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Preface

Linear Algebra deals with the most fundamental ideas of mathematics in an abstract
but easily understood form. The notions and techniques employed in Linear
Algebra are widely spread across various topics and are found in almost every
branch of mathematics, more prominently, in Differential Equations, Functional
Analysis, and Optimization, which have wide applications in science and engi-
neering. The ideas and techniques from Linear Algebra have a ubiquitous presence
in Statistics, Commerce, and Management where problems of solving systems of
linear equations come naturally. Thus, for anyone who carries out a theoretical or
computational investigation of mathematical problems, it is more than a necessity to
equip oneself with the concepts and results in Linear Algebra, and apply them with
confidence.

Overview and Goals

This book provides background materials which encompass the fundamental
notions, techniques, and results in Linear Algebra that form the basis for analysis
and applied mathematics, and thereby its applications in other branches of study. It
gives an introduction to the concepts that scientists and engineers of our day use to
model, to argue about, and to predict the behaviour of systems that come up often
from applications. It also lays the foundation for the language and framework for
modern analysis. The topics chosen here have shown remarkable persistence over
the years and are very much in current use.
The book realizes the following goals:

e To introduce to the students of mathematics, science, and engineering the
elegant and useful abstractions that have been created over the years for solving
problems in the presence of linearity

e To help the students develop the ability to form abstract notions of their own and
to reason about them
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e To strengthen the students’ capability of carrying out formal and rigorous
arguments about vector spaces and maps between them

e To make the essential elements of linear transformations and matrices accessible
to not-so-matured students with a little background in a rigorous way

e To lead the students realize that mathematical rigour in arguing about linear
objects can be very attractive

e To provide proper motivation for enlarging the vocabulary, and slowly take the
students to a deeper study of the notions involved

e To let the students use matrices not as static array of numbers but as dynamic
maps that act on vectors

e To acquaint the students with the language and powers of the operator theoretic
methods used in modern mathematics at present

Organization

Chapter 1 lays the foundation of Linear Algebra by introducing the notions of
vector spaces, subspaces, span, linear independence, basis and dimension, and the
quotient space. It is done at a leisurely pace. Sometimes, the steps have been made
elaborate intentionally so that students would not jump to conclusions and develop
the habit of hand waving. Both finite and infinite dimensional vector spaces are
discussed so that a proper foundation is laid for taking up Functional Analysis as a
natural extension, if the student so desires to pursue in his later years of study.

Chapter 2 introduces linear transformations as structure-preserving maps
between vector spaces. It naturally leads to treating the matrices as linear trans-
formations and linear transformations as matrices. Particular attention is given to
bijective linear transformations and how they act on bases. So, change of bases is
considered by looking at the identity linear transformation. The space of linear
transformations is introduced along with the composition of maps. It raises the issue
of equivalence and similarity of matrices leading to the rank theorem.

Chapter 3 deals with elementary operations in detail. Starting from the com-
putation of rank, elementary operations are used to evaluate determinants, compute
the inverse of a matrix, and solve linear systems. The issue of solvability of linear
systems is treated via linear transformations showing to the students how abstrac-
tion helps.

Chapter 4 brings in the so far neglected notion of direction, or angle between
vectors by introducing inner products. The notion of orthogonality and the neces-
sary elegance and ease it ensues are discussed at length. The geometric notion of an
orthogonal projection is given a lead for solving minimization problems such as the
best approximation of a vector from a subspace and least squares solutions of linear
systems. Constructing a linear functional from the inner product via Fourier
expansion leads to Riesz representation theorem. The existence of the adjoint of a
linear transformation is also shown as an application of Riesz representation.
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Chapter 5 asks a question of how and when a linear operator on a vector space
may fix a line while acting on the vectors. This naturally leads to the concepts of
eigenvalues and eigenvectors. The notion of fixing a line is further generalized to
invariant subspaces and generalized eigenvectors. It gives rise to polynomials that
annihilate a linear operator, and the ascent of an eigenvalue of a linear operator.
Various estimates involving the ascent, the geometric, and algebraic multiplicities
of an eigenvalue are derived to present a clear view.

Chapter 6 takes up the issue of representing a linear operator as a matrix by using
the information on its eigenvalues. Starting with diagonalization, it goes for Schur
triangularization, block-diagonalization, and Jordan canonical form characterizing
similarity of matrices.

Chapter 7 tackles the spectral representation of linear operators on inner product
spaces. It proves the spectral theorem for normal operators in a finite-dimensional
setting, and once more, that of self-adjoint operators with somewhat a different
flavour. It also discusses the singular value decomposition and polar decomposition
of matrices that have much significance in application.

Special Features

There are places where the approach has become non-conventional. For example, the
rank theorem is proved even before elementary operations are introduced; the relation
between ascent, geometric multiplicity, and algebraic multiplicity are derived in the
main text, and information on the dimensions of generalized eigenspaces is used to
construct the Jordan form. Instead of proving results on matrices, first a result of the
linear transformation is proved, and then it is interpreted for matrices as a particular
case. Some of the other features are:

e FEach definition is preceded by a motivating dialogue and succeeded by one or
more examples

e The treatment is fairly elaborate and lively

e Exercises are collected at the end of the section so that a student is not distracted
from the main topic. The sole aim of these exercises is to reinforce the notions
discussed so far

e Each chapter ends with a section listing problems. Unlike the exercises at the
end of each section, these problems are theoretical, and sometimes unusual and
hard requiring the guidance of a teacher

e It puts emphasis on the underlying geometric idea leading to specific results
noted down as theorems

e [t lays stress on using the already discussed material by recalling and referring
back to a similar situation or a known result

e It promotes interactive learning building the confidence of the student
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e [t uses operator theoretic method rather than the elementary row operations. The
latter is primarily used as a computational tool reinforcing and realizing the
conceptual understanding

Target Audience

This is a textbook primarily meant for a one- or two-semester course at the junior
level. At IIT Madras, such a course is offered to master’s students, at the fourth year
after their schooling, and some portions of this are also offered to undergraduate
engineering students at their third semester. Naturally, the problems at the end of
each chapter are tried by such master’s students and sometimes by unusually bright
engineering students.

Notes to the Instructor

The book contains a bit more than that can be worked out (not just covered) in a
semester. The primary reason is: these topics form a prerequisite for undertaking
any meaningful research in analysis and applied mathematics. The secondary rea-
son is the variety of syllabi followed at universities across the globe. Thus different
courses on Linear Algebra can be offered by giving stress on suitable topics and
mentioning others. The authors have taught different courses at different levels from
it sticking to the core topics.

The core topics include vector spaces, up to dimension (Sects. 1.1-1.5), linear
transformation, up to change of basis (Sects. 2.1-2.5), a quick review of determi-
nant (Sect. 3.5), linear equations (Sect. 3.6), inner product space, up to orthogonal
and orthonormal bases (Sects. 4.1-4.5), eigenvalues and eigenvectors, up to
eigenspaces (Sects. 5.1-5.3), the characteristic polynomial in Sect. 5.5, and diag-
onalizability in Sect. 6.1. Depending on the stress in certain aspects, some of the
proofs from these core topics can be omitted and other topics can be added.

Chennai, India M. Thamban Nair
March 2018 Arindama Singh
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Chapter 1 ®)
Vector Spaces oo

1.1 Vector Space

A vector in the plane is an object with certain length and certain direction. Con-
ventionally it is represented by an arrow with an initial point and an endpoint; the
endpoint being the arrow head. We work with plane vectors by adding them, sub-
tracting one from the other, and by multiplying them with a number. We see that the
plane vectors have a structure, which is revealed through the two operations, namely
addition and multiplication by a number, also called scalar multiplication. These
operations can be seen in an alternate way by identifying the vectors with points in
the plane. The identification goes as follows.

Since only length and direction matter and not exactly the initial or the endpoints,
we may think of each vector having its initial point at the origin. The endpoint
can then be identified with the vector itself. With O as the origin with Cartesian
coordinates (0, 0) and P as the point with Cartesian coordinates (a, b), the vector

WJ is identified with the point (a, b) in the plane
R>={(, B) : ¢ € R, B € R}.

Then the familiar parallelogram law for addition of vectors translates to component-
wise addition. If u, v are vectors with initial point (0, 0) and endpoints (a, b) and
(c, d), respectively, then the vector u + v has initial point (0, 0) and endpoint (a +
¢, b+ d). Similarly, for a real number «, the vector cu has the initial point (0, 0)
and endpoint (xa, ab).

© Springer Nature Singapore Pte Ltd. 2018 1
M. T. Nair and A. Singh, Linear Algebra,
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2 1 Vector Spaces

(a+c,b+d)

(0,0) X (0,0) X

Thus, (—1) u, which equals (—a, —b), represents the additive inverse —u of the
vector u; the direction of —u is opposite to that of . Now, the plane is simply viewed
as a set of all plane vectors.

Similarly, in the three-dimensional space, you may identify a vector with a point
by first translating the vector to have its initial point as the origin and its arrow
head as the required point. The sum of two vectors in three dimensions gives rise
to the component-wise sum of two points. A real number « times a vector gives
a vector whose components are multiplied by «. That is, if u = (a;, b1, c;) and
v = (az, by, ¢), then

u+v=_(+a,by+byci+c), ou=(aay,aby,acy).

Notice that the zero vector, written as 0, is identified with the point (0, 0, 0), and the
vector —u = (—ay, —by, —cy) satisfies u + (—u) = 0.

The notion of a vector space is an abstraction of the familiar set of vectors in two
or three dimensions. The idea is to keep the familiar properties of addition of vectors
and multiplication of a vector by a scalar. The set of scalars can be any field. For
obtaining interesting geometrical results, we may have to restrict the field of scalars.
In this book, the field IF denotes either the field R of real numbers or the field C of
complex numbers.

Definition 1.1 A vector space over I is anonempty set V along with two operations,
namely

(a) addition, which associates each pair (x, y) of elements x, y € V with a unique
element in V, denoted by x + y, and

(b) scalar multiplication, which associates each pair (¢, x), fora € Fand x € V,
with a unique element in V, denoted by ax,

satisfying the following conditions:

(1) Forallx,yeV, x+y=y+x.

(2) Forallx,y,zeV, x+y)+z=x+(y+2).

(3) There exists an element in V, called a zero vector, denoted by 0, such that for
alx eV, x+0=x.
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(4) For each x € V, there exists an element in V, denoted by —x, and called an
additive inverse of x, such that x + (—x) = 0.

(5) Foralla e Fandforallx,y € V, a(x + y) = ax + ay.

(6) Foralla, B e Fandforallx € V, (@ + B)x = ax + Bx.

(7) Foralla, B € Fandforallx € V, (a¢B)x = a(Bx).

(8) Forallx e V, 1x = x.

Elements of I are called scalars, and elements of a vector space V are called vec-
tors. A vector space V over R is called a real vector space, and a vector space over C
is called a complex vector space. As a convention, we shorten the expression “a vec-
tor space over IF”’ to “a vector space”. We denote vectors by the letters u, v, w, x, y, z
with or without subscripts, and scalars by the letters a, b, ¢, d, «, B, y, 8 with or
without subscripts.

You have ready-made examples of vector spaces. The plane

R?>={(a,b):a,b e R}
and the familiar three-dimensional space
R ={(a,b,¢):a,b,c € R}

are real vector spaces. Notice that R is a vector space over R, and C is a vector
space over C as well as over R. Before presenting more examples of vector spaces,
we observe some subtleties about the conditions (3) and (4) in Definition 1.1. It is
unusual to write a particular symbol such as 0 for all zero vectors. It is also unusual to
write —x for all additive inverses of x. The philosophical hurdle will be over once we
prove that a zero vector is unique and an additive inverse of a vector is also unique.

Theorem 1.2 [n any vector space the following statements are true:

(1) There exists exactly one zero vector.
(2) Each vector has exactly one additive inverse.

Proof Let V be a vector space.
(1) Suppose 0 and O in V' are zero vectors. Then for all x € V, x +0=x and
x + 0 = x. Using the condition (1) in Definition 1.1, we have

(2) Let x € V. Let x’ and X be additive inverses of x. Let O be the zero vector.
Then x + x’ = 0 and x + X = 0. Therefore,

F=340=4+@+x)=@F+x0)+x' =+ +x" =0+x"=x"+0=1x". [ ]

Theorem 1.2 justifies the use of the symbols O for the zero vector and —x for the
additive inverse of the vector x. Of course, we could have used any other symbol,
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say, 6 for the zero vector and x’ for the additive inverse of x; but the symbols 0 and
—x follow the custom. Note that —0 = 0. We also write y — x instead of y + (—x)
for all vectors x and y.

Notice the double meanings used in Definition 1.1. The addition of scalars as well
as of vectors is denoted by the same symbol 4, and the multiplication of scalars
as well as of a vector with a scalar is written by just concatenating the elements.
Similarly, 0 denotes the zero vector as well as the scalar zero. Even the notation for
the additive inverse of vector x is —x; just the way we write —« for the additive
inverse of a scalar . You should get acquainted with the double meanings.

It is easy to check that in every vector space V over F,

O+x=x, x+(y—x)=y forallx,yelV.

Every vector space contains at least one element, the zero vector. On the other
hand, the singleton {0} is a vector space; it is called the zero space or the trivial
vector space. In general, we will be concerned with nonzero vector spaces, which
contain nonzero elements. A nonzero vector space is also called a nontrivial vector
space.

In a vector space, addition of two elements is allowed. This is generalized by
induction to a sum of any finite number of vectors. But an infinite sum of vectors is
altogether a different matter; it requires analytic notions such as convergence.

Example 1.3 In the following, the sets along with the specified addition and scalar
multiplication are vector spaces. (Verify.)
(1) Consider the set " of all n-tuples of scalars, that is,
F" .={(ai,...,a,) :ai,...,a, € F}.

We assume that two elements in F” are equal when their respective components are
equal. For x = (ay,...,a,),y = (b1,...,b,) € F", and o € [, define the addition
and scalar multiplication component-wise, that is,

x+y:=(@ +by,...,a,+by), ax:=(aa,...,cax,).
Then F” is a vector space with

0=(,...,0)and — (a;,...,a,) = (—ay, ..., —a,).

(2) We use the notation " *” for the set of all m x n matrices with entries from FF.
A matrix A € F"™*" is usually written as

ap - dip
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oras A = [a;;] for short, with g;; e Ffori =1,...,m; j=1,...,n. The number
a;j which occurs at the entry in ith row and jth column is referred to as the (i, j)th
entry of the matrix [a;;]. For A = [a;;] and B = [b;;]in """, and a € T, we define

A+ B = [aij—i—bij] Gmen, A = [O{a,'j] e ™,

We say that two matrices are equal when their respective entries are equal. That is,
for A = [a;;] and B = [b;;], we write A = B if and only if a;; = b;;. With these
operations of addition and scalar multiplication, F""*" becomes a vector space over
IF. The zero vector in " is the zero matrix, i.e. the matrix with all entries 0, and
the additive inverse of A = [a;;] € F"*" is the matrix —A := [—a;;].

(B)Forn € {0, 1,2, ...}, let P,(FF) denote the set of all polynomials (in the variable
t) of degree at most n, with coefficients in F. That is, x € P,(F) if and only if x is
of the form

X =ap+at+---+at"

for some scalars ay, ay, ..., a,. Here, we assume that a scalar is a polynomial of
degree 0. Further, two polynomials are considered equal when the coefficients of
respective powers of ¢ are equal. That is,

ag+ait+---+apt" =byg+bit+---+byt" ifandonlyif a; =b; fori =0,...,n.

Addition and scalar multiplication on P,(IF) are defined as follows. For
x=ao+ait+---+a,t", y=bo+bit+---+b,t" in P,(F),and « € F,

X +y = (a0+b0)+(a1 +bl)t++(an +bn)tna

ox = aag +aayt + -+ aa,t”.
The zero vector in P, (F) is the polynomial with all its coefficients zero, and
—(ap +art +---+ayt") = —ag —ayt — -+ - — ayt".

Then P, (F) is a vector space.

(4) Let P(IF) = U2 P, (IF), the set of all polynomials with coefficients in IF. That
is,x € P(F)ifandonly ifx = ayg +a;t +--- + a,t" forsomen € {0, 1,2, ...} and
for some scalars ag, ..., a, € F.

Ifx,y € P(F), thenx € P, (F) and y € P, (F) for some m, n. So, x, y € P(F),
with k = max {m, n}. The equality relation, addition, and scalar multiplication are
defined as in (3). Then P(F) is a vector space.

(5) Let V be the set of all sequences of scalars. A sequence whose nth term is a, is
written as (a,). Two sequences are considered equal if and only if their respective
terms are equal, that is, (a,) = (b,) if and only if a, = b, for each n € N. For
(a,), (by) € V,and a € F, define
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(an) + (by) = (an + by), alan) := (aay).
That is,
(a1, az,a3,...) + (b1, by, b3, ...) = (a1 +by,a+ by, a3 + b3, ...),
alay,ax,a3....) = (xay, aar, aas, ...).

With this addition and scalar multiplication, V is a vector space, where its zero vector
is the sequence with each term as zero, and —(a,) = (—a,). This space is called the
sequence space and is denoted by F*°.

(6) Let S be anonempty set. Let V be a vector space over . Let (S, V) be the set of
all functions from S into V. As usual, x = y for x, y € F(S, V) when x(s) = y(s)
foreachs € S.Forx, y € F(S, V)and o € F, define x + y and ax point-wise; that
is,

x+y)(s) :=x(s) + y(s), (xx)(s) :=ax(s) forseS.

Let the functions 0 and —x in F (S, V) be defined by
0(s) =0, (=x)(s)=—x(s) forses.

Then F(S, V) is a vector space over [F with the zero vector as 0 and the additive
inverse of x as —x. We sometimes refer to this space as a function space. ]

Comments on Notation: P,(R) denotes the real vector space of all polynomials of
degree at most n with real coefficients. P, (C) denotes the complex vector space of
all polynomials of degree at most #n with complex coefficients. Similarly, P (R) is the
real vector space of all polynomials with real coefficients, and P (C) is the complex
vector space of all polynomials with complex coefficients. Note that C is also a vector
space over R. Similarly, P,(C) and P(C) are vector spaces over R. More generally,
if V is a complex vector space, then it is also a real vector space. If at all we require
to regard any vector space over C also as a vector space over R, we will specifically
mention it.

As particular cases of Example 1.3(2), (Read: Example 1.3 Part 2) we have the
vector spaces F>1 the set of all column vectors of size m, and F!*", the set of
all row vectors of size n. To save space, we use the transpose notation in writing

a column vector. That is, a column vector v of size n with its entries ay, ..., a, is
written as
aj
oras [a; --- a,,]T.
An

By putting the superscript 7' over a row vector v we mean that the column vector is
obtained by taking transpose of the row vector v. When the column vectors are writ-
ten by the lower case letters u, v, w, x, y, z with or without subscripts (sometimes
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superscripts), the corresponding row vectors will be written with the transpose nota-
tion, that is, as u”, vT . Further, we will not distinguish between the square brackets
and the parentheses. Usually, we will write a row vector with parentheses. Thus, we
will not distinguish between

[al an] and (al, ceey an)'

Thus we regard " same as F'*". We may recall that by taking transpose of a matrix
in ", we obtain a matrix in F"*™. That is, if A = [a;;] € F"™*", then

AT =[] e ™" with bj; =a; fori=1,....m; j=1,...,n.

Many vector spaces can be viewed as function spaces. For example, with § = N
and V =T, we obtain the sequence space of Example 1.3(5). With S = {1, ..., n}
and V =T, each function in F (S, ) can be specified by an n-tuple of its function
values. Therefore, the vector space F({1, ..., n}, F) can be viewed as " and also
as "*!, Some more examples of function spaces follow.

Example 1.4 (1) Let I be an interval, and let C(/, R) denote the set of all real-valued
continuous functions defined on /. For x, y € C(/, R) and @ € R, define x + y and
ax point-wise as in Example 1.3(6).

The functions x + y and ax are in C(I, R). Then C(/, R) is a real vector space
with the zero element as the zero function and the additive inverse of x € C(I, R) as
the function —x defined by (—x)(#) = —x(¢) forall 7 € I.

(2) Let R([a, b], R) denote the set of all real-valued Riemann integrable functions
on [a, b]. Define addition and scalar multiplication point-wise, as in Example 1.3(6).
From the theory of Riemann integration, it follows that if x, y € R([a, ], R) and
a € R, then x + y, ax € R([a, b], R). It is a real vector space.

(3) Fork € N, let C¥([a, b], F) denote the set of all functions x from [a, b] to F such
that the kth derivative x® exists and is continuous on [a, b].

Define addition and scalar multiplication point-wise, as in Example 1.3(6). Then
C*([a, b], ) is a vector space. Notice that

C*(la, b],R) C C(la, b], R) € R([a, b], R) C F(la, b], R). O
Example 1.5 LetVy, ..., V, bevectorspaces over IF. Consider the Cartesian product
V = V] X - X Vn Z{(X1,...,xn) X1 € V],...,xn (S] Vn}.

Define addition and scalar multiplication on V by

(x17~~-vxn)+(y1a~~-vyn) = (x1+y1,---,xn+)’n),

a(xy, ..., x,) = (0x1,...,0x,).
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In V, take the zero vector as (0, ...,0) and —(x1,...,x,) = (—x1, ..., —X,).
Here, the addition in the expression x; + y; is the addition operation defined in V; and
the scalar multiplication in «x; is the scalar multiplication defined in V;. Similarly,
in (0, ..., 0), the ith component is the zero vector of V; and —x; in (—xy, ..., —x,)
is the additive inverse of x; in V;.

With these operations, V is a vector space. We call it the product space of
Vi,oooy Vi O

To illustrate Example 1.5, consider V; = R and V, = P;(R). Then V; x V, con-
sists of vectors of the form (a, @ + Bt), and the operations of addition and scalar
multiplication are defined by

(a1, a1 + Bi1t) + (a2, ax + Bat) = (a1 + az, (o1 + a2) + (B1 + B2)1),
c(a, o+ Bt) = (ca, ca + cPt).

Similarly, the space " is a product space with each V; as F.
Some easy consequences of Definition 1.1 are listed in the following theorem.

Theorem 1.6 Let V be a vector space over F. Let x,y,z € V and let o, € F.

() 0x =0.

2) «0=0.

3) (—Dx = —x.

4 —(—x) = x.

S) Ifx+z=y+z thenx =y.

6) If ax =0, thena =0o0rx =0.
(7 If  # Band x # 0, then ax # Bx.

Proof (1) Ox = (0 4+ 0)x = Ox + Ox. Adding —0x, we have 0 = Ox.

2) 20 = a0+ 0) = a0 + 0. Adding —«0, we obtain 0 = «0.

B)x+ (—Dx =14 (=1)x =0x =0, by (1). Adding —x we get (—1)x = —x.
(4) From (3), it follows that —(—x) = (—=1)(—1)x = x.

(5) Suppose that x +z=y+z. Then (x +2z)+ (—z) = (y +2) + (—z). But
x+2)+ (1) =x+(z+(-2)) =x+0=x. Similarly, (y+2z)+(-2)=y.
Therefore, x = y.

(6) Suppose thatax = 0.Ifa # 0,thena™! € F. Multiplyinga !, we have o 'ax =

a~10. Thatis, x = 0.

(7) Suppose that ¢ # B and x # 0. If ax = Bx, then (@« — B)x = 0. By (6), x = 0.
It leads to a contradiction. Hence, ax # Bx. |
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Theorem 1.6 allows us to do algebraic manipulation of vectors like scalars as long
as addition is concerned. Thus we abbreviate x 4+ (—y) to x — y. However, there is
a big difference: vectors cannot be multiplied or raised to powers, in general. Look
at the proof of Theorem 1.6(6). We used «~! instead of x .

It follows from Theorem 1.6(7) that every nontrivial vector space contains infinitely
many vectors.

Exercises for Sect. 1.1

In the following a set V, a field [F, which is either R or C, and the operations of
addition and scalar multiplication are given. Check whether V is a vector space over
IF, with these operations.

1. With addition and scalar multiplication as in R?,

(@ V={ab) eR*:2a+3b=0}, F=R.
® V={@ab eR:a+b=1}, F=R.
(©) V={ab)eR*:ab=0}, F=R.

2. V =R2?, F = R, with addition as in R?, and scalar multiplication as given by the
following: for (a,b) € V, a € R,

(a) a(a,b) := (a,0).
) ala,b) := (b, aa).
(¢) a(a,b) := (xa, —ab).
(0,0) ifa =0

@ @b =1 0 bja) ifa 0.

3. V={xeR:x>0},F=R,and forx,yeV, a eR, x+y:=xy, ax:=
x“. The operations on the left are defined by the known operations on the right.

4 V={xeR:x>0},F=R,and forx,yeV, ¢ €R, x+y:=xy, ax:=
loe|x.

5.V=C*F=C,and forx = (a,b), y = (c,d), « € C,

x+y:=(@+2cb+3d), ax:=(xa,ab).

6. V is the set of all polynomials of degree 5 with real coefficients, F = R, and the
operations are the addition and scalar multiplication of polynomials.

7. Sisanonempty set,s € S, V is the set of all functions f : § — R with f(s) =0,
F = R, and the operations are the addition and scalar multiplication of functions.

8. V is the set of all functions f : R — C satisfying f(—t) = f(r),F = R, and the
operations are the addition and scalar multiplication of functions.

9. V = {x}, where x is some symbol, and addition and scalar multiplication are
definedasx +x =x, ax =x foralla € F.
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1.2 Subspaces

A subset of a vector space may or may not be a vector space. It will be interesting
if a subset forms a vector space over the same underlying field and with the same
operations of addition and scalar multiplication inherited from the given vector space.
If U is a subset of a vector space V (over the field IF'), then the operations of addition
and scalar multiplication in U inherited from V are defined as follows:

Letx,y € U, @ € F. Consider x, y as elements of V. The vector x + y in V
is the result of the inherited addition of x and y in U. Similarly, the vector ax
in V is the result of the inherited scalar multiplication of & with x in U.

In order that the operations of addition (x, y) + x + y and scalar multiplication
(o, x) = ax are well-defined operations on U, we require the vectors x 4+ y and
ax to lie in U. This condition is described by asserting that U is closed under the
inherited operations.

Definition 1.7 Let V be a vector space over F. A nonempty subset U of V is called
a subspace of V if U is a vector space over [F with respect to the operations of
addition and scalar multiplication inherited from V.

To show that a nonempty subset U of a vector space V is a subspace, one must
first verify that U is closed under the inherited operations. The closure conditions
can be explicitly stated as follows:

Forall x,y € U and foreacha € F, x +y € U andax € U.

Here, of course, the operations are the operations in the given vector space V over
F. Surprisingly, these closure conditions are enough for establishing that a subset is
a subspace, as the following theorem shows.

Theorem 1.8 Let U be a nonempty subset of a vector space V. Then U is a subspace
of V if and only if U is closed under addition and scalar multiplication inherited
from V.

Proof 1f U is a subspace of V,thenx +y € U andax € U forall x, y € U and for
allo € F.

Conversely, suppose that x +y € U and ax € U for all x, y € U and for all
a € F. Since U is nonempty, letu € U. By Theorem 1.6, 0 = Ou € U, and for each
xeU, —x=(—1)x e U.SinceU C V,0acts as the zero vector of U, and —x acts
as the additive inverse of x in U. Therefore, the conditions (3)—(4) in Definition 1.1
are satisfied for U. The remaining conditions hold since elements of U are elements
of V as well. |

Notice that the closure conditions in Theorem 1.8 can be replaced by the following
single condition:

For each scalara € F and forallx,y e U, x +ay € U.
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We may also infer from the proof of Theorem 1.8 that

if U is a subspace of a vector space V, then the zero vector of U is the same as
the zero vector of V, and foreach u € U, its additive inverse —u as an element
of U is the same as —u in V.

Therefore, in order that U is a subspace of V, the zero vector of V must be in U.

Example 1.9 (1) Let U = {(a,b) e R> : b =0} C R?. That is, U = {(a,0) : a €
R}. Addition and scalar multiplication, which are defined component-wise in R?,
are also operations on U since for all @, b, ¢, « € R,

(a,0)+ b, 0)=@+b,0)eU, al,0) = (xc,0) eU.

By Theorem 1.8, U is a subspace of R%. Notice that the zero vector of U is the same
(0,0) and —(a, 0) = (—a, 0) as in R2.

(2) The set U = {(a, b) € R? : 2a 4 3b = 0} is a subspace of R? (Verify).

(3) Let Q denote the set of all rational numbers. Q is not a subspace of the real vector
space R since 1 € Q but /2 - 1 ¢ Q. Similarly, Q? is not a subspace of R2.

(4) Consider C as a complex vector space. Let U = {a +i 0 : a € R}. We see that
leUbuti-1=1i¢ U. Therefore, U is not a subspace of C.

However, if we consider C as real vector space, then U is a subspace of C. In this
sense, U = R is a subspace of the real vector space C.

(5) Consider the spaces P, (F) and P, (F), where m < n. Each polynomial of degree
at most m is also a polynomial of degree at most n. Thus, P, (F) € P, (F). Further,
P, (IF) is closed under the operations of addition and scalar multiplication inherited
from P, (F). So, P,,(IF) is a subspace of P, (F) for any m < n.

Also, foreach n € N, P, (F) is a subspace of P ().

(6) In Examples 1.4(1)—(2), both C([a, b], R) and R([a, b], R) are vector spaces.
Since C([a, b], R) € R([a, b], R) and the operations of addition and scalar multipli-
cation in C([a, b], R) are inherited from R ([a, b], R), we conclude that C([a, b], R)
is a subspace of R([a, b], R).

(7) Consider C*([a, b], F) of Example 1.4(3). Foralla € F, x, y € C¥([a, b], F), we
have x 4+ y € C¥([a, b], F) and ax € C*([a, b], F). By Theorem 1.8, C¥([a, b], F) is
a subspace of C([a, b], ).

8) Given ay,...,0, € F, U ={(by,...,by) €F" :ayby +---+a,b, =0} is a
subspace of . When («y, .. ., @) is a nonzero n-tuple, the subspace U is a hyper-
plane passing through the origin in n dimensions. This terminology is partially bor-
rowed from the case of F = R and n = 3, when the subspace {(b;, by, b3) € R3:
a1b) +axby +a3b3 =0, ay, 0,03 € R} of R is a plane passing through the ori-
gin. However,

W:{(b],...,bn)EFn20l1b1+~-~+06nbn=1, al,...,anEIF}

is not a subspace of ", since (0, ...,0) ¢ W.
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(9)LetP([a, b], R) be the vector space P (R) where each polynomial is considered as
afunction from [a, b] to R. Then the space P([a, b], R) is a subspace of C* ([a, b], R)
foreach k > 1. O

Consider two planes passing through the origin in R3. Their intersection is a
straight line passing through the origin. In fact, intersection of two subspaces is a
subspace. We prove a more general result.

Theorem 1.10 Let C be any collection of subspaces of a vector space V. Let U be
the intersection of all subspaces in C. Then U is a subspace of V.

Proof Let x,y € U and let « € F. Then x, y € W for each W € C. Since W is a
subspace of V,ax € Wandx +y € W foreach W € C. Thenawx € Uandx + y €
U. By Theorem 1.8, U is a subspace of V. |

In contrast, union of two subspaces need not be a subspace. For, consider
U:={ab)eR’:b=a}, V:={ab) eR®:b=2a)

as subspaces of R%. Here, (1, 1), (1,2) e UU V but (1, 1)+ (1,2) = (2,3) ¢ U U
V. Hence U U V is not a subspace of R.

Union of two subspaces can fail to be a subspace since addition of a vector from
one with a vector from the other may not be in the union. What happens to the set of
all vectors of the form x + y, where x is a vector from one subspace and y is from
another subspace? To answer this question, we introduce the notion of a (finite) sum
of subsets of a vector space.

Definition 1.11 Let S, ..., S, be nonempty subsets of a vector space V. Their sum
is defined by

Si+--+S,={xq1+--+x,€Vixes,i=1,...,n}

As expected, sum of two subspaces is a subspace. And, the proof can be general-
ized easily to any finite sum of subspaces.

Theorem 1.12 LetVy, ..., V, be subspaces ofavector space V.Then Vi + - - -+ V,
is a subspace of V.

Proof Letx,y € Vi+---+ V,andleta € F. Then,x =) " x;andy = > |, y;
for some x;, y; € V;, i =1,...,n. Since each V; is a subspace of V, x; +y; € V;
and ax; € V;. Then

x+y=Yl -+ =2 (ity) € Vit 4V,
ax=ay ;  x;i=y i (ax) € Vi+---+V,.

Therefore, V| + - -+ + V, is a subspace of V. [ |
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Example 1.13 Consider the planes:

Vi={ab,c)eR:a+b+c=0}, Vo={(a,b,c)eR:a+2b+3c=0}

Both V; and V, are subspaces of R?. Their intersection is the subspace
VinVa={ab,c)eR:a+b+c=0=a+2b+3c).

The condition a + b + ¢ =0 =a + 2b + 3c is equivalent to b = —2a, ¢ = a.
Hence
VinVv, ={(a,—2a,a):a € R}

which is a straight line through the origin. Both V| N V; and V) + V; are subspaces
of R3. In this case, we show that V; + V, = R3. For this, it is enough to show that
R3? C V| 4 V,.Itrequires toexpressany (a, b, ¢) € R*as (a; + ay, by + by, ¢; + ¢2)
for some (ay, by, ¢1) € V| and (ay, by, ¢3) € V,. This demands determining the six
unknowns ay, by, ¢1, az, by, ¢, from the five linear equations

ai+ay=a, by+bry=b, ci1+cr=c, ay+by+c1 =0, ap+2by+3c; =0.

It may be verified that with

ag=-a—2b—2c, bj=a+2b+c, c;=c
a=2a+2b+2c, bp=—a—b—c, c; =0,

the five equations above are satisfied. Thus, (a;, by, c1) € Vi, (a2, by, c2) € V5, and
(a,b,c) = (a; + by + c1) + (ay + by + ¢,) as desired. O

Exercises for Sect. 1.2

1. In the following, check whether the given subset U is a subspace of V. Assume
the usual operations of addition and scalar multiplication along with a suitable
field R or C.

(a) V =R2, U is any straight line passing through the origin.
(b) V=R> U ={(a,b) : b=2a—1}.

() V=R U=1{@a,b,c):2a—b—c=0}.

(d) V=P;R),U ={a+bt+ct> +dt’ : c =0}.

(e) V=P3C),U={a+bt+ct> +dt*:a=0}.

() V="PC),U={a+bt+ct>?+dt’:b+c+d=0}
(@ V=PsR),U={peV: p0) =0}

(h) V=P3C),U={peV: p(l)=0}.

(i) V="P;C),U ={a+bt +ct>+dt’ :a,b,c,d integers }.
G) V=C(I-1,11,R),U ={f € V : f is an odd function}.
k) V=C(0,1,R), U ={feV: f@) =0forallt € [0, 1]}.
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(1) V =C¥la, b),fork € N, U = Pla, b], the set of all polynomials considered
as functions on [a, b].
(m) V=C(0,1],R), U = {f € V : f is differentiable}.

. Fora e F,letV, = {(a,b,c) € F> :a + b + ¢ = «}. Show that V,, isasubspace

of F3 if and only if @ = 0.

. Give an example of a nonempty subset of R? which is closed under addition

and under additive inverse (i.e. if u is in the subset, then so is —u), but is not a
subspace of R?.

. Give an example of a nonempty subset of R? which is closed under scalar mul-

tiplication but is not a subspace of R2.

. Suppose U is a subspace of V and V is a subspace of W. Show that U is a

subspace of W.

. Give an example of subspaces of C* whose union is not a subspace of C>.
. Show by a counter-example that if U + W = U + X for subspaces U, W, X of

V, then W need not be equal to X.

. Let m € N. Does the set {0} U {x € P(R) : degree of x is equal to m} form a

subspace of P(R)?

. Prove that the only nontrivial proper subspaces of R? are straight lines passing

through the origin.

LetU = {(a,b) € R? : a = b}. Find a subspace V of R? such that U + V = R?
and U NV = {(0, 0)}. Is such a V unique?

Let U be the subspace of P (IF) consisting of all polynomials of the form a3 + bt’
fora, b € F. Find asubspace V of P(F) suchthatU + V = P(F)andU NV =
{0}.

Let U and W be subspaces of a vector space V. Prove the following:

(@ UUW =Vifandonlyif U =VorW=1V.
(b) UU W isasubspace of Vifandonlyif U C Wor W C U.

LetU = {A e ™" : AT = A}andlet W = {4 € F"*" : AT = —A}. Matrices
in U are called symmetric matrices, and matrices in W are called skew-symmetric
matrices. Show that U and W are subspaces of F"*", "*" = U + W,and U N
W = {0}.

1.3 Linear Span

The sum of vectors xi, ..., x, can be written as x; + - - - + x,,, due to Property (2)
of vector addition in Definition 1.1. We may also multiply the vectors with scalars
and then take their sum. That is, we write the sum

n
(a1x1) + - -+ + (opx,) as ayx; + - -+ + o,x,, and also as E o X;.

i=1
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If the jth term in o;x; + --- + a,x, is absent, that is, if we want to consider
the sum (ayx; + - - + a,x,) — ojx; for some j € {1, ..., n}, then we write it as
Z;’:Li# o;x; and also as

QXA T QX O Xy e 0 Xy,
with the understanding that if j = 1, then the above sum is ayx5 + - - - + o, x,,, and
if j = n, then the sum is equal to o1 x; + - - - + otp—1X—1-

Definition 1.14 Let V be a vector space.

(a) A vector v € V is called a linear combination of vectors uy,...,u, in V if
v =ou; + ---+ o,u, for some scalars «q, ..., o,.

(b) The linear span or the span of any nonempty subset S of V is the set of all
linear combinations of finite number of vectors from §; it is denoted by span(S).
We define span(@) as {0}.

In view of the above definition, for any nonempty subset S of V, we have

x € span(S) if and only if there existn € N, vectorsuy, ..., u, in S, and scalars
oy, ...,0, € Fsuchthatx = aju; + - - - + a,u,.

It follows that

span(S) = {oju; + -+ auu, :neN, ay,...,0, €F, uy,...,u, € S}.
Moreover, for uy, ..., u, in V,
span({uy, ..., u,}) = {oquy + -+ ouuy, T oy, ..., 0, € F}L.
We also write span({ui,...,u,}) as span{uy, ..., u,}. Informally, we say that

span(S) is the set of all linear combinations of elements of S, remembering the
special case that span(@) = 0.

By alinear combination, we always mean a linear combination of a finite number
of vectors. As we know an expression of the form «v| + v, + - - - for vectors
vi, V2, ... and scalars «y, a3, . .. has no meaning in a vector space, unless there is
some additional structure which may allow infinite sums.

In what follows, we will be freely using Kronecker’s delta defined as follows:

1 ifi=i
8ij = l l ]. fori, j € N.
0 ifi #j

Example 1.15 (1)InR3, considertheset S = {(1, 0, 0), (0, 2, 0), (0,0, 3), (2, 1, 3)}.
A linear combination of elements of S is a vector in the form

a1(1,0,0) + 2(0,2,0) + 3(0,0, 3) + 24(2, 1, 3)
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for some scalars «y, o, o3, 4. Since span(S) is the set of all linear combinations
of elements of S, it contains all vectors that can be expressed in the above form. For
instance, (1, 2, 3), (4,2, 9) € span(S) since

(1,2,3) = 1(1,0,0) + 1(0, 2, 0) + 1(0, 0, 3),
4,2,9) =4(,0,0) 4+ 10,2, 0) 4+ 3(0, 0, 3).

Also, (4,2,9) =1(0,0,3) +2(2,1,3). In fact, span(S) = R? since (a, 8, y) =
a(1,0,0) + (8/2)(0,2,0) + (v/3)(0, 0, 3).
(2)InR3, span{(3, 0, 0)} is the set of all scalar multiples of (3, 0, 0). It is the straight
line L joining the origin and the point (3, 0, 0). Notice that

L = span{(1,0,0)} = span{(+/2,0,0), (,0,0), (3,0, 0)} = span(L).

It can be seen that span of any two vectors not in a straight line containing the
origin is the plane containing those two vectors and the origin.

(3)Foreach j € {1, ..., n},lete; be the vector in F" whose jth coordinate is 1 and all
other coordinates are 0, thatis, e; = (dy;, ..., §,;). Thenfor any («y, ..., a,) € F",
we have

(ag,...,ay) =aje; + -+ aye,.

Thus, span{ey, ..., e,} = F". Also, for any k with 1 <k < n,
span{ey, ..., e} = {(a1, ..., 0,) € F" 1 ; = 0 for j > k}.

(4) Consider the vector spaces P(IF) and P, (IF). Define the polynomials u; := ti=1
for j € N. Then P,(F) is the span of {uj,...,u,1}, and P(F) is the span of
{Lll, us, .. }

(5) Let V = F*°, the set of all sequences with scalar entries. For each n € N, let ¢,
be the sequence whose nth term is 1 and all other terms are 0, that is,

€n = (8111’ 8n2s -+ )

Then span{ey, e, ...} is the space of all scalar sequences having only a finite number
of nonzero terms. This space is usually denoted by coo (N, IF), also as coy. Notice that
C()()(N, IF) ;é Fee. O

Clearly, if S is a nonempty subset of a vector space V, then S C span(S). For,
if x € S then x = 1 - x € span(S). However, span(S) need not be equal to S. For
instance, S = {(1, 0)} € R? and span(S) = {(«,0) : @ € R} # S.
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Theorem 1.16 Let S be a subset of a vector space V. Then the following statements
are true:

(1) span(S) is a subspace of V, and it is the smallest subspace containing S.
(2) span(S) is the intersection of all subspaces of V that contain S.

Proof (1) First, we show that span(S) is a subspace of V. If S = &, then span(@) =
{0} is a subspace of V that contains &. So, suppose that S # &. Trivially, S C
span(S). To show that span(S) is a subspace of V, let x, y € span(S) and let @ € F.
Then

X=ax1+---+ax,, y=biyi+---+byym

for some vectors xi, ..., Xu, ¥1, ..., ym In S and scalars ay, ..., a,, by, ..., by, in
IF. Then

x+y=axi+---+ax, +biy1 + - 4+ bpynm € span(s),
ax = aayx; + - - - + aayx, € span(S).

By Theorem 1.8, span(S) is a subspace of V.

For the second part of the statement in (1), let U be a subspace of V containing
S. Let v € span(S). There exist vectors vy, ..., v, € S and scalars o, ..., o, such
thatv = oyvy + - - - + a0V, Since vy, ..., v, € U and U is a subspace of V,v € U.
Hence, span(S) C U. That is, span(S) is a subset of every subspace that contains S.
Therefore, span(S) is the smallest subspace of V containing S.

(2) Let W be the intersection of all subspaces of V that contain S. Since span(S) is
a subspace of V, W C span(S). Also, W is a subspace of V containing S; thus, due
to (1), span(S) C W. |

Theorem 1.16 implies that taking span of a subset amounts to extending the subset
to a subspace in a minimalistic way.

Some useful consequences of the notion of span are contained in the following
theorem.

Theorem 1.17 Let S, S; and S, be subsets of a vector space V. Then the following
are true:

(1) S = span(S) if and only if S is a subspace of V.
(2) span(span(S)) = span(S).

3) If S| C S, then span(S;) C span(Sy).

(4) span(S;) + span(S,) = span(S; U S,).

(5) If x € S, then span(S) = span{x} + span(S\{x}).

Proof (1) Since span(S) is a subspace of V, the condition S = span(S) implies that
S is a subspace of V. Conversely, if S is a subspace of V, then the minimal subspace
containing S is S. By Theorem 1.16, span(S) = S.
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(2) As span(S§) is a subspace of V, by (1), span(span(§)) = span(S).

(3) Suppose S; € S,. If S| = &, the conclusion is obvious. Suppose S| # &. Any
linear combination of vectors from S; is an element of span(S,). Hence span(S;) C
span(S,).

@) If S| = @ or S, = &, then the statement is true trivially. Assume that S; # @
and S, # J. Letx € span(S;) + span(S;). Then x is a linear combination of vectors
from S plus alinear combination of vectors from S,. That s, x is a linear combination
of vectors from S; U S,. Therefore,

span(S;) + span(S2) € span(S; U S3).

Conversely, suppose x € span(S; U S,). Then x is a linear combination of vectors
from §; U S,. If such a linear combination uses vectors only from Sj, then x €
span(S;) C span(S;) + span(S,). Similarly, if such a linear combination uses vectors
from only S, then x € span($,) C span(S;) + span(S;). Otherwise, x is equal to a
linear combinations of vectors from S; plus a linear combination of vectors from S,.
In that case, x € span(S;) + span(S,). Therefore,

span(S; U S,) C span(S;) + span(S5).
(5) This follows from (4) by taking S| = {x} and S, = S\{x}. |

As a corollary of Theorem 1.17(4), we obtain the following.

Theorem 1.18 If V| and V, are subspaces of a vector space V, then Vi + V, =
span(V; U V,).

Theorems 1.16 and 1.18 show that in extending the union of two subspaces to a
subspace could not have been better; the best way is to take their sum.

Definition 1.19 Let S be a subset of a vector space V. If span(S§) = V, then we say
that S spans V, S is a spanning set of V, and also V is spanned by S.

Incase, S = {uy, ..., u,}is afinite spanning set of V, we also say that the vectors
ui,...,u, span V, and that V is spanned by the vectors uy, ..., u,.

Any vector space spans itself. But there can be much smaller subsets that also
span the space as Example 1.15 shows. Note that both & and {0} are spanning sets
of the vector space {0}.

If S is a spanning set of V and x € span(S\{x}), then S\{x} is also a spanning
set of V. For, in this case, the vector x is a linear combination of some vectors from
S\{x}, and if any vector in V is a linear combination, where x appears, we can replace
this x by its linear combination to obtain v as a linear combination of vectors where
x does not appear.
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Spanning sets are not unique. Given any spanning set, a new spanning set can
be obtained by incorporating new vectors into it. Further, new spanning sets can be
constructed from old ones by exchanging suitable nonzero vectors. Theorem 1.20
below shows that this is possible.

Let S be a spanning set of a nonzero vector space V. Let x € V be a nonzero
vector. Then x = oy xy + - - - + «,x, for some scalars «y, ..., o, and for some dis-
tinct nonzero vectors xi, ..., x, in S. Also, since x # 0, at least one of «y, ...,
is nonzero. If ¢; # 0, then x = ay + z, with « = ¢;, y = x; and z € span(S\{y}).
Indeed, z = a1 x1 + -+ -+ o1 Xi_1 + Xip1Xig1 + - - + XXy

We use such a writing of a nonzero vector x in the following result.

Theorem 1.20 (Exchange lemma) Let S be a spanning set of a vector space V and
let x € V\S be a nonzero vector. Let x = ay + 7 for some nonzero 'y € S, a nonzero
o € Fand z € span(S\{y}). Then (S\{y}) U {x} is a spanning set of V.

Proof Let v € V. Since span(S) = V, there exist vectors u € span(S\{y}) and a
scalar B such that v = u + By. Using y = o~ (x — z) we obtain

v=u+By=u+Ba ' (x —2) = (u — B 'z) + Ba'x € span((S\{y}) U {x}).

Therefore, span((S\{y}) U {x}) = V. [ ]

Example 1.21 To illustrate the proof of the Exchange lemma, consider the set
S={(1,0,1),(0,1,1),(1,1,0), (1,2,3)}.
It can be seen that S spans R3. Consider the vector x := (2, 1, 1) ¢ S. Note that
2,1,1)=(1,0,1)+ (1, 1,0).

Thus, x =ay+z witha =1, y=(1,0,1) and z = (1, 1, 0). According to the
Exchange lemma, the new set

{2,1,1),(0,1,1),(1,1,0), (1,2, 3)}
spans R3. Taking y = (1, 1,0) and z = (1, 0, 1) we obtain the spanning set
{(1,0,1),(0,1,1), (2,1, 1), (1, 2, 3)}.
We could have started with another linear combination of (2, 1, 1) such as
2,1,1) =-2(0,1,1) + 1(1, 1, 0) + 1(1, 2, 3).

Again, by the Exchange lemma, any of the vectors (0, 1, 1), (1, 1, 0), (1, 2, 3) can
be replaced by (2, 1, 1) to obtain the following new spanning sets:
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{(1,0,1),(2,1,1),(1,1,0), (1,2, 3)},

{(1,0,1), (0,1, 1), (2, 1, 1), (1, 2, 3)},

{(1,0,1),(0,1,1),(1,1,0), (2, 1, D}. O

Exercises for Sect. 1.3

1.

(98]

W

10.

11.

12.

13.

14.
15.

Show that spanf{e; + ej, e; +e3,e3 +e1} =R?,  where e = (1,0,0),
e; =(0,1,0),and e3 = (0,0, 1).

. Whatis span{t" : n =0, 2,4,6, ...}?
. Do the polynomials 3 — 2¢> + 1, 4t> — ¢ + 3, and 3¢ — 2 span P3(C)?
. Letu;(t) =1,andfor j =2,3,..., letu;(t) = 1+¢+...4+¢t/~!. Show that

span of {u1, ..., u,}is P,(F), and span of {uy, up, ...} is P(F).

. Isit true that sin¢ € span{1, z, 12,3, ...}?
. Let x, y, z be nonzero distinct vectors in a vector space V withx +y +z = 0.

Show that span{x, y} = span{x, z} = span{y, z}.

. Let V be a vector space; U a subspace of V; x,y € V; X = span(U U {x});

Y =span(U U {y}); and let y € X\U. Show that x € Y.

. Let V be a vector space. Let u, v, wy, ..., w, be distinct vectors in V; B =

{fu,wi,...,w,};and let C = {v, wy, ..., w,}. Prove that span(B) = span(C) if
and only if # € span(C) if and only if v € span(B).

. Let A and B be subsets of a vector space V.

(a) Show that span(A N B) C span(A) N span(B).
(b) Give an example where span(A) N span(B) & span(A N B).

Suppose U and W are subspaces of a vector space V. Show that U + W = U if
and only if W C U.

Let S be a subset of a vector space V. Letu € V be such that u ¢ span(S). Prove
that for each x € span(S U {u}), there exists a unique pair (¢, v) with o € F and
v € span(S) such that x = au + v.

In the following cases, find a finite spanning subset S of U.

(@ U={(a,b,c)eF*:a+b+c=0}
) U={(a,b,c,d) €eF*:5a+2b—c=23a+2c—d=0).
(©) U={a+bt+ct?+dt’:a—2b+3c—4d =0}.

Construct a finite spanning set for " *".

Construct a finite spanning set for the subspace {A € R"*" : AT = A} of R™".
Let e; be the sequence of real numbers whose ith term is i and all other terms 0.
What is span{ey, e;, e3, .. .}?
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1.4 Linear Independence

A spanning set may contain redundancies; a vector in it may be in the span of the
rest. In this case, deleting such a vector will result in a smaller spanning set.

Definition 1.22 Let B be a subset of a vector space V.

(a) B is said to be a linearly dependent set if there exists a vector v € B such that
v € span(B\{v}).
(b) B is said to be linearly independent if B is not linearly dependent.

Example 1.23 (1) In R, the set {1, 2} is linearly dependent, since 2 = 2 x 1. Notice
the double meaning here. The 2 on the left is a vector but the 2 on the right is a scalar.
In fact, any set of two vectors in R is linearly dependent.

(2) In R?, the set {(1, 0), (, 0)} is linearly dependent, since (7, 0) = 7 (1, 0). Also,
{(1,0), (2, 3), (0, 1)} is linearly dependent, since (2, 3) = 2(1, 0) 4+ 3(0, 1).

(3) InR?, the set {(1, 0), (0, 1)} is linearly independent, since neither (1, 0) is a scalar
multiple of (0, 1), nor (0, 1) is a scalar multiple of (1, 0).

(4)InR3, the set {(1, 3, 2), (1, 2, 3), (2, 4, 6)} is linearly dependent since (2, 4, 6) =
2(1, 2, 3).

Notice that (1, 3, 2) is not a linear combination of the other two vectors. That
is, a set of vectors to be linearly dependent, it is not necessary that each vector is a
linear combination of the others; it is enough if at least one of the vectors is a linear
combination of the others.

To illustrate this point further, let # be a nonzero vector. Since the zero vector
satisfies 0 = O - u, the set {u, 0} is linearly dependent, but « is not scalar multiple of
the zero vector.

(5) InR3, the set {(1, 0, 0), (1,1,0), (1,1, D}is linearly independent. To show this,
we must prove that neither of the vectors is a linear combination of the other two. So,
suppose (1, 0,0) = «(1, 1, 0) + B(1, 1, 1). Then comparing the components, we see
that l = o+ B, 0 =a + B, 0 = B. This yields 1 = 0, a contradiction. Similarly,
the other two statements can be shown.

(6) In the complex vector space C, the set {1, i} is linearly dependent as i =i x 1.
The i on the left side is a vector, whereas the i on the right is a scalar.

When C is considered as a real vector space, the set {1, i} is linearly independent,
since neither i is equal to any real number times 1, nor 1 is equal to any real number
times i.

(7) In the vector space P(F), the set {1, 1 +¢, 1+ 12} is linearly independent. [

The following statements are immediate consequences of Definition 1.22:

1. The empty set & is linearly independent.
2. The set {0} is linearly dependent since span(<) = {0}.
3. A singleton set {x}, with x # 0, is linearly independent.
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4. The set {u, v} is linearly dependent if and only if one of u, v is a scalar multiple
of the other.

5. Every proper superset of a spanning set is linearly dependent.

. Every superset of a linearly dependent set is linearly dependent.

7. Every subset of a linearly independent set is linearly independent.

=)}

Since linear dependence involves linear combinations, which are finite sums, the
following result should be easy to understand.

Theorem 1.24 Let B be a subset of a vector space V.

(1) Bislinearly dependent if and only if some finite subset of B is linearly dependent.
(2) B is linearly independent if and only if each finite subset of B is linearly inde-
pendent.

Proof (1) Let B be a linearly dependent set. Then there exists a vector v € B such
that v € span(B\{v}). If B\{v} = &, then v = 0 and hence {v} is linearly depen-

dent. If B\{v} # &, then there exist vectors vy, ..., v, in B\{v} such that v is a
linear combination of vy, ..., v,. Thatis, v € span{vy, ..., v,}. Then the finite sub-
set {v, vy, ..., v,} of B islinearly dependent.

Conversely, if a finite subset of B is linearly dependent, then as a superset of a
linearly dependent set, B is linearly dependent.

(2) It follows from (1). [ |

We will have occasions to determine when vectors in a list are linearly dependent
or independent. For instance, suppose A is a 2 x 2 matrix whose rows are [1 2] and
[1 2]. Obviously, the two rows of A are linearly dependent, in the sense that one is a
linear combination of the other. But the set of the two rows, which is equal to {[1 2]},
is linearly independent. In such a context, Definition 1.25 given below will come of

help.

We often abbreviate the phrase “the list of vectors vy, ..., v,” to the phrase “the
vectors vy, ..., v, .
Definition 1.25 Let V be a vector space. The vectors vy, ..., v,, from V, are said
to be linearly dependent if there exists i € {1, ..., n} such thatv; € span{v; : 1 <
J=<n,j#i}L

The vectors vy, . . ., v, are said to be linearly independent if they are not linearly
dependent.

A finite set of vectors can always be seen as a list of vectors, with some ordering
of its elements. As usual, when we write a list of vectors as u, v, ..., z, we assume
that in the ordering, u is the first vector, v is the second vector, and so on, so that z
is the last vector.

The following result helps in determining linear dependence or independence of
a list of vectors.
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Theorem 1.26 Let vy, ..., v, be vectors in a vector space V, where n > 2.
(1) The vectors v, ..., v, are linearly dependent if and only if there exist scalars
oy, ..., 0, With at least one of them nonzero, such that

oy + -+ a,v, =0.

(2) The vectors vi,...,v, are linearly independent if and only if for scalars
Ay, e, Oy,

vy + -+ oy, =0 implies ay = - = a, = 0.

Proof (1) Suppose vy, ..., v, are linearly dependent. Then there exists j with 1 <
J = n, and there exist scalars B, ..., 8;—1, Bj+1, - .., B such that

vi =Pt Bt + Birivisr o Bava
Thus, ,311)1 + - +ﬁnvn = 0 with :Bj = —1.

Conversely, let «jvy + - - - + o, v, = 0, with at least one of «y, ..., o, nonzero.
Suppose o # 0. Then,

v = — () v 4 - oo Vot F Q1 Vit e V).
Hence vy, ..., v, are linearly dependent.
(2) It follows from (1). |

Theorem 1.26 provides the following method:

To show that the vectors vy, ...v, are linearly independent, we start with a
linear combination of these vectors, equate it to 0, and then deduce that each
coefficient in that linear combination is 0.

Example 1.27 Let us check whether the vectors (1, 0, 0), (1, 1, 0), (1, 1, 1) are lin-
early independent in R?. For this, we start with a linear combination of these vectors
and equate it to 0. That is, let a, b, ¢ € F be such that

a(1,0,0)+b(1,1,0) +c(1,1,1) =0.
This equation gives (a + b + ¢, b + ¢, ¢) = (0, 0, 0). From this, we obtain
a+b+c=0,b+c=0, c=0.

It implies that a = b = ¢ = 0. Thus, the vectors are linearly independent. (]

If a linearly independent set is extended by adding a vector and the extended set
is found to be linearly dependent, then the new vector must be in the span of the old
set, as the following theorem shows.
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Theorem 1.28 Let S be a linearly independent subset of a vector space V. Let
v € V\S.Then S U {v} islinearly dependent ifand only if v € span(S). Equivalently,
S U {v} is linearly independent if and only if v ¢ span(S).

Proof 1If v € span(S), then clearly, S U {v} is linearly dependent. For the converse,
let S U {v} be linearly dependent. If S = &, then S U {v} = {v} is linearly dependent
implies v = 0 € span(S).

So, assume that S # &. Due to Theorem 1.26, S U {v} is linearly dependent

implies that there exist vy, ..., v, € S, and «y, ..., ®,, o € F with at least one of
them nonzero, such that ayv; + - - - + &, v,, + v = 0. Since S is linearly indepen-
dent, o # 0. Thenv = o ' (yv; + - - - + @, v,) € span(S). [ ]

Given a vector occurring in a list, we can speak of vectors preceding it and vectors
succeeding it. This helps in streamlining the notion of linear dependence a bit.

Theorem 1.29 Let vy, ..., v, be linearly dependent vectors in a vector space V,
with n > 2. Then either vi = 0 or there exists k > 2 such that vy, ..., vi_, are
linearly independent, and v; € span{vy, ..., vi_1}.

Proof Suppose v; # 0. Then the vector v is linearly independent. Let k be the least
index such that vy, ..., v are linearly dependent. Then 2 < k <nmnand vy, ..., v
are linearly independent. From Theorem 1.28 it follows that vy € span{vy, ..., vi_1}.

[ |

A statement similar to Theorem 1.29 holds even for countably infinite subsets of
vectors. One may formulate and prove such a statement.

Linear independence is an important notion as to bringing in uniqueness in a linear
combination; see the following theorem.

Theorem 1.30 Let V be a vector space over F. The vectors vy, ...,v, € V are
linearly independent if and only if for eachv € span{vy, ..., v, }, there exists a unique
n-tuple (ay, ..., o,) € F" such thatv = ayvy + - - - + a,vy.

Proof Let the vectors vy, ..., v, be linearly independent. Let v € span{vy, ..., v,}.
Thenv = ayvy + - - - + o, v, for some «y, ..., o, € F. If there exist By,..., B, € F
such that v = Byv; + - - - + B,v,, then

(a1 — Bvi + -+ (@, — B)va = 0.

Since the vectors vy, ..., v, are linearly independent, oy = S, ..., ®, = B,. That
is, the n-tuple («y, ..., o) is unique.

Conversely, assume that corresponding to each v € span{vy, ..., v,}, we have a
unique n-tuple («y, ..., «,) € F" such that v = v + - - - 4+ o, v,. To show linear
independence of the vectors vy, ..., v,, suppose that ;v; + - -- + B,v, = 0. Now,
the zero vector is also expressed as 0 =0 -v; + --- 4+ 0 - v,,. Due to uniqueness of
the n-tuple (B, ..., Bn), it follows that 8; = --- = B, = 0. Therefore, the vectors

Vi, ..., Vv, are linearly independent. |
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Any proper superset of a spanning set is linearly dependent. A stronger statement
holds when a spanning set is finite.

Theorem 1.31 Let S be a finite spanning set of a vector space V. Then any subset
of V having more vectors than those in S is linearly dependent.

Proof If S = @ or § = {0}, then V = {0}. In either case, the result is obvious. If
S = {v} foranonzero vectorv € V,then V = {av : « € F}. If B C V has more than
one vector, then any two vectors from B are in the form Sv and yv for some scalars
B and y. In that case, one is a scalar multiple of the other, and hence, B is linearly
dependent. Next, suppose S = {v;, ..., v,} spans V, where n > 2. Since supersets
of linearly dependent sets are linearly dependent, it is enough to show that any set
having n + 1 elements is linearly dependent.

So, let B = {uy, ..., u,+1} S V. We show that B is linearly dependent. Now, if
By :={uy, ..., u,} is linearly dependent, then so is B. Therefore, assume that B,
is linearly independent. Notice that u; # O, ..., u, # 0. It may happen that B; and
S have some vectors in common. Suppose there are m vectors in common, where
m > 0. Without loss of generality, write

S:{ul,...,um,vmﬂ,...,vn}, 31:{ul,...,um,um+1,...,un}.

Here, if m =0, then S = {v,...,v,} and B; = {uy, ..., u,}. Since B is linearly
independent, u,, is not a linear combination of uy, ..., u,. As Sspans V, u,,, 1 isa
linear combination of vectors from §. In such a linear combination, all the coefficients
of viy41, - .., v, cannot be zero. Without loss of generality, suppose the coefficient
of v,,4+1 is nonzero. Then by the Exchange lemma, we can replace v, in S by u, 41
resulting in a new spanning set

Sl = {M]7 .--’umvum+l’ Vm+27 ey Vn}

In the next stage, we look at the vector u,, and replace one of the vectors
V42, - -+ Vy In 87 With u,, 15 to obtain a spanning set S,. Continuing this process
we end up with the spanning set

Sn—m = {ul’ cees Uy U1y oo vy un}-

Since S,,—,, is a spanning set, B is linearly dependent. ]

Theorem 1.31 becomes very helpful when you choose a spanning set having min-
imum number of elements. For example, {(1, 0, 0), (0, 1,0), (0,0, 1)} spans R3;
therefore, any set of four or more vectors in R? is bound to be linearly dependent.
Can a set of two vectors span R3?
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Exercises for Sect. 1.4

10.
11.
12.
13.

. In each of the following, a vector space V and S € V are given. Determine

whether S is linearly dependent, and if it is, express one of the vectors in S as a
linear combination of some or all of the remaining vectors.

(@ V=R}S={(,-3,-2),(3,1,3), 2,5 7).

b V=RY,S={1,10,2), (1,1,3,2), 4,2,1,2)}.

() V=C3S=1{6,21), 43, —1), (2,4, D}

d V=P;@F),S={>*—=3t+5, 34+2:2—t+1, 2 +32 -1}

() V=P3F),S={>2+3t+2, 3 =212 43t+1, 26> + >+ 3¢ — 2}.
6O V=PEF),S={66>—32+1t+2, 3 —t>+2t+3, 263 + 1> =3t + 1}.
(g V=F®RR),S={1+1+32 2+4t +12, 2t +52}.

(h) V=F®R,R), S ={2,5sin’1, cos®t}.

i) V=FR,R), S ={1,sint, sin 2t}.

G) V=FR,R),S ={e, te, te'}.

&) V=C(-m,m],R),S ={sint, sin2t, ..., sinnt} forsome n € N.

Fori, j € {1,2},let E;; be a2 x 2 matrix whose (i, j)th entry is 1 and all other
entries are 0.

(a) Show that E;, Ejy, E,, Eo; are linearly independent in F2*2,
(b) Construct four linearly independent matrices in F>*? none of which is equal
to any Ej;.

. Show that the vectors (1,0, 0), (0,2,0), (0,0,3), and (1,2, 3) are linearly

dependent, but any three of them are linearly independent.
Give three vectors in R? such that none of the three is a scalar multiple of another.

. Let {u#, v, w, x} be linearly independent in a vector space V. Does it imply that

{u+v, v+w, w4+ x, x + u} is linearly independent in V?

Let U be a subspace of V, and let B € U. Prove that B is linearly independent
in U if and only if B is linearly independent in V.

Show that two vectors (a, b) and (c, d) in R? are linearly independent if and
only if ad — bc # 0.

. Answer the following questions with justification:

(a) Is union of two linearly dependent sets linearly dependent?

(b) Is union of two linearly independent sets linearly independent?

(c) Isintersection of two linearly dependent sets linearly dependent?

(d) Is intersection of two linearly independent sets linearly independent?

In the vector space R¥*3, find six linearly independent vectors.

In the real vector space C?>*2, find six linearly independent vectors.

Prove Theorem 1.31 by using Theorem 1.29 instead of Exchange lemma.

Prove Theorem 1.31 by using induction.

Let vy, ..., v, be linearly independent vectors in a vector space V. Suppose
w € V is such that the vectors w + vy, ..., w + v, are linearly dependent. Show
that w € spanf{vy, ..., v,}.
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14. Let V be a vector space. Suppose the vectors vy, ..., v, span V. Show that the
vectors vy, v — Vi, ..., v, — v; also span V. Further, show thatif vy, ..., v, are
linearly independent, then v, v, — vy, ..., v, — v; are linearly independent.

1.5 Basis and Dimension

Foreach j € {1,...,n},lete; = (81, ..., 8,j), that is, the vector in " whose jth
component is 1 and all other components are 0. We see that F” is spanned by the set
{e1, ..., e,}; that is, any vector v € F" can be expressed as a linear combination of
ei1, ..., e,. Inany such linear combination the coefficients of ey, . . ., ¢, are uniquely
determined due to Theorem 1.24. In fact, the coefficients give rise to the coordinates
of the vector v. We generalize this notion to any vector space and give a name to
such sets of vectors.

Definition 1.32 Let B be a subset of a vector space V.

(a) B iscalled a basis of V if B is linearly independent and B spans V.
(b) B is called an ordered basis of V if B is a countable ordered set and B is a
basis of V.

Usually, when we refer a countable set such as {v, ..., v,}or {v;, v, ...} as an
ordered set, the order will be taken as the elements are written. That is, v, is taken
as the first element, v, is the second element, and so on.

For instance, the ordered set {eq, . .., e¢,} is an ordered basis of IF”, and the ordered
set {1, z,22,...,t"}is an ordered basis of P, (F).

Let E;; € F"™*" have the (i, j)th entry as 1 and all other entries as 0. Then it is
easily verified that {E;; : 1 <i <m, 1 < j < n}is abasis of F""*".

Example 1.33 The ordered bases of the vector spaces in the following cases are
called the standard bases of the respective spaces. The reader may verify that they
are, indeed, ordered bases:

(a) The basis {ey, ...e,} of " with jth component of ¢; as §;; fori, j =1,...,n.

(b) The basis {eq, . ..e,} of F**! with kth entry of ¢; as 8;; fori, k=1, ..., n.

(c) The basis {uy, ..., u,} of P, (F) withu;(t) =t/~"for j € {1,2,...,n}.

(d) The basis {uy, us, ...} of P(IF) with u;(t) = i1 for j € N.

(e) Thebasis{Eqi, ..., Eiy, Eot, ooy Exyy ooy Epty o ooy Ejn} of T where Ej;
has the (7, j)th entry as 1 and all other entries as 0. 0

An important corollary of Theorem 1.30 is the following result.

Theorem 1.34 An ordered subset {uy, ...,u,} of a vector space V is an ordered
basis of 'V if and only if corresponding to each vector x € V, there exists a unique
ordered n-tuple (ay, . .., o) of scalars such that x = ojuy + - - - + o,uy,.

Therefore, when a vector space has a finite ordered basis, the basis brings in a
coordinate system in the vector space, mapping each vector to the n-tuple of scalars.
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Theorem 1.35 Let V be a vector space with a finite spanning set.

(1) Each finite spanning set of V contains a basis of V.
(2) Each linearly independent subset of V can be extended to a basis of V.

Proof (1) Let S := {uy, ..., u,} be a spanning set of the vector space V. Without
loss of generality, assume that #; # 0. Consider S as an ordered set. If S is linearly
independent, then S is a basis of V. Otherwise, by Theorem 1.29, there exists a vector,
say, iy which is in the span of {uy, ..., ux_;}. We see that V = span(S\{ur}).

Update S to S\{uy}. Continue this process on the new S. The process ends at
constructing a basis for V.

2)LetS = {vy, ..., v,} beaspanning set of V. We know, by Theorem 1.31, that each

linearly independent subset has at most n elements. Let {u1, ..., u,} be a linearly
independent subset of V. Construct the ordered set S = {uy, ..., Uy, Vi, ..., Va}.
Now, S is a spanning set of V. Using the construction in the proof of (1), we obtain
a basis of V containing the vectors uy, ..., u. |

Notice that in the proof of Theorem 1.35(1), one may start from u,, and end at
while throwing away a vector which is a linear combination of the earlier ones. This
process will also end up in a basis.

It now makes sense to talk of a minimal spanning set and a maximal linearly
independent set in the following manner.

Definition 1.36 Let B be a subset of a vector space V.

(a) B iscalled a minimal spanning set of V if span(B) = V, and no proper subset
of B spans V.

(b) B is called a maximal linearly independent set of V if B is linearly indepen-
dent, and each proper superset of B contained in V is linearly dependent.

As expected, we have the following theorem.

Theorem 1.37 Let B be a subset of a vector space V. Then the following are equiv-
alent:

(1) Bisabasisof V.
(2) B is a minimal spanning set of V.
(3) B is a maximal linearly independent set in V.

Proof (1) = (2): Let B be a basis of V. Let x € B. If B\{x} spans V, then x €
span(B\{x}). This contradicts the linear independence of B. Thus, no proper subset
of B can span V. Therefore, B is a minimal spanning set.

(2) = (3): Let B be aminimal spanning set of V. Due to minimality, whichever x we
choose from B, the set B\{x} will never span V. Hence, B is linearly independent.
Moreover, since B is a spanning set, any proper superset of it is linearly dependent.
Therefore, B is a maximal linearly independent set.

(3) = (1): Let B be a maximal linearly independent set. If B does not span V, then
we have a vector x € V such that x ¢ span(B). Since B is linearly independent, by
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Theorem 1.28, B U {x} is linearly independent. But this is impossible since every
proper superset of B is linearly dependent. Therefore, B spans V. |

Theorem 1.31 says that if a vector space has a finite spanning set, then no linearly
independent subset of the space can have more elements than that in the spanning
set. This enables us to compare the number of elements in two bases, provided the
bases are finite sets.

Theorem 1.38 [f a vector space has a finite basis, then all bases of it have the same
number of elements.

Proof Let V be a vector space that has a finite basis B with n elements. Let C be
any other basis of V. Since B is a spanning set and C is linearly independent, by
Theorem 1.31, C has at most n elements. Suppose C has m elements with m < n.
Since B is linearly independent and C is a spanning set, again by Theorem 1.31,
n<m. |

Definition 1.39 Let V be a vector space.

(a) V is called finite dimensional if it has a finite basis.

(b) Ifabasis of V has n number of elements, then we say that the dimension of V
is equal to n and write it as dim(V) = n. In this case, we also say that V is an
n-dimensional space.

(c) V is called infinite dimensional if it does not have a finite basis. In this case,
we write dim(V) = oo.

In case V is finite dimensional and if dim (V') is not of any particular interest, we
write dim(V) < oo.
As span(&) = {0} and & is linearly independent, dim({0}) = 0. Also,

dim(F") = dim@F*") = dim(P,_;(F)) =n and dim(P(F)) = co.

The real vector space C has a basis {1, i }; thus it has dimension 2; while, the complex

vector space C has dimension 1. Similarly, P, (C) regarded as a complex vector space

has dimension n + 1. However, the real vector space P, (C) has dimension 2(n + 1).
As a corollary of Theorem 1.31, we obtain the following.

Theorem 1.40 Let V be a vector space.

(1) V is finite dimensional if and only if V has a finite spanning set.

(2) If dim(V) = n, then any subset of V having more than n vectors is linearly
dependent.

(3) V is infinite dimensional if and only if V has an infinite linearly independent
subset.

A linearly independent subset of a subspace remains linearly independent in the
parent vector space. Thus, the dimension of a subspace cannot exceed the dimension
of the parent space. Therefore, if a subspace is infinite dimensional, then the parent
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space must also be infinite dimensional. Moreover, dimension helps in proving that
certain linearly independent sets or spanning sets are bases. Recall that | B| denotes
the number of elements of a finite set B.

Theorem 1.41 Let B be a finite subset of a finite dimensional vector space V.

(1) Bisabasisof V ifand only if B spans V and |B| = dim(V).
(2) Bisabasis of V if and only if B is linearly independent and |B]| = dim(V).

Proof (1) Suppose span(B) = V and |B| = dim(V). By Theorem 1.35, there exists
C C B such that C is abasis of V. But |C| = dim(V) = |B|. Hence C = B. There-
fore, B is a basis. The converse is trivial.

(2) Suppose B is linearly independent and | B| = dim(V'). By Theorem 1.35, we have
a basis C of V with C D B. But |C| = dim(V) = |B|. Hence C = B. Therefore, B
is a basis. Again, the converse is trivial. |

Example 1.42 (1) For each j € N, define the sequence e; by taking e; (i) = §;;, for
i € N. That is, the jth term of the sequence ¢; is 1 and every other term of ¢; is 0.
Recall that ¢y (N, IF) is the vector space of all sequences having only finite number
of nonzero entries. Hence, the set E := {e], e, ...} is a linearly independent subset
of coo(N, IF). Therefore, coo(N, IF) is infinite dimensional. Each element in cyy (N, IF)
is a (finite) linear combination of members of E. Thus, E is a basis of cgo(N, FF).

The vector space cyo(N, IF) is a subspace of F*°, the space of all scalar sequences.
Therefore, IF*° is infinite dimensional.

(2)Letu;(t) =t/7', j € Nandt € [a, b]. Then the vector space P([a, b], R) which
is the span of B := {uy, u», ...} is a subspace of C*([a, b], R) for any k € N. Since
B is linearly independent it is a basis of P([a, b], R), and hence C*([a, b], R) is
infinite dimensional.

(3) Suppose S is a finite set consisting of n elements. Then F (S, IF), the space of all
functions from S to I, is of dimension n. To see this, let S = {sy, ..., s,}. For each
Jj €{l,...,n},define f; € F(S,T) by

fj(S,‘) = 8,‘]‘ fori e {1, ey n}

If o, ..., a, are scalars such that Z;zl a;fj =0, then for each i € {1,...,n},
> ioiajfi(si) = 0. But,

n n
Zajfj(si) = Z(Xj&'j = ;.
j=1 j=1

Thus, «; = 0 for every i € {1, ..., n}. Therefore, {fi, ..., f,} is linearly indepen-
dent. Also, for each s; € S and for any f € F (S, F),

Fs) =Y fsp)8 =Y Fs) (s
j=1 j=1
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That is, f = Z;le f(s;)f;. Thus span{fi,..., f,} = F(S,F). Therefore, the
ordered set { fi, ..., fu} is an ordered basis of F (S, [). [l

Exercises for Sect. 1.5

—_

—_
—

12.

13.

14.

15.

16.

SO oL AW

. Find bases for the following vector spaces:

@) {(a,b,c)eR3:a+b+c=0}.

(b) {(a,b,c,d) eR*:c=b, d = —a).

©) {(ai,...,a¢) € R®:ay =2ay, as = 4as, ag = 6as).

(d) span{(1,-1,0,2,1),(2,1,-2,0,0), (0, —3,2,4,2), (3,3, =4, =2, —1),
2,4,1,0,1),(5,7,-3,-2,0)}.

. Are the following bases for P, (IF)?

(@ {142t +123+121+1%).
(b) {1+2t+ 362, 4 — 5t + 62,3t +£%}.
(©) {—1—1—2t%241—212,1—2r + 413}

. Find two bases for R* whose intersection is {(1, 0, 1, 0), (0, 1, 0, 1)}.

. Construct a basis for span{1 4 12, —1 4+t 4+ 12, =6 + 3¢, 1 + 12 4+ 13, 3}.

. Extend the set {1 + 12, 1 — ¢?} to a basis of P;(F).

. Does there exist a basis for P4 (F), where no vector is of degree 3?

. Under what conditions on «, {(1, &, 0), (o, 0, 1), (1 + «, @, 1)} is a basis of R3?
CIs{l 4"t 41", ..., " 41", t"} a basis for P, (F)?

. Is span{e; + e», > + e3, e3 + e1} a proper subspace of R3? Why?

Let {x, y, z} be a basis of a vector space V. Is {x + y, y + z, z + x} also a basis
of V?

. Let u,v,w,x, y1, Y2, ¥3, Y4, Y5 € c® satisfy the relations: y; =u +v+w,

Vo=2v+w+x, i=u+3w+x, y=—-u+v+4x,and ys =u +2v+
3w + 4x. Are the vectors yy, ..., ys linearly dependent or independent?

Prove that the only nonzero proper subspaces of R? are the straight lines and the
planes passing through the origin.

Give a proof of Theorem 1.35(1) by constructing a basis by visiting the vectors
in S in the order u,,, u,_1, ..., Us, Uj.

Consider each polynomial in P(R) as a function from the set {0, 1, 2} to R. Is
the set of vectors {¢, 12, t3, t*, 7} linearly independent in P (RR)?

Consider the set S of all vectors in R* whose components are either 0 or 1. How
many subsets of S are bases for R*?

