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Linear Algebra is one of the most important basic areas in Mathematics, having at least as
great an impact as Calculus, and indeed it provides a significant part of the machinery required
to generalise Calculus to vector-valued functions of many variables. Unlike many algebraic
systems studied in Mathematics or applied within or outwith it, many of the problems studied
in Linear Algebra are amenable to systematic and even algorithmic solutions, and this makes
them implementable on computers — this explains why so much calculational use of computers
involves this kind of algebra and why it is so widely used. Many geometric topics are studied
making use of concepts from Linear Algebra, and the idea of a linear transformation is an
algebraic version of geometric transformation. Finally, much of modern abstract algebra builds
on Linear Algebra and often provides concrete examples of general ideas.

These notes were originally written for a course at the University of Glasgow in the years
2006-7. They cover basic ideas and techniques of Linear Algebra that are applicable in many
subjects including the physical and chemical sciences, statistics as well as other parts of math-
ematics. Two central topics are: the basic theory of vector spaces and the concept of a linear
transformation, with emphasis on the use of matrices to represent linear maps. Using these,
a geometric notion of dimension can be made mathematically rigorous leading its widespread
appearance in physics, geometry, and many parts of mathematics.

The notes end by discussing eigenvalues and eigenvectors which play a role in the theory
of diagonalisation of square matrices, as well as many applications of linear algebra such as in
geometry, differential equations and physics.

There are some assumptions that the reader will already have met vectors in 2 and 3-
dimensional contexts, and has familiarity with their algebraic and geometric aspects. Basic
algebraic theory of matrices is also assumed, as well as the solution of systems of linear equations
using Gaussian elimination and row reduction of matrices. Thus the notes are suitable for a
secondary course on the subject, building on existing foundations.

There are very many books on Linear Algebra. The Bibliography lists some at a similar
level to these notes. University libraries contain many other books that may be useful and there
are some helpful Internet sites discussing aspects of the subject.
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CHAPTER 1

Vector spaces and subspaces

1.1. Fields of scalars

Before discussing vectors, first we explain what is meant by scalars. These are ‘numbers’ of
various types together with algebraic operations for combining them. The main examples we
will consider are the rational numbers Q, the real numbers R and the complex numbers C. But
mathematicians routinely work with other fields such as the finite fields (also known as Galois
fields) Fpn which are important in coding theory, cryptography and other modern applications.

DEFINITION 1.1. A field of scalars (or just a field) consists of a set F' whose elements are
called scalars, together with two algebraic operations, addition 4+ and multiplication x, for
combining every pair of scalars x,y € F' to give new scalars x +y € F and x X y € F. These
operations are required to satisfy the following rules which are sometimes known as the field
axioms.

Associativity: For z,y,z € F,
(z+y)+z=x+ (y+2),
(xxy)xz=2x(y X z).
Zero and unity: There are unique and distinct elements 0,1 € F such that for z € F,
r+0=2z=0+z,
rxl=z=1xu=z.
Distributivity: For z,y,z € F,
(r+y)xz=xxz+yxz,
zx(x4y)=zxz+2XUY.
Commutativity: For z,y € F,
rT+Yy=y+ax,
TXYy=yXzx.
Additive and multiplicative inverses: For x € F' there is a unique element —z € F' (the
additive inverse of ) for which
z+ (—z)=0=(—z) +=.
For each non-zero y € F there is a unique element y~! € F (the multiplicative inverse of y) for
which
yx @y H=1=(y"") xy.
REMARK 1.2.
e Usually we just write zy instead of x x y, and then we always have xy = yzx.
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2 1. VECTOR SPACES AND SUBSPACES

e Because of commutativity, some of the above rules are redundant in the sense that
they are consequences of others.

e When working with vectors we will always have a specific field of scalars in mind and will
make use of all of these rules. It is possible to remove commutativity or multiplicative
inverses and still obtain mathematically interesting structures but in this course we
definitely always assume the full strength of these rules.

e The most important examples are R and C and it is worthwhile noting that the above
rules are obeyed by these as well as Q. However, other examples of number systems
such as N and Z do not obey all of these rules.

PROPOSITION 1.3. Let F' be a field of scalars. For any x € F,
(a) 0z =0, (b) —z=(-1)z.

ProOF. Consider the following calculations which use many of the rules in Definition 1.1.
For x € F,
0x = (04 0)z = 0z + Oz,
hence
0= —(0x) 4+ 0z = —(0z) + (0z + 0z) = (—(0z) + 0z) + 0z = 0 4 Oz = Oz.
This means that Oz = 0 as required for (a).

Using (a) we also have
z+ (-Dx=1lz+(-Daxz=>1+(-1))x =0x =0,
thus establishing (b). O
EXAMPLE 1.4. Let F be a field. Let a,b € F and assume that ¢ # 0. Show that the equation
axr =b

has a unique solution for x € F'.
Challenge: Now suppose that a;j, b1,b2 € F for 4,j = 1,2. With the aid of the ‘usual’ method
of solving a pair of simultaneous linear equations show that the system

air1 + apry = b
a1r1 + axpry = b
has a unique solution for x1,z9 € F if aj1a20 — aj2a21 # 0. What can be said about solutions

when aj1a99 — aj2a91 = 07

SOLUTION. As a # 0 there is an inverse ™!, hence the equation implies that

z=1z=(ata)zr = a Y ax) = a™'b,

so if  is a solution then it must equal a~'b. But it is also clear that
a(a™'b) = (aa )b =1b =1,
so this scalar does satisfy the equation. Notice that if a = 0, then the equation
0z =0>

can only have a solution if b = 0 and in that case any x € F will work so the solution is not
unique.

Challenge: For this you will need to recall things about 2 x 2 linear systems. The upshot is
that the system can have either no or infinitely many solutions. O
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1.2. Vector spaces and subspaces

We now come to the key idea of a wvector space. This involves an abstraction of properties
already met with in special cases when dealing with vectors and systems of linear equations.
Before meeting the general definition, here are some examples to have in mind as motivation.

The plane and 3-dimensional space are usually modelled with coordinates and their points
correspond to elements of R? and R? which we write in the form (z,y) or (z,y,z). These
are usually called vectors and they are added by adding corresponding coordinates. Scalar
multiplication is also defined by coordinate-wise multiplication with scalars. These operations
have geometric interpretations in terms of the parallelogram rule and dilation of vectors.

It is usual to identify the set of all real column vectors of length n with R"™, where (z1, ..., x,)
z1

corresponds to the column vector | : |. Note that the use of the different types of brackets is
T,

very important here and will be used in this way throughout the course. Matrix addition and
scalar multiplication correspond to coordinate-wise addition and scalar multiplication in R".
More generally, the set of all m x n real matrices has an addition and scalar multiplication.
In the above, R can be replaced by C and all the algebraic properties are still available.
Now we give the very important definition of a vector space.

DEFINITION 1.5. A wvector space over a field of scalars F consists of a set V' whose elements
are called vectors together with two algebraic operations, + (addition of vectors) and - (multi-
plication by scalars). Vectors will usually be denoted with boldface symbols such as v which is
hand written as v. The operations 4+ and - are required to satisfy the following rules, which are
sometimes known as the vector space axioms.

Associativity: For u,v,w € V and s,t € F,

(u+v)+w=u+(v+w),
(st)-v=s-(t-v).
Zero and unity: There is a unique element 0 € V' such that for v € V|
v+0=v=0+v,

and multiplication by 1 € F satisfies

Distributivity: For s,t € ' and u,v € V,
(s+t)-v=s-v+t-v,
s-(u+v)=s-u+s-u.
Commutativity: For u,v € V|
u+v=v-+u
Additive inverses: For v € V there is a unique element —v € V for which

v+ (—v)=0=(—-v)+V.

Again it is normal to write sv in place of s-v when the meaning is clear. Care may need

to be exercised in correctly interpreting expressions such as

(st)v=(sxt)-v



4 1. VECTOR SPACES AND SUBSPACES

for s,t € F and v € V; here the product (st) = (s x t) is calculated in F, while (st)v = (st) - v
is calculated in V. Note that we do not usually multiply vectors together, although there is a
special situation with the vector (or cross) product defined on R?, but we will not often consider
that in this course.

From now on, let V be a vector space over a field of scalars F'. If F' =R we refer to V' as a
real vector space, while if F' = C we refer to it as a complex vector space.

PROPOSITION 1.6. For s € F and v € V, the following identities are valid:
(a) Ov =0,
(b) s0 =0,
() (=s)v == (sv) = s(=v),
and in particular, taking s = 1 we have
(d) —v=(-1)v.

PRrROOF. The proofs are similar to those of Proposition 1.3, but need care in distinguishing
multiplication of scalars and scalar multiplication of vectors. ]

Here are some important examples of vector spaces which will be met throughout the course.

EXAMPLE 1.7. Let F' be any field of scalars. Forn =1,2,3, ..., let F™ denote the set of all
n-tuples t = (¢1,...,t,) of elements of F. For s € F and u,v € F", we define
(Uty ey un) + (V1,0 0n) =(ur + 01, Uy + V),
s+ (v, 0p) =8(v1,. .., 0,) = (SV1,...,50).
The zero vector is 0 = (0,...,0). The cases FF = R and F' = C will be the most important in

these notes.

EXAMPLE 1.8. Let F be a field. The set M,,xn,(F') of all m x n matrices with entries in
F forms a vector space over F' with addition and multiplication by scalars defined in the usual
way. We identify the set M,,«1(F') with F™, to obtain the vector space of Example 1.7. We also
set My, (F) = Myxn(F). In all cases, the zero vector of M, (F) is the zero matrix Oy, x.

ExaMPLE 1.9. The complex numbers C can be viewed as a vector space over R with the
usual addition and scalar multiplication being the usual multiplication.

More generally, if V' is a complex vector space then we can view it as a real vector space
by only allowing real numbers as scalars. For example, M,,,x,(C) becomes a real vector space
in this way as does C™. We then refer to the real vector space V' as the underlying real vector

space of the complex vector space V.

EXAMPLE 1.10. Let F be a field. Consider the set F[X] consisting of all polynomials in X
with coefficients in F. We define addition and multiplication by scalars in F' by

(ap+ar X+ +a, X"+ (bg + b1 X + -+ b, X")
=(ag + bo) + (a1 + b)) X + -+ + (ar + b,) X",
s-(ap+ a1 X +---+a,X") =(sap) + (sa)) X + -+ + (sa,) X".
The zero vector is the zero polynomial

0=0+0X+---+0X"=0.
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EXAMPLE 1.11. Take R to be the field of scalars and consider the set D(R) consisting of
all infinitely differentiable functions R — R, i.e., functions f: R — R for which all possible
derivatives f(")(x) exist for n > 1 and 2 € R. We define addition and multiplication by scalars
as follows. Let t € R and f,g € D(R), then f 4+ ¢g and s - f are the functions given by the
following rules: for z € R,

(f +9)(@) = f(z) + g(z),
(s f)(x) = sf(x).
Of course we really ought check that all the derivatives of f + g and s - f exist so that these
function are in D(R), but this is an exercise in Calculus. The zero vector here is the constant
function which sends every real number to 0, and this is usually written 0 in Calculus, although
this might seem confusing in our context! More generally, for a given real number a, it is also
standard to write a for the constant function which sends every real number to a.

Note that Example 1.10 can also be viewed as a vector space consisting of functions since
every polynomial over a field can be thought of as the function obtained by evaluation of the
variable at values in F. When F' = R, R[X]| C D(R) and we will see that this is an example of
a vector subspace which will be defined soon after some motivating examples.

ExAMPLE 1.12. Let V be a vector space over a field of scalars F. Suppose that W C V
contains 0 and is closed under addition and multiplication by scalars, i.e., for s € F and
u,v e W, we have

u+vew, sueW.

Then W is also a vector space over F'.
ExXAMPLE 1.13. Consider the case where F' = R and V = R2. Then the line L with equation
20 —y =0
consists of all vectors of the form (¢,2¢) with t € R, i.e.,
L={(t2t)cR?:tcR}.

Clearly this passes through the origin so it contains 0. It is also closed under addition and
scalar multiplication: if (¢,2t), (t1,2t1), (t2,2t2) € L and s € R then

(t1,2t1) + (to, 2ta) = (t1 + t2, 2t1 + 2t2)
= (t1 +t2,2(t1 + t2)) € L,
s(t,2t) = (st,2(st)) € L.
More generally, any line with equation of form
axr +by=20
with (a,b) # 0 = (0,0) is similarly closed under addition and multiplication by scalars.

EXAMPLE 1.14. Consider the case where FF = R and V = R3. If (a,b,¢) € R? is non-zero,
then consider the plane P with equation

ar + by +cz =0,
thus as a set P is given by

P={(z,y,2) € R®:azx +by+ cz = 0}.
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Then P contains 0 and is closed under addition and scalar multiplication since whenever
(2,9, 2), (1,91, 21), (¥2, Y2, 22) € P and s € R, the sum (z1,y1, 21) + (72, Y2, 22) = (1 + 22,91 +
Y2, 21 + 22) satisfies

a(ry +x2) +b(y1 + y2) + c(21 + 22) = (ax1 + by1 + c21) + (azx2 + by2 + cz2) = 0,
while the scalar multiple s(x,y, z) = (sz, sy, sz) satisfies
a(sx) + b(sy) + c(sz) = s(ax + by + cz) = 0,
showing that
(x1,y1,21) + (22,92, 22), s(x,y,2) € P.

A line in R? through the origin consists of all vectors of the form tu for ¢t € R, where u is
some non-zero direction vector. This is also closed under addition and scalar multiplication.

DEFINITION 1.15. Let V be a vector space over a field of scalars F'. Suppose that the subset
W C V is non-empty and is closed under addition and multiplication by scalars, thus it forms
a vector space over F. Then W is called a (vector) subspace of V.

REMARK 1.16.

e In order to verify that W is non-empty it is usually easiest to show that it contains the
zero vector 0.

e The conditions for W to be closed under addition and scalar multiplication are equiv-
alent to the single condition that for all s,¢ € F and u,v € W,

su+tveW.

e If W C V is a subspace, then for any w € W, all of its scalar multiples (including
Ow =0 and (—1)w = —w) are also in W.

ExAMPLE 1.17. Let V be a vector space over a field F.

e The sets {0} and V' are both subspaces of V, usually thought of as its uninteresting
subspaces.

e If v € V is a non-zero vector, then {v} is never a subspace of V since (for example)
Ov = 0 is not an element of {v}.

e The smallest subspace of V' containing a given non-zero vector v is the line spanned by
v which is the set of all scalar multiplies of v,

{tv:t e F}.
Before giving more examples, here are some non-examples.

ExAMPLE 1.18. Consider the real vector space R? and the following subsets with the same
addition and scalar multiplication.
(a) Vi = {(z,y) € R?> : £ > 0} is not a real vector space: for example, given any vector
(z,y) € V4 with > 0, there is no additive inverse —(x,y) € Vj since this would have to be
(—x, —y) which has —z < 0. So V] is not closed under addition.
(b) Vo = {(x,y) € R? : y = 22} is not a real vector space: for example, (1,1) € V» but
2(1,1) = (2,2) does not satisfy y = 22 since 22> = 4 and y = 2. So V3 is not closed under scalar
multiplication.
(c) V3 = {(x,y) € R? : & = 2} is not a real vector space: for example, (2,0),(2,1) € V3 but
(2,0) +(2,1) = (4,1) ¢ V3, so V3 is not closed under addition.
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Here are some further examples of subspaces.

ExaMPLE 1.19. Suppose that F' is a field and that we have a system of homogenous linear

equations
anzy + -+ ar, = 0
(1.1)
am1T1 + -+ ampxn, = 0
I
for scalars a;; € F. Then the set W of solutions (z1,...,2,) = | : | in F™ of the system (1.1)
In

is a subspace of F™. This is most easily checked by recalling that the system is equivalent to a
single matrix equation

(1.2) Ax =0,

where A = [a;;] and then verifying that given solutions x,y € W and s € F,
Ax+y)=Ax+Ay=0+0=0,

and

A(sx) = s(Ax) = s(A0) = s0 = 0.

