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Preface

Eigenvalues and eigenvectors of matrices and linear operators play an important role
when solving problems from structural mechanics, and electrodynamics, e.g., by de-
scribing the resonance frequencies of systems, when investigating the long-term be-
haviour of stochastic processes, e.g., by describing invariant probability measures,
and as a tool for solving more general mathematical problems, e.g., by diagonalizing
ordinary differential equations or systems from control theory.

This book presents a number of the most important numerical methods for finding
eigenvalues and eigenvectors of matrices. It is based on lecture notes of a short course
for third-year students in mathematics, but it should also be accessible to students of
physics or engineering sciences.

We discuss the central ideas underlying the different algorithms and introduce the
theoretical concepts required to analyze their behaviour. Our goal is to present an
easily accessible introduction to the field, including rigorous proofs of all important
results, but not a complete overview of the vast body of research.

For an in-depth coverage of the theory of eigenvalue problems, we can recommend
the following monographs:

e J. H. Wilkinson, “The Algebraic Eigenvalue Problem” [52]

e B. N. Parlett, “The Symmetric Eigenvalue Problem” [33]

e G. H. Golub and C. F. Van Loan, “Matrix Computations” [18]
o G. W. Stewart, “Matrix Algorithms” [43, 44]

e D. S. Watkins, “The matrix eigenvalue problem” [49]

We owe a great debt of gratitude to their authors, since this book would not exist
without their work.

The book is intended as the basis for a short course (one semester or trimester) for
third- or fourth-year undergraduate students. We have organized the material mostly
in short sections that should each fit one session of a course. Some chapters and sec-
tions are marked by an asterisk *. These contain additional results that we consider
optional, e.g., rather technical proofs of general results or algorithms for special prob-
lems. With one exception, the results of these optional sections are not required for
the remainder of the book. The one exception is the optional Section 2.7 on non-
unitary transformations, which lays the groundwork for the optional Section 4.8 on
the convergence of the power iteration for general matrices.
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In order to keep the presentation self-contained, a number of important results are
proven only for special cases, e.g., for self-adjoint matrices or a spectrum consisting
only of simple eigenvalues. For the general case, we would like to refer the reader to
the monographs mentioned above.

Deviating from the practice of collecting fundamental results in a separate chapter,
we introduce some of these results when they are required. An example is the Bauer—
Fike theorem given as Proposition 3.11 in Section 3.4 on error estimates for the Jacobi
iteration instead of in a separate chapter on perturbation theory. While this approach is
certainly not adequate for a reference work, we hope that it improves the accessibility
of lecture notes like this book that are intended to be taught in sequence.

We would like to thank Daniel Kressner for his valuable contributions to this book.

Kiel, December 2011 Berlin, December 2011
Steffen Borm Christian Mehl
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Chapter 1

Introduction

Eigenvalue problems play an important role in a number of fields of numerical math-
ematics: in structural mechanics and electrodynamics, eigenvalues correspond to res-
onance frequencies of systems, i.e., to frequencies to which these systems respond
particularly well (or badly, depending on the context). When studying stochastic pro-
cesses, invariant probability measures correspond to eigenvectors for the eigenvalue 1,
and finding them yields a description of the long-term behaviour of the corresponding
process.

This book gives an introduction to the basic theory of eigenvalue problems and
focuses on important algorithms for finding eigenvalues and eigenvectors.

1.1 Example: Structural mechanics

Before we consider abstract eigenvalue problems, we turn our attention to some ap-
plications that lead naturally to eigenvalue problems.

The first application is the investigation of resonance frequencies. As an example,
we consider the oscillations of a string of unit length. We represent the string as a
function

u:Rx[0,1] >R, (t,x) > u(t,x),

where u (¢, x) denotes the deflection of the string at time ¢ and position x (cf. Fig-
ure 1.1).
The oscillations are then described by the wave equation

92u
012

where ¢ > 0 is a parameter describing the string’s properties (e.g., its thickness). We
assume that the string is fixed at both ends, i.e., that

82
(t,x) = ca—g(t,x) forallt € R, x € (0, 1),
X

u(t,0) =u(t,1) =0 holds forall # € R.

Since the differential equation is linear, we can separate the variables: we write u in
the form

u(t,x) = up(x)cos(wt) forallt e R, x €0, 1]
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Figure 1.1. Mathematical model of a string.

with a frequency parameter ® € R>¢ and a function
0:[0,1] > R, x> up(x),

depending only on the location, but not on the time. The differential equation takes
the form

—w?up(x) cos(wt) = 8t2 (t X) = Z(l, X)

= cug(x) cos(a)t) forallz e R, x € (0, 1),
and eliminating the time-dependent factor yields
—cugy(x) = w*uo(x) forallx € (0, 1). (1.1)
We introduce A := w? € Rx¢ and define the differential operator L by
L{uo](x) := —cug(x) forallug € C2(0,1), x € (0, 1)
in order to obtain
L{uo] = Auy.

This is an eigenvalue problem in the infinite-dimensional space C2(0, 1).
In order to be able to treat it by a numerical method, we have to discretize the
problem. A simple approach is the finite difference method: Taylor expansion yields

, h2 e h u®
ug(x + h) =up(x) + /’luo(x) + = (x) + _u() (x) + (n+),

2
o — ) =up0) — htp() + ouy() — P )+ )
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forh € RowithO <x—h <x+4+h < 1,where ny € [x,x+h]and n— € [x —h, x].
Adding both equations and using the intermediate value theorem yields

o (x — h) — 2uo(x) + uo(x + h) = h*ug(x) + h—u(“)(n)

with n € [x —h, x + k). Dividing by h? gives us an equation for the second derivative:
uo(x —h) — 2ug(x) + uo(x + h)
h2
We obtain a useful approximation by dropping the right-most term: fixing n € N and
setting

h2
= ul(x) + Eu(‘;‘)(n).

forallk € {0,...,n + 1},
n

we find

uo(xk 1) - zu()(xk) + u()(xk+1) //(xk) fOr all k c {1 n}

h2
and the term on the left-hand side requires only values of u¢ in the discrete points
X0, ...,Xn+1. We collect these values in a vector
uo(x1)
e .= : ., e =¢ept1 =0,
uo(xn)

and replace ug(x) in (1.1) by the approximation to get

Czek —ek—1 — Ck+1
2

This system can be written as the algebraic eigenvalue problem

~ e forallk € {1,...,n}.

2 -1 el el

< R e (1.2)
h? VR : :

-1 2 €n €n

and solving the system yields approximations ug(x) & ey of the values of u¢ in the
points xp, ..., X,.

In order to reach a high accuracy, we have to ensure that / is small, so we have to
be able to handle large values of n. We are typically only interested in computing a
small number of the smallest eigenvalues, and this problem can be solved efficiently
by specialized algorithms (e.g., the inverse iteration discussed in Chapter 4).
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1.2 Example: Stochastic processes

The next example is not motivated by physics, but by computer science: we are inter-
ested in determining the “most important” pages of the world wide web. Letn € N be
the number of web pages, and let L € R"*" represent the hyperlinks between these
pages in the following way:

foralli,j € {1,...,n}.

0 — 1 if page j contains a link to page i,
Y710 otherwise

We follow the PageRank [31] approach: we consider a “random web user” that moves
from page to page and compute the probability p;m) € [0, 1] of him visiting a certain
page j in his m-th step. We denote the number of links on page j by

n
L= Z(fij forall j € {1,...,n}
i=1
and assume that the random user chooses each of the links with equal probability
1/4;. In order to make this approach feasible, we have to assume £; # 0 for all
j €{1,...,n},i.e., we have to assume that each page contains at least one link.
This means that the probability of switching from page j to page i is given by

Kij l/fj ifﬁij =1, L
Sii = —>— = foralli,j € {1,...,n}.
Y L {0 otherwise J &t )

The probability of visiting page i in step m + 1 is given by
(mH) Zs,jp foralli € {1,...,n}, m € Ny.

Since this equation corresponds to a matrix-vector multiplication by S = (s;;)7
we can write it in the compact form

i,j=1°

ptD = §p0M  forall m e Ny, (1.3)

In order to ensure that the result does not depend on the arbitrarily chosen starting
vector p(o), the PageRank algorithm uses the limit

p*:= lim p™ (1.4)

m—00
to determine the “importance” of a web page: if p]’.k is large, the probability of a user

visiting the j-th web page is high, therefore it is assumed to be important. Due to

p* = lim p™ = lim p™+D = hm spm = § hm pm = Sp*.

m—00 m—00

the vector p* € R” is an eigenvector of the matrix S for the eigenvalue one.
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In this example, we not only reduce a problem related to stochastic processes (the
“random walk” of the web user) to an algebraic eigenvalue problem, but we also find
a simple algorithm for computing at least the eigenvector: due to (1.4), we can hope
to approximate p* by computing p for a sufficiently large value of m. Due to
(1.3), this requires only m matrix-vector multiplications, and since we can assume
that each web page contains only a small number of links, these multiplications can
be performed very efficiently.

In order to ensure convergence, the PageRank algorithm replaces the matrix S by
the matrix S = (5i)7 j=1 given by

Sij =0 —a)sij +au; foralli,j e{l,....,n},

where o € (0, 1] (a typical value is 0.15) is a parameter controlling how close S
is to the original matrix S, while u € R” is a vector (the “teleportation vector”)
describing the event that a user switches to a different page without following a link:
when visiting page j, the user either follows one of the links with a total probability
of 1 — « or switches to another page with a total probability of «. In the latter case,
u; is the relative probability of switching to page i. For a suitable choice of u (e.g.,
a vector with strictly positive entries and u1 + ... + u, = 1), the Perron—Frobenius
theorem [34] ensures convergence of the sequence ( p(m))fn‘;o to p*.

1.3 Example: Systems of linear differential equations

Another, more general example for eigenvalue problems are systems of linear dif-
ferential equations that appear frequently in natural and engineering sciences. If
F e {R,C}and A € F™*" then

y' = Ay (1.5)

is a (homogeneous) system of linear differential equations and a solution is defined to
be a continuously differentiable function y : R — F” satisfying y’(t) = Ay(¢) for
all 1 € R. For some vector yo € F” \ {0} the ansatz y(¢) = e yq yields the identity

At yo = y'(t) = Ay(1) = Ae yo
which, after division on both sides by e reduces to the characteristic equation
Ayo = Ayo.

Thus, if A € F is an eigenvalue of A and yo € F" \ {0} is an associated eigenvector,
then y(¢) = eM Vo is a solution of the corresponding system of differential equations.
It is well known from the theory of differential equations that if A is diagonalizable
and if vy,..., v, is a basis of " consisting of eigenvectors of A associated with
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the eigenvalues Ay, ..., Ay, then any solution y of the system of differential equa-
tions (1.5) has the form

n
y(@) =) cieti;
i=1
for some coefficients cy,...,¢, € F. In the non-diagonalizable case, the general
solution can be constructed from the so called Jordan normal form.
Instead of systems of linear differential equations of first order as in the form (1.5),

one may also consider systems of linear differential equations of higher order having
the general form

L
D Ay ® = Ay ® + 4 yED ot Apy” + Ay + Aoy =0,
k=0

where Ao, ..., Ay € F™". In this case the ansatz y(f) = e*!y, for some nonzero
vector yg € F" yields the identity

l
Z Ak)tke)"yo =0,
k=0

or equivalently, after division by eM,

L
> k4 yo=o0. (1.6)
k=0

The problem of solving (1.6) is called a polynomial eigenvalue problem.

A particular example in applications can be found in the theory of mechanical vi-
bration. The equations of motion for a viscously damped linear system with n degrees
of freedom are given by

My" (1) + Cy'(r) + Ky(t) =0,

where M, C, K are n x n matrices called mass matrix, damping matrix, and stiffness
matrix, respectively. The corresponding quadratic eigenvalue problem has the form

(A’M + AC + K)x = 0.

A simple example for the case n = 1 is the spring-mass system with damping by
friction, see Figure 1.2.
By Hooke’s law, the equation of motion for this system without friction is

my"(t) + ky(t) =0,
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% y(©)

Figure 1.2. Mass-spring system.

where m is the mass attached to the spring and k is the spring constant. If friction
is considered, it is usually modeled in such a way that the friction is assumed to be
proportional to the velocity y’(f) thus yielding the equation of motion

my"(t) + cy'(t) + ky(t) =0,

for some constant c.



Chapter 2

Existence and properties of eigenvalues and
eigenvectors

Summary

This chapter investigates existence and uniqueness of eigenvalues and eigenvectors
for a given matrix. The key result is the Schur decomposition introduced in Theo-
rem 2.46, a very useful tool for the investigation of eigenvalue problems. One of its
most important consequences is the fact that a matrix can be diagonalized unitarily
if and only if it is normal. The optional Section 2.7 presents a block-diagonalization
result for general square matrices

Learning targets

v Recall the definition and some of the most important properties of eigenvalues,
eigenvectors, similarity transformations and the characteristic polynomial corre-
sponding to a matrix.

v Introduce a number of basic concepts of Hilbert space theory, e.g., the Cauchy—
Schwarz inequality, self-adjoint, normal, isometric and unitary matrices.

v Prove the existence of the Schur decomposition.

v Use it to establish the existence of eigenvector bases for normal and self-adjoint
matrices and of invariant subspaces in the general case.

2.1 Eigenvalues and eigenvectors

Letn,m € N,and let F € {R, C} be the field of real or complex numbers.
We denote the space of matrices with # rows and m columns by F”*™, The coeffi-
cients of a matrix A € F™*" are given by

ailr ... dim
A=

a1l ... Apm
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Zero coefficients in a matrix are frequently omitted in our notation, e.g., the n-di-
mensional identity matrix is usually represented by

1
I, =
1

If the dimension is clear from the context, we denote the identity matrix by /.
The product of a matrix by a vector x € F™ is given by

ailr ... Qaim X1 ap Xy + -+ aimxXm
Ax=[: o i ]=
anl ... dnm Xm an1X1 + -+ dnmXm
or, more precisely, by
m
(Ax)i =Y aijx; foralli €{l,....n}. (2.1)
ji=1
The mapping
F" - F" x> Ax
is a linear operator mapping F” to ", and we use the corresponding notations:
Definition 2.1 (Null space and range). Let A € F”*™. The space
N(A) :={x eF™ : Ax =0}
is called the null space of A, and its dimension is called the nullity of A. The space
R(A) :={y € F" . there exists a vector x € F" with Ax = y}

is called the range of A, and its dimension is called the rank of A.
The matrix A is called injective if N (A) = {0} holds, and it is called surjective if
R(A) = F" holds.

We recall the rank-nullity theorem: let (y,-){.‘=1 be a basis of R(A). By definition,
we can find (3?,-)5;1 in ™ such that

AX; = y; foralli € {1,...,k}.

Since the family (y,-)f.‘=1 is linearly independent, the same holds for (5‘\1')5‘;1'

This means that we can expand the family to a basis (x;)7_, of F™. For each
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Jj € {k +1,...,m}, we obviously have AX; € R(A) and can therefore find z; €
span{X1,...,Xg} such that AX; = Az; holds, i.e., X; —z; € N (A). We define

~ i<k
X; = {i’ ! l_" foralli € {1,...,m}
X; —z; otherwise
and see that (x;)7L, is a basis of F" such that span{x41....,Xn} S N (A) holds.
This yields dim N (A) = m — k, i.e.,
dim R(A) + dim N (A) =m forall A € F™", 2.2)

Definition 2.2 (Eigenvalue and Eigenvector). Let A € F"*" andlet A € F. A is
called an eigenvalue of A, if there is a vector x € F” \ {0} such that

Ax = Ax (2.3)

holds. Any such vector is called an eigenvector of A for the eigenvalue A. A pair
(A, x) consisting of an eigenvalue and a corresponding eigenvector is called an eigen-
pair.
The set
o0(A):={X €F : Aisaneigenvalue of A}

is called the spectrum of A.

Let k € N. The product AB of two matrices A € F"*¥ and B € F¥* is given by

k
(AB)ij = ajby; foralli € {1.....n}. j €{l.....m}. (2.4)
=1
The definition ensures

ABx = A(Bx) forall x € F™,

i.e., it is compatible with the matrix-vector multiplication.

Exercise 2.3 (Polynomials). Let A € F"*". We define the £-th power of the
matrix by

1 if ¢ =0,
ab=00 T forall £ e N,
AA otherwise

This definition allows us to apply polynomials to matrices: for each polynomial

p(t) =ao+ait+---+amt",

we define
p(A) == agA® + a1 A + -+ a A™.

Prove p(0(A)) € o(p(A)). Can you find 4 and p with o (p(A)) # p(c(A))?
Hint: consider Exercise 2.6.




Section 2.1 Eigenvalues and eigenvectors 11

Exercise 2.4 (Projection). Let P € F™*" be a projection, i.e., let it satisfy P2 =
P. Prove o (P) C {0, 1}.

Is any matrix A € F™*" satisfying o (A) C {0, 1} a projection?
Hint: consider 4 € F2*2 with a»; = 0.

Exercise 2.5 (Nil-potent matrix). Let N € F™"*" be a nil-potent matrix, i.e., let
there be a k € N with N¥ = 0. Prove o(N) < {0}.

Exercise 2.6 (Empty spectrum). Let F = R. Consider the matrix

. 0 —I 2%x2
A._(1 O)ER .

Prove 0 (A) = 0, i.e., show that 4 has no eigenvalues. Does the situation change
ifweletF =C?

If x is an eigenvector of a matrix A € F™", multiplying x by any non-zero number
will again yield an eigenvector. Instead of dealing with non-unique eigenvectors, it is
preferable to use an alternative characterization of eigenvalues:

Proposition 2.7 (Null space). Ler A € F**" and let A € F. A is an eigenvalue of A
if and only if
N (AL — A) # {0}

holds, i.e., if \I — A is not injective.

Proof. We first observe that for all x € F” and all A € F, the following statements
are equivalent:

Ax = Ax,
Ax — Ax =0,
(Al — A)x =0,
x € N(AI — A).

If A € [ is an eigenvalue, we can find a corresponding eigenvector x € F” \ {0},
i.e., we have Ax = Ax, and therefore x € N (Al —A) and N (A1 —A) D {0, x} # {0}.
If, on the other hand, & (A — A) # {0} holds, we can find x € N (Al — A) \ {0},
and this vector x is an eigenvector. m]

Since the null space of A/ — A is uniquely determined by A and A, working with it
instead of individual eigenvectors offers significant advantages both for practical and
theoretical investigations.
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Definition 2.8 (Eigenspace). Let A € F"*", and let A € o(A4). Then
E(A, L) ;= N(AI — A)
is called the eigenspace of A for the eigenvalue A.
Definition 2.9 (Geometric multiplicity). Let A € F"*" and let A € o(A4). The

dimension of the eigenspace &(A4,A) is called the geometric multiplicity of A and
denoted by g (A4, 7).

Instead of looking for individual eigenvectors, we look for a basis of an eigenspace.
This offers the advantage that we can change the basis during the course of our algo-
rithms in order to preserve desirable properties like isometry or non-degeneracy.

Exercise 2.10 (Eigenspaces). Let A € F™*" and let A, u € o(A) with A # u.
Prove
€(A,2) N&A, n) =10}

Exercise 2.11 (Geometric multiplicity). Let A € F"*". Prove

D ng(4.2) <n.

rea(A)

2.2 Characteristic polynomials

By the rank-nullity theorem (2.2), A is an eigenvalue of a matrix A if and only if
Al — A is not invertible. Using this property, we can characterize the eigenvalues
without explicitly constructing eigenvectors.

Letn,m € N,and let j € {1,...,m}. The j-th canonical unit vector §; € F™ is
given by
1 ifi =,
8))i = BT poralli e {1, m), 2.5)
0 otherwise

and for a matrix A € F™* we denote the j-th column vector by

aij
aj ;= Aé; =
The matrix A is injective if and only if its columns ay, ..., a; are linearly indepen-

dent.
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We can use the determinant to characterize tuples of linearly independent vectors.
The determinant is a mapping

det : (F")* - T
of n-tuples of n-dimensional vectors to scalar values that is multilinear, i.e., we have

det(xq,...,Xj—1,X; + &z, Xj4+1,...,Xn)
=det(xr,...,Xj—1,Xj, Xj41,...,Xpn)
+oadet(x1,....Xj—1,2,Xj41,...,Xn)

forall xq,...,x5,z € F", a €T, je{l,...,n}.

The determinant is also alternating, i.e., we have

det(xl,...,x,-_l,x,-,xiH,...,xj_l,xj,xj+1,...,xn)
:—det(xl,...,xi_l,xj,xiH,...,xj_l,xi,xj+1,...,xn)
forall x1,...,x, € F", i,j €{l,...,n} withi < j

and satisfies det(81,...,6,) = 1.
Let x1,...,x, € F". If there are i, j € {1,...,n} withi < j and x; = x;, the
fact that the determinant is alternating implies

det (X1, ..o X1 X, Xig 1o o X1, X X 1s e - o Xp)
= —deb(X1, .o X1, X X1 X1 Xi XL Xn)
= —det()ﬂ,...,Xi—l,Xi,XH-],...,Xj—l,Xj,Xj+1,...,xn),
and therefore det(xq,..., x;,) = 0. Since the determinant is also multilinear, we can

add any multiple of any argument to any other argument without changing the value
of the determinant. In particular, it is possible to prove that the determinant is equal
to zero if and only if its arguments are linearly dependent.

This means that a matrix A € F"*" is invertible if and only if det(ay, ..., an) # 0,
i.e., if the determinant of its column vectors vanishes. We extend the definition of the
determinant to quadratic matrices by setting

det : F™" - F, A det(ay,...,an),

and have det(A) # O if and only if A is invertible. Combining this property with
Proposition 2.7, we obtain a characterization of eigenvalues that does not require
eigenvectors:

Definition 2.12 (Characteristic polynomial). Let A € F"*",
pa:F =T, ¢+ det(tl — A),

is a polynomial of degree n. We call it the characteristic polynomial of A.
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Proposition 2.13 (Zeros of p4). Let A € F™". A € T is an eigenvalue of A if and
only if pa(A) = 0 holds.

Proof. Let A € F. If A is an eigenvalue of A, Proposition 2.7 implies that A/ — A
is not injective, therefore this matrix has to be non-invertible, and we have p4(1) =
det(Al — A) = 0.

If, on the other hand, we have 0 = p4(A) = det(Al — A), the matrix A] — A is non-
invertible. Since it is a quadratic matrix, the rank-nullity theorem (2.2) implies that it
cannot be injective, and Proposition 2.7 yields that A has to be an eigenvalue. m]

This result allows us to characterize the spectrum of a matrix A € F"*" as the set
of zeros of its characteristic polynomial:

o(A)={AeF : ps(r) =0}
Given a polynomial p and a A with p(1) = 0, we can find a polynomial ¢ such that
p(t)=(A—1t)g(t) forallteF.

If A is a zero of ¢, we can apply this construction repeatedly to find the maximal
power k € N such that (A — 7)¥ is a divisor of p: the multiplicity of A is the number
k € N uniquely defined by the property that there is a polynomial ¢ satisfying

p() = (A —0)*q(t) forallz €F,

q(A) # 0.
Definition 2.14 (Algebraic multiplicity). Let A € F"*" and A € o (A). By Proposi-
tion 2.13, A is a zero of p4. We call its multiplicity the algebraic multiplicity of the

eigenvalue A and denote it by pq (A4, A).
If wa (A, 1) = 1, A is called a simple eigenvalue.

Exercise 2.15 (Algebraic multiplicity). Letn € N and A € C"*". Prove

> wa(4.2) =n. (2.6)

A€a(A)

Hint: the fundamental theorem of algebra states that every non-constant complex-
valued polynomial has at least one root.

Exercise 2.16 (Companion matrix). Letn € N> and ¢o,c1,...,cn—1 € F. Let
0 1
0 0
C = :
0 0 0 1
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Prove
pc(t) =co+cit+--+cp1t" V41" forallt €F.

This means that, given a monic polynomial p of order n, we can find a matrix
C € F™ such that pc = p holds, i.e., the task of finding the zeros of a
polynomial and the task of finding the eigenvalues of a matrix are equivalent.

The matrix C is called the companion matrix of the polynomial p.

(Hint: use Laplace’s theorem and induction).

The Abel-Ruffini theorem states that there is no general closed-form algebraic
solution to polynomial equations of degree five or higher. Since finding the roots
of a polynomial is equivalent to finding the eigenvalues of the companion matrix,
we cannot hope to find a general algorithm for computing the exact eigenvalues
of matrices of dimension five or higher.

In fact, all practical algorithms compute arbitrarily accurate approximations
of eigenvalues and eigenvectors.

2.3 Similarity transformations

Many popular algorithms for solving systems of linear equations are based on trans-
forming the given matrix to a simple form (e.g., upper triangular) that can be handled
efficiently. We are interested in following a similar approach.

Let A € F™" let A € 0(A), and let x € F" \ {0} be an eigenvector of A for the
eigenvalue A. By definition (2.3), we have

Ax = Ax.

Let now B € F™*" be an invertible matrix. Multiplying our equation on both sides
with B~! yields
B 'Ax = AB " 'x,

but since B~! appears on the right-hand side, this equation is no longer related to
eigenvalue problems. We fix this problem by introducing X := B~!x and find

B 'ABX = AX.

This is again an eigenvalue problem. Instead of looking for eigenvalues and eigenvec-
tors of A, we can also look for eigenvalues and eigenvectors of the transformed matrix
A:= B 14B. Any eigenvalue of A is also an eigenvalue of A, and any eigenvector
of A can be transformed to an eigenvector of A by multiplying by B.
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Definition 2.17 (Similar matrices). Let A4, A e F™ We call A and A similar, if
there is a invertible matrix B € F™*" such that

A=B14B.

The mapping A — B~ AB is called a similarity transformation. It can be inter-
preted as a change of basis: the linear mapping defined by A is represented in the basis
given by the columns of B. As explained above, a change of basis cannot change the
eigenvalues, and we can see that a number of other important properties are also left
unchanged:

Proposition 2.18 (Similar m'ﬁl\trices). Let A, A € F"™" pe similar matrices, and let
B € F™ " pbe invertible with A = B~ AB. Then we have

e o(A4) = o(A),

o §(A, 1) = BE(A, M) forall ) € o(A) = a(A),

o pa=pyand

o Ug(AA) = jug(A,A) and pa(AA) = pua(A,X) forall A € o(A) = o(A).

Proof Let A € 0(A), and let x € F" \ {0} be a corresponding eigenvector. We let
= B~ 'x and observe X # 0, BX = x. We find

AX = B7'ABB™'x = B7'Ax = AB7'x = A%,
o0 X is an eigenvector of A, and therefore A € 0(2). This implies

o(A) Co(A), E(A,L) C BEA, L) forall A € 6(A).

We also have A = BEB_I, so we can exchange the roles of A and A in order to
obtain

0(A) =0(A), E(AA) = BE(A L), g(A L) =pg(A, 1) forall X € o(A).

Since the determinant of the product of two matrices is the product of their deter-
minants, we have

p;(t) = det(t] — A) = det(tB~'B — B™'AB) = det(B~'(t] — A)B)
= det(B7 V) det(t] — A) det(B) = det(B~ ') det(B) det(r] — A)
= det(B™'B)pa(t) = det(I) pa(t) = pa(r) forallz €T,

and this completes the proof. m]
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Similarity transformations are an important tool for the investigation of eigenval-
ues and eigenvectors. As an example of its many uses we consider the relationship
between the geometric and the algebraic multiplicity.

Proposition 2.19 (Geometric and algebraic multiplicity). Let A € F™*", and let A €
0 (A). Then we have

jg(A2) < (A, D).

Proof. Letk 1= pg(A,A) = dim N (Al — A) € N. By definition, we can find k
linearly independent vectors ey, ..., e; € F” spanning N (A] — A), i.e., satisfying

Aej = Ae; forall j € {l,... k}.

We can extend (ej)j?zl to a basis (ej);?zl of F". Then the matrix E € F™*"
defined by using the basis vectors as columns, i.e., by

ejj = (ej); foralli,je{l,...,n}, 2.7
is invertible and satisfies £5; = ej. Let
A:= ET'AE.
For j € {l1,...,k}, we obtain
A8; = ETVAES; = E™'Ae; = E 'Ae; = AETYES; = A6,
and therefore

-~ — A,I B
P 1 k

with B € F¥*#=k) and ¢ € F—R)*(—=K)_Since A and 4 are similar, we can apply
Proposition 2.18 to get

i i N tly — Al B
pa(t) = px(t) = det(t], — A) = det ( 0o C)

= det((r — M) 1) det(tIj_p, — C)

= (t —MFdet(tly_, —t) forallz €F,

i.e., A is a zero of pq of multiplicity at least k = g (A4, ). O

Exercise 2.20 (Multiplicities). Consider the matrix

A= (1 i) € R?*2,

Compute its eigenvalues and their algebraic and geometric multiplicities.
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Of particular interest are similarity transformations turning a matrix into a diagonal
matrix, since these are very useful both for theoretical investigations and practical
applications.

Definition 2.21 (Diagonalizable matrix). Let A € F"*". The matrix A is called
diagonalizable if it is similar to a diagonal matrix, i.e., if there are an invertible matrix
B € F™" and a diagonal matrix D € F"*" satisfying

A= BDB™ !

Proposition 2.22 (Diagonalizable matrix). Let A € F"*". The matrix A is diagonal-
izable if and only if there is a basis of F" consisting only of its eigenvectors. This is
equivalent to

Z ng(A,A) =n.

A€o (A)

Proof. Assume that a basis (e; );‘:1 of eigenvectors exists, and let (4 j);lZI be the
corresponding eigenvalues. Then the matrix E € F"*" defined by (2.7) is invertible
and satisfies

E YAES; = E"'Aej = E™')jej = A;ETVES; = A;8; forall j €{1,...,n},

soD:=FE 14AE isa diagonal matrix, and therefore A is diagonalizable.
Assume now that A4 is diagonalizable, and let E € F"*" be a invertible matrix and
D e F™" a diagonal matrix satisfying A = EDE~!. We define vectors (ej);.’zl by

ej :=FE§; forall j €{l,...,n}

and obtain
-1
Aej = EDE™"e; = ED$; = Ed;jé; = djje;,
i.e., e; is an eigenvector corresponding to the eigenvalue d;;. Since E is invertible,
the vectors (e; )7:1 are linearly independent and therefore a basis of F”. |

Exercise 2.23 (Complex diagonalizability). Letn € N and A € C"*". Prove
that A is diagonalizable if and only if

ng(A,A) = pa(A,A) holds forall A € o(A).

Hint: Proposition 2.19 and Exercise 2.15 could help.

Exercise 2.24 (Matrix exponential). Let A € C™*" be diagonalizable. Prove
that the matrix exponential
(e o] 1
“— m
exp(A4) := E _m'A

m=0 "

is well-defined and diagonalizable.
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The matrix exponential is useful for solving linear ordinary differential equa-
tions: prove

d
5 exp(tA) = Aexp(tA) forallt € R.

Exercise 2.25 (Harmonic oscillator). Consider the ordinary differential equation

u'(t) =v(t), v'(t)=—u(t) forallte€R.

Use Exercise 2.24 to describe the space of solutions ¢ — (u(z), v(¢)) explicitly.

2.4 Some properties of Hilbert spaces

Our next goal is to find criteria for checking whether a given matrix is diagonalizable.
F" is a Hilbert space with the inner product given by

n
(x,y):= ijfj forall x,y € F"
j=1
and the norm given by

n
> |xj> forallx € F". (2.8)
j=1

Xl = v{x,x) =

One of the most important consequences of the close relationship between the inner
product and the norm is the Cauchy—Schwarz inequality. Its proof serves to illustrate
typical Hilbert space arguments:

Proposition 2.26 (Cauchy—Schwarz inequality). Let x, y € F". We have
[Ceo 2 < Dx D Iyl (2.9)
Both sides are equal if and only if x and y are linearly dependent.
Proof. We assume y # 0 without loss of generality. Let © € F. We have
0 < flx = myll? = (x =y, x — py) = (x,x) = (x, wy) = (y, x) + (y, wy)
=[xl = lx, y) = plx, y) + Pyl
In order to minimize the right-hand side, we choose

_ )
e
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and obtain
[ )P [ )P |{x, ) I?
0 < fx—pyl? =[x -2 >+ —IyI? = x> - =5, (2.10)
(2 Iyl Iyl
and multiplying both sides by || y||? yields the estimate (2.9).
If we have equality, i.e., if [(x,y)] = |x|| ||yl holds, (2.10) implies
lx = pyll = 0. o

In the following we consider a number of properties of Hilbert spaces that prove
useful for the investigation of eigenvalue problems.

Definition 2.27 (Adjoint matrix). Let n,m € N and A € F"*™. The matrix B €
F™>" given by

bijj :==a;; foralli e{l,....m}, je{l,...,n}

is called the adjoint of A and denoted by A*.

Lemma 2.28 (Adjoint matrix). Letn,m € N and A € F"*™. We have
(Ax,y) = (x,A*y) forallx € F™, y € F". (2.11)

Proof. Let B = A*. We have

n n

(Ax.y) =D (Ax)ifi = Y > aijxjyi = »_x; ¥ _ bjiji

i=1 i=1j=1 j=1 i=1
m

:ZXj(B_y)j:(x,By):(x,A*y) forallx € F™, y € F". m]
j=1

Applying 2.11)to x = §; and y = §; fori € {l,....m}and y € {I,...,n}
shows that this equation actually defines A*. It can be used to generalize the concept
of an adjoint to operators in general Hilbert spaces.

Lemma 2.29 (Null space and range). Letn,m € N and A € F"*™. We have
(x,y)=0 forallx € R(A), y € N(A). (2.12)
In particular, A*x = 0 implies x = 0 for all x € R(A).

Proof. Let x € R(A) and y € N (A*). By definition, we can find z € F™ such that
x = Az and obtain

(x.y) = (Az,y) = (z.4%y) = (z.0) = 0,
since y € N (A%).
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If now A*x = 0 holds, we have x € N (A*) and find
Ix[? = (x.x) =0
by applying (2.12) to y = x. m]

Two vectors x, y € F" are called perpendicular, denoted by x L y,if (x,y) =0
holds. A vector x € " is called perpendicular on a subspace W C [F”, denoted
x L W, if x and y are perpendicular for all y € W. Two subspaces V, W C F”" are
called perpendicular if all pairs (x, y) € V x ‘W are perpendicular. Lemma 2.29 states
that the range of A and the null space of A* are perpendicular.

Proposition 2.30 (Spectrum of adjoint matrix). Letn € N and A € F**", We have
o(A*) = {1 : A e o(A)).

Proof. Let A € o(A), and let x € F" \ {0} be a corresponding eigenvector. By
definition, we have (A/ — A)x = 0 and therefore

0= (Al —A)x,y) = (x, (M — A)*y) = (x,(A* = AI)y) forally e F".

Since x is perpendicular on R(A* — AI), the rank-nullity theorem (2.2) implies
N(A* — AI) # {0}, and any non-zero element of N (4* — A1) is an eigenvector
of A* for A, so we have proven A €o(4%).

Due to A** = A and A = A, the proof is complete. O

Definition 2.31 (Self-adjoint matrix). Letn € N and 4 € F™". If A = A™ holds,
A is called self-adjoint.

Lemma 2.32 (Identity of self-adjoint matrices). Ler n € N, and let A € F"*" be
self-adjoint. If

(Ax,x) =0 holds for all x € F",
we have A = 0.
Proof. Let x,y € F". We have

0=(A(x+y),x +y) = (Ax,x) + (Ax, y) + (Ay, x) + (4y, y)
= (Ax,y) + (Ay, x) = (Ax,y) + (v, A"x) = (Ax, y) + (y, Ax).

Using y := Ax, we find
0 = 2(Ax, Ax) = 2|Ax||*> forall x € F",

and this implies 4 = 0. O
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Definition 2.33 (Normal matrix). Letn € N and A € F™*" If AA* = A* A holds,
A is called normal.

Exercise 2.34. Prove that the following matrices are normal:

12
A1:=((1) _01), A2:=(_23 ;) Az:=[3 1
2 3

Lemma 2.35 (Metric equivalence). Letn € N and A € F"™*". A is normal if and
only if

— N W

|Ax|| = |A*x|| holds for all x € F". (2.13)
Proof. Assume that A4 is normal. For x € F”, we find
|Ax||? = (Ax, Ax) = (A*Ax,x) = (AA*x, x) = (A*x, A*x) = | A*x|?,

and this implies (2.13).
Assume now (2.13). We find
0 = ||[Ax||®> — ||[A*x|? = (Ax, Ax) — (A*x, A*x) = (A*Ax, x) — (AA*x, x)
= ((A*A— AA)x,x) forallx € F".

Since A*A — AA™ is obviously self-adjoint, we can apply Lemma 2.32 to obtain
A*A = AA* and can conclude that A4 is normal. O

Proposition 2.36 (Eigenvectors). Letn € N, and let A € F"*"* be a normal matrix.
Let A € 0(A) be an eigenvalue, and let e € F™ \ {0} be a corresponding eigenvector.
Then we have

A*e = de,

i.e., e is an eigenvector of the adjoint A* for the eigenvalue A
In particular, A is diagonalizable if and only if A* is, and both matrices can be
diagonalized by the same similarity transformation.

Proof. Since e is an eigenvector, we have Ae = Ae, and therefore
0= |Ade — Ae| = ||(A—Al)e]|. (2.14)
Since A is normal, we have

(A=AD(A=AD)* = (A= A)(A* —AI) = AA* —AA* — XA + |A)2T
= A*A— LA — AA* + |APT = (A* = A1)(A—AD)
= (A—A)*(A—Al), (2.15)
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so Al — A is also a normal matrix. Applying Lemma 2.35 to (2.14), we obtain
0=[[(A—=ADe| = (A =AD)*e|| = [|(A* = AD)e| = | A*e — Ae]|
ie., A*e = le. m|

Applying general similarity transformations can cause numerical problems if the
transformation is ill-conditioned, e.g., if rounding errors lead to mixed eigenspaces.
We can avoid these problems by using unitary transformations, since these leave
lengths and angles of vectors unchanged and therefore lead to very stable algorithms.

Definition 2.37 (Isometric matrix). Letn,m € N, and let Q € F™" If 0*Q =1
holds, Q is called isometric. A square isometric matrix is called unitary.

A real unitary matrix is usually also called orthogonal. We always use the term
“unitary” in the interest of consistency.

Lemma 2.38 (Isometry). Let n,m € N, and let Q € F™™  Q is isometric if and
only if

|Ox|| = |lx|| holds for all x € F". (2.16)
Proof. Assume that Q is isometric. For x € F", we find
10x]? = (Qx. Qx) = (0" Qx.x) = {x.x) = |lx||*.

and this implies (2.16).
Assume now (2.16). We find

0= [Qx]? = lIx[* = (Qx, 0x) — {x,x) = (Q*Qx,x) — (x,x)
=((Q*Q —I)x,x) forallx € F".

Since Q*Q — I is self-adjoint, we can apply Lemma 2.32 to obtain Q*Q = I and
conclude that Q is isometric. m|

Proposition 2.39 (Unitary inverse). Let n € N and Q € F™™ be isometric. Then
we have

00*x =x forall x € R(Q). (2.17)

If Q is square, i.e., unitary, Q* is also unitary and we have Q* = Q1.

®
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Proof. Let x € R(Q). By definition, we can find y € F” such that x = Qy and
obtain

00*x = 00%0y = Qy =x.

Let now Q be square. Due to (2.16), Q is injective. Since Q is square, the rank-
nullity theorem (2.2) implies that Q is also surjective, i.e., R(Q) = F". (2.17) yields
QO*=1=0%0. o

We frequently use unitary similarity transformations, and Proposition 2.39 allows
us to express them using the readily available adjoint instead of the inverse.

2.5 Invariant subspaces

In general, we cannot diagonalize a matrix by unitary similarity transformations, but
we can at least transform it to triangular form. This is the Schur decomposition, a
useful tool that allows us to draw conclusions regarding the unitary diagonalizability
of matrices.

Definition 2.40 (Triangular matrix). Letn € N and L, R € F"*", The matrix R is
called upper triangular if

rij =0 holdsforalli, j € {1,...,n} with j <i
and the matrix L is called lower triangular if

lij =0 holdsforalli, j € {l,...,n} withi < j.

Consider an upper triangular matrix R € F"*", For j € {1,...,n}, multiplying R
by the canonical unit vector §; yields

i<
(RS;)i =rij =140 "P= poranie (1., n),
0 otherwise

i.e., we have
J
RS; = Zr,-jSi € span{8y, ..., 8;}.
i=1

Introducing the subspace
X :=span{dy,.... 6},

we can write this property in the form

Rx e X forall x € X. (2.18)
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Eigenspaces share the same structure: if A € F”*" is a matrix and A € o (A) is one
of its eigenvalues, we have

Ax = Ax € §(A,1) forallx € E(A,A).
In this sense, subspaces with the property (2.18) are a generalization of eigenspaces.

Definition 2.41 (Invariant subspace). Letn € N and A € F"*". A subspace X, C F”
is called invariant with respect to A if

Ax € X holds for all x € X. (2.19)

Exercise 2.42 (Invariant subspaces). Find at least five different invariant sub-
spaces for the matrix

In practical algorithms, we can only work with a basis of a subspace X instead of
the subspace itself. Combining the basis vectors as in (2.7), we can represent the basis
by a matrix X such that X = R(X).

Proposition 2.43 (Invariant subspace). Letn,m € N, let A € F"" and X € F"*™,
The range X := R(X) of X is an invariant subspace with respect to A if and only if

AX = XA (2.20)
holds for a matrix A € F™*™M,

Proof. Assume that X is invariant with respect to A. Let j € {1,...,m}. Due to
X3j € R(X) = X, we have

AX§j e X = R(X),
so we can find y; € F™ with AX§; = Xy;. We define
Ajj = (yj); foralli,j e{l,....m}
and conclude Ad; = y; and therefore
AXS8j = Xy; = XAs; forall j € {l,...,mj}.

This implies (2.20).
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Assume now that (2.20) holds. For x € X = R(X), we can find y € F" with
x = Xy and obtain

Ax = AXy = XAy e R(X) =X,
i.e., X is invariant with respect to A. m|

The equation (2.20) bears a close resemblance to the equation (2.3) defining eigen-
values and eigenvectors: the eigenvector x is replaced by the matrix X, and the eigen-
value A is replaced by the matrix A.

Exercise 2.44 (Invariant subspaces and eigenvalues). Show that any eigenvalue
of the matrix A in (2.20) is an eigenvalue of A if X is injective.

If A is an eigenvalue of A for an eigenvector x € F” with x € R(X), is it also
an eigenvalue of A?

