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Abstract

In recent years, there has been a rapid growth of interest in spectral prop-
erties of non-self-adjoint operators and operator pencils. This thesis is con-
cerned with indefinite self-adjoint linear pencils which lead to a special class
of non-self-adjoint spectral problems. These problems are not well understood,
and, in general, many sign-indefinite problems which are trivial to state require
some highly non-trivial analysis.

We look at indefinite linear pencil problems from the perspective of a two pa-
rameter eigenvalue problem. We derive localisation results for real eigenval-
ues and present several examples. We also use different approaches to obtain
estimates of non-real eigenvalues, supported by a large number of numerical
experiments. Additionally, these experiments lead to various open questions
and conjectures.
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Chapter 1

Introduction

Spectral theory is one of the richest fields in mathematics and one can find its various
applications in classical as well as quantum physics, such as in the study of control theory
[35], the physics of musical instruments [24,33], quantum mechanics [39] and signal
processing [57], see [74] for more details.

The spectral theory of linear self-adjoint operators was first presented by D. Hilbert in
his famous papers (1904-1910). Following this, the abstract concepts of Hilbert spaces
and linear operators were developed by von Neumann whose work was used to build
quantum mechanics, which was created by Jordan, Schrédinger, Dirac, and others. Since
then, self-adjoint operators have been extensively studied in the literature (see [69,75] for
a detailed survey). This was in part due to the needs of quantum mechanics, where
fundamental properties such as momentum, position, and the Hamiltonian are expressed
in this form. Today, many books can be found in this field (e.g. [13,[21]).

On the other hand, G. D. Birkhoff initiated the basics on eigenfunction expansions
for non-self-adjoint operators between 1908 and 1913. Although his works were written
during the same period as Hilbert’'s papers, the first abstract results in this field appeared
in the literature in 1951, written by M. V. Keldys. There are many authors who made
important contributions to the field, including Kato, Wolf, Gohberg, Krein and Langer. For
more detailed historical information, see [16,|20,|75] and references therein. Non-self-
adjoint operators have a wide range of physical applications, they arise, for instance, in
the study of biological systems [59], in the exploration of resonance phenomena [56],
describing the motion and oscillation of viscous fluids [36], the optical singularities of
crystals [9], the optical model of nuclear scattering [8], and others.

Hermitian systems describe time-dependent systems which conserve the energy, while
non-Hermitian systems do not. Examples of such non-Hermitian systems appear, for ex-
ample, in friction problems and inelastic scattering problems. For recent advances and
open problems in quantum physics related to non-self-adjoint operators, see [6,7,30].
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Although the theory of non-self-adjoint operators is still under development, it already has
a variety of applications in different fields, and the theory is far from complete.

This thesis will focus on self-adjoint linear operator pencils which lead to a class of
non-self-adjoint operators. Before going into the details of this relation, the general theory
of operator pencils will be discussed in the next section. Throughout the thesis, # denotes
a finite-dimensional, complex Hilbert space, equipped with inner product (-, -) such that
{(au,bv) = ab(u,v), u,v € H, a,b € C. We will be working with operators acting on %,
and therefore they are bounded. The identity operator on H will be denoted by 7. We
denote by B(H,, H-) the space of all bounded operators from H; to H,. If Hi = Hy = H,
then we use the short form B(H) = B(H, H). Capital bold letters (e.g. X) represent block
matrices, small bold letters (e.g. u) represent vectors. A” and A* represent the transpose
and the adjoint of A, respectively. We denote by diag()y, ..., \,,) a diagonal matrix with
entries Ay, ..., A\,

1.1 Operator pencils

Operator pencils (or polynomial operator pencils) are a family of operators depending on
a parameter, that is, operator polynomials of the form

P =P\ = Ay + A + N2 Ay + - + N A,,

where )\ is a spectral parameter and A,, ..., A, are linear operators acting on a finite-
dimensional Hilbert space H. If the operator coefficients are self-adjoint; i.e.

AJZ(AJ)*7 j:O,l,...,k,

then such a family is called a self-adjoint operator pencil.
A complex number )\, is said to be an eigenvalue of the pencil P if P()\,) is not invert-
ible, or equivalently if

P(/\(])u =0

has a non-zero solution u € A \ {0}. The set of all eigenvalues of the pencil P is called
the spectrum of P, which will be denoted by Spec(P). Moreover, Spec(P) coincides with
the set

Spec(P) = {\ € C: det(P) = 0}.

If one considers the simplest case P(\) = A— A\l where A is a single operator and I is the
identity operator, then the pencil problem is equivalent to the spectral problem of a single
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operator A. The spectrum Spec(A) of a linear operator A is the set of A € C such that the
operator A — AI is not invertible, which is the same as that of the pencil P(\) = A — AL

For a bounded linear operator 7" on a Hilbert space H, we define the operator norm of
T as

1T = sup{|{Tx,y)| : x,y € H, ||x]| = llyll = 1}

The spectral theory of operator pencils has a rich and long history. Pioneering works
were undertaken by Tamarkin, Keldysh, Krein, Langer, Shkalikov and others (see [45]
for a historical survey). In recent years, it has been a very active research area from
both a theoretical and a numerical point view. It has many applications, for instance
to control theory [15], vibrating structures [60, 73], mathematical physics and quantum
mechanics [6,62] and more recently electron waveguide in graphene [22,28,42]. Several
other applications of operator pencils can also be found in [45].

1.2 Indefinite linear pencils

This thesis is devoted to the theory of indefinite linear pencils. We begin by comparing the
systems which have a definite or indefinite operator A. A self-adjoint operator A : H — H
is said to be positive definite if and only if all its eigenvalues are positive, or equivalently

(Ax,x) >0

for every non-zero vector x € ‘H. The negative definite operators are defined analogously.
A linear operator A is called indefinite if there exist x,y € H for which

(Ax,x) >0, (Ay,y)<0.

One often finds a generalised spectral problem for a pair of self-adjoint operators A, B
acting in a Hilbert space H as: find A € C such that

Au = \Bu. (1.1)

Suppose that B > 0 (i.e. B is positive definite), then there exists B > 0 and, by a change
of variables,
v=B"?u &« B Y?y= u,

so that the problem (1.1) becomes

Au=)\Bu <& AB '?v=)\BY*v & B YV2AB 'y =)v.



Now, B~Y/2AB~'/? is a product of three self-adjoint operators and it is self-adjoint since
(CDE)" = E*D*C*, therefore all its eigenvalues are real.
If A > 0, then by setting = 1/Xin (1.1) yields

Bu = pAu,

and then, applying to the same reasoning for vA > 0, the spectral problem can be re-
duced to one for a self-adjoint operator A~'/2BA~1/2,
If B <0 (similarly A < 0), switching the problem to

(=A)u = A(=Bu),

and since —B > 0 (or —A > 0), the problem can be modified in the same way and it
follows that the spectrum is real.

If both A, B are sign-definite, then the problem is called sign-definite as well. If
only one of A, B is sign-definite, then is called semi-definite (but still reduces to a
self-adjoint spectral problem). In the general case when A and B are sign-indefinite (or
indefinite), the same tricks cannot be applied, and in this case is called indefinite.

If B is invertible, then the problem can be reduced to

B7'Au = \u.
However, in general, B! and A do not necessarily commute, that is,
(B'A)" = AB™' # B A,

thus the operator B~ A may not be self-adjoint. Therefore there may be some complex
eigenvalues in the spectrum.
The problem (1.1) is the spectral problem for the linear pencil

P(\) =A-)\B, (1.2)

where A, B is a pair of self-adjoint operators acting in a Hilbert space H and A € C. A
pencil of the form with both A and B self-adjoint is called a self-adjoint pencil. We
are interested in the case when both A and B are sign-indefinite. We always assume that
B is invertible so that the spectrum of the pencil P()) coincides with that of the operator
B7lA.

The difficulty is that standard operator theoretical methods available for the self-adjoint
case, for instance the classical variational principles and the spectral theorem, do not
readily apply and very little information can be deduced about non-real eigenvalues from
the general theory, see, for instance, the next result.

5



Lemma 1.2.1. Suppose that u is an eigenvector corresponding to the eigenvalue )\ of a
self-adjoint pencil A — AB. If A € C\ R, then (Bu,u) = 0 and thus (Au,u) = 0.

Proof. Multiplying (1.1) with u from both sides, we get
(Au,u) = \(Bu,u).

We know that (Au, u) and (Bu, u) are real and therefore taking the imaginary part of both
sides we obtain
0 = (Bu,u)Im(\),

which implies that A € R or (Bu, u) = 0. The result follows since we consider A € C\R. [

The main objective of this thesis is to study the spectral properties of some sign-
indefinite self-adjoint linear operator pencils. There are not many examples of such pen-
cils in the literature. Similar problems appeared in [19,22,42,46] where it was shown that
many sign-indefinite problems which are trivial to state, require highly non-trivial analy-
sis. One cannot obtain good bounds and estimates on eigenvalues by purely functional
analytic methods.

1.3 Key results and outline of the thesis

Chapter 2 will provide the necessary background from functional analysis. We begin this
chapter with a brief overview of block matrices. The statements given in Section are
already known, however we will use them in Chapter 4| to obtain information about the
eigenvalues of a pencil problem.

In Section[2.2]we present a review of the known Gershgorin-type results. Gershgorin’s
method [25] is a well-known method for the localisation of the eigenvalues of a complex
square matrix. His result is usually referred to as the Gershgorin (circle) Theorem, and
states that all the eigenvalues of a matrix with complex entries are contained in a union
of disks. The centre of the disks are the diagonal entries of the matrix, and the radii are
given by the row sum of the absolute values of the non-diagonal entries. Namely, the
result is given as follows.

Theorem 1.3.1 (Gershgorin (circle) Theorem, [25,(79]). Leta; ; denote the (i, j)-th element
of the matrix A, that is, A = [a, ;| € C"*", n > 2. Then

Spec(4) € G(4) := [ J Gi(4),



where
Gi(A) ={r e C:|A—a;;| <ri(A)}, (1.3)
and r;(A) denotes the i-th deleted absolute row sum of A, i.e.

ri(A) = lagl,  T={12,...n}\{i}. (1.4)
j€Ti

Section contains a collection of theorems related to Gershgorin-type results on
the localisation of eigenvalues. We shall apply these results to a particular problem and
illustrate some of them in Section [4.5.3 We will finish this subsection by giving a new
result; a Gershgorin-type localisation for a two-parameter eigenvalue problem (see Corol-
lary [2.2.16).

In Section 2.3] we will briefly present the general theory of orthogonal polynomials. We
will then discuss some properties of Chebyshev polynomials of the second kind, which are
our main interest in this section. We will study the spectral properties of the matrix whose
determinant leads to Chebyshev polynomials of the second kind. Our main focus in the
last part of this section will be on ratio asymptotic results given by Simon [66]. We will
recall some of his results and apply them to a particular problem in Section

There are also other approaches to sign-indefinte pencils, for instance, Krein spaces,
numerical range (NR) and block numerical range (BNR). We conducted some numerical
investigations on a linear pencil problem. However, they did not produce much informa-
tion, therefore we do not pursue them in this thesis and we omitted the plots and the
investigations we carried out. A comprehensive introduction to Krein spaces is provided
in [5,/14,27.,/34,/40] and to NR and BNR in [43,/47,/61,/63,75,76].

In Chapter 3] we focus on a two-parameter eigenvalue problem, and most results
of this chapter have been published in [41]. The main motivation of this chapter comes
from a particular example of a finite-dimensional, sign-indefinite, self-adjoint linear pencil,
studied by Davies and Levitin [19]. We consider the linear pencil problem in a more
general setting, and under reasonable restrictions, we state localisation theorems for the
eigenvalues.

We start the chapter by surveying the work of Davies and Levitin [19], and then intro-
duce and study a two-parameter eigenvalue problem. Namely, let m,n € Nand N = m-+n,
then Davies and Levitin [19] consider the linear operator pencil

Ac=A(\) = HM —\S,, ., (1.5)



where

1 ¢ -1

with omitted entries equal to zero, and ¢ € R is a parameter. The size of both matrices is
N x N, and the diagonal matrix S, ,, has m plus ones and n minus ones.

The matrix S,,,, is indefinite. If either ¢ > 2 or ¢ < —2, then the matrix 7N s sign-
definite. We will clarify this in Section [3.1], and in fact, we will see that a sharper bound
exists, i.e. |c| > 2cos(n/(N + 1)). Therefore, the spectrum Spec(A,.) is real when |c| >
2. However, interesting things occur in relation to the complex eigenvalues of .A. when
lc| < 2. Davies and Levitin [19] obtained the asymptotics as N — oo of the complex
eigenvalues of A, when ¢ = 0 and asymptotic estimates when ¢ # 0. We continue
looking at this example for a fixed N with m = n. There are various ways to treat this
system. Davies and Levitin [19] pursued an asymptotic approach for large size matrices
(i.e. N — o0) and posed some conjectures. We have made some progress towards open
questions from [19] and we will be looking at this system from a different perspective. The
first thing we noted that this linear pencil problem is related to a two-parameter eigenvalue
problem.

Let L, V; and V. be self-adjoint linear operators in some Hilbert space H. Then a
two-parameter eigenvalue problem is defined as

M(a, f)x := (L —aV; — Va)x =0, (1.7)

where «, 5 € C are spectral parameters. A pair («, 5) is called a pair-eigenvalue of
M = M(a, B) if there exists a vector x € H \ {0} such that holds. Such a vector
x is called an eigenvector corresponding to the pair-eigenvalue (a, ). We denote by
Spec,(M) the set of all pair-eigenvalues of M. If both a, 3 € R, then we will call (o, 3) a
real pair-eigenvalue of (1.7). In this thesis we will focus on the case where H = H; @ H,
for some Hilbert spaces #; and H,, and where L, V; and V, take the particular forms

X = (3) € Hi b Ho,

R S R

and



In here, A and D are self-adjoint operators in the Hilbert spaces #, H-, respectively, and
C'is a linear operator from #, to 1, then one can re-write the two-parameter eigenvalue

problem as
wen (B (50 )@ o

where A — o« and D — g are shorthand for A — ol and D — 51, respectively.

Remark 1.3.2. There may be other points («, 3) € C? where M does not have a bounded
inverse in general. However, we study the eigenvalues of M and Spec, stands for point
spectrum.

Now, let us investigate the connection between a two-parameter eigenvalue problem
(1.9) and a linear pencil problem (1.2). Consider the self-adjoint, linear matrix pencil

(L+cl —AS)x =0, (1.10)

(1),

Further X is a spectral parameter and ¢ € R is fixed. Then (1.10) can be re-written as a
generalised eigenvalue problem

(e 05 C) =20 ) () i

A4+c— A C u\
( c D+c+)\)(v>0' (1.12)

In addition, the problem (1.11) is also equivalent to the non-self-adjoint problem

({gf _DC_ C) (3) \ (‘;) . (1.13)

Then it can be seen from (1.12) that any linear pencil problem of the form (1.10) (or a
non-self-adjoint problem of the form (1.13)) relates to the two-parameter eigenvalue of

the form (1.9) by setting

where L is given by (1.8) and

which is equivalent to

a=\—c p[f=-N—c (1.14)

Indeed, it can be said that Davies and Levitin [19] considered the two-parameter eigen-
value problem (1-9) in the case when S = S,,,,,, A = H™, D = H{"™, (C),., = 1 and all
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other entries of C' are zeros. In Section [3.2] the problem is attacked in a more gen-
eral setting; we consider the case when A, D are self-adjoint operators and C' is rank one,
and we obtain localisation results on the real pair-eigenvalues of the two-parameter eigen-
value problem. The main results (Theorem and its special case Theorem will
be given in Section [3.3] For simplicity, we omit the statement of our main results here and
we give an illustrative example instead. For instance, let

10 11
ter=oa) o)

then the pair-eigenvalues of M lie in a union of rectangular regions in the («a, §)-plane.
In Figure [1.1], we illustrate the region (light-gray shaded area) which contains the real
spectrum of M (blue lines). Boundaries of the region and some special cases will be
explained later in this chapter.

Figure 1.1: In the («, §)-plane, blue lines are the real pair-eigenvalues of M.

The rest of this chapter is devoted to the study of a two-parameter eigenvalue prob-
lem. Throughout this chapter, we deal with mainly the real pair-eigenvalues of a two-
parameter eigenvalue problem. We focus on the non-real pair-eigenvalues of the problem
only in Section[3.7] First, we start Section by describing the general concept of a two-
parameter eigenvalue problem. Then in Section [3.3] after imposing some restrictions and
notation, we state the main results of this chapter concerning the real pair-eigenvalues of
M, namely Theorem [3.3.6] and its special case Theorem [3.3.4] In Section [3.4] we briefly
discuss some auxiliary results for a special class of problems and subsequently we give
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the proofs of the main results in Section [3.5] Afterwards, we give several examples to
illustrate the special cases in Section [3.6]

We conclude the chapter with a discussion of the non-real pair-eigenvalues of a two-
parameter eigenvalue problem. In general, there are infinitely many g € C for every
a € C\ Spec(A). Thus we shall limit our attention to those that satisfy

Im(a + ) = 0.
Therefore, we set
Spec(M) := Spec, (M) N {(a, ) € C : Ima + Imf3 = 0}.

First, we locate the collision points of the real eigenvalues (or double eigenvalues) in
terms of the first derivative of («) with respect to « and we state the result in Lemma
[3.7.3] Another major result of our investigation concerning the non-real pair-eigenvalues
of M is given in Theorem[3.7.4] Using asymptotic analysis, we prove that as ||C/|| diverges
to infinity there exists a family of non-real pair eigenvalues which approximately lies on a
circle in the complex plane. The centre and the radius of this circle will be explained in
Section (3.7.1], including illustrative examples.

We estimate the real eigenvalues of the pencil A. by looking at a corresponding two-
parameter eigenvalue problem. We also obtain partial information about the non-real pair-
eigenvalues of the problem which we will study in detail in Section [3.7] In addition, we
obtain some minimal information about the collisions of the real eigenvalues (i.e. double
eigenvalues). Therefore, we need to look at the concrete example again so as to gain
more insight about the open problems from [19].

We note that in our publication [41] we focus on the two-parameter eigenvalue problem
in the case when dim H,; = dim H,, whereas in this chapter, we extend our results to
a more general setting. In addition, Lemma [3.5.5] Lemma and Theorem are
new, and do not appear in the paper [41].

In Chapter [4) we turn our attention to the linear pencil problem (1.5). We shall only
consider the case when m = n in this chapter. By rephrasing the work of Davies and
Levitin [19], we are able to gain a new perspective. First, we look at the characteristic
equation of the pencil A, in Section [4.1]which can be written in several ways, one of which
is using iterative functions that turn out to be related to ratios of Chebyshev polynomials
of the second kind U,,. In Section|4.1.1] we shall deduce the characteristic equation of the
pencil A, explicitly and give explicit expressions for the eigenfunctions of the pencil A, in
terms of the Chebyshev polynomials of the second kind, see Lemmal4.1.3]

11



We will frequently use the following substitution
1 1
A—c=z4+—-, Atc=w+ —, (1.15)
z w

where ) is an eigenvalue of the pencil A. and z, w € C. Then each ) corresponds to two
values of z and two values of w, which are the solutions of the quadratic equations

Z2—A-0c)z+1=0,
w? — (A +c)w+1=0,

respectively. Using (1.15), Davies and Levitin [19] gave another form of the characteristic
equation, and we quote some of their results in Section[4.1.2 In Section [4.1.3] the pencil
problem will be re-written in the basis of the eigenfunctions {v,} of Hé”).

Numerical experiments suggest that the eigenvalues of a sign-indefinite self-adjoint
pencil often lie on or under a set of curves. Davies and Levitin [19] proved that this is true
in some cases, and determined the curve asymptotically which bounds the spectrum of
A. when ¢ # 0. Nevertheless, the crucial step in the proof was the following conjecture.

Conjecture 1.3.3 ( [19, Conjecture 5.3]). Letc > 0 and m = n. If \ is a non-real eigen-
value of A., then

AE¢ <2, (1.16)
and therefore
[Re(N)| < 2 —c. (1.17)

Conjecture is still open. We have verified this conjecture numerically for a wide
range of n and ¢, and we will give numerical experiments to support this conjecture
throughout this thesis. One of these experiments is illustrated in Figure [1.2] showing

the complicated interplay between ) szac )\R{|/\ +¢|,|A — ¢|} and ¢. We see in the figure
edSpec(Aec

that the maximum value of |\ + ¢| never exceeds two.

We will look at the pencil problem from different angles and we will see that there
are several ways to reformulate Conjecture [1.3.3] To make these reformulations more
accessible as a whole, we summarize them as follows.

Theorem 1.3.4. Conjecture[1.3.3 is satisfied if and only if any of the following statements
hold:

12
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Figure 1.2: For n = 10, max{|\ + ¢|, |\ — ¢|} (red lines) among all non-real eigenvalues
of A. is drawn as c ranges from 0 to 2 with the step-size 0.001 and the constant line at 2
(blue dotted lines).

(i) Consider a two-parameter eigenvalue problem M(«, 3) defined by (1.9) with A = D =
H" and C = C* with (C),,, = 1 and all other entries of C' are zeros. Then

Spec(M) \ R C {(a, B) : [al, 8] < 2}
(i) Leto, T € C, Im(o) = Im(7) > 0. If, for some n € N,
Un (0) Un (T) + Un—l (J) Un—l (T) = Oa (1 A 8)

then|o| <1 and |r| < 1.

(iii) Let F, : C — C, n > 1 denote the sequence of iteratively defined rational functions

ﬁHl(c):c—ﬁl@, F()=¢ (eC.

Then any solution (o, 7) € C? of
F.(o)F, (1) = -1, Im(o) = Im(7) > 0,

has both |o| < 2 and |T| < 2.
(iv) LetG, : C — C, n > 1 denote the family of meromorphic functions
fn—l-l _ é‘—n—l
g
13



Letz, w € C\ R such that |z|, |w| > 1. Then any solutions z, w of
Gn(2)Gn(w) = —1,
satisfy
zZ,w € Z1 U 2y (1.19)
where
lez{Ce@:|§|>1and]§—i|<\/§}, ZQ::{geC:]g|>1and|C+i]<\/5}.

(v) Let A, = S; H™). Then

n 2n
Spec(A.) \R C (U gi(Ac)> m ( U gj<Ac)> :
=1 j=n+1
We prove most of these reformulations in Section[4.2] Only two of these equivalences
were deduced by Davies Levitin [19], namely Theorem i) and (iii). We prove these
reformulations in Section 4.2.1l The rest of the reformulations are new. We give a proof

of Theorem i) in Section [3.7] We will derive Theorem iv) in Section and

verify Theorem v) in Section |4.2.3|
In Section we give a proof of Conjecture in the case n = 2 and n = 3.

Although we can prove the conjecture explicitly, the proof involves very long computations
for even small matrices. In Section 4.4, we describe the asymptotic behaviour of the
non-real eigenvalues of the pencil A, as the parameter ¢ tends to zero.

Our purpose in Section is to apply useful methods mentioned in Chapter [2]to our
problem. We begin this section with a brief discussion of the pencil problem in a block
operator setting. The main objective is to show the difficulty of the problem.

As mentioned in Theorem [1.3.4{ii), Conjecture can be reformulated as a result
involving Chebyshev polynomials of the second kind U,,. This statement is apparently a
new statement for Chebyshev polynomials. One approach is to treat the system as the
ratios of Chebyshev polynomials of the second kind. It is still an open question to esti-
mate the ratio for orthogonal polynomials of finite index. In Section[4.5.2] first we apply
the ratio asymptotic results given in Section [2.3.4]to the ratio U,,(¢)/U,—1(¢). Afterwards,
we investigate various properties of this finite ratio and deduce some bounds on this ra-
tio. Although these bounds are not sufficient to prove the conjecture, we believe that
they are still useful. Most of these results in this subsection are joint with Sabine Bogli
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(unpublished). Although the reformulations given in Theorem [1.3.4{ii) and (iii) were al-
ready deduced by Davies and Levitin [19], they haven not studied the ratio of orthogonal
polynomials, and we remark that our investigation is a new approach.

Another form of Conjecture[1.3.3]is given in terms of Gershgorin circles as in Theorem
[1.3.4[v). When we apply Gershgorin’s Theorem to our problem, we will see in Section
that all the eigenvalues of A, lie in the union of all disks, whereas we claim that
the non-real eigenvalues of A. lie in the intersection of two regions. In Section (4.5.3, we
will apply various Gershgorin-type results mentioned in Section[2.2]to our pencil problem.
We will see that there is no such Gershgorin-type region which contains only the non-
real eigenvalues of a matrix. We tried but failed to obtain such bounds, and therefore
we omitted our calculations. Instead, we will investigate and illustrate some of the known
results, and we will see that a very few of them give a better bound than Gershgorin
Theorem when applied to our problem. We end this chapter by applying the Gershgorin-
type localisation for a two-parameter eigenvalue problem to our problem, and we look at
the Gershgorin’s result under the change of variables (1.15).

Chapter [5] focuses on localisation of the non-real eigenvalues from different perspec-
tives. We mention some heuristics based on numerical experiments. In Section 5.1} we
explain the dynamics of the eigenvalues of the pencil A. as the parameter ¢ changes.
There is a fascinating dynamics of real eigenvalues colliding to form a pair of complex-
conjugate eigenvalues emerging into the complex plane, and the reverse collisions of
complex eigenvalues. We illustrate these collisions (or jumps) which occur in the first
quadrant of the complex plane in Table [5.1] In Section[5.2] we illustrate some interesting
phenomena for the non-real pair-eigenvalues of a two parametric eigenvalue problem. In
Section [5.3] we investigate double eigenvalues of the pencil A.. One would see an in-
teresting behaviour if one superimposes the double eigenvalues of A, for the values of
n, see Figure In addition, we count the number of double eigenvalues which lie in
a certain location. Numerical evidence suggests that for ¢ between 0 and 2, there are
altogether 2n? double \-roots (conjectured), of which 2n are at the origin and the rest are
non-zero.