Let V be the vector space of all thrice differentiable functions from R to R. Find
a basis and dimension of the following subspaces of V:

(@ {xeV:x"+x=0}

(b) {x e V:x" —4x'+3x =0}.
) (xeV x"—6x"+11x"—6x =0}.
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17. Given real numbers ay, . . ., ai, let V be the set of all solutions x € C¥[a, b] of
the differential equation

d*x d*x
W+alw+-~-+akx_0.
Show that V is a vector space over R. What is dim(V)?

18. Let V be a vector space. Let B := {v; : i € N} C V be such that foreachm € N,
the vectors vy, ..., v, are linearly independent. Show that B is linearly inde-
pendent. Conclude that dim(V) = oco.

19. Show that dim(F (N, F)) = oo and dim(C[0, 1]) = oo.

20. For j € N, let e; be the sequence whose jth term is 1 and all other terms are 0.
Why is {e}, ez, e3, ...} not a basis of R*?

1.6 Basis of Any Vector Space

What happens if a vector space does not have a finite spanning set? Of course, such
a vector space spans itself; so, it has an infinite spanning set. Does it have a basis
or not, whether finite or infinite? The issue can be settled by using Zorn’s lemma,
which is equivalent to Axiom of Choice. In order to state this, we introduce some
concepts.

A relation on a nonempty set X is a subset of X x X. If R is arelation on X and
if (x, y) € R, then we say that “x is related to y” under R or x Ry. A relation on X
is called a partial order if the following conditions are met:

(a) Every element of X is related to itself.

(b) For any pair of distinct elements x, y from X, if x is related to y and y related
to x, then x = y.

(c) For any triple of elements, say x, y, z from X, not necessarily distinct, if x is
related to y and y related to z, then x is related to z.

For example, the set R := {(x, y) € R?2:x < y} is a partial order on R. Thus, R,
which we also write as <, is a partial order on R. If § is any nonempty set, then the
relation of subset, C, is a partial order on the power set of S. A set X with a partial
order on it is called a partially ordered set.

Suppose a partial order < has been already given on X. A subset Y of X is said
to be a chain in X if

for every pair of elements x, y € Y, at least one of them is related to the other:
x<Xyory=x.

Any nonempty subset of R is a chain with the partial order <, since any two real
numbers are comparable. However, any subset of the power set of a given nonempty
set S need not be a chain with respect to the subset relation. For example, with
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S = {0, 1}, take Z = {{0}, {1}}, a subset of the power set of S. Neither {0} C {1},
nor {1} € {0}.

If a partially ordered set itself is a chain, then we say that the partial order is a
total order on the set.

Given a subset Y of a partially ordered set X with partial order <, an element
x € X is called an upper bound of Y if

every element of Y is related to x, that is, forevery y € ¥, y < x.

Such an upper bound x may or may not be in Y. For example, the interval (0, 1] has
an upper bound 1; also 10 is an upper bound. The interval [0, 1) has an upper bound
1; also 5 is an upper bound. The collection {{0}, {1}} of subsets of {0, 1, 2} has upper
bounds {0, 1} and {0, 1, 2} in the power set of {0, 1, 2} with the partial order as C .

In a partially ordered set X with partial order <, an element x € X is called a
maximal element of X if

x is related to none other than itself, that is, for every z € X, if x < z then
X =2z

For example, R contains no maximal element since every real number is related to
some other real number; for instance, if r € R, then r < r + 1. The power set of any
nonempty set S contains a maximal element, the set S itself.

For a general partially ordered set, we have Zorn’s Lemma:

If every chain in a partially ordered set has an upper bound, then the set contains
a maximal element.

We will apply Zorn’s lemma in proving the existence of a basis for any vector
space.

Theorem 1.43 Let E be a linearly independent subset of a vector space V. Then V
has a basis B containing E. In particular, each vector space has a basis.

Proof If V has afinite spanning set, then by Theorem 1.35(2), it has a basis containing
E. So, suppose that V does not have a finite spanning set. Denote by /C, the collection
of all linearly independent subsets of V containing E. The relation C is a partial order
on .

Consider any chain C in K. Let A be the union of all subsets in the chain C. We
see that E C X C A for each subset X in the chain C. Hence A is an upper bound
of the chain C.

Thus, every chain in X has an upper bound. By Zorn’s lemma, /C contains a
maximal element, say, B. As B € K, it is a linearly independent subset of V. That
is, B is a maximal linearly independent subset of V containing E. Therefore, by
Theorem 1.37, B is a basis of V.

In particular, if V = {0}, then & is its basis. Otherwise, let # be a nonzero vector
in V. The set {u} is linearly independent. By what we have just proved, V has a basis
containing u. |
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In what follows, we write | S| for the number of elements, more technically called,
the cardinality of the set S.

We may recall that two sets are of the same cardinality if there is a bijection
between them. If a set S is a finite set with n elements, then we say that the cardinality
of S is n, and if S is in one-to-one correspondence with N, the set of all positive
integers, then we say that the cardinality of S is N, read as aleph null, or aleph
naught. A set with cardinality R is called countably infinite, or denumerable, and an
infinite set which is not in one-to-one correspondence with N is called an uncountable
set.

It is clear that for any nonempty set S, the function that takes each x € S to the
singleton set {x} is an injective function from S to 25, the power set of S. However, it
can be shown that there is no surjective function from S to 25. Thus, cardinality of 25
can be considered as strictly bigger than that of S. In particular, there are uncountable
sets of different cardinalities.

More generally, if there exists an injective function from a set A to a set B, then
we say that the cardinality of A is less than or equal to the cardinality of B and write
|A| < |B]. If there is an injective function from A to B, but there is no surjective
function from A to B, then we say that the cardinality of A is strictly less than that
of B, or the cardinality of B is strictly greater than that of A, and write |A| < |B].

If A and B are two disjoint sets, then |A| + |B| is defined as |A U B|. In case,
A and B are not disjoint, we define |A| + |B| as [(A x {0}) U (B x {1})|. Further,
|A| - |B]| is taken as |A x B|. Addition and multiplication of cardinalities of infinite
sets are done almost the same way as natural numbers, but with some exceptions. For
infinite sets A and B with |A| < |B|, we have |A| + |B| = |B| and |A| - |B| = |B|.
In particular, Ry - |A| = |N| - |[A| = | A| for any infinite set A.

If a vector space has an ordered basis having n elements, then each vector is
associated with an n-tuple of scalars in a unique way. On the other hand, if V is a
vector space having an infinite basis B, then each nonzero vector in V is a unique
linear combination of vectors from B, where all coefficients are nonzero. To see this,
let v € V be a nonzero vector having two distinct linear combinations such as

v=oquy+ -+l v=B1vi+ o+ Bava
for vectors u;, v; € B and nonzero scalars o, B;. Write
By ={ui,...,un}, By={vi,...,v,}, U =span(B;U B,).

Then By U B, is abasis of U. The two linear combinations of v are two distinct linear
combinations of the same v that use vectors from the same finite basis B; U B,. This
contradicts Theorem 1.34. Therefore, each nonzero vector v € V is associated with
aunique finite subset F'(v) of B such that v is a unique linear combination of vectors
from F(v) with nonzero scalars as coefficients.

We use this observation in proving the following theorem.

Theorem 1.44 Any two bases for the same vector space have equal cardinality.
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Proof If V has a finite basis, then any two bases have the same cardinality due to
Theorem 1.38. So, suppose all bases of V are infinite.

Let B and C be infinite bases for V. Each vector in B is nonzero. Since C is a
basis, each vector from B can be expressed as a linear combination of finite number
of vectors from C. Thus, each x € B is associated with a unique finite subset of
C, write it as F(x), such that x is a linear combination of vectors from F(x) with
nonzero coefficients. Write D := U{F (x) : x € B}.

For each x, F(x) C C. So, D C C. To show that C C D, let v € C. Since B
spans V and each vector in B is a linear combination of vectors from D, the set D

spans V. In particular, v is a linear combination of some vectors v{, ..., v, € D. As
D C C, we see that v is a linear combination of vectors vy, ..., v, from C. But C
is linearly independent. By Theorem 1.30, the vector v is one of vy, ..., v,. Hence

v € D. Therefore, C € D. We then conclude that C = D.
Notice that each F(x) is a finite set and B is an infinite set. Hence

ICl=|D|=|U{F(x):x e B}| <|N|-|B|=|B|

Reversing the roles of B and C results in |B| < |C|. Therefore, |B| = |C]|. |

In general, the dimension of a vector space V, denoted by dim(V), is the number
of elements, or the cardinality of any basis of V. Due to Theorem 1.44, dimension of
an infinite dimensional vector space is well-defined.

Like an upper bound, an element x of a partially ordered set X is called a lower
bound of a subset Y if x < y for every y € ¥, and an element x € X is called a
minimal element of X if for every z € X, z < x implies z = x.

A well-order on a set is a total order with the property that each nonempty subset of
the set has a minimal element. A set is called well-ordered if there exists a well-order
on it. Like Zorn’s lemma, the following result, called the Well-ordering theorem,
is equivalent to the Axiom of Choice:

Every nonempty set can be well-ordered.

Due to the Well-ordering theorem, the basis B that we obtained in Theorem 1.43
can be well-ordered. Thus every vector space has an ordered basis. For instance, if
the basis B of a vector space is a finite set, say with n elements, then we may list
the elements of B as uy, ...u,. Similarly, if B is a countably infinite set, then its
elements can be listed as u1, u», . ... However, if a basis has an uncountable number
of vectors in it, then it is not clear how to list the vectors.

It is noteworthy that every infinite dimensional vector space which has a basis is
equivalent to the Axiom of Choice; see [3]. However, our main interest is in vector
spaces that have finite bases. Occasionally we may give examples of vector spaces
with infinite bases.

Exercises for Sect. 1.6

1. In each of the following, show that the subset S = {u; : k € N} of the given
vector space V is linearly independent:
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@ V=co®N,R); ur=(1,...,1,0,0,...), where 1 is repeated k times.
(b) V=R*®;, up = (1,12 1/3,...).

() V=C[0,1]; ux(t) =€ for0<r<1.

(d) V=C[0,7]; wui(t)=sin(kt) for0 <t <1.

2. In each of the following, show that the vector space V does not have a countable
basis:

(a) V =R, the real vector space of all real sequences.

(b) V = co(N, R), the real vector space of all real sequences that converge to 0.

() V =span{e’ : 0 < A < 1} € C[0, 1].

(d) V is the subspace of R* spanned by the set of all sequences (x,), where
each x, € {0, 1}.

(e) V is the subspace of ¢y(N, R) spanned by the set of all sequences (x,,/ n),
where (x,) is a bounded sequence.

3. In the following, check whether S is a basis for the vector space V:

(@ S={*"':keN}; V=PR).

(b) S ={e1,er,...}, wheree, = (0,0,...,1,0,0,...) is the sequence whose
nth term is 1, and all other terms 0; V = ¢po(N, R).

(c) S={e, e, ...}; V =L(N,R), the vector space of all sequences (x,) of
real numbers such that Z?;l |x,| is convergent.

(d) S ={sinkt) : ke N}; V =C[0,r].

1.7 Sums of Subspaces

Theorem 1.35 reveals more structure of a vector space. For example in R3, consider
the set C = {(1,0,0), (0, 1,0)}. We can extend this linearly independent set to a
basis by including another vector v from R? which is not in the span of C. For
instance, each of the following is a basis for R3:

B, :={(1,0,0), (0,1,0), (0,0, 1)},
B, :={(1,0,0), (0,1,0), (0,1,2)},
B3 :={(1,0,0), (0,1,0), (1,2,3)}.

In all these cases, we see that span(C) N span{v} = {0}. In general, we expect that
if £ and F are linearly independent sets in a vector space V such that EN F = &
and E U F spans V, then V = span(E) + span(F) and span(E) N span(F) = {0}.
In view of this, we introduce a definition and prove some related results.

Definition 1.45 Let U and W be subspaces of a vector space V. We say that V is a
direct sumof U and W, writtenasV = U @ W,if V=U + WandU N W = {0}.
In such a case, we say that the U and W are complementary subspaces.
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As an example, we observe that the plane R? is a direct sum of the x-axis and the
y-axis. It is also the direct sum of the x-axis and the line {(a, a) : a € R}. Once the
subspace, namely the x-axis, is given we can always find another subspace W of R?
such that R? is the direct sum of x-axis and W. Of course, there are infinitely many
choices for W. Obviously, linear independence has some roles to play with the direct
sum.

Theorem 1.46 LetV be avector space. Let C and D be disjoint linearly independent
subsets of V such that C U D is also linearly independent. Then

span(C U D) = span(C) @ span(D).

In particular, each subspace of V has a complementary subspace; that is, for every
subspace U of 'V, there exists a subspace W of 'V suchthatV=U & W.

Proof If one of the sets C and D is empty, then the result holds trivially. Suppose that
C # @ and D # &. Now, span(C U D) = span(C) + span(D). Thus, it is enough
to show that span(C) N span(D) = {0}. Towards this, let x € span(C) N span(D).
Then

X =oquy+ -+ eyl = Brvi + - + B

for some uy,...,u,, € C, vi,..., vy € Dand ay, ..., oy, Bi1,..., B, € F. Then
alul+"'+anun_ﬂlvl_"'_ﬂmvaO-

Since C U D is linearly independent, oy =---=«a, =f; =--- = B, = 0. So,

x =0.

For the last statement, let U be a subspace of V, and let C be a basis of U.
By Theorem 1.43, there exists D € V such that C U D is a basis for V. Then the
subspace W = span(D) is complementary to U. ]

We generalize the notion of direct sum to more than two subspaces.

Definition 1.47 Let Uy, ..., U, be subspaces of a vector space V, where n > 2.
We say that V is a direct sum of Uy,..., U, if V=U, +---+ U, and for each
ief{l,...,n},

U N1+ + U1+ Ut + -+ Uy) = {0}

Insuch acase,wewrite V=U; & ---® U,.

The direct sum allows writing a sum in a unique way. For example, consider the
subspaces U; = {(«,0) : « € R} and U, = {(a, &) : @ € R} of R?. We see that R?
is a direct sum of U, and U,. Now, if (a, b) € R?, then

(a,b) =(a—b,0)+ (b, b),
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where (a — b, 0) € Uy, (b, b) € U,. Moreover, if (a, b) = (B,0) + (y, v), thennec-
essarily y =band B =a — b.

Theorem 1.48 Let Uy, ..., U, be subspaces of a vector space V. Then, V =
U ®---® U, if and only if for each vector v € V, there exist unique vectors
uy e Uy, ...,u, € U, suchthatv = uy + --- + u,.

Proof Foranyi € {1,...,n},write W; = (U;+---+ U1 + Uiy + - - - + U,).
Assume that V. =U; @ --- d U,. Then U; N W; = {0}. Let v € V. There exist
vectors u; € Uy, ..., u, € U, suchthatv = uy + - - - + u,.
For uniqueness, suppose that there also exist vectors v; € Uy, ..., v, € U, such
thatv =v; +--- +v,. Then, (u; —v{) +---+ (u, — v,) = 0. That is, foreachi €
{1,...,n},

=i —vi) =@ —v)+ -+ @i-1 —vie1) + @it = Vig) -0+ @p — V).
The vector on the left-hand side is in U; and the vector on the right-hand side is in

W;. As U; N W; = {0}, it follows that each is equal to 0. In particular, u; = v;.
Conversely, suppose that each vector in v can be written as a sum of vectors

from Uy, ..., U, in a unique manner. Then V = U, + - - - 4+ U,,. To show the other
condition in the direct sum, leti € {1, ..., n}. Suppose v € U; N W;. Then v € U;
and for some vectorsu; € U;for j =1,...,i—1,i+1,...,n,

V=ur+ ot i e Uy

It implies that
uy+ -+ uig—v+ujp +--+u, =0.

But the zero vector is also written as 0 = 0 + - - - 4+ 0, where the jth O in the sum is
in U;. Due to uniqueness in writing, each of the vectors in the above sum is equal to
0. In particular, v = 0. Therefore, U; N W; = {0}. |

The requirement U; N (Uy + -+ 4+ U;j—y + Ujy1 + - - - + U,) = {0} for each i is

stronger than U; N U; = {0} for each pair of indices 7, j, i # j;evenin the presence
of the sum condition V = U; + - - - + U,,.. For example, take

U ={@a,0):aeR}, Uy={0,a):aeR}, Us={(a,a):acR]}.

Weseethat Uy + Uz = Uy + Uy + Uy :RzandUl NU,=U,NU;=UsNU; =
{0}. But U; N (U, + U3) = U; # {0}. Note that

(1,1) =0(1,0) + 00, 1) + 1(1, 1) = 1(1,0) 4+ 1(0, 1) 4+ 0(1, 1).

That is, the same vector (1, 1) € R? can be written in two different ways as sum of
vectors from Uy, U, and Us.
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In fact, the definition of direct sum of more than two subspaces is motivated by
the uniqueness in writing a vector as a sum of vectors from individual subspaces.
Many authors define the direct sum using the condition proved in Theorem 1.48. For
another equivalent condition on the direct sum, see Problem 22.

As it looks, the intersection of two finite dimensional subspaces has possibly
smaller dimension than any of the subspaces involved. Similarly, sum of two sub-
spaces will have possibly larger dimension than any of the two subspaces. An exact
formula can be given relating these dimensions.

Theorem 1.49 Let U and W be subspaces of a vector space V. If U NW = {0},
then

dim(U + W) = dim(U) + dim(W).

Proof Tf one of U and W is the zero space, say U = {0}, thenwehave U + W = W
and dim(U) = 0 so that the result follows. Also, if one of them is infinite dimensional,
say dim(U) = oo, then U is a subspace of U + W, and the result follows. Hence,
assume that both U and W are nonzero finite dimensional subspaces. Let B and C
be bases of U and W, respectively. To prove the dimension formula, we show that
BUCisabasisof U + W.

By Theorem 1.17(4), span(B U C) = span(B) + span(C) = U + W.Thatis, B U
C spans U + W.

Next, to show that B U C is linearly independent, letu;, ..., u, € B,vi, ..., v, €
Candletay,..., o, Bi, -, Bm € F be such that

alul+"'+anun+ﬁlvl+"'+,3me =0.

Then
aju + ...+ oy, = —=Bivi+ - 4 Buvm).

Note that the left-hand side of the above equation is a vector in U while the vector
on the right-hand side belongs to W. Since U N W = {0}, we have

ojuy + -+ oy :Ozﬂ]\/] ++,3me

Now, linearly independence of uy, ..., u, and vy, ..., v, implies that «y, ..., &,
Bi, ..., Bn are all zero. Therefore, B U C is linearly independent. |

The converse of Theorem 1.49 is not necessarily true. For example, consider the
subspaces of R3:

U={(@a,b,0):a,beR}, W={(a,0,0):acR}

Here, dim(R?) = 3, dim(U) + dim(W) =2+ 1=3but UNW = W # {0}.
However, with U’ = {(0, a, b) : a, b € R}, we see that U’ + W = R>. Conse-
quently, dim(U’) 4+ dim(W) = dim(U’ + W) and also U’ N W = {0}.
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In fact, a sum of subspaces is a direct sum if and only if the dimensions add up to
that of the parent vector space; it is proved below.

Theorem 1.50 Let U, ..., U, be subspaces of a finite dimensional vector space V.
Then the following are equivalent:

HV=U&---dU,.
2 V=U+---+U,and dim(V) = dim(U;) + - - - + dim(U,).

Proof (1) = (2): It follows from Theorem 1.49 by induction on .

(2) = (1): Suppose V =U; + - -- 4+ U, anddim(V) = dim(U;) + - - - + dim(U,,).
For eachi € {1,...,n}, let B; be a basis of U;. Write B := B; U---U B,. Since
V=U+---+U, and dim(V) = dim(U,) + - - - + dim(U,), B spans V. Hence,
by Theorem 1.41, B is a basis of V.

For the intersection condition, let v € Uy N (U + ---+ U,). Then v € U; and
there exist vectorsu, € Uy, ..., u, € U, suchthatv = u; 4 - - - + u,,. Consequently,

—v+v+---+v, =0.

Here, the vector v is a linear combination of vectors from By, and the vector v; is a
linear combination of vectors from B; for j > 2. As B isabasis of V, the scalarsin all
these linear combinations are 0. So, v = 0. Therefore, U; N (U, + - - - + U,,) = {0}.

Similar proof holds for any index i instead of 1. ]

When the subspaces U and W have a nonzero intersection, a dimension formula
analogous to Theorem 1.49 holds.

Theorem 1.51 Let U and W be subspaces of a vector space V. Then
dim(U + W) +dim(U N W) = dim(U) + dim(W).

Proof By Theorem 1.49, the dimension formula holds when U N W = {0}. Also
fUNW=UthenU +W=W,andif UNW = W, then U + W = U. In these
cases, the formula holds trivially. So, assume that U N W is anonzero proper subspace
of both U and W. Let Bj be a basis of U N W. By Theorem 1.43, B, can be extended
toabasis By U B; of U, and to a basis By U B, of W. To prove the dimension formula,
we show that By U By U B, is a basis of U + W.

Since span(By U By U B;) = U + W, it is enough to show that By U B; U B; is
linearly independent. Since U N W is a nonzero proper subspace of both U and W,
By # 9, B # J,and B, # .

So, letuy,...,u,, € Bp,vi,...,v, € By,andlet wy,...,wy € By. Letay, ...,
%y B1s .-, Bu,and yy, ..., yx be scalars such that

iy + -+ g + Bivi+ -+ Buvy Fyiws + -+ yw = 0.
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Then

aiuy + -+ ity + Pivi+ -+ By = —(iwr + -+ vw) eUN WL

Hence, there exist vectors xy, ..., x, in By and scalars &y, . .., §, such that
oapuy + - oapim + f1ve + -+ Bave = —(iwr + -+ vkwr) = 81x1 + -+ S xr
But, xq, ..., x,, wi, ..., wr € BgU B, and By U B; is linearly independent. Hence,
the equality

—(yiwi + -+ yowr) = 8ixp + -+ 60,

implies that y; = --- =y, = = - -- = §, = 0. Therefore,

alul+"’+amum+ﬂlvl+"'+/3nvn=0'

Again, since uy, ..., Uy, vi, ..., vy, € By U By and By U Bj is linearly independent,
we obtain o) = -+, = B =--- = B, = 0. Therefore, By U B; U B, is linearly
independent. ]

Exercises for Sect. 1.7

1. Letu,v,x,y € R*. LetU = span{u, v} and let X = span{x, y}. In which of the
following cases U @ X = R*?

(@ u=(0,1,0,1), v=(0,0,1,1), x = (1,0,1,0), y = (1, 1,0, 0).
(b) u=(0,0,0,1), v=(1,0,0,0), x = (1,1,1,0), y= (0, 1,1, 1).
) u=(1,0,0,1), v=(0,1,1,0), x = (1,0,1,0), y = (0, 1,0, 1).
du=(1,1,1,0), v=(1,1,0,1), x = (0,1, 1, 1), y_(O 0,1,1).

2. Let P, ={p(t) € P(F) : p(—1) = p(O)}; P, ={p@) € P: p(—t) = —p(n)}.
Show that both P, and P, are subspaces of P(FF) and that P(F) =P, & P,.

3. Consider the subspaces U = {(ai,...,as,) € R* :a; =--- =a, =0} and
V={ay,...,a) e R :a; = a,,; fori =1,...,n} of R”. Are U and V
complementary?

4. Construct three subspaces U, W, X of a vector space V sothat V = U @& W and

V=U®XbutW #£ X.

Find a subspace of P(R) complementary to {at> + Bt : a, B € R}.

6. LetU = {(a,b,c,d) e R* : b = —a}andletW = {(a, b, c,d) : c = —a}.Find
the dimensions of the subspaces U, W, U + W,and U N W of R4,

7. Show that if U and W are subspace of R? such that dim(U) = 5 = dim(W),
then U N W # {0}.

8. Let U and W be subspaces of a vector space of dimension 2n + 1. Show that if
dim(U) = dim(W) > n + 1, then U N W contains a nonzero vector.

9. Let U and W be subspaces of F7 with dim(U) = 4 and dim(W) = 3. Show that
U+ W =Fifand only if U N W = {0} if and only if F” = U @ W.

e
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10. Let U be a subspace of a vector space V. Show that dim(U) < dim(V). Further,
if U is a finite dimensional proper subspace of V, then show that dim(U) <
dim(V).

11. In Theorem 1.50, prove (1) = (2) without using induction.

1.8 Quotient Space

One-dimensional subspaces of R? are straight lines passing through the origin. On the
other hand, any straight line in R? is a translate of such a one-dimensional subspace.
Similarly, any plane in R? is a translate of a plane passing through the origin which
is a two-dimensional subspace of R3. This notion can be generalized to any vector
space.

Definition 1.52 Let U be a subspace of a vector space V. Let v € V. The sum of
the vector v and the subspace U is the set

v+U ={}+U={v+x:x€U}.
Any subset of V which is equal to v 4 U for some vector v € V and some subspace

U of V is called an affine space associated with the subspace U in V. The affine
space v + U is also written as U + v or as U,.

An affine space in R? is either a single point, a straight line, a plane, or R? itself.
Example 1.53 A plane U through the origin looks like:
U= {(a,a,a3) € R : aq; + bay + coz = 0}
for some a, b, ¢ € R. Take v = (B, B2, B3) € R>. Then

v+U = {(B1+ai, B+, B3+ a3) : aa; + bas + caz = 0}
={(y1, 2, v3) : aly1 — B1) +b(y2 — B2) + c(y3 — B3) =0}
= {(y1, 2, v3) : ay1 +byr +cy3 = aP1 + bfr + cBs}.

Thus, the affine space v + U is the plane parallel to U passing through the point v.
Also any plane in R is given by

S={1. 7.7 €R’: ayi+ by, +cy3 =d)
for some a, b, ¢, d € R. Now, § is parallel to the plane

U = {(ay, a2, a3) : acy + bay + caz = 0}
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that passes through the point v = (84, B2, B3), where aff; + bB, + c¢f3 = d. Hence
S=v+U. O

In R3, consider S as a straight line or a plane. Take any two points on S. The
line segment joining these two points completely lie on S. The following theorem
generalizes this observation and gives a justification as to why affine spaces are so
named.

Theorem 1.54 Let S be a nonempty subset of a vector space V. The following are
equivalent:

(1) S isan affine space in V.
Q) If x,y €S, thenax + (1 —a)y € S for each scalar «.
(3) ForanyneN, if vi,...,v, € Sand ay, ...,a, € F with Zj’:ﬁxj =1, then

n
Zj:l ojv; € S.

Proof (1) = (3): Assume that S is an affine space in V. Then S = v 4+ U for some
v € V and for some subspace U of V. Letvy, ..., v, € Sandletay, ..., «, € Fwith
Z?:N‘j =1.Thenvi =v+uy,...,v, =v+u, forsomeu,...,u, € U.Hence

n n n
E ajv; = E aj(v+u;)=v+ E aju;.
j=1 j=1 j=1

As U is asubspace of V,u:=Y"_ oju; € U.Thus, 3% ejv; =v+u €.
(3) = (2): Take n = 2.

(2) = (1):Let(2) hold. Fixv € Sandtake U :={x —v:x € §}. Then S =v+ U.
So, it is enough to show that U is a subspace of V.

Letu e U andletaw € F. Thenu =x —vforsomex € S.Asx € Sandv € S,
ax+ (1 —ayweS. Thusou=a(x —v)=ax+ {1 —-—a)v—veU.

Next, let uy,u, € U. Then u; = x; — v and u, = x, — v for some x;,x, € S.
Now,

X1 +x
u1+u2=(x1—v)+(x2—v)=(x1+x2)—2v=2[ 12 2 —V]-
As (x; +x3)/2 € Swehaveu := (x; +x3)/2 —v € U,and hence u; + u, =2u €
U. Therefore, U is a subspace of V. ]

In the above theorem, the fact that (2) = (3) can also be seen by induction; we
leave it as an exercise.

Given a subspace U of a vector space V and a vector v € V, the pair (v, U)
corresponds to the affine space v + U. Notice that forall u e U, (x +u) + U =
x + U. That is, unless U = {0}, the correspondence (v, U) — v + U is never one-
to-one.
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Theorem 1.55 Let U be a subspace of a vector space V, and let vi, v, € V. Then
the following are equivalent:

M vi+U)NO+U) #9.
2) vi—wmel.
B vi+U=v,+U.

Further, the family of all affine spaces associated with the subspace U decomposes
the vector space V into disjoint subsets.

Proof (1) = (2): Suppose (vi + U) N (v, + U) # &. Then there exist u;, u, € U
such that vi + u; = v» + u,. Consequently, vi — v, = up, —u; € U.

(2) = (3): Suppose vi —v, € U. Now, forany u e U, vi +u =vo + (vi — v2) +
u €vy+ U.Thatis,vi + U C v, + U. Similarly, it follows that v, + U C vy + U.

(3) = (1): Suppose vi+U =v,+U. Then (v +U)N(+U)=v,+U =
vy + U. It implies that vi, v, € (v + U) N (v, + U).

From the equivalence of (1) and (3) it follows that for any v;, v, € V, either
vi+U)N(+U)=orv, +U = v, + U. Moreover, foreachve V, vev+
U. That is, V = U,cy (v + U). Therefore, the set {v 4+ U : v € V} decomposes V
into disjoint subsets. ]

For example, let U be a plane passing through the origin, in R*. The set of all
planes parallel to U cover the whole of R® and no two such planes intersect. That
is, given such a U, the set of all affine spaces v + U decomposes R> into disjoint
subsets.

Theorem 1.55 implies that for eachv € V

v+U={xeV:x—veU)}.

Since affine spaces associated with a subspace U are disjoint subsets of V and their
union is V, the subspace U defines an equivalence relation on the vector space V.
We call this relation as congruence modulo U. It is described as follows:

For x,y € V, x is congruent to y modulo U, written x = y y, if and only if
x—yeU.

The equivalence classes of the relation =y are the affine spaces v+ U forv € V.
We may then say that the vector v is a representative of the class v 4+ U. Note that,
any vector in the affine space v + U can be considered as its representative.

We have a natural way of adding any two affine spaces and multiplying an affine
space with a scalar, namely forx,y € Vanda € I,

x+0)++U)=x+y)+U, ax+U):=(ux)+U.
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Notice that these definitions of addition and scalar multiplication of affine spaces go
along with our earlier notation for the sum of two sets of vectors. That is,

Cc+U)+G+U0)=+ur+y+uriu,up eUt=x+y+U.
ax+U)={ax4+u):uelU}l={lax+w:weU}=(ax)+ U.

This happens because U is a subspace of V. It shows that addition and scalar multi-
plication (of affine spaces) are well-defined.

To see these more directly, suppose x + U = x'+ U and y + U = y’ + U. Then
x—x"eUandy —y € U.Sothat(x +y) — (x’+y) e Uandthenx +y 4+ U =
x"4+y 4+ U. Similarly, if x + U = X + U and « € F, then a(x — X) € U; conse-
quently, ax + U = ax + U.

Further, we observe that

x+U)+U=x+U)+0+U)=x+0)+U=x+U,
x+U0)+(—x)+U)=x—x)+U=U.

That is, the subspace U acts as the zero of the addition of affine spaces associated
with U, and (—x) + U acts as the additive inverse of x 4+ U. The other conditions in
Definition 1.1 can easily be verified. Thus, we have proved the following theorem.

Theorem 1.56 Let V be a vector space over F. Let U be a subspace of V. Then the
family of all affine spaces {v + U : v € V} is a vector space over F with respect to
the operations of addition and scalar multiplication defined by

x+U0)+0+U)=x+y)+ U, ax+U):=(@x)+U forx,yeV, aelF.

Definition 1.57 The vector space of all affine spaces of a vector space V associated
with a given subspace U with addition and scalar multiplication given by

xc+U)+0+U)=x+y)+U, ax+U):=(@x)+U

is denoted by V /U and is called a quotient space.

In R?, take a straight line L passing through the origin. Consider all affine spaces
which are translates of another straight line U passing through the origin. Now, each
such affine space intersects L at exactly one point. In a sense, any such affine space
can thus be identified with that single intersection point. Thus the dimension of the
quotient space R?/ U should match with the dimension of L, which happens to be 1.

Similarly, in R?, each affine space which is a translate of a plane U passing trough
the origin will intersect a straight line L passing through the origin exactly at one
point. Hence, we expect that the dimension of the quotient space R?/U is also 1.
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If U is a one-dimensional subspace of R3, then what would be the dimension of
R3/U? Observe that, in this case, corresponding to each point on a plane passing
through the origin, there is exactly one element of R?/U. Hence, in this case, we
expect that dimension of R?/ U to match with the dimension of the plane, i.e. 2.

The above observations on the dimension of the quotient space can be generalized
to yield a dimension formula in a general setting.

Theorem 1.58 Let U be a subspace of a vector space V. Then
dim(V) = dim(U) + dim(V/U).

Proof fU = V,thenV/U = {x + U : x € V} = {U} is the zero spacein V /U so
that the result holds. Next, we assume that U is a proper subspace of V.

Let B be a basis of U. Extend this to a basis B U C of V. By Theorem 1.46,
V = U @ span(C). It is enough to show that dim(V/U) = |C|.

The function that maps any x € C to f(C) =x + U € V/U is one-to-one. So,
ICl=|{x+U :x € C}|. Weprove that {x + U : x € C}isabasisof V/U.

Clearly, span{x + U : x e C} C V/U.

For the other containment, suppose v+ U € V/U for some v € V. Since V =
U & span(C), there exist vectorsu € U,wy, ..., w, € Candscalarsay, ..., o, such
thatv =u + oyv; + - - - + a,v,. Then

v+U=u+@vi+---4+o,v,)+U=a1(vi+U)+---+a,(v, + U).
The last vector is in span{x + U : x € C}. So, V/U C span{x + U : x € C}.
Therefore, V/U = span{x + U : x € C}.

We need to show that {x + U : x € C} is linearly independent. For this, let
Vi,...,v, € Candlet By, ..., B, be scalars such that

Bivi+U)+ -+ B, (v, + U) = U.
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Then
U=Bi0i+ U)o+ B+ U) = By + -+ Buva) + UL

It follows that Bjv; + - -+ + B,v, € U Nspan(C) = {0}. As C is linearly indepen-
dent, 1 =---=8,=0. |

For finite dimensional vector spaces we have proved two-dimensional formulas:

dim(U) + dim(W) = dim(U + W) + dim(U N W),
dim(V) = dim(U) + dim(V/U).

Can you relate them?
Exercises for Sect. 1.8

1. Let U be a subspace of a vector space V. Letu,v,x,y € V. Leta, 8 € F. Show
thatif u =y x and v =y y, then au + Bv =y ax + By.
2. Describe the following quotient spaces:

(a) R?/{0}.
(b) R3/U, where U = {(a,b,c) e R®:2a +b — c = 0}.
(c) F*/U, where U = {(0, ap, as, ...) : a; € F}.

3. Determine the quotient space P(R)/U in each of the following cases:

(a) U ="P,([R).
(b) U={p@) e PR): p(—t) = p@®)}.
© U={t"p@): p@) € P(R)} for a fixed n.

4. Consider C" as a real vector space. It has a subspace U := C x {0}*~!. What is
the dimension of the quotient space C" /U ?

1.9 Problems

1. What is wrong with the following proof of commutativity of addition using other
axioms of a vector space?

X+x+y+y=2x+2y=2(x+y)=x+y+x+y. Cancelling x
from left and y from right, we have x +y =y + x.

2. Prove that a vector space cannot be equal to a finite union of its proper subspaces.
3. Let V := F(N, FF), the space of all scalar sequences. Let £' (N, F) be the set of
all absolutely summable scalar sequences, that is,
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10.

11.

12.

13.

1 Vector Spaces

(N,F):=dxeV: Z|x(j)| < o0

Jj=1

Show that ¢! (N, F) is a subspace of F(N, IF).

. For a nonempty set S, let £>°(S, IF) be the set of all bounded functions from §

to IF, that is,
€°(S,F) := {x € F(S,F) : sup |x(s)] < oo}.
seS

Thus, x € £°°(S, F) if and only if there exists M, > 0 such that |x(s)| < M, for
all s € S. In particular, £*° (N, [F) is the set of all bounded sequences of scalars.
Show that £°(S, [F) is a subspace of F (S, IF).

. The set co(N, F) in Example 1.15 is a subspace of £! (N, ), and the sets

coN,F) :={x €e F(N,F) : x(n) > 0asn — oo},
c(N,F) :={x € F(N,F) : (x(n)) converges }

are subspaces of £°(N, ). We observe that
co(N,F) C'(N,F) € co(N, F) C (N, F) C £*°(N, F).

Are these inclusions proper?

. IfonedefinesU — W ={u —v:u € U,v € V}forsubspaces U, W of a vector

space V, then which of the following would hold and which do not?

U-U={0}, U-W=U+W, (U-W)+W=U.

. Is sum of subspaces (of a given vector space) commutative and associative? What

is the additive identity of the operation of addition of subspaces? What about
additive inverse of a subspace? Does every subspace have an additive inverse?

. LetS; ={(a,b) eR?: —1 <a,b<1}and S = {(a,b) e R2 : a®> + b* < 1}.

Whatis S; + S»?

. Determine conditions on « € C such that in C? the vectors (1 — «, 1 4+ &) and

(1 4+ «, 1 — «) are linearly independent.

Determine conditions on «, 8 € C such that the vectors (a, 1), (8, 1) in C? are
linearly dependent.

Determine conditions on «, 8, y € C such that the vectors (1, o, a?), (1, B, ,32),
and (1, y, y2) in C? are linearly dependent.

Determine conditions on @ € R such that the vectors (1, «, 0), (0, 1, @), (e, 1, 1)
in R? are linearly independent.

Show that a subset {uy, ..., u,} of V is linearly independent if and only if the
function (a1, ..., o) — ajuy + - - - + ayu, from F” into V is injective.
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Let U be the set of all polynomials p(¢) from P(C), where each p(t) is consid-
ered as a function from S := {1, ..., 2018} to C. Show that U is a subspace of
F (S, C). Determine dim(U).

Let V be an infinite dimensional vector space. Show that there exists a sequence
Vi, V2, ..., of vectors in V such that for each n € N, the vectors vy, ..., v, are
linearly independent.

Given ay, ay, ..., a, € R, let

V={feC0,11:anf@) + - +arfV@) +aoft) =0fort [0, 1]}.

Show that V is a subspace of C*[0, 1]. Determine dim(V').
InC[0, 1], consider the function f;, forn € N, where the graph of f;, in the interval

[ﬁ, %] is obtained by joining the point (ﬁ, 0) to the point (%(# + %), 1)

1
n+1

and f,(x) = O foreachx ¢ [#, %] Write f,(x) as a formula with three cases,
and then show that {f, : n € N} is linearly independent.

For A € [a, b], letu, (t) = exp (At), t € [a, b]. Show that {u; : A € [a, b]} is an
uncountable linearly independent subset of Cla, b].

Let pi(?), ..., pur1(t) € P,(C) satisfy pi(1) = --- = p,41(1) = 0. Show that
the polynomials p;(t), ..., py+1(t) are linearly dependent in P, (C).

Let U, W and X be subspaces of a finite dimensional vector space V. Is it true
thatif U (W X)=V,then U W)d X =V?

Let U;, U, and Uj be subspaces of a vector space V.

(a) Prove that U; N (U, + (U NU3)) = (U NU) + (U NU3).
(b) Give a counter-example for U; N (U, + Uz) = (U NU,) 4+ (U; N U3).
(c) Give a counter-example for
dim(U; 4+ U, + U3) + dim(U; N U,) 4+ dim(U, N Usz) + dim(Us N Uy) =
dim(U,) 4+ dim(U,) 4+ dim(Us) + dim(U; N U, N Us).

Let V be a vector space. Show that V.=U,; @ ---@ U, if and only if V =
U +---4+U,,andforeachi € {1,...,n — 1}, Uiy N (U, + - -- + U;) = {0}.

and then joining (%( + %), 1) to the point (%, 0) by straight line segments,

Let Uy, ..., U, be finite dimensional subspaces of a vector space V. Prove that
dim(U; +---+ U,) <dim(U;) + - - - + dim(U,).
Let Uy, ..., U, be subspaces of a finite dimensional vector space V. Prove or

disprove: If dim(U;) + -+ - +dim(U,)) = V,thenV = U, & --- ® U,.

Let V be a vector space. Show that dim(V) = n > 1 if and only if there exist
one-dimensional subspaces Uy, ..., U, suchthat V. =U; & --- & U,.

Let C"" denote the set of all n x n matrices with complex entries. Show the
following:

(@ {BeC™ :BT = B}and {B € C"*" : BT = —B} are subspaces of C"*".
(b) {B € C™ : BT = B} @ (B € C"" : BT = —B} = C"*".
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27.

28.

29.
30.

1 Vector Spaces

Let A C Rbenonempty. Fixa € A.LetU = {f € F(A,R) : f(a) = 0}. Does
there exist a subspace W of F (A, R) such that F(A,R) =U & W?

Let 1y, 11, ...,t, be distinct complex numbers. For i € {0, 1, ..., n}, define
pi(t) = I (t —t;). Show that {po(¢), pi(¢), ..., pa(t)} is a basis for P,(C).
Further, show that a polynomial p(#) € P,(C) is uniquely determined by the
(n + D-tuple (p(t0), ..., p(tn)).

In Theorem 1.54, derive (3) from (2) using induction.

Let U and W be subspaces of a finite dimensional vector space V. Prove that
any basis of (U + W)/U is in one-to-one correspondence with any basis of
W/(UNW).



Chapter 2 ®)
Linear Transformations Check for

2.1 Linearity

In mathematics one studies structures and the maps between structures. The maps
that preserve structures are of fundamental interest. In real analysis, the interesting
maps are continuous functions; they map closed intervals onto closed intervals. In
group theory, homomorphisms map subgroups onto subgroups. In vector spaces,
similarly, the important maps are those which map subspaces onto subspaces. Since
the vector spaces get their structure from the two operations of addition and scalar
multiplication, the structure preserving maps must preserve these two operations.

Definition 2.1 Let V and W be vector spaces over the same field F.

(a) A function T : V — W is said to be a linear transformation from V to W if
it satisfies the following two conditions:
Additivity: Forallx,y e V, T(x +y) =T (x) + T (y).
Homogeneity: For all x € V and foralla € F, T (ax) = aT (x).

(b) A linear transformation from V to [ is called a linear functional on V.

(c) A linear transformation from V to itself is called a linear operator on V.

In Definition 2.1, the + in 7'(x + y) is the addition operation of V, whereas the +
in T'(x) + T (y) is the addition of W. Similarly, the scalar multiplication in T (ax) is
that of V and thatin o T (x) is the scalar multiplication of W. It can be easily seen that
the two conditions in Definition 2.1 together are equivalent to either of the following
conditions:

Tx+ay)=Tx)+aT(y) forallx,y € V and foreacha € F
T(ax + By) =aT(x)+ BT (y) forallx,y € V andforall o, 8 € F.

When we say that 7 : V — W is alinear transformation, it is assumed that both V
and W are vector spaces, and that too, over the same field. For a linear transformation
T and a vector x, the value T (x) is also written as 7 x.
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Linear transformations, in general, are denoted by capital letters such as 7, S,
A, B, while linear functionals are denoted by small letters f, g, etc.

Linear transformations are also called as linear maps, linear mappings, linear
operators, and also homomorphisms. A linear operator on a vector space is also
called an endomorphism.

Example 2.2 Let V and W be vector spaces. Define two maps 0: V — W and
Iy :V — Vby
0(x) =0, Iy(x)=x forxeV.

Notice that the O on the left side is a function and the O on the right side is the zero
vector of W. We see that

0Ox+y)=0=0x)4+0(y) O(ex)=0=a0=a0(x),
Iv(x+y)=x+y=1Iv(x)+ Iv(y), Iv(ax)=ax=aly(x).
Hence both 0 and Iy are linear transformations; Iy is a linear operator on V.
The linear transformation 0 : V — W is called the zero map or the zero operator.
Sometimes the zero operator is denoted as O instead of 0. The linear transformation

Iy : V — V is called the identity map, or the identity operator. If there is no
confusion, Iy is abbreviated to /. O

Example 2.3 (1) Let V be a vector space. Let A be a scalar. Define T : V — V by
T(x)=Ax forxeV.
Then T is a linear operator on V, since for every x, y € V and @ € F,
Tx+oay)=A(x+ay) =Ax+ary=Tx+aTy.

This operator T is written as T = Al, where [ is the identity operator on V, and it
is called a scalar operator.

(2) The map T : P(R) — P(R) defined by
T(p(t)) =tp(t) for p(r) € P(R)
is a linear operator, since for every p(t), q(t) € P(R) and ¢ € F,

T(p@®) +aq@®) =t(p) +aq()) =tp@) +atqt) =T(p®) +aT(g()).

(3) With F*® = F (N, F) as the set of all sequences of scalars, themap T : F*° — F>®
defined by

T(ay,az,a3,...) = (ar,as,...) for(a,as, as,...) € F>®
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is a linear operator, since for all (a;, as, as, ...), (b1,by, b3,...)inF* and ¢ € I,
we see that

T((ai,az,as3,...)+a(by, by, b3, ...)) = T((a; +aby,ar + aby, a3 + abs,...)
= (ap + aby, a3 + abs,...)
= (a,as,...) +a(by, b3, ...)
= T(a1,az,a3,...)+aT (b, by, b3, ...).

This operator 7 is called the left shift operator or the backward shift operator.
(4)Let T : F*® — F* be defined by

T(al,az,ag, .. ) = (0,0],02, ) for ((11,(12,(13, . ) e F*.

As in (3), it can be verified that T is a linear operator on F°; it is called the right

shift operator or the forward shift operator. (Il
Example 2.4 (1) Let V be an n-dimensional vector space, and let B = {uy, ..., u,}
be an ordered basis of V. For each x € V|, there exist unique scalars «j, ..., o, € F

such that x = ajuy + - -+ +a,v,. Foreach j € {1, ...,n}, define f; : V. — F by
filx)=a; forx =aiu;+---+o,v, €V.

Then f; is a linear functional. We observe that the linear functionals fi,..., f,
satisfy
fitu;) =6;; foralli, jefl,...,n}

These linear functionals are called the coordinate functionals on V with respect to
the basis B. The coordinate functionals depend not only on the basis B but also on the
order in which the basis vectors uy, ..., u, appear in B. The coordinate functionals
on [F" with respect to the standard basis satisfy

filay, ..., ay) =; foreachi =1,...,n.

(2) For a given t € [a, b], let f; : C([a, b], F) — T be defined by
fi(x) =x(@) forx € C([a,b],F).

Then f; is a linear functional. The functionals f; for ¢ € [a, b], are called evaluation
functionals on C[a, b].

(3) Giventy,...,t, € [a,b]l and wy, ... w, € F, define f : C([a, b],F) — F by

n

fx) = Zx(t,-)w,- for x € C([a, b, F).

i=1
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Then f is a linear functional.
This functional is a linear combination of evaluation functionals f;,..., fi,
defined in (2) above. The functional f is called a quadrature formula.

(4) Let f : C([a, b], F) — T be defined by

b
f(x):/ x(t)dt forx e C([a, b], F).

Then f is a linear functional. (I

Example 2.5 (1) Define T : C'([a, b], R) — C([a, b], R) by
Tx =x' forx € C'([a,b], R),

where x’ denotes the derivative of x. Then T is a linear transformation.
(2) Let &, B € F. Define the function T : C'([a, b], R) — C([a, b], R) by

Tx =ax + Bx', forx € C'([a, b],R)

Then T is a linear transformation.
(3)Let T : C([a, b], R) = C([a, b], R) be defined by

(Tx)(s) = /sx(t) dt forx € C([a, b],R), s € [a, b].

Then T is a linear transformation.

(4) Let {uy, ..., u,} be an ordered basis of an n-dimensional vector space V. Let

n
Tx = Zaf”j foreach x = (ay, ..., a,) € F".
j=1

Then T : F" — V is a linear transformation. ([
Here are some easy consequences of Definition 2.1.
Theorem 2.6 Let T : V — W be a linear transformation. Then the following are

true.

(1) TO)=0.

(2) Foreachv eV, T(—v)=—-T(v).

3) T(yvi+---+ayv,) =o1Tvy +---+«a,Tv, for all vectors vi,...,v, €V
and all scalars oy, ..., o, € F.
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Proof (1) T(0) +0 = T(0) = T(0 + 0) = T(0) 4+ T(0). Thus, T(0) = 0.
(2)Letv € V. Then T(—v) = T((=1)v) = (=1)Tv = —Tv.

(3) For n=2, we have T(o;vi + o) = T(a1vy) + T(aavy) = o T(vy) +
ay T (v,). For any general n, the result follows by induction. |

Example 2.7 (1) The map T : R — R defined by
T(x)=2x+3, xeR,

is not a linear transformation, since 7'(0) = 3.
(2) The maps f, g, h : R — R defined by

fx)=x3 gx)=cosx, h(x)=sinx
are not linear transformations since
fex1D)=8#£2f1)=2, gQ2n)=1+#2g(m)=-2, hQn)=0%#2h(n)=2.
Again, we notice that
fA+D# M)+ fD), glr+m) #gr)+gG), h(m) # h(m) + h(n).

That is, these functions do not satisfy the additivity requirement also.

(3) Let T}, T, : V. — W be linear transformations. Let a and b be scalars. Define
T:V —> Whby
T(x)=aT|(x)+ bT,(x) forx e V.

It is easy to see that T is a linear transformation. (]

Theorem 2.6(3) has a nice consequence. Let V be a finite dimensional vector space,

B ={v,...,v,}abasisof V, and let v € V. There exist unique scalars «y, ..., a,
such thatv = oyvi +--- 4+ a,v,. Then Tv =« Tvy + - - -+, Tv,. That is, Tv is
completely determined from Tvy, ..., Tv,. Does this hold even if V is not finite
dimensional?

Theorem 2.8 Let V and W be vector spaces over F. Let B be a basis of V, and
let f: B — W be any function. Then there exists a unique linear transformation
T:V — WsuchthatTu = f(u)foreachu € B. Infact, forv = ajvi + - -+ 4+ ap i
withv; € Banda; e Ffori =1,...,k, TOW) =a1f(v1) + -+ o f ().

Proof Letv € V. Since Bisabasis of V, there existunique vectorsv; ..., vy € Band
correspondingly unique scalars «j, ..., o such that v =« v + -+ + axv. Then
themap T : V — W given by

Tv=o1f(v)+- - F+oarf(n) forv=avi+- -+ o
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is well defined. Notice that this definition takes care of the agreement of 7 with f on
B.Thatis, Tu = f(u), foreachu € B. We show that T is a linear transformation. For
this, letx, y € V and let« be a scalar. Then there exist scalars 81, ..., B, Vis+++» Vn
and vectors uy, ..., Uy, Vi, ..., Vv, € B such that

x =P+ 4 Butm, Yy=vvi+-+ Vavu.

Then

T(x+ay) =TBus+ -+ Buttm +ayivi + - + ayuvy)
=Bifu)+--Bufup) +ayi fv) + - +ay, f(v,)
=Tx+aTy.

For uniqueness of such a linear transformation, let S, 7 : V — W be linear trans-
formations with S(u) = T (u) for each u € B. Let z € V. Since B is a basis of V,
there exist vectors uy, ..., u, € B and scalars «y, ..., «, such that

Z=ouy + -+ oy,

As both S and T are linear transformations,
S@) =1 Su) + -+ a,S,) =1 T(u) +---+ o, T(u,) =T(z). M

Theorem 2.8 says that a linear transformation is completely determined by its
action on a basis. In view of this, we give a definition.

Definition 2.9 Let V and W be vector spaces. Let Bbeabasisof V.Letf : B - W
be any function. The unique linear transformation 7 : V. — W defined by

T(X:j:1 oejvj> = Zj:] ajf(v;) forneN, a; elF, v;eB
is called the linear extension of f.

The linear extension of a given map from a basis agrees with the map on the basis;
it is defined for other vectors using the linear dependence of the vectors on the basis
vectors.

In particular, suppose B = {vi, ..., v,} is a basis for a finite dimensional vector
space V. Letwy, ..., w, be any vectors in any vector space W. If we have a function
f B — W defined by f(vi) =wy,..., f(v,) =w,, then there exists a unique
linear extension of this f to the vector space V. Notice that the vectors wy, ..., w, €
W need not be linearly independent.

Example 2.10 Let E be the standard basis of R3, i.e. E=1{(1,0,0), (0,1, 0),
(0,0, 1)}. Let the function f : E — R3 be given by

f(1,0,0)=(0,1,1), £(0,1,0) =(1,1,0), £(0,0,1) = (1,2, 1).
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Since (a, b, c) =a(1,0,0) + b0, 1,0) 4+ ¢(0,0, 1), by Theorem 2.8, the linear
transformation 7 : R?> — R3 is given by

T(a,b,c) =a(0,1,1)+b(1,1,0)+c(1,2,)=(h+c,a+b+2c,a+c).

This is the linear extension of f to R3. ([

In what follows, we will suppress the symbol f for the function that is prescribed
on a basis. We will rather start with the symbol 7 itself and say that T acts on a basis
in such and such a way; then denote its linear extension also by 7'.

Example 2.11 (1) Let A = [a;;] € F"*". Let {ey, ..., e,} be the standard basis of
[F*. Suppose T acts on the standard basis in the following way:

Tel = (allv "~1an1)7 ceey Ten = (alnv --~aann)~

Letx = («y,...,a,) € F". Then x = aye; + - - - + a,e,. The linear extension of T
to " is the linear transformation 7' : F* — [" satisfying

Tx =a1Tey+---+a,Te,

zal(alla--~’an1)+"'+0‘n(alna---aann)
n n

=( E ayjiy, ..., E anjozj).
j=1 Jj=1

(2) Let A = [a;;] € ™" Let {ey, ..., e,} be the standard basis for F<! Let T act
on the standard basis in the following manner:

Te; =lay; - amj]T = jth column of A.

Then its linear extension is the linear transformation 7 : F**! — F"*! where for
x=J[og - a,]’ e F*1,

Tx =a;Te; +---+a,Te,.

Note that

n

n
T
Tx = [Zaljotj ”'Za'”faj] = Ax € "1,
j=1

j=1

In fact, any matrix A € F"*" is viewed as a linear transformation this way. You can
also see the obvious relation between this 7' and the linear transformation in (1). A
more general version of how a matrix gives rise to a linear transformation is described
below.
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(3) Let A =[a;;] € F"™*". Let V and W be vector spaces of dimensions n and
m, respectively. Let B = {vy,...,v,} be an ordered basis of V, and let C =
{wi, ..., wy,} be an ordered basis of W. Define T : B — W by

m
T(v)) =anwi + -+ amwn = E ajw;
i—1

m
T(Vn) =auwi1 + -+ GupWm = E ainWi.
i=1

Notice that the coefficients of the basis vectors wy, ..., w,, in Tv; are exactly the
entries in the jth column of the matrix A, occurring in that order. Due to Theorem 2.8,
this map has a unique linear extension to the linear transformation 7 : V. — W. To
see how T works on any vector in V, let x € V. We have a unique n-tuple of scalars
(aq, ..., ay) such that x = ojvy + - - - + o, v,. Then Tx is given by

m m
Tx =a Zanw,- +~--+anzamwi
i=1 i=I
n n
= (Zalj“j)wl +- (Zanj“.i)wn-
j=1 j=1

Observe that if V = F**! and W = F"*! with standard bases B and C, then T
maps the kth standard basis element in F"*! to the kth column of A; then we obtain
the linear transformation in (2) as a particular case.

For any matrix A, the linear transformation 7 : V — W defined above is called
the linear transformation induced by the matrix A; we write this 7" as T4. It shows
that if V and W are vector spaces with dimensions » and m, and with ordered bases
as B and C, respectively, then every m x n matrix with entries from [ gives rise to
a unique linear transformation from V to W. (]

Example 2.12 LetT) : U — V and T, : V — W be linear transformations. Let 7 :
U — W be the composition map T, o T;. That is,

T(x)=T(Ti(x)) forxeV.
Ifu,v e U and o € F, then

Tw+v) =0T ww+v) =TT W) +L(Tw) =Tw +TO),
T(au) = To(Ti(au)) = T(aTi(w) = alr(Ti () = aT (u).

Hence T is a linear transformation. O
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Example 2.13 Suppose A = [a;;] e F"*" and B = [bj] e F"*™". Let U, V, W be
vector spaces of dimensions n, m, r, respectively. Let E; = {uy, ..., u,}, E» =
{vi,...,vp}and E3 = {wy, ..., w,} be ordered bases of U, V, W, respectively. Let
Ty:U — Vand Tg : V — W be the linear transformations induced by A and B,
respectively, corresponding to the given ordered bases. As in Example 2.12, the
composition map T o T4 : U — W is a linear transformation defined by

(TB [¢] TA)()C) = TB(TAX), x eU.

Using the properties of the linear transformations 74 and Ty described as in
Example 2.11(3), we have

(Tg 0 Ta)uj) = To(Tay) = To (Y axve) = Y ay Ta(ve)
k=1 k=1

= Zakj[ bikwi] = Z[Zbikakj]wi
k=1 i=1 i=1 k=1
foreach j =1, ..., n. Recall that the product BA is the matrix [c;;] in F"*", where
Cij = Zbikakj'
k=1
Thus, Tg o T4 = Tga, the linear transformation induced by the matrix BA. O

Example 2.12 shows that composition of linear transformations is a linear trans-
formation. Example 2.13 shows that if A and B are matrices with the product BA
well defined, then the induced linear transformation of B A is the composition of the
induced linear transformations 75 and T4, taken in that order. Thus the following
definition makes sense.

Definition 2.14 Let 7 : U — V and S: V — W be linear transformations. The
composition map S o T is also called the product of S and T and is denoted by ST.
It is defined by

ST(x) := (SoT)(x) = S(T(x)) forx eU.

As we have seen, for linear transformations 7 : U — V and S : V — W, the
product ST is a linear transformation. If U # W, then the product 7'S is not well
defined. In case, U = W, both ST and T'S are well defined. If it so happens that
ST = TS, we say that the linear operators S and 7 commute. In general, two linear
operators need not commute; i.e. ST need not be equal to T'S.
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Example 2.15 Let V =R**!and S, T : V — V be defined by

0 1]|a b a

5x=[0 0} [b] - [O] forx:[b]eV
0 O|fa 0 a

Tx=|:1 O] M - H forx=|:b:|eV.

Then S and T are linear operators on V (verify). Now, for each x = [a, b]IT eV,

01 0 Of|a 0 1ff0 a

sto=[o o] [V ol[5]=[0 ol a] = [0
0 0 [0 1]]|a 0 0ffb 0

rss= [V o] [0 o] [2]= [ o][s]=[5)

(1)] ,then STx = x but TSx = 0. That is, ST # TS. Thus, S

and T do not commute. (]

In particular, if x = |:

It can be easily seen that a scalar operator on a vector space V commutes with
every linear operator on V, that is, corresponding to a givenw € Fif T : V — V is
defined by

Tx =ax forx eV,

and if S is any linear operator on V, then ST = T S.

Also, if V is a one-dimensional vector space, then any two linear operators on V
commute. This follows from the fact that, if dim(V) = 1, then every linear operator
on V is a scalar operator; verify it!

It raises the question that given a vector space V, whether scalar operators are the
only linear operators on V that commute with every operator on V'? The answer is
in the affirmative; prove it!

Product of linear operators on a vector space satisfies associativity and distribu-
tivity (over addition) properties: let 7;, T, T3 be linear operators on V. Then we
have

Associativity: T\(ToT3) = (T\' 1) Ts.
Distributivity: (T1 + T))T3 = TT'Ts + T3, TiW(Th +T3) = Th' T, + T Ts.

The above properties are satisfied for linear transformations between different
vector spaces provided the expressions involved are well defined (verify).

Product of linear transformations enables us to define the powers of linear oper-

ators. If 7' is a linear operator on V, define the powers of 7', namely 7" for any
ne€{0,1,2,...,}inductively as follows.

T°:=1 and T":=TT" ' forn>0.

Here, I is the identity operator on V.
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We observe that, for any nonnegative integers m, n,
Tm Tn — TnTm — Tm+n

We can also define polynomials in 7' as follows. Let p € P(F), say p(t) =
a; +at +-- -+ a,t". For a linear operator 7 on V, we define p(T) : V — V by

p(TYy=a)l +aT +---+a,T".
Example 2.16 Consider the differentiation operator on P, (F) defined by

D(ao + a1t + axt> + -+ ayt™) = ay + 2ast + - - + na,t""".

The powers of D that is, D, D2, ... are well defined. We take D° = I. Then
D"t (¢t*) = 0 for each k € {0, 1, ..., n}. That is, D"*! is the zero operator. This
gives an example where product of (composition of) two nonzero linear operators
can be a zero operator. d

It gives rise to the following notion.

Definition 2.17 A linear operator T on a vector space is called nilpotent if for some
natural number n, 7" = 0. The least natural number k such that 7% = 0 is called
the index of nilpotency of 7.

The differentiation operator in Example 2.16 is nilpotent and its index of nilpo-
tency is n + 1. We will study properties of nilpotent linear operators later.

IfT:V — WandS € W,thenT~!(S) = {x € V : Tx € S}istheinverseimage
of S. The notation 7~!(S) neither presupposes that T is invertible nor that 7! is
a linear operator. In this notation, 7~'({0}) is the set of all vectors in V which are
mapped to 0 by T. Also, for a subset G of a vector space V, we write T (G) := {Tx :
x € G}.

We see that the structure of a subspace is preserved by a linear transformation.

Theorem 2.18 Let T : V — W be a linear transformation. Then the following are
true.

(1) If Vyis a subspace of V, then T(Vy) :={Tx : x € Wy} is a subspace of W.
(2) If Wy is a subspace of W, then T~"(Wy) :={x € V : Tx € Wy} is a subspace
of V. In particular, T~'({0}) is a subspace of V.

Proof (1) Let Vy be asubspace of V. Letx,y € T(Vp); o € F. We then have u, v €
Vo such that x = Tu and y = Tv. Further, u 4+ ov € V. Then

x+oay=Tu+aoaTv=T(u+v)eTVp).

Therefore, T' (V) is a subspace of W.
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(2) Let W, be a subspace of W. Letx,y € T~'(Wy) and let € F. Then Tx, Ty €
Wy. It follows that Tx +aTy € Wy. Since Tx +aTy =T(x +ay), x +ay €
T~!(Wy). Therefore, T~ (W) is a subspace of V. |

Properties preserved by linear transformations are called linear properties.
Theorem 2.18(1) says that being a subspace is a linear property. The line segment
joining # and v in a vector space V is the set

S={01-Nu+xrw:0<xr<1}.
If T : V — W is a linear transformation, then
TS)={A-MNTw)+AT(Wv):0<Ar <1}
is a line segment joining 7' (x) and 7' (v) in W. We see that being a triangle in the
plane is a linear property.
This means that a triangle remains a triangle under any linear transformation on
R2. This includes the degenerate cases of a triangle becoming a single point or a line

segment. Notice that a linear transformation may change the shape of a triangle; an
equilateral triangle may not remain equilateral.

B T

/

However, being a circle is not a linear property. To see this, consider the linear
transformation 7' : R?> — R? defined by T (a, b) = (a, 2b) for a, b € R. Then

T{(a,b):a*+b*>=1}) ={(a,2b) : a®> + b* = 1} = {(a, b) : a* + b*/4 = 1}.

Thus, a circle may become an ellipse under a linear transformation.
Exercises for Sect.2.1
1. Which of the following functions 7 : R?> — R? are linear operators?

(@) T(a,b) = (1,b).

(b) T(a,b) = (a,d?.

(¢) T(a,b) = (sina, 0).

(d) T(a,b) = (lal, b).

(e) T(a,b) = (a+1,b).

®) T(a,b) = Qa+b,a+b>.



2.1 Linearity 63

2. Consider C as a vector space over R. Which of the following functions f : C —
R are linear functionals?

(@) f(a+ib) =a.

®) fa+ib)=b.

(©) fla+ib)=a’.

(d fa+ib) =a—ib.
(€) f(a—+ib) =+a?+ b2

What happens if you consider C as a vector space over C?
3. Which of the following functions f : C* — C are linear functionals?

(@) f(a,b,c)=a+b.
(b) f(a,b,c)=b—c>.
() f(a,b,c) =a+2b—3c.

4. Which of the following functions f : P(R) — R are linear functionals?

@ f(p)= /', p)dr.

b) £(p) = [y (p())2d1.

© f(p) = [, pt>dt.

oI L

e) f(p) =dp/dr.

(f) f(p) = dp/dt evaluated at t = 0.
(g) f(p) =d*p/dt* evaluated at t = 1.

5. Which of the following functions are linear transformations?

(@) T :C'([0, 1], R) — R with T(u) = [ (u(1))*dt.

(b) T :C'([0, 11,R) — R? with T'(u) = (f, u(t)dt, u’(0)).
() T:P,(R) > Rwith T(p(x)) = p(a), for a fixeda € R.
(d T:C—->CwithT(z) =7.

6. Let T : R? — R?be alinear transformation with 7 (1, 0) = (1,4)and T (1, 1) =
(2,5). Whatis T'(2, 3)?

7. In each of the following, determine whether a linear transformation 7 with the
given conditions exists:

(@ T :R*>— R3with 7(1,1) = (1,0,2) and T (2, 3) = (1, —1, 4).

(b) T:R> - R>with 7(1,0,3) = (1, 1) and T(=2, 0, —6) = (2, 1).

() T:R?*— R*with7T(1,1,0) = (0,0), T(0,1,1) = (1, 1)and T(1,0, 1) =
(1,0).

(d T :P3(R) — Rwith T(a + bt?) =0foralla, b € R.

() T:C3— C? with T(,i, —i) = (3i,2i, —i), T(@i,2i,—i)=(5,i,1+1i)
and T(—1,2i — 2,1 —2i) = (11i,4i — 1,1 — 2i).

8. In the following cases, find ST and T'S, and determine whether they are linear
transformations:
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10.

11.

12.

13.

14.
15.
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@) S, T : P(F) — P(F) defined by S(p(1)) = tp(t), T(p(t)) = p'(t).

() S, T : Py(F) — Pu(F) defined by S(p(1)) = tp'(t), T(p)) = p'(?).

(c) S:C1([0,1],R) — C([0,1],R) and T :C([0,1],R) - R defined by
S@w)=u' and T(v) = [, v(t)dt.

. Let f : R? - Rbedefinedby f(x, y) = (x> + y*>)!/2. Show that f(a(x, y)) =

of (x,y), but f is not a linear transformation.

Determine all linear operators on R? which map the line y = x into the line
y = 3x.

Let T : V — V be alinear operator, where dim(V) = 1. Show that there exists
a scalar « such that foreachv e V, T(v) = av.

LetUy, ..., U, be subspaces of a vector space V suchthatV =U, & --- ® U,.
Foreachi € {1, ..., n}, let 7; be a linear operator on U; and let S; : V. — V be
given by

Si(x) =T;(x) ifx € U;, else S;(x) =0.

Show that each S; is a linear operatoron V,and T = S; +--- + S,,.
Let B = {vy, ..., v,} be a basis for a vector space V. For each i € {1, ..., n},
define the linear functional f; : V — T that satisfies

fivj))=6;; forj=1,...,n.

Show that if f : V — F is any linear functional then there exist unique scalars
o, ..., € Fsuchthat f =) | o fi.

Does a linear transformation always map a circle onto an ellipse?

Let® € (0, 7). Let A, B € R**2 be given by

A= cosf —sinf B— cos 0 sin 6
~ | sin@ cosd |’ T |sin®  —cosO |’

Explain why A represents rotation and B represents reflection. By using matrix
products, show that

(a) arotation following a rotation is a rotation,

(b) arotation following a reflection is a reflection,

(c) areflection following a rotation is a reflection, and
(d) areflection following a reflection is a rotation.

2.2 Rank and Nullity

Given a linear transformation 7 : V — W, Theorem 2.18 asserts that the range of
T is a subspace of W, and the inverse image of 0 is a subspace of V. We single out
these two special subspaces and their dimensions.
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Definition 2.19 Let 7 : V — W be a linear transformation. Then

(@ R(T):=T((V)={Tx :x € V}iscalled the range space of T.

(b) dim(R(T)) is called the rank of 7', and it is denoted by rank (7).

() N(T):=T7'({0})) = {x € V : Tx = 0} is called the null space of T.
(d) dim(N(T)) is called the nullity of 7, and it is denoted by null (T').

Thus rank (7) is the cardinality of a basis of R(T"). If R(T') is infinite dimensional,
then it is customary to write rank (7)) = oo. Curious things can happen for infinite
dimensional spaces. Notice thatif R(T) = W, thenrank (7)) = dim(W). Its converse
is true for finite dimensional spaces since R(T') is a subspace of W. But for infinite
dimensional spaces, rank (7') = dim(W) does not necessarily imply that R(T) = W.
For example, consider the right shift operator on F*°, that is, T : F*° — F*° defined
by

T(al, a, .. ) = (0, ay,a, .. )

Here, rank (T') = dim(W) = oo, but R(T) # W,as (1,0,0,...) ¢ R(T).

For all vector spaces, the map 7 : V — W is surjective when the range of T
coincides with the co-domain W. Similarly, the null space characterizes whether T
is injective or not.

Theorem 2.20 Let T : V — W be a linear transformation. Then the following are
true:

(1) T is surjective if and only if R(T) = W, and in that case rank (T) = dim(W).

(2) T injective if and only if N(T) = {0} if and only if null (T') = 0.
3) ForallveVandallw e W, T(v) = wifand only if T~'({(w}) =v + N(T).

Proof (1) The first equivalence follows from the definition of surjective maps. Then
rank (7') = dim(W) follows from R(T) = W.

(2) Let T be injective. Then O has only one inverse image. Since 7(0) = 0, we
conclude that N(T') = {0}. Conversely, suppose N(T) = {0}. Let Tu = Tv. Then
T (u —v) = 0 implies that u — v = 0. That is, u = v. Therefore, T is injective. The
second equivalence follows since N(7T') is a subspace of V.

(3)Letv € V and let w € W. Suppose T'v = w. Then, for any x € V,

x € T-'(w) ifand only if Tx =w if and only if T(x —v) =0
ifand only if x —v € N(T) ifandonly if x =v + N(T).

Therefore, T~ ({w}) = v + N(T).
Conversely, let T7'({w})) =v+ N(T). Then v=v+0 € v+ N(T)=
T-'({w}). Therefore, T (v) = w. |

Example 2.21 Consider the operator T of Example 2.10 on R?:

T(a,b,c)=(b+c,a+b+2c,a+c).
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What are the vectors having image as (1, 2, 3)? If (a, b, ¢) is such a vector, then
T(a,b,c) = (1,2,3) leads to the system of linear equations

b+c=1,a+b+2c=2,a+c=3.

From the first and the third equations we obtain a + b + 2¢ = 4. It is inconsistent
with the second. Therefore, the vector (1, 2, 3) ¢ R(T).

Similarly, to find out all vectors whose image under 7 is (1, 3, 2), we are led to
solving the system

bt+c=1,a+b+2c=3, a+c=2.

This ends up in all vectors of the form (a,a — 1,2 — a), where a € R, that is,

T(a,a—1,2—a)=(1,3,2) foreacha € R.
For instance, witha = 0, T(0, —1, 2) = (1, 3, 2). It says that

T7'({(1,3,2)})) ={(@a,a—1,2—a) :a € R}.

Since only the vectors of the form (a, a, —a) map to (0, 0, 0),

N(T) =T '({(0,0,0)}) = {(a,a, —a) : a € R}.
We see that

T7'({(1,3,2)}) = (0, —1,2) + {(a,a, —a) :a e R} = (0, —1,2) + N(T).

That is, the set of all inverse images of (1, 3, 2) are obtained by taking the sum of a
particular inverse image with all inverse images of the origin. (]

Surjective linear transformations preserve the spanning sets, and injective linear
transformations preserve linear independence. Also, linear transformations generated
out of injective maps on a basis are injective, as we see in the following theorem.

Theorem 2.22 Let T : V — W be a linear transformation. Let H C V. The fol-
lowing are true.

(1) T(span(H)) = span(T (H)). Inparticular, if span(H) = V thenspan(T (H)) =
R(T); in addition, if T is surjective, then span(T (H)) = W.

(2) If T(H) is linearly independent and T is injective on H, then H is linearly
independent. In particular, if vy,...,v, € V are such that Tvy, ..., Tv, are
linearly independent, then vy, ..., v, are linearly independent.

(3) LetT beinjective. Then, H is linearly independent if and only if T (H) is linearly
independent.
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(4) Let H be a basis of V. Let T be injective on H. Then T is injective if and only
if T(H) is linearly independent.

Proof (1) Let H € V. Suppose y is any vector in W. Then
y € T(span(H))
ifand only if y = T (yu; + - - - + «,u,,) for some «; € F, and some u; € H
ifandonlyify =o;Tu; +--- 4+ o, Tu,
if and only if y € span(T (H)).
In particular, if span(H) = V then span(T (H)) = span(R(T)) = R(T). In addi-
tion, if T is surjective, then W = R(T') = span(T (H)).

(2)Let T be injective on H; thatis,ifu,v € Handu # v,thenTu # Tv.Let T(H)

be linearly independent. Then the vectors T'uy, ..., Tu, are linearly independent
for any distinct vectors uy, ..., u,, € H. To prove the linear independence of H, let
Vi, ..., v, € H be distinct vectors, and let oy, ..., o, be scalars such that

avy+ -+ oy, =0.

Then
arTvi+---+a,Tv, =T (v + -+ a,v,) =T(0) =0.

Since the vectors T'vy, ..., Tv, are linearly independent, o} = - - - = o, = 0. There-
fore, H is linearly independent.

(3) Suppose that T is injective and that H is linearly independent. Letvy, ..., v, € H
be such that
oy Tvi+---+a,Tv, =0.

Then T (o¢yvy + - - - + o, vy) = 0. Since T is injective, ayvy + - - - + &, v, = 0. Since
H islinearly independent, «; =0, ..., o, = 0. Therefore T'(H) is linearly indepen-
dent. The converse statement follows from (2).

(4) Let H be a basis of V. If T is injective then linear independence of 7T (H)
follows from (3). Conversely suppose that T is injective on H and that T (H) is
linearly independent. Letv € N(T). There are scalars «y, . . ., o, and distinct vectors
Vi, ..., v, € Hsuchthatv = ajvi + --- 4+ «,v,. Now, Tv = 0 implies

o Tv)+ -+, T(v,) =0.

Since T isinjective on H, there are no repetitions in the list vy, ..., Tv,. Then linear
independence of T (H) implies that each ; = 0. That is, v = 0. So, N(T') = {0}.
Therefore, T is injective. |

In Theorem 2.22(3), the linear transformation 7 is assumed to be injective. This
condition cannot be replaced with the assumption that 7 is injective on H. For
instance consider the linear transformation 7 : R — R? given by

T(a,b,c)=(a+c,b+c).
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Let H = {(1,0,0), (0,1,0), (0,0, 1)}. We see that
r1,0,0)=(,0), 7(,1,0)=(,1), T(0,0,1)=(1,1).

Thus T isinjectiveon H,but T (H) = {(1, 0), (0, 1), (1, 1)} islinearly dependent. In
fact, Theorem 2.22(4) now guarantees that 7 is not an injective linear transformation.
This is verified by noting that

7(0,0,0) = (0,0) = T(1, 1, —1).

As a consequence of Theorem 2.22, we have the following theorem.

Theorem 2.23 Let T : V — W be a linear transformation. Then rank (T) <
dim (V). Moreover, if T injective then rank (T) = dim(V).

Proof Let B be a basis of V. By Theorem 2.22(1), T (B) spans R(T). Thus T (B)
contains a basis of R(T). Let C C T (B) be such a basis of R(T). Then

rank (T) = |C| < |T(B)| < |B| = dim(V).

Suppose T isinjective. By Theorem 2.22(3), T (B) is alinearly independent subset
of R(T). Hence dim(V) = |B| = |T(B)| < rank (T). Using the earlier result that
rank (7)) < dim(V), we conclude that rank (7)) = dim (V). |

Suppose V is a finite dimensional vector space, say, with a basis {vi, ..., v,}. If
T : V — W is a linear transformation, then the image of the basis vectors; that is,
Tvy, ..., Tv, span the range space of 7. In general, these vectors in R(7) need not
be linearly independent; thus rank (7') < dim(V). Exactly how much rank (7') falls
behind dim(V)?

It follows from Theorem 2.20(3) that the affine space v + N(T') is mapped to
the single vector Tv. This means that the quotient space V /N (T) is in one-to-one
correspondence with R(T'). In that case, due to Theorem 1.58, dimension of V should
be equal to the sum of dimensions of N(7') and of R(T). We give a direct proof of
this fact below. The proof essentially depends on the following result.

Theorem 2.24 Let T : V — W be a linear transformation of finite rank. Suppose
rank (T) = r. Forvectorsuy, ..., u, € Vlet{Tuy, ..., Tu,}beabasis of R(T).If
B is a basis of N(T), then B U {uy, ...,u,}is abasis of V.

Proof By Theorem 2.22(2), {uy, ..., u,} is linearly independent. Let x € V, and let
B be a basis of N(T'). Since {Tuy, ..., Tu,} is a basis of R(T), there exist scalars
oy, ..., o, such that

Tx =oa1Tu;+---+a,Tu,.

Thus, x — (¢juy + - -+ a,u,) € N(T). Now, if B = &, then N(T) = {0} so that
x =aju; + -+ a,u,, proving that {u;,...,u,} spans V. By Theorem 2.22(2),
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{ui,...,u,}1is a basis of V. So, suppose B # &. Then there exist vi,..., vy € B
and By, ..., Br € F such that

x = (oquy + - F o) = v + -+ Pevke

Thus,
x = (g + - Fovu) + (Brvi 4 - 4 Bve).

