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I. Preface

The Gersgorin Circle Theorem, a very well-known result in linear algebra
today, stems from the paper of S. Gersgorin in 1931 (which is reproduced in
Appendix D) where, given an arbitrary n x n complex matrix, easy arithmetic
operations on the entries of the matrix produce n disks, in the complex plane,
whose union contains all eigenvalues of the given matrix. The beauty and
simplicity of Gersgorin’s Theorem has undoubtedly inspired further research
in this area, resulting in hundreds of papers in which the name “Gersgorin”
appears. The goal of this book is to give a careful and up-to-date treatment
of various aspects of this topic.

The author first learned of Gersgorin’s results from friendly conversations
with Olga Taussky-Todd and John Todd, which inspired me to work in this
area. Olga was clearly passionate about linear algebra and matrix theory, and
her path-finding results in these areas were like a magnet to many, including
this author! It is the author’s hope that the results, presented here on topics
related to Gersgorin’s Theorem, will be of interest to many. This book is
affectionately dedicated to my mentors, Olga Taussky-Todd and John Todd.

There are two main recurring themes which the reader will see in this
book. The first recurring theme is that a nonsingularity theorem for a matri-
ces gives rise to an equivalent eigenvalue inclusion set in the complex plane
for matrices, and conversely. Though common knowledge today, this was not
widely recognized until many years after Gersgorin’s paper appeared. That
these two items, nonsingularity theorems and eigenvalue inclusion sets, go
hand-in-hand, will be often seen in this book.

The second recurring theme in this book is the decisive role that M-
matrices and H-matrices, and the related Perron-Frobenius theory of non-
negative matrices, play throughout this book. A much lesser recurring theme
in this book is the observation that there have been surprisingly many pub-
lished results in this area which contain major errors. Most of these errors
have fortunately been corrected in subsequent papers.

As the reader will see, there are many new and unpublished items in
the six chapters of this book. This is the result of trying to collect and unify
many Gersgorin-type results in the literature, and it has been truly exciting to
work in this area. The material in this book is almost entirely self-contained,
with exercises for those who wish to test their skills. The material in this
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book should be within the grasp of upper-class undergraduates and gradu-
ate students in mathematics, as well as physicists, engineers, and computer
scientists.

But there are a number of related topics which interested readers may find
missing in these chapters. These topics include infinite dimensional extensions
of Gersgorin’s theory, connections with pseudo-spectra and singular values of
matrices, real eigenvalues of real matrices, and generalized matrix eigenvalue
problems. The results in these areas are currently, in the author’s opinion,
more fragmented and less unified, so that their complete coverage is intended
for a future second volume of this book, with the same title. To this end, the
author warmly solicits suggestions and references for this second volume, as
well as comments, and corrections on this present volume. (Please send to
varga@math.kent.edu.)

A large number of people have read parts of this manuscript and have
offered many worthwhile suggestions to the author; I owe them my heartfelt
thanks. But, there are a few whose contributions here must be fully recog-
nized. My sincere thanks are due to my colleagues, Arden Ruttan and Laura
Smithies. Arden assembled the Matlab programs in Appendix D for many of
the pictures in this book, and his careful work identified some “missing eigen-
values” in Fig. 6.2, 6.3, 6.5, 6.6. Laura read the entire manuscript and set for
herself the daunting task of working through all the exercises given in this
book! My greatest thanks go to experts in this area, Richard Brualdi (Uni-
versity of Wisconsin), Ljiljana Cvetkovi¢ (University of Novi-Sad), Volker
Mehrmann (Technische Universitét-Berlin), Francois Robert (University of
Grenoble), and anonymous referees, who have made substantial comments
and suggestions on the entire manuscript. It is a pleasure for me to recognize
their deep expertise in this area and their unselfish efforts to help the author
with their comments.

Our warmest and sincere thanks are due to our secretaries (in the Institute
for Computational Mathematics at Kent State University) Joyce Fuell, who
began the typing of this manuscript, and to Misty Tackett, who completed,
with great care, the typing of this manuscript, and to my wife, Esther, for her
love, understanding and great forbearance in the writing of the book. Finally,
we wish to thank Springer-Verlag for their strong and unfailing support over
the years, of the author’s efforts.

Richard S. Varga March 3, 2004
Kent, Ohio



Contents

I. Preface ...... ... . VII
1. Basic Theory ........... i 1
1.1 Gersgorin’s Theorem . ...... ... ... ..., 1
1.2 Extensions of Gersgorin’s Theorem via Graph Theory ....... 10
1.3 Analysis Extensions of GerSgorin’s Theorem and Fan’s
Theorem .. ... 18
1.4 A Norm Derivation of Gersgorin’s Theorem 1.1............. 26
2. Gersgorin-Type Eigenvalue Inclusion Theorems........... 35
2.1 Brauer’s Ovals of Cassini . ........... ... ... . ... 35
2.2 Higher-Order Lemniscates .............. ... ... co... 43
2.3 Comparison of the Brauer Sets and the Brualdi Sets ........ 53
2.4 The Sharpness of Brualdi Lemniscate Sets ................. 58
2.5 An Example ... ... 67
3. More Eigenvalue Inclusion Results........................ 73
3.1 The Parodi-Schneider Eigenvalue Inclusion Sets ............ 73
3.2 The Field of Values of a Matrix .......................... 79
3.3 Newer Eigenvalue Inclusion Sets .......................... 84
3.4 The Pupkov-Solov’ev Eigenvalue Inclusions Set............. 92
4. Minimal GerSgorin Sets and Their Sharpness ............. 97
4.1 Minimal Gersgorin Sets ....... ... 97
4.2 Minimal Gersgorin Sets via Permutations.................. 110

4.3 A Comparison of Minimal Gersgorin Sets and Brualdi Sets .. 121

5. G-Functions ............. ... . . . . .. e 127
51 The Sets Fnand Gu oo oot e 127
5.2 Structural Properties of G, and GS ....... ... . ... ... 133
5.3 Minimal G-Functions .......... ... ... ... . ... ... .. ... .... 141

5.4 Minimal G-Functions with Small Domains of Dependence ... 145
5.5 Connections with Brauer Sets and Generalized Brualdi Sets.. 149



X Contents

6. Gersgorin-Type Theorems for Partitioned Matrices . ... ... 155
6.1 Partitioned Matrices and Block Diagonal Dominance. ... .... 155
6.2 A Different Norm Approach ........ ... .. ... ... ... .... 164
6.3 A Variation on a Theme by Brualdi....................... 174
6.4 G-Functions in the Partitioned Case ...................... 181

Appendix A. Gersgorin’s Paper from 1931, and Comments .. 189
Appendix B. Vector Norms and Induced Operator Norms. .. 199

Appendix C. The Perron-Frobenius Theory of Nonnegative
Matrices . . ... 201

Appendix D. Matlab 6 Programs. ........................... 205

References . ........... . e 217



1. Basic Theory

1.1 Gersgorin’s Theorem

It can be said that the original result of Gersgorin (1931), on obtaining an
eigenvalue inclusion result for any n X n complex matrix in terms of n easily
obtained disks in the complex plane, was a sensation at that time, which
generated much enthusiasm. It is fitting that that the first result to be proved
here is Gersgorin’s original result. For notation, let C" denote, for any positive
integer n, the complex n-dimensional vector space of all column vectors v =
[v1,v2,- ,vn]T, where each entry v; is a complex number, (i.e., v; € C,1 <
i <n), and let C™*" denote the collection of all m x n rectangular matrices
with complex entries. Specifically, for A € C™*", we express A as A = [a; ;]
and as

a1 Q1,2 - Qi

a1 a2 - A2n
(1.1) A= . X . ,

Am,1 Am,2 " Qmn

where a;; € Cforall 1 <i<mand1<j<n. (Inacompletely similar
fashion, R™ and R™*™ denote, respectively, column vectors and rectangular
matrices with real entries. Also, I,, will denote the n x n identity matrix,
whose diagonal entries are all unity and whose off-diagonal entries are all
zero.)

For additional notation which is used throughout, the spectrum o(A) of
a square matrix A = [a; ;] € C™*" is the collection of all eigenvalues of A,
ie.,

(1.2) o(A):={ e C: det(\l, — A) =0},
and with
(1.3) N :={1,2,---,n},

we call
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(1.4) ri(A) == Y laij| (i€ N)

JEN\{s}

the i-th deleted absolute row sum! of A (with the convention that r1(A) := 0
if n = 1). Further, we set

Li(A) ={2z€ C: |z—a;;| <mi(A)} (i€ N),
and
I(A) = IiA).
ieN

Note that I(A), called the i*P-Gersgorin disk of A, is from (1.5) a
closed disk in the complex plane C, having center a; ; and radius r;(A). Then
I'(A), defined in (1.5) as the union of the n Gersgorin disks, is called the
Gersgorin set, and is evidently closed and bounded in C. But I'(A) can
have a comparatively interesting geometrical structure, as the next examples
show.

For each matrix {A;}2_; defined below, its spectrum is given? , and its as-
sociated Gersgorin set, I'(A;), is shown in Figs. 1.1-1.3. Also, the eigenvalues
of each matrix A; are shown by “x’s” in these figures.

(1.5)

1 -1
A = , 0(A1) = {0;0}.

1 -1

1 i 0
Ay=|1/2 4 i/2 |,

1 0 7

o(As) = {0.9641 — 0.1620¢; 4.0641 4 0.16294;6.9718 — 0.0008: }.

O 0 0 0 0
0 0 0 0 0
-2 0 0 0 0
1/8 —i 1/8 0 0
0 1/4 —2i 1/4 0
0 0 0 9/21/2
I 0 0 0 1/2-9/2]

o(As) = {3.2361; —1.2361; —2; —1.0323; —1.96774; 4.5277; —4.5277}.

N

w

|
cooPCoro
C OO O

! While this term is very precise, we shall use “row sum” throughout, for reasons
of brevity. This notation also applies to “column sums”, which are introduced in
section 1.3.

2 The numerical values for the non-integer real and imaginary parts of eigenvalues
are always given, rounded to the first four decimal digits.
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N N

Fig. 1.1. I'(A1) and o(A;) for the matrix A;

Fig. 1.2. I'(A2) and o(A32) for the matrix As

The figures for the Gersgorin sets I'(4;) indicate that some eigenvalues
can lie on the boundary of their associated Gersgorin set (cf. I'(A1)), that
some Gersgorin disks each contain ezactly one eigenvalue (cf. I'(Ag)), and
that some Gersgorin disks contain no eigenvalues (cf. I'3(As)). But, in all
cases, all eigenvalues of A; lie in the Gersgorin set I'(A4;). This latter state-
ment holds for all A = [a; ;] € C"*™ and is the original result of Gersgorin
(1931), which we now prove.
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Fig. 1.3. I'(A43) and o(As3) for the matrix As

Theorem 1.1. For any A = [a;;] € C"" and any X € o(A), there is a
positive integer k in N such that
(16) \)\fa;ﬁk\ Srk(A)

Consequently (cf. (1.5)), A € I',(A), and hence, A € I'(A). As this is true for
each A € o(A), then

(1.7) o(A) CI'(A).

Proof. For any A € 0(A), let 0 # x = [v1,72, -+, 2,]T € C" be an associ-

ated eigenvector, i.e., Ax = Ax, so that Z aijxr; = A\x; for each ¢ € N.
JEN

Since x # 0, there is a positive integer k& € N for which 0 < |zx| =
max {|z;| : ¢ € N}. For this k, we have Z ak i T; = AT, or equivalently,
ieN

()\ - ak,k)xk = Z Ak i Ti-

i€N\{k}
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Taking absolute values in the above equation and using the triangle inequality
gives, with (1.4),

A=argl - leel < Y awal el < Y7 lanl -l =la] - ri(A4),
i€N\{k} i€N\{k}

and dividing through by |zj| > 0 gives (1.6). Then from (1.5), A € I';(A) and
hence, A € I'(A). As this is valid for each A € o(A), then (1.7) follows. N

The beauty and simplicity of GerSgorin’s Theorem 1.1 is evident: for any
matrix A in C"*", easy arithmetic operations on the entries of A give the
row sums {7;(A4)}icn, which in turn determine the n disks of (1.5), whose
union must contain all eigenvalues of A! However, we note, from Figs. 1.1-1.3,
that these easy operations may not give very precise information about these
eigenvalues of A, but we also note that this union of disks applies equally
well to all matrices B = [b; ;] € C"*" with b;; = a;; and r;(B) = r;(A) for
all i € N, so that o(B) C I'(A) for all such B.

A wuseful consequence of Theorem 1.1 is the following. For notation, given
any A € C"*", the spectral radius p(A) of A is defined by

(1.8) p(A) :==max {|\| : A€ o(A4)}.

Corollary 1.2. For any A = [a; ;] € C"*", then

(1.9) p(A) <max D Jai ;|-
JEN

Proof. Given any A € 0(A), Theorem 1.1 gives the existence of a k € N such
that |A — ag k| < rp(A). But, by the reverse triangle inequality, |A| — |ag k| <
A —ag k| < 7K(A); whence,

A< Jap k] +re(A) = Y Jax | < max > laijl-
JEN 'S jeN

As this holds for each A € o(A), (1.9) follows. |

We remark that (1.9) is just the statement (see (B.3) and (B.5) of Ap-
pendix B) that

(1.10) p(A) < [ Ao,

where ||A||oo is the induced operator norm of A for the vector norm ||x| oo :=
max{|z;| : j € N}, defined on C".

Gersgorin’s Theorem 1.1 will actually be shown below to be equivalent
to the next result, the so-called Strict Diagonal Dominance Theorem, whose
origin is even older than Gersgorin’s Theorem 1.1 of 1931.
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Definition 1.3. A matrix A = [a; ;] € C"*" is strictly diagonally dom-
inant if
(1.11) |CL1‘7¢‘ > ’I“Z(A) (all 1 E N)

With this definition, we have

Theorem 1.4. For any A = [a;;] € C"*" which is strictly diagonally
dominant, then A is nonsingular.

Proof. Suppose, on the contrary, that A = [a; ;] € C"*" satisfies (1.11) and
is singular, i.e., 0 € o(A). But from (1.6) with A = 0, there exists a k € N
such that |A — ag k| = |ag k| < ri(A), which contradicts (1.11). [ |

We have just shown that Theorem 1.4 follows from Theorem 1.1, and we
now show that the reverse implication is also true. Assume that the result
of Theorem 1.4 is true, and suppose that Theorem 1.1 is not valid, i.e., for
some matrix A = [a; ;] € C"*", suppose that there exists a A € o(A) such
that

(1.12) |/\—ak7k| >7“k(A) (allkGN).

On setting B := \,, — A := [b; ;], where I, is the identity matrix in C"*",
then B is surely singular. On the other hand, the definition of B gives, with
(1.4), that ri(B) = rt(A) and that |\ — ag x| = |bx| for all & € N, so that
(1.12) becomes

|bk,k| > T'k(B) (all ke N)

But on applying Theorem 1.4, the above inequalities give that B is then
nonsingular, a contradiction. Thus, we have shown that Theorems 1.1 and
1.4 are actually equivalent. This will be our first recurring theme in this
book, namely, that a nonsingularity result, such as Theorem 1.4, induces
an eigenvalue inclusion result, such as Theorem 1.1, and conversely.

That strictly diagonally dominant matrices are, from Theorem 1.4, non-
singular is an old and recurring result in matrix theory. This basic result
can be traced back to at least Lévy (1881), Desplanques (1887), Minkowski
(1900), and Hadamard (1903), whose contributions are not at all to be
slighted. See the Bibliography and Discussion section, at the end of this chap-
ter, for a more complete coverage of the history in this area.

It must be said, however, that Gergorin’s Theorem 1.1 gained immediate
and wide recognition, as it could be easily applied to any square matrix. As
a first extension of Theorem 1.1 (already considered in Gersgorin (1931)),

let x = [z1,22, -+, 7,]T € R" satisfy x; > 0 for all i € N, where we denote
this by x > 0. With this vector x, define the matrix X, in R™*", by X :=
diag[x| := diag [z1,22, -, 2], so that X is nonsingular. If A = [a, ;] €

C™*", then X 'AX = [a;;x;/z;], and, as X 'AX is similar to A, then
o(X71AX) = 0(A). In analogy with the definitions of (1.4) and (1.5), we set
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(1.13) r¥

7

(A):=ri(XT'AX) = Y~ ‘a‘xﬁ (i€ N, x> 0),
jen\iy "

and we call r¥(A) the i-th weighted row sum of A. In addition, we set?

x

I (A):=={2€ C: |z —a;;| <r¥(A)},

K2
and

(A= 177 (A).
iEN

Now, I7"(A) of (1.14) is called the i-th weighted Gersgorin disk and
rr (A) is the weighted Gersgorin set, where we note that the row sums
r¥(A) of (1.13) are simply weighted sums of the absolute values of off-diagonal
entries in the i-th row of A, for each x > 0 in R".

Applying Theorem 1.1 to X "' AX and using the fact that o(X 1AX) =
o(A), we directly obtain

(1.14)

Corollary 1.5. For any A = [a;;] € C"" and any x > 0 in R", then
(cf.(1.14))

(1.15) o(A) C I (A).

Of course, Gersgorin’s Theorem 1.1 can be directly applied to X 1 AX,
for any nonsingular X in C™*", to estimate o(A), and Corollary 1.5 is the
first special case when X = diag[x1,x2, -, 2], where z; > 0 for all i € N.
This special case is important, in that determining the weighted row sums
{r¥(A)}ien requires now only slightly more computational effort than do the
row sums {r;(A)};en of Gersgorin’s Theorem 1.1.

At the other extreme, where X is any full nonsingular matrix in C"*", this
substantially increases the work in finding the associated weighted row sums
for the matrix X ~1 A X, but it is important to know that there is a nonsingular
matrix S in C"*" for which S™1AS =: J is in Jordan normal form (see
Exercise 2 of this section), i.e., J is an upper bidiagonal matrix whose diagonal
entries are eigenvalues of A, and whose upper bidiagonal entries are either
0 or 1. While possessing J would clearly give all the eigenvalues of A, and
would do an optimal job of estimating the eigenvalues of A, it is in general
much more computationally difficult to determine the Jordan normal form of
A.

The next extension of Theorem 1.1 and Corollary 1.5 concerns the number
of eigenvalues of A which lie in any component (i.e., a maximal connected
subset) of I'"" (A). Specifically, for n > 2, let S be a proper subset of
N={1,2,---,n},ie,0#S ; N, and denote the cardinality of S (i.e., the

3 The superscript r* in (1.14) may seem cumbersome, but it connects with the
notation to be used in Chapter 5 on G-functions.
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number of its elements) by |S|. For any A = [a, ;] € C"*" and for any x > 0
in R™, write
(1.16) ry (A= i@,

€S

If N\S denotes the complement of S with respect to N and if () denotes the
empty set, the relation

(1.17) rE (AT s(4) = 0

states that the union of the Gersgorin disks, with indices belonging to S, is
disjoint from the union of the remaining disks. We now establish another
famous result of Gersgorin (1931).

Theorem 1.6. For any A = [a;;] € C"",n > 2, and any x > 0 in R"
for which the relation (1.17) is valid for some proper subset S of N, then
I'L°(A) contains evactly |S| eigenvalues of A.

Proof. Consider the set of matrices A(t) := [a; ;(¢)] in C™*" where
a;i(t) == a;; and a; ;(t) :=1t-a;; for i # j (for all 4, j € N),

with 0 <t < 1. First, observe that

A = Y Ol o5 el

X . . X
JEN\{i} JEN\{i}

for all t € [0,1]. Thus, with (1.14), I'7" (A(t)) C I} (A) for all t € [0,1]
and for all ¢ € N. These inclusions, coupled with the assumption (1.17),
geometrically imply that

(1.18) I5 (A®) [ Tins (A1) = 0 for all t € [0,1],
while on the other hand, from (1.15) of Corollary 1.5, it follows that
a(A(t)) C I (A(t)) for all t € [0,1].

Now for ¢t = 0, A(0) is a diagonal matrix, so that the eigenvalues of the
diagonal matrix A(0) are just {a;;}? ;. Hence, I'y (A(0)) = {a;; : i € S}
contains exactly |S| eigenvalues of A(0). Clearly, the entries of A(t) vary
continuously with ¢, and consequently (cf. Ostrowski (1960), Appendix K),
the eigenvalues \; () of A(t) also vary continuously with ¢ € [0, 1]. But because
(1.18) holds for all ¢t € [0,1], it is impossible, as ¢ increases continuously from
zero to unity, for Iy (A(t)) to either gain or lose any eigenvalues of A(t).
Hence, I'y (A(t)) contains exactly |S| eigenvalues of A(t) for every t € [0, 1].
Thus as A(1) = A, then I'y" (A) contains exactly |S| eigenvalues of A. |
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In particular, if one disk F[x (A) for A is disjoint from the remaining
disks Fij (A), i.e., if S = {i}, then Theorem 1.6 asserts that this disk I"7" (A)
contains exactly one eigenvalue of A. For example, for the particular matrix

1 i 0
Ay=|1/2 4 /2
1 0 7

of Section 1.1, each of its GerSgorin disks is, by inspection, separated from
the union of the remaining disks. Hence, we immediately have from Theorem
1.6 that

|A1_1|§17 |)\2_4|§17 |A3_7|§17

where 0(As) := {1, A2, A3 }. Of course, since we have graphed the eigenvalues
of A in Fig. 1.2, we indeed see that each GerSgorin disk I;(A3) contains
exactly one eigenvalue of A;. We remark that the above bounds for these
three eigenvalues of As can be improved by using weighted row sums from
(1.14). See Exercise 3 of this section.

Exercises

1. Suppose (cf. (1.17)) that "5 (A)QF]’\“;;S(A) is not empty, but consists of
m > 1 isolated points. Show that a more complicated form of Theorem
1.6 is still valid, where each isolated point may, or may not, be an
eigenvalue (possibly multiple) of A.

2. Given any A in C"*", it is known that (cf. Horn and Johnson (1985),
p.126) there is a nonsingular matrix S such that S™'AS =: J is in
block diagonal Jordan normal form, i.e.,

J = diag[J1(M\1), J2(A2), -+, Je(A)]

where, for all 1 < j <k, J;(\;) = [A;] if J;(A;) is a 1 x 1 matrix, or
otherwise, J;()\;) is the upper bidiagonal matrix

)\jl O

—_
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k
Thus, {\;};=1 are the eigenvalues of A. If X is the n x n diagonal
matrix X := diag[l,e,€2,--+, "7 1], where 0 < € < 1, show that the
matrix

XTNIX = diag [T1 (M), T2 (M) Tk ()],

where jj (M) =[Aj] if 3]- (A;) is a 1 x 1 matrix, and otherwise,

Ji (Aj) =

O ../\j_

Further, deduce that any row sum of X ~'JX is either 0 or e.

For an A = [a; ;] € C"*", n > 2, suppose that there is an x > 0 in
R™ such that r¥(A) > 0 and the first Gersgorin disk I"]” (A) is disjoint
from the remaining (n — 1) Gersgorin disks F]T’x (A), 2 <j<n.From
Theorem 1.6, there is a single eigenvalue A of A in the disk I']” (A),
ie.,

|>\ — CL171| S T’f(A)

Show that it is always possible to find a y > 0 in R" such that r} (4) <
r¥(A), while I'7”(A) is still disjoint from the remaining n — 1 disks
ny (4), 2 < j < n, ie., a tighter bound for A can always be found!
(Hint: Try increasing the first component of x.)

If A =[a; ;] € R""issuch that |a; ;—a; ;| > ri(A)+r;(A), foralli # j
in N, then all the eigenvalues of A are real. (Gersgorin (1931)). (Hint:
Use the fact that nonreal eigenvalues of A must occur in conjugate
complex pairs.)

1.2 Extensions of Gersgorin’s Theorem via Graph
Theory

As we have seen in Theorem 1.4, the assumption of strict diagonal dominance
of a matrix A = [a; ;] € C"*", ie.,
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|aii| > ri(A) = Z la; ;| (allie N),

JEN\{3}

implies that A is nonsingular. For n > 2, it is natural to ask if one of the
above inequalities can be weakened to equality, as for example in

laii| > ri(A) for 1 <i<n—1, and |an,| = rn(A),

while still ensuring that A is nonsingular. This may or may not be true: the
following two matrices,

21 10

EHE ]

satisfy the above weakened inequalities, where the first matrix is nonsingular,
but the second is singular. This brings us to a graph-theoretic development
which is connected with the notion of irreducibility for matrices, which we
now summarize.

For notation, a matrix P € R™*" is said to be a permutation matrix
if there is a permutation ¢, i.e., a 1-1 mapping of N = {1,2,---,n} onto N,

such that P = [p; ;] := [0;,4(;)], Where 8y = {(1) ﬁ Z ; g} is the familiar
Kronecker delta function.

Definition 1.7. A matrix A € C™"™,n > 2, is reducible if there exist a
permutation matrix P € R™*™ and a positive integer r, with 1 < r < n, for
which

= =1 [ Aii]ALe

where A1 ;1 € C™", and where Ay 5 € C(=m)*("=7) 1f no such permutation
exists, A is irreducible. If A € C'*!, then A is irreducible if its single entry
is nonzero, and reducible otherwise.

It is convenient to continue in the reducible case of (1.19). On recursively
applying this algorithm (based on reducibility) to the square matrices A 1
and Aso and their progenies, we ultimately obtain a permutation matrix
P € R™"™ and a positive integer m, with 2 < m < n, such that

Rii Ri2-- Rim

O Rys- -+ Rom
(1.20) PAPT = | . , _
O O - Ry,

)
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The above matrix is called the normal reduced form* of A (cf. Berman
and Plemmons (1994), p.43), where each matrix R;;, 1 < j < m, in (1.20)
is such that

i) Rj;is apj x pj irreducible matrix with p; > 2,
(1.21) or
i) R;; is a 1 x 1 matrix with R; ; = [aj k] for some k € N.

We note from the structure of the matrix in (1.19) that, for n > 2, the
diagonal entries of A play no role in the irreducibility or reducibility of A. It
can also be seen, for n > 2, that replacing an arbitrary nonzero nondiagonal
entry of A = [a;;] € C™*" by any nonzero complex number leaves the irre-
ducible or reducible character of A invariant. This indicates that the concept
of irreducibility is in fact a graph-theoretic one, which we now describe.

Given any A = [a; ;] € C"*", let {v;,va," -, v, } be any n distinct points,
which are called vertices. For each nonzero entry a;; of A, connect the
vertex v; to the vertex v; by means of a directed arc 7;v;, directed from
the initial vertex v; to the terminal vertex v;, as shown in Fig. 1.4. (If a; ; #
0, ©;v; is a loop, which is also shown in Fig. 1.4.) The collection of all

Fig. 1.4. Directed arcs

such directed arcs defines the directed graph G(A) of A. For additional
notation, a directed path in G(A) is a collection of abutting directed arcs
Veo Ve, Ve, Uty * + Vg, Ug,,, connecting the initial vertex vy, to the terminal
vertex vy, . Note that this directed path implies that

r—1
H Ay, Lt # 0.

k=0

4 We remark that the normal reduced form of a reducible matrix is not necessarily
unique. It is unique, up to permutations of the blocks in (1.20). We further note
that (1.20) is also called in the literature the Frobenius normal form of a
reducible matrix.
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Definition 1.8. The directed graph G(A) of a matrix A = [a; ;] € C"*" is
strongly connected if, for each ordered pair v; and v; of vertices, there is
a directed path in G(A) with initial vertex v; and terminal vertex v;.

As examples, consider again the matrices A1, Az, and As of Section 1.1.
The directed graphs of these matrices are given below in Fig. 1.7. By inspec-
tion, G(A1) and G(Az) are strongly connected. On the other hand, G(Aj)
is not strongly connected since there is no directed path, for example, from
vertex v to vertex vs.

G G(4)

G(4)

Fig. 1.5. Directed graphs G(4;), i =1, 2, 3, for the matrices A;

It is easy to see that if A = [a;;] € C"*" is such that its directed graph
G(A) is strongly connected, then all of the off-diagonal entries in any row
of A cannot simultaneously vanish. Also, if G(A) is strongly connected, then
so is G(PTAP) for any n x n permutation matrix P, since G(PTAP) is
precisely G(A) with a renumbered vertex set.

The following theorem shows the equivalence of the concepts introduced
in Definitions 1.7 and 1.8. Its proof is left as Exercise 7 in this section.
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Theorem 1.9. For any A = [a;;] € C"™", then A is irreducible if and
only if its directed graph G(A) is strongly connected.

We extend now the notion in (1.11) of a strictly diagonally dominant
matrix in

Definition 1.10. A matrix A = [a; ;] € C"*" is an irreducibly diago-
nally dominant matrix if A is irreducible, if A is diagonally dominant,
ie.,

(1.22) la; ;| > ri(A) (all i € N),
and if strict inequality holds in (1.22) for at least one i.

Note that a matrix can be irreducible and diagonally dominant without
being irreducibly diagonally dominant®.

We can now establish the following important extension of Theorem 1.4,
due to Taussky (1949).

Theorem 1.11. For any A = [a;;] € C"*" which is irreducibly diagonally
dominant, then A is nonsingular.

Proof. Since the case n = 1 of Theorem 1.11 follows directly from Definition
1.7, we may assume that n > 2. With n > 2, suppose, on the contrary, that
A is singular. Then, 0 € o(A), and there exists a corresponding eigenvector
0 #x = [x1,29, -, 1,]T € C" with Ax = 0. Because this last equation is
homogeneous in x, we may normalize so that max{|z;| : ¢ € N} = 1. Letting
S:={j e N :|z;| =1}, then S is a nonempty subset of N. Now, Ax =0
implies that Z ay jx; = 0 for all £ € N, or equivalently,
JEN

—Qp KTk = Z agjzr; (ke N).
JEN\{K}

Then, consider any i € S. With k£ = ¢ in the above equation, then taking
absolute values and applying the triangular inequality gives, with (1.4),

laial < D laigl el <0 Y0 lail=ri(A) (i€8).
JEN\{i} JEN\{i}

Because the reverse inequality of the above must hold by hypothesis from
(1.22), then

(1.23) laiil = > laigl- |zl =ri(A)  (i€S),
JEN\{i}

5 Unfortunately, this definition, while awkward, is in common use in the literature,
and we bow to convention here.
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But since strict inequality must hold, by hypothesis in (1.22), for at least
one 1, it follows that S must be a proper subset of N, i.e., ) # S ;Cé N. On
the other hand, for any ¢ € S, the terms in the sum of (1.23) cannot, by
irreducibility, all vanish, so consider any a; ; # 0 for some j # 4 in N. It must
follow from the second equality in (1.23) that |z;| = 1; whence, j is also an
element of S. Since A is irreducible, we can find a directed path in G(A) from
the vertex v; to any other vertex vy, by means of directed arcs corresponding
to the non-zero off-diagonal entries a; i, , @iy ip, - -+ 5 @i, _4 i, With 4. = k. Thus,
ig € S for each 1 < ¢ < r, and in particular, i, = k € S. But, as k was any
integer with £ € N, then S = N, a contradiction. |

We next give another important result of Taussky (1948) and Taussky
(1949), which, by our first recurring theme, is exactly the equivalent eigen-
value inclusion result of Theorem 1.11. (We leave this claim to Exercise 5 of
this section.) We also remark that only the second part of Theorem 1.12 ap-
pears in Taussky (1948) and Taussky (1949). For notation, let Co, := CU{o0}
denote the extended complex plane. If T is any subset of C, then T denotes
the closure in Co, of T,

OT :=T N (Cx\T)
denotes the boundary of T, and int T := T\OT denotes the interior of T

Theorem 1.12. Let A = [a;;] € C"*" be irreducible. If X € o(A) is such
that X ¢ int I';(A) for each i € N, i.e., |\ —a;;| > r,(A) for each i € N,
then

(1.24) A —a;i| =71i(A) for eachi € N,

i.e., all the Gersgorin circles {z € C : |z —a;;| =1(A)} pass through A.
In particular, if some eigenvalue X of A lies on the boundary of I'(A), then
(1.24) holds.

As an illustration of Theorem 1.12, consider the particular matrix

1-10 0
0 i —i 0
Ae=1g0 211 |
i 0 0 —i

which can be verified to be irreducible and singular, so that 0 € o(Ay4). As
can be seen in Fig. 1.8, 0 ¢ int I;(Ay) for all 1 <4 < 4, and all Gersgorin
circles {z € C: |z — a; | = r;(A4)} do indeed pass through 0, as required by
Theorem 1.12, but 0 is not a boundary point of I'(A4).

If A= la;;] € C"™" is irreducible, then Theorem 1.12 gives us that a
necessary condition, for an eigenvalue A of A to lie on the boundary of
I'(A), is that all n Gersgorin circles pass through A. But this necessary con-
dition need not be sufficient to produce an eigenvalue of A, i.e., even if all n
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o+

Fig. 1.6. I'(A4) for the matrix Ay

Gersgorin circles pass through a single point z, then z need not be an eigen-
value of A. (See Exercise 6 of this section.) In any event, finding necessary
and sufficient conditions for an eigenvalue of A to lie on the boundary of
I'(A) is certainly interesting, and recent references on this are given in 1.3 of
the Bibliography and Discussion of this chapter.

Next, a very familiar matrix in numerical analysis is the n x n tridiagonal
matrix

2 —1 Q
-1 2 -1
As = [a; ] = ,n>1,
2 -1

O '.—12

whose directed graph G(As) is shown in Fig. 1.7 for n = 6.
It is evident that G(Aj) is strongly connected, so that As is irreducible
from Theorem 1.9. To deduce that As is nonsingular, simply note that 2 =
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Fig. 1.7. G(As5) for the matrix As

la; | > r;(As) for all i € N, with strict inequality holding for i = 1 and i = n.
Applying Theorem 1.11 then gives that A5 is nonsingular, independent of the
size of n.

Exercises

1. Given A = [a; ;] € C""with n > 2, suppose that |a; ;| > r;(A) (1 <
i <n)and |apn| = r,(A). Show that A is nonsingular if r,(A4) > 0,
and singular if r,(A) = 0. (Cvetkovic (2001)) (Remark: This result is
similar to that of Theorem 1.11, but irreducibility is not used here!)

2. Let A=la;;] € C"",n>2 and let N :={1,2,---,n}. Prove that A
is irreducible if and only if, for every two disjoint nonempty subsets S
and T of N with SUT = N, there is an element a;; # 0 of A with
ieSandjeT.

3. Let A=la;;] € C"" with n > 2. If G(A) is the directed graph of A,
show that A is strongly connected if, and only if, for each ordered pair
(vs,v;5) of vertices in G(A) with ¢ # j, there is a directed path from v;
to v;.

4. A matrix A = [, ;] € C"*" is called lower semistrictly diagonally
i—1
dominant if |a; ;| > r;(A) (for all i € N) and if |a; ;| > Z la; ;| (for
j=1
all ¢ € N). Similarly, A = [a; ;] € C"*" is called semistrictly diago-
nally dominant if there is a permutation matrix P € R"*" such that
PAPT is lower semistrictly diagonally dominant. Show that a matrix
A is irreducibly diagonally dominant if and only if A is semistrictly
diagonally dominant. (Beauwens (1976)).

5. As an example of our first “recurring theme”, show that a careful
reformulation of the nonsingularity result of Theorem 1.11 gives the
eigenvalue inclusion of Theorem 1.12, and, conversely, Theorem 1.12
implies the result of Theorem 1.11.
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1 €% 0 0
0 i €% 0
0 0 —1 ¢
e 0 0 —i
the 0;’s are all real numbers, so that the GerSgorin set I'(B) is the
same as that shown in Fig. 1.6, and all Gersgorin circles pass through 0.
4

Consider the irreducible matrix B = , where

Then, show that z = 0 is an eigenvalue of B only if Z 0; = m(mod 2m).
i=1

Give a proof of Theorem 1.9. (Hint: Prove that A is reducible (cf. Def.
1.7) if and only if G(A) is not strongly connected.)

1.3 Analysis Extensions of Gersgorin’s Theorem and
Fan’s Theorem

Given A = [a;;] € C™", it is well known that o(A) = o(AT), where

AT := [a;,]. Thus, AT is nonsingular if and only if A is nonsingular. Hence,

applying Theorem 1.4 to AT directly gives

Corollary 1.13. For any A = [a; ;| € C"™" which satisfies

(1.25)

|aiq| > ¢i(A) :=ri(AT) = Z laji| (all i € N),
JEN\{i}

then A is nonsingular.

Note that the quantities ¢;(A) = r;(AT) of (1.25) now depend on column
sums of A, in contrast with the row sums r;(A) occurring in (1.11) of The-
orem 1.4. Moreover, just as Theorem 1.1 and Theorem 1.4 are equivalent, so

are Corollary 1.13 and

Corollary 1.14. For any A =la;;] € C"", then

(1.26)

o(A) C D(AT).

As obvious consequences of (1.7) of Theorem 1.1 and (1.26) of Corollary

1.14, we have
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Theorem 1.15. For any A = [a;;] € C"*", let ['(AT) = U{z e C:
ieN

|z —a;i| < ci(A)}, where ¢;(A) is defined in (1.25). Then,

(1.27) o(A) C(D(A)NT(ATY).

Note that the eigenvalue inclusion of (1.27) now depends upon the follow-
ing 3n quantities, derived from the matrix A = [a; ;] in C"*™:
(1.28) {aiitizy » {ri(A)}o, and {c;(A)}L,.

As an example of the inclusion of (1.26) of Corollary 1.14, consider the
particular matrix

1 i 0
(1.29) Ay=|1/2 4 i/2 |,
1 0 7

previously considered in Section 1.1 of this chapter. The inclusion of (1.26),
based on column sums of As, in this case is the set of three disks, shown
below in Fig. 1.8 with solid boundaries. The corresponding inclusion of (1.7),
based on row sums of A, is the set of three disks, shown in Fig. 1.8 with
the dashed boundaries. Clearly, a better inclusion for the eigenvalues of A, is
given by the corresponding intersection of (1.27) of Theorem 1.15, with one
eigenvalue of Ay in each shaded disk (cf. Theorem 1.6).

Fig. 1.8. I'(A2), (A7), and I'(A2) N T'(A3) (shaded) for the matrix Ao

Since both row and column sums of A enter respectively into separate
sufficient conditions for the nonsingularity of A in Theorem 1.4 and Corol-
lary 1.13, it is not unreasonable to expect that particular combinations of
row and column sums do the same. Indeed, we have the following result of
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Ostrowski (1951a), which we view as an analysis extension of Theorem 1.4
and Corollary 1.13. We give a complete proof of this extension, to show how
typical analysis tools are utilized in this regard in linear algebra.

Theorem 1.16. For any A = [a;;] € C"*", and any o with 0 < o < 1,
assume that

(1.30) lai ;| > (ri(A)*(c;(A)* ™ (all i € N).
Then, A is nonsingular.

Proof. First, we remark that if ¢ is any permutation of the indices in N
and if P := [0; 4(;)] is its associated permutation matrix in R"*", then the
matrix A := [a; ;] := PTAP has the same set of diagonal entries as does A
and, moreover, the same set of row (and column) sums, as does A. Thus, the
inequalities of (1.30) are invariant under such permutations of the set N.

Next, with the convention used in (1.4), the case n = 1 of (1.30) im-
mediately gives that A is nonsingular. Then for n > 2, suppose that some
rj(A) = 0. By means of a suitable permutation of N, we may assume, with-
out loss of generality, that j = 1. Then, r1(A) = 0 implies that A has the
form

(1.31)

where A,,_1 p_1 € cr=1x(n=1), Clearly, since a1 1 # 0 from (1.30) and since
from (1.31)
det A = a1,1 - det Anfl’nfl,

then A is singular if and only if the principal submatrix A,,_1,—1 of (1.31)
is singular. If some row sum of A,,_1 1 is zero, the above reduction can be
continued until either we reach a final principal submatrix A, , of A, of order
p > 2, all of whose row sums are positive, or A is reduced, up to suitable
permutations, to a lower triangular matrix with all nonzero diagonal entries.
This latter case surely results in a nonsingular matrix. In the former case, we
similarly have, by construction, that

n—p

det A= H a;; | - det Ay p,
j=1

and again, A is singular if and only if 4, ,, with positive row sums, is singular.
(It is important to note, by definition, that the i-th row (or column) sum of
A, p is at most the i-th row (or column) sum of the given matrix A). This
reduction shows that we may assume, without loss of generality, that all row



1.3 Analysis Extensions of Gersgorin’s Theorem and Fan’s Theorem 21

sums 7;(A) of A are positive. Also, since the special case o = 1 and ao = 0
of Theorem 1.16 reduce to the known results of Theorem 1.4 and Corollary
1.13, we may also assume that 0 < o < 1.

Suppose then, on the contrary, that A = [a; ;] € C"*" satisfies (1.30),
has r;(A) > 0 for all i € N, and is singular, so that there is an x =
[1, 29, -, 7,]T € C" with x # 0 and with Ax = 0. This implies that
a;;T; = — Z a; jx; for all ¢ € N, and, taking absolute values and apply-

JEN\{i}
ing the triangle inequality,

laial -zl < > aiy

JEN\{i}

|lzj| (i€ N).

Employing the inequality of (1.30) on the left side of the above inequality
and writing |a; ;| = |a; ;|* - |ai ;|17 in the above sum, then

7 Jayl) (i€ N,

- (lai g

(1.32) (ri(A)*(cs(A)! ol < D aiy

JeN\{i}

where strict inequality holds above whenever |z;| > 0, and thus for at least
one i € N. Applying Hélder’s inequality to the last sum above with p := 1/«
and ¢ := (1 — a)~!, we obtain

1/p 1/q
(1.33) (ri(A)* (e () el < | D laigl? | | D laugllzgl® |
J#i J#i
1/p
for all ¢« € N. Note that Z la; ;P = (r;(A))%, since p = 1/a.

JEN\{}
Hence, cancelling (r;(A4))® > 0 on both sides of (1.33) and raising both sides
of (1.33) to the power g, we obtain, since ¢ = (1 — «) 71, that

ci(A) - |z]? < Z la; ;|- |z;19 (i€ N),
JEN\{1}

where strict inequality holds above for at least one ¢ € N. Summing on all ¢
in N in the above inequalities gives

(1.34) STzl <> [ DD laigl -l

ieN iEN  \jeN\{i}
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But interchanging the orders of summation in the (finite) double sum of (1.34)

shows that this double sum reduces exactly to Z ¢;(A) - |x;]9, and substi-
jEN

tuting this in (1.34) gives an obvious contradiction to the strict inequality

there. |

Some easy consequences of Theorem 1.16 can be quickly drawn. If, for
any x = [r1,22,,2,]7 > 01in R", we set X = diag [x], then applying
Theorem 1.16 to X ' AX = [a; jz;/z;] immediately gives

Corollary 1.17. For any A =[a; ;] € C"*", any x > 0 in R", and any o
with 0 < a <1, assume that
(1.35) laii| > (rX(A)* - (cF(A)'™* (alli€ N),

(3

where (cf. (1.25)) cX(A) := r¥(AT). Then, A is nonsingular.

Just as Theorem 1.4 is equivalent to Theorem 1.1, we similarly obtain,
from Corollary 1.17, the following corollary, which is actually equivalent to
Corollary 1.17.

Corollary 1.18. For any A= [a;;] € C"", any x>0 in R", and any «
with 0 < a <1, then

(1.36)  o(A)C | {z€ C: |z —aiil < (rF(A)™(c(A)}.
iEN
It is evident that the union of the disks in (1.36) gives an eigenvalue
inclusion set for any matrix A, which is one of many such Ostrowski sets.
But, there are two results in the literature which have very much the flavor of

Corollary 1.18. We state these results below, leaving their proofs to exercises
in this section. The first result is again due to Ostrowski (1951b).

Theorem 1.19. For any A = [a; ;] € C"*", then

(1.37) a(A) C U {zeC:lz—a, < pgl)},
1EN
where . _
(1.38) P i=af (Y aiglP)r (alli€ N),
JEN\{i}
where p > 1, 1—1) + % = 1 and the positive numbers {a;}7, satisfy

1
2 Tray "

ieN

The next similar result is due to Fan and Hoffman (1954).
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Theorem 1.20. For any A = [a; ;] € C"*", then

(1.39) o(A) C | J{zeCtlz—aiil <},
ieEN

where o

1.40 Y= a max |a alli € N), and

( ) Pi JeN L) lai gl ( )

ri(A)

max |a; ;
€N jeN\{i}

where o is any positive number satisfying Z a(l+ a).

We note that the eigenvalue inclusion sets of Corollary 1.18 and Theorems
1.19 and 1.20 all depend on the absolute values of off-diagonal entries of the
matrix A, as well as on a variety of extra parameters. In (1.36) of Corollary
1.18, there are the parameters a and the n positive coefficients of x > 0 in
R"™, in (1.38) of Theorem 1.19, there are the n parameters {o;};en and p
and ¢, while in (1.40) of Theorem 1.20, there is a single parameter «. It then
becomes an interesting question as to how the eigenvalue inclusions of the
above three results, with their extra parameters, compare with the eigenvalue
inclusion of Corollary 1.5, which depends on the n positive coefficients of
x > 0 in R". for a given matrix A in C™*". This question is succinctly
and beautifully answered, in the irreducible case, in the following result of
Fan (1958), where the Perron-Frobenius Theorem on nonnegative irreducible
matrices, our second recurring theme, is applied.

Theorem 1.21. Forn > 2, let B = [b; ;] € R"*" be irreducible, with b; ; > 0
for all i,j in N with i # j, and with b;; = 0 for all i € N. Let {p;}1",
be n positive numbers such that, for every matriz A = [a; ;] € C™*™ with
la; ;| =b;; (alli,j € N with i # j), each eigenvalue of A must lie in at least
one of the disks

(1.41) {z€eC:lz—a;;| <pi} (i€N).

Then, there is an x = [x1,T2, -+, 2,7 > 0 in R™ (where x is dependent on
A) such that

(1.42) pi > rX(A) (allieN).

Remark 1. From (1.42), the disk I'7"(A) of (1.14) is a subset of the disk
{z€C:|z—ai;| < p;i} for each i € N, which implies that

(1.43) (A c | J{zeC:lz—aiil < pi}-
iEN
Remark 2. Fan’s Theorem 1.21 directly applies to Corollary 1.18, and
Theorems 1.19 and 1.20, in the irreducible case.

6 1f, for some i, max |a;;| = 0 = r;(A), then r;(A)/ max |a; ;| is defined to
JEN\{i} JEN\{i}

be zero.
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Proof. By hypothesis, if A = [a;;] € C"*" satisfies |a; ;| = b;;, for all
i,j € N with ¢ # j, and if |a; ;| > p; for all i € N, then z = 0 cannot, from
(1.41), be an eigenvalue of A; Whence A is nonsingular. With the nonsingular

matrix D := dlag[p—1 piz g L], set B’ := DB = [b} ;], so that

bij . .
(1.44) b, ; ==L, with b, =0 (all4,j € N).
, i :

Then, every matrix A" = [a] ;] € C"*", with |aj ;| = b ; (all i,j € N with
i # j) and with [a] ;| > 1 for all i € N, is also nonsingular. As B is irreducible,
so is B’. From the Perron-Frobenius Theoremon irreducible nonnegative nx n
matrices (see Theorem C.1 of Appendix C), B’ has a positive eigenvalue A and
a corresponding eigenvector X = [x1, 22, -+, x,]? > 0 such that \v; = (B'x);
for all i € N. With (1.44), this can be expressed (cf.(1.13)) as

1 B .
(1.45) Ap; = - Z la; jlz; =r¥(A) (allie€ N).
JeN\{i}

We next fix the diagonal entries of A’ by setting A’ := B' — AI,, = [a] ;]

S
C""™. Then, A’ is necessarily singular, where |a] ;| = b; ; for all i # j in
N, and where |a; ;| = A for all i € N. On the other hand we know that if
|a;7i\ > 1 for all i € N, then A’ is nonsingular. Hence, as A’ is singular and
as |a; ;| = A for all i € N, it follows that A < 1. Thus, (1.45) reduces to

pi > 1rX(A) for all i € N, the desired result of (1.42). |

It is important to say that the n inequalities of (1.42) hold for a special
vector x > 0 in R", which depends on the matrix A. This means that the
inclusion of (1.42) can fail for other choices of x > 0.

The result of Fan’s Theorem 1.21 in essence equates all matrices having
their off-diagonal entries in absolute value given by a nonnegative matrix
B. It is then natural to ask if there is a more general structure to such
eigenvalue inclusion results (or, equivalently, nonsingularity results) where
comparisons are made on the basis of the absolute values of only off-diagonal
entries of a matrix. Such a structure, an offspring of Fan’s Theorem 1.21,
exists and is related to the concept of a G-function, due to P. Nowosad and
A. Hoffman. This will be described fully in Chapter 5.

Exercises

1. Given any A = [a; ;] € C"*", n > 2, show (cf. (1.4) and (1.25)) that
Z ri(A) = Z ¢;(A) is always valid.

ieN JEN
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1 8
05 4
consider the two associated disks from (1.36), where 0 < o < 1:

Consider the 2 x 2 singular matrix A = } . With x = [1,1]T,

{z€C: ]z -1 <80.5)' )} and {z € C: |z — 4] < (0.5)*8' 7},

These disks, having centers at z = 1 and z = 4, each give rise to an
interval, on the real axis, which is dependent on «a. Letting S(a) be
defined as the least real abscissa of these two disks, i.e.,

B(a) :=min [1 — 8- (0.5)'"*;4 — (0.5)*-8""*] (a €0,1]),

show that Jmax B(a) =0 = 3(1/4). Also, show that the choice, a =
_a_

1/4, is, in terms of the eigenvalue inclusion of (1.36), best possible.

Give a proof of Theorem 1.19. (Ostrowski (1951b)). (Hint: Use Holder’s
inequality!)

