General Introduction and Objectives

We shall see that there is a one-to-one correspondence between the set
of matrices M, ,(F) and the set of linear transformations L(V,,(F), V,,(F)),
between vector spaces. We shall therefore study in details the algebra of
matrices together with their properties of determinant and rank. The cor-
respondence will then be applied to linear transformations in the study of
their kernel, image, rank, nullity, eigenvalues and eigenvectors. We shall then
apply the theory of matrices and linear transformations to solve any system
of m linear equations in n unknowns.

To objectives of the course are as follows. The reader should be able to

(i) state and prove the properties of the algebra of matrices, their deter-
minants and ranks.

(ii) state and prove properties of vector spaces, and linear transformations
between vector spaces, and

(iii) solve any system of m linear equations in n unknowns.



LECTURE ONE

Algebra of Matrices

Introduction

We shall consider a generalisation of a vector to an array, called a matrix
consisting of m rows and n columns of numbers from a commutative ring
R with identity or a field F. If M = M,,,(F) denotes the set of all such
matrices, we define a binary operation of addition + and show that (M, +)
is an Abelian group. If m = n, we shall show that multiplication - can be
defined and then (M, +, ) becomes a non-commutative ring with identity.

Objectives
The reader should be able to

(i) show that the set of square matrices of a given order forms a non-
commutative ring with identity,

(ii) do computations of addition and multiplication on matrices.
Pre-Test
1. Calculate f(A) if

Az(% ;) and f(x) =1+ 3z + 2>



. Calculate A% and A? for the matrix

1
A=12 —
3
(4%3)(15) o
3 0 :<5_5)
-1 20 —6 3b

find a and b.

—_ = N
— s W
\_/

. Given that

. (a) Let

Find A3 and A%,
(b) If

prove that

n [ 2n+1 2n B
B —< Con, —2n+1> forall n=1,2,3,...

. If A= (a;j)mn is an (m x n)-matrix over a field F' and k is a scalar in
F', show that

(i) (kAT =k AT

(ii) (A+ B)T = AT + BT

(iii) (A-B)T =BT . AT

. Show that the following set of 2 x 2 matrices forms a group under matrix
multiplication. Find all its subgroups
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. (a) Show that the set of 2 x 2 matrices

{[2 2] e vzl

forms a group under matrix multiplication.
(b) Determine whether the set of 2 x 2 matrices

o7) rem)

forms a group under matrix multiplication.

. Show that each of the following sets of 2 x 2 matrices forms an Abelian
group under multiplication.

(a) {(Cg _2> : a,be]R*}
(b) {(Z _2> . a,bER, a2+b2:1}

. (a) Show that the set
a b
=160)

is a subring and a right ideal but not a left ideal in the ring (My(Z), +, -)
(b) Show that the set

((52)

is a subring (indeed a field) of the ring (My(R), +,-).

a,bEZ}

x,yeﬂi}
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10. Verify whether the mapping is a ring homomorphism
6 Z — My(Z), é(a) = ( ) a)

Definitions

A matrix is a rectangular array of numbers from a commutative ring with
identity (e.g. a field) enclosed within curved or square brackets. A general
matrix is of the form.

a1; Q12 - Aip ayj; Qa2 - Qip

Q21 Q22 -+ A2y Q21 Q22 -+ Qa2p
or

Am1 Qm2 - Amp Am1 Am2 **° Amn

We use capital letters of the alphabet to denote matrices. If A is a matrix
having m rows and n columns, we say that A is an (m x n)-matrix (read as
‘m by n matrix’). The order of matrix A is then m x n. Each number in a
matrix is called an entry. One can express an entry by specifying in which
row and column it is located. Thus a;; is the entry located in the ith row
and jth column.

A is sometimes written in a shortened form as

A= (aij)m,n or [az‘j]m,n

or as A = (a;;) or [a;;| when the order of A is understood.
Examples of matrices are:

(a) When m = 1, i.e. when the number of rows is 1, a 1 X n matrix is of
the form.
(Ch Uy - an> (a1 ay - an>
and is called a row matriz or row vector.

(b) When n = 1, i.e. when the number of columns is 1, and m x 1 matrix
is of the form.



and is called a column matriz or column vector.

When m = n, i.e. when the number of rows = the number of columns
= n, then an n X n matrix is called a square matriz of order n.

A m x n matrix whose entries are all equal to zero is called the zero
matrixz of order m X n or the null matriz of order m x n.

Let A be an m X n matrix, then the transpose of A denoted by A’ or
AT is an n x m matrix such that the entry a;; of AT is equal to the
entry aj; of A for all ¢ and j. For example, if

@11 a2 Q13

A=
21 Q22 A23
then
a1 a21
AT = A/ = 12 Q929
a1z @23

If A= AT, then we say that matrix A is symmetric.
If A= —AT ie. a;; = —aj for all 7,7, then A is said to be skew-
symmetric.

A square matrix of order n such that all the entries outside the leading
diagonal are all zero is called a diagonal matrixz of order n. For example,

a1 0 0
0 929 0
0 0 33

is a diagonal matrix of order 3.

An identity matriz is a diagonal matrix such that all the entries in the
leading diagonal are all equal to 1 and it is denoted by I or I,,.



Thus,

1000
0100
I = 0010
000 1

Equality of Matrices

Two matrices A = (a;;) and B = (b;;) are said to be equal A = B if they are
of the same order (i.e. they have equal rows and equal columns) and if all
the corresponding entries are equal (i.e. if a;; = b;; for all 4, j).

Addition of Matrices

Let M., ,(R) denote the set of all m x n matrices with entries from a ring
R. Then if A = (a;;) and B = (b;;) are members of M, ,(R), we define the
addition or sum of A and B as a matrix C' = (¢;;) such that

Cij = Qyj + bij for all Z,j

Thus, C = A+ B € My n(R).

Proposition 1
(M n(R),+) is an Abelian group.

Proof: Put M = M,, ,(R)
Closure: A,B € M = A+ B € M (by definition).
Commutativity: A = (a;j), B = (b;j) in M.
= A+ B = (a;; +by)
and B + A = (b;; + a;;). Since in R
a;j + bij = bij + a;;

for all 4, j it follows that M is commutative under +.



Associativity: Let A = (a;;), B = (b;j) and C' = (¢;5) be in M, then

(A+B)+C = (ag+by)+ (ci5) = ((ag; + byy) + i)
A+ (B+C) = (ay)+ (b + cij) = (ai; + (bij + cij))

Since in R, (a;; + bij) + ¢;; = ai; + (bij +¢i;) for all 4, j and so (A+B)+C =
A+ (B + C). Hence the set M is associative under +.

Identity Element: Let A = (a;;) be in M.
Consider 0, the zero matrix of order m x n, i.e. 0 = (0).
Then

A+0= (aij) + (O) = (@ij + O) = (CLij) = A.

Hence the zero matrix of order m x n is an identity matrix of (M, +).

Inverse law: Let A = (a;;) be in M. Consider B = (—a;;). B is in M
and
A+ B = (a;) + (—aij) = (a5 — ai3) = (0) =0
Hence every element A in M has an additive inverse in M which we denote
by —A.
Hence (M, ,(R),+) is an Abelian group.

Multiplication by a Scalar

If A= (a;;) € Mpn(F) and k is a scalar (i.e. a member of F'), we define
multiplication of A by k as a matrix whose entries are equal to k times the
corresponding entries of A and denote it by kA, i.e.

]{?A = k;(az-j) = (kaij)

It is easy to check that the following properties are satisfied. If A and B are
matrices of the same order and if £ and [ are scalars, then

k(A+B) = kA+kB
(k+DA = EA+IA
(K)A = Ek(lA) =1(kA)



Multiplication of Matrices

If A and B are two matrices, we shall define a multiplication AB of A by
B only if the number of columns of A is equal to the number of rows of B.
Therefore, if A is an [ X m matrix, then B must be an m x n matrix. Let

a1

i1

an

12

Q2

7p)

A1m

Aim

Qim

bll blj
b21 b2j
bml bmj

bln

A2p

bmn |

then we define the product AB as an [ x n matrix (¢;;) such that ¢;; is the
dot (or scalar) product of the column vectors.

a1 blj = (lﬁblj + bigsz + -+ aimbmj
(075 sz
m
= anby
Aim bmj k=1

Thus in order to obtain the entry c;; in the product AB, we look at the i-th
row of A and the j-th column of B, consider them as column vectors and
then take their dot or scalar product. If the product AB of matrices A and
B is defined, we say that A and B are comformable (or compatible) matrices
for multiplication. We they say that A is post-multiplied by B or that B is
pre-multiplied by A.

Associative law for multiplication

Proposition 2

Let A = (aij)pq B = (bjx)qr and C' = (cx)rs be matrices such that the
product (AB)C and A(BC) are defined and are p x s matrices. Then the
associative law of matrix multiplication holds.

ie. (AB)C = A(BQC).
Proof:

q
AB = (Z aijbjk)
j=1 o
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k}
,_n

= (AB)C = [r (iaw jk) Ckl]

= ( aij chkl) (1)
k= D,

BC = ( b]kckl>
k

Q5 Z bjkckl>]

<3

MQ

1

,_.
<.
I

I
—

= A(BC) = [

.
-
i

p?s

j=1k=1

= (Z > chkl) (2)

Since they are finite sums, the expressions (1) and (2) are equal and we have
that

(AB)C = A(BC)
Distributive laws
Let A and B be matrices of the same order ¢ x r (so that addition of A and
B is well-defined). Also let C' and D be matrices of orders p x ¢ and r X s,
respectively (so that the products CA, CB, AD and BD are well-defined).
Then we wish to show that

C(A+B)=CA+CB and (A+ B)D=AD+ BD

The above equations show that multiplication of matrices satisfies the distrib-
utive laws over matrix addition whenever the products and sums are defined.

Proposition 3:
Let A = (ajk)qr, B = (bjk)qr and C = (¢ij)p,q- Then C(A+ B) = CA+CB.
Similarly if D = (dkp)rs, then (A+ B)D = AD + BD.
Proof:
A + B = (ajk + bjk)q,r
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q
= C(A+B) = |> cijlaj+bj)

=1

p?T

[ q q
= | D ciyae+ D cighin
=1 =1

p,r
q

+ Zcijbjk

rooVE

This proves the first distributive law. The proof of the second distributive
law is similar and is left as an exercise.

q
= | 2 e
j=1

= CA+CB.

b, p,r

Commutative law for Multiplication

The commutative law does NOT hold for matrices with respect to multipli-
cation. First if A is an [ X m matrix and B is an m X n matrix (so that the
product AB is defined) it does not follow that BA is defined except n = I.
Thus if n # [, we cannot even compare AB and BA to show whether they
are equal or not since one of then BA is not defined. If n = [ and both AB
and BA are well-defined, the two products AB and BA may not be equal
because if A is an n X m matrix and B is an m X n matrix, then the product
AB is an n X n matrix and the product BA is an m X m matrix. So we
cannot compare AB and BA to show whether they are equal or not since
they are not of the same order except if m = n. Even when m =n = [ and
we have square matrices, the two products AB and BA may not be equal as
shown by the following counter-example. Let

12 2 3
R

then
AB — 1 2 2 3] | 12424 13426| |10 15
13 4 4 6| | 32+44 33+46 | |22 33
BA— 2 3 1 2 [21+33 22434 | |11 16
|14 6 34| | 41463 42464 |22 32
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Thus AB # BA and the commutative law does not hold for matrices with
respect to multiplication. Therefore, the order in which we multiply two ma-
trices is very important. If for two matrices we have AB = BA, then we say
that A and B commute.

Square Matrices
We shall denote by M, the set of all square matrices of order n.

Proposition 4
(M, +,-) is a non-commutative ring with identity.

Proof: Proposition 1 shows that (M, +) is an Abelian group. Consider
(M,,-). If A€ M,, B € M,, then AB € M,. Hence (M,,-) is closed. By
proposition 2, (M, ) is associative and so a semigroup. Since the distribu-
tive laws hold from Proposition 3, it follows that (M, +,-) is a ring.

Identity Element: First define the Kronecker delta, d;; as follows:
1, ifi=j
51’]’ -
0, ifij
Using this symbol we define an n x n matrix 1,, as I, = (0;j)n,n. This matrix

has only 1’s on its leading diagonal entries and 0’s off the leading diagonal.
We show that if A = (a;;) € M, then Al,, = A = I, A as follows:

A]n = (Z aijéjk> = (aij)nvn = A, and
J=1 n,n

)

[nA = (Z 5ijajk> = (aik)nm = A.
J=1 n,n

)

Therefore I, is the identity matrix in (M,,-). Hence (M,,+,-) is a non-
commutative ring with identity.

11



Ezample 1

If A= < _; g) such that A% 4+ sA +tI =0, find s and t.

EHICHEER

—4 16 2s 4s t 0
2 _
s = () (2 8) (1)
- —4 425+t 16 + 4s
- —8—25 —44+2s5+t

A? + sA +tI = 0 implies

—4+2s+t=0 164+4s=0
—8—25s=0 —4+25+t=0

= s=—4,t=12.

Ezxample 2
If A is any square matrix of order 2, show that the matrix AA’ is symmetric.
Let
a b
(0 0)
Then
, [ a c
= (5)
and

A4 — a b a ¢\ _ a2 +b% ac+bd
c d b d ac+bd A+ d?

2, 12
N a*+b° ac+0bb\ ,
(A4 = <ac—|—bd 02+d2>_AA

= AA’ is symmetric.
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Practice Ezxercises 1

1. Decide whether the products AB and BA are defined. If the answer is
yes, compute the products.

0a-(11 ) (32)

i) A=(1234),B=(6 -4 -3

1 2 4 =2
(111)A:<34),B:<_3 1)

(iv) A= (10 —5 2),B=(0 2 7).

2. Multiply
25 16 le_g
(a) | 8 1 =2 3 g 1
8 0 21 60
5218y (L4
) [ 8 61 2
015 3 -1 1o
5 8 6
100 15 2 1 3
()] 010 8 6 1 2
00 1 015 8
2 sy (1000
@ [ 8 61 2
0158 0010
0001
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Summary

Different types of matrices are defined. These are row and column matrices
(or vectors), square matrices, null matrix, transpose of a matrix, symmetric
and skew-symmetric matrices, diagonal and identity matrices.

Addition and multiplication are then defined and their properties examined.
In particular we show that (M, ,,(F'),+) is an Abelian group while
(M, (F),+,-) is a non-commutative ring with identity

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE TWO

Determinants

Introduction

Given a square matrix, we shall define a scalar called the determinant of
the matrix. We shall study the relationship between determinants and prod-
ucts, transpose and scalar multiplication of matrices. We shall then consider
other properties of determinants which enable us to evaluate them easily.

Objectives
The reader should be able to

(i) state and prove the properties of determinants; and
(ii) use the properties of determinants to facilitate their evaluation.
Pre-Test

1. If A and B are any square matrices in M, (F') such that adj = adjoint,
show that

(i) adj(AB) = adj(B) - adj(A)
(ii) adj(adjA) = |A]"2A
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. Evaluate the determinant

17 19 18
5 6 6
2 2 2
. Factorise
1 1 1
ab be ca
a’h? b’ Pa?
. Show that

n! (n+1)! (n+2)!
(n+1! (n+2)! (n+3)! | =nl(n+1)(n+2)2
(n+2)! (n+3)! (n+4)!
. Show by column operations that (a + b+ ¢) is factor of

a
b
a
c

>0
SIS R

and find the other factors.

. By considering the matrix product

1 0 a 1 b0
010} -1b61W0
a 0 1 0 b 1

show that
1 (a+1)b a
b 1 b |=(1-a*(1-2b)
(a+1)b 1
. Show that
0 = Yy oz
— 0 u v B 9
Y —u 0 owl= (xy — yv + uz)
—z —v —w 0



8. Solve for z
z—1 4 -1
1 T+ 2 1 =0
20 —4 4 r—4

9. Factorise
a’ b3 c?
a? b? c?
b+c c+a a+b

10. Show that
logz logy logz
log2z log2y log2z |=0
log 3z log3y log3z

where x,y, z are positive real numbers.

Definition of the determinant
Let S,, be the symmetric group on n letters.

Then o
7= ( (1) o) - o) ) € Sn

is even or odd depending on whether there exists an even or odd number of
pairs (o(k),o(l)) where o(k) > o(l) but o(k) precedes o(l) in the second row
of 0.

The sign or parity of o is then defined by

1, if ois even
sgno =
—1, if ois odd

Let M, (F) denote the set of all square matrices of order n with entries from
a field F. We define a function, called the determinant

det : M,,(F) - F or A:M,(F)— F or |-|: M,(F)— F
as

det A= > (sgno)aisa) -+ no(n)
O’GSn
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where A = (a;;) € M, (F).
Example 1

11 daiz2 A3

= A11Q22033 — Q1123032 — Q12021433
Q21 Ag22 A3

— Q13022031 + Q12023031 + A13021Q
431 a3y 33 13022031 12023031 1302132
with each term corresponding to the following members of Ss:
1 2 3 1 2 3 1 2 3 1 2 3
1 2 3)° 13 2)° 2 1 3)° 3 2 1)
1 2 3 1 2 3
2 3 1) 31 2 )
Properties of the determinant

1. det A = det(AT) where AT is the transpose of A.

Proof: A= (a;;) € M,, = |A| = Z sgn(0)a1,1) * * * Ano(n)
O'GSn
Since S, is a group, it follows that

A15(1) " * " Ano(n) = Qo—1(1)1 " " Qo—1(n)n

= |A] = Z sgn(0)ao(1)1 * * * Ao(nyn = |AT|

O'GS’VL

since sgn(o) = sgn(oc™1).
2. |AB| = |A|-|B].
Proof: Denote the columns of A and B by
AV oo AM™ and BW ... B™M
respectively. Then

det(AB) = det(ABW,... AB™)

18



= det ( Z A(U(l))ba(l)l, ey Z A(U(n))ba(n)n)

oESK oc€Sn
= det A > (sgno)byyi - bomin
oc€Sn
= det A-detB.

3. The Laplace expansion of the determinant
If A= (a;j) € M,, then we define for each entry a;;, the minor for a;;
as the determinant of the (n — 1) x (n — 1)-matrix M;; obtained from
A by deleting the ¢-th row and j-th column of A. We then define the
cofactor of a;; as A;; = (—1)"™7|M;;|. Then the Laplace expansion of
det A is given y

n n
Al =D aiAij =Y ai Ay
=1 i=1

In other words the determinant can be obtained as a linear combination
of the cofactors of either any row with coefficients from the same row
or any column with coefficients from the same column.

Proof: From the definition of det A, we can write
n —
Al =D ai Ay
j=1

where A;; is a sum of terms not involving any element of the i-th row of

A. We must show that A;; = A;;. Now a,, Ay = dn Y(89n0)a10(m) -+ An—10(n—1)
is the sum of terms of |A| containing a,,,, where the summation is over

all o in S,, such that o(n) = n. This implies that

Now let A" be the matrix obtained from A by interchanging the i-th
and (i + 1)-th rows. Then

Al = Y (sgno)aisq) - Gnom)

G’GSn
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= - Z (SgnU)ala(l) © 0 Qi—16(i—1) Ai410(i41) Fio (i) *°  no(n)

O'GSn
(since either o(i — 1) < o(i) or (i — 1) > o (1))
= a1
Similarly, |A| = —|A”| where |A”| is the matrix obtained from A by

interchanging the j-th and (j + 1)-the columns.

Next consider flij for some fixed 7 andj. interchange in A the i-th row
and the (¢ + 1)-th row, then interchange the new (i + 1)-th row and the
(i+2)-th row, etc. until the n-th row is reached. Similarly, interchange
the j-th column and the (j 4+ 1)-th column, etc. until the n-th column
is reached. Then

Aij = (=) M| = (—1) | Miyy) = Ay

where (—1)"" represents the change in sign by interchanging the i-th
and n-th rows and (—1)""7 represents the change in sign by interchang-
ing the j-th and n-th columns. Hence

n
Al =" a;; Ay
jel

From property (1) above, we have
’A| = Zaiinj.
i=1

. Interchanging of two rows
Suppose two row of a determinant are interchanged. The effect on the
determinant is that the sign of the determinant is changed.

Proof: First we show that the property is true when succeeding rows
are interchanged. Let A = (a;) € M, such that A’ is the matrix
obtained by interchanging the i-th and (7 + 1)-th rows. Then

Al = Y (sgno)aisq) - Gnom)

G’GSn
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= - Z (SgnU)ala(l) C G 10(i—1) Bit10(i41) Aio (i) *° * Ano(n)
O'GSn

= -4

Since either o(i — 1) < o(i) or o(i — 1) > o(i).
Now assume that the i-th and j-th rows are interchanged. Let A®
denote the i-th row of A. Then assume ¢ < j and put
A = (A AD AW AT
A = (AW AW AD AT
A" = (AW AD AU A AT
where A” is obtained from A’ by successively interchanging the row
AU) in the i-th row of A’ and its succeeding row until the row AU—1) is
reached. Then from the first part of this proof
A" = (=1)y"'7"A"]. Also
|A”| = > (=1)"*a;|My|, (Laplace expansion)
- |A/| _ Z(_l)j+k—j+1+z‘aik|Mik|

= Z(_l)k+i+1aik|Mik|
= = (1) My
= -l

5. Two identical rows
If two rows are identical in a matrix, the determinant is equal to 0.

Proof: Interchange the identical rows to obtain matrices 4 and A’.
A=A = |Al = |4
Also by property 4 above
|A'| = —|A|=2|A|=0=|A] =0
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6. Addition to one row of a multiple of another row
The determinant remains unchanged when we add to one row, a mul-
tiple of another row.