2.6 Schur decomposition

We can use equation (2.20) to find a similarity transformation that moves A “closer”
to an upper triangular matrix: if X € F™* is injective and satisfies (2.20) with
A € F™X™ we can use the basis extension theorem (e.g., as in the proof of Proposi-
tion 2.19) to find an invertible matrix T € F"*" with

T=(X Y)

for a matrix ¥ € F™(*=) (2.20) implies

-1 _ 71 _ Im _ A -1 _ A B
TT'AX =T XA—(O A= K T AT = C (2.21)

for some B € F*=m) and C e F—)*@=m) 1f we can find suitable invariant
subspaces for A and C, we can repeat the procedure until we reach upper triangular
matrices.

We can even ensure that the similarity transformations are unitary. To this end, we
introduce the sign function

if 0
san:F > F. zs /Pl 1270, (2.22)
1 otherwise.

and define a unitary transformation mapping an arbitrary vector to a multiple of the
first canonical unit vector:
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Lemma 2.45 (Householder reflection). Let n € N and g € F" \ {0}. The matrix
P € F™*" defined by

ww™*

w:=gq +sgn(@)qllér, P:=1- ZW
(where we identify F with F1*1 and F™ with F™*1 in the obvious way) is called an
elementary Householder reflection [21]. It is unitary and self-adjoint and satisfies

Pg = —sgn(q1)llql|8:- (2.23)
Proof. P is obviously self-adjoint. Due to w*w = ||w||?> and
ww* ww* ww* ww*ww*
P*P=(I—2 )( - —)— - +4 =1,
[[wi|> [[wi|? [[wi|? [lw]|*

it is also unitary. With o := sgn(q1), we have

(g.w) = (q.9) + (g.0llql181) = llg* + lqll 191,

lwl® = (g +ollgld1.q +ollqllér)
=(q.q) + 6 lql(g.81) + ollgl(81.4) + llql*(51.61)
=2(lqlI> + ligll lg1]).

(g, w)
Jw]|?

=q—q—o0lqll61 = —0o|lq|é1.

lglI* + llg1l lg:1]
2(llq11* + gl g1

Pqg=q—2w =q—2(q +olqlldr)

and this completes the proof. m|

By the fundamental theorem of algebra, any complex polynomial has at least one
zero. Applying this result to the characteristic polynomial yields that any complex ma-
trix has at least one eigenvalue, and we can use a Householder reflection to transform
the matrix to the “almost upper triangular” form (2.21). Repeating the process allows
us to reach an upper triangular matrix using only unitary similarity transformations.

Theorem 2.46 (Schur decomposition). Let n € N and A € C" ", There are a
unitary matrix Q € C™" and an upper triangular matrix R € C™" satisfying

0*40 = R. (2.24)

Proof. By induction on n € N. The case n = 1 is trivial.

Let now n € N and assume that any A € C™*" is unitarily similar to an upper
triangular matrix. Let 4 € C#TDX+1D Dye to the fundamental theorem of algebra,
we can find A € C with pg(A) = 0. Since therefore A/ — A is not injective, we can
find a vector ¢ € N (Al — A) \ {0} with ||g|| = 1. Obviously, ¢ is an eigenvector for
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the eigenvalue A. Let P € C+DX+1) pe the elementary Householder reflection
(cf. Lemma 2.45) satisfying

Pq = —sgn(q1)d:1.

Due to P = P* and 1/sgn(qy) = sgn(gy), we also have P§; = —sgn(g1)q and
obtain

P*APS; = —sgn(q1)P*Aqg = —sgn(q1)AP g = —sgn(q1)APq = Aé1.

This means that we can find A € C"" and B € C'*" satisfying

A B
* p—y —~
PAP—( A)'

Since A is only an n x n matrix, we can apply the induction assumption and find a
unitary matrix Q € C™" and an upper triangular matrix R € C"™" with

070 =

~

Now we let

-\ 0
- 5)- )
0" 40 R

Since R is upper triangular, this completes the induction. m]

Theorem 2.46 relies on the fundamental theorem of algebra that holds in C, but
not in R. Since most of the following results are corollaries, they also hold only
in the field of complex numbers.

Remark 2.47 (Order of eigenvalues). In the proof of Theorem 2.46, we can put any
eigenvalue A € o(A) into the upper left entry of R, and by extension we can choose
any order for the eigenvalues on the diagonal of R.
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Exercise 2.48 (Trace). The trace of a matrix A € F"*" is defined by

tr(A) := Zaii,

i=1

i.e., by the sum of diagonal entries. Let Q € F"*" be unitary. Prove

t(Q*A0) = tr(A)

and conclude
tr(d) = ) Apa(4.2),
Lea(A)
i.e., that the trace is invariant under similarity transformations.
Hint: Start by proving tr(Q*AQ) = Z?,j,k:l djiqkiajr and considering the
first two factors.

While the upper triangular form is already useful, e.g., for finding all eigenvalues
and the corresponding algebraic multiplicities, we are mainly interested in diagonal-
izing a matrix. The following Lemma suggests a possible approach:

Lemma 2.49 (Normal triangular matrix). Let R € F"*" be upper triangular. If R is
normal, it is a diagonal matrix.

Proof. By induction onn € N. The case n = 1 is trivial.

Let now n € N and assume that any normal upper triangular matrix R € F™*" ig
diagonal. Let R € F (n+Dx(+1) e normal and upper triangular. Due to Lemma 2.35,
we have

Ira > = R8P = [R*81 1> = |ra > + -+ + [riat

and conclude |rj2| = --- = |r1z41| = 0. This means that we can find an upper
triangular matrix R € F™*" with

11
R:( A).
R
2 2
™ Y rrr = rrr (TP, ,
RR R R

the matrix R is normal, and we can use the induction assumption to complete the
proof. m]

Due to
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Corollary 2.50 (Normal matrix). Letn € N, and let A € C"". A is normal if and
only if it is unitarily diagonalizable, i.e., if there are a unitary matrix Q € C™" and
a diagonal matrix D € C™" with

Q*AQ = D. (2.25)

Proof. Assume that A is normal. Due to Theorem 2.46, we can find a unitary matrix
Q € C™" and an upper triangular matrix R € C™*" with

A= QORO*.
Since A is a normal matrix, we have
RR* = Q*AQQ*A*Q = Q*AA™Q = Q*A A0 = Q*A*Q0*A0 = R*R,

so R is also normal, and Lemma 2.49 yields that R is, in fact, diagonal.
Assume now that we can find a unitary matrix Q € C™*" and a diagonal matrix
D e C™*" gsatisfying (2.25). Then we have

and conclude that A is normal. |
Corollary 2.51 (Self-adjoint matrix). Ler n € N, and let A € C"". A is self-
adjoint if and only if there are a unitary matrix Q € C"*" and a real diagonal matrix

D € R™" ywith
0*40 = D. (2.26)

Proof. Assume that A is self-adjoint. Then it is also normal, and Corollary 2.50 gives
us a unitary matrix Q € C"*" and a diagonal matrix D € C"*" with A = QDQ*.
Since A is self-adjoint, we obtain

D= Q%40 = Q" A*Q = (0" 40)" = D,

so all diagonal entries of D have to be real.
Assume now that we can find a unitary matrix Q € C"*" and a real diagonal matrix
D e C™*" gsatisfying (2.26). Then we have

and conclude that A4 is self-adjoint. m]

Our proofs so far depend on the fundamental theorem of algebra and therefore apply
only to complex matrices. Even if A is self-adjoint and real, Corollary 2.51 still may
yield a complex matrix Q. By slightly modifying the proof of Theorem 2.46, we can
improve the result:
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Corollary 2.52 (Real self-adjoint matrix). Let n € N and A € R™". A is self-
adjoint if and only if there are a unitary matrix Q € R™" and a diagonal matrix
D € R™" with

0*AQ = D. (2.27)

Proof. Assume that we can find a unitary matrix O € R™*" and a diagonal matrix
D e R™" satisfying (2.27). Then we have

A= QDQ* — QD*Q* =A*,

so A has to be self-adjoint.

Assume now that A is self-adjoint. According to Corollary 2.51, we can find an
eigenvalue A € R of 4, and due to N (Al — A) # {0} also a real eigenvector ¢ € R”
with ||¢|| = 1. Using this vector, we can proceed by induction as in the proof of
Theorem 2.46. |

According to Theorem 2.46, any complex-valued matrix can be transformed to tri-
angular form by a unitary transformation. We now investigate whether it is possible
to get close to diagonal form by using further unitary transformations.

Definition 2.53 (Frobenius norm). Let n,m € N and A € F" ™. The Frobenius
norm of A is given by

1/2

n m
1Al F =D laii?

i=1j=1

Proposition 2.54 (Frobenius norm). Letn,m € N and A € F"*™, We have
o [|AllF = [[A*|F,

o ||Allr = ||QA|lF for all unitary matrices Q € F"*",
o |A||lr = ||AQ]|| F for all unitary matrices Q € F"™*™,
Proof. Let B := A*. Definition 2.53 implies

n m m n
1413 =3 P = 303 b2 = 1813 = 147113

i=1j=1 j=1i=1
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Let Q € F™*" be a unitary matrix. Using the canonical unit vectors (3 j) L, inF™
defined by (2.5), we obtain

|A||F—Zz|al,|2 ZD(AS,),P > 11487
j=1

j=li=1 j=li=1
= Z 1045;1* = Q4| %
j=1
by Lemma 2.38. Applying this result to A* completes the proof. O

We measure the “distance” to diagonal form by taking the Frobenius norm of all
entries except for the diagonal.

Definition 2.55 (Off-diagonal part). Let n € N and A € F"*". We introduce the

quantity
1/2

n n
off(4) := | Y "aij|?
i=1j=1
J#i
describing the Frobenius norm of the off-diagonal part of A.
We have off(4) = 0 if and only if A4 is a diagonal matrix.

We compare two unitary transformations of a matrix A to triangular form.

Proposition 2.56 (Invariant). Letn € N and A € C"". Let Q1,0 € C"" pe
unitary matrices and let Ry, Ry € C™" be upper triangular matrices satisfying

Q1R107 = A= 02R:03.
Then we have off(R1) = off (R3).

Proof. (cf. [18, Section 7.1]) Since A, Ry and R, are similar matrices, Proposition
2.18 yields

l_[(rl,ii —A) = pr,(A) = pa(d) = pr,(A) = ]_[(rz,,-j —1) foralld eC,

i=1

where rq;; and r2,;; denote the i-th and j-th diagonal elements of Ry and R», re-
spectively. Two factorizations of p4 into linear factors can only differ by the ordering
of the factors, and we obtain

n n
D lriil? =" Ir2 il
Jj=1

i=1
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Proposition 2.54 yields
n n n n
off(R)*> =YY Iruijl> = IRullF = D lriil> = 10T AQIF = ) Irviil?
i=1j=1 i=1 i=1
J#i

n n
2 2 2 2
=A% =D lriil> = 10340203 = Y Ir2,jjl
i=1 j=1
n

= IR2lF = D Ir2.jj|* = off (R2)?,
j=1

and the proof is complete. |

Let A € C™", and let O, R € C™" be as in Theorem 2.46. Corollary 2.50
implies that A is normal if and only if R is diagonal, and this is the case if and only if

A(A) := off(R)

equals zero. In this sense, A(A) measures the departure from normality of A, and due
to Proposition 2.56, it does not depend on the particular Schur decomposition.

2.7 Non-unitary transformations *

Let A € C™". Theorem 2.46 implies that we can find a unitary transformation
Q € C"™*" guch that

R=Q%A0
is upper triangular, and Proposition 2.56 implies that we cannot get “closer” to diag-
onal form using unitary transformations.
Therefore we now consider non-unitary transformations. We assume that an upper
triangular matrix R € C™*" is given and split it into

R = (R“ R”) (2.28)
Ry»

with R1; € C**K Ry € C**¢ and Ry € CY¢ with n = k + €. We consider the
similarity transformation

(1 X (1 —X
T._( 1)’ T _( 1) (2.29)

for a matrix X € Ck*¢ and obtain

T-IRT = I =X\ (Ri1 Ri2\ (I X _ Ri1 Riz+ R11X — XRy;
I R2> I Ry» .
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In order to eliminate the upper-right block, we have to find X € Chxt

Sylvester’s equation

solving

R11X — XR35> = —Rq».

This is a linear matrix equation.

Proposition 2.57 (Sylvester’s equation). Lern,m € N, A € C"" and B € C"™*"™,

Sylvester’s equation
AX —XB=C (2.30)

has unique solutions X € C™™ for all C € C"™™ if and only if 6 (A) N a(B) = @,
i.e., if A and B have no eigenvalue in common.

Proof. We consider the linear mapping

S.Ccmm _cvm X+ AX — XB.

If it is injective, the rank-nullity theorem implies that it is also bijective, and there-
fore equation (2.30) is uniquely solvable for all C € C™"*™,

We will prove that 6 (A) N o (B) # @ is equivalent to S being not injective.

Letfirsto(A)Na(B) # B. We pick A € 0(A)No(B) and eigenvectors x € C"\{0}
and y € C™ \ {0} satisfying

Ax = Ax, B*y =y.
The latter is possible due to Proposition 2.30. Now we let X := xy™* and find
S[X]=AX — XB = Axy* —xy*B = (Ax)y* — x(B*y)*
= (Ax)y* —x(Ay)* = Axy* —Axy* =0,

i.e., the nullspace of S contains the non-zero matrix X, therefore S cannot be injec-
tive.
Let now S be not injective. Then we can find X € C"*™\ {0} with S[X] = 0, i.e.,

AX = XB. (2.31)

We first consider a special case: assume that B is upper triangular. Let j € {1,...,m}
be the smallest index satisfying x := X§; # 0, i.e., the number of the first non-zero
column of X. Then we have

J J
Ax = AXS8; = XBS; = X Y bijé = »_bijX6;.
i=1 i=1
Since X4; = 0 foralli < j, this yields

Ax = bjj X8j = bjjx,
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i.e., x is an eigenvector of A for the eigenvalue b;;. Since B is upper triangular, b;; is
also an eigenvalue of B, i.e., bj; € 0(A) No(B).

Now we return to the general case. According to Theorem 2.46, we can find a Schur
decomposition of B, i.e., a unitary matrix Q € C™*" and an upper triangular matrix
B such that

B = QBO*
holds. (2.31) yields
AX = XB = XQBQ*, AXQ = X0B,
due to 0*Q = I, and introducing X := XQ, we find
AX = XB.
We can apply the first step of the proof to show o(4) N U(E) # {J, and since B and
B are similar, Proposition 2.18 yields 0 (A) N o (B) # 0. |

If we can ensure 0 (R11) N0 (R22) = 0 in (2.28), Proposition 2.57 implies that the
transformation 7 introduced in (2.29) can eliminate R;,. Repeating this procedure
allows us to transform any square complex matrix to block-diagonal form:

Theorem 2.58 (Block-diagonalization). Let A € C™". Let 6(A) = {A1,..., Ak}
with k := #0(A). Foreach{ € {1,...,k} there are an integer ny € N and an upper
triangular matrix Ry € R sych that

Ry
B 'AB = (2.32)
Ry

holds for an invertible matrix B € C"*", For each £ € {1, ...k}, we have 0 (Ry) =
{Agy and ng = pa(A, Ay).

Proof. (cf. [18, Theorem 7.1.6]) By induction on the cardinality #o (A) of the spec-
trum. If #0(A) = 1, the Schur decomposition of Theorem 2.46 yields the desired
factorization with B := Q and R; := R.

Assume now we have a k € N such that the desired factorization exists for all
A € C™*" gatisfying #0(A) = k.

Let A € C™*" be given with #0(A) =k + 1l ando(A) = {A1,...,Ags1}. Dueto
Theorem 2.46, we can find a unitary matrix Q € C™*" and an upper triangular matrix
R € C™*" gatisfying

Q0*AQ = R.
We define

ny:=#{e{l,....n} : rij =A1}, A:=n-—nj.
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According to Remark 2.47, we can ensure

rij = A1 foralli <ny,

147 ;ﬁll for all i >ni.

We split R into Ry € R R € R?* and Y € R"*% such that

R, Y
R_( ﬁ).

By construction, we have 0(R;) = {A1} and A1 & o(ﬁ). Due to Proposition 2.57,
we can find X € R"*("~"1) satisfying Sylvester’s equation

RiX —XR=-Y.

We define T € R™*" as in (2.29) and obtain

_ Ry
T7IRT = ~ .

Due to A1 ¢ o(ﬁ) C o0(A), we have #o(ﬁ) = k and can apply the induction
assumption to find an invertible matrix B € C"*" and upper triangular matrices
Ry, ..., Ry such that

R>

Ric1
We let

and obtain

wran=("ga)rreer ()= (1 5) (M 2)( )

Rq

_ Ry N R>
=\ 3B

This completes the induction.

Ri+1
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Applying Proposition 2.18 to the representation (2.32) and taking advantage of the
fact that the determinant of a block diagonal matrix is the product of the determinants
of the diagonal blocks yields

k

k
pA(A) = l_[ PR,(A) = 1_[(/\ — A" forall A € C,
=1 (=1

and therefore g, (A, Ag) = ny. ]
Even if a matrix is not diagonalizable, this result allows us to transform it to block-

diagonal structure with one block corresponding to each eigenvalue. If we split the
transformation B into

B:(B1 Bk), BeEC”Xne forallﬁe{l,...,k},
the representation (2.32) takes the form
ABy = ByR; foralll e {l,... k}, (2.33)
i.e., the columns of each By are a basis of an invariant subspace.

Let £ € {1,...,k}. Since Ay is the only eigenvalue of the upper triangular matrix
Ry, all diagonal elements are equal to Ay, and therefore all diagonal elements of A, —
Ry are equal to zero, i.e., the matrix is strictly upper triangular. We let bj := Byd;
forall j € {1,...,ng}. Since Ayl — Ry is strictly upper triangular, we have

(Ael — A)bj = (Agl — A)BySj = By(Agl — Ry)3;
j—1 j—1
= By Z_rﬂ,i,jgi = Z_rf,i,jbi for all j € {1, . ,ng}.

i=1 i=1
In particular, this implies
(Al — A)by =0,
(Al — A)bj e span{by,...,bj_1} forall j €{2,....ng}.
A simple induction yields
(Al —A)Yb; =0 forall j €{1,...,ng},

so by is an eigenvector, while b; for j > 2 can be considered as a generalized eigen-
vector.

Definition 2.59 (Generalized eigenvector). Let A € C"*", A € 0(A4) and x € C" \
{0}. If there is a number k € N with

(A — A)fx =0, (2.34)

the vector x is called a generalized eigenvector of A for the eigenvalue A. The smallest
integer k € N satisfying (2.34) is called the order of the generalized eigenvector.
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By definition, if x is a generalized eigenvector of order k > 1 for a matrix A and
an eigenvalue A, y := (Al — A)x has to be a generalized eigenvector of order k — 1,

since
AL — Ay =T — A)fx =0

and y # 0 due to the minimality of k.

Theorem 2.58 states that for any complex matrix A € C"*", we can find a basis of
C" consisting of generalized eigenvectors. This basis can be used to derive the even
more specialized Jordan normal form of the matrix A. For our purposes, however, the
block-diagonal decomposition of Theorem 2.58 is sufficient.



Chapter 3

Jacobi iteration

Summary

In this chapter, we consider the simple, but reliable, Jacobi iteration. Given a self-
adjoint matrix A € F™*" it performs a sequence of unitary similarity transformations
that eliminate off-diagonal entries and thus moves the matrix closer to diagonal form.
The Jacobi iteration may not be the fastest method, but it is guaranteed to converge
for any self-adjoint matrix. The optional Section 3.5 proves that the Jacobi iteration
will converge quadratically if a matrix is already close to diagonal form.

Learning targets

v/ Compute the two-dimensional Schur decomposition in a numerically stable way.

v/ Construct the elementary Jacobi step that eliminates a sub-diagonal entry of a
matrix (and, due to symmetry, a corresponding super-diagonal entry as well).

v Use these elementary steps to construct a globally convergent iteration.

v Derive a posteriori bounds for the iteration error that allow us to judge the accu-
racy of each iteration step.

3.1 Iterated similarity transformations

The basic idea of the Jacobi iteration, and a number of other important iterative tech-
niques for finding Schur decompositions, is to construct a sequence

A() = A, Am+1 = Q;kn+1Am Qm+1 forall m € NO

of matrices (A;)5r—, by applying unitary similarity transformations (Qpm)5r_,. If
these transformations are chosen appropriately, the sequence Ag, A1, A2, ... will con-
verge to a diagonal matrix.

Accumulating the transformations in a sequence

@0 =1, @m—l—l = @QO+1 for all m € Ny
yields
Am = 05A0,, forallm e Ny,
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and if A,, approximates a diagonal matrix D, we obtain
@mD@;; ~ @mAmQ:;z = A,

i.e., an approximation of the Schur decomposition.

This approach has the significant advantage that the convergence behaviour of the
sequence Ao, A1, Az, ... can be controlled explicitly. Sophisticated iterations could,
e.g., take advantage of submatrices that have already converged.

3.2 Two-dimensional Schur decomposition

Like many other numerical algorithms, the Jacobi iteration [22] replaces a compli-
cated problem, in this case finding the Schur decomposition, by a sequence of simple
problems. In the case of the Jacobi iteration, the simple problems consist of finding
the Schur decomposition of 2 x 2 matrices. This decomposition can then be used to
define a transformation of the original matrix.

In this section, we focus on the self-adjoint matrix

Az(g z)eFZXZ, a.d €R. b ePF.

Due to Corollary 2.51, we know that there is a unitary transformation Q € F2*?
diagonalizing the matrix A.
Following [18, Section 8.4.2], we consider unitary matrices of the form

c
o= (¢,

A matrix of this form is unitary if and only if

s (€ =S\ 5\ _ (leP+|s? e5-35¢
I_QQ_(S c)(—s E)_(sc—cs Is|? + |c|?
holds, i.e., we have to use ¢, s € F with |c|> + |s|?> = 1. In order to diagonalize A,
we have to find Q such that

ok _ (¢ =5\ (a b c
B'_QAQ_(S c)(15 d)(—s
(¢ =5\ (ac—bs a5+ bc
_(s c)(Ec—ds 5§+dc_)
_ (élac —bs) —5(bc —ds) (a5 + be) —5(b5 + d?)

- (s(ac —bs) + c(bc —ds) s(as + bé) + c(bs + dE))

_ (ale® +d|s|> = (bes + bes)  (a—d)és + be? — bs?
N (a —d)cs —bs> +bc?  als|? +d|c|* + (bés + bes)

), c,s €lF. 3.1

N i

N i
N———"
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is a diagonal matrix, i.e., that
0= by = (a—d)cs — bs? + bc? (3.2)

holds. If we have b = 0, we can let ¢ = 1 and s = 0 and are done. Otherwise, we
notice that, at least for ¢, s € R, the matrix Q defined in (3.1) can be considered as a
clockwise rotation with the angle o given by ¢ = cos« and s = sin «. The tangent is
given by
sin o
t:=s/c = = tano
COos &

and can be used to simplify (3.2): with s = f¢, we obtain
0= (a—d)tc? —bt*>c? + bc? = ((a —d)t — bt? + b)c?
and can eliminate c? to get the quadratic equation
0=0bt>—(a—d)t—b. (3.3)
Multiplying by b, we obtain

_(@—d)y

— b2
4

_ _ 2
o=(mf—21?iwn—wﬁ=(m—“2d)

Taking the square root yields

(a—d)? 5 a—d |b| [la—d|?
= + — 1.
7 PR = E T T

a—d
7= ,

2b
recall (cf. 2.22) that the sign of a complex number is denoted by

We introduce

z/lz| ifz #0,
1 otherwise

1
— 2
t—ri%mmdh|+L (3.4)

Using ¢, we can reconstruct ¢ and s by

forallz € IF,

sgn(z) := {

and arrive at

L=l + s = [ +ltc? = A+ [1P)lel?, ¢ = ==, s=1tc.
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We still have to choose the sign of the square root in (3.4). In order to obtain proper
convergence of the iterative method, we have to ensure that the next iterate B =
0*AQ is close to A. For the rotation Q given in (3.1), this means that the sine s
should be as small as possible, i.e., |¢| should be as small as possible: we have to
choose the zero that is smaller in modulus. It is given by

sgn(a —d)
B sgn(b)

but computing it this way can lead to problems when using floating-point arithmetic.
Computing the zero

It|2 + 1 =1 —sgn(r)/|t]? + 1,

f:=1+sgn(r),/|r]2+1

that is larger in modulus, on the other hand, is stable. By construction, ¢ and { are the
zeros of the monic polynomial

p(z):=z2>—21z—b/b forallzeF,
1.e., we have
22-2tz—b/b=p(z)=Gz—-1)z—0)=z>—(t+1)z+1tf forallzeF,
and comparing terms yields

.- b
tt=>b/b, t= i

Using sgn(7) = sgn(a — d)/sgn(b) = sgn(v) sgn(b)/ sgn(b) allows us to find a
more convenient expression:

_ sen(b)/sgn(d) _ !
i sgn(b)(t + sgn(r) /|2 + 1)/ sgn(b)
1 T T
Ctasen® VTP + 1 tr+esen@) V2P +1 e+ el R+ 1
segn(t)

(3.6)

TN

The last term offers a numerically stable way of computing ¢.

Exercise 3.1 (Singular value decomposition). Let A € F2*2 be an arbitrary
matrix. Find unitary matrices U, V € F2*2 such that £ := U*AV is diagonal
with real and non-negative diagonal entries.

If the diagonal entries of ¥ are in descending order by magnitude, we call
A = UXV* the singular value decomposition of A.
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3.3 One step of the iteration

Let now A € F"*" be a self-adjoint matrix. In order to apply the result of the previous
section, we choose p,q € {l,...,n} with p < ¢ and consider the 2 x 2 submatrix

A= (app apq)
dgp Aqq

We have seen that we can find ¢, s € [F such that

~ c s
Q:= (—s E)

is unitary and @ *Z@ is diagonal. Applying the transformation @ to the p-th and g-th

row of an n-dimensional vector is a unitary transformation in F”*” corresponding to
the matrix
c s
0 - lympr , (37)
—s c
In—4
where I € [Fkxk again denotes the k-dimensional identity matrix. We compute

the transformation B := Q*AQ in two steps: multiplication of A by Q yields the
intermediate result
a1pC —daigS ... QaipS+aigC
M= A0 = : : NG
aan _anqs “ee anp§+anqc_
where only the p-th and g-th column differ from the ones of the original matrix A.

In the second step, we compute B = Q* M. Multiplication by Q* changes only the
p-th and g-th row:

B=0"M = : : . 3.9

SMpy +CcMgy ... SMpy + CMgy

We can easily verify

— m m ~ ~ b b Nxag N* 1D
M= ("PP pq) =AQ, B:= ( pp pq) =Q*M = Q*AQ, (3.10)
(mqp Myq Q bgp byq ¢ 040
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procedure jacobi_step(p, g, var A);
begin
if ayg = 0 then
t=0
else begin
T < (app —aqq)/(2apq);
t < sgn(r)/(|z] + V|2 + 1);
end;
c<—1//t|2+1; s <tc;
fori € {1,...,n} do begin
h < aip; ajp < hc—aiqs; aiqg < hs +a;q4C
end;
for j € {1,...,n} do begin
h < apj; apj < ch—3ag;; aqj < sh+ cayj
end
end

Figure 3.1. One step of the Jacobi iteration eliminates the entries a,4 and agp.

and since Q*Z@ is diagonal by construction, we have b;, = bp, = 0. The resulting
algorithm is summarized in Figure 3.1, 4 is overwritten with B = Q*AQ.

Of course, it is not clear that eliminating one entry of A will get us closer to a
diagonal matrix: it could just move entries around without actually reducing the off-
diagonal part. Fortunately, the elimination step works perfectly:

Theorem 3.2 (Jacobi step). Letn € N, and let A € F"*" be self-adjoint. Let p,q €
{1,...,n} with p < q. For the Jacobi matrix Q € F"*" defined by (3.7), we have

off(B)? = off(4)? = 2|ap,|>, B = Q*AQ.

Proof. (cf. [18, eq. (8.4.2)]) The transformation Q can change only the p-th and g-th
row and column. In particular, this implies

ajj =b;; foralli e{l,...,n}, i1 # p, i #q.
Dueto B = @*Z@ and Proposition 2.54, we have

2 2 2 <02 H02 2 2
lapp|” + 2|apg|” + lagq|” = 1AlF = | BllF = bpp|” + |bgql”,
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since byp = bpq = 0 and ayp = dpgq. Using Proposition 2.54 again, we obtain

n n
off(B)> = ||Bl[z: = Y _ 1biil*> = |BIF — |bpp|*> — Ibgg* = D |biil?

i=1 i=1

i#{p.q}
n
= ||A||%7 - |app|2 - 2|apq|2 - |aqq|2 - Z |aii|2
=1
i#(p.q}
n
= [AlF = Y laiil> = 2lapg|* = off(4)* = 2|apq|*. o
i=1
Exercise 3.3 (Singular value decomposition). Let A € F"*", and let p,q €

{1,...,n} be given with p < ¢. Find unitary matrices U, V € F"*" of similar
form as (3.7) such that

of(U*AV)? = off(4)? — |apg|* — |agp|*.

As long as we choose non-zero entries a4, each Jacobi step reduces the norm of
the off-diagonal part of the matrix. If we choose the maximal entries, we can obtain a
simple linear convergence estimate:

Corollary 3.4 (Convergence). Let n € N and let A € F"™*" be self-adjoint. Let
p.q €{1,...,n}with p < q and

laij| < l|apq| foralli,j e{l,...,n}.

For the Jacobi matrix Q € F"*" defined by (3.7), we have
2
off(B)> < (1— ————)off(4)?2, B = 0*40.
nn—1)
Proof. (cf. [18, Section 8.4.3]) We have

n n
off(A)? = > laij1* = Y lapgl* = lapg*n(n — 1),

i,j=1 i,j=1
i#) i#]
so Theorem 3.2 yields
2
off(B)? < off(4)? — 2|apy|* < off(4)? — ———— off(4)?

nn—1)
_(y__2 2
= (1 n(n_l))off(A) . i
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procedure jacobi_classical(e, var A);
begin
Choose 1 < p < g < n with |apg| = max{|a;;| : i,j €{l,....,n}};
while n(n — 1)|apq|? > €2 do begin
jacobi_step(p, q, A);
Choose 1 < p < g < n with |apg| = max{|a;;| : i,j € {l,....n}}
end
end

Figure 3.2. Classical Jacobi iteration.

These results give rise to the classical Jacobi iteration: in each step, we choose
the off-diagonal entry of maximal modulus and eliminate it, and we repeat until the
off-diagonal entries are sufficiently small. Using off(4)? < n(n — 1)|apq|*, we can
compute an upper bound for off (A) and use it as a stopping criterion. The resulting
algorithm is summarized in Figure 3.2.

An important advantage of the classical Jacobi iteration, as compared to other
eigenvalue algorithms, is its guaranteed rate of convergence. Unfortunately, this ad-
vantage comes at a high cost: finding the maximal |apq| directly requires checking
all n(n — 1)/2 superdiagonal entries, and even for moderately large values of n, this
task dominates the computational cost. It is possible to reduce the complexity by
using more sophisticated algorithms, but in practice it is more convenient to simply
replace the search for the maximum by a strategy that cycles through all off-diagonal
entries. An example is the cyclic-by-row Jacobi iteration given in Figure 3.3 that cy-
cles through all rows and within each row through all columns. For a 5 x 5 matrix,
the elements are eliminated in the following pattern:

x 1 2 3 4
I x 5 6 7
25 x 8 9
36 8 x 10
4 7 9 100 x
The entry m € {1, ..., 10} is eliminated in the m-th elementary step together with the

entry m’. Diagonal elements marked with x are not eliminated.

The elementary Jacobi step given in Figure 3.1 requires 13 arithmetic operations to
compute ¢ and s and 12n operations to update A. The complexity of the overall Jacobi
algorithm, both in the classical version given in Figure 3.2 and the cyclic version
given in Figure 3.3 is usually measured in terms of one “sweep”, i.e., a sequence of
n(n—1)/2 elementary Jacobi steps, since exactly this number is required in the cyclic
algorithm to eliminate all off-diagonal elements once. One sweep of the classical
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procedure jacobi_cyclic(e, var A);
begin
y < 0;
fori,j €{l,....,n}, i <jdoy <y +|aij|*
while 2y > €2 do begin
forp=1to n—1do
forq =p+ 1tondo
jacobi_step(p, g, A);
y <0
fori,j e{l,...,n}, i <jdoy < y+|aj|?
end
end

Figure 3.3. Cyclic-by-row Jacobi iteration.

Jacobi algorithm requires

—1
P =D o 4 13) & 603 + 13022

operations for the elementary steps and
nn—1)nn-—1) N
2 2

operations for finding the maximal elements in each step. One sweep of the cyclic
Jacobi algorithm, including the computation of y required for the stopping criterion,
requires

n4/4

nn—1) nn—1)
2 2
operations, i.e., it can be significantly more efficient than the classical algorithm.

(12n + 13) + 2~ 6n° + 15n2/2

3.4 Error estimates

We have seen that the matrices constructed by the Jacobi iteration converge to di-
agonal form, so we can expect the diagonal entries of these matrices to converge to
eigenvalues. In this section, we provide a simple bound for the speed of convergence.

The Frobenius norm introduced in Definition 2.53 is not particularly well-suited for
our purposes, so we introduce a second norm in the space of matrices:

Definition 3.5 (Spectral norm). Let A € F”*".
[A]l := max{||Ax|| : x € F™, [lx]| = 1}

is called the spectral norm of A.
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Although we use the same notation for the norm of a vector and the spectral norm
of a matrix, the meaning is always clear, since the first only applies to vectors and the
second only to matrices.

The spectral norm is compatible with the norm || - || in F”: for x € F™ \ {0}, the
vector x /| x|| has unit norm, and we find

[Ax| = HA” ” ‘ el < ALl

This estimate obviously also holds for x = 0, so we have proven

lAx| < |All |x|| forall x € F™. (3.11)

Exercise 3.6 (Spectral norm). Let A € F"*™, Prove

[(Ax, y)
(Ra(RRYl

Show that this implies | A*| = ||A|| and ||A*A| = ||A||> = ||AA*].

||A||=max{ x € F™\ {0}, yeIF”\{O}}.

The Frobenius norm and the spectral norm are related:
Proposition 3.7 (Norm estimates). Let A € F"*™. We have
1Al < AllF < /m]|All.

Proof. As in the proof of Proposition 2.54, we write the Frobenius norm as a sum of
norms of the columns of A and apply (3.11):

n m m m
AN =D lail* =Y 148117 < Y 1412187 1> = m| A]>.
i=1j=1 j=1 j=1

For the first estimate, we let x € F™ with ||x|| = 1 and use the Cauchy—Schwarz
inequality to obtain

n n m 2
l4xI? = Y 1A = 30| 3 i

i=1 i=1 j=1
2 2 2
<ZZ|al,| Z|xk| = [ AlF x> = 4]
i=1j=1

Definition 3.5 yields ||A|| < || Al F. |
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If the off-diagonal part of A has been sufficiently reduced, A4 is “almost” a diagonal
matrix. Since it is very easy to find the eigenvalues and eigenvectors of a diagonal
matrix, we would like to know how “close” they are to the eigenvalues and eigenvec-
tors of A. For our proof of the corresponding perturbation estimate, we rely on the
following simple version of the Courant—Fischer—Weyl theorem (cf. [6, §4.1]).

Lemma 3.8 (Minimization problem). Letr A € F™*" be a self-adjoint matrix, and let
A € 0(A) be its minimal eigenvalue. We have

A = min{{Ax,x) : x e F", ||x]| = 1}.

Proof. Due to Corollary 2.51, we find a unitary matrix Q € F"*" and a real diagonal
matrix D € R™" with

A= QDQ*.
Since A is the minimal eigenvalue, Proposition 2.18 yields

A =min{di; :ie{l,....n}}

and we can find j € {1,...,n} with A = dj;.
For all x € F" with | x| = 1, we have

n
(Ax.x) = (QDQ*x.x) = (DQ*x, 0*x) = (DX.X) = Y _ dii|%i|?
i=1
for X := Q*x. Lemma 2.38 yields ||X|| = ||x||, and we obtain
n
min{(Ax,x) : x € F", ||x|| = 1} = min {Zd,-,-|)€,~|2 L X eF 3| = 1} .
i=1

Due to

n n
A= ARIP =) dlkil? < ) dislfi? forallX e BT IR = 1,
i=1 i=1

A is a lower bound, and using X = § ; demonstrates that it is the minimum. O

Exercise 3.9 (Maximization problem). Let A € F"*" be a self-adjoint matrix,
and let A € 0(A) be its maximal eigenvalue. Prove

A = max{{Ax,x) : x € F", ||x|| = 1}.
Combine the result with Exercise 3.6 to show

IA|l = max{|A| : A € o(A)}.

The spectral norm owes its name to this property.
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Exercise 3.10 (Eigenvectors). Let A € F"*" be a self-adjoint matrix, and let
A € o(A) be its minimal eigenvalue. Let x € F” with || x|| = 1. Prove that x is
an eigenvector of A for the eigenvalue A if and only if (Ax, x) = A holds.

Based on Lemma 3.8, we can investigate the sensitivity of eigenvalues with respect
to perturbations of the matrix. The result is the following simple version of the Bauer—
Fike theorem [3]:

Proposition 3.11 (Perturbed eigenvalues). Let A, B € F"*" be self-adjoint matrices.
For each eigenvalue o of B, we can find an eigenvalue A of A such that

A —ul = A-B|.
Proof. Let i € o(B). We choose A € 6(A) with
A —p| = min{|A — u| : X €o(A)}.

This choice implies that A — p is the smallest eigenvalue in modulus of A — /. Since
A and B are self-adjoint, we have A — & € R, so (A — u)? has to be the smallest
eigenvalue of (4 — uI)?. Applying Lemma 3.8 to the latter matrix yields

(A —p)? = min{((A — pnl)?x,x) : x eF", ||x|| = 1}.

Let y € F” \ {0} be an eigenvector of B for the eigenvalue . Since y # 0, we can
assume ||y || = 1 without loss of generality. Using (2.11) and (3.11), we find
(A —p? =min{((4 - ul)’x.x) : x €F". x| =1}
< ((A=ul)?y.y) =((B—pl + A= B)*y.y)
= ((B—=pI)*y,y) + {(A—B)(B—pul)y,y)
+{((B—pI)(A=B)y,y) + (A= B)*y.y)
= ((B—pl)y, (A= B)y) + (A= B)y, (B —pul)y) + ((A = B)?y,y)
= (A= B)y, (A= B)y) = [(A=B)y|*> < |4 = B|*|y|?
= [|4 - B|?

due to (B — ul)y = 0, and since A — p is real, this implies [A — u| < [|[A— B||. O

Finding an estimate for the eigenvectors is slightly more challenging: if the “gap”
between eigenvalues is small, perturbing the matrix may lead to large changes in the
eigenvectors. As an example, we consider

e () =)0 ()6 )
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for a small value € > 0. Using Exercise 3.9 and Proposition 2.13, we can compute the
spectral norm

|4 - B

H (i _06) H = max{|A] : (A 23 —¢* =0)
= max{(1 = V2)e, (1 + v2)e} = (I + V2)e.

Although the norm of the difference of A and B can be very small if € is, the angles
between each of the eigenvectors of both matrices always equal 7/2. The reason
is that the “gap” between the two eigenvalues of A equals only 2¢, and so a small
perturbation of the eigenvalue can lead to a completely different eigenvector. In order
to obtain a useful estimate for the approximation of eigenvectors, we can introduce a
lower bound for this gap.

Definition 3.12 (Spectral gap). Let A € F"™*" be a self-adjoint matrix. For all A €
0 (A), we define the spectral gap of A and A by

va@) == inf{|p —A| : pe€oa(A)\{A}}. (3.12)

Using this quantity, we can formulate the following estimate for the eigenvectors
of a perturbed matrix:

Proposition 3.13 (Perturbed eigenvectors). Let A, B € F™*" be self-adjoint matri-
ces. For each eigenvector y of B for an eigenvalue | we can find an eigenvalue A
of A and a vector x € (A, L) in the corresponding eigenspace satisfying

e — ) < 214281
oo

Proof. Let y € F™ \ {0} be an eigenvector for an eigenvalue u of B. Due to Proposi-
tion 3.11, we can find an eigenvalue A of A such that [A — | < ||A — B| holds.

According to Corollary 2.51, we can find a unitary matrix Q € F"*" and a real
diagonal matrix D € R™*" satisfying

A= 0DO*

Welety := Q*y and define X € F” by

Iy1-

v, ifdi; = A
N {yf thdjj * forall j €{1,...,n}.

Xj == .
0 otherwise
For x := QX, we obtain

Ax = ODQ*Q% = QDX = 0% = Ax
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since D is a diagonal matrix and X; is only non-zero if d;; = A, and conclude x €
& (A, A). Now we compute

[(A=AD(x =)l = (A =ADx — (A= AD)y| = [[(A=AD)y|
=[[(B—pl)y+((A—B)y +(u—22)yl
< B —pDyl+1(A=B)yl+ 1A —ullyl
<[A=Bllyl+ 1A= Bl llyl =214- Bl |l

using the compatibility property (3.11) and the fact that y is an eigenvector of B. Now
we only have to eliminate the matrix A — A/ in this estimate:

I(A=AD)(x = )|? = 10(D = AN Q" (x = )| = |(D = ADE = 7)|?

n n
=D ldji = APIR =517 = Y ldj = API% - 9l

j=1 j=1

djj#A
n n
> Y vaP1R = 9P = va)? Y 1% — 9l
j=1 ji=1
djj#A

= YA [X =TI = va? 12 = D)7

= ya()[lx =y,
where we have used our special choice of X to avoid inconvenient terms in the sum
and Lemma 2.38. m]

The arguments used to eliminate A — A/ in this proof are closely related to the
concept of a pseudo-inverse: due to A € o(A), the matrix A — A/ is not injective
and therefore not invertible. Still, we can define an inverse in the range of A—A1,
and this is called a pseudo-inverse. In our case, the range of A—A[ is the invariant
subspace spanned by all eigenspaces except & (A4, 1), and the vector x is chosen
to ensure that x — y is an element of this space.

Using this estimate, we can estimate the accuracy of the eigenvalue approximations:

Corollary 3.14 (Eigenvalue accuracy). Let A € F"*" be a self-adjoint matrix. For
eachi € {l,...,n}, we can find A € o(A) such that

laii — A| < off(4),
and we can find a vector x € &(A, A) such that
- 2off(A)

8 —x .
I8 —xl < 278
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Proof. We choose B € F"*" to be the diagonal part of 4, i.e.,

aj; ifi = j, ..
bji = foralli, j € {1,...,n}.
o {O otherwise Jed )

Due to Proposition 3.7, this implies
|4~ B|* < |4~ BIF = off(4)*.

Leti € {1,...,n}. Since a;; is an eigenvalue of the diagonal matrix B, Proposi-
tion 3.11 states that we can find an eigenvalue A € o(A) satisfying

laii — Al < ||B — A| < off(A).