Give a proof of Theorem 1.20. (Fan and Hoffman (1954))

Assume that the matrix A = [a;;] € C**® has row sums 7;(A) =
1,1 < < 3, and column sums ¢;(A) = 1,1 < i < 3, so that the sums
in Exercise 1 above are equal. Show that there are uncountably many
matrices B = [b;;] € C**®, with the same row and column sums.
(Hint: Set |a1,3] = €, where 0 < ¢ < 1. and determine the absolute

values of the remaining nondiagonal entries of A = [a; ;] € C**® so
that 7;(A) = ¢;(A) =1 for all 1 <4 < 3.) Generalize this to all n > 3.

Show that the double sum in (1.34) reduces, with the definition of
ci(A) of (1.25), to Y ¢;(A) - |a;|”.

JEN
If A=a;;] € C"", if 0 < <1andif
la; | > ar;(A) + (1 —a)c;(A)  (all i€ N),
then A is nonsingular. (Hint: Use the generalized arithmetic-geometric

mean inequality, i.e., for a > 0,6 > 0 and 0 < a < 1, then
aa+ (1 —a)b > a®b'=% and apply Theorem 1.16.)
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8. Derive the analog of Theorem 1.21 where B = [b; ;] € R"*",n > 2, is
reducible. (Hint: Use the normal reduced form of B from (1.20).)

1.4 A Norm Derivation of Gersgorin’s Theorem 1.1

The purpose of this section is to give a different way of deriving Gersgorin’s
Theorem 1.1. This approach will be further analyzed and extended in Chapter
6, but it is important now to note how this new derivation gives rise to
different proofs of previous matrix eigenvalue inclusions.

Our first derivation of Gersgorin’s Theorem 1.1, or its equivalent form in
Theorem 1.4, was the so-called classical derivation. Another derivation,
due to Householder (1956) and Householder (1964), can be made from the
theory of norms; see Appendix B for background and notation. To describe
this approach, let ¢ be any norm on C", let A €¢ C"*", and assume that
A € o(A). Then, there is an x € C" with x # 0 and with Ax = Ax. Hence,
for any fixed B € C™*", this can be written equivalently as

(A— B)x = (A, — B)x.
In particular, if A\ € o(B), then (A, — B) is nonsingular, and hence

(1.46) (M, — B)™Y(A-B)x =x.

Now, for any matrix C in C"*", its induced operator norm, with respect
to ¢, is defined as usual (cf. (B.2) of Appendix B) by

¢(Cx)
|Cll == sup = sup ¢(Cx),
? x#£0 (p(X) p(x)=1

and it directly follows from (1.46) that

(1.47) I(AM, — B)"{(A=B)||, > 1, for A € o(A)\o(B).

Thus, we define the following set in the complex plane:

Gy,(A4;B):=0(B)U{ze C: z ¢ o(B) and

I(:I - B) *(A-B)l|, > 1}.
Next, consider any A € o(A). If A € o(B), then from (1.48), A € G,(4; B).
Similarly, if A € o(A) with A ¢ o(B), then, from (1.47), A is contained in
the second set defining G,(A; B) in (1.48). This proves Householder’s result”
of

 Actually, Householder (1964), p.66, claimed that the last set in (1.48) alone
contained all the eigenvalues of A. See Exercise 4 of this section for a counterex-
ample.

(1.48)



1.4 A Norm Derivation of Gersgorin’s Theorem 1.1 27

Theorem 1.22. For any A € C™*", and any B € C"*", let ¢ be any
norm on C™. Then (cf. (1.48)),

(1.49) 7(A) C G,(A; B).

We call G4(A4; B) the Householder set for A and B, which, from (1.49),
is an eigenvalue inclusion set for any matrix A. We now deduce some set-
theoretic properties of G, (4; B).

Proposition 1.23. For any A € C" ", and any B € C™*" let ¢ be any
norm on C". Then (cf.(1.48)), G, (A; B) is a closed and bounded set in C.

Proof. We first show that G, (A; B) is bounded. Suppose that z € G,(A; B)
with z € o(B), so that 1 < ||(z1, — B)™" (4 — B)||,. Consequently (cf.
Appendix B, Proposition B.3),

1< (2o = B)" (A= B)llp < (21 = B) |y - | A = Bl
But this implies that ||(zI, — B)~!{|, > 0, so that

- I - ¢((zIn — B)y)
14 =Blle = 1z =By, Wff"{ #y) }

Now, with the reverse triangle inequality, it follows that

: ¢ (By
14~ Bl > jut {J:l - 223} — 21~ 151,

whence,

(1.50) |2] < ||A = B, + ||Bl|e, for any z in G,(A; B) with z € o(B).

But for the remaining case that z € G,(A; B) with z € o(B), it is well known
(see Appendix B, Proposition B.2) that p(B) < ||B||,, so that |z| < ||B],.
Thus, the inequality in (1.50) trivially holds also in this case. Hence,

(151) 2] < A= Bll, + | B, for any = € G,(A; B),

which shows that G,(A; B) is a bounded set.
To show that G,(A; B) is closed, suppose that {z;}52, is a sequence of

points in C with lim z; = z, where z; € G,(A; B) for all i > 1. If z € o(B),

then, from (1.48), z € G,(A;B). If = ¢ o(B), then z;, ¢ o(B) for all 4
sufficiently large, so that ||(z;1—B)~'(A—B)||, > 1 for all i sufficiently large.
As the norm of a matrix is known to vary continuously with the entries of the
matrix (cf. Ostrowski (1960), Appendix K), then also ||(z/—B) ~'(A—B)||, >
1; whence, z € G,(A; B), i.e., G,(A; B) is a closed set. W
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To see how the norm approach of this section directly couples with
Gersgorin’s Theorem 1.1, consider the particular norm, the £,,-norm on C",
defined by

(1.52) Poo(u) := Héé}\)fdul‘ (any u = [uy,uz, ..., un] € C").

In addition, if A = [a;;] € C™™", set diag[A] := diaga1,1,a22, ", annl.
Then, with B := diag[A] and ¢ := ¢, we establish

Corollary 1.24. For any A = [a; ;] € C"*", then ( cf.(1.49) and (1.5))

(1.53) Gy (A;diag[A]) = I'(A).

Remark. In other words, (1.49) of Theorem 1.22, for the particular norm
of (1.52) and for B =diag[A], exactly gives Gersgorin’s Theorem 1.1!

Proof. Let z be any point of Gy__(A;diag[A]) so that if D := diag[A], then
(cf.(1.50)) either z € o(D), or z ¢ o(D) with ||(z2I — D)"*(A— D)l4.. > 1.
Assume that z¢ o (D), so that

(1.54) I(z = D)™ (A= D)o, =1,

where the matrix (21 — D)™'(A — D) can be expressed as

Qg = 0,2 € N,
(1.55) (=T — D)~ (A - D) = [as,], where { o % i N

)
1,7

As mentioned before, it is known (cf. (B.6) of Appendix B) that, for any
C = [Ci,j] S (Cnxn’

(1.56) ICl¢.. = max > il

JEN

Applying (1.56) to (1.55) gives, with (1.55) and (1.4),

L w
1< [[(:T = D) YA = D)y = max | 2SN | _ ax (L) .
ieN |z — a; iEN

Hence, there is a j € N with | z —a; ; |< r;(A), so that (cf.(1.5)) z € I;(A),
and thus z € I'(A). If z € o(D), ie., z = a;; for some j € N, then again
z € T;(A) and thus z € I'(A). This shows that G4_ (A;diag[A]) C I'(A).
The reverse inclusion follows similarly, giving the desired result of (1.53). W
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In the same fashion, we show that applying Theorem 1.22, with a suitably
defined norm ¢ on C", also gives (1.15) of Corollary 1.5. To this end, for any
x = [z1, 29, - ,zn]T > 0 in R", set X := diag[z1, 22, -, 2n], so that X is a
nonsingular diagonal matrix. Then, define

(1.57) boo (1) := doo(Xu) (for all u e C"),

which is a norm on C". (See Exercise 2 of this section.) Then the following
result (see Exercise 3 of this section) similarly follows.

Corollary 1.25. For any A = [a; ;] € C"*" and any x > 0 in R", then

(1.58) G, (A;diag[A]) = I (A).
Exercises
1 4 0
1. For the matrix A := 0 4 1 | and for B = diag[1,4, 2], deter-
-1 0 2

mine G, (A; B) of (1.48) for each of the three vector norms ¢4, 2, and
o on C3, defined for any x = [x1, 2, 23]7 in C? as

1

3 3 2
G(x)i=Y faglila(x)i= | Y Jay[* | 5 loo(x) =max{z;|, 1 < j < 3}.
j=1 =1

Show that each of these norms give rise to the same set G(A4; B) in
the complex plane, as shown in Fig. 1.9. (The eigenvalues of A are also
shown in Fig. 1.9 as “x’s.”)

2. For any x > 0 in R", show that ¢, (u) in (1.57) is a norm on C".

3. With the norm of (1.57), establish the result of Corollary 1.25.

4. For the matrices
1 00 1 0 0
A=111 5 1 and B=|0 5 0
1 15 0 0 5

verify that if ¢ is the £oo-norm on C*, then
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{z€C:2¢0(B) and ||(2I—B) ' (A=B)||y =1} ={2€C:|2—5| < 2},

which does not contain the spectrum, o(A4) = {1,4,6}, of A. This
shows that it is necessary to add o(B) in (1.48) to insure that
G, (A; B) covers the spectrum of A. (See also Householder, Varga and

Wilkinson (1972).)

Fig. 1.9. Gy; (A, B), j=1,2, and oo, for the matrices A and B, given in Exercise 1
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Bibliography and Discussion

1.1

The eigenvalue inclusion result of Theorem 1.1 of Gersgorin appeared
in 1931, but, as was noted in the text, this result is actually equiva-
lent to the nonsingularity result in Theorem 1.4 for strictly diagonally
dominant matrices, a topic which can be traced back to the much ear-
lier result of Lévy (1881), Desplanques (1887), Minkowski (1900), and
Hadamard (1903), pp. 13-14. We remark that the results of Lévy (1881)
were restricted to real matrices, as was that of Minkowski (1900), and
Desplanques (1887) first obtained the general complex result. This
general result was later independently obtained by Hadamard (1903)
in his book, and was often referred in the literature as ”Hadamard’s
theorem”. We also note that Gersgorin (1931) paid homage to the
earlier work of Lévy (1881), and also mentioned earlier work of R.
Kusmin. See page 750 of Gersgorin (1931), which is reproduced in full
in Appendix A, for the reader’s convenience.

We remark that Brauer (1946) rediscovered GerSgorin’s earlier The-
orem 1.1 from 1931. In the same paper, Brauer deduces, from
GerSgorin’s Theorem 1.1, the strictly diagonally dominant Theorem
1.4, but does not obtain the equivalence of these two results. Brauer
(1946) also obtained the case |S| = 1 of Gersgorin’s Theorem 1.8.

On reading the literature, it is interesting to note that this general
equivalence of eigenvalue inclusion results with nonsingularity re-
sults, which we now readily understand and use, seems not to have
been in wide use until fairly recently. It has been kindly pointed out
to me by Hans Schneider that this equivalence does appear in the iso-
lated paper of Rohrbach (1931) but we see in Ostrowski (1951a) the
nonsingularity result of Theorem 1.16, and a separate publication, by
Ostrowski (1951b), for the associated eigenvalue inclusion result.

The idea of using diagonal similarity transformations X ~'AX, to im-
prove the eigenvalue inclusion result of Theorem 1.1, is due again to
Gersgorin (1931), as is the result of Theorem 1.6 on disjoint compo-
nents of the union of Gersgorin disks.
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1.2

1. Basic Theory

This brings us to an important consideration, regarding our treat-
ment of GerSgorin-type eigenvalue inclusions. Clearly, a goal of these
Gersgorin-type eigenvalue inclusions might be to obtain estimates of
the entire spectrum of a given matrix in C™*". Now, it is well known
theoretically that, given any matrix A = [a; ;] € C"*", there exists a
nonsingular matrix S in C™*™ such that S~'AS is in Jordan normal
form, so that S~'AS is an upper bidiagonal matrix, whose diagonal
entries are the eigenvalues of A and whose entries, of the upper bidi-
agonal, are either 0 or 1. With this nonsingular matrix S, then one
can directly read off the diagonal entries of S~'AS, and obtain all the
eigenvalues of A with, in theory, infinite precision! Practically, how-
ever, finding such a nonsingular matrix .S is computationally nontrivial
in general, and numerical methods for this, such as the QR iterative
method, must confront the effects of rounding errors in actual compu-
tations and the termination of this iterative method which introduces
errors. So on one hand, the GerSgorin-type eigenvalue inclusions, in
their simplest forms, are easy to use, but give results which can be
quite crude, while on the other hand, the QR method, for example,
can give much more precise eigenvalue estimates, at the expense of
more computations.

But, there is a middle ground! As will be shown in Chapter 6, where
partitioned matrices come into play, one can go beyond the diagonal
similarity matrices of Sec. 1.2 to block diagonal matrices, whose blocks
are of relatively small orders, to improve GerSgorin-type eigenvalue
inclusions, at the expense of more computational work.

It must be emphasized here that our approach in this book is a theo-
retical one, which does not attempt to obtain optimal methods for
computing eigenvalues of general matrices!

The use of irreducibility as a tool in linear algebra was championed
by Olga Taussky in her Theorem 1.12 of Taussky (1949). See also
her famous paper Taussky (1988), “How I became a torch bearer for
Matrix Theory.” It is also clear that she knew that Gersgorin’s Satz 1,
from his 1931 paper (see Appendix A where this paper is reproduced)
was incorrect because he was unaware of the notion of irreducibility!
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As mentioned in this section, Taussky’s Theorem 1.12 gives a neces-
sary condition for an eigenvalue A, of an irreducible matrix A, to lie
in the boundary of the Gersgorin set I'(A), of (1.5), but it need not
be sufficient. Finding both necessary and sufficient conditions for A
to be an eigenvalue of A which lies on the boundary of I'(A), where
A is an irreducible matrix in C™*", has been recently given in The-
orem 3.2 of Kolotolina (2003a), where many other interesting results
are obtained. Related results of Kolotolina (2003b) on Brauer sets and
Brualdi sets, are cited in the Bibliography and Discussion of Section
2.2.

The simultaneous use of both row and column sums to achieve better
nonsingularity results, such as Theorem 1.16 and Corollary 1.17, or
its associated eigenvalue inclusion result of Corollary 1.18, stems from
the work of Ostrowski (1951a), while the eigenvalue inclusion results
of Theorem 1.19 and 1.20 are due, respectively, to Ostrowski (1951b),
and Fan and Hoffman (1954). The culminating result of Fan (1958) in
Theorem 1.21, whose proof makes use of the Perron-Frobenius Theo-
rem on nonnegative irreducible matrices, masterfully gives the charac-
terization of the “best” GerSgorin disks, in a certain setting! Further
generalizations of this appear in Chapter 5.

This norm-approach for obtaining matrix eigenvalue inclusion results
first appeared in Householder (1956) and Householder (1964), where it
was also showed that this norm approach can be directly used to obtain
Gersgorin’s Theorem 1.1. As we will see in Chapter 6, on partitioned
matrices, this norm approach will prove to be very useful.






2. Gersgorin-Type Eigenvalue Inclusion
Theorems

2.1 Brauer’s Ovals of Cassini

We begin with the following nonsingularity result of Ostrowski (1937b), where
r;(A) is defined in (1.4).

Theorem 2.1. If A=a;;] € C"", n>2, and if

(2.1) |ai,i| . \aj7j| > TZ'(A) -Tj(A) (all ) #j in N := {1,2, s ,n}),
then A is nonsingular.

Remark. Note that if A is strictly diagonally dominant (cf.(1.11)), then
(2.1) is valid. Conversely, if (2.1) is valid, then all but at most one of the
inequalities of (1.11) must hold. Thus, Theorem 2.1 is a stronger result than
Theorem 1.4.

Proof. Suppose, on the contrary, that A = [a; ;] € C"*" satisfies (2.1) and
is singular, so that there is an x = [x1, %2, -+, 2,]7 in C" with x # 0, such
that Ax = 0. On ordering the components of x by their absolute values, we
can find s and ¢ in N with s # ¢ such that |z;| > 0 and

(2.2) |z| > |zs| > max {|zk| : k € N with k # s, k #t},

(where the last term above is defined to be zero if n = 2). Then, Ax = 0

implies that a; ;2; = — Z a; jx; for all 7 € N. Taking absolute values and
JEN\{i}

applying the triangle inequality,

(2.3) |ai il - [2i] < Z la; ;| - |zj|  (allie N).
JEN\{i}

On choosing @ = t, the inequality of (2.3) becomes, with (2.2),

ol <Y angl o] < ro(A) -],
JEN\{t}

If |z5| = 0, then (2.4) reduces to |a;| - |x¢| = 0, implying that |a; ;| = 0. But
this contradicts the fact, from (2.1), that |a; ;| > 0 for all i € N.

(24) |at7t
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Next, assume that |25 > 0. On choosing ¢ = s in (2.3), we similarly obtain
|as,s| - |zs| < rs(A) - 2.

On multiplying the above inequality with that of (2.4), then

|at,t| ) |as,s we] - |ws| < re(A) s (A) - o - o],

and as |z - |zs] > 0, this gives |as |- |as s| < 7:(A) - r5(A), which contradicts
(2.1). |

The result of Theorem 2.1 was later rediscovered by Brauer (1947), who
used this to deduce the following Gersgorin-type eigenvalue inclusion theo-
rem, which is, by our first recurring theme, equivalent to the result of Theorem
2.1, and hence, needs no proof!

Theorem 2.2. For any A = [a; ;] € C"*",n > 2, and any X € o(A), there
is a pair of distinct integers i and j in N such that

(25) AeK;j(A)={2€C:lz—ai;| |z—a;;| <ri(A)- -rj(A)}.
As this is true for each A in o(A), then

(2.6) o(A) CK(A) = ] Kij(A).
i,JEN
it
The quantity’ K; ;(A), defined in (2.5), is called the (i,j)-th Brauer
Cassini oval for the matrix A, while IC(A) of (2.6) is called the Brauer set.
There are now (g) = w such Cassini ovals for the eigenvalue inclusion
of (2.6), as compared with n Gersgorin disks (cf. (1.5)) of the eigenvalue
inclusion of (1.7) of Theorem 1.1. Moreover, the compact set K; j(A) of (2.5)
is more complicated than the Gersgorin set, as K, ;(A) can consist of two
disjoint components if |a;; — a; ;| > 2(ri(A) -7;(A))Y/2. (See Exercise 1 of
this section.)
To make this clearer, the boundaries of particular Cassini ovals, in a
different notation, determined from

(2.7) K(-1,+1,r):={2€C:|z—1]- |2+ 1| < r?},

are shown in Fig. 2.1 for the particular values r =0, »r = 0.5, r =0.9, r =
1, r =12, r = v/2, and r = 2. For » = 0, this set consists of the two
distinct points z = —1 and z = +1, while for r = 0.5, this set consists of
two disjoint nearly circular disks which are centered about —1 and +1. (See
Exercise 2 of this section.) For all » > 1, this set is a closed and connected
set in the complex plane C, which is convex for all 7 > /2. (See Exercise 4
of this section.)

1 We use “K” here for “Cassini”!
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Fig. 2.1. E.T. or Cassini Ovals for K(—1,+1,r) of (2.7)

Tt is interesting to note that I'(A), the union of the n Gersgorin disks
n (1.5), and K(A), the union of the (%) Brauer Cassini ovals in (2.6), both
depend solely on the same 2n numbers, namely,

(2.8) {aii}iy and {ri(A)}i,

derived from the matrix A, to obtain the eigenvalue inclusion Theorems 1.1
and 2.2. It is of theoretical interest to ask which of the sets I'(A4) and K(A) is
smaller, as the smaller set would give a “tighter” estimate for the spectrum
o(A). That K(A) C I'(A) holds in all cases is a result, not well known, which
was stated by Brauer (1947). As its proof is simple and as the idea of the
proof will be used later in Theorem 2.9 of Section 2.3, its proof is given here.

Theorem 2.3. For any A = [a; ;] € C"*", n > 2, then (cf. (2.6) and (1.5))
(2.9) K(A) C I'(A).

Remark. This establishes that the Brauer set I(A), for any matrix A, is
always a subset of its associated Gersgorin set I'(A), but for n > 3, there are
more, (g), Brauer Cassini ovals to determine, as opposed to the n associated

Gersgorin disks.

Proof. Let i and j be any distinct integers in N of (2.1), and let z be any
point of K; ;(A). Then from (2.5),

(210) |Z - am-l . |Z - aj,j| S ’f‘z(A) . ’f‘j(A).
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If r;(A) - r;(A) = 0, then z = a;; or z = a; ;. But, as a;; € I;(A) and
a;; € I';(A) from (1.5), then z € I;(A)UT;(A). If r;(A)-7;(A) > 0, we have
from (2.10) that

- () () <

As the factors on the left in (2.11) cannot both exceed unity, then at least
one of these factors is at most unity, i.e., z € I;(A) or z € I'j(z). Hence, it
follows in either case that z € I;(A) U I;(A), so that

(2.12) K; ;(A) C Li(A) U T;(A).
As (2.12) holds for any i and j (¢ # j) in N, we see from (1.5) and (2.6) that

K= U Koy € U Lunm) = J 5 =0,
e

the desired result of (2.9). |

We remark that the case of equality in the inclusion of (2.12) is covered
(cf. Varga and Krautstengl (1999)) in

(2.13) K; j(A) =I;(A)UTI}(A)if and only if
' ’I"?,(A) = Tj(A) =0, or if Tz'(A) = T’j(A) > 0 and Qi = Gj j-

It is important to remark that while the Brauer set K(A) for any A =
lai ;] € C™" with n > 2, is always a subset (cf.(2.9)) of the GerSgorin set
I'(A), there is considerably more work, when n is large, in determining the
(g) Brauer Cassini ovals, than is the case in determining the associated n
Gersgorin disks, i.e., getting the sharper inclusion of (2.9) may come at the
price of more computations!

To illustrate the result of (2.9) of Theorem 2.3, consider the 4 x 4 irre-
ducible matrix

1 1 0 0
12 012 0
(2.14) B=|7%" o 1 1|
1 0 0 —i

whose row sums r;(B) are all unity. The boundary of the Gersgorin set I'(B)
is the outer closed curve in Fig. 2.2, composed of four circular arcs, while
the Brauer set IC(B), from (2.6), is the shaded inner set in Figure 2.2. (The
curves in the shaded portion of this figure correspond to internal boundaries
of the six Brauer Cassini ovals.) That K(B) C I'(B), from (2.9) of Theorem
2.3, is geometrically evident from Fig. 2.2!
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Fig. 2.2. The Brauer set K(B) (shaded) and the Gersgorin set I'(B) for the matrix
B of (2.14)

As mentioned above, I'(A) and K(A) depend solely on the same 2n num-
bers of (2.8) which are derived from the matrix A, but there is a continuum of
matrices (for n > 2 and some r;(A) > 0) which give rise to the same numbers
in (2.8). More precisely, we define the equiradial set for A as

(2.15) w(A):: {B = [b@j] e Ccmm . bw = Q;; and ’I“i(B) = ’/‘i(A), (7, S N)},

and we also define

(216) (ZJ(A) :{B = [bi,j] eCcrx . bi,i = Qj; and Tl(B) < Ti(A), (Z c N)}

as the extended equiradial set for A, so that w(A) C ©(A). We note, from
the final inequality in (2.5), that the eigenvalue inclusion of (2.6) is then valid
for all matrices in w(A) or @(A), i.e., with (2.9) and with the definitions of

(217)  ow(A):= |J oB), ando@(A):= |J o(B),

Bew(A) Bew(A)
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it follows that

(2.18) o(w(A)) Co(@w(A)) CK(A).
Again, we are interested in the sharpness of the set inclusions in (2.18),
which is covered in Theorem 2.4 below. Engel (1973) obtained (2.19) of The-

orem 2.4, which was later independently obtained with essentially the same
proof, in Varga and Krautstengl (1999) in the form given below.

Theorem 2.4. For any A = [a; ;] € C"*", n > 2, then

OK(A) = 0K12(A) if n=2, and
(2.19) o(w(A)) =
K(A) if n > 3,

and, in general, for any n > 2,

(2.20) o ((A)) = K(A).

Proof. For n = 2, each matrix B in w(A) is, from (2.15), necessarily of the
form

(@21) B=| 1 (A

ra(A)ei? g , with 11,19 arbitrary real numbers.

If A is any eigenvalue of B, then det (B — AI) = 0, so that from (2.21),
(a1.1 — A)(ag.s — A) = 11 (A) - ro(A)e?¥172),

Hence,
(222) |am-—)\| . ‘a272 —)\| :Tl(A) "I"Q(A).

As (2.22) corresponds to the case of equality in (2.5), we see that A €
0K 2(A). Since this is true for any eigenvalue A of any B in w(A) and since,
from (2.6), K7 2(A) = K(A) in this case n = 2, then o(w(A)) C 0K 2(A) =
OK(A). Moreover, it is easily seen that each point of 9K 3(A) is, for suit-
able choices of real 1)1 and v, an eigenvalue of some B in (2.21), so that
o(w(A)) = 0K; 2(A) = 9K(A), the desired result of the first part of (2.19).

To establish the second part of (2.19), first assume that n > 4, and con-
sider a matrix B = [b; ;] in C"*", which has the partitioned form

B11|By 2]
2.23 B = |=R42L2 )
(223) [4’70 e
where

a1 st

(2.24) By, = Lff“” s

] , with 0 < s <r1(4), 0 <t <re(A),
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with v, and 1, arbitrary real numbers, and with b; ; = a; ; forall 1 < j < n.
Now, for any choices of s and ¢ with s € [0,r1(A)] and ¢ € [0,72(A4)], the
entries of the block By 2 can be chosen so that the row sums, r1(B) and
ro(B), in the first two rows of B, equal those of A. Similarly, because n > 4,
the row sums of the matrix B o of (2.23) can be chosen to be the same as
those in the remaining row sums of A. Thus, by our construction, the matrix
B of (2.23) is an element of w(A). (We remark that this construction fails to
work in the case n = 3, unless r3(A) = 0). But from the partitioned form in
(2.23), it is evident that

(2.25) 0(B) =0(B1,1)Uoc(B232).

Then from the parameters s,¢,11, and 92 in By in (2.24), it can be seen
from the definition in (2.5) that for each z € Kj 2(A), there are choices for
these parameters such that z is an eigenvalue of B ;. In other words, the
eigenvalues of By 1, on varying the real numbers v¢; and 9, and s and ¢ with
0<s<ri(A) and 0 < ¢ < rg(A), fill out K;2(A), where we note that the
remaining eigenvalues of B (namely, those of Bs 2) must still lie, from (2.18),
in IC(A). As this applies to any Cassini oval K; ;(A) for ¢ # j, upon a suitable
permutation of the rows and columns of B of (2.23) which moves row ¢ into
row 1 and row j into row 2, then o(w(A)) = K(A), for all n > 4.

For the remaining case n = 3 of (2.19), any matrix B in w(A) can be
expressed as

ai,1 setvr (r1(A4) — s)e?wz
(2.26) B = | te'¥s az,2 (ro(A) — t)etvs
ue¥s  (rg(A) — u)e'¥s ass

where

0<s<ri(A), 0<t<ry(4), and 0 <u <rz(A), and
{1/11-}?:1 are arbitrary real numbers.

(2.27) {

Now, fix any complex number z in the Brauer Cassini oval K; o(A), i.e., (cf.
(2.5)), let z satisfy

(2.28) |z —a11] |z — ag2| < ri(A)-ra(A4).

If r1(A) = 0, then from (2.28), z = a1 or z = az2. On the other hand,
r1(A) = 0 implies that the first row of B is [a1,1,0,0], so that a; 1 = z is an
eigenvalue of B. As the same argument also applies to the case ro(A) = 0,
we assume that r1(A) - r9(A) > 0 in (2.28). Then, let s, with 0 < s < r1(A),
be such that |z — a1 - |2 — ag,2| = sr2(A), and select a real number 3 such
that

(a11 — 2) - (agz — 2) = sra(A)e™.

For o := r9(A) + |ags — 2| (so that a > 0), the matrix B, defined by
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) a1 set (ri(A) —s)
(2.29) B = r2(A) as,2 0 ,
ra(A)rs(A)  (a2,2—2)r3(A) as.3

can be verified to be in the set w(A) of (2.15). But a calculation directly shows
that det(B—zI) = 0, so that z is an eigenvalue of B. Hence, each z in K 5(A)
is an eigenvalue of some B in w(A). Consequently, as this construction for
n = 3 can be applied to any point of any Cassini oval K; ;(A) with i # j,
then o(w(A)) = K(A), which completes the proof of (2.19).

The proof of the remaining equality in (2.20) is similar to the above proof,
and is left as an exercise. (See Exercise 5 of this section.) n

From Theorem 2.4, we remark, for any A = [a; ;] € C"*" for n > 3,
that the Brauer set K(A) does a perfect job of estimating the spectra of all
matrices in the equiradial set w(A) or in the extended equiradial set w(A),
which is, in general, not the case for the Gersgorin set I'(A4). In fact, for
matrix B of (2.14), one sees in Fig. 2.2 that there are four unshaded curved
domains of I'(B) which contain no eigenvalue of the set w(B) or &(B).

Exercises

1. Show that the Brauer Cassini oval K; j(A),7 # j, of (2.5) consists of
two disjoint compact sets if |a;; — a; ;| > 2(r;(A) - r;(A))Y/2,

2. Consider the level curve {z € C: |z — af - |z — 8| = p} where 8 # a.
From Exercise 1, this level curve consists of two disjoint curves, for
all p with 0 < p < |8 — a|?/4. Show, more precisely, that each of
these level curves is nearly a circle, where the radius of each circle is
asymptotically F=al a‘, as p — 0.

3. For the Brauer Cassini oval determined from

K(-1,+1,7):={2€C:|z—1| - |z+ 1| <r?},

show the following statements are valid:

a. K(—1,41,r) has two closed components for all 0 < r < 1;
b. K(—1,+1,r) is a closed and connected set for all r > 1;
c. K(—1,+1,r) is a convex set for all r > /2.

4. Given K, ;(A),i # j, of (2.5), show that the result of (2.13) is valid.

5.  With the definition of the extended equiradial set w(A) of (2.16), es-
tablish the result of (2.20) of Theorem 2.4.
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6. State and prove an analog of Gersgorin’s Theorem 1.6 (on disjoint sub-
sets of I'(A)), for Brauer’s n(n —1)/2 Cassini ovals of an n x n matrix
A =la;;] € C"", n > 2. (Hint: From (2.12), if I;(A) and I;(A) are
disjoint, then K; ;(A) must consist of two disjoint components.)

7. Given any n X n matrix A with n > 2, show, as is suggested from Fig.
2.2, that a common point z of the boundaries, 0I;(A) and 9I';(A) (i #
Jj), of two Gersgorin disks, is a point of 0K ;(A).

2.2 Higher-Order Lemniscates

Given a matrix A = [a;;] € C"*", let {i;}72, be any m distinct positive
integers from N := {1,2,---,n}, so that n > m. Then, the lemniscate? of
order m, derived from {i;}7., and the 2n numbers {a; ; }7_, and {r;(A)}}-,,
is the compact set in C defined by

(2.30) Ciy i (A) =8 2 € C: [[ |2 = as, )| < ] i, (4) ¢

and their union, called the lemniscate set for A, denoted by

(2.31) Ly (A) == U iy i iy (A) - ({75}]L, are distinct in N),

1<y ig, -y im<n

is over all () such choices of {i;}7-, from N. As special cases, the Gersgorin

disks I;(A ) of (1.5) are lemniscates of order 1, while the Brauer Cassini ovals
K; j(A) of (2.5) are lemniscates of order 2, so that with (1.5) and (2.6)), we
have

L1)(A) = I'(A) and L(2)(A) = K(A).
As examples of lemniscates, let

a1 =141, as:=—1+1, ag:=0,
ay ::—i—1.42’ and as :+——142

and consider the lemniscate boundary of order 5 of

232)  Gs({aisp) = {zeC: [[le—al=p} (p>0).

i=1

2 The classical definition of a lemniscate (cf. Walsh (1969), p. 54), is the curve, cor-
responding to the case of equality in (2.30). The above definition of a lemniscate
then is the union of this curve and its interior.
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Fig. 2.3. Bear or lemniscate boundaries for f5({a;}i—1;p) of (2.32) for p =
3,10, 20, 50

These lemniscate boundaries appear in Fig. 2.3 for the particular values p =
3,10, 20, 50.

When one considers the proof of Gersgorin’s result (1.7) or the proof of
Brauer’s result (2.6), the difference is that the former focuses on one row
of the matrix A, while the latter focuses on two distinct rows of the matrix
A. But from the result of (2.9) of Theorem 2.3, this would seem to suggest
that “using more rows in A gives better eigenvalue inclusion results for the
spectrum of A”. Alas, it turns out that L,,)(A), as defined in (2.31), fails,
in general for m > 2, to give a set in the complex plane which contains the
spectrum of each A4 in C™*™,n > m, as the following example (attributed to
Morris Newman in Marcus and Minc (1964), p.149) shows. (See also Horn
and Johnson (1985), p.382, for a nice treatment of this example.) It suffices
to consider the 4 x 4 matrix

1100
(2.33) A= (1) (1) (1) 8 , where o(4) = {0,1,1,2},

0001
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where a; ; = 1 for 1 <4 < 4 and where 71 (A) = r2(A) = 1;7r3(A) = re(A) = 0.
On choosing m = 3 in (2.30), then, for any choice of three distinct integers
{i1,42,13} from {1,2,3,4}, the product r;, (A) - r;,(A) - 7, (A) is necessarily
zero. Thus, the associated lemniscate in (2.30), for the matrix A of (2.33),
always reduces to the set of points z for which |z — 1|2 = 0, so that z = 1 is
its sole point. Hence, with (2.31), L(3y(A) = {1}, which fails to contain o(A)
in (2.33). (The same argument also gives L4)(A) = {1}, and this failure can
be extended to all matrices of order n > 3.)

To obtain a suitable compact set in the complex plane C, based on higher-
order lemniscates, which will include all eigenvalues of any given matrix A,
such as in (2.33), we describe below a modest extension of an important work
of Brualdi (1982), which introduced the notion of a cycle?®, from the directed
graph of A, to obtain an eigenvalue inclusion region for any A. This extension
is also derived from properties of the directed graph of the matrix A.

Given A = [a;;] € C"", n > 1, let G(A) be its directed graph, as
described in Section 1.2, on n distinct vertices {v;}]~;, which consists of a
(directed) arc v;v;, from vertex v; to vertex vj, only if a; ; # 0. (This directed
graph G(A) allows loops, as in Section 1.2.) A strong cycle v in G(A) is
defined as a sequence {i; ?I} of integers in IV such that p > 2, the elements
of {i; 1;-’:1 are all distinct with ip41 = 11, and v;,vq,, -+, 0, 0;,,, are arcs of
G(A). This implies that the associated entries of A, namely

iy iy Qig iz, "> Giyiyyq, are all nonzero (where 4,41 = i1).

It is convenient to express this strong cycle in standard cyclic permutation
notation (cf. Birkhoff and MacLane (1960), p.133)

(2.34) vi= (i1 o - dp) for p > 2,

where 41,19, - -, %, are distinct integers in N, and where vy is regarded as the
permutation mapping defined by v(i1) := i2, y(i2) := i3, - -, and y(ip) = 41.
We also say that this strong cycle v passes through the vertices {v;; }1;:17 and
that 7 has length p, with p > 2. (Note that a loop in G(A) cannot be a strong
cycle since its length would be unity.) If there is a vertex v; of G(A) for which
there is no strong cycle passing though v;, then we define its associated weak
cycle v simply as v = (i), independent of whether or not a; ; = 0, and we say
that 7 passes through the vertex v;. Next, on defining the cycle set C'(A) to
be the set of all strong and weak cycles of G(A), then for each vertex v; of
G(A), there is always a cycle of C(A) which passes through v;. For example,
if n =1, then C(A) = (1), and there is a unique (weak) cycle through vertex
V1.

Continuing, assume that A = [a; ;] € C"*", n > 2, is reducible. From
the discussion in Section 1.2, there is a permutation matrix P € R™*" and

3 More precisely, the word “circuit” is used in Brualdi (1982) for what is called
a “cycle” above. Our usage here agrees with that of Horn and Johnson (1985),
p-383.
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a positive integer m, with 2 < m < n, such that PAPT is in the normal
reduced form of

Ri1 Rio-- Rim
O R+ Ry
(2.35) PAPT = | . , .

O O - Rum
where each matrix R;;, 1 < j <m, in (2.35) is such that

i) Rj;is apj x pj irreducible matrix with p; > 2,
(2.36) or
i) R;; is a 1 x 1 matrix with R; ; = [aj k] for some k € N.

Of course, if the given matrix A € C"*", n > 2, is irreducible, we can view
this as the case m =1 of (2.35) and (2.364).

Some easy observations follow. The existence of an R ; = [ax,x] in (2.3611)
is, by definition, equivalent to the statement that vertex vy of G(A) has no
strong cycle through it. Similarly, the existence of an R, ; satisfying (2.364)
implies that there is at least one strong cycle through each vertex vy of
G(A), associated with the irreducible submatrix R; ;. (See Exercise 2 of this
section.) We also note from (2.35) that

m

o(A) = | o(Binr),

k=1

so that the upper triangular blocks R; (7 < k < m) in (2.35), if they exist,
have no effect on the eigenvalues of A. Because of this last observation, we
define the new rows sums 7;(A) of A as

(237) 771(14) = Tg(Rjyj),

if the ith row of A corresponds to the ¢th row of R; ; in (2.35). These new row
sums are the old row sums if A is irreducible. Also, we see that (2.37) implies
that 7;(A) = 0 for any vertex v; corresponding to a weak cycle in G(A),
(which is consistent with the convention used in (1.4)). Similarly, #;(4) > 0
for each row, corresponding to an irreducible matrix R; ; of (2.361).

To summarize, these new definitions, of strong and weak cycles and of
modified row sums, are all results from a more detailed study of the directed
graph G(A) of A.

With the above notations, given any A = [a;;] € C"", n > 1, if
(cf.(2.34)) v = (i1 iz --- ip), with distinct elements {i;}"_, and with p > 2,
is a strong cycle in G(A), its associated Brualdi lemniscate, 5., (4), of
order p, is defined by

(2.38) By(A):={zeC:[]lz—aisl < [[7(4)}.

1€y 1€y
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(i) is a weak cycle in G(A), its associated Brualdi lemniscate
is defined by
( B,Y(A) = {Z eC: ‘Z — am-\ = ’Fl(A) = 0} = {ai,i}.
The Brualdi set for A is then defined as

(2.40) B(A):= [J By(A)

v€C(A)

If ~
5 (A

B,(4) i
9)

We now establish our new extension of a result of Brualdi (1982).

Theorem 2.5. For any A = [a; ;] € C"™" and any eigenvalue \ of A, there
is a (strong or weak) cycle v in the cycle set C(A) such that (cf.( 2.38) or
(2.39))

(2.41) A€ B, (4).
Consequently (cf.(2.40)),
(2.42) o(A) C B(A).

Proof. Tf n =1, then A = [a; 1] € C**!, and C(A) consists of the sole weak
cycle v = (1). From (2.39), B(A) = {a1,1}, and the sole eigenvalue of 4, i.e.,
a1, is exactly given by B,. Thus, (2.41) and (2.42) trivially follow. Next,
assume that n > 2. Let A be an eigenvalue of A, and assume that A = ay
for some k € N. Then, there is a (strong or weak) cycle v in C(A) such that
k € 7. If v is a weak cycle through vertex vy, then By(A4) = {arr} = A, so
again, (2.41) is satisfied. If 7 is a strong cycle in C(A) which passes through
vy, then with the choice of z := aj , we see from (2.38) that ay € B,(A),
and thus A = ay , € B(A). If each eigenvalue of A is a diagonal entry of A,
the preceding argument gives o(A) C B(A), the desired result of (2.42).

Next, assume that A is an eigenvalue of A with A # a; ; for any j € N.
If A is reducible, it follows from the dichotomy in (2.36) that A must be
an eigenvalue of some irreducible matrix R; ;, of order p;, with 2 < p; <
n. Similarly, if A is irreducible (i.e., the case m = 1 of (2.35)), then X is
an eigenvalue of the irreducible matrix R;; = A, of order n. To simplify
notations, we assume that A = R; ; is irreducible. (This means that we will
use below the old row sums r;(A), rather than the new row sums 7;(A) of
R;;.) Writing Ax = Ax, where x € C" with x = [z1,22,---,2,]T # 0,
assume that x; # 0. Then, (Ax); = A\z; gives

(A —aiq) E QA jLj-

JEN\{di}

As (A —a;;)z; # 0, all the products a; jz; in the above sum cannot be zero.
Hence, there is a k € N, with k # 4, such that

|zk| = max {|z;| : j € N with j # ¢ and a, jz; # 0} .
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Thus, |zk| > 0 and a;  # 0, so that

‘)\—ai’i‘-llﬂ < Z |ai,j|-|x]~\ g’l“l(A)|fL'k|, Withk#i.
JeN\{i}

Calling i := 47 and k := i3, we can repeat the above process, starting with
A= @ipin)Ti, = > @iy 55,
JEN\{i2}

and there is similarly an i3, with |z;,| # 0, and a;, ;, # 0 such that
‘)‘ - ai27i2| : |xl2| < Ty (A) ’ ‘x13|7 where i3 7é i2,
and where
|zi,| = max{|z;| : j € N with j # i3 and a;, jz; # 0}.

If i3 = 41, the process terminates, having produced the distinct integers
i1, and ip, with i3 = ¢;, and with a;, ;, and a;,;, nonzero. Thus, with the
notation of (2.34), the strong cycle v := (i1 i2) has been produced. If ig # i1,
this process continues, but eventually terminates (since N is a finite set) when
an ip+1 € IV is found which is equal to some previous 7. In either case, there
is a sequence {%‘}?:w with p > 2, of distinct integers in N, with i,41 = 4.
But, this sequence also produces the following nonzero entries of A:

i, with ip+1 = ig,

cry Ay,

dep1 Qigp1igrar” Ip41)

so that, with our notation of (2.34), v := (i¢ dg41 --- 1ip) is then a strong
cycle of A. Thus, we have that

IN—ai, ;| |wi;| <ri(A) -2, |5 =460+ 1, -, p, where d,41 = iy,
where the z;,’s are all nonzero. Taking the products of the above gives
P P P P

H'A_aij7ij| ’ H|$1]‘ < HT’L](A) ) H‘xijJrll

=t =t =t =t

p p

But, as x;,,, = 4, then H |z, = H |zi,.,| > 0, so that, on cancelling
=t j=t

these products in the above display, we have

p p
TTIx=ai, il <] A).
j=t j=t

Thus (cf. (2.38)), A € B,(A), giving (2.41) . N
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As an application of Theorem 2.5, consider the matrix B of (2.33), which
is already in normal reduced form of (2.35). Its cycle set C(A) consists of the
strong cycle 3 = (1 2), and the weak cycles v2 = (3) and 3 = (4). It follows
from (2.40) that

BB)={z€C:|z—1><1}u{1}u{l},

which now nicely contains o(B) = {0,1, 1,2}.
We next state the equivalent nonsingularity result associated with Theo-
rem 2.5, which slightly extends the corresponding result in Brualdi (1982).

Theorem 2.6. If A = [a; ;] € C"*", if C(A) is the set of all strong and
weak cycles in G(A), and if (cf.(2.38))

(2.43) [Tlawil > [[7(4)  (ally € C(A)),
1€y 1€y
then A is nonsingular.

Now, we come to an analog, Theorem 2.7, of Taussky’s nonsingularity
result of Theorem 1.11, which also appears in Brualdi (1982). (Its proof,
which uses the irreducibility of A, is left as Exercise 3 of this section, as it
follows along the lines of the proofs of Theorems 1.11 and 2.5.)

Theorem 2.7. If A = [a; ;] € C"™" is irreducible, and if
(2.44) [Tlaiil = [[ri(4)  (all y € C(A)),
ey 1€y
with strict inequality holding for some v € C(A), then A is nonsingular.

Then for completeness, the equivalent eigenvalue inclusion result associ-
ated with Theorem 2.7 is the following result, which is a generalization of
Taussky’s Theorem 1.12.

Theorem 2.8. If A = [a; ;] € C"™" is irreducible, and if \, an eigenvalue
of A, is such that A ¢ int By(A) for any v € C(A), i.e.,

[[h=ail > ][r4) (allyeC(a),

i€y €y

then

(2.45) [IA—aiil =]]ri(4)  (all v € C(A)),
i€y €y

i.e., X\ is on the boundary of the Brualdi lemniscate B (A), for each 7 in
C(A). In particular, if some eigenvalue A of A lies on the boundary of the
Brualdi set B(A) of (2.40), then (2.45) holds.
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It is worthwhile to examine again the matrix B of (2.33), which is re-
ducible. Theorem 2.5 gives us (cf. (2.42)) that the spectrum of B can be en-
closed in the Brualdi set B(A), which depends on cycles of different lengths,
determined from the directed graph of B. This raises the following obvious
question: If higher-order lemniscates £,,(B) of (2.31), for a fixed m, fail to
work for the reducible matrix B of (2.33), can they be successfully applied
to arbitrary irreducible matrices? To answer this, consider the matrix

11lee
(2.46) D= 1(1)(1)8 | with € > 0,

e001
which is obtained by adding some nonzero entries to the matrix of (2.33).
The directed graph G(D) of D is (omitting diagonal loops) given in Fig. 2.4,
so that D is irreducible, where its cycle set C(A) consists of the strong cycles

Y

Fig. 2.4. The directed graph, G(D), without loops, for the matrix D of (2.46)

=1 2), 2=(1 3),and y3 = (1 4), where r1(D) =1+ 2¢,73(D) =1,
and r3(D) = r4(D) = e. If we consider the lemniscate of order 4 for this
matrix D, we obtain, from (2.31) that
Lgy(D)={z€C:|z— 1% < (1 4 2¢)},
which is the disk {z € C: |z — 1| < /e(1 + 2¢)'/1}. But, as
o(D) = {1 —(1+2HY21,1,1+ (1 +2¢%)'/?},

it can be verified (see Exercise 5 of this section) that

o(D) ¢ L4)(D), for any e > 0.



2.2 Higher-Order Lemniscates 51

Similarly, it can be verified (see Exercise 5 of this section) that (cf. (2.31))
(D) ¢ Lz)(D), for any e > 0.

In other words, even with an irreducible matrix, lemniscates of a fixed order
m > 3, applied to this irreducible matrix, can fail to capture the spectrum
of this matrix, while the Brualdi sets always work!

We note that the eigenvalue inclusion of Theorem 2.5, applied to the
matrix A = [a; ;] € C"*",n > 1, now depends on all the quantities of

(2.47) {a;i}ieq, {Fi(A)}i,, and the cycle set C(A),

which are derived from the matrix A, its directed graph G(A), and its normal
reduced form (cf.(2.35)). It is of course of interest to see how the Brualdi set
B(A) compares with the Brauer set K(A). This will be done in the next
section. We also ask, in the spirit of Theorem 2.4, if the union of the spectra
of all matrices which match the data of (2.47), fills out the Brualdi set B(A)
of (2.47). This will be precisely answered in Section 2.4.

Exercises

1. A matrix A = [a; ;] € C"*", n > 2, is said to be weakly irreducible
(see Brualdi (1982)) if there is a strong cycle through each vertex v,
of G(A), the directed graph of A. Show that irreducibility and weak
irreducibility are equivalent for all matrices in C"*" if n = 2 or n = 3.
For n > 4, show that irreducibility implies weak irreducibility, but not
conversely in general.

2. Given A = [a;;] € C"*", n > 2, show that the existence of an ir-
reducible submatrix R;; in (2.36¢) and (2.35) implies that there is a
strong cycle through each vertex of G(A), associated with the subma-
trix RjJ'

3. Give a complete proof of Theorem 2.7. (Hint: Follow the general outline
of the proofs of Theorem 1.11 and 2.5.)

1100
. . 1100
4. Consider the matrix B(e) := 001el" where € > 0.
00el
a. Show that the eigenvalues of B(e) are {0,1 —¢,1 +¢,2}.
b. Show that B(e) is weakly irreducible, in the sense of Exercise 1,
for any € > 0.
¢.  Show that the (strong) cycles of B(e) are v1 = (1 2) and
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v2 = (3 4), and that B, (B(€)) U B, (B(¢)) does include all the
eigenvalues of B(e).

Consider the matrix D of (2.46). With the definition of L,,)(A) in
(2.31),
a. Show that o(D) ¢ L4)(D) for any € > 0;
b. Show that o(D) ¢ L3)(D) for any € > 0;
c. Determine B(D) from (2.40), and verify that o(D) C B(D),
for any € > 0.

Let v = (1 2 3 4) be a strong cycle from C(A) for the matrix
A. For any of the following five permutations of v, i.e., (1 2 4 3),
(1 324),(01342),(1 42 3)and (1 4 3 2),show that the
Brualdi lemniscate set B.,(A) of (2.38) is unchanged. What does this
say about the quantities of (2.40)?

111
Consider the irreducible matrix £ = | 24 0 |, which has an eigenvalue
102
A = 0, and for which its cycle set C'(F) consists of the two strong cycles
71 = (1 2)and v = (1 3). Show that not all three Brauer Cassini
ovals pass through z = 0 (Zhang and Gu (1994)). However, show that
A = 0 is a boundary point of its Brualdi set, B(E) = B, (E) U B, (E),
and that B, (E) and B,,(E) both pass through z = 0, as dictated by
Theorem 2.8.

Let A = [a;;] € C"™" be irreducible, with the property that A has
two distinct rows for which each row has two nonzero non-diagonal
entries. (This implies that n > 3.) If A\ € o(A) is such that (cf.(2.6))
A € OK(A), show that A € 9K, ;(A) for all ¢ # j, with 1 < 4,j < n.
(Rein (1967)). Note that the 3 x 3 matrix of Exercise 7 does not satisfy
the above hypotheses.

