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0. PRELIMINARY MATERIAL

0.1 Syllabus

Systems of linear equations. Matrices and the beginnings of matrix algebra. Use of matrices
to describe systems of linear equations. Elementary Row Operations (EROs) on matrices. Re-
duction of matrices to echelon form. Application to the solution of systems of linear equations.

[2.5]

Inverse of a square matrix. The use of EROs to compute inverses; computational efficiency of
the method. Transpose of a matrix; orthogonal matrices. [1]

Vector spaces: definition of a vector space over a field (such as R, Q, C). Subspaces. Many
explicit examples of vector spaces and subspaces. [1.5]

Span of a set of vectors. Examples such as row space and column space of a matrix. Linear
dependence and independence. Bases of vector spaces; examples. The Steinitz Exchange
Lemma; dimension. Application to matrices: row space and column space, row rank and
column rank. Coordinates associated with a basis of a vector space. [2]

Use of EROs to find bases of subspaces. Sums and intersections of subspaces; the dimension
formula. Direct sums of subspaces. [1.5]

Linear transformations: definition and examples (including projections associated with direct-
sum decompositions). Some algebra of linear transformations; inverses. Kernel and image,
Rank-Nullity Theorem. Applications including algebraic characterisation of projections (as
idempotent linear transformations). [2]

Matrix of a linear transformation with respect to bases. Change of Bases Theorem. Applications
including proof that row rank and column rank of a matrix are equal. [2]

Bilinear forms; real inner product spaces; examples. Mention of complex inner product spaces.
Cauchy—Schwarz inequality. Distance and angle. The importance of orthogonal matrices. [1.5]
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0.2 Reading list

(1) Gilbert Strang, Introduction to linear algebra (Fifth edition, Wellesley-Cambridge 2016).
http://math.mit.edu/~gs/linearalgebra/
(2) T.S. Blyth and E.F. Robertson, Basic linear algebra (Springer, London, 1998).

Further Reading:
(3) Richard Kaye and Robert Wilson, Linear algebra (OUP, Oxford 1998), Chapters 1-5 and 8.
(4) Charles W. Curtis, Linear algebra - an introductory approach (Springer, London, Fourth
edition, reprinted 1994).
(5) R. B. J. T. Allenby, Linear algebra (Arnold, London, 1995).
(6) D. A. Towers, A guide to linear algebra (Macmillan, Basingstoke, 1988).
(7) Seymour Lipschutz and Marc Lipson, Schaum’s outline of linear algebra (McGraw Hill, New
York & London, Fifth edition, 2013).
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1. LINEAR SYSTEMS AND MATRICES

1.1 Systems of linear equations

Definition 1 (a) By a linear system, or linear system of equations, we will mean a set

of m simultaneous equations in n real variables x1,xs, ..., x, which are of the form
ar1 + apry + -+ apT, = by
a1 T1 + Qpry + -+ AT, = by
(1.1)
Am1T1 + GmaXo + - T, = bm7

where a;; and b; are real constants.

(b) Any vector (xy1, o, ..., x,) which satisfies (1.1) is said to be a solution; if the linear
system has one or more solutions then it is said to be consistent. The general solution to
the system is any description of all the solutions of the system. We will see, in due course, that
such linear systems can have zero, one or infinitely many solutions.

(¢c) We will often write the linear system (1.1) as the augmented matrix (A|b) where

apixy a2 - Aip by

a1 A2z -+ Q2p by
A= : b=

am1 Am2 - Amn bm

For now, we won’t consider a matriz (such as A) or vector (such as b) to be anything more
than an array of numbers.

Consider as a first example the following linear system of 3 equations in 3 variables.

Example 2 Determine the solutions (if any) to the following equations.
3r+y—2z=-2; r+y+z=2; 2v+4y+ 2 =0.

Solution. We can substitute z = 2 — z — y from the second equation into the first and third
to find

3r+y—22—x—y)=5r+3y—4=-2 = br+3y=2;
2e+4dy+2—x—y)=2+3y+2=0 = x+3y=-2.

Subtracting the second of these equations from the first gives 4z = 4 and so we see

r =1, y=(-2—-12)/3=-1, z2=2—x—y=2. (1.2)
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Thus there is a unique solution (x,y,z) = (1,—1,2). We can verify easily that this is indeed
a solution (just to check that the system contains no contradictory information elsewhere that
we haven’t used). m

Whilst we solved the above rigorously — we showed of necessity (1,—1,2) was the only
possible solution and then verified it is a solution — our approach was a little ad hoc; at least,
it’s not hard to appreciate that if we were presented with 1969 equations in 2021 variables then
we would need a much more systematic approach to treat them — or more likely we would need
to be more methodical while programming our computers to determine any solutions for us.
We introduce such a process called row-reduction here.

We first improve the notation, writing the system as an augmented matrix.

3 1 —2|-2
11 1|2 | (1.3)
2 4 1|0

All that has been lost in this representation are the names of the variables, but these names are
unchanging and unimportant in the actual handling of the equations. The advantages, we shall
see, are that we will be able to progress systematically towards any solution and at each stage
we shall retain all the information that the system contains — any redundancies (superfluous,
unnecessary equations) or contradictions will naturally appear as part of the calculation.

This process is called row-reduction. It relies on three types of operation, called elementary
row operations or EROs, which importantly do not affect the set of solutions of a linear system
as we apply them.

Definition 3 Given a linear system of equations, an elementary row operation or ERO
18 an operation of one of the following three kinds.

(a) The ordering of two equations (or rows) may be swapped — for example, one might
reorder the writing of the equations so that the first equation now appears third and vice versa.

(b) An equation may be multiplied by a non-zero scalar — for example, one might replace
20 —y+z=3byx— %y + %z = % from multiplying both sides of the equation by %

(c) A multiple of one equation might be added to a different equation — for example, one
might replace the second equation by the second equation plus twice the third equation.

Notation 4 (a) Let S;; denote the ERO which swaps rows i and j (or equivalently the ith and
Jth equations).

(b) Let M;(\) denote the ERO which multiplies row i by A\ # 0 (or equivalently both sides
of the ith equation).

(¢) For i # j, let A;;(\) denote the ERO which adds \ times row i to row j (or does the
same to the equations).

Note this is not standard notation in any way, but I’'ve introduced it here for
convenience.

All these operations may well seem uncontroversial (their validity will be shown in Corollary
40) but it is probably not yet clear that these three simple operations are powerful enough to
reduce any linear system to a point where any solutions can just be read off (Proposition 44,
Theorem 47). Before treating the general case, we will see how the three equations in (1.3) can
be solved using EROs to get an idea of the process.
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Example 5 Find all solutions of the linear system (1.3).

Solution. If we use Si5 to swap the first two rows the system becomes

31 —2] =2 11 1] 2
11 112 |22 31 —2|-2
24 110 24 110

Now subtract three times the first row from the second, i.e. Aj2(—3) and follow this by sub-
tracting twice the first row from the third, i.e. A;3(—2), so that

1 1 1 2 s 1 1 1 2 o 1 1 1 2
31 2|2 |50 2 5|8 |5 [0 2 —5|-8] (4
2 4 1 0 2 4 1 0 0o 2 —-1|-4
We can now divide the second row by —2, i.e. My(—1/2) to find
1 1 1 2 (19 1 1 1 2
0 —2 —5|-8 | "= [0 1 2|4
0o 2 —-1|-4 0 2 —-1|-4

We then subtract the second row from the first, i.e. Ay;(—1), and follow this by subtracting
twice the second row from the third, i.e. As3(—2), to obtain

L2, 10 —ik=2N /10 —1h] =2
001 204 |59 0 1 2l |4 |8 (0 1 28| 4 | (1)
0 2 —1|-4 02 —1|-4 00 —6|—12
If we divide the third row by —6, i.e. M3(—1/6), the system becomes
10 12\ 10 —1f] -2
01 21| 4 S VT E O
0 0 —6 |12 00 1 |2

Finally, we subtract 2% times the third row from the second, i.e. A32(—2%), and follow this by
adding 13 times the third row to the first, i.e. Ag (11).

10 —1% -2 (5o 10 —1% -2 3 1 0 0] 1
001 20 |4 | o1 o |1 |01 0|1
0 0 1 2 0 0 1 2 0 0 1] 2
The rows of the final matrix represent the equations z = 1, y = —1, z = 2 as expected from

(1.2). m

Remark 6 In case the systematic nature of the previous example isn’t apparent, note that
the first three operations Sia, A12(—3), A13(—2) were chosen so that the first column became
(1,0,0)T in (1.4). There were many other ways to achieve this: for example, we could have
begun with M,(1/3) to divide the first row by 3, then used Aio(—1) and Ay3(—2) to clear the
rest of the column. Once done, we then produced a similar leading entry of 1 in the second
row with My(—1/2) and used Asi(—1) and Ays(—2) to turn the second column into (0,1,0)T
in (1.5). The final three EROs were chosen to transform the third column to (0,0,1)T at which
point we could simply read off the solutions.
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Here are two slightly different examples, the first where we find that there are infinitely
many solutions, whilst in the second example we see that there are no solutions.

Example 7 Find the general solution of the following systems of equations in variables x1, xo, T3, T4.

(a) l’l—l’2+1’3—|—31’4:2; 21’1—1’2+£L’3—|—2ZL’4:4; 41’1—31'2+3ZL'3+8[L’4:8.
(b) LL’1+SL’2+LL’3+SL’4:4; 25(31+3£(32—2£(33—3LL’4:1; LL’1—|—5LL’3+6SL’4:1.
Solution. (a) This time we will not spell out at quite so much length which EROs are being

used. But we continue in a similar vein to the previous example and proceed by the method
outlined in Remark 6.

1o-1 1 3|2\ A2 /1 -1 1 32\ A /10 0 12
2 —1 1 214 ™5 o 1 -1 —alo |*™5Y 01 -1 -4
4 -3 3 8|8 0 1 -1 —41/0 00 0 010

We have manipulated our system of three equations to two equations equivalent to the original
system, namely
T1 — Ty = 27 Lo — T3 — 4LU4 = 0. (16)

The presence of the zero row in the last matrix means that there was some redundancy in the
system. Note, for example that the third equation can be deduced from the first two (it’s the
second equation added to twice the first) and so it provides no new information. As there are
now only two equations in four variables, it’s impossible for each column to contain a row’s
leading entry. In this example, the third and fourth columns lack such an entry. To describe
all the solutions to a consistent system, we assign parameters to the columns/variables without
leading entries. In this case that’s x3 and x4 and we’ll assign parameters by setting x3 = s,
x4 = t, and then use the two equations in (1.6) to read off x; and z5. So

$1:t+2, I2:S+4t, Ty = S, $4:t, (17)
or we could write
(r1, 9, 23, 24) = (t + 2,5+ 4t,s,t) = (2,0,0,0) + s(0,1,1,0) + #(1,4,0,1). (1.8)

For each choice of s and ¢ we have a solution as in (1.7) and this is one way of representing the
general solution. (1.8) makes more apparent that these solutions form a plane in R*, a plane
which passes through (2,0,0,0) is parallel to (0,1,1,0) and (1,4,0,1) with s,¢ parametrizing
the plane.

(b) Applying EROs again in a like manner, we find

11 1 104\ 42 /1 1 1 1] 4

293 -2 31 | ™8 [0 1 -4 —5|-7

10 5 6|1 0-1 4 5]|-3

oy (111 M0 (10 5 =6 | -11
=101 -4 — — 01 -4 -5\ -7
00 0 —10 00 0 o 1
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Note that any x = (1, 2, 23, z4) which solves the final equation must satisfy
021 + 029 4+ 023 4+ 024 = 1.

There clearly are no such x; and so there are no solutions to this equation. Any solution to
the system has, in particular, to solve the third equation and so this system has no solutions.
In fact, this was all apparent once the third row had become ( 0 0 0 0 ‘ —10 ) as the
equation it represents is clearly insolvable also. The final two EROs were simply done to put
the matrix into what is called reduced row echelon form (see Definition 41). m

Examples 5, 7(a) and 7(b) are specific examples of the following general cases.
o A linear system can have no, one or infinitely many solutions.

We shall prove this in due course (Proposition 44). We finish our examples though with
a linear system that involves a parameter — so really we have a family of linear systems, one
for each value of that parameter. What EROs may be permissible at a given stage may well
depend on the value of the parameter and so we may see (as below) that such a family can
exhibit all three of the possible scenarios just described.

Example 8 Consider the system of equations in x,vy, 2,
T+ z=—b; 2 +ay + 3z = =9; —r —ay+ az =,

where « is a constant. For which values of o has the system one solution, none or infinitely
many?

Solution. Writing this system in matrix form and applying EROs we can argue as follows.

1 0 1]-=5Y\ 422 /71 0 1 -5 10 1 -5
2 o 3|-9 | =D [0 o 1 1 |29 0 a0 1 1
-1 —a ol ao? 0 —a a+1|a®-5 0 0 a+2|a*—4
(1.9)
At this point, which EROs are permissible depends on the value of . We would like to divide
the second equation by « and the third by a + 2. Both these are permissible provided that
a # 0 and a # —2. We will have to treat separately those particular cases but, assuming for

now that o # 0, —2, we obtain

10 1 =5\ MW 10 1| =5\ A /10 0| —a-3
0 a 1 1 W=D g 1 1/a 1/a | =YY 01 0] 3/a—1
00 a+2]a?—4 00 1 |a—2 00 1| a—2

and we see that the system has a unique solution when a # 0, —2. Returning though to the
last matrix of (1.9) for our two special cases, we would proceed as follows.

1 0 1|5 A23(=2) 1 0 1|5

a=0 00 1|1 |™H(0 0 1|1
00 2|4 00 0|1
1o 1[5\, /10 1 | -5
a=—2 0 -2 1|1 VD0 1 —1y2 | —1y2
0 0 0o 00 0 | 0
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We see then that the system is inconsistent when o = 0 (because of the insolvability of the
third equation) whilst there are infinitely many solutions © = —=5—¢, y = (t—1)/2, z = t, when
a = —2. We assign a parameter, here t, to the variable z as the third column has no leading
entry. |

Before we treat linear systems more generally, we will first need to discuss matrices and
their algebra.

1.2 Matrices and matrix algebra

At its simplest, a matriz is just a two-dimensional array of numbers; for example

(B20) () (0) aw

are all matrices. The examples above are respectively a 2 x 3 matrix, a 3 X 1 matrix and a
2 x 2 matrix (read ‘2 by 3’ etc.); the first figure refers to the number of horizontal rows and the
second to the number of vertical columns in the matrix. Row vectors in R™ are 1 X n matrices

and columns vectors in R} are n x 1 matrices.

Definition 9 Let m, n be positive integers. An m X n matrixz is an array of real numbers
arranged into m rows and n columns.

Example 10 Consider the first matrixz above. Its second row is ( V2 1m0 ) and its third

column is -3
L

Definition 11 The numbers in a matriz are its entries. Given an m X n matrix A, we will
write a;; for the entry in the ith row and jth column. Note that ¢ can vary between 1 and m,
and that j can vary between 1 and n. So
57
ith row= (a;,...,amn) and jth column =

Qpmyj

Notation 12 We shall denote the set of real m x n matrices as M,,,. Note that My, = R"
and that M, = R},,.

Example 13 If we write A for the first matriz in (1.10) then we have ass = 0 and a;p = 2.

There are three important operations that can be performed with matrices: matriz addition,
scalar multiplication and matriz multiplication. As with vectors, not all pairs of matrices can
be meaningfully added or multiplied.
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Definition 14 Addition Let A = (a;;) be an mxn matriz (recall: m rows and n columns) and
B = (b;j) be a p x g matriz. As with vectors, matrices are added by adding their corresponding
entries. So, as with vectors, to add two matrices they have to be the same size — that is, to add
A and B, we must have m = p and n = q. If we write C = A+ B = (¢;;) then

Cij = Qi + byj fori<i<mandl <j<n.
Example 15 Let

A:(_llg), Bz(éii’), C:(}j); (1.11)

- - 7

2X2 2x3

Of the possible sums involving these matrices, only A + C and C + A make sense as B is a
different size. Note that
2 1

A+C’:<O .

)-c+a

Remark 16 In general, matriz addition is commutative as for matrices M and N of the
same size we have
M+ N =N+ M.

Addition of matrices is also assoctative as
L+(M+N)=(L+M)+N
for any matrices of the same size.

Definition 17 The m X n zero matriz is the matriz with m rows and n columns whose every
entry is 0. This matriz is simply denoted as 0 unless we need to specify its size, in which case

it is written 0,,,. For example,
O — 000
»7\ 000 )

A simple check shows that A+ 0,,, = A = 0,,,, + A for any m x n matriz A.

Definition 18 Scalar Multiplication Let A = (a;j) be an m x n matriz and k be a real
number (a scalar). Then the matriz kA is defined to be the m x n matriz with (i,j)th entry
equal to ka;.

Example 19 Show that 2(A + B) = 2A + 2B for the following matrices:

a=(51) m=(5 1)

Solution. Here we are checking the distributive law in a specific example. We note that

1 0 2 0
A+B—<8 5), and so 2(A+B)—<16 10),

2 4 0 —4 2 0
2A—<6 8)’ and 23-(10 5 ), SO 2A—|—23—<16 10).
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Remark 20 More generally the following identities hold. Let A, B,C be m x n matrices and
A, it be real numbers.

A+0,, = A, A+ B =B+ A; 0A = O0pn;
A+ (—A) = 0pn; (A+B)+C=A+ (B+C); 1A = A;
AN+ p)A = NA+ pA; AMA+ B) = )\A+ AB; AMpA) = (A\p)A.

These are readily verified and show that M,,, is a real vector space. [

Based on how we added matrices then you might think that we multiply matrices in a similar
fashion, namely multiplying corresponding entries, but we do not. At first glance the rule for
multiplying matrices is going to seem rather odd but, in due course, we will see why matrix
multiplication is done as follows and that this is natural in the context of matrices representing
linear maps.

