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Chapter 1

Vector spaces

In the Linear Algebra I module, we encountered two kinds of vector space, namely
real and complex. The real numbers and the complex numbers are both examples of
an algebraic structure called a field, which we encountered back in the Imtroduction to
Algebra module. Vector spaces can be defined relative to any field, and we shall do so
here. There are practical reasons to do this beyond the desire for maximum generality.
For example, vector spaces over the two-element field Fy arise in coding theory and in
computer science.

1.1 Axiomatic definition of a vector space

Let’s assume we remember the definition of group from Introduction to Algebra. We
have to start somewhere after all. If not, you should pause to consult your notes from
two years back or Wikipedia.

Fields were defined in Introduction to Algebra, but let’s just refresh our memory.

Definition 1.1. A field is an algebraic system consisting of a non-empty set K equipped
with two binary operations + (addition) and - (multiplication) satisfying the conditions:

(A) (K,+) is an abelian group with identity element 0;
(M) (K\ {0}, -) is an abelian group with identity element 1;

(D) the distributive law
a-(b+c)=a-b+a-c

holds for all a,b, c € K.

The explicit symbol “-” for multiplication is needed only for the purpose of making
sense of the definition, and we drop it right away.
In fact, the only fields we’ll encounter in these notes are

e , the field of rational numbers;
e R, the field of real numbers;
e C, the field of complex numbers;

o [, the field of integers mod p, where p is a prime number,

1



2 CHAPTER 1. VECTOR SPACES

so if you are comfortable handling these particular fields you should be just fine. We
will not stop to prove that the above structures really are fields. You may have seen F,
referred to as Zj,.

Specific examples of fields have properties beyond merely satisfying the axioms listed
above. You may like to pause at this point to consider properties that distinguish the
fields Q, R, C and FF, that we mentioned above. (Think of cardinality, order, roots of
polynomials and limits of sequences.) However, many of the theorems in this module
apply to vector spaces over an arbitrary field, so, particularly in the earlier stages of
the module, we should keep a careful eye on our manipulations, to ensure that we don’t
go beyond the field axioms! However there are a lot of axioms, and a good survival
technique is to have in mind a concrete field, say R that we are familiar with.

Having recalled the basics from Introduction to Algebra we are ready to introduce
the our main object of study.

Definition 1.2. A wector space V over a field K is an algebraic system consisting of a
non-empty set V' equipped with a binary operation + (vector addition), and an operation
of scalar multiplication

(a,v) EKXViaveV

such that the following rules hold:

(VA) (V,+) is an abelian group, with identity element 0 (the zero vector).

)
(VM) Rules for scalar multiplication:
VM1)
VM2)
VM3)
VM4) For any v € V, we have 1lv = v (where 1 is the identity element of K).

( For any a € K, u,v € V, we have a(u + v) = au + av.
( For any a,b € K, v € V, we have (a + b)v = av + bv.
( For any a,b € K, v € V, we have (ab)v = a(bv).

(

Since we have two kinds of elements, namely elements of K and elements of V, we
distinguish them by calling the elements of K scalars and the elements of V' wectors.
Typically we’ll use use letters around u, v, w in the alphabet to stand for vectors,
and letters around a, b and ¢ for scalars. (In Linear Algebra I, boldface was used to
distinguish vectors from scalars. We retain that convention only in the context of the
zero of the field 0 and the zero vector 0.)

A vector space over the field R is often called a real vector space, and one over C
is a complex vector space. In some sections of the course, we’ll be thinking specifically
of real or complex vector spaces; in others, of vector spaces over general fields. As we
noted, vector spaces over other fields are very useful in some applications, for example
in coding theory, combinatorics and computer science.

Example 1.3. The first example of a vector space that we meet is the Euclidean plane
R2. This is a real vector space. This means that we can add two vectors, and multiply
a vector by a scalar (a real number). There are two ways we can make these definitions.

e The geometric definition. Think of a vector as an arrow starting at the origin
and ending at a point of the plane. Then addition of two vectors is done by
the parallelogram law (see Figure 1.1). The scalar multiple av is the vector whose
length is |a| times the length of v, in the same direction if a > 0 and in the opposite
direction if a < 0.
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Figure 1.1: The parallelogram law

e The algebraic definition. We represent the points of the plane by Cartesian coor-
dinates. Thus, a vector v is just a pair (aj,as) of real numbers. Now we define
addition and scalar multiplication by

(ar,a2) + (b1,b2) = (a1 + by, az + ba),
c(ai,az) = (cay, caz).
Not only is this definition much simpler, but it is much easier to check that the

rules for a vector space are really satisfied! For example, we may check the law
c(v+ w) =cv+ cw. Let v = (a1,az) and w = (b1, by). Then we have

c(v+w) = c((ar,a2) + (b1, b))
= c(a1 + by, az + ba)
= (cay + cby, cag + cby)
= (cay, caz) + (cby, cba)

=cv + cw.

In the algebraic definition, we say that the operations of addition and scalar multipli-
cation are coordinatewise: this means that we add two vectors coordinate by coordinate,
and similarly for scalar multiplication.

Using coordinates, this example can be generalised.

Example 1.4. Let n be any positive integer and K any field. Let V = K", the set of
all n-tuples of elements of K. Then V is a vector space over K, where the operations are
defined coordinatewise:

(al,ag,...,an)—i—(bl,bg,...,bn):(a1+b1,a2+b2,...,an—|—bn),

clay,ag,...,an) = (cay,cag, ..., cap).

Example 1.5. The set R® of all real functions on a set S is a vector space over R.
Vector addition is just addition of functions. Scalar multiplication is just scaling of a
function by a real number.

Example 1.6. The set of all polynomials of degree n — 1 with coefficients in a field K
is a vector space over K. Vector addition is just usual addition of polynomials; scalar
multiplication is just scaling of a polynomial by an element of K. Equivalently, one can
say that vector addition is coefficientwise addition, and scalar multiplication is multipli-
cation of all coefficients by a field element. Note that from this perspective, this example
is a disguised version of Example 1.4. This example was a favourite in Linear Algebra I!
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1.2 Bases

Example 1.4 is much more general than it appears: Every finite-dimensional vector space
looks like Ezample 1.4. (The meaning of “finite-dimensional” will become apparent
shortly.) In Linear Algebra I we already verified that K™ is an example of a vector
space over K; in this section we go on to prove that that there are essentially no further
examples.

Definition 1.7. Let V be a vector space over the field K, and let vy, ..., v, be vectors
inV.
(a) The vectors vi,ve,...,v, are linearly dependent if there are scalars ci,ca,. .., Cp,

not all zero, satisfying

c1v1 + cov2 + - - + cpvp, = 0.

The vectors vy, vo,...,v, are linearly independent if they are not linearly depen-
dent. Equivalently, they are linearly independent if, whenever we have scalars
c1,Co,. .., Cn satisfying

v + cva + -+ - 4 cpup = 0,

then necessarily ¢ =co =--- =¢, = 0.
(b) The vectors vi,vs,...,v, are spanning if, for every vector v € V, we can find
scalars c1,co,...,c, € K such that

v =191 + CU2 + -+ - + CpUp.

(¢) The list of vectors vy, ve,...,v, is a basis for V if it is linearly independent and
spanning.

Remark 1.8. Linear independence is a property of a list of vectors. A list containing
the zero vector is never linearly independent. Also, a list in which the same vector occurs
more than once is never linearly independent.

Definition 1.9. The span (v1,...,v,) of vectors vy, ..., v, is the set of all vectors that
can be written as linear combinations of vectors from vy, ..., v,:

(1,...,vn) = {c1v1 + coua 4 -+ - + cpvp < (c1, ..., c) €K'}

So vectors vy, va, ..., v, are spanning if V' = (vy,va,...,v,). We will see later that
the span of vectors is a vector space (or you can verify it now from the definitions).

We will say “Let B = (v1,...,v,) be a basis for V” to mean that the list of vectors
v1,...,Uy, is a basis, and that we refer to this list as B.

Definition 1.10. Let V be a vector space over the field K. We say that V is finite-
dimensional if we can find vectors vy, vs,...,v, € V that form a basis for V.

Remark 1.11. In these notes (apart from in this chapter) we are only concerned with
finite-dimensional vector spaces. However, it should be noted that in various contexts, in
mathematics and physics, we encounter vector spaces which are not finite dimensional.
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A linearly dependent list of vectors has redundancy. It is possible to remove at least
one vector from the list while keeping the span of the list the same. Here is a systematic
way to do so.

Lemma 1.12. Suppose v1,...,0n is a linearly dependent list of vectors in V. There
exists an index i € {1,...,m} such that

(a) v; € (v1,...,vi—1), and
(b) <’U1,...,Ui,1,’ui+1,...,Um> = <U1,...,Um>.

Proof. Since v1, ..., v, are linearly dependent, there exist scalars c1, ..., ¢, not all zero,
such that civ1 4+ - -+ ¢pnvm = 0. Choose i to be the largest index such that ¢; # 0. Then

v; = _<ﬂ)vl e (Ci—l)vi,l (1.1)

C; &
is an explicit expresion for v; in terms of vy, ..., v;_1, demonstrating that v; € (vi,...,v;_1).
This deals with item (a).

For item (b), suppose v is any vector in (vi,...,v,); by definition of span, v =
a1v1 + -+ + apvy, for some ai,...,a, € K. Now substitute for v;, using (1.1), to
obtain an expression for v as a linear combination of vectors in vy, ...,v;—1,Vi+1, .- ., Um-
This expression demonstrates that v € (vi,...,v;—1,Vi11,..., V). Since v was arbitrary,
item (b) follows. O

Lemma 1.13. The length of any linearly independent list of vectors in V is less than
or equal to the length of any spanning list of vectors.

Proof. Suppose vy,...,v, are linearly independent and wq, ..., w,, are spanning. Start
with the list wq, ..., w,, and repeat the following step, which adds some vector v; to the
list and removes some w;. For the first step, add vector v; to the front of the list to obtain
V1, W1, ..., Wn. Since the original list was spanning, the new one is linearly dependent
as well as spanning. By Lemma 1.12, we may remove some w; so that the remaining
list is still spanning. By reindexing some of the w;’s we may write the resulting list as
V1, W2, W3,y ... ,W.

In general, suppose, after some number of steps, the procedure has reached the
spanning list vy, ..., vg_1, Wk, ..., Wy, (where some reindexing of vectors in wi, ..., wy,
has taken place). Add the vector vy between vi_1 and wy, in the list. As before, the new
list is linearly dependent, and we may apply Lemma 1.12 to remove one of the vectors in
the list while retaining the property that the list is spanning. The important observation
is the following: because vy, ..., v are linearly independent, the removed vector cannot
be one of the v;’s and so must be one of the w;’s. (See part (a) of Lemma 1.12.)

At each step we add one vector and remove one vector keeping the length of the list
unchanged. We end up with a list of the form vy, ..., vs, Wpa1, ..., wy. It follows that
m > n. ]

Remark 1.14. The proof establishes a little more than we needed. In fact we have
essentially proved the Steinitz Exchange Lemma. (See, e.g., Wikipedia.)

Theorem 1.15. Let V be a finite-dimensional vector space over a field K. Then

(a) any two bases of V' have the same number of elements;
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(b) any spanning list of vectors can be shortened (by removing some vectors) to a basis;

(c) any linearly independent list of vectors can be extended (by adding some vectors)
to a basis.

Proof. (a) Suppose B; and Bs are any two bases for V', of lengths n; and ng respectively.
By Lemma 1.13, since Bj is linearly independent and Bs is spanning, n; < ns. Also,
since By is linearly independent and B; is spanning, ns < nj.

(b) Suppose vy, ...,vy, is any spanning list for V. By Lemma 1.12, if this list is
linearly dependent, we can remove some vector v; from it, leaving a smaller spanning
list. By repeating this step we must eventually reach a basis.

(c) Suppose v1,...,vy is a linearly independent list of vectors. If this list is not
spanning then there must exist a vector vy,+1 € V such that vy,11 € (vi,...,0m).
The extended list vy, ..., Un, Un+1 remains linearly independent. (To see this, assume
to the contrary that there exist scalars a,...,am+1, not all zero, such that ajv; +
~oo 4 p41Ym+1 = 0. Since vy,...,vy, are linearly independent, a,,4+1 cannot be 0.
Then vy41 = —(ao/@m+1)v1 — -+ — (@m/Am+1)Vn, and vy,11 € (V1. ..Uy ) contrary to
assumption.) By repeating this step we must eventually reach a basis. (Note that the
process must terminate, since the vector space V' is finite dimensional.) ]

Definition 1.16. The number of elements in a basis of a vector space V is called the
dimension of V. Theorem 1.15 assures us that this parameter is well defined.

We will say “an n-dimensional vector space” instead of “a finite-dimensional vector
space whose dimension is n”. We denote the dimension of V' by dim(V).

Remark 1.17. We allow the possibility that a vector space has dimension zero. Such
a vector space contains just one vector, the zero vector 0; a basis for this vector space
consists of the empty set.

Since the notion of basis of a vector space is so fundamental, it is useful in what
follows to note some equivalent characterisations. These alternatives are not too difficult

to verify, given Theorem 1.15.

Proposition 1.18. The following five conditions are equivalent for a list B of vectors
from wvector space V' of dimension n over K

(a) B is a basis;

(b) B is a mazimal linearly independent list (that is, if we add any vector to the list,
then the resulting list is linearly dependent);

(c) B is a minimal spanning list (that is, if we remove any vector from the list, then
the result is no longer spanning);

(d) B is linearly independent and has length n;

(e) B is spanning and has length n.
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1.3 Coordinate representations

Now let V' be an n-dimensional vector space over K. This means that there is a basis
V1,2, ...,V for V. Since this list of vectors is spanning, every vector v € V can be
expressed as

v =1+ v+ -+ Crlp

for some scalars c1,co,...,c, € K. These scalars are unique. For suppose that we also
had

/ / /
V= U1+ CU2 + -+ € Up

for scalars ¢}, c, ..., c,. Subtracting these two expressions, we obtain

0= (c1 — v+ (ca — ch)va + -+ (cp — ) vn.

Now the vectors vy, vs...,v, are linearly independent; so this equation implies that
c1—¢,=0,c0—¢c,=0,..., ¢, —c, =0; that is,
/ / /
cpL=c¢;, C==Cy ... Cp=2=¢,.

In light of this discussion, we can make the following definition.

Definition 1.19. Let V be a vector space with a basis B = (vi,ve,...,v,). If v =
€1V + coUg + - - - 4+ ¢ Uy, then the coordinate representation of v relative to the basis B is

where the symbol T is read “transpose”.

Remark 1.20. In this course, the notation v;, w;, etc., stands for the ith vector in a
sequence of vectors. It will not be used to denote the ith coordinate of the vector v (which
would be a scalar). We’ll use different letters for the vector and for its coordinates.

Now it is easy to check that, when we add two vectors in V', we add their coordinate
representations in K" (using coordinatewise addition); and when we multiply a vector v €
V by a scalar ¢, we multiply its coordinate representation by c. In other words, addition
and scalar multiplication in V' translate to the same operations on their coordinate
representations. This is why we only need to consider vector spaces of the form K",
as in Example 1.4. Here is how the result would be stated in the language of abstract
algebra:

Theorem 1.21. Any n-dimensional vector space over a field K is isomorphic to the
vector space K.



8 CHAPTER 1. VECTOR SPACES

Note that the coordinate representation of a vector is always relative to a basis. The
choice of basis is essentially arbitrary, and the development of the theory of vector spaces
is cleaner if we avoid introducing a specific basis. (In this module, we only go half-way in
this direction.) However, in order to compute with vectors and linear transformations,
it is inevitable that we will be working relative to a basis. Different bases give rise
to different coordinate representations, and it is important to know how to transform
between them.

The elements of the vector space K™ are all the n-tuples of scalars from the field K.
There are two different ways we could decide to represent an n-tuple: as a row, or as a
column. Thus, the vector with components 1, 2 and —3 could be represented as a row
vector

1 2 -3

or as a column vector
1

2
-3

Following Linear Algebra I and most (all?) textbooks on vector spaces, we stick to
column vectors. However, presumably though a historical accident, vectors in coding
theory are generally written as row vectors, and Cartesian coordinates for points 2- or
3-dimensional Euclidean space are also written horizontally. The choice of row or column
vectors makes some technical differences in the statements of the theorems, so care is
needed.

One reason to prefer column vectors in linear algebra is that we can represent a
system of linear equations, say

20 +3y = 9,
dx+5y = 9,

¢ 366

This is neater and used less space then the opposite convention. In any case, we will use
column vectors in these notes.

Let B = (v1,...,v,) and B’ = (v],...,v]) be different bases of an n-dimensional
vector space V over the field K. Recall from Linear Algebra I that there is an n x n
transitition matriz Pgp that translates coordinate representations relative to B’ to
coordinate representations relative to B. Specifically, [v]g = P [v]p for all vectors
v € V. In this course, we will see several ways in which matrices arise in linear algebra.
Here is the first occurrence: matrices arise as transition matrices between bases of a

in matrix form as

vector space.

Let I denote the identity matriz, the matrix having 1s on the main diagonal and 0Os
everywhere else. Given a matrix P, we denote by P~! the inverse of P, that is to say,
the matrix @ satisfying PQ = QP = I. Not every matrix has an inverse: we say that P
is tnvertible or non-singular if it has an inverse.

We recall from Linear Algebra I some facts about transition matrices, which come
directly from the definition, using uniqueness of the coordinate representation. Let
B, B, B"” be bases of the vector space V. Then
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(a) Pgp =1,
(b) P = (PB,B')_l; in particular, the transition matrix is invertible, and
(c) Pppr = PppPp pr
To see that (b) holds, let’s transform the coordinate representation of u relative to
basis B by multiplication by Pg z:
Py s[uls = Py 5(Psp[uls) = (Pgp P uls = [ulp
We obtain the coordinate representation of u relative to basis B’, as desired.
To see that (c) holds, transform the coordinate representation of u relative to basis B”
by multiplication by Pg pr:
Psprlulpr = (P Pe s)[ulsr = Pss (Po prlulsr) = Pspluls = [u]s.
We obtain the coordinate representation of u relative to basis B, as desired.

Example 1.22. Suppose that B = (v1,v2) and B’ = (v}, v)) are different bases of a
2-dimensional vector space V over R. Since B is a basis of V we can express the basis
vectors of B’ in terms of B. Suppose, in fact, that

vi =01 + vy and vé = 2v1 + 3vs.

Then the transition matrix from B’ to B is

1 2
PB7B/ - |:1 3:| )

Note that the first column of Pg g is just [v}]s, i.e., the coordinate representation of the
vector v} relative to the basis B, and the second column is just [v}]z. This gives an easy
way to write down Pp .

Suppose that the coordinate representation of some vector u relative to the basis B’
is [ulg = [@ b]". Then, from the definition of transition matrix, we should have

] — 1 2({|al |a+2b
E=11 3| (6] ~ |a+3b|"
We can check the result as follows:

u = av] + bvh = a(vy + v3) + b(2v1 + 3v) = (a + 2b)vy + (a + 3b)vs.

