LINEAR ALGEBRA, MATH 50003: Lecture Notes

Lecturer: Martin Liebeck

1 Course Overview

Most of the course will consist of basic results on matrices, vector spaces and linear
maps. The last part of the course will have a more geometrical flavour.

1.1 Matrix results

Let’s begin with a survey of some of the highlights among the matrix results in the
course. We start with a definition.

Definition Let A, B be n x n matrices over a field F. We say A is similar to B if there
exists an invertible n x n matrix P such that B = P~1AP.

Note that if we define a relation ~ on n X n matrices by
A~ B < A is similar to B,

then ~ is an equivalence relation (question on Problem Sheet 1).

Two similar matrices A, B share many basic properties: for example, they have

e the same determinant

e the same characteristic polynomial
e the same eigenvalues

e the same rank

e the same trace

(question on Problem Sheet 1). One of the major aims of the subject is:
Major Aim For an arbitrary n x n matrix A, find a “nice” matrix B such that A ~ B.

In the course we’ll prove three famous therorems, in each of which the meaning of
the word “nice” will be apparent.

Example Probably the nicest matrices are the diagonal ones. Recall that an n x n
matrix A is diagonalisable if it is similar to a diagonal matrix D = diag(Ay,...,A,) (the
diagonal matrix with diagonal entries Aq,..., \,, the eigenvalues of A). This property
can be used to do many computations with A, such as calculating any power A*: a matrix
P such that D = P71 AP can be computed (its columns are a basis of eigenvectors of
A). Then A= PDP~!, so

Ak = (pDP~ Y (PDPY)...(PDP™Y) = PD*P 1,

and D¥ is the diagonal matrix D = diag(A\},...,\F).



However, many matrices are not diagonalisable, for example

11
()
To see this, suppose that A is diagonalisable. Then since the only eigenvalue is 1, there
exist P such that P~'AP = diag(1,1) = I, so A = PIP~! = I, a contradiction.
So not every matrix can be diagonalised. However, every complex matrix can be

triangularised. This is one of the first main results of the course:

Triangularisation Theorem If A is an n x n matriz over C, then A is similar to an
upper triangular matrix, i.e. there exists P such that

A1

0 )\2 *
PlAP =

0 O An

Note that this result does not hold for matrices aver arbitrary fields: for example

over the real numbers R, the matrix < > has complex eigenvalues +%, so is not

-1 0
similar to a real upper triangular matrix.

The theorem has a more serious drawback though: there is nothing unique about an
upper triangular matrix similar to A. For example, for any a,b,a’,b’ # 0,

1 a b 1 o v
10|~ 1 0|,
1 1

(question on Sheet 1), so if A is similar to one such matrix, it is similar to all of them.

It is very desirable to have a unique matrix of a nice form that is similar to A, and
that is provided by the next main result.

Jordan Canonical Form Theorem If A is an n x n matriz over C, then A is similar
to a matriz of the form

J1
Jo
J - )
Ik
a block-diagonal matrixz with blocks

A1 0 0 0

0 X 1 0 0

J = 0 0 X\ 0 0

0 0 O Ao 1

0 0 O 0 N

(these are called Jordan blocks). The collection of Jordan blocks Jy, ..., Jx is uniquely
determined by A.



We call the matrix J the Jordan Canonical Form (JCF) of A. Its uniqueness is a
vital part of the theorem, since it gives a powerful test for the similarity of two arbitrary
complex matrices A and B: find the JCFs of A and B, call them J and J'. If J and J’
are the same (apart from changing the order in which the Jordan blocks appear), then
A ~ B if not, then A o4 B. This test can be programmed very efficiently, and can be
used for huge matrices.

The Jordan Canonical Form Theorem is an ideal result for complex matrices. But
what about matrices over other fields, such as R or Q or the finite field F,, (the field of
prime order p consisting of the integers 0,1,...,p — 1 with addition and multiplication
modulo p)? The JCF theorem does not hold for arbitrary matrices over these fields, for
the same reason that the Triangularisation theorem does not hold.

However we will prove another canonical form theorem — the Rational Canonical
Form — that holds over arbitrary fields. To state this, we need a bit of notation. Let
F be a field, and denote by F[z] the set of polynomials in  over F'. We can add and
multiply polynomials (indeed, under addition and multiplication they form what is called
a ring).

We call a polynomial p(z) € F|x] monic if it has degree r > 1 and its leading
coefficient is 1, i.e.

p(x) = 2" + ap_12" L+ -+ ap. (1)

Definition Let p(z) be a monic polynomial of degree r as in (1). The companion matriz
of p(z) is the r x r matrix C(p(x)) defined as follows:

0 00 -+ 0 —ap

1 00 --- 0 —a
Clp(x)=10 1 0 --- 0 —ay

000 -+ 1 —ar_

For example,

0 -1

0 1

1 0

Note that C'(p(x)) has characteristic polynomial p(z) (question on Sheet 1).

0
Cla*—z+1)=|1
0

Rational Canonical Form Theorem Let A be an n X n matriz over F, with char-
acteristic polynomial p(x).

(i) There exists a factorization p(x) = p1(x) - - - pr(x) such that A is similar to a block-
diagonal matriz with blocks C(p;(z)) fori=1,...k.

(ii) Under some conditions, the polynomials pi(x),...,px(x) are uniquely determined
by A.

The “conditions” in part (ii) will be spelled out when we state and prove the theorem
in the lectures.

1.2 Geometry

The last part of the course will be concerned with some geometrical aspects of linear
algebra.



Recall the dot product on R™: if u = (uq,...,uy) and v = (vy,...,v,) € R™, then

n
u.v = E U;V;.
i=1

Much of the geometry of R™ is based on the dot product. For example, the length
||u|| = v/u.u, and the distance between w and v is ||u — v||. Various types of n x n
matrices fit naturally into this geometrical picture, for example

e P is orthogonal if PT P = I (which implies that Pu.Pv = u.v for all u,v)

o Ais symmetric if AT = A (which implies that Au.v = u.Av for all u,v).

It is useful to axiomatise the basic properties of the dot product, to obtain the theory
of inner product spaces: an inner product space is a real vector space with a map sending
any pair of vectors u,v to a scalar (u,v) satisfying the following axioms:

(1) the map is linear in each variable u, v
(2) the map is symmetric, i.e. (v,u) = (u,v) for all u,v
(3) (u,u) > 0 for all nonzero vectors u.

We shall develop the theory of inner product spaces. In order to extend the geometrical
notions to vector spaces over arbitrary fields, we shall also develop the theory of bilinear
forms.

2 Some revision from 1st Year Linear Algebra

This chapter is a summary of some of the theory of matrices and linear maps from the
1st year course that we’ll need.

Let V be a finite dimensional vector space over a field F and T : V — V a linear
map. If B = {v1,...,v,} is a basis of V, let

T(Ul) = a11V1 + ...+ Ap1Vn,

T(vp) = aipv1+ ...+ appoy

where all the coefficients a;; € F'. The matriz of T" with respect to B is

aip -+ Qln
[T]p = (a) =

Gnp1 - Gnpn

Proposition 2.1 Let S:V =V and T : V — V be linear transformations and let B
be a basis of V.. Then
[ST]5 = [S]B[T]B,

where ST is the composition of S and T.



As a consequence of the proposition, the map T' — [T|p from linear maps to n x n
matrices has many nice properties. For example, if [T]g = A then [T?]p = A% and
similarly [Tk] B = AF for any positive integer k. More generally, for a polynomial
q(z) = aya” + -+ a1z +ag (a; € F), define

q(A) =a, A"+ -+ a1 A+ apl

and
¢(T) = a;T" +--- + arT + aoly

where Iy : V — V is the identity map. Then Proposition 2.1 implies that

[¢(T)]B = q(A).

Change of basis

Let V' be n-dimensional, and let bases E = {e1,...,e,} and F = {f1,..., fn} be two

bases of V. Write
fi = puei+---+pnien,

fn = pin€1+ -+ Pnnén.

and define P to be the n x n matrix (p;;). We call P the change of basis matriz from E
to F.

Proposition 2.2 (i) The change of basis matriz P is invertible.

(i) If T : V — V is a linear map, then [T|p = P YT|gP (so [T)g and [T)r are
similar matrices).

Determinants

As we already noted in Chapter 1, if A, B are similar n X n matrices, then they have
the same determinant. Hence if T : V — V is a linear map, and FE, F' are two bases of
V', then the matrices [T|g and [T]r have the same determinant (by Proposition 2.2(ii)).
Therefore we can define the determinant det(7") of a linear map 7" to be the determinant
of the matrix [T]g for any basis E of V. The characteristic polynomial of T is defined
to be det(xIy — T'). This is a polynomial in x of degree n = dim V.

Proposition 2.3 (i) The eigenvalues of T' are the roots of the characteristic polyno-
mial of T.

(ii) If A is an eigenvalue of T, the eigenvectors corresponding to A are the nonzero
vectors in
E) = {U eV ()\IV — T)(U) = 0} = ker()\IV — T).

(iii) The matriz [T)p is a diagonal matriz iff B consists of eigenvectors of T.

Definition We call E) the A-eigenspace of T. Note that E) is a subspace of V' (since
it is the kernel of the linear map AIyy — T).

Proposition 2.4 Let V a finite-dimensional vector space over C, and let T : V — V be
a linear map. Then T has an eigenvalue A € C.



Proof The characteristic polynomial of T" has a root A € C by the Fundamental
theorem of Algebra. [J

Note that Proposition 2.4 is not necessarily true for vector spaces over other fields.
For example T : R? — R? defined by T'(z1, 22) = (z2, —21) has characteristic polynomial
22 + 1, which has no real roots.

Diagonalisation

Recall that a linear map 7' : V — V is diagonalisable iff there exists a basis of V'
consisting of eigenvectors of T'. Here is a very useful result on eigenvectors.

Proposition 2.5 Let T : V — V be a linear map. Suppose vi,...,v, are eigenvec-
tors of T corresponding to distinct eigenvalues A\i,...,A\g. Then vy, ..., vr are linearly
independent.

Corollary 2.6 Let V' be n-dimensional over F, and let T : V. — V a linear map.
Suppose the characteristic polynomial of T has n distinct roots in F'. Then T is diago-
nalisable.

Example Let

A1
0 AQ *x
A =
0 -~ 0 A\,
be upper triangular, with diagonal entries Ai,...,\,, all distinct. The characteristic

polynomial of A is ;" (x — A;), which has roots Ai,..., \,. Hence by Corollary 2.6, A
is diagonalisable, so there exists P such that P71 AP = diag(\1,. .., \y).

Note that this is not necessarily true if the diagonal entries are not distinct, e.g.

< (1) 1 ) is not diagonalisable.

As a final point about diagonalisation, it is sometimes important to specify which
field we are working over. If A is an n X n matrix over a field F', we say A is diagonalisable
over F' if it is similar to a diagonal matrix with entries in F'. For example, the matrix

<_01 (1)) is not diagonalisable over R, but it is diagonalisable over C.

3 Algebraic and geometric multiplicities of eigenvalues

In this chapter we introduce and study two types of eigenvalue multiplicity.

Definition Let 7': V — V be a linear map with characteristic polynomial p(z). Let
A be a root of p(x) (i.e. an eigenvalue of T'). Then there is a positive integer a(\) such
that

p(z) = (@ = 2)*"Vq(x),

where A is not a root of g(x). We call a(\) the algebraic multiplicity of X as an eigenvalue
of T



The geometric multiplicity of X is defined to be
g(A) = dim Ej,

where F) is the A-eigenspace of T'.

We adopt similar definitions for n x n matrices.

Example For A = < (1) ; ), we have
a(l) =g(1) =1, a(2)=g(2)=1
11
And for B = ( 01 ), we have

a(l) =2,¢9(1) = 1.
Proposition 3.1 If A is an eigenvalue of T : V. — V, then g(\) < a(N).

Proof Let r = g(\) = dim E\ and let vy,...,v, be a basis of E). Extend to a basis
of V:
B =A{v1,...,vp,w1,...,ws}.

We work out the matrix [T']:

T(’Ul) = )\’01,
T(v,) = vy,
T(wi) = anvi+--+ vy +briwy + - - + bsrws,
T<ws) = aisv1 + -+ arsVr + blswl +---+ bssws~
So
A 0 - 0lay - ags
A 0
Tls = 0 0 - Xlam - ars (A A
B = 0 -~ --- 0]|by - bis “\o B/
0 -+ - 0|bsy - bgs
The characteristic polynomial of this is
B (x — NI, ‘ —A
p(x)-det( O‘xIS—B .

Using Q4 on Sheet 1, this is
p(z) = det((z — N\)I,) det(zly — B) = (x — A\)"s(z),
where s(x) is the characteristic polynomial of B. Hence the algebraic multiplicity a(\) >

r=g(A). O

Using this we can prove the following basic criterion for diagonalisation.



Theorem 3.2 Let dimV =n, let T : V — V be a linear map, let \1,..., )\ be the
distinct eigenvalues of T', and let the characteristic polynomial of T be

T

pla) = [T = 2

i=1
(so Y i_y a(N) =n). The following statements are equivalent:
(1) T is diagonalisable.
(2) 3im19(Xi) =n.
(3) g(Ni) = a(N;) for alli.

Proof We first prove (1) = (2). Suppose (1) holds, so V has a basis B consisting of
eigenvectors of T'. Each vector in B is in some eigenspace E},, so

> g(ni) = dimE), > |B|=n.
i=1 i=1
By 3.1, >, g(N) < >0y a(N\) = n. Hence ) g(\;) = n.
Next we show that (2) < (3). This is easy, as

dog)=ned gh) = alh) & gh) = a(\) Vi

(using 3.1 for the last implication).

To complete the proof, we show that (2) = (1). Suppose (2) holds,so > ;_; dim E), =
n. Let B; be a basis of Ey, and let B = |J;_; By, so |B| = n (the B;’s are disjoint as
they consist of eigenvectors for different eigenvalues).

We claim that B is a basis of V' (hence (1) holds). Since |B| = n = dimV, it is
enough to show that B is linearly independent. Suppose there is a linear relation on the

vectors in B, and write it as
Zaaa+~-+2azz:0. (2)

a€ By 2€B,
Write
v = ZaEBl Ao,
Up = ZzEBr Qzz,
sov; € E), and v; +--- 4+ v, = 0. As A\,..., )\, are distinct, the set of nonzero v;’s is

linearly independent by 2.5. Therefore there can’t be any nonzero v;’s, and so v; = 0 for
all i. Then v1 = Y, .5 @.a = 0, so as By is linearly independent (it is a basis of E},)
all the coefficients o, = 0. Similarly all the other a’s in (2) are 0. This completes the
proof that B is linearly independent, hence a basis of V. [J

Using 3.2 we obtain a test to check whether a given n X n matrix or linear map is
diagonalisable:

1. Find the characteristic polynomial, and factorise it as



2. Calculate each g(\;) = dim E},.

3. If g(\;) = a(\;) for all 4, YES.
If g(A\i) < a(N;) for some i, NO.

-3 1 -1
Example Let A= | -7 5 —1 |. Check that
-6 6 -2

(1) Characteristic polynomial is (x + 2)%(z — 4).

)

(2) For eigenvalue 4: a(4) =
For eigenvalue —2: a(—

(as it is < a(4)).

Lg(4)=1
2) =2, g(—2) =dim E_p = 1.

So g(—2) < a(—2) and A is not diagonalisable.

4 Direct sums

Recall that if Uy, ..., Uy are subspaces of a vector space V', we can form their sum
U+ +Ug={ur+ -+ ug:u; € Uj for all i},

which is another subspace of V. A direct sum of subspaces is a particular case of this,
defined as follows.

Definition Let V be a vector space, and let V7, ..., V, be subspaces of V. We write
V=WioVe - &V (3)

if every vector v € V can be expressed as v = vy + - -+ + v, for unique vectors v; € V;.
The uniqueness statement means that if vi +- - -+ v = v} +- - - + v, with v;, v} € Vj, then
v; = v} for all 7. If (3) holds, we say that V' is the direct sum of the subspaces V1, ..., Vj.

As an obvious first example, R? = Sp(1,0) @ Sp(0,1). (Here, and throughout these
notes, “Sp” is an abbreviation for “Span”.)

It will be important for us to be able to check quickly whether the direct sum con-
dition (3) holds. For a direct sum of two subspaces (the case k = 2), this is easy:

Proposition 4.1 The following statements are equivalent:
1) V=Va.
(2) VinVa={0} and dimV; + dim V5 = dim V.
Proof First we show (1) = (2). Assume (1), so that V = V; & V5. If there exists

0# v € ViN Vs, then
v=v+0=0+v

gives two different expressions for v as a sum of vectors in V; and Vs, contradicting the
uniqueness statement in the definition of a direct sum. Therefore V3 N Vo = {0}. It
follows that

dimV = dim(V; + V) = dim V; + dim Vo — dim V4 N V5 = dim V; + dim V5.



Hence (2) holds.
Now we show (2) = (1). Assume that (2) holds. Then

dim(V; +V5) =dim V) +dim Vo —dim Vi NV =dim Vj +dim Vo = dim V.