Definition 21 Matriz Multiplication We can multiply an m x n matriz A = (a;;) with an
p X q¢ matriz B = (b;;) if n = p. That is, A must have as many columns as B has rows. If this
1s the case then the product C' = AB is the m x q matriz with entries

Cij = Zaikbkj Jor1<i<mand1<j<q (1.12)
k=1

It may help to write the rows of A asry,...,r,, and the columns of B as cy,...,c,. Rule (1.12)
then states that

the (i,7)th entry of AB =1, - c; for1<i<mandl < j<q. (1.13)

We dot (i.e. take the scalar product of ) the rows of A with the columns of B; specifically to
find the (i, 7)th entry of AB we dot the ith row of A with the jth column of B.

Remark 22 We shall give full details later as to why it makes sense (and, in fact, is quite
natural) to multiply matrices as in (1.12). For now, it is worth noting the following. Let A be
an m x n matriz and B be n X p so that AB is m X p. There is a map L from R}, to R,
associated with A, as given an n x 1 column vector v in R? | then Av is a m X 1 column vector
in R, (Here the L denotes that we are multiplying on the left or premultiplying.) So we have
associated maps

Ly from RL, to R” Lg from R | to R, Lap from RY | to R

col» col» col*
Multiplying matrices as we have, it turns out that
LAB = LA o LB.

This is equivalent to (AB)v = A(Bv) which follows from the associativity of matriz multipli-
cation. So matriz multiplication is best thought of as composition: performing Lap is equal to
the performing Lg then L. |
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Example 23 Calculate the possible products of the pairs of matrices in (1.11).

Solution. Recall that a matrix product M N makes sense if M has the same number of columns

as N has rows. A, B, C are respectively 2 x 2, 2 x 3, 2 x 2 matrices. so the products we can
form are AA, AB, AC,CA,CB,CC. Let’s slowly go through the product AC.

T2\ ([1] -1\ [ 1xi142x1 22\ (3 2
—1T 0 )\(1]-1)" 77 )T\ o)

This is how we calculate the (1,1)th entry of AC. We take the first row of A and the first
column of C' and dot them together. We complete the remainder of the product as follows:

()(1 :1):<?2?‘1X(_1);2X(_1) ‘>:<?3? )5

) D) - (et » ) -0 7 )

<)<1 j :<g\<—1>x(—1§+0x<—1>\):(—31)'
So finally

1 2 1 -1\ 3 =3

-1 0 1 -1) \ -1 1 )
We complete the remaining examples more quickly but still leaving a middle stage in the
calculation to help see the process.

/1 2\ 1 2\ [ 1-2 240\ (-1 2
AA_<—10><—10)_<—1+0 —2+0)_<—1 —2)’

ap_( 1 2N 123\ _( 146 244 342\ _ (T 6 5
1 0)\321 )7\ =140 —240 =340 )\ -1 =2 -3 )
(1 -1 1 2\ [(1+12-0\_ (2 2)
ca=(0 ) (A 8)-(ese)=(52)
cp_ (L LY(t23)_(1-32-23-1)_(-202)
“\1 1 )\321) " \1=32-23-1) "\ —=202)
(1 =1\(1 -1\ [(1-1 —141) (00
ce=(1 ) a)-(G an)=(00)
|

Definition 24 The n X n identity matrix I, is the n x n matriz with entries

s 1=,
Y0 if i A
100
12:<é(1)), 13: 010
001

The identity matriz will be simply denoted as I unless we need to specify its size. The (i, j)th
entry of I is denoted as d;; which is referred to as the Kronecker delta.

For example,
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Remark 25 (Sifting Property of the Kronecker Delta) Let x, . .., x, ben real numbers,
and 1 < k <n. Then
i=1

This is because 0; = 0 when i # k and 0k, = 1. Thus the above sum sifts out (i.e. selects) the
kth element x;,. W

There are certain important points to highlight from Example 23, some of which make
matrix algebra crucially different from the algebra of real numbers.

Proposition 26 (Properties of Matrixz Multiplication) (a) For an m x n matriz A and
positive integers [, p,

AO”P = Omp;' OlmA = Opn; A[n = A,' ImA =A.

(b) Matriz multiplication is not commutative; AB # BA in general, even if both products
meaningfully exist and have the same size.

(¢) Matriz multiplication is associative; for matrices A, B, C, which are respectively mxn, nx
p and p X q we have

A(BC) = (AB)C.
(d) The distributive laws hold for matriz multiplication; whenever the following products and
sums make sense,

A(B+C)=AB+ AC, and (A+ B)C = AC + BC.
(e) In Example 23 we saw CC = 0 even though C' # 0 — so one cannot conclude from MN =0

that either matriz M or N is zero.

Proof. (a) To find an entry of the product A0,, we dot a row of A with a zero column of 0,
and likewise in the product 0;,, A we are dotting with zero rows. Also, by the sifting property,

the (i, 7)th entry of Al, = Z b1 GikOkj = Qi
the (7, j)th entry of I, A = Z 1 0ik @ = ;.

(b) In Example 23, we saw that AC # C'A. More generally, if A is m x n and B is n X p then
the product AB exists but BA doesn’t even make sense as a matrix product unless m = p.
(c) Given 4,7 in the ranges 1 <7 < m,1 < j < ¢, we see

P

the (7, j)th entry of (AB)C = Z (Z aisbsr> Crj;
s=1

r=1

n p
the (7, j)th entry of A(BC) = Z Qs (Z bsrcm) .
1 r=1

These are equal as the order of finite sums may be swapped.
(d) This is left as an exercise. m

Because matrix multiplication is not commutative, we need to be clearer than usual in what
we might mean by a phrase like ‘multiply by the matrix A’; typically we need to give some
context as to whether we have multiplied on the left or on the right.
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Definition 27 Let A and M be matrices.

(a) To premultiply M by A is to form the product AM —i.e. premultiplication is multiplication
on the left.

(b) To postmultiply M by A is to form the product M A —i.e. postmultiplication is multipli-
cation on the right.

Notation 28 We write A? for the product AA and similarly, for n a positive integer, we write
A" for the product

AA--- A

—_—

n times

Note that A must be a square matrixz for this to make sense. We also define A° = I. Note that
AMA" = A™F for natural numbers m,n. Given a polynomial p(z) = apz® + ap_12* 1+ - +
a1 x + ag, then we define

p(A) = apA* + ap_ A g A+ aol

Example 29 Let

cosa  sina 0 1
A_<sina —cosa) and B_(O 0)' (1.14)
Then A% = I, for any choice of . Also there is no matriz C' (with real or complex entries)
such that C? = B. This shows that the idea of a square root is a much more complicated issue

for matrices than for real or complex numbers. A square matrix may have none or many, even
infinitely many, different square roots.

Solution. We note for any « that

A2 cos? a + sin? a cos o sin o — sin v cos o 10 I
= . . . 2 = = 19.
sinacosa — cosasina  sin®a + (— cos ) 01

To show B has no square roots, say a, b, ¢, d are real (or complex) numbers such that

s (01N _(a b\ _( a+b batd
N0 0) \Ned) \ela+td be+d* )
Looking at the (2,1) entry, we see ¢ =0 or a +d = 0. But a + d = 0 contradicts b(a + d) =1

from the (1,2) entry and so ¢ = 0. From the (1, 1) entry we see a = 0 and from the (2, 2) entry
we see d = 0, but these lead to the same contradiction. m

Let’s look at a simple case of simultaneous equations: 2 linear equations in two variables,
such as
ax + by = e; cr+dy = f. (1.15)

Simple algebraic manipulations show that typically there is a unique solution (z,y) given by

_de—=0f _af —ce
T ad —be Y= wd—be

(1.16)
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However if ad — bc = 0 then this solution is meaningless. It’s probably easiest to appreciate
geometrically why this is: the equations in (1.15) represent lines in the xy-plane with gradients
—a/b and —c/d respectively, and hence the two lines are parallel if ad — bc = 0. (Notice that
this is still the correct condition when b = d = 0 and the lines are parallel and vertical.) If the
lines are parallel then there cannot be a unique solution.

We can represent the two scalar equations in (1.15) and (1.16) by a single vector equation

in each case
(ca)(5)-(7) (117)
<z):a;%c<i j)(;)- (1.18)

Equation (1.17) is just a rewriting of the linear system (1.15). Equation (1.18) is a similar
rewriting of the unique solution found in (1.16) and something we typically can do. It also
introduces us to the notion of the inverse of a matrix. Note that

(40 (28)-wmwnn(22) (L 2) om

So if ad — bc # 0 and we set

a b 1 d —=b
A_(c d) and B_ad—bc(—c a)’

then BA =1, and AB = I,.

Definition 30 Let A be a square matriz. We say that B is an tnverse of A if BA= AB = 1.
We refer to a matriz with an inverse as invertible and otherwise the matriz is said to be
singular.

Proposition 31 (Properties of Inverses)

(a) (Uniqueness) If a square matriz A has an inverse, then it is unique. We write A~ for
this inverse.

(b) (Product Rule) If A, B are invertible n x n matrices then AB is invertible with (AB)™!
B7'ATL

(c¢) (Involution Rule) If A is invertible then so is A~* with (A=) = A.

Proof. (a) Suppose B and C were two inverses for an n x n matrix A then
C =1, = (BA)C = B(AC) = BI, = B

as matrix multiplication is associative. Part (b) is left as Sheet 1, Exercise S3. To verify (c)
note that
(A A=A4A=1

and so (A~1)™" = A by uniqueness. ®
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Definition 32 If A is m x n and BA = I,, then B is said to be a left inverse; if C satisfies
AC = I, then C is said to be a right inverse.

o If Ais m x n where m # n then A cannot have both left and right inverses. (This is
non-trivial. We will prove this later.)

o If A B are n x n matrices with BA = [, then, in fact, AB = I,, (Proposition 168).
Inverses, in the 2 x 2 case, are a rather simple matter to deal with.

Proposition 33 The matrizc A = ( CCL Z

ad — be # 0 then
1 d —b
-1
A _ad—bc<—c a)'

Remark 34 The scalar quantity ad — be is called the determinant of A, written det A. It is
a non-trivial fact to show that a square matrix is invertible if and only if its determinant is
non-zero. This will be proved in Linear Algebra II next term. W

) has an inverse if and only if ad — bc # 0. If

Proof. We have already seen in (1.19) that if ad —bc # 0 then AA™! = I, = A~ A. If however

ad — bec = 0 then
B ( d —b )
—Cc a

satisfies BA = 0. If an inverse C' for A existed then, by associativity, 0 = 0C = (BA)C =
B(AC) = BI, = B. So each of a,b,c and d would be zero and consequently A = 0 which
contradicts AC' = 1,. m

We conclude this section with the following theorem. The proof demonstrates the power
of the sigma-notation for matrix multiplication introduced in (1.12) and that of the Kronecker
delta. In this proof we will make use of the standard basis for matrices.

Notation 35 For I, J in the range 1 < I <m, 1 < J < n, we denote by Er; the m X n matrix
with entry 1 in the I'th row and Jth column and Os elsewhere. Then

the (i,7) th entry of Ery = 01,045

as 07;07; = 0 unless t = I and j = J in which case it is 1. These matrices form the standard
basis for M,,,.

Theorem 36 Let A be an n X n matriz such that AM = MA for all n X n matrices M. i.e.
A commutes with all n x n matrices. Then A = \I,, for some real number .
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Proof. As A commutes with every n x n matrix, then in particular it commutes with each of
the n? basis matrices E7;. So the (i, j)th entry of AE;; equals that of Er;A for every I,J,1, 7.
Using the sifting property

the (’L,j) th entry of AE[J = Zaikéjk(SJj = CLUéJj;

k=1

the (’l,]) th entry of E]JA = Z(S]idjka,kj = 51,-an.

k=1

Hence for all I, J, 1, j,
;105 = Oriag;. (1.20)

Let ¢ # j. If we set I = J = i, then (1.20) becomes 0 = a;; showing that the non-diagonal
entries of A are zero. If we set I =i and J = j, then (1.20) becomes a;; = a;;, which shows that
all the diagonal entries of A are equal — call this shared value A and we have shown A = \I,.
This shows that any such M is necessarily of the form AI,, and conversely such matrices do
indeed commute with every other n X n matrix. m

1.3 Reduced Row Echelon Form

Now looking to treat linear systems more generally, we will first show that the set of solutions
of a linear system does not change under the application of EROs. We shall see that applying
any ERO to a linear system (A|b) is equivalent to premultiplying by an invertible elementary
matrix F to obtain (E'A|Eb), and it is the invertibility of elementary matrices that means the
set of solutions remains unchanged when we apply EROs.

Proposition 37 (Elementary Matrices) Let A be an m x n matriz. Applying any of the
EROs Sry, My(X) and Ar;(X\) is equivalent to pre-multiplying A by certain matrices which we
also denote as Syj, Mi(\) and Ar;(N). Specifically these matrices have entries

1 i=53#1,J,
o )1 i=J =1,
the (i,j)th entry of S;; = | =T =
0  otherwise.
1 i=j#1,
the (i,j)th entry of My(A\) =< XA i=j=1,
0 otherwise.
1 i =7,
the (i,7)th entry of Apy(\) = ¢ A i=J j=1,
0  otherwise

The above matrices are known as elementary matrices.
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Proof. The proof is left as an exercise. m

Example 38 When m = 3 we see

—2
0

010 1
Sy=[100],  MmT=|o0
00 1 0 1

o = O
N O O

1
5 Agl(—Q) — 0
0

o = O

Note that these elementary matrices are the results of performing the corresponding FROs
So1, M3(7), As31(—2) on the identity matriz Is. This is generally true of elementary matrices.

Proposition 39 FElementary matrices are invertible.
Proof. This follows from noting that

(Siy) =85 =Sis  (Ag(\) T =A5(=A); (M) =MW,
whether considered as EROs or their corresponding matrices. m

Corollary 40 (Invariance of Solution Space under EROs) Let (A|b) be a linear system
of m equations and E an elementary m x m matriz. Then x is a solution of (A|b) if and only
if x is a solution of (FA|EDb).

Proof. The important point here is that E is invertible. So if Ax = b then FAx = Eb follows
by premultiplying by E. But likewise if FAx = Eb is true then it follows that Ax = b by
premultiplying by E~'. m

So applying an ERO, or any succession of EROs, won’t alter the set of solutions of a linear
system. The next key result is that, systematically using EROs, it is possible to reduce any
system (A|b) to reduced row echelon form. Once in this form it is simple to read off the system’s
solutions.

Definition 41 A matriz A is said to be in reduced row echelon form (or simply RRE
form) if

(a) the first non-zero entry of any non-zero row is 1;

(b) in a column that contains such a leading 1, all other entries are zero;

(c) the leading 1 of a non-zero row appears to the right of the leading 1s of the rows above
it;

(d) any zero rows appear below the non-zero rows.

Definition 42 The process of applying EROs to transform a matriz into RRE form is called
row-reduction, or just simply reduction. It is also commonly referred to as Gauss-Jordan
elimination.
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Example 43 Of the following matrices

0120 —4 1 0 vV20
0001 =« |, 01 2 0|,
0000 O 00 0 1
10 1 2 1 00 V3
01|, 01|, 010 0 |,
00 00 002 1

the first three are in RRE form. The fourth is not as the second column contains a leading
1 but not all other entries of that column are 0. The fifth matriz is not in RRE form as the
leading entry of the third row is not 1.

We have yet to show that any matrix can be uniquely put into RRE form using EROs
(Theorem 122) but — as we have already seen examples covering the range of possibilities — it
seems timely to prove the following result here.

Proposition 44 (Solving Systems in RRE Form) Let (A|b) be a matriz in RRE form
which represents a linear system Ax = b of m equations in n variables. Then
(a) the system has no solutions if and only if the last non-zero row of (A|b) is

(00 -~ 01).

(b) the system has a unique solution if and only if the non-zero rows of A form the identity
matrix I,,. In particular, this case is only possible if m > n.

(c) the system has infinitely many solutions if (A|b) has as many non-zero rows as A,
and not every column of A contains a leading 1. The set of solutions can be described with k
parameters where k is the number of columns not containing a leading 1.

Proof. If (A|b) contains therow ( 0 0 .-+ 0|1 ) then the system is certainly inconsistent
as no x satisfies the equation
Ol’1+01’2+"‘+01’n =1.

As (Alb) is in RRE form, then this is the only way in which (A|b) can have more non-zero rows
than A. We will show that whenever (A|b) has as many non-zero rows as A then the system
(A|b) is consistent.

Say, then, that both (A|b) and A have r non-zero rows, so there are r leading 1s within
these rows and we have k = n — r columns without leading 1s. By reordering the numbering
of the variables 1, ..., z, if necessary, we can assume that the leading 1s appear in the first r
columns. So, ignoring any zero rows, and remembering the system is in RRE form, the system
now reads as the r equations:

)+ A1(r+1)Lr+1 T Qp Ty = bl; T Ty + A (r41)Lr41 + -t ATy = by
We can see that if we assign z,.4,..., x, the k parameters s,.1,..., s,, then we can read off
from the r equations the values for xy,...,z,. So for any values of the parameters we have a
solution x. Conversely though if x = (z1,..., z,,) is a solution, then it appears amongst the
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solutions we’ve just found when we assign values s, = x,11,..., S, = &, to the parameters.
We see that we have an infinite set of solutions associated with k& = n—r independent parameters
when n > r and a unique solution when r = n, in which case the non-zero rows of A are the
matrix /,,. m

Remark 45 Note we showed in this proof that

e a system (A|b) in RRE form is consistent if and only if (A|b) has as many non-zero rows
as A;

e all the solutions of a consistent system can be found by assigning parameters to the vari-
ables corresponding to the columns without leading 1s. W

Example 46
1 -2 0 2| 3 10072
0 1 0|-1
0 0 1 1]|-2 |, ,
0 0 0 0] 1 00 113
no solutions 0 00 0
unique solution
1 2 0 03 1 -2 0 2| 3
001 0|2/, 0 0 1 1|-2
0 0 0 1(1 0 0 0 0] O
one parameter family of solutions two parameter family of solutions
(3—2s,s,2,1) (3+2s—2t,8,—2—t,t)

Theorem 47 (Existence of RRE Form)
Every m x n matrix A can be reduced by EROs to a matriz in RRE form.

