted numerical range W(A~!,d). A more symmetric result is discussed in
the next remark:

Remark 3.3.7. If U,, C W for some n € N then, due to the fact that the space U,
is finite-dimensional,

|2 [lw

d, =
vetd, |17

< 0

Using the same reasoning as in the proof of Lemma 3.3.5 b), we then obtain
W(AY) CBs(W(A™1, dy))
if |[A=! — AP, || < 6.
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Note however that for finite element discretization schemes the condition U,, C
W will usually not be fulfilled. In our examples for instance, U,, are piecewise
linear finite elements while W C H?(f) is a second order Sobolev space, and thus
U, ¢ W.

Under a uniform approximation scheme the pseudospectrum can be approxi-
mated as follows.

Proposition 3.3.8. Suppose that (P, Ap)nen approzimates A uniformly. Let
r>0,0<e <yt and

|A~Y|%e AP 7,
— << ——+ -||A7.
T <P S Ty T2
If we choose ng € N such that for every n > ng

[ A~1]|%e

A" = A Pl + (r + )l A | 2aew) CollI = Pallcow,my <6 — T—[A1e’

where Cy is defined in (3.14), we obtain

o-(A)NB,.(0) C (B(;(VV(A_I)))71 for all n > ng.

n

Proof. Let § = %, L=r+¢eand d= L||A""|zw). Proposition 3.3.2
implies

0.(A)NB,(0) C (B(W(A™',d))) "
Next, note that

~ 7., T
— <7 = —_
F-5< A7 = tim S[AL P

IN

1. _ _
5 limsup (AT Pl + 61 A P 1?)

Co

< 9
-2

because P, is a projection. We can therefore apply Lemma 3.3.5 with ¢ replaced
by § — ¢ and ng chosen as stated above and obtain

W(A ', d) C B;_s(W(A,")) for n>ng

and hence the assertion. a

3.4 Finite Element Discretization

As an example for a uniform approximation scheme defined in Section 3.3 we now
consider finite element discretizations. We use the standard textbook approach via
form methods, which can be found e.g. in [1, 48].
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Let V and H be Hilbert spaces with V C H densely and continuously embedded.
In particular, there is a constant ¢ > 0 such that

|zl <cllz|ly forall zeV. (3.15)

Moreover, we consider a bounded and coercive sesqui-linear form a: ¥V x V — C,
that is, there exist constants M,y > 0 such that

la(z,y)l < Mllz|lvllyly  and  Ra(z, ) = 5|zl (3.16)

for all z,y € V. Let A: D(A) C H — H be the operator associated with a, which
is given by

D(A) = {x eV ’ e > 0 |a(z,y)] < cx|ly|| for y € V},
(Az,y) = a(z,y) for all z € D(A) and y € V.

Another way of phrasing it is that € D(A) if and only if € V and there exists
an f € H with a(z,y) = (f,y) for every y € V. In this case we have Az = f. Then
A'is a densely defined, closed operator with 0 € o(A4) and ||[A~!|| < %, where ¢ > 0
is the constant from (3.15).

Let (Un)nen be a sequence of finite-dimensional subspaces of V which are nested,
that is U, C Up41. We denote by a,, = aly, the restriction of a from V to U,,. The
form a,, is again bounded and coercive with the same constants M and ~. Let
A, € L(U,) be the operator associated with a,, i.e.

an(z,y) = (Anz,y) for z,y €Uy

Then again 0 € o(A,) and [|A,!]| < % Let P, € L(H) be the orthogonal
projection onto U,. Thus, ||P,|| = 1 and A,, = P,A,+1lu,, that is, A, is a
compression of A, 1.

To obtain a uniform approximation scheme, we now consider an additional
Hilbert space W which is densely and continuously embedded into H such that
D(A) C W C V. We assume that there exists a sequence of operators Q,, € LW, V)
with R(Q,) C U,, and

Jim (|7 = Qullzov.y) = 0. (3.17)
Lemma 3.4.1. For all n € N the estimates
I = Palleov,sy < clll = Qullcow,v),
A7 = A7 Pall £ 1A eeom I — Quleowy
hold. In particular, the family (P, An)nen approzimates A uniformly.
Proof. For w € W we calculate
lw = Prwll = inf flw—u < flw = Quull < cllw - Quuwlly

<l = Qullcowwyllwlw,
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which shows the first assertion. Moreover, for f € H we set £ = A~'f and
xn, = A, 1P, f and obtain

a(z,y) = (Az,y) = (f,y) forall yeV,
a(Tp,u) = (Aptp,u) = (P f,u) = (f,u) forall well,.

Using the Lemma of Cea [48, Theorem VIL.5.A], we find

M
147 F = A7 Pfll = e = | < el =y < S5 inf o = uly
cM cM
< —llz = Qually < — 111 = Qullcov ) llzlw
Y Y
cM _
< THI— Qnllcov 1A  caem 1111,
which implies the second assertion. a

Theorem 3.4.2. Let A be the operator associated with the coercive form a and let
Ay, Qn be as above. Moreover, letr >0, 0 < e < ﬁ and

|A~% [A7Y%e T,
— << ———+ -||A7.
T <0 Ty T2
If ng € N is such that for every n > ng
_ ATt ?e
e St

1 = @ullcowy) <

)

A eaew) (L + (r+2)ZE)

then
o-(A)NB,.(0) C (B(;(VV(A;I)))71 for all n > ng.

Proof. We check that the conditions of Proposition 3.3.8 are satisfied: Using
Lemma 3.4.1, we estimate for n > ng and with Cy from (3.14),

AT = A P+ (r 4 )l A™ e CollT = Pall 2o 2

_ M 7c?
< el A e I = Qullcowo (v e 5)7)

|A~%e

- d
1—[[A=He

<6

Example 3.4.3 (Finite element discretization of elliptic partial differential opera-
tors). Let Q C R? be a bounded, open, convex domain with polygonal boundary I'
and I'p C T" a union of polygons of I'. Let

V= HY(9),
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equipped with the H'-norm. On V we consider the sesqui-linear form

2 2
a(u,v) = / z QijUg, Uy, + ZbiumﬁJr cuv | dx, (3.18)
Q

i,j=1 i=1

where a;; € C%'(Q) and b;,c € L>®(Q). We suppose that a is coercive and
uniformly elliptic. Let {7, }nen be a family of nested, admissible and quasi-uniform
triangulations of Q2 satisfying supyc diam(7T) < 1. Furthermore, let

W= H*(Q) N H}(Q),
be equipped with the H2-norm, and
Up = {ue C’Q)|ulr € PL(T),T € To,ulr =0} for neN.

Here, P1 (T) denotes the set of polynomials of degree 1 on the triangle 7. We get
U, C V. Moreover, the operator A associated with a is given by

2 2
Ay = — Z O, (asjug,) + Z biug, + cu,
i=1

i,7=1

D(A) = W.

For the proof of D(A) = W we refer to [21, Theorem 3.2.1.2 and §2.4.2].

By the Sobolev embedding theorem we have H?(Q2) — C°(Q). For u € W
we define @, u as the unique element of U, satisfying (Q,u)(x) = u(x) for every
vertex of the triangulation 7,,. Then @, € LW, V) with R(Q.,) C U,,. Moreover,
[1, Theorem 9.27] implies that there is a constant K > 0 such that

K
I = Qullcow,vy < — neN.

We conclude that Theorem 3.4.2 can be applied in this example with ny € N chosen
such that

KA aem) (X + 0 +2)72)
0 —2|| A~ '

ng >

Note, that in Example 3.4.3 we can also consider 2 to be an open interval in R.
All results continue to hold in an analogous way.

3.5 Discretization of Structured Block Operator
Matrices I

In this section we investigate discretizations of a certain kind of block operator
matrices. Let H; and Ho be Hilbert spaces with inner products (-, )%, and (-, ),
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respectively such that H = H; x Ho and consider block operator matrices of the
form

il

C D

where A is a closed, densely defined linear operator A: D(A) C Hy — Hi, B €
L(Ho,H1), C € L(H1,H2) and D € L(H2). Then the block operator matrix </
is a closed, densely defined operator on the product space H; x Ho with domain
D(e/) = D(A) x Ha. Additionally, we assume that 0 € g(A), 0 € o(D) and that
both A and —D are uniformly accretive, i.e. there exist constants v4,~vp > 0 such
that

R(Az, x)3, > vallz|3, forall z e D(A), (3.19)
R(Dy, y)n, < —pllyll3, forall ye Ho. (3.20)
Moreover, we either suppose
i(HB*II +IC1)? < ~vavp (3.21)
or
C =DB". (3.22)

Note, that (3.21) implies the existence of an 7 > 0 such that
1 *
Yay =74~ 5 (1B +[C) > 0,

n *
0y =10 = 2B+ [C]) > 0.

In the next lemma we show that under the above assumptions there is a gap
in the spectrum of &/ along the imaginary axis, and we also prove an estimate
for the norm of the resolvent. Similar results were obtained in [37, 38] under the
additional assumption that A is sectorial and, in [38], without the condition that
B and D are bounded. However, no corresponding resolvent estimates were shown.
We remark that the boundedness of D is not essential in Lemma 3.5.1 but will be
used thereafter.

Lemma 3.5.1. a) If (3.21) holds, we have
{NeC|-p, <RA<ya,} Co(«)

and
1

o — N7 <
it )= min {'yAn — §R)\,’yDn + §R/\}

if =D, <A < ya,.
b) If (3.22) holds, we have {\ € C| —yp < RA < ya} C o(«) and

1

MY <
It =27l < min{ys — R\, vp + RA}

if —vp < R\ < 7a.
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Proof. Consider the block operator matrix

I 0
J_[O _I]
a) For A € U = {A € C| —7p, < RA < y4,}, z € D(A) and y € Hy we

estimate

w(se-n[;][}])
] |y
=R(((A =Nz, z)p, + (y, B*z)p, — (C2,y) 2, — (D — Ny, y) )
> (ya — RN 2l3,, = 193 11B* 22, — 1C2 )30, 1yl 22,
+ (vp + RN |lyll3,
> (va — RN [|z]5, — UIB*I+ ICIDN ], 1yl
+ (vp + RN ||y |l3,

X 1 Ul
> (1~ Rl — 870+ D) (5 el + Zlole, )
+ (v + RN |yl1Z,
Ml
y

where ¢y = min{yAn — R\, YDy, + RA}.

> Cy

)

b) For A€ U:={AeC| —yp <RA<7ya}, z € D(A) and y € Hy we estimate

QSR H)

= §R(<(A - )\)IL‘,$>’H1 + <Bya 1‘>H1 - <B*‘T7y>?-l2 - <(D - )‘)ya y>7‘[2)
=R((A = Nz, z)3, — R((D = Ny, y)ne
> (va = RN)llzll3,, + (vp + RN Iy,

Ml

where ¢y = min{y4 — R\, vp + RA}.
In both cases, it follows that

=G = B B 2

for all B] € D(&/) and therefore

> cy

b

2

]

:

- [

m H for all m € D(), (3.23)
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because ||Jw| = ||w| for all w € Hq x Ho. In particular, A & oapp(&), i.e.
U N Oapp(27) = @. The adjoint of <7 is the block operator matrix
. |4 B

which also satisfies the assumptions of this lemma. Indeed, (3.20) obviously also
holds for D*. Moreover, the uniform accretivity (3.19) of A together with 0 € o(A)
imply that A —~4 is m-accretive, see [32, §V.3.10]. This in turn yields that A* —~4
is m-accretive too and hence

R(A*z,2)3, > vallzll5, forall ze€D(A).

It follows that (3.23) also holds for o7*. In particular, ker &7* = {0} or, equivalently,
R(#) C Hy x Hso is dense. On the other hand, (3.23) implies that ker o7 = {0}
and that R(«7) is closed. Consequently, R(%7) = H;1 x Ha and therefore 0 € o(#).
Using 0o (%) C 0app(97) and the connectedness of the set U, we obtain U C o(<7).
Now, (3.23) implies ||(«/ — A) 7| < 1/c, for all XA € U. a

We consider approximations <7, of .2/ of the form

A, B,

where

a) (Pin,An)nen is a family which approximates A strongly in the sense of
Section 3.2;

b) all projections P, ,, are orthogonal and all A, are uniformly accretive with
the same constant v4 as in (3.19);

c) U, C Ho, n €N, are finite-dimensional subspaces of Ha and P ,,: Ho —
U, are orthogonal projections onto Uy p;

d) B, = PinBlu,,, Cn = P2nCly,,, and D, = P>, Dly,,, where U, =
R(P1,y).

Lemma 3.5.2. The following assertions hold:
a) Either {\ € (C| — YD, <RA< 'yAn} C o(y,) and

1
min{ya, — R\, yp, + RA} for

(= N7 < — D, < RX <74,

if (3.21) holds, or {\ € (C| —vp <RAX <74} C o(e,) and

1
min{ys — R\, vp + RA}

(e =27 < for =D <RA <4,

if (3.22) holds.