It shows that B U {u, ..., u,} spans V.
For linear independence of BU {u, ..., u,},letvy,...,vy € B,ay,...,a, € F

and B, ..., Br € F satisfy

oau + -+ opur + pivi+ -+ v = 0.

Then

aiTuy + -+, Tur + Bi1Tvi+ -+ B Tv = 0.
The conditions Tvy = --- = Tvy = Oimply that o1 Tu; + - - - + «, Tu, = 0. Linear
independence of T'uy, ..., Tu, implies that

oy =---=a, =0.
Using this, we find that 8yv; + - - - + Byvx = 0. Since B is linearly independent,

Br=--=p=0.
Hence B U {u, ..., u,} is linearly independent. |

Theorem 2.25 (Rank-nullity theorem) Let T : V. — W be a linear transformation.
Then rank (T) + null (T) = dim(V).

Proof If T is of finite rank, then the proof follows from Theorem 2.24. On the other
hand, if rank (T') = oo, then by Theorem 2.23, dim(V) = oo. This completes the
proof. |

Some immediate consequences of Theorems 2.20 and 2.25 are listed in the fol-
lowing theorem.

Theorem 2.26 Let T : V — W be a linear transformation, where V is a finite
dimensional vector space and W is any vector space. The following statements are
true:

(1) T isinjective if and only if rank (T) = dim(V).

(2) T is surjective if and only if rank (T) = dim(W).

) If dim(V) = dim(W), then T is injective if and only if T is surjective.
4) If dim(V) > dim(W), then T is not injective.

®) If dim(V) < dim(W), then T is not surjective.
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Exercises for Sect.2.2

1.

10.

11.
12.

13.

14.

Let T be the linear operator on R* defined by
T(a,b,c,d)=(a—b,b+c,c—d,b+d).

What is nullity of 7? Is T surjective?
Find the rank and nullity of the linear transformation 7 : C* — C* given by

T(,b,c,d)=(@+b—-3c+d,a—b—c—d,2a+b+2c+d,a+3b+ 3d).

Give a basis for R(T'); determine dim(R(T) N span{(1, 1,2, 2), (2,0,0,5)}).

. Determine the rank and nullity of the linear operator T on P, (F) given by

T(p(t) = p'(t).
Let T : F® — T3 be the linear transformation such that

N(T) = {(ay, ..., as) € F® : ay = 2ay, as = 4as, ag = 6as).

Show that T is surjective.

. There does not exist a linear transformation from F> to F? whose null space is

equal to {(ay, ..., as) € F : ay = 2a;, a4 = 4az, as = 6a,}. Why?
Find a nonzero linear functional f on C? with fa,-1,1)=f1,1,—-1) =0.

. Let f be a linear functional on an n-dimensional vector space V. What could be

the nullity of f?

. LetT : V — W be a linear transformation such that rank (7") = dim(W). Does

it follow that T is surjective?

. Let T be a linear operator on a finite dimensional vector space V. Prove that the

following are equivalent:

(a) Foreachu € V, if Tu = 0 thenu = 0.
(b) For each y € V, there exists a unique vector v € V such that Tv = y.

Let T be a linear operator on a finite dimensional vector space V. Is it true that
V=R(T)® N(T)?

Find linear operators S and T on R? such that ST = 0 but T'S # 0.

If T is a linear operator on a vector space V such that R(T) = N(T), then what
can you say about the dimension of V?

Let7T : U — V and S : V — W be linear transformations, where U, V, W are
finite dimensional vector spaces. Show the following:

(a) If S and T are injective, then ST is injective.
(b) If ST is injective, then T is injective.
(c) If ST is surjective, then S is surjective.

Let U be a subspace of a vector space V. Show that there exists a surjective
linear transformation from V to U.
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15. Let T be the linear operator on C([0, 1], R) given by

1
(THH@) = / sin(s + 1) f(s)ds fort € [0, 1].
0

Determine rank (7).

2.3 Isomorphisms

Recall from set theory that if A, B are nonempty sets then any function f : A — B
is bijective if and only if there exists a function g : B — A suchthatg o f = I, and
f o g = I, where I, and I denote the identity functions on A and B, respectively.
A bijective function is also called invertible, and such a function g is called the
inverse of f. It may be noted that if f : A — B is invertible, then its inverse is
unique. Indeed, if g; : B — A and g, : B — A are inverses of f, then we have

gr=giolg=go(fog)=(g10f)og=1r08 =g.
We prove an analogous result about linear transformations.

Theorem 2.27 Let T : V — W be a linear transformation. Then T is bijective if
and only if there exists a linear transformation S : W — V such that ST = Iy and
TS = Iw. Further, such a linear transformation S is unique.

Proof Suppose that T : V — W is bijective. For every y € W, there exists a unique
x € V such that Tx = y. This correspondence of y to x defines a function § : W —
V with Sy = x.

To show that S is a linear transformation, suppose y;, y, € W and « € F. There
exist unique vectors x;, x, € V such that Tx; = y; and Tx, = y,. Then Sy; = x;
and Sy, = x,. Hence

S(y1 +ayz) = S(Tx1 +aTxy) = S(T(x1 + axz)) = x1 +axy = S(y1) + aS(yn).
Therefore, S is a linear transformation. Further,
S(Tx)y=Sy=x=1Iy(x) and T(Sy)=Tx=y=1Iy().

Conversely, suppose there exists a linear transformation S : W — V such that
ST =1yand TS = Iy.Now, forany x € V if Tx =0, then S(Tx) =0. As ST =
Iy, x = 0. Hence, N(T) = {0}; consequently, T is one-to-one. Further, for any
yeW,y=Iy(y) =TSy = T(Sy) shows that T is onto. Therefore, T is bijective.

For the uniqueness of S, let S} : W — V and S, : W — V be linear transforma-
tions such that $\7 = Iy = S$;T and TS|, = Iy = T S,. Then forevery y € W, we
have S;y = Si(T'Sy)y = (5:T)S,y = S»y. Hence, S§; = S,. |
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In view of Theorem 2.27, the following definition makes sense.

Definition 2.28 A linear transformation 7' : V — W is said to be invertible if it
is bijective. In that case, the unique linear transformation S : W — V satisfying
ST = Iy and TS = Iy is called the inverse of T'; it is denoted by T-1.

Recall that a matrix A € F"*" can be considered as a linear operator on F"*!, We
thus say that a square matrix A € F"*" is invertible if there exists a matrix B € F**"
such that

AB=BA=1.

In this case, the matrix B is called the inverse of A and is denoted by AL

Example 2.29 (1) The natural correspondence T : F!*" — F"*! defined by
T(lai,...,a,)) :=[ai,...,a,)" forlay,...,a,] € F"*"
is an invertible linear transformation, and its inverse is S : F"*! — F!*" given by

S(la, ....a,1") ==1lai,...,a,] forla,...,a,]" € F*".

(2) The linear transformation T : P, (F) — F"*! defined by
T(ag+ait +---a,t") = (ag,ay,...,a,) forag,ai,...,a, €F

is invertible, and its inverse is the linear transformation S :[F**! — P,(F)
defined by

S(ag, ay, ...,a,) =ap+ait+---a,t" forag, ay,...,a, €.

(3) Consider F,(F) := F({1, ..., n}, F), the space of all functions from {1, ..., n}
to IF. Define T : F,(F) — F" by

T(x) = (x(l), .. .,x(n)) for x € F,(F).

Then, T is an invertible linear transformation, and its inverse is the linear transfor-
mation S : F* — F,(F) given by

S(ay,...,ap)=x, (ai,...,a,) €F",

where x (k) := ay, fork = 1, ..., n. Thisis why the ith component of a vector x € F”
is also written as x (7). ([l

Definition 2.30 A bijective linear transformation is called an isomorphism. A vec-
tor space V is said to be isomorphic to a vector space W, written as V >~ W, if there
exists an isomorphism from V to W.
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We observe that the linear transformations in Example 2.29 are isomorphisms.
Therefore,
F" ~F™' P,(F) ~F"*' and F,(F) ~F".

Here is another example.

Example 2.31 Let U = {(a, b, ¢) € R? : 3a + 2b + ¢ = 0}. It is a subspace of R>.
We show that U ~ RZ2. For this, let T : R? — U be defined by

T(a,b) = (a, b, —3a—2b) for(a,b) € R%.

It can be easily seen that 7 is a linear transformation. Note that a, b, ¢ € U implies
¢ = —3a — 2bsothat T is onto. Also, if (a, b) € R? suchthat T'(a, b) = (0, 0), then
(a, b, —3a — 2b) = (0, 0, 0). It follows that (a, b) = (0, 0). Thus, T is one-to-one.
Consequently, T is an isomorphism. Of course, T~! can be defined easily. (I

If a linear transformation 7' : V — W is injective, then restricting the co-domain
space to R(T'), we obtain a bijective linear transformation. That is, the function

To: V — R(T) definedby Ty(x) =T(x) for x e V

is a bijection. Thus, Theorem 2.27 can be restated in a more general form as in the
following.

Theorem 2.32 A linear transformation T : V — W is injective if and only if there
exists a unique linear transformation S : R(T) — V such that ST = Iy and T S =
IR(T) .

Notice that the conditions ST = Iy and T'S = Ig(r) in Theorem 2.32 say that
ST (x) =x foreachx € V, and TS(y) = y foreach y € R(T).

Like linear transformations, when we say that 7 : V — W is an isomorphism,
we implicitly assume that V and W are vector spaces over some (the same) field IF;
T is a bijective linear transformation.

Theorem 2.33 Let T : V — W be an isomorphism.

(1) If a # 0is a scalar, then aT is an isomorphism and («T)™' = (1/a)T~".

) T7': W — V is an isomorphism and (T~)~! = T.

Q) If S:U — V is also an isomorphism, then TS : U — W is an isomorphism
and (TS)~' = s~'1-1.

Proof Since both T and T~ ! are linear transformations, we have

(/)T ' aT)(v) = (1/a)aT'T(v) =v foreachv eV,
@T)(1/a) T (w) = a(1/a)TT'(w) =w foreachw € W.

That is, (1/a)T ' («T) = Iy and (@T)(1/a)T~' = Iy. This proves (1). Similarly,
(2) and (3) are proved. |
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Since inverse of an isomorphism is an isomorphism, we use symmetric termi-
nology such as “T is an isomorphism between V and W” and also “V and W are
isomorphic”.

Theorem 2.22 implies the following.

Theorem 2.34 Let T : V — W be a linear transformation, where V. and W are
finite dimensional vector spaces.

(1) Let T be an isomorphism and let vy, ...,v, € V.

(@) If {vi,...,w}islinearly independentin V, then {Tvy, ..., Tv,} is linearly
independent in W.

®) If {vi,...,v})spans V, then {Tvy, ..., Tv,} spans W.

() If {vi,...,vu}isabasisof V, then {Tvy,...,Tv,}is a basis of W.

) If {v1,..., vy} is a basis of V such that {Tvy, ..., Tv,} has n vectors and is a
basis of W, then T is an isomorphism.

Notice that composition of isomorphisms is an isomorphism. Thus ‘is isomorphic
to’ is an equivalence relation on the collection of vector spaces. This relation is
completely characterized by the dimensions of the spaces, in case the spaces are
finite dimensional.

Theorem 2.35 Let V and W be finite dimensional vector spaces over the same field
F. Then V >~ W if and only if dim(V) = dim(W).

Proof If there exists an isomorphism T from V to W, then Theorem 2.34(1c) implies
that dim(V) = dim(W).

Conversely, if dim(V) = dim(W), then define a bijection f from the basis of V
onto the basis of W. Due to Theorem 2.8, there exists a unique linear transformation
T from V to W that agrees with f on the basis of V. By Theorem 2.34(2), this T is
an isomorphism. Therefore, V >~ W. |

Let T : V — W be a linear transformation. If P : X — Vand Q : W — Y are
isomorphisms, can we relate the ranges and null spaces of TP and QT with the
range and null space of 7?7

In the following theorem we abbreviate “if and only if” to “iff” for improving
legibility.

Theorem 2.36 Let T : V — W be a linear transformation. Let P : X — V and
Q : W — Y be isomorphisms. Then the following are true:

(1) R(TP)=R(T), N(QT)=N(T), R(QT)~R(T), N(TP)=N(T).
(2) T isinjective iff T P isinjective iff QT is injective.
(3) T is surjective iff T P is surjective iff QT is surjective.

Proof (1)Foreachv € V, Tv = (T P)(P~'v). Thus R(T) € R(T P). Also, for each

x € X, TPx € R(T). Thus R(TP) C R(T). Thatis, R(T P) = R(T).
Foreachv € V, Tv = 0 if and only if Q7Tv = 0. It shows that N(QT) = N(T).
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Next, define the function f : R(T) — R(QT)by f(u) = Quforu € R(T).As f
is arestriction of Q to R(T') € W, itis an injective linear transformation. Now, if y €
R(QT), then 0~ (y) € R(T) and f(Q~'y) = Q0O 'y = y. Thus f is surjective.
That is, f is an isomorphism. Therefore, R(QT) >~ R(T).

Similarly, define the function g : N(T) — N(TP) by g(v) = P~'v for v €
N(T). Again, as a restriction of P~!, g is an injective linear transformation. If x €
N(T P), then TPx = 0. That is, Px € N(T) and g(Px) = P~!'Px = x. It shows
that g is surjective. As earlier g is an isomorphism. Consequently, N(T P) ~ N(T).

(2) From (1) we have N(QT) = N(T) ~ N(T P). Hence N(T) = {0} if and only
if N(T P) = {0} if and only if N(QT) = {0}.

(3) From (1) we have R(QT) ~ R(T) = R(T P). Since both Q and P are surjective,
it follows that R(T) = W if and only if R(T P) = W ifand only if R(QT) =Y. 1

Exercises for Sect.2.3

1. Letm < n.Show that the subspace {(ay, ..., a,,0,...,0) € F" : q; € F} of F*
is isomorphic to F™.
2x2 2% 23 23 . .
2. IsT : R — R given by T (A) = 57 A—A 57|an isomorphism?

3. Prove that the set of all double sequences of the form (..., a_y, ap, aj, . ..) for
a; € F is a vector space over I, with usual addition and scalar multiplication.
Also prove that this vector space is isomorphic to [F*°.

4. Let {vi,...,v,} be an ordered basis of a vector space V. For each v € V we
have aunique n-tuple (ay, ..., a,) € F"suchthatv = a,v; + - - - + a,v,. Define
T®)=(ay,...,a,) € F". Show that the function T : V — F”" defined this way
is an isomorphism.

5. Let T : V. — W be a linear transformation. Let {v{, ..., v,} be a basis of V. If
{Tvi, ..., Tv,}is abasis of W, does it follow that T is an isomorphism?

6. Let U and V be subspaces of a finite dimensional vector space W. Prove that
the quotient spaces (U + V)/U and V /(U N V) are isomorphic. Then deduce
the dimension formula dim(U + V) = dim(U) + dim(V) — dim(U N V).

7. Let T : V — W be a linear transformation, where V is a finite dimensional
vector space. Prove that the quotient space V/N(T) is isomorphic to R(T).
Then deduce the rank-nullity theorem.

8. Let T : V — W be a linear transformation. Prove the following:

(a) Let V be finite dimensional. Then T is surjective if and only if there exists
a linear transformation S : W — V suchthat TS = Iy.

(b) Let W be finite dimensional. Then T is injective if and only if there exists
a linear transformation S : W — V such that ST = Iy.

What could go wrong if the spaces are infinite dimensional?
9. Find all 2 x 2 matrices A such that A> = I. Describe their actions on F?*! as
linear transformations. Which ones among them are isomorphisms?
10. Let T : U — V and S : V — W be linear transformations, where U, V, W are
finite dimensional vector spaces. Prove the following:
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(a) rank (ST) < min{rank (S), rank (7)}.
(®) null (ST) < null (S) + null (7).
(c) If T is an isomorphism, then rank (S7') = rank ().

11. Let7T : U — V and S : V — W be an isomorphism, where U, V, W are finite
dimensional vector spaces. Does it follow that rank (ST) = rank (T)?

12. Let S, T :U — V be linear transformations, where U and V are finite
dimensional vector spaces. Prove that rank (S + 7') < rank (S) + rank (7).

2.4 Matrix Representation

Theorem 2.35 implies that if V is an n-dimensional vector space over F, then there
exists an isomorphism from V to F". The isomorphism that maps the basis vectors
of V to the standard basis vectors of "*! is one such natural isomorphism.

Definition 2.37 Let B = {v|, ..., v,} be an ordered basis of a vector space V. Let
{e1, ..., e,) be the standard basis of F"*!. The isomorphism ¢ : V — F**! satis-
fying

¢B(Vl) =€, ..., ¢B(vn) =é€y

is called the canonical basis isomorphism from V to F"*!,

For a vector x € V, the column vector ¢ (x) in F"*! is also written as [x]z and
is read as the coordinate vector of x with respect to the ordered basis B. That is,
forx =avi+---+a,v, €V,

pp()=1[xlg=|: |=(a, ..., a)".

an

Notice that once an ordered basis has been chosen, the canonical basis isomor-
phism is uniquely determined. Under this isomorphism, the image of a vector x € V
is the vector in F"*! whose components are the coordinates of x with respect to the
basis B. The coordinate vector of the zero vector is the zero column vector, whatever
be the basis. That is, for x € V, and for any basis B of V,

x =0 ifand only if [x]z = 0in F"*!,

Since F"*! ~ F", sometimes canonical basis isomorphisms are defined from V to
[F". We prefer to keep F"*!; the reason will be clear soon.

Vectors in a vector space of dimension n can be represented by their coordinate
vectors in F"*! by fixing an ordered basis. Similarly, a linear transformation from a
finite dimensional space to another can be represented by a matrix by fixing ordered
bases in both the spaces. We deliberate on this issue.
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Let V and W be vector spaces over I, having dimensions n and m, respectively.
Suppose B = {vy, ..., V,} is an ordered basis for V and C = {wy, ..., w,} is an
ordered basis for W. Consider the canonical basis isomorphisms ¢ : V — F"*!
and Yc : W — ™!, For a matrix A = [a;;] € F™*", the function given by

Ty =Yg Ay

defines a linear transformation from V to W. As in Example 2.11(3), the linear
transformation 74 may be given explicitly as follows. For x = Z;’Z 1OV,

TA()C) = Z,B,»wi with /3,' = Za,-jaj foreachi € {1, e ,m}.

i=1 j=1

In particular, when x = v;, we have a; =1 and all other as are 0; it results in
Bi = a;;. Thus the action of T4 on the basis vectors may be given by

TA(Vj)Zale1+-~-+aijm fOI'j:l,...,}’l.

Conversely, given ordered bases {vy,...,v,} for V, {wy,...,w,} for W, and a
linear transformation 7" : V — W, there exist unique scalars g;; such that the above
equation is satisfied with T in place of T4. Thus a matrix A = [q;;] in F""*" can be
constructed so that T4 = T. It leads to the following definition.

Definition 2.38 Let B = {v,...,v,} and C = {wy, ..., w,} be ordered bases for
vector spaces V and W, respectively. Let T : V. — W be a linear transformation.
Forl <i <mand1 < j < n, let a;; be scalars such that

T(v) =anuwi+ -+ amwp

T(Vn) =ayuw1+ -+ GunWin-

Then, the matrix A € F™*" given by

Aml * Amn

is called the matrix representation of the linear transformation 7 with respect to
the ordered bases B and C; it is denoted by [T]c. 5.

Care is needed while constructing the matrix representation. The coefficients of
Wi, ..., Wy in Tv; appear in the jth column and not in the jth row. We must
remember that when dim(V) = n and dim(W) = m, that is, when the basis C for
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W has m vectors and the basis B for V has n vectors, the matrix [T ]¢ p is in F"*".
This is the reason we prefer the notation [T ]¢, g over the alternate notations [7T']p ¢
and [T]g. If the bases B and C for the spaces V and W are fixed in a context, then
we write [T]¢ g as [T].

Example 2.39 Choose standard bases B = {e, e;} for R? and E = {é,, é,, &3} for
R3. Consider the linear transformation 7 : R> — R? given by

T(a,b) = 2a—b,a+b,b—a).

Then
T(e) =(2,1,—1) =2¢; + 1ey + (= 1e3
T(e) =(—1,1,1) = (—1)e; + le, + les.
Therefore
2 -1
[Tlg,s = 1
Notice that [T (a, )1z = [T1g.p la b]" = [T1g, 5 [(a, b)]s. U

If the ordering of vectors in the basis of the domain space changes, then a
corresponding permutation of columns occurs in the matrix representation of the
linear transformation; if the change is in the ordering of vectors in the basis of the
co-domain space, then the matrix representation will have permutation of rows.

Example 2.40 Consider the polynomials in P3(R) and in P, (R) as functions from
R to R. Then the function T : P3;(R) — P,(R) given by

d
T(p(1)) = %

is a linear transformation. With the standard bases B = {I, ¢, 12, t3} and £ =
{1, t, t2} for the spaces, we have

T(1)= 0 = (0)1+0r+0¢?
Tt =1 =(O14+0r4+07?
T(t?) =2t = 0)14+2t+07*
T =3t2=0)14+07r+3¢%.

The matrix representation of 7 with respect to the given ordered bases B and E is

0100
[Tles=]0 0 2 0
000 3
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With the ordered basis C = {t2, t, 1} for P>(R), we have

0003

[Tles=1]10 0 2 0

0100
Notice that [T (a + bt + ct*> + dt*)]c = [T]c.sl(a + bt + ct> + dt?)]p. O
Let B={vy,...,v,} and let C = {wy, ..., w,,} be ordered bases of V and W,

respectively. With the standard bases for F"*! and F”"*!, let the canonical basis
isomorphisms be denoted by ¢p : V — F"! and ¢ : W — F"*!, respectively.
The coordinate vectors of x € V and y € W can then be written as

[x]pg = ¢p(x) and [ylc = ¥c(y).

The discussion prior to Definition 2.38 can then be summarized as the commuta-
tive diagram below.

This means
[Tles = YcToy' and YT =[Tlc pds.

We prove it formally.

Theorem 2.41 Let B = {vy,...,v,} and C = {wy,...,w,} be ordered bases of
vector spaces V and W, respectively. Let T : V. — W be a linear transformation.
Then

[Tlc.s = ¥cT ¢>gl and [Txlc =I[T]c plx]p foreachx €V.

Proof Let x € V. Let x = B1vi + - -+ + Buv, for some By, ..., B, € F. Suppose
a;j € F are such that

T(v)) =anwi + -+ auiwn

T, =aywr+ -+ apuwn -



80 2 Linear Transformations

Then
Tx =BT+ -+ BT (vyp)
= Bilanuwr + -+ auiwn) + -+ Bulapwr + - - - + auaWin)
= (ﬂlall +---+ ﬂnaln)wl +--+ (ﬁlaml +---+ ,Bnamn)wm'
Consequently,

1/IC(T-)C) = [(.Blall +-+ .Bnaln)s cee (/Slaml +-+ ,Bnamn)]T~

On the other hand, ¢5(x) = [Bi, ..., B.]17. And then

ai - a || B
[Tlc.p Ppp(x) = : s =Y (Tx).

aml ** Amn IBn

This shows that [T]¢c p¢pp = YT, and hence [T]c g = 1//CT¢§1. Since ¢p(x) =
[X]B and WC(T)C) = [TX]C, we have [TX]C = [T]C,B[x]B~ .

Since the canonical basis isomorphisms and their inverses are isomorphisms, the
following result can be seen as a corollary to Theorem 2.34.

Theorem 2.42 Let V and W be vector spaces of dimensions n and m, with ordered
bases B and C, respectively. Let T : V — W be a linear transformation and let
HCV.

(1) H is linearly independent in V if and only if {[x]g 1x € H} is linearly inde-
pendent in F"™ .

(2) H spans 'V if and only if {[x]B 1x € H} spans T

(3) T is injective if and only if [T]c p is injective if and only if the columns of
[T1c.p are linearly independent.

(4) T is surjective if and only if [T]c p is surjective if and only if the columns of
[T1c.p span T,

In fact, Theorem 2.41 justifies why the product of a matrix and a column vector
is defined in such a clumsy way. From Definition 2.38, it is clear that

the jth column of the matrix representation of T is the coordinate vector of
the image of the jth basis vector under 7, that is,

if B = {vy,...,v,}is an ordered basis of V, C is an ordered basis of W, and
T : V — W, then the jth column of [T]¢ 5 is [Tv;]c.

Thus, for a linear transformation 7 : F>! — F"*1 its matrix representation can
easily be computed by putting together the images of the standard basis vectors as
columns. Therefore, T and [T']¢, p coincide when B and C are the standard bases for
the spaces F"*! and <!, respectively.
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This gives rise to a geometrical interpretation of a matrix. When B and C are
the standard bases for F**! and F"*!, respectively, the matrix [7T]¢ p is a matrix
representation of the linear transformation 7' and also it is a linear transformation
from <! to F""*!. Thus

[T]c,s(ej) = the jth column of the matrix [T ]¢, 3.
In general, for any matrix A € F""*", we have
A(ej) = Ae; = the jth column of A.

Since the range of a linear transformation is the span of the image of a basis of the
domain space, the range space of a matrix (as a linear transformation) is simply the
span of its columns. So, the rank of a matrix is simply the maximum number of
linearly independent columns in it.

In Example 2.11(3), we had seen how a linear transformation is induced by a
matrix. Definition 2.38 says how a linear transformation is represented by a matrix.
Of course, the keys in passing from one to the other is achieved by fixing two ordered
bases for the spaces involved.

LetB ={v,...,v,}andC = {wy, ..., w,} be ordered bases for the vector spaces
V and W, respectively. Let A = [a;;] € F"*". Suppose T : V — W is alinear trans-
formation. If T is induced by A, then as in Example 2.11(3),

TV = aywi + -+ amywn for j € (1,...,n).

From Definition 2.38, we see that the matrix representation of 7 is also A. Similarly,
if T has the matrix representation as A, then T is also induced by A.

It thus follows that the matrix representation of the composition of two linear
transformations must be the product of the matrices that represent them. This is the
reason we abbreviate the composition map 7 o S to T'S.

Theorem 2.43 Let U, V, and W be finite dimensional vector spaces having bases
B, C, and D, respectively. Let S : U — V and T : V — W be linear transforma-
tions. Then

[TS]p,s =[T1p,clS]c,s-

Proof We already know that TS is a linear transformation. Let z € U. By
Theorem 2.41,

[TS]p,slzls = (T S)()]p =[T(S2)]p = [T1p,c[Szlc = [T1p,c[S]c,5[z]5.
Therefore, [T S1p.z = [T1p.c[Slc.5- u

Example 2.44 Let the linear transformations S : R? — R? and T : R> — R? be
defined by
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S(ay, az, a3) = (a1 + ax + 2a3, 2a) — ax + az),
T (b1, b2) = (b1 + by, by — by).

Then the composition map 7S is given by

(TS)(a1, a2, a2) = T (a1 + a + 2a3, 2a1 — a; + a3)
= (301 +3a3, —daj +2a2 +a3).

With the standard bases B and E for R? and R?, respectively, we see that

1 1 2 1 1 303
[S]E,B:|:2 _1 1], [T]E,E:|:1 _li|7 [TS]E,B:|:_1 o) 1]

Notice that [T S]g p = [T1e.e [SlE.B. u

If dim(U) = n with basis B, dim(V) = m with basis C, and dim(W) = k with
basis D, then the size of the matrices, and the domain and co-domain spaces of the
associated maps can be summarized as follows:

S:U—>YV [S]C,B :anl N ]mel [S]C,B c pmxn
T:V—>W  [Tlpc:Fmxl — Fex! [T1p.c € Foxm
TS:U —- W [TSlpp=I[TlpclSlc.p: F™*' — F>*1 [TS]pp e Fon

You may prove associativity of matrix multiplication by using the composition
maps. Also, think about how to determine a linear transformation if its matrix rep-
resentation with respect to a known basis is given.

Example 2.45 Let e, e;, e3 be the standard basis vectors in R3, and let &;, &, be
the standard basis vectors in R2. Consider bases B = {e;, e; + ¢, €| + e» + 3} and
C ={é,, & + &) for R? and R?, respectively. Let T : R3 — R? be the linear trans-
formation such that its matrix representation with respect to the bases B and C is

given by
4 2 1
[Tle,z = |:O ) 3j| .

How does T act on a typical vector (a, b, c) € R3? We solve the problem in three
ways, though essentially, they are one and the same.

(1) Denote by D = {ey, e2, e3} and E = {e}, e,} the standard bases for R3 and R2,
respectively. The composition maps formula says that

[Tle,p = U]g,c[T]c,811B,p-

The matrix [I]g ¢ is simply the matrix obtained by expressing vectors in C by those
inE:
e1=1.e+0.e, e +e =1e + les.
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For [I]p,p, we express the vectors in D in terms of those in B :

e1=ey, e =—e +(e1 +e), e3=—(e; +e) + (e] +ex +e3).

Hence

11 1
[I]E,C: [0 1}7 [I]B’D: 0 1 _1 N
1

(7] [1 1] [4 2 1} é_} (1) [4 -1 1]
E.D = L= .
0 1|l01 3 0 0 1 0 12

Therefore, T (a, b,c) = (4a — b +c, b+ 2c).

(2) T is given with respect to the bases B and C. We must use these bases to obtain
T (a, b, c), which is understood to be expressed in standard bases. We see that

(a,b,c) =(a—Dbey+ (b —c)ey +e) +cler +ex+ e3).
Thus
T(a,b,c) = T((a —b)ey+ (b—c)(e1 +ex) +cle] +ex+ e3))
= (#a—=b)+2(b =)+ 1(©))e] + (0(a — b) + 1(b — ¢) +3(0)) (€1 + &2)

= ((4a —2b—c) + (b +20))é; + (b + 20)éy
= @a—b+c, b+2c).

(3) The matrix [T]¢ 5, as given, means the following:
T(e1) =4e, T(eg+e) =2e+(e1+e2), T(eg +ex+e3) =e; +3(e; + e2).
This gives

T(e1) = 4e;
T(e) = —2¢1+ (e +¢é)=—¢+e
T(€3) = —51 + 2(51 + 52) = él + 252

Therefore, T'(a, b, c) = aT(e;) + bT(ez) + cT(e3) = (4a —b+c, b+2c). O

Exercises for Sect.2.4
In the following exercises, a basis means an ordered basis.

1. LetT : R® — R3bedefinedby T'(a, b, c) = (b +c, c +a, a+b).Find[T]c p
in each of the following cases:
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10.

11.

12.

13.

2 Linear Transformations

(a) B=1{(1,0,0),(0,1,0),(0,0,1)}, C=1{(,0,0),(1,1,0), (1,1, 1)}.
(b) B={(1,0,0),(1,1,0),(1,1,1)}, C=1{(,0,0),(0,1,0), (0,0, 1)}.
(c) B=1{(1,1,2),2,1,1), (1,2, 1)}, C={2,1,1),(1,2,1),(1,1,2)}.

. Let T :P3 — P? be defined by T(ap+ ait + at> + a3t®) = a; + 2axt +

3ast?. Find [T ]c, 5 in each of the following cases:
(@) B={1,1,t%,3}, C={l+1t,1—1t,1%.

® B={1,14+1, 141+, C={1,141,141+1*}.
) B={1,1+t, 14142 14+1+12+13, C={?211}.

. Determine the matrix of the linear transformation T : P; — P4 defined by

T(p(t)) = (2 —1t)p(t), with respect to the standard bases of P; and Py.

. LetT : P, — Psbedefinedby T (a + bt + ct?) = at + bt*> + ct>.If B = {1 +

t,1—t,t*}and C = {1,141, 1 4+t + ¢, £3}, then what is [T]c.8?

. Let T : P, — P be defined by T (ap + a;t + at*) = apt + %tz + %t3. Find

[T]c, g in each of the following cases:

(@ B={t>1,1}, C={1,1+t,1+t+21+1t+1>+1%).
) B={l+1,1—112), C={1,112 ).

(© B={1,14+¢t,14+t+1%, C={1,1+1t,1+1+1>1.

. Define T : P,(R) - Rby T(f) = f(2). Compute [T] using the standard bases

of the spaces.

. Define T : R> — R3 by T'(a, b) = (a — b, a, 2b + b). Suppose E is the stan-

dard basis for Rz, B = {(1, 2)9 (2’ 3)}7 and C = {(17 1’ 0)7 (0’ 17 1)7 (27 27 3)}
Compute [T]c.g and [T]c 5

. Let T be the linear operator on C? defined by T (a, b) = (a, 0). Let E be the

standard basis, and let B = {(1, i), (—i, 2)} be another basis of C%. Determine
the matrices [T g g, [T1g., [T]E B, and [T]p .

. Let (a, b), (¢, d) € R? satisfy ac + bd = 0 and a®> + b> = ¢*> + d*> = 1. Show

that B = {(a, b), (¢, d)} is a basis of R?. What is [(c, 8)]5?

Denote by Cg the vector space of all complex numbers over the field R. Show
that Tz = 7 is a linear operator on Cg. What is [T ] g with respect to the basis
B ={1,i}?

LetS, T:R3 - R3begivenbyS(a,b,c) =@+2b+c,a—b—c,b+3c)
and T (a, b, c) = (¢, b,a). Consider bases B = {(1, 2, 3), (1,0, 1), (1, 1,0)}
and E = {e|, es, e3} for R3. Determine the matrices [STlg e, [STlg.s.
[T S]p,E, and [T S]p, 5.

Given bases B={l+t, 1 —1¢, 2} and C={1, 1 +1¢, 1 +1t+1¢% 3} for
P>(R) and P3(R), respectively, and the linear transformation S : P,(R) —
P3(R) with S(p(t)) =t p(¢), find the matrix [ S ]c 5.

Let T:R?>— R3 be given by T(a,b,c) =(a+b,2a —b—c,a+b+c).
Consider B =1{(1,0,0),(1,1,0),(1,1,1)} and C ={(1,2,1),(,1,0),
(3,2, 1)} as bases for R3. Determine the matrices [T1s.B, [Tls.c, [Tlc B, and
[T]c,.c. Also, find the rank(s) of all these matrices.
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Let T : P,(F) — P,(F) be given by T(p(t)) = p(t + 1) for p(¢) € P,(F).
Determine [T']g g with respect to the standard basis E of P, (F).

Let V be the vector space of all functions from R to C over the field C. Let f;(¢) =
1, () =¢€", f3(6) =e™", g1(t) =1, g2(t) =cost, and g3(t) = sint. Find
A = [a;j] € C>3 such that g;(r) = Y_;_, a;; fi foreach j € {1,2,3}.

Define 7 : P>(R) — R>*2 by T(f(t)) = |:f(()0) 2]01;((3,1))] . Compute [T]g. 5,
where B and E are standard bases for P, (IR) and R?*2, respectively.

Let 7 be a permutation, i.e. 7 : {1,...,n} — {1,..., n} is a bijection. Define
afunction T, : " — " by T (oq, ..., &p) = (Ar(1)s - - - 5 Oy(n)). Show that T
is a linear transformation. Describe the matrix representation of 7, with respect
to the standard basis of F”.

LetB:H:(l) 8i|,|:8 (l)i|,|:(1) 8i||:8 ?“andletE:{l}.

(a) Compute [T]p 5, where T : R?*2 — R?*2 is given by T'(A) = AT
(b) Compute [T]g 5, where T : R?*2 — Ris given by T(A) = tr(A).

Let B = {uy, ..., u,} be an ordered basis of a vector space V. Let f be a linear
functional on V. Prove that there exists a unique (B, ..., 8,) € F" such that
floeuy + -+ ayuy,) =161 + - - - + o, B,. Conclude that the matrix repre-
sentation [ f](1y, g is the row vector [B; --- B,].

Let B = {vy, ..., v,} be an ordered basis for a vector space V. Let T be a linear
operator on V. Show that 7" is an isomorphism if and only if [T'] s _p is aninvertible
matrix.

Let A, B € F"*". Does it follow that if AB = 0, then BA = 0?

2.5 Change of Basis

If the bases in the spaces change, the matrix representation of a linear transformation
changes. It is a boon because by choosing suitable bases for the spaces, a nice form
for the matrix representation can be obtained. We will discuss this issue later. It is
also a curse, since even sparse matrices can loose sparseness.

Example 2.46 Consider the identity map I : R® — R3, i.e. I(x) = x. Take the
ordered basis for the domain space as B = {(1, 1, 1), (1, 0, 1), (1, 1, 0)} and for the
co-domain space as the standard basis E. In order to get the matrix representation of
I, we express the basis vectors in B in terms of those in E. It leads to

111
[[lgg=|1 0 1
110

Notice that [/]g p is not the identity matrix. O
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It raises the questions as to how does a matrix representation of a linear transfor-
mation change and how do the coordinate vectors change when bases are changed.
We consider the second question first. Let V be a vector space of dimension n. Let
B={uy,...,u,}and C = {vy, ..., v,} be ordered bases of V. Let x € V. Suppose

x=ou+- - +ayu, and x = B+ -+ By,

Then what is the connection between the scalars «;’s and the 8;’s? Here, the same
vector x has two different representations in terms of the bases B and C. So the linear
transformation which takes x to itself, the identity linear transformation, corresponds
to the linear transformation which takes [o, ..., a,]7 to [B1, ..., B,]" from F"*!
to itself. Let us write Vjp for the vector space V where we consider the basis B;
similarly V. Then the commutative diagram considered after Example 2.40 looks
as follows:

VB—I>VC

[ ~ | VYc

anl anl
[lc,s

This means that ¥¢(x) = [I]c.3¢pl " (x) = [I]c.p¢5(x). Since the canonical
basis isomorphisms give simply the coordinate vectors, we have:

[xlc = U x)]c = [I]c,lx]B- (2.1)

We thus call the matrix [/]¢c g as the change of basis matrix. This is the same
matrix that you get by expressing the basis vectors in B as linear combination of
basis vectors in C due to Definition 2.38.

However, if bases are the same in both the domain space and the co-domain space,
then the matrix representation of the identity transformation remains as the identity
matrix. That is, for each basis B, [I]z 5 = 1.

Example 2.47 We continue Example 2.46, where
B={(1,1,1),(1,0,1),(,1,0} and E = {(1,0,0), (0, 1,0), (0,0, D}.
Let x = (3,2,2) € R3. We see that

(3,2,2)=3(1,0,004+2(0,1,00+2@0,0,)=1(1,1,1)+1(1,0,1) +1(1, 1,0).

Therefore
3 111 1
le=|2]|=|10 1| |[1|=[gslxls. U
2 110 1
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In Example 2.47, the change of basis matrix [/]g p has the columns as the basis
vectors in B. In general, let E = {ey, ..., e,} be the standard basis of F*! and let
B ={v|,...,v,}beanordered basisof F"*!. Leti € {1, ..., n}. Thenthe coordinate
vector of v; with respect to B is the ith standard basis vector, i.e. [v;]p = e;. Also,
vile = vi. Thus, [I1g,(e;) = [{1g, 8 [vils = I (vi))]lg = [vilg = v;. Therefore, the
ith column of [/]g p is equal to v;. We summarize:

If B ={vi,...,v,}is any basis for F**! and E is the standard basis of F"*!,
then [/]g g = [v; --- vyu], i.e. the ith column of [/]g p is the ith basis vector
in B.

In fact, if P is any invertible n x n matrix, then its columns form a basis of <t
Then such a matrix P is simply the change of basis matrix [/]g g, where B is the
basis consisting of the columns of P and E is the standard basis of F"*!. We obtain
the following result.

Theorem 2.48 Change of basis matrices are precisely the invertible matrices.

The inverses of change of basis matrices are also change of basis matrices. Further,
[/1g B[11s.e = [I]E. g is the identity matrix. Therefore, the change of basis matrices
[/]g g and [I]p, g are inverses of each other.

Thus, in addition, if C = {u,, ..., u,} is another ordered basis for F”*!, then

(Ie.s = Ulc.elles = 15 c[11E.5. 22
Similarly, [115,c = [I15/5[11£,c. We then obtain
Ues = Ul (23)

Example 2.49 Consider the ordered bases B = ”ﬂ , I:_ﬂ} and C = {|:(1)i| ,

[1:| } of F2*! Let E be the standard basis of F>*!. The change of basis matrices are

1
as follows.
1 1
1-1]"
11 _ 1 -1
[He.c = |:O 1i| o Uler= [I]E,lc = |:0 11| )
[I]BC—[I]BE[I]EC— |: ][ i| |: ]
Ieg =11 Iegs = 1_1 I
Ules =Ulcellles = |, 1 _1 =[11c);.

Ules = [i _” . Mpe=U=1 [

o=
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Equation 2.1 says that [x]c = [[]c,g[x] and [x]g = [{].clx]c.

g} and [x]¢ = [’g] . Then

a 1 1 a 1 1
l=el] =[] Bl= o] Li)
The first equation givesa = o + B, b = a — B; thatis, a = "+b and 8 = “;b. The
second equation leads to y = a — b and § = b. Therefore,

fﬂv [X]c=|:a;b].

In order to verify this, let x = . Suppose [x]p =

a
b

We then find that

Ue.slxls = [(1) _ﬂ ) [Z * I;] -1 [2(“2; ’ )} = [xle.

1 — 1
macte =3 [1o] [“5 7] =52 0] = e
([

We now consider the first question as to how does a change of bases affects the
matrix representation of a linear transformation.

Theorem 2.50 Let V and W be finite dimensional vector spaces, and let T : V —
W be a linear transformation. Let B, B’ be ordered bases for V, and let C, C’
be ordered bases for W. Write P := [Iy]p p and Q = [Iw]lc.c- Then [T]c p =
O '[Tlc.sP.

Proof LetT :V — W be a linear transformation. Then T = Iy T Iy. By Theo-
rem 2.43 and (2.3), we obtain

[(Tlep =UwTlyle.p, = Uw Tle slIvle,p = Uwlc,cT]c,slv]s,p
= [wlc' e Tle.slv]se = Q7' [Tlc s P. |

To understand Theorem 2.50, a diagram may be helpful. We write the linear
transformation and its matrix representation on different sides of the arrow.

T
\% 14
B [Tlc.s ¢

Iv |Ulp Ulec | Iw
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It shows that [T1c g = [ [Tle.s 5 p = U1c o[ Tle.s 5.5
In Theorem 2.50, take C = B and C’ = B’ = E to obtain the following result.

Theorem 2.51 Let T be alinear operator on a finite dimensional vector space V. Let
B and E be ordered bases of V. Write P := [Iy]p g. Then [T g g = P’I[T]B,BP.

To interpret Theorem 2.50 for matrices, let V = F»*! and W = F"*! have their
standard bases, say, B and C, respectively. Look at a given matrix A € F"*" as a
linear transformation from F"*! to F"**!. The columns of A are the images of the
standard basis vectors Ae; € F"*!. Suppose we change the bases of both the spaces,
say, B = {vi, ..., vy} for "V and C’ = {u, ..., u,,} for F"*! are the new bases.
Since B and C are the standard bases, we have

Ulgp =1 ---wl, Ulcc=Iw - wyl
The effect of change of bases is as follows:
[Ales = Ulec[Ales (U1p.) ™ =[wi -+ wal PAvp - vl

Observe that this result is simply a matrix interpretation of Theorem 2.50. We
note down this result for future use. In the following statement, we write the new
bases for %! and F"*! as B and C. The standard bases are used by default when
a matrix is viewed as a linear transformation.

Theorem 2.52 Let A € F"™*". Let B ={vy,...,v,} and C ={wy,...,w,} be
ordered bases for F'*! and F"™<! | respectively. Write P :=[v, --- v,] and Q =
Wi - wpl. Then [Alc.s = Q"'AP.

Notice thatif T = I withm = n, then [I]c p = Q™! P as obtained earlier.

Converse of Theorem 2.52 also holds. That is, for a given matrix A € F"*", and
given invertible matrices P € F"*" and Q € F">*™ there exist bases B for F"*! and
C for ™! such that [A]¢c.3 = Q"' AP. To prove this, take B as the ordered set of
columns of P and C as the ordered set of columns of Q.

We interpret Theorem 2.51 for square matrices by taking B as the standard basis
for F">! and E as another basis C. It yields the following result.

Theorem 2.53 Let A € F"*". Let C = {vy, ..., v,} be an ordered basis for Frxl,
Construct the matrix P :=[v| --- v,]. Then [Alc.c = P"'A P.

In view of Theorems 2.52 and 2.53, we give the following definition.

Definition 2.54 Let A and M be matrices in F™*".

(a) A and M are called equivalent if there exist invertible matrices P € F"*" and
Q e """ such that M = Q'AP.

(b) For m = n, the matrices A and M are called similar if there exists an
invertible matrix P € F"*” such that M = P~'AP.
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The symmetric terminology in the definition is justified since when M = Q~'AP,
we see that A= QMP~';if M = P~'AP then A = PMP~'. Theorems 2.52 and
2.53 say that change of bases in the domain and co-domain spaces gives rise to
equivalent matrices. Thus equivalent matrices represent the same linear transforma-
tion with respect to different pairs of ordered bases; similar matrices represent the
same linear operator on a vector space with respect to different ordered bases.

Notice that both the relations of equivalence on F""*" and similarity of matrices
on F"*" are equivalence relations (reflexive, symmetric, and transitive).

It is obvious that if two square matrices are similar, then they are equivalent.
However, two equivalent square matrices need not be similar. For, the identity matrix
is equivalent to any invertible matrix whereas it is similar to only itself; see the
following example.

Example 2.55 Consider the 2 x 2 matrices

10 11 1 -1 10
a=[o =1 m=[g 1] e=[o 1] mar=[g {]-1

Since BQ=QB =1, B=Q ' = Q 'AP. Thatis B is equivalent to A.
If B is similar to A, then there exists a 2 x 2 invertible matrix R such that B =
R'AR = R7'R = I. But B # I. Hence B is not similar to A. O

Since two equivalent matrices represent the same linear transformation, they must
have the same rank. Does the rank criterion alone suffice for equivalence?

Theorem 2.56 (Rank theorem) Let V and W be finite dimensional vector spaces,
and let S, T : V — W be linear transformations. Then rank (S) = rank (T') if
and only if there exist isomorphisms P :V — V and Q : W — W such that
T =0Q'SP.

Proof Let T = Q7'SP, where Q:V — V and P : W — W are isomorphisms.
Then QT = SP. Due to Theorem 2.36(1)

rank (T) = rank (QT) = rank (S P) = rank (S).

Conversely, let rank (7)) = rank (S) = r. Suppose dim(V) = n and dim(W) =
m. Necessarily,n > r andm > r. Let {u;, ...u,} and {vy, ..., v, } be bases of R(T)
and R(S), respectively. Let x;, y; € V be such that Tx; = u; and Sy; = v; fori =
1,...,r.

Notice thatnull (T) = null (S) =n —r. So, let {x, 11, ..., x,}and {y, 1, ..., Y}
be bases of N(T') and N (S), respectively. By Theorem 2.24, {x, ... X, X, 41, - - ., Xn}
and {y1, ..., Yr, Yr+1, - .., Yn} are bases of V. Since R(T) is a subspace of W, there
exist vectors U,ii, ...Um, Vril,---,Vm € W such that {uy, ..., u,, tpiy, ... .Uy}
and {vi,...,v,,V;11,..., vy} are bases of W.
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Using Theorem 2.8, define linear transformations P : V — Vand Q : W — W
by
Pxi =Y and Q(uj) =V;

fori=1,...,nand j =1,...,m. Both P and Q map bases onto bases; thus they

are isomorphisms. We look at the actions of Q~!'SP and T on the basis vectors x;.
Ifi e{l,...,r}, then Q7'SPx; = Q7 'Syi = Qv = u; = Tx;.
Ifie{r+1,...,n},then Q7'SPx; = Q0 'Sy; = 071(0) = 0 = Tx,.

Since {xi, ..., x,} is a basis of V, due to Theorem 2.8, Q~!SP =T. |

We interpret the rank theorem for matrices. Suppose A, M € F"*". Then both
are linear transformations from F"*! to F"**!. If they are equivalent, then their ranks
are equal. Conversely, if their ranks are equal, then there exist invertible matrices
P e ™" and Q € F"™*™ such that M = Q' A P. That is, they are equivalent. The
rank theorem for matrices is stated as follows:

Two matrices of the same size are equivalent if and only if they have the same
rank.

It characterizes the equivalence of two matrices. Thus, any two invertible matrices
of the same order are equivalent; they are equivalent to the identity matrix. However,
two invertible matrices of the same order need not be similar; see Example 2.55.

It is relatively easy to construct an m x n matrix of rank r, since r < min{m, n}.
We take the first » columns of the matrix as ey, ..., e,, the first r standard basis
vectors of "1, And then take the other n — r columns as zero vectors in F”"*!,
That is, define the matrix E, = [e;;] € ""*" with

e =---=e¢,=1, and e; =0, otherwise.

We will call such a matrix E, as the rank echelon matrix of size m x n and rank
r. If the size m x n of E, is not obvious from the context, we write it as E™". For
example, the rank echelon matrix E, of size 3 x 4 and its transpose (E;)7 of size
4 x 3 look like

1000 B P
3.4 3.4
Ey'=10100]., (E°) =], ¢ o

0000 00 0

We observe that rank (E7) = rank (E,) = r.

By the rank theorem, every matrix of rank r is equivalent to the rank echelon
matrix E, of the same size. We will use rank echelon matrices for proving that the
row rank of a matrix, that is, the dimension of the vector space spanned by the rows
of the matrix, is same as its (column) rank.

Theorem 2.57 The row rank of each matrix is equal to its rank. Further, a square
matrix and its transpose are equivalent.
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Proof Let A € " have rank r. By the rank theorem, A is equivalent to E,. That
is, there exist invertible matrices P € F"*" and Q € F”"*" such that A = Q~'E, P.
Then AT = PTET(QT)~!. Again, by the rank theorem,

row-rank of A = rank (A7) = rank (ErT) =rank (E,) = rank (A).

When m = n, the rank theorem implies that A7 and A are equivalent. ]

In fact, the transpose of a square matrix is similar to the matrix; but its proof uses
a characterization of similarity, which is a difficult task worthy of being postponed
for a while.

Exercises for Sect.2.5
In the following exercises, consider any given basis as an ordered basis.

1. Let T be a linear operator on R? such that all entries of [T] with respect to the
basis {(1, 0), (0, 1)} are 1. What is [T]p g, where B = {(1, —1), (1, 1)}?

2. Let T be alinear operator on R3 such that Te; = (0, 1, —1), T(ez) = (1,0, —1)
and T (e3) = (=1, —1,0). Let B ={(0, 1, —1), (1,0, —1), (=1, —1, 0)}. What
is [T]p,8?

3. Show that B = {(1,0,i), (1+i,1,—1)} and C ={(1,1,0), (1,i,1 + i)} are
bases for span(B) as a subspace of C>. What are the coordinate vectors
[(1,0,i)]c and [(1,i, 1 +i)]g?

4. Determine the change of basis matrix in each of the following cases, considering
the vector space as R":

(a) Old basis is {ej, ..., e,} and new basis is {e,, ..., e1}.
(b) Old basis is {ej, ..., e,} and new basis is {e] + e, ..., e,_1 + e,}.
(c) Old basisis {e; — e, ..., e,_1 —e,} and new basis is {ej, ..., e,}.

(d) For n = 2, old basis is {ey, v,}, where v, is a unit vector making an angle
of 2 /3 with e;, and new basis is {e;, e1}.

5. Consider the standard basis E, and the basis B = {(1, 2, 3), (3,2, 1), (0,0, 1)}
for R3,

(a) Compute the change of basis matrices [/] g and [/ ]g p.
(b) Determine the matrices [T1p g, [T1p. £, [T1e. 5, and [T]g g for the linear
operator T on R3 given by T'(a, b, ¢) = (6a +b,a —b —c,2a — b + 3¢).

6. Let B :={uy,...,u,yand C := {vy, ..., v, } be ordered bases for a vector space
V. Let T be a linear operator on V defined by Tu; = vy, ..., Tu, = v,. Show
that [T']g g = [{]c,B-

7. Given any invertible matrix A € F"*", show that ordered bases B and C can be
chosen for F"*! such that A = [I]c 3.

8. Give infinitely many matrices A € """ where A is similar to only A.

a O] and |:g flj| are similar if and only if a # d.

9. Prove that the matrices [0 d
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— i6

10. Let6 € R. Show that the matrices | <> 0 sin and | ¢ 9«0 are similar
sinf  cosf 0 e™

in C>*2.

11. Let o e]R.LetA=|:

cosf® —sind __|cos@ sin 0
sind  cos@ T | sinf —cosf|°

(a) Are A and B similar in R?*2?
(b) Are A and B similar in C?*2?

2.6 Space of Linear Transformations

Let V and W be vector spaces over [, having dimensions n and m, respectively.
Each linear transformation 7 : V — W has a matrix representation. Conversely
each matrix in F""*" induces a linear transformation from V to W, provided we
fix ordered bases for V and W a priori. It suggests that the matrix representation
itself is some sort of isomorphism. To explore it further we need to see the set of all
linear transformations as a vector space.

In general, if V and W are vector spaces over the same field I, the set of all linear
transformations from V to W, denoted by L(V, W), is a vector space over F. See
Example 2.7(3). We shall denote L(V, V) by L(V).

In fact, £(V) has more structure than a vector space, since a multiplication is
well defined here. The multiplication of two maps in £(V) is their composition. This
multiplication (composition of maps here) is associative, distributive over addition,
and satisfies

a(ST) = (aS)T = S(aT) foreacha € .

Moreover, the identity map [ serves as the multiplicative identity in £(V), since
TI1 = 1T = T. Such a structure is called an algebra.

We show that if V and W are vector spaces of dimensions n and m, respectively,
then L(V, W) and F"*" are isomorphic.

Theorem 2.58 Let V and W be finite dimensional vector spaces. Let B and C be
bases for V and W, respectively. Then the map X : L(V, W) — F"™*" defined by
X(T) = [T]c,p is an isomorphism; consequently, L(V, W) ~ F"*",

Proof Let B={v,...,v,}and C = {wy, ..., w,} be ordered bases for the vector
spaces V and W, respectively. To keep notation simple, write [T'] in place of [T]c 5
and [x]instead of [x]p forany x € V. Weverifythat X : L(V, W) — F"*" defined by
X(T) = [T]is abijective linear transformation. For this,leta € F, S, T € L(V, W)
and let x € V. Now,

[S+TIx]1 =[S+ T)(x)] =[Sx + Tx] = [Sx] + [Tx]
= [S1lx] + [T]1lx] = ([S1+ [T DIx],
[aS][x] = [aSx] = a[Sx] = a[S][x].
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Hence, we have [S + T] = [S] + [T'] and [« S] = «[S]. That is,
XS+T)=X(S)+ X(T), XaS)=aX(S).

Therefore, X is a linear transformation.

Let T € L(V, W) be such that X(T) = 0, the zero matrix in F"*" Then T =
Ve o ¢p = 0, the zero operator, where ¢p and ¢ are the canonical basis isomor-
phisms. Thus, N (X) = {0}. This shows that X is injective.

Now, to show that X is surjective, let A € F"*". Consider the linear operator T4
induced by the matrix A as defined in Example 2.11(3). Then we see that X(T4) = A.
Hence, X is onto.

Therefore, X is an isomorphism; consequently, L(V, W) >~ F"™>", |

Given ordered bases {vy, ..., v,} for V and {wy, ..., w,} for W, the isomorphism
X can also be used to construct a basis for L(V, W). Since isomorphisms map bases
onto bases, X~! of the standard basis of F”"*" does the job. This gives rise to the basis

{(Ti;:i=1,....m, j=1,...,n},
of L(V, W), where T;; is the unique linear transformation from V to W defined by
Tij(vj)) =w;, and T;;(v) =0fork # j.

This basis is called the standard basis of £(V, W) with respect to the ordered
bases {v{,...,v,} for V, and {wy, ..., w,} for W. Since L(V, W) >~ F"*" we see
that dim(L(V, W)) = dim(F"*"*) = mn. You can also prove this fact independently
by showing that the set of linear maps {7;; : 1 <i <m, 1 < j < m} is a basis of
L(V, W). This will be an alternative proof of L(V, W) >~ F"*",

The particular case of W = [ leads to the space of linear functionals on V.

Definition 2.59 The space L£(V, F) of all linear functionals on V is called the dual
space of V; this space is denoted by V’.

Due to Theorem 2.58, if dim(V') = n, then the dual space V' of V is isomorphic
to F". But V itself is isomorphic to F". In this case, V' >~ V. By taking help from
the coordinate functionals (see Example 2.4), we can have alternate ways of proving
the results about £(V, W). Recall that, given an ordered basis {vi, ..., v,} of V,
the corresponding coordinate functionals f; € V' are defined by f;(v;) = §;; for
i,j=1...,n.

Theorem 2.60 Let B = {vy, ..., v,} be an ordered basis of a vector space V. Let
fis ..., fn be the coordinate functionals on V with respect to B. Then the following
are true:

(1) Every vector x € V can be written as x = Z;zl fix)v;.
(2) Letv € V be such that f (v) =0 foreach f € V'. Thenv = 0.
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(3) The set{fi,..., fu}isabasisof V.

Proof (1) Let x € V. Since B is a basis of V, there exist unique scalars «y, ...,
such that x = Z'}zl a;v;. Due to the relation f;(v;) = §;;,

) =Y o filv) =i, i=1,...,n.

Therefore, x = Z'J’-Zl fixw;.
(2) It follows from (1).

(3) Let f € V'. For each x € V, using (1), we have
F) =Y [i0f) = (X fFO 1))

Thatis, f = 27:1 f;)f;. Thus, f € span{fi,..., fu}.
Next, suppose that > ;_; «; fi = 0. Then

0= Z;’:Ia[ﬁ(vj) = Z;’l:l O[,'(S,‘j =0 fOI'j = 1, cee, N

Hence, {f1, ..., f.} is linearly independent in V',
Therefore, {fi, ..., f,} is a basis of V. [ |

In view of Theorem 2.60, we have the following definition.

Definition 2.61 Let B = {vy, ..., v,} be an ordered basis of the vector space V. Let
f1, ..., fn € V' be such that fitvj) =6;; for i, j € {1, ..., n}. The ordered basis
B :={fi1,..., fu} of V'iscalled the dual basis of V’, corresponding to the basis
Bof V.

Theorem 2.60 implies that dim(V’) = n = dim(V). By Theorem 2.35, V' >~ V.

Example 2.62 Consider the standard basis {ey, ..., e,} for the vector space Frxt,
The ith dual basis vector in the dual of F"*! is that f; which maps ¢; to 1 and every
other ¢; to 0. Following the convention that f;(e;) is just the product of f; and e;,
we write f; as the row vector, in which the jth component alone is 1 and all others
are 0. That is, f; = e]T. So that

file) = EJTQ‘ =34j;.

It shows that the dual space of F"*! is isomorphic to F!*". Notice that the coor-
dinate vector of f; in this dual basis is again e;. Further, the dual space of the dual
space of F"*! can be identified with "*! and the dual basis of this space is again
the standard basis of F”*!. Also, the coordinate vector of each e ; in the dual basis is
e; itself. O

Remember that the dual basis is constructed from the coordinate functionals.
Therefore, the dual basis can be used to construct a basis for L(V, W).
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Theorem 2.63 Let B = {vy,...,v,}and C = {wy, ..., w,} be ordered bases of the
vector spaces V and W, respectively. Let B = {f1, ..., fuand C' ={g1, ..., gu}
be the dual bases of V' and W' corresponding to B and C. Fori € {1, ..., m} and
Jj €1{1,...,n}, define linear transformations T;; : V — W by

T;j(x) == fi(x)w;, forx eV.

Then the following are true:

(1) EveryT € L(V, W) can be written as T = 31" >, &i(Tv))T;;.
(2) Theset{Tij:i=1,...,m, j=1,...,n}isabasisof L(V,W).

Proof (1)LetT € L(V, W).Letx € V.By Theorem2.60,x = Z;f:l fi(x)v;.Then

T =Y [OT0) =Y [ D e @vyw)
j=1 j=1 i=1

=Y @) fiwi =Y > gi(Tv) Ty (x).
i=1 j=1 i=1 j=1

(2 Let 330, 37" ;;Tij = O for scalars ;. Then, for each x € V,

m n

Z ZaijTij(x) = Z Zaijfj(x)wi =0.
i=1 j=I i=1 j=I
In particular, for each k € {1, ..., n},

m n m
DD i fiow =) aiw; =0,
i=l

i=1 j=1

as f;(vk) = dj. Since wy, ..., w,, are linearly independent, we obtain «;; = 0 for
i=1,...,m Thisistrueforeachk € {1, ..., n}. Thus T};s are linearly independent.
Due to (1), they form a basis for L(V, W). |

Once again, Theorem 2.63 implies that if dim(V) = n and dim(W) = m, then
dim(L(V, W)) = mn, and that L(V, W) ~ F">",

Suppose V is an n-dimensional vector space. Then its dual V' has dimension n.
Also, the dual of V’ has the same dimension n. That is,

Vv >y
Example 2.62 shows that the isomorphism between V and V” is more natural

than that of V and V' in the particular case of V = F"*!. To see it for any finite
dimensional vector space V, suppose v € V and f € V’'. Then f(v) is a scalar. If
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¢ € V", then ¢(f) is also a scalar. The natural isomorphism between V and V"
comes from equating these two scalars. That is, define X : V. — V" by

XWV)(f)=f() for feV veV.

We must show that X is an isomorphism. Towards this, let vi,v, € V and « € F.
Then, for every f € V/,

X +av)(f) = fvi +avp) = fv1) +af (v2)
= XD (f) +aX(m)(f) = (X(v1) + aX(v2))(f)

Thus, X is a linear transformation.
Letv € N(X). Thatis, v € V with X(v) = 0. Then, for every f € V’, we have

f) =X (f) =0.

That is, f(v) =0 for all f € V'. By Theorem 2.60(2), we conclude that v = 0.
Therefore, N (X) = {0} so that X is injective. Since the dimensions of V and V" are
finite and equal, the injective linear map X is an isomorphism.

We remark that the problem of identifying V and V" for an infinite dimensional
space is not easy, and it is known that the map X : V. — V" need not be onto. Dis-
cussion on such issues is beyond the scope of this book.

Exercises for Sect.2.6

1. Let T € L™, F"*1). Show that there exists a matrix A € F"*" such that for
each x € ™!, T(x) = Ax.

2. Consider the basis {(—1, —1, 1), (=1, 1, 1), (1, 1, )} of C3. Let { f1, f>, f3} be
the corresponding dual basis. Compute f;(0, 1, 0) fori =1, 2, 3.

3. Let f : C* — Fbedefinedby f(a, b, ¢) = a + b + c. Show that f € (C?)’. Find
a basis for N(f).

4. Let f be a nonzero functional on a vector space V. Let o € . Does there exist a
vector v € V such that f(v) = «?

5. Establish a one-to-one correspondence between the set of all invertible n x n
matrices and the set of all ordered bases for [F”.

6. Let V be a vector space with 1 < dim(V) < oo. Prove that neither the set of all
invertible linear operators nor the set of all noninvertible linear operators on V is
a subspace of L(V, V). What happens if dim(V) = 1?

7. For p() = Z?:o Otjtj e P,(F), and any (n+ 1)-tuples of scalars
(Bo, B, - .., By) define f(p) = Z';ZO a;p;. Prove that f is a linear functional
on P, (IF). Conversely, show that each linear functional on P (IF) can be obtained
this way by a suitable choice of an (n + 1)-tuple of scalars.

8. LetB = {vy,...,v,}and C = {wy, ..., w,}be ordered bases of the vector spaces
V and W, respectively. Let B’ = {f1, ..., fu}and C' = {g, ..., g} be the cor-
responding dual bases for V' and W’. Show the following:
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(@ IfT € L(V, W), then[T]¢c g = [(gi(Tv)lfori=1,...,m, j=1,...,n.

(b) Let {A;;:i=1...,m; j=1,...,n} be any basis of F"*". If T;; €
L(V,W)issuchthat[T;;]c g = Ajj,then{T;; :i=1...,m, j=1,...,n}
is a basis of L(V, W).

9. Let V be a finite dimensional vector space. Prove the following:

(a) For each nonzero v € V, there exists f € V' such that f(v) # 0.
(b) For every pair of distinct vectors u, v € V, there exists f € V' such that

f) # f).

2.7 Problems

1. Let S, T :Cla, b] — Cla, b] be defined by

[Sx)]@) = / x(s)ds, [(T(x)](t) =tx(t) forx €Cla,b], t € [a, b].

Show that the map x — S(x) o T'(x) is not a linear transformation.

2. Let T be a linear operator on a vector space V. If T> = 0, what can you say
about R(T') and N(T)?

3. Let S and T be linear operators on a finite dimensional vector space. Prove that
rank (ST) = rank (T') — dim(N (S) N R(T)).

4. Let T be a nilpotent operator on a finite dimensional vector space V.Letm € N
and v € V be such that 7" 1y # O0but 7"v = 0. Show that {v, Tv, ..., T””lv}
is linearly independent.

5. Let U be a subspace of a finite dimensional vector space V over F. Let W be any
vector space over F. Let T : U — W be alinear transformation. Show that there
exists a linear transformation S : V. — W such that Tu = Su for each u € U.
Does the conclusion hold when dim(V) = oco?

6. Do there exist square matrices A and B such that A is equivalent to B but A? is
not equivalent to B?

7. Let T be a linear operator on a vector space V of dimension n > 2. Suppose
TS = ST for each linear operator S on V. Prove the following:

(a) Letvbeanonzero vectorin V. Then there exists ascalar« suchthat Tv = av.
(Hint: If not, then extend {v, T'v} to a basis of V. Show that the map S :
V — V defined by S(o1v + a2 Tv + y) = apvisalinear operator satisfying
ST(w)=vbutTS(v) =0.)

(b) Let v and w be nonzero vectors in V such that Tv = ov and Tw = Bw for
some scalars o and 8. Then o = . (Hint: Consider (i) {v, w} is linearly
independent; (ii) {v, w} is linearly dependent.)
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Let T be a linear operator on a finite dimensional vector space V. Prove that if
TS = ST for each linear operator S on V, then there exists a unique scalar o
such that T = «I. (Hint: Use the results of Exercise 7.)

. Prove that if B € F"*™ is such that AB = BA for each invertible A € F"*",

then B is a scalar matrix.

Let T be a linear operator on a vector space V. Prove that N(T) N R(T) = {0}
if and only if 7%v = 0 implies that Tv = 0 for each v € V.

Let T be alinear operator on a vector space V. Prove thatif rank (T?) = rank (T)
then N(T) N R(T) = {0}. Does the converse hold?

C is a vector space over C, as usual. Denote by Cg the vector space C over the
field R. Give an example of a linear operator on Cx which is not a linear operator
on C.

Let Cr be the vector space of all complex numbers over the field R. Define

T:Cg — R>2by T(a+ib) = ["”b b

_10bh a— 7b] . Answer the following:

(a) Is T injective?
(b) Is it true that T (xy) = T(x)T (y) forall x, y € Cg?
(c) How do you describe R(T)?

Let A and B be nonzero matrices in R"**. For x = (x1,...,x,)! and y =
1, .., y) T in R?*! define xy = (x1y1, ..., X,yn)! . Prove that there exists
z € R™! such that (BA)(x) # (Bx)(Ax).

Let R* be the vector space of all sequences of real numbers. Let S; and S, be
the left shift and right shift linear operators on R*, i.e.

Se(ar, az,...) = (ar,as,...), S-(ai,ar,...)=0,a1,a,...).

Prove that null (S¢) > 0, R(S,) = R*, null (S,) = 0 and R(S,) # R*>.
Let A, = sin2zt - sin(1/6) forQ <t < 12. Determine rank (A;) for each

cos2mt cos(mwt/6)
t. Determine the values of ¢ for which rank (A;) = 1.

Show that if M = AB — i BA, then M> + M? + M = 0, where

- o O O
SO O -
S o~ O
o = O O

Let E;; denote the matrix in "*" whose (i, j)th entry is 1 and all other entries
are 0. Show that E,’jEk[ =0 lfj ;é k, and EijEjg = E,‘g.
Let A, E e ™", B, F e ", C,G € "™, and D, H € F"*". Show that

A B|[E F|_[AE+BG AF+BH
C D||G H|T|CE+DG CF+DH|

Describe how this formula can be used to multiply two matrices in F"*".
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2 Linear Transformations

Let V and W be finite dimensional vector spaces. Prove the following:

(a) There exists an injective linear transformation from V to W if and only if
dim(V) < dim(W).

(b) There exists a surjective linear transformation from V to W if and only if
dim(V) > dim(W).

Let A € """, where m < n. Show that there exist nonzero scalars oy, ..., o,
such that A[ay, ..., a,]T =0.

Using Exercise 21, give an alternate proof for Theorem 1.38.

Let T be a linear operator on a finite dimensional vector space. Suppose for an
m eN, R(T"™ ') = R(T™). Show that R(T"™~!) = R(T*) for each k > m.
Let S:U — Vand T : V — W be linear transformations such that 7'S is an
isomorphism. Prove that 7 is injective and S is surjective.

Let T be a linear operator on a vector space V. Prove that if there exists a unique
linear operator S on V such that ST = I, then T is an isomorphism.

Let T be a linear operator on a finite dimensional vector space V. Show that if
there exist distinct linear operators S;, S> on V such that $17 = I = $,T, then
T need not be an isomorphism.

Let U be a subspace of an infinite dimensional vector space V. Show that even
if dim(U) = dim(V), U and V may not be isomorphic.

Let V be a vector space of dimension n. Let S and T be linear operators on V.
Prove that there exist bases B and C for V such that [S]g = [T]¢ if and only if
there exists an isomorphism P on V such that T = PSP~!.

Let S and T be linear operators on a finite dimensional vector space V. Prove
the following:

(a) ST is an isomorphism if and only if both S and T are isomorphisms.
(b) ST =TIifandonlyif TS = 1.

Let A, B € F"*" Prove thatif AB = I, then BA = I.

Let S and T be linear operators on a vector space V. Is it true that both S and T
are invertible if and only if both ST and T'S are invertible?

Let S and T be isomorphisms between finite dimensional vector spaces U and
V.Is S + T an isomorphism?

Let S and T be linear transformations from a finite dimensional vector space U
to a finite dimensional vector space V. If S and T are not isomorphisms, is it
possible that S + T is an isomorphism?

LetT : V — W be alinear transformation where dim(V) < co. Show that there
exists a subspace U of V such that R(T) = T(U) and U N N(T) = {0}.

Let V be a finite dimensional vector space, U be a subspace of V, and let T be
a linear operator on V. Prove that dim(7 (U)) > dim(U) — null (T').

Let V and W be finite dimensional vector spaces. Let U be a subspace of V.
Show that dim(U) + dim(W) > dim(V) if and only if there exists a linear trans-
formation 7 : V — W suchthat U = N(T).
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Let T : V — W be a linear transformation, where both rank (7') and null (T')
are finite. Show that V is finite dimensional. (Note: Since dim(V) < oo is not
assumed, you cannot use the formula dim(V) = rank (T") + null (T).)

Prove Theorem 2.42.

Let T be a linear operator on a finite dimensional vector space V. Prove that
there exists an n € N such that N(T") N R(T") = {0}.

Let V be a vector space of dimension . Prove or give counter-examples:

(@) If S and T are linear operators on V with ST =0, then rank (S) +
rank (T) < n.

(b) For each linear operator 7 on V, there exists a linear operator S on V such
that ST = 0 and rank (S) + rank (T') = n.

Let S and T be linear operators on P, where S is invertible. Show that for any
polynomial p(t) € P, S~'p(T)S = p(S~'TS).

Let {uy, ..., u,} and {vy, ..., v,} be linearly independent sets of vectors in an
n-dimensional vector space V. Does there exist an invertible operator on V with
Auj =vjforeach j e {l,...,m}?

Let T be a linear operator on a vector space. Show that if 72 — T + I = 0, then
T is invertible.

Let {u,...,u,} be a basis for a vector space U. Let vy, ..., v, be distinct
vectors in any vector space V. We know that there exists a linear transformation
T:U— VwithT ;) =v;fori =1,2,...,n.Prove or disprove:

(a) T is one-to-one if and only if {vi, ..., v,} is linearly independent.
(b) T is onto if and only if span{vy, ..., v,} = V.
(c) T isunique if and only if {v{, ..., v,} is a basis of V.

If a linear operator T on a finite dimensional vector space V is invertible, then
show that T~ = p(T) for some polynomial p(t).

LetV=U & ---® U Foreachi € {1, ..., k}, let B; be a basis for U;, and
let 7; be a linear operator on U;. Define the direct sum of the maps T; by T :
V — V, where T(u; +---+up) =Ti(u1) + - - - T (ug). Write A; = [T;]p, 5,
and B = By U ---U By. Show that [T]3 p = diag(Ay, ..., A).

Let A, B € """ satisfy A+ B = 2BT and 3A + 2B = I. Determine A and B.
Let P be a linear operator on a finite dimensional vector space V such that
P? = P. Prove that tr(P) = rank (P).

A linear operator T is called idempotent when T? = T.

(a) Give an example to show that T2(T — I) = 0 but T is not idempotent.
(b) Give an example to show that (T — 1 VT2 = 0 but T is not idempotent.
(c) Prove that T>(T — ) =0= (T — NT? implies that T is idempotent.

Show that if A, B € C™*™ with at least one of them invertible, then AB and BA
are similar matrices. Is the result still valid when neither A nor B is invertible?
Let A € R™*". Prove that rank (A) < 1 if and only if there exist vectors x, y €
R such that A = xyT.
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2 Linear Transformations

Let A, B € R"*". Suppose that there exists an invertible matrix P € C**" such
that P~'AP = B. Does there exist an invertible matrix Q € R"*" such that
0~'AQ = B?In other words, is it true that if two real matrices are similar over
C, then they are similar over R?

Prove or disprove: If T is a linear operator of rank 1 then there exists a unique
scalar 8 such that AZ = BA.

Let S and T be linear operators on a finite dimensional vector space V. Prove or
disprove:

(a) Suppose S> =S and T?> =T. Then S and T are similar if and only if
rank (S) = rank (7).

(b) Suppose S # 0, T # 0and S?> = T? = 0. Then S and T are similar if and
only if rank (S) = rank (7).

Let B = {vi, ..., v,} be a basis for a vector space V. Let T be a linear operator
on V satisfying T (vy) = vz, ..., T(v,—1) = v, and T (v,) = 0.

(a) Whatis [T]p?

(b) Prove that T is nilpotent with its index of nilpotency #.

(c) Prove that if S is a nilpotent operator on V with index of nilpotency as n,
then there exists a basis C for V such that [S]¢c = [T']5.

(d) Deduce thatif A, B € "> are nilpotent matrices with index of nilpotency
as n, then A and B are similar matrices.

Let S and T be linear operators on a finite dimensional vector space. Show that
if S(ST — TS) = (ST — TS)S, then S¥T — T S¥ = kS*=1(ST — TS) for each
k e N.

Let U be a subspace of a vector space V. Define the map P : V — V/U by
P() =v+ U forv € V. Prove the following:

(a) The map P is a surjective linear transformation.

(b) Let W be a vector space and let T : V — W be a linear transformation
such that N(T) = U. Then there exists a unique linear transformation S :
V/U — WsuchthatT = So P.

Let D be the differentiation operator on P,. Let T be a linear operator on P, sat-
isfying T(p(r)) = p(t + 1). Then show that 7 = I + D + 2 ... 4 2.
Let V be a finite dimensional vector space. Fix a vector # € V and a linear func-
tional f on V. Define the operator 7 on V by Tx = f(x)u. Find a polynomial
p(t) such that p(T) = 0.

Let{vy, ..., v,} beabasis foravectorspace V. Letay, ..., «, be distinct scalars.
Let A be a linear operator on V with Av; = «;v; for j € {1, ..., n}. Suppose B
is a linear operator on V such that AB = BA. Does it guarantee the existence

of scalars B; such that Bv; = B;v; for j € {1, ...,n}?
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Let k,m,n € N. Let A € F¥*™ Define T : """ — F*" by T(X) = AX.
Show the following:

(a) If m < n, then T can be surjective but not injective.
(b) If m > n, then T can be injective but not surjective.
(c) T isinvertible if and only if Kk = m and A is invertible.

Let A, B, C, D be linear operators on a finite dimensional vector space V. Prove
or disprove: If both A + B and A — B are invertible, then there exist linear
operators S and T on V such that AS + BT = C and BS + AT = D.

Let A be a linear operator on a finite dimensional vector space V. Define a map
¢ LV, V)— L(V,V)by ¢(X) = AX.

(a) Prove that ¢ is a linear operator on L(V, V).
(b) Under what conditions on A, is ¢ invertible?
(c) Can each operator on L£(V, V) be obtained this way by fixing A?

Let f and g be linear functionals on a vector space V such that f(v) = 0 if and
only if g(v) = 0 for every v € V. Prove that g = «f for some scalar «.

Let f: V — [ be a linear functional and let v € V \ N(f). Show that V =
N(f)d{av:a e}

Let V be a vector space of dimension n and let f1, ..., f,, € V', where m < n.
Determine the conditions on the scalars ¢y, . . ., o, to guarantee the existence of
avector x € V such that f;(x) = «; for j € {1, ..., m}. Interpret the result for

linear systems.

Let V be a vector space of dimension n. Call an (n — 1)-dimensional subspace
of V a hyperspace. Prove that if U is a k-dimensional subspace of V, then U is
the intersection of n — k hyperspaces.

In general, a hyperspace in a vector space v is a maximal proper subspace of V.
Prove the following:

(a) If f is a nonzero linear functional on V, then N (f) is a hyperspace in V.
(b) Each hyperspace in V is the null space of some linear functional on V.
(c) Such a linear functional in (b) need not be unique.

