Chapter 3
Vector Spaces and Linear
Transformations

3.1 Vector Spaces

Recall that a vector in the xy plane is a line segment directed from the origin to a
point in the plane as shown in Figure 3.1. Recall also that the sum of two vectors vy
and vy is a vector obtained by the parallelogram rule. Also, for a real number ¢, cv
is a vector whose magnitude is |¢| times the magnitude of v and whose direction is
the same as the direction of v if ¢ > 0, and opposite to the direction of v if ¢ < 0.

A convenient way to represent a vector in the zy plane is to consider it as an
ordered pair of two real numbers as v = («, §) where a and § are the components
of v along the x and y axes. This representation allows us to define the sum of two
vectors vi = (a1, 01) and va = (ag, B2) in terms of their components as

Vi +ve = (1 + ag, 81 + B2)
and a scalar multiple of a vector v = («, ) as
ev = (ea, cf)

The representation of a vector in the xy plane by a pair also allows us to derive
some desirable properties of vector addition and scalar multiplication. For example,

vi+ve= (o1 +ag b1+ 52) = (a2 +a,f+ 1) =va+ Vi
and
(c+d)v=((c+d)a,(c+d)p) = (ca,cf) + (da,dB) = cv + dv

Finally, such a representation is useful in expressing a given vector in terms of
some special vectors. For example, defining i = (1,0) and j = (0,1) to be the unit
vectors along the z and y axes, we have

v=(o,3) =a(l,00+5(0,1)=ai+ ]

The idea of representing a vector in a plane by an ordered pair can be generalized
to vectors in three dimensional zyz space, where we represent a vector v by a triple
(o, B,7), with «, 8, and v corresponding to the components of v along the z, y,
and z axes. What about a quadruple (o, 3,7,6)? Although we cannot visualize it
as an arrow in a four dimensional space, we can still define the sum of two such
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86 Vector Spaces and Linear Transformations

0

Figure 3.1: Representation of vectors in a plane

quadruples as well as a scalar multiple of a quadruple in terms of their components.
This motivates the need for a more general and abstract definition of a vector.!

3.1.1 Definitions

A vector space X over a field F is a non-empty set, elements of which are called
vectors, together with two operations called addition and scalar multiplication
that have the following properties.

Addition operation associates with any two vectors x,y € X a unique vector
denoted x +y € X, and satisfies the following conditions.

Al. x+y=y+xforall x,y € X.
A2. x+(y+2z)=(x+y)+zforal x,y,zeX.

A3. There exists an element of X, denoted 0, such that x + 0 = x for all x € X.
0 is called the zero vector or the null vector.

A4. For any x € X there is a vector —x € X such that x + (—x) = 0.

Scalar multiplication operation associates with any vector x € X and any scalar
¢ € F a unique vector denoted cx € X, and satisfies the following conditions.

S1. (ed)x = ¢(dx) for all x € X and ¢,d € F.

S2. 1x = x for all x € X, where 1 is the multiplicative identity of F.
S3. (c+d)x=cx+dx forall x € X and ¢,d € F.

S4. ¢(x+y)=cx+cyforall x,y € X and c €F.

If the field over which a vector space is defined is clear from the context, we omit
the phrase “over F” when referring to a vector space.
The following properties of a vector space follow directly from the definition.

1The reader may be accustomed to defining any directed line segment in the plane, such as an
arrow directed from the tip of vi to the tip of vi + va in Figure 3.1, as a vector. However, this
is just a visual aid, and as far as the addition and scalar multiplication operations just defined are
concerned, that arrow is no different from va. In this sense, vo represents all arrows that have the
same orientation and the same length as va, which form an equivalence class.
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a) 0 is unique

b) —0=0

¢) Ox=0forallxeX

d) cO=0forallceF

e) —x is unique for any x € X

f) (-1)x=—xfor any x € X

To prove (a), assume that there are two different vectors 0; # 02 satisfying con-
dition A3. Then 04 + 07 = 02 (A3 with x = 02 and 0 = 07), and also 0; + 03 = 04
(A3 with x = 07 and 0 = 02). Then, by Al we have 0, = 01, contradicting the

assumption. Therefore, there can be no two distinct 0’s. Other properties can be
proved similarly, and are left to the reader as an exercise.

Example 3.1
Consider the set of all ordered n-tuples® of the form
x = (z1,22,...,%n)
where x1,2,...,x, € F. Defining addition and scalar multiplication operations element-

by-element as

(l’17$27~~~7$n)+(y17y27~~~7yn) = ($1+y17$2+y27~~~71’n+yn)

c(z1,z2,...,2n) (cx1,ca,. .. cTn)

and letting

0 = (0,0,...,0)

—(z1,@2,...,xn) = (—z1,—T2,...,—Tn)

all the properties of the vector addition and scalar multiplication are satisfied. Thus the
set of all n-tuples of F is a vector space over F, called the n-space and denoted F". A
real n-tuple is (z1,22,...,Tn) is an obvious generalization of the familiar concept of a
vector in the plane.

In particular, R', R? and R® can be identified with the real line, the zy plane and
the zyz space, respectively.

Example 3.2

The set of m x n matrices, F™*", together with the matrix addition and scalar multipli-
cation operations defined in Section 1.2 is a vector space.*

In particular, F**"™ and F™*! are vector spaces. This is why we call a row matrix
also a row vector, and a column matrix a column vector. In fact, both F**™ and F™*!
can be identified with F" in Example 3.1. In other words, an n-tuple can be viewed as an

2From now on, we will distinguish an ordered set from an unordered set by enclosing its elements
with parantheses rather than curly brackets

3Note that the set of real numbers is both a field and also a vector space. We distinguish the two
by denoting the real field by R and the vector space of real numbers by R!.

4The reader might ask: “When we multiply two m X n matrices, are we multiplying two vectors
in F™*™? Can we similarly multiply two vectors in R™”? The answer is that when we multiply
two matrices, we do not view them as vectors, but as something else that we will consider later.
Multiplication of vectors is not defined, nor is it needed to construct a vector space.
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element of either of the vector spaces F™, F1*™ or F"*!  in which case it is represented
respectively as

(z1,22,...,@n), [x1 T2 -+ xTn], or col[zi,z2,...,Tn]

* Example 3.3

An ordered real n-tuple (1, 22,... ,%n) is a special case of a semi-infinite sequence

(mk)TO = ($1,$2, .. )

of real numbers. Defining, by analogy to R",

(z1,22,...) + (Y1, 92, .-) (z1 +y1,22 4+ y2,...)
c(zi,z2,...) = (cx1,cT2,...)
o = (0,0,...)
—(z1,22,...) = (—z1,—22,...)

we observe that the set of all such semi-infinite sequences is a vector space over R.
Similarly, we can extend n-tuples in both directions and consider infinite sequences
of the form

(i’k)iooo = ( ey L—1,20, L1y - )
which form yet another vector space.

* Example 3.4

An ordered real n-tuple (z1,z2,.. mn) in Example 3.1 can be viewed as a function
f:n— R, whose domain n = (1,2,...,n) is the ordered set of integers from 1 to n, and

f[k]:mk, ken

Similarly, a semi-infinite sequence (zx)i° can be viewed as a function whose domain is
the set of positive integers N = (1,2,...), and an infinite sequence (1), as a function
whose domain is the set of all integers Z = (... ,—1,0,1,...).

Consider the set F (D, R) of all functions f : D — R, where D is any finite or infinite
discrete set like n, or N, or Z. For f, g € F (D, R), we define their sum to be the function
f+¢g:D — R such that

(f +9)[k] = f[k] +glk], keD

Likewise, the scalar multiple of f with a scalar ¢ is defined to be the function ¢f : D — R
such that

(cf)[k] =cf[k], keD

Note that we do nothing new here, but just rephrase the definition of addition and
scalar multiplication of n-tuples or sequences using an alternative formulation. We thus
reach the conclusion that F (D, R) is a vector space.

F (D, R) in Example 3.4 is a typical example of a function space, a vector space
whose elements are functions. Other examples of a function space are considered
below.
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* Example 3.5

Consider the set F (Z,R) of all real-valued functions f : Z — R defined on a real interval
Z. For f,g € F(Z,R) and ¢ € R, we define the functions f + ¢g and c¢f pointwise just like
we did for f,g € F (D, R):

(f+9)@®) = f@)+g@t), teZ
(efNt) = ecf(t), tel

The zero function is one with
0t)=0, teZ

and for any f € F (Z,R), —f is defined pointwise as
(=N =—-ft), teT

With these definitions, F (Z, R) becomes a vector space over R.

The set of all real vector-valued functions f : Z — R™*! is also a vector space over R,
denoted F (Z,R™*!). A vector-valued function f can also be viewed as a stack of scalar
functions as

f=col[fi,f2,---s fn]

Note that a function f and its value f(t) at a fixed ¢ are different things. f is a vector,
an element of F (Z,R), but f(t) is a scalar, an element of R. This distinction is more
apparent in the case of vector-valued functions: If f € F (Z,R™*') then f(t) € R™*! for
every t € Z. Thus, although f and f(t) are both vectors, they are elements of different
vector spaces.5

Similarly, the set F (Z,C) of all complex-valued functions f : Z — C and the set
F (Z,C™*1) of all complex-vector-valued functions f : Z — C™*! defined on a real interval
T are vector spaces over C.

3.1.2 Subspaces

A subset U C X of a vector space is called a subspace of X if it is itself a vector
space with the same addition and scalar multiplication operations defined on X. To
check if a subset is a subspace we need not check all the conditions of a vector space.
If U is a subspace then it must be closed under addition and scalar multiplication.
That is, for all u,v € U, and ¢ € F, we must have

u+velU, cueU
Usually these two conditions are combined into a single condition as
ciuy +coug € U

for all u;,us € U, and c¢j,ce € F. Conversely, if U is closed under vector addition
and scalar multiplication, then —u = (—1)u € U for all u € U, which in turn implies
that u + (—u) = 0 € U. Since all other properties of vector addition and scalar
multiplication are inherited from X, we conclude that U C X is a subspace if and
only if it is closed under vector addition and scalar multiplication.

5Unfortunately, for the lack of an alternative we sometimes use the same notation to denote a
function and its value. For example, et is used to denote both the exponential function and its value
at t.
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Example 3.6
Consider the following subset of R3.

U={(z,y,z—y) |2,y R}
For x1 = (z1,y1,21 — y1),X2 = (T2, Y2, %2 — Y2), and c1,c2 € R, we have

c1X1 + CaXa

(c1z1,c1y1, c1z1 — eyr) + (caxa2, C2y2, 22 — C2y2)

((c1z1 + cam2), (cr1y1 + c2y2), (crx1 + c2x2) — (c1yr + c2y2)) € U
Thus U is a subspace of R®. It is the set of all points (z,y, z) € R® that satisfy
r—y—2=0

This is the equation of a plane through the origin 0 = (0,0,0). In R3, a plane through
the origin is represented as the set of all points that satisfy

pr+qy+rz=0

for some p, g, r, not all zero. It is left to the reader to show that any such plane defines
a subspace of R3. In particular, the equation = 0 defines the yz plane, y = 0 the zz
plane, and z = 0 the zy plane.