Proof. Note that a 1 x n matrix is either zero or can be put into RRE form by dividing by its
leading entry. Suppose, as our inductive hypothesis, that any matrix with fewer than m rows
can be transformed with EROs into RRE form. Let A be an m x n matrix. If A is the zero
matrix, then it is already in RRE form. Otherwise there is a first column c¢; which contains a
non-zero element av. With an ERO we can swap the row containing o« with the first row and
then divide the first row by « # 0 so that the (1, j)th entry now equals 1. Our matrix now
takes the form

0 - 0 1 ey ... G
0 -~ 0 ay :
0 -+ 0 Gmj GmGen) - G
for some new entries @i(j11), - . . , Gmn. Applying consecutively Aio(—aq;), A13(—as;), - - ., Aim(—0m;)

leaves column ¢; = e] so that our matrix has become

0 -+ 0 1 Gy ...
: B
0 0 0

REDUCED ROW ECHELON FORM 19



By induction, the (m — 1) x (n — j) matrix B can be put into some RRE form by means of
EROs. Applying these same EROs to the bottom m — 1 rows of the above matrix we would
have reduced A to

O tet 0 1 C~1,1(j+1) e &m
0O --- 0 0
TS RRE(B)
0O --- 0 0
To get the above matrix into RRE form we need to make zero any of ay(j;1),. .., a1, which are

above a leading 1 in RRE(B); if @y, is the first such entry to lie above a leading 1 in row [ then
Ap(—aqy) will make the required edit and in due course we will have transformed A into RRE
form. The result follows by induction. m

REDUCED ROW ECHELON FORM 20



2. INVERSES AND TRANSPOSES

Definition 48 A square matrixz is a matriz with an equal number of rows and columns. The

diagonal of an n X n matriz A comprises the entries ayy,ass, . .., an, — that is, the n entries
running diagonally from the top left to the bottom right. A diagonal matrix is a square matriz
whose non-diagonal entries are all zero. We shall write diag(cy, ca, . .., ¢y) for the nxn diagonal

matriz whose (i,1)th entry is c;.

Definition 49 Given an m x n matriz A, then its transpose AT is the n x m matriz such
that the (i,7)th entry of AT is the (j,1)th entry of A.

Proposition 50 (Properties of Transpose)
(a) (Addition and Scalar Multiplication Rules) Let A, B be m x n matrices and A a real
number. Then

(A+ B = A" + BT, (AT = NAT.

(b) (Product Rule) Let A be an mxn matriz and B be an nxp matriz. Then (AB)T = BT AT.
(¢) (Involution Rule) Let A be an m x n matriz. Then (AT)T = A.

(c) (Inverse Rule) A square matriz A is invertible if and only if AT is invertible. In this
case (A7)~ = (A=HT.

Proof. These are left to Sheet 2, Exercise 3. m
Definition 51 A square matriv A = (a;;) is said to be
o symmetric if AT = A.
o skew-symmetric (or antisymmetric) if AT = —A.
e upper triangular if a;; = 0 when i > j. Entries below the diagonal are zero.

o strictly upper triangular if a;; = 0 when i > j. Entries on or below the diagonal are
zero.

o lower triangular if a;; = 0 when i < j. Entries above the diagonal are zero.

o strictly lower triangular if a;; = 0 when ¢ < j. Entries on or above the diagonal are
zero.

e triangular if it is either upper or lower triangular.

Example 52 Let

10 100
A:<é§), B=|2 -1 |, C:(flé) D=|020
1 -1 00 3

INVERSES AND TRANSPOSES 21



Then

1 0
r (10 r (1 2 1 r (0 -1 T
A_<2 3)’ B_(O —1 —1)’ C_(l 0)’ D= 83

Note that A is upper triangular and so AT is lower triangular. Also C' and C* are skew-
symmetric. And D is diagonal and so also symmetric, upper triangular and lower triangular.

w o O

We return now to the issue of determining the invertibility of a square matrix. There is no
neat expression for the inverse of an n x n matrix in general — we have seen that the n = 2 case
is easy enough (Proposition 33) though the n = 3 case is already messy — but the following
method shows how to determine efficiently, using EROs, whether an n x n matrix is invertible
and, in such a case, how to find the inverse.

Algorithm 53 (Determining Invertibility) Let A be an n xn matriz. Place A side-by-side
with I, as an augmented n x 2n matriz (A | I,). There are EROs that will reduce A to a matriz
R in RRE form. We will simultaneously apply these EROs to both sides of (A|1,) until we
arrive at (R| P).

o If R =1, then A is invertible and P = A~'.
o IfR+# 1, then A is singular.

Proof. Denote the elementary matrices representing the EROs that reduce A as F1, Fs, ..., E},
so that (A|1,) becomes

(ExEyp_1-- - EVA|EyEy_1---F1) = (R| P) (2.1)
and we see that R = PA and E E,_,---Ey = P. If R =1, then
(ByByy--EN)A=1, = A'=FEFE,_,---E,=P

as elementary matrices are (left and right) invertible. If R # I, then, as R is in RRE form
and square, R must have at least one zero row. It follows that (1,0,...,0)(PA) =0. As P is
invertible, if A were also invertible, we could postmultiply by A~ P~! to conclude (1,0,...,0) =
0, a contradiction. Hence A is singular; indeed we can see from this proof that as soon as a
zero row appears when reducing A then we know that A is singular. m

Example 54 Determine whether the following matrices are invertible, finding any inverses
that exist.

W = N
S W o =
— =N W
(G2 0 Ol

W = = O
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Solution. Quickly applying a sequence of EROs leads to

A(=2) /1 2 1 1 0 0
Aq3(—1)

AlL) S [0 -3 —2]-2 1 0
01 0 |[-101

AaC2) (10 130 =2 /2 1/2 —1/2
;L(Q 1 0|-10 1 |™EY( L] 0 1
= \oo —2|-51 3 ) b 5/2 —1/2 —3/2
Hence .
1 2 1 12 1/2 —1/2
2 1 0 —| =1 0 1
1 3 1 5/2 —1/2 —3/2
For B we note
o 07 50 00t
So4
Bl — | o 8 5 1/-3 0 1 0
0 2 1 1/0 10 0
hwe (103 -1 0 1 0 0 0
A%L)Z) 0O 1 5 3 0 0 O 1
amws | 000 45 25 -3 0 1 8
00 0 0|-3/5 1 1/5 —2/5

The left matrix is not yet in RRE form, but the presence of a zero row is sufficient to show
that B is singular. m

Remark 55 We have defined matrix multiplication in such a way that we can see how to
implement it on a computer. But how long will it take for a computer to run such a calculation?

To multiply two n x n matrices in this way, for each of the n® entries we must multiply n
pairs and carry out n—1 additions. So the process takes around n® multiplications and n*(n—1)
additions. When n is large, these are very large numbers!

In 1969, Strassen gave a faster algorithm, which has since been improved on. It is not known
whether these algorithms give the fastest possible calculations. Such research falls into the field of
computational complexity, drawing on ideas from both mathematics and computer science.

Finally we define the orthogonal matrices, matrices important to the geometry of R™.
Definition 56 An n x n matriz is orthogonal if AT = A~1.

Proposition 57 Let A and B be orthogonal n X n matrices. Then:

(a) AB and A= are othogonal. Consequently the n x n orthogonal matrices form a group
O(n).

(b) A is orthogonal if and only if its columns (or rows) are n unit length, mutually perpen-
dicular vectors.

(c) A preserves the dot product. If x,y € Rl then Ax- Ay =x-y.
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Proof. (a) We have that
(AB)" = BTAT = B'A™' = (AB) %,
by the product rules for transposes and inverses, showing that AB is orthogonal. Similarly
(A7) = () =)
showing that A~! is orthogonal. m

The reason that orthogonal matrices are important in geometry is that the orthogonal
matrices are precisely those matrices that preserve the dot product.

Proposition 58 Let A be an n xn matriz. Then A is orthogonal if and only if Ax- Ay =x-y
for all x,y € R

col*
Proof. Note that x’y = x-y. So
Ax - Ay =x-y

= (Ax)" Ay = xTy
= x'AT Ay = xTy.

If ATA = I, then the above is clearly true. Conversely, by choosing x = e; and y = e;, from
the standard basis of R” | the above implies

the (i,7)th entry of AT A = §;; = the (4, ) th entry of I,,.

As this is true for all 4, j then this implies ATA=1,. m
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3. VECTOR SPACES

Currently when you speak of vectors, you usually mean coordinate vectors represented either as
a row vector in some R" or as a column vector in some R |. But vectors exist without reference
to coordinate systems. Wherever you are at the moment, look around you and choose some
point near you and label it P, then pick a second point and label it ). Then ]@ is a vector. If
you want to treat P as the origin then P() is the position vector of (). Or you might think of
PQ) as a movement and any parallel movement, with the same length and direction, equals the
vector @ Importantly though P(@) has no coordinates, or at least doesn’t until you make a
choice of origin and axes. This is going to be an important aspect of the Linear Algebra I and
IT courses, namely choosing coordinates sensibly. This will also be an important aspect of the
Geometry and Dynamics courses — in Geometry the change between two coordinate systems
will need to be an isometry so that the lengths, areas, angles are measured to be the same;
in Dynamics an inertial frame would be necessary for Newton’s laws to hold and otherwise
so-called ‘fictitious forces’ will arise.

But the vector spaces we will introduce are not just geometrical vectors like these coordinate
or coordinateless vectors. A vector space’s elements might contain functions, sequences, ma-
trices, equations or, of course, vectors. Importantly, these more abstract vector spaces do have
the same algebraic operations in common with the vectors familiar to you: namely, addition
and scalar multiplication.

3.1 What is a vector space?

A real vector space is a non-empty set with operations of addition and scalar multiplication.
Formally this means:

Definition 59 A real vector space is a non-empty set V together with a binary operation
V xV — V given by (u,v) — u+ v (called addition) and a map R x V. — V given by
(A, v) = Av (called scalar multiplication) that satisfy the vector space axioms

e ut+v=uv+u foralu,veV (addition is commutative);
e u+ (v+w)=(u+v)+w forallu, v, w €V (addition is associative);

e there is Oy € V such that v+ 0y = v = 0y + v for all v € V (existence of additive
tdentity);

o for all v € V there exists w € V' such that v+ w = 0y = w + v (existence of additive
inverses);
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o \Nu-+v)=Au+ v forallu, veV, X € R (distributivity of scalar multiplication over
vector addition);

e A+pv=+pv forallveV,\ peR (distributivity of scalar multiplication over
field addition);

o (A\u)v = Muw) for allv € V, X\, p € R (scalar multiplication interacts well with field
multiplication);

e lv=w forallv eV (identity for scalar multiplication).

R is referred to as the field of scalars or base field. Elements of V' are called vectors
and elements of R are called scalars.

Remark 60 There are a lot of axioms on the above list, but the most important in practice are
those requiring:

e V has a zero vector Oy .

o V is closed under addition.

o V is closed under scalar multiplication.

If these three axioms hold, and addition and scalar multiplication are defined naturally, then
usually the remaining axioms will follow as a matter of routine checks.

The subsets of R3 that are real vector spaces are the origin, lines through the origin, planes
through the origin and all of R®. It’s perhaps not surprising then that another term for a vector
space is a ‘linear space’.

Example 61 We write R" for the set of n-tuples (vy,...,v,) with vy, ..., v, € R. Then R"
1s a real vector space under componentwise addition and scalar multiplication.:
(1, xn) + Y1y Yn) = (X1 + Y1, T+ Yy) (3.1)
and M1, ..., x,) = (Azq,. .., A\xy,).
These satisfy the vector space axioms. The zero vector is (0,0,...,0) and the additive inverse
of (v1,...,vn) 18 (=01, .., —Uy).

We think of R? as the Cartesian plane, and R?® as three-dimensional space. We can also
consider n = 1: R is a real vector space, which we think of as the real line. We tend to write
it simply as R.

Notation 62 [ will often denote a single coordinate vector (vy,vs,...,v,) as v. I will use
this bold notation for coordinate vectors, but vectors, as elements of a vector space, will not be
written in bold.

Example 63 The field C is a real vector space, it is essentially the same as R? as a vector
space. (The technical term for ‘essentially the same’ is ‘isomorphic’. More on this later.)
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Example 64 For m,n > 1, the set M ,«,(R) is a real vector space as previously stated in
Remark 20.

Example 65 Let V = RE = {f: R — R}, the space of all real-valued functions on R, with
addition and scalar multiplication defined pointwise. That is,

(f +9)(r) == f(r) +g(r), (af)(r) = af(r),
for f,g €V and a,r € R.

Example 66 LetV = {f: R — R, f is differentiable}, the space of all differentiable real-valued
functions on R, with addition and scalar multiplication defined pointwise. This is a vector space
as, in particular,

(f+9)=1"+4d, (af) = af’,
for f,g €V and a € R, so that the sum of two differentiable functions and the scalar multiple
of a differentiable function is differentiable. It’s these facts that mean V is closed under addition
and scalar multiplication.

Example 67 Let V = {f: R — R, f" = f}. This is a vector space mainly as f" = f is a
linear differential equation. That is, if f and g are solutions then so is af + Sg where a, 3
are real scalars. The general solution can be written as

f(z) = Acoshx + Bsinhx

or as
f(z) = Ae® + Be™™ .

In expressing the general vector in this way note that in each case we are ‘coordinatizing the
space’ and identifying V. with R?%. But note that the coordinate vector (1,0) corresponds to
different vectors as we are using different choices of coordinates; it corresponds to the vector
cosh z in the first case and to e* in the second.

Example 68 Let V = RN = {(xg, 21, 72,...) : 2y € R}. This is the space of all real sequences
with addition and scalar multiplication defined componentwise.
Other important sequence spaces are

1 ={(zn)sy : (z) is bounded} .

n=0
c={(zn)r2y: (x,) converges} .
co = {(xn)02y ¢ (z,) converges to 0} .

As an exercise, what theorems of analysis (concerning convergence) need to hold for these last
three examples all to be vector spaces?

Our main focus in this course will be real vector spaces. However, vector spaces can be
defined over any field, as can simultaneous equations be considered over any field. Formally
a vector space V over a field F is a non-zero set V' with addition V' x V — V and scalar
multiplication F x V' — V satisfying the vector space axioms in Definition 59. Common
examples of other fields that we will encounter are:
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e C — the field of complex numbers.
e (Q — the field of rational numbers.

e 7, — the field of integers modulo a prime number p.

The theory of vector spaces applies equally well for all fields. There can be some differences
worth noting though depending on the choice of field.

e A non-zero real vector space is an infinite set. This need not be the case over a finite field

like Z,,.

e When we consider C as a vector space over R, then every z can be uniquely written as
x1 4 yi for two real scalars x and y. But when C is considered as a vector space over C,
then every z can be uniquely written as z1 for a single complex scalar z. (In due course we
will appreciate that C is a 2-dimensional real vector space and a 1-dimensional complex
vector space.

Lemma 69 Let V' be a vector space over F. Then there is a unique additive identity element
Oy.

Proof. Suppose that 0 and 0’ are two elements that have the properties of 0y. Then

0=0+0"[as 0 is a zero vector]

=0 [as 0 is a zero vector]
and so 0 = (/, thus showing 0y to be unique. m
Remark 70 Where it will not be ambiguous, we often write 0 for Oy .

Lemma 71 Let V' be a vector space over F. Take v € V. Then there is a unique additive
wnverse for v. That is, if there are wy, wo € V with v+ w; =0y = w; +v and v+ wy = 0y =
wy + v, then wy = ws.

Proof. With the notation introduced above we have

wy = 04 we [as 0 is a zero vector]
= (w1 +v) + wy [by a hypothesis]
= wy + (v+ wse) [by associativity]
=w;+0 [by a hypothesis]

= w. las 0 is a zero vector]

Remark 72 Using the notation of Lemma 71, we write —v for the unique additive inverse of
v.
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Proposition 73 Let V' be a vector space over a field F. Take v € V., X € F. Then
(a) )\0\/ = Ov,'
(b) Ov = Ov,'

(¢) (=Nv = =(\) = A(—v);
(d) if \v =0y then A =0 or v = 0y.

(e) —v = (—1)v.
Proof. (a) We have

A0y = A0y + Oy) [definition of additive identity]
= A0y + A0y [distributivity of scalar - over vector +].

Adding —(A0y) to both sides, we have

Oy = AOy.
(b) Exercise (hint: in F we have 0+ 0 = 0).
(¢) We have
Av+ A(=v) = Av + (—v)) [distributivity of scalar - over vector +]
= N0y [definition of additive inverse]
=0y [by (b))

So A(—wv) is the additive inverse of Av (by uniqueness), so A(—v) = —(\v).
Similarly, we see that A\v 4+ (—=A\)v = Oy and so (=\)v = —(\v).
(d) Suppose that Av = Oy, and that A # 0. Then A\7! exists in F, and

ATOw) = A0y =0y [by (a)].

So
A\ = 0y [scalar - interacts well with field -],
showing
v=1v =0y [identity for scalar multiplication].
(e) Note that
v+ (=v=1v+ (=1)v [by a vector space axiom)]
=1+ (-1)v [distributivity]
= Ov [definition of additive inverse in field]
=0v. by (a)]
Hence by the uniqueness of the additive inverse (—1)v = —v. =
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3.2 Subspaces

Whenever we have a mathematical object with some structure, we want to consider subsets
that also have that same structure.

Definition 74 Let V' be a vector space over F. A subspace of V is a non-empty subset of V
that is closed under addition and scalar multiplication, that is, a subset U CV such that

(i) U # 0 (U is non-empty); (this usually involves showing Oy € U ).