Let #1,...,1, € R be distinct. For any p(¢) € P,_1(R), let L;(p) = p(t;) for
eachi € {1,...,n}. Let

C—1) - =t D)@ —tj1) - — 1)
(tj—t) -t — ;)@ — tjp1) - (1 — 1n)

pj(t) = for j e{l,...,n},

Prove the following:

(@ {p1,..., pa}isabasisof P,_;(R).

() {Ly, ..., L,}is abasis of the dual space of P,_; (R).

(c) Given ay,...,a, € R, there exists a unique polynomial p(t) € P,_;(R)
such that p(t;) = ay, ..., p(t,) = a,.
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2 Linear Transformations

The polynomials p;(¢) are called the Lagrange polynomials. By doing this exer-
cise you have solved the interpolation problem which asks for constructing a
polynomial that takes prescribed values at prescribed points.

Let U be a subspace of a vector space V withdim(U) = m < n = dim(V). Show
that W :={A € L(V,V): Ax =0 for all x € U} is a subspace of L(V, V).
What is dim(W)?

Let V be a vector space. Let fi, ..., f, and g be linear functionals on V. Then
g e span{fi, ..., fu}ifandonly if N(fi)) N---NN(fn) € N(g).

Let V be a vector space of dimension 2. Let A, B, T € L(V, V). Show that
(AB — BA)’T = T(AB — BA)>. Does it happen if dim(V) > 2?

Let T € L(C? C?» be given by T(a,b) = (a+b,b). Show that if
S € L(C?, C?) commutes with T, then S = p(T') for some polynomial p(z).
Let T:U — V be an isomorphism. Define ¢ : L(U,U) — L(V,V) by
¢(S) = T~'ST. Prove that ¢ is an isomorphism.

Suppose A € C"*" has all diagonal entries 0. Do there exist matrices M,
PeC” suchthat A=MP — PM?

Let T : V — W be a linear transformation. Show that rank (7') is finite if and
only if there exist n € N, {v{,...,v,} €V and {f},..., fu} € V' such that
Tx = Z;:l fi(x)v; for each x € V. Such a linear transformation is said to be
of finite rank.

Let f and g be linear functionals on a vector space V. If & is a linear functional
on V with h(v) = f(v)g(v) for each v € V, then prove that either f =0 or
g=0.

Let S be a subset of a vector space V. The annihilator S° of S is defined by
§0:={f eV : f()=0foreachv € S}. Thus {0}° = V' and V° = {0} C V',

(a) Prove that S° is a subspace of V.

(b) Let U be a subspace of a finite dimensional vector space V. Prove that
dim(V) = dim(U) + dim(U"?).

(c) Ifdim(V) < oo, then prove that span(S) = S 9 (The identification uses the
natural isomorphism between V and V”.)

(d) Let A, B be subsets of a finite dimensional vector space V. Prove that if
A C B, then B® C A°.

(e) Let U and W be subspaces of a finite dimensional vector space V. Prove
that (U N W) = U°+ W0 and (U + W)°? = U° n WO.

(f) Let U and W be subspaces of a finite dimensional vector space V. Prove
thatif V=U@® W, then U' ~ W', W ~U° and V' = U’ & WO,

(g) The restriction of the isomorphism T : V — V" to U, which is defined by
(Tv)(g) = g(v), is an isomorphism from U to U”.

(h) If U and W are subspaces of a finite dimensional vector space V, then
U = W if and only if U° = WO,
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79.

80.

Let Uy, ..., Uy be subspaces of a vector space V. Write
Vi=Ui®--- QU1 ®Uigy--- @ Uy,

Suppose that V = U; @ - -+ @ Uy. Prove that V' = V) @ - - - @ V.

Let U be a subspace of a vector space V. Corresponding to each linear functional
F on V/U, define a linear functional f on V by f(x) = F(x + U) for each
x € V. Prove that the correspondence F +— f is an isomorphism from (V/U)’
to U°.



Chapter 3 ®)
Elementary Operations oo

3.1 Elementary Row Operations

In Sect. 2.5, we have seen how the rank of a matrix determines its equivalence
class. If two m x n matrices have the same rank, then they represent the same linear
transformation from F"*! to F""*! | with respect to (possibly) different pairs of bases.
The question is, how do we determine the rank of a matrix?

A rank echelon matrix E, has from top left the first  diagonal entries as 1 and all
other entries as 0. That is, E, of order n looks like

I, 0
=5 o
where [, is the identity matrix of order  and the Os are the matrices of suitable size
with all entries as 0. Clearly, E, is of rank r. Thus to compute the rank of a matrix, a
rank preserving reduction to a rank echelon matrix will do the job. We will see that
such a reduction requires operating with both rows and columns of a given matrix,
in general. The column operations are nothing but row operations on the transpose

of a matrix. Therefore, we will consider the row operations in detail.
Consider the 3 x 4 matrix

S
Il
—_— —
o -

2 3
3 4
56

Itsrowsare u; = (1, 1,2,3), up = (1,2,3,4), and u3 = (1, 4, 5, 6). To determine
the row rank of A, that is, the dimension of the space spanned by the rows of A,
(which is also equal to the maximum number of linearly independent vectors out of
uy, Uy, u3), we must find out whether any one of them is a linear combination of the
others. If that happens, then surely that vector can safely be omitted for computing
the row rank. Here, we see that

© Springer Nature Singapore Pte Ltd. 2018 107
M. T. Nair and A. Singh, Linear Algebra,
https://doi.org/10.1007/978-981-13-0926-7_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0926-7_3&domain=pdf

108 3 Elementary Operations
usz = 3M2 — 2Lt| .

Also, 11 and u, are linearly independent. Hence, the row rank of A is 2.

To implement the changes in the entries of the matrix A we replace the third row
by this row minus thrice the second row plus twice the first row. Then the new matrix
will have the third row as a zero row. Now, going a bit further on the same line of
computation, we replace the second row of the new matrix, which is u, by uy — u;.
This results in the new second row as (0, 1, 1, 1). The main goal here is to bring in
as many zero entries as possible by using linear combinations so that we progress
towards a rank echelon matrix. See the following computation.

1 123 . 1 123 . 1 01 2
1234(— |01 11]—|0 111
1 456 00O00O0 0000

Here, the row operation R1 replaces row(2) by row(2) — row(1), and row(3) by
row(3) — 3row(2) + 2row(1) simultaneously. Similarly, R2 stands for replacing
row(1) with row(1) — row(2).

Such row operations are combinations of the three kinds of operations on the rows
of a matrix. We define these operations.

Definition 3.1 The following are called elementary row operations applied on a
matrix:

(a) Type I: Exchanging two rows;
(b) Type 2: Multiplying a row by a nonzero scalar;
(c) Type 3: Adding to a row a nonzero scalar multiple of another row.

The elementary row operations can be seen as matrix products. For this purpose,
we introduce the so-called elementary matrices, which are obtained by performing
analogous elementary row operations on the identity matrix.

Definition 3.2 Let / be the identity matrix of order m. Leti, j € {1, ..., m} be the
row indices and let o be a nonzero scalar. The matrices obtained as in the following
are called the elementary matrices of order m:

(a) E[i, j]: by exchanging the ith and the jth rows in I (Type 1),
(b) E,[i]: by multiplying o with the ith row in I (Type 2);
(c) Eg4li, j]: by adding to the ith row « times the jth row, in I (Type 3).

To avoid heavy overload on symbolism, our notation for elementary matrices do
not reflect their orders. The orders or sizes of the matrices will either be specified
separately or will be clear from the context.
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Example 3.3 Some of the elementary matrices of order 4 are as follows:

1000 1000 1000
0001 0100 0130
ER241=10 0 1 o] BBI=1g 0 6 0| B23=10 01 0
0100 0001 0001

Of course, there are other elementary matrices of order 4 such as E[1, 2], E[1, 3],
E[1,4], E[2,3], E[3,4]; Eqll]l, E4(2], E4[3], Eul4]; E.[1,2], E.[1,3],
E,[1,4]; and E,[2, 3], E4[2,4], E4[3, 4] for any nonzero o € F. O

As it turns out, the products E[i, j]A, E4[i]A and E,[i, j]A are the matrices
obtained by performing the corresponding elementary row operations of Types 1, 2, 3
on A. They are as follows. (See Exercises 4-6.)

1. E[i, j]A is obtained from A by exchanging the ith and the jth rows in A.

2. E4[i]A is obtained from A by replacing the ith row of A by « times the ith row
of A.

3. E,li, j]A is obtained from A by replacing the ith row by ith row plus « times
the jth row of A.

We specify an elementary row operation by its corresponding elementary matrix.
In showing the elementary row operations in numerical examples, we will write

AL B,
where B = E A has been obtained from A by using the elementary row operation
corresponding to the elementary matrix E. See the following example.

Example 3.4 Using our notation for elementary row operations, the sequence of
elementary row operations

replace row(2) with row(2) — row(1);

replace row(3) with row(3) — 3row(2);
replace row(3) with row(3) — row(1)

112
applied on the matrix | 1 2 3 4| can now be written as follows:
1 456

1123 E[2.1] 1123 E[3.2] 1123 E ] 1123
1234 — (01 11 — (01 11 — 01 11].
1456 1456 1123 00 00

The operations above say that we first apply E_[2, 1]. Then on the resulting matrix

we apply E_3[3, 2]. Again, on the resulting matrix, £_;[3, 1] is applied. The com-
putation can be written more compactly as
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1123 1123
E_([3,11E_3[3,21E_4[2,1] |1 2 3 4[{=(0 1 1 1
1 456 0000
Notice the reverse order in multiplying the elementary matrices. ([

Exercises for Sect. 3.1

o1 1 1
1. Compute E_y/5[2, 3] E[1,3] E12[2]A, where A= [0 2 3 1
1 02 -3

2. Determine the elementary row operations and the corresponding elementary
matrices in the following reduction:

5410__)54 10__)10 5—4__)10 5 —4
6 501 I1-11 I1-1 1 01-6 5|

Further, verify that the product of those elementary matrices is [_2 _2:| .

3. Let A € F¥*3, Determine three matrices B, C, D € F3*3 such that

(a) BA is obtained from A by adding the third row to the first row in A.

(b) CA isobtained from A by adding the third row to the second row in A, and
simultaneously by adding the second row to the first row in A.

(c) DA is obtained from A by adding the third row to the second row in A, and
then by adding the second row to the first row in A.

4. Lete, ..., e, be the standard basis vectors of F"*!. For i, jel{l,...,m}, let
Eij :=¢ e]T and let / be the identity matrix of order m. Show that the three kinds
of elementary matrices E[i, j1, Eq[i], Eqli, j] of order m can be given as in
the following:

(a) E[l, ]] =1 — Eii — Ejj + E,‘j + Eji for i # ]
(b) E,li] :=1 — E;; + o E;; for a nonzero scalar «.
(c) Eqli, jl:=1+ akE;; for anonzero scalar  and i # j.

5. Let A e ™" and let E;; :=¢; ejT be as given in Exercise 4. Show that the ith
row of E;; A is the jth row of A; all other rows of E;; A are zero rows.

6. Let A e """ Let E[i, j], Eyli] and E4[i, j] be the matrices as given in Exer-
cise 4. Show that the matrices E[i, j]A, Eq[i]A, and E,[i, j]A are equal to
those obtained by applying the corresponding the elementary row operations
on A.

7. Show that the elementary matrices are invertible and their inverses are given by
(Eli, jD™" = Elj.il, (Eqlil)™" = Eislil, and (Eu[i, j))™" = E_[i, jl.
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8. Show thatif amatrix B is obtained from another matrix A by applying a sequence
of elementary row operations, then A can also be obtained from B by applying
a sequence of elementary row operations.

9. Take a 3 x 3 matrix A and explore what happens to the rows or columns
of A in the products AE[i, j], AE4li], AE,li, jl, AE[i, j17, AE,[i]", and
AEyli, j17.

10. Isittrue that the transpose of an elementary matrix is also an elementary matrix?

3.2 Row Echelon Form

Row operations can be used to obtain a matrix with fewer nonzero entries. Given
a matrix, our goal is to obtain a matrix from the given one, all of whose nonzero
rows are linearly independent. Moreover, the linear independence should be visible
without any further computation. Towards this, we give the following definition.

Definition 3.5 A row operation is a finite sequence of elementary row operations.
If a matrix B is obtained from a matrix A by applying a row operation, we say that
B is row equivalent to A.

1123 1123
In Example 3.4, |0 1 1 1| isrowequivalentto |1 2 3 4
00O00O0 1 456
The elementary matrices are invertible, and their inverses are given by

(Eli, j))"" = Elj,il, (Eali)™" = Eijelil, (Eqli, jD 7" = E_4li, jl.

which are also elementary matrices. Using this it is easily seen that row equivalence
is an equivalence relation on F”"*". We are in search of a canonical representative
which would somehow show us the linearly independent rows as in the first matrix
above.

Towards this, we first define such a form. Recall that the (i, j)th entry of a matrix
has row index i/ and column index j. We also say that the row index of the ith row is
i, and the column index of the jth column is j.

Definition 3.6 In a nonzero row of a matrix, the first nonzero entry from the left is
called a pivot.
A matrix is said to be in row echelon form if the following are satisfied:

(1) The row index of each nonzero row is smaller than the row index of each zero
TOW.

(2) Among any two pivots, the pivot with larger row index also has larger column
index.

We mark a pivot in a row by putting a box around it. All entries to the left of a
pivot in that row are zero.
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For example, the following matrices are in row echelon form:

i]20 0 0 [2] 3 o [1] 5 1 o[1] o 0
00 00 o] 0 0 0/1] 00 [1]o

1o 0o oo0| |oo0o oo0]| |O O O O
00 0 [1] 00 00 00 00 0o 0 oli]

And, the following matrices are not in row echelon form:

00/[1]2 0o [2]30 0 [1] 3 1 o[1]3 o
00 [1] 0 00 00 o0t] 00 o0ft]
000’0000’0000’000

0 0 00 0o[1] oo 00 00

The first condition in Definition 3.6 says that all zero rows are at the bottom. The
second condition is sometimes stated informally as

The pivot in the (i 4 1)th row is to the right of the pivot in the ith row.

This condition implies the following:

In a pivotal column of a matrix in row echelon form, all entries below the pivot
are zero.

We will see that satisfying such a goal systematically will result in converting a
matrix to a row echelon form.

Theorem 3.7 (Row echelon form) Each matrix is row equivalent to one in row
echelon form.

Proof Let A € F"™*". We use induction on 7, the number of columns in A. For
n =1, A is a column vector. If all entries in this single column are 0, then this itself
is the row echelon form. Otherwise, let j be the minimum index outof 1, ..., m such
that a;; # 0. Exchange row(1) and row(j). Now, the first row of this new column
vector has the first entry as aj; # 0. Write @ = a;. Replace each other row, row (i)
by row(i) — % row(1). This brings the column vector to row echelon form. The

o
result is the column vector

E_on[m,1] .-+ E_au[2, 1] E[], 1] A,

which is equal to «e;.

Assume that all matrices with n — 1 columns can be brought to row echelon form
by pre-multiplying it with elementary matrices. Let A have n columns. Look at the
first column col (1) of A. Use the same elementary matrices for reducing col(1) to
row reduced form as in the basis case. These elementary row operations are applied
on A and not only on col(1). That is, there are elementary matrices E7, ..., E/ such

m
that
o %
E, - ElA= |:0 B:|'
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The entries in the first row marked * are some numbers, and the matrix
B € Fm=Dx(=D By induction hypothesis, there exist elementary matrices Ej, . . .,
E, such that E, - - - EB is in row echelon form. Then

10 107 ., ,
or]  fon) eemia

is the required row echelon form of the matrix A. Notice that any matrix |:O E i|
k
used in the above product is also an elementary matrix, whenever E; is an elementary

matrix. [ |

The proof of Theorem 3.7 gives the following algorithm for reducing a matrix to
row echelon form. We use a pivot in a row to zero-out the entries below the pivot
systematically. Initially, we work with the whole matrix, and subsequently, with its
submatrices. In the following algorithm we write such submatrices as R, and call
them as search regions.

Reduction to Row Echelon Form

1. Set the search region R to the whole matrix A.

2. If all entries in R are O, then stop.

3. Else, find the leftmost nonzero column in R. Mark this column in A as a pivotal
column.

4. Find the topmost nonzero entry in the pivotal column that occurs in R; box it; it
is a pivot.

5. If the top row of R does not contain the pivot, then exchange the row of A that
contains the top row of R with the row that contains the pivot.

6. Mark the row in A, which is the top row of R, as the pivotal row.

7. Zero-out all entries below the pivot, in the pivotal column, by replacing each row
below the pivotal row using the third type of elementary row operations with
that row and the pivotal row.

8. Find the submatrix of R to the right and below the current pivot. If no such
submatrix exists, then stop. Else, reset the search region R to this submatrix, and
go to 2.

Clearly, the output of the algorithm on an input matrix A is a matrix in row echelon
form. We refer to the resulting matrix as the row echelon form of A.

Example 3.8 Check how A is converted to B, which is in row echelon form:



114 3 Elementary Operations

[1]120 [1]1 20 (1] 1 20
A | 3551 r fo[2]-11| k| 0[2]-11
1 545 0 4 25 003
2 8709 06 309 00 66
[1]1 2 o0
R3 011 _
“loo[4 3 |TF
00 0/[3%

Here, the row operations are
Rl =E_3[2,1], E_1[3, 1], E_2[4,1]; R2=E_3[3,2], E_3[4,2]; R3=E_3)3[4,3].
The matrix B can be written as a product of elementary matrices with A:

B =E_3p[4,31E_3[4,21 E[3,2] E[4, 11 E_4[3, 1] E_3[2, 1] A. (]

In the row echelon form, the nonzero rows are linearly independent. Thus, the
dimension of the space spanned by all the rows is the number of nonzero rows in
the row echelon form. That is, the row rank of a matrix in row echelon form is the
number of pivots. Moreover, the row rank is equal to the rank of a matrix. Therefore,
rank (A) is the number of pivots in the row echelon form of A.

0 2 0 1
. 2 2 1 .
Example 3.9 To compute the rank of the matrix A = > 2 a4 1 , we reduce it
1-2 2-1
to its row echelon form as follows:
020 1 22 1 2 21
122 1{ew2a|0 20 1| & |0][2]01
—> —
2 2 4 1 2 2 4 1 0 0 00
1 -2 2 -1 1 -2 2 -1 0 0 00

Here, R is the row operation E_;[3, 1], E_{[4, 1]; E|[3, 2], E»[4, 2]. The number
of pivots shows that rank (A) = 2. O

Looking at the reduction to row echelon form, we end up at a useful matrix
factorization. For convenience, we will use the following terminology.

Definition 3.10 A permutation matrix of order m is a matrix obtained by permut-
ing the rows of the identity matrix of order m.

Observe that a permutation matrix is a product of elementary matrices of Type 1.
Moreover each permutation matrix is invertible.
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Theorem 3.11 (LU-factorization) Let A € F""*". Then there exist a permutation
matrix P of order m, a lower triangular matrix L of order m with all its diagonal
entries as 1, and a matrix U € F"™*" in row echelon form such that PA = LU.

Proof Letrank (A) =r.Ifr =0,then A =0, andwetake P =L =T and U = A.
So, letr > 1. Let U be the row echelon form of A. In U, there are exactly r number
of pivots. If no row exchanges have been used for reducing A to its row echelon
form U, then we take P = [. Otherwise, suppose the row exchanges applied in the
reduction process are E[i, ji], ..., Eli¢, j¢], in that order. These row exchanges
have been carried out in the reduction process so that starting from the first row of
A to the last, exactly r number of linearly independent rows come up as the first r
rows in U. If we apply the same row exchanges on A in the beginning, then exactly
the same r linearly independent rows of A will come up as the first r rows in PA,
where
P := Elig, jel--- Elir, j1]-

Notice that P is a permutation matrix; it is invertible. Thus rank (PA) = r. In PA,
the first 7 rows are linearly independent. While reducing P A to its row echelon form,
no row exchanges are required. Moreover, the pivots in this reduction process are the
same entries as in U. Thus U is also the row echelon form of the matrix P A. Observe
that the elementary row operations of Type 3 used in the reduction of PA to U are
the same as in the reduction of A to U. However, the row indices i and j in each such
E,[i, j] may change due to initial row exchanges carried out in pre-multiplying A
with P.

We look at how the reduction process works on PA = [b;;] to reach at U. Ini-
tially, the (1, 1)th entry by, of PA is a pivot. Any other entry b;; for j > 1, in the
first column is zeroed-out by using the elementary row operation E —bj1 /b1y [j,1]. In
general, while operating with the kth pivot, we see that all entries in the first k — 1
columns below the diagonal are already 0. Next, if the kth column is

[C1y ey Chots Chs Chtls + -+ Cal”
then to zero-out the jth entry in this column, for j > k, we use the elementary row
operation E_., /¢, [/, k]. This process stops when k becomes equal to r. And, in that
case, we reach at the matrix U. Taking the product of all these elementary matrices
as Lg, we obtain

U=LyPA,

where L is the product of elementary matrices of each of the form E,[j, k] with
Jj > k. Notice that each such matrix E,[j, k] is a lower triangular matrix with all
diagonal entries as 1. Therefore, L is invertible, and L I'is also a lower triangular
matrix with all its diagonal entries as 1. With L = L_l, we have PA = LU. |

Notice that if A is a square matrix, then its row echelon form U is upper triangular.
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Example 3.12 To illustrate the proof of LU-factorization, consider the matrix A and
its reduction to row echelon form as given below:

[1]2121 [1]2121 [1]2 121

24252 10o0010|, |o[i]101
A=|37464— 0110110 0010
1 4545 02424 0 2424
2 6464 02222 0 2222

(1] 2121 1] 2 121

R2 0101 E[3.4] 0101

— 100010 0 0/[2]22
0 0222 00010
0 0020 00 020
(]2 1 21

E_»[5,4] 0101

— 10 o0[2]22]|=U
00 of1]o
00000

Here, R1 = E_,[2,1], E_5[3,1], E_{[4,1], E_»[5,1], and R2 = E_,[4,2],
E_,[5,2].

We look at the row exchanges. They are E[2, 3] and E[3, 4] in that order. That
is, first E[2, 3] and then E[3, 4] have been multiplied with A from the left. Thus

10000 12121
00100 37464
P=E[3,4E[2,31=|00010|, PA=|14545
01000 24252
00001 26464
Next, P A is reduced to its row echelon form as follows:
12121 ]2 121 12 1 21
37464 ofi]101 0 1] 1 01
R3 R4 E_5[5.4]
14545—>02424—>0022 —=uU
24252 0 0010 0000

Here, R3 = E_3[2,1], E_[3,1], E_»[4,1], E_»[5,1], and R4 = E _,[3,2],
E_5[5, 2]. Then
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L = (E_,[5, 41 E_1[5,2] E_5[3,21 E_,[5, 11 E_[4, 1] E_,[3, 1] E_3[2, 1]) '
= E5[2, 11 E1[3, 1] E2[4, 1] E»[5, 1] E2[3, 2] Ea[5, 2] E»[5, 4]
10000

DN = W
N O N =
SO = O
o - O O
- o O O

It is easy to verify that PA = LU. [

Though the factorization is called LU-factorization, it is not possible to express

every square matrix as a product of a lower triangular matrix with nonzero diagonal
entries, and an upper triangular matrix; see Exercise 5.

Exercises for Sect.3.2

1.

2.

Listoutall 3 x 4 matrices in row echelon form by writing  for any nonzero entry,
and O for a zero entry.

Reduce the following matrices to row echelon form:
111 00 40 0
@ (1L 10 b |2 2-275 ()
001 55-5S5 1348
0001

X

Prove that row equivalence is an equivalence relation on F”*".

Give examples of two unequal m x n matrices in row echelon form, which are
row equivalent.

Show that there do not exist a lower triangular matrix L € F?*? with nonzero
diagonal entries, and an upper triangular matrix U € F?*2 such that

01
w=[" !
In each of the following cases, determine a lower triangular matrix L and an upper

triangular matrix U so that the given matrix equals LU. If not possible, determine
also a permutation matrix P so that the given matrix equals PLU.

0 -6 4 111 1 2 4
@ (2 12 b |1 13 () | -1 =3 3
1 41 2 58 4 914

. LetA € F"*".Suppose P € "> and Q € F"*" are permutation matrices. Show

that P A permutes the rows of A and AQ permutes the columns of A.
Prove that a permutation matrix is invertible without using elementary matrices.
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3.3 Row Reduced Echelon Form

Elementary operations can be used to reduce a matrix to a still simpler form, where
all pivots are 1 and all nonpivotal entries in a pivotal column are 0. This will also
answer our question regarding a canonical representative for the equivalence relation
of row equivalence. Such a form is defined below.

Definition 3.13 A matrix A € """ is said to be in row reduced echelon form if
the following conditions are satisfied:

(1) Each pivot is equal to 1.

(2) In apivotal column, all entries other than the pivot are zero.

(3) The row index of each nonzero row is smaller than the row index of each zero
row.

(4) Among any two pivots, the pivot with larger row index also has larger column

index.
(1]2 00

For example, the matrix | 0 0 0 | is in row reduced echelon form whereas

0000O0
the following matrices are not in row reduced echelon form:

0[2]3 0 0 [1] 3 1 0[1] 3 0 0o[1] o o
00 oft]| {0 o o[t 00 0ft] 00 [1]o
00 00| |00 O0OO0| 0o o0 O[L][ |OO0 00
00 00 00 00 00 00 00 0][1]

Clearly, a matrix which is in row reduced echelon form is also in row echelon form.
There are row echelon matrices which are not in row reduced echelon form. A matrix
in row echelon form with » number of pivots is also in row reduced echelon form
if and only if the pivotal columns are the first r standard basis vectors ey, ..., e,
appearing in that order from left to right. Therefore, a column vector (an m x 1
matrix) is in row reduced echelon form if and only if it is either a zero vector or e;.

Theorem 3.14 (Row reduced echelon form) Each matrix is row equivalent to one
in row reduced echelon form.

Proof Let A € F"*". By Theorem 3.7, there exists a row echelon matrix B which
is row equivalent to A. If a pivot in the ith row is «, then E,[i] B brings that pivot
to 1. Thus B is reduced to a row equivalent matrix C where all pivots are 1.

Next, we look at any nonpivotal entry in a pivotal column. If it is the (i, j)th entry
and it is @ # 0, and the pivot is the (k, j)th entry, then we compute E_,[i, k] C.
In this new matrix, the (i, j)th entry has been reduced to 0. We continue doing this
looking at all such nonpivotal nonzero entries. Finally, the obtained matrix is in row
reduced echelon form. [ |
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The proof of Theorem 3.14 says that the algorithm for reducing a matrix to its
row echelon form can be modified for reducing it to a row reduced echelon form.
The modifications are in Step 7 for Reduction to Row Echelon Form.

Reduction to Row Reduced Echelon Form
All steps except Step 7 are as in Reduction to Row Echelon Form.

7A. Divide each entry in the pivotal row by the pivot, using the second type of
elementary row operation.

7B. Zero-out all entries below and above the pivot, in the pivotal column, by replac-
ing each nonpivotal row using the third type of elementary row operations with
that row and the pivotal row.

As earlier, we will refer to the output of the above reduction algorithm as the row
reduced echelon form of a given matrix.

Example 3.15 In the following the matrix A is brought to its row reduced echelon
form B.

(11 20 [1j120 1120
A | 3571 rp0 211 B2 0 [1]121
1545 0425 0425
2879 0639 06 39

0 32 —1p2 0 32 —1 0 3>
(]2 | Bsi | 0 [1]12 12| &3

00 3 00 [1]

00 6 00 6

R2
—

0 0
0 0
0 0
withRl = E_3(2, 1], E_1[3, 1], E2[4, 1]; R2 = E_4[1,2], E_4[3,2], E_¢[4,2];
and R3 = El/z[l, 3], E,1/2[2, 3], E_s[4, 3]. Notice that

B = E 1[4, 11 E_1[3, 1] E_3[2, 1] E12[2] E_6[4, 2] E_4[3, 2] E_1[1, 2]
Ei;331 E_gl4, 31 E_12[2, 3] E12[1, 3] A. O

We observe that in the row reduced echelon formof A € F™*", r := rank (A) isthe
number of pivots. The r pivotal rows are the nonzero rows; the m — r nonpivotal rows
are the zero rows, which occur at the bottom. The r pivotal columns are ey, .. ., e,
the first r standard basis vectors of F”*!: the n — r nonpivotal columns are linear
combinations of these pivotal columns.

Theorem 3.16 A square matrix isinvertible if and only if it is a product of elementary
matrices.
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Proof Each elementary matrix is invertible. Therefore, a product of elementary
matrices is invertible. Conversely, let A € F"*" be an invertible matrix. Let E be
a product of elementary matrices such that £ A is in row reduced echelon form. As
rank (A) = n, the matrix E A has exactly n pivots. The entries in each pivotal column
above and below the pivot are 0. The pivots are each equal to 1. Therefore, EA = 1.
Consequently, A = E~', a product of elementary matrices. |

Notice that row equivalence of matrices can now be stated in an easier way. If A
and B are m x n matrices, then A is row equivalent to B if and only if there exists
an invertible matrix P such that B = PA.

When a sequence of elementary row operations reduce an invertible matrix A to
I, the product of the corresponding elementary matrices is equal to A~!. In order to
use this in computation, the following writing aid will be helpful.

Definition 3.17 Let A be an m x n matrix and let B be an m x k matrix. The m x
(n 4 k) matrix obtained by writing first all the columns of A and then the columns
of B, in that order, is called the augmented matrix corresponding to the matrices
A and B, and it is denoted by [A|B].

Given a matrix A € ">, we start with the augmented matrix [A|7]; then apply
elementary row operations for reducing A to its row reduced echelon form, while
simultaneously applying the operations on the entries of /. This will reduce the
augmented matrix [A|/] to [B|C].

If B = I,then C = A~'.If A is not invertible, then B will have zero row(s) at the
bottom. As rank ([A|/]) = n, this will result in at least one pivot in C. Therefore, in
the reduction process if a pivot appears in C, we may stop and report that A is not
invertible.

Example 3.18 Consider the following square matrices:

1-1 2 0 1-1 2 0
-1 0 0 2 -1 0 0 2
A=l 5 1122 B=| 2 12122
1-2 4 2 0-2 0 2

We want to find the inverses of the matrices, if at all they are invertible.
Augment A with an identity matrix to get

[1]-1 2 ol1000
—1 .0 0 2[0100
2 1-1-2{0010
1-2 4 2(000 1

Use elementary row operations towards reducing A to its row reduced echelon form.
Since a;; = 1, we leave row(1) untouched. To zero-out the other entries in the
first column, use the sequence of elementary row operations E;[2, 1]; E_»[3, 1];
E_[4, 1] to obtain
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[1]-1 2 0o/ 1000
0-1 2 2[ 1100
0 3-5-2|-2010
0-1 2 2|-1001

The pivot is —1 in (2, 2) position. Use E_;[2] to make the pivot 1.

1-1 2 0] 1 000
0[1]-2-2|-1-100
0 3-5-2|-2 010
0—-1 2 2|-1 001

Use Eq[1, 2], E_3[3, 2], E[4, 2] to zero-out all nonpivot entries in the pivotal col-

umn to 0:
0 0-2| 0-100
o[1]-2-2| -1-100
0 oft] 4] 1 310
00 0 of-2[-101

Since a zero row has appeared, we find that A is not invertible. Also, observe that
a pivot has appeared in the I portion of the augmented matrix. Though the reduced
matrix is not in row reduced form, it can be brought to this form with further row
operations. And rank (A) = 3; A is not invertible.

The second portion of the augmented matrix has no meaning now. However,
it records the elementary row operations which were carried out in the reduction
process. Verify that this matrix is equal to

E\[4,2]1 E_5[3, 21 E7[1, 2] E_4[2] E1[4, 1] E»[3, 1] Ey[2, 1]
and that the A portion is equal to this matrix times A.

For B, we proceed similarly. The augmented matrix [B|/] with the first pivot
looks like:

[1]-1 2 0o/ 1000
0-1 2 2[ 1100
0 3-5-2|-2010
0-2 0 2/ 0001
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Next, the pivot is —1 in (2, 2) position. Use E_;[2] to get the pivot as 1.

[1]-1 2 o] 1 000
o —2-2|-1-100
0 3-5-2|-2 010
0-2 0 2|0 001

And then E|[1, 2], E_3[3,2], E;[4,2] gives

[1] 0 02| 0-100
o[1]—2-2[-1-100
00 1 4 1 310
0 0-4-2/-2-20 1

Next pivot is 1 in (3, 3) position. Now, E;[2, 3], E4[4, 3] produces

[1] 0 o—2lo-100
o[1] o 61 520

0 oft] 41 310
0 0 14

1
0 14{2 10 4 1

Next pivot is 14 in (4, 4) position. Use E;,14[4] to get the pivot as 1:

[1] 0 0—2[0-1 0 o0
oft] o 61 5 2 0
0 of1] 41 3 1 o0
0 0 O l/75/71 2/7 114

0 02737 47 17

o[1] 0 0|y 27 -3
0| 3/7 17 =17 =27

0 0 O[1]yr s 27 1.

23 4 1
Thus B~ = = ; ? _% :; . Verify that B~'B = BB~' = 1. (]
15 2 1

Another alternative for computing the inverse of a matrix is to employ the method
of bookkeeping by augmenting a symbolic vector. If we start with the augmented
matrix [A|y] for an invertible matrix A, then its row reduction will be the augmented



3.3 Row Reduced Echelon Form 123
matrix [I|A~"y]. From the expression for the vector A~'y, the expression for A~!
can be recovered with its columns as A™'e; for j =1, ..., n. This procedure can
also be used to solve the equation

Ax =y.

Of course, when A is not invertible, a zero row will appear at the bottom of the first
part of the augmented matrix.

1 0 -2
Example 3.19 For computing the inverse of A = |2 2 0 |, we start with the
20 -3

augmented matrix [A|y] and reduce A to its row reduced echelon form while applying
the same operation for y.

10 =2y 0 0| —3y+2y
22 0y |—| 0[1] 0|3y +1y—2y
20 =3y 0 0[1]] -2y +y;

Looking at the y-entries, which is equal to A~!(y1, y2, y3)7, we find that

-3 0 2
ATl=| 3 1 =2
-2 0 1

You can decide for yourself which of the two methods such as augmenting / or
working with a symbolic vector is easier to work with. ]

A matrix in row reduced echelon form is special. Let A € F”"*" have rank r.
Suppose the columns of A are uy, ..., u,, from =1 That is,

A=luyuy - u,l.

Let B be the row reduced echelon form of A obtained by applying a sequence of
elementary row operations. Let E be the m x m invertible matrix (which is the
product of the corresponding elementary matrices) so that

EFEA=E[uyuy --- u,] =B.

The number of pivots in B is r. Then the standard basis vectors ey, ..., e, of rmxl
occur as the pivotal columns in B in the same order form left to right. Any two
consecutive pivotal columns are of the form e; and e;; but they need not be two
consecutive columns. Suppose the n — r nonpivotal columns in B are vy, ..., V,—,,
occurring in that order from left to right. In general, if v; is a nonzero nonpivotal
column, then there exists amaximum j suchthatey, ..., e; are all the pivotal columns
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that occur to the left of v;. In this case, we say that e; is the rightmost pivotal column
to the left of v;. Notice that a nonpivotal column that occurs to the right of some
pivotal columns can also be a zero column.

Observation 3.1 In B, if ¢; is the rightmost pivotal column to the left of a nonpiv-
otal column v;, then v; = [a; ay --- a; 00 01" =are; + - +aje; for some
ap,...,a; €F.

In B, if e; occurs as kith column, e, occurs as kpth column, and so on, then
vi =a Euy, + -+ ajEuy;. That s,

-1
E"vi =ajug, + -+ ajuy,;.

However, E~'v; is the ith column of A. Thus we observe the following.

Observation 3.2 In B, if ¢; is the rightmost pivotal column to the left of a nonpivotal
columnv, =[aja; --- a; 00 .-.0]7, and if ey, . .., €j,v; occur in the columns
ki, ..., kj, k respectively, then uy = ajuy, +---+ ajug;.

It thus follows that each column of A can be written as a linear combination of
Uk, ..., Uk, Where ki, ..., k. are all the column indices of pivotal columns in B.
Notice that the range space of A is the span of all its columns, and uy,, ..., uy, are
linearly independent. Thus we have the following.

Observation 3.3 If ki, ..., k, are all the column indices of pivotal columns in B,
then {uy,, ..., ux } is a basis of R(A).

If ve R(A), then v = Biug, + -+ Brux, = ,BIE’lel + -+ ﬂ,E’le, for
some scalars By, ..., f,. Since e, | ¢ spanfey, ..., e,}, we see that E~ e, is not
expressible in the form o) E “le; + -+ a,E 'e,. We conclude the following.

Observation 3.4 If r = rank (A) < m, then E~'e,,; ¢ R(A) for1 <k <m —r.

In B, the m — r bottom rows are zero rows. They have been obtained from the
pivotal rows by elementary row operations. Monitoring the row exchanges that have
been applied on A to reach B, we see that the zero rows correspond to some m — r
rows of A. Therefore, we find the following.

Observation 3.5 Let wy,, ..., wy, be the rows of A which have become the pivotal
rows in B. Then {wy,, ..., wy, } is a basis for the span of all rows of A.

The subspace spanned by all the rows of a matrix A € F"™*" is called the row
space of A. Since the rows of A are the columns of A7, we see that the row space
of A is the same as the subspace {v7 : v € R(AT)} of F'*". The dimension of the
row space of A is called the row rank of A. From Observation 3.5 it follows that the
number of pivots in the row reduced echelon form of A is same as the row rank of
A. That is,
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The rank of A is equal to the row rank of A, which is also equal to the number
of pivots in the row reduced form of A.

If B and C are two matrices in row reduced echelon form and they have been
obtained from another matrix A € F"*" by elementary row operations, then B =
E|A and C = E, A for some invertible matrices E; and E, in F"*". We see that
B = E|(E,)"'C. Therefore, B and C are row equivalent. To show that the row
reduced echelon form of a matrix is unique, we prove the following theorem.

Theorem 3.20 Two matrices in row reduced echelon form are row equivalent if and
only if they are equal.

Proof Any matrix is row equivalent to itself. We thus prove only the “only if" part
in the theorem. Let B, C be in row reduced echelon form with B = EC for some
invertible matrix E. We prove that B = C by induction on the number of columns
in B and C. In the basis step, suppose both B and C are column vectors. Since both
B and C are in row reduced echelon form, either B = 0 or B = ¢;; similarly, C = 0
or C = e;. Notice that B = EC and C = E~'B. Thus B = 0 if and only if C = 0.
This implies that B = C = 0 or B = C = e;. In either case, B = C.

Lay out the induction hypothesis that the statement of the theorem holds true for
all matrices with k > 1 number of columns. Let B and C be matrices having k + 1
columns. Write B = [B’ | u], C = [C’|v] in augmented form, where u and v are
the last columns of B and C, respectively. Clearly, B’ and C’ are in row reduced
echelon form, B’ = EC’, and u = Ev.

By the induction hypothesis, B’ = C’. Suppose that ey, .. ., e; are all the pivotal
columnsin C’. Theney, ..., e; are also all the pivotal columns in B’. Now, B’ = EC’
implies that

-1 -1
€1=E€],...,E€j=€j, €]=E 6],...,€j=E €j.

In B, we see that either u = ey or u = aje; +--- 4+ aje; for some scalars
ai, ..., oj. The latter case includes the possibility that # = 0. (If none of the first
k columns in B is a pivotal column, we have u = 0.) Similarly, v = ¢, or v =
Bier + - - -+ Bje; forsome scalars By, ..., B;. We consider the following exhaustive
cases.

Ifu =er andv = ¢4, thenu = v.

Ifu =aie;+---+ajej, thenu = aE ey + -+ +otjE’lej =Eu=v.

Ifv=pgiei+- -+ Bjej, thenu = Ev=piEe; +---+ BjEe; =v.

In all cases, u = v. Since B’ = C’, we conclude that B = C. [ |

Theorem 3.20 justifies our use of the term the row reduced echelon form of a
matrix. Given a matrix, it does not matter whether you compute its row reduced
echelon form by following our algorithm or any other algorithm; the end result is the
same matrix in row reduced echelon form.
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Given uy, ..., u, € F** abasis for U = span{uy, ..., u,} can be constructed
by using elementary operations. We construct a matrix A with its rows as the given
vectors:

Ui
A =

u m

We then convert A to its row echelon form or row reduced echelon form. The pivotal
rows form a basis for U; the zero rows (nonpivotal rows) are linear combinations
of the pivoted ones. Notice that the rows of A that correspond to the pivotal rows
(monitoring row exchanges) also form a basis for U.

On the other hand, if vi, ..., v, € F"*! are column vectors, then we form the
matrix A by taking these as columns. That is,

A:[v1 ---vm].

Then, we bring A to its row reduced echelon form, say, B. The columns in A corre-
sponding to the pivotal columns in B formabasis for V = span{vy, ..., vy} = R(A).
The other columns of A are linear combinations of the basis vectors. The coefficients
of such a linear combination is given by the entries in the corresponding nonpivotal
column in B.

In fact, we can use any of the above methods by taking the transpose of the given
vectors as required. This is illustrated in the following example.

Example 3.21 The problem is to determine a basis for the subspace U of R*
spanned by the vectors u; = (0,2,0,1), up, =(1,2,2,1), us =(2,2,4,1) and
ug = (1,-2,2,-1).

By taking the vectors as rows of a matrix A, and then bringing it to row echelon
form, we obtain

020 1 (1] 22 1 (1] 2 21
_ |t 22 1femalo 20 1| & [o0[2]01
A=l 24 1| |2 24 1] |0 000
1-2 21 1 -2 2-1 0000

Here, R is the row operation E_»[3, 1], E_[4, 1]; E,[3, 2], E»[4, 2]. The row ech-
elon form shows that the third row and the fourth row in the row echelon form are
linear combinations of the first and the second. In the row operation, the first and
the second rows were exchanged. Taking the corresponding rows in A, we conclude
that u3 and u4 are linear combinations of the pivotal rows u, and u; a basis for U is
{us, u}. Same conclusion is drawn by bringing A to its row reduced echelon form.

Alternatively, we take the transposes of the given row vectors and solve the prob-
lem in R**!; that is, let vi = u”, v, = ul, v3 = ul and v4 = ul. Our aim is to
extractabasis for V = {u” : u € U}. We then form the 4 x 4 matrix A with columns
as these transposed vectors:
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102 1

2 22—
A:[V1V2V3V4]: 20

1111

Next, we bring A to its row reduced echelon form as follows:

[1joz2 1 (1] o 2 1 (1] o 2 1
222 2| & |0 [2]-2-4|r |0 [1]-1-2
204 2 00 0 O 00 0 0
I | 0 1 -1 -2 00 0 0

Here, R1 = E_»[2,1], E_»[3,1], E_i[4,1], and R2 = E;»[2], E_i[4,2]. The
pivotal columns are col(1) and col(2). Thus vy, v, is a basis of V. The entries in
col(3) and col(4) say that v3 = 2v| — v, and v4 = v| — 2v;. Therefore,

usz = 2M1 — Uy, Ug =U] — 2142.
And {uy, uy} is a basis for U. [l

Let A € F""*". Suppose E is an invertible matrix such that E'A is in row reduced
echelon form. If A has only k < n number of pivotal columns, then the pivotal
columnsin EAareey, ..., ¢;. The nonpivotal columns in £ A are linear combinations
of these pivotal columns. So, R(EA) = span{ey, ..., e}. Thus, e;+| ¢ R(EA). It
follows that E~'e;.; ¢ R(A). Therefore, if a vector in F"*! exists outside the span
of the given vectors vy, ..., v,, € "**!, then elementary row operations can be used
to construct such a vector.

Exercises for Sect.3.3

1. Reduce the following matrices to row reduced echelon form:
0237

1111 00 40 111
(a) by (22 =25 () 110
13438 55 =55 001
0001
2. Construct three different matrices in F**3, each of which is of rank
(a) 0 (b) 1 (c) 2 (d) 3.
3. Determine whether the given pair of matrices are row equivalent.
1 0 2 1 0 2
(a) |:11 g], [? 21:| ®|[0210], |3 -11
|2 0 4 5-15
1 00 [1 0 1
4. Arethe matrices |0 1 Ofand |0 1 O |row equivalent? What are their row
0 0 1 001

reduced echelon forms?
5. Let A € F®*7 be in row reduced echelon form.
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(a) If the fourth column of A is the second (from left) pivotal column, then how
does this column look like?

(b) Delete the fifth column of A. Is the resulting matrix in F6*® in row reduced
echelon form?

111
6. Determine the inverse of the matrix [ 1 2 3
1 4 9

7. In each of the following subspaces U and W of a vector space V, determine the
bases and dimensions of U, W, U N W and of U + W.

@ V=R U =span{(1,2,3), 2,1,1)}, W = span{(1,0, 1), (3,0, —1)}.
(b) V=R* U =span{(1,0,2,0),(1,0,3,0)},

W = span{(1, 0, 0, 0), (0, 1,0, 0), (0,0, 1, 1)}.
(c) V= C* U= span{(1, 0, 3, 2), (10,4, 14,8), (1,1, —1, = 1)},

W = span{(1,0,0,2), 3, 1,0,2), (7,0, 5, 2)}.

8. Let A € F"*". Show the following:

(a) If m > n, then there exists an invertible matrix £ € F”"*" such that the last
row of EA is a zero row. Conclude that there exists no matrix B € F"*"™"
such that AB = 1,,,.

(b) If m < n, then there exists an invertible matrix D € F"*" such that the
last column of AD is a zero column. Conclude that there exists no matrix
C € """ such that CA = I,,.

3.4 Reduction to Rank Echelon Form

We remarked earlier that reducing a matrix to its rank echelon form requires column
operations. The column operations work with columns instead of rows. Once again,
we break down column operations to simpler ones.

Definition 3.22 The following three kinds of operations on a matrix are called ele-
mentary column operations:

(a) Exchanging two columns;
(b) Multiplying a nonzero scalar to one of the columns;
(c) Adding to a column a nonzero scalar multiple of another column.

A column operation is a finite sequence of elementary column operations. We say
that a matrix B is column equivalent to a matrix A if B has been obtained from A
by using column operations.

Elementary matrices can be used for expressing elementary column operations as
matrix products. In this regard we observe the following:
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Exchanging ith and jth columns of I results in E[i, j].
Multiplying o with the ith column of [ results in E,[i].
Adding to the ith column « times the jth column results in E,[J, i].

Notice that (E[i, jD" = Eli, j1, (E.liD" = Eulil, and (Eqli, jD" = Eqlj, il.
Therefore, applying an elementary column operation on a matrix A is equivalent
to the following:

Apply the corresponding row operation on A7 .
And then, take the transpose of the result.

We summarize the discussion in the following observation.

Observation 3.6 LetA € F"*" Fori, j € {1,...,n}, i # j, andscalara # 0, the
following matrices are the results of applying the corresponding elementary column
operations:

(1) A E[i, j]: exchanging the ith and the jth columns in A;
(2) A E,li]: multiplying o with the ith column in A;
(3) A E,li, j]: Adding to the jth column « times the ith column, in A.

We will use the following notation to specify an elementary column operation in
a computation:

AL B,

where B = A E and E is an elementary matrix. We also refer to the corresponding
elementary column operation as E. We remember to use the “prime” with E to say
that it is a column operation; thus E is to be post-multiplied.

Example 3.23 We continue with the matrix obtained in Example 3.4 for illustrating
elementary column operations.

2 3 or 1 000 1 000
1 1]l—f011 1= 1]J010 0],
00 0000 0000

SO =
S = =

where C1 = E_i[1,2], E_»[1,3], E_3[1,4], and C2 = E_,[2,3], E_[2,4] are
the column operations. As a matrix product the computation can be written as

11 2 000
011 10 0].
000 000

Notice that the order of (the transposes of) the elementary matrices in the product
appear as they are, whereas in elementary row operations, they appeared in reverse
order. ]

S = W
S O =

} E_i[1,21E_[1,31 E_3[1,41E_1[2,3] E_1[2,4] = [
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Therefore, a matrix B is column equivalent to a matrix A if and only if B = AE,
where E is a finite product of elementary matrices if and only if there exists an
invertible matrix £ such that B = AE.

From Theorem 2.36, it follows thatif A € F"”*", and B, C are invertible matrices
of size m x m and n x n, respectively, then

rank (BA) = rank (A) = rank (AC).

Thatis, multiplying a matrix with an invertible matrix preserves the rank. This implies
that both row operations and column operations preserve (column) rank of a matrix.
Since the row rank of A is same as the rank of A7, it also follows that both row and
column operations preserve the row rank. It provides another proof of Theorem 2.57.

In fact, starting from the row reduced echelon form of a given matrix, we may
use column operations to zero-out the nonpivotal columns. Then the result is the
rank echelon matrix E, of rank r. It gives an algorithm for constructing the required
matrices P and Q in the following theorem.

Theorem 3.24 (Rank factorization) Let A € F"*". Then rank (A) = r if and only if

there exist invertible matrices P € F™*"™ and Q € F"*" suchthat A = P |:8 g:| 0.

The row and column operations provide a proof of rank factorization without
depending on the rank theorem. Further, the rank theorem can be proved using rank
factorization.

Notice that the matrix E, can be written as the following matrix product:

I, 0 |
o[t §-[iJo o
Then, in the rank factorization of A, write

C:P[g], F=][I 0].

Since both P and Q are invertible, we see that rank (C) = r = rank (F). We thus
obtain the following result.

Theorem 3.25 (Rank decomposition) Let A € F"*" be of rank r. Then there exist
matrices C € T"*" and F € F"™*" each of rank r, such that A = CF.

Rank decomposition is also referred to as the full rank factorization, since both
the matrices C and F have maximum possible ranks.

Elementary column operations can also be used for computing the inverse. We
can start with an augmented matrix A by writing / below it and apply elementary
column operations. Once the part that contains A is reduced to I, the other block
which originally contained 7 must give A~
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In yet another variation, augment A with 7 on the right and also 7 below A. Then
perform row and column operations on the augmented matrix. The I portion on the
right will record the row operations, whereas the / portion below A will record the
column operations. Finally, when A is reduced to I, if the I portion on the right is
the matrix P and the / portion below is the matrix Q, then A~! = P Q.

Exercises for Sect.3.4

1. Prove that a matrix |:i b} can be reduced to 0 for some «, B by row and

d |:1 B
column operations unless b = 0 = ¢ and ¢ = d. Explain the cases b = 0 and
c=0.

1 211
2. Compute the rank echelon formof [ 3 0 0 4 | intwo different ways:
1 422

(a) by using elementary row and column operations in any order you like;
(b) by reducing first to its row reduced echelon form, and then converting the
row reduced echelon matrix to its column reduced echelon form.

11 21 31 41
12 22 32 42
13 23 33 43
14 24 34 44

Compute the rank factorization and a rank decomposition of A.

4. Let A = [a;;] and B = [b;;] be n x n matrices with a;; =i, b;,—;) = 1 and all
other entries in both of them are 0. Using elementary row operations, determine
whether A and B are equivalent.

5. Let A € F*". Show the following:

3. Let A =

(a) If A has a zero row, then there does not exist a matrix B € [F"* such that
AB =1,.

(b) If A has a zero column, then there does not exist a matrix C € F"*™ such
that CA = I,,.

1 11
6. Compute the inverse of the matrix |2 1 1 | using row operations, column
1 21
operations, and also both row and column operations.
7. Use the rank theorem to prove the rank factorization theorem. Also, derive the
rank theorem from rank factorization.
8. Using the rank theorem, prove that the row rank of a matrix is equal to its columns
rank.
9. Using rank factorization show that rank (AB) < min{rank (A), rank (B)} for
matrices A € F"" and B € F"*¥. Construct an example where equality is
achieved.
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3.5 Determinant

There are two important quantities associated with a square matrix. One is the trace
and the other is the determinant.

Definition 3.26 The trace of a square matrix is the sum of its diagonal entries. We
write the trace of a matrix A by tr(A).

Thus, if A = [a;;] € F™", then tr(A) =ay + -+ ap, = ZZ:I ayy. Clearly,
tr(l,) = n and tr(0) = 0. In addition, the trace satisfies the following properties:
Let A, B € ",

tr(wA) = atr(A) foreach o € F.

tr(A”T) = tr(A) and tr(A*) = tr(A).

tr(A + B) = tr(A) + tr(B).

tr(AB) = tr(BA).

5. tr(A*A) = 0 if and only if tr(AA*) = 0 if and only if A = 0.

The determinant of a square matrix is a bit involved.

e

Definition 3.27 The determinant of a square matrix A = [g;;] € F"*", written as
det(A), is defined inductively as follows:

If n =1, then det(A) = ay;.

If n > 1, then det(A) = Z;'.zl(—l)”j ayj det(Ay;)

where the matrix A;; € F®~D*@=1 s obtained from A by deleting the first row and
the jth column of A.

When A = [q;;]is written showing all its entries, we also write det(A) by replacing
the two big closing brackets [ and ] by two vertical bars | and |. Thus, for a 2 x 2
matrix [a;;], its determinant is seen as follows:

ap ap

= (—=)'"ay; detlan] + (—1)'Pajy detla ] = arjazn — apas.
as; ax

Similarly, for a 3 x 3 matrix, we need to compute three 2 x 2 determinants. For
example,

1 23
2 31
312
31 21 23

— (1141 42 1143
= (-1 x1x12'+( 1) ><2><32‘+( 1) ><3><31‘

31 21 23
_lxlz'—Zx‘32‘+3x‘3l'

=0Bx2—-1x1)—2x2x2—-1%x3)4+3x2x1-3x3)
=5-2x143x (-7 =-18.
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To see the determinant geometrically, consider a 2 x 2 matrix A = [a;;] with
real entries. Let u be the vector with initial point at (0, 0) and end point at (a;;, a;2).
Similarly, let v be the vector starting from the origin and ending at the point (a;, a2;).
Their sum u + v is the vector whose initial point is the origin and end point is
(a1 + az1, az) + ax). Denote by A, the area of the parallelogram with one vertex
at the origin, and other vertices at the end points of vectors u, v, and u + v. Writing
the acute angle between the vectors u and v as 6, we have

A? = [u*|v|*sin® 0 = |u|*|v|*(1 — cos® 0)
(u-v)?
= lu*|v|? (1 ~ e ) = ] = (u - v)?

= (a}, +a})) (a3, + a3,) — (anaz + apnan)*
= (a11a2 — apaz)* = (det(A))>.

That is, the absolute value of det(A) is the area of the parallelogram whose sides are
represented by the row vectors of A. InIR?, similarly, it can be shown that the absolute
value of det(A) is the volume of the parallelepiped whose sides are represented by
the row vectors of A.

It is easy to see that if a matrix is either lower triangular, or upper triangular, or
diagonal, then its determinant is the product of its diagonal entries. In particular,
det(/,) = 1 and det(—1,) = (—1)".

Notation: Let A € F™", vy e Frx1, i,jel{l....,n}

1. We write the jth column of A as a;. Thus, d; € F>*land A =[d, --- d,].

2. A;j denotes the (n — 1) x (n — 1) matrix obtained from A by deleting the ith row
and the jth column of A.

3. A;(v) denotes the matrix obtained from A by replacing the jth column of A with
v, and keeping all other columns unchanged.

4. We write v = [:,li| , Where v is the first component of v and v] is the vector in

1

F'=Dx1 gbtained from v by deleting its first component.

We consider the determinant as a function from [F"*” to IF, and list its character-
izing properties in the following theorem.

Theorem 3.28 Let f be a function from F"*" to F and let A € F**". Then f(A) =
det(A) if and only if f satisfies the following properties:

(1) Forany A e """, x,y € Frxt, and j € {1,...,n},
FA; G+ ) = F(A;0))+ f(A; ().
(2) Forany A e ™" x e ! « €T, and j € {l,...,n},

f(Aj(otx)) = ozf(Aj(x)).
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(3) For A € T, if B € F"*" is the matrix obtained from A by exchanging two
columns, then f(B) = —f(A).
@ fU)=1.

Proof First, we show that the function the function f(A) := det(A), A € F"*", sat-
isfies all the four properties. For n = 1, the results in (1)—(3) are obvious. Lay out the
induction hypothesis that for n = m — 1, the determinant function satisfies Proper-
ties (1)—(3). We use this to show that all of (1)~(3) hold for n = m. Let x, y € F"*!,

(1) Ay i=detlay, ..., dk—1, X + Y, i1, - -+ Q]
= anpi—anr+ -+ D+ DB+ -+ (=D B

where for j # k, B; is the determinant of the matrix obtained from A;; by replacing
the kth column with x| + y; and By = det(Ax). By the induction hypothesis,

Bj=v;+6; forj#k

where y; is the determinant of the matrix obtained from A ; by replacing the kth col-
umn with x{, and §; is the determinant of the matrix obtained from A, ; by replacing
the kth column with y]. Since B = det(A ), we have

Ay = (anyr —anys + -+ (=Dfxdet(A) + -+ (=D ay,vm)
+(ands —and + -+ (=DFyrdet(A) + -+ + (= D" a1,8,)

=detlai, ..., dk—1, X, Qgt1, .- ., G ] +detlay, ..., dk—1, ¥, Gks1, - - -5 Al

(2) For j # k, let A ; be the determinant of the matrix obtained from A ; by replacing
the kth column with auy. Write A := det(A;). Then

A, :=detlay, ..., ar_, ax, &k-&-l’ R
= anhr —apr+ -+ (=D @x)a + -+ (=D .

By the induction hypothesis,
)‘j =0 forj #k

where p; is the determinant of the matrix obtained from A;; by replacing the kth
column with u. Since A; = det(Ay;), we have

Ay = (anapy — anaps + -+ (=Dfxdet(A) + -+ (=)' aya )

=« detlay, ..., a1, X, Aks1y -« Q-
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3) A3:=det[&l,...,&j,...,&i,...,sz]

=ant +---+a-nti-1+ay,;t;+---aut + - Ay T,

where t; is the determinant of the matrix obtained from A by interchanging the ith
and jth columns. Then by the induction hypothesis,

7, = —det(A;x) fork #i and k # j.

Fork =i, we see that 7; = — det(A;) and fork = j, T; = — det(Ay;); again by the
induction hypothesis. Hence,

A3 = _(all det(A11) +---+ (_I)H_nalm det(Alm)) = - det(A)

(4) Since determinant of a diagonal matrix is the product of its diagonal entries,
det(l) = 1.

Next, we show that det(-) is the only such function satisfying the four properties.
For this, let f : F"*" — [ be any function that satisfies Properties (1)—(3). We will
come back to Property (4) in due course. We use, without mention, the already proved
fact that det(-) satisfies all the four properties.

First, let B be a matrix whose columns are from the standard basis {e, ..., e,}
of F"*!_If two columns of B are identical, then by interchanging them we see that
f(B) = —f(B), due to Property (3). Hence, f(B) = 0. In this case, due to the same
reason, det(B) = 0. If no two columns in B are identical, then each basis vector ¢
appears in B exactly once. Now, find, where is e; occurring. If it is the ith column,
then exchange the first column and the ith column to bring e; to the first column.
Then look for e,. Continuing this way, we have a certain fixed number of exchanges
after which B becomes /. Suppose the number of such exchange of columns is r.
Then f(B) = (—1)" f(I). Again, due to the same reason, det(B) = (—1)" det(/) =
(—=1)". Thus, for this particular type of matrices B, if f satisfies Properties(1)—(3),
then f(B) = det(B) f(1).

We now consider the general case. Let A = [a;;] € *". Then the jth column
of A is given by

glj =ajjel + .- —}—anjen.

Writing each column of A in this manner and using Properties (1)—(2) for f(-) and
det(-), we see that

m m

fA) =) f(By), det(A) =) ay det(By), 3.1)

k=1 k=1

where m = n”, each constant oy is a scalar, and By is a matrix whose columns are
chosen from the standard basis vectors ey, ..., ¢,. Notice that the same oy appears
as coefficient of f(By) and det(By) in the sums for f(-) and det(A), since both are
obtained using Properties (1)—(2).
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For instance, if B; is the matrix with each column as e, thena; = ajjaiz - - - dy,.

Now, if a column is repeated in any By, then f(B;) = 0 = det(By). In particular,
f(By) = det(By) f(I). If no column is repeated in By, then each vector ey, ..., e,
occurs exactly once as a column in By. That is, By is a matrix obtained by permuting
the columns of /. In this case, By can be obtained from / by some number of column
exchanges, as we have shown earlier. Suppose the number of exchanges is s. By
Property (3), f(Bx) = (—1)* f(I), and det(By) = (—1)*det({) = (—1)*. Thus,

f(By) =det(By) f(I) fork=1,...,m.

Using (3.1), we conclude that f(A) = det(A) f(I). Now, Property (4) implies that
f(A) = det(A). [ |

Properties (1) and (2) say that the determinant is a multi-linear map, in the sense
that it is linear in each column. Property (3) is the alternating property of the deter-
minant. Property (4) is the normalizing property. The proof of Theorem 3.28 reveals
the following fact.

Observation 3.7 If a function f : F"*" — T satisfies Properties (1)—(3) in Theo-
rem 3.28, then for each A € F"*", f(A) = det(A) (1)

Our definition of determinant expands the determinant in the first row. In fact, the
same result may be obtained by expanding it in any other row, or even, in any column.
Along with this, some more properties of the determinant are listed in Theorem 3.30
below. We first give a definition and then prove those properties.

Definition 3.29 Let A = [a;;] € F"*".

(a) The quantity det(A;;) is called the (i, j)th minor of A; itis denoted by M;;(A).

(b) The signed minor (—1)"*/ det(A4; ;) is called the (i, j)th co-factor of A; it is
denoted by C;;(A).

(c) The matrix in " whose (i, j)th entry is the (j, i)th co-factor C;; (A) is called
the adjugate of A.

Following the notation in Definition 3.29, we obtain
det(A) =Y ai; (=)' det(Arj) = Y _arj (=) Myj(A) = > ar; Cij(A).
j=1 j=1 j=1
The adjugate, adj(A), is the transpose of the matrix whose (i, j)th entry is C;; (A).

Theorem 3.30 Let A € F"*". Leti, j, k € {1, ..., n}. Thenthe following statements
are true.

(1) det(A) = Zj a;j(—1)"* det(A;;) = Zj a;jC;;(A) for any fixed i.
(2) If some column of A is the zero vector, then det(A) = 0.
(3) Ifa column of A is a scalar multiple of another column, then det(A) = 0.
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(4) Ifa column of A is replaced by that column plus a scalar multiple of another
column, then determinant does not change.
(5) If Ais atriangular matrix, then det(A) is equal to the product of the diagonal
entries of A.
(6) det(AB) = det(A) det(B) for any matrix B € F"*",
(7) If A is invertible, then det(A) # 0 and det(A~") = (det(A))~".
(8) Columns of A are linearly dependent if and only if det(A) = 0.
(9) If A and B are similar matrices, then det(A) = det(B).
(10) det(A) = >, a;;(—1)'"/ det(A;;) for any fixed j.
(11) rank (A) = n if and only if det(A) # 0.
(12) All of (2), (3), (4) and (8) are true for rows instead of columns.
(13) det(AT) = det(A).
(14) Aadj(A) = adj(A)A = det(A) 1.

Proof (1) Construct a matrix C € F+Dx0+D by taking its first row as e; € F"+1,
its first column as ef , and filling up the rest with the entries of A. In block form, it

looks like:
1 0
C= [0 A]

Then det(C) = det(A). Now, exchange the first row and the (i + 1)th rows in C.
Call the matrix so obtained as D. Then

det(C) = —det(D) = — > a;; (= 1)’ det(D;).
J

The ith row of D;j ise; € F'*" To compute det(D;;), exchange the first and the ith
rows in D;;. Then det(D;;) = — det(A;;). Therefore,

det(A) = det(C) = — Y a;; (= 1) det(D;;) = Y aij(— 1) det(Ay)).
J J

(2)—(4) These properties follow from Properties (1)—(3) in Theorem 3.28.

(5) If A is lower triangular, then expand along the first row. Similarly, if A is upper
triangular expand it along the first column.

(6) Let A € F"*". Consider the function g : F"**" — [ defined by

¢(B) = det(AB).

It is routine to verify that g satisfies Properties (1)—(3) of Theorem 3.28, where we
take g(-) instead of det(-). By Observation 3.7,

det(AB) = g(B) = det(B) g(I) = det(A) det(B).



138 3 Elementary Operations

(7) Let A be invertible. Due to (6), det(A)det(A~!) = det(AA™!) = det(I) = 1.
It shows that det(A) # 0 and det(A~") = (det(A))~".

(8) If the columns of A are linearly independent, then A is invertible. Due to (7),
det(A) # 0. So, suppose the columns of A are linearly dependent. Say, the kth column
of A is a linear combination of the columns 1 through k£ — 1. Then by the linearity
of det(-) in each of the columns, and by (3) above, det(A) = 0.

(9) Matrices A and B are similar if and only if there exists an invertible matrix P
such that B = P~'AP. Then, due to (6) and (7), we have

det(B) = det(P~") det(A) det(P) = det(A).

(10) This property asserts that a determinant can be expanded in any column. Due
to (1), we show that expansion of a determinant can be done in its first column. For a
matrix of size 1 x 1 or 2 x 2, the result is obvious. Suppose that determinants of all
matrices of order less than or equal to n — 1 can be expanded in their first column.
Let A € F"*". As per our definition of the determinant, expanding in the first row,

det(A) = Zalj(—1)1+j det(Alj)

J

The minors det(A;;) can be expanded in their first column, due to the induction
assumption. That is,

m

det(Aq;) = Z(_l)i71+lai13ij’

i=2

where B;; denotes the determinant of the (n — 2) x (n — 2) matrix obtained from
A by deleting the first and the ith rows, and deleting the first and the jth columns.
Thus the only term in det(A) involving aj;a; is (—1)""a;a;1 Bij.

Also, examining the expression

Y an (=1 det(A),

we see that the only term involving a;ja;1 is (—1)""/*a; ;a;1 Bij.

Therefore, det(A) = Y, a;1 (— 1) det(A;).

Alternatively, one can verify all the four properties in Theorem 3.28 for the func-
tion f(A) = Z]- a,»j(—l)"“' det(A,-j).
(11) It follows from (8), since rank (A) = n if and only if columns of A are linearly
independent.
(12) It follows from (10).
(13) Use induction and (10).
(14) The adjugate adj(A) of A is the matrix whose (7, j)theentry is C;; (A). Consider
A adj(A). Due to (1), the jth diagonal entry in this product is
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n

> " ai;Cij(A) = det(A).

i=1

For the nondiagonal entries, let i # j. Construct a matrix B which is identical to A
except at the jth row. The jth row of B is the same as the ith row of A. Now, look at
the co-factors Cy;(B). Such a co-factor is obtained by deleting the kth row and the
jth column of B and then taking the determinant of the resulting (n — 1) x (n — 1)
matrix. This is same as Cy;(A). Since the ith and the kth rows are equal in B, the
(i, k)thentry in A adj(A) is

n

Y axCi(A) =Y aiCir(B) = det(B) =0,

k=1 k=1

Therefore, A adj(A) = det(A) 1.
The product formula adj(A)A = det(A) I is proved similarly. |

In Theorem 3.30, Statement (2) follows from (3); it is an important particular
case to be mentioned. Using (1)—(5) and (10)—(11), the computational complexity for
evaluating a determinant can be reduced drastically. The trick is to bring a matrix to its
row echelon form by using elementary row operations. While using row exchanges
we must take care of the change of sign of the determinant. Similarly, we must
account for « if we use an elementary row operation of the type E,[i].

Example 3.31
1 0 0 1 1 0 0 1 1 0 0 1 1 0 0 1
-11 0 1f o 0 1 0 2/ 2|0 1 0 2/ (0 1 0 2
—1-1 1 1 — |0—-1 1 2 — |0 0 1 4 — |0 0 1 4|
-1-1-1 1 0-1-1 2 0 0-1 4 0 0 0 8

Here, R1 = E[2,1], E{[3,1], E|[4,1]; R2= E[3,2], E{[4,2]; and R3 =
Eq[4,3].
Notice that the last determinant is easily computed, and its value is 8. O

In Theorem 3.30, Statement (12) implies that a square matrix is invertible if and
only if its determinant is nonzero. Further, (14) gives a method of computing the
inverse of a matrix if it exists, though it is less efficient than using elementary row
operations.

From Theorem 3.11(9), we obtain the following theorem.

Theorem 3.32 Let T be a linear operator on a finite dimensional vector space V,
and let B and C be ordered bases of V. Then det([T1p p) = det([T]c.c)-

In view of Theorem 3.32, we introduce the following definition.
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Definition 3.33 Let T be a linear operator on a finite dimensional vector space V.
Let [T'] be a matrix representation of 7" with respect to an ordered basis of V. The
determinant of T is defined as det(7") := det([T']).

Note that, by Theorem 3.32, det(7") is well defined; it is independent of the basis
used.

For linear operators 7 and S on a finite dimensional vector space, Theo-
rem 3.30(6)—(8) entail the following.

Theorem 3.34 Let T be a linear operator on a finite dimensional vector space V.
(1) det(T) = 0 if and only if rank (T) < dim(V).

(2) det(T) # O ifand only if T is invertible.

(3) For each linear operator S on 'V, det(ST) = det(S) det(T).

For a square matrix A, the matrix whose entries are the complex conjugates of
the respective entries of A, is denoted by ‘A. Then the adjoint, of A, denoted by A*,
is the transpose of A. A hermitian matrix is one for which its adjoint is the same
as itself; a unitary matrix is one for which its adjoint coincides with its inverse. An
orthogonal matrix is a real unitary matrix.

The determinant of a hermitian matrix is a real number, since A = A* implies

det(A) = det(A*) = det(A) = det(A).
For a unitary matrix A,
| det(A)|* = det(A) det(A) = det(A) det(A) = det(A*A) = det(I) = 1.

That is, the determinant of a unitary matrix is of absolute value 1. It follows that the
determinant of an orthogonal matrix is +1.

Execises for Sect.3.5

31 1 2

. 12 0 1

1. Compute the determinant of 11 1
11 -1 3

2. Compute the inverse of the following matrices in two ways: by using elementary
row (or column) operations, and by using the determinant-adjugate formula.

4 -2 -2 0 1 0 2-2
4 7 -5

-2 1 -1 1 2 1 1-1

@ 0 1 1-1 ®) i i ©@ 1 7 00 2

-2 1 1 1 -1 1 1-1
1 « 00
al 0O0]. . .

3. For which values of @ € C the matrix 0a 10 is invertible?

00 ol
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Find the inverse in all such cases.

4. Compute det[e, e,—1 --- ex eq].

5. Show that rank (A) = max{k : there exists a nonzero k x k minor of A} for any
matrix A € ">*". How do you generalize this for an m x n matrix?

6. Let T : V — V be a linear transformation, where dim(V) < oo. Then T is
invertible if and only if for every basis E of V, det([T]g g) # 0.

7. Letu, v, w € R3. Show that u - (v x w) = determinant of the matrix [u v w].

8. Let A, B € """, Is it true that det(A + B) = det(A) + det(B)?
9. Letvy,...,v, € F". Let A be the matrix whose rows are v; through v, and let
B be the matrix whose columns are v! through v!'. Show that {vy, ..., v,}is a

basis for F” if and only if det(A) # O if and only if det(B) # 0.
10. Let A € F"™*". Show that if A # I and A> = A, then det(A) = 0.
11. Let A € F"**. Show that if A¥ = 0 for some k € N, then det(A) = 0.

3.6 Linear Equations

Consider a linear system with m equations in n unknowns:

ayxy +apxy +---apx, =b;

ax Xy +anx; + - apx, =b

A1 X1 + ApaXo + - A Xy = bm

Using the abbreviation x = (xy, ..., x,)", b= (b, ..., by)" and A = [a;;], the
system can be written in a compact form as

Ax = b.

Of course, we can now look at the matrix A € F"**" as a linear transformation from
F><1 to <1 where m is the number of equations and n is the number of unknowns
in the system.

Notice that for linear systems, we deviate from our symbolism and write b as a
column vector, and x; for unknown scalars.

Definition 3.35 Let A € F"*" and let b € "1,
(a) The solution set of the linear system Ax = b is given by

Sol(A, b) := {x € F"*! : Ax = b}.

(b) The system Ax = b is said to be solvable, if and only if Sol(A, b) # @.
(c) Each vector in Sol(A, b) is called a solution of Ax = b.
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Also, we say that a system is consistent or has a solution when it is solvable. It
follows that the system Ax = b is solvable if and only if b € R(A). Further, Ax = b
has a unique solution if and only if b € R(A) and A is injective. These issues are
better tackled with the help of the corresponding homogeneous system Ax = 0.

Notice that N(A) = Sol(A, 0) is the solution set of the homogeneous system. The
homogeneous system always has a solution since 0 € N(A). It has infinitely many
solutions when N (A) contains a nonzero vector.

To study the nonhomogeneous system, we use the augmented matrix [A|b] €
Fm=x(+D) which has its first #n columns as those of A in the same order, and its
(n + 1)th column is b.

As earlier, we write A (D) to denote the matrix obtained from A by replacing its
Jjth column with the column vector b.

The following theorem lists some important facts about solutions of a system of
linear equations.

Theorem 3.36 Let A € F"*" and b € F"™*'. Then the following statements are true.

(1) Ax = b is solvable if and only if rank ([A|b]) = rank (A).

(2) If u is a solution of Ax = b, then Sol(A,b) = u + N(A).

(3) Ax = b has a unique solution if and only if rank ([A|b]) = rank (A) = n.
(4) If uis a solution of Ax = b and rank (A) < n, then

Sol(A,b) ={u+ayvi +---oyvy sy, ..., € F},

where k = n — rank (A) > 0 and {vy, ..., v} is a basis for N(A).

(5) If [A'|b] is obtained from [A|b] by a finite sequence of elementary row opera-
tions, then Sol(A’, b") = Sol(A, b).

(6) If m = n, then Ax = b has a unique solution if and only if det(A) # 0.

(7) (Cramer’s Rule) If m = n, det(A) # 0 and x = (x1, ..., x,)" is the solution of
Ax = b, then x; = det(A;(b))/det(A) for each j € {1, ..., n}.

Proof (1) The system Ax = b is solvable if and only if b € R(A) if and only if
rank ([A|b]) = rank (A).
(2) Let u be a solution of Ax = b. Then Au = b. Now, y € Sol(A, b) if and only if
Ay = b if and only if Ay = Au if and only if A(y —u) =0 ifandonlyif y —u €
N(A)ifandonlyif y € u + N(A).
(3) Due to (1)—(2), and the rank-nullity theorem,

Ax = b has a unique solution

if and only if rank ([A|b]) = rank (A) and N(A) = {0}

if and only if rank ([A|b]) = rank (A) and rank (A) = n.

(4) Recall that, by the rank-nullity theorem, dim(N(A)) = k = n — rank (A) > 0.
Hence, the result follows from (2).

(5) If [A’|b] has been obtained from [A|b] by a finite sequence of elementary row
operations, then A’ = EA and b’ = Eb, where E is the product of corresponding
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elementary matrices. Since each elementary matrix is invertible, so is E. Therefore,
for a vector u, we have Au = b if and only if EAu = Eb, thatis, A'u = b'.

(6) Suppose m = n. Then A is a linear operator on F"*!. Due to (3), Ax = b has a
unique solution if and only if rank ([A|b]) = rank (A) = nifand onlyifrank (A) = n
if and only if det(A) # 0 by Theorem 3.30(12).

(7) Since det(A) # 0, by (6), Ax = b has a unique solution, say y € F"*!, Write
the identity Ay = b in the form:

ai aj ain by
i Tty +oot =
Aanl Ay j (2 b,
This gives
apn yjai; — b av
Vi 4+ .o+ 4+ y, |- | =0.
Al YjQnj — bn Ann

So, the column vectors in this sum are linearly dependent with their coefficients
as yi,..., 1, ..., y,. Due to Theorem 3.30(8),

an - (yjari; —by) -+ am
: =0.
apl - (yjanj - bn) cc lan
From Theorem 3.28 it now follows that
a“...alj...aln a“...bl...aln
Vi : - : =0.
anl"'anj"'ann anl"'bn"'ann
Therefore, y; = det( A;(b))/det(A). [ |

Theorem 3.36(2) asserts that all solutions of the nonhomogeneous system can be
obtained by adding a particular solution to a solution of the corresponding homoge-
neous system.

Example 3.37 (1) The system of linear equations

X1+x=3

Xl—)Cz:l

is rewritten as Ax = b, where
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<[ [

Here, A € F?*? is a square matrix, and

1 -1

rank ([A]b]) = rank |:} _1 ‘ i’] =2, rank (A) = rank |:1 1] =2.

Thus the linear system has a unique solution. It is given by x; = 2, x, = 1, or

=[]

(2) The linear system

X1+x=3
X1 — Xp = 1
2)61 — Xy = 3
is rewritten as Ax = b, where
1 1 3
A=|1-1]|, b=|1
2 —1 3
Here, A € F3*2, We find that
1 13 1 1
rank ([A|p]) =rank | 1 —1 1 [ =2, rank(A)=rank |1 —1| =2.
2—-13 2 —1

Thus the linear system has a unique solution. The vectorx = [2, 1]7 is the solution of
this system as in (1). The extra equation does not put any constraint on the solution(s)
that we obtained earlier.
(3) Consider the system

X1+x=3
X1—)C2=1
2x1+x, =3

In matrix form, the system looks like Ax = b, where
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1 3
A= —1], b=|1
3
Here, A € F3*2. We find that
1 1 1
rank ([A|b]) =rank | 1 —1 1 | =3, rank(A) =rank |1 —1| =2.
2 —1 2 —1

The system has no solution. We see that the first two equations again have the same
solution x; = 2, x, = 1. But this time, the third is not satisfied by these values of the
unknowns.
(4) Finally, we consider the linear equation

X1 +x, = 3.