The definitions of the Brualdi lemniscates in (2.38) and (2.39) make use
of the new row sums {7;(A4)}",; of (2.37). Show that if these Brualdi
lemniscates are defined with the old row sums {r;(A)}";, the result
of Theorem 2.5 is still valid. (Hint: use (2.49).)
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2.3 Comparison of the Brauer Sets and the Brualdi Sets

Our new result here is very much in the spirit of Theorem 2.3.

Theorem 2.9. For any A = [a; ;] € C"*",n > 2, then, with the definitions
of (2.6) and (2.40),

(2.48) B(A) C K(A).

Remark. This establishes that the Brualdi set, for any matrix A, is always
a subset of its associated Brauer set K(A). Note also that the restriction
n > 2 is necessary for the definition of the Brauer set K(A), as in Theorem
2.2.

Proof. Consider any cycle v of the cycle set C(A). If v is a weak cycle, i.e.,
v = (i) for some ¢ € N, then (cf.(2.39)) By(A) = {a;;}. Now, the Brauer
Cassini oval K ;(A), for any j # 4, is, from (2.5),

Kij(A) :={z € C: [z —ais|- [z —a;;]| <ri(4) -m;(A)},

so that a;; € K; ;(A). Thus, B,(A) C K; ;(A) for any j # ¢; whence, B, (A) C
K(A).

Next, assume that « is a strong cycle from C(A), where we point out
that the new row sums {7;(A)}"_; for A, from (2.37) in the reducible case,
and the old row sums {r;(A)}"_, for A, necessarily satisfy

(2.49) 0<7(A) <ri(A)  (allien),

with 7;(A) = r;(A) > 0 for all i € N if A is irreducible. If the strong cycle v
has length 2, i.e., v = (i1 i2) where i3 = 41, then it follows from (2.38) that
its associated Brualdi lemniscate is

B’Y(A) = {Z eC: |Z - ail,i1| : |Z - ai2,i2| <7 (A) : le(A)}
Hence, with (2.5) and the inequalities of (2.49), it follows that
B'y(A) C 11,02 (A)

Next, assume that this strong cycle v has length p > 2, ie, v =
(i1 42 -+ ip), with i,y = 41, where the associated new row sums
{7i;(A)};_, are all positive. From (2.38), the associated Brualdi lemniscate
is

P P
(2.50) By(A) =S zeC: ]|z —ai| <[] 7,(4)
Jj=1 j=1

Let z be any point of B,(A). On squaring the inequality in (2.50), we have
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(A).

2 2 2 ~ ~ ~
‘Z_a'i17i1| '|Z_ai27i2| ""Z_aipaip| Srzzl(A)'rz'Qg(A)"'rzzp

As these 7;,(A)’s are all positive, we can equivalently express the above in-
equality as

12 = @iy in| 12 = @igin |\ (12 = Gigia| - |2 — @iy}
,Fil (A) : ,Fi2 (A) 7:1'2 (A) . fis (A)
R I P A
7i, (A) - 73, (A) -

As the factors on the left of (2.51) cannot all exceed unity, then at least one
of the factors is at most unity. Hence, there is an £ with 1 < ¢ < p such that

(2.51)

|Z - ai/zyizl : |Z - aiz+1,iz+1| < ’Fiz (A) ! ’Fié+l (A)a

(where if £ = p, then ig4q = 41). But from the definition in (2.5) and from
(2.49), we see that z € K A). Hence, as z is any point of B,(A4), it
follows that

i/z,iz+1(

P
B(A) C | Kiji,,0(A)  (where iy = iy).
j=1

Thus, from (2.40) and the above display,

the desired result of (2.48). W

It is important to remark that while the Brualdi set B(A) is always a subset
(cf.(2.48)) of the Brauer set K(A), for any matrix A = [a; ;] € C"*" with
n > 2, there may be substantially more computational work in determining
all the Brualdi lemniscate sets B,(A), than there is in determining the (7)
Brauer Cassini ovals. That is, getting the possibly sharper inclusion in (2.48)
may come at the price of more computations. This is illustrated in the next
paragraph.

We next show that there are many cases where equality holds in (2.48)
of Theorem 2.9. Consider any matrix A = [a; ;] € C"*", with n > 2, for
which every nondiagonal entry a;; of A is nonzero. The matrix A is then
clearly irreducible. Next, for any n > 2, on defining

Pr = { the set of all cycles of length at least two, from

(2.52) the integers (1,2,---,n) },

it can be verified (see Exercise 2 of this section) that the cardinality of P,
(i.e., the number of elements in P,,), denoted by |P,|, is given by



2.3 Comparison of the Brauer Sets and the Brualdi Sets 55

(2.53) P, = i (Z) (k—1)!.

k=2
Then, each strong cycle v of G(A), given by v = (i1 42 --- 1p) with p > 2,
can be associated with an element in P,, i.e.,

v={(i1 @2 -+ ip) € Py, where2 <p<mn.

In this case, as each Brauer Cassini oval K; ;(A),i # j, corresponds to a cycle
(of length 2) in B(A), it follows from (2.40) that C(A) C B(A), but as the
reverse inclusion holds in (2.48), then

(2.54) B(A) = K(A).
In other words, the Brualdi set B(A) need not, in general, be a proper subset
of the Brauer set (A). But what is most striking here is that, for a 10 x 10
complex matrix A, all of whose off-diagonal entries are nonzero, there are,
from (2.53),

1,112,073 distinct cycles in C(A).

Thus, determining the Brualdi set B(A) would require finding 1,112,073
Brualdi lemniscates, a daunting task for a 10 x 10 matrix!. Fortunately, as
B(A) = K(A), only (120) = 45 of these cycles, corresponding to the Brauer
Cassini ovals, are needed to determine B(A), while only 10 Gersgorin disks
are needed for I'(A).

The example, in the previous paragraph, where the given irreducible ma-
trix A = [a; ;] € C"™", n > 2, has all its off-diagonal entries nonzero, shows
that it suffices to consider only the union of the Brauer Cassini ovals for A,
in order to obtain a valid eigenvalue inclusion set for A. This reduction is
noteworthy, and leads to the following considerations.

Let A =[a; ;] € C*** be an irreducible matrix with zero diagonal entries,
for which vy = (1 2 3 4) and 75 = (1 2 4 3) are elements of the
cycle set C(A). (Note that B, (A) = B,,(A) from (2.38) and Exercise 6 of
Section 2.2.) Then, A is irreducible and its directed graph, based on v, and
~2, is shown in Fig. 2.5. But, it is evident from this directed graph that
v3=(1 2 3), va=(1 2 4), and 75 = (3 4) are the remaining elements of
C(A). Moreover, using the technique of the proof of Theorem 2.9, it can be
verified (see Exercise 3 of this section) that

5
(2.55) B(A) := (] By, (4) = B, (A) UB,,(4) U B, (A),
j=1

i.e., the higher-order lemniscates B, (A) and B.,(A), of order 4, are not
needed, from (2.55), in determining B(A). From this, we can speak of a re-
duced cycle set C (A) of an irreducible matrix A, in which particular higher-
order Brualdi lemniscates are omitted from C(A), but with C'(4) having the
property that
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V

Fig. 2.5. The directed graph, G(A), for the cycles v1 = (1 2 3 4) and 72 =
(124 3)

U B.(4) =84
v1€C(A)

We now give the following new result of Brualdi and Varga, Theorem 2.10,
which provides a theoretical setting for such cycle reductions. (We note that
the reduction of (2.55) is in fact the special case, m = 2, of this theorem.)
For notation, if v = (i1 42 --- ip) is a cycle of C(A), then

P
V(y) = U{zj} is its vertex set ,
j=1

where we note, in this irreducible case, that all cycles are necessarily strong
cycles.

Theorem 2.10. Given an irreducible matrizv A = [a; ;] € C"*",n > 2, let
C(A) be its cycle set, and let {;}5_,, with s > 2, be distinct cycles of C(A)
such that

S

) Vi) = J V), and

j=2
i1) there is a positive integer m such that each vertex from v

S
appears exactly m times in U V(v;)-
j=2

Then (cf.(2.38)),
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(2:56) B4 € | B, (4)
j=2

Remark 1. This means that the Brualdi lemniscate B.,, (A) can be deleted
from the rualdi set (cf.(2.40)) B(A), since U B,(A) = B(A).
veC(A)/m
Remark 2. Noting that the length of a cycle v in C(A) is the same as the
cardinality of its vertex set V (vy), then the hypotheses of Theorem 2.10 imply
that
length(vy1) > length(v;), for each j with 2 < j <s.

Thus, removing ~; from C(A) removes a generally higher-order lemniscate
from C(A).

Proof. Since A is irreducible, then r;(A) > 0 for all i € N. Thus for any v €
C(A), we can equivalently express its associated Brualdi lemniscate (cf.(2.38))

N B(A)={zeC: H('Z “31|)<1}

ey

Now for any z € C, the hypotheses i) and ii) of Theorem 2.10 above directly
give us that

(2.57) IE <W>m :jli kgj <|Zr;(if)k|)

Hence, for any z € B,, (A), the product for v;, on the left in (2.57), is at most

unity. Thus, not all products H (:T) for 2 < j < s on the right
ke, )

n (2.57), can exceed unity. Therefore, there is an 4, with 2 < i < s, such

that H ( — Tk, k') < 1, which implies that z € B,,(A), and this gives the

deblred 1nclu510n of (2.56). W

To conclude this section, the use of the Brualdi set B(A), rather than the
Brauer set (A) or the Gersgorin set I'(A) to estimate the spectrum of A,
seems to be more suitable in practical applications in cases where the cycle
set C(A) has few elements, or, more precisely, when its reduced cycle set has
few elements.

Exercises

1 For the tridiagonal n x n matrix A, associated with the directed graph
of Fig. 1.7, show that its Brualdi set (cf. (2.40)) is, for any n > 4, just



58 2. Gersgorin-Type Eigenvalue Inclusion Theorems

B(A)={zeC:|z—2| <2}.

Also, show for n > 4 that B(A) = K(A) = I'(A).

2. Prove that the formula in (2.53) is valid. (Hint: Use the result of Ex-
ercise 6 of Section 2.2.)

3. For the matrix A = [a;;] € C***, whose directed graph is shown in
Fig. 2.5, verify that (2.55) is valid. (Hint: Apply Theorem 2.10 for the
case m = 2.)

4. For any complex numbers {z; };’:1 with p > 2, and for any p nonneg-
ative real numbers {p;};_,, define the Brualdi-like sets

p p
Sy = ze(C:H\z—zj|§Hpj , and
j=1 j=1

p P
Sp\k = zE(C:H|z—zj|§Hpj ,
J2h J#H

for any k with 1 < k < p. Then, it is known (Karow (2003)) that

p
Sp € | Spie-
k=1

Show that the above inclusion can be deduced as a special case of
m = p — 1 of Theorem 2.10.

2.4 The Sharpness of Brualdi Lemniscate Sets

Given any matrix A = [a; ;] € C"*",n > 1, we have from (2.42) of Theorem
2.5 that

(2.58) o(A) C B(A),

where the associated Brualdi set B(A) is determined, in (2.40), from the
quantities

(2.59) {aii}i_,, {7i(A)};,, and the cycle set C(A) of A.

It is again evident that any matrix B = [b; ;] € C"*", having the identical
quantities of (2.59), has its eigenvalues also in B(A), i.e., with notations
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similar to the equiradial set and the extended equiradial set of (2.15) and
(2.16), if

wi(A) == {B = [bi;] € C""" : b;; = a;;,7:(B) = Fi(A),

(2.60) for all i € N, and C(B) = C(A)}

denotes the Brualdi radial set for A, where o(wg(4)) = U o(B),

and if the extended Brualdi radial set is given by

(J)B(A) = {B = [bi,j} S (Cnxn Zbiﬂ' = am,O < 72(3) < ’I:l(A),

(2.61) for all i € N, and C(B) = C(A)}

for A, where o(0p(4)) = U o(B), it follows, in analogy with (2.18),
Bewgp(A)

that

(2.62) o(wp(4)) C o(wr(A)) C B(A).

(We note that 7;(A) > 0 for any row ¢ associated with a strong cycle of

G(A).)

It is of theoretical interest to ask if equality can hold throughout in (2.62).
The answer, in general, is no, as the following simple example shows. Consider
the matrix

—_

(2.63) D=

[N
(@) [

—_
== O

so that 1
(D) =ro(D) =1, and r3(D) = 7

The directed graph G(D), without loops, is then given in Fig. 2.6, so that D
is irreducible, and the cycle set of D is C(D) = (1 2)U (1 2 3). Now, any
matrix F in wp(D) can be expressed from (2.60) as

1 ! 0
2.64 FE = 1 — s)et?2 —1 seifs
( :
%6194 0 1

where s satisfies 0 < s < 1 and where {6;}%_, are any real numbers. (Note
that letting s = 0 or s = 1 in (2.64) does not preserve the cycles of C(D).)
With vy := (1 2) and 72 := (1 2 3), we see from (2.38) that
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Vi

Fig. 2.6. The directed graph, G(D), without loops, for the matrix D of (2.63)

By (D)={z€C: |2 -1 <1}, and
(2.65)
B.,(D) = {zec: 2 =1 2+ 1] < 1/2},

where the lemniscate B, (D) consists of two disjoint components. These lem-
niscates are shown in Fig. 2.7.

Fig. 2.7. The lemniscates B+, (D) and B, (D) (shaded) for the matrix D of (2.63)

It can be seen, from (2.65) and from Fig. 2.7, that z = 0 is a boundary
point of the compact sets B, (D) and B(D) := B, (D) U B,,(D). Suppose
that we can find an s with 0 < s < 1 and real values of {#;}}_; for which an
associated matrix E of (2.64) has eigenvalue 0. This implies that det £ =0,
which, by direct calculations with (2.64), gives

O=det E=-1—(1- s)i(el+92) + %sei<91+93+94), or
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(2.66) 1= {—(1 — 5)el?rtb2) 4 1sei<"1+"3+*‘)4>} :
2
But as 0 < s < 1, the right side of (2.66) is in modulus at most
1 2—s
1- —s= <1,

so that det E # 0 for any E in wg(D), i.e., 0 ¢ o(wg(D)). A similar argument
shows (cf. (2.61)) that 0 ¢ o(wp(D)). But as 0 € B(D), we have

(2.67) o(wp(D)) C o(ws(D)) S B(D).

But, in order to achieve equality in the last inequality in (2.67), suppose that
we allow s to be zero in (2.64), noting from (2.65), that the parameter s plays
no role in B(D) = B, (D) U B.,,(D). Then, on setting s = 0 in (2.64), the
matrix E of (2.64) becomes

R 1 e o
(2.68) E=] €% -10]|,
%ew“ 0 1
and on choosing #; = 0 and ¢ = 7, then 2z = 0 is an eigenvalue of E, where
E is the limit of matrices F in (2.64) when s | 0. We note that the directed

graph of G(E) is shown in Fig. 2.8 , so that C(E) # C(D), but E remains an
element of w(D) of (2.15).

v V)

Vs

Fig. 2.8. The directed graph, G(E), with no loops, for the matrix of (2.68)

This example suggests that we consider the closures of the sets wp(A)
and wp(A4) of (2.60) and (2.61), where A = [a;;] € C"*",n > 1, is any
matrix:
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wp(A) :={B = [b; ;] € C"*" : there is a sequence of matrices

(2.69) {Ej };ozl in wp(A), for which
j—oo
and

wB(A) :={B = [b; ;] € C"*" : there is a sequence of matrices

(2.70) {E;}52,in @p(A), for which
B = lim E;}.
J—0

This brings us to a recent result (cf. Varga (2001a)) of
Theorem 2.11. For any A = [a; ;] € C"*", then

(2.71) OB(A) C o(@s(A)) € o(@a(A)) = B(A),

i.e., each boundary point of the Brualdi set B(A) is an eigenvalue of some
matriz in Ws(A), and each point of B(A) is an eigenvalue of some matriz in
wg(A).

Remark: This establishes the sharpness of the Brualdi set B(A) for the
given matrix A, as the final equality in (2.71) gives that the spectra of ma-
trices in wp(A) are dense in B(A).

Proof. Since o(wp(A)) C o(wp(A)) from (2.62), it follows that their closures,
of (2.69) and (2.70), necessarily satisfy o(ws(A4)) C o(@p(A)), giving the
middle inclusion of (2.71). It suffices to establish the first inclusion and the
final equality in (2.71).

First, suppose that v in C(A) is a weak cycle. Then, v = (i) for some
i € N, where its associated Brualdi lemniscate is, from (2.39), B,(A) = {a;,;}.
Moreover, from (2.3641) and (2.35), we see that either n =1, or n > 2 with A
reducible, and that a;; is an eigenvalue of A. If all cycles v in C'(A) are weak

cycles, then the Brualdi set B(A) for A satisfies B(A) = U a; ;. Thus, as this
i=1

case gives us that 7;,(A) = 0 for all i € N, then with (2.364i), it follows from

(2.34) that each matrix in wg(PAPT) or wg(PAPT) is upper triangular with

diagonal entries {a;;}? ;. Hence,

OB(A) = o(wp(A)) = o(@s(A)) = B(A) = | ] i,
i=1

the case of equality in (2.71).
Consider any strong cycle v in C(A). From our discussion in Section 2.3,
we can express 7y as an element of P, of (2.52), i.e.,
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(2.72) v={(i1 @2 --- ip), where 2 <p <mn.

Without loss of generality, we can assume, after a suitable permutation of
the rows and columns of A, that

(2.73) =02 - p)

noting that this permutation leaves unchanged the collection of diagonal en-
tries, row sums, and cycles of A. This permutated matrix, also called A, then
has the partitioned form

a1 - Glp | Qip+1 0 Ain
(2.74) A= Gp,1 Apyp | Appt1 Gpn_ | _ A1,1|A1,2
. b)
Ap+1,1 Gpilp|dptiprl  Opiin Ag1]As s
L a”ﬂ,l . a’ﬂ,p an’p+1 P an’n ]

where the matrices A; 2, A2 1, and Ag 5 are not present in (2.74) if p = n. We
also assume, for notational convenience, that r;(A4) = 7;(A) for 1 < i < p.
This means that any entry of A; o, which arises from an upper triangular
block of the normal reduced form of A in (2.35), is simply set to zero.

Our aim below is to construct a special matrix B(t) = [b; ;(t)] € C"*",
whose entries depend continuously on the parameter ¢ in [0, 1], such that

bii(t) = a;y, m(B(t)) =7i(A), for all i € N, and all ¢ € [0,1],
(2.75) and
C(B(t)) =C(A) forall 0 <t < 1.
To this end, write

(2.76) B(t) = {Bzzl(f) BZE(;)] :

i.e., the rows p+1 < £ < n of B(t) are exactly those of A, and are independent
of t. We note from (2.73) that

(2.77) a12-a2.3° " p-1p - ap1 7 0,

and the entries of the first p rows of B(t) are defined, for all ¢ € [0,1], to
satisfy
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bii(t) :=a;; for all 1 <i < p;

biiv1 ()] == (L = )73 (A) + tlaiiy1]|, and |b; ;(t)] == t|a; ;]
(j #i,i+1),forall 1 <i<p;

|bp1(t)] := (1 = t)rp(A) + tlap.1|, and |by ;(¢)| := tla, ;| (all j # 1, p).
(2.78)

By definition, the entries of B(t) are all continuous in the variable ¢ of [0, 1],
and B(t) and A have the same diagonal entries. Moreover, it can be verified
(see Exercise 1 of this section) that B(t) and A have the same row sums for
all 0 <t <1, and, as a; ; # 0 implies b; ;(t) # 0 for all 0 < ¢ < 1, then B(t)
and A have the same cycles in their directed graphs for all 0 < ¢ < 1. Also,
from (2.60), B(t) € wg(A) for all 0 < t < 1, and from (2.69), B(0) € wp(A).
Hence, from (2.62),

(2.79) o(B(t)) C B(A) for all 0 < t < 1.

But as B(A) is a closed set from (2.38) - (2.40), and as the eigenvalues of
B(t) are continuous functions of ¢, for 0 < ¢ < 1, we further have, for the
limiting case ¢ = 0, that

a(B(0)) € B(A),
where, from the definitions in (2.78),

B11(0)] O }7

(2.80) B(O):{ o

with

ai,1 Tl(A)ewl
a272 T2(A)€i02
(2.81) 31’1(0) =
, ap-1p-1  rp-1(A)e’lr
rp(A)eir Gp,p

We note from (2.78) that the nondiagonal entries in the first p rows of B(t)
are defined only in terms of their moduli, which allows us to fiz the arguments
of certain nondiagonal nonzero entries of By 1(0) through the factors {e?% o
where the {0;}/_, are contained in [0, 27]. (These factors appear in B 1(0)
of (2.81).) The partitioned form of B(0) gives us that

(282) O'(B(O)) = O'(B171(0)) U O'(AQ,Q),
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and, from the special cyclic-like form of By 1(0) in (2.81), it is easily seen
that each eigenvalue A of Bj 1(0) satisfies

p P
(2.83) H A —aiq = H ri(A),

i=1 i=1
for all real choices of {6;},_; in [0,27] in (2.81). But (2.83), when coupled
with the definition of B, (A) in (2.38), immediately gives us that A € 9B, (A),
and, as all different choices of the real numbers {6;}2_,, in By,1(0) of (2.81),
give eigenvalues of By 1(0) which cover the entire boundary of B, (A), we have

(2.84) U o(Bi.1(0) = 9B, (A).

01,,0preal

This can be used as follows. Let z be any boundary point of B(A) of (2.40).
As B(A) is the union of a finite number of closed sets B (A), this implies that
there is a cycle v of C(A) with z € 0B, (A), where B.,(A) is defined in (2.38).
As the result of (2.84) is valid for any v of C(A), then each boundary point
z of B(A) is an eigenvalue of some matrix in wg(A) of (2.69), i.e.,

(2.85) 0B(A) C o(wp(A)),

which is the desired first inclusion of (2.71).

To investigate how the eigenvalues of @z (A) of (2.70) fill out B(A), we
modify the definition of the matrix B(t) of (2.75) and (2.78). Let {7;}}_; be
any positive numbers such that

(2.86) 0<7<ri(A) (1<i<p),

and let B(t) = [b; j(t)] € C™ " have the same partitioned form as B(t) of
(2.76), but with (2.78) replaced by

Bi,i(t) =G4 for all 1 <i < p;
(2.87)

Ti

i ()] = m\bi,j(tﬂ (j #1i), for 1 <i<p, and t € [0,1].

Then, B(t) and A have the same diagonal entries, the row sums of B(t) now
satisfy r;(B(t)) = 7j forall 1 < j < p, all 0 <t < 1, and B(t) and A have the
same cycles for all 0 < ¢t < 1. From (2.61), B(t) € &p(A) for all 0 < ¢ < 1,
and from (2.70), B(0) € &i(A). In analogy with (2.80), we have

B(o) - [@;f? 21

with
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ai,1 7'18“91
Q2,2 7'2614‘92
(2.88) By 1(0) = . ,
. Up-1p-1  Tp-1€0r
Tpezel’ ap.p
where
(2.89) o(B(0)) = 0(B1.1(0)) Ua(Ags).

It similarly follows that any eigenvalue A of By 1(0) in (2.88) now satisfies

P P
(2.90) H|)\—ai,i| = 1_[7'1‘7
j=1 i=1
for any choice of the real numbers {6;}7_, in By 1(0) of (2.88). Writing

Bl,l(o) = BI,I(O;TD"'an;ela"'79p)

to show this matrix’s dependence on these parameters 7; and 6;, we use
the fact that {7;}}_; are any numbers satisfying (2.86) and that {6;}7_;
are any real numbers in [0,27]. Hence, it follows, from the definition of
B,(A) in (2.50) and closure considerations, that all the eigenvalues of
Bi1(0;71, -+, 7p; 01, -+, 6,) fill out B, (A), i.e.,

(2.91) U o(Bya (0571, -, Tp; b1, -+, 60p)) p = By(A).
{0<r; <ry(A)E_;
{0:}7_, €[2n]

As this holds for any v € C(A), where B(0) € &p(A), then

(2.92) o(ws(A)) = B(A),
the desired final result of (2.71). W

Exercises

1. Verify that B(t), of (2.78), and A of (2.76) have the same row sums
for all 0 <t < 1, and the same cycles in their directed graphs for all
0<t<1.

2. Show, for all real choices of {6;}%_, in [0,27] in (2.81), that the eigen-
values of By 1(0) in (2.81) fill out 9B8,(A) in (2.84).
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3. Show, for all real choices of {6;}/_, in [0, 27] and all choices of {7;}/_,
satisfying (2.86), that the eigenvalues of By 1(0) of (2.88) are dense in

B, (A) of (2.38).
4. Consider the familiar n x n irreducible tridiagonal matrix

2 -1
-1 2 -1

-1 2 -1
-1 2
whose Brualdi set, from Exercise 1 of Section 2.3, is B(4) =
{z€C:|z—2| <2} for any n > 4. While z = 0 is a boundary point
of B(A), show, using Theorem 2.8, that z = 0 is not an eigenvalue of

A. However, show that z = 0 is an eigenvalue of a specific matrix in
wp(A) of (2.69), for any n > 4.

5. Assume that A = [a; ;] € C"*", n > 2, is irreducible and that its cycle

set C(A) consists of only one cycle, y = (1 2 --- mn). Show in this
case (cf. (2.71)) that

2.5 An Example

To illustrate the result of Theorem 2.11, consider the matrix

1 ¢ 0 0
ei02 . 03 0
2. E=|2 ' =2
(2.93) 0 0 —1¢f|’

es 0 0 —i

where {6;}5_; are any real numbers in [0, 27]. Then, E is irreducible, with
cycle set C(E) = (1 2)U (1 2 3 4), and with row sums r;(E) = 1 for all
1 <i < 4. In this case, we have from (2.40) that the Brualdi set B(E) is the
union of the two closed lemniscates
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Fig. 2.9. The lemniscates, B+, (E) and B, (E), for the matrix E of (2.93)

By, (E) ={2z€C:|z—1| |z —1i| <1} = K1 2(E),
(2.94) and

B, (E):={z€C:2* -1 <1}

These sets are shown in Fig. 2.9, where B,,(E) has the shape of a four-leaf
clover.

To show how the eigenvalues of F fill out B(E), we take random numbers
s from the open interval (0, 1) and random values of {6;}?_; from [0, 27], and,
using Matlab 6, the eigenvalues of these matrices are plotted in Fig. 2.10. Fig.
2.10 shows indeed that these eigenvalues of A tend to fill-out B(E).

The following near paradox arose from Theorem 2.11. As an example,
the matrix E of (2.93) is irreducible, and it is known from Theorem 2.8 that
a necessary condition for a boundary point z of B(E) to be an eigenvalue of
E is that z is a boundary point of each of the lemniscates B., (E) and B, (E)
of (2.94). (This is a generalization of Taussky’s Theorem 1.12 on Gersgorin
disks, to lemniscates.) But from Fig. 2.9, it is apparent that z = 0 is the
only point for which 9B.,, (E) and 0B,,(E) have a common point. Yet, (2.71)
of Theorem 2.11 gives the nearly contradictory result that each point of
OB(E) is an eigenvalue of some matrix in wg(E). The difference, of course,
lies in the fact that the result of Theorem 2.8 applies to the fixed matrix
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Fig. 2.10. Random Eigenvalues of B(E)

E, while the common data of (2.59) applies to all matrices which lie in the
closure of wp(E).
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Bibliography and Discussion

2.1.

Ostrowski (1937b) first obtained the nonsingularity result of The-
orem 2.1. Brauer (1947) later independently obtained the equiva-
lent eigenvalue inclusion result of Theorem 2.2 by means of a di-
rect proof. (Brauer, in the same paper, obtained Ostrowski’s Theo-
rem 2.1 by constructively deriving, from the hypothesis of (2.1), that
min{|A| : A € 0(A)} > 0.) Though well-known today, the equivalence
of these two results was not widely recognized until several years after
Brauer’s paper in 1947.

Brauer’s name had become synonymous with the ovals of Cassini, but,
for unknown reasons, they are rarely mentioned, even though they are
superior (cf. Theorem 2.3) to the Gersgorin disks. (An exception
is the book by Korganoff (1961).) Even today, they have not been
widely utilized, most likely because i) there are n(n —1)/2 such ovals,
as compared with n GerSgorin disks, and ii) these ovals are, by their
definition, more complicated than disks. The author, however, hopes
that this book will generate more interest and applications for this
area.

For a further corroboration of Theorem 2.3, as in Fig. 2.2, where the
Gersgorin set I'(A) with the Brauer set (A) are compared, we recom-
mend the following interactive supplement. For an arbitrary 3 x 3
complex matrix, go to the website:
http://etna.mes.kent.edu

for the electronic journal ETNA (Electronic Transactions on Numeri-
cal Analysis), click on volume 8 (1999), and go to the paper by Varga
and Krautstengl (1999), “On Gersgorin-type problems and ovals of
Cassini”, 15-20. Then click on the Interactive Supplement, which
was written in Java by Dr. Bryan Lewis. There, for a 3 x 3 complex
matrix of your choice, or a 3 x 3 complex matrix which is generated
randomly, one gets the associated spectrum of this matrix, Gersgorin
disks (in color), and the Cassini ovals (also in color)!

The fact the Brauer’s ovals of Cassini do a perfect job in estimating
the spectra of all matrices w(A) of (2.15) for any matrix A = [a; ] €
C"™ "™ n > 3, was shown recently by Varga and Krautstengl (1999),
though the exact result of (2.19) of Theorem 2.4 appeared earlier in
Theorem 6.15 of Engel (1973), with essentially the same proof. This
paper of Engel (1973) is a very important contribution, as it derives
results for column and row linear matrix functions, which includes
determinants and permanents.



2.2

2.3

2.5 An Example 71

Part of the disappointment in using ovals of Cassini came possibly
from the natural urge to march forward, beyond ovals of Cassini, to
higher order lemniscates with the hope of superior eigenvalue inclusion
results. This, unfortunately, failed in simple cases, as in the case of
the 4 x 4 matrix in (2.33). Subsequently, Brualdi, in 1982, brilliantly
showed how to “solve” this problem by using cycles from the directed
graph of a matrix. In essence, Brualdi (1982) derived his related result
of Theorem 2.5 for weakly irreducible matrices, which are matrices
having only strong cycles (see Exercise 1 of Section 2.2). The Brualdi
sets of (2.40), which are a new but modest generalization of Brualdi’s
work, include the notion of weak cycles, which permits all matrices
to be analyzed from a knowledge of their directed graphs. (Our proof,
given in Theorem 2.5, is perhaps simpler than Brualdi’s, as it avoids
Brualdi’s use of partial orderings.

We also mention that Karow (2003), in his Ph.D. thesis, also effectively
developed the analog of weak cycles in his definition of o (A), used in
his Theorem 4.6.4,which is also an extension of Brualdi’s work. This
extension is done without using the normal reduced form of (2.35),
which, however, is needed for the sharpness in Theorem 2.11 of this
chapter.

As in Chapter 1, we remark that (2.45) of Theorem 2.8 gives, for an
irreducible matrix A in C™*", a necessary condition for an eigenvalue
A of A to lie on the boundary of the Brualdi set B(A). In this regard,
important related necessary and sufficient for this to happen, for a
given fixed matrix, have been given in Li and Tsatsomeros (1997)
and Kolotolina (2001), (2003a) and (2003b). Our interest here, as is
apparent, has been in the related, but diametrically opposed, problem
of seeing if each point of an eigenvalue inclusion set is an eigenvalue
of some matrix associated with that eigenvalue inclusion set.

The comparison of the Brualdi sets with the Brauer sets was carried
out recently in Theorem 2.6 in Varga (2001b).

The notion of a reduced cycle set, in this section, is new. The re-
sult of Theorem 2.10, which gives sufficient conditions for replacing a
cycle of an irreducible matrix by lower-order cycles, is an unpublished
consequence of an exciting exchange of e-mails with Richard Brualdi,
for which the author is most thankful.
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It is interesting to mention that Brauer (1952) gave in his Theorem 22
an erroneous result, patterned after Taussky’s Theorem 1.12, which
stated that if A = [a;;] € C™*", n > 2, is irreducible, then A, a
boundary point of the union of its associated Cassini ovals of (2.6),
can be an eigenvalue of A only if A is a boundary point of each of the
n(n—1)/2 ovals of Cassini K; j(A) of (2.5). This error was undetected,
in the current literature of widely available journals, until Zhang and
Gu (1994) gave a simple 3 x 3 matrix counterexample, which is given in
Exercise 6 of Section 2.2. But, it was kindly pointed out to me recently
by Ludwig Elsner that such a counterexample was earlier published
by his student Rein (1967) in the more obscure Kleine Mitteilungen of
the journal Zeit. Angew. Math. Mech. What is also interesting is that
the counterexample of Zhang and Gu is a 3 X 3 matrix whose first and
third rows are identical to the earlier 3 x 3 matrix of Rein, while the
second row of the Zhang/Gu matrix is exactly a multiple of 2 of the
corresponding Rein matrix!

It should also be quietly mentioned that Feingold and Varga (1962)
used Brauer’s incorrect result to obtain in a “generalization” to par-

titioned matrices, which is also incorrect, but now easily corrected in
Chapter 6.

The sharpness of the Brualdi lemniscate sets, as given in Theorem
2.11, comes from Varga (2001a).
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3.1 The Parodi-Schneider Eigenvalue Inclusion Sets

In this chapter, the emphasis is again on eigenvalue inclusion sets, for gen-
eral matrices in C™*", which differ from the previously studied eigenvalue
inclusion sets of Chapters 1 and 2. We also consider the computational ef-
fort involved in determining these new eigenvalue inclusion sets, as compared
with those of Chapters 1 and 2.

We begin with the original results of Parodi (1952) and Schneider (1954).
Given any A = [a; ;] € C"*" and given an x = [z1, 22, -+, 2,]7 > 0 in R",
let X := diag [x1, %2, -, %), so that X is a nonsingular matrix in R™*". If
¢ is a fixed permutation on the elements of N := {1,2,---,n}, let

Py = [0; (5]

denote its associated permutation matrix in R™*". Then for any z € C,
consider the matrix

(3.1) B(2) = [bij(2)] = (X 'AX —zI,) - P, € C**",
whose entries are given by

(3.2) bij(2) = (ai,0()To(5)/Ti) = 2010y (6,5 € N).

Following Parodi (1952) and Schneider (1954), if z € (A), then the ma-
trix B(z) of (3.1) is evidently singular, and thus cannot be strictly diagonally
dominant. Hence (cf. Theorem 1.4), there exists an ¢ € N for which

(3-3) Bri() < D Ibig(2)] = ri(B(2).

JEN\{i}

The inequality in (3.3) is then used to define the associated Gersgorin-type
set
(3.4) To(A) = {2 € C:|bi(2)] <ri(B(2))} (i €N),

which can be equivalently expressed, from (3.2), in terms of the familiar row
sums r¥(A), of (1.13), as
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?

F”Z)(A) ={2€C:|z—a| <rX(A)} if (i) =1,
(3.5)¢ or

IT3(A) = {2€C: |z=a| > =17 (A) +2a; i) [Ty [2:} i D(3) #1,

which shows the dependence of this set on ¢ and x.
Note from (3.5) that I’[;(A) is just a closed disk when ¢(i) = i. But
when ¢(4) # 4, then on setting

(3.6) Wity = —1i(A) + 2lai g0 [T /i,

we see from (3.5) that

(3.7) IT4(A) = Coo == CU {00} if pi, <0,

ie., I Z’;(A) is the extended complex plane. Similarly,
(3.8) F{:;(A) ={2€C:lz—aii| > pi,}if piy >0,

ie., F;;(A) is the closed exterior of a disk. This latter type of set will
have interesting consequences for us! In any event, as each eigenvalue A of A
must, from our construction, lie in some I ;;(A), then with the definition of

(3.9) Iy (A) = J 17,4,

ieN
we have that A € Fq’;x (A). This gives us

Theorem 3.1. For any A = [a; ;] € C"*", for any permutation ¢ on N,
and for any x > 0 in R", then (cf. (3.9))

(3.10) o(A) C I} (A).

We call ng (A) the (weighted) permuted Gersgorin set for A, with
respect to ¢, which, from (3.10), is another eigenvalue inclusion set for any
matrix A in C"*". Of course, if some F[’;(A) = C, then from (3.9), we
necessarily have

Iy (A) =Cx,

meaning that the eigenvalue inclusion of (3.10), while valid, adds nothing of
interest in estimating the actual eigenvalues of A!

For a fixed ¢ and a fixed x > 0 in R", the (weighted) permuted Gersgorin
set F;x (A) is as easily determined as is the weighted Gersgorin set I'" (A)
of (1.14). But if the permutation ¢ on N is such that

(3.11) Qi =0 with ¢(i) # i,
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it follows from (3.5) that F[;(A) = Co, implying that F(;x (A) = C for all
x > 0 in R". Such a permutation ¢ is called a trivial permutation for A,
and such permutations are to be avoided!

We give below a matrix example of the utility of the permuted Gersgorin
sets. Consider the matrix

201
(3.12) C3=1(011] = [Ci}j] S R3*3,
112

As ¢19 = ¢21 = 01in (3.12), we discard the following trivial permutations for
C3 (where we use the standard cyclic permutation notation from (2.34)):

¢1=(1 2)3), p2=(1 2 3), and g3 =(2 1 3),

leaving the permutations

(313) 1= (D(2)3), és= (1 3)(2), and ¢ = (1)(2 3).
For the following positive vectors from R?, namely,

(3.14)  x=[1,1,1]7, y =[1.25,1,0.5]7, and z = [0.5,1,0.25]%,

we have determined the eigenvalue inclusion sets of I’ g:(03)7 r (;:(Cg), and
r (;Z (Cs3), where the set I J;Z (Cs5) is the bounded union of three closed disks
while I’ qu (Cs) and T g:(Cﬁ) are each the unbounded unions of the one closed
disk and closed exteriors of two disks. The intersection of these three sets,
which gives an eigenvalue inclusion set for C of (3.12), is shown in Fig. 3.1,
where the eigenvalue of C3 are shown as “x’s”. (The dotted circles in this
figure represent internal boundaries of this intersection.)

The result of Fig. 3.1, for the matrix Cs of (3.12), suggests that taking
the intersection of some weighted GerSgorin sets, in conjunction with some
(nontrivial) permuted Gersgorin sets, can give useful information about the
spectrum of a given matrix!

Though the extensions of weighted permuted Gersgorin sets to Cassini
ovals and higher-order lemniscates have not, to the author’s knowledge, been
considered in the literature, this can be easily done. In a completely analogous
way, applying Brauer’s Theorem 2.2 to the matrix B(z) of (3.1) gives

Theorem 3.2. For any A = [a; ;] € C"", n > 2, for any permutation ¢
on N, for any x > 0 in R", and for any A € o(A), there is a pair of distinct
integers i and j in N such that (cf. (3.1) and 3.3))

(3.15) X € Kf;(z,(A) ={z€C:bii(2)] - |bj(2)] <r¥(B(2)) -7 (B(2))}

Thus, if
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Fig. 3.1. The intersection of F;Z (Cs), qug(Cg), and Fg; (C3) for C3 of (3.12)

(3.16) Ky (A):= | K7 4(4),
i

then

(3.17) o(A) C K} (A).

We call lC;x (A) the (weighted) permuted Brauer set, with respect to ¢,
for A. We remark that the sets Kz?:;(b(A) of (3.15) can be more complicated
than Cassini ovals, and trivial permutations, giving K ; ¢(A) = Cu, also
arise here. As an example of this extension, consider again the matrix C3 of
(3.12) and the (nontrivial) permutation ¢5 = (1 3)(2) of (3.13). In this case
with y = [2,1,1]7, it can be verified that

(3.18) K554, (C3) ={z€C:2-|1—2| <142~ 2}

This set is a bounded set which, from the definition in (2.5), is not a Cassini
oval.

Continuing, it is natural to ask if the inclusion of (2.9) of Theorem 2.3,
showing that the Brauer set KC(A) is always a subset of the Gersgorin set
I'(A) for any A € C™*" with n > 2, similarly holds for the related permuted
Brauer set IC;X (A) and the permuted GerSgorin set ng of (3.16) and (3.9). It
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turns out that this is true, and we give this as our next result, Theorem 3.3,
which is new. (As its proof follows along the lines of the proof of Theorem
2.3, we leave this as Exercise 3 in this section.)

Theorem 3.3. For any A = [a; ;] € C"", n > 2, for any permutation ¢
on N, and for any x > 0 in R"™, then ( (cf. (3.9) and 3.16))

(3.19) Ky (A) C Ty (A).

The previous considerations leave open similar extensions of the permuted
Gersgorin sets to Brualdi sets, under a permutation ¢ on N. Again, while
this has not been carried out in the literature, this can be quickly achieved.

For any matrix A = [a; ;] € C"*", for any permutation ¢ on N, and for
any X = [r1,Z2, -+, 2,]T > 0 in R™, consider the matrix B(z), defined in
(3.1), which depends on A, ¢, z, and x. Let Cy(B(%)) denote its associated
circuit set of strong and weak cycles, as described in Section 2.2 of Chapter
2. (We note that this set may now be dependent on the variable z. We also
remark that the circuit set Cy(B(z)) can differ from the circuit set C(A4),
derived from the directed graph of A.) If v is a strong cycle from Cy(B(z)),
we define its associated Brualdi lemniscate Bf;b(A) as

(3.20) To(A) = {z e C: [T Ibii(2)l < T[ (B}

i€y i€y
and if v = {i} is a weak cycle from Cy(B(2)), we define its associated Brualdi
lemniscate B:;(A) as

(3.21) o(A) i={z € C: |bii(2)| = 7¥(B(2)) = 0},

where this set can be empty. The set B;;x (A), called the (weighted) permuted
Brualdi set, with respect to ¢, for A, is then defined by

(3.22) B (4) = |J T (A).
YEC(B(2))

With these definitions, we have the following new results, which are the
analogs of Theorems 2.5 and 2.9. (Their proofs are left as Exercises 5 and 6
in this section.)

Theorem 3.4. For any A = [a; ;] € C"*", for any permutation ¢ on N,
and for any x > 0 in R", then (cf.(3.22))

(3.23) o(A) C By (A),

and
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Theorem 3.5. For any A = [a; ;] € C"", n >
1

, n > 2, for any permutations ¢
on N, and for any x > 0 in R™, we have (cf.(3.19)

(3.24) By (A) C Ky (A) C I (A).

To illustrate the inclusions of (3.24), consider the intersection of the three
Brualdi sets Bl’;‘: (Cs). B;: (Cs3), and BZ;;Z (Cs5), determined from the permuta-
tions of (3.13) and vectors of (3.14). This intersection, which also contains the
eigenvalues of Cj3, is the dark set of points in Fig 3.2, where the eigenvalues
of C5 are shown as “x’s”. Comparing the closed bounded set of Fig. 3.2 with
the corresponding intersection of Fig. 3.1, we graphically confirm that the
shaded set of Fig. 3.2 is indeed a subset of the shaded set in Fig. 3.1.

a

Fig. 3.2. The intersection of B;Z (Cs), Bg: (C3), and Bgz (C3) for Cs of (3.12)

There are of course related questions of sharpness (cf. Theorems 2.4 and
2.11) for the permuted Brauer sets IC;X (A) and the permuted Brualdi sets

B(’;)x (A). We leave these as open questions for readers.

Exercises

1. For the matrix C5 of (3.12), determine from (3.5) the following sets:
r ;: (Cs), I';: (Cs), and T (;: (C3), and verify that their intersection
agrees with Fig. 3.1.

2. Give a complete proof of Theorem 3.2.

3. Verify the display in equation (3.18).
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4. Give a complete proof of Theorem 3.3.
5. Give a complete proof of Theorem 3.4.

6. Give a complete proof of Theorem 3.5.

3.2 The Field of Values of a Matrix

We continue here with another method which gives an eigenvalue inclusion
result for general matrices in C™*".

Definition 3.6. For any A = [a; ;] € C"*", its field of values, F(4), is
given by
(3.25) F(A) = {x"Ax : x € C" with x*x = 1}.

We see, by its definition, that F(A) is the image of the (connected) surface
of the Euclidean unit ball in C", under the continuous mapping x — x* Ax.
Thus (cf. Royden (1988), p.182), F(A) is a compact and connected set in
C. It is a well-known result (cf. Horn and Johnson (1991), p.8) that F'(A) is
also a convex subset of C, the proof of this being known as the Toeplitz-
Hausdorff Theorem. This fact will be used below.

What interests us here is the easy result of

Theorem 3.7. For any A = [a; ;] € C"*",
(3.26) a(A) C F(A).

Proof. For any A € o(A), there is some nonzero x € C" with Ax = Ax, where
we may assume that x is normalized so that x*x = 1. Then, A = Ax*x =
x*(Ax) = x*Ax € F(A). As this holds for each A € o(A), (3.26) is valid.
|

We see from Theorem 3.7 that the field of values, F(A), of a matrix A,
also gives an eigenvalue inclusion result for any matrix A, and it is then of
interest to consider how to numerically determine the field of values, and
how this compares with previous eigenvalue inclusion results, both in terms
of work and how well the spectrum of A is captured. For this, we need the
following. Let

H(A):=(A+ A")/2

denote the Hermitian part of the matrix A € C"*". We then have

Lemma 3.8. For any A € C"*", there holds

(3.27) F(H(A))=Re F(A):={Re s:s€ F(A)}.
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Proof. For any x € C" with x*x = 1, then x*H(A)x = [x*Ax + x*A*x]/2 =
[x*Ax + (x*Ax)*]/2 = [x*Ax + (x*Ax)]/2 = Re(x*Ax). Thus, each point of
F(H(A)) is of the form Re s for some s € F(A), and conversely. |

Continuing, as F(A) is a compact and connected set in C, it follows that
Re F(A) is a closed real interval, say [«, 3], where a and (3 are the extreme
eigenvalues of the Hermitian matrix H(A). In particular, we have that F(A)
is contained in the following closed half-plane:

(3.28) F(A) C{z€C: Rez<p},

i.e., the vertical line Re z = 3 is a support line for F(A), where (3 is sharp
in the sense that it cannot be reduced in (3.28), since (8 is an eigenvalue
of H(A). Moreover, if y € C" is a normalized (i.e., y*y = 1) eigenvector
associated with this eigenvalue 3 of H(A), then the number w := y* Ay is in
F(A), from (3.25). In fact, it is geometrically evident that w € 9F (A), the
boundary of F(A), since Re w = 3. This is shown in Fig. 3.3.

Fig. 3.3. F(A) (shaded), with the vertical support line Re z = 3.

The above construction of a specific boundary point of F(A) can be
extended and implemented, as follows. Select m distinct angles {6;}72, in
[0,27), and consider the Hermitian matrix

(3.29) H(e" A) = (e A+ e A*) /2.

Using Matlab 6, find this matrix’s largest real eigenvalue p(6;) (usually in
single precision), as well as its corresponding normalized eigenvector y; in
C", i.e.,
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(3.30) y;H(einA)yj =pu(0;), and yjy; =1 (all 1 <j <m).

Again, the complex number y* Ay, is a point of F'(A), but because 1(0;) is

the largest eigenvalue of H (e A), it follows that
(3.31) y;Ay; € 0F(A) (all 1 <j <m),

where the associated support line, through this point, now makes an angle
of (m/2) — 0; with the real axis. (This rotation of —6, is a consequence (cf.
(3.27)) of

F(H (e A)) = Re F(e'% A) = Re{e% F(A)},

since F(aAd) = aF(A) for any scalar «.) Then, on plotting the values
{y} Ay;}jL,, one obtains a discrete approximation to the boundary of F'(A).
As an example of the above method, consider the matrix

(3.32) Ay =

[y [
O = .
Rl O

associated with the Ger§gorin set I'(As) of Fig. 1.2. Choosing 200 equally
spaced 6;’s in [0, 27), the approximate field of values of A, is the shaded set
in Fig. 3.4, along with the eigenvalues of Aj, given by “x’s”, and its three
Gersgorin disks. (A Matlab 6 program for finding the 200 boundary points is

given in Appendix D.)?

Fig. 3.4. F(A2) (shaded), I'(A2) (solid boundary), and J(A2) of (3.35) (dashed
boundary) for the matrix Az of (3.32).

! The author thanks Professor Anne Greenbaum for this.
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We see in Fig. 3.4 that the three Gersgorin disks of I'(A3) nicely separate
the spectrum of As, while its field of values, F(As), being convex and con-
nected, cannot do this. It is also evident that the procedure we mentioned,
to approximate the field of values of a matrix, requires numerically determin-
ing, for each 6;, the largest real eigenvalue of the matrix in (3.29), as well
as its normalized eigenvector y;. Thus, we see that finding the field of values
of a matrix in this manner, while giving an eigenvalue inclusion set for its
spectrum, is very far removed from the simplicity of earlier Gersgorin-type
eigenvalue inclusions!

There is a simpler Gersgorin-like method, due to C.R. Johnson (1973) and
given below in Theorem 3.9, which gives, for any A € C"*", a set containing
F(A), and hence, o(A). For notation, given a set S in the complex plane,
then C'o(S) denotes its convex hull, i.e.,

(3.33) Co(S) = ﬂ{T : T is convex and with 7' D S}.
T

Theorem 3.9. Given A = [a;;] € C™", let {r;(A)}", and {c;(A)},
denote, respectively, the rows sums and column sums of A (cf. (1.4) and

(1.21)). If
(3.34) gi(A) := (ri(A) +c;(A))/2 (alli€ N),

set
(3.35) J(A) := Co <U{z €C:lz—ay,l < gi(A)}> .

Then,
(3.36) F(A) C J(A).

Proof. The proof consists of establishing the following three claims. For extra
notation, let RHP := {z € C: Rez > 0}.
Claim 1. If J(A) C RHP, then F(A) C RHP.

