Chapter 1

LINEAR EQUATIONS

1.1 Introduction to linear equations

A linear equation in n unknowns x1, o, -+, Xy is an equation of the form
a1x1 + agxe + -+ - + apx, =0,

where ay, ag,...,ay,, b are given real numbers.

For example, with = and y instead of x1 and zo, the linear equation
2z + 3y = 6 describes the line passing through the points (3, 0) and (0, 2).

Similarly, with z, ¥ and z instead of xi, xo and x3, the linear equa-
tion 2x + 3y + 42 = 12 describes the plane passing through the points
(6,0, 0), (0, 4, 0), (0, 0, 3).

A system of m linear equations in n unknowns x1, xa,- -, T, is a family
of linear equations

a11x¢1 + a12x2 + - + a1pxny, = by
a1 + agre + -+ + agpx, = by
am1%1 + amaT2 + -+ GpnTn, = by

We wish to determine if such a system has a solution, that is to find
out if there exist numbers x1, xs, -+, x,, which satisfy each of the equations
simultaneously. We say that the system is consistent if it has a solution.
Otherwise the system is called inconsistent.
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Note that the above system can be written concisely as
n
Zaijxj:bi, i:1,2,--~,m.
j=1

The matrix

ail ai2 e A1n
a1 a2 o A2n
Gml Gm2 " Qmn

is called the coefficient matrixz of the system, while the matrix

a1 a2 -+ aip b1
a1 a2 -+ G2, bo
aml Gm2 *** Gmn bm

is called the augmented matriz of the system.

Geometrically, solving a system of linear equations in two (or three)
unknowns is equivalent to determining whether or not a family of lines (or
planes) has a common point of intersection.

EXAMPLE 1.1.1 Solve the equation
2z + 3y = 6.

Solution. The equation 2z + 3y = 6 is equivalent to 2z = 6 — 3y or
=3 %y, where y is arbitrary. So there are infinitely many solutions.

EXAMPLE 1.1.2 Solve the system

r+y+z =
r—y+z = 0.

Solution. We subtract the second equation from the first, to get 2y = 1
and y = % Thenz =y — z = % — z, where z is arbitrary. Again there are

infinitely many solutions.

EXAMPLE 1.1.3 Find a polynomial of the form y = ag+a12z+asx®+azz?
which passes through the points (-3, —2), (-1, 2), (1, 5), (2, 1).
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Solution. When x has the values —3, —1, 1, 2, then y takes corresponding
values —2, 2, 5, 1 and we get four equations in the unknowns ag, a1, a2, as:

ap — 3a1 +9ag — 27a3 = —2

ap — a1 +ag —as

ap + a1 +as + as
ag + 2a1 +4az +8az =

This system has the unique solution ag = 93/20, a; = 221/120, as =
—23/20,
ag = —41/120. So the required polynomial is

_ 93 221 23, 4l g
Y= 90" 120" 20" T 120"

In [26, pages 33-35] there are examples of systems of linear equations
which arise from simple electrical networks using Kirchhoff’s laws for elec-
trical circuits.

Solving a system consisting of a single linear equation is easy. However if
we are dealing with two or more equations, it is desirable to have a systematic
method of determining if the system is consistent and to find all solutions.

Instead of restricting ourselves to linear equations with rational or real
coefficients, our theory goes over to the more general case where the coef-
ficients belong to an arbitrary field. A field F' is a set F' which possesses
operations of addition and multiplication which satisfy the familiar rules of
rational arithmetic. There are ten basic properties that a field must have:

THE FIELD AXIOMS.
1. (a+b)+c=a+ (b+c¢) forall a, b, cin F;
2. (ab)e = a(be) for all a, b, ¢ in F;
3. a+b=0b+aforall a, bin F}
4. ab = ba for all a, b in F
5. there exists an element 0 in F' such that 0 + a = a for all a in F

6. there exists an element 1 in F' such that 1la = a for all a in F;



4 CHAPTER 1. LINEAR EQUATIONS

7. to every a in F, there corresponds an additive inverse —a in F', satis-
fying

8. to every non—zero a in F', there corresponds a multiplicative inverse
a~!in F, satisfying
aa b = 1;

9. a(b+c) = ab+ ac for all a, b, ¢ in F}

10. 0 # 1.

With standard definitions such as a — b = a + (—b) and % = ab~! for

b # 0, we have the following familiar rules:

—(a+b) = (—a)+(=b), (ab)'=a"1071;
—(=a) = a, (&) '=a
a b
—(a—b) = b-— ==
(1) a (=2
g_’_g _ad+be
b d bd '’
ac _ ac
bd bd’
b _ b & ac
ac ¢ (g b
—(ab) = (—a)b=a(-b);
_<9> _ *_ @
) b =V
Oa = 0

Fields which have only finitely many elements are of great interest in
many parts of mathematics and its applications, for example to coding the-
ory. It is easy to construct fields containing exactly p elements, where p is
a prime number. First we must explain the idea of modular addition and
modular multiplication. If a is an integer, we define a (mod p) to be the
least remainder on dividing a by p: That is, if a = bp + r, where b and r are
integers and 0 < r < p, then a (mod p) = r.

For example, —1 (mod 2) =1, 3 (mod 3) =0, 5 (mod 3) = 2.
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Then addition and multiplication mod p are defined by

a®b = (a+b)(modp)
a®b = (ab)(modp).

For example, with p = 7, we have 3 @4 = 7(mod7) = 0 and 3 ® 5 =
15(mod 7) = 1. Here are the complete addition and multiplication tables
mod 7:

S

O TR W N = O
o U i w| | =|lo|lo
OO UY x| W DN = =
—| o] o ot x| | M| DO
| —| O o Ot | w| w
W | O o ot kx| i
Wl | | o o ot on
Gl | wl | = ooy o
DU W~ OR
olololololololo
o Ul x| W | = O =
Ul W | o x| | O o
| =] ol | o w| o w
w| || a = ] o
DO | | =] | o o ot
=N w| | oo oo

If we now let Z, = {0, 1,...,p—1}, then it can be proved that Z, forms
a field under the operations of modular addition and multiplication mod p.
For example, the additive inverse of 3 in Zr7 is 4, so we write —3 = 4 when
calculating in Z7. Also the multiplicative inverse of 3 in Z7 is 5 , so we write
37! = 5 when calculating in Z.

In practice, we write a®b and a®b as a+0b and ab or a X b when dealing
with linear equations over Z,,.

The simplest field is Zo, which consists of two elements 0, 1 with addition
satisfying 141 = 0. So in Zy, —1 = 1 and the arithmetic involved in solving
equations over Zs is very simple.

EXAMPLE 1.1.4 Solve the following system over Zo:

r+y+z = 0

r+z =

Solution. We add the first equation to the second to get y = 1. Then = =
1 —z =1+ z, with z arbitrary. Hence the solutions are (z, y, z) = (1, 1, 0)
and (0, 1, 1).

We use Q and R to denote the fields of rational and real numbers, re-
spectively. Unless otherwise stated, the field used will be Q.
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1.2 Solving linear equations

We show how to solve any system of linear equations over an arbitrary field,
using the GAUSS-JORDAN algorithm. We first need to define some terms.

DEFINITION 1.2.1 (Row—echelon form) A matrix is in row—echelon
form if
(i) all zero rows (if any) are at the bottom of the matrix and

(ii) if two successive rows are non-zero, the second row starts with more
zeros than the first (moving from left to right).

For example, the matrix

S = O

[ 0 0
0 0
0 0

0 0

o O O
[an)

is in row—echelon form, whereas the matrix

o O O O
S O = =
o O O O
o O O O

is not in row—echelon form.

The zero matrix of any size is always in row—echelon form.

DEFINITION 1.2.2 (Reduced row—echelon form) A matrix is in re-
duced row—echelon form if

1. it is in row—echelon form,
2. the leading (leftmost non—zero) entry in each non—zero row is 1,

3. all other elements of the column in which the leading entry 1 occurs
are zeros.

For example the matrices

10
[01] and

o O O O
o O o
S O O N
o O = O
o= O O
O = W
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are in reduced row—echelon form, whereas the matrices
100 1 2 0
010 and 010
00 2 0 00

are not in reduced row—echelon form, but are in row—echelon form.
The zero matrix of any size is always in reduced row—echelon form.

Notation. If a matrix is in reduced row—echelon form, it is useful to denote
the column numbers in which the leading entries 1 occur, by c1, co, ..., ¢,
with the remaining column numbers being denoted by ¢y41, ..., ¢y, Where
r is the number of non—zero rows. For example, in the 4 x 6 matrix above,
we haver =3, ¢c1=2,c0o=4,¢c3=5,¢c4 =1, c5 =3, cg = 6.

The following operations are the ones used on systems of linear equations

and do not change the solutions.

DEFINITION 1.2.3 (Elementary row operations) There are three
types of elementary row operations that can be performed on matrices:

1. Interchanging two rows:

R; < R; interchanges rows ¢ and j.

2. Multiplying a row by a non—zero scalar:

R; — tR; multiplies row ¢ by the non—zero scalar t.

3. Adding a multiple of one row to another row:

R; — R; +tR; adds t times row 7 to row j.

DEFINITION 1.2.4 [Row equivalence/Matrix A is row—-equivalent to ma-
trix B if B is obtained from A by a sequence of elementary row operations.

EXAMPLE 1.2.1 Working from left to right,

1 20 1 20

A= |2 11 Ry — Ry + 2R3 4 -1 5
1 -1 2 1 -1 2

1 20 2 40



8 CHAPTER 1. LINEAR EQUATIONS

Thus A is row—equivalent to B. Clearly B is also row—equivalent to A, by
performing the inverse row—operations R; — %Rl, Ry < R3, Ro — Ro—2R5
on B.

It is not difficult to prove that if A and B are row—equivalent augmented
matrices of two systems of linear equations, then the two systems have the
same solution sets — a solution of the one system is a solution of the other.
For example the systems whose augmented matrices are A and B in the
above example are respectively

r+2y = 0 2x4+4y = 0
2e+y =1 and r—y = 2
r—y = 2 de—y = 5

and these systems have precisely the same solutions.

1.3 The Gauss—Jordan algorithm

We now describe the GAUSS-JORDAN ALGORITHM. This is a process
which starts with a given matrix A and produces a matrix B in reduced row—
echelon form, which is row—equivalent to A. If A is the augmented matrix
of a system of linear equations, then B will be a much simpler matrix than
A from which the consistency or inconsistency of the corresponding system

is immediately apparent and in fact the complete solution of the system can
be read off.

STEP 1.

Find the first non-zero column moving from left to right, (column c;)
and select a non—zero entry from this column. By interchanging rows, if
necessary, ensure that the first entry in this column is non—zero. Multiply
row 1 by the multiplicative inverse of aj., thereby converting a;., to 1. For
each non—zero element a;.,, @ > 1, (if any) in column c¢;, add —a;., times
row 1 to row i, thereby ensuring that all elements in column ¢y, apart from
the first, are zero.

STEP 2. If the matrix obtained at Step 1 has its 2nd, ..., mth rows all
zero, the matrix is in reduced row—echelon form. Otherwise suppose that
the first column which has a non—zero element in the rows below the first is
column cg. Then ¢; < ¢o. By interchanging rows below the first, if necessary,
ensure that ag., is non—zero. Then convert as., to 1 and by adding suitable
multiples of row 2 to the remaing rows, where necessary, ensure that all
remaining elements in column cy are zero.
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The process is repeated and will eventually stop after r steps, either
because we run out of rows, or because we run out of non-zero columns. In
general, the final matrix will be in reduced row—echelon form and will have
r non—zero rows, with leading entries 1 in columns cy, ..., ¢, respectively.