Since §; is a corresponding eigenvector, we can apply Proposition 3.13 to find the
required vector x € (A4, ). |

The estimate given here is suboptimal: combining Proposition 3.13 with the esti-
mate provided by Theorem 4.6 for the Rayleigh quotient introduced in Section 4.2
yields that |a;; — A| converges like off(4)2.

Under certain additional conditions, Jacobi’s method offers the advantage that it
can be used to compute eigenvalues to a very high relative accuracy, while most
other algorithms typically reach only a high absolute accuracy [8].

3.5 Quadratic convergence *

Under certain conditions, the Jacobi iteration converges quadratically, i.e., it can be
significantly faster if the matrix A is sufficiently close to diagonal form [19]. This
section follows the outline of the proofs presented in [51] and [39], slightly adapted
to fit our definition of the Jacobi iteration.

Obviously, the Jacobi iteration can only converge if the matrices do not change too
much when applying the unitary transformation. This means that |s| in (3.1), the sine
of the rotation angle, has to be small. Due to (3.6), we have

1 lapg|
Is| < [t |e] < |t] < — =P (3.13)

k1 |+\/|T|2 2 lapp — aqql

for the elementary Jacobi step that eliminates a4 with 1 < p < ¢ < n. This bound is
only useful if we can ensure that the diagonal elements of the matrix are sufficiently
far from each other.
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Due to Corollary 3.4, we know that the diagonal elements converge to eigenval-
ues, so we can only expect well-separated diagonal elements if the eigenvalues are
well-separated. For the remainder of this section, we assume that A has only simple
eigenvalues, i.e., that

#0(A) =n (3.14)

holds. The minimal distance of two eigenvalues is denoted by
A:=min{|]A —pu| : A, u €0(A), A # u}, (3.15)

and we can use it in combination with Proposition 3.11 to obtain the following esti-
mate for the diagonal entries:

Lemma 3.15 (Diagonal entries). Let 2 off (A) < A, ie.,, § := A—20ff(A) > 0. Then
we have

lapp —agq|l =6 forallp.qg e{l,....n}, p#q.

Proof. (cf. [51,eq. (1.6)]) Let D € F™*" be the diagonal part of 4, i.e.,

aii
D= ,

Ann

We have |4 — D||r = off(A), and combining Proposition 3.11 with Proposition 3.7
yields that for each A € 0(A) we can find iy € {1,...,n} with

|/\—aiAiA| < off (A). (3.16)

Let now u € o(A) with
I = aizi; | < off(A4).

By the triangle inequality, this implies
A —pl = 1A —aizi;, +aizi, —pl <A —aiyi, | + |0 —aiyi; | = 20ff(4) < A,

i.e., A = p by our assumption (3.15). This means that the mapping A + i, defined
by (3.16) is injective, and (3.14) yields that it also has to be bijective.

Let now p,q € {l,....n} be fixed with p # ¢g. We have seen that there are
A, € o(A) with A # p such that p =iy and ¢ = iy, and conclude

lapp — aqql = laiyiy — aiyi,| = |A—p— QA —aiyiy) — @iy, — 1l
> A —=pl =14 —ai, | = |n—aiyi,| > A—=2o0ff(A) =6

by the triangle inequality. m|
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We consider one sweep of the algorithm, i.e., N := n(n — 1)/2 elementary Jacobi
steps. In the r-th step, we choose 1 < p, < ¢ < n and eliminate the entry in the
pr-th row and g, -th column of the matrix. We denote the sine of the rotation angle
(cf. (3.5)) by s, and the cosine by c,. The original matrix is written as A©  and the
matrix resulting from applying the r-th transformation to A=Y as A®). Due to our

construction the r-th transformation is chosen to eliminate al(,rr;rl ). The key to the
convergence analysis is the following bound for the Jacobi angles:

Lemma 3.16 (Jacobi angles). Let 6 := A —2off(A) > 0. We have

(0)y2
Z lsy|© < w 3.17)

Proof. (cf. [51, eq. (2.2)] and [39, eq. (9)]) Theorem 3.2 yields
off(AT))? = off (AT")2 —2[al D> forallr € {1,.... N},

and a simple induction gives us

0 < off(AM)2 = off (4P)% -2 Z lal D2,
r=1

which implies

off (4(0)2
Zla}frqf) < — (3.18)

Due to off (47 ~V) < off(A(O)), we can apply Lemma 3.15 to AT~ and (3.13)
yields

N N 1)2 D2 0)\2
2 |aprq | |aprq | off (A™)
2P — D G- 1)252 2 = a5 o
r=1 r=1 |aPrl7r qrqr | r=1
In the r-th step of the sweep, the entry a},rr;rl) is eliminated, we have a},rr)qr = 0.
Unfortunately, this entry will usually not stay eliminated: if thereisanf € {1,..., N}

with p, = py and ¢, # ¢y, the p,-th row will be changed and az(f;)qr may no longer

be equal to zero. In fact, (3.9) yields

¢ =1 _ g €1 (-1 -1
|a1(7r)‘Ir| - |Cral7 l]r) srangr)| = |Cr| |aprq,)| + |5r| |aq@qr)|
=1 -1
= |aérqr)| + |Sr| |a((]gqr)|' (3193)

If we have p, = gy and ¢, # py, the p,-th row will also be changed:

gy, | = Israfgl +eraf D1 < Isel lagg Dl + lerl lag, gl
<laf Pl + Isl lafig Pl (3.19b)
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The same reasoning applies to the columns: if ¢, = p; and p, # gy, (3.8) implies

a0, | = laftoDer — alioDse| < 1a Pl er| + lafqP) Ise|
< |aS D1+ Isrl lafigPl, (3.19¢)

while g, = q¢ and p, # py leads to

a5, | = lag, )5 + af Dl < lag ) srl + lag gl ler]
< 1aSo D]+ Is, | af,D). (3.19d)

Prdr DrDe

For p, = p¢ and ¢, = qy, ag;;rl) is eliminated again, and p, = ¢y and ¢, = py is
impossible due to p, < qr and py < q¢. W {pr.qr} N {pe.qe} = 9, ag;;rl) is not

changed. We can summarize (3.19) as follows:

Lemma 3.17 (Bound for one Jacobi step). Let £ € {1,..., N}. Define the matrix
E((f) c Fnxn by

{—1 o .
al"V ifi=pj #au
Wy .
¢ apfj lf‘l - CIZ, .] # pZa
ef) =1als™ ifj=pei#aqn forallijefl ... n} (3.20)
a(?—l) = qe i+
iPZ ./ - q(? pﬁ’
0 otherwise
Then we have
{4 {—1 J4 ..
|a§j)| < |a§j )| + |s¢] |el-(j)| foralli,j e{l,...,n}.

Proof. Combine the estimates (3.19) and take advantage of the fact that A* = A
implies (A¢~D)* = A€=D_which in turn implies (E©)* = E®, 0

If we use a cyclic Jacobi method, i.e., if each off-diagonal entry is eliminated once
during the sweep, we obtain the following convergence estimate:

Theorem 3.18 (Cyclic Jacobi method). Let § := A — 20ff(A©) > 0. If for each
1 <p<gqg=<nthereisanr € {1,...,N} with p, = p and q, = q, i.e., if each
off-diagonal entry is eliminated once during the sweep, we have

| N
() (0)\2
off(AY¥")) < 52 off (A*)~, (3.21)

i.e., the Jacobi method converges quadratically.
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Proof. (cf. [51, Section 2]) Let | < p < g < n. By our assumption, we can find

r€{l,..., N} with p, = p and g, = g. Since the Jacobi rotation eliminates a,, qu),
we have af,q) = 0. Lemma 3.17 and a simple induction yield
N N
a1 < > Isel [ef91 <> " Isel eSS
l=r+1 (=1

By the Cauchy—Schwarz inequality, we find

P (Z el Ie(?l)2 . (é '”'2) (Z o4 )

Using Lemma 3.16, we obtain

N N OH(A(O))Z N
off(AM)? < (Z |s4|2) > off(E®)? < — > off(E©)? (322)

=1 =1 (=1

A look at (3.20) in combination with Theorem 3.2 reveals
off(E®)2 < off(A®)? < off(4©)2,

so we have found
N

ff(A4©)2 N
OH(A(N))Z < % ZOH(E(Z))Z < 25_2013@(14(0))47
(=1

and this implies (3.21). O

Remark 3.19 (Improvements). This is obviously a very rough estimate, particularly
the inequality off (E©)2 < off(4()2 is very pessimistic, since most of the entries
of E® are equal to zero.

For the cyclic-by-row Jacobi method, the convergence estimate can be improved

significantly to obtain
[ 1
(N) - (0)\2
off(AVY) < 52 oft (A7)

by analyzing the entries of the intermediate matrices more carefully [51, Section 3].

Exercise 3.20 (Improved estimate). Take the structure of the matrices (£ ([))évzl
into account to improve the result of Theorem 3.18 to

off(AM)) < ,/8”—2 off (A©@)2.
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Hint: Theorem 3.2 implies off (A®)) < off(4©) for all £ € {0,..., N}. How
often is each of the entries in the matrix changed during a sweep? Can you
improve the estimate even further, maybe using additional assumptions regarding
the sequence of elementary steps?

Theorem 3.21 (Classical Jacobi method). Ler § := A — 20ff(A®) > 0, and let
the indices ( pr)iv=1 and (qr)iv=1 be chosen as in the classical Jacobi method, i.e.,
satisfying

aS D= 1oV foralll <i<j<n re{l... N} (3.23)

Drdr
off(AMy < J1 2 = ﬂ’(A(O))z (3.24)

i.e., the classical Jacobi method also converges quadratically.

Then we have

Proof. (cf. [39,Satz2])Let Iy :={(i,j) : 1 <i < j <n}. We prove by induction

that for each r € {1,..., N} we can find I, C Iy with
, 2
“h=r. Y a1 <20 -2) (Z sl |a§f;;;>|) : (3.25)
G.)el, (=1

We can see that for » = N, this estimate implies an upper bound for off (A(¥))2 /2,

For r = 1, we choose I1 = {(p1,¢1)}. The Jacobi step guarantees aéll)ql =0, so
(3.25) holds trivially.

Assume now that 7 € {1, ..., N —1} is given such that a subset /, C [y satisfying
(3.25) exists. Let J C Iy be a subset of cardinality #J = r such that

Z | (r) |2
(i,j)ed
is minimal among all those subsets. This implies
Z | (7') |2 Z | (") |2
@i,7)ed G,j)el,

Since r < N and (3.23) holds, we can assume (p;, ¢r) & J, since otherwise we could
replace it by a different index pair without increasing the sum. Therefore the set

Iry1:=J U{(pr.qr)}

has cardinality #1,4+1 = r + 1. Due to Lemma 3.17, we have

laff V1< lai) |+ Israal el 0] forall () € J.
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A look at (3.20) reveals that only 4(n — 2) entries of £ ©, namely the p,-th and ¢,-
th rows and columns with the exception of their intersections, are non-zero. To take
advantage of this property, let

Jy ={G.j)eJ (G e{pry1.drr1) N J €{Pre1.dr+1})V
(J €Pr+1:qr+13 AN EAPr+1.4r+11)}

denote the set of all coefficients in J changed during the update from AT 1o AT,
Its cardinality equals #J4+ = 2(n — 2), since J contains only index pairs above the
diagonal. We use (3.23) to bound |ei(;+1)| by |az()rr)+1qr+1| for all (i,j) € J+ and
apply the Cauchy—Schwarz inequality to obtain

SO 1aiTP < 3 (al ) + lsegal le T2

G.j)et (t,])eJ
+1 +1
= 3 (P +20a sl lefy T+ IsraPle )
@,j)et
= Z |ai(;)|2 + Z |Sr+1|2|a1(7:)-1—14r+1|2
@i,j)eJ G,j)ely
(r)
+2|ag;)+lqr+|| |sr+1| Z | |
(i,j)€J+
< Y la P20 =2)lsrallaf) g,
@,j)eJ
+ 2|al(7rr)+1qr+1| Isr+11v2(n —2) Z (")lz

(,j)edy

_ 3 (')|2 + V21 = 2)|sr41] |a1(7:)+14r+1|
@i,j)ed

Applying the induction assumption (3.25) to the first term yields

2
3 et (ﬂ(n— Z|se||a§,‘;q;>|+¢2(n—2>|sr+1||a,<,?+1q,+l|)

(@))el+
2

r+1
=2(n-2) (Z Ise |a,(,‘;q;’|)

{=1

This completes the induction.
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We apply (3.25) to r = N and use the Cauchy—Schwarz inequality, Lemma 3.16
and (3.18) to obtain

2

N
off(AM)?2 =2 3 oItV <4(n-2) (Z |sel |a§i;gl)|)

(DS, (=1
N N
<4(n-2) (Z ISzlz) (Z |a,€i;;>|2)
l=1 =1
F(A@)2 off (A©)2 -2
< an ) OATDTOATNT =2 oy O

252 2 52

Remark 3.22 (Multiple eigenvalues). In order to prove quadratic convergence, we
rely on the assumption that all eigenvalues of the matrix A are simple. This assump-
tion can be avoided if we instead require all diagonal elements converging to the same
multiple eigenvalue to be grouped together [46].

Applying generalized rotations to entire blocks of the matrix A, a variant of the
cyclic Jacobi method can be derived that converges globally [13].



Chapter 4

Power methods

Summary

This chapter introduces the power iteration, a very simple method for computing
eigenvectors that paves the way for a number of very important and efficient meth-
ods like the inverse iteration, the Rayleigh iteration, and the simultaneous iteration.
We investigate the convergence of these iterations and provide simple estimates for
the accuracy of the approximations of eigenvalues and eigenvectors that can be used
to construct stopping criteria for the iteration.

Learning targets

v Introduce the power iteration and the (shifted) inverse iteration.

v/ Analyze the convergence of these methods.

v Introduce the Rayleigh iteration and establish its cubic convergence.

v Investigate the convergence to an invariant subspace instead of an eigenspace.

v Introduce the simultaneous iteration to compute a basis of this invariant sub-
space.

4.1 Power iteration

The power method (also known as the Von Mises iteration [47]) is a very simple and
yet very flexible method for computing an eigenvector. The algorithm can be traced
back to a publication [35] that appeared in 1921 and uses it (or more precisely a
variant of the related inverse iteration) to solve a generalized eigenproblem arising
in the context of structural mechanics. Our discussion of the method and its proof
follows the theory already outlined in [35, 47].

Letn € N, and let A € F™*" be a matrix. In order to keep the theoretical investiga-
tion simple, we assume that A is a normal matrix if F = C or self-adjoint if F = R.
Note that the theory can be extended to more general matrices without changing the
algorithm (cf. Section 4.8).

The idea of the power iteration is the following: assume that a vector x € F” is
given and that it can be represented as a linear combination

X =181 + -+ ogeg
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of eigenvectors ey, ..., e, € " corresponding to eigenvalues Aj,..., Ax. Then we
have

A"x = ajATe; + -+ agAfex  forallm € Ny.

If one of the eigenvalues is larger in modulus than the others, the corresponding term
grows faster than all others for m — o0, and we can expect to obtain an approximation
of an eigenvector.

In order to analyze the behaviour of the sequence (x (m));’nozo given by

x = Amx© = gx =D forallm e N 4.1)

more closely, we represent the vectors in a suitable basis consisting of eigenvectors.
Since A is normal or self-adjoint, Corollaries 2.50 or 2.51, respectively, imply that we
can find a unitary matrix Q € F"*" and a diagonal matrix D € F"*" such that the
Schur decomposition takes the form

A= 0DQ*, D= 0Q*A40. 4.2)

The diagonal elements of D are its eigenvalues, and therefore also the eigenvalues
of A. We denote these eigenvalues by A1, ..., A, given by

A
D = . (4.3)
An
We assume that A has a dominant eigenvalue, i.e., that one eigenvalue is simple and

larger in modulus than all others. Since changing the order of the columns of Q and D
will leave the Schur decomposition intact, we can assume

A1l > [A2] = - = [Aal. (4.4)
Let a starting vector x(® e F” \ {0} be given, and let the iteration vectors x1),
x@ ... be defined as in (4.1). We transform the vectors into the eigenvector basis,
i.e., define

$0m) . — Q*x(m) for all m € Ny,
and (4.1) takes the form
$mtD) — g*x(mtD) = o* gxm) = 0* 403 = p3™,
7 = pmO  forallm e No.

Since D is a diagonal matrix, this equation allows us to compute the components of
the iteration vectors directly:

D = 1,30 holds forall m € No, j € {1.....n}. (4.5)
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Due to (4.4), the first component of X will grow more rapidly than any other com-
ponent as m — 00, so we can expect the transformed iteration vectors to “converge”
to multiples of the eigenvector §; and the original vectors to multiples of the eigen-
vector e := Q0.

Unfortunately, if Ay # 1, there can be no convergence in the usual sense, since the
length of the iteration vectors is changed by applying the matrix. Instead, we look for
convergence of the angle between the iteration vectors and the eigenvector.

Definition 4.1 (Angle between vectors). Let x, y € F” \ {0}. We define

| {x, y)
VA =
S A I
sin Z(x,y) := /1 —cos? Z(x, ),
sin Z(x, y)
tané(x,y) = m

If cos Z(x, y) = 0 holds, we let tan Z(x, y) = oo.

Since Q is unitary, Q™ is isometric, and Lemma 2.38 yields

e e 00" Q0% x. )]
Z/(0*x. _ _
s O = ooyl = Ikl bl

= e )l =cosZ(x,y) forallx,y e F"\{0}. (4.6)

el 11y
Due to our definition, the sine and the tangent also remain unchanged by unitary
transformations. Now we can formulate a first convergence result: we let e; := Q&

and observe
Aey = AQS1 = Q0% 408 = QD61 = 110681 = Aren,

i.e., e1 is a convenient eigenvector for the dominant eigenvalue A;. In the case of a
dominant eigenvalue, i.e., if (4.4) holds, we can now establish the following conver-
gence estimate:

Theorem 4.2 (Convergence). Let (4.2) and (4.3) hold with
[A1] > [Az] = -+ = [An].
Let ey = Q8 and cos Z(x©,e) # 0. Let ()c(m))fno=0 be given by (4.1). Then we
have
A
tan Z(xtD ¢)) < Htan £(x™ e1)  forallm € Ny,
1

and due to |A1| > |A2|, this means that the angle between the iteration vectors and
the eigenvector e converges to zero.
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Proof. Due to (4.6), we have

~(m) §1)12 ~(m) 2
2 m) 2 em) gy SN X
o AT ) et S0 T e s 2 T IR0V
~(m) 2 ~(m) 2 _ =(m)
2 (m) _ 2 (m) _ |x1 | _ [ _lxl |r
sin® Z(x"",e;) =1 —cos” L(xV",e1) =1 — — = —
e RN RO [z

A e e (G A e
- I 0m |2 I EROIEE
sin? Z(x™ ey) _ Z}l:z |3C\J(~m)|2
cos2 Z(xm ey) |55(1m)|2

tan? Z(x"  e;) = for all m € Np.

Using (4.5) and (4.4) yields
Z;'l:z |3C\§m+1)|2 B Z;'l=2 MJ |2|36\](m)|2

~(m+1 - PR
Rt ERRIE

~(m) 2

A2l S R sl \?

< ZJAZ J = 2] tan? Z(x" e1)
2RV 1]

tan? Z(x"m*D ¢)) =

for all m € Ny,

and taking the square root of both sides of the inequality yields the result. O

The condition cos Z(x(®, e1) # 0 is required to ensure that the denominators in the
proof are well-defined: it implies 3?50) 2 0, and since we also have |A1]| > |A2| > 0

due to (4.4), this implies
=@ 20 ROV £0  forallm e No.

This requirement is also quite natural: if cos Z(x (0), e1) = 0holds, we have 3?50) =0,
so the starting vector contains no component in the direction of the desired eigenvec-
tor, and this will not change no matter how often we apply the iteration step.
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The assumption that A is normal or self-adjoint is not necessary, it only serves
to make the theoretical investigation of the convergence more elegant. If A is
merely diagonalizable, i.e., if there is a regular matrix 7' € F”*” such that

A1
T7'AT =D =
An

holds, we can introduce transformed iteration vectors
7 .= 771 forallm € Ny
and obtain
2m+1) _ p=1 m+1) _ p=1 4, m) _ p=1 gp0m) _ p3im)
for all m € Ny,

i.e., the transformed vectors result from a power iteration using the matrix D and
the starting vector X(®). Applying Theorem 4.2 to the transformed vectors yields
convergence estimates.

In a practical implementation, we have to replace the field IF by machine numbers,
and these numbers cannot exceed a given maximum. This can lead to problems if A1 |
is larger that one: the component 555'") = )L’{’SEEO) can grow beyond the maximum,
and this usually leads to an overflow. A similar effect occurs if |A{| is smaller than
one: k\gm) tends to zero, and truncation will eliminate this component after a certain
number of iterations. In order to avoid these undesirable effects, we normalize the

iteration vectors, i.e., we ensure that they always have unit norm.

Using machine numbers also means that rounding effects will influence the con-
vergence behaviour, cf. [52, Chapter 9].
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procedure power_iteration(A, var x);
begin
while ,,not sufficiently accurate” do begin
a < Ax;
x <—aflall
end
end

Figure 4.1. Power iteration, still missing a stopping criterion.

Since the angle between vectors does not depend on their scaling, this leaves the
convergence estimate of Theorem 4.2 intact and leads to the numerically stable algo-
rithm summarized in Figure 4.1.

An important advantage of the power iteration is its flexibility: we only have to
be able to evaluate matrix-vector products, we do not require the matrix A itself. In
particular, we do not have to apply transformations to the matrix like in the case of
the Jacobi iteration. This allows us to use the power iteration in situations where A
is only given implicity: e.g., if A is the inverse of a matrix B, we can replace the
matrix-vector multiplication @ = Ax = B~lx by solving the system Ba = x, and
this is usually easier and more stable.

Exercise 4.3 (Indefinite matrix). Consider the matrix

()

Investigate the convergence of the power iteration for the starting vectors

~0) _ (1 ~0) _ (0 ~0) _ (1
=) 7 =(1) ==(1)

Does the angle between X0 and an eigenspace always converge? If not, explain
why this is not a counterexample for Theorem 4.2.

4.2 Rayleigh quotient

Before we introduce refined variants of the power iteration, we investigate the question
of a proper stopping criterion. The power iteration gives us a sequence (x(m)),j'fzo of
vectors that we expect to converge to an eigenvector e in the sense that the angles
between the iterates and this eigenvector converge to zero, and we would like to know
when the angle between x ) and e has become sufficiently small.
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If we know the dominant eigenvalue A1, we have
Ael =11€1, 0=11€1—A€1,
so the norm
220" — 4™

should provide an estimate of how close we are to the eigenvector. In most applica-
tions, the eigenvalue is not known, so we have to approximate it as well. An elegant
solution to this problem is provided by the Rayleigh quotient: assume that e # 0 is
an eigenvector of A, but the corresponding eigenvalue A is unknown. Our goal is to
reconstruct A using e. By our assumption, we have

Ae = Ae.
Taking the inner product with e on both sides yields
(Ae,e) = A{e, e),

and using
(e.e) = lle]* >0,

we can obtain
(Ae, e)

{e.e)

and have found A. This result gives rise to the following definition:

Definition 4.4 (Rayleigh quotient). Let A € F”*", The mapping

(Ax, x)
{x,x)

Ag:F"\{0} > F, x>

is called the Rayleigh quotient corresponding to the matrix A.

We have already encountered another important property of the Rayleigh quo-
tient in Lemma 3.8: for a self-adjoint matrix A, its minimum and maximum are
the smallest and largest eigenvalue, respectively.

For an approximation of an eigenvector, the Rayleigh quotient yields an approxi-
mation of an appropriate eigenvalue. In order to prove the corresponding estimate, we
require the following alternate characterization of the sine of the angle between two
vectors:

®
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Lemma 4.5 (Sine). Let x,y € F" \ {0}. Then we have
. _ ol =yl
sin Z(x, y) = min ” || coaelF;. 4.7)
X

Proof. We let ag := (x, y)/||y||*> and observe

(X—%%y%ZQJO—%ﬁQUJ)ZQJO—WJ)ZQ

i.e., x —agy and y are perpendicular vectors. For @ € F and 8 := a —«y, this implies
Ix —ay|? = |x — a0y — BylI* = ((x — coy) — By. (x —ctoy) — By)
= [lx —aoy[> = (By. (x —a0y)) — ((x —0y), By) + 112y
= |x —aoyl® + 1BlyI%
i.e., the right-hand side attains its minimum for « = . Due to

lx — oy l® = lIx* = @ fx, y) — @o{y, x) + ol ¥[I?

:”ﬂp_|@JN2_|UJN2+|WJN2:”xw(l_|@JN2)
TN TIE HEHE

= x[1*(1 = cos? Z(x, y)) = |lx]|* sin® Z(x, y),

this minimum has to be sin Z(x, y). |

Using this result, we can give the following elegant bound for the approximation
error of the Rayleigh quotient:

Theorem 4.6 (Rayleigh quotient). Ler A € F"*" and let x € F" \ {0}. Lete €
F™ \ {0} be an eigenvector of A for the eigenvalue A € F. Then we have

[Ag(x) — Al < ||A— Al sin L(x,e) < ||A— Al tan Z(x,e).
If A is a normal matrix, we even have
|Ag(x) — A < |A — AI||sin? Z(x,e) < |A — AI| tan? Z(x, e).

Proof. Since e is an eigenvector, we have (A—Al)e = 0, and we can use the Cauchy—
Schwarz inequality (2.9) and the compatibility inequality (3.11) of the spectral norm
to find

(Ax,x)  (Ax,x)|  [((A—=Al)x,x)|

|Aa(x) = 4] = : =
(x,x) (x, x) (x,x)
(A=A —ae).x)| _ [(A— D) —ao)] |x]
(x, x) - [[x1|2

AT el el el

< forallo € IF.
[lx 12 [[x]]
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procedure power_iteration(A, var x);
begin
x < x/|x|;
a < Ax;
A<« {a,x);
while ||a — Ax|| > €|A| do begin
x < allal;
a < Ax;
A <« {a,x)
end
end

Figure 4.2. Practical power iteration.

Due to Lemma 4.5, this yields
[Ag(x) — A < ||A — Al sin Z(x,e),

i.e., our first estimate. Let now A be a normal matrix. Due to Proposition 2.36, we
now not only have (A — Al)e = 0, but also (A — Al)*e = 0, and this allows us to
improve the estimate as follows:

[{(A—=Al)(x —we), x)| _ [(x —ae, (A —AI)*x)|

[Aa(x) — Al =
[lx]1> lx11
 x—ae, (A=AD*(x —ae))|  [{((A—AI)(x —ae),x —ae)]|
lx]|2 [lx]12
A— Al — 2
< I ”” ||||;C ae| foralla € I,
X

and using the optimal « of Lemma 4.5 yields
[A4(x) — A < |A — AT sin? Z(x, e).

Due to the Cauchy—Schwarz inequality (2.9), we have cos Z(x, e) < 1 and therefore
sin Z(x, e) < tan Z(x, e). O

Using the Rayleigh quotient, we can construct a stopping criterion for the power
iteration: for the m-th iteration vector x(™, we compute an approximation Am =
A 4(x) of the eigenvalue and check whether || Ax — A0 x(m)|| is sufficiently
small. In our algorithm, x is a unit vector, so the Rayleigh quotient takes the
simple form A4(x™) = (Ax x)) and we obtain the practical algorithm given
in Figure 4.2.
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4.3 Residual-based error control

Since the error analysis in this section relies on Propositions 3.11 and 3.13, we require
the matrix A to be self-adjoint. Since this is a particularly useful vector, it deserves to
be given a name:

Definition 4.7 (Residual). Let A € F"*" and let x € F” \ {0}. The vector
r:=Ag(x)x — Ax
is called the residual of x with respect to A.

The practical power iteration given in Figure 4.2 stops as soon as the norm of the
residual drops below €|A ™|, and we can use backward error analysis to derive error
bounds for the eigenvalue and the corresponding eigenvector: given x™ and A0m) =
Ag(x (m)), we construct a matrix B such that

Bxm — (m) . (m)
holds, i.e., such that x(™ is an eigenvector of B for the eigenvalue A If we can

bound || A — B]||, the perturbation theory of Propositions 3.11 and 3.13 can be applied.
In order to find a convenient bound for |4 — B||, we require the following lemma:

Lemma 4.8 (Rank-2 matrix). Leta,b € F" with (a,b) = 0, and let E := ab™*+ba*.
Then we have ||E|| = ||a|| |||

Proof. We first consider the special case |la| = 1, ||b|| = 1.
Let x € F”\{0}. We split x into components in the kernel of £ and in the subspaces
spanned by a and b:

x=y+aa+pb, «a:=(x,a), P:={(x,b), y:=x-—aa—pb.
By assumption, we have (a, b) = 0, and this implies

<y’a> = (x,a)—a(a,a) _IB(b7a) = ()C,Cl) -
(y.b) = (x.b) —ala.b) — B{b.b) = (x,b) —
Ey =ab*y +ba*y =a(y,b) + b{y.a) =0,

i.e., the vectors y, @ and b are pairwise perpendicular and y € N (E). We find

Ex=E(y+aa+ Bb)=Ey+aEa+ BEb
= aab*a + aba*a + Bab™b + Bba*b = ab + Ba,
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and Pythagoras’ theorem yields
IEx|? = |67 + [BPllal? = |el* + |BI?
< IyI? + lal? + 81> = Iy + lleal? + 181> = |Ix]1%,
ie., |E|| < 1. Due to
Ea =ab*a+ba*a =b, |Ea|=|b| =1,

we also have | E|| > 1, and therefore || E| = 1.
Now we consider the general case. If a = 0 or b = 0, we have £ = 0 and

|E]l = 0 = |la]| ||p]|. Otherwise we leta := a/||a|| and b := = b/||b|| and apply the
special case to prove ||E|| 1 for E := ab* + ba*. Observing E = |a| ||b]| E
completes the proof. O

Using this result, the backward error analysis for eigenvectors is straightforward:

Theorem 4.9 (Accuracy). Let y € F" \ {0}. Let i := Aq(y), and let r := puy — Ay
denote the residual of y. Then there are an eigenvalue A € o(A) and a vector x €
& (A, A) in the corresponding eigenspace satisfying
11 Il
A —pl =< lx—yll =2 :
Iy’ ya()

Here y4(A) is the spectral gap introduced in (3.12).

Proof. We define the self-adjoint matrix

* *

ry yr
+ MR
vz lyl?

where we again interpret y and r as elements of F”*! in the obvious way. Due to

B =

r*y = (y.r) = (y.uy — Ay) = (. y) — (y. Ay) = (Ay,y) — (Ay.y) =0,

our definition yields

y*y ry [y 17
+y =Ay+r
Iy? Iy ? Iy?

i.e., y is an eigenvector of B for the eigenvalue p. In order to be able to apply
Propositions 3.11 and 3.13, we have to find a bound for the spectral norm of

By = Ay +r = Ay +py — Ay =y,

* *

ry yl’
= + = (ry* +yr®).
IvI?  lIyl? ||y||2

Due to (r, y) = 0, we can apply Lemma 4.8 and obtain

[ T 1
R
Applying Propositions 3.11 and 3.13 completes the proof. m|

|4 =Bl <
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The practical power iteration in Figure 4.2 stops as soon as the norm of the residual
r™ defined by

plm) .y ) (m) gy (m) 5 Gm) (Ax(m),x(m)) forallm e Ng  (4.8)

drops below €|A™)|. In this case, we can obtain the following estimates for the accu-
racy of the approximations of eigenvalues and eigenvectors:

Corollary 4.10 (Accuracy). Let € € [0,1) and ||r"| < €|A"|. Then we can find
A €0(A)and x € §(A, A) such that

M_/\(m)|§€|k(m)|§ 16 Al (4.9a)
—€

(m) A
(m) |AY™] € |A|
X —X <2e—— <2e¢(1+ . (4.9b)
| ” ya(A) ( 1- 6) ya(d)

Proof. By Theorem 4.9, ||| < ¢|AU)| implies that we can find an eigenvalue
A € 0(A) and a vector x € (A, A) such that the bounds

e|Am]

ya(A)

hold. In order to obtain an estimate for the relative error of the eigenvalue, we apply
the triangle inequality to the first bound to get

A=A <A x —x™) <2

A=A < e AtM) < e[| + €A™ — A,
(1—e)|r =A™ < ¢,

L—Am| <= .
1—¢

i.e., the relative error is bounded by €/(1 — €). Using this result, we can also derive a
bound for the eigenvector:

(m) (m) _ _
(m) [AY] Al +|A Al [A] + (e/(1 —€))|A]
X —X < 2e¢ < 2e¢ < 2e¢
" I=2¢0® 4 () A ()
€ [A]
= 2¢(1 .
(1) nw )

We conclude that the stopping criterion guarantees a high relative accuracy of the
eigenvalue. If the relative spectral gap y4(1)/|A| is not too small, we can also expect
an accurate approximation of an eigenvector.
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4.4 Inverse iteration

The power iteration given in Figures 4.1 and 4.2 can only be used to compute the
largest eigenvalues (in modulus). We now introduce a modification that allows us to
find arbitrary eigenvalues: assume for the moment that A is invertible. Then A is an
eigenvalue of A if and only if 1/ is an eigenvalue of A~!, since

1
Ax =Ax = x=14"lx = Tr= A7'x  forall A e F\ {0}, x € F".
(4.10)
This means that applying the power iteration to A~ ! instead of A should yield a se-
quence of vectors converging to the eigenspace corresponding to the smallest eigen-
value in modulus if

A1l < |A2| = -+ < [Anl.

and Theorem 4.2 yields a rate of |A11|/|A2| for the convergence. The resulting al-
gorithm is called the inverse iteration. It appears to have been developed first for
applications in the field of structural mechanics [35].

We can refine the idea to obtain a method that can find eigenvectors for any eigen-
value, not only for the largest and smallest ones: we introduce a shift parameter u €
and consider the matrix 4 — /. Its eigenvalues are “shifted”: we have

Ax=Ix << A-pul)x=A—-pu)x foralldlelF, xeF",
and (4.10) yields

Ax = Ax —

x=(A—-ul) 'x forallA eF\ {u} x e F¢

(4.11)
if A — ul is invertible. In this case, we can apply the power iteration to the matrix
(A — uI)~! and arrive at the shifted inverse iteration:

x™ = (A — pu)7'xD forallm e N. (4.12)

A—p

The convergence results of Theorem 4.2 carry over directly:

Corollary 4.11 (Convergence). Let u € F, and let A — I be invertible. Let (4.2)
and (4.3) hold with

A1 —pl <Az —pl <. < |Ap — pl. (4.13)
Let ey := Q8 and cos Z(x©, e1) # 0, and let (x(m))fn":() be given by (4.12). Then

we have

A1 — pl
A2 — 1l
and due to |A1 — | < |Az— |, this means that the angle between the iteration vectors
and the eigenvector ey converges to zero.

tan Z(x"*D ¢;) < tan Z(x"™,e1)  forallm € Ny,
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Proof. Let A= (A—pl)~'and

A

/\j =

forall j € {1,...,n}.
Aj—w

The equations (4.2) and (4.3) yield

Al —
Q*(A—pul)Q = Q*AQ —pQ*Q = D —pul = ,
An —
oy
Q*"AQ =0"(A-uNT'Q=(D—pl)™" =
Jon
Using (4.13), we obtain . . .
A1l > |A2] = -+ = [Aal,
so we can apply Theorem 4.2 to A in order to find
)
tan Z(x"tD ) < li—2|tan Z(x™ ey)
1
A —
= Mtan Z(x™ 1) forallm € Ny. O
|A2 —

If we can find a suitable shift parameter u, the shifted inverse iteration converges
rapidly and reliably: as a first example, we consider the matrix

().

Its eigenvalues are 1 and —1, and due to |1| = | — 1|, we can expect no convergence
for the power iteration. If we use a shifted inverse iteration with, e.g., u = 1/2,
Corollary 4.11 predicts a convergence rate of

n-12 2
B R

By choosing p closer to 1, we can get even better rates.
The shift parameter can also help if the gap between eigenvectors is small: lete > 0

and consider
_(1+e€
()
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procedure inverse_iteration(4, j, var x);

begin
Prepare a solver for A — ul;
x < x/|x]l;

Solve (A — ul)a = x;
A (a,x); A< 1/A+w
while ||a — ix|| > e|5t| do begin
x < afllal;
Solve (A — ul)a = x;
- (a,x); A<« l/i—i—,u
end
end

Figure 4.3. Inverse iteration.

The matrix A now has a dominant eigenvalue 1 4+ ¢ and a second eigenvalue 1, and
Theorem 4.2 predicts a convergence rate of 1/(1+¢). Using a shifted inverse iteration
with u = 1 + 2¢/3, we get a rate of

1+e—(1+2/3)]  [e/3] — 1)
11— (1+2/3)  |—2¢/3 7

and again the rate can be improved by moving u close to 1 4 €. In both examples, we
can also compute the second eigenvalue by choosing p appropriately.

In a practical implementation of the inverse iteration, it is frequently more efficient
to handle the inverse (4 — u)~! implicitly: instead of computinga = (A —pul)~lx,
which would require the inverse, we solve the linear system (A — u/)a = x for the
unknown vector a. Since each step of the iteration requires us to solve one of these
systems for another right-hand side vector, it is usually a good idea to prepare the
matrix A — pu/ in advance, e.g., by computing a suitable factorization. The resulting
algorithm is summarized in Figure 4.3.

The stopping criterion relies on the residual given by

A = (A — )71 )y
7O .= 20 _ (4 — u )71 forallm € Ny

instead of (4.8), since this vector can be computed without additional matrix-vector
multiplications.
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Corollary 4.12 (Accuracy). Let € € [0,1) and |[F"™| < e|i(m)|. Then we can find
an eigenvalue A € 6(A) and x € (A, L) in the corresponding eigenspace such that

A=A < €| —pl,

€ A—
lx — x| 526(1+ l—e) (1—!—%).

Proof. We apply Corollary 4.10 to A:= (A — 1)~ ! in order to find Ae 0(2) and
x € (A, A) such that

. . A
A=A < el - 2™ <2 (14 € ) AL (4.14)
=€/ p2(D)

Due to (4.11), we can find A € o(A4) satisfyingi = 1/(A — u) and obtain
gdmnz‘l o ’:uﬂm—m—a—M|
A=p AW —p A — ] |A =
_ A — A0
RO — A= |
|/A\(m)|=‘ 1 ‘: |A =l .
A — | A0 — ] A — g

This already implies the first estimate:

A=A = A= A0 A0 ) | — ] < e AP0 ) |4 — ] = €]A — ul.

An estimate for the eigenvector can be obtained by investigating the spectral gap for
A: by definition, we find an eigenvalue A’ € o(A) \ {1} such that

rah) =111

Using (4.11) again, we find an eigenvalue A’ € o(4) \ {A} such that A’ = 1/(A’ — ).
This means

A PO 1 1 V) — (O — g
V;(A)zu_m:‘ '_I( w—-G-—wl | |

A= M—p| —plV—pl A= pl IV —pl
and (4.14) yields

v = x| < 2¢ (14 =) Al =2¢ (14— )M—Mlll’—ul

l1—e¢ VZ(A) 1—€/ |A—pul A=A
_ € \ A —pu € \IAMN=Al+ A —p
=2 (14 7=;) |A/—/\|526<1+1—e) IV —2]

_ € [A —
_2e(1+1_6)(1+mm). O



Section 4.5 Rayleigh iteration 77

4.5 Rayleigh iteration

According to Corollary 4.11, the shifted inverse iteration converges rapidly if the shift
parameter p is close to an eigenvalue. Since Theorem 4.6 states that the Rayleigh
quotient yields an approximation of an eigenvalue, using the Rayleigh quotient as
shift should lead to a fast method. The resulting algorithm is called the Rayleigh
iteration, and its iteration vectors are given by

(Ax, x)

A0 =
{x.x)

x0 D = (42 DT forallm e Ny, (4.15)
In practical implementations, we have to ensure that the entries of the iteration vectors
do not become too large or too small by dividing x(m+1) by its norm. As in previous
algorithms, this also allows us to avoid dividing by the norm when computing the
Rayleigh quotient. Using the residual-based stopping criterion already employed for
the power iteration, we obtain the algorithm given in Figure 4.4.

Compared to the shifted inverse iteration, the Rayleigh iteration typically requires
more operations per step: the shift changes in each step, therefore we have to solve
linear systems with different matrices that cannot be prepared in advance. On the
other hand, the Rayleigh iteration can be significantly faster:

Proposition 4.13 (Convergence). Let A — A [ be invertible, let (4.2) and (4.3) hold
with
=29 < =20 <o < 2, = 2O, (4.16)

Let e1 := Q8 and let xV) be given by (4.15). If there is a constant ¢ € R such
that
[A1 — Ao

tan L(x(o),el) <c<,)————
20| A =1
holds, we have tan L(x(l), e1) <cand

|4 —Ar]|

= A an3/ (0), i
|A1— A2 an” £(x e1)

tan A(X(l), e1) <2

i.e., for a sufficiently good initial vector, the Rayleigh iteration is cubically convergent.
Proof. Since A® = A4(x@) by definition, Theorem 4.6 yields

MO 1] < |4 = A1 tan? Z(x @ ey),
since we have assumed A to be normal (or even self-adjoint), and we also find

MO = Ap] = A1 = Ao =A@ = A1] = Ay — Aa] — |4 = AT tan® £(x©.ey)
> A1 = Ao| = |A =21 ||c* = [A1 — Az — |A1— A2]/2 = |Ay — A2]/2.
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procedure rayleigh_iteration(A4, var A, x);
begin
Solve (A —Al)y = x;
x<y/lyl;
a < Ax;
A<« {a,x);
while || — Ax|| > €|A| do begin
Solve (A —Al)y = x;
x < y/lyll
a < Ax;
A<« {(a,x)
end
end

Figure 4.4. Rayleigh iteration.

Combining these estimates with Corollary 4.11 for u = 20 yields

_ 00
M A1 = AT ©
tan Z(x'",e1) < s AO)] tan Z(x*, eq)
A— A1 tan Z(x©@ e
= e
A=Al 5, (0
=2— Z ,
A1 — Az a0 e

[A—ArT] [A1— Az

< tan A(X(O),e =tan”Z x(o),e <c.
R e V (e

These are the required estimates. m]

Example 4.14 (One-dimensional model problem). The advantages of the Rayleigh
iteration can be illustrated using the model problem (1.2). Weletc = 1 and n = 1000,
use the starting vector given by x](p) = j/n, and compute the second eigenvalue by
a shifted inverse iteration using the shift parameter © = 30 and a Rayleigh iteration
starting with this initial shift. We have

A = 4h 2 sin®(72h/2) ~ 39.478, Ay = 4h~2sin®(wh/2) ~ 9.8696
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and obtain the following results:

Inverse it. Rayleigh

|r™)]| Ratio (||| Ratio
1.72 x 101! 1.72 x 1011
1.10 x 10t1  0.64 | 1.44 x 107! 0.84
5.93x 1019 054 | 1.13 x 10™! 0.78
2.89x10T% 0.49 [ 2.91 x 101° 0.26

1.37x10T%  0.47 | 2.89x 1072 9.9x 1073
6.45x 1071 047 |2.73x1078 95x%x 1077
3.04 x 1071 0.47 conv.

