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0 Review of some MA106 material
0 Review of some MA106 material

In this section, we’ll recall some ideas from the first year MA106 Linear Algebra
module. This will just be a brief reminder; for detailed statements and proofs,
go back to your MA106 notes.

0.1 Fields

Recall that a field is a number system where we know how to do all of the basic
arithmetic operations: we can add, subtract, multiply and divide (as long as
we’re not trying to divide by zero).

Definition 0.1.1. A field is a non-empty set K together with two operations
(maps from K x K to K) addition, denoted by +, and multiplication, denoted by
- (or just juxtaposition), satisfying the following axioms:

l.a+b=b+aforallabeK;
2. there exists an element 0 € K such thata +0 =aforalla € K;
3. (a+b)+c=a+ (b+c)forallab,c€K;
4. there exists an element —a € K such thata+ (—a) = 0foralla € K;
5.a-b="b-qa
6. there exists an element 1 € K,1 # 0,such that1-a =aforalla € K;
7. (a-b)-c=a-(b-c)foralla,b,c€K;
8. there exists an element a~! € Ksuch thata-a~! =1forall0 # a € K;
9.a-(b+c)=(a-b)+(a-c)foralla,b,cecK.

Examples.

e A non-example is Z, the integers. Here we can add, subtract, and multiply,
but we can’t always divide without jumping out of Z into some bigger
world. That is to say that Axiom 8 would fail: there are no multiplicative
inverses of any integer apart from 1 and —1.

e The real numbers R and the complex numbers C are fields, and these are
perhaps the most familiar ones.

e The rational numbers Q are also a field.

e A more subtle example: if p is a prime number, the integers mod p are a
field, written as Z/pZ or IF,.

There are lots of fields out there, and the reason we take the axiomatic approach
is that we know that everything we prove will be applicable to any field we like,
as long as we’ve only used the field axioms in our proofs (rather than any specific
properties of the fields we happen to most like). We don’t have to know all the
fields in existence and check that our proofs are valid for each one separately.
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0.2 Vector spaces

Let K be a field!. A vector space over K is a non-empty set V together with two
extra pieces of structure. Firstly, it has to have a notion of addition: we need to
know what v + w means if v and w are in V. Secondly, it has to have a notion
of scalar multiplication: we need to know what Av means if visin V and A is in
K. These have to satisfy some axioms, for which I'm going to refer you again to
your MA106 notes.

Definition 0.2.1. A vector space V over a field K is a set V with two operations.
The first is addition, a map from V x V to V satisfying Axioms 1 to 4 in the
definition of a field. The second operation is scalar multiplication, a map from
K x V to V denoted by juxtaposition or -, satisfying the following axioms:

1. a(u+v) =au+avforallu,v e V,a € K;
2. (a+B)lv=av+ povforallve V,a p cK;
3. (a-B)v=ua(pv) forallv e V,ua,p €K;

4. 1-v=vforallve V.

A basis of a vector space is a subset B C V such that every v € V can be written
uniquely as a finite linear combination of elements of B,

U= Mby+ -+ Auby,

for some n € N and some Aq,...,A,; € K. So for each v € V, we can do this
in one and only one way. Another way of saying this is that B is a linearly
independent set which spans V, which is the definition you had in MA106. We
say V is finite-dimensional if there is a finite basis of V. You saw last year that if V
has one basis which is finite, then every basis of V is finite, and they all have the
same cardinality; and we define the dimension of V to be this number which is
the number of elements in any basis of V.

Examples. Let K = R.

e The space of polynomials in x with coefficients in R is certainly a vector
space over IR; but it’s not finite-dimensional (rather obviously).

e Forany d € N, the set R? of column vectors with d real entries is a vector
space over R (which, not surprisingly, has dimension d).

o The set

X2 €R3:x1+x2+X3:0

X3
is a vector space over R if we define vector addition and scalar multiplica-
tion componentwise as usual.

The third example above is an interesting one because there’s no “natural choice”
of basis. It certainly has bases, e.g. the set

1 1
-2 ’ 0 ’
1 -1

t’s conventional to use K as the letter to denote a field; the K stands for the German word
“Korper”.
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but there’s no reason why that’s better than any other one. This is one of the
reasons why we need to worry about the choice of basis — if you want to tell
someone else all the wonderful things you've found out about this vector space,
you might get into a total muddle if you insisted on using one particular basis
and they preferred another different one.

The following lemma (which will be required in the proof of one of our main
theorems) is straightforward from the material in MA106 - the proof is left as an
exercise to check you are comfortable with such material.

Lemma 0.2.2. Suppose that U is an m-dimensional subspace of an n-dimensional vector
space V and w1, ..., Wy_, extend a basis of U to a basis of V. Then the equation

MW+ F AWy +u =0, where u € U, @

only has the solution a; = 0 forall1 <i <n —mandu = 0.

0.3 Linear maps

If V and W are vector spaces (over the same field K), then a linear map from V
to Wisamap T : V — W which “respects the vector space structures”. That
is, we know two things that we can do with vectors in a vector space — add
them, and multiply them by scalars; and a linear map is a map where adding
or scalar-multiplying on the V side, then applying the map T, is the same as
applying the map T, then adding or multiplying on the W side. Formally, for T
to be a linear map means that we must have

T(U] —|—Uz) = T(U1) + T(Uz) Vo, €V

and
T(A?Jl) = )\T(Ul) VAeK, v €V.

Example 1. Let V and W be vector spaces over K. Then T : V. — W defined
by T(v) = Ow = 0 for all v € V is a linear map, called the zero linear map.
Furthermore, we have S : V. — V defined by S(v) = v for all v € V is a linear
map, called the identity linear map.

Example 2. Let V = R3 and W = R2. Then the following maps T : V. — W are
linear.

- (6)

ot b)) (51,

a 2
Whereas, you should check that T ( (b) ) = (a ) is NOT a linear map.

N
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N——
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0.4 The matrix of a linear map with respect to a choice of (ordered)
bases

Let V and W be vector spaces over a field K. Let T : V. — W be a linear map,
where dim(V) = n, dim(W) = m. Choose a basis e, ..., e, of V and a basis
fi,..., £, of W. Note that formally what we are doing here is choosing ordered
bases- above we defined a basis of a vector space to be simply a subset without
any preferred ordering, but here we actually make a choice of two ordered sets
of bases, E = (ey,...,e,) and F = (fy,...,f,), the ordering being encoded in
the choice of indices.

Now, for 1 < j < n, T(e;) € W, so T(e;) can be written uniquely as a linear
combination of f, ..., f,. Let

T(e1) = apify +amifo + - - + aprfi
T(ex) = arofy + amfy + - -+ + appfy

T(en) = wypf) +aoufo + - + apnfm

where the coefficients a;; € K (for 1 <i < m, 1 < j < n) are uniquely deter-
mined.

The coefficients a;; form an m x n matrix

®11 K12 ... K1p

21 Koo ... Koy
A=

m1 Em2 - &mn

over K. Then A is called the matrix of the linear map T with respect to the chosen
bases of V and W. Note that the columns of A are the images T(e1),..., T(e;,)
of the basis vectors of V represented as column vectors with respect to the basis
fi,... £ of W.

It was shown in MA106 that T is uniquely determined by A, and so there is a
one-one correspondence between linear maps T : V. — W and m x n matrices
over K, which depends on the choice of ordered bases of V and W.

For v € V, we can write v uniquely as a linear combination of the basis vectors
e;; thatis, v = xje; + - - - + x,e,, where the x; are uniquely determined by v and
the basis e;. We shall call x; the coordinates of v with respect to the basis ey, . . ., e;,.
We associate the column vector

X1

X2
e K"

<
Il

Xn

to v, where K! denotes the space of n x 1-column vectors with entries in K.
Notice that v depends on the chosen basis E so a notation such as vg or vg would
possibly be better, but also heavier, so we stick with v and assume you bear in
mind that v not only depends on v but also on E.
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It was proved in MA106 that if A is the matrix of the linear map T, then for
v € V, we have T(v) = w if and only if Av = w, where w € K"! is the column
vector associated with w € W.

Example. We can write down the matrices for the linear maps in Example 2,
using the standard bases for V and W: the standard basis of R" is ey, ..., e,
where ¢; is the column vector with a 1 in the ith row and all other entries 0 (so
it’s the n X 1 matrix defined by ;1 = 1if j = i and &;; = 0 otherwise).

1. We calculate that T(e;) =e; =1-e1+0-e3, T(ez) =e; =0-e1+1-¢ep and
T(e3) =0=10-e; +0- ey (OK, this could be confusing so we could denote
the standard basis for W by f1, f2). The matrix is thus

100
A‘(o 1 0)‘

3. This time T'(e1) = e1, T(e2) = e1 + €2 and T(e3) = e, and so the matrix is
1 10
A= (0 1 1) '

0.5 Change of basis

Let V be a vector space of dimension n over a field K, and let ey,..., e, and
e}, ..., e, betwo bases of V (ordered of course). Then there is an invertible n x n
matrix P = (p;;) such that

‘\nm\
I
™=

Il
—_

pi]-el- for 1 < ] <n. (*)

Note that the columns of P are the new basis vectors eg written as column vectors
in the old basis vectors e;. (Recall also that P is the matrix of the identity map
V — V using basis e’1, ..., e} in the domain and basis ey, . . ., e, in the codomain.)

Often, but not always, the original basis ey, ..., e, will be the standard basis of
K",

1 0 0
Example. Let V = R3 e =[0],es=(1],e3 = [0] (the standard basis)
0 0 1
0 1 -1
ande]=[1],e,=[2],¢e}= 0 |. Then
2 0 0
01 -1
P=11 2 0
2 0 0
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The following result was proved in MA106.

Proposition 0.5.1. With the above notation, let v € V, and let v and v’ denote the

column vectors associated with v when we use the bases eq, ..., e, and €/,..., e},

respectively. Then Pv' = v.

1
So, in the example above, if we takev = | —2 |, then we have v = e; —2e; 1-4e3
4
1
(obviously); so the coordinates of v in the basis {ej, ey, e3} arev = [ —2
4

On the other hand, we also have v = 2¢] — 2e}, — 3¢}, so the coordinates of v in
the basis {e], e/, e, } are

2
X/: -2 s
-3
and you can check that
01 -1 2 1
pv=1[12 o0|[-=2|=|-2]=v
2 0 0/ \-3 4

just as Proposition 0.5.1 says.

This equation Pv’ = v describes the change of coordinates associated with our
basis change. If we want to compute the new coordinates from the old ones, we
need to use the inverse matrix: v/ = P~lv. Thus, to enable calculations in the
new basis we need both matrices P and P~!. We'll be using this relationship
over and over again, so make sure you're happy with it!

Which matrix, P or P~! should be called the basis change matrix or transition

matrix from the original basis ey, ..., e, to the new basis e}, ..., e},?

Well, the books are split on this. As a historic quirk, the basis change matrix in
Algebra-1 was always P and the basis change matrix in Linear Algebra was P!
since around 2011. We continue with this noble tradition of calling P the basis
change matrix because, otherwise, we risk introducing typos throughout the text.

NowletT:V — W, e;, f; and A be as in Subsection 0.4 above, and choose new
bases e),..., e, of Vand f|,..., £, of W. Then

m
T(e}) = Z%[Bijf; for1<j<nmn,
i=

where B = (B;;) is the m x n matrix of T with respect to the bases {e} and {f;}
of V.and W. Let the n x n matrix P = (p;;) be the basis change matrix for the
original basis {e;} and new basis {e;}, and let the m x m matrix Q = (g;;) be the
basis change matrix for original basis {f;} and new basis {f;}. The following
theorem was proved in MA106:

Theorem 0.5.2. With the above notation, we have AP = QB, or equivalently B =
QAP
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In most of the applications in this module we will have V = W (= K"), {e;} =
{f;}, and {e/} = {f/}. So P = Q, and hence B = P~1AP.

You may have noticed that the above is a bit messy, and it can be difficult
to remember the definitions of P and Q (and to distinguish them from their
inverses). Experience shows that students (and lecturers) have trouble with
this. So here is what I hope is a better and more transparent way to think about
change of basis in vector spaces and the way it affects representing matrices for
linear maps:

First, we saw in the preceding section, that given:
1. alinearmap T : V — W, dim(V) = n, dim(W) = m;
2. ordered bases E = (ey,...,e,)and F = (fy,...,f,,) of Vand W;

we can associate to T an m x n-matrix in K"*" representing the linear map T
with respect to the chosen ordered bases. Let’s do our book-keeping neatly and
try to keep track of all the data involved in our notation: let’s denote this matrix
temporarily by

M(T)E.

Note that the lower index E remembers the basis in the source V, the upper
index F remembers the basis in the target, and M just stands for matrix. Of
course that’s a notational monstrosity, but you will see that for the purpose
of explaining base change , it is very convenient. Indeed, choosing different
ordered bases for V and W,

E =(ef,...,e)and F = (f},...,f,)
the problem we want to address is: how are the matrices
A= M(T)E and B = M(T)E,

related? The answer to this is very easy if you remember from MA106 that matrix
multiplication is compatible with composition of linear maps in the following

sense: suppose

R S

u 14

A B C

is a diagram of vector spaces and linear maps, and A, B, C are ordered bases in
U, V,W. Then we have the very basic fact that

> V

MS(SoR) = M§(S) - MB(R).

Don’t be intimidated by the formula and take a second to think about how
natural this is! If we form the composite map S o R and pass to the matrix
representing it with respect to the given ordered bases, we can also get it by
matrix-multiplying the matrices for S and R with respect to the chosen ordered
bases! Now back to our problem above: consider the sequence of linear maps
between vector spaces together with choices of ordered bases:

idy T

w I, W
E E F F

v 1%
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Applying the preceding basic fact gives
M(T)g = M(idw)f - M(T)g - M(idv)g-

Or, putting
P:= M(idy)g, Q:= M(idw)p
and noticing that

M(idw)E = (M(idw)E) !

we get
B=Q 'AP

which proves Theorem 1.5.2, but also gives us a means to remember the right
definitions of P and Q (which is important because that is the vital information
and this is precisely the information students and lecturer always tend to forget):
for example, P = M (idy)E is the matrix whose columns are the basis vectors
e} written in the old basis E with basis vectors e;. You don’t have to remember
the entire discussion preceding Theorem 1.5.2 anymore (which is necessary to
understand what the theorem says): it’s all encoded in the notation! I hope you

will never forget this base change formula again.

10
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1 The Jordan Canonical Form

1.1 Introduction

Throughout this section V will be a vector space of dimension 7 over a field K,
T : V — V will be a linear map, and A will be the matrix of T with respect to a
fixed basis ey, ..., e, of V (the same in the source and target V). Our aim is to
find a new basis e/, ..., e}, for V, such that the matrix of T with respect to the
new basis is as simple as possible. Equivalently (by Theorem 0.5.2), we want to
find an invertible matrix P (the associated basis change matrix) such that P~ AP
is as simple as possible.

(Recall that if B is a matrix which can be written in the form B = P~ 1AP, we say
B is similar to A. So a third way of saying the above is that we want to find a
matrix that’s similar to A, but which is as nice as possible.)

One particularly simple form of a matrix is a diagonal matrix. So we’d really
rather like it if every matrix was similar to a diagonal matrix. But this won't

work: we saw in MA106 that the matrix for example, is not similar to a

11

0 1)’
diagonal matrix. (We say this matrix is not diagonalizable.)

The point of this section of the module is to show that although we can’t always
get to a diagonal matrix, we can get pretty close (at least if K is C). Under this
assumption, it can be proved that A is always similar to a matrix B of a certain
type (called the Jordan canonical form or sometimes Jordan normal form of the
matrix), which is not far off being diagonal: its only non-zero entries are on the
diagonal or just above it.

1.2 Eigenvalues and eigenvectors

We start by summarising some of what we know from MA106 which is going to
be relevant to us here.

If we can find some 0 # v € V and A € K such that Tv = Av, or equivalently
Av = Ay, then A is an eigenvalue, and v a corresponding eigenvector of T (or of
A).

From MA106, you have a theorem that tells you when a matrix is diagonalizable:

Proposition 1.2.1. Let T : V. — V be a linear map. Then the matrix of T is diagonal
with respect to some basis of V if and only if V has a basis consisting of eigenvectors of
T.

This is a nice theorem, but it is also more or less a tautology, and it doesn’t tell
you how you might find such a basis! But there’s one case where it’s easy, as
another theorem from MA106 tells us:

Proposition 1.2.2. Let Aq,..., A, be distinct eigenvalues of T : V. — V, and let
Vi,...,V, be corresponding eigenvectors. (So T(v;) = Ay, for 1 < i < r.) Then
Vi,...,V,are linearly independent.

Corollary 1.2.3. If the linear map T : V. — V (or equivalently the n x n matrix A)
has n distinct eigenvalues, where n = dim(V), then T (or A) is diagonalizable.

11
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1.3 The minimal polynomial

The minimal polynomial, while arguably not the most important player in the
spectral theory of endomorphisms, derives its importance from the fact that it can
be used to detect diagonalisability and also classifies nilpotent transformations,
and we’ll start with it to get off the ground.

If A € K" is asquare n X n matrix over K, and p € K[x] is a polynomial, then
we can make sense of p(A): we just calculate the powers of A in the usual way,
and then plug them into the formula defining p, interpreting the constant term
as a multiple of I,.

For instance, if K = Q, p :2x2_%x+11, and A = (g ?),then A2 — (‘é 2>,

(49 3(2 3 10
p(4) _2<0 1> T2 (0 1) 1 (0 1>
(16 27/2
-\ 0 23/2)°
Warning. Notice that this is in general of course not the same as the matrix

(o )

Theorem 1.3.1. Let A € K™". Then there is some non-zero polynomial p € K|x| of
degree at most n? such that p(A) is the n x n zero matrix 0,,.

and

Proof. The key thing to observe is that K", the space of n X n matrices over K,
2

is itself a vector space over K. Its dimension is n*.
Let’s consider the set {I,, A, A?,..., A”Z} C K"", Since this is a set of n2 + 1
vectors in an n?-dimensional vector space, there is a nontrivial linear dependency
relation between them. That is, we can find constants Ag, A1, ..., A2, not all zero,
such that

Aol + -+ )anAnz =0,.

Now we define the polynomial p = Ag + A1 x + -+ A2 x™ . This isn’t zero, and
its degree is at most n2. (It might be less, since A,,» might be 0.) Then that's it! [

Is there a way of finding a unique polynomial (of minimal degree) that A satis-
ties? To answer that question, we’ll have to think a little bit about arithmetic in
K[x].

Note that we can do “division” with polynomials, a bit like with integers. We
can divide one polynomial p (with p # 0) into another polynomial g4 and get a
remainder with degree less than p. For example,ifg = x> —3,p = x> + x + 1,
then we find g = sp + r withs = x* — x> + land r = —x — 4.

If the remainder is 0, so g = sp for some s, we say “p divides q” and write this
relation as p | g.

Finally, a polynomial with coefficients in a field K is called monic if the coefficient
of the highest power of x is 1. So, for example, x3 — 2x% 4+ x + 11 is monic, but
2x2 — x — 1is not.

12
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Theorem 1.3.2. Let A be an n x n matrix over K representing the linear map T : V —
V. Then

(i) There is a unique monic non-zero polynomial p(x) with minimal degree and
coefficients in K such that p(A) = 0.

(ii) If q(x) is any polynomial with qg(A) = 0, then p | q.

Proof. (i) If we have any polynomial p(x) with p(A) = 0, then we can make
p monic by multiplying it by a constant. By Theorem 1.3.1, there exists such
a p(x), so there exists one of minimal degree. If we had two distinct monic
polynomials pi(x), p2(x) of the same minimal degree with p;(A) = p2(A) =0,
then p = p; — p2» would be a non-zero polynomial of smaller degree with
p(A) = 0, contradicting the minimality of the degree, so p is unique.

(ii) Let p(x) be the minimal monic polynomial in (i) and suppose that g(A) = 0.
As we saw above, we can write g = sp + r where r has smaller degree than p. If
ris non-zero, then r(A) = q(A) —s(A)p(A) = 0 contradicting the minimality
of p,sor=0and p | gq. O

Definition 1.3.3. The unique monic non-zero polynomial pi4(x) of minimal
degree with p4(A) = 0 is called the minimal polynomial of A.

We know that for p € K[x], p(T) = Oy if and only if p(A) = 0,; so y 4 is also the
unique monic polynomial of minimal degree such that 14 (T) = 0 (the minimal
polynomial of T.) In particular, since similar matrices A and B represent the
same linear map T, and their minimal polynomial is the same as that of T, we
have

Proposition 1.3.4. Similar matrices have the same minimal polynomial.