Proof: Let A = (a;,) € M, be such that

Consider the matrix

A = (AD | AED AD L NAWDAGD AT
A =Y (am + Aaje) Au

k
= Z agp A + A Z ai; Ak
k k

= A+ MAD, . ACD AW A A AT
= [A[+X-0 (by property (5))
= Al

7. Multiplication of the elements of one row by a non-zero factor \
If we multiply the elements of one row by a non-zero factor A\ the de-
terminant is also multiplied by the factor.

Proof: Let A = (A;) € M,, be such that
A= (AW . AT
Consider the matrix
A= (AW ATD NAD AGD AT

Then
|A/| = Z)\aiinj = )\Za’iinj = )\|A|
J
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8. Scalar multiplication of a matrix
ad] = a" A
Proof: By property (7), we have if
A= (AL AT

oAl = a" (@AW, A AT
— a”’2|(aA(1),aA(2),A(3) A(n))T’

goe ey

= (@AW, aA® . aA™)T|
= |aA|.

9. Determinant of a triangular matrix
The determinant of a triangular matrix is the product of all the ele-
ments in the leading diagonal. That is if A = (a;;) € M,, such that
either a;; = 0 for all ¢ > j (i.e. an upper triangular matrix) or a;; = 0
for all i < j (i.e. a lower triangular matrix), then |A| = aj1 - ags .. . apy.

Proof: Use induction on n. When n = 2.
a;; 0 ain a2

= a1 - Q2 =
O 929

a21 A2

We now assume that if A € M,, r < n, where A is a triangular matrix
then |A| = ajia9s...a,.. Now consider a triangular matrix A € M,,.
Then

Al = > aiA; =anAn (a; =0,7=1)
= a11|M11’

where M, is a triangular matrix in M,,_;. By the inductive hypothesis,

‘Mn’ = 220433, ...,0nn

= |A| = 11192, ...,Qny.
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10.

11.

Corollary:

1. If D = diag(ay,...,a,) is a diagonal matrix in M,, i.e. a;; = 0,
© # 7, then
|D| = ajas .. . ay,.

2. If I € M,, is the identity matrix, then |I| = 1.

A matriz with a zero row
The determinant of a matrix with a zero row is equal to 0.

Proof: Let A = (a;;) € M, such that a;; = 0 for a fixed / and
1<j<n
Then
Al = aA;=>0- Ay =0
J J

AA* = A*A = |A|I where A* is the transpose of the matrix of cofactors
of A (called the adjoint of A).

Proof: A = (a;;) € M,,, A* = (Aj)". Then

Now

bis =D aijAyj = | A
J

7; # k7 blk = |(A(1)7""A(i71)7A(k)7A(i+l)7'-.7A(k)7-.-7A(n))T|
0 (by property 5:two identical rows)
= AA* = diag(|A|,...,|A|]) =|A|- T

Similarly A*A = |A] - I.
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12. Determinants of 3 X 3 matrices

13.

An interesting way of expanding a 3 X 3 determinant is as follows:

11 a1z A3
Q21 Qg2 (23
a3; asz2 a3s3

= Q11022033 + 21032013 + G12023031
—@130A22031 — A230320711 — A12A21433

The three positive terms are obtained by multiplying the entries in the
array
ai; Qr2 a3 aip Q12

a21 A2z A23 aiz2 a2

az1 azz as3 az1 ass

The three negative terms are obtained by multiplying the entries in the
following array
aip Qr2 a3 aip Q12

a21 A2z A3 aiz2 A2

az1 asz 33 az1p ass

One can combine the two sets of arrows in the two arrays to obtain

11 daiz2 A3

Q21 Ag2 (23

a31 Q32 as3

so that one can write down the expansion straight away without resort-
ing to writing down the first two arrays above.

Column Operations
All the properties which have been enumerated concerning rows of a

determinant are also true if we replace rows by columns since by prop-
erty 1, det(AT) = det(A).
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Notations
We shall be using the following notation

R;; - interchanging the i-th and j-th rows

R;(A\) = multiplying the i-th row by a non-zero scalar A

R;;(\) - adding the j-th row multiplied by a scalar X to the
i-th row.

Cij - interchanging the ith and j-th columns

C;(A) - multiplying the i-th column by a non-zero scalar A

Cij(A\) - adding the j-th column multiplied by a scalar A

to the i-th column
Example 2: Evaluate the following determinant using
(i) the first row as the row of coefficients,

(ii) the second column as the column of coefficients,

(iii) the direct method.

2 3 4
6 7 5 7 5 6
(i)567:2’ ‘—3’ ‘—I—él‘ ’
3 9 1 9 1 8 1 8 9
=2(6 —23) — 3(5 — 56) + 4(45 — 48) = 27
2 3 4
5 7 2 4 2 4
(i) 5 6 7|=-3 ‘ ’+6| ‘—9 | ‘
g 9 1 8 1 8 1 5 7
= —3(5—56) + 6(2 — 32) — 9(14 — 20) = 27
2 3 4
(i) | 5 6 7 |=2(6)14+3(7)8+5(9)4 —4(6)8 —3(5)1 —7(9)2 = 27
8 9 1
Example 3
Factorise the determinant
1 1 1
A uov
A2 2
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1 0 0
=l A pu—X v—=2A
)\2 MZ_)\Q 1/2—>\2

Co1(—1),C31(—1)

= :ig VZ:; expanding using the first row.
1 1
= (=N =2 ‘u+)\ v+ A O(u—y>702<u—)\>
= (=N =N —-p)

Alternatively

Put A = pu. Then two columns of the determinant become identical, and the

determinant becomes zero. Therefore A — p is a factor of the determinant.
Similarly, by putting A = p or p = v we find that A — v and p — v are

also factors of the determinant.

Since the determinant is of total degree 3, we have that

A =kA=p)A—v)(p—v).

We then determine the constant &£ by considering a particular term:

Coefficient of uv?: 1=~k = k= —

Therefore
A = —(A=p)A=v)(p—v)
= A=p)(p-v)(v-2N)
Ezample
Show that
bec ca ab 1 1 1
a b ¢ |=|da® VvV &
a? b A a® b A
1 abc abc abe

LHS = a2 b2 C2 s Cl(a),CQ(b),Cg(C)

abe a b
1 1 1 1
= |a® V¥ 2|, R ()
a3 b 3 abc




Practice Ezxercise

1. Evaluate the determinant

18 16 2
7 5 1
2 1 -1
2. Factorise
1 1 1
r Yy =z
23y 2B
3. Show that
1 a By 1 a o
1 8 yal|=|138 @
1 v ap Ly 9
4. Show that
1 a a® a®+bed
1 b b b+cda _ 0
1 ¢ & A+abd |
1 d d& &+ abe
5. Solve for z
2 or 1
8 2 1]=0
27 3 1

Summary

The determinant is defined on square matrices as a scalar using the parity
of members of the symmetric group. Properties of determinants are then
considered which include the Laplace expansion of the determinant and
the effect on the elementary row and column operations on determinants.
These properties are then applied to the evaluation and the factorisation
of determinants.
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Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE THREE

Matrix Inverses and Systems of Linear Equations

Introduction

We shall see that some square matrices have multiplicative inverses while
others do not have. We shall examine some elementary properties of matrix
inverses and study two methods, the adjoint method, and the method of el-
ementary operations, to determine the inverse of a non-singular matrix. We
shall then apply matrix inverses to the solution of systems of linear equa-
tions which have unique solutions. The application will include Cramer’s
rule which is an elegant short method not involving an explicit computation
of matrix inverses.

Objectives
The reader should be able to

(i) distinguish non-singular and singular matrices,
(ii) prove elementary properties of matrix inverses

(iii) compute matrix inverses, using the adjoint method or the method of
elementary operations,

(iv) apply matrix inverses and Cramer’s rule to the solution of systems of
linear equations which have unique solutions.
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Pre-Test

1. Calculate A~ over R if

s

I
CIIJUNNN
SISO
N

2. (a) If D = diagonal (dy,ds,...,d,) and dids . ..d, # 0, show that D!
= diagonal (di', dy?', ..., d;").

(b) Show that GL,(R) is a group under multiplication.

3. If
6 —2 2

B=| -2 3 —1 |, provethatl6B2+6B -9+ B =0
2 -1 3

4. By finding the inverse of the coefficient matrix, solve over R

r+yt+z
20 + by +22z = 3
r+Ty+z =

5. Determine the values of A such that the matrix

4 =2 5
5 2 4
2 8 A

has an inverse. Find the inverse when A = 1 and hence solve the system
of equations.

dr =2y +dbx = 2
or + 2y + 4 =
20+ 8y+ 2z =
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6. For which values of k does the system of linear equations over R have
a unique solution?
3r—2y+kz =1
r+T7y+z = 2k
r4+4y+2z = 0

Find the solution (in terms of k) in the cases in which it is unique.

7. If A and B in M, (R) satisfy the equation A+ B = k- AB where k is
a non-zero constant, show that if A has an inverse, then B also has an
inverse. State the inverse of B. If

3 2
=(13)

determine B such that A+ B =2-AB.

8. If
1 0 =2 2 2 2
A=(3 1 2 and B = 2 2 -8
1 -1 0 -4 1 1

calculate BA and hence solve the system of linear equations.

r—2r =
3x+y+2z =
rT—y =

9. Use Cramer’s rule to solve the system of linear equations over R.

r+y—z =
rT—y+2z =
2e—y+z =
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10. Use Cramer’s rule to solve the system of linear equations in x, ¥y, z sim-
plifying your answers as far as possible, given that a, b, c are different,
a+b+c#0and ab+ bc+ ca # 0.

ar +by+cz = 0
(b+c)x+(c+a)y+(a+bz = a+b+c
bex + cay + abz = abc

Non-singular matrices
A square matrix in M, (F') which has a multiplicative inverse is called an
invertible or a non-singular matrix. A square matrix which does not have
a multiplicative inverse is called a non-invertible or singular matrix. We
denote by GL,(F') the set of all invertible or non-singular matrices of order
n, i.e. GL,(F) C M,(F). One can show that GL,(F) is a group under
multiplication, called the general linear group of order n.

To show that not all matrices have inverses, consider in Ms(R), the matrix

1 2
i-]2 1]
Suppose that it has an inverse of the form
a b
a-| 2]
Then
1 2 a b 10
AB:[z 4] [c d}zlo 1]
ie.
a+2 b+2d | |10
20 +4c 2b+4d | |0 1
Therefore
a+2c=1 (i)
2a+4c=0 (ii)
b+2d=0 (iii)
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2 +4d = 1 (iv)
Equations (i) and (ii) represent two parallel lines which are not coincident.
Similarly, equations (iii) and (iv) represent two non-coincident parallel lines.
Therefore, the equations (i) to (iv) have no solution. Therefore, there do not
exist any values of a, b, ¢, d such that AB = I, and so that matrix A above
has no inverse.

Proposition
If A is non-singular, then its inverse is unique.

Proof:

Let B and C be two inverses of A.

We want to show that B = C.

Now AB =1 (since B is an inverse of A)

= C(AB) = C1I (premultiply both sides by C')
= (CA)B = C (associative law)

= [B=C (since C is an inverse of A)

= B=C.

Proposition
If A and B are non-singular matrices in M, (F), then (AB)™' = B~!. A~%,

Proof: To show that B~*A~! is the inverse of AB, we shall prove that

(AB)Y(B™'A™) = I and (B'A™YAB)=1

(AB)(B™*A™) = A(BB')A™! (associative law)
= AIA'=AAT" =1

(B'A™)(AB) = B '(A'A)B (associative law)
= B 'IB=B'B=1

Note the order in which the inverse of AB has been expressed.
The Inverse of a Non-Singular Matrix

The Adjoint Method
If A= (a;;) € M,, then as in Unit 2, we define for each entry a;;, the minor
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for a;; as the determinant of the (n — 1) x (n — 1)-matrix M,; obtained from
A by deleting the i-th row and the j-th column of A. We then, define the
cofactor of a;; as Aj; = (—1)""|M;;]. If A* is the transpose of the matrix of
cofators of A (called the adjoint of A), then by Property 11 of determinants
in Unit 1, we have

AA*=A"A=|A|- T

If |A| # 0, then
1
Al= — . A
|A]

Remarks:

1. To compute the inverse of a non-singular matrix using the adjoint
method, one needs only to compute the determinant and the adjoint of
the matrix.

1
2. Since A™' = Tl A*, it follows that the determinant |A| gives an

indication of whether or not a given matrix is invertible or not. It is
invertible if and only if its determinant is non-zero.

Ezxample 1:
Find, using the adjoint method, the inverse of
1 0 —2]
B =13 1 2
L 1 - 0 -
"1 0 -9
Bl = |3 1 2|=0+0+64+2-0+2=10
1 -1 0

Therefore, the matrix B is non-singular and so is invertible. The matrix of
its cofactors

An A A 2 2 —4
N = Agl A22 Agg = -2 2 1
Agr Asy Ass 2 =8 1
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The adjoint of B is

2 =2 2
B*'=N'=| 2 2 -8
—4 1 1
Therefore
2 =2 2
1 1
B_l — F . * - TO 2 2 —8
|3l 411
[ 1 1 17
5 5 5
1 1 4
5 5 5
2 1 1
L 5 10 10

The Inverse of a non-singular matrix using elementary operations

Another method of finding inverses of non-singular matrices is as follows.
Suppose we wish to find the inverse of a non-singular matrix A € M, (F).
Then we form the matrix equation AX =Y where X = [xy,...,2,]7 and
Y = [y, +,ys)T. We then solve for X by means of elimination to obtain
X = BY. Then it follows that

AX=Y and X =BY = (AB)Y =Y
= AB=1, = A'=B

In other words, the inverse A~! of A is the matrix B obtained in the process
of solving the matrix equation AX =Y in the form X = BY.

To illustrate the operations involved in the solution of a matrix equation
AX =Y by means of elimination, we consider the following matrix equation

01 2 T U1 1 00 Y1
1 2 3 ) = Y2 = 010 Y2
4 3 4 T3 Y3 001 Y3
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The matrix equation can be written in a system of 3 linear equations as

follows:
) + 2[E3 = N (1)
T1+2x9 + 323 = Yo (2)
4oy 4 3x9 + 423 = Y3 (3)
T + 2373 = Y (1)
T1+2x2+ 313 = Yo (2)
(3) —4 x (2) 51’2 — 81’3 = Y3 — 4y2 (3)
2 + 21’3 = YN (4)
(2) —2x (1) T — T3 = Y2 — 2y (5)
(4)+5 x (1) 2x3 = ys—4ys+ 5y (6)
(1) - (16) T9 + I4y1 +4dys —ys  (7)
(5) + B X (6) 1=y — Yo+ 5Ys (8)
L ®) i 2+ 2y1 (9)
— PTa = — J— —
9 3 23/3 Yo 291
1 1
100\ (m 5 L3 v
010 || a |=] -4 4 -1 Yo
00 1)\ a 5 5 1 T3
2 2
1 1
01 2 5 L 3
1 23 |=| 4 4 -1
4 3 4 5 5 1
2 2

The above example shows that to obtain the inverse of a non-singular matrix,
we only need to apply the following operations called elementary operations,
on the matrix as well as on the identity matrix of the same order until the
given matrix becomes the identity matrix. The elementary operations are:
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(i) Interchanging the i-th and j-th rows, denoted by R;;
(ii) Multiplying the i-th row by a non-zero scalar A\; denoted by R;(\)

(iii) Adding the j-th row multiplied by a scalar A to the i-th row, denoted

Similarly elementary column operations are denoted by

Example 2: Find, by means of elementary operations, the inverse of the
matrix.

4 8 —1
A=1|5 -1 4
6 8 2
4 8 —1 1 00
5 —1 4 010
6 & 2 00 1
121 100
1 4 4
Ri(~)
4 5 —1 4 010
—
6 & 2 00 1
1 1
1 R 200
4 4
f (=) 21 5
R31(—6)
7 3
0 -4 - —~ 01
2 2

w
oo



44

44

22

35
17
35

[Sa

23
35

—31
75

10

22
35




Hence

LENSCINE 1
35 35 70
PR I
) 5) 10
23 8 2
35 35 35

Systems of Linear equations
Consider the system of linear equations:

1121 + a12T2 + - + A1 Ty = Y1

Am1T1 + A2 + -+ + Cpp Ty = Yn

We may express this system of equations in a more compact form either as
n
Zaijxj =y, 1=1,...,m
Jj=1

or using a matrix equation as

ayy Qa2 - Qi x1 Y1

m1 Gm2 - Amp Tn Ym

So if we put A = (aij)mm, X = (x1,...,2,)" and Y = (y1,...,ym)", we
can write the system of linear equations in matrix form as AX =Y, A is
called the matrix of coefficients, and X the matrix of variables. In this unit

we shall consider the case when m = n and the matrix of coefficients A is
non-singular.

Proposition: The system of equations AX =Y, where A € GL,(F) has
a unique solution given by X = A~'Y.

Proof: Premultiply both sides of AX =Y by A™!
AN AX) =AY = X =AY
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is a solution. To see that the solution is unique, suppose X; and X, are two
solutions of the system, i.e.

AXl =Y and AXQ =Y
Then AX; = AX,. Premultiply both sides by A~}
A_I(AXl) = A_I(AXQ) = X=Xy

However, to obtain this unique solution, one may not actually calculate A~1
as can be shown in the following theorem, known as Cramer’s Rule.

Theorem: Let AX = Y be a system of linear equations over a field F,
where A is a non-singular (n x n)-matrix. Suppose B; is the matrix obtained
from A by replacing the i-th column of A by Y for each i = 1,...,n. Then
the solutions of the system AX =Y are given by

_ |Bi] i=1.....n.
|A|7 9 b

T
Proof: Since A™! exists, it follows that AX =Y implies

1
X=A"Y = (A*) Y
|A]

where A* is the adjoint of A. Therefore

T1 1 Ay Ay - A n

By 5

T | | L Aln A2n U Ann Yn
1 [ 1A+ Yo Ao + -+ YnAm

4] '
L ylAln + y2A2n + -+ ynA'rm
i.e. )
T = W(y1A1i+y2A2i+~--+ynAm, 1=1,...,n
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Since ay; Ay + Agi + -+ - + aniAnio = |A], by definition, it follows that if we

replace the i-th column (aj ...an)" of A by Y = (y,...

matrix B;, then

Y1 Ay + Yo Ao + - + ynAni = | Bil

and
B

T; = s Z:L
|A]

, M.

,yn)T to obtain

Example 3: By finding the inverse of the coefficient matrix, solve the system
of linear equations over the field of real numbers.

T+ 3y —z
r+y+z
—x+2y—z

0
1
1

In matrix notation, the system of linear equations is

1 3 —1 x 0
11 1 y | =11
-1 2 -1 z 1
If A denotes the coefficient matrix, then
1 3 —1
|A| = 11 1|=—-1-3-2—-14+3-2=-6
-1 2 -1

Hence the coefficient matrix is non-singular

solution.
The cofators of the matrix A are

All — —3 A12 - O
A21 =1 A22 = -2

Azr =4 Azp=-2
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A13 - 3
A23 - —5
Asz = —2

and so the system has a unique



Hence

1 Ay An As 1 -3 1 4
A_IZW Ay Ay Agg =5 0 —2 -2
Ay Ay Asg 3 =5 2

Therefore the solution of the system is

x 1 -3 1 4 0 1 5

z 3 -5 2 1 -7
5} 2 7
rT=—S,Y==,2=—.
67! 737§

Example 4. Use Cramer’s rule to solve the system of equations over the

field of real numbers.
3r+2y+z2=0

or +2y+z2=-2
Tr+5y+22=1

In matrix notation, the system of linear equations

3 2 1 T 0
5 2 1 y | =1 —2 ie. AX=Y
7 5 2 z 1

|A| =12+ 14+24 — 14— 20 — 15 = 2

Hence, using Cramer’s rule, the solution of the system is

oo
r==| -2 2 1|=2(2-10-2+8) = —1
21 15 2] 2
301
y=5|5 -2 1|=(-12+5+14-3)=2
71 2
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1 32 0 1
i=3 5 2 =2 25(6—28—10—1—30):—1
75 1
Hence x = —1, y = 2, z = —1 is the unique solution.

Practice Ezxercise

1. Using the adjoint method, calculate A=! if

3 _9 10 3

(i)A:<6 _5> i) A=1]2 4 1

1 30

2. Use elementary operations to compute A~! if

01 2 4 8 -1
i) A=[1 2 3 i) A=]|5 -1 4
4 3 4 6 8 2

3. By calculating the inverse of the matrix of coefficients, solve the system
of linear equations over the field of real numbers:

(i) 20 —y+32="T (i) y+2z=-2
r4+2y—z=1 r+2y+3z=-1
r+y+z=3 4o + 3y + 42 =2

4. Use Cramer’s rule to solve over the field of real numbers the system of
linear equations.

(1) 4x+8y—z=5 (i) x+y=-—1

oxr —y+4z=1 20 — 3z = —1
6r +8y + 22 =4 y+4z=4
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Summary

Non-singular and singular matrices are defined. It is shown that if A and B
are non-singular, then their inverses are unique and (AB)~! = B~tA~1,
Two methods, the adjoint method and the method of elementary opera-
tions, are discussed for computing the inverse of a non-singular matrix.
Systems of linear equations are then considered, where the matrix of
coefficients is a square non-singular matrix. Such systems can be solved by
either obtaining the inverse of the coefficient matrix or using Cramer’s rule.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE FOUR

Vector Spaces

Introduction

We shall study linearly dependent and linearly independent subsets, genera-
tors and bases of a vector space over a field, and apply them to some familiar
examples.