Now, consider the set of all points (z,y, z) that satisfy

x
|: s p s :| y N |: 0 :|
p2 Q2 T2 - 0
Since each equation above defines a plane through the origin, the points satisfying the
above system are on the intersection of these two planes. If (p1,q1,71) and (p2, g2, 72) are
not proportional, then the two equations define distinct planes, and so their intersection
is a straight line through the origin. Since the set of solutions of the above system
is closed under addition and scalar multiplication, we conclude that any straight line

through the origin is also a subspace of R®.
As an illustration, the first of the equations

1 -1 =111 %] Jo
1 0o 1Yo
z
describes the subspace U considered above, and the second describes the subspace

V={(m,y,—m)|x,yeR}

Their intersection, which is the common solution of these equations, is the straight line
described as

Unv ={(z,2z,—x) |z €R}

Clearly, a plane or a line not passing through the origin is not a subspace, simply
because it does not include the zero vector of R3.
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* Example 3.7

The set of polynomials of a complex variable s with complex coefficients is a vector space
over C, denoted C[s]. The subset C,[s], consisting of all polynomials with degree less
than or equal to n, is a subspace of C[s]. However, the set of polynomials with degree
equal exactly to n is not a vector space. (Why?)

The set of polynomials in a real variable ¢ with real coefficients is also a vector space,
denoted R[¢]. Clearly, R[¢] is a vector space over R.

* Example 3.8

Let Cin(Z,R) denote the set of all real-valued functions defined on some real interval 7
such that f, f,..., f(m) all exist and are continuous on Z. That is, Co(Z,R) is the set
of continuous functions, Ci(Z, R) is the set of differentiable functions with a continuous
derivative, etc. Also, let Coo(Z,R) denote the set of functions that have continuous
derivatives of every order. By definition

F(Z,R) D Co(Z,R) D Ci(Z,R) D -+ D Cuxo(Z,R)

Each of these sets is closed under the addition and scalar multiplication operations defined
for the function space F (Z,R) in Example 3.4, and therefore, is a subspace of F (Z, R).
The subspaces Crn (Z, R"*') C F (Z,R™*') can be defined similarly as

Con(Z, R = {f =col [ f1, for-o s fu ]| fi €Cn(T,R),i=1,...,n}

3.2 Span and Linear Independence

3.2.1 Span
Let R = {ry,ra,...,r;} be a finite subset of a vector space X. An expression of the
form

C1ry + Corg + - - - + Ci T

where ¢y, co,...,c, € F, is called a linear combination of ry,rs,...,r;. Because of
property A2 of vector addition, a linear combination unambiguously defines a vector
in X. The set of all linear combinations of ry,rs,...,ry is called the span of R,
denoted span (R) or span (ry,...,r;). Thus

span (R) = { e1ry + coro + -+ + vy | c1,¢,...,c €F}
If span (R) = X, then R is called a spanning set.

The definition of span can be extended to infinite sets. The span of an infinite
set of vectors is defined to be the set of all finite linear combinations of vectors of R.
More precisely,

span (R) = {Zciri | 1 is a finite index set,¢; € F,r; € R}
iel
If u,v € span (R), then u = > a;r; and v = ) b;r; for some a;,b; € F. Then
cu+dv = Z(cai + db;)r; € span (R)

for any ¢,d € F. This shows that span (R) is a subspace of X. In fact, it is the
smallest subspace that contains all the vectors in R.



92 Vector Spaces and Linear Transformations

Example 3.9

Let i = (1,0) and j = (0,1) denote the unit vectors along the z and y axes of the zy
plane (R?). Then

span (i) = {(«,0) | € R}
and

span (j) = {(0,5) |8 € R}
are the z and y axes, and

span (1,j) = { (o, B) |, 8 € R}
is the whole zy plane.

Example 3.10
In R3, let

ri =(0,0,1), r.=(0,1,-1), r3=(1,0,1), rsa=(1,-1,2)

Then

a) Span of each of the vectors is a straight line through the origin on which that
vector lies. For example, span (r1) = { (0,0, ¢) | ¢ € R}, which is the z axis. Since
the given vectors are different, each spans a different lines.

b) Any two of the given vectors span a plane through the origin that contain those
two vectors. For example,

span (r2,r3) = { (a,b,a — b) |a,b € R}
which is the subspace U in Example 3.6.

¢) span(ri,re,r3) = R®, because by definition span (r1,r2,r3) C R® and for any
x = (a,b,c) € R?

x=(b+c—a)ri +brs+ars € span(ry,ra,r3)
so that R® C span (r1,r2,r3) also. Similarly, span (r1,r2,rs) = span (r1,r3,r4) =
R?.
d) However, span (r2,r3,rs) = span (rz,r3) = span (rz,rs4) = span (rs3,rs) = U.
e) Finally, span (ri,rz,r3,rs) = R®, simply because

span (r1,r2,r3,re) D span (ri,ra,rs)

3.2.2 Linear Independence
A finite set of vectors R = {rq,ra,...,r} is said to be linearly independent if
ciry +cara + - +cprp =0 (31)

holds only when ¢y = ¢y = -+ =¢; = 0.

A set is said to be linearly dependent if it is not linearly independent. Alterna-
tively, a finite set R = {r1,ra,...,rx} is linearly dependent if there exist ¢y, ..., ck,
not all 0, that satisfy (3.1).°

6We also say that the vectors rq,ra,...,rg are linearly independent (dependent) to mean that
the set consisting of these vectors is linearly independent (dependent).
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By definition, a set containing only a single vector r is linearly independent if and
only if r # 0.
We have the following results concerning linear independence.

a) If 0 € R then R is linearly dependent.

b) If R is linearly independent and S C R, then S is also linearly independent.
Equivalently, if R is linearly dependent and S D R, then S is also linearly
dependent.

¢) R is linearly dependent if and only if at least one vector in R can be written
as a linear combination of some other vectors in R (assuming, of course, that
R contains at least two vectors).

The rest being direct consequences of the definitions, only the necessity part of
the last result requires a proof. If R is linearly dependent then there exist cq, ..., ck,
not all 0, such that

cir1 + coro + -+ =0
Suppose ¢, # 0. Then
rp = Z(_Cq/cp)rq
a#p

Property (b) above can be used to define linear dependence and independence of
infinite sets. An infinite set is said to be linearly independent if every finite subset of
it is linearly independent, and linearly dependent if it has a linearly dependent finite
subset.

Example 3.11

The vectors i and j in Example 3.9 are linearly independent, because
O0=ai+8j=(a,8) = a=p=0

Example 3.12

Consider the vectors in Example 3.10. The set R1 = {r1,r2,r3} is linearly independent,
because

0 = cir1 + cara + c3r3 = (c3,¢2,¢1 — 2 + ¢3)
implies
Cl = C2 = C3 = O

Similarly, the sets Ry = {ri,r2,r4} and Rs = {ri,rs,rs} are linearly independent.
Therefore, all subsets of these three sets, which include all singletons and pairs of r1,r2, r3
and r4, are also linearly independent.

However, the set R4 = {r2,r3,ra} is linearly dependent, because

rg—r3+r4:(0,070)=0

Therefore, R = {r1,rz,rs, rs} is also linearly dependent.
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Example 3.13
In C3, let

x1 = (1,4,0), x2=(4,0,1), =x3=(0,1,1)
Then {x1, X2} is linearly independent, because for ¢1 = a1 + @by and ¢z = aa + iba,
0 = c1x1+coxo

= (a1 + ib1, —b1 +ia1,0)—|—(—bg+ia2,0,a2+ib2)
= ((a1r —b2) +i(br + a2), —b1 +ia1, az + ib2))

implies a1 = b1 = a2 = b2 = 0, or equivalently, c1 = c2 = 0.
Similarly, the sets {x1,x3} and {x2,x3} are linearly independent. On the other hand,
{x1,x2,x3} is linearly dependent, because

1X1 — X2 +x3=0

* Example 3.14
A set of functions fi,..., fx € F (Z,F) is linearly dependent if

afi+--+cfe=0

for some scalars c1,...,cr € F, not all 0. This is a functional equality, which is equivalent
to

afit)+--+efu(t)y=0 forall teT (3.2)

Consider the real-valued functions ¢1 () = e”!* and ¢2(t) = 2%, where o1 # 02 € R.
Unless ¢1 = c2 = 0, the equality

t t
c1e’t +c2e??" =0

can be satisfied for at most a single value of ¢ (the graphs of c1et and —cqpe2t either do
not intersect, or intersect at a single point). Therefore, ¢1 and ¢2 are linearly independent
on any interval Z.

Now consider two complex-valued functions 1 (t) = e*t and ¢ (t) = e*2t, where
A1 # A2 € C. The graphical argument above is of no use for we cannot plot graphs of
complex-valued functions, and we need an algebraic method to test linear independence
of 1 (t) and 2(t). Such a method is based on the observation that if

Aot

a1 (t) +eap2(t) =0 forall teZ
then
Al (t) + ey (t) =0 forall teZ

provided 1 and s are differentiable on Z. For the given 1 and 12, which are differen-
tiable everywhere, these two equations can be written in matrix form as

ettt erat c1 0
ettt Ngetzt e || o0

A simple elementary operation reduces the system to

et ezt c1 0
0 e L2 16
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Since Aa — A1 # 0 and e*2! # 0 for all t, the second equation gives c2 = 0. Similarly,
since e # 0 for all t, the first equation gives ¢; = 0. Hence 1 and s too are linearly
independent on any interval Z.

Using the same technique we can show that the real-valued functions &;(t) = e
& (t) = te’" are also linearly independent.

7t and

Note that the function pairs in the above three cases are solutions of a second order
linear differential equation with constant coefficients whose characteristic polynomial has
either the real roots s1,2 = 01,2 or the complex conjugate roots s1,2 = A\1,2 = 0 Fiw or a
double real root s = o. In each case, the corresponding solutions are linearly independent
either as elements of F (Z, R) or as elements of F (Z, C).

* Example 3.15

If fj = g; +ihy, f; = g; —ihj,j = 1,...,k, are 2k linearly independent functions in
F (Z,C), then their real and imaginary parts, g;, hj,j = 1,..., k, are linearly independent
in F (Z,R). To show this, suppose that

k

> (a;g; +bih;) =0

j=1

Noting that

1 . 1 «
9j=5(fj+fj) and hj=ﬂ(fj*fj)

the above expression becomes

N | —

k
> (eifi+eif) =0

where c¢; = a; —ib;. Linear independence of {f;, fi |7 = 1,...,k} implies ¢; = 0,5 =
1,...,k, and therefore, a; =b; =0,5 =1,... k.

Observe that this example explains why the real and imaginary parts of complex
solutions of second order linear differential equation with constant coefficients, whose
characteristic polynomial has a pair of complex-conjugate roots, are linearly independent
real solutions.

3.2.3 Elementary Operations
Consider an m X n matrix A partitioned into its rows
(851

a2

A= e Fmxn

(8777

Since the rows of A are vectors in F'*" (as noted in Example 3.2), the elementary
row operations on A discussed in Section 1.4 can be viewed as operations involving
the elements of the ordered set R = (a1,..., ) C F'*™ . This observation suggests
that similar operations can be defined for any ordered subset of a vector space.

The following operations on a finite ordered set of vectors R = (r1,rs,...,rs) are
called elementary operations.
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I:  Interchange any two vectors
II: Multiply any vector by a nonzero scalar

III: Add a scalar multiple of a vector to another one

As we discussed in connection with elementary row operations, to every elementary
operation there corresponds an inverse operation of the same type such that if R’ is
obtained from R by a single elementary operation, then R can be recovered from R’
by performing the inverse operation.

Let R’ be obtained from R = (ry,ro,...,r;) by a single elementary operation.
If it is a Type I or Type II operation, then it is clear that span(R’) = span (R).
Suppose it is a Type III operation that consists of adding a times r;, to r, for some
p # q. That is,

ﬂ:{“’ 174 (3.3)

rotary,, 1=4gq

For an arbitrary x € span (R’)

X = ClI'/l+"'+Cp1‘;,+"'+cq1‘;+"'+ck1‘;€
= ari+ - Feprp+ -+ cg(vg Fary) + -+ ety
= cari+ -+ (ptacgrp+---+cgrg+ -+ cpry (3.4)

so that x € span(R). Hence, span (R’) C span(R). Considering the inverse el-
ementary operation, it can similarly be shown that span(R) C span(R’). Hence
span (R') = span (R). Obviously, this property also holds if R’ is obtained from R
by a finite sequence of elementary operations.

