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Preface

Problems of numerical linear algebra arise in all fields of modern science. Important
examples are computational fluid dynamics, solid mechanics, electrical networks,
signal analysis, and optimization. In our book we present an extended basic theory of
linear algebra including such topics as matrix algebra, theory of linear systems of
equations, spectral theory, vector and matrix norms, combined with the most impor-
tant direct and iterative numerical methods for solution of linear systems of equations,
least squares problems, and eigenproblems. In this book we wanted to combine a solid
theoretical background in linear algebra with practical algorithms for numerical
solution of linear algebra problems. Most of the presented numerical algorithms
are illustrated by computer programs written in MATLAB®, which are given in the
electronic supplementary material that can be found on SpringerLink. These programs
allow the reader to obtain experience in implementation and evaluation of numerical
algorithms for the problems described in the book and give possibility to apply them to
the solution of the computer exercises presented in this book. They can also give the
reader a better understanding of professional numerical software for the solution of
real-life problems in numerical linear algebra.

This book is suitable for use as course material in a one- or two-semester course on
numerical linear algebra, matrix computations, or large sparse matrices at the
advanced undergraduate or graduate level. We recommend using the material of
Chapters 1-7 for courses in the theoretical aspects of linear algebra, or as the first part
for a course in numerical linear algebra. In addition to traditional content for courses
in linear algebra for students specializing in the physical and mathematical sciences,
we include in these chapters some sections that can be useful as course material for
special courses on various applications of linear algebra. We hope that this material
will also be of interest to scientists. We recommend Chapters 8—12 for courses related
to numerical linear algebra, or as the second part of a course in numerical linear
algebra. The material of Chapters 8—12 follows the book of Demmel [23]. Compared
with [23], we present the numerical material of Chapters 8—12 in a more concise form,
which is appropriate to a one-semester course in numerical linear algebra at the
undergraduate level. We also enrich our Chapters 8—12 with numerical examples,
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which can be tested by the MATLAB® and PETSc programs are available in the
electronic supplementary material that can be found on SpringerLink.

In the first four chapters we introduce readers to the topic of linear algebra and
give the main definitions of complex numbers and polynomials, systems of linear
equations, matrices, determinants, vector and inner product spaces, subspaces,
linear operators, and eigenvalues and eigenvectors of a linear operator. In Chapter 5
we present canonical forms and factorizations: the singular value decomposition,
the Jordan canonical form, matrix pencils and Weierstrass canonical form, the
Kronecker canonical form, and their applications in the theory of ordinary differ-
ential equations. Chapter 6 discusses vector and matrix norms and Chapter 7 pre-
sents the main elements of perturbation theory for basic problems of linear algebra.
Chapters 8—11 deal with numerical solution of systems of linear equations, linear
least squares problems, and the solution of eigenvalue problems. In Chapter 12 we
give a brief introduction to the main iterative methods for the solution of linear
systems: Jacobi, Gauss—Seidel, and Successive overrelaxation. We also discuss
Krylov subspace methods, the conjugate gradient algorithm, and the preconditioned
conjugate gradient algorithm. Compared with other books on the same subject, this
book presents a combination of extended material on the rigorous theory of linear
algebra together with numerical aspects and implementation of algorithms of linear
algebra in MATLAB®. The material of this book was developed from a number of
courses which the authors taught repeatedly for a long period at the master’s
program in engineering mathematics and computational science at Chalmers
University of Technology and University of Gothenburg, Sweden, and at Institute
of Computational Mathematics and Information Technologies of Kazan Federal
University, Russia. Chapters 1-7 were written by Mikhail and Evgenii Karchevskii.
Larisa Beilina wrote Chapters 8—12 and the electronic supplementary material that
can be found on SpringerLink.

The authors want to thank the following colleagues and students for correc-
tions, proofreading, and contributions to the material of this book: Yu.A. Al’pin,
V.B. Andreev, A. Bergqvist, I.D. Beilin, E.V. Chizhonkov, R.Z. Dautov, H. Eklund,
N. Ericsson, M. Hoppe, J. Jagers, J. Jansson, B. Galimullin, A.V. Goolin, R.N. Gumerov,
A.S. Ilinskii, A. Mutygullin, A. Repina, R.R. Shagidullin, Yu.G. Smirnov, E.L. Stolov,
S.I. Soloviov, M.R. Timerbaev, A. Vasilyeva, O. Wickius, E. Ablad.

Gothenburg, Sweden Larisa Beilina
Kazan, Russia Evgenii Karchevskii
Kazan, Russia Mikhail Karchevskii

February 2017
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Chapter 1
Preliminaries

In this chapter we provide the necessary background from the theory of complex
numbers. Then we describe the basic properties of polynomials and their roots. We
introduce the concept of determinants, establish their properties, and present the
basic theory of systems of linear algebraic equations with nonsingular matrices. The
main types of rectangular matrices are described.

1.1 Complex Numbers and Polynomials

1.1.1 Complex Numbers: Basic Operations and Formulas

It is well known that not every quadratic equation has a real solution. For example,
a simple equation like
x2+1=0 (1.1)

has no real solution, since the square of a real number is never negative. The situation
is changed if we introduce a new number (more precisely, anew symbol). This number
is called the imaginary unit and is denoted by i. By definition, we have

i’ =-1.

Then oy = 1iis a root of equation (1.1). It is natural that

(-)? = (=D*% = —1.

Electronic supplementary material The online version of this chapter
(doi:10.1007/978-3-319-57304-5_1) contains supplementary material, which is available to
authorized users.

© Springer International Publishing AG 2017 1
L. Beilina et al., Numerical Linear Algebra: Theory and Applications,
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Then oy = —iisthe secondroot of equation (1.1),1.e., this equation has two solutions,
similarly to the equation

¥ —1=0.
Consider the quadratic equation

x*+4q =0,

where g > 0. It is natural to decide that this equation has two roots:

o) =iy/q and o, = —i/q.

The numbers of the form ib, where b is real, are called imaginary numbers.
Let us now consider a general quadratic equation. For convenience, we write it in
the reduced form
x> —2px+q=0. (1.2)

Using elementary calculations, we get
(x—=p)P’+q—p° =0

Suppose that ¢ — p? > 0, i.e., the discriminant of equation (1.2) is negative. It is
natural to decide that Eq. (1.2) has two roots too:

ar=p+ivg—p? a=p—iJ/g—p> (1.3)

The numbers «1, &, in (1.3) have the new form a + ib, where a and b are real.
They are called complex numbers. In the particular case that b = 0, the complex
number a + ib will be the same as the real number a. If a = 0, then the complex
number will be the same as the imaginary number ib.

Usually we denote a complex number by the letter z:

z=x+1y.

The real number x is called the real part of z and is denoted by Re z. The real
number y is called the imaginary part of z and is denoted by Im z. Therefore, we
can write

z=Rez+ilmz.

By definition, two complex numbers z; = x; +iy; and z, = x, + iy, are equal
if and only if x; = x; and y; = y».

Let us verify that the numbers o, o, defined by (1.3) actually satisfy the quadratic
equation (1.2). To do this we have to introduce the algebraic operations with complex
numbers.
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The sum of the complex numbers z; = x; +1iy; and zp = x, + 1y, is the complex
number z = x + iy, where x = x| + xp, ¥y = y; + y», i.e.,

Re (z1 +22) =Rez; + Rezy,
Im (z; + z2) = Imz; + Imz,.
The difference of the complex numbers z; and z; is the complex number
z=(x1 —x2) +i(y1 — y2).
Clearly, if z is the difference of complex numbers z; and z5, then z, + z = z;.
For example, the sum of the complex numbers z; = 1 +i2and z; = 3 +i4 is
equal to z = 4 + 16, and their difference is z = —2 — i2.
The complex number 0 410 is called zero and is denoted by the symbol 0.

Multiplication of complex numbers is carried out in the same way as the multi-
plication of usual binomials using the relation i> = —1. Therefore, we have

2122 = (x1 +iy1) (2 +1iy2) = X122 — y1y2 +i(x1y2 + x231),

i.e., by definition,

RC(Z]ZQ) =Releezg—Imzllng, (14)
Im (z1z2) = ReziImz; + Re z,Im z;. (1.5)
For example, the product of the complex numbers z; = 1 +1i2,z, = 3 + 4 is

calculated as follows:
2122 =1 4+i2)B+i4) =1 x3—-2x4) +i(l x4+3 x2)=-5+1l0.

For every complex number z we have z x 0 =0 x z = 0.

The reader can easily prove that the operations of addition and multiplication
of complex numbers defined above have the same properties as the corresponding
operations with real numbers.

1. Commutativity: 71 + z2 = 22 + 21, 2122 = 2221-
2. Associativity: (z1 + z2) + 23 = 21 + (22 + 23), (z122)23 = 21(2223).
3. Distributivity: (z; + 22)23 = 2123 + 2223.

Now using direct substitution, the reader can check that the numbers «; and o,
defined by (1.3) satisfy the quadratic equation (1.2).
Division of complex numbers z; and z; is defined by the following relationship:

722 = 21- (1.6)
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Here the complex number z is the quotient of z; divided by z».

If z, # 0, then there exists a unique solution z of Eq. (1.6). Indeed, using (1.4),
(1.5), we can write (1.6) in more detail:

xx2 = yy2 +i(xy2 +x2y) = x1 +iy1. (1.7)
Equating the real and imaginary parts, we get

XXy — yy2 = X1, (1.8)
xy: + yx2 = y1. (1.9)

The system of equations (1.8), (1.9) has the unique solution

X1X2 + Y12
X = ——7=

(1.10)
X3+ 3
X2y1 — X1)2
y= " (1.11)
X5+

Formulas (1.10) and (1.11) define the rule of division of complex numbers.
For example, let us divide the complex number z; = 1 +i2 by z, = 3 + i4:

zi 14+i2  1x3+2x4  3x2-1x4 11 2

n 314 3yae T amie Tl

For every natural number n, by definition, put z* = zz - - - z, where the factor is
repeated n times, z° = 1, 27" = (1/2)".

It is important to note that if the imaginary parts of complex operands are equal
to zero, then the operations with complex numbers defined above are identical to the
operations with real numbers (check this!). Therefore, we can accept that the field
of all complex numbers is an extension of the field of all real numbers.

For a complex number z = x + iy, the number 7 = x — iy is called the complex
conjugate of z. Evidently,

=2, utn=2+2n 122=712- (1.12)

Note also that
14+7=2x, z—z=1i2y, zZz=x*+y%

The real nonnegative number |z| = +/zz = /x2 + y?2 is called the absolute value
(or modulus) of z = x + iy. Obviously,

if|z2] =0, thenx =0, y =0, ie.,z =0. (1.13)

For all complex numbers z;, z», by elementary calculations we get
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lz122] = |z1llz2]. (1.14)
For all real numbers x, y, the following inequality is well known:
20xyl < (& 4+ ¥7).

Using it, the reader can easily prove that for all complex numbers z;, z», the next
inequality holds:
|21 + 22| < lz1] + [z2]- (1.15)

Relationships (1.13), (1.14), (1.15) show that we can use the absolute values of
complex numbers in the same way as the absolute values of real numbers.

Note that |z1| = |21 — 22+ 22| < |21 — 22|+ |z2]; therefore, |z1] —|22] < |21 —22].
Similarly, |z2| — |z1| < |z1 — 2z2|. Thus,

lz2] = 1211l < lz1 — z2l. (1.16)

Recall that every real number x is assumed to correspond to a point on the number
line. Analogously, the set of complex numbers may be thought of as a Cartesian plane
with “real axis” x and “imaginary axis” y. Thus, z = x 4 iy may be identified with
the point (x, y) in the complex plane. Then complex conjugation is reflection across
the real axis, and |z| is the Euclidean distance of z from the origin in the complex
plane. (Check this by drawing!)

Recall that the sum of two vectors (x, y;) and (x3, y,) is the vector with coordi-
nates x| +x; and y; + y,. Therefore, the sum of two complex numbers z; = x| +1iy;
and zp = x, + iy, corresponds to the sum of two vectors (make a drawing!). Hence
inequalities (1.15), (1.16) can be interpreted as the well-known triangle inequalities
for vectors.

In the last two paragraphs we have described the complex plane in terms of
rectangular coordinates. The complex plane may also be represented usefully in
terms of polar coordinates, in which the position of z in the plane is described in
terms of the modulus of z and the angle ¢, measured in the counterclockwise direction
from the positive real axis. The angle ¢ belongs to the interval [0, 27) and is called
the argument of z. The following notation is often used:

¢ =argz, p =]zl (1.17)

Let us obtain an explicit representation of z using |z| and arg z. We have

x .
z=|z| (—-i—ll).
Iz zl

Evidently (make a drawing!),
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X y .
— =cos¢g, — =sing, (1.18)
|z |z
and thus
z = p(cos @ +1isin ). (1.19)

Relationships (1.17)—(1.19) give the so-called trigonometric form of a complex num-
ber. This form enables us to take a fresh look at algebraic operations with complex
numbers and to obtain several useful formulas.

If z; = pi(cos ¢ +ising;), 7o = pa(cos @, + isin ¢;), then using well-known
trigonometric formulas, we have

7122 = p1p2 (cos(@1 + ¢2) +isin(e; + ¢2)), (1.20)

i.e., to multiply two complex numbers, we multiply their absolute values and add
their arguments.

For example, the product of the complex numbers z; = 3 (cos(mr/2) + isin(w/2))
and z, = 2 (cos(r/4) 4 isin(mwr/4)) is z1zo = 6 (cos(3w /4) + isin(37w /4)) .

Note that using formula (1.20), we can obtain ¢; + ¢, > 2. Naturally, because
of the periodicity of trigonometric functions, the argument of a complex number is
determined modulo 27r. Hence equalities like (1.20) involving arguments will always
be interpreted as congruences modulo 277; i.e., we shall neglect differences of integer
multiples of 2.

Using the trigonometric form of complex numbers and formula (1.20), we can
write Eq. (1.6) as

pp2(cos(e + ¢2) +1sin(p + ¢2)) = pi(cos @ +ising), (1.21)
whence
21 L1 ..
= — = —(cos(p1 — @2) +isin(p; — ¢2)), (1.22)
22 P2

i.e., to divide two complex numbers, we divide their absolute values and subtract
their arguments.

For example, using formula (1.22), for the numbers z; = 3(cos(mw/2) +
isin(r/2)) and z, = 2 (cos(xr/4) + isin(w/4)), we get z1 /22 = (3/2)(cos(w/4) +
isin(w/4)).

Let us obtain a formula expressing the powers of a complex number. If we putz; =
7o = z in (1.20), then we get

22 = zz = p*(cos 2¢ + isin2¢),

and generally,
7" = p"(cosng +isinng) (1.23)
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for every integer n (including zero and negative integers). Formula (1.23) is called
de Moivre’s formula.'

Let us now turn to the problem of calculation of an nth root of a complex num-
berz = p(cos ¢ +ising). Heren > 1 is an integer. This is the problem of calculation
of a number Z = p(cos ¢ + isin @) such that

7" = p"(cosng +isinng) = p(cos ¢ + isin ). (1.24)

Evidently, Eq. (1.24) has the following solutions:

- - 2k
p=p, (p:g—i——, k=0,1,....

n n

Here /p is the unique real nth root of the real nonnegative number p. Hence we see
that the n complex numbers

. 2rk
2k = J/p(cosgp +isingr), ¢ =%+T, k=0,1,....,n—1, (1.25)
are the nth roots of the complex number z. For k > n — 1 the numbers z; repeat
periodically because of the periodicity of the trigonometric functions.
For example, the four fourth roots of the complex number

3(eos 3 #isin )
=3 (cos — +1isin —
¢ 2 2
are calculated by the following formulas:
2 =3(cosg +ising), @ = % +k%, k=0,1,2,3.

Thus each complex number (except zero) has n distinct nth roots. All these roots
lie on the circle of radius /0 centered at the origin. They divide it into n equal parts.

The following question naturally arises: is it possible to find other roots of a
complex number z? The answer is negative. To verify this, the reader can use the
results of Section 1.1.3, p. 10, interpreting Eq. (1.24) as a problem of calculation of
roots of a polynomial of degree n.

Formula (1.25) is often written in a slightly different form. Let

2k 2k
qk=cos—n —i—isin—n , k=0,1,2,...,n—1.
n n

Obviously, gf = 1fork =0,1,2,...,n — 1, i.e., the g are nth roots of unity. It is
easy to see that
ok =2z0qx, k=0,1,2,...,n—1.

1 Abraham de Moivre (1667—1754) was a French mathematician.
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Therefore, if we calculate the first root

20 = /P (cosg/n +ising/n),

then we obtain all other roots by successive shifts through the angle 27 /n on the unit
circle.

1.1.2 Algebraic Operations with Polynomials

A polynomial is a function of the form
P,(2) = ap+ a1z + axz® + - - - + a,7". (1.26)

Here ag, a, . . ., a, are fixed complex numbers. They are called the coefficients of the
polynomial. If @, # 0, then the integer n > 0 is called the degree of the polynomial,
and a, is called the leading coefficient of the polynomial. The variable z can take
any complex value.

Two polynomials P,(z) and Q,(z) are equal if they have exactly the same coef-
ficients.

If all coefficients of a polynomial are equal to zero, then the polynomial is equal
to zero for all z. This polynomial is called the zero polynomial and is denoted by O.
The degree of the zero polynomial is undefined.

The sum of two polynomials P,(z) + O,,(z) is a polynomial, and its degree is
less than or equal to the maximum of n and m, or it is the zero polynomial.

The product of two polynomials P,(z) Q,,(z) is a polynomial of degree n + m.

The addition of the zero polynomial to any polynomial does not change that
polynomial. The product of two polynomials is equal to the zero polynomial if and
only if one of the factors is the zero polynomial (prove it!).

Let us introduce and investigate the operation of division of polynomials.

Theorem 1.1 For polynomials P(z) and Q(z) there exist polynomials q(z) and r(z)
such that

P(z) = Q(2)q(2) +r(2), (1.27)

and either r = 0 or the degree of r(z) is less than the degree of Q(z). More-
over, the polynomials q(z) and r(z) are uniquely determined by the polynomi-
als P(z)and Q(2).

Proof First we suppose that either P = 0 or the degree of P (z) is less than the degree
of Q(z). Then the unique solution of equation (1.27) is ¢ = 0 and r(z) = P(2).
Assume now that P (z) is a polynomial of degree n, Q(z) hasdegree m,andn > m.
To simplify the notation we suppose that the leading coefficient of the polyno-
mial Q(z) is equal to one. If we suppose that the leading coefficient is an arbitrary
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nonzero number, then the formulas written below should be modified in an obvious
way. Thus we take

P(z) =a,7" + an_lz”*I + -+ ap,

0@ =7"+bu_ 17" "+ + by,

G2 = Cpom?" " F Cpem1 T o,
r@) =dp12" '+ dp2d" P4+ do.

The coefficients of polynomials P(z) and Q(z) are known. Let us calculate the
coefficients of ¢ (z) and r(z). Collecting all coefficients with the same power of z on
the right-hand side of (1.27) and equating them with the corresponding coefficients
of the polynomial P(z), we get

an = Cn—m;

ap—1 = Chp—m-1t+ Cn—mbm—h

ap-2 = Cp—m—2 + cnfmflbmfl + Cnfmbm72v

......... (128)
aym = co+ C1by_1 + c2by_y + -+ cbo,

ap—1 = dy—1 + cobm—1 + c1bp—2 + -+ - + cm—1bo,

The obtained relationships form a system of linear equations for the coefficients of
the polynomials ¢ (z) and r(z). This system is easily solved and uniquely defines the
coefficients of these polynomials. First the coefficients c; are calculated in the order
of descending indices:

Cn—m = dp,

Cn—m—1 = dp—-1 — Cn—mbm—l ’

Cn—m—2 = dp—2 — Cn—m—lbm—l - Cn—mbm—Za (129)
o =an — Ctby_1 — c2by_y — -+ — cibo.

Then, using the calculated values of ¢;, the coefficients d; are calculated by the
following formulas:

dp—1 = am—1 — Cobp—1 — c1by—2 — -+ - — cm—1bo,
A2 =2 — Cobm_2 — C1by_3 — -+ — Cm_2bo, (1.30)

do =dy — Cobo.

Note that ¢,_,, # 0, since a, # 0, but the coefficients of r(z) generally speaking
can be equal to zero.
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We suppose here that 2m < n. If 2m > n, then formulas (1.28)—(1.30) should be
modified in an obvious way. a2

The method of calculation of the coefficients of polynomials ¢ (z) and  (z), which
is described in the proof, is called Horner’s rule.® It is commonly used for algebraic
calculations.

Formula (1.27) defines the operation of division of a polynomial P (z) by a poly-
nomial Q(z). The polynomials ¢ (z) and r(z) are called respectively the quotient and
remainder of the division. If r = 0, then we say that Q(z) divides P(z),or Q(z) isa
factor of P(z).

Remark 1.1 Tt follows from (1.29) and (1.30) that if P(z) and Q(z) are polynomials
with real coefficients, then the coefficients of the polynomials ¢(z) and r(z) are real
numbers.

As an example of application of Horner’s rule, let us divide
Pi(z) =22 =32 +427 = 5246 by 0(2) =2" =3z +1,
i.e., let us calculate polynomials
$@2(2) =’ +aiz+e and r(z) =diz+dp

such that
Py(z) = 02(2)q2(2) +r(2).

In this example we have n = 4 and m = 2. First, using (1.29), we calculate the
coefficients ¢, ¢y, and c¢p:

c=a4=2,
Cl =a3—6‘2b1 =—3—2(—3)=3,
Co=dz—€1b1—C2b0=4—3(—3)—2X1:11.

Then, using (1.30), we calculate the coefficients d; and dj:

d1:a1—cobl—c1b0:—5—1l(—3)—3xl:25,
d0=a0—C()b0=6—11X1=—5.

Thus,
g2(z) =222+ 324+ 11, r(z) =25z —5.

The question naturally arises whether the corresponding coefficients of the poly-
nomials P,(z) and Q,(z) are equal if the values of those polynomials are equal for all

2Here and below, the symbol [Jindicates the end of a proof.
3William George Horner (1786-1837) was a British mathematician.
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z. In other words, are all coefficients of a polynomial equal to zero if that polynomial
is equal identically to zero? The answer is yes, but we will prove it somewhat later.
Oddly enough, a simple proof is based on some results of the theory of systems of
linear algebraic equations (see Section 1.2.3, p. 27).

1.1.3 Roots of Polynomials and Their Properties

A root of a polynomial P,(z) is a complex number « such that P,(«) = 0.

Theorem 1.2 (Bézout’s* theorem). Let o be a complex number,n > 1. Then z — o
divides the polynomial P, (z) — P, ().

Proof Using Theorem 1.1, p. 10, we obtain P,(z) — P, (@) = ¢u—1(2)(z — ) + 1,
where r is either a number (a polynomial of degree zero) or the zero polynomial. If in
the last equality we take z = o, thenr = 0,i.e., P,(z2)— P, (@) = ¢,—1(2)(z—a). O

The next corollary immediately follows from Bézout’s theorem.

Corollary 1.1 A complex number « is a root of a polynomial P,(z) if and only
if z — a divides P,(2).

A complex number « is called a root of multiplicity k > 1 of a polynomial P,(z)
if (z — @) divides P,(z):

P(2) = (z — ) qui(2),

but z — o does not divide g, (z), i.e., the number « is not a root of the polyno-
mial g, (2).

A root of multiplicity one is called simple.

A polynomial is called normalized if the original polynomial has been divided by
the leading coefficient. Evidently, each root of the original polynomial is a root of
the normalized polynomial, and conversely, each root of the normalized polynomial
is a root of the original polynomial. To simplify the notation, properties of roots of
polynomials are usually investigated for polynomials in normalized form.

Theorem 1.3 (The fundamental theorem of algebra). Each polynomial
P2)=z7"+a, 2" "+ Fa, n=>1,

has at least one root.

Proof As usual, we denote by xi, x, the Cartesian coordinates of points in the
plane R2. Let x = (x1, x2) € R? and let z = x| + ix, be the corresponding complex

“4Etienne Bézout (1730—~1783) was a French mathematician.
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number. The equality f(x) = | P,(z)| determines the function f of two real variables.
This function is nonnegative for all x € R2. If there exists a point y = (y;, y2) such
that f(y) = 0, then the complex number & = y; 41y, is a root of the polynomial P,.
To prove the existence of such a point y, first of all, we check that the function f is
continuous on R?.

From (1.16), p. 5, it follows that

Lf ) = fOOI = 1P(@D] = [Pa(D)]] = [Pa(2) — Pu(2)]
for any two points x and x. Here Z = X; + iX,. Put 1 = Z — z. Then
PR =Pz+h)=G+h" +a1+h)"" + - +az+h) +a. (131)
Using the binomial formula, we see that
C+mf =+l T+ O e R

for each integer k > 1. Further, we group like terms on the right-hand side of (1.31)
and get
P (z+h)=P,(2) +cth+ch>+ -+ B+ 1", (1.32)

where the coefficients cy, ..., ¢,—; depend only on z and on the coefficients of the
polynomial P,. Using (1.14), (1.15), pp. 4, 5, it is easy to verify that

|fE) = fOOI < [Puc+ 1) = Pu@| < LRI + R+ -+ |A"),  (1.33)

where L depends only on |z| and on the modulus of the coefficients of the polyno-
mial P,. The right-hand side of inequality (1.33) is less than any preassigned positive
number if the distance || between points X and x is small enough. This means that
the function f is continuous.

Suppose that f(0) = |ag| > 0. Otherwise, zero is a root of the polynomial.
Let By be the open disk of radius R centered at the origin. Denote by S the circle
that constitutes the boundary of Bg. Take x € Sg. Write f(x) in the form

)= 12" = (=@ = = ap)].
Using (1.16), p.5, we get

) = 12" = layallz"™ = = Jaol = R" = |ay1|[R"™" — -+ — |ag]
= R"(1 = |ay—1|R™" — -+ — |ag| R™").
The right-hand side of the last inequality tends to infinity as R — oo. Therefore, if

R is big enough, then
f(x)=2f(0) forall x € Sg. (1.34)
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As we have seen, the function f is continuous on the whole plane. Hence, by the
extreme value theorem, in the closure of By there exists a point y where the function f
attains its minimum. Evidently, f(y) < f(0), and using (1.34), we see that y ¢ Sk,
i.e., y is an interior point of Bg. We assume that f(y) > 0. Otherwise, = y; +1iy,
is a root of the polynomial P,.

Let h = hy + ihy. If |A| is small enough, then y = (y; + hy, y2» + hy) € Bg. By
definition, f(y) = | P,(a + h)|. Using (1.32), we get

Py +h) = Py(a) +cth+cah*> + -+ A",

where the coefficients ¢y, ..., ¢, depend only on « and on the coefficients of the
polynomial P,. Since by assumption P,(«) # 0, we can write

Py(a+h)
——=14+dih+ --+d,h".
P (@ +dih+---+
Among the numbers di, .. ., d,, at least the number d,, is not equal to zero. Suppose

thatdy #0Oandd; =0, j =1,...,k — 1. Then for every ¢ # 0 we have

Pula £ h) PN e dn,
P @ =1+ C_k(Ch) + pram) (ch)" +--- + C_n(Ch) ] (1.35)

Choose the number ¢ such that ¢ = —d; (see p.6) and put v = ch. Then

SO _1B@+ DI ),

fo  (Pa@)]
where p P
= Sk Dk
b(V)_Ck+1V+ +c”v .

Choose now the number 4 such that0 < v < 1and |b(v)| < 1/2. For this v, evidently

f(_)7)<1_ﬁ<1
fo ~ 2

but that is impossible, since in the closure of By the function f attains its minimum
value at the point y. Thus we have a contradiction. Therefore, f(y) = 0, i.e., the
number o = y| + iy, is a root of the polynomial P,. O

Theorem 1.4 Each polynomial of degree n > 1 has n roots (counted with their
multiplicities).
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Proof Let P,(z) = 7" + a,_12"~' + --- + ag, n > 1. By the fundamental theorem
of algebra, the polynomial P, has a root. Denote this root by &, and suppose that its
multiplicity is equal to k; > 1. Then

P(2) = (z — @) gus, (2).

If &y = n, then evidently, g,—x, = 1. Otherwise, the polynomial g,_, (z) has a
root. Denote it by a,. Clearly, the number «; is a root of the polynomial P,, and by
construction, o, # o). Suppose that the multiplicity of o, as a root of the polyno-
mial g,_y, is equal to k. Then

Gt (2) = (2 — 02)* qpt, 1 (2),

and hence
P(2) = (z —a)" (2 — 02)° Gy, (2).

Obviously, the number k; is the multiplicity of o, as the root of the polynomial P,.
Continuing this process, we get

Py2) =@ —a)(z—a) (2 —am), (1.36)
where the integers ki, k», ..., k, are greater than or equal to one, and

ki ko4 +ky=n.

Theorem 1.5 No polynomial P, of degree n > 1 can have more than n roots.

Proof Indeed, let P,() = 0, and suppose that the root « is not equal to any roots
ap, a, . . ., oy, which were defined in the proof of the previous theorem. By the corol-
lary of Bézout’s theorem, we have P, (z) = (z — «)q,—1(z). Therefore, using (1.36),
we get

E—a) @) @ =)™ = (2 — )1 (2).

For z = «, the right-hand side of the last equality is equal to zero, but the left-hand

side is not equal to zero. This contradiction means that the polynomial P, has only
the roots oy, o, . .., oy,. O

1.1.4 Viete’s Formulas

Let P,(z) =ap + a1z + a»z> + - - - + a,z" be a polynomial of degree n > 1. Sup-
pose that the polynomial P, has roots «y, ez, . . ., a,, of multiplicities ki, ka, . . ., ki,
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respectively, and k; + k» + - - - + k,, = n. Using the results of Section 1.1.3, we can
write the polynomial P, in the form

Pu(2) = Az —an) (z — a2) -+ (2 — ),

where A is a constant.

Let now P, be a normalized polynomial of degree n > 1. Let us numerate the
roots of P, by integers 1, 2, ..., n, repeating each root according to its multiplicity,
and write (1.36) in the form

P(z) =z —a)@—ay) - (2 —ay).

Removing parentheses, collecting all coefficients with the same power of z on the
right-hand side of the last equality, and equating them with the corresponding coef-
ficients of the polynomial P,, we get the following formulas, which relate the coef-
ficients of P, to sums and products of its roots:

ap—1 = —(a; +oar + - +ay),
app = o1y + o3 + -+ 1Ay,
ap = (—D'ajan - - oy

The rule of construction of these formulas is obvious: the number of factors increases
by one per line, and then all the possible products of different factors are added up
in each line. They are called Viete’s formulas.’

1.1.5 Polynomials with Real Coefficients

Suppose that all coefficients of a polynomial P,(z) = 2" + a,_12" ' + -+ + ag of
degree n > 1 are real, and « is a root of P,. Then the complex conjugate « is also a
root of P,. Indeed, if P,(x) =0, then P,(«) =0. Further, using (1.12), p. 4, we see
that P,(2) = @' 4+ ap_1@" ' 4+ -+ ag = P,(@).

Assume now that «y, &y, ..., & are all the real roots of the polynomial P,. Denote
by ki, ka, ..., ks their multiplicities and put

r=kithkat-+ ky 0.2 =@E—a)'(z—w) (2 —ayk.

5Frangois, Viete (1540-1603) was a French mathematician.
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Then
Py(2) = 0, (2)Ru—r (2). (1.37)

Evidently, all coefficients of the polynomial Q, are real, and therefore all coefficients
of the polynomial R,_, are also real (see the remark on p. 10). By construction, the
polynomial R,_, can have only complex roots. Note that for all z and o we have

(z—a)(z—&)=12+pz+q,

where p = —a — @ = —2Rew, ¢ = oo = |o|* are real numbers. Hence if « is a
complex root of the polynomial P,, and therefore is a root of R,,_,, then using (1.37),
we obtain

P,(2) = Q- ()@ + pz+ @) Ry 2(2).

Since the numbers p and g are real, the polynomial R,_,_, has only real coefficients.
Continuing this process, we see that

P(2) = z—a)" z—a) - z—a) P+ piz+q) - (P4 pizt+q). (1.38)

Here s is the number of distinct real roots of the polynomial P,, and 7 is the number
of all pairs of complex conjugate roots of P,.

From (1.38) it follows immediately that every polynomial with real coefficients
of odd degree has at least one real root.

Assuming that z in equality (1.38) is real, we see that every polynomial with real
coefficients can be written in the form of a product of real linear and quadratic factors.

For example, it is easy to see that the number « = —3 is a root of the polynomial

Py(2) = a3z’ + @t + a1z +ag =20 — 62 +9.
Let us divide P5(z) by Q1(z) = z + by = z + 3, i.e., let us calculate a polynomial
() = + iz +co

such that P3(z) = Q1(z2)g2(z). We perform calculations by Horner’s rule and see
that ¢»(z) = z> — 3z + 3. The remainder is equal to zero, since z + 3 divides the
polynomial P;(z):

Piy(z) = (z+3) (z* — 3z +3).

Clearly, the number « = —3 is not a root of the polynomial ¢,(z). Hence « is a
simple root of the polynomial P;(z). To find the other two roots we have to solve the
quadratic equation z> — 3z +3 = 0. The discriminant of this equation is equal to —3,
and therefore, it does not have real roots. Thus we have written the polynomial P3(z)
of degree three with real coefficients in the form of a product of its real linear and
quadratic factors.
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1.2 Systems of Linear Equations, Matrices, Determinants

1.2.1 Permutations

Let us consider the set of n integers M, = {1,2,3,...,n}. We can arrange these
integers in different orders. Each arrangement of M,, in some definite order is called
a permutation of M,,. For example, the following permutations exist:

1,2,3,...,n (1.39)

and
2,1,3,...,n. (1.40)

In general, a permutation of M,, can be written in the form
niy, Ny, ..., Hy, (1.41)

where ny, ny, ..., n, are the integers 1, 2, 3, ..., n in some order.

The number of distinct permutations of the set M,, is usually denoted by P,. Letus
prove by induction that P, is equal to the product of the first n integers: 1 x2x3-- - n,
which is written n! and referred to as “n factorial.” We obviously have P; = 1! and
P, = 2!. Suppose that P,_; = (n — 1)!. Take a permutation of M,_; and unite it
with the element n. We can put # in the first place, in the second place, and so on.
The last possible place for the element n is the nth. Hence, using each permutation
of M,_;, we can construct n permutations of M,,. Since by the induction hypothesis
we have P,_1 = (n — 1)!, we see that

P, =n!. (1.42)

We say that two elements 7; and n; in the permutation (1.41) form an inversion if
i < jbutn; > n;. For example, the permutation (1.39) has no inversions, while the
permutation (1.40) involves a single inversion, formed by the elements n; and n,.

The number of inversions in a given permutation is called the signature of the
permutation and is denoted by o (ny, na, ..., n,).

A permutation is called even or odd according to whether the signature of the
permutation is even or odd. For example, the permutation (1.39) is even, and the
permutation (1.40) is odd.

If any two elements in a permutation are interchanged, we say that a transposition
has been made in the permutation. Every transposition is uniquely determined by
the serial numbers of the two interchanged elements. For example, the permutation
(1.40) is transformed from the permutation (1.39) by the transposition (1, 2).
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Theorem 1.6 A transposition changes the parity of a permutation.

Proof 1t is enough to check that the numbers of inversions in the permutations
Ny, N0, ey My, Ry gy ey R, R g, ., Ry, (1.43)
MR, ey My R gy ooy M1, Ry Ml oo Py (1.44)
differ by an odd number. Let us introduce the sets
By ={ny,ny,....ni1}, Bo={niy1,...,nj1}, B3 ={nji1,...,m},

and denote by B;g (By,) the number of elements in the set By that are greater (less)
than ng, s = i, j. Clearly, B,jg + B,, = card(By) forallk = 1,2,3 and s =i, j.
Here card(By) is the number of elements in the set B;. The transposition (i, j)
described in (1.43), (1.44) changes only the pairs that include n; or n;. Hence, it
is enough to calculate the numbers of inversions in the permutations (1.43), (1.44)
corresponding to the pairs that include n; or n;. Evidently, the number of such
inversions in the permutation (1.43) is equal to

By = B\ + By, + By, + B, + Bf, + By, + I (n;. n)),

where I (n;, n;) is the number of inversions in the pair n;, n;, and for the permuta-
tion (1.44), this number is equal to

Bi; = B} + By; + B3, + B} + By + By, + [ (nj, n)).

Obviously,
By — Bj; = By; —BZ+Bz+j —By; +1(ni,nj) —I(nj, ni)
=B, — By + B,); = By;
— B + + - _o(p¥ —
= By, + B, + By, + By, —2(By, + By) £ 1
= 2card(B,) — 2(B}; + By £1.

- + + - + -
+1 =By, — By, + By, — By; £2(B; + B;)) + 1

1

Thus the number B; — By, is odd. O

Theorem 1.7 For every natural number n, the number of all even permutations of
the set M,, = {1, 2,3, ..., n}is equal to the number of all odd permutations of M,,.

Proof 1t follows from Theorem 1.6 that by the operation of transposition, each even
permutation is transformed to an odd permutation. The converse is also true. There-
fore, there is a one-to-one correspondence between the set of all even permutations
and the set of all odd permutations of M,,. These two sets are finite, and thus the
numbers of even and odd permutations are equal. (]
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1.2.2 Determinants and Their Basic Properties

A square matrix of order n is a square array consisting of n rows and n columns:

ap dip ... Ay,

A= az) dz ... Ay, . (145)
dp1 Ap2 Apn
Here g;;,i, j = 1,2, ..., n, are (generally speaking) complex numbers.

The determinant of the matrix A is the number

|A| = Z (_l)a(m,nz ..... "”)anlaan ey, (1.46)

ninp...ny,

We also use the following notation:

ayp ap ... 4
|A| = det(A) = A = | 921 922 - o | (1.47)
Aanpl Ap2 Apn

Observe that the determinant of a matrix A of order n is the sum of n! summands.
The summands are all possible products of n elements of the matrix A such that
each term in (1.46) contains one element from each row and one element from each
column of the matrix A. Each product enters into the determinant with a + sign if
the permutation ny, n, . .., n, is even and with a — sign if it is odd.

Using Theorem 1.7 we see that the number of terms in (1.46) with a + sign is
equal to the number of terms with a — sign.

We say that the elements ay,,, dz,, . . ., Gy, form the diagonal of the matrix A.
The diagonal is called even if the permutation ny, ny, .. ., n, is even and odd if this
permutation is odd.

It is useful to note that

ap apn
=ajaxn — apas;, (1.48)
daz) az
app apiz a3
apy Ay axs | = apaxpass + a;pa3az +a;3az1as
asy az asz

— a|3dzds) — aj2dpdaszz — dj1dz3asn.

The reader can prove the following equality using only the definition of the deter-
minant:
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1 0...0 azy dAz3z ... Ay,
azy dp ... dp, | _ |d32 433 ... 043, (1 49)
Aanl An2 Ann ap2 An3 Ann

Note that the left-hand side of (1.49) contains a determinant of a matrix of order n,
and the right-hand side contains a determinant of a matrix of order n — 1.

Denote by ay, the kth row of the matrix A, i.e., ar = (a1, ax2, - - - , drn)- The sum
of tworows f = (f1, f2, ..., fu)and g = (g1, &2, - - - , &), by definition, is the row

freg=(i+sg, L+g. . ... u+g).

The product of a number o and a row f is the row

af = (afi,afs,...,afy).

If all elements of a row are equal to zero, then we say that this row is zero and
write 0 = (0,0, ...,0).

Often it is useful to consider the determinant to be a function of its rows, i.e., we
may write A = A(ay, as, ..., a,). Similarly, we can consider the determinant to be
a function of its columns.

Let us formulate and prove the basic properties of determinants.

1. If all elements of a row (or a column) of a determinant |A| are equal to zero,
then the determinant is equal to zero. The proof immediately follows from the fact
that in this case, each diagonal of the matrix A contains a zero element.

2. The determinant is a linear function of each row (or column) separately with
the others fixed, namely,

A(ahaZa'~'aak+bk7"'aan)
= A(aIVaz’"'7ak7"'3an)+A(a11a23"'7bk1""an)7
Alay, az, ..., qa;, ...,a,) =alA(ay, az, ..., 0k, ..., Gy),
where « is a number. This statement immediately follows from formula (1.46).
3. If two rows (or two columns) of a determinant |A| are identical, then the
determinant vanishes. Suppose thatrow a; is equal torow a;,i < j. We canrepresent
the set of all diagonals of the matrix A as the union of all pairs of the form

Alnys A2nys + -+ 5 Aing s '-'7ajn/a ceos Upny,, (150)

Qlnys Qonys -+ s Qings o s Ajngs + o> Ay - (1.51)
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The diagonals (1.50), (1.51) have opposite parity, since the corresponding permuta-
tions have the form (1.43), (1.44), and each of them is transformed into the other by
the transposition (i, j). The product of all elements in the diagonal (1.50) is equal
to the product for the diagonal (1.51), since by assumption, a;,, = @jn,, Gin; = A jn;-
Therefore, in (1.46), the sum of each pair of terms corresponding to diagonals (1.50)
and (1.51) is equal to zero. Thus |A| = 0. In the same way we can prove that if two
columns of a determinant are identical, then the determinant is equal to zero.

4. If two rows (or columns) of a determinant A are interchanged, then the resulting
determinant has the value —A. To simplify the notation, we prove the statement for
the rows a; and a,. The proof for any other rows is analogous. By Property 3, we
have A(a; + az, a1 + az, a3, ..., a,) = 0. On the other hand, using Properties 2
and 3, we see that

0=A(a+ax,a1 +as,a3,...,a,)

= A(alaal +a27a37~"9an)+A(a29a1 +a27a37 --~’an)

= A(ay, a1, a3, ..., a,) + Alay, az, as, ..., ay)
+ A(“Zs als a31 LRI ] an) + A(aZ’ aZ’ a31 ey an)
- A(alﬂ a27a37 AR ] an) + A(aZa ala a?)a MR | an)’
ie., Alay, ar, as, ...,a,) = —A(az,ay, as, ..., a,).

5. The value of a determinant remains unchanged if to any row is added the product
of any number and another row. The same is true for columns. Let us prove as above
the statement for the first two rows. Then by Properties 2 and 3, we have

Ala) +aaz, az,as, ..., a,)
= Alar, a2, a3, ...,a,) +aA(ax, az, a3, ..., a,)
= A(ala 02, a3’ AR al‘l)-

6. Now we prove the formulas of expansion of determinants in terms of rows and
columns, which is often used in calculations. Let us introduce the unit row:

ir=10@0,...,0,1,0,...,0).
——— —_——

k—1 n—k

Using Property 2, we easily get

n
Aar, ay,as, ..., a,) = D auAix, ar, 3, ..., ay). (1.52)
k=1
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The determinant A(iy, a», as, ..., a,) is called the cofactor of the element aj; in
the determinant A(ay, ay, a3, . .., a,) and is denoted by Aj;. Using this notation, we
write (1.52) in the form

n
Aay, az,as, ..., a,) = E aAik.
=1
For the same reason,

Ay, ay. a3, ... a0) = D @Ay, i=1,2,....n. (1.53)
k=1

Here A;; is the cofactor of aj, i.e., the determinant obtained when the row ag; in
the determinant A(ay, as, as, . . ., a,) is replaced by the unit row i;. Formula (1.53)
is known as the expansion of the determinant A(ay, a,, as, ..., a,) in terms of the
row a;.
n
Note that D a;x Ay = 0forl # i.Indeed, the left-hand side of the last equality is

k=1
the expansion of the determinant with a; = a;, but we know that such a determinant

is equal to zero. Combining this equality with (1.53), we get

n

ZaikAlk=|A|8,~;, il=1,2,...,n, (1.54)
k=1
where
0,0 #1,
i1 = ’ Lill (1.55)

is the Kronecker delta.’

Often it is more convenient to write the determinant A;; in another form. The
reader can easily prove that Aj; = (—D** My, where Ay is the cofactor and My is
the determinant obtained from the determinant |A| by deleting the /th row and kth
column (hint: rearranging rows and columns, write Ay in the form of the determinant
on the left-hand side of Eq.(1.49)). The determinant M, is called the minor of the
element a;;.

Note the following formula for the expansion of the determinant in terms of its
columns:

Zak,-Ak, = A8y, i,1=1,2,...,n. (1.56)
k=1

6Leopold Kronecker (1823—-1891) was a German mathematician.
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As an example, let us calculate the fifth-order determinant

>
I
SN W =N

5
0
-1
6 —
3 _

— kO WO
N — N ] —
|
W N L W

First we zero out the third column except for the last entry. To do this, we multiply
the last row by three and add the result to the second row. After that, we multiply the
last row by four and subtract the result from the fourth row. As a result, we get

-2 5 0-1 3
1-9 013 7
A=|3-1 0 5 -—=5|.
218 0-7 —10
0-3-1 2 3

Expanding this determinant in terms of the third column, we obtain

-2 5-1 3
1-913 7
— (_1\35
2 18 =7 —10
Now we zero out the first column except for the second element. To do this, we
multiply the second row by two and add the result to the first row. After that, we
multiply the second row by three and subtract the result from the third row. And
finally, we multiply the second row by two and subtract the result from the last row.

As a result, we get

0-13 25 17
-9 13 7
A==10 26-34-26|"
0 36-33 24

Expanding this determinant in terms of the first column, we obtain

—13 25 17| |-13 25 17
A=—(=D)*>"| 26 -34 —26|=| 26 —34 —26]|.
36 —33 —24 36 —33 —24

Let us calculate this third-order determinant, expanding it in terms of the third row:
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AZ%‘ 25 17 13 17 13 25‘

34 —26‘ —(=33) ‘ 26 —26 26 —34
= 36(—72) — (~33)(—104) + (—24)(—208) = —1032.

‘ +(—24) ‘_

7. The matrix

ap azp Anl
ajpp az ... da

AT — 12 422 n2 (157)
Alp A2p - - App

is called the transpose of the matrix A. Observe that in (1.57) we write the columns
of A as the rows of AT,

The determinants of matrices A and A” are equal.

Let us prove this statement by induction on the order of the determinant. For a
second-order determinant the statement is evidently true. We shall suppose that this
equality holds for every determinant of order n — 1 and prove it for an arbitrary
determinant |A| of order n. Expanding |A| in terms of the first row, we get

|Al = anMiy — auMp + -+ + (=1)"ay, My, (1.58)
Expanding the determinant |A”| along the first column, we obtain
AT = apy M, —apMl + -+ (=) a, M. (1.59)

Here Mg is the minor of the element in the position 7, j in the determinant |A” |. By
the inductive assumption, Mg = Mj;. Thus |AT| = |A].

8. We say that the rows of a matrix A are linearly dependent if there exist scalars
oy, 0, ..., ,, not all zero, such that

oya; +oar + -+ aya, =0. (1.60)

In the contrary case, i.e., when (1.60) implies ¢ = - - - = o, = 0, the rows are called
linearly independent. Evidently, if the rows of a matrix are linearly independent, then
none of them are equal to zero. The concept of linear dependence of the columns of
a matrix is introduced similarly.

The determinant of a matrix A is equal to zero if and only if the rows of the
matrix A are linearly dependent. Let us prove this statement.

Suppose that the rows of A are linearly dependent, and for definiteness suppose
that equality (1.60) holds for «; # 0. Using the property of linearity of the determi-
nant in the first row, and then using Properties 5 and 1, we get

a1A(ay, az, ..., a,) = Alyay,az, . .., ay)

= Alaja) +oras + - - +apay, az, ..., a,) = 0.
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Thus A(ay, az, ...,a,) =0, since a; # 0.

Let us prove the converse statement, namely, that if the rows of a matrix are
linearly independent, then the determinant of the matrix is not equal to zero. Suppose
that |A| = 0. Let us consider all determinants of order n — 1 obtained from the
determinant |A| by deleting a row and a column. If each of them is equal to zero,
then we consider the determinants of order n—2, and so on. Finally, either all elements
of the matrix A are equal to zero (then the assertion is obviously true) or there is a
nonzero determinant of order k > 1 obtained from the determinant |A| by deleting
some n — k rows and some n —k columns, and all determinants of order greater than k
are equal to zero. Denote this determinant by dj. Since after interchanging rows and
columns of a determinant only its sign is changed, we can assume without loss of
generality that d; consists of elements of the first k£ rows and the first £ columns of
the matrix A.

Consider the determinant dj. 1, which consists of the elements of the first k + 1
rows and the first k+ 1 columns of the matrix A. By assumption, di1; = 0. Expanding
dy41 in terms of the last column, we get

Qa1 + a1 + -+ Qragesr + ik = 0. (1.61)

We emphasize that d; # 0, and the numbers o, oy, ..., o are cofactors of corre-
sponding elements of the last column of the determinant dy ;.

By interchanging columns in the determinant | A| we can construct the last column
of the determinant d; using the following elements:

aij, aj, -, Qkj, Qtlj, j=k+2, k+3, ..., n.
By assumption, each of the constructed determinants dy 4 is equal to zero. Expanding
each of them in terms of its last column, we get
ajay; +oaas; + - +agag +dragp; =0, j=k+2, k+3, ..., n.

Finally, if we replace the (k 4 1)th column of the determinant | A| with its column
number j < k, then we obtain the zero determinant (since the two columns of this
determinant are equal). For the same reason we have d,; = 0. Expanding each dj,
thus constructed in terms of its last column, we get

ajayj +azax; + - +ogag; +dragy; =0, j=1,2,..., k.

Thus

ajarj + aaanj + -+ ogaxj + diag; + 0 X agaaj + - +0 x a,; =0,

where j = 1,2, ...,n;d; # 0, i.e., the rows of the matrix A are linearly dependent.
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Remark 1.2 Since |AT| = |A|, it is clear that the determinant of a matrix A is equal
to zero if and only if the columns of the matrix A are linearly dependent.

Below are two examples of calculation of determinants that are often used in
applications.

1. The determinant of a triangular matrix. A matrix A is called upper triangular
if a;; =0fori > j. A matrix A is called lower triangular if a;; = 0 fori < j.

If a matrix A is triangular, then

|Al = ajax - - an. (1.62)

Let us prove this statement for an upper triangular matrix. Then (1.62) holds also
for each lower triangular matrix A, since |A| = |A”T|, and A7 is an upper triangular
matrix.

For determinants of order one and two, equality (1.62) is evidently true. Let us
check (1.62) by induction on the order of the determinant. Suppose that (1.62) holds
for each determinant of order n — 1 and consider the following determinant:

ap ap aa ... d

0 dazxyy A3 ... dp

|A| = 0 0 asy ... Qazp
0 O 0 ... am

Expanding |A| in terms of the first column, we get

dzy dadyz ... dyy
0 asz ... Qazp

Al =an
0 0 ... au

The determinant on the right-hand side in the last equality has order n — 1, and by
the inductive assumption it is equal to aass - - - a,,. Thus (1.62) holds.
2.The Vandermonde’ determinant of order n is the determinant defined as follows:

1 1 1 |

aj a as ay

_ 2 2 2 2

d=| aj a; ajs a,
1 n—1 n—1 n—1

a a, as a,

Let us prove that for every n > 2, the Vandermonde determinant is equal to the
product of all possible differences a; — a; with 1 < j <i < n, namely,

7Alexandre—Théophile Vandermonde (1735-1796) was a French musician and mathematician.
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d= H (a,-—aj).

I<j<i<n

The assertion is obviously true for n = 2. Let us use the method of mathematical
induction. Suppose that the assertion is true for the Vandermonde determinant of
ordern — 1, i.e.,

1 I ... 1
ay as ... a4y
= H (Cll' — aj).
n—2 n—2 n—2 2<j<iz=n
a, as Lo a,

Consider the determinant d. Multiply the penultimate row by a; and subtract from
the last row; then multiply the (n — 2)th row by a; and subtract from the (n — 1)th
row, and so on. As a result, we get

1 1 1 1

0 a — ay as — a; a, — a

0 a% —aias a% —a1az ... a,zl —ayay,
n—1 n—=2 n—1 n—2 n—1 n—2

0 ay —aay, “a5  —aay ~...a) —aa,

Expanding d in terms of the first column, we obtain the following determinant of
ordern — 1:

ay — a as — ay a, —a
az—aa az—aa az—aa
d = 2 1642 3 143 v n 1¢n
n—1 n—2 _n—1 n—2 n—1 n—2
a, —aja, as —ayas Lo ay —aa,

Note that a, — a; is a common multiple of all elements of the first column, a; — a;
is a common multiple of all elements of the second column, and so on. Therefore,

1 1 1
ay as ... a
dz(a2_a1)(a3_al)~--(an_a1) ! s
a7 rai L a?

where the last multiplier is the Vandermonde determinant of order n — 1. Thus,

d=(w—a)(a—a)...(a, —ay) H (a; —a;) = H (@i —aj).

2<j<i<n I<j<izn
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1.2.3 Cramer’s Rule

In this section we consider systems of linear algebraic equations in which the number
of unknowns is equal to the number of equations:

anxi +apxy + -+ apx, = by,
a1 X1 + anxy + - -+ axyx, = by,

(1.63)
anix1 +amxa + -+ + appx, = by,.
The square matrix
ay ap ... 4
A= dajz) Ay ... Ay, 7 (164)
Apl Ap2 - .. App

which consists of the coefficients of these equations, is called the matrix of sys-
tem (1.63). In this section we assume that |[A| # 0. In this case, the matrix A is
called nonsingular (if |A| = 0, then the matrix A is called singular). The array of
numbers by, by, ..., b, is called the column of the right-hand side of system (1.63).
If the right-hand side of the system is zero, i.e., b; = 0 foralli =1, 2, ..., n, then
system (1.63) is called homogeneous. A homogeneous system of equations always
has a solution. For example, we can take xj, x5, ..., x, = 0. This solution is called
trivial.

Theorem 1.8 Every homogeneous system of linear algebraic equations with a
square nonsingular matrix has only the trivial solution.

Proof Assume the contrary. Then there exist scalars xi, x,, ..., Xx,,, not all zero, such
that

ayxp +apx;+ - +apx, =0,

ar x anx st ayx, =0,

21X1 + axnxy + + ax,x, (1.65)

a1 X1 + A X2 + -+ - + App Xy = 0.

This means that the columns of the matrix A are linearly dependent; hence we
get |A| = 0, which is impossible for the nonsingular matrix A. Therefore, our
assumption of the existence of a nontrivial solution of system (1.65) with a nonsin-
gular matrix is incorrect. O

Remark 1.3 System (1.65) has a nontrivial solution if and only if |[A| = 0. This
statement immediately follows from Remark 1.2.

Theorem 1.9 Fora given right-hand side, system (1.63) with a nonsingular matrix A
cannot have two different solutions.
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Proof Assume the contrary, and let x;, x5, ..., x, and yy, 2, ..., ¥, be two different
solutions of system (1.63), i.e.,

anxy +apxy + - -+ apx, = by,
a Xy + anx; + -+ axyx, = by,

(1.66)
Ay X1 + appXo + -+ App Xy = bn’

and
anyr +apy: + -+ apy. = by,
a yr +any, + -+ axyy, = b, (1.67)

an1y1 +an2y2 + - +annyn = bn~

Put z; = x; — y1, 20 = X2 — ¥2, ...y Zn = X, — Y. Subtracting term by term
the corresponding equations in (1.66) and (1.67), we see that zy, 22, ..., 2, iS the
solution of the homogeneous system (1.65). Then by Theorem 1.8, it follows that
71 =20 = - =z, = 0, i.e., the assumption of the existence of two different
solutions of system (1.63) is incorrect. O

Theorem 1.10 For every right-hand side, system (1.63) with a nonsingular matrix A
has a solution.

Proof Let us construct the solution of system (1.63) in the form
X = Cilbl + ngbz + - +Cinbm i = 1, 2, N (N (168)
Here cjr, i,k = 1,2, ..., n, are unknown coefficients. Substituting (1.68) into the

equations of system (1.63) and collecting on the left-hand side of these equations all
coefficients of the same b;, we get

bi(aiicii + appcar + -+ - + A1)
+by(ajici2 + ajpcan + - - -+ Aincp2)
+ -+ bi(aicr + ancy + -+ AinCpi)
+ - bn(ailcln +appcry + -0+ aincnn) = bia (169)

wherei = 1, 2, ..., n. Clearly, if we can find coefficients c;; such that the following
conditions hold, then formulas (1.68) will give us a solution of system (1.63):

aj1Cik + appCoy + -+ aipCux =i, iLk=1,2,...,n, (1.70)

where §;; is the Kronecker delta. Comparing (1.70) and (1.54), p. 21, we see that
Eq.(1.70) holds if we put

i,k=1,2,...,n. (1.71)
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Substituting (1.71) into (1.68), we get the following formulas for the solution of
system (1.63):

Xi = (A1ib1 + Apiby + - -+ Apiby) /1Al i=1,2,...,n. 1.72)

Using the expansion of a determinant in terms of a column, we can write (1.72) in
more compact form:

xi=—, i=1,2,...,n. (1.73)

Here A = | A|, A; is the determinant obtained when the ith column of |A| is replaced
by the right-hand side of system (1.63). ]

Formulas (1.73) are called Cramer’s® formulas (or Cramer’s rule). As an example,
we now solve the following system of equations using Cramer’s rule:

X1+ x2+x3 =2,
X1 4 3x; — 2x4 = —4,
2x1 +x3 — x4 = —1,

2)62 — X3 — 3X4 = —-3.

Let us calculate the corresponding determinants:

111 0 21 1 0 1-2 1 0
13 0-2 43 0-2 1 -4 0-2
A=ho 1-1|=% M=l_10 1= 2= | 4=%
02—-1-3 —32-1-3 0-3—-1-3
11-2 0 11 1-2
13-4 -2 13 0—4
As=log_1-1|=78 Ma=hy | 4|=%

02-3-3 02—1-3

By Cramer’s rule, we get x; = A /A =1, xp = Ay/A = —1, x3 = A3/A = =2,
and x4 = Ay/A = 1.

For numerical computations, Cramer’s formulas are used very rarely. Systems
of linear equations are usually solved numerically by different variants of Gaussian
elimination or by iterative methods (see p. 41 in this chapter and Chapters 8, 12).

As an example of application of Cramer’s rule, let us construct the so-called
Lagrange® interpolation formula.

Theorem 1.11 Letzg, z1, ..., 2, bedistinct numbers, andlet hg, hy, . . ., h, be arbi-
trary numbers. Then there exists one and only one polynomial

8Gabriel Cramer (1704—1752) was a Swiss mathematician.
9Joseph-Louis Lagrange (1736—1813) was a French mathematician.
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P,(2) =ap+aiz+ a2’ + -+ a,2"

such that
Py,(zj))=h;, j=0,1,...,n. (1.74)

Proof The setof conditions (1.74) is the system of linear equations for the coefficients
of the polynomial P,. The determinant of this system is the Vandermonde determinant
(seep.25). Obviously, itis not equal to zero; hence system (1.74) has a unique solution
for every right-hand side. (]

It is clear now that if a polynomial of order # is equal to zero at least n + 1 points,
then all its coefficients are equal to zero.

Itis not hard to construct the polynomial satisfying conditions (1.74) in an explicit
form. Namely, the Lagrange interpolation formula gives the solution of this problem:

Py(z) = ho®o(2) + 1 D1(2) + - -+ + 1, P (2), (1.75)
where @; is a polynomial of order n satisfying the following conditions:
Pi(zx) =0, k=0,1,...,j—-1,j+1,...,n, (1.76)
Di(zj) =1, (1.77)
forj=0,1,2...,n.

As we have seen in Section 1.1.3, p. 10, every polynomial is uniquely determined
up to a constant factor by all its roots. Therefore,

Di(z2) =Aj(z—z0)z—z1) (2 —2zj—1)@—2j+1) - (2 — Zn).
Using (1.77), we see that

1

(zj —z0)(zj —z1) - (zj — zj—1)(z; — 2j+1) - (2 — 2Zn)

Aj=

’

ie.,

(z—zo)z—z1) =z~ —2zj11) (2 — zn)
(zj—z0)(zj—z1) - (z —zjm)(@; — zj+1) - (2 — 2)

¢j(Z) =

where j =0,1,2,...,n.
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1.2.4 Matrices: Basic Operations and Transformations

‘We have introduced the concept of a square matrix (see p. 18). A rectangular m x n
matrix is a rectangular array consisting of m rows and n columns:

ay ap ... dp
R e (1.78)
am1 Am2 Amn
Here a;j,i =1,2,...,m, j =1,2,...,n, are (generally speaking) complex num-

bers. Sometimes, the dimensions of the matrix A are indicated explicitly, and we use
the following notation: A(m, n) or A™*".

In the particular case m = n, we have a square matrix of order n. We denote
the set of all rectangular m x n matrices by M,, ,. We denote the set of all square
matrices of order n by M,,.

There are two more special cases. If m = 1 and n is arbitrary, we have the row
matrix

X = (X1,X2, ..., Xn). (1.79)

A row matrix is often called a row, and we say that this row has length n. If n = 1
and m is arbitrary, we have the column matrix

X1
X2

x=| 1. (1.80)
Xom

This matrix is also called a column of length m. Note that the second subscript in the
notation for elements of rows and columns is usually not used. Rows and columns
are often called vectors.

Let us describe some special types of square matrices.

The elements ay;, azs, . . ., a,, of a square matrix A of order n constitute its main
diagonal. A diagonal matrix is a square matrix all of whose elements outside the
main diagonal are equal to zero:

dp 0 ... 0
D 0 dp... 0 (1.81)
0 0 ...dwy

We also denote this matrix by

D = diag(diy, dn, ..., du).
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A diagonal matrix in which d;; = 1 fori = 1,2,...,n is called the identity
matrix, and is denoted by I:

1 0 0
/S LR (1.82)
0 0 1

A permutation matrix is a matrix obtained from the identity matrix by interchang-
ing the ith and the kth columns, it is denoted by P;;. For example, the following three
matrices are the permutation matrices of order 3:

0 1 0 0 0 1 1 0 0
Ppob=1(1 0 0}, P3={0 1 0}, P3={0 0 1
0 0 1 1 0 0 0 1 0

Let us recall that a lower triangular matrix L is a square matrix all of whose
elements above the main diagonal are equal to zero,

i1y 0 ... 0

I = bilyn... 0 ’ (1.83)

and an upper triangular matrix U is a square matrix all of whose elements below
the main diagonal are equal to zero,

upp U2 ... Uip
U= 0 Uz ... Uy, (184)
0 0 ...u,,
A triangular matrix of the form
1 0 0---0
L — 0--- Ly 0---0 (185)

[e]
~~
=
t
~
—_
(e

0--- Ly 0---1

is called an elementary lower triangular matrix. Note that this matrix differs from
the identity matrix only in elements of the kth column.

Let us introduce the operations of matrix addition and multiplication of matrices
by scalars.
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The product of an m x n matrix A by a scalar « is the matrix

aap oddyp ... ddyy

oa oa ... aa
aA = 21 22 2n

Qdy,) Ay - .. Ay,

Each element of the matrix @A is the product of the corresponding element of the
matrix A by the number «.

The sum of two m x n matrices A and B is the m x n matrix C with the ele-
ments ¢;; = a;; + b;;j. In matrix notation we write this as C = A + B.

The zero matrix is the matrix all of whose elements are equal to zero. It is denoted
by 0.

The reader can easily verify the following properties of the two operations that
we have just introduced:

1. A+0=A4,

2. (A+B)+C=A+(B+0),
3. A+ B=B+ A,

4. (a + B)A = aA + BA.

Note that the sum of two upper (lower) triangular matrices is an upper (lower)
triangular matrix.

By definition, the product of a row x and a column y of the same length 7 is the
number

V1
y2 n
Gnxas x| =D xne (1.86)
: k=1
Yn

In other words, this product is obtained by multiplying together corresponding ele-
ments in the row x and the column y and then adding the products.
For example,

(5-131) =5x (=D + (=) x(=2)+3x3+1x4=10.

—1
=2
3
4

The product Ax of an m x n matrix A by a column x of length n is the column y
of length m with the elements

n
yi = E ajjXj, i=1,2,...,m.
Jj=1
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In matrix notation, it is written as follows:

y = Ax.
‘We can write the same in detail:
1 ap ap ... ap X1
Y2 _ | a1 an ... axn X2
Ym am1 am2 -. Amn X n

Observe that the ith element of the column y is the product of the ith row of the
matrix A and the column x.
For example,

0-3 1 3 8
2 1 5 -2\ = 14
-4 0-2 2 —16

It immediately follows from the definition that for all scalars «, B and vectors x,
v (of suitable length), we have

A(ax + By) = aAx + BAy. (1.87)
Therefore, we say that the operation of matrix-vector multiplication is linear.

The product of a row x of length m by an m x n matrix A is the row y of length n
with the elements

m
yj=Za,»jx,-, j=1,2,...,l’l.
i=1
In matrix notation, it is written as follows:
y =xA.

We can write the same in detail:

ap an Aain

azy ax (25
(y1,y2, ~--7yn) = (xlyxz,---,xm)

am1 Am2 Amn

The jth element of the row y is the product of the row x and the jth column of the
matrix A.
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For example,

(510-3) = (11 -1).

— — A O

2
1 —
3
0—

It immediately follows from the definition that for all scalars «,  and rows x, y
(of suitable length), we have

(ax + By)A = axA + ByA. (1.88)

This means that the operation of multiplication of a row by a matrix is linear.
Using the operations that we have just introduced, we can write the system (1.63)
of n linear equations with n unknowns either in the form

Ax = b, (1.89)
where A is a given square matrix, b is a given vector, and x is an unknown vector, or
in the form

xAT = b, (1.90)
where b is a given row and x is an unknown row. The form (1.89) is used more often.

Suppose that A is an m x n matrix and B is an n x p matrix. Then the m x p
matrix C with the elements

n
c,-j:Zaiqbqj, i:1,2,...,m,j:1,2,...,p,
g=1

is called the product of the matrices A and B, which is written as C = AB, or in
detail as follows:

€11 €12 --. C1p ap ayp ... dy b11 b12 ...blp
C21 €22 ... C2p _ ary ayy ... dyy b21 b22 N bzp
Cm1 Cm2 Cmp am1 Am2 - Amn bnl bn2 bnp

It is useful to observe that each column in the matrix C is calculated as the product
of the matrix A by the corresponding column of the matrix B. Similarly, each row in
the matrix C is calculated as the product of the corresponding row of the matrix A
by the matrix B. Note also that each element c¢;; is the product of the ith row of the
matrix A and the jth column of the matrix B.
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For instance,

-13 0
5-1 31\|—-21 1} _ (1015-=5
2 0-14 30-2| \111010)"
The matrix product depends on the order of the factors. For example,

(52) ()= 3):
(1) (2) = G):

Two matrices A, B commute (with each other), or are commuting matrices, if

AB = BA.

Commuting matrices exist. For example,

7 —12\ (2645 (2645 7-12\ (23
—4 7 1526) — \1526)\-4 7)) \12)"°
For every square matrix A, we have

Al =TA=A.

Let us verify the following properties of the operation of matrix multiplication:

1. (A+ B)C = AC + BC,
2. C(A+B)=CA+CB,
3. A(BC) = (AB)C.

Clearly, the dimensions of these matrices are matched such that all operations here
make sense.

It is easy to see that Properties 1 and 2 follow from (1.88), (1.87), respectively.
To prove Property 3, note that each element of the matrix D = A(BC) is a number
of the form d;; = a;(Bc;), where a; is the ith row of the matrix A, and c; is
the jth column of the matrix C. The elements of the matrix F = (AB)C are the
numbers f;; = (a;B)c;. Therefore, it is enough to prove that x(By) = (xB)y
for each row x and column y (obviously, their lengths have to correspond to the
dimensions of the matrix B). Suppose that the matrix B has m rows and n columns.
By elementary calculations, we get
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X(By) =D xi D by = D > bixiy, (1.91)

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

and similarly,

B)y =Dy D bixi =D > byxiy;. (1.92)
j=1 =l

j=1i=1

The sums (1.91), (1.92) differ only in the order of their summands, and hence are
equal.
The proof of the following statements is left to the reader.

1. Let P;; be a permutation matrix. Then the vector P;;x is obtained from the vector x
by interchanging the elements x; and x;.

2. The matrix P;; A is obtained from the matrix A by interchanging the ith and kth
rows. Hint: this is a consequence of the previous statement.

3. If matrices L, M are lower triangular, then the matrix LM is lower triangular,
and the same is true for upper triangular matrices.

4. Every lower triangular matrix L can be represented in the form of the product of
the elementary lower triangular matrices L, namely,

L=LL,---L,_iL,. (1.93)
Hint: make calculations according to the following placement of parentheses:
L=Li(Ly-- (Ly2(Lp—1Ln)---),

i.e., first premultiply L, by L,_, then premultiply the productby L,,_,, and so on.
5. For every square matrix A, the following equalities hold:

det(PxA) = det Py det A = — det A. (1.94)

Let us prove that for each square matrix A and elementary lower triangular matrix
Ly, the following equality holds:

det(LyA) = Iy det A. (1.95)
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Indeed, leta = (ay, as, ..., a,) be a vector. By elementary calculations we get
aj
a
ak—1
Lka = lk,kak

L1, 6ax + i
leso car + ary2

ln,kak + [25%

Each column of the matrix L A has this form. Therefore, we can factor out from the
kth row of det(L;A) the common factor I;;. Then we can see that the determinant
thus obtained is equal to det A if we multiply its kth row by /;; and subtract the result
from the jthrow for j =k + 1,k + 2, ..., n. As aresult, we get (1.95).

Now using (1.95), (1.93), and (1.62), the reader can easily verify the equality

det(LA) = det L det A (1.96)

for every square matrix A and lower triangular matrix L, and also the analogous
equality for every upper triangular matrix R:

det(RA) = det R det A. (1.97)

Let us discuss the concept of the transpose of a rectangular matrix, whose defini-
tion is analogous to the definition of transpose of a square matrix (see p. 23).

Clearly, the transpose of an m x n matrix is an n x m matrix. For instance, the
transpose of a row matrix is a column matrix, and conversely.

The basic properties of the operation of transposition of rectangular matrices are
the following.

1. For every matrix A we have (A7) = A.

2. For all numbers «, 8 and matrices A, B of the same dimensions, we have (¢ A +
BB)T = aAT + BBT. This means that the operation of transposition is linear.

3. If the product AB is defined, then (a) the product BT A7 is also defined, and (b)
the following equality is true:

(AB)T = BT AT

All properties except 3 (b) follow immediately from the definition (prove them!).
Let us prove Property 3(b). The (i, j)th element of the matrix (AB)7 is the
product of the jth row of the matrix A and the ith column of the matrix B. The
(i, j)th element of the matrix BT AT is the product of the ith row of the matrix B
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and the jth column of the matrix A”. The ith row of the matrix B” is equal to the
ith column of the matrix B, and the jth column of the matrix A7 is equal to the jth
row of the matrix A. This completes the proof of Property 3 (b).

We shall next investigate the operation of inversion of square matrices using
results of Section 1.2.3, p. 27. Let us recall that if |A| # 0, then the matrix A is
called nonsingular, and if | A| = 0, then the matrix A is called singular. We prove the
following two statements using Remark 1.3.

If the square matrices A, B are both nonsingular, then the matrix C = AB is
nonsingular. To prove this, it is enough to show that the homogeneous system of
linear equations

ABx =0 (1.98)

has only the trivial solution. Indeed, Bx = 0, since A is nonsingular, and hence
x = 0, since B is nonsingular.

If one of the square matrices A, B is singular, then the matrix C = AB is also
singular. Indeed, in this case it is enough to show that system (1.98) has a nontrivial
solution. Suppose that the matrix B is singular. Then there exists a vector x 7% 0 such
that Bx = 0; therefore, ABx = 0.

Now let the matrix A be singular and the matrix B nonsingular. Then there exists
a vector y # 0 such that Ay = 0. Since B is nonsingular, the system Bx = y has
a unique solution x. The vector x is not equal to zero, since y # 0. Again we get
ABx =0 forx # 0.

A matrix X is called a right inverse of the matrix A if

AX =1. (1.99)
A matrix Y is called a left inverse of the matrix A if
YA=1I (1.100)

If the matrix A is singular, then it does not have a right inverse. Indeed, if there
existed a right inverse X, then we would have

det(AX) = det(l) = 1.

On the other hand, det(AX) = 0, since A is singular. It is proved similarly that a
singular matrix does not have a left inverse.

If det(A) # O, then there exists one and only one right inverse of the matrix A.
Indeed, let us denote by x; the kth column of the matrix X, and by i, the kth column
of the matrix /. Using (1.99), we get the following systems of linear equations:

Axpy =iy, k=1,2,...,n. (1.101)
Each of these n systems has a unique solution x;, since the matrix A is nonsingular.

The proof of the existence and uniqueness of a left inverse of the nonsingular matrix A
is similar.
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In fact, the left inverse and the right inverse of a nonsingular matrix A are equal
to each other. Indeed, if YA = I, then YAX = X, but AX = I, and hence Y = X.

Thus if (1.99) holds, then the matrix X is called the inverse of A. The inverse
matrix of a matrix A is denoted by A~ and by definition,

AAT =1
Let us write the inverse matrix in an explicit form. To do this, we introduce the

adjugate matrix. The adjugate matrix A of A is the transpose of the matrix of cofactors
of the elements of the matrix A. Namely,

Ay Ay An
i— A Ap A ,
Aln AZn Ann

where A;; denotes the cofactor of the element g;; in A.
Now we can write formulas (1.54), p. 21, in matrix form:

AA = |A|L (1.102)
Therefore, if |[A| 7~ 0, then the matrix
A = AI"A (1.103)

is the inverse of the matrix A.
For example, let us calculate the inverse of the matrix

3-10
A=1-2 11
2-14
Expanding the determinant of A in terms of the first row, we get |[A| = 5. The

cofactors of the elements of the matrix A are calculated in the following way:

11 21 -2 1
An= | 4l= 5, Ap=— 24 =10, Ap= P =0,
—-10 30 3 -1
A21=—_14= 4, Ay = 24=12, Ay = — 2_1=1,
—-10 30 3 -1
Az = 112—1,1432:—_21:—3, Ay = 9 1=1~
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Using (1.103), we obtain

Ay Ay Az 1 4/5-1/5
A7l = o Ap Ap Ay | = [212/5 =3/5
4] A1z Az Ass 0 1/5 1/5

Below are some properties of the operation of inversion of matrices.

1. The matrix A~! is nonsingular and (A~!')~! = A. This statement is an evident
consequence of the equality AA~! = 1.

2. If the matrices A, B are nonsingular, then (AB)™' = B71A~!. Indeed, the fol-
lowing equalities hold: AB(B~'A™!) = A(BB~")A ' = AA~' = 1.

3. If the matrix A is nonsingular, then A7 is nonsingular and (AT)~! = (A~HT.
The matrix A7 is nonsingular, since the equality |A” | = |A| holds. Using Prop-
erty 3 (b), p. 38, we see that (A7) (AT = (A7'A)T = IT = I, ie, the
matrix (A~"7 is the inverse of A”.

The proof of the following statements is left to the reader.

1. If matrices Ay, As,..., A, are nonsingular, then
(AtAy--- Ay~ =AJTA T AT (1.104)

2. If Py is a permutation matrix, then

Pl = Py. (1.105)
3. If L; is an elementary lower triangular matrix such that [y, # 0, then
1... 0 0...0
_ 0... 1/Lyxy 0...0
L' = * 1.106
k O...—lk+1,k/lk,kl...0 ( )
0... —=lLix/lix 0...1

4. If L is a lower triangular matrix such that all elements of its main diagonal
are nonzero, then the inverse L~! exists and is a lower triangular matrix. The
analogous statement is true for upper triangular matrices.
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1.2.5 Gaussian Elimination

In this section we consider an algorithm for solving the system of linear equations

Ax=b (1.107)
with a square nonsingular matrix A. This algorithm is called Gaussian elimination."’
Like many other methods, it is based on the following statement.

Let B be a given nonsingular matrix. Then the system of linear equations

BAx = Bb (1.108)

is equivalent to system (1.107), namely, each solution of system (1.108) is a solution
of (1.107), and conversely, each solution of system (1.107) is a solution of (1.108).
Indeed, if x is a solution of system (1.108), then

B(Ax — b) =0,

but the matrix B is nonsingular; hence, Ax — b = 0. The converse is obvious.

Usually the matrix B is chosen such that the matrix B A is “simpler” than A and the
solution of system (1.108) is easier to calculate than the solution of system (1.107). In
Gaussian elimination, the matrix B is the product of special lower triangular matrices
such that the matrix B A is upper triangular. In this case, problem (1.108) is trivial.

Let us describe the Gaussian elimination algorithm. In the first step we take in
the first column of the matrix A the element with the largest absolute value. Suppose
that this element is a;;. It is not equal to zero. Indeed, if @;; = 0, then all elements in
the first column of A are equal to zero, and |A| = 0, but we have assumed that the
matrix A is nonsingular.

Then we multiply both sides of system (1.107) by the permutation matrix P;;. We
denote this matrix by P; (note that P; = [ if in the first column of A, the element
with the largest absolute value is a;1) and get

Arx = by, (1.109)

where Ay = P;A, by = P;b. Observe that the matrix A is obtained from the
matrix A by interchanging the first and the ith rows, and the column b, is obtained

from the column b by interchanging the first and the ith elements. We denote by a,ﬁ})

the elements of the matrix A, and by b,El) the elements of the column b;. By con-
struction, afll) # 0.

After that, we multiply both sides of system (1.109) by the elementary lower
triangular matrix

10Johann Carl Friedrich Gauss (1777-1855) was a German mathematician.
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iy 00...00
Ly 10...00
Li=| ... , (1.110)
.11 00...10
li 00...01
where I = 1/a\}, by = —a$)/a\}), ... Ly = —a'} /a\}, and get
Arx = by, (1.111)
where b2 = leh
2 2 2)
lay ay ...ay,
2 (2 (2)
Ay =LA, = |0dn a5 - ay, | (1.112)
0 afé) a,%) - aﬁ)

Multiplication of the matrices L and A is equivalent to the following transforma-

tion of the matrix A;: all elements of the first row of the matrix A are divided by aill);

after that, for all i = 2, ..., n, the first row is multiplied by ai(l1 ) and is subtracted
from the ith row of A;. Similarly, the elements of the column b, are calculated by
the following formulas: biz) = bil)/aﬂ), bi(z) = bl.(l) — b?)afll), wherei =2,...,n.

Note that all elements of the first column of the matrix A, except the first element
are equal to zero. Now we take the element with the largest absolute value among

the elements a%, a%), e a,(lzz). Suppose that this element is ag) . It is not equal to

zero. Indeed, if ag) = 0, then all the numbers aé?, ag?, ey a,(lzz) would be equal to
zero, and expanding the determinant of A, in terms of the first column, we would

get det A, = 0. On the other hand, we see that
det Ay = I} det(PyA) = det(PA)/a!}) = +det(A)/a!} #0,

since L is an elementary lower triangular matrix and P; is either the identity matrix
or a permutation matrix.

Then we multiply both sides of system (1.111) by the permutation matrix P, = P;
(in other words, we interchange the second row and the ith row of the matrix A,)
and get

Ayx = P,L\P;b, (1.113)
where 2 @2 2)
lay ajy ...ay,
~ ~(2) ~(2) ~(2)
A, = PyA, = | 0G0 ay5 - a4y,
~(2) ~(2) ~(2
0 an2 an3 e ar(m)
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Multiplying both sides of (1.113) by the elementary lower triangular matrix

1 0 00...00
0 Ly, 00...00
0 L, 10...00

L, = ’ )
00,1200...10
0 L, 00...01
where Ly = 1/a$), Iy = —a3) /a3, ... Ly = —a'3) jas3), we get

A3x = LszLl Plb,

where Az = Lzﬁz = L,P,L| P;A. Itis easy to see that

(2) a?® 2

la 13” . algl

0 1 ag . aén)
As=10 0 aff ...a})

It is important to note that all elements of the second column of the matrix Az except
the first two elements are equal to zero.
Continuing this process, we finally get the system of linear equations
Ux=f (1.114)
(which obviously is equivalent to the original system), where
U=L,P,L,_\P,_---LPA, (1.115)
f =L,P,L,_Py_y---L{Pib,

and, what is important,

2 (2 2) @)
lay ajy ...ay,, ay,
01 ag) . am | a?)
(4) 4)
U= 00 1 a3,y Azy (1 1 16)
00 0 . 1 aftri)l,n
00 O 0 1

is a triangular matrix with ones on the main diagonal.
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Problem (1.114) is not difficult. From the last equation of system (1.114) we see
that x, = f,. Using the penultimate equation, we get

Xp—1 = fnfl - a,(:l_)l’nxns (1.117)
and so on. Finally, using the first equation, we obtain
2 2 2
xi=fi —aBx —aBxy — - —aPx,. (1.118)

Thus the Gaussian elimination algorithm can be divided into two parts. In the
first part (sometimes called forward elimination), we reduce a given system to a
system with a triangular matrix U. In the second part (sometimes called backward
substitution), we solve this system with the triangular matrix obtained in the first
part.

Remark 1.4 We choose the elements with the largest absolute values for forward
elimination to improve numerical stability. These elements are called pivor elements,
and the corresponding interchanging of rows is called pivoting (see Section8.1,
p. 249, for a detailed description). If we do not worry about rounding errors of
numerical computations, then we can use as a pivot element any nonzero element of
the column in each step of forward elimination.

Gaussian elimination also makes it possible to compute the determinant of a
square matrix. Using (1.115), (1.104), and (1.105), we get

A=PL'PLy' - PL'U. (1.119)

From (1.119), (1.94), and (1.96) it follows that

n n
det A =det(PLy' PLy" - P,L'U) = [ [ det P [ [ det ;!
i=1 i=1

=+[]decz;".
i=1
(1.120)

Here we have taken into account that det U = 1. Using (1.106), it is easy to see that

-1 ~ (i),
detL; =a,;

hence
det A =+aYal) - a™. (1.121)
Thus the determinant of the matrix A is equal to the product of all the pivot elements
up to sign. The sign is determined by the number of interchanges of rows in forward


http://dx.doi.org/10.1007/978-3-319-57304-5_8

1.2 Systems of Linear Equations, Matrices, Determinants 47

elimination. If this number is even, then the sign is plus; if this number is odd, then
the sign is minus.

Let us estimate the number of arithmetic operations required to solve a system of
linear equations by Gaussian elimination. In the first step of forward elimination, the
matrix L is constructed. This requires n operations. Then the matrix L is multiplied
by the matrix Aj. It is easy to verify that the multiplication of the matrix L; by a
column requires 2(n — 1) + 1 = 2n — 1 operations. The total number of columns
is n. Therefore, the multiplication of the matrix L by the matrix A, requires 2n%> —n
operations. After that, the matrix L is multiplied by the column P;b. Thus the first
step of forward elimination requires 2n* + n — 1 operations.

It is easy to see that in the second step of forward elimination, the product LA,
is calculated by the multiplication of matrices of order n — 1. Hence the second
step requires 2(n — 1)> 4 (n — 2) operations, and all steps of forward elimination
require 2(1> +22 4+ - - +n?) 4+ (1 +2 4 - - -+ (n — 1)) operations. It is well known
that 1 4+2+---+n—1=nn—1/2, 1>?+2>2+..-+n’>=n(n+1)2n+1)/6.
Thus forward elimination requires

nn+ 1D+ 1)/3+nm—1)/2~2n/3

arithmetic operations. Note that we neglect the terms of order 12, on the assumption
that n is big enough. It is easy to see that the calculations by formulas (1.117), (1.118)
require 2(n —1)+2(n—2)+- - -4+2 = 2(1+---+n—1) = n(n — 1) ~ n? operations,
and finally, we can conclude that to solve a system of n equations in n unknowns,
the Gaussian elimination algorithm requires approximately 21° /3 operations.

Note that Cramer’s formulas require, as is easy to calculate, n’n! arithmetic oper-
ations, which is much bigger. For example, if n = 20, then n’n! ~ 9.7 x 10%°
and 2n%/3 ~ 5.3 x 10°.

For example, let us solve the following system of linear equations by Gaussian
elimination:

3x; + 6x + 15x3 = 60,
3x1 4+ 2xy + 9x3 = 34,
9x; + 6x5 — 3x3 = 12.

First of all, we write down the matrix and the column of the right-hand side of the
system:

3615 60
A=(32 9], b=1(34
96 -3 12

The element with the largest absolute value in the first column of the matrix A
is a3; = 9. In accordance with the algorithm described above, the matrix A; and the
column b; look as follows:
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96 -3 12
Ai=132 9], bh=|(34
3615 60

(we have interchanged the first row of the matrix A with its third row and the first
element of the column b with its third element).

Now we divide the first row of the matrix A; by 9, multiply the result by 3,
and subtract that result from the second and the third rows; also we divide the first
element of the column b; by 9, multiply the result by 3, and subtract that result from
the second and the third elements of b;. As a result, we get

12/3 —1/3 4/3
Ar=[00 10], b=|30
04 16 56

The element with the largest absolute value among the elements ag), aé? is ag?.

Therefore, we interchange the second and third rows of the matrix A, and also the
second and third elements of the column b,, and obtain

) 12/3-1/3\ 4/3
A=[04 16|, bh=]|56
00 10 30

We divide the second row of the matrix Az and the second element of the column 152
by 4, and get

. 12/3 —1/3 . 4/3
A=l01 4, bh=|14
00 10 30

Finally, we divide the last row of fiz and the last element of gz by 10, and get

12/3-1/3 4/3
As=(0 1 4, by=|14
00 1 3

The forward elimination is done.

Using the back substitution algorithm, we calculate x3 = 3, after that x, =
14 —3 x4 =2, and finally, x; =4/3 — (2/3) x 2+ (1/3) x 3 = 1.

As we have seen above, the determinant of the matrix A is equal to the product
of all the pivot elements up to sign. In this example, the pivot elements are 9, 4, and
10. The number of interchanges of rows in forward elimination was two. Therefore,
the determinant is equal to the product of the pivot elements: det(A) = 360.
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1.2.6 The Determinant of the Product of Matrices

Theorem 1.12 The determinant of the product of arbitrary square matrices A and B
(of the same dimension) is equal to the product of their determinants:

det(AB) = det A det B. (1.122)

Proof If the matrix A is singular, then the matrix A B is also singular (see p. 39), and
in this case, equality (1.122) obviously holds.
If the matrix A is nonsingular, then, using (1.119), we get

AB =PL;'P,Ly"---P,L;'UB.

In this product, each factor except B is either a permutation matrix or a triangular
matrix; hence

det(AB) = [ ] det P, [ [ det L; ' det(U) det B = [ [ det P; | [ det L; " det B,

i=1 i=1 i=1 i=1

but we have (see (1.120))

ﬁdet P; ﬁdetL;‘ = det A.
i=1 i=1

Thus equality (1.122) holds. (]

From (1.122) it follows immediately that if the matrix A is nonsingular, then
det(A™") = 1/det A.

1.2.7 Basic Matrix Types

In this section we describe some types of matrices that are often used in different
problems of linear algebra. Here we consider some basic properties of these matrices.
A more detailed study will be done in the next chapters.

Let A be arectangular matrix. The Hermitian'' adjoint A* of A is defined by A* =
(A)T, where A is the componentwise conjugate. Another name for the Hermitian
adjoint of a matrix is the conjugate transpose. It is easy to see that (A*)* = A,
(xA)* =aA*, (A+ B)* = A*+ B*, (AB)* = B*A*.

A square matrix A is called Hermitian if A = A*. It is called skew-Hermitian
if A = —A*. The determinant of a Hermitian matrix is a real number. Indeed,

"Charles Hermite (1822—1901) was a French mathematician.
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since det(A*) = det((A)T) = det(A) = det(A), we see that det(A) = det(A) if the
matrix A is Hermitian.
Every square matrix A can be represented in the form

A=H +iH,, (1.123)

where H;, H, are Hermitian matrices and i is the imaginary unit. The matrices H;, H,
are uniquely determined by the matrix A. Indeed, representation (1.123) follows from
the obvious identity

1 1
A=—-(A+A")+i=(A— A"
2( +A%) +i 2i( )
and the following easily verifiable equalities:

(A+ A" = A + A%, (%(A—A*)) :%(A—A*).

If we assume that in addition to (1.123) there exists an additional representation
A=H +iH,
with Hermitian matrices H 1 ﬁz, then
(H, — H)) +i(H, — H,) = 0. (1.124)
The Hermitian adjoint of the left part of equality (1.124) is also equal to zero:
(H, — H)) —i(H, — H,) = 0. (1.125)
Adding together the corresponding terms in (1.124) and (1.125), we get H, = Hi;
hence H, = H,. Thus representation (1.123) is unique.
A real matrix is a matrix all of whose elements are real numbers.
A real Hermitian matrix is called symmetric. For every symmetric matrix we

have A = AT. A real square matrix is called skew-symmetric if A = —AT .
For every real square matrix, the following representation holds:

A=A+ Ay, (1.126)

where A; is a symmetric matrix and A, is skew-symmetric. Arguing as above, we
see that this representation is unique and

1 T 1 T
A1=§(A+A ), A2=§(A—A ).
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A square matrix A is called unitary if AA* = I, in other words, if A™! = A*.
It follows from the definition that the absolute value of the determinant of every
unitary matrix is equal to one. The product of two unitary matrices is a unitary
matrix (prove it!).

An important example of a unitary matrix is a diagonal matrix with diagonal
elements q1, q», ..., g, such that the absolute value of each element is equal to one.
The reader can easily prove that this matrix is unitary.

Let A be a unitary matrix of order n. Sometimes we say that the rectangular
matrix B that consists of m, m < n, columns of the square unitary matrix A is
unitary. Clearly, B*B = I,,, where [, is the identity matrix of order m.

A real unitary matrix is called orthogonal. The determinant of every orthogonal
matrix is either plus one or minus one. Two examples of orthogonal matrices are the
permutation matrix Py; and the second-order matrix

01(¢) = (cosga —sin <p)

sing  cos¢

where ¢ is a real number.

A square matrix A is called normal if AA* = A*A, that is, if A commutes with
its Hermitian adjoint. It is easy to see that Hermitian, skew-Hermitian, and unitary
matrices are normal.

For example, the matrix A = (i N }) is normal, but it belongs to none of above-

mentioned matrix types.

1.2.8 Block Matrices and Basic Operations with Block
Matrices

It is useful in many cases to interpret a matrix as having been broken into sections
called blocks or submatrices, that is, to represent it in the form

A]] A12 ce A]n

A= Ay Ap ... Ay, ’ (1.127)

where the elements A;; are themselves matrices. Note that all blocks in (1.127)
belonging to one row have the same number of rows, and all blocks in one column
have the same number of columns. Every matrix may be interpreted as a block matrix
in different ways, with each interpretation defined by how its rows and columns are
partitioned. For example,
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1 8 7/ 6 1 8 7 6 1 8 7 6
35 02], 3510 2]}, 3 510 2
1 4 9|3 1 49 3 1 49 3

It is easy to see that with block matrices we can operate by the same formal rules
as with ordinary matrices. If in addition to matrix (1.127) we introduce the matrix

(1.128)

such that for each pair of indices i, j the dimensions of blocks A;;, B;; coincide,
then the matrix C = A + B can be represented as the block matrix with blocks
Cij=A;j+B;j,i=1,...,m, j=1,...,n. Suppose that

By By ... Blp
B — By By ... Bz,, (1129)
Bnl Bn2 Bnp

Then the matrix C = A B can be represented as the block matrix with blocks

Cij= D AigBy. i=12....m j=12..,p. (1.130)
q=1

This, of course, requires that each product A;,B,; exist, i.e., that the horizontal
dimension of each block A;, coincide with the vertical dimension of the correspond-
ing block By;.

Let us obtain some useful formulas for calculation of determinants of block matri-
ces. We begin with the simplest case. Suppose that

_ I Ap
A= (0 A22) (1.131)

is a2 x 2 block matrix, / is the identity matrix, Ay, is a square matrix, and A, is a
(generally speaking) rectangular matrix. Then we get

[Al = A2 (1.132)

Similarly, if
(A1 A
A_(O 1), (1.133)
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where Aj; is a square matrix, then

|A| = |A]. (1.134)
Theorem 1.13 Suppose that
_ (A A
A= ( 0 Azz)’ (1.135)

where A1y, Ay are square matrices. Then
[Al = |Ani]|A2]. (1.136)

Proof First we prove that if the matrix A is singular, then |A| = 0. Denote by n;
the order of the matrix A;, and by n, the order of Aj. If |A;;| = 0, then there
exists a vector x; # 0 of length n; such that A;;x; = 0. Then for the nonzero vector
x = (x1,0,...,0) of length n; +n,, we obviously have Ax = 0. Therefore, |[A| = 0.
Thus we have proved that if |[A;;| = 0, then equality (1.136) trivially holds. Now
let |[Aq1] # 0. It is easy to see that

An A\ (A O\ (1 Aj'An
(0 A22)_(0 1) (O A, (1137)
Hence
A= |An 0 1A A
10 I/l0 Apl|’

Combining the last equality, (1.132), and (1.134), we finally obtain (1.136). (Il
The proof of the following statements is left to the reader.

1. Suppose that

A A Az ... Ay
0 Ap Ay ... Ay,
A= 0 0 Az ... Az, (1.138)
0 0 0 ... A,
is a block triangular matrix, where A;;, i = 1,2,...,n, are arbitrary square

matrices. Then |A| = |A11||Axn]| - |Aum].
2. Suppose that
An Anp
A=
(A21 A

is a block matrix, A, Ay, are square matrices, and |Aj;| # 0. Then

|A| = |A1]|A2 — Ay AL Al (1.139)
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Hint: calculate the product

A A\ (1 —A A
Az Axn ) \O I '
Relationship (1.139) can be considered a generalization of formula (1.48) for
calculating a second-order determinant.

A matrix A of the form (1.138) is called block upper triangular. A block lower
triangular matrix can be defined similarly. A matrix A of the form

Ay 0 o ... 0
0 A»n O ... O
A= 0 0 Aj; 0 ,
0 0 0 A
where A;;, i = 1,2, ...,n, are arbitrary square matrices, is called block diagonal.

In this case, we also use the following notation: A = diag(A;y, A, ..., Au)-



Chapter 2
Vector Spaces

In courses on analytic geometry, basic operations with vectors in three-dimensional
Euclidean space are studied. If some basis in the space is fixed, then a one-to-one
correspondence between geometric vectors and ordered triples of real numbers (the
coordinates of vectors in the basis) is determined, and algebraic operations with vector
coordinates can be substituted for geometric operations with the vectors themselves.

Similar situations arise in many other areas of mathematics and its applications
when objects under investigation are described by tuples (finite ordered lists) of real
(or complex) numbers. Then the concept of a multidimensional coordinate space as
the set of all tuples with algebraic operations on those tuples naturally arises.

In this chapter we will systematically construct and investigate such spaces. First
of all, we will introduce the space R” of all n-tuples of real numbers and the space
C" of all n-tuples of complex numbers. We will begin with definitions and basic
properties of these spaces, since later we will introduce and study more general
vector spaces. All results that we will obtain for general spaces hold for the vector
spaces R" and C". We will provide also a variety of useful examples of specific bases
in finite-dimensional spaces.

2.1 The Vector Spaces R" and C"

2.1.1 The Vector Space R"

The vector space R" is the set of all n-tuples x = (x1, x2, ..., x,,) of real numbers,
where n > 1 is a given integer. Elements of the space R” are called vectors or points;
the numbers x;, k = 1, 2, ..., n, are called the components of the vector x.

© Springer International Publishing AG 2017 55
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Two vectors x, y € R" are equal if and only if x; = y; forall k =1,2,...,n.
The vector all of whose components are zero is called the zero vector and is denoted
by 0. A vector of the form

ir=100,...,0,1,0,...,0),
——— ——

k—1 n—k

where the kth component is equal to one and all other components are zero, is
called a standard unit vector. In the space R" there are exactly n standard unit
vectors: iy, i, ..., iy.

The following linear operations are introduced on the space R": scalar multipli-
cation (the multiplication of a vector by a scalar) and vector addition. Namely, for
every real number « and x, y € R”", by definition, we put

ax = (axy, axz, ..., 0x,),
X+y=(1+yLx2+y2, .0 X0+ Ya)-

These linear operations satisfy the following properties. In the list below, x, y, z
are arbitrary vectors in R”, and «, B are arbitrary real numbers.

Commutativity of vector addition: x +y = y + x.

Associativity of vector addition: (x +y) +z = x 4+ (y + 2).

The zero vector is the identity element of vector addition: x + 0 = x.

For every vector x there exists a unique inverse element such that x + (—x) = 0,
where by definition, —x = (—1)x.

5. Distributivity of scalar multiplication with respect to vector addition:

Ll NS

alx+y) =ax +ay.
6. Distributivity of scalar multiplication with respect to scalar addition:
(¢ + B)x = ax + Bx.

7. Associativity of scalar multiplication: (¢f)x = «a(Bx).
8. The number 1 is the identity element of scalar multiplication: 1x = x.

Properties 1-8 are called the vector space axioms. They follow immediately from
the definition of linear operations with elements of the space R”". It is easy to see that
Axioms 1-8 correspond exactly to the properties of linear operations with vectors in
three-dimensional Euclidean space.

It is important to note that R! is a vector space, but at the same time it is the set
of all real numbers. As usual, we denote R! by R.
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2.1.2 The Vector Space C"

The vector space C" is the set of all n-tuples x = (xy, x2, ..., x,,) of complex num-
bers, where n > 1 is a given integer. The elements of the space C" are called vectors
or points; the numbers xi, k = 1, 2, ..., n, are called the components of the vector x.

Two vectors x, y € C" are equal if and only if x; = y; forallk =1,2,...,n.
The vector all of whose components are zero is called the zero vector and is denoted
by 0. The vector iy whose kth component is equal to one and all other components
are equal to zero is called a standard unit vector. In the space C" there are exactly n
standard unit vectors: iy, iz, ..., i,.

The linear operations of scalar multiplication and vector addition are introduced
on the space C" in the usual way: for every complex number « and all x, y € C",
by definition, we put

ax = (axy, axs, ..., 0X,),

xX+y=&+y,L, X2+ Y, X0+ Ya)-

Note that we have actually already met this linear space. We can interpret the
set of all m x n matrices with operations of matrix addition and multiplication of
matrices by scalars (see p. 32) as the space C™" of all vectors of length mn. The
vectors were written in the form of rectangular arrays, but from the point of view of
linear operations with vectors, this fact does not matter.

Properties 1-8 above hold also for the linear operations on the space C".

Note that C! is a vector space, but at the same time it is the set of all complex
numbers. As usual, we denote C! by C.

2.2 Abstract Vector Spaces

2.2.1 Definitions and Examples

Two concepts more general than the spaces R” and C" are widely used in many areas
of mathematics. These generalizations are abstract vector spaces: real and complex.
A real vector space X is a set that is closed under the operations of vector addition
and scalar multiplication that satisfy the axioms listed below. Elements of X are
called vectors. The operation of vector addition takes any two elements x, y € X
and assigns to them a third element z = x + y € X, which is called the sum of the
vectors x and y. The operation of scalar multiplication takes any real number « and
any element x € X and gives an element ax € X, which is called the product of o
and x.

In order for X to be a real vector space, the following vector space axioms, which
are analogous to Properties 1-8 of the space R” (see p. 56), must hold for all elements
x,y,z € Xand real numbers «, 8.
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. Commutativity of vector addition: x +y =y + x.
. Associativity of vector addition: (x +y) +z=x + (y + 2).
. There exists a unique element 0 € X, called the zero element of the space X, such

that x + 0 = x for all x € X.