Hence V' = Vi + V5. To show uniqueness, suppose v + va = v} + vy with v;, v} € V;.
Then
v — v =vh —ve € V1N Va.

Since V4 NV, = {0}, this implies that v; = v, vy = v}. Hence V.=V, & V5. O

The next result shows how to check the direct sum condition (3) for arbitrary values
of k.

Proposition 4.2 The following statements are equivalent:
LHV=Vie---aV.

(2) dmV = Z?Zl dimV;, and if B; is a basis for V; for 1 < ¢ < k, then B =
By U---UByg is a basis of V.

Proof First we prove (1) = (2). Assume that V =V @ --- ® Vj. Let B; be a basis
of Vifor 1<i<k,andlet B=B;U---U By.

Claim B is a basisof V.

Proof of Claim: Clearly B spans V, since V = V; 4+ --- + Vi. Now we show linear
independence. Suppse there is a linear relation on the vectors in B, and write this as

Zaaa+~--+2azz:0. (4)
a€By 2€Br

Now V=V1&---® Vg, hence 0 =0+ ---+0 is the unique expression for the zero vector
as a sum of vectors in Vi, ..., Vj. Hence each sum in the left hand side of (4) is equal to
0, and so all the a’s in (4) are 0. This proves that B is linearly independent, hence is a
basis, proving the Claim.

As in the proof of 4.1 we see that V; NV} = {0} for i # j, and hence B; N Bj = () and
B is the disjoint union of the B;. By the Claim, therefore, we have

k k
dimV = [B| =) [B;| = ) _dimV;,
=1 =1

so that (2) holds.

Now we prove that (2) = (1). Assume that (2) holds. For each ¢ let B; be a basis
of Vi, and let B = |J¥ B;, a basis of V. As dimV = Z’f dim V;, we have |B| = Y |Bil,
so the B;’s are disjoint sets. Every vector in V is in the span of B, hence is a sum of
vectors in Vi,..., Vi, so V =V; 4+ .-+ Vi. To prove uniqueness, suppose that

v o =0 g,
where each v;, v, € V;. Then

0= (vy —v})+ -+ (vp — v})-

10



If any term v; — v} is nonzero, this equation will give a nontrivial linear relation on the
vectors in the basis B, a contradiction. Hence v; = v} for all i, proving uniqueness, and
soV=Viea---aV,. O

Example InR*let V; = sp((1,1,0,0),(0,—-1,1,0)), Vo =sp(2,1,2,1), V3 = sp(0,0,1,1).
LR =VioV,®Vs?

Answer: no, as {(1,1,0,0),(0,—1,1,0),(2,1,2,1),(0,0,1,1)} is not a basis of R?.
(The simplest way to check this is to write the vectors as the rows of a 4 x 4 matrix and
show that this can be reduced by row operations to a matrix with a zero row.)

To complete this chapter, we demonstrate an important link between direct sums
and linear maps. First we need a definition.

Definition Let T': V — V be a linear map, and W a subspace of V. We say that W
is T-invariant if T(W) C W, where T(W) = {T(w) : w € W} (in other words, T" maps
W — W). If W is T-invariant, write Ty : W — W for the restriction of T to W. Thus
Tw is the linear map W — W defined by Ty (w) = T'(w) for all w € W.

Proposition 4.3 Let T : V — V be a linear map, and suppose that V=V, & --- ®Vj,
where each subspace V; is T-invariant. For each i let B; be a basis of V;, and let A; be
the matriz of the restriction [Tv,|p,. Then if B is the basis Ulf B; of V', the matriz [T]p
1$ the block-diagonal matriz

Ay
ms=| | )
Ay
Proof Let By = {v1,...,v,}. Then T(vy) = Ty, (v1) is a vector in Vi, say T'(vy) =
a11v1 + - - - + ap1vp. Similarly for T'(ve), ..., up to T'(v,) = Ty, (vy) = a1,v1 + - - - + appvy.

So we see that the top left hand block of [T|g is the r x r matrix (a;;), which is [Ty, ], .
Carrying on like this, we see that the next diagonal block is [Ty, |p,, and so on. O

Notation In view of the proposition, and for convenience of notation, we shall denote
the block-diagonal matrix in (5) by A1®- - -®Ag. Thus for n; xn; matrices A; (1 <i < k),
we write
Ay
Al R Ak — : ,
Ay,

an n X n block-diagonal matrix, where n = Zle ;.

5 Quotient spaces

Let V' be a vector space over a field F', and W a subspace of V. In this section we define
the quotient space V/W. Its vectors are the cosets W + v for v € V| where

WHv={w+v:weW}

These are just cosets of the additive subgroup W of the group (V,+), as seen in 1st
Year Group Theory. (They are right cosets, but the right coset W + v is the same as

11



the left coset v + W because addition is commutative, so we just call them cosets.) It
is of course possible to have W + v = W + ¢’ for different vectors v, v’; it is easy to tell
when this happens:

WHov=W4+v cv-—0v eW.

You will have seen this fact in the 1st Year, but I have also set it as a question on Sheet
2 to make sure.

To make V/W into a vector space, we need to define addition and scalar multiplica-
tion of cosets. The natural definitions are:
(A) (W +wv1) + (W +w2) =W +v1 + 19
(S) MW +v) =W+ M

for all v;,v € V, A € F.. We must check that these operations are well-defined. Here is
the check for (A):
W =W+, WHuve=W+0v) =uv —0vj,va—vheW
= v +vy— (V] +vh) eW
= W+ +vy =W + v + 5.
And here is the check for (S):
Wrov=W+v =v-—2veW
= Nv—v)eW
=sX-XMeW
=W+v=W+ .

Proposition 5.1 Let V/W be the set of cosets W + v for v € V. Then with addition

and scalar multiplication defined by (A) and (S) as above, V/W is a vector space over
F.

Proof. 'We need to check the vector space axioms for V/W. These are:

Addition axioms: these amount to saying that (V/W,+) is an abelian group, with iden-
tity element the zero vector W 4+ 0 = W.

Scalar multiplication axioms — these are

(S1) AM(W +v1)+ (W 4+ v2)) = AW 4+ v1) + A(W + v9)
(S2) AN+ ) (W +v) =AW +0v) + u(W +v)

(S3) (A(W)(W +v)) = (Aw)(W +v)

(S4) L(W 4+v) =W +w.

Checking all the axioms is a routine exercise. I will just do (S1) and leave the rest to
you to check:

AW +01) + (W +w2)) = XMW +v1 +v2)
=W + Av1 + v2)
=W + A1 + Ave
= (W + Advp) + (W + Avg)
=AW +v1) + A(W +vg). O

We call the vector space V/W the quotient space of V' by W. Its dimension is given
by the next result.

12



Proposition 5.2 Let V' be finite-dimensional, and let W be a subspace of V. Then
dimV/W =dimV — dim W.

Proof. Let wy,...,w, be a basis of W. Extend this to a basis of V:
Wiy oyWp, U1y...,VUs.

SodimW =r and dimV =r + s.
Claim W 4 vq,...,W 4 v, is a basis of V/WW.

Proof of Claim We first show the given set of vectors is linearly independent. Suppose
Z Xi(W 4+ v;) =W (the zero vector of V/W).
i=1

Then LHS = W + " \jv; = W, so Y A\ju; € W. Hence there exist scalars p; such that

s r
E )\i'Ui = E HiWs.
i=1 J=1

As wi,...,wy, v1,...,0s is a basis, this implies that A\; = 0 for all 4, proving that the set
of vectors in the Claim is linearly independent.

Now we prove the set spans V/W. Let W 4+ v € V/W. There are scalars \;, j1; such

that
T S S
v = Z,ujwj —i—Z)\z‘Ui = w+z)\ivi7
j=1 i=1 i=1

where w € W is the first sum. Hence

S S

WHv=W+Y Avi= > MW +1,).
i=1 i=1

This proves the spanning assertion, and so the Claim is proved.

By the Claim, we have
dmV/W =s=dimV —dimW. O

Example Let V =R? and W = Sp(e; + e2 + e3). To find a basis of V/W, extend the
basis w = e; + e3 + e3 of W to a basis of V — say w, e1,es. Then by the Claim in the
above proof, W + e1, W + eg is a basis of V/W.

Quotient spaces and linear maps

Let T : V — V be a linear map. Suppose that W is a T-invariant subspace of V'
(recall this means that T(W) C W). Then we can define the restriction Ty : W — W.
We can also define a quotient map T : V/W — V /W as follows:

T(W +v)=W+T(v) YveV.
We need to check that T is well-defined; here is the check:

WHov=W+v =v—1veW
= T(v—2") €W (since T(W) C W)
=Tw)—TW)eW
=W+Tw)=W +T()
= T(W +v) =T(W + ).

13



We now show that there is close relationship between the matrices of T, Ty and T
with respect to certain bases. Choose of basis By, of W:

Bw = {wy,...,w,}.
Extend this to a basis B of V:
B ={wy,...,wp, v1,...0s}.
As in 5.2, we have a basis B of V/W:
B={W+uvy,...,W +us}.

Proposition 5.3 Let X = [Tw]p,, (anr x r matriz) and Y = [Tz (an s x s matriz).

Then
ne-(3 7).

where Z isr X 8.

Proof. Let
T(wi) =35 wjow; (1<i<r),
T(vi) = iy zjiwj + Y51 yjivy (1 <i<s)
Then ~ ) .
TOW tvi) =W i zjiwg + 251 Y5ty
=W+ 351 v
=2 5= Y5 (W + vj).

Hence [Tiv]p,, = (zi;) = X, [T]p = (yi;) =Y and

[T)p = <)0( )Z/> ,
where Z = (zi;). O

Example Let V =R3?and T:V — V be given by T'(v) = Av for all v € V, where

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

Let w = (1,1,1)7. Then T(w) = 0, so W = Sp(w) is a T-invariant subspace. We
extend the basis {w} of W to a basis B = {w,e1,ea} of V, so we have a basis B =
{W +e1,W + ea} of V/W. Check that

T(er) = (1,-2,1)" = w = 3ez, T(ez) = (=2,0,1)" = w —3e; — e.
Hence T(W +e1) = W — 3ea, T(W +e3) = W — 3e1 — ea, and so

M= (% 23).

Finally,

where Z = (1,1).
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Corollary 5.4 Let T : V — V be a linear map, and let W be a T-invariant subspage
of V. Let c(x), ci(x) and ca(x) be the characteristic polynomials of T, Ty and T,
respectively, Then c(x) = c1(x)co(x).

Proof. 1In the notation of Prop. 5.3,

I, — X -7
c(x) —det( 0 :cIS—Y)
=det(zl, — X)det(zl; —Y)
=ci(z)ca(z). O

6 Triangularisation

Triangular matrices are not as easy to compute with as diagonal matrices, but they do
have many nice properties. Here are a couple that will be familiar to you from 1st Year.

Proposition 6.1 Let A and B be upper triangular n X n matrices:

A M1
0 )\2 * 0 175 *
A — . s B =
0 0 An 0 0 M

(i) The characteristic polynomial of A is [, (x — X\i), the eigenvalues are A1, ..., A,
and the determinant is [, A;.

(ii) The product AB is also upper triangular, with diagonal entries A1, ..., Appin-

So the characteristic polynomial of a triangular matrix is [[}(z — A;), a product of
linear factors. The triangularisation theorem shows that the converse is true:

Theorem 6.2 (Triangularisation Theorem) Let V' be an n-dimensional vector
space over a field F' and let T : V — V be a linear map. Suppose that characteristic poly-
nomial c(z) of T factorizes as a product of linear factors, so that c(x) = [} (x — ;) with
all \; € F. Then there is a basis B of V' such that the matriz [T|p is upper triangular.

We will prove this after making a few remarks on it. First we state the corresponding
matrix version:

Corollary 6.3 Let A be an n x n matriz over a field F', and suppose the characteristic
polynomial of A factorizes as a product of linear factors. Then A is similar to an upper
triangular matriz over F.

Proof. Let V = F™ and apply 6.2 to the linear map 7': V' — V given by T'(v) = Av
forallveV. O

Remarks (1) If F' = C then by the Fundamental Theorem of Algebra, every polynomial
over F' factorizes as a product of linear factors. So Corollary 6.3 shows that every n x n
matrix over C can be triangularised.
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(2) For other fields this may not be the case; for example for F' = R, the matrix

1
<_01 0 has characteristic polynomial 22 4+ 1 which has no roots in R, hence is not

similar to a real triangular matrix.

Proof of Theorem 6.2. The proof goes by induction on n = dim V. The result is
obvious for dimV = 1.

Now assume the result for vector spaces of dimension n — 1. Let n = dimV, and
T :V — V alinear map whose characteristic polynomial ¢(z) factorizes as a product of
linear factors. Then c¢(z) has a root A € F. Let w; € V' be a corresponding eigenvector
with T'(wq) = Awy, and let W = Sp(wy), a T-invariant subspace.

The quotient space V/W has dimension n — 1 by Prop. 5.2. Consider the quotient
map T : V/W — W/W (defined by T(W +v) = W + T(v) for v € V). By Cor. 5.4,
the characteristic polynomial of T' divides c(z), hence is also a product of linear factors.
Hence by the induction assumption, V/W has a basis

B={W+uvg,...., W +uv,}

such that the matrix [T] 5 is upper triangular. Let Y = [T]5. Then B = {wy,va, ..., v}
is a basis of V', and by Prop. 5.3,
A Z

(where Z is 1 x n —1 and 0 is n — 1 x 1). This matrix [T|p is upper triangular, so the
induction proof is complete. [

The above proof gives an algorithm for triangularising a linear map T : V. — V
(assuming its characteristic polynomial factorizes):

1) Find an eigenvector w; for T'; let W = Sp(wy).

(1)
(2) Find an eigenvector W + wy for T : V/W — V/W. Let W’ = Sp(w1, w2).
(3) Find an ecigenvector W + ws for T : V/W' — V/W'.

(4)

4) Continue, until we have a basis B = {w1, we, w3, ..., w,} of V. Then [T|p is upper
triangular.

Here is a an example.
Example Let V =R3andlet T : V — V be defined by T'(v) = Av for all v € V, where

3 2 1
A=|-1 0 O
-1 -1 0
Check that the characteristic polynomial of T is (x — 1)3.
(1) We find an eigenvector wy = (1, —1,0)7. Let W = Sp(wy).
(2) Extend w; to a basis C = {w,ez,e3} of V. Then C = {W + e, W +e3} is a
basis of V/W. Compute that
= 2 1
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This matrix has an eigenvector (1, —1), which corresponds to an eigenvector W +es —e3
of T. So in the algorithm we can take wo = es — e3.

(3) Thus our final triangularising basis is B = {wy, wa, e3} (the third vector can be
any vector that makes a basis with wy, w9): the matrix [T]p is upper triangular (with 1’s
on the diagonal, as 1 is the only eigenvalue of T"). Also, if P is the matrix with columns
wy, wa, e3, then P~ AP is upper triangular.

7 The Cayley-Hamilton theorem

Recall that if T: V — V is a linear transformation and p(z) = apxk + -+ a1z +ag is
a polynomial, then p(T") : V' — V is defined by

p(T) = aTF + ap_ T + -+ a1 T + aply.
Likewise if A is n X n matrix,
p(A) = axA* 4+ a1 A+ aol.

In this chapter we prove one of the most fundamental results in the whole of linear
algebra:

Theorem 7.1 (Cayley-Hamilton Theorem) Let V be a finite-dimensional vector
space over a field F', and let T : V — V be a linear map with characteristic polynomial
p(z). Then p(T) = 0.

An immeadiate consequence is the corresponding statement for matrices:

Corollary 7.2 If A is an n X n matrix over a field F' with characteristic polynomial
p(x), then p(A) = 0.

Remarks (1) Here is a “proof” of the corollary: by definition
p(z) = det (I — A).

Substitute z = A: this gives p(A) = det (Al — A) = 0!

Is this a valid proof? No, of course not: the substitution x = A makes no sense, as
x is a scalar variable and A is a matrix.

(2) Note that Corollary 7.2 is obvious for diagonal matrices A = diag(A1, ..., A,): the
characteristic polynomial of A is [, (x — \;), and p(A4) = diag(p(A1),...,p(A\n)) = 0.

(3) Proving Corollary 7.2 for upper triangular matrices is also not too difficult (set as
a question on Problem Sheet 3). Combined with the Triangularisation Theorem 6.2, this

gives a proof of the Cayley-Hamilton theorem for matrices over C, but not for arbitrary
fields.

(4) What about a direct proof of the Cayley-Hamilton theorem? Consider the 2 x 2
case: let A = (CCL b

d) . This has characteristic polynomial p(z) = 2? — (a+d)z +ad — bc,
SO

p(A) = A% —tr(A) A+ det(A) I.

We can verify by direct calculation that this is 0. But for 3 x 3, ..., n X n matrices, this
is not a pleasant approach, and we need a better idea.
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There are several different proofs of the Cayley-Hamilton theorem. I have chosen to
present my favourite proof, which also has the merit of introducing some material that
will be needed in later chapters.

Proof of Theorem 7.1

Let T : V. — V be a linear map with characteristic polynomial p(x). The proof
proceeds by induction on n = dim V. The result is trivial for n = 1. Now assume it is
true for vector spaces of dimension at most n — 1.