3.5. Discretization of Structured Block Operator Matrices 1 51

b) (Pn, A )nen approzimates & strongly where Py, = diag(P1 n, Pap)-

Proof. a) From

<Dny7y>7-lz = <P2,nDy7y>H2 = <Dy>y>7-£2 for all (/S Z/[2,n

it follows that —D,, is uniformly accretive with constant yp from (3.20).
Consequently, Lemma 3.5.1 can be applied to <7,.

b) In view of a) and Lemma 3.2.1 it suffices to show that for all B] € D(A)x Hy

there exist {x"} € Uy n X Us,y, such that

n

lim [x"] = {x] and lim 7, [JS"} = {x] . (3.24)
Let therefore z € D(A) x Hz. From Lemma 3.2.1 we get z,, € Uy ,, with

x, = z and Az, — Azr as n — oo. Set y,, = P ,y. Then y,, — y and
1Dnyn — Dyllae, < |1P2n(Dyn — DY)llas + [|1P2,0 Dy — Dylla,
< 1Dyn — Dylls. + [ P2 Dy — Dyllae, — 0,

n — 0o,

i.e. Dy, — Dy. The proof of B,y, — By and C,z,, — Cx is the same.
Hence, we have shown (3.24). Qa

Theorem 3.5.3. Let either s1,...,8, € {)\ € (C’ — YDy < RN < 'yAn}, O<e<
minj—i _m (min{'yA77 - Rsj,vp, + %sj}) and

5
min{vya, — Rs;,yp, + Ns;}? —emin{ya, — Ns;,vp, + Ns;}

(Sj>

for 3 =1,....m, if (3.21) holds, or s1,...,8m, € {)\ € C| —9p < RA < ’yA},
0 < e <minj—, m (min{ya — Rs;,vp + RNs;}) and

.....

13
min{'yA — §R5ja'YD + §R$j}2 — Emin{’yA — %Sj,’}/D + %S]}

5j>

forj=1,....,m, if (3.22) holds.
Then there exists an ng € N such that

o.() N [(Béj(W((% —s) ) sj] for all > no.

j=1
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Proof. Lemma 3.5.1 yields

and Lemma 3.5.2 implies

_ 1
It = 5)7" < -

for j =1,...,m. Hence, the assertion follows from Theorem 3.2.6. d

Remark 3.5.4. Suppose that A is the operator associated with a bounded coer-
cive sesqui-linear form a on a densely and continuously embedded Hilbert space
V) C Hq and that Uy ,, W, P1,, € L(H1) and A, € L(Uy,,) are chosen as in
Section 3.4. Then (P ,, A,) approximates A uniformly, and hence also strongly,
see Remark 3.3.1. Moreover, the coercivity of a implies that A and all A,, are
uniformly accretive with constant y4 =« from (3.16). Hence, all assumptions of
this section are fulfilled in this case.

Furthermore, this setting would also be covered by the assumptions of the next
section.

Example 3.5.5. As an example for a block operator matrix that fits into the
framework of this section we take a look at the Hain-Liist operator. See [45] and
[46] for results on the approximation of the quadratic numerical range of such a
block operator. The Hain-Liist operator is defined by

1 d?
o = A B = _W@+2 I
B* D I 22 _ 3

on the Hilbert space H := L?(0,1) x L?(0,1) with

D(A) = {u e H*(0,1) |u(0) = u(1) = 0},

D(B) = D(D) = L*(0,1)
and D(&/) = D(A) x D(D). Here, all the assumptions stated in the beginning
of this section are fulfilled because we have 0 € o(4) N p(D) and A and —D are
uniformly accretive with y4 = 2+ ﬁ and vp = 1 because of the Poincaré-Friedrichs
inequality, see [56, p. 231], and the fact that f (2e27ri£ — 3) < —1 for all £ € ]0,1].
Thus, we have the spectrum free strip {/\ € (C’ —1<RA<2+ ﬁ} C o()
and a corresponding bound of the norm of the resolvent by Lemma 3.5.1. Confer
Example 3.7.2, where we construct finite element discretization matrices for this
operator and plot a superset of the pseudospectrum that gives us the ability to
distinguish disconnected components of the spectrum, in particular by displaying a
portion of the spectrum free strip.

3.6 Discretization of Structured Block Operator
Matrices 11

In this section we will consider a different class of structured block operator matrices
that — when compared to the setting in Section 3.5 — is more general in the sense
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that it also allows for unbounded off-diagonal entries and more restrictive in the
sense that it requires the operator in the top left to be associated to a sesqui-linear
form.

Let therefore H;,H2 be Hilbert spaces with inner products (-, )3, and (-, )%,
respectively such that H = H; X Hs and consider a block operator matrix
o D(o/) C H — H of the form

A B
s 3]
with D(«7) = D(A) x D(B) such that the following assumptions are fulfilled:

a) There is a densely and continuously embedded Hilbert space V; C H;, i.e.
there exists a ¢ > 0 such that

]|, < cllz|ly, forall x €V,

and a: V; x V; — C is a bounded and coercive sesqui-linear form, i.e. there
exist constants M,~y4 > 0 such that

la(@,w)] < Mllz]ly, lully,  and  Ra(z,2) > a2},

for all ,u € V; such that the operator A: D(A) C H; — H; is associated
with a. This means, that z € D(A) if and only if € V; and there exists
an f € Hy with a(z,u) = (f,u)y, for every v € V;. In this case we have
Az = f. Then A is a densely defined closed operator with 0 € g(A);

b) B: D(B) C Ha — H; is a linear and densely defined operator such that V; C
D(B*) and there exists a constant kp+ > 0 such that ||B*ul|y, < kp=||u|yv,
for all u € Vy;

¢) C: D(C) C H1 — Ha is a linear and densely defined operator such that
V) C D(C) and there exists a constant ko > 0 such that ||Cx||x, < ko|lz||yv,
for all x € Vy;

d) D € L(H2) and —D is uniformly accretive, i.e. there exists a constant yp > 0
such that R(Dy, y)n, < —ypllyl3,, for every y € Ha;

e) Either

1
Z(kB* + ke)? < yavp (3.25)
or
C =B". (3.26)
Note, that (3.25) implies the existence of an 7 > 0 such that
1
’YAn =A — %(kB* + kC) > 07

YDy =D — g(kB* +kc) > 0.
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The given assumptions do not guarantee that o/ is a closed operator. In order
to obtain an inclusion like

o.() c {(Bé,;(W((Wn —5)™))  + S]
seS

for a suitable set S and sufficiently large n € N we therefore have to make sure
that 7 is closable and we have to find suitable approximation matrices <7%,. We
will accomplish that by introducing the following form:

Definition 3.6.1. Let V:=V; x Ho and a: V x V — C,

a( H , m ) = a(w,u) + (y, B u)p, — (Cx,0)2, — (Dy, v)2,.

y| v
Lemma 3.6.2. a is a bounded and coercive sesqui-linear form.

Proof. We have

~ X u
a(([3] - [u])| = Mttt + s 17
+lC e ol + 1Dyl ol
< Mllz[lv, lullv, + kp=llyll#e wllv,
+ kel ol + 1Dyl ol
i
M et + ) Gl + o)

LI

with M = 2max { M, kg~ ke, | D||} > 0.
For the coercivity, we consider two cases. If (3.25) holds, we obtain

<M

v %

m( [ﬂ ’ [ﬂ ) > yallzl}, +R((y, B @), — (C2,9)ms) + 01yl

> vallely, — Iyl | B* 2l — 10 las 1yllae. + oIyl
> valaly, — (kg + ko)lylle lzllv, +vollyll3,

n 1
> allell, = (ks + ko) (Sl + ool ) + ol
1 2
= (74— %(kB* +ke) ) llzlly,

n
+ (10 = 2tk + ko)) Iy,

W\

(3.27)

27

1%
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with ¥ = min {7,47],7,317} > 0. In the other case, if (3.26) holds, we have

m( B’] ’ [ﬂ ) > yall2ll}, +R((y, B*2), = (Co)a) + 10wl

= allzll%, +0llyll3, (3.28)
2
=
>
=7 Hy] v
with 5 = min{y4,vp} > 0. a

Denote by J of the operator associated to a, where

)

Then J< is closed with 0 € o(J«). For {ﬂ € D(«/)=D(A) x D(B) C V and

{u] € V we have
v

E( {x] , {U] > =a(z,u) + (y, B*u)y, — (Cx,v)3, — (Dy,v)n,
= (Az + By,u)y, + (=Cz — Dy, v)3,
X u
-0 LB
Hence, J&/ C J.o/ holds and thus  is closable with & C /.

We also obtain the existence of a spectrum free strip similar to Lemma 3.5.1:

Lemma 3.6.3. a) If (3.25) holds, we have
{XeC|—p, <RA<c2ya,} C o()

and
1

o — N7 <
IC )l = min {6—27,% — §)‘E/\,7D,7 + 3?/\}

if =YD, < RA < ¢ 24,
b) If (3.26) holds, we have {\ € (C’ —p <RA<c 4} C Q(,SZ?S and

1
min{c=2y4 — R\, yp + RA}

I/ = N7 <

if —vp < R < ¢ 2v4.
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Proof. Let A€ U == {A € C|—7p, <RA < ¢ ?y4,} and { ] € D(). Just as in

(3.27) we obtain !
SCCEMRHPEEY [

where ¢y = min{c¢™?y4, — R, yp, + RA} and with the same arguments that led
to (3.23) we therefore have

2

)

[

m H for all m € D(). (3.29)

In particular, A ¢ Uapp(@?j7 ie. UN Uapp(,@?j = @. Because of 0 € p(#/) we can

use 0o (&) C oapp(9/) and the connectedness of the set U to obtain U C o(«7).

Now, (3.29) implies H(J— A)7H| < 1/cy for all A € U which proves a). For b), the
same line of reasoning can be applied with (3.28) instead of (3.27). a

Theorem 3.6.4. Let U, , C Vi, n €N, be a finite dimensional subspace for which
there exists a mapping Qn: Vi — Uy ,, with

le |z — Qunz|lv, =0 forall ze€ly

and let U ,, C Ha, n € N, be a finite dimensional subspace for which there ezists a
projection P, € L(Hz) with R(Pa,) = Uz, and

ll)m ||y - P2,ny||7-£2 =0 fOT’ all ye H2~
Let further Py, € L(H1) be a projection with R(Py n) = Uy, and

lim ||z — P x|y, =0 forall z€Hy
n—oo

and denote by JQZ: the operator associated to the restricted form

Zi|l/{1,n><l/{2,": (ul,n X Z/{Q’n) X (ul,n X Z/{Q’n) — C.

Then ( |:P6n PO } ,Mn> is a strong approzimation of </ in the sense of
2,71 EN
Section 3.2. "

Proof. Let us define

_ Qn 0
R”_[o Panl

For {ﬂ € H we set

-l = B A0



3.6. Discretization of Structured Block Operator Matrices I1 57
Then we have
(B =7 BED - CELED
Yyl v Yyl —g9] [V

for all {Z] €Y and

(Gl ED =Bl BD=0 T B ED
- B

for all Z" € Ui, X Us ,,. With this at hand we can now make use of the lemma
n

of Cea [48, Theorem VIL.5.A] in order to estimate

l7= (- T ] 1L =6 [

‘ H

H
T T
< max{c, 1 — "
B ¢ }‘ L/] L/J v
M
< max{c,1}— inf {m] - [u"]
’Y {Z:]eul,nxuln y Un %

o AR

M
= max{e, 1= (ke = Quall, + Iy = Ponslif)” =0

M
< max{c,1} —
v

v

N

for n — oo. a

Now Theorem 3.2.6 can be applied here in order to obtain the inclusion

@) < () [(Bs. 0V (=) 710) " 4]

seS

for a suitable set S.

In the following we are interested in finding sufficient conditions under which
the equality o/ = &7 holds.
Remark 3.6.5. A* is densely defined with D(A*) C V;, because A* is associated
to the adjoint form a* of a defined by a*(u,z) = a(z,u) for x,u € Vi, see [32,
Theorem 6.2.5, p. 323]. This is true because if we denote the operator associated
to a* by A%, we have

<A(£, U>H1 - a(:c,u) =a” (ua Z) - <Aadu7x>7{1 - <£C, Aadu>’H1
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for all z € D(A) and u € D(A*!). This implies A% C A*. Since we have 0 € g(A),
we also have 0 € o(A*) and because of 0 € o(A42!) we can therefore conclude
A = A,
Lemma 3.6.6. If D(C*) is a dense subset of Ha, we have
= 17| Z Az + A1 By)

Y Cz + Dy

for all [ﬂ € D(&) where

D() = { m e

Proof. As seen in Remark 3.6.5, we have D(A*) C V; C D(B*) and therefore the
inclusion

z+A1ByeD(A), y e D(C’AlB)}.

A7'B (B*A™")" € L(H2,H1)

holds, so A~!'B is bounded on D(B). The closure of A~!B is then given by
A~1B = (B*A~*)*. Furthermore, the denseness of D(C*) is equivalent to C' being
closable, so we can conclude that CA~!B is also closable. The assertion then
follows from Theorem 1.1.10 via

7Ll lea [0 p-cwmmlls ][]

A(x + A~1By)
C(x+A-'By)+ Dy — CA~1By

wanf]e{[]

Lemma 3.6.7. If D(C*) is a dense subset of Ha, we have

x+ A 'Bye D(A), y € D(C’A—lB)} and

CA-1Bc CA-'B. a

- m _ [A*(u 4 A*cw)}

v B*u+ D*v

for all [ﬂ € D(&/™*) where

D(*) = { m eH

u€D(B*), u+ A*C*v € D(A*)}.



3.6. Discretization of Structured Block Operator Matrices I1 59
Proof. We have D(A) C V; C D(C) and therefore the inclusion
AT*C* C (CA™Y* € L(Ha, H1)

holds, so A™*C* is bounded on D(C*). The closure of A~*C* is then given by
A—*C* = (CA~H~.