(1i) uy +ug € U for all uy, ug € U (U is closed under addition);

(11i) Mu € U for allu € U, N € F (U is closed under scalar multiplication).
Note that the operations of addition and scalar multiplication referred to are those of V', not
some separate, different operations of U.

Definition 75 The sets {Oy} and V' are always subspaces of V. The subspace {0y} is some-
times called the zero subspace or the trivial subspace. Subspaces other than V are called
proper subspaces.

Proposition 76 (Subspace test) Let V be a vector space over F, let U be a subset of V.
Then U is a subspace if and only if

(i) Oy € U; and
(ii) Auy +up € U for all uy, up € U and A € F.

Proof. (=) Assume that U is a subspace of V.

Oy € U: Since U is a subspace, it is non-empty, so there exists u € U. Since U is closed
under scalar multiplication, Ou = 0y € U.

Aup + ug € U for all uy, us € U and all A € F: Take uq, us € U, and A € F. Then \u; € U
because U is closed under scalar multiplication, so A\u; +us € U because U is also closed under
addition.

(<) Assume that Oy € U and that Au; + uy € U for all uy, up € U and X € F.

U is non-empty: we note Oy € U.

U is closed under addition: for uy, us € U have u; + 1y = luy + ug € U.

U is closed under scalar multiplication: for v € U and A € F, have Au = A+ 0y € U.

So U is a subspace of V. m

Notation 77 If U is a subspace of the vector space V', then we write U < V.

Proposition 78 Let V' be a vector space over F, and let U < V. Then

(a) U is a vector space over F. In fact, the only subsets of V' that are vector spaces over F
are the subspaces;

(b) if W < U then W <V (“a subspace of a subspace is a subspace”).

Proof. (a) We need to check the vector space axioms, but first we need to check that we have
legitimate operations. Since U is closed under addition, the operation + restricted to U gives

SUBSPACES 30



a map U x U — U. Likewise since U is closed under scalar multiplication, that operation
restricted to U gives a map F x U — U.

Now for the axioms.

Commutativity and associativity of addition are inherited from V.

There is an additive identity (by the subspace test).

There are additive inverses: if w € U then multiplying by —1 € F and shows that —u =
(—u e U.

The remaining four properties are all inherited from V. That is, they apply to general
vectors of V' and vectors in U are vectors in V.

(b) This is immediate from the definition of a subspace. m

Proposition 79 Let V' be a vector space. Take U, W < V. ThenU+W <V andUNW <V,
where
U+W=Au+w|uelUweW}.

Indeed U + W 1is the smallest subspace of V' which contains U and W and U NW is the largest
subspace of V' which is contained in both U and W.

Proof. (a) AsU <V and W <V then Oy € U and 0y € W so that Oy = 0y + 0y € U + W.
Say that v,vo € U+ W and A € F. By definition there exist uy,us € U and wy,wy € W
such that
v = up + wi, 'U2:u2+w2,

and then
AV + Uy :)\(u1+w1)+uz+w2 = ()\U1+UQ)+()\ZU1+1U2) ceU+W

as A\uj + ug € U and Awy + we € W because U <V and W < V.
(b) The statements concerning the intersection are left as exercises. =

3.3 Further examples

Example 80 Consider a system of homogeneous linear equations with real coefficients a;;:

a1 + A12T9 + -+ ATy = 0

a91T1 + A922T9 + -+ Aonly = 0

A1 T1 + ApaTo + + -+ + Qpp Ty = 0.

(We say this is homogeneous because all the real numbers on the right are 0.)

Let V' be the set of real solutions of the this linear system. Then V' is a real vector space.
This becomes more apparent if we write the equations in matriz form. We see the system
corresponds to Ax = 0, where A = (a;j) € Mpxn(R), x = (21,22, . .. ,xn)T is ann x 1 column
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vector of variables, and 0 is shorthand for 0,«1. Fach element of V can be thought of as an
n X 1 column vector of real numbers.

To show that V' is a vector space, we show that it is a subspace of R..

Clearly V' is non-empty, because 0 € V.

For vy, vo € V', we have Avy =0 and Avy =0, so A(vy +vy) = Avi + Avo =0+ 0 =0,
sovy+vye e V. S0V is closed under addition.

Forv eV and A € F, we have A(A\v) = AM(Av) = X0 =0, so A\v € V. So V is closed under
scalar multiplication.

SoV <RL,, and soV 1is a vector space.

Example 81 The set R[x] of all real polynomials in a variable x is a real vector space. We
will show that it is a subspace of R¥. Addition and scalar multiplication are defined by

(Z an:E"> + (Z bnx"> = Z (an + by) 2", A (Z an:)s"> = Z()\an)x".

As the sums are finite, then the addition and scalar multiple are also finite and hence polyno-
mials. Finally teh zero function is a polynomaial.

Example 82 Let n be a non-negative integer. The set of polynomials c,x™ + -+ + c1x + ¢
with co, ¢1, ..., ¢, € R (that is, real polynomials with degree < n) is a real vector space, and a
subspace of R|x].

Example 83 Let X be a set. Define R := {functions f with f: X — R}, the set of real-
valued functions on X. This is a real vector space with operations of pointwise addition and
pointwise multiplication by a real number: for x € X, we define

(f+9)(x) = flx) +g(z)  and  (Af)(z) = Af(2).

Example 84 We can study the solutions of a homogeneous linear second-order differential
equation. These are twice-differentiable real functions y that satisfy an equation of the form

v+ a(x)y + b(x)y = 0.

This equation is linear because y and its derivatives occur only to the first power and are not
multiplied together. And it is homogeneous because of the 0 on the right-hand side. Such
equations are important in many applications of mathematics.

The set S of solutions of this homogeneous linear second-order differential equation is a vec-
tor space, a subspace of R®. Note S is clearly non-empty (the O function satisfies the differential
equation), and if w = u + A\v where u, v € S and X\ € R, then

w” 4+ a(z)w' + b(x)w = (W + M) + a(z) (v + ') + b(x)(u + \v)
(u" 4 a(z)u" + b(z)u) + A(v" + a(z)v" + b(x)v)
0,

sow € S. So, by the Subspace Test, S < RF.
This generalises to homogeneous linear differential equations of any order.
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Example 85 What are the subspaces of R?
Let V =R, let U be a non-trivial subspace of V. Then there exists u € U with u # 0. Take

r €R. Let A\ = 2. Then v = M € U, because U is closed under scalar multiplication. So

Uu=V.
So the only subspaces of R are {0} and R.

Example 86 What are the subspaces of R??

Let V. =TR2, let U be a non-trivial subspace of V.. Then there exists u € U with u # (0,0),
say u = (a,b). We have (u) = {Au: X € R} CU. (Such ‘spans’ will more generally be defined
in the next chapter.)

Case 1: (u) =U.

If a #0, then let m = 2. Then (u) = {(z,y) € R? | y = ma}.

If a =0, then (u) = {(0,y) | y € R}.

So if U is, geometrically, a line in R? through the origin, and every such line in R? through
the origin corresponds to a subspace.

Case 2: (u) #U.
Then there is some v = (¢,d) € U\{(u).

Consider the matrix ( Ccl Z ) . Applying any sequence of EROs to this matriz gives a matrix

whose rows are in U. The matriz must have RRE form (1) (1)
vectors (1,0) and (0,1), and hence U = R?. [Why?]

So the subspaces of R? are {0}, lines in R? through the origin and R?.

). [Why?] So U contains the
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4. BASES

One key goal of this section is to develop a sensible notion of the ‘dimension’ of a vector
space. In order to do this, we need to develop some theory that is in itself both important and
interesting.

4.1 Spans and Spanning sets

Lemma 87 Let V' be a vector space over a field F, and take S = {uy, us, ..., up} C V.
Define
U:={aqu; + -+ iy, : aq, ..., q,, € F}

Then U < V.
Proof. Applying the subspace test, we note.

e Oy € U: have Oy =O0uy + -+ Ou,, € U.

e \vy +wvy € U: take vy, v9 € U, say v1 = aquq + -+ - + @iy, and vg = Biuy + -+ - + B,
where aq, ..., apy, 51, ..., Bm € F. Take A € F. Then

Avp 4+ vy = ()\al + ﬁl)ul + -+ ()\am + ﬁm)um eU.

So, by the subspace test, U < V. m

Definition 88 Let V' be a vector space over F, take uy, us, ..., u,, € V. A linear combi-
nation of uy, ..., Uy, 1S a vector ayuy + - - - + Uy, for some aq, ..., a,, € F. We define the
span of uy, ..., u, to be

(Ug, ..oy Uy = {aqug + -+ aplly, : aq, ..., q, € F}
This is the smallest subspace of V' that contains uy, ..., Upy.

More generally, we can define the span of any set S CV (even a potentially infinite set S)
as
(S) i ={aus1 + -+ amsSm :m=0,81,...,8, €S,a1,...,q, € F}.

Note that a linear combination only ever involves finitely many elements of S, even if S is
infinite. There 1sn’t enough structure in a vector space to be able to define infinite sums. By
convention the span of the empty set in {0y }.

Definition 89 Let V' be a vector space over F. If S CV is such that V. = (S), then we say
that S spans V', and that S is a spanning set for V.
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Example 90 {(1,1), (2, —1)} spans R? as every (z,y) can be written

e = (52 0+ () ey,

Whilst the span of {(2,2), (=1, —1)} is the line y = x in R%

Example 91 {(1,1,2),(2,—1,3)} spans the plane given parametrically as
r=o(1,1,2)+ 8(2,—1,3) a, 5 €R.
By eliminating o, B from the expressions
r=a+ 20, y=a-—0, z =20+ 30,
then we can see this is the plane with equation
dx+y—3z=0.

Example 92 The three vectors {(1,1,2),(2,—1,3),(3,0,5)} span the same plane bx+y—3z =
0. This is because

(3,0,5) =(1,1,2) + (2, -1, 3)

and so the third vector is itself a linear combination of the first two. Note that any point in the
plane can be written in many different ways as a linear combination of the three vectors. For
example

(0,3,1) =2(1,1,2) — 1(2,—1,3) + 0(3,0,5)
=1(1,1,2) — 2(2,—1,3) + 1(3,0,5)
=3(1,1,2) +0(2,—1,3) — 1(3,0,5).

This third vector means there is redundancy in the set. Any two of the three vectors are sufficient
to span the plan. The issue here is that the three vectors are not linearly independent.

Definition 93 Given a matriz, its row space is the span of its rows and its column space
is the span of its column. For an m x n matriz A, we write Row(A) < R™ for its row space
and Col(A) < R™, for its column space.

col

Example 94 In Example 7 we met the matriz on the left below, and the matriz on the right
1s its RRE form.

1 -1 1 3|2 1 0 0 —-1|2
2 -1 1 24 |, 01 -1 —410
4 -3 3 8|8 0 0 O 010

A check will show that these two matrices have the same row space — we will see in Proposition
117 that EROs don’t change row space. However it is clear that (1,2, 4)T 1s in the column space
of the first matrixz and not of the second — so EROs do change column space.
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4.2 Linear independence

Definition 95 Let V' be a vector space over F. We say that vy, ..., v,, € V are linearly
independent if the only solution to the equation

a1 + -+ QU = Oy where aq,...,q, €F
18
=g = =q,, =0.
Otherwise vy, ..., vy, are said to be linearly dependent, which means there is a non-trivial linear
combination of vy, ..., v, which adds to Oy .

We say that S C V' is linearly independent if every finite subset of S is linearly independent.

Example 96 {(1,1,2),(2,—1,3)} C R? is linearly independent. To check this, we see that
comparing the x- and y-coordinates in

a(1,1,2) + B(2,—1,3) = (0,0,0),

implies
a+ =0, 20 — 3 = 0.

These equations alone are enough to show o = = 0. Note though that these two vectors do
not span R3.

Example 97 {(1,1,2),(2,—1,3),(3,0,5)} is linearly dependent. We previously noted that
(1,1,2) + (2,-1,3) = (3,0,5)

so that
1(1,1,2) + 1(2,-1,3) + (=1)(3,0,5) = (0,0, 0).

This 1s a non-trivial linear combination which adds up to O.
Example 98 Let V' denote the vector space of differentiable functions f: R — R. Then the set
S = {sinz, cosz,sin 2z}
18 linearly independent. Say that
asinz + [ cosx + vsin 2z = Oy,

noting Oy denotes the zero function, so that the above is an identity of functions. If we set
x = 0 then this gives 5 = 0. If we set x = /2 then a = 0. Hence v = 0 also.

Proposition 99 Let S = {vy, ..., v,} be a linearly independent subset of a vector space V.
Then
041’01—|—"'—|—Oém’0m2511)1+"'+5m’0m

if and only if a; = 5; for all 1 < i < m. Hence we may ‘compare coefficients’.
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Proof. If a; = f3; for all 1 < ¢ < m then the result clearly follows. Conversely, we can rearrange
the above equation as

(al - 51)”1 + -+ (am - ﬁm)vm = OV-

As S is linearly independent then a; — 3; = 0 for all ¢ as required. =

Example 100 Let V = C, considered as a real vector space. Then {1,i} is linearly independent
for if
T+ yz' = 0¢

then x = ReOc = 0 and y = Im Oc = 0. Hence by the previous proposition ‘comparing real and
imaginary parts’ is valid.

Example 101 Let V = R[z], the vector space of polynomials with real coefficients. Then the
set S ={1,xz,2% ...} is linearly independent. Recall that an infinite set is linearly independent
if every finite subset is linearly independent. So say that

agl + a1z + a23:2 +- a2 = OR[QC}

for some coefficients ag, ay, as, . . ., a,. Recall that the above is an identity of functions. We can
see that ag = 0 by setting x = 0. We can then see that a; = 0 by differentiating and setting
x = 0. In a similar fashion we can see that all the coefficients are zero and that S is linearly
independent.

Lemma 102 Let vy, ..., v, be linearly independent elements of a vector space V. Let v,,1 €
V. Then vy, vg, ..., Un, Une1 are linearly independent if and only if

Uma1 & (U1, ., Um)-
Proof. ( <) Suppose that v,,.1 & (v1,...,v,). Take ay, ..., ayus1 € F such that
QU + -+ A1 V1 = Oy

We aim to show that the a; are all 0. If a1 # 0, then we have

1
U1 = — (101 4+ -+ ) € (V1,. .., V),
Q41
which is a contradiction. So «,,,+1 = 0 and hence ayv; + - - - + apv, = 0. But vy, ..., v, are
linearly independent, so this means that a; = -+ = «,;, = 0 as well.
( <= ) Conversely say that vy, vg, ..., Uy, Upne1 are linearly independent. If v, €
(V1,...,Vy) then there exist aq, ..., a,, € F such that

Umt1 = QU1 + -+ - + QU

so that cyvy + -+ - 4+ QU — Umy1 = Oy which contradicts the linear independence of vy, vy, ...,
Um, Ume1. Hence v, 1 & (U1, ..., 0y). B
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4.3 Bases

Definition 103 Let V' be a vector space. A bastis of V' is a linearly independent, spanning set.
(The plural is ‘bases’, pronounced ‘bay-seas’.)
If V' has a finite basis, then we say that V s finite-dimensional.

Remark 104 [t is important to note the language here. We can talk about ‘a’ basis of a vector
space. Typically, vector spaces have many bases so we should not talk about ‘the’ basis. Some
vector spaces have a ‘standard’ or ‘canonical’ basis though.

Remark 105 Not every vector space is finite-dimensional. For example, the space of real
polynomials or the space of real sequences do not have finite bases. But in this course we’ll
generally study finite-dimensional vector spaces. The courses on Functional Analysis in Parts
B and C (third and fourth year) explore the theory of infinite-dimensional vector spaces which
have further analytical structure. Note in a vector space that only finite sums are well-defined.
To meaningfully form an infinite sum, a notion of convergence is needed which is why further
structure is needed.

Where possible, we will work with general vector spaces, but sometimes we’ll need to spe-
cialise to the finite-dimensional case.

Example 106 In R", for 1 <11 < n, let e; be the row vector with coordinate 1 in the ith entry
and 0 elsewhere. Then ey, ..., e, are linearly independent: if

ae;+ - +aye, =0

then by looking at the ith entry we see that a; =0 for alli. Also, ey, ..., e, span R™, because
(a1,...,a,) = a1e1 + -+ + aye,.
So ey, ..., e, is a basis of R". We call it the standard basis or canonical basis of R".

Example 107 Let V. = M,,«,(F) denote the vector space of m x n matrices over a field IF.
Then the standard basis of V' is the set

{Byll<i<m,1<j<n}

which has entry of 1 for the (i,j)th entry, and all other entries are zero. Note that a matriz

A = (a;;) can be written
A=) D> ek

i=1 j=1
and this is the unique expression of A as a linear combination of the standard basis.

Example 108 Let V = {(z.y.z) € R® |z + 2y + 2z =0} <R>. Then a basis for V is
{(1a 07 _1)> (Oa 27 _1)} :

To see this note that x and y can be used to parameterize V and a general vector can be written
uniquely as
(x,y, —x —2y) = x(1,0,—1) + y(0,2, —1).
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Example 109 Let V < R® be the space of vectors (x1, o, x3, T4, x5) satisfying the three equa-
tions

1’1+1'2—1’3+ZL'5:O;
LL’1+2LL’2+SL’4+35L’5:O;
To + X3+ x4 + 225 = 0.

We can represent these equations as

1 —1
1 0
0 1

— N
—_—_ o
N W

If we assign parameters to the last three columns (as there are no leading 1s in these columns)
by setting x3 = a, xy = B, x5 = 7y then

r =20+ B+, To=—a—[—2y
and hence

($1,$2,$3,$4,x5) = (20& + ﬁ _'_77 —Q — ﬁ - 277a757f>/)
— a(2,-1,1,0,0) + B(1,~1,0,1,0) + 4(1,~2,0,0, 1).

So a basis for'V is
{(2,-1,1,0,0),(1,-1,0,1,0),(1,-2,0,0,1)}.

Example 110 The space F[x] of polynomials over a field F (that is, with coefficients from the
field F) has standard basis
{1,x,x2,x3, .. } .