By Theorem 1.3.1 and Theorem 1.3.2 (ii), we have

Corollary 1.3.5. The minimal polynomial of an n x n matrix A has degree at most n’.

(In the next section, we'll see that we can do much better than this.)
Example. If D is a diagonal matrix, say

di
D = 7
dﬂn

then for any polynomial p we see that p(D) is the diagonal matrix with entries

p(di1)

p(dun)
Hence p(D) = 0 if and only if p(d;;) = 0 for all i. So for instance if

300
D=0 3 0],
0 0 2

the minimal polynomial of D is the smallest-degree polynomial which has 2 and
3 as roots, which is clearly up(x) = (x —2)(x — 3) = x> — 5x + 6.

13
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We can generalize this example as follows

Proposition 1.3.6. Let D be any diagonal matrix and let {J1,...,6,} be the set of
diagonal entries of D (i.e. without any repetitions, so the values d1,...,6, are all
different). Then we have

up(x) = (x —01)(x — 82) ... (x = &,).

Proof. As in the example, we have p(D) = 0 if and only if p(d;) = 0 for all
i € {1,...,r}. The smallest-degree monic polynomial vanishing at these points
is clearly the polynomial above. O

Corollary 1.3.7. If A is any diagonalizable matrix, then y4(x) is a product of distinct
linear factors.

Proof. Clear from Proposition 1.3.6 and Proposition 1.3.4. O

Remark. We'll see later in the course that this is a necessary and sufficient condition:
A is diagonalizable if and only if p4(x) is a product of distinct linear factors. But we
don’t have enough tools to prove this theorem yet — be patient!

1.4 The Cayley—Hamilton theorem

Theorem 1.4.1 (Cayley—Hamiton). Let c4(x) be the characteristic polynomial of the
n x n matrix A over an arbitrary field K. Then c4(A) = 0.

Proof. Let’s agree to drop the various subscripts and bold zeroes —it’ll be obvious
from context when we mean a zero matrix, zero vector, zero linear map, etc.

Recall from MA106 that, if B is any n X n matrix, the “adjugate matrix” of B is
another matrix adj(B) which was constructed along the way to constructing the
inverse of B. The entries of adj(B) are the “cofactors” of B: the (i, j) entry of B
is (—1)"cj; (note the transposition of indices here!), where cj; = det(B;;), Bji
being the (n — 1) x (n — 1) matrix obtained by deleting the j-th row and the i-th
column of B. The key property of adj(B) is that it satisfies

Badj(B) = adj(B)B = (detB)I,.

(Notice that if B is invertible, this just says that adj(B) = (det B)B~!, but the
adjugate matrix still makes sense even if B is not invertible.)

Let’s apply this to the matrix B = A — xI,,. By definition, det(B) is the character-
istic polynomial c4(x), so

adj(A — xI,) (A — xI,) = ca(x)I,. ()

Now we use the following statement whose proof is obvious: suppose P(x) =
)W ijj and Q(x) = Y, QxxF are two polynomials in the indeterminate x with
matrix coefficients; so P; and Qy are n x n matrices. Then the product of P and Q
is R(x) = ¥, Rjx! with

R, =) PQ

j+k=I

14
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Then if an n X n matrix M commutes with all the coefficients of Q we have
R(M) = P(M)Q(M). We now apply this observation with

P(x) = adj(A —xI;), Q(x)=A—xl,, M=A
Since Q(A) =0, we getca(A) = 0. O
Corollary 1.4.2. Forany A € K"", we have y4 | ca, and in particular deg(pa) < n.

300

Example. Let D be the diagonal matrix (0 3 0) from the previous example.
00 2

We saw above that 4 (x) = (x — 2)(x — 3). However, it’s easy to see that

3—x 0 0
0 3—x 0] = —(x—2)(x—3)%
0 0 2—x

calx) =

How NOT to prove the Cayley—-Hamilton theorem It is very tempting to try
and prove the Cayley—-Hamilton theorem as follows: we know that

ca(x) = det(A —xIy),
so shouldn’t we have
ca(A) = det(A — Al,) = det(A — A) = det(0) = 0?

This is wrong. In fact, c4(A) is a matrix, and det(A — Al,) is an element of K,
so they are not even objects of the same type in general.

1.5 Calculating the minimal polynomial

We will present two methods for this.

Method 1 (“top down”; always never works in practice; it only works well if
a benign lecturer or some other benevolent power reveals to you the factori-
sation of the characteristic polynomial into irreducibles).

Lemma 1.5.1. Let A be any eigenvalue of A. Then ps(A) = 0.

Proof. Letv € K™! be an eigenvector corresponding to A. Then A"v = A"v, and
hence for any polynomial p € K[x], we have

p(A)v = p(A)v.

We know that 4 (A)v = 0, since p4(A) is the zero matrix. Hence pi4(A)v =0,
and since v # 0 and p4(A) is an element of K (not a matrix!), this can only
happen if s (A) = 0. O

This lemma, together with Cayley—Hamilton, give us very, very few possibilities
for p 4. Let’s look at an example.

15
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Example. Take K = C and let

4 0 -1 -1
1 2 0 0
A= 2 -2 2 =2

-1 1 0 3

This is rather large, but it has a fair few zeros, so you can calculate its character-
istic polynomial fairly quickly by hand and find out that

ca(x) = x* — 1123 + 45x% — 81x + 54.
Some trial and error shows that 2 is a root of this, and we find that

ca(x) = (x —2)(x® —9x% +27x — 27) = (x — 2)(x — 3)°.

So u(x) divides (x — 2)(x — 3)3. On the other hand, the eigenvalues of A are
the roots of ¢4 (x), namely {2,3}; and we know that 14 must have each of these
as roots. So the only possibilities for y4(x) are:

(x —2)(x—3),
pa(x) € { (x=2)(x—3)% 3.
(x —2)(x —3)3.
Some slightly tedious calculation shows that (A —2)(A — 3) isn’t zero, and nor

is (A —2)(A — 3)2, and so it must be the case that (x — 2)(x — 3)3 is the minimal
polynomial of A.

Method 2 (“bottom up”; this works well, also for large matrices)

This is based on

Lemma 1.5.2. Let T: V — V be a linear map of an n-dimensional vector space V over
K to itself, and suppose Wy, . . ., Wy are finitely many T-invariant subspaces spanning
V. In other words, we require T(W;) C W; and

V=W -+ +W

(but the sum doesn’t have to be direct). Let y;(x) be the minimal polynomial of T |y..
Then

pr(x) =Lemdp, ..., pit-

In words: the minimal polynomial of T is the least common multiple of the minimal
polynomials of the T |w,i=1,..., k.

Proof. First we will show that setting

f(x) =Llemdp, ...}t

we have that ur(x) divides f(x). Indeed, if v € W;, then writing f(x) =
gi(x)pi(x) we calculate

f(T)o = gi(T)ui(T)o = gi(T |w,) (T |w,)v =0

16
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since y;(T |w,) = 0. Since this argument is valid for any i and the W;’s span V,
we conclude that f(T) annihilates all of V hence is the zero linear map on V.
Thus f(x) is divisible by pr(x).

But f(x) also divides ur(x): indeed, ur(T) = 0, and hence also 7 (T |w,) = 0
for any i. Hence, pr(x) is divisible by any y;(x), and consequently by their least
common multiple, too.

Since both f(x) and p7(x) are monic, they must be equal. O

The preceding Lemma allows us to come up with a sensible algorithm to compute
the minimal polynomial of T:

Algorithm:
Pick any v # 0in V and set

W = span{v, T(v), T*(v),...}.

By definition, W is T-invariant. Now let d be the minimal positive integer such
that
v, T(v),...,T%(v)

are linearly dependent. In particular,
v, T(v),..., T 1(v)

are linearly independent, and if p(x) is any polynomial of degree < d — 1, p(T)v
will never be zero: hence the minimal polynomial 7, (x) has degree > d. There
is a nontrivial linear dependency relation of the form

T (0) + cg_1 T Hv) + - - - + 1 T(v) 4 cov = 0.
Consider the polynomial
X g x® 4o 4 .

We claim this must be iy, (x): indeed, it is monic, piy),, (T [w) annihilates W,
and p7y,, (x) is of smallest possible degree d with this property. Therefore we
have computed pi7),, (x), and we can set

Wi =W, 1 (x) := pry,, (x).

If Wi # V, pick a vector v’ not in W; and repeat the preceding procedure, leading
to a T-invariant subspace W, such that the span of W; and W, will be strictly
larger than Wj. Since V is finite-dimensional, after finitely many steps, we
compute in this way Wy, ..., Wi and polynomials p(x), ..., ux(x) satisfying the
conditions in Lemma 1.5.2. Since computing a least common multiple presents
no problem (use the Euclidean algorithm for polynomials repeatedly), we are
done.

1.6 Jordan chains and Jordan blocks

We’ll now consider some special vectors attached to our matrix, which satisfy
a condition a little like eigenvectors (but weaker). These will be the stepping-
stones towards the Jordan canonical form.

17
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As alwayslet T: V — V be a linear self-map of an n-dimensional K-vector space.
In particular, the vector space could be K™! and then the linear map would be
given by some matrix A. Note that choosing an ordered basis in V amounts to
fixing a bijective linear map B: K™! — V and B! o T o B is then a linear map
from K™ to itself given by the matrix A of T with respect to that chosen ordered
basis. In the following, we work with T or A depending on the situation- it
comes down to the same thing in every instance.

Definition 1.6.1. A non-zero vector v € V such that (T — Aidy)’v = 0, for some

i > 0, is called a generalised eigenvector of T with respect to the eigenvalue A.

Note that, for fixed i > 0,
Ni(T,A):={veV|(T-Ady)v=0}

is the nullspace of (T — Aidy)’, and is called the generalised eigenspace of index i of
T with respect to A.

The generalised eigenspace of index 1 is just called the eigenspace of T w.r.t. A;
it consists of the eigenvectors of T w.r.t. A, together with the zero vector. We
sometimes also consider the full generalised eigenspace of T w.r.t. A, which is the
set of all generalised eigenvectors together with the zero vector; this is the union
of the generalised eigenspaces of index i over all i € IN.

We can arrange generalised eigenvectors into “chains”:

Definition 1.6.2. A Jordan chain of length k is a sequence of non-zero vectors
vi,...,Vr € V that satisfies

Tvi=Avy, Tv,=Av;+v,_q, 2<i<k,
for some eigenvalue A of T.
Equivalently, (T — Aidy)vy = 0 and (T — Aidy)v; = v;_1 for 2 < i < k, so

(T — Aidy)'v; = 0 for 1 < i < k. Thus all of the vectors in a Jordan chain are
generalised eigenvectors, and v; lies in the generalised eigenspace of index i.

Lemma 1.6.3. Let vy,..., vy € V be a Jordan chain of length k for eigenvalue A of T.
Then vy, ..., vy are linearly independent.

Proof. Exercise. O

For example, take K = C and consider the matrix

3
0
0

10
A= 31
0 3
We see that, for {by, by, b3} the standard basis of C>!, we have Ab; = 3by,
Aby = 3by + by, Abs = 3bs + by, so by, by, b3 is a Jordan chain of length 3
for the eigenvalue 3 of A. The generalised eigenspaces of index 1, 2, and 3 are
respectively <b1>, <b1,b2>, and <b1,b2, b3>

Note that this isn’t the only possible Jordan chain. Obviously, {17b1, 17by, 17b3 }
would be a Jordan chain; but there are more devious possibilities — you can

18
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check that {by, b1 + by, by + b3} is a Jordan chain, so there can be several Jordan
chains with the same first vector. On the other hand, two Jordan chains with the
same last vector are the same and in particular have the same length.

What are the generalised eigenspaces here? The only eigenvalue is 3. For this
eigenvalue, the generalised eigenspace of index 1 is (b;) (the linear span of b;);
the generalised eigenspace of index 2 is (b1, b»); and the generalised eigenspace
of index 3 is the whole space (b1, by, b3). So the dimensions are (1,2,3).

Definition 1.6.4. We define the Jordan block of degree k with eigenvalue A to be
the k x k matrix J,  whose entries are given by

A ifj=i
Yii=4q1 ifj=i+1
0 otherwise.

So, for example,

11 4i — 7 1 0 8
Jip= <0 1) p Jai—73 = 0 4i—-7 1|, and Jos4= 0
0 0 4i—-7 0

are Jordan blocks.

It should be clear that the matrix of T with respect to the basis vy, ..., v, of Vis
a Jordan block of degree n if and only if vy, ..., v, is a Jordan chain for T.

Note that the minimal polynomial of ], x is equal to (x — A)¥, and the character-

istic polynomial is (A — x)*.

Warning. Some authors put the 1’s below rather than above the main diagonal
in a Jordan block. This corresponds to writing the Jordan chain in reverse order.
This is an arbitrary choice but in this course we stick to our convention - when
you read other notes/books be careful to check which convention they use.

1.7 Jordan bases and the Jordan canonical form

Definition 1.7.1. A Jordan basis for T is a basis of V consisting of one or more
Jordan chains strung together.

Such a basis will look like
w11, - .- /wlk1/w21/ e /w2k2/ e, Wsly e e stksl

where, for1 <i<s,wj,..., Wi, is a Jordan chain (for some eigenvalue A;).

We denote the m x n matrix in which all entries are 0 by 0,,,,. If Aisanm x m
matrix and B an n x n matrix, then we denote the (m + n) x (m + n) matrix with

block form
A Om’n
0um| B )’

19
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1 The Jordan Canonical Form

by A @ B, the direct sum of A and B. For example

-1 200 0

1o 11 -1 0100 0
<01>@10 1]=1 0011 -1
2 0 -2 0010 1
0020 -2

It’s clear that the matrix of T with respect to a Jordan basis is the direct sum
Tk @ Iagh, © - - @ Ja k. of the corresponding Jordan blocks.

The following lemma is left as an exercise.

Lemma 1.7.2. Suppose that M = A @& B. Then the characteristic polynomial cp(x)
is the product of ca(x) and cg(x), and the minimal polynomial yp(x) is the lowest
common multiple of ua(x) and pug(x).

It is now time for us to state the main theorem of this section, which says that if
K is the complex numbers C, then Jordan bases exist.

Theorem 1.7.3. Let T: V — V be a linear self-map of an n-dimensional complex
vector space V. Then there exists a Jordan basis for T. In particular, any n X n matrix A
over C is similar to a matrix | which is a direct sum of Jordan blocks. The Jordan blocks
occurring in | are uniquely determined by A. This ] is said to be the Jordan canonical
form (JCF) or sometimes Jordan normal form of A.

In fact, the uniqueness follows from the following more precise statement: Let A be an
eigenvalue of a matrix A € C™", and let | be the JCF of A. Then

(i) The number of Jordan blocks of | with eigenvalue A is equal to nullity (A — AL,).

(i) More generally, for i > 0, the number of Jordan blocks of | with eigenvalue A and
degree at least i is equal to nullity ((A — AI,,)?) — nullity((A — AL,)"~1).

Remark. The only reason we need K = C in this theorem is to ensure that T (or A)

1 0
matrix has no eigenvalues, since co(x) = x> + 1 has no roots in K. So it certainly has
no Jordan chains. The theorem is valid more generally for any field K which is such that
any non-constant polynomial in K[x| has a root in K (one calls such fields algebraically
closed; there are many more of them out there than just C).

has at least one eigenvalue. If K = R (or Q), we’d run into trouble with (O _1>; this

Proof. EXISTENCE:
We proceed by induction on n = dim(V). The case n = 1 is clear.

We are looking for a vector space of dimension less than 7, related to T to apply
our inductive hypothesis to. Let A be an eigenvalue of T and set S := T — Aly.
Then we let U = im(S) and m = dim(U). Using the Rank-Nullity Theorem we
see that m = rank(S) = n — nullity(S) < n, because there exists at least one
eigenvector of T for A, which lies in the nullspace of S = T — Aly. Foru € U, we
have u = S(v) forsome v € V, and hence T(u) = TS(v) = ST(v) € im(S) = U.
Note that TS = ST because T(T — Aly) = T> — TAly = T?> — AIyT = (T —
Aly)T. So T maps U to U and thus T restricts to a linear map Ty : U — U. Since
m < n, we can apply our inductive hypothesis to Ty; to deduce that U has a basis
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ey, ..., ey, whichis a disjoint union of Jordan chains for Ty; (for all eigenvalues
of Tu).

It is our job to show how to extend this Jordan basis of U to one of V. We do this
in two stages. Firstly, let vy, .. ., vi be one of the I disjoint Jordan chains for eigen-
value A for Ty (where I could be 0), so we have T(vq) = Ty(vy) = Avy, T(v;) =
Tu(vi) = Avi+v;_1, 2<i<k Now,sincevy € U=1imS$S =im(T — Aly), we
can find vy € V with T(vgyq) = Avkyq + Vi, thereby extending the chain by
an extra vector of V.

We do this for each of the I disjoint chains for A and so at this point we have
adjoined ! new vectors to the basis. Let us call these new vectors wy, ..., w;.

For the second stage, observe that the first vector in each of the I chains lies
in the eigenspace of Ti; for A. We know that the dimension of the eigenspace
of T for A is the dimension of the nullspace of S, which is n — m. So we can
adjoin (n — m) — I (which could be 0) further eigenvectors of T to the / that we
have already to complete a basis of the nullspace of (T — Aly). Let us call these
(n —m) — I new vectors wy 1, ..., Wy_p,. They are adjoined to our basis of V in
the second stage. They each form a Jordan chain of length 1 (since they are not
in the image of S = T — Aly), so we now have a collection of n vectors which
form a disjoint union of Jordan chains.

To complete the proof, we need to show that these n vectors form a basis of V,
for which it is enough to show that they are linearly independent.

Suppose that
XMW1+ -+ Xy Wy—y +X =0, where x = B1e1+...+ Buewn, 3)

a linear combination of the basis vectors ej, .. ., e, of U. We now apply S to both
sides of this equation, recalling that S(w;,;) = 0 for i > 1, by definition.

0(15(W1)+"'+0615(W1)+S(X) =0. (4)

By the construction of the w;, each of the S(w;) for 1 <i < is the last member
of one of the [ Jordan chains for Ty;. Let this set of [ vectorsejbe L = {j | e; =
S(w;) for some 1 < i < 1}. Now examine the last term

§(x) = (T =AL)(x) = (Tu = ALn)(x) = p1(Tu = M) (er) + - -+ Bu(Tu — AlLn) (em) -

Each (Ty — Ali)(e;) is a linear combination of the basis vectors of U from the
subset

{el,...,em}\{e]- | jeL}.

Indeed, this follows because after application of S we must have ‘moved” down
our Jordan chains for T;. It now follows from the linear independence of the
basis e{,...e;, thata; = 0foralll <i <.

So Equation (4) is now just
S(x)=0,

and so x is in the eigenspace of Tj; for the eigenvalue A. Equation (3) looks like

QAW+ F A Wi + X = 0. )

By construction, wy1, ..., W,_y extend a basis of the eigenspace of Tj; to a basis
of the eigenspace of T for A. Lemma 0.2.2 now applies (to the eigenspace of T),
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yielding a; = Ofor [ +1 <i <n—mand x = 0. Since ey, . .., e, is a basis for U,
we must have all B; = 0, which completes the proof.

UNIQUENESS: The corresponding generalised eigenspaces of A and | have the
same dimensions, so we may assume WLOG that A = J. So A is a direct sum of
several Jordan blocks [y, x, @ -+ @ Ja k.-

However, it’s easy to see that the dimension of the generalised A-eigenspace of
index i of a direct sum A @ B is the sum of the dimensions of the generalised A
eigenspaces of index i of A and of B. Hence it suffices to prove the theorem for a
single Jordan block Jj k.

But we know that (], x — Al;)" has a single diagonal line of ones i places above
the diagonal, for i < k, and is 0 for i > k. Hence the dimension of its kernel is i
for 0 <i < kand k for i > k. This clearly implies the theorem when A is a single
Jordan block, and hence for any A.

O

Theorem 1.7.4 (Consequences of the JCF). Let A € C"", and {A1,..., A} be the
set of eigenvalues of A.

(i) The characteristic polynomial of A is

(1) TT(x - A,
i=1

where a; is the sum of the degrees of the Jordan blocks of A of eigenvalue A;.
(ii) The minimal polynomial of A is
[T(x—2)%
i=1

where b; is the largest among the degrees of the Jordan blocks of A of eigenvalue
Ai.