Let {Z] € D(&/*) be such that

SAFREDRIFREY

for all B] € D(&). If we then choose x to be 0, we obtain

<By’u>7'i1 = (ya Z = D*U>H2'

Hence, u € D(B*) and z = B*u + D*v. If on the other hand we choose y to be 0,
we obtain

(Az,u)gy, + (CAT Az v) gy, = (2, W),
or equivalently
(Az,u+ A=*C*0) 3, = (T, w)%, .
Hence, u + A=*C*v € D(A*) and w = A*(u+ A=*C*v). Since for any
el

we do also obtain the equation

Bl LD = (Bl 525

for every B] € D(«7), the proof is complete. a

we DB, u+ A+Crve D(A*)}

Definition 3.6.8. Let n € N. We define the Frobenius inner product (-,-)r on
HE*" via

(K, Lyp = > (Kij, Lij)n,

i=1 j=1

for all K, L € H3™".
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Theorem 3.6.9. Suppose that one of the following conditions is fulfilled:

a) D(C*) and R(C|p(a)) are dense in Ha, a(z,u) = a(Cx, B*u)y, holds for
an o € C\ {0} and all z,u € V1 and B is closed;

b) R(B*|pax) is dense in Ha and A* = aC*B* holds for an o € C\ {0} with
é ¢ op(D");
) Hi=HE, Vi =Vi1x - x Vi, CDC*"ND(B)" and ﬂ;;l Vi, is dense

in Ha for some n € N. Furthermore, a(z,u) = o(C*z, Bu)r holds for an
a € C\ {0} and all z,u € V1 where

B:V, C Hy — HY*™, Bu = [Bul Bun} ,

is closable and
C:D(C)CHY"™ = Hy

such that Vy C D(C*) and R(C*|p(ay) is dense in Hy™". Moreover, B*u =
B (Bu;); for all w € Vi and some B € C with |8] = 1 and Cz =
Y3 (C*x);; for all x € Vi and some v € C.

Then we have

o =d.

Remark 3.6.10. Note that the assumptions on a in a) and c) imply A = aBC|p(4),
A* =aC*B*|p(as and A = aB*C*|pa), A* = aC B respectively.

Proof of Theorem 3.6.9.  a) In this setting we can state the operator o explicitly.
Let B] € D(JZ/Z) and {ch] € ‘H be such that

(ELED=CELED oo [ e

Then we have
(L) -cor-awan -

for all v € Hy which implies ¢ = —C'x — Dy and we also have

A z] [u .

a( |:y:| ; |:0:| ) = (an—i—y,B u>'H2 = <fu u>7‘l1
for all w € V; which implies aCz +y € D(B) and f = B(aCx + y). On the
other hand, if we choose [ﬂ € V such that aCx +y € D(B), we obtain that

(BHEl) et S v
= (B(aCz +y),u)y, — (Cx + Dy, v)yn,
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holds for all [ﬂ € V. This shows

-

for all m e D() = { m eV

Due to D(C*) being dense in Hs, &/ is given as in Lemma 3.6.6 and since

aCzr+y € D(B)}.

o/ is also a closed extension of &/ we have & C <. By the same line
of reasoning as in the beginning of the proof of Lemma 3.6.6 we see that

A=IB = (B*A™*)* € L(H2,H1). In addition, we have A = aBC|p(4) and
thus, using D(A*) C D(B*) from Remark 3.6.5,

1 — * %k A —*\*
EﬂD(A):A 1BC‘D(A)C(O B*A™")" € L(H,1)

holds which implies 27 = A=TBC = (C*B*A~*)* and because of A=1BC C
(C*B*A~*)* we can therefore deduce A=1BC = 1I|p ). Combining this
with B € AA~1B we see that for z € V; and y € Ho, aCz +y € D(B)
implies © + A='By € D(A). This is because from aCz +y € D(AA~1B) we
get A~1B(aCx + y) € D(A) and the fact that A= B is defined on Hs yields
x4+ A~1By € D(A). The same arguments explain

B(aCz +y) = A(x + A~1By) for all [ﬂ € D().

It remains to show that y € D(CA~1B). Since A is invertible and A =
aBC|pay, we have that Clp(4) is injective and therefore

1

-1
CA B"R( EI|R(C|D(A)).

= CA‘lBCC\B%AﬂR(

Clp(ay) Clp(ay)

Now the assumption that R(C|p(a)) is dense in Hy implies that CA=1B = 17,
i.e. D(CA~1B) = Hsy. Thus, the inclusion &/ C &7 also holds true.

Because of A* = aC*B*|p4+ and D(A*) C D(C*B*), the inclusion
R(B*|p(a~) € D(C7)

holds. Therefore, D(C*) is dense in Ho as well, so &/ and &/* are given
as in Lemma 3.6.6 and Lemma 3.6.7 respectively. We will now show that
0 € o(/). To this end, first note that since o is a closed extension of </ , We
have o C o . Hence, we can use that the inequality

x

)

(@ ;][] =7

2 2

1 ~
>
v max{c, 1} K

H
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holds for all B] € D(&/) and some 7 > 0 by Lemma 3.6.2 to see that <
is injective with closed range. In order to obtain 0 € p(&) it is therefore

0. This leads to the two equations

A*(u+ A=*C*v) =0, (3.30)
B*u+ D*v =0. (3.31)

From (3.30) we obtain u = —A~*C*v, because 0 € p(A*) and thus (3.31)
gives us

—B*A=*C*v + D*v = 0. (3.32)

By the same line of reasoning as in the beginning of the proof of Lemma 3.6.7
we see that A=*C* € L(Hz2,H1) and since B* is closed, so is B*A=*C*.
Therefore, B*A~*C™ is closable and B*A—*C* C B*A—*C*. A* is invertible
and by assumption we have A* = aC* B*|p(a+), 50 B*|p(4+ is injective and
AT*C*B*|pany = éI\D(A*) holds. This implies

1
= EI|R(B*|D(A*>)‘

B*A—*C*

-1
|R(B*|D(A*)) ‘D(A*) R(B*|p(ax)

Hence, we obtain B*A=*C* = B*A—*C* = é[ by using that R(B*\D(A*))
is dense in Hy. With this at hand, (3.32) simplifies to

(D*—l.f)v:O
@

and since we have L ¢ o,(D*) by assumption this implies v = 0 and therefore
also u = 0, i.e. ker@”* = {0}. Due to R(</) being closed we can now
conclude that R(</) = H holds, so we have 0 € o(&/). From &/ C & and

0 € o(«7) N o(</) we then get the asserted equality &/ = 7.

Here we can state the operator o explicitly again. Let {x] € D(;zf/N) and
Y

[ﬂ € H be such that

(L) () o e

Then we have
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for all v € Hy which implies ¢ = —C'x — Dy and we also have

([} f)- v o

= (aC*z, Bu)p + <y,,BZ(Bui)i>
i=1 Ho
= {(aC*z, Bu)r + <Bdiag(y, ceY), Bu>F
= (f,w)
for all u € H; which implies aC*x + Bdiag(y,...,y) € D(B*) and
f=B*(aC*z + Bdiag(y, .. .,y)).

On the other hand, if we choose B] € V such that

aC*x + Bdiag(y, . ..,y) € D(B*),

we obtain that

a( |::E] ’ |:u] ) - a(l’,u) + <y’B*u>’H2 - <vav>7{2 - <Dyav>7{2
= (aC*z, Bu)p + (Bdiag(y, ..., y), Bu),
— (Cx + Dy, v),
= (B*(aC*z + Bdiag(y, ..., y)),u)
— (Cx + Dy, v),

Ha

holds for all [zﬂ € V. This shows

—Jz] _ [B*(aC*x + Bdiag(y. . ..,y))
)= ey

for all m € D() = { m 2%

to D(C*) being dense in Hs, <7 is given as in Lemma 3.6.6 and since o is

aC*x + pdiag(y,...,y) € D(B*)}. Due

also a closed extension of &/ we have o/ C /. Because of our assumption
on a we have A* = a@C B and thus D(A*) C D(B). We therefore obtain the
inclusion

AT'B* c (BA™*)* € L(HE™", H,),
so A71B* is bounded on D(B*). The closure of A~!B* is then given by
A~1B* = (BA™*)*. In addition, we have A = aB*C"*|p(4) and thus

1 — * vk — %\ *
EI‘D(A) =A"'B*C |D(A) C (CBA ) EE(Hl)
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holds which implies 27 = A-1B*C* = (CBA™*)* and because of A~1B*C*
C (CBA™)* we can therefore deduce

—_— 1
A-1B*C* = a]|fD(C*). (333)

Let K € H3*"™ be such that each column K; € HY =Hy,i=1,...,n,is an
element of D(B*). Then for u € D(B) we obtain

(Bu,K)rp = ([Buy ... Bun},K>F
= (Bui, Ki)w, = Y _(u;, B°K;)
i=1 i=1
<{ i Kl >
Hi
This implies D(B*)" C D(B*) and for K € D(B*)" we have
B*K,
B'K=| :
B*K,

For y € Ho define Y; as the vector in H; = H% with y in the j-th component
and 0 everywhere else. Then

Vo={yeH|Y;eV forallj=1,... n}=()V
is a dense subset of Hy. Let now y € V5. Then

B*Y; = ﬂZ(BYj,i)i = B(By);

i=1

forall j=1,...,n. For Y := [Yl Yn] = diag(y, ..., y) we thus obtain
Y € D(B*)" and B*diag(y,...,y) = SBy which implies

A7'B* pdiag(y,...,y) = |B*A"'By = A™'By.

Since Vs is dense in Ho, A=1B* € L(HL*", H1) and A=1B € L(Hz2, H1) by
the same line of reasoning as in the beginning of the proof of Lemma 3.6.6,
we conclude that

A-1B* Bdiag(y, ...,y) = A~ 1By

holds for every y € Hz. Combining this with B* C AA~!'B* and (3.33)
we see that for z € V; and y € Ha, aC*z + fdiag(y,...,y) € D(B*)
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implies  + A~1By € D(A). This is because from aC*z + Bdiag(y,...,y) €
D(AA-1B*) we get

A-1B*(aC*z + Bdiag(y,...,y)) =z + A~'By € D(A).
The same arguments explain

B*(aC*z + Bdiag(y, . ..,y)) = A(z + A~1By)

for all {ﬂ € D(;szv) It remains to show that y € D(CA~1B). Since A

is invertible and A = aB*C*|p(4), we have that C*|p(4) is injective and
therefore
C*A*lB*|R( )= C*A"'B*C*C*
1

~1
C™|p(a) |D(A)|R(C*\D(A))

Now the assumption that R(C*|p(4)) is dense in Hy implies that C*A~1B* =
17, By our assumption on C' we thus obtain for y € Vs that

n

CA™'By = ’yz (C*Aley)m = %Z(C*A*IB*diag(y, e Y))iv
i=1

=1

Y =

= — dia, yees i)
of ;Zl( (T
ny

ap”
We conclude CA~!B|y, = ap 1y, and due to Vs being dense in H we also

have CA='B = 721, i.e. D(CA~!'B) = Hs. Thus, the inclusion o C o also
holds true. Q

Remark 3.6.11. We see from the proof that the assumptions in a) that R(C|p4)) is
dense in H and in ¢) that Cx =~ | (C*x);, for all z € V; and some v € C and
that R(C*|p(a)) is dense in H5 ™" are only required to show that y € D(CA~1B).

Hence, in case they are not fulfilled, we still obtain the inclusions &/ C o Cd
where

-

for all m € D() = { m %

The following Example 3.6.12 is inspired by [5, Example 4.16] and deals with a
Stokes-type block operator matrix that fits into the framework of this section. In the
subsequent Example 3.6.13, this operator is then considered on a two-dimensional
spacial domain.

z+A-1By¢€ D(A)}.
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Example 3.6.12. Let H; = Ho = L?(0,1) and choose a;,as € C\ {0} and vp > 0
such that either

5
Z(|a1\ + |az2|)? < vp or o9 = —0y. (3.34)

With this, consider the Stokes-type block operator matrix

A B .
o = { } = | d& lag

where
D(ot) = {x € H2(0,1) ’x(()) = da(1) = o} x {y € H(0,1) | y(1) = 0}.
Here, all the assumptions made in the beginning of this section are fulfilled:

a) A: D(A) C Hi — Hi, A= —2i7, with
_ 2 _d _
D(A) = {z € B2(0,1) |2(0) = (1) = 0}
is associated to the sesqui-linear form
Y, —(d,. 4
a: Vi x VYV, = C, a(m,u)—<d5x, d£u>H ,
1

where Vi = {z € H'(0,1)| z(0) = 0} and we have
la(e,u)| < lzllv, ully,  and  Ra(z,z) > yallz]l3,

for all z,u € V; with v4 = é by the Poincaré-Friedrichs inequality, see [56,
p. 231];

b) B: D(B) C Hy — Hi1, B = a1 §g, with
D(B) ={ye H'(0,1)|y(1) =0}
is densely defined, D(B*) = V; and ||B*ully < |a1|||u|ly, for all u € Vy;
c) C:D(C)CHy— Ha, C= azd%, with
D(C) ={z € H'(0,1)|2(0) =0} =V,
is densely defined and ||Cz||y < |azgl||z||y, for all x € Vy;

d) D € L(M2), y — (—yp + 1)y, satisfies R(Dy, y)2, < —pllyl3, for every
y € Ho;

e) With kg = |ai| and ke = |as| we either have 1(kp~+ kc)? < yayp or
C = B* by (3.34).
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Moreover, D(C*) = R(C|p(a)) = {v € H'(0,1) |v(1) = 0} is dense in L?(0,1),

B is closed and a(x,u) = a(Cx, B*u) holds for all z,u € V; where a = —a11a2.

Hence, Theorem 3.6.9 a) can be applied and we obtain & = & with & as in
Lemma 3.6.6.

Additionally, the set R(B*|p(an) = {u € H'(0,1) |u(l) = 0} = D(C*) is
dense in L?(0,1), we have A* = a@C* B* and if we further assume —aay # —yp —1,
we ensure = ¢ o,(D*). In this case, Theorem 3.6.9 b) can be applied as well.

Furthermore, Lemma 3.6.3 provides the existence of a spectrum free strip with
a corresponding bound for the norm of the resolvent.