(A) Assume first that there exists a T-invariant subspace W such that W # 0 or V.
As in Proposition 5.3, choose a basis By of W, and extend it to a basis B of V' such

that
[T]p = <)0( 5) ,

where X = [Tw]p,,, Y = [T]5. By Corollary 5.4,

p(z) = px(z)py (),

where px, py are the characteristic polynomials of X and Y. Now X is r x r and Y is
s x s, where r = dim W < n, s = dim V/W < n. Hence by the induction hypothesis,

px(X) = O, py(Y) = 0

It follows that if we let A = [T]p = <X Z ), then

p(A) =px(A)py(A)

_(px(X) 4 > py(X) 2 >
0 px(Y) 0 py(Y)
_ (0  Z )(PY(X) Z2
0 px(Y) 0 0
=0

(B) By (A), we can now assume that

V' has no T-invariant subspaces apart from 0 and V. (6)

Claim Let 0# v €V, and let B = {v,T(v),...,T" *(v)}. Then B is a basis of V.

Proof Since dimV = n, it is enough to show that B is linearly independent. Let j be
the largest integer such that the set

S ={v,T(v),..., T (v)}

is linearly independent. Since v # 0 we have j > 1, and obviously j < n. Let X = Sp(5),
so that dim X = j.

By the choice of j, the set {v,T(v),...,T7(v)} is linearly dependent. Hence TV (v) €
Sp(S) = X, and so X is T-invariant. Therefore by (6), we have X = V. Hence j = n,
proving the Claim.

Now we work out the matrix [T] g, where B is as in the Claim. Since T"(v) € Sp(B),
we can write

T"(v) = —agv — a1 T(v) — -+ — an_1T" () (7)
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for some scalars a; € F. Then

00 0 0 —ag
100 0 —a

Tls=[0 1 0 0 —ay |. (8)
000 -+ 1 —ay,,

By Q7 of Problem Sheet 1, the characteristic polynomial of this matrix is
p(x) = 2" +ap_12" 4+ +ap.

Hence by (7),
p(T)(v) = T"(v) + a1 T" () + -+ 4+ agv = 0.

This is true for any v € V (since the choice of v in the Claim was arbitrary). Hence
p(T) = 0, and the proof is complete. [

Definition For p(z) = 2" 4+ a,_12"" '+ +ag € F[z], we call the n x n matrix in (8)
the companion matriz of p(z), denoted C(p(x)) (or just C(p)).

8 Polynomials

Let F be a field. A polynomial in x over I is an expression
P() = an” + an_12" + - + ag

where each a; € F. We denote the set of all polynomials over F' by F[x]. Addition and
multiplication are defined on F[z] as follows: if p(z) = Y a;2%, q(z) = Y bja?, then

p(x) +q(z) = Xo(a; + bi)a",
p(z) q(x) =3 cpx®, where ¢; = > itjek @i

The zero polynomial is the one with all coefficients equal to 0, and is also denoted as
0. For p(x) # 0, the degree deg(p(x)) is the highest power of x occuring in p(z) with a
nonzero coefficient. (The degree of the zero polynomial is undefined.) I leave it as an
exercise for you to show that

deg(p(x)q(x)) = deg(p(z)) + deg(q(x)).

We say that p(z) divides g(x) if there exists r(z) € F[z] such that ¢(z) = p(z)r(x).
Note that if p(z) divides ¢(x), then also Ap(z) divides g(x) for any scalar A # 0, since
q(x) = (Ap(x)) (A" tr(x)). We write p(x)|q(x) to denote that p(z) divides ¢(z). Finally,
p(zx) is monic if its leading coefficient (that is, the coefficient of the highest power of x)
is 1.

In what follows, we shall often write just f, g instead of f(z), g(x), etc. for notational
convenience. We aim to develop a theory of factorization of polynomials analogous to the
theory of prime factorization of the integers. The main result is the Unique Factorization
Theorem for polynomials, Theorem 8.7 below.

The theory starts with the following basic result.
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Proposition 8.1 (Euclidean Algorithm) Let f,g € F[x] with deg(g) > 1. Then
there exist polynomials q,r € Fx| such that

f=aqg9+m,

where either r =0 or deg(r) < deg(g).

Proof The proof goes by induction on n = deg(f). The result is clear if deg(f) =0
(just take ¢ = 0, r = f).
Now let n = deg(f), m = deg(g), and write

f=anz"+-- +a0, g=Dbma™+- +b

(so that an, by, # 0). If n < m, take ¢ = 0,7 = f and the conclusion holds. So assume
that n > m. Let

fi=f— anb;nlxnimg‘

Then deg(f1) < deg(f) = n, so by induction hypothesis, there are polynomials ¢,7;
such that

fi=qag+n
and either r; = 0 or deg(r1) < deg(g). Then

[ = fi+agbla" ™™g
= (q1 + anb;nla:”_m) g+r.

Hence the result holds by induction. [

Definition Let f,g € Flz]\ {0}. We say that d € F[x] is a greatest common divisor
(ged) of f, g if the following two conditions hold:

(1) dl|f and dlg,
(2) if e(z) € F[z] and e|f and e|g, then e|d.

Note that if d is a ged of f, g, then so is Ad for any nonzero A € F'. But apart from
this, ged(f, g) is unique, if it exists (Q on Sheet 3). In fact it does exist:

Proposition 8.2 If f,g € Fx]|\ {0}, then ged(f,g) exists, and is unique up to scalar
multiplication.

Proof We can assume that deg(f) > deg(g), and repeatedly apply the Euclidean
Algorithm 8.1:

f=ag+r1, deg(r1) < deg(g),

g = qir1 +r2, deg(rz) < deg(r),

T1 = gary + 13, deg(rs) < deg(rz),

Tn—1 = qnTn + Tn+1, deg(rn+1) < deg(rn)7
™ = qn+1Tn+1-

Then r4+1 = ged(f,g). O

Definition We say that the polynomials f, g € F[x] are coprime if ged(f,g) = 1.
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Proposition 8.3 If d = ged(f, g), then there exist r,s € F[x] such that d =rf + sg.

Proof Referring to the previous proof, start with the equation d = ry41 = rp—1 — gnrn-
Substitute for r, using the previous equation; then substitute for r,_1, and so on. [J

Factorization

First we define what are the “primes” in F[z].

Definition A polynomial p(z) € F[z] is irreducible over F if deg(p) > 1, and p(x)
cannot be factorized as a product of polynomials in F[z] of smaller degree.

Note that there are always factorizations of the form p(x) = (Ap(x)) (A™!) with
A€ F\ {0}. A polynomial that is not irreducible is called reducible.

Examples (1) The irreducibility of a polynomial depends on the field: for example
2?2 + 1 is irreducible over R, but not over C (since 2% + 1 = (z +i)(z — i)).

(2) Every polynomial in C[z] of degree at least 1 has a root in C, by the Fundamental
Theorem of Algebra. So the only irreducible polynomials in C[z] are linear polynomials
az + b. The irreducibles in R[z| are linear polynomials, and also quadratic polynomials
with no real roots (Q on Sheet 3).

(3) Here are the irreducibles of small degree in Fa[z] (where Fy = {0, 1}, the field of
2 elements):

degree 1: =z, z + 1

degree 2: x2 + x + 1 (this is irreducible as it has no roots in Fg)

degree 3: z3 +x + 1, 23 + 22 4+ 1 (these are irreducible as they have no roots in Fs)
In Q on Sheet 3 you are asked to find all the irreducibles of degree 4.

Let me now briefly discuss irreducible polynomials in Q[z], an interesting and tricky
topic. Given p(x) € Q[z], it is usually hard to decide whether it is irreducible. The next
result is a useful tool for monic polynomials that happen to have integer coefficients.

Proposition 8.4 Let p(x) € Q[z] be a monic polynomial with integer coefficients.

(1) If « € Q is a root of p(x), then o € Z.

(2) If p(x) is reducible over Q, then it has a factorization p = ab, where a(x),b(x) are
also monic with integer coefficients.

Proof Part (1) is Q on Sheet 3. Part (2) is a famous result called Gauss’s Lemma.
We won’t prove it here — if you are interested, you can find a proof in the recommended
textbook by I N Herstein. [

Example We show that x3 4+ = + 1 is irreducible over Q. Suppose it is reducible: then
it has a linear factor, hence has a root &« € Q. Then o € Z by Prop. 8.4(1), and «
divides the constant term 1, hence a = 1. But 1 and —1 are not roots of z3 + z + 1,
contradiction.

Irreducible polynomials have several properties which are analogous to those of prime
numbers. Here is one such basic property.
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Proposition 8.5 Let p(x) € Fx] be irreducible, and let a(z), b(x) € Flz|. If plab, then
either pla or plb.

Proof Suppose that plab and also p fa. As p is irreducible, ged(p,a) = 1, and so by
Proposition 8.3, there exist r, s € F[z] such that

1=17p+ sa.

Multiplying through by b, this gives b = rpb + sab. As p divides ab, it divides the RHS
of this equation, hence it divides b. [J

Corollary 8.6 If p(x) € F[x] is irreducible and p|g1 - -- g (where each g; € Fx]), then
plgi for some i.

Proof This is by induction on r, using Proposition 8.5. [

Theorem 8.7 (Unique Factorization Theorem) Let f(z) € F[z] with deg(f) > 1.
(1) Then f factorizes as a product

f=pi-pr,
where each p; € F[x] is irreducible.

(2) The factorization is unique (apart from multiplying factors by scalars).

Proof (1) The proof is by induction on deg(f). The result is obvious if deg(f) = 1.

Let n = deg(f), and assume the result holds for polynomials of degree less than n.
If f is irreducible, the result holds, taking p; = f. And if f is reducible, then f = ab
where a,b € F|x] both have degree less than n. By induction hypothesis, a and b are
products of irreducibles, hence so is f.

(2) Again we proceed by induction on deg(f). Suppose
f=pi-pr=q g, (9)

where all the polynomials p;, g; are irreducible. Then pi|q; - - ¢s, so by Corollary 8.6,
p1|g; for some i. Re-label the ¢’s to take i = 1. Hence ¢; = bp; for some b € F|x], and
as qp is irreducible, b is a scalar. Reaplce q; by b~'q; (and g2 by bga), so that p; = qi.
Now we can cancel these factors in (9), giving

P2 Pr=4q2"""4gs.

By the induction hypothesis, » = s and (re-ordering the factors), p; = ¢; for all i > 2,
up to scalar multiplication of factors. Hence p; = ¢; for all i« > 1 (up to scalar mult.),
completing the proof by induction. [J

To complete the section, we define the least common multiple lem(f, g) of two poly-
nomials f, g € F[z]: this is a polynomial h € F'[z] such that

(1) f and g both divide h, and
(2) if f and g both divide a polynomial k € F[z|, then h|k.

Q of Sheet 3 shows that lem(f, g) exists and is equal to ﬁf}g). It can also be computed

using the factorizations of f and g as products of irreducibles.
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9 The minimal polynomial of a linear map

Let V' be a vector space of dimension n over a field F', and TQV — V a linear map. We
know that there are nonzero polynomials f(z) € F[z] such that f(7") = 0 — for example,
f(z) = er(x), the characteristic polynomial of 7' (by the Cayley-Hamilton theorem).

Definition We say that a polynomial m(x) € F[z] is a minimal polynomial for T :
V' — V if the following three conditions hold:

(2) m(x) is monic,
(3) deg(m) is as small as possible such that (1) and (2) hold.

Our first result shows that the minimal polynomial of 7" is unique.

Proposition 9.1 Let T :V — V be a linear map.

(1) T has a unique minimal polynomial: denote it as mp(x).

(2) For plx) € Flal,
p(T) = 0 ma(2)p(x).

Proof (1) Suppose m(x) and mq(z) satisfy conditions (1)-(3) of the definition. Then
m and my are monic of the same degree, so deg(m —m;) < deg(m) and (m —mq)(T) —
m(T)—m1(T) = 0. Hence by the minimality of the degree, m —m; = 0 and so m = m;.

(2) («) For p(x) € Flz],
mr(x)|p(z) = p(x) = mr(x)q(x) = p(T) = mr(T)q(T) = 0.

(=) Suppose p(z) € Flz| and p(T') = 0. By the Euclidean Algorithm, there exist
q,r € Fx] such that

p(z) = q(x)mr(z) + r(z)
and either r = 0 or deg(r) < deg(mg). Then
0=p(T) = q(T)mr(T) +r(T) = r(T).
As deg(r) < deg(mr) this implies = 0, hence mrp|p. O

We adopt the same definition as above for the minimal polynomial m 4(z) of an n xn
matrix A. Note that if A and B are similar, they have the same minimal polynomial (Q
on Sheet 4).

It will be important for us to be able to compute the minimal polynomial of a linear
map or a matrix. The next result is useful for this.

Proposition 9.2 Let T : V — V be a linear map.

(1) mp(x) divides cp(x), the characteristic polynomial of T

(2) If X\ € F is a root of cp(x) (i.e. an eigenvalue of T), then A is also a root of mrp(x).
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Proof (1) This follows from Proposition 9.1(2), since c¢7(7') = 0 by Cayley-Hamilton.

(2) Let v be an eigenvector of T' with T'(v) = Av. Then 0 = mz(T)(v) = mgp(A)(v).
Hence mp(A) =0. O

Examples (1) Let A be a diagonal matrix, with characteristic polynomial [[;_,(z —
Ai)%, where Aq,...,\, are the distinct diagonal entries with multiplicities ay,...,a,.
Then

r

ma(e) = [~ X,

i=1
a product of distinct linear factors (Q on Sheet 4).

(2) Let us find the minimal polynomial of the matrix

2 2 =5
A=1[3 7 -15
1 2 —4

We first compute the characteristic polynomial ca(x) = (z — 1)?(z — 3). By Prop.
9.2, ma(z) divides this and has the same roots. Hence ma(z) = (z — 1)(z — 3) or
(x — 1)%(x — 3). We compute the matrix (A — I)(A — 3I) and find that it is 0. Hence
ma(x) = (x —1)(x — 3).

(3) Recall that for p(z) = 2™ + a,_12" 1 + .-+ + ap € F[z], the companion matrix
C(p(x)) is defined by

00 0 -+ 0 —ap

100 --- 0 -—-a
Clpx)=10 1 0 --- 0 —a

00 0 -+ 1 —ap

Then

(a) this has characteristic polynomial p(z) (Q7 on Sheet 1)
(b) it also has minimal polynomial p(z) (Q on Sheet 4).

By Proposition 9.2, mp(xz) and cp(z) have the same linear factors. What about
other irreducible factors? The answer is the same:

Theorem 9.3 Let T : V — V be a linear map. If p(x) € Flx] is an irreducible factor
of er(x), then p(x) divides mp(x).

For the proof we need to recall some facts from Sections 4 and 5 about T-invariant
subspaces W (ie. subspaces W such that T (W) C W). There are two associated linear
maps:

Tw : W — W, the restriction of T' to W

T :V/W — V/W, the quotient map T(W +v) = W + T (v) for v € V.

Proposition 9.4 (1) We have cr(x) = cpy, (z) cp(x).
(2) The minimal polynomials mry, (x) and my(x) both divide my(x).
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Proof (1) is Corollary 5.4.
(2) For w e W,
mr(Tiw ) (w) = ma(T)(w) = 0.
And for v € V,

mp(T)(W +v) =W +mp(T)(v) =W +0=W.

Hence mp(Tw) = 0 and mp(T) = 0, so mg,, and m¢ divide mp by Prop. 9.1(2). O

Proof of Theorem 9.3

Let T : V — V be a linear map, and let p(z) € F[z] be an irreducible factor of
cr(z). We need to show that p(z) divides my(z). The proof proceeds by induction on
dim V; it is trivial for dimV = 1. We follows a similar approach to the proof of the
Cayley-Hamilton theorem 7.1.

(A) Assume first that there exists a T-invariant subspace W that is not equal to V'
or 0. Then by Prop. 9.4(1), er(z) = cpy, () c(x). By Prop. 8.5, p(x) divides either
cry () or ep(z). Since both W and V/W have dimension less than dim V', the induction
hypothesis therefore implies that p(x) divides either mgy, (x) or mg(z). Both of these
divide mg(z) by Prop. 9.4(2), so p(x)|mz(z), as required.

(B) By (A), we may now assume that V' has no T-invariant subspaces apart from 0
and V. Let 0 # v € V, and define

B={v,T(v),...,T" ' (v)}.
By the proof of the Cayley-Hamilton theorem 7.1, B is a basis of V', and
[T]p = Cler(x)),

the companion matrix of ¢y (x). The minimal polynomial of this matrix is also ep(z), by
Q of Sheet 4, so mp(x) = cp(x). Hence p(x) divides mp(z), and the proof is complete.
a

Example Let A be the following 5 x 5 matrix over the field Fy = {0,1}:

01 0 01
110 00
A=|(0 0 0 1 O
0 01 10
0 0 0 01

Find the minimal polynomial m4(z).

Answer First compute the characteristic polynomial c4(z) and factorize it as a
product of irreducibles in Fa[x]:

ca(z) = (2 + 2+ 1)z +1).