Objectives
The reader should be able to

(i) define a vector space over a field together with linearly dependent and
independent subsets, generators and bases.

(ii) determine whether a subset of certain familiar vector spaces is linearly
dependent or linearly independent, or forms a generating set or a basis.

Pre-Test

1. Show that the vectors (1,1,0), (2,—1,—1), (3,—2,1) form a basis for
R3.

2. For what values of p,q are the vectors (p,q,3) and (2,p — ¢,1) in R®
linearly dependent?
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10.

Show that the vectors v; = (1,2,3), vy = (1,2,4), vg = (1,2,5) are not
linearly independent over Q).

Show that the vectors

a; =(1,1,0,0), a, = (0,0,1,1)

as = (1,0,0,4), ay = (0,0,0,2)

form a basis for Q* over Q. Determine the coordinates of the standard
basis vectors.

e; =(1,0,0,0), e; = (0,1,0,0)

es =(0,0,1,0), e, = (0,0,0,1)

with respect to this basis.

Show that the vectors in the set
{(1,2,-3), (1,-3,2), (2,-1,5)}
are linearly independent and span R?.

Find all values of ¢ which makes the vectors
(¢,—1,0,1),(1,3,¢0),(0,—1,—1,0),(—2,1,¢, 1) linear dependent.

Show that the vectors
(—1,1,1),(0,1,0),(—1,4,1) are linearly dependent.

Let Ms3(R) be the vector space of 2 x 3 matrices over field R. Find
whether the following matrices are linearly independent or not.

-1 2 1 2 -1 3 3 01
01 3)’ 10 -2 )’ 2 -3 4
Show that the set of polynomials

2z +1, 22 -2, 2° — 2z, 32%)

is a basis for the vector space of polynomials over R having degree at
most 3.

Let P,(t) be the vector space of polynomials in ¢ of degree < n. Deter-
mine whether or not the following set forms a basis for P, (t).

(1, T+t T+t+t2 T+t +2 4+ T+t ")
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Definition of a vector space

A wector space (or linear space) V over a field F' is an Abelian group under
addition such that for every v € V and A € F, we have Av € V and also if
A€ F and u,v € V we have

(a) A+ pv=Av+puv
Distributive laws
(b)) AMu+v)=Au+ v

(@) (Awv = A(p) = p(rv), and

d 1-v=uv

In other words, V is closed with respect to external multiplication with F
(in addition to being an additive Abelian group).

The elements of the field F' are called scalars and the members of the
vector space V' are called vectors.

Example 1: Tt can be easily verified that

Q" = @Qx---xQ (nfactors)
R" = R x---xR (n factors), and
" = O x---xC (n factors)

are vector spaces over field Q1R and €', respectively.
For example if z = (z1,...,2,) € R" is a vector and A € R, we have

Az = (Azq, ..., \x,) ER"

Two vectors (a,...,a,) and b = (by,...,b,) are equal if and only if a; = b;,
1=1,...,n.

Note that addition in Q",R™ and C" is defined coordinate by coordi-
nate. For instance, if z = (z1,...,2,) and y = (y1,...,yn) € R" then
z+y=(r1+uy,....,0, +yn) ER™

Example 2: Let F be any field. Then
F'"=F x---x F (n factors)
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is a vector space over F if we define addition and scalar multiplication as

&""Q = ($1+y17"'7$n+yn)
Az = (Azy,...,Axy)

where = (@1,...,2,), y = (Y1,...,yn) € F" and A € F.
Note that Q™, R" and €™ in Example 1 are special cases of this example.

Example 3: M, ,,(F'), the set of all (n x m)-matrices with entries from the
field F, is a vector space over F.

We have seen that (M, ,,(F),+) is an Abelian group. If A = (a;;) €
M, m(F) and A € F, define AA = (Aa;;).

Ezample 4. F[z], the set of all polynomials in x with coefficients from a
field F, is a vector space over F.

We have seen that (F|z],+) is an Abelian group. If a(x) = ag + a;x +
<o+ a,x™ and X € F, define Aa(z) = Aag + (Aay)x + -+ - + (Na,)z™.

Linear dependence and independence
The vectors vy,...,v,, in a vector space V over a field F' are said to be
linearly independent over F' if for scalars Ay, ..., Ay, in F.

Moy + - Ay, =0

implies that A\; = Ao = --- = \,, = 0. Vectors which are not linearly
independent are said to be linearly dependent.

In other words, in a linearly dependent set of vectors, one can express one
of the vectors as a linear combination of the others, while this is not possible
in a linearly independent set of vectors.

Vectors v, ---, v, in a vector space V over a field F' are said to generate
or span V if every member of V' can be expressed as a linear combination of
Uy, -, U, 1.e. if v is any member of V', then there exist A\y,..., A\x € F such
that

v=Auy e+ Ay

A basis for a vector space V over a field F is a linearly independent subset
of V' which generates or spans V.
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Example 5
Show that in the vector space R", the following set of vectors

{e,=(0,...,0,1,0,...,0), i=1,...,n}

(with 1 in the é-th entry) is a basis for R™.
Assume \ie; + -+ M\, =0
with \; e R, i =1,...n, then

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

and by the definition of equality of vectors, we have that

This implies that (eq, ..., e,) is a linearly independent subset of R". To show
that {e;,...,e,} generates or spans R", let a = (ay,...,a,} be any vector
in R*. Then one can easily show that a = a1e; + --- + a,e,. i.e. any vec-
tor in R" can be written as a linear combination of the vectors ey,...,e,.
Hence {ey, ..., e,} generates or spans R". Therefore {e;,...,¢e,} is a linearly
independent subset of R™ which generates or spans R" and so is a basis for R".

Example 6: Show that vectors of the form
v, = (0,0, aii,aiiﬂ,...,am), 1= 1,...,k'

(with ¢ — 1 zeroes and a;; # 0) are linearly independent in R"™.
Let Moy +---+ Mo =0with \; e R, : = 1,...,k then

(Mair, AMars + Aaagg, ..., Marg + - -+ Agagg) = (0,...,0)

and by the definition of equality of vectors, we have that

)\1&11 = 0 (1)
A2 + Agag =0 (2)
Mg 4 -+ Agage =0 (k)
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Solving the above equations successively, starting with eqution (1) one finds
that
AM=Xd=--=X=0, (sinceay; #0,i=1,...,k)

Hence (vy,...,v;) is a linearly independent subset of R".

Ezxample 7
Show that the vectors

Ql = (1717 ]-)7 QQ = (07 ]-7 1)7 Qg = (0707 1)

form a basis for R3.

From example 6 above {v;, vy, v} is a linearly independent subset of R.
To show that the vectors vy, vy, v5 generate R, let v = (ay,as,a3) be any
vector in R?, then one can easily show that

a1vy + (a2 — a1)vy + (a3 — ag)vsy = (a1, az, a3) = v.

Hence {v;,v,,v5} generates R® and so is a basis for R>.

Remarks

1. The vectors ey, ..., e, in Example 5 above are called the usual or stan-
dard basis for R".

2. In the special case n = 3, we recognise this standard basis for R® as
zzgl = (1707())7 l:QQ = (07170)7 E:Q?) = (07071>

3. Example 5 gives a basis for R® while Example 7 gives another basis for
R3. This shows that there exist several bases for a vector space.

Practice Fxercise
Comment on the linear independence or otherwise of the following sets of
vectors in R*.

1. {(1,0,1,0), (0,1,0,1)}

2. {(1,1,0,0), (0,0,1,1), (2,2,—1,—-1)}
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3.
4.

d.

{(1,1,3,4),(2,1,3,4),(0,0,0,0), (3,0,0,0)}
{(1,0,0,1),(0,1,0,0),(2,0,0,0),(1,0,3,0) }
{(2,4,8,4,(1,2,4,2)}.

Summary
A vector space over a field is defined giving examples from Cartesian
products of a field, matrices and polynomials.
Conditions are then given for a set of vectors in a vector space:
(i)
(i)
(iii) to form a basis for the vector space
Examples are then given to illustrate these ideas.

to be linearly dependent or linearly independent
to generate or span, the vector space

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE FIVE

Subspaces of Vector Spaces

Introduction

We shall give conditions under which a subset of a vector space V' becomes a
vector space (called a subspace) with the same operations of V. We shall see
that any set of vectors in a vector space generate or span a subspace. Given
subspaces of a vector space we shall consider how to form new subspaces
from them. We shall then investigate some properties of finitely - generated
vector spaces.

Objectives
The reader should be able to:

(i) prove whether a given subset of a vector space is a subspace;
(ii) prove when new subspaces can be formed from given ones;
(iii) give and prove properties of finitely-generated vector spaces; and
)

(iv) give and prove the relationship among the dimensions of subspaces and
their sum.
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Pre-Test

1.

Prove that a set of vectors is linearly independent if and only if it
contains a proper subset generating the same subspace.

Show that any finite set of vectors (containing at least one non-zero
vector) contains a linearly independent subset which spans the same
subspace.

Prove that any n+1 elements of an n-dimensional vector space are lin-
early dependent and no set of n—1 elements can span an n-dimensional
vector space.

Show that any linearly independent set of elements of a finite-dimensional
vector space V' can be extended to a basis for V.

Let U and W be subspaces of a vector space V over a field F'. Show
that U + W is a subspace of V' where

U+W=(u+wluclUweW)

If U and W are subspaces of a vector space V', prove that U "W is a
subspace of V.

If U and W are subspaces of a vector space V', prove that U UW is a
subspace of V' if and only if either U C W or W C U.

Show that the set

W = € My(R)

is a subspace of Ms(R).
Show that the subset
W = {Symmetric matrices in M, (F)}

is a subspace of M, (F).
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10. Prove that the subset
W ={Ae M,(F)|[AX = XA for some fixed matrix X € M, (F)}

is a subspace of M, (F).

Definition of a subspace

A subspace of a vector space V' is a subset of V' which is itself a vector space
with respect to the same operations of addition and scalar multiplication in
V.

Proposition 1
U is a subspace of a vector space V over a field F' if and only if for every
u,v € U and any scalar k € F', then u —v € U and ku € U.

Proof:

=: Assume U is a subspace of V. Then if u,v € U and k € F, we have
—velUandsou—veUand kueU.

<: Assume that if u,v € U and k € F, then

u—velU and kue F.

We wish to show that U is a vector space over F. We have to show that
(U,+) is an Abelian group. Put u = v and so

u—u=0¢€U (Identity element)

0,velU=0—v=—veU (Inverse of v)
uvelU=u-velU=u—(—v)=u+veU (Closure).

Associativity and commutativity in U follow from asociativity and commu-
tativity in V. Hence (U,+) is an Abelian group. Since ku € F whenever
uw € U and k € F, then U becomes a vector space, and so a subspace of V.

Corollary: U is a subspace of V' if and only if for every «, 6 € F and u,v € U,
then au + fv € U.
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Remark: Proposition 1 and its Corollary give two ways of verifying whether
a subset of a vector space is a subspace.

Proposition 2. If S is a non-empty subset of a vector space V' over a field F',
then the set
(S) ={ov; + -+ + aguy|a; € Fou; € S}

is a subspace of V. (S) consists of finite sums which are linear combinations
of members of S with coefficients from the field F'.

Proof. Let
u= Py + -+ B, € (S)
and
a1y + -+ agu, € (S)
Then,
u—uv = ﬁl@l_}_"'_’_ﬁrﬂr_ (aaﬂl—i_"'—i_asﬂs)

= By + -+ Gy, + (—ar)vy + -+ (—a,)v, € (S)

being a finite sum which is a linear combination of members of S with coef-
ficients from the field F'. Similarly if £ € F', then

kﬂ = k(ﬁlﬂl SRR ﬁr@r)
= (kB)w) + -+ (kB,)u, € (S)

Hence (S) is a subspace of V.
Corollary. (S) is the intersection of all subspaces containing S.

Definition. If S is a non-empty subset of a vector space V over a field
F| then the set (S), consisting of finite linear combinations of members of S
with coefficients from the field F' is a subspace of V, called the span of S, or
the subspace of V' generated by S.

A vector space V over a field F' is said to be finitely-generated if it is
generated by a finite subset.
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FExample 1. R" is a finitely generated vector space, since by Example 5
of Unit 4, it is generated by a finite subset (ey,...,e,).

Proposition 3.

The non-zero vectors vy, ...,v,, in a vector space V over a field F' are lin-
early dependent if and only if one of the vectors is a linear combination of
the preceding ones.

Proof:
<: We shall assume that v, is a linear combination of the preceding ones,
i.e.

Uk = MU+ Aem1U

Then
Mo+ s+ (D + 00 +-4+0-0, =0
with at least one coefficient, (—1), not equal to zero. Hence v,,...,v,, are
linearly dependent.
=: We shall assume that {v;,...,v,,} is a linearly dependent set of vectors,

i.e. there exist Aq,...,\,, not all zero such that

Choose the last subscript & for which Ay # 0. Then solve for v, as the
following linear combination.

v = (A A)u A+ (A Mem) e

Thus v, is a linear combinatin of the preceding vectors, except in the case
k = 1. In this case, A\jv;, with A\; # 0 = v; = 0 contrary to the hypothesis
that none of the given vectors is equal to zero.

Corollary 1. A set of vectors is linearly dependent if and only if it con-
tains a proper subset generating the same subspace.
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Corollary 2. Any finite set of vectors (containing at least one non-zero vec-
tor) contains a linearly independent subset which spans or generates the same
subspace.

Proposition 4.
If n vectors span a vector space V' and if V' contains r linearly independent
vectors, then n > r.

Proof. Let S = {v;,...,v,} be a set of n vectors which span V and let X =
{uy,...,u,} be a set of r linearly independent vectors of V. Since S spans
V', u; is a linear combination of the v, so that the set T' = {u;,vy,...,0,}
spans V' and is linearly dependent. Then by Proposition 3, some vector of T’
must be dependent on its predecessors. This cannot be u; since u; belongs
to a set of linearly independent vectors. Hence some vector v; is dependent
on its predecessors u;,v;,...,v;_; in T. Delete this term and we obtain as
in Corollary 1 to Proposition 3 a subset S’ = {u;, vy, ..., U0 _1,Vii1s---,Upn}
of T" which still spans V.

Repeat the above argument r times until the elements of S are exhausted.
Each time, an element of S is thrown out. Hence it must be that S originally
contained at leat r elements, thus proving n > r.

Corollary 1. Any two bases for a finitely generated vector space have the
same number of elements.

Proof. Let S = {v,...,u,}, T = {uy,...,u,} be two bases containing n
and r vectors of a vector space, respectively. Then by Proposition 4, it fol-
lows that

n>r and r>n=r=n

Remark. By Corollary 1 of Proposition 4 above, it follows that the number
of elements in a basis for a finitely-generated vector space is an invariant.

Definition.
The dimension of a finitely-generated vector space V' is the number of ele-
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ments in any basis for V. If the number of elements in any basis for V is n,
we then say that V' is an n-dimensional vector space.

Ezxample: Q™, R" and € are each an n-dimensional vector space. We there-

fore, sometimes denote an n-dimensional vector space V over a field F' by
Va(F).

Corollary 2. Any n+1 elements of an n-dimensional vector space are linearly
dependent and no set of n — 1 elements can span an n-dimensional vector
space.

Proposition 5.
Any linearly independent set of elements of a finite-dimensional vector space
V' can be extended to a basis for V.

The next Proposition gives two ways of forming new subspaces of a vector
space with two given subspaces.

Proposition 6.
Let U and W be subspaces of a vector space V' over a field F'. Then

(a) U+ W is a subspace of V', where
U+W=(@u+twluel, weW)
called the linear sum of U and W.

(b) UNW is a subspace of V.

We shall now prove a formula connecting the dimensions of the given and
the new subspaces stated in Proposition 6.

Proposition 7.
Let U and W be subspaces of a finite-dimensional vector space V over a field

F. Then dim U + dim W = dim(U + W) 4+ dim(U N W).

Proof. Let vy,...,v, be a basis for U NW.
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Then since UNW C U and UNW C W, it follows from Proposition 5 that
the linearly independent vectors v,,...,v, can be extended to bases for U
and W. Then let U and W have basis.

Ugyeo oy Upy Upy-oy Uy

and
Ql:"'ayna wl?"'7wsa

respectively.
Then it follows clearly that the set

T:{Qla"'ayn7 Ql)"'vgm wlv"wﬂs}

spans U + W . To show that T is a basis for U + W we must show that T is
a linearly independent set. To show this, let

AUy AU, F ity + e el iy e v, =0

(*) r n s
Do ity == D AUy = Y vwy
i=1 j=1 k=1

The left hand side of the last equation is a member of U, being a linear
combination of the basis elements for U above. Similarly, the right hand side
of the last equation is a member of W. Thus each side must be a member of
UNnW, ie.

Zﬁbi@i ceUnw

i=1
But from the above basis for U N W, it follows that

T n
Dl =) a4y
i=1 j=1

Since the set {u,...,u,, v,...,v,}, being a basis for U, is a linearly inde-
pendent set in U and V/, it follows that a linear combination of this basis as
in the last equation must satisfy

;i =0, 1<i<r and a; =0, 1 <j5<n.
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Equation () then reduces to a linear combination of the basis {v, ..., v,, wy,...

of W. Such an equation can only hold if and only if
A=01<j<n)and v, =0(1 <k <s)

Hence T' is a linearly independent set and so is a basis for U + W. Now dim
UNW)=mn,dmU =n+r, dmW =n+s, dim(U +W) =n+r+s.
Hence dim U + dim W = dim(U + W) + dim(U N W).

Remark. We shall in Unit 6 apply Proposition 7 to the calculation of the
dimensions of the subspaces U + W and U N W, given generators of U and
W.

Practice Exercise

1. Prove that U is a subspace of V over a field F' if and only if for every
o, € F and u,v € U, then au + pv € U.

2. Show that for k& < n, the subset (ay,...,at,0,...,0)|la; € F, i =
1,...,k) is a subspace of F".

3. Prove that if S is a non-empty subset of vector space V over a field F,
then (S) is the intersection of all subspaces containing S.

4. Show that the subset

W: GMQ(F)

is a subspace of My(F).

Wt

Summary
A subspace of a vector space is defined. Conditions are given for a subset
of a vector space to be a subspace. A non-empty subset of a vector space

and intersection of two subspaces are each also a subspace. A relation-

generated vector space, their sum and intersection.

generates a subspace called the span of the subset. Finitely-generated vector
spaces are defined, as well as their dimensions. It is then shown that the sum

ship is then established among the dimensions of two subspaces of a finitely
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Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE SIX

Rank of a Matrix

Introduction

Using the idea of subspaces generated by vectors in a vector space, we shall
define the row rank and the column rank of a matrix as the dimension of
the subspace generated by the corresponding rows and columns, regarded as
vectors, of the matrix. We shall then prove that the row rank and the column
rank are always equal and are called simply the rank of the matrix.

This is then applied to testing whether a set of vectors is linearly inde-
pendent or not, for calculating the dimension of the subspace generated by
such vectors and for calculating the dimension of the sum and intersection
of two vector subspaces.

Objectives
The reader should be able to

(i) compute the row rank, column rank and rank of a matrix; and

(ii) use the rank of a matrix to test the linear independence of given vectors
and calculate the dimension of the subspace generated by such vectors
as well as of the sum and intersection of two vector subspaces.
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Pre-Test

1.

Find (a) the row rank; (b) the column rank, and (c) the rank, of the
matrices
1 2 -1 8 2 2 -1 3
(i) 6 2 4 3 (ii) 6 0 25
10 1 4 2 4 —4 1
Determine whether or not the vectors,

v; = (0,0,1,1), vy = (2,2 —1,-1), v53 = (1,1,0,0), are linearly in-
dependent in R*. Find the dimension and a basis for the subspace V
spanned by vy, vg, vs.

Which of the vectors u; = (1,2, —1,2), uy, = (3,3,1,1) lies in V?

Find the dimension and a basis for the subspace of R* spanned by the

vectors.
(1, 0,2, —1), (3, —-1,-2, 0), (1, —1,—6, 2), (O, 1,5, —3).

Find the dimension and a basis for the subspace of R® spanned by the

vectors
(—1, 1, 1), (O, 1, O), (—1,4, 1)

Let P,[t] be the vector space of polynomials in ¢ of degree < n. Deter-
mine whether or not the following set forms a basis for P,(t)

L1+t 1+t + 31+t +2 485 L+t 4+ 7).

Let Ps[t] = {polynomials in R[t] of degree < 3}. Find the dimension
and a basis for the subspace generated by

B422 =2+ 1,2 +3% —t+4,283 + 2 — Tt — 7.

Find the dimension and a basis for the subspace of R? spanned by the
vectors.

(2,1,-1),(3,2,1),(1,0,—3).
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8.

Let U be the subspace of R generated by
[(1,3,-3,-1,4),(1,4,—-1,—-2,-2),(2,9,0, —5, —2)] and W the subspace
generated by

{(1,6,2,-2,3),(2,8,—1,—6,-5),(1,3,—1,—5,—6)}.

Find the dimension and a basis for

HU+W (i) UnW.

Let My 3(R) be the vector space of 2 x 3 matrices, over field R. Find
the dimension and a basis for the subspace of M, 3(R) generated by

-1 21 2 -1 3 3 01
013 1 0 =2 2 -3 4

obtained from A by elementary operations (row or column). The matri-
ces obtained by applying the elementary row operations, R;;, R;(\) and
R;;(\) respectively to I,,, the identity matrix of order n, are represented

by Ei;, E;()\) and E;;(\) and are called elementary matrices.

Practice Ezxercise

1.

4.

Show that the relation of equivalence among matrices is an equivalence
relation.

Write out the elementary matrices for 3 x 3 matrices, as well as their
inverses.