Another property of elementary operations is the preservation of linear indepen-
dence: If R’ is obtained from R by a finite sequence of elementary operations, then
R’ is linearly independent if and only if R is linearly independent. Again, the proof
is trivial if R’ is obtained from R by a single Type I or Type II elementary opera-
tion. Suppose that R’ is obtained from R by a single Type III elementary operation
as described in (3.3), and consider a linear combination as in (3.4) with x = 0. If
R is linearly independent then all the coefficients in the last linear combination in
(3.4) must be zero, which implies that all ¢;’s are zero, so that R’ is also linearly
independent. By considering the inverse elementary operation the converse can also
be shown to be true.

These properties of elementary operations can be used to characterize the span of
a set or to check its linear independence as illustrated by the following example.

Example 3.16

Consider the set Ri = (r1,r2,r3) in Example 3.12. Identifying ri, r2 and r3 with the
rows of the matrix

0 0 1
0 1 -1

1 0 1

Ry =

and performing elementary row operations on R1, we observe that

R — 1
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Thus
R: — E = (e1,e2,€3)

where
er =(1,0,0), e2=1(0,1,0), es=1(0,0,1)

correspond to rows of I. Since E is linearly independent then so is Ri. Also
span (R1) = span (E) = { (z,y,2) |z,y,2 € R} = R®

Now consider the set R4 = (r2,r3,rs). Performing elementary operations on R4 as
above, we obtain

R4 — S = (I‘Q,I‘3,0)
Then
span (R4) = span (S) = span (ra,r3) = U

Also, since S is linearly dependent then so is Ra4.
Note that these results have already been obtained in Examples 3.10 and 3.12.

3.3 Bases and Representations

If R is a spanning set then any x € X can be expressed as a linear combination
of vectors in R. A significant question is whether we need all the vectors in R to
be able to do that for every x € X. For example, the set R = {rj,ro,r3,r4} in
Example 3.10 spans R?, but so also do Ry = {ri,rs,r3}, Ry = {ri,rs,ry}, and
R; = {ry,r3,r4}. That is, any one of ry, r3, or ry can be removed from R without
losing the spanning property. On the other hand, if ry is removed from R, then the
resulting set Ry = {ra,r3,r4} no longer spans R3. Apparently, the sets Ry, Ro and
R3 have a property that Ry does not have. Referring to Example 3.12 we find out
that the first three sets are linearly independent while the last is not, and this may
be a clue.

Lets take another look at one of those linearly independent spanning sets, say R;.
If we remove one more vector from R, then the resulting set of two vectors will only
span a plane (a subspace), not the whole space. Thus R; is a minimal spanning set.
On the other hand, if we add any vector r different from ri, ro, and r3 to Ry, then
the resulting set {r1, ra, r3, r} will no longer be linearly independent, because r can be
expressed as a linear combination of the others. Hence R, is also a maximal linearly
independent set. The same are true also for Ry and Rsg.

These observations motivate a need to investigate the link between the concepts
of span and linear independence.

3.3.1 Basis

The following theorem, which is one of the fundamental results of linear algebra,
characterizes a linearly independent spanning set.
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Theorem 3.1 Let R be a subset of a vector space X. Then the following are equiv-

alent.

a)
b)

)
a)

R is linearly independent and spans X.

R spans X, and no proper subset of R spans X. (That is, R is a minimal
spanning set.)

R is linearly independent, and no proper superset of R is linearly independent.
(That is, R is a mazimal linearly independent set.)

Every vector x € X can be expressed as a linear combination of the vectors of
R in a unique way. That is,

k
X = E (672 ¥
i=1

for some ry,....,ry € R and ay,...,ar € F, all of which are uniquely deter-
mined by x.

Proof We will show that (a) = (b) = (¢) = (d) = (a).

(a)

()

= (b):
By the second part of the hypothesis R spans X. If a proper subset S C R spans X,
then there exists a vector r € R — S that can be written as a linear combination of

some vectors in S. This implies that R is linearly dependent, contradicting the first
part of the hypothesis. Hence no proper subset of R can span X.

= (c):

If R is linearly dependent, then there exists r € R which can be written as a linear
combination of some other vectors in R. This implies that R — {r} also spans X,
contradicting the second part of the hypothesis. Hence R is linearly independent.
On the other hand, since every vector x ¢ R can be written as a linear combina-
tion of vectors of R (because R spans X), no proper superset of R can be linearly
independent.

= (d):

If there exists a nonzero vector x which cannot be expressed as a linear combination
of vectors in R, then RU{x} is linearly independent (see Exercise 3.13), contradicting
the second part of the hypothesis. Hence every vector can be expressed in terms of the

vectors of R. Now if a vector x can be expressed as two different linear combinations
of the vectors of R as

k k
X = E Qily = E Bir;
i=1 i=1

then
k
Z(Oéi —Bi)ri =0
i=1
where at least one coefficient «; — (; is nonzero. This means that R is linearly
dependent, contradicting the first part of the hypothesis. Hence the expression for x
in terms of the vectors of R is unique.
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(d) = (a):
By hypothesis R spans X. If R is linearly dependent, then there exists a vector
r € R which can be expressed as
k
r= Z CiI';
i=1
for some ri,...,rrx € R, which means that r has two different expressions in terms of
r,ri,...,rry € R, contradicting the hypothesis. Hence R is also linearly independent.

A set R having the properties in Theorem 3.1 is called a basis for X. A basis is
a generalization of the concept of a coordinate system in a plane to abstract vector
spaces. Consider the vectors i = (1,0) and j = (0,1) along the  and y axes of the zy
plane (RQ). Since any vector x = (a, ) has a unique representation as x = ai + 3j,
the vectors i and j form a basis for the xy plane. The basis vectors of a vector space
play exactly the same role as do the vectors i and j in the zy plane.

Example 3.17

Let e1, ez, e3 denote columns of I3. The set E = {e1, e2,e3} spans R3X17 because any
x = col [z1, 2, 3] can be expressed as

= x1€e1 + x2e3 + T3€3 (35)

E is also linearly independent, because a linear combination of e, ez, e3 as above is 0
only if all the coefficients x1, z2 and x3 are zero. Hence E is a basis for R3X1, called the
canonical basis. Canonical bases for F* F1*™ and F"*! can be defined similarly. For
example, the set E in Example 3.16 is the canonical basis for R3.

We now claim that the set R = {ri,r2,r3}, where

(3] [i] ]

is also a basis for R®**'. To check if an arbitrary vector x = col 21,2, 23] can be
expressed in terms of the vectors in R we try to solve

X1 1 1 1 1 1 (651
€2 = Q1 0 —+ a2 + a3 1 = 0 1 1 (e %)
xrs3 0 1 0 0 1 as

for a1, a2 and as. Since the coefficient matrix of the above equation in already in a row
echelon form, we obtain a unique solution by back substitution as

g T1 — T2
(6% = T2 — I3
as xrs3

x = (z1 — x2)r1 + (z2 — x3)ra2 + z3rs (3.6)

1
1
0

Thus



100 Vector Spaces and Linear Transformations

which shows that R spans R3X1, Moreover, since the coefficients of r1, ro and rs in the
above expression are uniquely determined by x, R must also be linearly independent.
Indeed,

c1+c2+c3
ci1riy + cora + c3rz = c2 +c3
C3

=0

implies ¢1 = c2 = ¢3 = 0. This proves our claim that R is also a basis for R3*1,

* Example 3.18

In the vector space C[s] of polynomials, let Q@ = {qo,q1,...}, where the polynomials ¢;
are defined as

q(s)=s", i=0,1,...
Since any polynomial p(s) = co + c18+ -+ ¢ s™ can be expressed as

p=coqo+c1q1+ -+ Cngn

Q spans C[s].

Consider the finite subset Q,, = {qo, q1, - .., gn} of Q, and let p be a linear combination
of go,q1,-..,qn expressed as above. If p = 0 then p(s) = p'(s) = p”(s) = --- = 0 for all
s. Evaluating at s = 0, we get ¢ = ¢z = -+ = ¢, = 0, which shows that Q,, is linearly

independent. Since any finite subset of Q is a subset of 9, for some n, it follows that
every finite subset of Q is linearly independent. Hence Q is linearly independent, and
therefore, it is a basis for C[s].

The reader can show that the set R = {ro,r1,...}, where

ri(s)=1+s+---+s, i=0,1,...

is also a basis for C[s]. In fact, R can be obtained from Q by a sequence of elementary

operations.”

From the two examples above we observe that a vector space may have a finite or
an infinite basis. A vector space with a finite basis is said to be finite dimensional,
otherwise, infinite dimensional. Thus R**! in Example 3.17 is finite dimensional,
and C[s] in Example 3.18 is infinite dimensional. These examples also illustrate that
basis for a vector space is not unique.

The following corollary of Theorem 3.1 characterizes bases of a finite dimensional
vector space.

Corollary 3.1.1 Let X have a finite basis R = {r1,ra,...,r,}. Then

a) No subset of X containing more than n vectors is linearly independent.
b) No subset of X containing less than n vectors spans X.

¢) Any basis of X contains exactly n vectors.

d) Any linearly independent set that contains exactly n vectors is a basis.

e) Any spanning set that contains exactly n vectors is a basis.

7Although we defined elementary operations on a finite set only, the definition can easily be
extended to infinite sets.
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Proof
a) Consider a set of of vector S = {s1,82,...,8m}, where m > n. Since R is a basis,
each s; can be expressed in terms of ry,ra,...,r, as

n
stE AijTi j:1727~~'>m
=1

Let A = [aij |nxm. Since n < m, the linear system Ac = 0 has a nontrivial solution,
that is, there exist ci,co, ..., cm, not all zero, such that

3
3

which shows that S is linearly dependent.

Suppose that a set of vectors S = {s1,s2,...,8m}, where m < n, spans X. Then
each r; can be expressed as

m
rjzzbijSi, j:1727...,’l7,
=1

Let B = [bij |mxn. Since m < n, we can show by following the same argument as in
part (a) that there exist ci1,ca,...,cn, not all zero, such that

IEEES WD ISR v ST

j=1 j=1 i=1 i=1 j=1
Since this contradicts the assumption that R is linearly dependent S cannot span X.
If S is a basis containing m vectors, then by (a) m < n, and by (b) m > n, that is,
m=n.
Let S = {s1,s2,...,8n} be a linearly independent set. Then, by (a) no proper
superset of S is linearly independent, and by Theorem 3.1, S is a basis.

Let S = {s1,82,...,Sn} be a spanning set. Then, by (b) no proper subset of S spans
X, and by Theorem 3.1, S is a basis.

By Corollary 3.1(c), all bases of a finite dimensional vector space contain the same
number of basis vectors. This fixed number is called the dimension of X, denoted
dim (X). If X is a trivial vector space containing only the zero vector, then it has no
basis and dim (X) = 0.

From Example 3.17 we conclude that

dim (F") = dim (F'*™) = dim (F"*") = n

Example 3.19

From Examples 3.10 and 3.12 we conclude that the sets R1, Rz and Rgs are all bases
for R®. Since dim (R®) = 3, the set R, which contains four vectors, must be linearly
dependent. Although the set R4 also contains three vectors, it is not a basis, because
it is not linearly independent. Then it cannot span R3. These results had already been
obtained in Example 3.12.
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Referring to the same example, we also observe that the set {rs,r3} is a basis for
the subspace U in Example 3.6. Hence dim (U) = 2. This is completely expected as U
is essentially the same as the two-dimensional zy plane (or the yz or zz planes) except
that it is tilted about the origin. The linearly independent vectors

s1 =(1,1,0) and sy =(2,1,1)
form another basis for U.