1.43x 1071 0.47

0NN U A W= S

As we can see, the inverse iteration converges at a rate of approximately 0.47, which
coincides with the expected value of |A1 — it|/|A2 — i|. The Rayleigh iteration shows
inferior convergence rates during the first few steps, but once cubic convergence takes
hold in the fourth step, machine accuracy is attained rapidly.

As with most non-linear iterations, the performance of the Rayleigh iteration
depends crucially on the choice of the starting vector. If an unsuitable vector
is chosen, the method may converge to an eigenspace corresponding to another
eigenvalue, or it may fail to converge at all.

4.6 Convergence to invariant subspace

The convergence analysis presented so far relies on the dominance of one simple
eigenvalue, the case of multiple eigenvalues with identical modulus has not been ad-
dressed. Since the investigation of the inverse iteration and the Rayleigh iteration
relies on the convergence result provided by Theorem 4.2 for the power iteration, we
focus on this simple case.

Instead of assuming that one eigenvalue is dominant, we assume that there is a
k €{1,...,n— 1} such that

Al = = Akl > [Akga] = o = [An] (4.17)

holds, i.e., we allow k eigenvalues to have the same norm. In this case, we cannot
expect convergence to the eigenspace corresponding to Ay, but we can still prove
convergence to an invariant subspace.
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Definition 4.15 (Angle between a vector and a subspace). Let x € F” \ {0}, and let
Y C F" be a non-trivial subspace. We define

cos Z(x,Y) := max{cos Z(x,y) : y € Y\ {0}},
sin Z(x,¥Y) := min{sin Z(x,y) : y € Y\ {0}},
tan Z(x, Y) := %

If cos Z(x, ¥) = 0 holds, we let tan Z(x, ¥) = oc.

In order to compute the angle between a vector and a subspace, the minimization
property of Lemma 4.5 is useful: we have

sin Z(x,¥Y) = min{sin Z(x,y) : y € Y}
=Inin{min{M Do EF} Dy € y}
[lx]l
n { ||x“_”y|| ©y€ Zy} for all x € F™ \ {0},
X

since ¥ is a subspace and therefore invariant under scaling. If we can find the best
approximation of x in ¥, we can compute the angle. Such best approximations can
be conveniently described by appropriate projection operators:

Definition 4.16 (Orthogonal projection). Let P € F"*". If P? = P holds, P is
called a projection. If P is a selfadjoint projection, i.e., if P2 = P = P* holds, we
call it an orthogonal projection. If ¥ C " is a subspace such that ¥ = R(P), we
call P a projection onto Y.

Exercise 4.17 (Factorized projection). Let m € N, and let V' € F"*™ be an
isometric matrix (cf. Definition 2.37). Prove that P := V' V™ is an orthogonal
projection onto R (V).

Proposition 4.18 (Orthogonal projection). Let ¥ C F” be a subspace, and let P €
F"*" P is an orthogonal projection onto Y if and only if R(P) C Y and

(x,y) ={(Px,y) forallx €eF", ye¥. (4.18)
In this case, we have

|x —Px|| <|lx—y|| foralyel, (4.19a)
Ilx — Px|* = x| — | Px|? (4.19b)

i.e., Px € ¥ is the best approximation of x in Y.
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Proof. Let P be an orthogonal projection onto ¥. Let x € F” and y € ¥. By
definition, we have y € R(P), i.e., we can find z € F” such that y = Pz. This
implies

(x.y) = (x, Pz) = (x, P?z) = (P*x, Pz) = (Px, Pz) = (Px.y).
Let now P € F™*" be a matrix satisfying (4.18). We first consider y € ¥ and find
ly = PylI? = (y = Py.y — Py) = (y.y) = (Py,y) = (y. Py) + (Py, Py)
=((y.y)=(Py.y) —y.Py) = (Py.Py)) =0

dueto Py € R(P) C Y. This implies Py = y for all ¥ and therefore R(P) = ¥.
Let x € F". Due to the previous equation, we have y := Px € R(P) = Y and
P?x = Py = y = Px, and therefore P2 = P.
Letx,y € F". Dueto Px, Py € R(P) =Y, we find

(x,Py) =(Px,Py) =(Py, Px) =(y, Px) = (Px,y),

and this implies P = P* by (2.11). We have proven that P is an orthogonal projec-
tion.
Letnowx € F” and y € Y. We have z := Px — y € ¥, and (4.18) yields

lx = yI? = llx = Px + Px = y||* = {(x = Px) + z.(x = Px) + z)
=(x—-Px,x—Px)+(x—Px,z)+ (z,x — Px) + (z,z2)
=[x = Px|® + (x = Px,z) + (x — Px,z) + |1z||?
= [lx = Px|*> + |z,

and this implies (4.19a) due to ||z||> > 0. Applying the equation to the special choice
y := 0 yields (4.19b). O

If we have an orthogonal projection at our disposal, we can find explicit equations
for the angle between a vector and the range of the projection.

Proposition 4.19 (Angle characterized by projection). Let x € F" \ {0}, let ¥ C F"
be a non-trivial subspace, and let P € F"*" be an orthogonal projection onto this
subspace. Then we have (assuming Px # O for the third equation)

P - P - P
cos £ Yy = WX o ey = Py = = P
[[x]l [lx1 [P x]|
Proof. According to Definitions 4.1 and 4.15 and Lemma 4.5, we have
. o ‘ =l
sin Z(x, ¥) = min{sin Z(x,y) : y € ¥\ {0}} = min T y e Y\{0};.
X
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Since P is an orthogonal projection onto ¥, Proposition 4.18 can be applied, and
(4.19a) yields

- - P
sin Z(x,Y) = min{M Dy € y\{O}} = llx = P
x| [lx]
Using sin? Z(x, y) 4 cos? Z(x,y) = 1 and (4.19b), we obtain
_P 2 2 _Pp 2
COSZ A(X, y) =1— sinz A(X, y) =1— ”X zx” — “X” ”X . X”
x| [lx]
_ =l = dix 2 = 1Px)?) _ IPx|?
ER x>

and taking the square root gives us the desired equation for the cosine. Applying the
definition of the tangent completes the proof. O

Theorem 4.20 (Convergence). Let (4.2) and (4.3) hold with
A1l = = Ak > Akl = -0 = |An]. (4.20)

Let & := span{Q4; : j € {1,...,k}} denote the invariant subspace spanned by
the first k columns of Q, and let cos Z(x®, &) # 0. Let (x(m))f,fzo be given by
(4.1). Then we have

A
tan Z(x"*D &) < @tan Z(x™ &) forallm € Ny,

Ak
i.e., the angle between the iteration vectors and the subspace & converges to zero.

Proof. We define the matrix P € F"*" by

=5 Ik
P=(")

where [} € Fk*k denotes the k-dimensional identity matrix, and let
P :=QPO*. 4.21)
Due to
P?=QPQ*QPQ* = QPPQ* = QPQ* =P,
P* = (QPQ*)* = QP*Q* = QPQ* = P.
the matrix P is an orthogonal projection, and R(P) = é\k = span{é; : j €

{1,...,k}}implies R(P) = &;. We conclude that P is an orthogonal projection into
&, so we can use Proposition 4.19 to handle the angle.
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We can proceed as in the proof of Theorem 4.2: we let

$m) . = 0Q*x M forallm e Np.

Due to cos Z(x@, &) # 0, we have Px©@ = 0 and therefore Px© # 0 and
observe
[x0m — Px™| Q%™ — 9P 0* x|
[PxtO] 0P o* 0z
_ Iz — Prm)
PO

tan Z(x™, &) =

=tan Z(X"™, &) forallm € No (4.22)

due to (2.16). The tangent of the transformed vector and subspace can be computed
directly: Proposition 4.19 combined with the definition of the norm yields
S 7 — P3|? k1 9717 - Sa
tan® Z(5,Ex) = Iy ,\Ay” = 2 kk—HA ! forall y € F” with Py # 0,
P2 Zj:l i1

and this results in

Sk PRV

tan? Z(X™D 8,) = tan? Z(DX™ &) =
S IR

_ et P R (|Ak+1|) St 151
TP EP el S 7P
A ~
— (' |§+|1|) tan? Z(™, &) forallm € Ny.
k
Using (4.22) gives us the final result. m|
If A is a multiple eigenvalue, i.e., if A\; = A, = --- = A, holds, we have &, =

& (A, A1), so the power iteration will compute an eigenvector for A1.

4.7 Simultaneous iteration

The result of Theorem 4.20 is not immediately useful, since it yields only convergence
of the iteration vectors to the k-dimensional invariant subspace. In order to describe
the entire subspace, we need a basis, i.e., k linearly independent vectors. A simple
approach would be to pick k linearly independent starting vectors x%o), .. (O) e F”
and compute the corresponding iteration vectors

X = ij(-m)

: forallm € Ny, j €{l,...,k}
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in parallel. We avoid the additional index by introducing matrices (X (m))fn":() in
F7<k guch that xj(.m) is the j-th column of X je.. such that

xj(-m) = X(m)Sj forallm € Ng, j € {1,...,k},

similar to the approach used in the proof of Proposition 2.19. The resulting iteration
takes the form

X+ — Ax™  forall m € No. (4.23)

According to Theorem 4.20, the columns of the matrices X ) will converge to the
invariant subspace &y, but they may stop being linearly independent, e.g., if one of
the columns lies in the nullspace of A4.

Since we are interested in finding a basis, we have to avoid this problem: we impose
suitable starting conditions.

Proposition 4.21 (Linear independence). Let A, Q, D, Ay,..., A, be as in Theo-
rem 4.20, and let P € F™*" be the projection onto &, defined by (4.21).

If PX ©) g injective, i.e., if its columns are linearly independent, the same holds
for all PX™ with m € Ny. In particular, the columns of X are also linearly
independent, i.e., they span a k-dimensional subspace.

Proof. Let PX ©) pe injective. Following the approach of Theorem 4.2, we define
transformed matrices

X0 = 0*x™  forallm € Ny.

Since P = Q* PQ projects into the subspace FX x {0} of F”, it makes sense to
consider the restriction of our matrices to the first k rows and columns: we define

A1
Ak

~ ~ ~ y (m)
TR COTRR  dCO (YO ) for all m € No.

Due to (4.17), we have |A1| > -+ > |Ag| > |Ag4+1] = 0, s0 D is invertible. Since
PX O is injective, the matrix

(Y(()O)) _PY©O _ Q*PQQ*X(O) _ Q*PX(O)

is also injective, so Y @ has to be injective.
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Let m € Ny. Since P and D are diagonal matrices, we find
Px™ = QP0*x™ = oPX™ = oPp"X©®

~~ v (0) nmy (0)
a7} o(77)

We have already seen thaAt D is invertible, so the same holds for D™ . Since Y © is
injective, the matrix DY (0 also has to be injective, and thus the matrix PX m 0

Although the matrices (X (m))fn°:0 will remain injective if PX @ is, their columns
may become “numerically linearly dependent”, e.g., they could all converge to
&E(A, Ay) if Ay is dominant. In order to avoid numerical instability, we guarantee
linear independence by orthogonalization.

Definition 4.22 (QR factorization). Let A € F"*" and k := min{n,m}. If an iso-
metric matrix Q € F*¥ and an upper triangular matrix R € FX*™ satisfy

A= QOR,
we call the representation of A as the product QR a (skinny) OR factorization.
Proposition 4.23 (QR factorization). For every matrix A € F" ™ there is a QR
factorization A = QR.

Proof. (cf. [43, Section 4.1]) By induction on n € N. The case n = 1 is trivial,
since A is already upper triangular.

Let now n € N and assume that for every matrix A € F™™ with any m € N,
there is a QR factorization. Let m € Ny, and let A € FO+DXm ¢ = 0, we are
done.

Otherwise we can use Lemma 2.45 to find a unitary matrix Q; € F@+Dx(+1)
with QT = Q1 mapping the first column of A to a multiple of the first canonical unit
vector. If m = 1, this yields

014 = (r(l)l), A= 0 (é) ri1 = OR

with the matrices

Q=0 ((1)) R := (r11).

For m > 1, on the other hand, we have

r R
Q1A=(ll :}1*)
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with 111 € F, Ry € F1Xm=1 gpq A e Frxm=1), By the induction assumption,

we find an isometric matrix @ € F™k and an upper triangular matrix R € Fkx(m=1)
with k = min{n,m — 1} and A = Q R. We obtain

rin Rix  (rin Rix) (1 rin Rix
on=("5)=(" 5x)=(" ) (" %)
and conclude
1 r1 Rix
A: -~ -~ = R
o' o) (™ )0
with the matrices

1 A r R 0
0:= 0 ( @) e pltxkAD R ( 1 ’113*) e FltDxm

Observing k = min{n+1,m} = min{n,m—1}+1 = k+1 completes the proof. O

This implies that we can find isometric matrices (Q("’));'n‘;0 in F”*k and upper
triangular matrices (R(m)),?fzo in F¥*k such that

X = oM R forall m € Ny. (4.24)

In order to avoid numerical instabilities, we do not work directly with X (m): in a first
step, we compute Q@ and R© satisfying (4.24) directly. If Q™ and R have
been computed, we have

xm+1) — gxm) _ AQ(m)R(m).
We compute a skinny QR factorization of
y (m+1) . AQ(m),

i.e., we find an isometric Q+1 e F”*K and an upper triangular Rm+1) ¢ phxk

such that
y (m+1) _ Q(m-{—l)’lé(m-{—l).

This implies
xm+1) AQ(m)R(m) — ym+1) pim) _ Q(m+1)§(m+1)R(m)’

and by choosing
R(m-H) = ’RS(m-f—l)R(m)’

we can obtain the required factorization without computing X (m+1) explicitly. The
resulting algorithm is called the simultaneous iteration (sometimes also subspace it-
eration or orthogonal iteration) and summarized in Figure 4.5.
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procedure simultaneous_iteration(A4, var Q);
begin
while ,,not sufficiently accurate do begin
Y < AQ;
Compute skinny QR factorization ¥ = Q/Ié
end
end

Figure 4.5. Simultaneous iteration, still missing a stopping criterion.

For k = 1, the skinny QR decomposition coincides with dividing a one-column
matrix by the norm of this column, so the simultaneous iteration is a generalization of
the simple power iteration to the case of multiple vectors.

We can generalize the stopping criterion used for the power iteration: instead of
computing the Rayleigh quotient

A0 . (Ax(m),x(m)) for all m € Ny,

(recall that we have |[x")| = 1 in the practical power iteration), we compute the
k x k matrix

A = (™) 40"  forall m € Ny, (4.25)

and instead of considering the norm of the residual vector ™ = Ax(m) — } () 0m)
we use the norm of the residual matrix

R .= M A _ 400 forall m € N,.

Note that this is not the same matrix as the one used in (4.24), we only use the same
letter, for obvious reasons. The resulting practical simultaneous iteration is given in
Figure 4.6. The error analysis of Section 4.3 can be extended to this case:

Exercise 4.24 (Rank-2k matrix). Let C, D € F™k with D*C = 0, and let
X 1= CD* + DC*. Prove |X|% < 2|C|%ID[% and [[X]| < [C| [ID]|
(Hint: Consider the Cauchy—Schwarz inequality for the first estimate and the
proof of Lemma 4.8 for the second).

Exercise 4.25 (Eigenvalues). Let m € Ng and j € o (A™). Prove that there is
a A € 0(A) such that
=4 < |IR™].

(Hint: Consider the proof of Theorem 4.9).
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procedure simultaneous_iteration(A4, var Q);
begin
Y « AQ;
A <« Q*Y;
while ||Y — QA| > € do begin
Compute skinny QR factorization ¥ = Qﬁ;
Y < AQ;
A <~ Q*Y
end
end

Figure 4.6. Practical simultaneous iteration.

Due to Theorem 4.20, we know that the angles between the columns of the matrices
X ) and the invariant subspace &) spanned by the eigenvectors corresponding to the
first k eigenvalues will converge to zero. Proposition 4.21 ensures that the columns of
X (m) span the same subspace as those of Q(m), so the convergence result holds for
the latter as well.

In view of Proposition 2.43, we can characterize “convergence to an invariant sub-
space” also in terms of equation (2.20) and obtain the following result.

Theorem 4.26 (Convergence to invariant subspace). Let (4.2) and (4.3) hold with
A1l = = Ak > Akl = -0 = |An].

Let P € F™*" be the projection onto &y, defined by (4.21).
Let X© e F™k and assume that PX© is injective. We can find a matrix A €
F5*k such that

I(AX ™ — XAy || - (Ikk+1|)’" I(AX©@ —xO@p)y|
[PX )y T\ Ak [PX©y]|
forall y € F¥\ {0} and all m € Ny.

Proof. As in the previous proofs, we introduce transformed matrices
XM .= 0*x™  forallm € Ny
and observe

X0+ = g*xmtD) = o* Ax ™ = 0* 40X "™ = DX  forallm € Ny.

We define )?]({m) € Fk*k and )?Si") e FO—R)xk by

> m) X (m)
X — )?fm) for all m € Ny.
1
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Due to (4.21) we have

v (0) < (0)
px©® — 0*pox©® — (& Yy _ (I X\ _ (X}
e grron = (0= (* ) (5) - (F)

and since PX @ is injective, the matrix X I({o) has to be invertible.
We split the diagonal matrix D into

A Ak+1
Ak An
and obtain
AX _xMA = gpO*x™ — 9*X ™A = QDX — XM A)
— Q(Dm+1)?(0) _ Dm)?(O)A)
0 (Dm+1)?(0) _pmx©Op

koo k< for all m € Ny, A € Fkxk,
Dhexh poon) e

Since X ,(CO) is invertible, we can eliminate the first row by using
+(0)\— 70
A= E) DX
and use (2.16) and (3.11) to conclude

[(AX T — XA y| = ‘

0
(DT(Dl)?(f) - )?(f)A)y) H
<D™ XP =X P Ay
= et " IDLX P =X P Ay
forallm € Ny, y € F.
This yields the numerator of the required estimate. For the denominator, we use

IPX™y| = |QPO*X™y| = |QPX™y| = 0P D"X Oy

" )T o) (i)

= 1DPX Oy = 2™ IX Oyl forall y € F¥, m € No,

where we have used

1/2 1/2

k k
IDezll = [ D 1Pzl ] = [ Do 1lPlzil? | = 1Akl llzll forallz e FX

i=1 i=1
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in the last step. Using the definitions of P and X© we have
IXO I = 1PX Oyl = 1PXOy|| forallm e No, y € F¥,
and this yields the required estimate for the denominator. m|

During the simultaneous iteration, we do not compute X m) but the isometric ma-
trices Q. For these matrices, the convergence result takes a particularly simple
form.

Corollary 4.27 (Invariant subspace). Let the conditions of Theorem 4.26 hold, let
(QM)%o_ and (R™)%_ | be as in (4.24), and let (A")%_ be as in (4.25). Then
we have

A, m
|AQ™ — QM AM| < ¢, (%) forall m € Ny,
k

where the constant is given by

[(AX© — XxO7)y|
IPX Oy

Co::max{ :ye]Fk\{O}}.

Proof. Let m € Ny. By definition, we have
Axm _ xm)p — AQ(m)R(m) _ Q(m)R(m)A,
and Proposition 4.21 guarantees that R is invertible, so we obtain
AX _ xmM A = g0 Rm) _ o(m) pm) A (RUM))=1 p(m)
= (40" — gmMR(m)) p(m)
with the matrix
A .= RM AR~
Letz € F¥\ {0}, and let y := (R(™)~!z. Since (4.19b) and (2.16) imply || PQ "z||
< 10™z|| = ||z, we find
(40" — QUWAM)z| _ [[(4Q"™ — QA
1l - POz
_ (40 — 9UIA) Rt y|
PO R |
[(AQ ™ R(m) — o (m) Rim) A (R(m))—1 Rm)y |
B PO Ry
_(AX e — XAy
IPXmy|
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Applying Theorem 4.26 and the Definition 3.5 yields

~ A mn
40 — QM| < ¢y (1) (4.26)

Now we only have to replace A by A To this end let IT := Q(m)(Q(’"))*.
Since Q ™ is isometric, we have I12 = Q™ (QM)* g lm (Qm)yx — o (m) (o (m)y*
= IT and IT* = TI, so IT is an orthogonal projection onto the range eR(Q(”’))
of Q(m). Let z € F¥. Due to Q(’")K(m)z € JR(Q(’")), we can use the best-
approximation property (4.19a) to obtain

1(AQ™ — QUM Az || = 40"z — QU (Q)* 40"z ||
= |40z —TTAQ™z|| < |AQ™z — QWA
= [1(4Q ™ — QMR
< 4™ — QMR |z

and using the intermediate result (4.26) in combination with the Definition 3.5 of the
spectral norm completes the proof. m]

4.8 Convergence for general matrices *

The convergence analysis presented so far relies on the diagonalizability of the ma-
trix A. In this section, we consider the convergence of the power iteration for non-
diagonalizable matrices. In practice, a non-diagonalizable matrix can be represented
as a limit of diagonalizable matrices, since we can always add a small perturbation
that ensures that all eigenvalues are single. Since this approach would require a sub-
stantial generalization of the perturbation theory presented so far, we prefer to handle
the non-diagonalizable case directly using the results of Section 2.7 to introduce a
block-diagonal representation of A.

Let A € C™", According to Theorem 2.58, we can find an invertible matrix
B € C™" and upper triangular matrices Ry € C"1>*"1 Ry, € C"&*"k guch that

Ry
A=B - B! (4.27)
Ry,

and 0(Ry) = {Ay} forall £ € {1,...,k}. This decomposition can take the place
of the diagonalization (4.2) we relied on in the analysis of the power iteration in the
diagonalizable case: the matrix is block-diagonalizable.

We have to investigate the matrices Ry more closely. Let £ € {I,...,k}. Since
Ry is upper triangular, Proposition 2.13 implies that the diagonal elements of R, are
its eigenvalues. Due to 0 (Ry) = {A,}, all diagonal elements have to equal Ay. This
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suggests a decomposition of Ry into the diagonal part and the remainder, and the
remainder will be a special kind of triangular matrix.

Definition 4.28 («-triangular matrix). Let N € F"*" and o € No. We call N «-
upper triangular, if

njj =0 holds foralli, j € {1,...,n} with j <i + «. (4.28)
A l-upper triangular matrix is also called strictly upper triangular.

We split the matrix Ry into the diagonal part A,/ and a strictly upper triangular
matrix Ny € C"eX"e;
Ry = Al + Ny.

The vectors computed during the power iteration result from applying powers of
the matrix to the starting vector, therefore we have to investigate the powers of Ry.
Since I and N, commute, these powers are given by

m
R} = (Ml 4+ Np™ = Z (7)12’1_" N/ forallm € Ny.
j=0

We can simplify this equations significantly by taking advantage of the properties of
triangular matrices:

Lemma 4.29 (Products of triangular matrices). Let N, M € F"*" be «- and -upper
triangular, respectively. Then the product NM is (a + B)-upper triangular.

Proof. We use contraposition: let 7, j € {1,...,n} be given such that (NM);; # 0.
Due to

n
0# (NM)ij = ) nigmij.
k=1
there has to be at least one index k € {1,...,n} with n;; # 0 and my; # 0. Since
N is a-upper triangular and M is B-upper triangular, this implies k > i 4+ « and
j = k + B due to (4.28). Combining both estimates givesus j > k+8 >i+a+f.
We conclude that (NM);; # O0implies j > i + o + B, and contraposition yields that
J <i+o+ pimplies (NM);; = 0,so NM has to be (o + f)-upper triangular. O

Since Ny is strictly upper triangular, Lemma 4.29 and a simple induction yield
that N, ; ¢ is ng-upper triangular, and since the matrix is of size ny X ny, this implies
N Z ¢ = 0. Therefore the m-th power of Ry takes the form

ng—1

erzn — Z (’7),\’;_"'Nej forallm € N>j,—1.
j=0



Section 4.8 Convergence for general matrices 93

In order to obtain a generalized version of Theorem 4.2, we have to find lower and
upper bounds for matrices of this type.

Lemma 4.30 (Bounds for iteration vectors). Let A € F, let N € F™" be a strictly
upper triangular matrix, and let R = Al + N.

Let x € F". There are a constant ¢ € R~ and a polynomial p of degree not higher
than n — 1 such that

Al < IR x| < pm)| A"~ Vllx|| forall m € Nxp—i.

Proof. Since the result is trivial for x = 0, we consider only the case x # 0. Let
m € Nsu, P := R"and y := Px = R™x. Due to Lemma 4.29, the product
of upper triangular matrices is upper triangular, and a simple induction yields that
P := R™ is also upper triangular.

We first prove the lower bound. Since x # 0, we can find an index k such that
X # 0. The largest such index is given by

£ :=max{k € {l,...,n} : x; # 0}.

Since P is upper triangular and x; = 0 for all kK > £, we have

n

n
ye=(Px)g =Y piXj =Y pijXj = pueXe.
Jj=1 j=t

Since I and N commute, the binomial theorem yields

m
P=R"=GI+N" =Y (",1)%"—1' NI (4.29)
j=o \/
N is strictly upper triangular, and the same holds for N/ with j > 0 by Lemma 4.29.
Therefore the only term in (4.29) contributing to the diagonal of P is the term for
j = 0,1ie., AI. We conclude that all diagonal elements of P equal A", and in
particular
ye = puexe = A"xg.

Since x; # 0, the constant

el

Y|
is well-defined, and we obtain

IR™ x|l = Iyl = [yel = [A"|xel = c|A™[|x]|.
Now we consider the upper bound. Applying the triangle inequality to (4.29) yields

m m
m i m o .
Iyl = 1P|l = Z(/.)Am N x sz(j)mm TN x|,

J=0 J=0
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Since N is strictly upper triangular, Lemma 4.29 yields that N is n-upper triangular,
i.e., N® = 0, and therefore

n—1

m . .

KEDS (J.)I)tl’" TN x].
j=0

Using the compatibility (3.11) of the norms, we conclude

n—1 n—1
m _ : (n— m 1 ;
Iyl sz(j)mm TN Ix]) = A= “Z(}.)W TN )

Jj=0 j=0
(4.30)
Now we only have to prove that the sum can be expressed by a polynomial in m. Due
to

| m_ . k ] s
(”_’)z mj'.‘znk—’;’ Jj+1 =1‘[k+’: L forall je{0,....n—1),
J) m=plj! Mok o

the polynomials
F T . ﬁ k+z—j
j : ﬁ b Z 9’
p] Pl k

satisty p; (m) = ('7) forallm € N>, and j €{0,...,n —1}.
Since each p; is the product of ; linear factors, its order is bounded by j, and

n—1
p:F—F, z> > p@RAP N,
j=0

is a polynomial of degree not larger than n — 1 satisfying
n—1 m ' )
pm) =Y ( .)m"‘l‘f IN ]
j=o0 \’

for all m. Combining this equation with (4.30) yields

’

n—1
—(n— m 11— ; —(n—
lyll < [A|m=( 1’2:(j)|A|" SN ] = [A™O7D pom)||x
Jj=0

and this is the required upper bound. m|
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Note that the constant ¢ of Lemma 4.30 depends on the vector x, particularly on
the ratio between its last non-zero entry and its Euclidean norm.

We can apply this Lemma to the decomposition (4.27) if we assume that one eigen-
value is dominant.

Theorem 4.31 (Convergence). Let A € C"*" andlet B, Ry, ..., Ri,ny,...,ny and
M., Ag beasin (4.27). Let

[A1] > [Az] = - = [Ag], (4.31)

and let

~

g1:=C" x{0}CC", & :=B%,.

91 is the invariant subspace of generalized eigenvectors (cf. Definition 2.59) for the
dominant eigenvalue Ay. Let x(® e C" \ {0} satisfy cos Z(B~'x© §1) # 0. Let
(x (m))gfzo be the iteration vectors of the usual power iteration given by (4.1). Then
there is a polynomial p of degree not higher than n :== max{n, —1,...,n; — 1} such
that

|A2]

sin L(x(m), G)) < (—

m—n
p(m)  forallm € Nsj,
A1l -

i.e., the angle between the iteration vectors and the subspace &, converges to zero.

Proof. We follow the approach already used in the proof of Theorem 4.20: we define
M = B=1x™  forallm € Ny

and observe

Rq

2m+1) _

7™ forall m € Ny. (4.32)

Ry

We deﬁne?c\gm) € C™ forallm € Ngand £ € {1,...,k} by
xim
$0m — : for all m € Ny,

~(m)

Xk
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and (4.32) yields
D = R forallm € No, £ € {1,... k).
Straightforward inductions gives us

3 = RPRY forallm € No, £ € {1,....k}. 4.33)

so we can apply Lemma 4.30 to each of the subvectors.

We are interested in an upper bound of the angle between the transformed iteration
vectors ™ and the subspace g 1 corresponding to the first eigenvalue A;. In order
to be able to apply Proposition 4.19, we introduce the orthogonal projection

In,

0
c (Can

~)
[0

into the relevant subspace C"*! x {0} < C".
We first apply Lemma 4.30 to the block R;. The Lemma yields a constant c¢; €
R+, independent of m, such that

MR < IR forall m € Ny, .

Due to the definition (2.8) of the Euclidean norm and (4.33), this implies

S~ ~ ~(0 ~(0
PR )2 = 7712 = | RTEV I = a2 E)2
=P PO forallm € Nyj. (4.34)
By assumption and Proposition 4.19, we have | PX@|| = cos Z(Z®, %) # 0, so

both sides of (4.34) are strictly positive. Now we apply Lemma 4.30 to the remaining
blocks R», ..., Ri. We find polynomials p,, ..., pg, independent of m, such that

IRIZO | < pe(m) A"~ @D forallm € Nop,—1, €€ {2,... k).

Using again (2.8) and (4.33), we obtain

A~ ~ ~(0
I(1 = Py = Zu M2 = ZHR"’ <12

k
< Z Pem)? A PP )P
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k
—n ~(0
< 3" pem) 2 202
(=2

k
< max{pe(m)® : L€ {2.... kAP Y RO
=2
forallm € N5 5.

By taking the maximum of the absolute values of the coefficients of the polynomials
P2, ..., Pk, We can construct a polynomial ppax of degree not larger than 71 such that

[pe(m)| < pmax(m) forallm € N5y, £ € {2,... .k},
and conclude
k
~ —n ~(0
(7 = PYT)2 < prasc(m)? (222 37 70712
(=2

= Prax ()2 A2 P (1 = PYRO |2 forall m € Ny
4.35)

Now we have to translate the estimates back to the original iteration vectors xm We

let P := BP B! and observe that it is a projection onto ¥, although unfortunately

not orthogonal in general. We denote the orthogonal projection onto §; by P € C"*",
The best-approximation property (4.19a) and (3.11) yield

11 — P)x™| < |(I = P)x"™| = ||B(I — P)B~'x™||
= |BU — P)™| < ||B|| |(I — P)X™| forallm € No,

so we can apply (4.35) to obtain
17 = P)x ) < | Bl punacc(m) 22" (1 = PYTO| - forallm € Nz (4.36)
Using (3.11) and (4.19b) yields
1B~ = BT ) = R = PRV forall m € No.
so we can apply (4.34) to obtain

PR e PRO]

x| = S = -
IB=1 IB=l

for all m € Ny. (4.37)
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Combining (4.36) and (4.37) with Proposition 4.19, we find

. I — P)xm™

sin Z(x™, ) = I = Pyx™| ||x(m))|| I
_ 1Bl ||B_1|| (m )(|Az|)m T - PO
Tl T A1] | PO

IBIIIB~"| (I/\zl)m_" ~(0) &
= ————— Pmax(m) | — tan Z(xY, &
YT Pmax(m) ] ( 1)

forall m € Nzﬁ,

so setting
B| |B~! P
pmyzlllﬁlmmmnmAMQggfmmmeN
cilA]”
gives us the required estimate. m|

Exercise 4.32 (Transformed vectors). Given the assumptions of Theorem 4.31,
prove that there is a polynomial p of degree not above n such that

|A2]

tan Z(X™,§,) < ()(MI

m-—n
) tan L(?(O),ﬁl) forall m € Nx,.

Remark 4.33 (Linear convergence). Theorem 4.31 yields “almost” the same conver-
gence behaviour as Theorem 4.2, at least in the long run: let o := |Az|/|A1] < 1
denote the rate of convergence for the diagonalizable case, and let ¢ € (g, 1). Then
we have ¢ := 0/0 < 1 and find

sin Z(x™_€1) < 0" " p(m) = §" "¢ " p(m) forallm € Nx,.

To simplify the expression, we introduce m := m — n and p(m) := p(m + n) and
obtain

sin Z(x""+™ gy < ¢™¢™ p(m)  for all i € Ny.

Due to ¢ < 1, we can find y € Rs¢ such that exp(y) = 1/q, and therefore
exp(—y) = ¢q and ¢™ = exp(—ynt). Since /M is non-negative, we have

ntl n+1

exp(ym) > Z (yri > (ny—i— 1)‘7?1”'“ for all m € Ny

and conclude

DO (14 DIHOR)

(m—+n)
sin Z(x H) =0 exp(y )~ e 7/n-i-l,,;‘,ln+1

for all m € Ny.
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Since the degree of p is bounded by n, we can find a constant

. (n+Dipim)
Cq .=maX{W . mENO

and obtain
sin Z(x™, g)) = sin Z(x*M g)) < C,6™ = C,6""  forallm € N,

i.e., the rate of convergence will get arbitrarily close to o.



Chapter 5
QR iteration

Summary

The most successful algorithm for finding all eigenvalues and eigenvectors of a given
basis is the QR iteration. The basic formulation of the method can be derived from the
simultaneous iteration (cf. Section 4.7). In order to obtain an efficient algorithm, sev-
eral improvements are required: the matrix has to be reduced to Hessenberg form, an
appropriate shift strategy has to be used, and partially converged intermediate results
have to be handled. The resulting practical QR algorithm can be expected to show
quadratic or even cubic convergence and compute all eigenvalues and eigenvectors of
an n x n matrix in @ (n3) operations.

Learning targets

v Introduce the basic QR iteration.
v Derive an algorithm for reducing a matrix to Hessenberg or tridiagonal form.

v/ Rewrite the iteration as an implicit algorithm requiring only a small amount of
auxiliary storage.

v Get to know shift strategies for improving the speed of convergence.

5.1 Basic QR step

Historically, the QR iteration can be traced back to the quotient-difference algorithm
[36] that characterizes eigenvalues as singularities of a meromorphic function that can
be approximated by a series of fractions. It turned out [37] that the algorithm can be
interpreted as a sequence of simple LR factorizations, and this interpretation led to an
efficient method [38] for computing eigenvalues.

Since LR factorizations may be numerically unstable or even fail to exist for certain
matrices, they were later replaced by the far more stable QR factorizations [14, 15,
26], resulting in the QR iteration. In this introduction, we follow an elegant derivation
[48] of the method based on the simultaneous iteration (cf. Section 4.7).

Let A € F™", We consider the simultaneous iteration applied to a unirary first
matrix Q(O) € F™*" i.e., to a matrix with # columns. By construction, the iteration
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matrices satisfy

QDR — 40 forall m € Ny. (5.1)
Letk € {1,...,n — 1}, and split the matrices into submatrices
0™ =(of" of"). o ermt, (52)

ROM — ( kk ’gnf)) R e TRk for all m € No.
RLL

Using these submatrices, (5.1) can be rewritten as

(Ql(€m+1) ngn+1)) (

and due to the triangular structure of the second factor ROn+1), taking the first block
column of this equation yields

(m+1) (m+1)
Rkk RkJ_

—alom om
R(’”“)) =40 0™) forallm e Ny,
11

QUFVRUMFD — 40" forall m € No.

Obviously this equation shares the structure of (5.1): the matrices (Ql(cm))?r?:o are the

result of a simultaneous iteration starting with the isometric matrix Q](CO).

We assume for the moment that A is self-adjoint (for F = R) or normal (for
F = C), respectively, and that its eigenvalues satisfy the condition (4.20). Let
P € F™*" denote the orthogonal projection into the invariant subspace spanned by
the eigenvectors corresponding to the first k eigenvalues. We also assume PQ](CO) to
be injective.

Corollary 4.27 states

A m
140 — 0 AL < Co (%) for all m € No (5.3)
k
for the matrices (A](C'Z) —p given by

AT = (0)* 40 forallm € No.
Since the matrices (Q ™)%_ are unitary, the matrices (4™)%_ defined by
A = (Q)*40™  forallm € Ny

are unitarily similar to A4.
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In order to investigate these matrices, we fix m € Ny. Using the splitting (5.2), we
obtain

(m) *
A = (Qm)*aQ™ = ((Q'Em)*) (o™ o)
Q1)

We are interested in the lower left block. Due to the estimate (5.3), we know that
||AQ(m) Q(m)/\(m) || converges to zero, and since Q™) is unitary, we have

((Q,i’”)*Q,E’") (Qi"”)*Qi’”)) ((Q""’))(Q(m> o)
Mo (oMo (0'm)*
™o == ("))

(5.4)

and therefore (Q(m)) Q(m) = 0 in particular. For the lower left block of A this
means

1@ 40 I = 1T 0 ALY + (21" (40 — 0 AT
= II(Q(’”)) 40" = 0" A

(m)
= II(Q(’”)) (AQ""’ Q(’")A("“)n

m
k

where we have used the definition of the norm (2.8) in the third step and Proposi-
tion 2.39 and (2.16) in the fifth step.

This estimate means that the lower left block of A in (5.4) converges to zero,
therefore A converges to block upper triangular form. We can use this property to
develop an algorithm that takes the matrices arbitrarily close to triangular form, i.e.,
we can approximate the Schur decomposition introduced in Theorem 2.46.

We can judge the convergence of the iteration by checking the entries of the matri-
ces A therefore we are interested in finding an efficient way for computing them.
Fortunately, we can rewrite the simultaneous iteration in a way that allows us to com-
pute A*1 directly from A®): let m € Ny. By definition, we have

Q(m+1)R(m+l) _ AQ(’"), (5.6)
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procedure qr_iteration(var A4, Q);
begin
while ,,not sufficiently triangular do begin
Compute QR factorization A = @R;
A< RO;
Q<00
end
end

Figure 5.1. Simple QR iteration.

and multiplying both sides of the equation by (Q™)* yields
(Q(m))* Q(m+1)R(m+1) — (Q(m))*AQ(m) = Am)
We introduce the unitary matrix

and obtain
@(m+1)R(m+1) — Am) (5.8)

We can reverse this construction: we compute a QR factorization @("’“)R(m“) =
A et QUmtD) = gm) gn+1) and observe that the defining equation (5.6)
holds. We are interested in finding

Am+1) _ (Q(m+1))*AQ(m+1).
Due to (5.7), we have
and find
Am+1) _ (Q(m+1))*AQ(m+1) — (Q(m-l—l))*(Q(m))*AQ(m)@(m-i—l)
— (@(m-l—l))*A(m)/Q\(m-H)‘
Using (5.8), we conclude
Am+1) (@(m—i-l))*A(m)@(m—H) — (Q(m—l—l))* @(m—l—l)R(m-H)@(m—H)
— R(m-i—l)@(m—i—l)
i.e., the matrix A“*1) can be obtained by multiplying the factors of the QR decom-
position of A in reversed order. The resulting simple QR iteration is summarized

in Figure 5.1. If we are not interested in the eigenvectors, we can neglect to update
the matrix Q in each step.
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5.2 Hessenberg form

The simple QR iteration given in Figure 5.1 can require a large number of operations
per step: finding the QR factorization Q™TD R+ — A0m) of an n x n matrix
A takes approximately 4n3 /3 arithmetic operations, and multiplying R?*1) and
@(”H‘l) to compute AT can be expected to require a similar amount of opera-
tions.

We can improve the efficiency of the algorithm dramatically if the matrices Al
are of a special form that allows us to compute the factorization more efficiently. In
this context the Hessenberg form [20] is very useful, a close relative of the upper
triangular form:

Definition 5.1 (Hessenberg matrix). Let n € N and H € F"*". The matrix H is
called Hessenberg matrix or in Hessenberg form if

hi; =0 foralli,j e {l,....n}withj +1<i.

If H* is also in Hessenberg form, H is called fridiagonal.

For a triangular matrix, all entries below the diagonal have to be equal to zero. For a
Hessenberg matrix, the entries immediately below the diagonal (the first subdiagonal)
are allowed to be non-zero. For a tridiagonal matrix, only the entries on the diagonal
and immediately below and immediately above the diagonal are allowed to be non-
Zero.

The resulting patterns of non-zero entries (denoted by “x”) for Hessenberg (left)
and tridiagonal matrices (right) look as follows:

X X X X X X X
X X X X X X X X
X X X X X X X
X X X X X X
X X X X

The QR factorization of a Hessenberg matrix H can be computed efficiently using
Givens rotations [18, Section 5.1.8]: for x, y € F with (x, y) # 0, we have

(£ 6T -

0 T — § =,
$oe)\ Ix|? + |y[? [x|? + |y[?

so we can apply the unitary transformation

o= (5 7)
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procedure givens_setup(var x, y, ¢, §);
begin
if y = O then begin
c< 1, s<«<0
end else begin
0 <~ Vx> +1Iyl%
c<x/o; s<—y/o;
x<«p0, y<0
end
end;
procedure givens_apply(c, s, var x, y);
begin
< x; x<ct—5y; y<st+cy;
end;
procedure givens_conjapply(c, s, var x, y);
begin
f<x; x<cl—sy; y<5L+cy;
end

Figure 5.2. Preparation and application of Givens rotations.

to eliminate entries in a two-dimensional vector. Algorithms for finding ¢ and s and
applying G and G* to vectors are given in Figure 5.2. In order to handle
n-dimensional vectors, we use the same approach as in (3.7): we choose p,q €
{1,...,n} with p # g and embed G in a matrix G4 € F"*" such that

Cxp—sxqg ifi = p,
(GpgXx)i = {sxp +cxq ifi =g, forallx eF" ie{l,... ,n}.
X otherwise
By multiplying with this matrix, we can eliminate the g-th entry of a given vector

changing only the p-th and the g-th component.
We consider a matrix of the form

X X

X X X

X X X X
X X X X X
X X X X X
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as an example. We apply a Givens rotation G to the first two rows in order to
eliminate the first sub-diagonal element /11 :

® ®
0 ®
HY :=6¢WH = x

XX QQ
X X X QR
X X X QR

where “®” denotes matrix entries changed by the transformation. Next, we eliminate
the second sub-diagonal element /235 by applying a Givens rotation G @ to the second
and third row:

X X X X X

® ® ®

H® :=c@HWO = 0 ® ® ®
X X X

X X

Givens rotations G®) and G®* applied to the third and fourth and fourth and fifth
rows, respectively, lead to the required upper triangular form:

X X X X X
X X X X
H® =GP p® = ® ® ®|,
0 ® ®
X X
X X X X X
X X X X
R:=GWH® = X X X
® ®
0 ®

In general, we require n — 1 Givens rotations, and each rotation works on only two
rows of the matrix, so the QR factorization H = @R of a Hessenberg matrix can
be constructed in @ (n?) operations. In the case of a tridiagonal matrix, we can avoid
computing zeros in the upper right triangle and require only @ (n) operations.