This example indicates an extremely important relationship between vector space ideas and
linear equations, and this is one of the main themes in the subject of Linear Algebra.

EXAMPLE 1.20. Recall the vector space F[X] of Example 1.10. Consider the following
subsets of F[X]:

Wo = F[X],
Wi ={f(X) € F[X]: f(0) =0},
Wa = {f(X) € F[X]: f(0) = f'(0) = 0},

and in general, for n > 1,
W, ={f(X)e F[X]:for k=0,...,n—1, f®(0) = 0}.
Show that each W), is a subspace of F[X] and that W), is a subspace of W,,_1.

SOLUTION. Let n > 1. Suppose that s, € F and f(X),g(X) € W,. Then for each
k=0,...,n—1 we have
F90) =0=g"M(0),

hence i
d
ok (X)) +tg(X)) = sf(X) + g (X),
and evaluating at X = 0 gives
dk
T (55 +19)(0) = s£0(0) + 14 (0) = 0.

This shows that W), is closed under addition and scalar multiplication, therefore it is a subspace
of F[X]. Clearly W,, C W,_; and as it is closed under addition and scalar multiplication, it is
a subspace of W,,_1. O
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We can combine subspaces to form new subspaces. Given subsets Y7,...,Y, C X of a set
X, their intersection is the subset

yinYan---nY,={zeX:fork=1,...,n,z €Yy} C X,
while their union is the subset
YiUuYoU---UY, ={z € X :thereisa k =1,...,n such that x € Y3} C X

ProposiTION 1.21. Let V' be a vector space. If Wi,..., W, CV are subspaces of V', then
Win---NW, is a subspace of V.

PrOOF. Let s,t € F and u,v € Wiy N---NW,. Then for each k¥ = 1,...,n we have
u,v € Wy, and since Wy, is a subspace,

su+tve Wy

But this means that
sut+tveWin.---NWy,

r.e., Win---NW, is a subspace of V. O
On the other hand, the union of subspace does not always behave so well.
ExXAMPLE 1.22. Consider the real vector space R? and the subspaces
W' ={(s,0): s e R}, W' ={(0,t):tecR}.
Show that W’ U W” is not a subspace of R? and determine W’ N W".
SOLUTION. The union of these subspaces is
WUW"” ={veR?:v=_(s50) orv=(0,s) for some s € R}.
Then (1,0) € W’ and (0,1) € W”, but
(1,1) =(1,0) +(0,1)

is visibly not in W/ U W”, so this is not closed under addition. (However, it is closed under
scalar multiplication, so care is required when checking this sort of example.)

If x € W NW” then x = (5,0) and x = (0,¢) for some s,t € R, which is only possible if
s =t =0 and so x = (0,0). Therefore W' N W" = {0}. O

Here is another way to think about Example 1.19.

ExaMPLE 1.23. Suppose that F' is a field and that we have a system of homogenous linear

equations
anri + -+ aprn = 0
am1Tt + -+ ampxn, = 0
with the aij € F.
For each r =1,...,m, let

W, ={(z1,...,2n) : ap121 + -+ + appzy, = 0} C F7,

which is a subspace of F™.
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Then the set W of solutions (z1,...,z,) of the above linear system is given by the intersec-
tion
W=Win---NnWp,
therefore W is a subspace of F™.
EXAMPLE 1.24. In the real vector space R%, determine the intersection UNV of the subspaces
U={(w,z,y,2) eER*:x+2y=0=w+2z2—2}, V={(w,zy2) cR:w+z+2y=0}
SOLUTION. Before doing this we first use elementary row operations to find the general

solutions of the systems of equations used to define U and V.
For U we consider the system

Tz + 2y =0
w + 2 — 2z =0

120 -10 10 -4 -10
012 0 0|R—-R-2R[0 1 2 0 0|

where the last matrix is a reduced echelon matrix. So the general solution vector of this system
is (4s +t,—2s, s,t) where s,t € R. Thus we have

with augmented matrix

012 00
1 2 0 =1 0| RieRe

U=1{(4s +t,—2s,51t) e R : 5,t € R}.
Similarly, the general solution vector of the equation
w4z +2y=0
is (=r — 2s,r,s,t) where r,s,t € R and we have
V ={(-r—2s,r,s51t) cR':r st ecR}.

Now to find U NV we have to solve the system

z + 2y = 0
w + 2 -z =0
w 4+ T + 2y =0
with augmented matrix
012 00 1 20 -1 0] 1 20 -1 0
1 2 0 -1 ~ 01 2 00 ~ 0 1 2 00
Ri1<Ro R3—R3—Ry
1 1 2 0 1 1 2 0 O_ 0o -1 2 1 0
1 0 —4 -1 0] 10 -4 -1 0
~ 0 1 2 00 ~ 0 1 2 0 0
R1—R1—2Rs R3—(1/4)R3
Rs—Rs+R1 |0 0 4 1 0] 00 1 1/4 0
1 00 0O O
~ 1 0 —-1/2 0f,
Ri1—R1+4R3

Ry—R2—2R3 (0 0 1 1/4 0

where the last matrix is reduced echelon. The general solution vector is (0,¢/2,—t/4,t) where
t € R, thus we have

Unv ={(0,t/2,—t/4,t) : t € R} = {(0,2s, —s,4s) : s € R}. O






CHAPTER 2

Spanning sequences, linear independence and bases

When working with R? or R? we often use the fact that every vector v can be expressed in

terms of the standard basis vectors e1, e or e, ez, es i.e.,
v=uxe; +yey or Vv =uzxe;+ yes+ zes,

where v = (z,y) or v = (z,y, z). Something similar is true for every vector space and involves

the concepts of spanning sequence and basis.

2.1. Linear combinations and spanning sequences

We will always assume that V is a vector space over a field F'.
The first notion we will require is that of a linear combination.

DEFINITION 2.1. If ¢1,...,t, € F and vy,..., Vv, is a sequence of vectors in V' (some of which

may be 0 or may be repeated), then the vector
tivi+--+tv, €V

is said to be a linear combination of the sequence vy,...,v, (or of the vectors v;). Sometimes
it is useful to allow r = 0 and view the 0 as a linear combination of the elements of the empty

sequence <.

A sequence is often denoted (v1, ..., Vv, ), but we will not use that notation to avoid confusion
with the notation for elements of F™.

We will sometimes refer to a sequence vy, ..., v, of vectors in V as a sequence in V. There
are various operations which can be performing on sequences such as deleting terms, reordering
terms, multiplying terms by non-zero scalars, combining two sequences into a new one by
concatinating them in either order.

Notice that 0 can be expressed as a linear combination in other ways. For example, when
F=Rand V =R?

3(1,-1) + (-3)(2,0) + 3(1,1) =0, 1(0,0) =0, 1(5,0)+0(0,0)+ (—5)(1,0) =0,
so 0 is a linear combination of each of the sequences
(1,-1),(2,0),(1,1), o0, (5,0),0,(1,0).
For any sequence vy, ..., Vv, we can always write
0=0vy+ -+ 0v,,

so 0 is a linear combination of any sequence (even the empty sequence of length 0).
Sometimes it is useful to allow infinite sequences as in the next example.

11
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EXAMPLE 2.2. Let F be a field and consider the vector space of polynomials F[X]. Then
every f(X) € F[X] has a unique expression of the form

f(X):CLO“’_alX"_""f‘arXT"_"‘,

where a; € F and for large i, a; = 0. Thus every polynomial in F[X] can be uniquely written
as a linear combination of the sequence 1, X, X2,..., X", ....

Such a special set of vectors is called a basis and soon we will develop the theory of bases.
Bases are extremely important and essential for working in vector spaces. In applications such
as to Fourier series, there are bases consisting of trigonometric functions, while in other context

orthogonal polynomials play this role.

DEFINITION 2.3. Let S: wy,... be a sequence (possibly infinite) of elements of V. Then
S is a spanning sequence for V (or is said to span V) if for every element v € V there is an
expression of the form

V = S81W1 + -+ S5 Wy,

where si1,...,s; € F, i.e., every vector in V is a linear combination of the sequence S.
Notice that in this definition we do not require any sort of uniqueness of the expansion.

DEFINITION 2.4. Let S: wq, ... be a sequence of elements of V. Then the linear span of S,
Span(S) C V, is the subset consisting of all linear combinations of S, i.e.,

Span(S) = {tiw1 + -+ t,w, : 7 =0,1,2,..., t; € F}.

REMARK 2.5.
e By definition, S is a spanning sequence for Span(.S).
e We always have 0 € Span(S).
e If S = & is the empty sequence, then we make the definition Span(S) = {0}.

LEMMA 2.6. Let S: wq,... be a sequence of elements of V. Then the following hold.
(a) Span(S) C V is a subspace and S is a spanning sequence of Span(S).
(b) Every subspace of V' containing the elements of S contains Span(S) as a subspace, therefore
Span(S) is the smallest such subspace.
(c) If S” is a subsequence of S, then Span(S’) C Span(S).

In (c), we use the idea that S’ is a subsequence of S if it is obtained from S by removing
some terms and renumbering. For example, if S: u, v, w is a sequence then the following are

subsequences:

S u,v, S"uw, S":v.

PROOF. (a) It is easy to see that any sum of linear combinations of elements for S is also
such a linear combination, similarly for scalar multiples.
(b) If a subspace W C V contains all the elements of S, then all linear combinations of S are
in W, therefore Span(S) C W.
(c) This follows from (b) since the elements of S’ are all in Span(S). O

DEFINITION 2.7. The vector space V is called finite dimensional if it has a spanning sequence
S: wi,...,wy of finite length /.
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Much of the theory we will develop will be about finite dimensional vector spaces although
many important examples are infinite dimensional.
Here are some further useful properties of sequences and the subspaces they span.

PROPOSITION 2.8. Let S: wi,... be a sequence in V. Then the following hold.
(a) If S": w',... is a sequence obtained by permuting (i.e., reordering) the terms of S, then
Span(S’) = Span(S). Hence the span of a sequence is unchanged by permuting its terms.
(b) If r > 1 and w, € Span(wy,...,W,_1), then for the sequence

1
S WL, W 1, Wt 1,

we have Span(S”) = Span(S). In particular, we can remove 0’s and any repetitions of vectors
without changing the span of a sequence.
(¢) If s> 1 and S" is obtained from S by replacing ws by a vector of the form

n
Wy = (xlwl +---+ xs—lws—l) + W,

where x1,...,x5_1 € F, then Span(S”") = Span(S).
(d) If ty,... is sequence of non-zero scalars, then for the sequence
T: tlwl,tQWQ, e

we have Span(T') = Span(S).

ProoOF. (a),(b),(d) are simple consequences of the commutativity, associativity and dis-
tributivity of addition and scalar multiplication of vectors. (c) follows from the obvious fact
that

"

Span(wi,...,Ws_1, W, ) = Span(wiy, ..., Ws_1, W). O

2.2. Linear independence and bases

Now we introduce a notion which is related to the uniqueness issue.

DEFINITION 2.9. Let S: wi,... be a sequence in V.

e S is linearly dependent if for some r > 1 there are scalars si,...,s, € F not all zero
and for which
S1W1 + -+ -+ 5w, = 0.
e S is linearly independent if it is not linearly dependent. This means that whenever
S1,...,8 € I satisfy
S1W1 + -+ s,w,. =0,

then sy =--- =35, =0.

ExaMPLE 2.10.

e Any sequence S containing 0 is linearly dependent since 1-0 = 0.

If a vector v occurs twice in S then 1v + (—1)v = 0, so again S is linearly dependent.

If a vector in S can be expressed as a linear combination of the list obtained by deleting
it, then S is linearly dependent.

In the real vector space R?, the sequence (1,2), (3, —1), (0, 7) is linearly dependent since

while its subsequence (1,2), (3, —1) is linearly independent.
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LEMMA 2.11. Suppose that S: w1, ... is a linearly dependent sequence in V. Then there is
some k > 1 and scalars t1,...,ty_1 € F for which

Wi =11W1 4+ -+ T W1
Hence if S" is the sequence obtained by deleting wy, then Span(S’) = Span(S).

PROOF. Since S is linearly dependence, there must be an r > 1 and scalars s1,...,s. € F
where not all of the s; are zero and they satisfy

s1w1 + -+ spw,. = 0.
Let k be the largest value of ¢ for which s; # 0. Then
S1W1 + -+ spwy = 0.
with s, # 0. Multiplying by 3,;1 gives
spH(s1wr + -+ spw) = 5,70 = 0,
whence
slzlslwl + S;ISQWQ + -4 slzlskwk = sglslwl + SIZISQWQ + -+ sglsk,lwk,l +w, =0.

Thus we have
Wi = (_5];151)“’1 + e+ (—5];15k—1)wk—1‘

The equality of the two spans is clear. O
The next result is analogous to Proposition 2.8 for spanning sequences.

PROPOSITION 2.12. Let S: wq,... be a sequence in V. Then the following hold.
(a) If S": Wi, ... is a sequence obtained by permuting the terms of S, then S’ is linearly depen-
dent (respectively linearly independent) if S is.
(b) If s > 1 and S" is obtained from S by replacing ws by a vector of the form

Z
Wy = (T1W1 + - + T 1Wso1) + W,

where x1,...,xs—1 € F, then S” is linearly dependent (respectively linearly independent) if S
18.
(c) If t1,... is sequence of non-zero scalars, then for the sequence

T: t1W1,t2W2, ey
we have T linearly dependent (resp. linearly independent) if S is.

PROOF. Again these are simple consequences of properties of addition and scalar multipli-
cation. 0

PROPOSITION 2.13. Suppose that S: wi,... be a linearly independent sequence in V. If for
some k > 1, the scalars si,...,8g,t1,...,tp € F satisfy

SIW1 + -+ S W = TaW1 + -+ T Wy,

then s = t1,...,s = ti. Hence every vector has at most one expression as a linear combination

of S.
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PrROOF. The equation can be rewritten as
(81 — tl)Wl —+ -+ (Sk — tk)Wk =0.
Now linear independence shows that each coefficient satisfies (s; —¢;) = 0. O

PROPOSITION 2.14. Let S: w1, ... be a spanning sequence for V.. Then there is a subsequence
T of S which is a spanning sequence for V and is also linearly independent.

PRrOOF. We indicate a proof for the case when S is finite, the general case is slightly more
involved. Notice that Span(S) = V and for some n > 1, the sequence is S: wi,..., w,.

If S is already linearly independent then we can take T' = S. Otherwise, by Lemma 2.11,
one of the w; can be expressed as a linear combination of the others; let k1 be the largest such
i. Then wy, can be expressed as a linear combination of the list

S1: Wiy Wiy 1, Why 41, -+, Wy

and we have Span(S7) = Span(S) =V, so S5 is a spanning sequence for V. The length of S is
n — 1 < n, so this sequence is shorter than S.

Clearly we can repeat this obtaining new spanning sequences Si, So,... for V', where the
lengths of S, is n — r. Eventually we must get to a spanning sequence S; which cannot be
reduced further, but this must be linearly independent. O

EXAMPLE 2.15. Taking F' = R and V = R?, show that the sequence
S:(1,2),(1,1),(—=1,0),(1,3)
spans R? and find a linearly independent spanning subsequence of S.
SoLUTION. Following the idea in the proof of Proposition 2.14, first observe that
(1,3) =3(1,1) + 2(—1,0),

so we can replace S by the sequence S’: (1,2),(1,1),(—1,0) for which Span(S’) = Span(S).
Next notice that
(_17 0) = (17 2) + (_2)(17 1)7

so we can replace S’ by the sequence S”: (1,2), (1,1) for which Span(S”) = Span(S”’) = Span(S).
For every (a,b) € R?, the equation

x(1,2) +y(1,1) = (a,b)

ARk

11
and since det [2 1] = —1 # 0, this has the unique solution

-6 -0 A

Thus S” spans R? and is linearly independent. O

corresponds to the matrix equation

The next definition is very important.
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DEFINITION 2.16. A linearly independent spanning sequence of a vector space V is called a
basis of V.