Example 3.6.13. Let Q@ C R? be a bounded open domain with piecewise C1-
boundary contained in [—s, s]? for an s > 0, H; = L*(Q)?, Ha = L*(Q) and choose
ag, a9 € C\ {0} and vp > 0 such that

(45® + 1)(Jaz| + |az2))® < vp. (3.35)
With this, consider the Stokes-type block operator matrix

| A oajgrad

c D|7 [agdiv —'yD—i—i}

o — {A B]
where D(«7) = H%(Q)? N H(2)? x HI(Q). Here, all the assumptions made in the
beginning of this section are fulfilled:

a) A: D(A) C Hy — Hi, A= —A, is the vector valued Laplace operator with
D(A) = H3(2)?2 N H}(Q)2. A is associated to the sesqui-linear form

a: V1 xVy = C, a(z,u) = (grad z,grad u) ,
where V; = H}(Q)? and we have

a(e,w)| < llzllv, ullv,  and  Ra(e,x) > yall2l},

for all z,u € V; with v4 = ﬁ by the Poincaré-Friedrichs inequality, see

56, p. 231];

b) B: D(B) C Ha — Hi, B = ay grad, with D(B) = Hg () is densely defined,
Vi € H'(Q)? ¢ D(B*) = {ue L*(Q)?|divu € L*(Q)} and ||B*ully, <
2|1 |||ully, for all u € Vy;

c) C: D(C) C Hi — Ha, C = asdiv, with V; € D(C) = H'(Q)? is densely
defined and ||Cz||y, < 2|az]||z|y, for all z € Vy;

d) D € L(M2), y = (—7yp + 1)y, satisfies R(Dy, y)n, < —7pllyl3, for every
y € Ha;

e) With kp- = 2|a;| and ke = 2|as| we have 1 (kp- + kc)? < vayp by (3.35).
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Here, C* is given by —as grad and via integration by parts we see that our
regularity assumptions on 9Q yield D(C*) = H}(Q) which is dense in L?(2).
Moreover, H1 = H3, V1 = D(C*)? = D(B)? and with

CK
. 2 2X2 _ 1
C:D(C)° CH;"* - H1, CK = [C’KJ ,

a(x,u) = —== (C*x, Bu), B*u = —%((Bul)l +(Bug)2) and Cz = a%((C*ac)Ll

Q10

+ (C*x)2,2) hold for all z,u € V;. However, R(C*|p(4)) is orthogonal to

div K1 -0

div K2 o

and therefore not dense in H2*2. Hence, by Remark 3.6.11 we have &/ C o Cd
with &/ as in Lemma 3.6.6.

Furthermore, Lemma 3.6.3 provides the existence of a spectrum free strip with
a corresponding bound for the norm of the resolvent.

{K € H'(Q)**?

3.7 Numerical Examples

In order to exemplify the previously developed theory we take a look at the results
of numerical computations. We investigate the steps that were involved in the
discretization of a given operator and describe a visualization of supersets of the
pseudospectrum that was created by using Matlab.

Example 3.7.1. Let us consider the the advection-diffusion operator A: D(A) C
L?(0,1) — L?(0,1) defined by
d? d
A=n—+ —
Tae e

with D(A) = {z € H*(0,1) | 2(0) = z(1) = 0}, which has also been examined in
[51, pp. 115]. For € D(A) and u € C*°(0,1) we have

1 2
(v = [ (n(ng:v(ﬁ)Jriw(&))ME)df
1 q — d d
- /0 O — () Tl de 536
=: a(z,u).

Let {’71 }nEN be the family of decompositions of the interval (0,1) where every
subinterval T' € T1 is of length % and set

U, = {x e 0(0,1) ‘x|T € Py(T),T € Tr,2(0) = 2(1) = o}
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T

0 i—1

n

3let
3

Figure 3.4: "Hat’ function ¢;

for n € N. Here, P;(T") denotes the set of polynomials of degree 1 on the subinterval
T. The piecewise linear 'hat’ functions

né—i+1, £e(5h 1),
i = Z+1—7’L§, 56(%7%)7
0, else,

for i € {1,...,n — 1} form a basis of U,, cf. Figure 3.4. Evaluating (3.36) at these
basis functions, the finite-element discretization matrices A,, of A are given by

A, = ((CL(@i»@j))i,j : (<90i"pj>);;>T'

With the choice of n = 0.015, Figure 3.5 shows the eigenvalues of A,, for n = 40
(red) and the sets
-1
(Bs,(W((An —5;)"1))  +s5

(blue) for a number of shifts sq,..., s, where §; = 1.11”_("?&;5—11;;% and € ~ 16.

100 = T

ﬂ%““{"/",

=

]
A-\.-\\}\\‘\I.."

T
Y (AN
__,-JJ/IA'”‘"
__— AN N
_____,_...——-’_‘_v"
P '

-100
-100

-80

-60

-40

-20

N

N

0

Figure 3.5: Pseudospectrum approximation for the advection-diffusion operator
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The shifts are located at a certain distance to the expected pseudospectrum so
as to obtain a relatively small superset thereof. The black line corresponds to the
boundary of o.(A,,) computed by EigTool, see [13]. This demonstrates the result
of Theorem 3.2.6 which actually yields an enclosure for the pseudospectrum of the
operator A while the black line only shows the boundary of the pseudospectrum of
the approximation matrix A,.

Example 3.7.2. In this example we will reconsider the Hain-Liist operator from
Example 3.5.5 which fits into the framework of section 3.5. We recall that the
Hain-Liist operator is defined by

%:[A B]:

B* D I 227 _

1 d?
—1700@4-2 I ]
3

on the Hilbert space H := L?(0,1) x L?(0,1) with
D(A) = {u € H*(0,1) | u(0) = u(1) = 0},
D(B) = D(D) = L*(0,1)

with 4(0) = u(1) = v(0) = v(1) = 0 we have

)
1) - /01 (<_1(1)Oi:2 +2) a(6) + 0(6) ) @
v (@(©) + (2627 — ) y()) v(E) de
- /O1 Wlod%m(od%@Jr (22(&) + y(&))u(6) d¢
+ /01 (2(8) + (27 = 3) y(€)) v(&) d€ (3.37)
(L)

As in the previous example, let {71} _. be the family of decompositions of the

interval (0,1) where every subinterval T € 71 is of length L and set
Uy =Usp = {u € C(0,1) ‘u|T ePy(T),T € Ta,u(0) = u(l) = o}
for n € N. Here, P1 (T') denotes the set of polynomials of degree 1 on the subinterval
T. The piecewise linear 'hat’ functions
nr—i+1, ze(=h L),
Pi=<i+1—nz, =z

=3

;
it )
v m )

3|

0, else,
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Figure 3.6: Pseudospectrum approximation for the Hain-Liist block operator matrix

for i € {1,...,n — 1} form a basis of U; ,, j = 1,2, and therefore the functions

o ((;51'70)7 ’LS’I’L—I,
7 (Oagi—n-‘rl), i>n-—1,

for i € {1,...,2(n — 1)} form a basis of U ,, X Us . Evaluating (3.37) on these
basis functions, the finite-element discretization matrices <, of &7 are given by

oy = ((a(% i))s; - (e, <Pj>)z'_,;>T '

Due to Lemma 3.5.2, Theorem 3.2.6 can be applied here. In order to illustrate the
inclusion specified therein the boundaries of the sets

(Bs, (W (0 —55)71) " + 55

(blue) are depicted in Figure 3.6 for shifts s1,..., s, € 0(&7). The choice of the
shifts was determined by the expected shape of the pseudospectrum aiming to
obtain a relatively small superset thereof. They are located on two circles around
—3 with radii greater and smaller than 2 and on lines parallel to the real axis in

the right half plane. Here, n = 600, §; = 1.1% and € =~ 0.4. The red
dots are the eigenvalues of .27, while the black lines correspond to the boundaries
of the pseudospectrum of the approximation matrix o.(<%,) computed by EigTool,
see [13]. Note that according to Theorem 3.2.6 the intersection of the blue areas
form an enclosure of the pseudospectrum of the actual operator o. (%), while the
black lines only give the information for the discretized operator. Furthermore,
a large portion of the spectrum free strip {)\ eC | —l<RA<2+ ﬁ} C o()
mentioned in Example 3.5.5 becomes visible.
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Remark 3.7.3. As already mentioned in Remark 3.1.9, we also have the enclosure
o.(4) C Be(W(A))

for operators A with a compact resolvent.

100 =

50

/ S0

07T li’ﬁnﬂﬂ\ >
0 20 4

_100 — | | |

-100 -80 -60 -40 -20 0

Figure 3.7: e-neighborhood of the numerical range of the advection-diffusion
operator

AR

_4 1 1 I
-6 -4 -2 0 8

Figure 3.8: e-neighborhood of the numerical range of the Hain-Liist block operator
matrix
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Note that, because both sides of the enclosure are in terms of the same operator
A, this only yields an enclosure for the discretized operator when applied numerically,
not the full operator. So let us take a look at the discretizations of the advection-
diffusion operator (Figure 3.7) and the Hain-Liist operator (Figure 3.8) again.
Here, the e-neighborhoods of the numerical ranges are depicted by green lines. As
you can see, this approach leads to a very similar result in case of the advection-
diffusion operator (where the pseudospectrum is convex), while it fails to distinguish
disconnected components of the pseudospectrum in case of the Hain-Liist operator.

Example 3.7.4. Let us reconsider the Stokes-type block operator matrix from
Example 3.6.12 that fits into the framework of Section 3.6. Here, H1 = Hy =
L2(0,1), V1 = {z € H'(0,1) | 2(0) = 0} and

d2 1 d
o [A B} = | jde  Tnde
C D 100 3¢ —1+i

with

D(t) = {x € H2(0,1) ’x(O) = da(1) = 0} x {y € H'(0,1) | y(1) = 0}.

As we have already seen, &/ = o holds in this case where o is given as in
Lemma 3.6.6.
Let further {’71 }nEN be the family of subintervals of (0,1) of length % and set

Upp = Usn = {x € C(0,1) ‘x|T ePI(T), T €T, x(0) = o} W

for n € N where IP; (T') denotes the set of polynomials of degree 1 on the subinterval
T. We will now show that every x € V; can be approximated by a function in
Ui, in the H-norm. Let therefore z € V; and € > 0. Since C*°(0,1) is dense in
L?(0,1), there exists an f € C°°(0,1) such that

d d €
|der — s, < 5

d% f € C*(0,1) on the other hand is uniformly continuous on [0, 1] and thus there
exists a § > 0 such that for all &;,&; € [0,1] with [§; — &2| < & we have

| 1(6) - (&) <

N ™

Now take n € N such that % < ¢ and choose a piecewise constant function v,, that
takes an arbitrary value of d% finevery T € T1. Then

d £
s =l <5
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Figure 3.9: Pseudospectrum approximation for the Stokes-type block operator
matrix

and hence
d d d d
e = wn] o < [l = s+ [ =]
d d d
< der ] + s = on
SN
2 2
With this, defining u,, via
1
un (§) ::/ vn(s)ds forall £ €[0,1],
0
we obtain u,, € U; , and
d d
Hd—gm — Tgun 12 < €.
It therefore remains to verify
|z — unllLe <e,
which holds true because by using z(0) = u,,(0) = 0 we have
1
o=l = [ fals) ~ (o) ds
0
1 S S 2
= / / Sex(t)dt —/ vp(t)dt| ds
o |Jo 0
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2
< ||d.._ < ||d .. _
<[l <[e o

L2
< £2,

Therefore, all the assumptions of Theorem 3.6.4 are fulfilled and thus Theorem 3.2.6
can be applied in order to obtain

(@) < () [(Bs. 0V (=) 710) " 5]

seS

for a suitable set S. The strong approximation matrices QQZ: are again obtained via
finite-element discretization by first constructing the basis "hat’ functions
nr—i+1, xe(=h L),
Pi=(i+1—nx, xc(i?l

0, else,

for i € {1,...,n — 1} that form a basis of U, ,, = 1,2, and

0 = (@i?o)v t<n-—1,
' (Oagi—n-‘rl)a i >’n’717
fori e {1,...,2(n — 1)} that form a basis of U; ,, X Ua,, and by then computing

~ —1\T
o = (@i 03)); ;- Ui 2 )
Figure 3.9 depicts the eigenvalues of 7, for n = 180 (red) and the sets
Ciyn -1
(Bs, W((An —5;)71))  +s5;

(blue) for a number of shifts s1,..., s, where §; = 1. 1% and ¢ =~ 0.3.
The choice of the shifts was determined by the expected shape of the pseudospectrum
aiming to obtain a relatively small superset thereof. Here, the positions of the
chosen shifts are illustrated by green crosses that are located at the origin, on
a circle with radius 4/5 around —1 + i as well as above and below the real

axis with a distance of 4/5 to {z € C|3z = 0}. The black lines correspond to
the boundary of ag(sz?;) computed by EigTool, see [13]. This demonstrates the
result of Theorem 3.2.6 which actually yields an enclosure for the pseudospectrum
of the operator o/ = o while the black line only shows the boundary of the
pseudospectrum of the approximation matrix 457\,: . Moreover, the plot shows a part
of the spectrum free strip {)\ € C| —1<RA< %} C o(4) from Lemma 3.6.3.
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3.8 Pseudospectra of Schur Complements

In this section we will relate the pseudospectra of a certain class of block operator
matrices to the pseudospectra of their Schur complements. Before we can state
this relation and the required assumptions precisely, we first have to introduce a
couple of definitions. Let therefore X; be a Banach space such that X = X; x Aj.
In the following, all appearing matrix norms are the operator norm induced by the
vector 2-norm.

Definition 3.8.1. Let 0 < w < m. A linear operator T': D(T') C X; — X} is called
sectorial of angle w, if o(T") C Sec,, and

sup {[[A(T = A) 7| | A ¢ Secoy } < 00

for all w < w’ < 7. Here, Sec, = {2z € C|z#0and |argz| <w} for 0 < w <
and Secq = (0, 00).