If J(A) C RHP, it is geometrically evident that Re a;; > g;(A) for all
i € N. With H(A) := (A+ A*)/2 =: [b; ;], then b, ; = Re a;;, and, by the
triangle inequality,

(3.37) ri(H Z 13,5 —Z |aij + a5l /2 < (ri(A) + ci(A))/2 = gi(A),
Jsél J;ﬁl

the last equality following from (3.34). Thus, the Gersgorin disks for H(A)
all lie in RH P; hence, by Gersgorin’s Theorem 1.11, o(H(A)) C RHP. But
H(A) is Hermitian, so that H(A) has only real eigenvalues, and F(H(A)), as a
convex set, is a real line segment in RH P. Thus by Lemma 3.8, F(A) C RHP,
as claimed.
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Claim 2. If 0 ¢ J (A), then 0 ¢ F(A).

Assume that 0 ¢ J(A). By definition (cf.(3.35), J(A) is convex. Then
by the separating hyperplane theorem (Horn and Johnson (1985), Ap-
pendix B), there is a 6 € [0,27) such that J(e??A) = €J(A) C RHP.
This implies, from Claim 1, that F(e?A) ¢ RHP. But as (3.35) gives
F(A) = e "F(e? A), it follows that 0 ¢ F(A) as claimed.

Claim 3. If o« ¢ J(A), then o ¢ F(A).

Ifag¢ J(A), then 0 ¢ J(A— al) follows directly from (3.35). Applying
Claim 2 gives 0 ¢ F(A — al) = F(a) — a, which gives that « ¢ F(«), as
claimed.

Putting all these claims together gives the desired result of Theorem
39. N

It is clear, for n not too large, that forming the disks in (3.35) of J(A)
and then the convex hull of the union of these disks, is not difficult. This
would seem to be far simpler than approximating the boundary of F(A),
using Matlab 6, as described earlier in this section. On the other hand, the
set J(A) in (3.35) may not be a particularly close approximation of F(A),
as can be seen in Fig. 3.4, where the set J(A) of (3.35), for the matrix Ay of
(3.32), is also shown in Fig. 3.4, with a dashed boundary.

Exercises

1. For arbitrary matrices A and B in C"*™ and an arbitrary scalar o € C,
verify from (3.25) that:
a. F'(A) is a compact set in C;
b. F(aA) = aF(A), for any o € C;
c. Flal + A) = a+ F(A), for any o € C;
d. F(A+ B) C F(A) + F(B);
e. if U is a unitary matrix in C"*", i.e. if U*U = I, then
F(U*AU) = F(A).

12

2. For the matrix A = {O 1

{zeC:|z-1| <1}

} € C**2, show that F(A) is given by

3. For the 3 x 3 matrix A, of (3.32), show, with (3.34), that the ovals of
Cassini variant of (3.35), defined by

3
Ji(A):=Co | |J{z € Ctlz—ann|- |2 = arel < gr(4) - ge(A)}| |

k,f=1

ke

does not contain the field values F(As). In other words, extensions of
Theorem 3.5 to higher-order lemniscates are not in general valid.
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4. Given any A = [a; ;] € C"",n > 2, set

. ) 1 . )
re(H[(e A+ e A%)/2]) == 5 > Jefap; + e au| (k€ N),
JEN\{k}
and set
A 1 3 —if—
gk(A) = 1max = Z |€ eak’j +e Gaj,k| (k’ S N)
6clo,2x] | 2 JEN(E}

Show, with (3.34) and the triangle inequality, that
a. gx(A) < gp(A) (all k € N), and
b. Theorem 3.5 can be extended to

)

F(A) C Co [U{z €C:lz—api < gr(A)}
k=1

so that from a.) and (3.35),

U{z eC:lz—apr| < (A}

k=1

Co C J(A).

5.  Give a complete proof of Theorem 3.4.

6. Give a complete proof of Theorem 3.5.

3.3 Newer Eigenvalue Inclusion Sets

In this section, we present new results of Cvetkovic, Kostic and Varga (2004)
on nonsingularity results for matrices, and their related eigenvalue inclusion
sets in the complex plane. This work extends the earlier, less well-known,
result of Dashnic and Zusmanovich (1970). We also show how this work is
related to the work of Huang (1995).

To begin, let S denote a nonempty subset of N = {1,2,---,n},n > 2,
and let S := N\S denote its complement in N. Then, given any matrix
A = a; ;] € C™", split each row sum, r;(A) from (1.4), into two parts,
depending on S and S, i.e.,
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ri(A) = Z la; ;| = TiS(A) + T?(A), where

(3.38) JENL) -
P (A) = Z |a; |, and r7(A) = Z la; ;| (allie N).
jes\{i} J€S\{i}

Definition 3.10. Given any matrix A = [a; ;] € C"*",n > 2, and given any
nonempty subset S of N, then A is an S-strictly diagonally dominant
matrix if

1) |aiq| > rf(A) (alli € 9),
and
ii) (laiil —r(A)) - (laj ;| — r5(A)) > r¥(A) - r$(A) (allie S, all j € S).
(3.39)

We note, from (3.39 i), that as |a; ;| — r¥(A) > 0 for all i € S, then on
dividing by this term in (3.39 ) gives

ry(4) -7 (4)

S % i LT
il =77 (A)) > >0 115€585),
('a]’]| T] ( )) (|ai7i‘ _ T;S(A)) - (3. J )
so that we also have
(3.40) laj il —r¥(A) >0 (all j €5).

If S = N, so that S = (), then the conditions of (3.39 7) reduces to
la; ;| > r;(A) (all i € N), and this is just the familiar statement that A is
strictly diagonally dominant, and hence is nonsingular from Theorem 1.4.

With Definition 3.10, we next establish the following nonsingularity result
of Cvetkovic, Kostic and Varga (2004).

Theorem 3.11. Let S be a nonempty subset of N, and let A = [a; ;] €
C™™, n > 2, be S-strictly diagonally dominant. Then, A is nonsingular.

Proof. If S = N, then, as we have seen, A is strictly diagonally dominant, and
thus nonsingular (cf. Theorem 1.4). Hence, we assume that S is a nonempty
subset of N with S # (). The idea of the proof is to construct a positive
diagonal matrix W such that AW is strictly diagonally dominant. Now, define
W as W = diag[wy, wa, - - - ,wy], where

v, for all k € S, where v > 0, and
Wg = =
1, forallk e S.

It then follows that AW := [a; ;] € C"*"™ has its entries given by

. Jaiy, if €S, alli € N, and
Ui ayy, ifjeS, allieN.
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Then, the row sums of AW are, from (3.38), just
re(AW) = 18 (AW) + 17 (AW) = 41 (A) + 15 (A) (all £ € N),
and AW is then strictly diagonally dominant if

V0ai | > i (A)
laj ;| > 475 (A)

rS(A) (alli € S), and

_|_
+75(4) (all j € 8).

The above inequalities can be also expressed as

(3.41) {z))7(|a”| —r?(A4)) > r?(A) (all i€ S), and

jaj | — 5 (A) > yr$(A) (all j €3),
which, upon division, can be further reduced to

rf(A . (laj| — 7 (4)
(ai,i|}T;(A))<7 (alli € S), and y< TJ-S(A)

where the final fraction in (3.42) is defined to be +oc if r$(A) = 0 for some
j € S. The inequalities of (3.41) will be satisfied if there is a v > 0 for which

(3.42) (all j € 5),

S _ .5
ri (A) . (laj i =7 (A))
(343) 0< By :=max ————~-—— <y < min —J =: By.

i€s” (|agi| — 7 (A)) jes  ri(4)
But since (3.39 i) exactly gives that By > Bj, then, for any v > 0 with
B; < v < By, AW is strictly diagonally dominant and hence nonsingular.
Then, as W is nonsingular, so is A. |

We remark that the result of Dashnic and Zusmanovich (1970) is the
special case of Theorem 3.11 when S is a singelton, i.e., S := {i} for some
i € N. More recently, Huang (1995) has also worked on this problem, and
similarly breaks NN into disjoint subsets S and S, but assumes a variant of the
inequalities of (3.39). Now, if S = {i1,4a, --,ix}, then Ag s = [a;; 4] (all
i, in S) is a k x k principal submatrix of A, whose associated comparison
matrix (see (C.4) of Appendix C) is given by

+|ai17i1} _{ail1i2| _|ai17ikI

@i in| Hlaiz,in| - =iy

M(AS,s) . :2’ 1 2,02 :2’ k ’
7|aik7i1‘ 7|a’ik7i2| +|aikvik|

and it is assumed that M(Ag g) is a nonsingular M-Matrix (see Definition
C.3 of Appendix C), with the additional assumption (in analogy with (3.43))
that the k& components, of the following matrix-vector product, satisfy
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(3.44) 0 <max [ M (Ags) - : < B,

i;€8 _
i (4) i

where By is defined in (3.43). Huang’s result is more general than the result
of Theorem 3.11, but it comes with the added expense of having to explicitly
determine M~1(Ag ) for use in (3.44). (The relationship of Theorem 3.11
and Huang’s result is studied in more detail in Cvetkovic, Kostic and Varga
(2004).)

As is now familiar, the nonsingularity in Theorem 3.11 immediately gives,
by negation, the following equivalent eigenvalue inclusion set in the complex
plane.

Theorem 3.12. Let S be any nonempty subset of N := {1,2,--- . n}, n > 2,
with S := N\S. Then, for any A = [a; ;] € C"*", define the Gersgorin-type
disks

(3.45) I(A):={2€C:|z—a| <r?(A)} (any i € 5),

and the sets
(3.46) V% (A):={2€C:(|z—aii|— P (A))-(|2—a; |~ (A)) <P (A)-r$(A)},

(any i € S, any j € S). Then,

(347)  o(A) C C5(4) = (U Ff(A)> vl U vi@

i€S i€S,j€S

We remark that each set VZ% (A) of (3.46), where S # 0, resembles the
Brauer Cassini oval K; ;(A) of (2.5). Moreover, the numerical work involved
in determining the boundary of either of these two sets, VZS; (A) or K; ;(A),is
roughly the same. This suggests comparisons of C¥(A) in (3.47) with I'(A)
of (1.5) and with K(A) of (2.6), both in terms of how all these compare as
sets in the complex plane, and the numerical effort associated with obtaining
these sets. We note, of course, that, given a nonempty subset S of N, n > 2
with S := N\, the data needed in Theorem 3.12 are (cf. (3.38))

(3.48) {aii}ien {r] (A)}ien, and {rf(A)}ien,
whereas less data, namely
(349) {aiﬂ‘}ie]\[, and {’I“;S(A)}iejv,

are needed for determining I"(A4) and K(A).
To begin these comparisons, consider the singleton case of Dashnic and
Zusmanovich (1970), where S; := {i} for some ¢ € N. In this case, it follows
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from (3.47) that, on defining D;(A) := C%i(A), we have, for any given A =
la; ;] € C"™*", n > 2, that

(3.50) Di(A) =T Aul |J Vi)
JEN\{i}

Now, 791 (A) = 0 from (3.38) so that "% (A) = {a;;} from (3.45). Moreover,

i

we also have, from (3.46) in this case that, for all j # ¢ in N,

VSl(A) = {Z eC: ‘Z — Qi

2¥)

—7i(A) +lajql ) <ri(A) - aji

}.

But as z = a;,; is necessarily contained in VlS]‘ (A) for all j # 4, then we can
simply write from (3.50) that

“(lz — aj,;

(3.51) Di(A)= |J V() (anyieN)
JEN\{i}

This shows that D;(A) is determined from (n — 1) sets Vf; (A), (which can
be disks or oval-like sets), plus the added information from (3.48) on the
partial row sums of A, while the associated Gersgorin set I'(A), from (1.5),
is determined from n disks and the associated Brauer set K(A), from (2.6) is
determined from (g) Cassini ovals. These sets are compared in

Theorem 3.13. For any A = [a;;] € C"",n > 2, and for any i € N,

consider D;(A) of (3.51). Then (cf. (1.5)),
(3.52) Dy(4) C I'(A),

but there are matrices E in C™*", where (cf.(2.6)), the following hold simul-
taneously:

(3.53) D;(E) € K(E) and K(E) € D;(E).

Proof. To establish (3.52), fix some ¢ € N and consider any z € D;(A). Then
from (3.51), there is a j # ¢ such that z € VzSJ (4), ie.,

(3.54) 12 = aiil - (|2 = aj ;| = ri(A) +lajaf) < ri(A)-lajl-

If z¢ I'(A), then |z—ag k| > ri(A) for allk € N, so that |[z—a; ;| > r;(4) >0,
and |z — a; ;| > r;(A) > 0. Then, the left part of (3.54) satisfies

|z —aiil - (|2 — aj | —ri(A) + laji]) > ri(A) - lajl,

which contradicts the inequality in (3.54). Thus, z € I'(A) for each z € D;(A4),
which establishes (3.52).

Finally, to show (3.53), a specific 3 x 3 matrix E is given in Exercise 3,
where D;(E) € K(E) and K(E) ¢ D;(E). N
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Next, it is evident from (3.47) of Theorem 3.12 that, for any A = [a; ;] €

CTLX’H,,
o(A) CD;(A) (allie€ N),
so that
(3.55) o(A) CD(A) == (] Di(A).
iEN

Now, as each D;(A), from (3.51), depends on (n — 1) oval-like sets VZSJ (A), it
follows that D(A) of (3.55) is determined from n(n —1) oval-like sets VZS; (4),

which is twice the number of Cassini ovals, namely (g), which determine the
Brauer set K(A). This suggests, perhaps, that D(A) C K(A). This is true,
and is established in

Theorem 3.14. For any A = [a; ;] € C"",n > 2, then the associated sets
D(A), of (3.55), and K(A), of (2.6), satisfy

(3.56) D(A) C K(A).

Proof. First, we observe, from (3.52), that as D;(A) C I'(A) for each i € N,
then D(A), as defined in (3.55), evidently satisfies

(3.57) D(A) C I'(A).

To establish (3.56), consider any z € D(A) so that, for each i € N, z € D;(A).
Hence, from (3.51), z € Vlsj (A) for each i € N, and some j € N\{i}, where
the inequality of (3.54) is valid. But from (3.57), D(A) C I'(A) implies that
thereisa k € N with |z—ay | < 7, (A). For this index k, there isa ¢t € N\{k}
such that z € Vksz (A), ie.,

12 = ar il (12 = are] = 74(A) +lark]) < 7i(A) - la k|-

This can be rewritten as

|z —ap k|- [z —ars] <[z —apr| (1:(A) —lagkl) +7.(A) - lagk
< ri(A)(re(A) = lae k) + 75 (A) - lag k] = 7 (A) - re(A),

that is,

|z — ap k|- |z — aee| < rp(A4) - ri(A).
Hence, from (2.5), z € Kj +(A) C K(A). As this is true for each z € D(A),
then D(A) C K(A). |

To illustrate the result of Theorem 3.14, let us consider again the 4 x 4
matrix B of (2.14), i.e.,

_= o O

(3.58) B=

o ‘ = O
[t

— ON|= =
O O =

[
.
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Fig. 3.5. The sets D(B) (shaded) and K(B) for the matrix B of (3.58).

whose Brauer set IC(B) is given in Fig. 2.2. Then, the set D(B) for this
matrix is shown as the shaded set in Fig. 3.5, along with the boundary of
K(B), from which, the inclusion D(B) C K(B) from Theorem 3.14 is then
evident. We also remark that the Brualdi set B(B), for the matrix of (3.58),
can be verified to be the same as the Brualdi set B(E) of Fig. 2.9, and the
B(B) and D(B) are shown together in Fig. 3.6, from which we see that

B(B) L D(B) and D(B) £ B(B).

This, perhaps is not unexpected, as the determination of the sets D(A) and
B(A) are based on different data (i.e., one uses modified row sums, the other
uses cycles).
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Fig. 3.6. The sets B(B) (shaded) and D(B) for the matrix B of (3.58).

Exercises

1. If A=la;;] € C"™" is a strictly diagonally dominant matrix (cf. The-
orem 1.4), let M(A) be its comparison matrix (cf. (C.4) of Appendix
C). Show that M(A) is a nonsingular M-matrix, using Definition C.2
of Appendix C. (Hint: if D := diag[|a1.1], |az,2]," - - |an,n|], define the
matrix B from D"'M(A) = I — B, where B > O. Using (C.2) of
Appendix C, show that p(B) < 1.)

2. If A= [a;;] € C"" is an irreducibly diagonally dominant matrix
(cf. Definition 1.10), and if M(A) is its comparison matrix, show that
M(A) is a nonsingular M-matrix. (Hint: Follow the hint of Exercise
1, but use (C.1) of Appendix C.)

1
3. Consider the matrix £ = |0
01 -1
a.DI(E)={1}U{z€C:|z—i| <1} U{z € C:|z+ 1] <1}; so that
b. D1(F) C I'(E) where I'(E) is defined in (1.5), but
c. D1(E) € K(E), and K(E) € D1(E), where K(FE) is defined in (2.6).

LN

1
2
1 |. Show from (3.51) that
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3.4 The Pupkov-Solov’ev Eigenvalue Inclusions Set

We investigate in this section an intriguing matrix eigenvalue inclusion set,
which we call the Pupkov-Solov’ev set.This has evolved from the initial papers
of Pupkov (1984) and Solov’ev (1984), as well as the subsequent papers of
Brualdi and Mellendorf (1994), and Hoffman (2000).

This eigenvalue inclusion set, interestingly enough, can depend simulta-
neously on portions of column sums and row sums, but it is, perhaps one of
the most difficult of all matrix eigenvalue inclusion sets to implement, as we
shall see.

To begin, we simply state the following nonsingularity result of Solov’ev
(1984). (A complete proof of this can be found in Brualdi and Mellendorf
(1994).)

Theorem 3.15. For any A = [a;;] € CV",n > 2, let { € N :=

{1,2,---,n}, and assume that A satisfies the following two conditions:
i) For each j € N,
-1
(3.59) laj il > 7 (4),

where 0;271)(14) 1s defined as the sum of the absolute values of the £—1 largest
off-diagonal entries in the j-th column of A (where, for £ =1, the condition
in (3.59) is vacuous).

it) For each set P of € district numbers for N, say i1,ia, -+ ,ig, it is
assumed that

4 4
(3.60) Y lai il > > i (A) (where ri(A) == Y laixl).
k=1 k=1

keN\{i}
Then, A is nonsingular.

Remark 1. If £ = 1, then only (3.60) applies, and in this case, the assump-
tion of (3.60) gives that A is then strictly row diagonally dominant, so that A
is nonsingular (cf. Theorem 1.4). If £ = n, then (3.59) gives that A is strictly
column diagonally dominant, i.e.,

(3.61) lajil > Y laxyl (allj€N),
keN\{j}

so that A is again nonsingular (cf. Corollary 1.13). (We note that adding all
n inequalities of (3.59) directly gives, upon rearranging terms, the inequality
of (3.60), in this case of £ =n.)

Remark 2. An equivalent form for Theorem 3.15 was obtained by Pupkov
(1984).

Of interest to us now is the associated matrix eigenvalue inclusion result,
Theorem 3.16, which follows directly from Theorem 3.15.
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Theorem 3.16. For any matric A = [a;;] € C"*",n > 2 let L € N :=
{1,2,---,n}. Then, each eigenvalue of A, lies either in one of the n disks

(3.62) {zeC:lz—aj;| <A} (any j e N),

(where cngl)(A) is defined in i) of Theorem 3.15) or in one of the sets

(3.63) {z€C:) |z—ai| <) ri(A)},

i€P i€P

where P is any subset of N having cardinality £, i.e., |P| = £. Consequently,
on setting

PSy(A) = [ J{zeC:lz—a;l <7V} | U

(3.64) i
U {zeC: Z|Z —a;q| < ZTz(A)} )
|P|=¢ iEeP i€P
then
(3.65) a(A) € PSy(A).

We call the set, PS;(A) in (3.64), the Pupkov-Solov’ev set for A, which
consists of n disks, from (3.62), provided that ¢ > 1, and of (2) sets, from
(3.63). For example, if n = 10 and if £ = 5, one must consider 10 disks
from (3.62), and 252 =('7) sets from (3.63), to determine PSs(A), for a
given matrix A in C'°%1°. This is rather far removed from the simplicity in
forming, by comparison, the 10 Gersgorin disks, or the 45 Brauer ovals of
Cassini for this matrix.

There are many unanswered questions about these Pupkov-Solov’ev sets.
The first might be how to select the parameter ¢ in N, when determining
the set PS¢(A). We see, from the definition of the c‘ge_l)(A)’s in Theorem
3.15, that the radius of each of the n disks, in the first union in (3.64), is a
nondecreasing function of ¢, as is the associated union of these n disks. On
the other hand, for £ = 2, the second union of (3.64) consists of sets of the
form

{zeC:lz—ai;|+|z—a;;| <ri(A)+7;(A)} (i,5 in N, with i # j),

and the above set is empty if the two disks, {z € C: |z — a;;| < r;(A)} and
{z€C:|z—a,,;| <r;j(A) are disjoint.

There are also unanswered questions on how these Pupkov-Solov’ev sets
compare with the corresponding Brauer and Brualdi sets. These open ques-
tions are left for our attentive readers!
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Fig. 3.7. The Pupkov-Solov’ev set PS>(B) and the Brualdi set B(B) (shaded) for
the matrix of (3.66).

Finally, for completeness, we include the following example of the Pupkov-
Solov’ev set for the matrix B = [b; ;] € C***, already considered in (2.14),
i.e.,

(3.66) B=

I V= O

Ol
O = =
—

_ o O

—_
o
o
|
K8

for which the Brauer set K(B) and the Gersgorin set I'(B) for this matrix
are shown in Fig. 2.2. We then apply the case ¢ = 2 of Theorem 3.16 to
this matrix B of (3.66), and this is shown in Fig. 3.7. Specifically, the outer
boundary in Fig. 3.7 is the boundary of PSs(B), while the shaded set in
this figure is the Brualdi set B(B) for this matrix, as in Fig. 2.9. It can be
seen that B(B) is a proper subset of PS3(B). (For another example of a
Pupkov-Solov’ev matrix, see Brualdi and Mellendorf (1994).)
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Bibliography and Discussion

3.1

3.2

The use of permutations on a matrix to get Gersgorin-type eigenvalue
inclusion results for matrices, involving the closed exteriors of disks,
was independently discovered by Parodi (1952) and Schneider (1954),
and developed further in the book of Parodi (1959). The extension of
this idea, in this section, to Brauer Cassini ovals and Brualdi lemnis-
cates is new, but follows easily from the results in Chapter 2.

Perhaps the most attractive feature of the results in this section is that
they can lead to eigenvalue inclusions which carve away sets about di-
agonal entries, something which cannot be done with usual Gersgorin
arguments! The results of Figs. 4.1 and 4.2 suggest that these per-
muted Gersgorin sets are best used in conjunction with the standard
eigenvalue inclusion results of Chapters 1 and 2.

The concept of a field of values of a matrix (or operator), is a very
useful notion in analysis, and, as it contains all the eigenvalues of a
matrix, it is thus useful also in linear algebra. But, as we have seen in
this section, determining numerically even reasonable approximations
of this field of values of a matrix, by using Matlab 6, in general involves
much effort, which is diametrically opposed to the easy calculations
of Gersgorin disks. On the other hand, the Gersgorin-like result of
C.R. Johnson (1973), in Theorem 3.9, is a very interesting result, as
it contains the field of values of a matrix, and it is easy to implement.
Our proof of Theorem 3.9 follows that of C.R. Johnson (1973).

Note that some results, related to Theorem 3.9, are discussed in Ex-
ercises 3 and 4 of this section. Exercise 3 shows that generalization
of Theorem 3.9 to higher-order lemniscates are not in general valid,
while Exercise 4 shows that there is a minor improvement in The-
orem 3.9, where the triangle inequality in (3.37) is improved upon.
This unpublished improvement was the result of an interesting e-mail
correspondence with Anne Greenbaum, for which the author is again
most thankful.
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3.3

3.4

3. More Eigenvalue Inclusion Results

Our treatment of the field of values is brief, only because there are ex-
cellent detailed discussions of this in Horn and Johnson (1991), Ch.1
and Eiermann and Niethammer (1997), where, for example, the con-
vexity of the field of values (i.e., the Toeplitz-Hausdorfl Theorem) is
established. It should also be mentioned that the field of values, as de-
fined in (3.25), has been extended in Bauer (1962), Bauer (1968) and
Zenger (1968). It should be remarked that these generalizations, unlike
the field of values of (3.48), may produce sets in the complex plane
which are not convex (cf. Nirschl and Schneider (1964)). In addition,
proving the exact analog of Gersgorin’s Theorem 1.6 (i.e., where each
component of I'(A) of (1.5), consisting of r of its Gersgorin disks, con-
tain precisely r eigenvalues of A), by means of Bauer’s generalizations
of the field of values of a matrix, “seems to be impossible” (cf. Zenger
(1984), p.69). See also Deutsch and Zenger (1975).

This section, on newer eigenvalue inclusion sets, was added to bring to
the readers’ attention that there is on-going research in this field where
extensions are based on linear algebra tools. The papers by Dashnic
and Zusmanovich (1970), Huang (1995) and Cvetkovic, Kostic and
Varga (2004) consider similar generalization of diagonal dominance,
via a partitioning of N = {1,2,---,n} into two disjoint subsets. The as-
sociated eigenvalue inclusion set, for a given matrix, is then compared
in this section with those associated Gersgorin set and the Brauer set.
Curiously, the extension, along the same lines, to partitionings of N
into more than two disjoint subsets becomes very tedious, but it can
be easily carried out, however, using the theory of matrix and vector
norms as tools. This is done in Chapter 6.

This section is devoted to the results of Pupkov (1984) and Solov’ev
(1984), which has inspired papers by Brualdi and Mellendorf (1994)
and Hoffman (2000), on related eigenvalue inclusion results. It is an
elaborate scheme, which is, perhaps, difficult to implement, but it does
have a beauty of its own.



4. Minimal Gersgorin Sets and Their
Sharpness

4.1 Minimal Gersgorin Sets

To begin this chapter, recall from Chapter 1 that if N := {1,2,...,n}, if
A=a;;] € C™" with n > 2, and if x = [z1, 22, . .. 7acn]T > 0 in R", then

r¥(A) = > aijlzi/z (i€ N),
. FEN\{i}
IM(A)={z€eC:|z—a;;| <rf(A)} (ieN), and

3

" (A) = |J 177 (A4).
€N
It then follows from Corollary 1.5 that
o(A)C I (A) (any x > 0 in R™),

but as this inclusion holds for any x > 0 in R", we immediately have

(4.1) a(A)C (I (A).

x>0
The quantity on the right in (4.1) is given a special name in

Definition 4.1. For any A = [a; ;] € C"™", n > 2, then

(4.2) I'R(A) = () I'""(4)

x>0
is the minimal Gersgorin set for A, relative to the collection of all weighted
row sums, r¥(A), where x = [z1,%2,...,2,]T >0 in R".

The minimal Gersgorin set of (4.2) is of interest theoretically because it
gives a set, containing o(A) in the complex plane, which is a subset of the
weighted Gerdgorin set I'" (A) for any x > 0 in R".

It is easily seen that the inclusion of (4.1) is valid for each matrix B in
either of the following subsets £2(4) and 2(A) of C"™ ", n > 2, where
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Q(A) = {B = [bi“j] S Cnxnlbi’i =i and |bi,j| = \aiﬁj|,z’7§j(all i, ] € N)},

Q(A) = {B = [bi,j] S Can:bi}i =Q;; and |bl‘,j| < \ai,j|,i7éj(all i, ] € N)},
(4.3)

The set £2(A) is called the equimodular set and the set £2(A) is called
the extended equimodular set for A. (The sets 2(A) and £2(A) are seen to
be more restrictive than the equiradial set w(A) and the extended equiradial
set @(A) of (2.15) and (2.16). See Exercise 2 of this section.) With the notation
(cf. (2.17)) of

(44)  o(RA):= [J oB) ando(2(A):= ] ao(B),

Bef(A) BeN(A)
it readily follows (see Exercise 3 of this section) that
(4.5) o(2(4)) C o(£2(A)) € I'(A)

We now investigate the sharpness of the inclusions of (4.5), for any given
A € C™"*". The following result (which is given as Exercise 4 of this section)
is the basis for the definition of the set 2(A4) of (4.3).

Lemma 4.2. Given matrices A = [a; ;] € C"*" and B = [b; ;] € C"*",n >
2, then rX(B) = r¥(A), for alli € N and all x = [x1,22, -+, 2,])T > 0 in
R", if and only if |b; ;| = |a; ;| for alli # j (i,5 € N).

Because of Lemma 4.2, we see that, for a given matrix A = [a;;] €
C™™ n > 2, we can only change each nonzero off-diagonal entry by a mul-
tiplicative factor €', to define the associated entry of a matrix B = [b; ;] in
£2(A) of (4.3). This greater restriction gives rise to tighter eigenvalue inclu-
sion results, but the tools for analyzing the matrices in 2(A), as we shall see
below, shift from graph theory and cycles of directed graphs, to the Perron-
Frobenius theory of nonnegative matrices, our second recurring theme in
this book.

To start, given any matrix A = [a;;] in C"™", let z be any complex
number and define the matrix @ = [g; ;] in R™*" by

(4.6) ¢ii = —|2 —a;;| and g; j := |a; ;| for i # j (i,j € N),

so that Q is dependent on A and z. It is evident from (4.6) that all off-diagonal
entries of @ are nonnegative real numbers. On setting

(4.7 p=max{|lz —a;;| 1€ N},
and on defining the matrix B = [b; ;] in R™*" by

(4.8) bii:=pu—|z—a;;| and b; j :== |a; ;| for i # j (i,7 € N),
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then B has only nonnegative entries, which we write as B > O. With the
above definitions of ¢ and B, the matrix Q can then be expressed as

(4.9) Q=—ul,+ B,

so that the eigenvalues of Q are a simple shift, by —pu, of the eigenvalues of
B. (The matrix Q is said to be an essentially nonnegative matrix, in
the terminology of Appendix C, so that, from (C.3), —Q € Z™*"; see also
Exercise 5 of this section.) Consequently, using the Perron-Frobenius theory
of nonnegative matrices (see Theorem C.2 of Appendix C), Q possesses a real
eigenvalue v(z) which has the property that if A is any eigenvalue of Q(z),
then

(4.10) Re A <wv(z).

It is also known (from Theorem C.2 of Appendix C) that to v(z), there
corresponds a nonnegative eigenvector y in R", i.e.,

(4.11) Qy = v(z)y where y > 0 with y # 0,

and that v(z) can be characterized by

(4.12) v(2) = inf {max [(Qx), /xi]} .

x>0 | 1N

We also note from (4.6) that

(4.13) (9%x);/zi=77(A) — |z —a;s] (1€ N, x>0inR"),

which will be used below. We further remark that since the entries of the
matrix Q are, from (4.6), continuous in the variable z, then v(z), as an
eigenvalue of Q, is also a continuous function of the complex variable z.

The coupling of the function v(z) to points of the minimal Gersgorin set
I'R(A) of Definition 4.1 is provided by

Proposition 4.3. For any A = [a; ;] € C"*",n > 2, then (cf. (4.2))

(4.14) z€ TR(A) if and only if v(z) > 0.

Proof. Suppose that z is an arbitrary point of the minimal Gersgorin set
I'?(A) for A. By Definition 4.1, z € I'"" (A) for each x > 0 in R™. Conse-
quently, for each x > 0, there exists an ¢ € N (with ¢ dependent on x) such
that |z —a; ;| < r¥(A), or equivalently, rX(A) — |z —a; ;| > 0. But from (4.13),
this means, for this value of ¢, that (9x);/x; > 0. Hence, rjne% [(9x);/z;] >0
for each x > 0, and from (4.12), it follows that v(z) > 0.

Conversely, suppose that v(z) > 0. Then for each x > 0 in R", (4.12)
gives us that there is an ¢ € N (with ¢ dependent on x) such that
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0 <wv(z) <(9Qx)i/zi =17 (A) — [z — ail,

the last equality coming from (4.13). As the above inequalities imply that
|z — a; ;| < r¥(A), then z € I'T (A), and thus, z € ' (A). But as this
inclusion holds for each x > 0, then z € I'*(A) from (4.2) of Definition 4.1.
|

With Cy := CU {oo} again denoting the extended complex plane, then
(FR(A))/ := Coo\I'*(A) denotes the complement of I'*(A) in the extended
complex plane Co.. As I'*(A) is a compact set in C, its complement is open
and unbounded. Moreover, Proposition 4.3 shows that z € (F R(A))/ if and
only if v(z) < 0. Now, the boundary of I'*(A), denoted by OI'®(A), is defined
as usual by

(4.15)  OT'R(A):=TR(A) N (I'R(A)) =TR(A) n (IT'R(A)),

the last equality arising from the fact that I'*(A) is closed. Thus, it follows
from Proposition 4.3 and the continuity of v(z), as a function of z, that

i) v(z) =0, and
i) there exists a sequence of complex
numbers {z;}52, with lim 2z; = z,
J‘)OO

for which v(z;) < 0 for all j > 1.

(4.16) z € OI'™(A) if and only if

We remark that v(z) = 0 in (4.16) alone does not in general imply that
z € OT'R(A); see Exercise 9 of this section.

As a first step in assessing the sharpness of the inclusions in (4.5), we
establish

Theorem 4.4. For any A = [a; ;] € C™*" and any z € C with v(z) = 0,
there is a matrizc B = [b; ;] € 2(A) (cf. (4.3)) for which z is an eigenvalue
of B. In particular, each point of OI'*(A), from (4.16), is in o(2(A)), and

(4.17) AIR(A) C o(2(A)) C o(2(A)) C TR(A).

Proof. If z € C is such that v(z) = 0, then from (4.11) there is a vector y > 0
in R" with y # 0, such that Qy = 0, or equivalently, from (4.6),

(4.18) Z lak.jly; = |z — akklys  (all k € N).
JEN\{k}

Next, let the real numbers {1);}7_; satisfy

(4.19) Z—apy = |z —apple™  (all k € N).
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With these numbers {¢;}_,, define the matrix B = [by ;] in C"”" by means
of
(4.20) bk :=agk and by ; = \ak7j|e“’/’k fork#£j5 (k,j€N),

where it follows from (4.3) that B € {2(A). On computing (By), we find
from (4.20) that

(BY)k = Y bejyj = anwy + € | > arjly; (k € N).
JEN JEN\{k}
But from (4.19), agx = z — |2 — ay i |e™¥* for all k € N, and substituting this

in the above equations gives

(By)k = 2y + €% ||z —anuly+ D lan
JEN\{k}

yi| (k€N).

As the terms in the above brackets are zero from (4.18) for all k € N, the
above n equations can be expressed, in matrix form, simply as

By = zy.

As y # 0, then z is an eigenvalue of the particular matrix B of (4.20).
Since B € {2(A), this shows that v(z) = 0 implies z € o(§2(A)). Finally,
since each point z of O™ (A) necessarily satisfies v/(z) = 0 from (4.161), then
OI'*(A) C o(£2(A)) which, with the inclusions of (4.5), gives the final result
of (4.17). M

It may come as a surprise that the first inclusion in (4.17) of Theorem 4.4
is valid, without having A irreducible. To understand why this inclusion is
valid also for reducible matrices A, suppose that A = [a; ;] in C"*", n > 2,
is reducible, of the form (cf. (1.19))

A Ap
A= { 0 [Ass ]
where A; 1 € C*° and Ay5 € C=3)x("=9) with 1 < s < n. The form of
the matrix A above implies that

o(A) =0(A11)Uoc(Azp),

so that the submatrix A; 2 has no effect on the eigenvalues of A. However,
the entries of Ay o can affect the weighted row sums rX(A) for 1 < i < s,
since



102 4. Minimal Gersgorin Sets and Their Sharpness

rA) =Y laigle/ei+ D laggleg/z (1<i<s).
j=1

i#i =l
But, by making the positive components 541, st2,...,2, small while si-
multaneously making the positive components x1,xs,...,xs large, the last

sum above can be made arbitrarily small, where such choices are permitted
because the intersection in (4.2), which defines I'®(A), is over all x > 0 in
R"™.

What remains from Theorem 4.4 is to investigate the sharpness of the
final inclusion in (4.17). This is completed in

Theorem 4.5. For any A = [a; ;] € C"*", then (cf.(4.3))

(4.21) o(2(A)) = IR(A).

Proof. Let z be an arbitrary point of I'®(A), so that from Proposition 4.3,
v(z) > 0. From (4.11), there is a vector y > 0 in R" with y # 0, such that
Qy = v(z)y. The components of this last equation can be expressed (cf.
(4.6)) as

(4.22) > lawglyy = {2 —arxl +v(2)lye  (all k€ N).
JEN\{k}

Now, define the matrix B = [b; ;] in C"*" by

(423) bk,k = AL,k and bk,j = pgag, for k #j (k,] € N),

where
Z lak.sly; | —v(2)yk
ieN\{k
L = JEN\LKY , if Z lak,jly; > 0, and
(4.24) > lawsly; JEN\(R)
JEN\{k}
pr =1, if Z lak,;y; = 0.
JEN\{k}

From (4.22), (4.24), and the fact that both |z — ag k|lyr > 0 and v(2)yr > 0
hold for all k& € N, it readily follows that 0 < uy <1 (k € N). Thus, from
the definitions in (4.3) and (4.23), we see that B € £2(A). Next, on carefully
considering the two cases of (4.24), it can be verified, using equations (4.22)-
(4.24), that
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|z = biklyk = [2 — ag x|y = Z lak,jly; | —v(2)yk
JEN\{k}
=i > lawglyy= Y lbwgly, (ke N),
JEN\{k} JEN\{k}

ie.,

‘Z - bk7k|yk = Z |bk,j Yj (]{J S N)

JEN\{k}

Now, the above expression is exactly of the form of that in (4.18) in the proof
of Theorem 4.4, and the same proof, as in Theorem 4.4, shows that there is
a matrix E = [e; ;] in C"*", with E € 2(B), such that z € o(F). But, as
E € 2(B) and B € Q(A) together imply (cf. (4.3)) that E € 2(A), then

zeo(204)). N

Theorem 4.5 states that o(f2(A)) completely fills out I'*(A), i.e.,
o(2(A)) = TR(A), and, as 2(A) C 2(A) from (4.3), this then draws our at-
tention to determining exactly what the spectrum o (£2(A)) actually is. (Note
from (4.3) that 2(A) is always a proper subset of £2(A), unless A is a diagonal
matrix.) While we know from Theorem 4.4 that

OT'*(A) C o(2(A)) C I'*(A) for any A € C™*",

this implies that if o(£2(A)) is a proper subset of I'*(A) with o(£2(A)) #
OI'®(A), then o(£2(A)) necessarily has internal boundaries in I'*(A)!
While internal boundaries of o(£2(A)) are discussed in the next section, we
include the following result concerning other geometric properties of I'*(A).

Theorem 4.6. For any irreducible A = [a; ;] € C"*", n > 2, then v(a;;) >
0 for each i € N. Moreover, for each a;; and for each real 8 with 0 < 6 < 2,
let p;(0) > 0 be the smallest p > 0 for which

v(ai; + pi(0)e??) =0, and

(4.25) there exists a sequence of complex numbers {zj};?il with
lim z; = a;; + pi(0)e’, such that v(z;) <0 for all j > 1.
j—o0

Then, the complex interval [a;; + te®], for 0 < t < p;(), is contained in
T'R(A) for each real 0, and, consequently, the set

(4.26) U lais + )7
0 real

is a star-shaped subset (with respect to a;;) of I'*(A), for each i € N.



104 4. Minimal Gersgorin Sets and Their Sharpness

Proof. First, the irreducibility of A, as n > 2, gives that the matrix Q of (4.6)
is also irreducible for any choice of z, and this irreducibility also gives (from
i) of Theorem C.1 of Appendix C) the following extended characterization
(cf. (4.12)) of v(2): for any z € C, there is a y > 0 in R" such that

v(z) =[(Qy);/y;] forall j €N.

Then for any ¢ € N, choose z = a;; and let x > 0 be the associated vector
for which the above characterization of v(a;;) is valid. Then with j = ¢ in
the above display and with (4.13), we have

v(a;i) = [(Qx)i/xi] =} (A) — |z — aii| = r](A) >0,

the last inequality holding since A is irreducible. Thus, v(a; ;) > 0.
Next, for each fixed 6 with 0 < 6 < 2, consider the semi-infinite complex
line

a;; + te’  forallt >0,

which emanates from a; ;. Clearly, the function v(a;; + te') is positive at
t = 0, is continuous on this line, and is negative, from (4.14), outside the
compact set ' (A). Thus, there is a smallest p;(8) > 0 which satisfies (4.25),
and from (4.16), we see that (a;; + pi(0)e??) € OI'*(A). This means that,
for each real 6, the line segment, which joins the point a;; to the point
a;;i + pi(0)e’® on O™ (A), is a subset of I'*(A), as is the union (4.26) of all
such line segments. For this reason, this set is star-shapedwith respect to
;- |

We remark that star-shaped sets are a highly useful concept in function
theory, and examples of the star-shaped subsets of Theorem 4.6 will be given
later in this section.

Continuing now our discussion of possible internal boundaries of o(£2(A))
in I'*(A), consider the irreducible matrix

201
(4.27) Bs=|011] e R®*3,
112

Then, any matrix C5 in £2(Bs) can be expressed, from (4.3), as

2 0 ™
(4.28) Cs=| 0 1 ez,
s oitha 9

where {¢;}}_, are arbitrary real numbers satisfying 0 < +; < 2. This sug-

gests the following numerical experiment. Using the random number genera-
tor from Matlab 6 to generate a certain number S of strings {f; (k;)}j:s1 kel
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of four successive random numbers for the interval [0,1], then the num-
bers {¢;(k) = 27‘(‘6]'(]{)}?:1’]6:1 determine S matrices C3 in £2(B3). With
S = 1,000, the subroutine “eig” of Matlab 6 then numerically determined
and plotted all 3,000 eigenvalues of these 1,000 matrices C'3, and this is shown
in Fig. 4.1, where each “4” is an eigenvalue of some one of these 1,000 matri-
ces. Next, note from (4.3) that diag (A) = diagai 1,a2,2,- -, ann] is clearly
a matrix in 2(A), so that a;; € o(£2(A)) for each i € N. In particular, the
diagonal entries 1 and 2 of By are necessarily points of I'®(B3), but as can be
seen from Fig. 4.1, these diagonal elements do not appear to be eigenvalues of
o(£2(Bs)). This figure strongly suggests that o(£2(Bs)) is a proper subset of
I'?(B3) with o(2(Bs)) # 0I'*(B3), and that internal boundaries do occur!

Fig. 4.1. Eigenvalues of 1000 random matrices C3 of (4.28)

The precise analytical description of o(£2(Bs)) will be given in (4.64)
and (4.65) of Section 4.2.

As a final example in the section, we also consider the matrix A, in
C™™ n > 2, defined by
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ay,1 41,2
a2 2 a3

(4.29) A, = SR ,
T Qn—1.n
Qn,1 Qn,n

where

2mi(k — 1
(4.30) a, == exp (M> (ke N), and |a1,2a2,3 - an1| =1.
n
Note that A, is necessarily irreducible because, by (4.30), a1,2,a2,3, - -, and
ap1 are all nonzero. For any x = [z1, T2, - - ,In]T > 0in R", it is further clear

that rX¥(A,) = |ait1|-Tig1/x; for 1 <i < n, and that rX(A,) = |ap1|z1/Tn,
so that, again with the second part of (4.30),

(4.31) [ 74 =1  forall x>o.
j=1

Now, let z be any complex number such that z € I'*(A,,). Then from (4.16),
v(z) = 0, and because A,, is irreducible, it can be seen from (4.11) and (4.13)
that there is a y > 0 such that |z — a; ;| = 77 (A,) for all i € N. On taking
products and using the result of (4.31), we see that

(4.32) z€0I™(An) only if [] Iz — aial = 1.

i=1
Then writing z = 7(6)e®® and using the explicit definition of a j in (4.30), it
can be verified (see Exercise 8 of this section) that the set in (4.32) reduces

to
(r(6))™ = 2cos(nd), for 6 € [0, 2x],

which is the boundary of a lemniscate of order n , as described in Section
2.2. For the special case n = 4, the matrix A4 reduces, from (4.29) and (4.30)
with a1 2 = a23 =az4 =aq1 =1, to

11 0 0
0i 1 0

(4.33) A=lo 0 —1 1l
10 0 —i

and the resultant lemniscate boundary for OI'®(A4) is shown in Fig. 4.2,
along with the “usual” Gersgorin set (cf. (1.5)) I'(A4) for A4, whose boundary
is given by the outer circular arcs.

We remark, from the special form of the matrix A,, in (4.29), that it can
be verified that
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Fig. 4.2. 9T (A4) and I'(A4) for A4 of (4.33)

n
det — )\I H al R 1)”&1}2&273 cerlnl,
i=1

so that if X is any eigenvalue of any B € 2(A,,), it follows from (4.30) that

n

H lai; — Al =1.

i=1

But from (4.32), we know that (4.33) precisely describes the boundary,
OI'®(A), of the minimal Gersgorin set I'®(A). Thus, for the matrix A, of
(4.29),

aFR(An) = 0(£2(An)),

which means (cf. Fig. 4.2) that while I"*(A,,) consists of n petals, where each
petal has a nonempty interior, the set o(£2(4,,)) is exactly the boundary of
T'R(A,,), with o(£2(A,,)) having no intersection with the interior of I'*(A,,).
Also in this example, the star-shaped subset of I'*(A,,) of Theorem 4.6, for
each diagonal entry, is just the entire petal containing that diagonal entry!
Note further that each star-shaped subset cannot be continued beyond the
point z =0, as z = 0 is a limit point of points z; with v(z;) < 0 (cf. (4.16)).

In the next section, we show, using permutations, how the set o(§2(A4)),
with its possible internal boundaries, can be precisely represented.
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Exercises
1. Show, with (2.15)-(2.16) and (4.3) that

2(A) = w(A) and 2(A) = &(A) for n = 2,

and that

Q(A) C w(A) and 2(A) C &(A) for n > 2.

2. From the definition of (4.3), verify that the inclusions of (4.5) are valid.

3. For any A = [a;;] € C**?, show (cf.(4.2) and (2.6) ) that I'R(A) =
K(A), i.e., the minimal Gersgorin set for A and the Brauer Cassini set
for A coincide for any A € C**2

4. Give a proof of Lemma 4.2.

5.  With the definition in (4.6) of the matrix Q (which is dependent on
z), then —Q is an element of Z"*" of (C.3) of Appendix C, so that
—Q = ul,, — B where B > O. Show that z¢ I'*(A) if and only if —Q
is a nonsingular M-matrix, as defined in Appendix C.

6.  With the result of the previous exercise, show that z¢ I'*(A) implies
that every principal minor of —Q is positive, where a principal minor,
of a matrix A = [a; ;] in C"*", is the determinant of the matrix which
results from deleting the same rows and columns from A. (Hint: Apply
(A1) of Theorem 4.6 of Berman and Plemmons (1994), p.134.)

7. For a fixed matrix 4 = [a; ;] € C"*", we have from (4.12) and (4.13)
that

x>0 | 1N

v(z) == inf {max<r;=(A) - az,i)} (any z € C).

With this definition of v(z), show that

lv(z) —v(Z)| < |z — 2| (all 2, all 2’ in C),

so that v(z) is uniformly continuous on C. (Hint: Write |z —a; ;| =
|(z = 2') + (' — aiy)|, so that |z — a; 4| < |z — 2|+ |2 — a;4l.)
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Verify, with the definition of {ayx}7_; in (4.30), that the lemniscate
of (4.32) is indeed given by (r(0))™ = 2 cos(nd), for 0 € [0, 27].

Fig. 4.3. I'*(A) for the matrix A of Exercise 7

2 1 1
Consider the matrix A = | 1 2¢27%/3 1 , so that (cf. (4.6))
1 1 26—271'1'/3

— |z -2 1 1
Q= 1 — |z — 2e%7/3) 1
1 1 — |z — 2e72m/3]

Show that v(0) = 0, but that v(z) > 0 in every sufficiently small
deleted neighborhood of z = 0. (Hint: Since v(z) is, from (4.11), an
eigenvalue of Q for any complex number z, then v(z) = 0 implies that
det @ = 0, where det @ = 0, for the given matrix A of this exercise,
satisfies

—|z = 2| |z — 2e2™/3| . |z — 27 27/3| 4 2
+|z — 2| + |z — 2e7™/3| + |z — 2e72"/3] = 0.
Then use the fact that {z € C : detQ = 0} consists, from Fig. 4.3,

of a Jordan curve, which is dI'*(A), and the sole point z = 0 in its
interior, and then use Proposition 4.3.)
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10. Give an example of an irreducible matrix A = [a; ;] € C"*",n > 2,
for which one or more of the functions {5;(6)}?; of Theorem 4.6 can
be discontinuous on [0,27]. (Hint: Apply the result of Exercise 1 to a
nonconvex Brauer Cassini set.)

4.2 Minimal Gersgorin Sets via Permutations

The goal of this section is to obtain the precise characterization, in Theorem
4.11, of the set o(§2(A)) of (4.3) which will then determine any existing
internal boundaries of o(2(A4)) in I'*(A), as in Fig. 4.1. To obtain such
interior boundaries, we make use of the technique, via permutations of Parodi
(1952) and Schneider (1954) in Section 3.1, which can give rise to eigenvalue
exclusion sets in C. (The coupling of this technique with minimal Gersgorin
sets, in this section, comes from Levinger and Varga (1966a).)