For the next step of the QR iteration, we have to compute H:=R @, i.e., we have
to apply the adjoint Givens rotations to the columns of R. In our example, we have
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0 = (GOY*(GD)Y*(GP)*(G™®)* and compute

® ® X X X
® ® X X X
HW .= RGW)* = x x x|,
X X
X
X & ® X X
X ® ® X X
o® j_\](l)(G(Z))* ® ® x x|,
X X
X
X X & & X
X X & & X
H® .= fl(z)(G(3))* = X ® ® x|,
® ® X
X
X X X & ®
X X X & &
H:= H®GW)* = X X ® ®
X @ ®
®

Since each step changes only two columns of the matrix, we require only ©(n?)
operations to perform one step of the QR iteration. This is a significant improvement
compared to the cubic complexity required by a general QR factorization.

We can see that one step of the QR iteration preserves the Hessenberg form: if A©
is a Hessenberg matrix, the same holds for all matrices A This property allows us
to perform the entire iteration more efficiently. The resulting efficient algorithm for
performing one step of the QR iteration is summarized in Figure 5.3.

Proposition 5.2 (Complexity). The algorithm given in Figure 5.3 requires not more
than
12n2 operations

to perform one step of the QR iteration.

Proof. Foragivenk € {1,...,n— 1}, computing o, ¢y and s requires not more than
8 operations. The application of the corresponding Givens rotation to all columns
takes not more than 6(n — k) operations, the application to all rows 6k + 2 operations,
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procedure qr_hessenberg(var A, Q);
begin
fork =1ton—1do { Find factorization A = @R }
givens_setup(dk, Ag+1,k> Ck»> Sk)s

for j € {k +1,...,n} do givens_apply(ck, Sk, akj, Ak +1,;)
end;
for k = 1 ton — 1 do begin { Compute R@ and Q@ }
fori € {1,...,k} do givens_conjapply(ck, Sk, @ik» @i k+1);

Ak+1k < —SkQk+1k+15  Gk+1k+1 < Cklk+1,k+15
fori € {1,...,n} do givens_conjapply(ck, Sk, Gik> i k+1)
end
end

Figure 5.3. One step of the Hessenberg QR iteration.

and the application to all rows of Q 6n operations. The total number of operations is
bounded by

n—1
> B+ 6(n—k)+ (6k +2) + 6n)
k=1
n—1
= > (10 + 12n)
k=1
=10(n — 1) + 12n(n — 1) < 12n>. o

The Hessenberg form has the additional advantage that it is easy to monitor conver-
gence to upper triangular form: we only have to check the n — 1 sub-diagonal entries
for convergence to zero.

If A is self-adjoint, the same holds for all matrices A" since they are unitarily
similar. If 4 is also a Hessenberg matrix, the same holds for all A o all of these
matrices are self-adjoint Hessenberg matrices and therefore tridiagonal. This means
that for self-adjoint matrices, we can take advantage of the tridiagonal structure to
reduce the number of operations.

Example 5.3 (QR iteration). We consider the QR iteration applied to the matrix

4

1 3
A= 1 2
1 1



Section 5.2 Hessenberg form 109

Since it is lower triangular, we easily find 0 (A4) = {1,2, 3,4}. Given the results of
Corollary 4.27, we expect convergence rates of 3/4,2/3 and 1/2 for the first, second
and third subdiagonal entries, respectively. The program gives the following results:

|agf) | Ratio |ag'£’)| Ratio |a‘({§)| Ratio
7.46 x 1071 6.95 x 1071 413 x 107!

548 x 1071 0.73|4.62x 1071 066 | 1.75x 1071 042
398 x 1071 0.7312.95x 107! 0.64 | 824 x 1072 0.47
286x 1071 072 1.87x 107! 0.63|4.09x 1072 0.50
2.06x 1071 0721 1.20x 1071 0.64 | 2.07x 1072 0.51
1.49x 1071 072 | 781 x 1072  0.65|1.05%x 1072 0.51
1.08x 1071 0.72 | 5.13x 1072  0.66 | 533 x 1073 0.51
7.88x 1072 0.73 1 3.39x 1072 0.66 | 2.70 x 103 0.51

0NN AW =S

The subdiagonal entries appear to converge at the rate predicted by our theory.

Exercise 5.4 (Self-adjoint QR iteration). Derive a version of the Hessenberg QR
iteration given in Figure 5.3 for self-adjoint matrices that requires only O (n)
operations for each iteration.

Apparently the Hessenberg form is useful, therefore we are looking for an algorithm
that transforms an arbitrary matrix into this form. We consider a matrix of the form

N

Il
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X

We first look for a unitary similarity transformation that eliminates the entries a3,
aq1 and asq. This can be done by Givens rotations, but we choose to use Householder
reflections for the sake of efficiency: according to Lemma 2.45, we can find a unitary
self-adjoint matrix P; such that

azi 01

asy | 0
P =1

a1

asy 0

holds for a 07 € IF, and applying this transformation to the second to fifth row of

A yields
1
()

oo o X
VR X
VORI X
VORI X
VYR X
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Since we are looking for a similarity transformation, we have to apply the inverse of
Py to the second to fifth column. Due to Py = P = P 1. computing the inverse is
not really a challenge, and we obtain

X ® ® ® ®

R . . X ® ® ® ®

A(l)z( )A( ): ® ® ® ®
Py Py

® ® ® ®

® ® ® ®

Now we find a Householder reflection P, that eliminates &212) and &glz), 1.e., such that

~(1
agz) 02
pfal) =10
~(1) 0

52

holds for a 0, € . Applying it to the third to fifth rows and columns yields

X X X X X
I X X X X X
(2 P)A“): R ® ® I,
2 0 ® ® ®
0 ® ® ®
X X ® ® ®
=) I ) (12 X8 8@
A% = A = X ® ® ®
P P
 ® ®
R ® ®
@)

In the last step, we find a Householder reflection P3 that eliminates a5 , i.e., such

that @
P3 ((1?23)) = (003)
ds3
holds for a 03 € F. Applying this reflection to the fourth and fifth rows and columns

gives us the required Hessenberg form:

X
X

X X X

I3 12 —
(" #)3-

S ® X X X
®Q X X X
®Q X X X
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-3 ._ (I3 @ (I3 _
4 '_( PS)A ( Pa)_

We can “hide” this procedure in the choice of the initial basis for the QR iteration: we
choose the initial matrix as

0% = (1 P1) (12 Pz) (13 P3)

A0 — (Q(O))*AQ(O) — 40

X X

X X X
X X X X
DIQROJR Y
BRIV

and obtain

The resulting algorithm is given in Figure 5.4.

Exercise 5.5 (Triangular form). Explain why this procedure cannot be used to
reach triangular form, i.e., to compute the Schur decomposition directly.

Exercise 5.6 (Self-adjoint matrix). Let A € F™*" be self-adjoint. In this case, it
is customary to store only its lower or upper triangular part. Modify the algorithm
for transforming a matrix to Hessenberg form (cf. Figure 5.4) in such a way that
it works only with the lower triangular part of A.

Proposition 5.7 (Complexity). The algorithm given in Figure 5.4 requires not more

than
16 5 )
?n operations
to transform A into a Hessenberg matrix.
Proof. For a given k € {l,...,n — 2}, computing «, 8 and the Householder vector

requires
(n —k) + 6 operations.

Applying the Householder reflection to the rows of A requires
4(n —k)®> + (n —k) operations,
while applying it to the columns of A and the columns of Q takes

8n(n — k) +2(n —k) operations.
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procedure hessenberg(var A, Q);

begin
for k = 1 ton — 2 do begin
o < 0;
fori c{k+1,....n}doa < a + |a;;|*;

if « # 0 do begin

a <« Ja; B 1/(a(@+|ags1kl); ki < Gkrik +580(ak 41,09
for j e {k+1,...,n} do begin { Apply to rows of 4 }

y < 0;
fori e{k+1,....n}doy < y + a;raij;
y < vB:
fori e {k+1,...,n}doa;; < a;j —ya;x

end;

fori € {1,...,n} do begin { Apply to columns of A4 }
y < 0;
for j e{k +1,....n}doy <y +ajjaj;
y < vB:
for j e{k +1,....,n}doa;j < aj; —aj;y

end;

fori € {1,...,n} do begin { Apply to columns of Q }
y < 0;
for j ek +1,....n}doy <y +gqijaj;
y < vB;
fOI’j S {k+ 1,...,n}d0q,-j <~ qij —&jk)/

end

end
end
end

Figure 5.4. Transformation to Hessenberg form.

The total number of operations is given by

n—2
> Bn(n —k) + 4(n —k)> + 4(n — k) + 6)
k=1

n—2 n—2
=@n+4)) n—k)+4> (n—k)>+6(n—2)

k=1 k=1

<@8n-+4) (@ — 1) + gn(n - 1D)@2n—1)+6(n—-2)
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IA

2 (15, ) e
(4n+2+§(2n—1))n(n—1)—(3n+3)(n n)

En3—|—£—1nz—Enz—é—ln§Enz’. O
3 3 3 3 3

Exercise 5.8 (Improved computation of Q). Assume that we start the transfor-
mation to Hessenberg form in the algorithm of Figure 5.4 with O = I. Prove that
in this case the number of operations can be reduced by 213 /3 without changing
the result. (Hint: It may be necessary to apply the Householder reflections in
reversed order)

5.3 Shifting

The rate of convergence observed in Example 5.3 is too slow for a practical method:
since the computational effort for each step of the iteration is proportional to 72, we
would like the number of steps to be as small as possible. We have already seen in
Example 4.14 that shifting the spectrum can significantly improve the convergence,
so we are interested in introducing a shift strategy for the QR iteration.

Since the QR method works with a full basis of F”, we can use shift strategies
without the need for computing an inverse: if we have found a shift parameter u €
F sufficiently close to an eigenvalue A, € o0(A) and sufficiently far from all other
eigenvalues, i.e., if we have

A=l = A2 —pl == [Auor — pl > |An — pl,

applying (5.5) to k = n—1 and the matrix A—u/ yields that the off-diagonal elements
in the n-th row will converge to zero at a rate of [A, — u|/|An—1 — 1|

We can easily introduce the shift to the QR iteration: let m € Ny. One step of the
simultaneous iteration for A — u/ is given by

Q/F/,m+1)R,f,Lm+1) — (A _ /“LI)Ql(LM)’

and using again
(m+1) _ H(m) H(m+1)
o = 0,70y

we obtain
(m) A(m+1) p(m+1) _ (m)
Qu,m Q;,Lm R;,(,m - (A _M'I)Qu,m .

Multiplication by (Q{™)* yields
O VR = (O (A= QW = Q)" AQ[™ — .
We denote the iteration matrices by

(m) . ((m) (m)
A = Q) AQ forallm € Ny
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and write the first half of the shifted QR step in the form

QUmHD RmAD) — g _ i1, (5.10)
In order to compute the next iteration matrix A&mﬂ), we consider

A;(Lm—H) — (Q&m-i—l))*AQl(Lm—{—l) — (@Lm+l))*(Ql(Lm))*AQl(Lm)@&m—i—l)
— (@Lm+1))*ALm)@l(Lm+l) — (@/(Lm-‘rl))*(A[(Lm) _ /’LI)QELm-H) Tl
— (@&mﬁ—l))*ahm-f-l)R&m-H)@/(Am-{—l) +ul
_ R[(Lm+1)@l(Lm+l) +oul. 5.1

Combining (5.10) and (5.11) yields the definition of the shifted QR iteration:
Om+1) pm+1) _ 4(m)
Q' TRV = AV —

(m+1) _ p(m+1) 5(m+1)
AT =RMTVOT +ul - forallm e No.

As we can see, the only difference between the shifted QR iteration and the original
one consists of subtracting p from the diagonal elements prior to computing the QR
factorization and adding p after the multiplication. Compared to the overall complex-
ity of the QR iteration, the additional operations required for the shift are negligible.

As in the case of the Rayleigh iteration, we can choose a different shift parameter
for each step of the iteration, and doing so promises quadratic or even cubic con-
vergence of the resulting shifted QR iteration. In the following, we will write Al
instead of A,&m) in order to keep the notation simple if the choice of shift parameter is
clear from the context in order to keep the notation simple.

It is customary to try to choose the shift parameter to speed up convergence of
the last row of the iteration matrices. According to (5.5), this means that we should
ensure that the quotient |A, — |/|An—1 — | is as small as possible. If the subdiagonal
elements of the row are sufficiently close to zero, the diagonal element a,(ﬂ) is close
to the eigenvalue A, so it is a natural choice for the shift parameter.

Definition 5.9 (Rayleigh shift). The Rayleigh shift strategy is given by choosing the
shift parameter in the (m + 1)-th step of the QR iteration as y = a,(,",: .

The name “Rayleigh shift” is motivated by the close connection to the Rayleigh
quotient introduced in Definition 4.4: if we denote the last column of Q(’”) by q(’”),
we have

al™ = (QM)*40™),, = (4¢"™, ™) = A4(q™)

due to the definition of A and ||¢™| = 1. This equation suggests that we can
expect the same good convergence behaviour as for the Rayleigh iteration described
in Section 4.5.
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We are interested in choosing a shift parameter that is close to an eigenvalue. In the
case of the Rayleigh quotient, we have used the eigenvalue of the lower right 1 x 1
principal submatrix of A a5 an approximation, so it is straightforward to generalize
the strategy to consider larger principal submatrices. The case of the lower right 2 x 2
submatrix is particularly useful: we are looking for the eigenvalues of

(m) (m)
Z — an(—ljn—l an(—l),n ]
an’ﬁz—l anr}r;
They can be determined by computing the zeros of the characteristic polynomial
p7(t) = det(t] — A) = (t — a11)(t — d22) — G122y
= 1> — (@11 + d22)t + d11422 — d12421

ar + az 2_ ari + az
2 2

~ A 2 N N 2
; ail +az ailp —dasz P
= - — | ——=— ] —daax,

2 2

which are given by

~ ~ ~ ~ 2
~ apr +dz ail —dazs ~A A
o(A) = — + \/(T) + ajzaz

2
2 ~ ~ A A A A
=t"—(an +a22)t+( ) +dj1dz2 —ainasz;

Since we are interested in convergence of the last row, we should choose the eigen-
value in 0 (A) that is closest to the n-th diagonal element.

Definition 5.10 (Francis single shift). The Francis single shift strategy is given by

choosing the element closest to a,(,',r,l) in the set

(m) (m) (m) (m)\ 2
= a +a a —a
(A) n—1,n ; nn ( n—1,n 21 nn ) a(m) a(m)

n—1,n"n,n—1

as the shift parameter in the (m + 1)-th step of the QR iteration.

If we are dealing with a real matrix, the Francis shift strategy may yield a complex-
valued shift parameter, and this would make the next iteration matrix also complex-
valued. Since eigenvalues of real matrices always appear in complex-conjugate pairs,
it is possible to avoid working with complex values by first performing a QR step with
the Francis shift i and following it by a QR step with its complex conjugate jt. Due to

(A—pl)(A—l) = A% — (u+ WA+ |ul1,
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the resulting iteration matrix is again real-valued. It is possible to arrange the com-
putation in such a way that complex numbers are avoided entirely, this results in the
Francis double shift strategy (cf. Example 5.17).

Example 5.11 (Failure to converge). As we have seen in the case of the Rayleigh

iteration (cf. Proposition 4.13), shift strategies work best if the iteration vectors or
matrices are sufficiently close to the result. The matrix

0
P:=11
0

- o O

1
0
0
taken from [32] illustrates this point: its characteristic polynomial is given by

pp(t) =13 -1,

so its eigenvalues are the third roots of unity. Since they are equal in modulus, we can
expect no convergence unless a suitable shift parameter is chosen.

Unfortunately, both the Rayleigh and the Francis shift strategies choose the shift
parameter yu = 0.

5.4 Deflation

Due to (5.5), we can expect the matrices A o converge to a matrix of the form
A (B g) B e Fk*k | p e pi=hyx(n=k), (5.12)

Once A™) is sufficiently close to this block-triangular form, we can stop performing
iterations for the entire matrix and focus on handling the diagonal blocks B and C
individually: if we can find unitary matrices Qg € F¥*k and Q¢ e F@—k)x(n—k)
such that Q% BQp and Q- CQc are sufficiently close to upper triangular form, the
same holds for

(2 00) 42 (% 00)= (%" o) (* E)(*" 00)

Oc H Oc Oc C Oc
(QZBQB QEFQC)
0:COc)’

and we have approximated the Schur decomposition.

This observation suggests a strategy known as deflation: we perform iterations until
one of the subdiagonal blocks has become sufficiently small. Then we repeat the
procedure for the individual diagonal blocks. If we can choose the shift parameters
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correctly, we will apply the procedure to smaller and smaller diagonal blocks until we
arrive at 1 x 1 blocks and have reached an approximation of the Schur decomposition.

Applying the deflation approach to Hessenberg matrices is particularly simple:
the subdiagonal blocks contain only one non-zero entry, so we can easily check for
convergence. In a practical deflation approach, we first look for the largest index
o € {1,...,n} such that

a,(;i)lk ~0 forallke{l,...,a—1}.

If « = n, the matrix A s sufficiently close to upper triangular form and we can
stop the iteration. Otherwise, we have agi)l o % 0 due to the maximality of ¢, and

we look for the largest 8 € {«, ..., n} such that

al™ %0 forallk €{a,....p—1}.

If B < n, we have ag’j_)l g~ 0 due to the maximality of §.

We split the matrix A in the form

Hy Hiz Hiz\ g epl-Dx@-) g cpB-etDxB-atl)
A Hzy Has |,

o] Hyy eR@—P)x0=P),

Due to our choice of o, H1; is sufficiently close to triangular form and the block below
H is sufficiently close to zero. Due to our choice of 8, the block below Hj; is also
sufficiently close to zero. H;; is a Hessenberg matrix, and we can efficiently apply the
QR iteration to try to eliminate its subdiagonal entries. Once we have succeeded, H11
and H», are upper triangular and we can apply the same procedure to the remaining
matrix Hss3.

The resulting algorithm is given in Figure 5.5. In order to decide whether a condi-

tion of the form “a((x"j_)l « ~ 07 is satisfied in practice, a condition like

(m) (m) (m)

lag 1ol = €(age’ | + lag{y g410)
is frequently used, where € > 0 denotes a relative error tolerance. A typical choice
for € depends on the machine’s floating point accuracy €y,cn. Common choices are
€ = Cé€macn for a small constant ¢ or € = /né€macn, taking into account the matrix
dimension.

Example 5.12 (QR iteration). We apply the QR iteration with Francis and Rayleigh
shift to the matrix A given in Example 5.3. The program gives the following results:
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procedure qr_deflation(var A, Q);
begin

a<1; whileo <nandayy1,qo *0doa <~ a +1;
B<oa+1; whilef <nandagy;p#0dop <« B+ 1;

Choose a shift parameter y;

fork =atopf doag, < arpr — I;

fork =atof —1do { Find factorization A — ul = @R }
givens_setup(dk, Ak+1,k> Cks> Sk)s

for j € {k +1,...,n} do givens_apply(ck, Sk, akj, Qk+1,;)

end;

for k = a to § — 1 do begin { Compute R@ and Q@ }
fori € {1,...,k} do givens_conjapply(ck, Sk, @ik» Qi k+1);
k41, < —SkAk+1,k+15  Qk+1,k+1 < CkAk4+1,k+15
fori € {1,...,n} do givens_conjapply(ck, Sk, Gik» qi k+1)

end;

fork =atofdoayy < apr + 1

end

Figure 5.5. One step of the Hessenberg QR iteration with shift and deflation.

Rayleigh Francis
m| lagy| eI N N A N £
11678x1071 6.23x 1071  conv. | 6.78 x 1071 6.23x 10~T conv.
213.86x1071 7.14x 1072 3.66 x 1071 conv.
3/1.73x107! 451 x1073 conv.
41768%x1072 2.32x107°
513.60x 1072 5.96 x 10710
6]1.74x 1072 conv.
71273 x1074
8| 7.27x 1078
9 conv.

We can see that the Rayleigh shift strategy seems to lead to quadratic convergence as
soon as the subdiagonal entries are sufficiently close to zero. With the Francis shift
strategy, the iteration requires only three steps to converge. For practical problems,
the difference between both strategies can be expected to be far less pronounced.

5.5 Implicit iteration

The QR iteration presented in Figure 5.5 is still slightly inelegant: we have to subtract
and add the shift parameter explicitly, and we have to store the values ¢ and s corre-
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sponding to the Givens rotations used during the factorization process. In this section,
we derive an alternative version of the QR iteration that avoids these inconveniences
and facilitates the implementation of multiple shift strategies like the Francis double
shift or even more sophisticated techniques that can lead to significant improvements
of the basic algorithm [50, 4, 5].

We have seen that the QR iteration preserves the Hessenberg form of the iteration
matrices A™): if A is a Hessenberg matrix, then so is the next iteration matrix
Alm+D) — (@ m+1)yx gm) 5n+1) Unitarily similar Hessenberg matrices like A
and A®+D have special properties that we can use to simplify the algorithm: if we
have two unitarily similar Hessenberg matrices with non-zero subdiagonal entries and
if the first column of the corresponding similarity transformation matrix is the first
canonical unit vector, then both matrices can only differ in the signs of their entries.

Theorem 5.13 (Implicit Q). Let H, J € F"™*" be Hessenberg matrices and let Q €
F"*" be unitary such that
J=0*HQ. (5.13)

Letm € {0,...,n — 1} satisfy

Jk+1k #0  forallk € {1,...,m}.

If the first column of Q is the canonical unit vector 81, the first m + 1 columns of Q
are multiples of the first m + 1 canonical unit vectors.

Proof. (cf. [18, Theorem 7.4.2]) We prove by induction on k € {1,...,n} that the
k-th column gy := Q6 of Q is a multiple of the k-th canonical unit vector.

For k = 1, this is given. Let now k € {l,...,m} be such that ¢1,...,q; are
multiples of the corresponding unit vectors. This implies

qy =81gqu forall £ € {1,...,k}. (5.14)
We write (5.13) in the form
QJ =HQ
and multiply by the k-th canonical unit vector to obtain
k+1 k+1 k+1
> quje =0 Seju = QI8 = HQ8 = Ha = Hoqr = Y Seherqi-

We apply (5.14) to the left-hand side to obtain

k+1

k
Gkriiisrk + Y Seqeejoe = Y Sehardi
=1 =1
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and rearranging the terms yields

k
Tk1ikr1k = Skrhirikdr + ) Se(herqrr — qeejer)-
=1
Due to jx41 % 7 0, we find
k
dk+1 = Skrhis1kdr + ) Sehexqrr — qeeier) |
Jk+1,k =1
i.e., ¢r+1 € span{éy, ..., 041} and therefore
(qr+1)e =0 foralll e {k +2,...,n}. (5.15)

Using (5.14) again yields

(Grk+1)e = (Grk+1-0¢) = (qr+1.9¢/qee) =0 foralll e {l,....k}  (5.16)

since Q is unitary. Combining (5.15) and (5.16) yields that g4 has to be a multiple
of 8k+1 . [m]

We aim to use this result to simplify the QR iteration: the QR iteration takes a
Hessenberg matrix A and computes a unitarily similar Hessenberg matrix A1),
If we can find a new algorithm that also yields a unitarily similar Hessenberg matrix
Am+1) and if the first column of both similarity transformations are equal, Theo-
rem 5.13 yields that A7+ and A®+1 can differ only in the signs of the coeffi-
cients.

Corollary 5;}4 (Hessenberg similarity). Let A, B, B € T pe Hessenberg matri-
ces. Let Q, Q € F"*" be unitary matrices such that

B=0Q*AQ, B=0%A0.
Let the first columns of Q and é be identical and let m € {0, . ..,n — 1} satisfy
bxk+1 #0 forallk € {1,... ,mj}. (5.17)

Then there are a unitary diagonal matrix D € FmtDxm+1) 404 q unitary matrix
P e F=m=Dx=m=1) cp that

= (" 5)s(" 5)
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Proof. In order to be able to apply Theorem 5.13, we define P := a* Q and observe
4= 0F0",
B=0%40 = Q*0B0O*Q = P*BP.
Since the first columns of Q and @ are identical, the first column of P has to be the
first canonical unit vector.
Theorem 5.13 yields that the first m + 1 columns of P are multiples of the first

m + 1 canonical unit vectors, so we can find a diagonal matrix D € [ (m+1)x(m+1)
and matrices P € F®—m=Dx(n—m—1) ypq R ¢ Fm+Dxn—m=1) qych that

- 8)

Since P is the product of unitary matrices, we have

I ep _ (D D R
=] =P*P = ~ ~
( In—m—l) (R* P* p
__ (D*D D*R
~\R*D R*R+P*P)’
ie, D*D = I, D*R = 0 and R*R + P*P = I. The first equation implies
that D is unitary. Since unitary matrices are invertible, the second equation yields

R = 0. Since R is equal to zero, the third equation gives us P*P = I,ie., P is also
unitary. O

The Hessenberg QR step discussed in Section 5.2 consists of first finding Givens
rotations Gy, . .., G_1 that render A upper triangular
Gn1...G1A™ = R+ om+D) . Gx  G*
and then multiplying by their adjoints in reversed order to compute the next iteration
matrix

A(m+1) — R(m+1)Q(m+1) — (Q(m+1))*A(m)Q(m+1)
=Gp1...G1A™G} ..

n 1
In our construction, only the first rotation G can change the first component of a
vector, therefore the first column of Q1) depends only on G. If we can construct
an alternate sequence of unitary transformations G, ..., G,—; that do not change the
first component, the first columns of

oMt = G¥Gy...G;_, and Q"D =GiGi...G)_,

n—1
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have to be equal. If we can ensure that

Z(m—{—l) = ('Q’(m+1))*A(m)’Q’(m+1)

is also a Hessenberg matrix, Corollary 5.14 applies and guarantees that A+ and
Am+D) differ only in the signs of the coefficients, while the convergence of the re-
sulting iteration remains unchanged. The condition (5.17) can be taken care of by
using the deflation approach introduced in Section 5.4: as soon as a subdiagonal entry
vanishes, the matrix is split into submatrices with non-zero subdiagonal entries and
the submatrices are processed independently.
Our goal is now to construct the matrices 52, . 5,,_1. We illustrate the proce-
dure using a Hessenberg matrix of the form
X X
X X
H =AM = X

X X X X
X X X X X
X X X X X

Applying the first Givens rotation G1 to H yields matrices of the form

® ® ® ® ®
® ® ® ® ®
GiH = x x x x|,
X X X
X X
® ® X X X
® ® X X X
HY =G HG}=|R ® x x x
X X X
X X

We can see that H (1) is “almost” a Hessenberg matrix, only the coefficient hgll) in
the first column of the third row poses a problem. Fortunately, we can apply a Givens
rotation G to the second and third row to eliminate this entry and obtain

X X
_ ® ®
G, HY =10 ®

X Q@ ® X
X X ® & X
X X ® Q X
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X ® & X X

X ®& & X X

H® = G,HVGS = ® ® X X
X ® x x

X X

The entry in the first column is gone, unfortunately we have introduced a non-zero

entry hgzz) in the second column of the fourth row. We can apply a Givens rotation 53

to the third and fourth row to get rid of this entry and find

X X X X X
X X X X X
G3H® = ® ® ® ®|.
0 ® ® ®
X X
X X ® ® X
X X ® ® X
H® .= GsHG3 = X @ ® X
® ® x
X ® x

Once more only one entry causes problems, now the entry hg) in the third column of
the fifth row. We already know what to do: a Givens rotation G4 for the fourth and
fifth row eliminates the offending entry:

X X X X X
X X X X X
54H(3) = X X x x|,
® ® ®
0 ® ®
X X X & &
X X X & &
H® .= 54H(3)6Z = X X ®@ ®
X ® ®
® ®

We can see that we have achieved our goal:
AHD 2 gD Z Gy GaGIAMGITE . T

is a Hessenberg matrix. This technique is called “bulge chasing”, since the matrices
HD . H"2 differ from Hessenberg form only by the “bulge” marked as X
consisting of one non-zero entry and this bulge is “chased”” down and to the right until
it “drops out of the matrix”” and we have reached Hessenberg form.
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procedure qr_implicit(var A, Q);
begin
a<1; whilea <nandayy1,qo *0doa < a +1;
if « = n then return;
B<a+1; whilef <nandagiig#0dof < B+ 1;
Choose a shift parameter
Ayg < daa — [ Qgig g < da+1,05
givens_setup(dyys Ay 11 o> €5 5);

for j € {«,...,n} do givens_apply(c, 5, doj, da+1,;);

fori € {1,...,a + 1} do givens_conjapply(c, S, diq, i q+1);

fori € {1,...,n} do givens_conjapply(c, S, Gia> Gi.a+1);

for k = « to B — 2 do begin
b < —SApi2k+15  dk42,k+1 < Ck42k+1 { Update row k + 2 }
givens_setup(a 1k, b, ¢, 5); { Givens rotation to eliminate bulge }
for j € {k +1,...,n} do givens_apply(c, s, agy1,;, Ak42,5);
fori € {1,...,k + 2} do givens_conjapply(c, s, a; k+1, @i k+2);
fori € {1,...,n} do givens_conjapply(c, S, q; k+1- 9i k+2)

end

end

Figure 5.6. One step of the implicit QR iteration with shift and deflation.

Since the rotations 52, el 6,1_1 do not change the first row, the conditions of
Corollary 5.14 are fulfilled and we have computed an iteration matrix Am+1) that
can replace A+ without changing the important properties of our algorithm (as
long as deflation is used). The resulting algorithm is called the implicit QR method
and offers several advantages, most importantly an elegant way of handling shifts: for
the shifted QR iteration, the next iteration matrix is given by

QUm+D RO+ — 4m) _ g

’

A(m+1) — R(m—{—l)@(m-}-l) +ul = (@(m-f-l))*A(m)@(m-i-l)’

and since adding and subtracting the identity does not change the Hessenberg form,
we can also apply our construction with a small change: we compute the first Givens
rotation G not for the matrix 4, but for the shifted matrix A — ul. Then we
apply it to A and proceed as before to regain Hessenberg form. For the implicit
approach, the only difference between the original and the shifted iteration lies in
the choice of the first Givens rotation. Combining the shifted implicit iteration with
deflation leads to the algorithm given in Figure 5.6 that performs one step of the
practical implicit QR iteration.
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Proposition 5.15 (Complexity). The algorithm given in Figure 5.6 requires not more
than
12n% + 8n  operations

to perform a step of the implicit QR iteration. The estimate does not include the
operations required for finding an appropriate shift parameter.

Proof. We require 8 operations to compute the first Givens rotation and 6(n —« + 1)
operations to apply it to the rows as well as 6(« + 1) operations to apply it to the
columns, for a total of

8+6(n—a+1+a+1)=8+6(n+2)=20+6n
operations. Applying the rotation to the columns of Q takes additional
6n

operations. For each k € {«,..., 8 — 2}, updating the (k + 2)-th row takes 2 op-
erations, determining the Givens rotation to eliminate the bulge takes 6 operations,
applying this rotation to the rows requires 6(n — k) operations, and applying it to the
column requires 6(k + 2), for a total of

8+6(n—k+k+2)=8+6(n+2)=20+6n
operations. Applying the rotation to the columns of Q again takes additional
6n

operations. In the worst case, all subdiagonal entries are non-zero and we have o = 1
and B = n, so the entire algorithm requires not more than

-2
20 + 12n + 32(20+ 12n) = Q04+ 12n)(1 + B —2—a + 1)
k=a
=20+ 12n)(B —a)
= (20 + 12n)(n — 1) < 20n + 12n% —20 — 12n
= 12n° +8n —20 < 12n% + 8n
operations. O

Although the number of operations for the implicit algorithm is slightly higher than
in the case of the original algorithm given in Figure 5.5, its practical performance is
frequently superior, e.g., in the self-adjoint case, A4 is a tridiagonal matrix, and the
bulge-chasing algorithm works its way from the upper left to the lower right along the
diagonal. If the tridiagonal matrix is stored appropriately, this operation can benefit
from the cache memory of modern processors.
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Remark 5.16 (Structured eigenvalue problems). Frequently, the matrix under inves-
tigation exhibits additional structure, e.g., it may be Hamiltonian, Skew—Hamiltonian
or the product of two matrices. In these cases, it is possible to derive special variants
of the QR iteration that can take advantage of the structure [24, 49].

5.6 Multiple-shift strategies *

The most important feature of the implicit QR iteration is that this approach facilitates
the use of sophisticated multiple-shift strategies: we consider two consecutive steps
of the iteration with shift values of ;41 and w42, given by

@(m-f-l)R(m-H) — A(m) A(m+1) — (@(m+1))*A(m)@(m+1),

- /"Lm“rllv

0 (m+2) gim+2) _ 4(m+1) (m+2) _ (D m+2))x gon+1) 5(m+2).

— Um421, A

We are looking for a way to get from A® to A?+2) without computing A+,
We have

Am+2) _ (@(m-f—Z))*A(m-H)@(m-f-Z)
— (Q(m+2))*(Q(m+l))*A(m)Q(m+1)Q(m+2)
— (@(m+1)@(m+2))*A(m)@(m+1)@(m+2) — (@((ﬂ‘”))*A(m)@gﬁ"‘D

with the auxiliary unitary matrix

~ (m42 ~ ~
Q((ﬂ ):: Q(m+1)Q(m+2)_

In order to reach our goal, we have to find this matrix without computing Alm+1)
or Qm+1  We know that the QR iteration is closely related to the simultaneous
iteration, so it is reasonable to consider the result of performing two steps of the
simultaneous iteration at once, i.e., to investigate the product matrix
(A" — p 2 DA™ — i1 1)
= 0D QU (A — 2 DO QAT — i 1)
= QU@ D) A QU — iy 5 1)@V (A — i 1)

— @(m+1)(A(m+1) _ ’um+21)R(m+1)
_ @(m-i—l) @(m+2)R(m+2)R(m+1)

SN(m+2) ,(m+2)
=Qd’l;1l Rd:ﬁ )

where we have introduced the matrix

R((ig}+2) — Rm+2) p(m+1)
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Since R"+2) and R+1) are upper triangular, their product Rgﬁ—m) shares this prop-

erty (cf. Lemma 4.29) and the matrices Agg+2) and R((]Z:+2) define a QR decompo-
sition
O PRI = (A™ — iy 2 1)(A™ — 1) (5.18)
of the product matrix. As long as (4,41 and i, +2 are not eigenvalues, the right-hand
side matrix is invertible and this equation can be used to construct a matrix that differs
from @((1;;11+2) only by the signs of its columns. If one of the shift parameters happens
to be an eigenvalue, a subdiagonal entry of A+2) yanishes and we can use deflation.
We can construct @§ﬁ+2) using Givens rotations or Householder reflections: we
consider again the case of 5 x 5 matrices. Since A Um+11 and Alm) _ WUm+21
are Hessenberg matrices, their product has the form

X
X
BO = (A — 1y 1AM — pniy) = | X

X X X X
X X X X X
X X X X X
X X X X X

We choose a Householder reflection M that changes the first three rows to eliminate
the entries bgi) and bg(i):

BW = M B =

co®

X Q&
X X Q®®Q
X X Q8
X X Q&R

A second Householder reflection M» works on the rows two to four to eliminate bglz)
and bglz):

B® = M,BW =

S o R X

X
®
®
®

X ® & & X
X Q& & X

X

In the same way, we can construct reflections M3 and M, acting on the rows three to
five and four to five, respectively, that complete the transformation to upper triangular
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form:
X X X X X
X X X X
B® .= M3B® = ® ® ®|,
0 ® ®
0 ® ®
X X X X X
X X X X
B® .= M4B(3) = X X X
® ®
0 ®

We let @Sﬁ+2) =M ... M7 | and Ray := B@=1 and have found a QR factor-
ization.

In order to construct an implicit method, we can once again use Corollary 5.14:
we already know that 4712 = (@gﬁ+2))*A('”)@gﬁ+2) and A are Hessenberg
matrices. If we can find a unitary matrix @Sﬁ+2) such that A+2) ;= (@Sﬁ+2))*
A(m)§§ﬁ+2) is a Hessenberg matrix ani the first columns of §§ﬁ+2) and Q(ﬂJrz)
are identical, we can replace A2 by A +2) without harming the convergence of
the QR iteration.

We again employ bulge chasing to construct the matrix §§ﬁ+2): we aim for
~§ﬁ+2) =M 1*717;‘ .. .717;_1, where the unitary transformations Mz, . ,Mn_l do
not change the first row and ensure that Am+2) g q Hessenberg matrix. We start with

the Hessenberg matrix

X X
X X X

H =A™ =

X X X X
X X X X X
X X X X X

and apply the first Householder reflection M. Since it works on the first three rows,
we end up with a larger bulge:

@ ®
@ ®
MiH=|® ®

X Q&K
X X Q&®®
X X Q&®®
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HY = MiHM] =

KX®®
®®®
PIJIOINOI0Y

X X X X X
X X X X X

We can eliminate the offending entries hgll) and hgll) by applying a Householder re-
flection M ; to the rows two to four and find

X X X X X
® ® ® ® ®
MHD =0 © @ @ ®],.
0 ® ® ® ®
X X
X ® ® ® X
X ® ® ® X
H® = M,HOM} = ® ® ® X
X ® ® x
X X ® x

As in the case of the simple implicit QR iteration, we have managed to chase the
bulge one step towards the right lower edge of the matrix. We apply a Householder

reflection ?\73 to the rows three to five to eliminate hfé) and hgzz):

X X X X X

X X X X X

MiH® = ® ® ® ®|.

0 ® ® ®

0 ® ® ®

X X @ ® ®

X X @ ® ®

H® = M;HOM = X ® @ ®
® ® ®

N @ ®
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Part of the bulge has already disappeared, now we only have to apply one last
Householder reflection M 4 to the fourth and fifth row to eliminate h%) and get

X X X X X
X X X X X
M4H(3) = X x x x|,
® @ ®
0 ® ®
X X X ® ®
X X X ® ®
H® .= M4H(3)MZ = X X ® ®
X Q@ ®
® ®

We have constructed

AHD gD R WMy A MRS
and this is indeed again a Hessenberg matrix.

Example 5.17 (Francis double shift). A double shift strategy like the one described
here is particularly useful when dealing with real-valued matrices: although all matrix
entries are real, the eigenvalues may be complex. In this case, they have to appear in
conjugate pairs, so it makes sense to perform a double shift using both numbers, i.e.,
to choose 4, +2 = flm+1. This approach is particularly elegant since the matrix

(A — 2 DA™ — 1 1) = (A2 = (1 + pm+2) A™
+ tm+2bm+11
= (A™)2 — (g1 + i) AT
+ fm+1Mhm+11
= (A")2 20 (m+ 1) A™ + |pms1 1

defining the first Householder reflection M is real-valued, allowing us to perform the
entire computation without resorting to complex numbers.

Remark 5.18 (Multiple-shift strategies). Obviously, we do not have to stop with dou-
ble shifts, we can also apply r shifts u1, ..., i, simultaneously by replacing the equa-
tion (5.18) by

O Rinia” = (A= pr D) ... (A= D).

multi multi
The first Householder reflection M; now has to eliminate r entries in the first column,
therefore the implicit method has to chase a bulge with r rows out of the matrix.
Sophisticated multiple-shift strategies [4] can be used to apply a large number of shifts
simultaneously.
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Remark 5.19 (Aggressive deflation). During a multiple-shift algorithm, some eigen-
values tend to converge more rapidly than others, but the standard stopping criteria
fail to take advantage of this property. Aggressive deflation methods [5] can be used

to detect converged eigenvalues and apply deflation steps to improve the efficiency
significantly.
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Bisection methods *

Summary

If we are mainly interested in the eigenvalues of a matrix, we can look for roots of
its characteristic polynomial (cf. Proposition 2.13). In general, evaluating the char-
acteristic polynomials takes too long, but if the matrix is self-adjoint, Householder
transformations can be used to make it tridiagonal (cf. Figure 5.4), and the character-
istic polynomial of tridiagonal matrices can be evaluated efficiently. In this setting, a
bisection algorithm can be used to compute the eigenvalues. Similar to all bisection
methods, it is guaranteed to always converge at a rate of 1/2. In the case of character-
istic polynomials of self-adjoint tridiagonal matrices, it is even possible to refine the
bisection method to choose which eigenvalues are computed.

Learning targets

v Introduce the bisection algorithm for eigenvalue problems.
v/ Modify the algorithm to compute specific eigenvalues.

v/ Use Gershgorin circles to obtain a reliable initial guess for the bisection algo-
rithm.

Using the algorithm given in Figure 5.4, we can turn any matrix A € F™"*" into
a Hessenberg matrix H € F"*" by using unitary similarity transformations, i.e., we
have

Q0*AQ =H
with a unitary matrix Q € F"*"_If A is self-adjoint, i.e., if we have A = A*, we find
H* = (Q"AQ)* = Q" A*0™ = 0*A0 = H,
i.e., the Hessenberg matrix is also self-adjoint, and therefore tridiagonal.
In this chapter, we consider only self-adjoint tridiagonal matrices
ar b

T = by a witha € R?, b e "1, (6.1)
bn—l

bn—1 dp



We are looking for eigenvalues, and due to Proposition 2.13, these coincide with the
zeros of the characteristic polynomial p7 given by

t—aq —51

pr(t) = det(t] — T) = det —h ) foralls € F.
_bn—l

~bp—1 t—ay

In order to derive an efficient algorithm for evaluating p7, we consider the character-
istic polynomials

r—ay —51

Pm(t) := det —h B forallm e {l,...,n}, t €F
_bm—l

—bm—1 t—am

corresponding to the m-th principal submatrices of 7. We are looking for a recurrence
relation that allows us to compute p, = pr.