So indeed [u]g = [a+2b a+ 3b]" as expected.
The transition matrix from B to B’ is the inverse of Pg g

-1
—1 1 2 3 -2
PB/’B:PB,B/ - |:1 3 = 1 1 .
Finally, suppose B” = (v, v5) is a third basis of V, related to B’ by v{ = 3v] — 20},
and v§ = —2v] + v5. Then
3 -2
PB/,B” - |:_2 1 :| 9

1 213 -2] [-1 0
Pspr = P P g = [1 3} [_2 1] - {—3 1}

Note that this example provides additional insight into why matrix multiplication

is defined the way it is: in this instance, it provides the correct rule for composing
transition matrices.

and
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1.4 Subspaces and direct sums

Definition 1.23. Suppose V is a vector space over K. We say that U is a subspace of
V if U is a subset of V', and U is itself a vector space (with respect the same operations
of vector addition and scalar multiplication).

Lemma 1.24. Suppose U is a non-empty subset of a vector space V. The following
conditions are equivalent:

(a) U is a subspace of V;

(b) U is closed under vector addition and scalar multiplication. (That is to say, u+u' €
U and cu € U for any vectors u,u’ € U and scalar ¢ € K.)

Proof. Since any vector space is closed under vector addition and scalar multiplication,
it is clear that (a) implies (b).

Suppose now that (b) holds. For any vector u € U, we know that —u = (—1)u is
in U (by closure under scalar multiplication). Also, since U is non-empty, the additive
identity 0 = u — w is in U. So (b) assures us that the operations of vector addition,
taking the inverse of a vector, and scalar multiplication all make sense in U; moreover,
U contains an additive identity. The vector space axioms (VA) and (VM) for U are
inherited from V: since they hold in the larger set, they certainly hold in the smaller.
(Go through all five axioms and convince yourself of this fact.). Assertion (a) follows. [

Subspaces can be constructed in various ways:
(a) Recall that the span of vectors vy,...,vr € V is the set
(v1,v2,...,vk) = {c1v1 + QU2 + -+ - + U : c1,. .., 0 € K}
This is a subspace of V. Moreover, vectors vy, ..., v, are spanning in this subspace.
(b) Let U and W be subspaces of V. Then

— the intersection U N'W is the set of all vectors belonging to both U and W,

— the sum U + W is the set {u+w : v € U,w € W} of all sums of vectors from
the two subspaces.

Both U "W and U + W are subspaces of V.

We will just check (a) here, leaving (b) as an exercise. By Lemma 1.24, we just
need to check closure under vector addition and scalar multiplication. So suppose v =
cvr + - + g and v = v + -+ + cjv, are vectors in the span (vi,...,v) of
V1,...,v, € V. Then v+ = (crvr + -+ + cpog) + (qor + - - + i) = (e1 + ¢))vr +
-+ + (¢ + ¢, )ug, which is clearly also in the span (vi,...,v). Also for any a € K, we
have av = a(civ1) + -+ + a(cgvr) = (aci)vy + - - + (ack)vg, which is again clearly in
(1)1, ve ,’Uk>.

Theorem 1.25. Let V be a vector space over K. For any two subspaces U and W of
V', we have

dim(UNW) +dim(U + W) = dim(U) + dim(W).
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Proof. Let vy, ...,v; be a basis for UNW. By Theorem 1.15(c) we can extend this basis

to a basis v1,...,v,u1,...,u; of U and a basis vq,...,v,wi,...,wy of W. If we can
show that v1,...,v;,u1,...,uj, wi,...,w is a basis of U + W then we are done, since
then

dim(UnNW) =14, dim(U)=i+j, dim(W)=i+k, and dim(U+W)=1i+j+k,

and both sides of the identity we are aiming to prove are equal to 2i + j + k.
Since every vector in U (respectively W) can be expressed as a linear combination

of vi,...,v;,u1,...,u; (respectively vy,...,v1,wi,...,wg), it is clear that the list of
vectors vi, ..., U1, UL, ..., Uj, W1, ..., Wi spans U + W. So we just need to show that the
list vy,...,v1,u1,...,uj,w1,...,w is linearly independent.

Consider any linear relationship
aivy + -+ av; + biug + - - + bju; + cqwr + - + cpwy = 0;
we need to show that a1,...,a;,b1,...,0j,c1,..., ¢, are all zero. Writing
cqwi + - -+ cpwg = —a1v1 — - - — a;v; — byug — - -+ — bjuy,

we see that cyw; + - -+ 4+ cpwg, € U. But, by construction, cywy + - - - + cpwg, € W, so in
fact cywi + -+ + cpwy, € U NW. Since vy, ...,v; is a basis for U N W we have

clwi + -+ Ccrwg :d1v1+~--divi,

for some scalars dy, ... d;. But this implies that ¢; = - -+ = ¢ = 0 (and, incidentally, d; =
-+ =d; =0), since vy, ...,v;,wi,...,w is a basis for W and hence linearly independent.
A similar argument establishes by = --- = by = 0. But now a; = --- = a; = 0, since the
list vy, ..., v; is linearly independent. O

An important special case occurs when U NW is the zero subspace {0}. In this case,
the sum U 4+ W has the property that each of its elements has a unique expression in the
form u + w, for v € U and w € W. For suppose that we had two different expressions
for a vector v, say

v=u+w=u+u, for some u,u’ € U and w,w’ € W.

Then
u—u =w —w.

But u — v € U, and w' — w € W, and hence
u—u =w —weUNW ={0}.

It follows that u = v/ and w = w'; that is, the two expressions for v are not different
after all! In this case we say that U 4+ W is the direct sum of the subspaces U and W,
and write it as U @ W. Note that

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

The notion of direct sum extends to more than two summands, but is a little com-
plicated to describe. We state a form which is sufficient for our purposes.
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Definition 1.26. Let Uy, ..., U, be subspaces of the vector space V. We say that V is
the direct sum of Uq,...,U,, and write

V=U& ---aU,

if every vector v € V' can be written uniquely in the form v = uy + - - - + u, with u; € U;
fori=1,...,7.

There is an equivalent characterisation of direct sum that will be useful later.

Lemma 1.27. Suppose Uy, ..., U, are subspaces of V., andV = Uy +---+U,. Then the
following are equivalent:

(a) V is the direct sum of Uy,...,U,.

(b) For all vectors uy € Uy,...,u, € Uy, it is the case that uy + --- + u, = 0 implies
up =+ =1u, =0.

Proof. (a) = (b). Suppose uj + - -+ + u, = 0, where u; € Uy,...,u, € U,. Certainly

uyp = -+ = u, = 0 is one way this situation may occur. But the definition of direct sum
tells us that such an expression is unique. So, indeed, u; = - -- = u,, = 0 as required.

(b) = (a). Suppose v € V and that v = u; + -+ u, and v = u} + -+ + u, are
two ways of expressing v, with uy,u} € Uy,...,u,,u,. € U,. Then

(g —uh) + 4 (up —ul) = (ug + -+ up) — (W +--+ul) =v—v=0.

From condition (b), we deduce that u; —u} = -+ = u, —u,. = 0. Thus, uy = uf,...,u, =
w,. as required. O

Note the similarity between the condition described in Lemma 1.27(b) and the def-
inition of linear independence. In fact, vq,...,v, is a basis for a vector space V if and
only if V.= (v1) @---® (vp,). In a sense, a direct sum generalises the concept of basis.

Lemma 1.28. If V=U; & --- ®U,, then

(a) if B; is a basis for U; fori=1,...,r, then B= (By,---,B;), i.e., the concatenation
of the lists By, ..., B, is a basis for V;

(b) dim(V) = dim(Uy) + - - - + dim(U,).

Proof. Since every vector v € V may be expressed as v = uq + - - - +u, with u; € U;, and
every u; € U; may be expressed as a linear combination of basis vectors in B;, we see
that V is contained in the span of B. So we just need to verify that the list B is linearly
independent.

Let d; = dim(U;) and B; = (u41, ..., uiq;), for 1 <i <r, be an explicit enumeration
of the basis vectors B;. Suppose that some linear combination of the basis vectors B
sums to 0. We can express this linear combination as u; + - -+ + v, = 0, where u; =

a; i1 + -+ -+ a; g, q; for some scalars a; 1, ..., a;4, € K.
By Lemma 1.27, u; = 0 for all 1 <4 < r. Then, since B; is a basis and hence linearly
independent, a;; = --- = a; 4, = 0. Since the linear combination of basis vectors B was

arbitrary, we deduce that B is linearly independent.
This deals with part (a). Part (b) follows immediately, since

dim(V) = |B| = |Bi| + -+ + |B,| = dim(Uy) + - - - + dim(U,.).
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Remark 1.29. The results in this chapter apply to all finite dimensional vector spaces
over K, regardless of the field K. In our proofs, we used nothing beyond the general
axioms of a field. In some later chapters we need restrict our attention to particular
fields, typically R or C.

Summary

A vector space is a mathematical structure that can be defined axiomatically.

A basis is a list of vectors that is linearly independent (not redundant) and spanning
(sufficient).

A vector space is finite dimensional if it has a basis of finite cardinality. Every
basis of a finite-dimensional vector space V has the same cardinality (Exchange
Lemma). The cardinality of any basis of V' is the dimension of V.

There are many possible characterisations of a basis; it is good to know several
(Proposition 1.18).

Having chosen a basis for a vector space, every vector has a unique coordinate
representation relative to that basis.

Different bases lead to different coordinate representations, and we can translate
between them using transition matrices.

A subspace of a vector space V is a subset U of V that is itself a vector space. To
verify that a subset U is a subspace, we just need to check non-emptyness together
with closure under vector addition and scalar multiplication.

We can combine subspaces through the operations of sum and intersection. The
dimension of a subspace is a measure of the “size” of the subspace, which behaves in
some ways like the cardinality of a finite set (even though the subspaces themselves
are generally infinite). Refer to Theorem 1.25.

Direct sums are particularly nice sums of vector spaces. A direct sum corresponds
to a decomposition of a vector space with no redundancy.
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Chapter 2

Matrices

In this chapter, we review matrix algebra from Linear Algebra I, consider row and column
operations on matrices, and define the rank of a matrix. Along the way prove that the
“row rank” and “column rank” defined in Linear Algebra I are in fact equal.

2.1 Matrix algebra

Definition 2.1. A matriz of size m X n over a field K, where m and n are positive
integers, is an array with m rows and n columns, where each entry is an element of K.
The matrix will typically be denoted by an upper case letter, and its entries by the
corresponding lower case letter. Thus, for 1 <7 <m and 1 < j < n, the entry in row i
and column j of matrix A is denoted by a;j, and referred to as the (i, j) entry of A.

Example 2.2. A column vector in K" can be thought of as a n x 1 matrix, while a row
vector is a 1 X n matrix.

Definition 2.3. We define addition and multiplication of matrices as follows.

(a) Let A = (ai;) and B = (b;;) be matrices of the same size m x n over K. Then
the sum C = A + B is defined by adding corresponding entries of A and B; thus
C = (c¢45) is given by
Cij = Q45 + bij.

(b) Let A be an m x n matrix and B an n x p matrix over K. Then the product
C' = AB is the m x p matrix whose (7, ) entry is obtained by multiplying each
element in the ith row of A by the corresponding element in the jth column of B

and summing;:
n
Cij = Y _ igbyj.
k=1

Remark Note that we can only add or multiply matrices if their sizes satisfy appro-
priate conditions. In particular, for a fixed value of n, we can add and multiply n x n
matrices. Technically, the set M, (K) of n x n matrices over K together with matrix
addition and multiplication is a ring (with identity). The zero matrix, which we denote
by O, is the matrix with every entry zero, while the identity matrix, which we denote
by I, is the matrix with entries 1 on the main diagonal and 0 everywhere else. Note that
matrix multiplication is not commutative: BA is usually not equal to AB.

15
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We already met matrix multiplication in Section 1 of the notes: recall that if Pp pr
denotes the transition matrix between two bases of a vector space, then

PB,B’PB’,B" = PB7B”'

2.2 Row and column operations

Given an m x n matrix A over a field K, we define certain operations on A called row
and column operations.

Definition 2.4. FElementary row operations. There are three types:

Type 1. Add a multiple of the jth row to the ith, where j # 7.
Type 2. Multiply the ith row by a non-zero scalar.
Type 3. Interchange the ith and jth rows, where j # i.

Elementary column operations. There are three types:

Type 1. Add a multiple of the jth column to the ith, where j # i.
Type 2. Multiply the ¢th column by a non-zero scalar.
Type 3. Interchange the ith and jth columns, where j # i.

We can describe the elementary row and column operations in a different way. For
each elementary row operation on an m X n matrix A, we define a corresponding elemen-
tary matriz by applying the same operation to the m x m identity matrix I. Similarly
for each elementary column operation we define a corresponding elementary matrix by
applying the same operation to the n x n identity matrix.

We don’t have to distinguish between rows and columns for our elementary matrices:
each matrix can be considered either as a row or a column operation. This observation
will be important later. For example, the matrix

1 20
010
0 01
corresponds to the elementary column operation of adding twice the first column to the
second, or to the elementary row operation of adding twice the second row to the first.
For the other types, the matrices for row operations and column operations are identical.

Lemma 2.5. The effect of an elementary row operation on a matriz is the same as that
of multiplying on the left by the corresponding elementary matriz. Similarly, the effect
of an elementary column operation is the same as that of multiplying on the right by the
corresponding elementary matrix.

The proof of this lemma is somewhat tedious calculation.

Example 2.6. Let A be a 2 x 3 real matrix. The matrices corresponding to the elemen-
tary row operation of subtracting 4 times row 1 from row 2, and the elementary column
operation of subtracting twice column 1 from column 2 are

1 =2 0
[_14 (1)] and 0O 1 0},
0 0 1
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respectively. If A is the matrix

123
A_L 5 6}’

then the matrix that results from applying the above two elementary operations ought
to be

[1 0H123}é_128_[10 3}
—4 145 6|y 4 0 -3 —6

You should check that this is indeed the case.

An important observation about the elementary operations is that each of them can
have its effect undone by another elementary operation of the same kind, and hence
every elementary matrix is invertible, with its inverse being another elementary matrix
of the same kind. For example, the effect of adding twice the first column to the second
is undone by adding —2 times the first column to the second, so that

127" 12
i
2.3 Rank

Recall from Linear Algebra I the definitions of row space, column space, row rank and
column rank of a matrix.

Definition 2.7. Let A be an m x n matrix over a field K. The row space of A is the
vector space spanned by rows of A and the column space the vector space spanned by
columns. The row rank of A is the dimension of the row space, and the column rank of
A the dimension of the column space of A. (We regard columns or rows as vectors in
K™ and K™ respectively.)

Remark 2.8. Since a maximal linearly independent set of vectors is a basis, we could
alternatively define row rank as the maximum number of linearly independent rows, and
the column rank analogously.

Recall also that elementary row operations preserve row rank, and elementary column
operations preserve column rank. In Linear Algebra I, the rank of a matrix was defined
as its row rank. Why? The definition privileges rows over columns, and hence seems
somewhat arbitrary. In any case, why should the dimension of the row space be a
significant parameter?

The next lemma goes beyond Linear Algebra I by showing that elementary row
operations preserve column rank, not just row rank.

Lemma 2.9. (a) Elementary column operations preserve the column space of a matriz
(and hence don’t change the column rank).

(b) Elementary row operations preserve the row space of a matriz (and hence don’t
change the row rank).

(¢) Elementary row operations don’t change the column rank of a matriz.

(d) Elementary column operations don’t change the row rank of a matriz.
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Proof. First note that if A is an m x n matrix and u = [c1, ¢, .. ., cn]T an n-vector, then
Awu can be thought of as expressing a linear combination of the columns of A. Specifically,
Au = civ1 + covg + - - - + ¢pvy, Where m-vectors v, vs, ..., U, are the n columns of A,
taken in order.

(a) Suppose A’ is obtained from matrix A by some elementary column operation.
Equivalently, A’ = AC for some elementary matrix C. Consider any vector v in
the column space of A’; as we observed, the condition for v to be in the column
space of A’ is that there exists a vector u such that v = A’u. Then v = A'u =
(AC)u = A(Cu) = Av/, where v/ = Cu. Thus v also is in the column space
of A. It follows that the column space of A’ is contained in the column space of A.
Finally, elementary column operations are invertible, so the inclusion holds also in
the other direction. We deduce that the column spaces of A and A’ are equal.

(b) Follows by symmetry from (a).

(¢) Suppose A’ is obtained from matrix A by some elementary row operation. Equiv-
alently, A’ = RA for some elementary matrix R. Consider any linear dependancy
among the columns of A, say Au = 0. Then A'u = (RA)u = R(Au) = R0 = 0 and
so the same linear dependency exists among the columns of A’. Let S C {1,...,n}
be a subset of columns. If the columns of A indexed by S are linearly dependent
then the same columns in A’ are linearly dependent. Equivalently, if the S-indexed
columns of A’ are linearly independent, then so are the S-indexed columns of A.
Let k be the column rank of A’. Choose a basis for the column space among the
columns of A’. These columns are linearly independent in A’ and hence also in A.
It follows that the rank of the column space of A is at least k. Thus the column
rank of A is at least as large as that of A’. As before, column operations are
invertible, so the inequality holds also in the other direction.

(d) Follows from (c) by symmetry.
O

It is important to note that elementary row operations do not in general preserve the
column space of a matrix, only the column rank. Provide a counterexample to illustrate
this fact. (An elementary row operation on a 2 x 2 matrix is enough for this purpose.)

By applying elementary row and column operations, we can reduce any matrix to a
particularly simple form:

Theorem 2.10. Let A be an m X n matriz over the field K. Then it is possible to
transform A by elementary row and column operations into a matriz D = (d;;) of the
same size as A, with the following special form: there is an r < min{m,n}, such that
di; =1 for 1 <i <7, and d;; = 0 otherwise.

The matriz D (and hence the number r), is uniquely defined: if A can be reduced
to two matrices D and D’, both of the above form, by different sequences of elementary
operations then D = D’.

Definition 2.11. The number r in the above theorem is called the rank of A; while a
matrix of the form described for D is said to be in the canonical form for equivalence.
We can write the canonical form matrix in “block form” as

I O
o5 0l
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where I is an r X r identity matrix and O denotes a zero matrix of the appropriate size
(that is, r X (n — ), (m —7r) x r, and (m —r) X (n — r) respectively for the three Os).
Note that some or all of these Os may be missing: for example, if r = m, we just have
[In O].

Proof of Theorem 2.10. We first outline the proof that the reduction is possible. The
proof is by induction on the size of the matrix A = (a;;). Specifically, we assume as
inductive hypothesis that any smaller matrix can be reduced as in the theorem. Let the
matrix A be given. We proceed in steps as follows:

o If A = O (the all-zero matrix), then the conclusion of the theorem holds, with
r = 0; no reduction is required. So assume that A # O.

e If a;; # 0, then skip this step. If a;; = 0, then there is a non-zero element a;;
somewhere in A; by swapping the first and ith rows, and the first and jth columns,
if necessary (Type 3 operations), we can bring this entry into the (1, 1) position.

e Now we can assume that a1 # 0. Multiplying the first row by al_ll, (row operation
Type 2), we obtain a matrix with a;; = 1.

e Now by row and column operations of Type 1, we can assume that all the other
elements in the first row and column are zero. For if a;; # 0, then subtracting a;
times the first column from the jth gives a matrix with a;; = 0. Repeat this until
all non-zero elements have been removed.

e Now let A’ be the matrix obtained by deleting the first row and column of A.
Then A’ is smaller than A and so, by the inductive hypothesis, we can reduce A’
to canonical form by elementary row and column operations. The same sequence
of operations applied to A now finishes the job.