The next result shows why bases are useful and leads to the notion of coordinates with
respect to a basis which will be introduced in Section 2.3.

PROPOSITION 2.17. Let V' be a vector space over F. A sequence S in 'V is a basis of V if

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

PRroOOF. This follows from Proposition 2.13 together with the fact that a basis is a spanning

sequence. ]

THEOREM 2.18. If S is a spanning sequence of V', then there is a subsequence of S which
is a basis. In particular, if V is finite dimensional then it has a finite basis.

PRrOOF. The first part follows from Proposition 2.14. For the second part, start with a
finite spanning sequence then find a subsequence which is a basis, and note that this sequence
is finite. ]

EXAMPLE 2.19. Consider the vector space V = R? over R. Show that the sequence
S:(1,0,1),(1,1,1),(1,2,1),(1,-1,2)
is a spanning sequence of V' and find a subsequence which is a basis.

SOLUTION. The following method for the first part uses the general approach to solving
systems of linear equations. Given any numbers hq, hs, hs € R, consider the equation

(1 0, 1)—|—$2(1,1,1) —1—1'3(1 2, 1) —|—x4(1 ) (hl,hg,hg)

This is equivalent to the system

1 4+ x2 + w3 + ma = M
r2 + 2w3 — w4 = ho
r1 + 9 + x3 + 2x4 = bh3

which has augmented matrix

11 1 1
[Alh]=10 1 2 -1 hy
1 1 1 2 hs
Performing elementary row operations we find that
111 1 hy 1 0 =1 2 hy—hs
[A | h] ~ 01 2 —1 ha ~ 01 2 -1 ho
R3—R3—R1 R1—R1—R2
0 00 1 hs—Mh 0 0 1 hs—h
—1 0 3hy —ho —2h3
2 0 —hi+ho+hs|,
R1*>R1 2R3
Ro— Ro+R3 01 —hy + hg

where the last matrix is reduced echelon. So the system is consistent with general solution
r1 =8+3h1 —hy —2h3, x9=-25—h1+ho+hg, x3=358, x4=—h1+hg (s € R).

So every element of R? can indeed be expressed as a linear combination of S.
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Notice that when h = 0 we have the solution
rT1 =8, ®To=-—28 x3=358, x4=0 (s € R).
Thus shows that S is linearly dependent. Taking for example s = 1, we see that
(1,0,1) —2(1,1,1) + (1,2,1) + 0(1,—1,2) = 0,

hence
(1,2,1) = (=1)(1,0,1) +2(1,1,1) + 0(1, —1,2),
so the sequence T': (1,0,1),(1,1,1),(1,—1,2) also spans R3. Notice that there is exactly one

solution of the above system of equations for h = 0 with s = 0, so T is linearly independent
and therefore it is a basis for R3. O

The approach of the last example leads to a general method. We state it over any field
F since the method works in general. For this we need to recall the idea of a reduced echelon
matrix and the way this is used to determine the general solution of a system of linear equations.

THEOREM 2.20. Suppose that ay, ..., a, is a sequence of vectors in F™. Let A = [a] - - a,]

be the m x n matriz with a; as its j-th column and let A" be its reduced echelon matriz.

(a) ai,...,a, is a spanning sequence of F™ if and only if the number of non-zero rows of A’
s m.

(b) If the j-th column of A’ does not contain a pivot, then the corresponding vector a; is
expressible as a linear combination of those associated with columns which do contain a pivot.
Such a linear combination can found by setting the free variable for the j-th column equal to 1
and all the other free variables equal to 0.

(¢) The vectors a; for those i where the i-th column of A’ contains a pivot, form a basis for

Span(ai,...,a,).
Here is another kind of situation.

EXAMPLE 2.21. Consider the vector space R? over R. Find a basis for the plane W with
equation
r—2y+32=0.

SoLuTION. This time we need to start with a system of one equation and its associated

matrix [1 —2 3} which is reduced echelon, hence we have the general solution
r=2s—3t, y=s, z=t (s,t € R).
So every vector (z,y,z) in W is a linear combination
(z,y,2) = s(2,1,0) + t(-3,0,1)

of the sequence (2,1,0),(—3,0,1) obtained by setting s = 1,t = 0 and s = 0,¢ = 1 respectively.
In fact this expression is unique since these two vectors are linearly independent. O

EXAMPLE 2.22. Consider the vector space D(R) over R discussed in Example 1.11. Let
W C D(R) be the set of all solutions of the differential equation

dy
2 43y =0.
ekl

Show that W is a subspace of D(R) and find a basis for it.
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SOLUTION. It is easy to see that W is a subspace. Notice that if y1,y» are two solutions
then

d d
+3(y1+y2)=%+%+3y1+3yz

d d
dzx dx

hence y1 + y2 is a solution. Also, if y is a solution and s € R, then

d(sy)
dx

d(y1 + v2)
dx

_ W
+3(sy) = so + s5(3y)

dy
=s|—=2+3y] =0
() -0

so sy is a solution. Clearly the constant function 0 is a solution.
The general solution is
y = ae ® (a € R),
so the function e=3% spans W. Furthermore, if for some t € R,

se 3% =,

where the right hand side means the constant function, this has to hold for every x € R. Taking
x = 0 we find that
t =t =0,

so t = 0. Hence the sequence e 3% is a basis of W. O

A good exercise is to try to generalise this, for example by considering the solutions of the
differential equation
d*y
— — 6y =0.
dez Y

There is a brief review of the solution of ordinary differential equations in Appendix A. Here is
another example.
EXAMPLE 2.23. Let W C D(R) be the set of all solutions of the differential equation
d%y

Show that W is a subspace of D(R) and find a basis for it.

SoLUTION. Checking W is a subspace is similar to Example 2.22 The general solution has
the form

Yy = acos2x + bsin2x (a,b € R),

so the functions cos 2z, bsin 2z span W. Suppose that for some s,t € R,
scos2x + tsin 2z = 0,

where the right hand side means the constant function. This has to hold whatever the value of
x € R, so try taking values x = 0, 7/4. These give the equations

scos0+tsin0 =0, scosm/2+tsinm/2=0,

1.e., s =0, t =0. So cos2x,sin 2z are linearly independent and hence cos 2z, sin 2x is a basis.
Notice that this is a finite dimensional vector space. ]
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EXAMPLE 2.24. Let R* denote the set consisting of all sequences (a,,) of real numbers which
satisfy a, = 0 for all large enough n, i.e.,

(an) = (a1,a2,...,a;,0,0,0,...).
This can be viewed as a vector space over R with addition and scalar multiplication given by

(an) + (bn) = (an + bn),
t-(cn) = (ten).
Then the sequences
e, =(0,...,0,1,0,...)

with a single 1 in the r-th place, form a basis for R*°.

SOLUTION. First note that
(xn) = (z1,22,...,7k,0,0,0,...)
can be expressed as
(zn) = T1€1 + - + TpeR,
so the e; span R*. If
tier + -+ trep = (0),
then
(tn) = (t1,...,t,0,0,0,...) = (0,...,0,...),

and so t = 0 for all k. Thus the e; are also linearly independent. O

Here is another important method for constructing bases.

THEOREM 2.25. Let V' be a finite dimensional vector space and let S be a linearly indepen-
dent sequence in V. Then there is a basis S’ of V in which S is a subsequence. In particular, S
and S’ are both finite.

Proor. We will indicate a proof for the case where S is a finite sequence. Choose a finite
spanning sequence, say 1': wi, ..., Wg. By Proposition 2.14 we might as well assume that T is
linearly independent.

If S does not span V then certainly S, T (the sequence obtained by joining S and T together)
spans (since T' does). Now choose the largest value of £ = 1,..., k for which the sequence

Se=85wi,...,wy

is linearly independent. Then S,T is linearly dependent and if £ < k, we can write w; as a

linear combination of S, wq,...,Wx_1, so this is still a spanning set for V. Similarly we can
keep discarding the vectors wy_; for j =0,...,(k—¢—1) and at each stage we have a spanning
sequence

S, Wi, W1,

Eventually we are left with just Sy which is still a spanning set for V' as well as being linearly
independent, and this is the required basis. O

THEOREM 2.26. Let V be a finite dimensional vector space and suppose that it has a basis
with n elements. Then any other basis is also finite and has n elements.

This result allows us to make the following important definition.
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DEFINITION 2.27. Let V be a finite dimensional vector space. Then the number of elements
in any basis of V is finite and is called the dimension of the vector space V and is denoted
dimp V or just dim V if the field is clear.

EXAMPLE 2.28. Let F' be any field. Then the vector space F" over F has dimension n, i.e.,
dimp F™ = n.

PrROOF. Foreach k =1,2,...,nlet e, =(0,...,0,1,0,...,0) (with the 1 in the k-th place).

Then the sequence ey, ..., e, spans F" since for any vector (x1,...,z,) € F",
(T1,...,2p) = z1€1 + -+ + Tpeyp.

Also, if the right hand side is 0, then (z1,...,z,) = (0,...,0) and so 1 = -+ = z, = 0,
showing that this sequence is linearly independent. Therefore, e, ..., e, is a basis for F" and

The basis eq,...,e, of " is often called the standard basis of F™. O

PROOF OF THEOREM 2.26. Let B: by,...,b, be a basis and suppose that S: wy,... is
another basis for V. We will assume that S is finite, say S: wq, ..., wW,,, the more general case
is similar.

The sequence wi, b1, ..., b, must be linearly dependent since B spans V. As B is linearly
independent, there is a number k1 = 1,...,n for which

by, = sow1 + s1b1 + -+ sp,—1bg, -1
for some scalars sg, s1 ..., Sk, —1. By reordering B, we can assume that k1 = n, so
b, = sow1 + s1b1 + - + 5, 1by 1,

where sg # 0 since B is linearly independent. Thus the sequence By: wi,bq,...,b,_1 spans V.
If it were linearly dependent then there would be an equation of the form

tow1 +t1b1 +---+t,_1bp—1 =0

in which not all the ¢; are zero; in fact 3 # 0 since B is linearly independent. From this we

obtain a non-trivial linear combination of the form
tiby +---+t. b, =0,

which is impossible. Thus Bj is a basis.

Now we repeat this argument with ws, ws, and so on, at each stage forming (possibly after
reordering and renumbering the b;’s) a sequence By: wi,...,Wg, b1, ..., b, which is linearly
independent and a spanning sequence for V, i.e., it is a basis.

If the length of S were finite (say equal to ¢) and less than the length of B (i.e., { < n),
then the sequence By: wq,...,wy,bq,...,b,_, would be a basis. But then By = S and so we
could not have any b; at the right hand end since S is a spanning sequence, so By would be
linearly dependent. Thus we must be able to find at least n terms of S, and so eventually we
obtain the sequence B,,: w1, ..., w, which is a basis. This shows that S must have finite length
which equals the length of B, i.e., any two bases have finite and equal length . O

The next result is obtained from our earlier results.



2.2. LINEAR INDEPENDENCE AND BASES 21

PROPOSITION 2.29. Let V be a finite dimensional vector space of dimension n. Suppose
that R: v1,...,v, is a linearly independent sequence in V' and that S: w1,..., W is a spanning

sequence in V. Then the following inequalities are satisfied:
r<n<s.
Furthermore, R is a basis if and only if r = n, while S is a basis if and only if s =n.

THEOREM 2.30. Let V' be a finite dimensional vector space and suppose that W C V is a
vector subspace. Then W is finite dimensional and

dimW < dimV,
with equality precisely when W =V,

PROOF. Choose a basis S for W. Then by Theorem 2.25, this extends to a basis S’ for and
these are both finite sets with dim W and dim V' elements respectively. As S is subsequence of
S’ we have

dimW < dimV,

with equality exactly when S = S’, which can only happen when W = V. O

A similar inequality holds when the vector space V is infinite dimensional.

EXAMPLE 2.31. Recall from Example 2.23 the infinite dimensional real vector space D(R)
and the subspace W C D(R). Then dim W = 2 since the vectors cos 2z, sin 2z were shown to

form a basis.

The next result gives are some other characterisations of bases in a vector space V. Let X
and Y be sets; then X is a proper subset of Y (indicated by X CY)if X CY and X # Y.

PROPOSITION 2.32. Let S be a sequence in V.

e Let S be a spanning sequence of V. Then S is a basis if and only if it is a minimal
spanning sequence, i.e., no proper subsequence of S is a spanning sequence.

e Let S be a linearly independent sequence. Then is a basis if and only if it is a mazimal
linearly independent set, i.e., no sequence in V containing S as a proper subsequence

18 linearly independent.
PROOF. Again this follows from things we already know. O

ExaMPLE 2.33. Recall Example 1.8: given a field of scalars F', for each pair m,n > 1
we have the vector space over F' consisting of all m X n matrices with entries in F', namely
Mpsen (F).

Forr=1,....mand s = 1,...,n let E™ be the m x n matrix all of whose entries is 0
except for the (7, s) entry which is 1.

Now any matrix [aj;] € My,xn(F') can be expressed in the form

m n
Z Z arsETsv

r=1s=1
so the matrices E™ span M,,x,(F). But the only way that the expression on the right hand
side can be the zero matrix is if [a;;] = Opmxn, i.e., if a;; = 0 for every entry a;;. Thus the E™
form a basis and so
dimp My xn(F) = mn.
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In particular,
dimp M, (F) = n?
and
dimp My,»1(F) = n = dimp My, (F).

The next result provides another useful way to find a basis for a subspace of F™.

PRrOPOSITION 2.34. Suppose that S: wi,...,Wn, 1S a sequence of vectors in F™ and that
W = Span(S). Arrange the coordinates of each w, as the r-th row of an m x n matriz A. Let
A’ be the reduced echelon form of A, and use the coordinates of the r-th row of A’ to form the

vector wi.. If A" has k non-zero rows, then S': w',...,w) is a basis for W.

PROOF. To see this, notice that we can recover A from A’ by reversing the elementary row
operations required to obtain A’ from A, hence the rows of A’ are all in Span(A) and vice versa.
This shows that Span(A’) = Span(A) = W. Furthermore, it is easy to see that the non-zero

rows of A" are linearly independent. O

ExAMPLE 2.35. Consider the real vector space R* and let W be the subspace spanned by
the vectors (1,2,3,0),(2,0,1,-2),(0,1,0,4),(2,1,1,2). Find a basis for W.

SOLUTION. Let

(1 2 3 0
) _
A 01 2
010 4
2 11 2
Then
1 2 3 0 1 2 3 0
A 0 -4 -5 -2 0 1 0 4
Roy—Ry—2R1 |0 1 0 4| Re+»R3 |0 —4 -5 =2
Ri—R4—2Ry
-3 =5 2 0 -3 -5 2
10 3 -8 10 3 -8
0 1 0 4 0 1 0 4
Ri1—R1—2R2 |0 0 -5 14| Ra—Rs—R3 |0 0 5 14
R3s—R3+4R>
R4—Rs4+3R2 |10 O -5 14 0 O 0 0
1 0 3 —8 1 0 0 2/5
010 4 010 0
Rs—(-1/5)Rs [0 0 1 —14/5| Ri—»Ri—3Rs [0 0 1 —14/5
0 0 O 0 0 0 O 0
Since the last matrix is reduced echelon, the sequence (1,0,0,2/5),(0,1,0,0),(0,0,1,—14/5) is

a basis of W. An alternative basis is (5,0, 0,2), (0, 1,0,0), (0,0,5, —14).