Computing p; and p; is straightforward, therefore we only have to consider the
computation of p,, form € {3,...,n}. We can evaluate the characteristic polynomial
pm for a given ¢t € F by Laplace expansion in the last column and row:

r—ay —51
—by
Ppm(t) = det ~bm—3 _
—bm—3 t—am-—2 —bm—2 _
—bm— t—am-1 | —bm—1
—bm—1 I —am
r—aq —51
—by . .
= (1 — ap) det S
—bm—3 t—am—2 —bm—2
—bm— t—am-
r—ay —51
B _bl t. c.
— (=bm—1) det . . A

_bm—3
~bm—3 t—am—2 —bm—2
_bm—l
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t—a; —by
= (t —ay) det —h1 ~
_bm—2
—bm— t—am-1
t—ay —b;
b Pdet|

_bm—3
~bm—3 t—am—2

= (t — am) Pm-1(t) = |bm—11* Pm—2().

This equation allows us to compute p1, p2, ..., pnp in not more than 6n operations by
the recurrence relation

p1(t) =t —ay, (6.2a)

pa(t) = (t —az)p1(t) — |b1]%, (6.2b)

pm(t) = (t — am) pm—1(1) — |bm—1|2pm—2([) forallm e {3,....n}, t € F.
(6.2¢)

Provided that we know o, 8 € R with o < 8 and p,(«) p,(B) < 0, the intermediate
value theorem states that there exists aroot A € [«, 8] of p,. We can apply a bisection
method to approximate this root: we let y := (8 + «)/2 denote the midpoint of the
interval and check whether p; (o) p,(v) < 0 holds. If this is the case, we know that
a root exists in [o, y]. Otherwise, we observe p(y)p(B) < 0 and conclude that a root
exists in [y, B]. Repeating this process leads to an arbitrarily small interval containing
a root.

This approach has two major disadvantages: we can only use it to compute one
root, and we require an initial guess for the interval [, 8] such that the signs of p;, («)
and p,(B) differ. The rest of this chapter is dedicated to fixing these problems and
thus providing us with a reliable method for finding the eigenvalues.

6.1 Sturm chains

We are interested in computing the roots of the characteristic polynomial p7. Assume
that p7 has n simple roots A; < Ap < --- < Ay, and consider the derivative p’T. For
eachi € {1,...,n — 1}, the mean value theorem states that p7(A;) = 0 = pr(Li+1)
implies that there has to be a zero A; of p7. in [A;,A;4+1]. Since A; and A;4 are
simple, we have A; < A} < A;11. Since p7. is a non-zero polynomial of degree n — 1,
it cannot have more than these n — 1 roots, and all of the roots have to be simple.

A straightforward induction yields that for m € {1,...,n}, the m-th derivative

p(Tm) has exactly n — m simple roots and that these roots are situated between the
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Figure 6.1. Sign pattern for pr and its derivatives. The boxes represent the interval [a, b],
subintervals with negative values of the polynomials are marked in blue.

roots of pgwm_l). We can take advantage of this property to determine how many roots

of pr are located within a given interval [a, b]: since all roots of pg-m) are simple, the

polynomial has to change its sign at each root. Since the roots of p;m) are interleaved

with the roots of p(Tm+ 1), the signs change in a pattern like the one given in Figure 6.1.

We introduce a function s giving us the number of sign changes between pr and
its derivatives for any points A € R

s = #m e f0,....n—1} : p™)p 1) <0}

and see that it decreases by one each time A passes from left to right across a root
of pr and remains otherwise constant: it can be used to count the number of roots.
Computing all derivatives of p7 is possible, but not very elegant. Fortunately,
we can replace p(Tm) by the characteristic polynomial ¢, := pn—m of the (n — m)-
th principal submatrix without losing the important sign-change properties. Since
P1s P2, ., pn are computed anyway during our algorithm for evaluating p, = pr,
checking the signs requires almost no additional effort and we obtain a very efficient

algorithm.

Definition 6.1 (Sturm chain). Let (g9, 41, .- .,¢n) be a tuple of polynomials. We call
it a Sturm chain if the following conditions hold:

1. All zeros of g are simple.
2. For A € R with go(1) = 0, we have g(1)g1(A) > 0.
3. ForA e R,m e {l,...,n—1} with g, (1) = 0, we have ¢—1(A)gm+1(A) < 0.

4. gy has no zeros.
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Theorem 6.2 (Number of zeros). Let (qo, 41, - - -, qn) be a Sturm chain. We define

SA):={me{0,....n =1} : gmA)gm+1(A) <0o0rgm(A) = 0},
S(A) :=#S(A)  forall A € R.

Then we have
s(a)—s(b) =#{A € (a,b] : qo(A) =0} foralla,beR, a<b,

i.e., the function s counts the number of zeros of qo.

Proof. We are interested in the zeros of the polynomials qq, .. ., g, i.e., in the set
ZA)={me{0,...,n} : gn(A) =0} forall A € R.

The function s changes it value only if the signs of the functions ¢,, change, i.e., in
points A € R with Z(1) # 0.

Let A € R with Z(A) # @. Since the set of zeros of polynomials cannot have limit
points, there is an € € R~ such that Z() = @ and g¢(p) # Oforall € (A, A +¢€].

Letm € Z(A).
Case 1: Assume m > 0. Condition 4 yields m # n and therefore m € {1,...,n—1}.
Condition 3 implies that ¢,;;,—1 (1) and ¢, +1(A) are not zero and have opposite signs,
and due to the choice of €, both ¢;,—1 and ¢, 41 cannot change their signs in [A, A +€].

If m € S(A + ¢€), we have gm(A + €)gm+1(A + €) < 0 and therefore
gm—1A + )gmA +¢€) > 0,ie,m—1¢&S(A + ¢).

On the other hand if m & S(A + €), we have ¢ (A + €)gm+1(A + €) > 0 and
therefore gm—1(A + €)gm(A +€) <0,ie,m—1€ S(A +e).

Welet My = {m—1,m}and Sp(p) := S(u) N{m—1,m} forall i € [A, X +€]
and summarize our findings as

#8Sm(uw) =1 forallp e (X, A+ €.

Since ¢, —1(A) is not zero, we also have Smd) = {m} and therefore #Sm (n) =1
forall u € [A, A + €].
Case 2: Assume now /n = 0. Due to condition 2, we have ¢,(1)g1(1) > 0, and due
to our choice of €, g; cannot change its sign in (A, A + €].

By the fundamental theorem of calculus, we obtain

A+e
Goh + g1 () = A dh (a1 (Vdi > 0,

and since ¢ cannot change its sign in [A, A + €], we conclude

go(A +€)g1(A +¢€) > 0,
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e, 0 ¢ S(A + €). By definition, we also have 0 € S(1). We let M:o := {0} and
So(u) := S(u)N{0} and summarize our result as #So(1) = 1 and #So(A+¢€) = 0.

Conclusion: Due to our choice of €, the set

R:=Sw\J Mn

meZ(A)

does not depend on i € [A, A + €] and is therefore well-defined. The equation

S(w)=RU ) Sm(u) forallpue[d A+e]
meZ()

defines unions of disjoint sets, so we have

s() = #S() = #R+ ) #Sm(u)  forall p e .4+
meZ(A)

We have already proven that H#8m (u) = lholdsforall u € [A, A+€],m € Z(A)\{0}.
We also have #(S(A)N{0}) = 1 and #(S(A+€)N{0}) = 0if 0 € Z(A) and conclude

s(A) if0 & Z(A),

s(A) —1 otherwise

s()k—l—e):{

i.e., s decreases by one each time we pass a zero of gy. m|

In order to apply this general result to the problem of computing eigenvalues of
the tridiagonal matrix 7, we have to check that the polynomials g9 (= pp,q1 =
Pn—1,--+>qn—1 ‘= P1,4qn := 1 are a Sturm chain. This is not always the case: if we
choose " = I, the polynomials ¢, have a zero of multiplicity n —m at A = 1, so
conditions 2 and 3 are violated. Fortunately, there is a simple criterion that helps us
avoid this problem:

Definition 6.3 (Irreducible matrix). A Hessenberg matrix H € F"*" is called irre-
ducible (or unreduced) if

hiv1, #0 foralli e {l,...,n—1},
i.e., if all sub-diagonal elements are non-zero.

Checking whether a Hessenberg matrix is irreducible is straightforward, and if it is
not, deflation (cf. Section 5.4) can be used to split it into irreducible submatrices.
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Theorem 6.4 (Sturm chain). Let T € F™*" be an irreducible tridiagonal matrix of
the form (6.1), i.e., let

bi #0 foralli €{l,...,n—1}.
Then the polynomials given by

qn =1, @qm:= pn—m forallm e{0,...,n—1}
are a Sturm chain.

Proof. We are looking for eigenvectors and eigenvalues of the matrix 7. Given a
t € R, we look for a non-zero vector e(¢) € " such that the first # — 1 components
of (tI — T)e(t) vanish. If the last component also vanishes, e(¢) is an eigenvector for
the eigenvalue 7.

In order to ensure e(¢) # 0, we choose e;(t) = 1. By considering the first row of
(tI — T)e(t), we obtain

0= (t —ar)ei(t) — brea(t),
brex(t) = (t —ar)er (1) = p1(0).
Form € {2,...,n — 1}, we have
0= —bm—1em—1(t) + (t — am)em(t) — bmem+1(t),
Emem—i—l(t) = (t —am)em(t) — bm—1em—1(1). (6.3)

The right-hand side resembles (6.2c), and we can take advantage of this resemblance:
we define pg := 1 and let

pm—l(t)
m—1 1
k=1 Pk

em(t) = forallm € {1,...,n}, t € R.

By definition, we have e;(¢) = 1, and we also obtain

—bm—1m—1(1) + (t — am)em(t) — bpemi1(t)

Pm—2(1) Pm—1(t) = pm(t)
—_bm—f“'(t_ m) 1 : —bm m I
1]_[21=12bk ‘ [T0=] bk [Tr=10%
_|bm—1|2Pm—2(Z) + (t —am)pm—1(t) — pm (1)

[T7=1 br
t) — t
=M=O forallme{3,...,n—1}.
m—1
k=1bk
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using (6.2¢) in the last step. (6.3) implies that the vector e(¢) meets our requirements:
the first n — 1 components of (1 — T)e(t) are equal to zero. Now we consider the
last component given by

Pn—2(1) Pn—1(1)
(t) := —bp—1en—1(t) + (t —an)en(t) = —bp— =+ (t — ap) ——
14 1€n—1 an)e 11_[221 b a ]_[Z=11bk
_|bn 1| Pn— 2(t)+(l_an)l7n 1(t) pn(l)_ forallf € R.
i1 bk HZ 1 Dk

The vector e(t) is an eigenvector for an eigenvalue ¢ € R if and only if y(z) = 0
holds, and this is equivalent to p, (f) = 0. In general we have

(tl —T)e(t) = ()/?t)) forallt € R,

and differentiating by ¢ yields
/ O
e(t)+ (tI —=T)e'(r) = (V'(l)) forallz € R. (6.4)

Now we can verify the conditions of Definition 6.1. We begin with condition (2). Let
& € R be aroot of go = pp, i.e., y(§) = 0. Taking the inner product of (6.4) by the
vector e(£) yields

en(§)y'(€) = (e(®) + (E1 = T)e'(§).e(§)) = |e®)|* + (' (§). €1 — T)e(£))

= lle(®|? > 0,

and we conclude

Pn-1)  pr§) _ Pa1E)pp®) _ q1(5)90(8)

iz be [Tezi e Thizi 1kl> TTe=h bl

so the condition (2) holds. It implies g (§) # 0, therefore all zeros of go are simple

and (1) holds as well. g, = 1 yields condition (4). This leaves only condition (3) to

consider. Letm € {I,...,n — 1} and let A € R with 0 = ¢ (A) = pr—m(A). The

recurrence relation (6.2c) yields

dm—1(A) = pn—m+1(A) = A — an—m+1) Pn-m(A) — |bn—m|2]7n—m—l(/\)

= _|bn—m|ZQm+l(k),

0<en(§)y'(6) =

ie, gm+1AN)gm—1(A) = —|bn_m|2q,2n+1()t) < 0. To complete the proof, we only
have to show ¢, +1(A) # 0. We can use (6.2¢) to do this: ¢;,(A) = 0and gy +1(A) =
0 would imply ¢;+2(A) = 0, and a simple induction leads to g, (1) = 0. This would
contradict ¢, = po = 1, so we can conclude ¢y, +1(A) # 0. O
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function sturm_evaluate(z, a, b);
po< 1, p1r<t—ay
c <« 0;
if pop1 <Oor py =0thenc < ¢ + 1;
for m = 2 to n do begin
Pm < (t — am) pm—1 — |bm—1|? pm—2;
if py pm—1 <0or p, =0thenc < ¢ + 1
end;
return ¢
end;

procedure sturm_bisection(k, a, b, var «, B);
begin
while f — « > € do begin
y < (B+a)/2; ¢ <« sturm_evaluate(y, a, b);
if kK <n — c then
B <y
else
a<«y
end
end

Figure 6.2. Compute an interval containing the k-th eigenvalue by a bisection method applied
to Sturm chains.

We can use Theorem 6.2 to compute the k-th eigenvalue of the matrix 7': we have

if m is even,
> s ev forallm € {l,...,n},

lim 1) =
t—>—00pm() {—oo otherwise

since the leading coefficients of the polynomials are always equal to one, and this
implies
lim s(t) =n.
—>—00

Theorem 6.2 states that s decreases by one each time a zero of pr is passed, so for any
t € R, n —s(t) gives us the number of zeros less than or equal to 7. If we are looking
for the k-th eigenvalue, we simply check whether k < n — s(¢) holds: in this case
we continue to search in R<;, otherwise we consider R-;. The resulting algorithm is
given in Figure 6.2.
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The bisection method, particularly the evaluation of the function s, can react
very sensitively to rounding errors, since even small perturbations of p,, (¢) and
Pm—1(t) may change the sign and therefore the result.

Remark 6.5 (Slicing the spectrum). The key ingredient of the method is the compu-
tation of the number of eigenvalues smaller and larger than a given value ¢. Instead of
examining a Sturm sequence, we can also solve this problem by computing factoriza-
tions ul — T = LDL™ of the shifted matrix and examining the number of negative
and positive diagonal elements of the matrix D [33, page 15].

Remark 6.6 (Divide-and-conquer methods). The relatively simple structure of tridi-
agonal matrices can be used to construct alternative solution algorithms. One pos-
sibility are divide-and-conquer methods [7, 12] that split the tridiagonal matrix into
submatrices, compute eigenvalues and eigenvectors of the submatrices, and then com-
bine them to construct eigenvalues and eigenvectors of the original matrix. This class
of algorithms is particularly well-suited for parallel implementations.

Remark 6.7 (MRRR). Based on sufficiently accurate approximations of the eigen-
values, the approach of multiple relatively robust representations (MRRR or MR?®)
employs multiple factorizations u/ — T = LDL™ of shifted matrices in order to
compute eigenvectors of 7 with high relative accuracy [10, 11].

6.2 Gershgorin discs

Let A € F™*". In order to use the bisection algorithm, we have to find an interval
[, B] that is guaranteed to contain all eigenvalues of the matrix 7. Gershgorin discs
[16] provide us not only with this interval, but can also be used to determine bounds
for the eigenvalues of general matrices.

We use the maximum norm defined by

xlloo := max{|x;| : i €{l,...,n}} forall vectors x € F”"
and by
|Alloo := max{||Ax|lco : X € F",|x|lco = 1} for all matrices 4 € F"*".
These definitions ensure that we again have compatible norms, i.e.,

Axlloo < [ AlloollXlloo  forall A € F™ " x e F". (6.5)
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Combining this property with the definition of the norm yields the estimate
IABlloo < | AllocllBlloc ~ forall A, B € F"*" (6.6)

that leads to the following simple criterion for the invertibility of perturbed matrices.

Proposition 6.8 (Neumann series). Let X € F"*" be a matrix satisfying || X ||co < 1.
Then I — X is invertible.

Proof. We have

m m m—+1
I-X)Y xF=>"xk-> "X =71-x""" forallmeN.
k=0 k=0 k=1

Due to || X ||co < 1 and (6.6), we have
I lim X™|leo = lim [[X"]eo = lim [ XI5 =0,
m—00 m—00 m—00

i.e., limy 00 X™ = 0 and therefore

(1—X)ixk:1.

k=0
This implies that / — X is invertible. m]

In order to apply this result, it would be advantageous to be able to evaluate the
norm || X || oo for a matrix X € F™*" explicitly. For the maximum norm, this task can
be solved directly:

Proposition 6.9 (Maximum norm). Let A € F™*" be a matrix. Then we have

n

Alloo = ¥ :=max { > "aij| : i €{1.....n}¢. 6.7)
j=1

Proof. The triangle inequality yields

n
|Ax||oo = max Zaijxj cied{l,....n}
j=1

n

<max{ Y ai||x| i €{l.....n}
j=1

n
< max Z|aij| cie{l,....n} ¢ |xlloo = Ylx]loo forall x € F",
j=1

and this implies ||A|lco < -
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Leti € {1,...,n} be the index for which the maximum in (6.7) is attained. We
define a vector x € F” by

xj :=sgn(a;j) forall j e{l,...,n}
and find ||x||co = 1 and

n

n
[Ax]loo = Za,,x, Y aisgn(@ig)| = ) laijl =y
j=1

J=1
so we have also proven ||A||Oo > y and therefore || A]cc = V. O

Theorem 6.10 (Gershgorin spheres). Letr A € F"*". We define discs (or intervals)

n

G =3uel: |u,—a”|<Z|aij| SJoralli €{l,...,n}.
j=1
JF#i

Then we have
n
a(4) < | JGi.
i=1
i.e., the spectrum of A is contained in discs (or intervals) centered at the diagonal
elements.

Proof. (cf. [16, Satz II]) Let A € 6(A), and let
ari
D =
Ann

be the diagonal part of A. If Al — D is not invertible, there has to be an index
i €{1,...,n}suchthat A = a;;, therefore we have A € G;.

Assume now that A/ — D is invertible. Since A is an eigenvalue, A/ — A cannot be
invertible, and the same holds for

A =D)'AI—=A) =AM -D) "M -D—(A—D)) =1 —(AI—-D) ' (4-D).

Due to Propositions 6.8 and 6.9, this implies

n

.. _d.,

1 <|[(A] = D) (A — D)oo = max ZM cied{l,....n}
j=

P

_a11|

= max ZMlaU' cie{l,....n}
Hét



144 Chapter 6 Bisection methods

We choose an index i € {1,...,n} for which the maximum is attained and conclude
1 n n
< —— > agl. A—aul <Y laijl.
|A —aii| “— —
Jj=1 j=1
J#i J#i
ie., A € Gj. O

In the context of Sturm chain bisection methods, we can use this result to compute
an interval [, 8] given by

o ;= min{ay — |b1|,an — |bn—1l,ai — |bi| — |bi—1| : i €{2,....n —1}},
B :=max{ay + |b1|,an + |bp—1l,a;i + |b;i| + |bi=1] : i €{2,...,n—1}},
that is guaranteed to include the entire spectrum of 7 (since 7 is self-adjoint, Corol-

lary 2.51 yields that all eigenvalues are real, and Theorem 6.10 provides upper and
lower bounds).



Chapter 7

Krylov subspace methods for large sparse
eigenvalue problems

Summary

Large sparse eigenvalue problems typically have an underlying matrix that has a very
large size, but also a special structure so that matrix-vector multiplications can ef-
ficiently be performed, but similarity transformations cannot, so different strategies
for the computation of eigenvalues and eigenvectors are needed. The most common
methods are Krylov subspace methods that can be used to compute some, but not
all, eigenvalues of the matrix. Among those, the Arnoldi iteration and the symmetric
Lanczos algorithm will be considered in detail in this chapter and also the conver-
gence behaviour of these methods will be investigated with the help of an important
tool: Chebyshev polynomials.

Learning targets

v Introduce projection methods for large sparse eigenvalue problems.
v Construct Krylov subspaces and investigate their basic properties.

v Introduce the Arnoldi iteration and the symmetric Lanczos algorithm as exam-
ples of Krylov subspace methods.

v Use Chebyshev polynomials to analyze the convergence behaviour of Krylov
subspaces methods.

7.1 Sparse matrices and projection methods

Many applications in engineering sciences, physics, chemistry et cetera give rise to
eigenvalue problems with matrices A € F"*", where n is very large, e.g., n ~ 108
(or maybe even much larger). Typically, these matrices are sparse, i.e., most of the
entries of the matrix are zero. An example of a sparse matrix is the matrix

A= A e R (7.1)
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Figure 7.1. Depiction of a sparse matrix which represents the 5-point discrete Laplacian on a
square 50-by-50 grid using a nested dissection ordering of the gridpoints. Nonzero entries of
the matrix are plotted in blue. “nz” is the total number of nonzero entries.

from (1.2). We observe that regardless how large 7 is, there are at most three entries in
each row that are distinct from zero. Another more complicated example is depicted
in Figure 7.1. The matrix is of size 2304 x 2304, but only 11,328 of its 5,308,416
entries are nonzero.

Sparsity is a special matrix structure having two important properties that allow us
to deal with matrices of very large size n. First, it is not necessary to store the matrix
in the conventional way which would require to store all n2 entries. Instead, we only
need to store the nonzero entries and information on their positions within the matrix.
For example, instead of storing the matrix

SO O =
S O O
~ O W o
wn O O O
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as a 4 x 4 array, we may store the three vectors

~
I
DA W=
~
I
A AN = =
o
I
W W N —

instead, where / is the list of nonzero entries of A, and r and ¢ are vectors containing
the corresponding row and column indices of the entries, respectively. The matrix
A = (ajj) can be easily reconstructed from these three vectors by setting
I ifry, =iandc, = j
ajj = ’ 7.2
Y { 0 else. (7.2)

Exercise 7.1 (Storing sparse matrices). Construct vectors [, r, ¢, so that the ma-
trix generated by (7.2) corresponds to the matrix 4 in (7.1) for n = 6.

The second important property is that matrix-vector multiplications with sparse
matrices can be performed considerably faster than compared to the conventional way.
This is due to the fact that most entries of the matrix are zero. Multiplying a matrix
A € F™" and a vector x € ", we have to multiply each of the n rows of A with x
which adds up to 7 - n = n? multiplications and 7 - (n — 1) = n? — n additions, i.e.,
in total 2n2 — n operations. On the other hand, if like in (7.1) only three entries per
row are nonzero (except for the first and last row), then multiplying A with a vector
x € F" costs 3n —2 multiplications and 2n —2 additions, i.e., 5n —4 operations. Thus,
the cost for computing a matrix-vector product is growing approximately linearly in n
in this example as opposed to quadratically in the conventional case.

In some applications, it may actually be more convenient to not store the matrix A
at all, but write a procedure instead that computes Ax for a given vector x. In this
situation, we could think of our matrix A as being a black box that transforms a given
vector x to the vector y = Ax.

X — A — Ax (7.3)

For example, for our matrix A from (7.1) such a procedure that computes Ax from a
given vector x is presented in Figure 7.2. In this situation, we cannot apply similarity
transformations anymore, because A is not given explicitly. This also refers to the
case that we actually do store the matrix, because then similarity transformations may
(and do in general) destroy the sparsity of the matrix. We would then have to store
the matrix in the conventional way and this may not be possible because of its large
size. Therefore, the efficient QR iteration from Chapter 5 is no longer a method of
choice as it heavily manipulates the given matrix. Therefore, we have to come up with
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procedure sparse_matrix_mult(x, var y);
begin
Y1 < 2x1 —x2;
fori €{2,....,.n—1}do
Vi < 2Xi — Xi—1 — Xi+1;
Yn < 2Xp — Xp—1
end

Figure 7.2. Sparse matrix multiplication with the matrix A from (7.1).

a different strategy which should be based on matrix-vector multiplications, because
this is the only way to obtain information on our matrix A.

As mentioned in the beginning of this chapter, we are particularly interested in the
case that n is very large. In most applications, not all eigenvalues and eigenvectors
are needed, but just a few of them are of interest, for example, the eigenvalues that
are largest or smallest in modulus, e.g., in Example 1.1 from the introduction, we are
interested in a few of the smallest eigenvalues of A. However, one should keep in
mind that for sizes as large as 10% “a few” may still mean “a few hundred” or “a few
thousand”.

A concept commonly used for the treatment of large sparse eigenvalue problems
is the concept of projection methods. The idea is pretty simple: if A € F™*" is a
matrix and if (A,v) € F x F” is an eigenpair of A4, then Av = Av, i.e., the vector
Av — Av is the zero vector which is orthogonal to the space [F”. Now let us replace
the full space F” by a subspace X C [F” of smaller dimension, i.e., we will look for
pairs (1, x) € F x X so that Ax — ux L X, i.e., Ax — ux is orthogonal to X. This
condition is called Ritz—Galerkin condition as it is analogous to the Ritz—Galerkin
conditions used in finite element methods.

Definition 7.2 (Ritz pair). Let A € F"*" and let X € F” be a subspace. Then a
pair (u,x) € F x X is called a Ritz pair of A with respect to X if it satisfies the
Ritz—Galerkin condition

Ax — pux L X.

If (u, x) is a Ritz pair, then pu is called a Ritz value and x is called the associated Ritz
vector.

At this point, the following questions arise naturally:
1. How do we choose a suitable subspace X?
2. How do we compute Ritz values and vectors?

3. Will the computed Ritz pairs be “good” approximations to eigenpairs?
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We will turn to question 1. and 3. in the next section. Question 2., however, has a
fairly immediate answer if we are given an orthonormal basis of X, i.e., a basis with
pairwise perpendicular vectors that all have norm one.

Theorem 7.3 (Detection of Ritz pairs). Let A € F"*" and let X C F" be a subspace.
Furthermore let Q € F"™™ be an isometric matrix such that X = R(Q), i.e., the
columns of Q form a orthonormal basis of X. Then the following two conditions are
equivalent for x = Qy € X, where y € F™,

1. (u, Qy) € F x X is a Ritz pair of A with respect to X;
2. (u,y) € F xF™ is an eigenpair of the m x m matrix Q*AQ.
Proof. (,y) is an eigenpair of Q*AQ if and only if
Q*AQy = puy = nQ*Qy
which itself is equivalent to
Q" (AQy — pnQy) = 0.

The latter identity means that AQy —uQy is orthogonal to R(Q) = X, i.e., (i, Qy)
is a Ritz pair of A with respect to X. m|

7.2 Krylov subspaces

What kind of subspaces are suitable for computing Ritz pairs that are good approxi-
mations to eigenpairs of a given matrix A € F"*"? Recalling the power iteration from
Section 4.8, we know from Theorem 4.2 that under some mild assumptions the angles
between A x and an eigenvector associated with the dominant eigenvalue converge to
zero. We can therefore expect that for a given starting vector x the subspace spanned
by x, Ax, A%x, ..., A™x will contain at least good approximations to eigenvectors
associated with the dominant eigenvalue of A. Given the fact that multiplying a given
vector by A may be the only way to obtain information on the matrix A (cf. (7.3)), this
kind of subspaces seems to be a natural candidate for the use of projection methods.

Definition 7.4 (Krylov subspace). Let A € F"*" and x € F". Then
Km(A, x) = span(x, Ax, ..., A" 1x)
is called the Krylov subspace of order m generated by A and x.

The name refers to the Russian mathematician Alexei Krylov who used the se-
quence (x, Ax, A%x, ...) to find the coefficients of the characteristic polynomial of a
given matrix A, see [25]. Obviously, we always have dim K, (A4, x) < m, but the di-
mension can be considerably smaller than m. For example, if x # 0 is an eigenvector
of A, then we clearly have dim K, (A4, x) = 1 forallm € N.



150 Chapter 7 Krylov subspace methods for large sparse eigenvalue problems

Theorem 7.5 (Dimension of Krylov subspaces). Let A € F"*" and x € F". Then
there exists a number £ € Ny with the following properties:

1. dim K, (A, x) = m forallm < {;
2. Ke(A,x) = Km(A, x) and dim K, (A, x) = L for all £ < m.

In particular, Ky(A, x) is an invariant subspace with respect to A.

Proof. 1. 1f x = 0, then there is nothing to show, and we have £ = 0. If x # 0, then
let £ > 1 be the largest integer for which x, Ax, ..., A1y are linearly independent.
Then clearly £ < n as dimF” = n. As long as m < /£, it follows that the vectors
x,Ax,..., A" Ix are also linearly independent, and we obtain dim K, (A4, x) = m.
2. Next let £ < m. By the construction of £, it follows that x, Ax, ..., Alx are
linearly dependent, i.e., there exist scalars «y, . . . , &g, not all being zero, such that

aox + a1 Ax + - —I—ongex =0.

Then oy # 0, because otherwise the linear independence of x, Ax, ..., A1 x would
imply €9 = -+ = oy_; = 0 in contradiction to the assumption that not all ¢;,
i =0,...,¢ are zero. But then, we have
o oy _
Alx = =0 — o - T gty (7.4)
oy oy
i.e., A‘x is a linear combination of X, Ax,. A(_lx

We now show by induction on m > ¢ that J( (A, x) = Kpn(A, x) which by 1. im-
mediately implies dim K, (A, x) = £. The case m = £ is clear, so for the induction

step assume £ < m. By construction of the Krylov subspaces and £ < m, it follows
that K (4, x) € Km(A, x). By multiplying (7.4) on both sides with A” ¢, we obtain

Ay = X0 gm—t KL yme1
oy oy
and thus A”x € span(A™ *x,..., A7 1x). By the induction hypothesis, we have

Ke(A,x) = Km_1(A, x) which implies x, Ax, ..., A" x € K;(A, x). But then
we also have A™x € K;(A, x) which finally proves Ky(A,x) = K, (A, x). The
proof that K¢ (A, x) is an invariant subspace with respect to A is left as an exercise. O

Exercise 7.6 (Properties of Krylov subspaces). Let A € F™*" and x € " \ {0}.
Show that Ky (A, x) is the smallest invariant subspace (with respect to A) that
contains x, that is, Ky (A4, x) is an invariant subspace containing x, and any other
invariant subspace X containing x satisfies K;(A4,x) € X.
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For any polynomial p(t) = Bgt* + --- + B1t + Bo with coefficients in F, we can
define a polynomial map p : F"*" — F"*" by

p(A) i= BeAL + -+ B1A + Boln,

where A € F"*". The vector space of all polynomials over F will be denoted by FF[¢]
and by F,,[¢t] we denote the subspace of all polynomials of degree not exceeding m.
Then we have the following characterization of Krylov subspaces.

Lemma 7.7 (Structure of Krylov subspaces). Let A € F"*" and x € F". Then
Km(A,x) ={p(A)x|p € Fpn_1[t]}. (7.5)

Proof. Lety € Km(A,x) = span(x, Ax, ..., A !x). Then there exist coefficients
Bo, ..., Bm—1 € F such that

y = Box + B1AX + -+ Bm_1 A" 'x = p(A)x, (7.6)
where p(t) = Bm—11""1 + -+ + B1t + Po which proves “C”. On the other hand, if

we start with an arbitrary polynomial p(¢) = B—1t™"! 4+ --- 4+ B1t + Po, then the
identity in (7.6) implies p(A)x € K, (4, x). m]

Let A € T x € F”" \ {0}, and let £ be as in Theorem 7.5. Then from (7.4)
one finds that there exist coefficients By, ..., B¢_1 € F such that

Alx = —Box — -+ — By A" x,

where 8; = %. This equation can also be written as

p(A)x =0, where p(t) =t + Byt -+ it +Bo.  (17)

As x, Ax,..., A" 1x are linearly independent, the coefficients By, ..., B¢—1 €
[F are uniquely determined and g (A4)x # O for all polynomials ¢ € F[¢] of degree
less than €. Thus, p in (7.7) is the unique monic polynomial of minimal degree
satisfying p(A)x = 0 and it is called the minimal polynomial of x with respect
to A. (A polynomial is called monic if the leading coefficient is equal to one.)

If £ = n, then the minimal polynomial of x with respect to A is equal to
the characteristic polynomial p4 of A, because the theorem of Cayley—Hamilton
implies that pg(A) = 0. This fact follows immediately from the uniqueness of
the minimal polynomial and the characteristic polynomial being monic.
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Exercise 7.8 (Minimal polynomials). Let A € F"*" and x € F”". Show that
the minimal polynomial p of x with respect to A is a divisor of the characteristic
polynomial p4 of A4, i.e., there exists a polynomial ¢ € [F[¢] such that py = p-q.
Hint: Use the remainder theorem, i.e., for nonzero polynomials pi, p», there
exist unique polynomials ¢, r such that p» = pj-q + r and degr < deg p;.

Exercise 7.9 (Dimensions of Krylov subspaces). Consider the matrix
1 00
A=10 2 0],
0 0 ¢

where ¢ € R. Show that there exists vectors x such that K3(4,x) = R3 if
and only if ¢ # 1,2. For these values of ¢, determine all vectors y for which
K3(4,y) # R

7.3 Gram-Schmidt process

In order to compute Ritz pairs with respect to a subspace X of ", we need to compute
an orthonormal basis for X by Theorem 7.3—a problem that we already encountered
in Section 4.7, where we used Householder orthogonalization for the computation
of orthonormal bases. In our particular situation, we are interested in computing an
orthonormal basis of a Krylov subspace Ky (A, x) = span(x, Ax, ..., AK=1x) for
many values of k. Suppose that dim K (A4, x) = k and that we have constructed an
orthonormal basis ¢1, . .., qr of Ki (A, x). If we then consider the next larger Krylov
subspace Ky 41(A, x) (assuming dim Ky 1(A, x) = k + 1), we observe that

Kr11(A, x) = span(x, Ax, .. .,Ak_lx,Akx) = span(qq, . .. ,qk,Akx).

Thus, in order to obtain an orthonormal basis of Kj1(A4,x), the only task is to

orthonormalize the vector AX x against the previously constructed vectors qi, . . ., gk-
If we do this for k = 1,...,m (assuming dim K (A4,x) = k fork = 1,...,m), we
will finally obtain an orthonormal basis ¢, . .., ¢m of K, (A, x) that satisfies

K (A, x) = span(x, Ax, .. .,Ak_lx) = span(qy,...,qr), k=1,....,m. (7.8)

For this purpose, the so-called Gram—Schmidt process is more appropriate than
Householder orthogonalization.

For deriving the corresponding algorithm in general, let us assume that we have m
linearly independent vectors vy, ..., vy, € F”. Ourtask is to construct an orthonormal
basis g1, ...,qm of V = span(vy, ..., vy) such that

span(vy,...,v;) = span(qi,...,qx), k=1,...,m.
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q2 = V2 —TI1241

q1 V1 r1291

Figure 7.3. Second step in the Gram—Schmidt process interpreted geometrically.

The first step is immediate, we only have to normalize the vector vy:

1

[oa

q1 = v1.
For the second step, we look for a vector g, € span(vy,vz) = span(qq, v2) that is
orthogonal to ¢;. Note that g5 must have a component in the direction v, (that is
J>» = a1q1 + apvy, where ap # 0), because otherwise g1 and G, would be linearly
dependent. As we have to normalize the vector g, anyhow, we may assume without
loss of generality that ap = 1, i.e., ¢ has the form

q2 = vy — 1291, (7.9)

for some rj2 € F. (The minus sign in (7.9) has been introduced for notational
convenience—this will become clear later.) Then the requirement that g5 be orthogo-
nal to ¢; implies

0 = (q2.91) = (v2 —ri12q1.q1) = (v2,q1) — 12,

because (¢1,¢q1) = 1. Thus, we obtain the vector ¢, by

r12 = (v2,q1) (7.10)
G2 1= v2 — (v2,91)q1. (7.11)
ra2 = |[q2]

1
q2 == —(q2.

22

The identity (7.11) can be interpreted geometrically in the following way: the vector

r1241 is the orthogonal projection of the vector v, onto the subspace generated by ¢ .

Thus, we obtain by v, — r12¢g1 a vector that is orthogonal to g1, see Figure 7.3.
Assuming we have already computed orthonormal vectors gy, . . ., gx—1 satisfying

span(vy,...,v;) = span(q1,....q;), Jj=1,....k—1,
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procedure gram_schmidt_procedure(vy, ..., Uy, var R, q1, ..., qm);
begin
for k € {1,...,m} do begin
fori e {1,....,k—1}do
rik < (VK. qi)s
qic < Vi,
end
fori €{l,...,k—1}do
qk < 9k — Tik4is

ek < llarll;
end
if 7 = O then
STOP
else
Uk < 7k
end
end
Figure 7.4. Gram—Schmidt procedure for vectors vy, ..., v, € F".
we now look for a vector ¢ € span(vy,...,v;) = span(qi,...,qJk—1, Vx) orthog-
onal to ¢1, ..., qr—1. Analogous to the second step, we may assume that gy has the
form
Gk = Vk —T1kq1 — = Tk—1 kGk—15 (7.12)
where 71k, ..., 7k—1 x € F. From (gx.,q;) = 0for j =1,...,k — 1, we obtain

rik = (Ve.qj), J=1,....k—1,

using (g;,q;) = J;i. Here, the vector r1xqq1 + -+ + rr—1 kqk—1 can be interpreted as
the orthogonal projection of vi onto the subspace spanned by ¢y, ..., qr—1. We then
obtain the vector gy as follows.

rik == (vk,q5), J=1....k—=1

Gk = Vk — kg1 =+ — Thk—1,kk—1-
ik = gkl
|
4k = — k-
Ikk

The resulting algorithm is given in Figure 7.4.
The algorithm breaks down if 7z = 0 in some step. But this would meang; = 0
in (7.12) showing that vg €span(qy, ..., qgx—1) =span(vy, ..., Vg—_1),1.e., V1,..., Vg
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are linearly dependent. Thus, in exact arithmetic a breakdown will never occur as long
as the vectors vy, . .., Uy, are linearly independent.

Remark 7.10 (Orthonormal bases for nested sets of subspaces). The application of

the Gram—Schmidt process to the linearly independent vectors vy, ..., v, € F" pro-
duces orthonormal vectors g1, ..., ¢m € F" with the additional property
span(vy,...,vg) = span(q1,...,qx), k=1,...,m. (7.13)

Remark 7.11 (Gram—-Schmidt and QR factorization). Rewriting identity (7.12) we
obtain

Vk = T1kq1 o+ ke kGk—1 + Gk = T1kq + o+ Trkdk

fork = 1,...,m. Setting A = [v1,...,0m] € F"" QO = [q1,...,qm] € F"™
and

rir riz Fim
0 2

R= e F™m,
0 0 rmm

we obtain A = QR which is a skinny QR factorization of A as introduced in Sec-
tion 4.7. Thus, the Gram—Schmidt process is an alternative method for computing a
OR factorization of a matrix A € "™ if the columns of A are linearely independent.

Exercise 7.12 (Orthonormal bases for nested sets of subspaces). Let vi,...,vpy
denote the columns of the matrix A € F"*™ and let A = OR be a OR factor-
ization of A, where we denote the columns of the isometric matrix Q € F"*™

by ¢1,...,qm. Show that if the columns of A are linearly independent then the
identity (7.13) holds. What can be said if the columns of A are linearly depen-
dent?

Unfortunately, the numerical behaviour of the Gram—Schmidt procedure is not too
good: in finite precision arithmetic, the computed vectors ¢, .. ., g, typically show
a significant loss in orthogonality due to roundoff errors. However, a slight modi-
fication of the algorithm already improves its performance considerably. Instead of
orthogonally projecting vy onto the subspace spanned by ¢y, ..., g, we first project
vy onto the subspace spanned by g, and then subtract the projection from vy to obtain
a vector ?[,El) that is orthogonal with respect to g1. Then 7,51) is projected onto the

subspace spanned by g» and this projection is subtracted from 'J,gl) to obtain a vector

%gz) which is orthogonal to g1, g». This procedure is then iterated, i.e., we compute

~( ~(j—1 —1 i
7 =7 -@ Ve, =1 k-1
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procedure modified_gram_schmidt_procedure(vy, ..., Uy, var R, q1, ..., qm);
begin
for k € {1,...,m} do begin
9k < Vks

fori € {1,...,k — 1} do begin
rik < (qk-4i);
4k < 4k —Tik4i

end;

ik < gkl

if i = O then
STOP

else
Gk < 7-dk

end
end

Figure 7.5. Modified Gram—Schmidt procedure for vectors vy, ..., v, € F".

starting with ¢ qx 7O = = v. In exact arithmetic this procedure is equivalent to the Gram—
Schmidt procedure as we can show by induction that

J
E,EJ)—Uk—Z(Uk7‘Ij)ql" ]:0,,/(—1
i=1

Indeed, for j = O there is nothing to show and using the induction hypothesis for
J — 1, we obtain that

~(i—1 1
‘1151) qlgl ) (vlgl ),6]]

j—1 j—1
= vk — ) (k. 4))qi — <vk - Z(vk,qj')qzwqj>61j
i=1
J
=ve— Y (Ve 4j)4i-

i=1

because (g;,q;) = 8;;. Thus, after k — 1 steps we have q(k D~ G, where Gy,
is as in (7.12). The corresponding algorithm, the so-called modiﬁed Gram—Schmidt
process, is given in Figure 7.5.

A heuristic explanation why the modified Gram—Schmidt process performs better
than the classical Gram—-Schmidt process is that in the computation of § qx A

q ,EJ ) is also orthogonalized to the errors made in the computation of g, qx (] D,

the vector



Section 7.3 Gram-Schmidt process 157

procedure mgs_with_reorthogonalization(vy, ..., Uy, var R, q1,...,qm);
begin
for k € {1,...,m} do begin
9k < Vks

fori € {1,...,k — 1} do begin
ik < {9k 4i);
4k < 49k —Tikqi

end;
fori € {1,...,k — 1} do begin
si < (qk-qi);

dk < 4k — Siqi;
ik <= Tik + Si

end;

ik < gl

if i = 0 then
STOP

else
Ak < 7k

end
end

Figure 7.6. Modified Gram—Schmidt procedure with reorthogonalization.

Exercise 7.13 (Gram—Schmidt procedure). Use the Gram—Schmidt procedure
and the modified Gram—Schmidt procedure to compute the QR factorization of

the matrix
1 -5 4
A=12 —4 8
2 2 -1

Unfortunately, even the modified Gram—Schmidt process still shows a significant
loss in orthogonality in finite precision arithmetic, in particular, if the vectors

v1,..., Uy are nearly linearly dependent. Nevertheless, the computed basis vectors
are less likely to be nearly linearly independent than the original vectors vy, ..., Uy,
so the key idea is reorthogonalization. Thus, after orthogonalizing vj against
q1.....qr—1, we orthogonalize the computed vector ¢ again with respect to the vec-
tors ¢1, . - ., qk—1. Thus, using the classical Gram—Schmidt procedure, we compute
Gk = Vk = F1kq1 —* — Tk—1kqk—1, (7.14)
~2) _ ~

4y = dqk —S1kq1 =+ — Sk—1,k9k—1, (7.15)
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G.S. | modified G.S. | mod. G.S. with
reorthogonaliz.
=5 ] 55x1079% | 1.1x1071 2.8x 10716
n=10] 3.0x107% | 1.5x107% 4.4 x 10716
=20 12.7x107°° | 1.0x 10790 5.9x 10716

Table 7.1. Defect from orthogonality in some variants of the Gram—Schmidt process. The
results were obtained in Matlab 7.11.0 with unit roundoff ¥ = 273 &~ 1.1 x 107!°,

with ;. = (v, ¢;) and s;x = {qk.¢i). Note that combining (7.14) and (7.15) yields

71(3) = vk — (rk +s10)q1 — - — Fk—1,k + Sk—1,k)9k—1
so the values r;; have to be updated to r;; + s;; in the algorithm to yield the corre-
sponding QR factorization. In a similar way, reorthogonalization can be performed
in the modified Gram—Schmidt process. The corresponding algorithm is given in Fig-
ure 7.6.