. Forevery element x € X there exists a unique element x" € X, called the additive

inverse of x, such that x + x’ = 0.!

. Distributivity of scalar multiplication with respect to vector addition:

a(x +y) =ax +ay.

. Distributivity of scalar multiplication with respect to scalar addition:

(¢ + B)x = ax + Bx.

. Associativity of scalar multiplication: (¢f)x = a(Bx).
. The number 1 is the identity element of scalar multiplication: 1x = x.

If in the definition of the space X multiplication by complex numbers is allowed,

then X is called a complex vector space. 1t is assumed that Axioms 1-8, where

o,

B € C, hold.
The proof of the following statements is left to the reader (here X is an arbitrary

vector space):

Qs P =

Y9

—0 = 0 (here 0 is the zero element of X);

a0 = 0 for every scalar o

O0x = 0 for every vector x € X

if ax = 0, x € X, then at least one of the factors is zero;
—x = (—1)x for every x € X

. ¥+ (x —y) = x forevery x, y € X, where, by definition, x — y = x + (—y).

In the remainder of the book we denote vector spaces by the capital letters X,
Z. Unless otherwise stated, vector spaces are complex. The definitions and the

results are mostly true for real spaces, too. Cases in which distinctions must be made
in the interpretation of results for real spaces are specially considered.

The proof that the following sets are vector spaces is left to the reader.

. The set V3 of all geometric vectors of three-dimensional Euclidean space with

the usual definitions of operations of multiplication of a vector by a real scalar
and vector addition is a real vector space.

. The set of all real-valued functions of a real variable is a real vector space if the

sum of two functions and the product of a function and a real number are defined
as usual.

. The set of all real-valued functions that are defined and continuous on the closed

segment [a, b] of the real axis is a real vector space. This space is denoted by

I'The vector x’ is usually denoted by —x.
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C|la, b]. Hint: recall that the sum of two continuous functions is a continuous func-
tion, and the product of a continuous function and a real number is a continuous
function.

4. The set of all functions in the space C[a, b] that are equal to zero at a fixed point
¢ € [a, b] is a real vector space.

5. The set of all polynomials with complex coefficients with the usual definitions
of the sum of two polynomials and the product of a polynomial and a complex
number is a complex vector space.

6. The set Q, of all polynomials of order no more than n, where n > 0 is a given
integer, joined with the zero polynomial, is a complex vector space. Hint: as we
have seen in Section 1.1.2, p. 8, the sum of two polynomials is either a polyno-
mial of degree no more than the maximum degree of the summands or the zero
polynomial.

The reader can answer the next two questions.

1. Consider the set of all positive functions defined on the real axis and introduce
on this set the operation of vector addition as the multiplication of two func-
tions f - g and the operation of scalar multiplication as the calculation of the
power function f“. Is this set a vector space?

2. Consider the set of all even functions defined on the segment [—1, 1] and introduce
on this set the operation of vector addition as the multiplication of two functions
and the operation of scalar multiplication as usual multiplication of a function by
a scalar. Is this set a vector space?

2.2.2 Linearly Dependent Vectors

Two vectors a and b in a vector space X are said to be linearly dependent (propor-
tional) if there exist numbers « and S, not both zero, such that

aa + b =0.

Clearly, in this case we have either a = y b or b = da, where y, § are some numbers.
For example, if k # [, then the standard unit vectors iy, i; € C", are nonpropor-
tional (prove it!).
Vectors x; = (1 +1,3,2—1,5), x» = (2,3 —3i, 1 —3i,5 — 5i) € C* are pro-
portional, since 2/(1+1i) = 3—-3i)/3=(1-3)/2—-i)=G-5)/5=1—-1
Let us generalize the concept of linear dependence of two vectors. A set of vec-
tors {a;}, = {ai, a2, ...,an}, m = 1, in a vector space X is said to be linearly
dependent if there exist numbers xq, x3,..., X,;, not all zero, such that

xiay + xa; + -+ + xpa, = 0. (2.1)
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For instance, the set of vectors

5 -1 9 3
a) = 2 , adp = 3 , a3z = 7 , a4 = 8
1 3 5 7
in the space R3 is linearly dependent, since for x; =4, xp = —1, x3 = =3, x4 =2
we have
5 -1 9 3 0
xXiay+xaar+xza3 +xga, =4 2 | — 31-3171+218})=(0]=0.
1 3 5 7 0

It is useful to note that there are many other sets of coefficients x;, x», x3, x4 such
that the linear combination x;a; + x»a, + x3a3 + x4a4 is equal to zero. For example,

5 -1 9
2a1 +ay —az =212 | + 3 —|1 7] =0,
1 3 5
—1 9 3
3a + a3 —2a4 =3 31+(7)1—-218]=0.
3 5 7

It is useful to write the definition of linear dependence of vectors in matrix form.
We use the following notation. Let A,, = {a;, az, ..., a,,} be a finite ordered list of
vectors in the space X. For x € C”, by definition, we put

Apx = x1a1 + X200 + - -+ 4 Xl

Then we can say that the vectors ay, as,..., a, are linearly dependent if there exists
a nonzero vector x € C™ such that

Aux =0.
A vector a € X is a linear combination of vectors by, by, ..., by, p > 1, if there
exists a vector x € C? such that
a=x1by +x200 + -+ x,b,. 2.2)

‘We can write this in matrix form:

a=Bpx.
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A linear combination of vectors is called nontrivial if at least one of the numbers xi,
X2, ..., X, in (2.2) is not equal to zero.
The proof of the following two theorems is left to the reader.

Theorem 2.1 A set of vectors is linearly dependent if it contains a linearly dependent
subset, in particular if it contains the zero vector.

Theorem 2.2 A set of vectors {a;}]_, is linearly dependent if and only if it contains a
vector ay that can be represented as a linear combination of other vectors of the set

{ai}il,.

Suppose that each vector of the set {a;}{"; is a linear combination of the vec-
tors {b;}7_,, i.e.,

P
ak=ijkbj, k=1,2,...,m. (2.3)
j=1

We can write (2.3) in matrix form:
A, =B,X(p,m), 2.4)

where the kth column of the matrix X consists of the coefficients x j; of the kth linear
combination in (2.3).

The following property of transitivity holds. If each vector of the set {a;}/",
is a linear combination of the vectors {b;}/_,, and each vector of {;}/_, is a linear
combination of the vectors {c; }?zl , then each vector of {a;}/; is a linear combination
of {c¢; }?: 1- Indeed, using matrix notation, we can write

A, =B,X(p,m), B,=C,Y(q,p).
Substituting C,Y (g, p) for B, in the first equality, we get
An =CyZ(gq, m),

where
Z(q,m) =Y(q, p)X(p,m).

, and {b; }P_, are equivalent if there exist

We say that the two sets of vectors {a;} e

matrices X (p, m) and Y (m, p) such that

m
i

Ay =B,X(p,m), B,=A,Y(m,p), (2.5)

i.e., each vector of the set .4,, is a linear combination of the vectors of the set 3, and
conversely.

Using the property of transitivity, the reader can easily prove the next statement.
Suppose that the sets {a;}", and {b;}/_, are equivalent and the vector x € X is a
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linear combination of the vectors {g;}/" . Then x can be represented as a linear
combination of the vectors {b; }ip=1-

2.2.3 Linearly Independent Sets of Vectors

A set of vectors A,, = {a;}/L, in a vector space X is said to be linearly independent
if 4,,x = 0implies x = 0.
Linearly independent sets exist. Let us give some simple examples.

1. Each vector a # 0 forms a linearly independent set, which consists of one vector.
2. If m < n,thenthe standard unit vectorsiy, is, ..., i,, € C" arelinearly independent.
Indeed, for every x € C™, the vector

X101 + X200 + - - - + xpi, € C"

has the form (x, x2, ..., x;, 0, ..., 0) and is equal to zero if and only if x = 0.
3. The set of vectors @o(z) = 1, ¢1(z) =z, ..., px(z) = z5, where z is a complex
number and k > 0 is a given integer, is linearly independent in the vector space of
polynomials (see p. 59). This statement immediately follows from the fact that if
a polynomial is equal to zero, then all its coefficients are equal to zero (see p. 31).

The next theorem is an evident consequence of Theorem 2.1.

Theorem 2.3 Every subset of a linearly independent set {a;}}", is linearly indepen-
dent.

Theorem 2.4 Every set {a, ay, ..., a,, b} of n + 1 vectors in the space C" is linearly
dependent.

Proof Suppose that the set of vectors {a;}!_, is linearly independent. Denote by A
the matrix whose columns are the vectors a;, i = 1,2, ..., n. Clearly, det A # 0,
and the system of linear equations Ax = b has a solution x. Therefore,

xiay + -+ +xpa, = b,

i.e., the set of vectors {ay, a,, ..., a,, b} is linearly dependent. O

It follows immediately from Theorem 2.4 that every set {a;}/., € C", m > n, is
linearly dependent.

Theorem 2.5 Suppose that the set of vectors A, = {a;}!L, in the space X is linearly
independent and each vector of the set A,, is a linear combination of the vectors B, =
{bi}!_,. Then m < p.
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Proof Assume the contrary, i.e.,letm > p.By definition, there existsa p x m matrix
X such that A,, = B,X. Therefore, for every y € C" we have A,,y = B,Xy. The
columns of the matrix X form a set of vectors in the space CP. The number of
vectors in this set is m > p, and hence it is linearly dependent. Thus there exists a
vector y € C™ that is not equal to zero such that Xy = 0, but then A,,y = 0, which
means, contrary to the assumption, that the set of vectors ay, as, ..., a, is linearly
dependent. O

Corollary 2.1 Every two linearly independent equivalent sets of vectors have the
same number of vectors.

The reader is invited to prove the next theorem (hint: use the reasoning of the
proof of Theorem 2.5).

Theorem 2.6 Suppose that the set {ai}}'_, is linearly independent and each vector
of the set {by}_, is a linear combination of the vectors {ay}]_,, i.e., there exists
a square matrix X of order m such that B, = A, X. The set {b;};_, is linearly
independent if and only if the matrix X is nonsingular.

It is important to note that in Theorem 2.6 the matrix X is uniquely determined
by the sets A, and B,.. Indeed if we assume that there exists another matrix X such
that B,, = A, X, then A,(X — X) =0, and X = X, since the set A, is linearly
independent.

2.2.4 The Rank of a Set of Vectors

Let {a;}7", be a given set of vectors in the space X. Suppose that not all vectors {a; }7-.
are equal to zero. Then this set necessarily contains a linearly independent subset of
vectors. In particular, the set {g;}/, itself can be linearly independent.

A linearly independent subset {a;, };_, C {a;}/_, is called maximal if including
any other vector of the set {g;}{_; would make it linearly dependent.

For example, let us consider the following set of vectors:

2 1 -2 3
a) = -2 , adp = 9 , a3z = —4 , a4 = 7 (26)
—4 3 1 —1

in the space R3. Evidently, the vectors a;, a, are linearly independent and form a
maximal linearly independent subset, since the determinants

2 1-2 2 1 3
-2 94, |-2 9 17|,
-4 3 1 4 3-1
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which consist of the components of the vectors a;, a,, as and a;, a», ay4, respectively,
are equal to zero. Therefore, the sets of vectors ay, a», a3 and a;, a», a4 are linearly
dependent.

Generally speaking, the set {a;}/.; can contain several maximal linearly indepen-
dent subsets, but the following result is true.

Theorem 2.7 Every two maximal linearly independent subsets of the set {a;}!_,
contain the same number of vectors.

Proof It follows from the definition of a maximal linearly independent subset that
each vector of the set {g;}], is a linear combination of vectors of a maximal linearly
independent subset {a;, };_,. Obviously,

m
a;, = a;, + E Oa;;
i=1,i%iy

hence the converse is also true. Therefore, the set {a;}/_, and each of its maximal
linearly independent subsets are equivalent. Thus, using Corollary 2.1, we claim that
every two maximal linearly independent subsets of the set {@;}]_; contain the same
number of vectors. O

This result allows us to introduce the following concept. The rank of a set of
vectors in the space X is the number of vectors in each of its maximal linearly
independent subsets.

For example, the rank of the set of vectors (2.6) is equal to two.

The number of linearly independent vectors in the space C" is no more than n.
Therefore, the rank of every set of vectors in C" is less than or equal to 7.

Clearly, a set of vectors {g;}/L, in a vector space X is linearly independent if and
only if its rank is equal to m.

2.3 Finite-Dimensional Vector Spaces. Bases

2.3.1 Bases in the Space C"

A linearly independent set {e;};_, (which consists of n vectors) is called a basis in
the space C". The standard unit vectors {i;};_, form the standard (or the natural)
basis in the space C".

It follows from Property 8, p.23, of determinants that a set {e;};_, C C" is a
basis if and only if the matrix &,, the columns of which are formed by the vec-
tors ey, ez, ..., ey, is nonsingular.

In the proof of Theorem 2.4, p. 62, we established that if {e;};;_, is a basis in the
space C", then each vector x € C" can be represented as a linear combination
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x =&e; +&e+ -+ &e,. 2.7)

The coefficients in the linear combination (2.7) are uniquely determined by the vector
x and satisty the following system of linear algebraic equations with the nonsingular
matrix &,:

EE =x. (2.8)

Here & = (&1, &, ..., &,) is the column of coefficients of the expansion of x with
respect to the basis {e;};_;.

2.3.2 Finite-Dimensional Spaces. Examples

A vector space X is called finite-dimensional if there exist vectors
gn = {els €, ... 7el‘l}

that form a linearly independent set in the space X and such that each vector x € X
can be represented as a linear combination

x = ngek =&, EeC. (2.9)

k=1

The set of vectors {e;};_, is called a basis of the space X. The number 7 is called
the dimension of X, and we denote by X,, this n-dimensional vector space. The
coefficients &1, &, ..., &, in the expansion (2.9) are called the coordinates of x with
respect to the basis {e;};_;.

The coordinates of each vector x € X,, are uniquely determined by the basis
{ex};_,- Indeed, suppose that in addition to (2.9) there exists an expansion x = E,E.
Then &,(€ — &) = 0. Therefore, & = £, since the set of vectors {ex};—, is linearly
independent.

Theorem 2.8 In an n-dimensional vector space X,,, every system é:,l = {ex};_, con-
sisting of n linearly independent vectors is a basis.

Proof It is enough to show that each vector x € X, can be represented as a linear

combination L
x =E&,E. (2.10)

By the definition of an n-dimensional vector space, a basis &, exists in X,,. Therefore,
each vector of the set £, can be represented as a linear combination of the vectors
of &,. In other words, there exists a square matrix 7 of order n such that ffn =
E,T. The matrix T is nonsingular (see p. 63). Since &, is a basis, there exists a
vector £ € C" such that x = £,&. Since the matrix 7 is nonsingular, there exists
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avector £ € C" such that ¢ = T&. Thus we get the relationship x = &,T& = E,€ of
the form (2.10). ([

If a vector space is not finite-dimensional, then the space is called infinite-
dimensional.

Let us give some examples of finite-dimensional and infinite-dimensional vector
spaces.

1. Three arbitrary non-coplanar vectors form a basis in the space V3. The space V;
is three-dimensional.

2. Evidently, the spaces C*, R" are n-dimensional.

3. The set Q, of all polynomials of order no more than # is finite-dimensional. Its
dimensionis equal ton + 1. For example, the set of vectors {1, z, ..., 2"}, where z
is a complex variable, is a basis in Q,,.

4. The vector space of all polynomials is infinite-dimensional. Indeed, for an arbi-
trarily large integer k, the set of vectors {1, z, ..., zk} is linearly independent in
this space.

5. The space C|a, b] is infinite-dimensional, since it contains polynomials with real
coefficients of arbitrary order.

2.3.3 Change of Basis

Let &, = {ex}i_;s ffn = {ex};_, be bases in a vector space X,,. As we have shown,
the sets &, and &, are equivalent, and there exist square matrices 7" and T of order n
such that o

E=&T, & =¢&,T. (2.11)

The matrix T is called the change of basis matrix from &, to &,. The matrices T and T
are mutually inverse. Indeed, substituting £,7 for &, in the first equality in (2.11),
we obtain £, = &, TT. Thus we get

TT =1, (2.12)

since the vectors of the basis &, are linearly independent (see the remark after
Theorem 2.6, p. 63).

Suppose that we know the vector £ of the coordinates of an element x € X,, with
respect to the basis &,, and we also know the change of basis matrix T from &, to
the basis &,. Let us construct a formula for calculating the vector £ of coordinates of
the same element x with respect to the basis g, Using (2.9), we see that x = &,¢,
but &, = E,T = E,T~! (see (2.11), (2.12)). Therefore, x = ET~ I&, which means
that

E=T"'¢ (2.13)
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For example, suppose that vectors ey, e, e3 form a basis in a three-dimensional
space X3. Let us consider the vectors

él = 56‘1 — €y — 263,
er = 2e +3es,

e3 = —2e; + ey + e3.

Writing these equalities in matrix form, we get E=¢ T, where
5
—1

-2
E=1{21,86,8), E=ler,er,e3), T = 1
1

\S]
S W N

It is easy to see that det T = 1; hence the matrix 7 is nonsingular. Therefore, the
vectors ey, e, €3 also form abasis in the space X3. Let us consider the vectora = e +
4e, — e3. The coordinates of the vector a with respect to the basis £ are the numbers
& =1, =4,&=—1,ie.,a = EE, where & = (&1, &, &). Now we calculate the
coordinates of the same vector, but with respect to the basis £. Calculating the matrix
T-!, we get

3-2 8
T'=[-1 1-3]),
6 —
and therefore,
~ 3-2 8 1 —13
E=T'e=(-1 1-3 4] = 6],
6 —4 17 -1 27
i.e.,a = —13e; + 6e, — 27e3. Thus we have calculated the coordinate representation

of the vector a with respect to the basis E.

Note that infinitely many bases exist in the space X,,. Indeed, if &, is a basis, then
the set of vectors &, = &,T, where T is an arbitrary nonsingular matrix, also is a
basis (see Theorem 2.6, p. 63).

Below are some examples of bases in the space of polynomials of order no more
than n with complex coefficients, which are often used in applications.

1. The natural basis for this space is the set of vectors {1, z, ..., z"}, where z is a
complex variable.
2. The polynomials

(z—z0)z—z1) - (@—zj—)@—2j11) - (2 — 2a)

(o — )
1@ (zj —z0)(zj —z1) -+ (2 = 2j-D(zj = Zj41) -+ (Zj — Zn)
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j=0,1,2,...,n, where z, 21, ..., 2, are arbitrary distinct complex numbers,
also form a basis in the space of polynomials (see p. 29). Such a basis is called a
Lagrange basis.

3. Let us prove that the polynomials

wo(2) =1, ¢1(z) = (@2 —20), »2(2) =@ —20)Z—21),...,
0n(2) = (2 —z20)(2—21) - (2 — Zu=1),
(2.14)

where z, 21, ..., Zy—1 are arbitrary distinct complex numbers, form a basis. As in
the case of a Lagrange basis, it is enough to check that for the numbers zg, zi, ...,
Zu—1, and a number z,, that does not coincide with any of the numbers zy, zi, ...,
Zn—1, the system of equations

cowo(z;) +cioi(zj) + -+ cupu(zj)=h;, j=0,1,2,...,n, (2.15)

has a unique solution for every choice of kg, k1, ...h,. This fact is evident, since
system (2.15) is triangular,

co = ho,
co +c1(z1 — z0) = hy,
co + c1(z2 — 20) + c2(z2 — 20) (22 — 21) = ha, (2.16)

and all diagonal coefficients are different from zero. The basis defined in (2.14)
is called a Newton basis.?

2Sir Isaac Newton (1642—1727) was an English physicist and mathematician.



Chapter 3
Inner Product Spaces

Asdiscussed in the previous chapter, vector spaces are analogous to three-dimensional
Euclidean space V3 of geometric vectors (directed line segments). However, such
important concepts as the length of a vector and the angle between two vectors were
not introduced for abstract spaces. In three-dimensional Euclidean space, using the
lengths of two vectors and the angle between them, we can calculate the inner prod-
uct (the dot product) of these vectors. Many geometric problems in the space V3 are
solved with help of the dot product.

The concept of an inner product on an abstract space will be introduced axiomat-
ically in this chapter. After that, the concepts of the length of a vector and the angle
between two vectors will be introduced based on the concept of the inner product.
Then we will investigate the concept of orthogonal bases. Some important exam-
ples of orthogonal bases in finite-dimensional spaces, particularly in polynomial
spaces, will be constructed. The basic properties of subspaces of unitary spaces will
be described. We begin our considerations with inner products on the spaces R”
and C".

3.1 Inner Products on R” and C”

An inner product on the space R” is a function that assigns to each pair of vec-
tors x, y € R" areal number (x, y) and satisfies the following axioms (which corre-
spond to the properties of the inner product of vectors in three-dimensional Euclidean
space):

1. (x,x)>O0forall x € R"; (x,x) =0if and only if x = 0;
2. (x,y) =(y,x)forall x,y e R";
3. (ax + By, 2) =ax,z) + B(y,z) forall x, y,z € R" and for all «, B € R.

Clearly, the next property follows from Axioms 2 and 3:

4, (x,ay + Bz) = a(x,y) + B(x,z) forall x, y,z € R" and for all o, B € R.

© Springer International Publishing AG 2017 69
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An inner product on the space R” can be specified in infinitely many ways. For
example, we can put

n
(x, y) = Zxkyk'
k=1

This inner product on the space R” is called standard. We can construct a variety of
inner products if we put

n
(X, ) = D okXeis 3.1)
k=1
where py, 02, ..., p, are positive numbers. Varying these numbers, we get different

inner products. The verification of Axioms 1-3 is trivial for both examples.

By the length of a vector x € R” we mean the nonnegative number |x| = /(x, x).
It can be shown that the length of vectors in R” satisfies the following properties'
(which correspond to the properties of the length of vectors in three-dimensional
Euclidean space):

1. |x| = O forall x € R"; |x| = 0 if and only if x = O;
2. |ax| = |a||x]| for all x € R" and for all @ € R;
3. x4+ y|l <|x|+ |yl forall x,y € R".

Inequality 3 is called the triangle inequality (or Minkowski’s> inequality).

The vector space R”, together with a specified inner product on it, is often called
the Euclidean space R". It is important to note that by specifying the inner product
on the space R” in different ways, we get different Euclidean spaces. The space R”
together with the standard inner product is called the real coordinate space. This
space plays an important role in many areas of mathematics and its applications. For
instance, it is systematically used in calculus for the study of functions of several
real variables.

An inner product on the space C" is a function that assigns to each pair of vec-
tors x, y € C" a (generally speaking) complex number (x, y) and satisfies the fol-
lowing axioms:

1. (x,x) >0forall x € C"; (x,x) =0if and only if x = 0;

2. (x,y) = (y—x) for all x, y € C"; recall that the overline means the complex
conjugate and note that the inner product on the complex vector space C” is not
commutative, unlike the inner product on the real space R”

3. (ax + By, z) = a(x,z) + B(y,z) forall x, y,z € C" and for all o, 8 € C.

Clearly, the next property follows from Axioms 2 and 3:

4. (x,ay + Bz) = a(x,y) +E(x, z) forall x, y,z € C" and for all @, 8 € C.

I'The verification of inequality 3 will be carried out in Section3.2.2, p. 72.
2Hermann Minkowski (1864—1909) was a German mathematician.
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The vector space C", together with a specified inner product on it, is often called
the unitary space C".

An inner product on the space C" can be specified in infinitely many ways. For
example, we can put

n
(x’ y) = zxkyk'
k=1

This inner product on the space C" is called standard. The verification of Axioms
1-3 is trivial. Inner products on C" can also be specified similarly to (3.1).

The length of a vector x € C" is defined by the relationship |x| = +/(x, x).
Properties of the form 1-3, p. 70, hold.

3.2 Abstract Inner Product Spaces

3.2.1 Definitions and Examples

An inner product on an abstract real vector space X is a function that assigns to each
pair of vectors x, y € X a real number (x, y) and satisfies axioms of the form 1-3,
p. 69 (which are called the inner product axioms for a real vector space). An inner

product space is a vector space together with a specified inner product on that space.
A real inner product space is often called a Euclidean space.

An inner product on the complex vector space X is a function that assigns to
each pair of vectors x, y € X a (generally speaking) complex number (x, y) and
satisfies axioms of the form 1-3, p. 70 (which are called the inner product axioms
for a complex vector space). A complex inner product space is often referred to as a
unitary space.

The reader can verify the inner product axioms for the following examples.

1. The space V3 together with the usual inner product (the dot product) is a real
inner product space.

2. Let p be an integrable and positive function on an interval (a, b) of the real axis.
Let us specify an inner product on the space Cl[a, b] by the formula

b

(f. 8 Z/p(X)f(X)g(X)dx, /. g € Cla, b]. (3.2

a

The space Cla, b] together with the inner product (3.2) is a Euclidean space.
3. Letus specify an inner product on the space Q,,. We assign to each pair of elements

P,(2) =ao+aiz+---+ayd", Qu@ =bo+biz+ - +b,7"

of the space Q,, the complex number
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(Pu, Qn) = zpjajgja

j=0
where po, o1, ..., pp are given positive numbers. Together with this inner product,
the space Q,, is a unitary space.
An inner product can be specified on every finite-dimensional vector space X,

n
of dimension n > 1. Indeed, let {e;}}_, be a basis in X, and let x = > &ey,
k=1
n
y = D nxex be elements of the space X,,. We can take as an inner product on X,

k=1
the function

. y) =D &i, x, y€X,. (3.3)
k=1

It is easy to see that the function (3.3) satisfies the inner product axioms.

3.2.2 The Cauchy—Schwarz Inequality

Suppose that a and b are vectors in the three-dimensional Euclidean space V3, and
the vectors a —b and b are orthogonal, i.e., (a —b, b) = 0.3 Then by the Pythagorean*
theorem,

lal* = |a — b|*> + |b|*. (3.4)

Now suppose that a and b are vectors in an abstract inner product space X such
that (a—b, b) = 0.If we put |v| = +/(v, v) for all vectors v € X, then the Pythagorean
identity of the form (3.4) holds for vectors in X. Indeed, using elementary calcula-
tions, we get

lal*> = (a,a) = (@ —b+b,a — b+b)
=(a—b,a—b)+(b.b)+ (a—b,b) + (b,a — b)
=(a—b,a—b)+(b,b)+ (a—b,b) + (a—b,b)
=(a—b,a—b)+(b,b) =|a—b|*+|b.

Theorem 3.1 (Cauchy—Schwarz’ inequality). Let X be an inner product space.
For all vectors x, y € X, the following inequality holds:

3We can say that the vector b is the projection of the vector a on the line that is parallel to the
vector b.

4Pythagoras of Samos (570-495 B.C.) was an Ionian Greek philosopher and mathematician.

3 Augustin-Louis Cauchy (1789-1857) was a French mathematician, Karl Hermann Amandus
Schwarz (1843—-1921) was a German mathematician.
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|G, MIF < (0, ). (3.5)

The two sides in (3.5) are equal if and only if x and y are proportional.

Proof If y = 0, then inequality (3.5) transforms to a trivial equality, and for each
vector x € X, the vectors x and y are proportional, since Ox +y = 0. For this reason,
we suppose that y # 0, and put e = |y|~'y. Clearly, (e, ¢) = 1 and

(x — (x,e)e, (x,e)e) = 0.
Hence in the identity (3.4) we can take a = x, b = (x, e)e and get
xl? = x = (x, @)e” + |(x, ).

Therefore, |x|> > |(x, e)|?. The lastinequality is equivalent to (3.5). Now we suppose
that |x|> = |(x, e)|?, i.e., the two sides in (3.5) are equal. Then |x — (x, ee|* =0,
and therefore, x = (x, €)e, i.e., x = ((x, y)/|y|*)y, and thus the vectors x and y are
proportional. Conversely, if the vectors x and y are proportional, then it is easy to
see that the two sides in (3.5) are equal. U

The number |x| = /(x, x) is called the length of the vector x € X. Inequality (3.5)
often is written in the form

[Ge, Y)I < [x]|y| forall x,yeX. (3.6)

The length of vectors in an abstract inner product space satisfies properties that are
analogous to the properties of the length of vectors in three-dimensional Euclidean
space, namely:

1. |x] > Oforall x € Xj |x| = 0if and only if x = 0;
2. |ax| = |a||x| for all x € X and for all ¢ € C;
3. x4yl < |x|+|ylforallx,y € X.

Inequality 3 is called the triangle inequality (or Minkowski’s inequality).
It is evident that Properties 1 and 2 hold. Let us prove that the triangle inequality
follows from the Cauchy—Schwarz inequality. Indeed,

e+ ¥ = (r +y.x +y) =[x + 2Re(x, y) + [y
Using (3.6), we see that |Re(x, y)| < |x||y|, and therefore,
e+ v P < IxP o 20xly] + 1P = (] + D2
The last inequality is equivalent to inequality 3.

By analogy with three-dimensional Euclidean space V3, we say that two vectors x,
y € X are orthogonal if (x, y) = 0.
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For example, if k # [, then the vectors iy and i; € C" are orthogonal with respect
to the standard inner product.
It follows from inequality (3.6) that if X is a real inner product space, then

(e, »)/Ixliyl e [=1,1]
for all nonzero vectors x, y € X. This fact leads us to introduce the concept of the

angle between two vectors in X. Namely, we assume that the cosine of the angle
between x, y € X is equal to (x, y)/|x||y].

3.2.3 The Gram Matrix

Let {a;}", be a set of vectors in an inner product space X. The Gram® matrix of the
set {a;}]L, is the square matrix of order m of the form

(a1, a1) (az,ay) ... (am,a1)
G= | @ (@a)... (ana) 3.7)
(ala am) (QZa am) e (am’ am)

Note that since (ax, a;) = (a;, ax), the Gram matrix of any set of vectors is Hermitian
(see p. 48).

Theorem 3.2 A set of vectors {a;}]_, is linearly independent if and only if its Gram
matrix is nonsingular.

Proof Suppose that the Gram matrix G of a set of vectors {g;}/_, is nonsingular.
Then the set {g;}]., is linearly independent. Indeed, if

xiap + xa3 + - -+ + Xpay =0,

then
(x1ay + x2a0 + -+ -+ xpay,ar) =0, k=1,2,...,m.

Hence,

xi(ay, ap) + x2(az, a) + - -+ xp(@p,ar) =0, k=1,2,...,m. (3.8)
System (3.8) is a homogeneous system of linear algebraic equations for the
unknowns x1, x2, ..., X, with the matrix G. Since the Gram matrix G is nonsingular,

system (3.8) has the trivial solution only. Thus, x; = --- = x,, = 0. Conversely,
suppose that a set of vectors {g;}/ , is linearly independent. Let us construct a linear

6Jgrgen Pedersen Gram (1850-1916) was a Danish mathematician.



3.2 Abstract Inner Product Spaces 75

combination of the columns of the matrix G with some coefficients xi, x,, ..., X,,.
Equating this linear combination to zero, we get

xi(ay, ap) + x2(ar, a) + -+ xpm(@p,ar) =0, k=1,...,m. 3.9

Multiplying both sides of the kth equality in (3.9) by X; and then adding term by
term all obtained equalities, we get

(Z Xrdp Zxkak) =0.
k=1 k=1

Therefore,
xiar + x2a2 + -+ + Xy = 0. (3.10)

Since the set of vectors {a;}/_ | is linearly independent, it follows from (3.10) that x; =
.-+ = x,, = 0. Thus we see that if a linear combination of the columns of the matrix
G is equal to zero, then all the coefficients in this linear combination are equal to
zero. This means that the columns of the matrix G are linearly independent, i.e., the
matrix G is nonsingular. ]

Let us examine for linear dependence the vectors
-x1=(17373’19_2)’ x2=(313715_372)7 x3=(1533_]’193)

in the space R>. For this purpose we introduce the standard inner product on R> and
calculate the third-order Gram matrix G = {(x;, x j)}?‘ j=1- By elementary calcula-
tions we get
24 8 2
G=| 83214, det(G)=2%650,
2 1421

i.e., the vectors xy, x;, x3 are linearly independent.

3.2.4 Orthogonal Sets of Vectors. Gram—Schmidt
Orthogonalization Process

A set of vectors {a;}/", is called orthogonal if all the vectors a;, i = 1,2,...,m,

are nonzero and (a;, a;) = 0 for i # k. The Gram matrix of every orthogonal set is
diagonal and nonsingular. Evidently, every orthogonal set is linearly independent. A
set of vectors {;}]L, is called orthonormal if (a;, ay) = &y fori,k =1,2,...,m.
The Gram matrix of every orthonormal set is the identity matrix. The length of each
vector in an orthonormal set is equal to one.
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The change of basis matrix from one orthonormal basis {e;};_, to another ortho-
normal basis {€;};_, in an inner product space is unitary. Indeed, writing the equality

& =&T (3.11)

n
in detail, we get e, = > tikej, k =1,2,..., n. Therefore,
=1

n n
thkej»ztjlej = (e, e) =6bn, k,I=12,...,n,
= =1

since the basis &, is orthonormal. Now we transform the left-hand side of the last
equality using the orthonormality of the set £, and obtain

Dtk =06u, k1=12...n
j=1

This means that the matrix 7 is unitary (see p. 50).

It is important to note that the inverse statement is also true, which can be shown
by arguments similar to those given above. Namely, if the basis £, is orthonormal
and the matrix 7 is unitary, then the basis &, = &, T is also orthonormal.

Theorem 3.3 (Gram-Schmidt’ orthogonalization). Every linearly independent
set {a;}/L, is equivalent to an orthonormal set {b;}!",, and the vector by may be
chosen proportional to the vector a,.

Proof Put hy = a; and hy = xp1h; + ap. The vector h; is not equal to zero,
since the vector a is not equal to zero, as an element of a linearly independent set.
For every coefficient x5, the vector A, is not equal to zero, since h; is a linear
combination of linearly independent vectors, and one of the coefficients in this linear
combination is not equal to zero (it is equal to one). Now we define the number x; ;
such that the vector 5 is orthogonal to the vector /. Writing this condition, we get
0 = x2,1(hy, h1) + (az, hy), and hence x2,; = —(ay, hy)/(h1, hy). Thus we have
constructed the vectors &; and h; such that (h, h;) = 0 and &y, h, # 0. Suppose
that we have constructed the vectors ki, hy, ..., by such that hy, ho, ..., by # 0
and (h;, hj) =0fori # j,i, j =1,..., k. We are looking for a vector A of the
form

hig1 = Xkq1,1hy + Xpg12h2 + - -+ X ihi + agg . (3.12)

The vector A is notequal to zero for all coefficients x4 1, ..., X¢+1.4. Indeed, by
construction, each vector iy, hy, ..., iy is a linear combination of the vectors {a;};,
and the linear combination /4 ; consists of the vectors of the set {a;}{.; whose indices

7Erhard Schmidt (1876-1959) was a German mathematician.
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i are less than or equal to j. Therefore, the vector s is a linear combination of the
linearly independent vectors ay, as, ..., ar+1, and the vector ay; is included in this
linear combination with a coefficient that is equal to one.

We define the numbers Xxxy1.1, Xk+1.2, --.» Xk+1.4 such that the vector Ay is
orthogonal to the vectors Ay, hy, ..., hy. Consistently fulfilling these conditions, we
get

X110 = — (g1, h1)/(hy, hy),

Xig1,2 = — (g1, h2)/(ha, ha), ...,
X1k = — (g1, h) [/ (A, hy).

Continuing this process, we construct an orthogonal set of nonzero vectors {; }/ ;.
If we take
bi=(lhi)'hiy i=1,....m, (3.13)

then we get the orthonormal set of vectors {b;}}" ;.

As we have established, each vector of the set {;}/_, is a linear combination of
the vectors {a;}/_ . Formula (3.12) shows that each vector of the set {a;}., is a linear
combination of the vectors {h;}/_ ;. Formula (3.13) shows that the sets {b;}_; and
{hi}iL, are equivalent. Thus all three considered sets are equivalent.

Finally, we note that the vectors a; and b, are proportional, since by construction,
by = (la1)'ay. g

Remark 3.1 The proof of Theorem 3.3 is constructive. It includes a description of
the algorithm for construction of an orthonormal set of vectors that is equivalent
to a given linearly independent set of vectors. This algorithm is called the Gram—
Schmidt orthogonalization process. Note that for numerical realizations, the Gram—
Schmidt orthogonalization process is used very rarely, since it is strongly influenced
by rounding errors.

Let us assume, for example, that the polynomials Qo(x) = 1, O;(x) = x,
0»(x) = x? of areal variable x are given. Using the Gram—Schmidt orthogonaliza-
tion process, we construct polynomials Py, P;, P, of respective degrees zero, one,
and two that are orthonormal with respect to the inner product defined by the formula

1
(frg) = / F()2()dx.
-

Calculating according to the Gram—Schmidt orthogonalization process, we get
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1 -1

1
Pi(x) = Q1(x) — Py(x) / 01 (x) Py(x)dx / Pi(x)dx | =,
-1

-1

1 1 -1
Bx) = 02(x) — Po(x) / 05(x) Po(x)dx / B2 (x)dx
-

-1

1 -1

1
e / 0>(x) By (x)dx / Bodr| =x2—1/3,
-

-1

1 1

—-1,2
Py(x) = ﬁo(x)(/ﬁg(x)dx) =1/V2, Pi(x)= ﬁl(x)(/ﬁlz(x)dx)

—1 -1
—x/3/2,

—1/2

| -1/2

Py(x) = Py(x) /f’zz(x)dx = %\/g(w -1.

-1

In the same way, we can construct the polynomials Ps(x), ..., P,(x) of degree
greater than two, applying the Gram—Schmidt orthogonalization process to the poly-
nomials 1, x, x2, ..., x" for a given positive integer n. The polynomials

Py(x), Pi(x),..., P,(x),...

are called the Legendre® polynomials. The following so-called Rodrigues’s formula®
is valid:
2k+1 1 d*

Pi(x) = TW@(xz—l)k, k=0,1,.... (3.14)

Using Rodrigues’s formula and the formula for integration by parts, the reader can

prove that
1

/Pk(x)P,(x)dx —0 k#1 k1=0,1,2,.... (3.15)

-1

8 Adrien-Marie Legendre (1752-1833) was a French mathematician.
9Benj amin Olinde Rodrigues (1794-1851) was a French mathematician.
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Remark 3.2 Let f] be a given nonzero vector in an inner product space X,,, n > 1.
Clearly, there exists a vector f, that is not proportional to fi. If n > 2, we may
take a vector f3 such that the vectors f1, f>, f3 are linearly independent. Continuing
this process, if n > 3, we get a basis in the space X,, that includes the vector f;.
Applying after that the Gram—Schmidt orthogonalization process, we can construct
an orthonormal basis that includes a vector that is proportional to the vector f;.

3.2.5 The Expansion of a Vector with Respect to a Basis
in an Inner Product Space

Let X, be an inner product space and {e;};_, a basis of X,,. The coefficients of the
expansion of a vector x € X,, with respect to the basis {e;};_, can be computed as
the solution of a system of linear equations with a Hermitian nonsingular matrix.
Indeed, successively calculating the inner product of both sides of the equality

Gler+&er+ -+ &, =x

with the vectors ey, ey, ..., e,, we get the following system of linear equations:
(e1, 1)1 + (€2, €1)60 + - - + (en, €1)E, = (x, €1),

(e1,€)& + (€2, €2)E + - - - + (ey, €2)&, = (x, €2),

(e1,en)é1 + (e2,e,)82 + - - -+ (en, €0)é, = (x, €,).

The matrix of this system is the Gram matrix of the basis {e;};_,. If the basis is
orthogonal, then the matrix is diagonal, and the solution of the system can be easily
calculated:

_(xser)

= Ck=12....n (3.16)
(ex, ex)

&

The coefficients (3.16) are called the Fourier' coefficients of the vector x with respect
to the orthogonal set of vectors {ex};_,. Note that if the basis {e};_, is orthonormal,
then for every vector x € X,, we have the following expansion:

X = Z(x, ey)er. (3.17)
k=1

10jean Baptiste Joseph Fourier (1768—1830) was a French mathematician and physicist.
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3.2.6 The Calculation of an Inner Product

Let x and y be vectors in an inner product space X,,. Suppose that we know the
vectors &£, € C" of coefficients of the expansions of x and y with respect to a
basis &,, i.e., x = &, and y = &,n. Then

(x,y) = (Zskek, anek) = > &m (e e) = (GE. ), (3.18)
k=1 k=1

k=1

where G is the Gram matrix of the basis &,, and the parentheses on the right-hand
side of equality (3.18) denote the standard inner product on the space C". Therefore,
for the calculation of the inner product (x, y) it is enough to know the coefficients
of the expansions of the vectors x and y with respect to a basis and the Gram matrix
of that basis.

If the basis is orthonormal, then

(x, ) = D &7 (3.19)
k=1

Thus the inner product of vectors can be computed as the standard inner product of
the coefficients of the expansions of these vectors with respect to any orthonormal
basis.

3.2.7 Reciprocal Basis Vectors

Let &,={ex};_, be a basis in an inner product space X,. It is easy to see that the
equations 4
(e,e))=26;, i,j=12,...,n, (3.20)

uniquely define the linearly independent vectors e!, €2, ..., e". The basis £"={e*}7_, is
reciprocal to the original one. Clearly, the original and the reciprocal bases coincide
if and only if the basis &, is orthonormal. Let G be the Gram matrix of the basis &,,
and let G be the Gram matrix of the basis £”. Using elementary calculations, we get
E, =E"G,E" = Sné. Therefore, G = G~ The coefficients of the expansions x =
E.&,y = E™n are the following: £ = (x, €b), my = (v, ex), k =1,2,...,n, and

(. y) =D &
k=1



3.2 Abstract Inner Product Spaces 81

The numbers £!, & 2 .., &" are called the contravariant components of the vector x,
and the numbers 71, 12, ..., n, are called the covariant components of the vector y.

3.2.8 Examples of Orthogonal Bases

Let us begin with examples of orthogonal bases in the space C".

1. The standard basis {i};_, is orthonormal with respect to the standard inner
product on C" (prove it!).

2. The Fourier basis. It is convenient now to number the basis vectors and their
components from 0 to n — 1. Recall that the complex numbers

2nk . . 27wk
qr = cos — +isin—, k=0,1,...,n—1,
n n
are the nth roots of unity (see p. 7). As usual, i denotes the imaginary unit. Let
us introduce the set of vectors {gok}z;(l) whose components are calculated by the
following formula:

@) =ql, jk=0,1,....,n—1. (3.21)

The set of vectors {gz)k}z;(l) is orthogonal with respect to the standard inner product
on the space C". Indeed, first of all, we note that g, = q{‘, qr = 4q; k. Therefore,
calculating the inner product (¢, ¢;), we get

n—1
Qo) => ai ™ =1+ @)+ @)+ + @) (3.22)
=0

where p = k—[.Fork = [,i.e., for p = 0, we have (¢, ¢r) = n.If p # 0, then the
sum on the right-hand side of (3.22) is a geometric progression with ratio ¢/, and
since |p| = |k —I| < n, we see that g # 1. Using the formula for the sum of the
first n terms of a geometric progression, we obtain

n—1
R
> @) = qqll,,—_l (3.23)
j=0

but (¢)? = g{" = 1, whence (¢, ¢;) = 0 for k # [.
Using (3.16), we see that the Fourier coefficients & of every vector x € C" with
respect to the basis (3.21) are calculated by the formulas

n—1

(xi(pk) 1 _j

gkz—z—zqukf, k=0,1,...,n—1. (3.24)
CTR 0N s



82 3 Inner Product Spaces

The components of the vector x are calculated as follows:
n—1 )
Xj= Y &ql. j=0.1,....n—1 (3.25)
k=0

The basis {<pk}z;(l) is usually called the Fourier basis. It is widely used in digital
(audio and video) signal processing.

In real-life applications, the number 7 (the length of the processed signal) is very
large, and therefore, special algorithms for calculation of sums of the form (3.25)
and (3.24) are used. They are called the fast Fourier transform (FFT).

Below are examples of orthogonal bases in the space P, of polynomials with real
coefficients. Let us consider the set of all polynomials of the form

P,(x) = apx" 4+ ap_ 1 X" '+ -+ ay,

where the coefficients ag,ay,...,a, are real numbers, x is a real variable, n > 0 is
a given integer. Evidently, this set joined with the zero polynomial is a real vector
space with the usual definitions of the operations of addition of two polynomials and
multiplication of a polynomial by a real number.

1. The Legendre polynomials. If we specify the inner product on the space P,, by
the formula

1
(f,g) = / f(x)g(x)dx forall f,geP,, (3.26)
~1

then the Legendre polynomials Py, Py, ..., P, (see (3.14), (3.15), p.78) form an
orthogonal basis in the space P,,.

2. The Chebyshev'! polynomials. Now we specify the inner product on the
space P, using the relationship

1
(f,g) = /1 f(x)g(x)ﬁ dx forall f,geP,. (3.27)

The Chebyshev polynomials are defined by the recurrence relation
To(x) =1, Ti(x) = x, (3.28)
Tip1(x) =2xTe (x) — Try (%), k=1,2,.... (3.29)

Here £ is the degree of the polynomial 7 (x).

"Pafnuty Lvovich Chebyshev (1821-1894) was a Russian mathematician.
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Let us construct an explicit formula for the Chebyshev polynomials. We look for
the value of the polynomial 7;(x) in the form 7 (x) = Ak Substituting 2K for Ty (x)
in the recurrence relation (3.29), we get

AT = 2xF — Ak
Therefore, if A # 0, then A satisfies the quadratic equation
A —2xA+1=0.
This equation has the following roots: A; , = x % +/x2 — 1. Hence the functions
V@) =+ V2= D5 TP = (= Va2 = D,
and as a consequence, the functions
Tix) =TV ) + TP ), k=0,1,...,

satisfy (3.29). Here ¢ and c; are arbitrary real numbers. The numbers ¢; and ¢, are

defined by conditions (3.28):
c1+c =1,

(ci +c)x +(c; —ec)Vx2—1=x.

Therefore, c; = ¢, = 1/2, i.e., the polynomials

Tk(x)z%(x+\/x2—l)k+%(x—\/xz—l)k, k=0,1,2, ...,

satisfy (3.29) and (3.28). For |x| < 1, the Chebyshev polynomials can be written in
a more compact form. In this case, we can put x = cos ¢. Then

1 1
T (x) = 3 (cos ¢ +ising0)k + 3 (cos ¢ — isingo)k ,
and using de Moivre’s formula (see (1.23), p.6), we get Ty (x) = cos kg, and hence

T (x) = cos(k arccos x). (3.30)

The Chebyshev polynomials are orthogonal with respect to the inner prod-
uct (3.27). Indeed, using (3.30), we can write

1
(To. T) = / cos(k arccos x) cos(/ arccos x) dr

V1 —x2

-1
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If we put x = cos ¢, then using elementary calculations, we get

s

(Tk,Tl)z/coskgocoslgodgozo, k #1.
0

Thus the Chebyshev polynomials 7y, 77, ..., T, form an orthogonal basis with respect
to the inner product (3.27) on the space P,, of polynomials with real coefficients.

3.3 Subspaces

3.3.1 The Sum and Intersection of Subspaces

A set L of elements in a vector space X is a subspace of X if ax + By € L for all
x,y € L and for all complex numbers «, B. Trivial examples of subspaces are the
following: the space X itself is a subspace; the set consisting only of the zero vector
is a subspace. Every subspace L includes the zero vector, since by definition, for
every x € L the vector Ox belongs to L.

The proof of the two following theorems is left to the reader.

Theorem 3.4 Let ay, ay, ..., ay,, m > 1, be given vectors in a vector space X. The
set of all linear combinations xyay + xa; + - - - + Xpay, is a subspace of X. This
subspace is called the span of ay, ay, ..., a,, and is denoted by span{ay, az, ..., ay}.

Theorem 3.5 Let ay, ay be given vectors in a vector space X, and ay # 0. The set L
of all vectors of the form a; + aay, where a € C, is called the line passing through
the point a; and parallel to the vector a,. The set L is a subspace if and only if the
vectors ay, a, are linearly dependent.

Let L, L, be subspaces of a vector space X. The set L of all vectors of the
form a; + a, where a; € Ly, ay € L, is called the sum of the subspaces Ly and L,
and is denoted by L = L; + L,. The set L is a subspace. Indeed, let x, y € L.
This means that there exist vectors a;, by € Ly,a;, by € L, such that x = a; + a,
and y = by + b,. Let «, B be arbitrary complex numbers. Then

ax + By = ala) + ax) + B(by + by) = (aay + Bby) + (aax + Bby).

Since L is a subspace, the vector oa; + b, belongs to L. Similarly, the vector ¢a, +
Bb, belongs to L,. Therefore, the vector ax + By belongs to L.

The intersection of the subspaces Ly and L,, i.e., the set L N L, of all vectors
that are elements of both L; and L, is also a subspace of X. Indeed, let there be
given vectors x, y € LN L,. For every complex number «, the vector ax belongs to
both L; and L,, i.e., ox € L; N L,. Similarly, for every 8, the vector By belongs to
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LN L,.Henceevidently,ax+ 8y € LiNL,. Asetof vectors {ey};, C Lis abasis
of a subspace L if those vectors are linearly independent and every vector x € L
can be represented as a linear combination of the vectors {e;};_ ;. The number m is
called the dimension of the subspace L and is denoted by dim L.

The subspace consisting only of the zero vector is called the zero subspace and
is denoted by {0}. As usual, we assume that dim{0} = 0.

The reader is now invited to describe all possible subspaces of the space V3.

A subspace L of a finite-dimensional space X,, coincides with X,, if and only if
dim L = n. This statement immediately follows from the fact that every set of n
linearly independent vectors in the space X,, forms a basis in this space (see Theo-
rem 2.8, p. 65).

Evidently, a given basis {e;};_, of a subspace L C X,, can be joined with some
vectors to complete a basis {e;};_, of the space X,,. Similarly, if L; and L, are
subspaces, and L; C L,,thendim L < dim L,, and every basis of L; can be joined
with some elements of L, to complete the basis in the subspace L.

The sum of the subspaces L; and L, is called direct if the components x; € L,
and x, € L, of each vector x = x| + x, € (L + L,) are uniquely determined. The
direct sum of subspaces L and L, is denoted by L| & L.

Theorem 3.6 The sum of two subspaces L and L, is direct if and only if it follows
from the equality
X1+x,=0, x1 €Ly, xo €Ly, (3.31)

that x; =0, x, = 0.

Proof Suppose that x; = 0, x, = 0 follow from (3.31). Let us prove that the
components x; € Ly and x, € L, of each vector x = x; + x, € (L + L,) are
uniquely determined. Suppose that there exists one more expansion of the vector x,
i.e.,wehavex = X;+X,X; € L, X € L. Thenevidently, (x; —x;)+(x,—X;) = 0.
Since x; — X1 € Ly, xp — X» € Ly, we see that x; — X; = 0, x, — x» = 0, and
therefore, x; = X, x, = Xx,. Conversely, suppose that the components x; € L
and x, € L, of each vector x = x; + x, € (L 4+ L,) are uniquely determined,
and let x; + x, = O for some x; € Ly, x, € L,. Since 0 + 0 = 0, we have
X1 =Xy = 0. |

Theorem 3.7 The sum of two subspaces L| and L, is direct if and only if
LyN L, ={0}.

Proof Let Ly N L, = {0}, xy +x, = 0,x; € Ly, x, € L,. Since x; = —x;, we
have x; € L,. Hence x; € L N L,. Therefore, x; = 0, and evidently, x, = 0.
Conversely, letx € L; N L,. Then x € Ly, x € L,, and moreover, it is obvious that
x + (—x) = 0. Since the sum of L; and L, is direct, using Theorem 3.6, we get
x =0, and thus L, N L, = {0}. O

The reader may supply a proof of the next theorem.
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Theorem 3.8 Let L be a subspace of a finite-dimensional vector space X,,. Then
there exists a subspace M C X,, such that X,, = L & M.

Let L; and L, be subspaces of an inner product space. If (x, y) = 0 for all
x € Ly and y € L,, then we say that the subspaces L and L, are orthogonal and
write L; 1 L,. The sum of orthogonal subspaces is called an orthogonal sum.

Every orthogonal sum is direct. Indeed, let L; L Ly, x; € L1, x5 € Ly, x1+x, = 0.
Since the vectors x; and x; are orthogonal, using the Pythagorean identity, we see
that |x; + XQ|2 = I)Cl|2 + |X2|2. Hence, |)C1|2 + |x2|2 =0,and x; = x, = 0.

The concepts of the direct sum and the orthogonal sum are applied in a nat-
ural way to the case of any finite number of subspaces. Namely, the sum of sub-
spaces Ly, Ly, ..., L in an inner product space is called orthogonal if L; LL;
fori # j,i,j =1,2,..., k. Theorem 3.6 is easily generalized to the case of any
finite number of subspaces.

The reader can prove that every orthogonal sum of a finite number of subspaces
isdirect, i.e., the components x; € L;, j = 1,2, ...k, of every vector x in the sum
are uniquely determined.

The reader can also answer the next question. Is it true that the sum of subspaces
Li+ Ly+---+ L, k > 2, is direct if their intersection is the zero subspace?

3.3.2 The Dimension of the Sum of Subspaces

Theorem 3.9 If L = L & Ly @ --- & Ly is the direct sum of finite-dimensional
subspaces Ly, L,..., Ly of a vector space X, then

dimL =dimL; +dim L, 4+ --- 4+ dim Ly. (3.32)

Proof Let us prove the theorem for the case k = 2. For an arbitrary k, the proof is
analogous. Let

Sis fosoo s [y 81,82, -4, &4 (3.33)

be bases of the subspaces L and L,, respectively. Then the union of these two sets is
a basis of the subspace L & L,. Indeed, forevery x € L; & L,, we have x = x| +x2,
where

xi=ufitarfo+---+oa,f, €L, xo=p1g +phg+ -+ B8 € Lo,

and if x = 0, then x; = x, = 0, since the sum L; @ L, is direct. Hence all the
numbers «, @, ..., &, B, B - . ., By are equal to zero, since { fi}i_,, {gk}i_, are
bases. Thus the set of vectors (3.33) is linearly independent. It is clear now that
dim(L, & L) = p+gq. O
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Theorem 3.10 [f L, and L, are arbitrary finite-dimensional subspaces of a vector
space X, then

dim(L, + L,) = dim L, 4+ dim L, — dim(L; N L,). (3.34)

Proof Obviously, the space G = L; N L, is finite-dimensional. Suppose that a
set G = {g; }le is a basis of G, the union of G; and vectors F;, = {fi}f:l is a basis of
the subspace L, and the union of G; and the vectors H,, = {h;}/_, is a basis of the
subspace L,. Let F' be the span of F; and let H be the span of H,,. We shall prove

that

Li+L,=F+G+H. (3.35)

Indeed, if x € L; + L,, then x = x; + xp, where x; € Ly, x, € L,. Clearly,
x1 = f+g,x =h+ gy, where f € F,h € H, g\,g- € G. Therefore,
x=f+g+h whereg =gy +g- € G. Thus,x € F+ G + H. It is easier to
prove thatif x € F + G + H, then x € L; 4+ L,. The sum on the right-hand side
of (3.35) is direct. In fact, suppose that f + g+ h = 0, where f € F, g € G,
h € H. Let us show that f, g,h = 0. We have f + g = —h. Clearly, —h € L,
and f + g € Ly, and therefore, f + g € G, h € G. If we put h + g = g, then
f+2 =0and g € G. Since the set of vectors F; U G, is linearly independent,
we obtain f = 0, g = 0. Similarly, » = 0, ¢ = 0. Using Theorem 3.9, we get
dim(L; + L) =dm(F®&G@ H) =k+[1+m,butdimL; =k +1,dimL, =
!l + m, and dim(L; N L,) = [. Finally, let us note that k + 1 +m = (k + 1) +
(I +m)—1. O

Corollary 3.1 Suppose that L, L, are subspaces of an n-dimensional space X,,,
anddim Ly +dim L, > n. Then L1 N Ly # {0}.

Proof Since L+ L, is a subspace of X,,, we getdim(L+ L) < n, and using (3.34),
we see that dim(L; N L;) =dim Ly + dim Ly — dim(L; + L) > 1. O

3.3.3 The Orthogonal Projection of a Vector onto a Subspace

Let L be a subspace of an inner product space X and let x be a vector in X.
A vector y € L is the best approximation of x if

|x —y| <|x —z| forall ze€L. (3.36)

Theorem 3.11 Let L be a finite-dimensional subspace of X. Then for every x € X,
there exists a unique best approximation of x in L.

Proof If L = {0}, then the unique best approximation of x is the zero vector. There-
fore we assume that L # {0}. Let y, z € L. If we write z in the form z = y + &,
where h € L, then
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x—z,x—2)=@x—y—h,x—y—h)
=@x—y,x—y)—(x=y,h)—(h,x —y)+ (h,h).

Hence if (x — y,h) = O for all & € L, then condition (3.36) holds. Conversely,
if (3.36) holds, then

—(x—vy,h)—(h,x —y)+(h,h) >0 forall helL.

Substituting 7; = ((x — y, h)/|h|*)h for h, we get —|(x — y, h)|>/|h|> > 0, there-
fore, (x — y,h) = 0. Thus, y € L is the best approximation of x € X if and
only if

(x —y,h)=0 forall helL. (3.37)

In other words, the vector x — y is orthogonal to the subspace L. Geometrically,
this conclusion is quite obvious (make a drawing!). If a vector y satisfying condi-
tion (3.37) exists, then it is uniquely determined by the vector x. Indeed, let there exist
an additional vector y € L suchthat (x—y, h) = Oforallh € L. Then(y—y,h) =0
forallh € L. If we take h = y — y, then we get y = y.

We shall prove now that a vector y € L satisfying condition (3.37) exists.
Let {ex};, be a basis of the subspace L. Condition (3.37) is equivalent to the fol-
lowing:

x—y,e)=0, k=1,2,...,m. (3.38)

We seek the vector y in the form y = > n;e;. It follows from (3.38) that

i=1

(Zmei,ek) =, e), k=1,2,....m.
i=1

The last condition gives a system of linear equations with unknowns 0y, 72, ..., §:

D omilee) =(re), k=12....m. (3.39)

i=1

The matrix of this system is the Gram matrix of the basis {ex};_ ;. This matrix is
nonsingular (see Theorem 3.2, p. 74). Therefore, system (3.39) has a unique solution
for each x € X i.e., condition (3.37) uniquely determines the vector y. O

Remark 3.3 1f the basis {e;};., of the subspace L is orthonormal, then the vector y

m
can be easily calculated, namely, in this case we get y = > (x, ex)ex.
k=1
It is natural that the vector y satisfying condition (3.37) is called the orthogonal
projection of the vector x onto the subspace L and that the vector z = x — y is called
the perpendicular dropped from the point x to the subspace L.
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Note that (x — y, y) = 0, since y € L. Therefore, the Pythagorean identity (see
Section3.2.2, p.72) holds:

x> =[x =y + [y]% (3.40)

It follows from (3.40) that |y|> < |x|*. This is the so-called Bessel’s'? inequality,
which shows that the length of the projection of a vector is less than or equal to the
length of the vector.

If the set of vectors {e;};_, is orthonormal, then Bessel’s inequality has the form

Dl e < x> forall x eX. (3.41)
k=1

The two sides in (3.41) are equal if and only if x € L, i.e., if x = > (x, ex)ey.
k=1
Note that the Cauchy—Schwarz inequality (3.5), p.73, can be interpreted as a

special case of Bessel’s inequality (3.41) in which the orthonormal set of vectors
consists of only one vector e; = |y|™'y, y # 0.

For example, let L be the subspace of the space R* spanned by the vectors
ap = (-3,0,7,6),a, = (1,4,3,2), and a3z = (2,2, —2, —2). Let us calculate
the orthogonal projection of the vector x = (14, —3, —6, —7) onto the subspace L
and the perpendicular dropped from the point x to the subspace L.

The vectors a; and a, are linearly independent, and the vector a3 is the linear
combination of a; and a,, namely, a; = (—1/2)a; 4+ (1/2)a,. Hence the vectors ay,
a, form a basis of the subspace L. The components 7}, 1, of the vector y (which is
the projection of x onto L) with respect to the basis a;, a, can be computed as the
solution of the system of equations

ni(ai, a1) + m(az, a)) = (x, ar), (3.42)
ni(ai, az) + n2(az, az) = (x, a). (3.43)

Computing the inner products, we get (a;, a;) = 9 + 49 + 36 = 94, (a,, a;) = 30,
(az, ay) = 30, (x,a;) = —126, (x,ay) = —30. Solving system (3.42), (3.43), we
obtain ny = =3/2,n, = 1/2,ie., y = (=3/2)a; + (1/2)a, = (5,2, -9, —8) is
the orthogonal projection of the vector x onto the subspace L, and z = x — y =
(9, =5, 3, 1) is the perpendicular dropped from the point x to the subspace L.

A bad choice of basis in the subspace L can cause great computational difficulties
in the practical calculation of the element of best approximation. Here is a relevant
example. Let us specify the inner product in the space C[0, 1] of continuous functions,
using the formula

12Friedrich Wilhelm Bessel (1784—1846) was a German mathematician and astronomer.
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Fig. 3.1 Example of an almost linearly dependent basis. The plot of the function ¢ is indicated
by the solid line; the plots of the approximating polynomial are indicated by the symbols “+” (for
e=5-10"% and “x” (fore =2-10~%)

1
(f.8) = / f(x)gx)dx, f, g€ ClO0,1]. (3.44)
0

We shall consider the five-dimensional subspace of C[0, 1] spanned by the basis that
consists of the functions go(x) = 1,91 (x) = x, 2 (x) = x2, @3(x) = x>, @4(x) = x*
and calculate the best approximation of the function ¢(x) = x°.

The Gram matrix in this case is easily calculated:

1

/(pk(x)g&l(x)dx =1/k+1+1), k,1=0,1,..., 4. (3.45)
0

Evidently, the right-hand-side column of the system of linear equations (3.39) is
equalto (1/6, 1/7, 1/8, 1/9, 1/10)7. We assume that the last element of the right-
hand-side column was calculated with a computational error, and substitute the num-
ber (1/10) + & for 1/10.

Figure 3.1 shows a plot of the function ¢ (x) and plots of the approximating poly-
nomial Py(x) = 1o+ n1x + n2x> +n3x> + nax? for different values of &. We see that
significant errors in the approximation of the function ¢ correspond to small errors of
the computation of the right-hand side (which are inevitable in practice). The reason
for this effect is that the selected basis is almost linearly dependent. To verify this,
just look at the plots of the functions x”, p = 1, 2, ..., on the interval [0, 1]. These
plots are similar even if the numbers p are not very large. Therefore, the matrix of
system (3.39) is almost singular (it is also said to be ill-conditioned).
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The matrix with elements (3.45), i.e., the matrix of the form

l n
H, = [— - ] (3.46)
i+j—1 i =l

is called a Hilbert'3 matrix. It is often applied in various areas of mathematics. Even
for n > 10, this matrix is so ill conditioned that the corresponding system is not
practically solvable by a computer.

Remark 3.4 Usually, orthogonal bases (for example, the Legendre polynomials or
the Chebyshev polynomials; see pp. 79, 82) are used for approximations of functions
by polynomials. In this case, system (3.39) is diagonal.

3.3.4 The Orthogonal Decomposition of an Inner
Product Space

Let L be a subspace of an inner product space X. The set of all vectors in X that
are orthogonal to L is called the orthogonal complement of the subspace L and is
denoted by L. The reader can easily prove that L is a subspace of the space X.

Theorem 3.12 (orthogonal decomposition). Let L be a finite-dimensional sub-
space of an inner product space X and let L* be the orthogonal complement of the
subspace L. Then the space X is the orthogonal sum of the subspaces L and L*, i.e.,

X=LeoL". (3.47)

Proof Using Theorem 3.11, we see that for each x € X there exists y € L such
that (x —y,h) = 0forall # € L. Therefore,z =x —y € Ltandx = y + z, which
means (see Section3.3.1, p. 84) that decomposition (3.47) is valid. ([l

Let e € X, e # 0. Denote by 7, the set of all vectors in the space X that are
orthogonal to e. It is easy to see that m, is a subspace of X. This subspace is called
the hyperplane orthogonal to the vector e.

Theorem 3.13 Let x be an arbitrary vector and e a nonzero vector in an inner
product space X,,. Then there exist a vector y € m, and a number | such that

Xx=pety. (3.48)

3David Hilbert (1862—1943) was a German mathematician.
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The number u and the vector y are uniquely determined by the vector x. Moreover,
[x —y| <|x —2z| forall z e m,, (3.49)

i.e., y is the element of best approximation of x in the subspace ..

The reader is invited to prove Theorem 3.13 (hint: use the idea of the proof of
Theorem 3.12).



Chapter 4
Linear Operators

In this chapter we introduce the concept of a linear operator defined on a linear
space. We study basic properties of linear operators acting on finite-dimensional
linear spaces. We give a detailed investigation of their spectral properties. Special
attention is paid to the study of the structure of the main classes of linear operators
in finite-dimensional Euclidean and unitary spaces.

4.1 Linear Operators and Their Basic Properties

4.1.1 Basic Definitions. Operations with Operators

Let X,Y be linear spaces. We say that ¢ is a map from X to Y and write ¢ : X — Y if
aunique vector ¢(x) € Y is defined for every x € X. We also say in this case that the
function ¢ with values in the space Y is defined on the space X and write x — ¢(x).
We note that at the same time, not every vector in Y is necessarily the result of the
mapping ¢ of some vector x € X.

We say that a map g is linear if for every x, y € X and for scalars «, 8, we have

plax + By) = ap(x) + Bo(y). (4.1)

In linear algebra, almost all mappings are linear, and they are called linear operators,
or in some contexts simply operators. Usually operators are denoted by capital letters.
For example, the relationship (4.1) for a linear operator A will be written as

A(ax + By) = aAx + BAy.
Using the definition of a linear mapping, we see that A0 = 0 for every operator A.

© Springer International Publishing AG 2017 93
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If an operator maps a space X into the same space X, then we say that it acts on
the space X or that the operator is a transformation of the space X.
If some basis {e;}}_, is fixed in a finite-dimensional space X, then to define a

linear operator .4 on X,,, it is enough to describe the action of the operator on all the
n n

basis vectors, since for every vector x = > £;e;, we have Ax = > &; Ae;.
=1 =1
Operations with operators.

We define a linear combination of two operators A : X — Yand B: X — Y as
a mapping oA + BB : X — Y given by

(¢ A+ BB)x = a(Ax) + B(Bx) forall x € X, 4.2)

where « and B are scalars. We define the product of two operators 4 : X — Y
and B : Y — Z as the mapping BA : X — Z given by

BAx = B(Ax) forall x € X. (4.3)

The reader can easily prove that «.A 4+ B3 and B.A are linear operators.

The product of a finite number of operators is defined in the same way. The reader
will have no difficulty in showing that if the product of operators C, BB, A is defined,
then CBA = C(BA) = (CB)A.

Examples of linear operators.

1. The null operator 0 : X — Y is defined by Ox = O for all x € X. This operator
transforms every vector of the space X into the zero vector of the space Y.

2. The identity operator I : X — X is defined by Ix = x for all x € X. This
operator transforms every vector of the space X into itself.

3. The projection operator. Let the linear space X be a direct sum of subspaces L
and M. Thenevery vector x € X canbe written in the form x = x;+x;,, wherex; € L,
Xy € M, and the vectors x;, x, are uniquely defined by the vector x. Let us define
the operator P : X — L such that Px = x;. The operator P is called the projection
operator onto the subspace L (in parallel with the subspace M). If X is an inner
product space and can be represented as an orthogonal sum of subspaces L and M,
then the operator P is called the operator of the orthogonal projection.

Let us prove that the operator P is linear. Suppose x = Px+x;andy = Py + y»,
where x, y € X, x2, y» € M. Then for all scalars «, 8 we have

ax + By = aPx + BPy + axy + By.

Since L and M are subspaces, we have «Px + Py € L, ax, + By, € M, and
thus, P(ax + By) = aPx + BPy.
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In the same manner we can introduce the linear operator Q that projects the space X
onto the subspace M. We can easily obtain the following equalities: P + Q = I,
PQ =0,9P =0,P? =P, Q> = Q. Generally, if the space X is a direct sum of
several subspaces,

X=L®L® & Ly,

and P; is the projection operator onto the subspace L;,i = 1, 2,..., k, then
Pi+Pot--+Pe=1 P'=P, PP;=0fori#j, (4.4)

wherei, j = 1,2,..., k.

4. Matrix—vector multiplication. Let A(m, n) be a rectangular matrix. Define the
map A : C" — C™ by the rule
y = Ax. 4.5)

Matrix—vector multiplication is a linear operation (see Section 1.2.4, p. 34). There-
fore, the operator A : C* — C™ defined by (4.5) is linear.

4.1.2 The Inverse Operator

A linear operator A:X — Y is called invertible if there exists a map B: Y — X such
that
BAx = x forall x e€X, (4.6)

ABy =y forall yeY. 4.7

A map B : Y — X satisfying (4.6) and (4.7) is called an inverse of the map A.

Let us check that if an inverse 53 of the map .A exists, then /3 is a linear operator.
Let y;, v € Y, a, B € C. Take x; = By, x; = By,. Then Ax; = ABy; = »
and Ax, = ABy, = y,. Therefore,

B(ay: + By:) = BlaAx;+pAx»)
= BA(ax) + Bx2) = ax; + Bxa = aBy, + BBys.

We claim that if a linear operator A : X — Y is invertible, then that operator
is a bijective map acting from the space X to the space Y. In fact, first let x;, x, be
two vectors in X such that x; # x,. Then Ax; # Ax,. Indeed, if we assume that
Ax; = Ax,, then BAx; = BAx,, and hence x; = x;. Second, if y € Y, then for
x = By we have Ax = ABy = y, i.e., every vector y € Y is the result of the
mapping A of some vector x € X.
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It is easy to see that if a linear operator A is invertible, then it has a unique inverse
(checkit!). The inverse operator to the operator A is denoted by A~!. By definition, if
the operator A~ exists, then (A7)~ = A.

Examples.

. The identity operator is invertible with /=1 =1.

. Obviously, the null operator acting from X,, into Y,,, where m > 1, is a nonin-
vertible operator.

. If L # X, then the projection operator P : X — L is a noninvertible operator.

4. Every square matrix A of order n defines a linear operator acting on the space C".

If the matrix A is nonsingular, then the operator is invertible. The inverse operator

is defined by the inverse matrix A~' (see p.40).

DN —

(O8]

Let A:X — Y, B:Y — Z be invertible operators. The reader can easily show
that the operator B.A is invertible and (BA)~! = A~!1B~!.

4.1.3 The Coordinate Representation Operator

Let X,, be an n-dimensional linear space, and let £, = {e;};_, be a basis for X,.
Define an operator that maps the space C" onto the space X,, by the rule

x=&E&, EeC (4.8)

Evidently, this operator is linear, and we denote it by £.

n
If x € X,, is a given vector, then there exists a unique representation x = > &ex,
k=1
because &, is a basis. The scalars &,k =1, 2, ..., n, are the coordinates of x with

respect to the basis &,, and the vector & € C" is the unique coordinate representation
of x. Given the basis &,, the following linear mapping from X, to C" is well defined:

x — &, where x = &£,¢.

We call this map the coordinate representation operator and denote it by £~1.
Using the definitions of the operators £ and £~!, we get

Elee =¢ forall £ eC", E€ 'x =x forall x e€X,,

i.e., the operators £ and £~! are mutually inverse.

Usually, to calculate a coordinate representation of x, it is necessary to solve a v
system of linear algebraic equations with a square nonsingular matrix (see pp. 64,
67, 79). If X,, is an inner product space and &, is an orthonormal basis, then the
coordinate representation of x can be calculated more easily (see (3.17), p. 80, and
the examples on pp. 81, 82).
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4.1.4 Isomorphism of Finite-Dimensional Linear Spaces

We say that two linear spaces X, Y are isomorphic if there exists an invertible linear
operator such that A : X — Y. In other words, linear spaces X and Y are isomorphic
if there exists a linear bijective correspondence between X and Y. We also say in this
case that the mapping .4 of X onto Y is an isomorphism between X and Y.
Obviously, isomorphisms between linear spaces have the property of transitivity,
i.e., if X, Z are isomorphic and Y, Z are isomorphic, then X, Y are also isomorphic.

Theorem 4.1 All finite-dimensional complex linear spaces of the same dimension
are isomorphic to each other.

Proof By transitivity, it is sufficient to prove that every n-dimensional complex
linear space X,, is isomorphic to the space C". Let &, be a basis of X,,. Then the
coordinate representation operator £ ! realizes an isomorphism between X,, and C"
(see Section4.1.3). O

For the same reason, all n-dimensional real linear spaces are isomorphic to the
space R”".

Theorem 4.2 Iftwo finite-dimensional linear spaces X, Y are isomorphic, then they
have the same dimension.

Proof Let {e;}]_, be a basis of X. Suppose that a linear operator A is a bijective map

from the space X to the space Y. Writing > ax.Ae; = 0, we obtain A > oger = 0.
k=1 k=1

Acting on both sides of the last equality by the operator A~!, we get > aze; = 0.
k=1

Therefore, a1, as, ..., a, = 0, i.e., the vectors {Ae};_, are linearly independent
elements of the space Y. Hence the dimension of the space X is greater than or equal
to n. Exchanging the roles of the spaces X and Y, we get that they have the same
dimension. (]

Consequently, we have the following result.

Theorem 4.3 Tiwo finite-dimensional complex (or real) linear spaces are isomor-
phic if and only if they have the same dimension.

If linear spaces X, Y are isomorphic, then there exists a bijective correspondence
between the linear operations with elements in X and the linear operations with
elements in Y. Particularly, if a complex (or real) linear space X is finite-dimensional,
then by introducing a basis for X, the linear operations with elements in X can be
replaced by the linear operations with vectors in the space C" (or R").
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4.1.5 The Matrix of a Linear Operator

Let A : X, — Y,, be a linear operator. Suppose that £, = {e;};_, is a basis of X,,
and Q,, = {qx}j_, is abasis of Y,,. Foreachi = 1, 2, ..., n, the vector Ae; can be
uniquely expanded in terms of the basis Q,,:

Aei = Za;fq)ql, i = 1, 2, ceey I (49)
j=1

Consider the matrix

a(eq) a(eq) a(eq)

o) lea) o)
eq eq eq
a a ...a
Ag=| 2. 2.7 (4.10)
(eq) (eq) (eq)
Ay Gy - -« Amn

(the ith column of A, consists of the coordinates of .Ae; withrespect to the basis Q,,).
The matrix A, is called the matrix of the operator A. This matrix is uniquely
determined by the operator A and by the bases &,, Q,,. We denote an operator and
the corresponding matrix by the same letter in different typefaces. Subscripts in the
notation of the matrix of an operator indicate which bases were used to construct the
matrix.

Note that we can write relations (4.9) more concisely:

A&, = QA @11

Suppose that x = &,& € X, € € C". We can expand the vector Ax in terms of
the basis Q,,: Ax = Q,,n, n € C™. Then, using (4.11), we get

Qun = Ax = .AE,,E = QmAeq%_a

and therefore,
n= Ayt (4.12)

Relationship (4.12) shows the dependence between the coordinates of the vectors x
and Ax with respect to the bases of the linear spaces X, and Y,,, respectively.

It follows from (4.12) that if the matrix A,, of the operator A is known, then we
can construct the vector Ax € Y, corresponding to the vector x € X,, in the following
way.

1. Calculate the coordinates £ € C" of x with respect to the basis &,. Using the
coordinate representation operator £~!, we can write £ = £~ 'x (see Section4.1.3).

2. Using (4.12), calculate the coordinates n € C" of y = Ax € Y,, with respect
to the basis Q,,,.
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3. Calculate the vector y by the formula y = Qn. Here Q is the operator defined
by the rule analogous to (4.8).

The above implies that using the operators £ and Q constructed by the bases &,
and Q,,, we can write (4.11) in the following equivalent forms:

Ay =Q 'AE or A= 0QA,E7". (4.13)
To be precise, equalities (4.13) mean that
Ak = Q'AEE forall € eC", Ax = QA,E 'x forall x eX,.
(4.14)
Equalities (4.13), (4.14) are illustrated by the following diagrams:

A A

X, — Y, X, —— Y,

g e el e

(Cn (Cﬂl (Cﬂ Cm
Ay Aeq

Therefore, if some bases &, and Q,, were chosen for the spaces X, and Y,,,
then to each linear operator A : X, — Y,, there uniquely corresponds the linear
operator A, : C* — C™. This is the matrix—vector multiplication operator defined
by the rule (4.12), where A,, is the matrix of the operator .4 with respect to the
bases &, and Q,,. Conversely, the linear operator A : X, — Y,, that is defined by
the equality A = QAE~! uniquely corresponds to each m x n matrix A.

If A:X, — X,, then

A&, = A, (4.15)

or
A, = ETVAE, (4.16)

where A, is the matrix of the operator A with respect to the basis &,.
We note that there are two obvious cases in which the matrix of the linear opera-
tor A : X,, = Y,, does not depend on the choice of the bases for X,, and Y,,,.

1. The matrix of the null operator for any choice of bases for X,, and Y,, is the
Zero matrix.

2. The matrix of the identity operator with respect to any basis of the space X, is
the identity matrix.

By definition of the matrix of a linear operator we have

(A + ﬂB)eq = aAeq + :BBeq 4.17)
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for all linear operators A, B : X, — Y,, and «, B € C, i.e., the linear operations
with their matrices correspond to the linear operations with their operators.

A similar statement under certain conditions is true for the product of two oper-
ators. Let A : X, — Y,,, B:Y,, — Z, be linear operators. Suppose that {e;};_,,
{qr}i,, and {rk},f:1 are the bases for the spaces X,,, Y,,, and Z,, respectively. Let
A.q be the matrix of the operator A, B,, the matrix of the operator 53, (BA),, the

matrix of the operator BA : X,, — Z,. Let us show that
(BA)er = quAeq ’ (4.18)

i.e., the matrix of the product of two operators is equal to the product of the matrices
of those operators. Indeed, using (4.13), we get

(BA)er = R7'BAE = R™'RB;, Q7' QA E7'E = By Ayy.

It is important to note that the same basis {gx}{, C Y,, was used for the definition
of the matrices of the operators A and 5. Usually we assume that the matching
condition for these bases is satisfied.

Let us consider two examples.

1. We define the linear operator A : C* — C* by the rule Ax = (x,, x1, x3 +
X4, X4), Where x = (x1, X2, x3, x4) € C* Our goal is to calculate the matrix of the
operator .4 with respect to the natural basis (see p. 64) of the space C*. It is easy to
see that Ai; = (0,1,0,0) = i», Ai» = (1,0,0,0) = iy, Ai; = (0,0, 1,0) = i3,
and Aiy = (0,0, 1, 1) = i3 + i4. Hence the matrix of the operator A is

0100
1000
0011
0001

2.Letus denote by Q, the linear space of all polynomials with complex coefficients
and with degree at most 2. Let us define the linear operator 7 : Q, — Q; by the rule
Tq>(z2) = q2(z + h), where g, € Q,. Here h is a fixed complex number (a shift).
Our goal is to calculate the matrix of the operator 7 with respect to the basis of the
space Q, that consists of the polynomials ¢y(z) = 1, ¢1(z) = z, and ¢»(z) = 2. We
see that 7@y = @o, To1 = hey + @1, T = h>@o + 2he; + ¢-. Hence the matrix
of the operator 7 is equal to
1 h h?
012h
001

Therefore, if g2(z) = ag + a1z + a»z%, then T q>(2) = by + b1z + byz2, where
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bo 1h hz ao aop + ha1 + h2a2
by =(1012h a | = a, + 2hay
b 00 1 an az

The matrix A., of the linear operator A : X, — Y,, is determined by the
bases {ex};_, and {gx};"_, of the spaces X,, and Y,,. Suppose now that we take new
bases {ex};_, and {Gx};—, in X,, and Y,,,. The linear operator .4 will be represented by
a new matrix with respect to these bases. Let us check what relations exist between
different matrices representing the same operator. Denote by Az; the matrix of the
operator A with respect to the bases {e;};_, and {g,}i- . Suppose that we know the
matrices of the bases change (see Section2.3.3, p. 66), i.e.,

E, =&T, Q,=9uR. (4.19)
Using (4.13), we obtain A = QA,,E7!, Az = O-!' AE. Therefore,
Ag(; = @’IQA&,E’IE’.

Taking into account (4.19), we get E& = 5 T¢& for everyf;‘ € C". Hence £ = £T.
This implies that E'€ = T. Likewise, 9~ 'Q = R~'. Consequently,

Az =R'A,T. (4.20)

Two matrices A and B are called equivalent if A = CBD for some nonsingular
matrices C and D.
Consider an important special case. If the linear operator .4 maps the space X,
into the same space X,,, then
A; =T 'A,T. 4.21)

Square matrices B and C are called similar matrices if there exists a nonsingular
matrix D such that
B=D"'CD. (4.22)

We also say that the matrix C is transformed into the matrix B by a similarity
transformation. Relation (4.21) shows that the matrices of the same operator A :
X, — X, are similar with respect to the different bases.

4.1.6 The Matrix of the Inverse Operator

For every nonsingular matrix D we have det(D~') = 1/det(D). Hence similar
matrices have the same determinant. Because of that, we say that the determinant of
the matrix of a linear operator A : X,, — X, is the determinant of this operator and
write det(A). The determinant is an invariant of the linear operator, i.e., it is the
same for every basis in X,.


http://dx.doi.org/10.1007/978-3-319-57304-5_2

102 4 Linear Operators

We say that a linear operator A : X,, — X,, is nonsingular if det(.A) # 0. Every
nonsingular operator A is invertible. Indeed, let {e;};_, be a basis in X,,. Define an
operator B by the relationship

B=EAJ'e.

Since A = £EA.E7 !, we have BA = AB = £1E~" = I. Therefore, the operator 13 is
the inverse operator to the operator 4.

The above implies that for every basis of the space X,,, the matrix of the inverse
operator A~ is the inverse matrix to the matrix of the operator A.

Theorem 4.4 If a linear operator A : X,, — X,, is invertible, then it is nonsingular.

Theorem 4.5 A linear operator A : X,, — X,, is invertible if and only if the equa-
tion Ax = 0 has only the trivial solution x = 0.

The proof of Theorems 4.4 and 4.5 is left to the reader.

4.1.7 Linear Spaces of Linear Operators

Consider the set of all linear operators from X, to Y,,. The definitions of addition of
linear operators and their multiplication by scalars were introduced in Section4.1.1.
It is easy to prove that these operations satisfy the linear space axioms. Thus the set
of all linear operators from X, to'Y,, isa linear space.

Using results of Section4.1.5, we can conclude that this linear space is isomor-
phic to the linear space of all m x n matrices. The isomorphism can be defined by
relationship (4.11). The dimension of the linear space of all linear operators from X,
to Y, is equal to mn.

We obtain a real linear space of operators if the linear spaces X,, andY,, are real
and linear operators can be multiplied only by real scalars.

4.1.8 The Image and the Kernel of a Linear Operator

Let A be a linear operator acting from a linear space X into a linear space Y. The
image of A, denoted by Im(.A), is the subset of Y consisting of all vectors that can
be represented in the form y = Ax for some x € X. The kernel of A, denoted by
Ker(A), is the subset of X consisting of all vectors x such that Ax = 0.

Theorem 4.6 The set Im(A) is a linear subspace of the space Y.

Proof If y;, y, € Im(A), then there exist vectors x1, x; € X such that y; = Ax;
and y, = Ax,. Therefore, for all «, 8 € C we have oy, + By, = aAx; + BAx,.
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Since the operator A is linear, we have oy, + By, = A(ax; + Bx;). This means that
ay; + By, € Im(A). O

The proof of the following theorem is left to the reader.
Theorem 4.7 The set Ker(A) is a linear subspace of the space X.

The dimension of the subspace Im(A) C Y, is called the rank of the operator A
and is denoted by rank (A). The dimension of the kernel of A is called the defect of
the operator A and is denoted by def (A).

Theorem 4.8 For every linear operator A : X,, — Y, thefollowing equality holds:
rank(A) + def(A) = n. (4.23)

Proof Denote by M the subspace of X, such that X, = Ker(A4) & M (see
Theorem 3.8, p. 86). Using Theorem 3.9, p. 86, we get n = def(A) + dim(M).
Taking into account Theorem 4.3, p. 97, it is enough to prove that the spaces M
and Im(A) are isomorphic. Let us check for this purpose that the operator A is a
bijective map acting from M to Im(A). In fact, every x € X,, can be written in the
form x = xo + x;, where xo € Ker(A), x; € M. Hence, Ax = Ax;. Therefore,
every element of Im(.A) is the image of some element of M. It remains to prove that
if Ax; = Ax, for x;, x, € M, then x; = x;. Equality A(x; — x,) = 0 means that
x1 — x2 € Ker(A). On the other hand, M is a linear subspace, and thus x; — x, € M.
By Theorem 3.7, p. 85, this implies that x; — x, = 0. (]

4.1.9 The Rank of a Matrix

Let A(m, n) be an m x n matrix. Let us interpret the set of the matrix columns as a
subset of the space C™". We say that the rank of this set (see Section2.2.4, p. 63) is
the rank of the matrix A(m, n) and denote it by rank(A).

Theorem 4.9 Suppose A : X,, — Y,, is a linear operator, &, is a basis for X,,, Q.
is a basis for Y,,, Aeq is the matrix of the operator A with respect to these bases.
Then rank(A,,) = rank(A).

Proof Let x = &,& € X,,. Then Ax = Q,,n, where n = A.,& (see Section4.1.5).
Obviously, the vector 7 belongs to the span of the set of the matrix A,, columns. The
rank of the span of the set of the matrix A,, columns is equal to rank(A,,). Since
the linear operator Q is invertible, this span is isomorphic to Im(.4). Therefore, by
Theorem 4.3, p. 97, the dimension of Im(A) is equal to rank(A.,). O

Consequently, the rank of the matrix of the linear operator A : X, — Y, is an
invariant of this operator, i.e., it is the same for all bases in X, and Y,. Hence we
could equivalently define the rank of a linear operator as the rank of its matrix.

We can interpret the set of rows of the matrix A(m, n) as a subset of the space C".
Denote the rank of this set by r;. The following result is unexpected at first glance.
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Theorem 4.10 For every matrix A(m, n), one has the equality r; = rank(A(m, n)).

Proof We can assume without loss of generality that the first 7, rows of the matrix
A(m, n) are linearly independent and that each of the other rows is a linear combi-
nation of those first rows. Denote by A(ry, n) the matrix that consists of the first r
rows of the matrix A(m, n). Let us transform the matrix A(ry, n) by an algorithm
that is in fact equivalent to Gaussian elimination.

Take a nonzero entry in the first row of the matrix A(ry, n), which is possible
because none of the rows of the matrix A(ry, n) can be equal to zero. Interchange the
columns of the matrix A(ry, n) such that the column that contains this nonzero entry
takes the first place. Denote this transformed matrix in the same way. Multiply the
first row by —a»;/a;; and add the result to the second row. Then do the analogous
transformations of all other rows of the matrix A(ry, n). As a result, we obtain a
matrix with zeros in the first column below a;; # 0.

The second row of the transformed matrix is a nontrivial linear combination of
the first two rows. Therefore, it is not equal to zero. Interchanging the second column
of the transformed matrix with one of the following columns as needed, we obtain
a matrix that has the entry a;; # 0. Multiply the second row by —as;/a> and add
the result to the third row. Do the analogous transformations of all following rows
of the matrix A(ry, n). Continuing these transformations, we finally get a matrix of
the block form ~

(A(rg, rs), B(rg,n —ry)), (4.24)

where A(ry, ry) is an upper triangular matrix that has nonzero entries along the main
diagonal.

Ateach step of the described transformation process we get a row that is a nontriv-
ial linear combination of the previous rows of the matrix A (ry, n). Therefore, this row
is not equal to zero, and the transformations are valid. Clearly, we can assume without
loss of generality that the original matrix A(r,, n) has such first r; columns that by
performing the described transformations without interchanging any columns, we
get a matrix of the form (4.24).

Evidently, det(A (rs,75)) # 0, and hence the first r; columns of the origi-
nal matrix A(ry,n) are linearly independent. Thus the first ry columns of the
matrix A(m, n) are linearly independent too. Let us check that by uniting this set of
columns with any other column of the matrix A(m, n), we get a linearly dependent
set.

Let A,, be a leading principal minor' of degree r, of the matrix A(m, n). By the
previous argumentation, A, 7 0. Therefore, the system of linear equations

Za,»,x,- =aik, 1=1,2,....75, (4.25)
j=1

I The leading principal minor of degree r is the determinant of the submatrix lying in the same set
of the first » rows and columns.
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has a solution for all k = 1,2, ..., n. Since each row of the matrix A(m, n) with
a number greater than r, is a linear combination of the first r; rows of this matrix,
we see that if a vector (xy, X2, ..., x,) is the solution of linear system (4.25), then it

satisfies the following relations:

rA
E ajjx; =aj, i=rs+1,...,m.
j=1

Consequently, each column of the matrix A(m, n) is a linear combination of the
first r; columns; hence rank(A(m, n)) = r;. [l
It follows immediately from the definition that rank(A) < min(m, n) for every
matrix A(m, n). A matrix A(m, n) is said to have full rank if rank(A) = min(m, n).
An n x n matrix is nonsingular if and only if its rank is equal to n. Interchanging
any of the matrix’s rows or columns evidently does not change the rank of the matrix.
Moreover, we have the following result.

Theorem 4.11 Let A(m, n) be an m x n matrix. Let B(m, m) and C (n, n) be square
nonsingular matrices. Then

rank(A) = rank(BA), (4.26)
rank(A) = rank(AC). 4.27)

Proof For the justification of equality (4.26), it is enough to check the following
statement. If the matrix B is nonsingular, then a necessary and sufficient condition

for the linear independence of the columns Ba', ..., Ba? is the linear independence
of the columns a', ..., a” (check it!). If equality (4.26) holds, then equality (4.27) is
proved by taking the matrix transpose. (I

The reader can easily prove that for all matrices A and B that permit matrix
multiplication, the following inequality holds: rank (A B) < min{rank(A), rank(B)}.

Let us consider two examples.

1. The matrix

3 41
A=|-2-31
570

has rank 2. Indeed, since the first two rows are linearly independent, the rank is at
least 2. However, all three rows are linearly dependent, since the first is equal to the
sum of the second and third. Thus the rank must be less than 3.

2. The matrix
A= 3 302
T |-3-30-2

hasrank 1: there are nonzero columns, so the rank is positive, but each pair of columns
are linearly dependent. Similarly, the transpose of the matrix A,
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has rank 1. As we have proved above, the rank of a matrix is equal to the rank of its
transpose, i.e., rank(A) = rank(A7).

4.1.10 Calculating the Rank of a Matrix Using Determinants

It follows from the proof of Theorem 4.10 that if rank(A) = r, then we can inter-
change the rows and the columns of the matrix A such that the leading principal
minor A, of the transformed matrix will not vanish. This minor is called basic.

Let us formulate and prove the converse statement. Namely, let A be a rectangular
matrix. The leading principal minor A, of order » < min(m, n) of the matrix A is
bordered by the leading principal minor A, ;. We can construct different minors
bordering A, by interchanging the rows and the columns of the matrix A whose
numbers are greater than r.

Lemma 4.1 [f the leading principal minor A, is nonzero and all minors of order
r + 1 that border A, are equal to zero, then rank(A) = r.

Proof Since A, # 0, the first 7 columns of the matrix A are linearly independent. Let
us show that each column of A whose number is greater than r is a linear combination
of its first ¥ columns. This means that rank (A) = r. Assume the contrary. Then there
exists a column of A such that the rank of the matrix that consists of this column
and the first » columns of A is equal to r + 1. Therefore, this matrix has r + 1
linearly independent rows. The first » rows of this matrix are linearly independent,
since A, # 0. Hence there exists a row whose number is greater than r that is not
a linear combination of the first » rows. If we turn this row into the (r + 1)th row
of the matrix A, then we get A,.; # 0, but this contradicts the assumption of the
lemma. O

Lemma 4.1 gives the following method of calculating the rank of a matrix A.?

1. We check all elements of A. If all elements are zero, then rank(A) = 0.

2. If an element of A is not equal to zero, then we interchange the rows and the
columns of the matrix A to put this element in the place of ay;.

3. We calculate all minors of order two that border A; = |ay;|. If all these minors
are equal to zero, then rank(A) = 1.

4. If a minor of order two is not equal to zero, then we interchange the rows and
the columns to put this minor in the place of A,, i.e., to put it in the top left corner
of the matrix A.

2Usually, the algorithm, which is described in Section5.1.1, p. 163, is used for numerical realiza-
tions.
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5. We calculate all minors of order three that border A, until we find a nonzero
minor, and so on. If at a step of this algorithm we see that the leading principal minor
A, is nonzero and all minors of order r + 1 that border A, are equal to zero, then
rank(A) = r.

Clearly, it is not necessary to interchange the rows and the columns of the matrix
at each step of this algorithm. It is enough to calculate all minors of order r 4 1 that
border an arbitrary nonzero minor of order r.

For example, let us calculate the rank of the matrix

2-43 10
1-2 1 —42
A=1o01 -13 1
4-7 4 —45

—43
o=
The minor of order three

2-43
d =1]1-21
01 -1

borders d and is not equal to zero, but both of the fourth-order minors

243 1 2-430
1-21 —4 1-21 2
01 —-131” |01 —-11
4 -7 4 —4 4-7 45

bordering d ' evidently vanish. Thus rank(A) = 3.

4.1.11 The General Solution of a Linear Equation

Let A be a linear operator mapping a linear space X,, into a linear space Y,,. Consider
the linear equation

Ax =y, (4.28)

where y is a given element of Y,, and x € X,, is an unknown. In this section we
suppose that Eq. (4.28) is solvable and describe the form of all its possible solutions.
In other words, we describe the form of the general solution of equation (4.28).
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Suppose x; and x, are two solutions of equation (4.28) for the same right-hand
side y. Then evidently, A(x; —x2) = 0, 1i.e.,x; —x; € Ker(A). This yields that if sys-
tem (4.28) possesses a solution x (it is called a particular solution of the inhomoge-
neous equation), then every other solution of equation (4.28) has the form x = x¢+Xx,
where x € Ker(A).

Let ¢1, ¢2, ..., ¢, be a basis of Ker(A). Then

p
X =x9+ z CrkPrk- 4.29)
k=1

Therefore, the general solution of equation (4.28) has the form (4.29). We can obtain
every solution of equation (4.28) by changing the coefficients in (4.29). The vec-

tors @1, ¢2, ..., ¢, are called the fundamental set of solutions of the homogeneous
equation

Ax = 0. (4.30)
The vector

p
X = E Ck Pk
=1

is called the general solution of the homogeneous equation. Thus the general solution
of equation (4.28) is the sum of a particular solution of (4.28) and the general solution
of homogeneous equation (4.30).

4.1.12 Systems of Linear Algebraic Equations. Solvability
Conditions

For practical construction of the solution of linear equation (4.28) it is necessary to
introduce some bases &, = {ex}{_;,» Qm = {qr}j~, for the spaces X,, Y,, and to
reduce Eq. (4.28) to a system of linear algebraic equations

The unknown vector & € C” is the coordinate representation of x with respect to the
basis &,. The vector n € C™ is the coordinate representation of y with respect to the

basis Q,,. The matrix A,, is the matrix of the linear operator A (see Section4.1.5).
Let us write system (4.31) in the components of & and #:

S als =, =12 .m. (4.32)
=1
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Here ai(fq) (the entries of the matrix A, of the linear operator A) and 7, are given
numbers, and &; are unknowns.

In contrast to the systems of linear algebraic equations that were discussed in
Section 1.2.3, p. 27, system (4.32) has, generally speaking, different numbers of
equations and unknowns.

Problems (4.28) and (4.31) are equivalent to each other in the sense that if £ is a
solution of (4.31), then x = &,£ is the solution of equation (4.28) with y = Q,,n;
conversely, if x is a solution of equation (4.28), then the coordinate representations of
x and y with respect to the corresponding bases are connected by relationship (4.31).

Let us obtain necessary and sufficient conditions for solvability of the system of
linear algebraic equations

Ax = b, (4.33)

where A is a given m x n matrix with complex (generally speaking) entries, and b €
C™ is a given vector. Let us attach the column b to the matrix A and denote this
resulting m x (n + 1) matrix by (A, b). The matrix (A, b) is called the augmented
matrix of system (4.33).

Theorem 4.12 (Kronecker—Capelli® theorem). A system of linear algebraic equa-
tions has a solution if and only if the matrix A has the same rank as the matrix (A, b).

Proof Evidently, the rank of the augmented matrix (A, b) is greater than or equal
to the rank of the matrix A, and rank(A) = rank(A, b) if and only if b is a linear
combination of the columns of the matrix A. Thelast condition is equivalent to the
statement that there exists a vector x € C" that is a solution of (4.33). (I

Theorem 4.13 (Fredholm’s* matrix theorem). A system of linear algebraic equa-
tions has a solution if and only if for every solution of the homogeneous system of
equations zA = 0, the equality zb = 0 holds.

Note here that b is a column and z is a row.

Proof Sufficiency. Let r =rank(A). We can assume without loss of generality that
the first » rows of the matrix A are linearly independent. Clearly, this implies that the
first » rows of the matrix (A, b) are linearly independent too. If the kth row of the
matrix A is a linear combination of the first » rows of A, then there exists a nonzero
vector z such that zA = 0. Under the hypothesis of the theorem, zb = 0. This implies
that the kth row of the matrix (A, b) is a linear combination of the first » rows of
(A, b). Thus, rank(A) = rank(A, b), and by the Kronecker—Capelli theorem, system
(4.33) has a solution.

Necessity. Suppose that system (4.33) has a solution, i.e., that there exists x € C"
such that Ax = b. Then for every z € C”, we have the equality zAx = zb. Clearly,
if zA = 0, then zb = 0. [l

3 Alfredo Capelli (1858-1916) was an Italian mathematician.
4Erik Ivar Fredholm (1866-1927) was a Swedish mathematician.
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Let us give an example of how to apply Fredholm’s matrix theorem. Consider the
symmetric n X n matrix

1 =1 0 «onvenons 0
12 =10 -+ ... 0
A=10 -1 2 -1 0
0 -+ on- 0 -1 2 —1
0 0 «----- 0 —1 1

We have to calculate rank (A) and describe necessary and sufficient solvability con-
ditions for the system of linear algebraic equations

Ax = b. (4.34)

Let us interpret the matrix A as a linear operator acting on the space R” and describe
its kernel. Consider the homogeneous system of linear algebraic equations

Ax = 0. (4.35)
The ith equation of this system fori = 2, 3, ..., n— I can be written in the following
form: —x;_y +2x; — x;11 = 0, or x; — x;_; = x;4+1 — X;. Therefore, if x is a solution
of system (4.35), then
X| =Xy = =X,

i.e., the kernel of the operator A is a one-dimensional subspace of the space R"; each
vector x of this subspace has the form x = ¢(1, ..., 1), where c is a real number.
Hence, using Theorem 4.8, p. 103, we see that rank(A) =n — 1.

Further, since the matrix A is symmetric, using Fredholm’s matrix theorem, we
see that a necessary and sufficient solvability condition for system (4.34)is b = 0,
where z is any solution of equation (4.35). Consequently, a solution of system (4.34)
exists if and only if by + by + -+ -+ b, = 0.