Hence by Theorem 9.3, ma(z) = (22 + z + 1)*(z + 1) with 4 = 1 or 2. Now compute
that (A2 4+ A+ I)(A+ 1) # 0. Hence

ma(z) =calz) = (22 + 2+ 1Dz +1).
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10 Primary Decomposition

Recall from Section 1: we are aiming to prove “Canonical Form” theorems. These say
that any n x n matrix A over a field I is similar to a block-diagonal matrix
M,
M@ @®M, =
My,

where the M; are “nice” matrices (Jordan blocks or companion matrices). To prove these
theorems, we need methods for decomposing a vector space V as V =V d--- dV,,
a direct sum of A-invariant subspaces. In this section we prove a fundamental such
decomposition theorem.

Theorem 10.1 (Primary Decomposition Theorem) Let V' be a finite-dimensional
vector space over a field F', and let T : V — V be a linear map with minimal polynomial
mq(x). Let the factorization of mrp(x) into irreducible polynomials be

k
mr(@) = [ file)™,
=1

where fi(zx),..., fr(z) are distinct irreducible polynomials in F[z]. For1 <i <k, define
Vi = ker (fi(T)™).
Then
HV=Vie - eV,
(2) each V; is T-invariant,

(3) each restriction Ty, has minimal polynomial f;(x)™.

Definition We call the decomposition V = V] & --- @ Vi in Theorem 10.1 the primary
decomposition of V' with respect to T'.

Before starting the proof of the theorem, we make some remarks on the important
special case where every irreducible f;(x) is linear, say fi(z) = x — \; (eg. this will be
the case if F' = C). In this case, the factorization is

k
mr(z) = [J(& = X)™
i=1
where A1, ..., \r are the distinct eigenvalues of T', and

Vi = ker(T — A\ I)™.

We call V; the generalized )\;-eigenspace of T

2 0 0
Example Let A= | -1 -3 —1 | andlet T:V — V be the linear map T'(v) = Av,
-1 4 1

where V = R3. Let us compute the primary decomposition of V.
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First find that m4(z) = ca(z) = (x — 2)(z + 1)2. So in this case V; and V3 are the
generalized eigenspaces ker(A — 2I) and ker(A + I)%.

Compute that Vi = ker(A — 2I) = Sp(v;), where v; = (—1,0,1)T, and V5 = ker(A +
I)? = Sp(eg,e3). So V =V; @ V4 is the primary decomposition, and with respect to the
basis B = {v1, e2, e3}, we have

2 0 0
Tlg=(0 -3 -1
0 4 1
The diagonal blocks (2) and <_43 _1 ) are the matrices of the restrictions 7y, and

Ty,.

Corollary 10.2 A linear map T : V. — V s diagonalisable if and only if mp(x) =
Hle(:r — i), a product of distinct linear factors.

Proof (=) Suppose T is diagonalisable, and let B be a basis of V' consisting of
eigenvectors of T'. Let A; ..., g be the distinct eigenvalues of T', and let f(x) = Hle(x—
Ai). Then f(T) = Hlf(T — M) maps each basis vector of B to 0, and hence f(T) = 0.
Hence myp(zx) divides f(x), and so my(x) is a product of distinct linear factors.

(<) Suppose mp(x) = H?Zl(x—)\i), a product of distinct linear factors. By Theorem
10.1, we have V =V; & - - - & Vi, where each V; = ker(T — \;I) = E),, the \;-eigenspace
of T. By Prop. 4.2, the union of bases of Vi,...,V; is a basis of V, and it consists of
eigenvectors of 1. Hence T is diagonalisable. [

We now begin working towards the proof of Theorem 10.1. This is based on the
following result.

Proposition 10.3 Let T : V — V be a linear map, and suppose gi(x), g2(x) € Flx] are
coprime polynomials such that g1(T)g2(T) = 0.

(1) Then V =Vy @ Va, where V; = kerg;(T') for i =1,2; also each V; is T-invariant.
(2) Suppose also that my(x) = g1(x)g2(x). Then mr, (x) = gi(x) fori=1,2.
Proof (1) As gi1(x), g2(x) are coprime, there exist s1(z), s2(x) € F[z] such that

s1(z)g1(x) + s2(zx)g2(v) = 1.
Then
51(T)g1(T) + s2(T)g2(T) = Iv.

Let v € V. Then
v=1Iy(v) = s1(T)g1(T)(v) + 52(T)g2(T)(v).

So v = vy + vg, where v; = $;(T")g;(T) (v ) for i = 1,2. Since g1(T)g2(T) = 0, we see that
vy € kerge(T) = Vo and vy € kergy (T') = Vi. Hence

V=Vi+W.
Also

veVinVa=v=s(1)n(T)v)+ s2(T)g2(T)(v) =0,
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and so V1NV, = {0}. Therefore V = V; @&V, by Prop. 4.1. Finally, each V; is T-invariant
since

vE Vi = gi(T)(v) = 0= g(T) T(v) = T gi(T)(v) = 0 = T(v) € kergs(T) = V;.

(2) Let mi(z) = mqy, (2) for i = 1,2. As V; = kerg;(T'), we have g;(Ty;) = 0, so
m;(z) divides g;(x) by Prop. 9.1(2). As g1, g2 are coprime, so are mi, ms. Therefore by
Q on Sheet 4,

mp(z) = lem(mq(z), ma(z)) = my(z)me(x).
Since by the hypothesis of (2) we have mrp(x) = g1(x)g2(x), it follows that m;(z) = g;(z)
fori=1,2. [0

Proof of Theorem 10.1

Let T': V — V be a linear map with mp(z) = Hle fi(x)™, where fi(z),..., fr(x)
are distinct irreducible polynomials in F[z]. The proof proceeds by induction on k. It
is trivial for k = 1, so assume k > 2.

In Proposition 10.3, take
k
g1(x) = fi(x)™, ga(z) =[] file)™.
=2
These are coprime, so by 10.3, we have
V=VieWw
where Vi = kergy (T'), W = kerga(T), and also
minimal poly. of Ty, is g1(z) = fi(x)™,
minimal poly. of Ty is ga(x) = Hf:Q filx)m.
Applying the induction hypothesis to the restriction Ty : W — W, we obtain

where for i = 2,...,k we have V; = kerf;(Ty)™ and also the minimal poly. of (Tyy)y; is
fi(z)™. Note that ker f;(Ty )™ = ker f;(T)™, since the RHS of this equation is contained
in kergs(T') = W. Also (Tw )v, = Tvy;. Hence we have shown that the following conditions
hold:

eV=VieW=VieVhe &V,
e cach V; = kerf;(T)™,
e cach Ty, has minimal poly. f;(z)™.

These are the conditions specified in the conclusion of the theorem , so this completes
the proof by induction. [
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11 Jordan Canonical Form

In this chapter we prove the first of the canonical form theorems mentioned in the
introductory chapter 1. This is the Jordan Canonical Form theorem, one of the main
results in the whole of linear algebra.

Definition Let F be a field and let A € F. Define the n x n matrix

A1 0 ... 00
0O x1 ... 00
Ta()) = 00 X ... 00
000 ... A1
0 0 0 ... 0 A

Such a matrix is called a Jordan block.

For example

o O O

1 0
J2<5>=<§ ;>,J3<o>= 0 1) A0 =)

Here are some basic properties of Jordan blocks.

Proposition 11.1 Let J = J,(A).
(1) Both the characteristic and the minimal polynomials of J are equal to (x — \)™.

(2) X is the only eigenvalue of J: its algebraic multiplicity is n and its geometric
multiplicity is 1.

(3) J — Al = Jn(0), and multiplication by J — NI sends the standard basis vectors

en — €p—1 — -+ —ex—er — 0.

(4) (J =A™ =0, and for i < n, (J — M)" has rank n — i and sends e, — e,_;,
€n1 — €n—i—1 and so on.

Proof (1) As J is upper triangular, the characteristic polynomial c;(z) = (x — \)™.
Hence mj(x) = (z — \)* for some i < n. As (J — AXI)"~ ! # 0 by part (4), m (x) must
be (x — A\)™.

(2) The eigenspace E)(J) is the solution space of (J — AI)v = 0, which is Sp(e;), of
dimension 1. Hence the geometric multiplicity g(\) = 1.

Finally, (3) is clear, and it follows that (J — AI)? = J,(0)" sends e, — €5, €n—1 —
én—i—1 and so on, giving (4), O

Recall the definition of a block diagonal matrix: if Aq,..., Ap are square matrices,
where A; is n; X n;, define

A, 0 ... 0

0 A, ... 0
A OAd A, = 2

0 0 ... A

This is n X n, where n. = " n,.
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Proposition 11.2 Let A = A1 ® --- & A and for each i let A; have characteristic
polynomial ¢;(x) and minimal polynomial m;(x).
(1) The characteristic polynomial ca(x) = H’f ci(x).
(2) The minimal polynomial ma(z) = lem (mq(x),...,mg(x)).
(3) For any eigenvalue X of A, dim Ex(A) = 3% dim E)(4;).
(4)

4) For any polynomial q(x), we have q(A) = q(A1) @ --- © q(Ag).

Proof Parts (1) and (4) are clear; part (3) is in Q5 of Sheet 2; and part (2) is Q on
Sheet 4. O

Here is the great theorem.

Theorem 11.3 (Jordan Canonical Form) Let A be an n x n matriz over a field F,

and suppose the characteristic polynomial of A is a product of linear factors over F'.
Then

(1) A is similar to a matriz of the form of the form
J=Tny (M) @ Jny(X2) @ - @ Ty (M) (10)
where Y n; =mn. (Note that the eiegnvalues \; are not necessarily distinct.)

(2) The matriz J in (10) is uniquely determined by A, apart from changing the order
wn which the Jordan blocks appear.

Definition We call the block-diagonal matrix J in (10) the Jordan Canonical Form
(JCF) of A.

There is of course an equivalent statement of Theorem 11.3 for linear maps T : V —
V', where V is an n-dimensional vector space over F. This states that if cp(x) is a
product of linear factors, then there is a basis B of V such that [T]p = J, a unique JCF
matrix.

Note that the condition on c4(x) in the hypothesis of the theorem says that all the
eigenvalues of A lie in F'. This condition is obviously necessary for the conclusion to hold
(as it was for the Triangularisation Theorem). It always holds when the field F' = C, by
the Fundamental Theorem of Algebra.

Example Here are a few examples of JCFs:

A= JQ(I) @ Jo(1) =

B=Js(1)® Ji(1) =

C=Ji(1) @ J3(1) =

(N lNo oo Nollt S laolall
SO R OO R PO O =
O Rr P OO R PR OO R OO
_— 0O 0Or OO0 o = OO
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The uniqueness part (2) of Theorem 11.3 implies A is not similar to B or C. But note
that B is similar to C' (see Q5 on Sheet 2).

Notice that the only diagonal JCF matrices are of the form Jy(A1) @ -+ @ Ji(Ag) —
so in some sense “most” matrices are not diagonalisable.

How to compute the JCF of a matrix

We shall prove the JCF Theorem 11.3 later. First we make some remarks on how
to compute the JCF of any given matrix. Let A be an n X n matrix such that c4(zx) is
a product of linear factors. The JCF Theorem tells us that A ~ J, a JCF matrix as in
(10) (where as usual we use ~ to denote similarity of matrices). How can we compute
J?

First note that A and J have the same characteristic polynomial, minimal polyno-
mial, eigenvalues and geometric multiplicities, and that ¢(A) ~ ¢(J) for any polynomial
q(z). For each eigenvalue A, collect up all the Jordan blocks with evalue A, and change
the order of the blocks to re-write

S = (A) @ ® Jng(N) @ (Jia (1) © -+ B Ty, (1)) © - -~

We call the first bracket the A-blocks of J, then the u-blocks, and so on.

Proposition 11.4 Let J be as above, and X an eigenvalue.
(1) n1+--- 4+ ng = a(N), the algebraic multiplicity of X.
(2) a =number of A\-blocks = g(\), the geometric multiplicity of X.

(3) max (ni,...,nq) =1, where (x — )" is the highest power of x — X dividing ma(x),
the minimal polynomial of A.

Proof (1) The power of z — X dividing the characteristic polynomial of .J is [[{_, (z —
A", s0 a(X) = D1 n.

(2) Each A-block has geometric multiplicity 1 by Prop. 11.1(2), so by Prop. 11.2(3),
we have a = g(\).

(3) By Prop. 11.1(1), the minimal polynomial of J,, () is (x — A)™. Hence by Prop.
11.2(2), the power of = — A\ dividing my(x) is lem ((x — A\)™, ..., (z — A)™), which is
equal to (z — \)max(71,na) ]

So computing the multiplicities a(\), g(\) and the minimal polynomial of A gives
a lot of information about the JCF of A. Often — but not always — this is enough to
determine the JCF. Here are some examples.

Examples (1) Find the JCF of

-1 5 0 0 1
0 -1 0 0 0
A= 0 0 1 0 -1
0 0 01 0
0 0 0 0 1

Answer The characteristic poly ca(z) = (z + 1)?(z — 1)3, so the eigenvalues are —1,1
with a(—1) = 2, a(1l) = 3. Calculate that rank(A + I) = 4 and rank(A — I) = 3, so
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g(—1) = 1 and ¢g(1) = 2. This means that the JCF of A has one —1-block and two
1-blocks, which is already enough to determine it uniquely as

Jo(—=1) @ Jo(1) & J1(1).

(2) Find the JCF of

11 -1 0
01 0 1
A= 00 1 1
00 0 1
Answer Here ca(x) = (z — 1)*, and rank(A — I) = 2, so g(1) = 2 and so the number of

1-blocks is 2. Hence the JCF is either Jo(1) @ Jo(1) or J3(1) & J1(1). Which ?

To determine which, we need to compute m4(z): check that (A — I)? = 0, so
ma(z) = (r — 1)2. Hence by Prop. 11.4(3), the largest block has size 2, so the JCF of
Ais JQ(I) SV, JQ(I).

(3) Suppose we are given the following information about a matrix A:
ca(z) =a", ma(x) = 2°, 9(0) = 3. (11)

Can we compute the JCF of A?

Well, by Prop. 11.4 we know that there are 3 blocks of sizes adding up to 7, and the
maximum size is 3. There are two JCF's satisying these conditions:

J = Jg(O) ©® Jg(O) D J1<0), and J' = Jg(O) D JQ(O) D JQ(O).

So the information in (11) is not sufficent to determine the JCF.

What further information about A is needed to determine the JCF? Well, (11) de-

termines the ranks of A and A3: we have rank(A4) = 7 — g(0) = 4, and rank(43%) = 0

since ma(x) = x3. If we are given also rank(A?), we can determine the JCF, since

rank(J?) = 2, whereas rank(J?) = 1.
A completely general method for computing the JCF of a given matrix will be pro-
vided by the proof of uniqueness part (2) of the JCF Theorem, coming up right now....

Uniqueness of JCF

Here we prove the uniqueness part (2) of the JCF Theorem .11.3:

Theorem 11.5 Suppose A is an n x n matriz over a field F', and A is similar to a JCF
matriz J, where

Then J is uniquely determined by A, apart from changing the order in which the Jordan
blocks appear.

Proof (A) First we handle the case where A has only one eigenvalue A —so all \; = A
and ca(x) = (x — A)™. Re-order the blocks to take

J =N 0 LA o SN,
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where all a; > 0 (some can be 0) — meaning that J has a; blocks of size 1, as blocks of
size 2, and so on. For i > 1, define

m; = rank (A — \)' = rank (J — \I)".
We shall show that the a;’s can be expressed in terms of the m;’s. Observe that
J =AM = Ji(0)" @ J2(0)*2 @ J,.(0).

Hence using Prop. 11.1(4), we see that

m, = rank (J — )" =0
my_1 = rank (J — \I)"1
my_g = rank (J — M) "2 =

my_3 = rank (J — A\I)""3 = 3a, + 2a,_1 + a,_o2,

me = (r —2)a, + -+ + 2a4 + as,
my = (r — 1)a, + -+ + 2a3 + as.

Hence, given the m;’s, we can determine the a;’s uniquely.

This proves the uniqueness statement of the theorem for the case of one eigenvalue.

(B) Now we handle the general case. We are given that A ~ J, a JCF matrix. Let
A be an eigenvalue of A, let Jy be the block-diagonal sum of all the A-blocks in J, and
let L be the sum of the other blocks of J. So re-ordering the blocks, we have

J=J\® L,

where ) is not an eigenvalue of L. So L — I is invertible and rank (L — \I)? = [ for all
i > 1, where L is ] x [.

For ¢ > 1, define
r; = rank (A — X)' = rank (J — \)".

Then '
ri = rank (Jy — AI)" +1,

and so for each i we can compute
m; = rank (Jy — M) =r; — L.

Hence, as in (A), we can determine uniquely the sizes of all the A-blocks in Jy. Now
repeat this for all the other eigenvalues of A, and the proof is complete. [J

Existence of JCF

Now we prove part (1) of the JCF Theorem 11.3. It is convenient to prove it for
linear maps rather than matrices. Here is the statement.

Theorem 11.6 Let T :V — V be a linear map, and suppose that cr(x) is a product of
linear factors. Then there exists a basis B of V' such that [T)p is a JCF matriz.
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First we shall reduce the proof of this theorem to the case where T has only one
eigenvalue.