Example 3.20

Any two vectors not lying on the same straight line are linearly independent in RZ.
Since dim (R?) = 2, any two such vectors form a basis for R?. For example, the vectors
u; = (2.0,1.0) and uz = (1.0, 2.0) shown in Figure 3.2 are linearly independent and form
a basis for R®. The vectors vi = (1.1,1.0) and v = (1.0,1.1) shown in the same figure
are also linearly independent and form another basis for R?.

4
X
3r S x
) 4 <
u2 N4 4
v
1 Vl g
1
O L L L
0 1 2 3 4

Figure 3.2: Two different bases for R?

Although U = {u;,us} and V = {vi,v2} are both bases, they are quite different
from a computational point of view. Consider two vectors x = (3.2,3.1) and x' =
(3.1,3.2) which represent two close points in R?. We expect that when we express them
in terms of a basis, then their corresponding coefficients multiplying the basis vectors
should also be close. This is indeed the case for U, where

x = 1l.lu;+1.0us

/

x = 10ui+1.1us
On the other hand, when x and x’ are expressed in terms of V as

x = 20vi+1.0ve

/

x = 1.0vi+20ve

their corresponding coefficients differ greatly.
To explain the situation we observe that finding the coefficients ¢; and ¢z of a given
vector x = (z,y) = c1v1 + c2va is equivalent to solving the linear system

EFESIEEH
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Since this system is ill-conditioned, its solution (the coefficients ¢1 and c2) are very
sensitive to small changes in = and y. The ill-conditioning of the system results from
v and vg being very much aligned with each other. We can say that they are closer to
being linearly dependent than u; and uy are.®

Example 3.21
Any A € R®*? can be expressed as

A

Il
—
S
[
[

S 2
[
IS
—

1 0 0 1 0 0 0 0
a11|:0 O]+a12|:0 0:|+a21|:1 O]+a22|:0 1:|

= a1 M1 + a12Mi2 + a1 Ma1 + a2 Ma2

Hence the set M = { M1, M12, M21, Mo} spans R**2. Since it is also linearly indepen-
dent, it is a basis for R%*2. (The same conclusion can also be reached by observing that
the coefficients of M;; in the above expression are uniquely determined by A.) Therefore,
dim (R**?) = 4.

The set

R2*? = {S € R**?| S is symmetric }

is a subspace of R?*2, The matrices

10 0 1 0
Sl_{o 0]’ 52_[1 0}’ 53_{0

form a basis for R2*?. Hence dim (R2*?) = 3.

In general, dim (F™*™) = mn, and the set
(M |1<i<m1<j<n}

where M;; € F™*™ consists of all 0’s except a single 1 in the (¢, j)th position, is a basis

for F™*",

The following corollary is useful in constructing a basis for a vector space.

Corollary 3.1.2 Let dim (X) = n.

a) Any spanning set containing m > n vectors can be reduced to a basis by deleting
m — n vectors from the set.

b) Any linearly independent set containing k < m vectors can be completed to a
basis by including n — k more vectors into the set.

Proof

a) Let R = {r1,...,rm},m > n, be a spanning set. By Corollary 3.1(a), it must be
linearly dependent, and therefore, one of its vectors can be expressed in terms of the
others. Deleting that vector from R reduces the number of vectors by one without
destroying the spanning property. Continuing this process we finally obtain a subset
of R which contains exactly n vectors and spans X. By Corollary 3.1(e), it is a basis.

8We will mention about a measure of linear independence in Chapter 7.
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The process of reducing R to a basis can be summarized by an algorithm:

R={ri,...,tm}
Fori=m:1
If span (R —{r;}) =X, R=R — {r;}

End
b) Let Ri ={ri,...,rc},k < n, be a linearly independent set, and let {rx41,...,Trtn}
be any basis for X. Then R = {ri,...,rx,Trt1,...,Tktn} IS a spanning set with

m = k + n elements. Application of the algorithm in part (a) to R reduces it to a
basis which includes the first & vectors. Details are worked out in Exercise 3.14.

Example 3.22

Consider Example 3.10 again. The linearly independent set {ri,r2} can be completed
to a basis by adding r3 or r4. The spanning set {ri,r2,rs,rs} can be reduced to a basis
by deleting r2, or rs, or ra.

3.3.2 Representation of Vectors With Respect to A Basis

Let dim (X) = n, and let R = (r1,...,r,) be an ordered basis for X. Then any vector
x € X can be expressed in terms of the basis vectors as

X = QI + -+ Qply
for some unique scalars a;,i = 1,...,n. The column vector
1
a=col|ay,as,...,a,] € F'*

is called the representation of x with respect to the basis R. This way we establish
a one-to-one correspondence between the vectors of X and the n x 1 vectors of F"*!.9

Example 3.23

Consider the basis E of R**! in Example 3.17. From (3.5) we observe that the represen-
tation of a vector x = col [z1, z2,z3] with respect to E is itself. That is why E is called
the canonical basis for R**!.

Now consider the basis R in the same example. From (3.6), the representation of
x = col [x1, 2, z3] with respect to R is obtained as

r1 — T2
o = T2 — I3
€3

Example 3.24

The set (r2,r3) in Example 3.10 is a basis for the subspace U in Example 3.6. The
representation of u = (z,y,z—y) € U with respect to this basis is obtained by expressing
u in terms of ro and rs as

u:mr2+yr3

9Note that although «; are unique, their locations in « depend on the ordering of the basis
vectors. To guarantee that every vector has a unique column representation and that every colum
represents a unique vector, it is necessary to associate an order with a basis. For this reson, from
now on, whenever we deal with representations of vectors with respect to a basis, we will assume
that the basis is ordered.



3.3 Bases and Representations 105

which gives

“=[3]

The set S = (s1,s2) in Example 3.19 is also a basis for U. The representation of
u = (x,y,z —y) with respect to S is obtained by expressing u in terms of s; and sz as

u=2ys;+(z—y)s2

=[]

Note that dim (U) = 2, and therefore, o, 3 € R**!.

to be

* Example 3.25

Let Dy = (0,1,...,N — 1), and consider the vector space F(Dny,C) of complex-valued
functions defined on Dy .
Let the functions e, € F(Dy, C) be defined as

0, k#p ~’

Then any f € F(Dn,C) can be expressed in terms of e, uniquely as

ep[k]:{l’ F=p 01, N-1

N-1
f= Zapep, ap = flp], p=0,1,...,.N—1
p=0
because
N-1 N-1 N-1
(D apep)lkl =D apepk] = Y flplep[k] = f[K], k€ Dx
p=0 p=0 p=0

Hence (eg,ée1,...,en—1) is a basis for F(Dy,C), and therefore dim (F(Dx,C)) = N.
From the expression above it also follows that the representation of f with respect to
this basis is the column vector

f =col[ao,ai1,...,an—1] =col| f0], f[1],..., fIN —1]]

There is nothing surprising about this result. F(Dy,C) is essentially the same as
CV*! and a function f € F(Dx,C) is the same as the column vector f. The functions
€o,€1,...,en_1 correspond to the canonical basis vectors e, ez, ...,ex of CN*!. That
is why the representation of a function with respect to (e;) is a column vector consisting
of the values of f at k=0,1,...,N — 1.

Things become more interesting when we consider another basis for 7(Dy, C). Let

2
oplk] :ewl\fk7 p=0,1,...,N—1
It can be shown (see Exercise 3.20) that any function f € F(Dx,C) can be expressed in
terms of ¢, uniquely as

Z

-1

N-—-1
Z 1 x
f: de)P? CP:N f[k]¢p[k]7 p:07177N71 (37)
p=0 0

=
Il
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Hence (o, ¢1,...,¢n—1) is also a basis for F(Du, C), and the representation of f with
respect to (¢p) is

F =col[co,c1, ... ,cN—1]

The representation of f as a linear combination of ¢, is known as the discrete Fourier
series of f, and the coefficients ¢, as the discrete Fourier coefficients of f.

As a specific example, suppose N = 4. Then the basis functions ¢, have the values
tabulated below.

Golk] | ¢lk] | d2[K] | ¢s[k]
k=0 1 1 1 1
k= 1 i —1 —1
k= 1 -1 1 —1
k=3 1 —1 —1 7
Let
2, k=0
4, k=1
f[k"] - _27 k=2
0, k=3

Then the discrete Fourier coefficients of f are computed as

co = $(2+4-2+0) = 1
i = $(2-4i+240) = 1—i
2 = f(2-4-2+0 = -1
3 1(244i4240) = 141

Hence the discrete Fourier series of f is

J=¢o+ (1 —i)p1 — P2+ (1 +1i)p3
and the representation of f with respect to (¢p) is

1
1—1
-1
141

F=

From the examples above we observe that although the representation of a vector is
unique with respect to a given basis, it has a different (but still unique) representation
with respect to another basis. We now investigate how different representations of
the same vector with respect to different bases are related.

Let R = (r1,ra,...,1,) and R = (v}, r),...,r)) be two ordered bases for X.10
Suppose that a vector x has the representations

a=col|ay,...,a,] and o =col|al,...,a]

10Keep in mind that even when R and R’ contain exactly the same vectors, if their orderings are
different then R and R’ are different.
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with respect to R and R/. That is,

n n
X = Z a;r; = Z Oé;I',/L-
j=1 i=1
Let the jth basis vector r; be expressed in terms of the vectors of R’ as

n
rjzz qijr;, j=1...,n
i=1
so that it has a representation

q; =col{qij,--.,qn;], Jj=1,...,n
with respect to R’. Then

n n n n

n n
X:Z ;T :Zaj(z Qijr;) :Z(Z qijaj)rgzz 0421‘2
=1

7j=1 i=1 =1 j=1 i=1

By uniqueness of the representation of x with respect to R/, we have

n

! y —

o = g gijog, 1=1,...,n
=1

By expressing these equalities in matrix form, we observe that the representations o’
and o are related as

o =Qa
The matrix
Q:[QI qz2 - Qn]:[qij]nxn

which is defined uniquely by R and R/, is called the matrix of change—of-basis
from R to R/.

Now interchange the roles of the bases R and R/. Let the jth basis vector rg be
expressed in terms of the vectors of R as

n
r}:Zpijri, i=1...,n
i=1
so that it has a representation
pj:COI[plja"'apnj]v j:]-a"'an
with respect to R. Defining
P=1[p1 P2 - Pnl|=[Pijlnxn
to be the matrix of change—of-basis from R’ to R, we get
a=Pd

The reader might suspect that the matrices @) and P are related. Indeed, since
a=Pa' = PQa and o = Qa = QPa’ for all pairs o, &’ € R™™!, we must have

We will investigate such matrices in Chapter 4.
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Example 3.26

Consider Example 3.17. Expressing the vectors of the canonical basis E in terms of R

as
el = r
€ = -—ri-+r2
es = —r2+ 713

we obtain the matrix of change—of-basis from E to R as
1 -1 0
Q=0 1 -1
0 0 1

Hence the representation of a vector x = col [z1, z2, z3] with respect to R is related to
its canonical representation x as

1 -1 0 T T1— T2
a=Qx=|0 1 -1 To | = | x2— 23
0 0 1 T3 T3

which is the same as in Example 3.23.
Since the representations of r; with respect to E are themselves, the matrix of change—
of-basis from R to E is easily obtained as

1 1 1
P = [1‘1 Iro I‘3] = 0 1 1
0 0 1
If x has a representation
a =col[a,b,c]
with respect to R, then
a+b+c
X = ary + bro + cr3 = b+c = P«
c

The reader should verify that QP = PQ = 1.