4.1.13 The General Solution of a System of Linear Algebraic
Equations

Let us describe an elementary method of calculating the general solution of the
system of linear algebraic equations’

3Usually, methods based on the singular value decomposition (see Section5.1.1, p. 163) are used
for numerical approximations of general solutions of systems of linear algebraic equations.
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Ax =b. (4.36)

Our consideration is based on the results of Section4.1.11. Now we suppose that
system (4.36) has a solution, and denote by r the rank of the augmented matrix of
system (4.36).

Let us begin with the calculation of a particular solution of system (4.36). Using
the method of calculation of the rank of a matrix described in Section4.1.10, we
transform the matrix (A, b) such that the leading principal minor of order r of the
transformed matrix is not equal to zero and each row starting from the ( + 1)thisa
linear combination of the first r rows.

Clearly, the transformed system of linear equations is equivalent to the original
one, i.e., every solution of system (4.36) is a solution of the transformed system, and
conversely, every solution of the transformed system is the solution of (4.36).

Since the last m — r equations of the transformed system follow from the first »
equations of this system, we delete the last m —r equations. In the first » equations we
move to the right-hand side all summands with the variables starting from the (r+1)th
variable. These variables are called free.

After that, we assign some values to the free variables (usually there is no rea-
son why we cannot take x,4; = --- = x, = 0). As a result, we get a system
of r linear equations in r unknowns. The matrix of this system is nonsingular,
and we find the values of the variables xj, xp, ..., x, as the unique solution of
this system. Thus we have the solution of the original system (4.36) of the form
X = (X1, X0, e ooy Xpy Xpgdy oo ey Xpp)-

For example, let us calculate a particular solution of the following system:

X1 — X2 +x3 —x4 =4, 4.37)
X1+ x2 + 2x3 + 3x4 = 8, (4.38)
2x1 + 4xy + 5x3 + 10x4 = 20. (4.39)
The determinant
1 -1
Ay = ‘] L

which is located in the top left corner of the matrix A of this system, is nonzero. All
determinants bordering A, are equal to zero:

1-11

112 =0.

2 45

Hence rank(A) = 2, and the rank of the augmented matrix is also two. System
(4.37)—(4.39) is solvable, and the last equation follows from the first two equations
of this system. Thus, to find a particular solution of system (4.37)—(4.39), it is enough
to solve the system of two equations (4.37), (4.38), equating x3, x4 to some numbers.
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If we take x3 = x4 = 0 in (4.37),(4.38), then we get x; = 6, x, = 2. Therefore, the
vector x = (6, 2, 0, 0) is a particular solution of (4.37)—(4.39).

Now we construct the fundamental set of solutions of the homogeneous system
of linear equations
Ax =0 (4.40)

with an m x n matrix. Letrank (A) = r. Using Theorem 4.8, we see that it is enough to
construct n — r arbitrary linearly independent solutions of system (4.40). Of course,
we assume thatn > r.

Arguing as in the first part of this subsection, we transform system (4.40) to the
following form:

A(r,r)x(r,1) + B(r,n—r)y(n —r, 1) =0. “4.41)

Here A(r, r) is a nonsingular matrix, and the column y((n — r), 1) corresponds to
the free variables. We take the vectors

yi((n=r), D), ya((n—r), ), ..o yuy((n—1), 1) (4.42)

such that they are linearly independent (the simplest way is to equate them to the
vectors of the standard basis in the space C"~"). Using vectors (4.42), we calculate
vectors

x1(r, 1), x2(r, 1), ..., x,_,(r, 1)

as the solutions of the following systems:
A, r)xe(r, 1) + B(r,(n —r)y((n—r), 1) =0, k=1,2,....n—r.

Writing together the components of the vectors xy (r, 1) and y;((n — r), 1), we con-
struct the following vectors:

zen, 1) = (e (r, D)y, i((n—71), 1)), k=1,2,...,n—r.

By construction, Az = 0 for k = 1,..., n — r. Clearly, the vectors z;, k =
1, ..., n—r, are linearly independent, since the vectors (4.42) are linearly indepen-
dent. Thus the vectors zx, k = 1,2, ..., n — r, form a fundamental set of solutions

of the homogeneous system of linear equations (4.40).

For example, let us calculate the fundamental set of solutions of the system of
linear equations

X1 —Xx2+x3 —x4 =0, 4.43)
X1+ x2 +2x34+3x4 =0, (4.44)
2x1 4+ 4xy + 5x3 + 10x4 = 0, (4.45)
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which corresponds to system (4.37)—(4.39). As we know from the previous example,
the rank of the matrix of this system is equal to two. Therefore, we have to calculate
two linearly independent solutions of system (4.43)—(4.45). As we have seen, the
last equation in this system follows from the first two equations. If we put x3 = 1
and x4 = 0 Egs. (4.43), (4.44), we get

X1 —x,+1=0, (4.46)
x1+x+2=0. (4.47)
Hence x; = —3/2, x, = —1/2. If we put x3 = 0, x4 = 1 in (4.43), (4.44),
then we obtain x; = —1, x; = —2. Hence x; = (=3/2,—1/2,1,0) and x, =

(—1,-2,0, 1) form a fundamental set of solutions of the homogeneous system of
linear equations (4.43)—(4.45). Each vector of the form

X =Cl(_3/27_1/25 17 O)+C2(_19 _25 07 1)7 (4'48)

where ¢y, ¢, are arbitrary numbers, is a solution of system (4.43)—(4.45), and con-
versely, each solution of system (4.43)—(4.45) can be represented in the form (4.48)
for some ¢y, c,. Thus the general solution of system (4.37)—(4.39) can be represented
in the form x = (6,2,0,0)+c¢;(-=3/2, —1/2,1,0)+c2(—1, =2, 0, 1), where ¢y, ¢,
are arbitrary numbers.

4.2 Eigenvalues and Eigenvectors of a Linear Operator

4.2.1 Invariant Subspaces

Let A : X — X be a linear operator. A subspace L C X is said to be invariant
under A if Ax € L for all x € L. The subspaces L = {0} and L = X are invariant
for every A : X — X. We refer to these as frivial invariant subspaces.

Let the linear space X be a direct sum of subspaces L and M. Let P : X — L
be the projection operator onto the subspace L in parallel with the subspace M.
Then Px = x forevery x € L and Px = 0 for every x € M, i.e., the subspaces L
and M are invariant under P.

Let us give an example of an operator that has no nontrivial invariant subspaces.
Let X, be a two-dimensional real Euclidean space. It is easy to see that if L C X,
is a nontrivial subspace, then L is the set of all vectors having the form x = «e,
where e # 0 is a given vector, « € R. In other words, L is a straight line in the
plane containing the origin. Denote by e;, e, an orthonormal basis of the space X,.
Let Q : X; — X; be the linear operator that maps each vector x = &1e; + &, into
the vector y = —&,e; + &1e,. The vectors x and y are orthogonal. Hence if L is a
nontrivial subspace of X,, then Qx € L+ for every x € L. Therefore, Ox ¢ L for
every x # 0, i.e., the operator Q has no nontrivial invariant subspaces.
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If abasis of an invariant subspace is known, then the form of the matrix of the linear
operator becomes simpler. Namely, let {e };_, be abasis of the linear space X, and let
L C X, be an m-dimensional invariant subspace under the operator A : X,, — X,,.
Suppose that the vectors {e;};" ; belong to L. Then {e;};", is a basis for L (prove
it!) and

m n
Aey = Zaﬁ)ej, k=1,....,m, Ae = Zaﬁ)ej, k=m+1,...,n.
=1 =1

These equalities show that the entries of the matrix A, that are located in the inter-
section of the first m columns and the last (n — m) rows are equal to zero. Therefore,
the matrix A, can be written as the 2 x 2 block triangular matrix

(A A
A, = ( 0 Azz) , (4.49)

where Aj; is a square m X m matrix, A, is a square (n —m) X (n —m) matrix, 0 is
the zero (n — m) x m matrix, and A, is an m X (n — m) matrix.

We get a simpler matrix A, if the space X,, is decomposed into a direct sum of
invariant subspaces L and M of the operator A, i.e., X, = L & M and the basis
{ex};_, of the space X, is chosen in such way that the vectors {e,};, form a basis
of the subspace L. Then, as is easy to see, the matrix A}, in (4.49) is the zero matrix,

i.e., the matrix A, has block diagonal form

. All 0
A, = ( 0 Azz). (4.50)

Obviously, the converse statement is also true. Namely, if the matrix of an operator
with respect to a basis {ex};_, has the form (4.50), then the space X, is the direct
sum of two subspaces. The vectors of the set {e;};;_, whose numbers are equal to the
numbers of the rows of the corresponding blocks form the bases of these subspaces.

If the subspaces L and M are decomposed into direct sums of invariant subspaces
of smaller dimensions, then the number of diagonal blocks of the matrix A, increase
and their dimensions decrease.

The simplest case is that in which the space X,, can be represented as a direct sum
of n one-dimensional invariant subspaces of the operator A. Then the matrix A, is
diagonal. However, that is possible only for some special classes of operators.

Lemmad.2 Let A : X, — X, be a nonsingular operator. Let L C X, be an
invariant subspace of the operator A. Then for every x € L there exists a unique
vector y € L such that Ay = x.°

OTherefore, we can say that a nonsingular operator generates a one-to-one mapping of each of its
invariant subspaces onto this subspace.
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Proof The subspace L is invariant under the operator .4. So we can introduce the
operator Ay, : L — L, assuming A x = Ax for x € L. The operator A, is
nonsingular, because if A,x = Ax = 0, then x = 0, since A is nonsingular (see
Theorem 4.5, p. 102). This implies that the equation .A; y = x has a unique solution
y € L for every vector x € L. (]

The operator A; defined in the proof of Lemma 4.2 is called the restriction of the
operator A to its invariant subspace L.

4.2.2 Basic Properties of Eigenvalues and Eigenvectors

A special role of one-dimensional invariant subspaces of operators was shown in
the previous section. The concept of one-dimensional invariant subspaces is closely
related to the concept of eigenvectors of operators.

A vector x € X is called an eigenvector of the operator A : X — X if x is
nonzero and there exists a number A such that

Ax = Ax. 4.51)

The number A is called the eigenvalue of the operator A. We say that the vector x
corresponds to (is associated with) the eigenvalue A. The pair of the eigenvalue and
the eigenvector associated with it is also called the eigenpair of the operator A.

Let (x, 1) be an eigenpair of the operator A. Then Awx = rax for each o € C,
i.e., the one-dimensional subspace of the space X spanned by a single eigenvector
of the operator A is invariant under .A.

Let A be an eigenvalue of the operator .A. The kernel of the operator A — A is
called the eigenspace of A corresponding to the eigenvalue A and is denoted by L;. It
is clear that L, # {0}. Every nonzero element of L, is an eigenvector of the operator
A corresponding to the eigenvalue A.

Let us give some examples of operators that have eigenvectors.

1. Every nonzero element of the space X, is an eigenvector corresponding to the
eigenvalue A = 0 of the null operator.

2. Consider the operator o, where « € C. Every nonzero element of X,, is an
eigenvector of this operator corresponding to the eigenvalue A = «.

3. Let the space X be a direct sum of subspaces L and M. As usual, we denote
by P : X — L the projection operator onto the subspace L in parallel with the
subspace M. Then the following relations hold: Px = x for every x € L and
Px = 0 for every x € M, i.e., all nonzero elements of L are eigenvectors of the
operator P corresponding to the eigenvalue A = 1, and all nonzero elements of
M are eigenvectors of P corresponding to the eigenvalue A = 0.

If the linear space X, is real, then there exist linear operators A : X,, — X,, that
do not have any eigenvectors. For example, the linear operator Q (see Section4.2.1)
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does not have any eigenvectors in the real space X,. This follows immediately from
the fact that the operator Q does not have any nontrivial invariant subspaces.

Theorem 4.14 Every operator A acting in the complex space X,, has eigenvectors.

Proof 1t is enough to prove that there exists a complex number X such that the linear
equation
A-21Dx =0 (4.52)

has a nontrivial solution. Let A, be the matrix of the operator A with respect to a
basis &, in the space X,,. Consider the equation

det(A, — AI) = 0. (4.53)

Itis easy tosee thatdet(A,—A[l) is apolynomial in A of degree . Thus equation (4.53)
has n roots. Every root A of Eq. (4.53) is an eigenvalue of the operator .4. Indeed,

(A, —ADHE =0 (4.54)

is a homogeneous system of linear equations with a singular matrix. Hence this
system has a nontrivial solution &. Then the vector x = &,& is evidently nonzero,
and it is a solution of equation (4.52). U

The proof of the next corollary is left to the reader.

Corollary 4.1 Suppose that a linear operator A acts on the complex space X,,
and L # {0} is an invariant subspace of A. Then the operator A has an eigenvec-
torx € L.

The linear operators .A and B acting on the linear space X are called permutable
if AB = BA.

Lemma 4.3 Suppose that A, B are permutable transformations of the linear
space X, and L, C X is an eigenspace of the operator A. Then L, is an invari-
ant subspace of the operator B.

Proof Suppose that x € L;. Then Ax = Ax. Hence BAx = ABx. By assumption,
we have BA = AB. Therefore, ABx = ABx, which means that Bx € L;. O

The polynomial det(A — AI) is called the characteristic polynomial of the
matrix A. The equation det(A — AI) = 0 is called the characteristic equation
of the matrix A. The roots of the characteristic polynomial are called the charac-
teristic values (eigenvalues) of the matrix A. The set of all characteristic values of
the matrix A is called the spectrum of A and is denoted by o (A).

As established in the proof of Theorem 4.14, for every A € o (A) there exists a
nonzero vector x € C" such that

Ax = AXx.
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This vector x is called the eigenvector of the matrix A corresponding to the charac-
teristic value A of the matrix.

Theorem 4.15 Similar matrices have the same characteristic polynomials and
therefore the same characteristic values.

Proof Let T be a nonsingular matrix. By definition of matrix similarity, the matrix
B = T 'AT is similar to the matrix A. Then for every A € C we have

B—AM=T"AT =AM =T YA - ADT.

Since det(T ") = 1/det(T), we see that det(B — AI) = det(A — AI). U

The matrices of the same operator A : X, — X, are similar with respect to
different bases (see Section4.1.5, p. 101); hence the characteristic polynomial and its
roots do not depend on the choice of basis in X,,. Thus the characteristic polynomial of
the matrix of a linear operator is called the characteristic polynomial of the operator,

and equation (4.53) is called the characteristic equation of the operator A.

The characteristic values of the matrix of an operator are called the characteristic
values of the operator. Therefore, they are invariants of the operator. The set of all
characteristic values of the operator A is called the spectrum of the operator and is
denoted by o (A).

As follows from the proof of Theorem 4.14, for every operator acting on the com-
plex space X,,, the concepts of characteristic values and eigenvalues are equivalent,
and for such operators, the corresponding terms are used as synonyms.

Every operator acting in the space X, has nomore than n distinct eigenvalues.

Theorem 4.16 (Cayley—Hamilton’ theorem). Let
P(A) =AM 4+ ap A g (4.55)
be the characteristic polynomial of an operator A acting on the space X,,. Then
Py(A) = A" +a,_ A"+ 4 agl = 0. (4.56)

Proof Let A be the matrix of the operator .4 with respect to a basis. Using formula
(1.104), p.40, we get (A — AI)(A — AI) = P,(M)I for all 1 € C. Obviously, each
element of the matrix (A — A7) is a polynomial of A of degree no greater thann — 1.

Therefore, we can write

(A= A1) = A" Coy + A" 2Cyg + -+ + Co,

where Cy, Cy, ..., C,,_; are some square matrices of order n, i.e.,

7 Arthur Cayley (1821-1895) was a British mathematician. William Rowan Hamilton (1805-1865)
was an Irish physicist and mathematician.
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P, = (A= ADOW"'Cpy + M"72Chp + -+ Cy) forall 1 eC. (4.57)

Equating all coefficients with the same power of A on both sides of equality (4.57),
we obtain
AC() = a()I,
AC1 - C() = all,

AC, — Cy = asl,
S (4.58)

Now we multiply the first equality in (4.58) by I, premultiply the second equality by
A, premultiply the third equality by A2, and so on. We premultiply the last equality
in (4.58) by A". After that, we add together all obtained equalities and get P,,(A) = 0,
which is equivalent to P,(A) = 0. |

The next corollary follows from the Cayley—Hamilton theorem. This corollary
plays an important role in applications, for instance in mechanics.

Corollary 4.2 If the operator A : X,, — X,, is invertible, then there exists a poly-
nomial Q,— of degree no greater than n — 1 such that Al = 0,1 (A).

The proof of Corollary 4.2 is left to the reader.

Theorem 4.17 Let Ay, Ay, ..., A, be distinct eigenvalues of the operator A :
X, — X,. Denote by xi, xs, ..., xp, the eigenvectors of the operator A such
that Axy = Mxp, k = 1,2,..., p. Then the vectors xi, X, ..., x,, are linearly
independent.

Proof Suppose contrary to the assertion of the theorem that the set of vectors x,
X2, ..., X, is linearly dependent. Without loss of generality, it can be assumed that
the vectors xy, xo, ..., X,, ¥ < p, form a maximal linearly independent subset of this
set. Denote by L, the subspace of the linear space X,, spanned by x;, x3, ..., Xx,.
The subspace L, is invariant under .4 and has dimension r. Let A, be the restriction
of the operator A to L,. Then Aj, A,..., A, are the eigenvalues of the operator A,
and they are distinct. The nonzero vector x,,; belongs to L,, and we see also that
AL Xrs1 = Axpp1 = ArpiXey, 1€, Arqp 1S an eigenvalue of the operator Ay, , but
the operator A, acts on a space of dimension r. Therefore, it cannot have more than
r distinct eigenvalues. (]

It follows from the above that if all eigenvalues of the operator A are distinct, then
the corresponding eigenvectors xi, k = 1, 2, ..., n, form a basis of the space X,,. We
have

Axpy = xie, k=1,2,...,n,

and hence the matrix of the operator A with respect to the basis {x;}]_, is diagonal.
The eigenvalues Ay, k = 1, 2, ..., n, form the main diagonal of this matrix.
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For example, let us calculate all the eigenvalues and all the eigenvectors of the
matrix

4 -57
A= 1 -49
—4 05

The characteristic equation has the form

4—-x -5 7

1 —-4—-x2 9 |=0.
—4 0 5—A

Calculating this determinant, we get

A =52+ 170 —13=0. (4.59)
Evidently, A = 1 is a root of Eq. (4.59). It is easy to see that

A =52 H 17— 13 = (L — DA —4x + 13).

The equation A> — 4A + 13 = 0 has two roots: A = 2 + 3i. Therefore,

AM=1, A=243i, A3=2-3i

are all the eigenvalues of the matrix A. The coordinates of the eigenvector corre-
sponding to 1| are the solution of the homogeneous system of linear equations

3x; —Sx2 +7x3 =0, (4.60)
X1 —5X2+9X3 =0, (461)
—4x1 +4x3 =0. (4.62)

We have 3 :g # 0. Hence the rank of the matrix of system (4.60)—(4.62) is equal

1
to two, and this system has only one linearly independent solution. Take x3 = 1 and
obtain x|, x; as a solution of system (4.60), (4.61). We get x; = 1, x, = 2. Thus the
vector (1, 2, 1) is a solution of the system of equations (4.60)—(4.62). Therefore, the
set of all eigenvectors corresponding to the eigenvalue A; = 1 is the set of vectors
having the form c(1, 2, 1), where c is an arbitrary nonzero complex number.

The coordinates of the eigenvector corresponding to A, are the solution of the
homogeneous system of linear equations

(2 = 3i)x; — S5x2 +7x3 =0, (4.63)
x1 — (64 31)x +9x3 =0, (4.64)
—4x1 + (3 —3i)x; =0. (4.65)
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We have ‘2 _1 3 —( 6_—15— 3i) # 0. Hence the coordinates of an eigenvector are the
solution of system (4.63), (4.64) for x3; = 1. We getx; = (3—31)/4,x, = (5—31)/4.
Therefore, the set of all eigenvectors corresponding to the eigenvalue A is the set of
vectors having the form ¢(3 — 3i, 5 — 3i, 4), where c is an arbitrary nonzero complex
number. Analogous calculations show that the set of all eigenvectors corresponding
to the eigenvalue A3 is the set of vectors having the form ¢(3 4 31, 5+ 3i, 4), where ¢
is an arbitrary nonzero complex number.

In this example all the eigenvalues are distinct and the corresponding eigenvectors

form a basis of the space C>. This can be seen also from the fact that the determinant

1 2 1
3-3i5-3i4|,
3+3i5+43i4

which is composed of the coordinates of the eigenvectors, is not equal to zero.

If the characteristic polynomial of the operator .4 has multiple roots, then the
number of corresponding linearly independent eigenvectors can be less than n, and
these eigenvectors are not a basis of the space X,,.

Now let us calculate all eigenvalues and all eigenvectors of the matrix

A=

—_ N

-1 2
-3 3
0-2

The characteristic equation has the form A3+ 322431 + 1 = 0, and the numbers
A1 = Xy = A3 = —1 are the roots of this equation. Therefore, we have the following
system for the calculation of the coordinates of eigenvectors:

3x; —x2+2x3 =0, (4.66)
5x1 — 2x2 4+ 3x3 =0, 4.67)
—x; —x3=0. (4.68)

The determinant is not equal to zero. Hence the rank of the matrix of this

5-2
system is equal to two, and the linear space of all solutions of system (4.66)—(4.68)
is one-dimensional. It is easy to see that the vector x = (1,1, —1) is a solution
of system (4.66)—(4.68). Thus the set of all eigenvectors of the matrix is the set of
vectors having the form ¢(1, 1, —1), where c is an arbitrary nonzero complex number.

Clearly, in this example the eigenvectors of the matrix are not a basis of the space C>.

The dimension of the eigenspace of the operator A corresponding to the eigen-
value A of this operator is called the geometric multiplicity of the eigenvalue A.
The multiplicity of A as a root of the characteristic polynomial of the operator A
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is called the algebraic multiplicity of the eigenvalue A. In general, these two con-
cepts are different. If the term multiplicity is used without qualification in reference
to an eigenvalue, it usually means the algebraic multiplicity. We shall follow this
convention.

Theorem 4.18 For every operator A acting on the finite-dimensional space X,
the geometric multiplicity of each eigenvalue is less than or equal to the algebraic
multiplicity of that eigenvalue.

Proof Let L,, be the eigenspace of the operator A corresponding to an eigenvalue
Ao of that operator and dim(L,,) = m. Denote by fi, f2, ..., fna basis of the
eigenspace L,,. Extend this basis to a basis of the space X, by some additional vectors
Gl &mazs -+ &n-Since Afy = Ao fr,k =1, 2, ..., m,itfollows that the matrix
of the operator .4 with respect to this basis of X,, can be written as a block matrix

(see Section4.2.1):
AO A]2
( 0 Azz) , (4.69)

where Ay is a diagonal m x m matrix all of whose diagonal entries are equal to Ag.
Hence the characteristic polynomial of the operator .A can be written as

det(A—2I1) = —210)" Quem(A),

where Q,_,,(A) is a polynomial of degree n — m. Evidently, m cannot be greater
than the multiplicity of the root A of the polynomial det(A — AT). ([

4.2.3 Diagonalizable Operators

We say that a linear operator A : X,, — X, is diagonalizable if there is a basis &, of
the space X, consisting entirely of the eigenvectors of .A. The matrix of the operator .A
with respect to the basis £, can be written in the form

Ae=diag()»1,...,)Ll,)nz,...,)Lg,...,)nk,...,)nk),

where each eigenvalue of the operator A is repeated according to its geometric
multiplicity.

If A: X, — X, is a diagonalizable operator, A, A2, ..., A, kK < n, are distinct
eigenvalues of this operator,and L,,,i = 1, 2, ..., k, are corresponding eigenspaces
of A, then

X, =L, &L, ®---DL,,.

Fori =1, 2, ..., k, denote by P; the operator that projects the space X,, onto the
subspace L;,. Then it is easy to see that
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Ax = MPix + Pox + -+ M Prx forall x € X,

ie.,

A=MP1+ 1P+ + NP (4.70)

Equality (4.70) is referred to as a spectral resolution of the operator A . 4
Using (4.70) and (4.4), pp. 95, 122, we get Al = A{Pl + AéPg +--- 4 )L,J{Pk for
every integer j > 0. Therefore, if Q,, is a polynomial of degree m > 0, then

On(A) = @A )P1 + Q) P2+ - + O (i) Pr. (4.71)

Since the numbers A, Ay, ..., A; are distinct, we can define Lagrange basis func-
tions (see p. 29)

A=2AD)A—=22)- - A= 2j DA —Ajp) - (A —Ag)

D) = L ji=1,2,... k.
A=A —=22) - (A = Aj—Dj —Ajqpp) - (hj — Ag)
Then, taking into account (4.71), we obtain
Pi=djA), j=12,... k. 4.72)

Equation (4.72) is called Sylvester’s formula.® This shows that for each j =
1,2,..., k, the projection operator P; is a polynomial of degree k — 1, and the
coefficients of this polynomial depend only on the eigenvalues of the operator .A.

Theorem 4.19 A linear operator A is diagonalizable if and only if the geometric
multiplicity of each eigenvalue X of the operator A is equal to the algebraic multi-

plicity of A
The proof of Theorem 4.19 is left to the reader.

Suppose that operators A, 5 acting on the finite-dimensional space X,, are diago-
nalizable and have the same characteristic polynomial. The reader can easily prove
that there exists a nonsingular operator O : X,, — X,, such that B = QA0

4.2.4 Invariants of an Operator

In this section we use in an essential way the following lemma.

Lemma 4.4 For every x € C, the following expansion holds:

8 James Joseph Sylvester (1814—1897) was an English mathematician.
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anl+x ap ... d
a ap+x... a
d(x) = 21 22 2n
any ayy ... 0py + X

=x" 4+ x" Nt ex" P+t epix +Cp,

4.73)
where
Apy.py Api.py -+ Aprpi
a a S .
cr = E P2,p1 Yp2,p2 P2, Pk , k = 1’ 2’ L., n. (474)
lapip g |
Api.p1 Ape.pr « =+ Api,pr

For each k, the right-hand side of (4.74) is the sum of all C,’f determinants of the
indicated form. These determinants are called the principal minors of order k of the
matrix
ap dyip ... Ay
daz) Ay ... Ay

Note that c; = ayy +axn + - -+ + ay,, ¢, = det A.

Proof of Lemma 4.4. Denote by ay, as, ..., a, the columns of the matrix A. Let us
interpret the determinant of the matrix A as a function of its columns, i.e.,

det A = Aay, az, ..., a,).
Then the function d(x) in (4.73) can be represented in the form
d(x) = Alay + xiy, ar + xia, ..., a, + xiy),

where by iy, iz, ..., i, we denote as usual the standard unit vectors in the space C".
Since the determinant is a linear function of its columns, it follows easily that

d(x) = Alay, az, ..., a,)
+x(Al, a2, ... ap) + Alay, i, ...,ay) + -+ Alar, az, ..., a1, ip))
+ X2 (A1, 2, a3 a,) + -+ A1, @2, « .., Gydy i1, in))

+ -+ X AU I, . ).
4.75)

The multiplier of each x* in (4.75) is the sum of C¥ determinants, each of which is
obtained from the determinant A(ay, as, ..., a,) by replacing k columns of A with
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the corresponding standard unit vectors. To complete the proof, it is enough to note

that A(iy, i», ..., i,) = | and that each principal minor of order n — k of the matrix A
is obtained from A(ay, ay, ..., a,) by replacing k corresponding columns with the
standard unit vectors with the same numbers. (I

The characteristic polynomial of the matrix A, of the linear operator A is equal
to det(Al — A,) up to sign. Let us expand this determinant as the polynomial in A:

detM ] — A) = PN = A" =LA 4+ A2+ (=1D)'T,. (4.76)

As we have noted in Section4.2.2, the coefficients of the polynomial P, are invariants
of the operator A. All of them are functions of entries of the matrix A., but they are
invariant under every transformation of the basis. In this connection the following
notation is used: Z; = Z;(A), k = 1,2, ..., n. Using (4.73) and (4.74), we get the
following representations for the invariants Z; (A) of the operator .A by entries of the
matrix A.:

¢ a¢ . ...af.

le)qll g.tz ?,lk
L= > Qi Yt Y | k=12, ... n. (@77

iy | -

coaft . ... af .

Is11 Lks12 Lol

In particular,

Ti(A) =af, + a5+ - +a,,, L,(A) =detA,. (4.78)

Using Viete’s formulas (see Section 1.1.4, p. 14), we have
afl +a§2+-~-+a2n =A+A+-F+A, detA, =Ahy Ay, 4.79)

where A1, Ay, ..., A, are the characteristic values of the operator A. Generally, Z; (A)
is the sum of all products of k distinct characteristic values of the operator A.
Every square matrix A = {a;;}} ;_, generates a linear operator in C" defined
by the matrix—vector multiplication rule (4.5), p. 95. Hence it is possible to assign
the numbers Z; (A), k = 1, 2, ..., n (calculated by formulas (4.77), where afj are
replaced with a;), to each square matrix. Evidently, these numbers are invariant under
similarity transformations, and therefore, they are called invariants of the matrix A.

Theorem 4.20 Let A be an operator acting on a finite-dimensional space X,,. Then
there exists a positive number gy such that if |e| < egande # 0, then the operator A+
el is invertible.

The proof of Theorem 4.20 is left to the reader.

The number 7, (A) = af, + a5, +--- +a., = A + Ay +--- + A, is called the
trace of the operator A and is denoted by tr(A).
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The following equality holds:
tr(a A + BB) = atr(A) + Btr(B). (4.80)

Here A, B are linear operators in a finite-dimensional linear space, and «, 8 are
complex numbers. Let A : X, — X,,, B : X,, — X,,. Then

tr(AB) = tr(BA). (4.81)

Equality (4.80) follows immediately from the definition of the trace of a linear oper-
ator. Equality (4.81) is verified by direct calculation of the sums of diagonal elements
of the matrices of operators defined on the left-hand side and right-hand side of (4.81).

Let A, B be arbitrary linear operators acting on a finite-dimensional vector space.
The reader can prove that the characteristic polynomials of the operators A5 and B.A
coincide. Hint: if the operator A is nonsingular, the result follows from the similarity
of the matrices of the operators A and B.A. In the general case, it is useful to apply
Theorem 4.20.

4.2.5 Invariant Subspaces of an Operator in a Real Space

Let A be a linear operator acting on the real space X,,. Then the matrix A, of the
operator A is real with respect to every basis &,. The characteristic equation (4.53)
for the matrix A, is a polynomial equation with real coefficients. This equation has,
generally speaking, both real and complex roots.

If X is a real root of Eq. (4.53), then the system of equations

(A, —ADH§ =0 (4.82)

has a nontrivial real solution &, and for x = &,&, the equality Ax = Ax holds, i.e.,
x is an eigenvector of the operator A. Therefore, all real characteristic values of the
matrix A, are eigenvalues of the operator A.

If equation (4.53) has no real root, then the system of equations (4.82) has no
nontrivial real solutions. Hence if all roots of equation (4.53) are complex, then the
operator A does not have eigenvectors. Therefore, there can exist linear operators
acting on a real space that have no one-dimensional invariant subspaces.

There is a two-dimensional invariant subspace of the operator A corresponding
to every complex characteristic value of the matrix A,. In fact, if A = o + i is
a complex characteristic value of the matrix A,, then det(A, — AI) = 0, and the
system of equations

(Ae —ADE =0 (4.83)
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has a nontrivial complex solution § = ¢ +in. Here ¢ and n belong to R". The matrix
A, is real, and thus writing system (4.83) in terms of the complex solution, we get

Al +iAn = (0 +iB)(¢ +in) = ol — By + (B¢ + an).

Equating the real and imaginary parts of the last equation, we obtain

Al =al — fn,
Aen = B¢ +an.
Ifx =¢&,¢and y = &, n, then
Ax = ax — By, (4.84)
Ay = Bx + ay. (4.85)

Denote by L the subspace of the linear space X,, spanned by x and y. Suppose
that z € L, which means that 7 = yx + 3y for some y, § € R. Then Az € L. Indeed,

Az = y Ax +8Ay = y(ax — By) +8(Bx +ay) =
=(ay + BS)x + (xé — By)y € L.

Therefore, L is an invariant subspace of the operator A.

To complete the proof, the reader can show that the vectors x and y that satisfy
relationships (4.84), (4.85) are linearly independent, i.e., the subspace L is two-
dimensional.

The reader can easily prove that if a linear operator .4 acts on the real space X,
and a subspace L,, C X, is invariant under A and has dimension m > 2, then the
operator A has either a one-dimensional or a two-dimensional invariant subspace of
the subspace L,,.

4.2.6 Nilpotent Operators

A linear operator A acting on a finite-dimensional space X, is called nilpotent if A1 =
0 for some integer ¢ > 1. The smallest such ¢ is called the index of nilpotency of the
operator A. The definition of a square nilpotent matrix is similar.

Using (4.16), p.99, we see that A7 = £~ A9€. Therefore, if an operator A is
nilpotent, then its matrix with respect to every basis is nilpotent of the same index.
Conversely, if the matrix of an operator is nilpotent, then the operator is nilpotent of
the same index.
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Theorem 4.21 An operator A is nilpotent if and only if all its eigenvalues are equal
to zero.

Proof Let A be a nilpotent operator of index ¢ and let (A, x) be an eigenpair of the
operator A. Then Ax = Ax. Therefore, A7x = A9x. We have assumed that A7 = 0,
and hence A?x = 0, but x # 0. Thus A = 0. Conversely, suppose that all eigenvalues
of the operator A are equal to zero. Then the characteristic equation of the operator .A
has the form A" = 0, and by Theorem 4.16, p. 117, we get A" = 0. O

The following corollary is obvious.

Corollary 4.3 The index of nilpotency of a nilpotent operator acting on an n-
dimensional space is less than or equal to n.

Let A : X, — X, be a nilpotent operator of index ¢g. Then evidently, there
exists a vector xo € X,, such that 47~ 'xy = 0. The reader can easily prove that the
vectors xg, Axg, ..., A7 xy are linearly independent.

4.2.7 The Triangular Form of the Matrix of an Operator

Theorem 4.22 For each operator A acting on the complex space X, there exists a
basis such that the matrix of A with respect to this basis is triangular, the eigenvalues
of A forming the main diagonal of this matrix.

The proof of Theorem 4.22 is based on the following result.

Theorem 4.23 (Schur’s’ theorem). Let A be an n x n matrix. Let ©i, A, ..., Ay
be its characteristic values numbered in arbitrary order. Then there exists a unitary
matrix U such that

U'AU =T, (4.86)

where T is an upper triangular matrix of the form

At .. Ty

T — 0 X ... ty (4.87)
......... th—1n
0 0. M

Proof Denote by u; an eigenvector of the matrix A corresponding to the eigen-
value 1. Every eigenvector is defined up to a scalar multiplier. Hence we can assume
that |u;| = 1.'° Let us construct an orthonormal basis {ux};_, of the space C" con-
taining u; (see Section3.2, p. 71). Denote by U; the matrix with columns consist-
ing of the elements of the vectors {u;};_,. Taking into account that Au; = Aju;
and (up,u;) =0fork =2,3,...,n, we get

9Issai Schur (1875-1941) was a German mathematician.
101y this subsection we use only the standard inner product on C”.
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* _ Al ox
UAU, = (O Al)' (4.88)

The right-hand side of this equality is a block 2 x 2 matrix. The first diagonal block
of this matrix consists of the number 1 only. The second diagonal block is a square
matrix of order n — 1. The block in location (2, 1) is a zero (n — 1)-dimensional
column. The block in location (1, 2) is an (n — 1)-dimensional row with nonzero,
generally speaking, elements. Analogous notations will be used in the proof below.
The matrix U A U, is similar to A; hence (see Theorem 4.15, p. 117)

o(UFAU)) =0 (A).

Using (4.88) and expanding the determinant det(A/ — U A Uy) in terms of the first
column, we get 0 (UfA U;) = A1 U o (Ay). Therefore,

O'(Al) = {)»2, ey )»,1}.

By analogy with U,, we can construct a unitary matrix U, such that

0 A,

10
e (00)

Then V; is a unitary matrix of order n. By elementary calculations,

Uz AU, = (Az * ) . (4.89)

Let

Aok X
Vz*Ul*AU1V2= 0 Ay %
00 A,
Continuing this process, we can construct unitary matrices V3, ..., V,,_; such that the

matrix

L VSUFAU NV, -V
is an upper triangular matrix with the numbers A, A5, ..., A, on the main diagonal. Let
U=UV,---V,_;. Then U is a unitary matrix, since it is represented as a product
of unitary matrices (see Section1.2.7, p. 48), and U* = V', - - - V,*U;". Therefore,
the matrix T = U*A U has the form (4.87). O

Arguing as above, we see that there exists a unitary matrix V such that

V*AV =L,
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where L is a lower triangular matrix, and all characteristic values of A form the main
diagonal of L.

Remark 4.1 From the proof of Schur’s theorem, we see that if a matrix A is real and
all its characteristic values (and hence all eigenvectors) are real, then the matrix U
in (4.86) can be chosen as a real unitary matrix, in other words, as an orthogonal
matrix.

Proof of Theorem 4.22. Let A be a linear operator acting on the space X,,, and let
Fu = {fi}i_, be an arbitrarily chosen basis in X,,. Then AF, = F, A, where A is
the matrix of the operator .4 with respect to this basis (see (4.11), p. 99). Using Schur’s
theorem, we see that there exists a unitary matrix U such that Ay = UTU*, where
T is a matrix of the form (4.87), A1, A5, ..., A, are characteristic values of A/ (i.e.,
eigenvalues of A). Hence, AF, = F,UTU*. Therefore, we get AF, U = F,UT.
Let & = F,U. Then AE, = &,T. Thus T is the matrix of the operator 4 with
respect to the basis &,. O

Remark 4.2 1f the space X, is unitary and the basis F, is orthonormal, then the
basis &, is also orthonormal.

The matrix T that appears in Theorem 4.22 is usually called the Schur form of
the matrix of the operator. The following simplification of the matrix of an operator
is often useful.

Theorem 4.24 Let A be a square matrix of order n, let Ay, Ay, ..., A; be distinct
characteristic values of A having multiplicities ny, ny, ..., ng, respectively, where ny+
ny + - -+ + ny = n. Then there exists a nonsingular matrix S such that

T, 0
T,
STTAS = , (4.90)
0 Tx
is a block diagonal matrix, and each diagonal block T; is an upper triangular matrix
ofordern;,i = 1,2, ..., k. All diagonal elements of each block T; are identical and
equal to A;.

Proof At the first stage, using Schur’s theorem, we transform the matrix A to an
upper triangular matrix 7 by a unitary similarity transformation. We can order the
characteristic values on the diagonal of the triangular matrix 7" according to the
statement of the theorem, i.e., the first n; numbers of the diagonal are equal to 1,
the next n, numbers are equal to X, and so on. To complete the proof, it is enough to
transform the matrix 7 to the form (4.90) by a similarity transformation. We construct
this transformation as a result of a sequence of elementary similarity transformations.
Let us write the above-mentioned upper triangular matrix 7" in the block form
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(T T2
r= ( ).
Here T, is an upper triangular matrix of order n; each of whose diagonal elements

are equal to Ay, and 75 is an upper triangular matrix of order n — n; none of whose
diagonal elements is equal to A;. We consider the upper triangular matrices of the

form
I, P I, —P
( O [nnl) ’ ( 0 [nnl) ’ (4.91)

where 1I,,,, I,_,, are the identity matrices of orders ny, n — n, respectively. Using
elementary calculations, we see that matrices (4.91) are mutually inverse. Now we
find the matrix P such that the following equality holds:

I, P T T\ (I, =P\ _(Tu O
(O Innl) ( 0 T22) (O Infnl N 0 T22 ' (492)
Clearly, the equality (4.92) is true if the matrix P is a solution of the following

equation '
PTy, =T\, P = —T,. (4.93)

Equation (4.93) is a system of linear algebraic equations for the elements of the
matrix P. Let us check that the corresponding homogeneous system

PTy —-T,P=0 (4.94)

has the trivial solution only. Indeed, we can rewrite Eq.(4.94) in the equivalent
form P(Ty — Ai1y—n,) = (T11 — A11,,) P. Obviously, the matrix Ty — Ay 1,—p, is
nonsingular. Hence, P = (T11 — A1, ) P (T, — Alln_,,l)’l. Therefore,

P = (T — ML) P((Tr — A Iy—p,) D4

for all integers ¢ > 1. By construction, the matrix Tj; — A1, is nilpotent, and
there exists an integer ¢ > 1 such that (71, — A11,,)? = 0. Hence P = 0. Thus
a transformation of the form (4.92) exists. In the following steps of the proof we
construct analogous transformations, which successively reduce the orders of the
blocks of the transformed matrix. Arguing as in the proof of Theorem 4.23, as a
result we get relationship (4.90). [

Using Theorem 4.24, the reader can easily prove the following result.

Theorem 4.25 For each operator A acting on the space X,, there exist invariant
subspaces M and N such that X,, = M @ N, the restriction of the operator A to
the subspace M is a nilpotent operator, and the restriction of the operator A to the
subspace N is an invertible operator.

“Equation (4.93) is a Sylvester equation; see, for example, [23, p. 170], [59, 66].
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Below is a useful example of applications of Schur’s theorem.

Theorem 4.26 Let A = {a;;}} ;_, be an arbitrary square matrix. For every ¢ > 0,

there exists an invertible diagonalizable matrix A, = {a[-(f) }i j=1 such that

max |a; —a’”| <e. (4.95)
1<i,j<n J

Proof Using Theorem 4.23, we represent the matrix A in the form A = UTU¥,
where U is a unitary matrix and 7 is an upper triangular matrix. Without loss of
generality we can assume that the diagonal elements of the matrix 7 are ordered in
the following way:

)\],)xl,...,)L],)\.z,)nz,...,)\.2,...,)\.1(,)\.1(,...,)xk.
Here each characteristic value of the matrix A is repeated according to its multiplicity.

Denote by 7, the upper triangular matrix that differs from the matrix 7 only by the
diagonal elements, which are equal to the following numbers:

A,l —|—1/m, )\.1 + 1/2m, ey A,l +1/n1m,
M+ 1/m, M+ 1/2m, ..., Ay 4+ 1/noym, ...,
A+ 1/m, M+ 1/2m, ..., A+ 1/ngm,

where n; is the multiplicity of A;,i = 1,2,...,k,m > 1. Let A,, = UT,U*. Itis
easy to see that all diagonal elements of the matrix 7;, for large enough m are nonzero
and distinct. Therefore, all characteristic values of the matrix A,, are nonzero and
distinct. This means that for all large enough m, the matrices A,, are invertible and
diagonalizable. Further, A — A,, = U(T — T,,)U*. Hence

max |a;; —a’”| < c¢/m,
1<i,j<n - J

where c is a constant depending only on # and on the elements of the matrix U. Thus
for every ¢ > 0, we get (4.95) for large enough m. O

We can say that the sequence of the matrices {A,,}5_; converges to the matrix A.

4.2.8 The Real Schur Form

Theorem 4.27 Let A be a real square matrix of order n > 1. There exists an
orthogonal matrix Q such that A = QT T Q, where T is a block upper triangular
matrix. The diagonal blocks of the matrix T are square matrices of order one or two.
The set of all characteristic values of the second-order blocks coincides with the set
of all complex characteristic values of the matrix A.
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Proof 1f all characteristic values of the matrix A are real, then this theorem immedi-
ately follows from Theorem 4.23 (see Remark 4.1). Therefore, we assume that among
the characteristic values of the matrix A there exists a complex number A = « + 1.
As we have seen in Section4.2.5, p. 126, a two-dimensional invariant subspace of
the matrix A in the space R" corresponds to this number. Let g;, g, be a basis of this
subspace. Suppose that this basis is orthonormal with respect to the standard inner
product on the space R”. Then

Aqi = angi + o192, Agr = g + ang. (4.96)

o o o
B and Ty, = (%1 @12
—pu o2 022
are similar to the matrices of the same operator with respect to the different bases.
Therefore, they have the same characteristic values A and A. We can join the vectors g,
¢> to some vectors to complete a basis {gx};_, of the space R". Denote by O the

matrix whose columns are the vectors of this basis. Using equalities (4.96) and the
orthonormality of the vectors g; and ¢,, we get

T (T Ty2
Q AQ_(O Tzz)'

The completion of the proof is similar to the corresponding argumentation in the
proof of Schur’s theorem. (]

The matrices

4.3 Operators on Unitary Spaces

4.3.1 Linear Functionals

LetXbe a complex linear space. A linear map / from X into the one-dimensional
space Y = C is called a linear functional (linear form) on X. We point out that a
complex number /(x) uniquely corresponds to each vectorx € X.

Theorem 4.28 (Riesz'?). Let X, be a finite-dimensional unitary space, and | a linear
functional on X,,. Then there exists a unique vector u € X,, such that

I(x) = (x,u) forall x €X,. 4.97)

Proof First, we make sure that exactly one vector u is determined by the linear
functional /. Suppose that there is an additional vector u; € X,, such that

12Frigyes Riesz (1880-1956) was a Hungarian mathematician.
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I(x) = (x,u;) forall x e€X,. (4.98)

Then subtracting term by term (4.97) from (4.98), we get (x, u; — u) = 0 for all
x € X,,. If we put x = u; — u in the last equality, then (u; — u,u; —u) = 0,
i.e., uy = u. Let us prove the existence of a vector u defined by (4.97). Let {ex};_,

n
be an orthonormal basis for X,,, and let x = > &¢;. Since the functional / is linear,
k=1
we see that

1(x) = > &d(er). (4.99)
k=1

Putu = > I(e;)ex. Using (3.19), p. 80, we get [(x) = (x, u) foreachx € X,,. [
k=1

4.3.2 The Adjoint Operator

Let X,,, Y,,, be unitary spaces, and let A : X,, — Y, be a linear operator. A linear
operator A* : Y,, — X, is called the adjoint of A if

(Ax,y) = (x, A*y) forallx € X, and forall y € Y,,,, (4.100)

where on the left-hand side of (4.100) we use an inner product on the space Y,,,, and
on the right-hand side of (4.100) we use an inner product on X,,.

For every linear operator A : X,, — Y, there exists an adjoint of 4. Indeed, for
each fixed y € Y,,, the inner product (Ax, y) is a functional on X,,. This functional
is linear, since the operator A is linear and the inner product in the first argument is
linear too. Using Riesz’s theorem, we see that there exists a unique vector g € X,
such that

(Ax, y) = (x, g) forall x €X,.

Therefore a vector g € X,, uniquely corresponds to vector y € Y,,, and thus the map
from Y,, to X, is defined. Denote this map by .A*. Then we can write

(Ax, y) = (x, A*y) forallx € X, and forall y € Y,,. (4.101)
We assert that the map A* is linear. In fact, if y;, y € Y, o, 8 € C, then

(Ax, ayi + By2) =a(Ax, y1) + B(Ax, y2)

=a(x, A*y) + Bx, A*y) = (x, aA*y1 + BA ).
(4.102)
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On the other hand, by the definition of A* we have
(Ax, ayr + By2) = (x, A*(ay1 + By2)). (4.103)

In (4.102) and (4.103) the vector x € X, is arbitrary. Therefore, comparing (4.102)
and (4.103), we see that

A*(ayr + By2) = a A"y + BA"y,.
The reader can easily prove that for each linear operator A there exists exactly

one adjoint of A.
By the definition of the adjoint operator we obviously have

(AH* = A.
It is easy to see that
(AB)* = B* A* (4.104)
and B
(¢ A+ BB =aA" + B* (4.105)

for all operators A, 5 and «, 8 € C, and also that if an operator A is invertible, then
the adjoint .A* is invertible too, and

(A= hH" (4.106)

If the space Y, is unitary, then there exists a useful formula for calculating the
matrix of an operator A : X,, = Y,,. Let &, be a basis of X,,, Q,, a basis of Y,,, and
G, = {(g;, qi)}?f =1 the Gram matrix corresponding to the basis Q,,. Consider the
matrix

(Aelv QI) (AEZﬂ 41) (Aena C]l)
(Aer, q2) (Aez, q2) ... (Aey, q2)

(Aels qm) (AEZa qm) cee (Aenv Qm)

Gy =

Then
Gao=GyA,. 4.107)

Indeed, calculating the inner products of both sides of equation (4.9), p. 98, with ¢,
we get

(Aei.g) =D alP(qj.q). i=12....n1=12_..m (4108

ji
j=1
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Formula (4.107) is the matrix form of equality (4.108). The Gram matrix G, is
nonsingular, since Q,, is a basis. Therefore,

Ay =G,'G 4. (4.109)
If the basis Q,, is orthonormal, then G, = I and
Ay =Gau. (4.110)

If both spaces Y,, and X,, are unitary and A* : Y,, — X, is the adjoint of the
operator A, then as above,
Gy = GeAZe, 4.111)
where G, is the Gram matrix of the basis &,, A;e is the matrix of the operator A*
with respect to the bases Q,,, &,, and

(A*qr,er) (A*qa, er) ... (A*qu, e1)
(A*q1,ex) (A*qa, e2) ... (A*qp, €2)

(A*q1, en) (A*qa, en) ... (A*Gu, €)

G =

Since (A*qi, e;) = (gi, Aej) = (Aej, qi), we see that the matrices G 4 and G 4-
are mutually adjoint. Hence, using (4.107), we get G 4+ = (A.y)* Gy, and because
of (4.111), the following equality holds:

A, =G (A)*G,. (4.112)
Formula (4.112) shows the relationship between the matrices of operators A and A*.

In particular, if the bases &, and Q,, are orthonormal, then the matrices of the oper-
ators A and A* are mutually adjoint.

4.3.3 Linear Equations in Unitary Spaces

Theorem 4.29 Let X,,,Y,, be unitary spaces. Every linear operator A: X, — Y,
determines an orthogonal decomposition

Y,, = Ker(A*) & Im(A) (4.113)

of the space Y.

Proof Suppose that y € Im(A), y; € Ker(A*). Then there exists x € X, such
that y = Ax; hence
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v, y1) = (Ax, y1) = (x, A"y;) =0,

i.e., y is orthogonal to Ker(A*). If the vector y € Y, is orthogonal to Im(A),
then (y, Ax) = 0 for every x € X,,, and (A*y, x) = 0 for every x € X,,. There-
fore, A*y = 0, i.e., y € Ker(A*). These arguments show that Im(.4) is the orthog-
onal complement of Ker(A*). Thus, using Theorem 3.12, p. 91, we see that equal-
ity (4.113) holds. a

Obviously, the following decomposition holds too:
X, = Ker(A) & Im(A*). (4.114)

Theorem 4.30 Suppose that a linear operator A maps a finite-dimensional unitary
space X, into a finite-dimensional unitary space Y,,. Then

rank(A) = rank(A"). (4.115)

Proof The operator A realizes an isomorphism between Im(A*) and Im(.A). Indeed,
using (4.114), for every x € X,,, we get Ax = Ax;, where x; € Im(A*), i.e., each
element of Im(.A) is the image of an element of Im(A*). Suppose that Ax" = Ax" for
distinct elements x’, x” of Im(A*). Then A(x’ — x”) =0, and (x’ — x”) € Ker(A).
Since Im(A*) is a linear subspace, we see that (x" — x”) € Im(A*). Using (4.114)
again, we have x’ —x” = 0. Hence the finite-dimensional spaces Im(.A) and Im(.A*)
are isomorphic. Thus (see Theorem 4.3, p. 97) they have the same dimension. [

An immediate consequence of Theorem 4.29 is the following.

Theorem 4.31 (Fredholm’s theorem). Let X,,, Y,, be unitary spacesand A : X,, —
Y, a linear operator. A linear equation

Ax =y (4.116)

has a solution if and only if the vector y is orthogonal to each solution z of the
homogeneous equation A*z = 0.

Note here that Theorems 4.12, p. 109, and 4.13, p. 109, can be proved on the basis
of Fredholm’s theorem.

Using the decomposition (4.114) and arguing as in the proof of Theorem 4.30,
the reader can prove that if the linear equation (4.116) is solvable, then the set of
all its solutions contains a unique element xy with minimal length. The element xg
is called the normal solution of equation (4.116). It is easy to see that the vector xg
belongs to Im(.A*).
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4.3.4 Pseudosolutions. The Tikhonov Regularization Method

Suppose that a linear operator .4 maps a unitary space X,, into a unitary space Y,,. Let
y be a fixed element of Y,,, and x an arbitrary element of X,,. Then the vector Ax — y
is called the residual corresponding to the Eq. (4.116). The real-valued function

F(x) = |Ax —y|?

defined on the space X,, is called the residual functional. If Ax # y,1i.e., the vector x
is not a solution of equation (4.116), then F(x) > 0. Itis important to find a vector x
that minimizes the residual functional.

A vector x € X, minimizing the residual functional is called a pseudosolution
of equation (4.116).'3 If equation (4.116) is solvable, then each of its solutions is a
pseudosolution.

A pseudosolution of equation (4.116) exists for every y € Y,,. Indeed, using
(4.113), we can write y = y; + yo, where y; € Im(A), yo € Ker(A*). Then for
every x € X, the vector Ax — y; belongs to Im(.A). Hence

F(x) = [Ax — yi]* + |yol*.

Evidently, the minimum of the function F is equal to |yo|*> and is achieved at the
vector x that is a solution of the equation

Ax = y,. 4.117)

Equation (4.117) is solvable, since y; € Im(.A). The normal solution x, of (4.117) is
called the normal pseudosolution of equation (4.116).

We can write Axo = Py, where P is the operator of the orthogonal projection of
Y, onto Im(.A). As we have seen in the proof of Theorem 4.30, the operator A realizes
an isomorphism between Im(.A*) and Im(A). Therefore, there exists a linear operator
A" :Y,, = X, such that xo = A"y, where xq is the normal pseudosolution of the
equation Ax = y for a given y € Y,,. The operator A" is called the pseudoinverse
of A. It is easy to see that if the operator A is invertible, then AT = A~

For every y € Y,,, the equation

A*Ax = A*y (4.118)

is solvable, and every solution of (4.118) is a pseudosolution of equation (4.116).
Indeed, since A*y, =0, we see that equation (4.118)is equivalent to the equation

A*(Ax — y;) = 0. (4.119)

13The problem of calculating the pseudosolution is often called the linear least squares problem.
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Equation (4.119) is solvable because each solution of (4.117) is a solution of equa-
tion (4.119). Conversely, if x is a solution of equation (4.119), then the vector Ax — y;
belongs to Ker(A*), and by (4.113), it is orthogonal to Im(.A). On the other hand,
Ax — y; € Im(A). Thus Ax — y; = 0, i.e., x is a solution of equation (4.117).

We say that the original equation (4.116) is reduced to Eq. (4.118) by the Gauss
transformation. The Gauss transformation of a linear equation leads to a solvable
equation.

The Tikhonov'* regularization method can be used for the practical construction of
the normal pseudosolution of equation (4.116). Along with the residual functional,
consider the so-called regularizing functional (the Tikhonov functional):

Fy(x) = F(x) +alx* = |Ax — y|* + a|x|*. (4.120)

Here « is a positive number called the regularization parameter.

Theorem 4.32 For every positive a, there exists a unique vector x, minimizing the
functional F, on the space X,,. The limit of x, as « — 0 exists and is equal to the
normal pseudosolution xo of Eq.(4.116).

Proof Consider the following equation:
A*Ax + ax = A*y. (4.121)

Equation (4.121) has a unique solution x, € X, for every y € Y,,. Indeed, if x is
a solution of the homogeneous equation corresponding to (4.121), then calculating
the inner products of both sides of the corresponding homogeneous equation with x
yields |Ax|*> + a|x|*> = 0. Hence x=0, since @ > 0. Using the equality A*y =
A* Ax, + axy, by elementary calculations we obtain

Fo(x) = (Bo(x — x0), X — Xxo) + (3, y) — (BaXa, Xo),

where B, = A*A + «al. Since (B, (x — x4), x — Xx4) > 0 for every x # x,, we see
that x, is the unique minimum point of the functional F,. Therefore,

Fo(xa) = |Axg = 11> +1yol* +alxe* < [Ax—yi P+]yol*+alx|* forall x € X,.
If we take here x = xg, then
|Axy — 11 + alxe|? < alxol?. (4.122)

This implies that |x,| < |xo|, and hence by the Bolzano—Weierstrass theorem (see
a calculus textbook), we can find a sequence oy — 0 and a vector x, € X, such

14 Andrei Nikolaevich Tikhonov (1906-1993) was a Soviet and Russian mathematician.
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that xo, — x. as ax — 0. From (4.122), it follows that Ax, = y;. The normal

pseudosolution is unique. Therefore, x, = x¢. Using the uniqueness of the normal
pseudosolution again, we see that x, — x as « tends to zero in any manner. ]

4.3.5 Self-adjoint and Skew-Hermitian Operators

A linear operator A : X, — X, is called self-adjoint (Hermitian) if A* = A, in
other words, if

(Ax, y) = (x, Ay) forall x,y € X,. (4.123)
A linear operator A : X,, — X, is called skew-Hermitian if A* = — A, i.e.,
(Ax,y) = —(x, Ay) forall x,y e X,. (4.124)

The reader can easily prove that if an operator A is self-adjoint, then the inner
product (Ax, x) is real for all x € X,,; if an operator A is skew-Hermitian, then the
inner product (Ax, x) is imaginary for all x € X,,.

Since the matrices of operators A and .4* with respect to any orthonormal bases are
mutually adjoint (see Section4.3.2), we see that the matrix of a self-adjoint operator
with respect to an orthonormal basis is Hermitian, and the matrix of a skew-Hermitian
operator is skew-Hermitian.

Theorem 4.33 [f the matrix of an operator A with respect to an orthonormal basis
is Hermitian, then the operator A is self-adjoint; if the matrix of an operator A
with respect to an orthonormal basis is skew-Hermitian, then the operator A is
skew-Hermitian.

The proof of Theorem 4.33 is left to the reader.
Theorem 4.34 Each operator of the orthogonal projection® is self-adjoint.

Proof Let P be an operator of the orthogonal projection of a unitary space X onto
a subspace L C X, and let x and y be arbitrary elements of the space X. By def-
inition, x = Px + x,, y = Py + y,, where the vectors x; and y, are orthogonal
to L. Hence, (Px, y) = (Px, Py). Similarly, we have (x, Py) = (Px, Py). There-
fore, (Px,y) = (y, Px). O

Theorem 4.35 [f an operator A is self-adjoint and A*> = A, then the operator A is
the operator of the orthogonal projection.

The proof of Theorem 4.35 is left to the reader.

Arguing exactly as in Section 1.2.7, p. 48, it is easy to verify that every operator
can be uniquely represented in the form

13See the definition on p. 94.
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A =H; +1Hs, (4.125)

where i is the imaginary unit, and
1 * 1 *
Hi=-(A+AY), Ho=—(A-A)
2 2i

are self-adjoint operators.

Theorem 4.36 Let A be a linear operator acting on the unitary space X,,. If
(Ax,x) =0 forall x € X,, (4.126)

then A = 0.

Proof Assume first that A is self-adjoint. Then for all x, y € X, the following
equality holds: (A(x +y),x +y) = (Ax, x) + (Ay, ¥) + 2Re(Ax, y). Combining
this with (4.126), we get Re(Ax, y) = 0. The last equality holds for every y € X,,.
Hence we canreplace y by iy, but Re(Ax, iy) = Im(Ax, y). Therefore, (Ax, y) =0
for all x,y € X,. If we put y = Ax, we obtain |Ax| = O for every x € X,,, i.e.,
A = 0. So the theorem is true for self-adjoint operators. Let now A be an arbitrary
operator. If (Ax, x) = 0, then using (4.125) and considering the self-adjointness of
Hy, Ha, we get (Hijx,x) = 0, (Hyx,x) = 0 for every x € X,,. Hence, using the
self-adjointness of the operators H; and H, again, we see that H;, H, = 0. O

Lemma 4.5 Let A be a linear operator acting on the unitary space X,,. If the inner
product (Ax, x) is real for all x € X,,, then A is self-adjoint.

Proof If (Ax, x) isreal, then (A*x, x) = (x, Ax) = (Ax, x),and (A*—A)x, x) =
0 for every x € X,,. Therefore, using Theorem 4.36, we see that 4* — A =0. O

The following lemma is proved similarly.

Lemma 4.6 Let A be a linear operator acting on the unitary space X,,. If the inner
product (Ax, x) is imaginary for all x € X,,, then A is skew-Hermitian.

Thus we have the following theorem.

Theorem 4.37 Let A be a linear operator acting on the unitary space X,,. The
operator A is self-adjoint if and only if the inner product (Ax, x) is real for all
vectors x € X,; A is skew-Hermitian if and only if the inner product (Ax, x) is
imaginary for all x € X,,.

It follows from Theorem 4.37 that all eigenvalues of each self-adjoint operator
are real and all eigenvalues of each skew-Hermitian operator are imaginary. Indeed,
if (x, 1) is an eigenpair of the operator A, then (Ax, x) = A(x, x).

The reader can easily prove now that the determinant of every self-adjoint operator
is real.
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4.3.6 Positive Definite and Positive Semidefinite Operators

A self-adjoint operator A : X,, — X, is called positive semidefinite if

(Ax,x) >0 forall x € X,,. (4.127)

A self-adjoint operator A : X,, — X,, is called positive definite if

(Ax, x) > 0 for all nonzero x € X,,. (4.128)

A Hermitian matrix A of order n is called positive semidefinite if

(Ax,x) = D ajjx;% >0 forallx € C". (4.129)

ij=1

A Hermitian matrix A of order n is called positive definite if

(Ax, x) = Z a;jx;%; > 0 for all nonzero x € C". (4.130)
ij=1

In the rest of this subsection we give without proof some useful properties of

positive definite operators and matrices. The proof of the following properties is left
to the reader.

1.

2.

oW

The equality (x, y)4 = (Ax, y) defines an inner product on the space X,, for
every positive definite operator A : X,, — X,,.

For every operator A : X,, — X, the operator A*A is self-adjoint and positive
semidefinite. If A is invertible, then A* A is positive definite.

Let A be a linear operator acting on the unitary space X,,. If the operator A + A*
is positive definite, then the operator A is nonsingular.

The matrix of a positive definite operator with respect to an orthonormal basis is
positive definite.

All elements of the main diagonal of a positive definite matrix are positive.

The Gram matrix of a set of vectors in a unitary space is positive semidefinite.
The Gram matrix of a set of vectors is positive definite if and only if the set of
vectors is linearly independent.

4.3.7 Unitary Operators

An operator A : X,, — X, is called unitary if

AA*=A"A=1 (4.131)
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The proof of the following properties of unitary operators is left to the reader.

1. Anoperator A : X,, — X, is unitary if and only if its matrix with respect to every
orthonormal basis of X,, is unitary (see p. 49).

2. The modulus of the determinant of a unitary operator is equal to one.

3. The product of two unitary operators is a unitary operator.

If an operator A is unitary, then we have (Ax, Ay) = (x, A*Ay) = (x, y) for
all x, y € X,,, i.e., a unitary operator does not change the inner product of vectors.
Hence it does not change the length of vectors.

Conversely, if a linear operator does not change the inner product of vectors in X,,,
then this operator is unitary. Indeed, taking into account the equality (Ax, Ay) =
(x, y), we obtain (x, A*Ay) = (x, y). Since the last equality holds forall x, y € X,,,
we see that

A" A=1 (4.132)

We prove that the equality AA* = I holds too. From (4.132) it follows that the oper-
ator A is invertible. Then, using left multiplication of both sides of equality (4.132),
by A and then right multiplication by A~!, we obtain AA*=1.

Now the reader can easily prove that if |Ax| = |x| for all x € X, then the
operator A is unitary.

Thus a linear operator A : X, — X, is unitary if and only if it does not change
the length of every vector in the space X,,.

The modulus of every eigenvalue of a unitary operator is equal to one. Indeed, if
Ax =Ax, x # 0, then since |Ax| = |x| for every unitary operator (see Section4.3.7),
we get |A||x] = |Ax| = |x|, i.e., |A]| = 1.

Let us point out the following useful corollary. Its proof is obvious.

Corollary 4.4 All eigenvalues of a Hermitian matrix are real; all eigenvalues of a
skew-Hermitian matrix are imaginary; the modulus of every eigenvalue of a unitary
matrix is equal to one.

4.3.8 Normal Operators

A linear operator A acting on a unitary space X, is called normal if
AA* = A" A.

Evidently, self-adjoint operators, skew-Hermitian operators, and unitary operators
are normal. An operator is normal if and only if its matrix with respect to every
orthonormal basis of the space X,, is normal (see the definition of a normal matrix
on p. 50).

Theorem 4.38 Let A:X,, — X, be a normal operator. Then Ker(A) =Ker(A*).
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Proof Suppose that Ax = 0. Then

0= (Ax, Ax) = (A*Ax, x) = (AA*x, x) = (A*x, A*x),
and hence A*x = 0. The same calculations show that if A*x = 0, then Ax=0. O

Theorems4.29 and 4.38, p. 136, immediately imply the following corollary.

Corollary 4.5 Let A : X,, — X,, be a normal operator. Then
X, = Ker(A) & Im(A) = Ker(A") & Im(A*), Im(A) = Im(A").

Theorem 4.39 Let A : X, — X, be a normal operator and (x, }) an eigenpair
of A, i.e., Ax = Ax. Then (x, \) is an eigenpair of the operator A*.

Proof Tt is obvious that if an operator .A is normal, then for each A € C, the opera-
tor A — [ is normal too, and (A — AI)* = A* — AI. If we combine this equality
with Theorem 4.38, we get Ker(A — A1) = Ker(A* — A1). O

Theorem 4.40 FEigenvectors of a normal operator with distinct eigenvalues are
mutually orthogonal.

Proof Let A be a normal operator, and let Ax = Ax, Ay = wuy, where A # L.
Then A(x, y) = (Ax, y) = (x, A*y). By Theorem 4.39, it follows that A*y = y;
hence (x, A*y)=u(x, y). Thus, A(x, y) =pu(x, y), and (x, y) = 0, since A#u. O

Theorem 4.41 Let A be a linear operator acting on the space X,,. There exists an
orthonormal basis {ex}i_, C X,, such that Aey = hxex, k = 1,2, ..., n, ifand only
if the operator A is normal.

Proof Necessity The matrices of mutually adjoint operators with respect to an ortho-
normal basis are mutually adjoint (see Section4.3.2, p. 133). Hence if

A, =diag(Ai, Ao, ..oy Ay)
is the matrix of the operator A with respect to the orthonormal basis {e};_,, then
AF = diag(hi, Aoy -+, An)
is the matrix of the operator A* with respect to the same basis. The matrix of the
product of two operators is equal to the product of the matrices of those operators
(see Section4.1.5, p. 98), and diagonal matrices are permutable. Therefore,

(A"A)e = AA, = A A7 = (AAY),,

and thus A* A = AA*, i.e., the operator 4 is normal.
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Sufficiency. Let (ey, A1) be an eigenpair of A. Suppose that |e;| = 1. By
Theorem 4.39, it follows that (eq, ):1) is an eigenpair of the operator A*. Denote
by L,,—; the subspace of all vectors in X,, that are orthogonal to ;. The subspace L,,—;
is invariant under the operator A. Indeed, if x € L,_, i.e., (x, e;) = 0, then we
get (Ax, e;) = (x, A*e;) = A1 (x, ;) = 0. Therefore, using Corollary 4.1, p. 116,
we see that there exist a normalized'® vector e, € L,_; and a number A, such
that Ae;, = Aszes. Let now L, be the subspace of all vectors in X,, that are orthogo-
nal to both vectors e; and e,. Arguing as above, we prove that there exist a normalized
vector e3 € L,_, and a number A3 such that Ae; = Azes;. Continuing this process,
we construct an orthonormal set of vectors {e;};_, C X, such that Ae; = ey,
where k =1,2,...,n. O

Remark 4.3 Theorem 4.41 states that for every normal operator A there exists an
orthonormal basis such that the matrix of A with respect to this basis is diagonal,
and all eigenvalues of A form the main diagonal of this matrix. Thus every normal
operator is diagonalizable (see Section4.2.3, p. 121).

Remark 4.4 The following equivalent formulation of the last result is often useful.
Let .4 be a normal operator acting on the space X,,. Denote by A1, Ay, ..., Ag, k < n,all

distinct eigenvalues of Aand by L,,,i = 1,2, ..., k, all corresponding eigenspaces.
Then

X, =L, ®L;,,® - D L;,, (4.133)

A=MP1 4+ 1P+ + MNPy, (4.134)

where the sums in (4.133) are orthogonal and P; is the operator of the orthogonal
projection of the space X,, onto the subspace L,, fori =1,2,...,k.

The proof of the following corollary of Theorem 4.41 is left to the reader.

Corollary 4.6 Let A be a real square matrix of order n such that ATA = AAT.
Then there exist an orthonormal'’ set of vectors &)z C C" and numbers Ay, ...,
Ay such that A&, = A&, k = 1,2, ..., n. Moreover, if the number A is real, then
we can choose the corresponding real vector &.

The proof of the following three propositions is left to the reader.

Proposition 4.1 [fall eigenvalues of a normal operator are real, then the operator is
self-adjoint. If all eigenvalues of a normal operator are imaginary, then the operator
is skew-Hermitian. If the modulus of each eigenvalue of a normal operator is equal
to one, then the operator is unitary.

Proposition 4.2 Let A and B be normal operators whose characteristic polynomials
are equal to each other. Then there exists a unitary operator Q such that B= QAQ*.

16 A5 usual, a vector x is called normalized if |x| = 1.
17With respect to the standard inner product on the space C”.
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Proposition 4.3 Let Abe anormal operator; Q a unitary operator. Then the operator
A = QAQ* is normal, and the following resolution holds:

A=MP1+ P+ -+ Py (4.135)

Here Ay, Ay, ..., A are all distinct eigenvalues of A, and 73,- = QP;Q* is the
operator of the orthogonal projection of the space X, onto the subspace QL,,,
wherei =1,2,...,k.

Theorem 4.42 Normal operators A and B are permutable if and only if they have a
common orthonormal basis that consists of their eigenvectors.

Proof Sufficiency. Let {e;};_, be a common orthonormal basis that consists of the
eigenvectors of the operators A and 3, i.e., Ae; = Arei and Be, = pyey, where k =
1,2,...,n. Then BAey=\pirer, ABey =Agurer fork = 1,2, ..., n, i.e., for each
vector of the basis, the values of the operators A8 and B.A coincide. Thus, AB = B.A.

Necessity. Let us use representation (4.133) of the space X, in the form of an
orthogonal sum of the eigenspaces of the operator A corresponding to distinct eigen-
values of A. It follows from Lemma 4.3, p. 116, that every subspace L;, is invariant
under 5. Since the operator 3 is normal, we see that in each L;, there exists an
orthonormal basis that consists of eigenvectors of the operator B. Clearly, the union
of all such bases is a basis of the space X,,, and by construction, all vectors of this
basis are eigenvectors of the operator A. O

4.3.9 The Root of a Positive Semidefinite Self-adjoint
Operator

Theorem 4.43 Let A be a positive semidefinite self-adjoint operator acting on a
finite-dimensional unitary space X, and let k > 2 be a given integer. Then there
exists a unique positive semidefinite self-adjoint operator T such that T* = A.

The operator 7 is called the kth root of the operator A and is denoted by A'/* or

by JA.

Proof Since the operator A is self-adjoint, there exists an orthonormal basis {e;}?_,
consisting entirely of the eigenvectors of .A. Let us denote the corresponding eigen-
values by Ay, A2, ..., A, and define the operator 7 by the action of this operator on
the basis vectors:

Tei=\,/)Tiei’ i=1,2,...,n.

All eigenvalues of a positive semidefinite operator are nonnegative, and hence we
can assume that all numbers /4;, i = 1,2, ..., n, are nonnegative. Obviously, the
operator 7 is self-adjoint and positive semidefinite. Moreover, we see that 7% = A,
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ie., T = A% To complete the proof, we shall show that the kth root of the opera-
tor A is unique. For this purpose, we first establish that there exists a polynomial P,
of degree m < n — 1 such that 7 = P, (A). Indeed, let Ay, Ay, ..., A,, ¥ < n, be
all the distinct eigenvalues of the operator .A. Then there exists a polynomial P,_;
of degree r — 1 such that P,_;(A;) = </A;, i =1,2,...,r."8 Hence

Pi(Aei = Py(M)es = Vhie, i=1,2,...,n,

i.e.,, P._i(A) = 7. Let U be an arbitrary positive semidefinite self-adjoint operator
such that * = A. Then

TU = P, (AU = P (UU =UP,_,U*) =UT,

i.e., the operators 7 and U are permutable. Therefore, by Theorem 4.42, these oper-
ators have a common orthonormal basis that consists of their eigenvectors. We also
denote this basis by ey, e, .. ., e, and write

Te; = pie;, Uei = lie;, i, 1; =0, i=1,2,...,n.

Hence
k k k ~k .
T e = pje;, Uei=pie, i=1,2,...,n,

but 7*=U* Therefore, i¥ = p¥, and f1; = ;i = 1,...,n. Thusd = 7. O

4.3.10 Congruent Hermitian Operators

Hermitian operators A, B : X, — X, are said to be congruent if there exists a
nonsingular operator X such that 5 = A*AX. Let n (A) be the number of positive
characteristic values of A, n_(.A) the number of negative characteristic values of A,
and ny(A) the number of zero characteristic values of .4, all counting multiplicity.
Since all characteristic values of a Hermitian operator are real, we see that n (A) +
n_(A) + no(A) = n. The inertia of A is the triple (n, (A), n_(A), ng(A)).

Theorem 4.44 (Sylvester’s law of inertia). Hermitian operators A, BB are congru-
ent if and only if they have the same inertia.

Proof Sufficiency. Let (n4, n_, ny) be the inertia of the operator .4 and

Aep = M(A)er, k=1,2,...,n, (4.136)

18The polynomial P._; can be written in an explicit form, for example using the Lagrange
interpolation formula (see p. 29).
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where ey, k = 1,2, ..., n,is the orthonormal set of all eigenvectors of A. We assume
that all eigenvalues of the operator A are ordered by increasing values such that the
first n_ eigenvalues are negative, the next n( eigenvalues are zero, and finally, the
last n eigenvalues are positive. Let us define the Hermitian operator D by the action
of this operator on the basis vectors &, = {ex};_,:

Do, — [Mk(An‘”ek, M A) #0,
€ =

ek, M(A) =0,
where k = 1,2, ..., n. Then we can write equality (4.136) in the form
DADE = ET 4, 4.137)

where T4 is a diagonal matrix. The first n_ elements of its diagonal are equal to
—1, the next n( elements are zero, and the last n, elements are equal to one. Let
9, = {¢*}{_, be an orthonormal basis in X,. We define the operator M by the
following equality:

MQ = QT 4. (4.138)

The bases &, and Q,, are orthonormal; hence there exists a unitary operator I/ such
that £ = U Q (see p. 76), and we can write (4.137) in the form

UDADUQ = QT 4. (4.139)

Comparing the left-hand sides of (4.138) and (4.139), we see that the operators A
and M are congruent. Thus all operators having the same inertia (n4,n_, ng) are
congruent to the operator M. Therefore, all of them are mutually congruent.
Necessity. We denote by L, L_, L the subspaces of the space X,, spanned by
the eigenvectors of the operator A corresponding to the positive, negative, and zero
eigenvalues of the operator A, respectively. Let us decompose the space X,, into the
orthogonal sum X,, = L, & L_ & L( (see Remark 2, p. 144). Then we see that
dim(L4) + dim(L_) + dim(Ly) = n. Denote by M, the subspace of X, spanned
by all eigenvectors of the operator 3 corresponding to all of its positive eigenval-
ues. For each x € M, x # 0, we have (Bx,x) = (AXx, Xx) = (Ay,y) > 0,
where y = X'x. This means that (Ay, y) > 0 for each y belonging to the sub-
space My = X'M,. Since X is invertible, dim(My) = d1m(M+) Obviously,
M+ﬂ(L ®Ly) = {0}; hence dim(M)+dim(L_)+dim(Ly) < n,anddim(My) <
dim(L,). Arguing similarly, we get the opposite inequality, whence dim(M,) =
dim(L,), or ny(A) = ny(B). For the same reason, we get n_(A) = n_(B),
no(A) = nQ(B) O
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4.3.11 Variational Properties of Eigenvalues of Self-adjoint
Operators

Recall that a linear operator A : X,, — X, is self-adjoint if
(Ax,y) = (x, Ay) forall x,yeX,. (4.140)

Recall also that all eigenvalues of a self-adjoint operator are real and that there exists
an orthonormal basis of the space X, consisting of the eigenvectors of the operator A.

Let A : X,, — X, be a self-adjoint operator, Ay, Ay, ..., A, the eigenvalues of A,
and {ey };_, the orthonormal basis of the corresponding eigenvectors. We assume that
the eigenvalues are ordered by increasing values:

)Vl S)"Z <)"n- (4141)

Let us point out that we consider the characteristic values of the matrix of the
operator A to be the eigenvalues of A, i.e., each multiple eigenvalue is repeated
according to its multiplicity. Therefore, generally speaking, the inequalities in (4.141)
are not strict.

Let p, g be integers such that 1 < p < g < n. Denote by L, the subspace of the
space X,, spanned by the vectors {ek}Z: . Clearly, Ly, = X,,.

Lemma 4.7 For every x € L, the following inequalities hold:
Ap(x, x) < (Ax, x) < Aq(x, x). (4.142)

Moreover, A A
p= min Wy by = max (Ax, ) (4.143)
X€Lpg, x40 (X, X) X€Lpg, x40 (X, X)

Proof For every x € L,,, we have

pq>

q q
(Ax, x) = (AZékek, Zékek)
k=p k=p
q 9 9
= (Z)Lk%'kek, Zéké%) = Z)\k|5k|2'
k=p k=p k=p

(4.144)

Evidently,

q q q q
Mo D& D &l <ag D 1a1 DD IEP = (x ),
k=p k=p k=p k=p
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and hence (4.142) holds, and for every x # O that belongs to L ,,, the following

pa»
inequalities hold:
)< (Ax, x) <3
(x, x)

We have

(Aep, ep) (Aey, e)

—_— s _— = )\.q.

(epv ep) (eq,eq)

Thus equalities (4.143) hold also. U

Obviously, the next theorem follows from Lemma 4.7.

Theorem 4.45 Foreachk = 1,2, ..., n, the following equalities hold:

o (Ax,x) (Ax, x)
A = min , Ar = max .
XLy, x40 (X, X) xe€Lly, x40 (x, x)

(4.145)

Note that Ly, = Li;_,, Lix = Lj,, . Therefore, for calculating the kth eigen-
value, we need to know all eigenvectors e; for j = 1,2,...,k — 1 or for j =
k+1,...,n. Thus formulas (4.145) are inconvenient. The next two theorems give
descriptions of each eigenvalue of the self-adjoint operator .4 without reference to

the preceding or succeeding eigenvectors.

Theorem 4.46 Foreachk = 1,2, ..., n, the following equality holds:

. (Ax, x)
A = max min .
Ry—k41 XERy i1, x£0 (X, X)

(4.146)

Here R, ;1 is an (n — k + 1)-dimensional subspace of the space X,,. The maximum
is taken over all subspaces R,_r+1 C X, of dimensionn — k + 1.

Proof Clearly,dim(R,,_i4+1) + dim(L;) = n + 1. Hence (see Corollary 3.1, p.87)
there exists a vector x # 0 belonging to R,_;+1 N L. Therefore, using (4.145),
we see that for each subspace R, i, there exists a vector x € R,_;4; such that
(Ax, x)/(x, x) < Ak. Thus for each subspace R, _;,1, we get

min —(.Ax, *) <

k-
XE€R k41, x£0 (X, X)

If we choose now a subspace R, for which

(Ax,x)

= Mk

min
XER,_41. x#£0 (X, X)

then we have proved equality (4.146). It follows from Theorem 4.45 that the desired
subspace R, _y+1 1S L. O
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Theorem 4.47 Foreachk = 1,2, ..., n, the following equality holds:

. (Ax, x)
Ay = min  max

. (4.147)
Ri x€Ry, x£0 (X, Xx)

Here Ry is a k-dimensional subspace of the space X,,. The minimum is taken over
all subspaces R, C X, of dimension k.

Proof Clearly, dim(Ry) + dim(Ly,) = n + 1 for each subspace Ry, and therefore,
we see that Ry N Ly, # {0}. By Theorem 4.45, we have

(Ax,x)

min = A,
X€Lp,, x#0 (x,x)

and hence for each subspace Ry, we get

ma (Ax, x) > M.

X
XERy, x#0 ()C, _x)

To conclude the proof, it remains to choose a k-dimensional subspace R for which

(Ax, x)
max = Ag.
xeRk, x#£0 (x, X)

Using Theorem 4.45, we see that the desired subspace is L. [

It follows immediately from (4.142) that a self-adjoint operator A is positive
semidefinite (see (4.127), p. 141) if and only if all eigenvalues of .A are nonnegative;
a self-adjoint operator A is positive definite (see (4.128), p. 141) if and only if all
eigenvalues of A are positive. Using the last statement, the reader can easily prove
the following proposition.

Proposition 4.4 If an operator A is positive definite, then det(A) > 0.

Now the reader can easily prove the Cauchy—Schwarz inequality (see Theorem 3.1,
p- 72) using the Gram matrix (see (3.7), p. 74) for a set of two vectors x, y in a unitary
space.

4.3.12 Examples of Application of Variational Properties
of Eigenvalues

Theorem 4.48 Let A, 3,C : X,, — X,, be self-adjoint operators, and let

M(A) < (A < < h(A),
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MB) < ra(B) < - < 1(B),
(€)= A(C) = -+ = 4a(0)
be eigenvalues of A, B, and C, respectively. Suppose that A = B + C. Then
AMEC) € M(A) — 2 (B) <A (O), k=1,2,...,n. (4.148)

Proof To prove this statement it is enough to note that for each arbitrarily fixed
subspace Ry of the space X,,, we have

(Ax,x)  (Bx,x) n (Cx, x)

= forall x € R;, x #0.
(x,x) (x,x) (x, x)
Since (4.142), we see that

(Cx, x)

(x, x)

<X(C) forall x €X,, x #0.

Hence
(Ax, x) (Bx, x)
max < max

a
xeRy, x#£0 (X, Xx) ~ xeRi, x#0 (X, X)

+ 1,0,

and thus

. (Ax, x) . (Bx, x)
min max < min max
R;. x€Ry, X#O (X,)C) Ry XER](,X;&O (x,_x)

+ 2, (C).

By Theorem 4.47, the last inequality is equivalent to the following:
M(A) = A (B) = 20 (C). (4.149)

Note that B = A + (—C). The eigenvalues of the operator —C are equal to —A(C),
k=1,2,...,n, and the maximal eigenvalue of —C is equal to —;(C). Therefore,
arguing as above, we get

A(B) — A (A) < —11(C). (4.150)

Combining (4.149) and (4.150), we obtain (4.148). O

The estimates (4.148) are useful, because they show how the eigenvalues of a self-
adjoint operator 53 can change if we add to B a self-adjoint operator C. It is evident
that if the eigenvalues of the operator C are small, then changes of the eigenvalues
of B are small too.

Theorem 4.49 Let A, = {a,-j}?jil be an arbitrary Hermitian matrix of order
n+1, and let A, = {a;;}} ;_, be the matrix corresponding to its leading principal
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minor of order n. Let M<h << 5»,,+1 be the eigenvalues of the matrix A, 41,
andlet oy < Xy < --- < A, be the eigenvalues of A,. Then

A

M<h<h<i < <A < hpit, (4.151)

i.e., the eigenvalues of A, 1 are interlaced with the eigenvalues of A,.

Proof In this proof we use the standard inner product on C". Let 1 < k < n. By

Theorem 4.47,

2 . (Apt1x, x)
Ak+1 =Mmin  max ——. (4.152)
Riy1 X€ERy41, x#0 (x, .x)

The minimum here is taken over all subspaces Rj.; of dimension k + 1 of the
space C™+!. Denote by R, C C" the set of all vectors in Ry such that the (n + 1)th
coordinate with respect to the natural basis is zero. Then

(Apy1x, x) - (Ayx, x)

max ——— > ax
xeRir, x#£0 (X, Xx) xeRe, x£0 (X, Xx)

To justify this inequality, it is enough to note that on the left-hand side, the maxi-
mum is taken over a broader set of vectors than on the right-hand side. Therefore,
using (4.152), we get

- . (Ant1x, x) . (Anx, x)
Ak4l =min  max -—————°>min max -——=
Riy1 X€Rpy1, x#0 (x,x) Re xeRp, x#£0 (x, Xx)

but by Theorem 4.47, the right-hand side of this inequality is equal to A;. Thus,
M1 = M forallk =1,2,...,n.
Let us now use Theorem 4.46. By this theorem,

A Appix,
Ar = max min M (4.153)
Ruto-r X€Ryi2-, x#0 (x,x)

The maximum here is taken over all subspaces R, of dimension n + 2 — k of the
space C"+1. If we narrow the set of vectors over which the minimum is taken, then
this minimum cannot decrease. Therefore, analogously to the previous case, we can
write

N (An-‘r]x’ x)
Aty = max _
Rtk XE€Rw2—k, x#£0 (X, X)
. (Anx, x)
< max min — =X (4.154)
Ruz1—k X€Ryi1—k, x#0 (X, X)
Thus inequalities (4.151) hold. O

In the same way we can prove the following more general result.
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Theorem 4.50 Let A be a Hermitian matrix of order n and A,, be the Hermitian
matrix of order m < n corresponding to a principal minor of order m of the matrix A
(see Section4.2.4, p. 121). Let A1 (A) < Ay (A) < --- < A, (A) be the eigenvalues of
the matrix A, and let L1 (A,) < A(Ap) < -+ < An(Ay) be the eigenvalues of the
matrix A,,. Then

Me(A) = M(Am) < Megn-m(A), k=1,2,....m. (4.155)

Remark 4.5 Clearly, Theorem 4.49 is the particular case of Theorem 4.50 when
m =n — 1 and A,_; corresponds to the leading principal minor of the matrix A of
order n — 1. Sometimes it is convenient to order the eigenvalues by nonincreasing
values. Then, obviously, the estimate (4.155) has the form

Menm(A) < Ae(Ap) < M(A), k=1,2,...,m. (4.156)

Theorem 4.51 (Sylvester’s criterion). A Hermitian matrix A is positive definite if
and only if all the leading principal minors of A are positive.

Proof Necessity. Take an integer k, | < k < n. If in condition (4.130), p. 141, we
putx = (x1,...,x,0,...,0) = (»,0,...,0), where y is an arbitrary vector in Ck,
then (Ax, x) = (Ary, y). Here Ay is the matrix corresponding to the leading principal
minor of order k of the matrix A.'"” Evidently, it follows now from condition (4.130)
that (Azy, y) > O for every nonzero vector y € Ck, i.e., the matrix A is positive
definite. Therefore, its determinant (the leading principal minor of order k of the
matrix A) is positive (see Proposition 4.4, p. 150).

Sufficiency. Now we prove that if all leading principal minors of the matrix A are
positive, then all its eigenvalues are positive. The last condition means that the matrix
A is positive definite. Actually, we prove more, namely, that all eigenvalues of all
leading principal minors of the matrix A are positive. Obviously, for the minor of order
one,i.e., forajy, the assertion is true. Let us assume that all eigenvalues A; < --- < Ay
of the matrix A; corresponding to the leading principal minor of order k are positive,
and prove that all eigenvalues ):1 <... < ):k+1 of the matrix Ay are positive too.
Using Theorem 4.49, we see that the following inequalities hold:

ilfklfizikzi"'flkfikﬂ.

Therefore, As, ..., )A\k+1 > 0. Since by hypothesis, det(A;y;) > 0, and by equality
4.79), p. 124, det(Ax+1) = Ara - Agy1, we get A > 0. O

Now we introduce two concepts which will be used below. Let x, y € R". Addi-
tionally, we assume that x; > x, > -+ > x,, y1 >y > --- > y,. Wewrite x <, y
and say that x is weakly majorized by y if

19The matrix Ay is usually called the leading principal submatrix of order k of the matrix A.
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k k
in§Zyi, k=1,2,...,n.
i=1 i=1

We write x < y and say that x is majorized by y if x <,, y and

i=1 i=1

Theorem 4.52 (Schur). Let A be a Hermitian matrix of order n. Let L.(A) € R" be
the vector consisting of all the eigenvalues of the matrix A ordered by nonincreasing
values, and let d(A) € R" be the vector consisting of all the diagonal entries of the
matrix A ordered by nonincreasing values. Then

d(A) < A(A). (4.158)

Proof Since for every permutation matrix P, the eigenvalues of the matrices A
and PAP are equal, without loss of generality we can assume that the matrix A
is such that all its diagonal entries are ordered by nonincreasing values, i.e., aj; >
ax > --- > ay,. Let A; be the leading principal submatrix of A of order k. Using
equality (4.79), p. 124, and the estimate (4.156), we get

k
D= k(A < D hi(A), (4.159)
i=1 i=1 i=1

Now using (4.79), p. 124, with respect to the matrix A, we see that for k = n,
inequality (4.159) transforms to an equality. (]

The next corollary is obvious.

Corollary 4.7 Let A be a Hermitian matrix and U a unitary matrix. Then
d(U*AU) < A(A).

Theorem 4.53 Let A be a Hermitian matrix of order n. Assume that all the eigen-
values of A are ordered by nonincreasing values. Then

k
D A = maxtr(VAV), k=12....n.
i=1

The maximum here is taken over all rectangular unitary matrices V€ M, ;.>°

20See the definition on p. 50.



4.3 Operators on Unitary Spaces 155

Proof Let V be an arbitrary rectangular n x k unitary matrix. Let U = (V, W)
be a square unitary matrix of order n. For every matrix W, the diagonal elements
of the matrix V*A V equal the first k diagonal elements of the matrix U*A U. By
k
Corollary 4.7, their sum is no more than the number >_ A; (U*A U), which is equal
i=1
k
to > A;(A). If the columns of the matrix V are the eigenvectors of the matrix A
i=1

corresponding to A;(A), A2(A), ..., ,x(A) and are orthonormal with respect to the

k
2 (A). 0
=1

standard inner product on the space C", then tr(V*A V) =

L

Theorem 4.54 (Fan?'). Let A, B be Hermitian matrices of the same order. Then
MA + B) < (AM(A) + A(B)).

This theorem follows immediately from Theorem 4.53 and the fact that the trace
of the sum of matrices is equal to the sum of their traces (see (4.80), p. 124).

4.4 Operators on Euclidean Spaces

4.4.1 Overview

Let X,, be a Euclidean space (i.e., an n-dimensional real inner product space). In this
section we consider linear operators A acting on the Euclidean space X,, and note
some features related to the assumption that X,, is real.

The matrices of operators .4 and .A* with respect to an orthonormal basis of the
space X,, are transposes of each other.

A linear operator is self-adjoint if and only if the matrix of this operator with
respect to every orthonormal basis of the space X,, is symmetric.

Skew-Hermitian operators acting on a Euclidean space are usually called skew-
symmetric. A linear operator is skew-symmetric if and only if the matrix of this
operator with respect to every orthonormal basis of the space X,, is skew-symmetric.

Every linear operator A : X,, — X, can be uniquely represented in the form

A:A1+A27

where A, is a self-adjoint operator, .4, is a skew-symmetric operator, and

1 1
A= §(A+A*)’ Ay = E(A_ A").

21 Ky Fan (1914-2010) was an American mathematician.
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Similar arguments for matrices can be found on pp. 48, 49.

Theorem 4.55°% A linear operator A acting on the Euclidean space X, is skew-
symmetric if and only if

(Ax,x) =0 forall x € X,. (4.160)
Proof If A = —A*, then
(Ax, x) = (x, A*x) = —(x, Ax),

i.e., (Ax,x) = 0. The sufficiency of condition (4.160) follows from the obvious
identity (A(x +y),x +y) = (Ax, x) + (Ay, y) + (Ax + A*x, y). O

Unitary operators (i.e., operators satisfying the condition 4.A* = I) acting on a
Euclidean space are called orthogonal. A linear operator is orthogonal if and only
if the matrix of this operator with respect to every orthonormal basis of the space X,
is orthogonal (see Section 1.2.7, p. 48).

An orthogonal operator does not change the lengths of vectors and the angles
between vectors, which follows immediately from the definition. The determinant
of an orthogonal operator is equal to plus or minus one. Every eigenvalue of an
orthogonal operator is equal to plus or minus one.

Recall that a linear operator A is normal if AA* = A* A. Self-adjoint operators,
skew-symmetric operators, and orthogonal operators are normal.

If an operator A : X,, — X,, is normal, then the matrix A, of the operator .A with
respect to every orthonormal basis of the space X,, is normal, i.e., A, satisfies the
following condition:

A Al = AT A,. (4.161)

The converse is also true: if there exists an orthonormal basis &, of the space X,, such
that the matrix of the operator .4 with respect to this basis satisfies condition (4.161),
then the operator .4 is normal.

4.4.2 The Structure of Normal Operators

In this subsection we consider linear operators acting on the Euclidean space X,,.

Theorem 4.56 Let A be a linear operator acting on the Euclidean space X,,. The
operator A is normal if and only if there exists an orthonormal basis &, of the
space X, such that the matrix of the operator A with respect to this basis is block
diagonal:

22Compare with Theorem 4.36 p. 140.
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Ay
Ay
A, = . , (4.162)

Ay

Every diagonal block here is an 1 x 1 matrix or a 2 x 2 matrix. Each 1 x 1 block is
a real number, while each 2 x 2 block is a matrix of the form

A, = ( '81’) (4.163)

Bp op
where o, B, are real numbers.

Proof Sufficiency. By direct calculations we can easily verify that the matrix A, as
described in the statement of the theorem satisfies condition (4.161).

Necessity. Let A, be the matrix of the normal operator A with respect to an
arbitrarily chosen orthonormal basis £,. Then A, satisfies condition (4.161). Using
Corollary 4.6, p. 144, we see that for the matrix A,, there exists an orthonormal
basis F, = { fx};_, of the space C" such that

Acfe = fe, k=1,2,...,n, (4.164)
where A, A, ..., A, are the characteristic values of the matrix A,, and if A isreal,
then the corresponding vector f; is real. Let us enumerate the characteristic values
of the matrix A, in the following order: A = ay, Ay = o2, ..., Ay = &y, Where
0 <m < narereal, and A1 ; = Ay + 1B+ )_»mﬂ = Qpyj — 1Bmyj, for j =
1,2,..., p, where p = (n — m)/2, are complex. Then the eigenvectors f; for
k=1,2,...,marereal, and the other corresponding eigenvectors are complex, i.e.,

fr = gk + 1hk, where gi, by € R", k > m. The matrix A, is real, and therefore,
if A; is a complex characteristic value of A, and A, fi = Xi fi, then A fk = M fk
By Theorem 4.40, p. 143, we see that the eigenvectors of the normal operator A
satisfying distinct eigenvalues are orthogonal to each other. Hence (fi, f;) = 0,
and (g, gx) = (hg, hy), (gk, hx) = 0. Moreover, we have (fi, fx) = 1. This easily
yields that (g, gx) = (hk, hy) = 1/2. Let now fi, fi € Fu, k * [, be complex
vectors such that f; # f;. Then we have (fi, f;) = 0 and (f, f;) = 0, whence
by elementary calculations we obtain (gx, g;), (hk, h1), (g, h1), (hi, g1) = 0. Recall
that (see Section4.2.5, p. 125) if A, fi = Ak fi, where Ay = o + 1B, fr = gk + kg,
then A.gr = argr — Brhk, Achx = o gr + Brhi. We now associate with each real
eigenvalue A, of the matrix A, the real eigenvector f; € JF,; we associate the pair
of real eigenvectors g = v/2 g, hy = /2 hy with each pair of complex-conjugate
characteristic values Ax, Ax of the matrix A,. As a result, we obtain the following set
of n vectors in the space R”":

= {flv f2s'-~sfmv g’l,ﬁl, §27l:l27~-~7 gpsﬁp}-
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We have proved that this set is orthonormal. For the vectors of the set F we get
Acfe = fi, k=1,2,...,m, (4.165)

Ackj = i8j = Bihs, (4.166)
Achj = B;gj +ajhj,
where j = 1,2, ..., p. Using (4.165) and (4.16@, we see that the matrix of the
operator A with respect to the orthonormal basis £, = £F,, of the space X,, has the
form (4.162). The blocks of this matrix consist of the corresponding elements of the
matrix A,. O

Let us discuss two important special cases using Corollary 4.4, p. 142.

1. Self-adjoint operators. The matrix of a self-adjoint operator .A with respect to
an orthonormal basis is symmetric. By Corollary 4.4, p. 142, all the characteristic
values of this matrix are real. Therefore, all the numbers 8;, j = 1,2,..., p, in
equalities (4.166) are equal to zero. Thus there exists an orthonormal basis of the
space X,, such that the matrix of the operator .4 with respect to this basis is diagonal.

2. Skew-symmetric operators. The matrix of a skew-symmetric operator A with
respect to an orthonormal basis is skew-symmetric. By Corollary 4.4, p. 142, all
the characteristic values of this matrix are imaginary. Therefore all numbers «; in
equalities (4.165), (4.166) are equal to zero. Thus there exists an orthonormal basis
of the space X,, such that the matrix of the operator .4 with respect to this basis has
the form (4.162), where all the diagonal blocks of order one are equal to zero, and
all the blocks of order two are skew-symmetric:

_ (0 =B
Aj_(ﬁj 01)’

where j = 1,2,..., p.

4.4.3 The Structure of Orthogonal Operators

The matrix of an orthogonal operator with respect to an orthonormal basis is orthog-
onal. By Corollary 4.4, p. 142, the modulus of each characteristic value of this
matrix is equal to one. Therefore, all the numbers o, k = 1,2, ..., m, in equali-
ties (4.165) are equal to plus or minus one; the numbers «;, B; for j =1,2,...,p
in (4.166) satisfy the conditions ajz + ,812. = 1; hence there exist angles ¢; € [0, 27)
such that a; = cos¢;, B; = sing;. Thus there exists an orthonormal basis of the
space X,, such that the matrix of the orthogonal operator with respect to this basis
has the form (4.162), where each diagonal block of order one is a number equal to
plus or minus one, and each diagonal block of order two has the following form:
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cos@; —sing;
sing; cosg; J°
Now we can give a clear geometric interpretation of each orthogonal transforma-
tion of the Euclidean space X,,.
Let us begin with the two-dimensional case. As follows from the above, for each

orthogonal transformation A of the Euclidean space X, there exists an orthonormal
basis e, e, such that the matrix of the transformation with respect to this basis has

either the form
—-10
a=(4')

(cos @ —sin <p)
A=\ . .
sing cos @

In the first case, the operator A transforms each vector x = &je; + & e, € X into
the vector Ax = —&e; + &e», i.e., the operator A performs a specular reflection
with respect to the coordinate axis &,.

In the second case, (Ax, x) = |x||.Ax]|cos g, i.e., the operator A performs a
rotation of each vector x € X, through an angle ¢. For ¢ > 0, the direction of the
rotation coincides with the direction of the shortest rotation from e; to e;.

In the three-dimensional case, every orthogonal operator A has at least one eigen-
value, since the corresponding characteristic equation is an polynomial equation of
degree three with real coefficients. Therefore, the matrix A, of the operator A with
respect to the orthonormal basis e, e;, e3 € X3 (renumbered if necessary) has one
of the following forms:

or the form

1 0 0
Ae=|0cosgp —sing |, 4.167)
0 sing cos¢
-1 0 0
A, = 0 cosg —sing | . (4.168)
0 sing cosg

Observe that if the operator A has exactly one eigenvalue, then these representations
follow immediately from Theorem 4.56. If the operator A has three eigenvalues, then
we obtain representation (4.167) or (4.168) by choosing a special angle ¢.