(iii) A is diagonalizable if and only if u 4 (x) has no repeated factors.

Proof. We know that the characteristic and minimal polynomials of A and ],
its JCF, are the same. So the first two parts follow from applying Lemma 1.7.2
(multiple times) to J. For the last part, notice that if A is diagonalizable, the JCF
of A is just the diagonal form of A; since the JCF is unique, it follows that A is
diagonalizable if and only if every Jordan block for A has size 1, so all of the
numbers b; are 1. O

1.8 The JCF when n=2 and 3

When n = 2 and n = 3, the JCF can be deduced just from the minimal and
characteristic polynomials. Let us consider these cases.

When n = 2, we have either two distinct eigenvalues A1, A5, or a single repeated
eigenvalue A;. If the eigenvalues are distinct, then by Corollary 1.2.3 A is
diagonalizable and the JCF is the diagonal matrix [y, 1 ® Jx,1-
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Example 3. A = (1 4). We calculate c4(x) = x2 —2x —3 = (x = 3)(x + 1),

11
so there are two distinct eigenvalues, 3 and —1. Associated eigenvectors are

2 -2 (2 =2 1. (3 O
<1) and( 1>,soweputP—<1 1) and then P AP—<O _1>.

If the eigenvalues are equal, then there are two possible JCFs, J), 1 @ Ja, 1, which
is a scalar matrix, and ]y, ». The minimal polynomial is respectively (x — A1) and
(x — A1)? in these two cases. In fact, these cases can be distinguished without
any calculation whatsoever, because in the first case A is a scalar multiple of the
identity, and in particular A is already in JCF.

In the second case, a Jordan basis consists of a single Jordan chain of length 2.
To find such a chain, let v, be any vector for which (A — A1lx)v, # 0 and let
v1 = (A — A1) vs. (Note that, in practice, it is often easier to find the vectors in
a Jordan chain in reverse order.)

1 4

-1 -3
there is a single eigenvalue —1 with multiplicity 2. Since the first column of

Example 4. A = ( ) We have cy(x) = x> +2x+1 = (x+1)?, s0

A + I, is non-zero, we can choose v, = <(1)) andvy = (A+ L)vy = (_%) , SO
- 2 1 1 (-1 1
P = <_1 0> and P *AP = ( 0 _1>.

Now let n = 3. If there are three distinct eigenvalues, then A is diagonalizable.

Suppose that there are two distinct eigenvalues, so one has multiplicity 2, and
the other has multiplicity 1. Let the eigenvalues be A1, A1, Ay, with A1 # Ay. Then
there are two possible JCFs for A, Ja,1 @ Ja,1 @ a1 and Ja, 2 @ Jy,1, and the
minimal polynomial is (x — A1)(x — Ay) in the first case and (x — A1)?(x — A7)
in the second.

In the first case, a Jordan basis is a union of three Jordan chains of length 1, each
of which consists of an eigenvector of A.

2 0 O
Example 5. A = ( 1 5 2) . Then
-2 —6 -2
ca(x) =2-x)[(6-x)(—2—x)+12] = (2—x)(x* =3x+2) = (2—x)*(1 —x).

We know from the theory above that the minimal polynomial must be (x —
2)(x — 1) or (x —2)?(x — 1). We can decide which simply by calculating (A —
2I3)(A — I3) to test whether or not it is 0. We have

0 0 0 1 0 0
A-2L=| 1 3 2|, A-L=| 1 4 2},
2 —6 -4 —2 -6 -3

and the product of these two matrices is 0, s0 pg = (x —2)(x —1).

The eigenvectors v for Ay = 2 satisfy (A — 2I3)v = 0, and we must find two

0
linearly independent solutions; for example we can take v; = ( 2) , Vo =
-3
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1 0
(1) . An eigenvector for the eigenvalue 1is vz = ( 1) , 50 we can choose

1 -2
0 1 0
P = 2 -1 1
-3 1 =2
and then P~1AP is diagonal with entries 2,2, 1.

In the second case, there are two Jordan chains, one for A; of length 2, and one
for A, of length 1. For the first chain, we need to find a vector v, with (A —
AMI3)%vy = 0but (A — A1I3)vy # 0, and then the chainis vi = (A — A1I3)va, vo.
For the second chain, we simply need an eigenvector for A,.

3 2 1
Example 6. A = 0 3 1]|.Then
-1 -4 -1

ca(x) = B—x)[B3—x)(—1—x)+4] -2+ (3—x) = —x° +5x* —8x+4 = (2—x)*(1 —x),

as in Example 3. We have

1 2 1 0 0 0 2 2
A-2L=( 0 1 1|, (A-2B)?%=|-1 -3 =2, (A-L)=[ 0 2
~1 -4 -3 2 6 4 1 —4

and we can check that (A — 2I3)(A — I3) is non-zero, so we must have 4 =
(x —2)%(x —1).

For the Jordan chain of length 2, we need a vector with (A — 2I3)?v, = 0 but
2
(A —2I3)vy # 0, and we can choose v, = ( 0) . Then vi = (A —23)v, =
-1
1 0
—1 |. An eigenvector for the eigenvalue 1 is v3 = 1|, so we can choose
1 -2

and then
210
P1iaAP=10 2 0].
001

Finally, suppose that there is a single eigenvalue, A1, so c4 = (A; — x)3. There
are three possible JCFs for A, namely [y, 1 ® Ja,1 @ Ja, 1, Ja, 2 © Ja, 0, and [, 3,
and the minimal polynomials in the three cases are (x — A1), (x — A1)?, and
(x — A1)3, respectively.

In the first case, | is a scalar matrix, and A = PJP~! = ], so this is recognisable
immediately.
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In the second case, there are two Jordan chains, one of length 2 and one of length
1. For the first, we choose v, with (A — A1I3)vy # 0, and let vi = (A — A1 13)vs.
(This case is easier than the case illustrated in Example 4, because we have
(A — AI3)?>v = 0 for all v € C31.) For the second Jordan chain, we choose v3 to
be an eigenvector for A; such that v; and v3 are linearly independent.

0o 2 1
Example7. A= -1 -3 —1].Then
1 2 0

ca(x) = —x[B+x)x+2] —2(x+1) =2+ (B +x) = x> —3x> —3x -1 = —(1+x)°.

1 2 1
A+L=|-1 -2 -1},
1 2 1

and we can check that (A + I3)? = 0. The first column of A + I3 is non-zero,

We have

1 1
so (A+I3) (O) # 0, and we can choose v, = (0) and vy = (A+LI)vy =
0 0

1
—1 |. For vz we need to choose a vector which is not a multiple of v; such
1

0
that (A + I3)vs = 0, and we can choose v3 = ( 1) . So we have
-2

and then

In the third case, there is a single Jordan chain, and we choose v3 such that
(A - )\113)2V3 75 0, V) = (A - }\113)V3, V] = (A - /\1[3)2V3.

0 1 0
Example8. A= | -1 -1 1|. Then
1 0 -2

calx) = —x[2+x)1+x)]-Q2+x)+1=—(1+x)>

11 0 0 1 1
A+L=(-10 1], (A+L)?*=[0 -1 -1},
10 —1 0 1 1

so (A+1L)? # 0and us = (x + 1)3. For v3, we need a vector that is not in the

We have

0
nullspace of (A + I3)?. Since the second column, which is the image of (1)
0
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0 1
is non-zero, we can choose vz = | 1 |,and thenv, = (A+ I3)vs3 = [0 | and
o §
1
vi=(A+L)vy = (1) . So we have
1

and then

1.9 Examples for n > 4

In the examples above, we could tell what the sizes of the Jordan blocks were for
each eigenvalue from the dimensions of the eigenspaces, since the dimension of
the eigenspace for each eigenvalue A is the number of blocks for that eigenvalue.
This doesn’t work for n = 4: for instance, the matrices

A1 =N2@ a2

and
Ay =Ji3® Jan

both have only one eigenvalue (A) with the eigenspace being of dimension 2.

(Knowing the minimal polynomial helps, but it’s a bit of a pain to calculate —
generally the easiest way to find the minimal polynomial is to calculate the JCF
tirst! Worse still, it still doesn’t uniquely determine the JCF in large dimensions,
since

A3 =iz D a3 ® Iaa
and

Ay = a3 D a2 ® a2

have the same minimal polynomial, the same characteristic polynomial, and the
same number of blocks.)

In general, we can compute the JCF from the dimensions of the generalised
eigenspaces. Notice that the matrices A; and A, can be distinguished by looking
at the dimensions of their generalised eigenspaces: the generalised eigenspace
for A of index 2 has dimension 4 for A; (it’s the whole space) but dimension only
3 for A,.

-1 -3 -1 0
o 2 1 0
0O 0 2 0
0 3 1 -1
there are two eigenvalues —1, 2, both with multiplicity 2. There are four possi-
bilities for the JCF (one or two blocks for each of the two eigenvalues). We could
determine the JCF by computing the minimal polynomial y 4 but it is probably

Example 9. A = . Then ca(x) = (=1 —x)%(2 —x)?, so
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easier to compute the nullities of the eigenspaces and use the second part of
Theorem 1.7.3. We have

0 -3 -1 0 3 -3 —1 0
0 3 10 0 0 1 0
AtL=|, g 3 o| A=2LW=| g o o ol
0 3 10 0 3 1 -3
9 9 0 0
o o 000
<A214)_0 000
0 -9 0 9

The rank of A + 14 is clearly 2, so its nullity is also 2, and hence there are two
Jordan blocks with eigenvalue —1. The three non-zero rows of (A — 2I,) are
linearly independent, so its rank is 3, hence its nullity 1, so there is just one
Jordan block with eigenvalue 2, and the JCFof Ais J_11 & J_11 P J22.

For the two Jordan chains of length 1 for eigenvalue —1, we just need two linearly

1 0
independent eigenvectors, and the obvious choice is v| = ol Vo) = 8 . For
0 1

the Jordan chain v3, v4 for eigenvalue 2, we need to choose v, in the nullspace
of (A — 2I;)? but not in the nullspace of A — 2I;. (This is why we calculated

0 -1
(A — 2I4)?.) An obvious choice here is v4 = (1) ,and then v3 = (1) ,and to
0 1
transform A to JCF, we put
10 -1 0 1 100 -1 0 00
100 10 41 |0 -1 0 1 A 0 -1 00
P_OO 01’P_O 100’PAP_0021
01 10 0 010 0O 00 2
-2 0 0 O
0 -2 1 0 4 .
Example 10. A = o o0 -2 ol Then cs(x) = (=2 — x)*, so there is a
1 0 -2 -2
00 00
. . . s . 00 10
single eigenvalue —2 with multiplicity 4. We find (A + 2I;) = 00 o0 ol
10 -2 0

and (A +2I4)?> = 0,50 pa = (x +2)?,and the JCF of A couldbe | 5 @ ] 25 or
J—22® 21 @ 21

To decide which case holds, we calculate the nullity of A + 2I; which, by The-
orem 1.7.3, is equal to the number of Jordan blocks with eigenvalue —2. Since

A + 214 has just two non-zero rows, which are distinct, its rank is clearly 2, so its
nullity is 4 — 2 = 2, and hence the JCF of Ais |2, @ J_22.

A Jordan basis consists of a union of two Jordan chains, which we will call
v1,Vy, and vz, v4, where v; and v3 are eigenvectors and v, and vy are generalised
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eigenvectors of index 2. To find such chains, it is probably easiest to find v, and
vy first and then to calculate vi = (A + 214)vy and v = (A + 2I4)vy.

Although it is not hard to find v, and vy in practice, we have to be careful,
because they need to be chosen so that no linear combination of them lies in the
nullspace of (A + 2I4). In fact, since this nullspace is spanned by the second and

1 0
fourth standard basis vectors, the obvious choice is v, = ol va= (1) , and
0 0
0 0
then vi = (A +2I)vp = 8 , vz = (A+2I)vy = (1) , S0 to transform A
1 -2
to JCF, we put
01 00 0201 -2 1 0 0
100 10 41 _ |1 000 _ _ o -2 0 0
P_OO Ol’P_0100’PAP_ 0O 0 -2 1
10 -2 0 0010 o 0 0 -2

1.10 An algorithm to compute the Jordan canonical form in general
(brute force)

Whereas the examples above explain some shortcuts, tricks and computational
recipes to compute, given a matrix A € C"", a Jordan canonical form | for A
as well as a matrix P (invertible) such that | = P~1AP, it may also be useful to
know how this can be done systematically, provided we know all the eigenvalues,
A1, ..., As, say, of A.

Algorithm:

Step 1: Compute J. This amounts to knowing, for a given eigenvalue A, the
number of Jordan blocks of degree/size i in . By Theorem 1.7.3, (ii), this number
is

(dim N;(A,A) —dim N;_1(A, 1)) — (dim Nj41 (A, A) —dim N;(A,A))
= 2dim Ni(A, )\) — dim Ni,1 (A, )L) — dim Ni+1 (A, /\)
So the computation of | is no problem then.

Step 2: Compute P. You can proceed as follows: pick an eigenvalue A. Now
suppose
Ny 2Ny =--- 2N,

are the sizes of the Jordan blocks with eigenvalue A (repeats among the N;
allowed if there are several blocks of the same size; we order them according to
decreasing size for definiteness). Then pick a vector v1; € V with

(A= AL)No; =0, (A= AL)N o £0

(note that this amounts to solving several systems of linear equations ultimately-
we leave the details of how to accomplish this step to you). Then put

012 1= (A —ALy)v1g, v15 = (A — AL)%014,..., 01N, = (A —AL)N oy 4.

28



1 The Jordan Canonical Form

Note that (v1,n,, . ..,v1,1) is then a Jordan chain. If r = 1, we are done, else we
choose a vector v, € V with

(A — )\In)Nz’Uz,l = O, (A — Aln)Nzil’Oz,l % <Ul,1/ e ,’()1,1\]1>.

So note that the second condition has become more restrictive: we want that
(A — AL,)N2"1o, 1 is not just nonzero, but not in the span V; := (v14,...,01n,)
of the first bunch of basis vectors. Equivalently, we want it to be nonzero in
the quotient V /Vj, for those of you who know what quotient vector spaces are
(which isn’t required). We then put

Upp i= (A — /\In)vz,l, U3 1= (A — )\In)zvz,l, s, UN, = (A — AI,Z)szlUZ,l.

Then by construction (v, - - ., U2,1) is a Jordan chain, and v1 1, . . ., V1,N,, V2,1, - - -, U2,N,
are linearly independent (for those who know quotient spaces, an easy way to
check this is to notice that v, v, . .., v2,1 are a Jordan chainin V/Vy). If r = 2, we

are done, otherwise we continue in the same fashion: pick v3; € V with

(A—AL)Musy =0, (A= AL)N " o31 & (014,..., 008,021, -, V20, ),

and now you should see what the pattern to continue is. Finally you end up
with vectors

n
0117+, 01,N;, 021/ -+ -y O2,Nos o -+, 01, - - -, Or,N, e Cm

Listing these in reverse order gives us the first Ny + - - - + N, columns of P. Now
we repeat the same procedure for the remaining eigenvalues of A other than
A, adding a bunch of columns to P at each step in this way. That gives us the
desired base change matrix P.

1.11 Grand finale

At this point we would like to take a step back and formulate the basic facts of
the spectral theory of matrices we have obtained so far in a way that is both
easy to remember and convenient to use in many applications. We use the more
standard C"*" for C"" and C" for C"! below.

Theorem 1.11.1. Let A € C"*" be a square matrix with complex entries, p € C|x]
any polynomial. Then if A is an eigenvalue of A, p(A) is an eigenvalue of p(A), and
any eigenvalue of p(A) is of this form.

Theorem 1.11.2. For A € C"*" [et

N;(A, M)

be the null-space of (A — AlL,), so non-zero elements in N;(A,\) are generalised
eigenvectors of A w.r.t. A of index i (index 1 being genuine eigenvectors). Then every

vector in C" can be written as a sum of eigenvectors of A, genuine or generalised.
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This follows immediately from Theorem 1.7.3.

Theorem 1.11.3. (i) Suppose A, B € C"*" are similar, in the sense that there exists
an invertible n x n matrix S with B = S~'AS. Then A and B have the same set
of eigenvalues:

M=p1,..., Ak = Mg

(here the A’s are the eigenvalues for A, the u’s the ones for B), and in addition we
have

foralli,j.

(ii) Conversely, if A, B € C"*" have the same eigenvalues Ay = pq, ..., A\ = Yy as
above, and () holds for all i and j, then A and B are similar.

Whereas (i) is obvious, (ii) follows from the uniqueness part of Theorem 1.7.3.

The three results above are the basic results of spectral theory, in some sense
even more basic than the Jordan canonical form itself. Also clearly

Ni(A,A) C Na(A,A) C N3(A,A) C ...

and denoting by d(A) the smallest index from which these spaces are equal to
each other (the index of the eigenvalue A), we have: if Ay, ..., A, are the distinct
eigenvalues of A, we have for the minimal polynomial

[uy

This is just Theorem 1.7 4, (ii) together with Theorem 1.7.3.
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2 Functions of matrices

2.1 Powers of matrices

The theory of Jordan canonical form we developed can be used to compute
powers of matrices efficiently. Suppose we need to compute A" for large n
-2 0 0 ©
0 -2 1 0]. . .
where A = 0 0 -2 ol the matrix from Example 10 in 1.9.

1 0 -2 -2

There are two practical ways of computing A" by hand for a general matrix A
and a very large n. The first one involves the JCF of A.

If ] = P~1AP is the JCF of A then it is sufficient to compute J" because of the
telescoping product:

A" = (pjp~YH" = pjp~tpjp-tp...Jp~! = pj"pL.

How do we work out what |" is? Firstly, we need to convince ourselves that
(BeC)"=B"aC"

for square matrices B,C. We leave this as an exercise in understanding the
multiplication of direct sums of matrices (it might help to look at some small
examples!) and we have already required this when thinking about the minimal
polynomial of direct sums of matrices. Clearly, it extends to the direct sum of
any finite number of square matrices.

So we are left to consider what the power of an individual Jordan block is. Again
a small example will help us:

6066 -61)

The eigenvalue being 1 hides things a little so let’s do a slightly more complicated
example.

21 0\> /4 4 1 21 0\ /8 12 6
02 1| =(o 44|, [0o21] =0 12].
00 2 00 4 00 2 0

At this point you should be willing to believe the following formula, which is
left as an exercise (use induction!) to prove.

S o
DN

A opAnl (kHZ)AnkarZ (knl)/\nkarl
0 AN o (kz3))\nfk+3 (kﬁz)/\n*k*f*z
Da=11 & : : ©)
0 0 . Al nA1
0 0 . 0 A"
where () = (,1_”72)”, is the choose-function (or binomial coefficient), interpreted

as (}) = 0 whenever t > n.
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Let us apply it to the matrix A above:

01 00 -2 1 0 0 0201
i _ omn1_ |0 0 10 0 -2 0 0 1000]| _
AT=PIP =10 0 01 0 0 —2 1 0100 —
10 -20 0 0 0 -2 0010
01 00 (=2)" n(=2)1 0 0 0201
00 10 0 (—2)" 0 0 1000
00 01 0 0 (=2)" n(—2)"1 0100
10 -20 0 0 0 (—2)" 0010
(—2)" 0 0 0
0 (—2)" n(—2)"! 0
0 0 (—2)" 0
n(—2)n-1 0 n(=2)" (=2)"

The second method of computing A" uses Lagrange’s interpolation polynomial.
It is less labour intensive and more suitable for pen-and-paper calculations.

Suppose (M) = 0 for a polynomial (z), in practice we will choose §(z) to be
either the minimal or characteristic polynomial. Dividing with remainder gives
z" = q(z)¥(z) + h(z), and we conclude that

A" = q(A)p(A) + h(A) = h(A).

Division with remainder may appear problematic? for large n but there is a
shortcut. If we know the roots of 1(z), say aj, ..., ax with their multiplicities
my, ..., my, then h(z) can be found by solving the system of simultaneous equa-
tions in coefficients of h(z):

£O () = h(ﬂ(aj), 1<j<k 0<t<m

where f(z) = 2" and f) is the t-th derivative of f with respect to z. In other
words, h(z) is what is known as Lagrange’s interpolation polynomial for the
function z" at the roots of {(z). Note that we only ever need to take /(z) to be a
polynomial of degree my + - - - + my — 1.