Every polynomial can be uniquely written as a finite linear combination of this basis.
Proposition 111 Let V' be a vector space over F, let S = {vy,...,v,} C V. Then S is a

basis of V' if and only if every vector in V has a unique expression as a linear combination of
elements of S.

Proof. (=) Let S be a basis of V. Take v € V. Since S spans V| there exist oy, ..., a, € F
such that v = ajv; + - - - + a,v,. Further as S is linearly independent, then by Proposition 99
these scalars aq, ..., a, are unique.

(<) Conversely, suppose that every vector in V' has a unique expression as a linear combination
of elements of S.

e S spanning set: for any v € V we can write v as a linear combination of elements of S.
So span(S) = V.

e S linearly independent: for aq, ..., a,, € F, if ayv; + -+ -+ a,v, = 0= 0v; + -+ - + Ov,,
then by uniqueness we have «; = 0 for all 7.
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So S is a basis for V. m
Propostion 111 allows us to define:
Definition 112 Given a basis {vy,...,v,} of V then every v € V' can be uniquely written

V= QU1 + -+ QU

and the scalars aq, . . ., a,, are known as the coordinates of v with respect to the basis {vy, ..., v,}.
Remark 113 Thus choosing a basis {vy,...,v,} for a finite-dimensional vector space V' iden-
tifies V- with R™. To a vector v can be associated a coordinate vector v.= (aq,...,ap) .

A wvector space has an origin, but no axes. Choosing a basis of V' introduces a;-axes into V.
and identifies a wvector v with a coordinate vector v. I will denote coordinate vectors in bold,
or underline them when writing by hand. It is important to note that a coordinate vector is
meaningless without the context of a basis as we can see in the following example.

Example 114 Let V = {f: R = R, f"(x) =4f (x)}. Then the general solution of the differ-
ential equation can be written uniquely as

f(z) = Ae** 4+ Be

or as

f(z) = Csinh 2z + D cosh 2z.

So {e**, 7%} is a basis of V as is {sinh 2z, cosh 2z} . Note that the same vector €** has coor-
dinates (A, B) = (1,0) using the first basis and has coordinates (C, D) = (1,1) with respect to
the second basis as

e*® = sinh 2z + cosh 2z,

Similarly the same coordinate vector (1,0) represents the vector e** with respect to the first
basis, but a different vector sinh 2x with respect to the second basis.

Remark 115 The above, of course, raises the question of whether there is a best way to coor-
dinatize a vector space — or equivalently a best way to choose a basis.

Remark 116 The question of whether all vector spaces have a basis is an important founda-
tional one. FEvery vector space does have a basis provided we assume the so-called ‘axiom of
choice’, which is not a standard axiom of set theory. However, it can be shown that a basis of a
space like [°, the space of bounded real sequences, is necessarily uncountable. So the structure of
vector spaces, solely, is not well suited to working with some infinite-dimensional vector spaces
which explains why the topic of infinite-dimensional space is more one of ‘functional analysis’
where infinite linear combinations can be well-defined.

We now turn to the question of how we determine whether a set of vectors is linearly

independent or spanning. Recall that we write Row (M) for the row space of a matrix M, that
is the span of the rows of M.
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Proposition 117 Let A = (a;j) be an m x n matriz and let B = (b;;) be a k x m matriz. Let
R = (145) be a matriz in RRE form which can be obtained by EROs from A.

(a) The non-zero rows of R are independent.

(b) The rows of R are linear combinations of the rows of A.

(¢c) Row(BA) is contained in Row(A).

(d) If k =m and B is invertible then Row(BA) = Row(A).

(e) Row(R) = Row(A).

Proof. (a) Denote the non-zero rows of R as ry,...,r, and suppose that ¢;r; +---+¢.r, = 0.
Say the leading 1 of r; appears in the jth column. Then

C1 + cargj + c3rzj 4+ -+ oy = 0.

But as R is in RRE form each of ry;,73;,...,7,; is zero, being entries under a leading 1. It
follows that ¢; = 0. By focusing on the column which contains the leading 1 of ry we can
likewise show that ¢o = 0 and so on. As ¢; = 0 for each 7 then the non-zero rows r; are
independent.

We shall prove (c) first and then (b) follows from it. Recall that

(7,7) th entry of BA = Zbisasj (1<i<k, 1<j<n).

s=1

Thus the 7th row of BA is the row vector

(i bisa'sb BRI i bi8a5n> = i bis£a51> As2, -~ - >a5n)j (41)
s=1 s=1

s=1 R
sth row of A

which is a linear combination of the rows of A. So every row of BA is in Row(A). A vector
in the row space Row(BA) is a linear combination of BA’s rows which, in turn, are linear
combinations of A’s rows. Hence Row(BA) is contained in Row(A). Because R = Ej --- E1A
for some elementary matrices Ey, Es, ..., Ej then (b) follows from (¢) with B = Ej, - - - E;. Now
(d) also follows from (c). We know Row(BA) is contained in Row(A) and likewise Row(A) =
Row(B~!(BA)) is contained in Row(BA). Finally (e) follows from (d) by taking B = Ej - - - E;
which is invertible as elementary matrices are invertible. m

Corollary 118 (Test for Independence) Let A be an mxn matriz. Then RRE(A) contains
a zero row if and only if the rows of A are dependent.

Proof. We have that RRE(A) = BA where B is a product of elementary matrices and so
invertible. Say the ith row of BA is 0. By (4.1)

0= Z bis(sth row of A).

s=1

Now b, are the entries of the ith row of B which, as B is invertible, cannot all be zero. The
above then shows the rows of A are linearly dependent.
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Conversely suppose that the rows of A are linearly dependent. Let ry,rs, ..., r,, denote the
rows of A and, without any loss of generality, assume that r,, = ¢ir1 + -+ - + ¢, 11,1 for real
numbers ci, ..., cpn—1. By performing the EROs Ay, (—c1),. .., Apm—1)m(—Cm—1) We arrive at
a matrix whose mth row is zero. We can continue to perform EROs on the top m — 1 rows,
leaving the bottom row untouched, until we arrive at a matrix in RRE form. Once we have
shown RRE form is unique (to follow) then we have that RRE(A) has a zero row. =

Corollary 119 (Test for a Spanning Set) Let A be an m x n matriz. Then the rows of A

span R™ if and only if
I
RRE (A) = ( " )

Proof. Let ry,ro,...,r,, be the rows of A in R™ and suppose they span R™. Now row space is
invariant under EROs. If it were the case that the ith column of RRE (A) does not contain a
leading 1 then e; would not be in the row space. Consequently every column contains a leading

1 and so
I
RRE (A) = " )
(4) <0(k—n>n)

Conversely if RRE (A) has the above form then the rows of RRE (A) are spanning and hence
so are the original rows ry,ry,...,ry. R

Remark 120 The above corollaries show that if vectors vq,. .., vy are linearly independent in
R™ then k < n. (For if k > n then the RRE form will necessarily have a zero row.) They
further show that if v1,..., vy are spanning then there must be n leading 1s and hence we must
have k > n. This then shows that a basis, any basis, of R" contains n vectors.

The above takes a coordinate approach, and relies on some results we are yet to prove —
especially uniqueness of the RRE form. We will shortly prove this result more formally, without
making use of coordinates, but we will see that this is generally true of finite-dimensional vector
spaces. This common cardinality of all bases is called the dimension of the vector space.

Example 121 (a) The vectors vi = (1,2,—1,0), vo = (2,1,0,3), v3 = (0,1,1,1) in R* are
linearly independent. If we row reduce the matriz with rows vy, vy, vy we get

1 2 -1 0 100 16
21 0 3|™ o1 0 —02
01 1 1 00 1 12

and hence the three vectors are independent because there is no zero row.
(b) A vectorx = (1, xq, T3, 24) 18 a linear combination of v, va, Vs if and only if 8x1+6x3 =
o + Hxy. One way to see this is to row reduce the matrix

1 2 -1 0
2 1 0 3
0o 1 1 1 ’

€Ty Ty X3 T4
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which reduces to

OO =

[an}

o O = O

0
0
1
0

1.6
—0.2
1.2
x4 — 1.621 + 0229 — 1.223

which has a zero row if and only 8x1 + 6x3 = o + Sxy4.
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4.4 Addendum

In this addendum we will show that the RRE form a matrix is unique. (Recall we’ve already
shown existence.) The proof is somewhat technical and the proof (but not knowledge of the
result) is off-syllabus, but is included for completeness. This also allows us to define row rank.

Theorem 122 (Uniqueness of RRE Form) The reduced row echelon form of an m X n
matrix A is unique.

Proof. The proof below follows by fixing the number of rows m and arguing by induction on
the number of columns n. The only m x 1 matrices which are in RRE form are 0 and e. The
zero m x 1 matrix will reduce to the former and non-zero m x 1 matrices to the latter. In
particular, the RRE form of an m x 1 matrix is unique.

Suppose, as our inductive hypothesis, that all m x (n—1) matrices M have a unique reduced
row echelon form RRE(M). Let A be an m x n matrix and let A denote the m x (n— 1) matrix
comprising the first n — 1 columns of A. Given any EROs which reduce A to RRE form, these
EROs also reduce A to RRE(A) which is unique by hypothesis. Say RRE(A) has r non-zero
TOWS.

There are two cases to consider: (i) any RRE form of A has one more non-zero row than

RRE(A); (ii) any RRE form of A has the same number of non-zero rows as RRE(A). These
can be the only cases as the first n— 1 columns of an RRE form of A are those of RRE(A) and
both matrices are in RRE form; note further that an extra non-zero row in any RRE form of
A, if it exists, must equal e,. Case (i) occurs if e, is in the row space of A and case (ii) if not.
In particular, it is impossible that different sets of EROs might reduce a given A to both cases
(i) and (ii).

So RRE(A) has one of the following two forms:

HOHero 0 non-zero | * ri(R)
RRE(A) : ; .
(i) rows 0 ) (ii) RRE(4) ' = :
00 1 rows * r.(R)
M — T ZEro TOWS M — T Z€ro TOws

m —1r — 1 zero rows

In case (i) the last column of any RRE form of A is e, and so we see that RRE(A) is uniquely

determined as we also know the first n — 1 columns to be RRE(A) by our inductive hypothesis.

In case (ii), then any RRE form of A and RRE(A) both have r non-zero rows. Let R; and
Rs be RRE forms of A. By hypothesis, their first n — 1 columns agree and equal RRE(A). By
Proposition 117(e),

Row(R;) = Row(A) = Row(Ry).

In particular, this means that the rows ry(R;) of Ry are linear combinations of the rows ry(R»)
of Rs. So, for any 1 < ¢ < r, there exist real numbers Ay, ..., A\, such that

ri(Ri) =Y i Mre(Re)  and hence  ri(RRE(A)) =) 1 Arg(RRE(A))
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by focusing on the first n — 1 columns. RRE(A) is in RRE form and so its non-zero rows are
independent; it follows that A\; = 1 and A\; = 0 for j # 4. In particular r;(R;) = r;(R2) for each
1 and hence Ry = Ry as required. m

We may now define:

Definition 123 The row rank, or simply rank, of a matrix A is the number of non-zero
rows in RRE(A). We write this as rank(A). The uniqueness of RRE(A) means row rank is
well-defined.

Corollary 124 Let (A|b) be the matriz representing the linear system Ax = b. Then the
system is consistent (i.e. has at least one solution) if and only if rank(A|b) = rank(A).

Proof. Note this result was already demonstrated for systems in RRE form during the proof
of Proposition 44. Say that RRE(A) = PA where P is a product of elementary matrices that
reduce A.

Now if £ is an elementary matrix then RRE(FA) = RRE(A) by the uniqueness of RRE
form and so rank(EA) = rank(A). We then have

rank(A|b) = rank(A) <= rank(PA|Pb) = rank(PA)
<= the system PAx = PDb is consistent
<= the system Ax = b is consistent

as the set of solutions to Ax = b is unaffected by EROs. m

Proposition 125 Let A be an m x n matriz and b in R,.
(a) the system Ax = b has no solutions if and only if( 00 --- 0 ‘ 1 ) is in Row(A|b).
If the system Ax = b is consistent then
(b) there is a unique solution if and only if rank(A) = n. It follows that m > n.
(c) there are infinitely many solutions if rank(A) < n. The set of solutions is an n—rank(A)

parameter family.

Proof. As we know that (A|b) can be put into RRE form, and that EROs affect neither the
row space nor the set of solutions, the above is just a rephrasing of Proposition 44. =

Remark 126 One might rightly guess that there is the equivalent notion of column rank.
Namely the number of non-zero columns remaining when a matriz is similarly reduced us-
ing ECOs (elementary column operations). It is the case, in fact, that column rank and row
rank are equal and we will prove this later. So we may refer to the rank of a matriz without
ambiguity. W
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5. DIMENSION

We are now in a position to define the dimension of a vector space with a basis, and to show
that dimension is well-defined. Implicitly we have already seen this result in the tests for linear
independent sets and for spanning sets. We showed in those tests that a linear independent
subset of R™ cannot have more than n elements and that a spanning set of R"” cannot have
fewer than n. The proof below has the merit of not relying on coordinates.

Theorem 127 (Steinitz Exchange Lemma) Let V' be a vector space over a field F. Take
X =A{v1,09,...,0,} CV. Suppose that u € (X) but that u & (X \{v;}) for some i. Let

Y = (X\{vi}) U{u}
(that is, we “exchange u for v;”). Then (Y) = (X).
Proof. Since u € (X), there are ay, ..., a, € F such that
U= 0qU1 + -+ + QpUp.

There is v; € X such that u & (X\{v;}). Without loss of generality, we may assume that i = n.
Since u & (X\{v,}), we see that a,, # 0. So we can divide by «,, and rearrange, to obtain

1
Uy = — (U —aquy — -+ — Qp_1Uy_1).
an
Now if w € (Y') then we have an expression of w as a linear combination of elements of Y.
We can replace u by ayv; + - - - + «,v, to express w as a linear combination of elements of X.
So (Y) C (X). And if w € (X) then we have an expression of w as a linear combination of
elements of X. We can replace v,, by
1

a—n(u — QU] — = QU 1)

to express w as a linear combination of elements of Y. So (Y) 2 (X). m

The Steinitz Exchange Lemma is called a lemma, which sounds unimportant, and it looks
a bit like a niche technical result. But in fact it is fundamental to defining the dimension of a
vector space.

Theorem 128 Let V' be a vector space. Let S, T be finite subsets of V. If S is linearly
independent and T spans V', then |S| < |T).

Proof. Assume that S is linearly independent and that T spans V. List the elements of S as
Uy, ..., Uy, and the elements of T" as vy, ..., v,. We will use the Steinitz Exchange Lemma to
swap out the elements of T with those of S, one at a time, ultimately exhausting .S.
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Let Ty = {vy, ..., v,}. Since (Tp) =V, then u; € (vy,...,v;) for some 1 < i < n and choose
i to be minimal in this regard. Note then that u; € (vy,...,v;) but that uy & (vy,...,v;_1).
The Steinitz Exchange Lemma then shows that

<U1> s 7Ui> = <U1,U1, s >’Ui—l>
and hence
V= <Ula >'Un>
= <U1,...,’UZ‘> -+ <Ui+17---7vn>
- <U1,’U1, L 7Ui—1> + <Ui+17 s 7UTL>
= (U1, U1y vy Vi1, Uity -+ s Un)-

Now, by relabelling the elements of T', we can assume without loss of generality assume that
uy has been exchanged for v; and we set

Ty = {u1,va,..., 05} noting that (Ty) =V.
We proceed inductively in this manner creating sets
Tk = {ula"'aukavk-i-la--'avn} such that <Tk> =V.

Note that at each stage uxy1 € (T) but that ug, 1 & (uy, ..., ug) as the set S is independent.
Hence we can keep continuing to replace elements of 1" with elements of S. The process can
only terminate when S is exhausted which means that m <n. =

Corollary 129 Let V' be a finite-dimensional vector space. All bases of V' are finite and of the
same Size.

Proof. Since V is finite-dimensional then V' has a finite basis B. By Theorem 128 any finite
linearly independent subset of V' has size at most |B|. Given another basis S of V, it is linearly
independent, so every finite subset of S' is linearly independent. So in fact .S must be finite, and
|S| < |B|. But B is linearly independent and S is spanning and so by Theorem 128 |B| < |5].
[ |

Definition 130 Let V' be a finite-dimensional vector space. The dimension of V', written
dim V, s the size of any basis of V.

Definition 131 We can now redefine row rank using this notion of dimension. The row rank
of a matriz is the dimension of its row space. When in RRE form, the non-zero rows of the
matrix are linearly independent. Further EROs do not affect the row space. So the non-zero
rows of a matrix in RRE form are a basis of the row space.
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5.1 Subspaces and Dimension

We include the following result here as it fits in naturally with some of the subsequent results;
in what follows we will show:

e A spanning set contains a basis.

e A linearly independent set can be extended to a basis. (This result requires the notion of
dimension.)

e A basis is a maximal linearly independent set.

e A basis is a minimal spanning set.

Proposition 132 Let V' be a vector space over F and let S be a finite spanning set. Then S
contains a basis.

Remark 133 That is, if V' has a finite spanning set, then V' has a basis. We say nothing here
about what happens if V' does not have a finite spanning set. This question is addressed in the
Part B course on Set Theory (using the Aziom of Choice).

Proof. Let S be a finite spanning set for V. Take T' C S such that T is linearly independent,
and T is a largest such set (that is, no linearly independent subset of S strictly contains 7).
Suppose, for a contradiction, that (T") # V. Then, since (S) =V, there must exist v € S\(T).

Now by Lemma 102 we see that 7" U {v} is linearly independent, and 7°U {v} C S, and
|7 U {v}| > |T'|, which contradicts the maximality of 7. So T" spans V/, is linearly independent,
and thus a basis. =

Proposition 134 Let U be a subspace of a finite-dimensional vector space V. Then U 1is
finite-dimensional, and dimU < dim V. Further if dimU = dim V' then U = V.