Let T : V — V be as in the theorem, and let

k k

er(x) =[x —=2)", mr(z) =] -x)",

i=1 i=1

where A1 ..., A\, are the distinct eigenvalues of T', and a; > n; > 1. We apply the Primary
Decomposition Theorem 10.1. If we define V; = ker(7'— ;)™ for 1 <14 < k, this tells us
that

V=& - oV

Let B; be a basis of V;. Then B = B; U--- U By is a basis of V by Prop. 4.2. Let
A; = [Ty;]B;- Then by Prop. 4.3,
Tlp=A1® - @ Ay,

and by Theorem 10.1(3), each A; has minimal polynomial (x — A;)™. Hence if we prove
Theorem 11.6 for each restriction Ty, the theorem will follow in general.

We have now shown that it is enough to establish Theorem 11.6 for the case where
T has only one eigenvalue.

The case of one eigenvalue

Let dimV =n and let T : V' — V be a linear map with c¢r(z) = (z — A)", so that T
has only one eigenvalue A. Define S =T — Al,. Then

S"=(T—-Xy)" =0,
so S has only one eigenvalue 0. Such a linear map is said to be nilpotent.

Here is the JCF Theorem 11.6 for S:

Theorem 11.7 Let S : V — V be a nilpotent linear map. Then there exists a basis B
of V' such that
[S]B = Jny (0) @ - - & Jn, (0).

Corollary 11.8 Then T = S+ Ay has [T|p = Jp,(A) @ -+ & Jp, (N). In other words,
Theorem 11.6 holds for any linear map T having only one eigenvalue.

So to complete the proof of Theorem 11.6 it remains to prove Theorem 11.7.

Proof of Theorem 11.7

Let n =dimV and S : V — V with S nilpotent. We are aiming to find a basis B
such that [S]p = J,, (0)®---. Soif vy,,...,v; are the first n; vectors of B in that order,
we require

S(’Ul) = V2, S(Q}Q) = v3,.. .,S(Unl) =0.

In other words, the first n; vectors of B should be (in reverse order):

V1, S(Ul), ey Snl_l(vl),
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where S™ (v1) = 0. Thus we are looking for a basis B of V' of the form
U1, S(Ul), ey Snl_l('l}l), ceey Uk, S(’l)k), e ,Snk_l('l}k), (12)

where S™ (v;) = 0 fori = 1,...,k. Then (after reversing each subsequence v;, . .., S~ 1(v;)
in B), the matrix [S]p will be the JCF matrix in the conclusion of the theorem. We call
such a basis a Jordan basis of V.

We prove by induction on n = dim V' that a Jordan basis of V exists. It is obvious
for n = 1. Now assume it is true for vector spaces of dimension less than n.

Consider Im(S) = S(V) C V. As 0 is an eigenvalue of S, we have ker(S) # 0, and
so by the Rank-Nullity theorem, S(V') # V. Hence

dim S(V) < n.

Let W = S(V). Then W is S-invariant of dimension less than n, and the restriction
Sw : W — W is clearly nilpotent, so we can apply the induction hypothesis to Sy,. This
implies that there is a Jordan basis of W; write it as

uy, S(u1),. .., 8™ Hug), . up, S(uy), .., S™ T uy), (13)
where S (u;) =0 fori=1,...,r and )} m; = dimW.

Now add vectors to the list in (13) as follows:
(1) for each i, add a vector v; € V such that u; = S(v;);
(2) note that ker(.S) contains the linearly independent vectors
Sy —1(u1), ... 8™ u,);

extend these to a basis of ker(S) by adding further vectors wy, . . ., ws (so dim ker(.S) =
r+s).

With these additions to (13), we now have a list of vectors

v, S(v1),. .., S (v1)y .0, S(vp), ., ST (), W . W (14)

Claim The list (14) is a basis of V.

Proof We first prove the list is linearly independent. Suppose we have a linear
relation

S
a1v1 + o Q1S (1) + e+ Y1 ST (0) + Z&wz‘ =0. (15)
i=1
Apply S to this, noting that S™i+1(v;) = S™i(u;) = 0 and also S(w;) = 0. This gives
a1S(v1) + -+ am S™ (v1) + -+ 7S () + -+ Y, ST (vr) = 0.
This is a linear relation on the basis (13) of W. Hence

alz...:aml:...:fyl:...:f}/mrzo'

Hence (15) is now

s
am1+15m1 (Ul) + 4+ ’Ymr+1SmT(Ur) + Z‘Siwi = 0.
1
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This is a linear relation on our basis of ker(S), so all the coefficients are 0:
Umi+1 = " = Ymp+1 = (51 =0 V.
Hence all the coefficients in the linear relation (15) are 0, proving the linear independence
of (14).
To complete the proof of the Claim, we count the number of vectors in the list (14):
the number is
(mi+1)+- -+ (me+1)+s = 7mi)+r+s

=dimW +r+s

= dim Im(S) + dim ker(.5)

=dim V.
Hence the list (14) consists of n = dim V' linearly independent vectors, so it is a basis of
V', proving the Claim.

Now let B be the basis (14) of V', and reverse each of the subsequences v;, . .., S™(v;).
Then
1518 = Jmi41(0) @ -+ @ Jm,11(0) © J1(0)".

Hence B is a Jordan basis of V', and the proof of the theorem by induction is complete.
O

Computing a Jordan basis

Given any linear map 7' : V — V with ¢y (x) a product of linear factors, a basis B
for which [T is a JCF matrix is called a Jordan basis of V. We can use the method of
the inductive proof of Theorem 11.7 to give an algorithm for computing a Jordan basis
for any such linear map T'. As we argued before, the Primary Decomposition Theorem
gives

V=Vie- - -aV,

where each restriction Ty, has only one eigenvalue \;. And if we let S; = Ty, — M\,
then S; is nilpotent. Hence we just need to find a Jordan basis for nilpotent linear maps
S :V — V. Here is the algorithm for this.

Let S : V — V be nilpotent.
Step 1 Compute the subspaces
VoSV)DS8*5(V)>---28"(V) Do,
where S™*H(V) = 0.

Step 2 Find a basis of S”(V'). Then use rules (1) and (2) in the proof of Theorem 11.7 to
add vectors to get a Jordan basis of S"71(V).

Step 3 Repeat: successively find Jordan bases of S"~2(V),...,S(V),V.

Example Here is an example carrying out this algorithm. Let F be a field, let V = F®
and let S : V — V be defined by S(v) = Av for all v € V| where

1 0 1

'

I
coocoo
coc oo
c oo~
oo o~
R = =)
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Find a Jordan basis for this map.

Answer Observe that ca(z) = 2% mu(z) = z* and the geometric multiplicity
g(0) = 2. Hence the JCF of A is J4(0) & J1(0).

To find a Jordan basis, we use the algorithm.

First check that
S(V) = Sp(e1, ez, e3 + es),
S2(V) = Sp(eq, e2),
S3(V) = Sp(ea),
S4(V) =0.
We now perform Steps 2 and 3. A basis of S3(V) is e;.
Add vectors to get a Jordan basis of S?(V): eg, e1 (since S(ez) = e1).

To get a Jordan basis of S(V): add vy € S(V) such that S(v1) = ea: take vy =
$(—e2+ €3+ €4). So Jordan basis of S(V) is

VU1, €2,€1.
Finally get a Jordan basis of V:
1) add z1 € V such that S(z1) = v1: take 21 = 3(—e3 + €5);
2) add w; such that ey, w; is a basis of ker(S): take w1 = ez + e3 — ey.
So our final Jordan basis of V' is
x1,v1,€2,€1,W1.

To get the ordered basis B such that [S]p is the JCF matrix J4(0) @ J1(0), we must
reverse the sequence of the first four vectors in this basis.

12 Cyclic Decomposition and Rational Canonical Form

Let V be a finite-dimensional vector space over a field ', and T': V — V a linear map.
If F = C, then the characteristic polynomial c¢p(x) factorizes as a product of linear
factors, so the JCF Theorem applies to T". But for other fields, such as R, Q or F, (p
prime), many polynomials do not factorize into linear factors so the JCF Theorem does
not apply. We need a more general canonical form theory. In this section we will prove
the Rational Canonical Form Theorem. This works over any field, and states that there
is a basis B of V such that

[Tz =C(f)@ - @Cfr),

where the matrices C(f;) are the companion matrices of uniquely determined polynomi-
als f; € F[x]. The theory behind this result is based on the notion of cyclic subspaces,
which we now introduce.

Cyclic subspaces
Let V be a finite-dimensional vector space over F, and T : V — V a linear map.
Definition Let v € V with v # 0, and define

Z(w,T) ={f(T)(v): f(x) € Fla]}
= Sp (v, T(v), T?(v),...).
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Call Z(v,T) the T-cyclic subspace of V generated by v (or slightly more briefly, the
cyclic subspace generated by v). Clearly Z(v,T') is T-invariant; we write T, to denote
the restriction of T to Z(v, T).

Similarly, if A is an n x n matrix over F, and 0 # v € F", we define Z(v,A) =
Sp(Atv i > 0).

Example Let

1 1
A=10 1
0 0

= o O

The 1-eigenspace of A is E; = Sp(ey,e3), so for any v € E; we have Z(v, A) = Sp(v).
All other cyclic subspaces Z(w, A) are 2-dimensional: for w ¢ E;, we have Z(w, A) =
Sp(wa 61)'

We next prove some basic facts about cyclic subspaces. Let v, T be as above. In the
sequence
v, T(v), T*(v),. ..

let T%(v) be the first vector that is in the span of the previous ones. So we can express
Tk (v) = —agv — ayT(v) — - - - — a1 TF 1 (v) (16)
for some a; € F'. Define
my(x) = 2F +ap_12" 1+ + a9 € Flz].

By the choice of k, this is the monic polynomial of smallest degree with the property
that m,(T")(v) = 0. Note that also m,(T)(w) =0 for all w € Z(v,T).

Definition We call the polynomial m,(x) the T-annihilator of v and Z(v,T).
Proposition 12.1 With the above notation, the following hold:
(1) B={v,T(),...,T*Y(v)} is a basis of Z(v,T) (so dim Z(v,T) = k).

(2) The matriz [T,]p is the companion matriz

0 0 O 0 —agp

1 0 0 0 —-a
Cmy) =0 1 0 0 —ao

0 0 0 1 —ag—1

(3) The minimal polynomial of T, is my(x).

Proof (1) By the choice of k, no vector in B is in the span of the previous ones, hence
B is linearly independent. Now we show that B spans Z(v, T). By (16), T*(v) € Sp(B).
Hence, applying T to both sides of (16), we see that T**1(v) € Sp(B). Continuing
like this (or using induction), we see that T"(v) € Sp(B) for all » > 0, and hence
Sp(B) = Z(v,T).

(2) This is clear.
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(3) By Q on Sheet 4, the minimal polynomial of the companion matrix C(m,) is
my(x). O

Example Let A be the following matrix over the field Fy:

(17)

== O O
S = = O
O O = O
— = = =

We compute the cyclic subspace Z(eq, A). The list of vectors ey, Aey, ... is
€1, €3+ €4, €1 +€3+¢€4,...

Hence Z(e1, A) has dimension 2 and basis B = {e1, e3 + e4}, and me, (z) = 22 + z + 1.
Finally, denoting also by A the linear map sending v — Av, we have

Al =Clme) = (1)

Recall the Primary Decomposition Theorem 10.1: if mz(x) = [[%, fi(z)" where
fi(x), ..., fr(x) € F|x] are distinct irreducible polynomials, then V' = Vi ®- - - @V}, where
each restriction Ty, has minimal polynomial f;(z)". Hence, as for the JCF Theorem,
to decompose V further we need to focus on the case where mp(x) = f(x)* with f(z)
irreducible. This is the content of the next result, which is the main theorem of this
chapter.

Theorem 12.2 (Cyclic Decomposition Theorem) Let V' be a finite-dimensioanal
vector space over a field F', let T : V. — V be a linear map, and suppose the minimal
polynomial mr(x) = f(z)¥, where f(x) € Flx] is irreducible. Then there exist vectors
v1,...,0 €V such that

V=ZuT)® & Z(v.,T),

where
(1) each Z(v;,T) has T-annihilator f(z)¥ for 1 <i<r, andk =k > ko> --- > k,,

(2) the numbers r and ky, ..., k, are uniquely determined by T.

Before proving this, we deduce two corollaries. The first is just the matrix version of
the theorem, which follows using Prop. 12.1.

Corollary 12.3 Let T be as in Theorem 12.2. Then there is a basis B of V' such that

Tlp=C (f@h) - eC(f)).

where k = k1 > ko > --- > k., uniquely determined by T.

Example Let A be the matrix over Fo as in (17) in the previous example. The
characteristic polynomial ca(z) = (22 + = 4+ 1)2. Hence (as 2> + z + 1 € Falx] is
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irreducible), m4(z) = (2% + x + 1)’ with i = 1 or 2. Check that A% + A + I = 0, hence
ma(z) = 22+ + 1. So it follows from Cor. 12.3 that

01 0 0

) ) (1100
A~nCa*+2+1)eCE +2+1) = 00 0 1
0 0 1 1

Corollary 12.3 implies one of the main results in our proof of the JCF Theorem,
namely the nilpotent case (which was covered in Theorem 11.7):

Corollary 12.4 Let A be an n x n matriz over F, and suppose m(x) = x*. Then
A~CiEE™ @ @ Cah),

where k = k1 > ko > -+ > k., uniquely determined by A.

Note that
00 - 0 0
10 0 0
caty=|" 1 00 T
0 0
10

and J;(0)T ~ Ji(0), so this does indeed imply Theorem 11.7. We chose to give a different
proof of that theorem, since the method provided us with an algorithm for computing a
Jordan basis.

Proof of Theorem 12.2

The proof proceeds by induction on dim V. The result is obvious for dim V' = 1.

Now let n = dim V', and assume the result is true for vector spaces of dimension less
than n. The minimal polynomial my(z) = f(z)* with f(z) € F[z] irreducible. Hence
there exists v; € V such that f(T)*"!(vy) # 0. The T-annihilator of v, is therefore
f(z)*. Define

Z1 = Z(Ul, T),

a cyclic subspace with T-annihilator f(z)".

Let V. =V/Z;, and let T : V — V be the quotient map (defined by T(Z; + v) =
Z1+T(v) for v € V). By Prop. 9.4, the minimal polynomial ms(z) divides f(z)*, so is
f(z)*2 for some ky < k. So we can apply the induction hypothesis to the map T : =V
this impies that there are cosets Wy = Zy +wa, ... W, = Z1 +w, € V = V/Z, such that
the following hold:

(a) V =Z(w, T)® - ® Z(w,, T), and

(b) for 2 < i <, W, has T-annihilator f(x)*, where kg > --- > k,.

Claim 1 There exists a vector v € Z1 + wy with T-annihilator f (x)k2
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Proof Let v € Z1 +wq = ws. Since f(T)*2(wq) = Z; (the zero vector of V = V/Z),
and f(T)*(Z1 +v) = Z1 + f(T)*2(v) by definition of T, we have

F(T)*2(v) € Z1.
Hence by definition of Z; = Z(v1,T), there exists g(z) € F[z] such that
F(T)*2(v) = g(T)(v1). (18)

Then
0= f(T)*(v) = F(T)**2g(T)(v1).

The T-annihilator of vy is f(z)*, so f(z)¥ divides f(z)**2g(x). Hence there exists
h(z) € F|x] such that g(z) = f(x )’”h( ). Define

ve =v — h(T)(vy).
Then vy € Z1 + v = Z1 + wo, and
F(T)2 (vg) = F(T)*(v) = g(T)(v1) = 0 (by (18)).
Hence vy has T-annhilator f(x)*2, proving Claim 1.
Similarly, for s = 2,...,r, there exists v; € Z; +w; with T-annhilator f(z)*. Define
Zi=Z(v;, T) (2<i<r).

Claim 2 We have V = Z, @& Z, & --- & Z, (and so part (1) of the Theorem 12.2 is
proved).

Proof We shall prove
(i) dimV =>". ,dim Z;, and
i) V=2Z1+Za+--+ Z,.

By Prop. 4.2, Claim 2 follows from (i) and (ii).

Let us define a little more notation. Write d = deg(f). Forv e V, let v = Z1 + v €
V/Z1 =V. And for i > 2, define

Z’i = {2 A Zl} = Z(QDZ,T)

First note that for i > 2, both Z; and Z; have annihilator f(z)*. Hence by Prop.
12.1(1),

Also Z; has annihilator f(x)*' (where ky = k), so dimZ; = dky. AsV = Zo @ --- @ Z,
(by (a) above), we have dim V = >""_, dim Z;, and it follows that

dimV = dimV +dim Z; = Zdimz,-.

Finally, V = Zo @ --- @ Z, implies that V = Z; + Zy + --- + Z,.. Thus (i) and (ii) are
established, proving Claim 2.
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We have now proved part (1) of Theorem 12.2, so it remains to prove the uniqueness
statement (2). From Claim 2, we have

V=20 &2, (19)

where each Z; has T-annihilator f(z)*, and k = k; > --- > k,. For 1 <i < r, let n;
be the number of subspaces Z; having annihilator f(z)*. If we apply f(T)*~! to both
sides of (19), we get

FIOH V) = HD) N Z) @ @ f(T) " (Zn).