Here, the system is Ax = b, where

The matrix A has size 1 x 2. We see that
rank ([A|b]) =rank [1 13] =1, rank(A)=rank [1 1] =1.

Thus the system has a solution. The old solution x = [2, 1]7 is still a solution of
this system. As k = n —rank (A) = 2 — 1 = 1, the solution set is given by

Sol(A,b) ={x +v:ve N(A}
The null space of A is obtained by solving the homogeneous system
X1 +x, =0.
Choosing x; =1, x, = —1, wehave v =[1, —1]7, and
N(A) =span{[1, 11"} = {[a, —]" :a € F}.

Therefore, the solution set is

R R A

This describes the “infinitely many solutions” as expected. (I
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Exercises for Sect.3.6
1. Let A € R™". Give brief explanations for the following:

(a) Sol(A, 0) is a subspace of R"*!,
(b) A homogeneous system is always consistent.
(c) Forno k € N, Ax = b has exactly k number of solutions.

2. For which triple (a, b, ¢) the following system has a solution?

(@) 3x; —xo+2x3 =a, 2x;1+x, +x3=>b, x; —3x, =c.
(d) 3x1 —6x+2x3 —x4=a, —2x;1+4x,+x3—3x4=0>b, x5+ x4 =c,
x; —2x, +x3 =0.

3. Determine whether the following system s solvable. In that case, find the solution
set.
X1+ 2x2 +3x3 =1, 4x; + 5x2 + 6x3 = 2,

Tx1 4+ 8xy +9x3 =3, 5x1 + 7x, +9x3 = 4.

4. Express the solution set of the following system by keeping the unknown x;3
arbitrary: 2x; 4+ 2x, — x3 + 3x4 = 2, 2x; 4+ 3x2 +4x3 = =2, xp — 6x3 = 6.
5. Determine the value of k for which the following linear system has more than one
solution: 6x; + xo + kxz = 11, 2x; + x2 +x3 =3, 3x; —x, — x3 = 7. Then
find the solution set of the system.
6. Can a system of two linear equations in three unknowns be inconsistent?
7. Suppose a system of two linear equations in three unknowns is consistent. How
many solutions the system has?
bl 31
8. Does there exist a matrix B suchthat B |2 2| = ?
> 21=| 3 ]
9. Let A be a 4 x 6 matrix. Show that the space of solutions of the linear system
Ax = 0 has dimension at least 2.
10. Suppose that A € R"™*" and y € R™*!. Show that if the linear system Ax =y
has a complex solution, then it has a real solution.
11. Let A € F** and let b € F*!, Show the following:

(a) The linear system Ax = 0 has a nonzero solution x € F"*! if and only if
the n columns of A are linearly dependent.

(b) The linear system Ax = b has at most one solution x € F"*! if and only if
the n columns of A are linearly independent.

12. Prove that two m x n matrices A and B are row equivalent if and only if
Sol(A, 0) = Sol(B, 0).

13. Let A, B € F**3 be in row reduced echelon form. Show that if Sol(A, 0) =
Sol(B, 0), then A = B. What happens if A, B € F"*"?
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14. Let uy, ..., u, be linearly independent vectors in a vector space V. Let A =
[a;j] e F"*". For j € {1, ..., n}, define

Vjii=ajjuy +axjuy + A Qi

Show that vy, ..., v, are linearly independent if and only if the columns of A
are linearly independent in "1,

3.7 Gaussian and Gauss-Jordan Elimination

Cramer’s rule in Theorem 3.36(7) gives an explicit formula for determining the
unique solution of a linear system, whenever it exists. Though a theoretical tool,
it is not very useful for computation, as it involves determinants. A more efficient
method is the Gaussian elimination, known to us from our school days. This, and its
refinement called Gauss—Jordan Elimination use the elementary row operations.

The idea is simple. Suppose that A is an m x n matrix and b is a column vector
of size m. Then for every invertible m x m matrix E,

Ax =b ifandonlyif EAx = Eb.

We choose E in such a way that the matrix E'A is simpler so that the linear system
E Ax = Eb may be solved easily. Since E is a product of elementary matrices, we
may use elementary row operations on the system matrix A and the right-hand side
vector b simultaneously to reach a solution.

The method of Gaussian elimination employs such a scheme. It starts with reduc-
ing the system matrix A to its row echelon form. To use LU-factorization, the system
Ax = b is transformed to PAx = Pb; then to

LUx = Pb,

where L is a lower triangular matrix with each diagonal entry as 1, U is matrix in
row echelon form, and P is a permutation matrix.

Writing Ux = y, we first solve the system Ly = Pb for y. In the second stage, we
solve the system Ux = y. Notice that it is easier to solve the systems Ly = Pb and
Ux = y; the first, by forward substitution, and the second, by backward substitution.

Example 3.38 Consider the following system of linear equations:

X1 +x2 —4x3 = 1
2X1 —X2 —X4 =
Xy +4x; —x4 = —4
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The system matrix A = [a;;] is

1 1 -4 0
A=[2 -1 0 -1
0 1 4 —1

As we have stated above, the first step in Gaussian elimination is to transform the
system Ax = b to a system LUx = Pb. For this, we first zero-out the entry a,; by
replacing row(2) with row(2) — 2 - row(1). The corresponding elementary matrix
to be pre-multiplied with A is

EL2 1= | -

SN =
S = O
—_ O O

This matrix is obtained from the 3 x 3 identity matrix by replacing its second row
e =[0 1 0O]byey; —2e; =[—2 1 O0]. Then

1 1 —4 0
ELR2,11A=]0 -3 8 —1
0 1 4 —1

Next, the entry as, in E_»[2, 1] A is zeroed-out by replacing row(3) with row(3) +
/3. row(2). The corresponding elementary matrix is
1 0
E303,2]=]0 1
0

- O O

1 / 3
And then

1 1 —4 0
E\s3.21EL2.1]JA=U=[0 -3 8 —1
0 0 205 —43

Thus the system Ax = b has now been brought to the form
Ey 53,21 E5[2, 1] Ax = Ey3(3, 2] E_»[2, 1],

where U = E3[3,2] E_»[2, 1] Aisinrow echelon form; the lower triangular matrix
L is given by

1 0 O
L= (E\53,21EL[2, 1) ' = E5[2, 11E_15[3,21= (2 1 0
0 -1 1
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We verify that
1 1 —4 0 1 0 O 1 1 -4 0
A=|2 -1 0 -1 |{=LU=(2 1 0 0 -3 8 -1
0 1 4 —1 0131 0 0 20/3 —4/3

Notice that no permutation of the rows of A has been used. That is, the permutation
matrix P is equal to /. For solving the system Ax = b withb = [12 — 4]7, we first
solve Ly = Pb, i.e., Ly = b, by forward substitution. The system is

yi=1 2y4+m»=2 —lint+y=-4

Its solution is y = [1 0 — 4]”. Next, we solve Ux = y by using back substitution.
The system Ux =y is

X1+ x» — 4x;3 = 1

—3x, + 8x3 — x4 = O

+ %)@ — %X4 =—4
The last equation gives x3 = —% + éx4. Substituting on the second equation, we
have x, = —% + %x4. Substituting both of these on the first equation, we obtain
X = % + % x4. Here, x4 can take any arbitrary value. U

Since for obtaining the LU-factorization of A, we use elementary row operations,
a direct algorithm using the conversion to echelon form can be developed. In this
method, we reduce the augmented matrix [A|b] to its row echelon form and compute
the solution set directly. This is usually referred to as Gaussian elimination. Before
giving the algorithm, let us see how the idea works.

Example 3.39 Consider the following system of linear equations:

X1 + xo + 2x3 + xs =1
3x1 +5x +5x3+ x4 + x5 =2
dx; + 6x3 + Tx3 + x4 + 2x5 =3
X1 + S5x + S5x4+ x5 =2
2x1 + 8xp + x3 + 6x4 + O0x5 =2

We reduce the augmented matrix to its row echelon form as in the following:

11201]1 (1]t 20 1] 1 (1] 1 20 1|1

355012 L0 2—-11=2-1| | 0[2]-11-2|-1
467123 | — | 02-11-2-1|—| 0 0 00 0 0
150512 04-25 0f 1 00 03 43
281602 06-36-2| 0 00 03 4] 3
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(11 20 1|1 (11 20 1|1
o | 0[2]-1 1 =21 0[2]-1 1 —2|-1
— 100 03] 4 3[—]0 0 0[3] 4 3
00 00 0f0 00 00 0f 0
00 03 4|3 00 00 0f 0

Here, the row operations are given by
R1 = E_3[2,1], E_4[3,1], E_1[4,1], E_»[5,1]; R2=E_4[3,2], E_»[4,2],
—3[5,2]; R3 = E[3,4]; and R4 = E_[5, 3].
The equations now look like

X1 +x3 +2x3 +x5= 1
2xy —x3 +x4 —2x5 = —1
3x4 +4x5= 3

The variables corresponding to the pivots are xj, x, x4; the other variables are x3
and xs. In back substitution, we express the variables corresponding to the pivots in
terms of the others. It leads to

X4 = 1-— %X5
xy = 3[—14x3 — x4+ 2x5] = 3[—1 + x3 — (1 — 3x5) + 2x5] = —1 + 3x3 + 3x5

xl=1—XQ—2)C3—)C5=1—[—1+%X3+§X5]—2X3—X5=2—%X3—§X5.

The variables other than those corresponding to pivots, that is, x3 and x5 can take any

arbitrary values. Writing x3 = —« and x5 = —p for any «, 8 € IF, the solution set is
given by
2 5/2 8/3
-1 —1/ —3/3
Sol(A, b) = Ol +a| -1 |+8 O|:a,BelF
1 0 4/3
0 0 -1

Instead of taking x3 and x5 as « and 8, we take —« and — B for convenience
in writing an algorithm for the general case. Look at the algorithm of Gaussian
Elimination below. (]

The unknowns in the system corresponding to the pivots are marked as basic
variables, and others are marked as free variables. In Example 3.39, the basic
variables are x|, x,, x4, and the free variables are x3, x5. Using the row echelon form
the basic variables are expressed in terms of the free variables to get a solution.

We present Gaussian elimination as an algorithm. It starts from a linear system
Ax = b and ends at producing the solution set Sol(A, b).
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Gaussian Elimination

—

. Construct the augmented matrix [A|b].

. Use the algorithm Reduction to Row Echelon Form to compute the row echelon
form of [A|b]. Call the result as [A’|b'].

. If a pivot occurs in &', then the system does not have a solution. Stop.

. Else, delete zero rows at the bottom of [A’|'].

. Use the second type of elementary row operations to bring all pivots to 1.

. Zero-out all nonpivotal entries in each pivotal column by using elementary row
operations, starting from the rightmost pivotal column back to the leftmost pivotal
column.

7. Ifin the current augmented matrix [ B|c], every column of B is a pivotal column,
then Sol(A, b) = {c}. Stop.

8. Else, insert required number of zero rows to [ B|c] so that in the resulting matrix
[B’|c’], each pivot is a diagonal entry.

9. Adjoin a required number of zero rows at the bottom of [B’|c] to make the B’
portion a square matrix.

10. Change all nonpivotal diagonal entries to —1 to obtain [B|é].

11. Suppose the nonpivotal columns in [1§ |c] are vy, ..., vi. Then

[\

AN AW

Sol(A,b) ={c+avi+---+oyv :ay, ..., € F}L

Example 3.40 We continue Example 3.39, starting from the row echelon form of
the augmented matrix, as follows.

[1]1 20 11 )

o2]-11 21| 1 20 11
00 0[3] 43 0[2]-11 —2]-1
00 00 00 0 0 03] 43
00 00 0f 0

o Lo2o | 120 1] 1
= | o [t]=pyp =1 | =T 0 [1] =12 0 5|1
00 ofL] 4 1] 00 o0[1] 45 1

. 0 520 33 2
=50 [1] =12 0 =551
00 of1] 45 1

Here, del — 0 means deletion of all zero rows at the bottom, and R5 is E|/[2],
E3[3], which brings all pivots to 1.

This completes Step 5. Now, there are two nonpivotal columns; so we insert a
zero rows between the second and the third to bring pivots to the diagonal. Next, we
adjoin a zero row at the bottom to make the resulting B’ portion in [B’|c’] a square
matrix. Then we continue changing the nonpivotal entries on the diagonal to —1 as
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follows.
(1] 0 520 35 2 0 520 83 2
oo | O L=t 0 —spl—1 0 [1] =12 0 =551 i
— 100 00 O Of— |00 —10 o0 0=I[BlE.
0 0 oft] 45 1 0 0 oft] 45 1
00 00 OO0 00 00 -1/ 0

The nonpivotal columns in B are the third and the fifth, say, vs and vs. The solution
set is given by Sol(A, b) = {¢ + a1v| + apvs @ o, ap € F}. That is,

2 52 8/3
—1 -1/ —5/3
Sol(A, b) = Ol +ar| —1 | +a 0 |:a,pelFy. O
1 0 4/3
0 0 -1

Example 3.41 Consider the system of linear equations:
X1+x—4dx3 =1, 2x1 —xp — x4 = 2, xp +4x3 — x4 = —4.

Using Gaussian elimination on the augmented matrix, we obtain

=4 0 17, . 1 —4 0] 1

2 -1 0-1] 2| = | 0[=3] 8-1] 0

0 1 4-1|-4 0 1 4-1|-4
1 -4 0] 1 (11 -4 o 1
Eial3.2) O s  —1l o By 0[1]-85 15 o0
0 0 [2] 5|4 0 0 [1] sl

10 —45|-7/s 0 0-=3s| 1s
RLCY 0 0 —1/5[—8/5 £l O 0 —1/5/—8/5
0 0 [1]—1s]-3s 0 0[1]—1s|-3s
0 0 —3s| 1s 0 0 —3s| 1s
0 —1/s|=%/5 | eh=D | 0 0 —1/5|—8/s
—1/5|—3/s 0 —1/5|—3/s
of o 0

0 0
0 0 00 -1/ O

ins—0
—

0
0
0
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Here, R1 is E_]/3[2], E3/20[3]; R2 is Eg/3[2, 3], E4[1, 3] The solution set is
given by

s —3/s 1 3
—8/5 —1/s -8 1
Sol(A, b) = _45 +a _45 e €Fp =15 _5|+a|,|:«€cF
0 —1 0 5
That is,
xi=143e, =2+ x3=-3+0a x=>5a,

where « is any number in [F. Verify that it is a solution. The null space of the system
matrix has the basis {(3, 1, 1, 5)7}. O

In Steps (5)—(6) of the Gaussian elimination, we make the pivots as 1 and then
zero-out the nonpivotal entries above the pivot in all pivotal columns. This signals
at using the row reduced echelon form instead of using the row echelon form. The
result is the Gauss—Jordan elimination method.

In this method, we convert the augmented matrix [A|b] to its row reduced echelon
form, using elementary row operations. Thus back substitution of Gaussian elimina-
tion is done within the pivoting steps. All other steps taken in Gaussian elimination
are followed as they are.

We describe Gauss—Jordan method as an algorithm with input Ax = b and output
Sol(A, b), where A € """,

Gauss-Jordan Elimination

1. Construct the augmented matrix [A|b].

2. Use the algorithm Reduction to Row Reduced Echelon Form on [A|b]; call the

row reduced echelon form as [A’|b'].

If a pivot occurs in &', then the system does not have a solution. Stop.

Else, delete the zero rows in [A’|b’], all of which occur at the bottom.

If every column of A’ is a pivotal column, then Sol(A, b) = {b’}. Stop.

Else, insert required number of zero rows to [A’|b] so that in the resulting matrix

[B|c], each pivot is a diagonal entry.

7. Adjoin required number of zero rows at the bottom of [ B|c] to make the B portion
a square matrix.

8. Change all nonpivotal diagonal entries to —1 to obtain [B|&].

9. Suppose the nonpivotal columns in [E |c] are vy, ..., vi. Then

SQnEw

Sol(A,b) ={¢c+avi+---+oyv:ay, ..., € F}L
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Example 3.42 Consider the system of linear equations in Example 3.39:

X1+X2 ~|—2)C3+ X5 =1
3x1 +5x +5x3+ x4 + x5 =2
dxy + 6x3 + Tx3 + x4 + 2x5 =3
X1 + S5x + Sx4+ x5 =2
2x1 + 8xp + x3 + 6x4 + Ox5 =2

The row echelon form of the corresponding augmented matrix is computed as
follows:

112011
355112

[1]1 20 1] 1

02-11-=-2|-1

467123 55 02-11-2|-1
15051[2 04-25 0] 1
28160|2 06-36-2 0
_() 5h —1/r 2| 3/ mo sh—1 2| 3
R2 0_1/2 2 —1|=1/ R3 0_1/2 12 —1|—1)2
— [ 0 0 0O 0 O Ol—/1| 0 O O 4s3 1
0 0 0 3 4 3 0 0 00 0 O
L 0o0 o 3 4/ 3 00 03 4 3
(1] o 520 85 2
re |0 [1]-12 0 =331
— 100 O a3 1
0 0 00 ol 0
Lo o 00 00

Here,
R1 =E_3[2,1], E_4]3,1], E_[4, 1], E_©[5,1];
R2 = Ep2], E_1[1,2], E»[3,2], E_4[4,2], E¢[5,2];
R3 = E[3,4], Ey3[3]; and
R4 = Eqp[1, 3], E_12[2, 3], E_3[5, 3].

The basic variables are x;, x, and x4; the free variables are x3 and x5. The rewritten
form of the equations are

X1 = 2 —§X3 —§XS
X, = —1 +E)C3 +3Xx5
X4 = 1 —3)(?5

These equations provide the set of all solutions as the free variables x4 and xs can
take any arbitrary values. Notice that rank (A) = 3 which is equal to the number of
basic variables, and the number of linearly independent solutions is the null (A) = 2,
the number of free variables.
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Following Gauss-Jordan method, we delete the last two zero rows, and insert
zero rows so that pivots appear on the diagonal. Next, we adjoin suitable zero rows
to make the portion before “|” a square matrix. And then, we change the diagonal
entries on the added zero rows to —1 to obtain the following:

0 520 33 2 0 520 83 2
del—0; ins—0 0 _1/2 0 _5/3 -1 ch(—-1) 0 _1/2 0 _5/3 -1
= 00 o o0l=—|00 —-10 o O

00
00 o[l 4 1 0 oft1] 45| 1
00 0

00 0l 0 00 —1] O

o O

Then the nonpivotal columns in the A portion form a basis for N (A), and the solution
set is given by

2 5/2 8/3
-1 —1/2 —5/3
Sol(A, b) = Ol 4+a| =1 |+8 0 |:a,BelF;. ]
1 0 4/3
0 0 —1

Exercises for Sect.3.7

1. Apply Gaussian elimination to the following linear systems. Decide whether each
is solvable; in that case, determine the solution set.

@) x14+2x —x3 =2, 2x;1 —xp —2x3 =4, x1 + 12xp —x3 = 2.

b)) x1+x2+x3=1, x; —x2+2x3 =1, 2x1 +3x3 =2, 2x; + 6x, = 2.

(©) x1 —x+2x3 —3x4 =7, 4x1 +3x3+x4 =9, 2x1 — 5x + x3 = =2,
3x1 —xp — x3 + 2x4 = 2.

@ x1—x0—x3=1,2x1 —x+2x3=7, x1+x+2+x+3=5,
X1—2)C2—)C3=0.

() dx1 +3x3+x4 =9, x; —x24+2x3 —3x4 =7, 2x; — S5xp + x3 = =2,
3x1 —x3 — x3 + 2x4 = 2.

Also solve all those which are solvable by Gauss—Jordan elimination.
12 0 30

1 2-1 -1 0
2.LetA=({0 0 1 4 O
24 1 10 1
00 0 01

(a) Find an invertible matrix P such that P A is in row reduced echelon form.

(b) Find a basis B for the space U spanned by the rows of A.

(c) Describe any typical vector in U. Determine whether (-5, —10, 1, —11, 20)
and (1, 2, 3,4, 5) are linear combinations of rows of A or not.

(d) Find [v]p forany v € U.
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(e) Describe the solution space W of Ax = 0.
(f) Find a basis for W.
(g) For which y € R>*!, Ax = y has a solution?

3 -2 -2 1 0 0] |x 2
3. Solve the system |0 6 —3 4 1 0| |[x|=10
0 0 1||—-1 6 2||x; 2

Notice that it is in the form ULx = b.
4. Using Gaussian elimination, determine the values of k for which the system

X1+x+kxs=1, x; —x2 —x3=2, 2x1 +xp — 2x3 = 3.

has (a) no solution, (b) at least one solution, or (¢) a unique solution.
5. Using Gaussian elimination, find all possible values of & € R such that the fol-
lowing system of linear equations has more than one solution:

xX+y+2z—5w=3, 2x+5y—z—9w = -3,
xX—=2y+6z—Tw="72x+4+2y+27+kw=—4.

6. Find o, B, y sothat 2sina —cos 8+ 3tany =0, 4sina +2cosf —2tany =
0, and 6sine —3cospB +tany =9.

7. Find the coefficients a, b, ¢, d € R so that the graphof y = a + bx + cx? +dx?
passes through the points (—1, 6), (0, 1), (1, 2), and (2, 3).
[Hint: Set up a system of linear equations in a, b, c, and d.]

8. A function f : § — S is said to have a fixed point s € S if and only if f(s) = s.
Find a polynomial p(¢) € P3(R) having fixed points as 1, 2, and 3.

9. Letu =(—1,0,1,2),v=(3,4,-2,5), and w = (1, 4, 0, 9). Construct a linear
system whose solution space is span{u, v, w}.

3.8 Problems

1. Let B and D be two bases for a subspace of F'*", Prove that D can be obtained
from B by a finite sequence of elementary row operations on the vectors of B.

2. Let A be a square matrix. Prove that elementary matrices E1, ..., Ej exist such
that E; - - - E; A is either I or has the last row a zero row.

3. Show thatif A € F¥*? is invertible, then A can be written as a product of at most
four elementary matrices.
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11.

12.

13.

14.

15.

16.

17.
18.

Problems 157

. Leti, j,r,s € {1,...,m}satisfyr <sandr <i < j.Leta € F, o # 0. Prove

the following:
(a) If s i and s # j, then E[i, j] Eqls, 7] = Euls,r] E[i, j].

(b) If s =i, then E[i, j1 Eo[s, r]1 = E,[j. ¥1 Eli, 1.
(c) If s = j, then E[i, j] Eqls, r] = E4li, 7] E[i, j1.

. Use Problem 4 to prove (formally) that for any m x n matrix A, there exists a

permutation matrix P such that in reducing P A to row echelon form, no row
exchanges are required.

. Let U be subspace of F" of dimension m < n. Prove that there exists a unique

row reduced echelon matrix A € F”*" whose rows span U.

. Let A, B € ""*". Prove that the following are equivalent:

(a) B can be obtained from A by a sequence of elementary row operations.

(b) The space spanned by the rows of A is the same as that spanned by the rows
of B.

(c) B = QA for some invertible matrix Q € F"*™.,

. Let P € F"*". Show that P is a permutation matrix if and only if each row of

P contains exactly one nonzero entry, and it is equal to 1.

. Give a proof of Theorem 3.14 analogous to that of Theorem 3.7.
. If A € F"™*" is reduced to its echelon form B € [F"*", then show that

B=Lg Py Ly—1Pr—1 - L1 P1A=Lg (PkLk—IP]:])(PkPk—lLk—IP;:_llP;:])
: (pk...p2L1p2—1 "‘Pk_l)(Pk"'Pl)A

for some lower triangular matrices L, and some permutation matrices P;. Use
this to derive the LU-factorization of A.

Prove that an elementary matrix of Type 1 can be expressed as a (finite) product
of elementary matrices of other two types.

Show that column equivalence is an equivalence relation on the set of matrices
of the same size.

Let A, B € ™" be in row reduced echelon form. Show that if A and B are row
equivalent, then A = B.

Show that each matrix is row equivalent to a unique matrix in row reduced
echelon form.

Let A € F"*" be of rank r. Let {u;,...,u,} be a basis for R(A). Then the
columns of A are linear combinations of uy, . . ., u,. Use this to give an alternative
proof of the rank decomposition theorem.

Let A € F"*". Let B be its row reduced echelon matrix. Mark the pivotal
columns. Construct C € F"*” by removing all nonpivotal columns from A.
Also, construct F' by removing all zero rows from B. Prove that A = CF is a
rank decomposition of A.

Deduce rank (A7) = rank (A) from the rank decomposition of A.

Let A € F""*"_ Prove that rank (A*) = rank (A) = rank (A7).
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

3 Elementary Operations

Let A, B € F"*", Show thatrank (A + B) < rank (A) + rank (B). Construct an
example where equality is achieved.

Construct three pairs of row equivalent matrices. Also, construct three pairs of
matrices which are not row equivalent.

If a matrix A is equivalent to a matrix B, is it necessary that either A is row
equivalent to B or A is column equivalent to B?

Prove that a square matrix A is not invertible if and only if there exists a nonzero
square matrix B such that AB = 0.

Let A, B € F"*". Show that AB is invertible if and only if both A and B are
invertible.

Let A, B € R"*". Suppose that there exists an invertible matrix P € C"*" such
that PA = B P. Show that there exists an invertible matrix Q € R"*" such that
QA =B0Q.

Let A € F""*". Prove that the following are equivalent:

(a) There exists B € F"*" such that AB = 1.

(b) A is row equivalent to /.

(c) A is aproduct of elementary matrices.

(d) A is invertible.

(e) AT is invertible.

(f) There exists B € F"*" such that BA = I.

(g) Ax = 0 has no nontrivial solution.

(h) Ax = b has a unique solution for some b € F"*!.
(i) Ax = b is consistent for each b € F"*1.

(j) Ax = ¢; has a unique solution for each standard basis vector e; of F"*!.
(k) rank (A) = n.

(1) The row reduced echelon form of A is 1.
(m) Ax = b has a unique solution for each b € F"*!.

Let A, B, C, and D be n x n matrices, where D is invertible and CD = DC.

Show that det = det(AD — BC). What happens if CD # DC?

A B
CD
What happens if D is not invertible?

Suppose X = [A B ,where A ¢ ™" B e F"™*" C € F"*™ and D € [F"*".

CcD
Show the following:

(@) If B=0or C =0, then det(X) = det(A) det(D).
(b) If A is invertible, then det(X) = det(A) det(D — CA~'B).
_ (A—BD'0)! A~'B(CA™'B - D)™! )
() X '= |:(CAIB Dy lcat (D CA-1B)-! provided that
all the inverses exist.

Prove that if A is an n x k matrix and B is a k£ x n matrix, where k < n, then
AB is not invertible.

Let A € F"" and B € F"*™. Prove that [,, — AB is invertible if and only if
I, — BA is invertible.
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
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Suppose that A € " and y e F"*!. Assume that there exists a matrix
B such that BA =1. Now, Ax =y = BAx = By = Ix = By = x = By.
When verifying our solution, we see that x = By = Ax = ABy = x = y.
But the last = is questionable since we have no information whether AB = 1.
Explain the situation.

Let A e F"". If tr(AB) = 0 for each B € "*", then prove that A = 0.

Since traces of similar matrices coincide, trace is well defined for a linear operator
on any finite dimensional vector space. Let P € F2*2, Define a linear operator
T on F>*2 by T(X) = PX. Show that tr(7) = 2 tr(P).

Let f be a linear functional on F"*" that satisfies f(AB) = f(BA) for all
A, B e ™" and f(I) = n. Prove that f(X) = tr(X) for all X € F"*".

Let W be the subspace of " *" which is spanned by matrices of the form AB —
BA. Prove that W is the subspace of matrices with trace 0.

Let A € F"™ " have more than n> — n number of entries as 0. Does it follow that
det(A) = 0?

Does the set of all n x n matrices with complex entries whose determinant is O
form a vector space with the usual operations of addition and scalar multiplica-
tion?

Determine Sol(A, 0), where A € F"*" has all diagonal entries as 1 — n and all
other entries as 1.

Let A be an n x n matrix with integer entries. Show that det(A) = +£1 if and
only if A is invertible and all entries of A~! are integers.

Let A = [q;;] € R™", where q;; = 1 for j =n + 1 — i, and g;; = 0 otherwise.
Compute det(A).

Compute det(A) and det(B), where

Let A € C""beofrankr. Ak x k submatrix of A is obtained from A by deleting
some m — k rows and n — k columns. Prove that some r x r submatrix of A is
invertible and that no (r + 1) x (r + 1) submatrix of A is invertible.

Define a box in R” determined by the vectors vy, ..., v, as the set

{ayvi+---4+ao,v, :a; € R and 0 < ; < 1 for each i}.

The volume of such a box is defined as | det([v; --- v,])|. Let A € R™" and let
B be abox in R”. Let A(B) be the image of the box B under the map A. Show
that A(B) is a box and that the volume of the box A(B) is equal to | det(A)| times
the volume of the box B. Deduce that an orthogonal matrix preserves volumes
of boxes.
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43.

44.

45.

46.

47.

48.

3 Elementary Operations

If w is a primitive cube root of unity, then show that

=(@+b+c)a+bw+ cwz)(a + b’ + cw).

S0 Q
o Q&
QT

Obtain a result for similar to the matrix in Exercise 43 using prim-

o R
UL &
Q o
S0 oy

b c da
itive fourth roots of unity. Such matrices are called circulant matrices. Can you
generalize the result for an n x n circulant matrix?
The classical Vandermonde matrix with distinct numbers xi, ..., x,_; is the
n x n matrix A = [a;;], where a;; = xijfl. Show the following:

(a) det(A) = Mi<jcj<n(x; — X;).
(b) Let A™! = [bij]. Let p;(t) be a polynomial of degree n — 1 such that
pj(x;) =& for 1 <i < n, with §;; as Kronecker’s delta. Then

t— Xk

n
k=1
pit) = E bijt" ™ = Ti<k<nkj .
=1 Xj — Xk

Can you give an exact expression for b;;? And what is the sum ) ., > b;;?
The Vandermonde matrix with given numbers xi, ..., x, is the n X n matrix
A = [a;;] where a;; = x; Write p;(t) = Ili<k<nki(t — x¢), a polynomial of
degree n — 1. Show the following:
(a) det(A) is the product ITi<;<,ITi<; j<n(x; — x;).
(b) If det(A) # 0, then A~' = [b;;] where

by = (1) Coefficient of /! in p; (t).

x; pi(xg)
(c) If A is invertible, then what is the sum of all n? entries in A™'?

(Hilbert matrix) Let A = [a;;] € R"*" with a;; = 1/(i + j — 1). Show:

(a) A isinvertible and the inverse of A has only integer entries.
(b) The sum of all n? entries of A~" is n2. (See [4].)

The combinatorial matrix with given numbers x and y is the n x n matrix A =
[a;i;1, where a;; = y + §;;x. Show the following:
(@) det(A) = x""'(x + ny).

—y + 8
(b) If det(A) # 0, then A~ = [by;1], where by = —2— &+ ny)

x(x + ny)

What is the sum of all n? entries in A~!?
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49.

50.

The Cauchy matrix with given numbers xy, ..., x,, yi, ..., y, Withx; +y; #0
for any i, j, is the n x n matrix A = [a;;], where a;; = (x; + yj)’l. Show the
following:

1<i<j<n(Xj —x)(y; — yi)

i< j<n(xi +y;)
(b) A™' = [b;;], where

I1
(a) det(A) =

. I <k<n (x5 + yi) (xx + ¥i)
5 4+ 3 (M <kzn it 8 — x0) (T <k G — Y1)

(c) What is the sum of all n? entries of A~'?

(Hadamard Matrix) A Hadamard matrix of order n is a matrix H € R"*" with
each entry as &1 that satisfies H H” = nl. Show the following:

(a) If the entries of A = [a;;] € F"*" satisfy |a;;| < 1, then |det(A)| < n'>.
Further, equality holds when A is a Hadamard matrix.

(b) If a Hadamard matrix of order n exists, then eithern = 1 orn = 2, or n is
a multiple of 4.

B —B
of order 2n. (This way Sylvester shows how to construct Hadamard matrices
of order 2".)

(¢c) If B is a Hadamard matrix of order n, then [B B is a Hadamard matrix

It is not yet known how to construct Hadamard matrices of arbitrary order.



Chapter 4 ®)
Inner Product Spaces oo

4.1 Inner Products

In Chap.1 we defined a vector space as an abstraction of the familiar Euclidean
space. In doing so, we took into account only two aspects of the set of vectors in a
plane, namely the vector addition and scalar multiplication. Now, we consider the
third aspect, namely the angle between vectors.

Recall that if X and y are two nonzero vectors in the plane R, then the angle
6(X, y) between X and ¥ is given by

=1
<1l

cosf(x,y) =

[y1

=1
=l

where for a vector i = (a, b) € R?, |u| denotes the absolute value of the vector i,
that is,
lil]| = vVa?+b?> =i .

This is the distance of the point (a, b) € R? from the origin.

Observe that the angle between two vectors is completely determined by the dot
product. The dot product satisfies the following properties for all X, y, i € R? and
foralla € R:

X+ u=x-u+y-i,
(@X)-y =a(x-y),
X-y=y-X,

X-X =0 ifand only if ¥ = 0.

© Springer Nature Singapore Pte Ltd. 2018 163
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When a vector has complex coordinates, some of the above properties may require
modifications. Since dot product must give rise to the absolute value of a vector by
taking |X|> = X - X, the modified definition must keep the property

X-x>0

intact. Taking into account the above requirements, we generalize the notion of a dot
product to any vector space V with the notation (u, v) for u, v € V, in place of the
dot product in R

Definition 4.1 Let V be a vector space over IF. An inner product on V is a function
from V x V to F, denoted by (-, -), thatis (x, y) > (x, y), satisfying the following
properties for all x, y,z € V and for all « € F:

(x,x) =

(x,x) = 01fand only if x = 0.
3) (x+y,2)=(x,2)+(y,2).

(ax,y) =alx,y).

(x, y) = (y, x).

A vector space together with an inner product is called an inner product space.
If F =R, the inner product space V is called a real inner product space, and if
F = C, then V is called a complex inner product space.

A real inner product space is also called a Euclidean space, and a complex inner
product space is also called a unitary space.

A simple example of an inner product is the dot product in R?. In the following
examples, it can be easily verified that the map (-, -) is indeed an inner product.

Example 4.2 (1) For x = (aq,...,a,) and y = (B1, ..., B,) in F", define

)= By =x".
j=1

Then (-, -) is an inner product on F”, called the standard inner product on F”.
2)Forx = (ay,...,o)  andy = (B, ..., B,)7 in F"™*!, define

)= @B, =y'x
j=1

Recall that y* is the conjugate transpose of y. Then (-, -) is an inner product on <!,
It is called the standard inner product on F**!,

(3) Recall that a matrix A € F"*" is called hermitian, when A* = A. A hermitian
matrix is called positive definite if for each nonzero x € F"*!, x*Ax > 0.



4.1 Inner Products 165
Let A be a positive definite matrix. Then
(x,y) = y"Ax

defines an inner product on F"*!.

(4) For p(t) = ap+ait + - + ayt™ and q(1) = by + b1t + - - - + byt in P, (F),
define 3 B B
(p,q) = aobp +aiby + --- + a,b,.

Then (-, -) is an inner product on P, (F).

(5) Let V be a finite dimensional vector space. Let E = {v, ..., v,} be an ordered
basis of V. Forx =Y "  a;v;and y = Y |, Biv; in V, define

(x.3), =Y ap;.
i=1

Then (-, ), is an inner product on V.

(6) For f, g € C(la, b], R), the vector space of all continuous real-valued functions
with domain as the interval [a, b], define

b
g = / £ () dr.

Clearly,
b
(f, ) :/ |f())*dt =0 forall f e C(la,b],R).

By the continuity of the function f,
b
(f, f)= / | f(O))*dt =0 ifandonlyif f(t) =O0foralls € [a, b].

Other conditions can be verified to show that (-, -) is an inner product.
Similarly, on C([a, b], C), the vector space of all continuous complex-valued
functions with domain as the interval [a, b],

b
<f,g>=f FgDdi for f,g € C(la, b], C)

defines an inner product.

(7) For polynomials p, g € P(R), define

1
(p,q) = /0 p(t) q(t)dt.
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It can be verified that it is an inner product on P(R).
Similarly, on P(C),

1
(p.q) = fo p(q@ dt for p.g € P(C)

defines an inner product. It may be checked that this inner product restricted to P, (IF)
is different from the one discussed in (4) above. O

The inner product in Example4.2(5) is related to the standard Inner product on
[F" by the canonical isomorphism, which gives the coordinate vectors. That is,

(u,v) = ([ulg, [VIg).

In fact, any finite dimensional vector space can be made into an inner product space
by fixing an ordered basis.

If V is a vector space over IF, W is an inner product space over F with an inner
product (-, -),,, and T : V — W is an injective linear transformation, then the map
(-,+), : V x V — F defined by

(x,y), =(Tx,Ty), forx,yeV

is an inner product on V.
It is easy to verify that the restriction of an inner product on a vector space to a
subspace is an inner product on the subspace.

Theorem 4.3 Let V be an inner product space. Then, for all x,y,u,v € V and
o € F,
(x,u+v)=(x,u) +{x,v) and (x,ay)=0a(x,y).

Proof Letx, y,u,vin V and a € F. Due to Properties (3)—(5) in Definition4.1,

x,u+v)=(u+v,x) =W, x)+ (v,x) = u,x)+ (v, x) = (x,u) + (x,v),

(x,ay) = (ay, x) = aly, x) = a(x, y). u

Property (2) of the inner product provides a standard technique in showing unique-
ness results in inner product spaces.

Theorem 4.4 Let V be an inner product space and let x,y € V. If (x,u) = (y, u)
forallu € V, then x = y.

Proof Suppose (x,u) = (y,u) forallu € V. Then (x — y,u) =0forallu € V. In
particular, with u = x — y, we have (x — y, x — y) = 0. This implies, by Property
(2) of the inner product, that x — y = 0. [ |
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Exercises for Sect.4.1

1.

In each of the following check whether (-, -) is an inner product on the given
vector space.

(@ (x,y) =acforx =(a,b), y=(c,d) in R
(b) (x,v) =ac —bd forx = (a,b), y = (c,d) in R%.
(©) (x,y) = yTAx for x, y € R**!, where A is a given 2 x 2 real symmetric

matrix.
d (f.8)= fo f'()g(t) dt on P(R).
e (f.8) = foz f(t)g(t) onC[O, 1].
® (x,y)= fol x(t)y(t)dt for x, y in R([0, 1], R).
(g (x,y)= fol x'(1)y'(t) dt for x, y in C' ([0, 1], R).
(h) (x,y) =x(0)y(0) + fol x'(1)Y'(t) dt for x, y in C'([0, 1], R).
() (x,y) = [y x(O)y@)dt + [;y X'0)y' (1) dt for x, y in C'([0, 1], R).
() (A, B) = tr(A + B) for A, B in R>*2.
(k) (A, B) =tr(ATB) for A, B in R3*3.

Let #,..., 1,41 be distinct real numbers. Let (p, g) := Z"H p(t:)q(t;) for
P, q € P,(C). Show that (-, -) is an inner product on P, (C).

. Letyr, ..., v > 0. Let (a1, ...,a,), (b1, ....by)) = yia1by + -+ + yna,b,.

Show that (-, -) is an inner product on R”.

. Let A =[a;j] € R2%2. For x,y € R>!, let fa(x,y) = y" Ax. Show that f4

is an inner product on R2*! if and only if aj; = as, a3 >0, ax > 0 and
det(A) > 0.

. Forx = (a1, 0, 3) and y = (B1, o, B3) inR3, define (x, y) = 377 ., ayjeuiB;.

210
where A = [a;;] is given by A = |1 2 0 |. Show that this defines an inner
014
product on R3. Compute cosines of the angles between the standard basis vectors
of R? using this inner product.

. Let (-, -) be the standard inner product on ", as defined in Example4.2(1). Let

T : V — F” be an isomorphism. Define (x, y)7 := (Tx, Ty) forallx,y € V.
Show that (-, -)7 is also an inner product on [F”".

. Suppose V is a vector space over [F, W is an inner product space over [F with

an inner product (-, -),,, and T : V — W is an injective linear transformation.
Define (x, y), = (Tx, Ty),, forallx, y € V.Show that (-, -) is an inner product
onV.

. Let Vi and V, be inner product spaces with inner products (-, -); and (-, -)»,

respectively. Show that (-, -) as given below is an inner producton V = V| x V;:

((x1, x2), (1, y2)) == (x1, y1)1 + (x2, y2)2 forall (x1, x2), (y1, y2) € V.
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9. Leta,b,c,d € C.Foru = (a, ) and v = (y, 8) in C?, define
(u,v) = aay + by + cad + dps.

Under what conditions on a, b, ¢, d, (-, -) is an inner product?

10. Let E be a basis for a finite dimensional inner product space V. Let x, y € V.
Prove that if (x, u) = (y, u) forallu € E, then x = y.

11. Suppose V is a complex inner product space. Prove that Re(ix, y) = —Im(x, y)
forallx,y e V.

12. Letu € R% For any « € R, let V,, = {x € R? : (x, u) = a}. Show that V, is a
subspace of R? if and only if & = 0.

4.2 Norm and Angle

Recall that the length or absolute value of a vector X = (a, b) in R? is given by

%] = Va2 + b2 = V3 -3 = /(T %),

where (X, x) is the Euclidean inner product of X with itself. For defining the notion
of length of a vector in a general inner product space, now called the norm of the
vector, we use the analogous definition.

Definition 4.5 Let V be an inner product space. Let x € V.

(a) The norm of x, denoted by ||x||, is the nonnegative square root of (x, x). That

is, [lx|| == /(x, x).
(b) The map x > ||x||, also denoted by || - |, is called a norm on V.
(c) A unit vector in V is any vector whose norm is 1.

It is easy to see that if x is any nonzero vector, then u := x /|| x| is a unit vector;
we say that this u is a unit vector in the direction of x.

An inequality involving both inner product and the norm is given in the following
theorem.

Theorem 4.6 (Cauchy—Schwarz inequality) Let V be an inner product space and
letx,y € V. Then

(M e, = lxl Iyll, and
) {x, v)I = x|l Iyl if and only if x and y are linearly dependent.

Proof 1f y = 0, then both (1) and (2) are obvious.
Assume that y # 0. For any @ € F,

(x —ay, x —ay) = (x, x) = (x,ay) — {ay, x) + {ay, ay)
= [Ix[* —@(x, y) —aly, x) +laf* Iy]*.
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x’ . f— ’x
In particular, taking o« = { y2> , we obtain o@ = b 2)
Iyl Iyl
_ |(x, )
a(x,y) =aly,x) =lafllyl* = —5—.
Iyl
Consequently,
[(x, 9)I
(x —ay, x —ay) = x| — e

(1) Since 0 < (x —ay, x —ay), we have [(x, y)| < [lx][ [
(2) If x = ary for some a € I, then |(x, y)| = [(ay, y)| = le| |yI* = x| [Iyll.
Conversely, assume that x, y € V are such that |(x, y)| = |lx|| [|y]l. With y # 0

X,
and o = { yz) , we see that
Iyl
[(x, )12
(x —ay,x —ay) = |x|I* - e lxl* = llx[I* = 0.
Therefore, x = ay. |

Some useful properties of the norm are listed in the following theorem.

Theorem 4.7 Let V be an inner product space and let x,y € V. Then the following
are true:

(D) [Ixll = 0.
(2) |lx|l =0 if and only if x = 0.
3) llax|| = |a| ||x]|| for all a € F.

(4) (Triangle inequality) [lx + y[| < [lx[l + [yl
(5) (Parallelogram law) [|x + y[|* + [lx — y[I> = 2(llx[I* + [[v[I*).

Proof The statements in (1)-(3) and (5) follow directly from the properties of the
inner product. For (4), observe that

lx + yII> = lx[I> + [ylI* 4+ 2Re(x, y).
Al + yID* = x> + Iy lIi> + 20y l-
Due to Cauchy—Schwarz inequality,
Re (x, y) < [(x, y)| < lIx] Iyl.

Therefore, [lx 4 y|I* < (llx[l + lyD*. u

Similar to Cauchy—Schwarz inequality, the triangle inequality becomes an equal-
ity when one vector is a nonnegative multiple of the other; prove it!
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The triangle inequality is so named because if the two sides of a triangle in the
plane are vectors x and y, then the third side is x 4 y, and the inequality says that the
sum of the lengths of any two sides of a triangle is at least that of the third. Similarly,
the parallelogram law in the plane says that the sum of the areas of the squares on
the sides of a parallelogram is equal to the sum of the areas of the squares on its
diagonals.

We define the distance between vectors u and v in an inner product space as

d(x,y) = llu—vl.

Using Theorem4.7(1)—(4), the following may be easily seen:

1. Forallx,y e V, d(x,y) > 0.
2. Foreachx € V, d(x,x) = 0if and only if x = 0.
3. Forallx,y,zeV, dx,z) <d(x,y)+d(,2).

Since ||x|| is the distance of x from the origin, it is the length of x, as it is supposed
to be.

In fact, a norm can be defined on a vector space without recourse to an inner
product. In that case, a norm is taken as any function from V to R mapping x to
lx|| satisfying the properties listed in Theorem4.7(1)—(4). The parallelogram law
is satisfied by only those norms which come from inner products. For example, on
R2, ||(a, b)|| = |a| + |b| defines a norm but this norm does not come from an inner
product; show it!

In an inner product space, if a norm comes from an inner product there should
be a way of computing the inner product from the norm. In this regard, we have the
following theorem; its proof is left as an exercise.

Theorem 4.8 (Polarization identities) Let V be an inner product space over F. Let
x,yeV.

() If F =R, then4(x,y) = |lx + yI> — |x = y|*.
) If F=C, thend(x,y) = |x + yI* — |lx =yl +illx +iy|* —illx —iy]*.

Recall that the acute (nonobtuse) angle 6 (X, y) between two vectors X, y € R? is
given by
> o X -
cosO(x,y) = Q
X1yl
Replacing the dot product by the inner product yields a definition of angle between
two vectors in an inner product space. Observe that due to Cauchy—Schwarz inequal-

ity,
< [&x, 7 <1 forx #0, y #0.
[l 1yl

Definition 4.9 Let x and y be nonzero vectors in an inner product space V. The
angle 6 (x, y) between x and y is defined by
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|(x, )]
el liyll

cosf(x,y) =

Let x and y be nonzero vectors. If one of them is a scalar multiple of the other, say,
x = ay for some nonzero scalar «, then cos 8 (x, y) = 1; consequently, 6 (x, y) = 0.
Conversely, if 6(x, y) = 0, then cosf(x, y) = 1; and then |(x, y)| = ||x|| ||¥]|. Due
to Theorem4.6(2), one of x, y is a scalar multiple of the other. In the other extreme,
if (x, y) =0, then 8(x, y) = 7 /2. Moreover, (x, y) can be 0 when x =0 or y = 0.
We single out this important case.

Definition 4.10 Let x and y be vectors in an inner product space V. We say that x
is orthogonal to y, written as x L y, if (x, y) = 0.

Thus, the zero vector is orthogonal to every vector. For a nontrivial example,
consider {ey, ..., e,}, the standard basis of F". Suppose i, j € {1, ..., n}withi # j.
Then e; L e;. Moreover, ¢; +¢; L e¢; — e; since

(ei +ej,ei—ej) = (e, e) —(ei,ej) +{ej,e;) —(ej,e;)=0.

We also read x L y as “x is perpendicular to y” or “x perp y” for short. Notice that
if x L y, then y L x. Once orthogonality is present, many geometrical facts can be
proved effortlessly.

Theorem 4.11 (Pythagoras theorem) Let V be an inner product space over F and
letx,yeV.

(1) If x Ly, then |lx + y|I> = llx[I* + [ly[*
(2) If F =R, then ||x + y||> = ||x||> + ||y||* implies that x L y.

Proof Since ||x + y||> = ||x]|? + ||y]I> + 2Re(x, y), we see that
lx 4+ yII* = lIxI* + lyll* if and only if Re(x, y) = 0.

(HIfx L y,then (x, y) = 0. Thus Re(x, y) = 0.
Q) If F =R, then (x, y) = Re(x, y). Thus Re(x, y) = 0 implies that x L y. |

If the underlying field is C, then a statement similar to Theorem4.11(2) need not
hold. For example, take V = C with the standard inner product (x, y) = xy. With
x = land y =i, we see that

Ix +y1* =111 +ill> =2, xI*+llyll* = [1]> + |i]* = 2.

Thus [|x + yII* = [lx[I> + [yII*; but (x, y) = (1,i) =i = —l # 0.

Observe that for any x, y € V withy # O and o = II»HZ ,we have x —ay L ay.
Now, writing x = (x — ay) + @y, you can use Pythagoras theorem for an alternative
proof of Cauchy—Schwarz inequality. See Exercise 9 below.



172 4 Inner Product Spaces

Exercises for Sect.4.2

1. Let # and v be vectors in an inner product space V. If |u|| = 1, ||v]| =2 and
|[u — v|| = 3, then what is ||u + v||?

2. With the inner product (p, g) = fol p()q(H)dt on P41 (C), find a polynomial
of degree n orthogonal to all of 1, ¢, 2,

3. Let V be an inner product space of dimension 2. Let x € V be a nonzero vector.
Find a nonzero vector orthogonal to x.

4. For vectors x, y € V, a real inner product space, prove that x +y L x — y if

and only if ||x|| = ||y||. What happens in a complex inner product space?
5. Show that (34—, axbi)” < (X4, ka2)(Xh_ (be/k)?) for ax, by € R.
210
6. Show that (-, ) : R? x R® — Rdefinedby (x,y) =y |1 2 1|x7isaninner
01 4

product on R*. Using this inner product, compute the cosines of angles between
the standard vectors of R3.

7. Show that (A, B) = tr(BT A) defines an inner product on R**3, In this inner
product space, determine which of the following matrices are orthogonal to
which one. Also find the norm of the matrices.

110 0 10 2 -10
-1 1 1/, 1 -1 0}, -1 01
010 0 01 0 10

8. (Appolonius Identity): Let V be an inner product space. Let x, y, z € V. Show
that
llz = x117 + llz = 1> = 3llx = ¥ + 201z = 3G + W

9. Derive Cauchy—Schwarz inequality from Pythagoras theorem. (Hint: Write u =
v/l yll. Next, for any vector x € V, write x = v +w withv = (x, u)u and w =
x — (x, u)u. Observe that v 1 w.)
10. Define || - || : Cla, b] — R by || f|| = max{f(¢) : a <t < b}. Show that || - |
is a norm on C[a, b] but it does not satisfy the parallelogram law.

4.3 Orthogonal and Orthonormal Sets

Subsets in which each vector is orthogonal to the other can be interesting. For exam-
ple, the vectors in the standard basis for " are orthogonal to each other. Moreover,
each standard basis vector is a unit vector.

Definition 4.12 Let S be a nonempty subset of an inner product space V. We say
that

(a) Sisanorthogonalsetin V if each vector in § is orthogonal to every other vector
in S.
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(b) S is a proper orthogonal set in V if § is an orthogonal setin V and 0 ¢ S.
(c) S is an orthonormal set in V if § is a proper orthogonal set in V and each
vector in S is a unit vector.

Example 4.13 (1) The standard basis E = {ey, ..., e,} is an orthonormal set in [

since (e;, e;) = eje; = §;; forany i, j € {1,...,n}.

(2) Consider P,(R) as an inner product space with the inner product as given in
Example4.2(4). {uy, ..., uy1} withu; () := /=, j = 1,...,n + 1,isanorthonor-
mal subset of P, (R).

Next, consider P, (R) as an inner product space with the inner product

1
(P, q) =/0 p(t)q(t)dt.

We find that the set {uy, ..., u,+1} is not an orthogonal set. For example,

1
1
(M],Mz)Z/ tdt = - #0.
0 2

(3) Consider the vector space C([0, 27 ], C) with the inner product defined by
2

(f.8) = f(g(t)yde for f, g € C([0,27], C).
0

Forn € N, let u,, v, € C([0, 2], C) be given by
u,(t) :=sin(nt), v,(t) :=cos(nt), 0<1t <2m.
Foreachk € N, fozﬂ cos(kt)dt =0 = fozn sin(kt) dt. Thus, forn # m, (work it out)

(s W) = Vi, Vi) = (i, Vi) = (U, Vi) = 0, (U, ) = (v, vy) = 7.

Uy Vi
So,{—:neN}U{—
JT JT
Vacuously, a singleton set is an orthogonal set, and a singleton having a nonzero
vector is a proper orthogonal set. If v 7 0, then {v/||v||} is an orthonormal set. More-
over, if S is a proper orthogonal set, then for each x € S, (x, x) > 0.

in € N} is an orthonormal set in C([0, 2], C). O

Theorem 4.14 Each proper orthogonal set in an inner product space is linearly
independent.

Proof Let S be a proper orthogonal set in an inner product space V. Foruy, ..., u, €
Sanday, ..., o, € F,supposeaju; + - - - + a,u, = 0.Then, foreachj € {1,...,n},

n

0= <Zaiui,uj> = Z(Oliui,blj) = Zai<“i»“]‘) =ojuj, uj).
i=1 i=1

i=1
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Since u; # 0, a; = 0. Therefore, § is linearly independent. u
As a corollary to Theorem4.14, we obtain the following result.

Theorem 4.15 Let V be an inner product space of dimension n. Any orthonormal
set in 'V having n vectors is a basis of V.

Theorem 4.16 Let S = {uy,...,u,} be an orthonormal set in an inner product
space V. Then the following are true:

(1) (Fourier expansion) For each x € span(S), x = Z(x, uju;.
j=1

(2) (Parseval identity) For each x € span(S), [lx[* = |(x, u;)|?

(3) (Bessel inequality) For each y € V, Z [y, u ) < [yl
j=1

In particular, if dim(V) = n, then (1) and (2) hold for every x € V.

Proof (1) Since {uy,...,u,} is an orthonormal set, (u;, u;) = §;; for any i, j €
{1,...,n}. Asx € span(S),x = aju; + - - - + a,u, forsome scalars oy, oy, . .., .
Then, foreachi € {1, ..., n},

(e, ui) = o {uy, up) + - i, i) = Q;

Therefore, x = _ (x, u;)u;.
(2) Using (1), we obtain

el = o) = (e, o0y} = 37 3 e )

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

_ZZ|xu |8,]_Z|xu

i=1 j=I1

(3) Write z := Y_"_, (y, u;)u;. We observe that, for each j € {1,...,n},

n

(@ouj) =Y (v, uidui uj) = (y,u;)

i=1

so that (y — z, u;) = 0. Therefore, (y — z, z) = 0. By Pythagoras theorem and (2),
it follows that

n
Y17 = Nzl + Iy — 2I” = izl = Dzu 2=y u)l
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In the Fourier expansion of a vector x € spanf{uy, ..., u,}, the scalars (x, u ;) are
called the Fourier coefficients of x.

Example 4.17 Consider C([0, 2rr], C) with the inner product

2w
(x,y) ::/ x(0)y(t)dt forx,y e C([0,2n], C).
0

For n € Z, define u,, by

e
u,(t) = forr € [0, 2m].
V21
We see that s
1 T 1 ifn=m
_ i (n—m)t — )
<ul‘laum> - 27_[ /0 e dt {0 lfl’l #m‘
Hence, {u,, : n € Z} is an orthonormal set in C([0, 27], C). Let m € N. By Theorem
4.16,ifx e span{u; : j = —m, ..., —1,0,1,..., mj}, then
“ " 1 [ "
= T with = —/ He 'Mdt.
X k;mak e a o ), x(t)e -
Notice that if {u, ..., u,} is an orthogonal set and «1, . . ., «, are scalars, then a

slightly generalized form of Pythagoras theorem would look like:
lotvaey + -+ + aattal|* = le Pllug | + -+ lea a1
And if {uy, ..., u,} is an orthonormal set, then
otz + -+ et | = e P+ -+ o .

The last equality is Parseval identity in disguise. These equalities provide alterna-
tive proofs of the facts that proper orthogonal sets and orthonormal sets are linearly
independent.

To see what is going on in the proof of Bessel inequality, consider the standard
basis vectors e; and e,, and the vector (1, 2, 3) in R3. Projections of (1, 2, 3) on the
x-axis and y-axis are, respectively, e; and 2e,. Thus the vector e¢; 4+ 2e; = (1,2, 0)
is the projection of (1, 2,3) on the xy-plane. Moreover, the vector (1,2, 3) —
(1,2,0) = (0, 0, 3) is orthogonal to the xy-plane, and || (1, 2, 0)|| < ||(1, 2, 3)].

Definition 4.18 Let S = {u, ..., u,} be an orthonormal set in an inner product
space V, and let U = span(S). For each x € V, the vector

projy (x) := Z(x, ui)uj
i=l
is called the projection of x on the subspace U.
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The proof of Bessel inequality yields the following result.

Theorem 4.19 Let V be a finite dimensional inner product space, S = {uy, ..., u,}
be anorthonormal setin'V andlet U = span(S). Then foreachx € V, proj, (x) € U,
and x — proj,; (x) is orthogonal to every vector in U.

Intuitively, x — proj; (x) minimizes the length ||x — y|| where y varies over U.
We will prove this fact in Sect. 4.7.

Notice that the Fourier expansion of a vector u € U := span{u, ..., u,} for the
orthonormal set {u, ..., u,} shows that the proj,; (1) = u, as expected.

In fact, if we define a function P : V. — V by P(x) = proj, (x) foreachx € V,
then P is a linear operator with R(P) = U and P? = P. We will discuss projection
operators later.

Exercises for Sect.4.3

1. In an inner product space, what is the distance between two orthogonal unit
vectors?

2. Let (-, -) be an inner product on R"*! . Let A € R"™" . Let b € R"*! be a nonzero
vector. If each column of A is orthogonal to b, then show that the system Ax = b
has no solution.

3. Letn € N. Show that {\/L; % R % % e, %} is an orthonormal set

in C[—m, ] where (f, g) = [7_ f(t)g(t)dt.

4. ShowthatU = {x e R*:x L (1,0, —1,1), x L (2,3, —1,2)} is a subspace of
R*, where R* has the standard inner product. Find a basis for U.

5. Consider P4(R) as an inner product space with (p, g) = f_ll pt)q(t)dt. Let
U = span{l, ¢, 12— %}. Determine projU(t3).

4.4 Gram-Schmidt Orthogonalization

Consider two nonzero linearly independent vectors u, v in R2 or R3. Can we choose
a vector w € R3 such that w L u and span{u, w} = span{u, v}?

Let # denote the unit vector in the direction of u. The vector (v - u#)u is the
projection of v on the subspace span({u}). Then the vector

w=v— - -ui

does the job. This method can be generalized to any finite number of linearly inde-
pendent vectors, in any inner product space.

Let uy, u, us be linearly independent vectors in an inner product space V. Sup-
pose that we have already obtained nonzero vectors vy, v, orthogonal to each other so
that span{uy, u,} = span{vy, vo}. Let ¥; and ¥, be the unit vectors in the directions of
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v and vy, respectively; thatis, by := v{/||vi]| and b, := v,/||v2]||. We consider the pro-
jection of 13 onto the subspace spanned by vy and v,, namely (usz, v1)v; + (u3, v2)v2,
and define the required vector as

vy i=u3 — ({uz, v1)v1 + (U3, v2)v).

Notice that v is orthogonal to both v; and v,; and span{u, u,, us} = span{vy, v,, v3}.
This process can be continued if more than three vectors are initially given.
We consolidate this procedure in the following theorem.

Theorem 4.20 (Gram—Schmidt orthogonalization) Let {uy, ..., u,} be a linearly
independent ordered subset of an inner product space V. Define vy, ..., v, induc-
tively by

V] ‘= Uy

k
(Wig1, V)
Vil = Ug41 —Z—Vj, k= 1,...,1’1—1.
— (vj, V)
Jj=1
Then {vy, ..., v,} is a proper orthogonal ordered set in V satisfying

span{uy, ..., u;} = span{vy, ..., w} foreachk €{l,..., n}.

Proof Sinceu; = vy, the casen = 1isobvious. So, let | < m < n. For the induction

step, assume that {vy, ..., v, } is an orthogonal set of nonzero vectors with
span{uy, ..., uy,} = span{vy, ..., vy}.

Now,

o (Ukr 1, V)

Vin41 = Up41 — Z —— Vj-

— (v, v))

j_
Notice that u,4; € span{vy, ..., Vi, V1) and vy € spanfuy, ..., Uy, Upyt1}-
Thus

span{uy, ..., Uy, U1} = spanfvy, ..., Vi, Vint1}-
Since {uy, ..., Un, Uy+1} is linearly independent, from the above equality, it also
follows that v,,; # 0. For the orthogonality of {v, ..., v,41}, leti € {1,...,m}.
Since {vi, ..., vy} is an orthogonal set, (v;, v;) = 0 for j # i. Hence
L (g1, Vi) (Umt1, Vi)
“+1,Vj +1, Vi
(Vint15 Vi) = (Um+1, Vi) — ; W(Vﬁ Vi) = (Umt1, Vi) — ﬁ(w vi) =0.

Thus v,,+1 L v; foreachi € {1, ..., m}. Therefore, {vi, ..., v,41}is an orthogonal

set of nonzero vectors. [ |
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Observe that the span condition in Theorem4.20 asserts that the set {vi, ..., v}
is an orthogonal basis for span{uy, ..., uz}. The proof of Gram—Schmidt orthog-
onalization process reveals that if u, ..., u; are linearly independent vectors and
Upy1 € spanfuy, ..., ug}, then v becomes 0. Conversely, if vx; becomes 0, then
upy1 € spanfuy, ..., ug}. Therefore, Gram—Schmidt orthogonalization can also be
used to determine whether a given list of vectors is linearly independent or not.

By ignoring all those v;s which become 0 in the process, we arrive at a basis
for the span of uy, ..., u,. Therefore, Gram—Schmidt procedure is our second
tool to extract a basis from a given list of vectors keeping the span unchanged.
Recall that the first tool of elementary operations was discussed in Sect. 3.7.

Example 4.21 Consider F* with its standard inner product. Take the vectors u; =
(1,0,0), up = (1, 1,0) and u3 = (1, 1, 1). Clearly, uy, u,, us are linearly indepen-
dent in 3. Gram—Schmidt orthogonalization yields the following:

(uz, vi)

<V1, V1>

Vi=uy, Vy=1UuUy— V1.

Notice that (vi, v{) = 1 and (u,, v{) = 1. Hence, v, = u, — vi = (0, 1, 0). Next,

(u3, vi) (U3, va)
V3 = U3z — V1 — %N
(vi, vi) (v, v2)

Since (vp,v) =1, (uz,vi) =1,{usz,v) =1, we have vy =u3—v;—vy =
(0, 0, 1). Thus, Gram—Schmidt orthogonalization of {u, u5, u3} results in the ordered
set {(1,0,0), (0, 1,0), (0,0, 1)}. O

Example 4.22 Consider the vectorsu; = (1, 1,0), u; = (0, 1, 1) anduz = (1,0, 1)
in F3 with the standard inner product. Clearly, u;, u,, us are linearly independent in
IF3. Gram-Schmidt orthogonalizaion gives:

(uz, vi)
<V1, Vl) !

Vi=Uuy, Vy=ur—

Notice that (vi,v;)=2 and (uz,vi)=1. So, v, =(0,1,1)— 3(1,1,0) =
(—3. 3. 1). Next,
(us, vi) (us, v2)
V3 = U3z — V) —
(vi, v1) (v, v2)

We find that (v, v2) = 3, (13, v1) = 1 and (u3, v2) = 1. Hence,

’

v3=(1,0,1) = 3(1,1,0) — 3(—=3. 5. 1) = (

wIN
Wl
wIN

).

’

Therefore, {(1,1,0), (-3, 3. 1), (%, —%, %)} is the Gram—Schmidt orthogonaliza-
tion of {uy, uy, us}. U
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Example 4.23 Consider the inner product space P(R), where the inner product is
given by

1
(p.q) = /1 p(t)g)dt for p,q € P(R).

Letu;(t) = t/=!for j =1, 2, 3. Consider the linearly independent set {u, us, us}.
Then vi(t) = u(¢t) = 1 forallr € [—1, 1]; and

<M2, Vl)
i)

Vo = Uy —
We see that

1 1
<v1,v1>=/ w(t)vl(r)dt:/ dr =2,

1 -1

1 1
(up, vi) = / ur(t)vi(t)dt = / tdt =0.
- 1

1 —
Hence, v, () = up(t) =t forall r € [—1, 1]. Next,

(u3, vi) (u3, va)
V3 = U3z — V1 — %N
(vi, v1) (v, v2)

Here,
1 1 2
2
(us, vi) :/ u3(t)Vl(t)dt:/ t dt:g,
-1 -1

1 1
(u3,v2)=/ u3(t)v2(t)dt:/ 2dt =0.
- 1

1 —

Hence, v3(t) = 1> — % for all + € [—1, 1]. Thus, Gram—Schmidt orthogonalization
yields {1, t, 12— %} as the orthogonal set of polynomials whose span equals
span{l,t,tz}. O

The polynomials po(¢), pi(t), pa2(t), ... obtained by orthogonalizing the poly-
nomials 1, ¢, #2, ... using the inner product

1
<p,q)=/ p(t)q)dt for p,q € P(R),
-1

as in Example4.23 are called Legendre polynomials.

Gram-Schmidt orthogonalization can easily be adopted for orthonormalization.
For this, we normalize the newly obtained vectors at each step. Thus, instead of
vy = uy, we would take vi := uy/|luq].



180 4 Inner Product Spaces

Next, we take w, :=uy — (up, vi)vy and v, :=wy/||wy||. In general, with
Ur = span{vy, ..., v}, we construct

Wil = U1 — Projy, (1) and viyy = wipr/[[wia || fork > 1.

This procedure of constructing an orthonormal set {vi, ..., v,} from a linearly inde-
pendent set {uy, ..., u,} such that
span{vy, ..., v} = spanfuy, ..., u;} fork=1,...,n,

is called Gram-Schmidt orthonormalization. As an application of orthonormal-
ization, we obtain the following result.

Theorem 4.24 (QR-factorization) If the columns of a matrix A € F™*" are linearly
independent, then there exist a matrix Q € F™*" with orthonormal columns and an
invertible upper triangular matrix R € F"*" such that A = QR.

Proof Letuy,...,u, € F*! be the columns of A € F"*". Assume that u, ..., u,
are linearly independent. Then m > n. It is understood that the inner product
in F"*! is the standard inner product (x,y) = y*x. Applying Gram-Schmidt

orthonormalization on the ordered set {u;,...,u,} we obtain an orthonormal
ordered set, say, {v{, ..., v,} so that
span{uy, ..., u;} = span{vy, ..., w} forke{l,..., n}.

Thus, there exist scalars 7;; such that

uy =ruvi

Uy = rippvy +rnvy

Uy =TF1uV1 + 12V + -+ TppVa.

Fori,j=1,...,nandi > j, take r;; = 0; and construct the matrices R = [r;;] €
F*™"and Q = [vy, -+, v,] € F"*". The above equalities show that
Az[ula“' aun]: QR'

Here, the columns of Q are orthonormal and R is upper triangular. Moreover, the
scalars r;; that appear on the diagonal of R are nonzero. Thus, R is invertible. W

Notice that since the columns of Q are orthonormal, Q*Q = I. Then A = QR
implies that R = Q*A. Further, Q need not be an orthogonal matrix since Q*Q = I
does not imply that Q Q* = I unless m = n.
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11 1 1
Example 4.25 Let A= |0 1. Its columns u#; := | O | and up:=| 1 | are
11 1 1

linearly independent. Using Gram—Schmidt orthogonalization on the ordered set
{uy, ur} we obtain the vectors

Thus

113
V) = 0 and V) = 1
112
I/v2 0
o=|0 1], R:Q*A:QTAz[*gE ﬁ]
/2 0
We see that A = OR.
1 01
Notice that 0*Q = QTQ =T but QQ*=Q0Q0" =|0 1 0| # 1 O
1 01

In the context of Theorem 4.24, it is assumed that the inner product is the standard

inner product in [ LIf you choose a different inner product, say, (-, -), then you
will end up with A = QR, where Q has orthonormal columns with respect to (-, -).
In this case, v}v; need not be equal to §;;; consequently, 0*Q need not be equal
to I. However, R is still invertible. If m = n, then Q is invertible. In this case, the
formula R = Q' A holds but R = Q* A need not hold. In fact, the (i, j)th entry in
R is equal to (v;, u ), where v; is the ith column of Q and u; is the jth column of A.

Exercises for Sect.4.4

1.

Suppose that the vectors vy, ..., v, have been obtained by Gram—Schmidt
orthogonalization of the vectors uy, ..., u,. Show that u,, ..., u, are linearly
dependent if and only if v, = 0.

Consider R? with the standard inner product. In each of the following, find
orthogonal vectors obtained from the given vectors using Gram—Schmidt orthog-
onalization:

(@) (1,2,0), (2,1,0), (1,1, 1) (b)(,1,D, (1,-1,1), (1,1,=1)

(¢) (1,0, 1), (0,1,1), (1,1,0) (d) (0,1, 1), (0,1,-1),(—1,1,=1).
Consider R? with the standard inner product. In each of the following, find a
unit vector orthogonal to the given two vectors:

(@) (2,1,0), (1,2,1) (b) (1,2,3), (2,1,-2)

(©) (1,0,1), (1,0, 1) () 0,2,-1), (-1,2,-1).

. Using Gram—Schmidt orthogonalization find an orthogonal basis for the sub-

space span{(4, —2, 0, 6), (3, 3, =3, —3), (5,5, =7, =7)} of R4,
In R3, define the inner product by ((a, b, ¢), («, B, y)) = ax + 2bB + 3cy. Use
Gram-Schmidt procedure on the list of vectors (1, 1, 1), (1,0, 1), (0, 1, 2).
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6. Consider the polynomialsu(¢) = 1, us(t) =t¢, us(t) = #2 in the vector space of
all polynomials with real coefficients. Find orthogonal polynomials by Gram—
Schmidt orthogonalization of {u, u,, u3} with respect to the following inner
products:

@ (p.q) = fy pOgYdt ) (p,q) = [, p(g()dr.

7. Consider C? with the standard inner product. Find an orthonormal basis for the
subspace spanned by the vectors (1, 0,7) and (2, 1, 1 +i).

8. Consider R**3 with the inner product (A, B) = tr(B” A). Using Gram—Schmidt
orthogonalization procedure, find a nonzero matrix which is orthogonal to both

1 1 1 1 01
the matrices | 1 —1 1 and 1 1 0f.
I 1 -1 011
9. Find a QR-factorization of each of the following matrices:

01 102 Bi_f
@1 1| ®»o1 1| (© :
01 120 Lo
00 1

10. Let Q € ™", where m > n. Show that Q O* # 1.
11. Let Q € F™*", where m > n and Q*Q = I. What is rank (Q Q*)?

4.5 Orthogonal and Orthonormal Bases

Recall that a linearly independent set which cannot be further extended to a bigger
linearly independent set is a basis. Since an orthogonal set is linearly independent,
we look for extending it to a larger orthogonal set.

Definition 4.26 Let V be an inner product space. Let S be a proper orthogonal set
inV.

(a) The set S is called an orthogonal basis of V if no proper superset of S is a
proper orthogonal setin V.

(b) The set S is called an orthonormal basis of V if S is an orthonormal set and
no proper superset of S is an orthonormal setin V.

Informally, an orthogonal basis is a maximal orthogonal set and an orthonormal
basis is a maximal orthonormal set. For example, the standard basis of F" is an
orthogonal basis; it is also an orthonormal basis. An immediate consequence of the
definition is the following.

Theorem 4.27 A proper orthogonal (orthonormal) set S in an inner product space
V is an orthogonal (orthonormal) basis for V if and only if 0 is the only vector
orthogonal to all vectors in S.

Proof Let S be an orthogonal basis. Clearly, S is a proper orthogonal set and 0O is
orthogonal to all vectors in S. If x is a nonzero vector orthogonal to all vectors
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in S, then x ¢ S. Then, S U {x} would be a proper orthogonal set in V, which is not
possible. Therefore, O is the only vector orthogonal to all vectors in S.

Conversely, suppose that S is a proper orthogonal set and 0 is the only vector
orthogonal to all vectors in S. Then the only orthogonal proper superset of S is
S U {0}. But this is not a proper orthogonal set in V. So, no proper superset of S is a
proper orthogonal setin V.

The case of orthonormal basis is proved similarly. |

By Theorem4.27, it is easy to see that if an orthogonal set S in an inner product
space V is a basis of V, then S is an orthogonal basis. However, an orthogonal basis
of an inner product space need not be a (Hamel) basis. The same comments apply to
orthonormal sets. Here is an example to this effect.

Example 4.28 Let £2(N, R) be the set of square-summable real sequences, that is,

Zz(N, R) := {(al, a,...)a; € R, Za,% converges }
k

Define both addition and scalar multiplication on V component-wise. It can be ver-
ified easily that V is a real vector space. Further, £2(N, R) is an inner product space
with the inner product given by

((ar1.a2,...), (br.by...)) =Y aby.

keN

Let B := {ey, ez, ...}, where ¢; is the sequence whose kth term is 1 and all other
terms are 0. Clearly, B is an orthonormal set. Letv = (b1, by, ...) € £2(N, R). Since
(v, ex) = by, if v L ¢, for each k € N, then each term by of v becomes 0; that is, the
zero vector is the only vector that is orthogonal to B. Therefore, by Theorem 4.27,
B is an orthonormal basis of £2(N, R).

Notice that span(B) = co(IR), which is a proper subspace of ¢>(N, R). Thus, B
is not a basis of £2(N, R). O

The situation is different if the inner product space has a countable basis.

Theorem 4.29 For aninner product space V having a countable basis, the following
are true:

(1) V has an orthogonal (orthonormal) basis.

(2) Each properorthogonal (orthonormal) setin'V can be extended to an orthogonal
(orthonormal) basis of V.

(3) Each orthogonal (orthonormal) basis of V is a basis of V.

Proof (1) Suppose {uy, us, ...} is a basis of V. Then using Gram—Schmidt orthog-
onalization we obtain a countable orthogonal set S = {vy, v,, ..., } such that

span{uy, ..., u;} = span{vy, ..., v} fork > 1.
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It follows that S is a spanning set so that it is a basis of V; hence it is an orthogonal
basis of V.
(2) Due to Theorem4.14, the given orthogonal set is linearly independent. We first
extend it to a basis of V and then orthogonalize it to obtain the required orthogonal
basis.
(3) Let B be an orthogonal basis of V. Then B is linearly independent. Since V has
a countable basis, B is a countable set. If B is not a (Hamel) basis of V, then there
exists u € V such that u ¢ span(B). Since B is orthogonal, Gram—Schmidt orthog-
onalization on B U {u} yields an orthogonal set B U {v}. But this is an orthogonal
proper superset of B. It contradicts the assumption that B is a maximal orthogonal
set.

Using Gram—Schmidt orthonormalization, instead of orthogonalization, we obtain
(1)—(3) for orthonormal sets in place of orthogonal sets. [ |

Theorem4.29 implies that in a finite dimensional inner product space, a proper
orthogonal set is an orthogonal basis if and only if it spans the given space.

Further, {e1, e5, ...} is an orthonormal basis as well as a basis of cyy(IF). The
Legendre polynomials form an orthogonal basis and also a basis for the infinite
dimensional inner product space P(IF). Similar statements hold for orthonormal
bases also. Theorem4.29 and Example4.28 show that £2(N, R) does not have a
countable basis.

Example 4.30 Continuing with the orthogonalization process in Example4.23, we
end up with the nth Legendre polynomial p, (¢), which is of degree n foreachn € N.
The set

S = {p,(t) : p, is the Legendre polynomial of degree n for n > 0}

is a proper orthogonal set in P(IR). The set S is also a proper orthogonal set in the
inner product space C([—1, 1], R), where the inner product is

1
(frg) = / Oz dr

Further, there is no proper superset of S, which is a proper orthogonal set in
C([—1, 1], R). The proof of this fact relies on a result in Analysis, namely the Weier-
strass approximation theorem, which states that every function in C([—1, 1], R) isa
uniform limit of a sequence of polynomials.

Thus, S is an orthogonal basis of C([—1, 1], R). But the function f defined by
f(@) =sintfort € [—1, 1]isinC([—1, 1], R) and f ¢ P(R) = span(S). Therefore,
S is not a basis of C([—1, 1], R). O

We tolerate the linguistic anomaly that an orthogonal (orthonormal) basis may
fail to be a basis. To pre-empt such a situation, sometimes a basis is called a Hamel
basis.



4.5 Orthogonal and Orthonormal Bases 185

In an inner product space with a countable basis, this linguistic anomaly does
not exist due to Theorem4.29. When the set {1, ..., u,} is an orthonormal basis of
V, the Fourier coefficients (x, u ;) comprise the coordinate vector of x with respect
to this basis, and Bessel inequality becomes an equality, which is nothing but the
Parseval identity.

Using an orthonormal basis in a finite dimensional inner product space amounts to
working in <!, An orthonormal basis converts the inner product to the dot product.
For, suppose that B = {vy, ..., v,} is an orthonormal basis for V. Letu, v € V. Then
u=y ¢ (u,v)vandv = Z?zl(v, v;)v;. We find that

n

(,v) =) G, vi) v, v v, vih = Y G, vi) (v, vi) = [ulp - [V]p.

i=1 j=1 i=1

Moreover, orthonormal bases allow writing the entries of the matrix representation
of a linear transformation by using the inner products; see the following theorem.