3.4 Linear Transformations

Let X and Y be vector spaces over the same field F. A mapping A : X — Y is called
a linear transformation if for all x;,x2 € X and for all ¢;,¢c0 € F

A(e1x1 + coxa) = 1 A(x1) + ca A(x2) (3.8)
(3.8) is equivalent to

A(xy +x2) = A(x1) + A(x2) (3.9)
and

A(ex) = cA(x) (3.10)
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which are known as superposition and homogeneity, respectively. (3.9) follows
from (3.8) on choosing ¢; = ¢3 = 1, and (3.10) on choosing ¢; = 1,¢2 = 0 and x; = x.
Conversely, (3.9) and (3.10) imply that

A(clxl + CQXQ) = A(clxl) + .A(CQXQ) = Cl.A(Xl) + CQ.A(XQ)

X and Y are the domain and the codomain of A. A linear transformation from
a vector space X into itself is called a linear operator on X.
If A: X — Y is a linear transformation then

which follows from (3.8) on taking ¢; = c2 = 0.

Example 3.27
The zero mapping O : X — Y defined as

Okx)=0, foral xeX

is a linear transformation that satisfies (3.8) trivially.
The identity mapping Z : X — X defined as

I(x) =x forall xeX
is also a linear transformation, because
I(clxl + C2X2) = C1X1 + C2X2 = clI(xl) + CQI(XQ)

Hence 7 is a linear operator on X.

Example 3.28
The mapping A : R® — R? defined as

A(z1, 22, 23) = (1 + 22,22 — T3)
is a linear transformation. For u = (u1,u2,us), v = (v1,v2,v3) and ¢,d € F

A(cu +dv) = A(cur + dvi, cuz + dva, cus + dvs)
= (cur + dv1 + cuz + dvz, cuz + dvg — cus — dvs)
= c(ur +wu2,u2 — us) + d(v1 + va2,v2 — v3)

cA(u) + dA(v)

However, none of the mappings

B(z1,z2,23) = (z1+z3,2z2+1)
C(z1,m2,23) = (14 1’371’3)
D(z1,x2,23) = (x123,T2)

is a linear transformation. B is not linear simply because B(0) # 0. The reader is urged
to explain why C and D are not linear.
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Example 3.29

Let A : F*X! — F™*! be defined as A(x) = Ax, where A is an m x n matrix with

elements from F. Since
A(ax + by) = aAx + bAy

A is a linear transformation. This example shows that every matrix defines a linear
transformation. Thus a linear transformation defined by an n X n matrix with elements
from F is a linear operator on F™*!.

Example 3.30
Let X, Y, and Z be vector spaces over the same field, andlet A: X - Y and B: Y — Z

be linear transformations. Then the compound mapping C : X — Z defined as
C(x) = (Bo A)(x) = B(A(x))

is also a linear transformation, because

Cleixi + caxa) = B(A(c1x1 + c2x2))
= B(ciA(x1) + c2 A(x2))
= aB(A(x1)) + c2B(A(x2))
= aC(x1) + c2C(x2)

* Example 3.31

In Section 2.5 we defined the differential operator D as a mapping from a set of functions
into itself such that D(f) = f’. We now take a closer look at D.
Recall from Example 3.8 that

Co(I,R) D] C1(I,R) D e D COO(I,R)
are subspaces of F (Z,R). Also, if f € C;n(Z,R) then
f/ S Cm—l(I7R)7 f// S Cm—2(17 R)7 sy f(m) S CO(I7 R)

Hence, for any m > 1, the differential operator D is a mapping from Cn(Z,R) into
Cm—1(Z,R), and therefore, into Co(Z,R). The property in (2.34) implies that D is a
linear transformation. Then, as discussed in Example 3.30, the operator D? that is
defined in terms of D as

D*(f) = (Do D)(f) = D(D(f)) = D(f') = "

is also a linear transformation. Consequently, each D* k =1,...,n < m, which can be
defined recursively as

D*(f) = (Do D* ")(f) = D(D" ' (f)) = D(f* V) = f®

is a linear transformations from C.,(Z, R) into Cy,—x(Z, R), and therefore, into Co(Z, R).

Finally, an nth order linear differential operator L(D) is a linear transformation
from C,(Z,R) into Co(Z,R) (see Exercise 3.31). In fact, this is precisely the reason for
calling L(D) a linear operator.
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* Example 3.32

Recall that a vector x € R™*! can also be viewed as a function f € F(n,R). The linear
operator A : R"*! — R™*! defined by a matrix A € R"*™ can similarly be interpreted
as a a linear operator A : F(n,R) — F(n, R) such that the image g = A(f) of a function
f is defined pointwise as

n

g[p]zz:aqu[q], pen

q=1

Now consider the vector space F(Z,R) of infinite sequences. We can define a linear
operator H on F(Z,R) such that if g = H(f) then

[e')

gl = > hlp.dfla, pez (3.11)

g=—00

where h[p, q] € R.** We can think of H as defined by an infinitely large matrix H with
elements h[p, ¢] such that

g[=1] o h[=1,-1] h[=1,0] h[-1,1] - fI-1]

gl0] | =1 -+ AL O,=1] A[ 0,0] A[ 0,1] --- | = | f[O]

gl1] B[ L1 A[ L0 B[ L] s

Let us go one step further, and consider the vector space F(R,R) of real-valued
functions defined on R. Now the domain of the functions is a continuum, and the infinite
summation in (3.11) must be replaced with an integral: We can then define a linear
operator H on F(R, R) such that g = H(f) is characterized by

g(t) = /OO h(t,7)f(r)dr, t€R (3.12)

oo

In the special cases when hlp,q] = h[p — ¢] and h(¢,7) = h(t — 7), the operators
defined by (3.11) and (3.12) are known as convolution, and are widely used in system
analysis.

3.4.1 Matrix Representation of Linear Transformations

Let dim (X) = n, let dim (Y) = m, let R = (r1,...,r,) and S = (s1,...,8,, ) be
ordered bases for X and Y, and let A: X — Y be a linear transformation.

Consider A(r;). Since it is a vector in Y, it has a unique representation a; € Frxt
with respect to the basis S. That is,

A(rj):Zaijsi, j:].,...,n
i=1

HOf course, this definition requires that the infinite series in (3.11) converges for all p € Z, which
puts some restrictions not only on h[p, ¢] but also on f. These technical difficulties can be worked
out by restricting f to a subspace of F(Z,R) and by choosing h[p, q] suitably.
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and

aj =collaij,az,...,am;], j=1,...,n
The m x n matrix

A=la; ay - an] = [ay]

which is uniquely defined by A, R and S, is called the matrix representation of a
linear transformation of A with respect to the basis pair (R, S).

The significance of the matrix representation of A is that if x € X has a represen-
tation a € F"*! with respect to R and y = A(x) € Y has a representation 8 € F™**
with respect to S, then the two representations are related as 3 = Aa. To show this,
suppose

XZZO&jI‘j, y:A(X):ZﬁiSi
i=1

j=1
Then
n n m m n m
y= ZajA(rj) = Zaj (Zaijsi) = Z(Zaijaj )si = Zﬁisi
Jj=1 j=1 =1 =1 j=1 =1

Since the representation of y in terms of s; is unique, we must have
n
ﬁi: E Qi , i=1,...,m
=1

or in matrix form
8= A«

In conclusion, not only does an m x n matrix define a linear transformation from
F™*! into F™*!, but also a linear transformation from an n-dimensional vector space
X into an m-dimensional vector space Y can be represented by an m x n matrix once
a pair of bases for X and Y are fixed.!?

Like the column representation of a vector with respect to basis, a linear transfor-
mation has different representations with respect to different bases. If A has a repre-
sentation A with respect to (R,S) and a representation A’ with respect to (R’,S’),
then

A =Q,AP,

where @, is the matrix of change—of-basis from S to 8’ in Y, and P, is the matrix of
change—of-basis from R’ to R in X. This follows from the fact that if a and o’ are
representations of x with respect to R and R’, and 3 and B’ are representations of
y = A(x) with respect to S and S’, then

Ad =08 =Q,8=0Q,Aa = Q,AP,

12The question of whether a similar result can be derived for linear transformations between infinite
dimensional vector spaces is beyond the scope of this book.
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The relations between the vectors of X and Y and their representations are sum-
marized by the diagram in Figure 3.3. From the diagram it is clear that A, Q4A4,
AP, and Q,AP, all represent the same linear transformation, each with respect to a
different pair of bases. @, A represents A with respect to (R, S’), and AP, represents
A with respect to (R, S).

/__ alanxl —A,> ,BIEFmXI <\

R/ S’
A
P, xeX —— yeY Qy
R S

K» aanxl —A> ,@EFle _/

Figure 3.3: Matrix representation of a linear transformation

Example 3.33

Consider the linear transformation A : F*** — F™*! defined by a matrix A™*" € F™X",

anl

Let E" = (ef,...,ey) and E™ = (el%,..., e} ) denote the canonical bases for and

F™>1 respectively. Then since Ae} = a; (the jth column of A), and since the column
representation of a; with respect to E™ is itself, it follows that the matrix representation

of A with respect to the canonical bases of F**! and F™*! is the matrix A itself.

Example 3.34

Consider the linear transformation in Example 3.28. If we choose the canonical bases
E3 = (e},e3,e}) and E*> = (e}, e3) for F? and F?, then

Ae}) = A(1,0,00 = (1, 0) = eF
A3 = A(0,1,0) = (1, 1) = el+ed
A(ed) = A(0,0,1) = (0,-1) = —e2

and the matrix representation of A is

1 1 0
A_[O 11}

Now suppose we choose
ri =(1,0,0), r2=1(0,1,0), r3z=(-1,1,1)
as a basis for F3, and

S1 = (1,0), Sg = (1, 1)
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as a basis for F2. Then, since

A(r1) = A( 1,0,0) = (1,0) = s
A(rz) = A( 0,1,0) = (1,1) = s
A(rs) = A(-1,1,1) = (0,00 = 0

A has the matrix representation

, [1 0 0
w=[3 10

with respect to (R, S).
Let us form the change—-of-basis matrices @, and P.. Since

e% = S1

2
e; = —S1+8S2

the matrix of change—of-basis from E? to S in F? is

1 -1
Qy:[o 1]

The matrix of change-of-basis from R to E® in F? is readily obtained as

1 0 -1
P.=10 1 1
0 0 1

The reader can easily verify that A" = Q,AP;.

In Example 3.30 we have seen that if A : X —Y and B : Y — Z are linear
transformations, then the mapping C : X — Z defined as

C(x) = (Bo A)(x) = B(A(x))

. . . . . 1 1 1 1
is also a linear transformation. In particular, if A : F*** — F™*"and B : F™*" — FPX
are linear transformations defined as

Ax) = Ax, B(y)= By
where A and B are m X n and p X m matrices then C is defined as
C(x) = B(A(x)) = B(Ax) = BAx

Conversely, if X,Y and Z are finite dimensional and A and B are represented by
matrices A and B with respect to some fixed bases of X,Y and Z, then C = Bo A is
represented by the matrix C' = BA with respect to the same bases (see Exercise 3.29).
Thus a matrix product can be viewed as the representation of a linear transformation
followed by another as illustrated in Figure 3.4.
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C=BoA

Figure 3.4: An interpretation matrix multiplication

3.4.2 Kernel and Image of a Linear Transformation
Let A: X — Y be a linear transformation. The set
ker(A)={xeX|Ax)=0}CX

is called the kernel of A. Clearly, 0 € ker (A). Furthermore, if x1, x5 € ker (A) then
for any c1,co € F

.A(clxl + C2X2) = Cl.A(Xl) + CQ.A(XQ) =c10+c0=0

so that c1x1 + coxa € ker (A). That is, ker (A) is closed under vector addition and
scalar multiplication. Hence it is a subspace of X, which is also called the null space
of A and denoted by N (A). If it is finite dimensional, we define v(A) = dim (ker (A))
to be the nullity of A.