For a thorough introduction to sectorial operators we refer to [24].
Throughout this section, we will consider specific structured block operator
matrices & : D(&/) C X — X of the form

_[T? BT
"Q{[WT 5}’

where T: D(T) C X} — A} is a densely defined sectorial operator of some angle
0 <w <7 with o(T?) # @, 8,7,6 € C and D(«/) = D(T?) x D(T).
Recall from Definition 1.1.9 that the Schur complement of .o is given by

SA) =0 —A=ByYT(T? = N)7'T for \eo(T?
and that its spectrum and resolvent are defined by
o(S) = {)\ € Q(TQ) |0 € U(S()\))}
and o(S) = {A € o(T?)]0 € o(S(\)}

respectively. Similarly, we now define the pseudospectrum of the operator function
S by
0.(S) = {A€o(T?)|0€0:(S(N)} for e>0.

We have that
(T? =N 'T cT(T? -\ ' e L(x).

Hence, (T? — \)~!T is bounded on D(T) and the closure is given by
(T2 =N 1T =T(T? = \) !
since T is densely defined. We also obtain

T(T? =\ 'T cT>(T? =\~ € L(x)
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and thus
S\ =6 —X—pyT*T? — N1, (3.38)

With Theorem 1.1.10 we conclude that for an arbitrary A € o(T?) the closure & is
given by

7]
Lt I3 sl T
Lt Y5 sl
_ I 0] [(T% = \)(x + BT(T? — \) }
DT(T? =N~ 1| Ny

[ @ =N+ FT(T - N y) ]
Tz + ByT*(T? = N) "'y + S(N)y
[(T? = X)(z + BT(T? — A)ly)]
YTz + (6 — Ny

for all Lx/] € D(o/) where

D(H) = { m € X

Note, that ST(T? — X\)~ty € D(T) is always true which yields z € D(T') whenever
{ﬂ € D(&/). From Corollary 1.1.11 we have that

x4+ BT(T? =\ 'y D(T2)} )

o()\ o(T? = o(S) (3.39)
and, for A € o(S) = () N o(T?) C o(A),

(@0 B ow
where
(7 -N7"), = T BYT(T - NSO T - )
(@ =27, = =pT(T - NS o
((F =N, = —75 T(T? =\,
((y )‘) 1)4
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Theorem 3.8.2. Let ¢ > 0. Then we have:

a) The inclusion
0:(5) C oe() \ o(T?)

holds;
b) For L > 0 the inclusion
(B=(a(T%)) \ (B&(8) Ua(T?))) NBL(0) C (0:, () \ o(T%)) N BL(0)
holds with e, =€+ |B| (14 1L);
c) If we further assume that 0 € o(T), the inclusion
B<(6) \ o(T?) C oc(/) \ o(T?)
holds.

Remark 3.8.3. Recall from Theorem 2.1.3 that if T2 is a normal operator on a
Hilbert space, we have B.(c(T?)) = o.(T?).

Proof of Theorem 3.8.2.  a) For A € 0.(S) there exists a P € L(X}) with ||P|| <
€ such that

0€a(§4+P—A=ByT*(T*=N)"1).
Here, 6 + P — X\ — yT?(T? — \)~! can be interpreted as the closure of the

T2 BT . .
Schur complement of the operator {'YT 5+ P} which yields

T BT 2
AEU([vT 6+P}>\0(T)
by using (3.39) and thus o.(S) C o.(#) \ o(T?).

b) Let now A € o(S) N (B.(a(T?)) \ Bo(6)) NBL(0) C o(«”). From (3.40) we
have that

1 =274 = (@ =07,
> maxe {Jul |1 € o (7~ 2)7),)}

by Theorem 1.1.4. Therefore, using (3.41) and applying the spectral mapping
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theorem for sectorial operators, [24, Theorem 2.7.8], yields

[( =27 = sup |[(p® = N)7"+ By (p? = A)7?

pea(T) .
(=A== N ‘
B § = A= Byp®(p? = N) 7+ By (p® — N7
= Ssup 2 2(,,2 —1
pea(T) (12 = X) (6 = A= Byp?(p2 — N)~1)
- 5—\
pea(m)| (B2 = A)(0 — A) — Byp?
. 1
= up —_—
uea(T) |p? — A — B
. 1
= up
pealr) |12 = X = 25 (1? = A) — 25|

1
>
e+ |8y (1+1L)

Hence, in combination with (3.39) we obtain

(Be(o(T) \ (B=(6) Ua(T?))) NBL(0) € (0e, (/) \ o(T?)) N BL(0).

c) It remains to consider the case in which A € o(S) N B.(6) C o(«/) and
0 € o(T). Here, we estimate

[ =27 2 [[( =27, 2 max{lul |ue o (SO )}

1 1
> SUp s > SUP
neo(r) |6 = A — | peo(r) e+ | 55|
1
_E

by using the same reasoning as before. This implies
B(6) \ o(1?) C oc(/) \ o(T?)
by utilizing (3.39) and the proof is complete. d

Theorem 3.8.4. Let X; be a Hilbert space, ¢ > 0 and further assume that
there exists an L > 0 such that T(T? — \)~! is a normal operator for every
A€ (o(/)NBL(0)) \ 0c(T?). Then the inclusion

(0o() \ o(T2) N BL(0) C (02, (5) U [0=(T?) \ o(T%)]) N BL(0)
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holds with

cwime (1418 52EE) (1 L)

.(|5—57|+L |57|L+1)_

€ T
Proof. Let A € (o(«/)NBL(0))\o<(T?) C 0o(S)No(T?). Looking at Corollary 1.1.11,
(«/ — X\)~! can also be written in the form

(T2=2"" 0

I —BT(T? —A)—l} ) S()\)I] {_W(Tg e ?] .

0 1

This allows us to estimate
I =27 < (1 +1BITE2 = )7 (I =27+ [53))
(L W = 2)7H)

Here, the normality of T(72 — \)~! makes Theorem 1.1.6 applicable and the
spectral mapping theorem for sectorial operators, [24, Theorem 2.7.8], can be used
to deduce

HT(TQ_)\)—lH: sup 2,“ ’: sup ( 2|M2| 2)2
peamIB? = A peo(r) \[#? = Al

1 1

12— A+ A\ 2 1 L 2

<o Cr) < (G0+2))
peo(T) € |.UJ 7>‘| € €

=V 5; L (3.42)

Using (3.38), we obtain
I = 2=+ 50|
< @ =N SHISH ) + S|
= (|2 =N (6= A= T T = N7+ 1) [5O) |

where we can estimate
(T2 =X (= A= ByT*(T? = N7 < %Hcs— A= By + BT = N)|

1 A
<1 (6—ﬂv|+x|+5” ')
£ £

§—By|+L L
<| ﬁgl +|ﬁ;|_
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Combining this with (3.42) yields

@07 < (141855 (14 EE)

,(|5—67+L+ Bv|L

€ g2

+1) 50|

If we additionally assume that A € o.(7), we therefore have
—1 1
S(A > —. a
EnaEe
In combination with Theorem 3.8.2, we have shown the following chain of

inclusions:

Corollary 3.8.5. Let Xy be a Hilbert space, € > 0 and further assume that 0 € o(T)
and that there exists an L > 0 such that T(T? — \)~! is a normal operator for
every X € (o(«/) NBL(0)) \ 0=(T?). Then the chain of inclusions

(0=(S) U [(B(a(T?)) UB.(5)) \ o(T?)]) N BL(0)
C (0-, (&) \ o(T?)) NBL(0)
C (05 (S) U [0(T?) \ o(T?)]) NBL(0)
holds with ep, =€+ |By| (1 + LL) and

T (HIB'E:L) <1+v|‘€€+L>

,<I567+L+ |ﬂv2|L+1>.
&g

3

Example 3.8.6. Let ) be a Banach space, p € [1,00), X1 = LP(R,Y) and consider
the operator T': D(T) C LP(R,Y) — LP(R,)) with

_d
-2

for all x € D(T) = WIP(R,Y). From [24, Theorem 8.4.1] we have that T is
densely defined and sectorial of angle /2 with o(T) = iR. In particular, 0 € o(T')
and via the spectral mapping theorem for sectorial operators, [24, Theorem 2.7.8],
o(T?) # @. Hence, Theorem 3.8.2 can be applied to the block operator matrix

Tx

o D() C LP(R,Y) x LP(R,Y) — LP(R,Y) x LP(R, ),

d? d
o = T&; Bie ,
VaE d

with 3,7, € C and D() = W2P(R,Y) x WLP(R, V).
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Let us now consider the case in which p = 2, i.e. where AX; is a Hilbert space.
Here, T? is self-adjoint and in particular normal which yields B.(c(T?)) = o.(T?)
by Theorem 2.1.3. Moreover, T is skew-adjoint and (72 — X\)~! is normal for every
A € o(T?) because T? — X is. Thus, as T and (T2 — \)~! commute, so do T* and
(T? = \)~!'and T and (T? — \)~*. These facts imply

T(T? =N~ (T(T? =N > T(T? = N\~ T? =N T
= (T = )T T(T? = 2) oy
= —(T? = XN)7*"T*T? = \) " pr

and therefore

T(T? =N~ (T(T? =N =T(T2 - N\~ (T(T% - N1
D —=(T? =)= TT? = X~ Hprs
—(T? = N)*TXHT? - \) ! e £(X)

because D(T*) = D(T) is dense in X;. Here, the fact that the right hand side
is everywhere defined yields equality. The commutativity of T(T? — A\)~! and
(T(T2 — )\)_1)* is now obtained by the observation

(T(T? =N T(T? = N7 o —(T? = N THT? = \) 7' e £(&)

where the fact that the right hand side is everywhere defined yields equality again.
We have thus shown that T(T% — \)~! is a normal operator for every A € o(T?).
Hence, Theorem 3.8.4 and Corollary 3.8.5 can be applied to this example with an
arbitrary L > 0.



Chapter 4

Computing the Quadratic
Numerical Range

The development of effective algorithms for the computation of the quadratic
numerical range (QNR) of a matrix &7 faces several challenges and ideas approved
for the numerical range W (<) can not be adapted straightforwardly. This is in
particular true because in contrast to the numerical range, the QNR does not need
to be convex in general, see for instance Example 2.3.5 or Section 4.4. See also
Section 2.2 for an overview on the different techniques utilized in numerical range
computation which all essentially rely on convexity.

So far, the only method for computing the quadratic numerical range is based
on random vector sampling, see [16] for a Matlab implementation. This method
however comes with various disadvantages. We show that especially for higher
dimensional matrices the computed points will very likely cluster in a small subset
of each component making convergence very slow and computationally expensive.
More precisely, we show that the probability of a point in the QNR generated
by the random vector sampling method to be outside of a small neighborhood of
the expected value decays exponentially with an increase of the dimension of the
matrix when its norm stays constant.

We will present and exemplify of a novel algorithm for the computation of the
quadratic numerical range of a matrix that yields much better results in less time
compared to the random vector sampling method. This new approach is more
deterministic and based on the idea of seeking the boundary by maximization of
an objective function. Multiple examples illustrate the efficacy of this algorithm
by comparing it side to side to the random vector sampling approach.

This chapter is based on the article [30] and its contents are organized as follows:
Section 4.1 provides an overview of the fundamental components that constitute
the new algorithm. In Section 4.2 we examine curves in the quadratic numerical
range and develop useful tools regarding their differentiation. Section 4.3 contains
the algorithm for the computation of the QNR alongside explanations for the
chosen procedure. This algorithm is then exemplified in Section 4.4 where it is

83
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compared to the random vector sampling method. In Section 4.5, a bound on the
probability for the random vector sampling method to produce a point exceeding
a neighborhood of the expectation value in dependence on norm and size of the
matrix is given.

Throughout this chapter we consider matrices o7 € C"*" with a block decom-
position of the form

it

Cc D

where A: H1 — H1, B: Ho — H1, C: H1 — Ho, D: Ho — Ho and Hq & Ho =
C™ @ C™ = C". Note that every matrix can be written in such a form once a
decomposition C™ = H;1 @ Hs is chosen. We denote the scalar product on C™* and
C™ by (-,-) and ||-|| denotes either the 2-norm of a vector or the operator norm of
a matrix induced by the 2-norm.

4.1 A New Computational Technique

The algorithm that is described in this chapter enables us to compute a very precise
approximation of the quadratic numerical range of a given matrix. Its effectiveness
stems from its innovative ability to detect points that are either on the boundary
or at least very close to the boundary of the QNR.

At the core of this detection process is a specially designed objective function,
the maximization of which involves calculating its steepest ascent gradient. This
step necessitates the examination of differentiable curves within the QNR and a
meaningful distinction of the two points within the quadratic numerical range that
are associated with the same vector pair in the unit spheres.

As we will see, the objective function features a penalty term that allows for the
detection of points on highly non-convex parts of the boundary. Proposition 4.3.1
ensures that a relatively weak condition on a given boundary point is sufficient for
it to be detectable by the algorithm up to a small error.

At this point, we are able to progress towards the boundary of the quadratic
numerical range after specifying an arbitrary starting point in the interior and an
arbitrary search direction. In order to develop an efficient algorithm that builds
upon this procedure, a sensible choice of starting points from the cloud of previously
computed QNR points is crucial.

The utilized selection process employs a ”box approach”, that not only ensures
a uniform distribution of the starting points but also prioritizes those that are
presumably already relatively close to the boundary. With this strategy, the
computational cost is significantly reduced.