2.3. Coordinates with respect to bases

O

Let V be a finite dimensional vector space over a field F' and let n = dim V. Suppose

that vq,..

expression of the form

X=21V1i+ -+ TpVn,

., v form a basis of V. Then by Proposition 2.17, every vector x € V has a unique
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where x1,...,x, € F are the coordinates of x with respect to this basis. Of course, given the
1

vectors vi,...,Vy,, each vector x is determined by the coordinate vector | : | with respect
:L'n

to this basis. If v/,..., v} is another basis and if the coordinates of x with respect it are

x,...,x, € F, then

! A
X=x1Vv] + -+ x,V,,

If we write
/
Vi = a1Vl + -+ apkVn

for a,s € F, we obtain

n n
/ /
X = E ariVy + -+ 1, E Arn Vi,
r=1 r=1

n n
= (Z arsT)vi + -+ (Z AnsTs) V.
s=1 s=1

Thus we obtain the equation

n n
TIVL+ -+ TV = (Z arsT,)vy + -+ (Z AnsTh) V.
s=1

s=1

and so for each r = 1,...,n we have

n
(2.1a) Ty = Zarsm;.
s=1

This is more efficiently expressed in the matrix form

/

1 ail - Aln Ty

(2.1D) | =
In Gn1 - QOnn X

Clearly we could also express the coordinates . in terms of the z5. Thus implies that the
matrix [a;;] is invertible and in fact we have

-1
/
Ty aip - Qin I

(2.1c) S =
Ty anl - Onpn Tn
2.4. Sums of subspaces

Let V' be a vector space over a field F. In this section we will study another way to combine
subspaces of a vector space by taking a kind of sum.

DEFINITION 2.36. Let V/, V" be two vector subspaces of V. Then their sum is the subset
VAV = (Vv v eV, v e V).
More generally, for subspaces Vi,..., Vi of V,
i+ +Vi={vi+---+vp:forj=1,...,k v; € V;}.

Notice that Vi + --- + V}, contains each V; as a subset.
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PROPOSITION 2.37. For subspaces Vi,..., Vi of V, the sum Vi +---+ Vi is also a subspace
of V' which is the smallest subspace of V' containing each of the V; as a subset.

PRrooF. Suppose that x,y € Vi+---+V,. Then for j = 1,..., k there are vectors x;,y; € V;
for which
X=X+ +Xg Y=Y1+o+ Yk
We have
X+y =X+ +xp)+ (y1+ -+ yr)
= (x1+y1) +- -+ (XK +Y8)

Since each Vj is a subspace it is closed under addition, hence x; +y; € Vj, therefore x +y €
Vi+---+ V. Also, for s € F,

sX =8(X1+ -+ Xp) = X1 + -+ + X,

and each Vj is closed under multiplication by scalars, hence sx € Vi 4 --- + Vj. Therefore
Vi+---+Vj is a subspace of V.

Any subspace W C V' which contains each of the V; as a subset has to also contain every
element of the form

Vit -+ Vg (VjGV})

and hence V; + --- 4+ Vi, C W. Therefore Vi + - - - + V}, is the smallest such subspace. O

DEFINITION 2.38. Let V/, V" be two vector subspaces of V. Then V' + V" is a direct sum if

V' nv"” ={0}.
More generally, for subspaces Vi,..., Vi of V., Vi+- -+ Vj is a direct sum if foreachr =1,... k,
VinVi+-+Viei+ Vipr +--- + Vi) = {0}

Such direct sums are sometimes denoted V' @ V" and Vi @ --- ® V.

THEOREM 2.39. Let V', V" be subspaces of V' for which V' + V" is a direct sum V' & V".
Then every vector v.e V' @ V" has a unique expression

v=v+v"' VeV v'eV").
More generally, if Vi,..., V) are subspaces of V' for which Vi+- - -+V}, is a direct sum V1®- - -®Vy,
then every vector v e Vi & --- @&V has a unique expression
v=vi+---+vy (v;eV; i=1,...,k).

Proor. We will give the proof for the first case, the general case is more involved but
similar.

Let v € V' @ V”. Then certainly there are vectors v/ € V/, v/ € V" for which v = v/ + v”.
Suppose there is a second pair of vectors w' € V', w” € V" for which v = w’ + w”. Then

(Wl . V/) + (W// . V//) -0,
and w —v' € V', w” —v” € V”. But this means that
w v =v' —w

where the left hand side is in V/ and the right hand side is in V”. But the equality here means
that each of these terms is in V' N V" = {0}, hence w' = v/ and w” = v”. Thus such an
expression for v must be unique. ]
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PROPOSITION 2.40. Let V', V" be subspaces of V. If these are finite dimensional, then so is
V'+ V" and
dim(V' + V") =dim V' + dim V" — dim(V' N V").

PROOF. Notice that V' N V" is a subspace of each of V/ and V" and of V' + V". Choose a

basis for V'NV", say vi,...,v,. This extends to bases for V/ and V”, say vi,...,vq,V],..., v}
and vi,...,ve,v{,..., v/, Every element of V' + V" is a linear combination of the vectors
Vi,.oyVa, Vi, .o, v, v oo v we will show that they are linearly independent.

Suppose that for scalars si,...,Sq,8],...,5,57,..., s, the equation

—— —— "1 " 1
S1V1+ -+ 8gVg + 81V + -+ sV +sivi + -+ 5. v, =0

holds. Then we have

SIVi + - sivil = —(s1vi+ -+ SaVa + SV -+ spvy) € V7,

but the left hand side is also in V| hence both sides are in V' N V”. By our choice of basis for
V' N V", we find that s{v{ + -+ + s/v” is a linear combination of the vectors vi,...,v, and

"

since vi,...,vq, vy, ..., v” is linearly independent the only way that can happen is if all the

coefficients are zero, hence s] = --- = s/ = 0. A similar argument also shows that s = --- =
s, = 0. We are left with the equation

S1Vvi+ -+ 8,ve =0

which also implies that s; = -+ = s, = 0 since the v; form a basis for V' nV".

Now we have
dim(V'NnV")=a, dimV'=a+b, dimV"=a+c,

and

dim(V' +V")=a+b+c=dim V' +dim V" — dim(V' N V"). O

DEFINITION 2.41. Let V be a vector space and W C V be a subspace. A subspace W/ C V
for which W+ W' =V and W N W' = {0} is called a linear complement of W in V. For such
a linear complement we have V =W @ W'.

We remark that although linear complements always exist they are by no means unique!
The next result summarises the situation.

PROPOSITION 2.42. Let W C V' be subspace.
(a) There is a linear complement W CV of W in V.
(b) If V is finite dimensional, then any subspace W" C'V satisfying the conditions
e WNW"=1{0},
o dimW” =dimV — dim W
is a linear complement of W in V.
(¢) Any subspace W' C 'V satisfying the conditions
e W+W"=V,
o dimW"” =dimV — dim W

is a linear complement of W in V.
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PRrROOF.
(a) We show how to find a linear complement in the case where V' is finite dimensional with
n =dim V. By Theorem 2.30, we know that dim W < dim V. So let W have a basis wq,...,w,,
where r = dim W. Now by Theorem 2.25 there is an extension of this to a basis of V, say

/
Wi,y We, Wi, oo, W

Now let W' = Span(w/,...,w),_,). Then by Lemma 2.6, W’ is a subspace of V and it has

) n—r

Wi, ..., w)__ as a basis, so dim W’ =n —r.

Now it is clear that W + W' = V. Suppose that v.€ W N W’. Then there are expressions

V:31W1+"‘+Srwr,

/
n—r’

/ / /
V=8§W+ -+, W
hence there is an equation

SIWL - s Wy £ (=8 W+ (=) ) Wiy = 0.

But the vectors wy;, w; form a basis so are linearly independent. Therefore
=0.

/ /
Sl:"':ST:Sl:"':Sn—r

This means that v = 0, hence WNW' = {0} and the sum W 4+ W’ is direct. So we have shown
that W’ is a linear complement of W in V.
(b) and (c) can be verified in similar fashion. O

EXAMPLE 2.43. Consider the vector space R? over R. If V/ C R? and V” C R? are two
distinct lines through the origin, show that V' + V" is a direct sum and that V' @& V" = R2.

SOLUTION. As these lines are distinct and V/ N V" is subspace of each of V' and V", we

have
dim(V' NnV") <dim V' =dim V" =1,

hence dim(V/ N V") = 0. This means that V' N V" = {0} which is geometrically obvious. Now
notice that

dim(V' + V") = dim V' + dim V" —0=1+1=2,
hence dim(V’ 4+ V") = dimR? and so V' + V" = R2. O

EXAMPLE 2.44. Consider the vector space R3 over R. If V/ C R? is a line through the origin
and V" C R? is a plane through the origin which does not contain V', show that V' + V" is a
direct sum and that V' @ V" = R3.

SoLuTION. V' N V" is subspace of each of V/ and V", so we have
dim(V' NnV") <dimV’' =1 <2 =dimV".

In fact the inequality must be strict since otherwise V' C V" hence dim(V' NV”) = 0. This
means that V' N V" = {0} which is also geometrically obvious. Now notice that

dim(V' + V") =dim V' +dim V" —0=1+2 =3,

therefore dim(V’ 4+ V") = dimR3 and so V' + V" = R3. O
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ExAMPLE 2.45. Consider the vector space R* over R and the subspaces
Vi={(s+t,s,—s,—t):s5,t eR}, V" ={(u,2v,—v,—u):u,v € R}
Show that dim(V' 4+ V") = 3.

SOLUTION. V' is spanned by the vectors (1,1,—1,0),(1,0,0,—1), which are linearly inde-
pendent and hence form a basis. V" is spanned by (1,0,0,—1), (0,2, —1,0) which are linearly
independent and hence form a basis. Thus we find that

dimV’' =2 =dimV”.
Now suppose that (w,z,y,z) € V' N V", Then there are s,t,u,v € R for which
(’UJ, Y, Z) = (S +1,5,—s, _t) = (uv 21}7 -, —U).

By comparing coefficients, this leads to the system of four linear equations

s + t — u =0
- 2v = 0
(2.2) § v
- s + v =0
-t 4+ u = 0

which has associated augmented matrix

1 1 -1 0 0 1 1 -1 0 0 1 1 -1 0 0
1 0 0 -2 0 0 -1 1 -2 0 0 1 -1 1 0
-1 0 0 1 0| Re—R2—R:1 |0 1 -1 1 Of ReR3 |0 —1 1 -2 0
R3—R3+R1
0 -1 1 0 0 0 -1 1 0 0 0 -1 1 0 O
1 0 0 -1 0 1 0 0 -1 0
01 -1 1 0 01 -1 0
Ri—Ri—R> |0 O 0 —1 0] Rs<Rs4 [0 O 0 1 0
Rs—R3+Ro
R4—R4+R2 |0 O 0 1 0 0 0 0 -1 0
1 0 0 0 0
01 -1 0 0
Ri—»Ri+R3 |0 0 0 1 0]’
R2—>R2—R3
R4—R4+R3 |0 O 0 0 0

where the last matrix is reduced echelon. The general solution of the system (2.2) is
s=0, t=u, uwueR, v=0.
hence we have
V' V" ={(u,0,0, —u) : u € R},
and this has basis (1,0,0,—1), hence dim(V' N V") = 1. This means that these two planes

intersect in a line in R%.
Now we see that

dim(V' + V") =dim V' + dim V" —dim(V' NV") =242 —-1=3. O






CHAPTER 3

Linear transformations

3.1. Functions

Before introducing linear transformations, we will review some basic ideas about functions,
including properties of composition and inverse functions which will be required later.
Let X, Y and Z be sets.

DEFINITION 3.1. A function (or mapping) f: X — Y from X to Y involves a rule which
associates to each z € X a unique element f(z) € Y. X is called the domain of f, denoted
dom f, while Y is called the codomain of f, denoted codom f. Sometimes the rule is indicated
by writing x — f(x).

Given functions f: X — Y and g: Y — Z, we can form their composition go f: X — Z
which has the rule

go f(z) =g(f(x)).
Note the order of composition here!

gof

AN

X—Y —Z

We often write gf for go f when no confusion will arise. If X, Y, Z are different it may not be
possible to define f o g since dom f = X may not be the same as codomg = Z.

ExXAMPLE 3.2. For any set X, the identity function Idx — X has rule
x— Idx(x) = z.
EXAMPLE 3.3. Let X =Y = R. Then the following rules define functions R — R:

. 3
zc+1, =2 e T > sing, z — e .

2+ 1’
EXAMPLE 3.4. Let X =Y = R™, the set of all positive real numbers. Then the following
rules define two functions RT™ — R:

=T, T =z

ExXAMPLE 3.5. Let X and Y be sets and suppose that w € Y is an element. The constant
function ¢y, X — Y taking value w has the rule

T = ep(x) = w.

For example, if X =Y = R then ¢ is the function which returns the value ¢o(z) = 0 for every
real number z € R.

DEFINITION 3.6. A function f: X — Y is
e injective (or an injection or one-to-one) if for x1, 29 € X,

29
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f(z1) = f(x2) implies x; = x2,
o surjective (or a surjection or onto) if for every y € Y there is an x € X for which

y = f(z),
e bijective (or injective or a one-to-one correspondence) if it is both injective and surjec-

tive.
We will use the following basic fact.

PROPOSITION 3.7. The function f: X — Y 1is a bijection if and only if there is an inverse
function Y — X which is the unique function h: Y — X satisfying

hof=1Idx, foh=Idy.
If such an inverse exists it is usual to denote it by f~': ¥ — X, and then we have
flof=1dx, fof '=Idy.

Later we will see examples of all these notions in the context of vector spaces.

3.2. Linear transformations
In this section, let F' be a field of scalars.

DEFINITION 3.8. Let V and W be two vector spaces over F' and let f: V — W be a
function. Then f is called a linear transformation or linear mapping if it satisfies the two

conditions

e for all vectors vi,vo € V,
fvi+va) = f(vi) + f(v2),
e for all vectors v € V and scalars t € F,
f(tv) =tf(v).
These two conditions together are equivalent to the single condition

e for all vectors vi,vo € V, and scalars t1,ty € F,
f(tivi +tavy) =t f(v1) + taf(v1).

REMARK 3.9. For a linear transformation f: V. — W, we always have f(0) = 0, where
the left hand 0 means the zero vector in V' and the right hand 0 means the zero vector in W.

The next example introduces an important kind of linear transformation associated with a

matrix.
ExXAMPLE 3.10. Let A € M, be an m x n matrix. Define f4: F" — F™ by the rule
fa(x) = Ax.
Then for s,t € F' and u,v € F",
fa(su+tv) = A(su+tv) = sAu+tAv = sfa(u) + tfa(v).

So fa is a linear transformation.
Observe that the standard basis vectors ey, ..., e, (viewed as column vectors) satisfy

fa(e;) = j-th column of A,
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A=[faer) --- fA(en)}z[Ael Aen].

Now it easily follows that fa(ei1),..., fa(ey) spans Im f4 since every element of the latter is a

linear combination of this sequence.

THEOREM 3.11. Let f: V — W and g: U — V be two linear transformations between

vector spaces over F'. Then the composition fog: U — W is also a linear transformation.
Proor. For s1,59 € F and uy,us € V, we have to show that

fog(siur + soug) = s1fog(ur) + saf o g(ug).
Using the fact that both f and g are linear transformations we have
fog(sivi+sava) = f(s19(ur) + s29(u2))
= s1f (9(w)) + s2f (9(u2))
=s1fog(ur) + s2f o g(uz),

as required. O

THEOREM 3.12. Let V and W be vector spaces over F. Suppose that f,g: V — W are
linear transformations and s,t € F. Then the function

sf+tg: V—W; (sf +tg)(v) = sf(v) +1g(v)
18 a linear transformation.
DEFINITION 3.13. Let f: V — W be a linear transformation.
e The kernel (or nullspace) of f is the following subset of V:
Kerf={veV:f(v)=0}CV.
e The image (or range) of f is the following subset of W:

Imf={weW:thereisanv eV st. w=f(v)} CW.