The set

im(A) ={yeY|y=A(x) forsomexec X} CY

is called the image of A. The reader can easily show that im (A) is a subspace of
Y, which is also called the range space of 4 and denoted as R (A). If it is finite
dimensional, then we define p(A) = dim (im (A)) to be the rank of A.

If A: F™Y — F™*! is a linear transformation defined by an m x n matrix A, then
we also use the notation ker (A) and im (A4) to denote ker (A) and im (A).

Example 3.35

Consider the linear transformation A : R**! — R3**! defined by the matrix

1 0 -2 =2
A= 1 —1 —1 1 :[al a2 as a4]
0 -1 1 3
Then

ker (A) = {x e R"”'|Ax =0}
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that is, ker (\A) is precisely the set of solutions of the homogeneous system Ax = 0. From
the reduced row echelon form of A

1 0 -2 =2
A— 0 1 -1 -3
0 0 0 0

we obtain two linearly independent solutions

¢1: ) ¢2:

O~ =N
—_ o W N

Hence ker (A) = span (¢, ¢,), and therefore, v(A) = 2.
Clearly,

im (A) = span (a1, az,as,a4)

Performing elementary operations on the columns of A as

2Cl+CB—>C3 [ 1 O 0 0
A 201 +C4— Ry 1 -1 1 3
— 0 -1 1 3
Co +C3 — Cg [ 1 0 0 0‘|
3Cy +Cyqy — Cy 1 -1 0 0 = [a1 as O 0]
- 0 -1 0 0

we determine that im (A) = span (a1, a2), and hence p(A) = 2.

Example 3.36
Let A : R**% — R?*2 be defined as

AM) =M + M*

It is easy to see that A is a linear transformation.
Since M + M* = O if and only if M is skew-symmetric,

ker(A)zspan(|: (1) _(1) :|)

and hence v(A) = 1.
Since M + M" is symmetric for any M,
im (A) = R2*?

where R2*? is the subspace in Example 3.21. Hence p(A) = 3.

* 3.4.3 Inverse Transformations

If ker (A) = {0} then to every y € im (A) there corresponds a unique x € X such
that A(x) =y, that is, A is one-to-one (see Exercise 3.38). It is then natural to
expect that there exists a linear transformation Ay : Y — X that maps the image of
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every x € X back to x as illustrated in Figure 3.5. Such a linear transformation, if it
exists, is called a left inverse of A4.13

In general, Ay is not unique because of the arbitrariness in defining Ar (y) when
y ¢ im (A). However, by the very definition, it has the property that

Ap(A(x)) =x forall xeX

AL 9 .A
° A e AL, o
X1 y1 € im (A) X1

o————— > 0

y2 ¢ im (A) Xy (arbitrary)

Figure 3.5: Left inverse of a linear transformation

Example 3.37
Let A : R?*! — R3X! be defined by the matrix

1 1
2 3
0 1
It can easily be verified that the only solution of Ax = 0 is the trivial solution x = 0,
that is, ker (A) = {0}. Let

. 1 0 -1
AL_[O 0 1}

Then the mapping Ar : R®*! — R>! defined by Ay is a left inverse of A, because
ApA =1 so that

A=

AL(A(x)) = ALAx =x for all x € R**!

The reader can verify that the matrix

v -1 1 -2
AL_[ 2 -1 2}

also defines a left inverse of A.

13The proof of existence of Ay in the general case is beyond the scope of this book. Left inverse
of a linear transformation defined by a matrix is studied in Chepter 4.
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Now suppose that im (A) =Y. Then for every y € Y there exists an x € X, not
necessarily unique, such that A(x) =y, that is, A is onto. We can then define a linear
transformation Ap : Y — X such that AR(y) = x, where x is any fixed vector that
satisfies A(x) = y. Because of the arbitrariness in choosing x (if there are more than
one x that satisfy A(x) =y), AR is not unique either. However, it has the property
that

A(Ar(y)) =y

forally € Y. Thus Ag maps every y € Y to a vector whose image is y as illustrated
in Figure 3.6, and is called a right inverse of A.14

AOAR
° >~ e Az, o A °
X1 A Y1 X1 Y1

Figure 3.6: Right inverse of a linear transformation

Example 3.38
Let B : R®*! — R?*! be defined by the matrix

1 2 1
32[012]

Since 7(B) = 2, the equation Bx =y is consistent for all y, that is, im (B) = R**'.

Let
R 1 1
Br=| 0 -1
0 1

Then the mapping Br : R?*! — R®*! defined by Bg is a right inverse of B, because
BBr =1, so that

B(Br(y)) = BBry =y forall y e R®*!

As an exercise the reader may try to find a different right inverse of B.

MRight inverse of a linear transformation defined by a matrix is also studied in Chepter 4.
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Finally, suppose that ker (A) = {0} and also im (A) = Y. Then A has both a
left inverse Ap and a right inverse Ag. Moreover, A; and Ap are unique.'® Since
A(Agr(y)) =y for ally € Y, from the definition of left inverse it follows that

Ap(y) = AL(A(Ar(y))) = Ar(y) forall y €Y

that is, A, = Ag. The unique common left and right inverse of A is simply called
the inverse of A, denoted A~1.

In summary, if ker (4) = {0} and im (A) = Y for a linear transformation A :
X — Y, then there exists a unique inverse transformation A~! : Y — X such that

AN A)) =x forall xeX
and
AAYy) =y forall yeY

This is somewhat an expected result, because if ker (A) = {0} and im (A) =Y then
A establishes a one-to-one correspondence between the elements of X and Y. Such a
linear transformation is called an isomorphism, and any two vector spaces related by
an isomorphism are called isomorphic. It is left to the reader to show that two finite
dimensional vector spaces X and Y are isomorphic if and only if dim (X) = dim (Y)
(Exercise 3.39).

Example 3.39

Let dim (X) = n, and let R be a basis for X. Let the unique representation of a vector
x € X with respect to the basis R be a, € F"*!. Then the mapping A : X — F**!
defined as

A(x) = ap

is a linear transformation as can easily be shown using the definition of the column
representation of a vector.

Since o is uniquely defined by x, x = 0 is the only vector whose representation
is O,x1. Hence ker (A) = {0}. Also since every a € F"*! is the representation of
some x € X, im (A) = F*™*!. Thus A is a one-to-one mapping from X onto F**! (an
isomorphism). The inverse of A is defined as A~ (a,) = x.

3.5 Linear Equations
In Chapter 1 we considered linear systems of the form
Ax=Db
where A is an m x n matrix. We have seen that a general solution is of the form
Xx=¢,+ ¢,
15 A rigorous proof of this statement is beyond the scope of this book. However, we can argue that

since there exists no y ¢ im (A), there is no arbitrariness in Ay. Also, since for any y € Y, the
vector x that satisfies A(x) =y is unique, there is no arbitrariness in Ag either.
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where x = ¢,, is a particular solution, and x = ¢, is a complementary solution that
contains arbitrary constants and satisfies the associated homogeneous equation.

In Chapter 2 we considered first and second order linear differential equations of
the form

L(D)(y) = u(t)

where L(D) is a linear differential operator with constant coefficients. Again, the
solution is of the form

Y= ¢p(t) + ¢c(t)

where y = ¢,, is a particular solution, and y = ¢, is a complementary solution.

The similarities between the nature of solutions of linear differential equations and
linear systems are striking but not surprising. Both a matrix and a linear differential
operator are linear transformations, and both a linear system and a linear differential
equation can be viewed as an equation

Ax) =y (3.13)

where A : X — Y is a linear transformation and y € Y is a given vector. In the case
of linear systems X and Y are F"** and F™*!, and in the case of linear differen-
tial equations, the set of real-valued piece-wise continuous functions defined on some
interval. We now recall some definitions of Chapter 1 and Chapter 2.

An equation of the form (3.13), where A is a linear transformation, is called a
linear equation. If y = 0 then the equation is homogeneous. A vector x = ¢
is called a solution of (3.13) if A(¢) = y. If (3.13) has no solution, it is said to be
inconsistent. Clearly, (3.13) is consistent if and only if y € im (A).

Consider the homogeneous linear equation

A(x) =0 (3.14)

which is consistent as x = 0 is a trivial solution. Clearly, the set of all solutions of
(3.14) is ker (A). Suppose that dim (ker (A)) = v(A) = v, and let { ¢;,..., ¢, } be a
basis for ker (A). Then any solution of (3.14) can be expressed in terms of the basis
vectors as

X=c1¢p;+ -+, (3.15)

for some choice of the constants ci,...,c,.

Now consider the non-homogeneous linear equation (3.13). Assume that y €
im (A), so that it has at least one particular solution x = ¢,. Then for arbitrary
Cly...,Cp

x=,+ e+t ed, (3.16)

is also a solution, because
Alp, + a1+ +cg,) = AB,) + > cAlg)=y+Y c0=y
i=1 i=1

Conversely, if x = ¢ is any solution of (3.13), then since

Alp—¢,) = A®) - A(¢,) =y —y =0
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¢ — ¢, is a solution of the associated homogeneous equation (3.14), and therefore,
can be expressed as in (3.15). This, in turn, implies that ¢ is of the form (3.16). Thus
(3.16) characterizes the solution set of (3.13), and is called a general solution.

Note that neither ¢, nor ¢;,7 = 1,...,v, are unique. If ¢; is another particular
solution, and ¢},i =1,..., v, form another basis for ker (A), then
X=¢, +c¢i+ -+, (3.17)

is also a general solution. Although the expressions in (3.16) and (3.17) are different,
they nevertheless define the same family of solutions (see Exercise 3.41).

Example 3.40

Consider the linear system
z1

[123]] 22 | =2
x3

whose coefficient matrix is already in reduced row echelon form.
Following the standard procedure of Chapter 1, a general solution is obtained as

2 —2 -3
x=|0|+4+c 1 | +eo 0
0 0 1

where ¢, = col[2,0,0] is a particular solution, and ¢; = col[-2,1,0] and ¢, =
col[—3,0,1] form a basis for the kernel of the coefficient matrix.

On the other hand, ¢;, = col[0,1,0] is also a particular solution (obtained from
the general solution above by choosing ¢; = 1 and c¢2 = 0), and ¢} = col[—2,1,0] and
¢4 = col [0, —3,2] form another basis for the kernel of the coefficient matrix. Thus

0 -2 0
X = 1 |+ c/l 1 |+ C/g -3
0 0 2

is also a general solution.

The reader can verify that any solution obtained from the second expression by
choosing arbitrary values for ¢} and ¢) can also be obtained from the first expression by
choosing ¢1 = 1+ ¢} — ¢4 and c2 = 2¢5, and vice versa.

Linear equations of the form (3.13) are not limited to linear differential equations
and linear systems. In the following two examples, we consider different types of
linear equations.

Example 3.41

Consider the linear equation

AM)=M+M"'=N = [ g _i ]
where A is the linear transformation considered in Example 3.36. Since the matrix on
the right-hand side of the above equation is symmetric, it is in im (A), and hence, the
equation is consistent.
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A particular solution can be obtained by inspection to be

1 3 1
MP:EN:L 2]

(Since N is symmetric, then so is M, and hence M, + M} = 2M, = N.)
The general solution can then be obtained by complementing M, with ker (A), which
has already been characterized in Example 3.36, as

3 1 0 -1
3 0
is also a solution obtained from the general solution with ¢ = 1. Indeed

SISO NEE

Thus

2 =2 0 -2 2 -4

Example 3.42

Suppose that we are interested in finding a sequence f € F(N,C) which satisfies an
equation of the form

flk+2l+aiflk+ 1] +azflk] =ulk], k>1 (3.18)

where a1, as are fixed (complex) coefficients, and u € F(N, C) is a given sequence. Such
an equation is called a (second order) difference equation.'®

Obtaining a solution to a difference equation is easy: Choose f[1] and f[2] arbitrarily,
and calculate f[3], f[4], etc., recursively from (3.18). Thus

Ml = «a

P = e

Bl = —aflil]-afRl+ull] = —az—aic+ull]

fl4] = —axf[2) —aif[3]+ul2] = (ai1a2)er + (af — az)ca + ul2] — arull]

and so on. Certainly, any term of a solution sequence can be obtained after sufficient
number of substitutions. However, it would be useful to have a formula for the kth term,
which could be evaluated without working out all the intermediate terms.