If A e M,,(F), show that the matrices obtained by applying R;;,
R;(X\) and R;j()) to A are the matrices. E;;- A, E;(\)- A and E;j(A)- A
respectively, where E;;, E;(\) and E;;(\) are elementary (m x m)-
matrices.

If A e M,,,(F) show that the matrices obtained by applying C;;, C;())
and C;;(A\) to A are the matrices A- E;;, A- E;(\) and A- E;;(\) respec-
tively where E;;, E;(\) and E;;(\) are elementary (n x n)-matrices.

Let A € M, (F), show that
(i) [Ey- Al = |A- Ey| = —|A|
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(i) [Ei(A)- Al = A- E(A)] = A-[4]
(ii) [E5(A) - Al = |A- Ey(A)] = [A].

Proposition 1

If two matrices A, B € M, ,(F) are equivalent, then B = PAQ for some
invertible matrices P € GL,,(P), Q € GL,(F).

[Note that GL,(F) is the multiplicative group of all invertible matrices of
order q over F called the general linear group of order q over F.

Proof
Since equivalent matrices use both row and column operations, it follows that
B can be obtained from A by pre-multiplying and post-multiplying A by el-
ementary matrices. Thus if A and B are equivalent, there exists elementary
matrices.
Py,...,P. € GL,(F) and Qq,...,Q, € GL,(F) such that
BP.P._i, ...,PLAQ.,...,Q,=B.

Since elementary matrices are invertible, then A and B are equivalent
implies there exist P = P.P,_4,..., P € GL,(F) and Q = @Q4,...,Qs €
GL,,(F) such that PAQ = B.

Rank of a matrix

Definition. The rows R; of a matrix in M,, ,,(F') can be considered as vectors
in the vector space F" while the column C; of A can be considered as vec-
tors in F™. Thus the rows R; of A generate a subspace R4 of F™ while the
columns F; of A generate a subspace C4 of F™. R, is called the row-space of
A and Cy, the column-space of A. The dimension of R, is called the row-rank
of A and is denoted by r4 while the dimension of C4 is called the column
rank of A and is denoted by c4. We shall show later that ¢4 = column rank
= rank row = ry4.

2. The rank of a matrix A is defined as
rank(A) =74 =ca

Proposition 2
Row-equivalent matrices over a field have the same row space. Also column-
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equivalent matrices over a field have the same column space. In other words,
pre-multiplying or post-multiplying a matrix over a field by an elementary
matrix does not alter the rank of a matrix.

Proof.

Consider the three elementary row operations on a matrix A with rows
Ay, ..., Ay If B= E;;jA, then obviously R4 = Rp, since

<A1, AN >Am> = <Bl, .. ;Bm> If B= EZ(/\)A, then Bz = >\Az and Bj = Aj,
j #1i. Now any X € R, is of the form

X=aA+ - +aqA + -+ a,A, which implies that

X=ubB + - +aB+ - +a,B, € Rg. Hence Ry C Rg. Also any
Y € Rp is of the form

Y=a.By+--+a;B;+ -+ a,B,,
which implies that
Y=aA1+ -+ a A+ -+ anAn € Ra.

Hence Rp C R4 and so Ry = Rp. Finally, if B = E;;(\)A, then B, = A, +
MAj; and By = Ay, k # 1. Any X € R4 is of the form X = a; Ay +-- -+ an Ay,
which implies that

X:alBl+---+aiBi+---—|—(aj—)\ai)Bj+---+amBmGRB.

Hence R4 C Rp.
Also any Y € Rp is of the form Y = 1By + -+ a;B; + - -+ + a,, By,
which implies that

Y:a1A1++aZA,++(a]+)\aZ)A]++amAm€RA

Hence Rg C R4 and so R4 = Rp.
The proof for column equivalent matrices is similar.

Remark
We shall apply Proposition 2 to determine the rank of any matrix by reducing
the given matrix to an equivalent matrix using elementary row operations.
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The reduced equivalent matrix will be such that its rank can be easily found.

Row-reduced echelon matriz

Let A € M,,,(F). The first non-zero entry of a non-zero row R; of A is
called the leading entry of R;. A is said to be a row-reduced echelon matrix
or in row-reduced echelon form if

(i) the leading entry in any non-zero is 1

(i) if C; is a column containing a leading entry 1 of a row, then the entries
in C; below 1 are zeros.

(iii) each zero row in A is below all the non-zero rows of A; and

(iv) if there are r non-zero rows and the leading entry in row ¢ appears in
column [; for i =1,2,...,r then [y <y < ... </I,.

Remarks 1. Any matrix A € M,, ,,(F') is row-equivalent to a row-reduced ech-
elon matrix, and the two matrices then have the same rank, by Proposition 2.

2. The rank of a row-reduced echelon matrix containing r non-zero rows
is equal to r since the non-zero rows are linearly independent by Example
6 of §4. An invertible matrix cannot be equivalent to a matrix containing a
ZEero TOw.

3. We can, in a similar manner, reduce any matrix to a column-reduced
echelon form by using elementary column operations and the column rank of
the matrix will be equal to the number of non-zero columns in the column-
reduced echelon matrix.

4. We can also prove that a set of vectors is linearly independent or not
by computing the rank of the matrix whose rows are the given vectors. If the
rank is equal to the number of given vectors, then the vectors are linearly
independent and if not the vectors are linearly dependent. Also the rank of
the matrix gives the dimension of the subspace generated by the given vectors.

5. An echelon matrix is similar to a row-reduced echelon matrix except
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that the leading entry in any non-zero row can be any non-zero number.

Canonical or normal form of a matrix
A row-reduced matrix is said to be in the canonical or normal form if

(i) the leading entry 1 in any non-zero is also the only non-zero entry in
the column containing it; and

(ii) the leading entry in the first row is in the (1,1)-position.

Proposition 3. Any invertible matrix A € GL,,(F') is a product of elementary
matrices.

Proof. If A is reduced to a canonical form, then A is equivalent to I,,. By
Proposition 2, there exists invertible matrices P, ) such that PAQ = I,,
where P,(Q are products of elementary matrices. Thus A = P~'Q~! which
is still a product of elementary matrices.

Corollary. If B = PAQ for some non-singular matrices P and @, then
A and B are equivalent.

Proof. From Proposition 3, P and ) can be expressed as a product of
elementary matrices. Hence A and B are equivalent.

Ezxample 1
Find (i) the row rank, and (ii) the column rank, of the matrix over the

8§ -1 6 3 7
A= 3 0 -1 4 3
-1 -1 9 -9 -2

field of real numbers.
Hence deduce the rank of the matrix.

(i) We shall reduce the given matrix to a row-reduced echelon form using
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elementary row operations.

Rs55(3)

0

0

308 7
4 8 8
-1 4 3
9 -9 -2
3037
4 8 8
1323 3
4 8 8
0 0 O

Rgl (—3)

R31(1)

Ry

wloo
~—

0

—_

o

oo © co| w

|
=
w ] w

—_

|
8 e |
SRS

w| &
[\
w| 8 ool

0 0

\o}
W ol w

OO\\IOO‘% OO‘

—_

oo

0

Since there are only 2 non-zero rows in the row-reduced echelon form
of matrix A, it follows that

Ci(3)

~

Cy(

wloo
~—

1

— 00| = | w

ool w

—_

—1

ra = row rank of A = 2.

6 3 0
-1 4 3
9 -9 -2
0 0
13 23
4 8
3 6
4 8
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(ii) We shall reduce the given matrix to a column-reduced echelon form
using elementary column operations.

0 0 0
313 2
8§ 4 8
N
8 4 8
1 00 00
3 1 000
—— =3 0 00

lw ol

oo




Since there are only 2 non-zero columns in the column-reduced echelon
form of the matrix A, it follows that

¢4 = column rank of A = 2.
Hence since rank A = ry4 = ¢y, it follows that rank of A = 2.

Ezxample 2.

(i) Establish the linear dependence or independence of the vectors in R*.

v, = (1,0,—1,2),v, = (1,3,1,6),v5 = (1,5, —1,16), v, = (4,1,0,2)

)

(ii) Find the dimension of the space V' spanned by these vectors.
(iii) Determine whether the vector (—5, 0,10, —21) lies on V.

(i) We shall find the rank of the matrix whose rows are the given vectors

10 —1 2 10 -1 2 10 -1 2
BRon(=1) 2 4
13 1 6| Ra(=1) |03 2 4| R(3) [0 1 3 3
15 —1 16 | Ru(-=4) [0 5 0 14 05 0 14
41 0 2 01 4 —6 01 4 —6
Lo -t 2 10 -1 2
0 1 2 é 3 0 1 2 é
~ 10 22 ~
Rip(—=1) | 0 0 -3 3 Rus(1) | g o 1 _151
10 22
00 = _= 00 0 0
3 3

Since there are only 3 non-zero rows in the row reduced echelon form of
the matrix, it follows that the rank of the matrix is 3. Since the rank is not
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equal to the number of given vectors, it follows that the given vectors are
linearly dependent.

(ii) Hence it also follows that the dimension of the space V' spanned by these
vectors is 3.

(iii) To determine whether the vector (—5,0,10,—21) lines on V', we must
show that (—5,0,10,—21) is a linear combination of the given vectors. One
way to do this is to show that the basis vectors for V' obtained from the row-
reduced echelon form and (-5, 0, 10, —21) are linearly dependent. We do this
by calculating the rank of the matrix whose rows are the basis vectors for V'
and(—5,0,10, —21).

1 0 —1 2 1 0 —1 2
01 2 4 0 1 2 4
3 3 Ry (5) 3 3
11 ~ 11
0 0 1 —— 0 0 1 ——=
5 5
-5 0 10 -21 00 5 —11
1 0 —1 2
2 4
01 = —
R43(—5) 3 3
- 00 1 1
5
00 0 0

Since the rank of the matrix is 3, it follows that the basis vectors and
(—5,0,10, —21) are linearly dependent and so (—5,0,10, —21) lies on V.

Example 3
Let R[t] be the vector space of polynomials in ¢t over the field R of real
numbers. Find a basis and the dimension for a subspace of R[t] generated by

[t? + 42 —t + 3, £ + 5t + 5, 3t° + 10t — 5t + 5].
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We shall write the generators in vector form using the convention that the
constant term occupies the first coordinate, the coefficient of ¢ the sec-
ond coordinate, etc. Thus the generators become (3,—1,4,1), (5,0,5,1),
(5,—5,10, 3).

We can then proceed as in Example 2 above. First reduce the matrix
whose rows are the generators to a row-reduced echelon form.

3 -1 41 ;2 ;L;
1
5 0 51 lef’) 5 0 5 1
5 —5 10 3 5 5 10 3
Ru(-5) | _; ;l ; 1 2
21N R2<%) 3 3 3
5 5 2 ~
0 oY = 2
3 3 3 0 1 -1 —
Ry(2)
Ry (=5
w0 o 0 0 0 0
3 3 3

Since there are 2 non-zero rows in the row-reduced echelon form, it follows
that the rank of the matrix is 2 and so the dimension of the subspace is 2.
A basis for the subspace is, therefore,

1 4 1 2

B - 1,2 — t}

3 +3 3 T 5 *
or

[t3+4t2—t+3, 2t3+5t2—5t]
or

[t3 +4t* —t + 3, t* + 5t + 5| — the original polynomials.
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Example
Find a basis and the dimension for a subspace of My 3(F') generated by

1 2 2 3 —1 1 4 0 3

013 1 0 2 2 -3 1

We can represent the generators of the subspace of My 3(F) as vectors in F°

as
(1,2,2,0,1,3),(3,—-1,1,1,0,2), (4,0,3,2,—3,1)

Form the matrix containing these generators as rows and obtain a basis
and the dimension of the subspace by reducing the matrix to a row-reduced
echelon form.

1 220 13\ Ry® (1 2 20 1 3
3 -1 11 02 ~ 0 -7 =51 =3 -7

4 032 -3 1) Ryu(-4 \0o -8 -5 2 -7 —11

1 2 2 0 1 3
BOD L gy o | RO o o
0 -8 =5 2 -7 —11 ~ 0 0 i ? _%:
122 0 1 3
Rﬁ;) 0 1 i —; i 1

Since there are 3 non-zero rows in the row-reduced echelon form, it follows
that the rank of the matrix is 3 and so the dimension of the subspace is 3.
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A basis for the subspace is, therefore

5
7
(013) BRI T B N
a 5 5 5
or
1 2 2 0 75 0 0 5t
01 3 -1 3 7 6 —27 —21
1 2 2 3 -1 1 4 0 3
01 3 1 0 2 2 =3 1
Ezxample 5

Let U be the subspace of R® generated by
{(1,-1,-1,-2,0),(1,-2,-2,0,-3),(1,—-1,—2,-2,1)}

and W the subspace generated by
{(1,-2,-3,0,-2),)1,—-1,-3,2,—4),(1,—-1,—-2,2,-5)}

Find a basis and dimension for
HU+W (1) UnNnw

(i) The vector subspace U+ W is generated by the union of the generators
of U and W. We shall first reduce the matrix, whose rows are the
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generators of U + W, to a row-reduced echelon form

1 -1
1 -2
1 -1
1 =2
1 -1
1 -1
Ry(—1)
Rs(—1)
Ry (—1)

—1

-2 0

-1 -1

Ry (—1)

Rs1(—1)

Ry (—1)

Rs1(—1)

Rg1(—1)

-2 0
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1 -1 -1
0 -1 -1
0 0 -1
0 -1 -2
0 0 -2
0 0 -1
1

Rys(1) | O
~ 0
Rs53(2) 0
Res(1) | O
0

—2

—1

-1




o 1 1 -2 3 o 1 1 -2 3

R65(—1)
0 0 1 0 -1|Rs |0 0 1 0 -1
o 0o o o of ~ 0o 0o 0o 1 -3

Rs(3)
o 0 o0 1 -3 00 0 0 0
0O 0 0 0 0 0o 0 0 0 0

Since there are only 4 non-zero rows in the row-reduced echelon form of
the matrix, it follows that the rank of the matrix is 4 and so dim(U +
W) =4.

It also follows from Proposition 2 that a basis for the subspace U + W
is the set of non-zero vectors in the row-reduced echelon form of the
matrix, i.e.

3
{(1,-1,-1,-2,0),(0,1,1,-2,3),(0,0,1,0,—1),(0,0,0, 1, —5)}

or the rows in the original matrix which correspond to the non-zero
rows in the row-reduced echelon form, i.e.

{(1,-1,-1,-2,0),(1,-2,-2,0,—3), (1, -1, —2,-2,1), (1, —1,—3,2, —4)}

(ii) To determine the dimension of U N W, we shall employ Proposition 7
in §5. But first, we determine dim U and dim W as follows:

From (i) above, dim U = 3. Consider subspace W,
1 =2 =3 0 =2\ Ru(-1) (1 -2 -3 0 -2

1 -1 -3 2 —4 ~ 0 1 02 —2
1 =1 =2 2 =5 ) Ryu(=1) \0 1 1 2 -3
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1 -2 -3 0 -2
0 10 2 =2
0 0 10 -1
Hence dim W = 3. Using the formula
dimU +dim W = dim(U + W) + dim(U N W)

we obtain

dim(UNW)=3+3—-4=2.
To determine a basis for U N W, we solve the following vector equation:
a;(1,—1,—1,-2,0) 4+ a2(0,1,1,-2,3) + a3(0,0,1,0, —1)
=b1(1,-2,-3,0,—2) 4+ b2(0,1,0,2,—2) 4+ b3(0,0, 1,0, —1)

for constants aq, as, as, by, by, b3 where the left hand side is a linear combina-
tion of a basis for U and the right hand side is a linear combination of a basis

for W. Therefore
a; = by

—aq -+ A9 — —b1 + bg
—a1 + ag + az = —3()1 + b3
—2&1 — 2&4 = 2b2

3@2 — az — —2b1 — 21)2 — bg
We then obtain, by putting by = k1, bs = ky that

ap = k‘l,az = —ki,a3 =ky — k4
bl = kl,bg - O,bg = kg.
Since

Unw = {b(1,-2,-3,0,-2) + by(0,1,0,2,—2) + b3(0,0,1,0,—1)}
= {]{31(1, —2,-3,0, —2> + k?g(o, 0,1,0, —1)|(/{31, ko € R}
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Hence a basis for U N W is
{(1,-2,-3,0,-2),(0,0,1,0,—1)}
Practice Ezxercise

1. Reduce the matrix

16 =2 5
4 0 4 =2
-6 3 -3 3

(a) to a row-equivalent echelon form,
(b) to a column equivalent form
(¢) to a canonical on normal form.

2. Find (a) the row rank; (b) the column rank; and (c) the rank, of the

matrices.
31 21 1 2 4 3

l2032|G@[ 3 0 -1 4

1 2 3 4 -1 -1 9 -9

3. Find the dimension and a basis for the subspace for R* generated by
{(1,1,0,0), (1,2,4,0),(0,0,1,1),(1,0,0,4) }.

4. Let vy = (1,3,1,0), vy = (4,1,0,1), v5 = (1,—1,2,0) be vectors in R*,
where R is the field of real numbers.

(a) Show that the vectors are linearly independent and so span a
subspace V of R* of dimension 3.
(b) Determine whether the vector (1,0,5, —1) lies on V

(c) Find a vector v, in R* such that v, vy,v5, v4, spanRk?
Justify your answer.
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. Find the dimension and a basis for the subspace of M 3(F') generated
by
-1 21 2 -1 3 3 01

013 1 0 -2 2 -3 4

. Construct four vectors in R? such that any three of them form a linearly
independent subset.

. Show that the set of polynomials
{20 +1,2% — 2,2° — 2,327}

is a basis for the vector space of polynomials over R having degree at
most 3.

. Let V be the subspace of R* generated by
{(3,7,10,4), (1,1,0,0), (0,0,2,2), (0,2,3,0)}
and S the subspace generated by
{(0,2,9,6),(0,—4,—6,0)}

Find the dimension and a basis for
(a) V4S8 (b) VnNS.

. Suppose U and W are subspaces of R[t] generated by
{(#® + 4> —t + 3,¢> + 5¢> +5,3t> + 10> — 5t + 5)}

and
{3+ 48> +6,¢> + 26> —t +5,2¢> + 2t> — 2t + 9}

respectively. Find a basis and dimension for
HU+WwW () UNW.

80



Summary

Using elementary row and column operations on matrices, we define

elementary matrices, row and column ranks of any matrix, and equivalent
matrices. It is shown that equivalent matrices have the same rank. We then

use this idea to calculate the rank of a matrix by reducing such a matrix

to a row-reduced or column-reduced echelon form. Applications are then

given in testing linear independence or not of given vectors, calculating

the dimension and finding bases for subspaces generated by given vectors, as well
as for sum and intersection of given subspaces R", R[t] and M,, ,(R).

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE SEVEN

Linear Transformations and Matrices

Introduction
The mappings between vector spaces which preserve the operations of ad-
dition and scalar multiplication of vectors are called linear transformations.
We shall show that the set of all linear transformation from a vector space to
another forms a vector space. Linear transformations which are one-to-one,
onto and bijective will be considered, as well as their images and kernels.
We shall then show that there is a one-to-one correspondence between
matrices and linear transformations. Composition of linear transformations
correspond to multiplication in matrices while the sum of linear transforma-
tions correspond to addition in matrices.

Objectives
The reader should be able to

(i) give properties of a linear transformation,

(ii) show that linear transformations from a vector space to another form
a vector space,

(iii) give the connection between matrices and linear transformations.
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Pre-Test

1.

Let My 3(F') denote the vector space of 2 x 3 matrices over a field F.
Prove that My 3(F) is isomorphic to the vector space F° over F.

Let V and W be vector spaces over the same field. Show that if
{B,,-..,B, } is any basis for V and ay,...,a,, are any m vectors in
W, then there exists one linear transformation.

T:V—-W with T(8)=q,, i=1,...,m

Let T : R? — R? be defined by
T(al, Clg) = (CLQ — 3@1, 11661 + 4612)
Find the matrix of 7" with respect to basis {(1,0), (0,1)}

Let V' be the vector space of differentiable functions f : R — R. Sup-
pose D is the differential operator (linear transformation) i.e. D = —.

Find the matrix of D relative to the basis [1, ¢, sin 3¢, cos 3t] which gen-
erates a subspace of V.

Let S,T,U be linear transformations defined by the following matrices

03 2
Asz(é i) ATZG _(1)> Ap=| =3 1 3
121

Calculate matrices associated with the following linear transformations.
(a) SoT (b)ToS (c)U* (AU (e) S?—25+1.

Find a linear transformation from R3 to R? such that (—1,2,1) — (1,0)
and (4,1,2) — (0,1).

Show that there are more than one such transformations, but that for
all of them, the image of (1,1,1) is the same.
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7.

10.

Verify whether the mapping is linear
T:My(F)— M,(F), T(A) =AM + MA
for some fixed matrix M.

Let T : R® — R3 be a mapping defined by

T Tty
T Y =| 2x+y+=z
z x+ 3y + 2z

with respect to the basis ¢, 7 and k of R3.
(i) Write down the matrix of the transformation with respect to the
given basis.
(ii) Show that T is bijective.
(iii) Define the inverse mapping 7 !.

(iv) Write down the matrix of transformation for the mapping 7" with
respect to the basis

1 1 1
0 |, 1| and [ 1 | of R®
0 0 1

Let T : R? — R? be a mapping defined by
2z — By
r([3])-
y —4z 4 10y
Find the kernel and the image of T'.

Let T : R? — R? be a transformation defined by the matrix

1+a 1
A:
ab 1+0

where a,b € R, with respect to basis vector i, j.
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(i) Find the relation between a and b for T to be bijective.
(i) When T is not bijective, find its image and its kernel.
(iii) Find the set of invariant points of the mapping 7.