Arguing by analogy with the two-dimensional case, it is easy to verify that an
operator .4 that has the matrix (4.167) performs a rotation through an angle ¢ about
the coordinate axis &;, while an operator .4 that has the matrix (4.168) performs
first a rotation through an angle ¢ about the coordinate axis & and then a specular
reflection with respect to the &,&3 coordinate plane. In the first case, the determinant
of the operator A is equal to one, while in the second case, it is equal to minus one.
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As we know, the determinant of a linear operator does not depend on the choice
of the basis of the space. Therefore, we can divide all orthogonal transformations of
a three-dimensional space into two classes: proper rotations and improper rotations.
A proper rotation is a transformation with a positive determinant. It performs a
rotation of the space about an axis. An improper rotation is a transformation with a
negative determinant. It is a combination of a rotation about an axis and a reflection
in the plane that is orthogonal to that axis.

Using Theorem 4.56, we can represent the Euclidean space X, of arbitrary dimen-
sion n as an orthogonal sum of some one-dimensional invariant subspaces of the
orthogonal operator A : X,, — X,, and some two-dimensional invariant subspaces
of A. In each two-dimensional invariant subspace, the operator .A performs a rotation
through an angle. Generally speaking, these angles can differ for different subspaces.
In each one-dimensional invariant subspace, only the direction of a coordinate axis
can be transformed.

The proof of the following proposition is left to the reader.

Proposition 4.5 Every real symmetric matrix A is orthogonally similar to a diagonal
matrix, i.e., QTAQ = A, where A is a diagonal matrix and Q is an orthogonal
matrix. The columns of the matrix Q are the eigenvectors of A. The diagonal elements
of the matrix A are the eigenvalues of A.

4.4.4 Givens Rotations and Householder Transformations

In this subsection we consider two important types of orthogonal matrices that are
often used in applications.

1. Givens™ rotations. A real matrix Q(¢) = {qij(@)}} ;) 1 <5 <1t <n,
is called a Givens rotation if gz (@) = (@) = cose, q;i(p) = 1 fori # s,¢,
qs: () = —sing, g;s(¢) = sing, and all other elements of the matrix Q,,(¢) are
equal to zero.

It is easy to see that the matrix Q = Q,,(¢) is orthogonal. This matrix defines an
orthogonal transformation of the Euclidean space R” with the standard inner product,
and it performs a rotation trough an angle ¢ in the two-dimensional space (in the
plane) spanned by the vectors iy, i; of the natural basis in the space R”. The matrix
QT is the inverse of Q and performs the opposite rotation in the same plane.

Let x be an arbitrary vector in the space R". Obviously, (Qx); = x; fori # s, t,
(Qx)s = xyco8¢ — x;sing, (Qx); = x,sin¢@ + x, cos . Take p = ()cs2 —l—xtz)l/z.
Suppose that ¢ = 0if p = 0 and cos ¢ = x,/p, sinp = —x,/p if p > 0. Then we
get (Qx); = p, (Qx); = 0.

Now itis perfectly clear that if x is an arbitrary nonzero vector in R”, then sequen-
tially choosing the angles ¢,, ¢,_1, ..., @2, we can construct the Givens rotations
014, Q1.1 @a1)s s Q12(92) such that Ox = |x| iy, where

23Wallace Givens (1910-1993) was an American mathematician.
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0 =0120@)  Qrn=1@n=1) Q1,n(@n).

Thus, using an orthogonal matrix, we can transform any nonzero vector into a vector
whose direction coincides with the direction of the vector i; of the natural basis.

Let x, y be two arbitrary nonzero vectors in R”. As we have just shown, there
exist orthogonal matrices Q, and Q, such that Q,x = |x|i1, Q,y = |yli;. There-
fore, Ox = (|x|/|y])y, where Q = QyT,Qx, i.e., for every pair of nonzero vectors
there exists an orthogonal matrix that transforms the first vector into a vector whose
direction coincides with the direction of the second vector.

2. Householder?* transformations. Letw = {w;}_, be an arbitrarily chosen vector
in R” with |w| = 1. A matrix

R=1-2wwl

is called a Householder transformation (or reflection). We explain that the vector w
is treated here as a column vector. Hence R = {8;; — 2w;w;}7 ,_;.
The matrix R is symmetric. Let us show that this matrix is orthogonal. Indeed,

RTR=R>=1—4ww" +4wwww’ =1,
because w’ w = |w|?> = 1. Note further that
Rw=w-—2www=—w, Rz=z-2wwlz=z, (4.169)

itwlz = (w, z) =0, i.e., the vectors w and z are orthogonal.25

Now let x be an arbitrary vector. By Theorem 3.1.3, p. 91, it can be uniquely
represented in the form x = aw + z, where « is a real number and z is a vector
orthogonal to w. Using equalities (4.169), we see that Rx = —aw + z. We can say
therefore that the matrix R performs a specular reflection of the vector x with respect
to the (n — 1)-dimensional hyperplane orthogonal to the vector w. This property of
the matrix R allows us to call it a Householder reflection.

Consider the following problem. A nonzero vector a and an unit vector e are
given. It is necessary to construct a Householder reflection R such that Ra = pue,
where 1 is a number (clearly, the equality || = |a| holds, since R is orthogonal).

It is easy to see (make a drawing!) that the solution of this problem is the House-
holder reflection defined by the vector

w= a—lale (4.170)
la — lale|

or by the vector w = (a + |ale)/|a + |ale|. For minimization of effects of rounding
errors in numerical calculations, we should take the vector w that has the larger
denominator.

24 Alston Scott Householder (1904-1993) was an American mathematician.
25With respect to the standard inner product on the space R”.
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It is useful to note that if a is an arbitrary nonzero vector, then a Householder
transformation R can be constructed such that for every vector x € R”, the following
condition holds:

(a, Rx) = |a|xy, 4.171)

where k is a given integer lying in the range from 1 to n, and x; is the kth component
of the vector x. Evidently, to do this we need to choose e = i; in formula (4.170).



Chapter 5
Canonical Forms and Factorizations

In this chapter we explore in detail the problem of reducing the matrix of an oper-
ator to a simple form using special bases in finite-dimensional spaces. The singular
value decomposition of an operator is constructed. The Jordan canonical form of the
matrix of a finite-dimensional operator is obtained. A special section is devoted to
studying matrix pencils. We obtain their canonical forms and describe applications
to investigate the structure of solutions of systems of ordinary linear differential
equations.

5.1 The Singular Value Decomposition

5.1.1 Singular Values and Singular Vectors of an Operator

In this section we show that for every linear operator A mapping a finite-dimensional
unitary space X, into a finite-dimensional unitary space Y,,, there exist orthonormal
bases {ex};_; C X, and {gx};; C Y, such that

oxqgr, k <r,
Aey, = 5.1
¢ {O , k>, G-I
where o, > 0,k =1,2,...,r. The numbers oy, 07, ..., g, are called the singular

values of the operator .A. Sometimes it is convenient to include min(m, n) — r zeros
in the set of singular values.

Relationships (5.1) show that the numbers oy, 07, . .., o, form the main diagonal
of the leading principal (basic) minor of the matrix A,, of the operator .4 with respect
to the bases {ex};_;, {qx}j—,, and all other elements of the matrix A,, are equal to
zero.
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The vectors {ex};_,, {gx}j, are called respectively the left and the right singular
vectors of the operator A. Let us construct them. The operator .A4* A is self-adjoint and
positive semidefinite (see Property 2, p. 140). Therefore (see Theorem 4.41, p. 142,
and Section4.3.11, p. 150), there exist the orthonormal eigenvectors {e;};_, of the
operator A*A, and all its eigenvalues are nonnegative. Thus,

A*Aey = oler, k=1,2,...,n. (5.2)

Here 0 > 0 are the eigenvalues of the operator A*A. Let us enumerate them
as follows: 0y >0, > --- >0, >0,0,41 =--- =0, = 0. Put 7 = Ae; for k =
1,...,rand note that (z,, zy) = (Aep, Ae,) = (A*Ae), ;) = 0, (e,, ¢,). Hence

0, p#aq.
(Zpa Zq) = ) (5.3)

o, P=¢q,
and the vectors

G =0, 'Aer, k=1,2,....7, (5.4)

form an orthonormal setin the space Y,,,. If r < m, then we join this set with some vec-
torsgg, k =r + 1,r +2, ..., m, to complete an orthonormal basis of the space Y,,.
Relationships (5.1) now follow immediately from the definition of the vectors {e;};_,

and {gi}}_.

Using (5.1), we see that the vectors {g };_, form a basis of Im(A). Hence it follows
from Theorem 4.29, p. 136, that the vectors {g;};—,,, form a basis of Ker(A").
Therefore,

A*qr =0 for k=r+1,r+2,...,m. (5.5)
Fork=1,2,...,r,using (5.4), (5.2), we get
A*qk = O'kil.A*.Aek = Of€. (56)
Combining (5.6), (5.4), and (5.5), we obtain
AAq =olqi, k=1,2,...,r, AA'q =0, k=r+1,r+2,...,m. (5.7)
It follows from (5.2) and (5.7) that all the nonzero eigenvalues of the operators A* A
and AA* coincide, i.e., the spectra of these operators can differ only by the multi-
plicity of the zero eigenvalue.
Moreover, the next equalities follow from the previous arguments:

rank (A) = rank(A*A) = rank(AA"),

def(A*A) = n —rank(A), def(AA*) = m — rank(A).
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Clearly, the rank r of the operator A is equal to the number of all nonzero sin-
gular values of the operator .4. This remark gives us a real opportunity to compute
the rank of the operator .A: we have to solve the eigenvalue problem for the posi-
tive semidefinite self-adjoint operator .4*.A and calculate the number of all nonzero
eigenvalues. Precisely this method is typically used in practical computations of the
rank. Evidently, the eigenvectors {e;}_ ., of the operator A*.A form an orthonormal
basis of the kernel of the operator .A.

If the singular values and the singular vectors of the operator .4 are known, then
the pseudosolution (see Section4.3.4, p. 136) of the equation

i=r+

Ax =y (5.8)

can be easily constructed. Indeed, in Section4.3.4 we proved that every solution of
the equation

A* Ax = A*y (5.9)

is a pseudosolution of (5.8). Substituting in (5.9) the expansions x = ngek
k=1

m
and y = Z nkqr with respect to the bases {e;};_, C X, and {qi}}_, C Y,, for x

k=1
and y and using after that (5.2), (5.5), (5.6), we get

Z(Ukzék — oxni)er = 0. (5.10)
k=1
Therefore, & = ny /oy fork = 1,2, ..., r. Thus every vector
x—z—ek—f- Z Ever, (5.11)
k=1 k=r+1
where &1, ..., &, are arbitrary numbers, is a pseudosolution of Eq. (5.8).

If y € Im(A), i.e., Eq.(5.8) is solvable, then formula (5.11) gives the general
solutlon (see Section4.1.11, p. 107) of Eq. (5.8). Indeed in this case, the vector xo =

z (nx/or)ex 1s a particular solution of Eq. (5.8), and Z &rey 1s the general solution
k=r+1
of the corresponding homogeneous equation.

For each pseudosolution x of Eq.(5.8), we have

2 Z'”"' + Z &I

k=1 k=r+1
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If we take &,1, ..., &, = 0, then we get the pseudosolution of minimal length. This
pseudosolution is normal. Obviously, it is orthogonal to the kernel of the operator A.
The proof of the following four propositions is left to the reader.

Proposition 5.1 The absolute value of the determinant of every operator acting on
a finite-dimensional space is equal to the product of all its singular values.

Proposition 5.2 Let A € M,, ,, be an arbitrary rectangular matrix of rank r. Then
there exist unitary matrices U and V (of order m and n, respectively) such that

A=UZXV, (5.12)

where
S 012
Y = ’
( 02,1 02,2)
is a block 2 x 2 matrix, S = diag(oy, 02, ..., 0,), all elements of the diagonal S
are positive, and all elements of the matrices Oy, Oy1, Oz are equal to zero.

Formula (5.12) determines the so-called singular value decomposition of a rectan-
gular matrix.

Proposition 5.3 Let A € M,, , be an arbitrary matrix, and U, V arbitrary unitary
matrices of orders m and n, respectively. The singular values of the matrices A
and U AV coincide (therefore, we say that the singular values of a matrix are invariant
under unitary transformations).

Proposition 5.4 Let A € M,,, be an arbitrary matrix, oy, 03, ..., 0, its singular
values. Then

172

m,n
max oy < z la;; |* ) (5.13)
1<k=<r =
ij=

The singular values of an operator characterize the sensitivity of the solution of a
linear equation with respect to changes in its right-hand side. Let A be a nonsingular
operator acting on a finite-dimensional unitary space X,,. Consider two equations:

Ax =y (5.14)
and
Ax = y. (5.15)

Since the operator A is nonsingular, these equations are uniquely solvable. Denote
by x the solution of Eq.(5.14) and by x the solution of Eq.(5.15). The
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number §, = |x — X|/|x| is the relative change in the solution with respect to the

change in the right-hand side. Let us clarify the dependence of §, on the relative

change in the right-hand side 8, = |y — y|/|y|. If we represent the vectors y and
n n

y in the form of expansions y = Z Neqr and y = Z Nkqr, then using (5.1), we

) k=1 k=1
obtain
n ]7 n ﬁ
_ k - e k
x—A'y=Z—ek, F=A5 =) —¢
o k
k=1 k=1
Here,asusual, o3,k = 1,2, ..., n,are the singular values, and {e; };;_, and {gx };__, are

the singular vectors of A. Therefore, using the inequalitiesoy > 0y > --- > g, > 0,
we get

n

e n
Z—lnk znk| s > e — 7l

o
okl R O kel = %ig2 (5.16)
X n 2 0—2 n 0.2 y
Z 7| n Z |77/<|2 n
p 0'k2 k=1
Thus,
(]
Oy < —6,. (5.17)
On

The number o, /0,,, which characterizes the stability of the solution of Eq. (5.14)
with respect to changes in its right-hand side, is called the condition number of
the operator A and is denoted by cond (A). Evidently, cond (A) > 1 for every
operator A.

The reader can easily check the following properties of the condition number.

1. There exist vectors y and y such that the two sides in (5.17) are equal. It this
sense, estimate (5.17) cannot be improved.

2. There exist operators whose condition numbers are equal to one (give some
examples!).

5.1.2 The Polar Decomposition

Theorem 5.1 Let A: X, — Y, be an arbitrary operator. There exist operators
U:X,-YS:X,—X,,and 7T :Y,, > Y, such that

UU=Tifn<m, UU* =T if n >m. (5.18)
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The operators S, T are self-adjoint and positive semidefinite, and
A=US=TU. (5.19)
Proof Let {e*}_,, {g*}i", be the singular vectors of the operator A (which form
orthonormal bases in the spaces X,,, Y,,; see Section5.1.1). Let 01, 03, ..., 0, be the
singular values of A. If n < m, we define the operator U by the relationships
Uer =qr, k=1,2,...,n. (5.20)
If n > m, we put
Uery =qr, k=1,2,....m, Uep =0, k=m+1,m+2,...,n. (5.21)
We define the operators S, 7 by the following equalities:
Sey=oper, k=1,2,....r, Se, =0, k=r+1,r+2,...,n,
Tgr=owqr, k=1,2,....r, Tq=0,k=r+1,r+2,...,m.
The operators 7 and S are self-adjoint and positive semidefinite, since, as is easy to
see, the numbers (Sx, x), (7 y, y) are nonnegative for all x € X, and forall y € Y,,,.
Obviously,
USe; = Aey, TUe, = Aer, k=1,2,...,n,

i.e., the relationships (5.19) are true. By direct calculations we verify that the opera-
tor U* can be defined by the relationships

Uaq=e, k=1,2,...,m, if m <n, (5.22)

Ugi=e, k=1,2,....n, Uqy =0, k=n+1,n+2,....,m, if m>n.
(5.23)
Clearly, equalities (5.18) follow from (5.20)—(5.23). U

Formulas (5.19) define the polar decomposition of the operator .A.

Now let us dwell on the case in which an operator A acts on a space X,,. The
relationships (5.18) show that in this case, the operator I/ is unitary. It follows from
equalities (5.19) that every linear transformation of a finite-dimensional space X,
is the result of the sequential execution of a unitary transformation, which does not
change the length of vectors, and a positive semidefinite self-adjoint transformation,
which stretches the space X,, in n mutually orthogonal directions.

It immediately follows from (5.19) that A* A = S?, AA* = 7?2. Since the oper-
ators S and 7 are self-adjoint and positive semidefinite, the last two equalities show
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that S and 7 are uniquely determined by the operator A, namely (see Theorem 4.43,
p. 145),

S=VvAA, T =vAA" (5.24)

If the operator A is nonsingular, then the operator .A*A is nonsingular. Hence the
operator S is also nonsingular. Therefore, in this case, the operator U = AS™! is
also uniquely determined.

The next theorem readily follows from formulas (5.19), (5.24).

Theorem 5.2 An operator A is normal if and only if the operators T and S in the
factorization (5.19) coincide, in other words, if and only if the operators U and S
commute.

Note that if the space X,, is real, then there is a valid polar decomposition, but
the operator I/ in (5.19) is orthogonal, and the operators 7 and S are symmetric and
positive semidefinite.

5.1.3 Basic Properties of the Pseudoinverse Operator

Let X,,, Y,, be finite-dimensional unitary spaces, A : X, — Y,, a linear opera-
tor, {ex}i_; C Xy, {qilie; C Y, its singular vectors, oy, o1, ..., 0, the singular
values of A, where r = rank(A), r < min(m, n).

As we have seen in Section5.1.1, the formula

where ny = (qx, ),k = 1, 2, ..., m, are the coordinates of the vector y with respect
to the basis {gx}}.,, defines the normal pseudosolution x, of the equation Ax = y.
Thus the pseudoinverse of the operator A (see Section4.3.4, p. 109) can be repre-

sented in the form

Aty =>" Mek. (5.25)

O]
k=1 K

Here are the basic properties of the pseudoinverse operator:

L (AHT = (AD,

2. AHT = A,

3. (AAT)* = AAT, (AAT)? = AAT,
4. (ATA)* = ATA, (ATA)? = AT A,
5. AATA = A,
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6. ATAAT = AT,
7. ifrank A = n, then AT A = I.

We prove only the first and third equalities. The reader can easily prove all the
other properties.

1. Let x = > &ex, y = 2. nkqk- Solving the equation AA*y = Ax in the same
k=1 k=1

way as (5.9), we see that (A*)*x = > (& /0r)qk- By elementary calculations, we
k=1

get (AHTx, y) = > & /o. Using (5.25), we obtain (x, ATy) = > & /ok.
k=1 k=1
This means that (A*)* = (AT)*.

3. It follows from (5.25) that A*q; = o, 'e; for k =1,2,...,r and ATq; =0
for k=r+1,r+2,...,m. Hence, AA qi =qi for k=1,2,...,r and
AA*qr =0fork=r+1,r +2,...,m. Therefore, (AAT)>=AA". By elemen-

tary calculations, we get (AATy,y) = > |m|*=>0 for each y € Y,,. Thus we
k=1
obtain (A4AT)* = AAT (see Lemma 4.5, p. 140).

It follows from Properties 3 and 4 that the operators AA™ and At A are ortho-
gonal projection operators (see Theorem 4.35, p. 140).

5.1.4 Elements of the Theory of Majorization

A real-valued function f of a real variable is called convex on an interval (a, b) if
for all points x1, x, in this interval and for every ¢ € [0, 1], the following inequality
holds:

Jlaxi + (@ =0x) <tf(x) + (1 = 1) f(x2). (5.26)

Geometrically, this means that every point on the graph of the function f on the
closed interval [x, x,] lies below or on the chord subtending the points (x, f(x}))
and (x2, f(x2)).

Theorem 5.3 (Jensen’s' inequality). Ifa function f is convex on an interval (a, b),
then for all points x1, xa, ..., X,, that belong to (a, b) and for all nonnegative numbers
o1, 0, ..., Oy Such that oy + ay + - - - + «,, = 1, the following inequality is valid:

f(iaixi) =< iaif(xi)- (5.27)
i=l i=1

!Johan Ludvig William Valdemar Jensen (1859-1925) was a Danish mathematician and engineer.
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Proof We easily get (5.27) by induction on m using the obvious identities

m m—1

m—1
o i
Zaixi:amxm—i—(l—am);mxi’ Zm=1

i=1 i=1
]

Theorem 5.4 Suppose that a function f is differentiable on an interval (a, b) and
the derivative of f is nondecreasing on (a, b). Then the function f is convex on the
interval (a, b).

Proof 1t is enough to prove that for all xy, x, € (a, b), x; < x», the function

(1) = f((A=1)x1 +1x2) = (1 = 1) f(x1) —1f (x2)

is nonpositive for all € [0, 1]. It is easy to see that ¢ (0) = 0, ¢(1) = 0, and ¢'(¢) is
nondecreasing on the segment [0, 1]. Using the Lagrange finite-increments formula,
we see that (1) = ¢(t) — ¢(0) = t¢’(t1), where ¢ is a point in the interval (0, 7).
Similarly, ¢(f) = (t — 1)¢/(t2), where ¢, is a point in the interval (¢, 1). Hence it is
evident that (¢) = 1(t — 1)(¢'(t2) — ¢'(1;)) < 0. O

Below we will use the following definitions. A real matrix is called nonnegative
if all its elements are nonnegative. A nonnegative square matrix is called stochastic
if it is nonnegative and the sum of all the elements of each of its rows is equal to one.
A stochastic matrix is called doubly stochastic if the sum of all the elements of each
of its columns is also equal to one.

Theorem 5.5 Letx,y e R", x; > x> - > X, Y| = Y2 = -+ > y,, and x < y.”
Then there exists a doubly stochastic matrix S such that x = Sy.

Proof We prove the theorem by induction on n. For n = 1, the theorem is trivial.
Now we assume that the assertion is true for all vectors of length n — 1 and prove
that it holds for all vectors of length n. We easily check that if vectors x and y
satisfy all conditions of the theorem, then x; > y, 3 Therefore, there exist an integer
k,1 <k <n—1,and areal number T € [0, 1] such that

xp =ty + (= 0yt (5.28)
Let us consider the two following vectors of length n — 1:

X = (x29x39 ""-xn) and y: (YI, Y25 ooy Yi—15 Yk +yk+l — X1y Yk+2, --~’yn)'

2We use the notation defined on p. 153.
30therwise, equality 4.157, p. 153, is impossible.
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Itis easy to see that the components of these vectors are monotonically nonincreasing
and X < y. Therefore, by the induction hypothesis, there exists a doubly stochastic
matrix S of order n — 1 such that

i =Sy. (5.29)
Writing (5.28), (5.29) in the form of a single matrix equality, we get x = Sy, where S
is a doubly stochastic matrix. (]

Theorem 5.6 Letx,y e R , x; > x> -+ > X, V1 =y > -+ >y, and x <, .
Let f be a function that is nondecreasing and convex on the whole real axis. Then

D) <D FO0. (5.30)
i=1 i=1

n n

Proof By assumption,a = > y; — > x; > 0. We take numbers x,, 1, y,+1 such that
i=1 i=1

the following conditions hold: x,+1 < X,,, Vu+1 < Yu,and x,4; — y,+1 = «. Then for

the vectors (x, x2, ..., X,+1) and (y1, ¥2, - .., Yu+1), all conditions of Theorem 5.5
hold. Hence there exists a doubly stochastic matrix § = {s;; };’j’;l such that
n+l1

xi:ZSijij i:1,2,...,l’l+l,
j=1

whence, using Jensen’s inequality, we get

n+1

FO) <D siify). i=12....n+1 (5.31)

j=1
Summing all inequalities (5.31), we see that

n+1 n+1 n+1 n+1

DFE) =D s f o) =D fOn) (5.32)
i=1

j=1i=1 i=1

By construction, x,4; > y,4+;. By assumption, the function f is nondecreasing.
Therefore, f(x,+1) = f(¥n+1). Thus (5.30) follows from (5.32). O

Remark 5.1 Obviously, if all conditions of Theorem 5.6 hold and additionally x <
v, then the proof is simpler. In this case, we can omit the condition that f is a
nondecreasing function.

Corollary 5.1 Suppose that x,y € R", x; > xp,> -+ > X, Y1 = Y2, > -+ > Y,
and x <, y. Additionally, we assume that all components of the vectors x and y are
nonnegative. Then for every p > 1, the following inequality holds:
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fo < Zy;’. (5.33)

Proof 1t follows immediately from Theorem 5.4 that for every p > 1, the func-
tion f(t) = t? is convex on the positive semiaxis. Extending f (¢) to the whole real
axis such that f(r) = 0ifr < 0, we get (5.33). ([l

Corollary 5.2 Suppose that
X1 =x = =x, 20,

Vizn=--2y,>0,

and
k k
[T <[l». k=1.2.....n (5.34)
i=1 i=l
Then
X <y Y. (5.35)
Proof If x =0, then the assertion is obvious. Let xp4 1 =Xxpj0 = =x, =0,

where p > 1, and let all other components of the vector x be positive. Then, using
conditions (5.34), we see that the first g, p < g < n, components of the vector y are
also positive (and all other components are zero). In this case, conditions (5.34) have
the form

k k
Hxifnyi, k=1,2,....q. (5.36)
i=1 i=1

It is easy to see that there exists a positive § such that for all ¢ € (0, §) and for

Xi =

- Xi, i=1,2,...,p,
e, i=p+1l,p+2,...,q,

as a consequence of (5.36), we have

k k
[T% <[]y k=12....q (5.37)
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Taking the logarithm of all inequalities (5.37), we obtain

k k
ZlogiiSZlog yi, k=1,2,...,q. (5.38)
i=1 i=1

If we now put f(¢) = €', t € R, then using Theorem 5.6, we get

k k
Z' Z k=1,2,....q. (5.39)

Taking the limit as § — O in these inequalities, we obtain (5.35). ]

5.1.5 Some Estimates of Eigenvalues and Singular Values

It readily follows from the definition that the singular values of a matrix A are
calculated by the formulas o, = /A, (A*A), where A (A*A), k=1,2,...,r, are
the nonzero eigenvalues of the matrix A*A. The next lemma gives another (some-
times more useful) representation of the singular values using the eigenvalues of a
Hermitian matrix.

Lemma 5.1 Let A € M,, , be an arbitrary matrix, oy, 0, ..., 0, its singular values,
and {ex}i_, C C", {qi}i, C C™ its singular vectors (see Section5.1.1, p. 163). Let
A be the Hermitian matrix of order m + n of the form

~ 0 A
(0
Then the vectors uy = (qi, ex) € C"" k=1,2,...,r; 1k = (qr, —ex), k =
L2, oo upre = (g, 0), k=r+1Lr+2,....m upimpx = (0, 0), k=r+

1,r+2,...,n, form a complete orthogonal set of eigenvectors of A. The corre-
sponding eigenvalues are o1, 05, ..., £0,, and m + n — 2r zeros.

The reader can prove this lemma by multiplying the vectors u; by the matrix A
fork=1,2,...,m+n.

Using Lemma 5.1, we can easily prove, for example, a theorem that is analogous
to Theorem 4.54, p. 154. Let us introduce the necessary notation. Let A € M,, , be an
arbitrary matrix, and oy, 0s, ..., 0, its singular values. We denote by o (A) the vector
of length min(m, n) that consists of the singular values of the matrix A completed
by zeros if r < min(m, n) and ordered by nonincreasing values of all its elements.
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Theorem 5.7 Let A and B be arbitrary m x n matrices. Then
0(A+ B) <y, (6(A) +0(B)).
The next theorem is useful for the estimation of the singular values of the product

of matrices.

Theorem 5.8 Let A and B be arbitrary square matrices of order n. Then
0;(AB) < o01(A)o;(B), i=1,2,...,n. (5.40)

Proof Let M = 02(A)I — A*A. Obviously, the matrix M is Hermitian and posi-
tive semidefinite,and 02 (A) B*B = B*(A*A + M)B = (AB)*(AB) + B*M B.The
matrix B*M B is also Hermitian and positive semidefinite. Therefore, inequali-
ties (5.40) are valid. U

The next corollary is obvious but useful.

Corollary 5.3 Forallk =1,2,...,n and p > 1, the following inequalities hold:

& 1/p & Up 4 1 1/p
(Z aiP(AB)) < (Z ol (A)) (Z o (B)) . (5.41)
i=1 i=1 i=1

Theorem 5.9 Let A € My, , be given, and let A, denote a submatrix of A obtained
by deleting a total of r columns and (or) rows from A. Then

Ok4r(A) = 0k (Ay) = 0k (A), k=1,2,...,min(m, n), (5.42)

where for X € M, ,, we set ;(X) = 0if j > min(p, q).

Proof 1t suffices to note that if columns from the matrix A are deleted (replaced by
zeros), then the nonzero rows and columns of the matrix A’A, form a submatrix
corresponding to the principal minor of the matrix A*A of the corresponding order.*
After that, to conclude the proof, we use Theorem 4.50, p. 152. O

Lemma 5.2 Let A € My, ,, Vi € My, Wi € My, i, kK < min(m, n). We assume that
the columns of the matrices Vi, Wy are orthonormal with respect to the standard inner
products on the spaces C™", C", respectively. Then

o (ViAW) <0i(A), i=1,2,... k. (5.43)
Proof Let matrices V = (Vy, V,y_x) € My, W = (Wi, W,—x) € M,, be unitary. It is

easy to see that the matrix V;* A W, is the leading principal submatrix of order k of the
matrix V*A W. Therefore, using Theorem 5.9 and the fact that the singular values

4Similarly, if rows from the matrix A are deleted, then we get a submatrix of AA* of the same order.
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of every matrix are invariant under its unitary transformations, we get the following
estimates:

oi(VEAWY) <o;(VFAW) =0i(A), i=12 ..k

O

Theorem 5.10 (Weyl®). Let A € M, have singular values o1(A) > ... > 0,(A) >
0 and eigenvalues A1 (A), ..., A, (A) ordered so that |A1(A)| > ... > |A,(A)|. Then

M (A)A2(A) -+ A (A)] < 01(A)oa(A) - - -0k (A), k=1,2,...,n, (5.44)

with equality for k = n.

Proof By Schur’s theorem, Theorem 4.23, p. 127, there exists a unitary matrix U such
that U*AU = T, where T is upper triangular and the numbers 1 (A), A2(A), ...,
An(A) form the main diagonal of T'. Let U, € M, ; be the matrix that consists of the
first k columns of U. By elementary calculations, we get

*
U*AU = (U, Up_0)* AU, Up_y) = (UkAU" T'z) _T,

Ty T

where U}’ AUy is an upper triangular matrix, and A;(A), A2(A), ..., A (A) form its
main diagonal. Evidently,

A1 (A)A2(A) -+ 1k (A)] = | det(U; AU)|
= 01 (Uf AU o2 (UF AU - - - o (UF AUY).

Hence (5.44) follows from Lemma 5.2. Equality in (5.44) for k = n holds, since,
as we know, for every square matrix A of order n the following equalities hold:
det(A) = A1(A)A2(A) - - - 2, (A), [det(A)| = 01(A)02(A) - - - 0, (A). U

Now it follows from Corollary 5.2, p. 172, that for every matrix A € M,, we have

k k
DA =D 0i(A). k=1.2....n. (5.45)
i=1 i=1

Theorem 5.11 Let A € M,, ,, B € M, , be arbitrary matrices, ¢ = min(m, n, p).
Then

k k
[[oiaB) <[]oi(A)oi(B). k=1.2.....4. (5.46)

i=1 i=l

If m = n = p, then equality holds in (5.46) for k = n.

SHermann Klaus Hugo Weyl (1885-1955) was a German mathematician.
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Proof Let AB = UDYV be the singular value decomposition of the product AB.
Then D = U*ABV*. Denote by Uy, V,* the matrices consisting of the first k£ columns
of the matrices U, V*, respectively. Then U ABV = diag(c1(AB), 02(AB), ...,
01 (AB)), because it is the leading principal submatrix of order k of the matrix D. By
assumption, p > k. Therefore, by Theorem 5.1, there exists a polar decomposition
BV} = X Qk, where X; Xy = It, and Q € M is a non-negative semidefinite Her-
mitian matrix, and I is the identity matrix of order k. By elementary calculations,
we get the equality Q7 = (BV;*)*BV}*. Therefore, by Lemma 5.2, we obtain

det(Q3) = det(Vy B*BV}") < 01(B*B)02(B*B) - -- 04 (B*B) = 07 (B)a3(B) - -- of (B).
Using Lemma 5.2 one more time, we see that

01(AB)0y(AB) - -0, (AB) = | det(UABV}")|
= | det(U; AX; Qp)| = | det(U; AXy) det(Qy)|
< 01(A)02(A) - - - 0k (A)o1(B)o2(B) - - - o1 (B).

Finally, if m = n = p, then

01(AB)02(AB) - - - 0,(AB) = | det(AB)|
= |det(A)|| det(B)| = 01(A)02(A) - - - 0,(A)o1(B)02(B) - - - 0,(B).

O

Using Corollary 5.2, p. 172, we see that under the assumptions of Theorem 5.11,
the following inequalities hold:

k k
ZUi(AB) < Zoi(A)o,-(B), k=1,2,...,n. (5.47)

i=1 i=1

Sums of singular values of a matrix have useful variational characterizations. Let
us introduce the following concept, which we will use below in the formulations of
corresponding results. A matrix C € M, , is called a partial isometry of rank k if it
has rank k and all its (nonzero) singular values are equal to one. If m = n =k, we
get the set of all unitary matrices of order n.

Theorem 5.12 Let A € My, ,, ¢ = min(m, n). Then for each k = 1,2, ...,q, the
following equalities hold:

k
> oi(A) = max [trXAY], (5.48)
i=1 ’
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k
Z 0i(A) = max [trAC|. (5.49)
i=1

In the first case, the maximum is taken over all matrices
X €Myy, Y €My suchthat X*X =1, Y'Y = I. (5.50)

In the second case, the maximum is taken over all matrices C € M, ,, that are partial
isometries of rank k.

Proof First we show that formulations (5.48) and (5.49) are equivalent. Using for-
mula (4.81), p. 125, we get rX*AY = trAYX* = trAC, where C = YX* € M, ..
Therefore, C*C = X X*. As we have seen on p. 164, all the nonzero eigenvalues
of the self-adjoint matrices X X* and X*X coincide. Hence all their singular val-
ues coincide too, but X*X is the identity matrix of order k. Thus the matrix C has
exactly k singular values, and all of them are equal to one, i.e., C is a partial isometry
of rank k. Conversely, if C € M, ,, is a partial isometry of rank &, then by definition,
the following singular value decomposition of C holds:

C =, Yp) (8‘ 8) ( f(k k) , (5.51)

where [} is the identity matrix of order &, and the matrices

X*
Y =Y, Yui) € My, X" = ( XI; ) e M,
m—k

are unitary. Using equality (5.51), by elementary calculations, we see that C = Y; X},
and the matrices Yy, X; satisfy conditions (5.50). Thus the equivalence of formula-
tions (5.48) and (5.49) is established.

Now successively using (5.45) and (5.47), we can write that if C is an arbitrary
partial isometry of rank k, then

m m q k
lr(AC)| < D~ IL(AC) < D 6i(AC) < D~ 6i(A)oi(C) = D _0i(A).  (5.52)
i=1

i=1 i=1 i=1

To conclude the proof, it is enough to find a partial isometry C of rank k such that
inequality (5.52) transforms to an equality. Let A = UDYV be the singular value
decomposition of the matrix A. Put C = V*PU*, where

(IO
P_(O 0) eEM,nm.


http://dx.doi.org/10.1007/978-3-319-57304-5_4

5.1 The Singular Value Decomposition 179

By construction, C € M, ,,, and it is a partial isometry of rank k. Moreover,

AC=UDVV*PU*=UDPU",

and therefore, tr(AC) = tr(DP), and using elementary calculations, we obtain the
k

equality tr(DP) = > 0i(A). O
i=1

5.2 The Jordan Canonical Form

In this section we show that for every linear operator acting on a complex finite-
dimensional space X,,, there exists a basis such that the matrix of the operator with
respect to this basis has a very simple form. It is bidiagonal. The elements of the main
diagonal of this matrix form the set of all eigenvalues of the operator. Each element
of the diagonal above the main diagonal is either one or zero. A matrix of this form
is called a Jordan matrix.® To obtain the Jordan canonical form of the operator it
is necessary to take its matrix in an arbitrarily chosen basis and after that to reduce
this matrix to the Jordan canonical form by a similarity transformation. This plan is
realized in this section.

The following question naturally arises: is it possible to reduce every matrix
to diagonal form by a similarity transformation? Simple examples show that it is
impossible. For instance, if we require that the matrix SAS~! be diagonal, where

01
(0
and S is a nonsingular matrix, then we get contradictory equalities.
5.2.1 Existence and Uniqueness of the Jordan

Canonical Form

We begin with a definition. A Jordan block Ji (1) is a k x k upper triangular matrix
of the form

6Marie Ennemond Camille Jordan (1838-1922) was a French mathematician.



180 5 Canonical Forms and Factorizations

Al 0
Al
J(L) = . (5.53)
Al
0 A

We explain that all k& elements of the main diagonal of the matrix J;(}) are equal
to A, all k — 1 elements of the diagonal above the main diagonal are equal to one,
and all other entries of this matrix are zero.

It is useful to note that if the matrix of the operator A: X; — X with respect to
a basis {e; }f.‘zl is the Jordan block J; (0), then, evidently, the vectors of this basis are
connected to each other by the following relationships:

Ael =O, .Aeg:el, ceey Aekzek,l.

If we denote the vector ¢, by f, then we see that the basis {ei}f,‘=1 consists of the
vectors f, Af, A% f, ..., A1 £.7 and moreover, A f = 0.

Let us formulate now the main result of this section.

Theorem 5.13 Let A be a given complex matrix of order n. There is a nonsingular
matrix S such that

STTAS =J, (5.54)
where
Jn, (A1) 0
an ()"2)
J = ) (5.55)
0 Jm ()"k)
andn; +n, + - - + ny = n. The numbers A;, i = 1,2, ...,k (which are not neces-

sarily distinct), form the set of all characteristic values of the matrix A (according
to their multiplicities).

The matrix (5.55) is called the Jordan canonical form of the matrix A. Obviously,
Theorem 5.13 is equivalent to the following statement. For every operator A acting
on a finite-dimensional complex space, there exists a basis &, such that the matrix
of the operator .4 with respect to this basis has the form (5.55), i.e.,

A&, =E,J. (5.56)

The basis &, is called a Jordan basis.

7Which are listed in reverse order.
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The easiest proof of the existence of a Jordan basis is for a nilpotent operator.
Using Theorem 4.21, p. 126, and Schur’s theorem, p. 127, we see that an operator is
nilpotent if and only if there exists a basis such that the matrix of the operator with
respect to this basis is upper triangular and all elements of the main diagonal of this
matrix are zero.

Theorem 5.14 Let A : X,, — X,, be anilpotent operator acting on a complex vector
space X,,. Then there exists a basis of the space X,, such that the matrix of the operator
A with respect to this basis has the following Jordan canonical form:

7, (0) 0
7, (0
) (5.57)

0 Jn,, (0)
Hereny +ny+---+n, =n.

Proof Taking into account the remark in the last paragraph before Theorem 5.13, it
is easy to see that the assertion is equivalent to the following one: for every nilpotent
operator A : X,, — X,,, there exist vectors fi, f2, ... f such that the vectors

fis Afis A2fi, oo, ATUAL By Afs, A2fay o AT

Fors Afs A frny oo, A7LE
(5.58)

form a basis in the space X,,, and
A fi= A" fp=-- = A" f = 0. (5.59)

We prove the existence of the required basis by induction on the dimension of
the space. In the case of a nilpotent operator acting on a one-dimensional space, the
assertion is obviously true. Now we suppose that the assertion is true for every space
whose dimension is less than n, and prove that then the statement is true for every
n-dimensional space.

The operator A is nilpotent. Therefore, def(A) > 1, and hence rank (A) < n (see
equality (4.23), p. 102). Evidently, the subspace Im(.A) is invariant under .4, whence
by the induction hypothesis, we conclude that there exist vectors u, us, ..., uy such
that the vectors

2 —1 2 ~1
uy, Auy, Auy, ..., AP uy, un, Auony, Aun, oo, AP ug, L,

Uur, Auk, Azuk, ey .Apkill/lk
(5.60)
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form a basis of the subspace Im(.A), and

APluy = APyy = - = APy = 0. (5.61)
Fori = 1,2,..., k,the vectors u; belong to Im(.A). Hence there exist vectors v; € X,
such that
u; = Av;. (5.62)
The vectors
APy i = 1,2, 00k, (5.63)

belong to the basis (5.60). Hence they are linearly independent. Relationships (5.61)
show that these vectors belong to Ker(.A). Thus we can join vectors (5.63) with some
vectors wy, wy, ..., w; to complete the basis of the subspace Ker(A).

If we prove now that the vectors

vi, Avi, ..., AP, va, Ava, ..., AP2vy, oo, v, Avg, .., APRyyg,

wi, wa, ..., wi (5.64)

form a basis of the space X,,, then obviously, this basis is the required Jordan basis
of the operator A. The set (5.64) consists of n vectors. Indeed, this set consists of
p1+ -+ pr + k + [ elements, and moreover, p; + -+ - + py = rank(A), k + 1 =
def (A), but rank (A) + def (A) = n for every operator .A. Further, put

ooV + o:l,lAvl + -+ aLplAprl + oz 0v2 + C(gJ.AVg + -+ C(z,pzApz\/Q
+ - Fagove ot Ave + - o p AP
+ Biwr + Bawa + - - - + Bwy = 0.
(5.65)

Acting on both sides of the last equality by the operator A, using relationships (5.61),
(5.62), and also using the fact that wy, ws, ..., w; € Ker(A), we get

1
apour +oarAuy + - a1 AP ug
1
+onour +ar 1 Auy + -+ 1 AT

+ ot o oup + ot Aug + o+ a1 AP uy = 0. (5.66)

The vectors (5.60) are linearly independent. Therefore, all the coefficients in the
linear combination on the left-hand side of (5.66) are zero, and (5.65) has the form

al,p]Aplvl +a2,p2v4p2V2 + . +ak,pk~’4pkvk
+ Biwi + Bawar + -+ Bw = 0. (5.67)
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The left-hand side of (5.67) is a linear combination of the vectors of the basis of
the subspace Ker(A). Therefore, all the coefficients in this linear combination are
equal to zero. Thus we have proved that all the coefficients in the linear combination
on the left-hand side of equality (5.65) must all be zero, i.e., the set of vectors
(5.64) is linearly independent and consists of n vectors, and hence it is a basis of the
space X,,. O

The next theorem is an immediate generalization of Theorem 5.14.

Theorem 5.15 Suppose that an operator A acting on a complex space X,, has the
form A = Ay + M1, where Ay is a nilpotent operator, and A is an arbitrary number.
Then the matrix of the operator A with respect to the Jordan basis of the operator Ay
has the following Jordan canonical form:

Ju (1) 0
Iny (1)
(5.68)

0 I, ()

This statement follows immediately from the facts that linear operations with their
matrices correspond to linear operations with operators and that the matrix of the
identity operator with respect to every basis is the identity matrix.

Proof of Theorem 5.13. Representation (5.54) is the result of the sequential real-
ization of the following steps.

1. Using Schur’s theorem, p. 127, we construct an upper triangular matrix 7 that
is unitarily similar to the matrix A.

2. Using Theorem 4.24, p. 129, we reduce the matrix 7' to block diagonal form.
Each block here is an upper triangular matrix. All diagonal elements of this matrix
are equal and coincide with a characteristic value of the matrix A.

3. Using Theorems 5.14 and 5.15, we independently reduce each block constructed
in the second step to the form (5.68). (]

The next lemma is useful for the investigation of the uniqueness of the Jordan
canonical form.

Lemma 5.3 The following relationships hold for a Jordan block Ji(0):
(k) =0, (5.69)
(Je(0) #£0, j=1,2,....k—1. (5.70)

Proof The relationship (5.69) follows immediately from Theorem 4.21, p. 126, and
Corollary 4.3, p. 126. The relationships (5.70) are easily verified by direct calculation.
Itis important to note that while the orders of the matrices J; (0) increases sequentially
with k, the nonzero columns of J; (0) are displaced to the right. (]


http://dx.doi.org/10.1007/978-3-319-57304-5_4
http://dx.doi.org/10.1007/978-3-319-57304-5_4
http://dx.doi.org/10.1007/978-3-319-57304-5_4

184 5 Canonical Forms and Factorizations

Theorem 5.16 The Jordan matrix (5.55) is uniquely determined by the matrix A
(up to permutation of the diagonal Jordan blocks).

Proof Two possible Jordan canonical forms of the matrix A are similar to the
matrix A. Therefore, they have the same set of characteristic values (according to
their multiplicities). Hence to complete the proof, it is enough to show the coinci-
dence of the orders of the Jordan blocks that correspond to a given characteristic
value of the matrix A.

This problem can be formulated as follows: prove the coincidence of the orders
of the Jordan blocks of two possible Jordan canonical forms of a matrix that has a
unique characteristic value. Moreover, arguing as in the proof of Theorem 5.15, it is
easy to see that it is sufficient to consider a matrix A, with a unique zero characteristic
value.

Thus, let

Jn, (0) 0 I, (0) 0
J(0) = , J(0) = :

0 In (0) 0 I, (0)

be two possible Jordan canonical forms of the matrix Ay. We assume that the Jordan
blocks are sorted according to nondecreasing values of their orders (this may be
achieved by the corresponding numeration of the Jordan bases) such that

ngzny=---2ng, npt+ny+---+ng=n,
m =>my=>--->m,, m+m-+---+m,=n,

where 7 is the order of the matrix Ag. Suppose that the first/ — 1,/ > 1, Jordan blocks
of the matrices J(0) and J (0) coincide. By assumption, there exists a nonsingular
matrix S such that

J() = SJ0)S™". (5.71)

As aresult of the assumption of the coincidence of the first Jordan blocks, the matrix §

has the following form:
_(» O
s=(5s.,)

where I, is the identity matrix of order p = n; + - - - + n;_1. This gives us the oppor-
tunity to consider only the matrices J(0) and J (0) such that their first blocks do not
coincide, i.e., J,, (0) # J,,, (0). If we prove that this is impossible, then we will have
concluded the proof of the theorem. To be definite, assume that n; > m;. Raising
both sides of equality (5.71) to the power m, we get
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(JO)™ = S O)™S~". (5.72)

Using Lemma 5.3, we see that (J(0))™ = 0 and also that (J(0))™ = 0. This con-
tradiction concludes the proof of the theorem. (]

5.2.2 Root and Cyclic Subspaces

A Jordan matrix is block diagonal. Hence a space X,, can be represented as a direct
sum of invariant subspaces of the operator .A corresponding to the blocks of the Jordan
matrix (see Section4.2.1, p. 114). The subspace corresponding to the block J,,, (A ;)
in representation (5.54) is called a cyclic subspace. The direct sum of all cyclic
subspaces corresponding to the same eigenvalue A of the operator A is called the
root subspace.

Let us investigate the structure of cyclic and root subspaces. Suppose that an m-
dimensional cyclic subspace corresponds to the eigenvalue A of the operator A. For
the sake of being definite, assume that the vectors {e;};_, of the basis &, belong to
this subspace. Using (5.56), we see that

Ae; = hey, Aey =rey+eq, ..., Ae, = e, +e,_1. (5.73)

This immediately implies that e; is an eigenvector of the operator A. Clearly, the
vectors ey, e, ..., e,_1 are nonzero, and therefore no other vectors e», e, ..., e, are
eigenvectors of the operator A.

Every cyclic subspace includes exactly one eigenvector of the operator .A. Indeed,
if we assume that x = &je; + &er + - - 4+ e, 1S an eigenvector of the opera-
tor A, then J,, (A& = A&, where £ = (£1, &, ...,&,)". The last equality is equiva-
lent to J,,(0)€ = 0. The rank of the matrix J,,(0) is m — 1. Indeed, det J,,(0) = 0,
and the minor obtained from the determinant det J,, (0) by deleting the first column
and the last row is equal to one. Thus the dimension of the kernel of the matrix J,, (0)
is one.

Clearly, if the root subspace corresponding to an eigenvalue A of the operator A
is the direct sum of k cyclic subspaces, then it contains exactly k linearly indepen-
dent eigenvectors of the operator A corresponding to the eigenvalue 1. Therefore,
the number of cyclic subspaces of a given root subspace is equal to the geometric
multiplicity of the corresponding eigenvalue A.

The sum of dimensions of all cyclic subspaces corresponding to the eigenvalue A
is equal the multiplicity of A as the root of the characteristic equation, i.e., it is equal
to the algebraic multiplicity of the eigenvalue A.

It follows immediately from (5.73) that

(A=rDle;=0, j=1,2,....m. (5.74)
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Also it is easy to see that (A — AI)”e; # 0 for p < j. For this reason, the integer j
is called the height of the cyclic vector e;. Particularly, an eigenvector is a cyclic
vector of height one.

It is easy to guess that if [ is the dimension of the root subspace corresponding
to the eigenvalue X of the operator A, then for every vector x of this subspace, the
following equality holds:

(A—rD'x =0. (5.75)

Remark 5.2 Obviously, a Jordan basis is not uniquely determined by the operator A.
Moreover, if we have a Jordan basis, then using it, we can easily construct another
Jordan basis. For example, if in the basis £, we replace the vector e, by the vectore; =
e; + ey, where « is an arbitrary number, then for this new basis, the equalities (5.73)
hold, i.e., it is also a Jordan basis of the operator .A. However, since the Jordan matrix
is uniquely determined by the operator A (up to permutation of the diagonal Jordan
blocks), all Jordan bases have the structure described above.

5.2.3 The Real Jordan Canonical Form

Theorem 5.17 Let A be a real square matrix of order n > 1. There exists a nonsin-
gular real matrix S such that S “LAS = J, where

J =diag(Jy, (A1), Jm,X2)s ooy T, (A1)
and Ay, Ay,..., A; are the characteristic values of the matrix A. If Ay is real, then the

Jordan block J,,, (Ay) that corresponds to Ay is of exactly the same form as (5.55) in
Theorem 5.13. The diagonal block of the form

@« B 1 00O0..00
—Ba 01 00..00
00« B10...00
00-BaO1..00

(5.76)
0
00000GO0..a63
00 000GO0..-Ba

in the matrix J corresponds to each pair of the complex conjugate characteristic
values . = a +if, . = a — ip of the matrix A. The dimension of block (5.76) is
twice the dimension of the corresponding Jordan block of the eigenvalue A in the
matrix A in representation (5.54), p. 180.
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Proof Let {ex};_, be the Jordan basis of the matrix A constructed in the proof
of Theorem 5.13. Suppose that the vectors {e;};_,, m < n, correspond to the real
characteristic values of the matrix A. Taking into account the relationships of the
form (5.73), it is easy to see that these vectors can be real. Suppose that the vec-
tors {ex}yt7 41 correspond to the Jordan block J, (1) of the complex characteristic
value A = « + i of the matrix A. Then we can assume that the vectors {e; }Z:f 1
of the same Jordan basis correspond to the block J, (A). Put x; = Re ey, v = Imey,
where k =m + 1,m+2,...,m+ p. Itis easy to see that the vectors

€1, €2, <.y €my Xmtls Ym41s -+ -5 Xmtps Ym4ps €m42p+1, -5 €n (577)
are linearly independent by writing the change of basis matrix from the Jordan

basis {ex};_, to (5.77). Now let us move from the Jordan basis to the basis (5.77).
Note that by the definition of the Jordan basis,

Aem+1 = )\,em+], Aem+2 = )xem+2 + Cmtls +vvs Aem+p = )»eerp + €mtp—1-

Equating the real and imaginary parts of these equalities,® we see that the block of

the form (5.76) corresponds to the vectors X, 11, Ym+1s - -+ Xm+p, Ym+p in the basis
(5.77). To conclude the proof, we apply this process to all other pairs of the complex
conjugate characteristic values of the matrix A. (]

Let us give some examples of applications of the Jordan canonical form.
Theorem 5.18 A square matrix A is similar to its transpose AT .

Proof If we represent A in Jordan canonical form and write A = SJS™!, then AT =
(S™HT JT ST If there exists a nonsingular matrix P such that

JI =p7lJpP, (5.78)

then the assertion is true. Indeed, in this case the matrix A7 is similar to the matrix J,
and J is similar to A. Obviously, it is enough to check the equality of the form (5.78)
only for an arbitrary Jordan block. Moreover, since every Jordan block is equal
to A1 + J(0), it is sufficient to specify a matrix P such that (J(0))” = P~1J(0)P.
By elementary calculations, we see that the permutation matrix

0 1
p— a (5.79)

satisfies the required condition. (]

8 Analogous calculations were done in Section4.2.5, p. 125.
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Theorem 5.19 Every real square matrix A can be represented as the product of two
real symmetric matrices, one of which can be nonsingular.

Proof By Theorem 5.17, the matrix A is represented in the real Jordan canonical
form: A = SJS~!. Using elementary calculations, we see that the matrix J P, where
the matrix P is defined by equality (5.79), is symmetric (it is convenient to perform
calculations for each Jordan block of the matrix J separately). Now we write the evi-
dent equalities A = SJPPS~! = SJPST(S~1)T PS~!. Clearly, the matrix SJ P ST
is symmetric, and the matrix (S~')7 PS~! is symmetric and nonsingular. O

5.2.4 Power Series of Matrices

Let us recall that by M,, we denote the set of all square matrices of order n with
complex, generally speaking, elements. An infinite series of the form

aol + A+ A* + -+ AR (5.80)

where ay, ay, ..., are complex numbers, A € M,,, n > 1, is called a power series of
matrices. We say that series (5.80) converges if there is a matrix B such that

m
. k
n}l_lgogakA = B.

We connect power series of matrices (5.80) with the following power series:
o0
>at, rec. (5.81)
k=0

Let us recall some results from calculus. The series (5.81) is connected with the

o0
series of nonnegative terms: |ag|t*, t > 0. The set of all numbers ¢ > 0 such
k=0

oo
that > |ay |t* < oo forms an interval on the positive semiaxis. This interval includes
k=0
the point t = 0, can be open or closed on the right, finite or infinite. The length of this

interval (denote it by r) is called the radius of convergence of the power series (5.81).
The series (5.81) converges absolutely for all |A| < r. For |A| > r, the series (5.81)
diverges.

Now we clarify the conditions of convergence of the series (5.80).

Let Ay, A2, ..., A, be all the eigenvalues of the matrix A. The spectral radius of A
is the nonnegative number

p(A) = 1max [Aj. (5.82)
<jsn
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This is just the radius of the smallest closed disk centered at the origin in the complex
plane that includes all eigenvalues of A.

Let A be an eigenvalue of the matrix A. Denote by n; the maximal order of the
Jordan blocks corresponding to A.

Theorem 5.20 (1) If p(A) < r, then the series (5.80) converges. (2) If p(A) > r,
then the series (5.80) diverges. (3) If p(A) = r, then the series (5.80) converges if
and only if for each characteristic value A of the matrix A such that |A| = p(A), the
following series (which are obtained by differentiation of the series (5.81)) converge:

o0
S ak(k = 1) (k= j+ DA, =01, — 1 (5.83)
k=1

Proof Suppose that the matrix S reduces the matrix A to Jordan canonical form, i.e.,
A = §JS™!, where the matrix J is defined by equality (5.55), p. 180. Then for each
m > 0, we have

iakAk = S(iakﬂ‘) s
k=0 k=0

Therefore, the series (5.80) converges if and only if the series

o0
Z arJ* (5.84)
k=0

converges. The series (5.84) converges if and only if each of the following series

converges: » a Jlk (A1), where A is the characteristic value of the matrix A, J;())
k=0
is the Jordan block corresponding to A, and [ is the order of the matrix J;(4). By

definition, 1 <[ < n,;.Now we note that J;(A) = A[; + J;(0). By Lemma 5.3, p. 183,
it follows that (J;(0))! =0, (J;(0)) #0, j =1,2,...,1 — 1. Therefore, for each
k>1—1,weget

O =21+ CEA 00y + -+ ¢ T 0) (5.85)

Thus the investigation of convergence of the series (5.84) is reduced to the investi-

gation of convergence of / power series of the form (5.83). If p(A) > r, then there

exists a characteristic value A of the matrix A such that |A| > r. In this case, the
o0

series D> azAF corresponding to j = 0 diverges, and hence the condition p(A) < r

k=1
is necessary for the convergence of the series (5.80). Let now p(A) < r. Then for
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each characteristic value A of the matrix A, the following inequality holds: |A| < r.°
Therefore, for each j = 1,2, ...,/ — 1 and for all large enough k, we get

lagk(k — 1) - (k — j 4+ 1)k

 akCk — _; (W>k’ k=i < gk

=laglktk = 1)---(k—j+1) p r <rllag|r*,
Thus all series (5.83) converge, and the series (5.80) also converges. Finally,
if p(A) = r, and for each characteristic value A of the matrix A such that |A| = p(A)
all series (5.83) converge, then as follows from the previous arguments, the series
(5.80) also converges; if at least one of them diverges, then the series (5.80) also
diverges.'” O

Let us give some examples of power series of matrices that arise in different
applications.

1. A Neumann series (or geometric progression) is a power series of matrices of the

form

T+ A+AT oA (5.86)

[o¢]
The power series > A¥, which diverges only for |A| < I, corresponds to the

k=1
series (5.86). Therefore, the series (5.86) converges if and only if p(A) < 1. If this
condition holds, then as a consequence, we get

A¥ >0 as k — oo. (5.87)

A matrix that satisfies condition (5.87) is called convergent. Using (5.85), we see
that if p(A) > 1, then condition (5.87) does not hold. Thus a matrix A is convergent
if and only if p(A) < 1.

Theorem 5.21 Let A be a convergent matrix. Then the inverse matrix of I — A exists
and can be expressed as a power series:

T-A"=T+A4+A" 4. (5.88)

Proof Clearly, if A is an eigenvalue of the matrix / — A, then 1 — A is an eigenvalue
of A. Since p(A) < 1, none of the eigenvalues of A are equal to one; hence none
of the eigenvalues of the matrix / — A are equal to zero. For each integer k > 1, we
obviously have (I — A)(I + A+ ---+ A¥y = [ — A¥! Therefore,

9We can assume that > 0, since otherwise, the matrix A is nilpotent and the series (5.80) consists
of a finite number of terms.

10Here we take into account the structure of the powers of the matrix J;(0)); see the proof of
Lemma 5.3, p. 183.
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k
ZA" = —A)""'— U —A)TAH,
i=0

Since A is convergent, the limit as k — oo on the right-hand side of the last equality
exists and is equal to (I — A)~'. Hence the limit on the left-hand side of the last
equality exists too, and the relationship (5.88) holds. (]

2. A matrix exponential is a power series of matrices of the following form:
A Lo 1o

[e.]

1
The power series z Ek" corresponding to (5.89) has infinite radius of convergence.
k=1 "
Therefore, the series (5.89) converges for every A € M,,, n > 1.

In the rest of this section we give without proof some useful properties of the
matrix exponential. The proof of these properties is left to the reader.

1. For all A € M,, the following equality holds:

1 k
A .
e’ = lim (I+—A) .
k— o0 k

Hint: note that for each m > 1, we have

1 " 1 Crk
A m k
— I+ —A — E — — ) A",
¢ ( m ) (k’ ﬂlk)

and the coefficients of A* are nonnegative.

2. If A, B € M, commute, then ¢*8 = ¢4¢?. Hint: use the well-known equal-
ity '’ = e*e”, which holds for all x, y € C.

3. Forall A € M,,t € R, the following equality holds:

detA

T Ae'. (5.90)

5.3 Matrix Pencils

5.3.1 Definitions and Basic Properties

In this section, all vectors are elements of the space C”", all matrices are, generally
speaking, complex, and we use only the standard inner product on C".
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Let A, B be rectangular m x n matrices. The function that assigns to each A € C
the matrix A + A B is called a matrix pencil. Since the pencil is uniquely defined by
the ordered pair of matrices A, B, we usually denote the pencil by (A, B). If m = n,
i.e., A and B are square matrices of order n, then the polynomial det(A — AB) is
called the characteristic polynomial of the pencil (A, B). Arguing as in the derivation
of formula (4.75), p. 123, we get

det(A — AB) = A(ay, az, ..., a,)
—AAby,ap,...,ay) + Alay, by, .. oyay) + -+ Alay, az, ..., by))
+A(AWb by ag) + o+ Alar,az, - by b)) —

£ A"Aby, by, ..., by).
(5.91)

Here a,, as, . . ., a, are the columns of the matrix A; by, bs, ..., b, are the columns
of the matrix B. All other symbols are the same as in formula (4.75), p. 123.

Itimmediately follows from (5.91) that the degree of the characteristic polynomial
of the pencil (A, B) is less than or equal to rank(B).

Ifdet(A — AB) = Oforall A € C, thenthe pencil (A, B) is called singular. If m #
n, then the pencil is also called singular. In all other cases, the pencil is called regular.
Thus a regular pencil is a pencil of the square matrices A and B such that there exists
A € C for which det(A — AB) # 0.

Theorem 5.22 [fKer(A) N Ker(B) # {0}, then the pencil (A, B) of square matrices
is singular.

Proof Indeed, if x £ 0 and Ax =0, Bx =0, then Ax — ABx =0 for all » € C.
Therefore, det(A — AB) = 0O for all » € C. O

Corollary 5.4 If the pencil (A, B) is regular, then Ker(A) N Ker(B) = {0}.

Let us give some examples.

100 111
1. A=L=1010), B=|011}, rank(A) = rank(B) = 3,
001 001
p(L) =det(A —AB) = (1 — A)3, deg(p) =3.1
111
2. A=L,B=|011], rank(B) = 2,
000

p(A) =det(A — AB) = (1 — 1)2, deg(p) =2.

"'We denote degree of the polynomial p by deg(p).
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011
3.A=0L,B={001}, rank(B) = 2,
001
p(A) =det(A —AB) = (1 — 1), deg(p) = 1.
011
4. A=5L1,B={001], rank(B) =2,
000
p(A) =det(A — AB) =1, deg(p) = 0.
100 011
5. A=1010), B=|001], rank(A) = rank(B) = 2,
000 000

Ker(A) N Ker(B) = {0}, p(A) = det(A — LB) = 0;the pencil (A, B) is singular.

A number A € C is called a characteristic value of a regular pencil (A, B) if
det(A — AB) = 0. Let A be a characteristic value of the pencil (A, B). Then a vec-
tor x # 0 is called an eigenvector corresponding to A if Ax = ABx.

Two pencils (A, B) and (A, B;) are called equivalent if there exist nonsingular
matrices U, V such that Ay = UAV, B, = UBV."? 1t is useful to note that the
conversion to an equivalent pencil is in fact a change of bases in the spaces C", C™
(see Section4.1.5, p. 97).

Theorem 5.23 The characteristic polynomials of two equivalent pencils coincide
up to a constant nonzero factor.

Proof Indeed, det(UAV — AUBV) = det(U) det(A — AB) det(V). U

We also note that if x is an eigenvector of the pencil (A, B) corresponding to a
characteristic value A, then the vector y = V~!x is an eigenvector of the equivalent
pencil (UAV,UBYV) corresponding to the same characteristic value. Indeed, the
vector y is nonzero, and if Ax = ABx, then AVy = ABVy. Therefore, UAVy =
AUBVy.

Theorem 5.24 (Generalized Schur’s theorem). Ifthe pencil (A, B) is regular, then
there exist unitary matrices U, V such that the matrices Ay = UAV and By = UBV
are upper triangular.

Proof First let us prove that there exist unitary matrices U; and V) such that all
entries of the first columns of the matrices A = U, AV, and B = U, BV, that are
located below the main diagonal are zero. By assumption, the pencil (A, B) is regular.
Therefore, two cases are possible: (1) the characteristic polynomial of the pencil has
aroot (denote it by A); (2) the characteristic polynomial of the pencil is identically
equal to det(A) # O (see (5.91)).

12The matrices A, B can be rectangular.
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Let us consider the first case. Let v; be a normalized eigenvector of the pencil
corresponding to Ap, i.e.,

AV] = A]BV]. (592)

We join the vector v; with some vectors to complete the orthonormal basis {vi};_,
of the space C". Let V be a unitary matrix whose columns are formed by the vec-
tors {v};_,. Now we note that the vector By, is nonzero, since otherwise, using
(5.92), we see that Av; would also equal zero, but that contradicts the assumption
on the regularity of the pencil (see Corollary 5.4). We take u; = Bv;/|Bv;|, join
the vector u; with some vectors to complete the orthonormal basis {u};_, of the
space C", and construct the matrix U; whose rows are iy, us, ..., ii,. Using ele-
mentary calculations, we see that the elements of the first column of the matrix
B = U,BV, are computed by the formulas I;M = |Bvi|(ui,u;), j=1,2,...,n.
Therefore, 51,1 = |Bvi| > 0, 151-,1 =0for j =2,3,...,n. The elements of the first
column of the matrix A = U;AV; are analogously determined. As a result, we
get apy = (Avy, uy) = A|Bvy|, gllj = (Avy, Mj) =0 for j =2,3,...,n. Now let
us turn to the case that the characteristic polynomial of the pencil (A, B) has no
roots. Then det(B) = 0, but det(A) # 0, and hence there exists a normalized vec-
tor v; such that Bv; = 0 and Av; # 0. As in the first case, we construct orthonormal
bases {vi};_, and u; = vi/|Avi|, us, ..., u, of the space C", and using them, we
form the unitary matrifes U, V. Using elementary calculations, we see that the first
column of the matrix B = U; BV is zero, the diagonal element of the first column of
the matrix A = U 1AV is equal to |Av| > 0, and all other elements of this column
are zero. The further arguments are based on decreasing the order of the considered
matrices and are completely analogous to the corresponding arguments in the proof
of Theorem 4.23, p. 127. (]

It is useful to note that if the triangular matrices A; and B, that appear in
Theorem 5.24 are constructed, then the characteristic equation of the pencil (A, B)
can be written in the form

n
[T — 2 =0,
i=1

where ai(il) and bl.(il), i=1,2, ..., n, are the diagonal elements of the matrices A;

and Bj, respectively. Therefore, if the characteristic polynomial of a pencil has
degree k, then the characteristic values of the pencil are calculated by the formu-
las &; = a.’/b\} for i =1,2,..., k. Obviously, b\, =0 for i > k. Hence if the
polynomial of a pencil has degree k < n, then we say that the pencil has an infinite
characteristic value of multiplicity n — k.
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5.3.2 The Quasidiagonal Form of a Regular Pencil

Theorem 5.25 Every regular pencil (A, B) can be reduced to an equivalent quasi-
diagonal form, namely, to the pencil (A, By), where

_(An 0 (I O
Al_(o In_k), Bl_(o Bzz), (5.93)

the matrix Ay, is upper triangular, all characteristic values Ay, Ay, ..., A of the pencil
(A, B) form the main diagonal of this matrix; By, is an upper triangular matrix with
a zero main diagonal; I, I,_; are identity matrices of the corresponding orders.

Proof As we proved in Theorem 5.24, the pencil (A, B) is equivalent to the pencil

((An A12)’ (311 312)). (5.94)
0 Ap 0 Bxn

Here Aj; is an upper triangular matrix of order k& whose main diagonal is formed
by the numbers byjA1, b Ao, ..., biAr; By is an upper triangular matrix of order
k whose main diagonal is formed by the numbers b1, bay, ..., by, all of which are
nonzero; A, is an upper triangular matrix of order n — k whose diagonal elements
Ak+1.k+1> Ak+2.k+25 ---» Ay Ar€ NONZETo; By is an upper triangular matrix with zero

main diagonal. Multiplying both matrices of the pencil (5.94) by the block diagonal
matrix diag(B;;', A5,'), we move to the equivalent pencil

A Ay Ix 1:3 12
0 I,+)  \O0 Bxn))
Here A is an upper triangular matrix whose main diagonal is formed by the numbers

Ais A2, ..., Ag; the main diagonal of the upper triangular matrix By, is zero. We shall
complete the proof if we can construct k x (n — k) rectangular matrices P and Q

such that
I, O Ay Ap\ (Ik P _ Ay 0
0 Infk 0 Infk 0 Infk 0 Infk ’
L Q\ (LB (I PY_ (kO
0 I,—«) \0 B»)\O I,_x) ~\0 Bpn)"

By elementary calculations we get the following equations for the determination of
the matrices P and Q:

AP+Q=—Ap, P+ QBy=—Bp. (5.95)
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We can consider the system of Eq.(5.95) as a system of linear algebraic equations
for the elements of the matrices P and Q. To prove its solvability for every A, and
B, it is enough to check that the corresponding homogeneous system

AUP+0=0, P+0By»=0 (5.96)

has the trivi~al solytion only. If the rpatrices P and Q satisfy (5.96),then P = A 1 P1§22
and Q = A1 0 By,. The matrix By, is nilpotent. Therefore, arguing as in the proof
of Theorem 4.24, p. 157, we see that P = 0 and Q = 0. O

5.3.3 Weierstrass Canonical Form

In this subsection we show that every regular matrix pencil is equivalent to a pencil
of bidiagonal matrices that is analogous to the matrix Jordan canonical form.

Theorem 5.26 (Weierstrass'?). Let (A, B) be a regular pencil of matrices of order n,
and let My, Ay, ..., M, k < n, be all its characteristic values. Then there exist nonsin-
gular matrices U and V such that UAV = diag(J, I,,—) and U BV = diag(I, H).
Here I, and I} are the identity matrices of order n — k and k, respectively; J is a
Jordan matrix whose main diagonal is formed by the numbers Ay, Aa, ..., i, and
H is a nilpotent Jordan matrix.

Proof Let S; and S,,_; be nonsingular matrices that reduce the matrices A;; and By
of the equivalent quasidiagonal form (5.93) of the pencil (A, B) to Jordan canonical
form. Then we reduce the pencil (A}, B;y) to the required form by the following
similarity transformation:

diag(Si, S,—)Adiag(S;", S,  diag(Sk, S,_x) Bidiag(S; ', S, ')).

O

The pencil of matrices (diag(J, I,,_x), diag(l;, H)) that appears in Theorem 5.26
is called the Weierstrass canonical form.

Theorem 5.27 The Jordan matrices J and H in the Weierstrass canonical form are
uniquely determined by the matrices of the original pencil (A, B) up to permutation
of the diagonal Jordan blocks.

Proof Let(diag(J, I,—1), diag(Iy, H)) and (diag(Jy, I,—¢), diag(ly, H;)) betwo dif-
ferent Weierstrass canonical forms of the same pencil of matrices (A, B). Then there
exist nonsingular matrices U and V such that

Un U\ (J0Y _ (/1 0) (Vi Viz
(U21 Uzz) (0 I) - (0 [) (Vzl sz)s (5.97)

13Karl Theodor Wilhelm Weierstrass (1815—1897) was a German mathematician.
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Uy Un)\OH) \0OH )\Vy Va2 )" )
In equalities (5.97), (5.98), we use the block representations of the matrices U and V
that correspond to the orders of the blocks J and H. Here we do not write the indices

that indicate the orders of the identity blocks. Using elementary calculations, as a
consequence of (5.97), (5.98) we get Uy; = Vi1 and Uy = Voo,

UnJ = WU, UxnH = H Uy, (5.99)
Vor = UypJ, Uy = H Vyy, (5.100)
U= 01Via, Vio=UpH. (5.101)

It follows from (5.100) and (5.101) that U,; = H U, J and Uy, = JiU,H. The
matrices H and H, are nilpotent, and hence (see the final part of the proof of Theorem
5.93) Uy, =0 and U,; = 0, and therefore, Vi, = 0 and V,; = 0. The matrix U is
nonsingular, whence the matrices U; and Uy, are nonsingular. Thus (see (5.99)) the

matrix J is similar to J;, the matrix H is similar to H,, and the assertion follows
now from Theorem 5.16, p. 184. O

5.3.4 Hermitian and Definite Pencils

If det(B) # 0, then the matrix pencil (A, B) is equivalent to the pencils (B~'A, I)
and (AB~!, I). The set of all characteristic values of the pencil (A, B) coincides
with the spectrum of the matrix B~' A. Obviously, the eigenvectors of the matrix
B! A are also connected with the eigenvectors of the pencil (A, B). These facts
are useful for theoretical investigations, but spectral problems for matrix pencils
with det(B) # 0 are not solved numerically as eigenvalue problems for the matrix
B! A, since usually, such important properties of the matrices A and B as symmetry,
sparseness, and so on, are lost.

The pencil (A, B) is called Hermitian if A = A*, B = B*. All characteristic
values of a Hermitian pencil are real. Indeed, if x # 0, Ax = ABx, then (Ax, x) =
A(Bx, x). The numbers (Ax, x) and (Bx, x) are real (see Theorem 4.37, p. 140).

It is important to note that as a consequence of Theorem 5.19, p. 187, we see that
the problem of calculating eigenvalues and eigenvectors of an arbitrary real matrix
is equivalent to the problem of characteristic values and eigenvectors of a pencil of
symmetric real matrices with det(B) # 0. Thus the spectral problem for a pencil of
symmetric real matrices with det(B) # 0 in the general case is as difficult as the
spectral problem for an arbitrary real matrix. The situation improves if we narrow
the class of the allowable matrices B.
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A pencil (A, B) is called definite if it is Hermitian and the matrix B is positive
definite. The next theorem shows that every definite pencil can be reduced to diagonal
form by a similarity transformation.

Theorem 5.28 [fapencil (A, B) is definite, then there exists a nonsingular matrix U
such that U*BU = I and U*AU = A, where A = diag(hi, A, ..., Ay). "

Proof Let us define a new inner product on C" by the formula (x, y)p = (Bx, y).
The operator C = B~'A : C" — C" is self-adjoint with respect to this inner product,
since for all x, y € C", we have

(Cx,y)p = (BB 'Ax,y) = (x, Ay) = (Bx, B"'Ay) = (x, Cy)5.

Therefore, by Theorem 4.41, p. 143, there exist vectors ey, ey, ..., ¢, and numbers
A1, A2, ..., A, such that

Cek :)\.kek, k= 1,2,...,11, (ek,el)B =5k1, k,l = 1,2,...,”. (5102)

Let us construct the matrix U whose columns are the vectors ey, e, ..., e,. [t is easy
to see that the matrix U is nonsingular. We can write relationships (5.102) in the
form B~'AU = UA and U*BU = I, where A = diag(A;, A2, ..., Ay). Evidently,
we have the equality U*AU = A. (I

5.3.5 Singular Pencils. The Theorem on Reduction

In this subsection we show that every singular pencil is equivalent to a quasidiagonal
pencil of 2 x 2 block matrices of a special form. Let us denote by r the maximal
order of the minors of the matrix A + A B that are not identically zero as functions
of & € C. The number r is called the rank of the pencil (A, B). We assume that the
pencil (A, B) is singular; hence we have one of the following inequalities: either
r <m or r < n. Here, as usual, m is the number of rows of the pencil, and 7 is
the number of columns of the pencil. To be definite, assume that r < n. Since the
pencil (A, B) is singular, for every A € C, there exists a nonzero vector x(1) € C”"
such that

(A+AB)x(x) =0 forall A€ C. (5.103)

Solving the homogeneous system (5.103) by the method described in
Section 4.1.13, p. 110, we see that the components x; (1) of the vector x(A) are
calculated by the formulas P, (A)/Q, (1), where P, and Q,, are some polyno-
mials, k = 1,2, ..., n. Multiplying the vector x(1) by an arbitrary function of the

14Clearly, A1, A2, ..., A, are the characteristic values of the pencil (A, B).
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variable A, we also get a solution of system (5.103). Therefore, we can assume that
the vector x (1) is a polynomial of degree &:

x(A) =xo+Ax;+ -+ Ax, £>0. (5.104)

We choose the polynomial of minimal degree among all polynomials satisfy-
ing (5.103). The corresponding integer ¢ is called the minimal index of the singular
pencil (A, B).

Lemma 5.4 The minimal indices of equivalent pencils are equal.

Proof If x (1) is a polynomial of the minimal degree satisfying (5.103), then for all
nonsingular matrices U and V, we have

UA—AB)VV~!x(x) =0 forall e C".

Obviously, the degrees of the polynomials V~'x (1) and x (1) are equal. O

Substituting the polynomial (5.104) into Eq. (5.103), collecting all coefficients
with the same power of A, and equating them to zero, we get a homogeneous system
of linear equations for vectors xo, xi, ..., X, which is equivalent to (5.103):

Axg =0, Bxg+ Ax; =0, ..., Bx._; + Ax, =0, Bx, =0. (5.105)

(Clearly, the matrix of system (5.105) is block bidiagonal.) If ¢ > 0 is the minimal
index of the pencil (A, B), then the system

Axo =0, Bxog+ Ax1 =0, ..., Bxi_1 + Ax; =0, Bx; =0 (5.106)

has only the trivial solution for each k < ¢. Thus we have the following lemma.

Lemma 5.5 If ¢ >0 is the minimal index of the pencil (A, B), then the columns of
the matrix of system (5.106) are linearly independent for each k < ¢.

Lemma 5.6 Let ¢ be the minimal index of the pencil (A, B) and let xo, xy, ..., X¢
be the solutions of system (5.105). Then these vectors are linearly independent. The
vectors Axy, Axy, ..., Ax. are also linearly independent.

Proof First let us prove that none of the vectors {x;};_, are equal to zero. Indeed,
if xo = 0, then the polynomial A~'x(X) has degree ¢ — 1 and satisfies relation-
ship (5.103), which contradicts the assumption of the minimality of the index e¢.
If x; = O forevery j > 1, then Ax; = 0. Not all vectors x, xi, ..., x;_; are zero. It
follows from (5.105) that these vectors satisfy system (5.106) for k = j — 1, which
contradicts the assumption of the minimality of the index ¢. In the same way, we
prove that none of the vectors {Ax;}?_, are equal to zero. Let us prove that the vec-
tors {Ax;};_, are linearly independent. If we assume the contrary, then there exist an
integer i € [1, ¢] and numbers «y, oy, ..., a,—1, not all zero, such that
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Axp = a1 Axp) + o Axp o+ - -+ o1 AXxy. (5.107)

Let
Yo = X0, Y1 =X —Q1X0, Y2=X2 —0U|X]—Q2X0,...,

Yh—1 = Xp—1 — &1 Xp—2 — + - — Op—1X0-
Using Eqgs. (5.105) and (5.107), it is easy to see that
Ayg = Axo =0, Ay = Ax; —a1Axg = —Bxy = —Byo,
Ay, = Axp — a1 Ax) —apAxg = —Bx) + a1 Bxg = —B(x; — a1x9) = —By1, ...,
Ayn-1 = —Byp-2, Byy-1 =0.
Therefore, the polynomial y(1) = yo + Ay, +--- + A" 'y, has degree h — 1 <¢
and satisfies a relationship of the form (5.103), but this fact contradicts the assumption

of the minimality of the index e. It remains to prove that the vectors {x;}i_, are
linearly independent. Now we assume that «gxo + oy x; + - - - + @gx. = 0 for some

numbers g, &1, ..., . Theno; Ax| + apAxy + - - - + oz Ax, = 0. As a consequence
of the linear independence of the vectors {Ax;};_,, wegeta; =ap = -+ =a, = 0.
Hence apxo = 0, but xo # 0, and therefore, op = 0. U

Lemma 5.7 Ifa pencil (A, B) has minimal index ¢ > 0, then it is equivalent to the
quasitriangular pencil (A, By), where

LO D LY F
AI:(O A)’ Bl_(o é), (5.108)

LY =0.1), L =L.0), (5.109)

and the minimal index of the pencil (A, B) is greater than or equal to ¢.

Proof Using Lemma 5.6, we see that we can introduce a basis in the space C"
such that the first & 4+ 1 vectors of this basis are {(—1)'x;}{_,. Analogously, we can
introduce a basis in the space C™ whose first vectors are {(—1)" Ax; i 1.15 Equali-
ties (5.105) show that conversion to the specified bases leads to a pencil of matri-
ces (5.108). Let us prove the second part of the theorem. Note that there is no
polynomial y(A) of degree less than ¢ that satisfies the identity

(LY +1LP)y(h) =0 forall AeC. (5.110)

15The alternation of signs in these bases will be convenient for some formulas below.
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Indeed, in this case, the polynomial x (1) = (y(}), 0) of degree less than ¢ satisfies
the identity
(A1 + By)x(A) =0 forall A eC, (5.111)

but that is impossible, since the minimal indices of the equivalent pencils (A, B)
and (A;, By) must be equal. Now we suppose that contrary to the assertion of the
theorem, there exists a polynomial z(A) of degree less than ¢ that satisfies the identity

(A+ B)z(») =0 forall »eC. (5.112)
If we construct a polynomial v(}) such that
(LY +ALDYWwO) + (D4 AF)z(A) =0 forall A eC, (5.113)

then x(A) = (v(1), z(A)) € C" satisfies (5.111). Let z(A) =zo+Az1 +---+
A 1z._1, and we let v(A) = vy + Av; + - -- + A" 'v,_|. Substituting these repre-
sentations into (5.113), collecting all coefficients with the same power of A, and
equating them to zero, we get the system of equations

LPv = —go, Lvo+ L= —gi, ooy Lve s + Loy = —go 1,
Lgl)vs—l = —&e> (5114)

where go = Dzo, g1 = Fzo + Dz1,..., 8e—1 = Fze—2 + D21, ge = Fzo—1. It has
been proved that the minimal index of the pencil (L(”, L(V) is equal to ¢. Therefore,
by Lemma 5.5, it follows that the rank of the matrix of the system (5.114) is equal
to e(e + 1) (the number of its columns). It is easy to compute that the number of equa-
tions in the system (5.114) is also equal to £(¢ + 1). Therefore, the system (5.114) is
uniquely solvable for every right-hand side. Thus the polynomial x (1) = (v(}), z(X))
has degree ¢ — 1 and satisfies identity (5.111). This contradiction concludes the proof
of the lemma. O

Theorem 5.29 (on reduction). If the minimal index of the pencil (A, B) is equal
to ¢ > 0 and the rank of the pencil is less than n, then the pencil (A, B) is equivalent

to the pencil
LO 0\ (LD 0
((O il o 8l (5.115)

where as above, L = (0,1.), L(" = (I.,0), and the minimal index of the
pencil (A, B) is greater than or equal to ¢.

Proof Let (A, By) be the pencil that was constructed in the proof of Lemma 5.7
and is equivalent to the pencil (A, B). Using elementary calculations, we see that
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Is Q A I£+1 —-P _ Lgo)lf
07u—) '\ 0 Liey) L0 A)
I, O L., —P LS
£ B] &+ — & ~ ).
(0 Ims) ( 0 Inal) ( 0 B)

Here P and Q are some yet unknown rectangular matrices of corresponding orders,
R=D+QA-LOP, S=F+0B-LVP.

We shall complete the proof of the theorem if we show that the matrices P and Q
can be chosen such that R = 0 and S = 0. Let py, pa, ..., pe+1 be the rows of the
matrix P.Itis easy to see that the matrix L§0) P consists of the rows ps, p3, ..., Pett,
and the matrix L{" P consists of the rows p1, pa, ..., pe. Therefore, if R = 0 and
S =0, then

GjA+qi B+ fip+dj=0, j=1,2,...,6 1 (5.116)

Here the lowercase letters with indices denote the rows of the corresponding matrices.
Let us consider (5.116) as a system of equations for the elements of the rows (—1)7¢ s
Jj=1,2,..., . Obviously, the matrix of this system has the same form as the matrix
of the system (5.106) for k = ¢ — 2. Since by Lemma 5.7, the minimal index of
the pencil (A, B) is greater than or equal to &, the rank of this matrix is equal to
(e — D(n — e — 1),i.e.,itis equal to the number of its columns. It is easy to calculate
that the number of equalities in system (5.116) is also equal to (¢ — 1)(n — e — 1).
Therefore, system (5.116) is solvable for every D and F. If we find the matrix
0, then the matrix P is easily found as the solution of the system of equations
LOP =D+ QAand L"P = F + 0B. 0

Remark 5.3 Let us recall that we have assumed above that the rank of the pen-
cil (A, B) is less than n. If the rank of the pencil (A, B) is less than m, then it is easy
to establish by reduction to the pencil (AT, BT) that (A, B) is equal to the pencil

(Lgo))T 0 (Lgl))T 0
0 A)’ 0o BJ)

where 7 ~is tILe minimal index of the pencil (A7, BT), and the minimal index of the
pencil (AT, BT) is greater than or equal to 1. The number ¢ is called the right minimal
index of the pencil (A, B), and the number 7 is called the left minimal index.
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5.3.6 Kronecker Canonical Form

In this subsection we show that every singular pencil (A, B) is equivalent to a qua-
sidiagonal pencil such that each of the diagonal blocks is a bidiagonal matrix.

First we assume that the right minimal index of the pencil (A, B) is equal to zero.
This means that there is a nonzero vector x € C" such that Ax = 0 and Bx = 0. In
other words, the defect of the 2 x 1 block matrix

A
M= (B) (5.117)

is positive. Denote it by /,. Evidently, choosing the vectors of a basis of Ker(M) as
the first /4, vectors for the basis in the space C", we reduce the pencil (A, B) to the
pencil ((O(m, h,), Ao), (0(m, h,), By)), where O(m, h,) is the m x h, zero matrix,
and the right minimal index of the pencil (Ag, By) is positive.

Now we assume that the left minimal index of the pencil (Ao, By) is equal to zero.
Then, arguing as above, we reduce the original pencil (A, B) to the quasidiagonal
pencil (diag(O(hy, h,), A1), diag(0(hy, h,), B1)), where h; is the dimension of the
kernel of the 1 x 2 block matrix My = (Ag, By). Clearly, in this case the left and
right minimal indices of the pencil (A, B;) are positive. To be definite, assume
that the rank of the pencil (A, B;) is less than the number of its columns. Then
by Theorem 5.29, it follows that the pencil (A;, B;) is equivalent to the pencil
(diag(LY, A, diag(L{D, By)), where &, > 0, and the right minimal index of the
pencil (A1, By) is greater than or equal to &;. Continuing this process, we get the
pencil

(diag(OChy, hy), LO, LY ... LY, A,), diag(OChy, hy)), LY, LY .. LY, By),

where 0 < &1 < ¢&;--- < ¢, and the rank of the pencil (A,,, I§p) is equal to the
number of its columns.

Suppose that the number of rows of the pencil (A > B ») 1s more than its rank (in
the contrary case, this pencil is regular). It is easy to see that since the left minimal
index of the pencil (A}, B;) is positive, the left minimal index of the pencil (A e B »)
is also positive. Consistently applying Theorem 5.29 again (see also Remark 5.3),
we reduce the pencil (A P B ») to the pencil

O\T O)\T ONT 4 (ON\T (DON\T (T P
((Lﬂl ) ’ (an ) cet (an) ’ Aq)a (Lﬂl ) ’ (Lﬂz) MR (an) ’ Bq)v

where 0 < 1y < n;--- < n,. Here the pencil (Aq, éq) is regular, and therefore it can
be reduced to Weierstrass canonical form (see Theorem 5.26, p. 196).

Thus we have proved that every arbitrary singular pencil can be reduced to an
equivalent pencil
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(diag(O(hy, hy), LO, LY . LO (LY, (L .. (L), T, 1,-0),

diag(O(hy, hy), L, LY .. ng), @’ @ ..., (L;}))T, Ir, H)).
(5.118)

Here n is the order of the pencil (Aq, E’q), k is the number of its characteristic
values, J is the corresponding Jordan matrix, and H is a nilpotent Jordan matrix
(details see in Theorem 5.26, p. 191).

The pair of matrices (5.118) is so called the Kronecker canonical form of the
singular pencil in the most general case. Clearly, in specific particular situations both
numbers 4, and h; or one of them can be equal to zero, and therefore, every group
of diagonal blocks of the pencil (5.118) can be omitted.

5.3.7 Applications to Systems of Linear Differential
Equations

The Jordan, Weierstrass, and Kronecker canonical forms have many applications to
the study of systems of linear differential equations.

1. Let us begin with the Cauchy problem for a system of ordinary linear differential
equations with constant coefficients:

xX(@) =Ax(@)+ fQ), (5.119)
x(0) = xo. (5.120)

Here A is a given square matrix of order n, f is a given continuous vector-valued
function of the variable r € R with values in the space C", the vector xo € C" is
given, and x is an unknown vector-valued function.

Let us recall (see (5.90), p. 191) that

de’4 A
= Ae', (5.121)
dt
emo = 1. (5.122)

Using relationships (5.121), (5.122), it is easy to check by direct substitution that the
solution of problem (5.119), (5.120) is given by the formula

x(1) =e"xo + / e™MA f(1)dr. (5.123)
0

In the simplest case of n = 1, i.e., if A = A € C and x, f(¢) € C, the solution of
problem (5.119), (5.120) is calculated as follows:
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t

x(t) = xpe + / f(r)et—Ddr. (5.124)
0

Let S be a nonsingular matrix that reduces the matrix A to Jordan canonical
form (i.e., A=SJS™', J = diag(J,, (A1), Ju,(A2), ..., Ju, (At)); see Section5.2.1,
p. 180). Then problem (5.119), (5.120) is reduced to the problem

y(@) = Jy(@) + g(@), (5.125)
y(0) = yo, (5.126)

where y = S7'x, g = S7' £, yo = S™'y(0). Clearly, problem (5.125), (5.126) splits
into the following system of independent equations:

Vi (8) = Ty ) Y, (1) + &, (1), (5.127)
Yn; (O) = Y0,n;» (5128)
wherei = 1,2, ..., k. Thus it is enough to solve the problem
y@) = JR)y() + g@), (5.129)
y(0) = Yo, (5.130)

where J(A) is the Jordan block whose order we denote by m. Let us write the
homogeneous system corresponding to (5.129) in detail:

yi(t) = Ayi(t) + y2(1),
Va(t) = Aya(t) + y3(0),

Y () = Ay ().
It follows from the last equation that
Y (1) = Y (0)e™.
Therefore,
Im-1(8) = Aym-1(t) + yu(0)e™,
whence by formula (5.124), we get

Ym-1(t) = m (0)t + ym—1(0))e*.
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Analogously,
2
¥n2®) = (30 (©)F + 3n1 O + yu2(@))e. ..
Finally,
m—1 m—2
yi(t) = (ym(O)m + ym—l(O)m + -+ (07 + y1(0)) e

Writing the obtained relationships in matrix form, we see that

y(@) = Eju)(0)y(0),

where
1t 22" (m —1)!
0 1 ¢t ...t"2%/(m—2)!
EJ(A)(t)ze” 0 0 1 ...t"3/(m—23)!
0O 0 ... ... 1

It is easy to see that relationships (5.121), (5.122), where A = J(X), hold for the
matrix-valued function E (). Thus,

Ejoy(t) ="', (5.131)

and the solution of problem (5.125), (5.126) can be calculated by the formula

t

(&) = Ejo)(0)yo + / Ejo)@ —1)g(r)dr,
0

which is often used in the theory of differential equations for the analysis of systems
of the form (5.119).

Note that the reader can easily prove formula (5.131) using Property 2, p. 191.
Hint: use the equality J(1) = A1 4 J(0).

2. Now we consider a system of linear differential equations of the form:
Bx(t) = Ax(t) + f(1). (5.132)

First we assume that A, B € M,, and that the pencil (A, B) is regular. For all non-
singular matrices U, V € M,,, we have

UBVV%(t) = UAVV 'x(t) + UF(1). (5.133)
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Suppose that the matrices U, V reduce the pencil (A, B) to Weierstrass canonical
form. Put y = V~!x, g = Uf (). Then (see Theorem 5.26, p. 196)

diag(ly, H)y = diag(J, I,_;)y + g. (5.134)
System (5.134) splits into independent subsystems of the form
y=JMy+g, (5.135)

where J (1) is the Jordan block corresponding to a characteristic value A of the pencil
(A, B), and

JO)y =y+g, (5.136)

where J(0) is a nilpotent Jordan block. We denote its order by m and write sys-
tem (5.136) in detail as follows:

Y2 =y1+ 81,
V3= + g,
).}m = Ym-11+ &m—1,
Ym + 8m = 0.

Starting from the last equation, we get

Ym = —8m,
Ym—1 —8m—1 _g'rm e

Generally,

mn dkfi )
yi:—zdtk_igk, i=1,2,....,m. (5.137)
k=i

The method of solving the system (5.135) has been described above.

Thus, if the pencil (A, B) is regular, then the Cauchy problem for system (5.132) is
solvable. It is important to note that as follows from relationship (5.137), the solution
of (5.132) can include the derivatives of the function f. Therefore, if the function f
is insufficiently smooth, then the solution of (5.132) can be a discontinuous function.

If the pencil (A, B) is singular, then the system (5.132), as we will show below,
is solvable only if some conditions on the vector-valued function f(¢) hold. When
using some matrices U, V (see (5.133)), we reduce the pencil (A, B) to Kronecker
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canonical form (5.118), we get a system of differential equations that splits into
independent subsystems of the investigated forms and the following forms:

0Chy, hy)y() = OChy, hy)y + g, (5.138)
LOy(@) =LVy +g, (5.139)
L 5(0) = @y +¢. (5.140)

First of all, using (5.138), we see that for solvability of the system (5.132) it is
necessary that the first #; components of the vector U f be equal to zero. Note that
the number of equations in system (5.139) is less than the number of unknowns,
i.e., this system is underdetermined. System (5.140) is overdetermined: the number
of equations in (5.140) is greater than the number of unknowns. Writing the system
(5.139) in detail, we get (see (5.109), p. 200)

V2=Y1+8 V3=Y2+ 82, oy Yerl = Yo+ &e- (5.141)

Obviously, we can equate the function y; with any function that is integrable on
every finite interval. After that, using (5.141), we can sequentially define all other
components of the vector-valued function y.

The system (5.140) in detail looks as follows:

O=yi4+8, Yi=»+8, s Yeel = Ve + 8¢ Ve = 8et1-

. . ds—l
Hence, yi = =g, 2 = =82 =81, .-+, Ve = —8c — 8e—1 —*+* — qre18n

d ds—l
el = —— & + 8o et — . 5.142
8e+1 dt(g + 81 + +dt€—‘g1) ( )

Equality (5.142) is a necessary condition of solvability of the system (5.140). Obvi-
ously, this equality defines some additional conditions for the components of the
vector-valued function f(¢) that are necessary for the solvability of the original
system (5.132).



Chapter 6
Vector and Matrix Norms

In this chapter the concept of a norm on the vector space C" is introduced. We
investigate relationships between different norms. We give the definition of a norm
on the space of complex rectangular matrices and study its properties in detail,
particularly with regard to estimates of eigenvalues and singular values of operators.

6.1 Basic Inequalities

Using Theorem 5.4, p. 171, it is easy to see that the function — In(x) is convex on
the interval (0, co). Therefore, for arbitrary positive numbers a, b and p, g > 1 such
that 1/p + 1/g = 1, we have In(a”?/p + b?/q) > In(a?)/p + In(b?)/q = In(ab);
hence we get ab < a”/p + b?/q. Clearly, the last inequality holds also for ab = 0.
Further, since |ab| = |al|b|, we get

14 bl4
lab] < lal® + 1ol (6.1)
P q

for all, generally speaking, complex numbers a, b and forall p, ¢ > 1suchthat1/p+
1/q = 1. Inequality (6.1) is called Young’s inequality."

Theorem 6.1 (Holder’s? inequality). Let x,y € C*, p > 1, 1/p + 1/q = 1. Then

n 1/p n 1/q
s(chkV’) (Zmrf) : (6.2)
k=1 k=1

'William Henry Young (1863—1942) was an English mathematician.
20tto Ludwig Holder (1859-1937) was a German mathematician.
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Proof 1f at least one of the vectors x, y is equal to zero, then inequality (6.2) holds.
Assume that the vectors x, y are nonzero. Then using Young’s inequality, we get

P q
| |yl < | |11 =12 ..n
n 1/p n 1/q n n
(Z |xk|1’) (Z kalq) p 2l g 2 vl
k=1 k=1 k=1 k=1
Summing these inequalities over all /, we obtain
n n 1/p n 1/q
> bxllyel < (Z |xk|ﬂ) (Z |yk|'f) :
k=1 k=1 k=1
Hence inequality (6.2) holds. ([

In the special case of p = 2, inequality (6.2) is called the Cauchy—-Schwarz
inequality.

Theorem 6.2 (Minkowski’s inequality). Let x, y € C", p > 1. Then

0 1/p n 1/p n I/p
(Z i + W) < (Z |xk|”) + (Z |yk|”) : (6.3)
k=1 k=1 k=1

Proof If the left-hand side of (6.3) is equal to zero, then inequality (6.3) evidently
holds. We therefore assume that the left-hand side of (6.3) is positive. Clearly,

n n

Dl wil? =D e+ vl e + il
k=1 k=1

n n
<D b vl el D b vl el
k=1 k=1

(6.4)

Let us estimate the sums on the right-hand side of the last inequality using Holder’s
inequality:

n n 1/q n 1/p
Z|xk+yk|P‘1|xk|5(Z|xk+yk|‘P-”‘1) (me) N ()
k=1

k=1 k=1

n n l/q n l/p
Z|xk+yk|"‘|yk|s(2|xk+yk|<””q) (me) . (66)
k=1

k=1 k=1



6.1 Basic Inequalities 211

where 1/p 4+ 1/g = 1 and (p — 1)qg = p. Thus, combining (6.4)—(6.6), we obtain

n n 1/q n 1/p n 1/p
>+l < (Z i+ ykv’) (Z |xk|") +(Z |yk|”) :
k=1

k=1 k=1 k=1

and taking into account that 1 — 1/q = 1/p, we get (6.3). O

6.2 Norms on the Space C"

In this section we consider the concept of a vector norm on the space C". This concept
generalizes the notion of the length of a vector x € C" and in many cases is more
convenient.

We say that a norm is introduced on the space C” if for each x € C", there exists
a unique real number || x| (the norm of x) such that the following conditions (the
axioms of a norm) are satisfied:

1. ||x]| = O forall x € C"; ||x|| =0 if and only if x =0;
2. |lex]|| = |a|||x]|| for all x € C" and for all « € C;
3. lx +yll < llxll + llyll forall x, y € C".

Condition 3 is usually called thetriangle inequality. Also, the following inequality
holds:

4 |llxll = Ivll| < llx =yl forall x, y € C".

Inequality 4 follows from Axiom 3. Indeed,
Ixll = llx =y + yll < llx =yl + lIyll.

Similarly,
Iyl < llx =yl + llxIl.

Combining the last two inequalities, we obtain inequality 4.
Examples of norms on the space C”.

n 1/p
1. Let p > 1. The equality x|, = (Z |xk|p) defines a norm. Indeed,
k=1

Axioms 1 and 2 evidently hold; inequality 3 for p = 1 immediately follows from

the properties of the modulus of a complex number, and for p > 1, it coincides with

Minkowski’s inequality. Note that || x|, = |x| = (x, x)!/? for all x € C". Here and

further in this section, by (-, -) we denote the standard inner product on the space C".
2. Let || X]loco = 1111/?3;1 |xx|. It is easy to verify that this equality defines a norm.

3. The function ||x||4 = (Ax, x)!'/? is a norm on the space C” if A is a Hermitian
positive definite matrix. To substantiate this fact it is enough to recall that the
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relationship (x, y)4 = (Ax, y) defines an inner product on the space C" (see Prop-
erty 1, p. 141, and also Section3.2.2, p. 73).