Let us try to formulate the problem as a linear equation. For this purpose we define
a shift operator A : (N, C) — F(N, C) as

(ADK = flk+1], keN

Defining A2, A3, etc., similar to the powers of the differential operator D, the difference
equation in (3.18) can be expressed as

L(A)(f) = ulk] (3.19)
where

L(A) = A’ + a1 A + aol

16Note that the recursion relations we considered in Section 2.8 in connection with numerical
solution of differential equations are difference equations with specified initial conditions.
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is a polynomial shift operator on F(N, C).

It is left to the reader to show that L(A) is a linear operator on F(N,C). Hence
the linear difference equation (3.18) is a linear equation. Then it must have a general
solution of the form

f = dplk] + ¢c[k]

where ¢, is any particular solution sequence, and ¢. is a complementary solution sequence
expressed as a linear combination of the basis vectors of ker (L(A)).

To be more specific, let us consider the difference equation

5 1
flk+2 =2 flk+1]+ ¢ flk] =1, keN
or in operator notation

(AQ—%A+%I)(f):1, keN

Since the right-hand side of the given equation is a constant, we suspect that a
constant sequence f[k] = C' might be a solution. Substituting the assumed solution into
the equation, and noting that A?(C) = A(C) = C, we get

C — (5/6)C + (1/6)C = (1/3)C = 1

giving C' = 3. A particular solution is thus obtained as ¢,[k] = 3.
To find the complementary solution, we try a sequence of the form f[k] = z*. Sub-
stituting the trial solution into the homogeneous equation, we get

L(A)(z") = ("7 = (5/6)=""" + (1/6)") = 0
or equating the corresponding terms

22 (5/6)2F T + (1/6)2F = 27 (2® — (5/6)z + (1/6)) =0

From the last equation, we observe that ¢[k] = 2"

of the characteristic equation

is a solution if and only if z is a root

22— (5/6)z + (1/6) =0

Since the characteristic equation has two real roots, u1 = 1/2 and u2 = 1/3, each of the
sequences

¢1[k] = (1/2%) and  ¢2[k] = (1/3%)
is a solution of the homogeneous equation. It can be shown that ¢, and ¢2 are linearly

independent sequences, and thus form a basis for ker (L(A)). The general solution of the
non-homogeneous difference equation is thus obtained as

f=¢[k]=3+cl/2k+02/3k, c1,c2 € C
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3.6 Direct Sum and Projections

Consider an arbitrary vector x = (x1,z2,x3) € R®. In terms of the canonical basis
vectors e; = (1,0,0), e2 = (0,1,0) and e3 = (0,0,1), x can be expressed uniquely as

X = x1€1 + T2€e9 + xr3€e3 (320)

Let U; = span (e;),i = 1,2, 3, be the one-dimensional subspaces of R? defined by
the canonical basis vectors. (They represent the x, y and z axes in the the zyz space).
Then we can interpret (3.20) as

X=u; +u2+us

which is a decomposition of x into three components u; = xye1,us = xo€9, U3 = T3€3
in the subspaces Uy, Uy, Us.

Now let V; = span (e1,e2) and Vy = span (e3), where V7 is a two-dimensional
subspace (the zy plane) and Vg is a one-dimensional subspace (the z axis). Then
(3.20) can also be written as

X =V] + Vo

which gives a decomposition of x into two components vi = x1e1+x2e2 and vy = x3€3
in the subspaces Vi and Vs. Obviously, these components are uniquely determined
by x and the subspaces V; and V.

This example suggests that the idea of decomposing a vector into components
along the one-dimensional subspaces defined by a given basis can be generalized to a
decomposition into components in higher dimensional subspaces.

Let Uy, Us,,..., U be subspaces of a vector space X. Their algebraic sum is
defined as
k k
Z U; :{Xlxzz u;,u; € U1 = 1,...,k}
i=1 i=1

It is easy to show that the algebraic sum is also a subspace of X.
The subspaces Ui, Us,..., Uy are said to be linearly independent if for u; €
U;,i=1,...,k

k
> w0
i=1
is satisfied only when u; =0,i=1,... k.
If Uy, U,,..., U are said to be linearly independent their algebraic sum is called

a direct sum, denoted @le U,.

Note that algebraic sum of a family of subspaces is a generalization of the concept
of span of a set of vectors. Similarly, linear independence of a family of subspaces
is a generalization of the concept of linear independence of a set of vectors. The
following theorem characterizes two linearly independent subspaces. The extension
of the theorem to more than two subspaces is left to the reader as an exercise (see
Exercise 3.43).
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Theorem 3.2 Let R = {ry,ra,...} and S = {s1,89,...} be bases for the subspaces
U and V. Then the following are equivalent.

a) U and V are linearly independent.

b)) Unv={0}.

¢) T={ry,ro,...,81,82,...} is a basis for U+ V.
Proof We will show that (a) = (b) = (¢) = (a).

(a) = (b):

By contradiction. Suppose that there exists 0 #x € UNV. Let u=x € U,v =
—x€V. Thenu#0#vandu+v=x—x=0.

(b) = (o):
By contradiction. Since span (T) = U + V, if T is not a basis for U + V then it

must be linearly dependent, in which case there exist scalars a; and ;, not all zero,
such that

San Yo
i J
Let
X = ZOL»;I‘»L’ = 7Zﬁij
v J
Then x e UNV, and x # 0 as R and S are linearly independent.
(c) = (a):

Suppose u + v = 0 for some
u= Zairi and v = Zﬂjsj
i J
that is,

Zairi —+ Zﬁij =0
i J

Since T is a basis, we must have a; = 0 for all ¢ implying u = 0, and also 8; = 0 for
all j implying v = 0.

Example 3.43
In R3, let
U,; =span (e1,e2), Uz =span(ez,e3), Us =span (e3)
where e, ez, e3 are the canonical basis vectors. Then
U; + Uz =U; + Uz =span (e1,ez,e3) = R®

U; and Uy; are not linearly independent, because ez € U; N Usz. However, U; and
Us are linearly independent, because {e1, e2,es} is a basis for Uy + Us. Hence

R®=U, @ U;

The reader can interpret these findings by identifying R® with the zyz space, and
U, U and Us with the zy plane, yz plane, and the z axis respectively.



126 Vector Spaces and Linear Transformations

From Theorem 3.2 it is clear that if T = {t1,to,...,t, } is a basis for X, parti-
tioned arbitrarily into two disjoint sets, say

R={ti,t2,...,tp} and S={tri1,tps2,...,tn}
then
X = span (R) @ span (S)

On the other hand, if R = {ry,ro,...,r; } is a basis for a k-dimensional subspace U,
then by Corollary 3.2, it can be completed to a basis by including n — k more vectors.
Let these additional vectors form a set S, and let V = span (S). Then X =U @ V.
The subspace V thus constructed is called a complement of U. Since S can be
chosen in many different ways, complement of U is not unique. For example, for any
vector v = (a, b, c) with ¢ # 0, V = span (v) is a complement of U; in Example 3.43,
and in particular, so is Us. However, all complements of U must have the same
dimension.

We also observe that if X is finite dimensional and is decomposed into a direct
sum as X = U &V then

dim (X) = dim (U) + dim (V)

Let X=U®V,and let R =(ry,...,ry) and S = (s1, ... ,8,— ) be ordered
bases for U and V. Since T = R U S is a basis for X, any vector x € X can be
expressed as

k n—=k
XZZairi—l—Zﬁjsj =u-+v (3.21)
i=1 j=1

The vectors u € U and v € V, which are uniquely defined by x, are called the
components of x in U and V.

Let P : X — X be a mapping which maps every vector in X to its component in
U, that is,

Px)=u

P is called a projection on U along V. It is left to the reader to show that

a) P is a linear transformation

b) im(P)=U

c) ker (P)=V
The reader should note that the mapping Q : X — X defined as Q(x) = v is also a
projection (on V along U).

The matrix P that represents P with respect to the basis T is called a projection
matrix. Since

P(P(x)) =Pu) =u="Px)

for any x € X, it follows that P?a = Pax for any o € that stands for the column
representation of some vector. Thus if P is a projection matrix then P? = P. Such a
matrix is called idempotent. Conversely, if P is an n X n idempotent matrix, then

F"*! = im (P) @ ker (P)

and P defines a projection in F**! on im (P) along ker (P) (see Exercise 3.51).

Fn><1
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Example 3.44
In Example 3.43, the projection on U; along Us is defined by the matrix

1 0 07
P=|10 10
LO 0 0 ]
and the projection on Uz along U; is defined by the matrix
[0 0 07
Q=10 0 0
L0 0 1 ]

Note that P2 = P and Q% = Q.
Now consider the matrix

2 1 -1
1 2 1

-1 1 2

1
k=3

Since R is idempotent, it defines a projection in R3*! on

1 0
im(R):span([ 1 ] , [ 1 1):span(u1,u2)
0 1
along
1
ker(R)zspan([ 71 1):span(u3)

The components of an arbitrary vector x = col[a,b,c] in im (R) and ker (R) are

u:RX:ll za++22+z]:2a+3bcu1+a+;+2cu
—a+b+2c
and
v:([—R)x:l[_Z+zji =“_Tb+cu3
a—b+c
Example 3.45
In CJs], let
Ccls] = {p(s)=po+pis+ - +pms’™ |m=0,1,...}
Cols] = {a(s)=qos+qus®+ - +gns®™ ' |m=0,1,...}
Then C[s] = C.[s] ® Co[s].
If

2 2 1
r(s) =ro+ris+7r28" + 0+ roppast

then
Te(s) =10 4 128”4 - + 12ps>"

is the projection of r on C.[s] along C,|s].
This example illustrates that direct sum decomposition and projections are not lim-

ited to finite dimensional vector spaces.
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3.7 Exercises

1.

Prove properties (a-f) on p.87 of a vector space.

2. Show that a plane through the origin is a subspace of R3.

i

® N e

10.

11.
12.

13.

14.

15.

16.

Write down the equation of a line passing through two given points p,q € R™. Under
what conditions on p, q does the line represent a subspace?

Discuss how an m x n real matrix A can be interpreted as a function f: n — R™*,
Show that if U and V are subspaces of X, then so is UNV. Is UUV also a subspace?
Show that span (span (R)) = span (R) for any subset R C X.

Prove facts (a-c) on p.93 concerning linear independence.

Let R be a finite set of vectors and let R’ be obtained from R by a single Type I or
Type II elementary operation.

(a) Explain why span (R') = span (R).
(b) Explain why R’ is linearly independent if and only if R is.
Show that C is a vector space over R, and find a basis for it.

Show that the set of all 3 x 3 real skew-symmetric matrices is a subspace of R®*3, and
find a basis for it.

Show that the set R = {ro,r1,...} in Example 3.18 is a basis for R[s].
An n x n matrix N is said to be nilpotent of index k if N* = O but N*~! #£ 0.
(a) Let v be such that N*~'v # 0. Show that the vectors v, Nv, ... ,N*~!v are
linearly independent.