Definitions.

1. Let V,(F) and V,,,(F') be two vectors spaces. A mapping T : V,,(F) —
Vi (F) is called a linear transformation (or a linear mapping or a linear
operator) if for every pair of vectors u,v € V,(F) and every scalar
ANeF,

T(u+wv)=T(u)+T(v) and T(Av) = X-T(v).

2. A linear transformation 7' : V,,(F) — V,,,(F) is a monomorphism if T
is one-to-one T is an epimorphism if T is onto.
If T is one-to-one and onto, then 7' is called a vector space isomorphism
or an ' — isomorphism.

3. The kernel of a linear transformation 7 : V,,(F) — V,,(F) is defined as
the set.
ker(T) = [v:T(v) = 0]

and the image of T is defined as the set

Im(T) = [T(v)|v € Va(F)].

Proposition 1. Let L = L(V,(F), V,(F)) denote the set of all linear trans-
formations from V,,(F) to V,,,(F). Then L is a vector space over F' under
suitable addition and scalar multiplication.

Proof: It T}, Ty € L, define a mapping
T=T+T5:V,(F)— Vp,(F)
called the addition of 77 and T3 by the rule

T(v) = (T1 + T3)(v) = T1(v) + To(v) for every v € V,(F)
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Also define scalar multiplication in £ with respect to the field F' as follows. If
T e Land A€ F,define AT : V,,(F) — V,,(F) by the rule (A\T)v = X-T(v),
for every v € V,,(F).

Show 11, Ty e L=T1+ Ty € L:- f u,v € V,(F) and A € F, then

(M +To)(u+v) = Ti(u+ov)+ Tr(u+o)
Ti(u) + Ti(v) + To(u) + To(v), since Ty, 1o € L
= (T + 1) (u) + (Ty + T2)(v)

Also

(T + T2)(Mw) = Thi(Aw) + Ta(hw)
= M1 (v) + ATy (v), since T1,Ty € L
= AMTi(0) + Tao(v) = A+ (T1 + T2) (v).

Hence T) + 15 € L.
Show that '€ Land A € F = X" € L: If u,v € V,,(F) and o € F, then

AT (u+v) =AT(u+v) = MNT(u)+T(v)), since T € L
= (AT)(w) + (AT)(v)

Also

(AT)(aw) = X\ - T(aw)
= XaT(v), since T € L
= «a(AT)(v). Hence X\T € L

One can easily check that £ becomes a vector space over F'.
Remark: L is sometimes denoted by Homp(V,,(F), V,,.(F)).
Proposition 2. Let T': V,,(F') — V,,(F) be a linear transformation.

Then the kernel of T is a subspace of V,,(F') and the image of T" is a subspace
of Vo (F).
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Proof: Let vy, vy € ker(T) and let a, 3 € F.
We shall show that av, + fuv, € ker(T). Now vy,v, € ker(T) imply that

T(v; =0 and T'(vy) =0
Hence

= T(aw, + fvy) = aT(vy) + BT (vy), since T € L
— 0 0+8-0=04+0=0.

Therefore, av; + vy € ker(T). Hence ker(T') is a subspace of V,,(F').

Now let T'(vy), T(vy) € Im(T) and let o, 3 € F. We shall show that
aT(vy) + BT (vy) € Im(T). Now T(vq),T(vy) € Im(T) imply that v, €
Vo(F) and vy € V,(F). Hence av, + v, € V,(F) and T(av; + [vy) =
aT(vy + BT (vy). (Viu(F)) being a vector space and T° € L). Therefore
aT(vy) + BT (vy) € Im(T). Hence Im(T') is a subspace of V,,(F).

Proposition 3. Let V,,(F) be a finite-dimensional vector space over a field
F of dimension n. Then there exists an F-isomorphism a : V,,(F) — F™.

Proof: Let {vy,...,v,} be a basis of V,,(F'). Then any vector v € V,,(F)
can be expressed uniquely as

n
yzzaiyh (a’iEFa 1S2§n)
i=1

Then define a(v) = (aq, ..., ay).
It is then easy to check that, with this definition of «, « is a linear transfor-
mation which is one-to-one and onto. Thus « is a vector-space isomorphism.

Corollary 1. The mapping
T: My,(F)— F™™

defined by

T(aij) = (CLH, ey Qimyy e, Apty - .. ,anm)

87



is a vector space F-isomorphism. A basis for M, ,,(F') consists of the nm
matrices {(a,s)|a,s = 0 except r =i,s = j and a;; = 1}.
For instance, a basis for M 3(F') is the set

(o8 ao)r(iia)(an)(ire)
(55 7))

Corollary 2. The mapping
T:Flz] —» F~*
defined by
T(ag + a1x + agx® + - --) = (ag, a1, az, . . .)

is a vector space F-isomorphism. A basis for F'[z] consists of the monomials
{1,2,2%,2°,...}

In particular a basis for a subspace P,(F) of F[x] consisting of all polynomi-
als in F[z] of degree < n is {1,z, 2% 23,... 2"}

Connection between matrices and linear transformations
Proposition 4. There is a one-to-one correspondence between £ = L(V,,(F), V,,(F)
and M,, ,(F') with respect to fixed bases for V,,(F') and V,,(F).

Proof. If {v,,...,v,} is a basis for V,,(F), then any v € V,(F) can be
uniquely expressed as
Q=>\1£1+---—|—>\nyn

This implies that if T € L, then
T(Q) = )‘1T<Ql) oy )‘nT<Qn)

Hence {T'(v,),...,T(v,)} spans the image T'(V,,(F)).
Now each T'(v;) is a member of V,,,(F) such that if {u,,...,v,,} is a basis for
Vi (F'), then

T(Qj) = AUy + -t Qo U, 1 < j < n.
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We now define a mapping f : L — M, ,(F) as f(T) = Ar = (aij)mn with
respect to the fixed bases of V,,(F) and V,,(F). Note that f is well-defined
and T'(v) = Arv for any column vector v € V,,(F), with respect to the basis
{v1,...,v,} and Arv € V,,(F') with respect to the basis {u, ..., u,}.

Show f is one-to-one

Let S,T € L such that f(S) = f(T), i.e. Ag= Ar.
Then S(v) = Agv =T (v).

Hence S =1T.

Show f is onto:
Let A € M, ,,(F). Define a mapping
Ty : Vo(F) — Voo (F) by Ta(v) = Av, where v is a column n-vector in V,,(F).
Now
Ts(vy 4+ v9) = A(vy + vy). (by definition of T4)
= Av; + Av, (by the distributive law in matrices)
= Ta(vy) + Ta(vy), (by definition of Ty)
Similarly,
Tx(Av) = A(Mv) = ANT4(v) Hence Ty € L.

Therefore f is a one-to-one correspondence.

Corollary 1. f : L(V,(F),Viu(F)) — Mp,(F) defined by f(T) = Ar
with respect to fixed bases for V,,(F) and V,,,(F) is an F-isomorphism.

Proof: Show f is a linear transformation.
S,T € L and X\ € F implies that f(S+T) = Agsyr.
However,

(S+T)(v) =S +T(v)
= Asv+ Arv = (As+ Ar)v
= f(S+T):As+T:AS+AT

Similarly, f(AT) = Axr and

(AT)v = AT'(v) = Mqgv = f(AT) = Axr = Af(T)
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Since, f is 1-1 and onto by Proposition 4, we conclude that f is an F-
isomorphism.

Corollary 2. The matrix representing the composition S o T' of two lin-
ear transformations S and 7' is the product of the matrices corresponding to
Sand T, ie.

Asor = As - At

Proof.

Asorv = (SoT)(v) =S5(T(v))
= S(Arv) = AgArv, for all v.
= Asor = AsAr

Corollary 3. Ap-1 = (Ar)™".

Proof: From Corollary 2 above
Apop-1 = Ap - Ap—

But
Apor—1 = Ag =1

= Ar- AT—l == ATfl = (AAT)_1
Ezxample 1. Let T be a mapping defined by

x 2z + 3y
T =
Y 3z + 10y

with respect to basis vectors 7 and j.
(i) Show that T is bijective
(ii) Define the inverse mapping 7~*

(iii) Find the set of invariant points under 7'
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(iv) Write down the matrix of transformation for the mapping 7" with re-
spect to the basis

1 3
, of R2.
3 1
The mapping 1" may be expressed in matrix form as
x 2 3 x
Y 3 10 Y
where we put
2 3
A=
3 10

(i) Since |A| =20 —9 =11 # 0, it follows that A is invertible and so T is
invertible or bijective.

(i) To find 77!, we find A~! as

A—l_i 10 -3
11

-3 2
Hence
w3
7! = — =
y s 2 ||y 2, 3,
11 11

(iii) To find the set of invariant points under T, we solve for x and y, the
following system of equations.

ol LIl
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& r+3y=0

Hence the set of invariant points are all the points lying on the line

r+ 3y =0.

A point with coordinates (x, y) with respect to the basis ( l zl)) ] ; [

)

. 1 -3 . . .
has position vector x l 3 ] +y [ 1 1 with respect to basis vectors ¢

andl.
Hence
1 -3
T|x +y
3 1
11z — 3y 1
= =a
33r+y 3
a=11z T
& < T
b=y LY

with respect to the basis

18

xr — 3y
=T
3r+vy
[ —3
+b &
1
11x
L Y
1

22 — 6y + 9z + 3y

3¢ — 9y + 30z + 10y

[ 112 — 3y a— 3b
| 330 +y 30+ b
11 0 T

0 1 Y

] . Hence the required matrix

Ezample 2. Find a linear mapping 7' : R* — R? whose image is generated
by the vectors (1,2,3) and (4,5,6).

To define a linear mapping, it is sufficient to define the mapping on the
elements of a basis. Thus a linear mapping 7' : R?* — R3 will be defined if

we define

T(1,0,0),7(0,1,0), and T(0,0,1).
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Since {(1,0,0), (0,1,0), (0,0,1)} is a basis for k3. We may define
7(1,0,0) = (1,2,3) and T(0,1,0) = (4,5, 6).

Then 7°(0,0,1) must be a linear combination of (1,2,3) and (4.5.6) which
generate Im(7T). Hence we may define 7(0,0,1) = (5,7,9) since (5,7,9) =
(1,2,3) + (4,5,6). One can easily check that the mapping 7' : T° — R3
defined by

T(a,b,¢) = a(1,2,3) + b(4.5.6) + ¢(5,7,9)

is a linear mapping and that its image is generated by (1,2,3) and (4,5, 6).
Ezxample 3. Let Py(R) = {polynomials in R[x] whose degree is < 2}. Exhibit

a linear transformation T : Py(R) — P(R) such that ker(T) = ((z* + z))
and Im(T) = ({x?,z}) where (S) is the subspace generated by the set S.

T will be defined if we define T'(1), T'(z) and T'(x?)

since {1, z,z%} is a basis for P(R). Since Im(T) = {(2*,z)) and ker(T) =
({z? 4+ x}), we may define T'(1) = z, T(x) = 22, T(2?) = —2%. T defined by

T(a+ br + cx?) = ax + ba® — ca®

is then a linear transformation as can be easily checked.
To check that ker(T) = ({z+2?}), one notes that ker(T) = {f(2)|T(f(z)) =
0}. Now

T(f(x)) =0 ax+br* —cr* =0 a=0,b=c
Hence
ker(T) = {f(z) = bz + ba*|b € R}
= {f(x) =b(z +2?)|b € R}
= ({z+27})
To check that Im(T) = ({x,z*}), one notes that
Im(T) = {T(f(x))|f(z) € P(R)}
= {az + (b—c)r?a,b,c € R}
= ({z,2%}).
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Practice Ezxercise

1. Show that T": V,,(F) — V,,(F) is a linear transformation if and only if
for every pair u,v € V,,(F) and «, 5 € F, we have

T(ou+ fv) = oT'(u) + 5T (v)

2. Verify whether the following mappings are linear

(i) T:R*— R, (T(z,y,2) =2x — 3y + 4z
(i) T: R* - R, T(z,y) = xy

3. Let T : R? — R? be a mapping defined by

x 20 — 5y + 3
T —
Y —4x 4+ 10y — 1
(i) Verify whether the mapping T is bijective.
(ii) Find, if any, the set of invariant points of 7.

(iii) Find the images of the point P(0,1) and the straight line
r—y+1=0.

Summary

Definitions and properties are given of a linear transformation, one-to-one,
onto and bijective linear transformations as well as the kernel and image
of a linear transformation. We then show that the set of all linear
transformations from a vector space V,,(F) to another V,,(F') is a vector
space which is isomorphic to the vector space M,, ,,(F') of matrices of
order m X n.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE EIGHT

Transformations of the Plane

Introduction

We shall study the geometrical mappings of the plane R? to itself such as
translations, reflections, rotations, enlargements, stretches and shears and
their combinations. Apart from translations,all the others are examples of a
linear transformation which can be defined by appropriate 2 x 2 matrices. We
shall consider their invariant points and lines, their inverses (if they exist)
and their area scale factors.

Objectives
The reader should be able to define and give properties of simple geometrical
transformation of the plane.

Pre-Test

1. P is the vector which translates the point (3,5), to the point (6,4).
@ is the vector which translates the point (2,8) to the point (-2,5).
Express in components, the vector

(a) 2 (b)g (c)g—p
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2. Consider the matrices
1 -1 1 1 1 1

A= , B= and C' =
1 1 1 -1 -1 1

By calculating A%, B%, C? and AC, or otherwise, identify each transfor-
mation (and the scale factor for the enlargement) represented by each
matrix.

3. Find the image of the unit square O(0,0), A(1,0), C(1,1), B(0,1) under
the transformation given by

a b
M=
c d

(i) Show that the area of the image is ad — be.
(ii) Identify the transformation given by a matrix M if

(a) det M =1, (b) det M = —1, (c) det M = 0.

4. Show that (1,1) is an invariant point and y = = and z+2y = 0 invariant
lines when a transformation is given by the matrix

1 -1 4

3

5. A, B are transformations given by the vector functions

x y x x
A= — B = —

Y z Y -y

(i) Find the images of the point P(2,5) under the transformation
A, B, BA and AB.

(ii) Find the inverses of the transformations A, B, BA and AB.
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6. If S is the shear with invariant line y = 0 such that it maps point (1, 1)
onto (—1,1), find the images of 0(0,0), A(1,0), C(1,1), B(0,1) and
calculate the area of the image of the square OAC B under S.

7. Find the coordinates of the point (5,2) after reflection in the y-axis
followed by a quarter-turn anticlockwise about the origin.

8. Write down the matrix

(a) of an enlargement, scale factor 5, center at (0,0),

(b) of a shear which transforms the point (1,1) onto (4,1) and for
which the line y = 0 is invariant.

9. A point is reflected first in the line y = z and then in y = 0. What
is the final image of the point (3,1)? Find the invariant points under
these successive transformations.

10. Consider the transformation

T -2 1 T
T: — —
y L2 Yy

Show that T leaves the distance between any two points fixed (i.e. T
is an isometry).

Translations
A translation is a transformation in which all points in the plane move by a

fixed vector. If Zj is a general column vector of the plane R? and Z )

is a fixed vector, then a translation 7' can be expressed as

T . a
T: »—>< >+
y Y b

A translation is sometimes called a rigid transformation.
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Reflections
A reflection in a line, called the mirror line, is a transformation of the plane
to itself such that the image of a point is at the same distance from the
mirror line as the given point and the line joining a point and its image is
perpendicular to the mirror line.

We shall now consider a reflection in a line passing through the origin of
the plane.

Reflection T in the line y = ztan6.
It can be shown that

x x cos 20 + y sin 20
T =
b x sin 260 — y cos 26
Hence
T cos 20  sin 260 T
T —
b sin260 — cos 260 b

Since T' is given by a matrix.

T x cos20 sin26
T : — A where A =
Y b sin 260  — cos 20

it follows that 7' is a linear transformation i.e. a reflection in a line through
the origin is a linear transformation.

Rotations

A rotation about the origin (called the center of the rotation), is a transfor-
mation of the plane to itself such that the angle from the position vector of
a point in the plane to the position vector of its image (in the anticlockwise
direction) is a fixed angle for all points in the plane.
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Rotation about the origin through angle o
It can be shown that

T T cosa — ysina
T =
Y rsina + ycosa
Hence
x cosa —sina x
T —
Y sina  cosa Y

Since T' is given by a matrix

T T cosa —sino
T : — A where A =
Y Y sina  cosa

it follows that 7T is a linear transformation i.e. a rotation about the ori-
gin through an angle o' is a linear transformation.

Remark: Some special rotations are sometimes called as follows:
Rotation about the origin through 90° = Quarter-turn
Rotation about the origin through 180° = Half-turn
Rotation about the origin through 270° = Three-quarter turn.

Enlargements
An enlargement 7' from the origin, called the centre of enlargement, with
scale factor k, is a transformation of the plane to itself such that the position
vector of the image of a point is k times the position vector of the given
point. When —1 < k < 1, the enlargements obtained are in fact reductions.
Now,

x kx k0O T

T = =
Y ky 0 k Y
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Since T is given by a matrix, it follows that T is a linear transformation, i.e.
an enlargement from the origin is a linear transformation.

Stretches

A stretch T by a scale factor a in the direction of the z-axis is a transforma-
tion of the plane to itself such that the i-component of the position vector of
the image of a point is a times the z-component of the given point while the
J-component remains unchanged. Similarly, we have a stretch 75 by a scale
factor b in the direction of the y-axis. These two types of stretches are called
one-way stretches (or orthogonal projections). We also have a stretch T3 by
a scale factor a in the direction of the z-axis and by a scale factor b in the
direction of the y-axis, which is called a two-way stretch.

Now
T azr a 0 T
T1 = =
Y Y 0 1 Yy
T T 1 0 T
TQ = = ,
Y by 0 b Y
and
T axr a 0 T
T3 = =
y by 0 b Y

Since 11, T, and T3 are given by matrices it follows that they are all linear
transformations, i.e. stretches (one-way and two-way) are linear transforma-
tions.

Shears

A shear T} with the z-axis as the axis of shear is a transformation of the
pane to itself such that points on the axis of shear are left fixed by the trans-
formation and for the other points, the 2-component of the position vector
of the image of a point is equal to the i-component of the given point plus
an amount proportional to the j-component of the given point and the j-
component remains unchanged. A shear T, with the y-axis as the axis of
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shear is defined similarly. Now,

x x + ky 1 k x
T1 = =
Y y 0 Y
0
T2 = =
Y kxr +y k1 Y

Since Ty,T5 are given by matrices, it follows that they are linear transfor-
mations i.e. shears with the z-axis or y-axis as axis of shear, are linear
transformations.

Combinations of Transformations

Transformations of the plane to itself are usually a combination of some or all
the special transformations discussed above - translations, reflections, rota-
tions, enlargements, stretches and shears. A general transformation T of the
plane to itself is a combination of a linear transformation and a translation.
For example,

x ax + by + h a b x h
T = = _|_
Y cr+dy+k c d Y k

is a transformation of the plane to itself consisting of a linear transformation

with matrix A = ( CCL Z ) and a translation which moves every point by a

h
constant vector

k

Invariant Points and Lines
A point in the plane which sets mapped to itself under a transformation is
called an invariant point or a fixed point. In other words if v is an invariant
point of a transformation 7', then T'(v) = v.

We first note that the origin 0 is always an invariant point under a linear
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transformation 7" of the plane to itself, since if A is the matrix of T, then
T(0)=A0=0

Note: Since the origin is not an invariant point the following transformations
are not linear transformations:

(i) Translation by a non-zero vector,
(ii) Reflections in a line not passing through the origin,
(iii) Rotations about a point which is not the origin.

(iv) Enlargements from a point different from the origin.

To determine the invariant points of a general transformation, one will
have to solve the pair of equations represented by the matrix equation

a b T h x
+ =
c d Y k Yy

If the equations do not have any solutions, then there are no invariant points.
If the solution of the simultaneous equations is unique, then there is only
one invariant point. If, however, the two equations are identical, then the
invariant points are all the points on the line represented by the common
equation.

If T is a transformation of the plane to itself, we say that a line L is an
invariant line or a fixed line if whenever P € L implies its image T'(P) € L.
However it does not follow that P is mapped to itself. But if every point of
a line L is mapped to itself, then L is an invariant line. If P is an invariant
point under a transformation 7', then the line containing the position vector
OP is an invariant line under 7.

The inverse of a Transformation
Some transformations have inverses. Let

T a b T h a b
T: — + where A =
Y c d Yy k c d
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be a general transformation, then if matrix A has an inverse A~! (i.e. if A is
non-singular) then 7" has an inverse which we denote by T~! and it is given
by
x x h
Tt — A1 —
Yy Yy k

We can easily show that 77! = I and T7'T = I. The case when A™! does
not exist (i.e. if det A = 0, A being singular) represents the case such as
when the image of the transformation is not the whole plane but just, a line
or even a point and the corresponding transformation 7" does not have an
inverse.

Area Scale Factor of a Transformation
Let T be a general transformation such that

x a b x h a b
T: — + where we put A =
Y c d Yy k c d

If S is a subset of finite area of the plane, and if S’ is its image under 7', then
we have the following relationship between area of S and S’

area of S’ = (area of S)x|A|

|A] is called the area scale factor of the transformation 7.

If |A] > 0, the orientation of S is preserved, i.e. if S is a triangle ABC
such that A’, B’,C" are the images of A, B, C respectively, and if ABC is
taken in the clockwise or anticlockwise direction, then the image A’B’'C’
must also be in the clockwise or anticlockwise direction, respectively.