Theorem 4.31 Let B = {u;,...,u,} and E = {vy,...,v,} be ordered bases of
inner product spaces U and V, respectively. Let T : U — V be a linear trans-
Sformation. If E is an orthonormal basis of V, then the (ij)th entry of [Tlg p is
equal to (Tu, v;).

Proof Leti e {l,...,m}and j € {1, ..., n}. Let a;; denote the (ij)th entry in the
matrix [T]g g. Then Tu; = ayjvi + - - + a;jvi + - - - + ajvin. Therefore,

(Tuj,vi) = (ajvi + -+ aijvi + -+ amjvm, vi) = aij(vi, vi) = aij,
due to the orthonormality of E. |

If B={uy,...,u,}and E ={vy,...,v,} are bases but not orthonormal bases
for the inner product spaces U and V, respectively, then the matrix [(Tu;, v;)] need
not be equal to [T'] ¢, . However, the matrix [(Tu;, v;)] shares a nice property with
[T]E. g; see the following theorem.

Theorem 4.32 Let {uy,...,u,} and {vy,...,v,} be bases for the inner product
spaces U and V, respectively. Let S, T : U — V be linear transformations. Then

S=T ifandonlyif (Suj,v;) =(Tuj,v;) foralli=1,...,m, j=1,...,n.
Proof If S =T, then clearly, (Su;,v;)=(Tu;,v;) for al i=1,...,m,
j =1,...,n. Conversely, suppose that this condition holds. Suppose u € U and

v € V. Then we have scalars o; and ; such that

u=ou;+---+au, and v=p8wvi+- -+ Bnvm-
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Due to the linearity of the map T the condition (Su;, v;) = (Tu;,v;) for all i, j
implies that (Su, v) = (Tu, v) forall u € U and all v € V. Hence, by Theorem4.4,
Su=Tuforallu € Usothat S =T. |

Exercises for Sect.4.5

1.

Let {u;, u», u3} be an orthonormal basis of R3. Let x = 3u; + 4u». Let y € R3
satisfy (y, u3) = 0 and || y|| = 5. What is the cosine of the angle between x + y
and x — y? What can go wrong if (y, us) # 0?

Let u = (I/v3, Yv3, 1/v3)" and v = (1/v3, 0, —=1/v3)". Find w € R¥! s0 that
the matrix A = [u v w] is orthogonal, thatis, A*A = I. Verify that the rows of A
are orthonormal.

. With the notation in Example 4.28, show that £2(N, R) is an inner product space.

Further, show that (1/2, /4, ...) ¢ span{u;, u, ...}, where u; is the sequence
whose kth term is 1 and all other terms O.

Let £ = {uy, ..., u,} be an orthonormal set in an inner product space V. Prove
that the following statements are equivalent:

(a) span(E) =V.

(b) E is an orthonormal basis of V.

(c) Forany v € V,if (v,u;) = 0 for each j, thenv = 0.
(d) IfveV,thenv=>3" (v,u;)u;.

(e) If x,y € V, then (x, y) = D1 (x, u;) {ui, y).

) Ifv e V, then |v||> = Yo Ky, u;)|?.

4.6 Orthogonal Complement

We generalize the notion of orthogonality a bit.

Definition 4.33 Let S be a nonempty subset of an inner product space V.

(a) A vectorx € V is said to be orthogonal to S if (x, y) =Oforally € §; and in

that case, we write x L S.

(b) The set of all vectors in V that are orthogonal to S is called the orthogonal

complement of S; it is written as S-+. That is,

St:={xeV:(x,y)=0forall y € S}.

Also, @+ = V. And, (S1)* is written as S*.

Example 4.34 Let V =R? and let S = {(1, 2)}. Then

St ={(a,b) eR*:a+2b=0}={Qx, —a):«cR}.
St ={(c,d) e R? : 2ac —ad =0, foralla e R} = {(8,28): B e R}). O
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Notice that in Example 4.34, S* and S+ are subspaces of V, and S is a proper
subset of S+
You should be able to read the symbolism correctly. For example, the statement

If x is a vector such that (x, y) = O foreach y € V, then x = 0.

is now written as V+ C {0}. Similarly, S* = {0} asserts that (See Theorem 4.27)
the only vector orthogonal to all the vectors in S is the zero vector.

We now list some useful properties of orthogonal complements.

Theorem 4.35 Let V be an inner product space. Let S, S; and S, be nonempty
subsets of V.

(1) Vvt ={0}and {0}* =V = ot

(2) S*isasubspace of V.

(3) If S| C S,, then Sy is a subspace of Si-.

(4) (span(S))* = S*.

(5) If S is a basis of V, then S* = {0}.

6) S St

(7) (S1U S»)* = (span(S)) + span($))* = S{ N S5~
(8) Sll + Sj‘ is a subspace of (S) N Sy)*.

Proof (1)If x € V*, then (x, y) = 0 for each y € V. By Theorem4.4, x = 0. Con-
versely, (0, y) = Oforeach y € V. Thus V+ = {0}. Again, since (0, v) = 0 for each
v eV, {0} = V. Also, by definition, o+ = V.

(2) Let x,y € St and let @ € F. Then (x, u) = 0 = (y, u) for each u € S. Hence
(x +ay,u) = (x,u) +a(y, u) = 0. Thatis, x + ay € S*.

(3) Suppose S; C S,. Let x € Szi. Then (x, y) = 0 for each y € §,. In particular,
(x,y) = 0 for each y € S;. That is, x € Si-. So, S3- € Si-. By (2), Si- and S5~ are
subspaces. Hence, 52l is a subspace of Sll.

(4) Since S C span(S), by (3), (span(S))J- c St Conversely, let x € St Suppose
y € span(S). Then y = oju; + - - - + o, for some scalars «y, . . ., o, and vectors
uy,...,u, €S.Since (x,u;) = 0foreachi € {1, ..., n}, we have

(x, y) =0a1{x,u1) + -+ (x,u,) =0.

Therefore, x € (span(S))*.

(5) If S is a basis of V, then V = span(S). The result follows from (4) and (1).

(6) Let x € S. Then (x, y) = 0 for each y € S*. Thatis, x € S**.

(7) From (4), we have (S; U S5)* = (span(S; U $»))* = (span(S;) + span(S>))*.
For the second equality, observe that both span(S;) and span(S,) are subsets of
span(S;) + span(S,). Using (3) twice, we get

(span(S;) + span(S»))™ < (span(S;))* N (span(S2))*.

Conversely, let x € (span(S;))* N (span(Sz))J-. Then
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(x,y) =0 for each y € span(S;) and (x, y) = 0 for each y € span($,).

Each vector in span(S;) + span(S$,) can be written as sum of a vector form span(.S;)
and a vector form span(S,). Therefore, foreach y € span(S;) + span($,), (x, y) = 0.
That is, x € (span(S;) + span(S,))*.

(8) Since S; N S, is a subset of both S; and S, by (3), Si- € (5; N S»)* and also
S3 C (81N Sy)*. Hence Si- + S5 € (81 N Sy)*. By (2), Sit + S5 is a subspace of
(S; N SH)*L. [ |

To see that (S; N Sy)+ C Sf- + Sj- is not true in general, take S; = {(1, 0)} and
S> = {(2,0)}, then (S; N SH)* = @+ = R? whereas Si- + S ={(0,a) : a € R}.
The equality is achieved for finite dimensional subspaces S| and S,, as Theorem4.37
below shows.

Theorem4.35(4) says that in an inner product space V, if a vector v is orthogonal
to a subset S, then v must be orthogonal to U := span(S§). Can we construct such a
vector which is orthogonal to U? Yes, provided {uy, ..., u,} is an orthonormal basis
of U (see Theorem4.19).

The following theorem uses this fact to give an orthogonal decomposition of V.
It justifies why orthogonal complements are so named.

Theorem 4.36 (Projection theorem) Let U be a finite dimensional subspace of an
inner product space V. Then

V=U®U"and U =U.

Infact, for eachv € V, the unique vectorsu € U andw € U™ that satisfyv = u +w
are given by u = proj,; (v) and w = v — u.

Proof Since U, U+ C V, U + U+ C V. For the other inclusion V C U + U™, let
B ={uy, ..., u,} be an orthonormal basis of U. Let v € V. Write

n

u = proj; (v) = Z(v, Ui, w:i=v-—u.

i=1
Now, for any j € {1, ...,n},

(wouj)=(vou;)—(u,u;) = (v,uj) —Z(v,ui>(ui,uj> =, uj)—(v,uj)=0.
i=1

Hence, w € UL. Thenv = u + w shows that V C U + UL. Hence V = U + U-+.
Further, U N U+ = {0}. Therefore, V. = U @ U~.

Next, due to Theorem4.35(6), U < U~+*. For the other inclusion, let x € U+,
Since V = U + U+, there exists u € U and y € U~ such that x = u + y. Then

O=(,y)=u+y,y)=Wy +yy =y



4.6 Orthogonal Complement 189

Thatis, y = 0. So, x = u € U. We conclude that U++ = U. [ |

When V is finite dimensional, an alternative proof can be given for the projection
theorem using basis extension. It is as follows:

If U={0}, then U+ =V and U+ = U; all the requirements are satisfied.
Otherwise, let E = {uy, ..., u;} be an orthonormal basis of U. Extend E to an
orthonormal basis E U {v|, ..., v, of V.Then U+ = span{vy, ..., vy }; V=U &
Utand U+t =U.

In general, if S is a subset of V, neither S** = § nor V = § 4+ S* need hold;
see Example 4.34. To see why finite dimension of the subspace U is important in the
projection theorem, consider V = ¢2(N, R) and U = cgo(R). We see that U+ = {0}
sothat Ut =V # U and V # U + U*. However, if U is a complete subspace of
V, then both U+ = U and V = U + U hold; see for example, [15]. Further, the
projection theorem implies that the orthogonal complement of each finite dimensional
proper subspace of an inner product space is a nontrivial subspace.

As a corollary to the projection theorem, we see that equality in Theorem4.35(8)
can be achieved for finite dimensional subspaces.

Theorem 4.37 Let U and W be finite dimensional subspaces of an inner product
space V. Then U+ + Wt = (U N W)L

Proof By Theorem4.35(8), U+ + W+ C (U N W)*. To prove the other inclusion
(UNW)+ C U+ + W, we consider the orthogonal complements and show that
U+r+whHtcunw.

Towards this, let x € (U+ 4+ W)+, Then (x, y) = Oforeachy € U+ + W, As
Ut C U+ 4+ Wi, weseethat (x, y) = Oforeachy € U'.So,x € U++ = U, bythe
projection theorem. Similarly, it follows that x € W. Hence x € U N W. Therefore,
Ut+whtcunw.

Then, by Theorem4.35(3) and the projection theorem, we conclude that

Unw)yrcwt+whttr=vt+wt [ ]

Exercises for Sect.4.6

1. InR*, find U+ where U = span{u,, u}:
@u; =(1,0,1,0), up =(0,1,0,1).
®wu =(1,2,0,1),u, =(2,1,0,—-1).
©Qu =(1,1,1,0), up =1, —1,1, 1).
Du; =@,1,1,=1), up =, 1, -1, 1).
2. Using the inner product (p, g) = fol p(t)g(t)dt on P3(R), find the orthogonal
complement of the subspace of constant polynomials.
3. Let V be the the set of all bounded sequences x := (x,) of real numbers.

(a) Show that V is an inner product space with the inner product (x, y) =

Z;.,Ozl ann/nz-
(b) Find a proper subspace U of V such that U+ = {0}.
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(c) Show that the inner product in (a) is induced by an appropriate injective
linear transformation from V into ¢>(N, R).

4. Let V = C™" with the inner product (A, B) = tr(A*B). Find the orthogonal
complement of the subspace of diagonal matrices.

5. Let S be a nonempty subset of an inner product space V. Prove or disprove:
(a) SLLL — SL (b) SLLLL — Sll.

4.7 Best Approximation and Least Squares

Orthogonality can be used to answer a geometrical problem: suppose U is a subspace
of an inner product space V. Given a vector v € V, how to determine a vector from
u that is closest to v? Since it is closest to v, it may be considered as the best possible
approximation of v from U'. Since [|x — y|| is the distance between the vectors x and
v, such a vector u would minimize ||v — w|| as w varies over U.

Definition 4.38 Let U be a subspace of an inner product space V. Letve V. A
vector u € U is called a best approximation of v from U if

[[v—ul <|lv—x| forallx € U.

Example 4.39 Consider R? as an inner product space with the standard inner product.
Letv := (1,0) €e R®>. Let U = {(x, x) : x € R}. To find the best approximation of v
from U, we seek a real number b such that

1(1,0) — (b, b)|| < 1I(1,0) — (x,x)|| forallx € R.

That is, we require an x € R that minimizes |(1,0) — (x, x)|. Equivalently, we
minimize the function f : R — R, where

Fx)=(1,00 — (x,0)|I>’ =1 —x)>+x? forx € R.
Using the methods of calculus, it may be seen that f attains its minimum at x = %
Then the best approximation of (1, 0) from U is (1/2, 1/2). (]

Theorem 4.40 Let V be an inner product space. Let v € V and let U be a subspace
of V.

(1) Avectoru € U is a best approximation of v from U ifand only if v —u 1L U.
(2) If a best approximation of v from U exists, then it is unique.
(3) If dim(U) < oo, then proj;; (v) is the best approximation of v from U.

Proof (1) Let u e U satisfy v—u L U. Let x e U. Then v —u L u —x. By
Pythagoras theorem,
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2 2 2 2 2
v—=xI"=10v—w)+@—-0"=Iv—ul”+lu—x|"=lv—ul
Therefore, u is a best approximation of v from U.
Conversely, suppose that u € U is a best approximation of v. Letx € U.Ifx =0,

then v — u L x. Assume that x # 0. For any scalar o, we have

lv—ul><|v—u—ax|>=(—u—ax,v—u—ax)

= v —ull® = (v —u, ax) — (ax,v —u) + x> &1
. (V_M7x> .
In particular, for « = ———— , we obtain
(x, x

(v—u,ax) =a(v —u,x) =aalx,x) = |afx]?;

(x, v —u) = (v —u, ax) = |a?|x]*.

From (4.1) it follows that

v —ull® < v —ull® = lal*llx]* < v —ul>.

It implies that |a|?||x||> = 0. As x # 0, « = 0. That is, (v — u, x) = 0. Therefore,
v—ulU.

(2) Suppose u, w € U are best approximations of v from U. Then

2 2 2 2
v —ul” < lv—=wl” and [[v—w|" < [v—ul"

So, |lv—w|?> = ||lv—u|/*>. Due to (1), v —u L U. But u —w € U. By Pythagoras
theorem, we have

2 2 2 2 2 2
lv—=wl*=1lv—-utu—wl|"=v—ul”+lu—-wl"=lv—-wl"+llu—w|"

Thus |lu — w||?> = 0. That is, u = w.

(3) Let U be a finite dimensional subspace of V. Then u = proj,(v) € U. Due
to the projection theorem, v —u L U. By (1)-(2), u is the best approximation
of v from U. |

Example 4.41 (1) Consider Example4.39 once more, in the light of Theorem4.40.
Suppose u = (a, @) is the best approximation of v = (1, 0) € R? from {(x, x) : x €
R}. Then

(1,0) — (@, ) L (B, B) forall B € R.

In particular, (1,0) — (o, ) L (1, 1). It leads to o = % Therefore the best approx-
imation of (1, 0) from {(x, x) : x € R} is (1/2, 1/2).

(2) Consider V = C([0, 1], R) as a real inner product space, with the inner product
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1
(frg) = /0 F)gydt for fg € V.

To find the best approximation of u(¢) := t> from U = P;(R) we determine o, B € R
so that v(t) := o 4 Bt satisfies u —v L uy and u — v L u,, where u;(¢) = 1 and
ur(t) =t. That is,

1 1
/(tz—(x—,Bt)dt=0=f (13 — at — Bt?) dt.
0 0

This gives
1 B 1 o 8B
-t _pg=-_Z2_LC
3 2 4 2 3
Therefore, the best approximation of u(t) := > from Py (R) is v(t) = —% +t.

(3) Let V = ¢*>(N, R) as in Example4.28 and let U = span{e,, : n € N}. Let v =
(a1, an,a3,...) € V.Consider u = (0, a», 0, &t4,0,...) € U.
If x = (0, B2, 0, Bs4, .. .) is any vector in U, then we find that

(v—u,x)=((1,0,03,0,04,...), (0, 52,0, Bs,...)) = 0.
Thatis, v —u L U. Therefore, u is the best approximation of v from U. ([

Observe that Theorem 4.40 guarantees the existence of the best approximation of
a vector in V from the subspace U when U is finite dimensional. If U is infinite
dimensional, then a best approximation to any given vector in V from U may not
exist. See the following example.

Example 4.42 Let V = ¢*>(N,R) as in Example4.28, U = cyp(R), and let v :=
(1, 2, 1/3, .. ) Clearly v € V \ U. Suppose u € U is the best approximation of v.
With v, = (1,1/2,...,1/»,0,0...) € U, we have

RGN

1 1
2 2
v —ull” < [v—=wall

This is true for all n € N. As n — o0, we obtain ||v — u|| = 0. So that v = u, which
is not possible. Therefore, v does not have a best approximation from U'.

In fact, this happens for any v € V \ U. To see this, let v = (oel, o, ... ,) S
V\U.Lete; € U be the sequence whose jth termis 1, and all other terms equal to
0. The set {e; : j € N} is an orthonormal basis of V. Thus for any u € U,

(v—u,w)=0 forall we U iff (v —u,e;) =0 forall j e Niff v—u=0.



4.7 Best Approximation and Least Squares 193

This is impossible since u € U but v € V \ U. Hence, by Theorem4.40, u cannot
be a best approximation of v from U. Therefore, vectors in V \ U do not have best
approximations from U. (]

If the subspace U of V has an orthonormal basis {uy,...,u,}, then by
Theorem4.40, the best approximation u € U of v is given by

k

u = proj,; (v) = Z(V, uju;.

j=1

It is not necessary to start with an orthonormal basis of U for computing u. If we
have a basis of U, then the orthogonality condition given in Theorem4.40(1) can be
used to determine . We have followed this method in Example4.41. Let us review
the general situation.

Letv € V. Let {uy, ..., u,} be any basis of U, which is a subspace of V. Let u
be the best approximation of v from U. Suppose

u=aou+ -+ au,

for some scalars «y, ..., . Using the orthogonality condition that v —u L u; for
each j € {1, ..., n}, we obtain the system of linear equations
Ol](l/l], uj) B +an(un»uj> = (V, Mj> forj = 1, R (N

‘We may write this linear system as Ax = y, where
A= up)), x=lor - o’y y=[vom) - (vou)]

This matrix A is called the Gram matrix of the basis {u1, ..., u,}. The Gram
matrix is invertible since there exists a unique best approximation. (This fact can
also be established using the linear independence of {u1, ..., u,}.) Then the solution
of this linear system gives the coefficients «;, ..., «,; and consequently, the best
approximation u is determined.

Best approximation can be used for computing approximate solutions of linear
systems. If u is a solution of the linear system Ax = b, then the residual |Au — D||
must be zero. Thus, if Ax = b does not have a solution, then an approximate solution
is obtained by choosing a vector u so that the residual ||Au — b|| is minimized.
Equivalently, we seek a minimizer of ||Ax — b||>. Such a minimizer is named as a
least squares solution of the linear system. More generally, we have the following
definition.

Definition 4.43 Let 7 : U — V be a linear transformation, where U is a vector
space and V is an inner product space. Let y € V. A vector u € U is called a least
squares solution of the equation 7x = y if ||[Tu — y|| < ||[Tz — y| forallz € U.
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Observe that if v is a solution of Tx = y, then ||Tv — y|| = 0. Thus v minimizes
the norm || Tx — y||. That is, each solution of Tx = y is a least squares solution. But,
a least squares solution need not be a solution; see the following example.

|1 |0 | %1
Example 4.44 LetA_|:0 0i| andb_[1j|.lfu_|;3]eR , then

lAu—b|> = (@+p)*+1=1.

Hence, minimum value of || Au — b|? is attained for all o, 8 € R with (o + B)> = 0.
Therefore, u = (o, —)” is a least squares solution for any o € R.

However, the linear system Ax = b does not have a solution.

It also shows that a least squares solution is not necessarily unique. (]

It follows from Definition 4.43 that

u is a least squares solution of 7x = y if and only if v = T'u is a best approx-
imation of y from R(T), the range space of T'.

Thus a least squares solution is also called a best approximate solution. Notice that
a least squares solution of Ax = y is in the domain space of 7T whereas the best
approximation of y is in the range space of 7. Therefore, uniqueness of a least
squares solution will depend upon the injectivity of 7. Theorem4.40 entails the
following.

Theorem 4.45 Let T : U — V be a linear transformation, where U is a vector
space and V is an inner product space.

(1) Avectoru € U is a least squares solution of Tx = y ifand only if Tu — y is
orthogonal to R(T).

(2) A least squares solution of Tx =y is unique if and only if T is injective.

(3) If R(T) is finite dimensional, then T x = y has a least squares solution.

(4) Let T be injective. Let uy, . .., uy be distinct vectors in U. If {Tuy, ..., Tui} is
an orthonormal basis of R(T), then u := Y ;_,(y, Tu;)u; is the least squares
solution of Tx = y.

Least squares solutions of linear systems can be computed in a simpler way by
using the standard inner product on F”"*!, Further, QR-factorization can be employed
for this purpose.

Theorem 4.46 Let A € F"*" and let b € F"*!. Then the following are true:

(1) Avectoru € F*™*! is a least squares solution of Ax = b if and only if A*Au =
A*D.

(2) If the columns of A are linearly independent, then u = R™'Q*b is the least
squares solution of Ax = b, where A = QR is the QR-factorization of A.
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Proof (1) The columns vy, ..., v, of A span R(A). Thus

u is a least squares solution of Ax = b

if and only if (Au — b, v;) =0, foreachi € {1, ..., n}

if and only if v} (Au — b) = O foreachi € {1, ...,n}

if and only if A*(Au —b) =0

if and only if A*Au = A*b.
(2) Suppose the columns of A are linearly independent. Let A = QR be the QR-
factorization of A. Write u := R~'Q*b. Since 0*Q = I,

A*Au = R*Q*QRR™'Q*b = R*Q*b = A*b.

Due to (1), u is a least squares solution of Ax = b.

Since the columns of A € F"*" are linearly independent, rank (A) = n, which
equals the dimension of the domain space F"*! of the linear transformation A. Due
to Theorem 2.26(1), A is injective. By Theorem4.45(2), u = R~'Q*b is the (only)
least squares solution of Ax = b. |

11 0] o
In Example4.44, A = |:O 0:| and b = |:1_. Thus u = [,3

solution of Ax = b if and only if A*Au = A*b, or,

1 1[«] _[O
b JB]-0)
Clearly, its solution set is {(a, —a)” : @ € R} as found earlier.
For the linear system Ax = b with columns of A being linearly independent, we
have a formula u = R~'Q*b for the least squares solution. In actual computation
we rather solve the associated linear system Ru = Q*b. It is easier to do so since R

is upper triangular.
Exercises for Sect.4.7

i| is a least squares

1. Find the best approximation of v € V from U, where

(@) V=R? v=(1,0), U={(a,a):acR}.

(b) V=R3} v=(1,2,1), U=span{(3, 1,2), (1,0, 1)}.

) V=R v=(,2,1), U_{(abc)eR3 a+b+c=0}
(d V=R* v=(1,0,-1,1), U =span{(1,0, —1, 1), (0,0, 1, 1)}.
(e) V=R* v=(1,2,3,4), U=span{(1,1,0,0), (0,0, 1,2)}.

2. In the real inner product space C([0, 1], R), with (f, g) fo f(t)g(t)dt, find
the best approximation of
(@) u(t) := t* from P; (R) (b) u(t) := exp(¢) from P4(R).

3. Determine a polynomial p(t) of degree at most 3 such that p(0) = 0 = p’(0) and
fol |p(t) — 2 — 3t|%dt is as small as possible.

4. Determine the polynomial p(¢) € Ps(R) minimizing ffﬂ |sint — p(t)|2dt.
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5. Find the least squares solution for the system Ax = b, where

@A=|1 2|,b=| 0| A= b=
> . 1 -1 0 —1
0 1 -1 -2

6. Let A € R"*" and b € R™. If columns of A are linearly independent, then show
that there exists a unique x € R” such that AT Ax = ATb.

4.8 Riesz Representation and Adjoint

Let V be an inner product space and let y € V. The inner product defines a function
f:V — T, given by
f(x)=(x,y) forx eV.

For all u,v € V and each « € F, we see that

Jlutv)=u+v,y) =y +{v,y) = f)+ f),
flow) = (o, y) = afu, y) = af (u).

That is, the map x — (x, y) is a linear functional on V.

Similarly, if we define a function g : V — [F by fixing the first vector, that is,
by taking g(y) = (x, y), then g(u +v) = g(u) + g(v) but g(ay) = ag(y). Such a
function is called a conjugate linear functional on V. In a real inner product space,
a conjugate linear functional is also a linear functional.

We show that every linear functional can be written via the inner product if the
inner product space is finite dimensional. It yields a representation of functionals by
vectors. Again, orthonormal bases come in handy.

Theorem 4.47 (Riesz representation) Let V be a finite dimensional inner product
space. For each linear functional f : V — T, there exists a unique y € V such that

f(x)={(x,y) forallx €V,

which is given by y = Z?:l f(uj) u; for any orthonormal basis {uy, ..., u,} of V.

Proof Let f : V — F be a linear functional. Let {uy, ..., u,} be an orthonormal
basis of V and let x € V. By Fourier expansion, x = Z'}zl (x, uj)u;. Consequently,

F0 =D u) fu =Yt Pl ug) = {x. T uj)
j=1

j=1 j=1

Thus, f(x) = (x, ) forall x € V, where y = 3", f(u;) u;.
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For uniqueness of such a vector y, let y;, y, € V be such that

f(x)={(x,y), fx)={(x,y) forallx € V.

Then (x, y; — y2) = 0 for all x € V. Therefore, y; = y,. |

The vector y in the equation f(x) = (x, y) is called the Riesz representer of the
functional f, and we denote it by v¢. Thatis, if {uy, ..., u,} is an orthonormal basis
of V, then

Vi = Zf(uj) uj.

j=1
The map f + vy is a function from V' to V. Write this map as X. That is, let
X(f)=vy for feV.

Suppose that f, g € V' and « € F. Then X(f), X(g), X(f + g) and X(«f) are
vectors in V that satisfy

(3, X(f +2) = (f +9)(x) = f(x) +gx) = (x, X(f)) + {x, X(g)) = (x, X(f) + X(8)),
(x, X(af)) = (af)(x) = af (x) = alx, X(f)) = (x, @ X(f)),
for every x € V. Thus,

X(f+g) =X(f)+X(g) and Xaf)=aX(f),

for every f, g € V' and o € F. That is, the map f + v, is conjugate linear. Also,
this map is injective.

Now, going a bit further to the dual of the space V', we see that each functional
¢ € V" has aRiesz representer f; in V'. Again, the map ¢ — f, is conjugate linear.
Then the composition map

¢ > fo > X(fo) = vy,

from V” to V is a linear transformation. Since both ¢ > f; and X are injective
and conjugate linear, the composition map is injective and linear, and with the finite
dimensionality of V, this map becomes an isomorphism. This is the natural isomor-
phism between V and V” that we mentioned in Sect.2.6.

Here is an important application of Riesz representation theorem. To keep the
notation simple, we use the same notation (-, -) for inner products on both the inner
product spaces involved.

Theorem 4.48 Let T : V — W be a linear transformation, where V. .and W are
finite dimensional inner product spaces. Then there exists a unique linear transfor-
mation S : W — V such that (Tx,y) = (x, Sy) forallx € V, y e W.
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Proof Letw € W. Consider the map g : V — [ defined by
g(x) =(Tx,w) foreachx e V.

Since T : V — W is a linear transformation, g is a linear functional on V. Let v be
the Riesz representer of the functional g. Then

g(x) = (x,v) foreachx e V.
That is, for each w € W, we have a corresponding vector v € V such that
(Tx,w) =(x,v) foreachx e V.

Due to the uniqueness of the Riesz representer, the correspondence w > v defines
a function from W to V. Call this function as S. That is,

S:W—->V with S(w)=v.
To see that S is a linear transformation, let x € V, y,z € W, and let« € F. Then

(x, SOy +2) =(Tx,y+2z)=(Tx,y)+ (Tx,z) = {(x, Sy) + (x, Sz) = (x, Sy + Sz),
(x, S(ay)) = (Tx,ay) = a(Tx, y) = a(x, Sy) = (x, aSy).

Hence forall x € V, S(y +z) = Sy + Sz and S(ay) = «Sy. That is, S is a linear
transformation.

In fact, S(w) is the Riesz representer of the linear functional x — (Tx, w). Thus
S : W — V is alinear transformation satisfying the property that

(Tx,w) = (x,Sw) foreachx e V.

For the uniqueness, suppose S, S> : W — V are linear transformations satisfying
(Tx,y)=(x,S81y) =(x,Sy) forallx eV, yeW.
Thenforallx e V, y e W, (x, (5] — S»2)y) = 0. In particular, for x = (S; — S»)y,

we have

((S1—82)y, (S1—S82)y)=0 forally e W.

It implies that S; — S, is the zero linear transformation. |

The above proof shows that if {v;, ..., v,} is an orthonormal basis of V, and
y € W, then S(y) is the Riesz representor of the functional f(-) := (T(-), y). That
is,
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n n
SO =D fpv =) {Tvy) Z v, Tvj,y)v; foryeW.
j= j=1 j=1

In fact, this gives rise to the following direct proof of Theorem4.48 without using
the Riesz representer, where finite dimensionality of W is not required.

A direct proof of Theorem 4.48:
Let {v{, ..., v,} be an orthonormal basis of V. Let x € V. Due to Theorem4.16,

x = Z;:I(x, vj)v;. Forany y € W, we have

n

(Tx,y)=<z<x vi)yTv;, > Zx vi)y{(Tv;,y)

j=1
n

—Z ij, )—<x, Z(y, ij)vj>.

J=1

The assignment y +—> Z (v, Tvj) v;is uniquely determined from the orthonormal
basis, the given linear transformatlon T, and the inner product. Therefore, S : W —
V defined by

n
S =Y (v.Tvj)v; foryew 4.2)
j=1
is awell-defined function. Clearly, S is a linear transformation from W to V satisfying
(Tx,y)=(x,Sy) forxeV, yeW.
The uniqueness of such an S follows as in the first proof given above. |

Example 4.49 Let A := [a;;] € "*". Then A can be thought of as a linear trans-
formation from F” to F”, defined by

Alay, ...,a,) =B, ..., Bu)s Bi = Zaijaj-
j=1
With the standard inner products on " and ", we have

<A(a1’ ~-'van)$ ()/1, ceey ym)> =
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Thusa (A(al7 AR an)’ (y17 AR Vm)) = <((xl7 AR an)a B(Vh AR Vm)), Where

m

B(Vla B Vm) = Zajiyj~

j=1

Notice that the matrix B := [a ;] € F"*" is the conjugate transpose, that is, the
adjoint of the matrix A. (I

In view of Theorem4.48 and Example4.49, we give a notation and a name to
the linear transformation S : W — V corresponding to the linear transformation
T :V — W, in Theorem4.48.

Definition 4.50 Let V and W be finite dimensional inner product spaces. Let 7 :
V — W be a linear transformation. The unique linear transformation 7* : W — V
that satisfies

(Tx,y)={(x,T*y) forallx eV, ye W

is called the adjoint of T'.

Due to Theorem 4.48, each linear transformation from a finite dimensional inner
product space to another has a unique adjoint.

We have seen in Example4.49 that the adjoint of a matrix in F""*" is its conju-
gate transpose, and we know that a matrix is the matrix representation of a linear
transformation with respect tot the standard bases. In general, if orthonormal bases
are chosen for the spaces, then the matrix representation of 7* happens to be the
conjugate transpose (adjoint) of the matrix representation of 7. We prove this fact
in the following theorem.

Theorem 4.51 Let B ={v,...,v,}and E = {w, ..., wy,} be orthonormal bases
for the inner product spaces V and W, respectively. Let T : V. — W be a linear
transformation. Then [T*]p g = ([T )"

Proof Leti € {1,...,m}andlet j € {1, ..., n}. Denote the (i, j)th entry of [T ]g p
by a;; and that of [T*]p ¢ by b;;. By Theorem4.31,

bij = (T*wj, vi) = (vi, T*w;) = (Tvi, wj) = aj;.
Therefore, [T*]5.r = ([T1g.5)* u

A commutative diagram may be helpful. Let 7 : V. — W be a linear transforma-
tion, where dim(V) = n and dim(W) = m. Suppose [T ]¢ p is the matrix represen-
tation of 7" with respect to the orthonormal bases B for V and E for W. Let ¢ be
the canonical basis isomorphism from V to F"*! and let v/ be the canonical basis
isomorphism from W to F”"*!, Then the map T* is that linear transformation from
W to V such that the following happens for the commutative diagrams:
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T T*
Vg —————=Wg Vp<——Wg
If  ¢5|= ~ |y then b5 |~ ~| Y.
anl Imel anl ]mel
[T1e.s [TT; 5

In fact, the adjoint of a linear transformation can be defined alternatively through
the above property of the commutative diagrams.

We notice that if the bases are not orthonormal, then the conjugate transpose may
not represent the adjoint; see the following example.

Example 4.52 Consider E = {u, us, u3} as a basis for R3, where u; = (1, 1, 0),
u; = (1,0, 1) and uz = (0, 1, 1); and B = {ey, ez, e3, e4} as the standard basis for
R*. Use the standard inner products (the dot products) on these spaces. Consider the
linear transformation 7 : R* — R? given by

T(a,b,c,d)=(a+c,b—2c+d,a—b+c—d).

For obtaining 7* : R* — R*,lety = (a, B, ¥) € R>. We compute the inner prod-
uct (Tx, y) forany x = (a, b, c,d) € R* as in the following:

(T(a,b,c,d), (a,B,y)) =((a+c,b—2c+d,a—b+c—4d), («,B,v))

=@+c)a+b-2c+d)f+@—b+c—d)y
ala+y)+b(B—y)+tcl@—28+y)+d(B—v)
((@a.b,c.;d), (@ +y.B—y,a=28+y,B—-7))
=((a,b,c,d), T" (e, B, y))-

Therefore, T* : R3 — R* is given by

T*(Ol,,B,)/):(Ol+)/,/3—)/,0l—2,3+)/,,3—)/)

To determine the matrix representations of 7" and T*, we proceed as follows:

Te; = T(1,0,0,0) = (1,0,1) =O0u; + lus+0us
Tey =T(0,1,0,0) = (0,1, —1) = Lu; — Lus + Ous
Tes =T(0,0,1,0) = (1, =2, 1) = —Lus +2u — Lus
Tes =T(0,0,0,1) = (0,1, —1) = 1u; — Lus + Ous

LO=(,1,-1,1) =lej+les—1les+1leq
T u, =T%(1,0,1) =2, —-1,2,—1) =2e; —lex+2e3— ley
1 1) (1,0,—1,0) = 16‘1 +0€2—1€3 +064
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Therefore, the matrices are

0 1 —1 1 } _% (1)
Tlesp=|1 -1 2 —1|, [Tpe=|_ -
0 0 —1 0 b2 -l
1 -1 0
Notice that [T*]5 ¢ # ([T1z.5)". O

The following theorems state some facts about the map that associates a linear
transformation to its adjoint. We also mention some useful facts concerning the range
spaces, the null spaces, and their orthogonal complements, of a linear transformation
and its adjoint.

Theorem 4.53 Let U, V and W be finite dimensional inner product spaces. Let
S:U—-VandT, T\, T, : V— W be linear transformations. Let I : V — V be
the identity operator and let o € . Then

(T + D) =T +TF, (@) =aTl* (T =T, I"=1, (TS)"=S*T"

Proof (x, (aT)*y) = (aTx,y) =a(Tx,y) =ax,T"y) = (x,a T"y). Therefore,
(aT)* = & T*. Other equalities are proved similarly. |

Theorem 4.54 Let T : V — W be a linear transformation, where V. .and W are
finite dimensional inner product spaces. Then

() N(T*) = R(T)*, R(T*)" = N(T),

(2) R(T*) = N(T)*, N(T*)*" = R(T),

(3) N(T*T) = N(T), N(TT*) = N(T"),

4) R(T*T) = R(T*), R(TT*) = R(T), and

(5) rank (T*) = rank (T"), null (T*) = null (T) 4+ dim(W) — dim(V).

Proof (1)w € N(T*)

ifandonly if 7*w =0

if and only if (v, T*w) = Oforallv € V

if and only if (Tv,w) =0 forallve V

if and only if w € R(T)*.
Therefore, N(T*) = R(T)*. Replacing T by T* in this equality, and using the fact
that (T*)* = T, we obtain N(T) = R(T*)" .

(2)By (1), N(T*) = R(T)* and R(T*)* = N(T). Taking orthogonal complements
and using the projection theorem, we get R(T*) = N(T)* and N(T*)* = R(T).
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B)If x € N(T), then Tx = 0. Then T*Tx = 0, which implies that x € N(T*T).
Conversely,lety € N(T*T).Then(Ty, Ty) = (y, T*Ty) = 0.Hence Ty = 0. That
is, y € N(T). Therefore, N(T*T) = N(T). The other equality is proved similarly.
(4) Using (1)-(3), and (T*T)* = T*T** = T*T, we obtain:

R(T*T) = N(T*T)")* = N(T*T)* = N(T)* = R(T").

The other equality is proved similarly.
(5) Using (4) and the rank-nullity theorem, we obtain

rank (T*) = rank (T*T) = dim(V) — null (T*7T) = dim(V) — null (T') = rank (7).

Then
null (T*) = dim(W) — rank (T*) = dim(W) — rank (T')
= dim(W) — (dim(V) — null (T")) = null (T') + dim(W) — dim(V). [ |

Notice that rank (7*) = rank (T") provides another proof that the row rank and
the column rank of a matrix are equal! It also follows that 7* is invertible if and only
if T is invertible. In this case, (T*)~' = (T~")*. Similarly, rank (T*T) = rank (T)
implies that T is invertible iff 7*T is invertible.

Inverse of a canonical basis isomorphism coincides with its adjoint as the follow-
ing theorem shows.

Theorem 4.55 Let {vy, ..., v,} be an orthonormal basis of an inner product space
V. Let ¢ be the canonical basis isomorphism from V onto F"*!. Then ¢! = ¢*.

Proof Let j e{l,...,n}. We have ¢(v;) =e;. Let v € V. There exist scalars
a1, ..., o, suchthaty = 37 | ;v sothatg(v) = Y " oe;. Moreover, (¢;, e;) =
8ij = (vi,v;) foreachi € {1,...,n}. Now,

4,67 (€)= B0, ) = D aileisej) = D ailvinvy) =D evinvj) = (.87 e).
i=1 i=1 i=1

Hence ¢*e; = d)‘lej for each j. Therefore, ¢* = ¢~ . |

In general, if a square matrix A € F"*" maps an orthonormal basis of F"*! to
another orthonormal basis, then it is necessarily unitary, that is, A~! = A*. Along
with this, the following theorem generalizes the result to any m x n matrix.

Theorem 4.56 Let {ui,...,u,} and {vi, ..., v} be orthonormal bases for F"*!
and F™*'| respectively. Let A € """ satisfy Au; = v; for 1 <i < min{m, n}.

(1) If n < m, then A has orthonormal columns; thus, A*A = I.
(2) If m < n, then A has orthonormal rows; thus, AA* = I.
() If m = n, then A is unitary.
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Proof (1) Assume that n < m. That is, the number of columns in A is less than
or equal to the number of rows in A. The standard basis vectors of F"*! can be
expressed as linear combinations of u;s. That is, for any i, j € {1, ..., n}, there
existscalars ay, ..., &ty, Bi, ..., By suchthate; = Y ) oqupande; = Y ', Bru,.
Due to orthonormality of u;s and of v;s, we have

(Ae;, Aej) ZZakﬁ (Aug, Au,) = ZZa;ﬁ,(v,,vk)

k=1 r=1 k=1 r=1

_Zzakﬂ u,,uk <el’ >=81/

k=1 r=1

Therefore, the columns of A are orthonormal. If b;; is the (i, j)th entry in A*A,
then it is equal to the dot product of the ith row of A* with the jth column of A. That
is, bjj = (Ae;)*(Aej) = (Aej, Ae;) = §j;. Therefore, A*A =1
(2) Suppose that m < n. Then the number of columns in A* is less than or equal
to the number of rows in A*. Using (1) for A* in place of A, we conclude that the
columns of A* are orthonormal. Therefore, the rows of A are orthonormal. Also, (1)
implies that (A*)*A* = I. Thatis, AA* = I.

(3) It follows from (1) and (2). |

For instance, take m = 3 and n = 2. Consider the standard basis vectors u; = ey,
uy = ey for B> and v; = ¢, vo = €5, v3 = ¢, for F**!. Then the condition Au; =
v; for 1 <i < min{m, n} says that the columns of A are ¢| and ¢}, which are clearly
orthonormal.

Exercises for Sect.4.8

1. On C?, consider the linear functional f defined by f(a, b,c) = (a + b +c¢)/3.
Find a vector y € C? such that f(x) = (x, y) for each x € C3.

2. Let T be alinear operator on a complex inner product space V. Letv € V. Define
the linear functional f on V by f(x) = (v, Tx) for x € V. Determine a vector
y € V such that f(x) = (x, y) foreachx € V.

3. Determine a polynomial g(¢) € P>(R) so that for every p(t) € P»(R),
@ [y p(Dg()dt = p(if2)  (b) [y cos(xt) p(t)dt = [y q(t) p(t)dr.

4. Fix a vector u in an inner product space. Define a linear functional 7 on V by
Tv = (v,u). Whatis T*(«) for a scalar «?

5. Define a linear operator T on " by T (ay, ..., a,) = (0,ay, ..., a,—1). What is
T*(ay,...,a,)?

6. Let U be a subspace of a finite dimensional inner product space V. Letv € V.
Show the following:

(a) Thefunction f : U — F givenby f(x) = (x,v) forx € U, is alinear func-
tional on U.

(b) The Riesz representor of f in (a) is given by proj; (v).

(c) Ifu € U is the Riesz representor of v, thenv —u € U+,
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7. Let T be a linear operator on a finite dimensional inner product space. Prove that

T* is invertible if and only if T is invertible. In that case, show that (T*)~! =
(T~hH*.

4.9 Problems

10.
11.

12.

. Let V be an inner product space, and let x, y € V. Show the following:

(a) If Re(x, y) = [lx|l [lyll, then Re(x, y) = [(x, y)I.
(b) Foreacha € I, ||x + ay| = ||x — ay| ifand only if x L y.
(¢c) Foreacha € IF, ||x|| < ||x + oy| if and only if x L y.

. Isittrue that two vectors u and v in a complex inner product space are orthogonal

if and only if for all scalars a, B, |lau + Bv]|> = |lau|® + |Bv]*?

. Show that there does not exist an inner product on F? such that the corresponding

norm is || (a, b)|| = |a| + |b|.
For x = («y, ..., a,) € R?, define ||x|| = max; |«;|. Show that there exists no
inner product on R” such that (x, x) = ||x||? for all x € R".

. Recall that any function || - || from an inner product space to R satisfying the

properties proved in Theorem 4.7, except the parallelogram law, is called a norm.
A norm need not come from an inner product. Using this generalized sense of a
norm, answer the following:

(a) On R2, define ||(a, b)|| = (|a|* + |b|*)"/* for o > 0. For which «, this
defines a norm?

(b) Let | - || be anormon R?. Is it true that ||x||*> = (x, x) for some inner product
(-, -y on R? if and only if {x € R?: ||x|| = 1} is an ellipse or a circle?

Let| - || be anorm on a vector space V. Prove that there exists an inner product
(-,-) on V with (u, u) = ||lu||* for all u € V if and only if || - || satisfies the
parallelogram law. (Hint: Use polarization identities).

. Let V be an inner product space. Let x, y € V. Prove that ||x + y|| = [|x]| + ||y

if and only if one of x, y is a nonnegative multiple of the other.

. Construct an orthonormal basis for P, (R) in which the matrix of the differenti-

ation operator is upper triangular.

Let T be linear operator on an inner product space V. Prove that (Tx, Ty) =
(x,y)forallx,y € Vifand onlyif ||Tx| = ||x]| forallx € V.

Derive Cauchy—Schwarz inequality from Bessel’s inequality.

(Minimum property of Fourier coefficients) Let {uy, ..., u,} be an orthonormal
set in an inner product space V. Let y = oju; + - - - + a,,u,, for some scalars
oy, ...,a,. Let x € V. Then ||x — y|| depends on the scalars «y, . . ., ;. Show
that ||x — y|| is minimum if and only if o; = (x, u;) fori € {1, ..., n}.

Let (vy, ..., v,)beann-tuple of linearly independent vectors in a real inner prod-
uctspace V.LetV,, = span{vy, ..., v,}for | <m < n.How many orthonormal
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13.

14.

15.

16.

17.

18.

19.

20.

21.

4 Inner Product Spaces

n-tuples of vectors (uy, ..., u,) exist so that spanf{uy, ..., u,} =V, for each
m?

Let V be a real inner product space of dimension 2. Let T : V — V be a linear
transformation satisfying (Tx, Ty) = (x, y) for all x, y € V. Show that with
respect to any orthonormal basis of V, the matrix of T is in the form

cosf sin 6
sinf —cosf |’
Recall that A € R"*" is called an orthogonal matrix if it respects the inner prod-

uct on R”, i.e. when (Ax, Ay) = (x, y) holds for all x, y € R”". Prove that the
following are equivalent:

(a) A is orthogonal.

(b) A preserves length, i.e. || Ax|| = ||x|| for each x € R".
(c) Aisinvertibleand A~' = AT.

(d) The rows of A form an orthonormal basis for R”.

(e) The columns of A form an orthonormal basis for R"*!.

Show that orthogonal matrices preserve angles. That is, if A is an orthogonal
matrix, then the angle between Ax and Ay is same as that between x and y.
Let A € C"™". Show that the following are equivalent:

(a) Aisunitary,ie. A*A=AA*=1.

(b) |Av| = ||v|| for each v € R**!,

(¢) The rows of A form an orthonormal basis for C".

(d) The columns of A form an orthonormal basis for C"*!.

Let{uy,...,u,}and {vy, ..., v,}beorthonormal bases of an inner product space
V. Let T be a linear operator on V. Prove that } ', [|Tu; > = > i 1Ty, 1%
Can you identify this quantity?

Let u, v be vectors in an inner product space V. Define the linear operator 7 on
V by Tx = (x, u)v. Compute the trace of 7. [Note: tr(T) = tr([T]), where [T]
is a matrix representation of 7' with respect to any ordered basis.]

Construct an example to show that a linear system Ax = b has a unique least
squares solution, which is not a solution. Explain the situation in terms of the
QR-factorization of A observing that Q Q* # I.

Let V be an inner product space with an ordered basis B = {uy, ..., u,}. Show
the following:

(a) The Gram matrix [a;;] of B, where a;; = (u;, u;), is invertible.
(b) If oy, ..., €T, then there is exactly one vector x € V such that (x, u;) =
aj,forj=1,2,...,n.

Let T be alinear operator of rank r on a finite dimensional vector space V. Prove
that 7 =T, + --- 4+ T,, where each of T}, . .., 7, is a linear operator of rank 1,
onV.
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22.

23.

24.

25.

26.

27.

28.

29.

Let V be a finite dimensional real inner product space. A function 2 : R — V
h(t) —h

is said to be differentiable at @ € R if the limit lim M exists. In that
t—a —a

case, we write the value of this limit as (Dh)(a).

(a) Let f, g : R — V bedifferentiable ata € R. Show that the real-valued func-
tiont — (f(¢), g(¢)) is also differentiable at a.

(b) Show that (£ (f (1), g()))(a) = ((Df)(a), g(a)) + (f(a), (Dg)(a)).

(c) If f:R — V is differentiable at all # € R and || f(¢)|| is constant for all
t € R, then show that f(¢r) L (Df)(¢) forall t € R.

Let (-, -) be any inner product on F"*!, Show that there exists a hermitian matrix
A such that (x, y) = x*Ay.

Let T : V — W be a linear transformation, where V and W are finite dimen-
sional inner product spaces. Prove the following:

(a) T* isinjective if and only if T is surjective.
(b) T* is surjective if and only if T is injective.

(Fredholm Alternative) Given A € F"*" and b € "*!, prove that either the linear
system Ax = b has a solution or the system A*x = 0 has a solution x with
x*b # 0.

Let f : R — R**! be a function. Prove that the following are equivalent:

(a) Forallx,y € R, || f(x) = fFWIl = lx = yl; and f(0) = 0.

(b) Forall x,y € R™!, (f(x), f(»)) = (x, ).
(c) There exists an orthogonal matrix A € R"*” such that f(x) = Ax.

It says that a distance preserving map that fixes the origin is precisely one that
preserves the dot product; also, such maps can be described as orthogonal matri-
ces.

Rigid motions are distance preserving maps. Prove that every rigid motion is the
composition of an orthogonal operator and a translation. That is, if f : R"*! —
R satisfies || f(x) — f(y)|| = [lx — y|| for all x, y € R"*!, then prove that
there exists an orthogonal matrix A and a vector b € R"™! such that f(x) =
Ax + b for all x € R"*!. (See Problem26.)

Let T be a linear operator on a finite dimensional inner product space V. Prove
the following:

(a) There exists k € R such that ||Tv||/||v]| < k for every nonzerov € V.

(b) Define ||T'|| = sup{||Tv|/lIv]l :v#0, ve V}.Then| - || : L(V,V) = R
isanorm on L(V, V).

©) Tl =sup{lITv]:veV, |vl| =1}

d 1= 1

(e) Letve V,andletT € L(V, V). Then ||Tv| < ||T| V.

(f) Let S, T € L(V, V). Then ||ST| < |IS| IT]].

Let T be a linear operator on a finite dimensional inner product space V. Let
{ar,} be sequence of scalars. We say that the power series fo’:o o, T" converges
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30.

4 Inner Product Spaces

if and only if the power series of scalars > -, a,||T"| converges. Show that
> o(1/n))T" converges. Note: using this, we define the exponential of T by
exp(T) = > 02 (1/n)T".

Let V be a finite dimensional inner product space. Let V' be the dual of V.
For any f € V/, let vy € V be its Riesz representer. Show that the function
(, ): V' xV' = Fby (f, g) = (v, vy) defines an inner product on V"



Chapter 5 ®)
Eigenvalues and Eigenvectors i

5.1 Existence of Eigenvalues

Consider the linear operator T on R?® defined by
T(a,b,c)=(a+b,b+c,c+a) for(a,b,c)eR.

We notice that T («, o, ) = 2(«x, o, ). Therefore, T maps any point on the line
containing the points (0, 0, 0) and (1, 1, 1) to another point on the same line. That is,
the line L := {(«, @, @) : o € R} remains invariant (fixed) under this linear operator
T. Given any linear operator on a vector space, which lines remain invariant?

Definition 5.1 Let T be a linear operator on a vector space V over F. For a scalar
A € IF and a nonzero vector v € V, the pair (A, v) is called an eigenpair of T if the
equation Tv = Av is satisfied.

In such a case, A is called an eigenvalue of 7' and v is called an eigenvector of
T corresponding to the eigenvalue A.

To break them apart, A € F is an eigenvalue of T if and only if there exists a
nonzero vector v € V such that Tv = Av. Similarly, v € V is an eigenvector of T if
and only if v # 0, and there exists a scalar A € F such that Tv = Av.

Example 5.2 Consider the linear operator T : C* — C? defined by
T(a,b,c)=(@a+b,b+c,c+a).

Since T(1,1,1) =1+ 1,14+ 1,14+ 1) =2(1, 1, 1), the scalar 2 is an eigenvalue
of T" with a corresponding eigenvector (1, 1, 1). We also see that

(=1 —iv3, 2, —1+i/3)

= B2 1 —iV3, 1+iV3).

T(=2, 1—iv3, 1+iv3)

© Springer Nature Singapore Pte Ltd. 2018 209
M. T. Nair and A. Singh, Linear Algebra,
https://doi.org/10.1007/978-981-13-0926-7_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0926-7_5&domain=pdf

210 5 Eigenvalues and Eigenvectors

Hence, (—2, 1 —i+/3, 1+ i+/3) is an eigenvector corresponding to the eigenvalue
(14 i+/3)/2.1s (1 — i+/3)/2 also an eigenvalue of T'? O

If A is an eigenvalue of 7, then (T — Al)v = 0O for a nonzero vector (an eigen-
vector) v. That is, the linear operator 7 — A[ is not injective. Conversely, if T — A7
is not injective, then there exists a nonzero vector v such that (7 — AI)v = 0. That
is, Tv = Av. Therefore, we have the following characterization of an eigenvalue:

A scalar A is an eigenvalue of 7 if and only if 7 — A[ is not injective.

Moreover, if the vector space is finite dimensional, then 7 — A1 is not injective if and
only if it is not surjective, due to Theorem 2.26. Hence we also obtain the following:

If T is a linear operator on a finite dimensional vector space over F, then a
scalar A € I is an eigenvalue of T if and only if 7 — A7 is not invertible.

We will often use this condition for eigenvalues since it gives a way for ascertaining
a scalar to be an eigenvalue without recourse to an eigenvector. This characteriza-
tion immediately connects eigenvalues of a linear operator with those of its adjoint,
whenever the vector space is an inner product space. Observe that T — Al is not
invertible if and only if (T — AI)* is not invertible due to Theorem 4.54. Further,
Theorem 4.53 implies that (T — AI)* = T* — AI. Therefore,

if T is a linear operator on a finite dimensional inner product space, then a
scalar A is an eigenvalue of T if and only if X is an eigenvalue of T*.

Given alinear operator 7 if there exists a scalar that is an eigenvalue of T', then we
say that T has an eigenvalue. In that case, we also say that the eigenvalue problem
for T, that is, Tv = Av, is solvable. If T has an eigenvalue with a corresponding
eigenvector v, then the line {av : @ € I} is invariant under 7. In general, a linear
operator T need not have an eigenvalue; then no line is invariant under such a linear
operator 7.

Example 5.3 Let T : R? — R2 be defined by T'(a, b) = (—b, a). If X is an eigen-
value of T with corresponding eigenvector (¢, 8), then

T(a, B) = (=B, @) = Ma, p).

This implies that —8 = Ao anda = AB. Thatis, (1> + 1) = 0. As (o, B) = (1B, B)
is required to be nonzero, 8 # 0. Then we must have A> + 1 = 0. There exists no
A € R with A2 + 1 = 0. Therefore, T does not have an eigenvalue.

However, for the same map (a, b) — (—b, a) with C? in place of R?>, A = i and
A = —i satisfy the equation A> + 1 = 0. It can be verified that (1, —i) and (1, i) are
eigenvectors corresponding to the eigenvalues i and —i, respectively. (]

Example 5.3 shows that we may need to solve for zeros of certain polynomials
for obtaining eigenvalues of a linear operator. To investigate the issue of existence
of eigenvalues, we will use the following fact, called the Fundamental Theorem of
Algebra:
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Any nonconstant polynomial of degree n with complex coefficients has exactly
n number of complex zeros, counting multiplicities.

If « is a zero of a polynomial p(¢) then p(t) = (t — a)"q(t), for some m € N, and
some polynomial ¢ (¢). In addition, if « is not a zero of ¢ (¢), then we say that « as
a zero of p(t) has multiplicity m. In such a case, we also say that « is a root of
multiplicity m, of the equation p(r) = 0.

The proof of the fundamental theorem of algebra may be found in any text on com-
plex analysis. The fundamental theorem is used to factor polynomials with complex
coefficients in a natural way. A polynomial with real coefficients may have complex
zeros. In that case, the complex zeros occur in conjugate pairs. That is, if o 4 i
is a zero of a polynomial with real coefficients, then o — if is also a zero of the
same polynomial. Hence, whenever ¢ — (@ + i) is a factor of such a polynomial,
t — (o — ip) is also a factor. Then their product (r — o)? + B2 is a factor of such a
polynomial for real numbers « and S. These facts are summarized in the following
statement.

Proposition 5.1 Let p(t) = ay + ait + - - - + axt* be a nonconstant polynomial

with ay, . .., a; € C, and ay # 0. Then the following are true:
(1) There exist Ay, ..., , € Csuchthat p(t) = ap(t — A1) -+ (t — hg).
(2) If ao,...,ar € R, then there exist Ay, ..., A; € R and nonzero ay, ..., oy,

Bi,...,Bm € Rwithk = j+2m, j >0, m > 0 such that
p(@) = ap(t =) (¢ = 1) =)’ + B7) -+ (0 — )’ + By).-

(3) The factorizations in (1)—(2) are unique up to ordering of the factors in the
product. Further, in (2), if k is odd, then j > 1; that is, p(t) has a real zero.

In Proposition 5.1(2), if p(z) has no real zeros, then the linear terms are absent;
and if all zeros of p(¢) are real, then the quadratic terms are absent in the product.

Theorem 5.4 Every linear operator on a finite dimensional complex vector space
has an eigenvalue.

Proof Let V be a vector space of dimension n over C. Let T : V — V be a linear
operator. Let x be a nonzero vector in V. The list x, Tx, T%x,...,T"x hasn + 1
vectors, and hence, it is linearly dependent. So, there exist ag, a; . . ., a, € C, notall
zero, such that

apx +a;Tx+---+a, T"x =0.

Let k be the maximum index such that a; # 0. That is, if a; # 0, then j < k. Write
p(t) = ap+ait + - - + ait*. Then

p(T) =apl +arT + -+ aT* ax#0 and p(T)(x) =0.

By Proposition 5.1, there exist complex numbers Aq, ..., Ax such that
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pt) =ar(t — At — A2) ... (F = Ap).

Then

a(T — DT — 20 ... (T — A ) (x) = p(T)(x) =0.
Since x # 0, p(T) is not injective. Hence, at leastone of T — A1, ..., T — Al is
not injective. Therefore, at least one of A1, ..., A; is an eigenvalue of A. [ |

Linear operators on infinite dimensional spaces need not have eigenvalues even
if the underlying field is C; see the following example.

Example 5.5 (1) Consider the vector space P(C). Define T : P(C) — P(C) by
Tp(t) =tp(t), for p e P(C).

As tp(t) = Ap(t) is impossible for any scalar A and a nonzero polynomial p(z), T
has no eigenvalue.

(2) Let V := coo(N, C), the space of all complex sequences having only a finite
number of nonzero entries. Let 7 be the right shift linear operator on V, that is,

T(Ol]’ a, .. ) = (05 oy, 02, .. )

If e Candv:= (x;,ar,...) € V are such that Tv = Av, then (0, a1, o, ...) =
May, @z, . ..). It implies Aoy = 0 and A, = «, for each n € N. This is possible
only for the zero vector v. Therefore, T does not have an eigenvalue. O

Exercises for Sect.5.1
1. Find eigenvalues and eigenvectors of the following linear operators:

(a) T :F? — FF? defined by T'(a, b) = (b, a).

(b) T :F3 — 3 defined by T (a, b, ¢) = (0, 5a, 2¢).

(¢) T :R* — R*defined by T(a, b, c,d) = (b, —a,d, —c).

(d) T :F" — F" defined by T (ay,...,a,) = Qi @iy .., Yo ai).
(e) T : F*° — F* defined by T (a1, az, ...) = (az, a3, ...).

() T :F*® — F* defined by T (ay,az,...) = (0,a;,a, ...).

2. Let T be alinear operator on a finite dimensional complex vector space V. Show
that each nonzero v € V is an eigenvector of T if and only if 7 = «/ for some
a e C.

3. Suppose S and T are linear operators on V, A is an eigenvalue of §, and u is an
eigenvalue of 7. Is it necessary that A is an eigenvalue of ST'?

4. Let A be an n x n matrix and « be a scalar such that each row (or each column)
sums to . Show that « is an eigenvalue of A.

5. Give an example of a linear operator 7 on a real inner product space, where
(T — al)? + B?I is not invertible for some real numbers « and .
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6. If (1,2)7 and (2, 1)7 are eigenvectors corresponding to eigenvalues 1 and 2 of
a2 x 2 matrix A, then what is A?

7. Let B = {vy, ..., v,} be abasis of a vector space V. Let T be a linear operator
onV.Let A =[T]p p. Prove that v; is an eigenvector of 7" with eigenvalue A if
and only if the jth column of A has the form Av;.

8. If a square matrix is of rank 1, then show that its trace is one of its eigenvalues.
What are its other eigenvalues?

9. Let T be alinear operator on a real vector space. Suppose T2 + aT + g = 0 for
some «, B € R. Prove that T has an eigenvalue if and only if a? > 4.

10. If x and y are eigenvectors corresponding to distinct eigenvalues of a real sym-
metric matrix of order 3, then show that the cross product of x and y is a third
eigenvector linearly independent with x and y.

5.2 Characteristic Polynomial

By eigenvalues and eigenvectors of a matrix A € C"*", we mean eigenvalues and
eigenvectors of the linear operator A : C"*! — C"*!. It means that A € C is an
eigenvalue of A € C"™" with a corresponding eigenvector v € C"*! if and only if
v #0and Av = Av.

Let A € R™", Asalinear operator on R"*!, it may or may not have an eigenvalue.
Non-existence of an eigenvalue for A € R"*" means that there does not exist a real
number A such that Av = Av for some nonzero vector v € R"*!. On the other hand,
A is also in C"™*". If we consider it as a linear operator on C"*! then Theorem 5.4
guarantees that it has at least one eigenvalue A € C with a corresponding eigenvector
ve O™, v#£0.Incase A € R, write v = x 4+ iy withx, y € R"™!. Then Ax = Ax
and Ay = Ay. As v # 0, at least one of x or y is nonzero. Therefore, X is also an
eigenvalue of the linear operator A : R"*! — R”"*!_ Therefore,

we view a matrix A € R"*" as a linear operator on C"*! so that it has an
eigenvalue A € C with a corresponding eigenvector v € C"*1.

In fact, areal vector space can be embedded in a complex vector space; then a linear
operator is identified with its incarnation on the complex vector space. Consequently,
the eigenvalues of the old linear operator are precisely the real eigenvalues of the
new one. Further, the new linear operator may have more nonreal eigenvalues. For
details on this technique, called complexification, see Problem 50.

Observe that similar matrices have the same eigenvalues. Indeed, if B = P~'AP
for some invertible matrix P € F"*", then for A € F and v € F"**",

Av = iff APP v =xPP 'y iff (P'AP)P v =AP ).
Since similar matrices represent the same linear transformation, we ask whether there

is a connection between the eigenvalues of a linear operator and those of its matrix
representation.
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Theorem 5.6 Let T be alinear operator on a finite dimensional vector space V over
[F. Let B be an ordered basis of V. Let A € IF be a scalar and letv € V be a nonzero
vector. Then (A, v) is an eigenpair of T if and only if (A, [v]g) is an eigenpair of
[T]3,5-

Proof Since [Tv]p = [T]1p.plv]s and [Av]g = A[v]p, we have T'v = Av if and only
if [T]p,[vls = Alv]p. n

We emphasize that in Theorem 5.6, if F = R, then the eigenvalues of 7 are
precisely the real eigenvalues of [T']5 5.

Suppose A is an eigenvalue of ann x n matrix A. Then A — A/, as alinear operator
on C"! is not injective. Then, it is not surjective; consequently, det(A — AT) = 0.
Expansion of this determinant shows that it is a polynomial in A and it has degree
n, where the coefficient of A" in this polynomial is (—1)". By multiplying such a
polynomial with (—1)", it can be made to be a monic polynomial. Recall that the
coefficient of the highest degree term in a monic polynomial is 1; the degree of the
zero polynomial is zero. Thus we give the following definition.

Definition 5.7 Let T be a linear operator on a finite dimensional vector space.

(a) The monic polynomial X, (¢) := (—1)" det(T — ¢ I is called the characteristic
polynomial of 7.

(b) The equation X, (¢) = 0 is called the characteristic equation of 7.

(c) Any complex number which is a root of the characteristic equation of T is called
a characteristic value of 7.

The definition makes sense since the determinant of a linear operator is the same
as the determinant of any matrix representation of the linear operator. Further, the
characteristic equation of 7 may also be given by det(7 — ¢ I) = 0. Notice that the
characteristic polynomial of 7' can also be written as det(# I — T'). It plays the role
of the polynomial of degree k that we had met in the proof of Theorem 5.4.

A proof of the fact that similar matrices have the same eigenvalues can be given
using the characteristic polynomial as well; it is as follows:

det(P7'AP —t 1) =det(P""(A =t ) P)
= det(P~") det(A — ¢ I) det(P) = det(A —t I).

Two matrices of the same size can have same eigenvalues but different characteristic
polynomials. For instance, take A = diag(1, 1, 2), the diagonal matrix of order 3
with the diagonal entries as 1, 1, and 2, and take B = diag(1, 2, 2). Then X, (¢) =
(t — 1)>(t —2) and X4(t) = (t — 1)(t — 2)*. Both have the same eigenvalues 1 and
2. But the number of times they are the zeros of the respective characteristic poly-
nomials are different.
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Definition 5.8 Let 7 be a linear operator on a finite dimensional vector space.

(a) Foraneigenvalue A of T, the largest positive integer m such that (r — A)™ divides
the characteristic polynomial of T is called the algebraic multiplicity of the
eigenvalue A; it is denoted by K. (1), or as w(A).

(b) If Ay, ..., A, are the distinct eigenvalues of T with algebraic multiplicities
my, ..., my, respectively, then we say that 7 hasm := m; + - - - + m; number
of eigenvalues counting multiplicities.

If the characteristic polynomial of T can be written as (t — A)"¢(¢), where t —
A does not divide g (¢), then w(X) = m, and vice versa. For example, the matrix
diag(1,,, 21,) has eigenvalues 1 and 2 with u(1) = m and u(2) = n.

Existence of an eigenvalue depends on the linear operator and also the underlying
field. Unless the field is C, it cannot be guaranteed that the characteristic polynomial
is a product of linear factors using only numbers from the field; see Proposition 5.1.
We wish to isolate this convenient case from others.

Definition 5.9 A polynomial p(t) = ag + a;t + - - - + axt* of degree k with coef-
ficients from F is said to split over F if there exist scalars A;, ..., A € F such
that

p) = ar(t —Ay) - (f — Ag).

By Proposition 5.1, each polynomial with complex coefficients splits over C. If
a polynomial with real coefficients has only real zeros, then it splits over R. There
can exist polynomials with real coefficients which do not split over R; for example,
p(t) =141

The characteristic polynomial X, (t) of T is a polynomial of degree n. When it
splits over IF, all its zeros are in IF. In such a case, if X, (t) = (t — Ay) -+ - (t — A,),
then Ay, ..., A, are the n eigenvalues of 7, counting multiplicities. Notice that the
multiplicity of such an eigenvalue A as a root of the characteristic equation is same
as its algebraic multiplicity. We thus obtain the following result.

Theorem 5.10 Let T be a linear operator on a vector space V of dimension n over
. If the characteristic polynomial of T splits over IF, then each characteristic value
of T is an eigenvalue of T. In this case, T has exactly n eigenvalues, counting
multiplicities.

Observe that if F = C, then the characteristic polynomial of 7' splits; then by
Theorem 5.10, each characteristic value of T is an eigenvalue of 7. If F = R and
A € R is a characteristic value of T, then by Theorem 3.34(2), det(T — Al) =0
implies that 7 — A[ is not injective. Thus, A is an eigenvalue of 7. Therefore, every
characteristic value of 7 that is in I, is an eigenvalue of 7'. In particular, we obtain
the following result.

Theorem 5.11 Let T be a linear operator on a finite dimensional vector space V.
Then, each real characteristic value of T is an eigenvalue of T.
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As we see, splitting of the characteristic polynomial is equivalent to each of the
following statements:

1. All characteristic values of 7 are eigenvalues of 7.
2. Either F = C or, F = R and T has only real characteristic values.

Moreover, Theorem 5.10 suggests the following method for computing the eigen-
values and eigenvectors of a linear operator T on a vector space V of dimension n:

Choose any basis B of V;

Determine the matrix representation [T']g g of T with respect to B;

Compute the characteristic polynomial X, (¢) := (—=1)" det([T]p,p — t1);

Find the roots of the characteristic equation det([T]g. g —tI) = 0;

Keep only those roots which are in the underlying field of V. These are the
eigenvalues of T along with their multiplicities.

A e

For computing eigenvalues of a matrix A € ", we take B as the standard basis
of "*! 5o that [A]z. 3 = A. Be aware that this procedure becomes unmanageable
when n = dim(V) > 4. We rework Example 5.2.

Example 5.12 Let T : C* — C? be defined by T'(a,b,c) = (a+b,b+c,c+a).
Choosing B as the standard basis for C*, we have

110
[Tlgp=10 1 1
1 01

The characteristic polynomial of T is

1—¢t 1 0
X () = (=Ddet(T —th)=—| 0 1—t 1 |=—[(1-0°—-1(-=D].
1 0 1—1

The roots of the characteristic equation
-1 =-1=¢-2)*—-1r+1) =0

are 2 and (1 & i~/3)/2. These are the characteristic values and eigenvalues of T and
of [T]p.p. If T were a linear operator on IR?, its only eigenvalue would be 2. ([l

Each matrix in F"*" has a characteristic polynomial, which is a monic polyno-
mial. Conversely each monic polynomial is the characteristic polynomial of some
matrix. To see this, let p(¢#) be a monic polynomial with coefficients from F. By
Proposition 5.1, p(¢) can be written as

p@) =@ —x) -t —A)(t —a)* +B7) - ((t — ) + Bh).
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where A1, ..., Aj, a1, ..., 0, Bi,..., Bn € F. We then take

M = diag()q, ey Ak [_Z: gi] ey [_(;Z g;::|)

It is easy to verify that p(z) = X, (2).

However, a simpler matrix using the coefficients in p(¢) can be constructed so
that p(¢) is the characteristic polynomial of the matrix. It is as follows.

If the monic polynomial is p(t) = ag + ¢, then we take C,, = [—ap].

If p(t) = ap+ art + -+ + a,_1t"~" + " for n > 2, then we take C,, € F"*" as

-0 —ap
1 0 —a
C,:= ! @
0 - ap—2
L I - ap—1

It may be verified that det(C, —t 1) = (—=1)"(ap +ait +--- + An_1 "V 1),
That is, the characteristic polynomial of C, is p(f). Accordingly, the matrix
C, is called the companion matrix of the polynomial p(¢) =aop +ait +---+
Ay 1tV 1.

Exercises for Sect.5.2

1. Determine the eigenvalues and corresponding eigenvectors for the following
matrices:

a 010
32 -2 —1 11
@ |_ 0} (b) [ 5 2] () [i i} (d (100
: 001
2 6 —1 110 (1)8}?
@101 3 ®|ii 0| @410
03 1 00 1+i 001 1

2. Let A =[a;j] € F2*2. Show the following:

(a) If A is an eigenvalue of A, then (ap, A — a;;)7 is a corresponding eigen-
vector.
(b) A has areal eigenvalue if and only if (a;; — an)? + 4apa > 0.

. Give a linear operator whose characteristic polynomial is (¢ — 5)*(t — 6)?.

4. Let T : R*> — R? be defined by T (a, b) = (0, b). Show that t> — 2¢ is not the
characteristic polynomial of 7', and T2 — 2T is not invertible.

5. Let T : R?> — R? be the linear operator given by T (a, b) = (—b, a). Let B be

any basis for R2.If [T1g,8 = laij], then show that ajpas; # 0.

W
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6. Find the eigenvalues and corresponding eigenvectors of the differentiation oper-
ator d/dt : P3(R) — P3(R).

7. Let V be the space of all twice differentiable functions from R to R. Determine
all eigenvalues of the second derivative d?/dt*> : V — V.

8. Let T be a linear operator on a vector space of dimension n. Let Ay, ..., A, be all
characteristic roots of 7. Prove that det(7) = I1"_,A; and tr(T) = Y -, A;.

5.3 Eigenspace

If X, and A, are distinct eigenvalues of a linear operator 7' : V — V, then their
corresponding eigenvectors must be distinct. For, if a vector v is an eigenvector
corresponding to both the eigenvalues A and A,, then A;v = Tv = A,v implies that
(A1 —2A)v=0. Asv # 0, A = Ay. A stronger conclusion holds.

Theorem 5.13 Eigenvectors corresponding to distinct eigenvalues of any linear
operator are linearly independent.

Proof Suppose, on the contrary, that there exists a linear operator T on a vector space

V, with distinct eigenvalues A, ..., Ax, k > 2, (among others) and corresponding
eigenvectors vy, . .., V¢, which are linearly dependent. For eachi € {1, ..., k}, v; #
Oand T'v; = A;v;. By Theorem 1.29, thereexists j € {2, ..., k}suchthatvy,...,v;_;

are linearly independent and
Vi=o0ovp ooV
for some scalars a1, ..., oj_;. Then

)»jVj :alkjvl +-~-+Olj,1)ujvj',1
TVj =a;Tvy+--- +Olj_1TVj_] = ajA1V] +---—|—(Xj_])\.j_1Vj_].

Now, A;v; — Tv; = 0 implies

ar(Aj —Apvi+---+a; (A —A;1)v; =0.

Since vy, ..., v;_; are linear independent,

ar(hj—r)=--=aj1(A; —A;j—1) =0.
As the eigenvalues A; are distinct, oy = --- = oj_; = 0. But then v; = 0. This is
impossible since v; is an eigenvector. |

More than one linearly independent eigenvector may exist corresponding to the
same eigenvalue. For example, the identity operator I : R? — R? has eigenvectors
e1, e, e3 corresponding to the same eigenvalue 1.

Recall that if X is an eigenvalue of a linear operator 7', then the set of all eigenvec-
tors corresponding to the eigenvalue A along with the zero vector is N(T — L), the
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null space of T — AI. The number of linearly independent eigenvectors correspond-
ing to the eigenvalue A of T is the nullity of the linear operator T — AI. Moreover,
Theorem 5.13 implies that if A; and X, are distinct eigenvalues of a linear operator,
then N(T — A1) N N(T — A1) = {0}.

Definition 5.14 Let T be a linear operator on a vector space V.

(a) The set of all eigenvalues of T is called the eigenspectrum of 7 and is denoted
by eig(T).

(b) The subspace N(T — A ) of V is called the eigenspace of 7" with respect to
the eigenvalue XA and is denoted by E(}).

(c) Forx € eig(T), y (1) := dim(E (L)) is called the geometric multiplicity of the
eigenvalue A.

Weread A € eig(T) as “A is an eigenvalue of 7. If more than one linear operator
are involved in a certain context, we may denote E(A) and y (1) as E(X) and y, (1),
respectively.

Example 5.15 The conclusions drawn in each of the following cases may be easily
verified:

(1) Let T : F? — F? be defined by T (a, b) = (a + b, b). Then A = 1 is the only
eigenvalue; so, eig(T) = {1}. E(1) = N(T — I) = span{(1, 0)}, and y (1), the geo-
metric multiplicity of the eigenvalue 1, is 1.

(2) Define T : R? — R? by T'(a, b) = (b, —a). Then eig(A) = @.

(3) Let T : C*> — C? be defined by T(a, b) = (b, —a). Then eig(T) = {i, —i}.
E@{)=N(T —il) =span{(1,i)}, E(—i) = N(T +il) = span{(1l, —i)},and y (i)
=y(-i)=1.

(4)Define T : F* — F3by T(a, b,c) = (a,a +b,a + b+ c). Theneig(T) = {1},
E(1) = N(T —I) = span{(0,0, 1)}, and (1) = 1.

(5) Let T : P(F) — P(F) be defined by (Tp)(¢t) =tp(t) for p € P(F). Then
eig(T) = @.

©)LetT : P([a, b], R) — P([a, b], R), where (T'p)(t) = %p(t) for p € P(la, b],
R). Then eig(T) = {0} and E(0) = N(T') = span{py}, where po(t) = 1 forall ¢ €
[a, b]. Consequently, y (0) = 1. O

The following theorem generalizes Theorem 5.13.

Theorem 5.16 LetXy, ..., A, fork > 2, bedistinct eigenvalues of a linear operator
T on a vector space V. Then the following are true:
() EQ) N Y5 E(y) = {0} foreach j € {1,... k).

oy

i#]

(2) Foreachi € {l1,...,k}, let B; be alinearly independent subset of E(\;). Then
UleBi is linearly independent. Further, if i,j € {l,...,k} and i # j, then
BiNB; =@.
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Proof (1) Suppose E(X;) N Z],-‘zl E();) # {0} forsome j € {1,...,k}. Letv; bea
i#]

nonzero vector in E(A;) N ZI,-‘:] E(A;). Then
i#]

vj:v1+...+vj71+vj+l+...+vk

for some vectors vi € E(A1),...,vj_1 € E(Aj_1),vjy1 € E(Ajy1),..., v €
E (). Since v; # 0, at least one of the vectors on the right hand side is nonzero.
Thus

Vi = Vm, +"'+Vm,,

for nonzero vectors vy, ..., vy, Withmy,...,m, € {1,...,k}\ {j}. This contra-
dicts Theorem 5.13, since v;, vy, ..., vy, are eigenvectors corresponding to the
eigenvalues Aj, A, ..., Ay, , respectively.

(2) To show that Uf‘:l B; is linearly independent, we take any linear combination of
vectors from Ule B; and equate it to 0. Such an equation can be written in the form

k
E (ajrvit + - -+ + i, Vim,) =0,
i—1

where Vi1, ..., Vim, € Biand oy, ..., iy, € Ffori e {1,...,k}.
Since a;vi1 + - + Qim, Vim; € E(X;), due to (1), we conclude that

ai1vilt + -+ im;vim;, =0 foreachi e {1,...,k}.

Now that B; is linearly independent, it follows that «t;; = - - - = «;,,, = O for each
i €{l,...,k}. Hence U'_, B; is linearly independent.