A vector norm is continuous on the entire space C". Indeed, let x and y be
n

arbitrary vectors in C". Expanding these vectors into the finite series x = > xgix
k=1
n
and y = D yii; with respect to the natural basis of C" and using the triangle

k=1
n

inequality, we obtain ||x — y|| < > |lix|l|xx — y&|. Obviously, this inequality implies
k=1
that if x tends to y, then ||x — y|| tends to zero.
We say that a sequence {x;} C C" converges to a vector x € C" in norm

if lim ||x — x| = 0. As we have seen in the previous paragraph, the conver-
k—o00

gence of a sequence of vectors in any norm introduced on the space C" follows from
componentwise convergence. Below we will prove that the converse statement is also
true.

We say that two norms || - |1y and || - || 2) are equivalent if there exist two positive
constants ¢; and ¢, such that

cillxlloy < lIxlle < e2llxllqy forall x e C". (6.7

Theorem 6.3 Any two norms on the space C" are equivalent.

Proof Clearly, the relation of the equivalence of norms is transitive. Therefore, it is
sufficient to prove that every norm || - || is equivalent to the norm || - |, = | - |, i.e.,
that there exist two positive constants ¢; and c¢; such that

cilx] < ||lx|| £ eo|x| forall x e C". (6.8)

Let S1(0) be the set of all vectors in the space C" such that |x| = 1 (S;(0) is the
unit sphere centered at the origin). This set is closed and bounded in the space C".
The function ¢(x, x5 ..., x,) = ||x|| is continuous on the whole space C". There-
fore, by Weierstrass’s theorem (see a calculus textbook), it follows that there exist

points xi, x, € S7(0) such that ||x;]] = min |x| and ||x2]| = max |x|. Let
xS (0) x€81(0)
ci = |lxi1ll, c2 = |Ix2]]. Clearly, 0 < ¢; < ¢, and we see also that ¢; is not

equal to zero, since otherwise, x; = 0, but x; € S;(0), whence |x;| = 1 and
x1 # 0. Thus, 0 < ¢; < ||x]| < ¢ for all x € S;(0). Let now x be an arbitrary
nonzero vector in the space C". Then evidently, the vector (1/]x|)x belongs to S;(0),
and therefore, c; < ||(1/|x])x|| < ¢z, whence it follows that the vector x satisfies
inequalities (6.8). Obviously, if x is equal to zero, then inequalities (6.8) hold. [

It follows from Theorem 6.3 that every norm on the space C" is equivalent to the
norm || - ||.. Therefore, the componentwise convergence of a sequence of vectors
follows from the convergence of this sequence in any norm.
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It is important to note that generally, the constants ¢, ¢, depend on n, i.e., they
depend on the dimension of the space C". For example, the following estimates hold:

lxlloo < llx]l, forall x € C" andforall p > 1; (6.9)
Ixll, < llx|l, forall xeC"ifp>gqg>1; (6.10)
Ixll, <n'/P~V4|x|, forall x e C" ifg > p>1; (6.11)
[xll, <n'Pllx]l forall x € C" and forall p > 1. (6.12)

Before proving these estimates, we note that they are the best possible, i.e., for
each of them there exists a nonzero vector x such that the inequality becomes an
equality. In particular, if x = (1,0, ..., 0), then the first two inequalities become
equalities; if x = (1, 1, ..., 1), then the last two inequalities become equalities.

Now we present appropriate proofs.

1. Let ||x]lco = max |xix| = |x;|. Evidently,
1<k<n

n 1/p
il = (x| < (Z lxkl”) = lxllp-
k=1

2. Doing the obvious calculations, we obtain

n 1/p
lxll, = (Z |xk|q|xk|”) < XL/ |x)4/7

k=1

hence using (6.9), we get (6.10).
3. Writing |x¢|? in the form [x¢|? - 1 and then using Holder’s inequality with ¢ =
q/p>1,r=t/(t —1)=q/(g — p) for the estimation of ||x||,, we get

n 1/p n q s p (g—p)/(Pq)
Ix1l, =(Z |xk|f’) < (Z w) (Z 1) =n"/P" V4| x],.
k=1 k=1 k=1

The reader can easily prove inequality (6.12). Then it can be proved that

|xlloo = lim [x||, forall xeC"
p—>00

The proof is also left to the reader.

A vector norm is called absolute if it depends only on the absolute values of the
components of the vector. For example, the norm || - ||, for any p > 1 is absolute;
the norm || x| = (|x1]> + |x2|> — Re(x;X2))"/? on the space C? is not absolute.
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Let D = diag(dy, da, ...,d,),0<d; <1,i =1,2,...,n,x € C". Then for any
absolute norm we get || Dx|| < |x||. Evidently, it is sufficient to verify this inequality
for D = diag(l,...,1,d, 1,...,1),dr € [0, 1]. We have

1 1
Dx = 5(1 —d (X1, X2, o, = Xpy o, X)) 5(1 — di)x + dix;

therefore, | Dx|| < 5(1 — di) x|l + 3(1 — d)lx ]| + dillx || = [1x]l.

A vector norm on C" is called monotone if the inequality ||x|| < |y| follows
from the inequalities |xx| < ||,k = 1,2, ..., n. Every monotone norm is absolute.
Indeed, if a norm is monotone, then for each vector x, the following inequalities
hold:

ICeals ol ooy B DIE < HGens x2s <oy ) I < Il Tl o T DL

Conversely, every absolute norm is monotone. Indeed, if for vectors x and y we
have |x¢| < |yl, k = 1,2, ..., n, then there exists a matrix3

D = diag(d,e'?, dre'?, ..., de?), 0<dy< 1, k=1,2,...,n,

such that x = Dy. Using now the definition of an absolute norm and the inequal-
ity [[Dyll < llyll, we get [lx]| < [Iyll.

6.3 The Hahn-Banach Theorem. Dual Norms

Let us recall that a linear functional f is defined on the space C" if a complex
number f(x) uniquely corresponds to each vector x € C" and this map is linear, i.e.,

flax+ By) =af(x)+ Bf(y) forall x,ye C"andforall o,8 € C. (6.13)

We say that a real linear functional f is defined on the space C" if areal number f (x)
uniquely corresponds to each vector x € C" and

flax+By) =af(x)+Bf(y) forall x,y e C" andforall a, 8 € R. (6.14)

If anorm || - || is defined on the space C", then for every linear functional (real or
complex), we can define its norm by the formula
Lf 0l
Ifl= = WACYIE (6.15)
xeCr, x#0 flx | xeCr, |x||=1

3Let us recall that by definition, €% = cos g +isin .
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For every linear functional we have

I 1l < oo. (6.16)
Let us prove inequality (6.16) for real functionals. For complex functionals the proof
is analogous and easier. Let z = (z1, 22, ..., z,) € C", ||z]| = 1. If we assume now
that 7, = xx + iy, Xk, vk € R,k =1,2, ..., n, then we get

f@=f (Z(xk + iykm) = D> (e f (i) + yef (i) -

k=1 k=1

Hence | f(z)]| < max( max | (o], ml?x | fGip)]) Z |zx|. Since all norms on C" are

k=
equivalent, using the last 1nequa11ty, we conclude that |f(2)] < cllzll = ¢, where ¢
is a constant that depends only on . This means that (6.16) is valid.

Theorem 6.4 (Hahn-Banach®). Let L be a subspace of the space C" and f a linear
functional defined on L,

IfIl="sup [f(x)I (6.17)

xelL, |x|l=1

Then there exists a linear functional F defined on C" such that F(x) = f(x) for
all x € L and®
IFll=sup [F)l=IfI. (6.18)

xeC, flx|l=1

Proof First we assume that f is a real linear functional. Naturally, we suppose
that f is not identically zero. Therefore, without loss of generality, we can assume
that || || = 1. We do not consider the trivial case L = C". Letu ¢ LandletL; D L
be the set of all vectors of the form x + fu, where x € L, t € R. Using the triangle
inequality, we see that

JE) = fO) =llx =yl < llx +ull + Iy +ul

forall x, y € L. Hence, f(x) — ||x +ull < f(y) + ||y + u||. Therefore, there exists
a number a such that

sup(f (x) = lx +ull) < a < inf (£ () + llx + ul). (6.19)

xelL

Let us define a functional f; on L; by the formula f;(x + fu) = f(x) — at (check
that f; is a real linear functional!). It follows from inequalities (6.19) that

4Hans Hahn (1879-1934) was an Austrian mathematician. Stefan Banach (1892-1945) was a Polish
mathematician.

3One says, F is the norm-preserving extension of the functional f onto the entire space C".
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|f(x) —al < |x+u| forall xelL,

and | fi(x+u)| < ||lx+u| forallx € L.Fort # Owe get f1(x+tu) = tfi(t ' +u);
hence

|Aix 41w =[] Aie % +w)] < Jellle x +w)] = x + ),

or |fi(x)] < |lx|| for all x € L,. Arguing as above, we construct a real linear
functional f, defined on the set L, D L of all vectors of the form x + ¢ (iu), where
x € Li,t € R,suchthat|f>(x)| < ||x]| forall x € L,. Itis easy to see that the set L,
coincides with the subspace of the space C" spanned by a basis of the subspace L and
the vector u. Thus we have constructed an extension of the real linear functional f
defined on L onto the wider subspace. Increasing sequentially the dimension of the
subspaces, we can construct a real linear functional F' defined on the entire space C”
such that F(x) = f(x) forall x € L and |F(x)| < ||x]| for all x € C". It follows
from the last estimate and (6.17) that | F|| = || f ]|

Let now f be a (complex) linear functional defined on L. We represent it in the
form f(x) = g(x) + ih(x) for all x € L, where g and / are real linear functionals
on L. Since the functional f is linear, we get f(ix) = g(ix) + ik(ix) = if(x) =
ig(x) — h(x). Hence h(x) = —g(ix), and f(x) = g(x) — ig(ix). By assumption,
Il £l = 1, and consequently, we have | g|| < 1. Using the construction described in
the previous part of the proof, we construct a real linear functional G (x) defined on
the entire space C" such that

G(x) =g(x) forall x e L, and|G(x)| < |x]| forall x e C".

Further, let F(x) = G(x) —iG(ix) for all x € C". Clearly, F(x) = f(x) for all
x € L.Now we prove that the functional F is linear. For this purpose, it is enough to
show additionally that F (ix) = iF (x) for all x € C". This fact follows directly from
the definition. Indeed, F (ix) = G(ix) +iG(x) = i(G(x) —iG (ix)). To complete the
proof, we check equality (6.18). Let x € C”" be a given vector. Take a real number 6
such that F(x)e"? is nonnegative. Then

|F(0)] = Fe“'x) = Ge"x) < [|le’x|l = |lx].
Combining (6.17) with the last inequality, we get (6.18). (]

Corollary 6.1 Let xo € C" be a given vector. There exists a linear functional F
defined on C" such that F (xo) = ||xo|| and || F] = 1.

Proof Letus consider the subspace L C C” of all vectors of the form axy, where o €
C, and let us define on this subspace a linear functional f by the formula f (ax) =
a||xo||. Then obviously, f(x¢) = ||xo]| and || f|| = 1. To conclude the proof, using the
Hahn—Banach theorem, we construct a norm-preserving extension of the functional
[ onto the entire space C". ]
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We can consider the space C" to be a unitary space if we define an inner product
(for example, standard) on it. Using Riesz’s theorem (see p. 132), we see that for
each linear functional f on C" there exists one and only one vector y € C" such
that f(x) = (x, y) for all x € C", and conversely, every vector y € C" generates a
linear functional: f(x) = (x, y) forall x € C". Let || - || be a norm on the space C".
For each vector y € C", we put

[Cx, »)I
= sup |[(x, ¥ (6.20)
xeCn,xz0 x| xeCr, [x]=1

Iyl =1£1=

The reader can easily prove that the relationship (6.20) defines a norm on the space C".
This norm is called dual to the original norm. The next theorem shows that the concept
of the duality of norms is reciprocal.

Theorem 6.5 Let || - || be a norm on the space C" and let || - || be its dual norm.
Then
lxll= sup  [(x, y)]. (6.21)
yee, Iyll.=I

Proof Tt follows immediately from the definition of the dual norm that for every
nonzero y € C", the following inequality holds: ||x|| > |(x, y)|/|ly]l«. Using Corol-
lary 6.1, we see that there exists a vector y such that ||x|| = |(x, ¥)|/l|y|«. These
arguments show that equality (6.21) is valid. (I

In the proof of Theorem 6.5 we have established the following result.

Corollary 6.2 Forall x,y € C", the following inequality holds:

1o, W1 =< lx Iyl (6.22)

Inequality (6.22) is called the generalized Cauchy—Schwarz inequality.

For example, thenorms ||-|| ,, |||l for p > 1,1/p+1/g = 1 are dual to each other
with respect to the standard inner product on C". Indeed, forall x, y € C", by Holder’s
inequality (see (6.2)), we have [(x, y)| < [lx]l,llyllq. Let xx = pee¥, where k =
1,2,...,n.Puty, = pkp*lei“’k, k=1,2,...,n. By elementary calculations, we see
that |(x, y)| = |Ix|[,ll¥ll4. Therefore,

[(x, y)l
lxll, = -
yeCr, y£0 ”y”q
Now the reader can easily prove that the norms || - ||; and || - || are dual to each

other with respect to the standard inner product on the space C".
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6.4 Norms on the Space of Matrices

As above, we denote by M, , the set of all rectangular matrices with m rows, n
columns, and (generally speaking) complex elements. If m = n, we write M,,. If
we define on the set M,, , the operations of matrix addition and multiplication of a
matrix by a scalar in the usual way, then this set becomes a complex linear space
of dimension mn. On this linear space we introduce a norm, i.e., we associate with
each A € M,, , anumber || A|| such that the following axioms hold:

1. ||JA]l > Oforall A € M, ; ||[All = 0if and only if A = 0;
2. |lxAl| = |x]|||A|| for all A € M,, , and for all @ € C;
3. |[A+ B|| < ||A|l + ||B| forall A, B € M,,,.

We say in this case that a vector norm has been introduced on the space M,, ,,. Clearly,
this norm has all the properties that were investigated in the last section for the norms
of vectors.

So-called consistent norms are used often on spaces of matrices. For consistent
norms, in addition to axioms 1-3, the following axiom must be satisfied:

4. |ABllgnpy < I AllGum) Il Bll(np)y Tor all matrices A € M,, ,, B € M, .

Here subscripts indicate norms on the corresponding spaces of matrices.
Not all vector norms on spaces of matrices are consistent. For example, we may
put
[Al = max |a;;] (6.23)
1<i,j<n

for A € M,. Obviously, this is a vector norm, but it is not a consistent norm on M,,.

Indeed, if
11 22
A:(1 1), then AA:(ZZ)’

and ||A]| = 1, |[AA| = 2, then the inequality ||[AA]| < ||A|/||A]l is not satisfied.
Let || - || be a consistent norm on M,, and let S € M,, be an arbitrary nonsingular
matrix. Then, as the reader can easily prove, the formula

Al = ISAS™'| forall A e M,

defines a consistent norm on M,,.
Here are important examples of consistent matrix norms.
n

1. Let ||All, = X laij| for A € M,. Evidently, the first three axioms hold. Let
ij=1
us verify Axiom 4. By definition, for A, B € M,, we have

n
E ajibyj

k=1

n

IABI, = D

i,j=1
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Therefore,

n
1ABI, = > lawllbyl.

i,jk=1
Adding nonnegative items to the right-hand side of the last inequality, we get

n

IABIl, < D laiclbujl.

i,j,k,m=1

It remains to note that

n

> laillbwjl —Z|alk| Z [bmil = I Al B,

i,j.k,m=1 Jj.m=1
1/2
m,n
2. Let ||Allg = ( > |a,'j|2 for A € M,, ,. This norm is generated by the
i,j=1

standard inner product on the space C"". Hence the first three axioms for this norm

hold. Usually, the norm || A|| ¢ is called the Euclidean norm or the Frobenius® norm.

Using the Cauchy—Schwarz inequality (see p. 210), we verify Axiom4.Let A € M,, ,
and B € M, ,. Then

m,p n
IABIE = D | D ainbyj| =< Z Zlalkl Z|bk/

ij=1 k=1 ij=1k=1

Z laix|* Z Ibij 1> = 1A% | BII%-

ik=1 k,j=1

3. The reader can easily prove that the norm ||A| =»n max |a;;| is consistent on
I<ij<n

the space M,, .
Let A € My, ,, and let || - |[on), |l - |y be some norms on the spaces C", C",
respectively. Then there exists a nonnegative number N, such that
lAX|[n) < Nallx|ly forall x e C". (6.24)
Indeed, since every norm on C” is equivalent to the norm || - ||, i.€.,

cillxlloo < X/l forall xeC”,

Ixllm) < c2llxlloo  forall x eC™,

SFerdinand Georg Frobenius (1849-1917) was a German mathematician.
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where ¢, ¢, are positive constants independent of x, we see that the following chain
of inequalities holds:

I Axllon) < c2llAxloc = c2 max Za,]xj < callxlloo max Z|a,,|
j=1 j_l

E — max Z |a1/|||x||(7!)

cy 1<i=m

Denote by v(A) the infimum of the set of all numbers N4 that satisfy (6.24).
Evidently, we can define the function v on the space M,, , in the following equivalent
way:

Il Ax [l gy
V(A) = sup —— = sup AX || gm)- (6.25)
xe,x20 (Xl xeor, Ixlm=1

Clearly,

[Ax||n) < v(A)|Ix||y forall x e C".

The reader can easily prove that all axioms of a consistent matrix norm hold for the
function v. The matrix norm (6.25) is called subordinate or induced or an operator
normni.

For each definition of a norm on the spaces C", C", there exists a vector xo € C"
such that |lxgll¢;y = 1 and

”AxO”(m) = sup ”Ax”(m%

xeC, |Ixf| =1

i.e., wecanreplace “sup” by “max” in the definition (6.25). The proof of this statement
is left to the reader.

It is easy to see that for each definition of a norm on C” the subordinate norm of
the identity matrix (of order n) is equal to one.

Not every norm defined on M, is induced by a vector norm. For example, the
Frobenius norm is not induced by any vector norm, since ||I||z = «/n. The norm
(6.23) is also not an operator norm, since this norm is not consistent on M,,.

Examples of calculations of subordinate matrix norms.

1. Suppose that a norm on the space C" is defined by the following equality (see

the first example on p. 211 for p = 1): ||x|l; = D_ |x¢|. Then the induced matrix
k=1
norm is
1Al = hax Ax].

It is easy to see that for every x € C", ||x||; = 1, we have
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n n n n n n
AxIh = D" 1D ayxs| < D7D lagllxjl = D 1x;1 > lays|

i=1|j=1 i=1 j=1 j=1 i=1

<maxZa Zx _maXZa .
= max > lai| 1)1 aij|

i=1

n
Suppose that max Z laij| = 2 lair]. Let X be avectorin the space C" such that ¥, =
sjsni=| i=1
1 and all other coordinates of the vector x are equal to zero. Then clearly, || x||; = 1
n

and ||A%|ly = 2 |ai|. Therefore,

i=1
Il = _max _|Ax]; = ,‘2?;‘,,; a1, (6.26)

xeCn, ||xlli=

and so ||A||; is called the maximum absolute column sum norm of the matrix A.
2. If a norm on the space C” is defined by the equality ||x|lc = kmlax |xk|, then
<lzn

for every x € C" such that ||x||o = 1, we have
n n
AX|loo = max Za--x' <max2a~ Xj
lAxlloo = max |3 ;| < max > lal;|
j=1 j=1
< max |x; | max Z|a,j| = max Z|au|
1<]<n i<n

Suppose that max Z laij] = Z laxj|. Let ¥ € C" be the vector with components

j=1
. agj/lagjl, ar; # 0,
Xj =
1, agj = 0,
where j = 1,2,...,n, and as usual, the overline is the symbol of complex con-
jugation. Clearly, ||X|]lo = 1, and by elementary calculations, we see that for
alli =1,2,...,n, we have the inequalities

n n n
D ayi;| <D lail < D layl,
iml =1 j=1

and for i = k, we have
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n n
Z(lijfj = Z lag; !,
Jj=1

J=1

n
ie., |[AX]leo = m X > lajj|. Therefore,
<

<i< j=1

n
[Alle = max |JAx[o = max E laijl,
xeC, ||x]lo=1 I<i<n 4 ]
Jj=

and so || A||« is called the maximum absolute row sum norm of the matrix A.
3. Now we introduce norms on the spaces C” and C" induced by the standard
inner product, i.e., we set ||x||» = |x|. For every x € C", we have

Ax|3 = (Ax, Ax) = (A*Ax, x).

The matrix A*A is Hermitian and positive semidefinite. Hence there exists an ortho-
normal basis {e;};_; such that A*Ae; = Ukzek, where O’kz, k=1,2,...,n, are the
eigenvalues of the matrix A*A. They all are nonnegative. Expanding x into a finite

n
series x = ) &e; with respect to the basis {e;};_, and assuming that ||x[], = 1,

k=1

n n
we get > &[> = 1, |Ax|3 = > 0f1&|* < max of. Putnow o; = max oy and

k=1 k=1 1<k<n 1<k<n
% =e;. Then ||[AX|3 = o?. Thus we see that max  |[Ax|, = max oy, i.e.,

I xeC, |x|r=1 1<k<n
|A|l, = max oy. (6.27)
1<k<n

The next special case is of interest in many applications. Let A € M, be a
Hermitian matrix, i.e., A = A*. Then evidently, oy, = |A;(A)|,wherek = 1,2, ..., n,
and A (A) is the eigenvalue of the matrix A. Therefore, for every Hermitian matrix,
we get
|(Ax, x)|
Al = M(A)| = —— =p(A
1Al = max paA)] = max  ZC2S = p(A),
where p(A) is the spectral radius of A (see p. 188). In this connection, the norm || A||,
is usually called spectral.

The proof of the following propositions is left to the reader.

Proposition 6.1 For every matrix A we have (see p. 192)

1
[A*], = —. (6.28)

Oy

Here o, is the minimal singular value of the matrix A.
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Proposition 6.2 If the matrix A is invertible, then (see p. 167)
cond (A) = [|A[l2|A™"||2.

Therefore, the notation cond (A) = cond ;(A) is often used.

The calculation of eigenvalues of a matrix, generally speaking, is a complicated
problem. Hence it is useful to estimate the norm ||A||, using an explicit function of
elements of A. Let us prove that for every matrix A € M,,,, we have the estimate

lAll2 < ||All£. Indeed, by elementary calculations, we get’ tr(A*A) = Z |a,~j|2.

- i=
n
On the other hand, tr(A*A) = > o > max o?. Hence
<k<n

k=1
1/2
m,n
2
1Al = max oy < [ > layI* | = llAlle. (6.29)
1<k<n =
iL,j=

The reader can easily check the following properties.

1. |All, = lUAV|; and ||A||g = ||[UAV| g for every matrix A € M, and all
unitary matrices U and V.
2. |A]l2 = ||A*||, for every matrix A € M,,.

The value of a consistent matrix norm is useful particularly for estimating the spec-
tral radius of a matrix. Namely, for every square matrix A, the following inequality
holds:

p(A) = IA]l, (6.30)

where || A| is any consistent norm of the matrix A. Indeed, let A, x be an eigenpair
of the matrix A, and let X be a square matrix such that all columns of X are equal to
each other and equal to the vector x. Then AX = A X. Hence,

IAIX] = [AX] < [ANIX]]

for every consistent matrix norm. We also see that || X || # 0, since x is an eigenvector

that is not equal to zero by definition. Thus for each eigenvalue X of the matrix A, the

following inequality holds: |[A| < ||A||. This last inequality is equivalent to (6.30).
Clearly, the next corollary follows from estimate (6.30).

Corollary 6.3 If a consistent matrix norm of the matrix A € M, is less than one,
then A is a convergent matrix.

"Here the trace of the matrix A* A is calculated as the sum of all elements on the leading diagonal;
see p. 124.
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Theorem 6.6 For every consistent matrix norm introduced on the space M,, and for
every matrix A € M,, the following equality holds:

p(A) = lim A%V/E. (6.31)

Proof If A is an eigenvalue of the matrix A, then for every integer k > 0, the number A*
is an eigenvalue of the matrix A*. Therefore, using inequality (6.30), we get (0 (A))f =
p(AK) <||A¥||,and p(A) < || A¥||'/* for every integer k > 0. Further, let & be a positive
number. Then the matrix (o(A) + &)~ A is convergent, since the modulus of each
eigenvalue of this matrix is less than one. Therefore, (p(A) + &) ¥A¥ — 0 as
k — oo0. Since every norm on M, is a continuous function (see pp. 211, 217), we get
l(p(A)+e)*A¥| — 0ask — oo.Hencethereexists N > Osuchthatforallk > N,
the following inequalities hold: ||(0(A) 4+ &) ¥ A¥|| < 1 and || A¥||/* < p(A) + &.
Thus for every ¢ > 0 and sufficiently large k, we have the following estimates:
p(A) < ||AF||* < p(A) + . This statement is equivalent to (6.31). O

Using (6.31), the reader can easily prove that
p(A+ B) = p(A)+ p(B), p(AB) < p(A)p(B)
for all permutable matrices A and B.

Theorem 6.7 For every matrix A € M,,, we have

A)=  inf SAS7'|y =  inf SAS™ oo 6.32
p(A) SEMn,lgel(S);tO I I SeM,,,lglet(S);éO I lloo (6.32)
Proof Let us prove the theorem for the norm || - ||;. For the norm || - ||, all the

arguments are repeated verbatim. Matrices A and SAS~! are similar. Therefore,
they have the same spectrum, and p(A) = p(SAS™"). Using this and (6.30), we get

p(A) < |SAS™'|l, forall S e M,, det(S) # 0. (6.33)

By Schur’s theorem, there is a unitary matrix U such that
U*AU =T, (6.34)
where T is an upper triangular matrix, and all eigenvalues XA, A, ..., A, of the
matrix A form the main diagonal of 7. Let D = diag(d, d?, ...,d"), where d is a

positive number. Set
Q =DTD™! (6.35)
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and compute

A d_ll‘lz d_2t13 C d_(n_z)t],n_l d_("_l)thn
0 A d_1t23 e d_(”_s)tz,n_1 d_(n_z)lzyn

—(n—4) —(n—3)
0= 0 0 A3 ...d 13 n—1 d 135 ) (6.36)
0 0 0 ... ot d7a
0 O 0o ... 0 An

Let now ¢ be a given positive number. Then for d large enough, we can be certain
that the sum of all the absolute values of the entries of each column of the matrix Q
is less than or equal to p(A) + &. Using (6.34), (6.35), we get SAS~! = Q, where
S = DU, and |[SAS!||; = |Q]li < p(A) + &. Since the last inequality can
be achieved by choosing the number d for any positive ¢, this together with (6.33)
provides the first equality in (6.32). (I

Using Theorem 6.7, the reader can easily prove that for every matrix A € M, the
following equality holds:
p(A) = 1Hn”f Al (6.37)

where the infimum is taken over all consistent matrix norms on M, but in general,
“inf” cannot be replaced by “min” in (6.37).

At the end of this section we consider one important kind of norm on the space
of matrices. These are the so-called Ky Fan norms.

Theorem 6.8 Let A € My, ,, 01(A) > 02(A) > - = 04(A) > 0, ¢ = min(m, n),
be the singular values of the matrix A (zeros are also included). Then

1/p

k
AN, = [ D ol | .

Jj=1

where 1 < k < g, p > 1 are given numbers, is a norm on the space M,, ,. For
m = n, the norm || A, , is consistent.

Proof Obviously, in the considered case, Axioms 1 and 2, p. 218, are satisfied.
Therefore, we check only the following inequalities:

A+ Blik,p < lAllk,p + 1I1Bllk,p forall A,BeM,,, and 1 <k =g, p=1,
(6.38)

IABllt,p < llAllx,pIBllx,p, forall A,BeM,, andl <k <n, p>1. (6.39)

Using Theorem 5.7, p. 174, Corollary 5.1, p. 173, and Minkowski’s inequality, p. 210,
we get (6.38). Inequality (6.39) follows immediately from Corollary 5.3, p. 175. OJ

The norm || Al , is called the Ky Fan norm.
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Remark 6.1 Since for every matrix A and all unitary matrices U, V of corresponding
dimensions, all the singular values of the matrices A and U A V coincide, we can
say that the norm || Al , is unitarily invariant. If K = 1, we get the spectral norm.
If k = g and p = 2, we get the Frobenius norm. For every k > 1, the Ky Fan norm
of the identity matrix is greater than one. Therefore, it is not an operator norm. By

k
Theorem 5.12, p. 177, the norms || Ay = 0j(A), 1 <k < g, can be calculated

j=1
using formulas (5.48) and (5.49), p. 177.

6.5 The Gap Between Two Subspaces of C"

In this section, a norm on the space C" is induced by an inner product. The norm on
M,, is the corresponding subordinate matrix norm.

Let L, M be subspaces of the space C" and let P;, Py be the operators of the
orthogonal projection of C" onto L and M, respectively (see p. 94). The number

(L, M) = ||PL — Pyl

is called the gap between the subspaces L and M. It follows immediately from the
definition that the function ¥ satisfies the properties of a distance (a metric):

1. 9(L,M)>0,9(L,M)=0ifand only if L = M,
2. ¥(L,M) =9(M, L),
3. 9(L,M) <9(L,N)+ 9(N, M) for all subspaces L, M, N of C".

The following numbers will be useful in our future considerations:

dpy = max |x — Pyx|l, opy= min |[[Pyx]|.
xeL,|x]=1 xeL,|x|=!

These are connected by the equality
di y=1=07y. (6.40)
Indeed, using the relationships Py = Py, Py = PAZ,, (see pp. 94, 139), we can write

Ix — Pyxll* = (x, x) + (Pyrx, Pyrx) — (x, Ppgx) — (Ppyx, x)
= (x, %) + (Pyrx, Pygx) — 2(Pyrx, Pyyx) = |lx)|? — [ Pygx %

Therefore, max |x — Pyx|>=1— min | Pyx]|>.
xeL, |x|=1 xeL, |x|=1
The number d; ) can be calculated by the formula d; y = ||(I — Py)PL].

Indeed, by definition,
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(I — Py)Prx||
I(I — Py)PLll = sup —— P20
xeCn, x#0 ||)C||
Evidently,
(I — Py)Prx|| - (I — Py)Prx]|
[l ] - [1Prx|
if P x # 0. Therefore,
(I — Py)yll
I(I — PPl < sup 120 =dj .
yeL, y£0 Iyl

On the other hand, for x € L, x % 0, we have

I = Pr)xll _ NI — Pyg) Prx]l
llx]] llx]]
Thus,
I — Py)P I — Py)P
dpy = sup ws su wzu(]_pM)pL”_

xeL, x#0 ||)C ” xeCr, x#£0 ||)C ”
Theorem 6.9 For subspaces L, M of the space C", we have the following equality:
| P — Pull = max(dr.m, du,L)-

Proof Obviously, P, — Py = P.(I — Py) — (I — Pp) Py. Hence, using the equal-
ity PL(I — P.) = 0 (see p. 94), for all x € C" we get
(P — Py)x|I> = IPL — Pyp)x|> + (I — Pp)Pyx|?
= |PL( — Py)(I — Pyp)x||® + (I — Pp) Py Pyyx|?
< IPLU = Py I — Pyp)xII? + 111 — Pp) Pyl [ Py x|
< max (| PL(I — Pyp)lI?, I — PPy I — Pap)x ) + | Pyrx %)
=max(| PL(I — Pay)II>, (1 = PL) Py 1) x]1?.

Note that [|PL(I — Py)ll = (Po(I — Py))*|l = II(I — Pyr) Pr]| (see Property 2,
p. 167). Therefore, || P, — Pyl < max(dp m,dum. ). The converse inequality also
holds. Indeed,

(I — PL)Py = Py — P Py = Py — PLPy = (Py — PL) Py,

and [|(/ = Pr) Pyl <[|Pr — Pu|l. Analogously, (I — Py) PLl| <[ PL = Pull. U

Clearly, we have the following corollary.
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Corollary 6.4 For all subspaces L, M € C", we have
0<9(L,M)<l.

Theorem 6.10 If v (L, M) < 1, then dim L = dim M.

Proof Using Theorem 4.3, p. 97, we see that it is enough to show that P; is a
bijective map from M to L. By assumption, || P, — Py/|| < 1. Therefore, the operator
I — (Pp — Py) is invertible (see Theorem 5.21, p. 191, and Corollary 6.3, p. 223),
and Im(I — (Pp — Py)) = C". In other words, (I — (P, — Py))C" = C". Acting
on both sides of the last equality by the operator P, we get P, PyyC" = L. Hence,
P, M = L,i.e., the operator P, maps M onto the entire subspace L. To complete the
proof, we show that this map is bijective. If we assume the contrary, then there exists a
nonzero vector xo € M such that P, xo = 0. Then xog = Py xo — P xg, and therefore,

lxoll < 1Py — Prllllxoll < |lxoll, but this inequality cannot be satisfied. (Il
Theorem 6.11 Ifdim L = dim M, thendy py = dy 1.
Proof First we assume that o ) = 0, i.e., that there exists x € L, ||x|| = 1, such that

Py x = 0 (in other words, x € M"). Now we show that oy.. = 0, i.e., that there
exists a vector y € M, ||y|| = 1, such that P,y = 0. Denote by L)J; the orthogonal
complement in L of the one-dimensional subspace spanned by x. Clearly, dim L1 =
dim L — 1. Let (L})* be the orthogonal complement in the space C" of the subspace
L. Then dim(L:)* = n —dim L + 1, and hence dim(L)* +dimM = n + 1.
Therefore, there exists a vector y, ||y|| = 1, thatbelongsto (L)*NM. Sincex € M+,
we see that y is orthogonal to x, i.e., y € L*. Hence Py = 0. Now we note that
ifory = omr = 0,thendy y = dyr = 1 (see (6.40)). Thus we can assume
that o » > 0. By the definition of o, j, we see that there exists a vector x € L,
x|l = 1, such that || Py x||* = o} ;. Let us show that Pyx — o} ,x € L*. To do
this, using the definition of o »;, we write

(Pu(x+v),x +v) > O’LZ,M(X +v,x+v) forall velL.
By elementary calculations, we therefore obtain
(1— O'LZ,M)(V, v) + (Pyx — ULZ’MX, v) + (v, Pyx — oLz,Mx) >0 forall velL.
If we replace here v by tv, t € R, we get

(1 —ofyM)(v, v)+t(Pyx _GLZ,Mx1 v)+t(v, Pyx —aLz_Mx) >0 forall reR.

(6.41)
It follows from (6.41) that Re( Py x — az’Mx, v) = 0. Replacing v by iv in (6.41), we
get Im(Pyx — o ,,x,v) = 0. Therefore, (Pyx — o} ,x,v) = Oforallv e L. In
other words, Py x—o7 \,x € L. Hence, P, Pyx—o} , PLx = P, Pyx—o} ,x=0.
Now let y = 0§, Pyx. Theny € M, ||yl = 1, PLy = o1 ux, | PLy|| = 01, and
hence o)1 < or p. Analogously, oy < oy.1,1.€., 0L = Op L. ([
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Corollary 6.5 Ifdim L = dim M, then
UL, M) = ||PL— Pull = I = Py) Pl = II(J — PL) Pyl
As a conclusion, the reader is invited to give a geometric interpretation of the

function ¢ and all statements of this section for subspaces of three-dimensional
Euclidean space V3.



Chapter 7
Elements of Perturbation Theory

In this chapter we study the influence of perturbations of matrices on the solutions of
such basic problems of linear algebra as calculating eigenvalues and singular values
of operators, constructing the inverse matrix, solving systems of linear algebraic
equations, and solving the linear least squares problem.

7.1 Perturbations in the Symmetric Eigenvalue Problem

Let A and B be Hermitian matrices of order n. Writing the obvious equality
A=B+(A-B),

using inequalities (4.148), p. 150, and inequality (6.30), p. 223, we see that

[nax Ak (A) — A (B)| < Jnax |Ax(A = B)|, (7.1)
max [Ak(A) — A (B)| < ||A — B, (7.2)
where || - || is any consistent matrix norm. Using, for example, the Frobenius norm

(see p. 218), we get

12
n
2
max [3(4) = 2(B)| < ‘Zl I (73)
L=
Inequalities (7.1)—(7.3) are usually called Weyl’s inequalities.
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If we put |a;; — b;j| < &, then max<x<, | (A) — A (B)| < ne. It is easy to see
that if A = I and all the elements of the matrix E are equal to ¢ > 0, then

max |Ar(A) — A(A + E)| = ne,
1<k<n
i.e., the estimate (7.3) is the best possible for the set of all Hermitian matrices.

A special perturbation of a Hermitian matrix is considered in the next theorem.

Theorem 7.1 (‘“relative” Weyl’s theorem). Let Ay > A, > --- > X, be the eigen-

values of a Hermitian matrix A € M, and letil > ):2 > .. > )2,, be the eigenvalues
of the matrix X*AX, where X is an arbitrary nonsingular matrix. Then

i — dil < M= X*X, i=1,2,...,n, (7.4)

where || - || is any consistent matrix norm.

Proof Let us take an integer i € [1, n] and write the obvious equality
X*(A=MDX=H+F,

where H=X*AX — X1, F=X;(I — X*X). It is easy to see that the ith eigen-
value of the matrix A — A; [ is zero. Using Sylvester’s law of inertia, p. 146, we can
easily check that the ith eigenvalue of the matrix X*(A—A; )X is also zero. The ith
eigenvalue of the matrix H is )N\i — X;. Hence using inequality (7.2), we get (7.4). [

Theorem 7.1 shows that if we replace the matrix A by X*AX, where X is a
nonsingular matrix, then all zero eigenvalues are preserved, and for all nonzero
eigenvalues, we have the relative error estimate

A — il
[A;

|
1

<|II=X*X|, i=12,....n

In the rest of this section we assume that the standard inner product is specified
on the space C". The following theorem describes how perturbations of a Hermitian
matrix influence its eigenspaces.

Theorem 7.2 Let A, B be Hermitian matrices of order n, and let
A(A) = A(A) = - = A (A), M(B) = A(B) = --- = A (B)

be their eigenvalues. Letk € [1, n] be a given integer and let 1 (A) have multiplicity r
such that h_1(A) > A (A) > heyr (A).! Let Ly be the eigenspace (of dimension r)
of the matrix A corresponding to M (A), and let My, be the subspace of dimension r in
the space C" spanned by the orthogonal eigenvectors of the matrix B corresponding
to its eigenvalues A (B), Agy1(B), ..., Agyr—1(B). Let

"For k = 1 and k = n, these inequalities are modified in the obvious way.
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gap; (A) = min(A—1 (A) — A (A), A (A) — Aggr(A)),

ap; (A)
IA— B, < %. (1.5)
Then
A — B>
D (Ly, My) < < 1. (7.6)

gap,(A) — [|[A — B>

Proof Letx € Ly, ||x|l» = 1. If we write x in the form of the orthogonal decompo-
sition x = Py, x + y, where y € M-, then ||x — Py, x|l2 = ||y|l2. Evidently,

I((A = B)x, y)| = 1A = Bll2llyll2. (1.7)
On the other hand, by the definition of the vector x, we have
((A—=B)x,y) = M(A)(x,y) — (Bx, y).

Note that (x, y) = (v, y), (Bx, y) = (x, By) = (¥, By). We have used that B = B*
and that M;" is an invariant subspace of the operator B. Therefore,

(A= B)x.y) = m(A)(y. y) — (By. y). (7.8)
For y # 0, we get
By,
M (A) (. y) — (By.y) = (xk(m _ By ”) Iyl2. (7.9)
v,y

By the definition of the subspace M;",

(By,y) = 1 (B) or (By,y)

(G >,y

< hisr (B)

(see Lemma 4.7, p. 148). Now using inequality (7.2) and condition (7.5), we obtain

(By,y)
v,y

Obviously, it follows from (7.5), (7.7)—(7.10) that

Ai(A) — = gap(A) — A = Bll>. (7.10)

A — Bl
Ivll2 < < 1. (7.11)
gap,(A) — [|[A — B2

Thus (see also Theorem 6.11, p. 217) we have the inequalities (7.6). O

Sometimes the next corollary gives a more useful estimate.
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Corollary 7.1 Let all the conditions of Theorem 7.2 hold, and let the multiplicity of
the eigenvalue Ly (A) be one. Then

IA = Bl

O (Lg, MOV 1 — 02(Lg, M) < —————.
gap; (A)

(7.12)

Proof Let x € My, ||x|l» = 1. Writing x in the form of the orthogonal decomposi-
tionx = x +y, wherex = Pr,x,y € L and using estimate (7.11), we get

IZll2 = /1=yl > 0. (7.13)

If we put B = A + E, then we can write

A+ E)YX +y) =M(B)(x + ). (7.14)
Obviously, Ax = A;(A)X. Subtracting these equalities term by term, by elementary
calculations we obtain

(A= (A D)y =l — E)x, (7.15)

where n = Ax(B) — Ax(A). Now we calculate the inner product of both sides of
equality (7.14) with X. We note that (AX, X) = A (A)(X, X) and also that (y, x) =0
and (Ay, x) = 0, since y, Ay € L,f. As aresult we get

_ (Ex,%)

_ (7.16)
17113

Computing the inner product of both sides of equality (7.15) with y and using (7.16),
by elementary calculations we get

(A =M(A) D)y, y) = (Ex, %f - y) . (7.17)
2

As we have seen in the proof of Theorem 7.2,

[((A = 2 (A) Dy, Y| = gap, (A)]1yl3. (7.18)

The vectors x and y are orthogonal; hence

1/2 2 1/2

(v, VI? Iyl Iyl

' y =(—+||y||% =(=2+1) lyl= :
2

I1%113 %15 HE
Combining (7.17)—(7.19) and (7.13), we finally get (7.12). [l

O,y .
%113

(7.19)
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Remark 7.1 For one-dimensional subspaces L; and M, of a real space, we obtain
v (L, My) = sin o, where « is the angle between L; and M} (prove it!). Therefore,
estimate (7.12) is usually written as follows:

A — Bl
gap, (A) .

—sin2a <
2

We may consider all estimates obtained in this section as a priori estimates.
Using them, we can estimate the perturbations of eigenvalues and eigenvectors by
known perturbations of the original matrix. In some situations, so-called a posteriori
estimates are useful. They give information about errors using results of calcula-
tions already performed. Let now a normalized vector x be an approximation of an
eigenvector of the matrix A, and let @ be an approximation of the corresponding
eigenvalue. Then the accuracy of calculations can be characterized by the residual
vector 7 (x, ) = Ax — ax. If the matrix A is Hermitian, then it is easy to see that

min |7 (x, o) |2 = [[Ax — p(x)x]l2,
aeR

where p(x) = (Ax, x).2 This means that the number (Ax, x) is in a certain sense
the best approximation of the eigenvalue of the Hermitian matrix A if we know the
approximation x of the corresponding eigenvector.

The next theorem shows that the residual r(x) = Ax — p(x)x can actually be
used to estimate the accuracy of solutions of spectral problems.

Theorem 7.3 Let A € M, be a Hermitian matrix, A = A; a simple eigenvalue
of the matrix A, and u the corresponding normalized eigenvector. Let x € C",
Ixlla =1, p = (Ax,x) # A, |p — A| < gap;(A), r = Ax — px. Let L and M be
the one-dimensional subspaces in C" spanned by u and x, respectively,

= min — 1.
4 Heo(A), uFr o=kl
Then 5
r r
Il _ B 720)

Y

Proof Write the vector x in the form of an orthogonal decomposition x = X + y,
where ¥ € L,y € L. Thenr = (A — p)X¥ + Ay — py. Since the vector Ay belongs
to the subspace L+, we have

1713 = (L — p)2IIZI3 + 1Ay — pyl3. (7.21)

It is easy to see that
1Ay = oyl = ¥2IIy I3 (7.22)

2Hint: for a given x, write || (x, ) ||§ as a quadratic trinomial in «.
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It follows immediately from (7.21), (7.22) that the first estimate in (7.20) is valid.
Further, using the definition of r, we obtain (r, x) = 0, or in detail,

= PIIEIB + (A — pDw, Wy} =0, (7.23)

where w = ||y||;1y, lw|l> = 1. Using the equality ||)E||% =1- ||y||% and (7.23), by
elementary calculations we get

p—A

—_— (7.24)
((A—2w,w)

Iyll3 =

It follows from (7.23) that ||)E||% = (A= pDhHw, w)||y||%/(p — )). Combining this
with (7.21), after elementary calculations we see that

17113 = (A — pDyw, (A — ADw) |y 3. (7.25)
Equalities (7.25) and (7.24) show that

2 A= pDw, (A —ADw)|
715 =lp — Al (A=A Dwow] : (7.26)

If we represent here w in the form of an expansion with respect to the orthonormal
set of eigenvectors of the matrix A, then we obtain

|§}M—po—AMqH

#
Il = 1o — A== S (727)
1> (g = a)les P
J#i
wherec;, j =1,2,...,n, j #1, are the coefficients of the expansion. Obviously, it

follows from the assumptions of the theorem that for j # i, all the numbers (A; —
p)(Aj — A;) are positive. Therefore,

)Z(kj —p)(Aj _)\.i)|cj|2’ > )/‘ Z()\j —)\-i)|Cj|2 s
J# J#

i.e., the second estimate in (7.20) is also valid. U

7.2 Perturbations of Singular Values and Singular Vectors

The next theorem follows immediately from Lemma 5.1, p. 174, estimate (7.1),
p. 231, and inequality (5.13), p. 166.


http://dx.doi.org/10.1007/978-3-319-57304-5_5
http://dx.doi.org/10.1007/978-3-319-57304-5_5

7.2 Perturbations of Singular Values and Singular Vectors 237

Theorem 7.4 Let A, B € M,, ,, be arbitrary matrices, q = min(m, n), andlet | (A),
02(A), ..., 04(A), 01(B), 02(B), ..., 04(B) be their singular values (here we also
include zeros for uniformity of notation). Then

max |0y (A) —ox(B)| < max oy (A — B), (7.28)
1<k=<q I1<k=q
1/2
m,n
max [ox(A) = ok (B)| < Zl jaij = bi* ) (7.29)
i,j=

The following theorem is analogous to Theorem 7.2, p. 232.

Theorem 7.5 LetA, B € M,, , be arbitrary matrices, g = min(m, n), andlet o (A),
02(A), ..., 04(A), 01(B), 02(B), ..., 0,(B) be their singular values ordered by non-
increasing values. Let o1 (A) be a positive singular value of the matrix A of multi-
plicity r. Let L,y be the subspace of C" spanned by the right singular vectors of
the matrix A corresponding to oy (A) and let L, be the subspace spanned by the
left singular vectors of A corresponding to oy(A). Denote by M, ; the subspace
spanned by the right singular vectors of the matrix B corresponding to the singular
values oy (B), ox4+1(B), ..., Ok+r—1(B), and by M,  the subspace spanned by the left
singular vectors of B corresponding to the same singular values.® Let

gap; (A) = min(og—1(A) — 0k (A), 0k (A) — 014 (A)),

gap(A)

A =Bl <=

Then
A — Bl

gap,(A) — [|A — B2

max(ﬁ(Lu,k, Mu,k)» ﬁ(Lv,ka Mv,k)) <

The proof of this theorem is left to the reader.

7.3 Perturbations of Characteristic Values of Arbitrary
Matrices

Let A = {aij}ﬁj:] be a square matrix, and let

R(A)= > lay| forall i=12_.n,

I<j<n, j#i

3See the footnote on p. 232.
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Ci(A)y= D lay| forall j=12,..n

I<i<n, i#j

Theorem 7.6 (Gershgorin*). Let A be an arbitrary matrix of order n. Then all the
characteristic values of A are located in the union of n disks

GR={(zeC:lz—ay] <Ri(A), i=12 . n (7.30)

Proof Let (A, x) be an eigenpair of the matrix A, and let x; be the element of x that
has the largest absolute value. Evidently, x; # 0. Using the definition of an eigenpair,
we get

(@i — M)x; = — Z aijXj-

I<j<n, j#i

Therefore, |a;; — A||x;] < R;(A)|x;|, and |a;; — A| < R; (A). Thus every characteristic
value of the matrix A belongs to one of the disks GiR, i=1,2,...,n. O

This theorem is often called the Gershgorin disk theorem. Since A and AT have
the same eigenvalues, they all are located in the union of n disks

G ={zeC:lz—ay| <Ci(A)}, i=12,...,n. (7.31)

This is the so-called the column sum version of the Gershgorin disk theorem.

Theorem 7.6 can be interpreted as a theorem on perturbations of a diagonal matrix
D = diag(ay, ax, . . ., an,). It shows that if the nondiagonal elements of the matrix
A are small, then its characteristic values are not very different from the characteristic
values of the matrix D.

The next two theorems are called the Bauer—Fike theorems.’

Theorem 7.7 Suppose that for the square matrix A = {a;;}} =1 there exists a non-
singular matrix V such that

VIAV = A =diag(h1, Ao, ...y An). (7.32)

Let B = {b;;}} j=1 be an arbitrary square matrix. Then all characteristic values of

the matrix A + B are located in the union of n disks
Gi=f{zeC:lz=M<IBIIVIIV'I i=12,....n (7.33)

Here || - || is a matrix norm that is induced by any absolute vector norm.

4Semyon Aronovich Gershgorin (1901-1933) was a Soviet mathematician.

SFriedrich Ludwig Bauer (1924-2015) was a German mathematician. Charles Theodore Fike (born
1933) is an American mathematician.
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Proof If (A, x) is an eigenpair of A+ B, then (Al — A)V~'x = V!BV V Iy,
whence (see p. 213) we get min j<;<,|A — A; ||V x| < BV IVIIIV . x|,
but we have V~'x # 0. Therefore, min <j<,|A — A;| < IBINIV-IIVI. Thus,
S U lr-LzlG,‘. O
Theorem 7.8 Suppose that the conditions of Theorem 7.7 hold. Then all the char-
acteristic values of the matrix A + B are located in the union of n disks

Gi={zeC:lz=Ml=nslBll2}, i=12,....n, (7.34)

where s; = ||u;ll21|vill2/1(ui, vi)l, v;i is the ith column of the matrix V, u; is the ith
column of the matrix U = (V™Y and the inner product (-, -) is the standard inner
product on the space C".

Remark 7.2 1t is obvious that (A;,v;), i = 1,2,...,n, are the eigenpairs of the
matrix A, and (Xi, u;), i =1,2,...,n, are the eigenpairs of the matrix A*. Each
number s; fori = 1,2, ..., nis greater than or equal to one. The number s; is called
the coefficient of skewness of the corresponding eigenvector v; of the matrix A.
If the algebraic multiplicity of the characteristic value A; of the matrix A is equal
to one, then evidently, the algebraic multiplicity of the characteristic value A; of the
matrix A* is equal to one, too. The eigenspaces corresponding to these eigenval-
ues are one-dimensional, and hence the corresponding coefficient of skewness s; is
uniquely determined.

Proof of Theorem 7.8. The matrices A+ B and A+ V!BV = A + B, where we
set B=U *BV, have the same characteristic values. Using the column sum ver-
sion of the Gershgorin disk theorem, we see that all the characteristic values of the
matrix A + B are located in the union of n disks

G ={zeC:lz—x —bi| <Ci(B)}, i=12,...,n.
Note that |z — %; = bii| = |z = 2] = |biil, Ci(B) + 1bii| = Ilbil;, where as usual,
by b; we denote the ith column of the matrix B. Therefore, all the characteristic
values of the matrix A + B are located in the union of n disks

Gl ={zeC:lz— Ml =< lbli}, k=12,....n.

Let us estimate || by [|1. Consider the vectors #; € C" with the following components®:

. bi/1bjil, bjx #0,
tip = ~
0, by = 0.

Trivially, ||l§k I = (Eik, 1), where i; is a column of the identity matrix. Using the
Cauchy-Schwarz inequality, we then obtain

5By l;jk we denote the jth element of the column bx.
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16kl = (BVik, Ut) < [ BIolU 2 lIvell2lltell2- (7.35)

It is easy to check that ||# |, < «/n. Further, using estimate (6.29), p. 223, we
2

" 1
obtain ||U ||, < (Z lug |I§) . Obviously, each column of the matrix U is uniquely
k=1

determined up to a nonzero scalar factor. Therefore, we can normalize them to

get |lugllo = 1 forall k = 1,2, ..., n. Then evidently, the columns of the matrix V

must be normalized so that (vi,u;) =1 for all k =1,2,...,n. In this case,

we see that ||[vi|l2 = lIvill2lluxll2/| (g, vi)| = sk. Thus, using (7.35), we finally

obtain [|be [l < nsil| B2 O
The next theorem helps to compare estimate (7.33) with (7.34).

Theorem 7.9 For every normalization of the columns of the matrix V., the following
inequality holds:
IVIRIV ™l = max s (7.36)

The columns of the matrix V can be normalized so that

n
VIV < D s (7.37)
k=1

Proof Clearly, we have Viy=w, k=1,2,...,n, and ||[VI]2=sup jxp=1lVx]> >
v |l2. Similarly, we see that ||V ~!|o = ||U|l2 > |lux|l>. Therefore, inequality (7.36)

holds. Now we normalize the columns of the matrix V so that ||vi], = s,i 2, Then,
using the equality (vg, ug) = 1, we get |lugll, = s,i/z, k=1,2,...,n. Obviously,
2
n
this implies that |[V~'|z = |V = (Z sk) . Using inequality (6.29), p. 223,
k=1
we obtain esstimate (7.37).

Remark 7.3 The matrix V that has columns that form a basis of the space C"
that consists of the eigenvectors of the matrix A is not uniquely determined. For
every matrix V, we have ||V |||V ~!| > 1. This inequality becomes an equality if,
for example, the matrix V is unitary and the norm of V is spectral. By Theo-
rem 4.41, p. 142, it follows that a matrix is unitarily similar to a diagonal matrix
if and only if that matrix is normal. Thus, if A is a normal matrix, A;,i = 1,2, ..., n,
are all the characteristic values of A, and B is an arbitrary square matrix, then
all the characteristic values of the matrix A 4+ B are located in the union of n
disks G, ={ze€C:lz—A| < ||Bl2}, i=1,2,...,n.
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7.4 Perturbations and the Invertibility of a Matrix

Let A € M, be an invertible matrix, i.e., det A # 0, and let B € M,,. The following
question arises: what are sufficient conditions on the matrix B so that the matrix
A + B has an inverse? Since A + B = A(I + A~' B), we see that the matrix A + B
is invertible if and only if the spectrum of the matrix A~!'B does not include —1.
Therefore, we have the following practically important sufficient conditions of the
invertibility of the matrix A + B.

1. The matrix A + B is invertible if A~! B is convergent, i.e., p(A™'B) < 1.
2. The matrix A + B is invertible if ||[A~'B| < 1.
3. The matrix A + B is invertible if [|[A~!||||B|| < 1.

Here and below in this section, the norm of a matrix is any consistent norm. The
third condition usually is written in the form

B
cond(A)u <1, (7.38)
Al
where cond(4) = ||[A~"||||A||. This number is called the condition number of the

matrix A (compare it with the definition in Section5.1.1, p. 167). We can interpret
condition (7.38) in the following way: the matrix A + B is invertible if the relative
perturbation of the matrix A, i.e., || B||/||All, is small compared with its condition
number.

Example 7.1 Let A = {a;;}] ;_, be a square matrix. The matrix A is said to be row
diagonally dominant if’

la;i| > R;(A) forall i=1,2,...,n. (7.39)
It is said to be column diagonally dominant if
|aii| > C,(A) forall i = 1, 2, cee,n. (740)

Let us prove that if a matrix A is row diagonally dominant, then it is nonsingular.
Put D = diag(ay, az, - - -, auy). Using condition (7.39), we see that the matrix D
is nonsingular. Writing A in the form A = D + (A — D) and using condition (7.39)
one more time, we get |[D~'(A — D)l < 1. Therefore, condition 2 holds, and
the matrix A is nonsingular. Since det(A) = det(AT), we see that every column
diagonally dominant matrix is nonsingular as well.

The reader can easily prove that if condition (7.39) or (7.40) holds, then all the
leading principal minors of the matrix A are nonzero.

7See the notation in Section7.3.
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Using Example 7.1, the reader can easily prove the Gershgorin disk theorem, and
conversely, using the Gershgorin disk theorem, the reader can prove that if a matrix A
is row diagonally dominant, then it is nonsingular.

Theorem 7.10 Let matrices A and A = A + B be invertible. Then

[A=" — A1 "
—— < ||AT'B|. (7.41)
A=Y
IfIIA"'B| < 1, then
- A=Y
A7 < —————, (7.42)
1—[|A-'B
[A~" — A7 |A'B|
< (7.43)

IA=" T 1= AT'B

Proof By assumption, I = (A + B)A~!. Therefore, A~' = (I + A~'B)A~". This
implies that A~! — A~! = A='BA~!, whence obviously, we get (7.41). Further, we
have A~' = A~' — A~'BA~!, and |[A~'| < ||[A~"|| + |A~'B|||A~"|.. Hence we
have estimate (7.42). Finally, estimate (7.43) is an obvious consequence of esti-
mates (7.41), (7.42). O

The next corollary follows immediately from Theorem 7.10.

Corollary 7.2 Let matrices A and A = A + B be invertible. Then

A=Y — A1 IB
- = "< d(A)—. 7.44
T (7.44)
Ifcond(A)(IIBII/IAN) < 1, then
- A~
A7) < : (7.45)
1 — cond(A)(|| B/ All)
-1 _ -1
JA™ = A" cond(A)(IBII/IAI) 746)

A=Y 7 1 —cond(A)(IIBII/IIAID

The following theorem shows that the “distance” between a nonsingular matrix A
and the “nearest” singular matrix is characterized by the number 1/cond(A).

Theorem 7.11 Let A be an invertible matrix and A + B a singular matrix. Then
I BII/IIA]l = 1/cond(A). (7.47)

If the matrix norm is induced by a vector norm, then we can find a matrix B such
that
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IBII/IAll = 1/cond(A) (7.48)

and the matrix A + B is singular.

Proof Aswe have seen, if amatrix A is invertible and a matrix A + B is singular, then
the spectrum of the matrix A~ B contains the number — 1. Therefore, ,o(A’lB) >
1,but p(A~'B) < ||JA~'B|| < |A~"||||B], i.e., we have ||B|| > 1/||A~"||. The last
inequality is equivalent to (7.47). Now we prove the second part of the theorem. It
follows from the definition of the induced matrix norm that there exists a vector x
suchthat || x| = 1, JA" x|| = [|[A~"|.Puty = |[A~'|""A~'x. Then ||y|| = I, Ay =

|A='||~'x. By Corollary 6.1, p. 216, there exists a linear functional f on the space
C" such that || f|| = sup yecr, jvj=11f(v)] = 1. We define the matrix B by the action
of this matrix on vectors, using the following relationship: Bv = —(f(v)/||A~"|)x
for all v € C". Clearly, By = —||A~"||~'x, whence (A 4+ B)y = 0, and therefore,
det(A + B) = 0. Moreover,
IBll= sup [Bvll=]A"I"" sup [fO)I=[A"|7".
velCr, lvl=1 veCr, [vl=1
The last equality is equivalent to (7.48). (I

7.5 The Stability of Systems of Linear Equations

In this section we assume that matrix norms are consistent with vector norms. The
next theorem establishes the connection between the relative perturbations of the
matrix and the right-hand side of the system with the relative perturbations of its
solution. The main role in the estimates obtained below is played by the condition
number of the matrix of the system.

Theorem 7.12 Let A be an invertible matrix and let B be a matrix such that
|A='B|| < 1. Let x be the solution of the system of equations

Ax =y, (7.49)
and let X be the solution of the system of equations
Ai=y+b, A=A+B. (7.50)

Then

x — % _ _cond(4) (M+@)

< - (7.51)
[lxl L=QAZEBI Xyl Al

If we assume additionally that || A~"||||B|| < 1, then
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Y (< L

=< —
llx]] 1 —cond(A)(IBI/IAID \lyll Al
Proof By assumption, the inverse matrices A7l and A~! exist. Therefore, x = A~! y
and¥ = A"'(y+b).Hencef —x =A"'"b+ (A" — A1)y, and

lx — %I < NIATIBI+ 1A = A7 Iyl

Therefore, using (7.42), (7.43), and the inequality ||y|| < [|Al||lx]l, by elementary
calculations we get (7.51). We note that estimate (7.52) is an obvious consequence
of (7.51). (I

In many situations, an error estimate based on the residual of the approxi-
mate solution is especially useful. Now we introduce a number that we shall use
for this estimate. Let A be an invertible matrix and let x £ 0, Ax = y. Put n =
IAlllxll/lly]l. Obviously, n > 1, and since [lx|| < [A~"[[[lyll, we see that n <
lAIIA~"|| = cond(A). For a vector ¥ € C", we put r = AX —y. Then ¥ — x =
A~1r, and

lx — %] < 1A 7] (7.53)
Therefore,
—X d(A
lx =% _ cond(4) firl 758)
x|l no Ayl
and as a consequence we get
fx — X 7l
< cond(A)—.
[l 1l Iyl

Estimate (7.54) shows that the relative error is estimated better by the relative
residual of the approximate solution as the number 7 better approximates cond(A).

Let X be an approximate solution of the system of equations Ax = y. In some
cases, for example in backward error analysis, it is useful to represent the vector X
in the form of the exact solution of the system with a perturbed matrix:

(A+ B)x =y. (7.55)
It is natural to seek a matrix B with minimal norm (induced by a norm of vectors).
The possibility of such a choice of the matrix B is justified by the next theorem.

Theorem 7.13 (Rigal-Gaches). Let x € C", x 20, r = Ax — y. There exists a
matrix B such that Eq.(7.55) holds and || B|| = |r||/||X|l. If we assume additionally
that there exists a matrix D # B such that (A + D)x =y, then | D|| > || B]|.

Proof To justify the last assertion it is enough to note that Dx =—r, and therefore,
IDx]| = |Ir|; hence | D|| > ||r||/lIX]l. Let us define the matrix B by the relationship
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Bv =—(f()/|x|)r for all v € C", where f is a linear functional on the space C"
that satisfies the following conditions: f(X) = ||%|| and || f|| = 1.% Then we see that
Eq.(7.55) holds, and || Bl = [ - I /X[l = N7 lI/11x]l. g

In all previous estimates we assumed that the values of perturbations of the matrix
and the right-hand side of the system were known in the sense of some norms.
However, often it is more natural to define componentwise perturbations. Namely,
now we assume that for a given ¢ > 0, we have

|Bl < g|Al, [b] < elyl. (7.56)

Here and below in this section the symbol | - | indicates a matrix or a vector that
consists of the absolute values of its components. Inequalities (7.56) are to be under-
stood componentwise. Thus estimates (7.56) mean that the relative perturbation of
each element of the matrix and of the right-hand side of the system is less than or
equal to €.
Theorem 7.14 (Bauer—Skeel®). Let x be the solution of system (7.49) and let % be
the solution of system (7.50). We assume that the matrix A is nonsingular, condi-
tions (7.56) hold, and

elllA7 Al < 1. (7.57)

Then .
. A [Alx] + [yDI
e — %l <e 1
L—e|l|A~H]AL

(7.58)

Here the vector norm is any monotone norm, and the matrix norm is consistent with
the vector norm.

Proof Using Eqs. (7.49), (7.50), we get ¥ —x = A~'(Bx + b + B(X — x)). There-
fore, |¥ — x| < |A~'(|B||x| + |b| + | B||X — x|), hence, using (7.56) and taking into
account the assumed agreements for the vector and matrix norms, we obtain

1% — xIl < elllA~"1(Alx] + [yDIl + el A~ A[][]IX — x]|.

Combining the last inequality with (7.57), we get (7.58). O

It is useful to note that if the right-hand side of the system is known exactly,
i.e., b = 0, then instead of (7.58), we get

1% —xi _ _ellA”"IA]l
Ixll = T —elllA=M ALl

This estimate shows the dependence of the relative error of the solution on the relative
perturbation of the matrix of the system. For this reason, the number

8See the proof of Theorem 7.11.
9Robert D. Skeel (born 1947) is an American mathematician.



246 7 Elements of Perturbation Theory
-1
kps(A) = I[AT|[A]ll

is called the relative condition number of the matrix A or the Bauer—Skeel condition
number.

It is easy to see that under the assumed agreements for vector and matrix
norms, kgs(A) > 1 for every matrix A. For every diagonal matrix, ks = 1. Thus
diagonal systems of equations are ideally conditioned with respect to the perturba-
tions of the matrix.

7.6 Perturbations in the Linear Least Squares Problem

In this section we investigate the stability of a pseudosolution with respect to per-
turbations of a matrix and the right-hand side of the system. The vector norm in
this section is Euclidean. The matrix norm is induced by this norm, i.e., we use the
spectral matrix norm.

Lemma 7.1 LetA, B € M,, ,, rank(A) =rank(B) =r,n = |[AT|||A — B| < 1.1°
Then

1
IBF < 1—||A+II- (7.59)
-
Proof Tt follows from (7.28), p. 236, and (6.27), p. 221, that
0:(B) — 0,(A) = —[|A — B

Using (6.28), p. 223, we can write the last inequality in the form

1
- > —|lA— B,
B+ AT
whence, by elementary calculations, we get (7.59). (I

Lemma 7.2 Let A, B € M,, ,, rank(A) = rank(B), P4 = AA™Y, Py = BB™. Then

| PA(I — Pg)|| = [|Ps(I — Pa)|| < ||A — B[ min(J[AT|, [|BF]). (7.60)
Proof By construction, P4, Pp are the orthogonal projectors defined on C” (see
Section 5.1.3, p. 169). Therefore, the equality || Po(I — Pp)| = || Pg(I — P4)|| fol-
lows from the results of Section6.5, p. 226. In Section 6.5, we have seen also that

the following equality holds: || Pg(I — P4)|| = |[({ — P4) Pg||. Now we note that

(I —P)Pp=(I—-AA"YPg=(I —AAN(A+ B — A)B™,

10 et us recall that AT is the pseudoinverse of A (see Section4.3.4, p. 137, and Section5.1.3,
p- 168).
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but (I — AAT)A = 0 (see Property 5 on p. 169). Hence

[ Ps(I — Pa)|l = II(I — Pa)Pgll = (I — Pa)(B— A)B™||
<I(B—A)BT| < |I(B—A|IB"].
(7.61)

Analogously, [| Pa(I — Pp)|| < (B — A AT]. O

Theorem 7.15 (Wedin''). Ler A, A € M,, ., m > n, be matrices of full rank. Let x
be the normal pseudosolution of the system of equations (7.49), and let X be the
normal pseudosolution of system (7.50). Letr = y — Ax and let 7 = 5 — AX be the
corresponding residuals. Suppose that |AY||||B|| < 1. Then

I —E _ 2(A)
Kl = T A BI/IAD
X (@ (1 —|—K2(A)—”r” ) + M (1 + I )) ,
1Al tann) T ion U A
(7.62)
=7l (1l 1B
T (nyn () ||A||)’ (7:69

where k2 (A) = AT || All.

Proof By the definition of the pseudoinverse operator, we have
F—x=AY(y+b —x=AY(r+Ax+b)—x = AT (r + Ax + b — Bx) — x.

Since by hypothesis, rank (A) = n, we get AT A = I (see Property 7 of the pseudoin-
verse operator, p. 169). Therefore,

¥—x=A"0r +b— Bx). (7.64)

Now we note that by Property 6, p. 169, we have ATr = At AA*r = A*P;r. We
note also that

Par = AAT(y — Ax) = A(ATy) — AA*Ax = Ax — Ax =0, (7.65)
ie., Atr = A““PA(I — P4)r, whence by Lemmas 7.1 and 7.2, we see that

“+ I A*] IA*IPI Al Bl
AT = — == I Bllirl = " 3
L—[lA*[] Bl L—[ATIIANCBI/ AL LA [1x]]

llxIl-

per-Ake Wedin (born 1938) is a Swedish mathematician.
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Analogously, using the evident inequality ||y| < ||7| + ||A|lllx], we get

+
VAY B — Bl < 1A (6] + 1Bl < — A (M + ||B||) Il
r—ar s Ukl

AT IIAL 21l o1 Bl
llxll.

< + o+
L—IATIIANCABI/ AL X Iy HTAIx® Qi Al

(7.67)

Combining (7.66), (7.67), and (7.64), we obtain (7.62). Let us estimate  — 7. Using
the definitions of r and 7, we get

F—r=y+b—(A+BXi—y+Ax =b+ A(x — %) — Bx.
Moreover, we have the inequality A(x — %) = —AAT(r — Bx + b). Indeed,
AAY(r —Bx+b) = AAT(y+b— Ax) = AATj — AATAx = A% — Ax.

Therefore, 7 —r = (I — AA")(b — Bx) — AA*r. Since I — AA™ is a projector,
we get ||r — 7|| < ||b — Bx|| + ||AATr|. Recall that » = r — P,r. Hence, we have
|AATr|| < I1Pz(I — Py)|r]l, whence, using Lemma 7.2, we obtain the estimate
IAATr| < [ATIBIlIr|l. Thus, [[r =7 < 6]l + I BIlllx] 4+ AT B ]. Now
we note that x = ATy, ||r|| = min ,cc: ||y — Av|| < | y|. Finally, using elementary
calculations, we get (7.63). ([

Remark 7.4 Inequalities (7.62), (7.63) show that in the estimates of the perturbations
of the linear least squares problem, the number «,(A) plays an important role. It is
called the condition number of the linear least squares problem. Note also that if
the system of equations (7.49) is solvable, then » = 0, and the estimate (7.62) is
transformed to an estimate of the form (7.52). Clearly, if A is a square nonsingular
matrix, then we get k(A) = cond,(A).



Chapter 8
Solving Systems of Linear Equations

In this chapter we present algorithms and error analysis of numerical methods for
solving linear systems Ax = b with nonsingular square matrices. Here we present
only direct methods. They are called direct because in the absence of rounding errors
they would give the exact solution of Ax = b after a finite number of steps. Section 8.1
presents Gaussian elimination algorithms. Section 8.2 analyzes their rounding errors
and presents practical error bounds. Section 8.3 shows how to improve the accu-
racy of the computed solution of Ax = b through an iterative refinement procedure.
In Section 8.4 we discuss the basic special systems of linear equations (with sym-
metric positive definite matrices, symmetric indefinite matrices, band matrices) and
numerical methods of their solution.

8.1 Algorithms for Gaussian Elimination

In this section we consider numerical algorithms for solving systems of linear equa-
tions with nonsingular matrices based on Gaussian elimination. Gaussian elimination
was already discussed in Section 1.2.5, p. 42.

8.1.1 LU Factorization with Pivoting

As we saw in Section 1.2.5, p. 42, for every nonsingular matrix A of order n, by
Gaussian elimination with pivoting we can construct unit! elementary lower triangu-
lar matrices Ly, k = 1,2, ..., n, permutation matrices P, k = 1,2, ..., n, and an

The original version of this chapter was revised. An Erratum to this book can be found at https://
doi.org/10.1007/978-3-319-57304-5_8

T All the diagonal entries of a unit triangular matrix are equal to one.
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upper triangular matrix U such that

A=PL'PL - PL'U. (8.1)
If we have obtained representation (8.1), then we can solve the system of linear
equations

Ax =b (8.2)

for any right-hand side b by computing the vector
f=LyPy--L1Pib (8.3)

and solving the system
Ux=f 8.4)

with the triangular matrix U. The cost of computing the vector f and solving sys-
tem (8.4) is approximately 2n> arithmetic operations, which is much cheaper than
constructing representation (8.1) (see Section 1.2.5, p. 42).

Calculating the vector f can be performed by solving a system of linear equa-
tions with a triangular nonsingular matrix. To show this, let us analyze the matrix
Py Lfl PLy L P, L;l . The matrix P, differs from the identity matrix by a permuta-
tion of the second and ith columns, i > 2 (see the description of Gaussian elimination
in Section 1.2.5, p. 42). Therefore, the matrix Ll_1 P, differs from Ll_' by a permuta-
tion of the second and ith columns. Hence L;' P, = PQI:fl, where the matrix ifl
differs from L[l by a permutation of the second element and the ith element in the
first column. Thus, we obviously get

pL'PLy P L) =P Py PLTLy L
where each matrix I:i_l, i=1,2,...,n, can differ from the matrix L[._1 only by
permutations of elements in column i.

Now we can write A = PLU,where P = P{P,--- P,,and L = 1:1—11:2—1 .- ~£;1
is a unit lower triangular matrix. This factorization of A is called an LU factorization
with pivoting. If the matrices P, L, and U have been constructed, then we can solve
system (8.2) in the following way:

1. Permute elements of b to getE =P 'b=P,P,_--- Pb.
2. Solve Ly = b with a lower triangular matrix.
3. Solve Ux = y with an upper triangular matrix.

A method for constructing the matrices P, L, U was actually described in
Section 1.2.5, p. 42. It can be realized by the following algorithm.

Algorithm 8.1 LU factorization with pivoting: calculating a permutation matrix P,
a unit lower triangular matrix L, and a nonsingular upper triangular matrix U such
that LU = P A for a given nonsingular A.
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letP=I,L=I1I,U=A
fori=1ton—1
find m such that |U (m, i)| is the largest entry in |U (i : n,i)|
ifm #£i
swap rows m and i in P
swap rows m and i in U
ifi > 2swapelements L(m,1:i—1)and L({,1:i—1)
end if
Li+1:ni)=U@G+1:n,i)/U(,1i)
Ui+1:n,i+1:n)=U@G+1:n,i+1:n)—LGE+1:ni)Ul,i+1:n)
Ui+1:n,i)=0
end for

Obviously, this algorithm can be improved. For example, in Algorithm 8.1 we
observe that when column i of A is used to compute the elements of column i of L,
then that column is not used again. Also, when row i of A is used to compute row i
of U, that row is not used again. This observation allows us to organize the storage
arrangement in Algorithm 8.1, overwriting L and U on A (see Question 8.2, p. 284).
Further, to save information on permutations, we can use only one vector with the
numbers m;,i = 1,2, ..., n, and so on.

The 1u function in MATLAB® expresses a matrix A as the product of two
triangular matrices, one of them a permutation of a lower triangular matrix and the
other an upper triangular matrix. The function [L,U] = 1lu(A) returns an upper
triangular matrix in U and a permuted lower triangular matrix in L suchthat A = LU.
The return value L is a product of lower triangular and permutation matrices. The
function [L,U,P] = 1lu(A) returns an upper triangular matrix in U, a lower
triangular matrix L with unit main diagonal, and a permutation matrix P such that
PA=LU.

The next algorithm is called forward substitution. We use it to easily solve a given
system Lx = b with a unit lower triangular matrix L.

Algorithm 8.2 Forward substitution: solving Lx = b with a unit lower triangular
matrix L.
x(1) = b(1)
fori =2ton
x(@)=b)—LGE1:@—-1)x(1:3G—-1))

end for

The last algorithm is called backward substitution.> Using this algorithm, we can
easily solve a given system Ux = b with an upper triangular matrix U.

Algorithm 8.3 Backward substitution: solving Ux = b with a nonsingular upper
triangular matrix U.

x(n) =b(n)/U(n,n)

fori=n—-1tol

2See also (1.119), (1.120), p. 45.
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x@) =00 -UG >0+ :n)x((@+1):n)/UG,0)
end for

Note that in Algorithm 8.1 we apply permutations on the rows of the matrix A.
This process is called Gaussian elimination with partial pivoting (GEPP): swap rows
with numbers m; and i of the matrix A such that |A(m;, i)| will be the largest entry
in |A(i : n,i)|. In the case of Gaussian elimination with complete pivoting (GECP),
we swap rows m; and i as well as columns k; and i in the matrix A such that
|A(m;, k;)| will be the largest entry in |A(i : n,i : n)|. GEPP is the most common
way to implement Gaussian elimination in practice. GECP is more expensive. It is
almost never used in practice.

8.1.2 The Need for Pivoting

First of all, let us describe a class of matrices for which LU factorization can be done
without pivoting. In other words, in this case all the matrices P;,i = 1,2, ..., n,can
be equal to the identity matrix.

Theorem 8.1 Let A be a given square matrix of order n. There exist a unique unit
lower triangular matrix L and a unique nonsingular upper triangular matrix U such
that A = LU ifand only if the all leading principal submatrices of A are nonsingular.

Proof Necessity. The decomposition A = LU may also be written in terms of block
matrices as

(Au A12)_(L11 0 )(Uu UIZ)_(LIIUII LU )
Ay An ) \ Ly Ly 0 Un) \LuUn LyUpn+ LUy )’
where Ay is aleading principal submatrix of order j, 1 < j < n,asare Ly and Uy;.
Therefore, det Aj; = det(L;Uy) = det Ly detU;; = H}i:1(U11)kk # 0, since L is
unit triangular and U is nonsingular.

Sufficiency. The proof is by induction on the order n of the matrix A. For all
matrices of order one, we have the obvious decomposition a;; = [ u;; = lay;. To
prove that there exists a decomposition for the matrix A of order n, we need to find

unique triangular matrices L and U of order (n — 1), unique (n — 1) x 1 vectors /
and u, and a unique nonzero number 7 such that the following decomposition holds:

- A b LO\(Uu LU Lu
A:(CTS):(ITI)(On):(lTUlTu—i-n)' .5

By the induction hypothesis, there exist unique matrices L and U of order (n — 1)
such that A = LU. Comparing the left- and right-hand sides of (8.5), we get

u=L", I"T=cTU"", n=6-1"u (8.6)
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It follows from (8.6) that u, [, n are unique. By the induction hypothesis, the diagonal
entries of the matrix U are nonzero, since U is nonsingular. Using (8.5), we get

~ LO Uu
O#detAzdet(lT 1)det(0 77) = ndet(U).

Thus, n # 0. O

From Theorem 8.1 we conclude that there are classes of matrices important for
applications for which pivoting is not necessary. For example, all the leading principal
minors of the following matrices are nonzero:

1. Positive definite Hermitian matrices (see Sylvester’s criterion, p. 153).
2. Row diagonally dominant and column diagonally dominant matrices
(see p. 242).

Theorem 8.1 says also that LU decomposition of a matrix A without pivoting can
fail even on well-conditioned nonsingular matrices A. This is because j x j leading
principal minors of these matrices can be singular. For example, the permutation

10
matrix is zero. Thus, LU decomposition without pivoting will fail on this matrix.
Now we consider an example showing that pivoting in Gaussian elimination can
significantly reduce the influence of rounding errors. At the same time, the result of
declining to pivot can be catastrophic.

matrix P = (0 1) is orthogonal, but the first element in the first column of this

Example 8.1 Let us consider a system of two equations in two unknowns

Ax = b, (8.7)

ol
A= (1)

« is a given positive small real number, b = (1, 2)T. The solution of this system is

where

xi=1/0—a)~1, x=(1-2a)/(—a)~~1. (8.8)

By elementary calculations, we get

B 1/ —a), —a/(1 —a)) "’

Therefore, it is easy to see that for a small «, we have the inequality

condso(A) = |Aflc A7 oo ~ 4,
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i.e., the matrix A is very well conditioned, and the impact of rounding errors in
storage of its elements and of the right-hand side on the solution of system (8.7)
must be insignificant.

First, we solve system (8.7) by Gaussian elimination without pivoting. We obtain

1 0 o 1
Lz(l/a 1)’ Uz(o 1—1/a)'

The solution of the system Ly = bisy, =b; =1,y = by — 51 y1 =2 — 1 /a. The
solution of Ux = y is xo = y2/u22, X1 = (Y1 — Yaut1.2)/u1.1.

Let us put o = 10~* and calculate the matrices L, U and the vectors y, X in
MATLAB®, using double precision, by the above formulas:

I = 1.000000000000000e 4 000 0
~ \1.000000000000000e 4+ 014  1.000000000000000¢ + 000 ’

U= 1.000000000000000e — 014 1.000000000000000e +- 000
- 0 —9.999999999999900e + 013 ) °

yi=1, y2=-9.999999999999800¢ + 013,
X2 = 9.999999999999900e — 001 x; = 9.992007221626409¢ — 001,  (8.9)

LU = 1.000000000000000e — 014 1.000000000000000e + 000
~ \1.000000000000000¢ + 000  1.000000000000000¢ + 000 ) *

If we calculate the solution of system (8.7) directly by formulas (8.8), we obtain
X2 = 9.999999999999900e — 001, x; = 1.000000000000001e 4 000. (8.10)

Comparing (8.9) and (8.10), we observe that the impact of the rounding errors on
the solution is significant. If we set @ = 107'%, then we get

yi=1, y2=-9.999999999999998¢ + 015,
X2 = 9.999999999999998¢ — 001, x; = 2.220446049250313¢ + 0,

LU = 1.000000000000000e — 016  1.000000000000000e + 000
~ \ 1.000000000000000¢ + 000 0 ’

i.e., the influence of the rounding errors is catastrophic. In the considered example,
this fact is explained in the following way. When we calculate y, =2 — 1/« for a
small «, the impact of the first term is lost because of the rounding errors.
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Now we use Gaussian elimination with pivoting. For system (8.7), this means that
we have to permute the equations in (8.7) and write

1
4=(o1)
10 Lo
L:(a 1)’ U:(o 1—a)'

In this case, for o = 107! we get

b= (2, 1)T. Then

x2 = 9.999999999999900e — 001, x; = 1.000000000000010e + 000,

LU = 1.000000000000000e 4 000 1.000000000000000e +- 000
~ \ 1.000000000000000e — 014 1.000000000000000e + 000 )

For o = 1071%, we obtain

X2 = 9.999999999999999¢ — 001, x; =1,

LU = 1.000000000000000e + 000 1.000000000000000e +- 000
~ \ 1.000000000000000e — 016 1.000000000000000¢ + 000} ’

i.e., the impact of the rounding errors is practically absent.

8.1.3 A Numerical Example

Now we illustrate the performance of Gaussian elimination algorithms by solving
the Dirichlet problem for Poisson’s equation in two dimensions. Clearly, after a
discretization of the problem using finite elements or finite differences we obtain a
system of linear equations that can be solved by a number of different methods. In
this section we present first the finite difference discretization of the problem and
show how to construct a system of linear equations from this discretization. Next,
our numerical example illustrates how Gaussian elimination algorithms can be used
to solve this system.

The model problem is the following Dirichlet® problem for Poisson’s* equation:

_Au(x) = f(x) in Q,

8.11
u=0o0nos2. ( )

3Johann Peter Gustav Lejeune Dirichlet (1805-1859) was a German mathematician.
4Siméon Denis Poisson (1781-1840) was a French mathematician.
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Here f(x) is a given function, u(x) is an unknown function, and the domain £2
is the unit square 2 = {(xy, x2) € (0, 1) x (0, 1)}. To solve (8.11) numerically, we
first discretize the domain 2 with x{; = ih; and xp; = jh, where hy = 1/(n; — 1)
and hy = 1/(n; — 1) are the mesh sizes in the directions x1, x,, respectively, and n;
and n; are the numbers of discretization points in the directions x, x,, respectively.
In computations we usually have the same mesh size & = h; = h;. In this example,
we choosen; =n; = nwithn = N + 2, where N is the number of inner mesh nodes
in the directions xp, x,, respectively.

Indices (i, j) are such that 0 < i, j < n, and they are associated with every global
node ng,p of the finite difference mesh. Global nodes numbers 7,405, in the two-
dimensional case can be computed using the following formula:

Nglop = J +ni(i —1). (8.12)

We use the standard finite difference discretization of the Laplace operator Au in
two dimensions and obtain the discrete Laplacian Auy; ;:

o UWir = 2w Wi — 20+ Uy
Aui,j = h2 + h2 s (813)

where u; ; is the solution at the discrete point (i, j). Using (8.13), we obtain the
following scheme for solution of the problem (8.11):

Uivtj —2uij iy | Wi — 2ui 5+ U joy
_( j hz/ J o4t hZJ J ) = fij, (8.14)

where f; ; is the value of the function f at the discrete point (i, j). We observe
that (8.14) can be rewritten as

- (Mi+1,j —2u;j+tui_j g — 2u + Mi,j—l) = hzfi,j» (8.15)

or in a more convenient form as
— Ui+ g — iy — Ui — i o1 =W fi ). (8.16)
System (8.16) can be written in the form Au = b. The vector b has the compo-

nents b; ; = h? f; ;. The explicit elements of the matrix A are given by the following

block matrix:
Ay |—1Iyn

A= I ,
—Iy| Ay
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with blocks Ay of order N given by

-1 0 0-- 0
—1 4-1 0--- 0

Ay = -1 4 0 o[,
[ I 0—-1 4

which are located on the main diagonal of the matrix A, and blocks with identity
matrices — Iy of order N on its off-diagonals. The matrix A is symmetric and positive
definite (see Question 8.16, p. 289). Therefore, we can use the LU factorization
algorithm without pivoting.

Suppose that we have discretized the two-dimensional domain §2 as described
above, and the number of inner points in both directions is N = 3. We present
the schematic discretization for the inner nodes of this domain and corresponding
numbering for the global nodes using (8.12) in the following scheme:

a1’1 al’g as ny npy n3 1 2 3
a1 axp a3 | = | 4 ns ng | — 456 |. (8.17)
as azp dszz n7 ng ng 789

Then the explicit form of the block matrix A will be

4—-1 0]-1 0 0 O

-1 4-1{ 0-1 0/ 0O 0 O

0-1 4 0 0-1] 0 0 O

-1 0 0] 4-1 -1 0 0

A= 0-1 0|-1 4-1] 0-1 O
0 0-1] 0-1 4] 0 0-1

0 0 0—-1 0 0] 4—-1 O

0 0 0f 0-1 0O]-1 4-1

0 0 0/ 0 0-1] 0—-1 4

Example 8.2 In this example we present the numerical solution of problem (8.11).
We define the right-hand side f(x) of (8.11) as

= c1)? (- 02)2) 1 8.18)

2s? 2s3 a(xi, x2)

f(x1,x) =Arexp (
The coefficient a(x, x») in (8.18) is given by the following Gaussian function:

(8.19)

)2 2
a(xy,x)) =1+ Aexp (_ (x1 —¢1) B (X2 — ) )

2 2
251 2s5
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u(x, x,) with A =12,n =20 u(x, x,) with A =12, n=20
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Fig. 8.1 Solution of problem (8.11) in the example of Section8.1.3 on the unit square.

Here A, A are the amplitudes of these functions, ¢y, ¢, are constants that show the
location of the center of the Gaussian functions, and sy, s, are constants that show
the spreading of the functions in the x; and x, directions.

We produce a mesh with the points (xi;, x2;) such that xi1; = ih, xp; = jh
with 7 = 1/(N + 1), where N is the number of inner points in the x; and x; direc-
tions. We take the same number of points in the x; and x, directions: n; =n; =
N + 2. The linear system of equations Au = f is solved then via the LU factor-
ization of the matrix A without pivoting. Figure 8.1 shows the results of numer-
ical simulations for different discretizations of the unit square with the number
of inner points N =20, 40 and for A=12, Ay =1,ci=c2=05,51=5=1
in (8.81) and (8.18). The MATLAB® programs of Section 1.1 are available for
running this test.’

8.2 Error Analysis

One of the main techniques for computing the error in the computed solution is check-
ing its stability. This means that we need to check how much the computed solution

>The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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is changed depending on changes in input data. We will begin with a derivation of
perturbation theory in polynomial evaluation.

8.2.1 Rounding Analysis in Polynomial Evaluation

In this section we discuss the stability of polynomial evaluation by Horner’s rule.
Let there be given a polynomial

d
px) = ex',
i=0

where ¢; are the coefficients of the polynomial, and 4 is its degree. For polynomial
evaluation we use Horner’s rule, noting that the polynomial can be written in an
alternative form as

p(x) = co+ x(c; + c2x + ...cgx®h)
=co+ x(c1 + c2(x + ...cgx?7?)) (8.20)
=co+x(c; + x(....(ca1 + cax)...)).

Using (8.20), this rule can be programmed as the following iterative algorithm for
every mesh point x; € [Xef1, Xrigni], j € 1,2, ...N, where N is the total number of
discretization points.

Algorithm 8.4 Horner’s rule for polynomial evaluation at the point x; € [x/0f/,
xright]yj €l,2,...N.

0. Initialize p = c4. Set counteri =d — 1.
1. Compute p = x;p + ¢;.
2. Seti =i —1andgotostep 1. Stopifi = 0.

To compute error bounds in the polynomial evaluation we insert a rounding
term 1+ (8;2); for every floating-point operation in Algorithm 8.4 to obtain the
following algorithm.

Algorithm 8.5 Error bounds in polynomial evaluation at the point x; € [xf/,
xright]v ] € 1, 2, ...N.

0. Set counter i = d — 1 and initialize p = ¢ .
1. Compute p = (x;p(1 + (81);) + ¢i) (1 + (82),), where [(81)il, [(82)i] < &.
2. Seti:=1i—1andgotostep 1. Stopifi = 0.

In Algorithm 8.5 the number ¢ is the machine epsilon, and we define it as the
maximum relative representation error 0.50' =7, which is measured in floating-point
arithmetic with base b and precision p > 0. Table8.1 presents the values of the
machine epsilon in standard floating-point formats.
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Expanding the expression for p; in Algorithm 8.5, we get the final value of p:

d—1 i—1
po = Z((l + (82)1)1_[(1 + (8 + (52)k))cixi

i=0 k=0

d—1
+ (H<1 + @D+ (82>k))cdxd. (8.21)

k=0

Next, we write the upper and lower bounds for the products of § = §; », provided
that ke < 1:

A+8)--A+8) < +e)k<1+ke+ 0(?),

‘ (8.22)
A+68)---A+8)=0—-e) =1 —ke.
Applying the above estimates, we get the following inequality:
l—ke<(A+68) .- (1 +68) <1+ke. (8.23)
Using estimate (8.23), we can rewrite (8.21) as
d A d
po~ D (1+8)cx = &x' (8.24)
i=0 i=0

with approximate coefficients ¢; = (1 + 8;)c; such that |8;| < 2ke < 2de. Now we
can write the formula for the computing the error ¢, in the polynomial:

d d d
ep = Ipo— p =D (A +8)ex’ =D cxl| = > Feix!
i=0 i=0 i=0
d d
<2 deleix’| <2de Y |eix'| = Ax),
i=0 i=0

(8.25)

so the true value of the polynomial is in the interval (p — A, p + A).
If we choose 8; = ¢ sign(c;x'), then the error bound above can be attained within
the factor 2d. In this case, we can take

d .
2 leix'|
i=0
d

> cixt
i=0

cond(p) := (8.26)

as the relative condition number for the case of polynomial evaluation.



262 8 Solving Systems of Linear Equations

In the following algorithm, we use (8.25) to compute the lower bound in polyno-
mial evaluation.

Algorithm 8.6 Computation of the error A(x;) in the polynomial evaluation at the
point Xj € [x;ef,, x,,-gh,],j e€l,2,..N.

Set counter i = d — 1 and initialize p = ¢4, A = |cq4].
Compute p = x;p +¢;, A = |x;|A + |ci].

Seti =i — 1 and go to step 1. Stop if i = 0.

Set A(x;) = 2de A as the error bound at the point x;.

L= o

Example 8.3 Figure8.2-(a) shows the behavior of the computed solution using
Horner’s rule (Algorithm 8.4) for the evaluation of the polynomial

p(x) = (x —9)° = x° — 81x® +2916x7 — 61236x° + 826686x> — 7440174x*

+ 44641044x> — 172186884x> + 387420489x" — 387420489.
(8.27)

Figure 8.2-(b) shows the upper and lower bounds computed for the polynomial
p(x) = (x —9)° using Algorithm 8.6. We have performed all our computations
taking ¢ = 0.5e¢ — 16 in Algorithm 8.6. Using these figures, we observe that chang-
ing the argument x slightly can change computed values drastically. Figure8.3

presents comparison of the theoretically estimated relative error e, = —In %
with the computed relative error ecopp = —In ‘%}C’;’m for two polynomials: for

the polynomial p(x) = (x — D2(x —2)(x —3)(x —4)(x —5) (see Fig.8.3a) and
for the polynomial p(x) = (x — D2(x —2)(x =3)(x —dHx =5 - —9)
(x — 11)(x — 15)(x — 17) (See Fig.8.3b). We note that p(x) is computed polyno-
mial using the Horner’s rule (Algorithm 8.4) and p(x) is the exact polynomial.

Indeed, we encounter difficulties when we want to compute p(x) with a high
relative accuracy if p(x) is close to zero. This is because small changes in € result
in an infinite relative error given by ¢/p(x) = ¢/0, which means that our relative
condition number (8.26) is infinite; see also an illustration of this statementin Fig. 8.2-
(c), (d). There is a simple geometric interpretation of this condition number: it tells
us how far p(x) is from a polynomial whose condition number at x is infinite. Now
we introduce a necessary concept and prove the corresponding theorem.

d d
Let p(x) = D> a;x" and g(x) = > b;x' be two polynomials. Then the relative
i=0 i=0
distance dist(p, g) from p(x) to g(x) is defined as the smallest value such that

|ai _bl| S dISt(pr ‘I)|ai|» l S 1 S d
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Fig. 8.2 (a) Evaluation of the polynomial p(x) = (x —9)° by Horner’s rule (Algorithm 8.4)
compared with the exact polynomial. (b) Computed upper and lower bounds for the polynomial
p(x) = (x —9)° using Algorithm 8.6. (c) Plot of the graph of the estimated relative error e =

4 (d) Plot of the graph of the estimated relative error e, = —In 4 (presented in blue color)
P p
9

compared with the computed relative error ecomp = —In ‘W‘ (presented in red color).

Here, p(x) is computed by Horner’s rule (Algorithm 8.4) and the exact polynomial (x — 9)° is
computed in MATLAB® . Input interval for x in this example is x € [8.7,9.3].

Ifa; #0, i <1 <d, the condition above can be rewritten as

i — bi .
max u =dist(p,q), i <1 <d.
Osi=d |a]
d .
Theorem 8.2 Let a polynomial p(x) = 3 c¢;x' be not identically zero, and let g be
i=0

another polynomial whose condition number at x is infinite, i.e., q¢(x) = 0. Then
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Fig. 8.3 Plot of the graph of the estimated relative error ej, = —In ‘ % ‘ (shown in blue) compared
with the computed relative error ecomp = —In ’% (here p(x) is computed by Horner’s

rule and p(x) is the exact polynomial, which we compute in MATLAB®): (a) for the polyno-
mial p(x) = (x — D2(x —2)(x —3)(x —4)(x — 5) and (b) for the polynomial p(x) = (x — 1)2
x=2)x =3)x —DHx =5x —Dx —PDx — 1) (x — 15)(x — 17).

d .
> cixt
i=0
d

> leixt]
=0

min {dist(p, g) : g(x) =0} = (8.28)

d o d .
Proof To prove this theorem, let us write g(x) = > b;x' = > (1 + &;)c;x' such
i=0 i=0
that dist(p, g¢) = Omaxd le;]. Then g (x) = O implies that
<i<

d

d d
POl =1g(0) = p0) =1 D_aicix’| < 3 lereix’| < max |e;] Z(; leix'].
1=

i=0 i=0

Thus,
[p(x)]
-

> leixt]
=0

dist(p, q) = max |s;| =
0<i<d

There is a ¢ that is close to p, for example the polynomial ¢ with
_ —px)
d

=
> leixi]
i=0 O

sign(cixi).
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8.2.2 Error Analysis in Gaussian Elimination

In this section we derive an error analysis for LU decomposition and Gaussian elim-
ination that is similar to the error analysis of polynomial evaluation of Section 8.2.1.

We assume that the matrix A has already been pivoted. We will simplify the error
analysis only for two equations of Algorithm 8.1, one for aj, j < k, and one for
J > k. Letus first analyze what this algorithm is doing with element a j; when j < k.
‘We observe that this element is repeatedly updated as

j—1
Ujk = djk — E Ljiuig.
i=1

If j > k, then we have
k=1

ajr— > L
/ i=1
jk =
Uik
To do rounding error analysis of these two formulas, we use the following expression
for floating-point approximations:

d d
ﬂ(iny,-) =D xw (L +5). 18] < de. (8.29)
i=1 i=1

where ¢ is the machine epsilon or the relative representation error. The maximum
of the relative representation error in a floating-point arithmetic with p digits and
base b is 0.5b'~7; see also Table 8.1 for ¢ in standard floating-point formats.

We apply (8.29) to the formula for u j;:

j-1
Ujk = (ajk - leiuik(l + Si)) (1+8)

i=1
with |8;| < (j — 1)e and |8'| < e. Expressing a i, we get

1 U
ajk = mujkljj + ;lﬁu,’k(l + (Si)
J

J
Ljjuiyd; = E Liiuix + Ej,
1 i—1

(8.30)

J
=< E Ljiuie +
i=1 i

where we have used the fact that /;; = 1 and the assumptions
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1
Sil<(G—De 1468 :=——.
16:1 < (G — De, 1439 Y

In the expression above we can bound E j; by
|Eji| =

ZJJ,ulka

Thus, we get the following estimate for a j;:

Z \Ljilluixne = ne(ILINU ) jx.

i=1

J
ajr < E Ljiuik + E j.
i=1

We perform the same analysis for the formula for /;; to get

k=1
(A +8)(aj — Z Liiui (1 +6;))

L= (1+38") = :
kk

where |8;| < (k — 1)e, |8'| < ¢, and |8”| < e. Expressing a i, we get

k—1
ukkljk + leiuik(l +3i).

i=1

1

G A+ )+ 67

Defining 1 4 §; := we can rewrite the previous expression as

(1+5’)(1+5 "’

k k k
ajr < E Ljiuix + E Ljiuid; = E Ljiuix + Eji
i=1 i=1 i=1

with [8;] < ne and |E | < ne(|L||U]) jx as before. We summarize this error analysis
with the simple formula
A=LU+E,

where
|E| < ne|L||U|.

Taking norms, we get
NEN < nell [LI U]l
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If the norm does not depend on the sign of the entries of the matrix (this is valid for
Frobenius, infinity, one-norms, but not for two-norms), we can simplify the expres-
sion above as

IEIl < nelLINUI. (8.31)

Thus, in formula (8.31) we have obtained an error estimate for LU decomposition.
The next step is to obtain errors in forward and backward substitutions. We solve
LUx =bviaLy =band Ux = y. Solving Ly = b gives as a computed solution y
such that (L + §L)y = b, where |8L| < ne|L|. The same is true for (U + §U)x =
with [U| < ne|U|. Combining both estimates, we get

b= (L+8L)% = (L+SL)(U +sU)x
= (LU 4+ L8U + 8LU + SLSU)%
= (A—E+ LU + SLU + §L8U)%
= (A +5A)%,

(8.32)

where A = —FE + LSU + 8LU + §LSU. Now we combine all bounds for
E, U, 5L and use the triangle inequality to get

[A| =|— E + LSU +8LU + §L8U|
< |E|+ |LII8U| + [SLIIU| + [SL]|8U| (833)
< ne|L||U| + ne|L||U| + ne|L||U| + n*¢*|L||U] '
~ 3ne|L||U]|.
Assuming that || | X| | = || X|| is true (as before, this is valid for Frobenius, infinity
and one-norms but not for two-norms), we obtain
ISAll < 3ne||L|||IU]|. (3.34)

Thus, Gaussian elimination is backward stable if (recall that in this analysis we have
used §b = 0) the following condition holds:

3ng|| LU = O All-

We note that GEPP allows us to estimate every entry of the matrix L by an entry
in absolute value, so we need consider only ||U||. The pivot growth factor for GEPP
is the number

U lImax

8= " (8.35)
Il Allmax

where || Allnax = lmax |a;j|. In other words, stability is equivalent to g being small
<i,j<n

or growing slowly as a function of n.
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Let us prove that the bound of the pivot growth factor for GEPP is
g <201 (8.36)

Indeed, at the first step in GEPP, we perform an update for elements

ajk = ajr — ljiui (8.37)
with |[;;| <1, |ujx| = laix| < max |a,|. Substituting these estimates in (8.37), we
rs
obtain that
|ajx] < 2max |a,l. (8.38)
r,s

Using estimate (8.38), we conclude that at every (n — 1) step of the Algorithm 8.1
we can double the size of the remaining matrix entries. Estimate (8.36) follows from
this observation.