By Q on Sheet 6, each subspace f(T)*~1(Z;) (for 1 < i < nq) is cyclic with T-annihilator
f(z), and hence by Prop. 12.1(1) has dimension d. Hence

dim f(T)*1(V) = dn,.

Thus the value of n; is uniquely determined by T
Next, apply f(T)*~2 to both sides of (19):

FOF2V) = (FI)2(Z) @@ (1) 2(Z,,)) @
(f(T)k_z(Zerl) ©---D f(T)k_Z(Zernz)) :

By Q on Sheet 6, on the right hand side, the n; subspaces in the first bracket have
annihilator f(x)?, and the ny subspaces in the second bracket have annihilator f(z).
Hence

dim f(T)52(V) = 2dn; + dna,

showing that ng is uniquely determined. Continuing in this fashion, we see that all of
the n; are determined uniquely, completing the proof of part (2) of Theorem 12.2. [J

Rational Canonical Form

We are now ready to state and prove the Rational Canonical Form Theorem. The
great thing about it is that it applies completely generally — to any linear map of any
finite-dimensional vector space over any field.

Theorem 12.5 (Rational Canonical Form Theorem) Let V' be finite-dimensional
over a field F, and let T : V — V be a linear map. Let the minimal polynomial mp(x)
factorize as

mr(@) = [[ file)", (20)
=1

where f1(x),..., fi(x) € Flz| are distinct irreducible polynomials. Then there ezists a
basis B of V such that

(21)
where for each 1,

ki="Fkiaq > > ki,.

The numbers r; and ki1, ..., ki, are uniquely determined by T'.

42



Corollary 12.6 If A is an n X n matriz over a field F', with minimal polynomial as in
(20), then A is similar over F to a unique matriz of the form (21).

Definition In the situation of Corollary 12.6, we call the matrix (21) the Rational
Canonical Form (RCF) of A.

Proof of Theorem 12.5

Let T : V — V be as in the hypothesis of the theorem. By the Primary Decomposi-
tion Theorem 10.1, if we let V; = ker f;(T)* for 1 <i < t, then

VZVl@"'@Vh

where each restriction 7y; has minimal polynomial fi(z)*. By Corollary 12.3, each V;
has a basis B; such that

Tuls, = C (fi@) ) @0 O (fi(e)).

where k; = kj1 > -+ > k;y,, and the numbers r; and k;1,. .., k;, are unique. Hence if B
is the basis By U---U By, of V, then [T]p is as in (21) in the statement of the theorem,
with uniqueness. [

Remarks (1) The polynomials f;(x)*4 are called the elementary divisors of T.

(2) There is another version of the RCF Theorem: it states that every n x n matrix
over F' is similar to a unique matrix of the form

Clg1) & & Clgr),

where g;(z) € F[z] are monic polynomials such that g;|gi4+1 for all i. This can be deduced
from Theorem 12.5 using the fact that if f(z) and g(z) are coprime polynomials in F'[z],
then

C(f) e Clg) ~ C(fg)
(see Q of Sheet 7).

We shall close this chapter by first giving a nice application of the RCF Theorem
to a topic in group theory, and then discussing how to compute the RCF of any given
matrix.

An application to group theory

Recall the general linear group GL(n, F') is the group of all invertible n x n matrices
over a field F' (where the binary operation is of course matrix multiplication). Let
G = GL(n,F) and let g € G. Using the symbol ~ as usual for the relation of similarity
of matrices, the similarity class of g is

gl ={yeG:y~yg}
={y € G :y=z"gx for some x € G}.

In the language of group theory, this is also called the conjugacy class of g in G.

When studying a group, one of the first things one needs to understand is its conju-
gacy classes. For the group GL(n, F), this problem is solved by the RCF Theorem and
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its corollary 12.6, which impies that each conjugacy class has a unique representative
that is an RCF matrix. In particular, the total number of conjugacy classes of GL(n, F')
is equal to the number of distinct RCF's of invertible n x n matrices over F'.

Example Let
G = GL(3,F,),

the group of all invertible 3 x 3 matrices over the field Fo = {0, 1}. Let us compute the
number of conjugacy classes of G.

The irreducible polynomials in Fa[z] of degree at most 3 are
e+ 1, 22 +x+1, 22+ +1, 23 +2%+ 1.

The possible characteristic polynomials of elements of G are products of these irre-
ducibles that have total degree 3, but with no factor = (as matrices in G are invertible).
There are four such polynomials, listed in column 1 of Table 1 below. The possible
minimal polynomials divide these, and have the same irreducible factors; there are six
possible minimal polynomials, listed in column 2 of the table. For each possible minimal
polynomial, Corollary 12.6 shows that there is only one RCF matrix, as listed in column
3 of the table. We conclude that GL(3,F2) has 6 conjugacy classes, and representatives
of each of these classes are give by the matrices in column 3.

Table 1: Conjugacy classes of GL(3,F3)

char. poly. possible min. polys. RCF
010 0 0 1
(x+1)3 (z+1), (z+1)% @+1)3|I,{1 0 0],[1 0 1
0 0 1 0 1 1

(x+ D)@ +z+1) | (z+1D)(@®+2+1)

B 4r+1 B 4r+1

a? + 2?41 a? + 2?41

O OO R OO0 O
—_ ook OO0~ OO
_ O RO =K== O

How to compute the RCF

Let T': V — V have characteristic and minimal polynomials

t t

er(z) =] fix)™, mr(@) =[] fita)",

i=1 i=1

where fi(z),..., fi(x) € F[z] are distinct irreducible polynomials. To compute the RCF,
it is enough to know, for each ¢ = 1,...,t, the values of

rank (f;(T)") (1 <r <k;),

since then the RCF can be calculated by the method given in the last part of the proof
of Theorem 12.2 (the proof of the uniqueness part (2) of the theorem).
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But often much less information than this is needed. Here is an example.

Example Let A be a 15 x 15 matrix over o, and suppose we are given the following
information:

1) ca(x) = (z+1)°@@* + 2+ 1)

2) ma(z) = (z+1)3(2? + z + 1)?

(1)
(2)
(3) rank(A+ 1) =13
(4) rank(A%2+ A+1)=09.

Compute the RCF of A.

Answer Let V = F}® and denote the map v — Av also by A.

By the Primary Decomposition Theorem, we know that V = Vi & V5, where V] =
ker(A+1)3, Vo = ker(A%2+A+1)?, of dimensions 5, 10 respectively (using the information

in (1) and (2)).

By (2), the RCF of the restriction Ay, is either

() Cx+1PaCr+1)2 0r (b) Clz+1)PaClx+1)®C(x+1).
By (3), rank(Ay, + Iy;) = 3, so there are 2 blocks. Hence case (a) holds.
By (2), writing f(z) = 22 + 2 + 1, the RCF of Ay, is either

(c) C(f>) @ C(f*) @ C(f), or (b) C(f*) ® C(f) ® C(f) ® C(f).
By (4), rank(A7, + Ay, + Ii,) = 4, so (c) holds.

Hence the RCF of A is
Clx+1PaC+1)?aC(fHoC(f?)ac(f),

where f(z) =22 +z + 1.

13 The dual space

In this chapter we begin the geometric part of the course — inner product spaces, bilinear
forms etc, as sketched in the Introduction. An important tool in this theory is the notion
of a dual space, which we introduce here.

Definition Let V be a vector space over a field F. A linear functional on V is a linear
map ¢ : V — F, ie. a map such that

d(avy + Bug) = ad(v1) + Bé(va) Yv; €V, a, B € F.

Examples (1) Let V = F" and define m; : V — F by
(X1, .o, Tp) = T4

Then 7; is a linear functional, called the " projection map.

(2) Let V. = M,(F), the vector space of n x n matrices over F. The trace map
sending a matrix A — tr(A) for A € V is a linear functional.

(3) The zero map 0: V — F'is a linear functional.
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We can add and scalar multiply linear functionals ¢1, ¢ in the usual way: for any v € V
and A € F,

(91 + ¢2)(v) = ¢1(v) + P2(v),

(A@)(v) = Ag(v).

Definition Let
V*={¢|¢:V — F a linear functional}.

With the above addition and scalar multiplication, V* is a vector space over F' (a routine
exercise for the reader — you need to check all the vector space axioms, what fun). It is
called the dual space of V.

Dimension

Observe that if vy,...,v, is a basis of V', and A1,..., \, € F, then there is a unique
¢ € V* that sends v; — A; for all i (namely, ¢ (D> a;v;) = > a;A;). In the following
proposition, we use the “Kronecker delta” notation d;; — you have probably seen this:
d;; is defined to be 1 if ¢ = j and 0 if i # j.

Proposition 13.1 Let n = dimV, and let B = {v1,...,v,} be a basis of V. For each
i=1,...,n, define p; € V* by

¢i(vj) = dij for1<j<mn
(so ¢; (3 ajvj) = ;). Then {¢1,...,¢n} is a basis of V*, called the dual basis of B.
Hence dmV* =n=dimV.

Proof If Y \j¢; =0, then for any j we have 0 = > X\;¢i(v;) = ;. Hence ¢1,..., 0,
are linearly independent. To see then they span V*, let 0 € V* and observe that

n

o= o),
=1

since both sides give the same value when applied to any basis vector v;. [

Examples (1) Let V = F" with standard basis ey, ..., e,. The dual basis is 71, ..., Ty,
where 7; is the projection map defined in Example (1) above.

(2) Let V = R?, with basis v1 = (2,1), v2 = (3,1). The dual basis is ¢1, ¢2 where

o1(z1,x2) = —x1 + 322, P2(21,22) = 1 — 222.

Annihilators

Let V be a finite-dimensional vector space over a field F', and V* the dual space.

Definition For a subset X C V, define the annihilator X° of X:

X0={pecV*:¢(x)=0Vz € X}.
I leave it as an easy exercise for you check that X is a subspace of V*.

Proposition 13.2 If W is a subspace of V, then dim W% = dimV — dim W.

46



Proof Letr=dimW and let wy,...,w, be a basis of W. Extend this to a basis of V:
Wiy oy Wp, V1y...,Vs.
Let the dual basis of V* be ¢1,...,¢,,01,...,0s. Then each o; € WV.

Claim o4,...,0, is a basis of WV.

Proof of Claim Obviously o1,...,0s are linearly independent as they are part of a
basis. To show they span W9, let 0 € W°. We can express ¢ in terms of the dual basis:

T S
o= ZM@“*‘ZM@%-
i=1 i=1
As 0 € WO, we have o(w;) =0 for 1 < j <r, so
T
0= Z)\zﬂﬁz(wj) = )\j.
1

Hence o = )7 | pio;, showing that o1,...,0, span WY and proving the Claim.
The Claim shows that dim W% = s = dim V = dim W, completing the proof. O

14 Inner Product Spaces

We now expore the geometry of vector spaces. The geometry of the Euclidean space
R™ or the complex space C" begins with the definition of the dot product: for vectors

T = (1‘1,...,xn)T, Yy = (ylv"‘7yn)T

n
_ T _
.Y = Zl’zyz (=2779).
1
Our first aim is to extend this notion to arbitrary vector spaces over R or C. To do this

we encapsulate the basic properties of the dot product in some axioms as follows.

Definition Let FF =R or C, and let V' be a vector space over F. An inner product on
Visamap V x V — F, denoted simply by (u,v) € F for any u,v, € V, satisfying the
following properties:

(1) ()\11)1 + Agvo, w) = )\1(’01,’[1)) + )\2(’02,’[1)),

(2) (wav) = (va)7
(3) (v,v) >0if v #0,

for all v;,v,w € V and \; € F. We call such a vector space V with an inner product (, )
an inner product space (real or complex).

Notes Here are some remarks about this definition.

(a) Condition (1) says that the inner product (, ) is left-linear. Note that by (1) and

(2), ) _
(U, Awy + )\Q’LUQ) = )\1(1], wl) + )\2(11, wg),

so the inner product is right-linear if F' = R, but not if F' = C.
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(b) By (2) we have (v,v) € R, so condition (3) makes sense.

(c) We have (0,v) =0 for all v € V' (where of course the first 0 is the zero vector and
the second is the zero scalar: this is because (0,v) = (0v,v) = 0(v,v) (using (1)).

(d) If F = R then (2) says (w,v) = (v,w), meaing that the inner product (,) is
symmetric.

(e) An elementary but important observation is that if (v,w) = (v,z) for all v € V,
then w = x (Q on Sheet 8).

Examples (1) The dot product on R™ or C" is an inner product.

(2) Let V be the vector space over R of continuous functions f : [0,1] — R, and for
f,g € V define

1
(f.g) = /0 f(2)g(z) da.

This is an inner product on V' (exercise).
(3) Let V' be the vector space consisting of all m xn matrices over C, and for A, B € V
define
(A, B) = tr (BT A).
This is an inner product (Q on Sheet 8).
(4) Let V = R2?, and for x,y € V define

(z,y) =211 — T1y2 — T2y1 + 3T2y2
_r(1 -1
- o3 )Y
We check that this is an inner product: axioms (1) and (2) are clear, and for (3), if

x # 0,

(z,2) = 2% — 2x129 + 323 = (21 — 29)* + 223 > 0.

Matrix of an inner product

Let V be a finite-dimensional inner product space, let B = {v1,...,v,} be a basis,
and fro 1 <4,j < n define

a;j = (vj,vj).

By axiom (2) we have aj; = a;;, so the n x n matrix A = (a;;) satisfies
AT = A

If F = R such a matrix A is symmetric; and if I = C we call such a matrix A a
Hermitian matrix. (We shall use the term Hermitian to cover both cases.) For v,w € V
we have

(v,w) = [v]5A[w]p,

where as usual [v]p is the coordinate vector of v with respect to B (see Q on Sheet 8).
Hence by axiom (3), we have x7 Az > 0 for all nonzero vectors z € F™.

Definition A Hermitian matrix A is said to be positive-definite if T Az > 0 for all
nonzero vectors z € F (where F' =R or C).
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) ) . 1 . .
For example, as in Example (4) above, the symmetric matrix < 1 3 ) is positive-

definite.

In general, the eigenvalues of a Hermitian matrix A are all real, and A is positive-
definite if and only if all its eigenvalues are positive (Q on Sheet 8).

Geometry
Let V be an inner product space over F' =R or C. For u,v € V define
the length ||u|| = \/(u,u),
the distance d(u,v) = ||u — v||.

We say that u is a unit vector if ||u|| = 1.

Here is our first basic geometric result.

Proposition 14.1 For u,v,w € V the following hold.
(1) [(u,v)] <|Jul|||v|| (Cauchy-Schwarz Inequality)
2) N+l < lul] +[[v]]
(3) ||lu—vl|| < ||lu—w||+ ||w—wv|| (Triangle Inequality).

Proof (1) The result is trivial if v = 0, so assume v # 0. Let v/ = IIUTH’ a unit vector,
and let A = (u,v’). Then

0<|ju— X2 = (u— M, u—\)
= [[ull® + AJV']]2 = A, u) = Au,v')
= [[u]]® + A\ = A\ — A\
= [[ull® = [AP%.

()

Now multiply through by ||v||? to obtain part (1).
Parts (2) and (3) are simple deductions from (1), set as Q on Sheet 8. [J

Hence 9

[Jull* > [A]* =

Dual space

Let V be an inner product space over F =R or C. For v € V define f, : V — F by
fo(w) = (w,v) YweV.

Then f, is linear, so f, € V*, the dual space of V.

We are interested in the map V' — V* sending v — f,. This map is not linear when
F = C, since fr, = Af, for A € C. To remedy this, we define another vector space
which we denote by V. The vectors in V are the vectors of V, and addition and scalar
multiplication are defined as follows:

addition in V is the same addition v + v as in V
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scalar multiplication A *x v in V is different from V: for A\ € F, v € V,
Akv =\
(where of course Av is the scalar multiplication in V).

It is a routine exercise to check that V is a vector space over F' of the same dimension
as V (Q on Sheet 8).

Proposition 14.2 Assume V is finite-dimensional, and define 7:V — V* by
m(v)=f, YveV.

Then 7 is a vector space isomorphism.

Proof We first check that m is linear. Clearly fy,4+v, = fu, + fuy, SO We just need to
check that fy. = Af, for A€ Fov e V: well, for w € V,

f)\*v(w) - (w7 a‘ * ’U)
(w, A\v)
(w,v)

A
Afo(w).

Hence fysww = Afy and so 7 is linear.

Next we show that ker m = 0: well,

veEkerm = f,=0
= (w,0) =0 YweV
= (v,v) =0
= v =0.

Hence ker 7 = 0. As dimV = dim V = dim V'*, it follows that 7 is an isomorphism. [J

Corollary 14.3 For any f € V*, there exists a unique v € V such that f = f,.

Orthogonality

Continue to assume that V is an inner product space over F' = R or C. We say the
vectors u,v € V are orthogonal if (u,v) = 0. Note that by axiom (2) of inner product
spaces, (u,v) =0 < (v,u) = 0.