Proof. Let n = dimV. Then, by Theorem 128, every linearly independent subset of V' has
size at most n. Let S be a largest linearly independent set contained in U (and so in V), so
S| < n.

Suppose, for a contradiction, that (S) # U. Then there exists u € U\(S). Now by Lemma
102 SU{u} is linearly independent, and |S U {u}| > |S|, which contradicts our choice of S. So
U = (S) and S is linearly independent, so S is a basis of U, and as we noted earlier |S| < n.

Say now that dimU = dim V and U # V. Then there exists v € V\U. This v may then be
added to a basis of U to create a linearly independent subset of V' with

dimU +1=dmV +1
vectors, which is a contradiction. Hence dimU = dim V' implies U = V. =m

Proposition 135 Let V' be a finite-dimensional vector space over F and let S be a linearly
independent set. Then there exists a basis B such that S C B.
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Proof. If (S) = V then we are done as S is linearly independent and spanning, and so a basis.
If (S) # V then by Lemma 102 we can extend S to S; = SU{u;} where u; € U\(S) to create a
larger linearly independent set. If (S7) = V, then we are done as S is a basis. This process can
continue and only terminates at some Sy if Sy is a basis. However this process must terminate
as we know every linearly independent subset of V' must contain at most dim V' elements. m

Corollary 136 A maximal linearly independent subset of a finite-dimensional vector space is
a basis.

Proof. Let S be a maximal linearly independent subset of a finite-dimensional vector space V.
If (S) # V then by Lemma 102 we can extend Sy = SU{u;} which is still linearly independent,
but contradicts the maximality of S. So (S) =V. =

Corollary 137 A minimal spanning subset of a finite-dimensional vector space is a basis.

Proof. Let S be a minimal spanning subset of a finite-dimensional vector space V. If S is not
linearly independent, then there exists v € S which can be written as a linear combination of
elements of S\{v}. Then S\{v} is linearly independent, and as shown in Lemma 102 S\{v} is
still spanning, which contradicts the minimality of S. m

Question Let S be a finite set of vectors in R". How can we (efficiently) find a basis of (S)7

Example 138 Let S = {(0,1,2,3),(1,2,3,4),(2,3,4,5)} C R, Define

A—

N = O

3
4
5

=W N

1
2
3
So (S) = Row(A). Applying EROs to A does not change the row space. Now

10 -1 -2
RRE(4)=| 01 2 3
00 0 0

As has been commented before, the non-zero rows are a basis for the row space, or equivalently

for (S).

5.2 The dimension formula

We previously saw that the sum U + W and intersection U NW of two subspaces are subspaces.
We now prove a useful theorem connecting their dimensions. Recall that we can extend bases
of subspaces to bases of larger spaces, but in general a basis of a vector space won’t contain a
basis of a subspace (or possibly even any elements from the subspace). Thus it makes sense to
begin with U N W, the smallest of the relevant spaces.

The next result is particularly useful.
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Theorem 139 (Dimension Formula) Let U, W be subspaces of a finite-dimensional vector
space V' over F. Then

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

Proof. Take a basis vy, ..., v, of UNW. Now UNW < U and UNW < W, so by Theorem
135 we can separately extend this set to a basis vy, ..., U, w1, ..., u, of U, and a basis vy,
cey Um,y W1, ..., w, of W. With this notation, we see that

dim(U NW) =m, dimU = m + p, dim W =m +q.
We aim to show that S = {vi, ..., U, U1, ..., Up, W1, ..., w,} is a basis of U + W. It contains

m+p+q=(m+p)+(m+q) —m
=dimU +dim W — dim(U N W)

elements. So if we can verify this aim then the result follows.
S is spanning: Take x € U + W, so that x = u + w for some v € U, w € W. Then

/ /
U= U1 + - QU + UL - AUy,

w = Fiv1+ -+ + Bt + Bwr + -+ B,
for some scalars «;, o, 5;, 5. € F. Then
r=u+w= (g + P1)vr + -+ (W + Bn)Um + Qus + - -+ apu, + Bl 4 -+ Brw, € (S),

showing (S) =U + W.
S is linearly independent: Take o, ..., oo, B, -, Bp, Y1, -+, Vg € F such that

U1+ QU+ B + -+ Bpuy +yiwn + - 4 ygwg = 0.

Then
Q11 + - U + Brur + -+ By, = —(rrwn + - -+ Ygwy).

The vector on the LHS is in U, and the vector on the RHS is in W. So they are both in UNW.
As vy, ..., v, form a basis of U N W, there are \{, ..., \,, € F such that

—(nwr + - F Ygwy) = Mvr -+ AU,
which rearranges to

MWy + -+ YWy + Avr + -+ A, = 0.
But {vy,..., vy, wy,...,w,} is linearly independent (it’s a basis for W), and so each ~; is 0.
This then implies that

0V + -+ QU + Brug + -+ Bpu, = 0.

But {vi,..., v, u1, ..., u,} is linearly independent (it’s a basis for U), so each «; and 3; equals
0. So S is linearly independent and the result follows. m
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Example 140 Let V' be a vector space of dimension 10. Let X, Y be subspaces of dimension
6. Then X +Y <V sodim(X +Y) <dimV = 10. So, by the dimension formula,

dim(X NY) =dim(X) +dim(Y) —dim(X +Y) > 6+6 — 10 = 2.
It is not hard to see that the possibilities
2 < dim(X NY) <6,
are all possible. This is left as an exercise.

Definition 141 Let U, W be subspaces of a vector space V.. IfUNW = {0y} and U4+W =V,
then we say that V' is the direct sum of U and W, and we write V. =U & W.

Proposition 142 Let U, W be subspaces of a finite-dimensional vector space V. The following
are equivalent:

(a) V=UdW;

(b) every v € V' has a unique expression as u+ w where u € U and w € W;

(¢)dimV =dimU +dimW and V =U + W;

(d) dimV =dimU +dim W and UNW = {0y };

(e) if ui, ..., uy is a basis for U and wq, ..., w, is a basis for W, then uy, ..., Uy, wy,

.., wy, s a basis for V.

Proof. Exercise. Hint: (a) < (b) follows from the definition of direct sum.
Try using the dimension formula to prove that (a)/(b) are equivalent to (c)/(d)/(e). =

Remark 143 To conclude, two more general comments on direct sums.

o A vector space V is said to be the direct sum of subspaces X1, ..., X, <V if everyv € V
can be uniquely written

v=x1+ X0+ -+ a1 where x; € X;  for all 1.
Thus it is statement (b) in the proposition above which naturally generalizes.

o Writing a vector space as a sum of subspaces is called an internal direct sum. Given
vectors spaces Vi, ...,V then the external direct sum

VieVe®- -3V

has the Cartesian product Vi X Vo X -+ - x V}. as the underlying set, with addition and scalar
multiplication defined componentwise. That is

(vl,...,vk)—i-(wl,...,wk) :(Ul—i-wl,...,vk—l—wk);

a.(vy, ..., v) = (g, ... oLog)
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6. LINEAR TRANSFORMATIONS

We have objects with some structure (vector spaces). This section is about structure-preserving
maps between these objects. You will see a similar phenomenon in lots of other contexts too —
whenever we have objects with some kind of structure, we can ask about structure-preserving
maps between objects. (This can lead to further abstraction, which is explored in Category
Theory, an interesting part of mathematics and a Part C course.)

6.1 What is a linear transformation?

Definition 144 Let V', W be vector spaces over F. We say that a map T:V — W 1is linear
of

(i) T(vy + vy) =T (v1) + T(vs) for all vy, vo €V (preserves additive stucture);

and

(11) T(\v) = XT'(v) for allv eV and A € F (preserves scalar multiplication,).

We call T' a linear transformation or a linear map.

Proposition 145 Let V., W be vector spaces over F, let T: V. — W .be a linear map. Then
T(O0y) = Ow.

Proof. Note that T'(0y) + T'(0y) = T(0y 4+ 0y) = T(0y), and hence T'(0y) = Op. m

Proposition 146 Let V., W be vector spaces over F, let T:V — W. The following are
equivalent:

(a) T is linear;
(b) T(avy + puy) = T (vy) + BT (ve) for all vy, vo €V and o, f € F;
(c) foranyn =1, ifvy, ..., v, €V and ay, ..., a,, € F then

T(onvy + -+ apvy) = agT(v1) + - - + @, T(vy).
Proof. Exercise. m

Example 147 o Let'V be a vector space. Then the tdentity map idy: V — V given by
idy(v) =wv for allv € V is a linear map.

o Let V., W be vector spaces. The zero map 0: V — W that sends every v € V' to Oy is
a linear map.
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e Form,n>1, with A€ M,«x,(R). Then we define the left multiplication map
La: R, — RY, by  La(v)=Av for veR]L,.
This is a linear map. Similarly, we have a right multiplication map
Ry: R™ — R" by Rs(v)=vA for veR™
o Take m, n, p > 1 with A € Myxn(R). The left multiplication map M, y,(R) —
Mxp(R) sending X to AX is a linear map.

o Let V' be a vector space over F with subspaces U, W such that V. =U & W. Forv eV
there are unique u € U, w € W such that v =u+ w. Define P: V — V by P(v) = w.

Proposition 148 P is a linear map. P is called projection of V onto W along U.

Proof. Take v, vo € V and aq, ag € F. Then there are uy, us € U, wy, wy € W such
that vi = u; +wy and v3 = ug + wy. Now

aqv1 + aguy = aq(ug + wq) + ag(ug + wy)

= (alul + OégUg) + (ozlwl + Oég'wg)
where ayuy + asus € U and aqwy + asws € W. So by uniqueness

P(aqvy + agvg) = aqwy + aswe = a1 P(vy) + aa P(vg).

]
o For A= (a;;) € Myxn(R), we define the trace of A to be
trace(A): = ai; + an + -+ aun,

(the sum of the entries on the main diagonal of A). The map trace: M, »,(R) — R is a
linear map.

o Let R, [z] be the vector space of polynomials of degree at most n. Define D: R, [z] — R, [z]
by p(z) — p'(x), that is,

D(an:E" +---t+axr+ CLO) = nangjn_l + . +a.

This is a linear map from R, [z] to R,[z]. We could also think of it as a linear map R,,[x]
to Rn—l[x]-

o Let CH(R) be the subspace of R consisting of differentiable functions f: R — R. The
differential operator D: C*(R) — R® sending f to f' is a linear map.

o Let C(R) be the subspace of RY consisting of functions f: R — R that are infinitely
differentiable. The differential operator D: C*(R) — C*°(R) sending f to f’ is a linear
map.

o Let X be a set, let V =RX be the space of real valued functions on X. For a € X, the
evaluation map E,: V — R sending f to f(a) is a linear map.
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6.2 Combining linear transformations

We can add linear transformations (pointwise), and we can multiply a linear transformation by
a scalar (pointwise).

Proposition 149 Let V', W be vector spaces over a field F. For S, T:V — W and A\ € F, we
may define linear maps S + T and S by

SET VoW by (S+T)0) =S@)+T@w)  for wveV;
AS:V =W by (AS)(v) = AS(v) for veV.

With these operations (and the zero map 0: V- — W), the set of linear transformations V- — W
forms a vector space denoted Hom(V, W).

Proof. Firstly S + T is a linear map as

(S + T)(a1v1 + agvy) = S(aqvy + anvs) + T'(aqvy + ovs) [by definition]
= a15(v1) + a2S(v2) + a1 T (v1) + T (v2) [by linearity]
= a1 (S(v1) + T(v1)) + (S (ve) + T(ve)) [rearranging]
=a1(S+T)(v1) + ao(S + T)(vq) [by definition]
showing linearity. That AS is linear is left as an exercise. Verifying the vector space axioms for
Hom(V, W) involves showing:
(i) S+ T =T + S: this follows from commutativity of 4+ in W.

i) S+ (I'+U)=(S+T)+U: this follows from associativity of 4+ in W.
iii) S 4+ 0 = S: this follows from properties of Oy .

(
(
Eiv) S has an additive inverse (—S)(v) o —(S(v)).

AMSHT)=AS)+(AT); (A+p)S =)+ (1S); (Au)S=AuS); 15=S-S.

These properties follow from the same properties for vectors in W as addition and scalar
multiplication of linear maps is defined pointwise. m

We can also compose linear transformations.

Proposition 150 Let U, V, W be vector spaces over F. Let S: U — V and T:V — W be
linear. Then T o S: U — W is linear.

Proof. Take uq, us € U and Ay, Ay € F. Then

(T 0 S)(Auy + Aus) = T(S(Aug + Aus)) [definition of composition)]
= T(AS(u1) + A2S(u2)) [S is linear]
= MT(S(uy)) + AT(S(uz)) [T is linear]
=M (T 0 8)(uy) + Ao(T 0 5)(usg) [definition of composition]

so T oS is linear. m
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Remark 151 We often write T oS asT'S. The notation T oS removes any possible ambiguity
about the order of the functions.

Definition 152 Let V', W be vector spaces and let TV — W be linear. We say that T 1is
invertible if there is a linear transformation S: W — V' such that ST = idy and T'S = idy
(where idy and idy are the identity maps on V and W respectively). In this case, we call S
the inverse of T, and write it as T~ . An invertible linear map is called an isomorphism.

Remark 153 T is a function, so if it is invertible then it has a unique inverse (you saw this
in the Introduction to University Maths course), so there is no ambiguity in writing T .

Proposition 154 Let V., W be vector spaces. Let T:'V — W be linear. Then T is invertible
if and only if T is bijective.

Proof. (=) If T is invertible, then it is certainly bijective (see the Introduction to University
Maths course).
(<) Assume that 7' is bijective.

Then T has an inverse function S: W — V, but it remains to show that S is linear. Take
w1y, Wo € W and )\1, Ay €F. Let v; = S(wl), Vg = S(wg) Then

T(’U1> = TS(wl) = W1 and T(Ug) = TS(UJQ) = W2.
Now
S()\lwl + )\211)2) = S()\lT(’Ul) + )\2T(U2))
= S(T(Mvy + Aav2)) [since T is linear]

= \v1 + \v las S is inverse to T
= )\15(11)1) + )\25(11)2)

So S is linear. =

Proposition 155 Let U, V, W be vector spaces. Let S: U — V and T:V — W be invertible
linear transformations. Then T'S: U — W is invertible, and (T'S)™' = S~1T-1.

Proof. Exercise. m

Proposition 156 (a) Let V,W be vector spaces with V' finite-dimensional. If there is an
wnvertible linear map T: V. — W then dimV = dim W.

(b) Let VW be finite-dimensional vector spaces with dimV = dim W. Then there is an
wnwertible linear map T:'V — W.

Consequently V. and W are isomorphic if and only if dimV = dim W.

Proof. (a) Let vq,...,v, be a basis for V. It is left as an exercise to show that Tvy,...,Tv, is
a basis for W. Then n = dim V' = dim W.

(b) Let n =dimV = dimW. Let vy,...,v, be a basis for V and wy,...,w, be a basis for
W. It is left as an exercise to show that

TV —->W given by T (Z a,-vi) = Z oW;

is a well-defined, invertible linear map. =
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Example 157 Let V = Rlz| denote the vector space of polynomials in x with real coefficients,
and let W denote the vector space of real sequences (ay),—,. Then V and W are both infinite-
dimensional but are not isomorphic.

Solution. The set B = {1, 2,22 23,...} is a basis for V. That it is linearly independent shows
that V' is not finite-dimensional. The set of sequences {(0;,),.—, | ¢ > 0} is linearly independent
and so W is also infinite-dimensional.

However the set S = {(t"),~, | t € R} is an uncountable linearly independent subset of W
and hence W does not have a countable basis. We prove that S is linearly independent below.
Suppose that

ar (1) + -+ + oy () = (0)

for real numbrs aq, ..., ax, t1,...,tx with the ¢; distinct. Then for all n > 0 we have
Oélt?—F—'—Oéktz = 0.

These equations for 0 < n < k can be rewritten as the single matrix equation

1 1 P | ay 0
tl tg t3 tk [6D) O
t2 2 8 as | =10
AR A (R v 0

As the t; are distinct, then the above k x k matrix is invertible — this is proved in Linear Algebra
IT next term. Hence S is an uncountable linearly independent set. No such set exists in V' and
hence W is not isomorphic to V. m

6.3 Rank and nullity

Definition 158 Let V', W be vector spaces. Let T : V. — W be linear. We define the kernel
(or null space) of T to be
kerT':={veV|T(v) =0y}

We define the tmage of T' to be
ImT :={T(v)|veV}
Here are some useful properties of kernels and images.

Proposition 159 Let V., W be vector spaces over F. Let T: V. — W be linear. Then
(a) ker T is a subspace of V and ImT is a subspace of W ;
(b) T is injective if and only if ker T'= {0y }.
(c) if A is a spanning set for V, then T(A) is a spanning set for ImT';
(d) if V is finite-dimensional, then ker T' and ImT" are finite-dimensional.
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Proof. (a) Note that ker 7 C V and ImT C W.
ker T" Note that T'(0y) = Oy so Oy € ker T
Take vy, vy € ker T and A € F, so T'(vy) = T'(v3) = Oy
Then T (Avy + v9) = AT (v1) + T'(v2) = NOw + Oy = O, S0 Avy + vy € ker T'.
So, by the Subspace Test, ker T < V.
Im 7T We have T'(0y) = Oy so Oy € ImT'.
Take wy, wy € ImT and A € F. Then there are vy, vo € V such that T'(v;) = w; and
T(vy) = we. Then Awy + wy = AT (vy) + T (v) = T(Avy +v3) € ImT.
So, by the Subspace Test, ImT < W.

(b) Say that T"is 1-1. If v € ker T' then T'v = Oy = T'(0y). By injectivity we have v = 0y
and so ker 7' = {0y }.

Conversely say that ker ' = {0y } and that Tv; = Tve. Then T'(v; —vg) = Tv; — Ty = Oy .
Then v; — v9 = 0y and so T is 1-1.