There are practical examples showing that the bound in (8.36) is attainable [23].
Now using the facts that |L|. <# and ||U||o < ng||Allo and substituting these

estimates together with estimate (8.36) for g in (8.34), we obtain
[8Allse < 3nel|LllcollUlloo < 3gn’el|Allso (8.39)

For example, if ¢ = 10~7 and the order of the matrix A is n > 120. Then using
equality in (8.36), we can compute that 3gn’e > 1. We observe that with such an
estimate we lose all precision.

8.2.3 Estimating the Condition Number

Let us recall that in Theorem 7.12, p. 243, we established a connection between the
relative perturbations of a matrix and the right-hand side of the system Ax = b with
the relative perturbations of its solution. An important role in the estimates obtained
is played by the condition number cond(A) = || A||||A~!|| of A. To compute cond(A)
we need to estimate ||A~!||, since ||A|| is easy to compute.

If we compute A~! explicitly and then compute its norm, that would cost 21* oper-
ations, but the number of operations in Gaussian elimination is approximately 213 /3
(see p. 46). Therefore, we will seek a cheaper algorithm for an estimate of ||A~!].
Below we present this algorithm and will call it a condition estimator or Hager’s
algorithm. The algorithm was developed in [45, 50, 51] and has the following prop-
erties:
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1. This estimator is guaranteed to produce only a lower bound of ||A~!|, not an
upper bound.

2. The cost is O (n?) operations. This is negligible compared to the 21 /3 cost of
Gaussian elimination if the order n of the matrix A is large.

3. It provides an estimate that is almost always within a factor of 10 of ||A~"|| and
usually within of factor 2 to 3.

The algorithm estimates the one-norm || B||; of a matrix B, under the condition
that we can compute the products Bx and B y for arbitrary vectors x and y. Recall
that (see (6.26), p. 220) the norm || B||; is defined by

n
Bl = e IBxll = llggzl: Ibijl, (8.40)
i=
or as the maximum absolute column sum. As we saw on p. 220, the maximum
over x is attained at the vectorx =i;, = (0,...,0,1,0,...,0) with component j,
as the single nonzero entry, where max; > . |b;;| occurs at j = jo. However, direct
searching over all such vectorsi;, j =1, ..., n,is too expensive, because this means
computing all columns of B = A~!. Since || Bx||; = maxy,<i || Bx|1, we can use
the gradient method to find the maximum of f(x) = ||Bx||; inside the set ||x||; < 1.
Here ||x]l; < 1 is a convex set of vectors, and f(x) is a convex function. Indeed, if

0 <a <1,then

flax+ (A —-a)y) = llaBx + (1 —a)By|,

< allBxlli + (1 —a)|IBylli = af (x) + (1 — ) f(y).
(8.41)

If the gradient V f (x) of the function f (x) exists then the convexity property of f(x)
means that f(y) > f(x) + V f(x)(y — x). To compute gradient V f (x) we assume

that all 37 b;jx; # 0 (since B = A™Yin f(x) = Bx| = > >0 b,-jxj‘. Let
¢ = sign(X bijx;) suchthat§; = £1land f(x) = > > &ibijx;. Then df /dx; =
Sitbgand Vf =¢"B = (B'¢)".

Algorithm 8.7 Hager’s condition estimator returns a lower bound ||w/||; for || BJ|;.

choose any x such that ||x|; = 1 /Yeg.,xi=1/n*/
repeat

w = Bx, ¢ =sign(w), z = BT¢, /5T =Vf*/

if ||z]loo < z7x, then

return ||w||;
else
x =1; where |z;| = |zllo /*here 1in i; should be placed at index j where
lzjl = llzlloe */
end if

end repeat
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Theorem 8.3 The next two statements are valid for Algorithm 8.7.

1 If |zlleo < 27 x and |w||; is returned, then ||w|, = ||Bx||; is a local maximum
of I Bx/l1.
2. Otherwise, the algorithm has made progress in maximizing f(x).

Proof 1. We have that [|z]l < z”x. Close to x,

) =1Bxlli = D> tibyx;
i

is linear in x, and we can use a Taylor series to get

fORf@+V@G—x)=f@x)+2" (y -2,

where z7 = V f(x). To show that x is a local maximum, we need to prove the
inequality f(y) < f(x) or to show that z7 (y — x) < 0 with || y||; = 1. We get

n n
T T T T T
doy-n=y-x=>uy—-x <D lullyl—"x
i i

< lzllsollylli = 2"x = llzlloc — 2" x < 0.
(8.42)

2. In this case, ||z]loc > 27 x. We choose X = ijsign(z;), where the number j is
such that |z;| = ||z]|oo. Then

fE > fE)+VfxET—x)=fx)+7"T—x)

=f@)+F—z2"x=f@) +lzjl — x> f(x).
(8.43)

The last inequality holds, since ||z||o > z7 x. ([l

In the example presented below, we will test the Algorithm 8.7 using the
MATLAB® program of Section 1.3.°

Example 8.4 We test computation of Hager’s condition estimator for the matrix

16.5488 14.6149 4.3738 7.0853 2.3420
14.6149 3.4266 29.5580 23.7673 6.8848
A= 4.3738 29.5580 0.1620 3.9291 6.7942 (8.44)
7.0853 23.7673 3.9291 6.5877 25.1377
2.3420 6.8848 6.7942 25.1377 1.4003

%The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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using Algorithm 8.7. We run the MATLAB® program of Section 1.3 and get the
following results: the computed one-norm of the matrix (8.44) by Algorithm 8.7
is 78.2517 which is the same as the computed one-norm using the MATLAB®
command norm (A, 1).’

Remark 8.1 In [51, 52], a slightly improved version of this algorithm was tested on
many random matrices A of orders 10, 25, and 50. These matrices had condition
numbers cond(4) = 10, 10%, 10°, 10°. Then using Hager’s algorithm, in the worst
case the computed cond(A) underestimated the true cond(A) by a factor of 0.44,
which says something about the efficiency of Hager’s algorithm for computation of
cond(A).

8.2.4 Estimating the Relative Condition Number

We can also apply Hager’s algorithm to estimate the relative (or Bauer—Skeel) con-
dition number xg5(A) = [|[|1A7"|Allloo presented in Theorem 7.14, p. 245. To do
so, we will estimate |||A™!|g|lo0, Where g is a vector with nonnegative entries. We
explain this now. Let e = (1, ..., 1) be the vector of all ones. Using properties of the
infinity norm, we see that || X ||oo = || Xe|~ if the matrix X has nonnegative entries.
Then

kps(A) = 1A |Alllo = A" Alelloc = 11A7" €00

where g = |Ale.
Now we can estimate |||A7!|g|l. Let G = diag(g1, ..., g,) be the diagonal
matrix with entries g; on its diagonal. Then g = Ge and thus

A 1glloe = AT [Gelloo = 1A Glloo = 1A Gllloo = |A Glloo- (8.45)

The last equality holds because ||Y || = |||Y|]|co for every matrix Y.

Now we will show how to estimate the infinity norm of the matrix A~'G by
Hager’s algorithm. Applying this algorithm to the matrix (A~'G)7, we can estimate
1A' T 1 = |A7 G |loo. Thus, we will apply Hager’s algorithm to I1A~IG)T
and in this way compute A~ G||oo.

8.2.5 Practical Error Bounds

Below, we present two practical error bounds for an approximate solution X of the
equation Ax = b. In the first bound, we use inequality (7.53), p. 244, to get

error = X~ ¥l gy M7l (8.46)

I¥lloe [

"The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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where r = AX — b is the residual. To compute ||A™!| s, we can apply Hager’s
algorithm for B = (A~")”, noting that || B||; = [[(A~")7|l; = ||[A"||e. The second
error bound follows from the inequality

~ —1 -1
X = xlloo = A7 7l < AT 17|l os

where we have used the triangle inequality. This practical error bound has the form

X = xll _ A= 17 o

€rror = po = =
1% 1loo 1%l

(8.47)

The estimate of |||A~"||r||l» can be obtained using Hager’s algorithm, taking into
account (8.45).

Remark 8.2 1. Error bounds (8.46) and (8.47) cannot be guaranteed to provide
bounds in all cases.

2. The estimate of ||A~!||; from Algorithm 8.7 provides only a lower bound.

3. There is a small probability that the rounding in the evaluation of the residual
r = AX — b can make ||r|| artificially small. To take this into account, we add a
small number to |r| and replace |r| with |r| + (n + 1)e(|A||X| + |b]) in the bound
(8.47) or ||r|| with ||r]| + (n + De(||A||IIX]| + ||b]]) in the bound (8.46). This is
done by noting that the rounding error in evaluating r is bounded by

[(Ax — b) — fI(AX — D)| < (n + De(JAlIX]| + |b]). (8.48)

4. The rounding in performing Gaussian elimination on very ill conditioned matrices
A can get such inaccurate L and U that the bound (8.47) can be too low.

8.3 Algorithms for Improving the Accuracy of the Solution

If the error in the computed solution X = x + §x is as large as cond(A)e, we can try
to use Newton’s method to improve the solution. This means that to solve an equa-
tion f(x) =0, we can construct an iterative procedure x; 1 = x; — f(x;)/f'(x;)
and obtain the improved computed solution x;4;. Applying the idea of this method
to f(x) = Ax — b yields the following algorithm:

Algorithm 8.8 Newton’s algorithm.

repeat
r=Ax;—b
solve Ad = r to compute d
Xir1=x; —d

end repeat



8.3 Algorithms for Improving the Accuracy of the Solution 273

If we could compute the residual r = Ax; — b in this algorithm exactly and solve
the equation Ad = r exactly, then we could finish the algorithm in one step. We
expect such a solution from Newton’s method applied to a linear problem. However,
rounding errors prevent this immediate convergence. Algorithm 8.8 is useful when
A is so ill conditioned that solving Ad = r (and Axy = b) is rather inaccurate.

Theorem 8.4 Suppose that r = Ax; — b in Algorithm 8.8 is computed in double
precision and cond(A)e < ¢ = 1/(Bn’g + 1) < 1, where n is the dimension of A
and g is the pivot growth factor given by (8.35). Then Algorithm 8.8 converges as

i = A" bl
— = 0(¢)
IA="bllo
and has the following relaxation property:
cond(A)e
IXi41 — xlloo = f”xi — Xlloo = ¢lIxi — Xlloo, (8.49)

with the relaxation parameter { = cond(A)e/c < 1.

Proof Let us denote here || - ||« by || - [|. Our goal is to show that (8.49) holds. By
assumption, ¢ < 1, so this inequality implies that the error ||x;;; — x| decreases
monotonically to zero. We begin the proof by estimating the error in the computed
residual r. Using estimate (8.29), we can write

r=fl(Ax; —b) = Ax; — b + f, (8.50)

where
|f1 < ne®(|Allxi| + b)) + e|Ax; — b| ~ e|Ax; — b]. (8.51)

Here, as usual, ¢ is the relative representation error. The £2 term comes from the
double-precision computation of 7, and the & term comes from rounding the double-
precision result back to single precision. Since £? < &, we will neglect the &* term
in the bound on | f|. Next, from Newton’s method we have

(A+8A)d =r. (8.52)

From the bound (8.39) we know that |§A| < ye| A, where y = 3n’g, although
this is usually too large in reality. We assume that computations of x;,; = x; — d in
Algorithm 8.8 are performed exactly. Using (8.52) and substituting here (8.50) and
ignoring all £ terms, we get
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d=A+80)r=U+A7154) 1A
=(T+ABATTA A —b+ =T +AB8A i —x+A471))
~(I—ABSA i —x+ AT )~ —x— ATISA(G —x) + AL
(8.53)
Next, subtracting x from both sides of x; | = x; — d and using then (8.53), we get

Xipg—x=xi—d—x=A"18A(x; —x) — A" f. (8.54)

Taking then norms from (8.54), using (8.51) for estimation of f and the bound (8.39)
for estimation of ||§A||, we see that

Ixie1 — x| < JAT'SAGG — )| + A7 £l
< [IAT"I8ANx; — x|l + [|A™" lel| Ax; — b]|
< IATISANIx; — xIl + 1A el ACx; — )|
< IA  yelAllllx — x| + 1A~ [ Allellx: — x]|

= [lA I Alle(y + Dllx — x]I.
(8.55)

Let
= A""IIAlle(y + 1) = cond(A)e/c < 1.

Then (8.49) is satisfied, and Newton’s Algorithm 8.8 converges. U

Note that the condition number in Theorem 8.4 does not appear in the final error
bound. This means that we compute the answer accurately independent of the condi-
tion number, provided that cond(A)e is sufficiently less than 1. Usually, c is too con-
servative an upper bound, and the algorithm often succeeds even when cond(A)e > c.

Sometimes we cannot run Algorithm 8.8 with double precision, and only compu-
tations with single precision are available. In this case, we still can run Algorithm 8.8
and compute the residual r in single precision. However, Theorem 8.4 is not valid
for this case, and we have the following theorem.

Theorem 8.5 Suppose that the residual r = Ax; — b in Algorithm 8.8 is computed
in single precision and

max; (|Al|x]);

Al Alo—————¢
1A~ ol ”°°min,~(|A||x|),-

Then one step of iterative refinement yields x| such that (A + 8A)x; = b+ &b
with |8a;;| = O(e)la;;| and |8b;| = O(e)|b;|.

For a proof, see [53] as well as [2], [104-106] for details. Theorem 8.5 says that
the componentwise relative backward error is as small as possible. For example, this
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means that if A and b are sparse, then §A and b have the same sparsity structures
as A and b, respectively.

Now we present one more common technique for improving the error in solving
a linear system: equilibration, which yields the following algorithm.

Algorithm 8.9 Choose an appropriate diagonal matrix D to solve DAx = Db
instead of Ax = b. The matrix D is chosen to try to make the condition number
of DA smaller than that of A.

For example, if we choose d;; to be the reciprocal of the two-norm of row i of A,
that would make D A nearly equal to the identity matrix for very ill conditioned matri-
ces. In [112] it was shown that choosing D in this way reduces the condition number
of DA to within a factor of +/n of its smallest possible value for any diagonal D.

In computations we may also choose two diagonal matrices D, and D, and
solve (DyowADco))X = D,ob, x = D¢yiX, and thus D,,, Ax = D,,,b.

8.4 Special Linear Systems

It is important to exploit any special structure of the matrix to increase the speed of
algorithms for linear systems Ax = b and decrease storage of intermediate matrices
and vectors. In this section we will discuss only real matrices, since extension to
complex matrices is straightforward. Matrices A with the following structures will
be considered:

e Symmetric positive definite matrices (s.p.d. matrices),
e Symmetric indefinite matrices,
e Band matrices.

8.4.1 Real Symmetric Positive Definite Matrices

Recall that a real matrix A is called s.p.d. if A = AT and x” Ax > 0 for all x # 0.8
In this subsection we show how to solve Ax = b in half the time and half the space
of Gaussian elimination when A is s.p.d.

Asweknow (seep. 150),if A = AT, then A iss.p.d.if and only if all its eigenvalues
are positive. Below we prove some other useful properties of s.p.d. matrices.

Proposition 8.1 If X is nonsingular, then A is s.p.d. if and only if XT AX is s.p.d.

Proof If X is nonsingular, then Xx # 0 for all x # 0, and thus x” X7 AXx > 0 for
all x # 0. Since is A s.p.d., this implies that X7 AX is s.p.d. Use X! to deduce that
if XTAX is s.p.d., then A is s.p.d. O

8See (4.130), p. 150.
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Proposition 8.2 If A is s.p.d. and H = A(j : k, j : k) is any principal submatrix
of A, then H is s.p.d.

Proof Suppose first that H = A(1 : m, 1 : m) is a leading principal submatrix
of A. Then for any given vector y of size m, the n-vector x = (y, 0) satisfies the
equality yT Hy = xT Ax. Since A is s.p.d., xT Ax > 0 for all vectors x # 0, then
yT' Hy > 0 for all vectors y # 0, and thus H is s.p.d. If H is not a leading principal
submatrix of A, let P be a permutation matrix such that H lies in the upper left corner
of PTAP. Then apply Proposition 8.1 to PTAP. O

Proposition 8.3 If A is s.p.d., then all a;; > 0, and max;; |a;;| = max; a; > 0.

Proof The first assertion is easy to check (see Property 5, p. 141). Let us prove the
second assertion. Let as usual i be the kth standard unit vector. If |ay;| = max;; |a;;]|
but k # [ (this means that we assume that max;; |a;;| # max; a;;), we choose the
vector x = e, — sign(ay)e;. Then xT Ax = ay + ay — 2|ay| < 0. But this is a con-
tradiction to the positive definiteness of the matrix A, and thus max;; |a;;| = max; a;;.

Proposition 8.4 A matrix A is s.p.d. if and only if there is a unique lower triangular
nonsingular matrix L, with positive diagonal entries, such that A = LLT. A matrix
A = LL" is called the Cholesky® factorization of A, and L is called the Cholesky
factor of A.

Proof Sufficiency. Assume that there exists a factorization A = LLT with L nonsin-
gular. Then xT Ax = (x"L)(L"x) = ||L"x||3 > 0 forall x # 0, so A is s.p.d.
Necessity. If A is s.p.d., we show that L exists by induction on the dimension n. If
we choose each [;; > 0, our construction will determine L uniquely. If n = 1, choose
11 = 4/a11, which exists since a;; > 0. Let us write
T
T

A_(an AIZ)_(«/all 0 )(\/011 )
=% = .
Al An y Lx» 0 22
ap Jay' ) an A
= ~ ~ = ~ T
(\/auy yy' + LpLl, (A1T2 Axn + % (8.56)
A
:(\/A%HO)(I ~O )(«/dl] ﬁ)
Jas T J\0 Axn 0 I

We observe that the (n — 1)-by-(n — 1) matrix Azz =An+ A1T2A12/a11 is a
symmetric matrix. Using Proposition 8.1 and expression (8.56), we conclude that

e

10 ~
(0 i ) is s.p.d. By Proposition 8.2, the matrix Ay, is also s.p.d. Thus, by induc-
2

tion, there is an L such that Azz = LLT and

° André-Louis Cholesky (1875-1918) was a French military officer and mathematician.
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(8.57)

We rewrite Proposition 8.4 as the following algorithm.

Algorithm 8.10 Cholesky algorithm.

forj=1ton
i1
lj = (aj; — 2= 502
fori=j+1ton
i—1
L = (aij — i i) /1

end for

end for

Using this algorithm, we observe that if A is not positive definite, then the algo-
rithm fails by attempting to compute the square root of a negative number in line
li; = (aj; — X121 12)"? orby dividing by zeroinline ;; = (a;; — 312 lljx) /1
We conclude that running this algorithm is the cheapest way to test whether a sym-
metric matrix is positive definite.

In the Cholesky algorithm, L can overwrite the lower half of A. Only the lower
half of A is referred to in the algorithm, so in fact, only n(n + [)/2 storage is needed
instead of n”. The number of FLOPS in the Cholesky algorithm is (see Question 8.8,
p. 286)

D2i+ D 2 =31+ 0w, (8.58)

j=1 i=j+1

We see that the Cholesky algorithm requires just half the FLOPS of Gaussian elim-
ination (see p. 46).

Pivoting is not necessary for Cholesky to be numerically stable. We show this as
follows. The same analysis as for Gaussian elimination in Section 8.2.2 reveals that
we will have a similar formula for the error E in Cholesky decomposition as in LU
decomposition:

A=LL" +E,

where the error in Cholesky decomposition will be bounded as
|E| < ne|L|IL"].

Taking norms, we get
IE|l < nell L] I 1L |I.
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We can rewrite the expression above as
T
IEN < nellLIIIL" . (8.59)

Thus in formula (8.59), we have obtained an error estimate in the decomposition
A = LL". The next step is to obtain the error in the Cholesky algorithm. We again
solve LLTx = b via Ly =b and LTx = y. Solving Ly = b gives as a computed
solution j such that (L + 8L)y = b, where |§L| < ne|L|. The same is true for (LT +
SLT)X = § with |8LT| < ne|LT|. Combining both estimates, we get

b= (L+68L)y=(L+8L)L"T +8L")x
= (LLT + L6LT + 8LLT +8LSLT)%

=(A—E+LSLT +8LLT +5LSLT)z
= (A + 8A)R,

(8.60)

where 8A = —E + LSLT +8LLT +8LSLT. Now we combine all bounds for E,
SLT, and S L and use the triangle inequality to get

|SA| <|— E+ LSLT +8LLT +8LSLT|
< |E|+ |L||SL"| + |SL|ILT| + [SL||SL"|

(8.61)
< ne|L||IL"| + ne|LIILT| + ne|L||LT| + n*&*|L|| LT |
~ 3ne|L||LT].
Assuming that ||| X ||| = || X|| is true (as before, this is valid for Frobenius, infinity
and one-norms but not for two-norms), we obtain
I8Al < 3nellLINIL"]. (8.62)

Thus, it follows from (8.62) that the computed solution x satisfies (A + §A)x = b
with |§A| < 3ne|L||LT|. But by the Cauchy—Schwartz inequality and Proposi-
tion 8.3, we see that for every entry (i, j) of |L||L”|, we can write the estimate

n n n
(LILT Dy =D il < | D012 Zz§k=«/—am/—auSrg?xmm.
k k k

Then applying this estimate to all n entries of |L||L”|, we have

HLIL oo < nllAlloo- (8.63)
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Substituting (8.63) into (8.62), we get the following estimate:
18All00 < 3n%e]|Allss, (8.64)

which says that ||§ A ||« has an upper bound depending on || A ||, but not on || L|| .
This estimate is also valid for Frobenius and one-norms.

8.4.2 Symmetric Indefinite Matrices

Let us consider now indefinite matrices that are neither positive definite nor negative
definite. The question is whether there exists an algorithm that can solve a symmetric
indefinite linear system of equations and save half the time and half the space. It turns
out that this is possible with a more complicated pivoting scheme and factorization.

If A is nonsingular, one can show that there exist a permutation matrix P, a unit
lower triangular matrix L, and a block diagonal matrix D with I x 1and2 x 2 blocks
such that PAPT = LDL”. This algorithm is described in [16].

8.4.3 Band Matrices

A matrix A is called a band matrix with lower bandwidth by and upper bandwidth by
if a;; = O wheneveri > j+bpori < j—by:

an S Ay 0
az py+2
A= 9.+1,1
ap, 422 An—by ,n
0 Ap.n—b, *** Qpn

Band matrices often arise in practice and are useful to recognize because their L
and U factors are also “essentially banded.” This makes them cheaper to compute
and store.

Let the matrix A be banded with lower bandwidth b; and upper bandwidth by, .
Then after Gaussian elimination with partial pivoting, U is banded with upper band-
width at most b;, 4 by, and L is “essentially banded” with lower bandwidth b;,. This
means that L has at most b; + 1 nonzero entries in each column and so can be stored
in the same space as a band matrix with lower bandwidth by .

For the case when b, = by = 1, the band matrix A becomes a tridiagonal matrix.
There exists a special tridiagonal matrix algorithm known as Thomas’s'® algorithm,

191 Jewellyn Hilleth Thomas (1903—1992) was a British physicist and applied mathematician.
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which solves such linear system of equations. This method is a simplified form of
Gaussian elimination and was proposed by Gelfand!' and Lokucievsky'? in 1952
and then modified by different researchers. In general, this algorithm is stable only
for s.p.d. or for diagonally dominant matrices; see details in [53].

The method is derived as follows. The tridiagonal system of linear equations
Ax = b can be written in the form

Ai—1,iXi—1 +a;ix; +aip1; %41 =b;, i=1,..,n—1 (8.65)
The tridiagonal matrix algorithm is based on the assumption that the solution can be
obtained as
Xi = i1 Xit1 + Biv1, i=n—1,..,1. (8.66)
Writing (8.66) for i — 1, we get

Xi—1 = a;x; + B

(8.67)
= a;i(o 1 X1 + Biv1) + Bi = a1 X1 + i Biy1 + Bi

Substituting (8.66) and (8.67) into (8.65), we obtain

a1, (@i 1Xip + ;i Biv1 + Bi)
+aii(@it1Xig1 + Biv1) t@iprixipn =bi, i=1,...,n—1

(8.68)
The equation above can be rewritten in the form
i1, 00y ) + @ i) T Aig,i)Xi
(@i-1, +1 it F1i)Xit1 . (8.69)
t+ai-1iifivi +ai-1ifi taiifiv1—bi =0, i=1,..,n-1
The Eq. (8.69) will be satisfied if we require that
ai-1,i®i@i+1 + @i i1 + aip1,; =0, (8.70)
ai-1,i% Biv1 +ai—1:Bi +aiiBiv1 —bi = 0.
From (8.70), it follows that
v @i
! ai—1,it +ai;
Biot = bi —ai—1,:pi ®.71)
S a0 +ai;

srael Moiseevich Gelfand (1913-2009) was a Russian mathematician.
120leg Vyacheslavovich Lokucievsky (1922—1990) was a Russian mathematician.



8.4 Special Linear Systems 281

Starting from i = 1, we can find

as |
o) = ——,
a
) b (8.72)
1
pr= L

a,i

Then from (8.71), we can obtain all other coefficients oy, Bit1,1 =1, ....,n — 1,
recursively. Knowing all coefficients «;+1, Bi+1,1 = 1, ..., n — 1, we can obtain the
solution of the tridiagonal system of linear equations via (8.66).

Band matrices often arise from discretizing different physical problems in which
mathematical models are usually described by ordinary differential equation (ODE)
or by partial differential equations (PDE).

Example 8.5 Consider the following boundary value problem for the ODE
Y'(x) = p(x)y'(x) — q(x)y(x) =r(x), x €la,bl, (8.73)
y(a) =a, y() = B. (8.74)

We assume ¢g(x) > ¢q,, > 0. Equation (8.73) models the heat flow in a long pipe,
for example. To solve it numerically, we discretize it by seeking its solution only
at mesh points x; =a+ih,i =0,..., N+ 1, where h = (b —a)/(N + 1) is the
mesh size. Define p; = p(x;), r; = r(x;), and g; = q(x;).

To derive discretized equations for y; &~ y(x;) with boundary conditions yy =
o, yy+1 = B we approximate the derivative y'(x;) by the following finite difference
scheme called central difference:

Yi+1 — Yi—-1

o (8.75)

V' (x;) ~

Asthe mesh size h gets smaller, (8.75) approximates y’ (x;) more and more accurately.
We can similarly approximate the second derivative by

Vi1 — 2yi + yic1

v (xi) ~ 2 (8.76)
Inserting approximations (8.75), (8.76) into (8.73) yields
i+l — 2Yi + Yi- i1 — Yi— .
Sl DNV M Tl gy 1=isN. BT

h? 2h

Multiplying by #%/2, we can rewrite (8.77) in the form of a linear system Ay = b
with
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YI i (z+ 5P
h? 0
y=\1| 1] b= N N ) (8.78)
0
N Y (5—4pn)B
and
ay —Cp n2
b a =1+ %q,
A= "7? . bi=1(1+%p), (8.79)
—CN—1 ¢ = 1 1 h
by ay 2 (L=3pi)-

Since by our assumption we have g; > 0, it follows from (11.36) that a; > 0. For
sufficiently small 4 < 1, also b; > 0 and ¢; > 0.

System Ay = b is an asymmetric tridiagonal system. We will show how to change
it to a symmetric positive definite tridiagonal system so that we may use Cholesky
decomposition to solve it. Choose the diagonal matrix

D = diag [c1 \/Clcz \/0102 “CN—1
by babs™ TV bobs - '

Then we may change Ay = b to (DAD~')(Dy) = Db or Aﬁ = b, where

ag —\/Clbz
—«/Clbz an — C2b3
A~ = —A/ 02b3
—en—1by
—+/cn—1by an

We observe that A is symmetric, and it has the same eigenvalues as A, because
A and A= DAD™! are similar. Let us prove that A is positive definite. By the
Gershgorin disk theorem (see Theorem 7.6, p. 238), all the eigenvalues A of an
arbitrary matrix B are located in the union of the n disks

A= bl < byl (8.80)
Jj#k

We can take the mesh size & so small that for all i, we have |h/2p;| < 1 in all
nondiagonal elements of the matrix A. Then

|Di] + |cil ! 1+h +l 1 h 1 1+h2 <1+h2
i il == —PDi = —=zpi)=1< —~qdm = 4 = a;.
“al=3 2P) TS 2P 24 y i =4
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Fig. 8.4 Solution of Poisson’s equation (8.11) using Cholesky decomposition in the example of
Section 8.4.4.

Thus using (8.80), we see that all the eigenvalues of A lie inside the disks D; centered
ata; = 1 + h*q;/2 > 1 + h?q,,/2 with radius R; = 1. They must all have positive
real parts.

Since A is symmetric, its eigenvalues are real and positive. Then the matrix Ais
positive definite. Its smallest eigenvalue is bounded below by ¢,,h?/2. Thus, it can
be solved by Cholesky decomposition.
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8.4.4 A Numerical Example

In this section we illustrate performance of the Cholesky algorithm on the solu-
tion of Poisson’s equation (8.11) on the unit square {(xy, x2) : 0 < x1, x, < 1} with
boundary conditions # = 0 on the boundary of this square. We take now in (8.11)
the following function f(x;, x,) given by two choices of Gaussians:

(x; — 0.25)2 (- 0.25)2)

) =1+A4 _
fnx) =1+ leXp( 0.02 0.02

(1 —0.75%  (x2— 0.75)2
+A26Xp(_ 002 002 )

(8.81)

where A, A, are the amplitudes of these two Gaussians.

As in the example of Section 8.1.3, we construct a mesh with the points (x1;, x2 ;)
such that x1; = ih, xo; = jh with h = 1/(N + 1), where N is the number of inner
points in the x; and x; directions, and we take the same number of points in the
x1 and x, directions: n; = n; = N + 2. The linear system of equations Au = f
is solved then via Cholesky factorization (Algorithm 8.10). We can use Cholesky
decomposition, since the matrix A is symmetric positive definite (see Question 8.16,
p- 289).

Figure 8.4 shows results of numerical simulations for different discretizations of
the unit square with number of inner points N = 20, 40, 60 and for A; = A, = 10
in (8.81). The MATLAB® program of Section 1.2 are available for running this
test.!3

Questions

8.1 (Programming)

Solve in MATLAB® Poisson’s equation (8.11) on the unit square {(xg, x7) : 0 <
X1, x2 < 1} with boundary conditions # = 0 on the boundary of this square and with
function f (xy, x,) given by (8.81) using the 1u function and programs of Section 1.1.
Compare the obtained results with those of Section8.4.4. Optional: extend these
results to three-dimensional case.

8.2 (Programming)
Improve Algorithm 8.1, overwriting L and U on A. Write your own MATLAB®
program and test it on your own examples.

8.3 (Programming)
Apply the bisection algorithm (see Algorithm 8.11 below) to find the roots of the
polynomial p(x) = (x — 2)° and of some of your own polynomials, where p(x) is

13 All MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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evaluated using Horner’s rule (Algorithm 8.4). Write your own MATLAB® program.
Confirm that changing the input interval for x = [x;.f/, X,ign:] slightly changes the
computed root drastically. Modify the algorithm to use the relative condition number
for polynomial evaluation (8.26) to stop bisecting when the rounding error in the
computed value of p(x) gets so large that its sign cannot be determined. Present
your results similarly to the results of Fig. 8.2.

Hint: use the MATLAB® function coeffs to compute the coefficients of a poly-
nomial p(x).

Here we present the bisection algorithm to find roots of a polynomial p(x).
Suppose that the input interval for x where we want to find roots of p(x) =0 is
X € [Xief1, Xright]. At every iteration, this algorithm divides the input interval in two
by computing the midpoint X,,;qqic = (Xjefi + Xrigns)/2 of the input interval as well
as the value of the polynomial p(x,;44.) at that point. We will compute the value
of the polynomial p(xi4aqi.) using Horner’s rule (Algorithm 8.4). Then if p;.r, and
Pmia have opposite signs, the bisection algorithm sets x,,;44. as the new value for
Xright> and if p,;ep, and py,;q have opposite signs, then the method sets X440 as the
new Xger;. If p(Xmiqaie) = 0, then x,,;441, may be taken as the root of the polynomial
and the algorithm stops.

Algorithm 8.11 Bisection algorithm to find zeros of the polynomial p(x).

0. Initialization: set the left x;.7, and the right x5, bounds for the input interval for
X € [Xief1, Xrighi] Wwhere we will seek roots of the polynomial. Set the computa-
tional tolerance tol.

1. Evaluate the polynomial p(x) at the points X;.r, and X,gn; t0 get prerr = p(Xiefs)
and pighs = p(Xrign:) using Algorithm 8.4.

Perform steps 2-3 while X,¢n; — X101 > 2to0l

2. Compute point X,iq = (Xef; + Xrighs)/2 and then p,iq = p(Xmia), using Algo-
rithm 8.4.

3. Check:
If prefipmia < 0, then we have aroot in the interval [x/.r;, Xmial. AsSign X ign =
Xmiqg and Pright = Pmid-
Else if prigh: Pmia < 0, then we have a root in the interval [X,,iq, X,ign:]. Assign
Xieft = Xmia and prefr = Pmid-
Else we have found a root at x,,;q and assign Xjer; = Xpid, Xright = Xmid-

4. Compute the root as (xjer; + Xrigns) /2.

8.4 Write Algorithm 8.1 for the case n = 3. Using Algorithm 8.1, perform LU
factorization of the matrix

4 1 1
A=|128 1
1 1 16

8.5 Using Cholesky’s algorithm (Algorithm 8.10), perform the factorization A =
LLT of the matrix A in Question 8.4.
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8.6 (Programming)
Implement Hager’s algorithm, Algorithm 8.7, in MATLAB®. Test it on different
matrices. Take, for example, A = hilb(N) or A = rand(N, N) for different N.

8.7 Let us consider the solution of the linear system AX = B, where Aisann X n
matrix, B is an n x m matrix, and X is an unknown n x m matrix. We have two
methods to solve it:

1. Factorization of A = PLU and then using the algorithms of forward and back-
ward substitution, Algorithms 8.2 and 8.3 to find every column of X.
2. Computation of A~! by Gaussian elimination and then finding of X = A~'B.

Count the number of FLOPS required for every algorithm. Show that the first algo-
rithm requires fewer FLOPS than the second one.
Hint: use material of Section8.2.2.

8.8 Derive formula (8.58) for the operation count in Cholesky decomposition. Hint:
use the formula

i"Z _ (n+Dn@n+ 1)
i=1 6

and the formula for the sum of an arithmetic progression,

n

Z n(a; + ay,)
= ——=.
2

k=1

8.9 Let A be an s.p.d. matrix. Show that |a;;| < /a;;a;;.

8.10 Suppose A is an invertible nonsingular square matrix of order n» and that u, v are
vectors. Suppose furthermore that 1 +v7 A~!u # 0. Prove the Sherman-Morrison
formula

A+ T)_l 4 AT AL
" N 1+vTA- 1y’

Here, uv? is the outer product of two vectors « and v.

8.11 Suppose A is an invertible square matrix of order n and that U, V are n x k
rectangular matrices with k < n. Prove the Sherman—Morrison—Woodburg formula,
which states that T = I + V7 A~'U is nonsingular if and only if A + UV7 is non-
singular and

A+UuvhH'=A""—AluT-'vTA~ L.

8.12 (Programming)
Similarly, with MATLAB® programs of Sections 1.1, 1.2, solve the three-
dimensional problem'*

14The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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—Au(x) = f(x) in $2,
(x) = f(x) 8.82)
u=0onos2
on the unit cube £2 = [0, 1] x [0, 1] x [0, 1]. Choose an appropriate function f (x).
Hint. We discretize the unit cube £2 with x1; = ihy, x2; = jha, x3; = kh3, where

I
2_nj—l’ T =1

hy = ,
! n,»—l

are the steps of the discrete finite difference mesh and n;, n;, n; are the numbers
of discretization points in the directions x;, x,, x3, respectively. The indices (i, j, k)
are such that 0 <i <n;,0 < j <nj,0 < j < n. The global node numbers n 4,
in the three-dimensional case can be computed as

Ngiop = J +nj ((( —1) +ni(k—1)). (8.83)
Wetaken;, =nj=ny=n=N+2,hy =hy=h3=1/(n—1)=1/(N + 1) and
obtain the following scheme for the solution of Poisson’s equation (8.11) in three

dimensions:

Wipt,jk — 2Wijx +Uis1 jk Wi j+1k — 2 jx + Wi j—1k

h? h?
! 2 (8.84)
Wijk+1 = 2Uijk + Uijk—1  fijk
_ : — ,
h3 ai,jk

where u; j i, fi jx, @i jx are values of u, f, a, respectively, at the discrete point 7,
with indices (i, j, k). We rewrite Eq.(8.84) with h = h; = hy = hj as

= pp ik
Qi jk
(8.85)
Again, we recognize that the scheme (8.85) is a system of linear equations Au = b.
The matrix A is of size (n; — 2)(n; — 2)(nx — 2) = N>, and on the unit cube it is
given by the block matrix

6Mi,j,k — Uitk T Ui—1,jk T Ui j41k — Wij—1k — Wi jk+1 — U jk—

Ay |=Iy Oy —Iy
—In| Ay —Iy

A:
—1Iy —Iy Ay |—1y

—Iy Oy —Iy| Ay
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with zero blocks Oy of order N. The blocks Ay of size N x N on the main diagonal
of this matrix are given by

6—-1 0------ 0
-1 6-1 0 0
Ay = 0-1 6 O 0
0. --- 0—-1 6

8.13 (Programming)
Use the MATLAB® programs of Sections 1.1, 1.2 and solve the problem in
Example 8.2 on an L-shaped 2D domain.'”

8.14 (Programming)
Use formula (8.80) to estimate the eigenvalues of the matrix

10-10 1
02 8 0.2 02

A= 0 (8.86)
—1—-1—-1-11

Write your own MATLAB® program to present results similar to those in Fig. 8.5,
which shows Gershgorin disks together with their centers and the computed eigen-
values A;. Hint: use the MATLAB® function eigs (A) to compute eigenvalues.

8.15 (Programming)
Use formula (8.80) to estimate the eigenvalues of the matrix

7521
2832
a=111:11 (8.87)

1116

() ()€

Fig. 8.5 Eigenvalues in Question 8.14 computed and estimated by the Gershgorin disk theorem.
The computed eigenvalues of A are A; = 9.8218, A, = 8.1478, 13 = 1.8995, A4 = —10.86.

L Lo - e

-15

15The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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—— D(7.8)
—— D@B,7)
— D(5,3)
m— D(6,3)
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Fig. 8.6 Eigenvalues in Question 8.15 computed and estimated by the Gershgorin disk theorem.
The computed eigenvalues are A; = 12.2249 + 0.0000i, Ay = 4.4977 + 0.6132i, A3 = 4.4977 —
0.6132i, A4 = 4.7797 4 0.0000i.

Write your own MATLAB® program to present results similar to those in Fig. 8.6,
which shows Gershgorin disks together with their centers and the computed eigen-
values A;. Hint: use the MATLAB® function eigs (A) to compute eigenvalues.

8.16 Prove that the matrix A in the numerical examples of Sections 8.1.3 and 8.4.4
is s.p.d. Hint: prove that for all u, v € RV+2” that equal zero on the boundary of the
mesh domain, we can write

Nl N-1
(Au,v) = Z Wir1,j —ui ) Wig1,; —vij) + Z Wi j1 —ui )i 11— Vvij).
i,j=1 i,j=1

8.17 (Programming)

Write your own MATLAB® program and solve numerically the problem of
Example 8.5 via the solution of the system of linear equations Ay = b with b, A
given in (8.78), (8.79), respectively. Use the recurrence formulas (8.66), (8.71) to
obtain the solution of this system.



Chapter 9
Numerical Solution of Linear Least
Squares Problems

In this chapter we present methods for numerical solution of linear least squares
problems. These problems arise in many real-life applications such that curve fitting,
statistical modelling and different inverse problems, when some model function
should be fitted to the measured data.

Various matrix factorizations are usually applied to solve linear least squares
problems (LLSP). In this chapter we will present several methods for the solution of
LLSP:

1. Method of normal equations,
2. QR decomposition,
3. SVD decomposition.

The method of normal equations is widely used, since it is the fastest compared
with all other methods for the solution of LLSP. However, this method is the least
accurate and can be used only when the condition number of the matrix A is small. The
method of factorization of a matrix A into two matrices Q and R such that A = QR,
where Q is orthogonal and R is upper triangular, is called QR decomposition. This
method is more accurate than the method of normal equations and is standard for the
solution of LLSP. A drawback of this method is that it costs twice as much as the
method of normal equations. When a matrix A is very ill conditioned, for example
when A does not have full rank, then matrix factorization called SVD decomposition
is commonly used for the solution of LLSP. However, like QR decomposition, this
method is several times more expensive than the method of normal equations. Another
method for the solution of very ill conditioned LLSP is iterative refinement, which
iteratively improves the solution of a linear system of equations. This method can be
adapted to deal efficiently with sparse matrices; see [14] for details.

In Section9.1 we present the topic of LLSP and some typical examples of their
application. In Section 9.2 we briefly present the main methods that also solve nonlin-

The original version of this chapter was revised. An Erratum to this book can be found at https://
doi.org/10.1007/978-3-319-57304-5_9
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ear least squares problem. Different methods for the solution of LLSP are described
in the following sections: the method of normal equations is presented in Section 9.3,
QR decomposition is outlined in Section 9.4, orthogonalization methods to perform
QR decomposition are described in Section9.5, SVD decomposition is presented in
Section9.6. Rank-deficient least squares problems and how to solve them are dis-
cussed in Sections9.6.1 and 9.6.2, respectively. Available software for the solution
of LLSP is outlined in Section9.7.

9.1 Linear Least Squares Problems

Suppose that we have a matrix A of size m x n and a vector b of size m x 1. The
linear least square problem is to find a vector x of size n x 1 that will minimize
|Ax — bJ|,. In the case that m = n and the matrix A is nonsingular, we can obtain a
solution to this problem as x = A~!'h. However, when m > n (more equations than
unknowns), the problem is called overdetermined. Conversely, when m < n (more
unknowns than equations), the problem is called underdetermined.

Inreal-life applications, engineers more commonly deal with overdetermined least
squares problems in which the number of equations is much larger than the number
of unknowns. This occurs because engineers usually take many more measurements
than necessary to smooth out measurement error and remove noise from data. We
will restrict our considerations to linear least squares problems. We refer to [14] and
to the next section for the solution of nonlinear least squares problems.

Further, we assume that we are dealing with overdetermined problems, in which
we have more equations than unknowns. This means that we will be interested in the
solution of a linear system of equations

Ax =b, 0.1

where A is of size m x n with m > n, b is a vector of length m, and x is a vector of
length n.

In a general case we are not able to get vector b of the size m as a linear combination
of the n columns of the matrix A and n components of the vector x, from what follows
that there is no solution to (9.1). In this chapter we will consider methods that can
minimize the residual r = b — Ax as a function of x in principle in any norm, but we
will use only the 2-norm for theoretical and computational convenience (relationships
between the 2-norm and the inner product and orthogonality, smoothness, and strict
convexity properties). The 2-norm method is also called the method of least squares.
We can write a least squares problem as a problem of minimizing the squared residuals

13 =D r2 =D (Ax; — b)*. (9.2)
i=1

i=1
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In other words, our goal is to find the minimum of this residual using least squares:
m m
. 2 . 2 : 2
min ||7||5 = min r{ = min Ax; — b)”. 9.3
in |13 Zl x2<,> 9.3)
1= 1=

Example 9.1 Data fitting.

In this example we present a typical application of least squares called data fit-
ting or curve fitting. This problem appear in statistical modeling and experimental
engineering when data are generated by laboratory or other measurements.

Suppose that we have data points (x;, y;),i = 1, ..., m, and our goal is to find the
vector of parameters c of size n that will fit best the data y; of the model function
f(x;, c), where f : R"*! — R, in the least squares sense:

min > (y; = f (x1. €))%, 94)
i=1

If the function f(x,c) is linear, then we can solve the problem (9.4) using the
least squares method. The function f(x, ¢) is linear if we can write it as a linear
combination of the functions ¢;(x), j =1, ...,n as

fx,0) = c11(x) + c202(x) + ... + Capu (x). 9.5

The functions ¢;(x), j = 1, ..., n are called basis functions.

Letnow the matrix A haveentriesa;; = ¢;(x;),i =1,...,m; j =1, ..., n,and the
vector b will be such that b; = y;,i = 1, ..., m. Then a linear data-fitting problem
takes the form of (9.1) with x = c:

Ac ~ b. (9.6)

The elements of the matrix A are created by the basis functions ¢;(x), j =1, ..., n.
We will now consider different examples of choosing the basis functions ¢; (x), j =
1,...,n.

Example 9.2 Problem of the fitting to a polynomial.
In the problem of fitting a polynomial

d
[ e)= cx'™! 9.7)
i=1

of degree d — 1 to data points (x;, ;),i = 1, ..., m, the basis functions ¢;(x), j =
1, ..., n can be chosen as ¢;(x) = x/~!, j =1, ..., n. The matrix A constructed by
these basis functions in a polynomial-fitting problem is a Vandermonde matrix:
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1 x; x? ...le_l
1 x x% ...xg_]
1 2 d—1
A= A3 X3 ... X3 . (9.8)
1 xp, x2 ... xd-t
Here x;,i =1, ...., m, are discrete points on the interval x = [Xjef/, Xyigh/]. Sup-
pose, that we choose d = 4 in (9.7). Then we can write the polynomial as f(x, ¢) =
S eix™h =) + eax + c3x? + c4x, and our data-fitting problem (9.6) for this
polynomial takes the form
1 x xl2 x13 b,
1 x x% xg €1 by
2 3 C
Lo xy s |2 =y |, (9.9)
. . . C3
: o
1 xp, x,ﬁ x,fl b

The right-hand side of the above system represents measurements of a function that
we want to fit. Our goal is to find coefficients ¢ = {c, c2, c3, ¢4} that will minimize
theresidualr; = f(x;,c) — b;, i = 1..., m. Since we want to minimize the squared 2-
norm of the residual, or ||r ||§ =>0", riz, we will solve a linear least squares problem.

Let us consider an example in which the right-hand side b;,i = 1, ...m is taken
as a smooth function b = sin(wx/5) + x/5. Figure9.1 shows fitting a polynomial
to the function b = sin(wx/5) + x/5 for different values of d in (9.7) in the inter-
val x € [—10, 10]. We observe in this figure that with increasing degree d — 1 of
the polynomial, we have a better fit to the exact function b = sin(wx/5) + x/5.
However, for a degree of the polynomial greater than 18, we get an erratic fit to the
function. Check this using the MATLAB® programs of Section 1.4." This happens
because the matrix A becomes more and more ill-conditioned with increasing degree
d of the polynomial. And this, in turn, is because of the linear dependence of the

columns in the Vandermonde matrix A.

Example 9.3 Approximation using linear splines.

When we want to solve the problem (9.4) of approximation to the data vector
yi,i =1, ..., m, with linear splines, we use the basis functions ¢;(x), j =1, ..., n,
in (9.5), which are also called hat functions:

;.__Tfjl, Tiy <x =Ty,
¢j(x) = T’Mix (9.10)
Tji1—=T;° Tj=x=Tjn.

Here, the column j in the matrix A is constructed by the given values of ¢;(x) at
points T;, j = 1, .., n, which are called conjunction points and are chosen by the

IThe MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Fig. 9.1 Polynomial fitting for different degrees d in (9.7) to the function b = sin(wx/5) + x/5
on the interval x € [—10, 10] using the method of normal equations. Left-hand figures: fit to 100
points x;, i = 1, ..., 100; Right-hand figures: fit to 10 points x;, i = 1, ..., 10. Lines with blue stars
represent the computed function, those with red circles, the exact function.

user. Using (9.10), we may conclude that the first basis function is ¢;(x) = %

and the last one is ¢, (x) = ;f__—TT”:'I
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Fig. 9.2 Example9.3. Polynomial fitting to the function b = sin(;wx/5) + x/5 on the interval
x € [—10, 10] using linear splines with different numbers n of conjunction points 7;, j = 1, ..., n,
in (9.10). Blue stars represent the computed function, and red circles, the exact function.

Figure 9.2 shows an approximation of the function b = sin(wx/5) + x/5 on the
interval x € [—10, 10] using linear splines with different numbers » of conjunction
points T;, j = 1, ..., n. A MATLAB® program is available for running this test in
Section 1.7.2
Example 9.4 Approximation using bellsplines.

To solve the problem (9.4) using bellsplines, the number of bellsplines that can
be constructed is n + 2, and the function f(x, ¢) in (9.4) is written as

fx,0) =c1¢1(x) + 292 (x) + ... + Cpy2@nt2(x). 9.11)
We define
0, | LT <x=<Tjpu,
¢;00) = [0, otherwise. (©.12)

Then all other basis functions, or bellsplines, qb;? x),j=1,..n+2;k=1,2,3,
are defined as follows:

¢ 0) ¢ ()
N N /7 [N 9.13
¢i(x) = (x k)Tj+k -T; * st X)Tj+k+1 = T o

Here, the column j in the matrix A is constructed by the given values of ¢; (x) at con-
junctionpoints 7;, j = 1, .., n, which are chosen by the user. If in (9.13) we obtain the
ratio 0/0, then we assign ¢jf (x) = 0. We define three additional points 7_,, T_;, Ty at
the left side of the input interval as T_, = T_; = Ty = T}, and correspondingly three
points T4y, T42, T3 on theright side of the interval as 7, = T, = Ty42 = Tph13.
Altogether, we have n + 6 conjunction points 7}, j = 1, ..., n + 6. The number of
bellsplines that can be constructed is n + 2.

2The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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If the conjunction points 7 are distributed uniformly, then we can introduce the
mesh size h = T4+ — Ti, and the bellsplines can be written explicitly as

él3 T o <x=<Tj_y, t= %(x —T;2),
L4l +2 =T <x <Tj, t = Lx = Tj_y),
6@+ =) T <x < Ty, 1 = 5(Tjp1 — ),

1 : 1
6t3 if Tj+1 <x < Tj+2,t = E(TJ+2 —X).

$;(x) = 9.14)

In the case of uniformly distributed bellsplines, we place additional points at
the left side of the input interval as To =Ty — h, Ty = T\ — 2h, T_», T} — 3h, and
correspondingly on the right side of the interval as T,y =T, + h, T,4o =T, +
2h, T,,+3 = T, + 3h. Then the function f(x, ¢) in (9.4) will be the following linear
combination of n + 2 functions ¢; (x) forindices j =0, 1, ...,n + 1:

f(x,0) =cigpo(x) + 21 (x) + ... + Cpg2Pny1(X). 9.15)

Figure 9.3 shows an approximation of the function b = sin(mwx/5) + x /5 on the
interval x € [—10, 10] using bellsplines. A MATLAB® program is available in
Section 1.8 for running this test.?

9.2 Nonlinear Least Squares Problems

Suppose that for our data points (x;, y;),i = 1, ..., m, we want to find the vector of
parameters ¢ = (cy, ..., ¢,) that will best fit the data y;,i = 1, ..., m, of the model
function f(x;,c),i =1, ..., m. We now consider the case that the model function
f : R — R is nonlinear. Our goal is to find the minimum of the residual r =
y — f(x, ¢) in the least squares sense:

min > (i = f (i, )’ (9.16)
i=1

To solve problem (9.16) we can still use the linear least squares method if we can
transform the nonlinear function f(x,c) to a linear one. This can be done if the
function f(x, c) can be represented in the form f(x, c) = Ae™, A = const. Then
taking the logarithm of f(x, c), we getIn f = In A + cx, which is already a linear
function. Then the linear least squares problem after this transformation can be

written as
m

min » (Iny; — In f (x;. ©))*. 9.17)

i=l1

3The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Fig. 9.3 Example9.4. Polynomial fitting to the function b = sin(;x/5) + x/5 on the interval
x € [—10, 10] with different numbers of bellsplines. Blue stars represent the computed function,
and red circles, the exact function.

Another possibility for dealing with nonlinearity is to consider the least squares
problem as an optimization problem. Let us define the residual  : R" — R™ as

ri(c) =y — f(x;,c0), i=1,...,m. (9.18)
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Our goal is now to minimize the function
1 T 1 2
F(c) = 5”(6) r(c) = EIIV(C)Ilz- 9.19)
To find the minimum of (9.19), we should have

VF(c) = =0, i=1,..m. (9.20)

Direct computations show that the gradient vector V F (c) is
dF r
VF(c) = = J (o) (c), (9.21)
c

where J7 is the transposed Jacobian matrix of the residual r(c). For a sufficiently
smooth function F(c), we can write its Taylor expansion as

F(c) = F(co) + VF(co)(c — co) + O(h?), (9.22)

with |h| = ||c — ¢o|. Since our goal is to find the minimum of F(c), at a minimum
point ¢* we should have V F(c*) = 0. Taking the derivative with respect to ¢ from
(9.22), we obtain

H(F(co))(c —co) + VF(co) =0, (9.23)

where H denotes the Hessian matrix of the function F'(cy). Using (9.21) in (9.23),
we obtain
H (F (co))(c = co) + J " (co)r(co) =0, (9:24)

and from this expression we observe that we have obtained a system of linear equa-
tions
H(F (co))(c — co) = —J " (co)r(co), (9.25)

which can be solved again using the linear least squares method. The Hessian matrix
H (F(cp)) can be obtained from (9.21) as

H(F(co)) = J"(co)J (co) + D ri(co) H (ry), (9:26)

i=l1

where H (r;) denotes the Hessian matrix of the residual function r;(c). These m
matrices H (r;) are inconvenient to compute, but since they are multiplied by the
small residuals r; (co), the second term in (9.26) is often very small in the solution ¢
and can be omitted. Then the system (9.25) is transformed to the linear system

T (c0)J (co)(e = co) = =J T (co)r (co), 9.27)
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which actually is a system of normal equations for the m x n linear least squares
problem
J(co)(c — o) = —r(co). (9.28)

Using (9.27) we can write the iterative formula for the solution of the least squares
problem
e VAN (- VA ) W AN (O VA (- ) (9.29)

where k is the number of the iteration, ¢® = cy. Method which uses (9.29) in an
iterative update is called the Gauss-Newton method.

An alternative to the Gauss—Newton method is the Levenberg*~Marquardt’
method, which is used for ill-conditioned and rank-deficient problems. This method
is similar to the problem of finding the minimum of the regularized function

1 T 1 T 1 2 1 2
F(e) = 5r(e) r(e) + Jy(c —co) (e = co) = Sllr(©)ll; + 5¥lle = collz. (9-30)

where ¢ is a good initial guess for ¢ and y is a small regularization parameter. To
employ the Levenberg—Marquardt method, we repeat all the steps that we performed
for the Gauss—Newton method, see (9.21)—(9.26), but for the functional (9.30).

Finally, in the Levenberg—Marquardt method, the linear system that should be
solved at every iteration k is

T + D (T =Ry~ =TT (Fyr(ch), (9.31)

and the corresponding linear least squares problem is

J () PN £ (o))
(\/W).(c+ —c)~( ; ) 9.32)

In (9.31), (9.32), the number y; is an iteratively chosen regularization parameter,
which can be computed as in [7] or using a trust region approach [13]. We refer
to [31, 110] for various techniques for choosing the regularization parameter y in
(9.30), and to [74] for implementation and convergence analysis of this method.

Example 9.5 Let us consider the nonlinear model equation
Aet/TTo =y, (9.33)

Our goal is to determine parameters A, E, and 7Tj in this equation from knowledge
of y and T'. We rewrite (9.33) as a nonlinear least squares problem in the form

“Kenneth Levenberg (1919-1973) was an American statistician.
SDonald W. Marquardt (1929-1997) was an American statistician.
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min Z(yi — AeP/Ti=Toy2, (9.34)
i=1

AE, Ty 4

We will show how to obtain a linear problem from the nonlinear problem (9.34). We
take the logarithm of (9.33) to get

InA+ =Iny. (9.35)

T—-T
Now multiply both sides of (9.35) by T — Tj to obtain
InA(T —Ty) + E =Iny(T — Tp). (9.36)
Rewrite the above equation as
ThA—-ToylmnA+E+Tylny =TIny. (9.37)

Let us now define the vector of parameters ¢ = (cy, ¢2, ¢3) with ¢; = Ty, ¢, =
InA,c3 = E — Toln A. Now the problem (9.37) can be written as

cilny+ ;T +c3=Tlny, (9.38)

which is already a linear problem. We can rewrite (9.38), writing f(c,y,T) =
ciIny 4 ;T + c3 as a linear least squares problem in the form

min > (T;Iny; — f (¢, yi. T)). (9.39)

i=1

The system of linear equations that we need to solve is

In Vi Tl 1 Tl In Vi
In Y2 T2 1 al T2 In Y2
e = . (9.40)
oo e :
Iny, T, 1 T, Iny,
Example 9.6 Suppose that a nonlinear model function is given as
f(x,c) = Ae"* + Be®*, A, B = const > 0, (9.41)

and our goal is to fit this function using the Gauss—Newton method. In other words,
we will use the iterative formula (9.28) for the iterative update of ¢ = (cy, ¢;). The
residual function will be
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r@) =y~—f,o), (9.42)

where y = y;,i = 1, ..., m, are data points. First, we compute the Jacobian matrix
J(c), where two columns in this matrix will be given by

ar,-

J(@©)i1 = — =—x;Ae“M i=1,...,m,
-0 (9.43)
or; o :
J(©)ip = _82 =—x;Be”M,i=1,..,m.
2

If we make an initial guess for the parameters ¢® = (c?, cg) = (1, 0), then we have
to solve the following problem at iteration k = 1:

J( (' =P = —r (Y. (9.44)

The next update for the parameters ¢! = (c!, ¢}) in the Gauss—Newton method can
be computed as
= =TI I () (). (9.45)

Here r(c®) and J (c®) can be computed explicitly as follows:

r(c® =y — f(xi, ) =y, — (Ae'N +Be™) =y, —Aet —B,i=1,...,m,
(9.46)
where we note that ¢® = (c?, cg) = (1, 0) and two columns in the Jacobian matrix
J (%) will be
J()i ) = —x; A" = —xjAe¥,i=1,...,m,

9.47)
J(co)iyz = —x;Be" = —x;B,i=1,...,m. (

Substituting (9.46), (9.47) into (9.44) yields the following linear system of equations:

—xlAeX‘ —xlB -y — Ae® — B

—x,Ae*®? —x»B ol — 9 —y, — Ae® — B
: . ( - (‘)) = . : (9.48)
: : =60 :

—XmAe*™ —x,, B —¥m — Ae*™ — B

0

which is solved for ¢! — ¢ using the method of normal equations as
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—x1Ae® —x1B r —x1Ae® —x1B
— X2 — X2 0
)Cer )CzB . )CQAG .XZB . C% -l
2 S AR
—x, Ae* —x, B —Xx, Ae* —x, B
" " o " (9.49)
—x1Ae® —xB —y; — Ae® — B
—x,Ae®? —x»B —y, — Ae®> — B
—Xx, Ae* —x,, B —yn, — Ae* — B

This system can be solved for ¢! — ¢?, and the next values for ¢! are obtained using
(9.45) as

—x1Ae® —xiB ! —x1Ae* —x|B
(D@ [ o) [
1] — 0 . . ) )
62 C2 : : : :
_xmAeXm _-meB _.XmAeX"‘ —xmB (950)
—xAe™ —xB —y1 — Ae — B
_szexz _sz -y — AeX — B
—x,Ae* —x,, B —Vm — Ae* — B

9.3 Method of Normal Equations

The first method that we will consider for the solution of (9.2) will be the method of
normal equations. This method is the fastest but is not as accurate as the QR or SVD
decompositions. We can apply this method for the solution of linear least squares
problems if the condition number of the matrix A is small.

Our goal is to minimize the function F (x) = ||r(x) ||§ = ||Ax — b ||%. To find min-
imum of this function and derive the normal equations, we look for the values of x
for which the gradient of

F(x) = |rll; = [Ax = b3 = (Ax — b)" (Ax — b) (9.51)

vanishes, or where V F'(x) = 0. Considering the standard definition of the Fréchet
derivative we get
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L Ot ) r(x 4+ h) = r(x)"r(x)

0=1
h—0 A2
AV _bh)— T (Ax —
. (A(x +h) = b)"(A(x + h) —b) — (Ax —b)T (Ax — b) 9.52)
h—0 IAll2
. 2hT(ATAx — ATb) + h" AT Ah
=0 Al '

InT AT ARl _ IAINAIS
izl — %l
h — 0. This means that the term AT Ax — AT b must also be zero, and thus we must

have

‘We observe that the second term

= ||AlI3]|l2 goes to zero as

0=VF =2ATAx —2ATb. (9.53)

We conclude that
ATAx = ATb, (9.54)

which is a symmetric linear system of n x n equations, commonly called a system
of normal equations.

Using (9.53), we can compute the Hessian matrix H = 2AT A. If the Hessian
matrix H = 2AT Ais positive definite, then x is indeed a minimum. This is a sufficient
condition for x to be a minimum of (9.51). We can show that the matrix AT A is
positive definite if and only if the columns of A are linearly independent, or when
r(A) =n.

If the matrix A has a full rank ((A) = n), the system (9.54) is of size n x n and is
a symmetric positive definite system of normal equations. It has the same solution x
as the least squares problem min, ||Ax — b||% of size m x n. To solve system (9.54)
one can use the Cholesky decomposition

ATA=1LLT (9.55)

with L a lower triangular matrix. Then the solution of (9.54) will be given by the
solution of the triangular system

Ly =ATb,

(9.56)

LTx =y.

However, in practice, the method of normal equations can be inaccurate for two
reasons.

e The condition number of AT A is the square of the condition number of the original
matrix A:
cond(AT A) = cond(A)z. (9.57)

Thus, the method of normal equations can give a squared condition number even
when the fit to data is good and the residual is small. This makes the computed
solution more sensitive. In this sense, the method of normal equations is unstable.
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e Information can be lost during computation of the product A7 A. For example,

take
11

A=180 (9.58)
046

with 0 < § < /¢ in a given floating-point system. In floating-point arithmetic we
can compute AT A:

11
r, (180 C(1+8 1 Y (11
AA_(IOS ' gg U1 1482) 1) ©-59)

which is a singular matrix in the working precision.

These inconveniences do not make the method of normal equations useless, but
they provide motivation to seek more robust methods for linear least squares prob-
lems.

9.4 QR Decomposition

In this section we consider QR decomposition of a matrix A. QR decomposition of a
matrix A can be computed, for example, using the Gram—Schmidt orthogonalization
process [47]; see Section9.5.3. QR decomposition of a matrix A means that a matrix
A of size m x n with m > n can be factorized as the product of a unitary matrix Q
of size m x m and an upper triangular matrix R of size m x n:

A=QR=0 (’f;) = (01. 0) (’f;) = OIR:, (9.60)

where R; is an upper triangular matrix of size n x n, 0 is the zero matrix of size
(m —n) x n, Q) is a matrix of size m x n with orthogonal columns, Q5 is of size
m x (m — n) with orthogonal columns. We note that (m — n) rows of the upper
triangular matrix R consist of zeros.

We can consider also an alternative definition of QR decomposition:

Theorem 9.1 QR decomposition. Let A be an m x n matrix with m > n. Suppose
that A has full column rank. Then there exist a unique m x n orthogonal matrix
Q(QT Q = I,) and aunique n x n upper triangular matrix R with positive diagonals
rii > 0 such that A = QR.

Proof The proof follows from the Gram—Schmidt orthogonalization process [47]; see
Section9.5.3. Another proof follows from the QR factorization using Householder
reflection. O
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We will now show how to obtain a formula for the value of x that minimizes
||Ax — b||, using three different decompositions the matrix A into matrices Q and R.

o In the first method, we choose m — n more orthonormal vectors Q such that (Q, Q)
is a square orthogonal matrix, and therefore, Q7 Q = 0. One way in which to do this
is to choose any m — n independent vectors X and then apply the Gram—Schmidt
orthogonalization Algorithm9.4 to the n x n nonsingular matrix (Q, X)). Using
the property

IQAZ|, = [lAll2 9.61)

of norms and matrices for any orthogonal or unitary matrices Q, Z and applying
it to || Ax — b||3, we can write

()13 = [IAx — b3

1(Q, O)T (Ax — b)I3
(QT) (QRx — b)
fr ~ X —

or 5

Jnxn QTb
= (0(m—n)><n) Rx — (QTb)
_ Rx — 07h :
= —QTb .
|Rx — @7b|; + 107 bI3
> [107bl3.

2

2

We can solve the triangular linear system Rx — Q7bh = 0 for x, since A and R
have the same rank, », and so R is nonsingular and 07b is a vector of length n.
Then x = R~'Q"b, and the minimum residual norm of ||Ax — bl|; is given by
107 bl )

e The second method is slightly different and does not use the matrix Q. This method
uses adding and subtracting the same term Q Q7 to the expression for the residual
r(x) = Ax — b:

r(x)=Ax —b= QRx —b= QRx — (Q0T +1 — Q0T)b
= Q(Rx — Q"b) — (I — QQ")b.

Note that the vectors Q(Rx — QTb) and (I — Q QT)b are orthogonal, because

(Q(Rx — O"h) (I — 0Q"b) = (Rx — Q"H)"(QT(1 — 0Q" )b

9.62
= (Rx - 0"n)T (0)b = 0. 062

Thus, we can use the Pythagorean theorem,

IAx —bl5 = |Q(Rx — Q"H)I5 + (1 — QOT)bl3
= [Rx — Q"bl5 + I — QOT)HbII3,
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where we have used the property of the norm || Qy ||% =y ||%. This sum of squares
is minimized when the first term is zero, i.e., x = R~! 0Tbh.

e A third derivation uses the normal equations solution and then QR decomposition
inside this solution:

x = (ATA)TATh
— (RTQTQR)—IRTQTb — (RTR)—IRTQTb
=R 'RTRTQ"h =R'Q7b.

9.5 Orthogonalization Methods

In this section we will present the main orthogonalization methods for computing
the QR factorization of a matrix A, which include:

e Householder transformation (called also reflection),
e Givens transformation (called rotation),
e Gram-Schmidt orthogonalization.

9.5.1 Householder Transformations

A Householder transformation, which is also called reflection, is a matrix of the form
P=1-—2uu’,
where |u||, = 1. We can see that P = PT and
P-PT = =2uu"YI =2uu™)y =1 — duu” + duu"uu” = 1.

Using the above equations, we conclude that P is a symmetric orthogonal matrix.
This matrix is called a reflection, because Px is the reflection of the vector x in the
plane that passes through 0 and is perpendicular to the vector u.

For a given vector x, we can find a Householder reflection P = I — 2uu” that
will zero out all except the first component of x and leave first entry of x as the
nonzero value

Px:(c,O,...,O)T =c-e

with e; = (1,0, ..., 0). We do this using the following procedure. First we apply P
to x to get

Px = — 2uulx = x — 2u(uTx) =c-e.

From the equation above, we get
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1
2(uTx)

(x — cey), (9.63)

i.e., u is a linear combination of x and e;.
Since P is an orthogonal matrix, we can use the following property of the 2-norm:
x|l = || Px|l2 = |c|. Then the vector u in (9.63) must be parallel to the vector
u=x =% |xll2er, (9.64)
and thus the vector u can be computed as

w=ufllu.

One can verify that as long as & # 0, the choice of sign in (9.64) yields a vector u
satisfying Px = ce;. We will determine the vector & as

u=x+sign(x))|x|2e

and this means that there is no cancellation in computing the first component of u.
Here, x is the first coordinate in the vector x, after which all other entries of x in the
matrix A are 0. Finally, the vector # will have the following form:

x1 +sign(xy) - [lx|l2

X X2 i
u= . where u =

i@l

Xn

We denote the procedure for obtaining the vector u by u = House(x) and use it
in the Algorithm9.2. In computations, it is more efficient to store # instead of u to
save the work of computing u, and use the formula P =1 — (2/ ||12||§)ﬁﬁT instead
of P=1—2uu’.

Example 9.7 In this example, we present a general procedure for carrying out the
QR decomposition of a matrix A of size 5 x 4 using Householder transformations. In
all the matrices below, P; denotes an orthogonal matrix, x denotes a generic nonzero
entry, and 0 denotes a zero entry. Thus, for the decomposition A = Q R, we need to
perform the following steps:

e Choose the matrix P; such that

X XXX
Oxxx
Ai=PA=]0xxx
Oxxx
Oxxx
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e Choose the matrix P, such that
1000

p=|0 P

and
XX XX

O0xxx
A =PA =]00xx
00xx
00xx

e Choose

P

such that
XX XX

Oxxx
A3EP3A2= 00xx
000x
000x

e Choose

1 10
0 [P
such that
X XXX
. Oxxx
RZ=A4EP4A3= 00xx

000x
0000

In this example, we have chosen a Householder matrix P/,i = 2,3, 4, to zero
out the subdiagonal entries in column i. We note that this does not disturb the zeros
introduced in previous columns.

We observe that we have obtained the decomposition
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Ay = P4P3P,PiA. (9.65)

Let us denote the final triangular matrix A4 by R = A4. Then using (9.65), we
observe that the matrix A is obtained via the decomposition

A=PIPIPIPIR = QR, (9.66)

which is our desired QR decomposition. Here, the matrix Q comprises the first four
columns of PlT P2T P3T P4T = P; P, P; P4 (since all P; are symmetric), and R comprises
the first four rows of R.

QR factorization for a matrix A of order m x n is summarized in Algorithm9.1. In
this algorithm, a; denotes the kth column of the matrix A. For simplicity, a rescaling
procedure is omitted in this algorithm.

Algorithm 9.1 QR factorization using Householder reflections.

for k = 1 to min(m — 1, n) /* loop over all columns */
o = —sign(akk),/a,fk + ...+ arznk

Up = (0, .0 akk....amk)T — g€k

B = uj uy

if B = 0 then /* skip column k since it is already O */
go to the next k

for j =kton

y; = uj a; I* a; are elements of column j of A */

— 2y;
aj=a; — ﬂuk
end

end

Below we present an algorithm for obtaining the QR decomposition using House-
holder transformations in a more general form.

Algorithm 9.2 QR factorization using Householder reflections.

fori = 1tomin(m — 1, n)
u; = House(A(i : m,1i))

P/ =1—2uu’
A(G :m,i:n)=PA@{ :m,i:n)
end for

We can discuss some implementation issues of this algorithm. We note that we
never form the matrix P; explicitly but instead use the efficient multiplication

(I —2u;ul)AG :m,i:n)=AG :m,i:n)—2u;w! AG:m,i:n)).
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To store P;, we need only u;, or it; and |i; ||. These values can be stored in column

i of A, which means that the Q R decomposition can be “overwritten” on A, where

Q is stored in factored form Py, ..., P,_1, and P; is stored as i; below the diagonal
in column i of A.

Householder reflections can be applied for the solution of the following least
squares problem:

Find x subject to rrkin |Ax — b||§ . (9.67)

To solve (9.67) using QR decomposition of the matrix A, we need to compute
the vector Q7 b; see details in Section9.4. We can do this computation in a fol-
lowing way: compute Q7 b using Householder matrices P;,i =1, ...,n, as QTh =
P,P,_;--- Pib, so we need only keep multiplying b by Py, Ps, ..., P,. We summa-
rize this discussion in the following algorithm:

Algorithm 9.3 Computation of 9”b = P,P,_,--- Pib

fori =1ton

y=-2- ul.Tb(i 1 m)

b :m)=>b@ :m)+ yu;
end for

In MATLAB®, the command A \ b solves the least squares problem if the matrix
Aisofsizem x nwithm > n.Itisalso possible touse thecommand (Q, R) = gr(A)
in MATLAB® to perform a QR decomposition of the matrix A.

Let us explain now in greater detail how to perform the Householder transforma-
tion u = House(x) in Algorithm9.2. First we introduce some notions:

e Let x be an arbitrary real m-dimensional column vector of A such that ||x|| = |«|
for a scalar «.

e If the Householder algorithm is implemented using floating-point arithmetic, then
o should get the opposite sign to that of the kth coordinate of x, where x; is the
pivot element after which all entries in the final upper triangular form of the matrix
A are 0.

Then to compute the Householder matrix P, set

v=x+ e,
o = —sign(x))|x],
v .
W= (9.68)
vl
P=1-2uu’,
where e; is the vector (1,0, ...,0)7, || - || is the Euclidean norm, I is the m x m

identity matrix, and x; is the first component of the vector x. The matrix P thus
obtained is an m x m Householder matrix such that
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Px = (a,0,---,0)".

To transform an m x n matrix A gradually to upper triangular form, we first left
multiply A by the first Householder matrix P;. This results in a matrix P;A with
zeros in the left column (except for the first row):

o] * ... %

0

PA=
A
0

This can be repeated for the matrix A’ that is obtained from P; A by deleting the first
row and first column, resulting in a Householder matrix P,. Note that P, is smaller
than P;. Since we want P to operate on P; A instead of A’, we need to expand it on

the upper left, or in general,
_(f-1 O
=5 5)

After k iterations of this process, k = min(m — 1, n), we obtain an upper triangular
matrix
R=P,---P,PA.

Now choosing
Q — PlTPZT . PkT,

we obtain the QR decomposition of A.

Example 9.8 Let us calculate the QR decomposition of the matrix

12 -51 4
A=| 6 167 —68
—4 24 —4]

using Householder reflection. First, we need to find a reflection that transforms
the first column of the matrix A, the vector x = a; = (12,6, —4)7, to ||x|| e; =
laill er = (14,0,0)T.

Now using (9.68), we construct the vector

V=x+wep,

where
o = —sign(xy)|x||

and

u= .
vl
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We observe that in our example, ||x|| = | x|l = /122 + 62 + (—4)2 = 14,
o = —sign(12)||x|| = —14, and the vector ae; will be we; = (14, 0, 0.
Therefore,

v=x4ae; = (12,6, —H)T + (—14,0,0)7 = (-2,6, —-HT =2(-1,3, -2)7,

and thus u = ﬁ = \/;1*4 (=1, 3, =2)T. Then the first Householder matrix will be
P=1 2 _31 ( 13 2)
T vavia | o,
1 1 =3 2
=/—-—=|-39 -6
2 —6 4
6/7 3/7 =2/7
=\ 3/7 =2/7 6/7
=2/7 6/7 3/7

We computer the product P; A to get the matrix

14 21 —14
Ai=PA=|0 —49 —14], (9.69)
0 168 —77

which is almost a triangular matrix. We have only to zero the (3, 2) entry.
Take the (1, 1) minor of (9.69) and then apply the same process again to the matrix

L (4914
A _M“_(168 —77)'

By the same method as above, we first need to find a reflection that transforms the first
column of the matrix A’, namely the vector x = (—49, 168)7,to || x| e; = (175,0)7.

Here ||x|| = +/(—49)% + 1682 = 175,
o = —sign(—49)||x|| = 175 and we; = (175, 0)7.
Therefore,

v=1x+4ae = (=49, 168)7 + (175,0)T = (126, 168)7,
vl = V1262 + 1682 = /44100 = 210,

14
u= = (126/210, 168/210)" = (3/5,4/5)".
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Then
P2/ =71-2 (ig) (3/5 4/5)

b o (925 12/25) _( 7/25 —24/25
2= 572 \12/25 16/25) T\ —24/25 —7/25 )

Finally, we obtain the matrix of the Householder transformation P, such that
10
= (o Ps)

1 0 0
=0 7/25 —24/25
0 —24/25 —7/25

with P; given above and thus,

Now we obtain

6/7 69/175 —58/175
Q=P=P'P/ = 3/7 —158/175 6/175
—-2/7 —6/35 —33/35

Thus, we have performed the QR decomposition of the matrix A with matrices Q
and R given by

0.8571 0.3943 —0.3314
Q=P'P] = 04286 —0.9029 0.0343 |,
—0.2857 —0.1714 —0.9429

14 21 —14
R=PA, =P,PLA=Q0TA=|0 —175 70
0 0 35

We observe that the matrix Q is orthogonal and R is upper triangular, so A = QR
is the required QR decomposition. To obtain the matrices Q and R above, we have

used the facts that
P,A, = P,P|/A =R,

Pl P/ PP A= P'P/R,
A=P'P'R=QR,
with 0 = P/ P},
We can also perform tridiagonalization of the matrix A using Householder reflec-

tion matrices. We follow [12] in the description of this procedure. In the first step
of the tridiagonalization procedure, to form a Householder matrix at every step we
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need to determine constants « and r, which are given by the formulas

o = —sgn(az)
(9.70)
\V 1( 2 )
r=,/=(e? —axa).
> 21
Knowing o and r, we can construct the vector v such that
Vi
v = 2] (9.71)
Vn
where vi =0, v, = =% and

2r
231
vi = — foreach k =3,4,...,n.
2r
Then we can compute the first Householder reflection matrix as
PO —7_ zv(l)(v(l))T
and obtain the matrix A as
AD = phgp)
Using PV and AV thus obtained, the process of tridiagonalization is repeated

fork = 2,3, ..., n as follows:

a = —sgn(diy1.k)

n
2
Z ks

j=k+1

/1
r = 5(0[2 — (1k+],k0[),
MO =P = =P =, 07)
k) Ap+1,k — &
Vier1 = 2r ’
v = 2K gor j=k+2;k+3,..,n,
J 2r

P(k) =71 — zv(k) (V(k))T,
AkED — p) pGk) pk)-
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In (9.72), the elements a1 «, aj are entries of the matrix A®).
Example 9.9 In this example, the given matrix
510
A=1163
037

is transformed into a similar tridiagonal matrix A; using Householder’s method.
We perform tridiagonalization by the following steps:

e First compute « via (9.70) as

a = —sgn(az) 2012'1 = _\/m =—v/(12+0%) =—1.
j=2

e Using o, we obtain r via (9.70) as

r—/lwﬂ—a a)—\/1<<—1)2—1-(—1>)—1
=V3 20) =/ 5 =L

e Using the known values of @ and r, we construct the vector v(") as in (9.71). Using
(9.71), we compute

v =0,
axy — o 1—(—])
V2: = :1,
2r 2-1
by G
3 2r

Now we have obtained the vector
0
v =11
0

We compute the first Householder matrix P! as
PO = [ — 2,7
and get
100
PV =(0-10
001

The tridiagonal matrix A" is obtained as
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5-10
AD — pOApD _ | 1 6 =3
0 -37

Example 9.10 1In this example, the given 4 x 4 matrix

4 1-22
120 1
20 3 -2
2 1-2-1

A=

is transformed into a similar tridiagonal matrix A, using Householder reflections.
Similarly with the example above we perform the following steps:

e First compute « via (9.70) as

Zajz'l =(=D-y (a3, + a3, + a3y
=

=—1- (24 =22+ =(-1) - J/I+4+4=—-/9=-3.

o = —sgn(as)

e Using o, we obtain r as

r= \/%«xz —aya) = /%((—3)2 —1-(=3)) = 6.

e From « and r, we construct the vector vV, Using (9.71), we compute

V1=0,

a — o 1—-(=3) 2
Vy = = = —,
oo 2.6 V6

asg -2 -1
V=—=———=—,

2r 2.6 /6
O S
4 2r 2.6 6

Thus, we have obtained

y = (

Now we can compute the first Householder matrix PO,

SH&ILS =
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0
2
m _ () (1, (DNT _ NG 2 =1 1
PO =120 =1 —2.| % .(oﬁﬁﬁ),
e
7
and obtain
1 0 0 0

0-1/32/3 —2/3
0 2/3 2/3 1/3
0-2/31/3 2/3

J 21

After that, we compute the matrix AD as
AW — pM 4 pD)

to get

4 =3 0 0

—310/3 1 4/3
0 1 5/3 —4/3
0 4/3 —4/3 —1

AD — pOygpd —

Next, having found AW we need to construct A® and PP, Using formulas (9.72)
for k = 2, we get

4
16 5
o = —sgn(as2) E ajz»’z = —sgn(1),/a3, +a;j, = —/1+ 5 =73
j=3
\ 1( 2 ) =14 20
= ./ —(x* — . - .
r 3 asp - o 9 ;

2 (2)

viT=v, =0,
) azn — o 2
V,; == —,
: 2r V5
@ _ a2 _ 1
V4 = =,
2r V5
and thus new vector v will be v® = 0,0, % \%)T, and the new Householder

matrix P@® will be
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00 0 0 10 0 0

00 0 0 01 0 0
2 _7_ @) (vONT _ 7 _ —
Po=1=2v=0) =1=2100452/5| =00 -3/5-4/5

002/51/5 00 —4/5 3/5

Finally, we obtain the tridiagonal matrix A® as

4 -3 0 0
~310/3 —=5/3 0

0 —5/3 —33/25 68/75
0 0 68/75 149/75

A — p@ AL p@ _

We observe that we have performed the process of tridiagonalization in two steps.
The final result is a tridiagonal symmetric matrix A® that is similar to the original
one A.

9.5.2 Givens Rotation

In the previous section we described the Householder transformation, which intro-
duces many zeros in a column of matrix at once. But in some situations we need to
introduce zeros one at a time, and in such cases, we should use Givens rotations.

A Givens rotation is represented by a matrix of the form

1--+0---0 ---0

G(i’jve)z E E ", : E kl

0---0---0 ---1

where ¢ = cos ® and s = sin @ appear at the intersections of the ith and jth rows
and columns. Here @ is the angle of rotation. The nonzero elements of the Givens
matrix are given by

grr =1 fork #£1i, j,

8ii =€,
8jj =26
8ji = —S,

gij=s fori>j.
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We note that the sign of the sine function switches for j > i. The orthogonality of
matrix G implies that ¢? + s2 = 1. This is true for the cosine and sine of an arbitrary
angle. The product G (i, j, 6)x represents a counterclockwise rotation of the vector
x in the (7, j)-plane through 6 radians.

When a Givens rotation matrix G is multiplied by another matrix A from the right
to form the product G A, only rows i and j of A are affected. Thus we restrict ourself
to the solution of the following problem: Given a and b, find ¢ = cos 6 and s = sin 6

900

Explicit calculation of 6 is rarely necessary or desirable. Instead, we directly seek c,
s, and r. An obvious solution is

r=+a?+ b2,
c=alr, (9.73)
s =—b/r.

If |a| > |b|, then we work with the tangent of the rotation angle
t=s/c=0b/a, (9.74)

so that we have the following alternative formulas for computating c, s:

c=1/vV1+1¢2,

(9.75)
s = —ct.
If |b] > |a|, then we can use the cotangent 7 of the rotation angle,
T=s/c=al/b, (9.76)
and obtain
— / 2
C—l/ 1+T 3 (9.77)
§ = —cT.
Example 9.11 Given the 3 x 3 matrix
650
A=1|514],
043

we perform two iterations of the Givens rotation to bring the matrix into upper
triangular form.
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We must zero entries (2, 1) and (3, 2) of the matrix A. We first make element
(2, 1) equal to zero and construct a rotation matrix G:

—S

G, =

— o O

c
s c
00

We have to perform the matrix multiplication

c—s0 650
Al=G;-A=|s ¢ O 514 (9.78)
001 043

such that

(E _cs) (g) - (6) (9.79)

Now we compute parameters c, s, and r in (9.79) using explicit formulas (9.73):

r=+v6%4+52=7.8102,
c=6/r =0.7682,
s = —=5/r = —0.6402.

Plugging these values for ¢, s in (9.78) and performing matrix multiplication yields
a new matrix Aj:

7.8102 4.4813 2.5607
A= 0 —2.43273.0729
0 4 3

The next step will be to zero out the element (3, 2). Using the same idea as before,
we construct a rotation matrix G,:

We have to perform the matrix multiplication
100 7.8102 4.4813 2.5607

Ay=G,-Ai=|0c —s 0 —2.4327 3.0729
0s ¢ 0 4 3

() ()=6) (9.80

such that
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The parameters c, s, and r in (9.80) are computed using the explicit formulas

(9.73):
r=+/(—2.4327)2 + 42 = 4.6817,
¢ =—-2.4327/r = —0.5196,
s = —4/r = —0.8544.

Plugging in these values for ¢ and s and performing matrix multiplication gives us a
new matrix A, that is also the upper triangular matrix R:

7.8102 4.4813 2.5607
R=A,= 0 4.6817 0.9664
0 0 —4.1843

This new matrix R is the upper triangular matrix that is needed to perform an
iteration of the QR decomposition. The matrix Q is now formed using the transpose
of the rotation matrices as follows:

0=GIG).
We note that we have performed the following computations:

G,G|A =R,
G| G3G,G A =G| GIR,

and thus
A=GIGIR=0R

with
0 =G'Gl.

Performing this matrix multiplication yields the following matrix Q in the QR decom-
position:
0.7682 0.3327 0.5470
Q = {0.6402 —0.3992 —0.6564
0  0.8544 —0.5196

The Givens rotation can also be applied to zero out any desired component of an
m-vector. We illustrate how to zero out the element (4,4) of a 5 x 5 matrix A. We
construct the Givens matrix
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100 00
0cO0—-s0
G2,4,0)=1001 00
0s0 ¢ O
000 0 1
and compute the parameters r, ¢, s from
100 00 aj a
0c0—-s0 a r
001 0 O} az | = | as
0s0 c O as 0
000 0 1 as as

Using a sequence of a such Givens rotations, we can zero out individual entries
of the matrix A and reduce it to upper triangualar form. In so doing, we should
avoid reintroducing nonzero entries into the matrix entries that have already been
zeroed out. This can be done by a number of different reorderings. The product of
all rotations will be an orthogonal matrix Q in the QR factorization of the matrix A.

Implementation of a Givens rotation for solving linear least square problems is
about 50 percent more expensive than doing Householder transformations. Givens
rotations also require more disk space to store c, s, . Therefore, Givens rotations are
used in cases in which the matrix A is sparse.

9.5.3 Gram-Schmidt Orthogonalization

Gram-Schmidt orthogonalization is one more method for computing QR factoriza-
tions. If we apply Gram—Schmidt to the columns @; of A = (ay, as, . . ., a,) from left
to right, we get a sequence of orthonormal vectors g; through g, spanning the same
space. These orthogonal vectors are the columns of the matrix Q. The Gram—Schmidt
orthogonalization process also computes the coefficients r;; = quai expressing each
column ¢; as a linear combination of ¢ through g;: a; = Z;:l rjiq;. Ther;; are just
the entries of the upper triangular matrix R.

More precisely, in the Gram—Schmidt orthogonalization process, for a given pair
of linearly independent vectors a; and a, of length m, we want to determine two
orthonormal vectors g; and g; of length m that span the same subspace as the vectors
a; and a,. To do so, we first normalize a; and obtain ¢; = a;/||a; ||>. Then we subtract
from a, the values (¢] a)q;. This is the same as the following m x 1 least squares
problem:

qQy =~ a. (9.81)

The solution of this problem is given by the method of normal equations as
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y = (q]{ 91" 'q] a2 = q{ a». (9.82)

Then the desired vector ¢, is obtained by normalizing the residual vector

r=a — (q{ @)q1.

This process, called the classical Gram—Schmidt (CGS) orthogonalization procedure,
can be extended to any number of vectors aj, ..., ax, | <k < m; see Algorithm9.4
for its implementation.

The classical Gram—Schmidt (CGS) procedure is unsatisfactory when imple-
mented in finite-precision arithmetic. This is because the orthogonality among the
computed vectors g; will be lost due to rounding errors. CGS also requires sepa-
rate storage for A, Qi, and R, since the element a; is used in the inner loop, and
thus g, cannot overwrite it (because g, is used in the inner loop). The modified
Gram-Schmidt (MGS) procedure overcomes these difficulties; see Algorithm9.5.

The classical Gram—Schmidt (CGS) and modified Gram—Schmidt (MGS) algo-
rithms for factoring A = QR are the following:

Algorithm 9.4 The classical Gram—Schmidt (CGS) orthogonalization algorithm.

for k = 1 to n /* loop over columns 1...n */

gk = Ak

forj=1tok—1

Fjk = quak

9k = gk — T'jkq;j

end

ik = llqell2

if 73 = O then stop /* stop if linearly dependent */
Gk = G/ Tik

end

Algorithm 9.5 Modified Gram—Schmidt (MGS) orthogonalization algorithm.

for k = 1 to n /* loop over columns 1...n */

e = llaklla

if 73 = O then stop /* stop if linearly dependent */
qr = ax /e I* normalize current column */
forj=k+1ton

_ T
Tkj = 4qi aj
aj =da; —Trkjqk
end
end

If A has full column rank, then ;. will not be zero. Although MGS is more stable
than CGS, we still can have a matrix Q that is far from orthogonal. This is because
QT Q — I|| can be larger than & when A is ill conditioned, though the loss is much
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less than with CGS. To avoid this difficulty, in solving the linear system of equations
Ax ~ b with MGS we should not compute the right-hand side ¢; as¢; = QT b. Much
better is to treat the vector b as a column of length n + 1 and use MGS to compute the
reduced QR factorization for the following augmented matrix of order m x n + 1:

() = (Q1gus1) (§ 2) . (9.83)

Then the solution of the least squares problem can be found as the solution to the
n x n triangular linear system Rx = cy.

The orthogonality of the resulting matrix Q; can also be enhanced by a reorthogo-
nalization process. This means that we need to repeat the orthogonalization procedure
for O which can be considered as a form of iterative refinement. We refer to [14,
53] for further reading on this subject.

Example 9.12 Classical Gram—Schmidt (CGS) orthogonalization algorithm for the
solution of least squares problems

We illustrate the CGS Algorithm 9.4 on the solution of the following least squares
problem: find x = (x, x», x3) subject to min, ||Ax — y||% when the matrix A is
given by

1 00
0 10
0 01
A=1_110
101
0 —11

and the elements of the vector y are y = (1237, 1941, 2417, 711, 1177, 4757 . We
have implemented Algorithm 9.4 and applied it to the solution of this linear least
square problem. Our QR decomposition of the matrix A is

0.577350269189626  0.204124145231932  0.353553390593274

0 0.612372435695794  0.353553390593274

_ 0 0 0.707106781186548
0= —0.577350269189626 0.408248290463863 —0.000000000000000 | °

—0.577350269189626 —0.204124145231932 0.353553390593274

0 —0.612372435695794 0.353553390593274

1.732050807568877 —0.577350269189626 —0.577350269189626

R = 0 1.632993161855452 —0.816496580927726

0 0 1.414213562373095

After performing the QR decomposition of A, we solved the linear least squares
problem transformed to the solution of the equation Rx = Q7 y with upper triangular
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matrix R, by backward substitution. We have obtained the following solution of the
least squares problem: x = (1236, 1943, 2416)7.
The MATLAB® program of Section 1.4 is available for running this test.

9.6 Singular Value Decomposition

In this section we will show how the singular value decomposition (SVD) of a matrix
A allows us to reduce a linear least squares problem to a diagonal linear least squares
problem that is easer to solve.
Let us recall (see Section 5.1.1) that the singular value decomposition of a matrix
A of order m x n has the form
A=UxVT, (9.84)

where U is an m x m orthogonal matrix UTU = I, V isann x n orthogonal matrix
such that VIV = I, and X is an m x n diagonal matrix with elements o;; on its
diagonal such that

_ |0 fori # j,
%ij = [0,- >0fori = j. ©.85)

The elements o; are called singular values of A. They are ordered such that o] >
- > 0, > 0. The columns u;, ..., u, of U are called left singular vectors. The
columns vy, ..., v, of V are called right singular vectors. We note that if m < n,
then the SVD is defined for AT.
An alternative definition of SVD decomposition is formulated in the following
theorem.

Theorem 9.2 Let A be an arbitrary m X n matrix with m > n. Then the SVD
decomposition has the form A = UX VT, where U is of order m x n and satisfies
UTU =1,V is of order n x n and satisfies VIV=Iand ¥ = diag(oy,...,0on),
where 0y > --- > 0, > 0. The columns uy, ..., u, of U are called left singular vec-
tors. The columns vy, ..., v, of V are called right singular vectors. The numbers o;
are called singular values.

Proof The proof of this theorem is done by induction on m and n. This means that we
assume that the SVD decomposition exists for matrices of order (m — 1) x (n — 1),
and our goal is to prove that the SVD decomposition exists also for matrices of order
m X n. In this proof we assume A # 0. If A = 0, we can take > = 0 and let U and
V be arbitrary orthogonal matrices.

Since m > n, let us consider the case n = 1 and write the SVD decomposition as
A=UXVT withU = A/||A|2, ¥ = ||All,and V = 1.

To apply the induction step, we choose the vector v such that ||vul, = 1 and
|A]l2 = ||Av]l> > 0. Such a vector v exists by the definition of the two-norm of the

%The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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matrix A: [|All; = max,,=1 [|[Av]|2. Letus define u = ”fﬁ, which is a unit vector.

We choose now two m~atrices U and V such that U = (u, U )isanm x m orthogonal
matrix, and V = (v, V) is an n x n orthogonal matrix. We now multiply the matrix
A from the left by the matrix UT and from the right by the matrix V to get

T - TAv uT AV
TAy = u A =(“ ~ ~ 1.
UTAV =\ g7 WVY=\ T a0 07 AT

Since the vector u is chosen as u = we observe that

Av
IAv]2?

T4y - AVTAY) _ AV
lAavilz vl

= [Avl2 = ||All2 = 0.

Next, we also observe that the following block is zero: UT Av = U u||Av||, = 0.
We want to prove that the block u” AV will be zero also: u” AV = 0. To do so, we
consider ||(U|uTA\7)||2. We observe that ||(a|uTA\7)||2 > o and ||(1,0,...,0) =
UTAV | = ||[(c|luT AV)|>. Then using the properties of the two-norm, we can
write 0 = [[All, = [UTAV|, = [[(1,0.....00UT AV, = |(c|u” AV)[l, > 5, a
contradiction.

Collecting our observations above for blocks u” Av, u” AV and U” Av, we can
rewrite the expression for UT AV as

T _ O’~O~ _ Uq
U AV_(OUTAV)_(OA)' (9.86)

Now we use the induction hypothesis for A to obtain the matrix A = U, X, vl,
where U, is a matrix of order im — 1) x (n — 1), X is a matrix of order (n — 1) x
(n — 1), and V; is a matrix of order (n — 1) x (n — 1). Thus we can rewrite (9.86)

as
T
T N K 0 (10 o 0 10
v AV_(O UIZ‘IV,T)_(O Ul) (0 ) \ov) -

Multiplying the above equation by the matrix U from the left and by the matrix V7
from the right, we obtain the desired SVD decomposition of the matrix A:

=8 (G8) ()

The following theorems present some properties of the SVD decomposition that
are frequently very important in computations. We note that analogous results also
hold for the matrix A when m < n, only that we consider AT instead of A.

O
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Theorem 9.3 Let A=UXVT be the SVD of the m x n matrix A, where m >
n. Suppose that A is symmetric, with eigenvalues X; and orthonormal eigen-
vectors u;. This means that A = UAUT is an eigendecomposition of A, with
A=diag(h, ..., A, U= (ui,...,uy), and UUT = 1. Then an SVD of A is
A=UXVT, where o; = |\;| and v; = sign(r;)u;, where sign(0) = 1.

Proof Since A = UAUT is an eigendecomposition of A, then by the definition an
SVDof Ais A=UXVT, where o; = |A;| and v; = sign(X;)u; with sign(0) = 1.
O

Theorem 9.4 Let A = UX VT beanSVD ofanm x nmatrix A, where m > n. Then
the eigenvalues of the symmetric matrix AT A are oiz. The right singular vectors v;
are corresponding orthonormal eigenvectors.

Proof Letus consider the SVD decomposition of A = U X' VT and write it for AT A:
ATA=vzuTuzvT = vx?vT. (9.87)

We observe that by definition of the eigendecomposition, the above decomposition
is an eigendecomposition of AT A. In this decomposition, the columns of V are the
eigenvectors, and the diagonal entries of X2 are the eigenvalues. O

Theorem 9.5 Let A =UZXVT be an SVD of an m x n matrix A, where m > n.
Then the eigenvalues of the symmetric matrix AAT are ol-z and m — n zeros. The
left singular vectors u; are corresponding orthonormal eigenvectors for the eigen-
values Ul-z. We can take any m — n other orthogonal vectors as eigenvectors for the
eigenvalue 0.

Proof Choose anm x (m — n) matrix U such that (U, U) is square and orthogonal.
Then we can write

- 2 T
AAT:UZVTVEUT:UEZUT:(U, U)~(20 8)-(U, U) .

We observe that the above decomposition is an eigendecomposition of AAT . O

Theorem 9.6 Let A=UZXVT be an SVD of an m x n matrix A, where m > n.

T
Let the matrix H be constructed such that H = (2 AO ), where A is square and
A=UXVT is the SVD of A. Let ¥ =diag(oy,...,0,), U= (ui,...,u,), and
V = (vy,...,u,). Then the 2n eigenvalues of H are Lo;, with corresponding unit

. vU;
eigenvectors %2 (i; )
i

Proof The proof of this theorem is exercise given in Question9.5. O
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Theorem 9.7 Let A = UX VT be the SVD of the m x n matrix A, where m > n. If
A has a full rank, then the solution of the linear least squares problem

: 2 : 2
min [ ()3 = min || Ax — b3

isx =VXUTh.

Proof Let us consider the two-norm of the residual |[r(x)||3 = ||Ax —b|3 =
NlUEVTx — b||%. Since A has full rank, X' also has full rank, and thus X is invertible.
Now let us construct the matrix (U, U), which will be square and orthogonal. We

can write 5

IIUZ‘VTx—b||2—H( )(UZ‘VTx—b)

_ >Vix —UTD
B ~0Tb 5

= 1ZVTx —UTb|3 + 11U b3

2

We observe that by making the first term zero, X V7x = UTb, we will find the
minimum of the least squares problem given by x = VX ~'UTb. i

Theorem 9.8 Let A =UXVT be the SVD of the m x n matrix A, where m >
, 1Al = 01 If A is square and nonsingular, then ||A_1||271 =0, and ||A|> -
IIA N2 =

(T,,

This assertion was proved in Section 6.4, p. 142.

Theorem 9.9 Let A =UXVT be the SVD of the m x n matrix A, where m > n.

Assume thato| > --- > 0, > 0,11 = - -+ = 0, = 0. Then the rank of A is r. The null
space of A, i.e., the subspace of vectors v such that Av = 0, is the space spanned
by columns r + 1 throughr of V : span(v,41, ..., u,). The range space of A, the

subspace of vectors of the form Aw for all w, is the space spanned by columns 1
throughr of U : span(uy, ..., u,).

Proof Let us choose an m X (m — n) matrix U such that the m x m matrix U =
(U, 0)is orthogonal. Since U and V are nonsingular, A and

N yonxn N
UTAV = (Ownm) =X (9.88)

have the same rank r. We may claim this using our assumption about entries of the
matrix X.

Values of v are in the null space of A if and only if VT v is in the null space of
UTAV = X. This is true because Av = 0 if and only if UT AV (V7T v) = 0.