As in Section 3.1, given a matrix A = [a; ;] € C"*", and given an x =
[1,22,...,2,)T > 0 in R", let X := diag [x1,22,...,%,], so that X is a
nonsingular diagonal matrix in R™*"™. If ¢ is any fixed permutation on the
elements of N :={1,2,...,n}, let

P¢ = [51*745(]*)] e R™<™

denote its associated permutation matrix. From the definition in (4.3), assume
that B = [b; j] € 2(A), and consider the matrix M, defined in analogy with
(3.1) by

(4.34) M :=(X"'BX —\l,) Py =[m;;] €C”" (AeC),

whose entries can be verified to be

(435) m; = (biyd,(j)ij)/xi) — >\5i,¢(j) (’L,] S N)
As in Section 3.1, if A € o(B), then the matrix M of (4.34) is evidently

singular and thus cannot be strictly diagonally dominant (cf. Theorem 1.4).
Hence, there exists an ¢ € N for which

(4.36) Imaal < D may

JEN\{i}
With the definition of £2(A) in (4.3) and with the definitions of (4.35), it can
be verified that the inequality of (4.36), for any B € 2(A), can be expressed,
in (4.37), in terms of the familiar weighted row sums rX(A4) of A:

|az,i — Al < r7¥(A), if ¢(i) =1,
(4.37) or
|am- — )\‘ > —T;((A) + 2|aiy¢(i)|x¢(i)/xi, if (b(l) 75 7.
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The above inequalities are then used, as in Section 3.1, to define the following
sets in the complex plane, which are dependent on ¢ and x:

IT3(A)y={z € C: |z —ai;| < r¥(A)}, if (i) =1,
or
FZT;(A):{Z eC: |Z - am| > —?"f(A) + 2\ai7¢(i)\x¢(i)/xi} y if ¢(Z) # i,
(4.38)
and
(4.39) ry A= J rm;A.
i€EN

Thus, from (3.5)-(3.7), the set FZ;(A) is, for ¢(i) = 4, a closed disk in C,
and is, for ¢(i) # i, either the extended complex Co, or the closed exterior
of a disk. But the point here is that I (;x (A) must contain all the eigenvalue
of each B € I'(A), i.e.,

(4.40) o(£2(4)) C F(;x(A), for any x > 0 in R™ and any permutation ¢.

As the left side of the inclusion of (4.40) is independent of the choice of x > 0,
it is immediate that

(4.41) o(R2(A)) CITR(A) = () I} (A).
x>0

Then, we define Ff(A)in (4.41) as the minimal Gersgorin set, relative
to the permutation ¢ on N and the weighted row sums rX(A). We remark
that the closed set I f(A) can be the extended complex plane Co, for certain
permutations ¢ # I, where I is the identity permutation. (An example will
be given later in this section.) Next, observe that the inclusion in (4.41)
holds for each permutation ¢. If @ denotes the set of all n! permutations on
N ={1,2,---,n}, then on taking intersections in (4.41) over all permutations
¢ in @, we further have

(4.42) a(2(A)) C () IF(A).
peD

Note that the set ﬂ Ff(A) is always a compact set in C, since I'7¥(A) is

PP
compact.

A natural question, arising from the inclusion above, is if this inclusion of
(4.42) is sharp. The main object of this section is to show in Theorem 4.11
below that, through the use of permutations ¢, equality actually holds in
(4.42), which settles this sharpness question! The importance of this is that
permutations ¢, for which I’ ;x (A) is not the extended complex plane, will
help define the set of all internal and external boundaries of o(2(A)).
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The pattern of our development here is similar to that of Section 3.1.
Our first objective here is to characterize the set I’f(A) of (4.41) for each
permutation ¢ on N, again using the theory on nonnegative matrices.

Fixing A = [a; ;] € C"™", and fixing a permutation ¢ on N, let z be any
complex number, and define the real matrix Q4 = [¢; ;] € R"*" by

(4.43) gij = (—1)% aig) — 2016  (i,5 € N),

so that Q4 is dependent on z, ¢ and A. Of course, if ¢ is the identity per-
mutation on N, written ¢ = I, then the matrix Q; defined by (4.43) is just
the matrix of (4.6) in Section 4.1. Note that Q,, from (4.43), is a real ma-
trix with nonnegative off-diagonal entries and nonpositive diagonal entries.
(In the terminology again of Appendix C, Q, is an essentially nonnegative
matriz.) As in Section 4.1, it again follows from Theorem C.2 of Appendix C
that Qg possesses a real eigenvalue vy (z) which has the property that if A is
any eigenvalue of (), then

Re < vy(z),

that to v4(z) there corresponds a nonnegative eigenvector y > 0 in R™ such
that

(4.44) Quy = Vy(2)y where 'y > 0 with y # 0,
and further that
(4.45) vol) = inf, { max Qo }.

We further note that, from its definition, v4(2) is also a continuous function
of z.
The analog of Proposition 4.3 is

Proposition 4.7. For any A = [a; ;] € C"*", and for any permutation ¢
on N, then (cf. (4.41))

(4.46) z € Ff(A) if and only if v4(z) > 0.
Proof. To begin, it is convenient to define the quantities
ste(A;2) ==1X(A) — |ai; — 2| if ¢(i) =1,

(4.47){ or
ste(As2) = lag; — 2| + 17 (A) = 2]a; gyl wge) /2 i @(i) # 4,

so that from (4.38), F[;(A) can be described simply by

x

I7,(A) :={zeC:s'y(A42) >0} (ieN).

Next, for any x > 0 in R" with x = [z, 29, --,2,]7, define the vector
T. on
w = [wi,ws, -, wy,]" in R" by means of
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(448) Wy 7= T(4) (Z € ]\7)7

so that w > 0. Then, it can be verified from (4.43) and (4.47) that, for any
x > 0 in R",

(4.49) (A 2) = 220 [(Quw), fwi] .

T
To establish (4.46), assume first that z € Ff(A), so that (cf. (4.41))
z € Fdfx (A) for every x > 0. But for each x > 0, this implies that there exists
an ¢ (with ¢ dependent on x) such that z € F[’;(A), i.e., from the above
definition of FZ;(A), s74(A;2) > 0. Since x > 0, then x4¢;)/z; > 0 for all
i € N, and therefore, using (4.49), it follows that (Q4(w));/w; > 0. Thus,

(4.50) I}g\}r( {(Q¢w)j /wj} >0 for each x > 0.
Clearly, as x > 0 runs over all positive vectors in R™, so does its corresponding
vector w > 0, defined in (4.48). But with (4.50), the definition in (4.45) gives
us that vy(z) > 0.

Conversely, assume that v4(z) > 0. Again using (4.45) and (4.49), it
follows that, for each x > 0, there is an ¢ € N (with ¢ dependent on x), such
that s¥,(A4;z) > 0. But this implies that 2 € F{:;(A), so that from (4.39),

z € F(;x (A) for each x > 0. Hence, from the definition in (4.41), z € I’f(A).
|

It now follows from Proposition 4.7 and the continuity of v4(z), as a
function z, that the boundary, 8Ff(A) of Ff(A), defined by

OIF(A):=TF(A) [ (IRA)),

if it is not empty, can be analogously characterized as follows:

i) vp(z) =0, and

i) there exists a sequence of

complex numbers {2;}72,
with lim z; = 2, for which

J—00

vg(zj) <0 for all j > 1.

(4.51) z € OI)*(A) if and only if

We note, of course, that the boundary OI f(A) can be empty, as in the case
when Ff(A) =Cw.

As in Theorem 4.4, we now show that if (‘3F$(A) # (0, each boundary
point of F;Z(A) is an eigenvalue of some matrix B € 2(A).
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Theorem 4.8. For any A = [a; ;] € C"*", and for any permutation ¢ on
N, then for each z € C with vy(z) =0, there is a matric B = [b; ;| € £2(A)
for which z an eigenvalue of B. In particular, if 8F$(A) £ (, each point of
aff(A) is in o(2(A)), and

(4.52) OIS (A) Co(2(A) CIF(A).

Proof. First, assume that z is any complex number for which v4(z) = 0. Then
(cf. (4.44)), there exists a nonnegative eigenvector y > 0 in R"™ with y # 0,
such that Qsy = 0. Next, let the real numbers {14 }}_, satisfy

Z—apy = |z —apple™  (for all k € N),

and define the matrix B = [b; ;] € C"*" by

(453) bk,k = Ak k and bk7j = |CLk7j| exp{i[z/)k —+ 71'(71 —+ §k,¢(k) + 5',¢(k))]}7

for k # j, where k, j € N. It is evident from (4.53) and the definition in (4.3)
that B € 2(A), and if

wejy =y; (JEN),

it can be verified (upon considering separately the cases when ¢(i) = i and
@(i) # 1) that Quy = 0 is equivalent to

(4.54) Bw = zw.

But since y > 0 with y # 0, then w # 0, and (4.54) thus establishes that
z is an eigenvalue of the matrix B, which is an element of {2(A). Finally,
if oI f(A) is not empty, then, as each point of 9I' f(A) necessarily satis-
fies v¢(2z) = 0 from (4.51), the inclusions of (4.52) of Theorem 4.8 directly
follow. W

Next, given any B = [b; ;] € C"*", it is convenient to define the associated
rot

set, 2(B), as

rot
(455) Q(B) = {C = [Ci,j] e Ccmxm . |Ci,j| = ‘bi7j| (Z,j € N)}
rot
The set £2(B), called the rotated equimodular set for A, is very much like
the equimodular set 2(B) of (4.3), but it is larger since the diagonal entries
of B (as well as the off-diagonal entries of B) are allowed to be multiplied by

rot rot
factors of absolute value 1, in passing to elements of {2(B). This set 2(B)
arises very naturally from the following question: Suppose B = [b; ;] in C"*"
is strictly diagonally dominant, i.e. (cf. (1.11)),
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(4.56) biil > > bl (forallie N),
JEN\{3}

so that B is nonsingular from Theorem 1.4. But as (4.56) implies that each

rot rot
C = [ci;] € £2(B) is also strictly diagonally dominant, then each C € £2(B)
is evidently nonsingular. It is natural to ask is if the converse of this is

rot
true: If each C' €§2(B) is nonsingular, is B strictly diagonally dominant?
The following easy counterexample shows this to be false. Consider

2 3 2¢i01 3eif2
B = [5 6} , so that C' := [56i93 6€i94:|

rot
represents, for real 0;’s, an arbitrary element of §2(B). Then,

det C = 12¢i(91704) _ 15¢7(02+0s) # 0 for any choices of real 6;'s.

rot
Thus, each matrix in §2(B) is nonsingular, while B, by inspection, fails to be

strictly diagonally dominant. But surprisingly, Camion and Hoffman (1966)
have shown that the converse of the question posed above is, in a broader
sense, true! Their result is
rot

Theorem 4.9. Let B = [b; ;] € C"*", and assume that each matriz in 12 (B)
of (4.55) is nonsingular. Then, there exist a positive diagonal matriz X =
diag [z1,22,...,2s] where x; > 0 for all i € N, and a permutation matriz
Py :=[0; 4(j] in R™™™, where ¢ is a permutation on N, such that BX Py is
strictly diagonally dominant.

As an illustration of Theorem 4.9, it was shown above that the previous
rot
matrix B in R**? is such that each matrix in £2(B) is nonsingular. Then,

the choices of X = diag(1, z2), with x2 > 0, and P, = [(1) H give that

o 3%2 2
BXPy = {6@ 5} .
It is evident that the matrix BX Py is strictly diagonally dominant for any
xo with 2/3 < x5 < 5/6, thereby corroborating the result of Theorem 4.9.

We continue with
Lemma 4.10. For any A = [a; ;] € C"™", then

rot
(4.57) * & o(2(A)) if and only if each matriz R in 2(A — zI,)
s nonsingular.
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Proof. It can be verified (see Exercise 1 of this section), from the definitions

rot rot
of the sets 2(A — zI,,) and 2(A), that each matrix R in £2(A — zI,,) can be
uniquely expressed as R = D(B—z1,,), where D := diag [e'¥1, V2 ... ¢i¥n]
with {;}}_; real, and where B € 2(A). Now, z ¢ o(§2(A)) implies that
det(B—zI,,) # 0 for every B € 2(A). But as |detD| = 1, then R = D(B—=zI,,)
implies that
rot

det R = det D- det (B — zI,) # 0 for each R € 2(A — zI,,),

rot
and each R € () (A — zI) is thus nonsingular. The converse follows similarly.

With Lemma 4.10 and the Camion-Hoffman Theorem 4.9, we now estab-
lish the sought characterization of o(£2(A)) in terms of the minimal Gersgorin
sets I Jf (A).

Theorem 4.11. For any A = [a; ;] € C"*", then

(4.58) o(2(A) = (| T} (4),
peD

where @ is the set of all permutations ¢ on N.

Proof. Since o(£22(A)) C m Ff (A) from (4.42), then to establish (4.58), it

peDP
suffices to show that
/
(4.59) (c(a))y c | () TF 4
peP
Consider any z € C with z ¢ o(£2(A)). From Lemma 4.10 and Theorem
4.9, there exist a positive diagonal matrix X = diag [z1,22, -, 2y, and a

permutation 9 on N, with its associated n X n permutation matrix Py =
[0:,5(j»], such that the matrix

T:=(A-zl,) X Py=:[t;;] € C"*",
whose entries are given by

(4.60) tij = (@iy) = 20ip()) ey (65 € N),

is strictly diagonally dominant, i.e.,

(4.61) |ti,i| > Z ‘ti7j| (all 1€ N)
JEN\{i}
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On comparing the definition in (4.60) with the definition in (4.43) of the
n X n matrix Qy and on setting w; := @y, for all j € N so that w :=
[wy,w, ..., w,]T > 0in R", it can be verified that the inequalities in (4.61)
can be equivalently expressed as

(4.62) 0> Z Iti,j| — |ti,i| = (Q¢W)l (all 1€ N)

JEN\{i}
But since w > 0, we see that (4.62) gives, from the definition of vy (2) in
(4.54), that vy(2) < 0. Hence, from Proposition 4.7, z ¢ Fﬁ(A), which

further implies that z ¢ ﬂ Ff(A). As z was any point not in o(2(A4)),

oEPD
(4.59) follows. |

Given a matrix A = [a; ;] in C"™", it may be the case that a particular
permutation 1 on NN is such that, for each x > 0, there is an i € N for which
(cf.(4.38)) I, (A) = Cu, so that (cf.(4.39)) I'}, (A) = Cuo. As this holds for
all x > 0, then (cf.(4.41)) FJ}(A) = Cy4. Obviously, such a permutation 1

plays no role at all in defining ﬂ I f(A), so we call such a permutation

PP
a trivial permutation for the matrix A. It turns out, however, that each

nontrivial permutation v for the matrix A may determine some boundary
of ﬂ F;Z(A), which, from (4.58) of Theorem 4.11, then helps to delineate

$ED
the set o(£2(A)).

To show this more explicitly, consider again the matrix

_= O N

0 1
11 € R3*3,
1 2

Using the standard notation (see (2.34)) for representing a permutation in
terms of its disjoint cycles, consider the permutation ¢; = (1 2)(3), i.e.,
$1(1) = 2, $1(2) = 1, ¢1(3) = 3. The associated sets F;:)(;l(Bg) are, from
(4.38), given by

IT, (Bs)={z€C:0<|z—2|+7r¥(Bs)},

1.1
Iy (By) = {z € C:0 < |z~ 1] + r5(By)),
F§’¢1(B3) ={ze€C:|z-2| <r¥(Bs)},

where each of the first two sets above is clearly the extended complex plane,
for any x > 0. Thus, the union of the above sets is the extended complex
plane, and ¢, is then a trivial permutation for Bs. It can be verified that, of
the six permutations of (1,2,3), there are only three nontrivial permuta-
tions for Bs, namely (13)(2),(1)(23), and I = (1)(2)(3), and the associated
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minimal GerSgorin sets for these three permutations can be further verified
to be

TRB3)={z€C:|z-22 |z=1< |z =1+ |z =2},
(4.64) { Iay)(Bs) ={2 € Crlz =2 [z = 1| > [z = 1| = [« = 2]},

I as)(Bs) ={2€C: [z =2 |z =1 > —|z — 1| + |2 — 2|}.

The boundaries of the above minimal Gersgorin sets are obviously determined
by choosing the case of equality in each of the above sets of (4.64). Specifically,

OTR(B3)={z€C:|z=2> |z—1| = |z = 1| + |z — 2|},
(4.65) 8F(71z3)(2)(83) ={zeC:[z-2P [z—1 =]z -1 - |2 - 2|},
O (95)(B3) = {z € C: |z =2 |z — 1| = =[]z — 1| + |z — 2|}.

As a consequence of Theorem 4.11, o({2(B3)) is the shaded multiply-
connected closed set shown in Fig. 4.4. This example shows how the minimal
Gersgorin sets I’ ;1(33)7 for nontrivial permutations ¢ of B3, can give bound-
aries defining the spectrum o(§2(B3)). Of course, we note that the boundaries,
analytically given in (4.65), are what had been suggested from the numerical
computations of the eigenvalues of Cs in Fig. 4.1!

While it is the case that, for the matrix Bs of (4.63), each of its three
nontrivial permutations gave rise to a different boundary of o(f2(Bs)), there
are matrices A in C™*"™,n > 2, where two different nontrivial permutations
for this matrix give rise to the same boundary of o(§2(A)). (See Exercise 6
of this section.)

Finally in this section, we remark that the irreducible matrix Bs, of (4.63),
is such that its cycle set is given by C(B3) := (1 3)U (2 3). Now, the cycles
(1 3) and (2 3) are not permutations on the entire set (1 2 3), but
they become permutations on (1 2 3) by annexing missing singletons,

e, (I 3)— (1 3)(2) and (2 3) — (2 3)(1) are then permutations on
{1 2 3}. Curiously, we see that these permutations, on {1,2,3}, plus the
identity mapping, arise in (4.64) as the exact set of nontrivial permutations
for the matrix Bs3. But, as we shall see, this is no surprise.

Given any irreducible matrix A = [a; ;] € C"*", n > 2, let C(A) be the
cycle set of all (strong) cycles « in its directed graph, G(A), as discussed in
Section 2.2. Given any (possibly empty) collection {v;}JL; of distinct cycles
of C(A), (i.e., for any k and ¢ with k # ¢ where 1 < k, € < m, then v, and
~¢ have no common entries), we annex any singletons necessary to form a
permutation on N := {1,2,---,n}, and call $(A) the set of all such permu-
tations on N. Thus, the identity mapping I is an element of @(A). Then,
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Fig. 4.4. 0(2(B3)) = ﬂ I'}(Bs) for the matrix B of (4.63), showing the per-
peD
mutations which define the boundaries of o(£2(Bs3))

with the results of Exercise 4 and 5 of this section, we have the new result of
Theorem 4.12, which exactly characterizes the set of nontrivial permutations
for A. (Tts proof is left as Exercise 7 of this section.)

Theorem 4.12. For any irreducible A = [a; ;] € C™*", n > 2, let P(A)
be the collection of permutations on N := {1,2,---,n}, derived, as defined
above, from the cycle set C(A) of A. Then, $(A) is the exact set of nontrivial
permutations for A.

Remark. If A = [a; ;] € C"",n > 2, has all its off-diagonal entries nonzero,
it follows from Theorem 4.12 that every permutation on N is a nontrivial
permutation for A. (See Exercise 8 of this section).

Exercises

1. Given any A = [a;;] € C"*",n > 2, verify, from the definitions in
rot

(4.3) and (4.55), that each R in 2(A) can be uniquely expressed as
R = DB, where D = diag[e™", - -, e"] with {¢;}/_, real, and where
B € 2(A), the equimodular set for A.
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Verify that of the six permutations on the numbers 1, 2, and 3, only the
permutations (13)(2), (1)(23) and I = (1)(2)(3) give rise to nontrivial
permutations for the matrix Bs of (4.63).

Verify the expressions in (4.64) and (4.65).

Given a matrix A = [a; ;] € C"*", n > 2, let ¢ be a permutation on
N. Then, ¢ is defined to be a trivial permutation for A if, for each
y > 0 in R", there is an ¢ € N for which F[;(A) = Co. Show that
¢ is a trivial permutation for A if and only if there is an 7 in IV for
which ¢(i) # ¢ and for which a; 4;) = 0. (Hint: Use (4.38).)

Consider the irreducible matrix A, = [a; ;] of (4.29), where n > 2,

where |a1,2 - a23---an1| = 1, and where {a;;}7", are arbitrary but
fixed complex numbers Let 1/} be the permutation on N, which, in
cyclic notation, is ¢ = (1 2 --- n), ie.,

P@)=i+1 (1 <i<n), and ¢(n) =

If ¢ is a permutation on N with ¢ # ¢ and with ¢ # I, show, using
the result of the previous exercise, that I ¢7"x (A,) =C4 for any x > 0
in R”, i.e., each permutation ¢, with ¢ # 1 and ¢ # I, is a trivial
permutation for A,.

With the definitions of the prev1ous exercise, show (cf.(4.39)) that
I'F(A,)={z€C: H|z a; ;| <1},and

=1
IR(An) ={z€C: ]Iz - aiil > 1},

i=1
so that

IR(A,)NTR(A,) ={z€C: H|z aiil =1}.

Thus, the permutations I and glve I"eSpectlvely7 the interior and
exterior of the single set

{zeC: H\z —a;q| =1}
i=1

Using the results of Exercise 4 and 5 above, prove the result of Theorem
4.12.
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8. Using Theorem 4.12, show that if A = [a;;] € C"*",n > 2 has all
its off-diagonal entries nonzero, then every permutation on N is a
nontrivial permutation for A.

9. Let A= [a;;] € C"*" be irreducible, let ¢ be any permutation map-
ping of N = {1,2,---,n} onto N, and let Py := [J; 4(;)] be its asso-
ciated permutation matrix. Show (Loewy (1971), Lemma 1) that the
condition, that a;; # 0 for each i with i # ¢(i), is sufficient for the
product A- Py to be irreducible. Also, show by means of a 3 x 3 matrix,
that this condition is not always necessary.

4.3 A Comparison of Minimal Gersgorin Sets and
Brualdi Sets

We have examined, in the previous sections of this chapter, the properties of
the minimal Gersgorin set for a given matrix A = [a; ;] in C"*", but there is
the remaining question of how the minimal Gersgorin set, I'*(A) of (4.2) for
the matrix A = [a; ;], which is a compact set in the complex plane, compares
with its Brualdi set B(A) of (2.40), also a compact set in the complex plane.
To answer this question, we begin with

Lemma 4.13. For any A = [a; ;] € C"™", then (cf. (4.3) and (2.70))

(4.66) Q(A) C Dp(A).

Proof. First, assume that A is irreducible with n > 2, so that, r;(A) > 0 for
all i € N. For any matrix B = [b; ;] in {2(A), we have from (4.3) that

(467) bi,i = Qi (all xS N), and 0 < ‘bi7j| < |ai,j| (all 7 35_] in N)
Define the set

(4.68) Si(A):={jeN:j#iand|a; | >0} (i€ N).

Then, S;(A) # () for any i € N, since A is irreducible. If there is a j in S;(A)
for which b; ; = 0, we note from (4.3) and (1.4) that

(469) T'Z(B) < ’/‘i(A).

Then, for a fixed € > 0, replace this zero (i, j)-th entry of B by any number
having modulus ¢, and do the same for every k in S;(A) for which b; = 0,
leaving the remaining entries in this i-th row, of B, unchanged. On carrying
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out this procedure for all rows of the matrix B, a matrix B(e), in C"*", is
created, whose entries are continuous in the parameter €, and for which the
cycle set C(B(e)) of B(e) is identical with the cycle set C(A) of A, for each
¢ > 0. In addition, because of the strict inequality in (4.69) whenever b; ; = 0
with j € S;(A), it follows, for all € > 0 sufficiently small, that

(4.70) ri(B(€)) < r4(A) (all i € N).

Hence from (2.61), B(e) € wp(A) for all sufficiently small € > 0. As such, we
see from the definition in (2.69) that B(0) = B € @g(A), and, as this holds
for any B € £2(A), the inclusion of (4.66) is valid in this irreducible case.

For the case n = 1, we see by definition that equality holds in (4.66). Fi-
nally, assume that n > 2 and that A is reducible. Without loss of generality,
further assume that A is in the normal reduced form of (2.35). Then, our pre-
vious construction, in the irreducible case, can be applied to each irreducible
submatrices R, ; of case (2.361), while the remaining case of (2.36ii), as in
the case n = 1 above, is immediate, completing the proof. |

This brings us to the following new, but not unexpected, result which
extends that of Varga (2001a). Its proof is remarkably simple.

Theorem 4.14. For any A = [a; ;] € C"*", then

(4.71) I'*(A) C B(A).

Remark. The word “minimal” in the minimal Gersgorin set of (4.2) seems to
be appropriate!

Proof. Tt is known from (4.21) of Theorem 4.5 that
I'®(A) = o(£2(4)),

and as Q(é) C Wp(A) from (4.66) of Lemma 4.13, then o (2(A)) C o(0p(A)).
But as o(wp(A)) = B(A) from (2.71) of Theorem 2.11, then

I™(A) € B(A),
the desired result of (4.71). W

We remark that equality, of the inclusion in (4.71) of Theorem 4.14, can
hold, as the following simple example shows. Consider the matrix

1 1 0 0

0 1 0
(4.72) Ay = 00 -1 11°

10 0 —i

which was considered in (4.33). Then, A4 is irreducible, and C(A4) consists
of just one cycle, y = {1 2 3 4}. Thus from (2.40),
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(4.73) B(Ay) ={z€C:|z* -1 < 1}.

As shown in Section 4.2, B(A4) of (4.73) is then the set of four petals in
Fig. 4.2, along with all their interior points. It can similarly be verified that
I'R(A,) is exactly the same set, i.e.,

(4.74) I'*(As) = B(Ay),

which gives the case of equality in (4.71).

To conclude this chapter, we note that (4.71) of Theorem 4.14 seems, at
first glance, somewhat contradictory to the reverse inclusions of (2.9) of
Theorem 2.3 and (2.48) of Theorem 2.9, namely,

(4.75) B(A) C K(A) C I'(A),

which is valid for any A = [a; ;] € C"*",n > 2. (Note that n > 2 is now
needed for the definition of the Brauer Cassini set.) But of course, the sets
in (4.75) have no dependence on weighted row sums! With r*(A) of (1.13),
we can define, for any x = [x1, 72, -, 2,]7 > 0 in R", the weighted row sum
version of the Brauer Cassini oval of (2.5) as

(4.76) K[ (A)={2€C:|z—ay| |z —a;;| < (A)r¥(A)},
where i # j; i,j € N, and the weighted row sums version of IC(A) of (2.5) as

(4.77) K™(A):= | K7;(A).

i
Similarly, if v € C(A) is any cycle of G(A), we define

(4.78) BQX(A) ={zeC: H |z —a; | < Hr;‘(A)}
i€y i€y
and
(4.79) B7(A):= |J B (A).
Y€EC(A)
Now, applying the inclusions of (4.75) to the matrix X ~'AX where X :=
diag[xy,za, -+, x,] with x > 0, it directly follows that

(4.80) B (A) CK™(A) C I (A), for any x > 0,

so that if

(4.81) BR(A):= [ B (4) and K®(4) := [ K" (4),
x>0 x>0

we have from (4.80) that
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(4.82) BR(A) C KR(A) C TR(A).
On the other hand, we have from (4.71) and (4.79) that
IR(XT'AX) C B(X 'AX) = B” (A) for any x > 0.

But as is easily verified (see Exercise 1 of this section), I'*( X 1AX) =
T'R(A) for any x > 0, so that

I'®(A) C B” (A) for any x > 0.

As this inclusion holds for all x > 0, then with the notation of (4.81), we
have
(4.83) I'R(A) C BR(A).

Thus, on combining (4.82) and (4.83), we immediately have the somewhat
surprising result of

Theorem 4.15. For any A = [a; ;] € C"*",n > 2, then

(4.84) I'*(A) = BR(A) = K*(A).
Exercises
1. Given A = [a;;] € C"",n > 2, let x = [v1,22,  *,7,]T > 0in R"
be any positive vector, and set X := diag[x1, 22, -+, 2,]. Show, using

(4.2) of Definition 4.1, that

I'R(X71AX) =TR(A).

2. Complete the proof of Lemma 4.13 in the reducible case.
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Bibliography and Discussion

4.1

4.2

4.3

Minimal Gersgorin sets were introduced in Varga (1965), and most of
this work is reported in this section. We remark that Theorem 4.7,
showing that the spectra of all matrices in £2(A) of (4.3) exactly fills
out the minimal Gersgorin set I'#(A), was established in Varga (1965).
This result was also obtained by Engel (1973) in his Corollary 5.4. The-
orem 4.6, having to do with star-shaped subsets associated with diag-
onal entries of the minimal Gersgorin set I (A), is new. We mention
that the term, “minimal GerSgorin circles,” appears in Elsner (1968),
but in a quite different context.

It is worth mentioning that the characterization in Section 3.1, of
points z in I'®(A), was through the theory of essentially nonnega-
tive matrices, which are the negatives of matrices in Z"*", defined
in C.3 of Appendix C. It could, just as well, have been determined
from the theory of M-matrices because, as is shown in Exercise 3 of
Section 4.1, the result that z¢ I'®(A) is true if and only if —Q is a
nonsingular M-matrix.

The exact determination of the minimal Gersgroin set I'*(A) of a
given matrix A in C™*" can be computationally challenging, for even
relatively low values of n. Because of this, their value is more for
theoretical purposes.

The tool for using permutation matrices to obtain new eigenvalue in-
clusion results, where exteriors of disks then can come into play, is
due to Parodi (1952) and Schneider (1954). See also Parodi (1959).
The material in this section, based on minimal GerSgorin sets under
permutations, comes from Levinger and Varga (1966a), where the aim
was to completely specify the boundaries of o(§2(A)) of (4.4). This
was achieved in Theorem 4.11 which was also obtained later by Engel
(1973) in his Theorem 5.14. This paper by Engel also contains, in his
Corollary 5.11, the result of Camion and Hoffman (1966), mentioned
in the proof of our Theorem 4.9.

We note that the exact characterization in Theorem 4.12 of all non-
trivial permutations for the matrix A, is new.

The idea of comparing the minimal Gersgorin set, of a given matrix
A = [a; ;] € C™*", with its Brualdi set in Theorem 4.14 is quite new;
see also Varga (2001a). Perhaps the final result of Theorem 4.15 (which
also appears in Varga (2001a)) is unexpected.






5. G-Functions

5.1 The Sets F, and G,

We have seen in Chapter 1 that if A = [a;;] € C"" if x =
[#1, 29, ,1,]T € R™ with x > 0, and if 0 < a < 1, then, with the
definitions of r¥(A) and c¢X(A) := r¥(AT) from (1.13) and (1.35), and with
N :={1,2,---,n}, each of the following statements:

i) laj ;| > r¥(A) (all j € N),
(5.1) i) lajj| > ¢(A) (all j € N),

i) laj gl > (rX(A)" - (¢5(A4)) 7" (all j € N),

separately implies that A is nonsingular (where, as in Chapter 1 (cf. (1.4)),
we continue the convention that r(A4) := 0 =: ¢¥(A) when n = 1). Note that
the above statements are similar, in that each compares the absolute values
of the diagonal entries of A with various combinations of the absolute values
of only off-diagonal entries of A. It is natural then to study the set of all
such relations which establish the nonsingularity of matrices in C"*"™. The
material in this chapter was inspired by the works of Nowosad (1965) and
Hoffman (1969) where G-functions were introduced, but as we shall see, it
definitely had its roots in the earlier work of Fan (1958), covered in Theorem
1.21. Our exposition in this section largely follows that of Carlson and Varga
(1973a).
We begin with

Definition 5.1. For any positive integer n,F, is the collection of all
functions f = [f1, fa, -, fu] such that

i) f:C"”" = RY ie,0< fj(A) < 400, for any j € N and
for any matrix A = [a, ;] € C"*";

it) for each k € N, fr,(A) depends only on the absolute values
of the off-diagonal entries of A = [a; ;] € C"*", ie., for
any B = [b; ;] € C"*" with |b; ;| = |a; | for all 4,5 € N
with ¢ # j, then fr(A) = fi(B) for all k € N, (with
the convention, for n = 1, that f = [f1] € Fi implies
f1(A) :=0 for all A e C™?),
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Definition 5.2. Let f = [f1, f2, -+, fa] € Fpn. Then, f is a G-function fif,
for any A = [a; ;] € C"*", the relations

(5.2) |a;,i| > fi(A) (alli€ N),

imply that A is nonsingular. The set of all G-functions in F,, is denoted by
Gn-

From Definitions 5.1 and 5.2, we see, for n = 1, that F; = Gy, where the
unique element in F; is the null function. We next claim that G,, is nonempty
for any n with n > 2. To show this, fix any x = [z1, 72, -, 2,]T in R™ with
x > 0 and fix any « with 0 < « < 1. Then, define f = [f1, f2, -, fu] by

fi(A) == (rX(A)* - (AN (jeN,AeC™™).

Clearly, f € F, from Definition 5.1, and f € G,, from Corollary 1.17. Later,
we shall see, from Remark 4 following Theorem 5.5, that G,, is a proper subset
of F,, for any n > 2.

Previously, we have seen that GerSgorin’s Theorem 1.1, which, for any
A € C™™"™, defines a closed and bounded set in the complex plane containing
all the eigenvalues of A, is equivalent to the Diagonal Dominance Theorem
1.4, which gives a sufficient condition for the nonsingularity for matrices in
C"™ ™. The analogous equivalence to the nonsingularity condition of (5.2) is
given in Theorem 5.3 below, which generalizes the results of Corollaries 1.5
and 1.18. For notation, if f = [f1, f2, -, fn] € Fn, then

Fif(A) ={z€ C: |z—a;;
(5.3) rfa) = J r/ .
ieN
Theorem 5.3. Let f = [f1, f2, *, fu] € Fn. Then, f € G, if and only if,
for every A = [a; ;) € C"*",

< fi(A)} (e N),

(5.4) o(A) C I (A).

Proof. First, suppose that f € G,. For any A = [a;;] € C"*", consider
any A € o(A), so that A — A, is singular. If |a; ; — A\| > fi(A — A\I,) for all
1 € N, then A—\I, would be nonsingular from Definition 5.2, a contradiction.
Hence, there exists a k € N for which

lage — Al < fr(A = Al,) = fr(4),

the last equality following from property iz) of Definition 5.1. Thus from (5.3),
A€ ka(A), so that A € I'/(A). But as A\ was any eigenvalue of A, then the
eigenvalue inclusion of (5.4) is valid.

Conversely, suppose that f € F,, and that (5.4) is valid for all A € C™*".
If f & Gy, there is an A = [a;;] € C"™*" with A singular and with A
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satisfying (5.2). As (5.4) is by hypothesis valid, then 0 € o(A) C I'f(A). But
from (5.2) and (5.3), 0 ¢ Fl-f(A) for any i € N, so that 0 ¢ I'7(A), a
contradiction. Thus, f € G,. W

Of course, the result of Theorem 5.3 is our first recurring theme on the
equivalence of matrix nonsingularity results and matrix eigenvalue inclusion
results. Its proof was given here just to show the relevance of the parts of
Definition 5.1.

From Theorem 5.3, we see that, to obtain more general matrix nonsin-
gularity results as in (5.2), or equivalently, more general matrix eigenvalue
inclusion results as in (5.4), we must precisely determine which functions in
Fn, are elements of G,,. This determination, given below in Theorem 5.5, de-
pends nicely on the theory of M-matrices, our second recurring theme,
which is summarized below. (See also Appendix C for a fuller discussion.)

To define M-matrices, we first adopt the traditional notation of

(5.5) Zr " = {A=a; ;] e R"" :a;; <0 forall i # j}.

Then, if A = [a;;] € Z™*", we set u = p(A) := max{a;,; : i € N}, so
that p is a real number. We can then express A as A = pl, — B, where
B = [b; ;] € R™" is defined by

(56) bi,i = Qg >0 and bi,j = Qg >0 for i #] (’L,j S N)

As B has all its entries nonnegative, we can write B > O. Recalling from
(1.8) that p(A) denotes the spectral radius of A € C™*", this brings us to

Definition 5.4. Given A = [a;;] € Z"*" (cf.(5.5)), express A as A =
wul, — B, where p is a real number, and B > O. Then, A is an M-matrix if
p(B) < p. More precisely, A is a nonsingular M-matrix if p(B) < u, and
a singular M-matrix if p(B) = p.

We remark that a singular M-matrix is singular, thereby justifying the
above terminology, because, by the Perron-Frobenius theory of nonnegative
square matrices, p(B) is an eigenvalue of B when B > O (cf. Appendix C).
We also warn the reader that, in the literature, an M-matrix often means a
nonsingular M-matrix; here, an M-matrix can be singular.

To connect the theory of M-matrices with properties of the set G, , we
need the following additional notation. Given any f = [f1, fo, -, fn] € Fn,
of Definition 5.1, and given any A = [a; ;] € C"*", we define the associated
matrix M7 (A) := [, ;] € R™™ as

;i = fi(A) and a; j := —[a; 4| fori #j  (i,5 € N),

ie.,
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fi(A) —laiz| - —la1]

—|a2,1 2(A) -+ —|azn
. iy | 12l A e al

—lan 1l —lanz2| -+ fn(A)

We note from (5.7) that the real n x n matrix M7 (A) = [a; ;] is necessarily
an element of Z"*" of (5.5).

The next result, one of our main results, connects elements of G,, with
M-matrices and with the now-familiar weighted row sums r*(A) of (1.13).

Theorem 5.5. Let f = [f1,fo,  , fu] € Fn. Then, f € G, if and only if
MI(A), as defined in (5.7), is an M-matriz for every A = [a; ;] € C"*".
For mn >2,if f € G, and if A € C"*" is irreducible, then M7F(A) is an
irreducible M -matriz and there exists an x = [x1,X2, -, X,]T > 0 in R"
(where x is dependent on A) for which

(5.8) fi(A) > r¥(A) (all i € N).

If, moreover, M7 (A) is a singular M-matriz, then equality holds in (5.8) for
allt € N, i.e.,

(5.9) Fi(A) = r¥(A) (all i € N).

Remark 1. From equation (5.8), we directly see the connection of Theorem
5.5 to Fan’s Theorem 1.21.

Proof. To begin, Theorem 5.5 can be seen to be trivially true when n = 1,
since 1 = G; and the unique element f in these sets is the null function.
Hence, M7 (A) = [0] is a singular M-matrix for any A € C***. Next, assume
that n > 2. Then, suppose that f € G,, and suppose that A = [a; ;] € C"*"
is such that M7 (A), defined in (5.7), is not an M-matrix. Defining p :=
max{f;(A): i € N}, we can write that M7 (A) = ul,, — B, where B € R™*"
satisfies B > O. Since M/ (A) is not an M-matrix, it follows from Definition
5.4 that p(B) > p. Then, define the matrix C' = [¢; ;] := p(B) - I, — B in
R"™ "™ whose entries can be verified from (5.7) to be

(5.10) ¢;i := fi(A) + (p(B) — p) and ¢; j := —|a; ;| for i £ j (i, j € N).

Because B > O, the Perron-Frobenius theory of nonnegative matrices (cf.
Theorem C.2 of Appendix C) gives us that p(B) € o(B), so that C is singular.
On the other hand, as p(B) > u, the first equality in (5.10) gives that ¢;; > 0
with |¢; ;| > fi(A) for all ¢ € N, while the second equality in (5.10) gives,
from i) of Definition 5.1, that f;(A) = f;(C) for all i € N, i.e.,

leii| > fi(C) (i € N).

But as f € G,,, then C is nonsingular from Definition 5.2, a contradiction.
Thus, M7 (A) is an M-matrix for every A € C™*".



5.1 The Sets Fn and Gy 131

Conversely, suppose that f € F,, is such that M/ (A) is an M-matrix for
any A € C"*". To deduce that f € G,, we must show (cf. Definition 5.2)
that, for any matrix A = [a; ;] € C"*" satisfying

|6Li7i| > fl(A) (all 1 E N),

the matrix A is nonsingular. Now, the above inequalities give us that d; :=
laiil — fi(A) >0 for all i € N, and we set d := [dy,da, -+, d,]T € R". Then
define the matrix E = [e; ;] € R™*" by

B = [es;] = MY (4) + diagld],

so that £ € Z"*". Because E is the sum of an M-matrix and a positive
diagonal matrix, then (cf. Propositions C.4 and C.5 of Appendix C.) E is a
nonsingular M-matrix with E~! > O. Moreover, by the above construction,
it can be verified that |e; ;| = |a; ;| for all 4,j € N. This implies, by the
reverse triangle inequality and the sign properties (cf. (5.7)) of off-diagonal
entries of M/ (A), that

(AY)il = D aijys| > laial - lwil = Y laigl-lys =Y e - vl
JEN JEN\{i} jEN
for any ¢ € N and for anyy = [y1,y2, -, ys]? € C". Now, it is convenient

to define the particular vectorial norm p(u) by

p(u) = [|’U,1‘, |’U,2|, Ty |uTLHT (any u= [u17u23 e aun]T € Cn)a
so that p : C" — R’'. With this definition, the inequalities above can be

expressed concisely as

(5.11) p(Ay) > Ep(y) (ally € C").

Thus, F (in the terminology of Appendix C) is a lower bound matrix for
A with respect to the vectorial norm p. Because E~! > O, then multiplying
(on the left) by E~! in (5.11) preserves these inequalities, giving

(5.12) E7'p(Ay) > p(y) (ally € C").

But these inequalities imply that A is nonsingular, for if A were singular,
there would be a y € C" with Ay = 0 and with y # 0. Then the vector p(y),
on the right side of (5.12), has at least one positive component, while the left
side of (5.12) would be the zero column vector in R", which contradicts (5.12).
The nonsingularity of A thus establishes, from Definition 5.2, that f € G,,.
To conclude the proof, suppose that f € G, and that A € C"*" is
irreducible. Because n > 2, we see, using the first part of this proposition,
that M7 (A) of (5.7) is an (irreducible) M-matrix. As such, (cf. Theorem C.1
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of Appendix C), there is an x = |21, 72, -, 2,]7 € R™ with x > 0 such that
M (A)x > 0, or equivalently from (5.7),

fiai— Y aigl x>0 (alli€ N).
JEN\{i)

Upon dividing the above expression by x; > 0 and using the definition of
rX(A) of (1.13), we obtain f;(A4) > r¥(A) for all i € N, which is the desired
result of (5.8). Similarly, if M/ (A) is an irreducible singular M-matrix, then
there is an x > 0 such that M7/ (A)x = 0, which analogously implies (5.9).
[ |

We next list some additional remarks arising from Theorem 5.5.

Remark 2. The results of (5.8) and (5.9) of Theorem 5.5 apply equally
well to the weighted column sums ¢ (A) := 7Y (AT) of (1.35), where y > 0
in R"™ .

Remark 8. Theorem 5.5 generalizes the results of Ostrowski (1937b) and
Fan (1958). In particular, the inequalities (5.8) of Theorem 5.5, coupled with
the equivalences of Theorem 5.3, reproduce the main results of Fan (1958).

Remark 4. Theorem 5.5 also gives us that, for any n > 2, G, is a proper
subset of F,. To see this, just consider the null function f = [f1,---, f»] in
Fu,ie., fi(A):=0foralli € N and all A € C"*" for n > 2. It is easily seen
that M/ (A) of (5.7) cannot be an M-matrix for every A € C"*", so that,
from Theorem 5.5, this f ¢ G,,.

Exercises

1. I f=1[fi,fa, ", fn] €Gnand if g = [g1,92, ", gn] € Fn, show that
f+ag=[fi+tg,fa+92, fn+ gn] € Gyn. Similarly, if 7 € R™ with
7 >0 ,show that f+7:=[f1 +71, fo+ T2, fn + Tn] € Ga.

2. If C = [¢; ;] € R is a nonsingular M-matrix, show that C~! > O.
Similarly, if C' = [¢; ;] € R™" is an irreducible nonsingular M-matrix,
show that C~! > O. (Hint: Write C = pu(I — B/u) where p > p(B),
so that C~1 = %[I—i— % + (%)2 +--])

3. Let C = ¢ ;] € R™"™, n > 2, be an irreducible singular M-matrix.
Show that if any entry of C' is reduced, the resulting matrix is not an
M-matrix. Also, give an example that this last result is not in general
true if C' is reducible.
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4. Let A = [a;;] € C™" be any (cf. (1.11)) strictly diagonally domi-
nant matrix. Show that its comparison matrix F = [¢; ;] € C"*",

defined by e;; = |a;;| and e;; = —|a; |, # j, for i,j € N, is
a nonsingular M-matrix. If the vectorial norm p(u) is defined by
p(u) := [lu1l, |uz|,- -, |lun|]? for u = [u1,ug, -, u,|? in C", show
that

p(Ay) > Ep(y) (ally € C"),

i.e., E is a lower bound matrix for A with respect to p.

5. Forn =2, if fl(A) = |a1,2|ﬁ . |a271|7 and fQ(A) = |a1,2|1_5 : \a2,1|1_’7,
for all B and vy with0 < 3, v <1land all A =[a; ;] € C?*2, show that
f =11, f2] is an element of G5. Show moreover, using Theorem 5.5,
that any g = [g1, g2 in Go for which (cf.(5.7)) M9(A) is a singular M-
matriz for any A = [a; ;] € C**? | is necessarily of the form f = [f1, fa],
for suitable choices of 8 and « in [0, 1].

6. Foreach f =[f1, fa, -+, fn] in F,, show that f € G, if and only if each
principal minor (i.e., the determinant of each principal submatrix) of
M (A) of (5.7) is nonnegative for any A = [a; ;] € C"*". Also, show
that the condition, that each principal minor of M7 (A) is nonnegative,
gives rise to 2" — 1 conditions on f = [f1, fa, -+, fn]. (Hint: See A; of
Theorem 4.6 of Berman and Plemmons (1994).)

5.2 Structural Properties of G, and G

The set G, of G-functions has two interesting structural properties which
we wish to exploit. As the first structural property, we can partially order
the elements of F,, as follows: given any f = [f1, fo, -, fn] € F and any
9=191,92," ", 9n] € Fn, we write

(5.13) fegif fi(A) > gi(A) (allie N, all Ae C™™).

It can be verified that this is indeed a partial order on F,, i.e., for all f, g
and h in F,
i) (transitive) f > g and g > h imply f > h;
it)  (anti-symmetric) f > g and g = f imply f = g;
it) (rveflexive) f > f.
With the partial ordering (5.13) for elements of F,,, we next give the easy,
but useful, result of

Lemma 5.6. If g € G, and if f € F,, satisfy f = g, then f € G,,.
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Proof. For any A = [a;;] € C™*" with |a;;| > f;(4) for all i € N, the
hypothesis f > g gives f;(A) > g;(A) for all i € N, so that

|aii| > gi(A) (i € N).
As g € G,,, A is thus nonsingular from Definition 5.2, and hence, f € G,,. N

Our interest in the partial order of (5.13) for F,, and G, is based on the
following simple observation. Given f and ¢ in G,, and given any A € C™*",
we know from Theorem 5.3 that o(A) is contained in both sets, I'f(A) and
I'9(A), defined in (5.3), but it is not apparent which of the sets, I'f(A) or
I'9(A) in the complex plane, gives a tighter estimation of o(A). But if f = ¢,
then from (5.13), f;(A) > gi(A) for all i € N and all A € C"*", so that (cf.
(5.3)), I'9(A) C I'f(A), ie., I'(A) is always at least as good as I'(A) in
estimating o(A) for any A € C"*"™.

Next, it is convenient to make the following definition. Recall from Def-
inition 5.1 that, for n > 2, f = [f1, fo, -, fa] in F,, implies that, for any
A = [a;;] € C™", each f;(A) is a function of the n(n — 1) nonnegative
numbers |a; ;| for all 4,5 € N with ¢ # j. Then, each f; can be viewed as a

mapping from Ri("_l) to Ry.

Definition 5.7. For n > 2, f = [f1, fo, -, fn] € Fy is continuous if f; is
continuous from Ri(nfl) to R4, for each ¢ € N. The sets of all continuous

elements in F,, and in G,, are respectively denoted by Fy; and G¢.

We remark that for n = 1, the unique null function of F; = Gy can also
be regarded as continuous. We also remark that our previous examples of G-
functions, such as those arising from (5.1), are all continuous. Discontinuous
G-functions do exist, and they play a special role in Section 5.3, as we shall
see.

The next proposition gives a useful sufficient condition for the elements
of Fy. to be elements of G¢.

Proposition 5.8. Let f = [f1, fa, -, fn] € FS, and assume that every ir-
reducible A = [a;;] € C"™", for which |a;;| > fi(A) for alli € N, is
nonsingular. Then, f € GE.

Proof. As the case n = 1 is again trivial, assume that n > 2. For any A =
la; ;] € C™" with |a;;| > fi(A) for all i € N, we must show that A is
nonsingular. For every € > 0, define the matrix E(e) = [e; j(€)] € Z"*" by
means of

—|a; ;| if i # j and if a; ; # 0;
(5.14) eij(e) = —e if i # j and if a; ; = 0;

la;i| ifi=j.
Since each off-diagonal entry of E(€) is nonzero, then E(e€) is necessarily
irreducible for every € > 0. For € > 0 chosen sufficiently small, it is clear,
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from the assumed continuity of the f;’s, that the hypothesis |a; ;| > f;(A4) for
all ¢ € N implies
\ei,i(e)| > fZ(E(G)) (all xS N)

Since E(e) is irreducible, the above inequalities give, from our hypotheses,
that E(e) is nonsingular. Note, moreover, that adding any nonnegative diag-
onal matrix to E(e) produces an irreducible matrix which also satisfies the
above inequalities, so that the resulting matrix sum is again nonsingular. This
can be used as follows. The sign pattern, induced by (5.14) in the entries of
the matrix F(e), is such that F(e) admits the representation

E(e) = pl, — B(e), where B(e) > O and where py := max @ il
1€

Since E(e) is nonsingular and since B(e) > O, the Perron-Frobenius Theorem
(see Theorem C.2 of Appendix C) gives that p # p(B(e)), so that either
w < p(B(e)) or > p(B(e)). If u < p(B(e)), then, with 7 := p(B(€)) —pu > 0,
adding 71, to E(e) would make E(e€) + 7I,, singular, which contradicts our
previous statement above. Hence, p > p(B(¢)), which implies that E(e) is a
nonsingular M-matrix, which also implies (cf. Proposition C.4 of Appendix
C) that E~!(¢) > O. Then for any y = [y1,y2, -, yn]? € C", it follows as in
(5.11), from the definitions in (5.14), that |(Ay);| > (E(e)|y|); for all i € N,
or, in terms of the vectorial norm p(y) := [|y1l, [yal, -, |ynl]T

pP(Ay) > E(e)p(y) (ally € C").