15



Chapter 2

Background

In this chapter, we discuss some necessary background material from functional analysis.
In Section[2.1], we review some properties of block matrices. Most of the results contained
in this section are probably well-known, however these ideas will be used in Chapter [4]
Section contains a review of the well-known Gershgorin-type results, which we will
apply in Section [4.5.3|to our problem and give a detailed discussion of their applications.
In Section [2.3] we provide a brief overview of orthogonal polynomials before turning to a
discussion of Chebyshev polynomials of the second kind. We will introduce some nota-
tion and basic terminology, and discuss some of the spectral properties of a matrix. We
conclude this section with a brief survey of ratio asymptotics of orthogonal polynomials.

2.1 Block matrices

In this section, we shall discuss some properties of block (operator) matrices. Let
H="H ®H (2.1)

be a direct sum of complex Hilbert spaces #;,Hs. A linear operator X € B(H) always
admits a block (operator) matrix representation

All A12
X = <A21 A22> | 2.2)
with linear operators A;; € B(H,;, H;), 1,5 = 1,2. Most of the time, we will be interested
in the special case when dim #H; = dim H,, Aj; = Aj;, j = 1,2, and either Ay = —A;, or
Ay = —A7,. In the rest of this section, we set X as a 2 x 2 block matrix with respect to
the decomposition and review some of its spectral properties.
We start by considering a 2 x 2 matrix, and we will then generalise the result for a 2 x 2

block matrix. The following lemma establishes certain bounds on the eigenvalues of 2 x 2
matrices.
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Lemma 2.1.1. LetY = ( “ b), where a,d € R, andb € C. If \ € C\ R is an eigenvalue

—b d
ofY, then
ja — d| < 2[b),
[Re(A) —al < [b],
[Re(A) —d| < 0],
[Im(A)] < 5.

Proof. Set 3 = a+d and v = ad + |b|?, then the elementary formula \* — S\ + v = 0 gives

d e
P i\/<“+ P ad— o2

2 4
_ 2
:ﬂﬁu_w
2 4

The assumption A € R implies that (a — d)?/4 — |b|*> < 0 and hence |a — d|/2 < |b]. It also
implies that Re(\) = (a + d)/2. Therefore

d —d
ey — ol =| 25 o = 25 <,
and similarly
—d
Re(h) —d = <=9y

2
== 5 = i <

Remark 2.1.2. Lemma is analogous to Lemma 1.2.7 from [75].

The next result gives some information for the eigenvectors of a certain type of a block
matrix.

Lemma 2.1.3. Lety € R. If A € C\ R is an eigenvalue of
A —v Apz )
X_ e
! ( —Aly, An+t+y)’

where A;; = A%, j = 1,2, then the corresponding eigenvectors (u,v)" satisfy |[ul| = ||v|.
In addition,

Im(A)| < || As2]].

17



Proof. Consider the spectral problem

Ay — 7 Arg u —\ u
—Aly Antv)\Vv v)

Let A\ = 2 + iy where x € Rand y € R\ {0}. Then re-writing the problem as

(A;p —y)u+ Appv = (z + iy)u,
—Afu+ (A +9)v = (x+1iy)v,

and multiplying the first equation by u and the second by v gives

(Anu,u) — [l + (Aizv, u) = (z +iy)[[ul]%, (2.3)
—(Afu, v) + (Aaav, v) + 7 v|]* = (z +iy) | v]*.
Considering the imaginary parts of (2.3)), we get
—ylul + Im(Azv,u) =0 (2.4)
Im(Aju,v) +yllvl* =0, '

and since (Apv,u) = (Af,u, v), summing the two equations in (2.4) gives the first result.
In addition, we have from (2.4) that

_ Mm{Apv,w)| _ [[Awpvllflull
|y| - 2 S 2 Y
[[ull [ull

and since ||ul| = ||v||, we obtain |y| < ||A12]|- O

Remark 2.1.4. Note that we have the relation
A —v Apg A — A Ao
/\ESpec(_A,{2 A22—|—7> & WESpec( At A M)
Therefore, it follows that for A € C \ R, eigenvectors (u,v)” corresponding to the real
eigenvalues of
An—X  Ap
Afy  —Ap+A
satisfy |luf| = [|v].
Remark 2.1.5. Consider Lemma [2.1.3| If, in addition, ||u|| = ||v|| = 1, then we deduce
from (2.5) that

Im(A)| = [Im(Aav, u)|.
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Theorem 2.1.6. Consider
X — ( All A12)
0 —Ajy Axn)’

where A, = A" satisfies Spec(A11) C |a, as], and Asy = Agy* satisfies Spec(Asy) C
[dy1,ds). Let Xof = M where A € C\ R andf = (:) such that ||ul]* + ||v||> = 2. Then

[ul| = [[v]| =1, (2.6)
and
max(ay,d;) — 6 < Re(A\) < min(ag, dy) + 9,

where § = |(Ajav,u)|.

Proof. Equation (2.6) immediately follows from Lemma [2.1.3] Now, re-writing Xof = Af in
the form

Anu + A12V = )\11,
—Alou+ Apv = v,

leads to

<A11u, u) + <A12V, Ll> = )\, (27)
—<A12*L1,V> + <A22V, V> =\

This may be re-written in the form

(5 0) (1) =2 ()

where a = (Ajju,u), b = (Apv,u), 6 = |b|, and d = (Axv,v). The theorem now follows
directly from Lemma and the inclusion a € [a1, as] and d € [dy, do). O

Remark 2.1.7. Theorem is similar to Proposition 1.3.9 from [75] where she esti-
mates

Spec (Xo) NR C [min(ay, dy), max(ag, ds)].

Our result is somewhat stronger if § = |(A;5v, u)| is small.
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2.2 Gershgorin circles

One of the most famous methods which can be used for eigenvalue localisation regions
was introduced by the mathematician Semyon Aranovich Gershgorin in 1931 [25]. He
observed that the spectrum of a complex matrix is contained in a union of disks in the
complex plane, which are nowadays called Gershgorin disks. These disks are centred at
the diagonal entries of the matrix and their radii are the row (or column) sum of the mod-
uli of non-diagonal entries; see Theorem for the formal statement of Gershgorin’s
result. It is an easy tool to obtain bounds on the eigenvalues without assuming any con-
dition on a matrix. It has many applications, for example, in stability theory (see [68]), in
locating the roots of polynomials (see [1,/50,54,55]) and controller design (see [32,,64]).
In general, eigenvalue inclusion regions are useful in eigenvalue perturbation theory
(see [71,81]) and in the computation of pseudospectra (see [72]). A good survey of
eigenvalue bounds including their rich and interesting history can be found in [31, Chapter
6], whereas [79] provides more advanced and comprehensive results. In this section, the
well-known results about Gershgorin-type eigenvalue localizations will be reviewed.

2.2.1 Inclusion regions for the eigenvalues of matrices

We begin by recalling some notation. The (7, j)-th element of the matrix A is denoted by
a;j, i.e. A=la; ;| € C". r;(A) denotes the i-th deleted absolute row sum of A, i.e.

ri(A) =Y Jayl,
JjE€J;

where J; = {1,2,...,n} \ {i}. We now give a proof of Gershgorin Theorem (Theorem
1.3.1).

Proof of Theorem[1.3.1. Let \ be an eigenvalue of A and x be a corresponding eigen-
vector. Suppose the i-th component of x has the largest modulus; i.e. |z;| = max; |z;|.
Looking at the i-th coordinate of the equation Ax = \x, it can be seen that

n

E Q; ;L5 = /\ZL’Z = Q; ;T; + E Q; ;T = )\IZ = E Q; ;T = ()\ — CLZ‘J‘).Z'i.

J=1 JjeJi JEJ;

Taking the modulus on the both sides of the last equation and applying the triangle in-
equality and then the maximal property of |z;| yields

> aigay| < laigllag] < sl Y lais] = lalri(A).

J€J; Jje€J; Jj€J;

A — ai,illxil =
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Since |x;| > 0, dividing both sides of the inequality by |z;| gives |\ —a; ;| < 7;(A),i.e. \lies
in a disk with centre a;; and radius r;(A). Since it is not clear which i each eigenvalue cor-
responds to, one needs to take the union of all such disks in order to obtain a guaranteed
region. O

The set G;(A) is called the i-th Gershgorin disk of A, which is a closed disk in the
complex plane C, centred at a;; with a radius of r;(A). Then G(A) is the union of the n
Gershgorin disk, and it is called the Gershgorin set which is closed and bounded in C.

Remark 2.2.1. Since the spectra of A and its transpose A’ are identical, an analogous
statement is obtained by considering the matrix A, with deleted column sums replacing
deleted row sums. This will also be true for all the other results in this section unless
stated otherwise.

The next well-known result is given by Brauer (1947).

Theorem 2.2.2 ( [79, Theorem 2.2]). Let A = [a; ;] € C™*", n > 2. Then

Spec(4) € K(A) := ] Ki (A),

ij=1
i#j

where
Kij(A) :={C € C:|C—ail¢ —aj;] <ri(A)r;(A)}. (2.9)

Cassini ovals are a family of quartic curves defined as the set of points such that the
product of the distances to two fixed points is constant, and the fixed points are called the
foci of the Cassini oval. K; ;(A) is called the (i, j)-th Brauer Cassini oval for the matrix A,
whereas KC(A) is called the Brauer set.

Remark 2.2.3. Note that G;(A) is sometimes also called the i-th Gershgorin circle of A.
Both (7, j)-th Brauer Cassini oval K; ;(A) and i-th Gershgorin circle G;(A) were named
with the shape of their boundaries, however both IC; ;(A) and G;(A) are regions bounded
by a Cassini oval and a circle respectively.

Remark 2.2.4. For an n x n matrix, there are n(n — 1)/2 ovals of Brauer Cassini, while
there are n Gershgorin disks.

The next result is due to Fan and Hoffman (1954).
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Theorem 2.2.5 ( [79, Theorem 1.20]). For any matrix A = [a; ;] € C"*", if a IS any positive
number satisfying[|

iLA)<a(1+a),

i=1 E%E?Ji<|ai’j’ -
then i
Spec(A) C U{C € C:[¢ —aiil < pit,
=1
where

pi = amax |a; ;. (2.10)

Melman found new eigenvalue inclusion sets for matrices without assuming any struc-
ture in [50,52,59], for structured matrices in [49], and for Toeplitz type matrices in [53],
however we shall mention only two of them. Before stating the results, we introduce addi-
tional notation. Let J;; = {1,...,n} \ {¢, 7}, then define

Fogi= Y lail =1 = laigl =Y laskl = lais| = laig]  (fori # j). (2.11)
k=1

kEJi,]’

Theorem 2.2.6 ( [50, Theorem 2.1]). Let A = [a; ;] € C**". Then

Spec(A) C Q(A) == U { N QM(A)} ,

jET;
where J; is any non-empty subset of J; and
£;,(A) == {C € C: (¢ —aii)(C = aj;) — aija;il <|C—aj;|ri;(A) +laiz[r5:(A)} (2.12)
In addition,
Qi ;(A) CGi(A)UG;(A) forall i+ j.
Recall that the matrix is centrohermitian if it is symmetric with respect to its cen-

tre, i.e. its elements satisty a;; = @, iy1,,j+1, @and it is skew-centrohermitian if a; ; =
—Qp—i+1n—j+1, Where @; ; is the complex conjugate of a; ;.

Theorem 2.2.7 ( [49, Theorem 2.6]). Let A = [a; ;] € C™*™ such that n is even and A is
skew-centrohermitian. Then

n

Spec(4) € | JVi(4),

i=1

where V;(A) is defined to be the set

{CeC: (¢ = @) —@y) = lainini | < ¢+ Tl + |ain—is1]) Fin—ipa (A} (2.13)

'If maxje g, |ai ;| = 0 = r;(A) for some i, then ri(A)/gréa]x|ai}j| is defined to be zero.
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2.2.2 Exclusion regions for the eigenvalues of matrices

There are some proper subsets of the Gershgorin set which do not contain any eigenvalue
of the matrix. These sets give substantial improvements to determine the location of the
eigenvalues of a matrix (cf. [44,51]). Melman [51] gave the following Gersghorin-type set.

Theorem 2.2.8. Let A = [a; ;] € C™". Then

Spec(A LnJ

where
Qi(A) =GN L), Li(A) = | £is(A), (2.14)
and -
L;ij(A):={C€C:|C—a;;| <2laj|—r;(A)}. (2.15)

Furthermore, Q(A) C G(A).
Remark 2.2.9. In [51], there was a typographical error in the definition of £, ;(A4), “>*
instead of “<“. What we state here is the corrected version by Li et al. [44].

According to Melman, this result was based on a previous result obtained by Parodi
and Schneider. We refer to [79, p.73-79] for detailed discussion of the Parodi and Schnei-
der results. The next result is given by Li et al. [44] in which they gave two new Brauer-type
sets. We mention only one of them.

Theorem 2.2.10 ( [44, Theorem 4]). Let A = [a; ;] € C™*". Then

Spec(A) O
where
i ;(A) = Kij(A)\ Li(4),  Li(A) = | L.i(A), (2.16)
seJ;
and
Lii(A) ={C€C[¢— asl(I¢ — ais] +Tis(A)) < (Jasi| — Tei(A))]aisl}- (2.17)

Furthermore, ®(A) C B(A).

Remark 2.2.11. It was pointed out in [44] that there are 3n(n — 1)/2 Cassini ovals in the
set ®(A), whereas n(n — 1)/2 ones in the set K(A4). Although ®(A) usually gives a better
bound than the Brauer set IC(A), it takes more time to compute.
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2.2.3 Inclusion regions for the eigenvalues of a linear pencil

The first Gerhgorin-type inclusion region for a generalised eigenvalue problem Ax = ADx
appeared in the paper by Stewart and Sun [70,71]. Let A = [a;;] € C"*" and D = [d; ;] €
Can.

Theorem 2.2.12. [71, Theorem 2.4] Let (A, D) be a regular matrix pair, i.e. det(A — \D)
does not vanish identically. Let

Si(AD)={¢ €C:ai; — (dig) < laiy—Cdigl},  i=1,....n. (2.18)

Je€J;

Then

Spec(A — A\D) C U Si(A, D).
=1
Note that ( appears on both sides of the inequality in the sets S; so that it may be
difficult to compute S; in some cases. Therefore, Stewart and Sun [71] gave an alternative
bound as follows.

Theorem 2.2.13. [71, Corollary 2.5] Let X denote the chordal metric defined by

[z — |
X(x,y) = : (2.19)
) V14 [zPy/T+ [yl
Let
‘§i<"47 D)={CeC:X(C,ai/di) < o0}, (2.20)
where
2 2
) (i) -
% |aii|* + |diq]? ' '
Then
S S, 1=1,...,n,
so that

Spec(A — AD) C U Si(A, D).
i=1
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2.2.4 Minimal Gershgorin sets

In this section, we review the minimal Gershgorin set which was introduced by Varga
in [78]. lts theoretical properties were studied in more detail in [79] and the algorithms for
computing the set were developed in [38,80].
Let x = (z1,...,2,)T € R™ be any vector with positive components (which we write as
x > 0), and set
X = diag(xq,...,zy,),

so that X is non-singular. Itis clear that if A = [, ;] € C**" then
X_lAX = |:ai7j;:| .

Since Spec(A) = Spec(X 1AX), applying the Gershgorin’s result (i.e. Theorem [1.3.1) to
X~1AX gives that i-th Gershgorin disk for X1 AX is given by

G(A) :={C€C:|C—ai| <rxi(A)}, (2.22)

where r, ;(A) is the i-th deleted absolute row sum of X 'AX, i.e.

1
Txﬂ'(A) = T’Z’(XilAX) = x— Z ‘CLZJ’(%J (223)

' jed;

Then the associated Gershgorin set is given by
G(4) = | Jgr(a),
=1

and therefore
Spec(A) C G™=(A).

Since this inclusion holds for any x > 0 in R”, by intersecting over all x > 0 in R", we
obtain
Spec(A) € GR(A) = () G™(A). (2.24)
x>0
The set G*(A) is called the minimal Gershgorin set for A, relative to the collection of all
row sums 7y ;(A), where x > 0 in R™.

In other words, for any nonsingular matrix X, the spectrum of A and X~'AX are the
same whereas their Gershgorin sets are not, and one may obtain better estimates by
considering the minimal Gershgorin set of a matrix. Indeed, the minimal Gershgorin set
gives the sharpest localisation of the spectrum of a matrix among all Gershgorin-type sets
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(cf. [37]). Nevertheless, calculating this set for a given matrix is not easy. Therefore, Varga
et al. [80] and Kostic et al. [38] proposed numerical algorithms for finding an approximation
set, however the applicability of these algorithms are limited to the small or medium size
matrices.

2.2.5 Gershgorin sets for block matrices

Gershgorin’s theorem was extended to a more general setting of partioned matrices by
Feingold and Varga [23,79] and to finite matrices of bounded operators on Banach spaces
by Salas [65]. The results in this section have more general forms which are applicable to
bounded and/or infinite dimensional operators but we will be working on the block matrix
X givenin (2.2).

It is well-known (see [26, p. 84]) that the norm of the resolvent of a normal operator
can be calculated in terms of the distance to the spectrum, i.e. if A is a normal operator,
then

(I¢I = A7) ™" = dist(¢, Spec(A)) = _inf |¢ = A, (2.25)

A€ESpec(A)
where ¢ € C\ Spec(A).
The next result is the Gershgorin theorem for the block matrix X, which is given by
Tretter [75].

Theorem 2.2.14. [75, Theorem 1.13.1 and Remark 1.13.4] Let Ay, = A3y, Ay = A5, and
suppose that Ay = —A¥,. Then
(i) It follows that

Spec(X) C {¢ € C : dist(¢, Spec(A11) U Spec(Aa)) < || As2|l} -
(ii) In addition, let

min(Spec(Aq1)) = a_, max(Spec(Ay1)) = ay,
min(Spec(Ag)) = d_, max(Spec(Ag)) = dy.

Then
Re(Spec(X)) C [min{a_,d_}, max{a,,d}].

There are similar generalisations of the Gershgorin-type results in the block matrix
case, see [23,[79]. We mention only Brauer’s result on Cassini ovals which was given by
Freingold and Varga [23] as the following.
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Theorem 2.2.15. [23, Theorem 6] Let A1 = A}y, A = Aj, and suppose that either
Agl = ATQ or A21 = —AT2 Then

Spec(X) C {)\ eC: ( inf \)\—C|) ( inf \)\—C]) < \|A12|]2}. (2.26)

¢€eSpec(Ai11) ¢€Spec(Aa2)
2.2.6 A Gershgorin-type result for the spectrum of a two-parameter
eigenvalue problem

In Section 3.2, the general concept of the two-parameter eigenvalue problem will be in-
vestigated in more details. In here, we briefly introduce the problem and then we give the
Gershgorin-type localisation for the problem. A two-parameter eigenvalue problem is

M(a, 3) (3) — (ACT*O‘ DC:5> (‘Vl) —0, (2.27)

where A, D are self-adjoint operators in the Hilbert spaces H:, H,, respectively, and C'is
a linear operator from #, to ‘H;. We say that («, 5) is a pair-eigenvalue of M if there exist
a non-zero element (u,v)” € H; ® H, satisfying (2.27). The set of all pair-eigenvalues
of M will be denoted by Spec,(M). The following result is the Gershgorin-type set for the
two-parameter eigenvalue problem obtained by applying to Theorem

Corollary 2.2.16. For the set of pair-eigenvalues of M defined by we have
Spec,(M) C M (A, D),
where
M (A, D) :={(a,5) € C* : dist(cv, Spec(A)) dist(8, Spec(D)) < [|C|I*}.

Proof of Corollary|2.2.16. Recall the relation between the two-parameter eigenvalue prob-

lem (2.27) and the non-self-adjoint problem (1.13). Applying Theorem [2.2.15|to the non-
self-adjoint problem (1.13), the set on the RHS of (2.26) becomes

{A e C: dist(), Spec(A + ¢)) dist(A, Spec(—D — ¢)) < ||C|*}.
Re-arranging the distance function with account of gives
dist(A, Spec(A + ¢)) = dist(A — ¢, Spec(A)) = dist(a, Spec(A)),
and similarly
dist(A, Spec(—D — ¢)) = dist(—\ — ¢, Spec(D)) = dist(5, Spec(D)).
Hence the statement of the corollary follows. O
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2.3 Orthogonal polynomials

Let  be a positive Borel measure with support Z defined on R for which all the moments

nk:/xkdn(x), k=0,1,2,...,
I

are finite. Let P,(z) be a polynomial of degree n. Then a sequence of polynomials
{P,(z)}>, is orthogonal with respect to n» on Z if

(P, P)y = /Pn(x)Pm(x)dn(x) = NyOmm, m,n=20,1,2,...,
T

where 6,,, is the Kronecker delta and h,, is the square of the weighted L?-norm of P, given
by

= (P Py = | P2 = / (P)? dn(z) > 0.

Let w(x) denote a weight function which is continuous and positive on (a,b). Assume
the measure n is absolutely continuous with respect to Lebesgue measure and dn(z) =
w(z)dx on some interval (a,b), then {P,(x)}32, is called orthogonal on (a,b) with respect
to the positive weight function w(z) if

b
(Po, Py — / Po(2) Po(2)0(2)dz = hnbms  mm = 0,1,2, ...

If h, =1foreachn =0,1,2,..., then the sequence of polynomials is called orthonormal.
If P,(z) — 2™ has a degree of at most n — 1, then the sequence of polynomials is said to
be monic.

Orthogonal polynomials satisfy the three-term recurrence relations that show their re-
lations with continued fractions.

Theorem 2.3.1. [77, Theorem 2.1] Orthogonal polynomials P,(x) = v,z" + k,2" ' + . ..
on the real line satisfy a three-term recurrence relation

xPn(l') = an-i—lpn-i-l(x) + bnpn(x) + anPn—l(x)> (228)

with initial conditions P_; = 0 and Py = 1. The recurrence coefficients are given by

ap = /xPnl(:c)P(:C)dn(:c) ==l o,
b, = /xpz(x)dn(x) = K Fni

Tn Yn+1 .
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See [77] for proof of Theorem [2.3.1]

The orthogonal polynomials are closely related to the Jacobi matrices (or Jacobi oper-
ators). These matrices are real, symmetric, tridiagonal matrices with positive off-diagonal
entries, and given by

b1 aq
a; by ap
In = ay b3 . ; a; > 0, bj € R. (229)
. e Apn—1
an—1 bn

The Jacobi matrix 7,, has n real distinct eigenvalues and the monic polynomial P,(x) /.,
is the characteristic polynomial of 7,. In other words, zeros of P, are the eigenvalues of
Tn-

2.3.1 Properties of the Chebyshev polynomials of the second kind

Chebyshev polynomials are special cases of the Jacobi polynomials, which are a class of
classical orthogonal polynomials. We shall focus our attention only on Chebyshev poly-
nomials of the second kind, denoted by U,,(x). The sequence of polynomials {U,, ()},
was first studied by the mathematician P. L. Chebyshev (1821-1894). Formally, they are

defined by

sin[(n + 1)6]
sin 6

If z € [—1, 1], then one can take the range of the corresponding variable ¢ as [0, ¢].
Recall the trigonometric identity

Un(z) = : when x = cos#. (2.30)

sin[(n + 1)8] + sin[(n — 1)0] = 2 cos 0 sin(nd). (2.31)

If we combine the definition (2.30) with (2.31), then it follows that U, (z) satisfies the re-
currence relation:

U()(l‘) = 1,
Ur(z) = 2z, (2.32)
Uj+1(l') = 2$U](IE> — Ujfl(fﬂ), ] 2 2.

It can be seen from (2.30) that the 0-zeros in [0, 7] of sin[(n + 1)8] must correspond to the
xz-zeros in [—1,1] of U,,(x), i.e.

(n+1)0 = jm, ji=12,...,n.
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Therefore the zeros of U, (z) are

Jm :
szcos<n+1>, j=12....,n. (2.33)

Remark 2.3.2. Using the recursion formula (2.32)), one can show by induction that U, (x)
is a polynomial of degree n in x with the leading coefficient equal to 2.

Denote the monic orthogonal polynomial
F.(z) = U,(x/2), (2.34)
then the functions F;(z) satisfy the recurrence relations:
Fo(z) =1,
Fi(z) =z, (2.35)
Fy(x) = 2Fj_y(x) — Fy_a(z) forj>2.

In addition, using the Jacobi matrix (2.29), it can be seen that the functions F}(x) obey
the determinant identity

Fo(z) = Up(x/2) = det (H™),

where H" isthe n x n tridiagonal matrix

Hm = o . (2.36)

1 =z 1
1 =«

Therefore, the eigenvalues of Hé") correspond to two times the zeros of U,,(x), that is,

,ug-n) = 2cos (RT 1) , 1=12,...,n. (2.37)

We enumerate the eigenvalues u§~n) in decreasing order.

In the next result, it will be shown that the Chebyshev polynomials of the second kind
{Un(z)}>2, form an orthogonal polynomial system on [—1, 1] with respect to the weight
function w(z) = (1 — 2?)Y/2.

Lemma 2.3.3. {U,(z)}:°, are orthogonal on [—1,1], i.e.

T
(UL Uy =12 27
0 ifi#y,
with respect to the weight function w(z) = (1 — 22)'/2.
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Proof. If i # j, then using
x = cosf, dr = — sin 6d0, (2.38)
we have

(Ui, Uj)w Us(2)Uj(x)(1 — 2*)'/?da,

Il
—

sin[(i 4 1)6] sin[(j + 1)6]
sin 6 sin 6

/ (cos|(i — §)6] — cos|(i + j + 2)6])d6.

0

{sin[(z’ — )0 sin[(i +j5+2)0]]"
(i— ) (i+i+2) |,
If j =, then again by (2.38), we find the normalization which corresponds to U;(x) as

follows:

(1 — cos? 0)%(—sinh)db,

I
T

N~ N~

= 0.

0 i 2((;
<Ui,Ui>w:/ Msiné(—sin@dﬁ,

sin’ @

/W(l — cos[2(i + 1)6])de,

=gt

9

0

N N = N

O

Corollary 2.3.4. Similarly, by the change of variables, we can derive the orthonormal

system
1
—-F
{ - n(x)} :
n=0

on [—2, 2] with respect to the weight function w(z) = (1 — (z/2)2)""*.