For the second part of the conclusion, suppose that B; N B; # & for some i # j.
Letv e BiNB;. Thenv # 0 and A;,v = Tv = A;v. Hence, (A; — A;)v = 0. This is
not possible since A; # A ;. n

If X is an eigenvalue of T with corresponding eigenvector v, then T?y = ATv =
A2v. That s, A? is an eigenvalue of 7'2. Will all eigenvalues of 72 come only this way?
In general, if p(#) is any polynomial, then is there any relation between eigenvalues
of T and those of p(T)?

Theorem 5.17 (Spectral mapping theorem) Let T be a linear operator on a vector
space V over IF. Let p(t) be a polynomial with coefficients from . Then the following
are true:

(D {p@) : & € eig(T)} < eig(p(T)).
2) If F =C, theneig(p(T)) = {p(X) : A € eig(T)}.
(3) Lets e F. If T — 51 is invertible then § ¢ eig(T) and

eig((T —80)7") = {(A —8)"" : & € eig(T)).
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4) If T is invertible, then 0 ¢ eig(T) and eig(T™") = {A~! : 1 € eig(T)}.

Proof (1) Let A € F. Then p(¢#) — p(A) is a polynomial which vanishes at t = X.
Thus p(t) — p(A) = (t — M)gq(t) = q(t)(t — ) for some polynomial g (¢). Hence

p(T) = pWI = (T =2 1)q(T) = q(T)(T = A 1).

If (T —XxI)v =0 for some v # 0, then (p(T) — p(L))v = q(T)(T — 1)y =0.
That is, if A is an eigenvalue of T, then p(A) is an eigenvalue of p(T).
(2) Suppose F = C. Let 8 € C be an eigenvalue of p(T). Then p(T) — BI is not

injective. If p(¢) is a polynomial of degree n, then so is p(¢) — B. Let a be the
coefficient of #* in p(¢). Due to Proposition 5.1,

pt)—B=alt—xy)---(t—2x,) forsomeAiq,...,Ar, €C. (5.1)

Therefore,
p(T) =Bl =a(T — 1) --- (T — A, 1).

Since p(T') — BI is not injective, T — A ;[ is not injective for some j € {1, ..., n}.
That is, A ; is an eigenvalue of 7. Substituting t = A; in (5.1), we have 8 = p(4).
That is, each eigenvalue of p(T) is equal to p(X) for some eigenvalue A of T.
Conversely, due to (1), if A is an eigenvalue of T', then p(A) is an eigenvalue of p(T).
This completes the proof.

(3) Let L € F, A # 6. Suppose that T — &1 is invertible. Then 7' — 81 is injective;
hence § is not an eigenvalue of 7. Now,

A=8(T =8D((T =)' — (A —8""'1) = —(T — Al).
That is,
(T=8D"'—=8""T==0=8"(T =8D~N(T = 1.

Therefore, T — Al is not injective if and only if (T — SH~' — (x —8)~'I is not
injective. That is, A € eig(T) if and only if (A —§)~! € eig((T — 81)’1). It com-
pletes the proof.

(4) It is a particular case of (3). |

IfF = R, then all eigenvalues of p(7") may not be in the form p(X) for eigenvalues
A of T. See the following example.

Example 5.18 (1) Let T : R> — R? be given by T (a, b) = (—b, a). We have seen
in Example 5.3 that T has no eigenvalue. That is, eig(T) = &. But T%(a,b) =
T(—b,a) = —(a, b) for each (a, b) € R?. Hence eig(T?) = {—1}. Here, eig(T?) 2
(A2 1 A e eig(T)).
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(2) Let T : R* — R3 be given by T'(a, b, ¢) = (—b, a, 0). Then eig(T) = {0} but
eig(Tz) = {—1, 0}. That is, eig(Tz) 2 A:xe eig(T)}. (I

Theorem 5.17(4) can be seen more directly. Suppose T is invertible. If 0 € eig(T),
then for a nonzero vector v, we have 7v = 0. Then T would not be injective. Thus
0 ¢ eig(T). Now, (X, v) is an eigenpair of 7 if and only if v £ 0 and Tv = Av if and
only if v # 0 and 7~'v = A~!v if and only if (A~!, v) is an eigenpair of T~!.

Moreover, if V is finite dimensional, then O ¢ eig(7T") implies that 7 is invertible
due to Theorem 2.26(4). Therefore, for linear operators 7" on finite dimensional
vector spaces, A ¢ eig(7T') is equivalent to T — A[ is invertible.

Recall that if v is an eigenvector of a linear operator 7, then the line {av : « € [}
is fixed by T. In other words, the image of every vector in the span{v} is inside
span{v}. We generalize this notion a bit to include arbitrary subspaces in our ambit,
which will help us in understanding the eigenspaces.

Definition 5.19 Let 7 be a linear operator on a vector space V. A subspace U of V
is said to be T-invariant (or, invariant under 7) if T(U) C U.

For instance, if T is a linear operator on a vector space V, then its range space
and null space are T'-invariant. For,if y € R(T),then Ty € R(T); andifx € N(T),
thenTx =0¢e N(T).

Observe that when a subspace U is T -invariant, foreachx € U, wehave Tx € U.
Therefore, T |y, the restriction of T to the subspace U is well-defined as a linear
operator on U.

Invariant subspaces are related to the factorization of the characteristic polynomial
of a linear operator.

Theorem 5.20 Let T be a linear operator on a finite dimensional vector space V.

(1) If U is a nontrivial T -invariant subspace of 'V, then the characteristic polyno-
mial of T |y divides the characteristic polynomial of T.

2) If U and W are nontrivial proper T-invariant subspaces of V such that
V =U & W, then the characteristic polynomial of T is the product of the
characteristic polynomials of T |y and that of T |w.

Proof (1) If U =V, then there is nothing to prove. Assume that U is a proper

subspace of V. Let Ey := {uy, ..., u} be a basis for U. Extend E, to a basis E :=
EqgU{vy,...,v,} for V. Notice that m > 1. Let v € V. Since U is T-invariant,
Tuj; € Uforeach j € {1,...,k}. So, there exist scalars a;;, b;; and c;; such that

Tuy = ayuy + -+ agrug

Tuy = ayuy + - - + aguy
Tvy =byuy~+---+brug+cnivi+ -+ cmivm

Tvy = by + -+ + byt + ctmvi + -+ + Coum Vi
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We see that the matrix [T']g g has the block form:

[Tlge = I:g g]

where A = [T |ylEg,.E, € Fkxk B e F*>m 0 e F"™*k and C e F"™*™. Therefore,
det([T]g.e —t 1) = det([T|y])Ey g, — t I) det(C — 1 Iy).

(2) Let V.= U @& W, where both U and W are T-invariant nontrivial proper sub-
spaces of V. In the proof of (1), take the same E; as a basis for U and choose
E; ={vi,...,v,} as abasis for W. Then E = E, U E is a basis for V. Now, the
T-invariance of W implies that the scalars b;; in the proof of (1) are all 0. Thus the
matrix [T]g, g has the block form:

[Tle.e = [g‘ g} ,

where A = [T|ylg,. £, € F¥*, C = [T|wlg, g, € F™™, and the zero matrices are
of suitable size. Then

det([Tlg.e —t 1) = det(T vl e, — 1 Ix) det((T|wle, g, — 1 In)-
This completes the proof. |

Exercises for Sect.5.3

1. Determine the eigenvalues and the associated eigenspaces for the following
matrices, considering first, F = C, and then F = R.

00 00 01 01 0 —1
(a) [0 0} (®) [1 0] (©) [0 O] (d) [1 O] (e) [1 0]

2. Suppose A is a block upper triangular matrix with the blocks on the diagonal as
the square matrices Ay, ..., A,. Show that eig(A) = U eig(A;).

3. Let V :=¢!/(N, C), the vector space of all absolutely summable complex
sequences. Let Sy be the left shift operator and let S be the right shift operator
on V. That is,

SL(OZI, 0o, 03, .. ) = (052, o3, 04, .. .), SR(O{], 0o, O3, .. ) = (0, o1, 0, .. )
Determine the eigenvalues and eigenspaces of S, and Sk.

4. Let T be a linear operator on a vector space V of dimension 2. If T has only one
eigenvalue A, then show that Av — Av € E(A) forallv € V.

5. Let A, B, P € R"™" be such that P is invertible and B = P~'AP. Show that
a vector v € R"*! is an eigenvector of B corresponding to the eigenvalue A if
and only if Pv is an eigenvector of A corresponding to the same eigenvalue A.
Show also that the geometric multiplicity of the eigenvalue A of A is same as the
geometric multiplicity of the eigenvalue A of B.

6. Show that eig(A”) = eig(A) for each n x n matrix A. What about eig(A*) and
eig(A)?
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7. Let A € F¥ satisfy A3 = A. How many distinct eigenvalues can A have?
8. Determine all T-invariant subspaces when the linear operator T is given by
T(a,b) = (a — b, 2a + 2b) for
(a) (a, b) € R? (b) (a,b) € C°.
9. Let T be the linear operator given by T (a, b, ¢) = (a + b, 2b, 3¢c) for (a, b, ¢) €
R3. Determine all T -invariant subspaces of R>.
10. Let T : V — V be a linear operator. Let n € N. Show that the following are
T -invariant:
(a) N(T™) (b) R(T™) (c) Any eigenspace of T".
11. Give an example of a linear operator 7' on a finite dimensional vector space V
so that the T -invariant subspaces are {0} and V, and nothing else.
12. Prove that the only subspaces invariant under every linear operator on a finite
dimensional vector space V are {0} or V.
13. Let T be a linear operator on a vector space V. Prove that if Uy, ..., U, are
T -invariant subspaces of V, then U; + - - - + U, is also T -invariant.

5.4 Generalized Eigenvectors

Let T be a linear operator on a vector space V. Observe that R(T) and N(T) are
T -invariant subspaces of V. Something more can be told along this line.

Theorem 5.21 Let T be alinear operator on a vector space V. Then for everya € F

and j € N,

(1) R(T —al)) 2 R(T —aD)/*', and R(T — al)/ is T-invariant

(2) N(T —al)! € N(T — o)/, and N(T — al)/ is T-invariant. In particular,
for an eigenvalue ) of T, the eigenspace E (M) is T -invariant.

Proof (1)Ify € R(T — oI)/*!, then there exists a vector x € V such that
y=(T —al)/T'x = (T —al)/ (T —al)x).

This shows that R(T — «l)! D R(T — al)/t!.
For T-invariance of R(T — «l)/, let z € R(T — oI)/. Then there exists w € V
such that z = (T — aI)/w. Now,

Tz=T(T —al)w= (T —al))Tw e R(T —al)’.

Therefore, R(T — «I)’ is T-invariant.
(2) Let x € N(T —alI)/. Then (T —al)/x = 0. So, (T —«al)’*'x = 0. That is,
N(T —al)) € N(T —al)/*!. Further, (T — al)/Tx = T(T —al)/x =0. That
is, Tx € N(T — «l)/. Therefore, N(T — «I)/ is T-invariant.

In particular, E(A) = N(T — AI) is T-invariant for an eigenvalue X of 7. [ |
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Example 5.22 LetT : R3 — R3 be the linear operator defined by T (a, b, c) = (a +
b, b + ¢, 2c¢). With respect to the standard basis, its matrix representation is

110
(T1=10 1 1
00 2

Here, [T] is a real matrix. Its characteristic equation is (t — 1)?(t — 2) = 0. To get
the eigenvectors corresponding to the eigenvalue 1, we solve the linear system

(T —I)(a,b,c) =(b,c,c) =0.

This yields » = 0 = ¢, whereas a is arbitrary. Thus y (1) = 1 and the eigenspace is
E(1) = span{(1, 0, 0)}, which is T-invariant. The basis {(1, 0, 0)} of the eigenspace
can be extended to a basis of R3, the domain space of T. One way is to extend it by
using the basis vectors of N(T — 02, if possible. In this case,

(T — D*@a,b,c) = (c,c,c).

Then (T — I)*(a,b,c) =0 implies that ¢ = 0, whereas a and b can be any real
numbers. That is, N(T — I)?> = span{(1, 0, 0), (0, 1, 0)}. This basis of N(T — 1)?
is an extension of the basis of N(T — I). We see that N(T — I)?> # R>.

We try extending it to a basis for R by choosing a vector from N (T — I). Now,

(T — D3, b,c)=(c,c,c) = (T —I)*a,b,c).

We get no more vector from N (T — I)? for extending the earlier basis. We see
that N(T —1) S N(T — D> =N(T — )’ S R’
So, we try a basis of the eigenspace E(2). For this, we solve the linear system

(T —=20)(a,b,c)=(b—a,c—>b,0)=0.

It gives a = b, b = c and c is arbitrary. For example, (1, 1, 1) is such a vector.
It results in the basis {(1, 0, 0), (0, 1, 0), (1, 1, 1)} of R?, which come from the
bases of the T-invariant subspaces N(T — I)? and N(T — 21). O

We look at the T -invariant subspaces N (T — A 1)/ more closely.

Theorem 5.23 Let T be a linear operator on a vector space V and let A be an
eigenvalue of T.

(1) Ifthere exists k € N such that N(T — M1)* = N(T — A1), then

N(T —AD* = N(T —AD**/ forall j € N.
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(2) If dim(V) = n, then there exists k € {1, ..., n} such that
k __ k+1
O;N(T—)»I); ;N(T—)»I) = N(T —AI) c V.

Proof (1) Suppose there exists k € N such that N(T — AI)F = N(T — Al By
Theorem 5.21, we know that N(T — A" € N(T — AD**2. To show the other
way inclusion, let x € N(T — AI)f*2. Then,

(T —ADx € N(T — 2D*' = N(T — AD*.

Thus, (T — AD*'x = N(T — ADXN(T —Ax)x =0 so that x € N(T — ADFL,
Hence N(T — A1)*T2 C N(T — AD)*TL.

Therefore, N(T — AI)"*? = N(T — A)**' = N(T — AI)*. By induction, it fol-
lows that N(T — A1)/ = N(T — Al)* forall j € N.

(2) Let V be of dimension n. On the contrary, assume that for each j € {1, ..., n},
N(T —11)7 S N(T — 1)/ € V. Due to Theorem 5.21, we obtain

O SNT-ADG-- GNT 2D SNT —aD)™* ... CV.

Then, writing d; = dim(N(T — AI)7), we see that dji1 > d;j + 1; consequently,
n =dim(V) > d,+; > n + 1. This is impossible. |

In view of Theorem 5.23, we introduce the following terminology.

Definition 5.24 Let V be a vector space of dimension n. Let T be a linear operator
on V and let A be an eigenvalue of T.

(a) Theleastk € {1,...,n} suchthat N(T — A I)* = N(T — x» I)*! is called the
ascent of 2; and it is denoted by £(A).

(b) The subspace N(T — A1)*® of V is called the generalized eigenspace of T
corresponding to the eigenvalue A and is denoted by G ().

(c) Any nonzero vector in G(A) is called a generalized eigenvector of T corre-
sponding to the eigenvalue A.

Our notation does not show the operator 7 explicitly. If need arises, we may write
£(X) as £7(A), and G(A) as Gr(A). To emphasize, if £ := £()) is the ascent of the
eigenvalue A of a linear operator T on a vector space V of dimension n, then

O SNT-2DG - SGNT-2D' =G =NT —aD""' =...CV.

Further, by Theorem 5.21, G (1) is T-invariant.

Example 5.25 Revisit Examples 5.15 and 5.18.
(1) For the linear operator T : F? — [F? defined by T (a, b) = (a + b, b) we have

(T — )a,b) = (b,0), (T —D3@a,b)= (0,0, NT—-D>=R2=NT 1)
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The characteristic polynomial of T is (—1)?>det(T —t I) = (t — 1)>. Then

eig(T)={1}, y()=1, pw)=2, £1)=2, G1)= R>.
(2) Let T : C*> — C? be defined by T(a, b) = (b, —a). The characteristic poly-
nomial of T is (—1)>det(T —tI) = (t —i)(t +i). Then eig(T) = {i, —i}, and
y (i) = y(=i) = 1. Now,

(T —iD)(a, b) = —2i(—ia + b, —a — ib) = —2i(T — il)(a, b).
So, N(T —iI)*> = N(T —ilI). Then

G(i) = EGi) = span{(1, D)}, £G) =1= u().

It may be verified that G(—i) = E(—i) = span{(1, —i)}, and £(—i) = 1 = pu(—i).

(3) For T : F* — F3 defined by T'(a, b, ¢) = (a,a + b, a + b + ¢), the character-
istic polynomial is (r — 1)3. So, eig(T) = {1}. Now,

(T —I(a,b,c) =0,a,a+b), (T — I)z(a, b,c)
=(0,0,a), (T —I)*@a,b,c) =(0,0,0).

Therefore, N(T — 1) & N(T — I)* S N(T - I)? = R3. We see that
y(h=1, pu()=3, l)=3, G()=R>.

(4) For the linear operator T : R} — R? defined by T (a, b, ¢) = (a + b, b, c), the
characteristic polynomial is (¢ — 1)3. Thus p(1) = 3. Here,

(T —I)(a,b,c) = (b,0,0), (T —1I)*(a,b,c)=(0,0,0).
Consequently, E(1) = N(T — I) = span{(1,0,0)} and y (1) = 1. Hence
NT-DSNT-D*=R, ¢()=2, G(I)=R". O
If V is any vector space, T is a linear operator on V, and A is an eigenvalue of T,

then the ascent £(1) of A and the generalized eigenspace G (1) of T corresponding
to the eigenvalue A are defined as follows:

() :=inf{k e N: N(T =AD" = N(T — 2 DYy G = U N(T — AD)’.
jeN
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Notice thatif V is finite dimensional, then £(1) and G (1) as defined above coincide
with the those in Definition 5.24. If V is infinite dimensional, then it can happen that
£()) = oo as the following example shows.

Example 5.26 Let T be the left shift operator on the vector space ¢! (N, F) of all
absolutely summable sequences of scalars, that is,

T(“l? (x27 .. ') = (a27 a37 .. ')7 (a1! a2» .. ') e EI(N! IE‘)'

For n € N, let e, = (81, 62n, - - .), the sequence with its nth entry 1 and all other
entries 0. Then we see that 7"¢, = 0 and T"e,,+| = ¢, foralln € N. Thus, A = 0is
an eigenvalue of 7" and

(}SNT-2DS - SNT=AD'"SNT —rD"" S  CU(NF).

Therefore, £(1) = oo. O

In Example 5.25, we observe that the algebraic multiplicity of an eigenvalue is
equal to the dimension of the generalized eigenspace. We would like to confirm that
it is indeed the case for any linear operator on a finite dimensional vector space. It
shows that the generalized eigenspace is not an artificial construction.

Theorem 5.27 Let A be an eigenvalue of a linear operator T on a vector space
V of dimension n. Let vy, | and £ be the geometric multiplicity of A, the algebraic
multiplicity of A, andthe ascent of A, respectively. Let Tg := T |G be the restriction
of T to the generalized eigenspace G(A) := N(T — AI)*. Then the following are
true:

(1) V=GO @®R(T —xrDt.

(2) The characteristic polynomial of T is the product of the characteristic polyno-
mials of Ty and of T |rr—ary-

3) eig(Tg) = {1}, and 1 ¢ eig(TIR(T_“)Z).

@) dim(G(\)) = pu =null (T — AI)".

(5) If a e Fand o # A, then for each j € N, N(T —al)) NG(L) = {0}.

(6) Suppose £ =2, je{l,....,L— 1}, and {vy,...,v.} is a linearly independent
subset of N(T — AI)/*" such that span{vy, ..., v.,} N N(T — AI)} = {0}. Then
((T = ADvy, ..., (T — XI)v,} is a linearly independent subset of N(T — M)/
and span{(T — ADvy, ..., (T —ADv,} N N(T —AI)/~! = {0}.

(7) Let € > 2. Then foreach j € {1,...,£ — 1},

@null (T — 217 +1 <null (T —A D/ <null (T =11 +y.
®)null (T — A D/ —qull (T — A 1) <null(T — A1) —null (T — A1)/~

@ l+y—-1=<pn=<ty.
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Proof (1) Due to Theorem 2.25, dim(N(T — A1) +dim(R(T — 1 1)Y) =
dim(V).Toshow N(T — A D N R(T — A I1)* ={0},letx e N(T —A DN R(T —
A D). Then, (T — A I)'x =0 and there exists u € V such that x = (T — A [)‘u.
Now, (T — A D*u = (T —xD'x =0; sothatu € N(T — A 1)* = N(T — 1 I)*,
since £ is the ascent of A. Then x = (T — A I)‘u = 0.

(2) This follows from Theorem 5.20 and (1).

(3) If v is an eigenvector of T corresponding to A, thenv € E(X) € G(X). For such
a vector v, Tg(v) = Tv = Av. Therefore, A € eig(7s).

Conversely, suppose that the scalar o € eig(7¢). Let v € G, v # 0 be an eigen-
vector corresponding to . Then T (v) = av. Also, T (v) = T'v = Av. This implies
(e — XA)v = 0 for nonzero v. Therefore, A = a.

For the second statement, if A € eig(T |g(r—y1yt), then there exists a nonzero v €

R(T — )\.I)e such that T|R(T_;\])Z(V) =Tv=Av. Then v € N(T — )\.I) - G(}\.)
Thatis,v e N(T — A D'NR(T — 1) By (1), v = 0, a contradiction.
(4) Let p(), q(¢) and r(¢) be the characteristic polynomials of the linear operators
T, Tlcoy and of T|gr—spy, respectively. By (2), p(t) = q(t)r(t). Since A is the
only eigenvalue of 7’|,y and A is not an eigenvalue of T'| gy, (t — A)is a fac-
tor of g(¢) and (¢ — A) is not a factor of r(¢). Moreover (t — A)* divides p(¢), and
(t — A)**!is not a factor of p(¢). As ¢(t) is a monic polynomial, g (¢) = (t — L)*.
That is, the characteristic polynomial of T|g is (r — A)*. It shows that u =
dim(G(A)).

Since G(A) = N(T — A1) = N(T — AI)", it follows that i = null (T — AI)".
(3)Leta e Fand o # A. Let v € N(T — al)/ N G(L). We prove by induction on
j thatv = 0 for each j € N.

For j =1, let ve N(T —al)NG(A). That is, Tv = av where v € G(1). If
v # 0, then « is an eigenvalue of T with eigenvector v. This contradicts (4) since
o F A

Assume that N(T — aI)* N G(X) = {0} for some k € N. We need to show that
N(T —aD)**' N G () = {0). For this, let v e N(T —al)**' N G(X). Then

0= (T —aD**"y = (T —aDXNT — al)v.

That is u := (T —al)v e N(T —al)*. Moreover, v e G(A) = N(T —rI)*
implies (T — A I)*v = 0. Then

(T =2 DT =2y = (T —AI)T -1’ =0.
So, u = (T —Al)v e G(). Thus, u = (T —AI)v e N(T —al) NGO = {0}.

Hence, (T —al)v=u=0. Then ve N(T —Al)NGQ) < N(T —Arl)knN
G(x) = {0}; and v = 0.
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(6) Clearly, (T — AD)vy, ..., (T — AI)v, arein N(T — AI)/. Suppose that for some
scalars ay, ..., a,, > ;& (T —Al)v; = 0. Then

> v € N(T —2I) € N(T — Al).

i=I

Asspan{vy,...,v,} N N(T — AI)/ = {0}, we have Yoi_joiv; =0.Sincevy, ..., v,
are linearly independent, o; = O for each i. Thus (T — Al)vy, ..., (T — Al)v, are
linearly independent vectors in N(T — AI)/.

Next, let x € span{(T — AD)vy, ..., (T —AI)v,} N N(T — AI)’~'. Then there
exist scalars By, ..., B, such that

x =Y BT —rDy;, (T—xD)""'x=0.

i=1

It follows that

(T — x1)<f(2r:/3[vi) = Xr:ﬂi(T Ay = (T — A "'x =0.
i=1 i=l1

That is, Y i, Bivi € span{vy, ..., v,} N N(T — AI)/. Consequently, Y ;_, Biv; =
0. Due to linear independence of vy, ..., v,, each §; is zero. It then follows that
x = 0. Therefore, span{(T — Al)vy, ..., (T — Av,} N N(T — Al)/~' = {0}.

(7) Let jefl,...,£—1} for £>2. Then dim(N(T — AI)/) < dim(N(T —
AT)/*!, This proves the first inequality.

For the second inequality, let E be a basis of N(T — A I)/. Extend this to a
basis E U {u;, ..., ux} for N(T — » 1)/t . Then{u,, ..., us} "N N(T — AI)7 = {0}.
Therefore, by (6) above, (T — AI)uy, ..., (T — Al)/uy are linearly independent in
N(T — AI). Consequently, k < dim(E(A)) =y and

dim(N(T — A I)/*Y = dim(N(T — A 1)) + k < dim(N(T — 1 1)’ +y.
This proves (a). For (b), notice that |E| = null N(T — AI)/ and
k=null N(T —AI)’T' —null N(T — AD)/.
By (6), span{(T — ADuy, ..., (T —ADu} N N(T — A0~ = {0}. Hence if B is
any basis of N(T — AI)/~!, then the basis extension theorem implies that there exists
abasis for N(T — AI)/ that contains B U {(T — ADu,, ..., (T — ADug}. It follows
that |B| 4+ k < null (T — AI)7. Therefore,

null (7 — A1)~ 4+ (null (T — AL/ — null (T — A1)Y) < null (T — A1)/.
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@) If£ =1, then G(A) = E(A). By (4), u = y. Therefore, £ +y — 1 <u < {Ly.
So, assume that £ > 2. Look at the dimensions of the subspaces in

EM=NT -1 SNT-1D*S - SNT —-1D"=GO).

For each i, dim (N(T — A 1)) = dim (N(T — A 1)") + 1; there are £ — 1 such
containments. Hence y + ¢ — 1 < u. Due to (6),

w=dim(GQ)) = dim(N(T =AD" <dim(N(T =AD" +y
<dim(N(T =AD" 242y < -+« <dim(N(T —AD+{—-Dy <ty.1

Notice that the ascent of an eigenvalue A is not known beforehand. Applying The-
orem 5.27(6) one constructs bases for N(T — AI), N(T — AI)?, ..., in succession,
where a basis for N(T — AI) is extended to a basis for N(T — AI)*!. By Theo-
rems 5.23(1) and 5.27(4), if null (T — AI)’ < u, then we have null (T — AI)' <
null (T — AI)'*!. The process of extending a basis for N(T — AI)' to that of
N(T — AI)*! stops when for some j < pu, the basis for N(T — AI)/ contains p
number of vectors. In that case, j is the ascent of A. We interpret this fact for n x n
matrices.

Theorem 5.28 Let A € C"™". Let A be an eigenvalue of A of algebraic multiplicity
w. Let j,ke{l,...,u—1}. If the linear system (A — AI)/x =0 has k linearly
independent solutions, then the linear system (A — AI)/+'x = 0 has at least k + 1
linearly independent solutions. Further, the linear system (A — Al)"*x =0 has
linearly independent solutions.

Theorem 5.28 helps in constructing the exponential of a matrix, which is used in
solving a system of linear ordinary differential equations; see Problem 29.

Due to Theorem 5.27, the restricted linear operator 7’| () maps G(A) into G(1).
This has bearing on the matrix representation of 7'| (). In any chosen basis of |,
the matrix representation [T |G, ] of T|g(;) is an . x p matrix.

On the other hand, T'|g(,) is also a map from G(A) to V. If dim(V) = n and
dim(G (1)) = u, then in any chosen bases for the spaces, the matrix representation
of T|gp) is an n x p matrix. Also, R(T|¢ny) € G(1) says that we may as well
start with a basis of G(A) and extend it to a basis of V; in these bases, the n x ©
matrix will have zero entries on (u + 1)th row onwards. In fact, in this view, the
linear transformation T |,y : G(A) — V is nothing but the linear transformation
T:G) — V.

Thus, we stick to the former view of T'|(;) as a linear operator on G (A) and put
forth the following convention.

Convention 5.1 Let A be an eigenvalue of a linear operator T on a finite dimensional
vector space V. The restriction map 7|, is regarded as a linear operator on G ().
Consequently, if A has algebraic multiplicity u, then with respect to any basis of
G, [Tlop] € e,
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Splitting of the characteristic polynomial of a linear operator allows writing
the vector space as a direct sum of the generalized eigenspaces; see the following
theorem.

Theorem 5.29 Let Ay, ..., ,; be the distinct eigenvalues of a linear operator T on
a vector space V of dimension n over F. If the characteristic polynomial of T splits
over IV, then

V=GA)® --®GMA) and pu(hy) +---+ uy) =n.

Proof Assume that the characteristic polynomial of T splits over F. We prove
the theorem by induction on k, the number of distinct eigenvalues of 7. For
k =1, Ajistheonly eigenvalue of T'. Since X, (¢) splits, (A1) = n.ButG(A;) C V,
dim(G (A1) = (1), and dim(V) = n. Therefore, G(A;) = V.

Assume the induction hypothesis that for k = m, the theorem is true. Let T be
a linear operator on a vector space V of dimension n having distinct eigenvalues
Ay o5 A, A, With algebraic multiplicities w1, ..., Uy, 1, respectively. Let £ be
the ascent of A. By Theorem 5.27, V = G(A) @ H()), where H(L) = R(T — AI)*;
and both G(A) and H()) are T-invariant subspaces of V. Consider the restriction
linear operators T := T|g) and Ty := T|u(). Again, by Theorem 5.27, the char-
acteristic polynomial of T is the product of those of T and Tj; A is not an eigenvalue
of Ty, and no A; is an eigenvalue of Ti;. Hence T has single eigenvalue A with alge-
braic multiplicity u, and Ty has m distinct eigenvalues A, ..., A, with algebraic
multiplicities 1, ..., Wy, respectively. By the induction hypothesis,

HR) =Gr,(M) & - & G, (An),

where G, (1) is the generalized eigenspace of Ty corresponding to the eigenvalue
Aj. Since Ty is arestriction of 7', for each j € {1, ..., m}, we have

Gr,(\;) = N(Ty — A, )" € N(T —1; )" = Gr(r;) = G(1;).

Further, dim(G (Aj)) = pj =dim(G(%)). Hence Gty (1) = G(»). Consequently,
H) =G) @ ---® G(Ay). Therefore,

V=GMSHMN=GCA)® - &GCGhn) dGQ).

This completes the induction proof of V.= G (1) ® - - - & G(A;). Their dimensions
yield (1) + -+ pn(g) = n. u

Some of the important equalities and inequalities concerning various parameters
can be summarized as follows. Let T : V — V be alinear operator, where dim(V) =
n I X, (1) =@ =A™ - (¢t —A)™, thenfori € {1, ..., k}, we have
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my+---+mp=n,
y(A) =null (T — A; 1),
1<), yv(ui) < uy) =m; < n,

L) +y@Ri)—1 = mj < L)y (),

null (T — X D/ —null (T — A, D)7 < null (T — A1) —null (T — A, 1)1,
p(h) = dim (N(T — A, D**) = dim (N(T — A 1)™) = dim (N(T — 1 1)").

Since the finite dimensional vector space V is a direct sum of the generalized
eigenspaces and the generalized eigenspaces are T -invariant subspaces, we see that
the linear operator 7' can be written as a direct sum of its restrictions to the generalized
eigenspaces. We write it as

T=Tlco) @ @ Tlco

where 11, ..., A are the distinct eigenvalues of 7'. It says that any vector v € V and
its image under 7' can be written uniquely as

v=vi+---+w, Tv=Tlgoyv) +- -+ Tleon ),

wherev; € G(A;) and T |G, (vi) € G(A;). This gives rise to the block-diagonal form
of the matrix representation of 7', which we will discuss later so that more structure
may be given to the blocks. Note that this direct sum decomposition of 7 is guaranteed
when the characteristic polynomial of T splits; it may break down when T is a linear
operator on a real vector space having a nonreal characteristic value.

Exercises for Sect.5.4

1. Determine the generalized eigenvectors of the linear operator 7 on C?, where

@ T(a,p)=(B.0) (b) T(a,p) = (=P, ).

2. Let T be a linear operator on a 2-dimensional vector space V. Suppose that the

matrix of T with respect to some basis is equal to |:8 (1):| . What are the T -invariant

subspaces of V?

3. Let D be the differentiation operator on P, (R). Let m < n. Is P, (R) invariant
under D? Is D invertible on P, (R)?

4. Let U and W be T-invariant subspaces of a vector space V for a linear operator
T on V.Is U + W invariant under 7'?

5. Let V be a finite dimensional vector space. Let S, T : V — V be linear operators
such that ST = T'S. Show that for every « € F, N(T — «1) is S-invariant.

6. Let T be a linear operator on a vector space V of dimension n. Show that V =
R(TY D R(T"Y D R(T?) D --- D R(T") = R(T"*") foreachi € N.
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5.5 Two Annihilating Polynomials

Let T be a linear operator on a finite dimensional vector space V. In the proof of
Theorem 5.4, we have shown that corresponding to a nonzero vector v, a polynomial
p(t) exists such that p(T)v = 0. This technique can be extended to show that there
exists a polynomial p(¢) such that p(T) = 0, the zero operator. To see this, let T be
a nonzero linear operator on a vector space V of dimension n. Since L£(V, V) is of
dimension m = n?, the linear operators I, T, ..., T™ are linearly dependent. Then
we have scalars o, o, ..., o, not all zero, such that

ool +oiT +---+a,, T" =0.

With p(t) = a9 + a1t + - - - + o, t™, we see that p(T) = 0. Informally, we say that
the polynomial p(t) annihilates the linear operator 7. Notice that starting with a
nonzero vector v, when we obtain p(¢)v = 0, the degree of such a polynomial p(¢)
does not exceed n. Whereas the polynomial p(¢) that annihilates 7 can be of degree
anywhere between 1 to n?. Can we get a polynomial of degree at most 7 that anni-
hilates 7'?

Theorem 5.30 (Cayley—Hamilton) If T is a linear operator on a finite dimensional
vector space, then X;(T) = 0.

Proof Let V be a vector space of dimension 7. Fix a basis E for V.Let A = [T ]g .
Write the characteristic polynomial X, (f) as p(t). Then

pt) = (=1)"det(A —t1) and [p(T)]g e = p(A).

We show that p(A) = 0, the zero matrix.
Theorem 3.30(14) with the matrix (A — ¢ I), in place of A there, asserts that

p I =(=1)"det(A—¢tI)I =(—1)"(A—tl)adj(A —tI).

The entries in adj (A — ¢I) are polynomials in ¢ of degree at most n — 1. Therefore,
adj (A — t1) can be written as

adj(A —tI):= By + 1B +---+1""'B,_y,
where By, ..., B, € F"*" Then
pMI = (-D)"(A—tD)(By+1tB +-- +1""'B,_).
This is an identity in polynomials, where the coefficients of #/ are matrices. Sub-

stituting ¢ by any matrix of the same order will satisfy the equation. In particular,
substitute A for  to obtain p(A) = 0. It then follows that p(7") = 0. [ |
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Using Cayley—Hamilton theorem, inverse of a linear operator 7' on a vector space
of dimension n can be expressed as a polynomial in 7 of degree n — 1. Note that
the characteristic polynomial of 7', which has degree n, annihilates 7. It is quite
possible that there exists an annihilating polynomial of yet smaller degree. While
searching for such annihilating polynomials we may restrict our attention to monic
polynomials.

Definition 5.31 Let T be a linear operator on a finite dimensional vector space. A
monic polynomial g (¢) with coefficients from F is called a minimal polynomial of
T if ¢(T) = 0, and whenever p(¢) is any polynomial with p(T) = 0, the degree of
q(t) is less than or equal to the degree of p(t).

A minimal polynomial is a monic polynomial of least degree that annihilates 7.
Here is a basic result on minimal polynomials.

Theorem 5.32 Let T be a linear operator on a finite dimensional vector space. Let
q(t) be a minimal polynomial of T. If p(t) is any polynomial with p(T) = 0, then
q(t) divides p(t). Further, a minimal polynomial of T is unique.

Proof Let p(t) be a polynomial with p(7") = 0. Since ¢(¢) is a minimal polynomial
of T, degree of g(¢) is less than or equal to degree of p(#). Assume the contrary that
q(t) does not divide p(¢). We can write p(t) in the following form:

p(1) =d(t)q(t) +ar (1),

for some monic polynomials d(¢), r(¢), and a nonzero scalar «. Also, the degree
of r(t) is less than the degree of ¢(¢). Notice that since p(T) = q(T) = 0, the
polynomial r(z) is not a constant polynomial and (7") = 0. This contradicts the fact
that g (¢) is the minimal polynomial of 7.

Further, if ¢(¢) and s(¢) are two minimal polynomials, then both of them have
the same degree, each divides the other, and each is a monic polynomial. Therefore,

s(t) =q(1). [ |

It now follows from Theorem 5.30 that the minimal polynomial divides the charac-
teristic polynomial. Sometimes, this is referred to as the Cayley—Hamilton theorem.
There are linear operators for which the minimal polynomial coincides with the char-
acteristic polynomial. For instance, the companion matrix of any polynomial p(t)
has both the characteristic polynomial and the minimal polynomial as p(#); prove
it!

The minimal polynomial is a theoretical tool since eigenvalues of a linear operator
are also the zeros of the minimal polynomial; see the following theorem.

Theorem 5.33 Let q(t) be the minimal polynomial of a linear operator T on a finite
dimensional vector space. A scalar ) is an eigenvalue of T if and only if g()) = 0.

Proof Let A be an eigenvalue of 7. By Theorem 5.17(1), g(A) is an eigenvalue of
q(T). Since g(T) =0, g(1) =0.
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Conversely, suppose « is a scalar such thatg(«) = 0. Theng(¢) = (¢t — a)r(¢), for
some polynomial r(¢). If r(T') = 0, then g () must divide r(¢). But this is impossible
since degree of r(¢) is less than that of ¢ (). Thus, r (T) is not the zero linear operator.
Therefore, there exists a vector v € V such that r(T)v # 0. Since g(T) = 0, we
have g(T)v = 0. That is, (T — «l)r(T)v = 0. So, « is an eigenvalue of 7" with a
corresponding eigenvector r (T )v. |

Theorem 5.33 does not say that each zero of the minimal polynomial is an eigen-
value. If the characteristic polynomial splits, then each zero of the minimal poly-
nomial is an eigenvalue. In the interesting case of the splitting of the characteristic
polynomial of 7', the minimal polynomial can be written down explicitly.

Theorem 5.34 Let T be a linear operator on a finite dimensional vector space V
over F. Let My, ..., ; be the distinct eigenvalues of T with ascents £y, ..., €y,
respectively. If the characteristic polynomial of T splits over IF, then the minimal
polynomial of T is (t — Ap)b - (t — A%,

Proof Leti e {1,...,k}. Write h(t) = (t — A - (t — Ax)%. For each general-
ized eigenvector x € G(%;), (T — A;1)%(x) = 0. Since foreach j € {1, ..., k},

(T — DT — 215 = (T — ;DY (T — 1D,
we see that 2(T)x = 0. Since the characteristic polynomial of T splits over [, by
Theorem 5.29, V =G&;) ® --- ® G(A;). Therefore, h(T)v = 0 for each v € V.
That is, #(T) = 0. Theorem 5.33 implies that the minimal polynomial g (¢) of T is
in the form

gty =@ —2)" -t —2)"™, wherel <n; <4{,...,1 <n < 4.

We need to show that ny = £, ..., n;y = £;. On the contrary, suppose that for some
i, 1 <n; <¥;.Then

N(T = ;D" S N(T = 1D S N(T = 1,D" = G(y).

Consider a vector u € G(A;) \ N(T — x;I)". Thenv := (T — X;I)"'u # 0. Notice
that v € G(A;). Theorem 5.29 implies that for any j # i,

G\ NN(T — 1,1 € G() NG(hj) = {0},

Thus, if x € G(&;), then (T — A;I)"/x = O implies x = 0. That is, the map (T" —
A;1)" is injective on G(A;). Then the composition map

Si= (T = ;D)™ -+ (T = iy D" (T — di I - (T = A D)™

isinjective on G(4;). So, v #% O implies Sv # 0. But Sv = S(T — A 1)"u = q(T)u.
Thus, g(T)u # 0. This contradicts the fact that ¢g(7) = 0. |
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The minimal polynomial can be constructed by determining the least k£ such that
the ordered set of linear operators {I, T, T2, ..., Tk} is linearly dependent. In that
case, we have the scalars «; such that

T o T+ o T +apl =0.

Then the polynomial % + a1~ 4+ .. 4+ t + ap is the minimal polynomial.
Due to Cayley—Hamilton Theorem, this k cannot exceed n, the dimension of the
domain space V. Computation may become easier if we use a matrix representation
[T] of T instead.

Also, due to Cayley—Hamilton Theorem, the minimal polynomial can be deter-
mined by writing down all the factors of the characteristic polynomial systematically.
For example, if the characteristic polynomial of 7 is t>(t — 1), then the minimal
polynomial can be one of

tt—1), (=1, t(t — D2, 2t — 12

Then, one checks starting from degree one polynomials from among these, which
one annihilates the linear operator.

Another alternative is to compute the ascents of each eigenvalue of the matrix
[T'] and then form the minimal polynomial using the expression in Theorem 5.34.
Unfortunately, no better method for determining the minimal polynomial is available.

Exercises for Sect.5.5

1. Verify Cayley—Hamilton theorem for the matrix [72 _i] .

2. Let A be a 2 x 2 matrix with A2 = I but A % +/. Show that tr(A) = 0 and
det(A) = —1.

3. Show that if a matrix is invertible, then its inverse can be expressed as a poly-
nomial in the matrix.

4. Compute A", where A = ﬁ é] .

5. Let T be a linear operator on a vector space of dimension n. Suppose that 1 and
2 are the only eigenvalues of 7. Show that (7" — DY -2n~'=0.

6. What are the minimal polynomials of the zero operator and the identity operator
on an n-dimensional vector space?

7. Show that 7 (¢t + 2)(t — 2) is the minimal polynomial of

- o = O
S = O =
- o = O
S = O =

8. Find the minimal polynomials of the following matrices:
003 1010 0000 0200
0101 1111 0020
@108 ®lrorol @] @looos
0101 1111 2100



238

10.
11.
12.

13.
14.

15.
16.

17.
18.

19.

20.

5 Eigenvalues and Eigenvectors
00c
10 b |, wherea,b,c eR.

01a

Give a linear operator on R? whose minimal polynomial is 2.
Give a linear operator on C* whose minimal polynomial is #(t — 1)7.
Give a linear operator on R* whose characteristic polynomial and the minimal
polynomial are equal to ¢ (¢t — )%z —2).
Construct a matrix in C*** whose minimal polynomial is #3.
Give a linear operator on R* whose minimal polynomial is ¢(t — 1)(t — 2) and
characteristic polynomial is ¢(t — 1)(t — 2).
What could be the minimal polynomial of a diagonal matrix?
Let ay, ..., a, € F. Determine the characteristic and minimal polynomials of
the linear operator 7' : F* — [F" given by

Find the minimal polynomial of the matrix

T(blv ey bn) = (_albnv bl - aanv b2 - a3bnv cee bnfl - anbn)-

What is the minimal polynomial of the differentiation operator on P, (R)?
Find the minimal polynomial of the operataor T : P,(R) — P,(R) given by
Tp(t)y=pt+1).

Is it true that a linear operator is invertible if and only if the constant term in its
minimal polynomial is nonzero?

Let A, B € C"*" be two similar matrices. Show that their characteristic polyno-
mials coincide, and that their minimal polynomials coincide.

5.6 Problems

1.

2.

3.

Given the scalars ag, ay, ..., a,_1, let
—Ap—1 —ap-2 cee—ap —ao
1 0 - 00
C = 0 1 -0 0
0 0 --- 1 0

Show thatdet(C —t I) = p(t) := (—=1)"(ap + ait + - - + a,_1"~' +1"). This
matrix C is yet another form of the companion matrix of p(¢).

For a matrix A € C"*", are the following statements true?

(a) If A is hermitian, then det(A) € R. (b) If A is unitary, then | det(A)| = 1.

Without using the characteristic polynomial, prove that every linear operator on
a vector space of dimension n can have at most n distinct eigenvalues. Deduce
that every polynomial of degree n with complex coefficients can have at most n
complex zeros.
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10.

11.

12.

13.
14.

15.

16.

17.

18.
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. Show that all zeros of the polynomial p(t) =ayp+ ait + - - -+ a,t", where

ao, . . ., a, are complex numbers, lie in a disc (in the complex plane) with centre
0 and radius max{|ag|, 1 + |ai], ..., 1 + |a,|}.

. Lets® — at® 4+ Bt — y = 0 be the characteristic equation of a3 x 3 matrix [a;;].

Show that
app ap

azr dax

apin a3
asy dass

azy a3
asy dss

B =

Generalize the result to n x n matrices.

. Let T : V — V be a linear operator. Prove the following without using the

spectral mapping theorem:

(a) If A is an eigenvalue of T then A* is an eigenvalue of T*.

(b) If Aisaneigenvalue of T and o € F, then A + « is an eigenvalue of 7" + o /.

(©) If p(t) = ap + ayt + - - - + agt* for some ag, a, ..., a; in F, and if A is an
eigenvalue of 7 then p(A) is an eigenvalue of p(T).

. An idempotent matrix is a square matrix whose square is itself. Show that an

eigenvalue of an idempotent matrix can be O or 1, nothing else.

. Alinear operator T is nilpotent if and only if T* = 0 for some k € N. Show that

0 is the only eigenvalue of a nilpotent linear operator whereas a noninvertible
linear operator has 0 as an eigenvalue. Construct noninvertible linear operators
which are not nilpotent.

. Let A e """ satisfy A" = I. Prove that the eigenvalues of A are the nth roots

of unity.

Let A € F"™*" be such that A* = I for some k € N. Prove that if A has only one
eigenvalue A, then A = A[.

Let A be an orthogonal 3 x 3 matrix with det(A) = —1. Show that —1 is an
eigenvalue of A.

Find the eigenvalues of the n x n permutation matrix whose ith column is e,
where 7w : {1,...,n} — {1, ..., n} is a bijection.

Let A € R satisfy AT = A2. What are possible eigenvalues of A?

Let T : V — V be a linear operator of rank r. Show the following:

(a) If T has k number of distinct nonzero eigenvalues, then k < r.
(b) If dim(V) = n < oo and T has m number of distinct eigenvalues, then m <
min{r + 1, n}.

Let T be a linear operator on a finite dimensional vector space V. Show that for
any polynomial p(t) € P(F), N(p(T)) is a T-invariant subspace of V.

Let W be a nontrivial proper subspace of a finite dimensional complex vector
space V. Show that there exists a nonzero linear operator 7 on V such that W is
T-invariant. Is such a T unique?

Prove that each linear operator on a real finite dimensional nonzero vector space
has an invariant subspace of dimension at most 2.

Prove that the linear operator 7 on C(R, R) given by (T f)(t) = fot f(s)ds does
not have an eigenvalue.
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

5 Eigenvalues and Eigenvectors

Let U be a finite dimensional subspace of an inner product space V. Let T be a
linear operator on V. Prove that U is T-invariant if and only if U+ is T*-invariant.
Let T be a linear operator on a vector space V of dimension n. Prove that
V=R(T")® N(T").

Let T be a linear operator on a finite dimensional vector space. Prove that there
exists an n € N such that N(T") N R(T™) = {0}.

Let T be a linear operator on a complex vector space V of dimension n. Prove
that if N(T"~') # N(T"2), then T has at most two distinct eigenvalues.

Let T be a linear operator on a finite dimensional real vector space V. If T2 = I,
thenshowthat V ={v e V:Tv=v}®{v eV :Tv = —v}.

Let S and T be linear operators on a finite dimensional vector space. Prove that
ST and T S have the same eigenvalues.

Let A, B € F"*" be such that I — AB is invertible. Prove that I — BA is also
invertible. Then show that AB and B A have the same eigenvalues.

Let A, B € """, Show that the characteristic polynomial of A B is same as that
of BA.

Let S and T be linear operators on a vector space V of dimension n. Suppose S
has n distinct eigenvalues and each eigenvector of § is also an eigenvector of 7.
Show that ST =T'S.

Let A € R™" have all entries positive. Prove that A has an eigenvector all of
whose entries are positive.

Let A be a 2 x 2 matrix with positive entries. Prove that A has two distinct
real eigenvalues; and that the larger eigenvalue has an eigenvector in the first
quadrant and the smaller eigenvalue has an eigenvector in the second quadrant.
Let A be a2 x 2 matrix with positive entries. Let # and v be the first and second
columns of A, respectively. Let S denote the first quadrant in the plane R>.

(a) Show thatif v € S, then Av lies in the sector between the lines span{u} and
span{v}.

(b) Show that § D A(S) D A%(S) D ---.

(c) Let U = N;A/(S). Show that A(U) = U.

(d) Draw a diagram showing above facts by taking a particular matrix A. See
that U is a half-line.

(e) Conclude that any nonzero vector in U is an eigenvector of A.

Let X be an eigenvalue of a linear operator 7' on a vector space V. For k € N,
Prove that N((T — AI)¥) and R((T — AI)¥) are T-invariant subspaces of V.
Let C be a collection of T-invariant subspaces of a vector space V, where T' €
L(V, V). Show that Ny X is T-invariant.

Let A be an eigenvalue of a matrix A € ["*". Show that any column of adj(A —
AT) is an eigenvector of A corresponding to A.

Let T be a linear operator on a finite dimensional vector space. Prove that either
there exists a linear operator S on V such that ST = [ or there exists a linear
operator S on V such that ST = 0.
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36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
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Let T be a linear operator on a real vector space of dimension 2. Let p(¢) be
a polynomial of degree 2. Prove that if T does not have an eigenvalue and if
p(t) # aX,(t) for any scalar «, then p(T) is invertible.

Let T be a linear operator on a vector space V. Prove that if each nonzero vector
in V is an eigenvector of 7, then T = «[ for some « € F.

Let T be a linear operator on a finite dimensional vector space V. Show that if
T has the same matrix with respect to every basis of V, then T = «I for some
scalar «.

Let T be a linear operator on a real vector space V of dimension 1 or 2. Let
a, B € R. Show that N((T — aI)? + B2) is either {0} or V.

1 1 0 0
.. . -1 -1 0 0

Show that the minimal polynomial of A := | ) o b 1|8 X, (1)
1 I -1 0

Let T be alinear operator on a finite dimensional vector space. Let v be a nonzero
vector and let p(¢) be a nonzero polynomial of least degree such that p(T)v = 0.
Show that p(¢) divides the minimal polynomial of T'.

Show that the minimal polynomial of the companion matrix C, of a monic
polynomial p(¢) is p(t) itself.

Let A be an eigenvalue of a linear operator T on a finite dimensional vector space
V. What is the linear operator T'|g;?

Let T be a linear operator on a finite dimensional vector space V. Let U be a
T -invariant subspace of V. Prove that the minimal polynomial of 7|y, divides
the minimal polynomial of 7.

Let A1, ..., Ax be the distinct eigenvalues of a diagonal matrix D € C"*". Let
V be the subspace of C"*" consisting of all matrices X such that DX = X D.
Prove that dim(V) = (u(x1))* + - - - + (u())>.

Let T be alinear operator on a finite dimensional complex vector space V. Prove
that foreach k € {1, ..., dim(V)}, there exists a T -invariant subspace of V with
dimension k.

Let A € C"". A left eigenvalue of A is a complex number XA for which there
exists a nonzero vector # € C'*” such that uA = Au. Such a row vector u is
called a left eigenvector of A. Show that if x is a left eigenvector of A, then x*
is an eigenvector of A*. Show also that the set of left eigenvalues is same as the
eigenspectrum of A.

Let A € C™ andlet B € C"*". Define a linear operator T on C"*" by T'(X) =
AXB.

(a) Letx andy beeigenvectors of A and BT, respectively. Show how to construct
an eigenvector of 7.
(b) Show how to determine eigenvalues of 7 from those of A and B.

Let A € C"". Define a linear operator T on C**" by T(X) = AX — X A. Prove
that rank (7') < n? — n. Also, determine the eigenvalues of T in terms of the
eigenvalues of A.
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49.

50.

5 Eigenvalues and Eigenvectors

Let A € C"*". Prove that there exists a matrix B € C"*” such that B has distinct
eigenvalues and that A is arbitrarily close to B; that is, |a;; — b;;| can be made
as small as possible for all i, ;.

(Complexification) Let T be a linear operator on a finite dimensional real vector
space V. Define

Vi={u+iv:u,veV}

Here, i is the imaginary square root of —1, and the sum u + iv is a formal sum.
In V, define addition and scalar multiplication by

w+ivy+x+iy)=@+x)+i(v+y) foru,v,x,y eV;
a(u+iv) = (au) +i(av) fora € C.

Further, define T:V->V by T(u +iv)=Tw)+iT(v) foru,v € V. Prove
the following:

(a) V is a complex vector space.

(b) Any basis of V is also a basis of V. Thus, dim(V) = dim(V).
(¢) T is a linear operator on V.

(d) If B is a basis of V, then [T )5 5 = [T 5.5

(©) X.(t) = Xy (0).

(f) The real eigenvalues of T are precisely the eigenvalues of 7.



Chapter 6 ®)
Block-Diagonal Representation e

6.1 Diagonalizability

In this chapter, we are concerned with special types of matrix representations of
linear operators on finite dimensional spaces. The simplest matrix representation of
a linear operator that one would like to have is a diagonal matrix. In such a case, the
eigenvalues can be read off the diagonal.

Definition 6.1 A linear operator 7 on a finite dimensional vector space V is called
diagonalizable if and only if there exists a basis B for V such that [T]p p is a
diagonal matrix.

It may be seen that a matrix in "*” is diagonalizable if and only if it is similar to
a diagonal matrix.
Eigenvectors come of help in characterizing diagonalizability.

Theorem 6.2 A linear operator T on a finite dimensional vector space V is diago-
nalizable if and only if there exists a basis of V consisting of eigenvectors of T.

Proof Let B ={vy,...,v,}beabasisof V with [T]p p = diag(%r,, ..., A,). By the
definition of matrix representation, Tv; = A;vy, ..., Tv, = A,v,. Thatis, each X;
is an eigenvalue of T with corresponding eigenvector v;.
Conversely, let B = {v{, ..., v,} be a basis of V, where v; is an eigenvector of T
corresponding to the eigenvalue A; fori € {1, ..., n}. Then
Tvy=Mvy, -, Tv, = Apvy.
Consequently, [T]p p = diag(Ai, ..., Ay). |

Since eigenvectors corresponding to distinct eigenvalues are linearly independent,
we obtain the following useful corollary to Theorem 6.2.

© Springer Nature Singapore Pte Ltd. 2018 243
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Theorem 6.3 If a linear operator on an n-dimensional vector space has n distinct
eigenvalues, then it is diagonalizable.

Proof of Theorem 6.2 says that if the ordered set B = {vy, ..., v,}isabasis for V,
and vy, ..., v, are eigenvectors corresponding to the distinct eigenvalues 11, ..., A,
of T : V — V, then [T]p, p is the diagonal matrix diag(Xy, ..., A,).

Example 6.4 Consider T : R3 —» R3 defined by T(a,b,c)=(@+b+c,2b+
c, 3c). We see that

r(1,0,0)=1(1,0,0), 7(1,1,00=2(1,1,0), 71, 1, 1) =3 (1, 1, I).

Hence T has three distinct eigenvalues 1, 2, and 3. A basis consisting of eigen-
vectors corresponding to these eigenvalues is B = {(1, 0, 0), (1, 1, 0), (1, 1, 1)}. For
[T]s, 5, we express images of the basis vectors in the same basis:

7(1,0,00=1(1,0,00+0(1,1,00+0(,1,1)
T(1,1,00=0(1,0,0)4+2(1,1,0)+0 (1,1, 1)
T(1,1,1)=0(1,0,00+0(1,1,0)+3 (1,1, 1)

Therefore, [T]p.p = diag(l, 2, 3). O

Generalized eigenvectors help in characterizing diagonalizability. In addition to
Theorems 6.2 and 6.3, we have the following characterization result.

Theorem 6.5 (Diagonalizabilty) Let T be a linear operator on a vector space V
of dimension n over F. Let Ly, ..., A be the distinct eigenvalues of T. Then the
following are equivalent:

(1) T is diagonalizable.

2 V=ERX)® - EM).

G v+ +y) =n.

@ V=U @ ®U, wheredimU;) =1andT(U;) = U| foreach j € {1, ...,n}.

(5) The minimal polynomial of T is (t — Ay) - - (t — Ai).

(6) The characteristic polynomial of T splits over ¥, and for each eigenvalue A of
T, p() =y@).

(7) The characteristic polynomial of T splits over ', and each generalized eigen-
vector of T is an eigenvector of T.

Proof Let Ay, ..., A be the distinct eigenvalues of T with geometric multiplicities
Y1, ..., Yk, and algebraic multiplicities w1, ..., ui and ascents £, ..., £, respec-
tively. Leti € {1, ..., k}.

(1) = (2) : Due to Theorem 6.2, let B be a basis of eigenvectors of T for V. Each
eigenvector is in U; E(A;). Thus B C U; E(A;). Consequently,

V = span(B) < span(U; E(4)) = E(up) + -+ E() € V.
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Due to Theorem 5.16, this sum is a direct sum.

(2) = (3) : Supposethat V = E(A;) @ --- @ E(Ar). Dimensions of the subspaces
E(A;) add up, yielding (3).

(3) = (4) : Suppose y (A1) + -+ y(At) = n.Let Bj :={ujy, ... u;,,} be abasis
of E(A;) for j € {1, ..., k}. Due to Theorem 5.16, B := By U --- U By is linearly
independent. Thus |B| = y (A1) + -+ + Yy (&) = n = dim(V). Write

Vii :==span(uyy), ..., Viy, :=span(ui,,),
Vit :=span(ugy), ..., Viy, = span(ugy,).
Then, relabelling the subspaces Vi, ..., Vi, as Ui, ..., Uy, respectively, all the

requirements in (4) are fulfilled.

(4) = (5) : Assume (4). Let j € {1,...,n}. Since dim(U;) =1, U; = span{v;}
for some nonzero vector v; € U;. Since Tv; € U; = span{v,}, there exists a scalar
a; such that Tv; = «;v;. Thus the eigenvalues are these o;s. That is, in the list

o1, ..., 0,, each eigenvalue A; occurs some n; times so that ny + - - - + ny = n.
Without loss of generality, suppose that the first n; scalars oy, .. ., o, are all equal
to A1, next ny scalars o, 41, . . ., @y, +n, are all Ay, and etc. Then

(T —-rDyvy=--=T —=ADvy, =0,....(T —MDvy—pyy1 = =T — IxI)v, =0.

Since the factors in the product (T — A1) - - - (T — A1) commute, we have
(T —x1)---(T —MI)v; =0 foreachje{l,...,n}.
Now, each v € V can be written as v = B;v| + - - - + B,v, for scalars 8;. Hence
(T —xI)--- (T — 2 I)v=0 foreachveV.

That is, (T — A1) --- (T — A1) = 0. Hence the minimal polynomial of 7 divides
(t — Ay)--- (t — ). However, each eigenvalue of T is a zero of the minimal
polynomial of T. Since Xy,..., A, are all the eigenvalues of T, it follows that
(t — M) - - - (t — Ag) is the minimal polynomial.

(5) = (6) : Suppose the minimal polynomial of T is (t — X;) - - - (f — A¢). Since the
minimal polynomial divides the characteristic polynomial, the characteristic poly-
nomial is (t — A;)" - - - (t — Ag)"*; obviously it splits. Also, £; = 1 for each i. Con-
sequently, y; = u; for each i.

(6) = (7) : Suppose that the characteristic polynomial of T splits and for each
eigenvalue A of 7, w(X) = y(A). By Theorem 5.27(4), uw(}) = dim(N(T — 11)").
Therefore, dim(N (T — AI)") = dim(N(T — Al)). But N(T — AI) is a subspace of
N(T —AI)". Hence N(T — AI)" = N(T — AI). That is, each generalized eigen-
vector is an eigenvector.
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(7) = (1) : Suppose that the characteristic polynomial of 7 splits and each
generalized eigenvector of T is an eigenvector of 7. However, V always has a basis
consisting of generalized eigenvectors of 7. In this case, the same basis consists of
eigenvectors of T. Therefore, T is diagonalizable. |

Example 6.6 (1) (Rotation) Let 6 € R. Define the linear operator 7y : R? — R? by
Ty(a,b) = (acos® — bsinf, asinf + bcosb).

It describes rotation about the origin at an angle 6. With respect to the standard
basis E on both the copies of R?, Ty has the matrix representation

sinf cos@

cos® —sinf
[ToleE = |: ] .

The characteristic values of Ty are cos + i sin 6. Hence Ty has no eigenvalues
if sin@ # 0. Therefore, rotation is not diagonalizable when 6 is a not an integer
multiple of 7.

(2) (Reflection) Let 6 € R. Define the linear operator Ry : R? —» R? by
Ry(a,b) = (acosf + bsinf, asind — bcosb).

It describes reflection in the straight line (axis of reflection) that makes an angle
6/2 with the x-axis. With respect to the standard basis E on both the copies of R?,
Ry has the matrix representation

cosf sind
[Role.p = |:sin9 —c059:|'

The characteristic values are +1. Ry has two distinct eigenvalues and
dim(R?) = 2. Thus it is diagonalizable. Indeed, the matrix [Ry]g g is similar to
the diagonal matrix diag(1, —1). The basis of eigenvectors is

{(cos§,sin§), (—sin$, cos§)}.

(3) (Shear) Let the linear operator S : R> — R? be defined by
S(a,b) = (a+b,b).

With respect to the standard basis E on R?, it has the matrix representation

[SleE = |:(l) i:|
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The characteristic values of S are 1, 1. These are the eigenvalues of S. To find the
eigenvectors, we set S(a, b) = 1 (a, b). Solving this, we see that all eigenvectors are
in the form (a, —a) for a € R \ {0}. Hence Shear has eigenvalue 1 occurring twice,
but it has only one linearly independent eigenvector; y (1) = 1. The eigenvectors do
not form a basis for R?; thus Shear is not diagonalizable. O

If[T]g g = diag(dy, ..., d,) withrespect to some basis E, then the characteristic
polynomial of T is equal to (t —d;) - - - (t — d,). The characteristic polynomial of
a diagonalizable operator splits. However, splitting of the characteristic polynomial
does not imply diagonalizability. For instance, the characteristic polynomial of the
Shear in Example 6.6 splits but the Shear is not diagonalizable.

Exercises for Sect.6.1

1. Diagonalize the following matrices, if possible:

) 3 1 —10 0 2 -10
(a) |:6 _1] b)) | -1 3 1 ¢ |-1 20
-1 4 2 23
7-2 0 7 =5 15 g é 8 8
@ | -2 6 =2 (e) |6 4 15 ()
0-2 5 0 1 0020
00 05
3210
. 10130
2. Show that the matrix 00 2 1 is not diagonalizable.
001 2
. . . . |cosf —sin6
3. Diagonalize the rotation matrix | .
sin 6 cos 6
6 -3 -2
4. LetA=| 4 —1 —2|.Does there exist a matrix P € R3*? such that P~'AP
10 =5 -3

is diagonal? What about P € C>*3?

5. Let A and p be distinct eigenvalues of a 2 x 2 matrix A = [g;;]. Determine a
matrix P such that P~' AP is diagonal. (Hint: See Exercise 2 of Sect.5.2.)

6. In the following, a linear operator T on R? is specified. Determine whether T is
diagonalizable. If it is so, then find a basis B of R3 so that [T] g.p 1s a diagonal
matrix.

(a) Tel = O, T€2 =e, T€3 = ej.

(b) Tey=e;, Tey=e3, Tez=0.

(c) Tey=e3, Ter =ep, Tez =e;.

d T(@,b,c)=(@+b+c,a+b—c,a—b+c).

() T(a,b,c) = (—9a +4b + 4c, —8a + 3b + 4c, —16a + 8b + Tc).

7. LetT : P3(C) — P3(C) be givenby T (ag + ait + art> + ast’) = a; + 2ast +
3ast?. Is the linear operator T diagonalizable?
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8. Which of the following matrices are diagonalizable over C and which are
diagonalizable over R?

001 001 00 -1 8(1);)8
1 00|, [OOOf, [OO0O O], 000 1
010 000 1 0 O 1000

9. Show that the linear operator T : R3*! — R3*! corresponding to each of the
following matrices is diagonalizable. Determine a basis of eigenvectors of T for
R3*! which diagonalizes the given matrix.

11 1 111 101 32 =12 0
1 -1 1|, o1 1], |1t 10|, |- 320
1 1 -1 001 011 1~/ 1

10. Let7 : R* - R*be givenby T (a, b, c,d) = (0, ab, Bc, yd). Under what con-
ditionson e, B, y € R, T is diagonalizable?

11. Let  be a permutation on {1, ..., n}, that is a bijection on this set. Let a linear
operator T on C”" be given by T (ay, ..., a,) = (ax), - - -, Az@m). Find a basis
B of C" so that the matrix [T]p p is a diagonal matrix.

12. Prove or disprove: If an upper triangular matrix is similar to a diagonal matrix,
then it is necessarily diagonal.

13. Prove or disprove: If A € C"*" satisfies A> = A, then A is diagonalizable.

14. Let A € F"*". Show that if A” = I for some n € N, then A is diagonalizable.

15. Let A be a real symmetric matrix with A3 = 0. Show that A = 0.

6.2 Triangularizability and Block-Diagonalization

Analogous to the case of a diagonal matrix, eigenvalues of a triangular matrix can
be read off its diagonal. Due to the constraints on diagonalizability, our next interest
is in representing a linear operator by a triangular matrix.

Definition 6.7 Let T be a linear operator on a finite dimensional vector space V.

(a) T is said to be triangularizable if there exists a basis B for V such that [T]p p
is an upper triangular matrix.

(b) When V is an inner product space, 7T is said to be unitarily triangularizable if
there exists an orthonormal basis B for V such that [T']z p is an upper triangular
matrix.

Observe that we have used upper triangular matrices in the definition of triangu-
larizability. Alternatively, one may define triangularizability using lower triangular
matrices. To derive one form from the other, one has to reorder the basis vectors from
last to first. We continue with the upper triangular form.

Interpreting the definitions for matrices, it turns out that a square matrix is called
triangularizable if and only if it is similar to an upper triangular matrix. Similarly,
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a square matrix A is called unitarily triangularizable if and only if there exists a
unitary matrix P such that P~ AP is upper triangular.

The following theorem connects the notions of invariant subspaces and triangu-
larizability.

Theorem 6.8 Let B = {vy, ..., v,}beabasisforavector space V. Let T be alinear
operator on V. Then the following statements are equivalent:

(1) [T1p.p is upper triangular.
(2) Tvy € span{vy, ..., w}foreachk € {1,...,n}.
(3) span{vy, ..., v} is T-invariant for each k € {1, ..., n}.

Proof (1) = (2) : Let [T]p,p be upper triangular. There are scalars a;; such that

ap app - A
O any e Ay,
[Tlg,p = _ "
0 0 - ay
As B ={vy,...,v,}, we have Tvy = ayvi + ayvs + - - - + agvi. Therefore, for
eachk € {1,...,n}, Tvy € span{vy, ..., v}
(2) = (3) : Assume that Tv; € span{vy, ..., v} foreach k € {1,...,n}. Letv €
span{vy, ..., v}. Then Tv € span{Tvy, ..., Tw}. Since
Tvy € span{v;}, ..., Tv; € span{vy, ..., v},
we see that Tv € span{vy, ..., v¢}. Therefore, span{vy, ..., v} is T-invariant.
(3) = (1) : Suppose span{vy, ..., v} is T-invariant foreach k € {1, ..., n}. Notice
that {vy, ..., v} is abasis for span{vy, ..., v}. The invariance condition implies that

there are scalars b;; such that

Tvy = byvy

Tvy = bipvi + bypvy

TVn = blnvl + b2nv2 +--- 4+ bnnvn

Therefore, [T]p, p is upper triangular. |

Recall that if the characteristic polynomial of T splits, then 7" can be written
as a direct sum of its restrictions to the generalized eigenspaces of its distinct
eigenvalues. Also, the generalized eigenspaces are T -invariant subspaces of V'; see
Theorem 5.21(4). This means that if we take a basis which is a union of the bases
of the generalized eigenspaces (keeping those basis vectors together in the union),
then with respect to this basis, the matrix of 7" will be a block-diagonal matrix. Then
we need to check whether each such block can be triangularized. Let us look at the
ensuing particular case first.
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Lemma 6.9 Let T be a linear operator on a vector space V of dimension n over .
Suppose that T has a single eigenvalue A with algebraic multiplicity n. Then there
exists a basis B for V such that [T]p, g € F"*" is an upper triangular matrix with
each diagonal entry as A.

Proof We wish to construct a basis B for V so that [T']p p is upper triangular. For
this, let £ be the ascent of the eigenvalue A. Consider the sequence

N(T =D S SNT —A) SNT =AM S S NT =AD" = G(Q).

Since A is the only eigenvalue of T', by Theorem 5.29, G(A) = V. We wish to extend
a basis of N(T — AI) to a basis for N(T — A1) in a specific manner.

For this, start with a basis By for N(T — AI). Suppose By, ..., B; have already
been constructed so that By U - - - U B is a basis for N(T' — AI)7, then select a set
Bj of vectors from N(T — AI)/*' \ N(T — AI)/ sothat By U --- U B;, isabasis
for N(T — AI)/*!. The construction results in a basis B := B; U --- U B, for the
generalized eigenspace G(1). In the ordered set B, the vectors from B succeed
the vectors from B;.

Now, ifu € B € N(T — Al), then Tu = Au. And,ifv € Bj1| S N(T — )/t
then (T — AI)v € N(T — Al)) =span(B; U---U B;). Thus, Tv = Av + w, where
w € span(B; U ---U Bj).

Therefore, the T-image of the first vector in the ordered basis B is A times that
vector, and each other vector in B is equal to A times that vector plus one from
the span of the previous vectors appearing in B. By Theorem 6.8, [T]p p is upper
triangular with each diagonal entry equal to A. |

Theorem 6.10 (Block-diagonalization) Let T be a linear operator on a finite dimen-
sional vector space V over IF. Suppose that the characteristic polynomial of T splits

over . Then there exist a basis B for V and distinct scalars Ay, ..., Ay such that
[T1g, B is a block-diagonal matrix of the form [T 1p p = diag(Ay, ..., Ay), where
each block A; is an upper triangular matrix with diagonal entries as A;.

Proof Let A, ..., A be the distinct eigenvalues of T. By Theorems 5.27 and 5.29,
V=GX)B - -®GO), and G(Ly), ..., G(1) are T-invariant subspaces of V.
Then for each i € {1, ..., k}, the restriction operator 7; := T'|g(,) maps G(};) to
G(Ap).

The operator T; has the single eigenvalue A; with its algebraic multiplicity as
Wi = dim(G(%;)). By Lemma 6.9, there exists an ordered basis B; for G(A;) such
that [7;]p, p, is an upper triangular matrix of size u; x p; with each diagonal entry
as A;. We denote [7;]p, p, as A;.

Next, we construct the ordered set B = By U - - - U By, where we keep the vectors
of By with their own ordering, then the vectors of B, with their own ordering, and
so on. Now, the matrix [T]p p is a block-diagonal matrix with the diagonal blocks
as Ay, ..., Ag. |
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Example 6.11 Let T : R? — R3 be givenby T'(a, b, ¢) = (6a + 3b, 2a + b, —a +
b + 7c). The matrix of T with respect to the standard basis is

6 30
T1=| 2 10
-1 17

The characteristic polynomial of A is p(t) = t(t — 7). The eigenvalues are 7 and
0, with respective multiplicities as 2 and 1. For the eigenvalue 7,

(T =7I)(a,b,c) =(—a+3b,2a — 6b, —a + D).

Now, (T —7I)(a,b,c) =(0,0,0) if and only if a =b=0. So, N(T —71) =
{(0,0,c¢) : c € R}. A basis for N(T — 71) is {(0, 0, 1)}. Further,

(T —70)*(a, b, c) = (Ta — 21b, —14a + 42b, 3a — 9b) = (a — 3b)(7, —14, 3).

Here, (T — 71)*(a, b, ¢) = 0 if and only if @ = 3b. Thatis, N(T —71)> = G(7) =
{(Bb, b, c) : b, c € R}. Abasisfor G(7)is{(0, 0, 1), (3, 1, 0)}, whichis an extension
of {(0,0, 1)}.

For the eigenvalue 0, (T — 0l)(a, b, c) = 0 gives 7c = 3a, b = —2a. A basis
for N(T —0I) is {(7, —14, 3)}. Notice that since the eigenvalue O has algebraic
multiplicity 1, G(0) = N(T — 0I).

Putting the bases together we obtain the following basis B for R:

B = {(07 Os 1)’ (37 17 O)’ (71 _]4’ 3)}'
Computing the T-images of the basis vectors, we find that

70,0,1)= (0,0,77 =7(0,0,1)
T7(3,1,0) = (21,7, —=2) = —2(0,0, 1) + 7(3, 1, 0)
T(7,—14,3) = (0,0,0) =O0(7, —14,3).

Hence the block upper triangular matrix representation of 7' is given by

Notice that the resulting block-diagonal matrix each of whose blocks is upper
triangular is itself upper triangular. (]
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Exercises for Sect.6.2

1. If (1,2)T and (2, 1)T are eigenvectors corresponding to eigenvalues 1 and 2 of a
2 x 2 matrix A, then what is A?

0 10
2. Is the matrix [ 2 —2 2 | similar to a triangular matrix with real entries?
2 =32

3. Let T be a linear operator on a finite dimensional vector space. Prove that there
exists a nonnegative integer k such that N (T* N R(T*) = {0}.

4. Let A be a block-diagonal matrix with two blocks. Show that A is diagonalizable
if and only if the two blocks are diagonalizable.

6.3 Schur Triangularization

We may interpret Theorem 6.10 for matrices. It says that each square matrix of
complex numbers is similar to a block-diagonal matrix with upper triangular blocks.
The change of basis involved in this similarity transformation is an isomorphism. In
fact, we can choose a unitary similarity transformation. The trick is to orthonormalize
the basis obtained for block-diagonalization.

Theorem 6.12 (Schur triangularization) Let T be a linear operator on a finite dimen-
sional inner product space V over F. If the characteristic polynomial of T splits
over IV, then T is unitarily triangularizable.

Proof Due to Theorem 6.10, we have a basis B with respect to which [T']p p is
block-diagonal, each block corresponds to a particular eigenvalue of 7'; and each
block is upper triangular. Hence [T]p p is upper triangular. By Theorem 6.8, if
B ={uy,...,u,}, thenforeach j € {1,...,n},

Tu; € span{uy, ..., u;}.

Now, apply Gram—Schmidt procedure to orthonormalize B. If the resulting basis is

E ={vy,...,v,}, thenforeach j € {1, ...,n},
span{vy, ..., v;} =span{uy, ..., u;}.
Thenv; € span{uy, ..., u;} implies that
Tv; espan{Tuy,...,Tu;} Cspanf{ui,...,u;} =span{vy, ..., v;}.

Therefore, [T ]g g is upper triangular with respect to the orthonormal basis E. That
is, T is unitarily triangularizable. ]
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Recall that two square matrices A and B are called unitarily similar if there
exists a unitary matrix U such that B = U~'AU = U*AU. Theorem 6.12 says the
following:

Each square matrix is unitarily similar to an upper triangular matrix.

The proof of Theorem 6.12 does not say that each block in the block-diagonal
form is triangularized. In fact, orthonormalization of the basis vectors may destroy
the block-diagonal form.

Example 6.13 Consider the matrix of Example 6.11 for triangularization:

A=

—_ N N
—_—
<o o

It has eigenvalues 0 and 7. The eigenvalue 7 has algebraic multiplicity 2. In that
example, we had already obtained a basis with respect to which the linear map has
the block-diagonal form. Since the space here is R**!, we use the transpose instead
of adjoint. Our computation in Example 6.11 shows that [A]p p is block-diagonal,
where

B =1{0,0,D7, 3,1,007, (7, —14,3)T}.

Using Gram—Schmidt process on B, we obtain the orthonormal basis
T T
— To(3 _L L3
E={0.00" (F 4.9) . (& -F9) |-
Expressing A with respect to this basis we get the Schur triangular form:

7 /Y0 ~4/Jio

[Aleg=1]0 7 -1
0 0 0
Notice that the block-diagonal form is destroyed in triangularization. (]

We give another proof of Theorem 6.12 without using block-diagonalization.

An Alternative Proof of Theorem 6.12:

Let T : V — V, where V is a finite dimensional inner product space. We use
strong induction on dim(V). If dim(V) = 1, then [T ] p is of order one, which is
upper triangular, whichever basis B we choose. Lay out the induction hypothesis
that the result is true for all inner product spaces of dimension less than n. Let
dim(V) = n. Since the characteristic polynomial of T splits, let A be an eigenvalue
of T.

We choose an invariant subspace of smaller dimension and use the induction
hypothesis. For this purpose, consider the subspace U := R(T — AI) of V. Since
T — Al is not one-to-one,
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k:=dim(U) = dim(R(T — Al)) < dim(V) = n.
If u € U, then there exists v € V such that u = (T — Al)v. Now,
Tu=T(T —X)v=(T —X)(Tv) eU.

That is, U is T -invariant.

By Theorem 5.20, the characteristic polynomial of 7’|y splits. By the induction
hypothesis and Theorem 6.8, there exists a basis B := {uy, ..., ux} of U such that
[T |y]5. 5 is upper triangular. Extend this basis to a basis £ := B U {vy, ..., v,} for

V. Notice that k + m = n.
Since [T |y]p, g is upper triangular,

Tu; = (T|y)u; € span{uy,...,u;} foreachi € {1,...,k}.
Next, forany j € {1, ..., m},
Tv; =(T —Al)v; + Av;.
Since (T — AI)v; € U and Av; € span{v;}, we see that

Tv; € span{uy, ..., ug, v;} S span{uy, ..., ug, vy, ..., v;}.