One may think that reorthogonalizing the computed vector G multiple times
against ¢p,...,¢qx—; would produce an even better result in finite precision arith-
metic. However, it has been observed empirically that in general it suffices to do the
reorthogonalization once. We refer the reader to [49] and [17] for details.

Example 7.14 (Loss of orthogonality). Let H, € R™" denote the n x n Hilbert
matrix given by

1 1 1
L3 3 "
1011 1

2 3 4 n+1

Hy = [;] |+ 1 s (7.16)

i+ +1ij=1.n . . .
1 1 1 1

n n+1 n+2 °°° 2n—1

Applying the Gram—Schmidt procedure, the modified Gram—Schmidt procedure, and
the modified Gram—Schmidt procedure with reorthogonalization to the columns of Hj,
and assembling the computed orthonormal basis vectors g1, . . ., ¢, produces a matrix
On =1q1,...,qn] € R with defect from orthogonality as given in Table 7.1. As
a measure of the defect from orthogonality, we computed || 7, — Q) Ox|2.



Section 7.4 Arnoldi iteration 159

The Hilbert matrices H, from Example 7.14 are highly ill-conditioned in the
sense that the columns of H,, are nearly linearly dependent. As a consequence,
the inverse of H,, contains very large entries even for moderate values of n. Thus,
Hilbert matrices represent a challenge to numerical algorithms and are often used
as test matrices in numerical experiments.

Exercise 7.15 (Hilbert matrices). Compute the inverse of the Hilbert matrices
H»> and H3 from (7.16).

7.4 Arnoldi iteration

Let A € F™" be a matrix and let us assume that for a suitable vector x € F” we
have dim K;,(A,x) = m. In view of Theorem 7.3, we may then compute an or-
thonormal basis of the Krylov subspace K, (A, x) in order to compute Ritz pairs
of A with respect to K, (A, x). A naive approach to compute such a basis would
be to apply the Gram Schmidt process (with reorthogonalization) to the sequence
x,Ax, A%x, ..., A" 1x. As we know from Remark 7.10 this will produce orthonor-
mal vectors ¢, . . ., ¢ satisfying

K (A, x) = span(x, Ax, .. .,Ak_lx) = span(qy,...,qx), k=1,...,m.

(7.17)
However, we know from Chapter 4 that the sequence (Ak x)zozo converges under ap-
propriate assumptions to an eigenvector e associated with the dominant eigenvalue,
in the sense that the corresponding sequence of angles between the iterates and ey
converges to zero. Thus, the set of vectors x, Ax, A%x, ..., Am 1y may be in the-
ory linearly independent, but numerically it may be linearly dependent, because the
directions of the vectors are “not different enough”.

Fortunately, a slight modification of our problem allows us to avoid this situation of
nearly linearly independent vectors challenging our orthonormalization algorithm. To
see this, let us assume that g1, ..., g in (7.17) have already been constructed. Thus,
it remains to orthogonalize the vector Ak x against the vectors ¢1, . .., gx in order to
obtain an orthonormal basis of Ky 11(4, x). Since

A1y € K (A, x) = span(qy,...,qxk),
there exist scalars oy, ..., @y such that
A = agqr + o+ g

which implies
Akx = ar1Aqy + -+ ag Agg.
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Note that Aq, ..., Aqr—1 € Kr(A4, x), because ¢1, ..., qr—1 € Kr_1(A4, x). Thus,
with A¥x also Agj; must be contained in Ki1+1(A,x) \ K (A, x) from which we
obtain that

Kit1(A,x) = span(qu. .. .. qx. A¥x) = span(q1. ... qx. Aqp).

Hence, instead of orthogonalizing AFx we can orthogonalize the vector Agqy with
respect to the vectors ¢q1, ..., qr. In exact arithmetic, there is no difference between
these two strategies, but numerically, the vector Ag; will be more “distinct” from the
vectors ¢1, . .., qr in the sense explained above which may have a significant effect
in finite precision arithmetic. Applying now one step of Gram Schmidt to Agg, we

obtain
k k

Tt = Aqk — Y (Aqi. )i = Aqr — Y hixdi, (7.18)
i=1 i=1
where we used the abbreviation h;; = (Aqg,qi). Finally normalizing the vector

Gk+1 by X
Gk+1 =7 Gr+1- where hg 1k = [[Gry1l (7.19)
k+1

we obtain an orthonormal basis ¢1, ..., gk+1 of Ki4+1(A, x). For the practical im-
plementation, it is advisable to prefer the Gram Schmidt procedure with reorthogo-
nalization. The corresponding algorithm is given in Figure 7.7 and is called Arnoldi
iteration [1].

Let us denote by Q,, € F"*™ the isometric matrix with columns ¢1, ..., g,. Then
the eigenpairs of the matrix Hy, := Q) AQ,, are the Ritz pairs of 4 with respect to
HKm(A, x). It turns out that this matrix H,, has a special structure.

Theorem 7.16 (Krylov subspaces and Hessenberg matrices). Ler A € F™" m € N
and let x € F" be such dim Ky, (A, x) = m. If Om = [q1,....qm] € F"™ is an
isometric matrix such that (7.17) is satisfied, then Hy, = [hij] == Q5 AQum is an
m X m Hessenberg matrix, i.e., hij =0foralli>j+1,j=1,....m—1.

Proof. Let j € {l,...,m — 1}. Then by (7.17) we have g; € K;(A, x) and thus
Aqj € Kjt1(A,x) = span(q1,....qj+1).

Since the vectors g1, . . ., g, are orthonormal, we obtain that 4;; = (Aq,,q;) = 0 for
i =j+2,....,m. Thus, Hy is in Hessenberg form. m]

Remark 7.17 (Possible breakdown of the Arnoldi iteration). Note that the Arnoldi
iteration will break down if hgi1x = O for some k < m. By (7.18), we have
hi+1,k # 0 whenever Agy € Ky y1(A,x)\ Ki(A,x). If dim K, (A4, x) = m then
this is guaranteed for k < m. Under this hypothesis, the Arnoldi iteration will run
without breakdown for at least m — 1 steps. For the mth step, however, there are two
possibilities:
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procedure arnoldi_iteration(A4, x, var H, q1,...,qm);
begin
y < x|
q1 < X3
for k € {1,...,m} do begin
Jk+1 < Aqx;
fori € {1,...,k} do begin
hig < (qk+1-9i);
Gk+1 < qrk+1 — hikqi
end;
fori € {1,...,k} do begin
Si < (qr+1-9i);
qk+1 < q9k+1 — Si4i;
hix < hix + si
end;
hiev1.6 < lqr+1lls
if g1,k = 0 then
STOP
else
dk+1 <
end
end

1
hk+1.k‘]k+1

Figure 7.7. Arnoldi iteration (using modified Gram—Schmidt with reorthogonalization).

L. If hypg1,m = 0, then the algorithm breaks down and we have

k+1
Aq =Y hikgi. fork =1,....m—1,

i=1

m
Agm = Z hiin s

i=1

and thus Agy € Kn(A, x) = span(qi,...,qx) fork = 1,...,m. This implies
that K, (A, x) is an A-invariant subspace and hence, all eigenvalues of H,, =
0mAOQm, QO =1q1,....q9m) are also (exact) eigenvalues of A, see Exercise 2.44.
Thus, a breakdown of the Arnoldi iteration is actually a preferable situation,
because it gives us an orthonormal basis of an invariant subspace.
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2. If hypy1,m # 0O, then we can continue to perform the mth step of the Arnoldi

iteration to produce the next iterate ¢,,+1. Then we have
k+1

Agqi = Zhiqu', fork =1,....m,

i=1

or, equivalently,

hi1 ... hin
h21 h22 :
A[CII,---,Qm]:[QI,---an,Qm-H] O
: . hm,m—l hmm
\o .. 0 hmtim)
(7.20)

Note that the upper m x m block of the (m + 1) x m matrix in (7.20) is just Hy,
and that the (m + 1)st row is hm+1,m8,7,;, where §,, denotes the mth canonical
unit vector of length m. Thus, we can write (7.20) in the shorter form

AQm = OmHnm +hm+1,mCIm+15r7,; (7.21)
which is sometimes called an Arnoldi configuration.

Exercise 7.18 (Arnoldi configuration). Let A € F™"*" let¢1,....qm.qm+1 €
F™ be linearely independent (but not necessarily orthonormal) such that (7.20)
holds with Ay 1 x # Ofork =1,...,m + 1. Show that

Span(ql’ cees Clk) = Kk(A7 QI)

fork=1,...,m+ 1.

Exercise 7.19 (Krylov subspaces and Hessenberg matrices). Let A € F"*" and
let Q = [q1,....qn] € F™ be an invertible matrix such that H = Q~1AQ is
in Hessenberg form. Show that

span(q1., . ..,qx) = Ki(A.q1)

fork =1,...,nifandonlyif hg4; x #Ofork =1,...,n - 1.

Remark 7.20 (Computation of Ritz pairs). In both of the scenarios described in
Remark 7.17, we are left with the task of computing the eigenvalues of the matrix
Hy = 0, AQp. Since Hy, is already in Hessenberg form, those eigenvalues can be
efficiently computed by the QR iteration discussed in Chapter 5. If p is a computed
eigenvalue, then we can compute a corresponding eigenvector v € [F” by using in-
verse iteration with shift p for an arbitrary starting vector, see Section 4.4. In practice,
usually one or at most two iterations are sufficient.
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Once we have successfully computed Ritz pairs, the question arises whether a given
Ritz pair (A, v) € F x K, (A, x) is a good approximation to an eigenpair. We answer
this question by slightly extending the notion of residual from Definition 4.7.

Definition 7.21 (Residual). Let A € F"*" and let (A,v) € F x F” \ {0}. Then the
vector
ri=Av— Av

is called the residual of the pair (A, v) with respect to A.

Theorem 7.22 (Backward error from the residual). Let A € F™*" and (A,v) € F x
F”" be such that ||v|| = 1. Then there exists a matrix E € F"*" such that

(A4+ Eyw=Av and |E| <|Av—Av]|.
Proof. Set E := (Av — Av)v*. Then we have

_ _ *o Ay —
(A4 E)v = Av + (v Av)l’t_)_/—Av—i—)w Av = Av

and | E[ = |(Av — Av)v™| < [[Av — Av[[[v*]| = [[Av — Av]. o

Thus, whenever the residual ¥ = Av — Av of a Ritz pair (A, v) is small, then we
have a small backward error in the sense that (4, v) is an exact eigenpair of a nearby
matrix. A nice property of the Arnoldi iteration is the fact that the residual can be
computed very cheaply.

Theorem 7.23 (Residual of Ritz pairs). Let A € F"*" be a matrix and Q,, € F"*™,
Hy € F™ g1 € F", and hypg1,m € F beasin (7.21). If (A, y) € Fx(F™\{0})
is an eigenpair of H,,, then (A, v) with v = QY is a Ritz pair of A with respect to
Km (A, x) satisfying

[Av — Av]l = |hm+1,m| - |ym],

where y,, denotes the last entry of the vector y.
Proof. Let (A, y) € F x(F™\{0}) be an eigenpair of Hy,. By Theorem 7.3, we know

that (A, Q) is a Ritz pair of A with respect to K, (A, x) = R(Qm). Moreover,
we have

A —Av =20,y — AOmy

(7.21)
= " A0my — (OmHm + hm+1,QO+18£)y

= Om Ay — HnY) —hm+1,mqm+1Ym,
~———
=0

where we used that y,, = SEy. But then we obtain |[Av—Av| = |hmt1,m| |ym]. O
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Thus, the residual of the Ritz pair (A, v) can be immediately computed from the
two scalars /1, 41,m and y,, without explicitly forming the Ritz vector v and without
computing the matrix-vector product Av.

7.5 Symmetric Lanczos algorithm

In the special situation that our matrix A* = A € F™*" is self-adjoint, the Arnoldi
iteration can be simplified significantly. After m steps of the Arnoldi iteration, we
have computed a matrix Q. = [¢1, ..., qm] With columns that form an orthonormal
basis of the Krylov subspace K, (A4, x) for some initial vector x € F” \ {0}. With A4,
also the matrix H,, = Q,, AQn, is self-adjoint and has the following form:

hiy b o a B O ... 0
har haa haz - : B1 a2 B :

Hn=10 . " - S e I A I B
SRR [ Lo B
0 oo 0 et 0 .. 0 PBmot  om

where oy := hy € R, because self-adjoint matrices have real diagonal elements, and
ﬁk—l = hk,k—l = ||’C\]/k || eR by (7.19) which implies hk—l,k = hlt,k—l = ﬂk—l-
Thus, even in the case that we started with a complex self-adjoint matrix A, the matrix
Hy, = O AQ,, will be tridiagonal and real. With this notation and starting with an
arbitrary vector x € F" \ {0}, the equations (7.18) and (7.19) simplify to

Gr+1 =Aqk — Gk — Br—19k—1 (7.22)
Bre =l qk+1ll
1
Gk+1 =7 qk+1, k=1,....m—1,
Br
where gg := 0, Bo := 0, q1 = mx. This special case of the Arnoldi iteration
is called the symmetric Lanczos iteration [27]. The resulting algorithm is given in

Figure 7.8

As in the Arnoldi iteration, the Lanczos iteration may break down in some step (say
the mth step) yielding an invariant subspace given by the Krylov subspace K, (A4, x)
which is spanned by the vectors g1, ..., ¢,. Otherwise, we may compute the eigen-
values of Hy, = Q1 AQ ., to obtain the Ritz values of A with respect to Ky, (A4, x).

An important feature of the symmetric Lanczos iteration is the so-called three-
term-recurrence (7.22). In each iteration, only the vectors g and gx_; from the two
previous iterations are needed. However, the full set of vectors ¢y, ..., gn is needed
for the computation of Ritz vectors and for reorthogonalization in order to avoid a loss
in orthogonality of the vectors g1, ..., ¢m-
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procedure lanczos_iteration(A4, x, var ¢, ..., qm, @1, %m, B1s-- s Bm—1);
begin
qo < 0;
Bo < 0;
y < lxl;
q1 < %x;
for k € {1,...,m — 1} do begin
Gk+1 < Aqk;
ok < (qk+1-9k);
dk+1 < qk+1 — %k — Bk—19k—13
Br < lgk+1l:
if B = 0 then
STOP
else
dk+1 < ﬁ%ﬂ
end
end

Figure 7.8. Lanczos iteration without reorthogonalization.

If only eigenvalues are needed, then one may use the Lanczos iteration without
reorthogonalization and refrain from storing the vectors ¢, ..., gm except for
those from the two previous iterations. As a consequence, the number of steps
m can be taken much higher as with reorthogonalization, but on the other hand
a loss in orthogonality of the vectors ¢, ..., ¢, Will occur. This will typically
lead to the occurrence of ghost eigenvalues. These are multiple “copies” of some
eigenvalues of Hy,, typically those that are well approximating the smallest and
largest eigenvalues of A. Thus, the Ritz values give the wrong impression that
the multiplicity of the corresponding eigenvalue of A is higher than it actually
is. We refer the reader to the monograph [45] for an illustrative example and a
heuristic explanation of this observation.

7.6 Chebyshev polynomials

In the previous sections we have discussed how to compute orthonormal bases of
Krylov subspaces, how to compute the corresponding Ritz pairs, and how to check
whether these Ritz pairs are good approximations to eigenpairs. However, a question
that is still open is the following. Given a matrix A € F”*" and a start vector x € F”,
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does K, (A, x) contain any good approximations to eigenpairs of A? And if so,
which eigenpairs are most likely to be detected first? We will see that this question
can best be answered by the help of a new tool, the so-called Chebyshev polynomials
that we will introduce in this section.

Example 7.24. Let A = diag(3,2.99,2.98,...,2.02,2.01,2,1) € R102x102 ¢
the diagonal matrix with eigenvalues Ay = 3 — (k — 1)/100 for k = 1, ..., 101 and
A102 = 1. Applying the Arnoldi iteration (or Lanczos iteration) with the start vector
x € R192 with all entries equal to one, we obtain after 10 steps the 10 x 10 matrix Hyg
having the eigenvalues p;, i = 1,..., 10 displayed in the following table rounded to
five significant digits:

’ i ‘ i ‘minj |[wi — Al ‘

1 |2.9840 | 6.2933 x 10794
2 [2.9262 | 3.7955 x 10793
3 12.8192 | 7.5917 x 10794
4 12.6786 | 1.4213 x 10793
5 12.5180 | 1.9794 x 10793
6 | 2.3539 | 3.8811 x 10793
7 |2.2038 | 3.7657 x 10793
8 |2.0851 | 4.8982 x 10793
9 [2.0130 | 2.9747 x 10793
10 | 1.0000 | 3.8769 x 10712

Apparently, the eigenvalue X192 = 1 of A in Example 7.24 is well approximated
by a Ritz value of A with respect to K109(A,x). At first, this may be a surprise,
because K19(A4, x) is spanned by x, Ax, ..., A%x and so by the results of Chapter 4
one may expect that we find a good approximation to eigenvectors associated with the
dominant eigenvalue A; = 3 in K10(4, x). However, the gap between A1 and A, is
rather small, and so the convergence of the power method for A is rather slow which
explains why we did not yet find a good approximation to an eigenvector associated
with A1 = 3 after only ten iterations. On the other hand, we see that the smallest
eigenvalue A1¢; is approximated with an absolute error as small as 3.8769 x 10712,
How can this be explained?

For the remainder of this section, we will assume that A is self-adjoint in order to
keep the discussion simple. Thus, we may assume that A € F”*" has the n eigen-
values A; > --- > A, in descending order and a corresponding orthonormal basis of
eigenvectors ey, ..., e, associated with A1,...,A,. The start vector x € F" \ {0}
can then be represented as a linear combination of this basis vectors, i.e., there exists
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coefficients o1, ..., a, € IF such that
n
X = Zoziei.
i=1

Recall that Ky, (A4,x) = {p(A)x|p € Fp—1[t]} by Lemma 7.7. For an arbitrary
polynomial p the vector p(A)x then has the form given in the following remark.

Remark 7.25 (Elements of Krylov subspaces). Let A € F"*" be self-adjoint and let
e1,...,en, be a basis of F" of eigenvectors associated with the eigenvalues
MMy A x =30 aje; € F" ay,...,a, € F,andif p € F[z], then

p(A)x =) aip(hie:.

i=1

If we can now construct a polynomial p in such a way that
p(Aj) =1, max|p(li)| <e,
i#j

then we obtain using (¢;, e¢;) = §;; that

2 2
n
laje; — p(Ax)3 = |eje; — D aipQidei| = | aip(hie;
i=1 2 iz 5
= <Z aip(Aiei, Zail)(}ti)ei> =Y leil*[p(A)[?
i#j i#] i#]
<&y lail
i#j

Assuming without loss of generality that || x|z = 1 (we can always scale the start
vector without changing the corresponding Krylov subspace), we obtain that

Z i[> = 1—|oj|> =1 —|(x,ej)| = 1 —cos® Z(x,ej) = sin® Z(x, ¢}).
i#]
Thus, we have obtained the following result.

Lemma 7.26 (Convergence of Krylov subspace methods). Let A € F™*" be self-
adjoint with eigenvalues A1 > --- > A, and let ey, ..., e, be a corresponding or-
thonormal basis of eigenvectors, i.e., Ae; = Aje; fori = 1,...,n. Furthermore let

meN, e>0and
n n
X = Zaiei c F", leozil2 = 1.

i=1 i=1
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If there exists a polynomial p € Fy,[t] with p(A;) = 1 and mﬁx |p(Ai)| < &, then
i#j

laje; — p(A)x|2 < esin Z(x,ej) <e.

Lemma 7.26 states that if ¢ is small and «; # 0, then the vector p(A)x is a good
approximation to the vector «je; and hence to an eigenvector associated with the
eigenvalue A;. Revisiting Example 7.24, we see that the minimal eigenvalue A ¢ is
well separated from the remaining eigenvalues in the interval [2, 3]. If we choose a

polynomial
10

p =cl_[(t—,ui) € Fiolt], ceR

i=1
having all zeros in the interval [2, 3], and if we choose ¢ such that p(A102) = 1, we
can expect due to the continuity of polynomials that

max [p(4i)| < e,
i#102

where ¢ is small. Thus, K19(A4, x) can be expected to contain good approximations
to eigenvectors associated with A1¢g2. In order to obtain quantitative statements, it is
beneficial to construct p with the help of Chebyshev polynomials.

Definition 7.27 (Chebyshev polynomials). The polynomials 7;, € F[¢], n € N that
are recursively defined by the formula

T() = 1,
T, =t,
Trqo :=2t Tgy1 — T forall k € N,

are called the Chebyshev polynomials of the first kind.

It is easy to verify that 7}, is a polynomial of degree n. In the following, we will
only refer to them as Chebyshev polynomials thus dropping the extension “of the first
kind”.

Exercise 7.28 (Chebyshev polynomials). Prove by induction that 7}, is a polyno-
mial of degree n with leading coefficient 2! for n > 1. Also show that

To(=x) = (=1)"Tu(x)

forall x € F and alln € N.
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Example 7.29 (Low degree Chebyshev polynomials). The first six Chebyshev poly-
nomials have the form

To =1, T3 = 413 — 3¢,
T, =t, Ty = 8t* —8t%2 + 1,
T, =212 —1, Ts = 161> — 2013 + 5t.

The Chebyshev polynomials have other representations that are quite useful for
theoretical considerations.

Theorem 7.30 (Alternative representations of the Chebyshev polynomials).
The Chebyshev polynomials T,,, n € Ng from Definition 7.27 satisfy the following
conditions.

1. T, (t) = cos(n arccost) forallt € [—1,1].

n —n -1
2. Ty(t) = %, where t = Ete

,zeC\{0).

Proof. 1. We show that the functions f,, : [-1,1] — R, ¢ > cos(narccost)
satisfy the recursive formula of Definition 7.27. This implies 7, (¢) = f,(¢) for all
t € [-1,1]. Clearly, for all ¢ € [—1, 1] we have

fo(t) = cos(0 - arccost) = cos(0) = 1, and
f1(t) = cos(arccost) = t.

Using the addition theorem cos(x + y) = cos x cos y —sin x sin y we then obtain for
k € Ny that

Jr+2(t) = cos((k + 2) arccost) = cos((k + 1) arccost + arccost)

= cos((k + 1) arccost) cos(arccost) — sin((k + 1) arccost) sin(arccost)
and

Jfr(t) = cos(k arccost) = cos((k + 1) arccost + (— arccost))

= cos((k + 1) arccost) cos(arccost) + sin((k + 1) arccost) sin(arccost),

where we also used cos(x) = cos(—x) and sin(x) = —sin(—x). Adding both equa-
tions yields

Jre42@) + fi(t) = 2cos((k + 1) arccost) cos(arccost) = 21 fr41(1)

which implies that the functions f;, satisfy the recursive formula of Definition 7.27.
2. For a fixed ¢t € C, the equation

=

(7.23)
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has two solutions z; /5 = ¢ £ /2 — 1 (for some branch of the complex square root)
that satisfy zp = 21_1, because

=+ N2t —V2-1)=12—@>-1)=1.
Let us now consider the functions
" 4z z4z71
gn:C—C, [I—)T, where t = 7

for n € N. Then the functions g,, n € N are well defined, because the expression

24z " +22 ~" is invariant under replacing z with z71, 50 it does not matter which solution
of (7.23) is used for the computation of gz (¢). Now we have
0 -0 1 -1
z"+z zl 4z
go(l):T=1, gl(t)Zth, and

+ Z—l Zn + Z—n Zn—l + Z—(ﬂ—l)

21 gnlt) — gn1(t) =2- -

2 2 2
Zn+l 4 z—n+l 4 Zn—1 4 z=n—=1_ -n=1_ Z—(n—l)
B 2
ol 4~ D)
R e —— 1),
B gn+1(1)
i.e., the functions g,, n € N satisfy the recursive formula of Definition 7.27 which
implies T, (t) = gn(¢) forallt € C. O

Corollary 7.31 (Zeros and extrema of Chebyshev polynomials). Let n € N. Then
the following conditions are satisfied:

L. Ifn > 1, then Ty, has n zeros, all being in [—1, 1] and given by

2k — 1
cos( n), k=1,...,n.
2n

2. max |T,(@)] =1
te[—1,1]
3. Ty : [-1,1] = [—1,1] has n + 1 local extrema given by

k
s¢) = cos (;n) L T =(DE k=0,

Of those, s]({n), k =1,...,n—1are also local extrema for T,, : R — R, while
s(()") =1 and s,(,”) = —1 are not.

Proof. The proof follows immediately from Theorem 7.30. m|
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Exercise 7.32 (Properties of Chebyshev polynomials). Show that the Chebyshev
polynomials satisfy the following conditions.

1. Ty(Ty(t)) = Tym(¢) forallt € F and all n,m € N.

2. The Chebyshev polynomials are orthogonal on the interval (—1, 1) with re-
spect to the weight 1/+/1 —12, i.e.,

1

/ Tn(l‘)Tm(l‘)\/%—ﬂdt == O

-1
forall n,m € N with m # n.

3. Forall n > 1, the Chebyshev polynomial 7, : R — R satisfies the differen-
tial equation

(1 —=t3)T) () —t T)(t) +n*Tu(t) = 0.

What makes Chebyshev polynomials so useful is the fact that they satisfy an opti-
mality condition. Recall that a polynomial is called monic if the leading coefficient
is equal to one. Note that the Chebyshev polynomials are not monic for n > 1, but
we can easily make them monic by normalizing them as T, = 27T}, because by
Exercise 7.28 the leading coefficient of T, is 2!,

Theorem 7.33 (Optimality of Chebyshev polynomials). Letn > 1,y > 1, c € R.

1. Among all monic polynomials p € Ry [t] the polynomial Tp:=2""T, ¢ R[t]
has the smallest maximum norm on the interval [—1, 1] which is given by 217",

Le.,
217" = max |T,(f))= min  max |[p(t)|. (7.24)
te[—1,1] PER,[t] te[—1,1]
P monic

2. Among all p € Ry, [t] satisfying p(y) = c the polynomial Tp = #(J,)Tn €
R[t] has the smallest maximum norm on the interval [—1, 1] which is given by

|C|/Tn()/), ie.,
|c] N '
B Tn()] = 0. 725
Tu(y) ten[n—al}flll ) peRal] terfl—ai),(l]|p()| (7:23)
p(y)=c

Proof. 1. By Corollary 7.31, we immediately obtain that

max |T,(t)] = 2",
te[—1,1]
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For the second equality in (7.24), the inequality “>" is trivial, so it remains to show
the inequality “<”. To this end, assume that p € F,[t] is a monic polynomial such
that

lp()| <2 forallt € [-1,1].

By Corollary 7.31 the polynomial T, has n + 1 local extrema in [—1, 1] given by
k
Tn(s(n)) 2=, (s(")) = 21_"(—1)k, s](cn) = cos (—n), k=0,...,n.
n

Thus, we obtain that

(m)y\ 5 (. @) if k is even,
Pls) = Tulsy ){>o if k is odd.

fork = 0,...,n, ie., the function p(t) — Th (t) changes sign n times in the interval
[—1, 1] and thus ‘has n roots in [—1, 1] by the intermediate value theorem. On the other
hand, as p and Tn are both monic, the difference p — T,, is a polynomial of degree
at most n — 1 and hence it must be the zero polynomial because of having at least n
pairwise distinct roots. This implies p = T, in contradiction to the assumption.

2. The proof of 2. is quite similar to the proof of 1. and is left as an exercise. m]

| Exercise 7.34. Prove part 2. of Theorem 7.33.

7.7 Convergence of Krylov subspace methods

Let A € F™*" be a self-adjoint matrix with eigenvalues Ay > --- > A,,. In the follow-
ing, we will try to find approximations to eigenvectors associated with the extremal
(largest and smallest) eigenvalues of A. We will restrict our attention to the largest
eigenvalue A1, because we can always consider —A instead of A so that the smallest
eigenvalue A, of A becomes the largest eigenvalue of —A. By Lemma 7.26, we need
to construct a polynomial of degree at most m that has small values in modulus in
the interval [A,, A»] in order to obtain a good approximation to an eigenvector asso-
ciated with A1. Since the Chebyshev polynomials satisfy an optimality condition on
the interval [—1, 1] in the sense of Theorem 7.33, it is reasonable to transform the
polynomials in such a way that this optimality is transferred to the interval [A,, A2].
Assuming A, > A, this can be done by help of the transformation

2t — (/\2 + An)
H —_—
A — Ay
which maps A, to 1 and A, to —1 while A; is mapped to

201 = (A2 +4n)  2(A1 —A2) + (A2 — An) Al — A2
_ _ ) L (7.26
T — e — Hoa, T 020
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Note that y > 1 if A; > A,. Using this transformation, we obtain the following
optimality condition.

Lemma 7.35 (Optimality of transformed Chebyshev polynomials). Let A1 > A, >
An. Among all p € Ry, [t] satisfying p(A1) = 1, the polynomial p,, € R,,[t] with

1 T (2[—(124—1,,)) . 211—)&2
Tm()’) m Ay — Ay ’

Pm(t) == +1

L

has the smallest maximum norm on the interval [Ay, A2]. In particular, setting

A —An d \/E— 1
K = an = s
Al — Ao @ \/E +1
we have
| 1P| om0 27 g
min max = max = = . .
PER,[1] t€[An,A2] P t€[An,A2] pm Tm(y) 140%™
p(A1)=1

Proof. By applying part 2 of Theorem 7.24, we immediately obtain the first and the
second identity in (7.27). For the third identity, we have to calculate the value of
1/ Ty (y). The trick is to use the second alternative representation of 7, from Theo-
rem 7.30. Let us pick the smaller solution z = y — y/y2 — 1 of the two solutions of
the equation
z4z71

2
(Note that both solutions are real, because of y > 1.) Then we have

A1 — Az 2 A1 =222 A=A
2_1=(2 1) —1=4 4
Y (M—Aﬁ ) Go—2n) 2=
_ 4()&1 —212)2 + (A1 — A2)(A2 — An) _ 4(11 —A2)(A1 — An)

‘J/:

(A2 — An)? (A2 —An)?
This implies
5 1 2 =22) + (A2 = An) = 2VA1 = AoVA1 — Aa
y—yro—-1=
Az — Ay
(A= A2) =2V = A A — A + (A1 — Ap)
B Ay — An

(WA == VA —An)?
a (VAZ_An 2
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AI—AZ_ Al —An A=Az
/\2—/\;«, )tz—kn )&1 _12

2

2
A=A . 21— Ay
T A — A A1 — A
Using
A1 — Ao A=A 1

A=dn Qai=d)=(i—2da) k-1
we finally obtain
Sy (/3 G O/l | SO W
1 (K+DWA-D  Jktl

Then part 2. of Theorem 7.30 implies

Y=Y

1 2 20™

Tm(y) 0" +0 ™ o +1

which finishes the proof of the third identity in (7.27). m]

Theorem 7.36 (Convergence rate for Krylov subspace methods I). Let A € F™*" pe
self-adjoint with eigenvalues Ay > Ay > -+ > Ay, where Ay > A, and let ey, ..., ey
be a corresponding orthonormal basis of eigenvectors such that Ae; = Aje; fori =
1,...,n. Furthermore let m € N and

n n
x:ZaieieF”, Z|oz,-|=l.
i=1 i=1

Then with the notation of Lemma 7.35 there exists a polynomial p,, € Fy,[t] with
20m .
larer — pm(A)x|2 = m sin Z(x, e1).

Proof. The proof follows immediately by combining Lemma 7.26 and
Lemma 7.35. d

Note that Theorem 7.36 simply contains an existence statement: we know about
the existence of the vector p,,(A)x in the Krylov subspace K, (A4, x), but we do not
know how to construct this vector. However, concerning eigenvalues, we can now
give a relation between the largest eigenvalue A; and the corresponding largest Ritz
value with respect to K, (A, x).
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Theorem 7.37 (Convergence rate for Krylov subspace methods I). Let A € F"*" be
self-adjoint with eigenvalues Ay > Ay > -+ > Ay, where Ay > A, and let eq, ..., ey
be a corresponding orthonormal basis of eigenvectors such that Ae; = Aje; fori =
1,...,n. Furthermore let m € N and

n n
x=ZaieieF”, Z|ai|:1,
i=1 i=1
where a1 # 0. If |01 is the largest Ritz value of A with respect to K, (A, x), then with
the notation of Lemma 7.35 we have
2Qm_l 2
A= = A1 — (A1 —Ap) (m) tan? Z(x, e1).

Proof. Without loss of generality, we may assume that dim K, (A4, x) = m. Other-
wise, the result is trivial, because K, (A, x) is an invariant subspace which must con-
tain e; because of o # 0, see Exercise 7.38. Thus, let the columns of Q,, € F™*"
form an orthonormal basis of K, (A, x). Then the largest Ritz value u; of A with
respect to Jp, (A, x) is the largest eigenvalue of the matrix Q) AQp, and thus, by
Exercise 3.9 we have

Y O0mAOmy
= max (QF A ,y) = max —2 _=—-
M1 "yFF1<Qm Omy y) yeF\{0} y*y
y:

Recalling that
R(OQm) = Km(A,x) = {p(A)x | p € Fm-1[t]}

and letting p,,—1 denote the transformed Chebyshev polynomial from Theorem 7.36
which satisfies p;,—1(A1) = 1, we obtain

XFp(A)TAp(Ax X" pm—1(A)* Apm—1(A)x

= max
MU= el X p(A p(A)x X Pt (A 1 (A)x
p(A)x#0
St Aipm—1(A) e * Y A+ A — A1) pm—1 (M) |2
— i=1 — i=1
Y Pm—1(Ai)? i |2 S Pm—1 (M) | |2

iz = A) P (i) e P
it Pm—1(Ai)?|ei|?
>oi—s Pm—1(Ai)|ai|?
1|2 + D27y Pm—1(Ai)?|ei |?
max{pm—1(0)* |1 € [An, A2]} Y7, loi |2
oy |?

20"\ 1= e

1+ 92(’"‘1)) |1 |2

= A

> A1 — (A1 = Ap)

> A1 — (A1 —Apn)

zxr—ul—xw(
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where we have used Y 7, |;|* = 1 — |a1|2. The result then follows from

sin? /(x,e1) 1= cos? Z(x,ey)

tan’ Z(x,e1) = B
an” Z(x, e1) cos? Z(x,e1) cos? Z(x, e1)

and cos Z(x,e1) = |{e1, x)| = |o1]. O

Exercise 7.38 (Invariant Krylov subspace). Let A € F"*" be self-adjoint with
eigenvalues Ay > A, > --- > A, and let ey, ..., e, be a corresponding basis of
eigenvectors. Furthermore let m € N and

n
x = Zaiei e F"\ {0},
i=1

where @1 # 0. Show that if the Krylov subspace K,,(A4, x) is invariant with
respect to A then ey € K, (A4, x).

Example 7.39 (Convergence of the largest Ritz value I). We illustrate the result of
Theorem 7.37 for the diagonal 100 x 100 matrix A with diagonal entries ag =
1+ k/lOO fork =1,...,99and a100,100 = 2.2,1.e.,

A = diag(1.01, 1.02, 1.03, ..., 1.98, 1.99, 2.20) € R'00*100,

Thus, there is a sufficiently large gap between the largest eigenvalue A; = 2.2 and the

remaining eigenvalues A, ..., A100 € [1, 1.99]. Choosing the start vector
1
Y= ; | e 100
/100 1
(m) (m)

we obtain the following error A1 — .y for the largest Ritz value p; ~ with respect
to Km (A, x) as plotted in Figure 7.9.

As one can see, the convergence rate corresponds quite well to the convergence
rate predicted by the bound from Theorem 7.37. In fact the error is a little bit smaller
than predicted by the bound, but this effect is due to the simplifications we performed
in the proof of Theorem 7.37. Numerical experiments show that the bound becomes
much tighter if the gap between A; and A, is very large.

Example 7.40 (Convergence of the largest Ritz value II). For a second test, let B be
the diagonal matrix with diagonal entries bgx = 1 + k/100 fork = 1,..., 100, i.e.,

B = diag(1.01, 1.02, 1.03, ..., 1.98, 1.99, 2.00) € R1?0x100,
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0 5 10 15 20 25 30 35 40 45 50

Figure 7.9. The error A| — ugm) of the largest Ritz value ugm) of the matrix 4 in Example 7.39
with respect to K, (A, x) form = 1,...,50. The error is plotted as a solid line, the dotted
line is the bound from Theorem 7.37.

In contrast to Example 7.39, the gap between the largest and second largest eigenval-
ues A7 and A, is now much smaller. Choosing the same start vector x as in Exam-
ple 7.39, we obtain the following error A; — /,Lgm) for the largest Ritz value ,ugm) with
respect to K, (4, x) as plotted in Figure 7.10.

In this case, the bound is quite an overestimate of the actual error. Moreover, the
convergence seems to be superlinear at it seems that from step 25 onwards, the actual
convergence rate becomes better than the linear convergence rate predicted by the

bound from Theorem 7.37.

How can the observation in Example 7.40 be explained? Why does the convergence
rate seem to accelerate for increasing values of m? The reason is that for computing
the bound in Theorem 7.37, we used the transformed Chebyshev polynomial py,,
which has the minimal maximum norm on the interval [A,, A»] under the constraint
Pm, (A1) = 1. However, for our particular purpose, we do not need a polynomial that
has minimal maximum norm on a whole interval, but it is sufficient if the polynomial

is small on the eigenvalues A, ..., A;. For example, we could use the polynomial
~ 11— A2
2(t) = ———= pm_al(t),
Pm—2(1) PR 2(1)

where p,;,—» is the transformed Chebyshev polynomial of degree m — 2 from Theo-
rem 7.36 with p,,—»>(A;) = 1 and minimal maximum norm on the interval [A,, A3].
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0 5 10 15 20 25 30 35 40 45 50
Figure 7.10. The error A; — /Lgm) of the largest Ritz value /,L(lm) of the matrix B in Exam-

ple 7.40 with respect to K, (A4, x) form = 1,...,50. The error is plotted as a solid line, the
dotted line is the bound from Theorem 7.37.

Then Pp,—> is small on all eigenvalues A, ..., A2, because A, has been chosen to be
a zero of p,—». We can use this polynomial to produce a different bound.

Theorem 7.41 (Convergence rate for Krylov subspace methods IIT). Let A € F™*"

be self-adjoint with eigenvalues Ay > Ap > Az > --- > Ay, where A3 > A, and
let ey, ..., ey be a corresponding orthonormal basis of eigenvectors such that Ae; =
Aiej fori = 1,...,n. Furthermore let m € N and

n n
X = Zaie,— e ", Z|a,~| =1,

i=1 i=1

where a1 # 0. If
M Vi1
Ki=——— and 0:=—
A1 — A3 VE+1

then

o 2
n—xz)z( 2om2 ) doios lail?

A
A= p1 = A1 — (A1 —Ayn) (11—12 11 22m2) 2

where L1 is the largest Ritz value of A with respect to K, (A, X).
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Exercise 7.42 (Convergence rate for Krylov subspace methods).
Prove Theorem 7.41.
Hint: mimic the proof of Theorem 7.37 using

t— Ay
A — A2

Pm—2(t) = Pm—2(t)

instead of p,,—1.

Note that if A, > A3, then ¢ < @. Thus, asymptotically the bound from Theo-
rem 7.41 will be smaller than the one from Theorem 7.37. However, this may only
be relevant for sufficiently large m as the new bound has a different constant now and
the exponent has reduced fromm — 1 tom — 2.

Example 7.43 (Convergence of the largest Ritz value IIT). Let C € R100%100 pe the
diagonal matrix with diagonal entries

ckk = 1+ k/100, k=1,...,98,
and c99,99 = 2.19, c100,100 = 2.2, i.€.,
C = diag(1.01, 1.02, 1.03, ..., 1.97, 1.98, 2.19, 2.20) € R100x100,

Thus, now have a nice gap between A, and A3, whereas the gap between A1 and A5
is rather small. Choosing the start vector as in Example 7.39, we obtain the following
error A — ,u,gm) for the largest Ritz value ,ugm) with respect to K, (A4, x) as plotted in
Figure 7.11.

This time, the convergence rate corresponds quite well to the convergence rate pre-
dicted by the bound from Theorem 7.41 while the bound from Theorem 7.36 is a huge

overestimate due to the fact that the gap between A and A, is rather small.

The observation from Example 7.43 can be generalized to explain also the effect
observed in Example 7.40. If m is sufficiently large, then K, (A, x) contains poly-
nomials P,,_j that have zeros in A,,..., Ak, that satisfy p,,_r (A1) = 1, and that
have small norm in the interval [A,, Ag41]. For such polynomials, the relevant gap
in eigenvalues is the gap between Ar4; and A; rather than A, and A;. Thus, the
convergence rate accelerates as 1 increases.

Exercise 7.44 (Convergence of the largest Ritz value). Under the hypothesis
Ak > Ak41 > A, construct polynomials p,,_x as outlined above and obtain
a result analogous to the one of Theorem 7.41 by improving the bound @ to

— —1 A=A
Q2=ﬁ with %= L "

K:= :
VE+1 Al — Ak
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Figure 7.11. The error A; — u™ of the largest Ritz value ;™ of the matrix C in Exam-
ple 7.43 with respect to K, (A, x) form = 1,...,50. The error is plotted as a solid line,
the dotted line is the bound from Theorem 7.37, and the dashed line is the bound from Theo-
rem 7.41.

Exercise 7.45 (Convergence of the second largest Ritz value). Let 4 € F"*" be
self-adjoint with eigenvalues Ay > --- > A,, where A1 > A, > A3 > A,,. Derive
a bound similar to the one in Theorem 7.37 that gives an estimate for the error
Ao — o, where 5 is the second largest Ritz value of A with respect to K, (A4, x).

Hint: Construct a polynomial py,—» with py,—2(A1) = 0 and p—2(A2) = 1
that has small norm on the interval [A,, A3].