(c) Let A be a spanning set for V.
Take w € ImT'. Then w = T'(v) for some v € V.
Now there are vy, ..., v, € A and oy, ..., a, € F such that v = aqv; + -+ + a,v,. So

w="T(av; + -+ anv,) = T (v) + - - + ., T(v,) € (T(A)).

So T'(A) spans Im 7.

(d) Assume that V is finite-dimensional. Then ker T < V so ker T is finite-dimensional.
Also, Im T is finite-dimensional by (iii). m

Corollary 160 Given a matriz A the image of La is Col(A), the column space of A and the
image of Ra is Row(A), the row space of A.

Proof. The canonical basis ey, ..., e, spans R™ and hence the rows of A, r; = e A,...,r,, =
e, A span Im R4. Hence Im R4 C Row(A). Conversely if v € Row(A) then

V=aqr; + -+ aply, = (e + -+ apen)A € Im Ry.
Likewise Im L4 = Col(A). m

Definition 161 Let V, W be vector spaces with V' finite-dimensional. Let T :'V — W be
linear. We define the nullity of T to be nullity(T) := dim(ker T'), and the rank of T to be
rank(T) = dim(Im 7).

Given the previous corollary, the rank of L, equals the column rank of A and the rank of
R4 equals the row rank of A.

The next theorem is very important!

Theorem 162 (Rank-Nullity Theorem) LetV, W be vector spaces with V' finite-dimensional.
Let T:V — W be linear. Then

dim V' = rank(7") 4 nullity (7).
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Proof. Take a basis vy, ..., v, for ker T', where n = nullity(7") and extend this to a basis vy,

oy Up, U, ooy vloof Voso that dim V' = n + r. We claim that B = {Tv],...,Tv.} is a basis
for Im 7T
B spans ImT":
By Proposition 159(c), T(vy), ..., T(v,), T'(v}), ..., T(v.) span Im T, being the images of
a basis. But vy, ..., v, € ker T, meaning T'(v,) = - -+ = T'(v,) = Ow, so in fact Tv,..., TV

span ImT'.

B is linearly independent:
Take aq, ..., a, € F such that

a;T(vy) + -+ a,T(v.) = Ow.

As T is linear, we can rewrite this as T'(a 0] + - - + a,v)) = Ow. So aqvf + -+ -+ a,v). € ker 7.
As vy, ..., v, is a basis for ker T', there are (31, ..., (5, € F such that

O‘lvi—i_"'—i_o‘rvi:B1U1+"'+ﬁnvm

But vy, ..., v, v}, ..., v. are linearly independent (being a basis for V'), so
/61:...:/671:&1:..-:&7‘:0_
This shows wq, ..., w, are linearly independent and the claim follows.

Now using the claim we have rankT = r, and so dim(V') = n + r = nullity(7) + rank(7T"). =

Here are a couple of useful results in their own right that also illustrate the usefulness of
the Rank-Nullity Theorem.

Corollary 163 Let V' be a finite-dimensional vector space. Let T:V — V be linear. The
following are equivalent:

(a) T is invertible;

(b) rankT = dim V;

(¢) nullityl’ = 0.

Proof. (a) = (b):
Assume that T is invertible. Then T is bijective, so is surjective, so ImT = V| meaning
rank7 = dim V.
(b) = (c):
Assume that rank7 = dim V. Then, by Rank-Nullity, nullity7 = 0.
(c) = (a):
Assume that nullity?” = 0 so that ker 7" = {0y }. Then T is injective.
Also, by Rank-Nullity, rank7T = dim V and Im7T <V, so ImT =V, so T is surjective.
So T is bijective, so T is invertible m

The next result is important, and we’ll use it again later in the course.

Corollary 164 Let V' be a finite-dimensional vector space. Let T:V — V be linear. Then
any one-sided inverse of T is a two-sided inverse, and so is unique.
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Proof. Suppose that T" has a right inverse S: V — V,so T oS = idy. Since idy is surjective,
T is surjective, so rank7T = dim V.

So, by the previous corollary T is invertible, say with two-sided inverse S’

Then "= S oidy =S o(ToS)=(S0T)oS=1idyoS=25.

Hence S is the (unique) two-sided inverse.

If instead we suppose that 7" has a left inverse S: V. — V, so S oT = idy, then idy is
injective so that T is injective and hence nullity7 = 0, and the argument is similar to the
previous one. ®

Which, when reworded in terms of matrices, is the following result.

Corollary 165 Let A, B be square matrices of the same size. If AB is invertible then A and
B are invertible.

Lemma 166 Let V and W be vector spaces, with V' finite-dimensional. Let T:V — W be
linear and U < V. Then

dim U — nullity7 < dim7'(U) < dim U.
In particular, if T is injective then dimT'(U) = dim U.

Proof. Let S: U — W be the restriction of T" to U (that is, S(u) = T'(u) for all uw € U). Then
S is linear, and ker S < ker T" so nullity.S < nullity7". Also, Im S = T'(U). By Rank-Nullity,

dim7T'(U) = dimIm S = dim U — nullity S < dim U;
dimT(U) = dim U — nullityS > dim U — nullityT.

If T is injective, then nullity? = 0, so dim7'(U) = dimU. =

Remark 167 A take on the Rank-Nullity Theorem using matrices.

Let A be an m X n matriz and consider its reduced form RRE(A). We know that there are
as many leading 1s as there are non-zero rows and this is the row rank of A. We also know that
the kernel of A can be parameterized by assigning parameters to every column which does not
have a leading 1. Hence

row rank of A = number of leading 1s;

nullity of A = number of columns without leading 1s.
Hence

— A3 n
n =dmR]

= (number of leading 1s) + (number of columns without leading 15)

= (row rank of A) + (nullity of A).
Corollary 168 (Criteria for Invertibility) Let A be an n x n matriz. The following state-
ments are equivalent:

(a) A is invertible.
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(b) A has a left inverse.

(c) A has a right inverse.

(d) Row(A) = R™.

(e) The columns of A are linearly independent.

(f) The rows of A are linearly independent.

(9) The only solution x in R, to the system Ax =0 is x = 0.
(h) The row rank of A is n.

(i) RRE(A) = I,.

Proof. These are separately left as exercises. Some of the equivalencies have already been
demonstrated. m
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7. LINEAR MAPS AND MATRICES

7.1 Representing linear maps with matrices

We saw examples of linear maps arising from multiplying by a matrix: for A € M,,x,(R), we
defined Ls: R, — R?” by Ls(v) = Av, and we defined R4: R™ — R" by R4(v) = vA.

We shall see that linear maps are to matrices, as vectors are to coordinate vectors. Impor-
tantly recall that a vector has different coordinates in different coordinate systems and that
each choice of coordinates (or basis) associates coordinates with a vector. Similarly given a
linear map 7': V' — W for each choice of coordinates (or bases) for V and W we will see that

T is represented by a matrix; change your choice of bases and that matrix will change too!

Definition 169 Let V' be an n-dimensional vector space over F with an ordered basis V of
vectors vy, ..., v,. Let W be an m-dimensional vector space over F with an ordered basis VWV
of vectors wy, ..., wy,. So every vector in'V and W is represented by a coordinate vector in
F" and F™ respectively.

Let T:V — W be a linear transformation. We define the matrixz for T with respect to
the bases V and W to be the matrix which takes the coordinate vector of v to the coordinate
vector of Tv.

More explicitly, this is the m x n matriz A = (a;;) where

m

T(v;) = Z Wi Wi -

k=1

We will write w1y, for this matriz A.

Remark 170 Firstly note that this matriz is well-defined. For each 1 < i < n then T(v;) can
be uniquely expressed as a linear combination of V.

Remark 171 Further ay,, ..., am; are the coordinates of T'(v;). These are the entries in the ith
column of A. The coordinate column vector of v; is €l and the ith column of A is Ael. So we
can see that the entries of A are the coordinates of the images of the basis V as claimed.

Note that this is what matrices normally do! Given an m xn matriz A then the first column
of A equals Ae; where e; = (1,0,...,0), and more generally the ith column is Ael .

Remark 172 So if we use V and W to identify V and W with F_ | and F7, then we identify
T with LA.

Remark 173 Importantly in this the bases are listed in an order. If the order of either basis
changed then the matriz will change too.
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Remark 174 If V =W and we use the same ordered basis for both domain and codomain of
T:V — V, then we talk about the matrixz for T with respect to this basis.

Example 175 Let T: R? — R3 be defined by T(z,y,2) = (0,2,y). This is linear (check!). If
we take
i=(1,0,0), j=10,1,0), k =(0,0,1),

as the basis £ for both the domain and codomain then we see that
T(1,0,0) = (0,1,0), 7(0,1,0) = (0,0,1), T7(0,0,1) = (0,0,0).
Hence

ele =

O = O

0
0
1

o O O

Note that (¢Tg)” = ¢T¢ and (¢T¢)> = 0= ¢T2 (again check!).

Example 176 Let T: R3 — R? be defined by T(x,vy,z) = (0,z,y) as in the previous example.
Now let F be the ordered basis

fi=(1,1,1), f, = (1,1,0), f,=(0,1,1).
Find (i) ¢Tx, (ii) #Te and (iii) =T
Solution. (i) Note that
T(1,1,1) =(0,1,1), T(1,1,0) = (0,1,1), 7(0,1,1) =(0,0,1).
Hence

0
Tr=| 1
1

—— o
[ =)

(ii) Note that

T(1,0,0) = (0,1,0) = —f, + £, +f5,  T(0,1,0)=(0,0,1)=f; — £,  T(0,0,1) = (0,0,0).

Hence
-1 1 0
Fle = 1 -1 0
1 0 O

(iii) Note that
T(1,1,1) = (0,1,1) =5,  T(1,1,0)=(0,1,1)=f;,  T(0,1,1) = (0,0,1) = £, — £,.

Hence

—_

lr=

_ o O
_— o O
I
—_
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Proposition 177 Let V' be an n-dimensional vector space over F with ordered basis V. Let W
be an m-dimensional vector space over F with ordered basis VV. Then

(i) the matriz w0y of the zero map is Opxpn for any choice of V and W;

(i1) the matriz yidy of identity map I,, for any choice of V;

(i) if S: V. — W, T:V — W are linear and o, 5 € F, then

1N(a5“+/?f)y::chMSb)—kﬁ30M7$).
Proof. These are left as exercises. m

Theorem 178 Let U, V, W be finite-dimensional vector spaces over IF, of dimensions m,n, p,
with ordered bases U, V', W respectively. Let S: U — V and T:V — W be linear. Let

/122 vfh{ and 1322 yvjb.

Then
BA = \WT5S,.

Proof. Note that A is n x m and B is p X n, so the product matrix BA is p x m. Let U be
Ui, .oy Up, V be vy, ..., v, and W be wy, ..., wp.
As usual, we write A = (a;;) and B = (b;j). By definition of A and B, we have

n
S(Ul) = Zajﬂ)j for 1 < 7 < m;
7j=1

p
T(vj) = Zbkjwk for 1 <j<n.
k=1
Now for 1 < i < m we have

(ToS)(u;) =T(S(u)) =T (Z ajivj>

j=1

n
= g a;;T(v;) since T is linear

j=1
n p
= Z Qi Z bkjwk
j=1 k=1
p n
= Z <Z bkjaj,) Wi
k=1 \j=1
p
k=1

Thus, by definition, ,71'Syy = BA. m

Remark 179 This is why we define multiplication of matrices in the way that we do!
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Remark 180 As we are about to see, this gives a relatively clear and painless proof that matriz
multiplication is associative as composition is associative.

Corollary 181 Take A € M, (F), take B € M,«,(F), take C' € M, ((F). Then A(BC) =
(AB)C.

Proof. We consider the left multiplication maps

La:F", —F" and Lp:F’, —F" and Lc: F., — F?

col col col col”

With respect to the standard bases of these spaces, the matrices of L4, Lg, Lo are A, B, C
respectively.Hence, by the previous theorem A(BC') and (AB)C' are the matrices of
Lio(LgoLg): F!, —TF" and (LjolLp)oLg:F!, —F"

col col» col col

respectively. But composition of functions is associative, so
Lyo(LgoLc)=(LaoLg)oLe
and hence A(BC) = (AB)C. m

Corollary 182 Let V' be a finite-dimensional vector space and let T:'V — V' be an invertible
linear transformation. Let A be the matriz of T with respect to an ordered basis (for both
domain and codomain). Then A is invertible, and A™" is the matriz of T~ with respect to the
same basis.

Proof. Exercise. m

7.2 Change of basis

Question Take two matrices for the same linear transformation with respect to different bases.
How are the matrices related?

Example 183 Define T: R* — R? by T'(z,y) = 2z + y,3z — 2y). To find the matriz of T
with respect to the standard ordered basis €, note that

T(1,0)=(2,3)  and  T(0,1) = (1,-2)

so the matriz for T with respect to this basis is

2 1

That is T = La. Let £ = (1, —2) and £ = (=2,5). Then £y, 5 is an ordered basis of R* which
we will denote as F. Note that

T(f) = (0,7) = 14f, + 76,
T(f) = (1,—16) = —27f; — 14f,
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so the matriz for T with respect to this basis is
14 =27
7y = < 7 —14 ) '

How are these two matrices related? Well, by Theorem 178, we can see that

7T = (#le) (eT¢) (e1F) -

The matrixz ¢ Ir represents the identity transformation, so it is does not change vectors; however
it changes the coordinate vector for a vector with respect to some basis F to the coordinate vector
for the same vector with respect to a different basis £. Note that the inverse of this matrix
18 ]:Ig.

We can take f1, f5 and write them with respect to ey, es: we have

f1 = e — 282, f2 = —291 + 582
so we get a ‘change of basis matriz’
1 =2
elr = < -2 5 ) '

If this matriz is applied to (1,0)T then this coordinate vector represents f,. The image of the
coordinate vector (1,0)" is (1,—2)" which represents e; — 2e,. But this is of course the same
vector! This vector just has different coordinates with respect to the bases £ and F.

It is then the case that
(1 2\ (52
FlE—\ 2 5 “\21 )

e —= 5f1 + 2f2, €y — 2f1 + fg.

which represents that

And we can verify that

(rle) (eTe) (e17)
(1) L)L)
(002
(7))

as expected,

Corollary 184 (Change of basis theorem) Let V' be a finite-dimensional vector space over
F with ordered bases V, V'. Let W be a finite-dimensional vector space over F with ordered
bases W, W'. Let TV — W be a linear map. Then

w Ty = (wrlw) (WTv) (vIy:) .
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Proof. This is an immediate corollary to Theorem 178. m

Corollary 185 (Change of basis theorem version 2) LetV be a finite-dimensional vector
space over F with ordered bases V, V' and let T: V — V be a linear map. Then

vy = (vily) WVTV) (vIv/).
If we set A= I\, B= 1y and P = 1y then note
A=P'BP.
Proof. This is a special case of the previous corollary. m

Definition 186 Tuke A, B € M,«,(F). If there is an invertible n x n matriz P such that
A = P7'BP, then we say that A and B are similar. Similarity is then an equivalence relation.

Remark 187 So two matrices representing the same linear transformation from a finite-dimensional
vector space to itself, but with respect to different bases, are similar.

Remark 188 Properties of Linear Maps As many different matrices can represent the
same linear transformation T': 'V — V it would be disturbing if different conclusions about the
properties of T could be determined by using different matrix representatives. For example, if
we said a linear map T is invertible if a matriz representative of it is invertible, could T end
up being invertible and not invertible? Reassuringly the answer is no.

Let A = V1T and B = 1Ty be matrices representing T with respect to two bases, so that
A = P~'BP for some invertible P. Then

o A is invertible if and only if B is invertible.

e The trace of A equals the trace of B. [This follows from the identity trace(MN) =
trace(NM).]

A functional identity satisfied by A, such as A®> = A, is also satisfied by B.

The determinant of A equals the determinant of B. [Determinants will be formally defined
in Linear Algebra II next term.]

The eigenvalues of A equal the eigenvalues of B. [Eigenvalues will be formally defined in
Linear Algebra II next term.]

Thus we may, in a well-defined fashion, refer to the invertibility, trace, determinant of a
linear map.

Note we cannot, in a well-defined manner, refer to the transpose of a linear map. If A =
P~1BP then it need not be the case that AT = P~*BTP. Though you might note that this is
true if P is orthogonal! (This is something that will be addressed when you meet adjoints in
the second year.)

CHANGE OF BASIS 66



7.3 Matrices and rank

For a matrix A € M,,«,(F), we have defined the row space and row rank, and analogously the
column space and column rank. It makes sense to ask if rowrank(A) and colrank(A) related?

Remark 189 From the definitions, we see that Col(A) = Row(A”T) and so colrank(A) =
rowrank(A”). Similarly, Row(A) = Col(AT) and so rowrank(A) = colrank(AT).

We first prove the following:
Lemma 190 The linear system (A|b) is consistent if and only if Col(A|b) = Col(A).
Proof. Say that A is m x n and denote the columns of A as ¢y, cs,...,c,. Then

(Alb) is consistent <= Ax =b for some x € F,
<= z1¢1 +---x,¢, =b for some x € .|
<= b € Col(4)
<= Col(A|b) = Col(A).

[
Theorem 191 The column rank of a matrix equals its row rank.

Proof. We prove this by induction on the number of columns in the matrix. A non-zero m x 1
matrix has column rank 1 and also row rank 1 as the matrix reduces to el’; the column rank and
row rank of 0,,»1 are both 0. So the n = 1 case is true. Suppose, as our inductive hypothesis,
that column rank and row rank are equal for m x n matrices. Any m x (n + 1) matrix (A|b)

can be considered as an m x n matrix A alongside b in F?,. If the system (A|b) is consistent

then
colrank(A|b) = colrank(A) [by previous lemma)]
= rowrank(A) [by inductive hypothesis]
= rowrank(A|b) [see Remark 45].

On the other hand, if the system (A|b) has no solutions then

colrank(Alb) = (colrankA) + 1 as b ¢ Col(A)
= (rowrankA) + 1 [by inductive hypothesis]
= rowrank(A|b) [see Remark 45].