Suppose that we reduce A to canonical form D by elementary operations, where D
has r 1s on the diagonal. These elementary operations don’t change the row or column
rank, by Lemma 2.9. Therefore, the row ranks of A and D are equal, and their column
ranks are equal. But it is not difficult to see that, if

I. 0O
v=15 0l

then the row and column ranks of D are both equal to r. It doesn’t matter which
elementary operations we use to reduce to canonical form, we will always obtain the
same matrix D. So the theorem is proved. O

Corollary 2.12. For any matriz A, the row rank, the column rank, and the rank are
all equal. In particular, the rank is independent of the row and column operations used
to compute it.

Example 2.13. Here is a small example. Let

12 3
A‘L 5 6]

We have a7 = 1, so we can skip the first three steps. So first we subtract 4 times the
first row from the second, then subtract twice the first column from the second, and
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then 3 times the first column from the third. These steps yield the following sequence
of matrices

A 1 2 3| Ro—4ry |1 2 3| cy—20c; (1 O 3| cs-30; (1 O 0
14 5 6 0 -3 —6 0 -3 —6 0 -3 —-6|°

At this point we have successfully set to zero the first row and column of the matrix,
except for the top left entry. From now on, we have to operate on the smaller matrix
[—3 —6}, but we continue to apply the operations to the large matrix.

Multiply the second row of the matrix by —% and finally subtract twice the second
column from the thord. Picking up from where we left off, this yields the sequence

100—%R2100C3—202100_D
0 -3 -6 01 2 01 0

For compactness, se are using (as in Linear Algebra I) shorthand such as Ry — 4R, for
Rs := Ry —4R; and —%Rg for Ry := _%RQ. We have finished the reduction to canonical
form, and we conclude that the rank of the original matrix A is equal to 2.

Theorem 2.14. For any m X n matriz A there are invertible matrices P and Q of
sizes m X m and n X n respectively, such that D = PAQ is in the canonical form for
equivalence. The rank of A is equal to the rank of D. Moreover, P and Q are products
of elementary matrices.

Proof. We know from Theorem 2.10 that there is a sequence of elementary row and
column operations that reduces A to D. These operations correspond to certain elemen-
tary matrices. Take the matrices Rj, R, ..., Rs corresponding to the row operations
and multiply them together (right to left). This is the matrix P = RsRs_1 - -+ R;. Take
the matrices C1,Co, ..., C} corresponding to the column operations and multiply them
together (left to right). This is the matrix Q = C1Cs ... Ct. O

Example 2.15. We illustrate the construction of P and @ in the above proof, in a
continuation of our previous example. In order, here is the list of elementary matrices
corresponding to the operations we applied to A. (Here, 2x 2 matrices are row operations
while 3 x 3 matrices are column operations).

1 0 1 -2 0 1 0 -3
Rlz[_4 1], Ci=10 1 0, Cy=1]0 1 0],
0 0 1 00 1
1 0 0
1 0
RF[ } oo 1 -2
0 —1/3 00 1
So the whole process can be written as a matrix equation:
1 0 10 1 =2 01 0 =3] (1L 0 O
D:RgRlACngng{O _1/3] [_4 1]A 0 1 001 O 0 1 -2
0 0 1]|/0 0 1 00 1

or more simply
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where, as before,
1 2 3 1 00
A_[456]’ D_[Olo]'
There is a slightly easier (for humans) method for constructing the matrices P and
(), which we examined in the lectures. Let’s recall how it works in the context of

computing the matrix ). The idea is to use the same column operations we applied
to A, but starting instead with the 3 X 3 identity matriz I3 :

100 1 -20 1 -2 — 1 -2 1
L=0o10] 22% 1o 1 o] &2 o1 o &2%2 (01 2| =0
001 00 1 00 1 00 1

Think about why this method works. It is doing essentially the same calculation, but
arranging it in a more human-friendly way.

Definition 2.16. The m x n matrices A and B are said to be equivalent if B = PAQ),
where P and @) are invertible matrices of sizes m x m and n x n respectively.

Remark 2.17. The relation “equivalence” defined above is an equivalence relation on
the set of all m x n matrices; that is, it is reflexive, symmetric and transitive.

Corollary 2.18. An n x n matriz is invertible if and only if it has rank n.

Proof. Suppose that n x n matrices A and B are equivalent. Then A is invertible if
and only if B is invertible. (If A is invertible and B = PAQ, then Q@ 'A~1P~! is the
inverse of B, and similarly in the other direction.) We know from Theorem 2.14 that
every matrix A is equivalent to some matrix D in the canonical form for equivalence.
Moreover the rank of A is equal to the rank of D. Thus, we have the the following chain
of implications:

A is invertible <= D is invertible <= D = I,, <= A has rank n.
O

Corollary 2.19. Every invertible square matriz is a product of elementary matrices.

Proof. If A is an invertible n x n matrix, then it has rank n and its canonical form is
the identity matrix I,. Thus there are invertible matrices P and @), each a product of
elementary matrices, such that

PAQ = I,.

From this we deduce that
A=P',Q '=pP Q.

Since the elementary matrices are closed under taking inverses, the above is an expression
for A as a product of elementary matrices. O

Corollary 2.20. If A is an invertible n X n matrix, then A can be transformed into the
identity matriz by elementary column operations alone (or by elementary row operations
alone).
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Proof. We observed, when we defined elementary matrices, that they can represent either
elementary column operations or elementary row operations. In the previous corollary,
we saw that A can be written as a product of elementary matrices, say A = C1Cy...CY.
We can transform A to the identity by multiplying on the right by C; Lo Cy L Ccy !
in turn. This is equivalent to applying a sequence of column operations. Equally, we
can transform A to the identity by multiplying on the left by C| L cy Lo C, Lin turn.
This is equivalent to applying a sequence of row operations. ]

Theorem 2.21. Two m X n matrices are equivalent if and only if they have the same
rank.

Proof. Suppose A and B are (not necessarily square) equivalent matrices, i.e., B = PAQ
for some invertible matrices P and ). By Corollary 2.19 we can write P and @ as the
product of elementary matrices. It follows that we can transform A to B by elementary
row and column operations, and hence the ranks of A and B are the same. (Elementary
operations preserve the rank.)

Conversely, if the ranks of A and B are the same then we can transform one to the
other (e.g., via the common canonical form D) by elementary row and column operations,
and hence A and B are equivalent. ]

When mathematicians talk about a “canonical form” for an equivalence relation,
they mean a set of objects which are representatives of the equivalence classes: that is,
every object is equivalent to a unique object in the canonical form. Theorem 2.21 says
that in this case there are min{m,n} + 1 equivalence classes, and the canonical form for
equivalence is a canonical form in this sense.

Remark 2.22. As with Chapter 1, the results in this chapter apply to all fields K.

Summary

e Matrices (not necessarily square) can be acted upon by elementary row and column
operations. The elementary row operations are of three types, as are the elementary
column operations.

e To each elementary row operation on an m X n matrix A there corresponds an
elementary m x m matrix R. Multiplying A on the left by R is equivalent to
applying the row operation. Similarly, to each elementary column operation there
is an n x n matrix C such that multiplication on the right by C' is equivalent to
applying the column operation.

e The row (column) space of a matrix is the vector space spanned by the rows
(columns) of the matrix. The row (column) rank is the dimension of the row
(column) space.

e Row operations preserve the row space and leave the column rank unchanged.
Ditto with rows and columns interchanged.

e Any matrix can be reduced to the canonical form for equivalence by elementary
row and column operations. As a corollary, row rank and column rank are equal,
so we can just talk about “rank”.
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e An n X n matrix is invertible iff it has rank n. We also say in this case that the
matrix is non-singular. A non-singular matrix can be reduced to canonical form
[for equivalence] using just elementary row operations (or just column operations).

e A non-singular matrix can be written as the product of elementary matrices.
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Chapter 3

Determinants

We recall the Leibniz formula for the determinant of a square matrix, and show that
the function it defines is the unique function on square matrices satisfying certain nice
properties. This provides an axiomatic definition of the determinant, and demystifies, to
a certain extent, why the determinant is defined the way it is. We examine methods of
calculating the determinant and some of its properties. We study two polynomials asso-
ciated with a matrix, the minimal and characteristic polynomials. Finally we prove the
Cayley-Hamilton Theorem, that states that every matrix satisfies its own characteristic
equation.

The determinant is a function defined on square matrices; its value is a scalar. It
has some very important properties: perhaps most important is the fact that a matrix
is invertible if and only if its determinant is not equal to zero.

We denote the determinant function by det, so that det(A) is the determinant of A.
For a matrix written out as an array, the determinant is denoted by replacing the square
brackets by vertical bars:

1 2 1 2
det [3 4} - ’3 4’.

3.1 Definitions: explicit and axiomatic
The formula for the determinant involves some background notation.

Definition 3.1. A permutation of {1,...,n} is a bijection from the set {1,...,n} to
itself. The symmetric group S, consists of all permutations of the set {1,...,n}. (There
are n! such permutations.) For any permutation 7 € Sy, there is a number sign(r) = +1,
computed as follows: write 7 as a product of disjoint cycles; if there are k cycles (includ-
ing cycles of length 1), then sign(7) = (—1)"*. A transposition is a permutation which
interchanges two symbols and leaves all the others fixed. Thus, if 7 is a transposition,
then sign(7) = —1.

The last fact holds because a transposition has one cycle of size 2 and n — 2 cycles of
size 1, so n— 1 altogether; so sign(7) = (—1)"~ (1) = —1. We need one more fact about
signs: if 7 is any permutation and 7 is a transposition, then sign(n7) = sign(rm) =
—sign(), where 77 denotes the composition of 7w and 7 (apply first 7, then 7).

Definition 3.2. Let A = (a;;) be an n x n matrix over K. The determinant of A is

25
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defined by the Leibniz formula

det(A) = Z Sign(ﬂ-)al,w(l)alwﬂ) ©Qpor(n)-
TESy

This gives us a nice mathematical formula for the determinant of a matrix. Unfortu-
nately, it is a terrible formula for practical computation, since it involves working out n!
terms, each a product of matrix entries, and adding them up with 4+ and — signs. For
n of moderate size, this will take a very long time! (For example, 10! = 3628800.)

Let’s come at this from another direction. Consider the following three properties of
a function D defined on n X n matrices.

(D1) For every 1 < i < n, D(A) is linear in the ith row of the matrix A. (We’ll spell
out below what this means.)

(D2) If A has two equal rows, then D(A) = 0.

(D3) D(I,) =1, where I, is the n x n identity matrix.

Some clarification of property (D1). Suppose we have any matrices A and B such
that B agrees with A, except that row 4 is multiplied by some scalar ¢. Thus,

U1 U1
Vi—1 Vi—1
A= v B=|cy|, (3.1)
Vi+1 Vi+1
- Un - - vn -

where v1,...,v, are row vectors. Then (D1) legislates that D(B) = ¢D(A). Further-
more, suppose we have three matrices A, A’ and B, such that A and A’ agree except at

the ith row, and such that the ith row of B is the sum of the corresponding rows of A
and A”:

U1 U1 U1
Vi1 Vi1 Vi1
A= | v A= B=|v+v|. (3.2)
Vi+1 Vi+1 Vi+1
L Un | L Un L Un |

Then (D1) legislates that D(B) = D(A) + D(A4).

Why are these natural? Well, condition (D1) says that if we fix all the entries of A
apart from those in the ith row, then D is some linear function of the remaining entries
aii,---,0n;. This is a linear algebra course, so this property seems reasonable enough.
A matrix A with two equal rows has rank less than n. Property (D2) says that the
function D(A) is zero on at least some (in fact all) matrices of rank less than n. If
we are looking for a function that is non-zero exactly for invertible matrices, this is a
reasonable condition to impose. The conditions (D1) and (D2) cannot define a unique
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function, since if D satisfies (D1) and (D2) then so does any multiple of D. So if we
want to pin down the function D precisely, we need some condition like (D3) to fix the
function at a particular point.

If we believe (D1)—(D3) are nice conditions, then the determinant is a nice function.

Lemma 3.3. The function det() satisfies (D1)-(D3).

Proof. (D1) Suppose A = (ag¢) is an n x n matrix, and A" and B are matrices agreeing

(D2)

with A apart from in the ¢th row. Furthermore, suppose matrices A, A’ and B
are related as in (3.2): thus the ith row of B is the sum of the ith rows of A and
A’. Then, denoting the ith row of A’ by a};,al,, ..., al,, we obtain, by the Leibniz
formula,

det(B) = Z Sign(7) a1 (1) *** Gim1,m(i—1) (Cim(i) + aém(i)) Qi1 (i4+1) " " Onr(n)
7E€Sn %r—’bmm
= > SIgn(M) a1r(1) Gt () Qi) Qi1 n(i1) ()
TESh
+ Z SIGN(T) @1 r(1) Wi (i 1)@ () Gik L (i41) " Oone(n)
TESH
= det(A) + det(A").

The case (3.1), where B is obtained from A by multiplying the ith row of A by ¢, is
similar, but easier, and is left as an exercise. Thus (D1) holds for the determinant.

Suppose that the ith and jth rows of A are equal. Let 7 be the transposition that
interchanges ¢ and j and leaves the other numbers fixed. Then,

Uirr(i) = Gin(j) = Qjn() AN @ rr(j) = Qjn(i) = Qign(i)

where the second equality in each case uses the fact that the ith and jth rows of
A are identical. For any k ¢ {7, j} we naturally have ay, ) = agrrx)- Thus, we
see that the products

a1,7(1)42,7(2) " ** Cn,w(n) and a1,77(1)2,77(2) * " Cn 77 (n)

are equal. But sign(n7) = —sign(m). So the corresponding terms in the formula
for the determinant cancel one another. The elements of S;, can be divided up into
n!/2 pairs of the form m, 77 (the natural way to do this is to let = range over the
subgroup of sign +1). As we have seen, each pair of terms in the formula cancel
out. We conclude that det(A) = 0. Thus (D2) holds.

If A = I,, then the only permutation m which contributes to the sum is the
identity permutation ¢; any other permutation 7 satisfies w (i) # i for some i, so
that a;r;) = 0. The sign of ¢ is +1, and all the factors a;; are equal to 1, so
det(A) = 1, as required.

O

So there exists at least one function that satisfies (D1)—(D3). We now show, perhaps
surprisingly, that there is only one.
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Theorem 3.4. There is a unique function D on n x n matrices satisfying (D1)—(D3).
That function is det().

Proof. Suppose that D is any function on square matrices satisfying (D1)—(D3). First,
we show that applying elementary row operations to matrix A has a well-defined effect
on D(A).

(a) If B is obtained from A by adding ¢ times the jth row to the ith, then D(B) =
D(A).

(b) If B is obtained from A by multiplying the ith row by a non-zero scalar ¢, then
D(B) =c¢D(A).

(c) If B is obtained from A by interchanging two rows i and j, then D(B) = —D(A).

For (a), let A" be the matrix which agrees with A in all rows except the ith, which
is equal to the jth row of A. By rule (D2), D(A’) = 0. By rule (D1),

D(B) = D(A) + c¢D(A') = D(A).

Part (b) follows immediately from condition (D1).
To prove part (c), we observe that we can interchange the ith and jth rows by the
following sequence of operations:

e add the ith row to the jth;
e multiply the ith row by —1;
e add the jth row to the ith;

e subtract the ith row from the jth.

Symbolically,
(¥ Vs —U; Uj Uj
R;+R; . —1xR; ) Ri+R; ) R;—Ri
N : — ; ~ 3 ; N Y
Vj Vi + Vj Vi + Vj Vi + U V;

The first, third and fourth steps don’t change the value of D, while the second multiplies
it by —1.

We now understand how elementary row operations on the matrix A affect the value
of D(A). The proof now proceeds in two cases, depending on whether A is invertible.

o If A is not invertible, then its row rank is less than n (Corollary 2.18). So the rows
of A are linearly dependent, and one row can be written as a linear combination of
the others. Suppose, without loss of generality that the first row v; can be written
V] = CUg + C3V3 + + - - + cpvy,. Applying property (D1), we see that

CoU2 + C3V3 + - -+ + CpUnp o)) V3 Un,
V2 V2 V2 ()
D ) =cD| . |+aD| . |+--+cD| . | =0

Un, Un, Un Un
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Note that each of the terms in the above sum is zero by (D2), as each matrix has
a repeated row. So, assuming (D1)—(D3) we have shown D(A) = 0. Since det
satisfies (D1)-(D3) (Lemma 3.3), we know in particular that det(A) = 0. So D(A)
and det(A) agree on non-invertible matrices A: they are both zero.

e If A is invertible, then we can reduce it to the identity by applying elementary
row operations (Corollary 2.20). Suppose that these row operations correspond to
elementary matrices Ry, Ro, ..., R, so that R;... RoeR1 A = I. Each row operation
R; multiplies D() by a certain factor ¢;, determined by (a)—(c). Thus, on the one
hand, D(R; ... ReR1A) = cica...ctD(A) = ¢D(A), where ¢ = cjca...¢. On the
other hand R;... RoR1A = I, and so D(R;... RoR1A) = D(I) =1, by (D3). It
follows that D(A) = ¢~!. Again, we deduce in particular that det(A) = ¢~!. Thus,
D(A) and det(A) agree on invertible matrices.

Putting together the two cases, we see that if D is any function satisfying (D1)—(D3),
then D(A) = det(A) for all A. O

3.2 Properties of determinants
Corollary 3.5. A square matriz is invertible if and only if det(A) # 0.

Proof. See the case division at the end of the proof of Theorem 3.4. O

Note that Theorem 3.4 immediately yields a result from Linear Algebra I

Lemma 3.6. (a) If B is obtained from A by adding c times the jth row to the ith,
then det(B) = det(A).

(b) If B is obtained from A by multiplying the ith row by a scalar c, then det(B) =
cdet(A).

(c¢) If B is obtained from A by interchanging two rows, then det(B) = — det(A).
One of the most important properties of the determinant is the following.
Theorem 3.7. If A and B are n x n matrices over K, then det(AB) = det(A) det(B).

Proof. Suppose first that A is not invertible. Then det(A) = 0. Also, AB is not invert-
ible. (For, suppose that (AB)~! = X, so that (AB)X = I = A(BX). Then BX is the
inverse of A.) So det(AB) = 0, and the theorem holds in this case.

In the other case, A is invertible, so by Corollary 2.19 we can write it as a product
of elementary matrices A = E1Fs--- E;. Now observe that the theorem holds for the
product of an elementary matrix E and a general matrix B. Multiplying a matrix on the
left by E has the effect of multiplying the determinant by a certain factor ¢, depending
only on E; thus det(EB) = cdet(B). For example, when E is Type 3, ¢ = —1 and
det(EB) = —det(B). It can be checked — do this now for all three types of elementary
matrices! — that ¢ = det(FE). It follows that det(EB) = det(F) det(B).



30 CHAPTER 3. DETERMINANTS

More generally

det(AB) = det(F 1 E; ... ExB)
= det(E)) det(Ey... ExB) = - --
= det(E;) det(Esy) ... det(Ey) det(B)
=det(Ey)...det(Ex_1Fy)det(B) = - --
= det(E 1 E> ... Ey) det(B)
= det(A) det(B).

as required. ]

Finally, we have defined determinants using rows, but we could have used columns
instead:

Corollary 3.8. The determinant is the unique function D of n X n matrices which
satisfies the conditions

(D) for 1 <i<mn, D is a linear function of the ith column;
(D2') if two columns of A are equal, then D(A) = 0;
(D3') D(I,) = 1.