7

But since E~!(¢) > O, the above inequalities imply, as in the proof of Theo-
rem 5.5, that

E ' (e)p(Ady) > p(y) (ally € C"),

which, as in the proof of Theorem 5.5, shows that A is nonsingular. Thus,

feg:. |

With the above proposition, we next establish a result of Hoffman (1969),
which is a generalization of Ostrowski’s Theorem 1.16. For notation, let f =
[f1, fo, -+, fn] and g = [g1,92," -, gn] be elements of G¢, and let « satisfy
0 <a<1. Then h = [hy,ha,- -, hy], defined by
(5.15)  hi(A) := f*(A) - g~ *(A) (alli € N, all A€ C™*"),

is called the a~convolution of f and g.

Theorem 5.9. If f = [f1, fo, -, fu] and g = [g1, 92, -+, gn] are elements of
¢ and if 0 < a < 1, then the a-convolution h = [hy, ha, -, hy] of (5.15)

n’

is also in GS

Proof. Clearly, h, as defined in (5.15), is an element in F¢ from Definitions
5.1 and 5.7. Also, since the result of Theorem 5.9 is obvious if & = 0 or
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if & = 1, assume that 0 < a < 1. To show that h € G, it suffices, from
Proposition 5.8, to consider any irreducible A = [a; ;] € C"*" for which

(516) |a@i|>-hA/D (aﬂi EJV)

From Theorem 5.5, there exist x and y in R"™, with x > 0 and y > 0, such
that f;(A) > r¥(A) and g;(A) > rY(A) for all i € N. Then, using (5.15) and
(5.16),

(5.17) lais] > hi(A) > (FX(A)* - (1Y (A)' ™ (alli e N).

7

But with the definitions of 7¥(A) and Y (A), the product on the right in (5.17)

is just the upper bound obtained from applying Holder’s inequality, with

p:=1/aand ¢ :=1/(1—a), to the sum Z (|am-|xj/xi)0‘(|ai’j|yj/yi)1_o‘,
JEN\{i}

where this last sum can be written as

> aiy

JeN\{i}

a, l—a /o, 1—a
T;Y; /5y

Hence, the inequalities (5.17) give rise to the inequalities of

(5:18)  Jaiil > hi(A) = (FF(A)* (Y (A)™" 2 75(A) (i€ N),

K3 K3
where z = 21, 29, -+, 2,7 € R™ is defined by z; := 28y; ~“, i € N, so that
z > 0. But as it was remarked after Definition 5.7 that r* is an element of
ge, for any x > 0, then % € G¢. Hence, (5.18) implies from Definition 5.2
that A is nonsingular. Thus from Proposition 5.8, h € Gf. |

As a consequence of Theorem 5.9, we derive below in Corollary 5.10 the
second structural property of G¢, namely, convexity. In general, a subset T’
of a linear space is convex if, for every f and ¢g in T and for every a with
0<a<l thenk:=af+(1—-a)gisalsoinT.

Corollary 5.10. G is a conver set.

PTOOf. For any f = [flﬂf?v"'afn] in gq?m for any g = [917927“'7977,] in gycl
and for any 0 < a < 1, define k = [k, ko, - -+, ky] € FE by

(5.19)  ki(A) :=afi(A)+ (1 —a)gi(A), (allie N,all Ae C**").

Recall the generalized arithmetic-geometric mean inequality (cf. Beckenbach
and Bellman (1961), p. 15), namely, that for a > 0, b > 0, and 0 < « < 1,
there holds

aa+ (1 —a)b>a®b' ™ (with the convention that 0° := 1),

and when a > 0,b > 0, and 0 < o < 1, there holds
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aa+ (1 —a)b=a*'"* if and only if a = b.

(This latter case of equality will be used below in the proof of Theorem 5.12.)
Applying the first inequality above to (5.19) gives

(5.20)  ki(A) > f(A)g;~*(A) =: hi(A) (alli€ N, all A C™"),

the last equality coming from the definition in (5.15). Hence, (cf. (5.13)),
k > h. But as h € G from Theorem 5.9, then so is k, from the inequalities
of (5.20) and Lemma 5.6. This proves that G¢ is convex. n

For a convex set, its extreme points play a special role. Similarly, for a
set which is partially ordered, its minimal points are of special interest.

Definition 5.11.
i) f € T is an extreme point of a convex set T if f =

ag + (1 — a)h, for some 0 < a < 1 and g,h € T, implies
f=9=n

it) f € U is a minimal point of a set U, which is partially
ordered with respect to “ »" (cf. (5.13) ), if, for every
g € U with f > g, implies f = g.

As previously remarked, if f and g are elements in G with f > g, then
the associated Gersgorin sets I'(A) and I'7(A), from (5.3), satisfy I'9(A) C
'Y (A) for each A € C™*™. Hence, there is considerable interest in finding the
minimal points of G¢, as they give the tightest GerSgorin inclusions for each
A € C™" as compared with any other element of GS. As one of the main
results in this section, we next show that the extreme points of G coincide
with the minimal points of G¢, and, moreover, that these points precisely give
the case of equality in (5.9) of Theorem 5.5.

Theorem 5.12. Let f € G&. Then, the following are equivalent:

i) [ is an extreme point of the conver set Gt ;

it)  f is a minimal point of GS, partially ordered by “ ="
of (5.13);

i) for every A € C™™", the matriv M/ (A), defined in
(5.7), is a singular M-matriz;

iv)  for every irreducible A € C™*", there exists anx > 0
in R™ (where x is dependent on A ) such that

(5.21) £i(A) = rX(4) (alli € N).

Proof. Assume i), i.e., let f be any extreme point of G¢, and assume ) is

false, i.e., f is not a minimal point in G¢. Then, there exists a ¢ in G with
f > g and with f # g. Defining h := 2f — g = f + (f — g), it follows that
h € FS with h = f and h # f. Since f € G¢, so is h from Lemma 5.6.
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But then, by definition, f = (h + ¢)/2 with f, g and h not coinciding, which
contradicts the assumption that f is an extreme point in G5. Thus, ) implies

Next, we need the following construction. Consider any f € G¢. From
Theorem 5.5, we know that M7(A) is an M-matrix for any A € C"*".
Thus, with the notation of Definition 5.4, we can write that

(5.22) M (A) = ul,, — B with u > p(B),

where the matrix B = [b;;] in R™*" has its entries defined, for p :=
max fi(A), by
7

bii == p— fi(A) and b, := [a; ;| for i #j (4,5 € N),

so that B > O. Because f € G¢, note from (5.7) that all entries of M/ (A) and
B depend continuously on the absolute values of only off-diagonal entries of
A. Thus, if we define the mapping g = [g1,92, ", gn] : C"*" — R" by

(5.23)  gi(A) = f;(A) — [u— p(B)] (alli€ N, all A € C™™),

it can be verified, using (5.23) and the previous definitions for p and the
entries b; ; of B, that M9(A) of (5.7) can be expressed as

MO(A) = p(B)I,, - B,

so that MY(A) is, by definition, a singular M-matrix for any A € C"*".
Also, since all entries of B depend continuously on the absolute values of
only off-diagonal entries of A, the same is true for p(B) and also MY(A).
Moreover, since M9(A) is a (singular) M-matrix, its diagonal entries, g;(A)
of (5.23), are all necessarily nonnegative (see Exercise 1 of this section ).
This implies from Definition 5.1 that g € FS. Also from Theorem 5.5, we
have that g € G5. But the important consequence of this construction is that
since p > p(B) from (5.22), then from (5.23), f;(A) > g:(A) for all i € N
and all A € C"*", i.e., (cf. (5.13))

for any f € Gr., there is a g € G with f > g.

To show that ) implies 4i), let f be any minimal point of G¢, and assume
that 41) is not valid. Then, there is an A € C™*™ for which M/(A) is not
singular. However, as M/ (A) is an M-matrix from Theorem 5.5, which can
be expressed as ul,, — B with B > O, then as M7(A) is not singular, it
follows from (5.22) that pu > p(B). Hence, from (5.23), f;(A) > g;(A) for
all ¢ € N. Then, from the construction in the paragraph above, f > g with
f # g, which contradicts that f is a minimal point of GS. Hence, i) implies
).

Next, assuming 1), then v) follows directly from Theorem 5.5. Conversely,
if 4v) is valid, then by direct computation, M" (A)x = 0 for any A € C"*",
so that ) implies i). Thus, i) and ) are equivalent.
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To complete the proof, we show that i) implies 7). Assuming ), i.e.
M (A) is a singular M-matrix for every A € C"*", suppose that i) is false,
i.e., that f is not an extreme point of GS. Hence, there exist g and h in G
and an a with 0 < a < 1 such that f = ag+ (1 —«a)h with g # h. Thus, there
isan A€ C"" and an i € N for which g;(A) # h;(A). But as g and h are
both continuous, we may, following the construction of (5.14) in the proof of
Proposition 5.8, assume without loss of generality that A is irreducible. Next,
using the generalized arithmetic-geometric mean inequality, we have that

(5.24) fi(A) == ag;(A) + (1 — a)h;(a) > g5 (A) - h;’o‘(A) (all j € N).

But as g and h are elements of G¢, Theorem 5.5 gives us that M9(A) and
MP"(A) are both M-matrices, and in addition as A is also irreducible, it can
then be verified that g;(A) > 0 and h;(A) > 0 for all j € N. In particular,

we have
gi(A) > 0,h;(A) > 0 with g;(A) # hi(A), and 0 < a < 1.

Hence, from our discussion (in the proof of Corollary 5.10) of the case of
equality in the generalized arithmetic-geometric mean inequality, we then
deduce that the final inequality in (5.24) must be a strict inequality when
j =1i.Set k := g®h'=% so that k € G¢ by Theorem 5.9. Then, M7 (A), an
irreducible singular M-matrix from i) and Theorem 5.5, satisfies M/ (A4) >
MPF(A), where the i-th diagonal entry of M/ (A) is strictly greater than the
corresponding one of MF¥(A). But then, M*(A) is not an M-matrix (see
Exercise 3 of this section), which contradicts the fact, from Theorem 5.5,
that k& € G¢. Thus, ) implies 7). |

As an immediate consequence of Theorem 5.12, we have

Corollary 5.13. For any x = [v1,%2, +,7,)T € R™ with x > 0, then
r* = [r¥,r¥, -, rX] of (1.13) and ¢ = [cF, ¢, -+, cX] of (1.35) are minimal
continuous G-functions.

We conclude this section with the curious result that the a-convolution
(5.15) of two G-functions in G¢ is rarely minimall More precisely, we have

Theorem 5.14. Forn > 2 and 0 < a < 1, the a- convolution, h, as defined
in (5.15), of f and g in G is a minimal point of G if and only if f = g and
£ is a minimal point in G.

Proof. If f = g and if f is a minimal point of G¢, then, since h reduces to f in
this case from (5.15), h is obviously a minimal point in G¢. Conversely, with h
the a-convolution of f and g in G¢ we see, from the second inequality of (5.18)
and the equivalence of iv) and i) of Theorem 5.12; that h is a minimal point
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of G¢ only if f and ¢ are both minimal points of G¢ and only if equality holds
throughout in the final inequality of (5.18) for every irreducible A € C™*".
Now, suppose that f and g are distinct minimal points in G¢. Then, we can
find an A € C™" and a k € N for which fx(A) # gr(A). Moreover, from
the continuity of f and g, we may assume that A has all nonzero off-diagonal
entries, so that A is irreducible. Now, for equality to hold for all i € N in
the final inequality of (5.18), i.e., with f;(4) = rX(A4) and g¢;(A) = 7 (A),
where x > 0 and y > 0, we must have (r¥(A))“ (7"2’(/1))1_(JZ = 1%(A), or

equivalently,
« 11—«
n n n a -
|aijlz; | |ai |y _ (lam‘|xj> . (lai,jlyj>
) £ = Yi Py i Yi
i i i

for alli € N. It then follows from the case of equality in the Holder inequality
(cf. Beckenbach and Bellman (1961), p. 19) that the vectors

T
a; 1|x Qi i 1|Ti—1 |Qji01|Tq
|:| z,1| 17.”,‘ 1,1 1| 7 17| 'L,z+1| z+1,”.:| and
X T T
T
[|ai,1|y1 o |ai,i71‘yi71 |ai,i+1|yi+1 . }
Yi ’ ’ Yi ’ Yi ’

in R"™! are proportional for each i € N. Using this and the fact that A has
all its off-diagonal entries non-zero for n > 2, this proportionality can occur,
as is readily verified, only when the vectors x > 0 and y > 0 are themselves
proportional, i.e., for some p > 0,2; = py; for all i € N. This, however,
implies that

A =rX(A) = Y aigleg/m=1Y(A) = > laigly; /v = 9:(A)

JEN\{i} JeEN\{i}

for all i € N, which contradicts the fact that fx(A) # gx(A). Thus, if f and ¢
are distinct minimal points of G, their a-convolution is not a minimal point
in G¢. [ |

The result of Theorem 5.14, in conjunction with the equivalences of The-
orem 5.12, shows that the minimal elements f = r* and g = ¢*, for x € C"
with x > 0, in G¢ again play a central, if not dominant, role in the Gersgorin
theory. It is also interesting to note that the combinatorial result of Ostrowski
(1951a) in (1.30) of Theorem 1.16 is, from (5.15), just the a-convolution of
r* and ¢*, each of which is a minimal continuous G-function from Corollary
5.13. But from Theorem 5.14, this a-convolution is a minimal point of G¢
only if 7* = X, i.e., if r¥(A) = ¢¥(A) for i € N, and all A € C"*", which is
extremely restrictive. (See Exercise 4 of this section.)
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Exercises

1. If E=le; ;] € R"™" is an M-matrix, show that e;; > 0 for all i € N.
(This is a special case of Exercise 6 of Section 5.1.)

2. Show that Theorem 5.9 is valid if G¢ is replaced by G,. (Hoffman
(1969)).

3. If D =1d;;] € R"™" is an irreducible singular M-matrix, show that
decreasing any diagonal entry of D gives a matrix which is not an
M-matrix. (Hint: Use i) of Theorem C.1 of Appendix C.)

4. Given A = [a; ;] € C"" n > 2, and given x > 0 in R", find sufficient
conditions on the moduli of the off-diagonal entries of A so that

r7(A) = cX(A) for all i € N.

(Hint: Start with |a; ;| = |a;,| for all ¢ # j, and make small changes
in these entries.)

5.3 Minimal G-Functions

The object of this section is to obtain an analog of Theorem 5.12 for the set
G, which is larger than Gy, for n > 2. This requires us to review some graph-
theoretic facts about reducible matrices, as discussed in Section 2.2. Given
any reducible A = [a; ;] € C™" with n > 2, then there is a permutation
matrix P € R"*"™ for which PAPT has the form (2.35), i.e.

Rii Rip-- Rim
O Ryp--- Rom

)

(5.25) PAPT =
O O - Rum

where each submatrix R; ;, 1 < j < m, is square and is either irreducible or

a 1 x 1 matrix, and we say that (5.25) is a normal reduced form of the

reducible matrix A. (As examples easily show, this reduced normal form of a

reducible matrix is not in general unique.)

The form of PAPT in (5.25) gives rise to a partitioning of N =
{1,2,---,n} into m disjoint nonempty sets S of N, where this partition-
ing, from (5.25), clearly depends on the matrix A. If we define here all 1 x 1
null matrices to also be irreducible, then these m sets Sy exactly correspond

to the distinct connected components of the directed graph for A. For each
i € N, let (i) denote the unique subset S, of N which contains ¢, and let
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|Sk| denote the cardinality of Sy (i.e., the number of elements in Sy). It fol-

lows that Z |Sk| = n. If the matrix A is irreducible, we define m := 1 and
k=1
(i) := N for all i € N. In this way, for any given A € C"*", the set (i) is
defined for all i € N, whether A is reducible or irreducible.
For any f € F, and for any matrix A € C"*", the matrix M/ (A) in
R"™*™ is defined by (5.7). If A is reducible and has the normal reduced form
of (5.25), then M7 (A) inherits the special form of

MI(Ry1) —|Ria| -+ —|Riml
; . 0] MI(Ras) -+ —|Roml
(5.26) M/ (PAP") = : . : )
O O Mf(Rm,m)

where |R; ;| (for 1 < i < j < m) denotes the nonnegative matrix whose
entries are the absolute values of the corresponding entries of R; ; in (5.25).
Because of the upper-triangular block structure of the matrix in (5.26), only
the diagonal submatrices, M7 (Ry x), with 1 < k < m, determine the eigen-
values of M/(PAPT), or equivalently, M/ (A). Consequently, it follows from
Definition 5.4 and (5.26) that

M (A) is an M —matrix if and only if M7 (Ry ;) is

(5.27) an M —matrix for each k£ with 1 < k < m.

Continuing, given any A € C"*", from which the set (i) is defined for
each i € N, and given any x = [z1, 22, -+, ,]|’ in R” with x > 0, we set

(5.28) FX(A) i= > aijlaj/ai &F(A) = Y ajula;/zi (i€ N),
je@\{i} je@\{i}

where #X(A) := ¢*(A) := 0 if (i) = {i}. Note from Definition 5.1 that #* =
[, 7%, -, 7X] and & = [&F, &, - - - €] are certainly elements of F;,, and that
7*(A) and é*(A) reduce to the previously defined familiar functions r*(A)
and ¢*(A), when A is irreducible.. It is important to note that the functions
7* and é* in F,, as defined in (5.28), can be discontinuous on C"*". To see

this, consider the 2 x 2 matrix

A(t) = E ﬂ for t € [0, 1].

Choosing & := [1,1]7 > 0, it follows that #£(A(t)) = [F$(A(t)), 75 (A(1))],
where

FEA®)) = {(1) giigj ”;}, and #E(A(8) = ¢ for ¢ € [0,1].
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Thus, ff(A(t)) is discontinuous at ¢ = 0; this is a consequence of the fact
that A(t) is irreducible for all ¢ € (0,1], but A(0) is reducible.

To deduce further properties of the functions 7#* and ¢* in F,,, observe
that because (i) is a subset of N, we directly have from (5.28) that

r¥(A) > 7F(A) and ¢ (A) > éX(A) (ie N,AeC"™" x> 0).
Hence, with the partial order defined in (5.13), this gives

(5.29) =7 and ¢ > & (x> 0in R"),

with 7 # 7% as reducible matrices show. Next, for any A € C"*", we have
seen that the sets (i) partition N into m disjoint sets S, as ¢ runs through
N. On choosing f := #* (for x > 0 in R™) and on utilizing these sets Sk, it
can be verified from (5.28) that M™ (Ry ;) in (5.26) is a singular M-matrix
for each k with 1 < k < m, the same being true for f := ¢*. Consequently,
from (5.27) and Theorem 5.5, we deduce that

(5.30) 7* and & are elements of G,, for any x > 0 in R".

As further preparations for the main result in this section, note that given
any f € G, and given any A € C"*", then M7(A) is an M-matrix from
Theorem 5.5, so that from (5.27), M7 (Ry ) is an M-matrix for each k with
1 < k < m. As such, there is a vector x; > 0 in R®¥| such that

(5.31) M (R p)x >0 (1 <k <m).

Because the sets {5}, are nonempty and have as their union N, we can
appropriately compose the positive components of the vectors xj, from (5.31)
to define the vector x > 0 in R™ such that (5.31) is equivalent to

(5.32) fi(A) = 75 (A) (i e N).

The inequalities of (5.32) are of course a sharper form of the inequalities
of (5.8) of Theorem 5.5. Moreover, by simply replacing r* by #* in the proof
of Theorem 5.9, we see that the a-convolution, (5.15), of any two elements in
G, is again an element of G,, so that, as in Corollary 5.10, G,, is also a convex
set.

This now brings us to the following analog of Theorem 5.12.

Theorem 5.15. Let f € G,,. Then, the following are equivalent:

i) f is an extreme point of the convex set G ;
it)  f is a minimal point of G,, partially ordered by (5.13);
iii)  for every A € C"", MS(Ryx) (cf. (5.26)) is a singular
M -matriz for each k with 1 < k < m;
i)  for every A € C™™", there exists an x > 0 in R™ (where
x is dependent on A ) such that f;(A) = #¥(A), for all
i€ N.
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Proof. That 4) implies ) follows word-for-word from the proof of Theorem
5.12. Next, assuming i), define g € F,,, for any A € C"*", by means of

(5.33) 9i(A) == fi(A) = A (4),

where ¢ € S;, and where A\;(A) denotes the minimal nonnegative real eigen-
value of the M-matrix M7 (Ry. 1), i.e., if MY (R 1) = ul — B, where B > O
and p > p(B), then A\, (A) := pu — p(B). As is readily verified, g € G,, and
f = g. Now, suppose that iii) is not valid. Then, there is an A € C"*"
for which some J\/lf(Rk’k) is nonsingular. Of course, since /\/lf(Rk’k) is an
M-matrix from Theorem 5.5, then MY (R, 1) is necessarily a nonsingular M-
matrix. As such, Az (A) > 0 so that there is a j € N for which f;(A4) > g;(4),
ie., f > gand f # g, which contradicts the minimality of f. Thus, ) implies
iii).

Next, assuming 4ii), the singularity of each M-matrix M7 (R ),1 <k <
m, implies that equality only holds in (5.31) and (5.32), which implies iv).
Conversely, if ) holds, direct computation shows that (5.31) is valid with
equality, so that each M7 (R} ;) is a singular M-matrix. Thus, 4i) and iv)
are equivalent.

Finally, we wish to show that 4i7) implies 7). As in the proof of Theorem
5.12, assuming éii) holds with f not an extreme point of G,, leads us to the
construction of a k € G, and an A € C™*" for which M*(Ry ) is not an
M-matrix, which contradicts Theorem 5.5. Thus, 4ii) implies ). |

The following is then an obvious consequence of Theorem 5.15.

Corollary 5.16. For any x € R"™ with x > 0, then 7> and ¢ of (5.30) are
minimal G-functions in G,.

Exercises

1. Give an example of a reducible matrix A = [a; ;] € C"*",n > 2, for
which its reduced normal form of (5.25) is not unique.

ai1 0 0 0 0
az1 a2 0 a4 0

2. Consider matrix A | a3 as 2 az,3 as.4 as s ,
as1 Q42 0 Q4,4 0

as.1 as5.2 as5.3 as 4 as.5

where the entries with numbered subscripts are all nonzero. Then,

a. Determine a normal reduced form (cf. (5.25)) for A;
b. Determine the sets < ¢ > for i = 1,2, 3,4, 5;
c.  Determine 7F¥(A) for i = 1,2,3,4,5, where x > 0 in R®.
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5.4 Minimal G-Functions with Small Domains of
Dependence

The material for this section comes from Hoffman and Varga (1970).

To begin, for any i,j € N, let E;; = [ags) € R™" be defined by
k¢ = O0k,i0¢,j, for all k, £ € N, so that each entry of the matrix F; ; is zero,
except for unity in the (¢, j)-th entry.

Definition 5.17. Given f = [f1, fa, -, fu] € Fn, then fi is independent
of the ordered pair (i, j), with ¢ #£ j (i,j € N), if

(5.34) fe(A+TE; ;) = fr(A) (all Ae C™™all 7€ C).
Otherwise, f; depends on (4, 7). The set

(56.35) D(fx) :={(4,7) : i,5 € N with i # j and fj, depends on (4, )}

is called the domain of dependence of f.

To illustrate the above concept, for any x = [z1,29,---,2,]T > 0 in
R"™, consider r* = [r¥,r¥, -, rX], which is certainly an element of G¢, from
Corollary 5.13. Because r¥(A) := Z la; jlzj/z; for any A = [a; ;] €

JEN\{i}

C™*"™ we see that the domain of dependence of ¥ is given by

(5.36) DY) ={(i,j) : € N and j #i}, (i€ N).
In contrast to the above example, maximal domains of dependence can be
obtained from the following construction. For any A = [a;;] € C"*", let

By = [b; ;] € R™" be defined by

(537) bi,i = 0, biJ‘ = |am’| for i #j (Z,j € N),
so that B4 > O. Next, define g := [g1,92, -, gn] by

(5.38) 9i(A) :=p(Ba) (i€ N, Ae C""),

so that, from Definitions 5.1 and 5.7, it is easily seen that g € Ff. Since,
from (5.7), M9(A) := p(Ba)l, — By is evidently a singular M-matrix for
any A€ C"" then g € G from Theorem 5.5. In this case, each g; depends
on every ordered pair (k, ) with k # ¢ (k,¢ € N), so that

(5.39)  D(g;) ={(k,0) : k+#{, withk,/ € N}, forallieN.

The next example shows that some domains of dependence can be
empty. In the special case n = 2, for any A = [a;;] € C**?, define
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h = [h1, ha] € F§ by

(540) hl (A) : 1, hz(A) = |a172| . |a271|.
In this case, we have (cf. (5.7)) that
1 —lai 2|
M"(A) = )
—\02,1| \01,2| : \02,1|

so that M"(A) is a singular M-matrix for every A € C**?. Hence, with
Theorem 5.5, we see that h € G, and in this case,

n’

(5.41) D(hy) = 0 and D(hy) = {(1,2) and (2,1)}.

In each of the examples above, it has been the case that for f € G,,, each
ordered pair (i,j), with ¢ # j (i,j € N), is in D(fx) for some k € N. That
this is in general true is established in

Theorem 5.18. If f = [f1, f2, ", fn] € Gn, then

(5.42) U D) ={(,4) i #j withi,j € N}.

keEN
Proof. For n = 1, (5.42) is vacuously true from Definition 5.1. For n > 2,
suppose, on the contrary, that there is an ordered pair (4,5) with ¢ # j (i,5 €
N), such that (¢,j) € D(fx) for any k € N. To simplify notation, we assume
without loss of generality that (i,j) = (1,2). By definition, since each fy is
independent of the ordered pair (1,2), then (cf. (5.34))

(5.43) fr(A) = fr(A+ TE o) forallk € N, all Ae C™*", all T € C.

Now, define B € R™*" by

0 1 o
10
B= ,
O( O

where the null submatrices of B are not present if n = 2. Then, fix u such
that u > max{fi(B) : k € N}. Defining C := pul,, — B = [¢; ;] € R™", we
have that
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the last equality following from ii) of Definition 5.1. But, as f is by hypothesis
a G-function, (5.44) implies that the matrix C' is nonsingular. On the other
hand, if, in place of C', we consider C'—7E o, then from (5.43), the inequalities
of (5.44) similarly imply that C' — 7Ej 5 is nonsingular for any 7, in C, i.e.,
that

W —1-7

—1 L 0

C — TELQ =
O ,ufn_g

is nonsingular. But on choosing 7 = p? — 1, it can be seen that C' — 7} 5 is
singular, which is a contradiction. |

For any x > 0in R", the G-function r* = [r¥, r¥,- -, rX], with its domains

of dependence given by (5.36), has played a central role in Gersgorin results
for matrices, as we have seen. Our final result in this section gives yet another
reason for this.

Theorem 5.19. Forn > 2, let f = [f1, f2, -, fu] be a minimal point in GE,
partially ordered by “ > of (5.13). If, for some k,

(5.45) D(fi) ={(k,€) : L€ N and { # k},

and if

(5.46) U 2y () D) =0,

i€N\{k}

then

(5.47) D(f;)={(,5) : j€ N and j#1i} for all i € N,

and there exists an x € R™ with x > 0, which is independent of the matriz
A in C™*", such that

(5.48) f=r=

Proof. There is no loss of generality in assuming that £ = 1. Since f is by
hypothesis a minimal point in G¢, it follows from éii ) of Theorem 5.12, that
M (A) is a singular M-matrix for every A € C™*". If A € C"™" is, in
addition, irreducible, it also follows from 4v) of Theorem 5.12 that there is an
x > 0 in R" (where x is dependent on A) such that M (A)x = 0; whence,

(549) fz(A) = Z |ai)j|xj/xi (all 1€ N)

JeN\{i}
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Assume that all off-diagonal entries of A are non-zero. Because the x;’s occur
in (5.49) as ratios, we may normalize to 21 = 1. Next, as in (5.6) and (5.7),
we can express M/ (A) = [, ;] in R™*™ as ul,, — B where p := max{fi(4) :
i € N} >0, and where B = [b; ;] € R™™" has its entries defined by

biii=p— fi(A)>0and b, j = |a;;| >0, i#3j, i,j€N.

Thus, B > O and B is irreducible. But since MY (A) = pul,, — B is a singular
M-matrix, then p(B) = p. Recalling that n > 2, delete both the first row and
column of the matrix M/ (A), calling the resulting matrix C € R=1> (=1,
Then, C = p(B)I,_1 — B, where B € R VX"~ ig gimilarly the result of
deleting the first row and first column of B. Because A and B are both irre-
ducible, it follows from the Perron-Frobenius theory of nonnegative matrices
(cf. ii) of Theorem C.1 of Appendix C) that p(B) < p(B); whence, C is a
nonsingular M-matrix. Now, the equation Mf(A)x = 0 can be expressed
(on recalling that x1 = 1) as the pair of equations

A) = Z la1 j|z;, and

(5.50) 3 i>1
0[302,553, e ,ﬂfn]T = [|02,1|, |CL3,1|7 Ty |an,1HT-

Since C is nonsingular, then the second equation above implies that

(551) [332; T3, 7xn]T = (0)71[|a2,1|7 ‘a3,1|a Ty |an,1 ]T-

From the hypothesis of (5.46) with k =1, f2(A),---, fn(A) are all indepen-
dent of the ordered pairs (1,2),(1,3),---, (1,n); hence, from the structure of
C, so is (C‘)_l. Thus, we see from (5.51) that the components zs, 3, -+, Z,
are also all independent of the ordered pairs (1,2),(1,3),---,(1,n). This
means that if we now continuously wvary the matrix A only in the entries

la1 2|, -+, ]a1n|, while keeping A irreducible, the first equation of (5.50) re-
mains valid with zo, 3, -, z, fixed, i.e.,
(5.52) =Y laijlz; = 15(A).

i>1

But, as f1 is continuous by hypothesis, the above expression also remains
valid for any matrix A in C"*", obtained by continuously varying the original
matrix A only in the entries |ay 2|, -, |a1,n]-

For a fixed k with 2 < k < n, let us now, in particular, continuously vary
only the entries |aq2|,--,|a1,,| of the original matrix A, so that the first
row of A becomes [a11,02 4, *,0n k)7, where 0, denotes the Kronecker
delta function. Because all off-diagonal entries of the original matrix A were
non-zero, the new matrix A is also irreducible. For this new matrix A, (5.50)
gives us that f1(A) =z = x;(A). On the other hand, since f7, by hypothesis,
depends only on the ordered pairs {(1,¢) : 2 < ¢ < n}, while 2, from (5.51),
is independent of the first row of A, then f1(A) = xp where xy is a positive
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constant which is independent of A. Repeating this argument for other values
of k with 2 < k < n, it similarly follows that zo, 3, -, z, from (5.51) are
positive constants which are independent of A. Thus, from (5.49), f = r*
where x is independent of A. |

We remark that an analogous result of Theorem 5.19 can similarly be
formulated in terms of the weighted column sums ¢* := [¢F, -+, c¥] in G.

Exercises

1. For any n > 3, show that it is not possible to find an h =
[h1, ko, -+ hy] € G, for which hy(A) := ha(A) :=1 for all A € C"*",
so that D(h1) = D(hy) = 0. (Hint: If h € GS, then M"(A) must be an
M-matrix for any A € C™*", from Theorem 5.5. As such, every princi-
pal submatrix of M"(A) also must be an M-matrix for any A € C™*".
Then, consider the upper 2 x 2 principal submatrix of M"(A)).

2. Consider any matrix A = [a; ;] € C"™", n > 2, where all off-diagonal
entries of A are nonzero, so that A is irreducible. If all the nondiagonal
entries, except one, in the first row of A are replaced by zero, show
that the resulting matrix is still irreducible.

5.5 Connections with Brauer Sets and Generalized
Brualdi Sets

On reviewing the developments in Section 5.1, the idea there was to see if
one could go beyond the standard weighted row or weighted column sums,
of a general matrix A in C™*", to develop new eigenvalue inclusion results,
still based on the absolute values of off-diagonal entries of A. This led to
the concept of a G-function in Definition 5.2, with the associated eigenvalue
inclusion of (5.4) of Theorem 5.3. But (cf. (5.3)), the new eigenvalue inclusions
were still the union of n disks in the complex plane, with the centers of these
disks again being the diagonal entries of A, but now with new definitions for
the radii of these disks.

It is then natural to ask if there is a similar extension, but based now on
the union of Brauer Cassini ovals, as in (2.6). This can be done as follows.
With the definition of F,, in Definition 5.1, we now make

Definition 5.20. For any n > 2, let f = [f1, fo, -+, fu] € Fn. Then, f is a
K-function if, for any A = [a; ;] € C"*", the relations
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(5.53) |aiil - laj;

> fi(A) - f3(A) (alli # j, i,j € N),

imply that A is nonsingular. The set of all K-functions in F,, is denoted by
Kn.

Remark. Note that if (5.2) of Definition 5.2 is valid, then (5.53) is also
valid. Conversely, if (5.53) is valid, then all but at most one of the inequalities
of (5.2) must hold.

Next, for any n > 2, for any f € F,, and for any A = [a; ;] € C"*", we
set

K] j(A)y={z€C:le=aiil-|z—a; 4| < fi(A)-1;(A), i#5. (i, jEN)},

(5.54) and '
K1(A):= | K/;(A).
g

Using the method of proof of Theorem 2.3, we easily establish (see Exer-
cise 1 of this section)

Lemma 5.21. For any f = [f1, f2, -+, fn] € Fn, n > 2, and for any A =

(5.55) K'(A) c ¥ (A).

Next, from Definition 5.20, our first recurring theme gives the following
analog of Theorem 5.3.

Theorem 5.22. Let f = [f1, f2, -, fn] € Fn, n > 2. Then, f € K,, if and
only if for every A = [a; ;] € C"*",

(5.56) o(A) C K'(A).
Then, on combining Lemma 5.21 and Theorem 5.22; we have

Corollary 5.23. Iff = [f17f27"'fn] € Icny n > 2, then fOT any A=
[ai,j] c (Cnxn7

(5.57) o(A) C Kf(A) c ¥ (A).

As an immediate consequence of Theorem 5.3 and the final inclusion of
(5.57), we also have

Corollary 5.24. If f = [f1, f2, **, fu] € Kn, n > 2, then f € G,,, so that
Kn C Gn.
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A striking consequence of Corollary 5.24, is that it gives us that IC,, C G,
for any n > 2, so that the results of Sections 5.1-5.3 apply equally well to
functions in K,. The important feature, however, is the final inclusion of
(5.57), which shows that the inclusion region K7/(A) is at least as good as
the inclusion region I'7(A), for any A € C"*", n > 2.

Having considered, in this section, extensions of Section 5.1 to K-functions
associated with Brauer sets of Section 2.2, we now consider a similar extension
to the case of Brualdi sets, from Section 2.2, which depend on the additional
knowledge of the cycle set of a matrix. We recall from Section 2.2 that a
matrix A = [a; ;] € C"*",n > 1, has a directed graph G(A), from which its
cycle set C'(A), of strong and weak cycles v, is determined.

Definition 5.25. For any n > 1, let f = [f1, fo, -+, fn] € Fpn.Then, f is a
B — function if, for every matrix A = [a; ;] € C"*", with C'(A) as its cycle
set, then

(5.58) [Tlail > [[ £:(4) (ally € c(A)),

i€y i€y

imply that A is nonsingular. The set of all B-functions in F,, is denoted by
B,.

For associated additional notation, if A = [a; ;] € C"*",n > 1, has C(A)
as its cycle set of strong and weak cycles, we define the associated sets
(cf.(2.38) and (2.40)) of

Bl(A)={zeC:[[ lz—aisl <[] £i(A) } foryeC(A),
i€y 1€y

(5.59) and

Bf(A):= |J BI(A).
YEC(A)

Our next result in the section is the analog of Theorems 4.3 and 4.22 (Its
proof is left to Exercise 4 in this section.)

Theorem 5.26. Let f = [f1,fo, -, fn] € Fn, n > 1. Then, f € B, of
(5.59) if and only if , for every A = la; ;] € C"*",

(5.60) o(A) C B (A).

Combining the results of Theorems 2.3, 2.6, and 4.26, we obtain

Corollary 5.27. If f = [fi,f2, ", fn] € Bn, n > 2, then for any
A= [aw-] € (Cnxn7

(5.61) o(A) C Bf(4) € K¥(A) Cc T/ (A).
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Exercises
1. Give a proof of Lemma 5.21.
2. Give a complete proof of Theorem 5.22.
3. If f=1f,f2, -, [n] € Kn, n>2, then with the definition of (5.7)
show, for any A = [a; ;] € C"*™, that M/ (A) is an M-matrix.
4. Similarly, if f = [f1, f2, -+, fn] € Bn,n > 2, then with the definition
of (5.7), show, for any A = [a; ;] € C"*", that M/ (A) is an M-matrix.
5. Using simply the definitions of /C,, and G,,, show for n > 2 that IC,, C

Gn.
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Bibliography and Discussion

5.1

5.2

5.3

5.4

5.5

As stated in the text, the material in this chapter was inspired by the
works of Nowosad (1965) and Hoffman (1969), where G-functions were
introduced. The material in this section basically comes from Carlson
and Varga (1973a).

We note that G-functions are also considered in Hoffman (1971), Hoft-
man (1975) and Hoffman (2003), in Novosad and Tover (1980), and in
Huang and You (1993), and Huang and Zhong (1999).

As further remarked in this section, Theorem 5.5 generalizes results of
Ostrowski (1937b) and Fan (1958). We remark that vectorial norms
appeared roughly simultaneously with the papers of Ostrowski (1961),
Fiedler and Ptdk (1962a), and, as used in the proof of Theorem 4.5,
Feingold and Varga (1962), while the important concept of a lower
bound matrix, also used in the proof of Theorem 4.5, seems to be due
to F. Robert, in a series of papers (cf. Robert (1964), Robert (1965),
and Robert (1966)). For subsequent papers on lower bound matrices,
see Stoer (1968) and Bode (1968).

The material in this section again comes from Carlson and Varga
(1973a). The convexity of the sets GS or G,, is due to Hoffman (1969).

Minimal G-functions, which are not necessarily continuous, were first
discussed in Carlson and Varga (1973a), culminating in Theorem 5.15,

which is the analog of Theorem 5.12.

The material in this section, on minimal G-functions with small do-
mains of dependence, comes from Hoffman and Varga (1970).

The material in this section is new.






6. Gersgorin-Type Theorems for Partitioned
Matrices

6.1 Partitioned Matrices and Block Diagonal Dominance

The previous chapters gave a very special role to the diagonal entries of a
matrix A = [a; ;] € C"™", in that inclusion regions for its spectrum, o(A4),
were deduced from the union of weighted GerSgorin disks in the complex
plane having centers in the points {a;;}ien, as in

o(A) C U {zeC:lz—a;;l < Z la; jlzj/z;}  (any x > 0 in R™),
iEN JEN\{i}

from Corollary 1.5. But these diagonal entries also were prominent in the
Brauer set of (2.6), as well as in the Brualdi set of (2.40).

This special role of the diagonal entries can be generalized through the
use of partitions of C". By a partition 7 of C", we mean a finite collection
{Wi}le of pairwise disjoint linear subspaces, each having dimension at least
unity, whose direct sum is C™:

(6.1) C" = Wi Wk W,

Without essential loss of generality, this partition 7 is denoted by
‘
(6.2) ™ ={p;}j=0:
where the nonnegative integers {p,}’_, satisfy
po:=0<p1 <ps <---<pgi=n,

and where it is assumed that

(6.3) W;=span {ey:pj_1+1<k<p;} (jeL:={1,2,---,0});

here, the vectors {e;}}_, denote the standard column basis vectors in C",
ie.,
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€; = [53"1, 5]-,2, cee ,5j7n]T (j €N := (].7 2, ce ,TL)),
where d; ; is the familiar Kronecker delta function. It follows that
dimWj =p; —pj-121 (j€L).

Next, given any A = [a; ;] € C"*" and given a partition 7 = {pj}fzo of
C", the matrix A is partitioned with respect to 7 as

Ar1]Ar o] | Are
Ag 1Az | - -| A2y

(6.4) A= =[A;;] (i,j€L),

Apa|Aa|- | A

where each block submatrix A; ; in (6.4) represents a linear transformation
from W; to W;. Thus from (6.3), A; ; € CP=Pi=0*®i=Pi=1) for a1l 4, j € L.
For additional notation, if 7 = {p; }§:0 is a partition of C", then we define

¢:<¢17¢2a"'a¢5)

to be a norm /{-tuple, where ¢; is a norm on the subspace W, for each
J € L. We denote the collection of all such norm ¢-tuples, associated with =,
by &, i.e.,

(6.5)Pr :={¢ = (¢1,02, -, P¢) : ¢; is a norm on W;, for each j € L}.

Given ¢ = (¢1, ¢2,- - -, ¢¢) € Pr, the block submatrices A; ; of the partitioned
matrix in (6.4) have the usual associated induced operator norms:

(A ex .
66)  IAumls = sup Py 6400 (ke D).
xew, u(X)  pex)=1

Now, we begin with one of the earliest generalizations, of strict diagonal
dominance in Definition 1.3, to the partitioned matrix of (6.4). This was
roughly simultaneously and independently considered! in Ostrowski (1961),
Fiedler and Ptdk (1962a), and Feingold and Varga (1962). For each block
diagonal submatrix A;;, they defined the numbers

(teL).
r ¢i(x)

It can be verified (see Exercise 1 of this section) that if A;; is nonsingular,
then m(A;;) = 1/||A;)Z-1||¢, and if A;; is singular, then m(A4;,;) = 0. Thus,
we can use, in place of m(4,;), the more suggestive notation of

1 A perfect word to describe this phenomenon is “Zeitgeist”!
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)i g Sl

6.7 A7}
(6.7) (147 B 00

(i € L)7

and we call (||A;Z-1||¢,)_1 the reciprocal norm of A, ;. For further notation,
we set

(6.8) el (A= Y lAiglls (i€l
JEL\{i}
(with the convention that rfjﬂ(A) =0if£=1).
Definition 6.1. Given a partition 7 of C" and given ¢ € &,, then A =

[4; ;] € C™*™, partitioned by m, is strictly block diagonally dominant
with respect to ¢ if

(6.9) (14 e) ts r? (A) (allie L).
With Definition 6.1, the above-mentioned authors obtained the following

generalization of Theorem 1.4:

Theorem 6.2. Given a partition © of C" and given ¢ € @, assume that
A = [A; ;] € CY", partitioned by , is strictly block diagonally dominant
with respect to ¢. Then, A is nonsingular.

Proof. Suppose, on the contrary, that A is singular, so that Ax = 0 for some
x # 0 in C". With P; denoting the projection operator from C" to W, set
Pjx =: X for each j € L, so that Z A; jX; = 0 for each i in L. Equivalently,
jeL
(610) Ai,iXi = — Z A,L’jXJ (Z S L)
JELN{i}
As x # 0, we may assume that max ¢j(X;) =1, and then let k in L be such
Jje
that ¢ (Xx) = 1. Applying the norm ¢y to (6.10) in the case i = k, gives,
with the triangle inequality and with (6.6), that

S A Xi) < Y ou(Ar X)) < D NArglle - 65X < Y 1 Aksls,

JjeL\{k} J€L\{k} JGL\{k}

so that (cf. (6.8))

(6.11) O (ApkXi) <7 (A).
But from (6.7),
S ( Ak Xi) = (1451 ll0) ™ 0r(Xi) = (|47 1 ll) ™"

Hence, it follows from (6.11) that (|‘A];7]I-CH¢)_1 < r,‘fﬂr(A), which contradicts
the assumption of (6.9). W
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With Theorem 6.2, we immediately obtain, via our first recurring theme,
the following associated block eigenvalue inclusion result of Theorem 6.3. For
added notation, given a partition 7 = {p; }§=o of C", given ¢ € &, and given
a matrix A = [A4,; ;] in C"*" which is partitioned by 7, then with (6.8), we
define the sets

P (A)={z€C: (| (2L = Aig) ™" lg) P < rf(A)} (i€ L),

(6.12) { and
rgA) = J i),

i€L

where I; denotes the identity matrix for the subspace W;. We call I'?(A)the
partitioned Gersgorin set for A, with respect to m and ¢.

Theorem 6.3. Given a partition © of C" and given ¢ € P, let A = [A; ]
be any matriz in C"*" which is partitioned by 7. If X € o(A), there is an
i € L such that (cf. (6.12)) X € F;:T(A). As this is true for each \ € o(A),
then

(6.13) o(A) CI'?(A).

We remark (see Exercise 3 of this section) that the eigenvalue inclusion
of (6.13) gives, as special cases, the results of Theorem 1.1 and Corollary 1.5
of Chapter 1.

But more follows in an easy fashion. Given a matrix B = [B; ;] € C"*",
partitioned by m, and given ¢ € @, form the ¢ x ¢ nonnegative matrix
[IIB; ll¢] in R***. Then, let G,(B) be the directed graph (see Section 1.2)
for this £x ¢ matrix. (We note that the directed graph G (B) is independent
of the choice of ¢ in @; see Exercise 4 of this section.) If G,(B) is strongly
connected, then B is said to be 7 -irreducible, and & -reducible otherwise.
This brings us to

Definition 6.4. Given a partition m of C" and given ¢ € &,, then A =
[A4; ;] € C™*", partitioned by T, is -irreducibly block diagonally dom-
inant with respect to ¢, provided that A is w-irreducible and

(6.14) (1AM s) " =72 (A) forallie L,

with strict inequality holding in (6.14) for at least one i.

With Definition 6.4, we have the following generalization, to partitioned
matrices, of Taussky’s Theorem 1.11. (See Exercise 5 of this section.)

Theorem 6.5. Given a partition m of C" and given ¢ € @, assume that
A =[A;;] € CY", partitioned by =, is m-irreducibly block diagonally domi-
nant with respect to ¢. Then, A is nonsingular.
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And with Theorem 6.5, we directly have its associated eigenvalue inclusion
result of Theorem 6.6, which generalizes Taussky’s Theorem 1.12.

Theorem 6.6. Given a partition © of C" and given ¢ € P, assume that
A =[A; ;] € CV", partitioned by , is w-irreducible. If X € o(A) is such that
(I(Asi = L))" =78 (A) for each i € L, then

(6.15) (1A = ML) Hlg) ™" = 72,(A) for eachi € L,

i.e., X is on the boundary of each set Ffw(A) of (6.12).

It is of course natural to ask if there are similar extensions, of the above
Gersgorin-type results, to Brauer sets and to Brualdi sets, in the partitioned
matrix case. Though these topics have not been widely treated in the litera-
ture, the machinery at hand allows us to easily treat these extensions below.

First, we consider extensions of Brauer sets in the partitioned matrix case.
For any matrix A = [4; ;] € C"*", partitioned by ™ = {p; 520 with £ > 2,
and for any ¢ € @, we define the sets

KP. (A)i={z € C:(ll(z; — Aii) o)™ (I(2; — Aj )7 Hlg) 1<
Tff,r(A)-}, for any distinct ¢ and j in L,

(6.16)¢ and
K2(A) = | J K7, .(A).
ki

We call K¢(A)the partitioned Brauer set for A, with respect to 7 and
¢. Then, on first generalizing Ostrowski’s nonsingularity Theorem 2.1 to the
partitioned case (see Exercise 6 of this section), its associated eigenvalue
inclusion result is

Theorem 6.7. Given a partition m = {pj}§20 of C™ with £ > 2, and given
¢ € Dy, let A = [A; ;] be any matriz in C"™ which is partitioned by 7. If
A € o(A), there are distinct integers i and j in L such that (cf.(6.16))

¢
Ae KY; (A).

As this is true for each A\ € o(A), then
(6.17) o(A) CK2(A).

For a similar extension to Brualdi sets, let A = [4; ;] € C"*" be parti-
tioned by 7™ = {p; }§=07 and let ¢ € @,. From the directed graph of the £ x ¢
nonnegative matrix [||A; ;[|¢], we determine, as described in Section 2.2, its
cycle set Cr(A) of strong and weak cycles, as well as its normal reduced form
(cf. (2.35)), if this matrix is reducible. As before, we remark that there is a
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cycle of C(A) through each vertex of this directed graph. Then, in analogy
with (2.37) - (2.40), we set

B o(A):={z e C: JT(I (=Li = Ai) 7" o)™t < ] 70 (A)}

1€y 1EY
(6.18) for v € C(A4), and
Be(A):= |J B4

'YEC'I\'(A)

and we call B(A) the partitioned Brualdi set for A, with respect to 7
and ¢. We then have (see Exercise 7 of this section) the following extension

of Theorem 2.5, which has appeared, in the m-irreducible case, in Brualdi
(1992).

Theorem 6.8. Given a partition m of C" and given ¢ € O, let A = [A; ;] be
any matriz in C"*™ which is partitioned by m, and let Cr(A) be its associated
cycle set. If A € o(A), there is a v € Cr(A) such that

(6.19) A€ B (A).
As this is true for each A € o(A), then

(6.20) o(A) C B?(A).

It is also useful to include the next result, the extension of Theorem 2.8
to the partitioned case, which is thus a generalization of Taussky’s original
Theorem 1.12. (Its proof is left for Exercise 8 of this section.)

Theorem 6.9. Given a partition m of C" and given ¢ € &, let A =[A; ;] €
C™™ be w-irreducible, and let Cr(A) be the associated cycle set. If X, an
eigenvalue of A, is such that X ¢ int B,(A) for any v € Cr(A), then
(c£.(6.18))

TTUFOL =47 )™ =TT rin(d)  (all 7 € Ca(A)).

i€y 1€y

But, how do all these eigenvalue inclusion results compare in the parti-
tioned case? It turns out that these comparisons all follow easily from the
results of Chapter 2. The analog of Theorem 2.3 in this chapter is Theorem
6.10, whose proof, given below, is based on the proof of Theorem 2.3.