Let’s use this to find A" again for A as above. We know the minimal polynomial
#a(z) = (z+2)2 Given p4(z) is degree 2 we can take the Lagrange interpolation
of z" at the roots of (z +2)2 to be h(z) = az + B. To determine « and 8 we have

to solve
(=2)" = h(-2) = —2a+8p
{ n(=2)"t = KW(-2) = ®
Solving them gives & = n(—2)""!and g = (1 —n)(—2)". It follows that
(—2)" 0 0 0
_n"\n _n\n—1
A" =n(=2)"TA+(1—n)(-2)"] = 8 ( 2)0 nt (2_)2)n 8
n(—2)"-1 0 n(=2)" (=2)"

2Try to divide z2°%2 by z2 + z + 1 without reading any further.
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2.2 Applications to difference equations

Let us consider an initial value problem for an autonomous system with discrete
time:
x(n+1) = Ax(n), n € N, x(0) = w.

Here x(n) € K™ is a sequence of vectors in a vector space over a field K. One
thinks of x(1) as a state of the system at time n. The initial state is x(0) = w. The
n x n-matrix A with coefficients in K describes the evolution of the system. The
adjective autonomous means that the evolution equation does not change with
the time®.

It takes longer to formulate this problem than to solve it. The solution is straight-
forward:

x(n) = Ax(n —1) = A’x(n —2) = ... = A"x(0) = A"w. 7)
As a working example, let us consider the Fibonacci numbers:
Fp=0, F=1and F,=F, 1+ F,—» (n > 2).
The recursion relations for them turn into
(a2) =) (%)
Fuii 1 1)\ F

so that (7) immediately yields a general solution

<Ffj-l> = A" <(1)> where A = ((1) 1) ) 8)

We compute the characteristic polynomial of A to be c4(z) = z2 —z — 1. Its
discriminant is 5. The roots of c4(z) are the golden ratio A = (1 + v/5)/2 and
1—A = (1—+/5)/2. Itis useful to observe that

2A—-1=+/5 and A(1-A)=—1.

Let us introduce the number y, = A" — (1 — A)". Suppose the Lagrange inter-
polation of z" at the roots of z2 — z — 1 is h(z) = az + B. The condition on the
coefficients is given by

A" h(A) aA + B
1-AM)" = h(1—-A) = a(l-A)+p
Solving them gives
& =py/V5and B =, 1/V5.
It follows that

L _ (/N5 /5 )
A" = 0A+ B = iu/ VBA+ in-1/V5h (m/x/g (b4 pn-2)/V5)

Equation (8) immediately implies that

_ n __ Fn—l Fn
Fy = pn/V5and A _( B R

If we try and do this for more complicated difference equations, we could meet
matrices which aren’t diagonalisable. Here’s an example (taken from the book
by Kaye and Wilson, §14.11), done using Jordan canonical form.

3 A nonautonomous system would be described by x(n + 1) = A(n)x(n) here.
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Example. Let x;, v,, z, be sequences of complex numbers satisfying

Xpp1 = 3xy + 2y,
Ynil = —Xn+Yn — Zn,
Zn+1 =Yn + 2zy.
with xp = yp =29 = 1.
We can write this as
30 1
Vyt+1 = -1 1 -1 V.
01 2

So we have

1
v, = A"vg = A" (1)
1

where A is the 3 x 3 matrix above.

We find that the JCF of A is ] = P"' AP where

2 10 1 1 1
J=lhs=|(0 2 1|, P= 0 -1 0
0 0 2 1 0 0

The formula for the entries of J for | a Jordan block tells us that

n
on on—1 211*2
2 ()

F=lo 20
0 0 2"
L oon ()
=2"{0 1 In
0 0 1
We therefore have
An:P]npfl
1 11\ /1 in 35\ /0 0 -1
=2"| 0 -1 0)J({0 1 4n||O0O -1 O
-1 00/\0 o 1/\1 1 1
1 145 1+3n+3(5)\ /0 0 -1
=2"( 0 -1 —In |10 -1 0
-1l /o1
L+ on+5() 1) an+30)
=2 —%n 1—%11 —%n
-1 -1 1-40
Finally, we obtain
1 1+n+3(5)
A1) =2" 1-3n
1 L+on—3()
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or equivalently, using the fact that (5) =

Xn 2”(%n2+gn+1),
Yo =2"(1-3n),
zn =2"(=3n2+ZIn+1)

2.3 Motivation: Systems of Differential Equations

Suppose we want to expand our repertoire and solve a system of first-order
simultaneous differential equations, say

da

& = 3a —4b + 8¢,
db

FT

de
a:ﬂ‘i‘b—FC.

These are common in the Differential Equations course last year. Let’s write

a(t)
the system in a different form. We consider v(t) = (b(t)) , a vector-valued
c(t)

function of time, and write the above system as

dv
E—AV

3 -4 8
1 0 —-1]1.
1 1 1
tA

“Aha!” we say. “We know the solution is v(t) = ¢“v(0)!” But then we pause,
and say “Hang on, what does e’ actually mean?” In the next section, we'll
use what we now know about special forms of matrices to define !4, and other
functions of a matrix, in a sensible way that will make this actually work; and
having got our definition, we’ll work out how to calculate with it.

where A is the matrix

2.4 Definition of a function of a matrix

Suppose we have a “nice” one variable complex-valued function f(z). What is
f(A)? In general, there is no natural answer. We had one for f(z) = z" in Section
2.1 and we choose to generalise this to define f(A) using the Jordan canonical
form of A as follows. Let ] = P"LAP with | = ], i, & - - - @ ]), k, being the JCF
of A. We define

f(A) =Pf())P~', where f(]) = f(Jap,) @+ & f(Jrrke)s

and
fA) F(A) o AR R

0 fA) ... A AR
fh) = S : : : ©)

o
o
™
>
iy
=
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The notation f¥!(z) is known as the divided power derivative and defined as

M) = 5 0)

So flll = f7, fll = 17 £l = 1" etc. As you might imagine, deciding exactly
what a “nice” function is, and whether this is definition is sensible for functions
defined by power series etc. is more analysis than it is algebra. Thus, in this
course we will ignore such issues. We are mainly interested in the exponential
of a matrix. Taylor’s series at zero of the exponential function is } ;” % and so
we might think that the following equation should be true.

A2 AP
=l Attt —Zk, (10)

It is indeed true, i.e. this coincides with our definition of e* = f(A) where f is
the standard exponential function. Note, however, that not everything we know
about the exponential function of complex numbers is true when we apply it to
matrices. For example, it is 1ot true that eB+C = ¢BeC for general matrices B and
C; you may wish to find an explicit example.

Let’s start by calculating e for a matrix A.

1 ?) . This was Example 3 from Section 1.8 above,

and we saw that P~1 AP = | where
2 =2 3 0
P=(0 75 =6 9
e = pe/p!
(2 —2 2
1 0 e*1 1
1 /2
T4 \1
B 2 —|—1e‘1 e3 e
- (e 1

Let’s see another way to calculate e”!. We can again use Lagrange’s interpolation
method, which is often easier in practice.

Example 11. Consider A = (

Hence

Example 12. We compute e4 for the matrix A from Example 10, Section 1.9,
using Lagrange interpolation. Suppose that h(z) = az + B is the interpolation of
¢” at the roots of 114 (z) = (z +2)2. The condition on the coefficients is given by

e?2 = h(-2) = —2a+p
{e_z = KW(-2) = o

Solving them gives &« = ¢~2 and B = 3e~2. It follows that

e2 0 0 0
_ _ 0 e2 e 2 0

A _ _ -2 27 _
e =h(A)=e“A+3e 1= 0 0o 2 0
e 2 0 2e 2 2

36



2 Functions of matrices

Our motivation for defining the exponential of a matrix was to find e’/ so let’s
do that in the next example. It is important to note that t here should be seen as a
constant when we differentiate f(z) = ¢*. So flll(z) = te?, fl2(z) = 112e*, etc.

1 0 -3
A= 1 -1 —6].
-1 2 5

2 1
Using the methods of the last chapter we can check that its JCFis | = (0 2
0

Example 13. Let

3 02
and the basis change matrix P such that | = P! AP is givenby P = ( 3 1 1) .
-1 -1 0

Applying the argument above, we see that ¢4 = Pe!/ P~ where

€2t teZt 0
el=1 0 ¢ 0].
0 0 é

We can now calculate e explicitly by doing the matrix multiplication to get the
entries of Pe/tP~1, as we did in the 2 x 2 example above.

It looks messy. Do we really want to write it down here?

Well, let us not do it. In a pen-and-paper calculation, except a few cases (for
example, diagonal matrices) it is simpler to use Lagrange’s interpolation.

Example 14. Let us consider a harmonic oscillator described by the equation
y"(t) + y(t) = 0. The general solution y(t) = asin(t) + B cos(t) is well known.
Let us obtain it using matrix exponents. Setting

0-() 4= (4 )

the harmonic oscillator becomes the initial value problem with a solution x(t) =
e!4x(0). The eigenvalues of A are i and —i. Interpolating ' at these values of z
gives the following condition on h(z) = az + f8

e = h() = «ai+p
{e” = h(—i) = —ai+p

Solving them gives a = (e — ¢~")/2i = sin(t) and B = (e’ +e7*)/2 = cos(t).
It follows that

e = sin(t)A + cos(t), = <—C21Sr(12) zg;((tt))>

and so

—sin(#)y(0) + cos(*

cos(£)y(0) + sin(£)y/(0)
x(t) = ( Hy >y<>>

The final solution is thus y(t) = cos(t)y(0) + sin(¢)y (0).
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Example 15. Let us consider a system of differential equations

no = Y1 —3ys n©) =1
v, = y1 —y2 — 6ys , with the initial condition { y2(0) = 1
Y3 = —y1+22+5y3 y3(0) = 0

yi(t) 1 1 0 -3
x(t) = (yz(t)),w (1),/1 ( 1 -1 6) ,
y3(t) 0 -1 2 5

it becomes an initial value problem. The characteristic polynomial is c4(z) =
—z%+ 522 —8z+4 = (1 —2z)(2 —z)%. We need to interpolate e at 1 and 2 by
h(z) = az? + Bz + 7. At the multiple root 2 we need to interpolate up to order 2
that involves tracking the derivative (e'?)" = te'*:

{et = h(l) = &+ B+
= h(2)
h/

et ( 4o+ 2B+

2o W@) = datp

te

Solving, & = (t —1)e* +e!, B = (4 —3t)e* —4det, v = (2t — 3)e? + 4e'. It follows

that
3t—3 —6t+6 —9+6 4 -6 —6
A= 3t—2 —6t+4 —9t+3 | +ef|2 -3 -3

—t 2t 3t+1 0O 0 O

y1(t) 1 (3 — 3t)e?t — 2¢!
x(t) = (yz(t)) = et (1) = ( (23t)€2t€t) .
y3(t) 0 tet

and
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3 Bilinear Maps and Quadratic Forms

We’ll now introduce another, rather different kind of object you can define for
vector spaces: a bilinear map. These are a bit different from linear maps: rather
than being machines that take a vector and spit out another vector, they take
two vectors as input and spit out a number.

3.1 Bilinear maps: definitions

Let V and W be vector spaces over a field K.
Definition 3.1.1. A bilinear map on V and W isamap 7: V x W — K such that
(1) T(agvi +apvo, w) = a17(vy, W) + a27(v2, w); and
(i) T(v,a3w1 4+ agwy) = a1 (v, W) + ap7(v, wp)
forallv,vi,vo € V,w,wi,wy € W, and a1,a, € K.
So 1(v,w) is linear in v for each w, and linear in w for each v — linear in two
different ways, hence the term “bilinear”.

Clearly if we fix bases of V and W, a bilinear map will be determined by what it
does to the basis vectors. Choose a basis eq, ..., e, of V and a basis f4, .. ., f,;, of
W.

Let T : VX W — K be a bilinear map, and let a;; = T(e;, f]-), forl <i<n,
1 <j <'m. Then the n X m matrix A = (a;;) is defined to be the matrix of T with
respect to the bases e, ..., e, and fy,...,f,, of V.and W.

ForveV,we W, letv=uxie;+---+x,e,and w = y1f; + - - - + y,fy,, s0 the
coordinates of v and w with respect to our bases are

X1 n
X2 2

v = ek, and w= | e k.
Xn Ym

Then, by using the equations (i) and (ii) above, we get
m n

T(V, W) = Z Z X T(el‘, f]) y] = Z i Xi Dél'j y] = XTAﬂ. (21)

n
i=1j=1 i=1j=1

So once we’ve fixed bases of V and W, every bilinear map on V and W corre-
sponds to an n X m matrix, and conversely every matrix determines a bilinear
map.

For example, let V.= W = R? and use the natural basis of V. Suppose that

1 -1
A= (2 0>. Then

1 -1
T((Xllxz), (ylf}/z)) = (x1 Xz) <2 0> <z;> = X1Y1 — X1Y2 + 2X21/1.
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3.2 Bilinear maps: change of basis

We retain the notation of the previous section, so 7 is a bilinear map on V and W,
and A is the matrix of T with respect to some bases ey, ..., e, of Vand fy,...,f,
of W.

As in §1.5 of the course, suppose that we choose new bases e/, ..., e;, of V and
f’l, ..., £, of W, and let P and Q be the associated basis change matrices. Let B
be the matrix of T with respect to these new bases.

Let v be any vector in V. Then we know (from Proposition 0.5.1) that if v € Kl
is the column vector of coordinates of v with respect to the old basis ey, ..., ey,
and v’ the coordinates of v in the new basis €], ..., e/, then we have Pv' = v.
Similarly, for any w € W, the coordinates w and w’ of w with respect to the old
and new bases of W are related by Qw’ = w.

We know that we have
vIAw = t(v,w) = (v/)TBW.
Substituting in the formulae from Proposition 0.5.1, we have

(v')"Bw' = (Pv)TA(Qw)
= (v)"PTAQwW'.

Since this relation must hold for all v/ € K*! and w’ € K™!, the two matrices
in the middle must be equal (exercise!): that is, we have B = PTAQ. So we've
proven:

Theorem 3.2.1. Let A be the matrix of the bilinear map T : V x W — K with respect
to the bases ey, ..., e, and f1,. .., £, of V and W, and let B be its matrix with respect
to the bases €/, ..., e, and f|,... £, of V.and W. Let P and Q be the basis change
matrices, as defined above. Then B = PTAQ.

Compare this result with Theorem 0.5.2.

We shall be concerned from now on only with the case where V = W. A bilinear
map 7 : V x V — Kis called a bilinear form on V. Theorem 3.2.1 then becomes:

Theorem 3.2.2. Let A be the matrix of the bilinear form T on V with respect to the basis
ei1,..., e, 0f V,and let B be its matrix with respect to the basis €/, ..., e}, of V. Let P
the basis change matrix with original basis {e;} and new basis {e’}. Then B = PTAP.

Let’s give a name to this relation between matrices:

Definition 3.2.3. Two matrices A and B are called congruent if there exists an
invertible matrix P with B = PTAP.

So congruent matrices represent the same bilinear form in different bases. Notice
that congruence is very different from similarity; if 7 is a bilinear form on V
and T is a linear operator on V, it might be the case that T and T have the same
matrix A in some specific basis of V, but that doesn’t mean that they have the
same matrix in any other basis — they inhabit different worlds.
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So, in the example at the end of Subsection 3.1, if we choose the new basis

;L 1 , (1 _ 11 T (0 -1
el_(—l , e = 0 then P = 10 ,P'AP = N 1 ,and

T((y1€] + y2e3, x1€1 + X3€3)) = —Y1%3 +295X7 + YoXs.

Since P is an invertible matrix, PT is also invertible (its inverse is (P~1)T), and so
the matrices PTAP and A are “equivalent matrices” in the sense of MA106, and
hence have the same rank.

The rank of the bilinear form 7 is defined to be the rank of its matrix A. So we
have just shown that the rank of 7 is a well-defined property of 7, not depending
on the choice of basis we’ve used.

In fact we can say a little more. It’s clear that a vector v € K™! is zero if and only
if viw = 0 for all vectors w € K™!. Since

(v, w) = v Aw,
the kernel of A is equal to the space
{veV:t(w,v)=0Vwe V}
(the right radical of T) and the kernel of AT is equal to the space
{veV:t(v,w)=0Vwe V}

(the left radical). Since AT and A have the same rank, the left and right radicals
both have dimension n — r, where r is the rank of 7. In particular, the rank of T
is n if and only if the left and right radicals are zero. If this occurs, we’ll say T
is nondegenerate; so T is nondegenerate if and only if its matrix (in any basis) is
nonsingular.

You could be forgiven for expecting that we were about to launch into a long
study of how to choose, given a bilinear form 7 on V, the “best” basis for V
which makes the matrix of T as nice as possible. We are not going to do this,
because although it’s a very natural question to ask, it’s extremely hard! Instead,
we’ll restrict ourselves to a special kind of bilinear form where life is much easier,
which covers most of the bilinear forms that come up in “real life”.

Definition 3.2.4. We say bilinear form 7 on V is symmetric if T(w,v) = 7(v, w)
forallv,we V.

We say 7 is antisymmetric (or sometimes alternating) if T(v,v) = 0forallv € V.

The antisymmetry condition implies for all v,w € V
T(v+w,v+w)=1(v,w)+7(W,v) =0

hence forallv,we V
T(v,w) = —1(w, V).

If 2 # 0 in K, the condition 7(v,w) = —7(w, V) implies antisymmetry (take
v = w, but you need to be able to divide by 2).

An n x n matrix A is called symmetric if AT = A, and anti-symmetric if AT =
—A and it has zeros along the diagonal. We then clearly have:
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Proposition 3.2.5. The bilinear form T is symmetric or anti-symmetric if and only if
its matrix (with respect to any basis) is symmetric or anti-symmetric.

The best known example of a symmetric form is when V = R", and 7 is defined
by

X1 n
X2 2

T ] = X1y1 + xX2Yy2 + - - + XplYp.
Xn Yn

This form has matrix equal to the identity matrix I,, with respect to the standard
basis of R"”. Geometrically, it is equal to the normal scalar product T(v,w) =
|v||w]| cos 6, where 6 is the angle between the vectors v and w.

On the other hand, the form on R? defined by T ( <2> , <g ;) > = X1Y2 — X211

is anti-symmetric. This has matrix (_(1) (1)> .

Proposition 3.2.6. Suppose that 2 # 0 in K. Then any bilinear form T can be written

uniquely as T) + T, where Ty is symmetric and T, is antisymmetric.

Proof. Wejustputti(v,w) = 3 (t(v,w) + (W, v))and & (v, w) = 3 (t(v,w) — (W, V)).
It’s clear that 7j is symmetric and 1, is antisymmetric.

Moreover, given any other such expression T = 1] + T3, we have

(v, W)+ 1 (W, V) + 15 (v,w) + (W, V)
2

T (v, W)+ 1 (v,w) + 15(v,w) — (v, W)
2

7(v,w) =

from the symmetry and antisymmetry of 7 and 7. The last two terms cancel
each other and we just have

~27(v,w)

5 =17(v,w).

Sony = 1{,andso, = T— 17 = T — 7] = Ty, so the decomposition is unique. [

(Notice that % has to exist in K for all this to make sense!)

3.3 Quadratic forms

Definition 3.3.1. Let V be a vector space over the field K. Then a quadratic form
on V is a function g : V — K that satisfies that

g(Av) = A%q(v), VYveV,AcK

and that
(%) 1g(vi,v2) :=q(vi + v2) —g(v1) — q(v2)

is a symmetric bilinear form on V.
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As we can see from the definition, symmetric bilinear forms and quadratic forms
are closely related. Indeed, given a bilinear form T we can define a quadratic
form by

g (v) :== (v, V).
Moreover, given a quadratic form, (*) above gives us a symmetric bilinear form.
These processes are almost inverse to each other: indeed, one can easily compute
that starting with a quadratic form g and bilinear form

th] - zq, TqT - ZT.
So as long as 2 # 0 in our K, quadratic forms and bilinear forms correspond to
each other in a one-to-one way if we make the associations

q—= 5T, Tr>{(r.

2
If2 =0in K (e.g. in [F, = Z/27Z, but there are again lots of other examples
of such fields) this correspondence breaks down: indeed, in that case there are
quadratic forms that are not of the form 7(—, —) for any symmetric bilinear form
TonV;eg. letV = IF%, the space of pairs (x1, x2) with x; € F,. We would
certainly like to be able to call

q((x1,%2)) = x1%2

a quadratic form on V. On the other hand, a general symmetric bilinear form on
V looks like

T((x1,x2), (y1,y2)) = axiy1 + bxyya + bxoyy + cxay2

so that putting (x1,x2) = (y1,2) we only get quadratic forms that a sums of
squares.