If |A] < 0, the orientation of S is reverse, i.e. if ABC is taken in the
clockwise or anticlockwise direction, then A’B’'C” is in the anticlockwise or
clockwise direction, respectively.

However, if |A| = 0, the image of T" is only a straight line or just a point.

Ezample 1.
A is the point whose coordinates are (2, 1). The transformations T, M, R and
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N are defined as follows
T is a translation of +3 parallel to the z-axis.
M is a reflection in the z-axis.
R is a quarter-turn anticlockwise about the origin.
N is a reflection in y = .
Write down the image of A under each of the transformations:
(a) T, (b) N, (¢) MoT,(d) ToR, (e) NoT, (f) T?
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Ezample 2.

A certain transformation maps the points P(3,2) and Q(5,2) to the points
P'(0,2) and Q'(0,4), respectively. Show that the transformation can be
effected by a single rotation and determine the angle of rotation.
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The transformation can be seen to be equivalent to a translation T by a
U

vector PP followed by an anticlockwise rotation R through an angle 90°

about the origin, where

T T —1
T: — +

(0 (0 —2

T 0 —1 T
R —

Yy I 0 (0

Therefore, the transformation is R o 1" given by

T 0 —1 T -1
RoT: — +
Y 1 0 Y -2
i.e.
T 0 —1 T 2
RoT: — +
Y 1 0 Y -1

In order to prove that the transformation R o T is a rotation, we shall
show that it has only one invariant point by solving the matrix equation

0 -1 x 2 x
+ =

1 0 Y -1 Y

2—y x 2—y==x

r—1 Y r—1=

3
Therefore 2z = 3, v = 2 and y = %

3 1
Thus R o T is a rotation with center C' <2, ; 2).
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The angle of rotation « is equal to the angle between CP and 073,,
- - - 3 1 3 3
P=0OP - —3.2)— (2. Z)=(=. =
¢ © 0C=(52) (2;) 21> (2’ 32)3
=/ — !/ —
P =0P — =0,2)— (=, =) =(—3, =
¢ © 0C =(0.2) <2’ 2) < 2’ 2>
Using the dot product

cr.CP = ICP|- ]C_P/] COS (v

_—9 9——(308.04 cosaa =0
4 4 4 ’ N

Therefore the angle of rotation is 90°, anticlockwise.

Ezxample 3

Let A(3,—-1), M(2,1), A'(=2,4), M'(X,3) be four given points in the
coordinate plane. If A’M’ is the image of AM under a rotation in the given
plane, find the possible values of \.
Under a rotation, distances between any two points are unchanged.

Hence
(A'M")?* = AM? implies

A+22+12 =17 422

M4+ =0=A=0or —4

Practice Ezxercise

1. P is the point (4,1). The transformation 7} and T, are defined as
follows:
T is a reflection in the line x = 3
T is a translation by the vector (3,0) followed by a reflection in y = 3.
Write down the image of P under each of the transformations.

(a) T, (b) T3, (c) Ty 0o Ty, (d) Ty o Th.

2. Find the coordinates of the image of the point (2,3) after a reflection
in the line y = —x.
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. Explain the geometrical significance of each of the following matrices.

0 —1 0 —1 —1 0
P = , Q= and R =
1 0 -1 0 0 -1

. Represent each of the transformations of the plane in the form ( ay: > —

(3)

(i) S is an anticlockwise rotation about the origin through 180°.
(ii) T is a reflection in the z-axis.
)

(iii) R is a reflection in the y-axis.

. Solve the matrix equation Ar = r where

3 =2 -
A= andrz( )
6 —5 y

Interpret your answer with respect to the linear transformation r — Ar
of the plane.

. Consider the matrix

CoS «v sin «
A=

sina —cosa
Describe the transformation of the plane which is given by

T T

— A
Yy Y

when (i) a =0, (ii) a = —, (ili) a = 7.

m
2
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7. Consider the points A(4,0), B(6,2), A’'(4,5), B'(0,9) in the plane. Let
A’ and B’ be images of A and B respectively, under the transformation
of a rotation followed by an enlargement.

Find
(a) the angle of rotation,
(b) the scale factor of the enlargement, and
(c) the centre of this transformation.

8. Find the matrix for the shear which transforms the points (0, 0), (2,0), (2, 1), (0,1)
to the points (0,0), (2,3),(2,4) and (0, 1) respectively.

9. T is the shear with invariant line y = 1 which maps the point (0, 0)
onto (—2,0). Find the images of A(1,0),C(1,1), B(0,1). What is the
image of square OAC' B under T'?

10. Show that

(a) a translation is an isometry

(b) a rotation is an isometry.
[Note: An isometry is a mapping which preserves distance.]

Summary
The following transformations and their combinations are considered

(a) translations by a fixed vector
(b) reflections in a line passing through the origin
(c) rotations about the origin through an angle
(d) enlargements from the origin
(e) stretches by a scale factor in the direction of the z-axis and y-axis.
(f) shears with either the z-axis or the y-axis as the axis of shear
It is shown that apart from the non-zero translations all the other
transformations mentioned above are linear transformations which always
keep the origin fixed, and sometimes a line is mapped to itself. The area scale
factor of a transformation is shown to be related to the determinant of
the matrix defined by the transformation.
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Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE NINE

Rank and Nullity of a Linear Transformation

Introduction

We have seen in Unit 7 that the kernel and image of a linear transformation
are subspaces. In this Unit, we shall study the relationship between their
dimensions and compute the dimensions and bases elements for given linear
transformations.

Objectives
The reader should be able to

(i) prove the relationship between the dimensions of the kernel and image
of a linear transformation; and

(ii) determine the dimensions and bases elements of the kernel and image
of a given linear transformation.

Pre-Test

Find the dimension and a basis for

(i) image of T (ii) kernel of T

for each of the following linear transformations

1. T: R® — R?, with T(v,y,2) = (x+y,y+2)
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2. T: R — R® with T(a,b,¢c) = (a — b, b+ c,a)

T 1 00 T
3.T: |y |—= 711 Y
z 3 2 2 z
N 10 2 -1\(["
Y= 23 1 |
-2 0 =5 3
w w
5. T: Q% — Q3 with T(z,y,2) = (v + 2y + 32, 22 —y + 2, 3z — 2y)

=)

T R — R with T(z,y,2) = (v +2y — 2, y + 2, * +y — 22)

J

LIS, TV — V are linear transformations over a field F', show that

rank (S 4+ 7T') < rank(S)+rank(7T)

8. Consider the linear transformation defined by
x 3 21 x
T Yy =1 3 2 Yy
z 4 5 3 z

(a) Show that the three planes whose equations are 3z + 2y + z = 14,
x+ 3y + 2z = 20, 4o + Sy + 3z = 34 intersect in a single line, and
find the equation of this line.

(b) Find the image and kernel of T.
(c) What subspace of R? has the point (4,2,6) as its image under 77
(d) What is the image under 7" of the subspace given by the equations
r+1 :y—5 _ z+7,
1 -5 7

Definitions: Given a linear transformation

T:V,(F)— Vu(F),
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1. the kernel of T, being a subspace of V,,(F)), is called the null-space of
T and its dimension is called the nullity of T

2. the dimension of the image of T' (i.e. the range T'(V,(F)) of T, a
subspace of V,,(F), is called the rank of T'.

The next proposition gives a formula connecting the nullity and the rank
of a linear transformation.

Proposition

Let T : V,(F) — V,,(F) be a linear transformation. Then
(Nullity of T') + (Rank of T') = dim V,,(F')

i.e. dim(ker(T)) + dim(Im(T")) = dim V,,(F)

Proof: Let dim(ker(T")) = r and suppose that S = {v;,...,v,} is a basis
for ker(7"). Since ker(T) is a subspace of V,,(F), S can be extended to a
basis (see Proposition 5 of Unit 5)

S/ = {yla"'uyw Qr+17"'7yn}

for V,,(F'). We shall prove that

§" ={T(vr+1), - T(v,)}

is a basis for I'm(7T') and the proposition will be proved.
Show S" spans Im(I): Any element of Im(T") has the form T'(v) for some
v € V,,(F) where

Aiv;, (since S’ is a basis for V,,(F'))

1

v =

n
1=

Hence, T'(v) = > NT(v;); (since T is a linear transformation).
i=1
Therefore

T(v) = > ANT(v;) since T'(v;) =0 fori <i<r
1=r+1
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Hence S” spans Im(T).
Show S” is a linearly independent set: Let

>‘T+1T(Qr+1) +oeeet /\HT(yn> =0
Then

T( A1V, 41 + -+ + Ayv,) = 0, since T is a linear transformation

= ANi1Upyq + oo+ A,,) =€ ker(T)

4

> A=Y aju;, (since S is a basis for ker(T))
i1 j=1
= N=0,r+1<i<nanda; =0,1<j5<r

(since S is a basis for V,,(F'))

= 5" is a linearly independent set.

Thus the proposition follows.

Remarks 1. The image of a linear transformation is equal to the column
space of the defining matrix.

2. The null-space of a linear transformation is equal to the row-null-space
of the defining matrix.

Ezxample. Let T : R* — R3 be a linear transformation defined by
T(x1,y,z,w) =2 —y+3z+2w, 2+2y+ 2z, x+y—2z+w).
Find a basis and dimension for

(a) Image of T, (b) Kernel of T

We can express the linear transformation in matrix form as

9 -1 3 2
i A
T=(Y =11 2 10 y
ya ya
w 1 1 -2 1 w
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(a) Since the image of T is equal to the column space of the defining matrix
of T, it follows that a basis for the image of T may be obtained by

reducing the defining matrix of T" to a column-reduced echelon form

s s 1 -1 3 2 10 0
1 Gl )
1 9 1 Gi(z) | = 2 10 ~ -2 C
~ 2 Cs1(—3) 2 2 2
Cy(—2)
1 I =2 } 1 =2 1 1 § 7
2 9 2
1 0 0 10 00
Ca(3) | 1 Ca(1) | 1
Sl -1 1 S 1000
~ 2 ~ 2
C3(2) ) Ci(1) L s
- _ -2 == 3
2 T 2 5 5 5
1 000 1 000
C(=5
355’2) Lyool Gs=3 [ L 100
2 N 2
G0) 1 3 1 3
-2 -2
5 5 10 5 5 10

Since there are only 3 non-zero columns in the column-reduced echelon
form of the defining matrix of 7', it follows that dimension of image of
T is 3, and a basis for image of T is

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

(b) By the Proposition above, we have that
Rank (T') + Nullity (7) = dim(R?)

i.e. dim(image of T') + dim(kernel of T') = 4.
= dim(kernel of ') = 4 — 3 =1 (from (a) above).
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Since the null-space of T is equal to the solution space of the system of
linear equations Az = 0 where A is the defining matrix of 7', it follows that a
basis for the kernel of T" may be obtained by finding the linearly independent
solutions of Az = 0. First we obtain the row-reduced echelon form of A.

2 -1 3 2 1 —; 31
Ri(3)
L2 1o " 11 2 10
1 1 -2 1 1 1 -9 1
1 3
1 —= = 1 3
Ry(—1) 2 2 R(2) (1 -5 3 1
~ 0 5 _1 —1 ~ 0 1 12
2 2 r TE
Ry(—1 Rs(2
S I R W
2 2
T R
2 2 2 2
12 -2 12
Rp(=3)~ |0 1 —= —Z Bol=ss) | o 4 21 _2
5 5 ~ 5 5
32 6 -3
== = 1 —
0 0 — - 0 0 T

1 3
rT—-y+-z+w = 0

2 2
y—éz—?w =0
2—136w =0
Put w = 16k. Then z = 3k.
yzgk‘—l—g;k::?k:,
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and 7 9

Hence the solution space of the homogeneous system Az = 0 is
{(z,y,z,w) = k(—17,7,3,16)|k € R)}
i.e. a basis for the kernel of T is
{(-17,7,3,16)}

Practice Ezercise

Find the dimension and a basis for

(i) image of T'  (ii) kernel of T

for each of the following linear transformations.

1. T: R — R3, with T(z,y,2) = (x,y,0)

2. T: R — R3, with T(v, 8,7) = (a + 8,6 +7,7)

T 1 0 0 T
3.T: |y | — | 4 —1 2 Y
z 2 =2 4 z

4. T: Q" — @Q* with T(x,y, z,w) = (z,y)

5. T:Q% — Q3 with T(z,y,2) =Bz +y—2, =5y +2, x+3y—2)

Summary

The rank and nullity of a linear transformation are defined and a relationship
between them is proved and applied to the determination of the dimension
and a basis for the image and kernel of a given linear transformation.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE TEN

Homogeneous Systems of Linear Equations

Introduction

We are now in a position to be able to solve any system of m linear equations
in n unknowns with zero constant terms over a field. In Unit 2 we considered
the case when m = n with any constant terms, and the matrix of coefficients
was invertible. In such a case, there is only one solution of the system and
the solution may be obtained by using Cramer’s rule.

In this Unit, we shall show that the solution space of a homogeneous sys-
tem of linear equation is related to the row null-space or column null-space
of the matrix of coefficients. In the process, we shall prove that the row-rank
and the column rank of a matrix are always equal.

Objectives.
The reader should be able to

(i) prove that the row rank and the column rank of a matrix are equal,

(ii) solve any homogeneous system of linear equations.
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Pre-Test

1. Find bases for row and column null-spaces of the matrix over R.

2 -2 6 —4
1 11 1
3 15 0

2. Solve over R.
3r+dy+2x =0

r+y+z2=0

3. Find a basis over R for the solution space

dr —y — 22z —w = 0
2 + 3y — 2z — 2w =0
Ty — 4z — dw = 0
20 —1ly+ 7248w = 0
3. Solve over R
r4+2y—952+4w = 0
20 —3y+2243w = 0
de —Ty+z2z—6w = 0

Definitions
A system of linear equations of the form

a1 + A19T2 + -4 ATy = 0
A1 T1 + Ao + -« -+ AppTy = 0

is called a homogeneous system which is always consistent (i.e. solvable) since
it always has at least one solution, namely

r1=0=x9=---=2,
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This solution is called the trivial solution.
Any other solution of the homogeneous system is called a non-trivial solution.
If we put
A = (aij)mn and x = (21,... )T

we can write the homogeneous system in matrix form as
Az =0

where A is called the matrix of coefficients.

Associated with any (m xn)-matrix A € M, ,,(F') over a field F' is a linear
transformation 7'y : V,,(F') — V,,,(F) defined by T4 (z) = Az, for any column
vector z € V,,(F). Thus, the set of solutions of the homogeneous system of
linear equations Ax = 0 constitutes the kernel of T4, which is a subspace
of V,(F). This subspace is called the solution space, of the homogeneous
system of linear equations or the row null-space of the matrix A. Similarly,
the column null-space of matrix A is the solution space of the homogeneous
system of linear equations yA = 0 where y € V,,,(F) is a row vector.

The i-th equation of the system Az = 0 is

a1 + - +(lmfl?n =0

ie. Rz = 0, where R; = (a;,...,a;) is the i-th row of A. Therefore,
z € V,(F) is a solution of the homogeneous system Az = 0 if and only if =
is orthogonal to each of the row vectors R; of A for i = 1,...,m. In other
words, x is a solution to Az = 0 if and only if z is orthogonal to the row
space R4 of A.

We then have the following Proposition and Corollary which contain,
among other things, the dimension of the solution space of a homogeneous
system Az = 0.

Proposition. Let A € My, ,(F) be a (m x n)-matrix over a field F.
Then

(a) the row rank, and column rank, of A are equal to r, say; and

(b) the dimension of the solution space of the homogeneous system of linear
equations Az = 0 (or the dimension of the row null-space of A) is equal
ton—r.
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Proof: For A € My, ,(F), we have a linear transformation T4 : V,,(F) —
Vin(F') defined by Tu(xz) = Az, where z is a column n-vector in V, (F).
Note that the image of T}y is given by Im(T4) = ({T(ey),...,T(e,)}) where
{e1,...,€e,} is the standard basis for V,,(F). Now T'(e;) is the i-th column
C; of A, fori=1,...,n. Hence Im(T,) is the column space of A. Also the
kernel of T}y is given by

ker(Ty) = {z € V,.(F)|Ta(z) = Az = 0}

Hence ker(T4) is the solution space W of the system Az = 0.
Therefore, using the formula contained in the Proposition in Unit 9,

Rank(74) 4+ Nullity(7T4) = dim(V,,(F))

we have
ca+dimW =n (1)

where ¢4 = column rank of A.

Now we have seen that a vector x € V,(F) is in the solution space W of
the homogeneous system Ax = 0, if and only if z is orthogonal to the row
space R4 of A. Hence W is equal to the orthogonal complement of the row
space R, of A. Hence

ra+dimW =n (2)
where 74 = row rank of A. Comparing (1) and (2), we have rq = c4 = r,
say.
Hence

dimW =n —r.

Corollary. Let Az = 0 be a homogeneous system of m linear equations in n
unknowns, such that the rank of A is equal to r.
Then

(i) if r = n, the system has only the trivial solution, and

(b) if » < n, there exists n — r linearly independent solutions and every
other solution is a linear combination of them.
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Proof. The proof follows easily from the Proposition.

Remark 1.

A.

2. A homogeneous system Az = 0 of m linear equations in n unknowns has
non-trivial solutions, if and only if rank(A) < n. In particular, this is the case
if the number of equations is less than the number of unknowns, i.e. if m < n.

Similarly, it can be shown that the dimension of the column
null-space of A is equal to m — r, where A € M,, ,(F) and r is the rank of

Example 1. Solve over R

r+3y—2z = 0

r—8y+8 =

o

v —2y+4z = 0

First we shall find the rank of the matrix of coefficients,

1
A=11
3

1 3

1 -8

3 =2

Since there are only 2 non-zero rows in the row-reduced echelon form, it fol-
lows that the rank of the matrix of coefficients is 2. Hence by the Corollary
to the Proposition, the homogeneous system has (3 —2) = 1 linearly inde-
pendent solution, and every solution is a linear combination of it. From the

3 -2
—8 8 < M3,3<R)
-2 4
-2 1
Ry (—1)
8 ~ 0
R31(—3)
4 0

3 _9 1 3 -2
Fal57) 10
R3y(—1)
—11 10 00 0

row-reduced echelon form of A, the system of linear equations becomes

r+3y—22=0
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y— %= 0
Put z = 11k. Then, y = 10k and
x =22k — 30k = —8k.
Hence the solution space of the homogeneous system is

{(ZL’, Y, Z) = k’(—8, 10, 11)|k < R}
i.e. a basis for the solution space of the system is {(—8,10,11)}.
Example 2. It A € M,,,(F) and B € M, ,(F) are two matrices over a

field F', show that
rank(AB) < rank(B)

Bx=0= ABx = A(Bx)=A-0=0.

Hence each solution z of the homogeneous system of linear equations Bx = 0
is a solution of the homogeneous system of linear equations ABx = 0 over
F. Thus

Row null-space of B C Row null-space of AB

= dim(row null-space of B) < dim(row null-space of AB)
Therefore by the Proposition, we have

p—1r < p—swhere r =rank(B), s = rank(AB)
= s <r = rank(AB) < rank(B)

Practice Ezxercise X

1. Find bases for the row and column null-spaces of the matrix over R.

6 -2 9
4 -1 6
-6 3 9



2. Solver over R

rTt+y+z 0
y+2z24+2w = 0
3. Find a basis over R for the solution space
r+3y—32z = 0
20 —-3y+z = 0
v —2y+22 = 0

4. Solve over R

z+y+ztw = 0
2x24+3y—z+w = 0
3r+4y+2w = 0

Summary

We define a homogeneous system of m linear equations in n unknowns

Axz = 0 and its solution space in terms of the row null-space of A. We then
proved that the row rank and the column rank of any matrix are always

equal. This fact is then applied to find the dimension of the solution space of
the homogeneous system Az = 0.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE ELEVEN

Non-Homogeneous Systems of Linear Equations

Introduction

We now consider any system of m linear equations in n unknowns with non-
zero constant terms. We shall study when such a non-homogeneous system
has any solution and then obtain all the solutions.

Objectives:
The reader should be able to

(i) determine when any non-homogeneous system of linear equations is
consistent, and

(ii) obtain a general solution of a consistent non-homogeneous system of
linear equations.

Pre-Test
Verify if each system of linear equations is consistent or not. Solve when
possible over the field R of real numbers.
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r—y—z=-—4 2. Jr+4y+624+w=1
20 +3y — 120 =7 3r+4y — 3242w =2
3r —4y — 2= —15

2r4+y+2=3 4. 20+4y—6z—2w=—-4
dr + by — Tz =—15 T—3y—2z2—2w=3
dr — 2y + 142 =34 2x—4y+7z—|—gw:5
mr+aly+aiz=1 6. v—y+2z=1
axx + a3y + asz = 2 3z +2y—42=38
asx + a3y + azz =3 y—2z=1
(a1 # az # a3 # a1)
. Show that the system

20—y +3w =

20 +8y — 62 =

20+ 5y —4dz4+w =
has no solution over R.
. Determine the values of k£ such that the system

kx+y+z = 1
x4+ ky+z
r+y+kz =1

I
[

have

(i) a unique solution
(ii) no solution

(iii) more than one solutions, over R.

. Determine the conditions on a, b, c such that the system in unknowns
x,1, z has a solution over R.

r+2y—3z = a
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3r—y+2z = b
rT—0y+8 = c

10. Show that there are two values of k£ for which the system is consistent

kr+3y+2z = 1

z+(k—-1)y = 4
10y +32z = -2

2x—ky—2z = 3

Find the solution of the system for each value of k over R.