Theorem 6.10. Given a partition ™ = {pj}§:0 of C"™ with £ > 2, and given
¢ € Dy, let A=A, ;] be any matriz in C"*"™ which is partitioned by w. Then
(cf.(6.12) and (6.16)),

(6.21) K$(A) C T2(A).
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Proof. Let ¢ and j be distinct elements of L, and let z be any point of

0} .
K[ +(A), ie. (cf.(6.16)),
(I GL =A™ )™ (21 = A3 )7 ) ™h S 7l (A) -7 1 (A).
It r? (A)- 79 (A) =0, then either (|| (zI; — A;;)™* ||ly) "t =0 or

(| (z; — A;j ;)71 |l¢) ™! = 0. Hence from (6.12), either z € Fid,)w(A) or
z € FJ?W(A), so that

(6.22) ze (I (AT (A)).
The case, when riﬂ(A) . rﬁﬂ(A) > 0, similarly implies, as in the proof of
Theorem 2.3, that z again satisfies (6.22), i.e., Kfjm(A) C (I“fw(A)UFfﬂ(A)).

On taking unions, as in the proof of Theorem 2.3, this gives the desired result
of (6.21). W

With the idea in mind of the proof of the above Theorem 6.10, we similarly
have the result of Theorem 6.11 (see Exercise 9 of this section), which extends
Theorems 2.3 and 2.9 of Chapter 2.

Theorem 6.11. Given a partition ™ = {pj}§:0 of C™ with £ > 2, and given
¢ € Dy, let A=[A,; ;] be any matriz in C"*"™ which is partitioned by 7, and
let Cr(A) be its associated cycle set. Then (cf.(6.12), (6.16) and (6.18)),

(6.23) BL(4) C K2(A) € T2(A).

To conclude this section, we show how the above results apply to the
following matrix A = [a; ;] in C**, partitioned by 7 = {0,2,4}:

3—1‘ i 0

-1 3] 0 =i [Aia|Aie

(624) A o ) 0 5—1 - |:A2’1|A2’2
0 —il-1 5

where the spectra of A and its associated block diagonal submatrices are

o(A) ={2.2679, 4414, 4—i, 57321}, and
U(Al,l) = {2,4} and U(AQVQ) = {4,6}

(Here, we again use the convention that non-integer real or imaginary parts
of eigenvalues are rounded to the first four decimal digits.) First, as is easily
verified, we have from (6.24) that

- z—=3 -1
(le—A1,1)1=m[_l 2_3]7

and
(212—14272)71: Z_5 _1 :| s

1
(2—4)(2—6) [ -1 z2-5
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for all z # 2 or 4 in the first case, and for all z # 4 or 6 in the second
case. Then, if we choose ¢ = (¢1, ¢2), where ¢1 and ¢y are respectively the
f~-norms on each of the two-dimensional subspaces W7 and Ws, we see in
this case that (cf.(6.8))

i 0
e =1 o |l =1=rf.0)
and that

_ -1 z—2|-|z—4
(II(zI1 = A1) " H]o) %, and

_ -1 TR
(T2 = Az)Mloe) ™ = g,
Thus, we have from (6.12) that
IY (A)={z€C:|z—2 |z —4| < |z — 3] +1},
(6.25) and
Y. (A)={z€C:|z—4| |z —6| < |z — 5|+ 1}.

Further, as the directed graph of the associated 2 x 2 matrix [|4; ;[|4] is
irreducible with exactly one strong cycle v = (1 2), then B2(A) = K2(A) in
this case, and we also have (cf.(6.16) and (6.18)) that

(6.26) BL(A)=K2(A)={z € C:|z—2}{z—4|*|z—6|<(|]z—3|+1)-(|z—5|+1)}.
The sets I'?(A) and B2(A) = K2(A) are shown in Fig. 6.1. That BS(A) is a

subset of I'?(A), from (6.23) of Theorem 6.11, can be directly seen in Fig.
6.1. (The eigenvalues of A of (6.24) are shown by “x’s” in Fig. 6.1.)

Fig. 6.1. The partitioned Gerdgorin set I'?(A) and the partitioned Brualdi set
BZ(A) (shaded) for the matrix A of (6.24)
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Exercises

1.

Given any finite-dimensional space W and given any norm ¢ on W, let
A: W — W be a linear map. Show (cf.(6.7)) that (]| A= [|4)~* >0

if A is nonsingular, and (||A*1\|¢)_1 = 0if A is singular.

Consider the matrix A = [a; ;] € C***, partitioned by m = {0,2,4},
which is given by

0 1o /2

A |23 0 0 0
|12 140 273

0 0‘—1 0

where C* = W, +Ws. Using the £,,— norm on both 2-dimensional sub-
spaces W1 and W5, show that A is strictly block diagonally dominant
(in the sense of Definition 6.1), with respect to ¢ = ({0, ¥ ). (Note
that A is not strictly diagonally dominant in the sense of Definition
1.3, since all diagonal entries of A are zero.)

Assume that the partition m on C" is given by 7 = {j}}_g, so that

each subspace W; is one-dimensional (1 < j < n).

a. If ¢;(u) := |u| for any u in W;(1 < j < n), show that the
eigenvalue inclusion of (6.13) of Theorem 6.3 reduces exactly to
(1.7) of Gersgorin’s Theorem 1.1.

b. Given any positive numbers {z;}]_;, set dj(u) := z;[u for
any u € W;(1 < j < n). Show that the eigenvalue inclusion of
Theorem 6.3 reduces exactly to (1.15) of Corollary 1.5.

Given any partition 7 of C" and given any B = [B; ;] € C"*" which is
partitioned by 7, show that the directed graph G, (B) is independent
of the choice of ¢ in &y, ie., if Bji# O, then (cf.(6.6)) ||Bjxlle > 0
for each ¢ € @,.

Prove Theorem 6.5. (Hint: Follow the proof of Theorem 1.11.)

Extend Ostrowski’s nonsingularity Theorem 2.1 to the partitioned
case.

Prove Theorem 6.8. (Hint: Follow the proof of Theorem 2.5.)
Prove Theorem 6.9.

Prove Theorem 6.11. (Hint: Follow the proof of Theorem 2.9.)
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10.  For the matrix A of (6.24) with the partition = = {0, 2,4}, choose the
l-— norm on the two associated subspaces W7 and W5. Verify that
(6.26) is valid.

11.  Given any partition = of C™ and given any ¢ € &, let A = [4,; ]
be any matrix in C"*" which is partitioned by . Show that every
eigenvalue of every diagonal submatrix A;; is contained in I'?(A) of
(6.12), and if £ > 2, show that the same is true for K2(A) of (6.16)
and B2(A) of (6.18).

6.2 A Different Norm Approach

In this section, we describe an interesting variant of Householder’s general
norm approach, of Section 1.4, to obtain eigenvalue inclusion results for par-
titioned matrices. This important variant is due to Robert (1966) who de-
rived nonsingularity results, for partitioned matrices, using the theory of M-
matrices and H-matrices. But as we know (by our first recurring theme), such
nonsingularity results give rise to equivalent eigenvalue inclusion sets in the
complex plane, and this is what we first describe here. (Later, at the end of
this section, we show the connection to the nonsingularity results of Robert,
based on M-matrix and H-matrix theory, our second recurring theme.)

This work of Robert (1966) similarly makes use, from the previous section,
of the partition m = {pj}g:o of C"*, where pg =0 < p; < --- < p, = n and
where

C" = Wy+Wa+t--- +W,,

as well as a norm f-tuple ¢ = (¢1,¢2,- -, ¢¢) from &, where ¢; is a norm
on Wj, for each j with 1 < j < /. What is different now is that a norm on c"
is needed, which is not directly provided by the norm ¢-tuple ¢, when £ > 1.
To easily rectify this, if P; again denotes the projection operator from C" to
W; for each 1 < j </, then

627) [l = max{o,(Px)}  (any x € C", any ¢ € )

defines a norm? on C". (Other norm definitions in (6.27), involving
{ngj(ij)}le, are clearly possible, as shown in Exercise 2 of this section,
but the £.-type norm in (6.27) is convenient for our purposes.)

Given a partition m of C", given ¢ € @,, and given any matrix B =
[B; ;] € C™*™ which is partitioned by 7, then || B||, will denote, as usual, the
induced operator norm of B with respect to the norm ¢ of (6.27):

2 We note that the symbol ¢ can have two meanings, i.e., either a norm ¢-tuple in
&, or the related norm on C™ in (6.27), but this notation will cause no confusion
in what follows.
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(6.28) 1Bllg := sup |[Bx]]s.

[1x[l=1

With P; the projection operator from C™ to W, for each 1 < j < ¢, then on
setting X, := P;x, it follows from (6.27) and (6.28) that

(6.29) |Blle = | S‘l‘lpz1 {gleag [%‘ (Z Bj,kaﬂ } -

keL
But, as ||x||, = 1 implies from (6.27) that max ¢;(X;) = 1, then, with the
J

triangle inequality applied to the sum in (6.29), it follows from the definition
in (6.6) (see Exercise 3 of this section) that
o]

> 1IBjklls
Here, the right side of (6.30) is just the £,-norm of the ¢ X ¢ nonnegative

6.30 <

6300 |IBlla < max
keL

matrix [||Bj k||4], so that (6.30) is just

- [|Bj,k

1BLallo [|Bralle -~ [|Buello

B2l l1Bazllo -+ [1Baells
Ble< || .

[[Beille [|Bezllg - [|Beells

oo

This norm inequality in (6.30) will be widely used in the remainder of
this chapter. We note that it is generally easier to compute the right side of
(6.30), then the left side, namely, ||B||4 of (6.29).

Continuing, from the partitioned matrix A in (6.4), it is also convenient
to let

(6.31) D, = diag[A11; Ag,2;- -5 Agg]

denote the block-diagonal matrix of A, with respect to the partition .
This will play a special role below.

To obtain our next eigenvalue inclusion result for a matrix A = [4; ;] in
C" ™, partitioned as in (6.4) with respect to the partition 7, consider any
eigenvalue X\ of A. Then, Ax = Ax for some x # 0 in C". This can also be
expressed as

(A—Dp)x = (M, — Dy) x,

and if A ¢ o(D,), we have
(M, — D) YA - D;)x =x.

Hence, assuming ||x||, = 1, the above equality immediately gives, with the
definition in (6.28), that
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(6.32) (A = Dx) M (A= Dr)|lo 21 (A € o(A)\o(Dx)).
But with the inequality of (6.30), we also see that

(6.33) 1| [[| (Mo = Dr)HA=Da)] llo e 21 (A € a(AN(D2)).
From this, we define the following sets in the complex plane:

HE(A) :=0(D;) U {z€C:2¢0(D,) and

(6.34) [(zI, — Dx)~' (A—Dy)||s > 1},

and (cf. (6.30))

R2(A) :=0(D;)U{z€C:2¢0(D,) and
Il G2 = Do) (4= Do) o] e = 13

We call H2(A), of (6.34), the partitioned Householder set for A, with
respect to ¢ in @, because of its similarity to Householder’s original set
in (1.48). We likewise call R2(A) , of (6.35), the partitioned Robert set
for A, with respect to ¢ in @, because of its similarity to constructions in
Robert (1966), where nonsingularity results were derived. We remark, as in
Proposition 1.23, that the sets H2(A) and RZ(A) are (see Exercise 1 of this
section) closed and bounded sets in C, for any A € C"*", any partition
m, and any ¢ € .

We remind the reader that, from the triangle inequality used in deriving
(6.30), the definitions in (6.34) and (6.35) directly give us that

(6.35)

HP(A) CR2(A)  (any A € C™*™).
We also see from these definitions in (6.34) and (6.35) that
HE(A) = R2(A) = o(D,) if A= D,.

ie., if A= D, then the final sets in (6.34) and (6.35) are necessarily empty.
We finally remark that since the diagonal blocks of (zI, — D) ' (A — Dy)
are all zero for any z¢ o (D), then

(6.36) HE(A) = R?(A), whenever £ = 2 for the partition 7.

The above discussion and definitions imply that each A in o(A), whether
or not A is in o(D,), is necessarily in H%(A) and in R¢(A). Thus, with the
inequality of (6.30), we immediately have

Theorem 6.12. Given a partition m of C" and given ¢ € O, let A =[A, ;]
be any matriz in C**™ which is partitioned by w. Then,

(6.37) o(A) CHL(A) C RE(A).
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Given a matrix A € C™*", then, on comparing the two eigenvalue inclu-
sion sets of (6.13) of Theorem 6.3 and (6.37) of Theorem 6.12, we see that
each of these sets, I'?(A), H2(A) and R2(A), depend, in a different way, on
the same basic two quantities, namely,

the partition m, and the norm {—tuple ¢ in @.

It is natural to ask which, of the associated eigenvalue inclusion sets, for A,
is smallest in the complex plane. Using the technique of Robert (1966), this
is answered in the following result.

Theorem 6.13. Given any partition = of C" and given any ¢ € P, then
for any A =[A; ] € C™*", which is partitioned by © as in (6.4), there holds

(6.38) o(A) CHS(A) CRE(A) C T?(A).

Remark: This establishes that the sets H%(A) and RE(A) , for any matrix
A in C™", are always smaller than or equal to its partitioned Gersgorin
counterpart, I'?(A).

Proof. Because of the inequality in (6.30) and the result of (6.37), it suffices
to establish only the final inclusion of (6.38). First, assuming that the last
set in R2(A) of (6.35) is not empty, let z be any point in this set, so that
z ¢ o(Dy) and

(6.:39) 1< I {20 = Do)~ (A = Do)l o] e

where (21, — D,)~! = diag[(2I; — A11)7%, -+, (2Ip — Ag ) ~1]. Consider any

x € C" with [|x|| = 1. With P; the projection operator from C" to W,

set Pjx := X; for 1 < j </, so that maquﬁj(Xj) = 1. Then with B :=
Jje

(21, — D)"Y (A — Dy,), it follows from (6.39) and (6.30) that

1< (| IBjkllg) lloo = max | > [I(21; — A;5) 7 Ajll
JjeL .
keL\{j}

< max NG =40 e D Akl
! keL\{j}

= max (1121 = A35) " lo - v (A)]
the last equality following from the definition in (6.8). Hence, with (6.39),

-1 ¢
v<ma (1L = 43) 7 o - 154(4))
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Thus, there is an s with 1 <s < £ such that 1 < [|(2Is — As )" Hlg - 72 (A).
As this last inequality implies that both ||(zI; — A s) 7! |l4 and 7¢, (A) are
positive, then

(I(zLs = Ass)Hlg)™H < 2 (A).

But from (6.12), the above inequality gives that z € I'?, (A), so that z €
T2(A).

To complete the proof, consider any z € o(Dy), so that z € o(A; ;) for
some j with 1 < j < £. From (6.35), we know that z € R2(A). On the other
hand, as z € 0(4, ;), then (zI; — A; ;) is singular. Hence, from the remark
preceding (6.7), (||(2I; — A;;)"*|l¢)~* = 0. As the sum for riw(A) in (6.8)
is obviously nonnegative, it follows from (6.12) that z € I’ ﬁﬂ (A), which gives
that z € I'?(A). Thus, (6.38) is valid. W

We remark that the real strength of the set R2(A) is that it is deduced
from products, such as (2I; — Aj’j)’lAj,k, which can be separated, as in the
proof of Theorem 6.13, to obtain a comparison with the partitioned Gersgorin
set of (6.12) in Section 6.1.

To illustrate the results of this section, let us consider again the parti-
tioned matrix A of (6.24), i.e.,

, where 0(A11) = {2,4} and 0(Az2) = {4,6}.

With the choice again, as in Section 6.1, of ¢ = (¢1, ¢2), where ¢1 and ¢
are respectively the £,,—norms on each of the two-dimensional subspaces W1
and Wy, it follows from (6.36) that H%(A) = R2(A), which can be verified
to be (see Exercise 4 of this section)

HE(A) =o(D)U{z€C: 2z ¢0o(D,) and

[z=3]4+1 . |z—5[+1
max [\HHHV oAz | = 1}

This can also be expressed as

(6.40) HO(A)={z € C:|24+3|4+1>|2—2|-|z—4| or|z—5|+1 > |z —4|-|z—6]}.

But, it is also interesting to see that the union of the sets in (6.25) gives
exactly the same result, i.e.,

HL(A) = I7(A).

Thus, the final two inclusions in (6.38) of Theorem 6.13 are one of equality
for this particular matrix A. However, from (6.23) of Theorem 6.11 and Fig.
6.1, we have, for this matrix A of (6.24), that
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BY(A) = K2(A) G TP (A) = HI(A).

Hence, the set H%(A), while in general a subset of I'?(A) from (6.38), need not
be a smaller set than the associated sets K¢(A) and BZ(A), in the partitioned
case.

On the other hand, we give below an interesting example of a partitioned
matrix for which neither set, HZ(E) or BZ(E), is a subset of the other. For
this, we consider the following partitioned matrix of Robert (1966):

6 5 (21 4.0 6
706 25 47| . 7

(6.41) E=196279 10 |V == |5 00 10|
86 42/8 9 0 og 9

whose associated spectra are given by

(6.42) { 7(F) = {0.0482,0.0882, 51507, 24.6830} and
' o(Ey1) = {0.0839,11.9161} and o (E5.5) = {0.0557,17.9443}.

In this case, for z € C\o(D,) we have

0 0 2.1-2—0.1 4.0-2—0.5

0 0 2.5-2"20‘3 4.7»2“70.2
12} I2)

(6.43) (2I — D)"Y (E — D;)=
9.6-:2—0.4 4.7.2—0.3 0 0
8.6:2—0.6 4.2:2-0.2 0 0
where 1 := 22 — 122 + 1, and 7 := 22 — 182 + 1. (We note that the four
eigenvalues of D, are just the zeros of the polynomials p and 7.) Using ¢, —

norms on Wi and Wy for this example, it again follows from (6.36) that
HE(E) = R2(E), where

HE(E)={2€C:]21-2—01|+|4.0-2—0.5] > |22 — 122+ 1|;
1252 — 03|+ [4.7- 2 — 0.2] > |22 — 122 + 1];
(6.44) o o a_ .
9.6 -2 — 0.4| + [4.7- 2 — 0.3] > |22 — 182 + 1];

or |8.6-2—0.6]+[4.2-2—02]> |22 — 182 + 1|},

i.e., each point z of HZ(E) satisfies at least one of the four inequalities of
(6.44). From (6.18), it can be similarly verified (see Exercise 6 of this section)
that

BY(E)={z€C:|z2—122+1| - [22 - 182+ 1| <

(6.45) 102.96(7 + |z — 6]) - (10 + [z — 9])}.
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Using (6.44) and (6.45), the sets H2(E) and B2(E), for this matrix E of
(6.41), were obtained, and they are shown in Fig. 6.2, along with the four
eigenvalues of F, denoted by ”"x’s”. It is apparent from this figure that

He(E) ¢ BY(E) and By(E) ¢ Hy(E).

Fig. 6.2. The partitioned Householder set HZ(E) (shaded) and the partitioned
Brualdi set BE(E) (dotted boundary) for the matrix E of (6.41)

It is interesting to examine more carefully the sets in Fig. 6.2. What is
most curious in this example is that the shaded set H?(FE) consists of two
(disjoint) components, each being the union of four circular-like sets, where
one of the components is so small, it is obscured by a dot, signifying the
origin of the real axis in Fig. 6.2. This smaller component is magnified in
Fig. 6.3, where one sees that this tiny component is also the union of four
circular-like sets, whose boundaries are shown in Fig. 6.3. It is also the case
that this tiny set actually contains two eigenvalues of E, shown as “x’s” in
Fig. 6.3. Thus, this smaller subset of H%(E) gives rather sharp estimates of
the two smallest eigenvalues of E' (cf.(6.42)). On the other hand, the largest
eigenvalue, 24.6830, of E, from Fig. 6.2, is better approximated by the set
B?(E), than by the set H%?(E). Finally, we remark from Fig. 6.3 that as
z = 0 is not contained in H2(FE), then E is necessarily nonsingular, a fact
which could not have been deduced from B%(E).

Next, it is important to describe how the set R2(A) of (6.35) of a par-
titioned matrix A, connects with the theory of M-matrices and H-matrices,
(from Appendix C), our second recurring theme in this book. Specifically,
given a partition 7 of C", let A = [A, ;] be any matrix in C"*" which is
partitioned by 7. Assuming that z is an eigenvalue of A with (cf.(6.31))
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0.0482 .0882

Fig. 6.3. Magnification of the component near z = 0 of the partitioned Householder
set HE(E) for the matrix E of (6.41)

2¢ 0(Dy), then the matrix (D, — 2I)"1(A — zI) is evidently singular, and
has the partitioned form (cf.(6.4))

(Dr — 2I) YA —zI) = [E; ;(2)], 1 <i,j </, where E; ;(2) := I,

(646) and Ei’j(z) = (Az,z — ZL;)ilAi’j for 4 7& J-

Then, given ¢ € &, its associated partitioned comparison matrix M?(z),
in Z*** is defined (cf. ((C.4) of Appendix C) as

M2(2) == [m; ;(2)], where m;;(z) :=1 and where

6.47 - . . L.
(6.47) mig(2) = —(Ass — 21) " Aijllg fori £ (1<i,j <0),

which can be expressed as

(6.48) MP(2) = I — Sa(2),

where Sﬁ(z) is the nonnegative £ x £ matrix given by

(6.49) Sﬁ(z) = [oy j(2)], where «;;(z) :=0 and
' aij(2) = (Aig = 2L) " Aiglle fori#j (1<ij<0),

Because of the form of M%(z) in (6.48), it follows from Definition 5.4 that
M (z) is a nonsingular M-matrix if and only if p(S4(2)) < 1, where p(S% (2))
is the spectral radius of $%(z). If M¢(z) is a nonsingular M-matrix, then by
Definition C.6 of Appendix C, (D, —2zI)"*(A—zI) is a nonsingular H-matrix.
But as (D, — zI)~Y(A — zI) is, by assumption, necessarily singular, it follows
that

(6.50) 1< p(8%(2),



172

6. Gersgorin-Type Theorems for Partitioned Matrices

and as p(Sﬁ(z)) < ||Sf§(z)Hoo is valid from (1.10), we see from (6.50) that

(6.51)

1< p(S%(2)) < [15%(2)]| e

Next, we immediately see that the ¢ x ¢ matrix Sﬁ(z) of (6.49) is just the
¢x € matrix [||(2I — Dz) "' (A—Dy)||e], so that the inequality 1 < ||Sf‘(z)||o07
from (6.51), precisely determines the set R2(A) of (6.35). In other words,

Rf;(A) =0(D;)U{z€C:z¢0(D,) and HSﬁ(z)Hoo > 1},

which shows how the theory of M-matrices and H-matrices connects with
the partitioned Robert set RZ(A).

Exercises

1.

Given any partition m of C", any ¢ € &, and any matrix A = [A, ;]
in C™*™ which is partitioned by 7, show that each of the sets H%(A)
of (6.34), or R2(A) of (6.35), is closed and bounded in C.

Given x = [z, 22, -, 24T in C*, define |x| = [|z1], |zal, -, |z¢]]T.
Then |x| < |y| is said to be valid if |z;| < |y,|, for all i € L. With
this notation, if ¥ is a norm on C*, then 1 is a monotone norm (see
Horn and Johnson (1985), p.285) if

x| < [y implies 9 (x) < ¢(y) (any x, any y in C°).

For any ¢ = (¢1, da,- -, ¢¢) in &, and any monotone norm 1) on ct,
prove, with the notation of (6.27), that

[%llg,p 7= (01 (P1x), P2 (PaX), - - -, pe(Prx))

is a norm on C". (As a special case of this exercise, then choosing
P(x) 1= ||x||co gives that ||x||4 of (6.27) is a norm on C™.)

Given a partition m and given ¢ € @, let B = [B, ;] be any matrix in
C™*™ which is partitioned by 7. Then, verify the inequality in (6.30).
In addition, give an example where strict inequality can hold in
(6.30).

For the partitioned matrix A of (6.24), let ¢1 and ¢o be, respectively,
{oo-norms on the subspaces Wy and Ws. Verify that its associated set,

HE(A), is given by (6.40).

From (6.43), verify that the expression of (6.44) is valid.
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Verify the expression of (6.45).

Consider the following 4 x 4 matrix with 7 := {0, 2,4} :

4 —-2|-1 0
p_ |24 ‘ 0 —-1| [3171|Bl,2}
“|-10 ’ 4 =2| " | B21|B22
0 —1|-2 4

where 0(B) = {1,3,5,7} and where o(B1,1) = {2,6} = 0(Ba,2).
a. If ¢ := (loo, o) is the selected norm 2-tuple in @, show that
its associated set H%(B) is given by

HO(B)={2€C:|z—4|+2>|2—2| |z —6|}.

b.  If ¢ := ({3, 0s) is the selected norm 2-tuple in @, show that its
associated set HY(B) is given by

HY(B)={2€C:|z—2/<1lor|z—6] <1}

(Hint: Use the fact from (B.6) of Appendix B that ||A]|2 =
1
[p(AA7)]2.)

c.  Show that H¥(B) & H$(B). (Hint: Show, for example, that
|z—2| = 1, which is part of the boundary of H¥ (B), is not in the bound-
ary of H2(B), except for z = 1 and z = 3.) In Fig. 6.4, the boundaries
of H%(B) and HY(B) are shown, respectively, by two dashed closed
curves and two closed circles. The boundary of the original Gersgorin
inclusion result of Theorem 1.1 for B is the outer dotted circle in Fig.
6.4, and the crosses are the eigenvalues of B.

From (6.35), define the (possibly empty) component of R%(A) by

Rf’l(A) ={2€C:z¢0(D,) and
1 {lI(zI = D)~ (A = D) jikllo] lloo = 1},

so that (cf.(6.35)) RE(A) = o(D,) U R?l(A). Now, R2(A) contains
o(A) from (6.37), and R2(A) is also a closed and bounded set in
C. If ﬁi’l(A) denotes the closure of the set Ri)l(A)7 find a matrix

A € C™*™ for which the set ﬁi,l(A) does not contain all eigenvalues
of A. (Hint: Try some block-reducible matrix!)
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9. Given a partition 7 of C" and given ¢ € @, let A = [A; ;] be any
matrix in C"*" which is partitioned by 7, and consider the associ-
ated partitioned matrix B := (2I — D;)"'(A — D) =: [Bj ], where
z¢ 0(Dy). If G;(B) is the directed graph of the £ x ¢ nonnegative ma-
trix [||Bj.k||¢], (where we note that this directed graph is independent
of ¢ and z¢ o(Dy)), let C(B) be the cycle set of all strong and weak
cycles of G(B). With the set R (A) defined in the previous prob-

)

lem, show that if each cycle of G, (B) is strong (i.e., G (B) is weakly

irreducible (cf. Exercise 1 of Section 2.2)), then ﬁiyl(A) contains all
eigenvalues of o(A).

6.3 A Variation on a Theme by Brualdi

To begin, we observe that the partitioned Robert set R(A), in (6.35) for a
partitioned matrix A = [A4; ;] in C"*", had no dependence on a cycle set of
strong and weak cycles. On the other hand, stemming from Brualdi’s work,
we saw in (2.48) of Theorem 2.9 that having the additional knowledge, of a
matrix’s cycle set, gave improved eigenvalue inclusions. Can the same be true
in the partitioned case? The object of this section is to give new material to
answer this question affirmatively!

Fixing any partition 7 = {p; ?:o of C" as in (6.2), assume® that £ > 2,
and let A = [A; ] be any matrix in C"*" which is partitioned by 7. With
D, :=diag[A1,1; A2.2;- - -; A e, let z be any complex number with z¢ o(D),
and consider the associated partitioned n x n matrix A(z), defined by

(6.52) A(2) := (2I,—Dr) " (A= Dz)=[A; 1(2)], where A;;(z):= O and
’ where A; y(2) = (21; — Aj ;)7 - Ajp for any j #k (j,k € L).

Next, fix any ¢ = (¢1, P2, -+, ¢¢) in $, and form the associated nonnegative
¢ x ¢ matrix [||/Ijk(z)||¢] of norms, i.e., with the definitions in (6.6),

¥ 0( " |A1.2(2)]g - - I{h,ggzglw

1 A2,1 4 0 A27 2

(6.53) [||Aj,k(z)||¢} — | | ¢ \ e: s
1Ae1(2)lls [[Ae2(2)lg - 0

3 The case £ = 1 is trivial, as it implies from (6.31) that A = D, and hence,
o(A) = o(Dx).
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Fig. 6.4. The boundaries of H¥(B) (solid), HZ(B) (dashed) and I'(B) (dotted),
for the matrix B of Exercise 7

With the directed graph of this nonnegative ¢ x £ matrix [\|ﬁjk(z)|\¢], de-

termine (as described in Section 2.2) its associated cycle set C(A), and its
normal reduced form (cf.(2.35)), if this matrix is reducible. From the discus-
sion relating to equations (2.35) and (2.36), we have that either the matrix

{||/Lk(z)|\¢} is irreducible, i.e., m = 1 in (2.35), in which case, there is a
strong cycle (of some length p with p > 2) through each vertex of the di-
rected graph for {||/~1Jk(z)||¢}, or [||f~1]k(z)||¢} is reducible, in which case,
there is either a strong cycle or a weak cycle through each vertex of the di-
rected graph of [| |A; 1(2)] |¢,} , depending, respectively, on whether that vertex
is associated with a p; x p; irreducible matrix R; ; with p; > 2, as in (2.364),
or this vertex is associated with a 1 x 1 matrix R; ;, as in (2.3611).

The next result, Lemma 6.14, states that the cycle set Cr(A) of
|:||Aj,k(z)”¢:|, for any z¢ o(D,), is the same as the cycle set C(A) of the

partitioned matrix A = [A; ;]. Its proof is left to Exercise 1 in this section.

Lemma 6.14. Given any partition = of C™ with £ > 2, and given ¢ € &, let
A = [A; k] be any matriz in C"*™ which is partitioned by m, and let C(A) be
the cycle set associated with the directed graph of the £ x £ nonnegative matriz
(|4 kllg]. If Cr(A) denotes the cycle set for the £ x £ matriz {||/~ljk(z)|\¢}

of (6.53), where z¢ 0(D,), then
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(6.54) Cr(A) = Cr(A).

The result of Lemma 6.14 will be used below.

Assume next that A is an eigenvalue of the given partitioned matrix A =
[Aj %] in C™*", with A ¢ 0(Dy). Then Ax = Ax for some x # 0 in C", which
can also be written (cf.(6.52)) as

(6.55) x= (M, — Dy) YA - Dy)x = [4;(\)]x.

k
<j <), set Pix =: X
=1. Recalhng the

With P; the projection operator from C" to W;(

1
for any 7 with 1 < j < ¢, and assume that maLxgb (X;)
Jj€
hypothesis that ¢ > 2, then from (6.55), we have

(6.56) Xj= Y AWXk (all j € L).

keL\{j}
Assuming X;, # 0, then applying the norm ¢, to the case j; of (6.56) gives,
with (6.6) and the triangle inequality, that

(6.57) 0<¢; (X)) < D> A xMWllg - dr(X).

keL\{j1}
Following along the lines of the proof of Theorem 2.5, all the products
[|Aj, £ (M)]le - ox(Xk) in the sum in (6.57) cannot be zero. Hence, there is
a jo € L with jo # j; such that

5> (Xj,) = max{p(Xp) : k # 1 and ||Aj, (Nl - d(Xk) > 0}.
We thus have from (6.57) that

O<¢j1 (le)g o (ij)' Z |‘Aj1,k(/\)||¢ ¢32( ) Ti o, (A(/\))
keL\{j1}
(6.58)
where r¢_(-) is defined in (6.8). This can be continued and we find, as in
the proof of Theorem 2.5, that this procedure produces a strong cycle v =
(ki kg --- kp) in Cr(A), of length p > 2, where the elements of (ki
are distinct with k,11 = kq. Taking products over these k;’s in (6.58) gives

I ée. (Xx.) < (H ¢ks+1(st+1)> : (H T;i,,r(fi@))> ;

s=1 s=1 s=1

P P
and as H or. (X)) = H ks (Xkyyy) > 0, then, on cancelling these prod-
s=1 s=1
ucts in the above display, we have
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1< [Tre (A,

In other words, for any A € o(A) with A¢ o(D;), there is a strong cycle
v=(k1 ko --- kp), with k,41 = ki, in the directed graph of the matrix

[Hflj,k()\)ﬂ}, for which A satisfies the above inequality. But then, with the

full knowledge of the normal reduced form of the matrix [Hfljk()\)ﬂ}, we
can replace (cf.(2.37)) r,fsyﬂ(fi()\)), in the above inequality, by the possibly
smaller term 77 _(A())), giving

ks,m

(6.59) 1< ﬁ 7 (AN),

where A(\) := (zI,, — D)~ *(A— D) from (6.52). In this way, we obtain the
new variation of the partitioned Brualdi set: Given a partition 7 of C" with
£ > 2 given ¢ € P, and given any z with z ¢ o(D,), then determine the ¢x ¢

nonnegative matrix [||/~1”(z)||¢} of (6.53), and its associated directed graph.
Then, let Cy (A) be the set of all strong and weak cycles in this directed graph.
From (6.54) of Lemma 6.14, we have, for any z¢ o (D), that C(4) = Cr(4),
where C(A) is the cycle set associated with the directed graph of the £ x ¢
nonnegative matrix [||A4; x||¢]. Then, define the sets

Ve (A):={z€C:2¢0(Dy) and 1< [, (A(2))

i€y
(for any strong cycle v € C(A))},
(6.60) and
VO(A) :=o(Ds) U U Ve (A).

~yeCx(A)
7y a strong cycle

We call V,?(A) the (Brualdi) variation of the partitioned Robert set
for the matrix A, with respect to 7 and ¢.

As a direct consequence of our above constructions, we have the new result
of

Theorem 6.15. Given any partition © of C" with £ > 2 and given ¢ €
Dy, let A = [A; ;] be any matriz in C"*" which is partitioned by w. Then
(cf.(6.60)),

(6.61) a(A) CV2(A).



178 6. Gersgorin-Type Theorems for Partitioned Matrices

We now come to the main result in this section, which compares this
new eigenvalue inclusion set V,?(A) with the previous inclusion sets R%(A),
BZ(A), Kg(A), and I7(A).

Theorem 6.16. Given any partition © of C™ with £ > 2, and given any
¢ € By, then for any A = [A; ;] € C™™", which is partitioned by =, there
holds

(6.62) V2(A) C B2(A) C K2(A) C T2(A),
and
(6.63) V2 (A) C RE(A).

Remark. The set V.?(A), which makes use of the directed graph of the
matrix [Hﬁu(z)H(b}, is, for any matrix A in C"*", always smaller than or
equal to the other sets in (6.62) and (6.63).

Proof. Because the final two inclusions of (6.62) follow directly from (6.23)
of Theorem 6.11, it suffices to establish only the first inclusion of (6.62).

Given any matrix A = [A; ;] € C"*", which is partitioned by m, let z be
any point of the set V.¢(A) which, from (6.60), contains the subset o(D,). If
z € 0(Dx), then z € 0(A,; ;) for some i € L, so that (zI; — A;;) is singular.
Thus, from the discussion preceding (6.7), (||(z1; —Ai,i)*1||¢)71 = 0. In
addition, there is necessarily a (strong or weak) cycle v of Cr(A) = Cr(A)
which passes through the vertex v; of the directed graph of [||A; ;||4]. Then,
from the definition of the associated set BS (A) of (6.18) and the fact that
the ffm(A)’s are nonnegative, it also follows from (6.18) that z € B (A);
whence, again from (6.18), z € B2(A).

Next, assuming that V,?(A)\o(D,) is not empty, let z be any point of
V#(A)\o (D). To simplify notations, assume that the matrix [||fljk(z)\|} is

irreducible, so that (cf.(2.37)) 7;(A(z)) = r:(A(2)). Then, the construction,
leading up to Theorem 6.15, gives that there is a strong cycle v in Cr(A) =
Cr(A), such that (cf.(6.59), (6.52), and (6.8))

6.64) 1<J[rfn(AG) =TS Do L —Ai) " Alls

i€y i€y |\ jeL\{i}

But, as ||(zL; — Ai i) " Aijlle < (2L — Aii) 7o - [|Ai ]|, we further have
from (6.64) and (6.8) that

V< (TINGE =AM e | - [ T]re-(4)

1€y i€y



6.3 A Variation on a Theme by Brualdi 179

By hypothesis, z¢ o(D,), so this can be equivalently expressed as

H(H(ZIZ 1||¢ <Hr7,7r

1€y i€y

But this states, from (6.18), that z € B (A); whence, z € BZ(A). Thus, the
first inclusion of (6.62) is valid.

To establish the inclusion of (6.63), let z be any point of V.?(A) of (6.60). If
z € 0(D,), which is a subset of V.?(A), then z is, from (6.35), also in R¢(A),
as 0(Dy) is also a subset of R2(A). If the set V.?(A)\o (D, )is not empty and
z is any point in this set, then there is a strong cycle vy in Cy(A) = Cr(A)
for which (cf.(6.64))

LTI S et A Al

i€y \ jeL\{i}

But it is evident that all of the sums, Z I[(zI; — Aii) ' A jl|g in the

JeLN{i}
above product, cannot be less than unity. This implies that there is an ¢ € ~

for which Z |(21; — A;i) " Aijlls > 1, so that, with the notation of
JeLN{i}
(6.52),

(6.65) max (D [[Ai(2)lls | > 1

JeL\{i}
But, using the fact that A, ;(z) = O from (6.52), the inequality of (6.65) is
exactly the statement (cf. (6.30)) that

1{lI(zI = D)~ (A = Dr)llo] lloe > 1,

so that, from (6.35), z € R2(A). Thus, V#(A) C RE(A), the desired result
of (6.63). M

It is worthwhile to again consider the Robert matrix E of (6.41), in light of
the inclusions of (6.62) and (6.63) of Theorem 6.16. First, for the partitioning
m = {0, 2,4} of the matrix F in (6.41), we have that the associated partitioned
matrix E(z) := (214 — D)~ (E — D) = [E; x(2)] of (6.52) is such that there
is but one (strong) cycle in Cy(E), namely v = (1 2), in the directed graph
of the 2 x 2 nonnegative matrix |||E;x(2)||4|. Choosing again the £,-norms

on the subspaces Wy and Wy (where C* = W1 + W3), it can be verified (see
Exercise 2 of this section) that (cf.(6.60) and (6.41))

Ve(E)=0o(D;)U {z € C:2¢0(Dx) and
(6.66) 1< 1Bva(2)lloo - 1B () ]oo)-
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Fig. 6.5. V,?(E) (shaded), RZ(E) (with a dashed boundary) and B¢(E) (with a
dotted boundary), for the Robert matrix E of (6.41)

Fig. 6.6. Magnified component of V,?(E) (shaded), and the associated component
(with a dashed boundary) of R%(A)

This particular set V.2 (E) again consists of two (disjoint) components, which
can be seen in Fig. 6.5, with one small component, appearing as a dot, near
zero. In Fig. 6.5, the larger component of V.¢(E) is shaded with the solid
boundary, while, for comparison, the larger component of R%(E) is shown
with a dashed boundary, while the boundary of B(A) is shown with a dotted
boundary. In Fig. 6.6, the smaller component of V¢(E) is magnified and is
the shaded set with a solid boundary, while, for comparison, the smaller
component of R2(A) is shown with the dotted boundary. The inclusions of
Theorem 6.16 are clearly seen to be true in these two figures!
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Exercises

1. Give a proof of Lemma 6.14.

2. For the partitioned matrix E of (6.41), show, from (6.43) and (6.52),

that
[1B1,2(2)l|o0 =
12.1- Z—Ol|+|40 2= 0.5 |25 2— 0.3+ 4.7 2 —0.2]
max ; ,
22 — 122 + 1| [22 — 122 + 1]
HEzl( Hoo:
6z—04|+|47 2= 0.3 8.6-2—0.6/+]42 202
max ; ;
22— 182 + 1 22 — 182 + 1]

which are used in (6.66).

3. From (6.60), consider the set V. (A), where £ > 2 and where 7 is a
strong cycle in Cr(A). As this set depends on A(z) in (6.52), which
in turn depends on the assumption that z¢ (D), then V2 (A) is
not necessarily a closed set in C. Let Vﬁ,w (A) denote its closure in
C. Next, if v = (j) is a weak cycle in Cr(A), then define V¢, (A) :=
o(A; ;). Show that the Brualdi variation of the partitioned Robert set,
V:#(A) of (6.60), can also be expressed as

e
Vi(A) = U Vi.@]u U o)
~ a strong cycle v=(j) a weak
of Cr(A) cycle of Cr(A)

6.4 G-Functions in the Partitioned Case

The focus, thus far in this chapter, has been on the extensions of GerSgorin
sets, Brauer sets, and Brualdi sets to the partitioned matrix case. In this sec-
tion, we similarly extend results of Chapter 5, on G-functions, to partitioned
matrices, with results from Carlson and Varga (1973b) and Johnston (1965)
and (1971).

With the notations of Section 6.1, let m = {p,;}_, be a partition of
C", as in (6.1), let ¢ = (é1, P2, -+, ¢¢) be a norm f-tuple in P, and let
A =[A; ;] € C"™" denote, as in (6.4), the partitioning of A, with respect to
m. Then, C*" is defined as the subset of C"*" of all matrices A = [4; ],
partitioned by 7, for which each block diagonal submatrix A; ; is nonsingular
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(1 <i<¥). (For our purposes here, the partition 7 and ¢ will be fixed, as are
the projection operators P; : C" — W;, for each j (j € L :={1,2,---,5}).

Definition 6.17. Let F, be the collection of all functions F =
[F1, F, - -, Fy] for which
i) F;:Cr" — Ry, ie., 0< F;(A) < +oo for any i € L and
any A € CI*™;
it) for each B = [B; ;] € C*", F;(B) depends only on the
products

-1
667 (IBgklls) - IBek-Buslls  (all byj € L with b # ),

where the norms used here are defined in (6.6) and (6.7).
In other words, if the matrix C' = [Cy, ;] € C1*" satisfies

(1Cklle) ™ 1C, kCrojllo = 1By llo) ™ 1By 1 Broslle

for all k # j in L, then F;(C) = F;(B) for all i € L.

We remark that part #) of Definition 6.17, involving the dependence of
the products in (6.67), does effectively reduce to i) of Definition 5.4, when
the subspaces W; are all one-dimensional. (See Exercise 1 of this section.)

In analogy with Definition 5.2, we make the following

Definition 6.18. Let F' = [Fy, Fy, -+, Fy] € Fr. Then, F is a G-function
(relative to the partition 7 and ¢ € &) if, for any B = [B; ;] € C2*", the
relations

(6.68) (1B lg)™ " > Fi(B)  (for alli € L)

imply that B is nonsingular. The collection of all G-functions, relative to 7
and ¢, is denoted by G2.

For additional notation, if F € F, and if B = [B; ;] € C»*", then we set

(6.69) {MF(B) = [ay,5] € R, where
. @i i:=Fi(B), and ai ji= —(||B;}s)"MIBi} Bijlls,i # 5 (i,5 €L),

which is the partitioned analog of (5.7).
As an extension of Theorem 5.5 to the partitioned case, we have

Theorem 6.19. Let F = [y, Fy,---,Fy] € Fr. Then, F € G¢ if and only if
MF(B) is an M-Matriz for every B € C2*™.

Remark. As in Chapter 5, an M-matrix here can be singular.
Proof. First, for any B = [B; ;] in C2*", assume that M (B) of (6.69) is
an M-matrix, and assume further that B satisfies (6.68). In this part of the

proof, we are to show that B is nonsingular, so that F € G%. Then with
(6.68), set
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(6.70) di = (|[B;}|ls) ™" = Fi(B)>0 (each i€ L),

so that diag[dy,ds, - -, dy] is a positive diagonal matrix in C*. But then, it
follows from (6.69) and (6.70) that

(6.71) {5 = MF(B) + diag[dy, da, - -, dy] = [e; j] € R, where
' eii=(|1B; ' |ls)"tand e;; = —(||B; o)~ "(I|Bijllg),i #4(i, j € L).
Moreover, as £ is the sum of an M-matrix and a positive diagonal matrix,
then (cf. Propositions C.4 and C.5 of Appendix C) £ is a nonsingular M-
matrix with £~1 > O. This can be used as follows.
With the projection operators P; : C" — W; (1 < j < ¢) and with
& = (1,02, -, P¢) € Py, we define the associated vectorial norm:

(6.72) py(x) := [¢1(P1x), g2 (Pox), -+, pe(Prx)]”  (any x € C").
Next, with the given matrix B = [B; ;] € C2*", set (cf.(6.31))
D, := diag[By,1;Ba2;---; Bl
From (6.68), (||B;Z-1||¢)_1 > 0 for all ¢ € L, so that D, is necessarily nonsin-
gular, and we write

6.73 B =D,(I-T), where I := (I — D;'B).
(6.73) ﬂ

(It is important to note that the partitioned matrix I" of (6.73) has zero block-
diagonal submatrices.) Using the definition in (6.72), then for any x € C", it
can first be verified from (6.7) that

Po(Bx) = Py (Dx(I = 1)x)
> diag [(I1B71116) 7+ (1B 16) | o (1 = D)%),

and with (6.6), that

1 —IBiiBiallg -+ =By 1 Buells
—||B33Balls 1 -+ —||Bya Bl
ps(( = I')x) > : ’ Py (X).
| —1I1Bi;Bealle —1BigBealls - 1 |

Putting these inequalities together gives, with the definition of the matrix £
in (6.71), that
(6.74) po(Bx) > €py(x)  (any x € C"),
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so that the ¢ x ¢ matrix £ of (6.71) is a lower bound matrix for B, as in
(C.8) of Appendix C. Moreover, since £~! > O, then multiplying on the left
by €71, in (6.74), preserves these inequalities, giving

(6.75) E'py(Bx) > py(x)  (any x € C"),

which, as in (5.12), gives that B is nonsingular, the first part of the desired
result.

Conversely, assume that F' € G2, and consider the £ x ¢ matrix M (B) of
(6.69), for any B € C*". Here, we are to show that M¥(B) is an M-matrix.
From (6.69), we see (cf.(C.3) of Appendix C) that MF(B) € Z**¢, so that it
has the proper sign-pattern to be an M-matrix. If, on the contrary, M¥(B)
is not an M-matrix, there necessarily exist constants §; > 0 (for all i € L)
such that

T := MT(B) + diag[01, 6, - - -, 0]

is singular; whence, there is a y = [y1, 2, -, )" # 0 in C* with Ty = 0.
Equivalently, 7y = 0 can be expressed from (6.69) as

(6.76) (Fi(B)+6:)yi — D (1B} lle) ™" 1B Bijlloy; = 0 (all i € L).
JEL\{i}
Now, let {&,}icr be fixed vectors such that &, € W; with ¢;(£;) = 1 for each
1€ L, and set z := Z%Em so that z € C" with z # 0. We now construct a
icL
partitioned matrix C' = [C; ;] € C2*" such that Cz = 0, and such that

6.77) (1C5 o) HICH Cigllo=(1B7H 16) ™ HIB Bigllo (all i# jsi,j € L).

For the diagonal blocks C; ;, set
(6.78) Cii = (Fy(B) + )1, (all i € L),
where I; is the identity operator on W;, so that each C;; is nonsingular, as
F;(B) +6; > 0. Thus, C = [C; ;] € C2*". With these choices for C;;, it
follows that (6.77) reduces to
(6.79)  [|Cijlle = (1B e) " - 1B Bijlle  (alli # j3i,j € L).
Next, we verify from (6.76) and (6.78) that Cz = 0 if
(6.80)  Cy&; = (1B lle) " - IB ! Bijllo€s  (alli# jii,j € L).

Our problem then reduces to constructing the nondiagonal submatrices
Ci; Wy — W, for all 4,j € L with ¢ # j, which simultaneously satisty

(6.79) and (6.80). Following Johnston (1965) and Johnston (1971), let ¢ be
the dual norm to ¢; on W;, for each i € L. As a well-known consequence of
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the Hahn-Banach Theorem (see Horn and Johnson (1985), p.288) there is a
vector o; in W; for which

(6.81) pP(o;) =1 and i€, =1 (allic L),

ie., if & = [s1,82, " ,84,]7, with the notation that dim W; := d; = p; —
pi—1 from (6.3), and if o = [t1,t2, -, tq,]”, then o = [ti, 2, -+, tq;]. On
defining the submatrices C; ; : W; — W;, for i # j, by

Cij:=—(IB M) ™" 1B} Bijlle€i - o (alli#jii,j € L),

we see that both (6.79) and (6.80) are satisfied. In summary, the above con-
struction gives us from (6.79) that Cz = 0 where z # 0, so that C is singular,
a contradiction. Thus, M¥(B) is an M-matrix for each B € C**", which
was the final item to be proved. |

We remark that extensions of Theorems 5.12 and 5.14, to the partitioned
case, can be found in Carlson and Varga (1973b), where the wordings of these
extensions are exactly the same as those of Theorems 5.12 and 5.14, except
for the change of G¢ into G%°, where G denotes the subset of continuous
functions in G of Definition 6.18.

Exercises

1. With ¢ = n, so that all subspace W; in (6.3) are one-dimensional,
define the norm n-tuple ¢ = (¢1, P2, - -, dn), in P, simply by ¢;(x) :=
|z;| for all 1 < j < n, where x = [v1, 22, -, x,|7 € C". Show, for any
matrix B = [b; ;] € C"*" which has nonzero diagonal entries, that ii)
of Definition 6.18 reduces to that of Definition 5.1.