EXAMPLE 1.3.1

00 40 2 2 -2 5
2 2 -2 5| Rie<R [00 40
55 -1 5 55 -1 5
(11 -1 2 11 -1 3
Ri—%iR |0 0 4 0| Rs—R3—5R; |0 0 4 0
55 -1 5 00 4 -1
(11 -1 3 110 3
2 2
Ry—iRy |0 0 1 0 {glzgﬁfj‘f{ 001 0
15 3 3 T 2 15
00 4 b 000 L
110 3 1100
Ry— 2R3 |0 01 0| Ri—Ri—3R; [0 0 1 0
000 1 0001

The last matrix is in reduced row—echelon form.

REMARK 1.3.1 It is possible to show that a given matrix over an ar-
bitrary field is row—equivalent to precisely one matrix which is in reduced
row—echelon form.

A flow—chart for the Gauss—Jordan algorithm, based on [1, page 83] is pre-
sented in figure 1.1 below.

1.4 Systematic solution of linear systems.

Suppose a system of m linear equations in n unknowns z1, - - -, z, has aug-
mented matrix A and that A is row—equivalent to a matrix B which is in
reduced row—echelon form, via the Gauss—Jordan algorithm. Then A and B
are m X (n + 1). Suppose that B has r non—zero rows and that the leading
entry 1 in row ¢ occurs in column number ¢;, for 1 < ¢ < r. Then

1< << -, <. <n+1.
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START
!
Input A, m, n

!
i=1,j=1

Are the elements in the
jth column on and below

the 7th row all zero?

j=j+1

No Yes

Let a,; be the first non-—zero
element in column j on or
below the ith row

Isj=n?

No
Yes
Is p =147
Yes \\NO
Interchange the
pth and ith rows
Divide the ith row by a;;
Subtract a,; times the ith
row from tfle gth row for
forq=1,...,m(q #1)
Set ¢; = j
Yes Print A,
z::'.+11 Isi=m? > Ch--a
1=+ ,I\V }
No - Yes STOP
Is j =n? -

Figure 1.1: Gauss—Jordan algorithm.
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Also assume that the remaining column numbers are ¢,41, -+, Cht1, Where
1< <cga< - <cp <n+1l.
Case 1: ¢, = n+ 1. The system is inconsistent. For the last non—zero
row of B is [0, 0,---, 1] and the corresponding equation is
Ox1 4+ 022+ -4+ 0xy =1,
which has no solutions. Consequently the original system has no solutions.

Case 2: ¢, < n. The system of equations corresponding to the non—zero
rows of B is consistent. First notice that » < n here.

Ifr=n,thenci=1,¢c0=2, -+, ¢,, =n and
(1 0 -+ 0 d; ]
1 -+ 0 dy
B=]10 0 1 d,
0o 0 - 0
00 -~ 0 0 |
There is a unique solution x1 = dy, x9 = ds, -+, T, = dj.

If r < n, there will be more than one solution (infinitely many if the
field is infinite). For all solutions are obtained by taking the unknowns
Teys * 0 T, as dependent unknowns and using the r equations correspond-
ing to the non—zero rows of B to express these unknowns in terms of the
remaining independent unknowns ¢, ..., T¢,, which can take on arbi-
trary values:

Loy = bl n+1 — blcr+1$cr+1 — blcnvzcn
L, = by n+l — brcr+1xcr+1 — = brcnxcn-
In particular, taking z..., = 0,...,2., , = 0 and z., = 0, 1 respectively,

produces at least two solutions.
EXAMPLE 1.4.1 Solve the system
r+y = 0

r—y
dr +2y = 1.

I
—
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Solution. The augmented matrix of the system is

1 0
A=11 -1 1
4 1
which is row equivalent to
10 3
B=[0 1 —3
00 O
We read off the unique solution x = %, y= —%.

(Here n = 2,7 =2,¢1 = 1,0 =2. Alsoc, =3 =2<3=n+1 and
r=n.)

EXAMPLE 1.4.2 Solve the system

2x1 4+ 219 — 223 = 5
Trx1+ T7xe+2x3 = 10
521+ dxro —x3 = b.

Solution. The augmented matrix is

2 2 -2 5
A=|7 7 1 10
5 5 —1 5
which is row equivalent to
1100
B={0 010
00 01

We read off inconsistency for the original system.
(Heren=3,r=3,c1=1,c0=3. Also¢, =cg=4=n+1.)

EXAMPLE 1.4.3 Solve the system

Tr1 — T2 + T3
T1+x9—23 = 2.
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Solution. The augmented matrix is

1 -1 11
A:L 1 -1 2]

|

which is row equivalent to

B

@)
—_
|
—_
[N NGl [IV]

The complete solution is x; = % To = % + x3, with z3 arbitrary.

13

(Here n = 3,7 =2,¢1 = 1,0 =2. Alsoc, =3 =2<4=mn+1 and

r<n.)

EXAMPLE 1.4.4 Solve the system

6x3 + 24 — 4dxs — 8xg =

3x3 + x4 — 25 — 4

211 — 3xo + x3 + 4y — T25 + 26
6x1 — 929 + 11xy — 1925 + 326 =

Il
I U

Solution. The augmented matrix is

0 06 2 —4 -8 8

A 0O 03 1 -2 —4 4

12 =31 4 -7 1 2

6 -9 0 11 -19 3 1

which is row equivalent to

3 11 19 1

b bp % %

B 0 01 53 -5 0 3

0 00 O 01 4

0 00 O 00 O

The complete solution is
T1 = 51 + smo — Hay + Pas,
T3 = % - %u + %585,
ro =1,

with xo, x4, x5 arbitrary.

(Heren=6,r=3,c1=1,c0=3,¢c3=6;¢, =c3=6<7=n+1; r <n.)
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EXAMPLE 1.4.5 Find the rational number ¢ for which the following sys-
tem is consistent and solve the system for this value of ¢.

Tty
T—y =
3xr—y =

Solution. The augmented matrix of the system is

1 1 2
A=1]1 -1 0
3 -1 ¢

Hence if t # 2 the system is inconsistent. If ¢ = 2 the system is consistent
and

O =
O = O
O =

We read off the solution z =1, y = 1.

EXAMPLE 1.4.6 For which rationals a and b does the following system
have (i) no solution, (ii) a unique solution, (iii) infinitely many solutions?

x—2y+ 3z 4
20 —-3y+az = 5
3z —4y+5z = b.

Solution. The augmented matrix of the system is

1 -2 3 4
A=|[2 -3 a 5
3 —4 5 b
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R, — R, — 2R, 1 -2 3 4
Ry — R3 — 3R 0 Lamb 3
3 3 ! 0 2 -4 b—12

1 -2 3 4

R3—>R3—2R2 0 1 a—©6 -3 = B.
0 0 —2a+8 b—6

Case 1. a # 4. Then —2a + 8 # 0 and we see that B can be reduced to
a matrix of the form
U
v
b—6
—2a+8

1 00
010
0 01

and we have the unique solution z = u, y = v, z = (b —6)/(—2a + 8).

Case 2. a = 4. Then

1 -2 3 4
B=|0 1 -2 -3
0 0 0 b-6

If b # 6 we get no solution, whereas if b = 6 then

1 -2 3 4 10 -1 -2
B=]10 1 -2 -3 Ry — R1 + 2Ry 01 -2 =3 |. We
0o 0 0 O 00 0 0

read off the complete solution x = —2 + z, y = —3 + 2z, with z arbitrary.

EXAMPLE 1.4.7 Find the reduced row—echelon form of the following ma-
trix over Zs:

21 2 1

2 21 0|
Hence solve the system

2r+y+2z =
20 +2y+2 = 0

over Zs3.

Solution.
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[2121} Ry — Ry — Ry [21 2 1]:[2121]

2 210 01 -1 -1 01 2 2
1 2 1 2 1 0 0 1

The last matrix is in reduced row—echelon form.

To solve the system of equations whose augmented matrix is the given
matrix over Zs, we see from the reduced row—echelon form that x = 1 and
Yy =2—2z =2+ z, where z = 0, 1, 2. Hence there are three solutions
to the given system of linear equations: (z, y, z) = (1, 2, 0), (1, 0, 1) and
(1,1, 2).

1.5 Homogeneous systems

A system of homogeneous linear equations is a system of the form

a1121 +axa + - +apxr, = 0
azix1 + agnrs+ - +awmr, = 0
Am1T1 + AmaT2 + - + GpnTn, = 0.
Such a system is always consistent as 1 = 0, ---, x, = 0 is a solution.

This solution is called the trivial solution. Any other solution is called a
non—trivial solution.
For example the homogeneous system
T—-Y
Tty =

has only the trivial solution, whereas the homogeneous system

r—y+z = 0

r+y+z = 0
has the complete solution x = —z, y = 0, 2z arbitrary. In particular, taking
z =1 gives the non-trivial solution x = -1, y =0, z = 1.

There is simple but fundamental theorem concerning homogeneous sys-
tems.

THEOREM 1.5.1 A homogeneous system of m linear equations in n un-
knowns always has a non—trivial solution if m < n.



1.6. PROBLEMS 17

Proof. Suppose that m < n and that the coefficient matrix of the system
is row—equivalent to B, a matrix in reduced row—echelon form. Let r be the
number of non—zero rows in B. Then »r < m < n and hence n — r > 0 and
so the number n — r of arbitrary unknowns is in fact positive. Taking one
of these unknowns to be 1 gives a non—trivial solution.

REMARK 1.5.1 Let two systems of homogeneous equations in n un-
knowns have coefficient matrices A and B, respectively. If each row of B is
a linear combination of the rows of A (i.e. a sum of multiples of the rows
of A) and each row of A is a linear combination of the rows of B, then it is
easy to prove that the two systems have identical solutions. The converse is
true, but is not easy to prove. Similarly if A and B have the same reduced
row—echelon form, apart from possibly zero rows, then the two systems have
identical solutions and conversely.

There is a similar situation in the case of two systems of linear equations
(not necessarily homogeneous), with the proviso that in the statement of
the converse, the extra condition that both the systems are consistent, is
needed.

1.6 PROBLEMS

1. Which of the following matrices of rationals is in reduced row—echelon
form?

1000 -3 010 0 5 010 0
()| 0010 4| (M)|001 0 —4| (|001 o0
0001 2 000 -1 3 01 0 =2
[0 1 0 0 2] 1 20 00 00 00
0000 -1 00100 00 1 2
Dloo0o01 4| @Dloooo1| Dlooo
(0000 O] 00000 0000

1.0 0 0 1]

0100 2
() 000 1 -1 . [Answers: (a), (e), (g)]
(0000 0

2. Find reduced row—echelon forms which are row—equivalent to the following
matrices:

111 2 00
@lsio] @1y i] @il @) 0o
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[Answers:
1 00 1 00
(a)[égg} (b)[éa’_;] @lo 1ol @|oool]
0 01 0 00
3. Solve the following systems of linear equations by reducing the augmented

matrix to reduced row—echelon form:

(a) r+y+z = 2 (b) x1+x2—x3+2x4 = 10
20+ 3y — 2z = 8 3v1 —xo+Txs+4ry = 1
r—y—z = -8 —5x1 + 3x2 — 1523 — 624 =
(c) 3r—y+72 = 0 (d) 229 +3x3 —4xy = 1
20 —y+4z = 1 203+3x4 = 4
r—y+z = 1 2x1 +2x0 — bx3+22x4 = 4
6x —4y + 10z = 3 201 —6x34+9x4 = 7
[Answers: (a) z=-3,y="1, 2=1 (b) inconsistent;
(c) x = —3 — 32, y = —3 — 22, with z arbitrary;
(d) z — 93y, Ty = —2 + 17374, T3 =2 — 2x4, with x4 arbitrary.]