Definitions
A system of linear equations of the form

1171 + a12T2 + - - + A1 Ty = Y1

AmnT1 + A2l + - -+ GppTy = Ym

is called a non-homogeneous system if not all the y; are equal to zero. If we
put
A= (a'ij)m,n7 Tr = ('Tlv ce ,$n)T and Yy = (yh cee ,ym)T7

we can write the non-homogeneous system in the form Az = y. Matrix A is
called the matrix of coefficients and x the matrix of variables. The m x (n+1)-
matrix (A, y) is called the augmented matriz of the non-homogeneous system
of linear equations. The system is said to be consistent or solvable over a
field F' if it has a solution in F.

We shall prove two Propositions. The first one shows when a non-
homogeneous system of linear equations Az = y is consistent or solvable.
The second one gives a general solution of such a consistent homogeneous
system.

Proposition 1
Let A € M, ,(F). Then a non-homogeneous system of linear equations,

130



Az = y is consistent if and only if the coefficient matrix A and the aug-
mented matrix (A,y) have the same rank.

Proof.
= Az =y can be written in the form

£K101+$202+"‘+5Cn0n:g

where the C; are the columns of A, i.e. y is a linear combination of the
columns C; of A. If the rank of A is r, then exactly r of the C; are linearity
independent and span Cy, the column space of A. Therefore, if Az = y is
consistent, y € Cy, being a linear combination of the C;. Hence (A,y) and
A must have the same rank.

< Assume that A and (A,y) have the same rank r, say. Hence A and
(A,y) must have the same column space and so y € Cy, i.e.

y=b0Cy +b0,C5 +---+b,Cy, by € F

or Ab =y, where b= (by,...,b,)" € V,(F).
Hence b is a solution of Az =y and so the non-homogeneous system is con-
sistent or solvable.

Proposition 2

Let A € M, ,,(F) and let Az = y be a non-homogeneous system of linear
equations such that the coefficient matrix A has rank r. Let v;,...,v,,_, be
the linearly independent solutions of the corresponding homogeneous system
Az = 0 and let b be a solution of Az = y. Then a vector v € Vo(F) is a
solution of the non-homogeneous system Az = y, if and only if v is of the
form

v=b+av,+ -+ ap_V,_,, a; € F.

Proof.

= v and b are solutions of Az =y imply that Av =y and Ab = y. Hence
A(v — b) = 0) which implies that v — b is a solution of the homogeneous
system Ax = 0 and hence

Q_b:alyl—i_"'—i_an—'ryn—ra a; EF
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since v4,...,v,_, generate the solution space of Av = 0.
<« Suppose v =b+av; + -+ an_,0,_,, a; € F.
Then

Av = A+ aw; + -+ aprty_y)
= Ab+ aAvy + -+ a,_Av,_,
= y+0+--+0
= ¥

Hence v = b + ayv; + -+ - + a_v,_, is a solution of the non-homogeneous
system Az = y.

Remarks

1. v =>b+a1v,+- - -+a,_,v,_, in Proposition 2, is called a general solution
of the non-homogeneous system of linear equations Az = y and b is a
particular solution of the system.

2. If A € GL,(F) is an (n x n)-non-singular matrix over a field F' and
Az = y is a non-homogeneous system of linear equations, then we have
shown in Unit 2 that the solution of the system Az = y is unique, and
is given by Cramer’s rule, which is stated and proved there.

Example 1. Verify if the following system is consistent or not. Solve, if
possible, over the field R of real numbers.

3r+2y—T7z—3w = 1
Tr—5y+32+22w = 12

To test for consistency, we shall find the ranks of the coefficient matrix
and the augmented matrix as follows.

1

3 2 -7 -3]1 L 2T g
3 3

Ri(3)

T3 22|12 7 -5 3 22|12
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2 7 1
2 1
S e T (13 -5 1] 3
Ro1(—7) Ro(—55) 3 3 3
~ 29 58 29 ~
0 -2 2= 9| 01 -2 —3|-1
3 3 3

It follows that
Rank of coefficients matrix = Rank of augmented matrix = 2

Hence the system is consistent. It also follows that the corresponding ho-
mogeneous system has (4-2) = 2 linearly independent solutions. From the
row-reduced echelon form of the coefficient matrix, the homogeneous part of
the system becomes.

+2 ! 0

T — _ = —_ =

3y 32 w
y—2z2—3w = 0

Put w =a, z="5. Then y = 3a + 20 and

7 4
= — _2 —_ - = —
x a+3b a 3b a+b

Hence the solution of the homogeneous part of the system is
{(z,y,z,w) =a(—1,3,0,1) + b(1,2,1,0)|a,b € R}
i.e. a basis for the solution space of the homogeneous part of the system is
{(-1,3,0,1),(1,2,1,0)}

We shall obtain next a particular solution of the non-homogeneous sys-
tem. From the row-reduced echelon form of the augmented matrix, the non-
homogeneous system becomes,

2 7 1
T+ -y—-Z2—wW=2

3 3 3

y—2z—-3w=1
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Put w =0, 2=0. Then y = —1 and x =

Hence a particular solution is

W =

(xaya va) = (17 _17070)

Therefore, a general solution of the given non-homogeneous system is, by
Proposition 2,

{(z,y,z,w) =(1,-1,0,0) + a(—1,3,0,1) + b(1,2,1,0)|a,b € R}

Remark. Note that several particular solutions may be obtained depending
on your substitutions but the resultant general solution sets are the same.

We may, however, adopt the following convention in obtaining the general
solution of a non-homogeneous system of linear equations. We combine the
two steps above into one by considering the row-reduced echelon form of only
the augmented matrix as follows:

+2 7 1
T+ -y—-z—w = =
3/ 73 3

y—2z—3w = -1

Since there are two linearly independent solutions, we have two free variables
or two degrees of freedom. Hence put w = a and z = b. Then

7 2 1
y=3a+2b—1, and z = a+§b—§(+26—1)+§
= —a+b+1.

Hence the general solution is
{(z,y,z,w)=(1,-1,0,0) + a(—1,3,0,1) + b(1,2,1,0)|a, b € R}
Example 2. Find a values of A for which the system of linear equations

2-Nzx+2y+3 = 0
20+ (4—Ny+7 0
20+by+6—-XA = 0
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are consistent.
The system can be expressed in matrix form as

2-X\ 2 3 0
xXr

2 4-X 7 y =10
1

2 56—\ 0

x
ie. A= | y | =0, where A = 2 4= 7
1
2 5 6—A
0
x
If A= exists, then | v | = A7'0 = | 0 [. This implies 1 = 0, which is
1
0

absurd. This means that the system is inconsistent, if A~! exists. Hence
for the system to be consistent, A~! must not exist and so the determinant
|A| =0, i.e.

2 56—\
= A=—DA+2)A=21)=0= =1, —1,12.

Practice Exercise
Verify if each system of linear equations is consistent or not. Solve where

possible over the field R of real numbers.

135



1. xz4+y+2=-2
20+ 3y — 4z = -3
y—6z=1

3. 2x+3y—132=0
3r+y—92=-7
r+2y—8z2=1

5. 3x+y+z=28
20 — 4y = —10
r+y—3z=1

7. Sdr+2y+T7z=1
—3r+4dy+z2=>5
r+2y+32=-1

9. x+4+2y—32=6
20 —y +4z =2
dr + 3y — 2z =14

11. z+y+2=4
20 + 5y +22=3
3r +2y —z2=95

13. z+4+2y+32=1

—x+2y—3z= -1
dr+y—22=0

12.

r+y—95z=-1
2 —y—2=-8
3r+5y+2lz=1

r+2y—42=3
20—y +Tz=—4
3r+4y —6z=>5

22—y+z=3
T—y+2z=-1
3x+y—2=2

20 — 3y =5
r+3y+2z2=-1
20 + 4z =2

rTH+y+z=-2
20 + 3y — 4z = -3
y—6z=1

r+2y+32=0
r+2y+4z=2
T+2y+95z=95

14. Determine the values of k such that the following system of linear equa-

tions.

has (i) a unique solution

20 + ky — z
r+2y—kz = 1

r—3z =

Il
|
N
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(ii) no solution
(iii) more than one solution, over R

15. Determine the condition on a,b, ¢ such that the system in unknowns
x,1, 2z has a solution over R.

r—2y+4z =

2x4+3y—z = b
dJr+y+2z = ¢

16. Prove that two systems of linear equations have the same solution space
if and only if their augmented matrices are row-equivalent.

Summary

The coefficient and augmented matrices of a non-homogeneous system of
linear equations are defined. Conditions are then obtained for the consistency
or otherwise, of such a non-homogeneous system. A general solution of

any consistent non-homogeneous system is also given.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE TWELVE

Eigenvalues and Eigenvectors

Introduction

We shall study how to find the invariant lines of a linear transformation
T : V,(F) — V,(F) by considering the characteristic polynomial, equation
and roots of the matrix defining T'. We shall also prove the important fact,
known as Cayley-Hamilton theorem, that every square matrix satisfies its
characteristic equation.

Objectives
The reader should be able to

(i) determine the eigenvalues and eigenvectors of a linear transformation
of a vector space to itself, and

(ii) prove and verify the Cayley-Hamilton theorem for any square matrix.

Pre-Test
Find the characteristic roots and the corresponding characteristic vectors of
each of the following matrices over R.

(5
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-9 -8 -16

2. 4 3 2
4 4 7
Find the eigenvalues and the eigenvectors of each matrix.
6 —2 2
3.1 -2 3 -1
2 -1 3
1 -1 -1
4. [ -1 2 -1
1 -1 2
5. Compute the eigenvalues and the eigenvectors of the linear transforma-
tion. T : R® — R? with T'(z,y,2) = (v +4y — 2, y + 2,  +y — 22)
Verify the Cayley-Hamilton theorem for each matrix over R.
2 3
6 ( 28 )
2 =2 3
711 1 1
1 3 -1

os

W N
|

— = o

— o

Definitions

The eigenvalue problem is the following:

Given a linear transformation 7" : V,,(F) — V,(F), determine those scalars
A € F and those non-zero vectors v € V,,(F) which satisfy the equation.

T(v) = \v.

A is called an eigenvalue or characteristic value of T' and the vector v is called

an eigenvector or characteristic vector of T corresponding to the eigenvalue
A
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If A€ M,(F) is an(n X n)-matrix, a scalar A € F for which there is some
non-zero column n-vector x (with entries from F') such that Az = Az is said
to be an eigenvalue of A and z is said to be an eigenvector of A.

If matrix A € M, (F) corresponds to the linear transformation 7, then
their eigenvalues and eigenvectors coincide. Note that eigenvectors are the
fixed directions or invariant lines of the linear transformation 7. Also if z is
an eigenvector, then all the vectors in the 1-dimensional vector space over F
generated by x are also eigenvectors.

Since T'(v) = Av is equivalent to (T"— A\ )v = 0 where [ represents the
identity linear transformation on V,,(F), it follows that an eigenvector v of T
belongs to the null-space of the linear transformation 7" — AI. The set of all
eigenvectors of T' corresponding to the eigenvalue A is called the eigenspace of
T corresponding to the eigenvalue A. It is therefore, the null-space of T'— A1
and so a subspace of V,,(F).

Similarly, Az = Az is equivalent to (A — AI)x = 0, where [ is the identity
matrix of order n, and so the set of all eigenvectors of matrix A corresponding
to the eigenvalue A is called the eigenspace or row null-space of A correspond-
ing to the eigenvalue \.

(A — M)z = 0 corresponds to a homogeneous system of linear equations.
Besides the trivial solution = 0, non-trivial solutions exist if |A — AI| = 0,
i.e. if matrix A— I is singular. This last equation is called the characteristic
equation of the matrix A and the n roots Ai,...,\, are the characteristic
roots or eigenvalues of A. We refer to the polynomial |A — AI| in A, as the
characteristic polynomial of A and we denote it by f(\) or Cy(A).

To find the characteristic polynomial or characteristic equation of a linear
transformation 7', one first finds the matrix representing 7" with respect to a
basis for V,,(F'). However, the characteristic polynomial of 7" is independent
of the basis used to compute its corresponding matrix. Note that

Ca(A) =A== (—=1)" X"+ by A"+ -+ b A + by

Proposition (Cayley-Hamilton Theorem)
Every square matrix A satisfies its characteristic equation i.e. C'4(A) = 0.
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Proof. Let
Ca(A) = |A—AI| =Y bXi
=0
Also let D(\) be the adjoint of A — AI. The entries of D(\) are cofactors of

the matrix A — Al and hence are polynomials in A of degree not exceeding
n — 1. Thus we may put

n—1
D(\) =Y DX
=0

where the D; are (nxn)-matrices with constant entries which are independent
of \. Since
(A=X)-DN)=|A=X|-1

we obtain that
(A=A (Dp A" -+ DA+ Do) = (b A" + by A b A+ bg) ]
Equate coefficients of corresponding powers of A

—D,_ 1 =0b,1
Aanl — D9 =0b, 11
AanZ - an?; = bp_ol

ADy — Dy = b1
ADy = bol
Multiply the above matrix equations by A", A", ..., A, I, respectively:

—A"D,,—q = b, A"
AnDn—l - Anian—Q = bn—lAnil
Anian—Q _ AanDn_g — bn_QAan

A2D1 - ADO - blA
ADO - bo]

Add the above matrix equations and obtain that

0="b,A" +b, A" L+ A+ byl
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This implies that C4(A) = 0.

211
A=(1 2 1
1 1 2

(a) Find its characteristic polynomial

Ezxample.
Consider the matrix

(b) Verify the Cayley-Hamilton theorem for A

)
)

(c¢) Determine the eigenvalues and eigenvectors of A.
T

(a) The characteristic polynomial is given by
2—A 1 1
1 2—-A 1
1 1 2—-A

= N H+6A -9 +4=A-1)724-N)

Ca(N) = [A— N =

(b) To verify the Cayley-Hamilton Theorem for A, we have to show that
Ca(A) =0, i.e. show

—A3+6A%2 —9A+41 =0

or

(A— Il — A) =0

Hence, ) ( ) : (

LHS. = (A—T1)>*4l— A)

3 3 3 -2 -1 -1 0
= 3 3 3 -1 -1 -1 | =120
3 3 3 -1 -1 -2 0

= R.H.S.

111 111 3 3
A-IP=[111 111 3 3
111 111 3 3

3
3
3

o O O

o O O
N~
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(c) The characteristic roots are the roots of the characteristic equation.
Therefore
A=1P24-AN)=0=X1=1,1,4

i.e. the characteristic roots of A are A =1,1,4.

Next find the characteristic vectors, which are bases for the eigenspace cor-
responding to A = 1,1,4.

A = 1: Since the eigenspace of A corresponding to A\ = 1 is equal to the
row null-space of A — I, it is therefore, equal to the solution space of the
homogeneous system of linear equations.

(A-Tz=0
First we obtain the row-reduced echelon form of A — 1.
1 11 Ry (—1) 1 11
A-IT=|11 1 ~ 000
11 1) Ru(=1) \0 00

From the row-reduced echelong form of A — I, we have x +y + z = 0. Put
z=a,y =b. Then x = —a—b. Hence the solution space of the homogeneous
system (A — Iz =0is

{(z,y,2) =a(—1,0,1) =b(—1,1,0)|a,b € R)}
i.e., a basis for the eigenspace of A corresponding to A =1 is

{(-1,0,1),(-1,1,0)}

A = 4: The eigenspace of A corresponding to A = 4 is equal to the solution
space of the homogeneous system of linear equation (A — 4)z = 0. First we
obtain the row-reduced echelon form of A —41.

R 1 1 _1 1

2 1 1 1(=2) 7 3
A-4I[ 1 =2 1 0 2 2
1 1 —1 R21(%) 2 2

Ry (L)) og :
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1 1

R21<_§) 1 —5 —5
~ 0o 1 -1
R3(1) 0 0 0

From the row-reduced echelon form of A — 41, we have

1 1 0
rT——y——z =
2Y 79
y—z = 0

1
Put z=a. Theny =a and r = —a+ —a = a.

Hence the solution space of the homogeneous system (A — 41)z =0 is
{(z,y,2) = a(1,1,1)|a € R}

i.e. a basis for the eigenspace of A corresponding to A =4 is {(1,1,1)}.
Thus, a basis for the characteristic vectors of A is

{(-1,0,1),(-=1,1,0),(1,1,1)}
Practice Ezxercise

1. Find the characteristic roots and the corresponding characteristic vec-

tors of the matrix.
1 2
3 2

2. Find the eigenvalues and the eigenvectors of the matrix

210
0 21
00 2

3. Compute the eigenvalues and the eigenvectors of the linear transforma-
tion
T : R? — R? with T'(a,b) = (b — 3a, 18a + 4b)

Verify the Cayley-Hamilton theorem for each matrix over R.
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-3 00
4. 0 00
0 00
2 0 0
5.1 1 =3 0
2 —10 2
Summary

The eigenvalues (or characteristic values) and eigenvectors (or characteristic
vectors) of linear transformations and matrices are defined. By calculating

the characteristic polynomial and equation, its characteristic roots and the
solution of the resultant homogeneous system of linear equations, we are

able to determine the eigenvalues and eigenvectors of a linear transformation
or a matrix. It is also shown that every square matrix satisfies its characteristic
equation, a fact known as the Cayley-Hamilton Theorem.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE THIRTEEN

The Minimal Polynomial

Introduction

We wish to consider the set M of all polynomials f(x) over a field F' such that
f(T)=0or f(A) =0, where T is a linear transformation 7" : V,,(F') — V,,(F)
and A is a square matrix. The minimal polynomial of T or A is then a gener-
ator of M since M is an ideal of the polynomial ring F'[z] which is a principal
ideal domain.

In Unit 12, we have found that the characteristic polynomial Cy(z) € M
since by the Cayley-Hamilton Theorem, C'4(A) = 0. We shall study how
to obtain the minimal polynomial and its application to the computation of
matrix polynomials and identities as well as matrix inverses in the case of
non-singular matrices.

Objectives
The reader should be able to

(i) determine the minimal polynomial of any square matrix or linear trans-
formation of a vector space to itself, and

(ii) apply the minimal polynomial to the computation of matrix polynomi-
als, identities and matrix inverses in the case of non-singular matrices.
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Pre-Test
Find the minimal polynomial of each matrix

6 —2 2 2 0 0
.| -2 3 -1 21 =3 0
2 -1 3 2 —-10 2

3. Consider the matrix

6 -2 2
B=] -2 3 -1
2 -1 3

By using the minimal polynomial:

(i) compute 3B3 + 2A4% — 51
(ii) show that 16B3 —26B~ 2+ 11B* -1 =0
(iii) find B~

4. Consider the matrix

2 -1 -1
C=| -1 2 -1
1 -1 2

By using the minimal polynomial

(i) compute 2C% — C5 — C* 4+ 20?% — I
(ii) show that 6C~3 —11C24+6C~'—I1=0
(iii) find C1.
Matrix Polynomials
Every (n x n)-matrix A € M,,(F) yields polynomials.
f(A) = aol + a1 A+ -+ arA* (a; € F) in A which are again members of

M, (F). Since there are exactly n? linearly independent (n x n)-matrices over
F (i.e. dimM,(F) = n?), the n? + 1 matrices I, A, A% ... , A" are linearly
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dependent and the dependence relation provides a non-zero polynomial f(x)
of degree at most n? with f(A) = 0.

Since there is an F' isomorphism between M, (F) and the vector space
L(V,(F), V,(F)) of all linear transformations from V,,(F) to V,(F'), we have
that for every linear transformation 7" of V,,(F'), there exists a non-zero poly-
nomial f(x) with f(T) = 0.

Now consider the set M of all polynomials f(z) over F such that f(7) =0
or f(A) =0. Then M is an ideal of F[x] i.e. M is an Abelian group under
addition and M is closed under multiplication by any polynomial in F[z].
Thus M = (m(x)) is an ideal generated by a unique monic polynomial m(x)
(since F'[z] is a principal ideal domain where every ideal is principal).

Definition

The minimal polynomial of a linear transformation 7', denoted by m(zx), is
the generator of the ideal of the polynomials f(z) over F satisfying f(7T") = 0.
Thus m(x) satisfies the properties

m(T) =0 and f(T)=0= m(z)|f(z).

The minimal polynomial of a matrix is defined in a similar way. It is identical
with the minimal polynomial of the corresponding linear transformation 7'y
of V,.(F).

By the Cayley-Hamilton Theorem considered in Unit 12, since Cy(A) =
0, if follows that the minimal polynomial of A divides the characteristic
polynomial of A, i.e. m(z)|Ca(z). This fact then provides a method of
determining the minimal polynomial.

The minimal polynomial may also be found as follows. One tries to solve
the equation (beginning with i = 1).

Ai:ai_lAi_lnL---—l—alA—l—aol, i:1,2,3,...

for the coefficients «;_1, ..., a1, aq9. The first ¢ for which solutions exist pro-
vides the minimal polynomial which is then

m(z) =2"— o127 — - — gz — ay.
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The Companion Matrix
For each monic polynomial

f(x)=co+cax+ - +cpz™ b +a"

of degree n, we can construct an (n X n)-matrix with minimal polynomial
f(z). This matrix is called the companion matrix of f(z) and is given by

0 1
0 1
0 1 O
0 1
Cr= .
0 1

O 0 1
—CoC1 —c, — 1

with zero entries except for entries 1 in the diagonal just above the main
diagonal and entries —cg, —cq, ..., —c,_1 in the last row. We then have the
following fact:

For each monic polynomial f(z), the companion matrix Cy has minimal
polynomial f(x) and characteristic polynomial (—1)"f(\).
Note that |Cy — M| = (—=1)"f()), with (—1)"A\" as its leading term.