Furthermore, the iterative nature of the process that allows for the detection
of boundary points coupled with a random choice of search directions leads to a
filling of the interior over time and results in a cloud of points that resembles a
sharply contoured and connected image of each QNR component.
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4.2 Curves within the Quadratic Numerical Range

Let us start by recalling that the quadratic numerical range (QNR) is defined by

wen= U o(([Em) o)

.’tES’Hl ,yGSHQ

where Sy, = {z € H;|||z| =1}, i = 1,2. In other words, the QNR consists of the
solutions A of the quadratic equations

N = ({(Az,z) + (Dy, y)A + (Az, 2)(Dy,y) — (By,z)(Cz,y) =0 (4.1)

with (z,y) € Sy, X Sp,.
Just as in the introductory Section 2.3 we will shorten our notation in the
following way:

sz:{“f bW] = [égfcg vl ecwe (42)

for (z,y) € Sy, X Su,-

Proposition 4.2.1. Let (zg,y0) € Sy, X S, be such that o(My, ,,) consists of
two simple eigenvalues. Then there exists a neighborhood U C Sy, X Sy, of (zo, yo)
such that U, ,yer 0(Ma,y) consists of two disconnected components Wy and W
that can be separated by a straight line and there exists 0y € [0,2x] and a branch of
the complex root \/-: G — C with G = C\ {rei® | r > 0} such that

T d x T d? 2
Wy = G"Tw + \/(a2J> +byaCay | (@,y) €U (4.3)
and
+d —dy’
W= et W ) bpaeas | @) € UL (1)

Proof. From Theorem 1.2.4 we have that the eigenvalues of a matrix depend
continuously on its entries. Therefore, there exists a neighborhood U C Sy, x Sy,
of (20, yo) such that {J, , ey 0(Ma,y) consists of two disconnected components Wy
and W5 that can be separated by a straight line. Without loss of generality, we
assume that W; and W5 are separated by the imaginary axis because considering
the shifted and rotated matrix e'?(</ + 2I) for some 6 € [0,27] and 2 € C would
lead to the computation of the eigenvalues of

Qg i’gr _ ot [Ga 2 by,
Emﬁy dy Ca,y dy—i—z 7
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so the radicant would be given by

~ 2 9
iy —d _— . . —d
<a 2 y) + by olo,y = ((a 2 y) + by,r%y)

and thus G = e%9G.

So let us assume W; € C, and Wy C C_ and let \y € Wy and Ay € W be
eigenvalues of M, , for given (z,y) € U, i.e. R\ < 0 < RA; and A\, and A, are
solutions of (a; — A)(dy — A) — by oCey = 0 which is equivalent to

a; +d 2 a; —d 2
(Azy> ‘( 2 ) + buatey
az+d

2
Then there is a solution ¢ € C of ¢? = (%) +by,2Cey such that A\; = =5~ +¢

and \g = GTT% — q. It follows
0< §R()\1 - )\2) = 2Rq

and we conclude that ¢ € C and thus ¢> € C\R<g. So by defining G := C\R<( =
C\ {re'™ | r >0} and v/-: G — C as the principal branch of the complex root with
Ry/z > 0 for all z € G we obtain

. +d o—d,\?
et () e,

o +d e —dy\’
/\zza D) y_\/<a 9 y> +by,xcm,y. a

Remark 4.2.2. Note, that the assumption in Proposition 4.2.1 on o(My, y,) to
consist of two simple eigenvalues is fulfilled for every (xo,y0) € Sy, X Sy, if W2 ()
consists of two disconnected components. Furthermore, we have U = Sy, x Sy, if
the two components of W2(.2) can be separated by a straight line. In this case,
the formulas in (4.3) and (4.4) can be used to match each of the two eigenvalues of
a matrix M, , to a specific component.

and

In the following we will consider curves in the QNR, i.e. continuous mappings
Ay, from an interval I into W?(&/) which are generated from continuous curves
@: I — Sy, and ¢: I — Sy, such that A, () solves (4.1) with ¢(¢) in place of =
and ¥(t) in place of y for all ¢ € I. We are interested in the derivative of such a
curve in the QNR and in order to shorten the notation in the upcoming formulas
we will henceforth and similarly to (4.2) use the abbreviations

— a bfl)-, — <A<p>90> <B¢3SD> . 2%x2
Moy = wa dﬂ = [<Cw¢> Dy, )] T C

for curves (¢,v): I — Sy, X Sp,.
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Theorem 4.2.3. Let (zo,Y0) € Sy, X Su, be such that o(My, ,,) consists of two
simple eigenvalues. Let t; > 0 and (v, 1): [0,t1] = Suy X Su,, t = (p(t),9(t)),
with (p(0),¥(0)) = (xo,y0) be a differentiable curve in Sy, X Swn,. Then there
exists a 0 < tg < t1 such that o(Myy): [0,to] = C? consists of two differentiable
curves. Denote by Ay, 1 [0,t9] — C one of these two curves. Then

Sovem (s [ []) (s [ [)

1 Ao — dy)A Co B
S 9 ,A = oy . _ g Ap’w w Lp’w } .
(90 w @77/)) 2)\¢7¢ _ aﬁ/’ _ d’([) |: b¢7wc ()\p,l/) - a‘ip)D

with

Proof. From Proposition 4.2.1 we have that there exists a neighborhood U C
Sy, X Sy, of (wo,y0) such that U, ey 0(Ms,y) consists of two disconnected
components W; and Wy that can be described in a differentiable dependence
on the (z,y) € U via the formulas in (4.3) and (4.4). We therefore obtain that
o(Myp): [0,t9] — C? consists of two differentiable curves by choosing ty > 0 such
that (p(t),¢(t)) € U for all ¢t € [0, to].

An eigenvalue A, (t) of M, (t), t € [0, 0], satisfies

(A () = ag(t)) (A (t) — dyp(t)) — by o (E)cyp s (t) = 0,

so that upon differentiation we get

d d d 4
(dt)\%w - dtaQO) ()\L,Dﬂll - dw) + ()\@71[, — atP) (dt)\(p’w _ dtdl/))
(4.5)
d d
g OveCow ~ by g Cow = 0.

Herein
d
d .
d .
&QP#’ = <C<P,¢> + <C@a ¢>
d . )
which transforms (4.5) into
d
(2Ap,p — ap — dw)a)\w,w
_ Aoy —dy)A Cop B el
by, C (App —ap)D] 9] |9 (4.6)
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Now the fact that (J;e(g 4, (M0 (1)) consists of two disconnected components

implies that A, 4 (t) # W(t) for all ¢ € [0, to] because the sum of the eigenvalues
of My (t) is equal to the sum of its diagonal entries. This allows us to divide (4.6)
by 2A,,y — a, — dy, yielding the desired formula for the derivative of A, . a

4.3 An Algorithm for Computing the QNR

Our goal is to develop an algorithm for the computation of the quadratic numerical
range that does not only rely on random vector sampling. This means, that we
want to make a choice on the utilized vectors (z,y) € Sy, x Sy, such that the
image resulting from the point cloud of eigenvalues of the matrices M, , is a very
good approximation of the image of the actual QNR even for a small number of
vectors. We will therefore place particular emphasis on those (z,y) € S, X Sy,
that correspond to boundary points of W?2 (o).

4.3.1 Seeking the Boundary

Starting at a given point A\g € W?(&) with corresponding (zo,y0) € S, X Su,
we wish to gradually compute a sequence (X, Yn)nen C S, X Sw, such that
the associated (A, )nen in the quadratic numerical range converge towards the
boundary. In order to do so we first have to declare a direction in which we want
to approach the boundary, so in the following, we will therefore start by focusing
on moving parallel to the positive real axis since every other direction can be easily
reduced to this case by a rotation of the matrix o7

If we would leave it at aiming for R\,,11 > R\, for every n € N however, we
could face the problem of missing out on points on concave parts of the boundary, cf.
Figure 4.1, where starting from Ay an algorithm that only focuses on maximization
of the real part would eventually either move toward b or toward ¢ but has no
reason to stop at a. We overcome this problem by seeking a sequence (A,,)nen that

R

Figure 4.1: The boundary of the QNR might have concave parts
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<

i

R

Figure 4.2: Level sets of fq x, for p small (left) and p large (right)

satisfies ) )
§R>\n+1 *])(S()\n_i_l — /\0)) Z §R)\n 7])(%()\” — /\0))

with a given penalty constant p > 0 for all n € N. More precisely, we will consider
the objective function fo x,: Su, X S, — R, given by

Faro(2,9) = RAL) = p(S(AL) = X)) (4.7)

for some « € [0,27], and aim to construct a sequence (T, Yn)nen C S, X Sw,
such that fo x,(Zn,¥n) increases with n. Here and from now on, )\;O‘; specifically
denotes the one of the two eigenvalues )\xay) and 5\;(80‘) of M, , such that

REAL) > RERED), i REAL) £ R(e3(),
or S(eio‘)\gffz) > %(61“5\;07‘3), if §R(ei°‘)\§f7‘£) = §R(ei°‘~;°72)

Note, that if W?2(&/) consists of two disconnected components that can be
separated by a straight line, o can be chosen such that each component is either
the set of all )\5002 or the set of all 5\&03 = /\50(,’;”) with (z,y) € Su, X Si,-

Figure 4.2 illustrates the effect of the penalty constant p on the level sets of f, »,
for different choices of p, showing that a larger p leads to a significant narrowing of
the search direction. The picture also indicates, that in practice p has to be chosen
in dependence on the size and shape of the QNR.

This dependence will be specified in the next result, which can be interpreted
as follows: If a boundary point Ay with the same imaginary part as A satisfies the
additional condition, that there exists an r > 0 such that for every 0 < € < r there
exists a § > 0 such that

{ze@‘%<§R(z—)\a)<s,|%(z—)\a)|<6}HW2(@7):® (4.8)

holds, our strategy of creating a sequence in Sy, x Sy, for which the value of the
objective function increases can in fact result in the obtainment of Ag up to a small
error if p is chosen large enough. Figure 4.3 illustrates condition (4.8).
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\
\

w

I, ;

Rid i

Figure 4.3: A\ satisfies Condition (4.8)

Proposition 4.3.1. Let \g € W2(/) and \g € OW?() with Iy = I\g
and suppose that Ny satisfies Condition (4.8) for some r > 0. Then for every
e > 0 there exist p > 0 and (Tm,Ym) € Su, X Swn, such that for all but up
to one a € [0, 7] at least one of the objective functions fax, OT fatrr, given

by (4.7) has a local mazimum in (Ty,Ym) and ,\;")y € B.(\g) NOW?2(&) or
A&“*J) € Bc(\og) NOW?() respectively.
Proof. Let € > 0. Without loss of generality, we assume that Ag = 0 and therefore

also 3\g = 0 by applying a shift to «/. Moreover, we will assume that ¢ < r, where
r > 0 is the constant for which (4.8) holds. Hence, there exists a 6 > 0 such that

{ze@‘%<?ﬁz<s,|%z|<6}DW2(,@7):® (4.9)

and for which we assume that § < @s.

Let us define the set
K = {ZE(C‘ (?Rz>g/\|%z|<6)\/§ﬁz>e}
and consider the function
F:C—R, F(2)=%z—p(S2)%

By choosing p > & > 5t, we have (32)% < 62 < 32 if F(2) > 0 and Rz < ¢ and
obtain
{z€C\ K|F(z) >0} C B.(0).

Hence, the restriction of the continuous function F' to C\ K has a local maximum
in B.(0).
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This can be used in the context of the quadratic numerical range because due
to (4.9) we have

W2(«/)NB.(0) cC\ K

and we also know that {z € C\ K | F(z) > 0} N W?(&) is non-empty because of
0= Xg € W?(/) and F(0) = 0. Therefore, the restriction of F to the closed
set W2(&7) has a local maximum at some A\ € W?2(&/) N B.(0) and there exist
(Tm, Ym) € Su, X Sy, such that X is an eigenvalue of M, . .

Furthermore, A € O9W?2(&/) holds because if we assume otherwise, there exists
a Ymax > 0 such that A+~ € W2(&Z) and F(A+7v) = F(\) +v > F()) for every
v € ]0, Ymax| which is a contradiction to A being a local maximum.

From Theorem 1.2.4 we know that the eigenvalues of a matrix depend con-
tinuously on its entries, so if A is the only eigenvalue of M, _ .. , there exists a

neighborhood U of (%, ym) such that ,\;2 € B.(0) and /\55‘,"”) € B.(0) for all

(z,y) € U and all « € [0, 7. Hence, both f, », and fa+x ), have a local maximum
in (xm,ym) and

A = \etm) — )\ e B_(0) N oW ()

ZTmYm Tm,Ym

for all a € [0, 7.