4. Show that the following system is consistent if and only if ¢ = 2a — 3b
and solve the system in this case.

2r—y+32 = a
3r+y—52z = b
-5 —o5y+21z = c
[Answer: z = 92 4 27 oy = =30420 4 19, with 2 arbitrary.]

5. Find the value of ¢ for which the following system is consistent and solve
the system for this value of t.

z+y = 1
tr+y = t
1+t)x+2y = 3.

[Answer: t =2,z =1,y =0]
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6. Solve the homogeneous system

—3z1+x2+T3+T4 =
r1 —3ra+x3+2x4 =
T1+x9—3r3+ 234 =

o o o o

r1+ax2+23—314 =

[Answer: z1 = x9 = x3 = x4, with x4 arbitrary.]
7. For which rational numbers A does the homogeneous system

r+AN=3)y =
A=3)z+y =

have a non—trivial solution?
[Answer: A = 2, 4.]

8. Solve the homogeneous system

3r1+x0+x3+24 = 0
51 —xo+ax3—24 = 0.
[Answer: x; = —%azg, Ty = —img — x4, with z3 and x4 arbitrary.]

9. Let A be the coefficient matrix of the following homogeneous system of
n equations in n unknowns:

1-—n)zi+a2+--+x, =
ri+(1-—n)zo+--+z, =

o o o o

T +z2+--+(1-n)z, =

Find the reduced row—echelon form of A and hence, or otherwise, prove that
the solution of the above system is x1 = 29 = - - - = x,,, with x,, arbitrary.

a b

10. Let A = [ e d ] be a matrix over a field F'. Prove that A is row—

equivalent to [ ] if ad — bc # 0, but is row—equivalent to a matrix

0 1
whose second row is zero, if ad — bc = 0.
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11. For which rational numbers a does the following system have (i) no
solutions (ii) exactly one solution (iii) infinitely many solutions?

r+2y—3z = 4
3z —y+952z = 2
dr+y+(a®>—14)z = a+2.
[Answer: a = —4, no solution; a = 4, infinitely many solutions; a # 44,

exactly one solution.]
12. Solve the following system of homogeneous equations over Zo:
T1t+x3+a5 =

Tot+ Ty +a5 =

T+ x2+x3+ T4 =

o o o o

r3+Tg4 =

[Answer: 1 = x9 = x4 + x5, 3 = x4, With x4 and x5 arbitrary elements of
Zo.]

13. Solve the following systems of linear equations over Zs:

(a) 2e0+y+32z = 4 ) 2x+y+3z =
de+y+42 = 1 de+y+4z = 1
d3x+y+2z = 0 x+y = 3.

[Answer: (a) x =1,y =2,2=0; (b) 2 =1+ 22,y = 2+ 3z, with z an
arbitrary element of Zs.]

14. If (v, ..., ) and (B4, ..., B,) are solutions of a system of linear equa-
tions, prove that

(1=t +tB1, ..., (1 —t)an +t6)

is also a solution.

15. If (aq,...,qp) is a solution of a system of linear equations, prove that
the complete solution is given by 1 = a1 + y1,...,Tn = @n + Yn, Where
(Y1, ..., Yn) is the general solution of the associated homogeneous system.
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16. Find the values of a and b for which the following system is consistent.
Also find the complete solution when a = b = 2.

rt+y—z
ar+y+ =z
3z + 2y +

+w = 1
+w = b
aw = 1+4a.

[Answer: a #2ora=2=b;x =1— 2z, y = 3z — w, with z, w arbitrary.]

17. Let F ={0, 1, a, b} be a field consisting of 4 elements.

(a) Determine the addition and multiplication tables of F. (Hint: Prove
that the elements 14+0, 1+ 1, 14+ a, 1+ b are distinct and deduce that
1+ 1414 1=0; then deduce that 1+ 1=0.)

(b) A matrix A, whose elements belong to F, is defined by

A=

prove that the reduced row—e

B =

(1 b
a b
|1 1

— o
QL =

chelon form of

o O =
o = O

0
0
1

_ o O

A is given by the matrix
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Chapter 2

MATRICES

2.1 Matrix arithmetic

A matrix over a field F' is a rectangular array of elements from F'. The sym-
bol M, xn(F') denotes the collection of all m x n matrices over F'. Matrices
will usually be denoted by capital letters and the equation A = [a;;] means
that the element in the i—th row and j—th column of the matrix A equals
a;j. It is also occasionally convenient to write a;; = (A);j. For the present,
all matrices will have rational entries, unless otherwise stated.

EXAMPLE 2.1.1 The formula a;; = 1/(i+j) for 1 <i<3,1<5<4
defines a 3 x 4 matrix A = [a;;], namely

1111
2 3 4 5
_ 111
A_3456
111l
4 5 6 7

DEFINITION 2.1.1 (Equality of matrices) Matrices A and B are said
to be equal if A and B have the same size and corresponding elements are
equal; that is A and B € Mp,xn(F) and A = [a;], B = [by;], with a;; = by;
for1<i<m,1<j<n.

DEFINITION 2.1.2 (Addition of matrices) Let A = [a;;] and B =
[bij] be of the same size. Then A + B is the matrix obtained by adding
corresponding elements of A and B; that is

A+ B = [aig] + [big] = [aij + bij].

23
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DEFINITION 2.1.3 (Scalar multiple of a matrix) Let A = [a;;] and
t € F (that is t is a scalar). Then tA is the matrix obtained by multiplying
all elements of A by ¢; that is

tA = t[aij] = [taij].

DEFINITION 2.1.4 (Additive inverse of a matrix) Let A = [a;;] .
Then —A is the matrix obtained by replacing the elements of A by their
additive inverses; that is

—A = —lay] = [-ai].

DEFINITION 2.1.5 (Subtraction of matrices) Matrix subtraction is
defined for two matrices A = [a;;] and B = [b;;] of the same size, in the
usual way; that is

A — B = [ag] — [bis] = [aij — bij].

DEFINITION 2.1.6 (The zero matrix) For each m, n the matrix in
M,sn(F), all of whose elements are zero, is called the zero matrix (of size
m x n) and is denoted by the symbol 0.

The matrix operations of addition, scalar multiplication, additive inverse
and subtraction satisfy the usual laws of arithmetic. (In what follows, s and
t will be arbitrary scalars and A, B, C' are matrices of the same size.)

1. (A+B)+C=A+ (B+C);
2. A+ B= B+ A;

3. 0+ A=A4

4. A+ (—A) =0;

5. (s+t)A=sA+tA, (s—t)A=sA—tA
6. t(A+ B)=tA+tB, t(A—B)=tA—tB;
7. s(tA) = (st)A;

8. 1A=A4, 0A=0, (-1)A=-A4;
9.tA=0=t=00r A=0.

Other similar properties will be used when needed.
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DEFINITION 2.1.7 (Matrix product) Let A = [a;;] be a matrix of
size m x n and B = [bj;] be a matrix of size n x p; (that is the number
of columns of A equals the number of rows of B). Then AB is the m x p
matrix C' = [¢;x] whose (i, k)-th element is defined by the formula

n
Cik, = § a;jbjr = aj1big + -+ + ainbpg.
j=1

EXAMPLE 2.1.2

L[ 2[5 6] _[1x5+2x7 1x6+2x871 _[19 22
13 4|7 8] | 3x5+4xT7 3x6+4x8 ] |43 50 |’
2'56 12_2334#12 5 6.

|7 8|3 4 |31 46 347 8]

3. -H[s 4]:[2 g};

(3 a)| ] =11l

=R

Matrix multiplication obeys many of the familiar laws of arithmetic apart
from the commutative law.

1. (AB)C = A(BC) it A, B, C are m X n, n X p, p X q, respectively;
2. t(AB) = (tA)B = A(tB), A(—B)=(—A)B=—(AB);

3. (A+B)C = AC + BC if A and B are m x n and C'is n X p;

4. D(A+ B)=DA+ DB if A and B are m x n and D is p X m.

e

ot

We prove the associative law only:
First observe that (AB)C and A(BC') are both of size m x gq.
Let A= [aij], B= [bjk], C = [Ckl]' Then

n

p
(AB)ixcr = Z Z a;jbjk | cr

k=1 \j=1

((AB)C); =

M=

i
I

n

aijbjrcr-
j

1j=1

I
M=

T
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Similarly
n p

(A(BC))y =YY aijbjrcn.

j=1k=1
However the double summations are equal. For sums of the form

n p P n
Y3 dip and DY dy
j=1k=1 k=1j=1

represent the sum of the np elements of the rectangular array [d;i], by rows
and by columns, respectively. Consequently

(AB)C)y = (A(BC))y
for 1 <i<m,1<1<gq. Hence (AB)C = A(BC).

The system of m linear equations in n unknowns

a1z + appxe + -+ apxr, = b
9171 + agexo + -+ + agpTy = bo
Am121 + AmaX2 + -+ AmpTn = bm

is equivalent to a single matrix equation

air a2 - Qlp 1 b1
a1 a2 -+ a2, ) bo

— )
Aml Am2 - (mn Tn bm

that is AX = B, where A = [a;;] is the coefficient matriz of the system,

I bl
xTo b2

X = . is the vector of unknowns and B = . is the vector of
Ip bm

constants.

Another useful matrix equation equivalent to the above system of linear
equations is

an a2 a1n b1
as1 a22 a2p by

am1 Am2 Gmn bm
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EXAMPLE 2.1.3 The system

rT+y+z =
r—y+z = 0.

is equivalent to the matrix equation

111 T
1 11|77 |o
z
and to the equation

R b

2.2 Linear transformations

An n—dimensional column vector is an n x 1 matrix over F'. The collection
of all n—dimensional column vectors is denoted by F™.

Every matrix is associated with an important type of function called a
linear transformation.

DEFINITION 2.2.1 (Linear transformation) With A € M, (F), we
associate the function Ty : F" — F™ defined by T4(X) = AX for all
X € F"™. More explicitly, using components, the above function takes the
form

Y1 = a11%1+a12T2 + -+ ainTy
Y2 = 211+ a2 + -+ Gy
Yn = Gm1T1+ am2T2 +  + Gmnon,
where y1, Y2, -, ym are the components of the column vector T4 (X).

The function just defined has the property that
TaA(sX +tY) = sTa(X) +tTy(Y) (2.1)
for all s, t € F' and all n—dimensional column vectors X, Y. For

Tu(sX +1Y) = A(sX +1Y) = s(AX) + t(AY) = sTu(X) + tTa(Y).
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REMARK 2.2.1 It is easy to prove that if T : F” — F™ is a function
satisfying equation 2.1, then T = T4, where A is the m X n matrix whose
columns are T(E1),...,T(E,), respectively, where Ei,..., E, are the n—
dimensional unit vectors defined by

1 0
0 0
Bi=| .|, ...  E,=
0 1

One well-known example of a linear transformation arises from rotating
the (z, y)-plane in 2-dimensional Euclidean space, anticlockwise through 6
radians. Here a point (x, y) will be transformed into the point (x1, y1),
where

r1 = wxcos —ysinb

y1 = xsinf + ycosh.