THEOREM 3.14. Let f: V — W be a linear transformation. Then
(a) Ker f is a subspace of V,
(b) Im f is a subspace of W.

PrROOF.
(a) Let s1,s0 € F and vi,vy € Ker f. We must show that syvy + sovy € Ker f, i.e., that
f(s1vi + s2ve) = 0. Since f is a linear transformation and f(vi) = 0 = f(v2), we have

f(s1v1+ s2v2) = s1f(v1) + s2f(v2)
=510+ 520 =0,
hence f(s1vy + sava) € Ker f. Therefore Ker f is a subspace of V.
Now suppose that t1,to € F and w1, wo € Im f. We must show that t;wy + tows € Im f,

i.e., that tywy +tows = f(v) for some v € V. Since wi, ws € Im f, there are vectors vi, vy € V
for which

f(vi)=wi,  f(va) =wa.



32 3. LINEAR TRANSFORMATIONS

As f is a linear transformation,

tiwy + tows = t1 f(v1) + taf(va)
= f(t1v1 + tava),

so we can take v = t;vy + tavo to get
t1w1 + tawg = f(V)

Hence Im f is a subspace of W. O

For linear transformations the following result holds, where we make use of notions intro-
duced in Section 3.1.

THEOREM 3.15. Let f: V. — W be a linear transformation.
(a) f is injective if and only if Ker f = {0}.
(b) f is surjective if and only if Im f = W.
(c) f is bijective if and only if Ker f = {0} and Im f = W.

PROOF.
(a) Notice that f(0) = 0. Hence if f is injective then f(v) = 0 implies v = 0, i.e., Ker f = {0}.
We need to show the converse, i.e., if Ker f = {0} then f is injective.

So suppose that Ker f = {0}, vi,va € V, and f(v1) = f(v2). Since f is a linear transfor-
mation,

hence f(v; — va) = 0 and therefore vi — vo = 0, i.e., vi = vo. This shows that f is injective.
(b) This is immediate from the definition of surjectivity.
(c¢) This comes by combining (a) and (b). O

THEOREM 3.16. Let f: V. — W be a bijective linear transformation. Then the inverse
function f~1: W — V is a linear transformation.

PrROOF. Let t1,t5 € F and wi,wo € W. We must show that

F w4+ taows) =t f (W) +taf T (wa).
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The following calculation does this:
F(f twr + tows) — t1f T H(wi) + taf T H(wa)) =f o fHtiwr + taws)
— ftfH(wr) +taf T (w2))
=Idw (tywy + tawa)
— ftrf T (wr) +taf T (w2))
=(t1w1 + tawa)
— (t1f o fH(w1) +taf o T (w2))
=(t1w1 + tawa)
— (t1 Idw (w1) + t2 Idw (w2))
=(tiw1 + tawa) — (t1wq + tawa) = 0.
Since f is injective this means that
FHtwe + tows) — (t1fH(wr) + taf ~H(ws)) = 0,
giving the desired formula. O]

DEFINITION 3.17. A linear transformation f: V' — W which is a bijective function is called

an isomorphism from V to W, and these are said to be isomorphic vector spaces.

Notice that for an isomorphism f: V — W, the inverse f~': W — V is also an isomor-
phism.
DEFINITION 3.18. Let f: V — W be a linear transformation. Then the rank of f is
rank f = dimIm f,
and the nullity of f is
null f = dim Ker f,
whenever these are finite.

THEOREM 3.19 (The rank-nullity theorem). Let f: V. — W be a linear transformation

with V' finite dimensional. Then
dimV = rank f + null f.
PRrROOF. Start by choosing a basis for Ker f, say uy,...,u;. Notice that k& = null f. By

Theorem 2.25, this can be extended to a basis of V, say uy,...,ux, Ugy1,..., Uy, where n =
dimV. Now for sq,...,s, € F,

f(51u1 R Snun) = Slf(ul) + 4+ Snf(un)
=510+ - + 5,0 + spp1 (W) + - + spf(un)
= 5k+1f(uk+1) + -+ Snf(un)-

This shows that Im f is spanned by the vectors f(ugy1), ..., f(u,). In fact, this last expression

is only zero when sju; + - - - 4+ spu, lies in Ker f which can only happen if sy11 =--- = s, = 0.
So the vectors f(ugy1), ..., f(uy,) are linearly independent and therefore form a basis for Im f.
Thus rank f = n — k and the result follows. O

We can also reformulate the results of Theorem 3.15.



34 3. LINEAR TRANSFORMATIONS

THEOREM 3.20. Let f: V — W be a linear transformation.
(a) f is injective if and only if null f = 0.
(b) f is surjective if and only if rank f = dim W'.
(c) f is bijective if and only if f =0 and rank f = dim W.

COROLLARY 3.21. Let f: V. — W be a linear transformation with V and W finite dimen-
sional vector spaces. The following hold:
(a) if f is an injection, then dimp V < dimp W;
(b) if f is a surjection, then dimp V' > dimp W;
(c) if f is a bijection, then dimp V = dimp W.

ProOOF. This makes use of the rank-nullity Theorem 3.19 and Theorem 3.20.
(a) Since Im f is a subspace of W, we have dim Im f < dim W, hence if f is injective,

dimV =rank f < dim W.
(b) This time, if f is surjective we have
dimV > rank f = dim W.
Combining (a) and (b) gives (c). O

EXAMPLE 3.22. Let D(R) be the vector space of differentiable real functions considered in
Example 1.11.
(a) For n > 1, define the function
D": D(R) — D(R); D"(f)= ﬁ
dzm
Show that this is a linear transformation and that
Dn:DoDn—lan—loD

and so D" is the n-fold composition D o ---o D. Identify the kernel and image of D".
(b) More generally, for real numbers ag, a1, ..., a,, define the function

ag+arD+---+a,D": D(R) — D(R);
(a0 +a1D + -+ anD")(f) = aof + a1 D(f) + -+ + an D" (f),

and show that this is a linear transformation and identify its kernel and image.

SOLUTION.
(a) When n = 1, D has the effect of differentiation on functions. For scalars s,¢ and functions

f>g in D(R),

d(sf+tg) df  dg

D(sf +tg) = - :s@—kt% =sD(f)+tD(g).

Hence D is a linear transformation. The formulae for D" are clear and compositions of linear
transformations are also linear transformations by Theorem 3.11.
To understand the kernel of D™, notice that f € Ker D™ if and only if D"(f) = 0, so we are
looking for the general solution of the differential equation
dn
L

which has general solution

flx) =co+crz+- ey (coy...,cn—1 ER).
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To find the image of D™, first notice that for any real function g we have

([ owar) =5 [ atta = gta)

35

This shows that Im D = D(R), i.e., D is surjective. More generally, we find that Im D™ = D(R).

(b) This uses Theorem 3.12. The point is that
ag+arD+ -+ a, D" = ag Id@(R) +a1D + -+ -a,D".

We have f € Ker(ag+ a1 D + --- + a,D") if and only if

d, d"
a0f+a17f++an7f:0’
dx dx™

so the kernel is the same as the set of solutions of the latter differential equation. Again we find

that this linear transformation is surjective and we leave this as an exercise.

g

EXAMPLE 3.23. Let F be a field of scalars. For n > 1, consider the vector space M, (F).

Define the trace function tr: M, (F) — F by
n
tr([a”]) = Zaﬂ” =ap1+---+ Ann -
r=1

Show that tr is linear transformation and find bases for its kernel and image.

SOLUTION. For [a;;], [bij] € My (F) and s,t € F we have

n

tr(slai;] + t[bis]) = tr([saij + this]) = > (sary + thyr)

Til .
= Z Sarr + Z tbr’r
r=1 r=1
n n
= Szarr +tzbrr‘
r=1 r=1

= str([a;;]) + ttr([bij]),

hence tr is a linear transformation.
Notice that dimp M,,(F) = n? and dimp F = 1. Also, for t € F,

t 0 --- 0
tr|: ¢ . | =t
00 --- 0
This shows that Imtr = F', i.e., tr is surjective and Im tr = F' has basis 1.
By the rank-nullity Theorem 3.19,

null tr = dimp Ker tr = n? — 1.

Now the matrices E™ (r,s =1,...,n— 1,7 # s) and E"" — EC+tD0+D (= 1,
Kertr and are linearly independent. There are

nn—1)+m-1)=mn+Dn-1)=n*-1

of these, so they form a basis of Ker tr.

...,n—1) liein
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ExaMPLE 3.24. Let F be a field and let m,n > 1. Consider the transpose function
(=) Mynn(F) — My (F)
defined by
laig])" = lagil,

i.e., the (i,7)-th entry of [a;;]T is the (j,i)-th entry of [a;].
Show that (—)T is a linear transformation which is an isomorphism. What is its inverse?

SOLUTION. For [aij], [bw] S Man(F),
([ai] + [bis])" = [aij + bij]" = [agi + bji] = [aji] + [bji] = [aiz]" + [by5]",
and if s € F,
(slai))" = [sai;]" = [sa;i] = s[aji] = s[aj]"
Thus (—)7 is a linear transformation.

If [a;;] € Ker(—)T then [a;i] = Opxm (the n x m zero matrix), hence a;; =0 fori=1,...,m

and j = 1,...,n and so [a;i] = Omxn. Thus null(—)T = 0 and by the rank-nullity theorem,
rank(—)T = dim M,,x,(F) = mn = dim My, (F).
This shows that Im(—)7 = M,,x,(F). Hence (—)7 is an isomorphism. Its inverse is
()" Mpsem (F) — Mppsen(F). O
Similar arguments apply to the next example.
ExXAMPLE 3.25. Let m,n > 1 and consider the Hermitian conjugate function
(=) Minsn(C) — My (C)
defined by
lai]* = [a;,],

i.e., the (7, 7)-th entry [a;;]* is the complex conjugate of the (j,)-th entry of [a;].

*

If My xn(C) and M, (C) are viewed as real vector spaces, then (—)* is a linear transfor-

mation which is an isomorphism.

There are some useful rules for dealing with transpose and Hermitian conjugates of products

of matrices.

PROPOSITION 3.26 (Reversal rules).
(a) If F is any field, the transpose operation satisfies

(AB)T = BT AT

for all matrices A € Myyp,(F) and B € My, xn(F).
(b) For all complex matrices P € Myyx,(C) and Q € Myyxn(C),

(PQ)" = Q"P".



3.3. WORKING WITH BASES AND COORDINATES 37

PrROOF. (a) Writing A = [a;;] and B = [b;;], we obtain

m T m

(AB)" = ([ay]lbis)" = [Z airbrj] = [Z ajrbm']
r=1 r=1

= [Z briajr]
r=1

= [bsillaji] = [bij)" [ais]" = BT AT
(b) is proved in a similar way but with the appearance of complex conjugates in the formulae. O
DEFINITION 3.27. For an arbitrary field F', an matrix A € M,,(F) is called
o symmetric if AT = A,
o skew-symmetric if AT = —A.
A complex matrix B € M,,(C) is called

e Hermitian if B* = A,
o skew-Hermitian if B* = —A.

3.3. Working with bases and coordinates

When performing calculations with a linear transformation it is often useful to use coor-
dinates with respect to bases of the domain and codomain. In fact, this reduces every linear
transformation to one associated to a matrix as described in Example 3.10.

LEMMA 3.28. Let f,g: V. — W be linear transformations and let S: vy,...,v, be a basis
for V.. Then f = g if and only if the values of f and g agree on the elements of S. Hence a
linear transformation is completely determined by its values on the elements of a basis for its
domain.

PRrOOF. Every element v € V can be uniquely expressed as a linear combination
V=81V1+ -+ S,V
Now
fv) = f(sivi+ -+ spvn)
= s1f(vi) + -+ snf(vn)
and similarly
g(v) = g(s1v1 4+ 5,Vn)
= s19(v1) + -+ + sng(Va).

So the functions f and g agree on v if and only if for each i, f(v;) = g(v;). We conclude that
f and g agree on V if and only if they agree on S. g

Here is another useful result involving bases.

LEMMA 3.29. Let V and W be finite dimensional vector spaces over F', and let S: vyi,..., vy
be a basis for V.. Suppose that f: V — W is a linear transformation. Then
(a) if f(v1),...,f(vn) is linearly independent in W, then f is an injection;
(b) if f(v1),...,f(vn) spans W, then f is surjective;
(b) if f(v1),...,f(vn) forms a basis for W, then f is bijective.
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PROOF. (a) The equation
f(sivi+-+s,vp) =0
is equivalent to
sif(vi) -+ snf(va) =0
and so if the vectors f(vi),..., f(vy,) are linearly independent, then this equation has unique
solution s; = --- = s, = 0. This shows that Ker f = {0} and hence by Theorem 3.15 we see
that f is injective.
(b) Im f C W contains every vector of the form

f(t1v1 + -+ thn) = tlf(Vl) + 4 tnf(Vn) (t1, oy tn € F)
If the vectors f(v1),..., f(vy) span W, this shows that W C Im f and so f is surjective.

(c) This follows by combining (a) and (b). O
THEOREM 3.30. Let S: vy,...,vy, be a basis for the vector space V. Let W be a second
vector space and let T: wy,...,wy, be any sequence of vectors in W. Then there is a unique

linear transformation f: V — W satisfying
fvi)=wr (i=1,...,n).
PRrROOF. For every vector v € V', there is a unique expression
V =581V] + -+ SgVg,
where s; € F. Then we can set
f(v) =s1wi + -+ spwy,

since the right hand side is clearly well defined in terms of v. In particular, if v = v;, then
f(vi) = w; and that f is a linear transformation f: V — W. Uniqueness follows from
Lemma 3.28. g

A useful consequence of this result is the following.

THEOREM 3.31. Suppose that the vector space V is a direct sum V = V1 ® Vs of two subspaces
and let fi: Vi — W and fo: Vo — W be two linear transformations. Then there is a unique
linear transformation f: V. — W extending f1, fo, i.e., satisfying

fi(u) ifueVy,

flu) = fo(u) if u e V.

ProOOF. Use bases of V; and V5 to form a basis of V', then use Theorem 3.30. O

Here is another useful result.

THEOREM 3.32. Let V and W be finite dimensional vector spaces over F with n = dimp V'
and m = dimp W. Suppose that S: vi,...,vy, and T: wy,..., Wy, are bases for V and W
respectively. Then there is a unique transformation f: V. — W with the following properties:
(a) if n < m then

f(vj)=w; forj=1,...,n
(b) if n > m then
w;j whenj=1,...,m,

f(vj) =

0 when 5 > m.
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Furthermore, [ also satisfies:

(¢) if n < 'm then f is injective;

(d) if n > m then f is surjective;

(e) if m = n then f is an isomorphism.

PROOF. (a) Starting with the sequence wy, ..., w,, we can apply Theorem 3.30 to show
that there is a unique linear transformation f: V — W with the stated properties.
(b) Starting with the sequence wy, ..., w;,,0,...,0 of length n, we can apply Theorem 3.30 to
show that there is a unique linear transformation f: V — W with the stated properties.

(¢), (d) and (e) now follow from Lemma 3.29. O

The next result provides a convenient way to decide if two vector spaces are isomorphic:

simply show that they have the same dimension.

THEOREM 3.33. Let V and W be finite dimensional vector spaces over the field F'. Then
there is an isomorphism V. — W if and only if dimp V = dimp W.

PRrROOF. If there is an isomorphism f: V — W, then dimpV = dimp W by Corol-
lary 3.21(c).

For the converse, if dimp V' = dimp W then by Theorem 3.32(e) there is an isomorphism
V—W. O

Now we will see how to make use of bases for the domain and codomain to work with a

linear transformation by using matrices.