It is well-known that if a polynomial has a repeated (double) root, then its derivative
has the same root. Therefore, the next result will be useful later for finding the double
roots of U, ().

Lemma 2.3.5. Forn > 0 and |z| # 1,
d _ (n+2)Up-1(x) — nUpqa ()
EUn(I) = 21— 27 : (2.39)
We omit the proof of Lemma as it is based on the chain rule and the trigonometric
product identity sin a cos b = (sin(a+b) +sin(a—b)). In addition, this lemma is an exercise
in Chapter 2.5, problem 15, [48]. See [48] for further properties of Chebyshev polynomials

of the second kind.
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2.3.2 Extension of Chebyshev polynomials

Using (2.32), the expressions of U,,(z) can be evaluated for any real =, however the trans-
formation = = cosf is not possible outside the interval [—1, 1]. If |z| > 1, then we may take
the alternative transformation =z = cosh © with © in the range [0, c0). One can verify that
the same polynomials as sums of powers of x are generated by

sinh(n + 1)©

Un(w) = sinh ©

We extend the Chebyshev polynomials U, (z) into a polynomial U, (&) of a complex
variable ¢ by introducing a related complex variable w such that

w+w !

£_2

(2.40)

Let |w| = r and suppose that w moves on a circle of radius r centred at the origin. In the
case r > 1, we have

w=re =rcosh +irsiné,
wl=r"te ™ =rtcosf —irtsiné,
and so, from (2.40),
& =acosf +ibsinf. (2.41)
where
a:%(r—i—rl), b:%(r—rl).

Hence the map transforms a circle into an ellipse centred at the origin, with major
semi-axes a, minor semi-axes b, and with foci at £ = +1.

If » =1, i.e. w moves on the unit circle, then we obtain b = 0 and ellipse collapses into
the real interval [—1, 1]. However, £ moves the interval twice as w travels around the unit
circle.

Now, unless z lies on the interval [—1, 1], the equation w + w™! = 2¢ has two solutions
for w

w:wlvngj:\/{'?—l.

However, they are inverses of each other. This means that w — ¢ is a two-to-one mapping,
with branch points at ¢ = £1. We need to cut the plane along the interval [-1,1] so as
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to define the complex square root /&2 — 1 in a way that it lies in the same quadrant as &.
Therefore, we choose

w=w =&+ V& -1, (2.42)

so that |w| = |w;| > 1 and |wy| = |w;?| < 1. Then w depends continuously on ¢ along any
path that does not intersect the interval [—1, 1].

To extend the Chebyshev polynomials of the second kind, we define ¢ by and
assume |w| = r = 1. We then obtain by that

& =cost
and so, using (2.42),
(.U:f—i— V£2_1:€i67

where we fixed a branch of a square root so that v/—1 = i. Hence U, () is now a Cheby-
shev polynomials in a real variable. Then the definition (2.30) gives

sin(nf)  3(e" —e )
sinf - L(eif —eif)

Unfl(f) =

which leads us to the general definition, for all £ € C,

wn _ w—n
_ = 2.4
Un 1(5) W — w-L ( 3)
where

1 _
§:§(w+w 1).

Hence, U, (&) is the analytic continuation of U, (x) to the complex plane since we extended
the values of U,,(z) across a branch cut in the complex plane.

2.3.3 Spectral properties of Hé”)

In this section, we want to construct the basis of eigenfunctions of Hé”) explicitly. Let
ug") be the eigenvalues of the matrix H,, defined by (2.37), and 4, be corresponding
eigenvectors, i.e.

H"py = ppy, j=1,2,....n. (2.44)
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Lemma 2.3.6. For an arbitrary n € N, an eigenfunction corresponding to the eigenvalue
ug”) of H{" is

Vi
(P . 2 ik

’lbj— Wlth ¢j7k— n—Hsm <n—f—1) s k—l,...,n. (245)
wj,n

Proof. Recall the the Chebyshev method for finding the n*® multiple angle formula for the
sine function
sin(n + 1)z + sin(n — 1)z = 2 cos z sin(nx). (2.46)

The equation (2.44) is written in components as

Vj2 = M,
I/Jj,k—l +¢j,k+1 :Mjwj,lm k= 2737"'7n_ ]-»
77/}]}71—1 = Mﬂ/}j,n'
Substituting (2.45) and (2.37) into above, it can be seen that all n equations hold by
(2.46). O

Note that all eigenvalues of H, are simple. If j # k, then

(Hotpj,abr) = p;(vj, vy)

T Pk Jjr Yk =0,
(), Hotpr) —uk<¢j7¢k>} = (15 = ) (s, i)

which implies that the eigenvector basis {v;}’_, is orthogonal. Since the matrix Hé") is
Hermitian, the sequence of eigenfunctions {;} of Hé") forms an orthonormal basis by
the spectral theorem. Therefore, for a given dimension n, the norm of 4; is given by

2 ., Tjk

2 .
b2 = 2 =1 =1,...,n. 2.47
|| ]H n 1 Pt s n 1 i .] ) ,7’L ( )

Remark 2.3.7. One can show (2.47) by using the Dirichlet kernel

1+2 Z cos(kx) = M, (2.48)
1 S1n (§>
and the trigonometric identity
9 (TN _ 1 —cosz
sin (2) = (2.49)
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2.3.4 Ratios of Chebyshev polynomials of the second kind

In this section, we state the ratio asymptotics given by B. Simon [66] when applied to the
Chebyshev polynomials of the second kind. We will then use these results in a linear
pencil problem in Section [4.2.1] Recall that F,, is a monic orthogonal polynomial and the
ratio asymptotics we will state is based on the ratio

Funn(Q) _ Unn(¢/2)
EQ) U

In addition, recall that the zeros of F,(¢) are the eigenvalues of Hé”) given by (2.37), and
Hé”) is the Jacobi matrix. Simon obtained the following results.

(2.50)

Theorem 2.3.8 ( [66, Theorem 2.1]). Forall( € C\ [-2,2]

() ¢/ -4
MO T 2 @51

where the branch of the square root is taken with \/--- = ( + O(1/() near ¢ = oc.
Theorem 2.3.9 ( [66, Theorem 2.2]). Suppose that for one (, with Im((,) # 0,

. Fn-l—l (C)
Jim Fo(0)

exists and is finite. Then the only function that can occur as ratio asymptotics is the one

in (2.91).
Proposition 2.3.10 ( [66, Proposition 2.3]).
(i)

Foald) g~ 4 (2.52)

where a§-”) > 0 and

" = 1. (2.53)

(ii) If Im¢ > 0, then

n—l(g) 1
0< —Im< X0 ) < o (2.54)
and
Fn—l(C) ‘ 1




(iii) If Tm¢ > 0, then

i) < o (5 )

Proof. (i) Since F,, is monic, the ratio can be written as
H <C Mk; )
k=1
IT(c-")

Since F,(¢ )/Fn 1(¢) has simple poles and tends to zero at infinity, equation (2.52) holds
for some oz ). Multiplying equation (2.52) by ¢ — M,n) we have

(2.55)

n—1

n 1
H (C Ky )> n O
k=1 _ (n) J (n)
H (C —H ) i#i ’

J=1
JF#

Then taking ¢ to 1\, we obtain

(2.56)

Note thatforany j =1,...,n—1

Therefore for ¢ = n, all factors on the right hand side of are positive, and when we
decrease i by one, both numerator and denominator each pick up a minus sign. Hence
al™ > 0. As ¢ — oo, it can be seen from that the ratio equals to ¢~ + O (¢™?). Also
from the right side of we have that

(o) rore,

=1

so (2.53) holds.
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(i)First, note that for any b € R and ¢ € C with Im(¢) > 0

0<Im< ! >< L ‘< L
(—=0b) 7 |¢=b] 7 Im(¢)’
Then using (2.52) we obtain

Fn1<c>) ) !

1 =1 )
m( RO )T (Zc e Z fm() ~ Im()
(iii) Re-write the recurrence relation (2.35) as

_ Fn(C) + anZ(C)
Foa(Q)  Faaa(Q)

Since Im(F,,_5(¢)/F,-1(¢)) < 0 by (2.54), the result follows by considering the imaginary
parts of the equation. O
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Chapter 3

A two-parameter eigenvalue problem
for a class of block-operator matrices

This chapter deals mainly with a two-parameter eigenvalue problem. Before we introduce
the problem, we start Section[3.1] by reviewing the linear pencil problem studied by Davies
and Levitin [19], which is the main motivation of this chapter. In Section[3.2)we introduce a
two-parameter eigenvalue problem and we explain the relation between eigenvalue prob-
lems at the end of this section. In Section [3.3] after introducing some notation we give
the main results of this chapter concerning the real spectrum of the problem. We present
some preliminary results in Section and then we shall give the proofs of our results
in Section [3.5] To support our results, illustrative examples of all different possibilities
are given in Section [3.6] Finally, we will discuss the non-real spectrum of the problem in
Section 3.7

3.1 Basics from a linear pencil problem

One interesting matrix example of a finite-dimensional linear self-adjoint pencil that is
sign-indefinite was considered by Davies and Levitin [19]. Namely, let m,n € N and
N = m + n, and consider the linear operator pencil

Ac=A(\) = HM —\S,, ., (3.1)
where the matrix 7" is defined in (2.36) with c € R, and S, ,, is the diagonal matrix
1
S - 1 (3.2)
-1
—1
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The size of both matrices is N x N, and the diagonal matrix S,, ,, has m plus ones and n
minus ones. The number )\, is said to be an eigenvalue of the pencil A, if

(HN) = ASpn) £ =0 (3.3)

has a non-zero solution f € CV. Spec(.A.) denotes the spectrum of the pencil .A. which is
the set of all its eigenvalues.

In most of our statements, we assume that m = n and N = 2n. We will mostly use 2 x 2
block structures and so we will often work with the half-size matrix #{". In the notation
Hé"), the superscript (n) represents its size. For simplicity, we often drop the superscript
(n) in H™ whenever it is clear from the context, i.e. H. := H.", and we will state it
otherwise. The full matrix size is N and will not be omitted. Recall that the eigenvalues of
H™ were denoted by ug”) in (2.37), and for the same reason, we set j; := ug”). Moreover,
we denote for brevity S := 5, ..

We begin with the following result on the localisation of eigenvalues of the pencil A..

Lemma 3.1.1 ([19, Lemma 2.1]). All the eigenvalues \ € Spec(.A,) satisfy
Al < 2+ ¢

Proof. Note that ||Hy|| = p1 = 2cos (7/(N + 1)) < 2. Since Spec(A.) = Spec(S'H,), we
have

N < ST H | = |Hell = ([ Ho + eI || < 2+ c].
]

The matrix S is indefinite. Since Spec (H£N>) = Spec (Hgm n c[) and Spec (H5N>) _

{ugN), . ,g%v)}, the matrix H") is indefinite when ¢ € <u%V),u§N)> C (—2,2). Therefore,
the spectrum Spec(.A.) may contain non-real eigenvalues when |c| < ygN). Davies and
Levitin [19] pursued an asymptotic approach for large-size matrices (i.e. N — oo) and
they obtained the asymptotics of the complex eigenvalues of A. when the parameter ¢ is
equal to zero. They proved that when ¢ = 0 all eigenvalues of 4. approximately lie on
the same curve, which is independent of N, in coordinates (Re(\), NIm(\)). The curve is

explicitly given in the next result.

Theorem 3.1.2 ( [19, Theorem 4.2]). Letc = 0, n = m = N/2 — oo. The eigenvalues of
A, are all non-real, and those not lying on the imaginary axis satisfy

Yo([Re(A)])
2n
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2k
=42
Re(M) cos (Zn 1

) +o(n™1),
wherek =1,...,|%]| and |-] denotes the integer part, and
Yo(y) := /4 —y?log <tan (% + %arecos (g))) :

Ifn is even, then there are no other eigenvalues.
Ifn is odd, there are additionally two purely imaginary eigenvalues at

A= iz’logrf") (1+o(1)).

We omit numerical illustrations concerning the asymptotics given in Theorem
Instead, we illustrate the eigenvalues of A, for some n in Figure [3.1] For a more detailed
discussion on the asymptotics of the complex eigenvalues of Ay, we refer the reader
to [19].

We will see in most of our numerical experiments that there is symmetry in the spec-
trum Spec(A.).

Lemma 3.1.3 ( [19, Lemma 2.1(a) and Lemma 5.1]). Let n = m. Then the spectrum
Spec(A.) is invariant under the symmetry A — X and the symmetry A\ — —\. Moreover
Spec(.A.) is symmetric with respect to c — —c.

Remark 3.1.4. As mentioned above, Davies and Levitin [19] found the approximate loca-
tions of the eigenvalues of A. when ¢ = 0. As the central focus of this study is the case
lc| < 2 and the spectrum of A, is invariant under the symmetry ¢ — —c¢, it will be sufficient
to consider only the case 0 < ¢ < 2.

0.03

0.02

0.01

-0.01

-0.02 Y,
o
-10 F
-

-0.03

-2 -1 0 1 2 2 -1 0 1 2

Figure 3.1: Spec(.A) for n = 170 (black diamonds), n = 300 (blue triangles) and n = 700
(red circles). Left: in coordinates (Re()A), Im()\)). Right: in coordinates (Re(A), 2nIm(\)).
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As can be seen from the left side of Figure [3.1] the spectra asymptotically lie on a
particular curve in the complex plane (Re()), Im(A)). If one redrew the eigenvalues in co-
ordinates (Re()), NIm()\)), one would see that they approximately lie on the same curve,
as in the right side of Figure Nevertheless, the spectral picture is more complicated
when ¢ # 0 (see the left side of Figure 3.2). The spectrum of A, contain both real and
non-real eigenvalues and it is hard to believe that the non-real eigenvalues for a fixed c lie
on a certain curve.

0.02

0.01 S PR 3t

o
%
-z
£
r D
S0y
X 4 O.s'-‘-ef G
R 2 N
1i]
gg
o

o
-0.01 ° aa

-0.02

05 0 05 05 0 05

Figure 3.2: Left: Spec(A.) for ¢ = 1.5, and n = 170 (white diamonds), n = 300 (blue
triangles) and n = 700 (red circles) in coordinates (Re()), Im())). Right: W%, Spec(A,) for
¢ = 1.5 in coordinates (Re(\), 2nIm()\)).

Nonetheless, there is a common bounding curve if one superimposes all the eigenval-
ues of the pencil A, by taking some values of n with imaginary parts scaled by its size N
(see the right side of Figure[3.2). Note that the behaviour in the interior differs for different
c. Davies and Levitin [19] derived an explicit expression for the curve which bounds the
whole spectrum of A., however the crucial step when proving the result was Conjecture
[1.3.3] Namely, Davies and Levitin [19] deduced the following asymptotic estimates when
cis non-zero as N — oo.

Theorem 3.1.5 ( [19, Theorem 5.4]). Let0 < ¢ < 2, n =m = N/2 — oo. The eigenvalues
of A. that satisfy

[Re(A)| <2—c¢
also satisfy
n

where

et (e (Larccos (229) ) v (Lavccos (15
Ye(y) == ey (tan <2arccos( 5 ))tan (Qarccos( 5 ))),
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and Y;, is the inverse of the monotonic increasing analytic function Y., : (0,00) — (0,1)
defined by

Vey() := tanh <2 4—(y—0)2>tanh<2 4—(y+0)2>'

We shall derive the characteristic polynomial of the pencil A, explicitly in Section|4.1.1
Now, we will have a look at some open questions from [19] and try to make some progress
towards them. We paid a lot of attention to try to prove Conjecture [1.3.3] Proving
may be harder than proving (1.17). In Section we reformulate the harder modulus
version of Conjecture in different forms. We emphasise that extensive numerics
confirm Conjecture [1.3.3] One numerical evidence can be seen, for instance, in Figure
1.2, where we show that the maximum value of |\ + ¢| (red line) never exceeds 2 (blue
dotted line) for n = 9 and n = 100. We conducted some experiments taking n between
3 and 300, and taking very small step sizes ¢, and we failed to find a counter example
to the conjecture. In Figure we illustrate two typical pictures. We also prove this
conjecture in the case n = 2 and n = 3 in Section [4.3] We will illustrate in various ways
with many other numerical experiments that Conjecture seems true, however we
could not prove it for a fixed n.

Conjecture [1.3.3|claims that any non-real eigenvalues X of the pencil A. satisfies both
A+ ¢ < 2and |\ —¢| < 2. First, it is easy to see that two of these conditions cannot
be broken simultaneously and we will clarify this case, that is both |\ + ¢| and |\ — ¢
cannot be greater than or equal to 2, in Section [4.2.1] Nevertheless, it is not clear why
one of these conditions cannot be broken for the non-real eigenvalues of A.. When we
apply Gershgorin Theorem to A, we will see in Section [4.2.3]that every eigenvalue of A,
satisfies at least one of |\ + ¢| < 2 and |\ — ¢| < 2. Therefore, if we replace “and” by “or”
in the conjecture, then the claim would be true by Gershgorin Theorem but then the result
holds for all eigenvalues of A..

Remark 3.1.6. There are several ways to treat the pencil problem (3.3). One way is to act
by A. on vectors which we will write as

Uy

u U,
(- || ”

U1
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Max|A+c| Max|Axc|

0.5

e

05 1.0 15 © 20 05 1.0 15 20 ©

Figure 3.3: max{|\+¢|, |\ — |} (red lines) among all non-real eigenvalues of A, is drawn
as c ranges from 0 to 2 with the step-size 0.001 and the constant line at 2 (blue dotted
lines). Left: n = 9. Right: n = 100.

With this convention, the spectral problem for the linear pencil A. can be written in the

block-matrix form as
HO — O'[ B u o
< B Hy+ TI) (v> =5 (3:5)

where
oc=\—cg T=A+c (3.6)

Here all sub-blocks are n x n, and B = B* with B,,, = 1 and all other entries of B are
Zeros.

Remark 3.1.7. Since S is invertible, the spectrum of the pencil A. equals that of the matrix

A, = STHW), (3.7)

C

Using (3.4), the spectral problem for the block matrix A. can be written as

A ()= (% B () =) o

The next result is a special case of Lemma[2.1.3)\when A;; = Hy, Ass = —Hy, A1a = B
and y = —c.

Corollary 3.1.8. Let )\ € Spec(A.) \ R and (u,v)” be eigenvectors which correspond to
the non-real eigenvalues \ of A.. Then

[u| =lIvll and [Im(A)] < L.
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Our original motivation was to try to prove Conjecture but we could not, never-
theless we still gain some insight and obtain new estimates. The first thing we observed
when we considered problem (3.5) in a more general setting, that is,

A—o kC u
( KC* D+T> (V) =0, (3.9)
where k € R, A = A*, D = D* and C has rank one. Indeed, problem (3.9) is a special case
of a two-parameter eigenvalue problem which we describe in the next section. Namely,
Davies and Levitin [19] consider the case when x = 1, A = H(()") , D = Hém), (C)pa =1
and all other entries of C' are zeros. In the next section, we shall introduce the general

concept of a two-parameter eigenvalue problem first and then explain the relation between
eigenvalue problems.

3.2 Introduction to a two-parameter eigenvalue problem

This section deals with the Multiparameter Eigenvalue Problems (MEPs) which are the
generalisation of the one-parameter standard eigenvalue problem Lx = Ax and the gen-
eralised one-parameter eigenvalue problem Lx = AVx. MEPs can be written in the fol-
lowing abstract form:

k
Lx =) \Vix, (3.10)
=1

where \; € C, i =1,2,... k, are spectral parameters, and L and V; are self-adjoint linear
operators in some Hilbert space H. Then A = (\q,...,\s) is called a multi-parametric
eigenvalue (or k-tuple, or eigentuple) if there exists an x € # \ {0}, called an eigenvector,
such that holds.

MEPs arise in numerous applications, in particular in mathematical physics when the
method of separation of variables is used to solve boundary value problems for partial
differential equations. In the 1960s, an abstract algebraic setting for MEPs was introduced
by Atkinson [2,3], and since then various aspects of MEPs have been investigated by
several authors, see for instance [4,(10-12,67] and references therein.

In the rest of this chapter, we consider a special class of two-parameter eigenvalue
problems in a block-operator setting. Let L, V; and V, be self-adjoint linear operators in
some Hilbert space #. Then a two-parameter eigenvalue problem is defined as

M(a, f)x = (L —aVi; — fVa)x =0, (3.11)

44



where «, 8 € C are spectral parameters. We will focus on the case where H = H; & Hs
for some Hilbert spaces #; and H,, and where L, V; and V, take the particular forms

A C I 0 0 0

and
u
X = (V> € Hi D Hos.

In here, A and D are self-adjoint operators in the Hilbert spaces Hi, H,, respectively,
and C' is a linear operator from H, to H;. Hence one can re-write the two-parameter

eigenvalue problem (3.11) as

M(a, 8) (3) _ (A(;a Dgﬁ) (3) _o. (3.13)

We call (o, 3) € C? a pair-eigenvalue of M = M(a, 3) if there exists a non-trivial
solution x = (3) € H of (3.13). Such a vector x is called an eigenvector corresponding
to the pair-eigenvalue (o, 3). We denote by Spec, (M) the set of all pair-eigenvalues of M.
If both «, 5 € R, then we will call («, 8) a real pair-eigenvalue of (3.13).

The equation (3.13) can be re-written as

(A—a)u=—-Cv, (3.14)
(D —p)v=—-C"u (3.15)
If ¢ Spec(A), then (3.14) can be re-written as u = —(A4 — a)~'C'v, and substituting this

into (3.15) yields
(D —C*(A—a)'C)v = pv. (3.16)

This also means that if a ¢ Spec(A) and S(«) is an eigenvalue of
D—C*(A—a)'C,

then (a, B(a)) € Spec,(M).
The connection between a two-parameter eigenvalue problem (3.13) and a linear pen-
cil problem (1.2) was obtained in Section by setting

a=A—c pf=-A—c (3.17)

With this convention, we see that any linear pencil problem of the form (1.10) (or a non-
self-adjoint problem of the form (1.13)) can be transformed into the two-parameter eigen-

value of the form (3.13).
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Indeed, it can be said that Davies and Levitin [19] consider the two-parameter eigen-
value problem in the case when A = H”, D = H{™, (C),1 = 1 and all other
entries of C' are zeros. In this section, we set («, 5) as general spectral parameters of
a two-parameter eigenvalue problem M. In this setting, the corresponding change of
notations will be

We shall plot the pair-eigenvalues of M in the («a, 8)-plane, whereas ¢ and 7 is fixed as in
(3.6) throughout this thesis.

3.3 Basics and statements

In the rest of this chapter, we investigate the real pair-eigenvalues («, 3) of the two-
parametric eigenvalue problem with starting additional restrictions in Section 3.3.1
We discuss the non-real pair-eigenvalues of M only in Section We also give some
heuristics for the localisation of the eigenvalues of the pencil A, in the aspect of a two
parametric eigenvalue problem in Section [5.2]

3.3.1 Restrictions and notation

Suppose that H; and H, are finite dimensional, and therefore we are dealing with matri-
ces. Take dim(#H;) = n and dim(H,) = m. First, we focus our attention to only the real
pair-eigenvalues of M. Our main results (Theorem and its special case Theorem

3.3.4) are stated below.

Remark 3.3.1. Most of the results in the rest of this chapter have been published in [41].
Note that Levitin and Ozturk [41] deal with the case when n = m. What we discuss in
here is the expanded version of [41].

Unless otherwise stated, we set
1=1,....,n, k=1,....n—1, j=1,....m, [=1,....m—1
which will be used as subscripts. The eigenvalues of A and D will be denoted by
ayp <. <y, fr< ... < B,

respectively, and their corresponding eigenvectors will be denoted by ¢; and ;, respec-
tively.
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In stating most of our results, we restrict our attention to the case where C' has rank
one. More specifically, we choose two vectors z € R™ and w € R™ (the real one are
chosen for simplicity), and set

Cv = Kk(v, W)z, forall v € H,,
where ||z|| = ||w|| = 1 and « > 0, and similarly
C™u = k(u,z)w, forall ue #;.

The entries of the matrix C will be C; ; = kz;w;.

Remark 3.3.2. In [41], where H, = H,, we take C' = xP, where x € R, and P is a
projection onto a one-dimensional subspace Z = Span{z}, z € R, ||z|| = 1. Then, in the

basis {(;}, P will have the matrix representation ((z, :)(z, ¢;)); ;-

Let @ x , denote the eigenspace of a self-adjoint operator X corresponding to an eigen-
value A, simple or multiple. Further denote, for any f € R" with ||f|| = 1,

Ix¢:={\ € Spec(X) |Ip € Px: ¢ #0and (f,¢) = 0},
Txri={\ € Spec(X) | (f, ) =0 V¢ € B, }.

Here, X stands for either A or D, and f stands for either z or w. For simplicity, denote

I'a =144, Ty = fA,za

Ip=Tpw, Ip=Tpu.

Note that fX,f C I'xg. If Xis a simple eigenvalue of X, then dim(®x,) = 1, and
therefore A € I'x¢ <= X € I'ys. Also, I'y contains all the multiple eigenvalues of X.
This is due to the fact that in any linear subspace of dimension greater than one, one can
find a non-trivial linear combination which is orthogonal to a given vector.

The orthogonal projection P of # onto S = Span{f} is a linear operator such that
Py € Sforally € H, given by

Py = (y,)f.

Let Q¢ := I — P be the orthogonal projection onto S*. For a self-adjoint operator X :
‘H — H, denote

X =PXlg :8§=8, X, =PX[g :8" =8,
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P, and P, will represent the orthogonal projection of #; and H,, onto Z = Span{z} and
W = Span{w}, respectively. The eigenvalues of A, | and D, , will be denoted by

~

a1 <<, S S B,

respectively, and their corresponding eigenvectors will be denoted by ¢, and 1;;, respec-
tively.