In 3-dimensional Euclidean space, the equations

x1 =xcosf —ysinf, y; =xsinf +ycosh, z; = z;
Tl =, Yy =ycoso — zsing, z; = ysin ¢ + z cos ¢;

r1 =xcosy — zsiny, y1 =y, 21 = xrsiny + zcosy;

correspond to rotations about the positive z, x, y—axes, anticlockwise through
0, ¢, ¢ radians, respectively.

The product of two matrices is related to the product of the correspond-
ing linear transformations:

If Ais mxn and B is nXxp, then the function Ty7Tp : F? — F™, obtained
by first performing Tg, then T4 is in fact equal to the linear transformation
Tap. For if X € FP, we have

TyTp(X) = A(BX) = (AB)X = Txp(X).

The following example is useful for producing rotations in 3-dimensional
animated design. (See [27, pages 97-112].)

EXAMPLE 2.2.1 The linear transformation resulting from successively
rotating 3—dimensional space about the positive z, x, y—axes, anticlockwise
through 6, ¢, ¥ radians respectively, is equal to T'4pc, where
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l
($1 ) yl)
0
Figure 2.1: Reflection in a line.
[ cosf® —sinf 0 1 0 0
C=| sinf cos® 0|, B=|0 cos¢p —sing
| 0 0 1 0 sing cos¢
cosyp 0 —siny
A= 0 1 0
| siny 0 cos
The matrix ABC' is quite complicated:
cosyp 0 —sinvy cos 6 —sind 0
A(BC) = 0 1 0 cospsinf cospcosf —sing
sinyy 0 cosvy singsinf singcosf cos¢
coscos —sinysingsind —cosysinf —sinysingsinf  —sin cos @
= cos ¢ sin 6 cos ¢ cos 0 —sin¢

sin cosf + cosypsingsinf —sinsind + cosysinpcosf  cospcos

EXAMPLE 2.2.2 Another example of a linear transformation arising from
geometry is reflection of the plane in a line [ inclined at an angle 6 to the
positive z—axis.

We reduce the problem to the simpler case 8§ = 0, where the equations
of transformation are x1 = z, y; = —y. First rotate the plane clockwise
through 0 radians, thereby taking [ into the x—axis; next reflect the plane in
the z—axis; then rotate the plane anticlockwise through 6 radians, thereby
restoring [ to its original position.
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(71,91)

Figure 2.2: Projection on a line.

In terms of matrices, we get transformation equations

R e (| e sty | by
[ cosf smeH cos 0 sm&}[w}

sinf —cos6 —sinf cosf Y

- [ cos 26 sin 260 T
sin20 — cos 260 y |

The more general transformation

T cos —sinf T U
=a . + , a>0,
Y1 sin 6 cos 6 Y v
represents a rotation, followed by a scaling and then by a translation. Such
transformations are important in computer graphics. See [23, 24].

EXAMPLE 2.2.3 Our last example of a geometrical linear transformation
arises from projecting the plane onto a line [ through the origin, inclined
at angle 6 to the positive x—axis. Again we reduce that problem to the
simpler case where [ is the z—axis and the equations of transformation are
r1=x,y =0.

In terms of matrices, we get transformation equations

I B | A e
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_ cosf O cosf sind z
N sinf 0 —sinf cosf y
[ cos?26 cosfsind ] [z ]

sin @ cos sin? 0 Y

2.3 Recurrence relations

DEFINITION 2.3.1 (The identity matrix) The n x n matrix [,, =
[0i5], defined by d;; = 1if i = j, §;; = 0 if i # j, is called the n x n identity
matrix of order n. In other words, the columns of the identity matrix of
order n are the unit vectors Fy, - - -, E,, respectively.

For example, Is = [ (1) (1) ]

THEOREM 2.3.1 If A is m x n, then I,,A= A= Al,.

DEFINITION 2.3.2 (k—th power of a matrix) If A is an nxn matrix,
we define A* recursively as follows: A® = I,, and A**1 = A*A for k > 0.

For example A' = AYA =1,A = A and hence A% = A'A = AA.
The usual index laws hold provided AB = BA:
1. AMA™ = AmHn (A = AT,
2. (AB)" = A"B™,
3. AmB™ = B"A™;

4. (A+ B)? = A2 + 2AB + B?;

5. (A+B)" =Y (NA'B";
=0

6. (A+ B)(A—- B) = A?- B2
We now state a basic property of the natural numbers.

AXIOM 2.3.1 (PRINCIPLE OF MATHEMATICAL INDUCTION)

If for each n > 1, P, denotes a mathematical statement and

(i) P is true,
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(ii) the truth of P, implies that of Pny1 for each n > 1,

then P, is true for all mn > 1.

EXAMPLE 2.3.1 Let A = [ _g _;l ] . Prove that
1+ 6n 4n .
n
— > 1.
A [ _on, 1—671] itfn>1

Solution. We use the principle of mathematical induction.
Take P, to be the statement

An:[l—i—Gn 4n }

—-9n 1-—6n

Then P; asserts that

Al 1+6x1 4x1 _ 7T 4
| -9x1 1-6x1]| | -9 =5 |’

which is true. Now let n > 1 and assume that P, is true. We have to deduce
that

ne1 | 14+6(n+1)  4(n+1)
AH—{ —9(n+1) 1—6(n—|—1)]

7+ 6n dn + 4
-9n—-9 —-5—-6n |’

Now

An—i—l — ‘flnA
1+6n  4n 7T 4
A | B
(14+6n)7+ (4n)(-9) (1 +6n)4+ (4n)(—5)
L (—9n)7T+ (1 —6n)(—9) (—9In)4+ (1 —6n)(=5)
[ 7+6n  4An+4 ]
| - -9 —5-6n |’

and “the induction goes through”.

The last example has an application to the solution of a system of re-
currence relations:
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EXAMPLE 2.3.2 The following system of recurrence relations holds for
all n > 0:

Tnt1 = TTp+4yn
Yn+l = —9Zn — dYn.

Solve the system for x, and v, in terms of xy and yp.

Solution. Combine the above equations into a single matrix equation

R

7 4 Tn,
or X1 =AX,, where A = [ 9 _5 } and X, = [ " }
We see that

X, = AX,

X, = AX; = A(AXy) = A%X,

X, = A"X,.

(The truth of the equation X,, = A"Xy for n > 1, strictly speaking

follows by mathematical induction; however for simple cases such as the
above, it is customary to omit the strict proof and supply instead a few
lines of motivation for the inductive statement.)

Hence the previous example gives

R R
_ (1 +6n)zo + (4n)yo
o e ]

and hence z,, = (14 6n)zo+4nyo and y, = (—9In)xo+ (1 —6n)yo, for n > 1.

2.4 PROBLEMS

1. Let A, B, C, D be matrices defined by

[E—

3
A=| -1 , B=| -
1

= O
|
S
— = ot
w O N
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-3 -1
C = 2 1 ,D:[;l _(1]].
4 3

Which of the following matrices are defined? Compute those matrices
which are defined.

A+ B, A+ C, AB, BA, CD, DC, D?.

[Answers: A+ C, BA, CD, D?;

0 —1 0 12 —14 3
1 31, -4 2|, 10 -2 |, [1;1 :;L].]
) 4 —10 5 22 —4
-1 0 1 . .
. Let A= 01 1l Show that if B is a 3 x 2 such that AB = I,
then

a b

B=| —-a-1 1-5b
a+1 b

for suitable numbers a¢ and b. Use the associative law to show that
(BA)QB = B.

CIfA= {i 2],provethat A? — (a+d)A+ (ad — be)I, = 0.

4

LI A= { -3 ], use the fact A2 = 4A — 31, and mathematical

1 0
induction, to prove that
(3" —1) 3-—-3"

A" = A I, ifn>1.
5 + 5 2 UnNn=>

. A sequence of numbers 1, xa,..., Ty, ... satisfies the recurrence rela-

tion xp41 = axy +bx,—1 for n > 1, where a and b are constants. Prove
that
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where A = | ¢ b and hence express Tl i terms of | !
1 0 Tn g
If a = 4 and b = —3, use the previous question to find a formula for
T, in terms of x1 and xg.
[Answer:
3" -1 . 3-—3" ]
Ty = x x
n 2 1 2 0
2a —a?
6. Let A= [ 1 0 ]
(a) Prove that
n (n+1a® —na™*! .
= > 1.
A { na® 1 (1 —n)a" ifn=1
(b) A sequence xg, x1,..., Ty, ...satisfies the recurrence relation x,; =

2ax,, — a’z,_1 for n > 1. Use part (a) and the previous question
to prove that x,, = na" tx; + (1 — n)a"xg for n > 1.

a
7.LetA—[c d

quadratic polynomial 22 — (a+d)x+ad—be. (A1 and Ay may be equal.)
Let k,, be defined by kg =0, k1 = 1 and for n > 2

b ] and suppose that A1 and Ao are the roots of the

kep, = iw”x;l.

Prove that
kni1 = (A1 4+ A2)kn — Mok, 1,

if n > 1. Also prove that

e T =29)/ (A = Xa) i A # g,
" APt if \; = Ao

Use mathematical induction to prove that if n > 1,
A" = kA — M Aokn—11s,

[Hint: Use the equation A% = (a + d)A — (ad — be)I5.]
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8. Use Question 6 to prove that if A = [ ; ? ], then
311 (-)" ' -1 1
=7 { 11 } T 1 -1

ifn>1.

9. The Fibonacci numbers are defined by the equations Fy = 0, F; = 1
and Fpy1 = F, + F,—1 if n > 1. Prove that

() (57)

10. Let » > 1 be an integer. Let a and b be arbitrary positive integers.
Sequences x,, and ¥, of positive integers are defined in terms of a and
b by the recurrence relations

if n>0.

Tptl = Tp+TYn

Yntl = Tp+ Yn,

for n > 0, where zg = a and yg = b.
Use Question 6 to prove that

Tn
—_— T as n — oQ.
Yn

2.5 Non-—singular matrices

DEFINITION 2.5.1 (Non—singular matrix)

A square matrix A € M,x,(F) is called non-singular or invertible if
there exists a matrix B € My, (F) such that

AB =1, = BA.

Any matrix B with the above property is called an inverse of A. If A does
not have an inverse, A is called singular.
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THEOREM 2.5.1 (Inverses are unique)

If A has inverses B and C', then B = C.

Proof. Let B and C be inverses of A. Then AB = I,, = BA and AC =
I, = CA. Then B(AC) = BI,, = B and (BA)C = I,,C = C. Hence because
B(AC) = (BA)C, we deduce that B = C.

REMARK 2.5.1 If A has an inverse, it is denoted by A~!. So
AAT =1, =471A
Also if A is non-singular, it follows that A~! is also non-singular and
(A H™t=A.

THEOREM 2.5.2 If A and B are non—singular matrices of the same size,
then so is AB. Moreover

(AB)"'=pB7tA™l
Proof.
(AB)(B'A™Y) = A(BB YA ' = AL A7 = AA™ = I,,.