Let V and W be two finite dimensional vector spaces. Let S: vq,...,vyand T: wq,..., W,
be bases for V' and W respectively. Suppose that f: V — W is a linear transformation. Then
there are unique scalars t;; € F' (i =1,...,m, j =1,...,n) for which
(3.1) f(vj) =tywi + -+t Wi,

We can form the m x n matrix

(3.2) r(fls = [tij] =

REMARK 3.34.
(a) Notice that this matrix depends on the bases S and T as well as f.
(b) The coefficients are easily found: the j-th column is made up from the coefficients that

occur when expressing f(v;) in terms of the w;.

/

In the next result we will also assume that there are bases §’: vi,...,v), and T": w/,..., w},

for V and W respectively, for which

n
V;‘:ale1+"'+anjVn:ZaijVi (j=1,...,n),

i=1

n
ng:blkV1+"'+bmka:ZbikWi (k=1,...,m).

i=1



40 3. LINEAR TRANSFORMATIONS

Working with these bases we obtain the matrix

thy ety
m[fls = [ti] = :
b1 tn,
We will set
ain 0 aip buu - bim
A=lag]l=|: . 1|, B=[yl=
anl **°  Qnn bml ce. bmm
THEOREM 3.35.
(a) Let x € V' have coordinates x1,. .., x, with respect to the basis S: vi,...,vy of V and let

f(x) € W have coordinates y1,. .., Yym with respect to the basis T: wi,..., Wy, of W. Then

Y1 r1 tin o+ tin 1
(3.3a) o =Tlfls | | =
Ym Tn tmi - tmn T

(b) The matrices 7(f]s and +[f]s: are related by the formula
(3.3b) m(fls = B lr[flsA.
PROOF. These follow from calculations with the above formulae. O
The formulae of (3.3), allow us to reduce calculations to ones with coordinates and matrices.
ExAMPLE 3.36. Consider the linear transformation
fRY—R?% f(z,y,2) = (20— 3y +Tz,2 — 2)

between the real vector spaces R? and R2.
(a) Write down the matrix of f with respect to the standard bases of R? and R2.
(b) Determine the matrix 7[f]s, where S and T are the bases

S:(1,0,1),(0,1,1),(0,0,1), T:(3,1),(2,1).
SOLUTION.
(a) In terms of the standard basis vectors (1,0,0), (0, 1,0), (0,0,1) and (1,0), (0,1) we have
£(1,0,0) = (2,1) = 2(1,0) + 1(0, 1),
£(0,1,0) = (=3,0) = —3(1,0) + 0(0, 1),
f(0,0,1) = (7,-1) = 7(1,0) + (-1)(0, 1),

hence the matrix is 2 =3 7 .
1 0 —1

(b) We have
(1,0,1) = 1(1,0,0) + 0(0,1,0) + 1(0,0, 1),
(0,1,1) = 0(1,0,0) + 1(0,1,0) + 1(0,0, 1),
(0,0,1) =0(1,0,0) +0(0,1,0) + 1(0,0, 1),
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so we take

—_ = O
= o O

We also have
(3,1) =3(1,0) + 1(0,1), (2,1) =2(1,0) + 1(0, 1),

and so we take

B= | 2|
11
The inverse of B is _
g 1 -2 _| 1 =2
3—2|— 3 -1 3|’
so we have
2 -3 7
= B! A
rlfls 1 0 -1
- 100
1 —2] [2 -3 7]
— 01 0
1 3/t o -1
L 111
9 6 9
— , O
-9 -7 -10

THEOREM 3.37. Suppose that f: V — W and g: U — V are linear transformations and
that R, S,T are bases for U, V,W respectively. Then the matrices T(fls, slglr, Tlf © 9lr are

related by the matriz equation

r[f o glr = rlflsslglr

PRrOOF. This follows by a calculation using the formula (3.1). Notice that the right hand
matrix product does make sense because 7[f]s is dim W x dim V', g[g]g and is dim V' x dim U,
while 7[f o g]g is dim W x dim U. O

3.4. Application to matrices and systems of linear equations

Let F' be a field and consider an m X n matrix A € M, «,(F). Recall that by performing
a suitable sequence of elementary row operations we may obtain a reduced echelon matrix A’
which is row equivalent to A, i.e., A’ ~ A. This can be used to solve a linear system of the form
Ax = b.

It is also possible to perform elementary column operations on A, or equivalently, to form
AT then perform elementary row operations until we get a reduced echelon matrix A”, then
transpose back to get another column reduced echelon matriz (A”)T.

DEFINITION 3.38. The number of non-zero rows in A’ is called the row rank of A. The

number of non-zero columns in (A”)T is called the column rank of A.

ExXAMPLE 3.39. Taking F' = R, find the row and column ranks of the matrix

1 2
A=10 3
5 1
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SoLuTION. For the row rank we have

1 2 1 2 1 1
A=10 3| ~ |0 31 ~ |0 1| ~ |0
5 1 0 -9 0 -9 0
so the row rank is 2.

For the column rank,

AT:105N10 5~105A”,
2 31 0 3 -9 01 -3
which gives
1 0
(A//)T: 0 1
5 —3
and the column rank is 2. O

THEOREM 3.40. Let A € My, xn(F). Then

row rank of A = column rank of A.

PrROOF OF THEOREM 3.40. We will make use of ideas from Example 3.10. Recall the linear
transformation fa: F™ — F™ determined by

falx)=Ax (x€F").

First we identify the value of the row rank of A in other terms. Let r be the row rank of A.
Then
Ker fy = {x € F": Ax =0}
is the set of solution of the associated system of homogeneous linear equations. Recall that
once the reduced echelon matrix A’ has been found, the general solution can be expressed in
terms of n — r basic solutions each obtained by setting one of the parameters equal to 1 and

the rest equal to 0. These basic solutions form a spanning sequence for Ker f4 which is linearly
independent and hence is a basis for Ker f4. So we have

(3.4) row rank of A =r =n — dim Ker f4.

On the other hand, if ¢ is the column rank of A, we find that the columns of (A4”)T are a
spanning sequence for the subspace of F spanned by the columns of A, and in fact, they are
linearly independent.

As the columns of A span Im f4,

(3.5) column rank of A = ¢ =dimIm fg4.

But now we can use the rank-nullity Theorem 3.19 to deduce that
n=dimKer f4 +dimIm fa=(n—r)+c=n+(c—r),

giving ¢ = r as claimed. O

REMARK 3.41. In this proof we saw that the columns of A span Im f4 and also how to find
a basis for Ker f4 by the method of solution of linear systems using elementary row operations.
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DEFINITION 3.42. The rank of A is the number
rank A = rank f4 = dimIm f4 = column rank of A = row rank of A,

where rank f4 was defined in Definition 3.18. It agrees with the number of non-zero rows in the
reduced echelon matrix similar to A.
The kernel of A is Ker A = Ker f4 and the image of Ais Im A = Im f4.

3.5. Geometric linear transformations

When considering a linear transformation f: R™ — R"™ on the real vector space R" it is
often important or useful to understand its geometric content.

EXAMPLE 3.43. For 0 € R, consider the linear transformation pg: R? — R? given by
po(z,y) = (xcos — ysinb, zsinf + y cosh).
Investigate the geometric effect of py on the plane.
SOLUTION. The effect on the standard basis vectors is
po(1,0) = (cosf,sinf), pe(0,1) = (—sinb, cosh).

Using the dot product of vectors it is possible to check that the angle between pg(z,y) and (z,y)
is always 0 if (z,y) # (0,0), and that the lengths of pg(z,y) and (z,y) are equal. So py has the
effect of rotating the plane about the origin through the angle § measured in the anti-clockwise
direction.

Notice that the matrix of pg with respect to the standard basis of R? is the rotation matriz

[cos@ —sm@] . 0

sin 0 cos 0
EXAMPLE 3.44. For 6 € R, consider the linear transformation oy: R? — R? given by
op(z,y) = (xcosh + ysinf,xsinh — ycosh).
Investigate the geometric effect of oy on the plane.
SOLUTION. The effect on the standard basis vectors is
09(1,0) = (cosf,sinf), 0y(0,1) = (sinf, — cosb).

The angle between every pair of vectors is preserved by oy, as is the length of a vector. We also

find that

op(cos(0/2),sin(0/2)) = (cos(0/2),sin(0/2)),
og(—sin(6/2),cos(0/2)) = (sin(0/2), — cos(6/2)) = —(—sin(0/2), cos(6/2)),
from which it follows that oy has the effect of reflecting the plane in the line through the origin

and parallel to (cos(6/2),sin(6/2)).
Notice that the matrix of o9 with respect to the standard basis of R? is the reflection matriz

cos 6 sin 6 . 0
sinf —cosf
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1t
EXAMPLE 3.45. Let S = [O 1] and let fg: R?> — R? be the real linear transformation

given by
fs(x) = Sx.

Then fg has the geometric effect of a shearing parallel to the z-axis.

SoLuTION. This can be seen by plotting the effect of fg on points. For example, points on
the z-axis are fixed by fg, while points on the y-axis get moved parallel to the z-axis into the
line of slope t. 0

d 0
ExXAMPLE 3.46. Let D = 0 1] where d > 0 and let fp: R? — R? be the real linear

transformation defined by
fp(x) = Dx.

Then fp has the geometric effect of a dilation parallel to the x-axis.

SOLUTION. When applying fp, vectors along the z-axis get dilated by a factor d, while
those on the y-axis are unchanged. O

ExaMpPLE 3.47. Let V a finite dimensional vector space over a field F. Suppose that
V = V'@ V" is the direct sum of two subspaces V', V" (see Definition 2.38). Then there
is a linear transformation py- y»: V — V given by

pV’7V” (V/ + V//) — V/ (V/ c VI, V// c V//).
Then Kerp\/’,V” = V” and Impvlyv// = V/.

py,vr is sometimes called the projection of V onto V'’ with kernel V”. The case where V"

is a line (i.e., dim V" = 1) is particularly important.

EXAMPLE 3.48. Find a formula for the projection of R? onto the plane P through the origin
and perpendicular to (1,0,1) with kernel equal to the line L spanned by (1,0, 1).

SOLUTION. Let this projection be p: R? — R3. Then every vector x € R3 can be expressed

X = (x —[(1/v/2,0,1/v2) - x](1/V/2,0, 1/\/5)) +[(1/v/2,0,1/v/2) - x](1/v/2,0,1//2),
where
x —[(1/v/2,0,1/V2) - x](1/v/2,0,1/V/2) € P
and

[(1/v2,0,1/v2) - x](1/v/2,0,1/v2) € L.
This corresponds to the direct sum decomposition R® = P & L.
The projection p is given by

p(x) =x —[(1/v/2,0,1/v2) - x](1//2,0,1//2). O



CHAPTER 4

Determinants

For 2 x 2 and 3 x 3 matrices determinants are defined by the formulae

ail a2 ain a2
(4.1) det = = a11a22 — (12021
a1 a2 a1 G2
ail a2 ai13 ain a2 a3
d _ _ air a2 ail a2
(4.2) det |ag1 ag2 ag3| = |a1 a2 ag3| = ai —a12
a1 G2 a1 G2
a3y asz as3 asy azz as3

ailp  ai2

+ a3

a1 a2

We will introduce determinants for all n x n matrices over any field of scalars and these will

have properties analogous to that of (4.2) which allows the calculation of 3 x 3 determinants

from 2 x 2 ones.

DEFINITION 4.1. For the nxn matrix A = [a;;] with entries in F', for each pairr,s = 1,...,n,

the cofactor matriz A™ is the (n — 1) x (n — 1) matrix obtained by deleting the r-th row and

s-th column of A.

Warning. When working with the determinant of a matrix [a;;] we will often write |A]

for det(A) and display it as an array with vertical lines rather than square brackets as in (4.1)

and (4.2). But beware, the two expressions

ail aiz ais
asy a2 G23
aszyp agz ags
and
ail aiz a3 a1l a2 a3
az; ag agz| =det |asr a a3
asy asy ass asy asz ass

are very different things: the first is a matriz, whereas the second is a scalar. They should

not be confused!

4.1. Definition and properties of determinants

Let I be a field of scalars.

THEOREM 4.2. For each n > 1, and every n x n matriz A = [a;j] with entries in F, there

1 a uniquely determined scalar
det A =det(A) =|A| e F

which satisfies the following properties.
(A) For the n x n identity matriz I,

det(l,) =

45
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(B) If A, B are two n x n matrices then
det(AB) = det(A) det(B).

(C) Let A be an n x n matriz. Then we have
Expansion along the r-th row:
n
det(4) = (=1)"ay; det(A™)
j=1
foranyr=1,...,n.
Expansion along the s-th column:

n

det(A) =Y "(=1)*Fa;, det(A™)

i=1
for any s =1,...,n. The signs in these expansions can be obtained from the pattern
+ - + -
-+ - +
+ - + -

(D) For an n x n matrixz A,

Notice that the formula

det(A) =Y (~1)''ay; det(AY)
j=1
from (C) is a direct generalisation of (4.2).
Here are some important results on determinants of invertible matrices that follow from the

above properties.

PROPOSITION 4.3. Let A be an invertible n X n matriz.
(i) det(A) # 0 and

1
det(A)’

det(A™1) = det(A)™! =
(ii) If B is any n x n matriz then
det(ABA™Y) = det(B).
PROOF.

(i) By (B),
det(I,) = det(AA™!) = det(A) det(A™1),
hence using (A) we find that
det(A)det(A™1) =1,

so det(A71) # 0 and
1

det(A)’

det(A™') = det(A)™ =
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(ii) By (B) and (i),
det(ABA™!) = det(AB) det(A™1)
= det(A) det(B) det(A™1)
= det(B) det(A) det(A™!) = det(B). O
Let us relate this to elementary row operations and elementary matrices, whose basic prop-

erties we will assume. Suppose that R is an elementary row operation and F(R) is the corre-
sponding elementary matrix. Then the matrix A’ obtained from A by applying R satisfies

A" = E(R)A,
hence
(4.3) det(A") = det(E(R)A) = det(E(R)) det(A).

PROPOSITION 4.4. If A = E(R)A is the result of applying the elementary row operation R
to the n X n matriz A, then

—det(A) if R= (R, < Ry),
det(A") = ¢ Adet(A) if R= (R, = AR,),
det(4) if R= (R, — R, + ARs).
In particular,
-1 if R= (R, < Ry),
det(E(R)) = A if R= (R, = AR,),
1 if R= (R, = R, + A\Ry).

Proor. If R = R, <+ Rs, then it is possible to prove by induction on the size n that
det(E (R, <> Rs)) = —1.

The initial case is n = 2 where

01

det(E(R1 — Rg)) = 10

= 1.

If R= R, — AR, for X\ # 0, then expanding along the r-th row gives
det(E(Rr = ARy)) = Adet(I,) = A.
Finally, if R = R, — R, + AR, with r # s, then expanding along the r-th row gives
det(E(R, — Ry + ARs)) = det(I,—1) + Adet([}°) =1+ A x0=1. O

Thus to calculate a determinant, first find any sequence Ry, ... R; of elementary row op-
erations so that the combined effect of applying these successively to A is an upper triangular
matrix L. Then L = E(Ry)--- E(R1)A and so

det(L) = det(E(Ry,)) - - - det(E(Ry)) det(A),
giving

det(A) = det(E(Rg)) ™! - - - det(E(Ry)) ! det(L),
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To calculate det(L) is easy, since

£y % *x * % % %
by % %k % %
0 fo * *x x * x
0 43 * * % %
det(L)=[0 0 f3 * * x x|=¢ .
o ' ' 0 0 0 0 4,
o 0 0 0 --- 0 ¢,

by definition and repeating this gives det(L) = ¢10y - - £y,
Using this we can obtain a useful criterion for invertibility of a square matrix.

PROPOSITION 4.5. Let A be an n X n matriz with entries in a field of scalars F. Then
det(A) = 0 if and only if A is singular. Equivalently, det(A) # 0 if and only if A is invertible.