Example 1. Find the minimal polynomial of the matrix over R
2 11
A=11 2 1
11 2
The characteristic polynomial of A is given by

2—-X 1 1
Ca(A) = JA=XM|=| 1 2-x 1
1 12—

= A +6A -9 +4=(A-124-))
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Since the minimal polynomial m(x) of A must divide the characteristic
polynomial Cy(z) of A, it follows that m(x) is one of the divisors of (x —
1)%(4 — x), namely.

r—1,0—4, (v —1) (v —1)(x — 4), —Ca(z).

Note that m(z) must be a monic polynomial i.e. its leading coefficient must
be equal to +1. By testing each of the above divisors to know which one gives
0 when z = A, we find that the minimal polynomial is m(z) = (z—1)(z—4) =
x? — 5x + 4 since

11 1\/-2 1 1 000
A-DA-4n=]1 11 1 -2 1|=[000
111 1 1 -2 000

Aliter

The minimal polynomial may also be obtained as follows.

First try to solve A = agl. There is no solution. Next try to solve A? =
a1A + apl. Then oy = 5, g = —4 are solutions.

Hence the minimal polynomial is

m(z) = 2* — bz + 4.

Ezxample 2.
Consider the matrix
-6 =2 2
B=| -2 3 3
2 -1 3

By using the minimal polynomial
(i) compute B> —2B*+ B — 41,
(ii) show that 16B™2+6B"2—9B~'+ 1 =0, and
(iii) find B!
The minimal polynomial of B can be found to be

m(z) = (v —2)(x —8) = 2° — 10z + 16
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(i) First divide ° — 22* +  — 4 by m(z) and find the remainder.
We obtain

2° =22+ o —4 = (2* — 102+ 16) (2 + 82 + 642 + 512) +4097x — 8196
Since m(B) = B* — 10B + 161 = 0, we have that

16386 —8194 8194
B® —2B* 4+ B — 41 = 40978 — 8196 = | —8194 4095 —4097
8194 —4097 4095

(i) Consider 16 + 6B — 9B? 4+ B? or 2 — 92 + 6z + 16.
Divide 2* — 92% + 6x 4+ 16 by m(z) and obtain

2% — 922 + 62 + 16 = (2% — 102 4 16)(z + 1)
Since
m(B) = B* —10B + 161 = 0
B* - 9B*+ 6B + 161 =0
& [—-9B7 ' +6B72+ 16873 = 0, multiplying both sides by B3.

(iii) m(B) = B> —10B + 161 =0
Multiply by B~ B —10I +16B~ ' =0

1 1 1
4 8 8
1 1 7 1
= B '= (10l - B) = - =
16( ) 8 16 16

1 1
8 16 16

Remark
The above example (part (iii) gives a third method for finding the inverse of
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a non-singular matrix. The other two methods considered in Unit 3 are the
adjoint method and the method of elementary operations.

Practice Exercise
Find the minimal polynomial of each matrix

-3 00 1 -1 -1
1. 0 00 (2) -1 2 -1
0 00 1 -1 2
-9 -8 -—16
3. 4 3 2
4 4 7
4. Consider the matrix
2 0 0
1 -3 0
2 =10 2

By using the minimal polynomial
(i) compute A5 —2A% + A — 41
(ii) show that 6A™2 +5472 —14A ' +T+2A=0
(iii) find A~1.

Summary

It is shown that the set of all polynomials f(x) over a field F'

such that f(7) =0 or f(A) =0 is an ideal of the principal ideal domain F[z].
This ideal is then generated by a monic polynomial which is called the

minimal polynomial of 7" or A. The minimal polynomial is then calculated
using a direct method or the Cayley-Hamilton Theorem and it is then

applied to the computation of matrix polynomials, identities and matrix inverses
in the case of non-singular matrices.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE FOURTEEN

Similar and Diagonal Matrices

Introduction

The fact that the matrix representing a linear transformation depends on the
bases used indicates that a linear transformation may be represented by sev-
eral different matrices which are referred to as similar matrices. The question
that naturally arises is, what are the common properties of these matrices.
This question will be answered in this Unit. It is also of particular interest
to determine what diagonal matrix, if any, is similar to a given matrix, since
the algebra of diagonal matrices is very simple.

Objectives:
The reader should be able to:

(i) State and prove the properties common to similar matrices.
(ii) obtain a diagonal matrix similar to a given matrix.
Pre-Test

1. Show that the relation of similarity among matrices in M, (F) is an
equivalence relation.
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2. Diagonalise the real matrix.

-9 -8 —16
4 3 8
4 4 7
3. Show that the real matrix
-1 2 2
2 2 2
-3 —6 —6

is reducible to a diagonal form under similarity transformations. Ex-
hibit the diagonal form and the relevant non-singular matrix of transi-
tion.

. Find a matrix P over R such that P71AP is a diagonal matrix, where

2 -1 1
A= -1 2 -1
1 -1 2

and exhibit the diagonal form.

5. Show that similar matrices form a multiplicative group.

Definition:

Two square matrices A and B in M, (F) are similar if there is a non-

singular matrix P in GL,(F) such that B = P~1AP.

One can show that the relation of similarity among matrices in M, (F')

is an equivalence relation satisfying the reflexive, symmetric and transitive
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laws (the RST laws) and partitioning the set of similar matrices into disjoint
equivalence classes.

The relationship between the matrix representation, Ar of a linear trans-
formation, 7' : V,,(F) — V,(F') with respect to a basis {v;,...,v,} and its
matrix representation Br with respect to another basis {v],..., v} is that

Br = P'ArP

where P is the non-singular matrix associated with the change of coordinates
from the basis {v;,...,v,} to the basis {v},..., v}, ie.

P = (P;)nn where y;. = ZPMQZ-.

i=1

It follows that two similar matrices represent the same linear transforma-
tion with respect to two bases which may be different. We then have the
following facts about similar matrices.

Proposition 1
Similar matrices in M, (F) have the same

a) determinant;

(
(b

characteristic roots;

(d

)
)
(c) characteristic polynomial;
) minimal polynomial in F[z]; and
)

rank.

(e

Proof: Let A and B be similar matrices in M, (F). Hence there exists a
non-singular matrix P in GL,(F) such that B = P~'AP.

(a) B=P'AP = PB=AP
= det(P) - det(B) = det(A) - det(P) in F’
= det(B) = det(A)
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(b) Let A be a characteristic root of A such that v # 0 is its characteristic
vector. Then Av = M.
If B= P 'AP is similar to A, then

A=PBP = (PBP Yy =X = B(P v) = AP u).

Since v # 0 and P is non-singular, it follows that P~'v # 0. This
implies that P~!v is a characteristic vector of B belonging to the same
characteristic root A. Similarly any characteristic root of B is also a
characteristic root of A.

(c) Let B = P~'AP be similar to A. Since P~'P = [, then |P7}|-|P| =1,
which implies that |[P~!| = |P|~%.
Now since |P~1| = |P|~! and |P| are scalars in F, they commute and
so the characteristic polynomial of B is given by

|B—X| = |P'AP - M| =|P AP - AP 'IP|
= [P A= XP|=|P7'|-|A—\|-|P|
= [JA— )|

= characteristic polynomial of A.

(d) Since B = P~'AP implies that B' = P~1A'P, i € N, it follows that a
polynomial satisfied by A is also satisfied by B, and vice versa, i.e.

ZaiAi = 0& ZCLZBZ = ZaiP_lAiP
= P (Y aA)P=P"0-P=0
Hence it follows that they must have the same minimal polynomials.

(e) Since the rank of a matrix is not affected by pre- or post-multiplication
by a non-singular matrix, it follows that similar matrices have the same
ranks.

Diagonal Matrices
The algebra of diagonal matrices is very easy. To add or multiply two di-
agonal matrices, we just add or multiply corresponding diagonal matrices.
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Thus it is of interest to know which matrices are similar to diagonal matrices
and which pairs of diagonal matrices are similar to each other. We have the
following results.

Proposition 2

A matrix A in M, (F) is similar to a diagonal matrix D if and only if the
characteristic vectors of A span V,,(F); and if this is the case, the character-
istic roots of A are the diagonal entries in D. In particular, it follows that
the characteristic roots of a diagonal matrix are the entries on the diagonal.

Proof
=: Assume that a matrix A in M, (F') is similar to a diagonal matrix D
given by

D = diagonal (dy,...,d,)

Then consider ¢; = (0,...,0,1,0,...,0), 1 in the i-th coordinate i = 1,...,n.
Since De;, = d;e;, © = 1,...,n, it follows that the unit vector e, are char-
acteristic vectors for D and the diagonal entries dy,...,d, are the corre-
sponding characteristic roots of D and hence of A. Since A = P7'DP and
De; = d;e; imply that A(P~le;) = d;P'¢;, we have that the characteristic
vectors P le;, ..., P7te, of A are linearly independent (P and P~' being
non-singular) and so span V,,(F'). (Note that since A and D are similar, A
and D have the same characteristic roots).

Ta(v;) = Auv;, (by definition of Ty)

ANy, t=1,...,n

for characteristic roots A, ..., \,. Thus the linear transformation T4 is rep-
resented, relative to this basis, by the diagonal matrix.

D = doaginal (Aq,...,\,), since T4(v;) = Dy,

1)

In other words T4 is represented by either of the matrices A or D and hence
A is similar to D.
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Proposition 3
If matrices A and B in M, (F') have the same set of n distinct characteristic
roots, then they are similar.

Proof.
Let the distinct characteristic roots be A, ..., \,. We shall show that the
corresponding vectors zy, . . ., x, are linearly independent and so span V,,(F).

We shall show this by induction. When n = 2, we have that
Axy = Mz, and Az, = Aoy

and suppose that z; and z, are linearly dependent so that z; = ax, for some
non-zero scalar o € F'. Then

Alaz,y) = M(azy) & Azy = Mz,

Now,
Axy = Nzy and Az, = Aoxy = A = Ao

This is a contradiction to the fact that the roots are distinct. Hence it must
be that z,, z, are linearly independent.

Next assume as an inductive hypothesis that the corresponding vectors
Ty, ...,%,_ 1 to the distinct roots Ay, ..., \,_1 are linearly independent. Now
consider the characteristic vectors z,,...,x, corresponding to the distinct
roots Aq, ..., A,. Assume that the vectors z,,...,x, are linearly dependent.
Then we can express z,, as a linear combination of z,,...,x,_; as

n—1
z, = Zai%,ai eF, i=1,....n—1.
i=1
Now we know that Az, = \jz;, 1=1,...,n.
Hence Az, = \,zx,, implies that

n—1 n—1
A (Z oz:cz> = (Z ozm;)
=1 =1

n—1 n—1

S D (a\)z; =) (Anoy)z,
=1 =1
n—1

g Z(OéMz‘ — A\g)z; =0

=1
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Since x4,...,x,_; are linearly independent, then the only solutions of the
last vector equation are

ai>\i_>\nai:07 Z:L,n—l

= A\, =\; foratleast onei € {1,...,n—1}

This is a contradiction to the fact that the roots are all distinct. Hence it
must be that z,,...,x, are linearly independent. Therefore, it follows that
A and B are similar to the same diagonal matrix D, by Proposition 2 above.
Since the relation of similarity is an equivalence relation, it follows that A
and B are similar matrices.

Proposition 4

If a matrix P in M,,(F') is a matrix whose columns are linearly independent
characteristic vectors of a matrix A in M, (F'), then P is non-singular and
P~1AP is a diagonal matrix.

Proof. Let the column vectors v;,...,v, be the characteristic vectors of
A such that
Aﬂi:)\iyi, i=1,...,n

where A, ..., \, are characteristic roots of A. The matrix P with columns
Vq,...,, is non-singular since the columns are linearly independent. Hence

AP = Avy,...,v,) = (Mug, -, Auy,)
= (vy,...,v,) diagonal (A1,...,\,)
= PD, where D = diagonal (Ay,...,\,)

Hence D = P~'AP, which implies that P~'AP is a diagonal matrix.

Remarks.

1. To construct, (if it exists), a diagonal matrix similar to a given matrix,
one computes the characteristic roots and vectors.

2. It can also be shown that a matrix is similar to a diagonal matrix if
and only if the linear factors of its minimal polynomial are distinct.
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3. There are matrices which are NOT similar to any diagonal matrix.

1 ¢

e.g. , ¢ # 0 over R.

Ezxample

Find a matrix P over the field R of real numbers such that P"1AP is a

diagonal matrix where

A:

8§ —8 =2
4 -3 =2
3 -4 1

and exhibit the diagonal form.
First obtain the characteristic polynomial of A.

|A— M| = 4

3

-8 =2
—3-X -2
4 1-A

€ M3(R)

= - +6)\ - 11\ +6

=A==\ -2)(3=21)

This implies that the characteristic roots of A are the roots of the character-

istic equation,

A—1)A=2)(3-\) =0

Hence the characteristic roots of A are 1,2,3.
Next, find the characteristic vectors which form bases for the eigenspaces
corresponding to A = 1,2, 3.

A = [I: Since the eigenspace of A corresponding to A\ = 1 is equal to the
row null-space of A — I, it is therefore, equal to the solution space of the ho-
mogeneous system of linear equations (A — I)x = 0. Obtain the row-reduced
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echelon form of A — 1.

2
7
-2
0
8 2
7
1 -=
2
0 0

7 -8 -2 ; 8
. 7
Ri(3)
Al=1d4 =4 =20 0 1y
3 =4 0 3 4
8 2
1 -2 =
T 7 L =
Ry1(—4) , A6 RQ(Z)
~ - ~ O
Ry (=3) T T Re()
4 6
0o —= = 0
T T
From the row-reduced form of A — I, we have
8 2
xr— -y — =-xr =
YT
_3, _
Y 5% =
24 4
Put z = 2a. Theny:3aandz:7a+ @

of the homogeneous system (A — Iz = 0 is

{(z,y,2) = a(4,3,2)|la € R}

i.e.

{(4,3,2)}.

— = 4a. Hence the solution space

a basis for the eigenspace of A correspondence to A = 1 is equal to

A = 2: The eigenspace of A corresponding to A = 2 is equal to the solution
space of the homogeneous system of linear equations (A — 2/)z = 0. Obtain

the row-reduced echelon form of A — 21.

6 —8 -2 1 —é
, 3
Ry(5)
A2l =| 4 —5 —2 N
3 —4 1 )



—_
|
Wl =~
|
e~
—_

3 b3 73
RQl(_4) 1 9 R2(3)
~ 0o = = ~ 0o 1 -2
R31<—3) 3
0 0 0 0 0 0
From the row-reduced form of A — 21, we have
4 1
Togy— 3z = 0
y—2z = 0

8 1
Put z = a. ThenyzQaanda:§a—|—§a:3a.

Hence the solution space of the homogeneous system (A — 21 )underlinexr = 0
is

{(z,y,2) =a(3,2,1)|a € R}

i.e. a basis for the eigenspace of A corresponding to A = 2 is {(4, 3,2)}.

A = 3: The eigenspace of A corresponding to A = 3 is equal to the solution
space of the homogeneous system of linear equations (A — 37)z = 0. Obtain
the row-reduced echelon form of A — 31.

5 —8 —2 ; 8 _2
1 5 5
8 2
1 -2 =
Ry1(—4) 9 9 Ry(2)
~ 0 -2 —& ~ 0 1 -1
R31(—3) R32(—2)
4 4 0O 0 0
0 —— =
7 5
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From the row-reduced echelon form of A — 37, we have

8 2
rT—-y——-z = 0

5 5
y—z = 0

8
Put z = a. Theny:aandx:gajtfa:Qa.

Hence the solution space of the homogeneous system (A — 31)z = 0 is
{(#,9,2) = a(2,1,1)|a € R}

i.e. a basis for the eigenspace of A corresponding to A =3 is {(2,1,1)}.
The required matrix is

4 3 2
P=13 21
2 11
Note that |P| = —1 which implies that P~ exists. Hence A is reducible to
a diagonal form given by
1 00

P'AP=|0 2 0

00 3
Remark: Note that by Proposition 4, we may obtain P~'AP, not by direct
calculation and substitution for P~!, A and P but by just writing down the

characteristic roots 1,2,3 along the principal diagonal in the same order as
the corresponding characteristic vectors are written as column vectors of P.
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Practice Exercise XIV
Find a matrix P over R such that P7'AP is a diagonal matrix, where

and exhibit the diagonal form.

Summary

We defined similar matrices and proved properties possessed

by them. We then indicated those matrices which are similar to
diagonal matrices.

Post-Test
See Pre-Test at the beginning of the Unit.
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LECTURE FIFTEEN

Triangular Matrices

Introduction

Triangular matrices are important since every square matrix can be expressed
as a product of two triangular matrices. Their inverses are also relatively easy
to compute thus giving rise to another method of finding the inverse of a non-
singular matrix. Triangular matrices are also useful in the solution of systems
of linear equation Az =y when A is non-singular.

Objectives:

The reader should be able to

i decompose a square matrix into a pI‘()dllCt of two triangular matrices;
g
and

(ii) apply the decomposition to the computation of inverses of non-singular
matrices and the solution of systems of linear equations with non sin-
gular matrix of coefficients.
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Pre-Test

1. Decompose the matrix over R

into triangular matrices as

(1) A= L1U1 and (11) A= U2L2

where L; and L, are lower triangular matrices and U; and U, are upper
triangular matrices.

2. If A and B are triangular matrices such that

300 2 1 1
A=| 1 20|, B=|02 3
—2 41 00 3

Find A=! and B~!. Hence, find the matrix C = AB and its inverse
c-L

3. Decompose over R

into triangular matrices in two ways. Hence, find A~! and solve the
system of linear equations

r—y+z = 1
r+y—z =
rT+yt+z =

167



Definitions
There are two types of triangular matrices.
These are

(a) lower triangular matrices which are square matrices having zeroes in
all entries above the principal diagonal, and

(b) upper triangular matrices which are square matrices, having zeroes in
all entries below the principal diagonal.

Note that a diagonal matrix is both a lower and an upper triangular
matrix. For example,

a 0 0 a d e
d b 0 and 0 b f

e f c 0 0 ¢

are lower and upper triangular matrices, respectively.

We have the following important facts about the decomposition of any
square matrix.

Every square matrix A can be decomposed as A = L;U;, where L; is a
lower triangular matrix and U; is an upper triangular matrix or as A = Us Lo
where U; is an upper triangular matrix and Lo is a lower triangular matrix.

The above decompositions of a square matrix A are useful in the calcu-
lation of the inverse matrix A~! if A is non-singular. They are also useful in
the solution of systems of linear equations

Az =y
when A is non-singular, since if A = LU, then
LUz =y Uz = L’lg

and the last equation is a reduced system of linear equations which can be
easily solved.
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If a triangular matrix is of the form

a 0 0 a d e
L=|d b 0 orU=]10 10 f

e [ ¢ 0 0 ¢

where a # 0, b # 0 and ¢ # 0, then L and U are non-singular matrices and
their inverses are

1 _
Lo Ld &
a a ab abe
L= 41 0| and U'=| 0 1 -/
ab b b be
df —be — 1
fobe —f 1 s 1
abe ¢ c c
Ezxample

Decompose the matrix over R,

into triangular matrices as

(i) A=LU; and (i) A=UylL,

where L1 and L, are lower triangular matrices and U; and U; are upper
triangular matrices. Hence, obtain the inverse of A, if it exists. Furthermore,
use either of your decompositions to solve the system of linear equations

2 —y+3z =7
r4+2y—z =1
r+y+z = 3
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(i) Assume that the decomposition is of the form

a 0 0 2 -1 3 2 -1 3
LUi=|d b 0 1 o -1 ]|=1 2 -1]|=4
e f ¢ 0 0 1 1 1 1

Then, by expanding L,U; using the first column of U;, we obtain that

5
By using the third column of U;, we obtain that b = R Next use the

3
second column of U; to obtain that b =1, f = 7 Finally, use the third

column of U; to obtain that ¢ = 1. Hence the required decomposition
is

1 00
2 -1 3 2 -1 3
Loy
1 1 1 13 0 0 1
2 2
(ii) Assume that the decomposition is of the form
a d e 2 00 2 -1 3
ULy=| 0 b f 1o ofl=1 2 -1
0 0 ¢ 1 11 1 1 1
3 8 >
Th =3, f=-1lLc=1b=2b==,d=—=,a=-.
en e  f , C , , 5’ 3 a 6
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Hence the required decomposition is

2 -1 3 5 8 g\ (200
6 3

3

12 —1|={¢ o 1 1o

L1 1 0 0 1 111

By (i) above L; and U; are non-singular and so A = LiU; is also
non-singular and

3 4

1 0 0 |
I

AT = Ut Lo 2o 2 ]
N I | 5 5 5 TF

0 0 1 L3y 3
5 5 5 T3

1

5
The given system of linear equations can be written as Az =y
& (by (ii) above) UsLox = y < Loz = Us''y

6

8
2 0 0 - 2 9
al1 30 y =1 1 1 {=1]2
2 2 9
z 3 3
1 11 01 1

& 2x=41e =2
3 _ 2
x+§y:2, 1.e.y:§(2—2)20
r+y+z=31ie z2=3-2=1

The solutions are



Practice Fxercise
1. If A and B are triangular matrices such that

210 2 0 0

0 0 2 2 —-10 2

Find A=! and B~!. Hence, find the matrix C = AB and its inverse
c—t

2. Decompose over R

into triangular matrices in two ways. Hence, find B~! and solve the
system of linear equations

r+y—2z =7
r—y+2z =
rT+y+z

Summary

Two methods are given for decomposing a square matrix into a product of 2
triangular matrices. The decomposition is then used to find the inverse of a
non-singular matrix and to solve a system of linear equations when the
matrix of coefficients is non-singular.

Post-Test
See Pre-Test at the beginning of the Unit.
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