There is an important and highly developed theory of quadratic forms also when
2 = 01in K (exposed in for example the books by Merkurjev-Karpenko-Elman or
Kneser on quadratic forms), but the normal forms for them are a bit different
from the case when 2 # 0 and though the theory is not actually harder it divides
naturally according to whether 2 = 0 or 2 # 0 in K. So from now on till the rest
of this Chapter we make the:

’ Assumption: In our field K, we have that 2 = 1 4 1 is not equal to 0.

Letey,..., e, be abasis of V. Recall that the coordinates of v with respect to this
basis are defined to be the field elements x; such that v =Y_" ; x;e;.

Let A = (a;j) be the matrix of a symmetric bilinear form T with respect to this
basis. We will also call A the matrix of g = g, with respect to this basis. Then A
is symmetric because 7 is, and by Equation (2.1) of Subsection 3.1, we have

iz i]-xix]-. (31)

i=1j=1

||
M:

g(v) =v'Av = ii

Il
—_

Conversely, if we are given a quadratic form as in the right hand side of Equation
(3.1), then it is easy to write down its matrix A. For example, if n = 3 and

3 2 —-1/2
q(v) = 3x% + y* — 222 + 4xy — xz, then A = 2 1 0
-1/2 0 -2
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3.4 Nice bases for quadratic forms

We’ll now show how to choose a basis for V which makes a given symmetric
bilinear form (or, equivalently, quadratic form) “as nice as possible”. This will
turn out to be much easier than the corresponding problem for linear operators.

Theorem 3.4.1. Let V be a vector space of dimension n equipped with a symmetric
bilinear form T (or, equivalently, a quadratic form q).

Then there is a basis by, ..., by, of V, and constants B4, . .., B, such that

{7 G

Equivalently,

e given any symmetric matrix A, there is an invertible matrix P such that PYAP is
a diagonal matrix (i.e. A is congruent to a diagonal matrix);

e given any quadratic form q on a vector space V, there is a basis by, ..., b, of V
and constants By, ..., Bn such that

g(x1b1+ -+ x,b,) = .le% +oee +,an3r

Proof. We shall prove this by induction on n = dim V. If n = 0 then there is
nothing to prove, so let’s assume that n > 1.

If T is zero, then again there is nothing to prove, so we may assume that 7 # 0.
Then the associated quadratic form g is not zero either, so there is a vector v € V
such that g(v,v) # 0. Let b; = v and let 1 = g(v).

Consider the linear map V' — K given by w — 7(w, v). This is not the zero
map, so its image has rank 1; so its kernel W has rank n — 1. Moreover, this
(n — 1)-dimensional subspace doesn’t contain by = v.

By the induction hypothesis, we can find a basis by, ..., b, for the kernel such
that 7(b;, b;) = 0 forall2 <i < j < n; and all of these vectors lie in the space
W, so we also have 7(by,b;) = 0 forall 2 < j < n. Since by ¢ W, it follows that
by,...,b, is a basis of V, so we’re done. O

Finding the good basis: The above proof is quite short and slick, and gives
us very little help if we explicitly want to find the diagonalizing basis. So let’s
unravel what’s going on a bit more explicitly. We’ll see in a moment that what'’s
going on is very closely related to “completing the square” in school algebra.

So let’s say we have a quadratic form g. As usual, let B = (B;;) be the matrix
of g with respect to some arbitrary basis by, ..., b,. We’ll modify the basis b;
step-by-step in order to eventually get it into the nice form the theorem predicts.

Step 1: Arrange that g(b;) # 0. Here there are various cases to consider.

e If 11 # 0, then we're done: this means that g(by) # 0, so we don’t need to
do anything.
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e If 11 = 0, but B;; # 0 for some i > 1, then we just interchange b; and b;
in our basis.

e If B;; = O for all i, but there is some i and j such that g;; # 0, then we
replace b; with b; + b;; since
q(bi + bj) = q(bi) + (J(b]‘) +2T(bi,bj) = 2,31‘]‘/

after making this change we have q(b;) # 0, so we're reduced to one of
the two previous cases.

e If §;j = 0 foralli and j, we can stop: the matrix of g is zero, so it’s certainly
diagonal.

Step 2: Modify by, ..., b, to make them orthogonal to b;. Suppose we've
done Step 1, but we haven’t stopped, so B11 is now non-zero. We want to arrange
that 7(bq,b;) is 0 for all i > 1. To do this, we just replace b; with

Bi
— —bj.
i ,Bll 1

This works because

T(bl,bi — gllibl) = T(bl,bi) — lglli’l'(bl,bl) = ﬁli — glliﬁn =0.

This is where the relation to “completing the square” comes in. We’ve changed
our basis by the matrix

B12 B1n
1 B T Bu
1

1

so the coordinates of a vector v € V change by the inverse of this, which is just

Bin Bin
B " Bu

pl= !
1

This corresponds to writing
q(x1b1 + -+ - 4+ xyby) = B11x] +2B12x1%2 + - - - + 2B1ax1%, + C

where C doesn’t involve x; at all, and writing this as

B12 Bin 2 ,
,Bll X1+1873Q+"'+167Xn +C
1 1

where C’ also doesn’t involve x;. Then our change of basis changes the coor-
dinates so the whole bracketed term becomes the first coordinate of v; we’ve
eliminated “cross terms” involving x; and one of the other variables.
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Step 3: Induct on n. Now we’ve managed to engineer a basis by, ..., b,
such that the matrix B = B;; of g looks like

B 0 ... 0
07?2 ...7?
02 ... 2

So we can now repeat the process with V replaced by the (n — 1)-dimensional
vector space W spanned by by, ..., b,. We can mess around as much as we like
with the vectors by, . .., b, without breaking the fact that they pair to zero with
by, since this is true of any vector in W. So we go back to step 1 but with a
smaller 7, and keep going until we either have an 0-dimensional space or a zero
form, in which case we can safely stop.

X
Example. Let V = R® and g ( (y) ) = xy + 3yz — 5xz, so the matrix of g with
z
respect to the standard basis ey, ey, e3 is
0 1/2 -5/2
A= 1/2 0 3/2
—-5/2 3/2 0

Since we have only 3 variables, it’s much less work to call them x,y,z than
x1,x2,x3. When we change the variables, we will write x1, 11,21 and so on. We
still proceed as in the previous proof and you need to read the proof first! We

will use = for the equalities that need no checking (they are for information
purposes only).

First change of basis: All the diagonal entries of A are zero, so we’re in Case 3
of Step 1 of the proof above. But a1 is 1/2, which isn’t zero; so we replace e;
with e; + e,. That is, we work in the basis

by :=e;+ey, by:=ey, by:=e3.

Thus the basis change matrix from ey, e2, e3 to b1, by, b3z is

1 00 X o X1
P=1|1 1 0] sothat {y]| =P |
0 01 z Z/1
X1
where y1 | is the coordinate expression in the new basis (remember, P takes
Z/1
new coordinates to old). And we have
X1
q(x1b1 + y1b2 + Zlbg) =gty | =
Z/1

= X1 (x1 + yl) + 3(X1 + y1)21 —5x1z1 = x% + x1y1 — 2x121 + 3Y121,
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so the matrix of g in the basis by, by, b3 is

1 1/2 -1 o
B=1[1/2 0 3/2| = PTAP.
-1 3/2 0

Second change of basis: Now we can use Step 2 of the proof to clear the entries
in the first row and column by modifying b, and bg, this is the “completing the
square” step. As specified in Step 2 of the proof, we introduce a new basis b’ as
follows

1 1 0 1 1 —-1/2
b()bbb()()( /)
0 0 0 0
0 1 1
bé:zb3—(—1)b1: 01+ 1|1 = 1].
) 6)- 0

So the basis change matrix from ey, 3, e3 to b}, b}, b} is

1 -1/2 1 o 1 -1/2 1
PP=11 1/2 1| =PQ where Q= |0 1 0].
0 01 0 0 1

This corresponds to writing
2 1 2 1o o
[x7 + x1y1 — 2121 ] 4+ 3yaz1 = | (1 + S¥1—21)" = gyi—ziH iz | 43z
1 21, 2
= (v + oy —21)" = gy HAyiz -2

In the new basis x2b] + yob) + zob} = (x2 — Jyo +22)b1 + (x2 + %yz +2z2)by +
z>b3, which tells us that

1
q(x2bf + y2bh + z5b%) = x5 — iyﬁ + 4225 — 25.

so the matrix of g with respect to the b’ basis is

1 0 0\ . o
B=|0 —1/4 2| =Q"BQ=(P)TAP.
0 2 1

Third change of basis: Now we are in Step 3 of the proof, concentrating on the
bottom right 2 x 2 block. We must change the second and third basis vectors. Any
subsequent changes of basis we make will keep the first basis vector unchanged.
We have

1
Q(yzblz + Zzbé) = _1y% +4yrzy — Z% ,

the “leftover terms” of the bottom right corner. This is a 2-variable quadratic
form.
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Since g(b}) = —1/4 # 0, we don’t need to do anything for Step 1 of the proof.
Using Step 2 of the proof, we replace b}, b}, b} by another new basis b":

) 1 —1/2 3
M bl b bl bl = by — —2 b= (1] +8( 1/2) = 5
—1/4 1 0 1

So the change of basis matrix from e to b” is
1 -1/2 -3 o 100
P'=1|(1 1/2 5] =PQ where Q'=(0 1 8].
0 0 1 0 01
This corresponds, of course, to the completing-the-square operation
1 1
—Zy% +dypzo — 25 = _E(yZ — 823)? +1523.

So the matrix of g is now

1 0 0
B// — O _1/4 0 2 (Q/)TB/Q/ 2 (P/,)TAPH.
0 0 15

This is diagonal, so we're done: the matrix of g in the basis b/, b}, b is the
diagonal matrix B”.

Notice that the choice of “good” basis, and the resulting “good” matrix, are
extremely far from unique. For instance, in the example above we could have
replaced b} with 2b/ to get the (perhaps nicer) matrix

1 0 0
0 -1 0
0 0 15

In the case K = C, we can do even better. After reducing g to the form g(v) =
Y ocil-xlz, we can permute the coordinates if necessary to get aj; # 0 for 1 <i <
rand a;; = 0 forr +1 < i < n, where r = rank(gq). We can then make a further
change of coordinates x| = \/a;;x; (1 <i <r), giving q(v) = ¥I_;(x})?. Hence
we have proved:

Proposition 3.4.2. A quadratic form q over C has the form q(v) = YI_; x? with
respect to a suitable basis, where r = rank(q).

Equivalently, given a symmetric matrix A € C"", there is an invertible matrix P € C'"
such that PYAP = B, where B = (,Bl-]-) is a diagonal matrix with B;; = 1for1 <i <,
Bii =0forr+1<i<mn, andr = rank(A).

In particular, up to changes of basis, a quadratic form on C" is uniquely deter-
mined by its rank. We say the rank is the only invariant of a quadratic form over

C.

When K = R, we cannot take square roots of negative numbers, but we can
replace each positive &; by 1 and each negative «; by —1 to get:
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Proposition 3.4.3 (Sylvester’s Theorem). A quadratic form q over R has the form
q(v) = Yi_q x7 — Yity x2; with respect to a suitable basis, where t + u = rank(q).

Equivalently, given a symmetric matrix A € R™", there is an invertible matrix P €
R"" such that P' AP = B, where B = (pB;;) is a diagonal matrix with B; = 1 for
1<i<tBi=—-1fort+1<i<t+uandpP;=0fort+u+1<1i<mn, and
t 4+ u = rank(A).

We shall now prove that the numbers t and u of positive and negative terms are
invariants of g. The pair of integers (¢, u) is called the signature of q.

Theorem 3.4.4 (Sylvester’s Law of Inertia). Suppose that q is a quadratic form on
the vector space V over R, and that ey, ..., e, and e}, ..., e}, are two bases of V such
that

2

Xiti
1

qg(xier + -+ x4e,) =Y x7 —

t u
i=1 i=

and

t u'
g(x1e} + -+ +xyel,) = lez — ZX%H.
i—1 i—1
Thent =+t and u = u'.

Proof. We know that t +u = t' + 1’ = rank(g), so it is enough to prove that
t = t'. Suppose not; by symmetry we may suppose that t > t'.

Let V; be the span of ey, ..., e;, and let V be the span of e;,H, ...,e,. Then for
any non-zero v € V; we have g(v) > 0; while for any w € V, we have g(w) < 0.
So there cannot be any non-zero v € Vi N V5.

On the other hand, we have dim(V;) = t and dim(V,) = n — t'. It was proved
in MA106 that

dim(V1 + Vz) = d1m(V1) + d1m(V2) — dll’l’l(Vl N Vz),
SO
dim(VinVy) =t+ (n—t)—dim(V1 + Vo) = (t = t') + n — dim(V; + V2) > 0.

The last inequality follows from our assumption on t — t' and the fact Vi + V5 is
a subspace of V and thus has dimension at most n. Since we have shown that
V1 NV, = {0}, this is a contradiction, which completes the proof. O

Remark. Notice that any non-zero x € R is either equal to a square, or —1 times a
square, but not both. This property is shared by the finite field IF; of integers mod 7, so
any quadratic form over F; can be written as a diagonal matrix with only 0’s, 1’s and
—1’s down the diagonal (i.e. Sylvester’s Theorem holds over IF7). But Sylvester’s law of
inertia isn't valid in IF7: in fact, we have

CHENED-G-00 )

so the same form has signature (2,0) and (0,2)! The proof breaks down because there’s
no good notion of a “positive” element of IF7, so a sum of non-zero squares can be zero
(the easiest example is 12 + 22 + 3% = 0). So Sylvester’s law of inertia is really using
something quite special about R.
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3.5 Euclidean spaces, orthonormal bases and the Gram—Schmidt
process

In this section, we're going to suppose K = R. As usual, we let V be an n-
dimensional vector space over K, and we let 4 be a quadratic form on V, with
associated symmetric bilinear form 7.

Definition 3.5.1. The quadratic form g is said to be positive definite if g(v) > 0
forall0 #v e V.

It is clear that this is the case if and only if t = n and u = 0 in Proposition 3.4.3;
that is, if g has signature (7, 0).

The associated symmetric bilinear form 7 is also called positive definite when g
is.

Definition 3.5.2. A vector space V over R together with a positive definite
symmetric bilinear form 7 is called a Euclidean space.

In this case, Proposition 3.4.3 says that there is a basis {e;} of V with respect to

which 7(e;, e;) = d;j, where
1 ifi=j
0ij = e
0 ifi#j.

(so the matrix A of g is the identity matrix I,.) We call a basis of a Euclidean
space V with this property an orthonormal basis of V. We call a basis orthogonal if
the matrix of 7 is diagonal (with diagonal entries not necessarily equal to 1).

(More generally, any set vy, ..., v, of vectors in V, not necessarily a basis, will be
said to be orthonormal if T(v;,v;) = ;i for 1 <1i,j < r. Same for orthogonal.)

We shall assume from now on that V is a Euclidean space, and that we have
chosen an orthonormal basis ey, ..., e,. Then T corresponds to the standard dot
product and we shall write v - w instead of T(v, w).

Note thatv-w = v?

ated with v and w.

w where, as usual, v and w are the column vectors associ-

For v € V, define |v| = y/v - v. Then |v| is the length of v. Hence the length, and
also the cosine v - w/(|v||w]|) of the angle between two vectors can be defined
in terms of the scalar product. Thus a set of vectors is orthonormal if the vectors
all have length 1 and are at right angles to each other.

The following theorem tells us that we can modify every given basis of V to an
orthonormal basis in a controlled way.

Theorem 3.5.3 (Gram-Schmidt process/orthonormalisation procedure). Let V be
a euclidean space of dimension n, and suppose that g1, ..., gy is a basis of V. Then there
exists an orthonormal basis £y, . .., £, of V with the property that forall1 <i <mn

span{fy,..., f;} =span{gi,...,gi}.

More precisely, it suffices to put
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and then inductively, supposing that 1, . . ., f; have already been computed, we set

i
f;+1 = 8ir1 — Z(fa - git1)fu

a=1

f
fig =
AR

Moreover, note that this means that the basis change matrix M (idv)gzl’. '.'_"fg”)) is upper

triangular.

Proof. In fact, the statement of the Theorem already contains most of the ideas
for the proof- we just have to check the algorithm does indeed what we claim it
does. Indeed, the statement about spans follows directly from the construction,
and all we have to check is that f;, .. ., f,, is orthonormal. That all vectors have
length 1 is obvious by construction. So it suffices to check that f;_; is orthogonal
(=has dot product zero) with each of fy, ..., f; foralli =1,...n — 1. That’s how
we have constructed /defined f; 1 forj <i
1
;- f§+1 =1 gi+1— Zl(fa : gi+1)(fj o) = fj - giv1 — £ 8it1 =0.
A=

O]

Note that as an immediate corollary of the Gram-Schmidt process we obtain that
if forsomerwith 0 <r <, fy,...,f, are vectors in V such that

fl' . f] = (51] for 1 S Z,] S r. (*)

Then f4, ..., f, can be extended to an orthonormal basis fy, ..., f, of V. Indeed,
just extend fy, ..., f, in some way to a (not necessarily orthonormal) basis

/ /
fr,.. f . E

and run the Gram-Schmidt orthonormalisation procedure above for this set of
vectors.

Example. Let V = R3 with the standard dot product. It is straightforward to

1 1 1
check that (1) , (O) , (1) is a basis for V but it is not orthonormal. Let’s

8

1
use the Gram-Schmidt process to fix that. Thushere g1 = | =1 ], g2 =

1
1
andgz = (1].
2

1
Then f] := g1 and so f1 = f{/|f{| = % (1>,
1

—_ O =
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-1
fimgp—(h-gh-(@h=8—F5h-5kh=; ( 2) and so f3 =
—1
L1 0

V2

thus we have now got an orthonormal basis fi, f2, f3 (always good to check this
at the end!).

3.6 Orthogonal transformations

Definition 3.6.1. A linear map T:V — V is said to be orthogonal if it preserves
the scalar product on V. Thatis, if T(v) - T(w) = v-wforallv,w € V.

Since length and angle can be defined in terms of the scalar product, an orthogo-
nal linear map preserves distance and angle. In IR?, for example, an orthogonal
map is either a rotation about the origin, or a reflection about a line through the
origin.

If A is the matrix of T (with respect to some orthonormal basis), then T(v) = Av
and so

T(v) - T(w) = vIATAw.

Hence T is orthogonal (the right hand side equals v - w) if and only if ATA = I,,
or equivalently if AT = AL,

Definition 3.6.2. Ann X n matrix is called orthogonal if ATA = I,.

So we have proved:

Proposition 3.6.3. A linear map T : V — V is orthogonal if and only if its matrix A
(with respect to an orthonormal basis of V') is orthogonal.

Incidentally, the fact that ATA = I, tells us that A (and hence T) is invertible, so

det(A) is non-zero. In fact we can do a little better than that:

Proposition 3.6.4. An orthogonal matrix has determinant £1.

Proof. We have ATA = I,,, so det(ATA) = det(1,) = 1.

On the other hand, det(ATA) = det(AT)det(A) = (det A)?. So (detA)? =1,
implying that det A = £1. O

cost) —sinf
sinf  cos®
wise rotation through an angle 6.) Then it is easily checked that ATA = AAT =
b.

Example. Forany 6 € R,let A = ( > . (This represents a anticlock-

One can check that every orthogonal 2 x 2 matrix with determinant +1 is a
rotation by some angle 6, and similarly that any orthogonal 2 x 2 matrix of det
—1 is a reflection in some line through the origin. In higher dimensions the
taxonomy of orthogonal matrices is a bit more complicated — we’ll revisit this in
a later section of the course.
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Notice that the columns of A are mutually orthogonal vectors of length 1, and
the same applies to the rows of A. Let ¢y, ¢, ..., ¢, be the columns of the matrix
A. As we observed in §1, ¢; is equal to the column vector representing T (e;). In
other words, if T(e;) = f;, say, then f; = ¢;.

Since the (i,j)-th entry of ATA is c;-[c]- = f; - f;, we see that T and A are orthogonal
if and only if
fzf1:1andflf]:0(17é]),1§z,]§n (*)

By Proposition 3.6.4, an orthogonal linear map is invertible, so T(e;) (1 < i < n)
forms a basis of V, and we have:

Proposition 3.6.5. A linear map T is orthogonal if and only if T(e1), ..., T(ey) isan
orthonormal basis of V.