PROOF. By Proposition 4.3 we know that if A is invertible, then det(A) # 0.
On the other hand, if det(A) # 0 then suppose that the reduced echelon form of A is A’. If
there is a zero row in A’ then det(A’) = 0. But if A’ = E(Rg)--- E(R1)A, then

0 = det(A') = det(E(Ry)) - - - det(E(R,)) det(A),

where the scalars det(E(Rg)), ..., det(E(Ry)),det(A) are all non-zero. Hence this cannot hap-
pen and so A’ = I,,, showing that A is invertible. O

There is an explicit formula, Cramer’s Rule, for finding the inverse of a matrix using de-
terminants. However, it is not much use for computations with large matrices and methods
based on row and column operations are usually much more efficient. In practise, evaluation of
determinants is often simplified by using elementary row operations to create zero’s or otherwise
reduced calculations.

EXAMPLE 4.6. Evaluate the following determinants:

4 5 1 2
r y° 1
03 21
s |y 2 x|.
3 01 3 Yy 0
T T
270 3 Y
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SOLUTION.
4 5 1 2 4 0 3 2
0 3 21 5 3 0 7 ftransposing]
= ransposin
30138 1210 posie
2 70 3 21 3 3
4 0 3 2
-1 0 -9 -2
- Ry — Ry — 3Ry, Ry — R3 — 2R
30 -5 —g [Ro 2 4, 13 3 4]
2 1 3 3
4 3 2
=|-1 -9 —2| [expanding along column 2]
-3 -5 —6
4 3 2
=1|1 9 2| [multiplying rows 2 and 3 by (—1)]
3 5 6
4 3 2
=1-3 6 0 [R2—>R2—R1,R3—>R3—3R1]
0 -22 0
4 2 .
=22 0' =22 x6=132, [expanding along row 2]
2
1
ry 21 R ‘
y 2 xz|=(rx+y) 5 +x [expanding along row 3]
x
z+y 0 x Y

= (z+y)(zy® - 2) + 22z — ¢°)
=2’y = 2z +ay’ — 2y + 22° — wy’ = 2y’ — 20 — 2y + 227,

EXAMPLE 4.7. Solve the equation

1 2 -1
r x+1 22| =0.
1 1 5

SOLUTION. Expanding the determinant gives

1 2 -1 1 2 -1
r z+1 22 =10 1—xz 562+J: [RQ-)RQ—:ERl,Rg—)Rg—Rl]
1 1 ) 0 -1 6

1— 2
= 11; o ; v [expanding along column 1]

=2 4r+6—6r=2>-52+6=(z—2)(z—3).

So the solutions are = = 2, 3.

49
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1 z x
EXAMPLE 4.8. Evaluate the Vandermonde determinant |1 1y ?|. Determine when the
1z 22
1 z 2?
matrix [1 y g?| is singular.
1z 22
SOLUTION.
1 =z a? 1 x z? 1 x 2
y ¥’|=10 y—z y*—2*=|0 y—z (y—z)(y+z)
z 22 0 z—x 22—-2° 0 z—z (z—2a)(z+2)
1z 22
=y—z)(z—2)|0 1 y+=x
0 1 z+2
1 y+=x
—y-a)z-o) |,
2=y

=y —2)(z—2)(z —y).

The matrix is singular precisely when its determinant vanishes, and this happens when at least

one of (y — ), (z — x), (2 — y) is zero, i.e., when two of the scalars z,y, z are equal. O

REMARK 4.9. For n > 1, there is a general formula for an n x n Vandermonde determinant,

1 oz x3 - 2!
1z 2 - 2!
. .| T H (s — ar)
T : 1<r<s<n
1z, 22 xzn—t

The proof is similar to that for the case n = 3. Again we can see when the matrix

1oz a2 - a2ttt
1 xy x3 - af!
1z, 22 ... 2t

is singular, namely when x, = x, for some pair of distinct indices 7, s.

4.2. Determinants of linear transformations

Let V be a finite dimensional vector space over the field of scalars F' and suppose that
f:V — V is a linear transformation. Write n = dim V.

If we choose a basis S: vyi,...v, for V, then there is a matrix g[f]s and we can find its
determinant det(g[f]s). A second basis T': wy,...w, leads to another determinant det(¢[f]r).
Appealing to Theorem 3.35(b) we find that for a suitable invertible matrix P,

rlflr = P~'s[f]sP,

hence by Proposition 4.3,

det(r[flr) = det(P~'s[f]sP) = det(s[f]s)-
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This shows that det(s[f]s) does not depend on the choice of basis, only on f, hence it is an

tnwvariant of f.

DEFINITION 4.10. Let f: V — V is a linear transformation on a finite dimensional vector
space. Then the determinant of f is det f = det(f) = det(s[f]s), where S is any basis of V.
This value only depends on f and not on the basis S.

REMARK 4.11. Suppose that V' =R™. Then there is a geometric interpretation of det f (at
least for n = 2,3, but it makes sense in the general case if we suitably interpret volume in R™).
The standard basis vectors e, ...,e, form the edges of a unit cube based at the origin, with
volume 1. The vectors f(e1),..., f(e,) form edges of a parallellipiped based at the origin. The
volume of this parallellipiped is | det f| (note that volumes are non-negative!). This is used in
change of variable formulae for multivariable integrals. The value of det f (or more accurately
of | det f]) indicates how much volumes are changed by applying f. The sign of det f indicates
whether or not ‘orientations’ change and this is also encountered in multivariable integration

formulae.

4.3. Characteristic polynomials and the Cayley-Hamilton theorem

For a field F', let A be an n X n matrix with entries in F'.

DEFINITION 4.12. The characteristic polynomial of A is the polynomial x 4(t) € F[t] (often
denoted char4(t)) defined by

xA(t) = det(tl, — A).
PROPOSITION 4.13. The polynomial x A(t) has degree n and is monic, i.e.,
xA(t) =t" + ey 1t et + o,
where cg, C1,...,cn—1 € F. Furthermore,
Cho1=—trA, cop=(—1)"det(A).
PrROOF. To see the first part, write

t—ann - —ain
det(tl, — A) =

—an1 et — Ann

and then apply property (C) repeatedly.

The formula for ¢,_; follows from the fact that the terms contributing to the t"~! term are
obtained by multiplying n — 1 of the diagonal terms and then multiplying by the constant term
in the remaining one. The result is then

Cn—1=—(a11 + -+ apn) = —tr(A).
For the constant term cg, taking t = 0 and using Proposition 4.4 we obtain
co =det(—A) = (—1)"det(A). O
PROPOSITION 4.14. Let B be an invertible n X n matriz, then

xBap-1(t) = xa(t).
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ProOF. This follows from the fact that
Xpap-1(t) = det(tI, — BAB_l) = det (B(t[n - A)B_l) = det(tl, — A)
by Proposition 4.3(ii). O

This allows us to make the following definition. See Definition 4.10 for a similar idea. Let V'
be a finite dimensional vector space over a field F' and let f: V' — V be a linear transformation.

DEFINITION 4.15. The characteristic polynomial of f is

Xf(t) = Xs[f}s(t) = det(tl, — s(f]s),

where S is any basis of V.

We now come to an important result which is useful in connection with the notion of
eigenvalues to be considered in Chapter 5.
Let p(t) = agt® + ap_1tF1 + - + ayt + ap € F[t] be a polynomial (so ag,a1,...,a; € F).

For an n x n matrix A we write

p(A) = apAF + a1 APV 4+t gl A+ agl,
which is also an n x n matrix. If p(A) = O,, then we say that A satisfies this polynomial identity.
Similarly, if f: V' — V is a linear transformation,

p(f) = anff +ap—1ff M+ +arf +aoldy.

THEOREM 4.16 (Cayley-Hamilton theorem).

(i) Let A be an n x n matriz. Then
xA(A) = O,,.
(ii) Let V' be a finite dimensional vector space of dimension n and let f: V — V be a linear

transformation. Then
xs(f) =0,

where the right hand side is the constant function taking value 0.

Informally, these results are sometimes summarised by saying that a square matrix A or a

linear transformation f: V — V satisfies its own characteristic equation.

00 2
EXAMPLE 4.17. Show that the matrix A = |1 0 0| satisfies a polynomial identity of
01 3

degree 3. Hence show that A is invertible and express A~! as a polynomial in A.

SOLUTION. The characteristic polynomial of A is

t 0 -2
xalt)=|-1 t 0 |=t>—3t2 -2
0 -1 t-3

So det(A) = 2 # 0 and A is invertible. Also,
A3 —3A%2 2[5 = 04

SO
A(A? —3A) = (A2 —3A)A = A3 — 34?7 =213,
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1
ATl = §(142 —34).
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CHAPTER 5

Eigenvalues and eigenvectors

5.1. Eigenvalues and eigenvectors for matrices

Let F be a field and A € M,,(F) = M,,x,(F') be a square matrix. We know that there is
an associated linear transformation fq: F™ — F™ given by f4(x) = Ax. We can ask whether
there are any vectors which are fixed by fa, i.e., which satisfy the equation

fa(x) =x.

Of course, 0 is always fixed so we should ask this question with the extra requirement that x
be non-zero. Usually there will be no such vectors, but a slightly more general situation that
might occur is that f4 will dilate some non-zero vectors, i.e., fa(x) = Ax for some A € F' and
non-zero vector x. This amounts to saying that f4 sends all vectors in some line through the
origin into that line. Of course, such a line is a 1-dimensional subspace of F™.

2 1
0 3|

(i) Show that the linear transformation f4: R? — R? does not fix any non-zero vectors.

EXAMPLE 5.1. Let F' = R and consider the 2 x 2 matrix 4 =

(ii) Show thatf4 dilates all vectors on the z-axis by a factor of 2.
(iii) Find all the non-zero vectors which f4 dilates by a factor of 3.

SOLUTION.
(i) Suppose that a vector x € R? satisfies Ax = x, then it also satisfies the homogenous equation

, -1 -1
(I —A)x =0, i.e., [ 0 _2]X:0

But the only solution of this is x = 0.

() We hase IR

so vectors on the z-axis get dilated under f4 by a factor of 2.

(iii) Suppose that Ax = 3x, then
(31, — A)x =0, ie. [11x:0

The set of all solution vectors of this is the line L = {(¢,t) : t € R}. O

DEFINITION 5.2. Let F be a field and A € M,,(F'). Then A € F is an eigenvalue for A if
there is a non-zero vector v € F™ for which Av = Av; such a vector v is called an eigenvalue

associated with \.

Definition 5.2 crucially depends on the field F as the following example shows.
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EXAMPLE 5.3. Let A = [(1] (2)]

(i) Show that A has no eigenvalues in Q.
(ii) Show that A has two eigenvalues in R.

SOLUTION. Notice that
A% — 2, = O,
so if A is a real eigenvalue with associated eigenvector v, then
(A2 — 2IQ)V = 0,
which gives
(A2 —2)v =0.
Thus we must have \> = 2, hence A\ = ++/2. However, neither of ++/2 is a rational number

although both are real.
Working in R? we have

V2
1

A A

)

1

-l

‘ﬁ] S [‘ﬁ] . .

1 1

0
A similar problem occurs with the real matrix [1 ] which has the two imaginary eigen-

values +iv/2.

Because of this it is preferable to work in an algebraically closed field such as the complex
numbers. So from now on we will work with complex matrices and consider eigenvalues in C
and eigenvectors in C". When discussing real matrices we need to take care to check for real
eigenvalues. This is covered by the next result which can be proved easily from the definition.

LEMMA 5.4. Let A be an n X n real matriz which we can also view as a complex matriz.
Suppose that A € R is an eigenvalue for which there is an associated eigenvector in C™. Then
there is an associated eigenvector in R™.

THEOREM 5.5. Let A be an n x n complex matrix and let X € C. Then X is an eigenvalue
of A if and only if X is a root of the characteristic polynomial x A(t), i.e., xa(A) = 0.

PROOF. From Definition 5.2, A is an eigenvalue for A if and only if A, — A is singular, i.e.,

is not invertible. By Proposition 4.5, this is equivalent to requiring that

xa(A) = det(AL, — A) = 0. 0

5.2. Some useful facts about roots of polynomials

Recall that every complex (which includes real) polynomial p(t) € C[t] of positive degree n

admits a factorisation into linear polynomials
p(t) = c(t —a) - (t — an),

where ¢ # 0 and the roots oy are unique apart from the order in which they occur. It is often

useful to write

ot =B1)™ - (= Bm)™,
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where f31,. .., B, are the distinct complex roots of p(t) and 7, > 1. Then 7 is the (algebraic)
multiplicity of the root ;. Again, this factorisation is unique apart form the order in which the
distinct roots are listed.

When p(t) is a real polynomial, i.e., p(t) € R[t], the complex roots fall into two types: real
roots and non-real roots which come in complex conjugate pairs. Thus for such a real polynomial
we have

pt) =clt —ar) - (t —an)({t —y)(t—=77) - (t —v5)(t — Fs),

where ay, ..., a, are the real roots (possibly with repetitions) and 1,7 ..., 7s,7, are the non-
real roots which occur in complex conjugate pairs vk, 7;. For a non-real complex number 7,

(t="(t=7) =t" = (v + 7t + 77 =t* = (2Re)t + |7,
where Re~y is the real part of v and || is the modulus of .

PROPOSITION 5.6. Let p(t) = t" + ap_1t" ' + -+ + a1t + ag € C[t] be a monic complex

polynomial which factors completely as
p(t) = (t —aa)(t —az) - (t — an),

where ay,...,q, are the complex roots, occurring with multiplicities. The following formulae
apply for the sum and product of these roots:

n n

n
E o =014+ -+ o, =—ap_1, Hai:oa...an:(—l) ag.
i—1 =1

EXAMPLE 5.7. Let p(t) be a complex polynomial of degree 3. Suppose that
p(t) =3 — 6> +at — 6,
where a € C, and also that 1 is a root of p(¢). Find the other roots of p(t).
SOLUTION. Suppose that the other roots are & and 8. Then by Proposition 5.6,
—(a+p8+1)=-6, ie, [B=5—q

also,

(=1) x 1 x af = —6, i.e., af=6.
Hence we find that

(5 —a)a =6, ie., o —5a+6=0.

The roots of this are 2,3, therefore we obtain these as the remaining roots of p(t). g

Of course we can use this when working with the characteristic polynomial of an n xn matrix
A when the roots are the eigenvalues \q,..., A\, of A occurring with suitable multiplicities. If

xa(t) ="+ cp1t" T+ 4 ert + oo,
then by Proposition 4.13,

(51) M+t A =trd=—c,_1,
(5.2) Mee A= det A = (=1)"co.
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5.3. Eigenspaces and multiplicity of eigenvalues
In this section we will work over the field of complex numbers C.

DEFINITION 5.8. Let A be an n X n complex matrix and let A € C be an eigenvalue of A.
Then the A-eigenspace of A is

Eigj(A) ={veC':Av=Av}={veC": (A, — A)v =0}

the set of all eigenvectors associated with A together with the zero vector 0.

If A is a real matrix and if A € R is a real eigenvalue, then the real A-eigenspace of A is

Eigh(\) = {v € R" : Av = \v} = Eig,(\) NR™.

PROPOSITION 5.9. Let A be an n X n complexr matriz and let A € C be an eigenvalue of A.
Then Eig 4(\) is a subspace of C™.

If A is a real matrixz and X is a real eigenvalue, then Eig%()\) s a subspace of the real vector
space R™.

PROOF. By definition, 0 € Eig4(A). Now notice that if u,v € Eig4(A\) and z,w € C, then

A(zu+ wv) = A(zu) + A(wv)

= zAu + wAv
= zAu + wAv
= A(zu+ wv).
Hence Eig4()\) is a subspace of C".
The proof in the real case easily follows from the fact that Eigh (\) = Big,(\) NR™. O

DEFINITION 5.10. Let A be an n X n complex matrix and let A € C be an eigenvalue of A.
The geometric multiplicity of X is dimc Eig 4(\).