Lemma 3.3.3. The eigenvalues of X and X, , always interlace, i.e. let A\ € Spec(X) and
\e Spec(Xy 1), thenforany j e {1,...,dim(X) — 1},

A <A< A

3.3.2 Statement of the simple Chess Board Theorem

Assume for the moment that 'y = I'p, = @, which in particular implies that all the eigen-
values of A and D are simple. Denote

Ty = —0Q, Top = 00, Toj—1 ‘= Q, Lo = O,
and similarly for 3,

Yo = —0OQ, Yom = OO, Y2j—1 = 5;', Yo = B

Then, the numbers x, ..., x9, divide the a-line into 2n intervals, finite or infinite, and
similarly the numbers yq, . . . , y2,,, divide the §-line into 2m intervals. Combination of these
lines divides the («, 5)-plane into rectangles, some of them semi-infinite,

Rpq=1p X1q, 7Tp = (Tp1,7p), 7q:= (Yg-1,Yq);
wherep=1,...,2nand ¢ =1,...,2m, see Figure[3.4]

Theorem 3.3.4 (The Simple Chess Board Theorem). Let 'y = I'p = @. Then all the
real pair-eigenvalues («,3) of M lie on a family of curves («, f(«)) with the following
properties:

(a) each curve may pass only through rectangles R, , with p + q even;

(b) each curve may cross from rectangle to rectangle only through the corner points
(xp,yq) With p + q odd;
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Figure 3.4: In the (¢, 5)-plane, black dotted and red dot-dashed lines in the vertical
direction represent a« = a; and a = @y, respectively; in the horizontal direction they
represent 8 = 3; and 3 = 3, respectively. Here n = 4 and m = 3, and the rectangles R, ,
with p + ¢ even are shaded.

(c) each curve [(«) is continuous in o except at eigenvalues of A; at each eigenvalue
of A exactly one curve blows up in the following sense: (o) — toc asa — «a; 0,
a; € Spec(A);

(d) each curve («) is monotone decreasing in « on its domain of continuity; more
precisely, we have

a6 _ 2{(A=a)z2)({(D - 5)"'w, w))’
T = (D= B) 2w, w) < 0. (3.18)

Remark 3.3.5. As o and § are in fact interchangeable, Theorem[3.3.4|can be equivalently
reformulated in terms of curves (a(3), 8) with the only modification being that exactly one
curve a(f) blows up at each eigenvalue of B in the sense that a(8) — 0o as § — 3; £0,
B; € Spec(A).

3.3.3 Statement of the full Chess Board Theorem

In this section, we assume that either I'y # @ or I'p, # @. Denote additionally, for X :
H—H,

AX = {)\ € Spec(X) | A E SpeC(X) N Spec(XL,L) and dim(@xlyb)\) > d1m(®X7>\)}

We will state formally an analogue of Theorem below, but we start with summarising
the principle changes: first, we exclude from the dividing mesh the points of I'4 \ Ay and
T'p \ Ap; and secondly, the real pair-spectrum of M will, in addition to the curves, contain
the lines (I'y x R) and (R x I'p).
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More precisely, let x;,i =1, ..., s, denote the points of
((Spec(A) U Spec(AL 1))\ fA> UA,4

enumerated in increasing order without account of multiplicities, and similarly y;, j =
1,...,t, denote the points of the analogue for D enumerated in increasing order without
account of multiplicities. Set additionally zo = yo = —o0, 511 = Y441 = +00, and

Rpq = (p_1,2p) X (Yg—1,Y4), p=1,...,s+1, q¢=1,...,t+1

Theorem 3.3.6 (The Full Chess Board Theorem). All the real pair-eigenvalues («, 3) of
M lie either on the straight lines (I' y x R)U (R x I'p) or on a family of curves (a, f(«)) with
the following properties:

(a) each curve may pass only through rectangles R, , with p + q even;

(b) each curve may cross from rectangle to rectangle only through the corner points
(xp,yq) With p + q odd;

(c) each curve p(«) is continuous in o except at eigenvalues of A not belonging to Ta;
at each such eigenvalue of A exactly one curve blows up in the following sense:
fla) — £oo asa — «a; £0, a; € Spec(A);

(d) each curve («) is monotone decreasing in o on its domain of continuity with (3.18).

Remark 3.3.7. The equation is real analytic, therefore the solutions of are
also real analytic locally except at the points where the curves cross. We will see in
Lemma that when a € Spec(A) \ T'4 there are m — 1 corresponding («a, 3) pair-
eigenvalues of M which we can locate. In addition, as mentioned in Theorem c),
one curve blows up. Since each curve 3(«) is monotone decreasing in «, it can be said
that each curve lies its individual sequence of black rectangles, plus the one which blows
up. Therefore these curves do not intersect as there is only one curve in each rectangle
R, With p + ¢ even. Thus, for every a € C\ Spec(A), there are m complex values 5(«),
and the corresponding curves can be chosen continuously in « since each curve is locally
analytic in a. However, we note that we do not take into account of additional vertical (or
horizontal) straight lines which are not in the mesh.
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3.3.4 Limit cases

Only in this subsection, we will be denoting M by M, to indicate its dependence on . We
state that when x — 0, the components of the real pair-eigenvalues of M, approach the
eigenvalues of A and D, and when x — oo, they approach the eigenvalues of A, ;, and
D, .. The proof of the next result will be given in Section [3.5]

Theorem 3.3.8. As x — 0, the real pair-eigenvalue spectrum of M, converges to
Eap = (Spec(A) x R) U (R x Spec(D))
in the sense that Ve > 0 3, > 0 such thatV(a, ) € Spec,(M,) N R* we have
dist ((a, B),Ea.p) < €

whenever k. < K.
As k — oo, the real pair-eigenvalue spectrum of M,. converges to

§A7D = (Spec(A1 1) x R)U (R x Spec(Dy 1))
in the sense that Ve > 0 3, > 0 such thatV(a, ) € Spec,(M,) NR* we have
dist ((a,ﬁ),gAD) <€

whenever k. > K.

3.4 Auxiliary results

The statements in this section are for a single matrix X, and mostly very elementary. We
shall use them later in the proof of the Chess Board Theorem. Let

)\j GSpec(X), Q’)jE(DX’)\j, jzl,,dlm(X),
and
M € Spec(X 1), ¢r€®x,  a, k=1,...,dim(X) - 1.

We shall frequently use the Fourier representation of the resolvent, for any f € R™ with
I£]] = 1,

(X = A)'f = Z if fjigbj, A & Spec(X). (3.19)
We also set ¢ )
Ryx(\£) = (X — N7, f) = Z % (3.20)
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Lemma 3.4.1. Let \ ¢ Spec(X) andf # 0. Then
Ry(\Mf)=0 < AeSpec(X,.) and (X —A\)'f =co,
where $ is an eigenfunction of X, | corresponding to X and c # 0.

Proof. Set ¢ = (X — A\)"'f. Then

) 6)-6)
X-\¢=fs : » = : 3.21
( X ( X X =2 \p f (5.21)
where q = Q¢¢ and p = P;{. Note that Rx(\, f) = (¢, f) = 0iff p = Pr{ = 0. Substituting
this into (3.21) gives us
(X11—-ANg =0, (3.22)
XJ_7||q = f

By the second equation, q is non-zero, and then by the first equation A € Spec(X, ;) and
q = c¢, with ¢ # 0. Also, we have

q=0¢ = —-F)C=¢,

and so

~

¢C=(X—-N"'f=co.

Lemma 3.4.2. \ € I'x ifand only if A € Spec(X) () Spec(X | 1).

Proof. If there exits an A € I'x, then there is an eigenfunction ¢ € ®x , such that (f, ¢) =
0, and therefore P;¢p = 0 and so Q¢ = ¢. Thus

X110 =0:XP = = Ao,

and so A € Spec(X) [ Spec(X | 1).
On the other hand, let A € Spec(X) () Spec(X . ). Then

Xp=\p = (X¢,¢) =\ b)=\Qeo, ). (3.23)
Also, since ¢ Lf,
X¢p=X(p+0f) =X, d+X,,0, (3.24)
therefore
(X, ¢) = (6, XP) = (6, X1 16) + (¢, X1 B)
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= (Qep, X1 1 ) + (Peob, X¢,||$)
= MNQrp, B) + (Prop, X1 1)

which implies by (3.23) that <Pf¢,XL,||$> = 0. Now, if Pr¢p = 0, then ¢ Lf so that A € I'x.
If X, b = 0, then we have from (3.24) that X ¢ = A¢, and therefore ¢ is an eigenfunction
of X such that(ZLf, so that \ € I'y. O

Lemma 3.4.3. /f A\ € Spec(X) \fX, then Rx(t,f) has a singularity att = X\. The function
Rx(t,f) changes sign when t passes through an \;, or an Ni-

If X € T'x, then (X — \)~'f exists, and Rx(t,f) is continuous att = X. It changes sign
at this \ if and only if additionally A € Ax.

Proof. If \; € Spec(X) \ I'x, then there exits at least one ¢; € ®x , such that (f, ¢;) # 0,
and it can be seen from that Rx(¢,f) goes to 00 as A — A; F 0. Furthermore,
since Rx(t,f) has zeros at A = A, by Lemma and also is a continuous function
except at the poles A = );, it changes sign every time = passes through Xj as well.

The second statement follows immediately from and the factthat f L & .

To show the last statement, we consider the following decomposition

H=0x)®QePx, ® PPy,

where @ , is the orthogonal complement of @ , with respect to . Let dim(®x ) = d
and therefore dim(Q¢®x ) = dim(X) —d — 1 and dim (P®x ,) = 1. Let X = Xlgy - then

diag(h,...,\) 0 0
X = 0 X1y Xjo |,

0 X Xy

where the left corner block has dimension d. If A € Ax then A € Spec(X) N Spec(X, )
such that dim(CDXLLA) > dim(CDX,,\) =d. ThUS,

ANeEAx & N\ E Spec()?l,L) and \¢ Spec()?).

Therefore Ry (t,f) has zeros att = A € Ax by Lemma (3.4.1} and the function Ry(t,f)
changes sign at this \. O]

Proof of Lemma(3.3.3. This lemma is known as Cauchy interlacing theorem. The proof is
based on the variational principle. In finite dimensional case,

<XL,Lf7f> = <Qfo7f> = <Xf7 fo> = <Xf7f>7
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since Qr = Qf and Q¢f = £, so the forms coincide, however the space is different. Ac-
cording to min-max theorem,

A = min{max{{Xf,f) | £ €U\ {0}} | dim(Uy) = j},
by = min{max{{(X_,f.f) | £€Ux\{0}} | dim(U2) = j}.

We have the subspaces U; and U, of the same dimension, however U; contains a bigger
collection of subspaces (it may additionally include elements from P:f). Therefore, by
taking min over bigger set may be smaller, i.e.

A< A

However, \; = Xj if and only if U; contains elements only from f .
Looking at the other direction,

Ajy1 = rrlljéfx{mfin{<Xf,f> | fe U\ {0}} | dim(Uy) =n—j},

N = max{min{(X . £.8) | £€U\{0}} | dim(U) =n— j},

and for the same reason, by taking max over bigger set may be bigger, i.e.

o~

/\j S /\j+1'

3.5 Proofs of the main results

We proceed to the proof of Theorem [3.3.6 Theorem follows from Theorem
immediately as a special case.
We first derive the characteristic equation of (3.13).

Theorem 3.5.1. If o ¢ Spec(A) and 5 ¢ Spec(D), then the characteristic equation of

for () is
K ((A—a) 'z, z2){(D - B)'w,w) = 1. (3.25)

Proof. Re-writing the equation as
(D - B)v=C*(A—a) 'Cv.
and then using the information that C is rank one, we obtain
(D - B)v=C*(A—-a)'Cv,
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=C"(A—a) 'k(v,w)z

= X (v, w)((A—a)'z,z)w,

which implies
v =r2v,w) (4 - a)'z,z)(D — B)

Now since the term x?(v, w)((A — a) 'z, z) is a constant, we can fix it as

(v, Ww){(A—a)'z,2) =1, (3.26)

by setting
=(D—pB)"'w. (3.27)
Substituting (3.27) into (3.26), we arrive at (3.23). O

Corollary 3.5.2. Suppose o ¢ Spec(A) and 5 ¢ Spec(D). Then the equation (3.25) is
equivalent to the following one:

k2 Ra(a,2)Rp(8, W) = (Z ’al ) (Z‘ > = 1. (3.28)

=1

Proof. The result yields by substituting R4(«,z) and Rp (5, w) into (3.25). O

The next lemma shows that (I'y x C) U (C x I'p) C Spec,(M), strengthening in fact the
claim of Theorem[3.3.6

Lemma 3.5.3. Ifa € I'4, then

(o, B) € Spec,(M) forall e C.
Similarly, if 3 € T'p, then

(o, B) € Spec,(M) forall o€ C.

Proof. We prove the first of these statements, the second is similar. Let o € T'4, and let
¢ € ¢y, such that (p,z) = 0. An immediate check shows that

u) _ (e
v/ \O
is a pair-eigenvector of M for a pair-eigenvalue («, 3) with an arbitrary 5 € C. ]

In Lemma|3.5.3|we show what happens when « € I' 4 or 5 € I'p; our next result shows
which points (a, 3) may lie in Spec,(M) when « is an eigenvalue of A outside of I',.
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Lemma 3.5.4. Let o € Spec(A) \I'4, and 3 ¢ I'p. Then (o, 3) € Spec,(M) if and only if

B =0 € Spec(D, ).
Similarly, if 3 € Spec(D) \ I'p, and o ¢ I'y, then (a,3) € Spec, (M) if and only if
a=a € Spec(A, ).

Proof. Once more, we only prove the first statement. Let a € Spec(A)\I' 4. Let us re-write

B.19, as
(A—a)u=—k(v,w)z, (3.29)
(D — B)v =—kr(u,z)w. (3.30)
Multiplying by ¢ € ®4,, We get
(A=—a)u,p) = (u, (A—a)p) =0=—r(v,w) (z,¢).
Since o ¢ T'4, we have (z, ) # 0, and so (v, w) = 0 (and so Cv = 0), and by (3.29),
u = ap, (3.31)
where the constant « may or may not be zero. Substituting now into
(D — B)v = —kalp,z)w, (3.32)
and since v L w, the equation becomes
(D1 = B)V+ Dy v=—ra(p,z)W. (3.33)
Now, applying the projections @, and P, to the result, we obtain
D, v =pv, (3.34)
D, v =—ra(p,z)W. (3.35)

If 3 ¢ Spec(D, ), then by (3.34), v = 0, and thus a = 0, and so u = 0, and («, 3) ¢
Spec, (M), proving the “only if” part of the statement.
f3 =3¢ Spec(Dy 1), and P e ®p, 5 We choose v = bip; we claim that we may
choose constants a, b such that a? + v* # 0 to satisfy (3.35). After multiplying by w,
it becomes
b(D, b, W) = —ra(p, 7). (3.36)
The scalar product on the right-hand side is non-zero by our assumption o ¢ I'4. The
scalar product on the left-hand side is non-zero since otherwise D 4, which acts on the
space parallel to w, is zero and by LemmaB € Spec D with an eigenfunction QZ and
therefore 5 € T', by Lemma [8.4.2] again contradicting our assumptions. Thus we can
always choose a, b with o + b # 0 in order to satisfy (3.36). O
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We can now prove our main result.

Proof of the full Chess Board Theorem. The eigenvalues inside (I'y x R)U (R x I'p) have
been already accounted for by Lemma(3.5.3] so we will be working outside this set.

Recall the characteristic equation (3.28). Since it needs to be satisfied, R4(«,z) and
Rp(5,w) have to have the same sign for real pair-eigenvalues. It can be seen from
that Ra(«,z) is positive when o < «;, and by Lemma [3.4.3] it only changes sign every
time when « passes through z,, p = 1,...,s. Similarly, Rp(3, w) is positive when 5 < 3,
and it only changes sign every time when  passes through y,, ¢ = 1,...,t. Thus the
only allowed regions for real a and 5 are when («, 5) € R, , with p + ¢ even, proving, with
account of Lemma[3.5.4] the statements (a) and (b).

Statement (c) follows immediately from and Lemma[3.4.3

To prove (d), we differentiate the characteristic equation with respect to a, arriv-
ing at

WA a) 22 (D — 6) " w,w) + (A a) 22 (D — 6) 2w w) D = 0,

so that
A8 _ ((A—a)%z,z)((D — B)"'w,w)
doc <(A_ Oé)_1Z7Z><(D _6)_2W7W>’

and re-arranging with account of (3.25), we can re-write 5’ as in (3.18).

To see that §’ < 0, we observe from (3.25) that R4(«,z) # 0 and Rp(3, w) # 0. Also,

(A-a)z,2) = ((A—a) "'z, (A—a)'z) = [|(A—a) 2],

which is always positive by (3.19), and similarly (D — 8)~?>w,w) > 0, and therefore
dB/da < 0. O

Proof of Theorem|[3.3.8. Let a ¢ Spec(A) and 3 ¢ Spec(D). For a self-adjoint operator A,
we have by Cauchy-Schwartz, if ||z|| = 1,

1
dist(c, Spec(A))’

[((A—a)"z,2)] < [[(A—a) 'z 2] < [[(A—a)'|| = (3.37)
and similarly for D. By the characteristic equation (3.25), we have, as « — 0, that either

Ra(a,z) = (A —a)'z,2) — 00

or
Rp(B,w) = ((D — f)~'w, w) — oo,
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which implies by that either dist(«, Spec(A4)) — 0 or dist(53, Spec(D)) — 0. In other
words, we have either o tends to an eigenvalue of A and  is arbitrary, or 5 tends to an
eigenvalue of D and « is arbitrary. Then the first statement follows.

Similarly, if  — oo, then again by we have that either

Ra(o,z) = (A—a)'z,2) =0

or
Rp(B,w) = ((D - B)"'w,w) = 0,

which implies by Lemma [3.4.1]that either « — @ € Spec(A, 1) or 8 — 3 € Spec(Dy 1)
Then the second statement follows.

We note that our result holds under the hypothesis of the full Chess Board theorem
since any pointin I"4 or A4 is always contained in Spec(A) N Spec(A, ), and similarly for
D. [

To finish the proof of the main theorem, it remains to show that the real pair-eigenvlaues
can only lie in rectangles R, , with p 4+ ¢ even (except mesh lines). Actually we already
mentioned in Remark[3.3.7|which rectangles are permitted and which are excluded. Nev-
ertheless, we will show this case for the sake of completeness. As we know already
by Lemma [3.5.4] that the eigenvalue curves can only cross through the mesh vertices,
it is sufficient to indicate one rectangle with p + ¢ even which contains at least one real
pair-eigenvalue. This will then determine which rectangles are permitted because of the
crossings. In the next result, we show that for any « # 0, one can always find a pair-
eigenvalue in the region Ry, 2m, (OF Rs11.+1 When we have an eigenvalue with multiplicity
greater than one).

Lemma 3.5.5. Let «,, and 5,, be the largest eigenvalue of A and D, respectively, which
are in the mesh. For any a > oy, 38 = 3(a) > B, such that (a, 3) € Spec,(M).

Proof. Take o > «,. Then the resolvent (A — a)~! exists and is a negative operator.
Moreover,

(o, B) € Spec, (M) < € Spec(T (),

where T(a) = D — C*(A — o)~ 'C is Hermitian. Thus, to prove the statement it remains to
show that 7'(«) has an eigenvalue greater than g,,. Let v,, be a normalised eigenvector
of D corresponding to 5,,. Then

(T(Q) Vi, Vi) = (DVy, Vi) — (A — @) " Win, W)
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where w,,, = Cv,,. If w,,, # 0, then by (3.20), we have

W,,, U, Z, U,
—((A =) 'Wp, i) = E (Wi, ] = K2 [(Vp, W) |2 E i ] ,
a— a—a]

J=1

which is always positive since a > «,. Hence (T'(a)v,,,v,) > Bm. In that case, by
variational principle 7'(«) has an eigenvalue g(a) > 3,,. Suppose w,, = 0. Then

W, =0V, =6{vp,w)z=0 < v, lw & ﬁmEfD.

However, if 5, € T'p then G Will not be in the mesh. Due to our construction, we do not
take into account of the set I' in the mesh, and therefore w,, + 0. O

3.6 Examples

3.6.1 Example 1

As we mentioned earlier, the main motivation of this section comes from the particular
non-self-adjoint problem which was considered in [19], with corresponding change of no-
tations. Re-write the pencil problem as:

H" — o e (u)
=0 3.38
< KC* HY™ - 5) v ’ (3:38)

where (C),; = 1 and all other entries of C are zeros. We therefore setz = (0,...,0,1)"
and w = (1,0,...,0)T. When x = 1, the problem is equivalent to the pencil A,
problem with (3.17), nevertheless we plot the spectrum for different values of «.

The eigenvalues of H{" are given by and the eigenvalues of (Hé’“)LL are
given by the same formula with n replaced by n — 1. We shall return to the investigation
of the non-real pair-eigenvalues of this problem in Section [3.7]

Note that FH(()M = @ and the general spectral picture in the («, 5)-plane including the
rectangular mesh can be seen in Figures[3.6)and Figure [3.11] We also illustrate in Figure
[3.7|the real pair-eigenvalues by taking a wide range of « values and superimposing them.
We see that the results of the simple Chess Board Theorem hold. We also illustrate
the limit cases in Figure where we see that real pair-eigenvalues lie in the border of
rectangular regions.
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1 1

2 + 2B ¢ 2 1 1 Z e
-1 -1
-2 -2

Figure 3.5: Spec,(M) when A = H” and D = Hj". Left: with x = 1075, Right: with
Kk = 10°.

Figure 3.6: Spec,(M) when A = D = Hé‘*) with k = 0.4 (red curves), « = 1 (blue curves)
and x = 2 (orange curves).

3.6.2 Example 2

This example illustrates the case when I' = &. Let

Ay = diag(~1,2), Dy = diag(1,3,4). (3.39)
Set
z—i(l) wo (3 (3.40)
BRCANVARRARRV R S |
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Figure 3.7: The superimposition of Spec,(M) when A = D = H[§4) for the values of x from
0.001 to 10 with the step-size of 0.1.

ThenT' 4, =T'p, = 2. Also

Spec((A2)1.0) = {5} Spee((D10) = {562V}

The spectral picture is illustrated in Figure [3.8]left), and we see that the simple Chess
Board Theorem (Theorem [3.3.4) holds.

B B

Figure 3.8: Left: Spec,(M) with A = Ay, D = D, and x = 1. Right: Spec,(M) with
A:A3, D = Dy, andﬁ:3/4.

Remark 3.6.1. In the rest of the examples, we set D = D; and w, as given in (3.39) and
(3.40), thus I'p,, = @. We will consider different A and z in order to illustrate each special
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case, therefore these changes will be seen in the vertical direction only.

3.6.3 Example 3
This example illustrates the case when I # @ and I = @. Consider

Ay = diag(1,1) and 7 — ((1)) . (3.41)
ThenTy,, = {1} and T4, = @. Also

Spec((A;;)LL) = {1}

The spectral picture is illustrated in Figure right). We see that Spec,(M) has an addi-
tional straight line at « = 1, and there is also a blow-up at « = 1. This line is included in
the mesh since z is orthogonal to one eigenvector butz f @4, ;.

3.6.4 Example 4
This example illustrates the case when I' = T # . Consider
. 1
A, = diag(1,4) and z= (0) .

ThenT'y, = fA4 = {4}. Also
Spec((As)1,1) = {4}

The spectral picture is shown in Figure [3.9(left). It can be seen that there is an additional
straight line passing through o = 4 which is not included in the mesh since A, has simple
eigenvalues and z 1. @4, 4.

3.6.5 Example 5

This example illustrates the case when I, I' # @ and T + I'. Consider

As = diag(—1,-1,3,3) and z=

_— o O O

ThenT,, = {—1,3}and 4, = {—1}. Also

SpeC((Ag,)J_,J_) = {—1,3},
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\ \

-2 -2

Figure 3.9: Left: Spec, (M) with A = Ay, D = D;, and x = 3/2. Right: Spec,(M) with
A:A5, D :Dla and/'i:4/3

where the eigenvalue —1 has multiplicity two. The spectral picture is shown in Figure
[3.9(right). As expected, there are two additional vertical straight lines: at & = —1, where
there is no blow-up and the line is not included in the mesh since z L. ¢4, _;;and at o = 3,
where there is a blow-up and the line is included in the mesh since z £ 4, 5.

3.6.6 Example 6

Finally, this example illustrates the case when A # @. Consider

1
Ag = diag(1,2,2,3) and z=—

7 (3.42)

_ o O =

Then T4, =14, = {2}. Also
Spec((As) 1) = {2},
where the eigenvalue 2 has multiplicity three. The spectral picture is shown in Figure

right). Since z L ®,4,, there is no blow-up at « = 2. Nevertheless, this line is
included in the mesh as Ay, = {2}, i.e. dim(® 4y, |, 2) > dim(P4,2).

3.7 The non-real pair-eigenvalues of M

We now turn our attention to the non-real pair eigenvalues of a two-parameter eigenvalue
problem (3.13). Generally speaking, for every a € C\ Spec(A), we have either m corre-
sponding 5 € C which occurs under the restriction of the simple Chess Board Theorem,
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Figure 3.10: Spec,(M) with A = A, D = Dy, and x = 5/3.

or infinitely many g € R which occurs whenever T, T or A is not equal to the empty set.
We therefore limit our attention to the pair-eigenvalues subject to the additional restriction

Im(a + B) = 0, (3.43)

which is equivalent to introducing the additional restriction ¢ € R in the non-self-adjoint
problem, see (3.17). For this reason, we introduce the following notation:

S/ﬂe/c(l\/[) := Spec,(M) N {(a, 8) € C* : Im(e) + Im(B3) = 0}.

In addition, for brevity, we will work under the restrictions of the simple Chess Board
Theorem.

Lemma 3.7.1. The spectrum Spec(M) is invariant under the symmetry («, ) — (@, B).