(b) Show that the index of nilpotency cannot exceed n.
Suppose R is linearly independent, and x ¢ span (R). Show that R U {x} is also
linearly independent. Hint: Consider a finite subset SC R U {x}. If x ¢ S then S C

R, and therefore S must be linearly independent. If x € S then S = {r1,..., 1%, x}
for some ry,...,rx € R.

Since the set R = {ri,...,Tk,Trt1,...,Tktn } in the proof of Corollary 3.2(b) is

linearly dependent, there exist some ci, ..., chtk, not all zero, such that
n+k
Z ciri =0
i=1
Show that at least one of cg41,...,cCntr must be nonzero. Explain why this implies

that the set obtained by deleting the corresponding vector from R includes the first
k vectors and still spans X. On the basis of this reasoning, explain also why the
algorithm in the proof of Corollary 3.2(a) reduces R to a basis that includes R;.

Let U = span (u1, uz, ..., up) and V = span (v1, vz, ..., v4) be subspaces of R"*!. Give
an algorithm to obtain a basis for UN V.

In a two-dimensional vector space X, a vector z has the representation ae = col[1,—1]
with respect to some ordered basis R = (ri,r2). Let

/ /
ry=ri1+re and ry; =r;+2r

(a) Show that R' = (r},r3) is also a basis for X.

(b) Find the matrix of change—of-basis @ from R to R’, and the matrix of change-
of-basis P from R’ to R. Verify that QP = PQ = I.
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(c) Obtain the representation &’ of x with respect to R’.
17. Refer to Example 3.25. Let N = 4.

(a) Find the matrix of change—of-basis Q from (ep) to (¢p).

(b) Verify that F = Qf for the sequence f considered in the example.
18. Let f = (3,—1,-3,5,3,5) € F(Dg, C).

(a) Compute the discrete Fourier coefficients of f.

(b) Verify your result by using the MATLAB commands

f=[3 -1 -3 5 3 5];
c=fft(£f)

19. Refer to Example 3.25.
(a) Show that

1, p=0

cosTk p=1
Glk=q 2

smjk p=2

costk p=3
is also a basis for F(Dy, C).
(b) Find the representation of f with respect to (¢p).
20. Show (3.7) for f € F(Dy,C). Hint: Each of the complex numbers
T
sp:epN , p=0,1,....,.N—1
satisfies
5;\7 =1
Use this fact to show that
N-1 2m
Z . P N q _ N, q=0
0, q#0
p=0
21. Consider F(D,R) with D ={1,2,3}.
(a) Show that (g1, g2,93), where
qilk] = 1, k=123

1, k=12
galk] = {0, k=3
0, k=1
gslk] = {1, k=23

is a basis for (D, R).
(b) Find the column representation of
flk] = k, k=1,2,3
with respect to (g1, g2, g3)-
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22. Prove that (N, R) is infinite dimensional. Hint: Assume that it has a finite dimension,
say, M, and try to find a subspace of F(N,R) with dimension larger than M.
23. Let A : R?*! — R?*! be a linear transformation defined by the matrix
2 1
Can you find a basis for R**! with respect to which A is represented by a diagonal
matrix?
24. Let A:R® — R? be defined as A(x,y, 2) = (x +y,y — 22). Choose arbitrary bases for
R? and R? (other than the canonical bases) and obtain the matrix representation of
A with respect to these bases.
25. Let
Rs[s] = {p(s) = po + p1s + p2s” + pss’ | po,p1,p2,ps € R}
(a) Find a basis R for Rs[s].
(b) Find the column representation of g(s) = 1 + s — 25 with respect to R.
(c) Let A : Rs[s] — Rs[s] be defined as A(p) = p’, where p’ denotes the derivative
of p. Show that A is a linear transformation, and find its matrix representation
with respect to R.
26. Let A : R**? — R**2 be defined as A(X) = CX, where
0 1
Find the matrix representation of A with respect to the basis in Example 3.21.
27. (a) Show that the matrices
1 0 0 0 0 1 0 1
form an ordered basis M = (M, Ma, M3, My) for R**2.
(b) Let A : R**? — R**2 be defined as in Example 3.36. Find Y = A(X) for
1 0
(¢) Find the column representations e and 3 of X and Y with respect to M.
(d) Find the matrix representation A of A with respect to M, and show that 8 = Ac.
28. In special theory of relativity, the space and time coordinates of an object measured

in two coordinate systems moving in the x direction at a constant relative speed are
related by the Lorentz transformation
Lw): 2 = ky(z— i)

/

¢ = lcv(—c%wr £)

where c is the speed of light, v < c is the relative speed of the coordinate systems, and
k, =1/4/1— (v/c)2.

(a) Show that the Lorentz transformation is a linear transformation from R? into
itself, mapping (z,t) to (z',t').
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29.

30.

31.

32.

33.

34.
35.

(b) Find the matrix representation L(v) of the Lorentz transformation with respect
to the canonical basis in R2.

(¢) Show that L(u)L(v) = L(w) for some w, and find w in terms of u and v.

Let R = (r1,...,r),S = (s1,...,8m ) and T = (t1,...,t,) be bases for the vec-
tor spaces X,Y and Z, respectively, and let A : X —Y and B : Y — Z be linear
transformations. Show that if A and B are represented by the matrices A and B with
respect to the given bases, then C : X — Z defined as C(x) = B(A(x)) is represented
by the matrix C = BA. Hint: By definition

m P P

Alry) = arssk, Blsi) =Y bati, Clr;) =Y cits

k=1 i=1 i=1

Find an expression for c¢;; in terms of b;, and ax;.

Let X and Y be vector spaces over the same field F.

(a) Show that the set of all linear transformations from X into Y is also vector space
over F. This vector space is denoted by £(X,Y). Define clearly the addition
and scalar multiplication operations on £(X,Y), as well as the null vector and
the additive inverse.

(b) Find dim (£(X,Y)) if dim (X) = n and dim (Y) = m.

In the light of the previous exercise, explain why L(D) is a linear transformation from
Cn(Z,R) into Co(Z,R).

Let
1+ (=D k>0
fk) = { 0, k<0
(a) Find the sequence g defined by (3.11) for
1/2, g=por g=p—1
hlp,q] =
[p-d { 0, q#pp—1
Plot f and g pointwise for —2 < k < 5.
(b) Repeat part(a) for
1/2, q=p
hlp.dl =4 —1/2,  q=p-1
0, q#p,p—1
Let
1, t—-1<7<t
h(t’T)_{ 0, 7<t—1or 7>t
and

—t
t>0
ty=4 ¢ >
1) { 0, t<0
Find the function g defined by (3.12). Plot f and g for —1 <t < 5.
Show that if A: X — Y is a linear transformation, then im (.A) is a subspace of Y.

Let A : R®* — R® be defined as A(z,y,2) = (z +y,z + 22,22 +y + 22). Find bases for
im (A) and ker (A).
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36. Let A be the LT defined in Exercise 3.25. Find bases for for im (A) and ker (A).
37. Find a 3 x 3 real matrix A such that 0 # ker (4) C im (A4) # R3*.
38. Let A: X — Y be a linear transformation.
(a) Show that if { A(x1),...,A(xx) }is linearly independent, then sois { x1,...,Xx }.

(b) Show that A is one-to-one if and only if ker (A) = {0}. Hint: Suppose that
corresponding to some y € im (A) there exist x; # x2 such that A(x;) =
A(x2) =y. Let x =x1 — X2 # 0, and consider A(x).

(¢) Show that if A is a one-to-one LT, and {x1,...,xx } is linearly independent,
then { A(x1), ..., A(xx) } is also linearly independent.

39. (a) Letdim(X)=mnandlet A: X — Y be an isomorphism. Prove that dim (Y) = n.

Hint: Let (r1, ... ,r, ) be a basis for X. Show that (\A(r1), ... ,A(rs) ) is a basis
for Y.

(b) Let X and Y be vector spaces over F, and let (r1, ... ,r,) and (s1, ... ,s, ) be
bases for X and Y. Define A : X — Y such that

X = Zciri = A(x) = Zcisi

i=1 i=1
Show that A is an isomorphism.

40. Let A: X — Y, where X,Y are finite dimensional. Show that there exist bases for
X,Y with respect to which A has a matrix representation

[10)

41. Let ¢p and ¢, be any two particular solutions of (3.13), and let (¢,,...,¢,) and
(@),..., @) be any two bases for ker (A). Show that

x:¢p+cl¢1+02¢2+"'+cv¢u
and
X= ¢, + AP+ gy + -+,

define the same family of solutions, and therefore, are both general solutions. Hint:
Since ¢; is a solution, it is a member of the first family. Also, each ¢; can be expressed
intermsof ¢,, i=1,...,v.

42. Show that the polynomial shift operator L(A) in Example 3.42 is a linear operator on
the vector space of F(N, C).

43. State and prove Theorem 3.2 for more than two subspaces U;,i = 1,..., k. Hint: Part
(b) will be

(b)UiﬁZj;ﬂU]’Z{O}, i=1,...,k
44. (a) Show that the set U = {col [z,z,y] | #,y € R} is a subspace of R**™.

(b) Find a basis for U. What is the dimension of U?

(c) Obtain the representation of the vector u = col[1,1,2] € U with respect to the
basis chosen in (b).

(d) Characterize another subspace V such that R®*** = U@V
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45.

46.

47.

48.

49.

50.

Let U = span (u1, uz), where

fi) -

(a) Characterize a subspace V such that U @V = R¥*!,
(b) Find the projection of x = col[0,2,1] on U along V.
(c) Find a matrix P such that for any x € R3*!, Px is the projection of x on U.

Let U = span (u1,uz2), V = span (v1, v2), where

1
1
1
1

—=_0 O
=
= o OO

(a) Show that U@V = R**%
(b) Find the projection of x = col [z1, z2,23,x4] on U along V.
(c) Construct a matrix P such that for any x € R**!, the projection of x on U along

V is Px.

Let X be the set of all semi-infinite sequences f € F(N,R) such that
flk+2] = flk]+ fl[k+1], keN
Such a sequence is known as a Fibonacci sequence.
(a) Show that X is a vector space over R.
(b) Show that the sequences
s1=1(1,1,2,3,5,8,13,...) and s2=(-1,1,0,1,1,2,3,...)
form a basis for X.
(¢) Find the projection of the sequence f = (1,2,3,5,8,13,...) on span (s2) along
span (s1).
(d) Let A:X — R?be defined as A(f) = (f[3], f[4]). Find the matrix representation
of A with respect to the basis of X in part (b) and the canonical basis of R?.

Let X =U®V,and let R = (r1,...,ry) and S = (s1, ... ,8p— ) be bases for U
and V so that T = (r1, ... ,rg,s1, ... ,Sp—k ) is a basis for X. Let P be a projection
on U along V.

(a) Find the matrix representation of P with respect to T if P is interpreted as a
LT from X into itself.

(b) Find the matrix representation of P with respect to (T, R) if P is interpreted as
a LT from X into U.

Show that P : R? — R? defined as

_,a—-03 B-a
Plag) = (252, 22
is a projection. Characterize im (P) and ker (P). Illustrate the decomposition of a
vector into components in im (P) and ker (P) with the help of a picture.

Prove facts (a-c) on p.126 concerning a projection.
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51. Show that if P € F™*" is idempotent, then it defines a projection on im (P) along
ker (P). Hint: For any x € F**!  let u = Px € im (P) and v = (I — P)x, and show
that v € ker (P).

52. A projection in the zyz space projects every point onto the plane described by
r+y+2=0
along its normal n = col[1,1,1].
(a) Find the projection u of the point x = col[a,b,c] on the plane.
(b) Find a matrix P such that u = Px.
(c) Verify that P? = P.