Note that dim¢ Eig4(A\) > 1. In fact there are some other constraints on geometric multi-
plicity which we will not prove.

THEOREM 5.11. Let A be an n X n complex matriz and let X € C be an eigenvalue of A.
(i) Let the algebraic multiplicity of X in the characteristic polynomial x o(t) be r. Then

geometric multiplicity of A = dim¢ Eig4(A) < 7).
(ii) If A is a real matriz, then

dime Eig 4 (\) = dimg Eigh (\).

2 10
EXAMPLE 5.12. For the real matrix A = |—1 0 1|, determine its complex eigenvalues.
2 00

For each eigenvalue A, find the corresponding eigenspace Eig4(A). For each real eigenvalue A,
find Eigh()).

SOLUTION. We have

t—2 -1 0 ; 1 1 ]
t) = 1 t —1|=(t—-2
xa() t-2)| t+‘_2 t
-2 0 t

= -2+ (t—-2)=(t—-2)(>+1)=(t —2)(t —i)(t + ).
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So the complex roots of x4(t) are 2,i, —i and there is one real root 2. Now we can find the
three eigenspaces.
Eig4(2): Working over C, we need to solve

2—-2 -1 0
(213 — A)z = 1 2 —1|z=0,
-2 0 2
1.€.,
0 -1 0
1 2 —-1|z=0.
-2 0 2
This is equivalent to the equation
1 0 -1
0 1 0|z=0.
0 0 O

in which the matrix is reduced echelon, and the general solution is z = (2,0, z) (z € C). Hence,
Eig,(2) = {(2,0,2) € C3: 2 € C}

and so dimg¢ Eig4(2) = 1. Since 2 is real, we can form
Eigh(2) = {(¢,0,t) e R3: t € R}

which also has dimg Eigh(2) = 1.
Eig 4 (i): Working over C, we need to solve

i-2 -1 0
(il3—A)z=| 1 i —-1|z=0,
—2 0 i

which is equivalent to the reduced echelon equation

10  —i/2
01 (14+2i)/2|z=0.
00 0

This has general solution
(iz,—(14+2i)2,22) (z€C),
SO
Eig 4 (i) = {(iz, —(1 + 2i)2,22) e C* : z € C}
and dimc Eigy (i) = 1.
Eig 4 (—i): Similarly, we have
Eig 4(—i) = {(—iz, —(1 — 2i)2,22) € C* : 2 € C}

and dimc Eigy(—i) = 1. O

Notice that in this example, each eigenvalue has geometric multiplicity equal to 1 which

is also its algebraic multiplicity. Before giving a general result on this, here is an important

observation.
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PROPOSITION 5.13. Let A be an n X n complex matrix.
(i) Suppose that A1, ..., N\, are distinct eigenvalues for A with associated eigenvectors vy, ..., V.
Then v1,...,vy is linearly independent.
(ii) The sum of the eigenspaces Eig (A1) + - -+ + Eigy(Ak) is a direct sum, i.e.,

Eiga (A1) + -+ + Eigy (M) = Eiga(M) © -+ @ Eigy(M).

PRrROOF.
(i) Choose the largest r < k for which vi,...,v, is linearly independent. Then if r < k,
Vi,...,Vpy1 i8 linearly dependent. Suppose that for some 21, ..., z.4+1 € C, not all zero,
(5.3) z21v1+ -+ Zrp1veg1 = 0.

Multiplying by A we obtain
21AVL+ -+ 21 AV 1 =0
and hence
(5.4) 21AVv1+ -+ Zrp 1 A1 Ve = 0.
Now subtracting A\,41x (5.3) from (5.4) we obtain
21()\1 — /\r+1)V1 + -+ 2r<)\r — )\r—l—l)vr + 0V7~+1 =0.
But since v, ..., v, is linearly independent, this means that
Zl()\l - )\r+1) == z’I‘(AT‘ - A7"-‘,—1) =0,

and so since the \; are distinct,
z1="=2=0.

hence we must have z,11v,4+1 = 0 which implies that 2,1 = 0 since v,4; # 0. So we must have
r =k and vy,..., Vv is linearly independent.
(ii) This follows by a similar argument to (i). O

THEOREM 5.14. Let A be an n X n compler matrixz. Suppose that the distinct complex
eigenvalues of A are Ay, ..., \p and that for each j =1,...,¢,

geometric multiplicity of \; = algebraic multiplicity of A;.
Then C™ is the direct sum of the eigenspaces Eig4();), i.e.,
C" = Figs(M) & -+ © Biga(A).

In particular, C™ has a basis consisting of eigenvectors of A.

-1 2 2
EXAMPLE 5.15. Let A= | 2 2  2|. Find the eigenvalues of A and show that C3 has
-3 —6 —6

a basis consisting of eigenvectors of A. Show that the real vector space R? also has a basis

consisting of eigenvectors of A.
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SOLUTION. The characteristic polynomial of A is

t+1 -2 -2

=| -2 t-2 —t
3. 6t
t—2 —t -2 —t
=(t+1 +2
T 3t
t—2 -1 -2 —1
=t|(t+1
<( e 3 1)

=t((t+1)(t+4) +2) =t(t* +5t +6) = t(t +2)(t + 3).

Thus the roots of x(t) are 0, —2, —3 which are all real numbers. Notice that these each have
algebraic multiplicity 1.
Eig4(0): We need to find the solutions of

U 1 -2 =2] |u 0
(0I3—A) |v|=1|-2 -2 =2| |v| =10
w 3 6 6| |w 0
which is equivalent to
1 0 0| [u 0
01 1] |v| =10
0 0 O |w 0

and the general solution is (u,v,w) = (0,2, —2) € C3. Thus a basis for Eig,(0) is (0,1, —1)
which is also a basis for the real vector space Eigh (0). So

dime Eig 4(0) = dimg Eigh (0) = 1.

Eig4(—2): We need to find the solutions of

U -1 -2 =2 0
(=2)Is—A) [v|=]|-2 -4 =2| |v]| =10
| w 3 6 4 0
which is equivalent to
(1 2 0] [u 0
0 0 1| |v|l=1|0
0 0 0 0

and the general solution is (u,v,w) = (22, —2,0) € C3. Thus a basis for Eig,(—2) is (2, —1,0)
which is also a basis for the real vector space Eig’i(—2). So

dimc Eig 4 (—2) = dimg Eigh (-2) = 1.
Eig4(—3): We need to find the solutions of

U -2 =2 =2 U 0
(=3)[3—A) |v|=|-2 -5 -2 v| =10
w 3 6 3| |w 0
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which is equivalent to

1 0 1 U 0
0 1 0] |v| =10
0 0 0] |w 0

and the general solution is (u,v,w) = (2,0, —2) € C3. Thus a basis for Eig,(—2) is (1,0, —1)
which is also a basis for the real vector space Eig’(—3). So

dimc Eig 4(—3) = dimg Eigh(-3) = 1.
Then (0,1, —1),(2,—1,0),(1,0,—1) is a basis for the complex vector space C> and for the

real vector space R3. O
0 1 2

EXAMPLE 5.16. Let B= |—1 0 2/|. Find the eigenvalues of B and show that C? has a
-2 =20

basis consisting of eigenvectors of B. For each real eigenvalue A determine Eigﬂé()\).

SOLUTION. The characteristic polynomial of B is

t -1 -2
xgt) =11t =2/ =t+9t=t{t>+9)=t(t—3i)(t+3i),
2 2 ¢

so the eigenvalues are 0, 37, —3¢. We find that
Eigp(0) = {(22,—-22,2) : z € C},
Eigp(3i) = {((1 + 3i)z, (=1 + 3i)z,—42) : z € C},
Eigg(—3i) = {((1 — 3i)z, (=1 — 3i)z,—4z)) : z € C}.
For the real eigenvalue 0,
Eigh(0) = {(2t, —2t,t) : t € R}.

Note that vectors (2t, —2¢,t) with ¢t € R and ¢ # 0 are the only real eigenvectors of B.
Then (2,-2,1),(1 + 3i¢,—1 + 3i,—4), (1 — 3i,—1 — 3i,—4) is a basis for the complex vector

space C3. O
00 —1

EXAMPLE 5.17. Let A= [0 2  0|. Find the eigenvalues of A and show that C? has a
10 2

basis consisting of eigenvectors of A. For each real eigenvalue A determine Eig%()\). Show that

C3 has no basis consisting of eigenvectors for A.

SOLUTION. The characteristic polynomial of A is

t 0 1
xat)=| 0 t=2 0 |=(-1)>*t-2),
-1 0 t—2

hence the eigenvalues are 1 with algebraic multiplicity 2, and 2 with algebraic multiplicity 1.
Eig4(1): We have to solve the equation

1 0 1 |u 0
0 -1 o] [v| =101,
-1 0 -1 w 0
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which is equivalent to

o O =
S = O
o O =
<
|
o O O

This gives
Eigs(1) = {(#,0,—2) : z € C}.

Notice that dim Eig (1) = 1 which is less than the algebraic multiplicity of this eigenvalue.
Eig4(2): We have to solve the equation

2 0 1] |u 0
0 0 Of |v|=|0],
-1 0 0f (w 0
which is equivalent to
1 0 0f |u 0
00 1 |v| =10
0 0 Of |w 0

This gives
Eig,(2) ={(0,2,0) : z € C}.
Thus we obtain
dim(Eig4(1) + Eig4(2)) = dim Eig 4 (1) + dim Eig 4(2) — dim Eig 4(1) N Eig4(2)
=14+1-0=2.

So the eigenvectors cannot span C3.
Similarly,

Eigh(1) = {(5,0,—s) : s € R}, Eigh(2) = {(0,£,0) : t € R},
and

dimg (Eig% (1) + Eig5(2)) = dimg Eigh (1) + dimg Eig% (2) — dimg Eigh (1) N Eigh (2)
=14+1-0=2.

This shows that eigenvalues cannot span C3.

63

These examples show that when the algebraic multiplicity of an eigenvalue is greater than 1,

its geometric multiplicity need not be the same as its algebraic multiplicity.

5.4. Diagonalisability of square matrices

Now we will consider the implications of the last section for diagonalisability of square

matrices.

DEFINITION 5.18. Let A, B € M,,(F) be n x n matrices with entries in a field F.. Then A is

similar to B if there is an invertible n x n matrix P € M, (F') for which

B=P AP
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REMARK 5.19. Notice that if B = P~'AP then
A=PBP!'= (P Y lBP,
so B is also similar to A. If we take P = I,, = I;}, then
A=1TI1AIL,

so A is similar to itself. Finally, if A is similar to B (say B = P~'AP) and B is similar to C
(say C = Q7 1BQ), then

C=Q (P TAP)Q = (Q""PTHA(PQ) = (PQ)'A(PQ),

hence A is similar to C. These three observations show that the notion of similarity defines an

equivalence relation on M, (F).

DEFINITION 5.20. Let Ay,..., A, € F be scalars. The diagonal matriz diag(Ai,...,\,) is
the n X n matrix

N oo 0
diag(A1,...,\p) = | ¢ .o
0 - A\
with the scalars Ai,...,\, down the main diagonal and 0 everywhere else. An n X n matrix

A € M, (F) is diagonalisable (over F') if it is similar to a diagonal matrix, i.e., if there is an
invertible matrix P for which P~'AP is a diagonal matrix.

Now we can ask the question: When is a square matrix similar to a diagonal matrix? This
is answered by our next result.

THEOREM 5.21. A matrizx A € M,,(F) is diagonalisable over F if and only F™ has a basis

consisting of eigenvectors of A.

PRrROOF. If F™ has a basis of eigenvectors of A, say vi,...,v, with associated eigenvalues
Aly- -5 An, let P be the invertible matrix with these vectors as its columns. We have
AP = |Avi -0 Avy
= [Alvl )\nvn}
= [vl Vn] diag(A1,...,\n)

= Pdiag(\1, ..., An),
from which we obtain

P71AP = diag(\y, ..., \n),
hence A is similar to the diagonal matrix diag(Ay,...,A,). On the other hand, if A is similar
to a diagonal matrix, say

P7YAP = diag(\i, ..., \n),
then

AP = Pdiag(A1,..., \n),

and the columns of P are eigenvectors associated with the eigenvalues A1, ..., A, and they also
form a basis of F". O
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The process of finding a diagonal matrix similar to a given matrix is called diagonalisation.
It usually works best over C, but sometimes a real matrix can be diagonalised over R if all its

eigenvalues are real.

ExXaMPLE 5.22. Diagonalise the real matrix

2 -2 3
A= |1 1 1
1 3 -1

SOLUTION. First we find the complex eigenvalues of A. The characteristic polynomial is
t—2 2 -3
xalt)=]-1 t—-1 -1

=0 t+2 —t-2
-1 -3 t+1

t—2 2 -3
—(t+2] 0 1 -1

-1 -3 t+1
-1 2 -3
=(t+2 t—2 —
(+)<( )—3 t+1 1 —1>

=(t+2)((t— )(t+1—3) (—2+3))
=(t+2)((t—2°—1)=(t+2)(P -4t +4—1) = (t+2)(t> — 4t + 3)
= (t+2)(t — 3)(t—1)

Hence the roots of xa(t) are the real numbers —2,1,3 and these are the eigenvalues of A.

Now solving the equation ((—2)I3 — A)x = 0 we find that the general real solution is
x = (11t,¢,—14t) with ¢ € R. So an eigenvector for the eigenvalue —2 is (11,1, —14).

Solving (I3 — A)x = 0 we find that the general real solution is x = (¢, —t, —t) with ¢t € R.
So an eigenvector for the eigenvalue 1 is (1,—1,—1).

Solving (313 — A)x = 0 we find that the general real solution is x = (¢,¢,t) with t € R. So
an eigenvector for the eigenvalue 3 is (1,1, 1).

The vectors (11,1, —14), (1, —1,—1),(1,1,1) form a basis for the real vector space R and

11 11
the matrix P = 1 —1 1] satisfies
-14 -1 1
11 11 —22 1 3 11 11
A 1 -1 1| =-2 -1 3| = 1 -1 1] diag(-2,1,3),
-14 -1 1 28 —1 3 -14 -1 1

hence
AP = Pdiag(~2,1,3).
Therefore diag(—2,1,3) = P~' AP, showing that A is diagonalisable. O






APPENDIX A

Complex solutions of linear ordinary differential equations

It often makes sense to look for complex valued solutions of differential equations of the

form

dnf dn—lf df B
(A.1) %+a”—1d$n—1+'”+a1%+a0f_0’

where the a, are real or complex numbers which do not depend on x. The solutions are functions

defined on R and taking values in C. The number n is called the degree of the differential
equation.

When n = 1, for any complex number a, the differential equation

daf
bl -0
I +af
has as its solutions all the functions of the form te™%*  for ¢ € C. Here we recall that for a

complex number z = x + yi with z,y € R,
e = PV = ¢%e¥l = ¢%(cosy + isiny) = €% cosy + ie® siny.

When n = 2, for any complex numbers a, b, we consider the differential equation

*f df
A2 — —+bf=0
(A.2) Jpz T gy T =0,
where we assume that the polynomial 22 + az + b has the complex roots «, 3, which might be

equal.
e If o # 3, then (A.2) has as its solutions all the functions of the form se®® + tse*, for
s,t € C.
o If o = f3, then (A.2) has as its solutions all the functions of the form se®* 4 tze®*, for
s,t e C.

When a, b are real, then either both roots are real or there are two complex conjugate roots
a, @; suppose that a = u + vi where u,v € R, hence the complex conjugate of v is @ = u — vi.
In this case we can write the solutions in the form

e pe'* cosvx + qe"* sinvzx for p,q € C if v # 0,
o pe'® + qre™® for p,g e Cif v =0.

In either case, to get real solutions we have to take p,q € R.
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