Proof. Swapping the roles of rows and columns in the Proof of Theorem 3.4 shows that
there is a unique function satisfying (D1")-(D3’) given by the formula

det(A) = 3 sign(m)ar(1) 10r(2)2 " An(n)n;
TESK

which is the usual formula, but with the role of rows and columns reversed. But this
formula contains the same terms as the usual one, but in a different order. (Check this.
The term corresponding to 7 in the usual formula is equal, after rearrangement, to the
term corresponding to 7! in the above formula. Furthermore, sign(7~!) = sign(n).) O

Since det() is the unique function on matrices satisfying (D1')—(D3’) and (D1)-(D3),
and since these properties are invariant under interchange of rows and columns, the same
must be true of det() itself.

Corollary 3.9. If AT denotes the transpose of A, then det(A") = det(A).

Example 3.10. Right at the end of Geometry I it was shown that the area of a parallel-
ogram can be expressed as a 2 x 2 determinant. This fact extends to higher dimensions.
The area of a parallelogram (see Figure 3.1) defined by vectors u and v; is given by the
length |u| of the base u times the height h1, and similarly for the parallelograms defined
by w and vy, and by u and v. The height of the third parallelogram is the sum h; + ho
of the heights of the other two. So its area is also the sum of the areas of the other two.
(This can also be seen by dissecting the figure.)
Suppose we represent the parallelogram defined by u and v as a 2 X 2 matrix whose

rows are u and v thus:

u

B}
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V2 h2

U1 h1

Y

u

Figure 3.1: Area of a parallelogram

Note that all vectors will be row vectors in this example. Then we have seen that

Area [
U1

} = Area u} = Area [u] + Area [u]
V1 + Vo K V9

Likewise,

= Area [u = a X Area [u] .
av| v

But these two observations together are telling us that “Area” satisfies property (D1)!
Since the area of the degenerate parallelogram [ﬂ is 0, we have that Area satisfies

property (D2). Finally, the identity matrix represents the unit square, which has area 1,
and property (D3) is satisfied also. But the determinant is the only function that satisfies
(D1)—(D3), so the area of a parallelogram is given by the determinant of a 2 x 2 matrix.

Warning: this notion of area is signed, since the height of the parallelogram may
be negative. If we negate one of the vectors, the sign of the area will be flip and if
we transpose (in the sense of interchange!) the vectors then again the sign will flip, in
accordance for the rules for elementary row operations.

All the above extends to n dimensions. The parallelotope in R™ specified by vectors
V1, V2, ..., U, is defined by

P ={ayv; +agva + -+ apvy, : 0 < ay,az,...,a, < 1}.

Suppose we represent P as an n X n matrix A whose rows are the vectors vy, va, ..., Upn.
Then the n-dimensional volume of P satisfies (D1)—(D3), and so vol,(P) = |det(A)].

3.3 Cofactor (Laplace) expansion

Here is a second formula, which is also theoretically important but very inefficient in
practice.

Definition 3.11. Let A be an n x n matrix. For 1 < 7,5 < n, denote by A;; the
(n — 1) x (n — 1) matrix obtained by deleting the ith row and jth column of A. The
(i,7) cofactor of A is defined to be (—1)"*7 det(A; ;). (These signs have a chessboard
pattern, starting with sign + in the top left corner.) We denote the (i, j) cofactor of A
by K;j(A). Note that the cofactor is a scalar, even though we’ve denoted it by an upper
case latter! Finally, the adjugate of A is the n x n matrix Adj(A) whose (i,7) entry is
the (j,1) cofactor K;;(A) of A. (Note the transposition!)
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Theorem 3.12. (a) For 1 <i <n, we have
det(A) = > a; Kij(A).
j=1

(b) For 1< j<n, we have
n
det(A) = Z ainij (A)
i=1
This theorem says that, if we take any column or row of A, multiply each element
by the corresponding cofactor, and add the results, we get the determinant of A. The

expressions (a) and (b) appearing in Theorem 3.12 are the cofactor or Laplace expansion
along row ¢ and column j respectively.

Example 3.13. Using a cofactor expansion along the first column, we see that

23 56‘ ‘23‘ ‘23‘

4 5 6 = —4 +7

7 3 10 ‘8 10 8 10 5 6
= (5-10-6-8)—4(2-10—3-8)+7(2-6 —3-5)
= 2+16—-21
= -3

using the standard formula for a 2 x 2 determinant.

Theorem 3.12 looks plausible. Note that /;;(A) is an (n —1) x (n — 1) determinant.
Expanding a;;K;;(A) by the Leibniz formula yields (n — 1)! terms that ought to corre-
spond to those (n — 1)! terms in the Leibniz formula for A that satisfy w(i) = j. But
keeping track of the subscripts and the signs is fiddly and not very edifying, so we won’t
go into that here. The details can be found on the Wikipedia page on the “Laplace
expansion”.

Another way of going about proving Theorem 3.12 is to show that the expression
> j=10ijK;j(A) satisfies (D1)-(D3). The issue here is how to show (D2) when one of
the two equal rows is row ¢. Again, there is no essential problem but we won’t go into
the details here.

At first sight, the Laplace expansion looks like a simple formula for the determinant,
since it is just the sum of n terms, rather than n! as in the Leibniz formula. But each
term is an (n — 1) X (n — 1) determinant. Working down the chain we find that this
method is just as labour-intensive as the other one. But the cofactor expansion has
further nice properties:

Theorem 3.14. For any n X n matriz A, we have
A-Adj(A) = Adj(A) - A =det(A) I.

Remark 3.15. In the above identity, the A-Adj(A) and Adj(A)- A are matriz products,
while det(A) I is the product of a scalar with a matrix. We can get into big trouble by
ignoring this distinction and using matrices where scalars should go. Just in this section,
we’ll use dots to emphasise matriz multiplication.
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Proof of Theorem 3.14. We calculate the matrix product. Recall that the (7, j) entry of
Now the (7,7) entry of the product A - Adj(A) is

n

> ai(Adj(A)ri = Y ainKix(A) = det(A),
k=1 k=1

by the cofactor expansion. On the other hand, if ¢ # j, then the (7,j) entry of the
product is

Z aik(Adj(A))r; = Z aip Kji(A).
k=1 k=1

This last expression is the cofactor expansion of the matrix A’ which is the same as that
of A except for the jth row, which has been replaced by the ith row of A. (Note that
changing the jth row of a matrix has no effect on the cofactors of elements in this row.)
So the sum is det(A’). But A’ has two equal rows, so its determinant is zero.

Thus A - Adj(A) has entries det(A) on the diagonal and 0 everywhere else; so it is
equal to det(A) I.

The proof for the product the other way around is the same, using columns instead
of rows. O

Corollary 3.16. If the n x n matriz A is invertible, then its inverse is equal to
(det(A))~1 Adj(A).

So how can you work out a determinant efficiently? The best method in practice is
to use elementary operations.

Apply elementary operations to the matrix, keeping track of the factor by which the
determinant is multiplied by each operation. If you want, you can reduce all the way
to the identity, and then use the fact that det(/) = 1. Often it is simpler to stop at an
earlier stage when you can recognise what the determinant is. For example, if the matrix
A has diagonal entries ajy, ..., any, and all off-diagonal entries are zero, then det(A) is
just the product ajq - - - anp.

Example 3.17. Let
1 2 3
A=14 5 6
7 8 10

Subtracting twice the first column from the second, and three times the second column
from the third (these operations don’t change the determinant) gives

1 0 0
4 -3 —6
7T —6 —11

Now the cofactor expansion along the first row gives

-3 —6

det(A) = )_6 Y

‘:33—36:—3.

(At the last step, it is easiest to use the formula for the determinant of a 2 x 2 matrix
rather than do any further reduction.)
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3.4 The Cayley-Hamilton Theorem

Since we can add and multiply matrices, we can substitute them into a polynomial. For

example, if
0 1
=% )

then the result of substituting A into the polynomial z? — 3z + 2 is

2 -2 3] o =3] [2 0] [o o0
A 3A+2I_[_6 7]+{6 _9}+[0 2]_[0 0].

We say that the matrix A satisfies the equation x*> — 3z +2 = 0. (Notice that for the
constant term 2 we substituted 21.)

It turns out that, for every n x n matrix A, we can calculate a polynomial equation
of degree n satisfied by A.

Definition 3.18. Let A be a n x n matrix. The characteristic polynomial of A is the
polynomial

pa(x) = det(xl — A).

This is a polynomial in x of degree n.

0 1
=)

’:x(m—3)+2:x2—3x+2.

For example, if

then
x —1

pa(z) = 2 -3

Indeed, it turns out that this is the polynomial we want in general:

Theorem 3.19 (Cayley—Hamilton Theorem). Let A be an n x n matriz with character-
istic polynomial pa(z). Then pa(A) = O.

Example 3.20. Let us just check the theorem for 2 x 2 matrices. If
a b
a-[ed)

r—a —b
—c x—d

then

pa(r) =

‘:m2(a+d)x+(adbc),

and so

2
a® + be ab—{—bd}_(a d) [a b

pa(4) = [ac—l—cd be + d? d] + (ad — be) [l O] =0,

01

after a small amount of calculation.
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Proof. We use the theorem
A-Adj(A) = det(A) I.

In place of A, we put the matrix I — A into this formula:
(z1 — A) - Adj(axl — A) =det(z] — A) I =pa(z) 1.

Now it is very tempting (for lesser beings than the MTH6140 class) just to substitute
x = A into this formula: on the right we have p4(A)I = ps(A), while on the left there
is a factor AI — A = O. Unfortunately this is not valid, and the reason is connected to
the remark following the statement of Theorem 3.14. The expression p4(A) is a matrix,
and not valid in this context, where a scalar is expected. (A similar problem exists on
the left side of the incorrect identity.)

Instead, we argue as follows. Adj(x] — A) is a matrix whose entries are polynomials,
so we can write it as a sum of powers of x times matrices, that is, as a polynomial whose
coefficients are matrices. For example,

2+1 22 _2[ 0l o2l 1o
3r—4 xz+2/ " " |0 o) T3 1T |-4 2"
The entries in Adj(z] — A) are (n — 1) x (n — 1) determinants, so the highest power
of o that can arise is 2”1, So we can write

Adj(zI — A) =2""'B, 1 + 2" 2B, o+ --- + 2B + By,
for suitable n x n matrices By, ..., B,_1. Hence

pa(x)l = (xI —A)-Adj(zl — A)
= (2l —A) (2" 'B, 1 +2"?B,_o+---+xB; + By)
= "B, 1 +2" Y (~AB,_1+ Bp_2) + -+ a(—AB; + By) — ABy.
So, if we let
pa(r) = 2™ +cp12™ -+ + oo,

then we read off that
Bn1 = I,

—ABp_1 + Bnp_2 = cp_1l,
—-AB; + By = ci1,
—ABO = CoI.

We take this system of equations, and multiply the first by A™, the second by A",
..., and the last by A = I. What happens? On the left, all the terms cancel in pairs:
we have

A"B,_ 1+ A" Y(—AB, 14+ Bn_2)+ -+ A(—AB; + By) + I(-ABy) = O.
On the right, we have
A"+ e A" 4+ A+ ol = palA).

So pa(A) = O, as claimed. O
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Summary

The determinant of an n X n matrix can be defined by an explicit formula (Leibniz)
with n! terms.

It can also be defined axiomatically, as the unique function on square matrices
satisfying certain simple properties.

The determinant of a matrix transforms in predictable ways under the action of
elementary row and column operations (equivalently, left or right multiplication
by elementary matrices).

The determinant of the product of matrices is the product of their determinants.

The determinant of a matrix can also be defined recursively by the cofactor (Laplace)
expansion.

The inverse of a non-singular matrix can be expressed explicitly in terms of its
cofactors (adjugate matrix).

The determinant can be used to define the characteristic polynomial of a matrix.

The Cayley-Hamilton Theorem states that every square matrix satisfies its own
characteristic polynomial. (It is important to know precisely what this informal
statement means.)



Chapter 4

Linear maps between vector
spaces

We return to the setting of vector spaces in order to define linear maps between them.
We will see that these maps can be represented by matrices, decide when two matri-
ces represent the same linear map, and give another proof of the canonical form for
equivalence.

4.1 Definition and basic properties

Definition 4.1. Let V and W be vector spaces over a field K. A function « from V to
W is a linear map if it preserves addition and scalar multiplication, that is, if

e (v +v2) = a(v1) + avy) for all v1,vy € V;
e acv) = cav) for all v € V and ¢ € K.

Remark 4.2. (a) We can combine the two conditions into one as follows:
a(c1v1 + cav2) = cra(vy) + caar(v2).

(b) In other literature the term “linear transformation” is often used instead of “linear

map”.

Definition 4.3. Let a: V — W be a linear map. The image of « is the set
Im(a) = {w e W :w=a(v) for some v € V},

and the kernel of « is
Ker(a) = {v eV :a(v) =0}.

Proposition 4.4. Let a: V — W be a linear map. Then the image of « is a subspace
of W and the kernel is a subspace of V.

Proof. We have to show that each subset is closed under addition and scalar multiplica-
tion, and is non-empty. Non-emptiness is immediate: the zero vector 0 is in both Im(«)
and Ker(a) since a(0) = 0.

37
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Suppose that wq, wg are vectors in the image of a. By definition of Im(«), there exist
v1,v9 € V such that w; = a(v1) and we = a(vg). Then

w1 + wy = a(v1) + a(ve) = a(vr + va),

by linearity of a. It follows that w; + w2 € Im(a). Now suppose w € Im(«) and ¢ € K.
By definition of Im(«), there exists v € V such that w = a(v). Then

cw = ca(v) = a(cv),

demonstrating that cw € Im(a).
Next suppose vy, ve are vectors in the kernel of a. By definition of Ker(«), we know
that a(v1) = a(vy) = 0. Thus

a(vy +v2) = a(v1) + a(v2) =0+ 0 =0,

from which it follows that v; 4+ vo € Ker(«). Finally, suppose v € Ker(a) and ¢ € K.
Then a(v) = 0 and

demonstrating that cv € Ker(a). O

Definition 4.5. We define the rank of o to be p(a) = dim(Im(«)) and the nullity of
a to be v(a) = dim(Ker(a)). (We use the Greek letters ‘tho’ and ‘nu’ here to avoid
confusing the rank of a linear map with the rank of a matrix, though they will turn out
to be closely related!)

Theorem 4.6 (Rank-Nullity Theorem). Let o : V — W be a linear map. Then o(a) +
v(a) = dim(V).

Proof. Choose a basis uy, us, ..., uq for Ker(a), where ¢ = dim(Ker(a)) = v(a). The

vectors uq,...,u, are linearly independent vectors of V', so we can add further vectors
to get a basis for V, say ui,...,uq,v1,...,0s, where ¢+ s = dim(V).
We claim that the vectors a(vy),...,a(vs) form a basis for Im(«). We have to show

that they are linearly independent and spanning.

Linearly independent: Suppose that cia(vy) +- - -+ csa(vs) = 0. We need to show that
c1 =---=c¢s = 0. Applying the linear map « we have

a(civr + -+ +csvs) = cra(v) + - - - + csa(vs) = 0,

so that civy + - - + csvs € Ker(a). The vector ¢qv1 + - -+ + ¢5vs can be expressed
in terms of the basis for Ker(«):

C1V1 + -+ CsUs = ar1uy + - -+ aquyg,

whence

—aju _..._aquq+clvl+...+csvs =0.
But the list (u1,...,uq,v1,...,vs) is a basis for V, and hence is linearly indepen-
dent. It follows that ¢; = --- = ¢, = 0 (and incidentally a1 = --- = a4 = 0), as

required.
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Spanning: Take any vector in Im(«), say w. We need to show that w € (a(v1), ..., a(vs)).
Since w € Im(a) we know that w = a(v) for some v € V. Write v in terms of the
basis for V:

v =aiul + -+ aqug + c1v1 + -+ + CsUs
for some a1, ...,aq,c1,...,cs. Applying a, we get
w = a(v)

=aa(ur) + - +aga(ug) + cravr) + -+ + csa(vy)

= cro(vy) + -+ + csr(vs),
where we used the fact that u; € Ker(a) and hence a(u;) = 0. So the vectors
a(vy),...,a(vs) span Im(a).

Thus, ¢(a) = dim(Im(«)) = s. Since v(a) = ¢ and ¢ + s = dim(V'), the theorem is
proved. ]

4.2 Representation by matrices

We come now to the second role of matrices in linear algebra: they represent linear
maps between vector spaces.

Let o : V. — W be a linear map, where dim(V') = n and dim(W) = m. Let vy, ..., v,
be a basis for V' and wy, ..., wy, a basis for W. Then for j = 1,...,n, the vector a(v;)
belongs to W, so we can write it as a linear combination of wy, ..., wy,.

Definition 4.7. The matrix representing the linear map a : V. — W relative to the

bases (v1,...,v,) for V and (w1, ..., wy,) for W is the m x n matrix whose (i, j) entry
is a;j, where
m
a(vy) = agw
i=1
for j =1,...,n. (The indices on the right hand side are reversed from what you might

expect by analogy with matrix multiplication, but it will all turn out right in the end!)

In practice this means the following. Take «(v;) and write it as a as a linear com-
bination a(vj) = ajjwi + -+ + amjwp, of basis vectors of W. Then the column vector

[alj agj --- amj}—r is the jth column of the matrix representing «. So, for example,
if n=3,m=2, and

a(v) = wy +we, avy) = 2wy + Swe, a(vs) = 3wy — we,

1 2 3
1 5 —1}|°
Now the most important thing about this representation is that the action of « is
now easily described:

then the matrix representing « is

Proposition 4.8. Let a: V — W be a linear map. Choose bases B for V. and B' for W
and let A be the matriz representing « relative to these bases. Then

[(v)]5 = Alv]s.



40 CHAPTER 4. LINEAR MAPS BETWEEN VECTOR SPACES

Proof. Let B = (v1,...,v,) be the basis for V, and B’ = (wy,...,w,,) the basis for W.
Suppose v = Z?:l cjvj € V, so that in coordinates
c1
[v]s =
Cn
Then

J]=

—_

n m m n
a(v) = Z cja(vj) = Z c; Z a;jw; = Z W; Z a;jc;,
=1 =1

i=1  j=1

so the ith coordinate of [a(v)]p is Y7, a;jc;, which is precisely the ith coordinate in

the matrix product A[v]g. O
In our example, if v = 2v; + 3vy + 4vs, so that the coordinate representation of v
relative to the basis (v1,va,v3) is [2 3 4}T, then
2
12 3 20
[a(v)]B’ - A[U]B - |:1 5 1:| i - |:13:| :

The column vector on the right gives the coordinate representation of a(v) relative to
the basis (w1, ws), that is, a(v) = 20w, + 13ws,.

Addition and multiplication of linear maps correspond to addition and multiplication
of the matrices representing them.

Definition 4.9. Let o and 8 be linear maps from V to W. Define their sum « + 8 by
the rule

(a+ B)(v) = a(v) + B(v)
for all v € V. It is routine to check that o + 8 is a linear map.
Proposition 4.10. If a and 8 are linear maps represented relative to some basis by

matrices A and B, respectively, then o+ B is represented by the matriz A + B, relative
to the same basts.