In the other case, if A is one of two distinct eigenvalues of M, ., , we choose o €
[0, 7 such that %(eia)\é‘j;),ym) # &e(eia)\éf‘j J?l) and again by continuity we will find a
neighborhood U of (2, ym) such that R\, # RAs for all A\; € {eiaAfﬁg} (z,y) €U}
and Ag € {eia)\é‘f;”) | (z,y) € U} and either )\5302 € B.(0) for all (z,y) € U if
A=A or AT e BL(0) for all (2,y) € U if A= A2HT . Hence, either f, 1,
or fatrx, has a local maximum in (2, ym) and Aéﬁ”),ym =) € B.(0)NOW?()

m

or )\J(Lif;rz = ) € B.(0) N OW?2(&7) respectively. Q

Let us now fix an o € [0,27[. As explained above, we are looking for a
sequence (Zn, Yn)nen C Sy, X Sy, such that fo x, (Tn,yn) increases with n. Let
us say we arrived at (z,,y,) so far, so our goal is to find (zn41,¥yn+1) such that
Foro (@Tnt15Ynt1) 2 faxo (Tns Yn)-

As a first step, we will therefore identify the steepest ascent gradient of f, x,
in (zn,yn). Considering a differentiable curve

(0, 9): [0,12] = Sy X Swys t (9(), 9(1),

with (¢(0),%(0)) = (2n, yn) and assuming that o(M,, ,, ) consists of two simple
eigenvalues \,, and A\, with R(e!®),,) > R(e'*),,), we know by Theorem 4.2.3 that
there exists a 0 < ty < t; and a differentiable curve A\, 4: [0,%] = W?(&/) such

that
Fano (20, 9(8) = R(Ap0 (1)) = (S (Ao () — X))’

for all ¢t € [0,to]. If we take a look at < £, v, (¢(+), (")) at the point t = 0, we see
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that again by Theorem 4.2.3
< oo (9(0),4(0))

(th*”’w(O)) —2pS(A\n — X0)S (i%w(@)
= (st ] [50]) o 5] )

ot (o o2 )

o 18] B)

r{rimnm 2] )

= 293(A — 20)3 <T— (n, Y, An) Eﬂ ’ [iﬁgﬂ >

n

—R <T+(xn, Yns An) + 203 (An = AT (0, Y, An) [mn] ’ F(O)} >

= §R<T(xmym)‘m/\0) Eﬂ ’ [igg;]>

T+(xn7yna /\n) = S(xnayna )\n) + S*(xnayn» An)v
T—(In,yn, /\n) = S(mnayny/\n) - S*(znayna/\n)

where

and
T(.’En, Yns Ans )\0) = T+($na Yn, )\n) + 2]795()\71 - )\O)in ($n7 Yn» )\n)

Let us denote the tangential space of Sy, in z, with regard to the real part
of the inner product of Hy by T, Sx, = {u € H1|R{(zn,u) = 0} and analogously
Ty, S1, = {v &€ Ha|R(yn,v) =0}. Then, for (u,v) € Ty, Sy, X Ty, Sy, with

llul| = |lv|| = 1, we will consider the curves ¢: [0,27] — Sy, and ¥: [0,27] — Sy,
defined by
p(t) = cos(t)x, + sin(t)u and P(t) = cos(t)yn + sin(t)v, (4.10)

which satisfy [¢(t)[|? = cos?(t) + 2R{cos(t)z,,,sin(t)u) + sin?(t) = 1, p(0) = =,
and ¢(0) = u as well as ||[¢(2)]|2 = 1, 1(0) = y,, and $(0) = v.

Therefore, our problem can be simplified to finding a vector (u,v) € T, Sy, X
Ty, Sw, with [|u|| = ||v|| = 1 for which the term

§R<T(xn,ym>‘"’)‘0) BZ] ’ m>
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is maximized. This vector is given by the normalized orthogonal projection of

n

|:1;}:| = T(xrmyna )‘nv )\0) |:zn:|
onto T, Sy, x Ty, Su,, ie.
{ﬂ] _ [w—?ﬁ(w,xnﬂn] {u] _ {ﬂ/”ﬂ”]
v 2= Rz, yn)yn | vl Lo/lel]”

With u and v at hand, we will now, in a second step, search for (s,t) €
[0,27] x [0, 27] such that fa x,(¢(s),%(t)) is maximal with ¢ and ¢ as in (4.10)

Algorithm 4.3.1: Seeking the Boundary

Input: Aa Ba Ca Dv To, Yo, >‘Oa p, @, and imax
1 function f(s,t,A, B,C,D,x,y,u,v,p,a, Ag)
2 x = cos(s)x + sin(s)u
3 y = cos(t)y + sin(t)v
4 return m&”@j — S (A%‘?} — )\0)2
5 function find _boundary(A, B,C, D, x,y, Ao, p, &)
6 | if 2\ # a, + d, then

o 1 M) —-d)A o yB
7 S= 228 —a,.—d, { bz,xc (,\gj;fax)D}
T+ - S + S*
T_=5-5*
10 T =T, +2pS(A%) — Ao)iT_
1 7] =T[5]
12 if w# 0 and z # 0 then
_ w—R(w,x)z
18 = T~ Rl
— FTINEY)Y
1 VT Ryl
15 Determine (s,t) € [0,2x] x [0, 27] such that
f(s,t, A, B,C, D, z,y,u,v,p,a, Ag) is maximal
16 x = cos(s)x + sin(s)u
17 |y = cos(t)y +sin(t)v
18 | return (z,y)
19 (z[0],y[0]) = find_boundary(A, B, C, D, xq, Yo, Ao, P, @)
20 fori=1,... 9pax — 1

21 (I[Z]a y[ZD = ﬁnd*boundaIY(Aa Ba Ca Da x[z - l]a y[Z - 1]v )‘07p7 a)
22 if (z[i],y[i]) == (z[i — 1],y[i — 1]) then
23 L return {(z[0],y[0]),..., (x[¢ — 1],y[i — 1])}

24 return (z,y)
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and we have effectively reduced our problem to a two-dimensional optimization.
This yields a new pair of vectors (,41,Yn+1) == (©(8),9¥(t)) € Sy, X Sy, with
fa,)\o (xn+17 yn+1) > fa,)\g (xna yn)

Algorithm 4.3.1 summarizes in pseudocode how we proceed towards the bound-
ary in direction of the positive real axis. It takes the matrix / in form of its
decomposition parts A, B, C and D, a starting point Ao € W?(.&/) with corre-
sponding (zo,yo) € Sy, X Swu,, a penalty constant p, an angle a and a number
of iterations imax as its input and returns arrays x C Sy, and y C Sy,. Note,
that the algorithm does not only return the vectors associated to the point closest
to the boundary after i,y iterations but an array of vectors that can be used to
compute some points along the way. Later on, these points can be plotted as well
in order to fill out the interior of the quadratic numerical range.

4.3.2 Box Approach

In order to formulate an algorithm which computes the quadratic numerical range
of a given matrix &/ with increasing quality we proceed as follows:

Initially, we fix an « € [0,n| for the objective function (4.7) and compute a
few points within W?2(&) by using the random vector sampling method, i.e. we

£ of

randomly generate some (z,y) € Sy, X Sy, and insert the eigenvalues A
M, in an array W and the other eigenvalues )\ga; ™ of M, in a second array W.
Those points will serve as candidates for the starting points Ag of Algorithm 4.3.1,
but in order to control their number and decrease the required iteration steps of
Algorithm 4.3.1, we will preselect the starting points via a box approach such that
the computational cost will be reduced.

We start by creating a rectangular grid of small equally sized boxes covering
all the sampled points in W. Then, we pick one sample point from the interior of
each box that is non-empty as a representative and determine all non-empty boxes
that are not surrounded by other non-empty boxes. Now, only the representatives
of those boxes will be used as a starting point Ag. This ensures that the Ay will be
evenly spread throughout the cloud of computed points even though they might
cluster. Moreover, it allows us to restrict our choice of starting points to those that
are presumably already close to the boundary, which leads to a higher chance of
reaching the boundary within only a few iterations of Algorithm 4.3.1.

For each starting point, we will then select some randomly oriented but equally
spread search directions, rotate the matrix &7 accordingly and proceed towards
the boundary via Algorithm 4.3.1. This yields new vectors (z,y) € Sy, X Su, and
we subsequently insert the new corresponding points A&C‘?} into W. At this point, it
has also shown to be advantageous to compute the other eigenvalues as well and
insert them into W. .

Afterwards, we do the same for o + 7 in place of a and W interchanged with
W by using a separate grid of boxes and obtain larger clouds of points W and W
as a result. Now, the whole process can be repeated via the construction of new
grids of boxes.

If we repeat this procedure over and over again, the number of starting points
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will eventually remain relatively constant. At this point, we increase the number of
boxes, i.e. reduce their size, in order to increase the resolution of the box approach
and therefore heighten our ability to distinguish potential starting points in the
interior from potential starting points close to the boundary.

When it comes to the determination of the penalty constant p one has to
balance two aspects: Larger penalty constants lead to higher accuracy in the given
search direction, c.f. Proposition 4.3.1, while smaller penalty constants result in a
faster convergence towards the boundary. We therefore start with a small penalty
constant to cover a large area in the beginning and increase p over time while also
making it dependent on the size of the cloud of points in the current iteration.

Algorithm 4.3.2 explains in pseudocode, how the starting points are selected and
how p is chosen. It takes arrays @ C Sy;,, y C Sy, and W C W?(&/), the square
root, of the number of boxes 6 and the current iteration ¢ as its input and returns
arrays o C Su,, Yo C Sy, and \g C W?2() as well as the penalty constant p.

Algorithm 4.3.3 contains the full instructions for the computation of the nu-
merical range. It takes the matrix & in form of its decomposition parts A, B, C
and D, an angle « and the time the algorithm should run for 7.« as its input and
returns a cloud of points (W, W) C W?2(«/). The square roots of the numbers of
boxes b and 6 will be increased in dependence of counters ¢ and ¢ that keep track
of the number of starting points.

Algorithm 4.3.2: Grid
Input: z, y, W, 6 and i

1 20 =1{}, vo={}, Ao ={}, G = zeros(b, ) and I = zeros(b, b)

2 Ruax = max RW, Spax = max SW, Ry = min RW and Spin = min SW
3 p= Z/ max{%max - §Rminy %max - %min}’

4 hpp = Rmax — Rmin)/b and hg = (Smax — Smin)/ b

5 for j =0 to the length of W —1

6 k = integer((Smax — SWj])/hs) and | = integer((RW[j] — Rumin)/hn)
7 if k==bthenk —=1andif [ ==56then!l —=1

8 if Glk][l] ==0then G[k][]]=1and I[k][l]=7+1
gfork=1,...,6—2

10 fori=1,...,6—2
11 L if Glk+ m][l +n] =1 for all m,n € {—1,0,1} then I[k][l]]=0

12 j=0
13 for k=0,...,6—1
14 for[=0,...,6—1

15 if I[k][l] # 0 then
16 L wolj] = «[I[K][1] = 1], yolj] = yUI[K][I] — 1], Ao[s] = WII[K][I] — 1]
and j +=1

17 return (o, Yo, Ao, P)
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Algorithm 4.3.3: Computing the Quadratic Numerical Range

1
2
3
4
5

6

o

10
11
12
13
14
15
16
17
18
19
20

21
22

23

24
25
26
27
28

29
30

31

32

Input: A, B, C, D, o and Tyax
T = current time + T, and timeflag = false
A =[AB],W={}, W={},6=20,6=20,c=0and c=0
Generate arrays of random vectors x C Sy, and y C Sy,
n = length of z
fori=0ton—1
| Wi =A%), and W] = A5

x[i],yli] x[i],yli]
for:=0,...,00
for j=0,7

if j == 0 then (z¢, yo, Ao, p) = Grid(z, y, W, 6,1)

if j == 7 then (zg, yo, \o,p) = Grid(m,y,w,z,i)

for k£ = 0 to the length of \g —1

0y = random angle in [0, 27|

for[=0,...,4

0="0p+1% and [AB] =€l

(z,9) = Seeking_the_Boundary (A4, B, C, D, zo[k],
yO[kL eie)\o [k]apv Q +.] - 07 2)

n = length of &

form=0ton—1

L Win+m] = )\_(ia) and Wn +m] = )\;([X:Tr)

[m],g[m] ], 9[m]
z[n +m] = &[m] and y[n + m| = §[m]

if current time > 7 then timeflag = true and break

n+=n

if timeflag == true then break

if timeflag == true then break

if j == 0 then
if 1> (length of \g)/c > 0.99 then 6 = integer(v/25)
¢ = length of Ao

if j == 7 then
if 1 > (length of \)/¢ > 0.99 then 6 = integer(v/25)
| ¢ = length of Ag

| if timeflag == true then break

return (W, W)

Example 4.3.2. Let us consider a small example to see how the starting points
are selected from an existing cloud of points.

The top-left panel of Figure 4.4 displays a set of 100 points within one of the

QNR components that have been computed via random vector sampling. The
top-right panel provides a zoomed-in view, showing the same cloud overlaid by a
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Figure 4.4: Starting point selection via grid of boxes

rectangular grid of boxes with # = 5 that precisely encompasses the points. Within
each non-empty box that is not surrounded by other non-empty boxes, one point is
selected and highlighted in red. These red points are now chosen as starting points
for the algorithm’s first iteration and five random search directions are determined
for each of them. The bottom-left panel depicts the subsequent cloud of points
after the iterative process 4.3.1 was executed for all of these directions, illustrating
the algorithm’s advancement toward the component’s boundary. Note that in this
simple example, the QNR component to be computed coincides with the square
[0,2] x [—i,i].

After 15 iterations, as shown in the bottom-right panel, the algorithm has
effectively identified portions within the interior of the quadratic numerical range,
strategically choosing starting points (red) that are relatively uniformly distributed
and close to the boundary.
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4.4 Examples

The following pictures are the result of a Python implementation of Algorithm 4.3.3.
Here, the search for (s,t) € [0,27] x [0, 27] such that fa x, (#(s),%(t)) is maximal
with ¢ and ¢ as in (4.10) is further reduced to a one-dimensional optimization,
i.e. s =t, in order to speed this step up. This allows us to compute much more
points in the QNR within the same amount of time and we obtain better pictures
in the end.

For comparison, we also provide pictures computed via random vector sampling.
To obtain a uniform distribution of vectors on the unit spheres, they are generated
by sampling from a multivariate normal distribution with zero mean and identity
covariance matrix, followed by normalization.

Example 4.4.1. Let us consider the matrix

T2 i 0o ... 0 1 341 0 ... 0
i ©o 341
0 0 0 0
i 341
o 0 .0 i 2 0 .0 341 1
L 1 341 0 ... 0 —2 i 0o ... 0 '
3+1 i
0 0 0 0
: . : 3+i| i
) .0 341 1 0 .0 i -2 |

where the blocks A, B, C and D are equally sized tridiagonal matrices, cf. [52,
Example 1.1.5]. In Figure 4.5, the results of the algorithm are compared to the
random vector sampling method when executed for the determination of the QNR
of @7 with dim() = 40. In the top row, the execution time was one minute and
in the bottom row 40 minutes while the plots in the left column are a result of
the algorithm and the plots in the right column are a result of the random vector
sampling method. Here, o was chosen to be zero such that the sets W (dark blue)
and W (light blue) coincide with the two disconnected components of W?2(.a).
As we see, the algorithm is capable of detecting the rough shape of the quadratic
numerical range already after a short period of time and refines the result very
well afterwards while the random vector sampling method is only able to locate a
small area of the QNR which gets slightly enlarged over time.