But the null space of X is spanned by columns » + 1 through n of the n x n
identity matrix I,. This means that the null space of A is spanned by V times these
columns, i.e., v,41 through v,.


http://dx.doi.org/10.1007/978-3-319-57304-5_6
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Similarly, we can show that the range space of A is the same as U times the range
space of UTAV = ,l.e., U times the first  columns of I, or u; throughu,. O

Theorem 9.10 Let A = UX VT be the SVD of the m x n matrix A, where m > n.
Let B"~! be the unit sphere in R": B"™' = {x e R" : ||x||, = 1}. Let A - B"~! be the
image of B" ' under A: A-B" ' = {Ax :x e R"and ||x|, = 1}. Then A - B"' i
an ellipsoid centered at the origin of R™, with principal axes o;u;.

Proof We construct the set A - B"~! by multiplying A = UX VT by B"~! step by
step. Let us assume for simplicity that A is square and nonsingular. Since V is
orthogonal and thus maps unit vectors to other unit vectors, we can write

vl . g1 = g1, (9.89)

Now consider the product X B"~!. Since v € B"~!ifand only if |v||, = 1, it follows
thatw € ¥ B"~!if and only if | X~ 'w|, = 1 or

> (wifo) = 1. (9.90)
i=1

The equation above defines an ellipsoid with principal axes o;¢;, where ¢; is the ith
column of the identity matrix. Finally, multiplying each w = X'v by U just rotates
the ellipse so that each e; becomes u;, that is, the ith column of U. 0O

Theorem 9.11 Let A = UX VT be the SVD of the m x n matrix A, where m > n.
Write 'V = (v, v2,...,0,) and U= (uj,uz,...,u,), so A=UXVT =
> aiu,-viT (a sum of rank-1 matrices). Then a matrix of rank k < n closest to
A (measured with | - ||2) is Ay = z;‘:l UiuiviT and |A — Agll2 = o1 We may
also write Ay = UX, VT, where X = diag(oy,...,01,0,...,0).

Proof The matrix Ay has rank k by construction. We can write the difference || A —
Agll2 as

A= Aill2 =

n
E O’,‘uiUiT

= ||U . vl = Ok+1- (9.91)
i=k+1 s

oy, )

We need to show now that there is no other matrix closer to the matrix A than
the matrix Ay. Let B be any matrix of rank k such that its null space has dimension
n — k. The space spanned by {vy, ..., Ux+1} has dimension k + 1. Since the sum of
their dimensions is (n — k) + (k 4+ 1) > n, these two spaces must overlap. Let 4 be
a unit vector in their intersection. Then
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1A = BI3 = (A — B)AI3 = AR} = |[USVTh|;

= |zl

> 0p “VTh”z

_ 2

= k410 O

Comparing the obtained expression ||A — B||§ > O’k2 1 with (9.91), we observe
that |A — Agll3 = o, ,, and thus Ay is a best approximation to A. ]

Example 9.13 Image compression using SVD.

In this example we will demonstrate how to perform image compression using
the standard demo-library in MATLAB® with pictures. For example, we can load
the image of clown from this directory from the file clown.mat:

load clown.mat

The resulting image will be read into the array X. The size of this array will be
(in pixels):

> Size(X) = mxn = 320 x 200

Now we can simply use the svd command to perform SVD decomposition of the
matrix X:

> [U,S,V] = svd(X);

> colormap (map) ;

For example, to see rank k = 20 of this image, we write:

> k=20;

> image(U(:,1:k)*S(1l:k,1:k)*V(:,1:k)");

Example 9.14 Image compression using SVD.

This is another example of how to compress an image in JPEG format that you
can produce using any digital camera and then download in MATLAB®. To read
any digital image from data file named File. jpg, we can write in the command
line in MATLAB®:

> A = imread(’'File.jpg’);

Then if you write

> size(A)

you will get the size of the obtained matrix A from your image. For the image
presented in Fig. 9.4a we have obtained

> size(A)

> ans = 218 171 3

Thus, the matrix of the original image of Fig.9.4a is of size m x n with m =
218, n = 171. We obtained a three-dimensional array A since the image presented
in Fig. 9.4a is color, and the MATLAB®-command imread returned the value for A
asanm x n x 3 array. We are not able simply to use the svd command in MATLAB®
for such a matrix. If we tried to apply svd, we would get the following error message:

> [U3,83,V3] = svd(A(:,:,3));

Undefined function ’svd’ for input arguments of type ‘uint8’.
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20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
a) Original image b) Rank k=15 approximation

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160

¢) Rank k=10 approximation d) Rank k=6 approximation

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160

e) Rank k=5 approximation f) Rank k=4 approximation

Fig. 9.4 Example9.14. Image compression using SVD decomposition for different rank-k approx-
imations.
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To avoid this error message, we need convert A from ‘uint8’ format to the
double format using the following command:

> DDA = im2double(A) ;

Then the size of the matrix DDA willbe m x n x 3. At the next step, we perform
SVD decomposition for every three entries of DDA:

> [U1,81,V1] = svd(DDA(:,:,1));

> [U2,52,V2] svd(DDA(:,:,2));

> [U3,83,V3] svd(DDA(:, :,3));

Finally, we can perform image compression for different rank-k approximations.
For example, let us choose rank k = 15. Then using the following commands, we
can compute new approximation matrices svdl, svd2, svd3:

> gsvdl = Ul(:,1:k)* S1(1:k,1:k)* V1(:,1:k)"’;
> gvd2 = U2(:,1:k)* S2(1:k,1:k)* V2(:,1:k)"’;
> gvd3 = U3(:,1:k)* S3(1:k,1:k)* V3(:,1:k)"’;

To obtain different compressed images that are similar to the images of Fig. 9.4,
we write:
> DDAnew = zeros (size(DDA)) ;

> DDAnew(:,:,1) = svdl;
> DDAnew(:,:,2) = svd2;
> DDAnew(:,:,3) = svd3;

Then to see the approximated image we use the following command:
> image (DDAnew) ;

9.6.1 Rank-Deficient Least Squares Problems

In all our considerations above, we have assumed that our matrix A has full column
rank, or r(A) = n. if A has linearly dependent columns, so that r(A) < n, then it
is still possible to perform QR factorization, but the matrix R will be singular. This
means that many vectors can give the minimal norm || Ax — b||,, and the least squares
solution is not unique. This can happen in the case of insufficient data collection,
digital image restoration, computing the inverse Laplace transform, in other words,
in ill-posed problems [110].

The next proposition says that in the case of a nearly rank-deficient matrix A, the
least squares solution is not unique.

Proposition 9.1 Let A be an m x n matrix with m > n and rank A = r < n. Then
there is an (n — r)-dimensional set of vectors that minimizes ||Ax — b||,.

Proof Let Az = 0. Then if x minimizes | Ax — b||», x 4+ z also minimizes ||A(x +
z) = bl
This means that the least squares solution is not unique. O
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Below, we define the Moore—Penrose’ pseudoinverse AT for a full-rank matrix
A. The pseudoinverse allows us to write the solution of the full-rank overdetermined
least squares problem min, ||Ax — b||, simply as x = A*b.

Suppose that A is m x n with m > n and has full rank, with A = QR = U X VT
representing QR and SVD decompositions of A, respectively. Then

At =ATATAT =R = Vv UT

is called the Moore—Penrose pseudoinverse of A.If m < n,then At = AT (44T)~L.

If A is square and has full rank, then the solution of the full-rank overdetermined
least squares problem min, ||Ax — b||, reducestox = A~'b. The matrix A™ is com-
puted by the function pinv(A) in MATLAB®.

In the case of a rank-deficient matrix A, we have the following definition of the
Moore-Penrose pseudoinverse A*.

Suppose that A is m x n with m > n and is rank-deficient with rank r < n. Let
A=UXVT = U, X, V] be SVD decompositions of A such that

20
A= (U1 Uy ( 0 0) Vi) =iV

Here, (X)) is of size r x r and is nonsingular; U; and V; have r columns. Then
At=viz'ul

is called the Moore—Penrose pseudoinverse for the rank-deficient matrix A.

The solution of the least-squares problem is always x = ATb. The next proposi-
tion states that if A is nearly rank-deficient, then the solution x of Ax = b will be ill
conditioned and very large.

Proposition 9.2 Let 0., > 0 be the smallest singular value of the nearly rank-

deficient matrix A. Then

o If x minimizes |Ax — b||», then ||x]|» > ‘Zé—bl where u,, is the last column of U in
the SVD decomposition of A =UXVT.

e Changing b to b + 8b can change x to x + §x, where ||§x||, can be estimated as

Hjﬂ, or the solution is very ill conditioned.

min

Proof 1. By Theorem9.7, we have that for the case of a full-rank matrix A, the
solution of Ax = b is given by x = (UXVT)"'h = VX ~'UTh. The matrix
AT = VX-1UT is the Moore—Penrose pseudoinverse of A. Thus, we can write
this solution also as
x=VE'U"h=A"b.

7Eliakim Hastings Moore (1862-1932) was an American mathematician. Sir Roger Penrose (born
1931) is an English mathematical physicist, mathematician, and philosopher of science.
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Then taking norms of both sides of the above expression yields

—17yT —1yyT luy b
[xlla=1Z7U" bl = (X7 U b)ul = p— (9.92)
where [(X~'UTb),| is the nth column of this product.
2. We now apply (9.92) for ||x + §x|| instead of || x|| to get
Ix +8xlla = 1Z7'UT b +8b) 2 = (Z7'UT (b + b)),
_lul(b+8b)|  |ulb+ulsb| (9.93)

Omin Omin
‘We observe that

b |ul b
—— + —— < |lx +8xll2 < lIxll2 + I8x]l2.

Omin Omin

Choosing 8b parallel to u,, and applying again (9.92) for estimating ||x||», we

have
18512
18x2 > . (9.94)

min

[m}

In the next proposition we prove that the minimum-norm solution x is unique and
may be well conditioned if the smallest nonzero singular value in X is not too small.

Proposition 9.3 Let a matrix A be singular and suppose that x minimizes
|Ax — bl|l. Let A=UXVT have rank r < n. Write the SVD decomposition of
A as

20
A= (U1 Uy) ( 0 0) V. V) =i 5V

Here, (X)) is of size r X r and is nonsingular; Uy and V| have r columns. Let
0 = Opin(X1). Then:

e All solutions x can be written as x = V; X7 'UT + Vaz.
o The solution x has minimal norm || x|, when z = 0. Then x = Vlz‘flUlT and

lxll> < 158,
P I8bl1>
o Changing b to b + 8b can change x to *=2.

Proof We choose the matrix U such that (U, U) = (Uy, Uy, U)isanm x m orthog-
onal matrix. Then using the property of the norm, we can write
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|Ax — b3 = (U1, Us, )" (Ax — b) |13
uf
=|U] ) W,z vx —b)
UT

]rxr

— Omx(n=r) (= V1TX — (Uy, Uy, [j)T -b)

Om Xm—n

2
2

2

o Vix — Ul ||?

= -Ulb
1T
~U"b )
= 1=V x = U2+ 1UT b2 + 107 b2

To prove part 1, we observe that ||[Ax — b||; is minimized when X V,Tx -U IT
b = 0. Using Proposition 9.1, we can also write that the vector x = (X, V,/)~'U['b +
Vozorx =V, Z‘fl UlTb + V,zis also a solution of this minimization problem, where
VlT Vaz = 0, since the columns of V; and V, are orthogonal.

To prove part 2, we note that since the columns of V| and V, are orthogonal, it
follows by the Pythagorean theorem that we have

Ix13 = IVi 2, UL b1 + (| Vazll?, (9.95)

which is minimized for z = 0.
For a proof of part 3, we change b to §b in (9.95) to get

_ B B 18b1l2
IViZ Ul 8l < Vi UL o - 18612 = 127 2 - 16b112 = ——. (996)

where o is the smallest nonzero singular value of A. In this proof we used the
properties of the norm that || QAZ ||, = ||All, if Q, Z are orthogonal. O

9.6.2 How to Solve Rank-Deficient Least Squares Problems

In this section we discuss how to solve rank-deficient least squares problems using
QR decomposition with pivoting. QR decomposition with pivoting is cheaper but
can be less accurate than the SVD technique for the solution of rank-deficient least
squares problems. If A has rank r < n with r independent columns, then the QR
decomposition can look like this:

Ri1 Ry»
A=0QR=0-| 0 0 (9.97)
0 O


http://dx.doi.org/10.1007/978-3-319-57304-5_3

9.6 Singular Value Decomposition 337

with nonsingular R;; of order r x r and Ry, of order r x (n — r). We can try to

obtain a matrix
Ri1 Ry»

R=1] 0 Rn]|, (9.98)
0 0

in which the elements of Ry, are very small and are of order ¢ || Al|,. If we set Ry, = 0
and choose (Q, Q), which is square and orthogonal, then we will minimize

QT
lAx — b = ( ) (Ax — b)
2 QT 5

|l Rx — oTb
= 5T 2

[Rx — Qb3 + 1107 b|3.

2

2

(9.99)

Here we again used the properties of the norm that ||QAZ|, = ||A|l» if Q, Z are
orthogonal.
Let us now decompose Q = (Q1, Q») with x = (x, x2)T and

_ (R Rz
R = ( 0 0 ) (9.100)

such that Eq. (9.99) becomes

2
o= (575) () (60)
2

= [|Ri1x1 + Rioxo — OTbI3 + 105 bI13 + 1107 bII3.

+1107b3

(9.101)

We now take the derivative with respect to x to get (]| Ax — b||§); = 0. We see
that the minimum is achieved when

x= (RHI(QIT[’ - le)) (9.102)

X2

for every vector x,. If R;; is well conditioned and R 1_11 Ry is small, then the choice
x, = 0 will be a good one.

The method just described is not reliable for all rank-deficient least squares prob-
lems. This is because R can be nearly rank-deficient in case when we cannot construct
Ry, with all small elements. In this case, QR decomposition with column pivoting
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can help: we factorize AP = QR with a permutation matrix P. To compute this
permutation, we proceed as follows:

e In all columns from 1 to n, at step i we select from the unfinished decomposition
of part A in columns i to n and rows i to m the column with largest norm, and
exchange it with the ith column.

e Then we compute the usual Householder transformation to zero out column i in
entries i + 1 to m.

Much research has been devoted to more advanced algorithms called rank-
revealing QR algorithms, which detect the rank faster and more efficiently; see [15,
18] for details.

9.7 Software for the Solution of Linear Least Squares
Problems

We list available packages and routines that solve linear least squares problems
in Table9.1. Usually, we use MATLAB® for implementation of the solution of
least squares problems. Here, the backslash \ is used for the solution of square and
rectangular linear systems of the form Ax = b. The solution is given as x = A\b.
The QR decomposition of a matrix A in MATLAB® is computed as the function
[Q, R] = gr(A), and the SVD decomposition is given as the function [U, S, V] =
svd(A).

Many statistical packages such as BMDP, Minitab, Omnitab, S, S-plus, SAS,
SPSS, as well as the statistical toolbox in MATLAB®, have extensive software for
solving least squares problems.

The programs of Sections 1.4—1.8 solve linear least squares problem of polynomial
fitting.® see Questions 1 through 4 for details.

Table 9.1 Software for linear least squares problems (LLSP)

Package Factorization Solution of LLSP Rank-deficient LLSP
MATLAB® qr \ svd

FMM [58] svd svd

IMSL Iqrrr Igrsl Isqrr

KMN [61] sqrls sqrls ssvdc
LAPACK [3] sqeqrf sormqr/strtrs sgeqpf/stzrqf
Lawson and Hanson [68] hft hsl hfti
LINPACK [69] sqrdc sqrsl sqrst
NAPACK [88] qr over sing/rsolve
NUMAL [89] Isqortdec Isgsol solovr

SOL [114] hredl qrvslv mnlnls

8The MATLAB® programs can be found
(doi:10.1007/978-3-319-57304-5_1).

on the online version of Chapter 1
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Questions

9.1 (Programming)

Solve the least squares problem min, ||Ac — y||% of Example 9.2 by the method
of normal equations and QR decomposition (either Algorithm 9.4 or Algorithm9.5).
The matrix A in this least squares problem is a Vandermonde matrix (9.8). This
means that the columns of the matrix A are powers of the vector x such that y(x) =
Zflzo c;x'~1, d is the degree of the polynomial, and (x;, y;),i = 1, ..., m.

Use your own code or the programs of Section 1.4.” Show that we get an erratic
fit to the function for polynomials of degree greater than 18. Compare both methods
for different values of d by computing the relative error

e = M (9.103)
ly*ll2
Here, the y/, i =1, ..., m are the exact values of the function y*, and the y;, i =
1, ..., m are the computed values of generated data y. Report your results in a table
for different discretizations of the interval for x and different values of d.
9.2 (Programming)
Solve the least squares problem
min Y (y; — f(xi, ¢))? (9.104)
i=1

of Example 9.2 by approximating the function f(x;, c) by linear splines; see Exam-
ple9.3.

9.3 (Programming)
Solve the least squares problem

min (i — f(xi. ) (9.105)
i=1

of Example9.2 by approximating the function f(x;,c) by bellsplines; see
Example 9.4.

9.4 (Programming)

Solve the problem of fitting a polynomial p(x) = Z?:o c;x'~1 of degree d to data
points (x;, y;),i = 1, ..., m, in the plane by the method of normal equations and QR
decomposition (either Algorithm9.4, 9.5). Choose the degree of the polynomial to
bed = 5andthend = 14, choose the interval x € [0, 1], discretize it using N points,

9The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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and compute discrete values of y(x) as y; = y(x;) = p(x;). Our goal is to recover
the coefficients ¢; of the polynomial p(x) = Z,[-l:o ¢;x'~1 by solving the system

Ac=y (9.106)

using the method of normal equations and QR decomposition (Algorithm9.4 or
Algorithm9.5). Here, the columns of the matrix A are powers of the vector x that
create the Vandermonde matrix (9.8). Compare both methods for d = 5 and then for
d = 14 by computing the relative error

e =l

(9.107)
lle*(l2

Here, the ¢} are the exact values of the computed coefficients ¢;.
Hints:

e Compute first the values of the right-hand side of (9.106), the vector y;, at the points
x;,1 =1, ...., m, with known values of the coefficients c;. Take exact values ¢; = 1.
e The matrix A is a Vandermonde matrix:

1 x xl2 xf
1xa x5 ... x§
2 d
A= |1xx3...x5 ] (9.108)
1xy, x2 ... x¢d
Here, x;,i = 1, ...., m, are points in the interval x € [0, 1], and d is the degree of

the polynomial.

e Use the method of normal equations and QR decomposition to solve the resulting
system Ax = y. Compare your results in a table by computing the relative error
(12.24) for both methods for different discretizations of the interval x € [0, 1].

9.5 Prove Theorerr}9.6:

Let H = (9\ AO ), where A is square and A = UX VT is the SVD of A.
Let ¥ =diag(oy,...,0,),U = (uy,...,u,),and V = (vy, ..., v,). Then the 2n

. ' . . .. 1 U;

eigenvalues of H are 4o;, with corresponding unit eigenvectors 7\ 4, )
9.6 (Programming)

We define the covariance matrix of the m X n least squares problem min, ||Ax —
blI3 by

§2(AT A, (9.109)

where 5
_ b — Ax|3

m—n

8? (9.110)


http://dx.doi.org/10.1007/978-3-319-57304-5_12

Questions 341

at the least squares solution x.
The inverse of the covariance matrix cannot be computed explicitly. Instead, for

computing AT A we use
ATA) "= KRR, 9.111)

where R is the upper triangular matrix in the QR decomposition of A.

Implement the computation of the covariance matrix (9.109) using only the com-
puted matrix R and then (9.111). Test your implementation on some examples to
show that it gives the same result as computing (A7 A)~!.

9.7 Let the matrix A be defined as

543
A=[461]. 9.112)
317

1. Transform the matrix A to tridiagonal form using Householder reflection. Describe
all steps of this transformation.

2. Transform the matrix A to tridiagonal form using Givens rotation. Describe this
procedure step by step.

9.8 Letus consider a weighted least squares problem. When some entries of Ax — b

are more important than other components, we can use scale factors d; to weight

them. Then instead of the solution min, ||Ax — b||,, we are interested in the solution

min, | D(Ax — b)||,. Here D is a diagonal matrix with entries d; on its diagonal.
Derive the method of normal equations for this problem.

9.9 Let A be of order m x n with SVD A = UX VT, Compute the SVDs of the
following matrices in terms of U, X', and V:

(ATA),

. (ATA)1AT,
A(AT A,
AATA)TAT,

B -

9.10 Assume that we have three data points (x;, y;) = (0, 1), (1, 2), (3, 3) and we
want fit them by a polynomial y = ¢y 4 c;x.

1. Formulate an overdetermined linear system for the least squares problem.
2. Write corresponding normal equations.
3. Compute the least squares solution using Cholesky factorization.
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9.11 Let A be of order n x n. Prove that:

1. AT = A,
2. ATA=1,
3. AZ=1.

What is a nontrivial class of matrices that have all these properties called? Give an
example of a 3 x 3 matrix that has all three properties (other than / or a permutation
of it).

9.12 Show that if a vector u is nonzero, then the matrix
T
uu
P=1-2—
ulu
is orthogonal and symmetric.
9.13 Let a be any nonzero vector such that u = a — «we; with @ = %||a||, and
T
uu
P=1-2—ou!
ulu

Show that Pa = ae;.

9.14 Prove that the pseudoinverse A" of a matrix A of order m x n satisfies the
following Moore—Penrose conditions:

1. AATA = A,

2. ATAAT = AT,
3. (AAD)T = AAT,
4. (ATA)T = ATA.

9.15 Let A™ be the pseudoinverse of a matrix A of order m x n. Prove:

1. If m = n and A is nonsingular, then AT = AL
2. If m > n and A has rank n, then AT = (ATA)"1AT.
3. If m < n and A has rank m, then At = AT(AAT)~!.

9.16 (Programming)
Consider the nonlinear model problem:

yT)y=A- exp_?ﬁﬂ) .

Determine parameters A, E, Ty, which are positive constants by knowing 7 and
output data y (7).

Hint: Transform first the nonlinear function y(7') to a linear one and then solve a
linear least squares problem. Discretize T by N points and compute discrete values
of y(T) as y; = y(T;) for the known values of the parameters A, E, Ty. Then forget
about these parameters (we will call them exact parameters A*, E*, T") and solve
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the linear least squares problem using the method of normal equations (optionally
QR decomposition) in order to recover these exact parameters.

Try adding random noise § to data y(7') using the formula y, (') = y(T)(1 + d«),
where o € (—1, 1) is arandomly distributed number and § is the noise level (if noise
in the data is 5%, then § = 0.05).

Analyze your results by computing the relative errors ey4, e, e, in the computed
parameters as

|A — A"
eA = —’
| A%
£~ £l 9.113)
€E = — 1 > .
|E¥|
|To — Ty
ery = J0—Tol,
|75
Here, A*, E*, T are exact values, and A, E, Ty are computed values.
9.17 (Programming)
Suppose that a nonlinear model function is given as
f(x,c) = Ae®* + Be®*, A, B = const > 0, (9.114)

and our goal is to fit this function using the Gauss—Newton method. In other words,
we want to use following formula for iteratively updating of ¢ = (cy, ¢3):

K =k — [T () I ()T T (eor (), ©.115)

where k is the iteration number and J (¢ ) is the Jacobian matrix of the residual r (cy).
We define the residual function

ric)=y— f(x, o), (9.116)
where y = y;, i = 1, ..., m, are known data points (use information in Question9.16
to generate data y = y;,i = 1, ..., m).

Add random noise § to data y = y;,i = 1, ..., m, using the formula y, (x, c) =
f(x, o)1+ ba), where o € (—1, 1) is a randomly distributed number and § is the
noise level (if the noise in the data is 5%, then § = 0.05).

Analyze the results obtained by computing the relative errors e, in the computed
parameters ¢ = (cy, ¢2) as

e =l
‘ lle* (12

9.117)

Here ¢* = (c, ¢}) are exact values.



Chapter 10
Algorithms for the Nonsymmetric Eigenvalue
Problem

In this chapter, we will present the main algorithms for solving the nonsymmet-
ric eigenvalue problem using direct methods. Direct methods are usually applied
to dense matrices, and iterative methods such as the Rayleigh-Ritz method and
Lanczos’s algorithm are applied to sparse matrices. Iterative methods usually can
compute not all of the eigenvalues and eigenvectors, but only some subset, and their
convergence depends on the structure of the matrix. We will begin with an analysis
of the simplest direct method, called the power method, and then continue to con-
sider more complicated methods such as inverse iteration, orthogonal iteration, QR
iteration, QR iteration with shifts, and Hessenberg reduction. To simplify our pre-
sentation in this chapter, we will assume that the matrix A is real. We will illustrate
the performance of every method by MATLAB® programs which are available in
the online version of Chapter 1 (doi:10.1007/978-3-319-57304-5_1). We will test
these programs by computing eigenvalues and eigenvectors for different kinds of
matrices, such as matrices with real and complex eigenvalues, and matrices with
different multiplicities of eigenvalues.

10.1 Power Method

This method can find only the largest absolute eigenvalue and corresponding eigen-
vector for a matrix A.

Algorithm 10.1 The power method.

0. Seti = 0 and initialize xg.
1. Compute y; ;1 = Ax;.

The original version of this chapter was revised. An Erratum to this book can be found at https://
doi.org/10.1007/978-3-319-57304-5_10
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2. Compute the approximate normalized eigenvector as xip1 = yirt/Ilvic1 It
Compute the approximate eigenvalue A;4; = x’. | Ax;,;.

(O8]

i+17

4. Stop updating the approximate eigenvalue and set Ay = A,+1 M =i+ 1,ifeither
|A,+1 — Aj| < 6 orthe absolute values of the differences |A,+1 M| stabilize. Here
0 is a tolerance number. Otherwise, seti = i 4+ 1 and go to step 1.

Theorem 10.1 Let A be a diagonalizable matrix,” i.e., A = SAS™!, where the matrix
A s diag(ry, Ao, ..., Ay) and the eigenvalues satisfy the inequalities

|)‘1| > |)‘2| == |)\n|-

Write the matrix S = (s1, 82, ..., S,), where the columns s; are the corresponding
eigenvectors that also satisfy ||s;|| = 1. Then the approximate eigenvector computed
in step 2 of Algorithm 10.1 converges to the eigenvector sy, which corresponds to Ay,
and the approximate eigenvalue converges to Aj.

Proof First we will prove the theorem for the case that A is a diagonal matrix. Let
A = diag(Aq, ..., Ay), with [A1| > |A2| = --- > |A,]|. In this case, the eigenvectors
x; of A are columns iy, i,..., i, of the identity matrix /. We note that the factors
1/|lyi+1ll in step 2 of Algorithm 10.1 scale x;; to be a unit vector and do not change
its direction. Then x; can also be written as x; = A’xy/||A’xg||. Let us write the vector

Xointhe formxo S~ x) =S ((x}o) s, X7 where the matrix S is the identity
andxp = (x\”, ..., x?)7. Assuming that x\*’ # 0, we get
(0) )4 1
X X, A )
A A x%O) x%O) )J‘l A (xéo) /x}o’) (Aa/X1)!
Axg=AT |7 | =7 77 [ =x24 .10
20 A0 (x;(’)/x“”) Oun/ 21’
Using (10.1), we observe that all the fractions |A;/A], j =2, ..., n, are less than

1. At every ith iteration, A’x, becomes more nearly parallel to ij, so that x; =
Alxy/||Alxo|| will be closer to i, which is an eigenvector corresponding to the
largest eigenvalue ;. Since x; converges to i}, the computed eigenvalue A; = x! Ax;
converges to the largest eigenvalue A;.

Consider now the general case in which the matrix A = SAS~! is diagonalizable.
We write again the vector xo as xo = S(S~'xg) = S((x\”, ..., x@)7) to get

’n

A= (SASTY - (SASTH =SAlSL.

itimes

Here we have used the fact that all S~1S pairs cancel. Because of that, we can write

'In this chapter, the norm of a vector is || - ||2, as defined on p. 211.
2See Section4.2.3, p. 120.
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0) Oy i 1
X X, AL .
U AT i e NN [ED T
Alxg = SAsTHS| 72 =577 7 | =xVus
£ x03 (57 G/

Similarly to the first case, the vector in parentheses converges to i; = (1, 0, ..., 0), so
A'xg gets closer and closer to a multiple of Si; = s, the eigenvector corresponding
to A;. Therefore, A; = x] Ax; converges to sT As; = sTAys; = Ay. O

Remark 10.1

1. One of the drawbacks of the power method is the assumption that the element
xio) is nonzero, i.e., that xy is not from the invariant subspace span{s,, ..., Sp)3
If xq is chosen as a random vector, this is true with very high probability.

2. A major drawback is that the power method converges only to the eigenvalue
of the largest absolute magnitude. Theorem 10.1 states that the power method
converges under the assumption that all other eigenvalues of the matrix are smaller
in absolute value.

3. The rate of convergence depends on the ratios |Ay/Ai] > --- > |X,/A(|. If the
ratios |Ap/Aj| > --- > |X,/A1| are much smaller than 1, then we will get faster
convergence. Otherwise, convergence will be slower.

Below we present some examples that illustrate convergence of the power method
for different kinds of matrices A. As an initial guess for the approximate eigenvector
Xo, we take normalized randomly distributed numbers in the interval (0, 1). The
MATLAB® programs of Section 1.9 are available for running all tests of this section.*

Example 10.1 1In this example, we test the matrix

500
A=1020
00-5

with the exact eigenvalues 5, 2, and —5. The MATLAB® program of Section 1.9 is
available for running of this test. The power method can converge to the exact first
eigenvalue 5, as well as to a completely erroneous eigenvalue. This is because two
eigenvalues of this matrix, 5 and —5, have the same absolute values, |5| = | — 5|, as
well as because the initial guess xf()) in the MATLAB® program is chosen randomly.
Thus, assumptions 1, 2 of Remark 10.1 about the convergence of the power method
are not fulfilled.

3See Theorem 3.4, p- 83.

4 Al MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Example 10.2 In this example, the matrix A is given by

3789
5-74-17
A=l1o114
9325
This matrix has four different real reference eigenvalues® A = (Aj, ..., A4) given by

A = (12.3246, —11.1644, —0.3246, 1.1644). Thus, all assumptions of Theorem 10.1
about the matrix A are fulfilled, and we run the MATLAB® program of Section 1.9
to get the reference eigenvalue 12.3246.°

Example 10.3 Now we take the matrix

-5
A= 0 —1
3

— QN O
S NN

with the following one real and two complex eigenvalues (with the largest absolute
value): A = (1.4522, —0.7261 + 8.0982i, —0.7261 — 8.0982i). We run the
MATLAB® program of Section 1.9 and observe that the power method does not
converge in this case. Clearly, starting from a real initial approximation xo € R? in
Algorithm 10.1, we cannot compute an approximate complex eigenvalue.

Example 10.4 In this example, the matrix A has order 5. The elements of this matrix
are uniformly distributed pseudorandom numbers in the open interval (0, 1). We run
the MATLAB® program of Section 1.9 and observe that sometimes we can obtain
a good approximation to the eigenvalue 2.9. In a second round of computations, we
can get a completely different erroneous eigenvalue. This is because we randomly
generate elements of the matrix A as well as because the initial guess xfo) in the
MATLAB® program is chosen randomly. Thus, assumptions 1, 2 of Remark 10.1
about the convergence of the power method cannot be fulfilled. This example is
similar to Example 10.1, where convergence was not achieved.

10.2 Inverse Iteration

The method of inverse iteration can find all eigenvalues and eigenvectors obtained by
applying the power method for (A — oI)~! for some shift o. This means that we will
apply the power method to the matrix (A — o'1)~! instead of A, which will converge
to the eigenvalue closest to o, rather than just A;. This method is called the method
of inverse iteration or the inverse power method.

SWe get the reference eigenvalues in all examples using the command eig (A) in MATLAB®.
These eigenvalues are computed to high precision.

6 AIl MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Algorithm 10.2 The method of inverse iteration.

0. Seti = 0 and initialize xy. Choose a shift .

1. Compute yiy; = (A — o)~ 'x;.

2. Compute the approximate normalized eigenvector as Xi+1 = Yir1/1Vi+1]l-
3. Compute the approximate eigenvalue hig1 = X; +]Ax,+1
4

. Stop updating the approximate eigenvalue and set Ay = k,+ 1,M =i+ 1,ifeither
|Ais+1 — Al < 6 or the absolute values of the differences |A;; — A;| have stabi-
lized. Here 6 is a tolerance number. Otherwise, set i = i + 1 and go to step 1.

Theorem 10.2 Let A be a diagonalizable matrix, i.e., A = SAS™', where the matrix

Aisdiag(Ay, Az, ..., Ay). Assume that for a given shift o, the following inequalities
hold:

M — 0| < |Aj—o| Vi#k. (10.2)
Write S = (s1, 82, . .., Sp), where the columns s; are the corresponding eigenvectors
and they also satisfy ||s;|| = 1. Then the approximate eigenvector computed at step

2 of Algorithm 10.2 converges to the eigenvector si, which corresponds to Ay, and
the approximate eigenvalue converges to Ay.

Proof We begin the proof by noting that the matrix A = SAS~! is diagonalizable.
ThenA — ol = S(A —o)S~!,andhence (A — oI)™' = S(A — o I)~'S~!. Thus the
matrix (A — o1)~! has the same eigenvectors s; as A with the corresponding eigen-
values (A —oI)™"); = (A; — 0)~'. By assumption, |, — o[ is smaller than all the
other |A; — o|. This means that (A, — o) ™! is the largest eigenvalue in absolute value.
As in the proof of Theorem 10.1, we write xo = S(S~'xp) = S((x\”, ..., x)7) and
assume x; @ % 0. Then we get

A—oD))=6A—-0DSH - (S(A—0oDS™") =S(A —0ol)S™!,

i times

where all S~!'S pairs cancel. This means that

(0)
' . (0)
A —ol)xg = (S(A—oD)7'sHs |
s
(xio)/xlio)) (e —0)' /(A1 — o)i
xio)()\l —0o)7!
=9 = xk(O) ()"k — O’)il‘S 1 ’
xO, — o) :
(49 /5%) G = 7 /G = o)
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where we put 1 in the kth entry. Since by assumption (10.2), all the fractions
|(Ax — 0)/(A; — o)| are less than 1, and the vector in parentheses will approximate
ir such that ||(A — o) ~'xo|| will be closer to a multiple of Si; = s;, which is the
eigenvector corresponding to A¢. As in Theorem 10.1, we see that A; = x!Ax; also
converges to Ay. (]

Remark 10.2

1. The advantage of inverse iteration over the power method is the ability to converge
to any desired eigenvalue (the one nearest the shift o).

2. By choosing o very close to a desired eigenvalue, we can achieve rapid conver-
gence and are thus not as limited by the proximity of nearby eigenvalues as in
the original power method.

3. Themethod is very effective when we have a good approximation to an eigenvalue
and want only its corresponding eigenvector.

To test the performance of the inverse iteration method, we run the MATLAB®
program of Section 1.10 with different shifts o.” We tested the same matrices as in
the power method of Section 10.1, except Example 10.1.

Example 10.5 In this example, we tested the matrix

010
= (00)

which has the exact eigenvalues A = (0, 0) with multiplicity m = 2. Note that in this
example and in all other examples of this section, we made the additional transfor-
mation of the original matrix A as A= QTAQ, where Q was an orthogonal matrix
that was generated in MATLAB® as Q = orth(rand(n, n)), where 7 is the size of
the matrix A. Running the MATLAB® program of Section 1.10, we observe that the
inverse iteration method could converge to the reference eigenvalues for both shifts
o =2 and o = 10. We also note that by applying the power method to this matrix,
we could get only NaN as a result.

Example 10.6 We tested the matrix of Example 10.2. Let us recall that the refer-
ence eigenvalues in this example are A = (12.3246, —11.1644, —0.3246, 1.1644).
Running the MATLAB® program of Section 1.10, we observe nice convergence.
For 0 = 2 we were able to obtain the eigenvalue 1.1644, which is the same as the
last reference eigenvalue. This is because the shift o = 2 is closer to this eigenvalue
than to all others. For the shift o = 10, the algorithm converged to the first reference
eigenvalue 12.3246, as expected.

This test confirms that the inverse iteration method converges to the eigenvalue
that is closest to the shift o.

Example 10.7 We tested the matrix of Example 10.3. Running the MATLAB® pro-
gram of Section 1.10 allowed us to obtain nice convergence in this case, too, for both
shifts o. Recall that the power method does not converge at all in Example 10.3.

7 All MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Example 10.8 We tested the matrix of Example 10.4. Again, running the MATLAB®
program of Section 1.10, we observe nice convergence to the first eigenvalue of the
matrix A for both shifts o0 = 2, 10.2

10.3 Orthogonal Iteration

In this section we will consider the method of orthogonal iteration, which converges
to a p-dimensional invariant subspace (with p > 1) rather than to one eigenvector as
in the two previous methods. The method of orthogonal iteration is sometimes called
the method of subspace iteration or simultaneous iteration.

Let Qp be an n x p orthogonal matrix with p < n. Our goal is to compute eigen-
values and eigenvectors of the square matrix A of order n. To do so, we perform the
following iterative algorithm.

Algorithm 10.3 Orthogonal iteration.

0. Seti = 0 and initialize a matrix Q.

1. Compute Y; 1 = AQ;.

2. Factorize Y,y using QR decomposition (see Section9.4) to obtain the matrices
Qi+1 and R;41. The matrix Q;4; spans an approximate invariant subspace.

3. Compute T;1; = Ql.T_HA Qi

4. Compute the vector of approximate eigenvalues A, = (A", .., Xl(j“)) from
the real Schur block (see Theorem 4.27, p. 131) of the matrix 7;;;. The approxi-
mate eigenvectors will be the columns of Q;4;.

5. Stop updating the eigenvalues and set Ay = A;y1, M = i + 1, if either the norm
||)~\,-+1 — Xl < 6 or the differences ||Xi+1 — X;|| are stabilized or the subdiagonal
entries of 7; are small enough (smaller than the rounding errors of size O (¢||T;|])).
Here 6 is a tolerance number, and ¢ is machine epsilon.c’ Otherwise, seti =i+ 1
and go to step 1.

Theorem 10.3 Assume that A = SAS™' is diagonalizable, A = diag(A;, Az,

., An), the eigenvalues sorted so that |Ai| > |A2| > -+ > |A,| and |A,| > 0 or
[Apl > |Aps1l, where p € [1,n — 1] is an integer. Write S = (s1, 52, ..., S,), where
the columns s; are the corresponding eigenvectors, and they also satisfy ||s;|| = 1. Let
Qir1Ri 11 be the QR decomposition of the matrix Y; 1 = AQ; on step 2 and iteration
i in Algorithm 10.3. Then span(Q;) converges to span(S,), the invariant subspace
spanned by the first p eigenvectors, 1 <p < n.

Proof We assume that [A,| > |A,41]. If we set p = 1, then the method of orthogonal
iteration and its analysis are identical to the power method.

8The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).

9The machine epsilon & represents the upper bound on the relative error due to rounding in floating-
point arithmetic.
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Consider now the case p > 1. Using step 1 of Algorithm 10.3, we can write
span(Q;+1) = span(Y;+1) = span(AQ;). Thus, we conclude that the following
equalities hold: span(Q;) = span(A’Qy) = span(SA'S~' Q). We also note that

SAST'Qy = Sdiag(A, ..., 28710
(h1/2p)!

=AS 1 S7'0y. (10.3)

Cen /)’

By the assumption that [A,| > |A,], we have |A;/A,| > 1forj < pand |A;/A,| <1
if j > p. Then for the entries of the matrix A, we get

3 e
. —1 i
S700 = (Wi(n—p)xp) =X;

(/2!

where the elements of the submatrix W; tend to zero like (4,41 /A,)’, and the elements
of the submatrix V; do not converge to zero. This is true, since if V, has full rank
(by assumption, we have A, # 0), then the V; have full rank, too. Now we write the

matrix of eigenvectors S = (sy, ..., 5,) as (S;X”, S;,”(”"’)) orS, = (s, ..., Sp). Then
we get

pxp
i o—1 i i a3 pXp | Gnx(n—p) yy (n—p)xp
SASTIQy = x;s(w'(,;p)xp) =k (S 4 G pw i)
1

Thus,

span (Q;) = span (SA"S”QO)
= span (S;XD V[PXP + S;X(n—p) ‘/Vi(n*P)XP) — span(S,,Xi) (10.4)

converges to span (Sp V,-) = span (Sp), the invariant subspace spanned by the first p
eigenvectors, as stated in the theorem. |

The next theorem states that under certain assumptions, by the method of orthog-
onal iteration we can compute eigenvalues of A from the Schur form of A.

Theorem 10.4 Let us consider Algorithm 10.3 applied to the matrix A withp = n
and Qo = 1. If all the eigenvalues of A have distinct absolute values and if all
the principal submatrices S(1 :j, 1 :j) are nonsingular, then the sequence of the
matrices T; = QiTAQi converges to the Schur form of A, i.e., an upper triangular
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matrix with the eigenvalues on the diagonal. The eigenvalues will appear in decreas-
ing order of absolute value.

Proof Using the assumption of the nonsingularity of S(1 : j, 1 : j) for all j, we have
that X, in the proof of Theorem 10.3 is nonsingularity. This means that no vector
in the invariant subspace span{si, ..., s;} is orthogonal to span{iy, ..., i;}, which is
the space spanned by the first j columns of Qy = I. First note that Q; is a square
orthogonal matrix, so A and 7; = Q! AQ; are similar. We can decompose the matrix
Q; into two submatrices as Q; = (Q1;, O»;), where Qy; has j columns and Q,; has
n — j columns such that

(10.5)

R b v v |

01AQ; O1AQ:;

Since span(Q;;) converges to an invariant subspace of A, span(AQ;;) converges to
the same subspace. Next, QZTZAQI ; converges to Q;Ql ; = 0. This is because we have
O = (Q1;, 02)" and Q7 Q; = I, which means that

T, OF O
I=0{0i = (Qui, 02)" (Qui. Qo) = ( Q;T%gij, Q;ngj;) = (f) (1))

Since Q1,AQy; converges to zero in (10.5) for all j < n, every subdiagonal entry
of T; converges to zero, and thus 7; converges to upper triangular form, i.e., Schur
form. We see that the submatrix QZTiAQli =T;G+1:n,1:j) should converge to
zero like A1 /Aj|i . Thus, A; should appear as the (j, j) entry of 7; and converge like
max (|1 /1% A/ Aj-1]). O

Remark 10.3

1. The use of the QR decomposition keeps the vectors spanning span(A’Qp) of full
rank despite rounding.

2. The method of orthogonal iteration is effectively running the algorithm for all
p=1,2,...,p at the same time. If all the eigenvalues have distinct absolute
values, the same convergence analysis as in Theorem 10.3 implies that the first
p < p columns of Q; converge to span{si, ..., s3} forall p < p.

3. If all assumptions of Theorem 10.4 hold, then we can set p =n and Qg =1 in
Algorithm 10.3 in order to obtain all eigenvalues and corresponding eigenvectors
of the matrix A.

We test the performance of the method of orthogonal iteration using the MATLAB®
program of Section 1.11.'0 In this program we compute the eigenvalues and corre-
sponding eigenvectors in six different cases which are described below.

Example 10.9 In this example, we tested the Hilbert matrix (3.46), p. 90, of order
10. Let us recall that the elements of this matrix are given by 1/(i +j — 1), where
i,j=1,2,...,n From Fig. 10.1, Example 1, we observe that we have obtained all

10The MATLAB® programs can be found on the online version of Chapter I
(doi:10.1007/978-3-319-57304-5_1).
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Fig. 10.1 Performance of the method of orthogonal iteration

computed eigenvalues of this matrix, which coincide with the reference eigenvalues
from the seventh iteration.

Example 10.10 Here we tested the Hilbert matrix of order 20. Again we computed
almost exact eigenvalues of this matrix, this time at the eighth iteration; see Fig. 10.1,
Example 2.

Example 10.11 Thisisthe same as Example 10.3 with the power method. Figure 10.1,
Example 3 shows the nice convergence to the one real and two complex eigenvalues
of the matrix A at the twelfth iteration.

Example 10.12 Thisis the same as Example 10.2 with the power method. Figure 10.1,
Example 4 shows convergence to the four real eigenvalues of the matrix A at the fif-
teenth iteration.

Example 10.13 Here we tested the matrix

37 8 9 12
5-74 -7 8
A=]|11 -11 —11},
43 2 17
93 2 5 4

which has three real and two complex reference eigenvalues:
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A = (19.9655, —8.2137 + 2.3623i, —8.2137 — 2.3623i, —3.4043, —0.1337).

From Fig. 10.1, Example 5 we observe the convergence of all the computed eigen-
values to the reference eigenvalues at the 24th iteration.

Example 10.14 Here we choose a square matrix of order 10 whose elements are uni-
formly distributed pseudorandom numbers in the open interval (0, 1). Using Fig. 10.1,
Example 6 we observe the convergence of the computed eigenvalues to the reference
ones at the 101th iteration.

10.4 QR Iteration

Now we will consider an improvement of the method of orthogonal iteration, namely
the method of QR iteration. This method reorganizes the method of orthogonal
iteration and is more efficient, since for the variant with shifts (see the next section)
it does not requires the assumption of distinct absolute eigenvalues of A, in contrast
to Theorem 10.4.

LetAp be ann x nmatrix, and our goal is to compute eigenvalues and eigenvectors
of this matrix. To do so, we perform the following iterative algorithm.

Algorithm 10.4 The method of QR iteration.

0. Seti = 0 and initialize a matrix Ag.

1. Compute the QR decomposition of A; such that A; = Q;R;.

2. Compute A;+1 = R;0;. A

3. Compute the vector of the approximate eigenvalues iy = (A", ..., ATy
from the real Schur block of the matrix A;;;. The approximate eigenvectors will
be the columns of Q;.

4. Stop updating the eigenvalues and set iM = XH_] , M =i+ 1, if either the norm
||)~\,-+1 — x|l < 6 or the differences ||)~\,'+1 — ;|| are stabilized or the subdiago-
nal elements of A;;; are small enough (smaller than the rounding errors of size
O (¢]|A;111]). Here 0 is a tolerance number, and ¢ is the machine epsilon. Other-
wise, seti =i+ 1 and go to step 1.

By step 2 of Algorithm 10.4, we have A; | = R;Q;. Using step 1, we can also write
that R;Q; = Q7 (QiR;)Q; = Q! A;Q;. From both equalities, we see that the matrices
A;+1 and A; are orthogonally similar. The next theorem states that the matrix A;
computed by QR iteration is identical to the matrix Q7 AQ; implicitly computed by
the method of orthogonal iteration.

Theorem 10.5 Let A; be the matrix computed by Algorithm 10.4. Then A; = QiTAQi,
where Q; is the matrix computed from the method of orthogonal iteration (Algorithm
10.3) starting with Qg = I. Thus, A; converges to the Schur form if all the eigenvalues
have different absolute values.
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Proof We use induction. Assume A; = Q7 AQ;. Using step 2 of Algorithm 10.3, we
can write AQ; = Q;+1R;+1, where Q;; is orthogonal and R;;; is upper triangular.
Hence,

A= QI'AQ; = 07 (Qis1Ri+1) = (O Qis1)Ri11 = OR.

This is the product of an orthogonal matrix Q = Q7 Q;; and an upper triangular
matrix R = Rj4| = QiTHAQi (this is because AQ; = Q;+1R;+1, and thus multiplying
both sides of this equality by Q7 |, we get R = Ry = Q] ;AQ,). Since the QR
decomposition is unique (except for possibly multiplying each column of Q and row
of R by —1), this is the QR decomposition A; = QR. Then

0L 1AQi1 = 0L 1 (A0 Qiv1 = (OF1A0) (0T Q1) = Ris1 (O] Qiv1) = RO.

This is precisely how the QR iteration maps A; to A;;;, and therefore, A;1; =
QiTHAQ,-H, as desired. Thus, the convergence of the method of QR iteration follows
from the convergence of the method of orthogonal iteration. If all the eigenvalues of
A have different absolute values, the proof is similar to the proof of Theorem 10.4
applied to the matrix A;y1 = O], |AQj11. O

Example 10.15 We test the performance of the method of QR iteration for six dif-
ferent matrices that are chosen the same as for the method of orthogonal iteration.
Running the MATLAB® program of Section 1.12, we observe that in the method of
QR iteration we obtain the same rate of convergence as in the method of orthogonal
iteration.!

10.5 QR Iteration with Shifts

From previous sections we know that the convergence rate depends on the ratios of
eigenvalues. In order to speed convergence of the method of QR iteration, we can
use shifts. Let Ap be an n x n matrix, and our goal is to compute eigenvalues and
eigenvectors of this matrix. To do so, we perform the following iterative algorithm.

Algorithm 10.5 The method of QR iteration with shifts.

0. Seti = 0 and initialize a matrix Ag. Choose an initial shift oy.

1. Compute the QR decomposition of A; — ;] such that A; — 0,/ = Q;R;.

2. Compute Ai-H = R,‘Qi + O'il.

3. Compute the vector of the approximate eigenvalues i = (A", ..., Xff*l))
from the real Schur block of the matrix A;; ;. The approximate eigenvectors will
be the columns of Q;.

4. Stop updating the eigenvalues and set Ay = A, 1, M = i + 1, if either the norm
||)~»,-+1 — Xi|l < 6 or the differences ||):,-+1 — ;|| have stabilized or the subdiag-
onal elements of A;;; are small enough (smaller than the rounding errors of
size O (¢||A;+11]]))- Here 6 is a tolerance number, and ¢ is the machine epsilon.
Otherwise, set i =i + 1, choose a shift o;, and go to step 1.

"I'The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Lemma 10.1 The matrices A; and A, in Algorithm 10.5 are orthogonally similar.

Proof From step 2 of Algorithm 10.5 we see that
At = RiQi + ol = Q] QiRiQ; + 0:0] Qi = O (QiR; + 0:1) Q.

Using step 1 of Algorithm 10.5, we observe that QiT(QiRi + 0 1)Q; = QiTAiQi, and
thus Ai+1 = QITA,Ql O

If R; is nonsingular, we can also get

Aiy1 =RiQi +oil = RiQiRiR,'_l +UiRiR,'_1 = Ri(QiR; -Hfil)R,-_l = RiAiR,-_l~

Remark 10.4

1. If o; is an exact eigenvalue of A;, then the method of QR iteration with the shift
o; converges in one step. This is because if o; is an eigenvalue, then A; — o,/ is
singular and R; is singular, which means that some diagonal entry of R; must
be zero. Assume that the (n, n)th element of the matrix R; is zero, R;(n, n) = 0.
Then the last row of R;Q; is zero, and the last row of the matrix A;1; = R;Q; + oil
equals oii,{ , where i, is the nth column of A;.

We can also say that the last row of A;; is zero except for the eigenvalue o;

appearing in the (n, n)th entry. This means that Algorithm 10.5 has converged,

because we have obtained that A;;; is a block upper triangular matrix, with a
!

1 x 1 block 0;: Ajyy = (1?) ;li

block A’ is a new matrix, where QR iteration can be used again without changing

gj.

2. When o; is not an exact eigenvalue, we will have convergence to the matrix
Ai11(n, n) when the lower left block A;+(n, 1 : n — 1) is small enough. Recall
that in the convergence of the method of inverse iteration (see Theorem 10.1), we
expect that A;y1(n, 1 : n — 1) will shrink by a factor [A; — 0|/ minj [Aj — o],
where |A; — o;| = min; |A; — o;]. This means that if o; is a very good approxi-
mation to the eigenvalue Ay, then we will have fast convergence.

) . In this matrix, the leading (n — 1) x (n — 1)

Now we will concentrate on how to choose shifts o; in Algorithm 10.5 in order
to get accurate approximate eigenvalues. When we want to get good convergence to
the n-eigenvalue of the matrix A, then the choice o; = A;(n, n) for a shift is a good
one. Such a choice of shift means local quadratic convergence to a real eigenvalue in
Algorithm 10.5. This means that the number of correct digits doubles at every step i
of Algorithm 10.5. However, it is difficult to get global convergence with this shift,
and there exist examples for which the algorithm of QR iteration with this shift does
not converge [94].

Another choice of shift is the Francis'? shift, in which double shifts o, & are
chosen as eigenvalues of the 2 x 2 corner of the matrix A;:

12John G.F. Francis (born 1934) is an English computer scientist.
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(anl,nl Ap—1,n )
Ap.n—1 An.n ’
Such a choice of shifts allows convergence to either two real eigenvalues in the bottom
2 x 2 corner of the matrix A; or the single 2 x 2 block with complex conjugate
eigenvalues. Such a choice leads to quadratic convergence asymptotically, which
means that if the values of a,_; ,—» are small enough, its amplitude will rapidly
decrease to zero. However, the method of QR iteration with Francis shift can often
fail to converge; see [8, 22].

There is another option for choosing a shift that is called Wilkinson’s'? shift: the
shift o; is chosen as an eigenvalue of the matrix

Ap—1,n—1 An—1,n
apn—1 Ap.n

that is closest to the value a, , of the matrix A;.

Theorem 10.6 The method of QR iteration with Wilkinson’s shift is globally and
at least linearly convergent. It is asymptotically cubically convergent for almost all
matrices.

A proof of this theorem can be found in [94].

Example 10.16 We test the performance of the method of QR iteration with shift for
the same matrices as in the method of orthogonal iteration. Running the MATLAB®
program of Section 1.13, we observe good convergence to the reference eigenvalues
for the shift chosen as o = A,,, as well as for the Wilkinson’s shift.'*

10.6 Hessenberg Reduction

All QR algorithms are computationally expensive: one iteration of the QR decom-
position costs O(n*) FLOPS. Assume that we can do only one iteration to find one
eigenvalue. Then in this case, the cost will be O(n*). The goal of this section is to
present one more technique for reducing computations. It turns out that if we first
reduce the original matrix A to upper Hessenberg form and then apply the method
of QR iteration without computing Q, we dramatically reduce computations, and
instead of O(n*) FLOPS, we perform our computations in O(n*) FLOPS.

A Hessenberg matrix is a special kind of square matrix, one that is “almost”
triangular. More precisely, an upper Hessenberg matrix has zero entries below the
first subdiagonal, and a lower Hessenberg matrix has zero entries above the first
superdiagonal. They are named after Karl Hessenberg.'> For example:

13 James Hardy Wilkinson (1919-1986) was an English mathematician.

14The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).

5Karl Adolf Hessenberg (1904-1959) was a German mathematician.
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5723
2517
0234
0013

is upper Hessenberg and
1200
5230
3437
5611

is lower Hessenberg.
When the matrix A is upper Hessenberg, the setting to zero of the element a1 ),
of this matrix will bring A into a block upper triangular matrix of the form

A e
A= O(H—p)x(p—l)A;’;_P)X(n—[?"rl)

with the upper Hessenberg matrices A and A,,. This decomposition of A means that
we can independently find eigenvalues of Aj; and Aj;. If in the process of Hessenberg
reduction any subdiagonal or superdiagonal entry of the matrix A; is smaller than
the rounding errors of size O(g||A[|), then we set this value to zero. We stop our
computations when all these diagonal blocks are of size 1 x 1 or 2 x 2, and our
algorithm for finding the eigenvalues of A is finished.

Below we present an algorithm for the reduction of a matrix A of order n to an
upper Hessenberg matrix. Given a real matrix A, we seek an orthogonal matrix Q
such that the matrix QAQT is an upper Hessenberg matrix.

Algorithm 10.6 Reduction to an upper Hessenberg matrix.

Initialize the matrix Q = I and perform steps 1-7 in a loop from i = 1 ton — 2.
Take the elements of the vector u; = A + 1 : n, i).

Obtain the first element of the vector u; as u; (1) = u; (1) + sign(u; (1)) u;]|-
Compute the elements of the vector u; = u;/||u;||.

Compute the elements of the matrix P; = [0~ — 24T

Compute the elements of the matrix A+ 1 :n,i:n) = PAG+ 1 :n,i:n).
Compute the elements of the matrix A(1 : n,i+1:n) =A :n,i+1:n)P;.
Compute the elements of the matrix Q as QG+ 1:n,i:n)=P"P;
Q@@+ 1:n,i:n).

NN AE RO

Proposition 10.1 Hessenberg form is preserved by QR iteration.

Proof If A; is upper Hessenberg, then A; — ol is also upper Hessenberg. Let us
consider Algorithm 10.5 and perform QR decomposition of the matrix A; — ol.
Since the jth column of Q is a linear combination of the leading j columns of the
matrix A; — o1, the QR decomposition yields an upper Hessenberg matrix Q. Then
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Fig. 10.2 Performance of the method of QR iteration: first we reduce the original matrix to upper
Hessenberg form and then we apply the method of QR iteration

RQ is also upper Hessenberg, as well as RQ + o. This means that Hessenberg form
is preserved by QR iteration. O

Clearly, the convergence analysis of Hessenberg reduction follows from the con-
vergence of the method of QR iteration.

Example 10.17 We test performance of the method of QR iteration via reducing first
the original matrix to an upper Hessenberg matrix, using the MATLAB® program
of Section 1.15.' We again test the same matrices as in the method of orthogonal
iteration. In Fig. 10.2 we observe the rapid convergence for all examples.

Now we illustrate the general pattern of Hessenberg reduction with a matrix A of
order 4. Every matrix Q; below is a Householder reflection matrix!” of order 4.
1. Choose Q; such that

XXXX XXXX
XXXX T XXXX

A= such that A; = Q1AQ; =
Q Oxxx 1=0Q140 Oxxx
Oxxx Oxxx

1The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).

17See p. 161.
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The matrix Q; leaves the first row of QA unchanged, and QIT leaves the first column
of 01AQT unchanged, including the zeros.
2. Choose Q; such that

XXXX XXXX
_fxxxx . _ r_ | xxxx
oAy = [ | andobtain Ay = 04,05 = | 77
00xx 00xx

The matrix @, changes only the last two rows of A;, and Qg leaves the first two
columns of 0»A;Q} unchanged, including the zeros. The matrix A, is upper Hes-
senberg. Combining steps 1 and 2, we get A, = (0,01)A(Q-01)" = QAQT.

Let us consider an example of obtaining an upper Hessenberg matrix using House-
holder reflection.

Example 10.18 1In this example we will use Householder reflection to get an upper
Hessenberg matrix from the matrix

12 -51 4
A=( 6 167 —68
—4 24 —41

To do so, we need zero out the value of entry (3, 1) of this matrix. First, we need
to find the Householder reflection that transforms the first column of the matrix A,
i.e., the vector x = (6, —4)7, to the form ||x|i; = (V6 + (—=4)2, 0)T = (24/13, 0).
Now,

u=x+uai,

and
u

V= Tl
Here, o« = —sign(x))||x|| = —2/13 and x = (6, —4)7. Therefore,

u=(6-2V13, -7 ~ (=1.2111, -4
and v = u/||u|| ~ (—0.2898, —0.9571)7, and then

—0.2898 0.8321 —0.5547
Q=1-2 (—0.9571) (-0-2898 ~0.9571) = (—0.5547 —0.8321) '

Now observe that QA preserves the first row of the matrix A,
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1 0 0 12 =51 4
01A =10 0.8321 —0.5547 6 167 —68
0 —0.5547 —0.8321 —4 24 —41

12 =51 4
= [|7.2111 125.6396 —33.8367 |,
0.0 —112.6041 71.8337

and the matrix QlAQlT preserves the first column of the matrix Q;A,

12 —44.6534 24.9615
A; = Q1AQT = [ 7.2111 123.3077 —41.5385 |,
0.0 —133.5385 2.6923

which is an upper Hessenberg matrix.

10.7 Tridiagonal and Bidiagonal Reduction

Suppose now that the matrix A is symmetric. Then Hessenberg reduction leaves the
matrix A symmetric at every step in such a way that zero elements will be created in
symmetric positions. This will reduce the number of operations to (4/3)n 4+ O(n?)
or (8/3)n> + O(n?) to form matrices Q,_1, ..., Q1 (see [23]). This procedure is
called tridiagonal reduction. We recall that the eigenvalues of the symmetric matrix
ATA are the squares of the singular values of A.'® The SVD algorithms that we
consider in Section 11.6 use this fact, and the goal of this section is to find a form for
A that implies that AT A is tridiagonal. Our goal is to compute orthogonal matrices Q
and V such that QAV is an upper bidiagonal matrix, or nonzero only on the diagonal
and the first superdiagonal. This algorithm is called bidiagonal reduction.

Below we present the general procedure of bidiagonal reduction, which is illus-
trated on a matrix A of size 5 x 5.

1. Choose Q; and V; such that

XXXXX xx000
Oxxxx Oxxxx
QA=|0xxxx |and Ay, =Q1AV; = | Oxxxx
Oxxxx Oxxxx
Oxxxx Oxxxx

Here Q) is the matrix obtained after Householder reflection, and V; is another matrix
obtained after Householder reflection that leaves the first column of QA unchanged.

18See Section5.1.1, p. 163.
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2. Choose Q, and V, such that

xx000 xx000
Oxxxx 0xx00
QA =1 00xxx | andAy = QA 1V, =1 00x xx
00xxx 00xxx
00xxx 00xxx

Here Q> is the matrix obtained after Householder reflection that leaves the first row
of A; unchanged. The matrix V, is a Householder reflection that leaves the first two
columns of 0»A; unchanged.

3. Choose Q3 and V3 such that

xx000 xx000
Oxx00 Oxx00
034, =] 00xxx | andA3 = Q34;,V3 =] 00xx0
000xx 000xx
000xx 000xx

Here Q3 is a Householder reflection that leaves the first two rows of A, unchanged.
The matrix V3 is a Householder reflection that leaves the first three columns of Q3A,
unchanged.

4. Choose Q4 such that

xx000
0xx00
Q4A3 = 00xx0 and V4 =1 SOA4 = Q4A3.
000xx
0000x

Here Q4 is a Householder reflection that leaves the first three rows of A3 unchanged.
Then we obtain the tridiagonal matrix as

xx000
xxx00
AfAy=|0xxx0
00xxx
000xx

In the general case, the matrix A has order n. Then applying the above procedure to
this matrix, we get orthogonal matrices Q = Q,—;---Q;and V = V; --- V,_, such
that QAV = A’ is upper bidiagonal. Note that A’ A’ = VTATQTQAV = VTATAV,
so A’T A’ has the same eigenvalues as ATA:i.e., A’ has the same singular values as A.
The cost of the algorithm of bidiagonal reduction is (8/3)n® + 4n> 4+ O(n*), where
4n* + O(n?) counts for computations of Q and V.
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Example 10.19 In this example we apply the above procedure to the bidiagonal

reduction of the matrix
4473

A=1361
017

using Householder transformation. We proceed in following steps.

First, we need to zero out the second entry in the first column of the matrix A, the
vector x = (4, 3, 0)7. We compute first @ = —sign(x;)||x|| = —5, and then the vec-
tors u = x + ai; = (—=1,3,0)7 and v = u/|lu| = (—1, 3, 0)"/+/10. Compute the
Householder matrix P; as

0.8 0.6 0
P=I-2w"=]06-0.80
0 0 1

Compute P;A to zero out the two entries below 5 in the first column:
5683
PA=|0-241]. (10.6)
0 1 7

Now we want to zero out the (1, 3) entry of the matrix (10.6). To do so, we take

the minor
6.8 3
M= (—2.4 1)

and compute again for x = (6.8, 3)7 the number @ = —sign(x;)||x|| = —7.4324 and
then the vectors u=ux+ai; =(—0.6324,3)", v =u/|u| = (—0.2063,
0.9785)". Compute the matrix
0.9149 0.4037
I _ T __
Vi=l—2w = (0.4037 —0.9149)

Construct V; such that

100 1 0 0
Vi=|o0V/ =1 00.9149 0.4037
0 0 0.4037 —0.9149

Compute P1AV) to zero out the (1, 3) entry:

5 7.4324 0.0005
PAV; = 0-1.7921 —1.8838 | . (10.7)
0 3.7408 —6.0006
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It remains only to zero out the (3, 2) entry of the matrix in (10.7). We take the

minor
M— —1.7921 —1.8838
—\ 3.7408 —6.0006

and compute for x = (—1.7921, 3.7408)7 the number oo = —sign(x;)||x|| = 4.1479
and the vectors u = x + ai; = (2.3558, 3.7408)7, v = u/||u|| = (0.5329, 0.8462)7.
Compute the 2 x 2 matrix P5:

o (04320 —0.9019
Pp=I-2w _(—0.9019 —0.4321)'

Construct P, such that the matrix P} is inserted into the 3 x 3 identity matrix:

100 1.0000 0 0
P,=| 0P = 0 0.4320 —0.9019
0 0 —0.9019 —0.4321

Finally, multiply the matrix P, by the matrix P;AV; obtained in (10.7) to get the
bidiagonal matrix

5.0000 7.4324 0.0005
P,P1AV; = | —0.0000 —4.1480 4.5981 | . (10.8)
0.0000 —0.0001 4.2918

10.7.1 Tridiagonal Reduction Using Householder
Transformation

In this section we present an alternative procedure that can be used for tridiagonal
reduction using Householder transformation. This procedure is taken from [12]. To
form the Householder matrix in this procedure, in each step we need to determine «
and r, which are given by

o = —sign(ay))

From « and r, we construct the vector v:
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Vi
o[
Vn
where vi =0, v, = (a2 — @) /(2r), and
o G
2r

for k = 3,4, ...n. Then we compute the matrix
P' =1 -2y T

and obtain the matrix A" as
A = plAP!.

Having found P' and computed A", we repeat the process for k = 2,3, ..., n as

follows:
v 1( : )
r=,/=z@ —a o),
) k+1,k
d
vi=vh = ﬁ:z%mﬁ=k+lk+&.wm

P =120 0T A*+D = prg®pt,

Example 10.20 In this example we apply the above algorithm to perform tridiagonal

reduction of the matrix
543

A=|(461], (10.9)
317

using Householder transformation. To do so, we proceed in the following steps.
First we compute « as

o = —sign(an) | >} = —\/(@ +ab) = VB3 =s.
j=2

Using «, we find r as

1 1 3v5
r= \/E(oﬂ —ana) = \/5«—5)2 —4-(=5) = %
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Then we compute the components of the vector v:

V) = 0,
ay —oa 32
Vy = = —,
? 2r 2.5
oG V2
T 25’
and we get
T
o 32 V2
’ 2ﬁ9 Zﬁ .
Now we compute the first Householder matrix P! =1 — 2v" (v)T to get
1 0 0
P'=1{0-4/5-3/5
0-3/5 4/5

Finally, we obtain the tridiagonal matrix A" as

5 -5 0
AV =plap' = | =5 7.32 —0.76
0 —0.76 5.68

10.7.2 Tridiagonal Reduction Using Givens Rotation

To make the tridiagonal matrix from the matrix A using Givens rotation,'® we first
recall that a Givens rotation is represented by a matrix of the form

1---0---0 ---0

G@,j,0)=|: Dol .

19See p. 160.
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where ¢ = cos(®) and s = sin(®) appear at the intersections of the ith and jth rows
and columns. The elements in the Givens matrix are

gk =1 fork #1i, j,

8ii = C,
8jji =6
8gji = —5,

gij=s fori>j.

‘We note that the sign of elements g;;, g;; switches for j > i. For given a and b, our
g 8jis 8j J g
goal is to find ¢ = cosf and s = sin 6 such that

() 6)=6)

r=+a?+ b2,

c=ajr,
s=—b/r.

where

Example 10.21 To obtain a tridiagonal matrix from the matrix (10.9) using Givens
rotation we have to zero out the (3, 1) and (1, 3) elements of the matrix A.
Thus, we use the above expressions to construct the Givens rotation matrix G of

the form
100

Gi=|0c—s
0s ¢

We compute then the product G A to get

100 543 5 4 3
G A=|0c —s 461 | =|4c—3s6c—sc—17Ts
0s ¢ 317 ds +3cb6s+cs+Tc

The element (3, 1) of the matrix will be zero if 4s + 3¢ = 0. This is true when

¢ =4/5and s = —3/5. To compute c, s we have used the formulas
4 b 3
F=va+ b2 =42 +32 =5, c=g=—, s§=——=—-.
r 5 r 5

Next, to get a tridiagonal matrix, we have to compute G1AG,:



10.7 Tridiagonal and Bidiagonal Reduction 369

1 0 0 543\ /10 0 55 0
A=GAG," =0 4/5 3/5) (461 )[04/5-3/5)=5732076
0-3/54/5) \317) \03/5 4/5 00.76 5.68

(10.10)

Example 10.22 As another example, let us now make an upper triangular matrix
from the matrix (10.10), using Givens rotation. To do so, we need to zero out the
elements (2, 1) and (3, 2) of (10.10). To zero out the element (2, 1), we compute the
numbers ¢ and s from the knowna = 5and b = 5 as

(2)6)-()

r=vVa2+ b =+/52+52=5V2~70711,
—b
c=2%07071, s=—2~—07071.

to get

r r
The Givens matrix will be

c—s0 0.7071 0.7071 0

Gy=|s ¢c 0] =1 —-0.70710.7071 0

001 0 0 1

Finally, we obtain the matrix

0.7071 0.7071 0 55 0
Ay = GA; = | —0.7071 0.7071 0 57.320.76
0 0 1 00.76 5.68

7.7071 8.7116 0.5374
= 0 1.64050.5374 | . (10.11)
0  0.7600 5.6800

Now to zero out the element (3, 2), we compute ¢, s from the known a = 1.6405 and
b =0.76 to get

r=+va? + b2 = /1.64052 + 0.76% = 1.8080,

—b
c==~09074, s=— ~ —0.4204.
r

RN

The last Givens matrix will be



370 10 Algorithms for the Nonsymmetric Eigenvalue Problem

100 1 0 0
G3;=|0c—s | =10 09074 0.4204
0s ¢ 0 —0.4204 0.9074

Finally, we obtain the upper triangular matrix

7.0711 8.7116 0.5374
A;=GsA, = 0 1.80802.8752 ). (10.12)
0 0.0000 4.9279

10.8 QR Iteration with Implicit Shifts

In this section we will first reduce the matrix A to an upper Hessenberg matrix and
then compute its QR factorization implicitly. This means that QR factorization will
be computed by construction of the matrix Q using the implicit Q theorem. This
theorem improves the efficiency of Hessenberg’s QR iteration algorithm. Next, we
will present how to choose a single shift to accelerate convergence of the method of
QR iteration.

We say that an upper Hessenberg matrix H is unreduced if all elements on its
subdiagonal are nonzero.

Theorem 10.7 Let H and G be unreduced upper Hessenberg matrices of order n
such that H = QTAQ and G = VTAV. Here, Q and V are orthogonal matrices of
order n, where the first columns are the same, or Qiy = Vi with iy = (1,0, ..., 0).
Let X (:, i) denote the ith column of the matrix X. Then the columns of Q and V are
the same up to the sign, or Q(:, i) = £V (i) fori =2,3,...,n.

Proof The assertion regarding the first columns of the matrices Q and V is obvious.
Our goal is to prove that Q(:, i) = £V (3, i) for i > 1. This is equivalent to proving
that the matrix W satisfies W = V7Q = diag(#£1, ..., £1). Since by assumption,
W = VTQ, we can write GW = GVTQ = VIAVVTQ = VTAQ = VT QQTAQ =
VIQH =WH. Since GW =WH, we have GW(,i)=(GW)
G0 =WH)(,i) = ZJ’:} H;W(,j), and thus, Hiy ;W(,i+1) =GW(,1i) —
Z}:l H;W (., j). The first column of Wis W(:, 1) = (1,0, ..., 0) (this is because O
and V are orthogonal and Q(:, 1) = V (:, 1)), and G is an upper Hessenberg matrix.
We can use induction on the index of column i to show that W; is nonzero only for
entries from 1 to i. Thus, W is an upper triangular matrix. But because W is also an
orthogonal matrix, it must be diagonal, or W = diag(+£1, ..., £1). O

Algorithm 10.7 The single shift QR algorithm.
Theorem 10.7 implies that to compute A; | = QiTA,-Qi from A; in the QR algo-
rithm, we will need to perform only the following two steps.
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1. Compute the first column of the matrix Q;. This column is parallel to the first
column of A; — ;I and thus can be obtained just by normalizing this column
vector.

2. Choose other columns of Q; such that Q; is an orthogonal matrix and A;| =
QTA;Q; is an unreduced upper Hessenberg matrix.

Using the above theorem, we can conclude that the matrix A;;; in the algorithm
is computed correctly because the matrix Q; is computed uniquely up to signs. The
choice of sign does not matter. This is true because if we change signs in the columns
of Q;, then the signs in A; — 0;I = Q;R; also will be changed: A; — 0;] = Q;R; =
Q;D;D;R;, where D; = diag(%1, ..., 1). Then we can write

Aip1 = Q] AiQi = QT (QiR; + 0:1)Q; = O (O:D:D;R; + 0:1) Q;
= DiR;0;D; + 0,1 = D;(R;Q; + o:l)D;,
(10.13)

and this is an orthogonal similarity that changes only the signs in the columns and
rows of Ay 1.

As an example, we will now illustrate how the above algorithm works for the
computation of A;y1 = Q7 A;Q; for i = 4. In all matrices Q7 below, the values ¢;
and s; can be computed using the Givens rotation algorithm. The symbols * in the
matrices A; should be removed during the iterations on index i in order to restore
Hessenberg form.

1. Choose Q; such that

ci 51000 XXXXX
—51¢1000 XXXXX
OF=] 0 0100 togetAd; =QTA0) =] *xxxx
0 0010 00xxx
0 0001 000xx

2. Choose Q5 such that

1 0 000 XXXXX
0c 5500 XXXXX
Q2T= 0—-s5,c200 togetAzzQzTAlez Oxxxx
00 010 O%xxxx
00 001 000xx
We note that
XXXXX
XXXXX
TAj=| Oxxxx
00xxx

000xx
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3. Choose Q3 such that

10 0 00 XXXXX
01 0 00 XXXXX
Qg: 00 ¢3 550 mgdAng;%ng Oxxxx
00 —s535¢30 00xxx
00 0 01 00xxx
We note that
XXXXX
XXXXX
QQ&: Oxxxx
00xxx
000xx

4. Choose Q4 such that

100 0 O XXXXX
010 0 O XXXXX
OF=1001 0 0 | togetAd; =QlA30,=|0xxxx
000 ¢4 s4 00xxx
000 —s4 ¢4 000xx
We note that

XXXXX

XXXXX

TA; = O0xxxx

00xxx

000xx

At step 4 we have obtained the upper Hessenberg matrix A;,. We observe that com-
bining steps 1-4, we get Ay = 01 01 0T 0TAQ10,0504 = QTAQ, where the matrix
0 = 010,030, is such that

C1 X X XX
S] X X X X
0= 0sx xx
00s3 xx
000 s4x

If we now choose the first column of Q, which is Q(:, 1) = (¢y, s1, 0, 0, 0), propor-
tional to the first column of the matrix A — o/, which is

(A—ol)(, 1) = (a;1 —0,a2,0,0,0)7,

then this matrix Q will be the same as in the QR decomposition of A — 1.
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We can choose the single shift o as 0 = a,,, for the matrix A;. This will result in
asymptotic quadratic convergence to a real eigenvalue; see [23] for details on how
to choose shifts.

Questions

Do the following exercises, explaining the results that you have obtained.

10.1 (Programming)

Use the MATLAB® program PowerM.m of Section 1.9 to test the power method
and to compute the largest eigenvalue of the matrix A.2° Try the following examples
when the matrix A and the tolerance & in Algorithm 10.1, p. 345, are defined as
follows:

1. A =randn(5) and tolerance ® = {le — 5, le — 4, le — 3, le — 2, 0.1}.
2. A = diag(ones(2n, 1)) + diag(ones(2n — 1, 1), 1) + diag(ones(2n — 1, 1), —1)
foreachnumbern = 3, 4, 5and tolerance ®={le—12, le — 10, le — 8, le — 7}.

3.
11e6 0 O
02 10
A= 12 310 (10.14)
00 —14
and tolerance ® = {le — 12, le — 10, le — 8}.
4.
1000 0 O
0210 0 O
0020 0 O
A= 0003 1e2 led (10.15)
0000 3 1le2
0000 0 3

and tolerance ® = {le — 10, le — 8, le — 6, le — 4, 1e — 3}.

10.2 (Programming)

Use the MATLAB® program InverseIteration.m of Section1.10 to test
the inverse iteration method for the computation of the eigenvalue of the matrix A that
is closest to the shift o. Try all examples of matrix A and tolerance ® as in Question
10.1. Choose also different shifts . For a stopping criterion using tolerance ®, we
refer to Algorithm 10.2, p. 348.

10.3 (Programming)
Use the MATLAB® program MethodOrtIter.m of Sectionl.l1 to test
the method of orthogonal iteration for the computation of the eigenvalues

20 A1l MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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of the matrix A.2! Try all examples of matrix A and tolerance @ defined in Question
10.1. For a stopping criterion using tolerance &, we refer to Algorithm 10.3, p. 351.

10.4 (Programming)

Use the MATLAB® program MethodQR_iter.m of Section1.12 to test the
method of QR iteration for the computation of the eigenvalues of the matrix A. Try
all examples of matrix A and tolerance ® defined in Question 10.1. For a stopping
criterion using tolerance @, we refer to Algorithm 10.4, p. 355.

10.5 (Programming)

Use the MATLAB® program MethodQR_shift .m of Section1.13 to test the
method of QR iteration with the shift o = A(n, n) for the computation of the eigen-
values of the matrix A. Try all examples of matrix A and tolerance & defined in
Question 10.1. For a stopping criterion using tolerance &, we refer to Algorithm
10.5, p. 356.

10.6 (Programming)

Use the MATLAB® program MethodQR_Wshift .mof Section 1.14 to test the
method of QR iteration with Wilkinson’s shift for the computation of the eigenvalues
of the matrix A. Try all examples of matrix A and tolerance ® defined in Question
10.1. For a stopping criterion using tolerance &, we refer to Algorithm 10.5, p. 356.

10.7 (Programming)

Use the MATLAB® program HessenbergQR.m of Section1.15 to test the
reduction of the matrix A to an upper Hessenberg matrix. Try the following examples
when the matrix A and the tolerance @ are defined thus:

1. A = randn(5) and the tolerance is ® = {le—7,1le —5,1le —4,1e — 3, le —
2,0.1}.

2. A = diag(ones(2n, 1)) + diag(ones(2n — 1, 1), 1) 4 diag(ones(2n — 1, 1), —1)
for each number n=3,4,5 and tolerance ® = {le —12,1e— 10,
le — 8, le — 7}.

3

A= (10.16)

1 0

0 -30

0 3 10

0 -1 4
and tolerance ® = {le — 12, le — 10, le — 8}.

4. Each tolerance from the set ® = {le — 10, le — 8, le — 6, le — 4, 1le — 3} and
the matrix A =(1,0,0,0,0,0;0,2,1,0,0,0;0,0,2,0,0,0;0,0,0, 1e4, 1, 1;

0,0,0,0,1e2,1;0,0,0,0,0, le4) + diag(ones(5, 1), —1).

21 A1l MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Chapter 11
Algorithms for Solution of Symmetric
Eigenvalue Problems

In this chapter we will discuss algorithms which can solve only symmetric eigenvalue
problems using direct noniterative methods. Recall that in the previous chapter, the
algorithms that can find all eigenvalues and eigenvectors for an nonsymmetric eigen-
value problem were based only on the method of QR iteration. However, there exist
many algorithms for the solution of symmetric eigenvalue problems that are more
efficient than the algorithms for the solution of nonsymmetric eigenvalue problems.
We list here the main algorithms and main advantages of every algorithm that we
will consider in this chapter:

1. Tridiagonal QR iteration. This algorithm can be used to find all the eigenvalues,
and if needed, all the eigenvectors, of a symmetric tridiagonal matrix. This method
is the fastest numerical method that can compute all the eigenvalues of a symmetric
tridiagonal matrix. If we want to apply this algorithm to find all the eigenvectors
as well, then it will be efficient only for small matrices of dimension up to 25.
We note that this algorithm is used in the Mat 1ab® command eig.

2. Rayleigh quotient iteration. This algorithm is similar to the algorithm of QR
iteration, and we present it here to analyze its extremely rapid cubic convergence.

3. Divide and conquer. This is the fastest method for finding all the eigenvalues
and eigenvectors of symmetric tridiagonal matrices that have dimensions larger
than 25.

4. Bisection and inverse iteration. Bisection may be used to find a subset of the
eigenvalues of a symmetric tridiagonal matrix on some subinterval of the interval
on which the eigenvalues are located. The algorithm of Inverse iteration described
in the previous chapter can then be used to find the corresponding eigenvectors.
In [29, 42, 90-92, 96, 97, 115], the inverse iteration method is developed further
to find close eigenvalues and eigenvectors as fast as possible.

The original version of this chapter was revised. An Erratum to this book can be found at https://
doi.org/10.1007/978-3-319-57304-5_11
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5. Jacobi’s method. This is the first known method for the solution of eigenvalue
problems. It was developed in 1846 by Jacobi. Compared with all previous meth-
ods, Jacobi’s method is much slower. However, it is very accurate and can find tiny
eigenvalues much more precisely than the previous methods; see details in [25].

11.1 Tridiagonal QR Iteration

The tridiagonal QR iteration algorithm is very similar to the usual algorithm of QR
iteration for the solution of nonsymmetric eigenproblems that we considered in the
previous chapter. That algorithm consists of two stages:

e First we constructed an orthogonal matrix Q via Algorithm 10.6 (reduction to an
upper Hessenberg matrix) such that QAQT = H is an upper Hessenberg matrix.
e Then we applied QR iteration to the resulting matrix H and obtained a sequence
of upper Hessenberg matrices Hy, H;, H», ..., that converged to real Schur form.

The algorithm of QR iteration for a symmetric tridiagonal matrix is very similar
to the procedure described above and consists of the following steps:

e Use a modified Algorithm 10.6 (reduction to upper Hessenberg form) to find an
orthogonal Q such that QAQT = T is tridiagonal.

e Apply the algorithm of QR iteration on the resulting matrix 7 to obtain a sequence
of tridiagonal matrices Ty, T, T, ... that will converge to diagonal form.

We note that the algorithm of QR iteration keeps all matrices 7; tridiagonal. This
is because the matrix QA Q7 = T is symmetric and upper Hessenberg, and thus also
lower Hessenberg, or tridiagonal.

We now describe how to choose the shifts at every QR iteration. Let us denote by
T; the tridiagonal matrix obtained at iteration i in the algorithm of QR iteration:

ay by

T bn—l
b,_1 ay

We can choose as a shift the single shift o; = @, in the algorithm of QR iteration;
see Section 10.8. Then the method is cubically convergent for almost all matrices.
However, in some special cases, the method of QR iteration does not converge; see
p. 76 in [94]. Thus, to get global convergence of the method, one needs to compute a
shift in a more complicated manner. Let the shift o;, called Wilkinson’s shift, be the

eigenvalue of
ap—1 bnfl
bnfl ay

closest to a,,.
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Theorem 11.1 (Wilkinson).

The algorithm of QR iteration with Wilkinson’s shift is globally and at least
linearly convergent. This algorithm is asymptotically cubically convergent for almost
all matrices.

We refer to [94] for a proof of this theorem. Efficient implementation of this
algorithm is studied in [43, 95].

11.2 Rayleigh Quotient Iteration

The Rayleigh' quotient of a symmetric matrix A and a nonzero real vector u is

ul Au
plu, A) = ——.
ulu

Evident properties of the Rayleigh quotient p(u, A) are (see Section4.3.11 for
variational properties of eigenvalues and self-adjoint operators):

e p(yu, A) = p(u, A) for every nonzero scalar y.
o If Aq, = )"iqia then p(qi, A) = )\.,’.

Algorithm 11.1 Rayleigh quotient iteration.

Initialization: set i = 0, stopping tolerance 6.

Compute y;+1 = (A — oiD) " x;.

Compute x; 11 = yiy1/[[Yit1ll2-

Compute the approximate Rayleigh quotient p; | = p(x;4+1, A).

Stop updating the Rayleigh quotient and set pyy = p;j+1, M =i + 1, if
|Axi+1 — pit1Xit1ll2 < 0. Otherwise, seti =i + 1 and go to step 1.

Ealbadi s i

From results of Section7.1, p. 217, it follows that when the stopping criterion
|Ax; — pix;ill2 < 0 in the above algorithm is satisfied, then the computed Rayleigh
quotient p; is within tolerance 6 of an eigenvalue of A.

If we will take the shift o; = a,, in Algorithm 10.5 and then run Algorithm 11.1
with xo = (0, ..., 0, )T, then 0; = p;.

Theorem 11.2 Rayleigh quotient iteration is locally cubically convergent.

Proof We will analyze only the case that A is diagonal. This is enough, since writing
QT AQ = A, where Q is an orthogonal matrix whose columns are eigenvectors, and

= diag(A1, ..., A,) is a diagonal matrix of eigenvalues, we can write the Rayleigh
quotient Pi computed at iteration 7 as

x,-TAxi )EiTQTAQ)ei )el»TA)E,‘
pi:p(xivA)z T = ~T AT ~ = AT ~
X; X x; Q' Ox; Xj X

= p(jeis A),

!John William Strutt, 3rd Baron Rayleigh (1842-1919), was an English physicist.
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where £; = QT x; and 3; = Q7 y;. We observe also that 03,1 = (A—p;I)~' Q%;, s0
Jis1 =0T (A—p )7 0% = (QTAQ — i)' R = (A —pi 1)~ 'R

We see that running Algorithm 11.1 for Rayleigh quotient iteration with A and x is
the same as running Rayleigh quotient iteration with A and x(. Thus we will assume
that A = A is already diagonal and that the eigenvectors of A are e;, or the columns
of the identity matrix /.

Assume that x; converges to e;, so we can write x; = e; + d;, where ||d;|, =
¢ < 1. To prove cubic convergence, we need to show that x;; = e; + d;4+; with
ldit1ll> = O(e?). We first note that

1= )Cl-TX,' = (61 +di)T(€1 +d,) = 6{61 + 261Tdi +dde,‘ =1+ 2di1 + 82,

so that d;; = —&?/2. Therefore,
pi = x[.TAxi = (ey —i—d,-)TA(el +d;) = elTAel + Ze{Ad[ +dl-TAd,‘ (11.1)
=i — (2T Ad; —d Ady) =% —n =4 — hie? —d! Ad;, '
and since —2e! d; = &2, we have that n = —2e! Ad; —d! Ad; = 76 —d Ad;. We
see that 5 ~
Inl < 1Mile® + 1Al N1 < [hi]e® + | Alle? < 2] Al

S0 pi = A; — 1) = A + O(?) is a very good approximation to the eigenvalue 4.
Using Algorithm 11.1, we see that y; 4 = (A — pil)’lx,-. Thus, using the remark
above, we can write

1
yir1 = (A= p )7 'x; = diag= Xi

)\,/ — Pi
T
_ ( Xil Xi2 Xin )
AL—pi A2 — i An — Pi

Since x; = e; + d; we get

, (1+d,~1 d; d; )T
i+1 = | = ) = N~ .
l A= pi A2 — pi An = pi

Next, because p; = A; — n and d;; = —&2 /2 we obtain

(1 —e2)2 d: din )T
)’i+1 = y ~ = g e ey ~ =
n A —Ai+1 A —AL+T7
1-— 82/2 d,'27] dinn

T
o (’(1—82/2)(12—L+n>"”’(1—82/2>(in—il+n>)
1—-¢2/2 .
—(e1 +dit+1)-
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To bound ||c?,~+1 I, we will bound every denominator in the above expression using
the inequality (see Section7.1, p. 217, for the definition of gap)

|h; — A1 +nl > gap(1, 4) — [n],
as well as the following estimate for || in every numerator,
Inl < [Mle? + [ All2lld: 113 < 21| All2€?,

to get
lldi ll21nl

—&2/2)(gap(1, A) — In)
3 20| Al
(1= e?/2)(gap(1, A) = 2] Al6?)°

dA,' <
disill2 = a
(112)

In other words, inequality (11.2) means that ||c?,~+1 2 = O(&?). Finally, by Algorithm
11.1, we have that x; = y;/||yi||2, and thus

Xiy1 = er +diy1 = Yir1/I1yivill2, (11.3)
or
1—¢2)2 n
——(e1 +diy1)
Yit+1 n A o
Xipl = = 5 = (e1 +di+1)/ller + diill2.
Il yit+1ll2 1 —¢e°/2 4
—(e1 +diy1)
2
Comparing the above expression with (11.3), we see that ||d;1 ]|, = O(&3). U

Below we present an example of Algorithm 11.1 used for the computation of the
Rayleigh quotient of some predefined symmetric tridiagonal matrix A.

Example 11.1 We compute the Rayleigh quotient of the matrix

1500
5710
0134
0042

A=

using Algorithm 11.1. This matrix has four different eigenvalues,

A = (=2.0607, —1.3469, 6.4239, 9.9837),

which we obtained using the command eig (A) in MATLAB®. The computed
Rayleigh quotient is p = —1.3469, which is one of the eigenvalues of A. The
MATLAB® program RayleighQuotient .mof Section 1.16 is available for run-
ning this test.?

>The MATLAB® programs can be found on the online version of Chapter |
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_7
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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11.3 Divide and Conquer

The main advantage of the method of divide and conquer is that it is the fastest among
existing methods to compute all eigenvalues and eigenvectors of a tridiagonal matrix
of size n greater than about n = 25. The divide and conquer method is not easy to
implement efficiently in a stable way. It was introduced first in [21], and the first
efficient and stable implementation of it was presented in [30, 38].

The structure of the algorithm is the following. Let T be a tridiagonal symmetric
matrix,

ag b] 0 0
bl as b2 0 0
7 bm,1 0

0 by1dmw by 0 0
00 bn any1bun 0 ’
00 0  bug ..
S S
00 0 0 by ay

)
)
)

such that we can decompose it in the following way:

aq bl 0 0
biay by 0 .. 0
e Ay bm—l 0
10 bu—1an —b, 0 0 0 ...by, by, ..
=100 o amsr — b s 0 | T by By
00 0 b1
00 0 . b,
00 0 0 bn—l An (114)
0
0
_(T1|0 1 _(T1|0 T
(0 Tz) + by | (0...0 11 O....O) = ( 0 Tz) + bt
0
0
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Assume that we have an eigendecomposition of 77, 75 such that 77 = Q1A QIT
and T, = 0, A, Q. Then we can write that

Ti| 0 T (Q1A1Q1T| 0 ) T
T = + b, w' = + b,,vv
(0 Tz) 0 [0:.4,07

= (Ffx) (91 +207) (Br)

Let us define the diagonal matrix

A1l O
b= ( 0 Az)
and rewrite (11.5) as

_(01]0 orl o
T_(+0 QZ)(D+bmuuT) (4'—701 Qz). (11.6)

We observe that the eigenvalues of T are the same as those of

(11.5)

D + byuu” = D + puu” (11.7)
with scalar p = b,,. Thus, our goal now is to find the eigenvalues of (11.7). To do
so, we proceed in the following steps:

Step 1. We assume that the diagonal elements of D are sorted such that d; >
... > d, and D + A[ is nonsingular.

Step 2. To find the eigenvalues of D + puu’, we compute the characteristic
polynomial

det(D + puu’ —11) =0,
noting that

det(D + puu’ — 1I) = det((D — A)(I + p(D — A1) 'uu)). (11.8)
Step 3. By assumption, in Step 1 we have
det(D — Al) # 0,
and thus in (11.8) we should have

det( + p(D — 1) 'uu™) = 0.

Finally, the eigenvalues of D + puu” are found from the above expression.

Lemma 11.1 If x and y are vectors, then det(I + xy") =1+ yTx.
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The proof of this lemma is left as Exercise 11.9. Thus, using this lemma we can get
that

n 2
detd + p(D =AD" 'uuy =14u"p(D—2D'u=1+4p Z B _ ro.
P di — A
(11.9)
We see that the eigenvalues of T are the roots of the so-called secular equation
f)=0.
The secular equation can be solved using Newton’s method
)\’k
A= pk f/( k), (11.10)
15
where
/o k S u2
A = —_—t 11.11
1165 pg(di_w (1L.11)

and k is the number of the iteration in Newton’s method. We observe that f/(AX) is
positive and increasing when p = b,, > 0 except at the point A = d;. Thus, the roots
of f(A) are seperated by the d; where A = d; be a vertical asymptotes, and f(X) is
monotonic and smooth on every interval (d;, d;+). Then Newton’s method (11.10)
will converge for a starting point A° € (d;, d;11).

To obtain the eigenvectors x for the eigenvalues A that we have found via solution
of the secular equation (11.9), we need the following lemma.

Lemma 11.2 If X is an eigenvalue of D + puu”, then
x=(D—xD"'u (11.12)

is its eigenvector.

Proof If X is an eigenvalue of D 4 puu” and (11.12) is its eigenvector, then we must
have

(D + puu™Y(D = 2D ""'u) = (D = A1) + A + puu”Y(D — X))~ "u)
=u+iD—=rD"u+u(pu’ (D =i u).
(11.13)

Now we use the expression for the secular equation, or
ou' (D =3D"'u4+1=f) =0,

and thus y
pul (D =17ty = —1,
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or
(D + puu"Y(D =AD" "w) =u+i(D—AD'u—u

3 _ B (11.14)
=x(D —AD)"'u = Ax.
O

Algorithm 11.2 Finding the eigenvalues and eigenvectors of a symmetric tridiago-
nal matrix using divide and conquer.

1. fTis1x1
return Q =1, A =T
else
_(T 0 T
formT_(O T2)+meU

Compute output matrices Q| and A by eigendecomposition of 7;.

Compute output matrices Q, and A, by eigendecomposition of 7.

Form D + puu’ from Ay, As, Q1, Q.

Find eigenvalues A and eigenvectors Q' of D + puu” as roots of the secular
equation (11.9) using Newton’s method (11.10).

Foer:(Q1 0

bl e

o

0 O
6. Return Q, A and stop.

) Q' = eigenvectors of T.

Remark 11.1

e Eigenvectors can be computed by formula (11.12).

e This formula is not stable when two eigenvalues ():,-, 5\:‘+1) are located close to
each other. This means that (D — Xi)"u and (D — Xi+1)_1u are inaccurate and
far from orthogonal.

e Lowner’s theorem is used to compute eigenvectors for two eigenvalues (A;, ;1)
that are close to each other.

Theorem 11.3 (Lowner)>. ) )
Let D = diag(dy, ..., d,) be diagonal with d,, < ... < d. Let A, < ... < A| be
given, satisfying the alternating property

dn<)\n<"'<di+l<5\i+l<di<5‘i<"'<dl<)~\-l'

Then there is a vector i such that the X; are the exact eigenvalues of D = D+ .

The entries of i are
w 1/2
(A —d)
|| = ln_[’*l . . (11.15)
Hj:l,j;éi(dj —d;)

3Charles Lowner (1893-1968) was an American mathematician.
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Proof The characteristic polynomial of D can be written in two ways, as

=[I¢&-»
j=1

det(D — A1)

and using

det(D — A1) = det(D + iii”

=det((D — AI)(I + (D — AD'aa"))

as

det(D — AI) = (H(dj —,\)) <1+Z y
j=1 j=1

~2
Uj
=2

(i)
- (f1-»)
- (f1-»)

n
1+ >
ji=1
J#i

n
1+ >
j=1
J#EI

n
I+ >
j=1
J#EI

+

[T @-»
j=1
J#i

Algorithms for Solution of Symmetric Eigenvalue Problems

(11.16)

— Al =det(D(I + D~ 'aa"y — D)

(11.17)

Now we choose A = d; in (11.16) and in (11.17) for det(ﬁ — Al) to get

H(A —d)=1

or

122

i =

e

j=1
J#i
[T, G —di)

Hj 1,j#i (d

—d)’
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Using the alternating property, we can show that the right-hand side in the above
expression is positive, and thus we get (11.15). ]

Below we give a stable algorithm for computing the eigenvalues and eigenvectors
where we have assumed that p = 1.

Algorithm 11.3 Compute the eigenvalues and eigenvectors of D + uu’ .

u;
di—x

n
1. Solve the secular equation 1+ Z = 0to get the eigenvalues A; of D+ uu’ .
i=1
2. Use Lowner’s theorem to compute i so that the A; are “exact” eigenvalues of
D+ i, R
3. Use formula (11.12) in Lemma 11.2 to compute the eigenvectors of D = D +

an’.

Below we present an example using Algorithm 11.2 on the computation of
eigenvalues and eigenvectors of a predefined symmetric tridiagonal matrix A. The
MATLAB® program of Section 1.17 is available for running this test.*

Example 11.2 'We compute the eigenvalues and eigenvectors of the matrix

10.8901 9.5557 0 0 0
9.5557 10.6813 2.6985 0 0
A= 0 2.6985 2.2341 4.0888 0
0 0  4.0888 13.5730 14.8553
0 0 0 14.8553 3.7942

using Algorithm 11.2. This matrix has five different eigenvalues,
A= (—7.5981, —0.1710, 3.5923, 20.5154, 24.8341),

obtained using the command eig (A) in MATLAB®. We apply the MATLAB®
program of Section 1.17 and compute the eigenvalues and eigenvectors of the matrix
A above. It turns out that the computed eigenvalues and eigenvectors of the above
matrix using the MATLAB® program of Section 1.17 are the same as those obtained
by the command eig (A) in MATLAB®.

11.4 Bisection and Inverse Iteration

The bisection algorithm uses Sylvester’s inertia theorem, Theorem 4.44, to find only
the k eigenvalues that we want.

Recall that Inertia(A) = (v, ¢, ), where v, ¢, and 7 are the numbers of negative,
zero, and positive eigenvalues of A, respectively. Suppose that X is nonsingular.
Using Sylvester’s inertia theorem, we have that Inertia(A) = Inertia(X” AX).

4 Al MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_4
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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Now suppose that we use Gaussian elimination to factorize A — z/ = LDLT,
where L is nonsingular and D is diagonal. Then Inertia(A — z/) = Inertia(D). The
inertia of D is very easily computable, since D is diagonal.

Further in our considerations of this section we use the notation

#dii < 0,
which means “the number of values of d;; less than zero.” Then

Inertia(A — zI) = (#d;; < 0,#d;; = 0, #d;; > 0)
= (#negative eigenvalues of A — z/,
# zero eigenvalues of A — z1,
# positive eigenvalues of A — z1I)
= (#eigenvaluesof A < z,
#eigenvaluesof A = z,
#eigenvaluesof A > 7).

Let us define
NrofFig(A, z) = #eigenvaluesof A < z.

Suppose z; < 72z, and we compute Inertia(A — z;7) and Inertia(A — z,7). Then
the number of eigenvalues N|;, .,y in the interval [z;, z2) equals (# eigenvalues of
A < zp) — (# eigenvalues of A < z;), or

Niz,.z,) = NrofEig(A, z,) — NrofEig(A4, z;).

Algorithm 11.4 Bisection: find all eigenvalues of A inside [a, b) to a given error
tolerance 6.
n, = NrofEig(A, a)
n;, = NrofEig(A, b)
if n, = ny, quit (because there are no eigenvalues in [a, b))
put [a, n,, b, np] onto WorkingArray
/* WorkingArray contains all subintervals of [a, b) containing
eigenvalues from n — n, through n — n;, 4 1, which the algorithm
will update until they are less than tolerance 6. */
while WorkingArray is not empty
remove [low, njoy, up, n,,| from WorkingArray
if up —low < 6 then
print “there are n,, — ny,, eigenvalues in [low, up)”
else
mid = (low +up)/2
Nmia = NrofEig(A, mid)
if niq > ny,, then print “there are eigenvalues in [low, mid)”
put [low, nyy,, mid, n,;q] onto WorkingArray
end if
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if n,, > nyiq then print “there are eigenvalues in [mid, up)”
put [mid, n;q, up, n,,| onto WorkingArray
end if
end if
end while

From NrofEig(A, z) it is easy to use Gaussian elimination, provided that

ar—z b
by ax—z
A—zI =
bn—2 ap—1 — 2 bn—l
bpy an—z (11.18)

1 ... .. dy ... ... 1 0. ..
_pit— |01 wd . 1 -
........................ n—1
L1 1) \ ... d, ] \ .. .. 1

Using (11.18), we observe that

aq —Z=d|,
dily = by,
) e (11.19)
I_di-y+di =a; —z,
dil; = by.