The proof of this is not too difficult: just apply the definitions as in the Proof of
Proposition 4.12 below.

Definition 4.11. Let U, V and W be vector spaces over K, and let o : U — V and
B :V — W be linear maps. The product S« is the function U — W defined by the rule
(Ba)(u) = Bla(u))
for all w € U. Again it is routine to check that S« is a linear map. Note that the order

is important: we take a vector v € U, apply « to it to get a vector in V', and then apply
[ to get a vector in W. So Sa means “apply «, then 7.

Proposition 4.12. If a : U — V and § : V. — W are linear maps represented by
matrices A and B respectively, then Ba is represented by the matriz BA.

Proof. Suppose linear maps « and  are represented by matrices A and B relative to
bases B of U, B’ of V', and B” of W. Then

[(Ba)ulpr = [Bla(u)]sr = Bla(u)ls = B(Aluls) = (BA)[uls,

where we have used, in turn, the definition of product of maps, Proposition 4.8 (twice)
and associatively of matrix multiplication. O
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Remark Let ! = dim(U), m = dim(V) and n = dim(W), then A is m x [, and B is
n X m; so the product BA is defined, and is n x [, which is the right size for a matrix
representing a map from an [-dimensional to an n-dimensional space.

The significance of all this is that the strange rule for multiplying matrices is chosen
so as to make Proposition 4.12 hold. The definition of multiplication of linear maps
is the natural one (composition), and we could then say: what definition of matrix
multiplication should we choose to make the Proposition valid? We would find that the
usual definition was forced upon us.

4.3 Change of basis

The matrix representing a linear map depends on the choice of bases we used to represent
it. We briefly discuss what happens if we change the basis.

Recall the notion of transition matriz from Chapter 1. If B = (vi,...,v,) and
B = (v},...,v)) are two bases for a vector space V of dimension n, then the transition

matrix Pgp is the matrix whose jth column is the coordinate representation of v;-
relative to the basis B. We saw that

vl = P [v]m,

where [v]g is the coordinate representation of an arbitrary vector v relative to the basis
B, and similarly for B’. The transition matrix P g that transforms [v]p back to [v]g is
just the inverse of the matrix P .

Proposition 4.13. Let a: V — W be a linear map represented by matriz A relative to
the bases B for V. and C for W, and by the matriz A’ relative to the bases B’ for V and
C' for W. If P = Perc and Q = Pgp are transition matrices relating the unprimed to
the primed bases, then

A = PAQ.

Proof. At a high level the claim seems reasonable. Suppose we apply the matrix A’ to
a coordinate representation of some vector relative to the primed basis for V. Multi-
plication by @) will transform from the primed to unprimed basis, multiplication by A
will apply the linear transformation relative to the unprimed bases, and finally P will
transform back to the primed basis.

We just need to write that scheme down in symbols, which is not too difficult:

(PAQ)[v]s = PA(Q[v]s) = P(Av]s) = Pla(v)le = [a(v)]er.
So A" = PAQ is the representation of the linear map « relative to the primed bases. [

In practical terms, the above result is needed for explicit calculations. For theoretical
purposes its importance lies the following corollary. Recall that two matrices A and B
are equivalent if B is obtained from A by multiplying on the left and right by invertible
matrices.

Corollary 4.14. Any two matrices that represent the same linear map relative to dif-
ferent bases are equivalent.

Although we shall not need the fact, the converse is also true: any two equivalent
matrices can be viewed representations of a single linear map relative to two different
bases. This is so because any invertible matrix can be viewed as a transition matrix.
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4.4 Canonical form revisited

We return Theorem 2.3 about canonical forms for equivalence with a view to showing
that rank of a linear map and rank of a matrix are essentially the same thing.

Theorem 4.15. Let a: V — W be a linear map of rank r = o(«). Then there are bases
for V and W such that the matriz representing o is, in block form,

I, O
5 o)
Proof. As in the proof of Theorem 4.6, choose a basis v1,...,vp, Upt1,...,0, for V such
that vy41,...,v, is a basis for Ker(a). (We can do this by choosing the basis vy41, ..., v,
of Ker(«) first, and then extending it to a basis for the whole space V'.)
As we saw earlier, w; = «(v1),...,w, = a(v,) is a basis for Im(a), and can be
extended to a basis wi, ..., W, Wpy1, ..., W, of W. We have

a(v;) = wy, ifl1<i<r
0, otherwise,

so the matrix of « relative to these bases is
I, O
O O
as claimed. O

We recognise the matrix in the theorem as the canonical form for equivalence. It is
now not difficult to see that rank of a linear map and rank of a matrix are consistent.

Corollary 4.16. Suppose a : V. — W s a linear map of rank r. For any choice of
bases B for V. and B’ for W, the rank of the matriz representing « relative to B and B’
is also r.

Proof. We know from Theorem 4.15 that there is some choice of bases for which the ma-
trix A representing « takes the canonical form. In this case the rank of the linear map «
and the matrix A certainly agree. Any other matrix A’ representing o will be equivalent
to A by Proposition 4.13. Equivalent matrices have the same rank (Theorem 2.21), so
the rank of A’ is also 7. O

So how many equivalence classes of m x n matrices are there, for given m and n?
The rank of such a matrix can take any value from 0 up to the minimum of m and n; so
the number of equivalence classes is min{m,n} + 1. Thus the number of distinct linear
maps from a vector space of dimension n to one of dimension m is also min{m,n} + 1.

Summary

e A map a: V — W is linear if it interacts nicely with vector addition and scalar
multiplication.
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e The kernel and image are important subspaces associated with a linear map «.
The kernel is a subspace of the domain of v and the image is a subspace of the of
the codomain.

e The dimensions of the kernel and the image are related by the rank-nullity theorem.
e Relative to a given basis, a linear map « is represented by a matrix A.

e Addition of linear maps corresponds to addition of matrices; the product of linear
maps corresponds to multiplication of matrices.

e The matrix A depends on the basis. The transition matrices from Chapter 2 can
be used to transform the matrix from one basis to another.

e Matrices representing the same linear map relative to different bases are equivalent.

e If A represents « relative to a certain basis, then the rank or A is equal to the rank
of a.
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Chapter 5

Linear maps on a vector space

In this chapter we consider a linear map « from a vector space V' to itself. If dim(V) =n
then, as in the last chapter, we can represent a by an n x n matrix relative to any basis
for V. However, this time we have less freedom: instead of having two bases to choose,
there is only one. This makes the theory much more interesting!

5.1 Projections and direct sums

We begin by looking at a particular type of linear map whose importance will be clear
later on.

Definition 5.1. The linear map 7 : V — V is a projection if 72> = 7 (where, as usual,
72 is defined by 72(v) = 7w(7(v))).

Proposition 5.2. If 7:V — V is a projection, then V = Im(w) & Ker(r).

Before starting the proof, it is worth making a tiny observation that will simplify our
task here and later in the chapter. Suppose 7 is a projection on V and v € V. Then
we claim that v € Im(m) if and only if 7(v) = v. The “if” direction is immediate: there
is a vector u € V, namely u = v, such that v = w(u). The “only if” direction is hardly
more difficult: v € Im(7) implies that there exists u € V such that v = 7(u). Then
7(v) = w(7(u)) = 72(u) = w(u) = v.

Proof of Proposition 5.2. We have two things to show:

Im(7) + Ker(m) = V: Take any vector v € V, and let w = m(v) € Im(w). We claim
that v — w € Ker(m). This holds because

(v —w) = 7(v) — 7(w) = 7(v) — w(7(v)) = 7(v) — 7*(v) = 0,

2

since 7 = w. Now v = w + (v — w) is the sum of a vector in Im(7) and one in

Ker(m).

Im(7) N Ker(m) = {0}: Take v € Im(7) N Ker(m). Since v is in Im(7) we know that
m(v) = v (see above). Also, since v is in Ker(7), we have 7(v) = 0. Putting these
facts together yields v = 0.

O]

45
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There is a converse to this result.

Proposition 5.3. If V. =U @ W, then there is a projection 7w : V. — V with Im(rw) = U
and Ker(m) = W.

Proof. (Sketch.) Every vector v € V' can be uniquely written as v = u+w, where u € U
and w € W; we define 7 by the rule that 7(v) = w. You should check that with this
definition for 7 it is indeed the case that Im(w) = U and Ker(nr) = W, and that = is
indeed a projection. O

The diagram in Figure 5.1 shows geometrically what a projection is. It moves any
vector v in a direction parallel to Ker(m) to a vector lying in Im().

Figure 5.1: A projection

We can extend this to direct sums with more than two terms. Suppose that 7 is
a projection and 7' = I — 7 (where I is the identity map, satisfying I(v) = v for all
vectors v). Note that 7 is also a projection, since

(71'/)2:(I—7T)2:I—2W+7T2:]—27F+7[':I—7T:7T/.

Note also that 7 + 7' = I and 77’ = n(I — 7) = 7 — 72 = 0. It follows (as we shall see
below) that Ker(7) = Im(x’), and hence V = Im(7) & Im(7’). These observations show
the way to generalise Proposition 5.2.

Proposition 5.4. Suppose that w1, 7o, ..., 7, are projections on V satisfying

(a) T + wo + -+ 7 = I, where I is the identity map;

(b) T = 0 fOTZ#]
Then V. =Uy ®Us @ - -- @ Uy, where U; = Im(m;).
Proof. (Sketch.) Let v be any vector in V. Using the fact that 7 + mo + -+ - 4+ 7, =1
we have

v=1Iw)=(m +m+ - +m)(v) =7(v) + m2(V) + - -+ + 7 (V)
=uy +ug+ -+ up, (5.1)

where u; = m;(v) € Im(m;) = U; for i@ = 1,...,7. To complete the proof, we need to
check that the decomposition v = u; + - - - + u, is unique. ]
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There is a converse to the above result.

Proposition 5.5. Suppose V is a vector space which is the direct sum of r subspaces:
V=U6eUs®---®U,. Then there exists projections mi,ma,...,m on V satisfying

(a) m1 +mo + -+ -+ m = I, where I is the identity map;
(b) mimj =0 fori# j; and
(c) Ui =Im(m;) for alli.
Proof. (Sketch.) Since V. =U; @U@ --®U,, any vector v € V has a unique expression

as
V=Up U A Uy

with w; € U; for i = 1,...,r. Then we may define m;(v) = w;, for i = 1,...,r. To
complete the proof, we need to verify that {m;} are projections with the required prop-
erties. ]

The point of this is that projections give us another way to recognise and describe
direct sums.

5.2 Linear maps and matrices

Let o : V — V be a linear map. If we choose a basis v1,...,v, for V, then V can be
written in coordinates as K", and « is represented by a matrix A, say, where

n
a(vj) = Z aijvi.
=1

Then just as in the last section, the action of o on V is represented by the action of A
on K": «a(v) is represented by the product Av. Also, as in the last chapter, sums and
products (and hence arbitrary polynomials) of linear maps are represented by sums and
products of the matrices representing them: that is, for any polynomial f(x), the map
f(a) is represented by the matrix f(A).

What happens if we change the basis? This also follows from the formula we worked
out in the last chapter. However, there is only one basis to change.

Proposition 5.6. Let o be a linear map on V which is represented by the matriz A
relative to a basis B, and by the matriz A’ relative to a basis B'. Let P = Pgp be the
transition matrix between the two bases. Then

A'=P AP
Proof. This is just Proposition 4.6, since P and ) are the same here. O

Definition 5.7. Two n x n matrices A and B are said to be similar if B = P~1AP for
some invertible matrix P.

Thus similarity is an equivalence relation, and

two matrices are similar if and only if they represent the same linear map
with respect to different bases.
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There is no simple canonical form for similarity like the one for equivalence that
we met earlier. For the rest of this section we look at a special class of matrices or
linear maps, the “diagonalisable” ones, where we do have a nice simple representative
of the similarity class. In the final section we give without proof a general result for the
complex numbers.

5.3 Eigenvalues and eigenvectors

Definition 5.8. Let a be a linear map on V. A vector v € V is said to be an eigenvector
of a, with eigenvalue X € K, if v # 0 and «(v) = Av. The set {v : a(v) = Av} consisting
of the zero vector and the eigenvectors with eigenvalue X is called the A-eigenspace of a,
and we’ll denote it by E(\, «).

It is not difficult to check that an eigenspace F(\,«) as defined above is a linear
subspace of V. (Do this!) Note that we require that v # 0 for any eigenvector of «,
otherwise the zero vector would be an eigenvector of o for any value of \. With this
requirement, each eigenvector has a unique eigenvalue: for if a(v) = Av = pv, then
(A — p)v =0, and so (since v # 0) we have A = p.

The name eigenvalue is a mixture of German and English; it means “characteristic
value” or “proper value” (here “proper” is used in the sense of “property”). Another
term used in older books is “latent root”. Here “latent” means “hidden”: the idea is that
the eigenvalue is somehow hidden in a matrix representing «, and we have to extract it
by some procedure. We’ll see how to do this soon.

6 6
A= [—12 11} '

Example 5.9. Let

The vector v = [i

] satisfies

e 0] =2 [

. . . . o 2
so is an eigenvector with eigenvalue 2. Similarly, the vector w = [

3] is an eigenvector

with eigenvalue 3.
If we knew that, for example, 2 is an eigenvalue of A, then we could find a corre-

sponding eigenvector ﬂ by solving the linear equations

e 0l -]

In the next-but-one section, we will see how to find the eigenvalues, and the fact that
there cannot be more than n of them for an n x n matrix.

5.4 Diagonalisability

Some linear maps have a particularly simple representation by matrices.



5.4. DIAGONALISABILITY 49

Definition 5.10. The linear map « on V is diagonalisable if and only if there is a basis
of V' consisting of eigenvectors of a.

Suppose that vy, ..., v, is such a basis showing that « is diagonalisable, and that
A = (ai;) is the matrix representing « in this basis. Since a;; = 0 whenever ¢ # j, we
have that A is diagonal. (Note that the diagonal entries of A are the eigenvalues of «.)
Conversely, if the matrix A is diagonal then all the basis vectors are eigenvectors. So we
have:

Proposition 5.11. The linear map o on V is diagonalisable if there is a basis of V
relative to which the matriz representing o is a diagonal matrix.

Example 5.12. The matrix from Example 5.9 is diagonalisable, as the two eigenvectors
we computed there do form a basis of R?.

The matrix [ } is not diagonalisable. It is easy to see that its only eigenvalue

1 2
0 1
is 1, and the only eigenvectors are scalar multiples of [1 0] T So we cannot find a basis
of eigenvectors.

Before looking at some equivalent characterisations of diagonalisability, we require a
preparatory lemma.

Lemma 5.13. Let v1,...,v, be eigenvectors of o with distinct eigenvalues Ay, ..., Ay.
Then v1,...,v, are linearly independent.
Proof. Suppose to the contrary that vy, ..., v, are linearly dependent, so that there exists

a linear relation
cv1 + -+ v =0, (52)

with coefficients ¢; not all zero. Some of these coefficients may be zero; choose a relation
with the smallest number of non-zero coefficients. It is clear that there must be at least
two non-zero coefficients. Suppose that ¢; # 0. (If ¢; = 0 just re-number the eivenvectors
and their coefficients.) Now, applying a to both sides of (5.2) and using the fact that
a(v;) = A\jv;, we get

alcvr + -+ ¢up) = cav) + -+ afvy) = vt + -+ + Ao, = 0.
Subtracting A1 times equation (5.2) from the last equation we get
c2(A2 — AM)va + -+ (A — A1), = 0.

Now this equation has one fewer non-zero coefficient than the one we started with, which
was assumed to have the smallest possible number. And since we started with at least
two non-zero coefficients, not all the coefficients in this new identity are zero. So the
linear dependency (5.2) is not minimal, contrary to our assumption. So the eigenvectors
must have been linearly independent. O

Note that Lemma 5.13 implies, in particular, that a linear map o : V' — V has at
most n distinct eigenvalues, where n = dim(V).

Theorem 5.14. Suppose o : V — V is a linear map, and let A1, ..., be the distinct
eigenvalues of a. Then the following are equivalent:
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(a) « is diagonalisable;
(b)) V=EM,a)®- @ E\,«) is the direct sum of eigenspaces of «;

(c) o= \imy + -+ -+ Aoy, where 7y, ..., T, are projections satisfying i +---+m = 1
and mim; = 0 fori # j.

Proof. We just prove the equivalence of (a) and (b) in this module.

(a) = (b). If a is diagonalisable, then there is a basis of V' composed of eigenvectors
of a. Each of these basis vectors lies in one of the eigenspaces; thus, V = E(A1,a) +
-+ E(Ar,@). We need to show that this sum is actually a direct sum. If some vector
v € V may be expressed in two different ways u; + -+ +u, = u} + -+ + u., with
ui, v € E(N\, ), for i = 1,...,7, then (u1 —u}) + -+ (u, —u,.) = 0. Each of these
terms must be zero, otherwise we would have a non-trivial linear dependency between
eigenvectors with distinct eigenvectors, which is disallowed by Lemma 5.13.

(b) = (a). Let B; be a basis for E(\;, «) for i = 1,...,r. Then, by Proposition 1.28,

B=ByU---UDB, is a basis for V; it is clearly composed of eigenvectors of a. O
. . : . -6 6. ..
Example 5.15. Continuing our previous exercise, our matrix A = 19 11| diag-

2
onalisable, since the eigenvectors [ﬂ and [3] are linearly independent, and so form a

basis for R. Indeed, we see that

-6 61((3 2] [3 2[(2 0
—12 11|14 3| |4 3||0 3|’
so that AP = PD where

3 2 20
P—[4 3] and D—[O 3].

Note that the columns of P are the eigenvectors of A, and D is a diagonal matrix formed
from the eigenvalues of A. (Of course, we must list the eigenvectors and the eigenvalues
in a consistent order!) Also note that P~'AP = D, so A is similar to a diagonal matrix.
Since A = PDP~!, we may write A as

A -6 6| (3 2[]2 0]|3 -2
S| =12 11| |4 3| |0 3| |-4 3|
Furthermore, we can find two projection matrices as follows:
3 2|1 O3 -2 9 -6
H]_ — =
4 3|10 0| |—4 3 12 -8
M, — 3 2010 O[3 -2 |8 6
2714 3/10 1| |-4 3| |-12 9|
(Note that we have replaced D in the previous expression for A by a matrices with a single
1 on the diagonal.) You can check directly that H% =11y, H% = Ily, 11111y = IIoI1; = O,

II; + IIs = I, and 2II; + 3II; = A. You should stop for a moment to think about why
this calculational method works.
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5.5 Characteristic and minimal polynomials

We defined the determinant of a square matrix A. Now we want to define the determinant
of a linear map «. The obvious way to do this is to take the determinant of any matrix
representing a. For this to be a good definition, we need to show that it doesn’t matter
which matrix we take; in other words, that det(A’) = det(A) if A and A’ are similar.
But, if A’ = P~1AP, then

det(P7'AP) = det(P~ 1) det(A) det(P) = det(A),
since det(P~!) det(P) = 1. So our plan will succeed:

Definition 5.16. (a) The determinant det(c) of a linear map a : V. — V is the
determinant of any matrix representing o.

(b) The characteristic polynomial p,(x) of alinear map o : V' — V' is the characteristic
polynomial of any matrix representing o.

(¢) The minimal polynomial m(z) of alinear map o : V' — V is the monic polynomial
of smallest degree that is satisfied by «.