Proof. The result is true for any M(«, 5) = L — oV, — V5 with self-adjoint coefficients L,
V, and V,: If (o, B) is a pair-eigenvalue of M(«, ), then L — aV; — gV, is not invertible,
therefore (L—aV,—£V,)* = L—aV, -3V, is not invertible and (@, 3) is a pair-eigenvalue
of M(q, (). O

A general spectral picture of the non-self-adjoint problem considered in [19] is illus-
trated in the («,8)-plane in Figure [3.11] Red curves depict the real parts of non-real
pair-eigenvalues Ref(Rea) such that holds, which keeps all (o, 3) € R? in the pic-
ture (shown in blue) and also some non-real pair-eigenvalues. In general, as can be seen
from the examples which were considered in Section [3.6]there is no additional symmetry.
Nevertheless, in our special example, we have the following result.
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Corollary 3.7.2. Consider a two-parameter eigenvalue problem M with A = D = H{",
C = C* with (C),, = 1 and all other entries of C' are zeros. Then, in addition to the result
of Lemma the spectrum Spec(M) is invariant under the symmetry (a, 8) — (3, a)
and the symmetry (a, ) — (=5, —«).

Proof. We know by Lemma that Spec(.A,) is invariant under the symmetries A — —A\
and ¢ — —c. We see by (3.17) that these symmetries correspond to («, 5) — (5, «) and
(o, B) = (=B, —a), respectively. O

Figure 3.11: S/p\&:(l\/[) with A= D = Hyand C = B forn = 5.

The real and non-real eigenvalue curves A(c) may collide, with two possible types of
collisions: those when two real eigenvalues collide and produce a complex conjugate
pair, called Type-A, and those when a pair of complex conjugate eigenvalues collide and
become real, called Type-B, see Figure [3.12]for equivalents in («, 3)-plane.

We gave an equivalent statement of Conjecture in terms of a two-parameter
eigenvalue problem in Theorem [1.3.4{i). We now turn to the proof of the result.

Proof of Theorem|[1.3.4{(i). Using the relation (3.17), we see that A € C \ R if and only if
a, 3 € C\R. Consider the two-parameter eigenvalue problem M(«, 8) with A = D = H{",
C = C* with (C),, = 1 and all other entries of C are zeros. We know that any pencil
problem of the form and any two-parameter eigenvalue problem of the form
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Type—A Type -B Type—-A Type—B

------------------- P

Figure 3.12: Left: the collisions in the (Re(A ))-plane. Right: the collisions in the
(Re(a), Re(3))-plane.

are equivalent by (1.14). Therefore this two-parameter problem M(«, 3) and (3.5) are
likewise equivalent with o = o and g = —7. If ¢ > 0, then

la| = |\ —¢] < 2, 1Bl =|A+¢| <2,
and if ¢ < 0, then the inequalities will still hold by Corollary|3.7.2, O

Unfortunately, we could not find much information about the non-real pair-eigenvalues
which satisfy such bounds. Nevertheless, we found the collision locations in terms of
derivative of 5(«) with respect to «, and this holds not only for our pencil problem but also
for any two-parameter eigenvalue problem with rank one C. Our first main result in this
section is the following.

Lemma 3.7.3. The collisions in S/pi?c(l\/[) occur at the points where

dp(a)
do

Proof. Recall a two-parameter eigenvalue problem with the change of notation (3.17):
A-—X+c C u) g
C* D+X+c)\v) 7
which can be written equivalently as
u A=A C u u
()= (e 05 () =)

Considering ¢(A) and taking the derivative in each side of the spectral problem with re-
spect to A\, we obtain

(3] a0 () = () e (2) = omea () = an) ()

= 1.




which is solvable if and only if the left hand side of the last equation is orthogonal to
(3) Therefore multiplying by (3) and bearing in mind |ju|| = ||v|| by Corollary [3.1.8,

we obtain ¢ (lalf + o) — <(I _I) (3) | (3)>

= [[uf* = JIv|*

=0.

We show that the critical points occur when j—§ = 0; then using (3.17) gives

/

11
de de -5 — 35

da 2 2 ’
R RS

3.7.1 Limiting cases

If = tends to zero, then the problem (3.73) becomes disjoint and the spectral picture can
be understood easily. On the other hand, a very interesting phenomenon occurs when x
gets large; the spectral picture becomes more complicated. For instance, for some values
of x, non-real pair-eigenvalue collisions may occur, see Figure [3.13]

In?ga)

Figure 3.13: Sfﬁe/c(M) when A = D
(Re(a), Re(p))-plane. Right: in the (Re(a), Im(a))-plane.

= H, with n = 5 for k = 1.37. Left: in the
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We know that if &« € R\ (Spec(A) U Spec(A, 1)), then there are m corresponding real
[’s such that

(. 8(@)) - (0, B0 (@) € Spec(M).
Theorem implies that as x — oo, there are (m — 1) corresponding 3’s such that

BM(), ..., B D (a) — Spec(Dy,1),

and m'™ one goes to +co where 4 depends on which block « lies in. For instance, as
a — a, + 0, then Ry(a) — —oo, and by we obtain Rp(5) — —0, and therefore
Bla) — +oo.

In addition to the real pair-eigenvalues, there are some non-real pair-eigenvalues and
we cannot do the asymptotics for all of them. Nevertheless, if we restrict ourselves to
§§5¢(M), there is one more family for which we will show the asymptotics as x — oco. In
the rest of this section, we shall analyse in more detail this family of pair-eigenvalues as
 tends to infinity.

‘ bﬁ | : Im(a)

Re(a)

' _‘2‘

: 4

] L

Figure 3.14: Spec(M) when A = D = H, with n = 5 for x = 5. Left: in the (Re(a), Re(3))-
plane. Right: in the (Re(«), Im(«))-plane.

It can be seen in Figure that for sufficiently large «, a’s lie on a circle in the
complex plane. ls it actually true that o’s and/or S’s lie on a circle? Can we figure out
what the circle is? Is it always the case or only for this particular example? In the next
theorem, which is one of the main results of this section, we will show that it is indeed
the case; namely, if we take two circles of sufficiently large radius , centred at A4 in the
a-plane and Dy in the 3-plane, then each point in the first circle will be approximately the
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first component of the large eigenvalue-pair, and each point in the second circle will be
approximately the second component of the same eigenvalue-pair. Note that A, D) €
R and can be computed as

Az = (Az,z)z, Djyw = (Dw,w)w,
which are some constants proportional to z and w, respectively.

Theorem 3.7.4. Asv = - — 0, there exist a family of pair-eigenvalues («, 3) € §§§c(1\/[)
such that

o= AP =r*+0 (), (3.44)
8= Dy =+ 0 (v?), (3.45)

or more precisely, forany t € R, (o, 5;) € Spec(M), where
a=ev M ta +0W), Bi=e v +b +O0(), (3.46)
and a; and b,, which are in general depending on t, satisfy
Re (a1 = Ay)e™) =0, Re((br = Dy)e”) =0.
The next result will be useful in the proof of Theorem [3.7.4]

Lemma 3.7.5. Letc € C\ {0} arbitrary constant. Then the system
(1) ()= C)
1 1/c) \q t
has a non-trivial solution if and only if
ct —s=0.
Proof. Re-writing as a system of two equations

cp+q=s,
p+(1/c)g=t,

and leaving p alone in the second equation and substituting into the first equation gives

ct—1/e)g)+q=5 & ct—s=0.
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Proof of Theorem[3.Z.4. First, we prove the expansions given in (3.46). Then will deduce
the formulas (3.44) and (3.45). Take

a=ka, [=kb v=-—,

x|

where a, b € C and we let v — 0. Then the equation (3.14) and (3.15) can be re-written
as

Au+ k(v, W)z = au vAu+ (v,w)z = au
Dv + k(u,z)w = v vDv + (u,z)w = bv

and we are seeking a solution of the form

G- (s (-2

At order O(+), we have

(vo, W)z = agug } (3.47)

(ug, z)w = byvo

which implies that

Uy = CoZ,

vo = dow,
where ¢y, dy are constants. Substituting these into gives us
do = apco }
co = body
and therefore
aghy = 1. (3.48)

Since we can always re-scale the eigenfunctions, we set ¢, = 1 and write the first terms

as
o\ VA
vo) \aw)/’
Using the additional restriction Im(ay + by) = 0, we write

ag = ag, + 0o

by = bo,r — 140,
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and substituting these into (3.48) yields

Qg,r = bO,?"
2
aU,rbO,r + a()7i =1

which implies

for arbitrary ¢t € R. At order O(v!'), we have

Aug + (v1, W)z = agu; + ajug Az + (v, w)z = e'u; + a1z
Dvy + <u1: Z>W = byvy + b1vy e*Dw + <u1, z)w = e vy + ethyw

Now separating vectors orthogonal and parallel to z and w in (3.50), we get
Aj1z = e"Quuy
(Aj — a1)z — €' Pyuy + (v, w)z = 0
' Dyuw = e Quvi

"Dy — e'b))w — e " Pyvy + (uy,z)w =0
[N

Now, write (3.52) and (3.54) as a system

<_1€it —61“> <<<‘11111:VZV>>) - <€itc(bil?1_—AlS|l||,)> '

By Lemma|[3.7.5] the system (3.55) has a non-trivial solution if and only if

(a1 — A‘|7||)€_it + (bl — DH7||)6it =0.

(3.49)

(3.50)

(3.55)

Separating real and imaginary parts as a; = a, + iay; and by, = by, — ia, ;, we obtain

& (ar, — Ay, +tay;)(cost —isint) + (b1, — D) —iai;)(cost +isint) =0

a, — A||7|| + bl,r — DH7||) cost + (al,i + (1171') sint =0
ai; — au) cost + (—CLLT + AH,” + bl,r — D”,H) sint =0
a, — A||7|| + bl,r — DH7||) cost + 2a172~ sint =0

a1, — A||7|| — by, + DH:H) sint =0

{
{

From the second equation of (3.56), we obtain

(
=
(
(
=
(
ary = A = by = Dy,
and substituting this into the first equation of (3.56) we obtain

2(&177« - A”’H) cost + 2@171‘ sint=0 < Re[(a1 — A|M|)e_it] =0,
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and similarly
2(by, — Dy)cost — 2a1,;sint =0 & Re[(by — DH7||)6it] =0. (3.59)
Now, substituting aq and a; into «, we have
a=v'ta=aw ' +a +0@W
=e'v ' +a, +O0(v),
and similarly, substituting bg, b; into 3, we have
B=vlb=br ' +b +0@W")
=e v 4+ + O(v),
where a; and b, satisfies and (3.59), respectively.

We now prove (3.44), the second statement (3.45) is similar. Using the expansion for
ain (3.46) we get

oo = Ay = |ra — Ayyl?
— |V_1(a0 +rvay) — AH7|||2 + O(VQ)
= vt +a; — AH7II|2 + O(1%)
= [ Ple" + v(ar — Ay PP+ O(?)
=2 [1 + 2vRe[(a; — AH7||)€7”H +O0(1?)

=v 2+ 0%
=rk*4+0 (%) ,
K
where we used (3.58) and |z + y|? = |z|? + |y|* + 2Re(Ty). O

We see from Figure that when A = D, the large non-real pair-eigenvalue seems
to occur on the line Re(a) = Re(5) which is equivalent to Re(\) = 0 in the non-self-adjoint
problem. We now formally state this result as a corollary.

Corollary 3.7.6. Let A = D. Then there exists a pair eigenvalue («, 3) € Spec(M) such
that

Re(a) = Re(B) + O(k7?),

ie.
a=LB+0(k?).
Proof. This follows immediately from (3.49) and (3.57). O
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3.7.2 Examples

In this section, we apply the limit results to the examples given in Section [3.6] Most
examples produce similar plots so we only mention three of them here. In each graph, we
also plot a circle of radius «, centred at 4 in the a-plane and Dy in the -plane, and
both indicated by a black circle.

First, consider A = D = H,, and take n = 7. Then (H,);, = 0 and the behaviour of the
non-real eigenvalues in the a-plane can be seen in Figure [3.15] Since we take A = D,
we plot the figures only in the a-plane as figures in the S-plane are identical. The figure
illustrates that one family of non-real pair-eigenvalues approaches a circle as « increases,
whereas the rest of the non-real eigenvalues get smaller and eventually become real.

Im(a) Im(a)
2.5¢

-2.5r

Figure 3.15: §§5c(M) \ R? (red curves) in the a-plane with A = D = H, for n = 7. Left:
x =2 and D(0,2) (black dashed circle). Right: «x = 8 and D(0, 8) (black dashed circle).

Now, we consider some two-parameter eigenvalue examples given in Section As
a second illustration, consider Example 3, i.e. take A = A3 with z = (1,0)7 as in (3.41),
and D = D; with w = 1/v/3(1,1,1)7 as in (3.39). Then

(Aa)p =1, (D1)y, =8/3.

The limiting non-real eigenvalue behaviour for large « can be seen as expected in Figure
3.16

Third, we consider Example 6, i.e. take A = A with z = 1/4/2(1,0,0,1)7 as in (3.42),
and D = D; with w = 1/v/3(1,1,1)7 as in (3:39). Then (4), = 2. The limiting non-real
eigenvalue behaviour can be seen in Figure [3.17]
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Re(a)

Figure 3.16: §§€c(M) \ R? (red curves) with A = A; and D = D, for k = 10. Left: D(1,10)
(black dashed circle) in the « plane. Right: D(8/3,10) (black dashed circle) in the S-plane.

Figure 3.17: Spec(M)\ R? (red curves) with A = Ag and D = D, for x = 10. Left: D(2, 10)
(black dashed circle) in the « plane. Right: D(8/3,10) (black dashed circle) in the S-plane.
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Chapter 4

Bounds for the eigenvalues of A,

In this chapter, we turn our attention to the linear pencil problem and try to answer
some open questions about the non-real eigenvalues of A.. These questions were first
raised by Davies and Levitin [19]. We will try to treat the problem differently in order
to gain meaningful information. We start by re-writing the characteristic equation of A,
in numerous ways in Section [4.1] In addition, Conjecture can be reformulated in
various ways and we mention three of them in Section Section contains a full
proof of the conjecture when n = 2 and n = 3. We will see below that the conjecture is
non-trivial in these cases. Section uses asymptotic methods to locate the non-real
eigenvalues of A. when ¢ goes to zero.

Finally, Section [4.5 applies the useful tools introduced in Chapter[2]to our pencil prob-
lem. We study finite ratios of Chebyshev polynomials of the second kind U, (¢) in Section
[4.2.1] We shall see that known ratio asymptotic estimates mentioned in Section are
not sufficient when applied to the ratio U,,.1(¢)/U,(¢). Therefore we will look at the finite
ratios of U,,(¢) in more detail to obtain better estimates. The results we will obtain are still
inadequate to answer the open questions, nonetheless we believe that these estimates
are useful. We conclude the chapter in Section with a detailed discussion of the
well-known Gershgorin-type results when applied to our particular problem.

4.1 Different representation of the operator pencil A.

Our goal in this section is to treat the linear pencil problem (3.3) in various ways by writing
several variations of the characteristic equation.
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4.1.1 Explicit expressions for eigenfunctions of 4.

The problem (3.5) can be re-written as

(Hy — ol)u = —Bv, (4.1)
(Hy+7I)v = —Bu. (4.2)

Recall the relation F;(¢) = U;(¢/2), where U, is the Chebyshev polynomial of the second
kind, and that the function F; satisfies the recurrence relation (2.35).

Lemma 4.1.1. Let ( & Spec(H,), and let w solve

0
(H§" —cr)w= (') (4.3)
1
Then
?0(0 1]::0(0/?1(4)
v | PO | AR
BOVr o] ™9 | BLo/ma©
anl(g) 1
with 7.0
WO = 72
where
Fi(©) = Y IBQP (4.4

Proof. The equation (4.3) is written in components as

wy — Cwy =0
wj_l—ij+wj+1:O, forj:2,...,(n—1),

Wp—1 — Cwn =1

Substituting w; = —Fﬁg) we see that all n equations hold by (2.35). O
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Corollary 4.1.2. Letu, v, 0,7 solve (4.1)-4.2), and let o, 7 & {jin, ..., p1}. Then

Fo(o)
(o) = Fi(o0)
u=-—v,Wlo) = Fn(O') )
Fn_l(O')
(=1)"Fo(7)
() = | DR
vV = Unp, T) = Fn<7') :
_Fn—l(T)
Proof. Immediate from (4.1)-(4.2) and Lemma O

Lemma 4.1.3. Let u, v, 0,7 solve (4.1)-(4.2), and in addition let o, 7 & {in, ..., 1} and
|lul| = 1. Then A = (0 + 7)/2 is a simple eigenvalue of A., and

Fo 1(0)F,_1(1)+ F.(0)F, (1) =0, (4.5)
where
oc=\—c, T=A+c
Moreover
o |Fu(0)]?  |Fua(7)
‘Un| - ]:n(0'> - ]:n(T) ) (46)
o |E(D)P Faa(o))?
RS T R &0
Additionally,
Fy(o) (=1)"Fo(T)
e’ Fi(o) et (=1)" " Fy(7)
= ) V == .
Fu(o) : Fu(T)
anl(O') Fn,1<7'>
for some s, t € R.
Proof. By Corollary |4.1.2]
. anl(O') _ anl(T)
un - Un Fn(o_) 9 Un - U’n Fn<7_) 9

which implies (4.5). The eigenvalue is geometrically simple since the eigenspace is one-
dimensional (with w,, or v, being a simple parameter). By Lemma 2.1.3, we know that
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lu|| = ||v]|. The first equalities in each of (4.6) and (4.7) are then obtained from the
normalising conditions

2 _ |y W 2 _ o Fau(T) _
2 _ o 2llw(o 2:1}2}—"(0):
[l = fon " [[w(o)[" = |vnl TAGE

The second ones are obtained from writing normalising conditions as

Fn(T)
V|2 = o, |2 |U]| Un|2n— —1,
and similarly for u. [Remark: the second inequalities in (4.6) and (4.7/) can be also de-
duced from the first ones and (4.5).] The expressions for u and v result from a substitu-
tion. ]

Remark 4.1.4. It would be nice to obtain additional restrictions on ¢ and 7 from the fact
that the quantities in (4.6) and should be less than one. Unfortunately this is not
the case - the numerics of the contour plot of the RH sides in and show that
the curves on which 'F—) = 1 protrude (by a small amount) into the domain || > 2 (or
Re(r) > 2) for n > 4. These curves are illustrated in Figure as n increases. Note that

this is because the construction above does not use the crucial condition Im(o) = Im(7).

T : i ! 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
S : S 5 b .
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

Figure 4.1: Contour plots of 'F"— 1 (blue curves) in the (Re(7),Im(7))-plane and
()

Re(1) = £2 (red dashed lines) for n =3, n =4 and n =5 from left to right.

4.1.2 Mapping > + 1/z

Let A € Spec(A.). We use the following substitution
1

1
A—c=0:=2+4+ —, Ate=7=w+ —, (4-8)
z w
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where z and w are some complex numbers. Note that each A\ corresponds to two values

of z (which are inverses of each other) and two values of w (which are also inverses of
each other). These values are the solutions of the quadratic equations

22— (A—c)z+1=0, (4.9)

w? — (A +c)w+1=0, (4.10)

respectively. If \ is non-real, then we define =z and w to be the unique solutions of (4.9)
and (4.10), respectively, which satisfy

|z| > 1, lw| > 1. (4.11)
Define the meromorphic function f,, : C* — C by
fulz,w) = (2" — 27 D (™ — w2 — 2T (W —w ). (4.12)

The next result is the characteristic polynomial of the pencil A., deduced in [19], as an
explicit complex polynomial equation in two variables.

Lemma4.1.5 ([19, Lemma 2.4]). Letz, w, A be related by (4.9)-(#.10). Ifc = z+271 # 42
and T =w+w™! # +2, then
fa(z, )

(z =z D(w—-w)

Remark 4.1.6. Lemma is not the exact statement of Lemma 2.4 in [19]. To be
precise, Davies and Levitin [19] constructed the characteristic polynomial of a linear pencil
HN) — \S, nior Where S, ... is the diagonal matrix

ol,,
Sm,n;o,’r - ( T]'n) )

and what we state here is the special case when m = n and —r instead of 7.

det(HPW — \S) = (=1)"

Let D(o,r) be the disk of radius r around a point o, that is,
D(o,r):={Ce€C:|C—o| <r},

and let 0D(o,r) be the boundary of the disk D(o,r). In addition, define the families of
meromorphic function G,, : C — C by

gn—i—l _ g—n—l
- fn _ éﬁ—n '
Now, we quote another result from [19] which relates the eigenvalues of the pencil A to
the function f,, and G,,.

Gn(§) : (4.13)
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Theorem 4.1.7 ([19, Theorem 2.3]). Let\ € C\ {-2—¢,—2+4+¢,2—¢,2+ ¢} and let ), z,
w be related by (4.8)-(4.11). Then

(a) \ is an eigenvalue of the pencil A. if and only if
fn(z,w) = 0. (4.14)
(b) If \ is an eigenvalue of A., then it is real if and only if both = and w lie in the set
oD(0,1) U (R\ {0}).
(c) If X € R then \ is an eigenvalue of A, if and only if
Gn(2)G,(w) = —1. (4.15)

Remark 4.1.8. Looking at the imaginary parts of (4.8), we see that

Im)\:Im(z%—l) :Im(w—l—l),
z w

and re-arranging this we obtain

1 1
Im)\ =1 1-— | =1 1-— . 4.1
ma =12 (1 - ) = o) (1~ (@19
If A € C\ R, thenusing |z| > 1 and |w| > 1 implies that corresponding Im(z) and Im(w)
are of the same sign.

Remark 4.1.9. Let A € R. Then Theorem b) immediately follows from (4.16). In
addition, we have from (4.9) and (4.10) that

_ 2 _ 2 _
A—ct/(AN—c)?—4 w:A—i-c:l:\/(;\%—c) 4. (4.17)

z = 5 s

It follows from Lemma(3.1.1|that |\| > 2+ |c| is impossible. Also it can be seen from (4.17)
with account of Theorem b) that

ANeE(—2—¢,-24 & z€eR, w € 0D(0,1), (4.18)
A€ (—2+¢2—0¢) & z€0D(0,1), wedD(0,1), (4.19)
ANE2—¢2+40) & 2€0D(0,1), weR. (4.20)

In addition, Theorem b) states that if A € R, and z and/or w are non-real, then they
lie on the unit circle 9D(0, 1).
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4.1.3 A, inthe basis of eigenfunctions of H,

Let the matrix ¥ have the entries (v;)%,—; = <\/2/(n + 1) sin(mjk/(n + 1)))? ,i.e.

7,k=1
sin (25) sin (%) - sin (£)
U= 2 s (HQ_L) s Qﬁ_jl) . E . (4.21)
n+1 : -,
sin (nﬂ—&) e sin (g—_’i)

Since the columns of ¥ are normalised eigenfunctions of H, which is Hermitian, ¥ is a
unitary matrix, i.e.
=0 =" =y

In the orthonormal basis
’le qvbn 0 0
0 AR 0 Y ,l,bl VAR ¢n )
where 0 represents the zero vector in R, the problem (3.5) can be re-written as follows.

Lemma 4.1.10. Using the change of basis matrix diag(\V, V), the spectral problem (3.5)
is equivalent to the problem

H1—0O wl,nwn,n e wl,nwl,n Uy
Hp — O ¢nn¢nn ¢nnw1n Un,

e Ty =0. 4.22

¢1,nwn7n T ¢1,nwl,n H1 + 7 Un ( )
¢n,n¢n,n e 77Z}71,7’L77Z}1,n Hn +7 U1

Proof. Note that (diag(¥, ¥))~' = diag(¥, ¥). Consider the problem (3.5). Since for any
non-singular matrix X, the spectrum of A and X'AX are the same, the matrix on the
left-hand side of (3.5) can be written in the following alternative form:

(\If ) (HO —ol B > <\I/ > _ (\IIHO\I/ —ol vBY ) . (4.23)
v B Ho+ 71 v v BY VHW + 71
Calculating
Ho := VHyU = diag(p1, - -y tn), (4.24)
B = UBV = (b ;000)",_, (4.25)
Substituting these into and recalling that ¢, » = v ;, we arrive at (4.22). O

We will apply Gershgorin Theorem to the problem (4.22) and deduce the correspond-
ing Gershgorin set in Section |4.5.3.3]
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4.2 Reformulating Conjecture [1.3.3in different forms

As can be seen in Theorem|[1.3.4] there are several ways to reformulate Conjecture
Our aim in this section is to re-write the conjecture by using the different forms of charac-
teristic equation.

4.2.1 Ratios of orthogonal polynomials

Define the family of meromorphic function F,:C—C by

R = 1

In fact, the function ﬁn(g) is equal to the ratios of Chebyshev polynomials of the second
kind U, (¢/2) = F,(¢). Then the following recurrence relation is immediate.

(4.26)

Proposition 4.2.1. Letn > 1. Then F, () satisfies the recurrence relation
~ 1 ~

Foa(Q) =¢— =, Fi(¢) =¢. (4.27)
Fa(Q)
Proof. Consider the recurrence relation (2.35). Then forn =1
= Fi(¢)
F; = =(.
For n > 2, dividing the last equation of (2.35) by F;_,(¢) we arrive at (4.27). O

One can see that functions fn and G, are related to each other in the following manner.

Proposition 4.2.2. Let{ € C\ {0} andn > 1. Then

Gul) = (5 - %) . (4.28)

Proof. We proceed by induction. For n = 1, we have

2 _ -2 _
G1(§):6 s :§+1=F1(§+1>

£§—¢ 3 3
so (4.28) holds for n = 1. Now assume that (4.28) is true for some n € N. Then
§n+2 _ é%—n—Q
Gri1(§) = e —
G S (S S Bt S
o £n+1 _ g—n—l
1 ~ 1
=(+¢ - —<=F, ( +—>.
Thus, by induction, (4.28) holds for all n € N. O
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Using Proposition 4.2.1}, the characteristic equation (4.5) can be reformulated in terms
of F,, as follows.

Corollary 4.2.3. Let \, 0, 7 be related by (3.6), letu, v, o, T solve (4.1)-(4.2), and let o, T ¢
{ttn,...,m}. Then X = (o + 7)/2 is a simple eigenvalue of A., and

F.(o)F, (1) = —1. (4.29)

The equation (4.29) can also be deduced from Theorem and Proposition
We now verify the reformulation of Conjecture given as in Theorem iif).