Definition A set of vectors {vi,...,v} is orthogonal if (v;,v;) = 0 for all 4,j with
i # j. It is orthonormal if it is orthogonal and also ||v;|| = 1 for all 1.

Examples (1) eq,...,e, is an orthonormal basis of F".

Here is another orthonormal basis of C?: %(1, i), %(z, 1).

(2) Let V be the vector space over R of continuous functions f : [0,7] — R, with
inner product

(f,9) = /07r f(x)g(x) dx.

The set {1,cosx, cos2z,...,cosnz} is orthogonal (Q on Sheet 8).
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Definition For W C V, define
Wh={ueV: (uyw)=0vVwe W}
It is a routine exercise to check that W= is a subspace of V.

Example Let V = R3 with the standard inner product (ie. the dot product). If
0# w € V, then w' is the plane through 0 perpendicular to w.

Proposition 14.4 Let V be a finite-dimensional inner product space, and let W be a
subspace of V.. Then
V=wWaeWw.

Proof Consider the annihilator space W9 C V*:

WO —{feV*: flw)=0vYwe W}
={fo € V*:(v,w) =0Vw e W} (by Cor. 14.3)
={fu Z’UGWL}.

The last subspace has the same dimension as W+, by Prop. 14.2, and hence dim W° =
dim W+, Therefore by Prop. 13.2,

dim Wt = dim V — dim W.
Finally, W N W+ = 0, since
veWNWt = (v,v)=0=v=0.
Hence V=W @ W+ by Prop. 4.1. O

Here is one of the most fundamental results about inner product spaces.

Theorem 14.5 Let V be a finite-dimensional inner product space.

(1) V has an orthonormal basis.

(2) Any orthonormal set of vectors {wi,...,w,} can be extended to an orthonormal
basis of V.

Proof (1) We proceed by induction on n = dim V. The result is true for n = 1, since
in this case V' = Sp(v) for a nonzero vector v, hence V' has an orthonormal basis ﬁ

Now assume the result is true for inner product spaces of dimension < n — 1, and
let n = dimV. Let v;1 € V be a unit vector, and let W = Sp(vy). By Prop. 14.4 we
have V =W @ W=. Now W+ is an inner product space of dimension n — 1, so by the
induction hypothesis, W= has an orthonormal basis va, ..., v,. Then vi,vs,..., v, is an
orthonormal basis of V.

(2) Let W = Sp(w, ..., w,). By Prop. 14.4 we have V.= W @ W+, and by (1), W+
has an orthonormal basis v1,...,vs. Then wy,...,w,,v1,...,vs is an orthonormal basis

of V. O

Gram-Schmidt Process
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Another way of proving the existence of orthonormal bases is to use the Gram-
Schmidt Process (you saw this in Year 1). This is a process to construct an orthonormal
basis of an inner product space V. The steps are as follows:

Step 1 Start with any basis vy, ...,v, of V.

Step 2 Let u; = ”h‘, a unit vector, and define

[lv
W = V2 — (UQ,ul) uy.

Then (wg,u;) = 0. Let
w2
Uy = ——.
[[wo|

Then {uj,u2} is an orthonormal set of vectors.
Step 8 Let

w3 = v3 — (v3,ur) ur — (v, uz) us

ms. Then {u1, ug,us} is an orthonormal set.

Step 4 Continue this process: at the i** step let

w; = v; — (v, ur) ug — -+ - — (v, Ui—1) Ui—1
w;
[Jwil]*

property that

and u; = After n steps, end up with an orthonormal basis {u1,...,u,} with the

Sp(u1, - .-, ui) = Sp(vi, ..., ;)

foralli=1,...,n.
Note I chose the different method of proof given for Theorem 14.5, for two reasons:

(a) the method shows the basic connection between the inner product and the dual
space

(b) the method (using the correspondence between W+ and W) can be applied more
generally, when we have a vector space with a bilinear form — we will do later this
in Section 16.

Some applications of orthonormal bases

Orthonormal bases of inner product spaces have many applications. We will give
two major ones.

(1) Fourier coefficients

Given an orthonormal basis, the Fourier coefficients of an arbitrary vector are the
coefficients in its expression as a linear combination of the basis vectors. These can be
computed using the following basic result.

Proposition 14.6 Let V' be an inner product space with an orthonormal basis uy, . .., Un,
and letv e V.

(1) Then v =">"" \iu;, where \; = (v,u;) (the Fourier coefficients of v).
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@) ol = 325 [l

Proof (1) We know that v = >, Aju; for some scalars \;. Taking the inner product
of both sides with u; gives

(v,u;) = <Z /\juj,ui) =\

(2) We have
H’UH2 = (Z )\,-ui, Z/\jl&j) = Z/\ZS\Z = Z ’)\2|2 O

The reason these are called Fourier coefficients is because of the connection of all
this with Fourier series. To decribe this, let V' be the vector space over R of continuous
functions f : [0,7] — R (this is of course infinite-dimensional). As we have seen, V' has
an inner product

(f.9) = i/oﬂ f(z)g(z) dx.

Then the set of functions

1
2 cosx, cos2x, . ...,COSN, ...

is an orthonormal set in V. For f € V', the Fourier coefficients are

An = (f,cosnz) = 2/7T f(z) cosnx dx.
T Jo

Fourier’s famous theorem says that for z € [0, 7], the series > ° /A, cosnz is equal to
f(z). We call >">° ;A\, cosna the Fourier cosine series for f(x).

(2) Projections
Let V' be an inner product space, and let v,w € V \ 0. The projection of v along

w is defined to be the vector Aw, where A = % this is the vector we hit when we

drop a perpendicular from v to the line Sp(w). (This is easily seen by drawing a simple
diagram as in lectures, but I am not capable of doing that in Latex.)

More generally, for a subspace W of V, and v € V, we define the projection of v
along W as follows: by Prop. 14.4 we have V = W @ W, so we can write

v=w+w
for unique w € W, w’ € W+. Define myy : V. — W by

w(v) = w.

Definition We call 7y the orthogonal projection map along W.

Again, the geometry of this map is rather clear via a simple diagram, as shown in
the lecture.

The projection 7y has nice geometrical properties:

Proposition 14.7 Let V,W,my be as above.
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(1) Let v € V. Then my(v) is the vector in W closest to v — in other words, for
w € W, the distance ||lw — vl|| is minimal for w = my (v).

(2) If dist(v, W) denotes the shortest distance from v to any vector in W, then

dist(v, W) = [|v — 7w (V)|

(3) Ifv1,...,v, is an orthonormal basis of W, then

r

mw(v) = D (v,05)v;.

j=1
Proof This is set as Q on Sheet 9. [J

Change of orthonormal basis

The change of basis matrix from one orthonormal basis to another has a very special
form, as shown in the next result.

Proposition 14.8 Let V' be an inner product space, and let E = {ej,...,e,} and F =
{fi,-.., fa} be orthonormal bases of V. Let P = (p;j) be the change of basis matriz, so

that for 1 <i<mn,
n
Ji= ijiej-
j=1

Then PTP =1 (where P is the matriz (pi;)).
Proof For any r, s we have

(frifs) = (Z?Zl Pjr€j k=1 pks€k>
= Z?:lpjrpjs
= (PTP),s.
Hence (PTP),s = 6,5, and so PTP=1. 0O

Definition A real n x n matrix P such thayt PTP = I is called an orthogonal matrix.
A complex n x n matrix P such that PT P = I is called a unitary matrix.

These are very important classes of matrices. Here are two reasons why:

(1) They are the length-preserving maps of R™ and C" (also called isometries), by which
I mean that
||Pv|| = ||v]| Vv € C* < P is unitary,

with a similar statement for R™ and orthogonal matrices. (See QQ on Sheet 9.)
(2) The set of all such isometries forms a group, known as a classical group:
orthogonal group O(n,R) = {P realn xn : P'P =T},
unitary group U(n,C) = {P complex n xn : PTP =1T}.

These classical groups play a role in many parts of mathematics. There are some ques-
tions involving them on Sheet 9.
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15 Linear maps on inner product spaces

Recall one of the basic theorems from 1st Year Linear Algebra: if A is a real symmetric
matrix, then there is an orthogonal matrix P such that P~'AP is diagonal. This is
often referred to as the “Spectral Theorem”. Our aim in this chapter is to prove a
generalization of the Spectral Theorem which applies to linear maps on inner product
spaces. First, we need to define the analogue of a symmetric matrix for linear maps. To
do this we will use the following result. As in the previous chapter, our inner product
spaces are always over the field F', where F = R or C.

Proposition 15.1 Let V be a (f.d.) inner product space, and T : V — V a linear map.
Then there is a unique linear map T* : V — V such that for all u,v,€ V,

(T'(u),v) = (u,T"(v)) -
Proof Let v e V. The map h:V — F defined by
h(u) = (T'(u),v) YueV

is linear, so h € V*. Hence by Corollary 14.3, there is a unique v' € V such that h = f,,
so that h(u) = (u,?’) for all u € V. Define T* : V — V by letting

T (v) = /.
Then
(T(w),v) = (u, T*(v)) Vu,v,€ V.
Finally, we must show that T™ is linear: for o, 5 € F,

(u, T"(av1 + fog)) = (T (u), avy + Bug)
= a(T(u),v1) + B (T(u),v2)
= a(u, T*(v1)) + B (u, T"(v2))
(u, T (1) + BT (v2)) -

This holds for all u € V. Hence (using Q on Sheet 8), T*(awv; +fva) = oT™*(v1)+ 6T (ve).
g

Definition The linear map 7™ is called the adjoint of T'. We say that T is self-adjoint
if T =T

Example Let V = R" with the usual inner product (ie. the dot product), and let
T :V — V be the linear map T'(v) = Av, where A is a real n x n matrix. Then for
u,v €V,
(T(u),v) = (Au)"v
=ul' ATy
= (u, ATU) .
Hence T*(v) = ATv, and T is self-adjoint iff A = AT. ie. A is a symmetric matrix.

The last example generalizes to arbitrary inner product spaces:

Proposition 15.2 Let V' be an inner product space with orthonormal basis E = {v1,...,v,}.
Let T :V — V be a linear map, and let A = [T|g. Then

[T*]5 = AT.
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Proof By Prop. 14.6,
T(vi) =Y (T(vi),v5) vj.
Hence the ij-entry of the matrix A = [T]g is

aij = (T'(vj), vi) -

Therefore, if we let B = [T*]g, we have

Hence [T*]gp = AT. O

By the proposition, if T = T* and A = [T]g, then A = AT. Hence if the field F = R,
then A is real symmetric; and if F' = C, then A is a complex Hermitian matrix.

Here is the main result of this chapter.

Theorem 15.3 (Spectral Theorem) Let V' be an inner product space, and let T :
V = V be a self-adjoint linear map. Then V has an orthonormal basis of T -eigenvectors.

Corollary 15.4 (1) If A is an n X n real symmetric matriz, there exists an orthogonal
matriz P such that P~YAP is diagonal.

(2) If A is an n x n complex Hermitian matriz, there exists a unitary matriz P such
that P~YAP is diagonall.

Proof Apply Theorem 15.3 to the linear map defined by T'(v) = Av for v € V. = F™.
U

For the proof of the Spectral Theorem, we need the following lemma.

Lemma 15.5 Let T : V — V be self-adjoint.

(1) The eigenvalues of T are all real.
(2) Eigenvectors for distinct eigenvalues are orthogonal to each other.

(3) If W CV is T-invariant, so is W=,

Proof (1) Let v be an eigenvector with 7'(v) = Av. Then as T' = T™, we have
(T'(v),v) = (v, T*(v)) = (v, T(v))

(2) Let T'(u) = Au, T(v) = pv with A # p (and both real, by (1)). Then

(T'(u),v) = (u, T(v)) = (Au,v) = (u, pv)
= Au,v) = p(u,v) (as p € R)
= (u,v) =0 (as A # p).
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(3) Let 2 € W+. Then for w € W,

(w, T (z)) (T(w),z) (asT =1T%)

0 (as T'(w) € W).

Hence T'(x) € Wt. O

Proof of Theorem 15.3

The proof proceeds by induction on n = dim V, the case n = 1 being trivial.

Let T : V — V be self-adjoint. By Lemma 15.5(1), T has a real eigenvalue A. Let
u1 be a unit eigenvector with T'(u1) = Aup, and define W = Sp(u). Then dim W+ =
n—1, and W+ is T-invariant by Lemma 15.5(3). The restriction Ty 1 is self-adjoint (as
(T(u),v) = (u, T(v)) for all u,v € W+). Hence by the induction hypothesis, W+ has an
orthonormal basis of T-eigenvectors uo, ..., u,. Then uy,uo,...,u, is an orthonormal
basis of V' consisting of T-eigenvectors. This completes the proof by induction. [

There is a simple algorithm for computing an orthonormal basis of eigenvectors for
a self-adjoint linear map 7"

Step 1 Compute the eigenspaces E), of T.
Step 2 Use Gram-Schmidt to find an orthonormal basis B; of each Ej,.

Step 3 By Lemma 15.5(2), for i # j, the eigenspaces E), and E); are orthogonal to each
other. Hence the union of the bases B; is an orthonormal basis of V.

You will find questions on Sheet 9 where you can use this algorithm.

16 Bilinear and Quadratic Forms

In this chapter we shall define and study some analogues of inner products over arbitrary
fields. Since the axiom (v,v) > 0 does not make sense over an arbitrary field, we drop
this condition.

Definition Let V be a vector space over a field F. A bilinear form on V is a map
(,):VxV = F (ie. (u,v) € F forall u,v € V) which is both left-linear and right-linear;
in other words, for any «, 8 € F

(OZ'Ul + BUQ,UJ) = a(vl,w) + B(UQ, 'l,U), and
(v, qwy + Pws2) = a(v,wr) + B(v, wa).

Examples (1) V = R" with (u,v) = ulv, the usual dot product.

T

However, for C" the dot product (u,v) = w’ v is not bilinear as it is not right-linear.

(2) Let V = R? and define

0 1
_ B T
(u,v) = uvy — ugVy = u (_1 0) v.

This is a bilinear form. Notice that for v = (1,1)” we have (u,u) = 0, so it is not an
inner product.
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(3) Here is a general example. Let F' be any field, let V.= F" and let A be an n x n
matrix over F. Then
(u,v) =ul Av Vu,v €V

defines a bilinear form on V. (To get the usual dot product, we take A = I.)

In fact, all bilinear forms on V' = F™ arise as in Example (3), as we’ll see next.

Matrices Let (, ) be a bilinear form on a finite-dimensional vector space V, and let
B = {vy,...,v,} be a basis of V. Define the matrix of (, ) with respect to B to be the
n x n matrix A = (a;;), where
aij = (vi, vj).
Then for u,v € V we have
(u,v) = [u] pA[v] 5

(exercise).

We shall focus on two particular types of bilinear forms that appear in many different
parts of mathematics:

Definition A bilinear form (, ) on V is
symmetric if (v,u) = (u,v) for all u,v € V
skew-symmetric if (v,u) = —(u,v) for all u,v € V.

If (, ) is symmetric, then defining a;; as above, we have a;; = (v;,vj) = (vj,v;) = aj,
so the matrix A = AT is symmetric. And if (, ) is skew-symmetric, then a;; = —aji,
so AT = —A and A is a skew-symmetric matrix. For example, the form in Example (2)
above is skew-symmetric.

Observe that if a bilinear form (, ) is skew-symmetric, then taking u = v we have
(v,v) = —(v,v) for all v € V, so 2(v,v) = 0. Provided 2 # 0 in the field F', this implies
that (v,v) =0 for all v e V.

Fields in which 2 = 0 (for example the field Fy) are called fields of characteristic
2. In general, the characteristic of a field F' is the smallest positive integer n such that
n = 0 in F' if such an integer exists; if no such integer exists, we say F' has characteristic
0. For example, C and R have characteristic 0, and F,, has characteristic p. Denote by
char(F) the characteristic of F.

The above observation about skew-symmetric bilinear forms, although elementary,
is important, so we record it in a lemma.

Lemma 16.1 Let V' be a vector space over a field F' with char(F') # 2, and let (, ) be
a skew-symmetric bilinear form on V', Then (v,v) =0 for allv e V.

Orthogonality

In order to bring some geometrical ideas into the picture, we want to define perpen-
dicular spaces W and so on for a bilinear form. This only makes sense if we have the
condition

(v,w) =0< (w,v) = 0. (22)

Obviously this condition holds if (, ) is symmetric or skew-symmetric. Less obviously,
the converse holds:
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Theorem 16.2 A bilinear form (, ) satisfies the condition (22) if and only if it is sym-
metric or skew-symmetric.

The proof of this is straightforward, but rather long. I have included the theorem to
motivate our focus on symmetric and skew-symmetric forms. A proof can be found in
Theorem 1.17 of some nice online notes of Keith Conrad:

https://kconrad.math.uconn.edu/blurbs/linmultialg/bilinearform.pdf

From now on, we will consider only symmetric and skew-symmetric bilinear forms
(, ) on a finite-dimensional vector space V. As before in our study of inner products,
for W C V we define
Wh={veV:(v,w)=0Ywe W}

This is a subspace of V' (exercise).

Instead of the inner product axiom (v,v) > 0, we shall frequently impose the following
condition.