So if the system is consistent the row rank and column rank maintain their common value. If
inconsistent, then b adds a further dimension to the column space and (00---0]1) adds an
extra dimension to the row space. Either way the column rank and row rank of (A|b) still
agree and the proof follows by induction. m

We provide here a second proof of the result, as it takes a somewhat different approach.
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Theorem 192 Let P = QR where P,Q, R are respectively k x I, k x m, m X | matrices over
the same field.

(a) Then the row rank of P is at most m.

(b) Let p = rowrankP. Then P may be written as the product of a k X p matriz and a p X 1
matriz.

(¢) The row rank and column rank of a matriz are equal.

Solution. (a) By Proposition 117(c) we have
Row(P) = Row(QR) < Row(R).

Hence
rowrank(P) = dim Row(P) < dim Row(R) = rowrank(R) < m.

(b) There is a k x k invertible matrix £ such that EP = RRE(P) and hence
P = E"'RRE(P).

Now let E denote the first p columns of E~* and P denote the first p rows of RRE(P). As the
last k — p rows of RRE(P) are zero rows, we still have

P =EP,
where F is a k x p and P is a p x [ matrix.
(c) From (a) and (b) we know that the row rank of a k x [ matrix P is the minimal value p
such that P can be written as the product QR of a k X p matrix and a p x [ matrix. Whenever
P = QR then

T _ pT AT

ik N IR;p gdc

So the row rank of P7 is similarly p. But the rowrank PT = colrankP as required. m
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8. INNER PRODUCT SPACES

On first meeting vector spaces, it is quite natural to think of R™ as a typical example. However,
as has already been commented, it is important to appreciate that R™ has a lot of structure
beyond being just a real vector space. It has coordinates already assigned (and so a canonical
basis) and distances and angles can be measured, for example using the dot (or scalar) product.
Vector spaces, in general, have none of this extra structure.

The dot product is an example of an inner product; an inner product is a means of measuring
distance and angles within a vector space. A vector space together with an inner product is
called an inner product space. Initially we will consider inner products only on real vector
spaces, but we will later discuss complex inner product spaces. Inner products appear in many
areas of mathematics and they have particular importance in Fourier series and in quantum
theory.

8.1 Bilinear forms

Definition 193 Let V' be a vector space over F. A bilinear form B on V is a function
B:V xV — T, such that

(a) B(agvy + agvg, v3) = aq(vy,v3) + ag(vg, v3) for all vy, ve, v3 € V and ay, as € T

(b) B(v1, ovg + aigv3) = an(vy,v2) + ag(vy,v3) for all vy, ve, v3 €V and as, az € F.

(a) says that B is linear in the first variable (when we fix the second variable), and (b) says
the same for the second variable.

Example 194 Forx = (z1,...,2,) € F" andy = (y1,...,yn) € F", we define
B(x,y) = 2191 + - + Tnln.

This gives a bilinear form. In R™ this is the familiar dot product, or scalar product, often
written X - y.

Example 195 Take A € M,»,(F). Note forx,y € F" that B(x,y) = xAy? defines a bilinear
form on F".

Note that the usual scalar product is an example of this in the special case that A = I,
because X -y = xy’. (Officially, xAyT is a 1 x 1 matriz, not an element of F, but it is
completely natural to identify 1 X 1 matrices with scalars).

And for x, y € F", then B(x,y) = x! Ay defines a bilinear form on F"

col*
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Definition 196 Let V' be a vector space over F and let B be a bilinear form on V. Take

v, ..., v, € V. The Gram matrix of B with respect to vy, ..., v, is the n X n matrix
(B(v,-,vj)) € Mnxn(IF)
Proposition 197 Let V be a finite-dimensional vector space over F and let vy, ..., v, be a

basis for V. Let B be a bilinear form on' V' and let A € M,,«,,(IF) be the associated Gram matriz.
For X, Y eV, letx=(x1,...,2,) € F" and y = (y1,...,yn) € F" be the unique coordinate
vectors such that

X:xlvl—l—-~-—|—xnvn CLTLd Y:ylvl_i_..._i_ynvn'
Then B(X,Y) = xAy™.

Remark 198 Consequently the bilinear form in Example 195 essentially describes all bilinear
forms on V. Note that if A is the Gram matriz of a bilinear form, then any other Gram matrix
of B (that is, a Gram matriz with respect to a different basis) equals PT AP where P € My, (F)
15 1nvertible.

Proof. We have

B(X, Y) =B (Z T;U;, Z ijj>
i=1 j=1
= Z ;B <vi, Z ijj) [using linearity in the first entry]
i=1 j=1

= Z x; Z y;B(v;, vj) [using linearity in the second entry]|
=1 j=1

= Z Z TiQi5Y;

i=1 j=1
=z Ay’
|
Definition 199 We say that a bilinear form B: V xV — F is symmetric if
B(v1,v2) = B(vg, v1) for all v, V9 € V.

Note that a bilinear form is symmetric if and only if any Gram matriz of the bilinear form is
symmetric.

8.2 Inner product spaces

Definition 200 Let V' be a real vector space. We say that a bilinear form B: V xV — R is
positive definite if B(v,v) > 0 for allv € V, with B(v,v) = 0 if and only if v = 0. N.B.
we are defining real inner product spaces here; the requirement that B(v,v) = 0 does not make
sense in a general field.
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Definition 201 An inner product on a real vector space V' is a positive definite, symmetric,
bilinear form on V. Inner products are usually denoted {x,y) rather than B(x,y).

We say that a real vector space is an inner product space if it is equipped with an inner
product. Unless otherwise specified, (—, —) will denote an inner product, rather than a general
bilinear form.

Example 202 The dot product on R™ is an inner product. We noted earlier that it is a bilinear
form, and it is clearly symmetric. If x = (z1,...,x,) € R" and x # 0, then

x-x=x%—|—---—|—xi>0,

so the dot product is also positive definite. The inner product space consisting of R" equipped
with the dot product is known as n-dimensional Fuclidean space. The dot product also turns

no .
R, into an inner product space.

Example 203 Let V = R, [z], the vector space of polynomials of degree < n. For f, g € V,
define

(f.g) = / f(2)g(z) de

where a < b. Then (—, —) is bilinear — as integration is linear — and symmetric — as the integrand
is symmetric in f and g.

If feV and f # 0, then f(x) = 0 for only finitely many x in [a,b], and (f(x))*> > 0 at
other x, and we find that

. f) = / f(@)?dz > 0.

So (—,—) is positive definite.
Hence (—,—) is an inner product on V. In fact, more generally, (—,—) defines an inner
product on the space Cla,b] of continuous real-valued functions on the interval [a,b].

Importantly, inner products allow us to define length and angle, something which is not
possible with the structure of a vector space alone.

Definition 204 Let V' be an inner product space. For v € V, we define the norm (or mag-
nitude or length) of v to be
[o]l == v/ (v, v).

The distance between two vectors v, w € V s defined to be

d(v, w) = |lv—wl.
Proposition 205 The norm || — || has the following properties; for v,w € V and o € R,
(a) |v]| =0 and ||v|| = 0 if and only if v = Oy.

(b) llaw[| = laf ]

(c) ||lv+wl| < ||v| + [Jw||. This is known as the triangle inequality.

Proof. (a) and (b) are straightforward. To prove (c) we will first prove the Cauchy-Schwarz
inequality.
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Proposition 206 (Cauchy-Schwarz Inequality) For v,w in an inner product space V,
then
(v, w)| < o] flw]]-

Equality holds if and only if v and w are linearly dependent.
Proof. If w = 0 then the result is immediate, so assume that w # 0. For t € R, note that

0 < |jv+ twl?
= (v + tw, v + tw)
= (v,v) + 2t{v, w) + t*(w, w) [by linearity and symmetry]|
= |lvlI* + 2t(v, w) + £ [Jw]]*.

As ||w|| # 0, the last line is a quadratic in ¢ which is always non-negative. So it either has
complex roots or a repeated real root, meaning its discriminant is non-positive. So

discriminant = 4(v, w)* — 4 ||w||2 ||U||2 <0

and the Cauchy-Schwarz inequality follows. For equality, the discriminant has to be zero which
means there is a repeated real root t = ty. But then ||v + tow|| = 0 and hence v + tow = Oy
showing that v and w are linearly dependent. The converse is immediate. m

Proof. Continuing the proof of Proposition 205 (c): we now see

v+ w|®* = (v + w,v + w)

(
(v,v) + 2(v, w) + (w, w)

2 2
< [oll” + 2 o, w)| + [|wl]

< |l? 4+ 2 ||o|| |w| + ||Jw|® [by the Cauchy-Schwarz inequality]
= ([l + [lwl))*

and the triangle inequality follows. m

Proposition 207 The distance function d(v,w) = ||v — w|| satisfies the following properties:
for u,v,w €V we have

(a) d(v,w) = 0 and d(v,w) =0 if and only if v = w.

(b) d(v,w) = d(w,v).

(¢) d(u,w) < d(u,v) + d(v,w).
Here (a), (b), (¢) show d has the properties of a metric.

Proof. These properties follow straightforwardly from the properties of the norm. m
You may recall that in R? or R? we have

x -y = ||lz[l[lyl cos 8,
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where 6 is the angle between the vectors x and y. In general, we can use this idea to define
a notion of angle in an abstract inner product space V: we define the angle between nonzero

vectors x, y € V to be
COS_l ( <x,y) )
[ [[]ly]l

Note by the Cauchy-Schwarz inequality that this is well-defined as

]yl

for any nonzero vectors z, y in an inner product space.

Example 208 Let m,n be integers. Show that sinmax and cosnx are perpendicular in C|—m, 7|
with the inner product from Example 203. Show also that cos mx perpendicular to cos nx when
m # n and find ||cos mx|| .

Solution. Note that

™

(sinmz, cos nx) = / sinma cosnzdr =0

as the integrand is odd. For the second part, recall the trigonometric identity
1
COS T COSNT = i[cos(m +n)x 4 cos(m — n)x].
So if m # n then

(cosmx, cosnx) / s(m +n)x + cos(m — n)z dx

l\DlH

[\Dl}—‘

sin(m + n)z N sin(m —n)x "
m—+n m-—n _7r

I
o

If m =n # 0 then

™

1
|cos ma||* = (cos ma, cosma) = 5/ (cos2mz + 1) de =T,

and if m = n = 0 then W
11> = (1,1) :/ dz = 2r.

Remark 209 The above orthogonality relations are crucial in the study of Fourier series.
If we can represent a function on —mw < x < 7 as a Fourier series

1 [e.e]
f(z) =zap+ Z (ay cos kx + by sin k),

2
k=1
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then, provided the integration and infinite sum can be interchanged, we would have

™ T 1 e
/ f(z)sinlxdx = / <§a0 sin lx + Z (ay cos kx sin lx + by sin kx sin l:c)) dz

k=1
00
k=

7T1 1 " 3 = T . .
— (/_ﬂ iaosmlxdx) +Zak (/_Wcoskxsmlxdx) —i—;bk (/_ﬂsmkxsmlmdx)

1
:O—i-Zak X O+Zbk775kl
k=1 k=1

Zﬂ'bl.

Hence

1 ™
bl:%/ f(x)sinlx dx for 1> 1.

Similar calculations show that
1 i
a; = %/ f(x) coslx dz for 1 >=0.

These are the Fourier coefficients of f(x). Validating convergency issues and interchanging the
integration and infinite sum are difficult matters of analysis.

8.3 Orthogonal Maps

Definition 210 A linear map o: V. — V of an inner product space V' is said to be orthogonal

if
{a(v), a(w)) = (v, w)

for all v,w e V.

Proposition 211 Let a: R}, — R7 | be a linear map and let A denote the matriz of o with

col
respect to the standard basis. Then « is orthogonal with respect to the dot product if and only

if A is an orthogonal matriz.

Proof. Suppose that « is orthogonal with respect to the dot product. Denote the standard
basis as ey, ...,e,. Then

Sij = e -e; =ale;) - ale;) = (Ae;)" (Ae;) = el AT Ae;.

Now e! AT Ae; is the (i, j)th entry of AT A, and this equals d;; which is the (7, j)th entry of I,,.
Hence AT A = I,, as this is true for all i, j.
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Reversing the implications of the above argument takes us from AT A = I, to a(e;)-a(e;) = d;;.
But then by linearity

(6% (Z uiei> QU (Z ’UjGj) = Z Zuivja(ei> . Oé(e]‘>
= Z Z uivjéij
= Z U;V;

2 (5)

Proposition 212 An orthogonal map is an isometry of an inner product space.

and so « is orthogonal. m

Proof. Say « is orthogonal. Then, by linearity,

d(a(v), a(w))’ = la(v — w)|* = (a(v —w), a(v - w)) = (v —w,v —w) = v~ w||* = d(v,w)".

Hence « is an isometry. In fact, it can be shown that any linear isometry of a finite-dimensional
vector space is orthogonal. (This is proven in the Geometry course for R".) m

Definition 213 Let V' be an inner product space. We say that {vi,...,vx} C V is an or-
thonormal set if for all i, j we have

1 ifi=j
0 ifi#].

So the vectors are of unit length and are mutually perpendicular.

(vi,v5) = 645 = {

Lemma 214 In an inner product space V', an orthonormal set is linearly independent.

Proof. Say {vy,..., v} is orthonormal and ay, ..., ai € R such that ayvy + - - + agvr = Oy.
Then for 1 <7 < k& we have

0= (Ov,v;) = (qv1 + - - + gy, v;)
= oy (v1,0;) + - - - + ag(vg, v;)

soa;=---=qa,=0. m

Remark 215 Note then that n orthonormal vectors in an n-dimensional inner product space
1s an orthonormal basis. It is the case that every finite-dimensional inner product space has an
orthonormal basis, but this result will be proved in Linear Algebra I1.
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Recall that a matrix X € M,,,,,(R) is orthogonal if X X7 = [, = XTX. Equivalently, X
is orthogonal if X is invertible and X! = X7,

Proposition 216 Take X € M, «,(R). Consider R™ (or R ) equipped with the usual inner
product (x,y) = x-y. The following are equivalent:
(a) XXT = I,,;
(b) XTX = 1I,;
(c) the rows of X form an orthonormal basis of R™;
(d) the columns of X form an orthonormal basis of R
(e) for all x, y € R? |, we have Xx- Xy =x"-y.

col’

n .
cols

Proof. (a) < (b): For any A, B € M,,«,(R), we have AB = I, if and only if BA = I,,.

(a) < (c): Say the rows of X are xi, ..., x,,. Note that the (i, j)th entry of X X7 is x; - x;.
But XX7 = I, if and only if the (,7) entry of XX is d,;, i.e. if and only if the rows are
orthonormal. As there are n rows then the rows further form an orthonormal basis.

(b) < (d): Say the columns of X are y;, ..., y,. We see that the (i,7)th entry of XTX is
yi - y;j. The remainder of the argument is as given above.

(b) = (e): Recall that we can identify x -y with xTy. Assume that X7 X = I, and take x,
y € R .. Then

col*

(Xx) - (Xy) = (Xx)"(Xy)
= (x"X")(Xy)
=x"(X"X)y
=x'I,y
_x.y.

(e) = (d): Assume that Xx- Xy =x-y for all x, y € R . Let ey, ..., e, be the standard
basis of R? . But then

col*
52‘]‘ =€; ej = Xei . Xej.

And so Xey,..., Xe,, which are the columns of X, form an orthonormal basis. =

Remark 217 Condition (e) says that the map Rx: R" — R™ sending x to xX preserves the
inner product, and hence preserves length and angle. Such a map is called an tsometry of the
FEuclidean space R™. So the previous proposition says that X s orthogonal if and only if the
map Rx is an isometry.

8.4 Complex inner product spaces

Whilst the above theory of inner products applies very much to real vector spaces, rather
than to vector spaces over a general field, the theory can be adapted and extended to vector
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spaces over C. However, the usual dot product on C™ isn’t an inner product: it is bilinear and
symmetric but we’d find in C? that

I(1,3)]* =12+ =0

even though (1,7) # (0,0). We can avoid this problem by defining the standard inner product
on C" to be

n

(zl,...,zn)-(wl,...,wn):Zzim.

i=1

n n
(Z1y- ey 2n) - (21, vy 2n) = Zziz_i: Z\zi|2
i=1 i=1

which is non-negative and zero if and only if (z,...,2,) = 0.
Note that this form is linear in the first variable, positive definite, but ” conjugate symmetric”
in the sense that

We then have that

<’Ul, ’UQ> = <U2, ’Ul>.

Definition 218 Let V' be a complex vector space. A function (—, —): V xV — C is a
sesquilinear form if

(a) (cqv1 + aovg, v3) = a1 {vy, v3) + ag(vg, v3) for all vy, ve, v3 € V and oy, as € C; and||||
(b) (vi,v9) = (vo,v1) for all vy, vy € V.

In particular, we have (v,v) € R for allv € V. We say that a sesquilinear form is positive
definite if (v,v) >0 for allv € V, with (v,v) =0 if and only if v = 0.

A complex inner product space is a complex vector space equipped with a positive defi-
nite, sesquilinear form.

Remark 219 The prefix sesqui- relates to ”1% times”; for example a sesquicentennary is 150
years.

Remark 220 Positive definite sesquilinear forms are often called Hermaitian forms, and
complex inner product spaces are often called Hermitian spaces.

Remark 221 The equivalent of orthogonal maps for real inner product spaces are the unitary
maps. That is, a linear map U:V — V of a complex inner product space V' is unitary if
(Uz,Uy) = (z,y) for all x,y € V. A unitary matriz is a square matriz such that UU* = I =

U*U where U* = UT.

Should you study quantum theory later, then you will see that the theory is generally set
within complex inner product spaces. The wave function ¢ of a particle is complex-valued and
its norm-squared ||+||> = 97 is a probability density function.

You will explore inner product spaces further in Linear Algebra II and Part A Linear
Algebra.

COMPLEX INNER PRODUCT SPACES 7