Proof of Theorem|[1.3.4iii). Let \, o, 7 be related by (3.6). Then, by Corollary[4.2.3 A is a
non-real eigenvalue of A, if and only if 0,7 € C \ R satisfy (4.29). We have by that
Im()\) = Im(c) = Im(7). Moreover, by Lemma|[3.1.3|we have the symmetry A — X, which
implies 0 — @ and 7 — 7. Therefore it is sufficient to consider the non-real solutions of

(4.29) with Im(o) = Im(7) > 0. O

We omit the proof of part (ii) since its reformulation is immediate by (4.26).
It is easy to see that if |o] > 2 and |r| > 2, then there is no such (o, 7) € C? which
satisfies (4.29). This is due to the following lemma.

Lemma 4.2.4. If || > 2, then

ﬁn(g)‘ > 1 foralln > 1.

Proof. We proceed by induction. For n = 1, the statement is obvious. Now assume that
fn(g)‘ > 1 holds for some n € N. Then

1

1 ~
1] = =—| < ‘C— ~—‘ = |Fa(0)]-
‘ F,(Q)| F.(0) |
Since |(| > 2 and N—‘ < 1, the left-hand side of the inequality is greater than one, and
Fo(€)
therefore fnﬂ(g)‘ > 1. Then, by induction, the statement holds for all n € N. O

Using the three term recurrence relation (4.27), the function ﬁn can be written in a
continued fraction expansion
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However, the main problem in here is that ¢ is a complex number. In addition, since
the functions ﬁn(g‘) can be expressed in terms of the ratios of Chebyshev polynomials of
the second kind, we can treat Conjecture as a ratio of orthogonal polynomials. In
Section[4.5.2], we will apply the ratio asymptotics, which were mentioned in Section
and obtain some bounds on the function £}, (¢).

4.2.2 The area between |z| =1and |z £ i|* < 2

In Section|4.1.2, we used the change of variables to re-write the characteristic equa-
tion in terms of z and w, as in Lemma [4.1.7(a) and (c). Therefore another way of ex-
pressing Conjecture is looking at the equivalent statements of A in terms of z and
w, which was stated in the introduction. Our goal in this subsection is to prove and clarify
Theorem [1.3.4{iv). We will then give some numerical examples to support this result. We
will illustrate = and w values correspond to the non-real eigenvalues of A. on the same
complex plane. We also give the Gershgorin-type localisation result and its illustration in
Section[4.5.3.3

Remark 4.2.5. The characteristic equation of the pencil problem for non-real eigenvalues
was given in Theorem c). In fact, the equation (4.15) holds also for the real eigen-
values of A, as long as z" # z " and w™ # w™". This is due to Theorem a), and
that

fn(2,w)

(27 — z7")(w" — w™n)

= Gp(2)Gp(w) — 1.
It is also easy to see that if \ is non-real, then by Theorem b), we have 2" # 27"
and w™ # w™".

A direct calculation leads to the following auxiliary result.

Lemma 4.2.6. The roots of |z + 1/z| = 2 are exactly = +i + \/2¢* where ¢ € [0, 2n],
and therefore

1
z+;‘<2<:>\z:l:i]<\/§. (4.30)
We can now clarify the reformulation of Conjecture in terms of corresponding z
and w.

Proof of Theorem([1.3.4(iv). Recall that if X is a non-real eigenvalue of the pencil A., we
then define z, w to be the unique solutions of (4.9) and (4.10), respectively, which satisfy
|z| > 1and |w| > 1. Then by Theorem b), A is non-real if and only if z,w € C\ R with
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|z] > 1and |w| > 1. By Lemma4.2.6, we can re-write the statement of the conjecture as
any solutions z, w of (4.15) should lie in the set Z; U Z, where

Z) = D(Z7 \/5) \5(07 1)7 Zy = D(_Zv \/§> \5(07 1)7
where D(o,r) denotes the closure of the disk D(o, r). O

We present some numerical experiments in Figure [4.2] For simplicity, we omit the
values of z and w which lie on the unit circle 9D(0,1) and on the real line. It is clear
from (4.18)-(4.20) that these values correspond to the real eigenvalues of A.. We take
the set of non-real eigenvalues in the A-plane and plot them in a different complex plane
using (4.8). We superimpose corresponding values of >z and w in the same complex
plane by solving the quadratic equations and on a finely spaced grid of ¢
values. The black dashed circle represents the unit circle 9D(0,1), the orange circle
represents 9D(i, v/2) and the light-orange shaded area represents the set Z;. The green
circle represents 0D (—i, v/2) and the light-green shaded area represents the set Z,. The
red and blue curves, which correspond to values of = and w respectively, are exactly
the non-real eigenvalue curves of the pencil A. under the change of variables (4.8). For
presentation purposes, in the four illustrations we zoom in on an area near the unit circle.

In Figure we illustrate all non-real eigenvalue curves, however we would like to
know only whether is satisfied. Without seeing the dynamics, it is difficult to under-
stand which two values (z and w) correspond to the same ¢. The only thing we know from
Remark [4.1.8]is that Im\ > 0 implies Im(z) > 0 and Im(w) > 0. According to the figure,
the eigenvalues (in terms of z and w) always appear from the unit circle and disappear
to the unit circle. Conjecture [1.3.3will be broken if one eigenvalue escapes from the unit
circle and then travels to the real axis. In this case, it would have to cross the forbidden
region. The important thing in this figure is that they do not cross the boundary of Z,
and Z,. Conjecture appear to be true since whatever escapes from the unit circle,
returns to the unit circle without going through the forbidden area. Hence, both = and w,
which correspond to the non-real eigenvalues, seem to lie in Z, U Z,.

4.2.3 Intersection of Gershgorin disks

Recall that G(A) represents the Gershgorin set of A. Our main aim was to enhance
the Gershgorin Theorem when applied to the non-real eigenvalues of the pencil A. (or
the non-self-adjoint matrix A.), but we could not. In this section, we apply the Gersh-
gorin Theorem to our problem. In Section {4.5.3] we will discuss the application of known
Gershgorin-type results mentioned in Section [2.2]to our problem in more detail.

86



Figure 4.2: Z, (orange dashed region), dD(i,/2) (orange circle), Z, (green dashed
region), 9D(—i,/2) (green circle), 9D(0,1) (black dashed circle), drawn in the complex
plane, together with the superimposition of = (red curves) and w (blue curves) values,
which correspond to the non-real eigenvalues only, for ¢ values between 0 and 2 with
step-size of 1073. Left top: n = 3. Right top: n = 4. Left bottom: n = 7. Right bottom:
n = 14.

The Gershgorin set G(A.) consists of four different disks defined by

gl (Ac) -

(C’ 1)7 gz(Ac) - 5(0, 2),
gj(AC) = =D(—

(_Cv 2)a g2n(Ac) ( G, 1)
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wherei=2,...,nandj=n+1,...,N—1. Then Gi(A.) C Gi(A.) and G,,,(A.) C G,;(A,),
and therefore

U gz<Ac) = 5(07 2)7 ' U g]<Ac) = 5(_07 2)'

Hence, we obtain
Spec(A.) C G(A,) = D(c,2) UD(—c,2).

We illustrate the union in Figure 4.3

-2 -2
-4 -2 0 2 4 -4 -2 0 2 4

Figure 4.3: For n = 11, red dots represent the eigenvalues of A, and the blue shaded
region is the Gershgorin set G(A.), i.e. the union D(c,2) U D(—c,2). The boundaries of
each disk are represented by the blue circles. Left: ¢ = 0.3. Right: ¢ = 1.4.

However, when we focus on the non-real eigenvalues of A., we observe that they all
seem to lie in the intersection of the Gershgorin disks. Note that

D(c,2)ND(—¢,2) ={ e C:|A—c| <2and |+ ¢| <2}

Then this leads us to another reformulation of the conjecture as in Theorem [1.3.4{v), i.e.
if A € Spec(A.) \ R, then X\ € D(c,2) N D(—c, 2).

As shown in Section there exists no Gershgorin-type localisation result which
gives a bound only for the non-real eigenvalues of a matrix. All existing results give a
bound for the whole spectrum of a matrix. In this case, we see that Conjecture is
somewhat stronger than Gershgorin Theorem. Unfortunately, we could not obtain any
such region which contains only the non-real spectrum of A.. Nevertheless, we have the
following result.

Lemma 4.2.7. Conjecture[1.3.3 is satisfied for those \ € Spec(A.) \ R for which |o| = |7|
with \, o, 7 related by (3.6).
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Proof. The case |o| = |7| implies that
IAN—c|=|A+¢] & c¢=0 or Re(\) =0,

i.e. X is equidistant from both ¢ and —c. In other words, these eigenvalues lie on the
imaginary axis in the complex plane. Since the Gershgorin disks D(c,2) and D(—c,2)
are symmetric with respect to the imaginary axis, the intersection as well as the union of
two Gershgorin disks always cover the imaginary axis by Gershgorin Theorem. Therefore
these purely imaginary eigenvalues always lie in the intersection of two Gershgorin disks
which implies that both |o| = |\ — ¢| and || = |\ + ¢| are smaller than two. Note that the
boundaries does not play a role since the characteristic equation is not satisfied by

Lemma4.2.4]if |o| = |7] = 2. O

4.3 Partial cases

The goal of this section is to prove that the Conjecture holds for n = 2 and for
n = 3. We will prove the equivalent statement of the conjecture given in Theorem[1.3.4iii).
The purpose of this section is to see that even for small size, the result is non-trivial,
computations get messy and there is no pattern.

When n = 1, it is straightforward to see that Conjecture is satisfied:

=—1 = 7=-—-=
gT T pu |0"2
and since Im(o) = Im(7), we obtain
1 1
Im(r) = m(j) = Jol=1 = |r|=—=1,
o] o]
as required.
Now, set
o=ux+ 1y, T =1+ 1y, (4.31)

where z,t € Rand y € R\ {0}, and look for solutions of the characteristic equation
when n = 2 and n = 3. We will see in each situation that there are two cases: either
lo| = || or |o| # |7]. We know by Lemma [4.2.7] that Conjecture [1.3.3]is satisfied in the
case |o| = |7| for all n € N. Nevertheless, we emphasise that we will include the proof of
this case for the sake of completeness. In addition, recall from Corollary[3.1.8|that |y| < 1.
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4.3.1 Thecasen =2

For n = 2, the equation becomes

(a—%) (T—%>:—1 & —or=(2—1)(F2-1),

substituting (4.31) into (4.29) gives
—(x +dy)(t +iy) = (2% —y* — 1 +i22y)(#* — y* — 1 +i2ty).
Separating the real and imaginary parts of the equation gives the system of two equations

y? —at = (22 —y* — 1)(#* —y* — 1) — daty?, (4.32)
—(2y +yt) = 2ty(z* — y* — 1) + 2oy(t* — y* — 1). (4.33)

Re-arranging equation (4.33) gives
(z +1)(1+2y* — 2xt) = 0. (4.34)
We now have two cases, either t = —z or 1 + 2y? — 2zt = 0.

The first case: 0| = |7|

Let t = —x which also implies that |¢| = |7|. Then using this in (4.32), we have, after
simplification, that

41’2 1= ($2 + y2)2 + (%2 _|_y2)
and since 4z% — 1 < 4/0|? — 1, the above equation reduces to
lo|* + |o|* < 4|o|* — 1

which implies

3\? 5
2
~ %) =2 <0

3 5<||2<3+\/€
_— — — 0’ — —
2 4 2 V&

and since |o| = |7|, we obtain |o|, || < 2.

and so
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The second case: |o| # |7

Take t # —z. Re-arranging (4.32), we have

0= (2 —y* = 1)(t* —y* — 1) — daty® — y* + at
:x2t2—x2y2—x2—y2t2+y4+y2—t2+y2+1—4xty2—y2+mt
= (wt)? + ot — ?(2® + %) — (22 +2) +yt +y? + 1 — 4P (1)

Then using xt = y? + 1/2 into the above equation, we obtain

1 1
0= +¢’+ )~ (P + 1)+ ) +y' +y° + 1Ay =27 + 7 +

1 2
:—(y2+1)(x2+t2)—2y4+1+}l+y2+%
= —(y2+1)(x2+t2+2y2)+2y4+2y2—2y4+y2+£
= (4 D (Jol? + I7%) + 357 +
which implies
3y” + | 5
o+ 1P = T =8~ gy <8

for all y. Thus, |o|, || < 2. Hence the conjecture is true for n = 2.

4.3.2 Thecasen =3

When n = 3, equation (4.29) becomes

() 2r) - e ) )

& (0 —20)(r* —27) = —(c* = 1)(* — 1). (4.35)

First, re-arranging the imaginary part of LHS of (4.35), we have

Im[(c® — 20) (7% — 27)]
= Im[(2® — 32y® — 22 +i(32%y — 2y — v*)) (¢* — 3ty* — 2t +i(3t%y — 2y — )]
= (2% — 3zy® — 22)(3t%y — 2y — v*) + (2 — 3ty* — 2t)(32%y — 2y — v°)
= —2%® + 32%t%y — 2%y + 3wy® — 9xt?y® + 8wy’ — Gatiy + day
— 33 + 3273y — 2%y + 3ty® — 92%ty® + 8ty — 6ty + 4ty
= —y?(2® + ) + 32y (z + t) — 2y(z® +°) + 3y°(x + t)
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— 9xty*(z +t) + 8y* (v + t) — 6aty(x +t) + dy(z + 1)
= (v +t)y[(—y* — 2)(2* + * — at) + 32°t* + 3y* — 9xty® + 8y — 6t + 4],  (4.36)

and re-arranging the imaginary part of RHS of (4.35), we have

Im[— (0% — 1)(7* — 1)] = Im[—(2? — y* — 1 +i22y)(t* — y* — 1 + i2ty)]
= —(2ty(a® —y* = 1) + 22y(** —y* = 1))
= —2y(tz* — ty* — t + ot* — 2® — 1)
= —2y[(z + t)(zt — y* — 1)]. (4.37)

Equating (4.36) and (4.37) we obtain
(z+ )y [(—y® = 2)(2® + * — at) + 32t + 3y* — 9aty® + 6y° —dat +2] =0.  (4.38)

Since y # 0, we again have two cases; either |o| = |7| or |o| # |7].

The first case: |o| = |7|
The first case; let t = —z, i.e. |o| = |7|. Then from the real part of LHS of (4.35), we have

Re[(0® — 20) (7 — 27)]

= Re[(z® — 3xy? — 22 +i(32%y — 2y — v*))(#* — 3ty — 2t +i(3t%y — 2y — y°))]

= (% = 3zy® — 22)(¢° — 3ty — 2t) — (32%y — 2y — y*)(3t°y — 2y — v°)

= —(z* = 3zy” — 22)" — (32%y — 2y — y*)’

= —(2% 4 32y + 32%y* + o — 42t + 42 + 4yt + 4?)

= —[(@® + )" — 42" + 49" + 42" + ¢)]

= —|o|% — 4|o|* + 42t — 4y*

= —|o]® —dlo|* + 4(2* + y*)* - 82%y* — 8y'

= —|o|® — 4|o|? + 4|o|* — 8y?|o|?, (4.39)

and from the real part of RHS of (4.35),

Re[—(0? — 1)(7* — 1)] = Re[—(2® — y* — 1 +i22y)(2* — y* — 1 + i22y)]
= (2% =y’ = (" =y = 1) + 2xy22y
= —(z* +y* + 1 - 22%% — 22% + 2% + 42%?)
= —[(@® +y*)* — 22" + 29" + 1]
= —Jo]* + 2o — 4 — 1. (4.40)
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Equating and yields
o]® = 5lo|* + [o]*(6 + 8y*) — 4y® — 1 = 0. (4.41)
Let s := |o|* and denote
f;(s) = 8% — 5s* + (6 + 8y*)s — 4y* — 1,
then the equation becomes
fls) =o.

We now need to show that if s is a root of };(s) for some y > 0, then sy < 4. First, note
that when s = 4, the function is positive for all y, i.e.

Fu(4) =7+ 28y% > 0.

Now, we want to show that the function is increasing for all y > 0 and s > 4. Taking the
derivative with respect to s gives

~

f,(s) = 3s* — 10s + 6 + 8y*.
Yy

f;(s) is increasing in s for s > 5/3, therefore for s > 4,

fi(s) > f(4) = 14+ 8y> > 0.

Thus, f;(s) > 0 for s > 4, and if there exists s, such that f;(so) = 0, then sy < 4. Hence
we prove that if |o| = |7|, then |o|, |7] < 2.

The second case: |o| # ||

The second case is to show if |o| # |7| then |o|, |7| < 2. Proving this case is not as easy
as the first case. We will see that all calculations get messy and the problem involves
finding zeros of high degree polynomials.

Dividing by y(z + t) and re-arranging it gives

302t — 2wt(dy® + 1) — (2 +tH)(y* +2) + 3y* +6y° +2 =0,
which implies

30%t? = 2wt(4y® + 1) + (lo]* + |71 (v* +2) — 2y* — 4y* — 3y* — 6y* — 2.

93



Let p :=at and A := |o|*> + |7]?, then
3p° — p(8y* +2) — A(y* +2) + 5y* + 10y* +2 = 0.
Now, the real part of (4.35), after simplification, is

2?1 4+ 2?2 (—9y* + 1) + wt(—(3y? + 2) (2 + 7)) + 9yt + 8y + 4)

(2 + Byt + 5y — 1) —y° =3yt — 2 + 1 =0.

Using p = zt and A = |o|*> + |7]? yields

PP+ (=9 + 1) + p (—A(3y* + 2) + 15y* + 12° + 4)
+ A3y +5y7 —1) =Ty —13y" + 1 =0.

The equation (4.42) implies that
3P =p(By* +2) + A (y* +2) — (5y* + 10y° +2)..
Multiplying (4.44) by p and substituting this into (4.43) gives

8y? + 2
10<y+ — 9y —|—1)

3
( y +2 5y’ + 10y +2
A3y

; — A(3y* +2) + 15y* + 129 + 4)
+5y -7y =13y +1 =0,
which implies

p* (—19y” +5) + p (A(—8y* — 4) + 40y" + 26y + 10)
+3A3y* +5y* — 1) — 3(TyS + 13y* — 1) = 0.

Substituting equation (4.44) into the above equation yields

(=199 +5) [p (8y” +2) + A (v* +2) — (5y* + 10y* + 2)]
+3p (A(—8y* — 4) + 40y* + 26y + 10)
+9A(3y* +5y* — 1) — 9(7y® + 13y* — 1) =0,

which implies

p((=19y* +5) (8y* +2) — 3A(8y* +4) + 120y* + 78y + 30))
+ A (1997 +5) (v* +2) +27y" + 455° - 9)
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+ (199> = 5) (5y* + 109> +2) — 9(7y° + 13y* — 1) = 0,
and so
p (3A(8y* + 4) + 32y — 80y — 40) = A(8y" + 12y* + 1) + 32y° + 48y" — 12y° — 1.

Resolving the last equation with respect to p and substituting back into (4.42) gives

7o) 1A (y? 1 2) (297 + 1) + 9A%(6404° + 1776y 4 1208y? + 243)
e 16(A(6y% + 3) + 8y* — 20y2 — 10)2
51218 + 358415 + 6256y* + 3328y> + 558)
16(A(6y? + 3) + 8y* — 20y? — 10)?
20736y8 + 754561° + 77328y* + 27432y + 3123
16(A(6y? + 3) + 8y* — 20y? — 10)?

—9A<

=0.

We want to show that if A, is a root of fy(A) for some 0 < y < 1, then Ay < 4. First, we
show that fy(4) is negative for all y € (0, 1]:

P4 = 9(256y° + 192y° — 304y* — 152y% — 45)
v 64(4y* + 2y2 + 1)2

The denominator of fy(4) is positive. By using 3® < y% < y* and —y? < —y* we obtain

64(4y* + 2% + 1)2F,(4) = 23045° + 1728y° — 2736y* — 1368y — 405
< 2304y* + 1728y* — 2736y* — 1368y* — 405
= 72yt — 405 < 0
which implies
@) <0, Vye(01]. (4.45)

Second, taking the derivative with respect to A, we will show that fy(A) is decreasing for
all0 <y <1land A > 4. A direct calculation gives

E/(A) _ ks A3 + l@f_:- k1A + kO’
where
ks(y) = —1728y° — 6048y° — 6480y* — 2808y* — 432,
kao(y) = —6912y"0 — 3456° 4 44928y° + 61344y* + 28080y + 4320,
E1(y) = 59904y™ + 116352y° — 73008y° — 185472y* — 92466y* — 14337,
ko(y) = —18432y™ — 207360y'" — 394560y° — 85824%° 4 1643761 + 98946y* + 15741
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k_1(A,y) = 8(A(6y* + 3) + 8y* — 20y* — 10)°.

It is easy to see that the denominator k_;(A,y) is always positive when A > 4, and
therefore we will ignore it since it does not play a role to the sign of fZ(A). To understand
the sign of the numerator of ]’;(A), we need the following result.

Lemma 4.3.1. Forany0 <y <1,
(i) 43ks + 4%k + 4Ky + ko < 0.
(i) ki + ko + ks < 0.

(iii) k1 + ks < 0.

Proof.

(i) We have

kg + 4%ky + 4ky + ko = —18432y"% — 78336y'° — 95040y° — 46080y° — 10728y*
— 1350y — 135

which is always negative.

(i) We have
ki + ks + ky = 52992y + 111168y® — 34128y° — 130608y — 67194y — 10449.
By using y'° < y® < y* and —y? < —y*, we obtain

kv 4 ko + ks < 52992y + 111168y* — 34128y5 — 130608y* — 67194y* — 10449
= —34128y° — 33642y* — 10449

which is also negative.

(iii) We have
ki + ks = 59904y + 114624y® — 790563° — 191952y* — 95274y — 14769.
By using y'° < 4® < % and —y* < —y5, we get

ki + ks < 59904y° 4+ 114624y°% — 79056y° — 191952y° — 95274y* — 14769
= —96480y° — 95274y* — 14769 < 0

as required. O
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Now, consider the numerator of fZ(A). Using, consecutively, Lemma [4.3.1(i), (ii) and
then (iii), we have

ks A% 4 koA 4+ ki A + ko < ka( A% — 4%) + ko (A2 — 4%) 4+ ki (A — 4)
<hz(A®—43 — A2 4 4%) + k(AP + 47+ A—4)
<hg(AP -4 — A2+ 42+ A2 — 47 — A+ 4)
= ky(A — 4)(A* + 4A + 15) < 0,

forall0 <y <1landall A> 4. Thus,

F(A)<0  VA>4,¥ye (0,1 (4.46)
Combining (4.45) and (4.46), we conclude that if there exists A, such that fy(Ao) =0,
then Ay < 4.

4.4 Formal asymptotic expansion as ¢ — 0

As we mentioned in Theorem all eigenvalues of A, (i.e. A. when ¢ = 0) are non-
real, and Davies and Levitin [19] determined the asymptotic behaviour of the eigenvalues
of the pencil A. for large n. When c¢ increases, each complex conjugate pair moves
towards each other and meets on the real line. Numerical experiments show that eigen-
values move along a curve until each pair collide for the first time on the real line (see
Level-1 in Table [5.1). Our aim in this section is to understand and describe the curve
corresponding to the non-real eigenvalues of A, as ¢ goes to zero. The investigation will
be carried out by using a formal asymptotic expansion method.

Recall the substitution and note that each non-real eigenvalue X\ corresponds to
one non-real z and one non-real w value, which lie outside of the unit disk. When ¢ = 0,
the relation reduces to

1 1
Ao=20+— =wy+ —, (4.47)
20 Wo

where ), denotes the eigenvalues of Ay. In addition, zy, wy € C\ R such that |z|, |we| > 1.
Then, for simplicity, we can take zy = wy. Therefore, when ¢ = 0 the reduced characteristic

equation (4.15) becomes

(Gu(20))? = =1 = Gn(2) = +i. (4.48)
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Davies and Levitin [19] found that as n — oo any solutions of (4.48), which lie in the first
quadrant, satisfy

20 = re?, (4.49)

T\ ™" 2k n
: (tan<4+2)) - V=t : LzJ

up to order O (n~!). We then extend the result to the other quadrants by using symmetries
described in Lemma and the relation (4.47). If n is odd, there are additionally two
purely z, values which satisfy

where

20 = i (1 L los(m) g 0(1))) . (4.50)

n

The idea is to fix the size of matrix n € N and seek a solution of the form of a power
seriesin ¢, i.e.

A= )\0 + C/\1 + 02/\2 + O (63) y (451)
2=1zy+cn+E2n+0 (03) , (4.52)
w = wy + cwy + wy + O (03) . (4.53)

We will then find Ai, o, 21, 20, wy, we in terms of z,. Afterwards, using the asymptotics
for A\ and zy = wy, i.e. (4.49), we will find an approximate solution to the behaviour
of the eigenvalues of A. when ¢ is small. We will mainly use the relation and the
characteristic equation (4.15).

Before stating our main result, we introduce some functions. Let ¢ € C, then define

In = gn(C) ="+, (4.54)
by = b(C) = C" — ¢, (4.55)
Quie) = * Dg”*é{ " CnlS), (4.56)
0n(C) = ¢2 (Gn(C) (ng—n n nzg—f) _n b+ L (g-”-l + n%» . (4.57)

Our main result in this section is the following.

Theorem 4.4.1. Let \y ¢ R be an eigenvalue of A, let z, be the unique solution of (4.47)
outside the unit disk. Then there is an eigenvalue )\ of A, such that

— i 2 22 Q3 (20) — 2Gn(zo)@n(zo) 20 P
AT (2@3 -1 ( G(20)Qn(20) ) T E= 1)2> +0(%), (4.58)
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and moreover

— c Z% 2 Zé Q%(ZO) - QGn(ZO)Q\n('ZO) A3
T (1—z§>+ (2(23—1)2< Gn(20)Qn(20) )>+O( )

W= 2 — ¢ 2 2 2 Qn(20) — 2Gn(20)@n(zo) A3
—e(rg) - (zug 1y ( HENONEN )) +o),

where \, z, w are related by (4.8).