Figure 4.6 demonstrates the efficacy of the algorithm (left) even when the
dimension of & is increased to 4000. Here, the superiority over the random vector
sampling method (right) becomes even more visible. The computation time was
two hours in both pictures.
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4] . , 60'.912 ploints 4] .1‘809'.214 ppints
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4] . ,2'185'.264 ppints _a] , 7.4'860'.862 ppints
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Figure 4.5: QNR of &7 : Algorithm versus random vector sampling for different
amounts of time

—41 ; . . , _18.740 points| _, | ‘ . . ‘ _948.642 points
6 -4 2 0 2 4 6 % -4 2 0 2 4 6

Figure 4.6: QNR of high dimensional .o#;: Algorithm versus random vector sampling

Example 4.4.2. Let us consider a smaller matrix like

0O 0 0 0] 1 0 0 0
0O 0 0 0[]0 1 0 0
0O 0 0 0[]0 0 1 0
0 0 0 0]0 0 0 1
=17y 1 0 01 & 0 0]
-1 -2 -1 0 |-5 i 5 0
0 -1 -2 —1| 0 =5 i 5i
0 0 -1 -2/ 0 0 -5 i |
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25 25
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Figure 4.7: QNR of % with the algorithm (left) and random vector sampling
(right)

cf. [52, Example 1.3.3]. Figure 4.7 shows the quadratic numerical range of <% after
executing the algorithm and the random vector sampling method with o = 7/2
for 30 minutes each. Although the random vector method generally covers a much
bigger part of the quadratic numerical range of smaller matrices like this when
compared to higher dimensional ones, here, it still fails to adequately depict some
parts of the boundary and struggles to close the gap between the two components,
which seem to be connected as the plot of the algorithm suggests. As we see, this
is not compensated by the fact that only 1.579.020 points were computed with the
algorithm while 58.846.988 points were sampled via the random vector method
within the same amount of time.

Example 4.4.3. Let us consider the matrices

0 0] o0 1
0 1 2 3
oy = ,

0 -2|-1 0

-1 =3/ 0 O
cf. [52, Example 1.3.10], and
4

1.5
N
5] 1.0
11 0.5 1
0 0.0
-1 —0.5
2] ~1.01
34
490.820 points 137 662.828 points

"7 100 —0.75 050 —0.25 000 025 050 075 1.00 -06 -04 -02 00 02 04 06

Figure 4.8: QNR of 273 Figure 4.9: QNR of &7,
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0 0 o0 |00
0 0 1+i|0 0
A= 0 2 0 [0 0
0 0 0 |00
1 2 —21]i 0

Figures 4.8 and 4.9 demonstrate how the result of the algorithm can look like if
the QNR consists of only one connected component and « is arbitrarily chosen to
be 0. They are the result of an execution of the algorithm for 15 minutes each.

4.5 Concentration Phenomenon for Random Sam-
pling

As we see in the examples of Section 4.4 and especially in Figures 4.5 and 4.6 the
points in the quadratic numerical range computed via the random vector sampling
method are very unequally spread and cluster in a small subset of each component.
In this section, we will examine this phenomenon and prove that the probability
of a sampling point to fall outside of a small neighborhood of the expected value
decays exponentially with an increase of the dimension of the matrix when its norm
stays constant.

Proposition 4.5.1. Consider the probability spaces (Sy,,B(Syu,),0:), i = 1,2,
where o; is the normalized surface measure. Let

M: Sy, X Sy = C¥2, (2,y) = Ké’fziii égZ:zi] '

Then the expected value EM of M is given by

trace(A) 0 ‘|

dim(H
EM = [ (() R trace(D)

dim(H2)

Proof. The expected value is

_ (Az,x) (By,x)

M= s, eny) D] e ey
7 fSH1 (Az, z) doy(x) fSHI < Sny (By,z)d(o1 X 02)(z,y)
B fs,ﬁxsﬂ2 (Cz,y)d(o1 x 02)(z,y) fSHQ (Dy,y)doz(y)

Here,

/SHleHQ (By,z)d(o1 x 02)(z,y) = /SHQ <By, /SH1 xdcl(a:)> dos(y)

= / (By,0) doz(y)

Sy
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by Fubini’s theorem and via a similar argumentation we also obtain
/ (C,y) d(0y X 02)(z,) = 0.
S’Hl XS’HQ

Let d be the dimension of H; and denote by eq,...,e4 an orthonormal basis of H;.
Then the trace of A is given by

d d
trace(A4) = Z(Aek,ek Z AUey, Uey),
k=1 k=1

where U is an arbitrary unitary matrix. Denoting the normalized Haar measure on
the unitary group U(d) by n we have by Fubini’s theorem

d
frace(A) = /M > tAUe Ve au(D)
k=1

d
_ /3 ) /M . ;mUek, Uex) du(U) doy ()

—d /S ) /M (AU U2 ) o)

_4 /u . /S AU U)o (0) (V)

= d/sﬂ1 (Az,z)doq(x)

due to the invariance of the Haar measure and o; under unitary transformations.
It follows analogously that

trace(D) = dim(H2)/S (Dy,y) doa(y),

which concludes the proof. a

Recall from Definition 1.2.3 that for two nonempty sets K, L C C we define the
distance dist(K, L) via

dist(K, L) = sup | inf|k —1
IS( ’ ) :€K<l1€L” |>
and the Hausdorff-distance dH (K7 L) via

dy (K, L) = max {dist(K, L), dist(L, K)} .

Note, that K C B.(L) whenever dist(K,L) < ¢ and dist(K,L) < ¢ whenever
K C B.(L).
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Lemma 4.5.2. Let My, My € C?*2. Then

di (o (M), 0(My)) < ((1Ma]l + | Mal)) My — M)

Proof. For a A € (M), [32, p. 28] yields that

|\ — M| < |A— M|

[(A—My)~H| < |det(A — My)| — dist(\, o(My))2

or in other words
dist(\, (1)) < (JA = M3 = M)~ )P
If we further assume A € o(Mz), we have
A= Myl < [[ Mz + [| My ]|
on one hand and on the other hand we obtain
I = M) 7HITH < [ Mo — M|
because otherwise [|(A — My)~1||=t > ||My — My || implies

[(Ma = My)(A = My) ™M < 1
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and therefore I — (My — My)(A — My)~t = (A — My)(A — M;y)~! is invertible by a

Neumann series argument. This yields A € o(Ms), which is a contradiction.

Hence, we have
1
dist(A, o(M1)) < (([Ma]| + | M2 |)[|My — Mo|) *
for every A € o(Ms) and we analogously obtain
1
dist(, o(Ma)) < (([Ma]] + [[M2]))[[My — Ma)) 2

for every X\ € o(My). Thus,

du (0 (My),0(Ms)) = max {dist (¢(M;),0(Mz)),dist (¢(M2),o(M1))}

:max{ sup dist(\, o(Ms)), sup dist(\, o(M7))

A€o (My) A€o (M2)

< (M| + M) My — Mell)?.

Q

Theorem 4.5.3. Denote by S"~! the (n — 1)-dimensional sphere in R™ and let
f: 8"t = R be a function with Lipschitz constant L. Then for all € > 0 we have

G<‘f(x) [ 1o

de?n
>e| <dexp| — 7z

where o is the normalized surface measure on S~ and § > 0 an absolute constant.
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Proof. This is [44, Corollary V.2]. a
Theorem 4.5.4. Consider M as in Proposition 4.5.1. Then we have for all € > 0

ein
01 x 0 (du(0(Ma,y),0(EM)) > €) < 32exp < ||ﬂ|?4)

where B > 0 is an absolute constant and ng = min{dim(#;), dim(Hz)}.
Proof. We start by considering the function (A-,-): Sy, — R for which we have
[R(Az, z) = R(Ay,y)| <2[Allllz —yll, =,y € S,

Thus, from Theorem 4.5.3 and Proposition 4.5.1, we obtain

dim(H1)
e) <4dexp <552)
) 4| A[1?

trace(A)

o1 <‘§R<Ax, 2) = Remon

and analogously

o ([stnn - E

with an absolute constant § > 0. Combining both of these statements, we get

dim(H1)
>¢e | <4dexp <552)
) 4| A[1?

o1 <‘<A:c,:z:) - m > 5) <o (‘mAx,x) - zre;ife%l) > \2)
+ o ()S(Aac,x) m \2) (4.11)
< 8exp (—&QW)

and via the same argumentation with D in place of A we obtain

dim(H2)
< —ge2——=1 ), 4.12
>€> _SeXp( oe SIDJ ) ( )

02 (‘(Dyw - m

In order to find an estimate like this for o1 x o2(|(By, z)| > €) as well we first fix
y € Sy, and consider the function g,: Sy, — C,  — (By, x). For this we have

o1 (lgy(2)] > €) < Sexp (—5%)

again by Theorem 4.5.3 and a similar argumentation as before because Eg, = 0.
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Considering Q := {(x,y) € Sy, X Su, | [(By,x)| > €}, we then obtain
o1 xox(|(Bya)| > ) = [ [ ta(ey)dordos
Say Sy

- / 01 (19, ()| > ) do
Sty

dim(H,) (4.13)
1m 1
< 8exp (—552> do
/S,Q 2B ) °
dim('Hl)
= 8exp (552> .
2(|B|?
The estimate
a4
o1 x 02(|(C, y)| > €) < Sexp <—552W) (4.14)

can be shown via the same arguments and we then combine (4.11), (4.12), (4.13)
and (4.14) to obtain

01 X 02(||[Myy —EM|| > ¢)
<01 %X 03(|| My —EM|lp > ¢)

) e no 4.15
32exp< de 8max{4||A||2,||B||27||C'274||D||2}> o)

<39 -5 2_ "o
=9 ‘”‘p( “SE)

where ||-||r denotes the Frobenius norm.
Next, we apply Lemma 4.5.2 to obtain

1
du(0(Ma.y), 0(EM)) < (([[May || + [EM )| Moy, — EM]|)?,

where we have || M, || < ||</|| because My, = P/ |vanp, where P is the orthogonal

projection to the two-dimensional subspace of H; @ Hs spanned by [ﬂ and B] .

Moreover, |[EM|| < |[EM||r < v/2||¢7|| because the trace of a matrix is the sum of
its eigenvalues. Thus,

1
dit (0(May), 0(EM)) < ((1+ V2| ||| Mo,y — EM])?
and we conclude by using (4.15) that

01 X GQ(dH(U(Mm’y),O'(EM)) > 8)

Nl=

< oo (((1+ VRl B

><)
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62
=01 x 0y | | Myy —EM||> ——
( i ﬂ)wn)
54 no

< 32exp (5 >

(3 +2v)|| | 322

54710
= 32exp (6 >

[l |*

: _ o)

Remark 4.5.5. Equation (4.11) can also be interpreted in the context of the
numerical range and yields an estimate for the probability of a point in W (<)
that is computed via the random vector sampling method to fall outside of a small
neighborhood of the expected value.

In [43], Martinsson and Tropp reformulated a result from [20] such that an
exponential bound for the deviation of the estimation of the trace of a matrix A
via (Az, ) is obtained. The proof however relies on A to be a self-adjoint positive
semi-definite matrix.

Example 4.5.6. Let us consider the matrix

2 0 ... ... ... 0 1 0 0
0o .- : 0 0
2
—2
0 0
= |
0 0
141
1—-1

: 0 0 : o0

[0 ... .. ... 0 1| 0 ... .. .. 0 1-i|

with A, B, C and D equally sized. We have |o%4]| =~ 2.36 independent of its
dimension. In Figure 4.10, each plot depicts 10.000.000 points in the QNR of a
version of 75 with dim(@%) = 4™, n=1,...,4, that were generated via the random
vector sampling method. The concentration phenomenon proven in Theorem 4.5.4
becomes clearly visible and with an increase of the dimension, the QNR seems
to split into two disconnected components, which is not the case as Figure 4.11
shows. There, only 225.048 points have been computed, but they give a much more
accurate picture of the QNR.
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1.00 1.00 A
0.75 0.75 A
0.50 0.50 -
0.25 0.25 A
0.00 0.00 -
-0.25 —0.251
-0.50 —0.50 1
-0.75 —0.751
-1.00 {dim(<#;) = 4, computation time: 4:59 -1.00 {dim(.e%) = 16, computation time: 5:11
-20 -15 -1.0 -05 0.0 0.5 1.0 15 2.0 -20 -15 -10 =05 0.0 0.5 1.0 15 2.0
1.00 1.00 A
0.75 0.75 A
0.50 0.50 -
0.25 0.25 A
0.00 » - 0.00 -
-0.25 —0.251
-0.50 —0.501
-0.75 —0.751
-1.00 {dim(%) = 64, computation time: 5:59 -1.00 1dim(.e%;) = 256, computation time: 13:15
—2‘.0 —i.S —1‘.0 —6.5 0?0 015 1;0 1:5 220 —2‘.0 —i.5 —ll.O —6.5 0;0 025 1.‘0 1.‘5 2?0

Figure 4.10: QNR of o5 computed with the random vector sampling method for
different dimensions

1.00 1
0.75 A
0.50 A
0.25 A
0.00 A
—0.25 A
—0.50 A
—0.75 A

-1.00 1225.048 points
-20 -15 -10 -05 00 05 10 15 20

Figure 4.11: QNR of @4 with dim(%%) = 256 computed with the algorithm in 13

minutes
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