Similarly
(BTYA™Y(AB) = I,.

REMARK 2.5.2 The above result generalizes to a product of m non—
singular matrices: If Aq,..., A, are non—singular n X n matrices, then the
product Aj ... A,, is also non-singular. Moreover

(Ay... An) b =A 0 AT

(Thus the inverse of the product equals the product of the inverses in the
reverse order.)

EXAMPLE 2.5.1 If A and B are n x n matrices satisfying A> = B? =
(AB)? = I,,, prove that AB = BA.

Solution. Assume A% = B? = (AB)? = I,,. Then A, B, AB are non—
singular and A~! = A, B~ = B, (AB)~! = AB.
But (AB)™! = B~!A~! and hence AB = BA.



38 CHAPTER 2. MATRICES

EXAMPLE 2.5.2 A = le ; } is singular. For suppose B = [ Z Z ]

is an inverse of A. Then the equation AB = I, gives

el a]=lot)

and equating the corresponding elements of column 1 of both sides gives the
System

a-+2c =
da+8 = 0

which is clearly inconsistent.

THEOREM 2.5.3 Let A = [ Z Z ] and A = ad — be # 0. Then A is
non—singular. Also
Alop-r| 4
—c a |
REMARK 2.5.3 The expression ad — bc is called the determinant of A
and is denoted by the symbols det A or ¢ Z

d

Proof. Verify that the matrix B = A~} [
AB = I, = BA.

—b . :
a } satisfies the equation

EXAMPLE 2.5.3 Let

A=

ot O O
S O =
O = O

Verify that A3 = 515, deduce that A is non-singular and find A~

Solution. After verifying that A% = 513, we notice that

Al =I5 = 1a2) 4.
5 5

Hence A is non-singular and A~! = %AQ.
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THEOREM 2.5.4 If the coefficient matrix A of a system of n equations

in n unknowns is non-singular, then the system AX =

solution X = A~ 'B.
Proof. Assume that A~ exists.

1. (Uniqueness.) Assume that AX = B. Then

(A71A)X = A7'B,
I,X = A'B,
X = A'B.

2. (Existence.) Let X = A~'B. Then

AX

A(ATIB) =
THEOREM 2.5.5 (Cramer’s rule for 2 equations
The system

ax + by
cr + dy

e
f

has a unique solution if A =

a b
. d‘;é(), namely

where

‘ and Ag =

a
C

e
f

Proof. Suppose A # 0. Then A = [ Z 2

-

} has inverse

"

ATt =A"1

. ]

and we know that the system

4|

B has the unique

(AA"HYB =1,B = B.

in 2 unknowns)
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has the unique solution
x| _ a1 e _ 1 d —b e
] f Al —c a f
1

Hence © = A1 /A, y = Ag/A.
COROLLARY 2.5.1 The homogeneous system

ar+by = 0
cx+dy = 0

has only the trivial solution if A = ‘ (cl 2 ‘ #0.

EXAMPLE 2.5.4 The system

Tr+8y = 100
20 =9y = 10

has the unique solution z = A; /A, y = Ag/A, where

100 8

0 o = —130.

7 8
a-|;

I ’:—79,A1:‘

’:-980,@:‘ 7 100‘

2 10

__ 980 _ 130
Sox—ﬁandy—?g.

THEOREM 2.5.6 Let A be a square matrix. If A is non-singular, the
homogeneous system AX = 0 has only the trivial solution. Equivalently,
if the homogenous system AX = 0 has a non—trivial solution, then A is
singular.

Proof. If A is non-singular and AX = 0, then X = A~10 = 0.

REMARK 2.5.4 If A,q,..., A, denote the columns of A, then the equa-
tion
AX = 2140+ ...+ A0

holds. Consequently theorem 2.5.6 tells us that if there exist scalars x1, ..., Ty,
not all zero, such that

T1Am + ...+ 1A =0,
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that is, if the columns of A are linearly dependent, then A is singular. An
equivalent way of saying that the columns of A are linearly dependent is that
one of the columns of A is expressible as a sum of certain scalar multiples
of the remaining columns of A; that is one column is a linear combination
of the remaining columns.

EXAMPLE 2.5.5

1 2 3
A=11 0 1
3 47
is singular. For it can be verified that A has reduced row—echelon form
1 01
0 1 1
0 00
and consequently AX = 0 has a non—trivial solution z = -1, y = -1, z = 1.

REMARK 2.5.5 More generally, if A is row—equivalent to a matrix con-
taining a zero row, then A is singular. For then the homogeneous system
AX =0 has a non—trivial solution.

An important class of non—singular matrices is that of the elementary
row matrices.

DEFINITION 2.5.2 (Elementary row matrices) There are three types,
E;j, E;(t), Eij(t), corresponding to the three kinds of elementary row oper-
ation:

1. Ejj;, (i # j) is obtained from the identity matrix I,, by interchanging
rows ¢ and j.

2. E;(t), (t #0) is obtained by multiplying the i—th row of I,, by t.

3. E;i;(t), (i # j) is obtained from I,, by adding t times the j-th row of
I, to the i—th row.

EXAMPLE 2.5.6 (n=3.)

100 1 00 10 0
Eys=10 0 1|,E(-1)=[0 -1 0],Exs(-1)=]0 1 —1
010 0 01 00 1
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The elementary row matrices have the following distinguishing property:

THEOREM 2.5.7 If a matrix A is pre-multiplied by an elementary row—
matrix, the resulting matrix is the one obtained by performing the corre-
sponding elementary row—operation on A.

EXAMPLE 2.5.7

b
Ey3 f
d

o
o 8
a o 2

b 1 00 b
f 01 0 f

COROLLARY 2.5.2 The three types of elementary row—matrices are non—
singular. Indeed

1. B! = Ey;

2. E7Nt) = B;(t7Y);

3. (Ey(t) ™" = Eij(—t).

Proof. Taking A = I, in the above theorem, we deduce the following
equations:

EijEZ'j = 1,
E(ME() = I=E(#t )E({) ift#0
Eij(Q)Eij(=t) = In = Ei(=t)Ei(t).

EXAMPLE 2.5.8 Find the 3 x 3 matrix A = F3(5)F23(2)E12 explicitly.
Also find AL

Solution.
010 010 010
A=FE3(5)FE»3(2)| 1 0 0| =E35)|1 0 2|=]10 2
0 01 0 01 0 0 5

To find A~!, we have

A*l

( ( )E23(2)E12)
= By (Bs(2) " (Bs(5) "
= E12E23( 2)E3(571)
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100
= EpExp(-2)[0 1 0
00 %

10 0 01 -2

= Ep| 01 -2|=]|10 0

oog 00 1

REMARK 2.5.6 Recall that A and B are row—equivalent if B is obtained
from A by a sequence of elementary row operations. If E1,..., E, are the
respective corresponding elementary row matrices, then

B=E,(..(Es(E1A))...) = (E,...E))A = PA,

where P = FE,. ... F; is non—singular. Conversely if B = PA, where P is
non-singular, then A is row—equivalent to B. For as we shall now see, P is
in fact a product of elementary row matrices.

THEOREM 2.5.8 Let A be non—singular n X n matrix. Then
(i) A is row—equivalent to I,

(ii) A is a product of elementary row matrices.

Proof. Assume that A is non—singular and let B be the reduced row—echelon
form of A. Then B has no zero rows, for otherwise the equation AX = 0
would have a non—trivial solution. Consequently B = I,,.

It follows that there exist elementary row matrices F1, ..., E, such that
E.(...(F1A)...) = B = I, and hence A = E;'...E"!, a product of
elementary row matrices.

THEOREM 2.5.9 Let A be n x n and suppose that A is row—equivalent
to I,. Then A is non-singular and A~! can be found by performing the

same sequence of elementary row operations on [,, as were used to convert
A to I,.

Proof. Suppose that E,.... 1A = I,. In other words BA = I,,, where
B = E,...F is non-singular. Then B~1(BA) = B~'I,, and so A = B~!,
which is non—singular.

Also AL = (BY) ' = B=E,((...(E1l,) .. .), which shows that A~
is obtained from I, by performing the same sequence of elementary row
operations as were used to convert A to I,,.
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REMARK 2.5.7 It follows from theorem 2.5.9 that if A is singular, then
A is row—equivalent to a matrix whose last row is zero.

EXAMPLE 2.5.9 Show that A = [ 1 ? } is non-singular, find A~! and

express A as a product of elementary row matrices.

Solution. We form the partitioned matrix [A|I2] which consists of A followed
by I». Then any sequence of elementary row operations which reduces A to
I will reduce I to A~!. Here

=17 g Y]
rReronm o 3]
recom [ 1] 10
Ry — Ry — 2R, [(1) (1) ‘ _1‘ _ﬂ

Hence A is row—equivalent to I3 and A is non—singular. Also

4 -1 2
=[]

We also observe that
Elg(—2>E2(—1)E21(—1)A = IQ.
Hence

Al = Elg(—Q)EQ(—l)Egl(—l)
A = E21(1>E2<—1)E12(2).

The next result is the converse of Theorem 2.5.6 and is useful for proving
the non—singularity of certain types of matrices.

THEOREM 2.5.10 Let A be an n x n matrix with the property that
the homogeneous system AX = 0 has only the trivial solution. Then A is
non-singular. Equivalently, if A is singular, then the homogeneous system
AX = 0 has a non—trivial solution.
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Proof. If A is n x n and the homogeneous system AX = 0 has only the
trivial solution, then it follows that the reduced row—echelon form B of A
cannot have zero rows and must therefore be I,,. Hence A is non—singular.

COROLLARY 2.5.3 Suppose that A and B are n x n and AB = I,.
Then BA = I,,.

Proof. Let AB = I,, where A and B are n x n. We first show that B
is non-singular. Assume BX = 0. Then A(BX) = A0 =0, so (AB)X =
0, I,X =0 and hence X = 0.

Then from AB = I,, we deduce (AB)B~! = I, B~! and hence A = B~ 1.
The equation BB~! = I,, then gives BA = I,,.

Before we give the next example of the above criterion for non-singularity,
we introduce an important matrix operation.

DEFINITION 2.5.3 (The transpose of a matrix) Let A be an m xn
matrix. Then A?, the transpose of A, is the matrix obtained by interchanging
the rows and columns of A. In other words if A = [a;}], then (At)ji = ajj.

Consequently A? is n x m.

The transpose operation has the following properties:

1. (A" = 4

2. (A£B)! = A"+ B! if A and B are m x n;

3. (sA)! = sAl if s is a scalar;

4. (AB)! = B'Atif Ais m x n and B is n X p;

5. If A is non-singular, then A? is also non-singular and
()7 = (a7’

6. X!X =22 +...+22if X =[r1,...,2,]" is a column vector.

We prove only the fourth property. First check that both (AB)! and B!A!
have the same size (p x m). Moreover, corresponding elements of both
matrices are equal. For if A = [a;;] and B = [bj], we have

((AB)),, = (4B);

n
= Y aijby
j=1
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n

= (Bt)kj (At)ji

j=1
- (A,

There are two important classes of matrices that can be defined concisely
in terms of the transpose operation.