The Gram-Schmidt process readily gives:

Proposition 3.6.6 (QR decomposition). Let A be any n x n real matrix. Then we
can write A = QR where Q is orthogonal and R is upper-triangular.

Proof. The proof when A is invertible goes as follows. Let E be the standard
basis of R", G the basis g, ..., 8, given by the columns of A, and F be the
orthonormal basis fy, . . ., f, from the Gram-Schmidt process applied to G. Then
by definition A = M(idy)g and thus

A= M(idy)& = M(idy)EM (idy)&.

Since F is orthonormal, Q := M (idy)E is orthogonal, and since we know by
Theorem 3.5.3 that M (idy)§ is upper triangular, and

M(idy)g = (M(idv)§) !

is also upper triangular as the inverse of an invertible upper triangular matrix,
we can put R := M (idy)& and are done in the case when A is invertible.

To deal with the case when A isn’t invertible (so the columns of A no longer
form a basis) we can do the following. We first show that any matrix A can be
written as A = BR’ where B is invertible and R’ is upper triangular; then writing
B = QR we have A = QRR/, and RR’ is also upper-triangular. We leave the
details to you, as we won’t need the result for noninvertible A. O

Example. Consider the matrix

-1 0 -2
A= 2 0 —-1].
0 -2 -2

We have det(A) = 10, so A is non-singular. Let g3, 82, g3 be the columns of A.

Then |g1| = V/5, so
~1/+/5
f, = L 2/v5 .
0

81
V5
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For the next step, we take f, = g, — (f; - g2)f1 = g, since f; - g» = 0. So

For the final step, we take the vector
fs = g3 — (f1- g3)fs — (f2- ga)f2.
We have

~1/5 -2 0 -2
fl-g3< 2/%)-(1)0, fz-g3< 0)-(1)2.
0 -2 -1 -2

-2
So f/3 =gz —2f, = (1) . We have ‘fé| = \@ again, so

0
f3=£: —1/\/3 .

Thus Q is the matrix whose columns are f1, f5, f3, that is

~1/v/5 0 —2//5
Q( 2/V/5 0 1/\@).
0 -1 0

and we have
g1 = V5f;, g =26, g3=2f+5f

so A = QR where
V5 0 0
R( 0 2 2).
00 V5

The QR decomposition theorem is a very important technique in numerical
calculations. For example, if you know a QR decomposition of an invertible
matrix A and you want to solve a linear system of equations Ax = b, that’s easy:
just solve QRx = b, or equivalently

Rx=Q"p

(since R is upper triangular, this can be quickly done substituting backwards).

3.7 Nice orthonormal bases

If T is any linear map, then (v, w) — (Tv) - w is a bilinear form; so there must
be some linear map S such that

(Tv) -w=v-(Sw) (*)

for all vand w.
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Definition 3.7.1. If T : V — V is a linear map on a Euclidean space V, then the
unique linear map S such that (x) holds is called the adjoint of T. We write this
as T*.

When talking about adjoints, people sometimes prefer to call linear maps linear
operators. That is because adjoints are particularly important in functional analy-
sis, where the linear maps can be pretty complicated, so people initially were
afraid of them and chose a complicated name (“operator” instead of “map”) to
reflect their fear.

If we have chosen an orthonormal basis, then the matrix of T* is just the transpose
of the matrix of T. It follows from this that a linear operator is orthogonal if and
only if T* = T~1: one can also prove this directly from the definition.

We say T is selfadjoint if T* = T, or equivalently if the bilinear form (v, w) =
Tv - w is symmetric. Notice that ‘selfadjointness’, like ‘orthogonalness’, is some-
thing that only makes sense for linear operators on Euclidean spaces; it doesn’t
make sense to ask if a linear operator on a general vector space is selfadjoint. It
should be clear that T is selfadjoint if and only if its matrix in an orthonormal
basis of V is a symmetric matrix.

So if V is a Euclidean space of dimension 7, the following problems are all
actually the same:

e given a quadratic form g on V, find an orthonormal basis of V making the
matrix of g as nice as possible;

e given a selfadjoint linear operator T on V/, find an orthonormal basis of V
making the matrix of T as nice as possible;

e given an n X n symmetric real matrix A, find an orthogonal matrix P such
that PTAP is as nice as possible.

First, we’ll warm up by proving a proposition which we’ll need in proving the
main result solving these equivalent problems.

Proposition 3.7.2. Let A bean n x n real symmetric matrix. Then A has an eigenvalue
in R, and all complex eigenvalues of A lie in R.

Proof. (To simplify the notation, we will write just v for a column vector v in this
proof.)

The characteristic equation det(A — xI,,) = 0 is a polynomial equation of degree
n in x, and since C is an algebraically closed field, it certainly has a root A € C,
which is an eigenvalue for A if we regard A as a matrix over C. We shall prove
that any such A lies in IR, which will prove the proposition.

For a column vector v or matrix B over C, we denote by V or B the result of
replacing all entries of v or B by their complex conjugates. Since the entries of A
liein R, we have A = A.

Let v be a complex eigenvector associated with A. Then
Av = Av (1)
so,taking complex conjugates and using A=A, we get

AV = AV. (2)
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Transposing (1) and using AT = A gives
viA=avT, (3)
so by (2) and (3) we have
MWIT =vIAY = AviT.
Butif v = (ay,ay,...,a,)7", then vV = ajay + - - - + a,,&,, which is a non-zero

real number (eigenvectors are non-zero by definition). ThusA = A,s0A € R. O

Now let’s prove the main theorem of this section.

Theorem 3.7.3. Let V be a Euclidean space of dimension n. Then:

e Given any quadratic form q on V, there is an orthonormal basis f1,. .., £, of V
and constants a1, . . ., &y, uniquely determined up to reordering, such that

n
qleifi+ -+ xafn) = Y ai(x;)?
i=1
forall xq,...,x, € R.

o Given any linear operator T : V. — V which is selfadjoint, there is an orthonormal
basis £y, ..., £, of V consisting of eigenvectors of T.

o Given any n X n real symmetric matrix A, there is an orthogonal matrix P such
that PYAP = P~ AP is a diagonal matrix.

Proof. We've already seen that these three statements are equivalent to each
other, so we can prove whichever one of them we like. Notice that in the second
and third forms of the statement, it’s clear that the diagonal matrix we obtain is
similar to the original one; that tells us that in the first statement the constants
a1,...,a, are uniquely determined (possibly up to re-ordering).

We'll prove the second statement using induction on n = dim V. If n = 0 there
is nothing to prove, so let’s assume the proposition holds for n — 1.

Let T be our linear operator. By Proposition 3.7.2, T has an eigenvalue in R. Let
v be a corresponding eigenvector in V. Then f; = v/|v/| is also an eigenvector,
and |f;| = 1. Let a1 be the corresponding eigenvalue.

We consider the space W = {w € V : w-f; = 0}. Since W is the kernel of a
surjective linear map
V—R, v>v-f,

it is a subspace of V of dimension n — 1. We claim that T maps W into itself. So
suppose w € W; we want to show that T(w) € W also.

We have
T(w) -f; =w-T(f)

since T is selfadjoint. But we know that T(f;) = a1f;, so it follows that
T(W) . f1 = 061<W . fl) = 0,

sincew € Wsow-f; =0.
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So T maps W into itself. Moreover, W is a euclidean space of dimensionn — 1,
so we may apply the induction hypothesis to the restriction of T to W. This
gives us an orthonormal basis fy, ..., f, of W consisting of eigenvectors of T. By
definition of W, f; is orthogonal to f, ..., f, and it follows that f;, ..., f, isan
orthonormal basis of V, consisting of eigenvectors of T. O

Although it is not used in the proof of the theorem above, the following proposi-
tion is useful when calculating examples. It helps us to write down more vectors
in the final orthonormal basis immediately, without having to use Theorem 3.5.3
repeatedly.

Proposition 3.7.4. Let A be a real symmetric matrix, and let A1, A, be two distinct
eigenvalues of A, with corresponding eigenvectors vy, vo. Then vy - vo = 0.

Proof. (As in Proposition 3.7.2, we will write v rather than v for a column vector
in this proof. So v; - v is the same as v{vz.) We have

Avy = A1vy, 1)
AV2 = /\2V2. (2)

The trick is now to look at the expression v?sz. On the one hand, by (2) we
have
V{AVQ = V- (AVZ) - V{(/\sz) == /\Z(Vl . Vz). (3)

On the other hand, AT = A, so V{A = VF{AT = (Avy)T, so using (1) we have

V;FAVZ = (AVl)TV2 = (A1V¥)V2 = )\1 (V1 . Vz). (4)
Comparing (3) and (4), we have (A; — A1) (vy - v2) = 0. Since A, — A1 # 0 by
assumption, we have v;fvz =0. O

1 3

Example 16. Let n = 2 and let A be the symmetric matrix A = <3 1

) . Then

det(A—xDL) = (1-x)?>—-9=x*-2x—8=(x—4)(x +2),
so the eigenvalues of A are 4 and —2. Solving Av = Av for A = 4 and -2,

we find corresponding eigenvectors G) and <_1> . Proposition 3.7.4 tells us

that these vectors are orthogonal to each other (which we can of course check
directly!), so if we divide them by their lengths to give vectors of length 1, giving

1 1

(\ﬁ) and <\_[%> then we get an orthonormal basis consisting of eigenvectors

V2 V2

of A, which is what we want. The corresponding basis change matrix P has
1 1

these vectors as columns, so P = <\1ﬁ ‘_@) , and we can check that PTP = I,

V2 V2
(i.e. P is orthogonal) and that PTAP = (é _g) .
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Example 17. Let’s do an example of the “quadratic form” version of the above
theorem. Let n = 3 and

q(v) = 32> + 6y° + 32" — dxy — dyz + 2xz,

3 -2 1
so A=|-2 6 —2].
1 -2 3

Then, expanding by the first row,
det(A—xI3) =(3—x)(6—x)(3—x) —4(3—x) —4(83—x)+4+4—(6—x)
= —x%+12x% —36x +32 = (2 —x)(x —8)(x —2),

so the eigenvalues are 2 (repeated) and 8. For the eigenvalue 8, if we solve
1
Av = 8v then we find a solution v = | —2 | . Since 2 is a repeated eigenvalue,
1
we need two corresponding eigenvectors, which must be orthogonal to each
other. The equations Av = 2v all reduce to a — 2b + ¢ = 0, and so any vector
a
b | satisfying this equation is an eigenvector for A = 2. By Proposition 3.7.4
c
these eigenvectors will all be orthogonal to the eigenvector for A = 8, but we
will have to choose them orthogonal to each other. We can choose the first
1
one arbitrarily, so let’s choose 0 | . We now need another solution that is
-1
orthogonal to this. In other words, we want a,b and c not all zero satisfying
a—2b+c=0anda—c=0,anda = b = ¢ = 1 is a solution. So we now

1 1 1
have a basis | -2 ], 0], | 1] of three mutually orthogonal eigenvectors.
1 -1 1

To get an orthonormal basis, we just need to divide by their lengths, which are,
respectively, V6, v/2, and /3, and then the basis change matrix P has these
vectors as columns, so

1/vV6 1/v/2 1/V/3
P = (2/\@ 0 1/\@).
1/vV6 —1/v2 1//3

It can then be checked that PTP = I5 and that PT AP is the diagonal matrix with
entries 8, 2, 2. So if {1, f, f5 is this basis, we have

q(xfy + yfy + zf3) = 8x + 2y + 227
3.8 Quadratic forms in geometry
3.8.1 Reduction of the general second degree equation

The general equation of a second degree polynomial in n variables x1, ..., x, is

—_

i—

™=

< 2
oiX; +
i=1 i

n
NijXiXj + Z Bixi +y = 0. (1)
=1

1

Il
—_
Il
—_

j
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For fixed values of the a’s, B’s and 7, this defines a quadric curve or surface
or threefold or... in general (n — 1)-fold, in n-dimensional euclidean space.
To study the possible shapes thus defined, we first simplify this equation by
applying coordinate changes resulting from isometries (rigid motions) of R";
that is, transformations that preserve distance and angle.

By Theorem 3.7.3, we can apply an orthogonal basis change (that is, an isometry
of R" that fixes the origin) which has the effect of eliminating the terms a;;x;x;
in the above sum. To carry out this step we consider the

Zuclx + Z szux X

i=1j=1

term and, when making the orthogonal change of coordinates, we then have to
consider its impact on the terms in ) ;" ; B;x;.

For example, suppose we have x* + xy + y* + x = 0. Then x? + xy + y? is the
quadratic form associated to the bilinear form with matrix

.
31

with eigenvalues 3/2 and 1/2 with associated normalised eigenvectors
1 /1 1 1
70 ()
and indeed, in terms of the new coordinates,

/ /

x :éww, y :é@_y)

we get
x2+xy+y2:< (x' +v) ( x+y’)> (é(x’—y’))%—(\z(x’—y

Note that this base change is orthogonal (we can’t just complete the square here
writing x? + xy +y* = (x + (1/2)y)? + (3/4)y? because this will not give an
orthogonal base change!)

Now, whenever «; # 0, we can replace x; by x; — B;/(2«;), and thereby eliminate
the term B;x; from the equation. This transformation is just a translation, which
is also an isometry.

For example, suppose we have x> — 3x = 0. Then we are completing the square

again, but this time in one variable. So x? — 3x = Oisjust (x — 3)? — § = 0 and

weuse x| = X — % to write it as x2 — %.

If a; = 0, then we cannot eliminate the term ;x;. Let us permute the coordinates
such thata; #0for1 <i<r,and B; #0forr+1<i<r+s.

If s > 1, we want to leave the x; alone for 1 < i < r but replace Y ;_; B,+iX,+i by
Bx,. 1. We put

X; 1 E=aay—— Z,Br+lxr+l/ .B Z;Br i
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Then
/
X1,-ee s Xr, Xpyq

are orthonormal (with respect to the standard inner product ), a;b; between
i aixi, }; bix;) and

/
X1severXrs xr+1/ Xr42,+-7Xn

are a basis which we can make orthonormal by running the Gram-Schmidt
procedure in Theorem 3.5.3 on it (this corresponds to an orthogonal base change
on the ¢;, too, since the transpose and inverse of an orthogonal matrix are
orthogonal). By abuse of notation (or using dynamical names for the variables),
we again denote the resulting new coordinates by x1, ..., x;,.

So we have reduced our equation to at most one non-zero f3;; either there are no
linear terms at all, or there is just B,,1x,,1. Dividing through by a constant we
can choose ;41 to be —1 for convenience.

Finally, if there is a linear term, we can then perform the translation that replaces
X;+1 by x,41 + ¥, and thereby eliminate the constant oy. When there is no linear
term then we divide the equation through by a constant, to assume that < is 0 or
—1 and we put <y on the right hand side for convenience.

We have proved the following theorem:

Theorem 3.8.1. By rigid motions of euclidean space, we can transform the set defined
by the general second degree equation (1) into the set defined by an equation having one
of the following three forms:

i=1

,
2

Zocixi —Xp41 = 0.

i=1

Here 0 <r <mnandua,...,ua, are non-zero constants, and in the third case r < n.

We shall assume that r # 0, because otherwise we have a linear equation. The
sets defined by the first two types of equation are called central quadrics because
they have central symmetry; i.e. if a vector v satisfies the equation, then so does
—V.

We shall now consider the types of curves and surfaces that can arise in the
familiar cases n = 2 and n = 3. These different types correspond to whether the
w; are positive, negative or zero, and whether y = 0 or 1.

We shall use x, y, z instead of x1, xp, x3, and +a, £, £ instead of ay, ay, a3,
assuming also that «, B, y are all strictly positive. When the coefficient of the
right hand side is 0, we will divide through by —1 at will. For example, Case
(i) in the next section contains both ax?> = 0 and —ax?> = 0, which of course
need not be counted twice. Moreover, if swapping the names of x and y (whilst
swapping the arbitrary positive real numbers « and p) gives the same equation,
we will only consider it once. For example, we do this for the list in the next
section by only listing Case (vii) once (—ax? + By?> = 1 is also in this case).
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3.8.2 The case n =2

When n = 2 we have the following possibilities.

(i) ax? = 0. This just defines the line x = 0 (the y-axis).

(ii) ax? = 1. This defines the two parallel lines x = +1/+/a.
(iii) —ax? = 1. This is the empty set!

(iv) ax? + By* = 0. The single point (0,0).

(v) ax* — By* = 0. This defines two straight lines y = ++/a/B x, which intersect
at (0,0).

(vi) ax? + By* = 1. An ellipse.

(vii) ax? — By? = 1. A hyperbola.

(viii) —ax? — By? = 1. The empty set again.
(ix) ax*> — y = 0. A parabola.

3.8.3 Thecasen =3

When n = 3, we still get the nine possibilities (i) — (ix) that we had in the case
n = 2, but now they must be regarded as equations in the three variables x, y, z
that happen not to involve z.

So, in Case (i), we now get the plane x = 0, in Case (ii) we get two parallel
planes x = £1//a, in Case (iv) we get the line x = y = 0 (the z-axis), in Case
(v) two intersecting planes y = £+/a/Bx, and in Cases (vi), (vii) and (ix), we get,
respectively, elliptical, hyperbolic and parabolic cylinders.

The remaining cases involve all of x,y and z. We omit —ax? — ﬁy2 — 9z =1,
which is empty.

(x) ax? + By? + yz? = 0. The single point (0,0, 0).
(xi) ax? 4+ By> — yz* = 0. See Fig. 1.
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1.0

1.0 -1.0

Figure 1: %xZ +y2—-22=0

This is an elliptical cone. The cross sections parallel to the xy-plane are ellipses
of the form ax? + By*> = ¢, whereas the cross sections parallel to the other
coordinate planes are generally hyperbolas. Notice also that if a particular point
(a,b,c) is on the surface, then so is t(a, b, c) for any t € R. In other words, the
surface contains the straight line through the origin and any of its points. Such
lines are called generators. When each point of a 3-dimensional surface lies on
one or more generators, it is possible to make a model of the surface with straight
lengths of wire or string.

(xii) ax? + By? + vz> = 1. An ellipsoid. See Fig. 2.
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1.0

0.0

-1.0 1.0

1.0 -1.0

Figure 2: 2x% + % + %ZZ =1

This is a “squashed sphere”. It is bounded, and hence clearly has no generators.
Notice that if «, B, and 7y are distinct, it has only the finite group of symmetries
given by reflections in x, y and z, but if some two of the coefficients coincide, it
picks up an infinite group of rotation symmetries.

(xiii) ax? + By? — 7z2 = 1. A hyperboloid. See Fig. 3.
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1.0

Lﬂ-—lnﬂ

Figure 3: 3x2 + 8y> — 822 = 1

There are two types of 3-dimensional hyperboloids. This one is connected, and
is known as a hyperboloid of one sheet. Any cross-section in the xy direction will
be an ellipse, and these get larger as z grows (notice the hole in the middle in the
picture). Although it is not immediately obvious, each point of this surface lies
on exactly two generators; that is, lines that lie entirely on the surface. For each
A € R, the line defined by the pair of equations

Vax—rz=M1-+/By);  MVax+yrz) =1+ /By

lies entirely on the surface; to see this, just multiply the two equations together.
The same applies to the lines defined by the pairs of equations

VBYy—vrz=p1—Vax);  u(vVBy+vrz) =1+ Vax.

It can be shown that each point on the surface lies on exactly one of the lines in
each of these two families.

There is a photo at http://home. cc.umanitoba.ca/~gunderso/model_photos/
misc/hyperboloid_of_one_sheet.jpg depicting a rather nice wooden model
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of a hyperboloid of one sheet, which gives a good idea how these lines sit inside
the surface.

(xiv) ax? — By? — vz> = 1. Another kind of hyperboloid. See Fig. 4.

1.0

0.0 0.0

1.0 -1.0

Figure 4: 8x% — 12y? — 202> = 1

This one has two connected components and is called a hyperboloid of two sheets.
It does not have generators.

(xv) ax? + By* — z = 0. An elliptical paraboloid. See Fig. 5.
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1.0

0.0

0.0 0.0

1.0 -1.0

Figure 5: 2x% +3y?> —z = 0

Cross-sections of this surface parallel to the xy plane are ellipses, while cross-
sections in the yz and xz directions are parabolas. It can be regarded as the limit
of a family of hyperboloids of two sheets, where one “cap” remains at the origin
and the other recedes to infinity.