Substitute I; = b; /d; into ll{ldi_l + d; = a; — 7z to obtain the recurrence formula

2
bi—l
_’

di = (a; —z) —
(ai —2) a

(11.20)

from which is easy to compute the values d; of the matrix D from previously known
values d;_; and known values a;, b;. In [26, 27], it was shown that since A — z/ is a
tridiagonal matrix, the formula (11.20) is stable.

Below we present an example using Algorithm 11.4. The MATLAB® program of
Section 1.18 is available for running this test.’

Example 11.3 We compute the eigenvalues of the matrix

16.1984 2.8029 0 0 0
2.8029 9.0301 23.0317 0 0
A= 0  23.0317 12.5310 24.2558 0
0 0  24.2558 10.5238 17.5216
0 0 0 17.5216 10.4891

SThe MATLAB® programs can be found on the online version of Chapter |1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_1
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using the bisection algorithm, Algorithm 11.4. This matrix has five different eigen-
values A = (—25.0154, —1.2034, 15.9244, 21.8223, 47.2444), which we obtained
using the command eig (A) in MATLAB®,

We compute now the eigenvalues of the matrix A using the MATLAB® program
of Section 1.18.° Since in the MATLAB® program of Section 1.18 we require that the
left- and right-hand sides of the input interval in Algorithm 11.4 have difference no
more than the given error to1l, it follows that this interval will contain one eigenvalue,
and the left- or right-hand side of this interval can be taken as our desired eigenvalue.
The output information obtained by the MATLAB® program of Section 1.18 for the
matrix A defined above is the following:

[-25.0154,-25.0154)
There is 1 eigenvalue in the interval [-1.2034,-1.2034)
There is 1 eigenvalue in the interval [15.9244,15.9244)

[21.8223,21.8223)

[47.2444,47.2444)

There is 1 eigenvalue in the interval [-
There is 1 eigenvalue in the interval
There is 1 eigenvalue in the interval

Comparing the above results with the exact ones, we observe that the computed
eigenvalues using the MATLAB® program of Section 1.18 are the same as those
produced by the command eig (A).

11.5 Jacobi’s Method

We will not reduce the original matrix A to a tridiagonal matrix 7 as in all previous
methods, but will work on the original A. Jacobi’s’ method produces a sequence
A;,i =0, ..., m, of orthogonally similar matrices for a given matrix A = A, which
will converge to a diagonal matrix with the eigenvalues on the diagonal. The next
matrix A;,; is obtained from the previous one A; by the recurrence formula

Aiv1 = I A,
where J; is an orthogonal matrix called a Jacobi rotation. Thus
Am = JrzgflAm—lJm—l
= Jnffler—ZAm—ZJm_sz_l = ...
= JVZ-_I...JOTAOJO"'Jm_l
=JTAJ.

If we choose every J; in some special way, then A,, will converge to a diagonal
matrix A for large m. Thus we can write

A~ JTAJ,

5 All MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).

7Carl Gustav Jacob Jacobi (1804—1851) was a German mathematician.


http://dx.doi.org/10.1007/978-3-319-57304-5_1
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or
JAJT ~ A,

from which we see that the columns of J are approximate eigenvectors.

To make JT AJ nearly diagonal, we will construct the J; iteratively to make one
pair of off-diagonal entries of A; 11 = JT A;J; zero at a time. We will do this by
taking J; to be a Givens rotation, or

j k
1
1
J cos 0 —sinf
Ji = R(j.k.0) = ’ (11.21)
k sin 6 cos @
1
1

where 6 is chosen such that the (j, k) and (k, j) entries of A;+; will be zero. To
determine 6 (or actually cos @ and sin 8), let us consider

(a;’jﬂ) a;-lkﬂ)) B (cos@ - sinQ) (aj(-'j) a;lk) )(cos@ - sin&)
i+ _G+1) ) — : @) @) i
al ) agy sinf cos@ a agy; sinf cos6 11.22)
T @ () ’
. (c —s) (ajj ajy ) (c —s) _ ()\1 0 )
- @) (@) - ’
s ¢ ay) af, s ¢ 0 X
where A and A, are the eigenvalues of
@ @)
(ajj “jk)
@ @ J°
Qi gy

It is easy to compute ¢ = cos @ and s = sin 6 from (11.22) on every iteration i:

(M 0 ) _ aj;ic? + aws® + 2scaj,  sclay — aj;) + ajr(c® —s%)
0 % sclaw — ajj) +aj(c* — s aj;s* + awe® — 2scajy '

Setting the off-diagonals to zero and solving for 6, we get

0 = sclaw — ajj) +ajk(62 — %),
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or .,
i - 26
4jj — ik = ¢ 5 = C?S =cot20 = 1.
2a; 2sc sin 20
We now introduce the notation = = tan 6, noting that t?> 421t —1 = 0. Solving
this quadratic equation, we get
. sign(t)
IT| + 1+ 72
o= 1 (11.23)
NS
s =tc.

Algorithm 11.5 Compute and apply a Jacobi rotation to A for indices (j, k).
function Jacobi-Rotation(A, j, k)
if |a ;x| is not too small
T = (aj; — ae)/2aji)
t = sign(r)/(|r| + V1 +72)
c=1/+/1+12
s =1tc
A=RT(j,k,0)AR(j, k,0) /*here,c =cosfands = sin6 */
J =J R(j, k,0) /*if eigenvectors are desired */
end if
end if

The general Jacobi algorithm is given below.

Algorithm 11.6 Jacobi’s method to find the eigenvalues of a symmetric matrix.
Perform the following steps in a loop:

1. Choose (j, k).
2. Call the function Jacobi-Rotation(A, j, k) until A is sufficiently diagonal.

There are different ways to choose the pairs (j, k). To measure the progress of

convergence, we define
_ 2
off (A) = E ajy.
1<j<k=<n

Thus, off (A) is the root-sum-of-squares of the (upper) off-diagonal entries of A, so
A is diagonal if and only if off (A) = 0. We want to make off (A) = 0 as quickly as
possible.

The next lemma shows that off (A) decreases monotonically with every iteration
of the Jacobi rotation.
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Lemma 11.3 Let A’ be the matrix obtained after calling the procedure Jacobi-
Rotation (A, j, k) for j # k. Then

off>(A") = off*(A) — a.

The proof of this lemma can be found in [23].
The next algorithm is the original version of the Jacobi algorithm developed in
1846. However, in practical computations, this algorithm is too slow.

Algorithm 11.7 Classical Jacobi’s algorithm.

Set i = 0 and tolerance 6.

Choose (/, k) such that a j; is the largest off-diagonal entry in magnitude.

Call Jacobi-Rotation(A, j, k).

Compute offj(A).

Stop and set offy;(A) = offi(A), M =i, if off;(A) < 6. Otherwise, seti =i + 1
and go to step 1.

el S

Theorem 11.4 Let A’ be the matrix obtained after calling Jacobi-Rotation(A, j, k)
for j # k. After one step of calling the Jacobi-Rotation procedure in the classical
Jacobi’s algorithm, Algorithm 11.7, we have

off(A) < /1 — %off(A),

where N = is the number of superdiagonal entries of A. After k steps of
calling the Jacobi-Rotation procedure, we have

n(n—1)
2

k/2
off(A") < (1 - N) off(A).

Proof By Lemma 11.3, after one step of Jacobi rotation, we have
off?(A") = off*(A) — a7,
where a j; is the largest off-diagonal entry. Thus,

nn—1) ,

off?(A) < TS

or

2 > ———off*(A
G Z =zt A
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so that
off>(A) —a%, < (1 — L off?(A
( jk = N ( )7

from which follows the statements of Theorem 11.4. O
Summarizing, we have that the classical Jacobi’s algorithm converges at least

linearly with the error decreasing by a factor of at least ,/1 — % at each step.

Theorem 11.5 Jacobi’s method is locally quadratically convergent after N steps.
This means that for a large i,

off (A4 n) = O(off?(A))).

The proof of this theorem is given in [113]. In practice, we do not use the classical
Jacobi’s algorithm, because searching for the largest entry is too slow. We use the
following simple method to choose j and k.

Algorithm 11.8 Cyclic-by-row-Jacobi: run through the off-diagonals of A rowwise.
Loop
forj=1ton—1
fork=j+4+1ton
call Jacobi-Rotation(A, j, k)
end for
end for
until A is sufficiently diagonal.

The matrix A no longer changes when Jacobi-Rotation(A, j, k) chooses only
¢ = 1 and s = O for an entire pass through the inner loop. As was shown in [113],
the cyclic Jacobi’s algorithm is also asymptotically quadratically convergent, like the
classical Jacobi’s algorithm.

The cost of one loop in Algorithm 11.8 is around half the cost of the tridiagonal
reduction and the computation of eigenvalues and eigenvectors via QR iteration, as
well as more than the cost using divide and conquer. For convergence of Jacobi’s
method, one needs to perform from five to ten loops in Algorithm 11.8, and thus this
method is much slower than other methods.

Below we present an example using the classical Algorithm 11.7. The MATLAB®
program of Section 1.19 is available for running this test.®

Example 11.4 We compute the eigenvalues of the matrix

14.7776 4.9443 0 0 0
4.9443 18.2496 28.3358 0 0
A= 0  28.3358 10.8790 2.5361 0 (11.24)
0 0 2.5361 11.0092 18.9852
0 0 0  18.9852 15.0048

8The MATLAB® programs can be found on the online version of Chapter |1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_1
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using the classical Jacobi algorithm, Algorithm 11.7. This matrix has five different
eigenvalues,

A = (—14.6416, —5.8888, 14.6644, 32.0314, 43.7547),

which we obtained using the command eig (A) in MATLAB®. We run the MATLAB®
program of Section1.19 until the matrix A is sufficiently diagonal, i.e., until
off(A) < tol for tol = 0.005.° The computed final matrix A obtained after
all Jacobi rotations is the following:

14.6644 0.0000 —0.0000 0.0029 0.0001
0.0000 43.7547 —0.0000 0.0000 —0.0008
A = | —0.0000 —0.0000 —14.6416 0.0000 —0.0000
0.0029 0.0000 0.0000 —5.8888 0.0000
0.0001 —0.0008 —0.0000 0.0000 32.0314

We observe that the values lying on the diagonal of the above matrix A are the
eigenvalues of the initial matrix A given in (11.24).

Comparing these values with the exact ones, we observe that the computed eigen-
values using the MATLAB® program of Section 1.19 are almost the same (depending
on the input tolerance fol) as produced by the command eig(A).

11.6 Algorithms for the Singular Value Decomposition

Algorithms for the solution of the symmetric eigenvalue problem can be transformed
to the algorithms for the SVD of a symmetric matrix A. Eigendecomposition of a
symmetric matrix A, except for Jacobi’s method, can be performed in the following
steps:

1. Reduce A to tridiagonal form 7" with an orthogonal matrix Q:
A=QiTQ7.
2. Find the eigendecomposition of 7':
T = 0,A0;,
where A is the diagonal matrix of eigenvalues and Q» is the orthogonal matrix

whose columns will be eigenvectors.
3. Combine these decompositions to get

A=(0102)A(0:0,)".

9The MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_1
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The columns of Q = Q1 Q, will be the eigenvectors of A.

All the algorithms for the SVD of a general matrix G, except Jacobi’s method,
have an analogous structure, which is the following:

1. Reduce G to bidiagonal form B, which has nonzero elements only on the main
diagonal and first superdiagonal, with orthogonal matrices U; and V; such that

G =UBV/.

2. Find the SVD of B:
B=U,%V],

where X is the diagonal matrix of singular values, and U, and V, are orthogonal
matrices whose columns are left and right singular vectors, respectively.
3. Combine these decompositions to get

G = (U U)Z (Vi)'

The columns of U = U;U;, and V = V|V, are left and right singular vectors of
G, respectively.

Lemma 11.4 Let B be an n x n bidiagonal matrix such that

B=| .. .. | (11.25)

There are the following possibilities for converting the problem of finding the SVD
of B to that of finding the eigenvalues and eigenvectors of a symmetric tridiagonal
matrix.

1. Let the matrix A be such that

Let P be the permutation matrix
P = (ela €ntl,€2,€n42,...,6y, €2n)~
Here e; denote the i-th column of the 2n x 2n identity matrix. Then the matrix

TPTAP = PTAP
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is symmetric tridiagonal such that

0 (25

aj 0 ...

TPTAP B R
bn—l 0 ay

The matrix Tpr o p has all zeros on its main diagonal, and its superdiagonal and
subdiagonal are ay, by, az, by, ..., b,_1, a,.
If (A;, x;) is an eigenpair for Tpr 4 p, with x; a unit vector such that

Tprapxi = Xix;,

then )2,- = =0, where o; is a singular value of B, and Px; = % (:Eblt ) Here,

u; and v; are left and right singular vectors of B, respectively.
2. Let Tggr = BBT. Then Tggr is symmetric tridiagonal,

a12 + b% ab,
ab, Cl% + b%
TBBT = 5 5 N
a,_ + bnfl a"b’;—l
anbn—l a,
with diagonal a? + b3, a3 +b3, ..., a>_,+b>_,, a2, and superdiagonal and sub-
diagonal ayby, azbs, . .., a,b,_1. The singular values of B are the square roots
of the eigenvalues of Tggr, and the left singular vectors of B are the eigenvectors
Of TBBT .
3. Let Tgrg = BT B. Then Tgr is symmetric tridiagonal,
(1]2 a1b1
by a? + b?
aiby ay + by
Tprp = , T, ,
a1 + bn72 azn—lbnz—l
a’l—lb"—l a, + bnfl
with diagonal a3, a3 + b}, a3 + b3, ..., a% +b>_| and superdiagonal and subdi-
agonal a\by, axb,, . .., a,_1b,_1. The singular values of B are the square roots of

the eigenvalues of Tgr g, and the right singular vectors of B are the eigenvectors
Of TBTB-

The proof of the first statement of this lemma follows from Theorem 9.6, and the
proof of the second and third statements follows from Theorem 9.4.
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However, direct application of Lemma 11.4 for computing the SVD of a sym-
metric tridiagonal matrix using the algorithms of QR iteration, divide and conquer,
or bisection is inefficient, since by Lemma 11.4, in the case of a matrix Tprp, We
need to compute not all eigenvalues, but only positive ones, and in addition, there are
difficulties in computing singular vectors for tiny singular values: numerical com-
puting of entries for Tgpr, Tprp is unstable because of rounding in floating-point
arithmetic.

There exist, however, the following stable algorithms for computing the SVD
numerically:

1. Different versions of QR iteration. This is the fastest algorithm for small matrices
up to size 25 to find all the singular values of a bidiagonal matrix.

2. Divide and conquer. This is the fastest method for finding all singular values and
singular vectors for matrices larger than 25 x 25.

3. Bisection and inverse iteration. In this algorithm, the first part of Lemma 11.4 is
applied for Tpr ,p = PT AP to find only the singular values in a desired interval.
Singular values are computed with high accuracy, but singular vectors can lose
orthogonality.

4. Jacobi’s method. The SVD of adense matrix G is computed implicitly by applying
Jacobi’s method, Algorithm 11.5, to GGT or GTG.

11.7 Different Versions of QR Iteration
for the Bidiagonal SVD

In this section we will present the so-called algorithm dgds (differential quotient—
difference algorithm with shifts [99]), which was originally derived in [28] and later
updated in [32] for the case of computing only singular values. We refer to [95] for
a survey of different versions of QR Iteration for the SVD.

To derive the dgds algorithm, we will begin with the algorithm of LR iteration,
which can be applied to symmetric positive definite (s.p.d.) matrices. Let Ty be any
symmetric positive definite matrix. The following algorithm produces a sequence of
similar symmetric positive definite matrices 7;:

Algorithm 11.9 LR iteration.

0. Seti = 0 and initialize s.p.d. Ty. Perform steps 1-4 in a loop:

1. Compute a shift 77 such that it is smaller than the smallest eigenvalue of 7;.

2. Compute the Cholesky factorization of T; — t?1 = B] B;, where B; is an upper

triangular matrix with all positive elements on the main diagonal.

Update T; = B;B! + t*1.

4. Stop updating 7; and set Tyy = T4, M =i + 1,if ||T;41 — T;||» < 6. Here, 0 is
a tolerance number. Otherwise, set i = i + 1 and go to step 1.

w
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The algorithm of LR iteration is very similar to that of QR iteration: we compute
a factorization and multiply the factors in reverse order to get the next iterate 7;4.
It is easy to see that 7;,; and 7; are similar:

Trr1 = BB +*1 =B "B BBl +¢*B; "B}

(11.26)
=B "(B'B: +1/)B =B "T;B.

The following lemma states that when we choose the shift riz = 0, then two steps
of LR iteration produce the same 7 as one step of QR iteration.

Lemma 11.5 Let T, be the matrix produced by two steps of Algorithm 11.9 with
riz = 0. Let T’ be the matrix produced by one step of QR iteration such that QR = Ty,
T"=RQ.ThenT, =T'.

Proof Using the property that Ty is symmetric, we factorize T} in two ways:

1. The first factorization is
T3 =T/ Ty = (QOR)" QR = R"R,

where R is a lower triangular matrix. We assume that R;; > 0. By uniqueness
of the Cholesky factorization, it is unique.
2. The second factorization is
2 T T
Ty = By ByB, By.

Using Algorithm 11.9, we have
T) = ByBl = B! B,.
Using the second factorization and then the above expression, we can rewrite
77 = Bl BoB! By = Bl (B B))By = (B, By)" B, By,

where (B; By)” is a lower triangular matrix. This must be the Cholesky factorization,
since Tp is s.p.d. By uniqueness of the Cholesky factorization, we conclude that
R = B, By and that two steps of LR iteration equal one step of QR iteration. We can
prove this also in the following way: since 7o = Q R we have

T'"=RQ =RQ(RR ") =R(QR)R™' = RT,R".

Substituting R = BBy and Ty = BOT By into the right-hand side of the above
equation, we get

T’ = (B Bo)(B{ Bo)(B1Bo)~' = BiByB{ BoB,'B;' = Bi(ByBi)B; "
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Using the fact ByBl = T\ = Bl By, we finally obtain

T'= By(B! B))B;' = B|B] =T».

Remark 11.2

e We observe that Algorithm 11.9 and Lemma 11.5 depend on the s.p.d. 7y, which
should not be tridiagonal.

e Because of the similarity of LR iteration and QR iteration stated in Lemma 11.5,
the analysis of LR iteration follows from the analysis of QR iteration.

e We observe that the matrices ;| = B; BiT + 1:1.21 in Algorithm 11.9 are constructed
explicitly, and that can be an unstable procedure because of rounding errors in
floating-point arithmetic.

The next dgds algorithm is mathematically the same as the algorithm of LR
iteration. However, in the dgds algorithm, the matrices B, are computed directly
from B; without constructing 7;11 = B; Bl + 1.

Let B; have diagonal ai,...,a, and superdiagonal by, ..., b,_1, and let B;y;
have dlagonal ai, ..., a, and superdiagonal I;l, ,l; _1. We assume that by =
by = b, = b, = 0. Usmg Algorithm 11.9, we have that

Bl \Biyi + 13,1 = Tipy = BB + 121 (11.27)
Writing (11.27) for the (j, j) entries for j < n, we get
B+ +th =+ b+ T
and expressing &Jz. from this, we have

P=d+ b5 —s, (11.28)

where § = rZH riz. The shift rl.z should be chosen in a special way; see step 1 in

Algorithm 11.9. Writing (11.27) for the squares of (j, j 4+ 1), we have
b =aj +1b R
and expressing 13? from this, we obtain
b3/a3. (11.29)

e
bj —aj+1
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Combining the two Eqgs. (11.28) and (11.29), we get the intermediate algorithm.

Algorithm 11.10 Intermediate algorithm.
forj=1ton—1
2 ) 2 _ 72
aj = aj +b;—bj_; =6
2 20,2 /A2
bj = bj(aj,/a;)
end for
a=a’-b:  —$
We observe that Algorithm 11.10 maps the squares of the entries of B; directly to
the squares of the entries of B; ;. Thus, the square roots are taken only at the end of
the algorithm.
In the next algorithm, we rewrite Algorithm 11.10 in the classical notation of [99]

using the change of variables
2 2
q; =aj,ej = bj.

Algorithm 11.11 One step of the gds algorithm.
forj=1ton—1
C}j ZQj‘Fej—éj,l )
ej=ej(qj+1/4;)
end for
Gn =qn — €n—1 — 8

The final dgds algorithm is the same as gds except that it will be more accurate.
To derive the dgds algorithm, we take the part ¢; — &, — 8 from §; of Algorithm
11.11 and use first (11.29) to express é,_; and then (11.28) to express g, to obtain

~ qj€j—1
di=qj—éj1—8=q; — —=+— -3
qj-1
G 1 —ei L —f.y—8
=g (—q-' ") ‘)—5:qj (—q-’ S )—5 (11.30)
qj-1 qj-1
q;
=A—jdjfl—5
qj-1

Using (11.30), we can rewrite the inner loop of Algorithm 11.11 as

q; =dj+ej,
ej=ej(q;+1/4)), (11.31)
djiv1 =dj(qj+1/4;) — 9.
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To get the final algorithm, we note that d; | can overwrite d;:

Algorithm 11.12 One step of the dgds algorithm.
d= q1 — )
forj=1ton —1
gj=d+e,
t= (qj+1/4;)
ej=ejt
d=dt—96
end for
qn =d

The dgds algorithm, Algorithm 11.12, has the same number of floating-point
operations in its inner loop as the gds algorithm, Algorithm 11.11. How to choose
ashift; ind§ = rl.2+ | — 7/ and an analysis of the convergence of these algorithms are
presented in [32].

11.8 Jacobi’s Method for the SVD

In this section, we will present algorithms that can determine the SVD of a dense
matrix. These algorithms will use Jacobi’s algorithm, Algorithm 11.8, for a symmet-
ric matrix

A=G"G.

Like Algorithm 11.8, the algorithms of this section are very slow in computing
the SVD compared with other methods that we have considered. However, Jacobi’s
method can compute the singular values and singular vectors much more accurately
than those other algorithms.

The first Jacobi algorithm computes a Jacobi rotation matrix J at every iteration
step and updates GT G to JT GT G J. Since we compute only G J instead of GT G or
JTGT G J, this algorithm is called one-sided Jacobi rotation.

Algorithm 11.13 One-sided Jacobi rotation of G.
function One-Sided-Jacobi-Rotation (G, j, k)
Compute aj; = (G'G)jj, aj = (GTG) jx, and ayx = (GT G)ii
if laji| > €./ajjaxk
T = (aj; —aw)/Rajr)
t =sign(@)/(t|+ 1+ 1%)
c=1/J1+12
s=ct
G =G R(j,k,0)/*here c =cosf and s = sinf */
/* if right singular vectors are desired */
J=JR(j,k,0)
end if
end if
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We note that the entries a;, a i, and ax, of A = G G are computed by Algorithm
11.13, where the Jacobi rotation R(j, k, 6) is computed using Algorithm 11.5.

In the next algorithm we assume that G is of order n x n. We compute the singular
values o;, the left singular vector matrix U, and the right singular vector matrix V
suchthat G = UX VT, where ¥ = diag(o;).

Algorithm 11.14 One-sided Jacobi.
Loop
forj=1ton—1
fork=j+1ton
call One-Sided-Jacobi-Rotation (G, j, k)
end for
end for
until GT G is diagonal enough
Seto; = ||G(:, i)]]» (the 2-norm of column i of G)
SetU = [uy,...,u,], whereu; = G(:,i)/0;
Set V = J (product of Jacobi rotations)

The following theorem shows that the one-sided Jacobi algorithm, Algorithm 11.14,
can compute the SVD with high accuracy.

Theorem 11.6 Let G = DX be an n x n matrix, where D is diagonal and non-
singular, and X is nonsingular. Let G be the matrix after calling One-Sided-Jacobi-
Rotation (G, j, k) m times in floating-point arithmetic. Let oy > ... > o, be the
singular values of G, and let 61 > ... > &, be the singular values of G. Then
lo; — 6i
—— < O(me)k(X),

i

where k(X) = | X ||| X" is the condition number of X.

A proof can be found in [23].
In the example presented below we will illustrate the performance of the one-sided
Jacobi algorithm, Algorithm 11.14, using the MATLAB® program of Section 1.20.°

Example 11.5 We compute the SVD decomposition of the matrix

3.8373 16.5466 0 0 0
16.5466 17.7476 5.5205 00
A= 0 5.5205 11.4120 7.1830 0 (11.32)
0 0 7.1830 11.4657 8.7969
0 0 0 8.7969 18.5031

using the one-sided Jacobi algorithm, Algorithm 11.14. We run the MATLAB®
program of Section 1.20 until the matrix AT A is sufficiently diagonal, i.e., until
of f(AT A) < tol for tol = 0.005. The computed SVD decomposition of the matrix

10A1l MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_1

402 11 Algorithms for Solution of Symmetric Eigenvalue Problems

A = UX VT obtained by applying the MATLAB® program of Section 1.20 is the
following:!!

—0.8000 0.4934 —0.2008 —0.2157 —0.1723
0.5608 0.7867 0.0260 —0.1254 —0.2241
U =1 —0.1934 0.2983 0.5262 0.7440 0.2077 |,
0.0853 0.1764 —0.7317 0.3083 0.5754
—0.0286 0.1324 0.3830 —0.5377 0.7388

7.7615 0 0 0 0
0 302188 0 0 0
XY= 0 0 1.6960 0 0 ,
0 0 0 134582 0
0 0 0 0 25.3541

0.8000 0.4934 —0.2008 —0.2157 —0.1723
—0.5608 0.7867 0.0260 —0.1254 —0.2241
V=1 0.1934 0.2983 0.5262 0.7440 0.2077
—0.0853 0.1764 —0.7317 0.3083 0.5754
0.0286 0.1324 0.3830 —0.5377 0.7388

For comparison, the computed SVD decomposition of the matrix A = U X' V7 given
in (11.32) using the svd command in MATLAB® gives the following result:

—0.4934 —0.1723 —0.2157 —0.8000 —0.2008
—0.7867 —0.2241 —0.1254 0.5608 0.0260

U =1 -0.2983 0.2077 0.7440 —0.1934 0.5262 |,
—0.1764 0.5754 0.3083 0.0853 —0.7317
—0.1324 0.7388 —0.5377 —0.0286 0.3830

30.2188 0O 0 0 0
0 253541 O 0 0
Y= 0 0 134582 O 0 ,
0 0 0 77615 0
0 0 0 0 1.6960

—0.4934 —0.1723 —0.2157 0.8000 —0.2008
—0.7867 —0.2241 —0.1254 —0.5608 0.0260
V=1 —0.2983 0.2077 0.7440 0.1934 0.5262
—0.1764 0.5754 0.3083 —0.0853 —0.7317
—0.1324 0.7388 —0.5377 0.0286 0.3830

"I'The MATLAB® programs can be found on the online version of Chapter I
(doi:10.1007/978-3-319-57304-5_1).
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Questions

11.1 Prove that 5 is an eigenvalue of the matrix

6331
0745
A= 0054 |- (11.33)

0008

Compute an eigenvector of A that corresponds to the eigenvalue 5.

11.2 Compute the eigenvalues and corresponding eigenvectors of the matrix

12 -4
A=lo021|. (11.34)
00 3

11.3 Compute the eigenvalues and corresponding eigenvectors of the matrix

14
A:(“). (11.35)

(a) Compute an estimate to an eigenvalue of A by the Rayleigh quotient with
vector x = (1, 1)T.

(b) If we apply the method of inverse iteration to A, to which one eigenvector of
A will this method converge?

(c) If we apply the method of inverse iteration with a shift o = 2, what eigenvalue
of A will be obtained?

(d) If we apply the method of QR iteration to A, to what form will this matrix
converge: diagonal or triangular? Why?

11.4 Assume that GT G converges to a diagonal matrix. Prove that Algorithm 11.14
implements the SVD decomposition of the matrix G.

11.5 Let x be a unit vector and y a vector orthogonal to x. Prove that || (x + y)x7 —
Iz =llx+yl2.

11.6 Let A = D + puu’, where D is the diagonal matrix D = diag(d, ..., d,) and
u is the vector u = (uy, ..., u,)".

(a) Prove that d; is an eigenvalue of A ifd; = d; 1 oru; = 0.

(b) Prove that an eigenvector corresponding to d; is e; (the ith column of 1) if
u; = 0.

11.7 Show how to compute scalars ¢ and ¢ in the function f(A) = ¢ + 75 if we
know that at A = & we have f(§) = v and f'(§) = ¢'. Here v, Y’ are known
scalars.
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11.8 Let A = GT G in Algorithm 11.14. Here A and G are of order n x n. Assume
that |a ;| < €./ajjakk forall j # k.Leto, < 0,_1 < ... < o; be the singular values
of G,and A% <..< )\% the sorted diagonal entries of A. Prove that |o; —A;| < ne|A;|,
where the ); are the singular values computed with high relative accuracy.

11.9 Prove Lemma 11.1.

11.10 Let A be a symmetric matrix and consider Algorithm 10.5 with a Rayleigh
quotient shift o; = a,,. Consider also the algorithm of Rayleigh quotient iteration,
Algorithm 11.1, starting with xo = (0, ..., 0, 1)7, which computes Rayleigh quotients
pi. Show that the sequences o; = p; are the same for all i. Hint: to prove this statement
we can use the same arguments as those used to prove the connection between the
algorithm of QR iteration and the algorithm of inverse iteration.

11.11 Prove part 1 of Lemma 11.4.
11.12 Prove parts 2 and 3 of Lemma 11.4.

11.13 Let the matrix A be defined as

Az(l.;’le), (11.36)

where B is a Hermitian matrix with || B||, < 1. Prove that

1+ 1Bl

k(A) = [AT LAl = ——=.
1—|Bll

11.14 (Programming)

Use the MATLAB® program RayleighQuotient .m of Section1.16 to test
the Rayleigh quotient iteration algorithm, Algorithm 11.1. Try your own examples
of a symmetric matrix A and different tolerances tol.

11.15 (Programming)

Use the MATLAB® program DivideandCong.m of Section1.17 to test the
divide and conquer algorithm, Algorithm 11.3.> Try your own examples of a sym-
metric matrix A and different tolerances in Newton’s method for the solution of the
secular equation.

11.16 (Programming)

Use the MATLAB® programs of Section 1.18 to test the inverse iteration algo-
rithm, Algorithm 11.4. Try your own examples of a symmetric matrix A and different
tolerances tol.

12 All MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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11.17 (Programming)

Use the MATLAB® programs of Section 1.19 to test the classical Jacobi algo-
rithm, Algorithm 11.4.'3 Try your own examples of a symmetric matrix A and dif-
ferent tolerances tol.

11.18 (Programming)

Use the MATLAB® programs of Section 1.20 to test the SVD decomposition of
a symmetric matrix A using the one-sided Jacobi algorithm, Algorithm 11.14. Try
your own examples of a matrix A and different tolerances tol.

13 AllMATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).
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Chapter 12
Introduction to Iterative Methods
for the Solution of Linear Systems

In this chapter we will discuss iterative algorithms for the solution of linear systems
of equations (LSE) Ax = b. These algorithms are used when direct methods take a
lot of time and computer space to solve this system, or in other words, when they are
not efficient.

Most of the methods presented in this chapter are described in greater detail in
[9, 23]. We also refer to the books on the iterative methods [4, 49, 100]. Parallel
implementation of many of the iterative methods discussed here is presented in [98].
The goal of this chapter is to introduce the reader to the topic of iterative algorithms.

In Sections 12.1-12.6, we will discuss basic iterative methods such as Jacobi,
Gauss—Seidel, and successive overrelaxation, and in Section 12.7, we introduce
Krylov subspace methods. Further, the conjugate gradient method (CG) and pre-
conditioned conjugate gradient method (PCG) are presented in Sections 12.8, 12.9,
respectively. We refer to [4, 44, 49, 100] for a survey of Krylov subspace methods
and different preconditioning techniques.

12.1 Basic Iterative Methods

The basic iterative methods for the solution of a system of linear equations Ax = b
are:

1. Jacobi.
2. Gauss—Seidel.
3. Successive overrelaxation (SOR).

These methods produce a sequence of iterative solutions x,, of a linear system
Ax = b that converge to the solution x = A~'b, provided that there exists an initial
guess xg. To use iterative methods we will introduce a splitting:

The original version of this chapter was revised. An Erratum to this book can be found at https://
doi.org/10.1007/978-3-319-57304-5_12
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A=M-K,
where det M # 0. Applying this splitting to Ax = b, we get
Ax = Mx — Kx =b.
From the equation above, we have
Mx =b+ Kx,

and thus
x=M'"b+Kx)=M'"b+ M 'Kx.

Let us define
Rx=M"'Kx, c=M'b.

The iterative update for x,, can be written as
Xm+1 = Rxy + ¢, (12.1)

where m is the number of the iteration.

Lemma 12.1 Let ||R| = max, .o Hm”. If | Rl < 1 then the iterations (12.1) will
converge for all initial guesses x.

Proof For exact x, we have
x=Rx+c. (12.2)

Subtracting (12.2) from (12.1), we get

Xme1 — X = R(x,, — x). (12.3)

Taking norms, we have
1% 41 = Xl = [RGon — O < IR xm — x| < IR flxo — x[l. (12:4)
This inequality will converge to zero, since ||R| < 1. (I

Another convergence criterion requires the introduction of the definition of spec-
tral radius for R. Let (A1, ..., A,) be the (real or complex) eigenvalues of a matrix R.
The spectral radius of R is p(R) = max;, ;=1 |Ai]-

i b=,

Lemma 12.2 For all operator norms, p(R) < ||R|. Then YR and Ve > 0, there
exists an operator norm || - ||(r.e) such that |R||(r.e) < p(R) + €.

A proof of this lemma can be found in [23].
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Theorem 12.1 Let ||R| = max, o L8251 If p(R) < 1 then the iterations (12.1) will

flxll
converge for all initial guesses x.

Proof Using (12.4), we have

IXm41 — x| = 1RGom — )1 < [RI lxm — xI| < IR TV 1Ixo — xJI.
(12.5)

Since p(R) < 1, using Lemma 12.2 we may choose an operator norm such that
IRll(r,) < 1. Then by Lemma 12.1, the iterations (12.1) will converge for all initial
guesses xo. [

The rate of convergence r (R) of the iterative procedure x,, 1| = Rx,, +c is defined

as
r(R) = —logyy p(R).

In the iterative methods considered below, we want to have a splitting A = M — K
as efficient as possible. Let us introduce the following notation. If a matrix A has no
zeros on its diagonal, we will write the splitting as

A=D—-L—-U=D(I—-L-U), (12.6)
where D is a diagonal matrix, — L is the strictly lower triangular part of A such that
DL=1L,

and —U is the strictly upper triangular part of A such that

DU =U.

12.2 Jacobi Method

The splitting for the Jacobi method is
A=D— (L+0). (12.7)
Applying it to the solution of Ax = b, we have
Ax=Dx—(I:x+l~/x)=b.
From the equation above, we obtain

Dx:b—i—ix—l—ﬁx,
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and thus . . . -
x=D'b+Lx+Ux)=D"'"b+ D 'Lx + D 'Ux.

Let us define L
R;=D " (L+U)=L+U,

¢, = D1, (12.8)
Then the iterative update in the Jacobi method can be written as
Xm+1 = Ryxm + cg. (12.9)
Formula (12.9) can be also written as
Dxpi1 =b + Lx,, + Ux,, (12.10)

or using the definition of the matrix D at the element level, the same formula can be
represented as

aj jXm1,j =bj— zaj,kxm,k~ (12.11)
k=
(=
Algorithm 12.1 One step in the Jacobi method.

forj=1ton

n
bj — 2 k=14 kXmk
k#j

Xm+1,j = .
JsJ

end

In the case of the model problem for the Poisson’s equation of Section 8.1.3
implemented on a square, we will have the following Jacobi method:

Algorithm 12.2 One step in the Jacobi method for the two-dimensional Poisson’s
equation.

fori=1to N
forj=1to N
Umi—1,j + Umit1,j T Um,i j—1 + Ui j+1 + hzfi,j
Umt1,i,j = 4
end
end

Example 12.1 In this example we present the numerical solution of the Dirichlet
problem for the Poisson’s equation (8.11) in two dimensions using the iterative
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Jacobi method. We define the right-hand side f(x) and the coefficient a(x;, x;) in
(8.11) to be the same as in Example 8.2 of Chapter 8. We produce the same mesh as in
this example and then solve the linear system of equations Au = f.The MATLAB®
program of Section 1.21 is available for running this test." We have implemented
three different versions of the Jacobi method in this program: the first version uses
the formula (12.9), the second version employs Algorithm 12.1, and the third version
employs Algorithm 12.2. For all three algorithms we have used the stopping criterion
lu™ ' — u™|, < tol, where the chosen tolerance was fol = 107°.

The results of our numerical simulations are the same as those presented in Fig. 8.1
for the number of inner points N = 20 and for the tolerance tol = 107 in the iterative
update (check it by running the MATLAB® program of Section 1.21).

12.3 Gauss-Seidel Method
To get the Gauss—Seidel?> method, we use the same splitting (12.7) as for the Jacobi
method. Applying it to the solution of Ax = b, we have

Ax:Dx—(I:x+0x)=b.

Next, we rearrange terms on the right-hand side of the above equation to get

Dx —Lx =b+ Ux, (12.12)

and thus the solution of (12.12) is computed as

x=(D-L)'b+Ux)=D—-L)"'"b+(D—-L)'Ux.

We can rewrite the above equation using the notation DL = L and DU = U to
get
x=MD-L)'"b+(D—-L)"'Ux

=(D—-DL)'"b+(D—-DL)'Ux

- (12.13)
=U-L)7"'D'v+U-L)"'D'Ux
=U-L)7"'D'w+U-L)'Ux.

Let us define |
Ros = (I — L)™'U,
o o (12.14)
CGSs = (1 — L)7 D™ 'b.
Then iterative update in the Gauss—Seidel method can be written as
Xm+1 = Rgsxm + cas. (12.15)

T All MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).

ZPhilipp Ludwig von Seidel (1821-1896) was a German mathematician.


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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We can also write the formula (12.13) via an iterative update as
(I — L)Dxy+1 = b+ DUxy,, (12.16)
or using the definition of matrices D, L, U at the element level as
j—1 n
aj jXms1,j =bj — Zaj,kxﬂH-l,k - Z ajkXmk- (12.17)
k=1 k=j+1
Here Zi;: aj ik Xm+1,x Tepresents already updated terms with values of x4, and

terms ZZ: 41 ) kX are those with older values of x,, that we have updated on
iteration m.

Algorithm 12.3 One step in the Gauss—Seidel method.

forj=1ton

j—1 n
bj = 201 AjkXmt ke = 2k ja1 Gk Xm.k

aj.j

Xm+1,j =

end

If we want apply the Gauss—Seidel method to the solution of the model problem
for the Poisson’s equation of Section 8.13, we need to organize the ordering for the
new m + 1 variables and old already computed values m. We will use a so-called
red—black ordering based on a chessboard-like coloring. Let B nodes correspond to
the black squares on a chessboard, and R nodes correspond to the weight squares.
The Gauss—Seidel method for the solution of the two-dimensional Poisson’s equation
on a square becomes the following.

Algorithm 12.4 One step in the Gauss—Seidel method for the two-dimensional
Poisson’s equation.

for all R red nodes i, j

2
Unm,i=1,j + Umit1,j + Umij—1 + Unmij+1+ D" fi;
J J J J J
Umt1,i,j = 4

end
for all B black nodes i, j

2
Umi1,i1,j + Umi1it1,j + Uil j—1 + Umptij+1 +h° fij
Un+l,i,j = 4

end


http://dx.doi.org/10.1007/978-3-319-57304-5_8
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Example 12.2 Here we present the numerical solution of the Dirichlet problem for
the Poisson’s equation (8.11) in two dimensions using the iterative Gauss—Seidel
method. The setup for our numerical experiments is the same as in Example 8.2
of Chapter 8. The MATLAB® programs of Sections 1.22 and 1.23 are available for
running this test.> The MATLAB® program of Section 1.22 implements Algorithm
12.3, while the MATLAB® program of Section 1.23 implements Algorithm 12.4,
the Gauss—Seidel method with red-black ordering. In both cases, we have used the
computation of the residual in the stopping criterion |Au"*! — b||, < tol, where
the chosen tolerance was tol = 107°.

The results of our numerical simulations are the same as in Fig. 8.1 for the number
of inner points N = 20 and tolerance tol = 10~° in the iterative update (check it by
running the MATLAB® programs of Sections 1.22, 1.23). However, the convergence
of the Gauss—Seidel method (665 iterations in the usual Gauss—Seidel method and
634 iterations in Gauss—Seidel with red—black ordering) is much faster than in the
usual Jacobi method, which converged after 1204 iterations.

12.4 Successive Overrelaxation SOR(w) Method

The method of successive overrelaxation improves the Gauss—Seidel method in the
following way: it takes the weighted average of values x,,1 and x,, such that

Xmt1,j = (1 — @)xp j + 0Xny1,j, (12.18)

where w is a weight, also called a relaxation parameter. When w = 1, then we get
the usual Gauss—Seidel method; when w < 1, we get the underrelaxation method;
and when w > 1, we have the overrelaxation method. We will investigate all three
cases in Section 12.6.

To get the SOR(w) method in matrix form, we again apply the splitting (12.7) and
obtain an equation similar to (12.12), but only in the iterative form

(D — L)Xpi1 = b+ Ux,,. (12.19)
Applying now the weighted average (12.18) to this equation, we have
(D — wL)xppi1 = wb+ (1 — 0)D + wU)x,y. (12.20)

Using the notation DL = Land DU = U, Eq. (12.20) can be rewritten as

Xmi1 = (D — wL)'ob + (D — L) (1 — 0)D + 0U)x,,

(12.21)
= —oLl)'D'wb+ (I —wL) " (1 — w)I + 0U)x,,.

Now defining

3 Al MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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Rsor = (I — L)™' ((1 — 0)I + V),

Lt (12.22)
CSOR = (I - (,()L)7 D~ a)b,
we can rewrite (12.21) in the form
Xm+1 = RSORxm + CSOR- (1223)

To get SOR(w) for implementation, we take X, ; on the right-hand side of
(12.18) from the Gauss—Seidel algorithm, Algorithm 12.3, and obtain the following
algorithm:

Algorithm 12.5 One step in the SOR(w) method.

forj=1ton

j—1 n
bj = 201 jkXmt 1k — 2hejti aj,kxm.,k:|

xm+l,j:(1_a))xm,j+w|: 0
JsJ

end

To apply the SOR(w) method for the solution of the model problem for the
Poisson’s equation of Section8.1.3, we will use the red-black ordering as in the
Gauss—Seidel method. The SOR(w) method will be the following.

Algorithm 12.6 One step in the SOR(w) method for the two-dimensional Poisson’s
equation.

for all R red nodes i, j

2
W i—t,j + Ui, + Ui j—1 + Ui j+1 + h" i)
4

Upyt,ij = (1 — )y +

end
for all B black nodes i, j

2
OUmt1,i-1,j + Um+1i+1,j + Umt1ij—1 + Umt1ij+1 +h° fi j)
4

Um1,i,j = (1 — ) i j +

end

12.5 Symmetric Successive Overrelaxation
SSOR(®) Method

The main scheme of all iterative methods that we studied before was to construct an
iterative procedure x; 1 = Rx; 4 ¢ such that all x; will converge to the exact solution
x of the system of linear equations Ax = b under the condition that p(R) < 1.


http://dx.doi.org/10.1007/978-3-319-57304-5_8

12.5 Symmetric Successive Overrelaxation SSOR(w) Method 415

The method of symmetric successive overrelaxation constructs such a sequence of
solutions of Ax = b that improves the approximations x; already obtained. In other
words, we are interested in the answer to the following question: for already computed
approximations x;, can we construct a linear combination X, = Zf':o o; ,X; whose
coefficients ; , satisfy >""_; a;, = 1 and that will be a better approximation of the

exact solution x?
Suppose that we have a positive answer to this question. Then the error e = x — X,
in the new computed X, can be computed as

n n n
e=Xp —x = Zai,nxi —X = Zai,n(xi —Xx) = Zai,an(XO —x) = Py(R)(xp — x), (1224)
i=0 i=0 i=0

where P,(R) = 27:0 oz,v,nR“ is a polynomial of degree n such that P,(1) =
> _oin = 1. The classical Chebyshev polynomials usually satisfy this condition.
The Chebyshev polynomials of the first kind are defined by the recurrence formula

To(x) =1,
Ti(x) = x, (12.25)
Toy1(x) = 2xT,(x) — T, -1 (x).

Properties of the Chebyshev polynomials are listed in [109]. We are going to construct
a polynomial of the form
_ Tu(x/p)

B =00

(12.26)

such that the spectral radius of P,(R) is as small as possible. The polynomial P, (x)
in (12.26) has the following properties:

P,(1) =1,
Pyl <& (1227

max
—p(R)<x<p(R)

for small tolerances ¢ > 0. By the spectral mapping theorem (since P,(R) =
Z?:o ai,nRi is a polynomial of degree n), we have that the eigenvalues of P,(R)
are P,(A(R)), where A are the eigenvalues of R. Combining this observation with
(12.27), we can conclude that the spectral radius of R will be small, and thus poly-
nomials of the form (12.26) are suitable for our purposes.

Let us define now |

T T.(/p)

n (12.28)

Then (12.26) can be written for x = R in terms of i, as

Pu(R) = pinTu(R/p). (12.29)
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Writing (12.25) for x = 1/p and using (12.28), we get
1
— =T,(/p) =2/pT,-1(1/p) — T,—2(1/ p).

Writing (12.25) for x = R/p, we have

2R
Tn(R/IO) = 7 n—l(R/p) - Tn—Z(R/IO)

(12.30)

(12.31)

We now substitute Egs. (12.29), (12.30) into the error Eq. (12.24) to obtain

e=X, —x = P,(R)(xo — x) = u, T, (g) (xo — x)

2R
= MUn (7 nfl(R/p)(-xo —Xx)— Tn72(R/p)(x0 - .X)) .

Writing (12.28) for x = R and different indices n, we get

Py 1(R) = pp 1T, 1(R/p),
Pn72(R) = /Ln72Tn72(R/p)'

We use Eq. (12.33) in the last row of (12.32) to obtain

2R Pii(R/p)(xo —x)  Puz(R/p)(xo — x)

e=Xx,—X =, (
P Mn—1 Mn—2

Using (12.24), we can write the error for different indices n as

e=2X,—1 —x = P,_1(R)(xg — x),

e=X2—x= P 2(R)(xo — X).

Substituting (12.35) in (12.34), we have

(12.32)

(12.33)

) . (12.34)

(12.35)

(12.36)
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where

X 2R x
— Uy — :
Mn—2 P MUn—1

Ci(x) =y

Adding x to both parts of (12.36), we get

A 2R )/C\n—l in—Z
Xn = Un—— — Mn + Ca(x),
P Mn—1 Mn—2
where
2R x
Co(x) = x + fy - Un— .
Mn—2 P HKn—1
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(12.37)

(12.38)

(12.39)

Further, since for the exact value of x we have x = Rx+candthus R = (x —c¢)/x,

the function C,(x) can be written as

x 2(x—¢) Hn
Mn—2 1Y Mn—1

1 1 2 2, C
= xp [ — + - + :
MUn Mn—2 PMUn—1 Pn—1

Since by (12.28) and (12.25) we have

Co(x) = x + fn

1 2 1

Mn B PHn—1 /JLn72’

it follows that (12.40) can be simplified to

2UnC

Cr(x) = .
PHn—1

(12.40)

(12.41)

(12.42)

Combining (12.38), (12.41), and (12.42), we can formulate the following accelerating

algorithm for iterations x;;; = Rx; + c.

Algorithm 12.7 Chebyshev acceleration algorithm.
Step O: Initialization:
set N, e, o = 1, o1 = p(R), Xo = x0; X1 = Rx; +c.

Step 1: forn = 1to N
1

MUn = ————71—
PRMUp_1  Hp—2
o 2R E Kn_ 2 2p,c
Xp = My —o—Xp_1 — Xpo
n = B Gy, X1 T 55 %2 F SR

if |X, — X,_1]l < € quit
else setn :=n + 1 and go to Step 1.
end

Algorithm 12.7 requires that the matrix R has only real eigenvalues. Thus, this
algorithm cannot be applied to SO R(w), since the matrix Rgpg defined in (12.22)
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can have complex eigenvalues. However, if we write the iterations in SOR(w) as
Xit] = Rx; + ¢ with a matrix R that has real eigenvalues, then Algorithm 12.7 can
be used.

Assume that we have a symmetric matrix A such that A = D(I — L — U) with
U = LT. Recall now the iterations in (12.21) in SO R(w) and let us write them in
two steps:

e Step I:
X' = (I —wLl) 'D7'wb + (I — wL) (1 — w)I + wU)x;
(12.43)
= —owL) Y (1 — ) + oU)x; + const. := in + const.
e Step 2:
Xip1 = —oU) (1 — o) + wL)x!" + const. == Ijx{ww + const.
(12.44)
SubstitutingA(12.43) into (12.44), we get iterations x;; = Iéxi + ¢, where the
matrix R := LU has only real eigenvalues, since the similar symmetric matrix
(I — wU)R(I — wU)~" has real eigenvalues:
(I —wU)RUI —U) ' =1+ 2 -0 —ol) ' —oU)™!
+ (0 —-2)I —oU) '+ (w—2)(I —»L)™!
( )( ) ( )( ) (12.45)

=14+Q2—-w?’d—-wl) ' —-oLh)™!
+(@-2U -l '+ (w—-2)I —wL)™".

Thus, we can formulate the following symmetric successive overrelaxation
SSOR(w) algorithm for iterations x;; = Rx; + c.

Algorithm 12.8 SSOR(w) algorithm for x; | = Rx; + ¢

Step 1. Apply one step of the SOR(w) algorithm, Algorithm 12.5, for j = 1
to n to compute Xx; 1, ..., Xj .

Step2. Apply one step of Algorithm 12.5 backward for j = n to 1 to compute
Xins vees Xi1+

12.6 Convergence of Main Iterative Methods

Theorem 12.2 [f the matrix A is strictly row diagonally dominant (i.e., such that
lai;| > > ; £ la;;j1), then the Jacobi and Gauss—Seidel methods converge such that

[Rgslloo < [[Rslloe < 1, (12.46)



12.6 Convergence of Main Iterative Methods 419

where Rgs and Rj are defined in (12.14), (12.8), respectively.

Proof We can rewrite (12.46) withe = (1, ..., )7 as
[RGslloo = Il [RGs| elloc < IR/l = Il |Ry] €lloc < 1. (12.47)
Using definitions (12.14) and (12.8), we can get from the above inequality,
l1RGs| elloo = 1T =L)'Ulellos < Il IR/l €lloc = | IL+ Ul elloo < 1. (12.48)

Further, the triangle inequality along with the facts that L" = 0 and ( — |L|)~! ~
> IL|" imply that

n—1
U =L)'Ule<|U=L)'[[Ule~|D L'||U]e

=0 (12.49)

n—1
<DL U e~ (I = L)' U] e.
i=0

Using the assumption
[R/llc =p <1 (12.50)

together with the fact that all entries of (I — |L|)™! ~ >/~ |L|" are positive, we
have that

0<{U —|L|I—1|U)e. (12.51)
By assumption (12.50), we have

IRyl e=(IL|+|U]) e <e.
Next, multiplying (12.51) by |L|, we obtain
0 <|LIU —|LI = U] e=(L| = [L]> = |L||U])e.
Then adding |U| e to both sides of the above inequality, we get
\Ule < —|LD(LI+ Ul e = (IL| = [L]> = |L||U| +|U]) e,

from which follows (12.47) and thus (12.46). U

Theorem 12.3 Let the spectral radius of Rsor be such that p(Rsor) > |w — 1].
Then 0 < w < 2 is required for convergence of SOR(w).
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Proof We write the characteristic polynomial for Rgpg as

@A) = det(Al — Rsor) = det((I — wL)(AI — Rsor))

(12.52)
=det((A+w— 1) — wlL — oU).
From the equation above, we have
9(0) = £ [ [ 1 (Rsor) = £ det((@ — DI) = +(w — 1)",
and thus
max [Ai (Rsor)| = | — 1],
from which it follows that p(Rsor) > |@ — 1]. O

Theorem 12.4 If A is an s.p.d. matrix, then p(Rsor) < 1 forall0 < w < 2, and
thus SOR converges for all 0 < w < 2. [f we choose w = 1, then we obtain the usual
Gauss—Seidel method, which also converges.

A proof of this theorem can be found in [23].
Assume that for every matrix M that can be written as

M=D-L-U,
R, (@) is the matrix that is defined as
i bos
Rj(@)=aD”" L+ —-D"'U
o
for every scalar « > 0. The matrix M is said to be consistently ordered if the

eigenvalues of R («) are independent of «.

Theorem 12.5 Assume that A is consistently ordered and w # 0. Then the following
statements are true:

1. The eigenvalues of R, appear in pairs with positive and negative signs.
2. Assume that ) is an eigenvalue of R; and the following equation is true:

A+ o—1)7 =r?)2. (12.53)

Then X is an eigenvalue of Rsog. ~
3. If A # 0 is an eigenvalue of Rsor, then A in (12.53) is an eigenvalue of R;.

Proof 1. Since A is consistently ordered, R;(1) = R; and R;(—1) = —R; have
the same eigenvalues and thus appear in =+ pairs.
2. Assume that A = 0. Then from (12.53), we have
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(@—1)*=0. (12.54)

We see that @ = 1 and Rsora) = Rgs = (I — L)"'U. Thus, A = 0 is an
eigenvalue of Rgpg. Otherwise, we can write

0 = det(A] — Rsogr) = det((I — wL)(AI — Rsor))
= det((A + o — DI — wAL — 0U)

Adow—1 1
= det (Vro((—=——) = VAL — —U (12.55)
(Vo2 -0)
A+ow—1
=det ((———)1 - L — U)(V20)".
(2= )
Defining
- A -1
jorte- 1 (12.56)
Vaw
we see that it is an eigenvalue of L + U = R, and thus equation (12.53) is valid.
3. If & # 0, then we use the previous proof in the opposite direction. (]

From Theorem 12.5 it follows that if A is consistently ordered, then p(Rgs) =
p(R ;). We can see this from (12.53), since for @ = 1, we have the Gauss—Seidel
method, and thus (12.53) can be written as

22 = A7, (12.57)

or .
r =A% (12.58)

Thus, p(Rgs) = p(R;)?, and the Gauss—Seidel method is twice as fast as the
Jacobi method.

Theorem 12.6 Assume that A is consistently ordered and that R, has real eigen-
values such that A = p(Ry) < 1. Then following statements are true:

o The optimal relaxation parameter w,,, in SOR(w) can be computed as

2

Wopt = ————F——.
V-2

e The spectral radius p(Rso R(@opr)) for w,y, defined by (12.59) can be computed as

(12.59)

X2

T axVI e

P(RSOR@op) = Wopr — 1 (12.60)
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e The spectral radius p(Rsorw)) for 0 < w < 2 can be computed as

1 -0+ 10?2 + 0iV1 — 0 + 0250232, if o € (0, o),
w—1, ifw € [wopr, 2).
(12.61)

Proof The proof follows from the solution of equation (12.53) for A. [

P(RsoRw) =

Example 12.3 The matrix A in the model problem for the Poisson’s equation of
Section 8.1.3 is s.p.d. Thus by Theorem 12.4, the values of SOR(w) for this problem
will converge for all 0 < w < 2.

‘We present the numerical solution of the Dirichlet problem for the Poisson’s equa-
tion (8.11) in two dimensions using the iterative SOR(w) method. The setup for our
numerical simulations is the same as in Example 8.2 of Chapter 8. The MATLAB®
program of Section 1.24 is available for running this test.* This program implements
two algorithms: the first is Algorithm 12.5, and the second is Algorithm 12.6, or
the SOR(w) method with red—black ordering. We have used the stopping criterion
lu™ ' — u™ |, < tol, with tolerance tol = 107°.

The results of our numerical simulations are the same as in Fig. 8.1 for the number
of inner points N = 20 and for the tolerance ol = 10~° in the iterative update (check

solution u(x 1,)(2) in SOR method, N =60, iter. = 282 X107 solution u(x 1"‘1) in SOR method, N = 60, iter. = 282 X103
1
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coefficient a(x ‘.xz) with A =12 f(x1,x2) withA =1
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Fig. 12.1 Solution of problem (8.11) in the example of Section 8.1.3 on the unit square with mesh
60 x 60 points.

“The MATLAB® programs can be found on the online version of Chapter I
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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Fig. 12.2 Convergence of SOR(w) computed for the model problem (8.11) in the example of
Section8.1.3 on the unit square for different discretizations. In the left-hand figures, we plot the
number of iterations in SOR depending on w (blue line) and corresponding optimal relaxation
parameter @, (red line). The computed spectral radius o (Rso g(w)) is presented in the right-hand
figures.

it by running the MATLAB® programs of Section 1.24).% Figure 12.1 presents the
numerical solution for the number of inner points N = 60, relaxation parameter
® = 1.95, and tolerance rol = 107°.

We perform computations for different relaxation parameters w € (0, 2). We
also compute the optimal relaxation parameter w,;, as well as the spectral radius
P(Rsor(w)) using formulas (12.59), (12.61), respectively. Figure 12.2 presents the
results of these computations. The left-hand pictures of Fig. 12.2 show the conver-
gence of SOR(w) for different w € (0,2) (blue line) and corresponding optimal
relaxation parameter w,,; computed by (12.59) (red line). The right-hand pictures of
Fig. 12.2 show the spectral radius p (Rso r()) computed by (12.61) with @, imple-
mented by (12.59) and A given by (12.56). From this figure, we also conclude that
the convergence of SOR(w) is much faster than that of the Gauss—Seidel method and
the Jacobi method.

5The MATLAB® programs can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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12.7 Krylov Subspace Methods

Krylov® subspace methods are used for the solution of large systems of linear equa-
tions Ax = b and for finding eigenvalues of A avoiding matrix—matrix multiplication.
Instead, these methods use matrix—vector multiplication.

The Krylov subspace generated by the n x n matrix A and vector b of length n is
the linear subspace spanned by powers of A multiplied by b:

K, (A, b) = span{b, Ab, A, ..., A"'b}. (12.62)

Let y; = b, y, = Ab, y3 = A%b, . e Yn = A" 1p and Ay = V1, Y2y o5 Yi)-
Let us write the Q R decomposition Ag as Ax = QO R. We observe that AEIAAK =
R~'QT AQR from what follows that Q" AQ = H is an upper Hessenberg matrix
(since R~!, R are upper triangular and A}l A Ak is upper Hessenberg). We note that
for a symmetric matrix A the matrix H in the decomposition QT AQ = H will
be an upper Hessenberg matrix which also will be a lower Hessenberg and thus a
tridiagonal matrix. Writing Q as Q = (qy, ..., g») and using AQ = Q H, we have

Jj+1

Aqj =D hijgi. (12.63)
i=1

Multiplying both sides of the above expression by orthonormal vectors ¢! and
using the fact that the ¢; are orthonormal, we obtain

J+1
4nAq; = Zhi,j%:%' =hpj, 1 <m =< j. (12.64)
i=1
We can rewrite (12.63) as
J
hji1qj41 = Aqj — zhi,jCIi- (12.65)
i=1

The two formulas (12.64) and (12.65) are used in the Arnoldi’ algorithm for the
reduction of a matrix A to upper Hessenberg form. Let r be the number of columns
in the matrices Q and H that we need to compute. We now formulate the Arnoldi
algorithm, which performs partial reduction of the matrix A to upper Hessenberg
form. The vectors g; computed in this algorithm are called Arnoldi vectors.

Algorithm 12.9 Arnoldi algorithm.

Initialization: ¢ = ﬁ

6 Aleksey Krylov (1863—1945) was a Russian naval engineer, applied mathematician, and memoirist.
TWalter Edwin Arnoldi (1917-1995) was an American engineer.
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forj=1tor
ZZAL]j
fori =1toj
hi,quiTZ
z2=2z—h;;q
end

hjyij = llzll2
if hj+l,j =0 qllit
qgi+1 =
end

Let us deﬁne Q = (Qrv Qu) Wlth Qr = (611, sy Clr) and Qu = (qr+11 ceey Cln) We
have the following structure of the matrix H after r steps of the Arnoldi algorithm,

Algorithm 12.9:

hjsi,j

H=0"A0=(0,, 0" A(Q:, Qu)

_(07AQ, 0TAQ,\ _ ( H H., (12.66)
B (QZAQV QZAQM) o (Hru Hu ) ’

where H, is an upper Hessenberg matrix. We know only H, and H,,, with H,, and
H, still unknown.

For the case of a symmetric matrix A, the Arnoldi algorithm can be simplified,
since the matrix H is symmetric and tridiagonal, which means that

ay B
B1 az
H=| . . N (12.67)

Rewriting (12.63) for the case of the symmetric and tridiagonal H given by (12.67),
we have

Aqj = Bj-19j-1+a;q; + Bjqj+1- (12.68)

We note that the columns of Q are orthonormal. Thus, multiplying (12.68) by qu,
we get
qj Aqj = q; (Bj-1q;-1 + @;q; + Biqj+1) = a;. (12.69)

From (12.68), we can obtain an expression for computing g1,
qj+1 = (Aqj — Bj-1g9j-1 — a;q;)/B;. (12.70)

which is used in the Lanczos® algorithm. Combining (12.69) and (12.70), we get

8Cornelius Lanczos (1893-1974) was a Hungarian mathematician and physicist.
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the Lanczos algorithm for partial reduction of a symmetric matrix A to symmetric
tridiagonal form.

Algorithm 12.10 Lanczos algorithm.

Initialization: g¢; = Hb%’ Bo=0,90=0

forj=1tor

z=Aq,;

Olj = qJTZ

z=2z—a;q; — Bj_19j—1 /* noreorthogonalization */
Bi = llzll2

if B; = 0 quit

i1 = 5

end

The vectors ¢g; computed by Algorithm 12.10 are called Lanczos vectors. The
vectors g, computed in the Lanczos or Arnoldi algorithm create an orthonormal
basis of the Krylov subspace K, defined in (12.62). The matrix H, = QT AQ, in
both algorithms is called the projection of A onto the Krylov subspace K.

Taking into account (12.66), we can write the following structure of the matrix 7
after r steps of the Lanczos algorithm, Algorithm 12.10:

T=0"A0=(0,,0)" A(Q,, Qu)
_ (00, 0TAQ _ (T Tu)_ (T T} (12.71)
N (Q,{AQr Q,,{AQM) - (Tru Tu ) B (Tru Tu ) '
We can compute the elements of 7, and 7, =
However, the elements of 7,, are not known.
Our goal now is to use r steps in the Lanczos or Arnoldi algorithm to solve the

linear system Ax = b. To do so, we seek the best approximation x, to the exact
solution x = A~'b given by

since the matrix A is symmetric.

T
ur?

P
x=2 24 = 0. (12.72)

j=1
where z = (z1, ..., z-)! . Let us define the residual as R, = b — Ax,. For the case of
an s.p.d. matrix A, we can define the norm ||R| 41 := (RT A='R)!/2. We note that
|R|| .-t = |lx, — x||a. Thus, the best computed solution x, will minimize || R|| 4-1.

An algorithm that can compute such a vector x, is called the conjugate gradient
algorithm (CG).

Theorem 12.7 Let A be a symmetric matrix, H, = Q,T AQ,, and let the residuals
be defined as R, = b — Ax,Vx, € K,. When H, is nonsingular, we can define

x, = Q,H 'ei|blls, (12.73)
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where ey = (1,0, ..., 0)T. Then Q,TR, =0.
Let A be also a positive definite matrix. Then H, must be nonsingular, and x,
defined as in (12.73) minimizes || R, || o-1 for all x, € K,, where R, = £||R:||2q,+1-

A proof of this theorem can be found in [23]. Numerical exploration of the con-
vergence of the Lanczos algorithm, Algorithm 12.10, is provided in [23]. We note
that rounding errors destroy the orthogonalization property of the Lanczos algorithm
12.10: the vectors ¢g; can lose orthogonality and become linearly dependent. Below,
we present a more expensive algorithm with full orthogonalization for finding eigen-
values and eigenvectors of a symmetric matrix A. We say that the algorithm carries
out full orthogonalization because we perform the Gram—Schmidt orthogonaliza-
tion process twice to be sure that we make z orthogonal to all gy, ..., g;j_1; see the
discussion in [94].

Algorithm 12.11 Lanczos algorithm with orthogonalization.
Initialization: ¢; = ﬁ, Bo=0,90=0
forj=1tor
7= Agq
aj = C];rZ
z7=2z— {;1 (qui)qi /* carry out reorthogonalization twice */
z=z- 372 "q)q
B = lizll2
if B; = 0 quit
di+1 = 5
end

We can see that the r steps of the Lanczos algorithm with full orthogonaliza-
tion, Algorithm 12.11, takes O(r*n) FLOPS compared with O (rn) FLOPS for the
Lanczos algorithm, Algorithm 12.10. The selective reorthogonalization process takes
advantages of both algorithms and makes Lanczos vectors nearly orthogonal suffi-
ciently cheaply; see details in [23]. To formulate the Lanczos algorithm with selec-
tive reorthogonalization, we define the Rayleigh—Ritz® procedure. In this procedure,
the eigenvalues of A are approximated by the eigenvalues of 7, = QT AQ, with
T, defined in (12.71), and are called Ritz values. Let us define 7, = VAVT, the
eigendecomposition of 7. The Ritz vectors are the columns of Q, V, which are also
eigenvector approximations of the eigenvectors of 7,.

The next theorem provides a criterion for selective orthogonalization of Lanczos
vectors.

Theorem 12.8 (Paige'). Let the jth step of the Lanczos algorithm 12.10 be written
as

Biqj1+ fi = Aq; —ajq; — Bj-19j-1, (12.74)

“Walther Ritz (1878-1909) was a Swiss theoretical physicist.
10Constantin Marie Le Paige (1852-1929) was a Belgian mathematician.
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where f; is the rounding error and || f ||, < O(e||All) with ¢ represents the machine
epsilon. Let T, = VAVT be the eigendecomposition of T, with orthogonal V =
1y eees V), and A = diag(®y, ..., ©,). Let the columns y;, = Q,v; of Q,V with
orthogonal Q = (q1, ..., qr) be the Ritz vectors, with the ®; the Ritz values. Then

_ OClAlD
Brlvi(r)]”

T
y[,rqi”“rl

where v;(r) is the rth entry of vi, i = 1, ...,r, and B, = ||T,,|l» with T, defined in
(12.71).

A proof of this theorem is given in [23].

Using Paige’s theorem, Theorem 12.8, we can design the simplest version of
the Lanczos algorithm with selective orthogonalization. In this algorithm we check
values of B, |v; ()| atevery step of the algorithm, and then for small values of 8, |v; ()|,
we orthogonalize the values of the vector z.

Algorithm 12.12 Lanczos algorithm with selective orthogonalization.

Initialization: ¢; = ﬁ, Bo=0,90=0

forj=1tor

z = Ag;

aj = quZ

z=2z—a;q; — Bj-1q9j—1  /* noreorthogonalization */
fori <r

if B1vi(r)| < Vel Tl

Vir = Qi /* Ritz vectors */

7=z (yf,z) Yir /* selective reorthogonalization */
end if

end for

Bj = llzll2

if B; = 0 quit

qdi+1 = ﬂf

end

Algorithm 12.12 can be improved using a recurrence formula given in [107],
since it is not necessary that the condition B, |v; (r)| < +/€||T,|| be checked at every
iteration. Thus, many steps in selective reorthogonalization can be eliminated. See
also [40], where a shifted block Lanczos algorithm with standard implementation is
presented.

However, when the matrix A is asymmetric, then all the Lanczos algorithms
considered above are no longer valid. This is because the eigenvalues of A can be
complex or badly conditioned. We refer to [5, 6, 20, 100, 102] for the theory and
implementation of the Lanczos algorithm for asymmetric matrices.
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12.8 Conjugate Gradient Method

In this section we will present the main steps in the derivation of the conjugate
gradient (CG) algorithm. We will begin by using the Lanczos algorithm, Algorithm
12.10, and then combine it with formula (12.73). Then using Theorem 12.7, we will
conclude that the residuals R, = b — Ax, are parallel to the Lanczos vectors g, .

Let us introduce conjugate gradient vectors p,. They are called gradients because
in a single step of the CG algorithm we compute the approximate solution as x, =
Xr—1 + vp, with some scalars v (see Algorithm 12.13), and this solution minimizes
the residual norm ||R,||s-1 = (RT A='R,)!/2. The vectors p, are called conjugate,
or more precisely A-conjugate, because p! Ap; = 0if j # r.

Since A is symmetric positive definite, the matrix H, = Q7 AQ, is also symmetric
positive definite. Thus, we can use Cholesky decomposition on H, to get

H=LL'=LDLT, (12.75)

where L, is unit lower bidiagonal and D, is diagonal. Then using the formula (12.73),
we get
Xr = QrHrileIHbHZ
= Q,(L; "D 'L Yerllbll
= (Q,L; )DL e [1b]12)
= (P)(r)s

where P, = Q,L;" and y, = D 'L 'e/||b||,. Let P, = (pi, ..., p,). The conju-
gate gradients p; will be parallel to the columns p; of P,.

Lemma 12.3 The columns p; of the matrix P. are A-conjugate. This means that
PT AP, is diagonal.

Proof We can write

PTAP, =(Q,L; )T AQ L") = L7 (QTAQ) LT = L (H)L, "
=L YL, D,LNL T = D,. O

Let us define the following iterative update for x,:

D D ~ Yr—1
= = P _ .
Xr ~r Yr (Pr—1, pr) ( I ) (12.76)
=Lr—1Yr—1+ ﬁrr/r =Xr—1 + ﬁrnr-
To use this formula, we need to compute the scalars 7,. Since H,_; is the leading

(r—1) x (r —1) submatrix of H,, L,_; and D,_; are also the leading (r — 1) x (r — 1)
submatrices of L, and D,, respectively. Thus, we can write
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ar B
H. = pr o =L,D,L" =
- . . ﬂr—l
ﬁr—l oy
T
1 " 1
[y . L
. 4 L
Iy 1 dr I 1
Lr—l . Lr—l !
=\ " 1) diagDrr.d) { 4,27 1] >
where ¢/ | = (0,...,0,1) anddimeé/ |, =r — 1.

We see also that D;‘l and Lr:'l are the leading (r — I) x (r — 1) submatrices of
the matrices D! = diag(D!,, d-") and

r—1>%r

L.
-1 _ r—1
L=t

respectively. Below we show that the vector defined by y,_, = D', L, é(|p|]2,
where dim ¢, = r — 1, is the same as the leading » — 1 components of the vector y,.
We have

o D! L'
yo=D L el = T ("1)elllbllz

r
Z(Dﬂ@ﬂ@MHD)Z(MA)
Nr Nr

To use formula (12.76) for computing x,, we need to derive iterative formulas for
the columns of 15, = (p1,..., py)and n,.

We begin first to derive f’, = (p1,..., pr). We observe that LrT_1 is upper tri-
angular, and thus the matrix L;Tl is also upper triangular, and it forms the leading
(r —1) x (r — 1) submatrix of L. Therefore, P._; is identical to the leading r — 1
columns of Isr:

~ 7T ~
P. = QrLr_T =(0Qr-1,9r) (Lbl 1) = (QrflL;_]"17 ﬁr’) = (Pr_1, ﬁr)

From P, = Q, L7, we get
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PL =0,.

Now equating the rth columns on both sides of the above equation, we obtain an
iterative formula for updating p,:

Br=qr — b1 pro1. (12.77)

The iterative formulas (12.77) for updating p,, g, (from the Lanczos algorithm)
and finally (12.76) for computing x, provide the main steps in the CG algorithm. We
will additionally simplify these formulas to obtain the ultimate CG algorithm. By
Theorem 12.7, the residuals R, and vectors g, are parallel. Thus, we can replace
the Lanczos vectors ¢,41 with the residuals R, = b — Ax,. We now multiply both
sides of x, = x,_1 + 1, pr by A and subtract from b to obtain

R, =b—Ax, =b—A(x,_1 +n,p;) = R._1 — 0, Ap,. (12.78)

The above formula yields the following iterative updates:

R, =R._1 —nAp,; (12.79)

from (12.76) we get
Xr = X,—1 + nrﬁr; (1280)

from (12.77) we get
Pr=qr—l—1pr1. (12.81)
The next step is to eliminate ¢,. To do this, we substitute R,_; = ¢,||R,—1]|, and

pr = ||R—1||2pr into (12.79)—(12.81) to get

Ro=R 1 —— Ap, =R, —vAp, (12.82)
1R —1ll2
Nr o
Xp =X+ ———pr = X—1 + V- Dy, (12.83)
[|1Rr—1ll2
IR —1ll2l -1 .
b= Ry — 2t R b (12.84)
[|Rr—2|l2

In analyzing (12.82)—(12.84), we observe that we need formulas for the scalars
v, and .. For derivation of v,, we multiply both sides of (12.84) on the left by prT A
and use Lemma 12.3 to get

plAp, = pfAR,_1 +0=R]_|Ap,. (12.85)
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Multiplying both sides of (12.82) on the left by R” | and using the equality R ,
R, = 0 (since the R; are parallel to the columns of the orthogonal matrix Q) and
then (12.85), we obtain

R Ry R R,
"TRT Ap, . plAp,
r—14Pr Py Apy

(12.86)

Finally, we derive a formula for 1,. Multiplying both sides of (12.84) on the left
by prTflA and using Lemma 12.3 (by this lemma, p, and p,_; are A-conjugate), we
obtain

prT71 ARr—l

. (12.87)
Pl1Apr—

Hr =

We can derive alternative formulas for v, and u,. Multiplying both sides of (12.82)
on the left by R”, using that R’ | R, = 0, and solving for v,, we get

Ry Rr (12.88)
v = ———. .
R Ap,

Equating (12.86) and (12.88) for v,_; and comparing with Eq.(12.87) yields a
different formula for computing w,:

P AR R R,
pz_]Apr—l RrT_er—Z.

[y = (12.89)

Combining (12.82), (12.83), (12.84), (12.86), and (12.89) yields the conjugate
gradient algorithm.

Algorithm 12.13 Conjugate gradient algorithm.
Initialization: r =0; x0=0; Ry=b; p; =b;

repeat
r=r+1
z=Ap,

Vr = (RrT_erfl)/(prTZ)

Xp = Xp—1 + VrDr

R, =R,_1 — vz

MHr+1 = (RrTRr)/(R,?Ler—l)
Pr+1 = Rr + Mr+1DPr

until ||R, ||, is small enough

A convergence analysis of this algorithm is presented in [23]. From this analysis

follows, that
| Rl a- - 1

[Rollat = T,(1+ Z)°

(12.90)
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where k = i;” is the condition number of A and Tr are Chebyshev polynomials
considered in Sect. 12.5. The estimate (12.90) tells us that when the condition number
k is close to 1, the term on the right-hand side of (12.90) is small, and we have rapid
convergence in the CG algorithm, Algorithm 12.13. If the condition number & is

large, then the estimate (12.90) can be rewritten as
Rl L1
[Rollam = T,(1+ =) — A+ ﬁ)

(12.91)

and convergence is slower.

We note that when the matrix A is simply symmetric, the norm || R, ||, is mini-
mized using the minimum residual algorithm MINRES [93]. When the matrix A is
asymmetric, the generalized minimum residual algorithm GMRES for minimization
of ||R,||» is used [101].

Example 12.4 We present a numerical solution of the Dirichlet problem for the
Poisson’s equation (8.11) in two dimensions using the conjugate gradient method.
The setup for our numerical experiments is the same as in Example 8.2 of Chapter 8.
The MATLAB® program of Section 1.25, which implements Algorithm 12.13, is
available for running this test.!" We used computation of the residual R, in the
stopping criterion || R, ||, < tol, where the chosen tolerance was tol = 107°.

The conjugate gradient method converged in 33 iterations for number of inner
points in the computational mesh N = 20. Our computed solution is the same as that
presented in Fig. 8.1 (check it by running the MATLAB® programs of Section 1.25).

12.9 Preconditioning for Linear Systems

A preconditioning technique is used for the reduction of the condition number of a
problem. For the solution of a linear system of equations Ax = b, the preconditioner
matrix P of a matrix A is a matrix P~'A such that P~'A has a smaller condition
number than the original matrix A. This means that instead of the solution of a system
Ax = b, we will consider the solution of the system

P 'Ax = P 'b. (12.92)

The matrix P should have the following properties:

e P isan s.p.d. matrix;
e P~ 'Ais well conditioned;
e the system Px = b should be easily solvable.

The preconditioned conjugate gradient method is derived as follows. First we
multiply both sides of (12.92) by P!/2 to get

" AIIMATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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(P7'2APT2)(PY2x) = P7'/2p. (12.93)

We note that the system (12.93) is s.p.d., since we have chosen the matrix P such
that P = QAQT, which is the eigendecomposition of P. Then the matrix P'/? will
be s.p.d. if it is defined as P!/ = QA'/2QT. Defining

A:=pP712Ap712,
%= P, (12.94)
b= P_l/zb,

we can rewrite (12.93) as the system A% = b. The matrices A and P~'A are sim-
ilar, since P~'A = P~Y/2AP'/2. Thus, A and P~'A have the same eigenvalues.
Thus, instead of the solution of P~'Ax = P~ ', we will present the preconditioned
conjugate gradient algorithm (PCG) for the solution of A% = b.
Algorithm 12.14 Preconditioned conjugate gradient algorithm.

Initialization: r =0; xo=0; Ry=b; p = P p; Yo = PRy

repeat
r=r+1
z=Ap,

v = (0 Re-1) /(P 2)

Xp = Xp—1 + V- Dr

R, =R, — vz

yr = Pier

tri1 = IR/ R—1)
Dr+1 = Yr + Wr41Dr

until || R, ||, is small enough

Common preconditioner matrices P are as follows:

e Jacobi preconditioner P = diag(ayi, ..., @u,). In [108] it was shown that such a
choice of preconditioner reduces the condition number of P~! A by about a factor
of n of its minimal value.

e Block Jacobi preconditioner

= (12.95)

with P;,; = A;;,i =1, ..., r, for a block matrix A given by

A]q] Al,r
A= o (12.96)
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with square blocks A;;,i = 1, ..., r. In [24] it was shown that the choice of pre-
conditioner P given by (12.95) minimizes the condition number of P~1/2A p~1/2
within a factor of r.

e The method of SSOR can be used as a block preconditioner as well; see details in
[100].

e Incomplete Cholesky factorization [62, 100, 111] with A = LL” is often used for
the PCG algorithm, Algorithm 12.14. In this case, a sparse lower triangular matrix
L is chosen to be close to L. Then the preconditioner is defined as P = LLT.

e Incomplete LU preconditioner [100].

e Domain decomposition methods [23].

Some of these preconditioners are implemented in the software package PETSc
[98]. An example using PETSc for the solution of the Dirichlet problem for the
Poisson’s equation (8.11) in two dimensions is presented below.

Example 12.5 In this example we demonstrate how PETSc [98] can be used for the
solution of the Dirichlet problem for the Poisson’s equation (8.11). The setup for our
problem in this and the next example is the same as in Example 8.2 of Chapter 8.
The PETSc programs of Section 1.27 are available for running this example.'> We
executed these programs by running the main program Main. cpp using PETSc
version petsc — 3.7.4 on a 64-bit Red Hat Linux Workstation. Here is an example
of the Makefile used for compilation of the PETSc programs of Section 1.27:

PETSC_ARCH=/supb4/petsc-3.7.4

include S${PETSC_ARCH}/lib/petsc/conf/variables
include S${PETSC_ARCH}/lib/petsc/conf/rules

MPI_INCLUDE = ${PETSC_ARCH}/include/mpiuni
CXX=g++

CXXFLAGS = -Wall -Wextra -g -00 -c -Iinclude)\
-I${PETSC_ARCH}/include -IS${MPI_INCLUDE}
LD=g++

OBJECTS=Main.o CG.o Create.o DiscretePoisson2D.o\
GaussSeidel.o Jacobi.o PCG.o Solver.o SOR.o
Run=Main

all: $(Run)

$(CXX) $(CXXFLAGS) -o $@ $<

S (Run): $(OBJECTS)

S$(LD) $(OBJECTS) S$(PETSC_LIB) -o s@

The different iterative methods are encoded by numbers 1-7 in the following order:
(1) Jacobi’s method, (2) Gauss—Seidel method, (3) successive overrelaxation method
(SOR), (4) Conjugate gradient method, (5) conjugate gradient method (Algorithm
12.13), (6) preconditioned conjugate gradient method, (7) preconditioned conjugate
gradient method (Algorithm 12.14). Methods 1-5 use inbuilt PETSc functions, and

12 A1l MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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methods 6 and 7 implement Algorithms 12.13, 12.14, respectively. For example, to
run Main. cpp with the SOR method, one should run this program, for example, as
follows:

> hohup Main 3 > result.m

The results will be printed in the file result.m, and they can be viewed in
MATLAB® using the command surf (result) (note that before loading the file
result.min MATLAB®, one must remove the first two rows in the output file
containing information about the method chosen and the number of iterations at which
convergence was achieved). An additional file with results called solution.mwill
also be created. By doing so, we simply illustrate different possibilities for the output
of results in PETSc. Using the command surf (solution) in MATLAB®, the
computed solution of the Dirichlet problem for the Poisson’s equation (8.11) can be
observed.

Example 12.6 In this example we present the numerical solution of the Dirichlet
problem for the Poisson’s equation (8.11) in two dimensions using the precondi-
tioned conjugate gradient method (Algorithm 12.14) implemented in MATLAB®,
The MATLAB® program of Section 1.26 is available for running this test.'? In this
program we can choose among three preconditioners as the preconditioner matrix P
in Algorithm 12.14: Jacobi preconditioner, block Jacobi preconditioner, and incom-
plete Cholesky factorization [62, 100, 111] with A = LLT. We also use the com-
putation of the residual R, in the stopping criterion || R, ||, < tol, where the chosen
tolerance was tol = 107°.

The preconditioned conjugate gradient method converged in 17 iterations for
the preconditioner matrix P constructed using incomplete Cholesky factorization
for N = 20 inner points and for tolerance tol = 10~°. We note that by choosing
Jacobi or block Jacobi preconditioners, we have the same convergence as in the usual
conjugate gradient method. Our final solution is the same as that in Fig. 8.1 (check
it by running the MATLAB® programs of Section 1.26).

Questions

12.1 Find values of the real parameter « such that the matrix

10«
420 (12.97)
653

(a) has all real values;
(b) has all complex eigenvalues with positive imaginary parts.

13 AIIMATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1

Questions 437

12.2 Let A be an n x n Hermitian matrix and let A and p be such that A # u are
eigenvalues of A with corresponding eigenvectors x and y. Prove that the eigenvectors
corresponding to different eigenvalues are orthogonal, i.e., y” x = 0.

12.3 Let the n x n matrix A have block triangular form

_ (A A
A—( 0 Azz)’ (12.98)

where the block Ay isr xr and the blocks A5, Ay, are (n—r) x (n—r). Prove that A is
an eigenvalue of A if A is an eigenvalue of A; and x is the corresponding eigenvector.
Hint: construct a vector y of length n — r such that (x, y)7 is an eigenvector of A
for the eigenvalue X.

12.4 Letthe dim A = n x n matrix A have spectral radius p(A) < 1.
(a) Show that the matrix / — A is nonsingular.

(b) Show that "
(I-A)"'=> A

i=0

12.5 Let the n x n complex Hermitian matrix C be represented as C = A 4+ iB,
where the matrices A and B are the real and imaginary parts of C, respectively. Let
us define the real 2n x 2n matrix C as

- (A-B
c:(B h ) (12.99)

(a) Show that Cisa symmetric matrix.

(b) Let A be an eigenvalue of C with corresponding eigenvector x + iy. Show
that A is an eigenvalue of C, where both (x, )T and (—y, x)T are corresponding
eigenvectors.

12.6 Find the eigenvalues of the following matrix:

2i 1
( 1 0) . (12.100)

How many linearly independent eigenvectors does it have?

12.7 Let X be an eigenvalue of the orthogonal matrix Q. Show that |A| = 1. What
are the singular values of an orthogonal matrix?

12.8 Let the matrix A be a real symmetric tridiagonal matrix that has no zero
elements on its subdiagonal. Show that the matrix A must have distinct eigenvalues.

12.9 (Programming)
Implement the Arnoldi and Lanczos algorithms, Algorithms 12.9 and 12.10. First,
run both algorithms on A with starting vector for g as in Algorithms 12.9, 12.10.
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Then run both algorithms on Q7 AQ with the starting vector for g given by Q7q.
Confirm that you obtain identical upper Hessenberg matrices H, in Algorithm 12.9
or tridiagonal matrices 7, in Algorithm 12.10 in both cases.

12.10 (Programming)

Implement different versions of the Lanczos algorithm, Algorithms 12.10, 12.11,
12.12. Present the following results graphically depending on the step i of the Lanczos
algorithms:

1. some largest and smallest computed eigenvalues 1;(A) of A;
2. the global errors in the computed eigenvalues A;(7;) of item 1 given by

1Ai(T)) = Ai(A)]
LA

3. the local errors of item 1 given by

[2:(T,) — 2;(A)]
min ——————,
j [2: (A)]
where A ;(A) is the eigenvalue of A nearest to A;(7;.); sometimes these errors are
smaller than the global errors;
4. the error bounds of item 1
|Brvi(r)]
[2:(A)]

12.11 Prove that the conjugate vectors p, in Algorithm 12.13 are orthogonal with
respect to the inner product defined by A.

12.12 Prove that if A, of order dim A = n x n, is symmetric positive definite, then
H, = QrTAQ,, where dim Q = n x r with full column rank, is also symmetric
positive definite. Here the matrix Q has full column rank and is not orthogonal.

12.13 (Programming)

Modify the MATLAB® program of Section 1.21, which implements the Jacobi
method of Algorithm 12.2, and using this program, solve the model problem for the
Poisson’s equation of Section 8.1.3 in three dimensions on the unit cube.'*

12.14 (Programming)

Modify the MATLAB® program of Section 1.22, which implements the Gauss—
Seidel method of the algorithm 12.4, and using this program solve the model problem
for the Poisson’s equation of Section 8.1.3 in three dimensions on the unit cube.

14 Al MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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12.15 (Programming)

Modify the MATLAB® program of Section 1.24, which implements the SOR(w)
method of Algorithm 12.6 for different w, and using this program, solve the model
problem for the Poisson’s equation of Section8.1.3 in three dimensions on the unit
cube.'® For which @ does the SOR(w) method converge? Why?

12.16 (Programming)
Write a MATLAB® program to implement the SSOR(w) algorithm, Algo-

rithm 12.8, with Chebyshev acceleration of x;;; = Rx; + ¢ for different w. In
[46], it was shown that the choice w = 1++«/W is a good one. In that case,

p(R)~1— x> Where N is the number of points in the mesh. Compare the perfor-

mance of SSOR(w,,) and SOR(w,,;) with optimal w,,, given by (12.59).
12.17 (Programming)

Write a program to implement the Arnoldi algorithm , Algorithm 12.9. Test the
program on a real symmetric n X n matrix A with eigenvalues 1, 2, ..., n. Hint: to
generate such a matrix A, first generate an n X n matrix B with randomly distributed
entries in the interval [0, 1) and compute its QR factorization B = QR. Then con-
struct the matrix A as A = QD Q7 with diagonal matrix D = diag(l, ..., n). Run
the Arnoldi algorithm, Algorithm 12.9, for n iterations.

12.18 (Programming)

Write a program to implement the Lanczos algorithm, Algorithm 12.10. Test the
program on a real symmetric matrix A as in Question 12.4. Run Algorithm 12.10 for
n iterations.

12.19 (Programming)

Modify the MATLAB® program of Section 1.25, which implements the conju-
gate gradient algorithm, Algorithm 12.13, and using this program, solve the model
problem for the Poisson’s equation of Section 8.1.3 in three dimensions on the unit
cube.

12.20 (Programming)

Modify the MATLAB® program of Section 1.25, which implements the precondi-
tioned conjugate gradient algorithm, Algorithm 12.13, and using this program, solve
the model problem for the Poisson’s equation of Section8.1.3 in three dimensions
on the unit cube.

12.21 (Programming)

Modify the PETSc programs of Section 1.27, which solve the Dirichlet prob-
lem for the Poisson’s equation (8.11) and apply them to solve this problem in
three dimensions on the unit cube. See details on running PETSc programs in
Example 12.5.

15 All MATLAB® programs referenced on this page can be found on the online version of Chapter 1
(doi:10.1007/978-3-319-57304-5_1).


http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_8
http://dx.doi.org/10.1007/978-3-319-57304-5_1
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Paige’s theorem, 427
Pencil of matrices, 192
definite, 198
Hermitian, 197
rank, 198
regular, 192
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proportional, 59

rank of a set, 64

set
linearly dependent, 59
linearly independent, 62
orthogonal, 75

orthonormal, 75
standard unit, 56
zero, 56

Vector space
Cla, b], 59
c*, 57
R", 55
Qu, 59
V3, 58
complex, 58
dimension, 65
Euclidean, 71
finite-dimensional, 65
inner product, 71
real, 57
unitary, 71
Vi‘ete’s formulas, 15

w
Wedin’s theorem, 247
Weierstrass canonical form, 196
Weierstrass’s theorem, 196
Weyl’s inequalities, 231
Weyl’s theorem, 176

“relative”, 232

Y
Young’s inequality, 209

Index



	Preface
	Contents
	1 Preliminaries
	1.1 Complex Numbers and Polynomials
	1.1.1 Complex Numbers: Basic Operations and Formulas
	1.1.2 Algebraic Operations with Polynomials
	1.1.3 Roots of Polynomials and Their Properties
	1.1.4 Viète's Formulas
	1.1.5 Polynomials with Real Coefficients

	1.2 Systems of Linear Equations, Matrices, Determinants
	1.2.1 Permutations
	1.2.2 Determinants and Their Basic Properties
	1.2.3 Cramer's Rule
	1.2.4 Matrices: Basic Operations and Transformations
	1.2.5 Gaussian Elimination
	1.2.6 The Determinant of the Product of Matrices
	1.2.7 Basic Matrix Types
	1.2.8 Block Matrices and Basic Operations with Block Matrices


	2 Vector Spaces
	2.1 The Vector Spaces mathbbRn and mathbbCn
	2.1.1 The Vector Space mathbbRn
	2.1.2 The Vector Space mathbbCn

	2.2 Abstract Vector Spaces
	2.2.1 Definitions and Examples
	2.2.2 Linearly Dependent Vectors
	2.2.3 Linearly Independent Sets of Vectors
	2.2.4 The Rank of a Set of Vectors

	2.3 Finite-Dimensional Vector Spaces. Bases
	2.3.1 Bases in the Space mathbbCn
	2.3.2 Finite-Dimensional Spaces. Examples
	2.3.3 Change of Basis


	3 Inner Product Spaces
	3.1 Inner Products on mathbbRn and mathbbCn
	3.2 Abstract Inner Product Spaces
	3.2.1 Definitions and Examples
	3.2.2 The Cauchy--Schwarz Inequality
	3.2.3 The Gram Matrix
	3.2.4 Orthogonal Sets of Vectors. Gram--Schmidt Orthogonalization Process
	3.2.5 The Expansion of a Vector with Respect to a Basis  in an Inner Product Space
	3.2.6 The Calculation of an Inner Product
	3.2.7 Reciprocal Basis Vectors
	3.2.8 Examples of Orthogonal Bases

	3.3 Subspaces
	3.3.1 The Sum and Intersection of Subspaces
	3.3.2 The Dimension of the Sum of Subspaces
	3.3.3 The Orthogonal Projection of a Vector onto a Subspace
	3.3.4 The Orthogonal Decomposition of an Inner  Product Space


	4 Linear Operators
	4.1 Linear Operators and Their Basic Properties
	4.1.1 Basic Definitions. Operations with Operators
	4.1.2 The Inverse Operator
	4.1.3 The Coordinate Representation Operator
	4.1.4 Isomorphism of Finite-Dimensional Linear Spaces
	4.1.5 The Matrix of a Linear Operator
	4.1.6 The Matrix of the Inverse Operator
	4.1.7 Linear Spaces of Linear Operators
	4.1.8 The Image and the Kernel of a Linear Operator
	4.1.9 The Rank of a Matrix
	4.1.10 Calculating the Rank of a Matrix Using Determinants
	4.1.11 The General Solution of a Linear Equation
	4.1.12 Systems of Linear Algebraic Equations. Solvability Conditions
	4.1.13 The General Solution of a System of Linear Algebraic Equations

	4.2 Eigenvalues and Eigenvectors of a Linear Operator
	4.2.1 Invariant Subspaces
	4.2.2 Basic Properties of Eigenvalues and Eigenvectors
	4.2.3 Diagonalizable Operators
	4.2.4 Invariants of an Operator
	4.2.5 Invariant Subspaces of an Operator in a Real Space
	4.2.6 Nilpotent Operators
	4.2.7 The Triangular Form of the Matrix of an Operator
	4.2.8 The Real Schur Form

	4.3 Operators on Unitary Spaces
	4.3.1 Linear Functionals
	4.3.2 The Adjoint Operator
	4.3.3 Linear Equations in Unitary Spaces
	4.3.4 Pseudosolutions. The Tikhonov Regularization Method
	4.3.5 Self-adjoint and Skew-Hermitian Operators
	4.3.6 Positive Definite and Positive Semidefinite Operators
	4.3.7 Unitary Operators
	4.3.8 Normal Operators
	4.3.9 The Root of a Positive Semidefinite Self-adjoint Operator
	4.3.10 Congruent Hermitian Operators
	4.3.11 Variational Properties of Eigenvalues of Self-adjoint Operators
	4.3.12 Examples of Application of Variational Properties  of Eigenvalues

	4.4 Operators on Euclidean Spaces
	4.4.1 Overview
	4.4.2 The Structure of Normal Operators
	4.4.3 The Structure of Orthogonal Operators
	4.4.4 Givens Rotations and Householder Transformations


	5 Canonical Forms and Factorizations 
	5.1 The Singular Value Decomposition
	5.1.1 Singular Values and Singular Vectors of an Operator
	5.1.2 The Polar Decomposition
	5.1.3 Basic Properties of the Pseudoinverse Operator
	5.1.4 Elements of the Theory of Majorization
	5.1.5 Some Estimates of Eigenvalues and Singular Values

	5.2 The Jordan Canonical Form
	5.2.1 Existence and Uniqueness of the Jordan  Canonical Form
	5.2.2 Root and Cyclic Subspaces
	5.2.3 The Real Jordan Canonical Form
	5.2.4 Power Series of Matrices

	5.3 Matrix Pencils
	5.3.1 Definitions and Basic Properties
	5.3.2 The Quasidiagonal Form of a Regular Pencil
	5.3.3 Weierstrass Canonical Form
	5.3.4 Hermitian and Definite Pencils
	5.3.5 Singular Pencils. The Theorem on Reduction
	5.3.6 Kronecker Canonical Form
	5.3.7 Applications to Systems of Linear Differential Equations


	6 Vector and Matrix Norms
	6.1 Basic Inequalities
	6.2 Norms on the Space mathbbCn
	6.3 The Hahn--Banach Theorem. Dual Norms
	6.4 Norms on the Space of Matrices
	6.5 The Gap Between Two Subspaces of mathbbCn

	7 Elements of Perturbation Theory
	7.1 Perturbations in the Symmetric Eigenvalue Problem
	7.2 Perturbations of Singular Values and Singular Vectors
	7.3 Perturbations of Characteristic Values of Arbitrary Matrices
	7.4 Perturbations and the Invertibility of a Matrix
	7.5 The Stability of Systems of Linear Equations
	7.6 Perturbations in the Linear Least Squares Problem

	8 Solving Systems of Linear Equations
	8.1 Algorithms for Gaussian Elimination
	8.1.1 LU Factorization with Pivoting
	8.1.2 The Need for Pivoting
	8.1.3 A Numerical Example

	8.2 Error Analysis
	8.2.1 Rounding Analysis in Polynomial Evaluation
	8.2.2 Error Analysis in Gaussian Elimination
	8.2.3 Estimating the Condition Number
	8.2.4 Estimating the Relative Condition Number
	8.2.5 Practical Error Bounds

	8.3 Algorithms for Improving the Accuracy of the Solution
	8.4 Special Linear Systems
	8.4.1 Real Symmetric Positive Definite Matrices
	8.4.2 Symmetric Indefinite Matrices
	8.4.3 Band Matrices
	8.4.4 A Numerical Example


	9 Numerical Solution of Linear Least  Squares Problems
	9.1 Linear Least Squares Problems
	9.2 Nonlinear Least Squares Problems
	9.3 Method of Normal Equations
	9.4 QR Decomposition
	9.5 Orthogonalization Methods
	9.5.1 Householder Transformations
	9.5.2 Givens Rotation
	9.5.3 Gram--Schmidt Orthogonalization

	9.6 Singular Value Decomposition
	9.6.1 Rank-Deficient Least Squares Problems
	9.6.2 How to Solve Rank-Deficient Least Squares Problems

	9.7 Software for the Solution of Linear Least Squares Problems

	10 Algorithms for the Nonsymmetric Eigenvalue Problem
	10.1 Power Method
	10.2 Inverse Iteration
	10.3 Orthogonal Iteration
	10.4 QR Iteration
	10.5 QR Iteration with Shifts
	10.6 Hessenberg Reduction
	10.7 Tridiagonal and Bidiagonal Reduction
	10.7.1 Tridiagonal Reduction Using Householder Transformation
	10.7.2 Tridiagonal Reduction Using Givens Rotation

	10.8 QR Iteration with Implicit Shifts

	11 Algorithms for Solution of Symmetric Eigenvalue Problems
	11.1 Tridiagonal QR Iteration
	11.2 Rayleigh Quotient Iteration
	11.3 Divide and Conquer
	11.4 Bisection and Inverse Iteration
	11.5 Jacobi's Method
	11.6 Algorithms for the Singular Value Decomposition
	11.7 Different Versions of QR Iteration  for the Bidiagonal SVD
	11.8 Jacobi's Method for the SVD

	12 Introduction to Iterative Methods  for the Solution of Linear Systems
	12.1 Basic Iterative Methods
	12.2 Jacobi Method
	12.3 Gauss--Seidel Method
	12.4 Successive Overrelaxation SOR(ω) Method
	12.5 Symmetric Successive Overrelaxation  SSOR(ω) Method
	12.6 Convergence of Main Iterative Methods
	12.7 Krylov Subspace Methods
	12.8 Conjugate Gradient Method
	12.9 Preconditioning for Linear Systems

	References
	Index
	337870_1_En_13_Chapter_OnlinePDF.pdf
	13 Erratum to: Numerical Linear Algebra: Theory and Applications
	Erratum to:&#6;L. Beilina et al., Numerical Linear Algebra: Theory and Applications, https://doi.org/10.1007/978-3-319-57304-5


	337870_1_En_BookFrontmatter_OnlinePDF.pdf
	Preface
	Contents