Therefore, by Theorem 6.8, [T']g g is upper triangular.

To see that T is unitarily triangularizable, use Gram—Schmidt orthonormalization
on the basis E to obtain an orthonormal basis F := {wy, ..., Wk, X1, ..., Xn}. Now,
foranyi € {1,...,k}and forany j € {1, ..., m},

spanf{wy, ..., w;} = span{uy, ..., u;},
span{xy, ..., x;} = span{uy, ..., ug, vi, ..., V;}.
w; € span{wl, e, Wy, }, Xj € span{wl, ey Wiy X1y e ,)Cj}.
Therefore, [T]F r is also upper triangular. ]

The matrix form of Schur Triangularization can be proved without using the range
space of T — Al explicitly. Let v; be an eigenvector corresponding to an eigenvalue
A of T. Now,

TV1 = Avl.

Construct an orthonormal basis {vi, ..., v,} for V by extending {v;} and then using
Gram-Schmidt orthonormalization. In this basis, the matrix of 7" looks like:

A X

0 C
where x € F'*®=D and C € F*~D*@=D_Use the induction hypothesis that C can
be triangularized. Then join the pieces together.
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The inductive proof reveals that in the resulting upper triangular matrix represen-
tation, we may have the eigenvalues in any preferred order on the diagonal.

Example 6.14 We illustrate the inductive proof given for Schur triangularization for
the matrix of Example 6.13:
6 30
A= 210
-1 17
This matrix has eigenvalues 0 and 7. For the eigenvalue 0,

R(A —0I) = R(A) = span{(6,2,—1)", 3,1,D", (0,0,7"}.

Abasisfor R(A —01)is B; := {(0,0, DT, (3,1,0)7}since (3, 1, 0)7 is not ascalar
multiple of (0,0, 1)7. And,

6,2, -7 = —1(0,0, T +2(3,1,0)7
G, 1, DT =1,0,0" +3,1,07
0,0, T =7(0,0, DT.

A basis for R? containing By is {(0,0, DT, (3,1,0)", (1, —=3,0)7}. Orthonormal-
izing this basis yields the following orthonormal basis for R**!:

[0.0.0" (G5 55-0) " (5 ~:0) |

Incidentally, this basis is same as E that we constructed earlier. Next, we take the
matrix Q; formed by the basis vectors:

0 3/Vio 1/Vio
01=[0 Yo v
1 0 0

Then we form the product

7 ~YJ1o —4/V10
o'AQ,=|0 7 -1 |=U.
0 0 0

Since it is already upper triangular, there is no need to execute the inductive step.
We have obtained the orthogonal matrix P = Q; and the upper triangular matrix
U= PTAP.

In the following, we illustrate the alternate method of taking an eigenvalue and
starting the inductive construction with a single eigenvector, as discussed earlier.
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For variety, let us consider this time the eigenvalue 7 of A. we see that (0, 0, 1)7
is a corresponding eigenvector. Choosing additional vectors arbitrarily to form an
orthonormal basis and assembling them into a matrix, we obtain

001
0,=(010
1 00
We form the product
-1 17 71 -1
0lAQ;=| 21 0[{01=|01 2
6 30 03 6

Notice that the entries in the first column of QITAQl below the diagonal are all 0.
Next, we take the 2 x 2 submatrix

12
=]y
The eigenvalues of A, are 7 and 0 as expected. An eigenvector corresponding to the

eigenvalue 7 is (1, 3)7. A matrix with columns consisting of vectors of an orthonor-
mal basis for R>*! obtained from extending this vector is:

_ [yvio -3vio
0, = NI

Next, we form the product

ofas0:= 0t [0 VRl =[5 0]

2/yi0 3/via| — [0 0

Then we assemble Q| and Q> to obtain the orthogonal matrix P as follows:

1 0 1 0 0 0 3/vio 1/vio
PZQI[O Q]:Q1 0 YV /i | = |0 V0 3V
2 0 3/vio 1/vio 1 0 0
As earlier, we see that PT AP is the upper triangular matrix U. O

In general, Schur triangularization neither yields a unique P nor a unique U.
Nonuniqueness stems from choosing an orthonormal basis and the order of the vectors
in such a basis. However, the set of entries on the diagonal of U is the same since
the diagonal elements are precisely the eigenvalues of A.
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Exercises for Sect.6.3

-1 -2 00 0
ces P and Q such that PTAP = B and Q" AQ = C. This shows the nonunique-
ness in Schur triangularization.

. o 1 2] . 0 1 0 2
2. Show that Schur triangularization of |:3 6] yields |:O 7] but not |:0 7] .

1. LetA = |: ! 2:| , B = [_1 0] andletC = [0 :ﬂ . Find orthogonal matri-

11 00 .
9
3. Are [0 1j| and |:1 0] unitarily similar?
2 3 3
4. Determine Schur triangularization of the matrix 1 3 3
-1-2-3

5. Let A € R¥3 be such that for every invertible P € R>3, P~'AP fails to be
upper triangular. Prove that there exists an invertible matrix Q € C*** such that
Q~'AQ is a diagonal matrix.

6. Let Ay, ..., A, be eigenvalues of a linear operator 7 on a complex inner product
space of dimension n. Let A = [q;;] be the matrix of 7 with respect to some
orthonormal basis. Show that Y _/_, |A;|> < t(T*T) = >/_, > lai;|?.

7. Prove that any square matrix with complex entries is unitarily similar to a lower
triangular matrix. Deduce that any square matrix with real entries having all its
eigenvalues real is orthogonally similar to a lower triangular matrix.

6.4 Jordan Block

The triangular blocks in a block-diagonal form can still be simplified by choosing
a basis for the generalized eigenspaces in a specified way. First we consider the
particular case of an operator having a single eigenvalue. We will show that such
operators can be represented by block-diagonal matrices consisting of the so-called
Jordan blocks.

Definition 6.15 A Jordan block of order m, denoted by J(A,m), is an m X m
matrix that satisfies the following:

(1) Each diagonal entry is equal to X.
(2) Each entry on the super-diagonal is equal to 1.
(3) All other entries are equal to 0.

By not showing the zero entries a typical Jordan block is written as

Al
Al

JA,m) =
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The Jordan block J(A, 1) is the 1 x 1 matrix [A]. Notice that J(A, m) — Al =
J (0, m). When the order m of the Jordan block J (&, m) is not of particular interest,
we write the Jordan block as J(4).

Example 6.16 Consider the matrix J = diag(J (0, 6), J(0,5), J(0,2)). What is

rank (J#)?

‘We see that
010000 001000 000010
001000 000100 00000 1

_looo100 , _looooto . _loo00000

JO0=1600010] YO =1500001| YO =1500000]"
000001 000000 000000
000000 000000 000000

Thus, rank (J (0, 6))* = 2. Similarly, rank (J (0, 5)* =1 and rank (J(0, 2))* = 0.
Then

J4 = diag((J (0, 6))*, (J(0, 5))*, (J(0, 2))*); andrank (J*) =2 +1+0=3.0

The pattern in the powers of J (0, m) is easy to see. In J (0, m), the number of 1s
on the super-diagonal shows that it has rank m — 1. In (J (0, m))?, the number of 1s
on the second-super-diagonal shows that it has rank m — 2 and so on. In general,

. —i forl<i<
rank (J (0, m))l = {70 P T == m
0 fori > m.

Example 6.17 Consider the matrix

A = diag(J(2,3), J(2,2)) =

SO OO
SO O N
SO N = O
(=R S I el e M)
N— O OO

The only eigenvalue of A is 2; it has algebraic multiplicity 5. We have

01000 00100

00100 00000
A=21=[00000|, (A=2D*=|00000]|, (A=20)=0.

00001 00000

00000 00000
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We find that

N(A —=2I)={(a.,0,0,d,0)" :a,d e R}; null (A —2I)=2.
N(A =21 ={(a,b,0,d,e)" :a,b,d,e € R}; null (A —2I)*> =4.
NA =21 =R*>!"; null(4 —21)*=5.

There is 5 — 4 = 1 linearly independent vector in N (A — 21)° \ N(A — 2I)?. Sim-
ilarly, there are 2 linearly independent vectors in N(A — 21)? \ N(A —2I), and 2
linearly independent vectors in N (A — 27). These vectors together form a basis for
R3*!. Let us choose these vectors.

Now, e3eN(A—-213\NA—-202 (A—2Dez=er e N(A—2D)?*\
N(A —2I). We choose one more vector as es € N(A — 21)>\ N(A — 2I). Next,
we obtain (A — 21)e; = e; and (A — 21)es = e4 as the vectors in N(A — 21). The
basis vectors ey, e, e3, e4, es of R7*! have been obtained the following way (read
from top to bottom, and right to left):

N(A =2I) N(A—-2D>\N(A—-2I) N(A—-2D1)>3\N(A-2I)?
e1 = (A —2D)e; er = (A —21)e; e3
ey = (A - 21)65 es

Starting from e; € N(A —21)>\ N(A —2I)?>, we generate (A —2[)es,
(A — 2I)%e3, and so on. In the first line, it stops at e;, which is equal to (A — 27)%e3
since (A — 21)%e; = 0. Inthe lastline, starting withes € N(A — 21)? \ N(A —2I),
which is linearly independent with the earlier obtained vector e, € N(A — 21)?\
N(A —2I), we generate (A — 21)es, (A —2I)%es, and so on. Again, it stops at
(A — 21@)es, since (A — 21)%es = 0. The process stops once sufficient linearly inde-
pendent vectors from N(A — 27) have been generated. This way, we obtain an
ordered basis for R°*!, which happens to be the standard basis {ey, e, e3, e4, e5}.

Notice the ordering of the basis vectors that has been compiled from the above
construction. We put together the vectors in first row from left to right; next the
vectors from the second row, left to right, and so on. Clearly, in this basis the matrix
of A is A itself.

To check how our choices of vectors affect later computation, suppose we choose
e + es as the vector in N(A — 21)? \ N(A — 2I), instead of es. We already had
obtained the vectors e3 and e,. The chosen vector e, + e5 is linearly independent with
e;. Taking their (A — 27)-images we get the vectors e; and e; + es in N(A — 21).
Then we have the basis vectors as

N(A =21) N(A—=2I)>\N(A —2I) N(A—=2I)>\N(A —2I)?
er = (A —=2De, es = (A —2D)e3 e3
e1+ey=(A—2I)(ex+es) extes

Putting together the basis vectors row-wise from left to right, we obtain the ordered
basis E = {eq, €1, e3, €1 + e4, €2 + e5}. We then see that
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Ae; =2 e
Aey =1le  +2e;
Aes =1ley+2e3
Aler +eq) = 2(e; +es)
Aes +es5) = 1(ey +es) +2(er +e5).

Therefore, [A]g g = A. Observe that our choice does not produce any change in the
final matrix representation. (]
In what follows, we use the convention that for any B € C"*", BY=1,.

Theorem 6.18 (Jordan block representation) Let T' be a linear operator on a vector
space V of dimension n. Let )\ be the only eigenvalue of T with w(A) = n. Then
there exists a basis B of 'V such that the following are true:

(1) [T1p.p = diag(J (A, my), ..., J(&, my)),
wherek =y(A), LA) =m; > --->mp > landmy + ---+mp = u(A) = n.
(2) Fori € {1,...,L(A)}, if n; denotes the number of Jordan blocks J (7, i) of order
i that appear in [T]p g, then

n; =2null (T — AL —null (T — A1)~ — null (T — A1),

Further, such a representation of T as a block-diagonal matrix with Jordan blocks
is unique up to a permutation of the blocks.

Proof Let £ be the ascent of the eigenvalue 1. If £ = 1, then w(X) = y(A); thus T
is diagonalizable. The diagonal matrix that represents 7 is equal to diag(%, ..., X).
It is a block-diagonal matrix with each block as J (A, 1).

Next, assume that £ > 2. Write G; := N(T — AI)/. Then

GO:={0}§E(A)=G|;-”;Gj§”'§Gg=G(X)=V.

Here, G()) = V since A is the only eigenvalue of 7. For 1 < j < ¢, write
)/j = dll’Il(Gj), kj = )/j — ]/1;1.

As  yo=null (T — ADY=null(/) =0, we have k, = y1. For j>2,
Theorem 5.27(7) implies that
klz"'ikj>"'2k(21-

For j = ¢, we see that there exists a linearly independent subset

. ‘ ¢
B, = {ukl,...,ukz}

of G such that G, = span(B;) & G,_,. Define vectors
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-1 .__ 4 .
W=l = (T —ADu! fori e {1,... k).

Write Cyp_; 1= {uf_1 : 1 <i < k¢}. By Theorem 5.27(6), uf_l, e, ui;l are linearly
independent vectors in G,—; and span(Cy_;) N G,—, = {0}. Then there exists a sub-
space Uy_; of Gy such that Gy = Gy_, ® Uy—; and Cy—_; < U,_;. Notice that
dim(Uy—1) = y4—1 — Ye—2 = ke—1. We extend the linearly independent set C;_; to a
basis

e 01 =1 -1 -1
By yi=u;, ..., Up, s Ugps oes U, -

for Uy_;. Weobtain G, = Gy— @ span(By_) with Cy,_; € B,_;. Next, we define
wi = (T —ADu;™" foriefl,... k).

Write C,_; as the set of these uf_z, and extend it to a basis B,_, for a subspace U,_;
so that Gy_, = G¢_3 @ span(B,_;). We continue this process to construct the bases
By, Bi_y,...,By, Bi. The set B := By U---U By is a basis for V. Next, we order
the vectors in B by first taking the first elements of By, ..., By, in that order; next,
taking the second elements of each, and so on. It is

1 2 €. 1 2 €. 1
B={uj,uj,...,uj; uy,us,...,uy; ...,ukl}.
The ordering may be given schematically as follows. We write the elements in

By, ..., By vertically as listed below and then visit them horizontally in the two-
dimensional array:

B, By, ---Byy By
1 2 -1 ¢
uy uy Uy Uy
1 2 -1 ¢
u, g, we, o ug,
1 2 -1
Uiyt Wiep1 " Uy

1 2 -1

Wiy Uiy "7 Uiy

1 2
Upy—1 Ugy—1

1 2
I/lkz Mkz
1
Uk, +1
1
Uy,

This is the required basis for V.
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(1) To determine the matrix representation of 7" with respect to this basis B, we
compute the T-images of the basis vectors as in the following:

T (ul) = Jul since u} € N(T — Al).
Tw?) = (T—rDul+ru? = ul +ru?
Tw)) = (T—rDul 4+t = u'' +rul  Firstline in B

T (u}) = ul since u} € N(T — Al).

Tw3) = (T—ADud+ 3 = ul+ ruj
T = (T —rDus+iul = uS™' +rul  Second line in B
T(u}q) = )Lu,il Last line in B

Observe that the matrix [T]p p is block-diagonal with the diagonal blocks as
Jordan blocks. Further, it is clear from the construction that the blocks satisty the
required properties.

(2) To compute the formula for n;, look at the way we wrote the basis B as a two-
dimensional array. Each Jordan block in [T]p g corresponds to a row of vectors in
that array. For example, the first row corresponds to the first Jordan block of order k.
The number of vectors in By, which are linearly independent vectors from G, \ G—1,
is the number of Jordan blocks of order k,. Thus,

Nk, =ke =ye — Yeo1 = 2¥¢ — Vo1 — Vet1-

The last equality follows since y; = Y.

In general, scanning the columns in that array from right to left, we see that the
number of rows containing exactly i number of vectors is the number n; of Jordan
blocks in [T] g, g. However, the number of such rows is the number of vectors which
we had chosen in extending the vectors in B;y; to those in B;. Such vectors are the
vectors in B; which are not in the form (T — AI)v for vectors v in B;,. That is, the
number of such vectors is | B;| — | B;+1|. Therefore,

np=ki—kix1 =W —vic) — Vi1 — Vi) =2V — Yic1 — Vi41-

This proves (2).

Notice that the numbers n; do not depend on the particular basis B. The formula
in (2) shows that n;s are uniquely determined by the dimensions of the generalized
eigenspaces of T. Therefore, the Jordan block representation of 7 is unique up to a
permutation of the blocks. n

We will call the matrix [T'] 5, 5 in Theorem 6.18 as the Jordan block representation
of the linear operator 7. The theorem is stated informally as follows:
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If T is alinear operator on a complex vector space of dimension n with a single
eigenvalue A, then there exists an n x n block-diagonal matrix representation
of T with Jordan blocks on the diagonal, in which the maximum block size is
the ascent of A, the total number of blocks is the geometric multiplicity of A;
and this representation is unique up to a permutation of the blocks.

Since A is the only eigenvalue of 7', by Theorem 5.29, G(1) = V and hence the
linear operator 7 in Theorem 6.18 satisfies the equation (T — AI)" = 0. Recall that
a linear operator S on V with S¥ = 0 for some k € N, is a nilpotent operator. If S
is a nilpotent operator on V and dim(V') = n, then necessarily S” = 0 since every
vector in V is a generalized eigenvector of S. The index of nilpotency of a nilpotent
operator S is a natural number m < n such that S = 0 but sm—1 # 0. Since 0 is the
only eigenvalue of a nilpotent operator, Theorem 6.18 speaks of a canonical form of
a nilpotent operator, which may be stated as follows:

If S is a nilpotent operator on an n-dimensional vector space V, with index
of nilpotency m, then a basis B for V can be chosen in such a way that
[Slz.B = diag(](O, my), ..., J(0, mk)), where m; > --- > my > 1, kisthe
geometric multiplicity and m is the ascent of the eigenvalue O of S.

Any row of the two-dimensional array of the basis elements in B is a set of
vectors generated by the rightmost vector v in that row by taking successive images
of vunder (T — AT). The set of all vectors in any such row is called a Jordan chain.
The subspace spanned by a Jordan chain is T-invariant. The matrix of the restriction
of T to this invariant subspace is the corresponding Jordan Block.

Exercises for Sect.6.4

1. Let A € C**? with A # 0 but A?> = 0. Show that A is similar to |:8 (l)i| .

2. Prove that any A € C?*? is similar to a matrix in the form I:g 2:| or |:g ¢11:| .
0 a b
3. Show thatthe matrix | 0 O ¢ [ isnilpotent of index 3 for any nonzero numbers
00O
a,b,c.

4. Describe the actions of all 2 x 2 matrices A on R? if A> = I.

5. Show that A = [a;;] € R**? with q;; = (—1)"*! is nilpotent, and determine its
Jordan block representation.

6. Show that the Jordan block J (A, m) has the only eigenvalue A and the associated
eigenspace E(X) has dimension 1. Also, show that (J(A, m) — AI)" =0 and
(J(A, m) — Ak £ 0fork < m.

7. Show that rank (J (A, k))? is k if A # 0, and it is max{0, k — i} if A = 0.

8. Show that if a linear operator 7" on a finite dimensional vector space has a single
eigenvalue A, then the number of 1s in the super-diagonal of its Jordan block
representation is equal to w(A) — y (X).

9. Show that the differentiation operator on P, (C) is nilpotent. What is its index
of nilpotency? What is its Jordan block representation?
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10. If an n x n matrix A has trace 0 and rank 1, then show that A is nilpotent.

11. Show thateach nilpotentn x n matrix is similar to a matrix with possibly nonzero
entries only on the super-diagonal.

12. Let A be an n x n matrix with nonzero super-diagonal entries, all other entries
being 0. Show that A is nilpotent of index n.

13. Let T be anilpotent operator on a vector space of dimension n. Show that 7" = 0
and that O is the only eigenvalue of 7.

14. Let T be a linear operator on an n-dimensional vector space V. Prove that T is
nilpotent if and only if the characteristic polynomial of T is #".

15. Show that if a matrix B € C"*™ commutes with a Jordan block J (0, m), then
there exists p(t) € P,,(C) such that B = p(J (0, m)).

6.5 Jordan Normal Form

The general case of a linear operator having many eigenvalues is addressed in the
following theorem.

Theorem 6.19 (Jordan normal form) Let T be a linear operator on a vector space
V of dimension n over F. Suppose the characteristic polynomial of T splits over IF.
Then there exists a basis B for V such that the following are true:

(1) [T1p.p is a block-diagonal matrix having Jordan blocks on its diagonal.
(2) Let ) be an eigenvalue of T with ascent £()) and let y; = null (T — A1) If n;
is the number of Jordan blocks J (A, i) that appear in [T]p p, then

ng =2y —¥i-1 —Viy1 fori €{l,..., £Q)}.

Further, such a representation of T as a block-diagonal matrix with Jordan blocks
is unique up to a permutation of the Jordan blocks.

Proof Suppose A, ..., A, are the distinct eigenvalues of 7. By Theorems 5.27
and 5.29, V = G(A) ® - -- G(A,) where each generalized eigenspace G(;) is a
T -invariant subspace.

Consider the restriction linear operators 7; := T'|g(,). For each i € {1,...,r},
T; is a linear operator on G(;), and it has only one eigenvalue X; with algebraic
multiplicity 1 (X;) = dim(G(};)). Due to Theorem 6.18, there exists a basis B; such
that [T; ], p, is a block-diagonal matrix J; whose blocks are the Jordan blocks of the
form J(A;). Take the basis B = B; U---U B, for V.

(1) Clearly, [T']p,p is the required block-diagonal matrix.

(2) Let A = A; be an eigenvalue for some j € {1,...,r}. We compute n; and y;
for this eigenvalue. The number »n; is the number of Jordan blocks J(;, i) that
appear in [T'] g p. Notice that n; is equal to the number of Jordan blocks J (% ;, i) that
appear on the Jordan block representation of [7]p, 5, As y;i = null (T — A; [ ) =
null (7; — &; I)", by Theorem 6.18, it follows that n; = 2y; — yi_1 — Vi+1.
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The uniqueness of the block-diagonal matrix up to a permutation of the Jordan
blocks follows from the formula for n;. [ |

If T is a linear operator on a finite dimensional vector space V, then any basis
B for V, with respect to which [T]p p is in Jordan normal form, is called a Jordan
basis.

Due to Theorem 6.18, our proof says that [T ]z p = diag(Jy, ..., J,), where J;
is a block-diagonal matrix having blocks as Jordan blocks of the form J(A;) for
i €{l,...,r}. In addition, the following are true:

1. The distinct numbers on the diagonal of [T']g p are Ay, ..., A, where each A;
occurs i (A;) times.

. The number of Jordan blocks whose diagonal entries are A; is y (A;).

. The largest Jordan block whose diagonal entries are A; has order £(;).

The characteristic polynomial of T is IT/_ (t — A;)**).

. The minimal polynomial of T is IT_, (t — 1;)“*’; see Theorem 5.34.

. The number of 1s in the super-diagonal of the Jordan normal form is equal to

Yici () =y ().

As our construction shows, the Jordan blocks in each J; read from left top to
right bottom are nonincreasing in order. We can, of course, choose any ordering of
these J;s. That is, a Jordan normal form is unique provided we fix some ordering of
the eigenvalues A, ..., A,. In this sense, Jordan normal form is canonical; we thus
speak of the Jordan normal form of a linear operator.

Example 6.20 Let T : R® — R® be defined by T (ay, az, a3, as, as, ag) = (by, by,
b3, by, bs, bg), where

by =2a;, by =a;+2a, b3=—a+2as,

by =ay+2as, bs=a+ay+az+as+2as, bs=as— a.

The matrix of T in the standard basis is lower triangular; its diagonal entries are the
eigenvalues. The characteristic polynomial of T is (r — 2)5(t + 1).
For the eigenvalue —1, we see that

(T + (a1, ap, asz, as, as, ag) = Bai, ay + 3a,, — a; + 3az, a, + 3ay,

ay + ap + az + a4 + 3as, as).
Then (T + I)(ay, az, a3, as, as, ag) = 0 when a; = a, = az = a4 = as = 0 and ag
arbitrary. A corresponding eigenvector is clearly es. Since N(T + I1)?> = N(T + I),
G(—1) = N(T + I) = span{eg}. Also, y(—1) = u(—1) = €(—1) = 1. The restric-
tion operator T'|g(—1) is given by

T|G(—l) (0’ 07 05 07 09 aﬁ) = (0’ 07 05 0’ 07 _a6)'

Notice that dim(G (—1)) = 1. Thus the matrix of 7’| () in the basis {eg} isa 1l x 1
matrix having the single entry as —1. It is the Jordan block J(—1, 1).
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We see that the algebraic multiplicity of the eigenvalue 2 is ;£ (2) = 5. We compute
its geometric multiplicity and ascent as in the following.
(T = 21)(a1, az, a3, a4, as, ag)
= (0, a1, —ai, a2, a1 +ar +az +as, as — 3ae)
T(T —21)*(ay, as, as, as, as, das)
= (T -2, ay, —ay,az,a; + ar + az + as, as — 3ag)
= (0, 0, 0, a1, a2, a1 +ax + a3 + a4 — 3as + 9ae)
T(T —21)*(ay, a2, a3, as, as, as)
=(0,0,0,0,a;, —3a; — 2a, — 3a; — 3a4 + 9as — 27ag)
T(T —2D)*(a1, az, a3, as, as, ag)
=(0,0,0,0,0, —=3(10a; + 6a, + 9az + 9a4 — 27as + 81ag))
(T —21)%(a1, az, as, as, as, as)
=(0,0,0,0,0, =3(10a; + 6a; + 9asz + 9a4 — 27as + 8lag)).

G, = N(T —2I) ={(0,0, a3, a4, as, ag) : az + as = as — 3ag = 0},
G, = N(T — 2[)2 ={(0,0, as, a4, as, ag) : az + as — 3as + 9ag¢ = 0},
Gs; = N(T -2I)}

={(0, ay, a3, as, as, ag) : 2a, + 3a; + 3a4 — 9as + 27a¢ = 0},
Gy =N(T — 21)4

={(a1, ap, as, as, as, ag) : 10a; + 6a; + 9az + 9a4 — 27as + 81ag = 0}
Gs = N(T —2I) = N(T —2D)* = Gg.

Hence £(2) = 4 and G(2) = G4 = N(T —2I)*. Write y; for y;(2). Thus, we
obtain

v=NT-2N"=NU)=0, y =y =dim(G,) =2, y =dim(G,) =3,
y3 =dim(G3) =4, y=dim(Gs) =5, y4q; =5 forj>1.

The number of Jordan blocks J (2, i) appearing in the Jordan form is given by n; =
2y; — Vi—1 — Yig1- It gives

ni=1, np=0, n3=0, ng=1, n4; =0 forj=>1.

Therefore, there are two Jordan blocks for the eigenvalue 2, namely J(2,4) and
J (2, 1). Along with the one for A = —1, the Jordan normal form of 7 is the block-
diagonal matrix diag( J(2,4), J(2, 1), J(—1, 1)).

To illustrate the construction in the proof of Theorem 6.18, we consider the restric-
tion operator T'|g(2), which is same as T with domain and co-domain as G (2). Thus,
for ease in notation, we continue using 7" instead of T'|(2). Recall thatk; = y; — y;_1
implies that k; =2, ky =1, k3 =1 and k4 = 1. The next step in the construc-
tion is to start with k4 = 1 linearly independent vectors from G4\G3. Such a vector
u‘l1 = (a1, a», a3, ag, as, dg) satisfies

10a; + 6ay + 9as + 9a4 — 27as + 8lag = 0
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but does not satisfy
a; =0 and 2a, 4+ 3az + 3a4 — 9as + 27a¢ = 0.

‘We choose one by taking a; nonzero and satisfying the first equation in the simplest
manner, say, by choosing a, nonzero and all others zero:

ut=@3, —=5,0,0,0,0).

Since k4 = 1, there is no need to extend {u‘l‘} to a basis for U, in order that G4 =
G3 @ U, happens. We see that such a Uy is given by span{u‘l‘}.
Next, we take

wy == (T —2Du} = (T —21)(3, —5,0,0,0, 0 =(0,3,-3,-5,-2,0).

Since all vectors in G, have second component equal to 0, uf ¢ G, as stated in The-
orem 6.18. Further, u% € Gj; its first component is 0 and the rest of the components
satisfy:

2a; + 3as + 3a4 — 9as + 27a¢ = 0.

Thus u3 € G;. Since k3 = 1, we take U = span{u3} and we have G5 = G, @ Us.
In the next step, we take

u? = (T — 2D’ = (T —20)(0,3, -3, -5, -2,0) = (0,0,0,3, =5, —2).

Check that u? € G, \ Gy.asky = 1, Go = G| ® U, where U, = span{u?}.
Finally, we take

ul = (T —2Nu? = (T —21)(0,0,0,3, -5, —2) = (0,0,0,0,3, 1).

Itis easy to check that u{ € G\ Gy, recalling that Gy = {0}. Since k; = 2, we need
to extend {u}} to a linearly independent set by adding one more vector from G;. In
u } , we have the fourth component 0, so we choose a vector with its fourth component
nonzero for keeping linear independence. Our choice is

uh =(0,0,—1,1,0,0).

Now, we must order the basis vectors u}, u}, u?, u3, u?. For this purpose, we write
them vertically for the respective spaces

G U U U,
wouiouj uj

1
U



268 6 Block-Diagonal Representation

We visit them horizontally to get the basis for G(2) as

1 2 3 4 1
By ={uy, uj, uj, uj, uy}.

As discussed earlier, G(—1) has the basis {es}. Since R® = G(2) @ G(—1), we have
the basis for R® as

1 2 3 4 1
B ={M17 Uy, uy, Uy, uzae()}-

This is the Jordan basis in which [T']z, g should be in the Jordan normal form. We
verify it as follows:

Tu} = T(0,0,0,0.3,1)  =(0,0,0,0,6,2) = 2u!
Tu? = T(0,0,0,3,-5,-2) =(0,0,0,6,-7,-3) = ul+2u?
Tu = T(0,3,-3,-5,-2,00= (0,6, =6, ~7, =9, =2)= u’ + 2u}
Tul = T(3.-5.0,0,0,0) = (6,~7,-3,-5 ~2,00=uj +2u}
Tu) = T(0,0.,-1,1,0,00 =(0,0,-2,2,0,0)  =2u}
Tes = T(0,0,0,0,0,1) =(0,0,0,0,0, —1) = —eg

Then [T]g g = J as given below. Further, construct the matrix P by taking the
transposes of the basis vectors as its columns, and take [7'] as the matrix of T
with respect to the standard basis of RS. Then the following verification shows that
PUTIP = J.

20000 0 0 00 6 00
12000 0 0 0 3-5 00
;_|-10200 0f , {0 0-3 0-10
01020 0 0 3-5 0 10/
11112 0 3-5-2 0 00
00001 —1 1-2 0 0 01
21 0 0 0 6 0 0
21 0 0 6-7 0 0
21 0 0-6-3-2 0
I = 2  TP=PI=15 ¢ _7_5 2 o
2 6 —7-9 -2 0 0
—1 2-3-2 0 0 -1

Notice that the columns of the matrix P are the transposes of the vectors of the Jordan
basis.

In general, if T is a given matrix of order n, then it is considered as a linear operator
on F"*! Tn that case, vectors in the Jordan basis are from F"*!; consequently, they
become the columns of P instead of their transposes. (I

From the uniqueness of Jordan normal form, it follows that two n x n matrices
are similar if and only if they have the same Jordan normal form, up to permutations
of Jordan blocks. Moreover, the Jordan normal form of a linear operator 7 on a
finite dimensional complex vector space is determined by the dimensions of the
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generalized eigenspaces, equivalently, from the ranks of the operators (T — AI)/ for
j=0,1,2,..., for eigenvalues A of T, due to the rank-nullity theorem.

For any matrix A € C"*", equality of the row rank with the rank implies that
rank (AT — AI)/ =rank (A — A1)/ for j =0,1,2,.... Therefore, AT is similar
to A.

To see how AT is similar to A explicitly, go back to the basis B as written down
in the proof of Theorem 6.18. Instead of reading the two-dimensional list from left
to right, read them from right to left, row after row from top to bottom. For example,
the first two rows in the new ordering would now look like:

4 2 I,
Uy ...,uy, up;
¢ 2 1.
Uy ..., Uy, Uy

We call this new ordering of B as the reverse order basis. In the reverse order basis,
each Jordan block will be a lower triangular matrix. Consequently, the Jordan matrix
in Theorem 6.19 will be a lower triangular matrix with Jordan blocks having 1s on the
subdiagonal instead of the super-diagonal. Notice that in the reverse order basis, the
Jordan matrix is exactly J T where J is the Jordan matrix of Theorem 6.19. Therefore,
A is similar to J as well as to J7. However, if A has the Jordan representation
A= P 'JP, then AT = PTJT(PT)~! Thatis, AT is similar to J7. Consequently,
A is similar to AT

Exercises for Sect.6.5

1. Determine a Jordan basis and a Jordan normal form of each of the following

matrices:

01101

00111 1 -1 0 12(3)2
@[00000] ®f-1 4 -1 @fs50 3
00000 4 13 -3 003
00000

Fl -1 -2 3 10 0 0 5-10 0
0 0-2 3 00 1 0 9-10 0
Dl 1 121 @loo o 1| Dlo 07 -2
0 0-1 2 1 6—1—4 0 012—

2. Show that the following matrices have the same characteristic polynomial, the
same minimal polynomial, but they have different Jordan normal forms:

0100 0101
0000 00O00O0
@ 10000 ® 19001
00O00O0 |00 00
1 1 1 1 1 1
3. Show that | =1 —1 —1| and | —1 —1 —1 | are not similar.
1 1 1 00
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4.

10.

11.

12.

13.

14.

6 Block-Diagonal Representation

In each of the following cases, determine if the two matrices similar.

111 300
@ |1 11 and |0 0 Of.
|11 000
[0 1 « 110
M) [0 0 1 and [0 O 1 |, where « is any scalar.
|10 0 0 000
010 1 0 0
() |0 0 1| and |0 @ O |,wherew®=1andw # 1.
|1 00 0 0 o?

. LetA = [aij], B = [bij] e Crxn Witha,-j = lforalli, j; bll =n, andbij =0

for all other i, j. Show that A and B are similar.

. Let J € C"*" be a block-diagonal matrix with blocks as Jordan blocks. Suppose

that the distinct diagonal entries in J are Ay, ..., Ax, where A; appears m; times.
Also, suppose that the largest Jordan block whose diagonal entries are A; is of
order ¢;, and that the number of Jordan blocks whose diagonal entries are A; is
y;. Then show the following:

(a) The characteristic polynomial of J is (r — A;)™" - - (f — k)™ .
(b) The minimal polynomial of J is (r — A% -+ (t — Ax)%.
(c) null (J — A 1) = y;.

. How many nonsimilar 3 x 3 matrices with real entries having characteristic

polynomial (¢ — 1)3 exist?

. Let T be a linear operator on a complex vector space of dimension 5. Suppose

X () = (t —2)*(t —3), null(T —2I) =1, and null (T — 3/) = 2. What is
the Jordan normal form of 7?

. Let T be a linear operator on a complex vector space of dimension 5. Suppose

Xp(t) = (t — 1)° and rank (T — AI) = 2. What are the possible Jordan normal
forms of 7'?

Let A € C°*®, Suppose we are given the characteristic polynomial, the minimal
polynomial, and also the geometric multiplicities of each eigenvalue of A. Show
that the Jordan normal form of A is uniquely determined.

Let A € R7*7 have the characteristic polynomial (t — 2)*(t — 3)* and minimal
polynomial (¢ — 2)?(t — 3)%. Show that A is similar to one of two matrices in
Jordan normal form depending on y (2).

Give two matrices in C’*7 having the same characteristic polynomial, the same
minimal polynomial, and the same geometric multiplicity of each eigenvalue,
but which have distinct Jordan normal forms.

Find all possible Jordan normal forms of an 8 x 8 matrix whose characteristic
polynomial is (¢ — 6)*(t — 7)*, minimal polynomial is (t — 6)*(t — 7)%, and
y(6) =3.

Determine all possible Jordan normal forms of an 8 x 8 complex matrix with
minimal polynomial #>(t — 1)3.
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15.

16.

17.

18.

19.
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Find all possible Jordan normal forms for 10 x 10 complex matrices having
minimal polynomial as 2t — D% + 13

What are the invariant subspaces of a linear operator whose Jordan normal form
consists of a single Jordan block?

Show that (J(0, m))™ = 0. Show also that p(J(x, m)) = 0, where p(¢) is the
characteristic polynomial of the Jordan block J (X, m). Use this result to give
another proof of Cayley—Hamilton theorem.

Let J,, be a Jordan block of order m. Let P be an m x m matrix whose anti-
diagonal entries are all 1 and all other entries are 0. The anti-diagonal entries are
the entries in the positions (1, m), (2,m — 1), ..., (m, 1). Show that Pl=p
and that P='J,, P = JT. Use this to prove that any square matrix is similar to
its transpose.

Let A € C"*" have only real eigenvalues. Show that there exists an invertible
matrix P € R such that P~'AP € R"™ ",

6.6 Problems

1.

2.

How many orthogonal matrices P exist such that P~ |:(l) (l):| P is diagonal?

15

. . T
Find a matrix P such that P |: 5 26

] P=1and PT [18 Sii| is diagonal.

3. Determine a matrix P such that P7 [_? _i:| P and PT B _§i| are diagonal

. Under what conditions on the complex numbers «y, ..., «, the n X n matrix

(23]

o2 . .
is diagonalizable?

U

. Are the following statements true? Give reasons.

(a) Any 2 x 2 matrix with a negative determinant is diagonalizable.

(b) If T is a linear operator on C" with T* = 0 for some k > 0, then T is
diagonalizable.

(c) If the minimal polynomial of a linear operator 7 on C" has degree n, then
T is diagonalizable.

Let T be alinear operator on a finite dimensional complex vector space V. Prove
that 7' is diagonalizable if and only if 7 is annihilated by a polynomial having
no multiple zeros.

. Let T be an invertible linear operator on a finite dimensional complex vector

space. If T™ is diagonalizable for some m € N, then prove that T is diagonaliz-
able.
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8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.
23.
24.
25.
26.

27.

28.

6 Block-Diagonal Representation

Let T be a diagonalizable operator on a finite dimensional vector space V. Prove
that if U is a T -invariant subspace of V, then T'| is also diagonalizable.

Let T be a linear operator on a real vector space V. Prove that if V has a basis
of eigenvectors of T, then tr(T?) > 0.

Let S and T be linear operators on a finite dimensional vector space V. If ST =
T S, prove that there exists a basis of V with respect to which both [S] and [T']
are upper triangular.

Let T be a linear operator on a vector space. Prove that if for each nonzero vector
v, there exists a scalar A such that Tv = Av, then T is a scalar operator.

Show that any matrix of trace zero is similar to a matrix with each diagonal entry
Zero.

Let T be a linear operator on a vector space V of dimension n. If tr(T) = nA,
prove that there exists a basis of V' with respect to which all diagonal entries of
the matrix [T] are .

Let T be a linear operator on a finite dimensional inner product space. Prove that
T is nilpotent if and only if [T ] p is upper triangular with all diagonal entries
0 with respect to some basis B of V.

Let T be a linear operator on a finite dimensional vector space V over IF. Let U
be a T-invariant proper subspace of V. Prove that T is triangularizable if and
only if the minimal polynomial of T splits over F.

Let T be a linear operator on a finite dimensional complex vector space. Prove
that if O is the only eigenvalue of 7', then T is nilpotent. This is not necessarily
true for a real vector space.

Prove that if the minimal polynomial of a matrix A € C>*3 having a single
eigenvalue A is known, then the Jordan block representation of A is uniquely
determined. Also show that this is no longer true if A € C***.

Let T be a nilpotent operator on a finite dimensional vector space. Suppose that
in the Jordan block representation of 7', the longest string of consecutive 1s on
the super-diagonal has length 7. Show that the minimal polynomial of T is "'+
What is the minimal polynomial of the zero (square) matrix?

Show that the minimal polynomial of a nonzero square matrix is a nonzero
polynomial.

Show that the relation “unitarily similar” is an equivalence relation.

Are A*A and AA* unitarily similar?

Are A* and A unitarily similar?

Let A € C"™" be such that tr(A*) = 0 for each k € N. Prove that A is nilpotent.
Let S and T be nilpotent linear operators on a finite dimensional vector space
V. Prove that if ST is nilpotent, then sois T'S.

Let A € " be a nilpotent matrix of index n. Determine a matrix B such that
B*=1+A.

Let T be a linear operator on a finite dimensional vector space. Prove that there
are subspaces U and W of V suchthat V. = U @ W, T|y is nilpotent, and T |y
is invertible.

Let T be a nilpotent operator on a vector space of dimension n. Prove that
det(/ +T) = 1.
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29.

30.

31.

32.

33.

34.
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Let T be a nilpotent operator on a vector space of dimension n. Suppose
null (77" # null (T"). Prove that for each j € {0, 1, ..., n}, null(T/) = j.
Let T be a nilpotent operator on a finite dimensional vector space V. Let m be the
index of nilpotency of T. Prove that foreach k € {1, ..., m — 1}, null (T**!) +
null (T*=1) < 2null (T%).

Theorem 6.18 can also be proved by induction onn = dim(V'). Towards this end,
assume that 7 is a nilpotent linear operator on a vector space V of finite dimension
whose characteristic polynomial splits. First, show that if dim(V) = 1, then
there exists a basis B = {v} of V such that [T']p p = [A]. Next, assume that each
nilpotent linear operator on any vector space of dimension at most n — 1, has a
basis in which the matrix of the linear operator is a block-diagonal matrix with
Jordan blocks on its diagonal. Let dim(V) = n. Prove the following:

(a) Let U := R(T) and let S = T'|y. Then U is an S-invariant subspace of V,
and S(u) = T (u) for each u € U. Further, there exists a basis B for U with
B = B, U--.-U By, where

Bi = {uj,...,u, } with Su}) =0, T(u}) =u’,_, for2 < j <n,.

®) Write N(T) = (R(T)NU) D W, n; = |Bi|, r:i=n1+---+ng, and s :=

dim(R(T) N U). The last vector u; in each B; isin N(T). Write ”2[4-1 =
Tu, . Construct E; = B; U {u}, ,}.

(¢) Choose a basis {z1,...,2,_r_s} for W. Thentheset £ := E; U---UE; U
{z1, ..., Zn—r—s} 1s linearly independent.

(d) Eisabasisfor V and [T ]g g is a block-diagonal matrix with Jordan blocks

on its diagonal.

Let a square matrix A have the Jordan normal form J so that there exists an
invertible matrix P where AP = PJ. Show that the columns of P are either
eigenvectors of A or solutions x of the linear equation of the form Ax = u + Ax
for a known vector u and an eigenvalue X of A.

Assume that the matrix A has the Jordan normal form J, where

-2 —1 =3 -4 00
A=| 4 3 3|, J=P'AP=| 0 2 1
-2 1 -1 002

Use the ideas in Problem 32 to determine the matrix P.

Let J be aJordan block representation of a linear operator 7' on an n-dimensional
complex vector space V having a single eigenvalue A. Show that the uniqueness
of Jordan block representation in Theorem 6.18 follows from each one of the
following.

(a) null (J — AI)" —null (J — AI)'~! = the number of Jordan blocks of order
at least i.
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35.

36.

37.

38.

39.

40.

41.

42.
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(b) dim(N(A —AI) N R(A — AI)’~!) = the number of Jordan blocks of order

at least j.
(c) rank (J — AD* = Yoi_imp—k), if J=diag(J(A,my), ..., (A, m,))
withm| > --- > m, and s isthe largestindexin {1, ..., r} such thatm; > k.

Another way to show uniqueness of a Jordan normal form is given below;
prove it.

Let T be a linear operator on a vector space of dimension n over F. Suppose
that the characteristic polynomial of T splits over F. For an eigenvalue A of T,
let k = £(1); and m = p(X). For j € N, write r; = rank (T — A1)/, and let n;
denote the number of Jordan blocks of the form J (A, i) that appear in the Jordan
normal form of 7. Then

(@) ny +2ny 4+ 3n3+ -+ + kng = m.
(b)y rj=n—mforj>k andr; >n—mforl <j<k.
©) re—1 =ng+n—m, re—o =2n; +ng_y +n—m,
Fi—z =3ng +2n_; +ng_or+n—m, ...
ri=Gk-—Dny+k —2)ng_1+---+2n3+n, +n—m.
(d) n; =rjqi —er—l-l"j_l =2Vj_yj—l_yj+1-

Prove or disprove: Let A, B € "*"_ If the matrices [g 2:| and [g g] are

similar, then A and B are similar.
Let A, B € C"*", Prove that if AB — BA commutes with A, then AB — BA is
nilpotent.
Let A € F"*". Define T : F"*" — F"*" by T(X) = AX — X A. Prove thatif A
is a nilpotent matrix, then 7 is a nilpotent operator.
Let T be a linear operator on a complex vector space V of dimension n. Prove
that V cannot be written as U @ W for T-invariant proper subspaces U, W if
and only if the minimal polynomial of T is of the form (r — 1)".
Let T be a linear operator on a finite dimensional vector space V over F. Let U
be a T-invariant proper subspace of V. Suppose that the minimal polynomial of
T splits over . Prove that there exists a vector x € V \ U and there exists an
eigenvalue A of T such that (T — Al)v € U.
Prove Cayley—Hamilton theorem and the spectral mapping theorem using Schur
triangularization.
(Real Shur Form) Let A be an n x n matrix with real entries. Prove that there
exists an orthogonal matrix P such that PT AP is real block upper triangular;
i.e., it is in the form
D1 * *
O D2 *

00 D,
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43.

44.

45.

46.

47.

48.

49.

50.

where each block D; on the diagonalis eithera 1 x 1block with areal eigenvalue
of A or a2 x 2 block whose eigenvalues consist of a pair of complex conjugate
characteristic roots of A.

(Real Jordan Form) Let T be a linear operator on a real vector space V of
dimension n, with characteristic polynomial

X (@) = (t = A" (= 2™ ((t — o) + B - ((t — aw)* + B,

where As, as, and Bs are real numbers. Let Uy, ..., Uy be the generalized
eigenspaces corresponding to the distinct eigenvalues A, ..., A, respectively.
Let Vi = N(((t —a)?+B1)"), ..., Vi = N(((t — ay)*> + Bw)™). Prove the
following:

@V=U® - dUBVID - DV,
(b) Eachof Uy, ..., U, Vy, ..., V, is a T-invariant subspace of V.
(c) Bach (T — A;1)|y; and each (T — oz,-)2 + Bj))lv, is nilpotent.

Let S and T be linear operators on C". Let p(r) be a polynomial such that
p(ST) = 0. Then prove that T Sp(T S) = 0. What can you conclude about the
minimal polynomials of ST and of 7'S?

Let S and T be linear operators on a finite dimensional inner product space V.
Prove that there exists an orthonormal basis for V with respect to which both §
and T have diagonal matrix representations if and only if ST = T'S. Interpret
the result for matrices.

Let S and T be linear operators on a finite dimensional vector space V. Show
that I — ST + TS is not nilpotent.

An operator T is called unipotent if T — I is nilpotent. Determine the charac-
teristic polynomial of a unipotent operator. What are the possible eigenvalues of
a unipotent operator?

(Jordan Decomposition) Prove that each complex n x n matrix is similar to a
matrix D + N, where D is diagonal, N is nilpotent, DN = N D, each of D and
N can be expressed as polynomials in A; and that such D and N are unique.
Prove that each complex n x n invertible matrix is similar to a matrix DN,
where D is diagonal, N is unipotent (i.e. N — [ is nilpotent), DN = N D, each
of D and N can be expressed as polynomials in A; and that such D and N are
unique.

Let p(z) be the characteristic polynomial of an n x n matrix A. Let C, be the
companion matrix of the polynomial p(t). Prove that A is similar to C), if and
only if p(¢) is the minimal polynomial of A.



Chapter 7 ®)
Spectral Representation ez

7.1 Playing with the Adjoint

Recall that if T is a linear operator on a finite dimensional inner product space V,
then there exists a unique linear operator 7* : V. — V, called the adjoint of 7', which
satisfies

(Tx,y) = {(x, T*y) forall vectors x,y € V.

In applications we come across many types of linear operators which satisfy some
properties involving the adjoint. Some of them are listed in the following definition.

Definition 7.1 A linear operator 7' on a finite dimensional inner product space V
over F is called

(a) unitaryif T*T =TT* = I,

(b) orthogonal if F = R and T is unitary;

(¢) isometric if |Tx| = ||x|| foreachx € V;

(d) normal if T*T =TT*,

(e) self-adjointif 7" =T;

(f) positive semi-definite if 7 is self-adjoint and (Tx,x) > O forallx € V;
(g) positive definite if 7 is self-adjoint and (T x, x) > O for all nonzero x € V.

An isometric operator is also called an isometry, and a positive semi-definite
operator is also called a positive operator. A self-adjoint operator 7 : V — V is
called negative definite if (T x, x) < 0 for each nonzero x € V.

For any linear operator T on a finite dimensional complex inner product space,

1 1
T=Ti+iTy with Tj:=_(T+T%, Ty= (T —T".
l

Here, both T} and 7, are self-adjoint. The linear operator 7} is called the real part,
and the linear operator 75 is called the imaginary part of the linear operator 7.

© Springer Nature Singapore Pte Ltd. 2018 277
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As matrices in F"*" are linear operators on %!, the same terminology applies
to matrices also. Further, when F = R, the adjoint of a matrix in F"*" coincides
with its transpose. In addition to the above, the following types of matrices come up
frequently in applications:

A matrix A € F*"*" is called

hermitian if A* = A;

real symmetric if F = R and AT = A;

skew-hermitian if A* = —A;

real skew-symmetric if F = Rand AT = —A.

For any square matrix A, the matrix (A 4+ A*)/2 is hermitian, and the matrix
(A — A*)/2 is skew-hermitian. Thus any matrix can be written as the sum of a
hermitian matrix and a skew-hermitian matrix. Similarly, a real square matrix can be
written as the sum of a real symmetric matrix and a real skew-symmetric matrix by
using transpose instead of the adjoint.

Example 7.2 LetV be aninner product space, and let {u1, . . ., u, } be an orthonormal
subset of V. Corresponding to scalars Ay, ..., A, inF, define T : V — V by

n
Tx = ij(x,uj)uj, xeV.
j=1
Then for every x, y € V, we have

(Tx, y) ZA x,uj)(uj,y Z iy, ujlu; =< ZX vy, u >

Thus,

n
T*y = ij(y, ujuj, yev.
j=1

Therefore, T is self-adjoint if and only if )LJ € Rforeach j € {1,...,n}.
Observe that Tu; = A;ju; and T*u; = Mju; fori € {1, ..., n}. Hence, for every
x,y € V, we have

n n

j=1 j=1

n
T*y = A(T*y,u;)Tu; = Z|x| v, u
j=1

Therefore, T is a normal operator. We will see that every normal operator on a finite
dimensional inner product space is of the above form.



7.1 Playing with the Adjoint 279

If {u1, ..., u,} is an orthonormal basis of V, then by Fourier expansion, we have
X = Z'}zl (x, u;)u;. In this case, the above equalities imply that 7" is unitary if and
only if |A;| = 1foreach j € {1,...,n}. O

The following result characterizes unitary operators.

Theorem 7.3 Let T be a linear operator on a finite dimensional inner product space
V. Then the following are equivalent:

(1) T is unitary.

2 T*T =1.

3) (Tx,Ty) = (x,y)forallx,y e V.
(4) T is an isometry.

(5) Ifalist of vectors vy, ..., v, is orthonormal in V, then the list Tvy, ..., Tv, is
also orthonormal in V.
6) If {vi,...,v,} is an orthonormal basis of V, then {Tv,, ..., Tv,} is also an

orthonormal basis of V.
Proof (1) = (2) : Trivial.
2) = (3) : T*T = Iimpliesthat(Tx, Ty) = (x, T*Ty) = (x, y)forallx,y € V.
B)=>@: By, ITx|> = (Tx,Tx) = (x,x) = ||x||* forallx € V.
(4) = (5) : Suppose that ||Tx| = ||x| for each x € V. Let B := {v,...,v,} be
an orthonormal list of vectors in V. Let i, j € {1, ..., n}. Due to Theorem 4.8, we
see that (T'v;, Tv;) = (v;,v;). Hence E :={Tvy, ..., Tv,} is an orthonormal set.
Now, for any x € V, if Tx = 0, then ||x|| = ||Tx|| = 0 implies that T is injective.
In particular, v; # v; implies that Tv; # Tv;. That is, E is an orthonormal list.
(5) = (6) : Assume (5). If {v{,...,v,} is an orthonormal basis of V, then the

orthonormal set {T'vy, ..., Tv,} with n distinct vectors is also an orthonormal basis
of V.

(6) = (1): Let E:={vy,...,v,} be an orthonormal basis of V. By (6), the
set {Tvy,...,Tv,} is an orthonormal basis for V. Let v; € E. Then for each
iefl,...,n},

(Vi, T*TV]‘) = <TV,‘, TVj) = 8,‘1' = (V,‘, Vj).

Thatis, (v;, (T*T — I)v;) = 0 for each basis vector v;. So, (T*T — I')v; = 0. Since
this holds for each basis vector v;, we conclude that T*T = 1.

As T maps a basis of V onto a basis of V, it is invertible. Therefore, T* = T;
and TT* = 1. |

The following implications for the statements in Theorem 7.3 can be verified
independently:

@=0m, A=0), =0, <6, O <.

Further, it is easy to see that T is unitary if and only if 7* is unitary. The equiva-
lent statements using 7* instead of 7 in Theorem 7.3 may then be formulated and
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proved. Since orthogonal operators are unitary operators with added constraint that
the underlying field is R, all the statements in Theorem 7.3(2)-(6) with suitable
changes are equivalent to the statement that 7" is orthogonal. In particular, the sixth
statement there says that all orthogonal and unitary operators are isomorphisms. The
fifth statement asserts that

the matrix representation of an orthogonal (unitary) operator with respect to
an orthonormal basis is an orthogonal (unitary) matrix.

The matrix version of Theorem 7.3 thus looks as follows.

Theorem 7.4 For a matrix A € F"*" the following statements are equivalent:

(1) A is unitary.

2) A*A=1.

3) AA*=1.

4) (Ay)*Ax = y*x forall x,y € F**1,

(5) (Ax)*Ax = x*x for each x € F"**!,

(6) The columns of A form an orthonormal basis for F™!,
(7) The rows of A form an orthonormal basis for F'*",

For any matrix A € R"*", the above theorem gives equivalent statements for the
orthogonality of A; we just replace the adjoint by transpose.

In proving that two operators act the same way on each vector, a condition on the
inner products of the form (7T'v, v) is helpful.

Theorem 7.5 Let T be alinear operator on a finite dimensional inner product space
V overF. Let (Tv,v) =0 forallv e V.If F = CorT is self-adjoint, then T = 0.

Proof We consider two cases.
(1) Suppose F = C. Let u, w € V. A straightforward calculation shows that

HTu,w)={Twu+w),u+w)—(Tw—w),u —w)
+i{(T(u+iw),u+iw) —i (T —iw),u —iw) =0.

In particular, with w = Tu, we have (Tu, Tu) = 0 foreachu € V. Hence T = 0.

(2) Suppose T is self-adjoint and F = R. Then (Tu, w) = (u, T*w) = (u, Tw) =
(Tw, u) for all u, w € V. Thus

HTu,w)=(Twu+w),u+w)—(Tu—w),u—w)=0.

Once again, taking w = Tu, we have Tu = Oforallu € V. |

There are non-self-adjoint operators on real inner product spaces such that
(Tv,v) =0 for all v € V. For instance, the linear operator 7T : R? — R2 defined
by T (a, b) = (—b, a) satisfies
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(T(a,b), (@,b)) = ((=b,a), (a,b)) =0 forall (a,b)e R

but T # 0. Here, of course, T* = —T.

Theorem 7.6 Let T be a linear operator on a finite dimensional real inner product
space V. If T* = —T, then (Tx, x) = 0 forall x € V. In particular, if A € R"*" is
real skew-symmetric, then xT Ax = 0 for each x € R".

Proof Suppose T* = —T. Then for each x € V, we have
(Tx,x) = (x, T"x) = —(x, Tx) = —(Tx, x)

so that (T'x, x) = 0. The particular case is obvious. |

A useful characterization of self-adjoint operators on complex inner product
spaces is as follows.

Theorem 7.7 Let T be a linear operator on a finite dimensional complex inner
product space V. Then T is self-adjoint if and only if (Tv,v) € R for eachv € V.

Proof If T is self-adjoint, then for each v € V,

(Tv,v) = (T*v,v) = (v, Tv) = (Tv, V).

Therefore, (T'v,v) € R foreachv € V.
Conversely, suppose that (Tv, v) € R for each v € V. Then

(Tv,v) ={(Tv,v) = (v, Tv) = (T"v, v).
Thatis, ((T — T*)v,v) = 0forallv € V. By Theorem 7.5, T — T* = 0. Therefore,
T is self-adjoint. ]
Certain properties of eigenvalues follow from the nature of the linear operator.

Theorem 7.8 Let A be an eigenvalue of a linear operator T on a finite dimensional
inner product space V.

(1) If T is self-adjoint, then ) € R.

(2) If T is positive semi-definite, then ). > 0.
) If T is positive definite, then . > 0.

(4) If T is unitary, then |A| = 1.

Proof Let v be an eigenvector of T corresponding to the eigenvalue A.

(1) Suppose T is self-adjoint. Then
A, vy = v, v) = (Tv,v) = (v, Tv) = (v, A\v) = A{v, V).

Asv #0, A = A. thatis, A € R.
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Tv, AV,
(2) Let T be positive semi-definite. Asv # 0, 0 < { ”V”:) = (“V”Z) =X
v v

(3) Similar to (2).
(4) For unitary T, Tv = Av implies |[v|| = ||[Tv] = [A] [|v]. Asv #0, |[A|=1. &

Theorem 7.9 Let T be a self-adjoint operator on a finite dimensional inner product
space V. Then each characteristic value of T is real, and it is an eigenvalue of T.

Proof Let A be acharacteristic value of 7. In general, > € C. Let B be an orthonormal
basis of V,and let A := [T']p . Then A is hermitian, and A is a characteristic value
of A. Since A is a linear operator on C"*1, the scalar A is an eigenvalue of A.
Theorem 7.8(1) implies that A € R. Then A is a real characteristic value of 7. Due
to Theorem 5.11, A is an eigenvalue of 7. |

Then the following existence result is immediate.

Theorem 7.10 Each self-adjoint operator on a finite dimensional inner product
space has an eigenvalue.

Theorem 7.10 can be proved without using matrices. For this purpose, we use the
following result.

Lemma 7.11 Let T be alinear operator on a finite dimensional inner product space
V. Then for each nonzero real number B, the operator T*T + %I is injective.

Proof Letu € V. Then
(T*T + B*Du, u) = (T*Tu, u) + (B*u, u) = (Tu, Tu)+ B*u, u).

Now, if (T*T + B%)u = 0 then u = 0. Therefore, T*T + B2I is injective. [ ]

An alternative proof of Theorem 7.10: Let T be a self-adjoint operator on an inner
product space V over F. If F = C, then Theorem 5.4 implies that T has an eigen-
value. If T = 0, then O is an eigenvalue of 7. So, suppose that F =R, T # 0, and
dim(V) = n > 1. Then there exists a vector v € V such thatv # 0 and Tv # 0. The
listv, Tv, ..., T"v, having n + 1 vectors, is linearly dependent. Then there exist
scalars aq, ..., a, not all zero such that

apv+aTv+---a,T"v =0.

Let k£ be the maximum index such that a; # 0. We obtain a polynomial p(¢) =
ap+ayt + - - - + agpt* withag, . .., a; € R, such that

p(M)=al +aiT +---+aT" a #0, p(T)(») =0

for a nonzero vector v. Thus p(T) is not injective.
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By Proposition 5.1,
P(O) = ap(t —hp) - (0 = At —a)® + B - (1 = @) + B,
where As, as, and Bs are real numbers. Then
P(T) = a (T = x D) (T = 2;DUT — o 1)> + BT - - (T — ) + B 1).

If no quadratic factor is present in this product, then we have at least one linear
factor. Since p(T) is not injective, one such linear factor is not injective.

Otherwise, there is at least one quadratic factor present in the product, so that the
corresponding 8 is nonzero. Since T is self-adjoint, sois T — o/ for any ¢ € R. Due
to Lemma 7.11, each operator of the form (T — a1)? + B21 in the above composition
isinjective. But p(T') is not injective. Hence in the above product, there exists a linear
factor which is not injective.

In any case, at least one of the maps of the form T" — A ;[ is not injective. Then
Aj is an eigenvalue of T'. u

In contrast, an isometry on a real inner product space need not have an eigenvalue.
For example, the linear operator T : R*? — R? given by T (a, b) = (b, —a) is an
isometry, since

IT(a,b)| = (b, —a)|| = (b* +a*)"* = ||(a, b)].

But T does not have an eigenvalue.
Exercises for Sect.7.1

1. For which complex numbers « the following matrices are unitary?
a 12 a 0
@ [_1/2 (ﬂ (b) [1 1}
2. Find a 3 x 3 unitary matrix, where all entries on its first row are equal.
3. Let A € R"*". Show that if A is skew-symmetric, then (Ax, x) = 0 for each
x € R"™ !, Is the converse true?
4. Let A € R"™". Are the following statements true?

(a) If A is symmetric or skew-symmetric, then for each x € R A2y =0
implies Ax = 0.

(b) If A is skew-symmetric and n is odd, then det(A) = 0.

(c) If A is skew-symmetric, then rank (A) is even.

5. Let the linear operator T : R* — R be given by

T(a,b,c)=0b+c, —a+2b+c, a—3b—2c) fora,b,c,eR.
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11.

12.
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14.
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17.
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19.

20.
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Check whether 7 : R® — R3 is self-adjoint if the inner product is given by

(@ ((a,b,c), (o, B, y)) = ax +bp +cy.
) ((a,b,c), (o, B,y)) =2aa +3bB + 2cy +ay + ca + 2by + 2cB.

. Consider the inner product space P(C) with (p, ¢) = fol p(t)Md t. Define the

linear operator T on P(C) by (Tp)(t) = p(—t).Is T an isometry?

. Show that each self-adjoint operator is normal, and also that each unitary operator

is normal.

. Give an example of a normal operator which is neither unitary nor self-adjoint.

. Show that for each & € R, the 2 x 2 matrix [Z _aai| is normal.

Let A e C"". Write H=(A+ A*)/2 and K = (A — A*)/2. Show that A is
normal if and only if HK = KH.

Consider P,(R) as an inner product space with (f, g) = fol f(t)g()dt. Let the
linear operator T on P,(R) be defined by T (ag + a1t + art?) = a,t. Prove that
T is not self-adjoint but [T] 5 p is real symmetric, where B = {1, ¢, tz}.

Let T be a linear operator on a real inner product space V of dimension n. Show
that T is self-adjoint if and only if [T'] 3 p is real symmetric for any orthonormal
basis B of V.

Let T be a linear operator on a finite dimensional inner product space V. Prove
that det(7*) = det(T).

Show that if A is a hermitian matrix, then det(A) € R.

Let T, D : P,(F) — P,(F) be given by (Tp)(t) =tp(t) and Dp = dp/dt.
Check whether T and D are self-adjoint if the inner product is given by

@ (p.q) = Jy p(OgDdr.  (b) (p.q) =Y, p(j/ma(i/n).

Consider the inner product space P(C) with (p, g) = fol p()q(t)dt.Is the linear
operator T on P(C) given by (T p)(¢t) = p(—t) self-adjoint?

Which of the following matrices are positive semi-definite?

r . 1 11
@ || O] (b) [_? (ﬂ © [_? 6} @ [1 11
- 111

0
1
1

[y

[0
e [0
R

1 o 1
For which value(s) of « is the matrix | 0 1 O | positive semi-definite?
010
Show that if T is a hermitian operator on a complex inner product space of finite
dimension, then I + i T is invertible.
Show that if S is positive semi-definite and 7 is hermitian, then S + i T is invert-
ible.

Let A and B be positive definite matrices. Which among A%, A~!, AB, and

A + B are hermitian; and which are positive definite?
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22. Give an example of a linear operator which is not positive definite, but all its
eigenvalues are positive.

7.2 Projections

The word projection is used for projection of vectors on a subspace as in the notation
proj, (v), and also it is used for operators as in the following definition.

Definition 7.12 A linear operator P on a vector space V is called a projection
operator or a projection on V if

Px =x foreachx € R(P).

If P is a projection on V with U = R(P) and W = N(P), then we say that P is a
projection onto U along W, and we denote it by Py .

Example 7.13 Let P : R? — RR? be given by
P(a,b) = (a,a) for (a,b) € R

It is easy to see that P is a linear operator on R? and R(P) = {(a, a) : a € R}. Note
that P(u) = u for each u € R(P) so that P is a projection. O

Here is a characterization of projection operators.

Theorem 7.14 Let P be a linear operator on a vector space V. Then, P is a pro-
jection if and only if P> = P; in that case,

V=R(P)®N(P), R(P)=N{U—-P), and N(P)=R{ — P).

Proof Suppose P is a projection, thatis, Px = x forevery x € R(P). Then for every
x eV, we have P(I — P)x = Px — P(Px) = Px — Px =0 so that P?> = P.
Conversely, suppose P2 = P.Letx € R(P). Then x = Pu for some u € V. Hence,
Px = P?>u = Pu = x. Thus, Px = x for every x € R(P) so that P is a projection.
Next assume that P2 = P. We show the three equalities.
For every x € V, we have x = Px+ (I — P)x. Here, Px € R(P) and

P(I — P)x = Px — P>x = 0.

Hence, V = R(P) + N(P). Moreover, if x € R(P) N N(P), then x = Px = 0.
That is, R(P) N N(P) = {0}. Hence V = R(P) & N(P).

Since P?> = P, we have (I — P)P =0 and P(I — P) = 0. Hence, R(P) C
N({ — P)and R(I — P) € N(P).Further,x € N(I — P)impliesx = Px € R(P),
and x € N(P) implies x =x — Px € R(I — P). Thus, N(/ — P) € R(P) and
N(P) C R(I — P). [ |
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We observe thatif T : V — V is a linear operator such that V. = R(T) & N(T),
thenitis not necessary that 7' is a projection. For example, consider the linear operator
T : R? — R? defined by

T(a,b,c) = (a,2b,0) for(a,b) e R

We have R(T) = {(a, b,0) :a,b € R} and N(T) ={(0,0,¢) : c € R} sothat V =
R(T) @ N(T).But T is not a projection.
However, we have the following result.

Theorem 7.15 Let U and W be subspaces of a vector space V such that V =
U ® W. Then there exists a unique projection P : V. — V such that R(P) = U and
N(P)=W.

Proof Let v € V. Then there are unique vectors u € U and w € W such that v =
u + w. Define the map P : V — V by

Pv=u forvelV.

To see that P is a linear operator, let x, y € V and o € F. Then there exist unique
vectors x1, y; € U and x5, y, € W such that x = x; + x; and y = y; + y;. Then

X +ay = (x; +ay) + (x2 +ay:)

withx; + ay; € Uandx; + oy, € W.Since V = U @ W, the vectors (x; + ay;) €
U and (x; + ay,) € W are uniquely determined. Therefore,

P(x +ay)=x;+ay; = Px +aPy.

This shows that P is a linear operator on V. Further, for every x € R(P) = U, since
x = x + 0, we have Px = x so that P is a projection.

Next, we show that R(P) = U and N(P) = W. By the definition of P, we
have R(P) C U. Also, foru € U, Pu = P(u + 0) = u so that U C R(P). Thus,
R(P) = U.Forthe other equality,letx € N(P).Ifx =u +wforu € Uandw € W,
then 0 = Px = u. Thus, x = w € W. Therefore, N(P) C W. On the other hand,
if we W, then w=0+w, where 0 € U and w € w. We have Pw = 0. Thus,
W C N(P).

For uniqueness, suppose that P and Q are projections with the said properties.
Let x € V. Now, there exist unique u € U and w € W such that x = u + w. Since
R(P)=U = R(Q) and N(P) = W = N(Q), and since P and Q are projections,
we have Pu = u = Quand Pw =0 = Qw.Hence, Px = Pu+ Pw=u = Qu +
Ow = Qx. Therefore, P = Q. [ |

As a corollary to Theorem 7.15, we have the following result.

Theorem 7.16 For any subspace U of a vector space V, there exists a projection P
on 'V such that R(P) = U.
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Proof Let U be a subspace of a vector space V. If U = V, then the identity operator
on V is the projection onto U, and if U = {0}, then the zero operator P = 0 is the
projection onto U. Next, suppose that U # V and U # {0}. By Theorem 1.46, there
exists a subspace W of V such that V. = U @ W. Due to Theorem 7.15, there exists
a unique projection P : V. — V with R(P) = U and N(P) = W. |

Example 7.17 Consider the subspaces U = {(a,b,a+b) :a,b e R} and W =

{(c,c,c): c € R} of R3. First we write any vector in R* as a sum of a vector from
U and one from W. Towards this, we write

(a,b,c) =(a,B,a+B)+ v,y V).
This leads to the linear system of equations
a+y=a, B+y=b,a+B+y=c.
The linear system has a unique solution
a=c—b, f=c—a, y=a+b—c.

Hence each vector in R? can be written uniquely as a sum of a vector from U and
one from W as follows:

(a,b,c)=(c—b,c—a,2c—a—-b)+@+b—c,a+b—c,a+b—c).
In fact, if (a, b, ¢) € U N W, then there exist «, B, y such that
(a,b,c) = (o, B,a+ )= (y,v,¥)s

sothaty = o« = = o + B; consequently, (a, b, ¢) = (0, 0, 0). Thus, the projection
Py.w : R® — R3is given by

Pyw(a,b,c)=(c—b,c—a,2c—a—>b) for(a,b,c) e R>.
Observe that
Pyw(a,b,a+b)=(@+b—-b,a+b—a,2a+2b—a—->b)=(a,b,a+Db).

That is, Py w(u#) = u for u € U. Similarly, it may be verified that P&W(a, b,c) =
Py w(a,b,c) forany (a, b, c) € R3. [l

A subspace U of a vector space V can have many complementary subspaces,
and hence, by Theorem 7.15, there can be more than one projections whose ranges
coincide with U. The following example illustrates this.
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Example 7.18 Let V =R?andlet U = {(a, b) € R? : b = 0}. Then we see that the
subspaces W; = {(a, b) € R? : a = 0} and W, = {(a, b) € R? : a = b} satisfy

Vv=Ue&W, V=U&W,.
Indeed, for any (a, b) € R?, we have
(a,b) =(a,0)+ (0,b), (a,b)=(a—b,0)+ (b,b).

So, V=U+W; and V =U + W,. Clearly, U N W = {0} = U + W,. Corre-
sponding to the subspaces W; and W,, we have the projections P; and P
defined by

Pi(a,b) = (a,0), Py(a,b)=(a—-Db,0)

onto U along W, and W,, respectively. Clearly, P, # P;.
In fact, there are infinitely many projections onto U. To see this, for each @ € R,
consider the subspace
Wy = {(a,b) € R* : a = ab}.

Then we see that U N W,, = {0} for every a € R. Further, for any (a, b) € R?,
(a,b) = (a —ab,0) + (ab, b)

with (a —ab,0) € U and (ab,b) € W,. The linear operator P, :V — V
defined by
Py(a,b) = (a—ab,0) (a,b) eV,

is a projection onto U along W,,. (I

For a nonzero vector v and a projection P, we have (I — P)Pv = P(I — P)v =
0. This means that the eigenvalues of a projection can be 0 or 1. For example, the
zero map has the only eigenvalue O; the identity map has the only eigenvalue 1; and
the map P on R? with P(a, b) = (a, 0) has both 0 and 1 as eigenvalues.

In fact, a projection cannot have any eigenvalue other than O or 1, as the following
theorem shows.

Theorem 7.19 Suppose P : V — V is a projection operator such that P # 0 and
P # I. Then the eigenspectrum of P is {0, 1}.

Proof Since P # 0, there exists x # 0 such that Px # 0. Since P(Px) = Px, 1 is
an eigenvalue of P with corresponding eigenvector Px. Next, since P # I, there
exists v # 0 such that (I — P)v # 0. Since P(I — P)v = 0, 0 is an eigenvalue of P
with corresponding eigenvector (I — P)v.
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On the other hand, suppose A is an eigenvalue of P with a corresponding eigen-
vector u. Since Pu = Au, we have P2u = A Pu so that

A= Pu= P?u = APu=2u.
Thus, (1 — A)Au = 0. Since u # 0, it follows that A € {0, 1}. |

Projections become more useful when the subspaces in the decomposition are
orthogonal to each other.

Definition 7.20 Let V be an inner product space. A projection P on V is called
an orthogonal projection if R(P) L N(P). With U := R(P), such an orthogonal
projection is denoted by Py .

Example 7.21 Consider the subspace U = {(a,b,a + b) : a,b € R} of R3 as in
Example 7.17. A basis for U is given by {(1,0, 1), (0, 1, 1)}. If (&, B, ) € U+,
then
((@,B,v), (1,0,1)) =0, ((&, B,7), (0,1, 1)) =0.
These equations lead to y = —« and § = «. Thus
Ut ={(a, 0, —a) : @ € R}.
To write any vector in R3 as a sum of a vector from U and one from U+, let

(a, b, C) = (O{, ﬂ’ o+ ﬂ) + ()/, Y, _V)

The ensuing linear system has the unique solution
1 1 1
o= §(Za—b+c), B = 5(2b—a+c), y = g(a—i—b—c).
Then R?® = U @ U and for every (a, b, ¢) € R?,

1
(a,b,c):§(2a—b+c, 2b—a+c,a+b+2c)

+ (a+b—c,a+b—c, —a—b+c).

W =

Therefore, the orthogonal projection Py : R® — R3 is given by
1
Py(a,b,c) = §(2a—b+c, 2b—a+c, a+b+20).

Clearly, Py(a, b, c) € U. Conversely, to see that any vector (a,b,a +b) € U is
equal to Py («a, B, y) for some («, B, y) € R3, we set up the linear equations
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1
(@b.atb)=zQu—f+y. 2 —a+ty at+p+2y)
Solving the linear system for «, 8, y, we obtain
a=2a+b—c, B=a+2b—c, y=c,

where c is arbitrary. We may fix ¢ to some real number for a particular solution. For
instance, take ¢ = 0 to obtain

a=2a+b, f=a+2b, y=0.

It may be verified that Py («, 8, y) = (a, b, a + b). This proves that R(Py) = U.
To determine N (Py), we set up

1
Py(a,b,c) = g(Za—b+c, 2b—a+c,a+b+2c)=(0,0,0).

Solving the linear equations, we obtain a = b = —c. That is,
N(Py) ={(c,c,—c):ce R} =U". 0

Our terminology says that an orthogonal projection Py is the projection onto U
along U+, where U = R(P) and U+ = N(P). That is,

Py = Prpy = Py,ut = Prep),R(P)*-

An orthogonal projection Py satisfies the following properties:

Pl =Py.

. R(Py)=U,N(Py)=U+, U U =V.

. Foreachv eV, v=Py(v) + (v — PU(V)), Py(v)y eU, Py(v) L (v — PU(v)).
. Foreachv e V, [[PuyW)| < |IvI.

-lkwl\)i—‘

Since Py (v) L v — Py (v), the last property is obtained by applying Pythagoras the-
orem on the equality v = Py (v) + (v — Py (v)).

The projection theorem implies that if U is a finite dimensional subspace of an
inner product space, then the orthogonal projection Py exists. Moreover, an explicit
formula for Py can be given in terms of an orthonormal basis of U.

Theorem 7.22 Let U be a finite dimensional subspace of an inner product space V.
If {uy, ..., ux} is an orthonormal basis of U, then Py is given by

k
Py (v) = proj, (v) = Z(v, ujuj foreachveV.

j=1
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Proof Let {uy, ..., u;} be an orthonormal basis of U. Define P : V — V by

k
P(v) = proj, (v) = Z(v, ujuj forveVv.

j=1

As we have already verified, P is a linear operator. Also, Pu; = u; for each i €
{1,...,k}. Hence P> =P and R(P) = U. That is, P is a projection onto U. It
remains to show that R(P) L N(P). For this, letx € R(P) and y € N(P). Then

& k
x:Px:Z(x,uj)uj and PyZZ(y’”j)”jZO'
j=1

j=1
Being orthonormal, {u;,...,u;} is linearly independent. Hence, (y,u;) =0
forall j € {1,...,k}. Then (x,y) = ZI;-:](x, u;)(u;,y) =0. Therefore, R(P) L
N(P). |

However, if U is an infinite dimensional subspace of an inner product space V,
then there need not exist an orthogonal projection P on V such that R(P) = U. Look
at the following example.

Example 7.23 LetV = 2, the inner product space of all square-summable sequences
of scalars. Recall that forx = («y, o, ...)andy = (B, B2, ...)in £2, the inner prod-
uct (x, y) is given by

(X, ) =B

n=1

Let U = cgp, the subspace of £2 of all square-summable sequences of scalars having
only a finite number of nonzero entries. We observe that if x € £ satisfies (x, u) = 0
forallu € U, then x = 0. Indeed, if x = («;, >, ...) and {(x,u) =0forallu € U,
then oy = (x, ¢;) = 0 for all k € N so that x = 0. Hence, U+ is the zero subspace,
andhence V # U @ U*. O

The following results show some connection between projections and self-adjoint
operators, in the case of finite dimensional inner product spaces.

Theorem 7.24 Let P be a projection on a finite dimensional inner product space
V. Then the following are equivalent:

(1) P is an orthogonal projection.
(2) P is self-adjoint.

(3) P is positive semi-definite.

(4) Foreachx 