DEFINITION 2.5.4 (Symmetric matrix) A real matrix A is called sym-
metric if A' = A. In other words A is square (n x n say) and aj; = a;; for
all 1 <7< n,1<j<n. Hence

a b
=[5 ]
is a general 2 x 2 symmetric matrix.
DEFINITION 2.5.5 (Skew—symmetric matrix) A real matrix A is called

skew—symmetric if A' = —A. In other words A is square (n x n say) and
aj; = —a;j forall1 <i<n,1<j<n.

REMARK 2.5.8 Taking ¢ = j in the definition of skew—symmetric matrix
gives a;; = —ay; and so a; = 0. Hence

A= 0]

is a general 2 X 2 skew—symmetric matrix.
We can now state a second application of the above criterion for non—
singularity.
COROLLARY 2.5.4 Let B be an n x n skew—symmetric matrix. Then
A = I, — B is non-singular.
Proof. Let A = I, — B, where B! = —B. By Theorem 2.5.10 it suffices to
show that AX = 0 implies X = 0.
We have (I, — B)X =0, so X = BX. Hence X'X = X'BX.
Taking transposes of both sides gives
(X'BX)! = (X'X)
XtBt(Xt)t — Xt(Xt)t
X{(-B)X = X'X
-X'BX = X'X=X'BX.
Hence X'X = —X'X and X'X = 0. But if X = [21,...,2,]!, then X!X =
22 +...+22 =0 and hence 1 =0,...,1, = 0.
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2.6 Least squares solution of equations

Suppose AX = B represents a system of linear equations with real coeffi-
cients which may be inconsistent, because of the possibility of experimental
errors in determining A or B. For example, the system

T

Y
r+y

=1
= 2
3.001

is inconsistent.
It can be proved that the associated system A’AX = A'B is always
consistent and that any solution of this system minimizes the sum 7%+ ...+

r2, where 71,..., 7y, (the residuals) are defined by

ri = a1+ ...+ aipTy, — b,

for i = 1,...,m. The equations represented by A'AX = A'B are called the
normal equations corresponding to the system AX = B and any solution
of the system of normal equations is called a least squares solution of the
original system.

EXAMPLE 2.6.1 Find a least squares solution of the above inconsistent
System.

10 1
Solution. Here A= | 0 1 ,X:[x],B: 2
11 4 3.001
1 0]
1 01 2 1
t A _
ThenAA—[Oll} 0 1 —[12].
1 1]
1 01 ! 4.001
AlsoAtB:[O ) 1] 2 :[5'001].
3.001 | '
So the normal equations are
2r+y = 4.001
z+2y = 5.001
which have the unique solution
. 3.001 ~ 6.001
3 73
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EXAMPLE 2.6.2 Points (z1, y1),. .., (2n, yn) are experimentally deter-
mined and should lie on a line y = max + c¢. Find a least squares solution to
the problem.

Solution. The points have to satisfy

mxy+c = 1
maTnp +¢ = Yn,
or Ax = B, where
rp 1 (1
A=1| : |, x= [ m ] . B=| :
S c :
| Yn

The normal equations are given by (A*A)X = A'B. Here

i) 1 9 9
AtA— | TL e Tn A r{+...+x, T1+...+2x,
I O | S R T R n
Ty 1
Also
Y
AB — 1 ... Tp : _ T1Y1 + ...+ TpYn
1 ... 1 : ...+ Yn '
Yn

It is not difficult to prove that

A= det(A'A) = Y (2 —a))>%

1<i<j<n

which is positive unless 1 = ... = z,. Hence if not all of x1,...,x, are
equal, A'A is non-singular and the normal equations have a unique solution.
This can be shown to be

1 1
m= < Y (@wi—a)yi—yy) c= X > (wiyy —xyyi)(zi — ).

1<i<j<n 1<i<j<n

REMARK 2.6.1 The matrix A'A is symmetric.
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2.7 PROBLEMS

1 4
-3 1
express A as a product of elementary row matrices.

|

A = E91(—3)FE2(13)E12(4) is one such decomposition.]

1. Let A = { Prove that A is non-singular, find A~! and

[Answer: A1 = {

Slestl—
&l=Gle

2. A square matrix D = [d;;] is called diagonalif d;; = 0 for ¢ # j. (That
is the off-diagonal elements are zero.) Prove that pre-multiplication
of a matrix A by a diagonal matrix D results in matrix DA whose
rows are the rows of A multiplied by the respective diagonal elements
of D. State and prove a similar result for post—multiplication by a
diagonal matrix.

Let diag (aq,...,a,) denote the diagonal matrix whose diagonal ele-
ments d;; are ai,...,a,, respectively. Show that

diag (a1, ...,a,)diag (b1,...,b,) = diag (a1b1, ..., anby)

and deduce that if a; ...a, # 0, then diag (ay,...,ay) is non-singular
and
(diag (a1, . ..,a,)) "t = diag (a7 ;... a; ).
Also prove that diag (a1, ..., a,) is singular if a; = 0 for some i.
0 0 2
3. Let A= | 1 2 6 |. Prove that A is non-singular, find A~ and
3 79
express A as a product of elementary row matrices.
—12 7T =2
[Answers: A~1 = 5 -3 1],
5 0
2

A= E12E31 (3)E23E3(2)E12(2)E13(24)E23(—9) is one such decompo—
sition.]
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8.
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1 2 k
. Find the rational number k for which the matrix A= | 3 -1 1
5 3 -5
is singular. [Answer: k = —3.]
1 2 1. . . .
. Prove that A = [ 9 4 ] is singular and find a non—singular matrix

P such that PA has last row zero.

A= [ _:1)) le }, verify that A2 — 24 + 13l = 0 and deduce that
A"l = —1—13(A — 2[2)
1 1 -
.Let A=10 0
2 1

(i) Verify that A% = 342 — 34 + I3.

(ii) Express A% in terms of A?, A and I3 and hence calculate A*
explicitly.

(iii) Use (i) to prove that A is non-singular and find A~! explicitly.

-1 -8 —4
[Answers: (ii) A* =642 —8A + 3I3 = 12 9 4 |;
20 16 5
-1 =3 1
(iii) A= = A2 - 34 + 313 = 2 4 -1 1]
0 1 0

(i) Let B be an n x n matrix such that B3 = 0. If A = I, — B, prove
that A is non-singular and A~! = I,, + B + B2,
Show that the system of linear equations AX = b has the solution

X = b+ Bb+ B?.

0 r s
(i) fB= |0 0 ¢t |, verify that B3 = 0 and use (i) to determine
0 00
(I3 — B)~! explicitly.
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1 r s+rt
[Answer: | 0 1 t ]
00 1

9. Let A ben xn.

(i) If A%2 =0, prove that A is singular.
(ii) If A2 = A and A # I,,, prove that A is singular.

10. Use Question 7 to solve the system of equations

r+y—2z = a
z = b
2r4+y+22 = ¢

where a, b, ¢ are given rationals. Check your answer using the Gauss—
Jordan algorithm.

[Answer: © = —a—3b+c¢,y=2a+4b—c, z=1b.]

11. Determine explicitly the following products of 3 x 3 elementary row
matrices.

(i) E1oFas (i) E1(5)E12  (iii) E12(3)E91(—3) (iv) (El(l()O))_l
(V) Byt (vi) (Bi2(7))™" (vil) (Bra(7) B (1))~

12. Let A be the following product of 4 x 4 elementary row matrices:
A = E3(2)E14FE42(3).
Find A and A~! explicitly.
0 30

[Answers: A =

o O o
— o O O
w o = o
oNvE O O
o o o

010
0 0 2
1 00
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13.

14.

15.

16.

CHAPTER 2. MATRICES

Determine which of the following matrices over Zo are non—singular
and find the inverse, where possible.

(a)

—_ = O
S = O =
S = = O
— == =
C
_ O = =
el =)
— O = o

1
0
[Answer: (a) 1
1

— = =
_ o O =
O O =

Determine which of the following matrices are non-singular and find
the inverse, where possible.
[ 1 1 1] 2 2 4 (4 6 -3
(a) | =1 1 (b1 0 1 (¢l 0 0 7
. 2 0 0 | 010 | 0 0 5
o0y [L2ES] i
(d) | 0 =5 0| (e) (f) 5 6
0O 07 0012 5 79
- - 0 0 0 2 -
0 5 -1 2 00
[Answers: (a) | 0 1 3 | (b) 0 0 (A0 -1 0
1 -1 -1 : -1 - 0 01
1 -2 0 -3
0o 1 -2 2
©1o o 1 -1
o o o0 1

Let A be a non-singular n x n matrix. Prove that A? is non-singular
and that (A")~! = (A1)

Prove that A = [ CZ ] has no inverse if ad — be = 0.

d

[Hint: Use the equation A% — (a + d)A + (ad — be)I5 = 0.]
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17.

18.

19.

20.

21.

22.

1 a b
Prove that the real matrix A = | —a 1 ¢ | is non-singular by
b —c 1

proving that A is row—equivalent to [3.

If P~1AP = B, prove that P~'A"P = B" for n > 1.

Let A =
and deduce that

An_133+13” 4 -3
714 4 7\ 12 —4 3|

a b
LetA—[C d

[T

i P= L3 Verify that P~1AP = 15_2 0
%,—_14.er1ya =1 0 1

} be a Markov matrix; that is a matrix whose elements

are non—negative and satisfy a+c =1 = b+d. Alsolet P = [ g _1 ] .
Prove that if A # I then

1 0
. . o 71 —
(i) P is non-singular and P~ AP [ 0 atd—1 ],
1 b b 01
(ii) A _>b+C|:C C]asnﬂoo,lfA#[l O]‘
1 2 -1
fX=|3 4|andY = 3 |, find XX X'X, YY! Y'Y.
5 6 4
5 11 17 1 -3 —4
[Answers: | 11 25 39 |, [ ii ;l;l ] 1 -3 9 12 |, 26]
17 39 61 -4 12 16

Prove that the system of linear equations

r+2y = 4
r+y =
3r+5y = 12

is inconsistent and find a least squares solution of the system.
[Answer: z =6,y = —7/6.]
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23.

24.

25.
26.
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The points (0, 0), (1, 0), (2, —1), (3, 4), (4, 8) are required to lie on a
parabola y = a + bz + cx?. Find a least squares solution for a, b, c.
Also prove that no parabola passes through these points.

[Answer: a = 1, b= -2, c=1]

If A is a symmetric n x n real matrix and B is n x m, prove that B*AB
is a symmetric m X m matrix.

If Aism xn and B is n X m, prove that AB is singular if m > n.

Let A and B be n x n. If A or B is singular, prove that AB is also
singular.



Chapter 3

SUBSPACES

3.1 Introduction

Throughout this chapter, we will be studying F'™*, the set of all n—dimensional
column vectors with components from a field F. We continue our study of
matrices by considering an important class of subsets of F'™ called subspaces.
These arise naturally for example, when we solve a system of m linear ho-
mogeneous equations in n unknowns.

We also study the concept of linear dependence of a family of vectors.
This was introduced briefly in Chapter 2, Remark 2.5.4. Other topics dis-
cussed are the row space, column space and null space of a matrix over F,
the dimension of a subspace, particular examples of the latter being the rank
and nullity of a matrix.

3.2 Subspaces of I

DEFINITION 3.2.1 A subset S of F'™ is called a subspace of F™ if
1. The zero vector belongs to S; (that is, 0 € S);

2. Ifue Sand v € S, then u+v € §; (S is said to be closed under
vector addition);

3. Ifu e Sandte F, then tu € S; (S is said to be closed under scalar
multiplication).

EXAMPLE 3.2.1 Let A € My, xn(F). Then the set of vectors X € F™
satisfying AX = 0 is a subspace of F™ called the null space of A and is
denoted here by N(A). (It is sometimes called the solution space of A.)