The second part of the definition is OK, by the same reasoning as the first, since
pa(x) is just a determinant. Specifically, the characteristic polynomial of a matrix
A’ = P~1AP similar to A is

pa(x) = det(zI — P~1AP)
= det(P~(zl — A)P)
= det(P~ 1) det(x] — A) det(P)
= det(zl — A)

= pa(z).

The third part of the definition also requires care. We know from that Cayley-Hamilton
Theorem that there is some polynomial (namely the characteristic polynomial) that
is satisfied by «. But is the minimal polynomial, as defined, unique? Well, suppose
that there were two different monic polynomials m(z) and m., (x) of minimum degree
satisfying mq(a) = m/ (a) = 0. Then the polynomial (m, — m))(x) satisfies (m, —
my,)(a) = mq(a) —ml,(a) = 0, and is of lower degree than mq(z) or m, (z). Since we
can make this polynomial monic by multiplication by an appropriate scalar, this is a

contradiction to minimality of m,(z). The next result gives more information.

Proposition 5.17. For any linear map « on V, its minimal polynomial mq(x) divides
its characteristic polynomial po(z) (as polynomials).

Proof. Suppose not; then we can divide p,(z) by mqa(z), getting a quotient g(x) and
non-zero remainder r(z); that is,

pa($) = ma(x)Q(x) + T(x)

Substituting o for z, using the fact that po(a) = mq(a) = 0, we find that r(a) = 0. But
the degree of r is less than the degree of m,, so this contradicts the definition of m,, as
the polynomial of least degree satisfied by a. O
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Theorem 5.18. Let o be a linear map on V. Then the following conditions are equiv-
alent for an element A of K:

(a) X is an eigenvalue of a;
(b) X is a root of the characteristic polynomial of «;
(c) X is a root of the minimal polynomial of .

Example 5.19. This gives us a recipe to find the eigenvalues of a: take a matrix A
representing «; write down its characteristic polynomial p4(z) = det(xI — A); and find
the roots of this polynomial. In our earlier example,

z+6 —6
12 r—11

‘:(:U+6)(3:—11)+72::U2—5:U+6:(ac—2)(m—3),

so the eigenvalues are 2 and 3, as we found.

Proof of Theorem 5.18. (a) = (c). Let X be an eigenvalue of o with eigenvector v. We
have a(v) = Av. By induction, o (v) = A*v for any k, and so f(a)(v) = f(\)v for any
polynomial f. Choosing f = mg, we have mq(a)(v) = ma(A)v. But mq(a) = 0 by
definition, so mq(A\) v = 0. Since v # 0, we have m,(A) = 0, as required.

(c) = (b). Suppose that X is a root of mqy(x). Then (z — \) divides mq(z). But
me(z) divides p,(x), by Proposition 5.17, so (z — \) divides p, (), whence \ is a root
of pa(z).

(b) = (a). Suppose that p,(A) = 0, that is, det(A\] — @) = 0. Then AI — « is not
of full rank (i.e., the dimension of Im(Al — «) is strictly less than dim(V")), so kernel of
Al — « has dimension greater than zero. Pick a non-zero vector v in Ker(Al — a). Then
(M — a)v = 0, so that a(v) = Av; that is, A is an eigenvalue of a. O

Using this result, we can give a necessary and sufficient condition for « to be diago-
nalisable.

Theorem 5.20. The linear map o on V is diagonalisable if and only if its minimal
polynomial is the product of distinct linear factors.

Proof. Suppose first that « is diagonalisable. By definition, there is a basis v1,..., v,
for V' consisting of eigenvectors of a. Suppose the distinct eigenvalues of « are A1, ..., A;.
(As the eigenspaces of & may have dimension greater than one, r may be strictly smaller
than n.) Consider the polynomial p(z) = (x — A1)(x — A2) -+ (x — A;), which is cer-
tainly the product of distinct linear factors. We claim that p(x) is in fact the minimal
polynomial of .

Let v; be any of the basis vectors, and suppose its corresponding eigenvalue is A;.
Then

(@ —=AMI)(a—=Xod) - (o = M D)vy = (Nj — A1) (Aj — X)) -+ (Aj — A\p)v; = 0,

since one of the factors in the product is 0. Since p(a) takes all of the basis vectors to
to the zero vector, we must have p(o) = 0. All the eigenvalues of a are roots of the
minimal polynomial, so the minimal polynomial must have degree at least r. Since p(z)
has degree r, it is the minimal polynomial. This completes the “only if” part.
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Now suppose that the minimal polynomial is a product of distinct linear factors, i.e.,
Ma(@) = (2= M) (@ = Xa) - (2 — \),

where A1,..., A\, are the distinct eigenvalues of . (Recall that the roots of the minimal
polynomial are precisely the eigenvalues of a.) Since mq(x) is the minimal polynomial,
we have mq(a) = 0, in other words

(= M) —Aol) -+ (= AT) = 0. (5.3)
Recall that the nullity v(8) of a linear map £ is the dimension of its kernal. Then
viae=MI)+v(a=Xo D)+ +v(a=XAI) > v((a=MI)(a=X1) - (a=\1)) =n, (5.4)

where we use the inequality v(5)+v(y) > v(B7) for the product of linear maps 3,7 (see
question 5(a) of Assignment 6 from a previous year). The equality is from (5.3).

Observe that Ker(a — ;1) is equal to E()j, ), the eigenspace corresponding to
eigenvalue ;. Let W = E(A\, a)+E(A2, o)+ - -+ E(Ar, ). Suppose u; € E(A, @), ug €
E(\g, @), ..., up € E(\, @) are vectors satisfying u) +ug+- - -+u, = 0. By Lemma 5.13,
we must have u; = ug = --- = u,, = 0. Then we deduce from Lemma 1.27 that W is
actually a direct sum of the subspaces, i.e., W = E(A1,a) @ E(A\y, ) @ --- ® E(\, ).
Finally,

n < dim(E(\, @) +dim(E(A\, @) + - - + dim(E (A, @) = dim(W) < dim(V) = n.

where the first inequality is from (5.4) and the equality is from Lemma 1.28(b). Thus
W =V and V is the direct sum of the eigenspaces of a. It follows from Theorem 5.14
that « is diagonalisable. This completes the “if” part, and the proof. O

So how, in practice, do we “diagonalise” a matrix A, that is, find an invertible
matrix P such that P~'AP = D is diagonal? We saw an example of this earlier. The
matrix equation can be rewritten as AP = PD, from which we see that the columns of P
are the eigenvectors of A. So the procedure is: Find the eigenvalues of A, and find a basis
of eigenvectors; then let P be the matrix which has the eigenvectors as columns, and D
the diagonal matrix whose diagonal entries are the eigenvalues. Then P~1AP = D.

How do we find the minimal polynomial of a matrix? We know that it divides the
characteristic polynomial, and that every root of the characteristic polynomial is a root
of the minimal polynomial; then it’s trial and error. For example, if the characteristic
polynomial is (z —1)?(x —2)3, then the minimal polynomial must be one of (z —1)(x —2)
(this would correspond to the matrix being diagonalisable), (z—1)?(z—2), (z—1)(z—2)?,
(x —1)2%(x —2)%, (z — 1)(z — 2)% or (z — 1)%(z — 2)3. If we try them in this order, the
first one to be satisfied by the matrix is the minimal polynomial.

Example 5.21. Consider first the matrix

010
A=10 0 1
100
The characteristic polynomial is
zr -1 0
palz)=det(zl —A)=|0 z —1l=2>-1=(z—-1D(>+z+1).
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The polynomial p4(z) does not factor further over R, as two of the roots are complex.
So it seems that, as a linear map on R3, the matrix A does not diagonalise. Indeed the
minimal polynomial is this case is either (x —1)(z% 4+ 2 +1) or (z —1). (It must contain
x — 1 as a factor, as 1 is a root of the characteristic polynomial.) Since A — I # O, the
minimal polynomial is in fact (z — 1)(2® 4+ = + 1), which is not the product of distinct
linear factors.

[An aside. In fact, any irreducible factor of the characteristic polynomial must al-
ways be a factor of the minimal polynomial, so we didn’t really need the case analysis.
However, this fact does not follow easily from anything we have covered in the module.]

This problem can be fixed by extending the field to the complex numbers C. Then
the characteristic polynomial is a product of linear factors, namely, pa(z) = (x — 1)(z —
w)(z — w?), where w = —3 + @z (Note that 1, w and w? are the cube roots of unity.)
By Theorem 5.18, the minimal polynomial m4(x) divides pa(x) and hence m4(z) also
is a product of distinct linear factors. Thus, viewed as a linear map on C?, the matrix
A is diagonalisable, and its diagonal form is

1
D=0
0

o € o
& oo

You can check that the eigenvectors are [1 1 l]T, [1 w wQ]T, and [1 w? w]T. So

the matrix P that diagonalises A, in the sense that D = P~1AP, is

1
w?| ;
w

€ =

1
P=1
1 2

S

its columns are just the eigenvectors of A taken in order.

In the example just considered, the obstacle to diagonalisation is that the character-
istic polynomial did not have a full set of roots over R; this problem can be dealt with
by extending the field to C. The next example illustrates a deeper problem that can
arise. Consider the matrix

B =

S O N

10
2 0
01

Its characteristic polynomial is pg(z) = (z —2)?(z —1). The minimal polynomial divides
pp(z) and has the same roots, so the possibilities are either mp(z) = (z — 2)(z — 1) or
mp(x) = (x — 2)%(z — 1). Can it be the former? Evaluating (B — 2I)(B — I) we find
that

01 O 1 1 0 01 0

(B-2)(B-I)=10 0 O 01 0o[=1[0 0 0] #£0.

00 =110 0 O 0 0 0
By a (short!) process of elimination we have found that m(z) = pa(z) = (x—2)?(z—1).
The minimal polynomial is not a product of distinct linear factors, so the matrix B is

not diagonalisable. This is a more fundamental problem, which cannot be solved by
extending the field.
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5.6 Jordan form

We briefly consider, without proof, a canonical form for matrices over the complex
numbers that deals to some extent with the problem identified iin the previous exercise.

Definition 5.22. (a) A Jordan block J(n,\) is a matrix of the form

A 10 0 0
0 A1 0 0
00 A 0 0
000 -~ X 1
00 0 -~ 0 A

that is, it is an n xn matrix with A on the main diagonal, 1 in positions immediately
above the main diagonal, and 0 elsewhere. (We take J(1,\) to be the 1 x 1 matrix

[A])

(b) A matrix is in Jordan form if it can be written in block form with Jordan blocks
on the diagonal and zeros elsewhere.

Theorem 5.23. Over C, any matriz is similar to a matriz in Jordan form; that is, any
linear map can be represented by a matriz in Jordan form relative to a suitable basis.
Moreover, the Jordan form of a matrix or linear map is unique apart from putting the
Jordan blocks in a different order on the diagonal.

Remark 5.24. A matrix over C is diagonalisable if and only if all the Jordan blocks in
its Jordan form have size 1.

Example 5.25. Any 3 x 3 matrix over C is similar to one of
A0 0 A1 0 Al
0 p 0}, 0 x 0], 0 A ,
0 0 v 0 0 p 0 0 A

for some A, u, v € C (not necessarily distinct).
Notice that the matrix B from the previous example (the one that is not diagonal-
isable) is already in Jordan form.

Though it is beyond the scope of this course, it can be shown that if all the roots
of the characteristic polynomial lie in the field K, then the matrix is similar to one in
Jordan form.

5.7 Trace

Here we meet another function of a linear map, and consider its relation to the eigenvalues
and the characteristic polynomial.

Definition 5.26. The trace Tr(A) of a square matrix A is the sum of its diagonal entries.

Proposition 5.27. (a) For any two n X n matrices A and B, we have Tr(AB) =
Tr(BA).



56 CHAPTER 5. LINEAR MAPS ON A VECTOR SPACE

(b) Similar matrices have the same trace.

Proof. Let A = (a;j) and B = (b;;). For part (a), note that

n n n

Tr(AB) = Z(AB)u‘ = Z Zaijbji = Z Z bjiai; = Z(BA)jj = Tr(BA),

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

by the rules for matrix multiplication.
For part (b), we just observe that for any invertible matrix P,

Tr(P7'AP) = Tr(PY(AP)) = Tr((AP)P~!) = Tr(A(PP™1)) = Tr(AI) = Tr(A).
O

The second part of this proposition shows that, if « : V' — V is a linear map, then
any two matrices representing o have the same trace; so, as we did for the determinant,
we can define the trace Tr(«) of a to be the trace of any matrix representing a.

The trace and determinant of « are coefficients in the characteristic polynomial of
.

Proposition 5.28. Let « : V. — V be a linear map, where dim(V') = n, and let p, be
the characteristic polynomial of o, a polynomial of degree n with leading term x™.

(a) The coefficient of 2"~ ' is — Tr(c), and the constant term is (—1)" det(a).

(b) If o is diagonalisable, then the sum of its eigenvalues (taking account of multiplic-
ities) is Tr(a) and their product is det(a).

Proof. Let A = (a;j) be a matrix representing a. We have

Tr —arn —a1,2 e —Q1n
—anq r—a92 ... —an
Pa(z) =det(zl — A) = ’ ’ i
—0an,1 —Qn2 - X —0npn

The only way to obtain a term in 2" ! in the determinant is from the product (z —
ai1)(x —azz2) - (x — ap,y) of diagonal entries, taking —a;; from the ith factor and x
from each of the others. (If we take one off-diagonal term, we would have to have at
least two, so that the highest possible power of = would be 2"~2.) So the coefficient of
2"~ ! is minus the sum of the diagonal terms.

Putting x = 0, we find that the constant term is po(0) = det(—A) = (—1)" det(A).

If « is diagonalisable, choose a basis relative to which the matrix A representing « is
diagonal. The diagonal entries Ay, ..., A, are the eigenvalues of a counted according to

multiplicity. Then Tr(a) = Tr(A) = A\ +---+ A, and det(a) = det(A) = MA2... \,. O

In part (b) of Proposition 5.28 we don’t actually need that « is diagonslisable; it
enough that the characteristic polynomial is a product of linear factors. Write

Pa(z) = (x — A1) (& — A2) -+ - (. — Ap).

Note that the coefficient of 2"~ ! is minus the sum of the roots, and the constant term
is (—1)™ times the product of the roots. Now use part (a) of the proposition.

We conclude with the missing parts of the proof of Theorem 5.14. This does not
form part of the module, and is included for interest only.
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Proof of the missing equivalences in Theorem 5.14. (b) = (c). Proposition 5.5 shows that there
are projections 7y, ..., m, satisfying the conditions of (c), with Im(m;) = E()\;, «). We just need
to check that @ and A\ym + - - - + A7, are equal. Let v € V' be arbitrary. Then,

a(v)

a((m +- +7Tr)( )
a(m(v) + -+ 7 (v))
a(mi(v)) + - + a(m(v)
S Sl
= \m 4+ Aem) (v),

where the penultimate equality comes from the fact that m;(v) € Im(m;) = E(\;, ), for i =
1,...,7. Soa= A7 + -+ A7, as required.

(¢) = (a). Since the projections m; satisfy the conditions of Proposition 5.4, V' is the direct
sum of the subspaces Im(m;). We now observe that Im(m;) C E(\;, ). To see this, take any
u € Im(m;) and consider o(u):

a(u) = (Am + -+ Ao ) (w) = M (u) + - - -+ Ao (u) = A,

where we have used the facts that m;(u) = v and 7;(u) = 0, for j # ¢. Thus Im(m;) C E(\;, @)
and
V=Im(m)+ - +Im(r,) CEM,a)+---+ E(\,a) CV.

(The containments must of course be equality.) Thus we can choose a basis of V' consisting
entirely of eigenvectors of «. O

Summary

e When we consider a linear map from a vector space V to itself, there is only
one basis involved, and this makes the situation more interesting than the one
considered in the previous chapter.

e A projection is a linear map whose square is equal to itself (applying a projection
twice gives the same result as applying it once).

o If 7 is a projection on V then V is the direct sum of Ker(r) and Im(m).

e Suppose V is the direct sum of subspaces Uy, Us, . .., U,. We can view the subspaces
as images of projections on V with nice properties. The converse is also true.

e Figenvectors of a linear map « are special vectors: the effect of applying a to an
eigenvector v is to scale v (by the associated eigenvalue). Eigenvectors sharing a
common eigenvalue A live in a subspace of V: the eigenspace corresponding to .

e A linear map « on V is diagonalisable if there is a basis for V' consisting entirely
of eigenvectors of a.

e Equivalently, there is a basis of V relative to which the matrix representing « is
diagonal.

e Equivalently, V is the direct sum of eigenspaces of a.

e The characteristic polynomial p, of a linear map « is well defined (it is independent
of the choice of basis). The minimal polynomial m, divides p, and is the smallest
degree monic polynomial satisfying mg(a)) = 0.
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A is an eigenvalue of « iff it is a root of the characteristic polynomial of « iff it is
a root of the minimal polynomial of «.

A linear map is diagonalisable iff its minimal polynomial factors into distinct linear
factors.

Matrices that are not diagonalisable can at least be transformed into Jordan (near-
diagonal) form.

The trace of a matrix is another scalar associated with a matrix that is invariant
under similarity (and hence makes sense for linear maps).



Chapter 6

Linear and quadratic forms

Cut out the dual space.

In this chapter we examine “forms”, that is, functions from a vector space V to its
field, which are either linear or quadratic. The linear forms comprise the dual space of
V; we look at this and define dual bases and the adjoint of a linear map (corresponding
to the transpose of a matrix).

Quadratic forms make up the bulk of the chapter. We show that we can change
the basis to put any quadratic form into “diagonal form” (with squared terms only), by
a process generalising “completing the square” in elementary algebra, and that further
reductions are possible over the real and complex numbers.

Before looking at quadratic forms, what is a linear form?

Definition 6.1. Let V be a vector space over K. A linear form on V is a linear map
from V to K, where K is regarded as a 1-dimensional vector space over K: that is, it is
a function from V to K satisfying

f(ur +v2) = f(v1) + f(v2), flev) =cf(v)
for all v1,v9,v € V and ¢ € K.

If dim(V') = n, then a linear form is represented by a 1 x n matrix over K, that is, a

row vector of length n over K. If f = [al as ... an], then for v = [:cl To ... :cn] T
we have
Tl
€2
flv) = [al as ... an] | =@+ agwe + -+ anz.
Tn

Conversely, any row vector of length n represents a linear form on K”.

Definition 6.2. Linear forms can be added and multiplied by scalars in the obvious
way:

(fr+ f2)(w) = fiw) + f2(v),  (cf)(v) =cf(v).
So they form a vector space, which is called the dual space of V' and is denoted by V*.

Cut out the material on the dual space, basis of dual space, adjoints. Note
that this means we have to take more care when introducing adjoint operator
later on.

99
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A lot of applications of mathematics involve dealing with quadratic forms: you meet
them in statistics (analysis of variance) and mechanics (energy of rotating bodies), among
other places. In this section we begin the study of quadratic forms.

6.1 Quadratic forms

For almost everything in the remainder of this chapter, we assume that
the characteristic of the field K is not equal to 2.

This means that 2 # 0 in K, so that the element 1/2 exists in K. Of our list of “standard”
fields, this only excludes Fy, the integers mod 2. (For example, in F5, we have 1/2 = 3.)