Definition A bilinear form (, ) on V is non-degenerate if V+ = {0} — in other words,
if for any u € V,
(u,v) =0V € V =u=0.

Note that V1 = {0} iff the matrix of (, ) with respect to some basis is invertible (Q
on Sheet 10).

Examples (1) For V = F2, the bilinear form (u,v) = u” ( 0 1) v is non-degenerate.

-1 0
(2) For V' = F" with n > 2, the bilinear form (u,v) = >, ; u;v; is degenerate, since
(u,v) = uT Av where A is the matrix with a;; = 1 for all 4, j.

Dual space

Here is a result for bilinear forms similar to Props. 14.2 and 14.4 for inner products.

Proposition 16.3 Suppose (, ) is a non-degenerate bilinear form (symmetric or skew-
symmetric) on a finite-dimensional vector space V.

(1) Forv eV, define f, € V* by fu(u) = (v,u) for allu € V.. Then the map
p:v—f, (veV)
is an isomorphism V. — V*,

(2) For a subspace W of V, we have dim W+ = dim V — dim W,

Proof (1) The map ¢ is linear, and
veker(p) e fu=0& (v,u)=0VueV <u=0

(using the fact that (, ) is non-degenerate for the last deduction). Hence ker(¢) = 0,
and so ¢ is injective. Since dim V' = dim V* by 13.1, it follows that ¢ is an isomorphism.

(2) As in the proof of Prop 14.4, we have

WO ={f,:veWt}.
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Hence dim W+ = dim W° = dim V — dim W by 13.2. O

Note that, unlike the case of inner product spaces, it is not always that case that
V = W oW for a subspace W. For example, if W = Sp(v), where v is a nonzero vector
v such that (v,v) =0, thenv € WNWLso V£ W oW,

Bases

For any inner product on R™ there is an orthonormal basis (by Theorem 14.5), and
the matrix of the inner product with respect to this basis is of course I, the identity.
Obviously there cannot be such a basis in general for a bilinear form — for example, for
a skew-symmetric form the matrix is always skew-symmetric. But can we find a “nice”
basis? We'll see below that the answer is yes.

First we need to discuss what happens to the matrix of a bilinear form when we
change the basis. Let (, ) be a bilinear form on V' and let By, Bs be bases of V. Let A
be the matrix of the form with respect to B;. To aid notation, for v € V and i = 1,2
write [v]p, = [v];. If P is the change of basis matrix, so that [v]; = Pv]s for all v € V,
then

(w,0) = [u]{ Alv]s
= (P[u]2)" A(P[v]2)
= [u)l PT AP[v]5.
Hence the matrix of the form with respect to By is PTAP.

Definition Two n x n matrices A, B over F are said to be congruent if there exists an
invertible matrix P over F such that B = PTAP.

If A, B are congruent, the corresponding bilinear forms (u,v); = u? Av and (u,v)s =
uTBv on F™ are said to be equivalent.

Check that congruence is an equivalence relation on n x n matrices. By the above
discussion, our question becomes this: given a matrix A (symmetric or skew-symmetric),
can we find an invertible P such that PTAP is a “nice” matrix? Theorems 16.4 and
16.6 below provide some answers. Perhaps surprisingly, the answer is much more precise
for the skew-symmetric case.

Skew-symmetric bilinear forms
Theorem 16.4 LetV be a finite-dimensional vector space over a field F', where char(F') #
2, and let (, ) be a non-degenerate skew-symmetric bilinear form on V. Then

(1) dimV is even, and

(2) There is a basis B = {e1, f1,...,€m, fm} of V such that the matriz of (,) with
respect to B is the block-diagonal matrix

Jm:<_01 é)@--@(_ol é) (m blocks), (23)

(80 that (eiafi) = _(fi7€i) =1 and (eivej) = (flafj) = (elafj) = (f]?el) =0 fO?”
alli# 7).

Corollary 16.5 If A is an invertible skew-symmetric n X n matriz over F, where
char(F') # 2, then n = 2m for some m, and A is congruent to the matriz J,, in (23).
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Another way of stating this is to say that any non-degenerate skew-symmetric bilinear
form on ™ is equivalent to the form

(7,y) = 2" Ty = (2192 — 221) + *+* + (Tm—1Ym — TmYm—1)-

Proof of Theorem 16.4

By Lemma 16.1, we have (v,v) = 0 for all v € V. Hence dimV > 1, as (, ) is
non-degenerate. The proof proceeds by induction on n = dim V.

Let e; € V\ 0. Then (e;,e;) = 0. By 16.3, dime; = n — 1, so there exists
feV\et. Let A = (e1,f) and fi = A"'f. Then (e1, f1) = 1; also (f1,e1) = —1
and (er,e1) = (f1, /1) = 0. If n = dimV = 2, then ey, f1 is the required basis, so the
induction starts at n = 2. Now suppose n > 2.

Let W = Sp(ey, f1), a 2-dimensional subspace. We claim that W N W+ = {0}. To
see this, let w € W N W, and write w = aweq + Sf1. Then

0=(er,w) =45, 0=(f1,w) =—a,

and hence w = 0, proving the claim.
Now dim W + dim W+ = n by 16.3, so by the claim, we have

V=waWw.

Therefore, if we restrict the form (, ) to W it is non-degenerate, and so by the induction
hypothesis, W+ has even dimension and has a basis es, fo,...,€m, fm such that the
matrix of the restriction of (, ) with respect to this basis is

0 1 0 1
Jm—1—<_1 O)@.”@(—l 0> (m — 1 blocks).

Then ey, f1,e2, fa, ..., em, fm is the required basis of V', completing the proof by induc-
tion. [J

Remark In the literature, a non-degenerate skew-symmetric form on V is often called
a symplectic form. By Theorem 16.4, for any even-dimensional vector space V over any
field of characteristic # 2, there is, up to congruence, a unique symplectic form on V.

Symmetric bilinear forms

Theorem 16.6 Let V be a finite-dimensional vector space over a field F', where char(F") #
2, and let (,) be a non-degenerate symmetric bilinear form on V. Then V has an
orthogonal basis B = {v1,...,vn}, ie. a basis such that (vi,v;) = 0 for i # j and
(vi,vi) = a; # 0 for all i. The matriz of (, ) with respect to B is the diagonal matriz
diag(aa, ..., ap).

Corollary 16.7 If A is an invertible symmetric matriz over a field F', where char(F') #
2, then A is congruent to a diagonal matriz.

Proof of Theorem 16.6

As usual we proceed by induction on n = dim V. The result is clear for n = 1.
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Claim 1 There exists v € V such that (v,v) # 0.
Proof Suppose (v,v) =0 for all v € V. Let u,w € V. Then

(u+wu+w)=0 = (u,u)+ (w,w) + (u,w) + (w,u) =0
= 2(u,w) =0
= (u,w) = 0 (since char(F') # 2).

Hence (u,w) = 0 for all u,w € V', which is a contradiction. Hence Claim 1 is proved.
By Claim 1, we can choose v; € V such that (vi,v1) # 0. Let W = Sp(vy).

Claim 2 We have V =W & W+,
Proof Observe that

weWNW = w =\ and (Avg,v1) = A(v,v1) =0=A=0.
Hence W N W+ =0, and Claim 2 follows.

We can now conclude as in the previous proof. By Claim 2, the restriction of the
form (,) to W+ is non-degenerate. Hence by the induction hypothesis, W+ has an
orthogonal basis vs,...,v,. Then vy,vo,...,v, is an orthogonal basis of V', completing
the proof by induction. [J

Remarks (1) The conclusion of Therorem 16.6 may not hold if char(F) = 2. For
example, let F = Fy and V = F?, and for =,y € V define

0 1
(%y)_xT<1 O>y_371y2+3?2y1-
This is a non-degenerate symmetric bilinear form, but there is no orthogonal basis since

(x,z) = 0 for all vectors x € V.

(2) How can we compute an orthogonal basis? Gram-Schmidt does not necessarily work,
since we might start with a basis wy, ..., w, such that (w;,w;) = 0. The most obvious
algorithm is simply to follow along the lines of the proof of the theorem:

1) find vy such that (vi,v1) # 0
2) compute vlL and find vy € vf such that (ve,ve) # 0

4

)
)

3) compute Sp(vy,v2)t and find v3 € Sp(vy, v2)* such that (vs,v3) # 0
) carry on choosing vectors like this until we get an orthogonal basis.

Example Let V = F? with char(F) # 2, and bilinear form (z,y) = 27 ((1) (1)> Y.
1) Take vy = (1,1)T. Then (vi,v1) = 2.
2) Compute vi- = Sp(1, —1)7. Take vo = (1, —1)7, so (v2,v9) = —2.

Now have orthogonal basis vi,ve. With respect to this basis, the form has matrix
2 0
oy

By 16.7, to classify symmetric forms (up to congruence), we need to be able to answer
the following question: given diagonal matrices

D, = diag(aq,...,an), Dy = diag(p1,...,0n), (i, B € F),
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are D1 and Ds congruent over F'7 (ie. does there exist an invertible P over F' such
that Dy = PTDlP?) This can be a complicated question, and depends on properties of
the field F. Here is a simple example. We use the notation A = B to mean that A is
congruent to B.

Example Let D; = <(1) (2)>,D2: <(1) (1)> Then

D; = Dy over C (for example, take P = diag(1, =))
= Dy over R
# Dy over Q (Ex)
= D over F; (Ex)
# Dy over F3 (Ex)

S

To discuss this question further, we introduce the next topic.

Quadratic forms

Assume from now on that F'is a field with char(F) # 2, and V' is a finite-dimensional
vector space over F.

Definition A quadratic form on V is a map Q : V — F of the form
Q) = (v,v) YWweV,

where (, ) is a symmetric bilinear form on V. We also say that @ is non-degenerate if
(, ) is non-degenerate.

Remarks (1) We can determine the form (, ), given the map @, since for any u,v € V,
1
(u,v) = 5 (Qu+v) = Qu) = Qv)).
(2) On V = F", every symmetric bilinear form takes the form
(z,y) = 2" Ay (z,y € V),

where A = AT. So for x = (21,...,2,)T, we have

Q(zr) =2TAx
= D4 i Ti
=>ic az’il‘? +2 Ei<j A;jTiTj.

This is a general homogeneous quadratic polynomial in x1,...,z, (the term “homoge-
neous” means that every term has the same degree, namely 2).

Example Forn =2,V = F? and
Q(x1,x2) = ax% 4+ bxrizo + cx%
=" (g ")
If F =R, the equation Q(z1,x2) defines a conic in R,

Change of variables
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Let V=F" and @ : V — F a quadratic form, so
Q(z) =zTAz Vz eV,

where A is symmetric. If we change variables to y = (y1,...,%,)’, where x = Py with
P invertible, then

Q(z) = (Py)"A(Py) = y" PT APy = Q'(y). (24)

If there exists P such that (24) holds, we say the quadratic forms Q and Q' are equivalent.
Check that this is an equivalence relation on quadratic forms. Note that the congruent
matrices A and PT AP are not in general similar to each other (but they are of course
similar if P happens to be an orthogonal matrix, since then PT = Ph.

Example Consider the quadratic forms @, Q' on F? defined by

Q(xl,x2)24331$2233T<(2) (2)>95, Q/(xhﬂ??):x%_f%:fET((l) _01>

These are equivalent forms, since
Q(z1,w2) = dw1wa = (11 4 22)° — (11 — 22)* = ¥7 — v3 = Q'(y1, 2),
where y1 = 1 + T2, Y2 = T1 — To9.
By Theorem 16.6, every non-degenerate quadratic form on F™ is equivalent to a form
Q(z) = 2T diag(av, ..., an)x = a1z + - + apz2. (25)

Using this we can classify (up to equivalence) all quadratic forms over C and R, and also
say something about forms over Q:

Theorem 16.8 Let V = F", and let Q : V — F be a non-degenerate quadratic form.
(1) If F =C, then Q is equivalent to the form
Qo(z) =22+ - +22 (zeCh).
This form has matriz I,,.
(2) If F =R, then Q is equivalent to a unique form Q. 4, where p+q =mn and

Qp,q(x):x%+"'+$;2;—$12,+1—'--—x12,+q (x € C").

This form has matriz I, ; = <Ié’ OI )
—q

(3) If F = Q, there are infinitely many inequivalent non-degenerate quadratic forms

on Q™.
Proof (1) Start with @ as in (25). Over C, we have
diag(ov, ..., a,) = PTIP,

where P = diag(y/aq,. .., /an) (all these square roots exist in C). Hence @ is equivalent
to Qo(z) = 211z =37 22.
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(2) Again start with @ as in (25). Note that all the diagonal entries «; are nonzero, as
Q@ is non-degenerate. Re-order the a;’s so that

oty ..,0p >0, api, ..., appq <0.

Then
diag(ev, . ..,a,) = P11, P,

where
P = diag(y/o1,. .., \/0p, \/—Cpt1,- -, \/TM).

Hence @ is equivalent to the form @, , defined in part (2).

It remains to prove the uniqueness assertion in part (2). (This is a famous property
of real quadratic forms known as “Sylvester’s Law of Inertia”.) Suppose that

Q ~ Qpﬁq ~ Qp’,qH

where of course ~ denotes equivalence of quadratic forms. Let (, ) be the bilinear form

on V corresponding to @ (ie. (z,y) = %(Q@ +y) —Q(z) — Q(y))). As Q ~ Qp 4, there
is an orthogonal basis v; ..., v, of V such that

(v, v5) = 1, for1<i<p
vl —1, forp+1<i<n.

Likewise, as @) ~ @, 4, there is another orthogonal basis w1, ..., w, such that

(w5, w;) = 1, for 1 <i<yp
vl —1, forp' +1 < < n.

Let
U=S8p(vi,...,vp), W =Sp(wy1,...,wn).

Then
Q(u) = (u,u) >0 foru e U\ O,
Q(w) < 0 for w e W\ 0.
Hence U N W = 0. Consequently
n>dim(U + W) =dimU +dimW =p+n —p'.

It follows that p’ > p. Similarly (by a symmetrical argument) we have p > p’. Hence
p' = p, proving uniqueness.

(3) Let F = Q. By a square-free integer d, we mean an integer that is not divisible by
any integer square (apart from 1) — this amounts to saying that d is a product of distinct
primes. For d a positive square-free integer, define a quadratic form QQ4 on Q" by

Qq(z) = x% + -4 9531_1 + dmi (x € Q).

This form has matrix Ay = diag(1l,...,1,d). If Q4 ~ Qu, then there exists a rational
invertible matrix P such that

PTAP = Ay.
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Take determinants, to get

(det P)?d = d.
Hence %' is the square of a rational number. Since d and d’ are square-free, this forces
d = d'. We conclude that if d and d’ are square-free with d # d’, then Qg * Qu, and
part (3) follows. OJ

Some applications of bilinear and quadratic forms

Having read through this chapter, you may ask what is the point of all this theory
of bilinear and quadratic forms. The generalised answer is that these occur naturally in
many branches of mathematics. Let me mention just a few here, and leave it at that. A
quick internet search will lead you to many more such instances.

(1) Special relativity The general setting for this theory is Minkowski spacetime,
which is R* together with the bilinear form (z,y) = x1y1 + Zoy2 + 23y3 — T4ys and
associated quadratic form Q(r) = 22 + 23 + 22 — 23

(2) Number theory A classical question in number theory asks the following. Given a
rational quadratic form @ : Q" — Q, and a rational k, does the equation Q(z) = k have
a rational solution x € Q"7 Even more classically, one asks for the integer solutions of
such equations — for example the Pythagorean equation 2% + y? = k, or Pell’s equation
22 — dy? = 1. There is a huge amount of theory arising from such questions. See for
example the book “Rational Quadratic Forms ” by J W S Cassels.

(3) Classical groups Just as we did for inner product spaces, one can define isometries
of bilinear and quadratic forms and get interesting groups. Here is a quick sketch.

Definition Let f = (, ) be a non-degenerate symmetric or skew-symmetric bilinear
form on a finite-dimensional vector space V. An isometry of fisalinearmap T : V — V
such that

(T(u), T(v)) = (u,v) Yu,veV.

Note that T' is invertible, since f is non-degenerate. Define further
I(V,f) ={T : T an isometry}.
This is a subgroup of the general linear group GL(V'). (Q on Sheet 10)

We can also define these groups in terms of matrices. Fix a basis B of V, and let A
be the matrix of f with respect to B. If [T]g = X, then T € I(V, f) iff XTAX = A
(Sheet 10). Hence I(V, f) is isomorphic to a group of matrices:

I(V,f)=2{X € GL(n,F) : XTAX = A}.

If f is skew-symmetric, there is only one form (up to equivalence) by Theorem 16.4,
and so we get one isometry group — the classical symplectic group Sp(V, f).

If f is symmetric, there are in general many possible forms (see Theorem 16.8), and
the corresponding isometry groups are the classical orthogonal groups O(V, f).

These families of classical groups (together with the ones we saw earlier in Chapter
14) play a huge role in various parts of mathematics such as geometry, algebra and
number theory. I hope you will see some of them again in your future studies.

That is the end of the course. Thank you for your attention, hope you enjoyed it!
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