55
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Proof. (1) A0 =0,s00¢€ N(A); (2) If X, Y € N(A), then AX = 0 and
AY =0,80 A(X+Y)=AX+AY =0+0=0andso X +Y € N(A); (3)
If X e N(A) and t € F, then A(tX) =t(AX) =t0=0,s0tX € N(A).

10

01 ], then N(A) = {0}, the set consisting of

For example, if A = {

1 2

just the zero vector. If A = [ 9 4

], then N(A) is the set of all scalar
multiples of [—2, 1]*.

EXAMPLE 3.2.2 Let Xq,...,X,, € ™. Then the set consisting of all
linear combinations 1 X1 + - -+ + ., Xi, where z1,..., 2, € F, is a sub-
space of F™. This subspace is called the subspace spanned or generated by
X1,..., X and is denoted here by (Xi,..., X,,). We also call X1,...,X,,
a spanning family for S = (Xy,..., X;,).

Proof. (1) 0 = 0X; + -+ 0Xm, 50 0 € (X1,...,Xm); (2) If X, Y €
(X1,..., Xm), then X =21 X1+ -+ 2z, Xpnand Y =1 X5 + - + ym X,
SO

X+Y = (o1 Xi+FzpXn)+WiXi+ -+ ymXm)
= ($1+y1)X1++(:Em+ym)Xm€<X1,,Xm>

(3)If X € (X1,...,X,n) and t € F, then

X = o1 Xi+ - +z,Xn
tX = t(fL'le + -+ CEme)
= (tSCl)Xl—f—"'—l-(tﬂjm)XmE <X1,...,Xm>.

For example, if A € My, «n(F'), the subspace generated by the columns of A
is an important subspace of F and is called the column space of A. The
column space of A is denoted here by C(A). Also the subspace generated
by the rows of A is a subspace of F™ and is called the row space of A and is
denoted by R(A).

EXAMPLE 3.2.3 For example F" = (Ey,..., E,), where E,..., E, are
the n—dimensional unit vectors. For if X = [z1,...,7,]' € F", then X =
1B+ -+ an By

EXAMPLE 3.2.4 Find a spanning family for the subspace S of R? defined
by the equation 2x — 3y + 5z = 0.
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Solution. (S is in fact the null space of [2, —3, 5], so S is indeed a subspace
of R3.)
If [z, y, 2]t € S, then x = % — %z. Then
_35
2
+z| O
1

<
Il
<
Il
<
O ow

and conversely. Hence [%, 1, 0]* and [—%, 0, 1]¢ form a spanning family for

S.

The following result is easy to prove:

LEMMA 3.2.1 Suppose each of Xi,...,X, is a linear combination of
Yi1,..., Y. Then any linear combination of Xi,..., X, is a linear combi-
nation of Yi,...,Ys.

As a corollary we have

THEOREM 3.2.1 Subspaces (Xi,...,X,) and (Y7,...,Ys) are equal if
each of X1, ..., X, is a linear combination of Y7, ...,Y; and each of Y7, ..., Y}
is a linear combination of X7y,..., X,.

COROLLARY 3.2.1 Subspaces (X1,...,X,, Z1,...,Z;) and (X1,..., X,)
are equal if each of Z1,...,Z; is a linear combination of X,..., X,.

EXAMPLE 3.2.5 If X and Y are vectors in R", then
(X, V)=(X+Y, X -Y).

Solution. Each of X +Y and X — Y is a linear combination of X and Y.
Also

1 1 1 1
so each of X and Y is a linear combination of X +Y and X — Y.

There is an important application of Theorem 3.2.1 to row equivalent
matrices (see Definition 1.2.4):

THEOREM 3.2.2 If A is row equivalent to B, then R(A) = R(B).

Proof. Suppose that B is obtained from A by a sequence of elementary row
operations. Then it is easy to see that each row of B is a linear combination
of the rows of A. But A can be obtained from B by a sequence of elementary
operations, so each row of A is a linear combination of the rows of B. Hence
by Theorem 3.2.1, R(A) = R(B).
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REMARK 3.2.1 If A is row equivalent to B, it is not always true that
C(A) =C(B).

11 11

1 1 0 0
reduced row—echelon form of A. However we see that

C(A):<{H’[”>:<[”>

and similarly C(B) = < [ (1] } >
1

Consequently C(A) £ C(B), as [ . ] € C(A) but [ } ] ¢ C(B).

For example, if A = [ ] and B = { ], then B is in fact the

3.3 Linear dependence

We now recall the definition of linear dependence and independence of a
family of vectors in F™ given in Chapter 2.

DEFINITION 3.3.1 Vectors Xi,...,X,, in F™ are said to be linearly
dependent if there exist scalars x1, ..., xmy,, not all zero, such that

1 X1+ -+ Xn =0.

In other words, X1, ..., X,, are linearly dependent if some X; is expressible
as a linear combination of the remaining vectors.

X1,..., X, are called linearly independent if they are not linearly depen-
dent. Hence X1, ..., X,, are linearly independent if and only if the equation

has only the trivial solution z; =0, ..., x,, = 0.

EXAMPLE 3.3.1 The following three vectors in R3

1 1 -1
Xi=|2|, Xo=| 1|, Xs=| 7
3 2 12

are linearly dependent, as 2X; + 3Xs 4+ (—1)X3 = 0.
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REMARK 3.3.1 If X3,...,X,, are linearly independent and
1 X1+ X = Xa o+ ym X,
then x1 = y1, ...,y = ym. For the equation can be rewritten as
(1 —y) X1+ 4 (Tm — ym)Xm =0
andsox; —y1 =0,...,2m —ym = 0.

THEOREM 3.3.1 A family of m vectors in F'™ will be linearly dependent
if m > n. Equivalently, any linearly independent family of m vectors in F'™
must satisfy m < n.

Proof. The equation
01 X1+ -+ Xm =0

is equivalent to n homogeneous equations in m unknowns. By Theorem 1.5.1,
such a system has a non—trivial solution if m > n.

The following theorem is an important generalization of the last result
and is left as an exercise for the interested student:

THEOREM 3.3.2 A family of s vectors in (Xq,...,X,) will be linearly
dependent if s > r. Equivalently, a linearly independent family of s vectors
in (Xi,...,X,) must have s < r.

Here is a useful criterion for linear independence which is sometimes
called the left—to-right test:

THEOREM 3.3.3 Vectors X1,..., X, in F" are linearly independent if
(a) X1 #0;

b) For each k with 1 < k < m, X is not a linear combination of
(
X1, Xg1.

One application of this criterion is the following result:

THEOREM 3.3.4 Every subspace S of F™ can be represented in the form
S =(X1,...,Xm), where m < n.
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Proof. If S = {0}, there is nothing to prove — we take X1 =0 and m = 1.

So we assume S contains a non—zero vector X1; then (X;) C S as Sis a
subspace. If S = (X1), we are finished. If not, S will contain a vector Xy,
not a linear combination of Xi; then (X;, X3) C S as S is a subspace. If
S = (X1, X2), we are finished. If not, S will contain a vector X3 which is
not a linear combination of X; and Xs. This process must eventually stop,
for at stage k we have constructed a family of k& linearly independent vectors
X1,..., X}, all lying in F™ and hence k < n.

There is an important relationship between the columns of A and B, if
A is row—equivalent to B.

THEOREM 3.3.5 Suppose that A is row equivalent to B and let ¢1, ..., ¢,
be distinct integers satisfying 1 < ¢; < n. Then

(a) Columns A, ,..., A, of A are linearly dependent if and only if the
corresponding columns of B are linearly dependent; indeed more is
true:

xlA*cl 4+ m'rA*cT =0& xlB*cl 4+ xrB*cr =0.

(b) Columns A,c,, ..., As, of A are linearly independent if and only if the
corresponding columns of B are linearly independent.

(¢) If 1 < c¢py1 <mand ¢4 is distinet from ¢y, ..., ¢, then

Ao = 21A4e) + -+ 20 Ak, & Bic, .1 = 21Bse; + -+ + 27 Bie,.-

Proof. First observe that if Y = [y1,...,y,]" is an n—dimensional column
vector and A is m X n, then

AY = 1A + -+ ynAin.

Also AY =0 < BY =0, if B is row equivalent to A. Then (a) follows by
taking y; = ., if 1 = ¢; and y; = 0 otherwise.
(b) is logically equivalent to (a), while (c) follows from (a) as

A*CT'H - ZlA*Cl +ot ZTA*CT A Z]-A*Cl + 4+ ZTA*CT + (_1)A*Cr+1 =0
= ZlB*cl +”'+ZT'B*CT+(_1)B*CT+1 :0
~ B*cr+1 = ZlB*cl +---+ ZTB*q»
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EXAMPLE 3.3.2 The matrix

1 1 51 4
A=|2 -1 1 2 2
3 06 0 =3
has reduced row—echelon form equal to
10 2 0 -1
B=|(013 0 2
0001 3

We notice that By1, B2 and B,y are linearly independent and hence so are
A*l, A*Q and A*4. Also

B*3 = 2B*1 + 3B*2
B*5 == (_1)B>k1 + 2B>k2 + 3B*47

so consequently

A*S = 214*1 + 3A>k2
A*5 = <_1)A*1 + 2A*2 + 314*4

3.4 Basis of a subspace
We now come to the important concept of basis of a vector subspace.

DEFINITION 3.4.1 Vectors Xi,...,X,, belonging to a subspace S are
said to form a basis of S if

(a) Every vector in S is a linear combination of X7, ..., X,;
(b) Xi,..., Xy, are linearly independent.

Note that (a) is equivalent to the statement that S = (Xy,...,X,,) as we
automatically have (X1,...,X,,) € S. Also, in view of Remark 3.3.1 above,
(a) and (b) are equivalent to the statement that every vector in S is uniquely
expressible as a linear combination of X1, ..., X,,.

EXAMPLE 3.4.1 The unit vectors FE1,..., E, form a basis for F™.
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REMARK 3.4.1 The subspace {0}, consisting of the zero vector alone,
does not have a basis. For every vector in a linearly independent family
must necessarily be non—zero. (For example, if X; = 0, then we have the
non—trivial linear relation

1X1+0Xo+---+0X,, =0
and Xi,...,X,, would be linearly dependent.)

However if we exclude this case, every other subspace of F'™ has a basis:

THEOREM 3.4.1 A subspace of the form (Xy,...,X,,), where at least
one of Xi,...,X,, is non-—zero, has a basis X, ,...,X.,., where 1 < ¢; <
e < ep <M.

Proof. (The left-to—right algorithm). Let ¢ be the least index k for which
X}, is non—=zero. If ¢; = m or if all the vectors X with & > ¢; are linear
combinations of X, terminate the algorithm and let » = 1. Otherwise let
co be the least integer k > c; such that Xj is not a linear combination of
Xe, -

If ¢ = m or if all the vectors X} with & > c9 are linear combinations
of X, and X.,, terminate the algorithm and let » = 2. Eventually the
algorithm will terminate at the r—th stage, either because ¢, = m, or because
all vectors X with k > ¢, are linear combinations of X.,,..., X, .