Remark 4.4.2. Combining and (4.57), we can easily deduce that A\; = 0, thus the
perturbation of eigenvalues is quadratic in ¢. Note that our asymptotic procedure uses
the fact that the eigenvalues are simple. Therefore the results will not work after the first
collisions, because when we have a double eigenvalue, the characteristic equation is no
longer an analytic function of a parameter, and therefore we cannot expand it into a series.

Before proving the result, we start with some numerical experiments. The results are
illustrated in the (Re), 2nIm\)-plane in Figure [4.4] and in terms of z and w values in the
complex plane in Figure 4.5 We know that all eigenvalues of A, are non-real when ¢ = 0.
As ¢ increases, the figures show that our asymptotics catch the eigenvalues until they
become real for the first time (or until z and w hit the unit circle for the first time). We can
see that our asymptotics, as expected, do not catch the eigenvalues after they become
real. The corresponding z and w values move along the unit circle whereas the asymptotic
expansion that we found keep moving as c increases.

270Im(/\) 2nim(A)

ep
oo o N o
N (O N®]
sl © 5t @
o . o} o o o o o® oy o
o © ® e O% c@@®®®® ®®®@®
g@% © : 1 ® %ng Re(A) ZM 3 1 M 4 Re(d)
. - ® 2 -
® e o © 0 0%
® ® © % o®
o) o > o o % o° o)
-5 ® -5 &
* [ONNe]
00 O *|* O
10 _1&D

Figure 4.4: Spec(A.) in the (Re), 2nIm\)-plane with X values (red stars) and their asymp-
totic values (white circles) given by Theorem |4.4.1|. Left: for n = 20 and ¢ = 0.015. Right:
for n =50 and ¢ = 0.01.

In order to prove Theorem [4.4.1] we need some auxiliary results. The next result
provides a formula which converts a ratio of two polynomials to a geometric series.
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Figure 4.5: Spec(.A,.) in the complex plane with = values (red stars), w values (blue trian-
gles), asymptotic values of = (white circles), asymptotic values of w (white diamonds), the
unit circle 0D(0, 1) (dotted circle). Left: for n = 20 and ¢ = 0.015. Right: for n = 50 and
c = 0.01.

Lemma 4.4.3. Leta,b,v,0,p,¢ € C. ASc — 0,

a+cv+02p_a Y 0 o (P 70 +ad ad? 3
b+c§+02<b—b+c( a >+c 2 2 +b3 +O(c).

Proof. As ¢ — 0, expanding the ratio as a geometric series up to terms of order O (¢?)
gives

a—+ cy+ 2 a—+cy+ 2 1
8 210: 8 P - —|—O(CS)
b+cd+co b 1+ +c2¢

_a+07+62p ) ) ) ) 2
_#<1—c—— 25+(05+02g) >+O(c3)
)

b
2 5 52
AL (1 (%)) ro

a ¥ ) p Y0 +ap ad?
:—+c<——a—)+c2(g— T + O(c%).

]

In the next result, we derive an asymptotic expansion for the function G,,(z) by using

Lemma4.4.3
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Lemma 4.4.4. Suppose thatc — 0, and z = zy + cz; + ¢*z + O(c®). Then
Gn(2) = Gul20) + 21Qu(20) + & (2Qn(z0) + Qn(0) ) + 0 ().

where the functions Q),, @n depend only z, and are as given in (4.56))-(4.57).

Proof. Substituting the asymptotic expansion (4.52) into the function G,,(z) we have

Gn(2) = G20 + cz1 + 2z + O(c?))

2 n+l 2 —n—1
_ (20 + cz1 + °22) (20 + 21 + *29) +O(). (4.59)

(20 + cz1 4+ 2o)" — (20 + c21 + P29) ™"

Now, calculating each power separately we get

Sl (20 + c21 +6222>n+1 n+1 +ce(n+ 1)2021 +c (n+ 1) (ZOZQ + ﬁzl) +O( )

2
and
-1
= ()T = ( Pt e(n+ 1)ziz + A(n+1)z071 (z0z2 + %zf)) + 0 (%)
= ( n+1 —i—c(n—l—l < +——))
2
=zy" 1( —cn+1 ——c(n+1 (—2 5—%>+ (n+1) —(12))—1—0(03)
=" (1—c(n+1 ——c(n+1 L ) (¢?)
2
=z " (n+1) n+2 —A(n+1) ( ) < > n+3> +O(63)
2
Similarly,
n n n—2 n—1 2 3
2= enzy e+ Pnal T | 202 + 54 + 0 ()
. . 2 5 29 n+1\ 22 5
27" =z _angH _C”<Zg+1 - ( 5 ) SR +0 ().
Then
ZnJrl _ anfl _ ZSLJrl nfl +c(n—|— 1)Zl<2g 4 Zofn72)
n
+cA(n+1) (2’2 (zg—l—zo_ )—1—2%20_22 (207 — 2" 7Y = 2" 3) +0(c*), (4.60)
and
22T =2 — g+ enz(2h T g™
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-1
+c*n <22 (20 '+ 2" )+ 22,20 5 (20 —20") — zsz”Q) +0(c?).  (4.61)

Substituting (4.60) and (4.61) into the function (4.59), we have a ratio of two polynomials
in c of degree 2. Therefore we will apply to Lemma so as to write the function G, as
a polynomial in ¢. The complex constants in Lemma can be matched as

_ . n+l __ _-—n—1
a = 2y ) s

b:bnzzg_z()_na
v=(n+1)z12 " gns1,

-1
0 =nz12y Gn,

— n — n —n— —n—
p=(n+1) <22zo Yns1 + Ezfzo (2t =) = 2 3) ,
— n—1 - n —-n —n—
p=n (zgzo 1gn + 5 zfzo 2 (zo — 2 ) — z%zo 2) .

Then applying Lemma gives, at order O(c?),

and at order O(c),

ad n+ 1)z gnar — nzg LgnGalz
% =2 (( ) 0 9n+1 0 9 ( 0)) :ZlQn(ZO)~

_ - —
20 T 2o

b2

To find the coefficient of ¢ in (4.59), we have

p _yotap ad® p A5 ¢ 52
A = Hl Al TR A CALC) n(20).

Then at order O(c?),

n n zQanfS O
(4 1) (2 2250 4 25 Gue) - ) — 4 1)s3g 2 20
_10n n—1 B 52,—n—2 ) 9721
which can be simplified to
2Qn(20) + Z%@n(zo),
as required. -

The next result will be helpful when determining the terms at order O(¢).
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Lemma 4.4.5. Suppose = € C\ R such that |z| > 1 and G2(z) = —1. Then Q,(z) # 0.

Proof. Suppose that 32 € C \ R such that G?(z) = —1 and Q,,(z) = 0. We have

2n+2 —2n—2
z +z -2 o _
Gi(Z)Z 2n+ — 5 - _1 P 22n+2+2 2n 2:_2271_2 2n+4
V4 z —

Then

Qn(z)=0< (n+ )"+ 2" =n(z"+ 27")G,(2)
= (TZ + 1)2(22n+2 + Z—2n—2 + 2) — n2(22n + Z—Qn + 2)(_1)
S NP4+ 2n+1)(=2"" =27+ 6) = —n?(ZP" + 2 1+ 2).

Now let t = 22" 4+ 272", Then

(n*+2n+1)(—t+6) = —n’(t+2) < 6n° —n*t+12n —2nt +6 — t = —n’t — 2n?
& 8n®+ 12n+6 =t(2n + 1).

Looking at the imaginary parts of the last equation, we deduce that

1 I 2n
Im(t) =0 & Im(z*"+272") =0 & Im(z*") = —Im (ﬁ) = % & |z =1,

Therefore, if 32 such that G?(z) = —1 and Q,,(z) = 0, then |z| = 1 which is a contradiction.

We can now prove our main result.

Proof of Theorem|4.4.1. First, recall that z, and w, correspond to the eigenvalues of A,
which are all non-real and |z|, |wy| > 1. Also, we take z, = w,. Note that the functions

Q... Q,, depend only on z, and therefore, we have from Lemma that
Gn(2) = Gu(20) + c21Qn(20) + ¢ <Z2Qn(ZO) + Z%@n(20)> +0 (%), (4.62)
and

Gn(w) = Gn(20) + cwrQn(z0) + ¢ <w2Qn(Zo) + w%@n(%)) +0(c%). (4.63)

Then substituting (4.62) and (4.63) into the characteristic equation (4.15), and then equat-

ing powers of ¢, we find at order O (°) that

(Go(20))’ =—=1 = Gnl(z) = +i.
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Note that Q,,(z0) # 0 by Conjecture [4.4.5, then we have at order O (¢') that

(z1 + w1)Qn(20)Gn(20) =0

and at order O (¢?) that

(22 + w2)Gn<ZO>Qn(ZO) + QZ%GTL<ZO)Q\H(ZO> -

Now, recall equation (4.8):
1 1
A=z+-—+c=w+——c
z w

Expanding = + 1/z we have
1
20+ cz1 + 22
1

+0 (03)

1
Z+;:ZO+021+C2752+

= w, = —21,

1
=z 4cn+lont+———m— | +0 (3
CTTTE R (1—1—0—2—1—02—:2)) (<)

2
=2y tcz+c 29+ —

1 1 9 1
=z2+—tean|l-=5 )+ |n|ll-=

Similarly,

1 1 1 9 1
w+—=wy+—+cw |l -—5 |+ |w|1l-—

1 21 29 21
l—c—— 02—2 + (c—
20 20 20 20

21 Qn(%0) = 0. (4.64)
(4.65)
re3) ) vo)
0
+ Z—i) +0 (). (4.66)
<0
" “’—i) 0. (487
Wy

Substituting the asymptotic expansions (4.66) and (4.67) into (4.8), and equating terms at

each order we have at order O (c°) that

1 1
)\OZZO+—:w0+—
20 Wo

and we take wy = 2. At order O (c') we get

1 1
)\1:,21(1——2)+1:w1(1——2>—1 = A\ =
&) Wo

which also implies

Z1 +wq (1_%) :0’
2 25

(4.68)

(4.69)



Now, substituting w; = —z; and wy = 2, into (4.64) gives
222G (20)Qu(20) = 23 (Q(20) = 2Gn(0)Qu(20) )
then substituting (4.68) into above, we can write z, in terms of z; as

2 Q2(20) — 2G(20)Qn(20)
2(z2—1) Gn(20)Qn(20) '

Now substituting z; and z, into (4.69), we find )\, in terms of z, as
@ (@) — 2Gu(20)Qn(20) 2
A2 ) a + (

Z9 =

o 2 (Z(Q) —1 n(ZO)Qn(ZO) Z(Q] - 1)2

4.5 Improved bounds and ways to bound

4.5.1 Block-structure estimates

In this section, we apply Theorem|[2.1.6]to our problem immediately. Take X = §-1H*".
First, remark that Theorem[2.1.6|is most informative if § = |(A;2v, u)| is very small, which
can happen even if || A1, || is not small. Moreover, [ImA| < |b| by Lemma[2.1.1] and Davies
and Levitin [19] showed that one cannot hope for a result better than |b| = [(A;pv, u)| =
O(1/N), and that even this is only possible if |[Re)| is not too close to 0. Proving such a
bound depends on using the explicit expressions for u, v and Aj,.

Now, take Ay, = Hy + cl, Ay, = —Hy — cl, and the dimension of X is N = 2n. Recall
that the eigenvalues y; of H, are as given in (2.37). Then

™

a1=Mn+c:2005<n7r—f1>+c:—2(:os( 1)—|—c:—2—|—c+e,

n +

and similarly

a2:u1+c:2cos( T >:2+c—e,

T
d1:—2cos( 1)—02—2—04-(—:,

n

S
+
—

In all these formulae




The inequality of Theorem reads then
—2+ct+e—0<ReA<2—c—e+9.

As we want to prove (in the "real parts” version of the conjecture as opposed to the
possibly harder "modulus” version)

—24+c<Rerx<2—c¢,

the comparison shows that we actually need a bound § = |(A;ov,u)| < ¢ = O(n™?) (and
for all n, not just asymptotically) which is very difficult, by the remark in the beginning of
this subsection without additional careful analysis.

4.5.2 Bounds on the ratios of Chebyshev polynomials of the second
kind

The behaviour of the ratio for orthogonal polynomials of finite index is still an open ques-
tion. As mentioned in Section [2.3.4], there exists a function for the limit on the ratio which
is given by Simon [66]. However, we will show in this section that Simon’s estimate when
applied to our particular problem is not enough to prove the conjecture. In this section,
we wish to provide a better understanding of the asymptotic behaviour on the finite ratios
of the orthogonal polynomials since Simon’s estimate is not sufficient.

Recall that the functions F,(¢), defined by (4.26), equal the ratio of Chebyshev poly-
nomials of the second kind, i.e.

= Un(¢/2)
O gy

where ¢ € C \ Spec (Ho("*l)) In Corollary |4.2.3, we wrote the characteristic equation of

the pencil A. in terms of F,,. We start the investigation by applying Theorem to our
particular problem.

Lemma 4.5.1. Leto,7 € C\ [-2,2]|. Then

lim [ﬁn(a)ﬁn(T)] =-1= o=-—r,

n—oo
which implies \ = 0.

Proof. Using the formula (2.51), we have

lim [ﬁn(a)ﬁn(T)} = lim F,(0) lim Fy(r) = —1

n—oo n—oo n—oo
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o %(0 4 m%@ Vo) = 1
S (o+Vo2—4)(t+ V12 —4)=—4 (4.70)

Note that (7 + v/72 — 4)(7 — v/72 — 4) = 4, then using this in (4.70) yields
orvVo A= _d-r,

= o4+717=Vr2—4—+o?—4,
= 2414 20r =7 —4+0%—4-2/(02—4)(12 - 4),
= or+4=—\/(02—4)(12—4),
= 0’7+ 16+ 8071 = 0?7% + 16 — 4(0* + ),
= 4(c*+7%) + 807 =0,
= 4(c+71)? =0,
= 0=-T,
as required. ]

Remark 4.5.2. Note that the formula (2.51) does not depend on n. Indeed, Davies and
Levitin [19] showed that the spectrum of the pencil A. converge to the real line as n tends
to infinity.

Unfortunately, Proposition|2.3.10{does not give us much information either. Using part
(i), we deduce the next two result.

Corollary 4.5.3. Forall ( € C, we have

Fo(¢)] = min|¢ — ). (4.71)
Proof. Taking the absolute value of the equation (2.52) that
1 o
— < !
< 2?:1 O‘g‘n)
" min, ¢ — "]
< 1
= in e,
min; ¢ — ")
as required. 0
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Corollary 4.5.4. For all ( € C, we have
1

miny ‘C —

Proof. We have
ﬁ (C) _ H?:1 (C - Mg'n)>
B s (e )

then doing long divisions of polynomials

n—1 n—1) n—1 (n—1)
~ a ~ a
Fn(C) = §+ Z £ (n—1) = Fn(C) - C < Z : (n—1) |’

¢ ¢
k=16~ Hi k=1 Hi;
i ol
= mmk }g . luggnfl) )
1

as required. O
Proposition [2.3.10(ii) tells us if Im¢ > 0, then
ImF,(¢) _ 1
[Fa(¢)] — Im¢

Part (iii), which was Im¢ < ImF,,(¢), will be shown in Lemma ii). We see that the
results given in Section [2.3.4]do not give anything new for our case.

Now, we want to investigate the finite ratios of the Chebyshev polynomials of the sec-
ond kind, i.e. the function F,, in more detail. The general idea is to obtain better estimates
for the function F,,, not only as the size n of the matrix Hé”) goes to infinity but also for
finite size matrix. We obtain various new inequalities. The following collection of lemmas
reveals sharper estimates on some areas for the finite ratio of orthogonal polynomials
and/or the moduli of the real part ‘Re (ﬁn> ‘ The original purpose of these inequalities
was to obtain a contradiction to the case that one of || and |7| can be greater than two.
We have obtained many inequalities, however we failed to obtain a contradiction. The
main problem is that we cannot introduce the condition Im(o) = Im(7) easily. Nonethe-
less, we still believe that they are new and useful bounds. The results up to the end of
this subsection are joint with Sabine Bogli (unpublished).
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Before stating the results, first recall from the basic properties of complex numbers

that

- 1 1
FO=¢- = > ¢ = =
© ‘c Fn_1<<>‘ <] o)

(4.72)

We now list several bounds related with the function Fn. In all results in this section, we

always assume that ¢ € C \ Spec (Hé””).

Lemma 4.5.5.
(i) IfIm¢ > 0, then ImF,(¢) > Im( > 0 for all n > 2.
(i) If|¢| > 2 andReC > 0, then 0 < Refn(g) < Re( for alln > 2.
(iii) If|¢| > 2 and Re¢ < 0, then ReF,(¢) < Re¢ < 0 for alln > 2.

Proof.
(i) Let Im¢ > 0. Then we have for n = 2 that

I

<12

so (i) holds for n = 2. Now assume that (i) is true for some n € N, i.e. Imﬁn(g) > Im(.
Then

ImFy(¢) = Im¢ + > Im(,

IHH%O% >IH(—%—§EEL§:>th

ImF,,1(¢) = Im¢ +
IF(©)

Fa(<)

Then, by induction, (i) holds for all n > 2.

(i) Let|¢| > 2 and Re¢ > 0. Then we have for n = 2 that

ReF5(C) = ReC ReC L > < Re¢

P e

so (ii) is true for n = 2. Now assume that the inequality holds for some n € N and consider
n—+1;

::RGC(l

ReF, ()
~ ‘2

ReF,41(¢) = ReC — < Re(,

Fa(¢)

since 0 < ReF},(¢). Thus, by induction, (ii) holds for all n € N.

(iii) The proof follows in a similar way to part (ii). O

The next result gives a bound on the moduli of the function F,(¢) without assuming
any condition on (.
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Lemma 4.5.6. Foralln € N and all ¢ € C\ Spec (HO(”)), the function F,(¢) satisfies

Faf0)| 2 Bl (4.73)

Proof. Forn =1, (4.73) is trivial. For n = 2, we have

\E(Q\:'c—f ‘:'c—%\zm—i Fy(lcl).

F1(¢) q B
so (4.7/3) holds for n = 2. Now assume (4./3) holds for some n € N and consider n + 1;

~ 1 1
FunlQ)] = ‘c— = 'z - =
FL(¢) Fn(g)‘
1
> [ — =
T ReD
= Fn+1(’§|)>
i.e. (4.73) holds with n replaced by n + 1. By induction (4.73) holds for all n € N. O

The next result gives monotonicity of the function fn((’) on the real line.

Lemma 4.5.7. Foreveryn € N, ﬁn(g ) is a strictly increasing function on each real interval

(0 )Yy, 5 =1, n, where we set pi" i= —oo and pi Y = +oo.

Proof. First, it can be seen from the definition of ﬁn that the zeros of ﬁn(g) occur at the
zeros of F,(¢), which are ¢ = u;"), and F,(¢) is a continuous function except at the zeros
of F,_1(¢), which are ¢ = u{" ",
Now, it is easy to see that for n = 1, F1(¢) = ¢ is strictly increasing on (—oo, c0). For
n =2,
~ 1
Fy(Q) =(— 1%
which is strictly increasing as z increases on (—o0,0) and (0,00), and blow-up occurs
when E(g) = ¢ = 0. Suppose that for n € N, ﬁn(g) is strictly increasing function except
at the zeros of F,,_;, then —1/E(C) is strictly increasing function except at the zeros of
F,(¢). Using F,;1(¢) = ¢ — 1/E,(¢), we have that F,,,(¢) is strictly increasing function
except at the zeros of F,,(¢). Then the result follows. O

We show in the next result that, for some values of |(|, we can actually calculate the
precise values of the function F,(|¢]).

110



Lemma 4.5.8. For eachn € N, we have

F,(2)=1+ 1 (4.74)
n
Proof. Forn = 1, we have F(2) = 2and for n = 2, we have F5(2) =2—1/2 = 3/2 = 1+1/2

so (4.74) holds. Suppose (4.74) holds for some n € N. Then

~ 1 1 n n+2 1
Foi1(2)=2—- =< =2 =2 = =14+ —-
w1(2) F,(2) 141 n+1 n+1 +n+1’
i.e. (4.74) holds with n replaced by n + 1. By induction (4.74) holds for all n € N. O

Now, using Lemma |4.5.6, Lemma and Lemma 4.5.8, we deduce two bounds on
the moduli of F},(¢).

Corollary 4.5.9. We have for alln € N and all |(| > 2 that

Fn(g)‘ 14 % (4.75)

Proof. It immediately follows from Lemma|4.5.6, Lemma and Lemma that

Fu(Q) 2 Fullch > Fu =14

Lemma 4.5.10. Foralln € N and |(| > 2, we have

ﬁn(o) Sl —1+ % (4.76)

Proof. Using (4.72) and Corollary |4.5.9, we have
1

ﬁn(()‘ > |¢| - ﬁ—(f)
n—1
1
1
= |C| - 1+n£1
=g -
= ¢ —14’5,

as required. ]
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Using Lemma 4.5.10, we deduce an enclosure for the moduli of £}, ().

Lemma 4.5.11. Foralln € N and |(| > 2, we have
1

E ()| - < 4.77
B 1dl| < 7 (4.77)
Proof. Using equation (4.72) and Lemma |4.5.10|together, we have for |(| > 2:
~ 1 1
Q)| 2 1l = = > Il = (4.78)
F, (¢ ’ I =145
On the other hand, we have
B0 - Il = ‘c— : '—m
! Fn—l(o
1
<[Cl+]= — [¢]
Fn—l(C) '
B 1
fn—l(C)‘
< _ (4.79)
-1+ '
where we used Lemma |4.5.10|to obtain the last inequality. Combining (4.78) and (4.79)
we arrive at (4.77). O
Next, we prove an enclosure for the imaginary part of fn(g).
Lemma 4.5.12. Assume thatIm( > 0. Then we have for alln € N and { € C that
Im¢ < Im (in(c)> <Tm( + 1 (4.80)

with equality only forn = 1.

Proof. For the lower bound, we showed in Lemma 4.5.5}(i) that Im¢ < Im (Fn(g)) for all
n > 2. In addition, the equality holds clearly only for n = 1. For the upper bound, we have

. |
Im (Fn(§)> — Im¢ — Im (Fn_l(()> ,
Im (fn_l(é)>

~ ‘ 2

Foa(Q)

= Im({ +

< Im¢+1.

112



The following easy result gives a bound on the imaginary part of ﬁn(g).

Corollary 4.5.13. If|(| > 2, then for alln € N, we have

Im (ﬁn(g)) < Im¢ + o <Fn_1(<)>

¢l -1+ 5
Proof. Using Lemma 4.5.10|we have
_ m (F () m (F ()
I (Fo(Q)) = In¢ + —————% < Tm + —————~
O
Now, we prove an enclosure on the real part of £,(¢).
Lemma 4.5.14. If|(| > 2, then
_ 1 -1
%e@uo)—R%L<OQ—1+EtT> <1.
Proof. Using Lemma |4.5.10,we have
~ 1 1 1\
Re ( F.(¢) —Re§:R6<~ )‘<~—<(|C\—1+ ) < 1.
’ ( ) ’ anl(C) Fn—l(()‘ n—1
O

Now, we give a bound on the moduli and on the real part of the function ﬁn(g) assuming
the real part of the parameter ( is greater than two.

Lemma 4.5.15. If |ReC| > 2, then

|E@n>w4+mmy—”;1>L (4.81)

Proof. Using equation (4.78) and |Re(z)| > 2, we obtain

F(Q)] > V4 + (Im()? — ml — > 1.

Let



then we have

1+

n—1
1

> 1,

(a-1+35)
so that using the Taylor series for b(a) at 2, we obtain

n+1 n—1
+(@—2)+---=a—

b(a) =b(2) +b(2)(a —2) +--- >

n

i.e. we obtain

Fu(Q)] > bla) = A+ (m ~ "1

n

Lemma 4.5.16. If |ReC| > 2, then

Re (7(0)) > 2 (W— ”‘2)_1 .1

n—1

Proof. We have

Re (H(C)) - Reg‘ = m

which implies using equation (4.78)

-1
1 ~ 1
—(|C|—m> <R€<Fn(C)>—ReC<<|C|——K|_1+n%

which then implies
-1
~ 1
Re (ﬂ(()) > Re¢ — <|C| - m)
n—2

-1
1
>2- <|<| - m)
n—2

>2—< 4 4+ (Im¢)? —

Let

)



d — —
(a) rp pr—
then we have
1 n—2 n
d(2) =2 — =2 =
i o o
1
d/(a):1+ >17
(a—1+:5)°

so that using the Taylor series expansion for d(a) at 2

d(a) =d(2) +d/(2)(a —2) 4>

n—1

which implies

i.e. we have

4.5.3 Gershgorin-type localisation

4.5.3.1 Application of known results to the pencil problem

Recall that A, = HC(N) + AS is the linear pencil and A, = S—lHC(N) is the non-self-adjoint
block matrix, and that Spec(.A.) = Spec(A.). We already mentioned the Gershgorin set
G(A.) of A, in Section[4.2.3] In this section, we apply the well-known Gershgorin-type
eigenvalue localisations, mentioned in Section [2.2 to our problem. Note that, in this
section, the letters i, j, p, ¢ may represent different number sequences in each of the
bullet points.

(i) The Brauer set KC(A.) consists of seven different Brauer Cassini ovals given by

Ki;(A.) =D(c,vV2),  Ki;(A.) =D(c,2),
Kpn(AL) =D(—¢,vV2), Kpq(A) =D(—c,2),
Kin(Ae) ={z€C: 2" —? <1},

Kin(Al) = Ki4(A) = {2z €C:|2* - <2},

Kpj(A) = Kig(A) = {2z € C: 2% — | < 4},



(ii)

(Vi)

(vii)

where i, j = 2,...,nwithi # j,and p, ¢ =n+1,..., N — 1 with p # ¢. Note that
Ki(A) C Kij(A), Kpn(Ae) CKpy(Ar), Kin(Ae) C Kin(Ae) C K, ;(A,) and also
K,i(A:) C Ki;(A.) UK, ,(A.). Then we obtain

Spec(A.) € K(A.) =D(c,2) UD(—c,2),
which is the same region as the Gershgorin set.