(xvi) ax? — By? — z = 0. A hyperbolic paraboloid (a rather elegant saddle shape).
See Fig. 6.
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1.0

0.0

-1.0_

-1.0" 1.0

1.0 -1.0

Figure 6: x> —4y? —z =0

As in the case of the hyperboloid of one sheet, there are two generators passing
through each point of this surface, one from each of the following two families

of lines:
AMyax—+/By) =z Vax+ /By =A.
p(Vax+/By) =z Vax— /By =p.

Just as the elliptical paraboloid was a limiting case of a hyperboloid of two
sheets, so the hyperbolic paraboloid is a limiting case of a hyperboloid of one
sheet: you can imagine gradually deforming the hyperboloid of one sheet so
the elliptical hole in the middle becomes bigger and bigger, and the result is the
hyperbolic paraboloid.

3.9 Singular value decomposition

In this section we want to study what linear maps T : V' — W between Euclidean
spaces look like? From MA106 Linear Algebra we know that we can choose
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bases in V and W such that the matrix of T in Smith normal form is < 18 8 )

where 7 is the rank of T. This answer is unsatisfactory in our case because it
does not take the Euclidean geometry of V and W into account. In other words,
we want to choose orthonormal bases, not just any bases. This leads us to the
singular value decomposition, SVD for short.

Notation: We will see various diagonal matrices in the following so we will
use the shorthand diag(ds, .. .,d,) for an n x n diagonal matrix with diagonal
entriesdy,...,d,.

Theorem 3.9.1 (SVD for linear maps). Suppose T : V. — W is a linear map of rank n
between Euclidean spaces. Then there exist unique positive numbers y4 > v > ... >
Yn > 0, called the singular values of T, and orthonormal bases of V and W such that
the matrix of T with respect to these bases is

<£0%> where D = diag(y1,...,Yn)-

In fact, the «y’s are nothing but the positive square-roots of the nonzero eigenvalues
of T*T, each one appearing as many times as the dimension of the corresponding
eigenspace, where T* is the adjoint of T. Here by adjoint we mean the unique linear map
T*: W — V such that

(Tv,w)w = (v, T"W)y

where (-, -)y and (-, -) are the inner products on V and W (we will also denote them
just by a dot if there is no risk of confusion).

Proof. We will consider a new symmetric bilinear form on V defined as follows.
uxv:=T(u) - T(v) =u-T'T(v).

Note that vxv = T(v) - T(v) > 0; we call such a bilinear form positive semidefinite
(note that it need not be positive definite because T can have a non-zero kernel).
By Theorem 3.7.3, there exist unique constants a1 > ... > «,, (eigenvalues of the
matrix of the x bilinear form) and an orthonormal basis ey, ..., e, of V such that
the bilinear form * is given by diag(a1, ..., &) in this basis. Since « is positive
semidefinite we see that all «; are non-negative. Suppose a; > 0 is the last
positive eigenvalue, thatis, aj 1 = -+ = ay;, = 0.

The kernel of T*T is equal to the kernel of T (they are the same subspace of V)
because
T(v)-T(v)=v-(T*T)(v).

and hence T(ex;1) = -+ = T(en) = 0. Moreover, T(ey),...,T(ex) form an
orthogonal set of vectors in W. It follows that k is the rank of T since a set of
orthogonal vectors is linearly independent. Thus, k = n. We define ; == \/&;
foralli <k.

We now use these image vectors T'(e;) to build an orthonormal basis of W. Since
T(e;) - T(e;) = e; x e; = a;, we know that [T (e;)| = \/a; = ;. Let f; : g') for
all i < n. We can then extend this orthonormal set of vectors to an orthonormal
basis of W by the Gram-Schmidt process (Theorem 3.5.3). Since T (e;) = 7;f; for
i <nand T(e]-) = 0 for j > n, the matrix of T with respect to these bases has the
required form.
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It remains to prove the uniqueness of the singular values. Suppose we have
orthonormal bases €/, ..., e}, of Vand f},..., f, of W, in which T is represented

by a matrix ( ?) 8 > where B = diag(B1,...,B:) with f1 > ... > B; > 0. Put
Bi =0fori >t Thenejxe; = Bf; - p;f; = 6;jp?. Thus, diag(p?,. .., B3,) is the
matrix of the bilinear form * in the basis €], . . ., e},. Uniqueness in Theorem 3.7.3
implies the uniqueness of the singular values. O

Before we proceed with some examples, all on the standard euclidean spaces
IR", let us restate the SVD for matrices:

Corollary 3.9.2 (SVD for matrices). Given any real k x m matrix A, there exist
unique singular values y1 > vy > ... > 7, > 0 and (non-unique) orthogonal
matrices P and Q such that

< 1?) 8 ) = PTAQ where D = diag(y1, ..., Yn)-

Equivalently, we say the SVD of A is

A=P <£0%) QT where D = diag(y1, ..., Yn)-

Here the «y's are the positive square roots of the nonzero eigenvalues of AT A.

Example. Consider a linear map R? — RR?, given by the symmetric matrix

A= (; i’) , in the example from Section 3.7. There we found the orthogonal

1 1

matrix P = | 2 L@) with PTAP = <4 O). This is not the SVD of A
€T - 0 -2
V2 V2

because the diagonal matrix contains a negative entry. To get to the SVD we just
need to pick different bases for the domain and the range: the columns ¢, ¢, can
still be a basis of the domain, while the basis of the range could become ¢;, —c;.
This is the SVD:

1 =1 11 4 0
- (9o (d ) ety
V2 V2 V2 V2

The same method works for any symmetric matrix: the SVD is just orthogo-
nal diagonalisation with additional care needed for signs. If the matrix is not
symmetric, we need to follow the proof of Theorem 3.9.1 during the calculation.

Example. Consider a linear map R® — R?, givenby A = <§ 1; _1421) Since

xxy = Ax- Ay = (Ax)T Ay = xT(AT A)y, the matrix of the bilinear form * in
the standard basis is

4 8 80 100 40
ATA= (11 7 (g 1; _1‘21>: 100 170 140 | .
14 -2 40 140 200

The eigenvalues of this matrix are 360, 90 and 0. Hence the singular values of A

are
71 = V360 = 6v/10 > 72 = v/90 = 3V/10.
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At this stage we are assured of the existence of orthogonal matrices P and Q

such that /T
T _ (6v10 00
P AQ_( 0 3v10 0/°

To find such orthogonal matrices we first need to find an orthonormal basis of
eigenvectors of AT A. Since the eigenvalues are distinct on this occasion we only
need to find an eigenvector for each eigenvalue and normalise it so it has length
1. This leads to:

1/3 -2/3 2/3
er=1(2/3),e=1{-1/3)|,e5=1[—-2/3]|.
2/3 2/3 1/3

These make up Q. Then we need to find the images of these vectors under A
divided by the corresponding singular value (so only the eigenvectors for the
non-zero eigenvalues of AT A):

_ 1 Ae:<3/m) £ — 1 Ae:(l/\/ﬁ)
6vio. 1 \1/v10)’ 2T 3100 ° \=3/V10)°

The proof says we need to extend this to a basis of W, which is easy here because
we already have two vectors and so we don’t need anymore for a basis of R2.
Hence, the orthogonal matrices are

fi

P:<3/\/E 1/\@) Q(1/3 -2/3 2/3)

2/3 —1/3 -2/3
1/V10 —3//10 2/3  2/3 1/3

3.10 The complex story

The results in Subsection 3.7 applied only to vector spaces over the real numbers
R. There are corresponding results for spaces over the complex numbers C,
which we shall summarize here. We only include one proof, although the others
are similar and analogous to those for spaces over R.

3.10.1 Sesquilinear forms

The key thing that made everything work over R was the fact thatif xq,...,x,
are real numbers, and x% + -+ x% = 0, then all the x; are zero. This doesn’t
work over C: take x; = 1 and x, = i. But we do have something similar if we
bring complex conjugation into play. As usual, for z € C, we let z denote the
complex conjugate of z. Then if z1Z; + - - - + z,Z, = 0, each z; must be zero. So
we need to “put bars on half of our formulae”. Notice that there was a hint of
this in the proof of Proposition 3.7.2.

We’ll do this as follows.

Definition 3.10.1. A sesquilinear form on a complex vector space V is a function
T:V x V = C such that

T(Vv, W1 + a;wp) = ;T(v, wy) + a7(v, wp)
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(as before), but
T(a1vy + axvoy, W) = @1 T(vy, W) + 227(vo, W),

for all vectors vy, vy, v, w1, wo, w and all a1, a, € C.

We say such a form is hermitian symmetric if

T(w,v) =1(v,W).

The word “sesquilinear” literally means “one-and-a-half-times-linear” from its
Latin meaning — it’s linear in the second argument, but only halfway there in the
tirst argument! We’ll often abbreviate “hermitian-symmetric sesquilinear form”
to just “hermitian form”.

We can represent these by matrices in a similar way to bilinear forms. If T is a
sesquilinear form, and ey, .. ., e, is a basis of V, we define the matrix of T to be
the matrix A whose i, j entry is T(e;, e ]-). Then we have

T(v,w) = (v1)Aw
where v and w are the coordinates of v and w as usual. We'll shorten this to
v*Aw, where the * denotes “conjugate transpose”. The condition to be hermitian
symmetric translates to the relation 4;; = 4;;, so 7 is hermitian if and only if A
satisfies A* = A.

We have a version here of Sylvester’s two theorems (Proposition 3.4.3 and
Theorem 3.4.4):

Theorem 3.10.2. If T is a hermitian form on a complex vector space V, there is a basis
of V in which the matrix of T is given by

I

—1,

0

for some uniquely determined integers t and u.

As in the real case, we call the pair (t, u) the signature of T, and we say T is positive
definite if its signature is (n,0) (if V is an n-dimensional space). In this case, the
theorem tells us that there is a basis of V in which the matrix of 7 is the identity,
and in such a basis we have

n
_ 2
T(v,v) = Z |vi]
i=1
where vy, ...,v, are the coordinates of v. Hence t(v,v) > 0 for all non-zero

velV.

Just as we defined a euclidean space to be a real vector space with a choice of
positive definite bilinear form, we have a similar definition here:

Definition 3.10.3. A Hilbert space is a finite-dimensional complex vector space
endowed with a choice of positive-definite hermitian-symmetric sesquilinear
form.
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These are the complex analogues of euclidean spaces. If V is a Hilbert space,
we write v - w for the sesquilinear form on V, and we refer to it as an inner
product. For any Hilbert space, we can always find a basis ey, ..., e, of V such
that e; - e; = ¢;; (an orthonormal basis). Then we can write the inner product
matrix-wise as

V-W=V'w,

where v and w are the coordinates of v and w and v* = v! as before.

The canonical example of a Hilbert space is C", with the standard inner product
given by

n
VW= Z ini ’
i=1
for which the standard basis is obviously orthonormal.

Remark. Technically, we should say “finite-dimensional Hilbert space”. There are lots
of interesting infinite-dimensional Hilbert spaces, but we won't say anything about
them in this course. (Curiously, one never seems to come across infinite-dimensional
euclidean spaces.)

3.10.2 Operators on Hilbert spaces
In our study of linear operators on euclidean spaces, the idea of the adjoint of an
operator was important. There’s an analogue of it here:

Definition 3.10.4. Let T : V — V be a linear operator on a Hilbert space V. Then
there is a unique linear operator T* : V. — V (the hermitian adjoint of T) such that

T(v) -w=v-T"(w).

It’s clear that if A is the matrix of T in an orthonormal basis, then the matrix of
T* is A*.
Definition 3.10.5. We say that T is

o selfadjointif T* =T,

e unitaryif T* = T},

e normal if T*T = TT*.
Exercise. If T is unitary, then T(u) - T(v) =u-vforallu,vin V.
Using this exercise we can also replicate Proposition 3.6.5 in the complex world.

This shows that “unitary” is the complex analgoue of ‘orthogonal’. The proof is
entirely similar to that of Proposition 3.6.5 (which comes before the statement).

Proposition 3.10.6. Let ey, ...,e, be an orthonormal basis of a Hilbert space V. A
linear map T is unitary if and only if T(e1), ..., T(e,) is an orthonormal basis of V.

If A is the matrix of T in an orthonormal basis, then it’s clear that T is selfadjoint
if and only if A* = A (a hermitian-symmetric matrix), unitary if and only if
A* = A~ (a unitary matrix), and normal if and only if A*A = AA* (a normal
matrix). In other words, these properties are preserved under unitary base
changes:
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Lemma 3.10.7. If A € C"" is normal (selfadjoint, unitary) and P € C"" is unitary,
then P* AP is normal (selfadjoint, unitary).

Proof. Let B = P*AP. Using the property (MN)* = N*M*, we compute that in

the first (normal) case,

BB* = (P*AP)(P*AP)* = P*APP*A*P = P*AA*P = P*A*AP = (P*A*P)(P*AP) = B*B.
In the second (selfadjoint) case, B* = P*A*P = P*AP = B. In the third (unitary)

case, BB* = P*APP*A*P = P*AA*P = P*P = L. O

Notice that if A is unitary and the entries of A are real, then A must be orthogonal,
but the definition also includes things like

(o 5)

Similarly, a matrix with real entries is hermitian-symmetric if and only if it’s

symmetric, but
2 i
—i 3

is a hermitian-symmetric matrix that’s not symmetric.

Both selfadjoint and unitary operators are normal. The generalisation of Theo-
rem 3.7.3 applies to all three types of operators.

Theorem 3.10.8. The following statements hold for a linear operator T : V. — V ona
Hilbert space.

(i) T is normal if and only if there exists an orthonormal basis of V consisting of
eigenvectors of T.

(ii) T is selfadjoint if and only if there exists an orthonormal basis of V consisting of
eigenvectors of T with real eigenvalues.

(iii) T is unitary if and only if there exists an orthonormal basis of V consisting of
eigenvectors of T with eigenvalues of absolute value 1.

6 2+42i

Example. Let A = <2 Y 4

) . Then

ca(x) =(6—x)(4—x)— (24+2)(2—2i) = x> —10x +16 = (x — 2)(x — 8),
so the eigenvalues are 2 and 8. Corresponding eigenvectors are vi = (1+1i, —2)1
and vo = (1+1,1)T. We find that |v{|?> = v}v; = 6 and |v2|? = 3, so we divide
by their lengths to get an orthonormal basis v1/|v1|, v2/|v2| of C2. Then the

matrix
1+i 144
- (% )

Ve V3

having this basis as columns is selfadjoint and satisfies P* AP = (é g) .
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4 Duality, quotients, tensors and all that

In this section we will introduce and discuss at length properties of the dual
vector space to a vector space. After that we will turn to some ubiquitous and
very useful constructions in multilinear algebra: tensor products, the exterior
and symmetric algebra, and several applications.

From this point onwards we will abandon the practice of denoting vectors by
lower case boldface letters (to prepare you for real life outside the Warwick UG
curriculum since you are grownups now and many text books and research
articles do not adhere to that notational practice). We will always be absolutely
clear about the meaning of each symbol introduced, so there will be no risk of
confusion. Vectors tend to be, as usual, lower case Roman letters such as v, w, . . .,
and scalars in the ground field K have a penchant to be lower case Greek letter
suchas A, p,v....

4.1 The dual vector space and quotient spaces

Let V be any vector space over a field K (which need not even be of finite
dimension at this point). We consider the set of all linear forms on V, i.e., the set
of all linear mappings /: V — K, and denote it by V*. More generally, for any
vector space W, we denote by

Homg (V, W)

the set of all K-linear mappings from V' to W; we note that this is a vector space
in a natural way if we define addition and scalar multiplication “pointwise” as
follows:

Vf,¢ € Homg(V,W),VoeV,VAeK: (f+¢)(v):=f(v)+g(v),
(Af)(v) := Af(0).

Thus in particular, V* is again a vector space over K, which we call the dual
vector space to V. In the remainder of this subsection I will try to convince you
that V* is a really cool and useful thing that can be used to solve many linear
algebra problems conceptually and transparently; moreover, duality as a process
is used everywhere in mathematics, in representation theory, functional analysis,
commutative and homological algebra, topology...

First we need to develop some basic properties of V*. The first and most obvious
is that the construction is, in fancy language, “functorial” with respect to linear
maps of vector spaces and reverses all arrows: this means that if you have a
linear map

f:V—=W

you get a natural linear map in the other direction between duals:
Wt = v
by defining

Viw e Wvoe Ve (ff(lw))(v) = (Lo f)(v) = 1(f(v))
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(this is just “precomposing the given linear form on W with the linear map f”).
We call f* the linear map dual to f. As a little exercise you should check that f* is
surjective resp. injective if and only if f is injective resp. surjective.

It is then straightforward and boring to check the following for vector spaces
V,W, T (which you should do because you are just learning about duals and
need the practice to get a feeling for them):

Vf] € HOIIIK(V, W), sz € HomK(W, T): (fZ Ofl)* = fl* Of2*, (ldv)* =idy.

Here idy is the identity map from V to V. If you want to intimidate other
students learning about this and brag about the range of words you command,
you can say that the operation of taking duals defines a contravariant functor
from the category of vector spaces to itself (which is what the preceding formulas
amount to).

Moreover, (—)* is compatible with the vector space structure on Homg (V, W)
in the sense that

Vf,g € Homg(V,W), VA, ue K:  (Af+ug)" =Af*"+ug*.

So far so good. Now assume V is finite dimensional with basis e, . . ., e,. Define
elements e € V* by
8? (€]) = (51]

where J;; is the Kronecker delta symbol- by definition 1 if i = j and 0 otherwise.

Lemma 4.1.1. The elements €7, ..., ey, form a basis of V*.

We call e], ..., e}, the dual basis to the basis ey, ...,e,. Thus given an ordered
basis E = (ey,...,e,) in V, the operation (—)* spits out another ordered basis
E* = (ef,...,e}) in V* “dual” to the given one.

Proof. We need to check that e], ..., e}, are linearly independent in V* and gener-
ate V*. Suppose

e 4+ Aueh =0
is a linear dependency relation in V* between the ¢;. Here the A; are in K of

course. Applying the linear map on the left hand side of the previous displayed
equation to ¢; yields A; = 0, hence the ¢7, . .., e;, are linearly independent in V*.

To show thatej, ..., e; generate V* we have to use that V is finite dimensional
(otherwise it is not necessarily true by the way). Indeed, let | € V* be arbitrary.
Then the linear form

L:=1I(e;)e] +---+1(en)ey,
takes the same valuesonall thee;, i =1,...,n,as [, hence L = | and consequently

ej,..., e, generate V*. O

Now suppose we are given two finite-dimensional vector spaces V, W of dimen-
siondimV = n, dimW = m, and let B = (by,...b,) and C = (cy,..., ) be
ordered bases in V and W respectively. Consider a linear map

f:Vv—=Ww.
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We know we can associate to this setup an m x n matrix with entries in K,
representing f with respect to the given bases in source and target; this matrix is

M (f)

in our previously used notation. Now a natural question is: what is
B*
Me: ()

and how is it related to M§(f)? It is clear that ME. (f*) is an n x m matrix, so a
natural guess is it could be the transpose of M§(f). That is indeed the case.

Lemma 4.1.2. We have .
ME(f) = (M§(f)) -

Proof. The main point is to pull yourself together and unravel all the symbols
systematically and correctly, then the proof is obvious and requires no ideas.
Here is how it goes: the first easy observation is that the (i, j)-entry of M§(f) is

nothing but
¢; (f(b:))

whereas the (j, i) —entry of ME. (f*) is
(f* () (bi),

so all we need to do is show that these two are equal. But by definition of f*

(f* () (bi) = cj (f(Bi)

so we are done. Boom. That’s all there is to it. O

As a next step it is natural to wonder how the kernels and images of f: V — W
and f*: W* — V* are related. We keep the assumption that V, W are of finite
dimension dim V' = n and dim W = m, respectively, and have ordered bases as
above.