A quadratic form as a function which, when written out in coordinates, is a polyno-
mial in which every term has total degree 2 in the variables. For example,

q(z,y,2) = 2? + 4oy + 2z2 — 3y* — 2yz — 2°
is a quadratic form in three variables.

We will meet a formal definition of a quadratic form later in the chapter, but for the
moment we take the following.

Definition 6.3. A guadratic form in n variables x1, . .., z, over a field K is a polynomial

n n
E E az-jxia:j

i=1 j=1

in the variables in which every term has degree two (that is, is a multiple of x;z; for
some 1, 7).

In the above representation of a quadratic form, we see that if ¢ # j, then the term
in x;x; comes twice, so that the coefficient of x;x; is a;; +aj;. We are free to choose any
two values for a;; and a;; as long as they have the right sum; but we will always make
the choice so that the two values are equal. That is, to obtain a term cz;z;, we take
a;j = aj; = ¢/2. (This is why we require that the characteristic of the field is not 2.)

Any quadratic form is thus represented by a symmetric matrix A with (7, j) entry a;;
(that is, a matrix satisfying A = AT). This is the third job of matrices in linear algebra:
Symmetric matrices represent quadratic forms.

We think of a quadratic form as defined above as being a function from the vector
space K" to the field K. It is clear from the definition that

1
q(x1,...,xn) = v' Av, where v =
Tn
Now if we change the basis for V', we obtain a different representation for the same

function q. The effect of a change of basis is a linear substitution v = Pv’ on the
variables, where P is the transition matrix between the bases. Thus we have

v Av = (PV)TA(PY) = (V') (PTAP,

so we have the following;:
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Proposition 6.4. A basis change with transition matriz P replaces the symmetric ma-
triz A representing a quadratic form by the matriz PTAP.

As for other situations where matrices represented objects on vector spaces, we make
a definition:

Definition 6.5. Two symmetric matrices A, A’ over a field K are congruent if A’ =
PT AP for some invertible matrix P.

Proposition 6.6. Two symmetric matrices are congruent if and only if they represent
the same quadratic form with respect to different bases.

Our next job, as you may expect, is to find a canonical form for symmetric matrices
under congruence; that is, a choice of basis so that a quadratic form has a particularly
simple shape. We will see that the answer to this question depends on the field over
which we work. We will solve this problem for the fields of real and complex numbers.

6.2 Reduction of quadratic forms

Even if we cannot find a canonical form for quadratic forms, we can simplify them very
greatly.

Theorem 6.7. Let q be a quadratic form in n variables x1, ..., xy, over a field K whose
characteristic is not 2. Then by a suitable linear substitution to new variables y1, ..., Yn,
we can obtain

q=c1yi +cays + - + cay

for some c1,...,c, € K.

Proof. Our proof is by induction on n. We call a quadratic form which is written as in
the conclusion of the theorem diagonal. A form in one variable is certainly diagonal, so
the induction starts. Now assume that the theorem is true for forms in n — 1 variables.

Take
n n
q(z1,...,Tn) = Z Z AijTily,

i=1 j=1

where a;; = aj; for ¢ # j.

Case 1: Assume that a;; # 0 for some i. By a permutation of the variables (which is
certainly a linear substitution), we can assume that a1; # 0. Let

n
y1 =21 + Z(au‘/an)ﬂﬁi-

i=2
Then we have

n
2 2 /
any; = appxr] + 2 g ayir1x; + ¢ (22, ..., Tp),
i=2
where ¢’ is a quadratic form in @o,...,z,. That is, all the terms involving 7 in ¢ have
been incorporated into any%. So we have

Q(xla o 7$n) - ally% + q//($27 o 7xn)7
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where ¢” is the part of ¢ not containing z1, minus ¢'.
By induction, there is a change of variable so that

n

q"(xo,...,20) = Z ciy?,

=2

and so we are done (taking ¢; = a11).

Case 2: All aj; are zero, but a;; # 0 for some ¢ # j. Now

Tixj = % ((wz + $]’)2 — (QTZ — l’j)z) ,

so taking o} = (z; + z;) and = $(z; — x;), we obtain a new form for ¢ which does

contain a non-zero diagonal term. Now we apply the method of Case 1.

Case 3: All a;; are zero. Now ¢ is the zero form, and there is nothing to prove: take
cp=---=c¢cp=0. O

Example 6.8. Consider the quadratic form q(x,y, 2) = 22 + 22y + 42z + 3% + 422. We
have
(z+y+22)% =2 + 2zy + 4oz + % + 422 + 4yz,

and so

g = (@+y+22)7°—4yz
= (z+y+22)°—(y+2)°+y—2)

= u2+v2—w2,

2

where u =z +y+ 2z, v =y — 2z, w = y+ 2. Otherwise said, the matrix representing the
quadratic form, namely

11 2
A=|1 1 0
2 0 4
is congruent to the matrix
1 0 0
A=101 0
0 0 —1

Can you find an invertible matrix P such that PTAP = A’?

Thus any quadratic form can be reduced to the diagonal shape
alx% + o4 anxi

by a linear substitution. But this is still not a “canonical form for congruence”. For
example, if y; = z1/c, then ayz? = (1¢?)y?. In other words, we can multiply any «; by
any factor which is a perfect square in K.

Over the complex numbers C, every element has a square root. Suppose that

a1,...,ap #0, and apy1 = -+ = o, = 0. Putting

{(\/071)@ for 1 <i<r,
Yi =

Z; forr+1<1¢<mn,
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we have
g=yi+ oty

We will see later that r is an “invariant” of ¢: however we do the reduction, we arrive
at the same value of 7.

Over the real numbers R, things are not much worse. Since any positive real num-
ber has a square root, we may suppose that aj,...,as > 0, agt1,..., sy < 0, and
Qsitt+1,---,0n = 0. Now putting

(Vai)z;  for 1 <i<s,
yi = (V—a;)x; for s+1<i<s+t,
i for s+t +1<i<n,

we get
2 2 2 2
q:y1+...+ys_ys+1_..._ys+t_

Again, we will see later that s and ¢ don’t depend on how we do the reduction. [This is
the theorem known as Sylvester’s Law of Inertia.]

6.3 Quadratic and bilinear forms

The formal definition of a quadratic form looks a bit different from the version we gave
earlier, though it amounts to the same thing. First we define a bilinear form.

Definition 6.9. (a) Let b: V x V — K be a function of two variables from V with
values in K. We say that b is a bilinear form if it is a linear function of each
variable when the other is kept constant: that is,

b(v, w1 + wa) = b(v,w1) + b(v, ws), b(v, cw) = cb(v,w),

with two similar equations involving the first variable. A bilinear form b is sym-
metric if b(v,w) = b(w,v) for all v,w € V.

(b) Let g : V — K be a function. We say that ¢ is a quadratic form if
— gq(cv) = q(v) forall c € K, v € V;
— the function b defined by
b(v,w) = 3(q(v +w) — q(v) — q(w))
is a bilinear form on V.

Remark 6.10. The bilinear form in the second part is symmetric; and the division by 2
in the definition is permissible because of our assumption that the characteristic of K is
not 2.

If we think of the prototype of a quadratic form as being the function z2, then the
first equation says (cz)? = c222, while the second has the form

H(z+y)? —2* =) =y,

and zy is the prototype of a bilinear form: it is a linear function of  when ¥ is constant,
and wice versa.
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Note that the formula b(z,y) = 3(q(z + y) — q(z) — q(y)) (which is known as the
polarisation formula) says that the bilinear form is determined by the quadratic term.
Conversely, if we know the symmetric bilinear form b, then we have

29(v) = 4q(v) = 2q(v) = q(v +v) = q(v) — q(v) = 2b(v, v),

so that g(v) = b(v, v), and we see that the quadratic form is determined by the symmetric
bilinear form. So these are equivalent objects.

If b is a symmetric bilinear form on V' and B = (vy,...,v,) is a basis for V', then we
can represent b by the n x n matrix A whose (i, j) entry is a;; = b(v;,v;j). Note that A
is a symmetric matrix. It is easy to see that this is the same as the matrix representing
the quadratic form.

Here is a third way of thinking about a quadratic form. Let V* be the dual space of
V, and let o : V. — V* be a linear map. Then for v € V, we have a(v) € V*, and so
a(v)(w) is an element of K. The function

b(v, w) = a(v)(w)

is a bilinear form on V. If a(v)(w) = a(w)(v) for all v,w € V, then this bilinear form is
symmetric. Conversely, a symmetric bilinear form b gives rise to a linear map o : V. — V'*
satisfying a(v)(w) = a(w)(v), by the rule that a(v) is the linear map w +— b(v,w).
Now given o : V' — V*, choose a basis B for V', and let B* be the dual basis for V*.
Then « is represented by a matrix A relative to the bases B and B*.
Summarising:

Proposition 6.11. The following objects are equivalent on a vector space over a field
whose characteristic is not 2:

(a) a quadratic form on V;
(b) a symmetric bilinear form on V;
(c) a linear map o : V — V* satisfying a(v)(w) = a(w)(v) for all v,w € V.

Moreover, if corresponding objects of these three types are represented by matrices as
described above, then we get the same matriz A in each case. Also, a change of basis in
V' with transition matriz P replaces A by PT AP.

Proof. Only the last part needs proof. We have seen it for a quadratic form, and the
argument for a bilinear form is the same. So suppose that o : V' — V*, and we change
from B to B’ in V with transition matrix P. We saw that the transition matrix between
the dual bases in V* is (PT)™!. Now go back to the discussion of linear maps between
different vector spaces in Chapter 4. If o : V — W and we change bases in V' and
W with transition matrices P and (Q, then the matrix A representing « is changed to
Q 'AP. Apply this with Q@ = PT)™!, so that Q~' = PT, and we see that the new
matrix is P' AP, as required. ]

6.4 Canonical forms for complex and real forms

Finally, in this section, we return to quadratic forms (or symmetric matrices) over the
real and complex numbers, and find canonical forms under congruence. Recall that two
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symmetric matrices A and A’ are congruent if A’ = PT AP for some invertible matrix P;
as we have seen, this is the same as saying that the represent the same quadratic form
relative to different bases.

Theorem 6.12. Any n X n complex symmetric matriz A is congruent to a matriz of
the form

I, O

5 o)
for some r. Moreover, r = rank(A), and so A is congruent to two matrices of this form
then they both have the same value of r.

Proof. We already saw that A is congruent to a matrix of this form. Moreover, if P is
invertible, then so is P, and so

r =rank(P' AP) = rank(A)
as claimed. O

The next result is Sylvester’s Law of Inertia.

Theorem 6.13. Any n x n real symmetric matrix A is congruent to a matriz of the
form

I, O O
o —-I; O
O O O

for some s,t. Moreover, if A is congruent to two matrices of this form, then they have
the same values of s and of t.

Proof. Again we have seen that A is congruent to a matrix of this form. Arguing as in
the complex case, we see that s +t = rank(A), and so any two matrices of this form
congruent to A have the same values of s + t.

Suppose that two different reductions give the values s,t and s', ' respectively, with
s+t = s +t. Suppose for a contradiction that s < s’. Now let ¢ be the quadratic

form represented by A. Then we are told that there are linear functions ¥, ..., y, and
z1,...,2n Of the original variables x1, ..., z, of ¢ such that
2 22 2 2 2 2 2
q=Y+ FYs —Ysp1— T Yspe = At T2y T2y T T 2

Now consider the equations
y1=0,...,9s=0,2441=0,...2, =0

regarded as linear equations in the original variables x1, ..., z,. The number of equations
is s+(n—s") = n—(s'—s) < n. According to a lemma from much earlier in the course (we
used it in the proof of the Exchange Lemmal), the equations have a non-zero solution.

That is, there are values of x1, ..., z,, not all zero, such that the variables y1,...,ys and
Zs/41, - - -, 2pn are all zero.
Since y; = - -- = ys = 0, we have for these values

T R 2 L)
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But since 2541 = -+ = 2, = 0, we also have

q:z%—i—‘-'-i-zfl > 0.
But this is a contradiction. So we cannot have s < s’. Similarly we cannot have s’ < s
either. So we must have s = s’, as required to be proved. ]

We saw that s+t is the rank of A. The number s —t is known as the signature of A.
Of course, both the rank and the signature are independent of how we reduce the matrix
(or quadratic form); and if we know the rank and signature, we can easily recover s and
t.

You will meet some further terminology in association with Sylvester’s Law of Inertia.
Let ¢ be a quadratic form in n variables represented by the real symmetric matrix A.
Let ¢ (or A) have rank s + ¢ and signature s — ¢, that is, have s positive and ¢ negative
terms in its diagonal form. We say that ¢ (or A) is

e positive definite if s = n (and t = 0), that is, if ¢(v) > 0 for all v, with equality
only if v = 0;

e positive semidefinite if t = 0, that is, if ¢(v) > 0 for all v;

e negative definite if t = n (and s = 0), that is, if ¢(v) < 0 for all v, with equality
only if v = 0;

e negative semi-definite if s = 0, that is, if ¢(v) < 0 for all v;

e indefinite if s > 0 and t > 0, that is, if ¢(v) takes both positive and negative values.



Chapter 7

Inner product spaces

Ordinary Euclidean space is a 3-dimensional vector space over R, but it is more than
that: the extra geometric structure (lengths, angles, etc.) can all be derived from a
special kind of bilinear form on the space known as an inner product. We examine inner
product spaces and their linear maps in this chapter.

One can also define inner products for complex vector spaces, but some adjustments
need to be made. To avoid overloading the module, we will concentrate on real inner
product spaces, and mention the adjustments required for complex spaces only briefly.

7.1 Inner products and orthonormal bases

Definition 7.1. An inner product on a real vector space V is a function that takes each
pair of vectors v,w € V to a real number v - w satisfying the following conditions:

e The inner product is symmetric, that is, v-w = w - v for all v,w € V.

e The inner product is bilinear, that is, linear in the first variable when the second
is kept constant and vice versa. (Symbolically, (v +v') - w = v -w + v - w and
(av) - w = a(v-w) for all v,v',;w € V and a € R.)

e The inner product is positive definite, that is, v-v >0 forallv eV, andv-v =0
if and only if v = 0.

An inner product is sometimes called a dot product because of this notation.

Note that we don’t need to insist that v-(w+w') = v-w+v-w' and v- (aw) = a(v-w),
for all v,w,w’ € V and a € R, since these facts follow by symmetry from linearity in the
first variable.

Geometrically, in a real vector space, we might define v - w = |v| |w| cos 0, where |v|
and |w| are the lengths of v and w, and 6 is the angle between v and w. But we can
easily reverse the order of doing things and define lengths and angles in terms of the
inner product. Given an inner product on V, we define the length of any vector v € V

to be
|v| = Vv - v,
and, for any vectors v,w € V' \ {0}, we define the angle between v and w to be 6, where

cosf = M.
v| |w]

67
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For this definition to make sense, we need to know that
—[vl|w] < v-w < o] jw|

for any vectors v, w (since cos@ lies between —1 and 1). This is the content of the
Cauchy-Schwarz inequality:

Theorem 7.2. If v,w are vectors in an inner product space then
(v-w)? < (v-v)(w-w).

Proof. By definition, we have (v+ aw) - (v+ aw) > 0 for any real number a. Expanding,
we obtain
(w-w)a® +2(v-w)a+ (v-v) > 0.

This is a quadratic function in a. Since it is non-negative for all real a, either it has no
real roots, or it has two equal real roots; thus its discriminant is non-positive, that is,

(v-w)?* — (v-v)(w-w) <0,
as required. ]

Two non-zero vectors u, v are said to be orthogonal if u - v = 0. Certain bases in an
inner product space are particularly convenient to use.

Definition 7.3. A basis (vy,...,v,) for an inner product space is called orthonormal if
v; - v; = 0;j (the Kronecker delta) for 1 < i,j < n. Thus, the basis vectors have unit
length and are pairwise orthogonal.

Lemma 7.4. If vectors vi,...,v, satisfy v; -vj = 0; j, then they are necessarily linearly
independent.
Proof. Suppose that civ; + - -+ 4+ ¢,v, = 0 for some scalars cy,...,c, € K. Taking the

inner product of this equation with v;, we have on the left hand side
vi - (o1 4 - F epvn) = ;v F - CGU U ey Uy = G
and on the left hand side v; - 0 = 0. Thus ¢; = 0, and this holds for all 7. ]

Theorem 7.5. Let - be an inner product on a real vector space V. Then there is an
orthonormal basis B = (v1,...,vy) for V.

The proof involves a constructive method for finding an orthonormal basis, known as
the Gram-Schmidt process. The Gram-Schmidt process was covered in Linear Algebra I,
so we won’t repeat it here. But we should remind ourselves exactly what this algorithm
accomplishes, as it will be important for us later. The input to the algorithm is an
arbitrary basis wy,...,w, for a vector space V. The output is an orthonormal basis
v1,. .., 0, for V that satisfies (wy,...,w;) = (vy,...,v;) for all 1 <i < mn.

There is essentially only one kind of inner product on a real vector space.

Proposition 7.6. Suppose B is an orthonormal basis for the inmer product space V'
of dimension n. If we represent vectors in coordinates with respect to B, say [v]p =

[al as ... an]T and[w]B:[bl by ... bn]T, then

v-w = a1by + agby + - - - + anby,.
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Proof. Let B = (v1,...,vp). If v =ajv1 + -+ + apv, and w = byvy + - - - + by vy,, then
vow = (ajvy + -+ apvy) - (byvg + - -+ + bpvy) = a1by + -+ + anby,
since all the cross terms are zero. O

Definition 7.7. The inner product on R™ for which the standard basis is orthonormal
(that is, the one given in the above proposition) is called the standard inner product
on R".

Remark 7.8. If we reflect for a moment, we see that some changes must be made to deal
with inner product spaces over C. If V' is a vector space over C and v € V any non-zero
vector, then bilinearity of the inner product would imply (iv) - (iv) = i*(v-v) = —(v - v).
But then it cannot be the case that both (iv) - (iv) and v - v are positive real numbers,
violating the requirement that the inner product should be positive definite. The fix is
demand that the inner product satisfies conjugate symmetry, i.e., v - w = w - v rather
than symmetry. (Overline here denotes complex conjugation.) A knock-on effect is that
if we demand (av) - w = a(v-w) then, necessarily, we must have v - (aw) = a(v-w). This
follows from the chain of equalities

v (aw) = (aw) v =a(w -v) = a(w-v) = a(v - w).

We describe this situation by saying that the inner product is “sesquilinear”. Note that
these changes solve the problem we identified earlier, since now (iv) - (iv) = i(—i)v-v =
v-v. Note that the inner product of a vector with itself is certainly real, since v-v = v~ 0.

7.2 Adjoints and orthogonal linear maps

Definition 7.9. Let V be an inner product space, and o : V' — V a linear map. Then
the adjoint of « is the linear map o* : V' — V defined by

v-of(w) =a(v) w, forallveV. (7.1)

Given w, why should there exist a vector o* (w) satisfying (7.1), and why should it be
unique? If we fix w then the right hand side of (7.1) is a linear functional of v, that is, a
function V' — R that is linear in its argument. There is a result, the Riesz Representation
Theorem, that states that every linear functional in v has a unique representation as v-u
for some u € V. Thus a*(w) exists and is unique. The Riesz Representation Theorem
is beyond the scope of the course (though it is not so hard to prove).

Having seen that o* is well defined, we need to show that a* is linear. This is a short
exercise (on the final previous year assignment), where you are also invited to show also
that o™ = (a*)* satisfies o™ = a.