Then it is clear by the construction of X, ..., X,,, using Corollary 3.2.1
that

(a) (Xeys-oos Xep) = (X1, o0, Xin);

(b) the vectors X,,,..., X, are linearly independent by the left—to-right
test.

Consequently X.,,..., X, form a basis (called the left-to—right basis) for
the subspace (X1,..., X;).

EXAMPLE 3.4.2 Let X and Y be linearly independent vectors in R".
Then the subspace (0, 2X, X, —Y, X +Y) has left—to-right basis consisting
of 2X, -Y.

A subspace S will in general have more than one basis. For example, any
permutation of the vectors in a basis will yield another basis. Given one
particular basis, one can determine all bases for S using a simple formula.
This is left as one of the problems at the end of this chapter.

We settle for the following important fact about bases:
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THEOREM 3.4.2 Any two bases for a subspace .S must contain the same
number of elements.

Proof. For if Xi,..., X, and Y1,...,Y; are bases for S, then Yi,...,Y}
form a linearly independent family in S = (X1,..., X,) and hence s < r by
Theorem 3.3.2. Similarly r < s and hence r = s.

DEFINITION 3.4.2 This number is called the dimension of S and is
written dim S. Naturally we define dim {0} = 0.

It follows from Theorem 3.3.1 that for any subspace S of F™, we must have
dim S < n.

EXAMPLE 3.4.3 If F1,..., E, denote the n—dimensional unit vectors in
F" then dim (E1,...,E;) =ifor 1 <i<n.

The following result gives a useful way of exhibiting a basis.

THEOREM 3.4.3 A linearly independent family of m vectors in a sub-
space S, with dim S = m, must be a basis for S.

Proof. Let Xi,...,X,, be a linearly independent family of vectors in a
subspace S, where dim .S = m. We have to show that every vector X € S is
expressible as a linear combination of X1, ..., X,,. We consider the following

family of vectors in S: X1,..., X,,, X. This family contains m 4+ 1 elements
and is consequently linearly dependent by Theorem 3.3.2. Hence we have

1 X1+t Xn +me1 X =0, (31)
where not all of x1,...,xy,+1 are zero. Now if x,,41 = 0, we would have

1 X1+ -+ X, =0,

with not all of z1, .. ., z,, zero, contradictiong the assumption that Xy ..., X,
are linearly independent. Hence z,,+1 # 0 and we can use equation 3.1 to
express X as a linear combination of Xy, ..., X;y:
—x —x
X=—2X+ . +—"x,.

Tm+1 Tm+1
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3.5 Rank and nullity of a matrix

We can now define three important integers associated with a matrix.
DEFINITION 3.5.1 Let A € My, xn(F'). Then

(a) column rank A =dim C(A);

(b) row rank A =dim R(A);

(¢) nullity A =dim N(A).

We will now see that the reduced row—echelon form B of a matrix A allows
us to exhibit bases for the row space, column space and null space of A.
Moreover, an examination of the number of elements in each of these bases
will immediately result in the following theorem:

THEOREM 3.5.1 Let A € Myyyn(F). Then
(a) column rank A =row rank A4;
(b) column rank A+ nullity A = n.

Finding a basis for R(A): The r non-zero rows of B form a basis for R(A)
and hence row rank A = r.
For we have seen earlier that R(A) = R(B). Also

R(B) = <B1*7"->Bm*>
— (Bis,..., B, 0....0)
— (Bu.....Bn).

The linear independence of the non—zero rows of B is proved as follows: Let
the leading entries of rows 1, ..., 7 of B occur in columns ¢y, ..., ¢,. Suppose
that

xlBl* +---+ -TTBT* =0.

Then equating components c1, ..., ¢, of both sides of the last equation, gives
1 =0,...,2, = 0, in view of the fact that B is in reduced row— echelon
form.

Finding a basis for C'(A): The r columns A, ,..., A, form a basis for
C(A) and hence column rank A = r. For it is clear that columns ¢y, ..., ¢,
of B form the left-to-right basis for C'(B) and consequently from parts (b)
and (c) of Theorem 3.3.5, it follows that columns cy,...,¢. of A form the
left—to-right basis for C'(A).
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Finding a basis for N(A): For notational simplicity, let us suppose that ¢; =
1,...,¢. = 7. Then B has the form

1 0 0 bipt1 -+ bin
0 1 0 b1 -+ bon
B=|00 - 1 byy1 - bm
00 -0 0 - 0
(00 -0 0 - 0 |

Then N(B) and hence N(A) are determined by the equations

1 = (=birp)Trir + -+ (“bin)zn
Ty = (_brr+1)$r+1 + -+ (_brn)$n7
where z,41, ..., T, are arbitrary elements of F'. Hence the general vector X

in N(A) is given by

T [ —bir11 —bn,

Ly _ —brrg1 —brn

Tyt = Tr41 1 + + 0 (32)
| Tn | 0 | 1 ]

= T Xi+ -+ Xn g

Hence N(A) is spanned by X,..., X, as x,41,...,x, are arbitrary. Also
X1,..., X, are linearly independent. For equating the right hand side of
equation 3.2 to 0 and then equating components r 4+ 1,...,n of both sides
of the resulting equation, gives z,41 =0,...,z, = 0.

Consequently X1, ..., X, _, form a basis for N(A).

Theorem 3.5.1 now follows. For we have

row rank A = dimR(A)=r

column rank A = dimC(A)

T.

Hence
row rank A = column rank A.
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Also
column rank A + nullity A =r +dimN(A) =r+ (n —r) = n.

DEFINITION 3.5.2 The common value of column rank A and row rank A
is called the rank of A and is denoted by rank A.

EXAMPLE 3.5.1 Given that the reduced row—echelon form of

1 1 5 1 4
A=|2 -1 1 2 2
3 06 0 -3
equal to
10 2 0 -1
B=|0130 2],
0 001 3
find bases for R(A), C(A) and N(A).

Solution. [1, 0, 2,0, —1], [0, 1, 3, 0, 2] and [0, 0, 0, 1, 3] form a basis for
R(A). Also

1 1 1
A*l - 2 ) A*2 - -1 ) A*4 - 2
3 0 0

form a basis for C(A).
Finally N(A) is given by

€1 —2x3 + x5 —2 1
) —3{[}3 — 2{L‘5 -3 —2
xr3 | = T3 =3 1 | + x5 0 | =x3X1 4+ z5X0,
T4 —3xs5 0 -3
I5 xT5 0 1

where 3 and x5 are arbitrary. Hence X; and X form a basis for N(A).
Here rank A = 3 and nullity A = 2.

1 2

EXAMPLE 3.5.2 Let A = [ 9 4

} Then B = [ (1) (2) } is the reduced

row—echelon form of A.
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Hence [1, 2] is a basis for R(A) and [ ; } is a basis for C'(A). Also N(A)

is given by the equation z1 = —2x9, where x5 is arbitrary. Then

===

and hence { _f ] is a basis for N(A).

Here rank A = 1 and nullity A = 1.

1 2

EXAMPLE 3.5.3 Let A = [ 3 4

} Then B = [ 10 } is the reduced

0 1
row—echelon form of A.

Hence [1, 0], [0, 1] form a basis for R(A) while [1, 3], [2, 4] form a basis
for C'(A). Also N(A) = {0}.

Here rank A = 2 and nullity A = 0.

We conclude this introduction to vector spaces with a result of great
theoretical importance.

THEOREM 3.5.2 Every linearly independent family of vectors in a sub-
space S can be extended to a basis of S.

Proof. Suppose S has basis Xi,...,X,, and that Y7,...,Y, is a linearly
independent family of vectors in S. Then

S=(X1,.. ., Xpn)=M,....Y,, X1, ..., Xpm),

as each of Y1,...,Y, is a linear combination of X, ..., X,,.
Then applying the left—to—right algorithm to the second spanning family
for S will yield a basis for S which includes Y71, ..., Y.

3.6 PROBLEMS

1. Which of the following subsets of R? are subspaces?

(a) [z, y| satisfying x = 2y;
(b) [z, y] satisfying x = 2y and 2z = y;
(¢) [z, y] satisfying = = 2y + 1;

) [z, 4]

x, y] satisfying xy = 0;
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. Determine if X7 =
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(e) [z, y] satisfying x > 0 and y > 0.

[Answer: (a) and (b).]

. If X, Y, Z are vectors in R", prove that

(X,Y,Z2)=(X+Y, X+ 2, Y + 2).

, Xo and X3 = are linearly

N = O =
N = = O
W = = =

independent in R*.

. For which real numbers A are the following vectors linearly independent

in R3?
A -1 -1
Xi=| -1, Xyo= A, Xg=| -1
-1 -1 A

. Find bases for the row, column and null spaces of the following matrix

over Q:

1
2
0

[eoBEGL RN \V]

1
3
3

o O N
O = O O

1

—_
—_
Nej

11

. Find bases for the row, column and null spaces of the following matrix

over Zs:

2

I
O = O =
O = = O

1
0
1
1

=)
S O = =

. Find bases for the row, column and null spaces of the following matrix

over Zs:

w o N =
O O = =
N O =N
N = =)
w W w
N O N W
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10.

11.

12.

13.

14.
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. Find bases for the row, column and null spaces of the matrix A defined

in section 1.6, Problem 17. (Note: In this question, F' is a field of four
elements. )

If X4, ..., X, form a basis for a subspace S, prove that

X, Xi+Xo, oo, X+ + Xy

also form a basis for S.

Let A = [ (11 ll) (1: ] . Find conditions on a, b, ¢ such that (a) rank A =

1; (b) rank A = 2.
[Answer: (a) a = b= ¢; (b) at least two of a, b, ¢ are distinct.]

Let S be a subspace of F™ with dim .S = m. If X4,..., X,, are vectors
in S with the property that S = (Xy,..., X,,), prove that X ..., X,
form a basis for S.

Find a basis for the subspace S of R? defined by the equation
T+ 2y +32=0.

Verify that Y7 = [—1, —1, 1]* € S and find a basis for S which includes
Y;.

Let Xi,..., X, be vectors in F". If X; = X}, where i < j, prove that
X1,...X,, are linearly dependent.

Let Xi,..., X;n41 be vectors in F". Prove that
dim (X1, ..., Xpt1) = dim (X5, ..., X;)
if X;u41 is a linear combination of X7,..., X,,, but
dim (Xq,..., Xpy1) =dim (Xy, ..., X)) + 1

if X141 is not a linear combination of X7,..., X;,.

Deduce that the system of linear equations AX = B is consistent, if
and only if
rank [A|B] = rank A.
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15

16.

17.

18.

19.
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. Let ay,...,a, be elements of F, not all zero. Prove that the set of
vectors [x1,...,x,]" where xq,. .., x, satisfy

a1y + -+ apTy =0
is a subspace of F™ with dimension equal to n — 1.
Prove Lemma 3.2.1, Theorem 3.2.1, Corollary 3.2.1 and Theorem 3.3.2.
Let R and S be subspaces of F", with R C S. Prove that
dim R < dim S

and that equality implies R = S. (This is a very useful way of proving
equality of subspaces.)

Let R and S be subspaces of F™. If RU S is a subspace of F™, prove
that RC Sor S C R.

Let X1,..., X, be a basis for a subspace S. Prove that all bases for .S
are given by the family Yi,...,Y,, where

.
Y=Y ayX;,
i=1

and where A = [a;j] € M,x,(F) is a non-singular matrix.