We have from Theorem that

ZM:2+2(N—2)=2N—2§a(1+a).

- fjﬂ;},ﬂai,ﬂ

1=

However, for any n > 2 (or N > 4), we have a > 2, and so it gives a bigger region
than Gershgorin set for our case.

The set Q(A.,) given in Theorem produces a complicated expression and there
is a freedom of choice of the set J;. In addition, it takes a large amount of time to find
the sets as n increases. Nevertheless, it gives a smaller region than the Gershgorin
set for our case. First, we discuss this set in more detail at the end of this section.
We then illustrate the set along with its comparison with other sets in Figure [4.7]

Numerical experiments suggest that the set given in Theorem gives the same
region as the Gershgorin set when ¢ = 0. However, the region gets much bigger as
c increases. Therefore, we omit the mathematical argument for this set.

When we consider the sets given by Melman [51] and Li et al. [44], which were
stated in Theorem and Theorem respectively, they both give the same
region as the Gershgorin union.

Consider the union |, S; (HC(N), S> given in Theorem [2.2.12, In our case, since
d;; = 0 when i # j, the union yields the same region as the Gershgorin set.

The union U, S; (HC(N), S) given in Theorem [2.2.13| consists of four different re-
gions that are

S (H™M, S) = cc. =4 . S (HM,8) = cc. =4 ,
R A e R IL TR = E

SHM ) =dsec: XL 4L g mwm, gy = e 2L 1




where j=2,...,nandk=n+1,...,N — 1. Note that S; (HC(N),S) cS; (HC(N),S)
and Sy <H§N), S) c S, (HC(N), S). Therefore we obtain

N
Spec (H U (H™M,8) = §;(H™, S) U Sp(HM, S),

which covers the whole complex plane when |¢| < 2 and excludes a region when
le| > 2.

(ix) Applying Gershgorin set for block matrices (b.m.) (Theorem [2.2.14) with A;; = H,,
Agy = —H.and ||Aps|| = 1 gives

Spec(A.) C {¢ € C: dist (¢, Spec(H.) U Spec(—H,)) < 1},

which means that in the complex plane, there are n disks with centre (i; + ¢) and
radius one; n disks with centre (i; — ¢) and radius one; and eigenvalues that lie
within the union of 2n disks. In addition, we get

Spec(A.) NR C [y — ¢, 11 +¢] C [-2 —¢,2+ ¢,

which was already known. Nevertheless, this result also supports that ImA < 1 for
alln € N.

(x) Applying Brauer set for b.m. (Theorem [2.2.15) to our problem, we obtain

Spec(A.) C {¢ € C: dist(¢, Spec(H,)) dist(¢, Spec(—H,)) < 1}.

As discussed above, some results do not give better bounds than Gershgorin The-
orem when applied to the pencil A. problem. Namely, Fan and Hoffmann (Theorem
is worse for n > 2, Theorem produces a bigger region when ¢ # 0, and
weighted Stewart-Sun (Theorem gives nothing. On the other hand, some results
do not improve classical Gershgorin, however they produce the same region as Gersh-
gorin theorem. Namely, these are classical Brauer, Theorem [2.2.8]and Theorem [2.2.10]
Unweighted Stewart-Sun (Theorem [2.2.12).

In addition to the ones which were mentioned in Section there are many other
Gershgorin-type regions which were obtained, for instance, by Ostrowski [79], Fan and
Hoffman [79], Dashnic and Zusmanovich [18], Nakatsukasa [58], Li et al. [44], Anna et
al. [17], Herzog and Schmoeger [29]. We, however, exclude these as they do not give a
better spectral enclosure than the Gershgorin union for our particular case.
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We note that we do not attempt to find the minimal Gershgorin set of A. as the algo-
rithms are suitable for small or medium size matrices. This result was reviewed due to its
importance.

In our case, there are three results which improve classical Gershgorin Theorem. Ger-
shgorin set for b.m. given by Tretter in Theorem [2.2.14] Brauer set for b.m. given by
Freingold-Varga in Theorem and the set given by Melman in Theorem We
first turn our attention to the set Q(A.) given by Melman in Theorem We will com-
pare these sets at the end of this subsection.

We choose J; = J; to obtain the smallest region. Let

Q(A.) = Q(A.) UQ(A,)

where

Q(A,) = U Qi(A) =4 ) Qui(A0) 7.

=1 ed;

2n 2n
OA) = |J W)= U { N Qk,j(Ac)} .
k=n+1 k=n+1 | jeJ,

There are 2n sets in the union Q(A.) and we divided the union into two; those whose
centre are at ¢ called Q(A.) and those whose centre at —c called Q(A.). In other words,
Q(A,) and Q(AC) are symmetric with respect to imaginary axis. Note that each set (2;(A.)
consists of intersection of more than one regions, however we omit the mathematical
expression of these sets for clarity and illustrate them instead. Numerical experiments
suggest that when n > 4, the union Q(Ac) contains four possible geometric shapes and
the union Q(AC) contains their symmetric regions with respect to the Im\-axis. We illus-
trate these regions in Figure [4.6] without specifying their centre. Nevertheless, when we
take the union of these sets, we then see that

U u(A.) € Qs(AL),

i€Js
i.e. Q(A.) = Qs5(A,). Similarly, we have Q(A,) = Qy,_5(A,).

Remark 4.5.17. The illustration of the set Qn(Ac) in Figure may change as ¢ changes,
however Q,,(A.) C Q3(A.) will always hold.

Looking at €23(A.) and Qs,_3(A.), we see that

ﬂng )={z€C:lz—c<2lz—cland |z* — | <2z +¢|}

jets
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am
A4

Figure 4.6 Without specifying their coordinates, four possible regions are illustrated from
the union Q(A.). Dark orange shaded regions from left to right: 1 (A.), Q(A.), Q3(A.)
and Qn( .)- Other coloured regions represent their corresponding intersected sets.

N{zeC:|(z—c)* =1 <1+|z—¢|}
={zeC:|(z—c)?—-1|<1+]|z—c|},

and similarly
an3 m an 3] _{ZGC ’(Z+C)2—1‘§1+|Z+C’}
j€Jan—3

Hence
Spec(A,) C Q(A.) = Q3(Ac) U Qops(AL).

We now compare these there sets in Figure [4.7] It seems that Gershgorin set for
b.m is contained in Brauer set for b.m., and they both support that Im(\) < 1. On the
one hand Tretter’s result improves away on Re(\), on the other hand Freingold-Varga’s
result is better for small n, however it seems that the set is asymptotically the same as
Gershgorin set for b.m. for large n. Moreover, the set Q(A.) gives the same bound on
Re()) as classical Gershgorin and very close bound to the Gershgorin for b.m. on Im(\).
However, when c is close to 2, it gives a better bound on Im(\) for the eigenvalues whose
real parts are close to zero.

4.5.3.2 Gershgorin-type region for the two-parameter eigenvalue problem

Now, let us apply Corollaryﬂto our problem. Let A = H™, D = H ) and (C)ng = 5,
then we have

Spec, (M) C M (Hé"), Hém)>
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Figure 4.7: Spec(A.) (red dots), the classical Gershgorin disks G(A.) (black dotted cir-
cles), Gershgorin sets for b.m. (brown shaded region), Brauer set for b.m. (blue shaded
region) and Melman’s set (2(A.) (orange shaded region) are drawn for the non-self-adjoint
matrix A.. Top-left: ¢ = 0.3 and n = 7. Top-right: ¢ = v/2 and n = 8. Bottom-left: ¢ = 1.85
and n = 10. Bottom-right: ¢ = 1.85 and n = 25.

where

M(HP, H™) = S (@) e | if Ja—al inf |8—d|| <|lC|P
aESpec(Hén)> dESpec<H(()m>)

which can be re-written as
() = U U {0 € o 57 20}

where ;Ll”) € Spec (H ”)> lllustration of Gershgorin-type localisation of the two-parameter
eigenvalue problem in the (Re(«), Re(8))-plane can be seen for n = m in Figure [4.8 and

for n # m in Figure [4.9]

4.5.3.3 Gershgorin circles under the mapping = + 1/z

In this section, we want to apply the Gershgorin Theorem to the problem to ob-
tain equivalent statements in terms of z and w values and we illustrate the region in the
complex plane.

Let

fj = 2cosb;, 0, =mj/(n+1), j=1,...,n (4.82)
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(2]

Ul

I

Figure 4.8: Spec(M) with A = D = Hé”) and x = 1, and blue shaded region is the union

M (Hgn>, H§">>. Left. n = 4. Right: n = 5.

. —— \ =
=
)t

Figure 4.9: Spec(M) with A = H¥’ and D = H” and blue shaded region is the union

M (P, HD). Left. % = 0.3. Right: x = /3.

Recall that 1, = /-2 sin (224 ). Define

n
= il D [Wkal-
k=1

Now, consider the problem (4.22):

M1 +c wl,nwn,n T wl,nwl,n
;& u — Hn +c wn,nwn,n e wn,nwl,n
¢ v _wl,nwn,n e _wl,nwl,n _(Nl + C)
_¢n,n¢n,n T _¢n,nw1,n _(#’n + C)
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Note that 1., are symmetric. Then applying Gershgorin Theorem to A. gives that
Spec (Ac) cg (Xc) — O g; (Ac) )
j=1
where
G (Be) =D+ e.7)UD (~p1y — 7).

To understand the geometry of G A.), we illustrate each set in the union UD (p; + ¢, 75)
; J J

in Figure |4.10, without specifying its coordinates. Again, the union UD (u; — ¢,7;) and
J

UD (u; + ¢, ;) are symmetric with respect to the imaginary axis. We then compare G (Kc>
J

and G (A,) in Figure 4.11|

Figure 4.10: Without specifying the coordinates, each set in the union U;D (u1; + ¢, 7;) are
drawn as blue dashed lines in (Re(\), Im()\))-plane. Left: for n = 5. Right: for n = 25.

Figure 4.11: Spec(A.) (red dots), the union G (KC> (blue shaded region) and the Gerhs-

gorin set G(A.) (black dotted circles) are drawn in (Re), Im\)-plane. Left: for n = 5 and
¢ = 0.4. Right: for n = 25 and ¢ = 1.6.

In order to plot the Gershgorin set G (7&0> using the mapping A — z and A\ — w with
(4.8), we need the following auxiliary result.
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Lemma 4.5.18. Let( € C\ {0}, and n; and 6; are as in (4.82). Then

1 € = e™I¢ — e™™] 1 €+ e™IC + e
C+=—p| = ; C+ =+ | =
‘ ¢ [q ¢ <]
Proof. We prove the first of these equations, the second is similar. We have
1 ¢ — p¢ + 1
’ ¢ Iq
|¢? — 2¢ cos 0; + cos? 0 + sin® 0]
Iq
(¢ = cos6;)? — i*sin’ 6
Iq
~|¢ —cosB; —isinb;|[¢ — cosB; + isin b
- <]

_I¢—e™ll¢— e

q

O

Lemma 4.5.19. Let )\, z, w be related by (4.8). Then X is an eigenvalue of Spec(A,) if and
only if z and w lies in the union

n _ 05| _ o0,
6= U{cecyiop: L= el (4.84)

J=1

where §; and7; are as in (4.82) and (4.83) respectively.

Proof. We have

A=y —c| = o — ;| =

1 1
at ol Mt =il = wt

Applying Gershgorin Theorem to A, and then using Lemma [4.5.18 gives the union

_ i) _ b i0; —1i0;
ol cntufcecy o BRI ]

Note that there is a symmetry: | — €% | = | + e»+1-i| and |; 1] = |¥ni1-jx]- Therefore,
when taking the union for all j = 1,..., n, the union reduces to G, due to the symmetries.
We then have that A € Spec(A,) iff z,w € G, where G, is as given in (4.84). N

{4eC\w}:

We illustrate each set in the union G in Figure[4.12] Recall that if A ¢ R, then |z|, |w| >
1. Note that the union consists of n sets and the boundary of each set is drawn with blue
dashed lines. It can be seen that both the inner boundary and the outer boundary of the
union G, get smoother as n increases. In Figure [4.13, we compare the region G, with the
region Z; U Z,, which was defined in Theorem [1.3.4{iv).
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Figure 4.12: The union G, (blue shaded region) and the boundary of each set in the union
G. (blue dashed lines) are drawn in the complex plane. Left: for n = 5. Right: for n = 10.
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Figure 4.13: Superimposition of G, (blue shaded area), Z, (orange shaded area), 2,
(green shaded area), z values (red dots) and w values (blue dots). Left: for n = 5. Right:
for n = 10.
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Chapter 5

Numerics and heuristics

In this chapter, we present some heuristics related to the non-real eigenvalues of a two-
parameter eigenvalue problem and the pencil problem. There is a complicated interplay
between the eigenvalues of the pencil A.. We start by describing the dynamics of the
eigenvalues of A, as the parameter ¢ changes in Section [5.1] In Section we give
illustrative examples related to a two-parameter eigenvalue problem. We examine the
non-real pair-eigenvalues in different coordinate systems and we illustrate some interest-
ing patterns in their location and behaviour. In Section 5.3 we conclude the chapter with
a brief discussion of the double eigenvalues of A.. We propose several conjectures about
the location and the quantity of double eigenvalues based on numerical experiments.

5.1 Dynamics of the eigenvalues of the pencil A.

When ¢ = 0, all the eigenvalues of A, are non-real and Davies and Levitin [19] were able
to determine the asymptotics of complex eigenvalues of A. as n — oo. However, as ¢
changes, tracing the behaviour of the eigenvalues of A. remains difficult. In this section,
we describe the dynamics of the eigenvalues of A. as ¢ increases from 0 to 2. Since
the spectrum Spec(A,) is invariant under reflections about the real and imaginary axes,
we are able to describe the behaviour that occurs in the right half plane, i.e. Re(\) > 0.
First, we recall the collision types from Figure 3.12; two real eigenvalues collide and
produce a complex conjugate pair, called Type-A, and a complex conjugate pair collides
and produces real eigenvalues, called Type-B.

Numerical experiments demonstrate that as ¢ goes from 0 to 2, for arbitrary n each
complex conjugate pair approach to each other along a curve, as opposed to a straight
line, until they collide for the first time on the real axis. We refer to this as Level-1 which
consists only of Type-B collisions that occur for the first time. All collisions in Level-1 occur
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in order, i.e. the pair with the greatest real part collide first and the pair who has the least
real part collide last.

After the first collisions occur, each pair travels along the real axis, where one heads
to the right and the other to the left. If two real eigenvalues meet, they become a double
eigenvalue at the point at which they meet. Subsequently they split and escape from
the real line as a conjugate pair. In the complex plane, they make a small jump (in the
sense that the eigenvalues travels a half-loop) in directions opposite to the origin. Then
this jump is followed by another collision on the real line. This is what we refer to as
Level-2, where eigenvalues have two collisions in total; first Type-A collisions occur and
each complex conjugate pair makes a small jump in the complex plane and then Type-B
collisions occur. The process in Level-2 is repeated in the following levels.

These collisions and jumps in each level are illustrated in Table forn = 7. For
simplicity, we plot jumps that occur only in the first quadrant. There are some collisions
which takes place at the origin, i.e. A = 0. When Type-A collisions occur at the origin,
they then escape to the complex plane as a purely imaginary pair and they never leave
the imaginary axis. They come back and collide on the real line at the origin again.
Note that in Table we do not show the jumps that occur at the origin in any level as
the eigenvalues move along the imaginary axis only. However, the final collision always
occurs at the origin.

We observe the following generic behaviour from numerics:

(i) Each pair always collide, separately and independently of other pairs.
(if) All jumps occur in the direction opposite to the origin.

(i) At each Level-j, j = 2,...,n — 1, the eigenvalue whose real part is closest to the
origin reaches higher point while jumping in the complex plane.

(iv) At Level-1, the collisions are monotonic in ¢. This, however, is not true for any
other levels. The collisions occur without order, that is for sufficiently large n, some
eigenvalues at Level-j may be produced earlier than those which are still in Level-
(7 — 1) or Level-(; — 2). Nevertheless, collisions and jumps occur with sufficient
speed such that the eigenvalues are unable to overtake each other on the real line.

5.2 Heuristics for the non-real pair-eigenvalues of M

In this section we discuss some heuristic results and conjectures for the behaviour of the
non-real pair-eigenvalues of a two-parameter eigenvalue problem. The pair-eigenvalues
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0.09
0.2 0.02
0.15 0.06 0.015
Level-1 01 0.01
0.03
0.05 0.005
0.65 0.655 0.66 0.665 1.349 1.3495 1.35 1.3505 1.8294 1.8295 1.8296
0.3 0.15 0.06
0.2 01 0.04
Level-2
01 0.05 0.02
025 BT 05 oS5T 0985 0.995 1.005 1.586 1588 159 1.592
02 0.08
0.15 0.06
Level-3 0.1 0.04)
0.05 0.02
0.57 0.59 0.61 0.63 1.226 123 1.234 1.238 1.242
0.09
0.2
0.15 0.06
Level-4 01
0.03
0.05
0.19 0.21 0.23 0.25 0.27 0.81 0.82 0.83 0.84
0.12
0.08
Level-5
0.04
0.4 0.43 0.46
0.12
0.08
Level-6
0.04
0.11 0.13 0.15 017
Table 5.1: For n = 7, blue dots represents the dynamics of the non-real eigenvalues of

A. in the first quadrant of the complex plane (Re(\), Im())), as ¢ increases from 0 to 2.




provide a better perspective in the (c,Re()))-plane than they do in the (Re(«a), Re(5))-
plane. We therefore present them in (¢, Re()\)) coordinates. Recall the substitution (3.17),

a— =2\ a+ f=—2c (5.1)

This substitution allows us to change the coordinate system from (¢, Re())) to (o, ).
Therefore, we can equivalently write all results in Section in the (¢, Re(\))-plane.

It appears from the numerical experiments that the patterns we show in here occur only
for our specific example, that is, Spec,(M) when A = D = H,. Recall the two-parameter

eigenvalue problem:
Hy— «o kB u)
( o @) (V) _o, 5:2)

s (3= (5 ) () - (2),

where x € R and B = B* with B,,,, = 1 and all other entries of B are equal to zero. Note
that when x = 1, the problem is equivalent to the pencil problem considered in [19], i.e.
A. = A.;. In the following, we present some illustrations about the non-real-eigenvalues
of A ..

When x > 1, the proportion of non-real eigenvalues of A, tends to usually decrease
with x, whereas x < 1 it tends to increase with . We note that we show a typical picture
for some x > 1 in Figure [5.2left). On the other hand, if we fix x and change the size of
the matrix n, then proportion of non-real eigenvalues becomes more stable, see Figure
[5.2(right). Although the proportion of non-real eigenvalues become more stable for a spe-
cific value of ¢ and  as n increases, it remains difficult to estimate the range of possible
values.

Another example is given in Figure 5.3 where we illustrate the eigenvalues which es-
cape from the real line. In Figure 5.3 we take n = 10 and superimpose the real parts of
the non-real eigenvalues of A, with respect to ¢, for different values of ~ between 0.001
and 5. One can see a similar pattern to Chess Board structure in this figure, however, not
in the real eigenvalues but in the non-real eigenvalues.

In the top panel of Figure [5.4] the non-real eigenvalues of A, is superimposed by
taking n from 2 to 50. If one takes x to be either closer to zero or large, then this pattern
somehow gets clearer, see the bottom Figure 5.4 when x = 4. In the next section, we will
look at the escape points (i.e. collision points) in more details.

or equivalently
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Figure 5.2: Proportion of the non-real eigenvalues of A, as c goes from 0 to 2.2. Left:
for n = 500, with x = 1 (red line), x = 2 (purple line), x = 5 (orange line). Right: for x = 1,
with n = 500 (red line), n = 1000 (blue line).
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Figure 5.3: For n = 10, this figure shows the superimposition of the non-real eigenvalues
of A., in the (¢, Re()\))-plane, when the values of x ranges from 0.001 to 5 with the step-
size of 0.04.

5.3 Double eigenvalues of A.

In this section we provide illustrative numerical examples for the location and the number
of double eigenvalues of the pencil A. (or, equivalently A. ;). Recall that the pencil A, has
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-2 -1 0 1 2

Figure 5.4: In the (¢, Re()))-plane, the superimposition of the non-real eigenvalues of
A . by taking n from 2 to 50. Top: for x = 1. Bottom: for x = 4.
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dimension 2n. Most conjectures in this section are supported by numerical calculations
forn = 1,...,30 and for a wide range of c. As n gets bigger, it takes a relatively large
amount of time to find the location of the double eigenvalues of A.. First, we note the
following:

Conjecture 5.3.1. For each given value of n € N and ¢ € (0,2) there are no non-real
double eigenvalues of A..

We provide two examples as illustrations. First, we plot all the double eigenvalues in
the (c, \)-plane for a fixed size, n = 20, in Figure 5.5 Although some double eigenvalues
appear to lie on the same line, it is difficult to see a pattern. However, if one superimposes
the double eigenvalues by taking the values of n from 2 to 30, then one would see that
they form an interesting pattern in the (c, A)-plane, as shown in Figure [5.6]

2

-2

-2 -1 0 1 2

Figure 5.5: The double eigenvalues of A. in the (¢, A)-plane when n = 20.

As mentioned in Lemma[3.7.3] the collisions of the eigenvalues (or, equivalently, dou-
ble eigenvalues) of the pencil A, occur when dc/d\ = 0 (or, equivalently d5/da = —1).
These are the critical points along eigenvalue curves.

Assume that we are in the situation of the simple Chess Board Theorem. Recall
from Chapter (3| that the real pair-eigenvalues of when x = 1 consists of curves
(ar, B(cv)) which are continuous except at & € Spec(H,). We denote by A;, i = 1,...,n,
both branches of the curve («, 5;(«)), such that 5;(a; £ 0) — +oo. A typical enumeration
of the curves A; can be seen in Figure for n = 6. Note that the eigenvalue curves
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-2

-2 -1 0 1 2

Figure 5.6: The superimposition of the double eigenvalues of A. in the (¢, A)-plane when
n is between 2 and 30.

6 -4 2 0 2 4 6

Figure 5.7: For n = 6, Spec(A.1) when ¢ € (—2,2) in the (Re(a), Re(5))-plane. Black
dotted lines represent a = «; € Spec(H,) in the vertical direction and 5 = «; € Spec(Hy)
in the horizontal direction.

in Figure look a bit different than they do in Figure 5.7l This is because we take
¢ € (—2,2) in Figure 5.7|whereas we considered ¢ € R in Figure [3.11]
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From numerical experiments we observe the following:

Conjecture 5.3.2. Letc € (—2,2). Then each curve A;, i =1,...,n has exactly 2n critical
points such that
dp;(a)
da
As can be seen from Figure each curve has exactly n Type-A collisions and n
Type-B collisions. We may be able to determine the location of some double eigenvalues
of the pencil A.. Indeed, we can count the number of double eigenvalues of A. which
occur at A = 0. Recall the pencil problem

— 1

Af = (HED = \S) £ = (™ + el = AS) £ = 0.
We observe that if A = 0, then

HME = —ef,
which implies that ¢ = —Mf"), and since uf”) are symmetric, the double eigenvalues \* of
A, that occur at the origin, i.e. at A = 0, occur when

(2n) )

C= p; cos a1 j=1,...,2n,
and therefore
# ) {A eSpec(A): A =0} =2n. (5.3)
c€(—2,2)

One should note that the real pair-eigenvalue spectrum viewed in (Re(«), Re(5))-plane
covers the spectra of the corresponding pencils A. for all real c. To find the real eigenval-
ues of A, for a particular ¢, € R, one has to look at the intersection of the real eigenvalue
curves (blue curves) with the straight line o + 8 = —2¢, see (5.1). Every line will intersect
with the eigenvalue curves at most 2n points, cf. Figure5.7] If, additionally, at each inter-
section point, the curve has gradient —1, then it is a double eigenvalue intersection point.
Note that for some particular ¢’s, there may be or may not be any double eigenvalues of
A, since it is rare. So the number of all critical points as a union of all ¢’'s and all \’s is the
number of double eigenvalues. Therefore \* do not depend continuously on ¢ and they
form a discrete set. If we look at the union of all ¢’s, then we look at the whole picture, c.f.
Figure [5.5]for n = 20. On the other hand, in Figure 5.5, if one wants to look at the picture
or count the double eigenvalues of A. for a given ¢, then one needs to take a straight
vertical line in the (¢, A)-plane, and count how many of them are on the line, which will
give the number of double eigenvalues.
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Lemma 5.3.3. Subject to Conjecture for a fixed n, the double real eigenvalues \*
of A. satisfy

(i) # |J {\ €Spec(A): —4 <\ <4} =20

ce(—2,2)

(i) # ) {A €Spec(A):0<A}=n(n-1).
ce(—2,2)
Proof. The statement (i) follows by multiplying the number of curves, which is n, and the
number of critical points in each curve, which is 2n by Conjecture To prove (ii),
using we see that there are 2n? — 2n critical points which do not lie at A = 0. Then
the statement follows from dividing by 2, as we consider the upper-half plane A > 0. [

In the next result, we conjecture that all double eigenvalues of the pencil A. are lo-
calized to a specific area. Numerical experiments suggest that double eigenvalues of A.
occur only when A < 2 — |¢|. In fact, if the only time when the eigenvalues of A, escape
from the real line and rejoin the real line are after the collisions, then Conjecture is
a consequence of the following conjecture.

Conjecture 5.3.4. The double eigenvalues \* of the pencil A. satisfy

() # |J {\€Spec(A):0 <\ +]c| <2} =n(n—1),

ce(—2,2)
(i) # | ) {\ €Spec(A):2< A\ + e <4} =0.
ce(—2,2)

Remark 5.3.5. Note that as c increases from 0 to 2, the double eigenvalues do not over-
take each other when they collide and while they jump. Thus, Conjecture implies
that the rate at which eigenvalues become double eigenvalues should be lower than the
rate at which ¢ decreases.
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