Proposition 4.1.3. For V,W, f: V. — W as before, leti: Im(f) — W be the inclusion.
Then the dual linear map
it W — Im(f)”

factors over the linear map W* — Im( f*) induced by f*, inducing an isomorphism

Proof. Again the proof is confusing, but easy once one has managed to unravel
what the statement says: suppose Iy is a linear form on W that maps to zero in
Im(f*) under the linear map W* — Im(f*) induced by f*. This just means that
lw o f is a linear form on V that is identically zero. But that means Iy restricted
to the image of f is identically zero, so Iy is in the kernel of i*. Therefore i*
factors uniquely over the linear map W* — Im(f*) induced by f*, thus giving
us a linear map

*: Im(f*) — Im(f)*.
We just need to show that this map is injective and surjective. Concretely, i*
is given as follows: write Iy in Im(f*) as Iy = Il o f with Iy € W*, then
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lwoi € Im(f)*isi*(ly). Suppose then that Iy o is zero. That just means that
Iy restricted to Im(f) is zero, so Iy is zero. This shows injectivity. Surjectivity is
follows because we can write any element in Im(f)* in the form Iy o i (extend
a linear form on Im( f) to all of W), and then Iy = Iy o f gives a preimage in
Im(f*) under i* of the element you started with. O

In particular, Im(f) and Im(f*) have the same dimension. Thus:

Corollary 4.1.4. The ranks of the two matrices

ME(f*), Mg (f)

are equal; in particular, using Lemma 4.1.2, the row rank of any m X n matrix over K is
equal to its column rank.

You will have seen a proof of the last statement in your first linear algebra
module, but here the proof falls into our laps basically effortlessly, and it is
conceptually much more illuminating.

We can ask what happens if we take duals twice, i.e., pass from V to V*, then to
(V*)* etc.

Proposition 4.1.5. Define a natural linear map
D:V — (V)"

as follows: to a vector v € V the map D associates the linear form on V* that is given
by evaluation of linear forms in v. Then D is an isomorphism if V is finite dimensional.

In the following we write more simply V** for (V*)*.

Proof. Suppose v is in the kernel of D. That means that given any linear form [
on V, 1(v) is zero. But this means that v must be zero! (Check this as an exercise
if you are not convinced). By Lemma 4.1.1 we know that V and V** have the
same dimension, so D is an isomorphism. O

OK, that’s all pretty neat, but maybe you're not yet completely sold that the dual
space is the perfect jack of all trades device of linear algebra, so let me give you
another application.

Example. Consider an n-dimensional K-vector space V together with a non-
degenerate symmetric bilinear form f: V x V. — K. Then q(v) = B(v,v) is a
quadratic form, and we are interested in the maximum dimension of linear sub-
spaces lying on the quadric {v € V | q(v) = 0}. This is a very natural geometric
problem occurring in various situations. We can get information using duality
as follows.

The fact that  is nondegenerate means that the linear map
B:V = V*

which sends a vector v € V to the linear form B(v) € V* defined by B(v)(v') =
B(v,v'), v € V, is an isomorphism. Suppose L C V is a linear subspace, and
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p: V* — L* the surjection induced by the inclusion of L in V by dualising. The
kernel of the composite map p o B is clearly

Lt ={veV|Bv,w)=0Vwec L}.

Moreover, p o B is surjective, therefore, by the rank-nullity theorem/dimension
formula for linear maps, we get

dim V = dim(L) + dim(L").
If g is identically zero on L, this means L C Lt. In particular,
2dim(L) < dimV

so that

dim V
dim(L) < [ m } .
2
It is not hard to see that the bound is attained if K = C"; then we may assume
V = (" and q = 0 is just a sum of squares being zero in suitable coordinates:

x%—kx%—i—---—kxfl:o.

A linear subspace defined by x; = V—=1x3, x3 = /—1x4,... will do the job/be
of maximum dimension [#/2] in this case. Over other fields the situation can be
different, and in fact, the equation 4 = 0 may have only the zero solution at all
to begin with.

Here is another application of duals that might even convince the most practically-
minded hardliners among you that duals are cool:

Theorem 4.1.6. Let I C R be a closed interval and let t1, ... ,t, € I be distinct points.
Then there exist n (real) numbers my, . .., my such that for all (real) polynomials p of
degree < n — 1 we have

/Ip(t) dt = mip(t) + -+ mup(t).

Proof. Polynomials p of degree < n — 1 form a real vector space V., of dimension
n (a basis would be 1,t,#%,...,#""1). Evaluation in t; defines a linear form I;
on V., hence an element in VZ,. We claim that these I4,...,I, are linearly
independent. Indeed, if

cith+---+culn =0

where the ¢; € IR, is a linear dependency relation in VZ,, then we can apply the
linear form on the left hand side to the following polynomials in V,:

a(t):= JI (-t

j#Fk1<j<n

where k = 1,...,n. The polynomial g; is nonzero at t; and zero at all other
ti, so we get that ¢, = 0. Since this holds for all k, the Iy,...,1, are linearly
independent. By Lemma 4.1.1, VZ,, has dimension n, so [, . .., I, must be a basis.
Therefore, any linear form on V., can be written as a linear combination of the /;.
In particular, this holds for the integral in the statement of the Theorem. Boom.
It’s as easy as that. O
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4 Duality, quotients, tensors and all that

We now turn to another useful construction, which we will use in a subsequent
section, too, quotient spaces. We start by asking: given a K-vector space V and a
subspace U C V, is there always a vector space W with a surjective linear map

m:V—->W

whose kernel is precisely U? Well, one way to solve this is to dualize the entire
problem: if such a thing as we ask for exists, then

T WH = Vv

will be an injective linear map with the property that the image of W* in V* is
precisely the kernel of the surjective map i*: V* — U* induced by the inclusion
i: U — V. In fact, we can then simply let W* = Ker(i*) and define W as

W := Ker(i*)*

which will have the required property (using the natural isomorphism in Propo-
sition 4.1.5). But that way to solve the problem is a bit cranky, and we mentioned
it mainly to emphasise the connection with duals. A nicer way to solve the prob-
lem is this: the datum of the subspace U in V induces an equivalence relation on
V by viewing v, v’ as equivalent if their difference lies in U. In a formula:

vt = v—7 el

We define W to be the set of equivalence classes. We also denote this by V /U
(read V modulo U). For v € V we denote by [v] € V /U its equivalence class.
The set V /U can be endowed with a vector space structure by defining

[0] + [0] ;== [v+7'], Alv] = [Av]

forv,v" € V, A € K. One uses the fact that U is a subspace to show that vector
addition and scalar multiplication are well-defined on V' /U, i.e., independent of
the choice of representatives for the equivalence classes.

It is possible to characterise V /U by a universal property that is often useful: the
quotient vector space V /U of a vector space V by a subspace U is a vector space
together with a surjection 77: V — V/U such that any linear map f: V — T
from V to another vector space T with U C Ker(f) factors uniquely over V /U,
i.e., there exists a unique linear map f: V/U — T such that f = 7o f.

Proposition 4.1.7. Let V be a finite-dimensional K-vector space, U a subspace. Then

dimU+dimV/U =dim V.

Proof. Rank nullity theorem applied to the canonical projection 7w: V. — V/U.
O

Example. Here is a particularly striking application of quotients that is of im-
mense importance in algebra. We do not give all details since this will be done
in lectures on field and Galois theory, and we just want to convey the main idea
here.

Suppose K is a field and p(x) some irreducible polynomial in K[x]. Very often
one wants to construct a field L containing K as a subfield (i.e., an overfield of
K) in which p(x) has a root. This is almost effortless using quotient spaces. We
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consider the set I, := {p(x)q(x) | q(x) € K[x]} C K][x] of all polynomials in
K[x] that are divisible by p(x). This is obviously a K-vector subspace and we
can form the quotient space

L:=K[x]/I,.

L contains K as a K-subspace. One can define a multiplication in L that turns L
even into an overfield of K. Indeed, simply define

[r] - [s] :=[r-s], rs€K[x]

where r - s is multiplication in the polynomial ring K[x]. It then needs a few
checks that this is (a) well-defined and (b) makes L into a field (for the latter you
need to use that p(x) was assumed to be irreducible), but basically that is not
too difficult. The point is that once you know that L thus defined is a field, the
polynomial p obviously has a zero in L: the equivalence class [x] of the variable
x!

4.2 Tensors, the exterior and symmetric algebra

First, given two vector spaces U, V we define their tensor product U ® V (some-
times also denoted by U ®x V' if we want to recall the ground field) as follows.
Let F(U, V) be the vector space which has the set U x V as a basis, i.e., the free
vector space (over K of course as always) generated by the pairs (1, v) where
u € Uand v € V. Let R be the vector subspace of F(U, V) spanned by all
elements of the form

(u+u',0) — (u,0) — (u',0), (w,0+7)—(u,0)— (u,7),
(ru,v) —r(u,v), (u,rv)—r(u,0)

where u,u’ € U, 0,0 € V,r € K.
Definition 4.2.1. The quotient vector space
U®V:=FUV)/R

is called the tensor product of U and V. The image of (1,v) € F(U, V) under the
projection F(U, V) — U ® V will be denoted by u ® v. We define the canonical
bilinear mapping

B:UXxV =URV

by B(u,v) = u ® v. Being very precise, one should refer to the pair (U ® V, )
as the tensor product of U and V, but usually people just use the term for U ® V
with B tacitly understood.

Sometimes one does not need to know the construction of U ® V when working
with it, but only has to use the following property it enjoys in proofs.

Proposition 4.2.2. Let W be a vector space with a bilinear mapping p: U x V. — W.
We say that (W, 1) has the universal factorisation property for U x V if for every
vector space S and every bilinear mapping f: U x V — S there exists a unique linear
mapping g: W — S such that f = g o .

Then the couple (U @ V, B) has the universal factorisation property for U x V. If a
couple (W, ¢) has the universal factorisation property for U x V, then (U ® V, B) and
(W, ¢) are canonically isomorphic in the sense that there exists a unique isomorphism
c:U®V — Wsuch that p = oo p.
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Proof. Suppose we are given any bilinear mapping f: U x V — S. Since U x V' is
a basis of F(U, V) we can extend f to a unique linear mapping f': F(U,V) — S.
Now f’ vanishes on R since f is bilinear so induces a linear mapping g: U® V —
S on the quotient. Clearly, f = g o B by construction. The uniqueness of such
a map g follows from the fact that (U x V) spans U ® V, so we have no other
choice in defining g.

Now if (W, ) is a couple having the universal factorisation property for U x V,
then by the universal factorisation property of (U ® V, B) (resp. of (W, ¢)), there
exists a unique linear mapping c: U® V — W (resp. T7: W — U ® V) such that

¢ = 0o (resp. B = T o). Hence
B=TocopB, Yp=coTOoY.

Using the uniqueness of the g in the universal factorisation property, we conclude
that T o 0 and ¢ o T are the identity on U x V and W respectively. O

This universal property of the tensor product can be used to prove a great many
formal properties of the tensor product in a way that is almost mechanical once
one gets practice with it. All these proofs are boring. So we give one, and you
can easily work out the rest for some practice with this.

Proposition 4.2.3. The tensor product has the following properties.

(a) There is a unique isomorphism of U ® V onto V @ U sending u @ v to v & u for
alueU,veV

(b) There is a unique isomorphism of K @ U with U sending r @ u to ru forall r € K
and u € U; similarly for U ® K and U.

(c) There is a unique isomorphism of (U ® V) ® W onto U ® (V ® W) sending
(uv)@wtou® (v@w) foraluec U,veV,weW.

(d) Given linear mappings
fi:y =V, i=1,2,

there exists a unique linear mapping f: Uy ® Uy — Vi ® V; such that
flur @uz) = fr(ur) @ fo(uz)
forall uy; € Uy, uy € Ua.

(e) There is a unique isomorphism from (U; @ Uy) @ V onto (U3 @ V) & (U; ® V)
sending (u1,up) @ vto (U1 @ v,up ®v) foralluy € Uy, up € Up, v € V.

(f) If ur, ..., um is a basis for U and vy,. .., vy is a basis for V, then u; ® vj, i =
1,....m,j =1,...,n, is a basis for U® V. In particular, dimU ® V =
dim U dim V.

(g) Let U* be the dual vector space to U. Then there is a unique isomorphism g from
U ® V onto Hom(U*, V) such that

(g(u®0))(u*) = (w,u*)v forallue U,veV,u* el

(h) There is a unique isomorphism h of U* ® V* onto (U ® V')* such that
(h(u* @v"))(u®@v) = (u,u”){o,0%)

forallu e U,u* € U*,veV,v* e V"
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Proof. We prove a) and g) just to illustrate the method, and leave the rest as easy
exercises.

For a)let f: U x V — V ® U be the bilinear mapping with f(u,v) = v ® u. By
the universal property of the tensor product, there is a unique linear mapping

gURV-VelU

such that ¢(u ® v) = v ® u. Similarly, there is a unique linear mapping ¢’: V ®
U— UV with ¢'(v®u) = u®wv. Clearly, ¢’ o g and g o ¢’ are the identity
transformations.

We now prove g) (using f)). Consider the bilinear mapping f: U x V —
Hom(U*, V) given by
(f (u,0)) (") = (u,u")v

and apply the universal property of the tensor product in Proposition 4.2.2.
Thus there exists a unique linear mapping ¢g: U ® V — Hom(U*, V) such that
(g(u®0))(u*) = (u,u*)v. To prove that g is an isomorphism, let uy, ..., u, be a
basis for U, uj, ..., u,, € U* the dual basis, and vy, ..., v, a basis for V. We show
that
{swi@v):i=1,...,m j=1,...,n}

is a linearly independent set of vectors. Indeed

Y a;g(ui®v;) =0, a;€K

ij
gives

0= Zai]-g(ui ®v;)(up) = Zakjvj
L) ]

hence all the a;; vanish. Since dimU ® V = dimHom(U*, V) by f), g is an
isomorphism. ]

We now consider a vector space V and put V¥ := V® - - - ® V (r-times), and set
T*(V)=EpVve.
r>0

Ife,..., e, is a basis for V, then
{e®@---®e,:1<iy,...,0i, <n}

is a basis for V®", applying f) of Proposition 4.2.3 inductively. T*(V') has more
structure than just the structure of a K-vector space (of infinite dimension in
general!):

Definition 4.2.4. 1. Let A be a (not necessarily commutative) ring with unit,
and suppose that there is a field K that is a subring of A. Then A is called
a K-algebra; in particular, A is also a K-vector space.

2. We call A a graded algebra if there is a direct sum decomposition as a
K-vector space

./4 - @An
n=0

such that A; - A; C A;4;. Elements in A; are said to have degree i. So the
last condition means that the product of an element of degree i and one of
degree j has degree i + j.
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3. Suppose I C A is a vector subspace that has the additional properties:
A-Icl, T1T-AcCl

Then we call I a two-sided ideal in A.

It is a routine check that if I C A is a two-sided ideal, the quotient K-vector
space A/ I becomes a K-algebra by defining [a] - [@] := [a - a].

With this terminology, we can say that T*(V) is a graded K-algebra, associative,
but not commutative, if we define the product

(01® @) (W@ Qws) =11 Q@ RUOW Q- ®Ws
and extend by K-linearity to all of T*(V'). We call T*(V) the tensor algebra of V.

Definition 4.2.5. Let I be the two-sided ideal of T*(V') generated by all elements
of the form v ® v for v € V. The quotient

A(V):=T*(V)/I
is called the exterior algebra of V.

Similarly, if J denotes the two-sided ideal of T* (V) generated by all elements of
theformv@w —w® v forv,w € V, then

Sym*(V) = T*(V)/]
is called the symmetric algebra of V.

We denote the image of v1 ® - - - ® v, in A*(V) by v1 A - - - A v, and the image
in Sym*(V) by vy - ... - v, or simply v; ...v,. We will also denote the algebra
product in A*(V) simply by A and call it the wedge product. Similarly, we
denote the algebra product in Sym® (V') by a dot or simply by concatenation.

Both the symmetric and exterior algebras inherit a natural grading from the
tensor algebra. The r-th graded component A" (V) of A*(V) (resp. Sym' (V) of
Sym?®(V)) is called the r-th exterior power of V (resp. r-th symmetric power of
V).

In fact, other types of important algebras can be defined in a similar way as
quotients of the tensor algebra T*(V), for example, Clifford algebras. But in fact,
the exterior algebra

A(V) = DA (V)
r=0

will be most important for us below. We only mentioned the symmetric algebra
because it would have weighed too heavily on our conscience if we hadn’t- it is
so important in other contexts. In fact, it is a good exercise to convince yourself
that Sym*® (V) is simply isomorphic to a polynomial algebra K[Xj, ..., X,] with
one variable X; corresponding to each basis vector ¢; of V.

We now turn to the properties of the exterior algebra we will need later. First of
all it is clear that for any v, w € V we have

vAv=0, vAw=—wAUD,
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the first because v ® v maps to zero under the quotient map T*(V) — A*(V),
and the second is implied by (v 4+ w) A (v + w) = 0. We say the wedge-product
is alternating or anti-symmetric. More generally, this implies that if w € A"(V)
and ¢ € A(V), then

wNAp=(-1)"¢pAw.

Proposition 4.2.6. The exterior powers and exterior algebra have the following proper-
ties.

() IfF: V x---xV — W (r copies of V) is a multilinear alternating mapping of
vector spaces (which means F(vy, ..., v,) is linear in each arqument separately
and zero if two of the v; are equal), then there is a unique linear map

F:N(V)—>W
with F(vy A -+~ ANvy) = F(vy,...,00).
(b) If ¢: V. — W is a linear mapping, there is a unique linear mapping
N(g): AT(V) = AT(W)
with the property

A(@) (o1 A== Avp) = (o) A== A g(or).

(c) Ife1,..., ey isabasis of V, then
{61'1/\---/\61',:1§i1<"'<ir§n}

is a basis of A”(V'). Consequently,
dim A" (V) = <”>

"
and A'(V) = 0 for i > n. Moreover, note that dim A" (V) = 1.
(d) If f: V — V is an endomorphism, dim V = n, then the induced map
A" (f): A"(V) = A(V)
is multiplication by det(f).
(e) For an n-dimensional vector space V we have a natural non-degenerate bilinear
pairing
N(V*)x A (V) =K
mapping
(V1 A= ANvf,wr A - Awy) = det(v] (w)) )1<ij<r
which induces an isomorphism
A(VT) = (AT(V))"
Proof. For a) notice that repeated application of the universal property of the

tensor product furnishes us with a linear map

E:V® 5 W
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with F(v1 ® - - - ® v,) = F(vy,...,0v,); this factors over
A(V)=VE/ (Ve NI)
since the ideal I is generated by elements v ® v that get mapped to zero since F

is alternating.

To prove b) notice that inductive application of Proposition 4.2.3, d), gives an
induced mapping

Q" @: V@V N W®r
and this maps V" N I into the corresponding piece of the ideal we divide out

by to get A"W, so descends to give A" (¢) as desired.

For ¢) we first show that A" (V) ~ K via the map induced by the determinant.
Indeed, since the elements v; A - - - A v, generate A”(V), itis clear that, ifey, ..., e,
is a basis of V, then

{eilA---/\eir:1§i1<---<ir§n}

is at least a generating set for A’(V). In particular, A"(V) is at most one-
dimensional, and exactly one-dimensional, generated by e; A --- A ey, if we
can show it is nonzero. But by a), the determinant gives a map det: A"(V) — K
sending e; A --- Aey to 1.

Now suppose there was a linear dependence relation between the e;, A--- Ae; :
Za e = 0
I

where we use multi-index notation I = (iy,...,4), 1 < i < -+ < i, < n,

aj € K, ey = e, \--- Ae;,. For a certain multi-index | = (i, ..., j), let ] be the
complimentary indices to [ in {1, ..., n}, increasingly ordered. Then

(Y _ager) Nej = Lajer A--- Ney =0.
T

Hence all coefficients a; are zero, proving c).

The endomorphism f: V — V gives a commutative diagram

AV XYL An ()

= |
K mult(c) K

[N

et

where the lower horizontal arrow is multiplication by some constant c. We want
to show that ¢ = det(f) and for this it suffices to consider what happens to
det(e; A -+ Aey) = 1: this gets mapped to the determinant of the matrix with
columns (f(e1),..., f(en)), which is det(f). This proves d).

For e) first note that

det( (07 (wj))1<ij<r
is alternating in both the v, ..., v} and the wy, ..., w;,, and multilinear in these
sets of variables; hence by an application of a), we get a well-defined map

B: N(V*) x AT(V) — K
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of the type in e). All that remains to prove is that this pairing is nondegenerate,
i.e. that for any nonzero w € A’(V) thereisa ¢ € A"(V*) with (¢, w) # 0,
and vice versa, for any nonzero ¢’ € A’(V*) there is an ' € A’(V) with
B(Y',w') # 0. We prove the first assertion since the second is then proven
completely analogously. If ey, . .., e, is a basis of V, write in multi-index notation

w = Za;el.
I
*

Since w # 0, thereis an a; # 0. Then let = e] = e]*-‘1 AREE: /\e]’-j wheree;, ..., e
is the dual basis to ey, . . ., e,. We have B(¢, w) = aj # 0 then. O
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