By applying the results of this section to —A, we obtain corresponding bounds
for the smallest Ritz values of the self-adjoint matrix A. It can be observed that
among the Ritz values computed by Krylov subspace methods one typically finds
first good approximations to the largest or smallest eigenvalues of A. Heuristi-
cally, this can be explained by the observation that for an eigenvalue 2 in the
interior of the spectrum that is not well separated from the other eigenvalues, it
is quite hard to find a polynomial p of low degree such that ']3(1\) = 1 which takes
values small in modulus at all remaining eigenvalues. This observation also gen-
eralizes to the case when A is not self-adjoint. Again, typically the eigenvalues
near the boundary of the spectrum are located first.
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Another important point in Krylov subspace method are restarts. At first, the
start vector x in the Arnoldi or Lanczos iteration may be chosen randomly, but
after a few iterations, we may actually find a vector X in the computed Krylov
subspace K, (A, x) that would have been a better start vector. We could then
restart our iteration with the new start vector x. In the Arnoldi iteration, this
may be a huge advantage, because the summation in (7.18) becomes more and
more expensive by each step, because in each step an additional summand occurs
in the formula. A commonly used and rather effective methods is the so-called
implicitly restarted Arnoldi iteration. For further reading we refer to [2, 49].

There are other algorithms for computing eigenvalues and eigenvectors of large
sparse matrices. Two among those are the Jacobi Davidson method and Precon-
ditioned Inverse iteration (PINVIT).

The Jacobi Davidson method introduced in [40] is a projection method, but
uses other subspaces instead of Krylov subspaces. The basic idea is to enlarge the
current subspace R (Q,,) in such a way that a particular eigenpair (A, v) of A that
is approximated by a Ritz pair (@, @, y) will be approximated much better by a
Ritz pair with respect to the enlarged subspace R(Q+1). The resulting method
is particularly suited for the computation of eigenvalues in the interior of the
spectrum and leads to quadratic convergence of the selected Ritz pairs. However,
typically only one Ritz pair converges at a time and once it has converged one
focuses on the next Ritz pair. This is different to the case of Krylov subspaces
where convergence of several Ritz pairs takes place simultaneously. For details,
we refer the reader to [40] and [41].

The principal idea of PINVIT can be described as follows. If we consider
inverse iteration and scale the next iteration vector by the Rayleigh quotient, the
resulting iteration equation can be reformulated as

Xit1 = Aa(xi) A7 X = x; — A7 Axi + Aa(xi) A7
= x; — A7 (Ax; — Aa(xi)x;).
Then A~! is replaced by an approximate inverse B~! of A that can be easily

calculated, a so-called preconditioner. For details, we refer the reader to [29, 30,
23].




Chapter 8

Generalized and polynomial eigenvalue
problems *

Summary

Generalized eigenvalue problems are the natural extension of the standard eigenvalue
problem. Their discussion will lead to the theory of matrix pencils. Concerning the
solution of generalized eigenvalue problems, a generalization of the efficient QR iter-
ation introduced in Chapter 5, the Q Z algorithm, turns out to be an efficient method.
It is based on a generalization of the Schur decomposition introduced in Chapter 2.
An even further generalization of the standard eigenvalue problem are polynomial
eigenvalue problems that can be reduced to generalized eigenvalue problems by the
concept of linearization.

Learning targets

v Introduce matrix polynomials and matrix pencils.
v Introduce the eigenvalue co.
v Generalize the Schur decomposition to matrix pencils.

v Generalize the QR algorithm to the corresponding QZ algorithm for matrix
pencils.

8.1 Polynomial eigenvalue problems and linearization

In the introduction, we have seen that systems of linear differential equations of higher
order of the form

2
D Ay ® = Ay 4 4y o Ay + Ay + Agy =0, (8.1
k=0

where Ay, ..., Ag € F™*" lead to a polynomial eigenvalue problem of the form

L
Z kkAk Yo = 0.
k=0
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Definition 8.1 (Matrix polynomials). Let £ € N \ {0}. The polynomial

b4
P(t) =) "4 (8.2)
k=0
with matrix coefficients Ag,..., Ay € F"*" A, # 0 is called an n X n matrix

polynomial over I of degree £.

Definition 8.2 (Polynomial and quadratic eigenvalue problems). Let P be ann X n
matrix polynomial over F of degree £. Then the problem of finding scalars A € [ and
nonzero vectors x € [F” such that

P(A)x =0 (8.3)

is called a polynomial eigenvalue problem. In this case, A is called an eigenvalue
of P and x is called an eigenvector of P for the eigenvalue A. If £ = 2, then the
problem (8.3) is called a quadratic eigenvalue problem.

How can we solve the polynomial eigenvalue problem (8.3)? For a fixed A € I, the
equation P(A)x = 0 has a nontrivial solution if the matrix P(1) € F"*" is singular,
i.e., if det P(1) = 0.

Remark 8.3 (Determinant of matrix polynomials). Let P be an n X n matrix polyno-
mial over F. Then A € F is an eigenvalue of P if and only if det P(1) = 0.

A common method to tackle the polynomial eigenvalue problem (8.3) is the concept
of linearization, i.e., of transforming the problem into an equivalent linear eigenvalue
problem. A natural way to achieve this is based on the concept of order reduction
in the theory of differential equations. Let us return to the system of differential
equations (8.1). Introducing new variables y; = y, y» = y/, ..., yy = y(e_l), we
obtain the new system of linear differential equations

l—1
YI=Va o Vil = Ve Ayp+ Y Ay =0,
k=0
or, equivalently,
/
I, 0 ... O V1 0 -1, 0 V1
V2 : .. .. Va2
0 ‘ I . . -0
L oo |l 0 ... 0 —I
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Similarly, introducing the new variables x; = x, xo = Ax, ..., Xy = )Lz_lx, we
obtain from the polynomial eigenvalue problem

12
Y A4 )x=0 (8.4)
k=0
the new eigenvalue problem
I, 0 ... O X1 0 I, 0 X1
'.. '.‘ . X : .. .. X
i ? A=l 1. ®9)
Lo I, 0 : 0 ... 0 I :
0 0 Ag Xy —A() _Al _AZ—I Xy

Note that the matrix on the right hand side of (8.5) has a block form analogous to
the companion matrix of Exercise 2.16. This motivates the following definition.

Definition 8.4 (Companion polynomial). Let P be a matrix polynomial as in (8.2).
Then the n¢ x n¢ matrix polynomial

I, 0 ... 0 0 -1, 0
coy=:¢| 0 T 4] e 8.6)
0 ... 0 A Ao A1 ... Agq

is called the companion polynomial of P .

Exercise 8.5 (Companion polynomial). Show that z € F"¢\ {0} is an eigenvector
of C in (8.6) associated with the eigenvalue A if and only if A is an eigenvalue
of P asin (8.2) with associated eigenvector x that equals the vector consisting of
the last n components of z.

Note that the eigenvalue problem (8.5) is linear in the sense that is depends linearly
on the eigenvalue parameter A. If A, = I, then this eigenvalue problem reduces to
a standard eigenvalue problem with an nf x nf matrix, but if Ay # I,, then it is a
special case of a so-called generalized eigenvalue problem.

Definition 8.6 (Matrix pencil). Let E, A € F"*". Then the matrix polynomial
L(t) = tE — A is called a matrix pencil. The corresponding polynomial eigenvalue
problem L(A)x = 0 is called a generalized eigenvalue problem.

The reason for introducing the minus sign in the term tE — A is the fact that the
corresponding generalized eigenvalue problem can then be written in the convenient
form AEx = Ax.
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8.2 Matrix pencils

In this section, we will investigate matrix pencils L(z) = tE — A, where E, A € F"*"
and the corresponding generalized eigenvalue problem A Ex = Ax. From Remark 8.3
we know that A € [ is an eigenvalue of L if and only if det L(A) = 0. It is also
well known that any matrix A € F"*" has exactly n eigenvalues in C counted with
algebraic multiplicities. This may be different for matrix pencils which may also have
infinitely many or no eigenvalues in C.

Example 8.7 (Number of eigenvalues). Let L1(#) = tE1—A; and L, (¢t) = tE,— Ay,
where

0 1 10 0 1 10
(o o) m=(0) =00 2=(00)

Then for all A € C we have

1 A

0 0

det(AEl—Al):det( 0 1

) =0 and det(AE; — Az) = det (1 /\) =1,

thus AE; — A3 is nonsingular for all A € C and consequently L,(A) does not have
any eigenvalues according to Definition 8.2. On the other hand, AE; — A; is singular
for all A € C and for each A € C, the vector

- —A
A
is an eigenvector of L associated with the eigenvalue A.

The pencil L;(¢) in Example 8.7 is a pathologic case and we will therefore restrict
ourselves to pencils for which the determinant is not identically zero.

Definition 8.8 (Regular pencils). An#n xn matrix pencil L(z) over I is called regular
if det L(z) is not the zero polynomial. Otherwise, the pencil is called singular.

Exercise 8.9 (Singular pencils). Consider the singular matrix pencil

vo=ie-a=i(8 ) -(0 1)

Show that for any ¢ > 0 and any A1, A5 € R, there exists a regular pencil tE—A
having the eigenvalues A; and A, such that

max(|E — E|2, |4 — Al]2) <.

Thus, singular matrix pencils are extremely ill-conditioned in the sense that arbi-
trarily small perturbations make them regular pencils with arbitrarily prescribed
eigenvalues.
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A key idea for solving the standard eigenvalue problem Ax = Ax, where 4 €
F™*" was the application of similarity transformations to A. There is a similar con-
cept for matrix pencils. Let E, A € F™*" and let x € F"\ {0} be an eigenvector of the
pencil t E — A associated with the eigenvalue A € F, i.e., we have AEx = Ax. Multi-
plylng thlS equation from the left by a nonsingular matrix P € F"”*” and introducing

= Q7 x, where Q € F" is nonsingular, we find

APEQR = PAQX.

Thus, any scalar A is an eigenvalue of the pencil tE—A:=(PE Q—PAQ if and only
if it is an eigenvalue of the pencil t E — A, and any associated eigenvector of t E — A
can be transformed to an eigenvector of £ — A associated with A by multiplication

with Q.

Definition 8.10 (Equivalence of pencils). Two n xn matrix pencils L1 (¢) = tE1—A;
and L,(t) = tE», — A, over [F are called equivalent if there exist nonsingular matrices
P, O € F™*" such that

Ez = PElQ and A2 = PAlQ.

Remark 8.11 (Equivalence and similarity). Let A € F”*". Then the standard eigen-
value problem Ax = Ax can also be interpreted as a generalized eigenvalue problem
of the form A/,x = Ax. Thus, any matrix A can be canonically identified with the
matrix pencil 1, — A. Two matrix pencils L1(t) = tI, — Ay and L,(¢t) = tl, — A»
with Ay, A € F™ are equivalent if and only if there exist nonsingular matri-
ces P, Q such that

PO =1, and A, = PA;Q.

The first identity immediately implies P = Q~! and thus the pencils L (¢) and L (t)
are equivalent if and only if A; and A5 are similar. Thus, Definition 8.10 is the natural
extension of Definition 2.17 to matrix pencils.

Exercise 8.12 (Invariance of regularity under equivalence). Let the n x n pencils
Li(t) and L, (¢) over IF be equivalent. Show that L is regular if and only if L,
is regular.

Exercise 8.13 (Pencils with commuting coefficient matrices). Let E, A € F"*"
such that the pencil L(t) = tE — A is regular. Show that L(¢) is equivalent to a
pencil with commuting coefficients as follows:
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1. Let B, C € F™*" be such that B + C = I,,. Show that B and C commute,
ie., BC = CB.

2. Let A € F be such that AE — A is nonsingular. Use the results of 1. to show
that the matrices

E:=QAE—A)"'E and A:=QAE—-A)"'4

commute.

Remark 8.14 (Reduction to standard eigenvalue problems). Let E, A € F™*" If
E is nonsingular, then the pencil #E — A is equivalent to both the pencils 1, — E~' A
and t1, — AE~!, i.e., the generalized eigenvalue problem AEx = Ax is equivalent
to the standard eigenvalue problem with E~14 or AE™!.

We have seen in Example 8.7 that a regular n x n pencil tE — A may have less
than n eigenvalues over C if the matrix E is singular. This comes from the fact
that the determinant det(tE — A) is then a polynomial in ¢ of degree less than n.
This “defect” can be repaired by introducing the concept of infinite eigenvalues. We
begin with the following observation. Let x € F” \ {0} be an eigenvector of the
pencil tA — E associated with the eigenvalue A # 0, i.e., AAx = Ex. Then x is
also an eigenvector of the pencil tE — A now associated with the eigenvalue A 7!,

because
AT Ex = A7 (M Ax) = Ax.

Thus, the nonzero eigenvalues of the pencil tE — A are exactly the reciprocals of
the nonzero eigenvalues of tA — E. Extending this reciprocity to include the case
A = 0 with the convention that zero and oo are reciprocals motivates the following
definition:

Definition 8.15 (Infinite eigenvalue). Let E, A € F*" If x € F" \ {0} is such that
Ex = 0, then we say that x is an eigenvector of the pencil 1 E — A associated with the
eigenvalue oo.



188

A more precise definition of the eigenvalue oo can be given by introducing ho-
mogeneous parameters. If x € F" \ {0} is an eigenvector of £ — A associated
with the eigenvalue A € F and if (a, B) € F2, B # 0 is a pair satisfying A = %
then

Chapter 8 Generalized and polynomial eigenvalue problems

Now let us introduce the equivalence relation ~ on F2 \ {(0,0)} given by

Then for o, B € F with B # 0 satisfying « Ex = BAx for some nonzero vector
x € IF \ {0}, the equivalence class

can be identified with the eigenvalue A = % of tE — A. Note that there is an
additional equivalence class

If x € F" \ {0} is such that Ex = 0, then

for all @ # 0. Thus, we interpret the equivalence class co as the so-called infinite
eigenvalue of tE — A. Associated eigenvectors are all nonzero vectors from the
null space of E.

AEx = Ax < aEx = PAx.

(a1, B1) ~ (a2, B2) = a1f2 = wf.

[(@ B)] := (@ B) | (&, B) ~ (o, B)}

00 = {(«,0) | € F \ {0}}.

aEx =0

Definition 8.16 (Algebraic and geometric multiplicity). Let E, A € F"*" such that
L(t) =tE — Aisregular and let A € F U {oo} be an eigenvalue of L(¢).

L.

If A # oo then the multiplicity uq(E, A, 1) of A as a zero of det(tE — A) is
called the algebraic multiplicity of A.

. IfA =ocandifk € {0, 1,2, ...,n} is the degree of the polynomial det(tE — A),

then gy (E, A, 00) = n — k is called the algebraic multiplicity of co.

. If A # oo then pug(E, A, A) := dim N (AE — A) is called the geometric multi-

plicity of A.

. If A = oo then pug (E, A, 00) := dim N (E) is called the geometric multiplicity

of oco.
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Remark 8.17 (Number of eigenvalues). By Definition 8.16, any regular n x n matrix
pencil over F has exactly n eigenvalues over C counted with algebraic multiplicities.

Exercise 8.18 (Algebraic and geometric multiplicity). Let E, A € F™*" such
that L(t) = tE — A is regular.

1. Prove that jug (E, A, 00) < ua(E, A, 00). Hint: use that there exists k € N
and nonsingular matrices P, Q € F™*" such that

reo- (1 0).

2. Find an example to show that pg (E, A, 00) < e (E, A, 00) is possible.

8.3 Deflating subspaces and the generalized Schur
decomposition

In the theory of matrices, the concept of invariant subspaces is an important gen-
eralization of the concept of eigenvectors, see Section 2.5. In this section, we will
generalize this concept to the concept of deflating subspaces that play the analogous
role in the theory of matrix pencils. Recall that for 4 € F"*" a subspace X C F”" is
called invariant with respect to A if x € X implies Ax € X. In order to generalize
this definition to the case of matrix pencils an alternative characterization of invariant
subspaces is more suitable. If XX C [F” is a subspace of dimension k, we have

X isinvariant w.r.t. A < dim{x + Ay |x,y € X} = k.

Indeed, the subspace on the right hand side of the equivalence is contained in X if X
is invariant with respect to 4, and hence its dimension does not exceed k. On the other
hand, the space also contains X, and therefore it must be of dimension exactly k. We
can now use this equivalence to generalize the concept of invariant subspaces to the
case of matrix pencils.

Definition 8.19 (Deflating subspace). Let tE — A be an n x n matrix pencil over .
A subspace X C [F” of dimension k is called a deflating subspace of tE — A if

dim{Ex + Ay | x,y € X} <k.

The inequality in Definition 8.19 is due to the fact that the pencil is allowed to be
singular which may lead to a drop in the dimension.
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Exercise 8.20 (Deflating subspaces of regular pencils). Let tE — A be a regular
n x n matrix pencil over F and let X C [F” be a deflating subspace of tE — A.
Show that

dim{Ex + Ay |x,y € X} = k.

Theorem 8.21 (Alternative characterizations of deflating subspaces). Let tE — A be
an n X n matrix pencil over F and X C F" be a subspace of dimension k. Then the
following statements are equivalent:

1. X is a deflating subspace of tE — A.
2. There exists a subspace ¥ C F" withdim¥Y < k and AX,EX C Y.

3. There exist unitary matrices Z = [z1,...,zn], Q € F"" with span(z1, ..., zx)
= X such that

% « .7 _ . (Enn Enz A A
tQ*EZ — Q AZ—t( 0 Ey 0 Ayl
where E11,A11 € F**k gnd Erp, Arp € [F(r=k)x(n—k)

Proof. “1. = 2.”: Set Y := {Ex + Ay|x,y € X}. Thendim¥ < k as X is a
deflating subspace of t E — A. Clearly, we have AX, EX C ¥.

“2. = 3.”: Let z1, ..., zx be an orthonormal basis of X. This basis can be com-
pleted to an orthonormal basis zy, ..., z, of F”. Similarly, let gx41,...,qn € yL
be a family of orthonormal vectors from the orthogonal complement of ¥ and let
q1,--.,qn be a completion to an orthonormal basis of F”. Set

Z:(Zl ZZ)Z[ZL'“sZn]’ Q:(Ql QZ)Z[Clla---’CIn]s

where Zy = [z1,....zx]and Q1 = [g1,...,qx]. Then QFEZ1 =0 = Q5 AZ, by
construction which implies

*EZ, O*EZ, 0*AZ, OFAZ»
1O*EZ — Q*AZ =t Q1EZy Q) )_( 1 1
0 Q (Q;‘Ezl 03EZ,) \0342, 0342,

— Enn En) (An A
0 Ex 0 Axn)’
where Ejj = QFEZj and Ajj = QFAZj fori,j = 1,2.
“3.= 1. Let Z; = [z1,...,Zk]. Then R(Z;) = X and by 3. we have

* _ (En * _ (An
o= (B). oz = ()

From this we obtain Q*{Ex + Ay |x,y € X} C span(41,...,0;), where 81, ..., 8k
are the first k canonical unit vectors. This implies dim{Ex + Ay |x,y € X} < k as
Q is invertible and thus, X is a deflating subspace. m|
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Part 3 of Theorem 8.21 is the reason for the name deflating subspace that was
introduced in [42], because the knowledge of a deflating subspace allows to deflate
the eigenvalue problem (A E — A)x = 0 into two smaller subproblems with the pencils
tE11 — Ay and tEyp — Aps.

Remark 8.22 (Left deflating subspaces). Sometimes, ¥ as in Theorem 8.21 is called
a left deflating subspace associated with the right deflating subspace X, so X, ¥ to-
gether are called a pair of right and left deflating subspaces.

A key result in Section 2 was the Schur decomposition of a matrix, because it is a
form that displays the eigenvalues of the matrix and can be achieved by applying uni-
tary similarity transformations only. There is a corresponding decomposition of equal
importance in the case of matrix pencils, called the generalized Schur decomposition.

Theorem 8.23 (Generalized Schur decomposition). Let tE — A be an n X n matrix
pencil over C. Then there exist unitary matrices Q, Z € C™" such that

i1 F12 .- Tin S11 S12 ... Sin
0*Ez=Rr:=| 0 "2 Lo Az=5.=| 0 2
6 0' r,;n 0 O' s,;n
If there exists k € {1,...,n} such that rip = 0 = Sii then tE — A is singular.

Otherwise, tE — A has the n eigenvalues

s
Ay = Kk
Tkk

, k=1,...,n,

where we interpret Ay, = oo if rp = 0.

Proof. The proof proceeds by induction on n. The case for n = 1 is trivial. Thus, let
us assume 7 > | and that the assertion of the theorem holds forn — 1. Let A € C and
x € C™\ {0} be such that

AEXx = Ax.

Such a choice is always possible. Indeed, if tE — A is regular, then let A be an
eigenvalue and x be an associated eigenvector. If, on the other hand, tE — A is
singular, then det(t £ — A) = 0 and for an arbitrary A € C choose a nonzero vector x
from the kernel of AE — A. Then span(x) is a deflating subspace of t £ — A. Thus, by
Theorem 8.21, there exist unitary matrices Q, Z € C"*", where the first column z;
of Z spans span(x) such that

* 107 _(r1 Ew2\ _ (su A2
{Q*EZ QAZ_t(O Ezz) (0 Azz)’
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where 111,511 € C and Eap, Apy € C—Dx@=1) By the induction hypothesis, there
exist unitary matrices Q5, Zy € C@=Dx(=1) guch that Q3 Ex»Z and Q5 A7,
are both upper triangular. Setting then

1 O 1 0
Q=Q1(O Qz)’ Z=Zl(0 Zz)’

we obtain the desired decomposition. The remainder of the proof then follows from

det(tE — A) = det(Q) det(tR — S)det(Z*) = det(QZ") H (trek —skx)- O
k=1

Exercise 8.24. Show that an n x n matrix pencil tE — A over C has a diago-
nal generalized Schur decomposition (i.e., R and S in Theorem 8.23 are both
diagonal) if and only if there exists an orthonormal basis of C” consisting of
eigenvectors of tE — A.

Exercise 8.25. Let £, A € C™" be Hermitian. Show that if the matrix pencil
tE — A has a diagonal generalized Schur decomposition, then £ and A commute,
ie, EA= AE.

8.4 Hessenberg-triangular form

In the following, we aim to numerically compute the generalized Schur decomposi-
tion. How can this be achieved? Suppose that L(¢) := tE — A is an n X n matrix
pencil over C and suppose that Q, Z € C"*" are unitary such that

tQ*EZ — Q*AZ =tR— S (8.7)

is the generalized Schur decomposition of L. Suppose for the moment, that E is
invertible. Then we obtain from (8.7) that

O*(AE~Y)Q = 0*4ZZ*E~'Q = SR\

Since the inverse of an upper triangular matrix and the product of two upper tri-
angular matrices are again upper triangular matrices, the latter identity means that
O*(AE~1)Q = SR~ is a Schur decomposition of the matrix AE~!. Thus, a pos-
sible idea is to first compute a unitary matrix Q that transforms AE~! into Schur
form and then to compute a unitary Z so that (8.7) holds. The standard method for
computing Q is, of course, the QR iteration from Chapter 5. However, £ may be ill-
conditioned (or even singular), so we do not want (or are not able) to form the inverse
E~1 and the product AE~!. Instead, we will try to develop a method that implicitly
performs the QR iteration for AE~!, but works directly on the matrices 4 and E.
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Before we do so, recall that the QR iteration requires only O (n?) operations for Hes-
senberg matrices as opposed to @ (n3) operations for arbitrary matrices. Therefore, a
related reduction for matrix pencils would be useful. Observe that if the pencil tE — A
is such that A4 is a Hessenberg matrix and E is upper triangular and invertible, then
also AE~! is a Hessenberg matrix.

Definition 8.26 (Hessenberg-triangular form). Let E, A € F™*" where E is upper
triangular and A is a Hessenberg matrix. Then we say that the pencil tE — A is in
Hessenberg-triangular form.

In the following, we will show constructively that for arbitrary E, A € F"*" there
exist unitary matrices Q,Z € F™*" such that tQ*EZ — Q*AZ is in Hessenberg-
triangular form. We will depict the general procedure examplarily for n = 5. Thus,
we start with matrices of the form

X X X X X X X X X X
X X X X X X X X X X
EFE=]xxxxx]|], A=]xxxx X
X X X X X X X X X X
X X X X X X X X X X

In the first step, we compute the QR factorization of E (e.g., with the help of House-
holder reflections, see Section 4.7), i.e., we compute a unitary Q1 € F"*" such that
Q7 E is upper triangular. Then we have

X X X X X X X X X X
X X X X X X X X X
E(l):zQ’fE: X X x|, A(l):zQTAz X X X X X |,
X X X X X X X
X X X X X X

where blanks stand for zero entries.

In the following, we will transform AWM step by step to Hessenberg form and simul-
taneously keep the triangular form of E M, Alternatingly we will apply elimination
steps and restoration steps. Thus, if k is odd, then after the kth step we eliminate an
element of A% with the help of a Givens rotation (introduced in Section 5.2), and
in the next step, we restore the triangular form of E (k+1), again with the help of a
Givens rotation. We start by applying a Givens rotation G that transforms the forth
and fifth row in order to eliminate the (5, 1)-element of AW

X X X X X X X X X X

X X X X X X X X X

E® .= GOED® - x X x|, A® = WAD — | ¥ x x x x
R ® RRIR®RI®

X ® 0 ®®1’QR®
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Note that this transformation destroys the upper triangular form of E (M as it intro-
duces a fill-in in the (5, 4)-position of the matrix. But we can restore the triangular
form by multiplying E® with a Givens rotation G® which manipulates the forth
and fifth columns of E®. Application of this Givens rotation to A will keep the
zero entry in the (5, 1)-position, because the first column remains unchanged.

X XX QK X X X QK

XX QQ XXX ®Q

E® .— @52 — x®|. A®) = ADGAD _ | x x x ® ®
® ® XX XQ®Q

0® XX ®

Next, we perform an elimination step to eliminate the (4, 1)-element of A® by ap-
plying a Givens rotation G to the rows three and four (this time producing a fill-in
in the (4, 3)-position of E 3)), followed by a restauration step to restore the triangular
form of E®) by applying a Givens rotation G® to the columns three and four:

X X X X X X X X X X
X X X X X X X X X
E(4) = G(3)E(3)= RRX , A(4) = G(3)A(3): RRAIRRR® ,
X e 0 ®R®®®
X X X X X
X X Q ® X X X Q ® X
X Q & X X X Q QR X
E® .— E®g@ — ® ® x A®) = AWGW — | x x ® ® x
0 ® x X ® ® X
X X ® ® X

We continue this procedure until we have annihilated all but the first two elements
of the first column of A. In the case n = 5, we need one more pair of elimination-
restauration-steps:

X X X X X X X X X X
XK VRV
E@© .=GOEO =| Reoee|. 49:=c940 =0 x],.
X X X X X X
X X X X X
X Q® ® X X X ® ® X X
® ® X X X ® ® X X
ED .= EOGO = 0 ® x x|, AD .= 40 GO = ® ® X X
X X ® ® X X
X ®®XX
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Observe that at this stage we cannot proceed with eliminating the element in the
(2, 1)-position of A, because this would produce a fill-in in the (2, 1)-position
of EM, and the following restauration step would work on the first and second
columns of our matrices, thereby destroying all the strenuously obtained zeros in AD.
Instead, we now continue with the second column of A(7), again starting from the
bottom. Note that all our transformation will preserve the zero structure of the first
column of A:

X X X X X X X X X X
X X X X X X X X X
E® = x X x|, A®) = X X X x|,

® & XRRIX

X ® - ¥®®

XXX Q®Q XXX Q®Q

XX Q®Q XXX Q®®

E® = XR® ], A®) = XX QQ|,

® ® X X ® &

0 ® X Q&

X X X X X X X X X X

X X X X X X X X X

E10 — |, A= ],

X® 0 ®®®

X X X X

X X ® ® X X X ® &® X

X ® ® X X X ® ® X

EAD — ® R x|, A0D — X ® ® X
0 ® x ® ® X

X R ® X

For the second column, we have to stop the procedure after eliminating all but the
first three element, because proceeding by eliminating the (3, 2)-entry of A would
lead to a fill-in in the (3, 1)-position of A('1), thereby destroying the zero structure of
the first column. We now continue this series of steps until A has reached Hessenberg
form. In the case n = 5 only one more pair of steps is necessary:

X X X X X X X X X X
X X X X X X X X X

E(12 = x X x|, A2 = X X X X |,
R/ ® QR

X ® 0®®
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XXX Q®® XX XQ®®

XX Q& QR XXX QK

E13) — x|, A1 = XX ® ®
® & X ® &

0® R &

Exercise 8.27. Write a procedure hessenberg_triangular(var E, A) that com-
putes the Hessenberg-triangular form for an n x n matrix pencil tE — A
over [F.

Exercise 8.28. Calculate how many operations are necessary to compute the
Hessenberg triangular form for an n x n matrix pencil tE — A over . Also
calculate the number of operations needed to explicitly compute the transforma-
tion matrices Q and Z.

8.5 Deflation

Deflation was an important strategy in the practical use of the QR iteration as noted
in Section 5.4, and the same is true for generalized eigenvalue problems. Assume
that our n x n matrix pencil tE — A over F is regular and in Hessenberg-triangular
form. If one or more of the subdiagonal elements of A are zero (or, sufficiently small
in magnitude), then the corresponding generalized eigenvalue problem can be divided
into two smaller generalized eigenvalue problems of smaller size. Let k € {1,...,n}
be an index such that aj x # 0. Then the pencil E — A has the form

_ (tE11— A tE12 — Az
tE_A_( 0 tEy — Ax )’

where tE11 — A11 and ¢t E»p — Apo are two pencils of sizes k xk and (n —k) x (n—k),
respectively, that are again in Hessenberg-triangular form. Thus, we can compute the
eigenvalues of tE — A by computing the eigenvalues of the pencils tE1; — A1 and
tE>3 — Ay, In practice, we will deflate the problem as soon as there exists an index
k forag41x ~ 0.

Next assume that all subdiagonal entries of A are nonzero and assume that the
pencil tE — A has the eigenvalue co. Then E is singular and necessarily must have
a zero entry on the diagonal. Thus, the eigenvalue co obviously plays an exceptional
role, because it is automatically displayed after reduction to Hessenberg-triangular
form. Due to this exceptional role, it may not be a complete surprise that we are also
able to deflate it. The corresponding procedure is called zero-chasing, and we will
explain it exemplarily on a 5 x 5 matrix pencil. Thus, let us assume that e33 = 0,
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where y = 3 is the smallest index for which e # O forallk =y + 1,...,n. Thus,
our pencil has the following pattern.

X X X X X X X X X X
X X X X X X X X X

E = x x|, A= X X X X
X X X X X

X X X

Our aim is to chase the ‘zero’ on the diagonal of E down to the lower right corner
of E. In the first step, we apply a Givens rotation G to £ and A acting on the third
and forth rows that will eliminate the (4, 4)-entry of E.

X X X X X X X X X X

X X X X X X X X X

EW = G,E = |, AV=64=| 990
0® H®®®

X X X

This procedure will generate a fill-in in the (4, 2)-position of A thus creating a bulge in
the Hessenberg form. However, applying a Givens rotation G5 acting on the columns
two and three, we can restore the Hessenberg form of AD without destroying the
upper triangular form of £ W,

X Q® ® X X X Q® ® X X

® ® X X X ® ® X X

E@ = gWg, = X X AP = 406, = | ® ® x x
X 0 ® X x

X X X

Note that we chased the zero on the diagonal of E further down while the Hessenberg
form of A has been restored. (There is an additional zero entry remaining in the
(3, 3)-position of E, but this one will fill up again later, so it is out of our focus.) We
continue now to chase the zero down to the (7, n)-position.

X X X X X X X X X X
X X X X X X X X X
E® = G3E® = x x|, A® =6G;49 =] x x x x|,
® ®R®
0 NQQ®
XX Q® Q X XX Q& X
X ® ® X XX QQ X
E® = EQG, = R x|, A® =4%¢G,= X ® ® X
X R K X
0 x X
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Observe that the last step has finally filled up the (3, 3)-entry of E (). However, as
E® still has upper triangular form, this is acceptable. The pattern of the matrices
E® and A@ is the typical pattern that we obtain after chasing down the zero on the
diagonal of E to the (n,n)-position. In order to deflate the problem, we can apply
a final Givens rotation G5 acting on columns that eliminates the (5, 4)-entry of AW,
This will create a fill-in in the (4, 4)-position of E @ but again this is acceptable as
the upper triangular form is not destroyed.

E®) — E(4)G5 —

We can now deflate the eigenvalue co and continue with the (n — 1) x (n — 1) ma-
trix pencil from the upper left corner of 1 E ®) — A®) which is again in Hessenberg-
triangular form.

Exercise 8.29. Write a procedure zero_chasing(var E, A) that deflates the eigen-
value oo (which may have algebraic multiplicity larger than one) for a given n xn
matrix pencil tE — A over IF in Hessenberg-triangular form.

8.6 The QZ step

Let tE — A be aregular n x n matrix pencil over F in Hessenberg-triangular form. By
the previous section, we may also assume that E is invertible, because otherwise we
could deflate the eigenvalue oo until we are left with a smaller pencil in Hessenberg-
triangular form not having the eigenvalue co any more. The idea is then to determine
unitary matrices Q,Z € F™" such that tE A = Q*(tE — A)Z is again in
Hessenberg-triangular form and such that AE~" is the matrix that one would obtain
after one step of the implicit QR iteration with multi-shift strategy outlined in Sec-
tion 5.6. We will do this exemplary for the case n = 5 and the double shift strategy
as in Example 5.17.

As in Chapter 5, the main idea is the application of Corollary 5.14. In the following
let H := AE~! and let 1, up € C be two shifts. In Section 5.6, we started by
investigating the matrix B = (H — u11,)(H — 2 1,) which has the form

X X X X X
X X X X X

B=]x xx xx
X X X X

X X X



Section 8.6 The QZ step 199

We then computed a Householder reflection M; that eliminates the (2, 1)- and
(3, 1)-entries of B, but instead of applying M; directly to B and computing the QR
factorization of B, we applied M directly to the matrix H and restored its Hessenberg
form with bulge chasing. Corollary 5.14 then implied that the resulting Hessenberg
matrix was essentially the matrix that we would have obtained after two consecutive
steps of the QR iteration with shifts @ and p,. Applying the same strategy here, we
will have to compute a Householder reflection that reflects the first column b of the
matrix B = (H — pu11,)(H — pa1,) to a multiple of the first canonical unit vector.
It is important to highlight that the first column of B can be easily computed without
explicitly forming E ! and the product AE~!, see Exercise 8.30.

Exercise 8.30 (First column of B). Let E, A € C"*" such that E is nonsingular
and 1 E — A is in Hessenberg-triangular form. Show that only the first three entries
of the first column

by = (AE™" — i1 L) (AE™ — ualy)éy

of the matrix B = (AE~! — u1I,)(AE~! — ju»1,) are nonzero and provide a
formula for its entries in dependence of i1, (2 and the entries of the first two
columns of A and E.

Hint: Use that E~! is upper triangular and that you will need the entries of the
principal 2 x 2 submatrix only.

Once we have computed the first column b; of B, we can compute a Householder
reflection M7 such that Mb; is a multiple of the first canonical unit vector. By
Exercise 8.30, only the first three entries of b are nonzero, so My will have the form

P 0

where P is a 3 x 3 Householder reflection. Thus M; only manipulates the first three
rows of any matrix it will be applied to. Applying M both to E and A, we therefore
obtain matrices of the following form.

X X X X X X X X X X

K x X X X X X X X X
E(o)=M1E: XX xx x|, A(0)=M1A= X x x x x
X X X X X

X X X

Thus, we have created a triangular and a Hessenberg matrix each having a bulge. If
we can now find unitary matrices Q, Z € C"*" suchthattQ*M1EZ — Q*M1AZ is
again in Hessenberg-triangular form and such that M{*Q and M " have identical first
columns, then by Corollary 5.14 the matrix

Q*MIAZ(Q*M\EZ)™' = Q*MAE™'M[Q
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is essentially the matrix that we would have obtained after two steps of the QR iter-
ation with shifts 11 and p, applied to AE~!. As in Chapter 5, we will achieve this
by bulge chasing. We start by applying a Householder reflection Z; that changes the

(0) (0)
31

first three columns to eliminate e5,” and e, . This will create fill-ins in the (4, 1)- and

(4, 2)-positions of A0

® ® ® X X ® R R X X

® ® ® X X ® ® ® X X

EW=FE®z, =100 ® x x AW = 407, = | ® @ ® x x
X X XX ® x x

X X X

Next, we apply a Householder reflection Z, that changes the first two columns to
eliminate eg?. Note that this will not create any additional fill-ins in our matrices.

R R X X X R R X X X

0 ® X X X ® Q X X X

E(2)=E(1)ZZ= X X X A(2)=A(1)ZZ= ® ® X X X
X X R® ® X X X

X X X

These two step have restored the triangular form of £. We now concentrate on the

matrix A® and apply a Householder reflection Q] changing the rows two to four to

eliminate the entries agzl) and aizl).

X X X X X X X X X X

R ® RRR® QW

EQ=01EP = meee|. 49=014P=[02@8®
NKR®® 0®®®®

X X X

The fact that Q7 only changes the rows two to four, its conjugate transpose Q1 will
manipulate only the columns two to four if we multiply it from the right to M,*. Thus,
M7 and M{ Q1 will have identical first columns. Observe that as in Chapter 5, we
have managed to chase the bulge one step towards the right lower edge of the matrix.
We continue to chase the bulge further down and finally off the diagonal to restore the
Hessenberg-triangular form of our pencil.

X®® ® X X®® ® x
X R ® X X Q& ® X

EW=E®z;=] 9ooex|. A®=4%0z;=| oo x|.
00 ® x ® ® ® x
X XX ® x
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X Q® ® X X X ® ® X X
X ® ® X X X ® ® X X
E® =Wz, = 0@ xx|, A =4®z,=| oo x x|,
X X ® ® X X
X R & X X
X X X X X X X X X X
X X X X X X X X X
E® = 03E® = e@x|, 49=0349=| ®20].
X® - ®®®
XX ® - ®®®
XX QR QR XX ®Q®Q
XQ R K XX Q®Q
E(7)=E(6)Z5= ®®® , A(7)=A(6)Zs= X®®® ,
® R ® R
00® ® &
X X ® ® X X X ® &® X
X ® ® X X X ® ® X
E® =Dz = x|, A®=4Dzs=]1 x® x|,
0 ® x ® & X
X R ® X
X X X X X X X X X X
X X X X X X X X X
E® = Q3E(8)= X x x|, A®) = 03 *A®) — X X X x|,
® & PSR
X ® 0 ®®
XXX Q®® X X X Q®®
XX QR XX XQ®®
E(10)=E(9)Z7= X Q Q|, A(10)=A(9)Z7: XX Q®
® & X ® &
0® X &®

In the general n x n case, this procedure yields matrices
Q=00 0na Z=2Z1Zop3

such that the pencil (E—4 := Q*(tE — A)Z is in Hessenberg-triangular form
and such that M Q and M7 have identical first columns. As explained above, the
matrix AE ! is essentlally the Hessenberg matrix that is obtained after two steps of
the QR iteration with shifts y; and 1, applied to the Hessenberg matrix AE~1. We
can now repeat the steps until one or more elements on the subdiagonal of AE~! are
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sufficiently small to be considered as zero. Clearly, the (k + 1, k)-element in AE~! is
zero if and only if the (k + 1, k)-element in A is zero, since with E also E~! is upper
triangular. In this case, we have deflation and can continue with two subproblems of
smaller size in order to compute the eigenvalues of our matrix pencil.

The algorithm outlined above is the so-called QZ-algorithm and was originally
proposed in [28]. It can be considered to be the standard algorithm for the solution of
dense (i.e., not sparse) generalized eigenvalue problems. For further reading, we refer
the reader to [28], [9], and [18].

Exercise 8.31. Write a procedure qz_step(var E, A) that performs a Q Z step on
an n X n matrix pencil tE — A over I in Hessenberg-triangular form.

Exercise 8.32. Calculate how many operations are necessary to perform a QZ
step on an n x n matrix pencil t E — A over I in Hessenberg-triangular form. Also
calculate the number of operations needed to explicitly compute the transforma-
tion matrices Q and Z.
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Gershgorin spheres 143
Gram—Schmidt process 152

Hessenberg matrix 104
Hessenberg-triangular form 193
Hilbert matrix 159

Hilbert space 19
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Householder reflection 27

Infinite eigenvalues 187

Injective 9

Invariant subspace 25

Inverse iteration 73
accuracy 75
convergence 73

Irreducible matrix 137

Isometric matrix 23

Jacobi iteration
accuracy 52
classical 46
convergence 45
cyclic-by-row 47

Krylov subspace 149

Lanczos iteration 164
Linearization 183

Matrices
similar 16

Matrix
adjoint 20
a-triangular 92
diagonalizable 18
exponential 18
Hessenberg 104
Hilbert 159
irreducible 137
isometric 23
nil-potent 11
normal 22
off-diagonal part 32
orthogonal 23
self-adjoint 21
sparse 145
triangular 24
tridiagonal 104
unitary 23
unreduced 137

Matrix pencil 184
regular 185
singular 185

Matrix polynomial 183

Metric equivalence 22

Minimal polynomial 151
Minimization problem 49
Multiplicity
algebraic 14, 188
geometric 12, 188

Neumann series 142
Nil-potent matrix 11
Norm

Frobenius 31

maximum 141

spectral 47
Normal matrix 22
Null space 9
Nullity 9

Orthogonal iteration 86
Orthogonal matrix 23
Orthogonal projection 80
Orthonormal basis 149

Perpendicular subspaces 21

Perpendicular vectors 21

Perturbed eigenvalue 50

Polynomial
characteristic 13
Chebyshev 166, 168
minimal 151

Polynomial eigenvalue problem 6, 183

Power iteration
accuracy 71
convergence 63, 95

convergence to subspace 82

Projection 11
orthogonal 80
Projection methods 148

QR factorization 85
existence 85
QZ algorithm 198

Range 9

Rank 9

Rayleigh iteration 77
convergence 77

Rayleigh quotient
accuracy 68
definition 67

Rayleigh shift 114

Residual 70, 163
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inverse iteration 75 characterized by minimization 68
power iteration 72 characterized by projection 81
Ritz pair 148 Spectral gap 51
computation 162 Spectral norm 47
Ritz value 148 Spectrum 10
Ritz vector 148 Sturm chain 135
Ritz—Galerkin condition 148 for tridiagonal matrix 138
Subspace

Schur decomposition 27
Schur decomposition, generalized 191
Self-adjoint matrix 21
Shift
Francis double 115, 130

invariant 25
Surjective 9
Sylvester’s equation 34

Francis single 115 Tangent _
multiple 130 characterized by inner product 63
Rayleigh 114 characterized by projection 81
Shift parameter 73, 113 Triangular matrix 24
Similar matrices 16 Tridiagonal matrix 104
Simple eigenvalue 14
Simultaneous iteration 86 Unitary matrix 23
convergence 88
Sine Zero-chasing 196

characterized by inner product 63 Zero-counting 136
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