2. Verify the steps leading up to (6.74).
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Bibliography and Discussion

6.1

6.2

As mentioned in the text, the first generalization of the nonsingularity
of strictly diagonally dominant matrices to partitioned matrices were
roughly simultaneously and independently considered in Ostrowski
(1961), Fiedler and Ptdk (1962a), and Feingold and Varga (1962).
From these results came their associated eigenvalue inclusion results,
which we call in this section partitioned Gersgorin sets.

The extensions of these results, in the partitioned case, to partitioned
Brauer sets were briefly mentioned in the last of the above papers,
but with no comparison results, as in Theorem 6.10, with partitioned
Gersgorin sets. There was a lengthy hiatus of many years in further
developments in this area of partitioned matrices. Though partitioned
matrices were not considered in the seminal paper of Brualdi (1982),
this paper served as the basis of results for partitioned matrices in
Brualdi (1992), where partitioned Brualdi sets are considered, but with
no comparison results on the associated eigenvalue inclusion with par-
titioned Brauer sets or partitioned Gersgorin sets. In this sense, the
results of Theorem 6.11 are new.

We remark that Theorem 6.9 gives a sufficient condition for a par-
titioned m-irreducible matrix to have an eigenvalue on the boundary
of its associated Brualdi lemniscates. Necessary and sufficient condi-
tions for this have been nicely studied in Kolotolina (2003a), where
the norm on each subspace W; is chosen to be the ¢3-norm.

The norm, defined in (6.27), is generalized in Exercise 1 of this sec-
tion. Such general compound norms are treated at length in Ostrowski
(1961), but it turns out that these more general compound norms do
not improve the results derived, from (6.27), on partitioned House-
holder and Robert sets.

As mentioned in this section, the new term, partitioned House-
holder set of (6.34) for a partitioned matrix A in C"*", is used here
because of its similarity to Householder’s original set in (1.48) from his
publications in 1956 and 1964, though Householder did not directly
consider partitioned matrices. The new term, partitioned Robert
set of (6.35), was suggested by constructions in Robert (1966) and
Robert (1969), associated with partitions, norms, and M-matrix the-
ory, though Robert did not directly consider eigenvalue inclusion re-
sults. The interesting 4 x 4 matrix of (6.41) comes from Robert (1966).
The connections with M-matrices and H-matrices, at the end of this
section, is directly related to the work of Robert (1966) and Robert
(1969).
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The new (Brualdi) variation of the partitioned Robert set gives rise to
a new eigenvalue inclusion set for a partitioned matrix which compares
favorably, in all cases from Theorem 6.16, with partitioned GerSgorin,
partitioned Brauer, and partitioned Brualdi sets, where we note that
this variant depends on the additional knowledge of the cycle set,
derived from the directed graph of the associate ¢ x ¢ nonnegative
matrix in (6.53).

The material in this section extends results of Chapter 5 to G-functions
in the partitioned case, and draws upon works of Carlson and Varga
(1973b) and Johnston (1965) and (1971). It is interesting to see in
(6.74) the partitioned analog of a lower bound matrix used in (5.11).
Further extensions of G-functions in the partitioned case appear in
Carlson and Varga (1973b).






Appendix A. Gersgorin’s Paper from 1931,
and Comments on His Life and Research.

It is interesting to first comment on the
contents of Gersgorin’s original paper
from 1931 (in German), on estimating
the eigenvalues of a given n X n com-
plex matrix, which is reproduced, for the
reader’s convenience, at the end of this
appendix. There, one can see the origi-
nality of Gersgorin pouring forth in this
paper! His Satz II corresponds exactly to
our Theorem 1.1, his Satz III corresponds
to our Theorem 1.6, and his Satz IV, on
separated Gersgorin disks, appears in Ex-
ercise 4 of Section 1.1. In his final result of
Satz V, he uses a positive diagonal sim-
ilarity transformation, as in our (1.14),
which is dependent on a single parame-
ter a, with 0 < a < 1, to obtain bet-
ter eigenvalue inclusion results. This ap-
proach was subsequently used by Olga Taussky in Taussky (1947) in the
practical estimation of eigenvalues in the flutter of airplane wings! However,
we must mention that his Satz I is incorrect. His statement in Satz I is that
if A=la;;] € C"" satisfies

lais| > ri(A):= > laijl, forallieN,
JEN\{i}

with strict inequality for at least one 4, then A is nonsingular. But, as we have

Appendix A.1. Semen Aronovich
Gersgorin

. . . 1 . .
seen in Section 1.2, the matrix A = [ ] is a counterexample, as A satisfies

00
the above conditions, but is singular. (Olga Taussky was certainly aware of
this error, but she was probably just too polite to mention this in print!)
As we now know, her assumption of irreducibility in Taussky (1949), (cf.
Theorem 1.9 in Chapter 1) clears this up nicely, but see also Exercise 1 of
Sec. 1.2.

We also mention here the important contribution of Fujino and Fischer
(1998) (in German) which provided us with the biographical data below on
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Gersgorin, as well as a list of his significant publications. This paper of Fujino
and Fischer (1998) also contains pictures, from the Deutsches Museum in
Munich, of ellipsographs, a mechanical device to draw ellipses, which were
built by Gersgorin. There is a very new contribution on the life and works of
Gersgorin by Garry Tee (see Tee (2004)).

10.

11.

12.

13.

Semen Aronovich Gersgorin

Born: 24 August 1901 in Pruzhany (Brest region), Belorussia

Died: 30 May 1933 in St. Petersburg

Education: St. Petersburg Technological Institute, 1923

Professional Experience: Professor 1930-1933, St. Petersburg Machine-
Construction Institute

SIGNIFICANT PUBLICATIONS

. Instrument for the integration of the Laplace equation, Zh. Priklad. Fiz.
2 (1925), 161-7.

. On a method of integration of ordinary differential equations, Zh.

Russkogo Fiz-Khimi. O-va. 27 (1925), 171-178.

On the description of an instrument for the integration of the Laplace

equation, Zh. Priklad. Fiz. 3(1926), 271-274.

On mechanisms for the construction of functions of a complex variable,

Zh. Fiz.- Matem. O-va 1 (1926), 102-113.

On the approximate integration of the equations of Laplace and Poisson,

Izv. Leningrad Polytech. Inst. 20 (1927), 75-95.

On the number of zeros of a function and its derivative, Zh. Fiz.- Matem.

O-va 1(1927), 248-256.

On the mean values of functions on hyper-spheres in n-dimensional space,

Mat. Sb. 35 (1928), 123-132.

A mechanism for the construction of the function ¢ = 1(z — §)7 Izv.

Leningrad Polytech. Inst. 2 (26) (1928), 17-24.

On the electric nets for the approximate solution of the Laplace equation,

Zh. Priklad. Fiz. 6 (3-4) (1929), 3-30.

Fehlerabschétzung fiir das Differenzverfahren zur Losung partieller Dif-

ferentialgleichungen, J. Angew. Math. Mech. 10 (1930).

Uber die Abgrenzung der Eigenwerte einer Matrix. Dokl. Akad. Nauk

(A), Otd. Fiz.-Mat. Nauk (1931), 749-754.

Uber einen allgemeinen Mittelwertsatz der mathematischen Physik, Dokl.

Akad. Nauk. (A) (1932), 50-53.

On the conformal map of a simply connected domain onto a circle, Mat.

Sb. 40 (1933), 48-58.

Of the above papers, three papers, 10, 11, and 13, stand out as seminal

contributions. Paper 10 was the first paper to treat the important topic

of

the convergence of finite-difference approximations to the solution of
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Laplace-type equations, and it is quoted in the book by Forsythe and Wasow
(1960). Paper 11 was Gersgorin’s original result on estimating the eigenvalues
of a complex n X n matrix, from which the material of this book has grown.
Paper 13, on numerical conformal maps, is quoted in the book by Gaier
(1964). But what is most impressive is that these three papers of Gersgorin
are still being referred today in research circles, after more than 70 years!

Next, we have been given permission to give below a translation, from
Russian to English, of the following obituary of GerSgorin’s passing, as
recorded in the journal, Applied Mathematics and Mechanics 1 (1933), no.1,
page 4. Then, after this obituary, Gersgorin’s original paper (in German) is
given in full.

APPLIED MATHEMATICS AND MECHANICS
Volume 1, 1933, No.1

Semen Aronovich Ger§gorin has passed away. This news will cause great
anguish in everybody who knew the deceased.

The death of a great scientist is always hard to bear, as it always causes
a feeling of emptiness that cannot be filled; it is especially sad when a young
scientist’s life ends suddenly, with his talent in its full strength, when he is
still full of unfulfilled research potential.

Semen Aronovich died at the age of 32. Having graduated from the Tech-
nological Institute and having defended a brilliant thesis in the Division of
Mechanics, he quickly became one of the leading figures in Soviet Mechanics
and Applied Mathematics. Numerous works of S.A., in the theory of Elastic-
ity, Theory of Vibrations, Theory of Mechanisms, Methods of Approximate
Numerical Integration of Differential Equations and in other parts of Me-
chanics and Applied Mathematics, attracted attention and brought universal
recognition to the author. Already the first works showed him to be a very
gifted young scientist; in the last years his talent matured and blossomed.
The main features of GerSgorin’s individuality are his methods of approach,
combined with the power and clarity of analysis. These features are already
apparent in his early works (for example, in a very clever idea for construct-
ing the profiles of aeroplane wings), as well as in his last brilliant (and not yet
completely published) works in elasticity theory and in theory of vibrations.

S.A. Gersgorin combined a vigorous and active research schedule which, in
his last years, centered around the Mathematical and Mechanical Institute at
Leningrad State University, as well as around the Turbine Research Institute
(NII Kotlo-Turbiny) with wide-ranging teaching activities.

In 1930 he became a Professor at the Institute of Mechanical Engineering
(Mashinostroitelnyi); he then became head of the Division of Mechanics at
the Turbine Institute. He also taught very important courses at Leningrad
State University and at the Physical-Mechanical Institute of Physics and
Mechanics.

A vigorous, stressful job weakened S.A.’s health; he succumbed to an
accidental illness, and a brilliant and successful young life has ended abruptly.
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S.A. Ger§gorin’s death is a great and irreplaceable loss to Soviet Science.
He occupied a unique place in the Soviet science - this place is now empty.

A careful collection and examination of everything S.A. has done, has
been made, so that none of his ideas are lost - this is the duty of Soviet
science in honor of one of its best representatives.
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N3BEOTHA AKAJTEMHIN HAYE COCP, 1931
BULLETYN DN I'ACADEMIY DES SOIENONS DR L'URSH

Clpsse dos soleriods OYRONMONUO MATOMATHLUOUEKE
mathédmatiguos ot naturellos 1 0OTOOTBORMNX NOYR

UBER DIE ABGRENZUNG DEI EIGENWERTE EINER MATRIX
Yon S, GERSOHGORIN

(Présenté par A, Krylov, membre de UAcadémie des Scicnces)
§ 1, Habon wir efne Matrix

Uy Bygy « o By,

gy Tgy « oo By

&) a

Qpys Gpgy o 00 Q]

wo die Tlemente a,;, beliebige komploxe Zahlon sein diixfon, und bozeichnon .
wir durch #, (k==1, 2, ...n) ihre Eigonwerte, d. h. die Wurzeln der
Gleichung

ay, 8, G, Cos by,
a Gy —0, ... Q
no 29 ) "an
(@) = (),
LI I T A I I I I O O N N RS
Uy Ups N

30 gilt nach J3endixson und Hixsch * die Ungleichung
| S na,

wo a den Maximalwert allor Zahlen |a,,| bedentet.
Wit wollen im folgenden zeigen, dass man im allgemeinen viel schiir-
fore Aussagon fiber dic Lage der Eigenwerts machen kann,

* Sur lea racinos daun fgustion fondamentnlo. Acta Mathomaticy, t. 26 {1900).
— 749 —
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760 ¥, GERSOIIGORIN

Wir beweigen zunichst den folgonden Satz, der einem von I Lévy?
tbor Matrizen mit reellen Elementen ausgesprochonen véllig analog ist.
Satz 1. Sind in der Matrix (1) die Bedingungen

(8) l“cilZE' | g " G=1,.. n
»

erfullt (wobei das Ungleichheitszeichen mindoestens ftix oinen Wort von ¢ gilt),
80 ist die Detorminsnte A dieser Matrix gewiss von 0 verschioden.

Zum Boweis betrachten wir das zu dev Matrix (1) zugchtrige homogene
Gleichungssystem

Uy Oy ~1=Brg By ==+ v =@y 3, == 0,
By Ty 4 Gy Ty~ -+ = By &, 52 0,
)

Qg By 4= Qe By == oo s 4~ 0, & = 0.

Solite entgegen der gemachten Annahmo A==0 sein, so hat das
System (4) eine nichtvorschwindende Lbsung z° z.°, ...,° (wobel diose
Werte auch nicht alle einander gleich sein ktnnen). Sol |#,°| die gr¥ssto
unter den Zahlen ||, so dass

(5) e8| <l (=1,
Wir betrachten nun die p~te der Gleichungen (4), wolche lautet
(6) Oy 8, =~ ‘?‘, Bx Ty
Aus den Ungleichungen (3) und (b) folgt aber
] 51> 2 laal 21
was mit der Gleichung (6) unvereinbar ist. Damit ist der Satz bewieson.*¥*

* Bur la possibilité de I'4quilibre loatrique. 0. B. do ’Auvndémie des Sciences, 1. XCIII
(1881).

** 2‘ bodentet die Summation abor =lto Werte von %, aussor k== 1,

et Eluo onclogo Uborlegung wurde schon frahior von R. Xusmin zum Bowois des
L. Lévy’schen Batzes verwondet.
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YBER DIH ABGRENZUNG DER RIORNWERTE KIN¥R MATHIX 761

§ 2. Verwenden wir den oben gofundonen. Snlz zar Matrix

Oy 8y By, cee Oy,
O Ugg=5, . . Qg
™)
by Oy © Ay P

so finden wir, dass dle zugehtrige Doterminante. von O verschieden ist, falls
die Bodingungen

1
(8) I%-—-—#IZZ a4 (F=<1,...n)
-

(wo das Ungloichheitszeichen mindestens fir cin < gilt) erfullt sind.

Die geomojrische Interpretation dieses Resultates filbrt uns auf den
folgenden Satz,

Satz II. Die Eigenwerte #,, . . . #, dor Matrix (1) liegen nur innerhalh
des abgeschlossenen Glebietes @, das- aus allen Xreisen K (=1, ... n)
der £-Ebone mit den Mittelpunkton a,; und zugohdrigen Radien

D
Iy== ¥ |ay
k

besteht.

Tis knnn vorkommen, dass o von den JCreisen X (m==1,...n) 2u
einem zusammenhingenden Gebict £, susammentallen, woboi alle fibrigen
Kreiso aussorhalh dieses Gebintos liegen. Uhber dio Verteilung der Eigenwerte
unter verschiedenen so definierten Gebieten I, kann der folgende Satz
ausgesprochon werden,

Satz IX. In jedem Gebiet H, liegen genau m Kigonwerte der
Matrix (1).

Es sei H,, ans den Kroisen

K

‘;’

K.

K,,.. K,
H m

gebildot, 'Wir betrachten neben dor Matrix 4 eine andere Matrix A/, bai
wolcher alle nicht in der 1iagonale stehende Elemente der Yoilen

ty, By v e B
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162 8. GURSORGORIN

vorschwinden, die tbrigen abor donjenigen der Matrix A gleieh gind. Dio
Matrix A’ hat sicher die Rigenwerte

0‘1“, a‘.",. . e aim.‘-‘m.

Nun fangen wir an die oben erwhhnten verschwindenden Ilomente der
Matrix A’ von 0 bis zu ihren Wexten in der Matrix 4 so stetig zu verindern,
dass ihre absoluten Betrige monoton wachsen. Die Kroiso

K, K, . K
wachson dabel stetig, bleiben jedoch jramer vou den tbrigen fosten Kreison X
der 2-Ebene getrennt. a dio 1igonwerte der Matrix stotig von ihren Gle-
menten abhiingen, folgt daraus, dess in den Kreisen

K, Ky, K,

immer m Eigonworto liegen mussen. Dio Zabl der Eigenworte in H,, kann
nicht m Uberschroiten, da fhre gesamte Anzahl in allen Gobioten H,
genau » gloich sein muss. Damit ist unser Satz bewioson.*

Liegen alle Kroise K; gotrennt voneinander, was durch die Bedin-

gungen
(9) Ia‘,‘_—aj’.lg}:' 'am‘_;..zl Iajkl W=1,...0; §=29...9; §>1)
k k

ausgedriickt werden kann, so sind alle Eigenwerto voneinandor abgegrenzt.
Da oine Gloichung mit rcellen Koefflzfenton nur paarweise konjuglerte
komplexe Wurzeln hesitzon kann, foigt daraus nnier anderen der folgende
Satz,

Satz IV. Sind alle Elemente der Matrix (1) reel und bestehen die
Relationon (9), so sind die sémtlichen Ligenwerte di¢ser Matrix reel.

§ 8. In allen vorstehendon Shtzen kann man statt der Zeilon die
Spalton heranziehen. Wir gelangen in dieser Weiso im allgemelnen zu einem
neuen System & von Kreisen K, welcho auch zur Abgrenzung der Wurzoln
dienen kdnnen, Wir kénnon auch mehrere solche Kreissystoeme bekommen,
indem wir unséve Matrix verschiedenen Transformationen unterwetfen, bei

* Der Satz bleibt auch dann richtig, wenn sich Higny mit deu iibrigen Kreisen von aussen
berithrt, 8o dasy mau bel Bestbnmung der Gebioto Him) Bolche Rerahrungen audacr aoht lasgen
kana,
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UBRR DIF ADGRENZUNG DRN RIGENWURTE BINER MATRIX '+ 768 A

donen das Spektrum sich nicht #ndert. Man gelangt dabel im aligomeinon
2u einer besseren Abgrenzung der Eigenwerte, da die lotzteren nur in
denjonigen Punkten liegon ditxfon, welche afmtlichon Kreissystemeon gehtren.
Gonauer: es soien die Kxexssystemo G, (\==1,...1) vorhanden, von denen
jodos aus don Kreigen K™ (5= 1, . .. n) bestoht. Wir stollen uns vox, dass
die Kreise von @G, in #, (n, < 7) voneinander getvennte zusanienbiingende
Gebiete

ad, gy, ... m

zerfallen. Zu jedom Gebiet ™ (j==1, .. . ,) soll m,% von den Kreison EY
gehbren. Wir bouoichnen woitor durch S ~ ,; ein Gebiot, wolchos allon
Gobioton

HY, Jz“‘”, ool
gemeinsum ist (wo j) bestiomte Zahlen <n, bedeuten). Dann liegen. i
Gebist 8 z(es kanu auch nicht zusammenhingond sein) genau m,
Elgenwerte, WO 4. . .5 die Kleinsto der Zahlen

) (2) U}
m Mmooy

]

ist.
Wir ktinnen diese Uborlegung in folgender Weise verwenden, Is sel ZI;
oin aus don Kreisen

Ky, Ky oo K (m <)

bestehondes zusammonhtingendes Gebiet, welches von den anderen Kreisen X;

gotrennt Jiogt. Wir unterwerfen unsere Matrix 4 einer Yransformation mit
Hilfe der Matrix S==|s;||, wo

== () (iskk)
o (Vesiy, igy .- i)

$gp==
1 (=t dgye - oim).

Die Zahl 0 <& <1 ist noch gpiiter genausr zu definieron. Dio trans-
formierte Matrix B -==S45 ' eontstocht aus 4 durch Multiplikation der
Reihon 4, , 45, .. .4, wit @ nad Division der entsprechondon Spalten dwrch a.
Wir kinnen « so wihlen, dass die Xreise

K., K. K,

,1, "| v B



198 Appendix A. Gersgorin’s Paper from 1931, and Comments

764 6, GERBCHGORIN

des Bereiches I, verkleinert werden, ohne die iibrigen Kreise X, welche
sich dabei vergrssorn, zu schnoiden (es daxf htchstons eine Berithrung von
aussen cintreten). Damit erroichen wir eine bessore Abgrenzung der in H,_,
lisgenden Eigonwerte.

Wir wollen niher auf don Fall m == 1 cingehen. Xis gei If; oin isoliert
Jiegender Krois, Die Bedingungen fir « lauten dann

QU 1 Il .
(10) l“éi*““jﬂ.?,“ by |a‘k|-t- p |aﬁ|-o- ..;i |“jk|’ (f==1y...n5 i)
k

wobei E" dic Summation fther alle & mit Ansnahme k=i und k==y
k

bedeutet. Man kunn, wie leicht zm ersehen ist, allen liber « gostellten

Bedingnngen gentigen, indem wir sotzen *

7" . Y T 7
|“u"““jﬂ’*2 |°jk|"‘\/(|“u"_““j;|"2 I“jki)"““fl“jclz |agz]
k A k
2 > |ag
I

Wir kommen damit zum folgenden Resultat.

Satz V. Ist X, ein isoliert liogender Kreis des Gebietes G, so liogt
der zugehdrige Eigenwert innerbalb des zu K konzoentrischen lkleineren
Kreises K mit dem Radius

« === IMaX

! e =
R}=alt;=

1 Ul N 3 U ‘
""m“"?[l“ﬁ-*“ab‘l‘% l“jk'"\/(l“a"“jj"% a4 e :% Jag| |

* Das Zefchen max bedoutot dos Maximum der nachstehenden Grosse ftir alle Werte
Yon j aueser j = 4.



Appendix B. Vector Norms and Induced
Operator Norms.

With C" denoting, for any positive integer n, the complex n-dimensional
vector space of all column vectors v = [vy,va, -+, v,]T, where each v; is a
complex number, we have

Definition B.1. Let ¢ : C" — R. Then, ¢ is a norm on C" if

z; @Exg f(alldx GI(C"f)

1) @(x)=0 ifand only if x =0

B i) o(vx) = [7le(x)  (any scalar 7, any x € C");
W) px+y)<ex) +ely) (alx,yeC").

Next, given a norm ¢ on C", consider any matrix B = [b; ;| € C™™ so
that B maps C" into C". Then,

p(Bx)
(B.2) [|Bl|, := sup = sup ¢(Bx)
v x#£0 w(x) p(x)=1

is called the induced operator norm of B, with respect to .

Proposition B.2. Given any A = [a; ;] € C"*", let o(A) denote its spec-
trum, c.e.,
o(A):={\ e C:det(\ — A) = 0},

and let p(A) denote its spectral radius, i.e.,

p(A) = max{|\|: ) € o(A)}.
Then, for any norm ¢ on C",
(B.3) p(A) < [|A4]],.

Proof. For any A € o(A), there is an x # 0 in C" with Ax = Ax. Then, given
any norm ¢ on C", we normalize x so that ¢(x) = 1. Thus, from (B.1éii),
(B.2), and our normalization, we have

P(Ax) = |[Alp(x) = [Al = p(Ax) < [[A]lg - o(x) = [[All,,
i.e., |[A| < ||A]],. As this is true for each X € g(A), then p(A) < ||A[|,. |
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Proposition B.3. Let A and B be any matrices in C"*", and let v be any
norm on C". Then, the induced operator norms of A+ B, and A - B satisfy

(B4)  [[A+ Bll, < [|All, +[|Bll, and [[A- Bl, < [|All, - [[Bll,-
Proof. From (B.1) and (B.2), we have

|A+ B|l, = sup ¢((A+ B)x)= sup ¢(Ax+ Bx)
p(x)=1 p(x)=1
< (Sll)pl{w(AX) + ¢(Bx)}
o(x)=
< sup ¢(Ax)+ sup ¢(Bx)
p(x)=1 p(x)=1
= [[Allo + IBll,-

Similarly, from (B.2)

p(A(Bx)) p(Bx)
|A- Bllp = sup ——— < sup { ||A][, - < [lAll - 1|Bl].
x#0 QO(X) x#0 SD(X)
[ |
For x := [x1,29,--+,7,]T € C", perhaps the three most widely used

norms on C" are £1, %5, and {~, where

n n %
Xl =Y lsl, [xlle, = <leilz> :
j=1 i=1

and

e = max [z

(B.5)

Given any matrix C' = [¢; ;] € C"*", the associated induced operator norms
of C for the norms of (B.5) are easily shown to be

IClle, = max <Z|ai,j|> IClle, = [p(CC™)]2,
i=1

1<j<n

(B.6) and

n
|\C||£x=1f£3§xn Zl|az‘,j| ;
o

where C* := [¢; ;] € C"*".



Appendix C. The Perron-Frobenius Theory of
Nonnegative Matrices, M-Matrices, and
H-Matrices.

To begin, if B = [b; ;] € R™™" is such that b;; > 0 for all 1 < 4,5 < n,
we write B > O. Similarly, if x = [z1, 22, -+, 7,]7 € R" is such that z; >
0 (z; > 0) for all 1 < i < n, we write x > 0 (x > 0). We also recall
Definition 1.7 from Chapter 1, where irreducible and reducible matrices
in C"*"™ are defined. Then, we state the following strong form of the Perron-
Frobenius Theorem for irreducible matrices A > O in C"*". Its complete
proof can be found, for example, in Horn and Johnson (1985), Section 8.4,
Meyer (2000), Chapter 8, or Varga (2000), Chapter 2. For notation, we again
have N :={1,2,---,n}.

Theorem C.1. (Perron-Frobenius Theorem) Given any A = [a; ;] € R™™",
with A > O and with A irreducible, then:
i) A has a positive real eigenvalue equal to its spectral radius

p(A);
it) to p(A), there corresponds an eigenvector x =
[$17$2,"',$R}T > O;'

i11)  p(A) increases when any entry of A increases;
i)  p(A) is a simple eigenvalue of A;
v)  the eigenvalue p(A) of A satisfies

E :ai,jxj E :ai,jxj
eEN

| . JEN
(C.1) sup{ min |[— = p(A) = inf < max
x>0 | ‘€N x; x>0 | ieN X

In the case that A > O but is not necessarily irreducible, then the analog
of Theorem C.1 is

Theorem C.2. Given any A = [a; ;] € R™*" with A > O, then:
i) A has a nonnegative eigenvalue equal to its spectral radius

p(A);
it)  to p(A), there corresponds an eigenvector x > 0 with x #
O.

’

i11)  p(A) does not decrease when any entry of A increases;
i)  p(A) may be a multiple eigenvalue of A;
v)  the eigenvalue of p(A) of A satisfies
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2 s
. JEN
(©2) A= 0 | T a

Next, given A = [a;;] € R™*", then A is said (cf. Birkhoff and Varga
(1958)) to be essentially nonnegative if a; ; > 0 for all ¢ # j, (i,j € N),
and essentially positive if, in addition, A is irreducible. Similarly, we use
the notation

(C.3) 2" :={A=a;;] eR™" :q;; <Oforalli#j(i,j€N)},

which also is given in equation (5.5) of Chapter 5. We see immediately that
A is essentially nonnegative if and only if —A € Z™*".

For additional notation, consider any A = [a; ;] € C"*". We say that
M(A) := [ ;] € R™™™ is the comparison matrix of A if o;; := |a; |, and
a; ;= —l|a; | for i #j (i,j € N), i.e.,

+lara] —lare| - —lain|

—laz,1| +lazz| -+ —lazn]
(C.4) M(A) = ;

_|an,1| _|an,2 o +|an,n|

where we note that M(A) € Z"*", for any A € C"*". This brings us to our
next important topic of M-matrices.

Given any A = [a; ;] € Z"*", let p := MAX i, SO that A = uI — B, where
1€

the entries of B = [b; ;] € R"*" satisfy b;; = p—a;; > 0and b; ; = —a;; >0
for all ¢ # j. Thus, b;; > 0 for all 1 < 4,57 < n, i.e., B > O. Then, as in
Definition 5.4, we have

Definition C.3. Given any A = [a; ;] € Z""", let A = puI — B be as de-
scribed above, where B > O. Then, A is an M-matrix if 4 > p(B). More
precisely, A is a nonsingular M-matrix if 4 > p(B), and a singular M-
matrix if g = p(B).

With Definition C.3, we come to

Proposition C.4. Given any A = [a;;] € R™" which is a nonsingular
M -matriz (i.e., A= pl — B where B > O with > p(B)), then A=t > O.

Proof. Since A = pI — B where B > O with p > p(B), we can write that
A= p{I — (B/u)}, where p(B/u) < 1. Then I — (B/p) is also nonsingular,

with its known convergent matrix expansion of

(€5) (T = (B} =T+ (B/w)+ (B/u)* + .

Since B/ is a nonnegative matrix, so are all powers of (B/u), and it follows
from (C.5) that
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{I —(B/u)} ' > O; whence, A™' = %{I —(B/w)}y > 0.

In a similar way (cf. Berman and Plemmons (1994), (A3) of 4.6 Theorem),
Proposition C.4 can be extended to
Proposition C.5. Given any A = [a; ;] € R"*" which is a (possible singu-
lar) M-matriz (i.e., A= pl — B with B> O and p > p(B)), then, for any
X = |11, 22, ,2,]T >0, A+ diag[zy,---,x,] is a nonsingular M -matriz.

Now, we come to the associated topic of H-matrices. Given A = [a; ;] €
C™ ™, let M(A) be its comparison matrix of (C.4).

Definition C.6. Given A = [a; ;] € C"*", then A is an H-matrix if M(A)
of (C.4) is an M-matrix.

Proposition C.7. Given any A = [a; ;] € C"*" for which M(A) is a non-
singular M -matriz, then A is a nonsingular H-matrix.

Proof. By Definition C.6, A is certainly an H-matrix, so it remains to show
that A is nonsingular. As in the proof of Theorem 5.5 in Chapter 5, given
any u = [u;, us, - -, u,]|T € C", then the particular vectorial norm p(u) on
C" is defined by

(C.6) p(u):= [lua], uzl, -, Ju ] (any u = [uy,ug, -, u,)" €C™).

Now, it follows by the reverse triangle inequality that, for any y =
[ylny, o 'uy’n]T in Cna

(CT) (AY)il =D aijui| = laiil - lyil = Y laijl-ly;|  (any i€ N).
JEN JEN\{i}

Recalling the definitions of M(A) of (C.4) and p(u) in (C.6), the inequalities

of (C.7) nicely reduce to

(C.8) p(Ay) > M(A)p(y) (any y € C"),

and we say that M(A) is a lower bound matrix for A. But as M(A) is, by
hypothesis, a nonsingular M-matrix, then (M(A))~! > O, from Proposition
C.4. As multiplying (on the left) by (M(A))~! preserves the inequalities of
(C.8), we have

(C.9) (M(A) 'p(Ay) > p(y) (any y €C").

But, the inequalities of (C.9) give us that A is nonsingular, for if A were
singular, we could find a y # 0 in C" with Ay = 0, so that p(y) # 0 and
p(Ay) = 0. But this contradicts the inequalities of (C.9). |
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It is important to mention that the terminology of H- and M- matrices
was introduced in the seminal paper of Ostrowski (1937b). Here, A.M. Os-
trowski paid homage to his teacher, H. Minkowski, and to J. Hadamard, men
who had inspired Ostrowski’s work in this area. By naming these two classes
of matrices after them, their names are forever honored and remembered in
mathematics.

The theory of M-matrices and H-matrices has proved to be an incredibly
useful tool in linear algebra, and it is as fundamental to linear algebra as
topology is to analysis. For example, one finds 50 equivalent formulations of
a nonsingular M-matrix in Berman and Plemmons (1994). Some additional
equivalent formulations can be found in Varga (1976), and it is plausible
that there are now over 70 such equivalent formulations of a nonsingular
M-matrix.



Appendix D. Matlab 6 Programs.

In this appendix, Professor Arden Ruttan of Kent State University has kindly
gathered several of the various Matlab 6 programs for figures generated in
this book, so the interested readers can study these programs and alter them,
as needed, for their own purposes.

Programs are listed on the following pages according to their figure numbers.
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Fig. 2.1

x=[-2.5:0.05:2.5];
y=[-2.5:0.05:2.5];;
[X,Y]=meshgrid(x,y);

hold on
plot([1],[0],’Marker’,’o’,’MarkerSize’,2)
plot([-1],[0], ’Marker’,’o’,’MarkerSize’,2)
axis equal
colormap([.7,.7,.7;1,1,1])

caxis([-1 11)

Z=abs (X+i*Y-1) .*abs (X+i*xY+1)-2.0"2;
contourf (X,Y,-Z-1,[-1 -1],°k’)

Z=abs (X+i*Y-1) .*abs (X+i*Y+1)-1.41"2;
contourf (X,Y,-Z-1,[-1 -1],°k’)

Z=abs (X+i*Y-1) .*abs (X+i*xY+1)-1.2"2;
contourf (X,Y,-z-1,[-1 -1],°k’)

Z=abs (X+i*Y-1) .*abs (X+i*Y+1)-1.0"2;
contourf (X,Y,-Z,[0 0],°k’)

Z=abs (X+i*Y-1) .*abs (X+i*Y+1)-0.972;
contourf (X,Y,-Z, [0 0],°k’)

Z=abs (X+i*Y-1) . *abs (X+i*Y+1)-0.5"2;
contourf(X,Y,-Z-1,[-1 -1],°k’)
plot([-1],[0],’ .k?)
plot([1],[0],’.k’*)

title(’Figure 2.1°)
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hold on

x=[-.5:0.05:2.5];
y=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y) ;

Z=abs (X+ixY-1)-1;
contour(X,Y,-Z, [0 0],°k’)
y=[-.5:0.05:2.5];
x=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y);

Z=abs (X+ixY-i)-1;

contourf (X,Y,-Z,[0 0],°k’)
x=[-2.5:0.05:0.5];
y=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y);

Z=abs (X+ixY+1)-1;
contourf(X,Y,-Z,[0 0],’k’)
y=[-2.5:0.05:0.5];
x=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y);

Z=abs (X+i*Y+i)-1;

contourf (X,Y,-Z,[0 0],°k’)

x=[-2.5:0.05:2.5];
y=[-2.5:0.05:2.5];;
[X,Y]=meshgrid(x,y);

Z=abs (X+i*Y-1) .*abs (X+i*Y-i)-1;
contourf(X,Y,-Z-1,[-1 -1],°k?)
axis equal
colormap([.7,.7,.7;1,1,1])
axis([-2.2,2.2,-2.2,2.2])

Z=abs (X+i*Y-1) .*xabs (X+i*Y+1)-1;
contourf(X,Y,-Z-1,[-1 -1],°k?)
Z=abs (X+ixY-1) .*abs (X+i*Y+i)-1;
contourf (X,Y,-z-1,[-1 -1],°k”’)
Z=abs (X+i*Y+1) . *abs (X+i*Y-i)-1;
contourf (X,Y,-Z-1,[-1 -1],°k?)
Z=abs (X+i*Y-1i) .*abs (X+i*Y+i)-1;
contourf(X,Y,-Z-1,[-1 -1],°k?)
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Z=abs (X+i*Y+1) . *abs (X+ixY+i)-1;
contourf (X,Y,-Z-1,[-1 -11,°k’)
plot([0],[1],’.k*)
plot([0],[-1],’.k*)
plot([1]1,[0],’ .k’)
plot([-1],[0],’ .k?)
text(0,.8,%i?)

text(0,-1.2,%1°)
text(1,-.2,°1%)
text(-1,-.2,’-1)

title(’Figure 2.2’)
a=’Set Transparency of grey part to .5’

Fig. 2.7

x=[-2.5:0.05:2.5];
y=[-2.5:0.05:2.5];;
[X,Y]=meshgrid(x,y) ;

hold on

axis equal

caxis([-1,0]1)
colormap([.7,.7,.7;1,1,1])
axis([-2,2,-2,2])

Z=abs ((X+ix*Y) . 2-1)-1;

contourf (X,Y,-Z,[0 0],’k’)

Z=(abs (X+i*Y-1) ."2) .*xabs (X+i*Y+1)-1/2.0;
contourf (X,Y,-z-1,[-1 -11,°k’)
plot([1],[0],’ .k, ’MarkerSize’,10)
plot([-1]1,[0],’ .k’, ’MarkerSize’,10)
text(-1.08,-.075,’-17)
text(1,-.1,°1’)

text(0,-.2,°0%)

text(-.3,.5,’ lz-1| |z+1]|=1/2")
text(-.3,-.6,’ |z -1]=17?)

title(’Figure 2.7’)
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x=[-2.5:0.05:2.5];

y=[-2.5:0.05:2.5];;

[X,Y]=meshgrid(x,y) ;

hold on

axis equal

caxis([-1,0]1)

colormap([.7,.7,.7;1,1,1])
axis([-2,2,-2,2])

Z=abs ((X+ix*Y) . 4-1)-1;
contourf(X,Y,-Z-1,[-1 -1],°k?)

Z=abs (X+i*Y-1) . *abs (X+i*Y-1)-1.0;

contourf (X,Y,-Z-1,[-1 -1],°k’)
%plot([1],[0], ’Marker’,’+’,’MarkerSize’,10)
%plot([-11,[0],’Marker’,’+’,’MarkerSize’,10)
a=’Set transparency to 0.5’

title(’Figure 2.9°)
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Fig. 3.2

x=[-.5:0.05:2.5];
y=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y);
Z=abs (X+ixY-1)-1;
contour(X,Y,Z,[0 0],’k’)
hold on

axis equal
colormap([.7,.7,.7;1,1,1])
caxis([-1 0])
axis([-2.2,2.2,-2.2,2.2])
y=[-.5:0.05:2.5];
x=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y);
Z=abs (X+i*Y-i)-1;
contour(X,Y,Z, [0 0],°k’)
x=[-2.5:0.05:0.5];
y=[-1.5:0.05:1.51;;
[X,Y]=meshgrid(x,y);
Z=abs (X+i*xY+1)-1;
contour(X,Y,Z,[0 0],°k’)
y=[-2.5:0.05:0.5];
x=[-1.5:0.05:1.5];;
[X,Y]=meshgrid(x,y);
Z=abs (X+i*Y+i)-1;
contour(X,Y,Z, [0 0],°k?)

x=[-2.5:0.05:2.5];

y=[-2.5:0.05:2.51;;

[X,Y]=meshgrid(x,y);

Z=abs ((X+i*Y) . 4-1)-1;
contourf(X,Y,-Z-1,[-1 -11,°k’)
%plot([1],[0], ’Marker’,’+’,’MarkerSize’,10)
%plot([2],[0], ’Marker’,’+’,’MarkerSize’,10)
title(’Figure 3.27)
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x=[0:0.05:5];

y=[-2:0.05:2];

[X,Y]=meshgrid(x,y) ;

caxis([-1 0])

colormap([.7,.7,.7;1,1,1])

Z=(abs (X+i*¥Y-2) .7 2) .*xabs (X+i*Y-1)
-abs (X+i*Y-1)-abs (X+i*xY-2) ;

contourf(X,Y,-Z-1,[-1 -1],°k’)

axis equal

hold on

Z=(abs (X+i*Y-2) .72) .*abs (X+ixY-1)
—abs (X+i*Y-1)+abs (X+ixY-2);

contourf (X,Y,-Z, [0 0],°k?)

Z=(abs (X+i*Y-2) ."2) .*xabs (X+i*Y-1)
+abs (X+i*Y-1) —abs (X+i*Y-2);

contourf(X,Y,-Z,[0 0],’k’)

text(2,.4,°(13)(2)?)

text(.7,.25,7(1)(23)?)

text(1.5,1.5,° (1) (2)(3) ")

plot([1],[0],’ .k*)

plot([2],[0],’.k%)

title(°Figure 3.4’)

text(1,-.2,°17)

text(2,-.2,727%)

text(2,-.2,707)
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Fig. 6.1

x=[-20:0.1:40];

y=[-20:0.1:201;

[X,Y]=meshgrid(x,y);

hold on

axis equal

axis([.5 7.5 -2 2])

colormap bone

brighten(.9)

Z=-100%bc1(X,Y) ;% 0.059759, 5.831406

contourf(X,Y,Z,[0 0],’k.’)

Z=-bc2(X,Y); % 0.063666, 4.693469

contour(X,Y,Z, [0 0],°k’)
Z=-bc3(X,Y); %3.617060, 32.247282

contour(X,Y,Z,[0 0],°k’?)

plot([2.2679],[0], kx’)

plot([4],[-1],°kx’)

plot([4],[1], kx’)

plot([5.7321],[0], kx’)

with files bcl, bc2, and bc3, respectively:

function mm=bcl(x,y)

zZ=x+ixy;

mm=abs (z-2) . *(abs(z-4) ."2) . *xabs (z-6)
-(abs(z-3)+1) .*(abs(z-5)+1) ;

function mm=bc2(x,y)
Z=X+1ix*y;
mm=abs (z-2) . *abs (z-4) - (abs (z-3)+1) ;

function mm=bc3(x,y)
Z=x+i%xy;
mm=abs (z-4) . *abs (z-6) -(abs(z-5)+1) ;
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x=[-20:0.1:40];
y=[-20:0.1:20];
[X,Y]=meshgrid(x,y) ;

hold on

Z=bb1(X,Y);
contour(X,Y,Z,[0 0], ’b--’)
Z=bb2(X,Y) ;

axis equal

axis([-15 35 -16 16])
contour(X,Y,Z,[0 0], ’b--?)

Z=bb3(X,Y);
contour (X,Y,Z,[0 0], ’b’)
Z=bb4 (X,Y);
contour(X,Y,Z,[0 0], ’b--7)
W=bb(X,Y);

contour(X,Y,W, [102.96 102.96])
x=[0.03:.0005:0.12] ;
y=[-.04:.0005:0.04] ;
[X,Y]=meshgrid(x,y);
Z=bb1(X,Y);

contour (X,Y,Z, [0 0])
Z=bb2(X,Y);

contour (X,Y,Z, [0 0])
Z=bb3(X,Y);
contour(X,Y,Z, [0 0])

Z=bb4 (X,Y) ;
contour(X,Y,Z, [0 0])
figure

hold on

Z=bb1(X,Y);

contourf (X,Y,Z, [0 0])
Z=bb2(X,Y) ;
contourf(X,Y,Z,[0 0],’k-’)
Z=bb3(X,Y);

contourf (X,Y,Z,[0 0],’k-’)
Z=bb4 (X,Y);
contourf(X,Y,Z,[0 0],’k-")
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Fig. 6.5

x=[-20:0.1:40];
y=[-20:0.1:201;

hold on

axis equal

axis([-15 35 -15 15])
caxis([-1 01)
colormap([.7,.7,.7;1 1 1])
[X,Y]=meshgrid(x,y);
Z=b1(X,Y)-1;
contour(X,Y,Z,[0 0],’k’)
Z=b2(X,Y)-1;
contour(X,Y,Z, [0 0],°k’)
Z=b3(X,Y)-1;
contour(X,Y,Z,[0 0],°k’?)
Z=b4 (X,Y)-1;
contour(X,Y,Z,[0 0],’k’)
Z=bb(X,Y)-102.96;
contour(X,Y,Z, [0 0],°k’)
Z=bb1(X,Y) .*bb3(X,Y)-1;
contourf (X,Y,Z-1,[-1 -1]1,°k’)
plot([15],[0],’ .k?)
plot([-14 35],[0 0],°-k’)
text(0,-1,°07)
text(15,-1,°15°)
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x=[0.03:0.001:.12];
y=[-0.04:0.001:0.04];
[X,Y]=meshgrid(x,y) ;

hold on

axis equal

axis([-.005 .12 -.04 .04])
colormap([1,1,1;.7,.7,.7])
Z=b1(X,Y)-1;

contourf (X,Y,Z-1,[-1 -1],°k?)
Z=b2(X,Y)-1;

contourf (X,Y,Z-1,[-1 -1],°k?)
Z=b3(X,Y)-1;

contourf (X,Y,Z-1,[-1 -11,°k’)
Z=b4(X,Y)-1;
contourf(X,Y,Z-1,[-1 -1],°k?)
Z=bb1(X,Y) .*bb3(X,Y)-1;
contourf(X,Y,Z,[0 0],°k’)
plot([-.005 .12],[0 0],’-k’)
plot([.0482],[0],’ .k’)
plot([.0882],[0],’.k’)
plot([0],[0],’.k%)
text(.09,-.004,°0.08827)
text(.05,-.004,°0.04827)

text (0,-.004,°0°)
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A

a-convolution, 135
analysis extension, 20

B

B-function, 151

bear lemniscate, 44
block-diagonal matrix, 165
Brauer Cassini oval, 36
Brauer set, 36

Brualdi lemniscate, 46, 47
Brualdi radial set, 59
Brualdi set, 47

Brualdi variation, 187

C

Camion-Hoffman Theorem, 115
cardinality of a set, 7

classical derivation, 26

closures, 61

column sum, 18

comparison matrix, 86, 133, 171
component of a set, 7

convex hull, 82

convex set, 42

cycle set, 45

D

diagonally dominant matrix, 14
directed arc of a directed graph, 12
directed graph of a matrix, 12
directed path of a directed graph, 13
domain of dependence, 145

dual norm, 184

E

E.T., 37

eigenvalue exclusion sets, 110
eigenvalue inclusion result, 6
equimodular set, 98

equiradial set, 39

essentially nonnegative matrix, 99

extended Brualdi radial set, 59
extended equimodular set, 98
extended equiradial set, 39
extreme point of a convex set, 137

F

Fan’s Theorem, 23

field of values, 79

first recurring theme, 6
Frobenius normal form, 12

G

G-function, 128
Gersgorin disk, 2
Gersgorin set, 2

H

H-matrix, 201
Holder inequality, 21
Hermitian part, 79
Householder set, 27

I

i-th Gerggorin disk, 2

i-th weighted GerSgorin disk, 7

induced operator norm, 26

interactive supplement, 70

irreducible matrix, 11

irreducibly diagonally dominant matrix,
14

J

Jordan normal form, 7, 9, 32

K
K-function, 149

L

lemniscate of order m, 43
lemniscate set, 43

length of a cycle, 45

loop of a directed graph, 12
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lower bound matrix, 131, 187
lower semistrictly diagonally dominant
matrix, 17

M
M-matrix, 108, 129, 201
minimal Gersgorin set, 97
relative to the permutation, 111
minimal point of a partially ordered
set, 137
monotone norm, 172

N

near paradox, 68
nonsingular M-matrix, 129
nontrivial permutation, 117
norm ¢-tuple, 156

normal reduced form, 12, 46

O
Ostrowski sets, 22
oval of Cassini, 36

P
partial order, 133
partition of C", 155
partitioned
Brauer set, 159, 186
Brualdi set, 160
Gersgorin set, 158, 186
Householder set, 166, 186
Robert set, 166, 186
partitioning of a matrix, 156
permutation matrix, 11
permutations on n integers, 20
permuted
Brualdi set, 77
Brauer set, 76
Gersgorin set, 74
Perron-Frobenius Theorem, 201
m-irreducible, 158
m-irreducible block diagonally dominant
matrix, 158

proper subset of N, 7
Pupkov-Solov’ev set, 93

QR method, 32
R

reciprocal norm, 157
reduced cycle set, 55
reducible matrix, 11

rotated equimodular set, 114
row sum, 2

S

S-strictly diagonally dominant, 85
second recurring theme, 23, 98, 129
semistrict diagonal dominance, 17
separating hyperplane theorem, 83
spectral radius, 5

spectrum of a square matrix, 1
star-shaped set, 103

strictly block diagonally dominant, 157
strictly diagonally dominant, 6
strong cycle, 45, 53

strongly connected directed graph, 13
support line, 80

T
Toeplitz-Hausdorff Theorem, 79
trivial permutation, 117

\%

variation of the partitioned Robert set,
177

vectorial norm, 131, 153, 183

vertex set of a cycle, 56

vertices of a directed graph, 12

\)\%

weak cycle, 45, 53

weakly irreducible matrix, 51, 71
weighted Gersgorin set, 7
weighted row sum, 7
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induced operator norm, 26

reciprocal norm of A, 157

Brualdi lemniscate, 46

Brualdi set, 47

minimal Brualdi set, 123

partitioned Brualdi set, 160

complex numbers, 1

extended complex plane, 15

complex n-dimensional vector space of column vectors, 1
rectangular m x n matrix with complex entries, 1
i-th column sum of A, 18

i-th weighted column sum for A, 22

convex hull of S, 82

diagonal matrix derived from A, 28
block-diagonal matrix, 165
Dashnic-Zusmanovich matrix, 88

intersected form of the Dashnic-Zusmanovich matrix, 89
field of values of A, 79

collection of functions f = [f1, fa,- -+, fu], 127
directed graph of A, 12

Householder set for A and B, 27

G-function, 128

partitioned Householder set, 166

Hermitian part of A, 79

identity matrix in C™*", 1

Jordan normal form, 7

Johnson matrix, 82

Brauer set, 36

(4, 7)-th Brauer Cassini oval, 36

K-function, 150

lemniscate of order m, 43

lemniscate set, 43

comparison matrix for A, 202
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N the set {1,2,---,n}, 1

P, permutation matrix, 73

PSy(A) Pupkov-Solov’ev matrix, 93

R real numbers, 1

R" real n-dimensional vector space of column vectors, 1
R™>™ rectangular m x n matrix with real entries, 1
ri(A) i-th row sum of the matrix A, 2

r¥(A) i-th weighted row sum of A, 7

R2(A) partitioned Robert set, 166

oT boundary of a set T, 15

T closure of a set T, 15

int T interior of a set T, 15

U0, directed arc of a directed graph, 12

V() vertex set of a cycle, 56

V2(A) variation of the partitioned Robert set, 177
VA collection of real n x n matrices with nonpositive

off-diagonal entries, 129

v:=(i1 42 --- ip) cycle of a directed graph, 45
I;(A) i-th Gersgorin disk, 2

I'(A) Gersgorin set, 2

I (A) i-th weighted Gersgorin disk, 7
I (A) weighted Gersgorin set, 7
T'R(A) minimal Ger§gorin set, 97

T partition of C™, 155

p(A) spectral radius of A, 5

o(A) spectrum of A, 1

® vector norm on C", 26

D, collection of norm-tuples, 156
w(A) equiradial set for A, 39

w(A) extended equiradial set for A, 39
n(A) equimodular set for A, 98

2(A) extended equimodular set for A, 98

(B) rotated equimodular set for A, 114
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