Proposition 7.10. If « is represented by the matrixz A relative to an orthonormal basis
of V, then o is represented by the transposed matriz AT .

Proof. Denote the orthonormal basis by B, and let the coordinate representations of
vectors v and w in the basis B be [v]g = [by,..., bn]T and [w]g = [c1,. .. ,cn]T; also let
A = (a;;) and A* = (a;] ;) be the representations of o and o* in the basis B. Then (7.1)
expressed in the basis B becomes [v]p - (A* [w]g) = (A [v]g) - [w]g, i.e.,

Z bl Z af’jcj = Z (Z ajyibi> Cj,
=1

=1 j=1 j=1
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ie.
’ n o n n o n
*
E E bicjam = E E biCjCLjﬂ;, (72)
i=1 j=1 i=1 j=1

Since (7.1) holds for all v and w, and hence (7.2) holds for all [v]g and [w]z, we can set
b; =1 and b, = 0 for all £ # 4, and also ¢; = 1 and ¢, = 0 for all k # j, to deduce from
the above equation that a; ; = a;;. Thus A* is the transpose of A. O
Example 7.11. The matrix

1/vV2 1/v/2 0

A= |-1/V2 1/v/2 0
0 0 1

represents a clockwise (looking down on the z, y-plane) rotation by 7/4 about the z-axis

in R3. Its adjoint is
1/vV2 —1/vV2 0
Ar=AT=1/vV2 1/v2 0],
0 0 1

and represents a rotation by 7/4 anticlockwise.
Now we define two important classes of linear maps on V.
Definition 7.12. Let « be a linear map on an inner product space V.
(a) «is self-adjoint if o* = .
(b) « is orthogonal if it is invertible and o* = o~ 1.

There are several ways to look at orthogonal maps.

Theorem 7.13. The following are equivalent for a linear map o on an inner product
space V :

(a) « is orthogonal;
(b) « preserves the inner product, that is, a(v) - a(w) = v - w;
(c) a maps any orthonormal basis of V' to an orthonormal basis.

Proof. (a) = (b). Suppose « is orthogonal, so that a*« is the identity map. By the
definition of adjoint,
a) - a(w) =v- o (a(w)) =v-w.

(b) = (c). Suppose that (vi,...,v,) is an orthonormal basis, that is, v; - v; = d;;
for all ¢, j. If (b) holds, then a(v;) - a(vj) = v; - v; = d; 5, so that (a(v1),...,a(vy)) is an
orthonormal basis, and (c) holds.

(¢) = (a). Suppose that « maps orthonormal basis (v1,...,v,) to some other or-
thonormal basis (a(v1),...,a(v,)). We want to show that a*« is the identity map.
Apply a*a to basis vector v; and write the result in terms of the basis vectors:

afa(v) = crug + cavg + -+ + cpun.
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Now take the inner product of both sides with a basis vector v;:
vj - @ a(vy) = vj - (crv1 + cava + -+ + cun) = ¢

On the other hand,

vj - ot a(v;) = avy) - a(v;) = 0y,

since a(v1),...,a(vy,) is an orthonormal basis. Thus, ¢; = 1, and ¢; = 0 if j # 4. In
other words, a*a(v;) = v;. Since a*a maps every basis vector to itself, it must be the
identity. O

What do self-adjoint and orthogonal linear maps look like from the matrix perspec-
tive? The following is immediate from Proposition 7.10.

Corollary 7.14. If « is represented by a matriz A (relative to an orthonormal basis),
then

(a) « is self-adjoint if and only if A is symmetric;
(b) « is orthogonal if and only if ATA=1.

Example 7.15. Returning to Example 7.11, the matrix AT there is the inverse of the
matrix A: the former is an anticlockwise rotation that undoes the clockwise rotation
of the latter. Thus the matrix A represents an orthogonal linear map. Note that A
preserves lengths and angles (see Theorem 7.13(b)) and maps orthonormal bases to
orthonormal bases (see Theorem 7.13(c)).

A convenient characterisation of matrices representing orthogonal maps is the fol-
lowing.

Corollary 7.16. Suppose the linear map o« : V. — V is represented by the matriz A with
respect to some orthonormal basis B. Then a is orthogonal if and only if the columns of A
(viewed as coordinate representations of vectors relative to basis B) form an orthonormal
basis for V.

Proof. Let A be the representation of linear map « with respect to some orthonormal

basis. Let the columns of A be ©1,..., 0y, so that
A=[oy v ... ¥, and AT = U?
oT

We view the column vector v; as the coordinate representation of vector v; in V; in
symbols, v; = [v;]g. Then
1_};—2_}1 1_};—2_}” V1V ... V1-Up
Ald=] L= ]

U1 ... UpUp Up V1 ... Up-Up

where the second equality uses Proposition 7.6. It is clear that AT A = I if and only if
v;-v; = 0;5, for 1 <4, j < mn,i.e., if and only if the vectors vy, ..., v, are orthonormal. [
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Example 7.17. Returning again to Example 7.11, it can be checked that the columns
of A (and hence the rows of A) are an orthonormal basis (viewed as coordinate repre-
sentations relative to the standard basis). Specifically, denoting the columns of A by
1, Ua, U3, we have ] 01 = 0y U2 = ¥3 03 = 1 and 0] Uy = ] U3 = Uy U3 = 0.

The above definitions suggest an equivalence relation on real matrices:

Definition 7.18. Two real n x n matrices A and A’ are called orthogonally similar if
and only if there is an orthogonal matrix P such that A’ = P~1AP = PT AP.

Here P~! = P because P is orthogonal. Note that orthogonal similarity is a refine-
ment of similarity. From Theorem 7.13 we know that orthogonal maps take orthonormal
bases to orthonormal bases; in other words, orthogonal matrices are transition matrices
between orthonormal bases. Thus, two real matrices A and A’ are orthogonally similar
if they represent the same linear map with respect to different orthonormal bases.

It is natural to ask when it is the case that a matrix is orthogonally similar to a
diagonal matrix, and this is the question we turn to in the final chapter.

Summary

e An inner product space is a vector space V equipped with an inner product -
assigning a scalar from K to every pair of vectors. The inner product for real
vector spaces is symmetric, bilinear and positive definite.

e From the inner product, we can define lengths and angles.

e Two vectors are orthogonal if their inner product is 0. An orthonormal basis of a
vector space V is one in which the basis vectors have unit length and are pairwise
orthogonal.

e An orthonormal basis for V' always exists and can be found using Gram-Schmidt
process.

e Relative to a orthonormal basis, an inner product looks like the scalar product
from Linear Algebra I.

e To each linear map « : V' — V there corresponds an adjoint map o* : V — V.

e The linear map « is self-adjoint if a* = «, and orthogonal if a* = o~ 1.

e If o is represented by matrix A relative to an orthonormal basis, the adjoint o is
represented by AT, the transpose of A. Thus, the linear map « is self adjoint if A
is symmetric and orthogonal if AAT = ATA =1.

e An orthogonal linear map preserves the inner product and maps any orthonormal
basis to an orthonormal basis.

e Suppose « is represented by matrix A relative to an orthonormal basis. Then « is
orthogonal iff the columns of A for an orthonormal basis.

e Two square matrices A and A’ are defined to be orthogonally similar iff there exists
an orthogonal matrix P such that A’ = PTAP.
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The Spectral Theorem

We come to one of the most important topics of the course. In simple terms, any real
symmetric matrix is diagonalisable. But there is more to be said!

8.1 Orthogonal projections and orthogonal decompositions

Definition 8.1. We say that two vectors u, w in an inner product space V' are orthogonal
if u-w = 0. We say that two subspaces U and W of V' are orthogonal if u-w = 0 for all
uw€eUand weW.

Definition 8.2. Let V be a real inner product space, and U a subspace of V. The
orthogonal complement of U is the set of all vectors that are orthogonal to everything
in U:

Ult={weV:w-u=0forallueU}.

Thus, the orthogonal complement of U is the largest subspace of V' that is orthogonal
to U.

Proposition 8.3. If V is a real inner product space and U a subspace of V', with
dim(V) = n and dim(U) = r, then UL is a subspace of V, and dim(U+) = n — r.
Moreover, V =U & U™ .

Proof. Proving that U~ is a subspace is straightforward from the properties of the inner
product. If wi,wy € UL, then wy - u = wo -u =0 for all u € U, so (wy + ws) - u = 0 for
all w € U, whence w; + wy € U+. The argument for scalar multiples is similar.

Now choose a basis (u1,us,...,u,) for U and extend it to a basis (u1,usg,...,uy)
for V. Then apply the Gram-Schmidt process to this basis (processing the vectors in
the order uy,ug,...,uy), to obtain an orthonormal basis (vy,...,v,) of V. As we noted
in the previous section, the Gram-Schmidt process has the property that (vi,...,v;) =
(uy,...,u;) for all 1 < i < n. In particular, the the first r vectors vi,...,v, in the
resulting basis form an orthonormal basis for U. The last n — r vectors are orthogonal
to U, and so lie in U+. Summarising, we have vq,...,v, € U and v,41,...,v, € UL,
Since v1,...,v, is a basis for V, it follows that every vector in V can be written as the
sum of a vector in U and a vector in U+ or, equivalently, V = U + U~ .

To show that V is actually a direct sum of U and U+ we just need to show that
UNU+ ={0}. Butif u € U and u € U~ then u - u = 0 which implies u = 0.

The claim about the dimension of subspaces follows from Lemma 1.28. O
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Recall the connection between direct sum decompositions and projections. If we have
projections 1,...,m, whose sum is the identity and which satisfy m;7; = 0 for ¢ # j,
then the space V is the direct sum of their images. This can be refined in an inner
product space as follows.

Definition 8.4. Let V be an inner product space, A linear map w : V. — V is an
orthogonal projection if

2 =7, and

(a) 7 is a projection, that is, =
(b) m is self-adjoint, that is, 7* = 7.

Definition 8.5. Suppose V is an inner product space, and Uy,...,U, are subspaces
of V. A direct sum V = U; & --- @ U, is an orthogonal decomposition of V if U; is
orthogonal to U; for all 7 # j.

Proposition 8.6. Suppose w1, ma, ..., . are orthogonal projections on an inner product
space V, satisfying

(a) m + mo + -+ m = I, where I is the identity map, and
(b) mim; =0, fori# j.

Let U; = Im(m;), fori =1,...,r. ThenV = U, @ Us @ --- ® U, is an orthogonal
decomposition of V.

Proof. The fact that V is the direct sum of the images of the m; follows from Proposi-
tion 5.4. We only have to prove that U; and U; are orthogonal for all ¢ # j. Recall that
if 7 is a projection, then v € Im(n) if and only if 7(v) = v. So take u; € U; and u; € U;
with 4 # j. Then m;(u;) = u; and 7j(u;) = u; and hence

ui - uj = i) - mi(ug) = w-ow(mi(ug)) = i - mi(m(uy)) =0,

where the second equality is the definition of the adjoint, and the third holds because 7;
is self-adjoint. O

As with Proposition 5.4, there is a converse.

Proposition 8.7. Suppose V. =U;@®---@®U, is an orthogonal decomposition of an inner
product space V. Then there exist orthogonal projections mi, 7, ..., 7 on V satisfying

((l) 7T1+7T2+"'+7TTZI7
(b) mim; =0, fori#j, and
(¢) Im(m;) = U;, for all i.

Proof (sketch). From Proposition 5.5 we know that there are projections 7;, for 1 < i <
r, satisfying conditions (a)—(c). Only one extra thing needs to be checked, namely that
these projections are orthogonal, i.e., that the m; are self adjoint. O
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8.2 The Spectral Theorem

The main theorem can be stated in different ways. We list three alternatives here.

Theorem 8.8. If « is a self-adjoint linear map on a real inner product space V', then
there is an orthonormal basis of V' consisting of eigenvectors of a. Thus, the eigenspaces
of a form an orthogonal decomposition of V.

Equivalently, we can state the result as follows.

Corollary 8.9. Suppose a and V are as in the previous theorem, and A1, ..., )\, are the
distinct eigenvalues of a. Then there exist orthogonal projections my, ..., m, satisfying

(a) T+ +m =1,
(b) mimj =0, whenever i # j, and
(c) =M1 + -+ + Ay

Proof of Corollary 8.9. By Theorem 8.8 we known that V' has an orthogonal decomposi-
tion V =E(\,a)®---® E(\, o), where E()\;, a) is the eigenspace correponding to the
eigenvector \;. Then, by Proposition 8.7, there exist orthogonal projections, satisfying
(a) and (b), such that Im(m;) = E(\;, ) for 1 <4 <r. Condition (c) then follows from
the following chain of equalities:

a) =a(m @)+ +m) = m(w) + -+ N (v) = (M 4+ -+ Aoy ().
OJ

Yet another statement of the spectral theorem is in terms of matrices. Since a
symmetric matrix represents a self-adjoint linear map with respect to some orthonormal
basis, e.g., the standard basis of R":

Corollary 8.10. Let A be a real symmetric matriz. Then there exists an orthogonal
matriz P such that P~YAP is diagonal. In other words, any real symmetric matriz is
orthogonally similar to a diagonal matriz.

In tackling the proof of Theorem 8.8, we need (briefly) to dip into complex inner
product spaces. Suppose V is a vector space of dimension n over R. We can extend V'
to a vector space VC over C as follows. We set VC = {¢/ +iv” : v/, 0" € V} and define
vector addition and scalar multiplication in the natural way. Thus, if v = v/ + 7" and
w = w' + 1w” then

v+w= (" +i")+ W +iw") =0 +w)+i(v" +w");
and if a = o’ + ia” € C then
av = (d —I—ia”)(v’ —i—iv") = (v — d"") +i(dV +d").

Similarly, there is a natural (indeed unique) way to extend the inner product from V'
to VC:

(W + ") (W i) =0 w0 (") + () - w + (") - ()
— U/ . w/ _ Z(U/ . w//) + /l:(/l)” . w/) + U// . w//'
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(The minus sign in front of one of the terms arises from the fact that an inner product on a
complex inner product space must be sesquilinear: (av)-w = a(v-w) but v-(aw) = a(v-w),
where a is the complex conjugate of a!)

Suppose « : V' — V is a linear map. The map « extends naturally (indeed uniquely)
to a linear map o : VC — VC defined by a(v) = a(v') +ia(v”). (We are slightly abusing
notation here, by using o to denote both the linear map on V and its extension to VC.)
If « is self-adjoint as a linear map on V then it is self-adjoint as a linear map on V.
This follows from the identity (v' + ") - a(w’ + iw”) = a(v’ + ") - (W' + iw”) which
may be verified by expanding both sides. Take care when doing this, to ensure that the
signs are all correct!

Proof of Theorem 8.8. The proof will be by induction on n = dim(V"). There is nothing
to do if n = 1. So we assume that the theorem holds for (n — 1)-dimensional spaces.
The first job is to show that « has an eigenvector.

As mentioned earlier, we may extend « to a linear map a : V¢ — VC on a complex
vector space. The characteristic polynomial of o viewed as a linear map on VC has
a root \ over the complex numbers. (The so-called “Fundamental Theorem of Alge-
bra” asserts that any polynomial over C has a root.) Let v € C" be an eigenvector
corresponding to the eigenvalue A. Since « is self-adjoint,

Av-v) =) -v=a®) - v=v-al)=v-(\)=Av-v).

(The complex conjugation of A\ arises because - is sesquilinear.) Since v -v # 0 we see
that A = X and hence that \ is real.

Now since a has a real eigenvalue A\, we may choose a real eigenvector v corresponding
to A, for example, by taking the real part of any complex eigenvector. By multiplying by
a scalar if necessary we can assume that |v| = 1. We are now back in the real world, and
will remain there for the rest of the proof. Let U be the subspace U = {u € V : v-u = 0}.
This is a subspace of V' of dimension n—1, by Proposition 8.3. We claim that o : U — U.
To see this, take any v € U. Then

au)-v=u-a"(v) =u-alv)=ANu-v)=0,

where we use the fact that « is self-adjoint. Hence a(u) € U.

So «a restricted to U is a self-adjoint linear map on an (n — 1)-dimensional inner
product space. By the inductive hypothesis, U has an orthonormal basis consisting of
eigenvectors of a. They are all orthogonal to the unit vector v; so, adding v to the basis,
we get an orthonormal basis for V', as required.

The fact that V is a direct sum of eigenspaces comes from Theorem 5.14, so for the
final part of the theorem we just need to show that these eigenspaces are orthogonal.
We could use the orthonormal basis just constructed to prove this but it is easier to go
directly. Suppose v € F(\, ) and w € E(u, «) are vectors in distinct eigenspaces. Then
a(v) = v and a(w) = pw, and

Av-w)= - -w=al) - w=v--a*(w)=v a(w) =v-pw=puv-w),
S0, since A\ # u, we see that v-w = 0. O

Remark 8.11. The theorem is almost a canonical form for real symmetric relations
under the relation of orthogonal congruence. If we require that the eigenvalues occur
in decreasing order down the diagonal, then the result is a true canonical form: each
matrix is orthogonally similar to a unique diagonal matrix with this property.
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Example 8.12. Let

10 2 2
A=12 13 4
2 4 13
The characteristic polynomial of A is
x—10 =2 -2
palz)=| =2 z-13 —4 |=(z—-9)*z—18),
-2 -4  x—13

so the eigenvalues are 9 and 18.
For eigenvalue 18 the eigenvectors satisfy

10 2 2 x 18x
2 13 4 y| = |18y |,
2 4 13| |z 18z

. . T .. .
so the eigenvectors are multiples of [1 2 2] . Normalising, we can choose a unit
. T
elgenvector [% % %} .
For the eigenvalue 9, the eigenvectors satisfy

10 2 2 T 9z
2 13 4 yl =19,
2 4 13 z 9z

that is, z+2y+2z = 0. (This condition says precisely that the eigenvectors are orthogonal
to the eigenvector for A = 18, as we know.) Thus the eigenspace is 2-dimensional. We
need to choose an orthonormal basis for it. This can be done in many different ways:

for example, we could choose [0 1/v/2 —1/\/§]T and [—4/3v2 1/3V2 1/3\/§]T.
Then we have an orthonormal basis of eigenvectors. We conclude that, if

/3 0 —4/3/2
P=2/3 1/vV/2 1/3v2 ],
2/3 —1/v/2 1/3V2

then P is orthogonal, and
18
PTAP= |0
0

o © O

0
0
9

=t

You might like to check that the orthogonal
of the notes also diagonalises A.

atrix in the example in the last chapter

Summary

e Two subspaces U and W are said to be orthogonal if every vector in U is orthogonal
to every vector in W.

e The orthogonal complement U~ of a subspace U of a vector space V is the set of
vectors in V that are orthogonal to all vectors in U. It is a subspace of V.
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If U is a subspace of V then V is the direct sum of U and U-'.
A projection is said to be orthogonal if it is self-adjoint.

A direct sum of subspaces forms an orthogonal decomposition if the subspaces are
orthogonal to each other.

There is a correspondence between orthogonal decompositions and collections of
orthogonal projections satisfying certain conditions.

If « is a self-adjoint linear map on a real vector space V' then there there is an
orthonormal basis of V' composed of eigenvectors of . (The Spectral Theorem.)

Equivalently, a real symmetric matrix A is orthogonally similar to a diagonal ma-
trix: P~'AP = D, where P is an orthogonal matrix and D is diagonal.



